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Abstract

This work focusses on seeking to gain a deep understanding of the photophysical
processes inherent to multi-functional and/or multi-component supermolecules in
the condensed phase. To do this, a variety of molecular systems have been
subjected to spectroscopic examination, most commonly using steady-state and
time-resolved emission spectroscopy to interrogate the samples. A common
feature of all the molecular architectures examined herein relates to the possibility
for structural motion on timescales of concern to the photophysical event.
Furthermore, to provide a spectroscopic signature, most of the target dynamic
systems comprise a donor covalently attached to a complementary acceptor.
These systems possess the potential to be used as solar-energy concentrators or
for specific sensing applications. However, attention is given only to the

fundamental properties.

Chapter 1 provides a general introduction to the field of molecular rotors and to the
concepts of energy and electron transfer in molecular systems. Key literature
examples are used to illustrate the current state-of-the-art and to set the tone for
later discussions. Each chapter includes a brief introduction to the specific topic
under discussion while avoiding the generic details covered in the main
introduction. The essential experimental details and underlying analytical protocols

for all the studies described are provided in the final chapter.

Chapter 2 describes a new series of molecular rotors based on the boron
dipyrromethene (BODIPY) structure. This series includes structurally-similar
compounds that exhibit surprisingly disparate behaviours as putative probes for
solvent viscosity. In fact, the results tend to challenge the conventional
understanding of BODIPY-based molecular probes. In this chapter, we highlight
the importance of asymmetry, question how it might be used to one’s advantage in
the design of next generation probes, and raise ideas about porosity of the excited-

state potential energy surface.



By way of Chapter 3, we expand of the same subject but introduce a series of
control compounds, bearing 5- or 6-membered straps at the boron atom intended
to switch fluorescence according to the state of an appended amino donor. The
design element was based on differences in ionisation potential of an amine and
its corresponding amide. In fact, this series provided important insight into how
substituents at the lower rim of the BODIPY nucleus affect the photophysical
properties of the dye despite not being part of the conjugation pathway. Switching
was possible by using a photo-acid but underlying structural factors introduce

significant non-radiative pathways that were not anticipated.

Chapter 4 changes focus by introducing molecular dyads and triads built around
BODIPY but equipped with secondary chromophores (i.e., diketopyrrolopyrrole) and
triphenylamine units. This is an extension of the work covered in Chapter 3 but
positions the redox-active components in a more popular (i.e., linear) geometrical
pattern. An additional point of interest concerns moving towards BODIPY-based
dyes with more extended conjugation pathways. The target compounds allow the
interplay between energy- and charge-transfer processes, so critical in natural
organisms, to be scrutinised. Competition between the various processes is
affected by choice of excitation wavelength and environment (e.g., solvent polarity,
temperature, and phase).

Continuing this approach in Chapter 5, a molecular a pentad is investigated; here,
individual components comprising pyrene, BODIPY, extended-BODIPY,
dithiocyclopentane, and triphenylamine units arranged in a linear but bifurcated
geometry. The latter arrangement introduces a certain degree of redundancy in
that certain units could corrode under illumination but without serious damage to
the opto-electronic properties of the array. This leads us to raise questions about
the practical usage of large conjugated dyes as solar collectors. To this end, the
kinetics of photo-bleaching of the pentad were measured under continuous

exposure to white light.
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Chapter 6 examines an alternative supermolecule built from modules formed
around N,N-dimethylaniline, BODIPY, extended-BODIPY, dithiocyclopentane and
triphenylamine units. This provides an opportunity to explore in some detail the
photo-stability of a multi-functional molecular assembly designed for a particular
purpose (i.e., an optical pH probe). The importance of auto-catalysis is recognised
here. A further point of interest concerns the stepwise breakdown of the overall
molecule. This means that a well-designed supermolecule continues to be effective
even after several components have degraded. In fact, our main target compounds

shows an impressive turnover number of ten million.

By way of Chapter 7, we return to our main theme of exploring the molecular
photophysics of donor-acceptors systems able to exchange conformation in the
ground state. Rather than employ more rotors, we have examined dyads
assembled around amide linkages that are subject to cis-trans isomerization.
Amides have great relevance for biology and are used frequently as bridges for
donor-acceptor systems. It is not often, however, that the geometry of the amide is
taken into account. Using two sets of BODIPY-based dyads, we assess how the
geometry around the amide linkage affects the dynamics of light-induced charge
or energy transfer between appended BODIPY units in fluid solution. The essential
point to emerge from this work is that the amide-containing linker facilitates an

unusually broad distribution of separation distances between the chromophores.
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Chapter 1. Introduction

Rheology, often simplified to refer specifically to viscosity, continues to be an
important research subject in academia and industry alike. There are many
recognised types of fluids; pseudoplastic, Newtonian and dilatant amongst
many others, Figure 1.1. Once the type of fluid (Newtonian or non-Newtonian) is
identified, one needs to consider how temperature, pressure and other
environmental factors might affect the properties of solvents (or fluids in general).
For example, can varying the temperature of the medium create the same effect
as varying the pressure applied to the solvent molecules? All of the above make
studying viscosity a very topical, meaningful and challenging subject.'* There are,
in fact, numerous ways to measure viscosity in the laboratory and in the
workplace. Mostly, these methods are fairly empirical and measure relative
viscosity. This is suitable for most industrial applications, such as paint
spraying, but refer to some kind of local standard. In other applications, such
as inkjet printing, the viscosity of the medium is critical for successful
performance but it is too high to use flow methods for accurate determination.
In such cases, rotating viscometers are used to measure the shear viscosity
under application of a high load. Again, the result is rather empirical and
based on local knowledge. Typical viscometers require a large volume of
sample but can be made fully automatic. Even so, such methods cannot be
used under remote or hazardous conditions. There are few, if any, adequate
instruments for measuring viscosity in biological media, such as intact
membranes, or to extract real information on how drugs or disease affect

local viscosity.

Molecular probes, examples being dicyanovinyl julolidine (DCVJ), triphenyl-
methane (TPM) and boron dipyrromethene (BODIPY) dyes, have been identified
as potential molecular-scale viscometers. All of these dyes have a rotating entity
(such as an unhindered phenyl ring) that is credited with inducing the sensitivity

towards viscosity. However, not every fluorophore with a rotating group can be a



molecular viscosity probe; examples of this are Rhodamine B/6G. Spinning of a
molecular fragment in relation to the remaining structural scaffold needs to be
accompanied by an easily registered event that can be quantified in real time. Many
different spectroscopic detection protocols could be imagined, and indeed do work
with molecular-scale viscometers, but are often time consuming or expensive. A
simple and relatively inexpensive protocol can be built around fluorescence
spectroscopy where a specific rotation is related to emission quenching. An
obvious example of this situation relates to the so-called twisted internal charge-
transfer (TICT) state, where excitation of a neutral molecule is followed by rapid
intramolecular charge transfer. During the charge-transfer step, one (or both) of
the redox partners undergoes a substantial change in geometry. Thus, the relative
fluorescence yield measures indirectly the ability of the molecule to acquire the
optimum geometry for charge transfer. In turn, the local environment imposes a
barrier to conformational exchange and, with careful calibration, the amount of
fluorescence detected under controlled conditions can be used to measure the
local viscosity. It is rarely that easy in practice.

4 Shear Thinning
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Figure 1.1. The panel on the left demonstrates different types of viscosity, whereas the panel on the
right shows potential energy surfaces for one of the most popular commercially available viscosity
probe, the DCVJ dye. The potential energy surfaces have been calculated by Yang and Han (J. Phys.
Chem. A 2016, 120, 4961-4965).



There has been a tremendous expenditure of effort in order to gain further
understanding of the photophysics of these multi-component molecules
under dynamic control. One example of this class of molecules concerns
those BODIPY dyes possessing a phenyl ring attached at the meso-position.
The prevailing wisdom is that the upper rim of the dye is crucial in controlling
how these BODIPY-based viscosity probes actually respond to changes in
the environment. This is entirely logical because the rotor is attached at the
upper rim but, in trying to dig deeper into the sensory mechanism, we have
sought to monitor the effects of different types of substituents. For example,
we have been interested in probing the effect of ancillary substituents
attached to the lower rim as well as trying to gain further understanding of
the effects of charge-transfer (CT) and electronic energy transfer (EET) on
BODIPY rotors. Another important factor of interest is the photochemical
stability of the fluorophores, especially when used in living cells. Finally, we
have become interested in how the solvent itself affects the dynamics of
internal rotation of a probe; for example, we raise the question as to whether
there is a difference in molecular dynamics of a molecule embedded in a
hydrocarbon solvent as opposed to an alcohol with a comparable viscosity.
This is a classical feature of physical chemistry and brings into play protic vs
aprotic effects. Does hydrogen bonding exert an undue effect on the rotation
dynamics? The same question can be asked about solvent and/or solute
polarity. When we started this investigation, little was known about how or
why gyration of the meso-phenyl ring in certain substituted boron
dipyrromethene dyes caused severe loss of emission. Several examples of
putative BODIPY-based molecular rotors had been proposed in the literature but,
by-and-large, these were close analogues of the same basic molecular framework.
In effect, the same is true for most other types of molecular-scale rotors and there
does not exist a clear understanding of the mechanism responsible for emission

guenching.

As already mentioned, there are many different methods available for
viscosity measurements, like the rotational viscometer or capillary
viscometer, however they all rely on bulk samples. The advantage of using

a molecular rotor is that it can be used in situ. Great interest has been



generated in the possible use of small molecular probes to monitor viscosity
in bio-systems. Changes in viscosity can have profound effects on cells and
on the body itself, they are linked to multiple diseases like heart-disease®’
and diabetes® amongst others. It is immediately clear that a simple method
for measuring viscosity effectively within living cells would be highly
beneficial in medicine. However, it is just as easy to imagine a molecular
rotor being used as a probe in the petrochemical industry or for
environmental studies under remote or hazardous conditions. One example
of this is the common use of fluorescence for leak detection in underwater
oil wells; all that is required to find the origin of the leak is a UV light source.
Taking into account all of the above, it is not surprising that fluorescent
molecular probes are already of great relevance in industry.® In such
applications, it is often sufficient to know that the system works and there is

less of a need to know the reasons why the probe acts as it does.

1.1 Why BODIPY?

4-Difluoro-4-bora-3a,4a-diaza-s-indacene,
or BODIPY (Figure 1.2) was first described
by Kreuzer and Treibs!® in 1968 and
quickly gained popularity due to its

excellent  photophysical  properties.'t

/7 \ These are characterized by sharp, intense
absorption and emission transitions, high
emission quantum yields, small Stokes’

Figure 1.2. Molecular formula of the basic
shifts and relatively long excited-state

BODIPY framework, with numbering system.

lifetimes (nanosecond timescales).1>13 A
further point of interest for using BODIPY-based dyes is that the corresponding
triplet-excited state is not formed to any appreciable extent by way of intersystem-

crossing.



In addition, the basic BODIPY core can be modified easily in order to tune the
properties to specific requirements. For example, the Stokes’ shift can be
increased, the transitions made broader, the extent of 1-conjugation can be
increased significantly and hence they are available in an inordinately wide range
of colours. This is especially significant when monitoring live cells, since the
BODIPY conjugation length can be extended so that its emission does not overlap
with the intrinsic emission from biological samples (auto-fluorescence can be
observed from approx. 300 to 700 nm).1*15 Importantly, they are also characterized
by good levels of photochemical stability under exposure to visible light.16:7
Another advantage of using BODIPY dyes concerns their resistance to aggregation
in solution, as well as high radiative rate constants (ca. 108 s1).28 Due to all of the
above advantages, these dyes have already found multiple applications in many
emerging technologies and are becoming important constituents in solar cells and
specific ion detectors. New synthetic protocols, together with rapid purification
procedures, have ensured that a wealth of BODIPY derivatives is now available,
including optically resolved enantiomers. Other studies have successfully
incorporated heteroatoms into the framework and extended the conjugation
pathway by attaching a variety of aryl substituents to different parts of the BODIPY

nucleus.

In recent years, there has been an upsurge of interest in using BODIPY-
based rotors for intracellular imaging.'® One of the most important benefits
of BODIPY as a molecular viscosity probe is that the dye is rarely affected
by solvent polarity, unlike traditional TICT-based rotors. However, they can
be modified easily to be sensitive towards local polarity if required. Once
properly calibrated, the probe should work well in a range of media.?°
Additionally, BODIPY dyes have been used to stain live cells where a
particular advantage is gained by their low cytotoxicity. However, as with so
many areas of BODIPY chemistry, there has not been a conclusive study to
examine the toxicity of this class of dyes.?? The same is true for
photostability. There are several claims that the dyes are resistant to
photochemical degradation but few actual details are available.
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Figure 1.3. Figure adapted from Org. Biomol. Chem., 2013, 11, 555, demonstrates cytotoxicity of
BODIPY referred to as OBEP at different concentrations in living HeLa cells for 12 hours and directly
compared to commercially available MitoTracker Red. On the right is shown the molecular formula of
OBEP.

1.2 Molecular Rotors

1.2.1 Theoretical Background

Traditionally, molecular rotors were designed to
operate by means of TICT formation, these are
defined as molecules that form twisted
conformations under illumination due to rotation of
| one particular fragment of the molecule with respect

to the remaining part. A prototypic example, which

NC CN was referred to earlier as being the industry

Figure 1.4. Molecular formula of 9-  standard, is DCVJ and its close derivatives, Figure
(2,2-dicyanovinyl) julolidine
(DCVJ) dye.

1.4.% There is an excellent review that describes the
TICT process written by Grabowski et al.>* Here, it
is stressed that the light-induced conformational change is imposed on the

molecule by the need to optimize stabilization of the charge-transfer state. Usually,



the ground state is neutral but the TICT state has an important dipole moment. It
is quite clear that TICT formation cannot account for the rheological abilities of the
meso-substituted BODIPY dyes. One theory hypothesizes that the rheological
properties arise from the differences between the ground and the first-exited singlet
state potential energy surfaces and that the photophysical behaviour of the
BODIPY rotor can be explained using already existing models developed for light-
driven isomerization reactions. In this context, we note that the so-called pinhole
sink model is one of the theories used to explain the viscosity dependence for non-
radiative decay of boron dipyrrin dyes. The crucial difference between the DCVJ
dyes and BODIPY rotors is that, with the latter compounds, the radiative rate
constant (krab) is not affected by gyration of the rotor. The rotation of the meso-
ring and any subsequent bending out-of-shape of the BODIPY core, amplifies the
non-radiative rate so that this pathway becomes competitive with radiative
deactivation of the excited state. This being the case, it becomes crucial to better

understand the non-radiative pathways.

As has been stressed earlier, viscosity can be linked to multiple diseases,
but it is also important for drug delivery, metabolism and cell signalling since
it is closely related to molecular diffusion. The latter is used to describe the
diffusive transport of a single molecule. Indeed, the Stokes- Einstein

equation reflects the relationship between the two terms, Equation 1.1.2°

Dn = kgT/ 6mry Equation 1.1

Here, D is the diffusion coefficient of a target species, T is the absolute
temperature, kg is the Boltzmann constant, n is the shear viscosity of the
solvent and finally ry is the hydrodynamic radius. Traditional methods of
measuring viscosity are often impractical and need rather substantial
volumes but they do measure the viscosity of the bulk solvent. In contrast,
molecular-scale rotors are best suited to measure micro-rheology as
opposed to macro-rheology (measured by mechanical methods).?® The
concept of micro-rheology has been introduced because the shear viscosity
was unable to provide an accurate description of friction between solvent

molecules and a gyrating rotor, Equation 1.2,2” where n is viscosity, Tr. and



Tr refer to the reduced solvent and solute temperatures, respectively, r is the
solute radii and rv is solvent molecular radii. The viscosity, or in the case of
molecular rotors micro-viscosity, effect arises because of frictional forces
between the solute and the surrounding solvent. The solvent cage must be
forced out of the way in order for the rotor to twist about the bond; the same
principle applies to isomerization reactions. The size of the rotor becomes of
importance here. The rate of rotation decreases with increased size due to
the pressure exerted during rotation. Increasing the size of the rotor hinders
the rotation process, thereby providing a simple means by which to control
the rate, and thereby serves to shut down the non-radiative pathways. This
can be used to one’s advantage since, by manipulating the size of the rotor,
a series of similar probes might be created for applications over narrow

ranges of specific viscosities.

Ny =11 Equation 1.2
f=1(016+047/,)(0.9T,, — 0.25T;) Equation 1.3
T—T,
TTL = .
T, —T Equation 1.4

1.2.2 BODIPY-Based Molecular Rotors

The simplest of all BODIPY-based molecular-scale rotors is undoubtedly
ROBOD (see below for molecular formula), which is basically the unadorned
meso-substituted boron-dipyrromethene core, Figure 1.5.22 In terms of its
sensitivity as a fluorescent reporter of viscosity changes, it is roughly 50%
more effective than the standard dicyanovinyl julolidine dye (DCVJ) under

closely comparable conditions.



Figure 1.5. Molecular formula for the most basic of BODIPY rotors, referred to throughout as ROBOD.

The fluorescence quantum yield of ROBOD is 0.023 and the corresponding
singlet lifetime is 0.15 ns in fluid solution at low viscosity. The radiative rate
constant is 1.5 x 108 s'* whereas the combined non-radiative rate constant is
65 x 108 s'1 in methanol at 20°C. The magnitude of the radiative rate constant
is typical for this class of dye, reflecting the strong oscillator strength, but the
non-radiative rate constant is greatly magnified compared to the sterically

constrained BODIPY dye (2) where it is typically in the region of 107 s1.2°

Figure 1.6. Molecular formulae for classical types of meso-sustituted BODIPY dyes often encountered
in the literature.

It is universally recognised that molecules like (2), where R1 and Rz are
methyl groups or more bulky analogues, successfully hinder rotation of the

meso-aryl ring and recover the fluorescence quantum yield. There has been



a lot of work carried out on modifying positions 1 and 7 and the effect of
substitution in either of these sites is now well documented. In contrast,
molecules such as (3), where R1 and Rz are hydrogen atoms but Rz and R4
are aryl groups that can extend the conjugation, have not received the same
amount of attention. Constraining the geometry at the boron atom,
exemplified by molecule (4), represents a further interesting instance that
has not been subjected to any significant amount of consideration. A thought-
provoking trend has been identified where substitution at positions 3 and 5
affects the non-radiative decay. Interestingly, the more conjugation added in
either of these positions the smaller the effect of the molecular rotor, as

exemplified by molecules (5) to (10).

Figure 1.7. Molecular formulae for some of the more common BODIPY-based rotors reported in the
literature. QY stands for fluorescence quantum yield. QY for (5) and (6) were reported by Harriman et

al,?® whereas QY for (7)-(10) were reported by Loudet et al.’®
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Figure 1.8 Diagram to demonstrate method of classification of isomerization reactions in solution.

Compound (5), this being the non-symmetrical derivative, has a fluorescence
quantum vyield in low viscosity solvents, that is even lower than that of
ROBOD and therefore it can be reasoned that the non-radiative quenching
event has been enhanced. However, it is quite remarkable to note that for
the symmetrical dye (6) we observe that the fluorescence emission is
increased significantly upon addition of the second tolyl ring. It appears that
asymmetry plays a crucial role in establishing the photophysical properties
of these seemingly simple compounds. It might be argued that, because of
some kind of mechanical effect, asymmetry is able to amplify the
consequences of gyration of the meso-aryl ring. Conversely, moving towards
the symmetrical derivative curtails this effect and hinders the rotary motion

of the same meso-aryl ring.

Here, we would like to draw a parallel between BODIPY dyes and the
corresponding cyanine dyes. It has been shown that symmetrical cyanine
dyes have higher rotational energy barriers, as well as larger energy gaps,
when compared to their asymmetrical counterparts. This is the reason why

the asymmetrical variants of cyanine dyes tend to have faster and more
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efficient non-radiative decay rates.?® One can observe a trend comparing
molecules (7)- (10), it appears that once conjugation is further increased in
either position 3 or 5 the emission increases. However, the emission
quantum yield can be further increased upon attachment of the same group
at the remaining position. In molecules (8), (9) and (10) the rotor effect is

non-existent.

It is apparent that aryl substituents attached to the lower rim of the BODIPY
dye increase 1T-conjugation and by doing so serve to push both absorption
and emission transitions to the lower energy end of the visible spectrum. The
substituents at the lower rim also appear to squeeze the upper rim and, by
doing so, the space available for the meso-aryl rotor is affected. In turn, this
leads to a modulation of the non-radiative rate for decay of the excited-singlet
state. There clearly is disparity between the symmetrical and asymmetrical
derivatives. It also appears that the bigger the group appended to the lower
rim the more substantial becomes the ‘squeezing effect’ on the upper rim.
This situation serves to reduce the non-radiative rate constant. However it is
notable that the effect is not simply generated by the lack of symmetry
although this appears to play an important role. In order to design the most

sensitive rotors one needs to understand both effects.
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1.2.3 The Physics of Rotors

NH2 CI®

~N 7~

Figure 1.9. Molecular formula of Auramine O, a substituted diphenylmethane dye. It exhibits a
viscosity dependence similar to that of triphenylmethane dyes; whereas on the right is a crystal
structure of 3-phosphate dehydrogenase from Thermus thermophilus HB8 obtained by Ishijima and
Yutani (DOI: 10.2210/pdblvc2/pdb). Auramine O has been used to derive information about the

surface and binding pocket of enzymes like that pictured.3!

Meso-substituted boron dipyrrin (BODIPY) dyes act as molecular rotors due
to the distortion of their structure imposed by gyration of the aryl substituent.
The net effect is loss of fluorescence due to the dramatically enhanced non-
radiative route back to the ground state. Crucially, the rotary action bears no
effect on the radiative rate constant. Rotation around a partially inhibited C-
C bond resembles an isomerization reaction, at least in certain aspects.
Numerous models have been proposed to explain the enhancement of the
non-radiative decay in such BODIPY dyes. Most of those treatments propose
that a non-radiative drain is coupled to So and Si surfaces and that the wave

packet moves along the surface until it reaches the drain.

Bagchi, Fleming and Oxtoby3? explored electronic relaxation for dyes with no
activation barrier for internal rotation; e.g., certain triphenylmethane (TPM)
dyes in low viscosity media. They argued that in those instances where there
IS no barrier, solvent-friction provides the only notable resistance to rotation

at the excited-state level. They suggested that the rate of decay of the

13


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiInrCNmZbOAhXGcRQKHd1aBxkQjRwIBw&url=http://www.rcsb.org/pdb/explore.do?structureId%3D1vc2&psig=AFQjCNE1cMeoS1bz3DlbSaTMgTct7l26wg&ust=1469796558974355

excited state is set by a ‘position-dependent sink’. They were able to identify
three different types of sink: namely, pinhole, Gaussian and Lorentzian sinks.
A somewhat related theory was introduced by Oster-Nishijama to account
for internal rotation in diphenylmethane dyes, for which we use Auramine O
as the main stereotype, Figure 1.9.3334 An advantage of this compound as a
fluorescent rotor is that it dissolves readily in water and can be used to

interrogate biological systems, most notably enzymes.

The issue with employing a model developed for TPM dyes to account for
rotations relevant to BODIPY-based molecular rotors is that there are some
obvious structural differences between the two classes. Firstly, the main
difference is that in TPM dyes there are three rotating phenyl rings,
compared to one in most BODIPY-based rotors. Secondly, and most
importantly, the rate of non-radiative decay of boron-dipyrrin dyes is 50-fold
slower than that of the corresponding TPM dye. This suggests that there
must be a barrier for accessing the non-radiative drain.?® Both TPM dyes and
BODIPY-based molecular rotors alike are believed to decay back to ground
state due to vibronic coupling and not because of light-induced charge

transfer. The vibration of interest is introduced by the gyrating aryl rings.°

Lindsay et al.*6:3” have argued that, after excitation to the S1 state, the meso-
phenyl ring is held at a dihedral angle of 180° to the plane of the BODIPY
core. This is so the SOMO can be delocalized on to the ring, hence
increasing conjugation. This is in contrast to the ground state, where the
preferred dihedral angle is around 49°, at least this is so for ROBOD.?® The
drawback of Lindsey’s model is that it does not account for the observed
temperature dependence found for the excited-state deactivation of ROBOD.
Nonetheless, the Lindsey publication was the first to address the mechanics

of the rotary action for a BODIPY dye.
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Figure 1.10. Potential energy diagram created for ROBOD by Harriman et al. (DOI:
10.1021/cm800702c) in order to explain the temperature effect on non-radiative decay of the first-
allowed singlet-excited state. The red and green curves, respectively, refer to the excited- and ground-

state potential surfaces for rotation around the meso-aryl ring.

Figure 1.10 is a pictorial representation of how the potential energy surface
might look for a meso-aryl substituted boron-dipyrrin dye. Quantum chemical
calculations repeatedly point to structural distortion of the BODIPY core that
accompanies meso-ring rotation. The landscape of the potential energy
surface is usually adapted by positioning bulky groups at the upper rim so as
to hinder rotation but this strategy provides little useful insight into the
mechanics of the rotary action. In a clever modification of the norm, Fan et
al.*® synthesized a meso-substituted BODIPY dye where the substituent was
an aldehyde group. They were able to compare the photophysical properties
of this derivative with those of the corresponding compound where the

aldehyde group was placed at the 2-position,38 Figure 1.11.
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Figure 1.11. Molecular rotors designed by Fan et al.,38 where the aldehyde group acts as the rotor

and the dashed lines highlight the possibility of weak internal H-bonding. In the case of (11), H-

bonding creates a 7-membered ring whereas for (12) it forms a more stable 6-membered cycle.
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Figure 1.12. Figure adapted from a publication by Fan et al.,®® (a) demonstrates potential-energy

curves of BV-1 and BCHO at the So and S1 states with the dihedral angle around the C-C bond,

whereas (b) demonstrates the energy gap between the So and S: states of BV-1 (circle) and BCHO

(triangle) with dihedral angles around the C-C bond. Calculations were performed by means of the
DFT method [B3LYP/6-31G(d, p)]. BV-1 is molecule (11) whereas BCHO is molecule (12).
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the desired structural

likelihood for weak H-
bonding, for (11) this creates a 7-membered ring whereas for (12) it forms a
more thermodynamically stable 6-membered ring, Figure 1.11. Fan et al,38
reported computational modelling studies to indicate that the BODIPY core
remains planar, regardless of rotation of the aldehyde group at position 2.
However, for molecule (11) their calculations were consistent with structural
distortion of the dipyrrin core when the aldehyde was at a torsional angle
close to 180°. This particular geometry increases the conjugation and
therefore the energy gap between the first-excited state and the ground state
decreases. In turn, this enhances non-radiative decay because of the
energy-gap law.®®4% No such claim can be made for (12). The authors
concluded that the geometry at the excited state is crucial to the process of
promoting non-radiative decay. This work appears to support the earlier
research published by Lindsay et al. mentioned above. Crucially, this work
demonstrates that, in terms of BODIPY derivatives, quenching of

fluorescence is specific to rotation of groups appended at the meso-position.

The issue of a viscosity-dependent fluorescence quantum vyield is not
restricted to TPM, DCVJ dyes and BODIPY rotors. Sterically hindered
stilbenes are further examples of fluorescent compounds where the emission
quantum vyield is highly dependent on the viscosity of the surrounding
medium. At room temperature, it has been found that trans-stilbenes are

weakly fluorescent whereas the corresponding cis-derivatives are non-
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fluorescent.*! In the case of cis-stilbenes, steric interactions provide an
incentive for the excited state to twist around the central C=C bond (i.e., light-
induced isomerization). Rotation around a double bond is formally forbidden,
nevertheless it occurs readily in fluid solution. The overall process is strongly
temperature dependent and the rate varies proportionally with inverse
viscosity of the surrounding medium. In the excited state, this twisting motion
Is responsible for arriving at the geometry from which the radiationless

transition is favoured.

Separately, Velsko and Fleming*?>*® in a classical publication investigated the
photophysics of diphenylbutadiene (DPB) and observed two decay channels, one
being associated with high temperatures and the other with low temperatures. This
situation has not been reported for any BODIPY derivative.*®* However, with
stilbenes there is another complication which appears in the form of accessible
triplet states reached via intersystem crossing. In a 1971 paper by Muszkat and
Sharafy,** it was proposed that internal conversion from Si1 to the So state in
stilbenes is due to a process of tunnelling for molecules twisted by 90° about the
central double bond, Figure 1.16.4445 However, it is important to note that in his
original paper Kramers’ dismisses “tunnel-effects” as a possibility.*® In the same
paper, these authors attributed the noted differences in how the emission
properties depend on viscosity for the trans- and cis-derivatives to a difference in
their molar volumes. Again, we foresee no real relevance of this work in terms of
BODIPY-based rotors.

An empirical mathematical treatment based on the degree of the statistical
free volume available in the solvent structure has been used with some
success to describe the fluidity of liquids, Equation 1.5,%” where kgrep is the
reduced isomerization rate, D and a are constants and finally n is the

viscosity.

krep = D/n* Equation 1.5
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Of course, this expression is rather crude and does not convey much
scientific information,*’ other than the ability to compare coefficients between
different systems. Interestingly, Brey et al.*® carried out pressure effect
studies on trans-stilbene and found that there was a more substantial effect
in polar solvents than non-polar solvents with the same viscosity.*®4° They
concluded that the observed activation energy in solution is affected by both
internal and solvent contributions.3 These experiments highlight the role
played by the nature of the solvent and also demonstrate that a molecular
rotor could be used as a pressure monitoring probe, under the right

conditions.

closed form

uv Ilght
visible light 62 mechamcal stress
open form “}x

Figure 1.14. Molecular structures of open and closed-configuration of a merocyanine dye (spiropyran).

The isomerization process is reversible upon irradiation with visible light, which restores the closed

spiropyran form. Figure adapted from Nanoscale, 2012, 4, 1321-1327.

Cyanine dyes, as mentioned earlier, represent a further example of
fluorescent dyes where rotation around a C=C bond (i.e., light-induced
iIsomerization) is viscosity dependent, Figure 1.14. As expected, the excited-
state manifold of the cyanine dye decays via fluorescence (with low quantum
yield) and predominately by way of internal conversion.3050 |ntersystem
crossing to the triplet state is comparatively slow, in the absence of a spin-
orbit coupler, and the triplet yield is negligible. Light-induced isomerization
occurs with high probability in many cyanine dyes and the resultant isomer

can be detected by transient absorption spectroscopy, which is an obvious
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advantage for experimental studies. This allows the rate of isomerization to

be measured under quite disparate conditions, thereby building up a wealth

of information.

Figure 1.15. Cyanine dyes; two-mode excited state potential energy surface with ridge (A), ridge valley
(B), and valley (C), picture adapted from RSC Adv., 2016, 6, 45210-45218. (A) represents barrierless
isomerization, (B) demonstrates intermediate barrier, and (C) shows potential energy surface where

there is a significant barrier to isomerization.5!

Many cyanine dyes, however, are polar— the so-called merocyanine form —
and this feature introduces certain complications for understanding the
isomerization mechanism, Figure 1.15.52 For example, the rate of
isomerization depends on solvent polarity, as well as viscosity.®3-°¢ In some
aspects, the dependence of the fluorescence quantum yield on solvent
viscosity found for BODIPY-based rotors is comparable to the dependence
of the isomerization rate constant observed with cyanine dyes; the reason
for this is that both processes involve torsional motion of molecular fragments
and crucially those movements are influenced by solvent friction.>” The
BODIPY rotors involve a more subtle internal motion than is pertinent to the
cyanine dyes and, of course, there are no spectroscopic signatures by which

to monitor the event in real time, other than by fluorescence.
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Figure 1.16. Potential energy diagram reported for a typical stilbene dye, adapted from Turro, N.,
University Science Books. The x-axis represents dihedral angle for the connecting double bond and

the y-axis is total energy. The ground state potential surface is shown as a green curve while the

corresponding excited-state surface is illustrated by the red curve.

Energy

Figure 1.17. Potential energy diagram reported for certain cyanine dyes by Velsko and Fleming,
Chem. Phys. 1982, 65, 59. The x-axis represents dihedral angle for the connecting double bond and

the y-axis is total energy. The ground state potential surface is shown as a green curve while the

corresponding excited-state surface is illustrated by the red curve.
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Figure 1.17 shows a pictorial representation of a potential energy diagram of
the type frequently used to demonstrate the isomerization process relevant
to cyanine dyes.®® The symbol ‘t’ is used to refer to a twisted intermediate
along the isomerization pathway. It is characterized by fast deactivation to
reform the ground state. In contrast, ‘So’ is the ground state for the normal
conformer and ‘Po’ refers to the photo-isomer. Kramers’ treatment, also
referred to as the Fokker-Planck equation, might be used to interpret the
rates of isomerization, including non-radiative decay of BODIPY-based
rotors.*%:59 This theory has been popular with physicists for many decades
and has proved to be applicable for cyanine dyes as well as certain stilbene
derivatives. The treatment uses Brownian motion dynamics, which are driven
by thermal forces, and by means of the fluctuation-dissipation theorem can
be linked to temperature and friction.46:60.61 Activation restrictions for the
twisting process undergone by cyanine dyes and stilbenes, which must
accompany isomerization, bear certain resemblances to the rotation of the
meso-aryl ring found with the BODIPY-based rotors. In particular, solvent
viscosity will affect the rate at which solvent cages are able to rearrange so
as to accommodate the twisting motion (i.e., internal rotation) and this means
the solvent specific barrier, which is present in all media, is higher in more
viscous solvents.®2 Despite the possible similarities between isomerization
and the so-called rotor effect, there have been no serious attempts to apply

Kramers’ theory to internal rotation in BODIPY dyes.

In certain cases, it has been demonstrated that, for a particular dye molecule,
the emission lifetime depends not only on viscosity but also on the identity of
the solvent when compared to different solvents having the same viscosity.
This is known as an iso-viscosity plot. One reason for this situation might be
because of specific solvent-solute interactions, such as H-bonding.® Clearly,
this complicates interpretation of experimental kinetic data because it means
that attention must be given to controlling temperature, pressure, polarity,
viscosity and chemical composition of the solvent. For this reason, most
studies that attempt to vary solvent viscosity do so by employing a

homologous series of solvents, such as the linear alcohols. It might be
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mentioned in passing that there have been very few studies were the solvent

viscosity is increased by adding a soluble polymer.

k = (w,./2rw,)[((§%/4) + w?)Y? — (/2] exp(— Ey/RT) Equation 1.6

Equation 1.6 above is known as Kramers’ treatment. Here, C is the frictional
parameter, wr is the frequency of the reactant well, wv is the barrier

frequency, and finally Eo is the activation energy for the rotation.5864

k(( — 0) = (Ey/kp,T) exp(—Ey/kpT) Equation 1.7

Equation 1.7 corresponds to Kramers’ estimate of what happens to the rate
constant at very low friction. This latter expression predicts that { becomes
smaller as the rate constant decreases. In order to analyse experimental

results, it is common practice to relate ¢ to shear viscosity, n.

k= k™" = (w,/2m) exp(—Ey/kgT) Equation 1.8

Equation 1.8 is a transition state result, it applies when the frequency of the
barrier (wb) is greater than the friction parameter (). When the kST limit is
reached, the barrier is sharp and therefore it is unlikely the particle will spend
long enough on the barrier top to be affected by frictional forces.

However, the situation when the friction parameter is significantly greater

than we is known as the Smoluchowski limit (SL), Equation 1.9.

k = kS = (w,w,/2n0) exp(—Ey/k,T) Equation 1.9

The inverse friction dependence described in Equation 1.9 occurs when the
barrier is relatively flat and the motion at the top of the barrier is pretty much
diffusive.®* However, it has been shown that the SL is not always
observed.*?“2 The activation energy (Eo) can be estimated from the slope of

an Arrhenius-type plot of 1/T against In(k). Reported deviations to Kramers’
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theory are often attributed to differences between the bulk viscosity of the
solvent and the local viscosity in the vicinity of the solute.®265> This is a
particular problem for large solutes or in cases where charge transfer is
involved. Another commonly encountered challenge is set by non-Markovian
friction and multiple models have been developed to try to overcome this
issue, most notably the so-called Grote-Hynes approach.®® One
disadvantage of compensating for this situation is that additional terms are
added to the basic equation to account for specific features. In the end, the

treatment becomes cumbersome and even intractable.>”67

Kramers’ theory appears to break down at high viscosities; this was
addressed by Grote and Hynes®% (as well as the non-Markovian behaviour).
These authors extended Kramers’ theory by including the frequency reliance

on friction.

k = (A./wp)(wy/2m) exp(—Ey/kgT) Equation 1.10

Where:

A/ wp) = (wb/ 1) "‘fo §@) exp(=2,1) dt = Koy Equation 1.11

Key 1S @ transmission coefficient obtained by solving Equation 1.11, where |

is the moment of inertia.

1— k2= (k/lwg){(kwy) =0 Equation 1.12

The parameters Eo and wo can be obtained by plotting In(k(T)/k(T)) against
1/T. In fact, Eo can be estimated from the slope whereas wo can be obtained
from the intercept. The plot should be linear provided the intrinsic barrier is
only weakly dependent on polarity.®® Kramers’ theory was not developed with

molecular probes in mind. However, it is, to this day, the most
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comprehensive theory available for analysis of the behaviour of molecular
rotors such as ROBOD.

1.2.4 Measurements and Calibration

In order to quantify the degree of success of any particular molecular rotor,
the most common procedure is to measure its emission quantum yield and/
or excited-state lifetime in a series of solvents possessing similar chemical
properties but differing viscosity. This protocol provides the simplest means
by which to compare rates of non-radiative decay with solvent viscosity. It
also provides access to the limiting ‘on’/ ‘off’ levels of fluorescence that
determine the ease of use of the rotor. A series of linear alcohols or linear
alkanes is often used for these measurements. Viscosity is known to change
with temperature and pressure and therefore it is necessary to fix these
variables. Activation energies for the rotary process should be measured if
at all possible and, in principle, this can be done by conventional Arrhenius-
type studies. However, viscosity is strongly dependent on temperature, but
not always in a linear manner. The solution to this problem is to select
solvents where the viscosity is the same fixed value but at different
temperatures. Now the temperature effect can be isolated from the viscosity
effect. Because some rotors respond to changes in polarity, it is important to
conduct trial studies to eliminate this effect. This is done by using solvents of
the same polarity but disparate viscosity and vice-versa. Most studies in the
literature have relied on empirical rate expressions to quantify the

relationship between fluorescence yield and solvent viscosity.

For example, BODIPY-based molecular rotors have been established to be
more sensitive viscosity probes than industry standards like 9-dicyanovinyl

julolidine.®®

kyr = v/n%exp(—E,/RT) Equation 1.13
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This claim is made on the basis of Equation 1.13,42 where n is viscosity, a is
a coefficient that is used to determine the sensitivity towards viscosity, v is a
limiting pressure exerted by the rotor, Ea is a barrier for internal rotation and
finally T is the absolute temperature. This model allows for an additional
activationless non-radiative decay channel to compete with emission and
barrier-controlled rotation.4? The term a is crucial here as it determines the
degree of sensitivity of the probe and is easily established from a log-log plot
of viscosity vs. non-radiative decay rate constant. It has been shown that a
for the simplest BODIPY-based rotor, i.e. ROBOD, is 0.41.2° However, it is
even higher for (5) (a=0.62).2° In contrast the same coefficient for the DCVJ
dye mentioned above is approximately 0.3 under the same conditions.®® We
will show later that there is further opportunity to increase the sensitivity of
BODIPY-based rotors as we explore the influence of substitution at the 3,5-
positions. The Forster-Hoffmann equation’® is another popular way of

measuring the effectiveness of molecular viscometers, Equation 1.14.

In(¢;) = C + xIn(n) Equation 1.14
0 The experimental quantum yield can be
‘O replaced with the excited-state lifetime
T T since the latter is easier to measure in
/©/ Lﬁk vivo. In the Forster-Hoffmann equation, x
™ "

is the sensitivity parameter. It is the slope
of the log-log plot of viscosity vs. lifetime
(or quantum vyield). This approach

predicts the perfect rotor to have an ‘X’

<\ value of 0.6.”* However it is important to

Figure 1.18 Molecular formula for the note that this is only a very crude
BODIPY- Nile Red ratiometric probe. . . .
P estimate and Equation 1.13 gives a better

representation of the viscometer’s behaviour.

There are two commonly used approaches to creating a calibration curve:

notably using the excited-state lifetime or the relative emission intensity.
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Intensity is the less reliable of these methods. This is simply because it is
easily influenced by local conditions and by concentration. If intensity is the
preferred way to measure the viscosity, one must use a reference dye that
Is known to be insensitive to changes in the local environment, such as
temperature and viscosity. A common choice for the control emitter is the
coumarin family of dyes.”? This allows for a ratiometric approach. Coumarin
and BODIPY dyes will allow for two distinct emission spectral profiles, the
emission from the latter will change with viscosity unlike that of the coumarin
dye which is expected to remain constant. The ratio of emission intensities
under controlled excitation conditions at preselected wavelengths is
independent of probe concentration and therefore a ratiometric probe is self-
referencing. A good example of this is provided by the work of Kang et al.”3
where Nile Red is used as a reference for a BODIPY-based rotor, Figure
1.18. Additionally, this bichromophore can be used to monitor polarity since
Nile Red is sensitive to solvent polarity but the photophysics of BODIPY are
independent of the solvent dielectric constant.

A more reliable method to monitor viscosity by means of fluorescence is to use the
excited-state lifetime. The emission lifetime is concentration independent, however
it is more difficult to analyse. This can be done using fluorescence lifetime imaging
microscopy, FLIM.?%.74 |t provides images based on the time taken for decay from
the excited state instead of relying on fluorescence intensity.’”®> FLIM is capable of
not only measuring the lifetime by time-correlated, single photon counting (TCSPC)
but also anisotropy; time resolved fluorescence anisotropy imaging (TR- FAIM).
With this method, it is straightforward to produce a calibration curve of viscosity
against lifetime. However, the method has its disadvantages, for example it can be
relatively time consuming. Also, lifetime decay curves are not always mono-
exponential! Most importantly, the technique requires specialist equipment and a
well-trained operator. Unlike measuring fluorescence intensity, lifetime or quantum

yield, it is unlikely that this method can be used outside of a research environment.
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Figure 1.19. Examples of images taken of HelLa cells stained with a BODIPY dye collected using the
FLIM technigue. Pictures are reproduced from a publication by Ziessel et al.”®

1.3 Electronic Energy Transfer

Electronic energy transfer (EET) is an essential process in Nature in respect of
photosynthesis and in DNA repair enzymes, amongst others.”” Moreover, it has
also found multiple applications in modern technologies like organic light-emitting
diodes (OLEDs)”® and artificial photon collecting systems. There are two common
mechanisms: (1) Dexter-type EET (i,e., through-bond interactions) which is
strongly distance dependent and involves significant overlap of wave-functions on
donor and acceptor species. (2) Forster-type EET (i.e., through-space interactions)
which can occur over longer distances and involves Coulombic coupling between
remote reactants. The two mechanisms often contribute to the overall EET rate
and resolving the individual processes can be a challenging process in some
cases. The Dexter EET mechanism sometimes involves ‘super-exchange
interactions’. This takes place when a bridge (B) in a donor-bridge-acceptor system
is electronically conductive and able to delocalise and mix its orbitals with those of
either D or A. In general, EET can be considered as the radiationless transfer of
electronic energy from a donor (D) to an acceptor (A) at distances extending from

10 to 100 A.” It can involve inter- or intramolecular processes. As a result of
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efficient EET, emission originates exclusively from the acceptor and the singlet

lifetime (Ts) of the donor moiety is effectively reduced to zero.

FRET
Aex= 405 nm n FRET
OQ
DAY,
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Figure 1.20. Example of an EET based sensing scheme adapted from Chem. Commun., 2011, 47,

611-631. A quantum dot (QD) with excitation energy of 405 nm, cyanine 3.5 (green) and cyanine 5
(red) dyes are arranged according to their excitation energy in order to facilitate efficient energy

transfer. FRET refers to Forster Resonance Energy Transfer.

1.3.1 FOrster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer or

FRET was proposed by Theodor

Forster®®8! in 1946 as a dipole- dipole

interaction between two chromophores,

Intensity

one acting as an energy donor and the 0.2/

Spectral
overlap

other as an energy acceptor. The crucial

550 600 650
A nm

condition for FRET to take place relates

to the overlap integral, Joa between the Figure 1.21. lllustration of the donor- acceptor
donor emission spectrum and the gpectral overlap.

acceptor absorption spectrum; for a well-

designed D-A system there is no overlap between the acceptor emission and donor
excitation spectra (N.B. re-absorption leads to ‘reverse’ FRET). The term Jpa is a
thermodynamic factor, it increases (and with it the rate of EET) with high molar

absorption coefficient (¢) of the acceptor and small Stokes’ shift (SS). The rate of
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EET can be estimated by means of Fermi’s Golden Rule (Equation 1.15) where
Vba is the coulombic electronic coupling matrix element (Equation 1.18), k is the
orientation factor, s is the screening factor (Equation 1.16) and Joa is the overlap

integral (Equation 1.17).

2n 2 2 2
keer = y X |vpal® X |K%] X % X Jpa Equation 1.15
_ 3
ST it 1 Equation 1.16
Fp(v) _ ea(v)

Joa= AB | 5 X, W Equation 1.17

VDA= UDXUA .
R} gx(41e) Equation 1.18

When the distribution of donor and acceptor orientations is random, k? can
be assumed to be equal to 2/3.8° However, for D-B-A type systems it can be
anywhere between 0 and 4. In fact, k is at its highest when the transition
dipole moments vectors are aligned parallel to each other and conversely at
its lowest when they are orthogonal to each other. The rate of FRET is also
dependent on the refractive index of the solvent (n), and the distance (Rpa)
between the centres of the transition vectors associated with donor and
acceptor.®? The rate of EET can be manipulated by changing the mutual

orientation of these transition dipoles.

FRET has frequently been used as a ‘molecular ruler’ by which to measure
distances in proteins, nucleic acids and many other biological structures.?®3
This can be achieved because, according to Forster theory, the rate constant
is proportional to the inverse sixth power of the distance (1/Rpa®) between

donor and acceptor.82 One of the main characteristics of FRET is the critical
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Forster distance, Ro. This is the distance at which the FRET efficiency is precisely
50%, Equation 1.19.%4

E% = R§/(R§ + RS ,) Equation 1.19

The probability of EET is determined by taking a lifetime or quantum yield
ratio of a donor-acceptor system and a corresponding isolated donor,
Equation 1.20.

Pggr = 1= (tp_a/tp) = 1 = (¢p-a/Pp) Equation 1.20
W A A
‘_\ I /.I /"\ I
v L 4 "1 4 |
v v I; v | v
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Figure 1.22. Frontier molecular orbital diagram for Forster-type electronic energy transfer.

1.3.2 Dexter Energy Transfer

Dexter-type electronic energy transfer is also referred to as ‘electron exchange’®
because it can be compared easily to Marcus theory.®-88 Figure 1.20 provides an
example of a molecule that undergoes EET by way of the electron exchange
mechanism. Such EET processes tend to occur over shorter distances than are
often found for FRET, because of the demand for overlap of donor and acceptor
wave-functions. However, when considered in terms of the super-exchange
mechanism in donor-bridge-acceptor multi-component molecules, the length scale

for Dexter-type EET is expanded by a considerable amount and distances in the
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region of 50 A are not uncommon. The Dexter mechanism can be applied to explain
singlet-singlet energy transfer, but it is more commonly used to describe triplet-

triplet EET events.

Figure 1.23. Frontier molecular orbitals to account for Dexter-type EET for the singlet-singlet

mechanism.

Equation 1.21 describes the rate of EET according to the Dexter mechanism,
where L is the sum of the van der Waals radii, Joa is the spectral overlap
integral and Rpa is the edge-to-edge distance between the donor and
acceptor. The term Vpa describes electronic mixing between orbitals on
donor and acceptor and is distance dependent, Voax exp((—f/2)Rp,4). Here,
B is referred to as an attenuation factor, it is dependent on the product of
atomic orbital coefficients, y, and on the energy difference between the donor
orbital and the corresponding bridge orbital,8® g = 2/R,In | AE /y |. Through-
bond EET such as that proposed by Dexter exchange is usually temperature
dependent. This is because of a discrepancy between the reorganisation

energy and the thermodynamic driving force.%°

2m
kpexrer = ?]DAVDAeXp(_ZRDA/L) Equation 1.21
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1.3.3 Spectroscopic Gradient

EET occurs from a chromophore absorbing at shorter wavelength (this being the
donor) to one absorbing at longer wavelength (this being the acceptor). However,
it is common, especially in natural systems and ever more frequently in artificial
systems, that there are several layers of disparate chromophores arranged to
facilitate a cascade of EET events. When the chromophores are arranged
correctly, the net result is an energy funnel.®>°? A good example of such elaborate
light-harvesting systems is provided by a multi-layered dendrimer.®! It is important
that, on progressing from the exterior to the interior of the core, that each
generation is bathochromically shifted compared to the preceding layer and that
good spectral overlap is preserved at each interface. In general, one wants to take
the same precautions as for simpler donor-acceptor systems to avoid back EET

and loss of significant amounts of energy.
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Figure 1.24. Schematic representation of a dendrimer engineered for multiple EET events from

periphery to core, picture adapted from Annu. Rep. Prog. Chem., Sect. C, 2003, 99, 177-241.%
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This work focusses on seeking to gain a deep understanding of the photophysical
processes inherent to multi-functional and/or multi-component supermolecules in
condensed phase and attention is given only to the fundamental properties.
Throughout this project we probed the photophysical behaviour of molecular rotors.
At the beginning we focus on the structural effect of the BODIPY lower rim and on
what happens when we constrain the geometry at the boron atom. We follow these
studies with an investigation into the effect of electronic energy transfer and charge
transfer on to the putative rotor. The photochemical stability of a large molecular
assembly in condensed phase is also probed. Finally, we return to the solvent

effect on large molecular assemblies.

The compounds investigated herein range from relatively small BODIPY-based
molecules to large molecular assemblies (i.e., dyads, triads and pentads). The
focus at the beginning is solely on the photophysics of molecular rotors based on
BODIPY and how relatively small structural modifications can greatly enhance the
non-radiative decay. We investigate the effect of asymmetry on the fluorescence
guenching and follow these studies with a series of investigations into BODIPY
dyes constrained at the boron atom. These are relatively new types of fluorophore

and there is almost no prior information reported in the literature.

Fluorescence intensity is strongly concentration dependent; this is a major
limitation for environmental sensing applications and for devices exposed to a large
number of photons. Prolonged exposure to intense light gives rise to
photobleaching of organic dyes and this in turn leads to loss of intensity. To date,
there has not been a conclusive study into the photostability of BODIPY-based
dyes. Hence we endeavour to shed more light onto the kinetics of photo-
degradation of such organic dyes. The photodegradation process is followed by a

range of techniques, notably 700 MHz *H NMR and UV-vis spectroscopy.

Finally, we return to the study of molecular dynamics in condensed phase with two
groups of closely-spaced bichromophores. We interrogate the effects of solvent on
the photophysics of molecular assemblies of two BODIPY -based bichromophores
bridged by 1,10-phenanthroline. In this case, we are able to show that the nature

of the solvent controls the geometry of the assembly but that minor changes in the
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molecular architecture are met by major changes in behaviour. This work has
relevance to the folding of peptides and small proteins. Encouraged by this result,
we investigated a second series of bichromophores where the connection is
provided by a 1,2-diaminocyclohexane ring. The spacer unit is subject to
conformational exchange and therefore can be probed by excitation energy

transfer dynamics.
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Chapter 2. Fluorescent Molecular Rotors
Based on the BODIPY Motif: Effect of
Remote Substituents

2.1 Introduction

The fluorescence properties of boron dipyrromethene (BODIPY) dyes have been
reported by many research groups and used to fabricate a diverse range of
applications. As described in the introduction, one such application concerns using
the fluorescent dye to monitor changes in local viscosity. This particular feat is
achieved by designing a BODIPY-based dye to have a phenyl ring at the pseudo-
meso position and to omit any alkyl substituents from the upper rim of the dipyrrin.
The phenyl ring can rotate, or at least gyrate, around the dipyrrin unit but it is
subject to some steric blocking by the 1,7-hydrogen atoms. In fact, the effects of
the meso-phenyl ring on the fluorescence yield and lifetime for certain BODIPY
derivatives have been well documented by many authors and a substantial number
of research papers has been produced.’ This strategy of modifying the degree of
friction between the rotary phenyl ring and the 1,7-hydrogen atoms has formed the
basis for all putative molecular rotors based on this type of dye. In particular, the
effect of remote substituents on the BODIPY fluorescent rotors has attracted scant
attention. As outlined in the introduction, it is well known that rotation of the meso-
phenyl ring is not directly responsible for the enhanced non-radiative decay of the
excited-singlet state. In essence, in order for the phenyl ring to complete a full
rotation, the dipyrrin backbone has to buckle slightly and it is this structural
deformity that opens up the channel for radiationless return to the ground state.
Realizing this, it becomes possible to design new molecular rotors by structural

modification away from the meso-position. It might be mentioned that many
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researchers have used substituents attached to the meso-phenyl ring to adapt the

solubility and lipophilicity of the dye.*

As a starting point to designing a new range of molecular rotors, or more
specifically, examining in more detail the mechanism for the rotor behavior, we
studied the effect of adding bulky substituents in positions 3 and 5 of the BODIPY
backbone (lower rim of the boron dipyrromethene unit). To our surprise, it was
found that they can greatly influence the ability of the probe to assess the local
rheology and indirectly to function as a crude temperature indicator.> We will show
that a BODIPY dye can be manipulated such that the meso-ring has no effect on

the nonradiative decay.

ROBOD: R1=R,=H
PHEN1: R4= H; R,= tolyl
PHEN2: R,=R,= tolyl

Figure 2.1. Molecular formulae of the compounds presented in this chapter.

Figure 2.1 shows the molecular formulae of the two compounds under
investigation: PHEN1 and PHEN2, as well as the popular control compound;
ROBOD (fully characterized in RSC Adv., 2012, 2, 981-9859). Figure 2.2 shows
molecular formulae of additional control compounds: CORE and BOD (BOD has
been characterized by previous members of the MPL using the same technique
and instrumentation).® CORE is the only compound in this chapter that lacks the

meso-phenyl group, however it has the ancillary tolyl groups at the 3,5-positions.

It is common knowledge that groups appended at positions 3 and 5 can increase
conjugation and shift both absorption and emission wavelengths towards the red.”

9 The effect of these substituents on the basic structure and more importantly on
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the geometry of the dipyrrin upper rim has failed to attract much attention. We
demonstrate here that the symmetry of a boron dipyrromethene dye is crucial for

controlling the ability of the dye to probe the local environment.

/ 7 -
/N\B/N /
/\

F F
BOD

Figure 2.3. Energy-minimized geometries computed for PHEN1, left, and PHENZ, right.
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2.2 Results and Discussion

2.2.1 Spectroscopic Data

1.0

0.8

Intensity

0.2

0.6

0.4

0.0

Figure 2.4. Absorption and emission spectra recorded for PHEN1, on the left, and PHEN2, panel

on the right, in MTHF at room temperature.

The absorption and emission spectra recorded for PHEN1 and PHENZ2 are shown
below in Figure 2.4. Spectra were measured in 2-methyltetrahydrofuran (MTHF) at
room temperature. The absorption and emission spectra for both PHEN1 and
PHEN2 are typical for BODIPY dyes in fluid solution. A small Stokes’ shift is
observed for both dyes. There is a reasonably good mirror symmetry for PHENL1,
however the lowest energy absorption transition for PHEN2 appears to be
somewhat broader than that of a typical BODIPY dye. This is a consequence of
incorporating the second tolyl ring at the 5-position. The absorption and emission
spectra recorded for CORE are very similar to those found for PHEN1 and PHEN2,

with the only significant difference being a slight broadening of the emission
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spectral profile as shown in Figure 2.5.
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101 The photophysical properties of all the
compounds were measured in MTHF at
room temperature and the main findings

05+ are collected in Table 2.1. Data were also

Intensity

collected under the same conditions in

dichloromethane (DCM) and are included

0.0

300 400 500 600 700 in Table 2.2, however there are no
Al nm

significant differences between the two
Figure 2.5 Absorption and emission solvents. At first glance, we observe that
spectra recorded for CORE in MTHF at each tolyl ring shifts the absorption and
room temperature. emission maxima to the red by
approximately 30 nm. This can be observed by comparing absorption maxima for
ROBOD, which has no tolyl rings at the lower rim of the dipyrrin unit, with the
corresponding absorption maxima for PHEN1 (one tolyl attached to the lower rim)
and PHENZ2 (tolyl rings at positions 3 and 5). The molar absorption coefficients, ¢,
for all five compounds are comparable and typical of this class of dye. A modest
Stokes’ shift (SS) is observed for all the compounds studied here and remains
independent of solvent polarity. While analyzing data in Table 2.1, PHEN2
emerges as the most interesting compound. It has a meso-ring yet its
photophysical properties are not too dissimilar from those of CORE. They are
certainly unusual for a molecular rotor; PHEN2 with a fluorescence quantum vyield
of 0.28 certainly would not be considered as an effective molecular probe, unlike
PHENZ1. The only structural difference between the two compounds concerns the
one extra tolyl ring at the lower rim of the BODIPY core. It is important to note that
PHENL1 is actually a more efficient rotor than is ROBOD, this can be easily
observed by comparing the respective non-radiative rate constants (knr). Thus, the
non-radiative rate constant for PHENL1 is nearly twice that of ROBOD. What is even
more striking is the comparison of knr for PHENZ. It appears that substitution of
BODIPY core at the 3,5- positions can have profound effects on the performance

of the molecular rotor.
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It might be stressed that we were not expecting this type of behavior. It is clear that
the 3,5-aryl substituents should affect the absorption and fluorescence maxima
because of increased conjugation.1? It is not obvious that these same substituents
will affect the properties at the dipyrrin upper rim and, in particular, modulate the
dynamics of meso-ring rotation. These dyes are essentially non-polar so we can
eliminate charge-transfer effects from playing any role in the non-radiative decay
processes. We can now examine in more detail the effects of the peripheral tolyl

groups.

Table 2.1. Summary of the photophysical data recorded for the studied compounds in MTHF at room

temperature.

ROBOD BOD PHEN1 PHENZ2 CORE

Amax/ NmM 502 525 531 559 547
€max/ Mcm™t 71 000 74 000 59 100 62 235 62 100

A/ nm 530 547 564 602 588
SS/cmt 1050 765 1105 1280 1280

Oy 0.023 0.78 0.013 0.28 0.92

vs/ ns 0.15 54 0.092 21 6.6

krao/ 108 s1 15 1.45 1.42 1.3 14

kngr/ 108 57t 65 0.4 110 3.5 0.12

Table 2.2. Summary of the photophysical data recorded for the studied compounds in DCM at

room temperature.

ROBOD BOD PHEN1 PHEN2 CORE
Amax/ Nm 502 525 531 559 547

€max/ Mcmt 71 000 74 000 59 100 62 235 62 100
Arw/ NmM 528 544 557 697 582
SS/cmt 980 665 880 1140 1100
D1y 0.021 0.77 0.01 0.24 0.87
Us/ nNs 0.16 54 0.07 2.06 6.4
krao/ 108 s1 131 1.43 1.43 1.16 1.36
knr/ 108 57t 61 0.43 141 3.7 0.2
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2.2.2 Temperature Dependence

In order to investigate the effect of the 3,5-aryl substitution on a BODIPY-based
molecular rotor, temperature dependence studies were carried out. These were
performed in MTHF using an Oxford Instruments optical cryostat. The primary
purpose of these experiments was to examine the variation of ®r as a function of

temperature.t! All results were corrected for solvent contraction during freezing.?

Small spectral shifts accompany
900 -
freezing of the solvent but the

vitrification of MTHF is not a simple

D

o

o
1

physical process. Indeed, the

solvent freezes over a small range
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of temperatures but also forms an

A
isotropic syrup in addition to a ’
clear optical glass. In general, not 0l

550 600 650 700
A/nm

Figure 2.6. Temperature dependence observed for

300

much is known about the freezing
process. Now, ®r recorded for
CORE is not affected by ine emission spectra recorded for PHEN2 in MTHF.
decreasing the temperature from

295K to 77K. On the other hand, ®r measured for BOD appears to be constant at
temperatures below 200K but varies slightly at higher temperatures. It seems that
there is a minor activated route for deactivation of the excited-singlet state for BOD.
A similar conclusion was raised previously on the basis of pressure-dependent
studies. The temperature effect on the non-radiative rate constants for the target
compounds has been investigated under the same conditions as used for the
reference compounds, Figure 2.7. It was found that lowering of the temperature
had a far greater effect on the non-radiative rate constant (knr) for PHENL1 than for
PHENZ2, Table 2.3. However, both of these compounds exhibit similar trends in the
variation of ®r to that found for ROBOD. This finding tends to confirm the

conclusion that these compounds operate as fluorescent rotors.
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The total variation in ®ru found for PHEN1 over this temperature range is
approximately 75-fold, in contrast to that of PHENZ2 is only about 3-fold.The
variation of PHENL1 is far greater than that recorded for ROBOD. For each studied
compound, ®r approaches unity in the glassy matrix around 100K. The remaining
compounds (CORE, BOD) show some increase of knr as the temperature
increases, however the effect is of a much smaller magnitude. Figure 2.6
demonstrates this effect quite clearly; the non-radiative rate constants for PHEN1
(dark blue) and ROBOD (yellow) clearly change significantly with temperature.
These compounds display typical rotor behaviour (i.e. the non-radiative constant
increases linearly with the temperature).!! The insert shows in more detail what
happens to the other three compounds PHENZ2 (grey), BOD (orange) and CORE
(light blue) as the temperature changes. Looking closely at the behaviour of
PHENZ2 it can be concluded that it is that of a molecular rotor; it follows the same
trend as PHEN1 and ROBOD. The only difference is the magnitude of the effect
as described earlier.
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Figure 2.7. Effect of temperature on the nonradiative rate constant. The rate constants are

expressed in units of 10° s1.
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Table 2.3. Effect of temperature on the respective non-radiative rate constants. The rate

constants are expressed in units of 10° s,

Temp/ K CORE BOD PHENZ2 ROBOD PHEN1
140 0.0085 0.0195 0.0015 0.022 0.03
150 0.012 0.021 0.017 0.065 0.12
160 0.0107 0.019 0.048 0.174 0.35
170 0.01 0.017 0.085 0.395 0.71
180 0.01 0.0175 0.106 0.616 1.2
190 0.013 0.017 0.1315 1.116 1.71
200 0.014 0.017 0.1335 1.438 2.43
210 0.012 0.0185 0.156 1.806 3.18
220 0.012 0.023 0.161 2.2 4
230 0.014 0.021 0.2 2.75 4.9
240 0.0096 0.023 0.208 3.22 6.28
250 0.0115 0.0245 0.236 4.03 7.1
260 0.0125 0.0305 0.263 4.19 8.37
270 0.013 0.037 0.286 5.08 9.6
280 0.009 0.046 0.3335 6.34 10.1
290 0.012 0.052 0.343 6.5 10.73

We can consider that increased 1r-electron delocalization between the BODIPY
core and the ancillary tolyl rings in the 3,5- positions is the main reason for the
observed red shifts for absorption and emission spectra. This behaviour is
observed for both PHEN1 and PHEN2 as well as for CORE but is not evident for
either of the compounds lacking the 3,5-tolyl rings, i.e. ROBOD and BOD. It can
be supposed that the degree of conjugation between the respective n-systems will
depend on the mutual orientations, being at a maximum when the dihedral angle
is close to zero. For the target compounds studied here, the possibility of increased

conjugation was examined by means of molecular orbital calculations carried out
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at the B3LYP/6-31G*G(d)/PCM level. The main findings are summarized as
follows: We found that the core aryl rings on the lower rim of the BODIPY core
adopt a dihedral angle of approx. 50° for the lowest-energy conformation, this
applies to all three derivatives (PHEN1, PHEN2 and CORE). However, some
modest instability can be observed at approx. 20°, caused by close proximity of the
ortho-hydrogen atom on the tolyl ring(s) and a fluorine atom; 1.6 A. The rotation at
the connecting C-C bond is otherwise unconstrained. The barrier for complete
rotation of the tolyl ring(s) introduced by the steric clash is approximately 50 kJ mol
1, However, there is essentially no barrier for gyration of the aryl rings over a wide

angular variation.

The electronic interaction between the aryl ring and the BODIPY nucleus depends
on the mutual orientation, which is set in part by steric factors. This effect was
studied in detail using a small series of BODIPY-based bichromophores, where the
connection point was varied. It was found that the level of excitonic coupling, as
determined by the splitting of the lowest-energy absorption transition into two
peaks, varied markedly among the various bichromophores. For these
compounds, rotation around the connection is more restricted than for the aryl-
BODIPY derivatives because of the presence of alkyl substituents. [The results of
this study are provided as part of the Appendix.] Here, we could show that the
dihedral angle between the side-by-side bichromophores was largely responsible
for the degree of excitonic splitting. There are clear analogies between the two sets
of compounds, although the bichromophores provide the more obvious
interactions. For the aryl-BODIPY derivatives, the dihedral angle will help

determine the energy of the absorption and emission transitions.

Returning now to the effect of temperature on the fluorescence properties for the
putative molecular rotors, we note that neither the Strickler-Berg expression nor
the Englman-Jortner energy gap law allows for a strong temperature effect on the
rate of decay of the excited state.!>1*4 The refractive index will change with
temperature, as will the density of the solvent, but the effect is not so pronounced.
Because the molecules are non-polar, there is no reason for the Stokes’ shift to
vary with temperature. Furthermore, it was found that, in all cases, the fluorescence
guantum vyield is essentially independent of temperature in the glassy region. To

accommodate this latter effect, we introduce Equation 2.1; where ko refers to an
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activationless rate constant, kacr is the corresponding activated term and Tg is the
glass transition temperature of MTHF, 100 K. The activation barrier, Es, is
considered to contain important contributions from both changes in viscosity and
internal rotation. It was found that Equation 2.1 gives a good representation of the
experimental data for each compound, except CORE. For this latter compound,

knr is essentially independent of temperature across the region of interest.

Ep Equation 2.1

knr = ko + kacr exp(— R[T——TG])

Table 2.4. Summary of the parameters associated with Equation 2.1. Data for ROBOD and BOD

taken from literature.>

ROBOD BOD PHEN1 PHEN2 CORE
ko /107 st 17 1.8 12 1.9 1.2
Kact/10°st 36.5 5.9 51.0 0.8 NA
Es / kJ mol? 2.6 7.7 23 1.4 NA
- - ‘
Analysis of the experimental data 1

(Table 2.4) demonstrates that there
is a large activation barrier for

BOD. Most likely, this is because

Energy
Flu
hv
Flu

the internal rotation is blocked due

to the presence of the relatively

bulky methyl groups. For the

v

remaining compounds, the Dihedral angle

magnitude of the barrier height
Figure 2.8. Pinhole sink model as adapted for

BODIPY rotors.

decreases with increasing effective
mass of the dipyrrin unit. The core
tolyl groups, attached at the lower rim, cause slight curvature of BODIPY core,
which is at its maximum as the two units become co-planar. Double substitution,

and also electronic excitation, increases this curvature and forces the meso-aryl
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ring out of the plane of symmetry. At the excited-state level, this structural distortion
will stretch and eventually tear the Si1 surface so as to create a pinhole through
which the exciton can escape back to the ground state, Figure 2.8.1° This pinhole
is not equivalent to the transition state in isomerization reactions and as a
consequence, it is difficult to characterize.161® Nevertheless the experimental
evidence strongly supports this model. We will return to this point after
consideration of how the solvent viscosity affects the photophysical properties of

the molecular rotor.

2.2.3 Viscosity Dependence

10.5

The easiest way by which to vary the 100 - m\
viscosity of the system is to use a series e M

4
Z
.. ] X 90
of similar solvents that vary in molecular D sl
mass. One such series is the linear 80 -
alcohols, where the molar mass 75~ ¥ BOD e
. . ) . S N U U B B B
correlates nicely with the bulk viscosity. 02 00 02 04 06 08 10
log (n)

This is not an ideal way to vary viscosity

. . Figure 2.9. Effect of solvent viscosity on the
but, in fact, all such experiments are

. non- radiative rate constant measured in a
flawed to various degrees.?° For example,

series of linear alcohols at room temperature.
changing temperature or applied

pressure are alternative strategies but cause other changes at the same time. Also,
it should be stressed that bulk viscosity refers to interactions between adjacent
solvent molecules whereas the fluorescence studies are intended to probe solvent-
solute interactions. Concepts such as micro-viscosity have been introduced to
overcome these limitations but, what looks like a straightforward experiment, can

be difficult to analyze correctly.?!

The photophysics of PHEN1 and PHENZ2 were recorded in a homologous series of
linear alcohols at room temperature, Table 2.6. ROBOD and BOD were
investigated by other group members using identical experimental techniques.
Across the series of solvents, the shear viscosity can be changed by a factor of 6-
fold.?? The target compounds are readily soluble in these solvents and exhibit no

signs of self-association. Changes in viscosity have no obvious effect on the
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photophysical properties derived for BOD. This compound is strongly fluorescent
and behaves nicely across all the solvents. The weakly activated process identified
from the temperature-dependence studies is not evident from the viscosity related
work. For an effective molecular rotor, we anticipate that the changes in viscosity
will lead to progressive increases in emission quantum yield and excited-state
lifetime due to the increased frictional forces experienced by the gyrating phenyl
ring. This behaviour is indeed observed for ROBOD, PHEN1 and PHEN2.

Across this series of solvents, there is a reasonably linear relationship between knr
and shear viscosity, n, as considered in the form of log-log plots, Figure 2.9 and
Figure 2.10, but with differing gradients and intercepts. Indeed, the experimental
data collected at 20 °C can be considered in terms of Equation 2.2,2 where v
corresponds to a limiting pressure exerted by the rotor, a is a coefficient that
effectively describes the sensitivity towards viscosity, and Ea is a barrier for internal
rotation.?* It is possible to determine the value for a from the slope of the linear log-
log plot, whereas Ea can be estimated from the intercept to the same plot. We
observe that both PHEN1 and PHEN2 display small gradients, however it is quite
clear that the gradient derived for PHEN2 is steeper and therefore this compound
is considerably more sensitive to changes in solvent viscosity. Because of the log-
log plot, the derived parameters are subject to significant error and the analysis
assumes a common value for v across the series of compounds. This latter point
is difficult to verify by experiment and, in our understanding, the magnitude of v will
depend on interactions between the rotor and solvent.?52¢ The solute fits in a cavity
within the solvent structure but we have not seen any indications for strong
interaction between dye and solvent. In contrast, recent work with aza-BODIPY
dyes where the N atom is substituted at the meso-position has shown that alcohols
coordinate to the aza site and promote non-radiative decay.?’ Perhaps the 3,5-aryl
groups serve to modify the shape of the cavity and thereby influence v but we are
not able to address this possibility. Furthermore, there is no information in the

literature that could be used to expand this discussion.

o = v E,
NR ™ pa exp(=pp) Equation 2.2
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Figure 2.10. Effect of solvent viscosity on the non-radiative rate constant measured in a series
of linear alcohols for PHENL1 (blue) and PHEN2 (red) at RT.

For the prototypic rotor ROBOD, a has a value of 0.41, which is similar to that
determined earlier for a closely related dye,?® but this falls to 0.31 for the
symmetrical PHEN2. In contrast, a determined for the asymmetrical PHENL1 is
0.62, which is the highest such value found for any BODIPY-based rotor and is far
superior to that measured for the industry standard, DCVJ dye,?® under the same
conditions (a=0.31).3° Overall, PHEN1 performs remarkably well as a fluorescent
rotor, in marked contrast to PHEN2. The two control compounds, CORE and BOD

show no significant viscosity dependence.
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Table 2.5. Data collected in viscosity experiment for PHEN1 at 20 °C.

Krao/ Knr/
log(n) QY o/ ns 108 st 10°s? log(Knr)
Methanol -0.257 0.014 0.13 1.11 7.58 9.88
Ethanol 0.037 0.021 0.18 1.15 5.44 9.74
Propanol 0.290 0.026 0.25 1.04 3.90 9.59
Butanol 0.403 0.035 0.32 1.08 3.02 9.48
Pentanol 0.540 0.040 0.39 1.02 2.46 9.39

Table 2.6. Data collected in viscosity experiment for PHEN2 at 20 °C.

Krap/ Knr/
log(n) QY o/ ns 108 st 109st log (Kng)
Methanol -0.257 0.25 1.74 1.44 431 9.88
Ethanol 0.037 0.31 2.0 1.53 3.47 9.74
Propanol 0.290 0.32 2.27 141 3.00 9.59
Butanol 0.403 0.38 2.3 1.64 2.71 9.48
Pentanol 0.540 0.44 2.4 1.83 2.34 9.39

Several parameters combine to define the performance of the dye in terms of its
ability to function as a fluorescent rotor, including a. Table 2.7 demonstrates how
the fluorescence quantum yield changes with viscosity for three dyes with different
a value (DCVJ, ROBOD and PHENL1). The relative values determined for a can be
considered as a crude measure of the volume of solvent that will be affected by the
geometry change undertaken by the solute.3! Additionally, in the specific case of
BODIPY dyes, only a few solvent molecules are affected and the geometry change
is considered to be either minor or highly localized. Symmetrical dyes, such as
ROBOD and PHENZ2, are susceptible to buckling of the dipyrrin core but this is
mostly restricted to the upper rim. Asymmetrical dyes, such as PHEN1, undergo
more substantial structural distortion during rotation and this will engage more

solvent molecules.
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Table 2.7. Effect of solvent viscosity on three dyes with different a value.

a QY
Methanol Propanol Pentanol
N
N Il
P
Y
NN 0.3 0.0007 0.0009 0.0013
/ / s
AN Y
¢ 0.4 0.038 0.057 0.082
0.6 0.014 0.026 0.4
106 PHEN1 °
— (]
10.5 °
ROBOD o ol
10.4 DCVJ l
x o _|
~ 103 ° ] —
E r || L4
10.2 | o° I
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Figure 2.11 Simulation of the radiationless rate constants for rotors with differing a values, where both

viscosity and the activation barrier remain constant.
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2.3 Conclusions

Molecular-scale sensors based on fluorescence detection are recognized as being
promising materials for certain applications where conventional devices might be
inappropriate. We have considered the design of putative BODIPY-based dyes as
sensors for the remote monitoring of changes in rheology, notably viscosity. Our
interest has been to develop improved analogues by considering modifications to
the molecular framework that might not be obvious candidates for affecting the
rotary mechanics. The results outlined above indicate that improved performance
might be achieved by incorporating substituents at remote sites on the BODIPY
fluorophore. Aryl substituents attached at the lower rim of the dipyrrin unit serve to
push the absorption and emission maxima towards the red region, via increased
TT-conjugation, and to squeeze the upper rim. The latter situation affects the space
available for the meso-aryl rotor and applies some level of control for the rate of
non-radiative deactivation of the first-excited singlet state. The disparity between
the symmetrical and asymmetrical derivatives is most unexpected and clearly
opens up the way to design new and improved sensors. By this route, one can
imagine a range of targeted molecular rotors for high, medium and low viscosity

regimes.

One of the key discoveries in the BODIPY field has been the recent introduction of
strategies whereby the B-F bonds can be replaced with B-O or B-C bonds. This
approach provides access to a rich variety of derivatives where secondary groups
can be accommodated away from the dipyrrin unit. It also gives us the opportunity
to engage the boron atom in cyclic structures that might be a unique way to apply
stress to the dipyrrin upper rim. In this way, the dynamics for meso-aryl ring rotation
might be addressed by structural variations at the boron atom. In particular, we
raise the following question: Could tethering the boron atom with a rigid strap

further enhance the non-radiative decay?
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Chapter 3. Rapid Internal Conversion in
N,B,O-Strapped Boron Dipyrromethene
Derivatives

3.1 Introduction

Here we present three boron-dipyrromethene, BODIPY, derivatives constrained at
the boron centre by means of a 5-membered strap (N,B,O-strap). An advantage of
the N,B,O-strapped dyes is that the redox properties might be varied over a wide
range by substitution at the N atom. This site also provides a simple means by
which to anchor the dye to a surface or biological entity. With the strap in place,
these new compounds are non-fluorescent even when light-induced charge
transfer between dye and strap is highly unfavourable on thermodynamic
grounds.The motivation for this project was based on recent publications by Raymo
et al.,'* where they propose charge transfer (CT) from a 5-membered catecholate
ligand strapped to the BODIPY core at the boron atom as being responsible for the
emission quenching. Our previous research has suggested that substitution at the
lower rim, in conjunction with constraining the geometry at the upper rim, can have
a significant effect on the photophysics of BODIPY dyes.®> Hence, we decided to
investigate the interplay between geometry effects and charge transfer in
compounds designed specifically for this purpose. The new compounds include a
derivative strapped with an amine (i.e., 2-aminophenol as the bridging ligand) at
the boron centre, which should quench the fluorescence by way of charge transfer.
This compound is easily transformed with acetyl chloride to give the corresponding
amide derivative (i.e., using 2-acetamidophenol as strap), which we expect to be
fluorescent since light-induced charge transfer will be switched off. To confirm this
type of behaviour, a second amide derivative was synthesized. Our expectations

were not realized!
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Figure 3.1. Molecular formulae of the two target compounds AA27 on the left and on the right AA112.

In the case of AA27, the strap is built around an electron-donating amine, whereas
both AA55 and AA112 possess straps constructed from an amide (Figure 3.1 and
Figure 3.2). Otherwise, there are no significant changes in the structure. The
compounds are reasonably soluble in common organic solvents and appear to be

stable with respect to cleavage of the strap.

Figure 3.2. Molecular formulae of AA55, the additional amide-strapped compound studied in this

chapter.

64



3.2 Results and Discussion

3.2.1 Spectroscopic Data
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Figure 3.3. (a) Absorption and emission spectra of AA27 in spectrophotometric grade MTHF at
room temperature and (b) absorption and emission spectra of AA112 recorded under the same

conditions.

The absorption and emission spectra of all three compounds display the
characteristics of a typical BODIPY chromophore; most notably, a sharp absorption
band, Amax= 533 nm, and a relatively small Stokes’ shift indicating that emission
occurs from an excited-singlet state S1 having a comparable geometry to that of
the ground state So. Surprisingly, each of the three molecules demonstrates an
unusually low fluorescence quantum yield, Table 3.1. All measurements were
carried out in spectrophotometric grade MTHF but for AA27 measurements were
also performed in toluene. This was done to identify whether light-induced charge
transfer might play a major role in quenching of the fluorescence.®’ We observed
no difference in the emission quantum yield measured in toluene compared to a
more polar solvent like MTHF.8 This leads us to believe there are other underlying

factors governing the emission quantum yield, at least for this compound.

Table 3.1 summarizes the main photophysical properties for these compounds.
The molar absorption coefficients are much smaller than normally found for a
BODIPY dye and these give rise to Strickler-Berg radiative rate constants that are
about half what is regarded as typical for this class of dye; the low fluorescence
yield might render the Strickler-Berg analysis somewhat doubtful.® The low
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emission yields are supported by short excited-state lifetimes. In fact, the emission
decay profiles were complex, indicating a very short-lived species with a lifetime
too close to the instrumental response function for proper analysis. The short
component is estimated to be somewhat less than 50 ps in each case. The longer-
lived component is present at low intensity and we are mindful of the possible
involvement of fluorescent impurities. We will return to the possible involvement of
a longer-lived species later in the chapter. Data analysis was advanced by the
availability of an ultra-short LED excitation source (FWHM = 75 ps) from PTI-
Horiba. Using this pulsed LED (A = 515 nm) for excitation, the shorter-lived
components in the decay records could be measured with more confidence (Table
3.1).

To accommodate the very low emission quantum yields and short lifetimes, we
note that the non-radiative rate constants are unusually high for all three
compounds. We also draw attention to the very small Stokes’ shifts but note the
reasonably good mirror symmetry between absorption and emission spectra. For
each compound, it was possible to show good agreement between absorption and
excitation spectra. It might also be noted that the synthetic chemist was requested

to further purify these samples until we obtained consistent results.

Table 3.1. Spectroscopic data collected for the three N,B,O-strapped compounds in MTHF at room

temperature; N.B. ksg is the calculated radiative rate constant.

Aavs! Ao/ SS/ Krap/ X Kyg/ X Kgp/ X e/

nm nm cm? QYpwy Tpg/ns 10%s 10191 108%s- f Mcm-
AA27 533 540 243 0.003 0.025 0.5 1.7 1.08 0.18 36500
AA112 | 533 543 345 0.001 0.030 0.2 2.5 0.71 0.12 28320
AA55 533 549 546 0.004 0.048 1 2.5 0.69 0.12 27653
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That the N,B,O strap participates in fluorescence quenching was confirmed by
photo-acid treatment in MTHF solution. The photo-acid generator used here was
N-Hydroxynapthalimide triflate, which is activated by illumination with near-UV
light. It was noted that strong fluorescence accompanies release of protons into
the system. The photo-acid generator was added to the sample solution in
methanol and sonicated until fully dissolved. The solutions were then exposed to
UV light for a period of 30 seconds, Figure 3.5. All three samples have displayed
significant recovery in terms of emission quantum yield and fluorescence lifetime;
the QYr of AA27 increased to 86% whereas that of AA55 to 27%, Table 3.2.

Table 3.2. Spectroscopic data collected for all three compounds in MTHF at room temperature

after addition of photo-acid generator (N-Hydroxynapthalimide triflate).

Ags / Agm/ SS/ Try /
nm nm cm? QYsLy ns
AA27 533 542 312 0.86 5.95
AA112 533 540 243 0.26 5.15
AA55 533 540 243 0.37 4.3
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Figure 3.4. Cartoon representation of constrained (left-hand side) and unconstrained (right-hand
side) BODIPY dyes where the redox-active strap eliminates fluorescence (hve) by virtue of

intramolecular charge transfer (CT).

We also carried out an experiment where we created a room temperature glass
using sucrose-octa-acetate. A concentrated solution of each of the three
compounds in spectrophotometric grade acetone was prepared ready to be added
to a sample vial full of sucrose octa-acetate powder placed in a water bath set to
100°C. Once the powder was fully melted, the sample was incorporated into the
viscous, clear liquid. After dissolving, the sample vial was taken out of the water
bath and placed in beaker full of cold water; this in turn solidified the solution
creating a room-temperature glass. We expected to observe fluorescence recovery

under those conditions, however this was not the case, Figure 3.6.19-12

Figure 3.5. On the left is the solution of AA27 with and without photo-acid generator, whereas on

the right is the equivalent experiment carried out with AA55.
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In case of classical rotors the emission is recovered in a room-temperature glass
because the non-radiative decay is strongly dependent on the gyration of a meso-
phenyl ring, Figure 3.6.131% However, in the case of the strapped compounds
studied here, the emission is not recovered; this combined with the results of the
photo-acid test strongly suggests that the non-radiative pathway is due to a
structural effect built into these molecules by the means of the 5-membered strap

at the boron atom.

Figure 3.6. Picture on the left demonstrates the effect of immobilising AA27 and AA55 in a room
temperature glass made with sucrose octa-acetate, whereas on the right we have the same glass
formed in the presence of PHEN1 and PHENZ2. These latter compounds are known to function as

molecular-scale rotors.

69



3.2.2 Electrochemistry

Light-induced, intramolecular charge transfer from the N,B,O strap to the excited
state of the BODIPY unit offers a cursory explanation of the photophysics observed
with these compounds. In order to calculate the thermodynamic driving force for
intramolecular, light-induced charge transfer from the strap to the BODIPY core,
cyclic voltammetry was carried out for all compounds dissolved in deaerated
acetonitrile containing background electrolyte, BusN.PFs (0.1M), at room
temperature.*® A glassy carbon working electrode was used in conjunction with a
platinum counter electrode and a Ag/Ag* reference electrode. Ferrocene was used

as internal calibration. The main results are summarized in Table 3.3.

Table 3.3. Summary of the electrochemical properties recorded for AA27, AAS5 and AA112 in

acetonitrile containing "BusN.PFs as supporting electrolyte.

E%ox)/V E%(red)/V
AE /mV AE /mV HOMO! eV LUMO/ eV
0.23 (irr.)

AAZT 0.90 (irr.) 2158 (irr.) 5.65 3.17
0.77 (64)

AASS 1.17 (irr) -1.46 (81) 5.52 3.28
0.80 (irr.)

AALL2 1.29 (irr.) -1.55 (210) 5.55 3.2

70



+
L
T
Zr

HOMO HOMO-1 LUMO

Figure 3.7. Kohn-Sham distributions computed for the relevant orbitals; running from left to right,
HOMO, HOMO(-1) and LUMO for AA27.

On oxidative scans, AA27 exhibits two irreversible waves with peaks at 0.23 V and
0.9 V vs Ag/Ag*. The first oxidative wave is clearly at too low potential to refer to
oxidation of BODIPY and is unambiguously assigned to one-electron oxidation of
the strap. Indeed, the second one-electron oxidation wave can be attributed to
removal of an electron from the BODIPY core. The reductive process can be
assigned to one electron reduction of the BODIPY core, this assignment is done

with the aid of quantum mechanical calculations and literature data, Figure 3.7.16:17

HOMO HOMO-1 LUMO

Figure 3.8. Kohn-Sham distributions computed for the relevant orbitals; running from left to right,
HOMO, HOMO(-1) and LUMO for AA112.
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AAS5 exhibits two oxidative waves with peaks at 0.77 V and 1.73 V vs Ag/Ag*, the
wave centred at the 0.77 V is electrochemically reversible with AE= 64 mV.
Quantum chemical calculations indicate that both the LUMO and HOMO are
localized on the BODIPY unit while HOMO(-1) resides on the amide-based strap.
In turn, AA112 has two oxidative waves at 0.80 V and at 1.29 V and one quasi-
reversible reductive wave at -1.55 V, AE= 210 mV. Quantum chemical calculations
again indicate that both the LUMO and HOMO are localized on the BODIPY unit
while HOMO(-1) resides on the amide-based strap, Figure 3.8. This assignment is
supported by the observation that the difference between Erep and Eox (AEop =
2.36 eV) lies close to the optical transition energy (AExs = 2.29 eV) measured as

the crossover point between normalized absorption and emission spectra.

HOMO HOMO-1 LUMO

Figure 3.9. Kohn-Sham distributions computed for the relevant orbitals; running from left to right,
HOMO, HOMO(-1) and LUMO for AA55.
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Figure 3.10. Cyclic voltammogram of AA55 recorded in anhydrous deaerated acetonitrile (0.1M
"BuN.PF¢). Scan rate 0.15 Vs,

The cyclic voltammetry used in conjunction with spectroscopic data is used to
determine the thermodynamic driving force (AGcr) for light-induced charge-
transfer in each of the three compounds. Using Equation 3.1 it was determined that
the driving force for the charge transfer from the amine strap to the excited-singlet
state of BODIPY*® for AA27 is -0.48 eV, whereas for the amide-strapped BODIPY
dyes it is equal to 0.38 eV and 0.56 eV for AAS5 and AA112 respectively.
Therefore, it can be concluded that light-induced charge transfer is only possible
for AA27. Here the driving force is sufficient to promote effective charge transfer
from the amine to the BODIPY core. It might be noted that the distance between

these reactants is short but the geometry is not conducive for fast electron transfer.
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AGer = e(Epy — Ereq) — Exs — Eos — Ego Equation 3.1
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The parameters used in Equation 3.1-Equation 3.3 include the excited-state
energy, Exs = 2.29 eV. This was derived from the intersection of normalized
absorption and fluorescence spectra. There was no need to correct for the
difference in solvent dielectric constant as all investigations were carried out in
acetonitrile, €s = €ref = 35.94.8 The molecular dimensions were derived from X-ray

structures obtained by our Crystallography Laboratory, Table 3.4.

Table 3.4. Compilation of intramolecular distances obtained using X-Ray structures, Rop is the
radius of the donor, Ra is the radius of the acceptor whereas Rcc is the centre-to-centre distance
between donor and acceptor.

Ro/ A Ra/ A Rec/ A
AA27 1.16 2.98 4.64
AA55 1.43 2.98 4.3
AA112 2.12 2.36 4.05
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() (b)

Figure 3.11. (a) X-Ray structure obtained for AA112; X-ray structures were used to calculate Rcc
distances for all three samples investigated. (b) View from above of the same X-ray structure

showing small curvature of the BODIPY core.

Aside from the unusual fluorescence properties, these strapped BODIPY
analogues display small Stokes’ shifts, low molar absorption coefficients and red-
shifted absorption maxima when compared to an unsubstituted BODIPY dye. For
a conventional BODIPY-based dye, successive replacement of the B-F bonds with
B-OCHs groups has no effect on the energies of either absorption or fluorescence
maxima.1%2° This realization points towards some important geometrical factor as
being responsible for the weak absorption profile and it is important to recall that
the X-ray structures indicate slight curvature of the dipyrrin backbone, Figure 3.11.
The quantum chemical calculations replicate this disruption from planarity of the
BODIPY nucleus but it is difficult to identify a simple means by which to quantify
the extent of curvature, especially since the distortion is not evenly spread over the
dipyrrin, Figure 3.12. The same studies carried out for the unsubstituted BODIPY
dye indicate that it is planar and highly symmetrical. This slightly displaced
geometry is expected to reduce connectivity along the conjugation path and
thereby lower the absorption coefficient. However, the strap is not directly involved
in the conjugation path and changing the nature of the strap does not affect the
magnitude of the optical bandgap. As such, the basic conjugation length is

considered to be much the same for each of the strapped compounds.
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In fact, the calculations indicate a marked change in the internal electronic
properties of the dipyrrin units for the strapped analogues when compared to the
unsubstituted BODIPY dye. This is conveniently registered by the Mulliken charge
(bm) for the dipyrrin N atoms. For an unsubstituted BODIPY dye, the charges are
balanced and indicate electro-negative N atoms (um = -0.303) but for AA112 (um =
-0.278) the charges are raised to a less negative value. The amine derivative,
AA27, leads to asymmetry for these charges due to the N lone pair being localized
above the plane of the dipyrrin nucleus. Here, the individual ym values are -0.277
and -0.247, both values being more positive than found for the unsubstituted
BODIPY dye. Interestingly, the calculated charges for AA55 (um = -0.277 and -
0.270) differ slightly from those determined for AA112 and indicate slight
asymmetry caused by the side-chain positioning itself over the dipyrrin. As such,
the red-shifted absorption transition and low emax values found for the strapped
analogues can be attributed to the changes in the atomic orbital coefficients for

contributors to the effective conjugation length.

Figure 3.12. Computed molecular geometry for AA55.
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3.2.3 Fluorescence Quenching in the Glassy Matrix

The fluorescence quantum yield determined for each of the strapped BODIPY
derivatives is approximately constant in the rigid glass at temperatures below 110
K and the averaged values are collected in Table 3.5. These values range from
0.08 for AA112 to 0.02 for AA55 and show no correlation with the thermodynamic
driving forces calculated for light-induced, intramolecular charge transfer in fluid
solution. Our expectation that charge transfer for AA27 will be switched off in the
glassy matrix is based on the acceptance that the charge-transfer state will be
subject to a destabilization energy of ca. 0.8 eV on vitrification of the medium,
Figure 3.13.%! This value was determined experimentally for certain porphyrin-
guinone dyads and confirmed for a bis-porphyrin dyad. It might not be considered
relevant to the strapped BODIPY dyes investigated here, especially given the close
proximity of the redox units. However, calculation of the destabilization energy
expected for formation of a radical ion pair in MTHF at 80K using the procedure
described by Wasielewski et al.,?*?2 which follows that introduced by Weller,?* we
reach a value of 0.83 eV. Thus, the poor emission yields determined for the
strapped BODIPY dyes in the rigid glass are unlikely to be due to light-induced

charge transfer.

A =
A CTSgLass
> AEgt _A_= S,
g >
& o =—Y—— CTSgr
()
c
LLl
RC - _— S

Figure 3.13. Potential energy diagram proposed to account for the photophysical properties
determined for the strapped BODIPY-based in a rigid MTHF glass at low temperature and
illustration of the effect of destabilization of the charge-transfer state on moving from fluid solution
(CTSrr) to the rigid glass (CTSacLass).
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Each compound exhibits a small Stokes’ shift, indicating that emission occurs from
an excited-singlet state Si1 having a comparable geometry to that of the ground
state So. The observation that fluorescence in solution is thermally activated is
most unusual and means that Si is being repopulated from a lower-energy trap St
by way of a Boltzmann-type barrier crossing process.?® To accommodate all the
photophysical observations, we propose an Si potential energy surface with a
shallow minimum corresponding to the So geometry. Without this, it is difficult to
explain the small Stokes’ shift. The exciton can easily escape from the well to
sample the potential surface but becomes trapped in a deeper well that is coupled
in a radiationless manner to the ground state. The fluorescence yield now
increases with increasing temperature, reflecting the fraction of entombed excitons
able to return to the emissive trap. This situation will establish an equilibrium with
the exciton shuttling between the two traps, with radiative decay from the shallow
trap and radiationless decay occurring primarily from the deeper one. Since
fluorescence is weak in all cases, it follows that internal conversion from the deeper

trap is fast relative to re-population of the emitting state.

Because ¢r is essentially independent of temperature in the glassy matrix, we raise
the general approximation that there is no significant thermal repopulation of the
emitting state under these conditions. In other words, the observable fluorescence
corresponds to prompt emission. In support of this hypothesis, it was found that
time-resolved fluorescence decay profiles could be analyzed satisfactorily in terms
of single-exponential fits for AA112 and AAS5S5 in the glassy matrix. The derived
lifetimes are included as part of Table 3.5 and appear to be in line with the quantum
yields. For AA112, the emission lifetime at 80K is less than 60 ps. Now, taking krab
as being numerically identical to that measured in fluid solution and further
assuming that there is no direct internal conversion from the shallow trap to the
ground state, it becomes possible to estimate the rate constant (knr) for
radiationless escape from the deeper trap, Figure 3.13. This simplified scheme,
pertinent only to the glassy matrix, is illustrated by way of Figure 3.13 and the
derived knr values are collected in Table 3.5. The magnitude of knr depends on
the nature of the strap. Since knr determines the amount of prompt fluorescence,

it follows that this rate refers to the process that populates the deeper trap and not
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the actual rate (kc) at which trapped excitons return to the ground state.

Presumably, in the glassy matrix, ke exceeds knr in each case.

Table 3.5. Parameters derived for deactivation of the excited-singlet state in the glassy matrix at
temperatures below 120K.

AA27 AA112 AA55

AG/ eV® -0.56 +0.46 +0.25

AG/ eV® +0.27 +1.29 +1.08

&© 0.0017 0.084 0.020

T,/ ns@ <0.06 0.95 0.38
krap / 107 st 5 7 7
Kesc / 108 st 300 8 35

(a) Thermodynamic driving force for light-induced intramolecular charge transfer calculated for
MTHF solution at 20 °C.

(b) Thermodynamic driving force for light-induced intramolecular charge transfer calculated for
glassy MTHF at 80K.

(c) Fluorescence quantum yield measured at 80K for the compound in glassy MTHF.

(d) Fluorescence lifetime measure at 80K for the compound in glassy MTHF.
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3.2.4 Fluorescence Quenching in Liquid Solution

The above model is not applicable to fluid solution because for each compound
there is a gradual recovery of emission on raising the temperature. The most
obvious case is that found for AA27, where ¢r increases progressively with

temperature from the onset of melting, Figure 3.14.
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Figure 3.14. Effect of temperature on the fluorescence quantum yield measured for AA27 in
MTHF; the filled circles refer to measurements made above the glass transition temperature (Tg)
while the empty circles refer to the glassy matrix. At temperatures below Tr, the glass is
considered to be rigid. The solid line drawn through the data points represents a fit to Equation
3.7.

In the case of the two amide derivatives, the onset for thermally activated
fluorescence is apparent at temperatures above the glass transition temperature,
Table 3.6.2%2” To accommodate thermal repopulation of the emitting state, it is
necessary to introduce an activated process that competes with emptying the
deeper trap by way of internal conversion. This situation leads to the model
illustrated in Figure 3.15. The only change from the low-temperature limit is to
include reverse population of the Si level by way of barrier crossing, where AE is
the barrier height and kos is the corresponding rate constant, which can be
obtained from Equation 3.6. The fit to data collected for AA27 is robust (Figure
3.16) and leads to the parameters collected in Table 3.6. In order to optimize the
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fit, it is necessary to allow for recycling between the two traps. The actual number
of cycles (fi) will increase with increasing temperature, at least according to the
model and our simulations. The remaining parameters are allowed to float, allowing
estimation of the barrier height as being 6 kJ/mol. The rates for occupying (knr)
and emptying (kc) the deeper trap are comparable but the key variable is the rate
(kos) for return population of the emitting state. The importance of this latter term
can be judged by the realization that ¢r increases by a factor of ca. 2-fold on
progressing from the melting point to room temperature.

A.

Energy
-
@

Figure 3.15. (a) A model proposed to accommodate an activated process that competes with
emptying the deeper trap by way of internal conversion. (b) Here we demonstrate how the

curvature of the S: state can vary and thereby modulate the barrier height and kps.
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Table 3.6. Summary of the parameters derived from fitting the temperature dependent emission

yields in fluid solution.

Kng / AE | kos / ke / T,/ n®
ns? J mol? ns? ns? ps®
AA27 56 5970 60 2.9 17 & 370 1.67
AA112 32 7 385 60 1.5 29 & 715 2.93
AA55 21 5400 15 1.5 44 & 710 1.39

(@) T, predicted singlet lifetimes obtained using TADF model.

(b) 7 mean number of cycles at room temperature.

An important point emerging from the temperature dependence recorded for AA27
is that passing from fluid solution to an isotropic glass (Te = 137 K) and finally to a
rigid glass (Tre = 91 K) does not cause a marked change in ¢r. This indicates that
the potential energy surface for the emitting state Si is essentially flat for this
molecule.?”28 It is also apparent that the main cause of fluorescence quenching is
not due to light-induced charge transfer and, instead, we attribute the fast
deactivation of Si to a rupturing of the potential energy surface imposed by the
N,B,O strap.

Before considering the other compounds, we will explain our fitting procedure:
Equation 3.4 allows us to determine the mean number of cycles (i1) at any
individual temperature. Re-cycling is between the S: state and the trap, where ¢rLu
is a quantum yield at the temperature of interest and ¢k, is the lower limit to the
guantum vyield found at low temperature. The number of cycles is also related to
the probability of reaching the deeper trap (¢1) and the probability that the exciton
will return to the emitting state (¢s). The non-radiative decay is first estimated using

LT, and it is assumed to be activationless (Equation 3.5). Note that we have
omitted direct internal conversion from the emitting state to the ground state as a

means for simplifying the situation. Once the number of cycles is determined (1)
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for a range of temperatures it can be used to obtain the quantum yield for return to
the emitting state at each temperature. This parameter is in turn used to obtain ke,
kps and AE by fitting data at all temperatures (Equation 3.6). In order to check the
quality of our fit we used the above parameters to recover the lifetime values. This

was done to ensure the fit is self-consistent.

After establishing crude values for the rate constants and barrier height, the next
stage of analysis involved fitting the temperature dependent emission quantum
yields determined in fluid solution. In so doing, we equate the (extrapolated) lower
limit for emission in the fluid solvent as arising from prompt fluorescence. This
number is needed to start the iterative fitting procedure since it forces a value for
knr (Equation 3.8). The entire data set is now analysed in terms of Equation 3.7,
which uses a Taylor expansion with up to 5 terms. Initial estimates for the unknown
parameters are input according to the above analysis. Iteration was continued until
convergence — see Figure 3.14 for an example. Again, the derived rate constants
and barrier height were used to compute the two fluorescence lifetimes and, if two
sets of values gave comparable statistical fits, a decision on the validity of the data

was made on the basis of the agreement between observed and computed

lifetimes.

brLu br X ¢s .

= -1= Equation 3.4
#ZU 1- ¢T¢5
_ kyr

br=—"—"7T"" .

(knr + krap) Equation 3.5
g€ ~AE/(RT)

¢s = kg + kpse AE/(RT) Equation 3.6
brv = Gpr[l + (Prds) + (Brds)® + (Prps)® + -] Equation 3.7

kRAD

Prr = (krap + kng) Equation 3.8
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In order to check the quality of our fit we used the above parameters to recover
the lifetime values. If we assume there is no internal conversion from Sito the
ground state (GS), the only processes available to Si are fluorescence (krap) and
escape to the trap (knr). The only activated process is repopulation of Si1 from the

trap. The rate constant is kps and the barrier height is AE.

There should be two lifetimes. The shorter lifetime represents prompt
fluorescence but includes a term for escape to the trap. The longer lifetime refers
to repopulation of the S1 state and is given as:

AE
1 kg + kpsexp RT(1 — ¢p)

ky = o _AE Equation 3.9
1 1+ kpsexp RTy

Here, ke refers to the rate constant for radiationless decay from the trap to the

ground state. The other term is defined as:

1 Equation 3.10

X=7—7T5,
krap + knr

The other lifetime (i.e., the faster process) is given simply as:

1 1 AE :
k,=— ==+ kpsexp RT Equation 3.11
T, X
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Table 3.7. Example of a simulation carried out for AA112 using Equation 3.4 to obtain the mean

number of cycles (7)) at a particular temperature.

Temperature/ K bru i bs
180 0.00024 0.1429 0.1255
190 0.00026 0.2381 0.1931
200 0.00031 0.4762 0.3239
210 0.00031 0.4762 0.3239
220 0.00033 0.5714 0.3651
230 0.00039 0.8571 0.4634
240 0.00056 1.6667 0.6275
250 0.00067 2.1905 0.6893
260 0.00064 2.0476 0.6746
270 0.00061 1.9048 0.6584

A likewise robust fit is obtained for AA55 over the same temperature range (Figure
3.16), with the derived parameters being collected in Table 3.6. Again, it is
necessary to allow for recycling between the two traps with a mean value obtained
from Equation 3.4. Compared to AA27, the analytical fit suggests a slightly deeper
trap, with AE increasing to 6.7 kJ/mol, but with minimum change among the derived
rate constants. This is further confirmation that fluorescence quenching is not due
to intramolecular charge transfer. Nonetheless, there is a 2.5-fold increase in ¢r
between the glass melting and reaching room temperature, Figure 3.16. A notable
difference between AAS55 and AA27 relates to the observation that the former
shows partial fluorescence recovery in the rigid glass. In fact, ¢r falls precipitously
as the glass melts (Figure 3.16) and there is excellent accord between the loss of
emission for AAS55 and the solvent reorientation time measured via the
fluorescence properties of oxazine-4.2°30 We interpret this behaviour in terms of
the S1 potential surface being slightly more curved than that found for AA27 such
that the wave-packet encounters a slight barrier on the way to reaching the trap.
Because of this curvature, the barrier appears marginally deeper and kps increases
slightly.
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The situation for AA112 is more complex, despite the fact that there is minimal
difference between the two amides in terms of structure. This compound is the
least fluorescent, reaching a lower limit of 0.0002 at low temperature, but shows
the most recovery (i.e., a factor of 4-fold) at room temperature. The inherently low
¢r, together with a common krap, indicates that knre must be considerably higher
than that derived for AA55, Table 3.6. Analysis of the high temperature regime
(Figure 3.16) produces parameters differing from those derived above (Table 3.6),
although the analysis is less robust because there are fewer data points. The main
features of this analysis are: (i) the elevated barrier height derived, (ii) the higher
knr, (iii) the higher kps, and (iv) the increased number of cycles. The second point
is forced by the low fluorescence inherent to AA112 while an unusually high kos is
required to account for the relatively high crop of thermally-activated fluorescence.
In turn, the mean recycling number is a consequence of the slow rate for emptying

the trap. Thus, the derived values are highly correlated.
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Figure 3.16. Effect of temperature on the fluorescence quantum yield measured for (a) AA55 and
(b) AA112 in MTHF. For (a) the grey curve accompanying the low temperature data points is the
solvent relaxation time determined using oxazine-4 to reflect the melting of the glass while the
black curve running through the data points is a non-linear least-squares fit to Equation 3.7 with
the parameters listed in Table 3.6. For (b), the solid black line running through the data points is a
non-linear least-squares fit to Equation 3.7 while the inset shows the low temperature region with

the solvent relaxation time accompanying the experimental data points.
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One consequence of the thermally-activated repopulation of the emitting state is
that the time-resolved emission profiles should exhibit short- and long-lived
components.?® This is not the case at 80K, where single-exponential decay records
are recovered after deconvolution of the instrument response function. The
analysis carried out for AA27 at room temperature shows the presence of a longer-
lived component with a lifetime of 390 + 60 ps that contributes ca.15% to the total
signal. Again, this slower component is attributed to thermally-activated, delayed
fluorescence arising via repopulation of the shallow trap from the deeper trap. The
reason for the poor precision regarding analysis of this latter component is because

multiple recycling will extend the lifetime but complicate the fitting procedure.

The situation is similar for both AA112 and AA55 and there is a longer-lived
component present in the time-resolved decay records. In both cases, the
fractional contribution of the longer-lived component was small and could not be
determined with much accuracy because the shorter-lived component is not well
resolved from the instrument response function collected at room temperature.
Both studies indicate a small amount of relatively long-lived emission, with lifetimes
of 300 £ 120 and 635 = 110 ps, respectively, for AA112 and AA55. These
components appear consistent with repopulation of the shallow trap but require
more detailed analysis. Our choice of excitation wavelength is somewhat restricted

and we are mindful of trace impurities complicating the signals.

3.3 Conclusions

The main finding to emerge from this investigation concerns the realization that the
lack of fluorescence inherent to these strapped BODIPY-based chromophores is
not a consequence of intramolecular charge transfer. In fact, the OFF signal for
these proton-sensing probes is insensitive to the thermodynamic driving force for
light-induced charge transfer from strap to BODIPY core. Our understanding of the
photophysical properties of these compounds is based on the strap imposing steric
constraints on the dipyrrin unit that rupture the potential energy landscape for the

excited state, thereby introducing pinholes that trap the migrating wave-packet.
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Escape from the trap to the ground state potential surface appears to be fairly slow
and allows return to the emitting state. The latter situation is characterized by
thermally-activated, delayed fluorescence but the vyield is kept low by the poor
radiative probability of the excited state. An interesting observation relates to the
effect that the strap has on the internal electronic properties of the BODIPY core.
Effectively, the strap modulates both the energy and the oscillator strength of the
absorption transition, thereby providing a novel approach for fine-tuning the opto-
electronic properties of the chromophore. The compounds function as excellent
fluorescent sensors for protons but cleavage of the strap is irreversible and is

considered to be a practical option.
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Chapter 4. Electronic Energy Transfer and
Charge Transfer in Molecular Dyads and
Triads Built Around a BODIPY-Based Dye

4.1 Introduction

Our investigations into the mechanics of BODIPY-based molecular rotors has
resulted in the elaboration of several new principles relating to the general effects
of constraining the boron atom within a cyclic structure. This type of confinement
has important consequences for the optical properties of the chromophore due to
changes in the effective conjugation length and the internal electronics. Indeed, the
strap can be used to fine-tune the opto-electronic properties of the chromophore,
thereby pushing the absorption transition towards lower energies. The latter is
recognized as being significant for the future development of advanced prototypes
that might offer practical applications as rheology sensors. As an alternative
strategy, we now consider the advantages of designing multi-component molecular
systems where the rotor is not illuminated directly. The main purpose of such an
approach is to enlarge the Stokes’ shift such that excitation and detection are made
easier. It might be recalled that most BODIPY-based dyes, and especially the
strapped analogues, are subject to a rather small Stokes’ shift. This is not a
problem in the laboratory but could cause difficulties if these compounds are to be
used in industrial settings. Our reasoning here is to design new molecular systems
where the BODIPY dye is activated indirectly by way of intramolecular electronic
energy transfer (EET) from a suitable energy donor. This is not entirely original and
there have been numerous studies of EET involving BODIPY-based dyes, both
from our laboratory and from other research groups. As a refinement to the basic
strategy, we sought to invoke the idea of competition between EET and light-
induced charge transfer as a further means by which to improve the selectivity of

the sensor (see Figure 4.1). Now, we address the first part of the project by
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exploring EET and charge-transfer in some BODIPY-based molecular
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Figure 4.1. Pictorial representation of the prototypic rheology sensor based on indirect excitation and

competing charge transfer.

In searching for a suitable energy donor to use with our BODIPY-based dyes, we
have identified the diketopyrrolopyrrole (DPP) unit as being a promising candidate.
These dyes are well known in industry as stable, light-fast materials that are used
as pigments in many applications. The dyes are symmetrical and easily
functionalised so as to generate a range of colours. Like many simple organic
molecules, the DPP family of dyes are also electro-active. In starting the project,
we obtained a small series of multi-component reagents built around an expanded
BODIPY chromophore, equipped with a DPP residue, Figure 4.6. The basic
building blocks are identified in Figure 4.4. The key component is REF1, which is
a functionalised DPP dye that will act as the principle
energy donor. It is interesting to note that REF1 is
highly fluorescent in the solid state, as shown
opposite, which is quite unusual. In order to simulate

light-induced charge transfer chemistry, a further two

reference compounds have been examined, Figure

4.4. Here, redox-active terminals have been added to
Figure 4.2. KBr disc prepared witl

the basic DPP unit so as to construct a simple addition of REFL.

molecular dyad. The donor ability of the amino-based
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terminal has been varied by the introduction of methoxy- groups. Both reference

compounds make use of an ethyne bridge to interconnect the reactants.

Figure 4.3. Computed structure obtained for DYAL, the basis set used was DFT/B3LYP/6-31G.

To extend the series, an expanded BODIPY dye has been identified as being a
suitable partner, Figure 4.5. This compound is abbreviated throughout the chapter
as ACC. It should be noted that the usual B-F bonds have been replaced with
polyethylene glycol residues intended to assist solubility of the dye in organic
solvents. The absorption maximum has been pushed towards longer wavelength
by the simple strategy of attaching styryl groups to the 3,5-positions of the dipyrrin
unit. The styryl units are further functionalised with solubilising groups. In fact, we
have not encountered problems with dissolving ACC in weakly polar organic
solvents but it is known that the DPP residue is not especially soluble. The
solubilising groups, therefore, become important when considering the multi-
component molecular systems comprising a boron-dipyrromethene dye covalently
linked to a diketopyrrolopyrrole (DPP) derivative and triphenylamine (TPA)
fragments, Figure 4.6. The final molecules are quite large and required extensive
purification by column chromatography by our colleagues at Strasbourg. A critical
design feature involved trying to ensure that each component retains its own
identity so that fundamental photophysical processes, such as energy and charge
transfer events, can be resolved. Understanding the mechanistic details for these
crucial processes is essential for the successful design of viable molecular
systems, for example functional cascade molecules designed to emulate
photosynthetic systems? and artificial light collectors.? As illustrated above, DPP?

takes the role of secondary chromophore with the specific intention of extending

93



the Stokes’ shift. In turn, molecular systems with larger Stokes’ shifts prove
themselves more useful for techniques like fluorescence microscopy and flow-

cytometry.*

Figure 4.4. Molecular formulae for the three DPP-based donors discussed in this chapter. REF1 is a
synthetic precursor used to prepare the elongated versions. For REF2 and REF3, R refers to the same

solubilising function shown for REF1.

Figure 4.5. Molecular formula of the BODIPY-based energy acceptor studied in this chapter. The
alkynylene-silyl function is used to assemble the molecular triads and, because it is attached at the
pseudo-meso position, it is not expected to interfere with the photophysical properties of the BODIPY
unit. The poly(ether) chains are added to assist solubility in organic solvents. Note that the styryl

groups are intended to push the lowest-energy absorption transition to lower energy.
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Figure 4.6. Molecular formulae of the BODIPY-based molecular dyad and the two corresponding
molecular triads comprising a terminal BODIPY unit and a central DPP fragment. DYAL lacks the
terminal redox-active donor. The two molecular triads differ in terms of the ionisation potential of the

terminal electron donor. In all cases, the excitation energy of DPP lies well above that of ACC.
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4.2 Results and Discussion

4.2.1 Spectroscopic Data
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Figure 4.7. On the left-hand side we have normalised absorption spectra recorded for REF1 (blue)
ACC (red) and DYAL (black). On the right-hand side we have absorption and emission spectra

recorded for TRI2. All spectra were measured at RT in spectrophotometric grade dichloromethane.

The molecular assemblies investigated herein were constructed by logical
attachment of a DPP derivative (REF1), a blue BODIPY dye (ACC) and either
triphenylamine (REF2) or methoxy-triphenylamine (REF3). The optical properties
of the three molecular systems were recorded primarily in spectrophotometric-
grade 2-methyltetrahydrofuran (MTHF). They were compared against the relevant
reference compounds; specifically, ACC is used as a control compound by which
to better understand the properties of the BODIPY unit and REF1, REF2 and REF3
were used as control compounds for the DPP residue. The lowest-energy
absorption transition observed for ACC is relatively narrow and easily recognised
in the spectrum, this is also the case for DYAL. This is to be expected as most
BODIPY dyes are characterised by sharp absorption transitions. The emission
spectrum is a reasonably good mirror image of the lowest-energy absorption

transition.
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Table 4.1: Photophysical measurements made for ACC, DYA1, TRI1 and TRI2 as well as for the DPP
derivatives: REF1, REF2 and REF3. All measurements were made using spectrophotometric grade
MTHF. SS refers to the Stokes’ shift.

REF1  REF2 REF3 ACC DYA1l TRI1 TRI2

Aass/nm 475 498 511 644 645 645 644
Aev/nm 542 586 586 665 664 663 661
SS/cm@ 2600 3020 2500 490 440 420 400

¢ Micm?® | 17400 51900 51200 145500 114641 138680 93 410

Dy 0.84 0.43 0.7 0.67 0.28 0.29 0.05
o/ ns 6.9 3.3 2.4 4.8 4.7 4.6 4.8
Krap/ X 108
st 1.2 2.2 2.9 1.4 0.6 0.6 0.09
Knr/ X 108
st 8.8 7.8 7.1 0.6 1.5 15 1.9

(a) Stokes’ shift values quoted within margin error of +/- 10 cm-,

The absorption and emission maxima recorded for the dyads are not red shifted
relative to the BODIPY reference, as one might expect. The absorption spectrum
of DYAL (Figure 4.7) appears to be a sum of the relevant individual components
and therefore this suggests strongly to us that the donor and acceptor are not in
significant electronic communication. The situation is a bit more complicated for
both TRI1 and TRI2 (Figure 4.7) where absorption due to the TPA fragment
overlaps with the high-energy absorption bands associated with BODIPY and

DPP>7 and this makes for a more challenging spectral deconstruction.

Table 4.1 summarizes the main photophysical data collected at room temperature
for all the molecules. The emission maxima move towards higher energy ever so
slightly (i.e. are blue shifted) along the series. The Stokes’ shift (quoted in
wavenumbers) decreases steadily as the structure of the dyad becomes more
complicated. The molar absorption coefficients are consistent with those
determined for many different BODIPY dyes.® However, the molar absorption
coefficient determined for TRI2 is lower than that of the other two dyads and of that
found for the BODIPY reference, ACC. In fact, the BODIPY reference dye has the

strongest absorption coefficient. Lifetime measurements suggest there is no
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guenching of the BODIPY-based first-excited singlet state since the singlet
lifetimes for all molecular assemblies and the reference (ACC) are closely

comparable.

The radiative rate constants for the dyads studied are smaller than those usually
associated with BODIPY dyes and that of the BODIPY reference. The fluorescence
guantum yields for the BODIPY-based acceptor present in the dyad and triads
were determined experimentally; the excitation wavelength used was 490 nm, at
this wavelength the BODIPY dye does not absorb appreciably. Therefore, all of the
emission observed is due to electronic energy transfer from the complementary
donor. It is worth pointing out that the DPP reference (REF1) does not respond to
the internal heavy-atom effect, i.e. no reduction of either quantum vyield (QY) or
lifetime observed due to the presence of the bromine atoms. The heavy-atom effect
promotes inter-system crossing and this in turn diminishes the emission from the
singlet-excited state.®1° The introduction of amino groups for compounds TRI1 and
TRI2 might be expected to introduce intramolecular charge-transfer (CT)
character. There does appear to be evidence for significant CT in TRI2 as the QY
has been severely quenched, but this does not appear to be the case for TRI1. The
reason for this might be a superior electron-donating ability of TPA(OMe)2
appended to DPP in TRI2 compared to TPA alone, as is present in TRI1.> However,

no significant broadening of the So—S:1 transition can be observed.

As mentioned above, the fluorescence quantum yield measurements were made
via indirect population of the emitting state. This implies efficient EET along the
molecular axis. Indeed, this situation was confirmed by comparing excitation and
absorption spectra recorded in MTHF solution at room temperature. In each case,
absorption by the DPP donor results in emission by the BODIPY acceptor. We will
return to this point at a later stage but it might be worth stressing that intramolecular
EET provides a simple means for improving the fraction of the solar spectrum that
can be harvested by the molecular dye. It is most unlikely that any single compound
will collect a significant fraction of the solar region while a cocktail of dyes will
function as a group of emitters. The notion of providing a cascade of EET events
along a logical gradient is a synthetic strategy that overcomes the problems

associated with a mixture of dyes.
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4.2.2 Electronic Energy Transfer

The rates of electronic energy transfer have been analyzed using Equation 4.1 to
Equation 4.4.'14 These equations are based on the Forster dipole-dipole
interaction theory and provide the simplest approach to estimating rates of EET.
To be valid, the reactants must be only weakly coupled and there must be no
exchange interactions occurring by way of through-bond coupling. Our intention
here is to enquire whether the coulombic mechanism can give a reasonable

representation of the EET efficiency.

2m .
kger = - [Vpalli?|5%)pa Equation 4.1
Vpaz jipxpa Equation 4.2
R} 4x(41e0) :
2, _ 3000 lnthcnf &y o Equation 4.3
lual = 8N [2 (v quation 4.
k2 = (sinfpsinf,cosd — 2cos0,c050,)? Equation 4.4

Here, s is a screening factor in this case equal to 3.97, Jpa is the spectral overlap
integral, up is the transition dipole moment of the donor, yais the transition dipole
moment of the acceptor and finally Rpa is the centre-to-centre separation distance
between the donor and acceptor. The orientation factor k2 is estimated using a

computed structure.
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Table 4.2. Summary of variables calculated for the DY1, TRI1 and TRI2 using Equation 4.1 to

Equation 4.4.
VDA/ kEET/
Jpal cm?t Rpa/ A up! D pal D cmt K? x 1071251
DYAl 0.004 16 2.00 3.45 14 0.2 2.8
TRI1 0.006 16.6 3.09 3.45 20 0.2 9.7
TRI2 0.007 18.1 4.15 3.45 20 0.6 3.3

One of the key features of the Forster theory for EET that has proved to be
invaluable over the decades is the sensitivity to molecular structure. This relates to
the strong dependence of the rate of EET on the specific orientation of transition
dipole moment vectors associated with donor and acceptor and with their mutual
separation. This means that, provided the mechanism is valid for the system under
study, the EET probability can be used to estimate structural features. Many
biological entities have been examined in this way, although it might be stressed
that the theory was not developed for the study of closely-spaced molecular dyads.
Kuhn®® modified the basic theory to account for coulombic interactions between
pairs of cyanine dyes and thereby introduced the concept of extended dipoles. This
was done to avoid using the centre-to-centre distances since this could be
misleading at short separations. The Kuhn approach has many uses in the field of
conjugated polymers and long, linear molecules. As the reactants approach each
other, there is less likelihood that conventional Forster theory will hold and several
research groups have questioned the validity of using the ideal dipole
approximation for molecular dyads. One way around this problem is to divide the
transition dipole moment into individual contributions associated with the actual
atoms on the donor and acceptor chromophores. This approach is good for cases
where the vector is difficult to assign. The limiting case of this approach is the
transition density cube method introduced by Fleming,'%1” where the transition
dipole moment is divided into tiny cubes and a matrix is created to account for
interaction between millions of cubes, Figure 4.8. Clearly, the reliability increases
as the reliance on a single value is relaxed but the complexity of the calculation

increases enormously.
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(c) (d)

Figure 4.8. Cartoon to demonstrate different approaches to dealing with the specific orientation of
transition dipole moment vectors associated with donor (blue) and acceptor (red) and with their mutual
separation. (a) demonstrates the Forster ideal dipole approximation, (b) represents the Kuhn extended
dipole approach, (c) scheme to demonstrate the approach based on dividing the transition dipole
moment into individual contributions associated with the actual atoms on the donor and acceptor

chromophores, and finally (d) the transition density cube method introduced by Fleming.

Excitation spectra recorded for the dyads and triads are highly suggestive of
efficient EET along the molecular axis from DPP to ACC. Emission from the DPP
fragment is largely quenched and EET appears to be fully competitive. In fact, it is
estimated to be over 90% efficient. Analysis in the spectral region where donor
emission is anticipated failed to identify a donor component, however it has been
red-shifted relative to REF1, Aem = 542 nm, for isolated donor, whereas the
emission from the donor substituent in DYAL is of lower energy, Aem = 590 nm.
This points towards electronic interaction of the donor entity with the bridging unit.
The emission quantum vyields for the ACC component in DYAl1l, TRI1 and
especially TRI2 appear lower than those of the isolated control compound. This is
especially surprising when the EET is estimated to be very effectual. However
there is a strong possibility for competing charge transfer from the terminal amine

units to the DPP, this is discussed further at a later stage.

Returning now to the results of the calculations, we see that the ideal dipole
approximation predicts very fast EET from DPP to ACC in these multi-component

molecules. In each case, the rate is anticipated to exceed 1 ps?, in line with our
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analysis of the excitation spectra. Thus, the molecules are ideally set up for efficient
intramolecular EET and easily fulfill the requirement for an extended Stokes’ shift.
Within the confines of the ideal dipole approximation, it appears that EET is most
efficient for TRI1 followed by TRI2 and finally by DYAL. TRI1 has the highest rate
of EET due to multiple contributing factors!8° the optimal centre-to-centre distance
and a more substantial spectral overlap integral due to increased conjugation. It is
also interesting to note that there is less likelihood for light-induced charge transfer
from the TPA unit to DPP for TRI1 than for the analogous TRIZ2.

These qualitative results indicate that it is a viable proposition to equip a molecular
rotor with an ancillary photon capturing facility. We note that DPP is far from ideal
in this respect because its absorption spectral profile is relatively weak. None-the-
less, it serves to demonstrate the potential use of such ancillary units as a means
to separate excitation from emission. We now turn our attention to the acceptor
unit and enquire as to the suitability of using this expanded BODIPY dye in
molecular devices. Much less is known about the photophysical properties of these
styryl-based BODIPY dyes compared to the conventional analogues. We have
conducted a series of measurements aimed at clarifying the sensitivity of ACC to

environmental effects.

4.2.3 Temperature Effect

The design of an effective molecular-scale rotor demands access to fluorophores
that remain insensitive to all other environmental factors except the one of interest.
In particular, in the absence of the rotor, the fluorophore must be highly tolerant of
changes in temperature and solvent polarity. When dealing with a new fluorophore,
it is important to assess the likelihood that these environmental effects could be
problematic. It might be stressed that the Strickler-Berg?°® expression, as used to
calculate the radiative rate constant, does not contain direct links to either
temperature or solvent polarity. The refractive index does depend on temperature
but the effect is rather shallow. However, the corresponding non-radiative rate

constant could easily be sensitive to the nature of the environment.
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To investigate the effect of temperature on the photophysical properties of DYAL,
a solution was prepared using spectrophotometric grade MTHF and cooled to 80
K in an optical cryostat. The temperature effect is clear; the emission intensity
increases steadily for both components as the temperature rises, Figure 4.9. A
small red shift is observed over the temperature region where glassy MTHF melts,
i.e. the amorphous phase between 110 and 140 K. However, a blue shift is

observed once past the glass transition temperature.
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Figure 4.9. Temperature effect recorded for DYA1 in MTHF over the range 80-290 K. The excitation
wavelength was 465 nm, which corresponds to excitation into the DPP chromophore. The intensity

increases with increasing temperature.

The fluorescence quantum yields were corrected for changes in density and
refractive index as the temperature is varied.? However, for the BODIPY-based
acceptor there is a clear trend in that the emission quantum yield increases with
increasing temperature. This is most unusual, as typically the opposite trend is
observed. This is because processes competing with EET, such as light-induced
electron transfer, are switched off at low temperature. The same tendency is
observed for the DPP-based donor in MTHF. As the temperature falls slowly, the
fluorescence intensity decreases and the emission peak becomes sharper. There
is also a change in the emission maximum, recorded in units of wavenumber, as
the temperature changes, Figure 4.10. Indeed, the emission maximum nicely
tracks the melting of the solvent— the glass transition temperature is seen clearly
as a minimum in the energy curve. In the high temperature region, where the

solvent is fluid, there is a progressive increase in the energy of the transition as the
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temperature rises. Similar effects have been reported previously for conducting
polymers and attributed to temperature-induced changes in molecular

conformation.
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Figure 4.10. Effect of temperature on the emission energy recorded for the BODIPY-based acceptor
unit present in DYA1 in MTHF. The excitation wavelength was 475 nm.

Over the temperature range where MTHF remains fluid, there is a good correlation
between the energy of the emission maximum and temperature as displayed in the
form of Equation 4.5.?22% Here, Eo refers to the optical bandgap at low temperature
and, from the fit (Figure 4.11), has a value of 1.83 eV. The term AE is a fitting
parameter that is related to the effective conjugation length of the molecule in the

high temperature limit.

Eoo(T) = Eo + z
exp (i) Equation 4.5

The form of Equation 4.5 has been developed for better understanding the
temperature dependence of polymers and oligomers constructed from materials of
interest in organic solar cells. The variation in the optical bandgap with increasing
temperature can be ascribed to an increasing tendency for the styryl groups to
move out of planarity with the dipyrrin unit. It is interesting to note that further
cooling after the freezing point (T = 137 K) causes the optical bandgap to increase

slightly. The solvent hardens over the temperature range from 137 K to ca. 105 K
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before forming a rigid glass at around 100 K. Our results suggest that the bandgap
is independent of temperature in the rigid glass but slightly affected by the
contraction of the solvent in the isotropic region.

An alternative explanation is that the emission maximum depends on solvent
polarity. This possibility arises because the dielectric constant of the solvent
evolves with temperature. To exclude this as being the factor responsible for the
blue shift noted on increasing the temperature, a small series of solvents were used
to study the photophysical properties of ACC. This study will be described later in
the chapter.
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Figure 4.11. Correlation between the energy of the emission maximum (Eoo) and temperature as
displayed in the form of Equation 4.5.

Returning to the experimental data presented in Figure 4.9, we might suppose that
there is some kind of solubility problem as the temperature decreases. This issue
could be a consequence of the long polyethylene glycol chains attached to the
BODIPY dye since we have not encountered the same problem with other dyes. It
is possible that the polyethylene glycol chains are interacting with other BODIPY
molecules forming small agglomerates. To this effect, we measured the
fluorescence quantum yield for the BODIPY reference, ACC, over the same range
of temperature. It follows the same pattern as found for the dyad. This further
suggests that the polyethylene glycol chains might be responsible for inducing

guenching of emission. It also indicates that the temperature effect is not
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associated with changes in the EET probability. It might be noted that solutions of

ACC in MTHF did not give rise to laser scattering.

In order to test this solubility hypothesis, a micellar solution of DYA1 was prepared
using Triton X-100 neutral micelles. The basic idea was that the BODIPY segment
of the molecule would be incorporated into the interior of the micelle and this would
prevent ‘aggregation’ of dye molecules. If this were so, we would expect to see an
increase in the emission quantum yield. This however did not work as planned.
The QY for DYA1 embedded in the micelle solution turned out to be relatively low

at 11%.

Another experiment designed to either prove or disprove this so-called solubility
hypothesis involved depositing a solution of DYAL in a long chain alcohol solvent,
in this case octanol, on a nylon membrane filter. The membrane was left to dry on
top of an oven for a few hours and the emission spectrum of the compound was
recorded. The pore size of the membrane filter was 0.2 um. The molecules trapped
inside the membrane pores are expected to quickly aggregate; this, in turn, would

lead to diminishing emission from the fluorophore.
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Figure 4.12. Emission spectrum recorded for DYA1 after deposition on a nylon membrane.

The membrane-bound dye exhibits a broad emission spectrum with clear signs of
scattering, Figure 4.12. The emission maximum lies at 610 nm, which is
considerably red shifted in contrast to the donor reference compound, where the
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peak is found at 542 nm. The peak is blue-shifted relative to fluorescence recorded
for monomeric ACC in solution. One possibility for the emission spectral profile
seen in the membrane is that the ACC units are in sufficiently close contact to
undergo excitonic coupling. In this case, according to the Kasha theory,?4?% the
monomer absorption transition is split into higher and lower energy transitions.
Emission is usually observed only from the lower energy transition and could be
responsible for the band seen at around 725 nm. This is red-shifted relative to the
monomer emission found in solution. Forming a dimer would affect the
fluorescence quantum yield and would also have important implications for EET
from the DPP terminal. Since the fluorescence maximum found for DPP depends
on the nature of the surrounding medium, it is possible that the 610 nm band found
in the membrane is due to the donor.

4.2.4 Solvent Effects

The photophysical properties of the three dyads were investigated in a small range
of solvents in order to examine the effect of solvent polarity on the emission
guantum yield and excited-state lifetime. The experiments were performed by
direct excitation into the DPP unit at 465 nm but with the emission being collected
from the ACC residue at longer wavelength. The idea behind the experiment is that
fast EET along the molecular axis will populate the excited-singlet state localised
on ACC. In competition to intramolecular EET, the excited state of DPP might enter
into charge-transfer interactions with the terminal amine donors. In this respect,
DYAL can be considered to take the part of a control compound since it lacks the

donor functions.
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Figure 4.13. Relationship between the emission quantum vyield (¢rLu) and the solvent static dielectric
constant (es) as recorded for DYAL at room temperature. Excitation populates the DPP unit but
emission is recorded for the ACC acceptor portion of the molecule. The line drawn through the data

points bears no theoretical significance.

Figure 4.13 shows the relationship observed between solvent static dielectric
constant (es) and the fluorescence quantum yield as recorded for DYAL. As the
solvent dielectric constant increases the measured quantum yield decreases. The
relationship is approximately linear within the limited data set. This is supported by
the experimentally determined excited-state lifetimes, Table 4.3. Over the same
series of solvents, there are only minor changes in the energies of the absorption
and fluorescence maxima and no real variation in the magnitude of the Stokes’
shift (Table 4.3). Furthermore, the radiative rate constant remains essentially
independent of solvent polarity, except for the situation found with heptyl cyanide
which seems strangely anomalous, with a mean value of 11 x 107s1. As a
consequence, it appears that the non-radiative decay rate constant is responsible
for the observed loss of emission in more polar solvents (Table 4.3). The effect is
relatively minor but, taken in terms of a molecular-scale rotor, undesirable since it
introduces a sensitivity to the nature of the environment. The polarity effect is not
caused by competing light-induced charge transfer and, since the quantum vyield
and lifetime vary in the same manner, it is related to the photophysics of the ACC
unit. That is to say, the reduced quantum yield does not arise from partial switching-
off of the intramolecular EET process. If this were the case, the quantum vyield

would appear to decrease but the lifetime would remain fixed.
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Table 4.3. Photophysical data collected for DYA1. EtOAc stands for ethyl acetate, SS stands for

Stokes’ shift, € is dielectric constant, QY is fluorescence quantum yield.

Krap/ Knr/
AaBs Aew/ SS/ o/ x107 x108
Solvent I /nm nm cm? QY ns st st
Toluene 2.4 650 665 347 0.19 4.3 4.4 1.9
Chloroform 4.9 648 664 372 0.26 4.9 5.3 1.5
EtOAc 6.0 642 660 425 0.31 4.8 6.5 1.4
MTHF 6.9 645 662 398 0.28 4.7 5.9 1.5
DCM 10.7 647 664 396 0.2 3.9 5.1 2.1
Heptyl
Cyanide 17.3 645 666 489 0.23 2.1 10.9 3.7
Acetone 21.4 642 664 516 0.11 2.5 4.4 3.6
Butyronitrile 24.6 644 662 422 0.13 2.7 4.8 3.2

Table 4.3 summarizes the data obtained for DYAL. The lifetime decreases as the
dielectric constant increases. The changes in absorption and emission maxima are
negligible. We also observe only very small changes in the corresponding Stokes’
shift. This suggests no substantial change in geometry and polarity between
ground and excited states.?® Since the Stokes’ shift is independent of solvent
polarity, it can be concluded that there is no CT character at the Si level of the
acceptor.?® There is no obvious trend emerging in either absorption or emission
maxima. The small variations observed for DYA1 due to multiple with its local
environment like H-bonding, Figure 4.14.%° The solvent effect might be expected
to be more significant in the more complicated cases, shifts are expected in the
emission spectrum. However, absorption spectra are not as sensitive to solvent

effects.

109



[ \Solvent relaxation (107'%)

| 1 [ |
_') Hydrc]gm Charge Solvent Probe - Conformational Knr
hy, Bonding Shift Polarity Probe Changes

Interactions
hve  [ahye ““ahve l‘\shv; “ahvg

environment

Figure 4.14. lllustration of the different ways solvent can affect the emission from a fluorophore. Image

adapted from ‘Principles of Fluorescence’ by J.R. Lakowicz, 2006.3°

The quantum yields and lifetimes follow the same trend in as much as they increase
as the solvent polarity decreases. Except for heptyl cyanide, which is clearly
anomalous, the radiative rate constants are essentially independent of solvent
polarity. This is not the case for the corresponding non-radiative rate constant,
which increases steadily as the solvent polarity increases. Exactly the same trend
is exhibited by the two more complicated dyads. We note that there are other ways
to express solvent polarity but the scarcity and spread of data precludes a detailed
comparison of the different quantitative measures of the solvent properties. The
data, however restricted, can be used to argue that there is a competing process
in polar media that leads to loss of emission from the acceptor unit. Much the same
behaviour is observed for the two triads, Figure 4.15 and Figure 4.16, where it
appears that the loss of emission occurs over a range of weakly polar solvents but
tends towards saturation in more polar media. The underlying trends are obscured
to a large extent by the spread in the data, perhaps caused by specific solvent
effects or multiple effects. In all cases, the excited-state lifetime and quantum yield
respond in the same way to variations in solvent polarity. For ACC, there is no
obvious reason why the radiative rate constant should depend on solvent polarity
since the chromophore is not particularly polar. The loss of fluorescence, therefore,
is attributed to increased significance of the non-radiative process. This has
nothing to do with the presence of the terminal donor units. Such behaviour has

been reported for other systems where light-induced charge transfer is
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thermodynamically hindered. Thus, in cases where AG = 0 in nonpolar solvent, the
process can be promoted by moving towards a polar medium.3! With this in mind,
we have examined the likelihood for light-induced charge transfer between the

chromophores using electrochemical data.

&

Figure 4.15. Effect of solvent dielectric constant (es) on the fluorescence quantum vyield (¢rLu)
recorded for TRI2.

&s

Figure 4.16. Relationship between the singlet-excited state lifetime (ts) measured for TRI1 and the
solvent dielectric constant (es).

Cyclic voltammograms were recorded by our collaborators in Strasbourg and
published as part of the synthetic details in J. Org. Chem. 2015, 80, 6737. The half-
wave potentials were measured in deaerated dichloromethane at room
temperature; a Pt working electrode was used and the background electrolyte was
BusN.PFs (0.1 M). The output is presented in Table 4.4. At the time of recording
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the electrochemistry, no proper assignments could be made but we were able to
complete this task using our computed molecular orbital description for the multi-

component molecules and also for the reference compounds.

Table 4.4. Compilation of the electrochemical data collected in deaerated dichloromethane at
room temperature. Electrolyte used was "Bu4N.PFs. Potentials were standardized versus

ferrocene (Fc) as internal reference3? and are quoted relative to SCE.

E%(ox, soln) (V), E”(red, soln) (V),
AE (mV) AE (mV)
+0.67 (60), -1.15 (90)
DYA1 +1.09 (irr.) -1.25 (60)
+0.66 (60),
+0.92 (70),
TRI1 +1.16 (60) -1.20* (irr.)
+0.64* (60),
+1.19 (irr) -1.14 (60),
TRI2 +1.36 (70) -1.23 (60),
+1.50 (irr.) -1.75 (irr.)

DYA1 exhibits two oxidation waves, the one at +0.67 V vs SCE is attributed to one-
electron oxidation of the BODIPY unit whereas the one at +1.09 V vs SCE is
assigned to one-electron oxidation of the DPP dye. Interpretation of the oxidative
patterns becomes more complicated for TRI1 because of the appended TPA unit.
This latter fragment has a half-wave potential of +1.16 V vs SCE. Oxidation is
further complicated when TPA is replaced with TPA(OMe)2 in TRI2. Here, we
observe a two-electron wave centred at +0.64 V vs SCE that is thought to be two
overlapping waves corresponding to the successive oxidation of the BODIPY and
TPA(OMe)2 units.

112



The reduction of TRI1 consists of an irreversible, two-electron peak centred at -
1.20 V vs SCE. This has been assigned to overlapping waves associated with the
individual reduction of the BODIPY and DPP units. For TRI2, we see two reduction
peaks in close proximity, both of which are electrochemically reversible. These
waves are accredited to formation of the n—radical anions of the BODIPY and DPP

residues. This is also the case for DYAL.

Our interest in the electrochemistry of these compounds rests with the concept of
light-induced charge transfer along the molecular axis. Our collaborators in
Strasbourg had recorded the cyclic voltammograms as part of their work on the
synthesis and characterization of the various compounds. We have interpreted the
cyclic voltammograms in as much as it is possible to delineate individual processes
when separate units are oxidized or reduced at comparable potentials. The
electrochemistry results can now be utilized to calculate thermodynamic driving
forces for light-induced electron transfer between the various subunits, Equation
4_6_33-35

AGCT = e(on - Ered) - Exs - Ees - Esol Equation 4.6

On the basis of all available evidence, it can be concluded that charge transfer
between DPP and BODIPY units is unlikely to occur in non-polar solvents, Figure
4.17. However, there is a favourable driving force for charge transfer between the
TPA and DPP units; we find AG values of -0.029 eV for TRI1 and -0.49 eV for TRI2.
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While analyzing the data it also appears that light-induced charge transfer from
TPA to BODIPY unit is favourable with AG = -0.2 eV but only for TRI2.

AG: TRI1=-0.03 eV
TRI2=-0.49 eV

BODIPY

CcT?

DPP*-BODIPY-AG ~ 0.3 eV
DPP--BODIPY*AG ~-0.03 eV

Figure 4.17. Scheme to demonstrate the range of processes occurring in TRI1 and TRI2. The

manifestation of charge transfer from BODIPY to DPP unit is strongly solvent dependent.

The key finding to emerge from these studies is that light-induced electron transfer
from the excited-singlet state of ACC to the nearby DPP is very weakly exergonic
in dichloromethane solution. The driving force, calculated in the absence of
electrostatic effects, is close to zero (Figure 4.17). None-the-less, because there
are no competing processes that shorten the excited-singlet state lifetime of the
ACC unit, intramolecular charge transfer will contribute towards deactivation of the
excited state. Under these conditions where the thermodynamics are so finely
balanced, the environmental terms will make a major contribution to the overall
driving force for charge transfer. These terms, Ees and Eso., refer to the
electrostatic energy, calculated from Equation 4.7 where Rcc is the centre-to-
centre separation distance between ACC and DPP units, and a correction for the
reduction potentials being measured in a different solvent. This latter term can be
calculated from Equation 4.8, which was first developed by Weller.3¢ As with all
expressions concerned with electrostatic effects, the energy terms tend to saturate
as es approaches 12. Strongly polar solvents offer no further benefit. This is

precisely the effect that we see underlying Figure 4.18 where either the
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fluorescence quantum yield or excited-state lifetime decrease with increasing
dielectric constant. As such, we attribute the polarity effects noted for the acceptor
unit present in the dyad and triads as being due to light-induced charge transfer
from ACC to DPP. The rate is relatively slow, because of the weak driving force,

but accounts for about 50% of the exciton population in polar media.

. e? Equation 4.7
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Figure 4.18. A simulation to demonstrate how the driving force for charge separation (AGcs) varies
with solvent dielectric constant (gs), simulation performed for a DPP-BODIPY based system, inspired
by work by J.W. Verhoeven et al. on the interplay between structure and environment of the charge-

separated state.®”
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4.3 Conclusions

In this chapter we have sought to enquire into the possibility of equipping a
prototypic molecular-scale rotor with improved optical properties, most notably the
capability to absorb over a wide spectral window. Our reasoning is that a cheap,
practical sensor would need to avoid the necessity for highly selective excitation
wavelengths. The approach taken has involved constructing a molecular dyad
comprising two complementary chromophores, in this case DPP and an expanded
BODIPY dye, that communicate by way of rapid intramolecular EET. In this way,
there is only a single emitter but absorption occurs over much of the visible region.
The molecules studied here lack the rotor function but this is easily restored by
omitting the blocking groups on the upper rim of the dipyrrin unit. As a final piece
of the overall picture, we opted to include a competing light-induced charge-
transfer reaction by attaching terminal amine donors to the DPP chromophore
(Figure 4.1). The net result is an intricate and elaborate multi-component molecule.
The performance of these supermolecules was disappointing to say the least. In
fact, the design actually worked as planned with effective EET and competing
charge transfer. The problems came about because of restricted solubility,
probably caused by the overemphasis on the number of poly(ethylene glycol)
residues added to improve solubility, and undesired charge transfer between the
chromophores. There is plenty of scope to improve the system by optimizing the
DPP chromophore® or by further functionalization of the BODIPY dye.?8383° One
such modification has been described by Ziessel et al.> where they replaced the
phenyl rings attached to the DPP core by thiols in order to improve the

photochemical stability of the material.

The limited solubility of the arrays at low temperature could be overcome by further
synthesis and this feature might not be insurmountable. More importantly, we
observed that a new channel has been opened that favours intramolecular charge
transfer between the primary chromophores. The rate of this latter process is slow,
because of poor thermodynamics, and does not prevent using emission from the
final acceptor for sensing applications. The real problem is that we have introduced

a marked sensitivity towards changes in the polarity of the local surroundings. In
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effect, the supermolecule could be used only in non-polar media. Undeterred by
these difficulties, we introduce a larger molecular edifice in the next chapter and
consider in more detail the interplay between the various subunits. This is done in
order to gain a better understanding of the intricate processes at play. Obtaining
control over these various short-circuits and competing processes is essential if we
are to properly design and implement multi-component molecules capable of

performing useful tasks under illumination.
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Chapter 5. A Bifurcated Molecular Pentad
Capable of Sequential Electronic Energy
Transfer and Intramolecular Charge
Transfer

5.1 Introduction

In attempting to mimic certain features of natural photosynthesis, especially with
respect to the fundamental processes leading to charge separation, an inordinately
wide diversity of molecular systems has been examined. In the main, these
materials are intended to exhibit directed electronic energy transfer (EET) along
the molecular axis by way of positioning chromophores according to their
respective excitation energies, creating a molecular funnel.r* Other molecular
systems have been designed to duplicate the efficient light-induced charge transfer
(CT) inherent to the natural reaction centre complex.>’ In studying such molecules,
much fundamental information has been learned about the factors that control the
dynamics of EET and/or CT in artificial systems, although many of the subtleties of
the living organism have evaded capture in the form of an artificial analogue. Less
attention has been given to the study of molecular architectures that successfully
combine EET and CT at the same site, even though certain structures are able to
achieve this feat. In particular, the vast plethora of molecular dyads, triads, tetrads,
etc. known to realise a cascade of EET steps contains few examples where the
terminal energy acceptor is linked to a redox centre in such a way that charge-
transfer chemistry can take place. We now describe a large molecular pentad
(PEN) as a prototype of this generic field of hybrid EET/CT molecular
multicomponent assemblies. Our specific interest in such molecular systems is to
engineer photochemical heat engines that might be suitable for solar heating of

domestic water supplies. To be successful, this approach requires serious input
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from an engineering viewpoint but here we highlight only the underlying chemistry.
Other researchers in our group are developing the appropriate circuitry for coupling
the photochemistry to a heat sink. Our biggest concern relates to the stability of
multi-component organic molecules under continuous illumination with sunlight. In
natural photosynthesis, the elaborate light-harvesting machinery is protected
against light-induced damage by repair mechanisms and photo-regulation
processes. In the long term, it will be necessary to build such complex features into
artificial analogues but we are not yet at that stage of development. Our approach
here is to design a system with multiple components but to ensure that rapid
electronic energy transfer occurs to generate an excited state resident on the
terminal acceptor. This strategy keeps the excited state lifetimes very short for all
components except for the final acceptor. In principle, this will be the only
component susceptible to photochemical damage. We now enquire if this premise

iS met.

The target system (1) comprises two individual control compounds, Figure 5.1.
Specifically, (1) consists of two pyrene (PYR) residues attached via the boron atom
to a conventional boron dipyrromethene (BODIPY) dye. The latter unit is well
known to serve as an acceptor for excitation energy localised momentarily on one
of the pyrene fragments. In contrast, (2) is an expanded boron dipyrromethene dye,
which will be referred to as ExBOD throughout this chapter, intended to function
as the final acceptor for excitation energy transferred along the molecular axis.
Compound (2) differs from BODIPY by way of increased 1r-conjugation provided
by the styryl functions attached at the 3,5-positions to BODIPY through the
respective pseudo-meso site. This type of connection, when used in conjunction
with methyl groups at the 1,7-positions, ensures that each meso-phenylene ring
lies essentially orthogonal to the dipyrrin core. The styryl fragments are equipped
with a triphenylamine (TPA) residue that is known to be rather easily oxidised in
polar solvents. The final piece of the structure consists of a dithiocyclopentane
(DTC) unit intended to act as a conduit for charge transfer from TPA to ExBOD.
The overall molecule, (3), referred to as PEN throughout this chapter, adopts a
bifurcated geometry because of the nature of the connections and possesses a
fully extended length of 47 A. This molecule is surprisingly soluble in common

organic solvents at room temperature and maintains electronic isolation for each
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of the five critical components. The three main chromophores, namely PYR,
BODIPY and ExBOD, combine to harvest light over the wavelength range from
250 to 800 nm while the DTC fragments provide additional protection against
incoming UV photons. The chromophores have been arranged according to their
respective excitation energy levels, creating a clear spectroscopic gradient
(PYR>BODIPY>ExBOD) to favour a cascade of EET steps following from selective
excitation of pyrene.

(1) PYR-BODIPY

(3) PEN

Figure 5.1. Molecular formulae of the two control compounds: donor (PYR-BODIPY), acceptor

(ExBOD) and the combined donor-acceptor molecule (PEN).
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5.2 Results and Discussion

5.2.1 Photophysical Data
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Figure 5.2. Left panel: absorption spectra recorded for (1) in black, (2) in red and (3) in green in
dichloromethane. Right panel: Absorption and emission spectra recorded for ExBod in DCM solution.

Absorption and emission spectra were recorded in DCM for all three compounds.
The spectrum derived for PEN is a sum of its individual components and this
demonstrates that there is little if any electronic communication between PYR-
BODIPY (black curve) and ExBOD (red curve), Figure 5.2. The strong absorption
transitions associated with pyrene at 276, 286, 351 and 371 nm can clearly be
observed with PEN as well, however they are contaminated with absorption from
ExBOD. Within the PYR-BODIPY there is contamination of pyrene transitions by
BODIPY itself.® Looking at the absorption spectral profile recorded for PEN it is
impossible to identify transitions associated with either TPA or DTC fragments.
This mutual electronic isolation is most likely achieved because of the orthogonal
phenyl rings. The far-red emission spectra and lifetimes of ExBOD and the final
PEN molecule were recorded by Dr Anna Gakamsky, Edinburgh Photonics. A fully-
corrected, high radiance integrating sphere was used to determine the
fluorescence quantum yield as there is no reliable reference for the far-red region.®
1 The PYR-BODIPY reference compound has been characterized previously by

Harriman et al.?
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Table 5.1 summarizes the photophysical properties of the studied compounds.
PYR-BODIPY appears to have typical properties expected of a BODIPY-type dye.
It is well known that EET from pyrene to BODIPY is very efficient, occurring with a
probability close to unity for closely-spaced reagents,3%* while exciting into a
pyrene unit no emission associated with it appears, all of the emission appears to
come for the Si state of the BODIPY core.

The properties of ExXBOD are more unusual. According to the energy- gap law, we
expect the non-radiative rate constant to increase as the energy gap decreases.®
18 It appears that both ExBOD and PEN follow this trend, as the rate of non-
radiative decay is quite high for both compounds and approximates to 40 x 108 s-
1 while the radiative rate constant is rather low at = 0.5 x 108 s'1. The only emission
observed for PEN is that from ExBOD and there is none observed from the
donating PYR-BODIPY unit. This suggests to us that the probability of EET is close
to unity, even though the overlap integral is relatively small. The emission quantum
yield and excited-state lifetime recorded for ExBOD and PEN are closely

comparable.

Table 5.1 Summary of photophysical data for PYR-BODIPY, ExBOD and PEN in DCM at room

temperature (RT).

PYR-BODIPY ExBOD PEN
Aabs/ NM 501 810 502/ 810
Aem/ NM 517 908 908
()] 0.57 0.013 0.011
o/ st 3.3 0.24 0.26
Krap/ 108 st 17 0.53 0.4
knr/ 108 51 13 41.1 38.1
SS/cmt 618 1332 1332
f 0.673 0.57
J 0.0059
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5.2.2 Photolysis

The photochemical stability of PEN has been studied in deaerated DCM solution
at ambient temperature. The main aim of the experiment was to establish whether
it is possible to develop an artificial light-harvesting antenna using this type of
molecular architecture.'® We have opted to use white light illumination, rather than
monochromatic light, in order to simulate exposure to sunlight. It is realized that
this approach exposes any intermediates generated during early stages of
photodegradation to further reaction.

800 1000

Figure 5.3. Effect of continuous illumination of PEN with white light in deaerated DCM recorded at

regular intervals over ten hours.

Looking at Figure 5.3, it is apparent that illumination with white light causes
bleaching of the ExBOD chromophore at 810 nm as well as simultaneously
bleaching the peak at 501 nm associated with the BODIPY donor. It has an
appearance of an auto-catalytic reaction. Multiple isosbestic points can be

observed.

The photolysis was carried out in front of the 450W solar light illuminator. The

solution used for photolysis was thoroughly deaerated and the cuvette holding the
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sample was sealed. The solvent used was DCM. Figure 5.4 shows that PEN can

absorb a significant proportion of the solar light emitted by the illuminator.
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Figure 5.4. Overlap of the absorption spectra recorded for PEN (green curve), ExBOD (blue curve)
and PYR-BODIPY (black curve) with the output of the 450W solar illuminator used during the

photolysis process (red curve).

Equation 5.1 is used to model the auto-catalytic bleaching process observed with
PEN.?° Here, rate refers to the rate of photo-bleaching at a certain wavelength in
units of yM min-t. The actual rate at time, t, was determined as the tangent to a
plot of three consecutive time intervals. The terms ko and kc refer, respectively, to
the first-order rate constant for bleaching that would be expected in the absence of
the auto-catalytic step and to the rate constant for the auto-catalytic process. The
concentration of chromophore is designated [A] and has units of yM. Analysis
across the entire spectral window allows derivation of ko and kc, respectively, as
being 0.0012 min* and 0.0049 uM- min-1.

rate

AT = (ko + k.[Ao]) — k. [A] Equation 5.1

It can also be seen from the spectral traces that bleaching of ExBOD gives rise to
a broad charge-transfer absorption band centred at 710 nm. Bleaching of the
710nm absorption band can be approximated to a first-order process with a rate
constant of 0.0032 minl. At 502 nm, both ExBOD and PYR-BODIPY make
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significant contributions to the total absorbance. On longer time scales, the
BODIPY chromophores undergoes slow bleaching by approximately first-order
kinetics with a rate constant of 0.0019 mint. It is not practical to monitor bleaching
rates for the pyrene chromophore because we determined there was a build-up of
a permanent product in the near-UV region. This latter species, which importantly

remains fluorescent, bleaches very slowly under white-light illumination.
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Figure 5.5. Example of a kinetic plot for photo-bleaching of PEN in deaerated DCM. It shows a fit to an
auto-catalytic process for bleaching of the 811 nm band.

Attempts were made to follow the bleaching process for PEN using 700-MHz H-
NMR spectroscopy on a dilute solution (ca. 10* M). In order to make the
identification process easier we also recorded the *H NMR spectra of the reference
compounds; PYR-BODIPY and ExBOD. From the data, some general conclusions
can be drawn however the final product is a complex mixture of compounds. It
appears that the pyrene part of the PEN chromophore is not damaged at a
significant level, according to analysis of the diagnostic signal of the pyrene moiety
at 8.63 ppm in deuterated DCM. The most fragile part of the molecule, as might be
expected, is the ExBOD fragment which undergoes major modifications of the 1r-
pyrrolic protons. This situation most likely reflects attack of the vinylic system.

Several new products are formed as can be testified by the presence of at least
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three new singlets around 6.0 ppm and new peaks likely assigned, in light of
reference compounds, to the DTC fragments. The high intensity of these latter
peaks attests to the presence of several products displaying similar molecular
frameworks and therefore despite the best efforts we could not identify the final

products of the decomposition reaction.

Bafore photolysis

e (e A

Figure 5.6. Example of *H NMR collected in CD2Cl2 for PEN, the top panel (red) shows spectrum

before photolysis, whereas the one on the bottom (green) shows the collected NMR after photolysis.
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5.2.3 Charge Transfer

Cyclic voltammetry (CV) data collection was carried out by our collaborators in
Strasbourg for PEN and both of the control compounds: ExBOD and PYR-
BODIPY. The electrochemistry was performed in deaerated dichloromethane at
RT. The background electrolyte used was "BuN.PFe (0.1M). The main results are

summarized in Table 5.2.

Table 5.2. Electrochemistry was recorded by our collaborators in Strasbourg; Dr. Raymond Ziessel
and Dr. Alexandra Sutter. Deoxygenated DCM solution was used to determine potentials by cyclic
voltammetry. The electrolyte used was "BuN.PFe (0.1M), the solute concentration was ca. 1.5 mM, all
spectra were collected at RT. Potentials were standardized versus ferrocene (Fc) as internal

reference.?!

E”(ox, soln) (V), E®”(red, soln) (V),
AE (mV) AE (mV)
PYR-BODIPY +0.93 (60),
+1.39 (irr.) -1.42 (60)
+0.38 (60),
ExBOD +0.83 (60), -1.00 (70),
+1.00 (60) -1.63 (irr.)
+0.38 (60), -1.02 (70),
PEN +0.83 (60) , -1.39 (80),
+1.29 (irr.) -1.80 (irr.)

The electrochemical data show a rich variety of peaks associated with ExBod and
PYR-BODIPY compounds. For PYR-BODIPY we observe two waves. The
oxidative wave can be assigned to the reversible formation of the BODIPY T1-
radical cation, which occurs with E12 = 0.93 V against the SCE. The second wave
is associated with the one-electron oxidation of the pyrene units and corresponds
to Eu2 = 1.39 V vs SCE and is electrochemically irreversible. This is consistent with
reports in the literature on the electrochemistry of aryl hydrocarbons which form

dimer Tr-radical cations.?? Thus, one-electron oxidation of pyrene forms the
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corresponding n-radical cation, which associates with a ground-state pyrene to
form the dimer radical cation. It is generally believed that this process is driven by
the solvatophobic effect. On reductive scans, there is only a single wave
corresponding to formation of the BODIPY 11- radical anion. This takes place with
a half-wave potential of -1.42 V against the SCE. It might be mentioned that
assignment of these various electrochemical steps was made in Newcastle and is

based on earlier work with simpler BODIPY-based derivatives.

Oxidative and reductive scans were also carried out for ExBOD, under the same
experimental conditions. Here, we found two waves on reductive scans. The first
reductive wave occurs with a half-wave potential of -1.00 V against SCE. This wave
is most likely due to reduction of BODIPY to form the 1r- radical anion. The second
reductive wave is irreversible and has a peak potential located at -1.63 V against
SCE. Unfortunately there is insufficient information to assign this irreversible wave
with confidence. On the oxidative scans, we observe three successive waves. The
first wave is electrochemically reversible and corresponds to a half-wave potential
of 0.38 V against SCE. Based on literature precedents and model compounds, we
can safely assign this wave to the one-electron oxidation of one of the TPA units.

Unfortunately the other two waves cannot be assigned without further information.

Finally, the cyclic voltammetry studies made with PEN reveals three oxidative
waves with half-wave potentials of 0.38 V, 0.83 V and 1.29 V against SCE. The
situation here is similar to that of ExBOD. Thus, the wave at 0.38 V is most likely
due to oxidation of one or both of the TPA units, however the other two waves
cannot be easily distinguished. On the reductive scans, we observe three waves
with successive half-wave potentials of -1.02 V, -1.39 V and -1.80 V against SCE.
The first two waves are reversible and can be assigned respectively to the one-
electron reduction of the BODIPY unit in PYR-BODIPY (-1.39 V) and ExBOD (-
1.02 V). The third irreversible wave is associated with ExBOD, however the
electrochemistry alone does not indicate exactly where on the ExBOD molecule

the electron resides.
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Analysis of the cyclic voltammetry results, taken together with the optical
absorption and fluorescence data, argues against the occurrence of light-induced
charge transfer between the two BODIPY-based chromophores following selective
excitation into ExBOD. This situation is confirmed by the observation that both ¢
and 15 remain insensitive to the presence of the appended BODIPY unit. Thus,
although emission from the ExBOD fragment in both the control compound and
PEN appears to be heavily quenched, this is not because of interaction with the
nearby BODIPY unit. Instead, quenching of the excited-singlet state of ExBOD, in
both molecules, is likely to arise from charge transfer from the terminal TPA group,
Figure 5.7.

AGer = e(Eox — Ered) — Exs — Ees — Esol Equation 5.2

There is a modest thermodynamic driving force (AG = -0.15 eV) for this process in
DCM solution and the interspersed DTC fragment might be expected to function
as an effective conduit for intramolecular charge transfer along the molecular axis.
This is because the spacer unit is also redox active and could promote through-
bond charge transfer by way of super-exchange interactions.?? It is also important
to stress that earlier work?* has described such light-induced charge transfer in
somewhat related molecular architectures. The thermodynamic driving force was
calculated using Equation 5.2.2526 where the excitation energy for PEN is taken to
be 1.46 eV.
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Figure 5.7. A scheme to show the various events that follow from selective excitation into the pyrene
units, where: PYR= pyrene, DTC= dithiocyclopentane, TPA= triphenylamine, CT= charge transfer and

finally EET= electronic energy transfer.

Pump-probe (FWHM = 120 fs) transient absorption spectroscopy with excitation at
420 nm carried out with ExXBOD in DCM solution in order to further probe the
transient species. It showed the rapid formation of the S1 state associated with the
ExBOD chromophore. This assignment can be made on the basis of the
pronounced bleaching at 815 nm and the appearance of stimulated emission at
900 nm. Decay of the S1 state follows first-order kinetics, with a lifetime of 225 ps,
to restore the pre-pulse baseline. There is no obvious indication for transient
formation of charge- separated species and, in particular, the TPA radical cation
cannot be detected in the spectral window around 740 nm where it is known to
display a broad but weak absorption band. The indication, therefore, is that charge
recombination (AG = -1.30 eV) occurs too quickly for significant build-up of any
transient species. In fact, charge recombination is likely to be promoted by super-
exchange interactions with the bridging DTC unit. Similar results were observed

with PEN in DCM solution following laser excitation at 420 nm.
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5.2.4 Electronic Energy Transfer

The chromophores present in PEN have been arranged according to their
excitation energy in order to maximize the probability of EET; PYR> BODIPY>
ExBOD. The overlap integral, calculated according to Equation 5.3, between PYR-
BODIPY and ExBOD is 0.0059 cm. There is no detectable emission from the
pyrene units and this is indicative of very efficient EET from BODIPY to PYR under
these conditions. In fact, rapid EET between these same reactants has been
reported in many other molecular dyads and, in our case, is supported by

comparison of the excitation and absorption spectra.l?7.28

FL;(:) % ea(v)

E i .
dv quation 5.3

Jpa = ABf

Indeed, Figure 5.8 demonstrates excellent agreement between absorption and
excitation spectra, which we take as a convincing argument for an efficient
intramolecular EET. In fact it has been estimated to be at least 85% effective. Since
there is no indication for fluorescence from the pyrene subunit present in PYR-
BODIPY it is possible that an additional non-radiative pathway, such as light-

induced electron transfer, competes with intramolecular EET.72930

Our interpretation of the electrochemistry results indicates that there is a small
thermodynamic driving force, AG=-0.19 eV, for light-induced CT from the ExBOD
to the first-excited state of BODIPY in dichloromethane solution. Unfortunately this
cannot be definitely proved by pump-probe transient absorption spectroscopy due
to extensive overlap of absorption transitions of the two compounds. This situation
prevents identification of a suitable excitation wavelength where selective
illumination can be achieved. As such, the rate constant for intramolecular EET
has to be estimated from the excitation spectra and this crude approach leads to a
value of keet= 3.9 x 101° s'1. This value seems reasonable in terms of the molecular

architecture and overlap integrals.
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Figure 5.8. Comparison of absorption spectrum of PEN (black) and its excitation spectrum (red) in

DCM, fluorescence wavelength used was 920 nm.

5.3 Conclusions

This work considers the electrochemical, photophysical and photochemical
properties of a large supermolecule assembled by logical positioning of individual
subunits. The resultant array absorbs across the entire visible spectral range and
into the near-IR. Essentially, more than 99% of the absorbed photonic energy is
converted into heat in less than 1 ns. There are many molecular assemblies that
degrade excitation energy into heat but an attractive feature of PEN is that it
absorbs over a very wide spectral range. As such, it possesses the main attributes
needed for an organic-based photochemical heat engine, provided the material is
sufficiently stable under prolonged exposure to sunlight. A key feature of this
molecular array is that photodegradation occurs via a series of steps leading to
gradual loss of performance. Each of these bleaching steps decreases the fraction
of solar light that can be harvested but does not curtail the solar heating process.
The net result is that the array functions for extended periods, especially when

dispersed in an inert polymer, Figure 5.9.
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Figure 5.9. Schematic picture used to demonstrate the order of photodegradation events and
stability of the final product.

The compound displays a rich variety of electrode-active processes, together with
highly efficient intramolecular EET along the molecular axis. The ExBOD-based
acceptor enters into charge-transfer reactions with the terminal amine units, surely
promoted by super-exchange interactions involving the interspersed DTC unit,
such that fluorescence is kept to a modest level. On exposure to sunlight, photons
can enter the system at any of the principle chromophores but inevitably reach the
ExBOD site and thereby enter into the CT reaction. The so-formed CT state
deactivates quickly, at least relative to its rate of formation, thereby serving the
purpose of an effective photochemical molecular heating system. We might
mention that the molecule has been used successfully by another member of the

group to heat water in a closed flow cell.
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Chapter 6. Stepwise Photoconversion of an
Artificial Light-Harvesting Array Built from
Extended BODIPY Units

6.1 Introduction

The process of electronic energy transfer (EET) has been used as the underlying
methodology by which to engineer numerous analytical protocols, chemical
sensors, bio-probes and molecular machines.'-? Artificial light-harvesting devices,
as used to drive solar cells*® and/or photochemical batteries,® also rely heavily on
EET to channel photons to the desired location by creating a spectroscopic
gradient.” For these latter systems to be viable, it is necessary that the highly
efficient EET process is matched by exceptional stability under prolonged exposure
to sunlight. Unfortunately, most organic materials that absorb and emit in the near-
IR region,® this being the most interesting window for the sensitization of solar cells,

degrade rather quickly under sustained illumination.®19

We have been interested in trying to stabilize certain classes of highly emissive
dyes, most notably the boron dipyrromethene (BODIPY) family that figures
prominently in artificial light-harvesting arrays.''? Here, we concentrate on the
photochemistry of one such elaborate multicomponent entity that absorbs across
the entire visible region but emits solely in the near-infrared region. The goal of the
work is to examine ways to improve the stability of the device under continuous

illumination with artificial solar light.
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Figure 6.1. Molecular formulae of the energy donor referred to as DON, acceptor, ACC and covalently

bond donor-acceptor system, D-A.
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6.2 Results and Discussion

6.2.1 Photophysical Properties
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Figure 6.2. On the left absorption and emission spectra of DON recorded in DCM at RT, whereas

on the right absorption and emission spectra of ACC in DCM at RT.

Absorption and emission spectra of the control compounds and the target
molecular array, D-A, were recorded in DCM at RT. DON is known in literature as
a pH probe!34 due to a single N,N-dimethylaniline residue. The isolated control

compounds are used to better understand the properties of the molecular array.

ACC is significantly larger than the DON and has more extensive conjugation
pathway that pushes the absorption transition to about 815 nm. This unit bears two
fused thiophene fragments attached to BODIPY dye via ethane linkage.
Fluorescence from this terminal is relatively weak, with ¢r = 0.013 and vs = 0.25
ns in DCM, and has a maximum at 897 nm. The poor emission properties might
reflect the low radiative rate constant, krap = 5 x 107 s, associated with the near-
IR spectral profile but also there is the strong likelihood of intramolecular charge-
transfer interactions between the appended groups.!® These latter units are

attached to the chromophore to enhance its performance in organic solar cells.6.7

It should be noted that the photophysical properties recorded for the ACC unit
present in D-A are closely comparable to those found for the isolated control
compound ACC confirming that the restricted fluorescence is not a consequence
of interaction with DON part of the molecule. The same conclusion cannot be

reached for the corresponding DON terminal. Thus, fluorescence from D-A at
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around 700 nm is difficult to resolve from the baseline and corresponds to ¢r of
<10*. The excited-state lifetime for this emission is reduced to <20 ps. The two
most obvious causes of this pronounced intramolecular fluorescence quenching
are EET from DON to ACC and/or light-induced charge transfer along the

molecular axis.18
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Figure 6.3. Absorption and emission spectra of D-A recorded in DCM at RT.

Table 6.1. Summary of photophysical data for DON, ACC and D-A recorded in DCM at RT.

DON ACC D-A
Aaps/ NM 608 810 608/ 810
Aem/ NM 686 908 908
()] 0.38 0.013 0.013
o/ st 3.7 0.24 0.23
krao/ 108 s1 1.0 0.53 0.57
kne/ 108 7t 1.68 41.1 42.9
SS/cm 1870 1332 1332
f 0.913 0.57
J 0.0024
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6.2.2 Cyclic Voltammetry

In order to assess the significance of light-induced electron transfer within D-A,
cyclic voltammograms were recorded in DCM containing background electrolyte,
"BuN.PFs (0.1M). The main findings are summarized in Table 6.2 where the
assignments are made on the basis of identical studies performed with the control

compounds.

Three peaks are observed on reductive scans. The first two reduction peaks are
guasi-reversible and correspond to one-electron reduction of ACC and DON units,
respectively, with half-wave potentials of -1.00 and -1.21 V vs SCE. The third
reduction peak is irreversible and, by reference to the control compounds,
corresponds to addition of a second electron to the ACC unit.

A total of four oxidative processes can be identified, each of which corresponds to
the quasi-reversible removal of one electron from D-A. The first two peaks
correspond to the generic oxidation of ACC and DON units, respectively, with half-
wave potentials of 0.38 and 0.56 V vs SCE, as identified by comparison with the
control compounds. The remaining two oxidation steps are difficult to assign simply
by comparison with the reference compounds and further information about the
electronic nature of these chromophores was sought from molecular orbital
calculations. It is also important to recognize that the acceptor comprises multiple
discrete units that might not be in strong electronic communication. There is a
need, therefore, to better understand how the redox equivalents introduced during
the electrochemical processes are localized within the overall structure.
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Table 6.2. Electrochemistry was recorded by our collaborators in Strasbourg; Dr. Raymond Ziessel
and Dr. Alexandra Sutter. Deoxygenated DCM solution was used to determine potentials by cyclic
voltammetry. The electrolyte used was "BuN.PFs (0.1M), the solute concentration was ca. 1.5 mM, all
spectra were collected at RT. Potentials were standardized versus ferrocene (Fc) as internal

reference.1®

E%(ox, soln) (V), E%(red, soln) (V),
AE (mV) AE (mV)

+0.54 (60),

DON +0.84 (60) -1.20 (60)
+0.38 (60), ]

ACC +0.83 (60). o ((?r?))*
+1.00 (60) ' '
+0.38 (60), 11,00 (80)

D-A +0.56 (60) , -1.21 (70).
+0.84 (70) 185 (irr)
+1.00 (60) ' '

6.2.3 Computational Studies

Quantum chemical studies for DON have been described previously, together with
a few relevant compounds, and the main conclusion is that the entire molecule
functions as an extended push-pull electronic system. Charge transfer from the
N,N-dimethylanilino unit to the BODIPY nucleus serves to increase the molecular
dipole moment (p) at both ground (DFT/B3LYP/aug-cc-pVTZ: y = 3.0 D) and
excited-state (TD-DFT/CAM-B3LYP: y = 7.2 D) levels while the wavenumber for
the emission maximum decreases with increasing solvent polarity.?° The control
compound is highly sensitive to the presence of protons and the resultant

protonated species (Aass = 553 nm; ArLu = 561 nm) is strongly fluorescent (¢r =

144



1.0). Related calculations were made for the acceptor component, D-A, and
indicate that the ground-state dipole moment is 1.6 D with little change on
excitation. Interestingly, while the LUMO is essentially localized on the extended
dipyrrin nucleus, the HOMO is centred on the terminal amine. Moreover, HOMO(-
1) is associated with the thiophene spacer and it is not until we reach HOMO(-2)
that electron density is removed from the dipyrrin unit. This finding can be used to
imply that the relatively short ©s and low ¢r found for the acceptor unit arise from
intramolecular charge transfer with the appended amine.

Combining these orbital descriptions with the above-mentioned electrochemistry,
it can be concluded that the only light-induced electron-transfer event able to
compete with excited-state deactivation involves charge transfer from the excited-
singlet state of DON to ACC. For this process, the thermodynamic driving force
(AGc) is estimated!® to be ca. 0.5 eV. Our conclusion, therefore, is that
intramolecular electron transfer might compete rather ineffectively with EET from
DON to ACC for the target compound in a polar solvent. In non-polar media, we
might anticipate a severe reduction in the rate of charge transfer but no real effect

on the efficacy of intramolecular EET.
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Figure 6.4. Kohn-Sham representations at iso-density of 0.02 for LUMO(1), LUMO, HOMO and

HOMO(-1).
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6.2.4 Photochemical Degradation

Photochemical bleaching was monitored in anaerobic DCM, Figure 6.5. Output
from the lamp was filtered so to remove light A < 340 nm but otherwise covering
the entire visible region. It was directed to the front surface of the sample cell
without focussing, the distance between the lamp and the sample cell was 30 cm.
I's important to emphasize that both chromophores absorb incident light under
these conditions. Integration of the individual spectral profiles and comparison with
output from the lamp allows us to conclude that 32% of incident photons are
collected by DON, with the remaining 68% being harvested by ACC, Figure 6.6.

0.4 -

Intensity

Figure 6.5. Absorption spectra recorded during the irradiation of D-A in DCM solution with white light.

Individual spectra were recorded at regular time intervals, every 30 minutes.

In qualitative terms, exposure of the sample dissolved at the micromolar level in
deoxygenated DCM to white light leads to slow but progressive bleaching of both
DON (Awax = 612 nm) and ACC (Awax = 815, 525 and 440 nm) chromophores.
Concomitant with bleaching of the primary chromophores, the spectral changes
are consistent with the gradual appearance of new absorption bands at 715 and
560 nm. In turn, these intermediary products degrade under further illumination and
the final product mixture possesses absorption bands in the near-UV region (Avax
=512 and 450 nm).
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The sharp absorption band centred at 560 nm is highly reminiscent of the
protonated form of DON, which was studied earlier as a pH probe. Furthermore,
the broad absorption profile centred at 715 nm is associated with the ACC unit
since the same species arises from direct photolysis of D-A in deoxygenated
DCM.2! Interestingly, both intermediary products fluoresce such that the ability to
sensitize a solar cell is not lost during the initial bleaching process. Additionally, it
was noted that efficient EET occurs from the protonated form of DON to the product
absorbing at 715 nm. The final, near-UV absorbing species, which does not bleach
significantly under our conditions, also retains the ability to sensitize a solar cell.
The photochemistry is irreversible, although the overall bleaching efficiency is

extremely low.
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Figure 6.6. Absorption spectra recorded for DON, ACC and D-A in DCM, the red curve is the

normalized lamp profile.

The rates of the initial photo-bleaching step, whereby both DON and ACC units
degrade, are very similar, if not identical, for each chromophore despite the
unequal photon intake. This behaviour is not to be expected since the excited-state
lifetime of the DON is extremely short because of intramolecular EET to the
proximal ACC component. The excited-state of the latter is relatively long lived and

should bleach at a much faster rate than found for the donor unit. Bleaching of
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ACC is most conveniently followed at 820 nm while that for DON can be monitored
at 610 nm. For each chromophore, the decrease in absorbance follows a non-linear
pattern with respect to illumination time, even at the earliest stages, and the rate
of bleaching appears to increase with illumination time. This behaviour indicates
some kind of autocatalytic process? that enhances the rate of photo-bleaching.
Leaving the sample overnight in the dark, intended to mimic outdoor conditions,
has no effect on the reaction. Further illumination simply continues the bleaching
step, for which there are at least 5 isosbestic points across the spectral window for

the first stage in the overall bleaching chemistry.

A reaction is deemed to be autocatalytic??4 when a product-concentration vs time
profile is “S-shaped” or when a reaction-rate vs time plot is “bell-shaped” with both
an acceleration stage and a decay period. At least two mechanisms must operate,
one being responsible for the initial bleaching step and the other making use of a
primary product to enhance further bleaching. On the acceptance of pseudo-first
order conditions being met, this being confirmed by a small concentration
dependence study, the overall reaction rate can be expressed in the form of
Equation 6.1; where ko is a rate constant for the initial reaction and ki is the
corresponding rate constant for the catalysed reaction.?®> Here, the term A refers to
absorbance and the subscripts represent the individual reading, i.e. Ao is the first
absorbance reading, A1 is the second reading, etc. Iterative, least-squares fitting
of the photolysis data allows calculation of these two rate constants, as determined
by global fitting of the early photolysis stage carried out across a wide wavelength

region.2®

41~ 43 (ko + Ky [1o]) — Ky [1] Equation 6.1
= - uation o.
Atsi(eo — e)[1], -0 rbol il a
A, — A 1
ky = (4, ) Equation 6.2

At (0 — €)[1]o

The absorption bands associated with the primary products, as seen at 715 and
560 nm, appear at closely comparable rates, indicating that they share a common

reaction pathway, before slowly bleaching under continuous illumination, Figure
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6.7. The rates of secondary photo-bleaching differ for the two absorption bands.
Thus, these two species undergo disparate reaction pathways leading to their slow
degradation. Notably, disappearance of the protonated form of DON, i.e. DON-H,
is essentially linear with photolysis time, Equation 6.2 where € refers to the molar
absorption coefficient at that wavelength, but loss of the breakdown product from
ACC, monitored at 690-750 nm, which is abbreviated as ACC’, involves a short
inhibition period before bleaching sets in. For a typical substrate concentration of 2
UM, the rate of bleaching of DON-H* is about 12 nmol dm min-! while the same
analysis shows the decomposition of ACC’ to occur more slowly with a typical rate

of ca. 5 nmol dm=3 min.
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Figure 6.7. Example of a fitting the experimental data to Equation 6.1 a degradation of the
intermediary products DON-H" at 563 nm and ACC’ at 710 nm.
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Table 6.3. Summary of rate constants associated with the stepwise photo-bleaching of the target array

in deoxygenated DCM solution.

Process Direction k / mint A/nm ®
ko = 0.0019
DON - DON-H* bleaching ki =0.0039 605-615
ko = 0.0017
ACC > ACC’ bleaching ki =0.0038 790-830
ko = 0.0016
ACC = ACC’ formation ki1 =0.0038 710-725
DON-H+ = DON-H’ bleaching k2 = 0.0058 555-565
ACC’ > ACC” bleaching ks =0.0023 690-750
ACC’ = ACC” formation -ks =0.0022 425-490

Using the control compound DON, after protonation with HCI in DCM solution, it
was found that illumination with visible light caused relatively fast bleaching that
resulted in a colourless product. In contrast, illumination of ACC’ leads to a further
product that absorbs in the near-UV region. This latter product, ACC”, is extremely
robust and degrades very slowly under continuous illumination. The rate of
formation of ACC” agrees remarkably well with the rate of bleaching of ACC’. The
overall reaction scheme leading to degradation of DON under visible light excitation

is summarized concisely by way of Figure 6.8.
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ko=0.0017 mint
ki1 =0.0038 min-t
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Figure 6.8. Pictorial representation of processes leading to photo-conversion of the D-A in DCM

solution when exposed to simulated light.

Our understanding of the photo-bleaching of the artificial photon harvester DON in
DCM can now be summarised as follows: the compound absorbs over a wide
spectral range covering the entire visible zone and stretching into the far-red
region. Integration of the absorption profile indicates that approximately 68% of
absorbed photons are directed to the ACC-based acceptor, which shows modest
fluorescence centred at around 900 nm. Under visible light illumination, ACC
undergoes slow bleaching to form the primary product ACC’ that shows prominent
absorption at around 715 nm. During this bleaching process, at least one proton is
released into the system and becomes attached to the DON terminal, forming
DON-H"*. This protonation step is fast such that bleaching of the ACC and DON
chromophores occurs at the same rate. As reaction proceeds, one of the resultant
products catalyses bleaching of ACC so that the rate increases with time of
photolysis. Ultimately, the system reaches the state where ACC’ and DON-H* co-
exist. Further illumination leads to irreversible bleaching of DON-H* to form a

transparent product and this unit is lost from the system. In contrast, further
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bleaching of ACC’ occurs to form the near-UV absorbing species ACC”. This latter

product does not bleach under our conditions.

The origin of the proton that attaches itself to DON can be traced to breakdown of
the DCM solvent?’ since DON-H* does not form when the photochemistry is carried
out in either tetrahydrofuran, THF, or poly(methylmethacrylate), PMMA. In aprotic
THF, illumination causes slow degradation of ACC exactly as described above but
there is little loss of DON during the early stages of reaction. Instead, this latter
chromophore remains intact and able to transfer excitation energy to ACC’.
Continued illumination, however, leads to very slow degradation of DON to form a
primary product absorbing at around 500 nm. This latter species possesses an
absorption spectral profile consistent with a BODIPY derivative lacking the styryl
residue,?® it undergoes extremely slow photo-bleaching, a fact confirmed by
separate irradiation of BODIPY in deoxygenated THF solution. lllumination of D-A
in PMMA, carried out by our collaborators in Strasbourg, follows the same pattern
as seen in THF solution but the course of reaction is too slow to monitor meaningful

kinetic parameters, even for thin, i.e. 10 ym, films.?°

6.3 Conclusions

The use of artificial light-harvesting arrays to sensitize solar cells is at a very early
stage of development and it is not yet clear if such devices offer a genuine benefit
compared to direct excitation of the semiconductor. Nonetheless, it is an interesting
concept that merits proper exploration. One obvious problem relates to the stability
of the array under continuous exposure to sunlight and, as such, it is necessary to
identify and utilize pigments with exceptional levels of photo-stability. Our approach
to this problem has been to introduce a self-protective mechanism whereby
photochemical degradation leads to a product that also functions as a useful
sensitizer. In this way, the operating timescale is lengthened considerably but there
is a certain inevitability that the fraction of solar light harvested by the array
decreases at each step. This situation is nicely exemplified by considering the
breakdown of D-A in aprotic media.
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A second lesson learned from this study is the need to select an appropriate
medium for the dye; in the case of D-A this translates to the avoidance of protic
media. This requires systematic engineering of the system to eliminate problems
imposed by the environment. Notably, the presence of molecular oxygen has little
effect on the course of reaction and cannot be completely eliminated without

encasing the array in a protective cover.

The approach used here does not permit identification of the breakdown products;
using NMR spectroscopy to monitor the fate of a closely related array showed the
process to be highly complicated but confirmed that the BODIPY unit absorbing at
lowest energy was the first species to photo-bleach. Indeed it is not necessary to
identify the products but there is a need to either repair the damaged sites or
improve the overall photochemical stability for the long-wavelength absorbing
species. The array described here shows a somewhat comparable turnover
number to that of chlorophyll in the natural photosynthetic process but we have no
provision for either self-repair or photochemical regulation, features inherent to the

natural process.

154



6.4 References

(2) Kumar, N.; Bhalla, V.; Kumar, M. Analyst 2014, 139, 543.

(2) Zhu, H.; Fan, J.; Li, M.; Cao, J.; Wang, J.; Peng, X. Chem. Eur. J.
2014, 20, 4691.

(3) Chen, Y.; Zhao, J.; Guo, H.; Xie, L. J. Org. Chem. 2012, 77, 2192.

4) Feron, K.; Belcher, W.; Fell, C.; Dastoor, P. Int. J. Mol. Sci. 2012, 13,
17019.

(5) Gratzel, M. J. Photochem. Photobiol. C 2003, 4, 145.

(6) Yonezawa, Y.; Okai, M.; Ishino, M.; Hada, H. Bull. Chem. Soc. Jpn.
1983, 56, 2873.

(7) Andrews, D. L.; Rodriguez, J. J. Chem. Phys. 2007, 127, 0845009.

(8) Descalzo, A. B.; Xu, H. J.; Shen, Z.; Rurack, K. In Fluorescence
Methods and Applications: Spectroscopy, Imaging, and Probes; Wolfbeis, O. S.,
Ed.; Blackwell Publishing: Oxford, 2008; Vol. 1130, p 164.

(9) Fabian, J.; Nakazumi, H.; Matsuoka, M. Chem. Rev. 1992, 92, 1197.
(10) Qian, G.; Wang, Z. Y. Chem Asian J. 2010, 5, 1006.

(11) Li, F.; Yang, S. I.; Ciringh, Y.; Seth, J.; Martin, C. H.; Singh, D. L.;
Kim, D.; Birge, R. R.; Bocian, D. F.; Holten, D.; Lindsey, J. S. J. Am. Chem. Soc.
1998, 120, 10001.

(12) Ziessel, R.; Ulrich, G.; Haefele, A.; Harriman, A. J. Am. Chem. Soc.
2013, 135, 11330.

(13) Boens, N.; Leen, V.; Dehaen, W. Chem. Soc. Rev. 2012, 41, 1130.

(14) Nano, A.; Retailleau, P.; Hagon, J. P.; Harriman, A.; Ziessel, R. Phys.
Chem. Chem. Phys. 2014, 16, 10187.

(15) Bolton, J. R.; Archer, M. D. J. Phys. Chem. 1991, 95, 8453.

(16) Wood, C. J.; Summers, G. H.; Gibson, E. A. Chem. Commun. 2015,
51, 3915.

155



(17) Summers, G. H.; Lefebvre, J.-F.; Black, F. A.; Stephen Davies, E.;
Gibson, E. A.; Pullerits, T.; Wood, C. J.; Zidek, K. Phys. Chem. Chem. Phys. 2016,
18, 1059.

(18) Benniston, A. C.; Clift, S.; Hagon, J.; Lemmetyinen, H.; Tkachenko,
N. V.; Clegg, W.; Harrington, R. W. Chemphyschem 2012, 13, 3672.

(19) Archer, M. D. J. Appl. Electrochem. 1975, 5, 17.

(20) Rurack, K.; Kollmannsberger, M.; Daub, J. Angew. Chem. Int. Ed.
2001, 40, 385.

(21) Harriman, A.; Stachelek, P.; Sutter, A.; Ziessel, R. Phys. Chem.
Chem. Phys. 2015, 17, 26175.

(22) Mata-Perez, F.; Perez-Benito, J. F. J. Chem. Educ. 1987, 64, 925.
(23) Pota, G.; Bazsa, G. J. Chem. Soc., Faraday Trans. 1 1988, 84, 215.

(24) Hindson, C. M.; Smith, Z. M.; Barnett, N. W.; Hanson, G. R.; Lim, K.
F.; Francis, P. S. J. Phys. Chem. A 2013, 117, 3918.

(25) Perez-Benito, J. F. J. Phys. Chem. C 2009, 113, 15982.
(26) Mata-Perez, F.; Perez-Benito, J. F. Can. J. Chem. 1987, 65, 2373.

(27) Burrows, H. D.; Kemp, T. J.; Welbourn, M. J. J. Chem. Soc., Perkin
Trans. 2 1973, 969.

(28) Ulrich, G.; Ziessel, R.; Harriman, A. Angew. Chem. Int. Ed. Engl.
2008, 47, 1184.

(29) Wennmalm, S.; Rigler, R. J. Phys. Chem. B 1999, 103, 2516.

156



Chapter 7. Conformational Exchange In
Closely-Spaced Dyads and the Effect on
Electronic Energy Transfer

7.1 Introduction

Electronic energy transfer (EET) is a crucial process in numerous natural
processes (for example, in green-plant and bacterial photosynthesis, DNA repair
enzymes and in photo-protection) and is used extensively to direct photonic energy
to a site (i.e., an energy funnel) where some type of multi-electron catalysis can
take place.l? In addition, many artificial opto-electronic devices depend critically
on EET events.® Indeed, it can be argued that only by fully understanding these
EET processes will it be possible to optimize the device to the point where
commercial exploitation can occur. This is certainly the case with organic light-
emitting diodes.*® The ETT process can take place without molecular contact and
over exceptionally large distances. The rate of EET can be formulated within the
“golden rule framework” and has been thoroughly studied by many researchers
over many decades.®’ Currently, the key questions in the EET arena are being
addressed to: (i) cases where the donor and acceptor are held at unusually short
separations and in motion, (ii) biological systems where crystal structures exist,
and (iii) practical devices for energy transduction.?® It can be studied conveniently
by way of fluorescence spectroscopy. Using several disparate molecular systems
designed with our collaborators in Strasbourg, we have set out to explore how EET
proceeds in molecular dyads built from large conjugated subunits and where the
reactants can approach each other by way of diffusive motion. The main building
blocks for these intricate molecules are BODIPY dyes, chosen because of their

exceptional versatility and well-characterized emission.
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Molecular dyads have been specifically designed to bring the BODIPY terminals
into quite close contact by virtue of attaching two similar dyes to a single scaffold
(either 1,10-phenathroline or 1,2-diaminocyclohexane). The connecting group is
an amide; the amide bond plays a special role in biochemistry whereby it provides
the key structural features needed to assemble helical peptides and folded
proteins.’® The dyes are in constant motion, sampling many different
conformations, and display levels of fluorescence quenching characteristic of the
molecular geometry. Our work attempts to relate the experimentally determined
photophysical properties with the molecular shape, allowing for internal twisting
within the solution. In the 1,10-phenanthroline-bridged dyads, the nature of the
surrounding solvent plays a key role in establishing the emissive properties but in
the other dyad it is the internal flexibility that controls the rate of intramolecular
EET. In the case of 1,2-diaminocyclohexane-bridged dyads we observe

unexpectedly high rates of EET, possibly pointing towards a through-space event.

DAC1
(CIS or EQUATORIAL/EQUATORIAL)

DAC2
(TRANS or AXIAL/AXIAL)

Figure 7.1. Molecular formulae of the 1,2-diaminocyclohexane bridged bichromophores and

corresponding control compounds.
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PHEN1R=H
PHEN2 R = Et

Figure 7.2. Molecular formulae of the 1,10-phenathroline bridged bichromophores.

Herein, the 1.10-phenanthroline-bridged systems are used as models for dynamic
bichromophores in fluid solution; the motion and effect of solvent are discussed in
order to gain a deeper understanding of unconstrained motion in a fluid medium. It
will be noticed (Figure 7.2) that the BODIPY-based terminals are identical.
Attention here lies with the amide connections. In contrast, the 1,2-
diaminocyclohexane-bridged dyads are subject to the same kind of dynamics in
the solution but we have the added complication of a dynamic bridge. Our interest
here is the effect of the conformational exchange on the rate of intramolecular EET.
For the former series of the dyads, the only significant difference relates to the type
of amide connection. This is varied from secondary to tertiary but all other features
remain identical. For the latter series, the difference relates to the connection points
since the scaffold permits isolation of axial and equatorial connections that do not

interchange in solution.
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7.2 Results and Discussion

7.2.1 Spectroscopic Data
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Figure 7.3. The panel on the left shows absorption and emission spectra recorded for PHEN2
whereas the panel on the right represents PHEN1 in spectrophotometric grade dichloromethane at

room temperature.

The initial spectroscopic data were collected in spectrophotometric grade solvents
at room temperature in the presence of molecular oxygen. All compounds appear

to be stable under such conditions.

Figure 7.3 illustrates the absorption and emission spectra recorded for PHEN1 and
PHEN2; we observe quite good mirror symmetry and relatively narrow optical
transitions for both systems under these conditions. The two samples exhibit a

certain degree of sensitivity to the solvent type and polarity, which was unexpected.

In MTHF solution, the quantum yields and excited-state lifetimes recorded for
PHEN2 (bpLy= 75%, ts= 5.5 ns) and PHEN1 (¢py= 73%, ts= 5.4 ns) are
comparable to those found for the relevant BODIPY reference (¢pLy= 80%, ts=5.9
ns) compound, although fluorescence is decreased slightly, especially for PHENL1,
Table 7.1. For the two bichromophores in MTHF, excitation and absorption spectra
are in close agreement and time-resolved decay curves remain mono-exponential
over at least three half-lives. The presence of molecular oxygen does not affect the
derived properties while changes in solvent polarity have only minimal effect on the

absorption and emission spectral profiles.
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Table 7.1. Photophysical properties determined for PHEN1 and PHENZ2 and for the reference BODIPY
dye in spectrophotometric grade MTHF at RT. SS is the Stokes’ shift whereas ksg is the calculated
radiative rate constant using the Strickler-Berg expression.

Awax / ArLu/ Ts / SS/ kgp /108
nm nm PrLy ns cml st
BODrer 523 536 0.80 5.9 465 1.38
PHEN1 522 540 0.73 5.4 640 1.40
PHEN2 524 538 0.75 55 500 1.40

7.2.2 Photophysical Properties of 1,10-Phenanthroline Bridged
Bichromophores in a Range of Solvents

Table 7.2 and Table 7.3 illustrate how the photophysical parameters vary with the
solvent dielectric constant (gs) for the two phenanthroline-bridged bichromophores.
In the case of PHENZ, the variation in ¢gy IS small across the range of solvents,
despite €5 changing from 2 to 47, and there is no noticeable influence of hydrogen-
bond donor solvents. On close scrutiny, it seems that there is a gradual decrease
in dpLy With increasing solvent polarity but the effect is shallow and certain solvents
do not follow the generic pattern, Figure 7.4. The excited-state lifetime measured
in the same series of solvents decreases with increasing solvent polarity in much
the same manner as found for the quantum yield. However, in polar solvents (g¢>
10) the quality of the statistical fit to a mono-exponential decay falls below the
satisfactory level. This fit can be judged best in terms of the randomness of the
weighted residuals, but is also evident in an increased chi-squared parameter (x?).
Inclusion of a short-lived (i.e., <1 ns) or long-lived (i.e., >10 ns) component did not
improve the quality of the fit. However, analysis of the decay curves as dual-
exponential fits with lifetimes in the range of 5-7 ns and 1-3 ns gave superior (i.e.,
more random) residuals and y? parameters closer to unity. Although the two
lifetimes are too close for unique solutions to be extracted from these fits, the dual-
exponential behaviour appears to better represent the situation in polar solution.

Even so, certain hydrogen-bond acceptor solvents, specifically N,N-
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diethylformamide (DEF), N,N-diethylacetamide (DEA) and dimethylsulfoxide

(DMSO), appear to behave anomalously.

0.9
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0.7 ®

FLU
L 2
L

0.3

Figure 7.4. Relationship between the dielectric constant (¢5) and emission quantum yield (¢rLu) for
PHENZ2. Markers in green correspond to N,N-diethylformamide (g5 = 29), N,N-diethyl-acetamide (5=
38.3) and dimethylsulfoxide (g5 = 46.7).

An increased level of solvent sensitivity is displayed by PHEN1 across the same
series of solvents, Table 7.3. In general, increasing ¢s leads to a decrease in ¢y,
although the overall behaviour is non-linear and again there are a few anomalous
solvents. These latter solvents are identified as being acetone (es = 21.4), DEF (es
= 29), DEA (es = 38.3) and DMSO (es = 46.7) and are hydrogen-bond acceptors.
As such, these solvents might be expected to form a hydrogen bond with the amide
proton and thereby perturb the molecular conformation. Otherwise, protic and
aprotic solvents follow a common trend and there is no indication that solvent
attachment to the aza-N atoms is important in the fluorescence quenching process.
In mixtures of THF (es = 7.6) and acetonitrile (es = 37.5), ¢py decreases
progressively with increasing mole fraction of acetonitrile while that for the control

compound shows no such effect.
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Table 7.2. Effect of solvent dielectric constant on the photophysical properties derived for PHEN2 at
RT. x? is the reduced chi-squared parameter associated with the single-exponential fit, DEF = N,N-
Diethylformamide, DEA = N,N-Diethylacetamide, and DMSO = Dimethylsulfoxide.

Solvent &€s drLu vs/ns @ fgégfl x: @
Toluene 2.43 0.78 5.74 1.36 0.95
Dibutyl ether 3.18 0.83 6.85 1.21 0.92
Diethyl ether 4.33 0.86 6.35 1.35 1.05
CHClIs 4.89 0.85 6.45 1.32 1.07
Ethyl acetate 6.02 0.82 6.60 1.24 1.06
MTHF 7.47 0.79 6.60 1.20 0.99
THF 7.58 0.75 5.85 1.28 0.96
DCM 9.02 0.78 6.17 1.26 1.12
Heptyl cyanide 13.0 0.68 6.10 1.12 1.30
Valeronitrile 20.0 0.58 6.00 0.97 1.43
Acetone 21.4 0.67 6.00 1.12 1.12
Ethanol 24.3 0.48 5.60 0.86 1.39
Butyronitrile 24.6 0.55 5.90 0.93 1.52
Nitropropane 27.3 0.46 5.55 0.83 1.87
Propionitrile 28.9 0.44 5.60 0.79 151
DEF 29.0 0.66 6.05 1.09 1.09
Chloroacetonitrile 30.0 0.51 4.85 1.05 1.73
Methanol 33.6 0.43 4.15 1.04 1.87
Acetonitrile 37.5 0.35 3.35 1.05 2.20
DEA 38.3 0.66 5.65 1.17 1.32
DMSO 46.7 0.64 5.74 1.11 1.28

(a) The quality of the fit is improved in polar solvent by replacing the single-exponential fit with a

dual-exponential model but, for the discussion here, the single-exponential behaviour suffices.
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Table 7.3. Effect of solvent dielectric constant on the photophysical properties determined for PHEN1
at RT. y? is the reduced chi-squared parameter associated with the single-exponential fit, DEF = N,N-
Diethylformamide, DEA = N,N-Diethylacetamide, and DMSO = Dimethylsulfoxide.

Krap /
Solvent £€s drLu vs / nsl@ 108 st X2 @
Toluene 2.43 0.60 4.19 1.43 1.02
Dibutyl ether 3.18 0.65 4.50 1.44 0.96
Diethyl ether 4.33 0.71 5.15 1.38 0.97
CHCls 4.89 0.73 5.52 1.32 1.10
Ethyl acetate 6.02 0.74 5.23 1.41 1.08
MTHF 7.47 0.73 4.88 1.50 1.18
THF 7.58 0.73 5.36 1.36 1.14
DCM 9.02 0.63 5.40 1.17 1.38
Heptyl cyanide 13.0 0.66 5.20 1.27 1.53
Valeronitrile 20.0 0.56 5.14 1.10 1.82
Acetone 21.4 0.50 5.18 0.97 1.48
Ethanol 24.3 0.46 4.60 1.00 1.94
Butyronitrile 24.6 0.44 4.55 0.97 2.11
Nitropropane 27.3 0.39 3.57 1.11 1.82
Propionitrile 28.9 0.23 1.96 1.12 2.35
DEF 29.0 0.48 4.85 1.00 1.60
Chloroacetonitrile 30.0 0.21 191 1.10 2.28
Methanol 33.6 0.19 1.00 1.90 2.35
Acetonitrile 37.5 0.07 0.74 0.95 3.10
DEA 38.3 0.42 3.92 1.07 2.23
DMSO 46.7 0.12 0.90 1.33 1.93

(a) Note the quality of the fit is unsatisfactory in most polar solvents. See later.
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For PHEN1, the time-resolved emission decay profiles could be analysed with
reasonable confidence in terms of single-exponential fits. The fit was less
satisfactory in certain polar solvents, where a two-exponential fit was clearly
superior. This situation was exacerbated for PHEN1 where the single-exponential
fit was unacceptable in many polar solvents (Table 7.3). In these cases, it was
found that the quality of the fit could be much improved by adding a short-lived
component. The revised fitting parameters are provided in Table 7.4. In summary,
the fractional contribution (A1) of the shorter-lived component was seen to increase
with increasing solvent dielectric constant. Across all the polar solvents, the
shorter-lived lifetime (t1) had a mean lifetime of ca. 0.5 ns while the longer-lived
component (t2) retained a mean lifetime of ca. 3 ns (Table 7.4). The total
contribution of the shorter component increased in more polar solvents but the
mean lifetime did not correlate with es. We are led to the conclusion that the
reduced quantum vyield found in most polar solvents arises from increased
population of a family of bichromophores more susceptible to intramolecular
fluorescence quenching. The nature of the solvent determines the extent of this
population but there is no relationship between the level of quenching inherent to

that family and the solvent polarity.
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Table 7.4. Effect of solvent dielectric constant on the photophysical properties determined for PHEN1
at RT. y? is the reduced chi-squared parameter associated with the single-exponential fit, DMSO =

Dimethylsulfoxide. A1 is the fractional contribution of the shorter-lived component.

£s v/ NS T2/ Nns x° A1 %
DCM 9.02 1.45 53 1.72 19
Heptyl cyanide 13.0 0.77 5.6 1.39 12
Valeronitrile 20.0 0.66 4.9 1.29 14
Acetone 214 1.62 4.9 1.42 7
Ethanol 24.3 0.92 4.2 1.63 8
Butyronitrile 24.6 0.48 4.6 1.22 31
Nitropropane 27.3 0.33 4.1 1.47 16
Propionitrile 28.9 0.27 4.05 1.55 40
Chloroacetonitrile 30.0 0.36 3.7 14 38
Methanol 33.6 0.96 2.2 1.75 60
Acetonitrile 375 0.38 2.4 1.18 74
DMSO 46.7 0.7 3.6 14 88

It might be important to stress that es is not the only means for expressing solvent
polarity!! and, in fact, several alternatives are available. These include Reichardt’s
empirical ET(30) parameter,? the Kirkwood factor'® and the Catalan SPP** and
SB?Y factors. It is not the purpose of the present investigation to critically compare
these solvent descriptors but it should be emphasized that similar behaviour is
noted in all cases with regards to the polarity effect on fluorescence probability.
Likewise, there are other ways to analyse the time-resolved fluorescence decay
curves rather than rely on a sum of exponentials. We have noted that reliance on
a single-exponential component fails to explain the data in polar media and
introduces a radiative decay rate constant that is strangely sensitive to the nature
of the solvent. The main problem with a sum of exponential terms is that it does
not properly represent the situation where families of conformers abound. This is

almost certainly the case with these bichromophores.
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There are many available theories on how the choice of solvent might affect the
dynamics of solute motion; one of these argues that cis/trans photoisomerization
is dependent on the class of solvent used and its molecular weight.1® It has also
been shown that the symmetry of multi-component assemblies can play a
significant role in solvation dynamics.'” We now consider the most plausible reason

for the observed solvent dependence identified above.

7.2.3 Fluorescence Quenching of 1,10-Phenanthroline-Bridged
Bichromophores

In consideration of the fluorescence quenching mechanism, we draw attention to
the similar qualitative behaviour of the two compounds but note that fluorescence
guenching is much more pronounced for PHEN1 than for PHEN2. The two
bichromophores exhibit comparable optical spectroscopy and electrochemistry
such that the disparate quenching level displayed in any given solvent cannot be
ascribed to thermodynamic effects; electrochemical studies for these compounds

were carried out by our collaborators in Strasbourg, Table 7.5.

Table 7.5. Electrochemical data recorded by our collaborators in Strasbourg. Cyclic voltammetry was
carried out in deoxygenated DCM, containing 0.1M NBusPFs at RT Potentials quoted vs SCE.

E%x, V (AE, mV) E%q, V (AE, mV)
BODrer +0.95 (32) -1.39 (74)
PHEN1 +0.98 (82) -1.31 (62); -1.60 (78)
PHEN2 +0.99 (66) -1.31 (70)

The only chemical difference between these compounds relates to the substitution
pattern around the amide linker. This latter group is not in electronic communication
with the excited state localized on the BODIPY chromophore, suggesting that its
role in the quenching event is to perturb the molecular conformation. We can also

eliminate light-induced charge transfer between BODIPY and 1,10-phenanthroline
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as playing an important role since such processes are thermodynamically

unfavourable, unless the latter unit is protonated.

Consideration of the cyclic voltammograms and taking due allowance for the
excitation energy of the BODIPY chromophore, as derived from the intersection of
normalized absorption and fluorescence spectra, indicates that light-induced
charge transfer between the two BODIPY units is weakly exergonic in
dichloromethane solution. Indeed, the thermodynamic driving force (-AGcs) is 0.05
eV in the absence of electrostatic effects. This mechanism remains the most likely
cause of the observed emission quenching in the target bichromophores and it is
well established!® that the thermodynamics for light-induced charge transfer are
sensitive to the nature of the solvent. It might be mentioned that other molecules
containing two BODIPY-based chromophores have reported excimer emission, 1920

dimerization?! and light-induced charge transfer?? in fluid solution.

The details of computational simulations made for both PHEN1 and PHEN2 can
be found in Chem. Eur. J. 2016, DOI: 10.1002/chem.201602354, herein we will
concentrate on discussing the conclusions we can draw from these experiments.
We raise the hypothesis that the only viable mechanism able to account for the
observed solvent effect on the emission properties of the BODIPY unit in these
bichromophores is light-induced charge transfer??23 between the terminal dyes. As
such, it is instructive to enquire if changes in molecular conformation can explain

the experimental observations.

For PHENZ2, the two BODIPY units are held apart under all reasonable conditions
to such an extent that through-space charge transfer?* is unlikely to compete
effectively with the inherent radiative and non-radiative decay routes. Fluorescence
guenching is ineffectual for this compound, except in strongly polar media. Polar
solvent promotes conversion of the cis-species to the corresponding trans-
tautomer. Our modelling studies would suggest that, in strongly polar media, the
bichromophore should persist as a mixture of all-trans and cis/trans isomers. In

non-polar media we expect to observe only the all-cis species.

Combining this result with the fluorescence behaviour, we can speculate that the
trans-geometry provides a better conduit?® for through-bond charge transfer. The

long pathway so involved,?® together with the modest thermodynamic driving force,
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means emission quenching will be kept at a minimum, as is observed. It might be
emphasized that the quality of the fit for the time-resolved emission decay profiles
recorded in certain polar solvents could be improved by adding a shorter-lived
component. For example, in acetonitrile the best fit involved equal components
with lifetimes of 1.1 and 4.1 ns. Likewise, in propionitrile about 30% of the signal
decayed with a lifetime of 1.15 ns while the remainder possessed a lifetime of 4.2
ns. The fractional contribution of the shorter-lived component increased with
increased &s but there was no such correlation with the magnitude of the lifetime.
We attribute the short lifetime to the trans-species and the longer lifetime to the
corresponding cis-isomer. The mean difference between the two sets of emission
lifetimes, taken together with the lifetime of the control compound, translates to a

ratio of rate constants for charge-separation of 2-fold in favour of the trans-amide.

Figure 7.5. Snapshots of molecular conformations representing the important distributions for all-trans
(uppermost left), mixed-cis/trans (upper right and lower left), and all-cis (lower right) geometries for
PHENL1 in solution.
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There is, in fact, ample evidence to indicate that the trans-geometry provides a
better pathway for super-exchange interactions in many different types of
molecular dyads built around a spacer unit.?”?2 This is attributed to the improved
electronic coupling between the reactants and helps to explain the observations
made with PHENZ2. The computational studies suggest that the all-cis species will
predominate in non-polar solvents and also in weakly polar media. Strongly polar
solvents, however, trigger the switch to the trans-geometry and we would expect
to see increased population of the trans/cis species in the more polar solvents.
Isomerization is unlikely to be competitive with inherent deactivation of the excited-
state. Instead, illumination of the ground-state equilibrium will produce a
distribution of geometries that do not interconvert on the relevant time scale. This
situation would equate to two families of conformers, each displaying a range of
non-radiative rate constants representing the mean geometry at the moment of

excitation (Figure 7.6).

NON-POLAR

D ———————
_— ‘
POLAR

Figure 7.6. Cartoon demonstrating a solvent-driven exchange for the amide linked bichromophoric
PHEN?2 in solution.

Unexpectedly, there are major structural differences between PHEN2 and PHEN1
caused by internal steric crowding and/or electronic effects. Fluorescence
guenching is more effective for PHEN1 although the thermodynamic driving force
is the same as that for PHEN2 and there is a similar sensitivity towards solvent
polarity. Calculations made for PHEN1 predict that the trans-geometry is favoured
in all solvents, this being the opposite situation to that found for PHENZ2, but polar
solvent promotes transformation to the cis-isomer. In non-polar solvents, we would
expect to see only the all-trans species. Increasing the solvent polarity raises the

possibility for finding the trans/cis species. This is a remarkable difference between
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secondary and tertiary amide connections that was unexpected at the onset of the

investigation.

By analogy to PHENZ2, increasing the contribution of the cis-species might be
expected to extinguish through-bond charge separation. This would restore
fluorescence. However, for PHENL the cis/trans species has the two BODIPY units
close together, contact being possible in the extreme case, while rotation around
one of the carbonyl groups further reduces the edge-to-edge separation, Figure
7.5. As such, the cis-isomer can be expected to promote through-space, light-
induced charge separation?® between the two BODIPY units. This situation would
introduce a short-lived component into the decay records in polar solvents.

ACCEPTOR

—

\ " POLAR FPAIWMI -
DONOR | wansnnsanp [ACCEPTOR] [ DONOR

[ ] NON-POLAR

Figure 7.7. Cartoon to illustrate the two main families of conformers relevant for PHENL1 in solution. On
the left hand side, we have the cis-isomer that brings the reactants into quite close proximity. On the

right-hand side, we have the trans-geometry that forces the reactants to wider separation.

This work has shown that the amide linkage provides for multiple molecular
conformations that differ in terms of their propensity to promote either through-
bond or through-space charge transfer. In addition to isomerization around the
central C-N amide bond, structural complications arise from electronic interactions
between the carbonyl O atom and the aza-N atom of the 1,10-phenanthroline unit.
Indeed, the BODIPY-based arms attached to the heterocyclic linker provide a
crude cavity wherein hydrogen-bonding and steric interactions further restrict
conformational freedom to such an extent that the two target compounds appear
structurally distinct. This situation is exemplified by the realization that PHEN2
adopts the cis-geometry while PHENL1 takes up the trans-geometry. These various
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conformations influence the quantum vyield for fluorescence from the BODIPY
appendages, but quenching is kept to a minimum by limited thermodynamics. It
seems likely that these effects could be greatly amplified by appropriate choice of
the terminals. Thus, the amide linkage might offer some unusual opportunities to
switch between emissive and dark states under suitable stimulation. This situation
is made possible because the absolute energies of the various tautomers are quite
comparable while rotational barriers will impose kinetic limitations at the excited-

state level.

7.2.4 Energy Transfer in 1,2-Diaminocyclohexane-Bridged Dyads
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Figure 7.8. Absorption and emission spectra recorded for REF1 (left-hand panel) and DAC2 (right-

hand panel) in spectrophotometric grade MTHF at room temperature.

Here, we examine an interesting case of EET in two 1,2-diaminocyclohexane-
bridged molecular dyads. DAC1 and DAC2. The dyads comprise REF1 and REF2
linked by a non-conjugated spacer unit so as to provide two different orientations.
In the case of DAC1, the donor and acceptor are in one plane, spatially isolated,
whereas in the case of DAC2 the donor and acceptor are essentially parallel.
Figure 7.8 illustrates how the absorption spectrum recorded for DAC2 differs from
those measured for REF1. In Figure 7.9, we compare spectra recorded for REF1
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and REF2 with that of DACL1 recorded under identical conditions. We can observe
that the spectra match relatively well with the only significant difference being a
small bathochromic shift to the absorption maximum of the acceptor segment of
DAC1. Even here the shift amounts to only 140 cm; the same red shift is observed
for DAC2. Both donor and acceptor emission spectra are red-shifted compared to
the corresponding reference compounds, although once again the shifts are small.
Emission for the donor entity in DAC1 is red-shifted by 295 cm, whereas emission
of the acceptor entity in both bichromophores is red-shifted by 365 cm™. These
shifts are most likely caused by excluding solvent from the chromophore for the
dyads relative to the mono-chromophoric species. Both donor and acceptor can be

excited with a good level of selectivity.
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Figure 7.9. Absorption spectra recorded for the individual components of DAC1 as well as that of the
dyad itself, measured in MTHF at room temperature. REF1 is shown as a black curve, REF2 is

presented in red and finally DACL1 is given as a blue curve.

The molecular formulae for DAC1 and DAC2 are given as part of Figure 7.1,
together with those of the control compounds. The 1,2-diaminocyclohexane-based
spacer is an unusually small scaffold for use with donor-acceptor dyads and was
specifically designed to address the problem of EET across short separations. An
obvious problem with cyclohexane-derived structures is that they are subject to
fast axial-equatorial conformational exchange. We can illustrate this process by
way of Figure 7.10. Here, the dyads are believed to exist in two forms, each of
which is in fast equilibrium as two limiting species. The two forms do not

interconvert — this is the key point. To provide an easy recognition pattern, we will
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refer to the two forms as being cis or trans — this refers to the basic arrangement
of the donor (D) and acceptor (A) appended to the ring. The cis-form (DAC1) can
arrange the D and A species as axial/equitorial (a,e) or as equitorial/axial (e,a).
These two arrangements are considered to be in rapid eqiilibration at room
temperature. The trans-form (DAC2) can position the reactants as axial/axial (a,a)
or as equitorial/equitorial (e,e). Again, these species are in fast equilibration but
there is no interconversion between cis and trans. Thus, we have two sets of pairs

of conformers.

very fast
H @ —
—
H
H H
CIS (A/E) CIS (A/E)
-
very fast H
H @ —
—
H
H
TRANS (A/A) TRANS (E/E)

Figure 7.10. Representation of two rapidly interconverting cyclohexane chair conformations. The
energy donor is represented by the red oval, whereas the energy acceptor is represented by the green

oval. A stands for axial, while E refers to equatorial.

The compounds were synthesized by our collaborators in Strasbourg. We carried
out detailed 700 MHz NMR spectroscopy here in Newcastle, courtsey of Dr.
Corrine Wills, to aid interpretation. The NMR spectra are provided here (Figure
7.11) but their interpretation is well outside our ability. We accept the conclusions
drawn by the experts and resort to the structures, and their labelling, inherent to
Figure 7.10.
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Figure 7.11. An example of 700 MHz, *H NMR spectrum collected for a control bichromophore studied.
The spectrum was recorded by Dr. Corrine Wills. AS611F2 refers to the trans-geometry (equivalent to
DAC?2), whereas AS612F2 refers to the cis-geometry (equivalent to DACL1).

The new molecular dyads comprise two disparate BODIPY dyes that differ in terms
of their respective conjugation lengths. The donor function is a conventional
BODIPY dye that absorbs and emits in the blue region. The acceptor function is an
expanded BODIPY-based dye that absorbs and emits in the red region. The
compounds, both dyads and control compounds, dissolve easily in MTHF and were
studied in this solvent. As a starting point, we measured the fluorescence quantum
yields and excited-state lifetimes for the acceptor component and compared the
derived values to those found for REF2 under the same conditions. The various
values are similar but there might be a small degree of quenching of the acceptor
Si state in the dyads. This is the same situation as found with the multi-component
array used for photobleaching studies where light-induced electron transfer was
invoked to explain the small decrease in fluorescence from the terminal acceptor.

The same behaviour might be involved here. Even so, the radiative rate constants
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remain in quite good agreement with those calculated from the Strickler-Berg
expression (Table 7.6).2° There is no obvious sensitivity towards solvent polarity or

the presence of dissolved oxygen.3!

Table 7.6. Photophysical properties recorded for the 1,2-diaminocyclohexane-linked dyads, measured
in spectrophotometric grade MTHF at room temperature. N.B. kgg refers to the radiative rate constant

calculated from the Strickler-Berg expression.

kpap! s? kyg!/ st kgpl st

Aags Agy Prry ¢/ Ns x 108 x 108 x 108
REF1 499 516 0.61 3.9 1.56 1 1.89
REF2 598 653 0.76 4.1 1.85 0.59 2.3
DAC1 499/ 603 524/ 669 0.003/0.2 3.5 0.57 2.29 N/A
DAC2 499/ 602 516/ 664  0.008/0.2 3.6 0.55 2.22 N/A

In contrast, it proved difficult to resolve fluorescence from the donor component
from the baseline and the apparent quantum yield for emission in the blue region
is less than 0.1% for each of the two dyads. This can be compared with a value of
61% found for REF1 under the same conditions (Figure 7.6). Also, excitation
spectra were found to agree remarkably well with absorption spectra recorded
across the entire visible spectral window. These findings are consistent with highly
efficient EET along the molecular axis (Figure 7.12). It might be stressed that, at
the very low concentrations used for this work, there is no likelihood for

intermolecular EET.

The various parameters associated with EET were determined from spectroscopic
measurements made in MTHF at ambient temperature. These include the spectral
overlap integral, the mutual orientation factor and the Coulombic electronic
exchange matrix element. These terms are collected in Table 7.7 and were used
to compute the likely rate constants for dipole-dipole EET across the two dyads.
The derived rates are extremely fast, no doubt aided by the very short separation
distances. Molecular models were used to generate the required structural data.
The high EET probabilities are in line with those estimated from the excitation
spectra and from the residual donor emission. They should be regarded as rather

crude estimates, however, because of shortcomings in the structural data.3233
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1,2-DIAMINOCYCLOHEXANE BRIDGE

ACCEPTOR

EET

Figure 7.12. Pictorial representation of the proposed electronic energy transfer (EET) in one of the

diaminocyclohexane-bridged dyads. The arrow represents through-space EET.

Our studies using steady-state spectroscopy were followed by time-resolved
emission spectroscopy in an attempt to determine the rate of EET in these dyads.
Unfortunately, the excited state lifetimes for the donor components were too short
(ts <60 ps) for us to resolve by single-photon counting methodology. To improve
this situation, ultrafast energy transfer measurements were carried out by our
collaborators at St. Andrews University where it proved possible to resolve the
excited-state dynamics for the donor. An excitation wavelength of 515 nm was
used for this work. This is not ideal because some 40% of the excitation energy is
directed straight into the acceptor unit. None-the-less, for DACL1 it was possible
with their vastly improved temporal resolution to fit the experimental data to two
rise-time constants of 250 fs and 970 fs. Similar values were found for the decay
of the donor fluorescence. These rate constants represent the time taken for EET
from the donor to the acceptor BODIPY and appear to suggest that two distinct
conformations are present in solution. Both conformers undergo very fast EET.

Under the same conditions, only a single lifetime of 320 fs was recorded for DAC2,
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suggesting the presence of one dominant conformer, Figure 7.13. Again, the rate

of EET is extremely fast and consistent with our measurements

Table 7.7. Energy transfer data collected for the dyads in MTHF solution.

Peer Jpa K? Vpa/ cm? Rpal A 1012
DAC1 99.20% 0.00413 2.88 27.9 11.14 4.18
DAC2 99.80% 0.00344 1.53 21.3 13.09 1.18

The rates of EET measured for these two dyads are not too far removed with those
calculated from the spectroscopic data according to the ideal dipole approximation.
We are aware that there are doubts about the validity of this theory at very short
separations and we hope that our work will help in this evaluation. The bridge is
unlikely to favour through-bond EET and so we consider that the major mechanism
for the EET event involves a through-space interactive process. To gain further
insight into the possible geometries available to these dyads, a series of molecular
dynamics simulations were run. For DAC2, the calculations indicate two families
of conformations where the reactants are held at short separations. The two
families do not exchange on short time scales but there is exchange on much
longer time scales. Since the reactants are close together, EET is expected to be
rapid. For DAC1, there are also two families of conformations (Figure 7.14) but
here one group has a rather extended geometry. We can suppose that the rate of
EET will depend upon the separation distance and, if this is so, the observed
lifetimes can be assigned to the EET within each family of conformers. Again, the
molecular dynamics indicate diffusive motion around a mean geometry but no

exchange on short time scales.
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Figure 7.13. Ultrafast PL from DAC2, the rise of the PL can be fitted with a time constant of 320 fs. A
decay is fitted to ~ 15 ps, with a further long-lived offset. The dotted line is the instrument response
function. Measurements and analysis were carried out by Dr. Gordon Hedley at St. Andrew’s

University.

It has been shown that the nature of the bridging group has great significance for
the rates of EET in many molecular systems.>3436 Such bridges are typically based
on fluorene, diphenyl acetylene and p-phenylene vinylene.3337-3° In such cases,
through-bond EET is a strong possibility but this is not the case for the dyads
investigated here. Specifically, in the case of DAC1 we hypothesise that the rate
of EET is set by the average geometry of the molecule at the moment of excitation.
In fact, EET is so fast that there is no time for the geometry to change significantly
and no time for exchange to occur. As a result, we find two lifetimes. The same
situation is likely to hold for DAC2 but the geometries of the two groups of
confomers are comparable and so similar rates of EET are to be expected. We can
improve on this situation by using the molecular dynamics to compute average
rates of EET within each family, as has been done by DL Andrews for various types
of fluctuating structures, and a collaboration has been started with Dr. TJ Penfold

of Newcastle University to explore this possibility. For the moment, we consider
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that the various rates of fast EET in these dyads can be explained crudely in terms
of the respective molecular geometries*® (Figure 7.14). Although we have focussed
on the continously innterconverting steps between the two chair conformations, it
might be recalled that additional flexibility is provided by the amide bond. This adds
to the complexity of the system.

Figure 7.14. Snapshots of molecular conformations representing the important distributions for trans
((a) and (b)) for DAC2, and cis ((c) and (d)) geometries for DAC1.
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7.3 Conclusions

Molecules are in motion when dissolved in a fluid solution at ambient temperature.
The largescale rotations can be monitored by fluorescence anisotropy or by FRAP
(i.e., fluorescence recovery and photolysis).*! It is well known from polymer
physics, that flexible molecules undergo structural changes that reduce the end-
to-end distances and, in many cases, minimize contact with the solvent. In fact,
there are many interesting examples of the solvatophobic effect in respect to
massive changes in molecular topology. With small semi-flexible molecules it is
also reasonable to expect important rotations that have a serious effect on the
overall geometry but these can be obscured or hidden from view. In this chapter,
we have examined two such examples; the first case relates to a solvent-induced
molecular change that involves an unexpected isomerization of an amide linkage.
The second example relies on inversion of a cyclohexane ring to modulate the
mean geometry of molecular dyad. Unlike many spectroscopic tools, such as NMR
spectroscopy, fluorescence can be used to study molecular topologies on
timescales faster than the internal rotation. As such, information might be gathered

on the individual conformational families.

The first system studied proved very challenging in as much as the differences
between secondary and tertiary amides was completely unexpected. The two
dyads studied adopted opposite structures with respect to the geometry of the
amide linkage in non-polar solvents. Both compounds altered structure in polar
solvents but again the opposite isomers were found. This finding testifies to the
fantastic opportunities to assemble complex molecular architectures that are
provided by an amide linkage. Such connection points are very common in biology
but are not so popular in artificial systems. Our work has shown that the geometry
of the supermolecule cannot be predicted in advance. We believe that the structure
taken up by the assembled entity is set by the entire molecule and not by particular
sections. This is because the energies of the various conformers are comparable

and subject to varying solvent and/or temperature effects.
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The second system investigated was more predictable in terms of the adopted
geometry. We were anticipating dynamic exchange interactions but it was
impossible to predict the outcome of the EET studies. In fact, EET is one of the few
experimental techniques that might be applied to such systems. We were able to
resolve two families of conformers in one case but not in the other. This particular
study was intended to challenge the idea that the ideal dipole approximation could
be applied to molecular dyads where the reactants are in very close proximity. In
our case, the separation distance is comparable to the sum of the transition dipole
moment vectors. There have been very few attempts to measure rates of EET
under such conditions. A final conclusion on this work awaits the results of a

detailed molecular dynamics simulation study.
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Chapter 8. Experimental Methods

8.1 Materials

All solvents used throughout this research project were of the highest available
purity, usually spectrophotometric grade, with the exception of solvents used for
electrochemical studies. The spectrophotometric grade solvents were purchased
from Sigma-Aldrich and used without further purification after checking for the
presence of fluorescent impurities. The purity and properties of solvents used are
important here. Factors such as dielectric constant and polarity can affect the
spectroscopic behaviour of dyes, for example peak maxima, Stokes’ shifts, the
fluorescence quantum yields, and so on. In order to be consistent, a single
literature source was used to identify these properties as much as is possible.!
Solvents used for electrochemical investigations were refluxed over appropriate
drying reagents, distiled and wused immediately. Tetrabutylammonium
hexafluorophosphate (NBusPFs) and ammonium hexafluorophosphate (NH4PFs)
were used as electrolytes, both purchased from Sigma-Aldrich and used after
repeated recrystallisation. These materials were kept dry. Special materials, such
as sucrose octaacetate, were purified by standard protocols before use and certain
solvents, such as butyronitrile, were redistilled by other members of the group
immediately before use. Anhydrous solvents were purchased from Sigma-Aldrich
and used by way of syringe injection techniques. Ethers, most notably 2-
methyltetrahydrofuran— used extensively for low-temperature emission
spectroscopy — was used fresh and kept away from air. Samples were replaced at

very regular intervals in order to avoid contamination by peroxides.

The vast majority of the compounds studied here were synthesised in the research
laboratory of Dr Raymond Ziessel at the Université Louis Pasteur de Strasbourg.
The samples were subjected to comprehensive purification procedures before

shipping to Newcastle. The compounds were fully characterised by a wide battery
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of analytical techniques. Some samples were further analysed by 700 MHz NMR
spectroscopy by Dr. Corrine Wills at Newcastle University. We are grateful to both
Dr. Ziessel and Dr. Wills for their collaboration and for many fruitful discussions
during the course of this work. The team in Strasbourg also recorded some of the
electrochemical measurements but, wherever possible, these were repeated in
Newcastle. Sometimes, the amount of sample provided — the emphasis being
placed on purity not quantity — was insufficient for electrochemistry or for
determination of the molar absorption coefficient. The latter measurements were
made at the end of the series of experiments, often consuming all the remaining
material. Usually, samples were part of a small series, with control compounds

being available for comparative studies.

Additional compounds were synthesised in Newcastle by the research group
supervised by Dr. Julian Knight. These compounds were returned to the group for
further purification after initial trial studies. Several iterations were needed before
complete satisfaction about their purity was reached. Fresh samples were
synthesised for comparative purposes. These particular compounds were
essentially non-fluorescent at room temperature and therefore especially
vulnerable to the presence of trace impurities at levels far below what can be
detected by NMR spectroscopy. All samples were stored as solids in the dark and

usually in the fridge.

In order to measure fluorescence quantum yields (¢r), some well-known and
thoroughly established reference compounds were used. These include
magnesium meso-tetraphenylporphyrin (Mg[TPP]),> Cresyl Violet,> Rhodamine
6G,* Rhodamine B,* and Nile Red.® The emission quantum yields of these
standards are available from peer-reviewed literature citations. In addition, many
secondary standards were employed for quantum yield measurements. Without
exception, these were BODIPY-based dyes studied by other members of the MPL.
Appropriate solvents were used for these studies and great care was taken to
ensure that the solution was free from undissolved solid. Some fluorescence
measurements, notably those with solid samples, were undertaken with an

integrating sphere.
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8.2 UV-Visible Absorption Spectroscopy

All the solutions used for absorption spectroscopy were prepared using
spectrophotometric grade solvents. Most spectra were recorded using a Hitachi
U3310 dual-beam spectrophotometer. Cuvettes used in these experiments were
fabricated from optical quality quartz. The scan rate used for routine spectra was
usually set at 60 nm/ min, slit width at 1 nm and the resolution was set at 0.2 nm
unless specified otherwise. The possible error in wavelength position is estimated
to be less than 1 nm. The concentration of solutions was kept between 107 M, for
samples with very high molar absorption coefficient (i.e., in excess of 100 000 M-
1em?), and 10 M to prepare the solution of interest. In some cases, when the
absorption maximum of the target dye was above 700 nm, a Perkin-Elmer Lambda
35 spectrophotometer was used due to its improved stability at lower energies.
Essentially, this translates to less noise at longer wavelengths. All of the settings
and procedures were kept the same as for the Hitachi U3310 spectrophotometer
mentioned above. In order to determine the molar absorption coefficient (€) of the

dyes described here, the Beer-Lambert law was used, Equation 8.1.

e= A/cl Equation 8.1

The molar absorption coefficient in units of M1 cm™ is determined by dividing
absorbance (dimensionless) by concentration (M) multiplied by the path length in
centimetres. As necessary, a series of cuvettes of different path lengths was used
for improved precision and a range of concentrations was employed. The limit to
the accuracy of these measurements was set by the amount of material available.
Solutions were filtered with a sub-micron membrane filter prior to recording the
absorption spectrum. Temperature variations were achieved with either a
circulating fluid bath or a high-temperature Harrick’'s demountable cell. For some
studies, the absorption spectrum was recorded at low temperature using an optical

Dewar.
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Figure 8.1. An example of a Beer-Lambert plot determined for a constrained BODIPY dye.

8.3 Fluorescence Spectroscopy

Fluorescence spectra were recorded using a Hitachi F-4500 fluorescence
spectrophotometer, for most measurements the scan rate was kept at 60 nm/ min.
The excitation and emission slit widths were kept at 2.5 for most solutions. They
were usually increased for solid samples as well as for quartz slides and for low-
temperature measurements carried out using an optical cryostat (Oxford
Instruments). The response rate was kept at the auto setting but was varied for
weak samples. Dilute solutions were used, the absorbance at the excitation
wavelength was kept between 0.05 and 0.1. This was done in order to avoid re-
absorption and inner-filter effects. The solutions used were always prepared using
spectrophotometric grade solvents and recorded using quartz cuvettes. Solutions
were prepared freshly and passed through a sub-micron membrane filter before
making the measurement. Optical filters were always used to isolate fluorescence
from scattered light coming from the excitation source. As for the absorption
spectral measurements, the resolution of all spectra recorded was 0.2 nm. This
guarantees small experimental error for the emission wavelength, this being less
than 1 nm. Without exception, fluorescence excitation spectra were recorded for

the dyes of interest and compared with the corresponding absorption spectrum.
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Spectra were corrected for spectral imperfections using a calibration curve
supplied by the instrument maintenance staff. At regular intervals, calibration
curves were recorded using Rhodamine B solutions supplied by the instrument
maker. The instrument was maintained by LAT Inc. and serviced at six-monthly
intervals to ensure proper calibration of wavelength and intensity linearity. All
spectral data were removed from the controlling PC and analysed separately,
usually after conversion from wavelength to wavenumber. All fluorescence

measurements were repeated several times to ensure self-consistency.

8.4 Lifetime Measurements

Time-resolved fluorescence spectroscopy is an essential technique needed in
order to investigate the excited state of a luminescent chromophore. Factors
contributing to the overall emission lifetime are solvent relaxation, interactions with
surrounding molecules, and changes in macromolecular conformation.® Lifetime
measurements were carried out at room temperature using optically dilute
samples. The absorbance at the excitation wavelength was about 0.1. For most
compounds studied here, 600 channels were used and 150 runs were signal
averaged. The method used for recording fluorescent lifetimes was time-
correlated, single photon counting (TCSPC). Here, results are presented as a
graph of time (ns) against voltage (V). It is a highly sensitive method with good
resolution.”® TCSPC determines the statistical distribution of the intensity decay
by recording the arrival times of individual photons after the incident pulse of
light.>1% A high-resolution PTI EasyLife set-up was used to collect data; pulsed
laser diodes were used as excitation source with output at 310, 440, 505, 525 or
635 nm. The scattered laser light was measured using a solution of Ludox in

distilled water in order to generate the instrument response (IRF).
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Figure 8.2. A schematic representation of the lifetime measurement set up.

Data analysis was carried out using Felix 32 software. In order to perform the
analysis, the decay curve needs to be selected, the range of interest is identified
and highlighted. The method used was non-linear, least-squares iteration. This
approach requires an initial estimate of the lifetime and the preferred method of
analysis. A mono-exponential fit was usually the approach of choice, at least at the
beginning of the analysis, unless there was a strong possibility for a second
component. A range of time bases is needed and a small variation of count rates
should be used to increase reliability of the output. Emission can be isolated from
scattered laser light using optical filters in conjunction with a high-radiance
monochromator. Wherever possible, different excitation wavelengths should be
used. After analysis, it is necessary to judge the quality of the weighted residuals,

the auto-correlation function and the deconvoluted decay.

Data analysis was made at the instrument using software provided by the
manufacturer. Protocols for assessing the quality of the fit were taken from the
literature; established by Eaton!! as well as by O’Connor and Phillips.?> These
analytical tests included minimization of chi squared and visual inspection of
weighted residuals. Curve fitting was carried out by means of non-linear, least
squares method; it is a statistical fitting approach, therefore substantial data sets

are required to ensure validity. The use of this method however is discouraged
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when more than three components are present. In complex cases, analytical
methods like global analysis and maximum entropy methods are

recommended.11.13

8.5 Temperature- Dependent Spectroscopic Studies

8.5.1 Low-Temperature

Low- temperature studies were performed using an Oxford Instruments Optistat
DN cryostat, connected to an ITC temperature controller. The cryostat used here
is a nitrogen cryostat, i.e. it uses liquid nitrogen to cool a sample by conduction via
a stream of nitrogen gas. The nitrogen reservoir and heat exchanger are
surrounded by a high vacuum. The temperature is regulated using a precision
controller and can be adjusted by manual nitrogen flow control. Solutions were
prepared in a solvent known to form an optical glass at low temperature. The optical
absorbance at the excitation wavelength was kept low, between 0.05 and 0.1. The
prepared solution was purged with nitrogen for 5 minutes before being sealed into
a glass cuvette and placed in the sample holder of the cryostat. Using this set up,
it is possible to record absorption, emission and excitation spectra over a range
from 80 to 340K.

8.5.2 High-Temperature

High-temperature spectroscopy was carried out on solid-state samples in the form
of KBr discs. The measurements were carried out using a temperature-controlled,
demountable liquid cell purchased from Harrick Scientific Products. This cell was
used for measurements over the range from 298 to 513K (although according to
the manufacturer the lowest temperature it can go to is 223K). High-temperature
measurements were also carried out on liquid samples, this was done using either
the demountable cell or a circulating fluid bath. Using this latter technique, the
available temperature range is from 273K to about 333K. At the lower
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temperatures, the cell windows were purged constantly with a strong flow of N2 to

avoid misting, especially on humid days.

8.6 Electrochemistry

Cyclic voltammetry was carried out using dry solvents, usually anhydrous
dichloromethane or acetonitrile. The solvent was used to prepare a 0.1M
electrolyte background solution. The background solution was purged with dried
nitrogen in order to eliminate any oxygen, great care was taken to make sure the
cell was kept dry and no water was present in the system before addition of 1x10-2
M compound of interest. This was done by recording a background CV, once
satisfied there is neither water nor oxygen present in the system, the appropriate
amount of the solid compound of interest was added. Electrodes most often used
were glassy carbon or platinum as working electrodes, and wither silver or platinum
wire as counter electrodes. The reference electrode was an Ag/ Ag* electrode. The
working and counter electrodes were polished using an alumina slurry before use.
Ferrocene was used as an internal reference. The measurements were also done
over a range of scan rates as this provides valuable information on the degree of
reversibility of the oxidation / reduction reactions. The software used to record and

extract information was Chi600.
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Figure 8.3. Above is an example of a CV of one of the compounds presented within this thesis.

Spectroelectrochemistry was carried out using a CHI potentiostat and employing a

honeycomb spectro-electrochemical cell from Pine-Research Instruments Inc.. The

working electrode was of the honeycomb design, which means there are holes in

the electrode that allow the light to pass directly through the solution.
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Figure 8.4. An example of a spectro-electrochemical study on a TPA-DPP-BODIPY system.
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8.7 Sample Preparation

All solvents used here were of spectrophotometric grade, they were checked for
absorbing or emitting impurities before being used. While working with fluorescent
materials, the cleanliness of glassware, as well as the work station, is of great
importance. Fluorescence spectroscopy is a very sensitive technique; any impurity
can be picked up while running an emission spectrum. Excitation spectra were
always collected and compared to the absorption spectrum, this was done to

confirm the authenticity of the recorded fluorescence.

Solutions for spectroscopic examinations were prepared by dissolving a small
amount of compound in the solvent of interest. Most of the dyes encountered here
were readily soluble in organic solvents, however in order to make sure the sample
is fully dissolved in a chosen solvent the solutions were placed in an ultra-sonic
bath for a minute. The solutions were passed
through micro-porous discs to ensure the
sample was fully uniform. KBr discs for high-
temperature fluorescence experiments were
prepared by grinding together oven-dried KBr

salt with a small amount of a chosen

compound, about 1% w/w concentration. This

was followed by compressing the powder into

Figure 8.5. An example of a fluorescent
KBr disc.

a small disc under vacuum using a stainless

steel die press.
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8.8 Data Analysis

8.8.1 Fluorescence Quantum Yield

Fluorescence quantum yield measurements were carried out with great care,
usually at room temperature. The samples were prepared as described in Section
8.7. In principle, the number of absorbed and emitted photons need to be
measured in order to determine the emission quantum yield. Equation 8.24 is used
to calculate the quantum vyield of fluorescence. Here, F, is the area under the
emission curve of the sample, whereas Fy is the area under the emission curve of
the reference compound recorded over the same spectral range. The term A
refers to the effective absorbance at the respective excitation wavelength for the
reference compound (4 is the corresponding value for the sample) and finally ng
and ny are refractive indices for the solvent used to dissolve the sample and for
the reference, respectively. Wherever possible, the same solvent was used for
sample and reference. The spectral correction factor supplied with the instrument
was used and all data manipulations were made after conversion from wavelength

to wavenumber. As appropriate, reduced emission spectra were used.

_ Ex (1 —exp(=A4g X In (10))) X n}
T Frx (1—exp(—Ag X In (10))) xn% "

¢ Equation 8.2

When measuring a fluorescence quantum yield, great care needs to be taken as
there are many possibilities for experimental error. These include inner filter
effects, temperature perturbations, and impurity effects amongst others.! The use
of a reference standard is a further source of error. There are very few reference
compounds with a well-established fluorescence quantum vyield that is free of
potential problems. Often, finding a reference with similar absorption and emission
profiles to those of the sample is a great challenge, however this is crucial for the
measurement to be successful. Cresyl Violet® is a good example of the sort of
difficulties that might be encountered. This reference is useful for the red region

but the reported quantum yield is sensitive to concentration and solvent, varying
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enormously over a modest range. A member of the MPL has studied this
compound in detail and found quantum yields ranging from unity to less than 20%

according to the experimental conditions.
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Figure 8.6 A plot of fluorescence quantum vyield for Cresyl Violet (¢rLu) against solvent dielectric
constant (es). It demonstrates how Cresyl Violet is very sensitive to solvent. This data was collected by
Roza Al-Aqar. s is used for convenience, however the specific interaction between solvent and Cresyl

Violet depends on the nature of the solvent.

Standard quartz cuvettes were used throughout, and the absorbance at the
excitation wavelength was never higher than 0.1; this is crucial if one wants to avoid
the inner-filter effect. Often, ¢ is dependent on temperature, this is especially so for
the molecular-scale rotors. Therefore, all experiments were carried out at 20°C
unless stated otherwise. The rate of radiative decay is also dependent on solvent
refractive index and therefore one will encounter studies on the effect of solvent on
the rate of radiative decay (and by extension the fluorescence quantum vyield).
Experimentally, it is crucial to establish that the spectrophotometer is properly
calibrated and we regularly employed a concentrated solution of Rhodamine 6G in
ethanol to confirm the correction factor. In all cases, the absorbance at the
excitation wavelength was checked before and after recording the emission
spectrum. This was done to confirm that the solution was stable and free from

particulate material.
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8.8.2 Radiative Rate Constant (krad)

The radiative rate constant describes the rate at which the excited state of the
fluorophore relaxes by a process accompanied by photon emission. This is in
competition with a non-radiative process that ultimately returns the molecule to the
ground state. The radiative rate constant is determined experimentally from
Equation 8.3:

krad = ? E H
T quation 8.3

Here, ¢ is the experimentally determined emission quantum yield, t is the
corresponding excited-state lifetime (in seconds). This experimental estimate of
the radiative rate constant can be compared to the theoretical value determined
from the Strickler-Berg expression®®, Equation 8.4:

Kyqq = 2.88 X 107°n* < v ™3 > é%f & dlnv Equation 8.4
u

Here, n is the solvent refractive index, v is the fluorescence maximum in cm,
[ & dini represents the area under the spectral curve (only takes into consideration

the lowest-energy transition), and finally j—l refers to degeneracy of the respective

upper and lower states. The Strickler-Berg expression is very useful, however it
does have limitations. Firstly, it needs to be taken into account that it works only
for compounds with a small Stokes’ shift. A second important requirement is the
mirror symmetry of lowest-energy transition in the absorption spectrum and the
emission curve. It is also worth noting that it can only be applied safely when the
guantum yield is relatively high, i.e. in excess of 10%. Nevertheless this is a very
useful expression, it works very well with molecules that meet the conditions
mentioned earlier but it is often applied to cases outside these limits. It might also
be mentioned that some authors, notably Birks,® Knox'’'® and Phillips,'°® have
guestioned the exact formulation of the refractive index factor. Knox, in particular,

has questioned the squared dependence.

199



8.8.3 Electronic Energy Transfer Rate Constant

Electronic energy transfer plays a crucial role throughout this work. The Fermi
golden rule has been applied to calculate the rate constant for electronic energy
transfer (EET).20

2n .
Kppr = 7 X [vpal® X || X s? X Jpg Equation 8.5

Here, keet is the rate constant for the EET event in s, k is the orientation factor,
Jpa IS the overlap integral between the donor emission and the corresponding
acceptor absorption spectra (Equation 8.5). Absorption and emission spectra for
Jpa are always recorded in the same solvent under the same conditions; the
wavelength (in nm) is converted to wavenumber (in cm) and reduced (Equation
8.6). The term v, refers to the electronic coupling matrix element between donor
and acceptor (Equation 8.7),2 and finally s is the Onsager cavity screening factor
(Equation 8.8). It is worth mentioning that for random orientations the value of k is
equal to approximately 0.67 (or 2/3). The body of this work is concerned with
molecular dyads and related species and therefore complicated computational

operations have to be carried out in order to determine an appropriate value for k.

Fp(v) % ea(v)

Joa= AB [ 3 dv Equation 8.6
Ve __HDXMA )
PA= B3 xameg) Equation 8.7
- : Equation 8.8
ST oy 1 q .

& .
u?=9186x103 xnx [ - dv Equation 8.9

200



Crucial terms above are: Ry, is
the centre-to-centre distance
between donor and acceptor, nis
the refractive index of the
surrounding medium, ¢4 is the
molar absorption coefficient of
the acceptor, F, is the emission
profile of the donor, while
upand u, are the transition dipole
moments for the donor and
acceptor, respectively. In order

Figure 8.7. Reduced spectra of two Bodipy
compounds. Highlighted in grey is the spectral

overlap.

to calculate a transition dipole moment of either donor or acceptor Equation 8.9 is

applied. However, it is important to remember that Equation 8.10 is in fact the

original equation derived by Forster.??

21 —
|#A| 8NAT[3f2

3000 In10Acn

Eq .
f (V)dv Equation 8.10
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8.8.4 Energy Transfer Probability

There are many different equations used to calculate the probability of electronic
energy transfer (Peet) from donor to acceptor. The choice of applicable equation is
dependent on available information. Equation 8.11 and Equation 8.12 show the
most widely applied method used in this thesis. This method establishes the
probability of energy transfer by taking a ratio of fluorescence quantum yields (or

lifetimes) of the D-A system and of the isolated donor.2324

P =1 — Poa
EET ba Equation 8.11
TDA .
Pggr =1 - < Equation 8.12
A
kEET .
Pggr = Equation 8.13

(kger +751)

R§

_— Equation 8.14
(RS +RS,) a

Pppr =

Equation 8.14 is similar to Equation 8.13, however it uses the critical distance for the EET event

rather than the rate of energy transfer.25-27
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8.8.5 Englman-Jortner Energy-Gap Law

The Englman-Jortner energy-gap law has been proven to be hugely appropriate
as a tool by which to study non-radiative processes for a wide range of excited
states.?®2° Equation 8.15 demonstrates that the rate of the radiationless transition

decreases as the energy gap between the two states increases.3°

r _\/an C?
M7 h T [kTha

X exp(—S) %

Equation 8.15

—YAE
hw )
Here, kyg is the non-radiative rate constant, C is the electron-vibrational coupling

exp(

matrix element, AE is the energy gap between electronic levels, hw is the coupling
vibrational mode, A is the nuclear distortion, S is the Huang-Rhys factor, Equation

8.16, and finally 'Y is a coefficient, Equation 8.17.

S= 1/ Equation 8.16

Y = In(JAE|/Shw) — 1 Equation 8.17

The Englman-Jortner expression is based on a number of assumptions; it is
assumed that the normal modes and their frequencies are equivalent in the two
electronic states with the noted exceptions of their mutual displacement in the
origins of the normal coordinates. In the original publication, only a two-electronic

level system is considered and anharmonicity effects are disregarded.3%:31
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8.8.6 Electron Transfer

Electron transfer is of crucial importance in Nature; Marcus3?34 was first to
formulate the expression for the rate of electron transfer in the 1950’s. There is an
excellent review on charge-transfer processes written by Wasielewski.®® The
activation energy for electron transfer (Equation 8.21) is reliant on the total
reorganization energy (A) and the thermodynamic driving force (AGcrt), the
electronic coupling matrix element (Vpoa) and the thermally averaged Franck-
Condon factor (FC).3¢ In turn, the reorganization energy (Equation 8.22) involves
both the nuclear reorganization (An) and corresponding solvent rearrangement (As)

terms.

2m Equation 8.18
ker = (IVEA(FC) |

Vpa = V3,exp(—BR) Equation 8.19
(FC] < 1 ) (—AG*) Equation 8.20
= ex
JamkgTA P\l
AG* = (A + AGp)? /42 Equation 8.21

A= Ay + A Equation 8.22
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Figure 8.8. Panel on the left demonstrates the dependence of the rate of electron transfer on the

thermodynamic driving force; whereas the panel on the right shows the potential energy curves for

electron transfer in the Marcus normal regime.

The rate of electron transfer is dependent on the scale of the driving force (Equation

8.23), critically it is a quadratic dependence. This gives rise to three distinct

regions: identified as normal, activationless and inverted. In the case of the normal

region, the magnitude of the driving force is less than that of the reorganisation

energy, for the activationless process the reorganisation energy and the driving

force are equal. Finally in the case of the inverted region, the driving force is greater

than the reorganisation energy.3’

AGCT = e[EOX - ERED] - EOO - EES - ESOL

eZ

Epem —
B (4me,)esRec

e? 1 1 1 1

Esor = g— -—)
? 8me, ‘Rp Ry ERef  Esol
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The thermodynamic driving force (Equation 8.23) is calculated with the help of
cyclic voltammograms obtained experimentally. Here, Ees refers to the
electrostatic energy, calculated from Equation 8.24 where Rcc is the centre-to-
centre separation distance between an acceptor and donor units, whereas EsoL
refers to a correction for the reduction potentials being measured in a different

solvent (Equation 8.25).

8.9 Computational Methods

8.9.1 PeakFit- Spectral Analysis

The commercially available PeakFit software is used to deconstruct broad
absorption and emission spectral traces into a series of components. We aimed to
fit each spectrum into a minimum number of Gaussian-shaped bands.*® The
software estimates the number of components needed, however the operator is
able to adjust that estimate (add or remove components) in order to improve the fit
and decides whether the estimates need to be of the same half-width. This is an
important step as the spectral analysis needs to be scientifically plausible as well
as being mathematically accurate. In order to perform a PeakFit analysis, a
spectral region of interest is selected (usually the lowest-energy transition).
Secondly, the spectrum needs to be converted from wavelength (nm) to
wavenumber (cm) and reduced. While performing a spectral analysis using
PeakFit it is important to determine whether the baseline needs correcting. If so,
the software offers a range of different baseline corrections procedures. The best
procedure, however, is to make all necessary corrections prior to importing a

spectrum into the software.
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Figure 8.9. Panel on the left hand side shows an example of spectral fit carried out using PeakFit

whereas panel on the right demonstrates parameters extracted from spectral fitting.

In the case of very weakly fluorescent compounds, spectra often needed
smoothing. However, one needs to be very careful when selecting the degree of
smoothing as this can severely alter the spectral profile as well as obscure subtle
details present in the spectra. Figure 8.9 is an example of a PeakFit analysis. On
the left-hand side, the experimentally obtained absorption spectrum is
deconstructed into individual Gaussian bands; on the right-hand side the
parameters obtained from the spectral fitting are highlighted. Each Gaussian band

corresponds to an individual transition.

There are several crucial pieces of numerical data that can be obtained by carrying
out a PeakFit analysis, such as the peak position (Eoo), the full width at half
maximum (FWHM), the accompanying vibrational frequencies (hw) and the peak
intensities. These data can, in turn, be used to carry out more detailed spectral
analyses. For example, the nuclear reorganization energy is one such parameter,

Equation 8.26.

_ (AVl/z)z

= — 1% Equation 8.26
16In2kgT
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PeakFit can also be used to obtain the important Huang-Rhys factor (S), which is
dimensionless and is often related to the Stokes’ shift (SS) by means of Equation
8.27. The Huang-Rhys factor is directly related to changes in chemical geometry
upon electronic excitation (Figure 8.10).3940

S§=(2S-1Dhw Equation 8.27

The success of the spectral fit is determined by evaluating the r? value and the
standard error value. The r? value quantifies the goodness of fit, it is usually a
fraction between 0 and 1.4142 The higher the r? and lower the standard error the
more successful the fit. These two values, as well as the 95% confidence error,
standard deviation, and t-values are compared in the final output file produced by

the software.
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Figure 8.10. Image adapted from Phys. Chem. Chem. Phys., 2015, 17, 16959. It demonstrates how
the Stokes’ shift (Estokes) changes with the Huang-Rhys factor (S); panels (a) to (d). Blue lines

represent calculated emission, whereas orange lines represent calculated absorption.
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8.9.2 Spartan’06

The Spartan’06 software can be used to gain insight into ground-state structures,
molecular orbital descriptions, relative stability, and so on. It is capable of carrying
out molecular mechanics as well as quantum mechanical calculations, including
DFT at various levels. This software package was also used to calculate IR
spectra. It was often employed to calculate energy-minimized geometries which in
turn were used to measure center-to-center distances in large dyads investigated
throughout this report. Many of the geometrical parameters used in the EET

calculations were obtained in this way.

8.9.3 GAMESS

General Atomic and Molecular Electronic Structure System“344 or GAMESS is the
molecular simulation software most commonly used throughout this investigation
due to its versatility. It is able to perform a wide range of essential calculations like
geometry optimization, prediction of excited spectra as well as more advanced
operations. GAMESS is able to perform calculations on the entire periodic table.**
It is able to do the same calculations as Spartan’06 and more. Here it's most
commonly used for large dyads to calculate energy-minimised geometries. These
structures were then used to obtain values necessary for calculations described in

section like the orientation factor (k), D-A centre to centre distance (Rcc).

Energy-minimized structures of large donor-acceptor molecules were usually
obtained in two stages. Stage 1 involved obtaining optimised structures at a very
basic level like AM1. Stage 2 involved using the data from stage 1 as a starting
point for more sophisticated calculations like DFT B3LYP/6-31G. We found that
this approach worked very well for large molecules as it provided a good initial
guess of wave function for the more sophisticated calculation. Without a good initial

guess, calculations of large complicated dyads tend to fail almost instantly.4®

209



Figure 8.11. Example of a computed structure for a BODIPY bichromophore. Geometry was optimized
by the means of DFT B3LYP/6-31G calculation.
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Charge-Recombination Fluorescence from Push—Pull Electronic Systems
Constructed around Amino-Substituted Styryl-BODIPY Dyes**

Adela Nano,”! Raymond Ziessel.*"! Patrycya Stachelek.” and Anthony Harriman*

Abstract: A small series of donor-ac-
ceptor molecular dyads has been syn-
thesized and fully characterized. In
each case, the acceptor is a dicyanovin-
yl unit and the donor is a boron dipyr-
romethene (BODIPY) dye equipped

fer character. As such, the emission
maxima depend on both the solvent
polarity and temperature. With the cor-
responding push—pull molecules, there
is a low-energy charge-transfer state
that can be observed by both absorp-

[b]

tion and emission spectroscopy. Here,
charge-recombination fluorescence is
weak and decays over a few hundred
picoseconds or so to recover the
ground state. Overall, these results
permit evaluation of the factors affect-

with a single styryl arm bearing a ter-
minal amino group. In the absence of

ing the probability of charge-recombi-
nation fluorescence in push—pull dyes.

Keywords: donor-acceptor SYS- ; L
the acceptor, the BODIPY-based dyes tems - electrochemistry « electron The photophysical studies are support-
are strongly fluorescent in the far-red transfer i fluorescence i ed by cyclic voltammetry and DFT
region and the relaxed excited-singlet photophysics calculations.

states possess significant charge-trans-

Introduction

Push—pull m-conjugated chromophores are of great topical
interest because of their putative applications in optoelec-
tronics,'"! organic light-emitting diodes,”! and information-
storage devices.” Such compounds comprise an electron
donor (D) fitted with one or more electron-withdrawing (A)
groups connected through a m-conjugated spacer so as to
generate a substantive dipole moment across the molecule.
In addition, push—pull D-n—A chromophores have been in-
vestigated extensively for their nonlinear optical proper-
ties'® and have proved to be useful materials for exploring
the intricacies of electron-transfer processes.” The field ben-
efits from the almost limitless variety of D-n—-A systems
that can be isolated by combining different donor/acceptor
modules with known n-bridging spacer units. Many of the
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original series of D-n-A compounds were based on a 4-ni-
trophenyl moiety as the electron acceptor with an N,N-di-
methylanilino group as the complementary electron donor.®
More recently, attention has turned to the use of stronger
organic donor and acceptor functions, including julolidine
derivatives, pyran-containing compounds such as 2-(2-tert-
butyl-6-methyl-4H-pyran-4-ylidene)malonitrile,"” 4,5-dicya-
noimidazole derivatives,'"! and the so-called “super-accept-
or” 7,7.8,8-tetracyanoquinodimethene.!'"”! The nature of the
terminals affects the optical and electronic properties of the
resultant materials, but so does the composition and length
of the m-conjugated backbone. Various conjugated spacers,
such as fluorene, stilbene, thiophene, polyenes, polyynes,
porphyrins, phthalocyanines, and merocyanine dyes, have
been incorporated into push—pull electronic systems.!'* !
Along somewhat related lines, it is recognized that photo-
induced electron transfer remains one of the most intensive-
ly studied subjects in contemporary science and has particu-
lar relevance for understanding the workings of both natural
and artificial photosynthesis!”®! Innumerable studies have
addressed the various factors that promote light-induced
electron transfer in molecular dyads, triads, tetrads, and
higher-order analogues. The information gathered from such
studies, used in conjunction with our ever-growing aware-
ness of the natural process,"” has led to new ideas about
how to achieve sustainable solar-fuel production!'” It has
become clear that the efficacy of a light-induced electron-
transfer reaction depends critically on a range of parameters
that must be controlled to a supreme level of precision to
achieve the optimum output. The main variables include
both thermodynamic properties (excitation energy and elec-
trode potentials) and structural elements (separation dis-
tance, mutual orientation, and nature of the bridge)." The

Chem. Eur. J. 2013, [9, 1352813537
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range of systems that has been developed to advance this
subject is incredibly far-flung and includes covalently linked
donor-acceptor pairs,'"'" supramolecular assemblies based
on coordinative interactions™ or hydrogen-bonding strat-
egies,®™ and self-associated donor-acceptor systems. !
Along these lines, boron dipyrromethene (BODIPY) deriva-
tives, featuring invaluable optical and electrochemical®!
properties, have been less exploited as photoactive bridges
in D-m—A scaffolds and photoinduced electron transfer in-
volving BODIPY dyes is not so common.™ The most popu-
lar reactants for such materials are bioinspired, such as por-
phyrins, carotenes, and quinones.

Our current interest in this field includes developing new
artificial systems for light-induced electron-transfer process-
es that incorporate BODIPY chromophores. Such dyes have
been used successfully in photovoltaic devices!*? as ion sen-
sors” and as fluorescent probes in biological analyses.”"!
Surprisingly, given the great popularity of these highly emis-
sive dyes, there have been few attempts to incorporate
BODIPY dyes into push—pull molecular architectures.
Notably, D-n-A chromophores have been built from a
BODIPY-based core with electron-donor and electron-ac-
ceptor units attached at the 2- and 6-positions.l” Such com-
pounds, although enabling facile tuning of the optical prop-
erties, do not promote light-induced charge separation. In
the present work, we report the synthesis of dipolar push—
pull chromophores having unusually strong donating (i.e.,
julolidine or triazatruxene) and withdrawing (i.e., dicyano-
vinyl) substituents attached to the central m-conjugated
backbone (Scheme 1). The photophysical properties of the
target molecules become understandable by virtue of sys-
tematic examination of model compounds lacking the dicya-
novinyl terminal.

«_Julolidine

i )
Triazatruxene

~
D-moieties

Scheme 1. Schematic representation of putative dipolar push—pull chro-
mophores built around a central BODIPY unit.

Results and Discussion

Synthetic strategy: The prototypic push—pull chromophore
JLCV (compound 5 in the synthetic schemes) was prepared
in three steps from the tetramethyl-BODIPY derivative 1 as
depicted in Scheme 2. Condensation of 1 with 9-formyl-10-
butoxy-1,1,7.7-tetramethyl-2,3,6,7-tetrahydro-1H,5H-pyrido-
[3.2,1-if]quinoline*" gave rise to the monostyryl derivative
JL (compound 3 in the synthetic schemes) despite the pres-

Chept. Eur I 2013, 19, 1352813537
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FULL PAPER

JL(3), 58%

JLCV (5), 50% 4, 7M%

Scheme 2. Synthesis of compound 5 and its precursors: 1) p-TsOH cat., pi-
peridine, toluene, 140°C; i) [Pd(PPh;),C1] (10 mol %), HCOONa, DMF
under a flow of CO, 100°C: iii)) AcOH/piperidine cat., methanol, 85°C,
1h.

ence of an excess amount of aldehyde. Formation of the
mono-functionalized analogue might be explained in terms
of julolidine being a strong electron donor that influences
the acidity of the methyl group located at the 5-position on
the BODIPY core. In any event, the result is the second
known example of selective mono-condensation of a
BODIPY dye with an electrophilic aldehyde.P'! Transforma-
tion of JL into the carbaldehyde derivative 4 was realized
using a carboformylation reaction catalyzed by a palladi-
um(II) precursor and with sodium formate as the reducing
reagent under a flow of CO at atmospheric pressure. The
target compound JLCV was synthesized in 50% vyield by
condensation of 4 with malonitrile, using a Knoevenagel-
type reaction carried out according to a literature proce-
dure >3 All compounds were fully characterized by
modern spectroscopic protocols, as outlined in the Experi-
mental Section and Supporting Information.

By way of analogy with the julolidine-based system, relat-
ed dyes were synthesized from the triazatruxene platform as
sketched in Scheme 3. This slightly ruffled scaffold has three
interconnecting amino groups and an anchor by which to
append secondary units. The iodo group on TX (compound
6 in the synthetic schemes) was converted to the corre-
sponding formyl derivative using a carboformylation reac-
tion, before the latter was transformed to the dicyanovinyl
derivative TXCV (compound 8 in the synthetic schemes)
using malonitrile as the reagent. It might be stressed that
some of these dipolar BODIPY-based chromophores are
difficult to isolate in high yield owing to their inherent insta-
bility during the purification procedures.

Electrochemistry: The redox behavior of the new BODIPY
dyes was investigated by cyclic voltammetry in CH,Cl, con-
taining 0.1m tetra-N-butylammonium hexafluorophosphate

13529
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TXCV (8) , 50%

Scheme 3. 1) [Pd(PPh;),CL] (10 mol % ), HCOONa, DMF under a flow of
CO, 100°C ii) AcOH/piperidine cat., THF, 95°C, 20-30 min.

(TBAPF,) as supporting electrolyte and the results are gath-
ered in Table 1. The starting material lacking the styryl arm,
1, displays a single reversible wave on both oxidative and re-
ductive scans owing to the formation of the m-radical cation
and m-radical anion, respectively, as has been observed pre-
viously for related compounds.* These waves are highly re-
versible (i,/i,.~1) and exhibit the characteristic shape
(AE,=60-70 mV) of a Nernstian, one-electron process. The
monostyryl BODIPY dyes JL and 4 display two distinct
waves under oxidative scans, each of which is fully reversible
and corresponds to transfer of a single electron. The first
wave occurs with a half-wave potential of 0.38 V versus SCE
and this oxidation is considerably easier (about 480 mV)

Table 1. Electrochemical data for the BODIPY, judolidine, and triaza-
truxene derivatives and relevant control compounds.™!

Compound ~ E”(ox, soln) [V] (AE [mV])  E"(red, soln) [V] (AE [mV])

1 + 115 (70) 1.4 (60)

2 40,86 (60) -

IL(3) +038 (70), +0.79 (60) _1.17 (70)

4 +038 (60), +0.81 (60) 116 (70)
ILCV (5) +038 (70), +0.80 (60) 104 (irr.), —1.24 (70)
TX (6) 067 (70), +0.90 (70) 109 (70)

7 +0.66 (70), +0.92 (70) 106 (70)
TXCV (8) +0.72 (60), +0.97 (60) —0.98 (irr.), —1.10 (60)
9 +086 (70), +1.45 (70) -

[a] Potentials determined by cyclic voltammetry in deoxygenated di-
chloromethane, containing 0.1 TBAPF, [electrochemical window from
+1.6to —2.2V], at a solute concentration of approximately 1.5 mm and
at RT. Potentials were standardized versus ferrocene (Fc) as internal rel-
erence and converted to the SCE scale assuming that E,(Fc/Fe™)=
+0.38 V (AE,= 60 mV) versus SCE. The error in hall-wave potentials is
+10mV. For irreversible processes the peak potentials (E, ) are quoted.
All reversible redox steps result from one-electron processes.

13530 ——
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than for the isolated fragments. These potential shifts are a
clear consequence of the increased conjugation provided by
the connecting styryl linkage and to the occurrence of elec-
tronic coupling between the two units.

Turning attention to the triazatruxene-based scaffold, it is
notable that the parent compound, 9, exhibits two reversible
waves on oxidative scans but no observable peaks on reduc-
tion. These oxidative waves, which correspond to half-wave
potentials of 0.86 and 1.45V versus SCE, respectively
(Table 1), are assigned to successive one-electron oxidation
of the aminocarbazole units. The difference between the ob-
served half-wave potentials is ascribed to electrostatic ef-
fects but the anticipated third oxidation step is not seen
within the available anodic window. Appending a monostyr-
yl BODIPY dye to the scaffold, thereby forming compounds
TX or 7, lowers the half-wave potential for one-electron oxi-
dation by approximately 200 mV owing to the increased
conjugation provided by the styryl arm. Comparing this
latter value with that derived for the analogous julolidine-
based dye, 4, indicates that oxidation is more difficult for 7
by approximately 280 mV. It is also notable that, although
the parent julolidine, 2, and triazatruxene, Y, compounds
have the same half-wave potential when isolated, these units
display quite disparate half-wave potentials when attached
to the BODIPY unit. This is an important point that illus-
trates the differing degrees to which the principal donor
couples to the extended BODIPY unit.

For JL, DFT calculations indicate that both HOMO and
HOMO(-1) are spread over much of the molecule and in-
clude contributions from the BODIPY and julolidine resi-
dues (see the Supporting Information). As such, it is inaccu-
rate to ascribe the first oxidation step as being localized on
the julolidine unit. Identical calculations made with TX
show that the HOMO is also spread over much of the mole-
cule but incorporates only the amino group closest to the
styryl arm. A similar distribution is observed for
HOMO(-1) but the second amino group (this being sepa-
rated from the styryl unit by 3 bonds compared with only 1
bond for the proximal amino group) makes an important
contribution to HOMO(—2). The distal amino group (which
is removed by 5 bonds from the styryl unit) is the major
contributor to HOMO(-3) (see the Supporting Informa-
tion). The energy-minimized structures indicate that the ju-
lolidine-based N atom present in JL is out of alignment with
the styryl unit by only 2.5° but the proximal N atom on the
triazatruxene unit present in TX is twisted out of alignment
by approximately 10°. Such structural facets must contribute
significantly towards the differing extents of electronic cou-
pling found for these two electronic systems.

Further confirmation for the disparate electronic charac-
ter of JL and TX comes from comparison of their absorp-
tion spectra recorded in 2-methyltetrahydrofuran (MTHF).
Thus, the spectrum recorded for TX (Zpax =007 nm, eyax =
103055m'em™") resembles those reported for related styryl-
based BODIPY dyes, although the half-width for the
lowest-energy transition is somewhat elevated, and the total
oscillator strength™ () is 0.86. This latter transition can be

Chem. Eur. J. 2013, 19, 1352813537
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accounted for in terms of three vibrational modes of
1200 cm™!, each with a half-width of 1135cm™. For JL
under the same conditions, the corresponding absorption
transition (Ayax =631 nm, ey,=589630m'cm™") is consid-
erably broader, with f=0.94, and redshifted. Spectral decon-
struction into Gaussian-shaped bands requires three vibra-
tional modes of 1200 cm ™' with half-widths of 1500 em™".
One-electron reduction of the BODIPY core is easier by
approximately 80 mV in both JL and 4 relative to the origi-
nal dye, 1. In fact, this observation is consistent with the op-
tical properties of the monostyryl BODIPY dyes, as dis-
cussed later, and is a consequence of the extended m-delo-
calization pathway. In each case, the one-electron reduction
step is quasireversible. Similar behavior is found for the tri-
azatruxene-based dyes, TX and 7, although the latter are
somewhat easier to reduce (Table 1). This generic behavior
follows from the situation outlined above for the corre-
sponding oxidative processes. Quantum chemical
calculations performed at the DFT level (B3LYP
6-31G*) are suggestive of the LUMO being distrib-

FULL PAPER

above and are reproduced in Figure 1. Fluorescence is readi-
ly apparent from both compounds in MTHF at room tem-
perature and occurs in the far-red region (Figure 1). For TX,
the emission spectrum is broad, but partially resolved, and
has a maximum at 672 nm in MTHE. The entire spectral en-
velope can be deconstructed into Gaussian-shaped compo-
nents with a common half-width of 1050 cm™'. The accompa-
nying vibronic modes coupled with nonradiative decay are
estimated from spectral curve fitting to correspond to a mix-
ture of torsional modes (v=750 cm™', §=0.96, in which §
refers to the Huang-Rhys factor) and skeletal bending
modes (vr=1400cm™", §=0.79)."" There is good agreement
between the excitation and absorption spectra across the
entire visible and near-UV regions. In MTHEF, the fluores-
cence quantum yield is (.56, and the excited-singlet-state
lifetime, obtained from monoexponential decay curves, is
3.5ns (Table 2). The spectrum has the appearance of a

Table 2. Summary of the photophysical properties recorded for the various amino-
substituted styryl-BODIPY compounds in MTHF at room temperature.

uted over the styryl-BODIPY without significant

- . Property JL X ey TXCV
penetration onto the amino-based donor (see the
Supporting Information) Aass [nm] 631 oo7 68 o19
pporting - ) Ergax [Mem ] 103055 89630 88900 114720
In the case of the prototypic push-pull dye, al 0.94 0.86 L01 L0z
JLCV, reductive scans point to an irreversible  dgs [D]" 2.5 30 9.3 8.0
wave attributable to one-electron reduction of the  4mu [nm] 720 672 725 685
& . . . 8 1.7:1.15 0.96:0.79 1.05:0.70 0.82:0.65
icyanovinyl unit and a reversible wave due to re- Py 030 0.56 0.0020 0.0023
duction of the BODIPY core. Again, electrostatic Tskl"sl 28 35 013 026
repulsion perturbs the latter value. Similar proper- k., [10757'] 10.7 15.6 15 0.9
ties are apparent for TXCV, although there are im-  Ace [eV] 0.10 0.06 0075 0.068

portant disparities in the derived half-wave poten-
tials for reduction of both units (Table 1), as might
be anticipated in light of the above discussion com-
paring the electronic properties of the two sets of

[a] Oscillator strength calculated from the integrated absorption spectrum. [b] Com-
puted dipole moment for the ground state. [¢] Huang—Rhys factor calculated from the
deconstructed emission spectrum, with the values referring to the medium- and low-
frequency modes, respectively. [d] Reorganisation energy accompanying charge-re-

donors. It is interesting to note that this electronic
effect carries over to reduction of the dicyanovinyl
unit.

Photophysics of the BODIPY-julolidine and BODIPY—tri-
azatruxene dyes: The absorption spectral features of the two
amino-substituted styryl-based BODIPY dyes were outlined
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Figure 1. Absorption and fluorescence spectra recorded for compounds
JL (black curves) and TX (grey curves) in MTHF at room temperature.
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combination emission extracted from spectral curve fitting.

single component. On cooling the solution, the emission
maximum undergoes a substantive redshift until reaching
727 nm at 160 K from whence further lowering of the tem-
perature causes the maximum to revert to higher energy.
The emission intensity and lifetime decrease slightly during
the redshift, in line with the Englman-Jortner energy-gap
law,””! but recover during the subsequent blueshift (see the
Supporting Information). These changes are modest but
there is a larger effect as the solvent starts to freeze at
around 140 K. Here, the emission maximum shifts rapidly
with falling temperature until settling at 640 nm at approxi-
mately 115 K.

At <110 K, at which temperatures MTHF forms a glassy
matrix,*¥ the emission profile resembles that expected for a
monostyryl BODIPY dye lacking significant charge-transfer
interactions (Figure 2).°Y The emission peak lies at 640 nm
(i.e., 15635cm™) and the profile can be deconstructed into
Gaussian-shaped bands with a common half-width of
680 cm™' and accompanying vibronic components of 1300
and 580 cm™'. The Huang-Rhys factors (), which are 0.96
(r=750cm ') and 0.79 (v=1600c¢m ') at room temperature,
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Emission

Figure 2. Effect of temperature on the fluorescence spectral profile re-
corded for TX in MTHF. The arrow indicates the effect of warming the
solution from 80 to 290 K in equal increments.

have values of 0.30 (»=735cm™") and 0.11 (v=1570cm™)
in the glassy matrix and are in better accord with those ex-
pected™” for a m—m* transition. The implication, therefore, is
that the glassy matrix restricts internal charge transfer by
virtue of its rigid nature; it might be noted that the polarity
of glassy MTHF has been likened to that of N.N-dimethyl-
formamide at room temperature.*! In other solvents at
room temperature, the fluorescence maximum recorded for
TX shows a marked dependence on the static dielectric con-
stant (¢5) and undergoes a redshift as the polarity increases.
Thus, the emission maximum transforms from 650 nm in di-
butyl ether (¢5=3.1), to 668 nm in ethyl acetate (¢5=6.02),
to 720 nm in dichloromethane (e5=8.93), and to approxi-
mately 740 nm in acetonitrile (¢5=37.5). The quantum yield
and lifetime fall steadily as the emission peak moves to
lower energy and fluorescence is difficult to resolve in
strongly polar solvents; for details see the Supporting
Information.

For the corresponding julolidine-based fluorophore, JL,
fluorescence is redshifted relative to that of TX and has a
maximum at 720nm in MTHF at room temperature
(Figure 1). Spectral curve fitting again requires the involve-
ment of three Gaussian-shaped components with a common
half-width of 950 cm~', and with underlying vibronic compo-
nents of 755 and 1310 cm™". Excitation and absorption spec-
tra are in accord across the relevant spectral window. At
room temperature in MTHF solution, & has a value of (.30
and 7y is 2.8 ns; again, decay curves are well explained in
terms of monoexponential fits. Cooling the solution results
in a redshift, the maximum reaching 755 nm at 160 K and
with an accompanying decrease in emission yield, until ap-
proaching the freezing point of the solvent (see the Support-
ing Information). On lowering the temperature further,
there is a substantial blueshift and a marked escalation in
emission. At 80 K in glassy MTHF, @ reaches a limiting
value of 0.58, and the emission maximum is found at
685 nm. The spectral profile remains [airly broad even in
the glassy matrix but can be analyzed in terms of medium-
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(ie., ¥=1300cm™, §=021) and low-frequency (i.e., v=
600 cm~', §=0.53) vibronic peaks with a half-width of
815 cm~'. The Huang-Rhys factors®™ derived at 80K, al-
though much smaller than those found at room temperature,
are still somewhat too high for a pure m-m* transition.
These spectral shifts can be explained in terms of solvation
of a polar species, taking into account that the dielectric
constant of fluid MTHF increases with decreasing tempera-
ture.l*!! Again, it is proposed that freezing of the solvent hin-
ders some important structural change that is essential for
effective charge transfer along the molecular axis.

Aided by the quantum chemical studies outlined above,
our understanding of the photophysical properties of TX
can be summarized as follows (Table 2): llumination creates
an excited-singlet state possessing significant charge-transfer
character, with the resultant transition dipole moment being
spread over most of the molecule. The radiative rate con-
stant (krap) decreases with increasing polarity of the sol-
vent, due to a corresponding change in geometry,* while
the competing nonradiative rate constant (k,) increases
under the same conditions, due to the energy-gap law."!
The net result is that fluorescence is reasonably pronounced
in nonpolar media but is extinguished in strongly polar envi-
ronments. It appears that formation of the excited state de-
mands a change in geometry, as is evident by the unusually
large Stokes' shift of 1550 cm™' in MTHF. This structural
change, presumed to involve mutual alignment of the
n cloud and the N lone pair, is restricted in rigid media in
which the excited state more closely resembles a locally ex-
cited m—n* species. The ground state does not appear to be
a polar species, in agreement with the DFT calculations
(ttgs=3.0 D), since the position of the absorption maximum
varies with the polarizability (Pyys) of the solvent™) but not
with the dielectric constant. Indeed, there is a linear rela-
tionship between the wavenumber (v,g¢) at the maximum of
the lowest-energy absorption transition and Pgys (Figure 3),
as has been reported for many classes of nonpolar chromo-
phores,*! including BODIPY dyes.l”! This linearity permits
estimation of the radius of the solvent cavity housing the
dye as being 4.3 A and predicts the absorption maximum
under vacuum to be at 560 nm, similar to that of the mono-
styryl dye lacking the amino group.™ Now the change in
dipole moment accompanying excitation can be estimated
from the Lippert-Mataga relationship® as being 15.7 D for
TX (Figure?2). Similar behavior is observed for JL
(Table 2), where the change in dipole moment on excitation
is calculated as approximately 17 D and the Stokes’ shift in
MTHF is 1960 cm ',

In glassy MTHF at 80K, emission spectra recorded for
the two compounds do not coincide and the julolidine-based
system JL is subjected to a redshift of approximately 45 nm
relative to TX. The same is true for excitation spectra. The
parent monostyryl BODIPY dye'™ that lacks charge-trans-
fer interactions shows absorption and emission maxima at
573 and 583 nm, respectively, thereby giving a Stokes’ shift
of approximately 300 cm™'. Extrapolation of the Lippert—
Mataga plot recorded for TX also indicates that the Stokes’
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Figure 3. Effect of solvent on a) absorption and b) fluorescence spectral
properties recorded for TX at room temperature: panel (a) represents
the effect of solvent polarizability on the absorption maximum for the
lowest-energy transition whereas panel (b) refers to a Lippert-Mataga
plot for the Stokes™ shift versus the solvent Pekkar function (fie)). The
points are experimental values and the solid lines refer to fits to the cor-
responding theoretical model.

shift is 300 cm™' under vacuum, where charge-transfer inter-
actions are likely to be minimal. As such, the amino-substi-
tuted derivatives can be considered to possess increased
conjugation lengths because of the N lone pair, which ac-
counts for the redshifted absorption maximum, in addition
to their inherent charge-transfer character. An important
point to bear in mind is that this charge-transfer effect does
not lead to light-induced charge separation.

Overall, the photophysical properties recorded in fluid
solution appear consistent with those reported by Rurack "
and Baruah*® and their co-workers for the corresponding
monostyryl BODIPY dye bearing a terminal N,N-dimethyl-
anilino unit. Here, the absorption spectrum is hardly affect-
ed by changes in solvent but the emission maximum moves
to lower energy as the solvent polarity increases. A particu-
lar emphasis in the work outlined by Baruah et al.F* is
placed on establishing the most appropriate descriptor for
solvent polarity. We are less concerned with this point since
our main interest lies with the push-pull dyes. Nonetheless,
it is important to highlight the fact that ky,p for the N,N-di-
methylanilino-based dyel*"*! is approximately 1.9x10%s7!,
which is slightly higher than that found in this work, but
consistent with the general observation that kg, decreases
with increasing charge-transfer character. As reported by
others for related compounds!* ¥ the amino N atom is
readily protonated in acidic solution and this causes a
marked spectral shift for both absorption and emission
maxima. In the case of JL, for example, protonation in
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MTHEF shifts the absorption and fluorescence peaks to 575
and 585 nm, respectively, and @ increases to 0.95.

Photophysics of the push-pull compounds JLCV and
TXCV: The push-pull compounds differ from the parent
amino-substituted styryl-BODIPY dyes by virtue of having
an electron-affinic dicyanovinyl unit appended through the
meso position. It might be noted that this type of electron
acceptor has a long history in the generic field of molecular
photophysics.®™ Absorption spectra recorded for these new
push—pull molecules, JLCV and TXCYV, in MTHF at room
temperature are similar to those described for the corre-
sponding BODIPY-amine compounds, JL. and TX, but are
redshifted by approximately 10 nm and slightly broadened
(Figure 4). Oscillator strengths, which are 1.02 for both com-
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Figure 4. a) Absorption and b) fluorescence spectra recorded for JLCV in
MTHF at room temperature (see the Supporting Information for corre-
sponding plots for TXCV). In part (a), the solid black curve is the experi-
mental spectrum, the light grey curve is the deconstructed charge-transfer
transition, and the dark grey curves are Gaussian components for the
normal m—x* transition. In part (b), the solid black curve is the experi-
mental spectrum, the light grey curve is the deconstructed spectrum for
the emissive state and the dark grey curve is the proposed impurity.

pounds, are increased relative to the parent compounds and,
most importantly, there are indications for the presence of a
charge-transfer transition lying under the lowest-energy
n—m* absorption band. The latter situation is most evident
for JLCV but spectral curve fitting confirms the presence of
a charge-transfer contribution to the total absorption spec-
tral profile of TXCV. The maxima of these transitions are
found at 660 and 724 nm for TXCV and JLCV in MTHEF, re-
spectively. The origin of both transitions is considered to in-
volve charge transfer from the styryl-BODIPY to the dicya-
novinyl unit since DFT calculations show the HOMO and
LUMO(1) to be localized on the styryl-based BODIPY resi-
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due whereas the LUMO is centered on the dicyanovinyl ap-
pendage. Interestingly, the DFT calculations indicate sub-
stantially increased dipole moments for both push—pull com-
pounds relative to the original amino derivative. Thus, the
computed ground-state dipole moments are 9.3 and 80D
for JLCV and TXCY, respectively.

Fluorescence from the target push—pull systems is difficult
to resolve in liquid MTHF and it is clear that the emission is
extensively quenched relative to the analogues lacking the
dicyanovinyl unit. For TXCYV, fluorescence is decreased by a
factor of approximately 300-fold relative to TX while the
emission maximum is shifted to 695 nm (Table 2). In glassy
MTHEF at temperatures <115 K, the emission spectrum re-
sembles that recorded for the control compound TX, and at
80 K @ has a value of 0.32, which remains less than that
measured for TX (¥;=0.85) under the same conditions
(Figure 5). As the glass melts, there is a dramatic fall in @¢
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Figure 5. Effect of temperature on the fluorescence spectral profile re-
corded for TXCV in MTHF. The arrow indicates the effect of warming
the solution from 80 to 290K in equal increments. The inset shows the
effect of temperature on the relative emission quantum yield.

and a significant redshift, which reaches a maximum at
170 K where the fluorescence peak lies at 740 nm. Under
critical examination of the emission spectral profiles it be-
comes clear that there are important differences between
room-temperature spectra recorded for the push—pull
system and the simpler amino derivative. Indeed, the total
emission spectrum recorded for TXCV appears as a mixture
of a fluorescence profile somewhat similar to that of TX
and a new band lying at lower energy (Figure5). This
second component is broad and essentially featureless, with
the maximum being strongly temperature dependent.
Time-resolved emission studies carried out for TXCV in
MTHEF show that decay profiles require analysis in terms of
dual-exponential kinetics (Figure 6). One component, with a
lifetime of 2.4 ns, is a minor species and is tentatively as-
signed to a trace impurily on account of its spectral profile
being similar to that of TX. The second component, which
has a lifetime of 260 ps, is the dominant species and corre-
sponds to the redshifted species (Figure 7). From the spec-
tral curve fitting analysis, @ for this latter component is es-
timated to be approximately 0.002, hence kg, must be ap-
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Figure 6. Time-resolved fluorescence decay profile recorded for TXCV in
MTHF following excitation at 635 nm and with detection at 710 nm. The
instrument response function is shown as a black solid curve and the
experimental data points appear as open circles. The analytical fit is
shown as a red curve superimposed over the data points. For this
analysis, 7° =1.09.
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Figure 7. Decay-associated emission spectra derived from analysis of the
time-resolved fluorescence spectra recorded for TXCV in MTHF follow-
ing excitation at 590 nm. The grey curve corresponds to the longer-lived
species and the black curve is for the shorter-lived component. See the
Supporting Information for the analogous spectra derived for JLCV.

proximately 107 s~! at room temperature. The same analysis
can be made for JLCV, where the shorter lifetime is 130 ps
and the residual impurity has a lifetime of 2.8 ns. In this
case, the emission spectrum shows only a minor contribution
from the “impurity” whilst the shorter-lived species has an
emission maximum at 725 nm. The emission quantum yield
for this latter species is very low in MTHF at room tempera-
ture, where kg ,p, is estimated to be approximately 2x 107 s,
Temperature-dependent emission studies again show that
the blueshifted emission characteristic of JL is apparent in
the glassy matrix at <110 K but disappears on melting. As
for TXCV, the peak position for the redshifted species is
strongly temperature dependent. On the basis that this emis-
sion arises from a charge-transfer state, the reorganization
energy for charge recombination is approximately 0.1eV
(Table 2).

The photophysical properties of these push—pull dyes can
be interpreted as follows: The lowest-lying singlet-excited
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state in both compounds is accessed through direct excita-
tion into the charge-transfer transition identified on the red
edge of the strong absorption band associated with the
amino-substituted styryl-BODIPY dye. This state is weakly
emissive. The excited-state lifetimes are fairly short, owing
to the energy-gap law;’! the corresponding radiative rate
constants are relatively small because of the low oscillator
strengths for the charge-transfer absorption transition.*” II-
lumination into the BODIPY dye forms the corresponding
localized state possessing considerable charge-transfer char-
acter but this species undergoes rapid internal conversion to
populate the lower-energy state. The polar solvent stabilizes
this latter state and thereby gives rise to the observed red-
shift as the temperature falls. In the glassy matrix, such sta-
bilization is not possible,”” because the solvent cannot re-
orient around the emergent dipole, and the energy of the
charge-transfer state increases dramatically. At <115K, this
state lies at higher energy than the singlet-excited state asso-
ciated with the amino-substituted styryl-BODIPY dye. The
nel result is complete recovery ol blueshifted fluorescence
in the glass. In fact, the fluorescence properties (both inte-
grated area and peak position) provide a convenient means
by which to monitor global changes in the nature of the sol-
vent as a function of temperature. Although other dyes have
been used*™ as optical probes for the temperature-
induced change in the dielectric constant of MTHE, these
push—pull molecules are especially useful for following
vitrification.

Conclusion

The two amino-substituted monostyryl BODIPY dyes un-
dergo a significant increase in dipole moment on promotion
to the first-allowed excited state. Both dyes are strongly flu-
orescent, without the anticipated quenching by the amino
group, with the emission maximum depending on the local
polarity. The relevant excited states, which possess strong
charge-transfer character, are accessed by means of a key
geometry change that is inhibited in a frozen glass at low
temperature. Consequently, in the case of TX in MTHE, vit-
rification of the solvent is accompanied by a 90 nm blueshift,
which occurs over a temperature range of approximately
30 K. These compounds are characterized by relatively high
radiative rates and it is interesting to note how kg,p de-
pends on the strength of the donor. In fact, it can be argued
that kp,p provides an indirect measure of the internal
charge-transfer characteristics for this class of styryl-
BODIPY dyes. Data collected in different solvents for JL,
TX, and the N,N-dimethylanilino®”-*! derivative show rea-
sonable linearity between kgap and the emission peak maxi-
mum, which suggests comparable coupling elements for all
three dyes. In the same solvent, the measured Stokes’ shifts
are 1960, 1550, and 1420 cm™" for JL, TX, and the N,N-di-
methylanilino compound, respectively, which could be taken
as a relative measure of the donor ability.
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Adding the dicyanovinyl acceptor, by means of an orthog-
onal phenylene ring, provides a route for increasing the mo-
lecular dipole moment and is accompanied by a large de-
crease in fluorescence. Electronic coupling is so strong, de-
spite the bridge, that the absorption spectrum shows evi-
dence of a low-lying charge-transfer state. On vitrification,
the emission spectrum moves towards that of the amino—
BODIPY derivative. This effect is explained in terms of the
glass being unable to adequately solvate the charge-transfer
state and preventing the essential geometry change. There is
considerable interest in monitoring the properties of optical
glasses formed by freezing an organic solvent, especially
with regard to the local polarity.*! In this respect we note
that compounds JLCV and TXCYV function as exquisite mir-
rors for the vitrification of the solvent and clearly distin-
guish between a rigid glass and an amorphous glassy regime.
These effects are due to changes in viscosity, rather than po-
larity, but could be adapted to develop improved optical
sensors for glass transition temperatures.

Experimental Section

Svnthesis and characterization

General procedure A: In a round-bottomed flask, piperidine and a crystal
of p-toluenesulfonic acid (p-TsOH) were added to a solution of com-
pound 1 (lequiv) and 9-formyl-10-butoxy-1,1.7,7-tetramethyl-23,6,7-
tetrahydro-1H,5H-pyrido[3,2,1-if]quinoline (1.5 equiv) in toluene. The
solution was heated at 140°C until it had evaporated to dryness. The
colored solids were purified by silica gel chromatography before being
recrystallized.

General procedure B: [Pd(PPh;),Cl,] (10mmol %) and sodium formate
(1.2 equiv) were added to a solution of 3 (1 equiv) in anhydrous DMF
(8mL) in a two-necked flask equipped with a reflux condenser, a gas
bubbler, and a magnetic stirring bar. The reaction mixture was degassed
under a continuous flow of CO at atmospheric pressure and stirred at
90°C for 3 h. After cooling to room lemperature, the mixture was ex-
tracted with dichloromethane and washed several times with water. The
organic phase was dried over hygroscopic cotton wool and evaporated.
The crude residue was then purified by flash chromatography.

General procedure C: In a Schlenk tube equipped with a magnetic stir-
ring bar, malonitrile (1.2equiv) and several drops of piperidine/acetic
acid were added to a suspension of the aldehyde precursor (1 equiv) in
methanol (2.5 mL). The mixture was stirred at 85-95°C for 1 h.

Details regarding the spectroscopic investigations are also provided in
the Supporting Information.

Compound JL (3): Compound 3 was synthesized according to general
procedure A, starting from 44-difluoro-8-(4-iodo)phenyl-1,3,5,7-tetra-
methyl-4-bora-3a 4a-diaza-s-indacene (BODIPY; 226 mg, 0.50 mmol).
Column chromatography (silica gel. CH,Cl,/petroleum ether 4:6, v/v) and
recrystallization from ethanol/CH.CL gave 3 (220mg, 58%) as a dark
blue solid. R=030 (CH,Cly/petroleum ether 4:6); 'HNMR (CDCl,,
300 MHz): 6=099 (t, /=73 Hz. 3H). 133 (s, 6H), 1.41-1.42 (m, 9H),
146 (s, 3H), 1.52-1.57 (m, 2H), 1.70-1.74 (m, 4H), 1.80-1.90 (m, 2H),
258 (s, 3H), 3.16 (t, ¥ =57 He, 2H), 3.23 (t, */=5.7 Hz, 2H), 3.83 (1,
J=6.6Hz, 2H), 595 (s, 1 H), 6.58 (s, 1 H), 7.08 (d, '/ =82 Hz, 2H), 7.32
(d, ¥=162Hz, 1H), 737 (s, LH), 742 (d, '/ =162 Hz, 1H), 7.83 ppm (d,
*J=82Hz, 2H); “CNMR (CDCl,, 50 MHz): §=143, 14.1, 147, 147,
152, 19.6, 302, 31.0, 32.4, 32.4, 328, 36.6, 40.1, 47.0, 476, 94.6, 113.2,
1133, 1133, 1133, 1174, 1183, 120.3, 120.3, 122.0, 1236, 126.9, 130.7,
1353, 136.4, 1383, 1395, 142.7, 1447, 1522, 156.6, 157.6 ppm; ''B NMR
(CDCl;, 128 MHz): 6=1.07ppm (L J(BF)=326Hz); EIMS (neat
matter): m/z caled for C,HgBF,IN;O: 761.2; found: 761.1 (100) [M~],
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6882 (30) [M-(OCH,)]": elemental analysis caled (%) for
CyHy;BEIN,O: C 63.09, H 6.22, N 552; found: C 62.76, H 6.04, N 538
Compound 4: Compound 4 was synthesized according to general proce-
dure B, starting from compound 3 (155 mg, 0.203 mmol). The crude resi-
due so obtained was purified by column chromatography (silica gel), elut-
ing with toluene/CH,Cl, (8:2, viv) to give the desired compound as a
dark blue solid (95 mg, 71%). R,=0.46 (toluene/CH,Cl, 8:2); 'H NMR
(CDCl,, 300 MHz): 6=098 (t, ¥=7.2Hz, 3H), 1.33-1.42 (m, 18H),
1.51-1.57 (m, 2H), 173 (t, =60 Hz, 4H), 1.81-1.8% (m, 2H), 2.59 (s,
3H), 3.16-3.24 (m, 4H), 383 (t, /=6.7 Hz, 2H), 596 (s, L H), 6.59 (s,
1H), 7.46-7.48 (m, 3H), 7.54 (d, /=81 Hz, 2H), 802 (d, *J=81 Hz
2H), 10.12ppm (s, 1H); “C NMR (CDCl,, 50 MHz): 6 =14.2, 14.4, 146,
150, 195, 29.74, 301, 30.8, 309, 32.3, 327, 36.4, 400, 46.9, 47.5, 113.1,
117.3, 118.4, 1203, 121.9, 123.5, 1253, 1269, 1283, 129.1, 129.8, 130.2,
1328, 135.6, 1358, 136.5, 137.9, 139.1, 1422, 1423, 1424, 1447, 1523,
156.8, 157.6, 191.7 ppm; "B NMR (CDCl;, 128 MHz): d=1.07 ppm (t,
J(B.F)=332Hz): IR: v=701, 763, 976, 1061, 1116, 1156, 1194, 1254,
1290, 1317, 1464, 1497, 1532, 1581, 1702 (CHO), 2869, 2927, 2957 cm™;
EIMS (neat matter): m/z caled for CyHgBF,N;O2: 663.3; found: 663.2
(100) [M]*, 5902 (35) [M—(OC,H,)]": elemental analysis caled (%) for
CyHBF:N,O,: C 74.20, H 729, N 6.33; found: C 73.92, H 6.98, N 6.12.
Compound JLCV (5): Compound 5 was synthesized according to general
procedure C, starting from compound 4 (39 mg, 0.056 mmol). After cool-
ing the reaction to room temperature, the precipitate formed was isolated
by centrifugation and washed several times with methanol, giving the
product as a dark blue powder (20mg, 50%). 'HNMR (CDCl,
300 MHz): 6=0.98 (1, ¥=7.3 Hz, 3H), 1.33-1.42 (5, 18H), 1.50-1.55 (m.
2H), 1.71-1.75 (m, 4H), 1.80-1.90 (m, 2H), 2.59 (s, 3H), 3.17 (, /=
5.8Hz, 2H), 3.25 (t, 1=58Hz, 2H), 3.82 (t, /=67 Hz, 2H), 596 (s,
1H), 6.60 (s, 1H), 7.73-7.48 (m, 3H), 7.55 (d, /=82 Hz, 2H), 7.84 (s,
1H), 8.05ppm (d, /=83 Hz, 2H); "CNMR (CDCl,, 100 MHz): é=
143, 145, 146, 15.1, 19.5, 29.4, 29.7, 30.0, 30.8, 32.3, 32.3, 32.7, 36.4, 39.9,
469, 475,759, 839, 1125, 1129, 113.5, 1172, 1187, 120.4, 121.9, 123.5,
126.9, 129.8, 1300, 130.5, 131.1, 1312, 132.7, 134.7, 1359, 1387, 142.2,
142.6, 144.8, 1523, 157.1, 157.7, 1589, 1655 ppm; "B NMR (CDCl;,
128 MHz): 6=1.04 (1, J{(BF) =329 Hz); IR: #=702, 795, 854, 984, 1014,
1156, 1196, 1257, 1294, 1320, 1465, 1496, 1533, 1583, 2228 (—CN), 2963,
2961, 2926 cm™"; EIMS (neat matter): m/z caled for C,H,BF.N,O:
711.4; found: 711.2 (100) [M]", 692.2 (30) [M—F]"; elemental analysis
caled (%) for CyH, BF.N.O: C 74.26, H 6.80, N 9.84; found: C 73.94, H
6.62, N 9.62.

Compound 7: Compound 7 was synthesized according to general proce-
dure B, starting from compound 6a (101 mg., 0.077 mmol). Flash chroma-
tography from silica gel (toluene/petroleum ether 7:3, v/v) gave the prod-
uct as a dark blue solid (78%, 73 mg). R;=0.48 (toluene/petroleum ether
73); 'HNMR (CDCl,, 300 MHz): 6 =0.78-0.85 (m, 9H), 1.19-1.43 (m,
25H), 1.93-2.04 (m, 6 H), 2.66 (s, 3H), 4.88-4.96 (m, 6H), 6.04 (s, 1H),
6.73 (s, 1H), 7.35 (t, /=74 Hz, 2H), 743-7.50 (m, 3H), 7.55 (d, /=
8.0Hz 2H), 7.62-7.70 (m, 3H), 7.71 (s, 1 H), 7.85 (d, /=160 Hz, 1H),
8.04 (d, /=80 Hz, 2H), 8.22-8.29 (m, 3H), 10.12 ppm (s, L H); "BNMR
(CDCl,;, 128 MHz): 6=110ppm (t, J(B.F)=32.6 Hz); IR: =706, 727,
794, 984, 1015, 1075, 1157, 1193, 1260, 1298, 1372, 1464, 1499, 1538, 1705
(—CHOQ), 2852, 2923, 2958 em™'; EIMS (neat matter): m/z caled for
CuHgBF:NSO: 959.5; found: 9593 (100) [M]*, 940.3 (35) [M—F]"; ele-
mental analysis caled (%) for CaHgBEN;O: C 78.82, H 7.14, N 7.29;
found: C 78.54, H 6.72, N 6.82.

Compound TXCV (8): Malonitrile (7 mg, 0.112 mmol) and several drops
of piperidine/acetic acid were added to a Schlenk tube equipped with a
stirrer bar and containing a solution of aldehyde precursor 7 (68 mg,
0.056 mmol) in THF (3 mL). The mixture was stirred at 95°C for 20—
30 min. After purification by column chromatography (silica gel, toluene/
CH,CL, 8:2, v/v), the product was obtained as a dark blue solid (22 mg,
50%). Ry=064 (toluene/CH,C1, 82); 'HNMR (CDCly, 400 MHz): 6=
0.78-0.85 (m, 9H), 121-1.33 (m, 18H), 1.41 (s, 3H), 1.47 (s, 3H), 1.94—
2.03 (m, 6H), 2.65 (s, 3H), 491498 (m, 6 H), 6.05 (s, 1H), 6.76 (s, 1H),
736 (t, J=74 Hz, 2H), 746 (1, /=81 Hz, 2H), 7.54 (d. *J=7.6Hz
1H), 7.58 (d, ¥ =83 Hz, 2H), 7.36-7.66 (m, 2H), 7.69 (d, *J=85Hz
1H), 7.75 (s, 1H), 7.85 (d, */=16.2Hz, 1H), 7.86 (s, 1H), 8.08 (d, /=

13536 ——

www.chemeurj.org

227

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

83 Hz, 2H), 826 (d, /=85 1H), 829ppm (d, /=79 Hz, 2H);
BCNMR (CDCL, 50 MHz): 6=139, 13.9, 14.1, 146, 14.9, 224, 225,
227, 263, 264, 293, 29.7, 31.4, 31.4, 31.4, 31.9, 47.1, 84.2, 1103, 1106,
1193, 119.8, 119.8, 1198, 1214, 1215, 121.6, 1227, 1233, 123.4, 124.6,
1297, 130.2, 1309, 1313, 1385, 1388, 139.4, 1409, 141.0, 141.2, 142.0,
154.5, 1551, 158.7 ppm: "BNMR (CDCl;, 128 MHz): 6=1.07 ppm (t,
J(BF) =320 Hz); IR: #=710, 727, 800, 984, 1018, 1039, 1077, 1158, 1194,
1299, 1373, 1409, 1463, 1500, 1540, 1589, 2229 (—CN), 2853, 2923,
2954cm™; EIMS (neat matter): m/z caled for CyuH BF,N;: 1007.5;
found: 1007.3 (100) [M]*, 9883 (20) [M—F]": elemental analysis calced
(%) for CiHgBE.N,: C 78.63, H 6.80, N 9.73; found: C 7842, H 6.62, N
942
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Exciplex Emission from a Boron Dipyrromethene (Bodipy)
Dye Equipped with a Dicyanovinyl Appendage

Adela Nano,? Raymond Ziessel,*® Patrycja Stachelek,™ Mohammed A. H. Alamiry,®! and

Anthony Harriman*®!

The photophysical properties of a prototypic donor-acceptor
dyad, featuring a conventional boron dipymromethene (Bodipy)
dye linked to a dicyanovinyl unit through a meso-phenylene
ring, have been recorded in weakly polar solvents. The absorp-
tion spectrum remains unperturbed relative to that of the
parent Bodipy dye but the fluorescence is extensively
quenched. At room temperature, the emission spectrum com-
prises roughly equal contributions from the regular 7, t* excit-
ed-singlet state and from an exciplex formed by partial charge
transfer from Bodipy to the dicyanovinyl residue. This mixture
moves progressively in favor of the locally excited m, m* state
on cooling and the exciplex is no longer seen in frozen media;
the overall emission guantum yield changes dramatically near
the freezing point of the solvent. The exciplex, which has a life-

1. Introduction

Fluorescent exciplexes are often formed in weakly polar sol-
vents under conditions in which the driving force for excited-
state electron transfer from donor to acceptor is close to
zero." An important feature of all exciplexes concerns the
extent of charge transfer that occurs under illumination,™®
a factor that depends on many parameters including structure,
temperature, and environment.”! It is common practice to con-
sider the exciplex wave function in terms of contributions from
extreme forms associated with a nonpolar (i.e. T, * or locally
excited) state and a polar (i.e. charge-transfer) state.””’ Because
there is no ground-state counterpart, the exciplex can retain
a relatively long lifetime but fluorescence is kept to a modest
level by the low radiative rate constant. A further point of in-
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time of approximately 1 ns at room temperature, can also be
seen by transient absorption spectroscopy, in which it decays
to form the locally excited triplet state. Under applied pressure
(P <170 MPa), formation of the exciplex is somewhat hindered
by restricted rotation around the semirigid linkage and again
the emission profile shifts in favor of the m,n* excited state.
At higher pressure (170< P <550 MPa), the molecule under-
goes reversible distortion that has a small effect on the yield
of m,m* emission but severely quenches exciplex fluorescence.
In the limiting case, this high-pressure effect decreases the
molar volume of the solute by approximately 25cm?® and
opens a new channel for nonradiative deactivation of the ex-
cited-state manifold.

terest relating to exciplex formation is that a significant decay
route can involve intersystem crossing to the triplet manifold.”’
Indeed, exciplex formation provides a convenient means by
which to access the triplet state for dyes that possess very
slow rates of inherent intersystem crossing. Such behavior has
already been reported® for a few boron dipyrromethene
(Bodipy) dyes fitted with appropriate electrode-active subunits.
MNotably, subtle geometry changes often accompany the
charge-transfer step.” This type of geometry alteration is espe-
cially important in closely spaced, donor-acceptor systems
built around semirigid spacers. Of course, many organic moiet-
ies (e.g. aryl hydrocarbons,” heterocycles® porphyrins,®
oligomers,"™” polymers,"? dendrimers,"* cholesteric liquid crys-
tals,™ and so forth) are known to form emissive exciplexes
under certain conditions. Recent work has implicated™ an ex-
ciplex as a key intermediate during intramolecular electronic
energy transfer, and several interesting applications have been
found for exciplexes."® Many of these revolve around analyti-
cal protocols such as temperature, viscosity, or polarity sensors.

In the present work we are concerned with extending the
range of Bodipy-based fluorescent exciplexes that undergo in-
tersystem crossing to the corresponding triplet state.*® Of par-
ticular importance is the effect of local environment on both
exciplex formation and its subsequent decay. We restrict our
attention to a single intramolecular exciplex in which a strong
electron acceptor (i.e. dicyanovinyl) is attached to a convention-
al Bodipy dye through a bridging phenylene ring. The terminal
acceptor is free to rotate around the connection to the bridge,

ChemPhysChem 2014, 15,177-186 177
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thereby providing access to a wide range of possible geome-
tries in terms of the mutual alignment of the two electrode-
active partners. The phenylene ring serves to decouple the
two electronic systems in the ground state. It might be men-
tioned that the dicyanovinyl residue has been used extensively
as an electron acceptor in the generic field of molecular photo-
physics"” and is a common participant in exciplex chemistry."®
It has also found prominent use in fluorescent sensors for
monitoring changes in rheology.™ More importantly, the di-
cyanovinyl residue is a popular constituent of materials used in
the emerging field of molecular organic photovoltaics,*® espe-
cially when combined with poly(thiophene) units.*” As Bodipy
dyes are also showing promise as reagents in organic light-
emitting diodes and organic solar cells® it seems opportune
to combine these features into a single entity.

2. Results and Discussion
Synthesis and Energetics

The target compound, BOD-DCV, was prepared from the
parent compound 1** by an original formylation reaction,**
first leading to 2 and then undergoing reaction with malononi-
trile® to afford the required material 3 in good vyield
(Scheme 1). The final compound was purified by flash chroma-

CN
1 CN
) i) i) J
- 85% 86% -
FF FF
BOD ,1 2 BOD-DCV,3

Scheme 1. Reaction conditions: i [Pd(PPh,),Cl,] (10 mel%), HCOONa, N,N-di-
methylformamide (DMF) under a flow of CO at atmospheric pressure,
100 °C; ii) malononitrile, AcOH/piperidine cat., THF, 95 °C, 20-30 min.

tography on a silica column and analyzed by NMR spectrosco-
py. Diagnostic signals include the chemical shift of the malono-
nitrile proton at 7.84 ppm in 3 that is formed at the expense
of the formyl peak at 10.11 ppm in 2. The stretching vibrations
of the formyl and dicyano groups were observed, respectively,
at 1704 and 2229 cm' in the IR spectra. Full synthetic details
are provided in the Experimental Section.

Quantum chemical calculations were used to model the ge-
ometry of the lowest-energy conformation of BOD-DCV in so-
lution (Figure 1). It is seen that the ancillary methyl groups
force the meso-phenylene ring into an orthogonal geometry
but this subunit can gyrate around its mean position at ambi-
ent temperature. The dicyanovinyl subunit prefers to align
with the mcloud resident on the Bodipy unit. This has the
effect of bringing one of the cyano groups into close proximity
with the Bodipy residue. For the energy-minimized geometry,
the computed dipole moment is 3.5 D compared to a value of
2.0 D for the comesponding meso-phenylene derivative lacking
the dicyanovinyl unit (i.e. BOD). These calculations predicted
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Figure 1. Compound BOD-DCV: Pictorial representations of the HOMO
(upper left-hand side), LUMO (upper right-hand side), and LUMO(1) (lower
left-hand side). Also shown is the energy-minimized geometry for the
ground state.

the absorption maximum to be at 519 nm and the cyano
stretching vibration to be at 2190 cm™".

The redox behavior of these Bodipy dyes was investigated
by cyclic voltammetry in CH.Cl, solution containing 0.1 M tetra-
N-butylammonium hexafluorophosphate (TBAPF;) as support-
ing electrolyte and the results are gathered in Table 1. The

starting material BOD (compound 1 in Scheme 1) displays

Table 1. Electrochemical data for the target Bodipy dyes."

Compound E"{ox., soln.) [V] E”{red., soln.) [V]
AE [mV] AE [mV]
BOD, 1 1115 (70) —1.24 (60)
2 +1.17 (70) —1.22 (60)
BOD-DCV, 3 1119 (70) —1.03 (irr); —1.32 (70)

[a] Potentials determined by cyclic voltammetry in deoxygenated di-
chloromethane solution containing 0.1m TBAPF, (electrochemical
window from + 1.6 to —2.2V), at a solute concentration of approximately
1.5mm and at room temperature. Potentials were standardized versus
ferrocene (Fc) as internal reference and converted to the SCE scale as-
suming £y (Fc/Fc™)=+038V (vs. SCE) and AE,=60 mV. Error in half-
wave potentials is + 10 mV. For irreversible processes, the peak potentials
[E;) are quoted. All reversible redox steps result from one-electron
processes.

a single reversible wave on both oxidative [E,,=1.15V vs. sa-
turated calomel electrode (SCE)] and reductive (Fyep=-—1.24V
vs. SCE) scans due to the formation of the n-radical cation and
ni-radical anion, respectively, as has been observed previously
for related compounds.?” These waves are highly reversible
(lu/l,.=21) and exhibit the characteristic shape (AE,=60-
70 mV) of a Nernstian, one-electron process. Closely compara-
ble behavior is found with BOD-DCV. Here, the characteristic
half-wave potential for one-electron oxidation of the Bodipy
nucleus is 1.19 V (vs. SCE) in CH.CI, solution.

On reductive scans, BOD-DCV displays an additional but irre-
versible wave at —1.03 V (vs. SCE). By reference to other deriva-
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tives bearing the dicyanovinyl residue,*” this new wave is at-
tributable to one-electron reduction of the latter unit. The half-
wave potential (E°=-1.32V vs. SCE) for reduction of the
Bodipy nucleus is now displaced to a slightly more negative
value due to electrostatic repulsion. Such behavior seems con-
sistent with DFT calculations made for BOD-DCV that place the
HOMO and LUMO(1) on the Bodipy core but identify the
LUMO as being localized on the dicyanovinyl unit (Figure 1).
The orthogonal phenylene ring will minimize electronic cou-
pling between the electrode-active units, but the short center-
to-center separation (i.e. ca. 8.8 A) remains in line with the ob-
served through-space electrostatic perturbation.

The cyclic voltammetry data can be used in conjunction
with basic spectroscopic information (see later) to determine™®
the thermodynamic driving force (AG) for light-induced
charge transfer in BOD-DCV. Thus, on the basis of Equation (1)
it can be concluded that in 2-methyltetrahydrofuran (MTHF) at
20'C there is a modest driving force for charge transfer
(AG,=—0.17 &V).

AGer = e[Eoy — Egep] — Exs — Ees — EsoL

2

4
Ee=——"——
B (4meq)esRec (1)
fo_ € (1 1N(1 1
S L G >

The parameters used in Equation (1) include the excited-
state energy (Ey, =243 eV) as derived from the intersection be-
tween normalized absorption and fluorescence spectra. Correc-
tion® is made for the difference in solvent dielectric constant
between MTHF (¢5=6.24) and CH,Cl, (£ =9.08) and all mo-
lecular dimensions of donor (R,=3.5A) and acceptor (R,=
1.8 A) are available from the computer models (Figure 1). A fur-
ther correction is applied for the electrostatic attractive forces
pertinent to the resultant charge-transfer state on the basis of
full electron transfer. This latter point is a matter of some con-
jecture and introduces an error of approximately 0.05 eV into
the final AG value. The same error is introduced into the
thermodynamic driving force (AGg) for charge recombination
to reform the ground state. In this case, however, the error is
insignificant since the overall AGy, is approximately —2.2 eV.
A more important error relates to the fact that reduction of
the dicyanovinyl unit is electrochemically irreversible.

The triplet-excited state of BOD lies at an energy of approxi-
mately 1.60 eV above the ground state.?” Taking the same
value for BOD-DCV, it appears that the triplet state lies below
the charge-transfer state by approximately 0.6 eV. Even allow-
ing for the anticipated error in the electrostatic correction
term, it seems reasonable to suppose that decay of any
charge-transfer state might populate the triplet-excited state
resident on the Bodipy unit. This spin-forbidden process has
been the subject of much debate over the years®"” and is fa-
vored by the energy-gap law"? when compared to formation
of the ground state. In the absence of an external heavy-atom
perturber,™ it was not possible to detect phosphorescence
from BOD-DCV in MTHF at 77 K. Even in the presence of 20%
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(v/v) iodoethane it was difficult to resolve triplet emission from
the tail of the fluorescence peak following. The phosphores-
cence peak occurs at 780 nm at 77 K.B¥

Fluorescence Spectroscopy with BOD-DCV

In MTHF, the absorption spectrum of BOD-DCV (4, =503 nm,
Eax=79300 M 'cm ') closely resembles that recorded for the
parent dye, BOD, and there is no indication of significant elec-
tronic perturbation of the Bodipy & system by the electron-af-
finic appendage (Figure 2). In contrast, the fluorescence spec-
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Figure 2. Fluorescence spectrum (black curve) recorded for BOD-DCV in
MTHF at room temperature; the spectrum has been subjected to decon-
struction to show contributions from the local (light gray curve) and exciplex
(dark gray curve) emission. The inset shows the lowest-energy absorption
transition recorded under the same conditions.

trum recorded for BOD-DCV in MTHF at room temperature is
wealk, relatively broad, and has the appearance of two overlap-
ping sets of bands. Indeed, the spectrum sharpens on cooling
and, at temperatures below the freezing point®® of MTHF (ca.
140 K), takes on the expected features®® of the x,* emission
observed for the parent dye (Figure 3). The total fluorescence
quantum yield (@), which is 0.008 at room temperature com-
pared to a value of 0.72 for BOD, increases to 0.30 at 80 K.

Deconstruction®” of the room-temperature emission spec-
trum shows that there is a broad, featureless profile superim-
posed on the normal i, * fluorescence that has a maximum
at approximately 558 nm (Figure 2, also see the Supporting In-
formation); fluorescence from the locally excited m, w* excited-
singlet state has a maximum at 516 nm, which corresponds to
a Stokes shift of 500 cm™' compared to 380 cm™' for BOD. The
broad spectral profile accounts for about 70% of the total
spectrum at room temperature. Excitation spectra confirm that
both emission bands arise from direct excitation into the
Bodipy-based absorption transition. Notably, the band maxi-
mum for the locally excited fluorescence remains fixed where-
as that for the broad profile moves steadily to the red as the
fluid solution is cooled. This redshift is quite significant (e.g.
the maximum moves from 558 nm at room temperature to
610 nm at 230K) and is fully reversible.
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Figure 3. Effect of temperature on the emission spectrum recorded for BOD-
DCV in MTHF; the arrow indicates the spectral changes occurring on warm-
ing the solution from 80 to 290 K. The inset shows an expansion of spectral
changes occurring from 180 to 290 K.

In diethyl ether, the emission spectrum recorded for BOD-
DCV is similar to that observed in MTHF but the broad compo-
nent overlaps more strongly with the m,t* fluorescence and
contributes less to the total signal; here, ©:=0.012 and 3=
0.85 ns. Spectral curve fitting indicates that the emission maxi-
mum for the second component, which is the longer-lived spe-
cies, lies at approximately 545 nm. This emission maximum
moves progressively towards the red on cooling the solution,
while the intensity increases steadily, and there is a progressive
separation of fluorescence profiles attributable to the m,t* ex-
cited state and the second component (see the Supporting In-
formation). Limited solubility prevents the use of less polar sol-
vents and almost no fluorescence is apparent in polar media,
such as acetonitrile. Overall, such behavior is typical of that ex-
pected for a two-state model in which the locally excited T, *
state collapses to an emissive exciplex.*

On the basis of the electrochemistry, the broad, featureless
fluorescence spectral profile appears consistent with formation
of an emissive exciplex by way of partial charge transfer from
the Bodipy excited state to the appended dicyanovinyl unit.
It is known®® that the emission peak for many exciplexes, in-
cluding Bodipy-derived species,*” moves to lower energy as
the solvent polarity, usually expressed”” in terms of the static
dielectric constant (¢;), increases. Such behavior explains the
temperature dependence observed for BOD-DCV in fluid
MTHF (¢,=6.24) and in diethyl ether (¢,=4.34). In frozen
MTHEF, formation of the exciplex becomes highly restricted and
does not compete with fluorescence from the xt, m* excited-sin-
glet state. This finding indicates that an important structural
change accompanies exciplex formation. In polar media, the
exciplex decays rapidly such that fluorescence becomes diffi-
cult to resolve from the baseline. In both MTHF and diethyl
ether, the spectral profile can be analyzed in terms of charge-
transfer interactions (see the Supporting Information). This
type of spectral reconstruction allows estimation of the accom-
panying reorganization energy (i =1010 cm™") and identifica-
tion of the principal medium-frequency vibronic modes (v =
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1275 and 2225 cm™') coupled to nonradiative decay. The DFT
calculations predict important bending vibrations at around
1230 ¢cm ' that are associated with the Bodipy nucleus, includ-
ing distortions around the N-B-N axis.

Time-resolved fluorescence studies carried out using time-
correlated, single-photon counting methodology with tempo-
ral resolution of approximately 30 ps indicate that the decay
curves can be well explained in terms of single-exponential fits
with an average lifetime (z,) of 0.95 ns in MTHF. Interrogation
at different detection wavelengths supports the idea that this
lifetime is associated with the broad spectral profile, thus lead-
ing to the conclusion that the lifetime of the m, m* excited-sin-
glet state is less than 30 ps (Figure 4). In MTHF at room tem-
perature, the radiative rate constant for exciplex emission is
8x10°s". The temperature dependence noted above for the
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Figure 4. Typical time-resolved fluorescence decay curve recorded for BOD-
DCV in MTHF at room temperature; the excitation wavelength was 420 nm.
The instrumental response function is shown as a gray curve with the aver-
aged data points appearing as open circles. The nonlinear, least-squares fit

to the deconvoluted data is shown as a solid black line.

m,t* excited-singlet state points towards a strongly activated
decay process, in contrast to BOD for which the emission
quantum vield is essentially temperature independent. For
BOD-DCV, @; reaches a plateau value of around 0.3 in the
glassy region below 110K but falls dramatically as the solid
matrix melts at approximately 140 K (Figure 5). This type of be-
havior points clearly to exciplex formation demanding a large
structural change, which is curtailed in the solid medium. Nota-
bly, the polarity of glassy MTHF has been reported®*? to be
akin to that of liquid N,N-dimethylformamide such that the ob-
served temperature dependence is not a consequence of de-
creasing the local polarity.

In fluid solution, & decreases steadily with increasing tem-
perature and follows Arrhenius-type behavior (Figure5).
On the basis that the radiative rate constant (kgp=1.2%
10*s7"), as calculated for the m,mt* excited-singlet state using
the Strickler-Berg expression™® (for BOD, kgp=1.15x10%s7"),
is not affected by temperature, the activation barmier for exci-
plex formation is approximately 7 kimol . This is a modest
barrier that must be associated with some type of internal
structural reorganization. Presumably, this involves rotation
around the connecting linkage but its precise nature cannot
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Figure 5. Effect of temperature on the fluorescence quantum yield deter-
mined for BOD-DCV in MTHF. The melting point T, of the solvent is indicat-
ed. The inset shows an expansion of the region corresponding to the fluid
solvent.

be better defined at this stage. Adding together the two tem-
perature-dependent steps, it becomes clear that exciplex for-
mation is subjected to a serious change in molecular confor-
mation. Incidentally, the charge-transfer event itself is almost
activationless in fluid solution, since the driving force is essen-
tially balanced by the reorganization energy.

Laser Spectroscopy

Laser flash photolysis studies of BOD-DCV in MTHF at room
temperature show that the m,1* excited-singlet state is pro-
duced during the excitation pulse (Figure 6). This species is
easily recognized by strong bleaching of the ground-state ab-
sorption transition centered at 505 nm, stimulated emission in
the 510-540 nm region, and weak absorption towards the
blue. This locally excited m, t* state decays with a time con-
stant of approximately 12 ps to form a transient species dis-
playing a weak, broad absorption band centered at around
580 nm in addition to strong ground-state bleaching. The
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Figure 6. Decay-associated differential absorption spectra derived for the lo-
cally excited singlet state (squares), exciplex (gray dots), and triplet-excited
state (open circles) following laser excitation of BOD-DCV in MTHF. The inset
shows decay profiles recorded at 557 nm (upper plot, growth of the exci-
plex) and 536 nm (lower plot, formation and decay of the locally excited sin-
glet state).
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580 nm signal grows as the locally excited state decays. Similar
spectral features are observed in diethyl ether solution, in
which the locally excited singlet state has a lifetime of approxi-
mately 45 ps, and are attributed to the exciplex. Decay of this
species occurs with a time constant of approximately 1 ns to
form a mixture of the triplet-excited state and the ground
state but without clear population of a charge-separated spe-
cies. Such behavior has been reported previously for Bodipy-
related exciplexes™® in solvents of medium polarity, and inter-
systemn crossing within exciplexes is well known. !

The triplet-excited state can be seen after excitation of BOD-
DCV with a 4 ns laser pulse at 470 nm (Figure 7), for which the
decay profile is monoexponential with a lifetime of approxi-
mately 90 ps in the absence of dissolved oxygen. Aeration of
the solution causes the triplet lifetime to decrease to around
200 ns. Application of a magnetic field (< 200 G) has no clear
effect on the yield or lifetime of the excited-triplet state in dea-
erated MTHF solution. The triplet yield does increase, albeit
only by about 15%, in the presence of iodoethane (20% v/v),
and the triplet lifetime falls to 5 ps. The heavy-atom perturber
does not modify the differential absorption spectrum of the
triplet-excited state.
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Figure 7. Differential absorption spectrum recorded for the locally excited
triplet state following excitation of BOD-DCV in MTHF with a 4 ns laser
pulse at 470 nm. The inset shows a decay profile recorded at 530 nm and
a nonlinear, least-squares fit to a lifetime of 90 ps.

High-Pressure Studies Made with BOD-DCV

In an attempt to isolate geometry changes from any variations
in the thermodynamic parameters introduced by altering the
temperature, the emission properties of BOD-DCV were stud-
ied as a function of applied pressure. For this work, the pre-
ferred solvent was MTHF because it is known™" that this sol-
vent does not freeze at pressures less than 600 MPa. In line
with previous studies made with Bodipy derivatives,"® the ab-
sorption maximum shifts slightly (i.e. <5 nm) towards the red
due to the pressure-induced change in polarizability®” of
MTHF but this is a small effect. There is also an increase in ab-
sorbance of around 20% on application of 550 MPa due to
compression of the solvent (see the Supporting Information).
The more interesting experiment is how applied pressure per-
turbs the emission spectrum and this was followed after exci-
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tation of BOD-DCV at 408 nm with a stabilized laser diode at
20 'C. This high-energy absorption band does not shift signifi-
cantly under applied pressure and, therefore, serves as a better
excitation wavelength than does the high-energy tail of the
S¢=5 transition.

The effect of applied pressure on exciplex formation has not
been studied much, although high pressures have been shown
to affect the fluorescence properties of both inter- and intra-
molecular exciplexes from pyrene/N-methyl-4-methoxyaniline
in powdered form.“¥ In this particular study, pressure causes
changes in the molecular conformation and in close packing
between molecules in the solid sample. This effect is especially
important for intermolecular exciplexes. There is no compara-
ble concentration effect for BOD-DCV in MTHF solution and
no spectroscopic evidence to suggest intermolecular associa-
tion at any pressure or temperature available to us. Under ap-
plied pressure, the fluorescence maximum undergoes a slight
redshift due to changes in the polarizability and polarity of the
solvent. The maximum shift is approximately 4 nm at an ap-
plied pressure of 550 MPa and is fully reversible on release of
the pressure. This effect, which has been reported previously
for somewhat related Bodipy derivatives,*® is the counterpart
of the absorption spectral shifts seen for the m,7* excited
state. A closely comparable shift is observed for BOD in
MTHE."!

To isolate the pressure effects on the 7, m* emission and ex-
ciplex, it was necessary to conduct spectral deconstruction pat-
terns as outlined in Figure 2 as a function of applied pressure.
Now it becomes apparent that the exciplex emission maximum
shifts towards the red as the pressure increases. This is
a smooth transition (Figure 8) and is considerably more notice-
able than the polarizability-induced effect on the correspond-
ing m, ™ emission. The same spectral shift can be obtained by
replacing MTHF with solvents of slightly higher dielectric con-
stant. Thus, the observed effect on the spectral maximum is at-
tributed to a pressure-induced increase in dielectric constant,
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Figure 8. Effect of applied pressure on the fluorescence spectrum recorded
for BOD-DCV in MTHF at room temperature. The pressure increases from at-
mospheric pressure to 165 MPa in equal increments; the arrow shows the
effect of increasing pressure. The inset shows how pressure affects the fluo-
rescence quantum yield for total emission (o), the m, n* exdted state (m),
and the exciplex (&)
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as has been reported for many other solvents.*” The magni-
tude of the pressure effect on the exciplex emission band
amounts to approximately 35 nm at 550 MPa. Over the same
pressure range, £ increases from 6.96 to approximately 8.28.

At modest pressure (< 175 MPa), there is a steady increase
in the fluorescence intensity recorded for BOD-DCV in MTHF
solution. This is to be expected on the basis of the fact that
pressure raises the density of MTHF and this causes an increase
in the effective concentration of the solute* although not
sufficient to induce self-association. This effect is easily correct-
ed using the pressure-induced increase in absorbance at the
peak maximum. Exactly the same absorbance changes are
found for BOD. It is also necessary to allow for pressure-in-
duced changes in refractive index, which are a further conse-
quence of the higher density of the solvent. After making this
additional correction, it is clear that @; for BOD shows only
a slight dependence on applied pressure whereas that for
BOD-DCV is more substantive (Figure 8). Furthermore, on re-
stricting attention to the lower-pressure region (i.e. < 170 MPa)
and carrying out spectral deconstruction, it appears that <> for
the m,* excited-singlet state increases with increasing pres-
sure but that for the exciplex decreases under the same condi-
tions. In part, this latter effect arises from the increased ¢ for
MTHF but this is a minor effect. In any case, it would not in-
crease ¢ for the m,m* excited-singlet state. As there is no
clear distortion of the emission spectra over this limited pres-
sure range, the total fluorescence yield can be considered as
a linear combination of the m, m* excited-singlet state (@)
and exciplex (®g) quantum yields [Eq. (2)].

P = aPpegs + (1 — a)Pgyc (2)

On this basis, the fractional contribution («) of the m, m* excit-
ed-singlet state to the total excited-state manifold doubles
from 0.003 at atmospheric pressure to 0.006 at an applied
pressure of 165 MPa. This, we believe, is a consequence of re-
stricted rotation around the connecting bridge.

Our understanding of the restricted pressure region is that,
in addition to the anticipated alteration of the solvent proper-
ties, applied pressure hinders internal rotation of the subunits.
This situation might arise from the increased viscosity, as is be-
lieved to happen with fluorescent rotors,“’ or because of
minor structural distortions around connecting linkages."
Exciplex formation invariably involves some kind of internal re-
organization to optimize electronic factors/* and the low-tem-
perature fluorescence results seem consistent with a key ge-
ometry change accompanying exciplex formation. Molecular
dynamics simulations carried out in a reservoir of water mole-
cules indicate that BOD-DCV undergoes facile rotation around
the vinyl linkage. This same rotational barrier®" has been in-
voked to explain the ability of certain dicyanovinyl derivatives
to function as molecular probes for viscosity. A likely situation,
therefore, is that pressure restricts rotation around the vinyl
connection and thereby limits access to the more favorable ex-
ciplex geometries.

At higher pressure, the total 4 starts to decrease and falls
steeply over the range 190 to 550 MPa (Figure 9). This effect,
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Figure 9. Effect of applied pressure on the fluorescence spectrum recorded
for BOD-DCV in MTHF at room temperature. The pressure increases from
165 to 550 MPa in equal increments; the arrow shows the effect of increas-
ing pressure. The inset shows how pressure affects the fluorescence gquan-
tum yield for the total emission (<), the 7, * excited state (m), and the
exciplex (®).

which is not replicated in absorption spectra, is fully reversible
on release of the applied pressure. Close examination of the
fluorescence spectra indicates that the drop in exciplex emis-
sion is more serious than predicted on the basis of the pres-
sure effect for ¢s. As a general rule, semirigid molecules at-
tempt to reduce their molar volume under applied pres-
sure,”* so we can consider this secondary pressure effect in
terms of a large-scale change in molecular conformation.
No such structural distortion® is evident for BOD over the
same pressure range.

This high-pressure effect can be considered in terms of
Equation (3)

dinky AVy

dP ~  RT

P
= () ()
E s

in which AV, is the change in molar volume of the solute, P is
the applied pressure, and k,, is the corresponding rate con-
stant for nonradiative decay of the excited state. In turn, ky,
can be estimated from data collected under ambient condi-
tions assuming the radiative rate constant is independent of
applied pressure. For the exciplex, we see a linear fit to Equa-
tion (3) with AV,, of approximately 25 cm® (the molar volume
for BOD-DCV is calculated as 357 cm®). The same plot made
for the corresponding m, m* excited state is nonlinear but looks
to be much more shallow (see the Supporting Information).
This situation might be indicative of pressure enhancing deac-
tivation of the exciplex rather than limiting its formation from
the m,m* state. As we are relying on quantum yields rather
than lifetimes, the above point takes on extra significance.

Nonetheless, we can propose a set of potential energy dia-
grams to explain the observed pressure effect (Figure 10).

Under ambient conditions (Figure 10a), excitation of BOD-
DCV leads to population of the m, x* excited-singlet state (S,),
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which returns to the ground state (S,) through fluorescence,
intersystem crossing to the first excited-triplet state (T,), or
charge transfer to form the exciplex (EX). The exciplex displays
weak fluorescence but enhances population of T,. Application
of modest pressure raises the barrier to exciplex formation by
imposing structural rigidity such that the emission spectral
profile moves in favor of the m x* state (Figure 10b). The
model implies that pressure will restrict formation of the T,
state but our experimental setup does not allow this point to
be confirmed. Note that fluorescence from the parent com-
pound BOD is insensitive to changes in pressure over this
range.

A new molecular conformation (S,) can be accessed at high
pressure (Figure 10c) but there is a substantial barrier to reach
this state from S,. Surface crossing from 5, is more allowed be-
cause of the higher potential energy available to this state, but
this process does not compete effectively with exciplex forma-
tion. The exciplex, however, is longer lived than S, and can uti-
lize this new decay channel. Thus, as the pressure increases,
there is a corresponding drop in exciplex emission due to pop-
ulation of the distorted geometry. The latter resides in equilib-
rium with the ground state.

3. Conclusions

This work has confirmed'® the formation of weakly emissive ex-
ciplexes from Bodipy-based donor-acceptor dyads under ap-
propriate conditions. The presence of an orthogonally sited
phenylene ring as the connecting moiety is probably a key
constituent®¥ in modulating the degree of electronic coupling
between the reagents. In fact, the conditions necessary for ex-
ciplex emission from BOD-DCV are rather demanding in terms
of polarity, temperature, and pressure. The temperature effect
has been analyzed in terms of an important geometry change
accompanying exciplex formation, and in the absence of struc-
tural information we tentatively attribute this effect to internal
rearrangement around the dicyanovinyl group. Application of
a modest pressure, which will hinder internal rotation, leads to
partial restoration of m,m* fluorescence at the expense of exci-
plex formation. In this respect, temperature and pressure per-
form the same task. As far as we can see, this is the first such
report of using pressure to limit exciplex emission. The behav-
ior is complicated, however, by the realization that applied
pressure affects the viscosity, density, polarity, and refractive
index of the surrounding solvent. The same can be said of
temperature so it becomes difficult to clarify the precise factors
that control exciplex emission in these systems.

At higher pressure, a significant structural change occurs as
the molecule seeks to minimize its volume. This effect opens
a new channel for nonradiative deactivation of the m, 7* excit-
ed-singlet state and essentially extinguishes exciplex emission.
In this way, BOD-DCV functions as a sensor for the high-pres-
sure region.

There are many important applications for novel pressure
sensors but the relatively weak emission signals inherent to
BOD-DCV limit its applicability in practical systems. Improve-
ments might be anticipated by extending the Bodipy m-conju-
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Figure 10. Potential energy level diagrams proposed for BOD-DCV: a) under
ambient conditions, b) under modest pressure, and ¢} under high pressure.

gation length with groups, such as styryl, that are susceptible
to large-scale structural modification. Combining these effects
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might help amplify the scale of pressure-induced spectral
changes. In this respect, comparing the relative yields of the
m, " state and exciplex is recognized as being beneficial rela-
tive to relying on changes in emission intensity of a single
band.

Experimental Section

Routine absorption spectral measurements were made with a Hita-
chi U3310 spectrophotometer and fluorescence spectra were re-
corded with a Hitachi F4500 spectrophotometer. Solvents for spec-
troscopic studies were purchased at the highest possible grade
and checked for fluorescent impurities before use. Emission quan-
tum yields were measured by standard protocols, using optically
dilute solutions, and referenced to appropriate standards. Fluores-
cence lifetimes were measured at room temperature using several
complementary experimental protocols. Routine measurements
were made with a PTI EasyLife setup using pulsed laser diodes
(310, 440, or 505 nm output) as excitation source. Samples were
optically dilute, having an absorbance less than 0.10 at the excita-
tion wavelength, and 150 runs were signal averaged before data
analysis. Fluorescence was isolated using a series of narrow-band-
pass filters. This instrument gave highly reproducible lifetimes for
the control compounds. In most cases, after iterative reconvolution
of the instrument response function (IRF) and standard Marquardt
analysis, single exponential fits were recovered as judged by the
goodness-offit criteria established by Eaton™ and by O'Connor
and Phillips.” These analytical tests included minimization of chi-
squared, visual inspection of weighted residuals, the Demas
method of maments, and the phase plane method. Improvements
in performance were obtained using time-correlated, single-
photon counting with a picosecond laser diode (FWHM <70 ps) as
excitation source at 420 nm and with a cooled microchannel-plate
photomultiplier tube as detector interfaced to a high-radiance
monochromator. With iterative reconvolution of the IRF, the tem-
poral resolution of this setup was approximately 30 ps.

Conventional laser flash photolysis studies were made with an Ap-
plied Photophysics Ltd. LKS50 instrument fitted with an optical
parametric amplifier. The sample was dissolved in deoxygenated
solvent and exposed to 4 ns pulses delivered from a frequency-tri-
pled, Q-switched Nd:YAG laser and converted to 470 nm. A pulsed,
high-intensity Xe arc lamp was used as monitoring beam and tran-
sient differential absorption spectra were compiled point by point.
At least five individual records were averaged at each wavelength.
Kinetic measurements were made at fixed wavelength, with about
100 individual traces being averaged.

Fast transient spectroscopy was made by pump-probe techniques
using femtosecond pulses delivered from a Tissapphire generator
amplified with a multipass amplifier pumped through the second
harmonic of a Q-switched Nd:YAG laser. The amplified pulse ener-
gies varied from 0.3 to 0.5 mJ, and the repetition rate was kept at
10 Hz. Part of the beam (ca. 20%) was focused onto a second-har-
monic generator to produce the excitation pulse. The residual
output was directed onto a 4 mm sapphire plate to create a white-
light continuum for detection purposes. The continuum was colli-
mated and split into two equal beams. The first beam was used as
reference, whereas the second beam was combined with the exci-
tation pulse and used as the diagnostic beam. The two beams
were directed to different parts of the entrance slit of a cooled
charge-coupled device (CCD) detector and used to calculate differ-
ential absorbance values. The CCD shutter was kept open for 15,
and the accumulated spectra were averaged. This procedure was
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repeated until about 100 individual spectra had been averaged.
Time-resolved spectra were recorded with a delay line stepped in
increments of 100 fs for short time measurements. This step
length was increased for longer time measurements. The decay
profiles were fitted globally as the sum of exponentials and decon-
voluted with a Gaussian excitation pulse. The group velocity dis-
persion across one spectrum (ca. 220 nm) was approximately 1 ps,
and the overall temporal resolution of this setup was approximate-
ly 0.8 ps. The sample, which possessed an absorbance of approxi-
mately 0.5 at 420 nm, was flowed through a quartz cuvette (optical
path length =1 mm) and maintained under an atmosphere of N,
Laser intensities were measured with a Coherent power meter op-
erating in the optical-energy mode.

The high-pressure rig was purchased from Stansted Fluid Power
Ltd. The general layout comprises a hydraulic compressor con-
structed from stainless steel. Ethanol is used as the hydraulic
medium. The two-stage pump is fitted with an intensifier and dia-
phragm compressor capable of reaching about 700 MPa. The
sample chamber is machined from a block of stainless steel and is
equipped with three optical windows and a Bourdon pressure
gauge. The windows show good transmission at wavelengths
longer than 370 nm. For absorption measurements, the sample
chamber is connected to a Perkin-Elmer lambda-5 spectrophotom-
eter using input and output optical-fiber bundles. The absorbance
signal is calibrated by reference to the sample solution being re-
corded in conventional cuvettes with background subtraction. For
emission studies, an appropriate laser diode is used as excitation
source and output, collected at 90° to excitation, is directed to the
spectrofluorimeter with an optical-fiber bundle. Purpose-made
cells are used to accommodate liquid samples of appropriate con-
centration. For fluorescence studies, the sample cell is a glass tube,
diameter approximately 4 mm, having a narrow mouth that can be
capped with a polyethylene seal. The latter takes the form of
a short tube that is heat-sealed at one end. For absorption meas-
urements, a hollow glass disk fitted with a narrow inlet tube is
used to hold the sample. This disk has a diameter of approximately
1cm and a path length of 2 mm. Again, a polyethylene tube is
used as stopper for the cell and the actual path length can be cali-
brated by absorption spectroscopy. Sample cells and polyethylene
seals are used once and then discarded.

In a typical experiment, a solution of the compound was prepared
in MTHF and the concentration adjusted appropriately; absorption
spectral measurements were made with an absorbance of approxi-
mately 0.50 at the peak maximum and fluorescence studies were
carried out with an absorbance of approximately 0.10 at the excita-
tion wavelength. Spectra were recorded at atmospheric pressure
and compared with those obtained under conventional conditions
using optical cuvettes. The pressure was increased in small jumps,
the sample equilibrated at each pressure, and the spectrum record-
ed. Having reached the maximum pressure, which was restricted
to 550 MPa for safety reasons, the pressure was released and spec-
tra recorded to ensure full reversibility of any effects. In other ex-
periments, the pressure was raised to 550 MPa and released slowly
with spectra recorded at each stage. To check for self-consistency,
spectra were recorded at certain pressures after leaving the sample
for prolonged periods at that pressure. All measurements were re-
peated using fresh solutions and, for emission studies, different ex-
citation wavelengths. Data analysis included making background
corrections, especially for absorption measurements, and averaging
several spectra recorded under the same conditions.

Compound 2: In a two-neck flask equipped with a reflux condens-
er, a gas bubbler, and a magnetic stirring bar, [Pd(PPh,),Cl.]
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(10 mmol %) and sodium formate (1.2 equiv) were added to a solu-
tion of BOD (112 mg, 0.248 mmol) in anhydrous DMF (8 mL). The
reaction mixture was degassed under a continuous flow of CO at
atmospheric pressure and stirred at 90 °C for 3 h. After cooling to
room temperature, the mixture was extracted with dichlorome-
thane and washed several times with water. The organic phase
was dried over hygroscopic cotton wool and evaporated. The
crude residue was then purified by flash chromatography using
toluene/CHCl, (8:2, v/v) as mobile phase, which afforded the de-
sired compound 2 as an orange solid (75 mg, 85%). R;=0.30 (tolu-
ene/CH,CL, 8:2); '"H NMR (CDCl,, 400 MHz): 6= 1.35 (s, 6H), 2.56 (s,
6H), 6.00 (s, 2H), 7.51 (d, */=8.1 Hz, 2H), 8.03 (d, *J=8.0Hz, 2H),
10.11 ppm (s, 1H); *C NMR (CDCl;, 100 MHz): &= 14.6, 14.7, 1216,
1292, 1304, 1308, 136.7, 139.7, 1414, 142.8, 156.3, 191.5 ppm;
"B NMR (CDCl,, 128 MHz): 6 =0.77 ppm (t, Jg_s =33.0 Hz); IR: 7=
702, 760, 800, 971, 1043, 1152, 1189, 1255, 1303, 1407, 1464, 1505,
1541, 1606, 1704 (~CHO), 2849, 2920, 2961 cm™'; MS (El neat
matter): m/z (intensity, %): calcd for [M]: 352.2; found: 352.1 (100);
333.1 (20), [M—F]; elemental analysis calcd (%) for C,;H, BF,N,O: C
68.21, H 544, N 7.95; found: C 6791, H 524, N 7.72.

Compound BOD-DCV: In a Schlenk tube equipped with a stir bar,
malononitrile (1.2 equiv) and several drops of piperidine/acetic acid
were added to a suspension of the aldehyde 2 (40 mg,
0.113 mmol) in methanol (2.5 mL). The mixture was stirred at 85—
95°C for 1 h. The residue was purified by flash chromatography
(Si0,, CHCl/petroleum ether, 7:3, v/v) and recrystallization from
CH,Cl/ethanol mixture yielded BOD-DCV as an orange solid
(39 mg, 86%). Rr=026 (CHCl/petroleum ether, 7:3); "HNMR
(CDCl;, 300 MHz): 6 =1.38 (s, 6H), 2.56 (s, 6H), 6.01 (s, 2H), 7.52 (d,
*)=8.2 Hz, 2H), 7.84 (s, 1H), 8.06 ppm (d, /=82 Hz, 2H); "C NMR
(CDCI,, 50 MHz): 5=14.8, 14.8, 29.8, 845, 112.5, 113.5, 1219, 121.9,
1299, 1314, 131.5, 138.9, 141.8, 142.7, 156.7, 158.8 ppm; "B NMR
(CDCl;, 128 MHz): 6=0.74 ppm (t, Jy_=33.0 Hz); IR: 7=705, 759,
804, 833, 913, 967, 1047, 1153, 1183, 1263, 1306, 1362, 1407, 1463,
1508, 1540, 1593, 2229 (—CN), 2864, 2926, 2964 cm '; MS (El neat
matter): m/z (intensity, %): calcd for [M]: 400.2; found: 400.1 (100);
381.1 (15), [M—FI; elemental analysis calcd (%) for CiHBF;N,: C
69.02, H 4.78, N 14.00; found: C 68.74, H 456, N 13.69.
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The ability of an unconstrained boron dipyrromethene dye to report on changes in local viscosity is
improved by appending a single aryl ring at the lower rim of the dipyrrin core. Recovering the symmetry
by attaching an identical aryl ring on the opposite side of the lower rim greatly diminishes the sensory
activity, as does blocking rotation of the meso-aryl group. On the basis of viscosity- and temperature-
dependence studies, together with guantum chemical calculations, it is proposed that a single aryl ring at
the 3-position extends the molecular surface area that undergoes structural distortion during internal
rotation. The substitution pattern at the lower rim also affects the harmonic frequencies at the bottom of
the potential well and at the top of the barrier. These effects can be correlated with the separation of the

WWW.rsc.org/pps Hy, H; hydrogen atoms.

Introduction

A substantial body of information has accumulated regarding
small molecules whose fluorescence properties are controlled,
at least to some degree, by the extent of frictional forces
between the molecule (ie., the rotor) and the surrounding
environment. Such systems, which should be distinguished
from cases where intramolecular charge transfer causes minor
structural change, can be used to probe the local rheology and
to operate as crude temperature or pressure indicators.'
Related systems form the basis of molecular machines,”
switches,” sensors,” etc. and there is a steadily growing interest
in applying molecular rotors to monitor changes in viscosity
within biological media® or nano-cavities.*” Of the known
molecular systems that function as fluorescent rotors, the
boron dipyrromethene (BODIPY) family of dyes® has many
important advantages and has been used as the starting point
for the design of several different types of rheology probes.” '
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As reported first by Holten et al'” these BODIPY-based
rotors operate by partial restriction of the rotation of a meso-
phenylene ring around a relatively unconstrained dipyrrin
backbone. Such rotation by itself will not affect the emissive
properties of the BODIPY nucleus but, in order for the phenyl-
ene ring to complete a full turn, it is necessary for the dipyrrin
backbone to buckle slightly. It is this latter process that
leads'""” to enhanced nonradiative decay. The underlying
structural change creates the possibility to correlate fluore-
scence intensity with key properties of the local environment.
Attaching bulky substituents to either the phenylene ring'" or
the 1,7-positions of the dipyrrin backbone'®'"” affects the
rotary action, in many cases curtailing the sensory capability.
We now show that gross modulation of the rotor-like
behaviour can be realized by attaching aryl groups at the lower
rim of the BODIPY unit, well away from the buckling dipyrrin
core.

Results and discussion

Molecular structures for the target compounds are shown by
way of Fig. 1 and are based on the unconstrained'” BODIPY
nucleus. The prototypic fluorescent rotor, ROBOD, has been
studied previously'®' and is used here as a reference com-
pound. Likewise, the constrained analogue, BOD, bearing
methyl groups at the 1,7-positions, has received extensive
study in the literature.® This highly fluorescent dye cannot be
applied to monitor changes in the local environment. Simple
derivatives of ROBOD are PHEN1 and PHEN2, which are
equipped with one or two tolyl groups at positions where they
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ROBOD : R, = R = H
PHEN1: Ry =H ;R; = tolyl
PHEN2 : R; = R; = tolyl

Fig. 1 Molecular formulae of the compounds investigated herein.

Table 1 Summary of the photophysical properties recorded for the
target compounds in MTHF at 20 °C

Property ROBOD  BOD PHEN1 PHENZ CORE
Jngax/nme 502 525 531 559 547
sqadMtem™ P 71000 74000 59100 62235 62100
ApLp/nme 530 547 564 602 588
SSfem™ ¢ 1050 765 1105 1280 1280
Dpc 0.023 0.78 0.013 0.28 0.92
rg/ns’ 0.15 5.4 0.092 2.1 6.6
krap/10® s ¢ 1.50 1.45 1.42 1.30 1.40
ag/10% 5718 65 0.40 110 3.5 0.12

“Absorption maximum. “Molar absorption coefficient. “Emission
maximum. “Stokes’ shift. ° Fluorescence quantum yield. FExcited-
singlet state lifetime. #Radiative rate constant. " Non-radiative rate
constant for decay of the S, state.

will not block rotation of the meso-substituent by steric factors.
The series is augment by a control compound, CORE, which
has the ancillary tolyl groups at the 3,5-positions but lacks the
meso-phenyl group. It might be noted that the alkyl groups
present in certain derivatives affect the absorption and
emission spectral properties by way of inductive effects.”
The synthesis of the new dyes was inspired by previously
described ™" protocols as outlined in the ESLT

The photophysical properties of ROBOD were recorded in
2-methyltetrahydrofuran (MTHF) at room temperature and the
main findings are collected in Table 1; NB the same properties
recorded in dichloromethane at room temperature are
reported in Table S1 (see ESIf). The absorption maximum
(Anax) occurs at 502 nm, with a molar absorption coefficient
(emax) of 71000 M™" em ™. There is a modest Stokes’ shift (SS
= 1050 em™ '), with the fluorescence maximum (igy) lying at
530 nm. The emission profile shows reasonable mirror sym-
metry with the absorption spectrum and there is excellent
correspondence between absorption and excitation spectra
(Fig. S1t). Similar behaviour is found for the constrained ana-
logue BOD, allowing for a 20 nm red shift induced by the alkyl
substituents (Table 1). The two compounds exhibit rather dis-
parate fluorescence quantum yields (®g) and excited-state life-
times (r5) under these conditions, with ROBOD being weakly
emissive. Radiative rate constants (kgsp), which remain in
good agreement with those calculated from the Strickler-Berg
expression,” are comparable while the corresponding non-
radiative rate constants (kyg) reflect the difference in emission
yields (Table 1). We attribute the fast deactivation of the
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excited-singlet state of ROBOD to the internal rotor effect, as
has been done previously'®"” and which for BOD is inhibited
by the presence of the 1,7-methyl groups. We return later to
the exact meaning of this phenomenon: Firstly, we consider
the effects of substitution at the lower rim of the BODIPY
nucleus.

Insertion of a tolyl group at the 3-position introduces a
30 nm red shift for both absorption and emission spectra rela-
tive to ROBOD (Fig. S2t), while there is a small (ie, 10%)
increase in the magnitude of the Stokes’ shift. Also, the
absorption band is somewhat broader for PHEN1 compared to
ROBOD, reflecting a certain degree of heterogeneity for the
ground-state geometry that largely disappears on excitation.
More importantly, there is a significant fall in both @5 and 5
without perturbing kgap. The decreased fluorescence, there-
fore, is a consequence of an enhancement in kyg. Appending a
second tolyl ring at the 5-position, forming PHEN2, leads to a
dramatic increase in both @ and 7s. At the same time, such
substitution increases the Stokes’ shift, further broadens the
absorption spectral profile, amplifies the red shifts to >60 nm
and partially assuages kyg. Moving to the control molecule
lacking the meso-substituent, CORE, we find that @p and g
exceed those found for BOD, although there is an exacerbated
red shift and broadening of the absorption profile. Through-
out this series there is a progressive decrease in kgap as the
emission peak moves towards lower energy, as is to be
expected from the Strickler-Berg expression.”® The red shifts
are probably due to increased n-conjugation caused by partial
orbital mixing between dipyrrin and tolyl substituent. Indeed,
this assertion is supported by the results of DFT (B3LYP/
6-31+G(d)/PCM) calculations that indicate orbital mixing for
the LUMO but not for the corresponding HOMO (see ESIT).
Comparison of the photophysical properties recorded for the
unconstrained dyes with those found for the control com-
pounds indicates that nonradiative decay is promoted by the
presence of a meso-aryl ring.

_ 1 EA
ke = p CXP( RT) (1)

Increasing solvent viscosity (y), by using a homologous
series of n-alcohols at 20 °C, leads to a progressive increase in
15 for ROBOD, PHEN1 and PHEN2 but not for CORE, thereby
confirming that each of these unconstrained molecules oper-
ates as a fluorescent rotor. Across this series of solvents, there
is a reasonably linear relationship between kg and shear vis-
cosity, as considered in the form of log-log plots (Fig. 2), but
with differing gradients and intercepts. Indeed, the experi-
mental data collected at 20 °C can be considered in terms of
eqn (1),”" where v corresponds to a limiting pressure exerted
by the rotor, « is a coefficient that effectively describes the sen-
sitivity towards viscosity, and E, is a barrier for internal
rotation (Table 2). For the prototypic rotor ROBOD, @ has a
value of 0.41, which is similar to that determined earlier for a
closely related dye," and this falls to 0.31 for PHEN2. In con-
trast, @ determined for PHEN1 is 0.62, which is the highest
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Fig. 2 Effect of solvent viscosity on the rate constant for nonradiative
decay measured in a series of linear alcohols at 20 °C.

Table 2 Compilation of the various parameters associated with
rotation of the meso-aryl ring

Property ROBOD  BOD PHEN1  PHEN2  CORE
ky/107 5714 17 1.8 12 1.9 1.2
kacr/10° 5718 36.5 5.9 51.0 0.8 NA
ngk_] mol ™' 2.6 77 2.3 1.4 NA
I 0.41 0.07 0.62 0.31 NA
B-Cg-Cy/®° 179.8 180.0  178.8 177.9 NA
B-Cg-Co/od 177.8 179.8  176.3 175.2 NA
B-Cg-Cq/o¥ 163.5 146.6  163.4 162.1 NA
Apg/®® 0.12 0.04 4.4 6.9 5.1
Apgle 1.2 0.27 5.4 9.5 55
Aggl°f 285 30.0 30.4 32.0 NA
H,Ho/AS 5.670 5279 5717 5518 5.700

@ Activationless rate constant according to egn (2). ” Activated rate
constant according to eqn (2). “Activation energy according to egn (2).
@ Viscosity sensitive parameter according to eqn (1). © Refers to the
ground state. For atom labeling see Fig. 1. IRefers to the first-allowed
excited state. # Refers to the transition state for full rotation of the
meso-aryl ring.

such value found for any BODIPY-based rotor and is far
superior to that measured for the industry standard** under
the same conditions. Thus, PHEN1 performs remarkably well
as a fluorescent rotor, in marked contrast to PHEN2. Of the
two control compounds, CORE shows no viscosity dependence
while BOD exhibits a shallow (a ~ 0.07), but definite, sensi-
tivity towards shear viscosity (Fig. 2).

In separate experiments, @y was examined as a function of
temperature in MTHE. After correction™ for solvent contrac-
tion on cooling, @5 for CORE is barely affected by changes in
temperature whereas that for BOD is constant at temperatures
below 200 K but decreases steadily, albeit marginally, as the
temperature is raised further (Fig. $31). Neither of these com-
pounds functions as a viable molecular rotor. In marked con-
trast, @; for ROBOD increases progressively with decreasing
temperature until approaching the freezing point (T} = 137 K)
of the solvent. As the solvent solidifies, &, increases dramati-
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cally before remaining essentially constant in both amorphous
(@g = 0.93) and glassy (@ = 0.99) regions; note that the limit-
ing @, measured in the glassy matrix is comparable to that of
CORE under these conditions. This behaviour, which amounts
to a 45-fold variation in @ over the full temperature range, is
considered typical for a fluorescent rotor. Both PHEN1
and PHEN2 show similar temperature-dependent @ to that
observed for ROBOD (Fig. $3f), confirming that these com-
pounds operate as fluorescent rotors. The total variation in @y
found for PHEN2 is only ca. 3-fold, but that for PHEN1 varies
by a factor of ca. 75-fold and is far greater than that recorded
for ROBOD. For each compound, @y approaches unity in the
glassy matrix.

Small spectral shifts accompany the freezing and vitrifica-
tion processes, as is exemplified for PHEN2 in Fig. S4,f
although the absorption and emission maxima do not corre-
late with changes in solvent polarisability. Here, the emission
maximum moves towards lower energy as the temperature falls
throughout the liquid phase, amounting to a red shift of
ca. 200 cm™ ' between 290 and 150 K, before shifting slightly to
higher energy as the solvent freezes. The initial red shift can
be explained in terms of increased m-electron delocalization
between dipyrrin and the 3,5-tolyl rings; identical behaviour is
found with both CORE and PHEN1 but not for either BOD or
ROBOD. The core aryl ring(s) has a dihedral angle of ca. 50°
(B3LYP/6-31+G(d)/PCM) for all three derivatives but rotation at
the connecting C-C linkage is facile except at around 20°
where some instability is caused by close proximity (i.e., 1.6 A)
between a fluorine atom and the ortho-hydrogen atom on the
tolyl ring. This steric clash introduces a barrier (ie., 50 kJ
mol™") for complete rotation of the core-tolyl ring but there are
wide ranges over which oscillation is essentially barrierless.
Each of these compounds can attain the geometry having the
core-tolyl ring aligned with the dipyrrin unit (Fig. $51). This
alignment will maximize n-conjugation, leading to the
observed red-shifted absorption and emission spectra, as con-
firmed by molecular orbital calculations (Fig. S67). A signifi-
cant feature of these calculations is that planarization of the
core tolyl rings causes the dipyrrin unit to display slight curva-
ture. It is also apparent that excitation favours adoption of a
conformation where the core aryl rings are more aligned with
the dipyrrin unit and with the latter being somewhat more
curved (see ESIT).

E;
kNR = k[] + km exp (— R[T—ET]) (?.]
— 4G

For CORE, the nonradiative decay rate constant, kyg, is
independent of temperature throughout the range where the
solvent is fluid (7 > 140 K). For each of the other compounds,
the effect of temperature on kyg can be satisfactorily explained
in terms of eqn (2) (Fig. 3) where k, refers to an activationless
rate constant, ksor is the corresponding activated term and
Ts (= 110 K) is the glass transition temperature of MTHF
(Table 2). The activation barrier, Eg, contains contributions
from both changes in viscosity and internal rotation. The acti-
vationless rates are relatively slow and fall into two distinet
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Fig. 3 Effect of temperature on the derived rate constants for non-
radiative decay as recorded in MTHF: PHENLI (grey points), ROBOD (red
points), PHEN2 (plum points), BOD (blue points) and CORE (crimson
points). Solid lines refer to nonlinear-least square fits to egn (2). The
insert shows an expansion of the low-temperature region. For conven-
ience, the experimental data are given in the ESL.¥

groups; those pertaining to the effective rotors (ko > 10° s7*)
and those associated with poor rotors (k, = 107 s7'). The acti-
vated terms are sensitive towards the substitution pattern and
vary dramatically among the various compounds.

There is a comparatively large barrier for BOD that can only
be crossed at elevated temperature. For the remaining com-
pounds, the magnitude of the barrier decreases with increas-
ing effective mass of the dipyrrin unit. As mentioned above,
the core tolyl groups cause slight curvature of this latter unit,
which escalates as the two groups become co-planar. Double
substitution, and also electronic excitation, increases this cur-
vature and forces the meso-aryl ring out of the plane of sym-
metry, as is evident by the B-C4-Cy angle®® (Table 2). Forced
curvature of the dipyrrin backbone also introduces asymmetry
for the two fluorine atoms and this is a convenient tool by
which to represent geometric perturbation (Table 2). At the
excited-state level, this structural distortion will rupture the S,
surface so as to create pinholes*® (or conical intersectionsz"]
through which the wave-packet can escape back to the ground
state. Within this model, it is entirely intuitive that £y is con-
trolled, in part, by the difference in initial geometry of the
reactant and that at the pinhole. This pinhole is not the tran-
sition state for full rotation of the meso-aryl ring and, as a con-
sequence, is rather difficult to characterise.

Several parameters combine to define the performance of
the dye in terms of its ability to function as a fluorescent rotor,
including a, kacr and k,. The relative values determined for a
can be considered as a crude measure of the volume of solvent
affected by the geometry change undertaken by the solute. For
BOD, few solvent molecules are affected and the geometry
change is considered to be either minor or highly localised.
Symmetrical dyes, such as ROBOD and PHEN2, are susceptible
to buckling of the dipyyrin core, but according to semi-empiri-
cal (PM6, RHF, COSMO) quantum chemical calculations this is
mostly restricted to the upper rim. Asymmetrical dyes, such as
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PHEN1, undergo more substantive structural distortion during
rotation and this will engage more solvent molecules. We now
see a clear correlation between o and the asymmetry factor Agg,”
the latter being a convenient monitor of the extent of struc-
tural change needed to effect full rotation. Since the computed
rotational barriers are much less than those derived experi-
mentally for the excited-singlet state, it should be considered
that full rotation is not a pre-requisite for sensing activity.

The derived k, values are thought to describe the harmonic
frequency at the bottom of the potential well*® where the fric-
tion coefficient might be large. The results indicate a substan-
tial increase in this frequency for ROBOD and PHENT1 relative
to the more constrained analogues. This constraint is imposed
by the blocking methyl groups present in BOD and by the
pincher effect of the core-phenylene rings for PHEN2 that
force the H,,H; atoms into closer proximity. In fact, there is a
crude correlation between k, and the H, ,H, distance computed
for the excited-singlet state. Likewise, the derived kscr values
can be considered to represent, at least in part, the harmonic
frequency at the top of the barrier® and, as such, are associ-
ated with the comresponding escape rates at the pinhole. It
appears that k, and kscr are correlated and, on this basis, we
can infer that the same structural facets, most notably the
extent of H;,H, separation, control both frequencies. Clearly,
retaining high symmetry does not facilitate development of
improved molecular rotors.

Conclusions

The development of fluorescent probes for in situ monitoring
of changes in rheology is an active research field with impor-
tant applications in medicine, chemical engineering, environ-
mental preservation and personal security. Advanced molecular
sensors are required that display highly selective properties
and this need creates the stimulus for the design of novel
reagents that advance the state-of-the-art. Probes based on the
BODIPY fluorophore are attractive reagents because of their
robustness, high radiative rate constants and facile modifi-
cation by synthetic procedures. The results outlined above
indicate that improved performance might be achieved by
incorporating substituents at remote sites on the BODIPY
fluorophore. Aryl substituents attached at the lower rim of the
dipyrrin unit serve to push the absorption and emission
maxima towards the red region, via increased n-conjugation,
and to squeeze the upper rim by what might be termed “a
scissor-like effect”. The latter situation affects the space avail-
able for the meso-aryl rotor and modulates the rate of non-
radiative decay of the fluorescent state. The disparity between
symmetrical and asymmetrical derivatives is most unexpected
and clearly opens the way to design new and improved sensors.
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Introduction

Stepwise photoconversion of an artificial
light-harvesting array built from extended
BODIPY unitsf

Anthony Harriman,*® Patrycja Stachelek,? Alexandra Sutter” and Raymond Ziessel*®

A molecular dyad, comprising two disparate extended boron dipyrromethene (BODIPY) units, has been
identified as a potential component of artificial light-harvesting arrays. Highly efficient, intramolecular
electronic energy transfer takes place under illumination but there is some competition from light-
induced electron transfer along the molecular axis. The primary energy acceptor has a somewhat shor-
tened excited-state lifetime and reduced emission quantum yield due to charge transfer from a terminal
amine residue, the latter being required for the molecular system to operate in organic solar cells. Under
continuous illumination with simulated solar light, the dyad undergoes very slow decompaosition. In a
protic solvent, both BODIPY units degrade at the same rate via an autocatalytic process. The products,
one of which is a protonated analogue of the donor, degrade further by independent routes. In aprotic
solvents or thin plastic films, the acceptor BODIPY dye absorbing at lowest energy undergoes photoche-
mical degradation as above but the donor is much more stable under these conditions. At each stage of
degradation, the molecule retains the ability to sensitize an amorphous silicon solar cell and the overall
turnover number with respect to absorbed photons exceeds 10 million. The optical properties of the
target compound nicely complement those of the solar cell and sensitization helps to avoid Staebler—
Wronski photo-degradation.

tion. We have, of late, become interested in seeking ways to
stabilize certain classes of highly emissive dyes, most notably

The process of electronic energy transfer (EET) has been used
as the underlying methodology by which to engineer numer-
ous analytical protocols,’ chemical sensors,” bio-probes® and
molecular machines.* Artificial light-harvesting devices,” as
used to drive solar cells® and/or photochemieal batteries,” also
rely heavily on EET to channel photons to the desired location.
For these latter systems to be viable, it is necessary that the
highly efficient EET process is matched by exceptional stability
under prolonged exposure to sunlight. Unfortunately, most
organic materials that absorb and emit in the near-IR region,
this being the most interesting window for the sensitization of
solar cells,® degrade rather quickly under sustained illumina-

“Molecular Photonics Laboratory, School of Chemistry, Bedson Building,

Newcastle Untversity, Newcastle ypon Tyne, NE1 7RU, UK

E-mail: anthony. harriman nelacuk; Tel: +44 (0)191208 8660
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E-mail: messel@unistrfr

tElectronic supplementary infor mation (ESI) available: Spectroscopic charscteri-
zaton of new compounds, energy-minimized structures for A1, D1 and 1, details
for estimation of AGgy, version of Fig, 5 showing resction times, spectra showing
photo-conversion of Al. See DOE 101039/ S pp0002 ia
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the boron dipyrromethene” (BODIPY) family that figures pro-
minently in artificial light-harvesting arrays.” Here, we provide
a preliminary account of the photochemistry of one such elabo-
rate. molecular entity that absorbs across the entire visible
region but emits solely in the near-infra-red region. The goal
of the work is to examine ways to improve the stability of the
device under continuous illumination with artificial solar light.

To test the system, we have developed a simple experi-
mental set-up whereby the target compound is dispersed in a
plastic block and used to sensitize an amorphous silicon (a-Si:H)
cell. It is noted that thin film a-Si:H solar cells appear as
promising alternatives to similar cells constructed from highly
crystalline silicon wafers for photovoltaic power generation. In
part, this is because of their low cost and facile fabrication but
a serious disadvantage relates to their low solar-to-clectricity
conversion efficiency. Because of the disordered nawre of
amorphous silicon, such solar cells are subject to the Staebler—
Wronski effect,” which concerns recombination of charge not
extracted from the cell, that causes structural damage and
reduces efficiency during the first 100 hours or so of operation.
This distortion arises, at least to a large degree, by illumina-
tion with blue light and therefore might be avoided by sensitiz-
ation with a far-red emitting dye.
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Results and discussion
Characterization and background studies

The target molecular array,} 1, which is unusually large (molar
mass equals 1721 g mol™"; solvent accessible surface area
equals 910 cm® mol™'), comprises two BODIPY-based com-
ponents interconnected vig a tolane linker (Fig. 1). Both
chromophores are built from styryl-BODIPY dyes” but differ in
terms of their respective conjugation lengths, and hence their
optical properties. The smaller terminal, BDMA, has a styryl-
BODIPY unit equipped with a single N,N-dimethylaniline
residue that is known'" to function as a pH probe. The refer-
ence compound, D1 (Fig. 2), for this component absorbs inten-
sely at about 600 nm and fluoresces with a maximum at about
710 nm in CH,Cl,. The fluorescence quantum yield (&) for
D1 in CH,Cl, at room temperature is 0.38 while the corres-
ponding excited-singlet state lifetime (zg) is 3.7 ns. It might be
noted that the emission properties, including the radiative rate
constant (kgsap = 1 % 10° s7' in CH,CL,), are sensitive to the
dielectric constant of the surrounding solvent, due to the
inherent charge-transfer character of this molecule, and also
to the presence of adventitious protons."*

The complementary terminal is significantly larger with a
more expansive conjugation pathway that pushes the lowest-
energy absorption transition to about 8§15 nm. This unit, BTH,
bears two fused thiophene fragments attached to the BODIPY
dye via an ethene linkage. Fluorescence from this terminal is

Fragment

Fig. 1 Molecular formula of the artificial light harvester, 1, examined in
this work. See ESIf for the energy-minimized geometry.

tCompound 1 was prepared under standard conditions, previously elaborated in
the literature,” by cross coupling the preformed derivatives A1 and D1** in the
presence of catalytic amounts of [Pd(PPh,),] under mild reaction conditions.
Purification by column chromatogmphy on flash silica was straightforward and
additional purification was assured by crystallization from suitable solvents. The
highly soluble compound 1 was isolated in 71%. The analytically pure deep-
brown compound was analyzed by NMR spectroscopy, mass spectrometry and
elemental analysis, thereby unambiguously confirming the molecular structure
[see ESI). In particular, the mass spectral analysis revealed a molecular peak at
2000.1 amu with successive fragments assigned to the release of fluorine atoms
[at 1981.1 (35%), 1962.2 (15%)] amu.
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Fig. 2 Molecular formulae for the isolated control compounds used to
better understand the properties of the molecular array. See ESI for the
energy-minimized structures.

relatively weak, with @ = 0.013 and 5 = 0.25 ns in CH,Cl,,
and has a maximum at 897 nm. The poor emission properties
might reflect the low radiative rate constant (kpap =5 % 10757 )
associated with the near-IR spectral profile’® but also there is
the strong likelihood of intramolecular charge-transfer inter-
actions between the appended groups. These latter units are
attached to the chromophore to enhance its performance in
organic solar cells.” It should be noted that the photophysical
properties recorded for the BTH unit present in 1 are closely
comparable to those found for the isolated control compound
Al (Fig. 2), confirming that the restricted fluorescence is not a
consequence of interaction with BDMA. The same conclusion
cannot be reached for the cormresponding BDMA terminal.
Thus, fluorescence from 1 at around 700 nm is difficult to
resolve from the baseline and corresponds to @, of <10™*, The
excited-state lifetime for this emission is reduced to <20 ps.
The two most obvious causes of this pronounced intramole-
cular fluorescence quenching are EET from BDMA to BTH
and/or lightinduced charge transfer along the molecular axis.

In consideration of intramolecular EET, it is noted that the
relative positioning of excited-state energy levels, the close
proximity of the chromophores, the centre-to-centre separation
being 19.7 A, and high spectral overlap integral'® (Jp, =
0.0024 cm) caleulated for 1 are somewhat offset by the modest
orientation factor'® (¥* = 0.15). A conventional Férster-type cal-
culation,'® based on the ideal-dipole approximation, predicts a
rate constant for intramolecular EET from BDMA to BTH of ca.
1.5 x 10" 57, while this value falls very slightly to 1.4 x
10" s~ when the Kuhn extended dipole approach is used."”
Furthermore, the excitation spectrum indicates that at least 80%
of photons collected by the BDMA chromophore are trans-
ferred to the appended BTH unit. Thus, intramolecular EET
from BDMA to BTH is likely to be highly efficacious.

In order to assess the significance of light-induced electron
transfer within 1, cyclic voltammograms were recorded in
CH,Cl, containing background electrolyte. The main findings
are summarized in Table 1 where the assignments are made
on the basis of identical studies performed with the control
compounds. Now, three peaks are observed on reductive
scans. The first two reduction peaks are guasireversible and
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Table 1 Summary of the electrochemical properties recorded for 1 and
the control compounds as recorded in CH,Cl; containing TBAP (0.1 M)
as background electrolyte

Cmpd. E"(ox, soln) (V), AE® (mV) E"(red, soln) (V), AE” (mV)
D1 +0.54 (60), +0.87 (60) ~1.20 (60)

A1 +0.38 (60), +0.83 (60), +1.00 (60)  =1.00 (70), =1.63° (irr.)

1 +0.38 (60), +0.56 (60), +0.84 (70), =1.00 (80}, =1.21 (70},

+1.00 (60) ~1.85°(irr.)

“Refers to oxidative processes. ? Refers to reductive processes. “ N.B. irr
means irreversible electrochemical step.

correspond to one-electron reduction of BTH and BDMA units,
respectively, with halfwave potentials of —1.00 and —1.21 V vs.
SCE. The third reduction peak is irreversible and, by reference
to the control compounds, corresponds to addition of a
second electron to the BTH unit. A total of four oxidative pro-
cesses can be identified, each of which corresponds to the
quasi-reversible removal of one electron from 1. The first two
peaks correspond to the generic oxidation of BTH and BDMA
units, respectively, with half-wave potentials of 0.38 and 0.56 V
vs. SCE, as identified by comparison with the control com-
pounds. The remaining two oxidation steps are difficult to
assign simply by comparison with these same reference com-
pounds and further information about the electronic nature of
these chromophores was sought from molecular orbital calcu-
lations. It is also important to recognize that the acceptor com-
prises multiple discrete units that might not be in strong
electronic communication. There is a need, therefore, to better
understand how the redox equivalents introduced during the
electrochemical processes are localized within the overall
structure.

Quantum chemical studies for BDMA have been described
previously,"" together with a few relevant compounds, and the
main conclusion is that the entire molecule functions as an
extended push-pull'® electronic system. Charge transfer from
the N,N-dimethylanilino unit to the BODIPY nucleus serves to
increase the molecular dipole moment (4) at both ground
(DFT/B3LYP/aug-ce-pVTZ: u = 3.0 D) and excited-state (TD-DFT/
CAM-B3LYP: p = 7.2 D) levels while the wavenumber for the
with increasing
polarity."" The control compound is highly sensitive to the
presence of protons'' and the resultant protonated species
(Aaps = 553 nm; Ag y = 561 nm) is strongly fluorescent (&g =
1.0). Related calculations were made for the acceptor com-
ponent, A1, and indicate that the ground-state dipole moment
is 1.6 D with little change on excitation. Interestingly, while
the LUMO is essentially localized on the extended dipyrrin
nucleus, the HOMO is centred on the terminal amine (see
ESI{). Moreover, HOMO(—1) is associated with the thiophene
spacer and it is not until we reach HOMO(-2) that electron
density is removed from the dipyrrin unit (see ESI{). The same
type of molecular orbital description is found for the full mole-
cule 1 and partial MO pictures are shown below (Fig. 3); see
ESIf for the full molecule. This finding can be used to imply

emission maximum decreases solvent
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Fig. 3 HKohn-Sham representations for 1 at isodensity of 0.015 for
LUMO (upper), HOMO (centre) and HOMO(-2) (lower). NB the hexyl
chains have been replaced with methyl groups.

that the relatively short 75 and low ¢ found for the acceptor
unit arise from intramolecular charge transfer with the
appended amine.

Combining these orbital descriptions with the above-men-
tioned electrochemistry, it can be concluded that the only
light-induced electron-transfer event able to compete with
excited-state deactivation involves charge transfer from the
excited-singlet state of BDMA to BTH. For this process, the
thermodynamic driving force (AGey) is estimated" to be ca.
0.5 eV (see ESI{) and it is possible that this route contributes
towards the missing 20% or so from the comparative excitation
and absorption spectra. Our conclusion, therefore, is that
intramolecular electron transfer might compete rather ineffec-
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tively with EET from BDMA to BTH for the target compound in
a polar solvent. In nonpolar media, we might anticipate a
severe reduction in the rate of charge transfer but no real
effect on the efficacy of intramolecular EET.

Photochemical degradation

We now turn our attention to the main focus of this work,
namely the effect of illumination with simulated sunlight on
the target compound. Preliminary studies carried out with 1
dispersed in plastic films, such media being relevant for the
sensitization of solar cells, indicated that the course of reac-
tion was too slow to be followed in a meaningful manner.
Photochemical bleaching in anaerobic organic solvents is slow
but can be monitored by absorption spectroscopy. Of the avail-
able solvents, CH,Cl, is the most suitable in terms of solubi-
lity. Output from the lamp, filtered to remove 4 < 340 nm but
otherwise covering the entire visible region (Fig. 4), was
directed to the front surface of the sample cell without focuss-
ing. It should be emphasized that both chromophores absorb
incident light under these conditions. Integration of the indi-
vidual spectral profiles and comparison with output from the
lamp allows us to conclude that 32% of incident photons are
collected by BDMA, with the remaining 68% being harvested
by BTH.

In qualitative terms, exposure of the sample dissolved at
the micromolar level in deoxygenated CH,Cl, to white light
leads to slow but progressive bleaching of both BDMA (Ayax =
612 nm) and BTH (lyy = 815, 525 and 440 nm) chromophores
(Fig. 5). Concomitant with bleaching of the primary chromo-
phores, the spectral changes are consistent with the gradual
appearance of new absorption bands at 715 and 560 nm. In
turn, these intermediary products degrade under further illu-
mination and the final product mixture possesses absorption
bands in the near-UV region (lysx = 512 and 450 nm). The
sharp absorption band centred at 560 nm is highly reminis-
cent of the protonated form of BDMA, which was studied
earlier as a putative pH probe.'' Furthermore, the broad

100000

Relative power

20000

300 400 500 600 00 800 900

A/nm
Fig. 4 Absorption spectra recorded for D1 (dark blue curve), Al (light
blue curve, an equimolar mixture of D1 and Al (black curve) and 1 (red

curve) in CH:Clz solution: the normalized lamp profile is shown as the
shaded grey curve.
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Fig. 5 Selection of absorption spectra recorded during the irradiation
of 1in CH2Cl: solution with white light. Individual spectra were recorded
at regular time intervals covering 450 min; see ESIf for actual times.

absorption profile centred at 715 nm is associated with the
BTH unit since the same species arises from direct photolysis
of Al in deoxygenated CH,Cl, (see ESIf). Interestingly, both
intermediary products fluoresce such that the ability to sensi-
tize a solar cell is not lost during the initial bleaching process.
Furthermore, it was noted that efficient EET occurs from the
protonated form of BDMA to the product absorbing at 715 nm.
The final, near-UV absorbing species, which does not bleach
significantly under our conditions, also retains the ability to
sensitize a solar cell. The photochemistry is irreversible,
although the overall bleaching efficiency is extremely low (see
later). We now consider the three stages of reaction as identi-
fied above.

The rates of the initial photo-bleaching step, whereby both
BDMA and BTH units degrade, are very similar, if not identi-
cal, for each chromophore despite the imbalanced photon
intake. This behaviour is not to be expected since the excited-
state lifetime of the BDMA donor is extremely short because of
intramolecular EET to the proximal BTH component. The
excited-state of the latter is relatively long lived and should
bleach at a much faster rate than found for the donor unit.
Bleaching of BTH is most conveniently followed at 820 nm
while that for BDMA can be monitored at 610 nm. For each
chromophore, the decrease in absorbance follows a non-linear
pattern with respect to illumination time, even at the earliest
stages and the rate of bleaching appears to increase with illu-
mination time (Fig. 6). This behaviour indicates some kind of
autocatalytic process’ that enhances the rate of photo-bleach-
ing. Leaving the sample overnight in the dark, intended to
mimic outdoor conditions, has no effect on the reaction.
Further illumination simply continues the bleaching step, for
which there are at least 5 isosbestic points across the spectral
window (Fig. 6 and 857) for the first stage in the overall bleach-
ing chemistry (Scheme 1).

A reaction is deemed to be autocatalytic®® when a product-
concentration vs. time profile is “S-shaped” or when a reac-
tion-rate vs. time plot is “bell-shaped” with both an accelera-
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Fig. 6 Example of the fitting of experimental data (1 = 812 nm) to an
autocatalytic process (ie., eqn (1)). The points are experimental
measurements and the solid line is a non-linear, least-squares fit to
eqgn (1).
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Scheme 1 Pictorial representation of the processes leading to photo-
conversion of the target compound 1 in CH:Cl; solution when exposed
to simulated sunlight.
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tion stage and a decay period. At least two mechanisms must
operate, one being responsible for the initial bleaching step
and the other making use of a primary product to enhance
further bleaching. On the acceptance of pseudo-first order con-
ditions being met, this being confirmed by a small concen-
tration dependence study, the overall reaction rate can be
expressed in the form of eqn (1) where k, is a rate constant for
the initial reaction and &, is the corresponding rate constant
for the catalysed reaction. Here, the term A refers to absor-
bance and the subscripts represent the individual reading (ie.,
4, is the first absorbance reading, 4, is the second reading,
etc.). Iterative, leastsquares fitting of the photolysis data
allows calculation of these two rate constants (Table 2), as
determined by global fitting of the early photolysis stage
carried out across a wide wavelength region.

Al _Aii

ey = (o~ alth) — k1l (1)
(Ao—4) 1
WA (o el )

The absorption bands associated with the primary pro-
ducts, as seen at 715 and 560 nm, appear at closely compar-
able rates, indicating that they share a common reaction
pathway, before slowly bleaching under continuous illumina-
tion. The rates of secondary photo-bleaching differ for the two
absorption bands (Fig. 7). Thus, these two species undergo dis-
parate reaction pathways leading to their slow degradation.
Notably, disappearance of the protonated form of BDMA (ie.,
BDMAH") is essentially linear with photolysis time (eqn (2)
where e refers to the molar absorption coefficient at that wave-
length) but loss of the breakdown product from BTH (moni-
tored at 690-750 nm), which is abbreviated as BTH', involves a
short inhibition period before bleaching sets in. For a typical
substrate concentration of 2 pM, the rate of bleaching of
BDMAH" is about 12 nmol dm™® min™" (Table 2) while the
same analysis shows the decomposition of BTH' to occur more
slowly with a typical rate of ca. 5 nmol dm™* min™".

Using the control compound D1, after protonation with
HCI in CH,Cl, solution, it was found that illumination with
visible light caused relatively fast bleaching that resulted in a
colourless product. In contrast, illumination of BTH' leads to a
further product that absorbs in the near-UV region. This latter

Table 2 Summary of rate constants associated with the stepwise photo-bleaching of the target array in deoxygenated CH,Cl; solution

Process Direction kimin™' Jnm®” Statistics®

BDMA — BDMAH" Bleaching ko = 0.0019; k; = 0.0039 605-615 SD = 0.0005; GF = 0.9923
BTH — BTH' Bleaching ko = 0.0017; ky = 0.0038 790-830 SD = 0.0002; GF = 0.9954
BTH — BTH' Formation ko = 0.0016; k; = 0.0038 710-725 SD = 0.0003; Gf = 0.9967
BDMAH' — BDMAH' Bleaching k, = 0.0058 555-565 SD = 0.0854; GF = 0.9960
BTH' — BTH" Bleaching k, = 0.0023 690-750 SD = 0.0229; GF = 0.9986
BTH' — BTH" Formation “k, = 0.0022 425-490 SD = 0.0444; GF = 0.9916

“Refer to Scheme 1 for definition of individual rate constants. bWavelength range for global data analysis. © SD refers to standard deviation for

the fit and GF refers to the goodness-of-fit correlation term.
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Fig. 7 Examples of fitting the experimental data to eqgn (2) for (a) degra-
dation of the intermediary products BDMAH" (1 = 563 nm) and BTH' (1 =
710 nm) and (b) formation of the final product, BTH".

product, BTH", is extremely robust and degrades very slowly
under continuous illumination. The rate of formation of BTH"
agrees remarkably well with the rate of bleaching of BTH’
(Table 2). The overall reaction scheme leading to degradation
of 1 under visible light excitation is summarized concisely by
way of Scheme 1.

Our understanding of the photo-bleaching of the artificial
photon harvester 1 in CH,;Cl; can now be summarised as
follows: The compound absorbs over a wide spectral range cov-
ering the entire visible zone and stretching into the far-red
region. Integration of the absorption profile indicates that
approximately 70% of absorbed photons are directed to the
BTH-based acceptor, which
centred at around 900 nm. Under visible light illumination,
BTH undergoes slow bleaching to form the primary product
BTH' that shows prominent absorption at around 715 nm.
During this bleaching process, at least one proton is released
into the system and becomes attached to the BDMA terminal,
forming BDMAH". This protonation step is fast such that
bleaching of the BTH and BDMA chromophores occurs at the
same rate. As reaction proceeds, one of the resultant products
catalyses bleaching of BTH so that the rate increases with time
of photolysis. Ultimately, the system reaches the state where
BTH' and BDMAH" co-exist. Further illumination leads to irre-
versible bleaching of BDMAH" to form a transparent product
and this unit is lost from the system. In contrast, further
bleaching of BTH' occurs to form the near-UV absorbing
species BTH". This latter product does not bleach under our
conditions.

The origin of the proton that attaches itself to BDMA can be
traced to breakdown of the CH,Cl, solvent since BDMAH"
does not form when the photochemistry is carried out in
either tetrahydrofuran (THF) or poly{methylmethacrylate)

shows modest fluorescence
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(PMMA). In fact, it is known that certain aryl amines undergo
auto-catalytic breakdown under photolysis in the presence of
carbon tetrachloride.** Here, the degradation mechanism
might be considered to involve light-induced electron transfer
from chromophore to solvent, with subsequent loss of a chlor-
ide anion from the CCl, radical anion and addition of a mole-
cule of O, to form a peroxyl (CCl;00) radical. This latter
species is well known in radiation chemistry’” and is capable
of causing further oxidative damage.” The peroxyl radical can
also undergo hydrogen abstraction to form a solvent-derived
hydroperoxide and this could be the source of the acidic
proton.

Photolysis in aprotic THF, causes slow degradation of BTH
exactly as described above but there is little loss of BDMA
during the early stages of reaction. Instead, this latter chromo-
phore remains intact and able to transfer excitation energy to
BTH'. Continued illumination, however, leads to very slow
degradation of BDMA to form a primary product absorbing at
around 500 nm (Scheme 2). This latter species possesses an
absorption spectral profile consistent with a BODIPY derivative
lacking the styryl residue.” This latter species undergoes extre-
mely slow photo-bleaching, a fact confirmed by separate
irradiation of BODIPY in deoxygenated THF solution. Ilumi-
nation of 1 in PMMA follows the same pattern as seen in THF
solution but the course of reaction is too slow to monitor
meaningful kinetic parameters, even for thin (e, 10 pm)
films.

BDMA

Scheme 2 Pictorial representation of the events leading to photo-con-
version of 1in non-protic media when exposed to simulated sunlight.
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Sensitization of amorphous silicon solar cells

Prior to photo-bleaching, 1 emits weakly at 900 nm and, in
principle, should be capable of sensitizing a silicon or gallium
arsenide solar cell. The fluorescence quantum yield (& =
0.013) is kept low by partial charge transfer with the terminal
amine but could be improved by eliminating this latter com-
ponent. The product allows for EET from BDMAH' to BTH’
and for continued sensitization of the solar cell by way of emis-
sion from BTH'. This intermediary product absorbs strongly in
the visible region but lacks the ability to harvest photons in
the far-red region. Further degradation to form BTH" is slow
and the product is a relatively poor photon collector since it
absorbs only at wavelengths below about 600 nm. Nonetheless,
it should continue to direct photons to the solar cell. The
overall tumover number for one molecule of 1 under continu-
ous illumination with white light exceeds ten million, allowing
for all stages of photo-bleaching.

It might be noted that the absorption spectrum of 1 over-
laps strongly with that of a thin film of hydrogenated amor-
phous silicon, a-Si:H, as indicated by way of Fig. 8. The
organic dye protects the solar cell from exposure to UV-light
and strongly amplifies light harvesting in the farred region
where a-Si:H absorbs weakly. Spectral overlap between
emission from 1 and absorption by a-5i:H is weak but nonethe-
less sensitization of the solar cell is possible. This latter point
was confirmed by recording action spectra for a thinfilm of
a-5i:H deposited onto a flexible plastic sheet. The action spec-
trum (Fig. 9), recorded for open-circuit photocurrent measure-
ments, resembles the absorption spectrum recorded for the
solar panel (Fig. 8). In order to sensitize the solar panel, a rod
(diameter 1.2 em and length 2.5 ¢m) of PMMA doped with 1
was prepared by slow polymerisation and polished along all
surfaces. The solar panel was wrapped around the rod, leaving
the ends exposed. A collimated beam of white light was passed
through the rod and the resultant photocurrent from the solar
panel was recorded (Fig. 9). Comparison of the two action
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Fig. 8 The absorption spectrum recorded for 1 (red curve) in CH.Clz
superimposed over that of a thin-film of amorphous silicon deposited
onto a flexible plastic substrate.
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Fig. 9 Action spectra recorded for a thin-film a-Si:H flexible solar cell
(black points) compared to the absorption spectrum of the panel (grey
shadow). The action spectrum recorded for sensitization of a-Si:H by 1
dispersed in PMMA is shown as the red curve.

spectra clearly shows that the solar cell is sensitized by
emission from 1 under these conditions. It should be noted
that the set-up was far from being optimal but serves the
purpose for proof-of-concept. In particular, the a-Si:H solar
panels perform better in terms of current generation when flat
50 our experimental arrangement is far from ideal.

The most notable feature of the sensitization experiment
concerns the enhanced sensitivity towards far-red light
(Fig. 9). This provides a simple means to protect the solar cell
from undue exposure to blue light, this being a major cause of
Staebler-Wronski degradation. Thus, indirect sensitization of
the type discussed here could provide an effective means for
stabilizing a-Si:H solar cells. It was not possible to confirm
this possibility because of the experimental set-up employed,
most notably the geometry of the sensitization experiments
precludes direct illumination of the solar panel. Instead, we
will address this point in a forthcoming article, where we will
also explore the underlying mechanism leading to EET from
dye to semiconductor.

Conclusion

The use of artificial light-harvesting arrays to sensitize solar
cells is at a very early stage of development’” and it is not yet
clear if such devices offer a genuine benefit compared to direct
excitation of the semiconductor. Nonetheless, it is an interest-
ing concept that merits proper exploration. One obvious
problem relates to the stability of the array under continuous
exposure to sunlight*® and, as such, it is necessary to identify
and utilize pigments with exceptional levels of photo-stability.
Our approach to this problem has been to introduce a self-pro-
tective mechanism whereby photochemical degradation leads
to a product that also functions as a useful sensitizer. In this
way, the operating timescale is lengthened considerably but
there is a certain inevitability that the fraction of solar light
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harvested by the array decreases at each step. This situation is
nicely exemplified by considering the breakdown of 1 in
aprotic media. Thus, integration of the absorption spectral
profile with respect to a thin-film a-Si:H solar panel indicates
about 71% of the spectral distribution is covered by the array.
On conversion of BTH to BTH', this value falls to 63% while
further reaction to convert BTH' to BTH" causes a drop to
42%. Conversion of the BDMA unit to BODIPY' is
accompanied by a further fall to 31%. The severely damaged
array still fulfils its duty as a sensitizer but no longer collects
far-red photons. It might be noted that it proved impossible to
determine a meaningful quantum yield for photochemical
degradation using monochromatic light, even when using a
red-emitting laser diode. This is because the rate of decompo-
sition, especially at the onset of the experiment, is too slow to
allow accurate monitoring of the course of reaction.

A second lesson learned from this study is the need to
select an appropriate medium for the dye; in the case of 1 this
translates to the avoidance of protic media. This requires sys-
tematic engineering of the system to eliminate problems
imposed by the environment. Notably, the presence of
molecular oxygen has little effect on the course of reaction and
cannot be completely eliminated without encasing the array in
a protective cover.” It is also important to carefully match the
sensitizer with the semiconductor in order to obtain the
optimal effect. There are, in fact, clear synergistic effects to be
gained by combining a-Si:H with dyes such as 1. Not only does
the dye remove near-UV light, which is harmful to the solar
cell, but it also protects the cell from Staebler-Wronski'®
degradation by avoiding direct excitation with blue light.

The approach used here does not permit identification of
the breakdown products; using NMR spectroscopy to monitor
the fate of a closely related array showed the process to be
highly complicated but confirmed that the BODIPY unit
absorbing at lowest energy was the first species to photo-
bleach. Indeed it is not necessary to identify the products but
there is a need to either repair the damaged sites or improve
the overall photochemical stability for the long-wavelength
absorbing species. The array described here shows a somewhat
comparable turnover number to that of chlorophyll in the
natural photosynthetic process*® but we have no provision for
either self-repair*” or photochemical regulation.*® Such fea-
tures, which are inherent to the natural process,® will be
addressed in a forthcoming publication.

Experimental details

Solvents were purchased from Sigma-Aldrich as spectroscopic
grade and were used as received. Absorption spectra were
recorded with a Perkin-Elmer Lambda-35 spectrophotometer
while emission spectra were recorded with an Hitachi F-4500
spectrofluorimeter. For the far-red emitting samples, special-
ised facilities were provided by Edinburgh Photonics (a divi-
sion of Edinburgh Instruments). Fluorescence quantum yields
were determined with a fully-corrected, high radiance integrat-
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ing sphere. Fluorescence lifetimes were determined by time
correlated, single-photon counting methods following exci-
tation with an ultra-short laser diode. For steady-state
irradiation experiments, the solution was deoxygenated by
purging with dry N, and sealed into a glass cuvette. The
sample was exposed to the white light source (JCC Model 1P66,
450W E40) for varying time intervals. The light intensity at the
front surface of the cuvette was determined with a PM100
power meter fitted with a Si-photodiode sensor head. Electro-
chemical measurements were made by cyclic voltammetry
using a Pt working electrode, a Ag wire counter electrode and a
standard SCE reference electrode. Ferrocene was used as
internal standard. The CH,Cl, solvent was dried and freshly
distilled immediately before use while tetra-N-butylammonium
perchlorate used as the background electrolyte at a concen-
tration of 0.1 M was recrystallised several times from ethanol
and dried under vacuum. A variety of scan rates was used but
the quoted data refer to a fixed scan rate of 60 mV per second.
All measurements were made under an atmosphere of diy N,
at room temperature.

Thin films of the dye incorporated into PMMA were pre-
pared by spin coating (Laurell WS-650SZ-6NPP) while thicker
films were prepared by simple casting from concentrated solu-
tion in CH,Cl,. The PMMA rod was prepared by in situ
polymerization of methyl methacrylate, after removal of the
inhibitor by vacuum distillation, using 1,1-azobis-(cyclohexa-
necarbonitrile) (0.02% w/w) at 10 °C under modest vacuum.
The rod was cut to size and polished using very fine 600 grit
emery paper.

The amorphous silicon solar panel, presented in the form
of a flexible sheet, was provided by Sanyo. Action spectra were
recorded under open circuit conditions using a Sinclair digital
current meter and a high-radiance monochromator. The light
source was a calibrated 250 W Xe-arc lamp.

Quantum chemical calculations were made with TURBO-
MOLE™ running on a multiple processor workstation. Calcu-
lations were made at both ground- (DFT/B3LYP/aug-ce-pVIZ)
and excited-state (TD-DFT/CAM-B3LYP) levels with the target
compound embedded in a solvent continuum using the CPCM
model.*
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A bifurcated molecular pentad capable of
sequential electronic energy transfer and
intramolecular charge transfery

Anthony Harriman,*® Patrycja Stachelek,® Alexandra Sutter® and Raymond Ziessel*®

An extended molecular array, comprising three distinct types of chromophores and two additional redox-
active subunits, that harvests photons over most of the visible spectral range has been synthesized and
characterised. The array exhibits a rich variety of electrochemical waves when examined by cyclic
voltammetry but assignment can be made on the basis of control compounds and molecular orbital
calculations. Stepwise electronic energy transfer occurs along the molecular axis, corresponding to a
gradient of excitation energies, to populate the lowest-energy excited state of the ultimate acceptor. The
latter species, which absorbs and emits in the far-red region, enters into light-induced charge transfer
with a terminal amine group. The array is relatively stable under illumination with white light but degrades
slowly via a series of well-defined steps, the first of which is autocatalytic. One of the main attributes of
this system is the capability to harvest an unusually high fraction of sunlight while providing protection

www._rsc.org/pccp against exposure to UV light.

Introduction

In attempting to mimic certain features of natural photosynthesis,"
especially with respect to the fundamental processes leading to
charge separation,” an inordinately wide diversity of molecular
systems has been examined.”” In the main, these materials are
intended to exhibit directed electronic energy transfer (EET) along
the molecular axis by way of positioning chromophores according to
their respective excitation energies.” Other molecular systems'* "
have been designed to duplicate the efficient light-induced charge
transfer (CT) inherent to the natural reaction centre complex. In
studying such molecules, much fundamental information has been
learned about the factors that control the dynamics of EET and/or
CT in artificial systems, although many of the subtleties of the living
organism have evaded capture in the form of an artificial analogue.
Less attention has been given to the study of molecular architectures
that successfully combine EET and CT at the same site, even though
certain structures are able to achieve this feat."* " In particular, the
vast plethora of molecular dyads, triads, tetrads, etc. known to
realise a cascade of EET steps contain few examples where the

“ Molecular Photonics Laboratory, School of Chemistry, Bedson Building,
Newcastle University, Newcastle upon Tyne, NE1 7RU, UK.
E-mail: Anthony. harriman@ncl. ac.uk
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France
+ Electronic supplementary information (ESI) available: Full experimental
details, molecular orbital descriptions of control compounds, kinetic plots and
additional spectroscopic output to support the text. See DOI: 10.1039/c5cp03932k
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terminal energy acceptor is linked to a redox centre in such a
way that charge-transfer chemistry can take place. We now
describe a giant molecular pentad as a prototype of this generic
field of hybrid EET/CT molecular edifices. Our specific interest
in such molecular systems is to engineer photochemical heat
engines that might be suitable for solar heating of domestic
water supplies.

The target system comprises two pyrene (PYR) residues attached
via the boron atom to a conventional boron dipyrromethene
(BODIPY) dye. The latter unit is well known" to serve as an acceptor
for excitation energy localised momentarily on one of the pyrene
fragments. An expanded boron dipyrromethene (EXBOD) dye,
differing from BODIPY by way of increased r-conjugation™
provided by the styryl functions attached at the 3,5-positions,
is attached to BODIPY through the respective pseudo-meso site.
This type of connection, when used in conjunetion with methyl
groups at the 1,7-positions, ensures that each meso-phenylene
ring lies essentially orthogonal to the dipyrrin core. The styryl
fragments are equipped with a triphenylamine (TPA) residue
that is known to be rather easily oxidised®" in polar solvents.
The final piece of the structure consists of a dithiocyclopentane
(DTC) unit intended to act as a conduit for CT between TPA and
ExBOD. The overall molecule, which adopts a bifurcated geo-
metry because of the nature of the connections, has a fully
extended length of 46.7 A. This molecule is surprisingly soluble
in common organic solvents at room temperature and maintains
electronic isolation for each of the five critical components, at
least according to the computed molecular orbital description to
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be discussed later. Three main chromophores, namely PYR,
BODIPY and ExBOD, combine to harvest light over the wavelength
range from 250 to 800 nm while the DTC fragments provide
additional protection against UV photons. It will be appreciated
that these chromophores have been arranged according to their
respective excitation energy levels (PYR > BODIPY > ExBOD) so
as to favour a cascade of EET steps following from selective
excitation of pyrene.

Results and discussion
Synthesis and characterisation

The target multi-chromophoric light harvester PEN was pre-
pared according to Scheme 1.% The red (DON) and green (ACC)
modules were prepared and purified as described previously™
and their molecular structures were established unambiguously
by NMR spectroscopy. The key cross-coupling reaction between
DON and ACC is realized in the presence of catalytic amounts of
[Pd(PPh;),] under anaerobic conditions.” Purification by column
chromatography on flash silica was straightforward and addi-
tional purification was ensured by crystallization from appro-
priate solvents. The highly soluble PEN compound was isolated
in 93% yield. The analytically pure compound was analysed by
NMR and mass spectroscopy and by elemental composition,
unambiguously confirming the molecular structure of the target
compound. In particular, the mass analysis revealed a molecular
peak at 2281.1 ([M], 100% intensity) with successive fragments

"pgen

Scheme 1 Synthetic strategy used for the preparation of the artificial light
harvester PEN as examined in this account.

i Full experimental details are provided as part of the ESLT
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assigned to the release of fluorine atoms at 2262.1 (M — F|, 30%)
and 2243.1 ([M — 2 F], 15%). No additional significant fragmen-
tation peaks are observed. A representation of the computed
energy-minimised structure is provided as part of the ESL}

Cyclic voltammetry

Cyclic voltammetry studies were conducted with the target
compound, PEN, dissolved in deaerated CH,Cl, containing
background electrolyte at room temperature. To aid the assign-
ment of the various peaks, comparable studies were carried out
with the isolated molecular fragments DON and ACC. It was
also necessary to consult literature reports for somewhat
related BODIPY-based compounds. The main results are sum-
marized in Table 1 and indicate the following principal points:
firstly, a single quasi-reversible wave is seen for DON on
reductive scans and attributed to the formation of the
BODIPY-based m-radical anion. The corresponding half-wave
potential (E,;,) is —1.42 V vs. SCE. For ACC, two waves are seen
on reductive scans. The first wave has an E,;, value of —1.00 V
vs. SCE but the second wave is electrochemically irreversible
and exhibits a cathodic peak potential of —1.63 V vs. SCE. It is
possible to assign®* the first reduction wave to the formation of
the n-radical anion associated with the ExBOD fragment but it
is not obvious as to exactly which part of the extended con-
jugation path is included in the respective molecular orbitals.
Likewise, the second wave is not easily attributable to reduction
of a particular molecular fragment without further information.
The target compound, PEN, exhibits three reductive waves with
successive E,;; values of —1.02, —1.39 and ca. —1.80 V vs. SCE.
The first two waves are quasi-reversible and can be attributed to
one-electron reduction of ExBOD and BODIPY units, respec-
tively. The third wave, being electrochemically irreversible,
occurs at strongly cathodic potentials and appears to be asso-
ciated with the EXBOD unit. Again, more precise identification
demands a proper understanding of the nature of the molecular
orbitals involved.

On oxidative scans, DON exhibits two waves. The first wave
corresponds to the formation of the BODIPY-based n-radical
cation, which being quasi-reversible has an E; , value of +0.93 V
vs. SCE. The second oxidative step is irreversible and appears to
be associated with the pyrene unit. In fact, it is well known™
that one-electron oxidation of aryl hydrocarbons is often followed
by rapid association of the m-radical cation with a neutral mole-
cule, thus forming a dimer n-radical cation. Three quasi-reversible
waves are observed for ACC under anodic scans. The first wave,
having an E,, of +0.38 V vs. SCE, is most likely associated with the
one-electron oxidation of one or both of the TPA units but the
remaining two waves cannot be assigned without further informa-
tion. The same is true for the three oxidative waves associated
with PEN. Here, the first wave is quasi-reversible and corresponds
to the removal of one electron. The second wave has the appear-
ance of two overlapping peaks and is also quasi-reversible while
the third wave is electrochemically irreversible.

In fact, quantum chemical calculations suggest that both
the LUMO and the HOMO associated with DON are localized on
the BODIPY unit (Fig. 84, ESIt). Furthermore, HOMO(—1) lies
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Table1 Summary of the electrochemical properties recorded for PEN and the two isolated compounds ACC and DON in CH.CL; containing "Bu,NPFg

as a supporting electrolyte

Compound E"(ox, soln) (V), AE* (mV) F"(red, soln) (V), AE® (mV)

ACC +0.38 (60), +0.83 (60), +1.00 (60) 1.00 (70), ~1.63 (irr.)*

DON +0.93 (60), +1.39 (irr.) 1.42 (60)

PEN +0.38 (60), +0.83 (60), +1.29 (irr.) 1.02 (70), —1.39 (80), —1.80 (irr.)

“ Refers to oxidative processes. ? Refers to reductive processes. © Irr. refers to an irreversible electrochemical step.

on one of the pyrene units. This situation is entirely in keeping
with the above assignment of the cyclic voltammograms. The
LUMO associated with ACC is distributed over the styryl-
dipyrrin without real penetration onto the DTC units while
LUMO(1) appears to be localized on one of the styryl-DTC
fragments and is two-fold degenerate (Fig. S5, ESIT). A logical
pattern is now apparent for PEN, with the first reduction step
being associated with ExBOD and the second with BODIPY
(Fig. 1). The third reductive step can now be assigned to the
irreversible reduction of the tolane-like spacer unit, this being
unique to the assembled supermolecule, while the next com-
ponents in line for reduction are the two DTC fragments. The
LUMO includes an important contribution from the styryl arms
and reaches the first thiophene ring.

The HOMO localized on ACC is essentially centred on one of
the TPA fragments (Fig. S5, ESIT), although it stretches onto the
attached thiophene ring, and is essentially two-fold degenerate.
This finding tends to confirm the above assertion that the

Fig. 1 Kohn-Sham representations of LUMOI(L) (upper left panel), LUMO
(upper right panel), HOMO {centre panel), HOMO{-1) {lower left panel) and
HOMO(-3) (lower right panel) for fragments of PEN at an isodensity of 0.02.
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observed E,;; value of +0.38 V vs. SCE is due to one-electron
oxidation of a terminal TPA unit. According to the MO descrip-
tion, the next component to be oxidized will be ExBOD. Here,
the corresponding HOMO reaches onto the styryl arms but not
onto the appended DTC units. Thus, one-electron oxidation of
ExBOD can be assigned an £, , value of +0.83 V vs. SCE for ACC.
The third wave recognized in the cyclic voltammograms can be
attributed to one-electron oxidation of the styryl-DTC fragments
and occurs with £y, of +1.00 V vs. SCE. For the supermolecule
PEN, the first oxidation step is clearly associated with the
terminal TPA units (Fig. 1), as occurs with ACC. The next
oxidative process can be safely assigned to one-electron oxidation
of the styryl-dipyrrin fragment present in ExBOD. The corres-
ponding E,;, value becomes +0.83 V vs. SCE, exactly as found for
ACC. According to the MO descriptors, the two overlapping peaks
centred at around 1.3 V vs. SCE can be attributed to the successive
one-electron oxidation of the DTC fragment and the conventional
BODIPY unit, respectively.

Absorption and emission spectroscopy

The absorption spectrum recorded for PEN in CH,Cl, solution
shows a rich variety of optical transitions stretching across the
entire visible range and into the near-UV region (Fig. 2). These
transitions can be assigned on the basis of spectra recorded for
the reference compounds, with assistance from the scientific
literature. Firstly, the absorption transitions associated with
ExBOD can be observed at relatively low energy, with the 0,0
band being located at 813 nm and with a pronounced vibronic
shoulder at 750 nm. There is essentially no spectral shift
between spectra recorded for ACC and PEN over the wavelength
region from 550 to 900 nm, thereby indicating that the two
BODIPY-based chromophores are not in strong electronic com-
munication. No doubt, the orthogonal phenyl rings help in
keeping these chromophores in mutual electronic isolation.
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Fig. 2 Absorption spectra recorded for PEN (red curve), ACC (blue curve)
and DON (cyan curve) in CH2Cl; solution.
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The conventional BODIPY dye has a significant absorption
transition centred at 502 nm for DON and at 504 nm for PEN.
This transition can be seen clearly in the spectrum recorded for
PEN, although there is a pronounced spectral overlap with
transitions localized on ExBOD. The terminal pyrene chromo-
phores exhibit a series of strong absorption transitions in the
near-UV region, giving rise to sharp absorption bands at 276,
286, 351 and 371 nm for PEN (Fig. 2). Again, it has to be stressed
that these bands are contaminated by weaker absorption due to
ExBOD and, to a lesser extent, by BODIPY. It is not possible to
clearly identify optical transitions associated with either TPA or
DTC chromophores, although these are known™ from earlier
studies conducted with the relevant molecular fragments.

Fluorescence can be observed from PEN in CH,Cl, solution
following excitation into any of the various chromophores
(Fig. 3). Thus, excitation at 750 nm gives rise to a relatively
weak emission centred at about 910 nm that agrees closely with
that recorded for ACC under the same conditions. The fluores-
cence quantum yield (®g), measured in CH,Cl, at room tem-
perature, is 0.013 while the singlet-excited state lifetime (zs)
measured at 900 nm is 230 ps. The excitation spectrum is in
fairly good agreement with the optical absorption spectrum
recorded across the entire visible range, although the corres-
ponding spectrum is less than perfect in the region around
500 nm. Both @ (=0.011) and 15 (=260 ps) are closely compar-
able to values recorded for ACC in CH,Cl, solution. In contrast,
fluorescence from the BODIPY unit, which is clearly evident at
around 515 nm for DON in CH,Cl, solution (Fig. S6, ESIT)
where @ = 0.57 and 15 = 3.7 ns, can hardly be resolved from the
baseline. As a crude estimate, emission from the BODIPY
fragment present in PEN corresponds to a @y value in the
region of 10" while 5 (<30 ps) is too short to be resolved
by the conventional time-correlated, single photon counting
methodology. No emission could be attributed to the pyrene
fragments,*” despite the fact that ethynylpyrene emits strongly
in the region around 400-440 nm.

An interesting feature of the emission spectra recorded for
PEN in CH,Cl, solution at room temperature relates to the
pronounced hot fluorescence band seen at ca. 690 nm (Fig. 3 inset).
For these experiments, the excitation wavelength was 480 nm,
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Fig. 3 Fluorescence spectrum recorded for PEN in CH,Cl, solution (black
curve) and the best fit to a series of Gaussian-shaped vibronic compo-
nents, with the combined fit shown in red and the individual bands shown
in grey. The inset shows the same pattern for the hot emission bands.
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corresponding to the preferential absorption by the BODIPY
unit. The same hot emission is seen for ACC under the same
conditions. Spectral curve-fitting analysis, based on the assump-
tion of Gaussian-shaped components, indicates that the sponta-
neous fluorescence emitted by ExBOD has a major vibronic
component of ca. 800 em ' (Fig. 3 inset). The same value is
recovered for both PEN and ACC and is independent of the
excitation wavelength. The hot emission observed for PEN
following excitation into the BODIPY unit corresponds to a
vibronic mode of ca. 1460 cm ™. Now, the energy gap between
0,0 vibrational levels for S, states associated with the donor and
the acceptor is 7540 em™ " but EET is more likely to populate the
S, state of the acceptor, since the relevant energy gap is reduced
to 565 cm ™. The remaining excess excitation energy will be lost
due to rapid intramolecular vibrational cooling and it is here
that the 1460 cm ™' mode could play an important role.

Charge transfer involving the terminal ExXBOD unit

Analysis of the cyclic voltammetry results, taken together with
the optical absorption and fluorescence data, argues against
the occurrence of light-induced charge transfer between the
two BODIPY-based chromophores following selective excitation
into ExBOD. This situation is confirmed by the observation that
both @ and 14 remain insensitive to the presence of the appended
BODIPY unit. Thus, although emission from the ExBOD fragment
in both ACC and PEN appears to be heavily quenched, it is not
because of interaction with the nearby BODIPY unit. Instead,
quenching of the excited-singlet state of ExBOD, in both mole-
cules, is likely to arise from charge transfer from the terminal TPA
group (Scheme 2). There is a modest thermodynamic driving force
(AG = —0.15 eV) for this process in CH,Cl, solution and the
interspersed DTC fragment might be expected to function as an
effective conduit™ for intramolecular charge transfer along the
molecular axis. This is because the spacer unit is also redox active
and could promote through-bond charge transfer by way of super-
exchange interactions.™ It is also important to stress that earlier
work® has described such light-induced charge transfer in some-
what related molecular architectures.

Pump-probe (FWHM = 120 fs) transient absorption spectro-
scopy with excitation at 420 nm carried out with ACC in CH,Cl,
solution showed the rapid formation of the S, state associated
with the ExBOD chromophore (Fig. 4). This assignment can be
made on the basis of the pronounced bleaching at 815 nm and
the appearance of stimulated emission at 900 nm. Decay of the
S, state follows first-order kinetics, with a lifetime 0f 225 & 25 ps,

Scheme 2 Simplistic representation of the various events that follow from
selective excitation into one of the pyrene units: EET and CT refer, respec-
tively, to electronic energy transfer and light-induced charge transfer.
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to restore the pre-pulse baseline. There is no obvious indication
for transient formation of charge-separated species and, in
particular, the TPA radical cation cannot be detected in the
spectral window at around 740 nm where it is known®' to display
a broad but weak absorption band. The indication, therefore, is
that charge recombination (AG = —1.30 eV) occurs too quickly for
significant build-up of any transient species. In fact, charge
recombination is likely to be promoted by super-exchange inter-
actions with the bridging DTC unit. Similar results were
observed with PEN in CH,CI, solution following laser excitation
at 420 nm.

Electronic energy transfer along the molecular axis

Previous work' has established that rapid EET occurs from
pyrene to BODIPY in several disparate molecular dyads of
comparable structure to DON. Such EET is usually quantitative
and this is certainly the case for DON. The excitation spectrum
agrees well with the absorption spectrum across the region
where the pyrene chromophores absorb strongly and this is
highly suggestive of efficacious intramolecular EET. We pre-
sume that the absence of fluorescence from the pyrene units
present in PEN is also because of highly effective EET across the
ethynylene bond. This process has been studied in detail™ in
simpler molecular structures, where the timescale for intra-
molecular EET is on the order of a few ps. There is every indication
that the same situation holds for both DON and PEN.

A careful comparison of excitation and absorption spectra
recorded for PEN in CH,Cl, leads us to the conclusion that
intramolecular EET from BODIPY to ExXBOD accounts for about
85% of the fate of the first-excited state. Since fluorescence
from §; is unimportant for PEN, in contrast to DON where
@y = 0.57, it follows that an additional nonradiative process
competes with EET. According to the results of the cyclic voltam-
metry experiments, there is a modest thermodynamic driving
force (AG = —0.19 eV) for light-induced charge transfer from
ExBOD to the first-excited singlet state of BODIPY in CH,Cl,
solution. In fact, this is the only allowed charge-transfer process
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-0.20

-0.25

Fig. 4 Differential transient absorption spectra recorded following exci-
tation of ACC in deaerated CH3Cl; solution with a short laser pulse at
420 nm: individual traces (average of 100 shots) were recorded at delay
times of 0, 55, 110, 215, 350 and 550 ps.
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between the two main chromophores. It seems likely that this
reaction is responsible for the incomplete match between excita-
tion and absorption spectra. In principle, the occurrence of
intramolecular charge transfer can be scrutinised®™ by pump-
probe transient absorption spectroscopy but it is essentially
impossible to isolate a suitable excitation wavelength in the case
of PEN. This is because of the strong spectral overlap between
BODIPY and ExBOD in the region around 500 nm, together with
the difficulty to generate certain excitation wavelengths. As such,
we have not been able to confirm this competition for PEN.

The situation is improved when the experiment involves
recording time-resolved fluorescence following excitation at
500 nm with a short duration (FWHM = 110 ps) laser diode.
Under these conditions, approximately 60% of absorbed
photons enter the BODIPY chromophore, with the remaining
40% being partitioned to the EXBOD unit. The latter emits in
the far red region but shows no appreciable fluorescence in the
wavelength range around 530 nm. Monitoring at this wave-
length (Fig. 5), which is close to the peak of the emission
expected for BODIPY, allows determination of the singlet-
excited state lifetime of the latter emitter to be 22 + 6 ps. The
rather large uncertainty arises because of the limited temporal
resolution available under these experimental conditions.
Taking due account of the comparative excitation spectra, it is
now possible to estimate rate constants for intramolecular EET
(kepr = 3.9 x 10" s7') and charge transfer (ker = 7 x 10”7 s7')
from the firstexcited state of BODIPY to ExBOD.

Photochemical stability

In order to explore the possibilities for developing artificial
light-harvesting antennae based on molecular arrays®* such as
PEN, attention has been given to the inherent photostability of
the ExBOD chromophore.® Thus, a solution of ACC in deaerated
CH,Cl, was exposed to simulated sunlight delivered using a 450 W
solar illuminator. At early stages of the reaction, the chromophore
bleaches slowly under exposure to white light (Fig. 6). A series of
isosbestic points is evident during this phase of illumination and
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Fig.5 Time-resolved flucrescence decay curve recorded for PEN in
CH2Cl; following excitation at 500 nm. The instrumental response func-
tion is shown as a grey curve while the fit to the experimental data is shown
as a red curve. Emission was detected at 530 £ 25 nm.
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Fig. 6 Effect of continuous illumination with white light on the absorption
spectrum recorded for ACC in deaerated CH.Cl,. The arrows indicate the
initial stage of bleaching. Spectra were recorded at regular time intervals
over the course of eight hours.

1000

similar bleaching rates are found across the entire visible spectral
range. Under typical illumination conditions, the initial rate of
bleaching is ca. 5 nM min '. At any given wavelength, the
bleaching process gives a poor fit to first-order kinetics but shows
much better correlation with an autocatalytic mechanism as
shown in Fig. 87 (ESIf).*" In the latter case, a product formed
during early stages of photolysis enhances the rate of bleaching.
Fitting the experimental data to such a mechanism®" across the
entire wavelength range allows calculation of the inherent rate
constant (k,) to be 0.0012 min ' and the rate constant for
autocatalysis (kc) to be 0.0018 yM ' min '. New products are
apparent by way of a broad absorption peak centred at around
720 nm and a sharp absorption band centred at 560 nm. These
two absorption bands form at the same rate, which agrees with the
rate of bleaching of the ExBOD chromophore and, as such, are
considered to be the primary products of the bleaching reaction.
On continuing the illumination, both products begin to fade at a
relatively fast rate to leave a broad absorption band stretching from
about 650 to 350 nm. This secondary bleaching step only proceeds
once the bleaching of EXBOD is complete. Both absorption bands
bleach via approximately first-order kinetics with the same rate
constant (k) of 0.0025 min .

The absorption band seen at around 720 nm has the general
appearance of a charge-transfer transition while that at 560 nm
is what might be expected for an expanded BODIPY derivative
possessing limited n-conjugation.”® Our analysis, however,
does not allow identification of the products. An interesting
feature of this progressive bleaching chemistry is that both
560 nm and 720 nm absorbing species remain fluorescent so
that the ability to sensitise a solar cell or photochemical
reaction is not lost and the optical bandgap remains very
similar at around 1.4 eV. Furthermore, bleaching of the ultimate
product is extremely slow when compared to a solution of Texas
Red, the latter being our recommended standard for photo-
chemical bleaching.

Turning our attention to the full array, PEN, in deaerated
CH,Cl, solution, it is apparent that illumination with white
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Fig. 7 Effect of continuous illumination with white light on the absorption
spectrum recorded for PEN in deaerated CH>Clz. Spectra were recorded at
regular intervals over a period of ten hours.

light causes bleaching of the ExBOD chromophore (Fig. 7). As
for the control compound, the initial bleaching step corre-
sponds to an autocatalytic reaction (Fig. S8, ESIT)." Analysis
across the entire spectral window allows derivation of &, and &,
respectively, to be 0.0012 min~ " and 0.0049 uM ' min ™", It will
be recognised that whereas k, remains identical to that found
for ACC, the corresponding rate constant for autocatalysis is
considerably faster (i.e., almost a factor of 3-fold) for PEN than
for ACC despite the fact that bleaching is associated with the
ExBOD chromophore in both cases. It can also be seen from the
spectral traces that bleaching of EXBOD gives rise to the same
charge-transfer absorption band at 710 nm but there is no
indication for formation of the absorption band centred at
560 nm. Bleaching of the 710 nm absorption band can be
approximated to a first-order process with a rate constant
of 0.0032 min~'. Again, this is faster than observed with ACC
(kg = 0.0025 min '), which might be a consequence of the
increased photon flux due to the improved light-harvesting
characteristics of PEN compared to ACC. At 502 nm, where
both ACC and DON make significant contributions to the total
absorbance, the early segment of the bleaching reaction agrees
perfectly with autocatalytic bleaching of ExBOD. On longer time
scales, the BODIPY chromophores undergo slow bleaching
by approximately first-order kinetics with a rate constant of
0.0019 min ™ ". It is not practical to monitor bleaching rates for
the pyrene chromophore because of the build-up of a perma-
nent product in the near-UV region. The latter species, which
remains fluorescent, bleaches very slowly under white-light
illumination.

Attempts were made to follow the bleaching process for PEN
using 700 MHz 'H-NMR spectroscopy in a dilute solution
(ca. 10" * M). From the data (see Fig. $3 ESI,T for a representa-
tive example) some general conclusions can be drawn but the
product is a complex mixture of compounds. It appears that
the DON part of the PEN chromophore is not damaged at a
significant level, according to the analysis of the diagnostic
signal of the pyrene moiety at 8.63 ppm in CD,Cl,. The most
fragile part of the molecule, as might be expected, is the ACC
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fragment which undergoes major modifications of the B-pyrrolic
protons. This situation most likely reflects an attack of the
vinylic system. Several new products are formed as can be
testified by the presence of at least three new singlets at around
6.0 ppm and the new peaks likely assigned, in light of reference
compounds, to the dithiocyclopentane fragments. The high
intensity of the latter peaks attests to the presence of several
products displaying similar molecular frameworks.

Conclusions

This work considers the electrochemical, photophysical and
photochemical properties of a large supermolecule built up by
logical positioning of individual subunits. The assembled array
absorbs across the entire visible spectral range and in the near-
IR region. Essentially, more than 99% of the absorbed photonic
energy is converted into heat in less than 1 ns. There are many
molecular assemblies that degrade excitation energy into heat
but an attractive feature of PEN is that it absorbs over a very
wide spectral range. As such, it possesses the main attributes
needed for an organic-based photochemical heat engine,
provided the material is sufficiently stable under prolonged
exposure to sunlight. A key feature of this molecular array is
that photodegradation occurs via a series of steps leading to a
gradual loss of performance. Each of these bleaching steps
decreases the fraction of solar light that can be harvested but
does not curtail the solar heating process. The net result is that
the array functions for extended periods, especially when dis-
persed in an inert polymer.

The compound displays a rich variety of electrode-active
reactions, together with highly efficacious intramolecular EET
along the molecular axis. The ExBOD-based acceptor enters
into charge-transfer reactions with the terminal amine units,
no doubt promoted by super-exchange interactions involving
the interspersed dithiocyclopentane unit, so that fluorescence
is kept to a modest level. On exposure to sunlight, photons can
enter the system at any of the principle chromophores but
inevitably reach the ExBOD site and thereby promote the
charge-transfer reaction. The quantum yield for this process
is ca. 90%, although the rate is modest, and leads to a transient
state possessing around 1.3 eV of redox energy. This charge-
transfer state deactivates quickly, at least relative to its rate of
formation, thereby serving the purpose of an effective photo-
chemical molecular heating system.
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(,Abstract: The fluorescence lifetime and quantum vyield are
seen to depend in an unexpected manner on the nature of
the solvent for a pair of tripartite molecules composed of
two identical boron dipymomethene (BODIPY) residues at-
tached to a 1,10-phenanthroline core. A key feature of these
molecular architectures concerns the presence of an amide
linkage that connects the BODIPY dye to the heterocydlic
platform. The secondary amide derivative is more sensitive
to environmental change than is the comresponding tertiary

amide. In general, increasing solvent polarity, as measured

by the static dielectric constant, above a critical threshold

.

tends to reduce fluorescence but certain hydrogen bond ac-
cepting solvents exhibit anomolous behaviour. Fluorescence
quenching is believed to arise from light-induced charge
transfer between the two BODIPY dyes, but thermodynamic
arguments alone do not explain the experimental findings.
Molecular modelling is used to argue that the conformation
changes in strongly polar media in such a way as to facilitate
improved rates of light-induced charge transfer. These sol-
vent-induced changes, however, differ remarkably for the
two types of amide.

S

Introduction

The amide bond plays a special role in biochemistry—it pro-
vides the key structural features needed to assemble helical
peptides and folded proteins.? Indeed, the amide carbonyl
function is less electrophilic than in ketones, aldehydes and
catboxylic acids, while sp® hybridisation renders the nitrogen
atom non-basic.”! This last point is well illustrated by the fact
that protonation of amides in acidic media occurs at the
oxygen atom. In general, the amide group persists in two tau-
tomeric forms; namely, the amide and iminol structures.”
However, the amide form is generally considered as a set of
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zwitterionic resonance structures (Scheme 1). In each case,
both trans and cis forms are possible. The partial double-bond
character imposed on the central C—N bond helps position the
atoms around the amide bond such that they reside in the
same plane and provides a high (i.e., 10-25 kcal mol™") barier
for internal rotation.”? In most proteins, the amide-trans tauto-
mer (Scheme 1) is the more stable species, but the correspond-
ing amide-cis form has been clearly recognised by X-ray crys-
tallography. Indeed, the amide-cis tautomer is often found in
simple amides, such as formamide and N-methylacetamide.”
Much less information is available regarding the possible oc-
currence of amide-iminol tautomerism for the amide bond
(Scheme 1), although this situation is interesting from the the-
oretical viewpoint® Such transformations, which require
a large structural rearrangement, might be more easily accom-
plished in solution, especially in the presence of hydrogen-
bonding solvents. It is also significant that the amide oxygen
atom is a good hydrogen-bond acceptor, while the nitrogen
atom is an effective hydrogen-bond donor. This aspect of
amide chemistry is of crucial importance in terms of establish-
ing the secondary structures of proteins, enzymes, bacteria, vi-
ruses and so forth and has been studied in great detail.”

The amide bond, although relatively small, might be expect-
ed to help dictate the global structures of large organic mole-
cules and even supramolecular entities.™ This realisation takes
on additional importance when allowance is made for the fact
that the amide linkage can be sensitive to changes in the local
environment. We now report bichromophoric molecules,
BAB(H) and BAB(ET), wherein two identical boron dipyrrome-
thene (BODIPY) dyes are appended at the 2,9-positions of
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Scheme 1. Major tautomeric and resonance forms of the amide bond; the
positive charge assigned to the nitrogen atom should not be taken literally,
since the overall electronic charge at this site is likely to remain negative.

a 1,10-phenanthroline residue by way of amide connectors
(Figure 1). Such BODIPY dyes are highly fluorescent markers™
that, at least in the case of monomeric dyes, are insensitive to
the nature of the surrounding medium, temperature or pres-
sure."” The specific intention of this work is to explore wheth-
er the amide bond, which constitutes less than 3 % of the total
solvent-accessible surface area of the supermolecule, can exert
control over the molecular geometry. It might be noted that
there is a complete library of BODIPY derivatives bearing aryl
hydrocarbons attached directly to the dipyrrin backbone or
through the pseudo-meso-position,”’ but none of these struc-
tures use an amide spacer as the means by which to intercon-
nect the terminals.

BAB(H). R=H
BAB(ET). R = Et

Figure 1. Molecular formulae of the new BODIPY-based bichromophores,
BAB(H) and BAB(ET), and of the control compound, BOD.
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Our strategy is based on the realisation that the BODIPY
dyes are likely to be strongly fluorescent when embedded in
a solvent reservoir."" Rotations around the connecting units
should ensure that the two BODIPY dyes remain mutually inde-
pendent and it might be noted that NMR spectra are fully con-
sistent with this notion. In the event that the amide connector
responds to changes in the nature of the surrounding solvent,
the molecular conformation might be expected to change in
such a way that the two BODIPY fluorophores are brought into
closer proximity. In turn, this effect should be visualised by
a change in the overall fluorescence output. The idea behind
using 1,10-phenanthroline is to make use of its well-known
ability™ to complex cations from solution, including protons.
It is also apparent that repulsion between lone-pairs on the
carbonyl and aza-nitrogen atoms should help establish the
molecular conformation. If successful, this approach could be
adapted to generate related structural changes brought about
by external or internal triggering so that the kinetics for the
folding and/or unfolding steps might be monitored. Such in-
formation could be helpful in terms of better understanding
the critical issues of protein denaturation'™ and unfolding.™

Results and Discussion
Synthesis and characterisation

Synthesis of the target bichromophoric molecules BAB(ET) and
BAB(H), which differ only in terms of the substitution pattem
at the amide sites, was aided by earlier work™ which explored
the catalytic hydrogenation of the comresponding mononuclear
BODIPY derivative, 1, bearing a meso-4-nitrophenyl group.
Thus, the Pd-catalysed hydrogenation of 1 in a mixture of di-
chloromethane and ethanol at 25°C gave the expected amino-
BODIPY 3 as the only product. However, when the reaction
was carried out in a mixture of acetonitrile and ethanol at
70°C, dye 2 was the major product along with a small amount
of 3 (2:3=95:5) (Scheme 2). Apparently, the initially formed 3
is readily transformed to 2 by an in situ reaction with
CH,CN."® Compound 3 was acetylated with acetyl chloride in
CH,Cl, to obtain the control compound, BOD, in 81% yield
(Figure 1 and Scheme 2). The target compounds BAB(ET) and
BAB(H) were synthesised by reacting 1,10-phenanthroline-2,9-
diacyl chloride"” with 2 and 3, respectively. After workup and
purification by flash chromatography, the desired compounds
were isolated in 42% and 52% yield, respectively (Scheme 2).

The target compounds were characterised fully by NMR
spectroscopy, giving well-defined spectra. For example, in the
case of dye BAB(H), aromatic protons of the 1,10-phenanthro-
line unit appear as two different sets of signals. Protons of the
central aromatic ring resonate as a singlet at 8.04 ppm, where-
as the other aromatic protons exhibit two doublets at 8.57 and
8.74 ppm. The methyl groups of the BODIPY moieties resonate
as singlets at 1.35 and 2.50 ppm, while the ethyl groups reso-
nate as quartets (2.22 ppm) and triplets (0.91 ppm). The aro-
matic phenyl protons of the two BODIPY units are found as
doublets at 7.33 and 8.11 ppm with the expected 4-proton in-
tegration for each signal. A diagnostic signal is provided by
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Y
BAB(ET) and BAB(H)

Scheme 2. Synthetic scheme for preparation of dyes 2, 3, BAB(ET), BAB(H)
and BOD. Reagents and conditions: a) H;, 10% Pd/C (10%), H.,O, EtOH/
CHLCN (1:1), 70°C (for 2) and H,, 10% Pd/C (10%), H,0, CH,CI,/EtOH (1:1),
25 °C (for 3); b) SOCI,, reflux, 24 h; ¢) 2 (for BAB(ET))/3 (for BAB(H)), Et:N,
CH,Cl,, 25°C, 24 h; d) CH;COCI, CH,Cly, 25°C, 12 h.

the N—H proton which is found as a singlet at 10.88 ppm. The
"C NMR spectra present the expected 4 and 15 signals for the
alkyl and aromatic carbon atoms, respectively. The amide car-
bonyl signal is found at 162.1 ppm in CDCl.

Electrochemistry

Cydic voltammetry studies were carried out for the target
compounds, BOD, BAB(ET) and BAB(H), in both CH.Cl, and
CH;CN with tetra-N-butylammonium hexafluorophosphate as
the supporting electrolyte and the main results are summar-
ised in Table 1. The control compound, BOD, exhibits quasi-re-
versible one-electron oxidation and reduction steps with half-
wave potentials of +0.95 Vand —1.40 V versus SCE, respective-
ly, that can be assigned to formation of the corresponding n-
radical cation and anion, respectively (Figure 2)" The amide
function has no effect on the reduction potentials and does
not make a direct contribution to the cyclic voltammograms.
The two solvents give comparable results. For BAB(ET), similar
oxidation and reduction processes are observed, with much
the same half-wave potentials to those noted for the control
compound, and there are no undue effects associated with the
bridging 1,10-phenanthroline unit. With the bichromophore,
however, both processes involve the quasi-reversible transfer
of two electrons. That the two electrons are transferred at the
same potential is taken as testimony to the fact that the
BODIPY units do not interact in an electronic sense.

Although BAB(H) displays similar behaviour to that noted for
BAB(ET), there is indication for the one-electron reduction of
the 1,10-phenanthroline-based bridge at about —1.6V versus
SCE (Figure 2). The appearance of this wave is attributed to in-
ternal hydrogen bonding between the aza-N atom and the
amide proton. In fact, this situation was confirmed by IR spec-
troscopy. The significance of these results is that light-induced
charge transfer between the BODIPY units and the bridging
1,10-phenanthroline unit is thermodynamically unfavourable,
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Table 1. Electrochemical data recorded for the target BODIPY-based dyes
in CH,CLL.®

Compound Es [V] (AE [mV]) Eea [V] (AE [mV])
BOD +0.57 (32) —1.77 (74)

BAB(ET) +0.61 (66) —1.69 (70)

BAB(H) +0.60 (82) ~1.69 (62); —1.98 (78)

[a] Half-wave potentials determined by cydlic voltammetry in deoxygenat-
ed CH,Cl,, containing 0.1 m TBAPF, at a solute concentration of 1.5 mm
at 25°C. Potentials were standardised using ferrocene (Fc) as an internal
reference and the half-wave potentials are reponted relative to the Fc/Fc™
couple. Error in half-wave potentials is =15 m\V.

Fe
BOD

Fc
BAB(ET)

BAB(H)

1000 s00 -1000 -1500 -2000 -2500

o 500
Potential (mV)

Figure 2. Typical cyclic voltammograms recorded for the target compounds
(ca. 2 mm) in de-aerated CH,Cl, containing background electrolyte. Note Fc
refers to ferrocene used as internal standard. The lower axis corresponds to
mV versus SCE.

even in polar solvents. The electrochemistry also indicates that
there is no electronic interaction between the appended
BODIPY residues.

Photophysical properties

The absorption and fluorescence spectra recorded for the con-
trol compound, BOD, in tetrahydrofuran (THF) at room temper-
ature are entirely in accord with what might be expected for
a conventional BODIPY dyre.[BI The absorption maximum (4]
lies at 523 nm while the emission maximum (1) is found at
536 nm. Both values are unremarkable when considered in
terms of related BODIPY derivatives!™ Moreover, both the
fluorescence guantum yield (¥,=0.80) and excited-singlet-
state lifetime (r=5.9 ns) are in line with values recorded for
structurally related dyes.”'? There is excellent agreement be-
tween absorption and excitation spectra and the time-resolved
emission decay profiles are well described by mono-exponen-
tial fits. Changes in solvent polarity have little effect on these
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various parameters, although the absorption and emission
maxima do respond slightly to changes in solvent polarisabili-
ty.?¥ Spectral properties recorded for the bichromophores
under identical conditions are closely comparable to those re-
corded for BOD (Table 2, Figure 3). Thus, we can conclude that
there are no undue electronic effects associated with either
the amide linker or the 1,10-phenanthroline spacer. In THF, the
quantum yields and excited-state lifetimes recorded for
BAB(ET) and BAB(H) are comparable to those found for BOD,
although fluorescence is decreased slightly, especially for
BAB(H) (Table 2). For the two bichromophores, excitation and
absorption spectra are in close agreement and time-resolved
decay curves remain mono-exponential over at least three
half-lives. The presence of molecular oxygen does not affect
the derived properties, while changes in solvent polarity have
only minimal effect on the absorption and emission spectral
maxima and on the band half-widths.

Table 2. Comparison of the photophysical properties determined for the
target compounds in THF at room temperature.

Compound 4, [nm] Ay [nm] @, 7[ns] SS[em™"]9 k., [x10°s7"]™

BOD 523 536 0.80 58 465 138
BAB(H) 522 540 073 54 640 1.40
BAB(ET) 524 538 075 55 500 1.40

[a] S5 refers to the Stokes’ shift for normalised spectra. [b] Radiative rate
constant calculated from the Strickler-Berg expression.

Normalised signal

500
hInm

Figure 3. Normalised absorption (black curve) and fluorescence (grey curve)
spectra recorded for BAB(H) in THF at room temperature.

The photophysical properties of the tertiary amide deriva-
tive, BAB(ET), were recorded in a range of organic solvents of
differing dielectric constant, ¢, and the results are summarised
in Table 3. The variation in @ is small across the range of sol-
vents, despite ¢, changing from 2 to 47, and there is no notice-
able influence of hydrogen-bond donor solvents. On close
scrutiny, it seems that there is a gradual decrease in @ with in-
creasing solvent polarity, but the effect is shallow and certain
solvents do not follow the generic pattem. The excited-state
lifetime measured in the same series of solvents decreases
with increasing solvent polarity in much the same manner as
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found for the quantum yield. However, in polar solvents (¢, >
10) the quality of the statistical fit to a mono-exponential
decay falls below the satisfactory level!®! This fit can be
judged best in terms of the randomness of the weighted resid-
uals,™ but is also evident in an increased chi-squared parame-
ter (y°) and in the Durbin-Watson term (note: ¥ is given in
Table 3). Inclusion of a short-lived (i.e., <1 ns) or long-lived
(i.e., > 10 ns) component did not improve the quality of the fit.
However, analysis of the decay curves as dual-exponential fits
with lifetimes in the range of 5-7 ns and 1-3 ns gave superior
(i.e., more random) residuals and y* parameters closer to unity.
Furthermore, the fractional contribution (4,) of the shorter-
lived component (r;) was found to increase in significance
with increasing solvent polarity (see Supporting Information).
Although the two lifetimes are too close for unique solutions
to be extracted from these fits, the dual-exponential behaviour
appears to better represent the situation in polar solution.
Even so, certain hydrogen-bond acceptor solvents, specifically
N,N-diethylformamide, N N-diethylacetamide and dimethylsulf-
oxide, appear to behave anomalously.

At relatively low levels of precision, the dual-exponential or
stretched-exponential fits give an adequate representation of
the time-resolved emission decay profiles. At higher levels of
precision, these fits become less satisfactory in terms of the
randomness of the residuals and it is necessary to add a third
exponential term. Even so, unigue solutions could not be re-
covered from data collected over different time scales or count
rates. An additional problem is that the derived lifetimes are
too similar for accurate analysis. Under such conditions, it is
impossible to justify the use of two or three discrete lifetimes

Table 3. Effect of solvent dielectric constant on the photophysical prop-
erties of BAB(ET) as recorded at room temperature.

Solvent £ by T [ns]*®! Keag [x10% 577 P
toluene 243 0.78 5.74 1.36 095
dibutyl ether 318 0.83 6.85 121 052
diethyl ether 433 0.86 635 135 1.05
CHCl; 489 0.85 645 132 1.07
ethyl acetate 602 082 660 124 1.06
MTHF 747 0.79 6.60 1.20 099
THF 758 0.75 5.85 128 056
CH,Cl, 9.02 0.78 617 1.26 1.12
heptyl cyanide 13.0 0.68 6.10 112 1.30
valeronitrile 20.0 0.58 6.00 0497 143
acetone 214 0.67 6.00 112 1.12
ethanol 243 0.48 5.60 0.86 1.39
butyronitrile 246 0.55 5.90 053 1.52
nitropropane 273 0.46 5.55 0.83 1.87
propionitrile 289 0.44 5.60 079 151
DEF* 290 0.66 6.05 1.09 1.09
chloroacetonitrile 300 0.51 485 1.05 1.73
methanol 336 043 415 1.04 1.87
acetonitrile 375 0.35 335 1.05 220
DEA“! 383 066 565 117 132
DMSO®! 46.7 0.64 5.74 1.1 1.28
[a] Lifetime of the excited-singlet state based on a single-exponential fit.
[b] Reduced chisquared parameter associated with the single-exponen-
tial fit. [c] DEF =N,N-Diethylformamide. [d] DEA = N,N-Diethylacetamide.
[e] DMSO = Dimethy lsulfoxide.
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as opposed to a continuous distribution of lifetimes. Certainly,
the molecular structure is not suggestive of several discrete
conformations because of what might be considered facile ro-
tations. This situation is not uncommon in fluorescence spec-
troscopy, especially with regards to biologically relevant mate-
rials, and has led to the introduction of the maximum entropy
method® (MEM). This analytical approach, modified to in-
crease reliability about the zero-time shift,”* allows recovery of
the shape of distributions of lifetimes. The MEM method
allows determination of the coefficients of an exponential
series of pre-set lifetimes isolated from correlation effects and
instrumental oscillations.

Using a variety of time ranges for each sample, it proved
possible to recover reproducible lifetime distributions for
BAB(ET) in polar and weakly polar solvents. In each case, the
longer-lived species gave a lifetime of around 4-6 ns, while the
shorter-lived component was in the region of 1-2ns (Fig-
ure 4a). There was no evident correlation between mean life-
time and solvent polarity, but the total contribution of the
shorter-lived species, integrated as a Gaussian profile, in-
creased progressively with increasing &, (see Supporting Infor-
mation). Thus, based on the MEM analysis, there appears to be
a wide variety of slowly interconverting conformers that fall
into two loose families, which differ in terms of the relative ra-
diative probability of the BODIPY fluorophores.

It might be important to stress that ¢, is not the only means
for expressing solvent polarity® and, in fact, several alterna-
tives are available. These include Reichardt's empirical ET(30)
parameter,?® the Kirkwood factor/””! and the Catalan SPP"**
and SB” factors. It is not the purpose of the present investiga-
tion to critically compare these solvent descriptors, but it
should be emphasised that similar behaviour is noted in all
cases with regards to the polarity effect on fluorescence praoba-

bility.
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Figure 4. Maximum entropy method plots derived by fitting the deconvolut-
ed emission decay curves for a) BAB(ET) and b) BAB(H) in butyronitrile (grey

curve) and acetonitrile (black curve). See the text and Table 5 for the derived
parameters.
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An increased level of solvent sensitivity is displayed by
BAB(H) across the same series of solvents (Table 4). In general,
increasing ¢, tends to decrease ¢ although the overall behav-
iour is non-linear and again there are a few anomalous sol-
vents, which were identified as being acetone (£,=21.4), N.N-
diethylformamide (¢, =29), N,N-diethylacetamide (¢,=38.3) and
dimethylsulfoxide (¢,=46.7) and are hydrogen-bond acceptors.
As such, these solvents might be expected to form a hydrogen
bond with the amide proton and thereby perturb the molecu-
lar conformation. Otherwise, protic and aprotic solvents follow
a common trend and there is no indication that solvent attach-
ment to the aza-N atoms is important in the fluorescence
quenching process. In mixtures of THF (¢,=7.6) and acetoni-
trile (¢,=37.5), @ decreases progressively with increasing
mole fraction of acetonitrile, while that for BOD, used as the
control, shows no such effect (Figure 5).

Table 4. Effect of solvent dielectric constant on the photophysical prop-
erties of BAB(H) as recorded at room temperature.

Solvent e, b, T [ns]? k.o [x10%s7] P
toluene 243 0.60 419 143 1.02
dibutyl ether 318 0.65 4.50 144 0.96
diethyl ether 433 071 5.15 1.38 0.97
CHCl5 4.89 073 5.52 132 1.10
ethyl acetate 6.02 0.74 523 141 1.08
MTHF 747 073 4.88 1.50 1.18
THF 758 073 5.36 1.36 1.14
CH.Cl, 9.02 0.63 5.40 117 138
heptyl cyanide 13.0 0.66 5.20 127 153
valeronitrile 200 056 5.14 1.10 1.82
acetone 214 0.50 5.18 087 148
ethanol 243 046  4.60 1.00 194
butyronitrile 246 044 455 097 21
nitropropane 273 0.39 3.57 11 182
propionitrile 28.9 023 1.96 112 235
DEFH 29.0 048 4.85 1.00 1.60
chloroacetonitrile 30.0 0.21 1.91 1.10 228
methanol 336 019 1.00 1.0 2.35
acetonitrile 375 0.07 0.74 085 3.10
DEA™ 383 042 3.92 1.07 223
DMSO®! 467 012 090 133 193
[a] Lifetime for the excited-singlet state as recovered from single-expo-
nential fits. [b] Reduced chi-squared parameter associated with the sin-
glet-exponential fits. [c] DEF =N,N-diethylformamide. [d] DEA =N,N-dieth-
ylacetamide. [e] DMSO =dimethylsulfoxide.

As above, the fluorescence decay curves recorded for
BAB(H) could be analysed satisfactorily in terms of mono-expo-
nential fits in non-polar (i.e., &, < 8) solvents. However, with in-
creasing solvent polarity the quality of the exponential fit was
seen to worsen; this judgement was based“” on the reduced
chi-squared parameters (;* in Table 4) and the randomness™
of the weighted residuals. Furthermore, the radiative rate con-
stant (k,,,=©/1;) adopts a strong dependence on solvent po-
larity that does not seem justified.””’ The quality of the fit im-
proved on inclusion of a second component, corresponding to
a species with a shorter lifetime, but analysis of different decay
profiles recorded for the same solvent on differing time bases
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Figure 5. Effect of solvent composition on the fluorescence intensity record-
ed for BAB(H). The arrow indicates the direction of increasing mole fraction
of acetonitrile in the mixture with THF; individual spectra refer to acetoni-
trile mole fractions of 0, 0.44, 0.61, 0.76 and 1.0.

did not return unique lifetime values. Again, data collected at
high precision required analysis in terms of three discrete life-
times.

Using the MEM analytical approach, it was possible to realise
reproducible fits to two broad distributions of lifetimes in
polar and weakly polar solvents (Figure 4b). The shorter-lived
distribution had a mean lifetime of about 0.5 ns, while the
second series correspond to a mean lifetime of about 3 ns
(Table 5). The total contribution of the shorter component in-
creased in more polar solvents but the mean lifetime did not
correlate with . We are led to the conclusion that the re-
duced quantum yield arises from increased population of
a family of bichromophores more susceptible to intramolecular
fluorescence quenching. The nature of the solvent determines
the extent of this population but there is no relationship be-
tween the level of quenching inherent to that family and the
solvent polarity.

Table 5. Summary of the parameters derived from the MEM-based analy-
sis of the time-resolved emission data collected for BAB(H) in polar sol-
vents at room temperature.

21

Solvent £, T, [ns]® Ty [ns] A ¥

CH.d, 9.02 1.80 5.1 014 151
heptyl cyanide 130 0.84 5.5 0.14 147
valeronitrile 200 030 4.85 016 1.90
acetone 214 145 3.9 0.09 115
ethanol 243 1.00 3.65 010 1.44
butyronitrile 246 055 43 028 1.09
nitropropane 273 023 3.75 025 1.68
propionitrile 289 033 3.65 045 147
chloroacetonitrile 300 027 25 048 136
methanol 336 1.10 0.65 0.80 1.90
acetonitrile 375 034 23 091 115
DMSO* 46.7 0.80 29 095 133

[a] Mean lifetime for the shorter-lived component derived from fitting the
distribution to a Gaussian profile. [b] Reduced chi-squared parameter as-
sociated with the fit between simulated and experimental decay curves.
[c] DMSO =dimethylsulfoxide.
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Fluorescence quenching

In consideration of the fluorescence quenching mechanism,
we draw attention to the similar qualitative behaviour of the
two compounds, but note that fluorescence gquenching is
much more pronounced for BAB(H) than for BAB(ET). The two
bichromophores exhibit comparable optical spectroscopy and
electrochemistry such that the disparate quenching level dis-
played in any given solvent cannot be ascribed to thermody-
namic effects. The only chemical difference between the com-
pounds relates to the substitution pattern around the amide
linker. These linkers are not in electronic communication with
the excited state localised on the BODIPY chromophore, sug-
gesting that their role in the quenching event is to perturb the
molecular conformation. We can also eliminate light-induced
charge transfer between BODIPY and 1,10-phenanthroline as
playing an important role, since such processes are thermody-
namically unfavourable, unless the latter unit is protonated.
Consideration of the cyclic voltammograms and taking due al-
lowance for the excitation energy of the BODIPY chromophore,
as derived from the intersection of normalised absorption and
fluorescence spectra, indicates that light-induced charge trans-
fer between the two BODIPY units is weakly exergonic in
CH,Cl.. Indeed, the thermodynamic driving force (—AGes) is
50 meV in the absence of electrostatic effects. This mechanism
remains the most likely cause of the observed emission
quenching in the target bichromophores and it is well estab-
lished®” that the thermodynamics for light-induced charge
transfer are sensitive to the nature of the solvent. It might be
mentioned that other molecules containing two BODIPY-based
chromophores have been observed to show excimer emis-
sion,*? dimerisation® and light-induced charge transfer®* in
fluid solution.

Based on existing theoretical principles,****** the effects of
changes in solvent polarity and mutual separation distance be-
tween the reactants on AG.; were simulated. The results are
compiled in the Supporting Information in terms of driving
force, solvent re-organisation energy and overall activation
energy. At any given separation distance, AGc; decreases
sharply with increasing &, but the general effect tends to satu-
rate at moderate dielectric constant (i.e., &> 10). Similarly, at
a given &, AG¢s decreases with decreasing separation distance,
but tends towards a plateau as R, exceeds about 10 A. Similar
effects are found for the activation energy, which requires
knowledge of the re-organisation energy. Most of the change
is expected to occur for weakly polar solvents at quite short
separations.”®*”  Although charge-transfer quenching will
become more significant in polar solvents, the calculated
changes in thermodynamic effects cannot explain the solvent-
induced variations in fluorescence seen for these bichrome-
phores. There are no differences in AG.; between BAB(ET) and
BAB(H), but the level of fluorescence quenching is quite dispa-
rate. Taking into account the MEM-derived results, we can con-
clude that there must be an accompanying solvent-induced
structural change®™ and we now examine this possibility using
molecular modelling.
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Computational studies made with BAB(ET)

Molecular modelling studies (DFT, B3 LPY, 6-31G(d p)) were un-
dertaken with a view to better understand the mechanism of
light-induced electron transfer in the two bichromophores.
Starting firstly with BAB(ET), model calculations indicate that
the carbonyl groups are hindered from adopting a planar ori-
entation with the 1,10-phenanthroline unit because of steric
crowding. Instead, the lowest energy configuration has the
two carbonyl groups sitting almost perpendicular to the plane
of the 1,10-phenanthroline nucleus. This gives rise to two inter-
convertible species; namely, the opposite structure having
oxygen atoms pointing away from each other and the adjacent
structure having the oxygen atoms pointing in the same direc-
tion (Scheme 3). For structures generated in vacuo, each amide
group adopts the cis geometry, with the opposite form provid-
ing the more stable species. The same situation holds for struc-
tures calculated in a solvent reservoir of ¢,=20. However, in
weakly polar solvents, there is increased likelihood that one of
the carbonyl groups adopts the trans geometry. In water, the
lowest energy conformation has both carbonyl groups existing
as the trans species, although the mixed trans/cis geometry is
only marginally less stable in polar media. This matrix of com-
puted structures is illustrated in Scheme 3 and it might be
stressed that it is not possible to generate a reasonable geom-
etry for the hypothetical cis/cis species in the adjacent form
because of severe steric crowding.

Calculations made for £,= 20 suggest the presence of sever-
al barriers for rotation of the carbonyl unit around the plane of
the 1,10-phenanthroline residue. Thus, starting from the adja-
cent trans/trans geometry and rotating a single carbonyl
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Scheme 3. Effect of solvent polarity on the computed energies for the vari-
ous conformers predicted for BAB(ET). The upper panel shows energies in
kcalmol™' and B-B separation distances for opposite and adjacent species;
the values given in parenthesis are the solvent dielectric constants. The
lower panel shows the anticipated structural evolution as the dielectric con-
stant increases.
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group, the first barrier to be encountered relates to the ethyl
group moving into space occupied by the meso-phenyl ring of
the second BODIPY unit. This barrier is slightly less than 20 kcal
mol~', but can be reduced by concerted motion of the oppos-
ing phenyl ring. A more substantial barrier is raised by close
approach of the ethyl-CH, group to the H3 atom of the aza-ar-
omatic unit, followed by a less severe clash between the ethyl-
CH; group and the same proton; these barriers are essentially
insurmountable at ambient temperature and restrict the direc-
tion through which the carbonyl group can oscillate between
opposite and adjacent sites (Figure 6a).
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Figure 6. Rotational barriers computed for progressive twisting of one of the
carbonyl groups present in BAB(ET) in a solvent reservoir with dielectric con-
stant equal to 20. Panel a) refers to the all-trans form with zero degrees rep-
resenting the opposite form. Panel b) refers to the cis-trans spedes with ro-
tation around the cis-amide. Here, the energy-minimised geometry corre-
sponds to a dihedral angle of 80.

For the mixed cis/trans species, the carbonyl groups show
only a minor preference for the opposite configuration, the dif-
ference in energy between opposite and adjacent species
being only a few kcalmol™" at &= 20. Full rotation around the
cis-amide is not possible because of severe steric clashes. The
energy-minimised geometry has the carbonyl group on the
cis-amide lying 85  to the plane of the 1,10-phenanthroline res-
idue. Rotation in one direction causes the BODIPY unit to fold
back onto the 1,10-phenathroline nucleus, while rotation in
the other direction brings the phenyl ring on the cis-amide
into contact with the 1,10-phenanthroline H3 atom (Figure 6b).
With the carbonyl groups in the adjacent configuration, rota-
tion brings the BODIPY unit into contact with the ethyl group
on the other amide. Interconversion between the opposite
and adjacent configurations is possible only with concerted
movement of the other BODIPY-based arm.

Similar calculations were performed for isomerisation of the
amide group, starting with the trans/trans species with the ad-
jacent configuration. Allowing rotation in one direction, an
energy profile for isomerisation around the C—N bond**
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shows the maximum barrier of about 20 kcalmol™' occurring
at 90, as might be expected.* As the solvent polarity increas-
es, the barrier height is raised H1 for trans-to-cis isomerization,
but decreases for the reverse step by a few kcalmol" for ¢, =
40. Rotation in the opposite direction imposes an insurmount-
able barrier, in excess of 100 kcalmol™', which arises from
steric clashes between the two BODIPY units (Figure 7). The
corresponding cis isomer cannot be reached by this route. A
similar barrier was observed for isomerisation from the oppo-
site configuration, although here the cis isomer is the more
favoured product in moderately polar solvents.
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Figure 7. Rotational barrier computed for isomerisation of an amide group
for BAB(ET) in a solvent reservoir with dielectric constant equal to 20. Zero
degrees comesponds to the cis-geometry.

Molecular dynamics simulations made for the all-trans tauto-
mer in a bath of water molecules (50 x50 x50 A% using the
AMBER-03 force field*” indicate that the main structural mo-
tions relate to fluctuation of the carbonyl group around its
connection to the 1,10-phenanthroline nucleus. At 250 K, there
is no suggestion for isomerisation of the amide bond on the
time scale of the simulations. Likewise, the carbonyl group
does not alternate between adjacent and opposite configura-
tions. The all-cis species oscillates around the mean geometry
without switching to the trans form, at least on short simula-
tions. As such, the two BODIPY units sample many different
mutual orientations but remain at crude B-B separations of
about 14-20 A, regardless of starting geometry. None of these
migratory pathways brings the BODIPY units into direct con-
tact.

Computational studies made with BAB(H)

Attention now turns to the bichromophore built around secon-
dary amide linkages. In order to avoid repulsion between lone
pairs localised on O and aza-N atoms, the preferred dihedral
angle for the carbonyl group and the heterocycle is about 90
This configuration might be stabilised by hydrogen bonding
between the carbonyl O atom and an ortho-phenyl-H atom.*¥
Again, there exists the possibility for opposite and adjacent
forms, but these possess similar heats of formation and give
rise to comparable distances between the appended BODIPY
residues. The energy-minimised geometry has the amide bond
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in the trans configuration® for all solvent polarities. However,
the energy difference between the all-trans and cis/trans spe-
cies becomes negligible at high dielectric constant. As such, in
highly polar solvents we would expect to attain almost equal
populations of the all-frans and cis/trans species.

An energy profile“® for rotation of the carbonyl group
around the connection with the 1,10-phenanthroline nucleus,
while retaining the trans geometry, shows a modest barrier
due to repulsion between the lone-pairs on carbonyl group
and aza-N atom (Figure 8a). The height of this barrier decreas-
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Figure 8. Rotational barriers calculated for motion of the carbonyl group
around the 1,10-phenathroline nucleus for a) the all-trans and b) all-cis geo-
metries.

es in polar solvents and amounts to about 4 kcalmol~' for ¢,—
20. CUearly, this dihedral angle will cover a wide variance under
ambient conditions. There are small differences in the calculat-
ed energies of the adjacent and opposite configurations, with
increased solvent polarity moving the equilibrium position in
favour of the former. This has a small effect on the average dis-
tance between the two BODIPY residues, but these units
remain well separated in all cases for the trans-geometry.

The corresponding cis-amide™” in the mixed cis/trans species
positions the carbonyl group orthogonal to the heterocycle.
Rotation in one direction is blocked by steric clashes between
the two BODIPY residues (Figure 8b). In the other direction, ro-
tation is blocked by clashes between the phenyl ring and the
1,10-phenanthroline H3 atom. As such, the cis species has the
propensity to bring the two BODIPY units into unusually close
proximity.

The barrier for isomerisation of the amide bond is calculat-
ed“¥ to be about 15 kcalmol~' for £, =20, but steric crowding
between the two BODIPY residues prevents formation of the
all-cis species. Calculations made for BAB(H) in vacuo give
a barrier for isomerisation of about 32 kcalmol ', but this falls
to slightly less than 15 kcalmol™ in polar solvent. In fact, the
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barrier height*¥ becomes almost independent of solvent po-
larity for &,>10. We might expect that isomerisation will be
too slow to be competitive with decay of the excited singlet
state, but can take place for the ground state. Furthermore, in
non-polar solvents, the all-trans species will dominate, but
a mixture of all-trans and cis/trans species should abound in
solvents of higher polarity. The trans species can sample
a wide variety of configurations through rotation of the car-
bonyl group, but the cis species experiences more restricted
rotation. This situation seems to be in good accord with the
MEM analysis in terms of there being two distinct groups of
conformers.™

Relationship between fluorescence quenching and molecu-
lar structure

We raise the hypothesis that the only viable mechanism able
to account for the observed solvent effect on the emission
properties of the BODIPY unit in these bichromophores is
light-induced charge transfer®***" between the terminal dyes.
As such, it is instructive to enquire if the proposed changes in
molecular conformation can explain the experimental observa-
tions. For BAB(ET), the two BODIPY units are held apart under
all reasonable conditions to such an extent that through-space
charge transfer® is unlikely to compete effectively with the in-
herent radiative and nonradiative decay routes. Fluorescence
quenching is ineffectual for this compound, except in strongly
polar media. Polar solvents promote conversion of the dis spe-
cies to the corresponding trans tautomer. Our modelling stud-
ies would suggest that, in strongly polar media, the bichromo-
phore should persist as a mixture of all-trans and cis/trans iso-
mers. Combining this result with the fluorescence behaviour,
we can speculate that the trans geometry provides a better
conduit®® for through-bond charge transfer. The long path-
way,** together with the modest thermodynamic driving
force, means emission quenching will be kept at a minimum,
as is observed. The mean difference between the two sets of
emission lifetimes, taken together with the lifetime of the con-
trol compound, translates to a ratio of rate constants for
charge-separation of twofold in favour of the trans-amide.
There is, in fact, ample evidence to indicate that the trans
geometry provides a better pathway for super-exchange inter-
actions in many different types of molecular bridge.*>® This is
attributed to improved electronic coupling and nicely explains
the observations made with BAB(ET). The computational stud-
ies suggest that the all-cis species will predominate in non-
polar solvents and also in weakly polar media. Strongly polar
solvents, however, trigger the switch to the trans geometry
and we would expect to see increased population of the trans/
dis species in the more polar solvents. |somerisation is unlikely
to be competitive with inherent deactivation of the excited
state. Instead, illumination of the ground-state equilibrium will
produce a distribution of geometries that does not intercon-
vert on the existing time scale. This situation would equate to
two families of conformers, each displaying a range of non-ra-
diative rate constants representing the mean geometry at the
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moment of excitation. In turn, this would lead to the type of
distributed lifetimes consistent with the MEM analysis.

Quite unexpectedly, there are major structural differences
between BAB(ET) and BAB(H) caused by intemal steric crowd-
ing and/or electronic effects. Fluorescence quenching becomes
more significant for BAB(H), although the thermodynamic driv-
ing force is the same as that for BAB(ET) and there is a similar
sensitivity towards solvent polarity. Calculations made for
BAB(H) predict that the trans geometry is favoured in all sol-
vents, this being the opposite situation to that found for
BAB(ET), but polar solvent promotes transformation to the cis
isomer. In non-polar solvents, we would expect to see only the
all-trans species. Increasing the solvent polarity raises the pos-
sibility for finding the trans/cis species.

By analogy to BAB(ET), increasing the contribution of the cis
species might be expected to extinguish through-bond charge
separation. This would restore fluorescence. However, for
BAB(H) the cis/trans species has the two BODIPY units close to-
gether, contact being possible in the extreme case, while rota-
tion around one of the carbonyl groups further reduces the
edge-to-edge separation (Figure 9). As such, the cis isomer can
be expected to promote through-space, light-induced charge
separation®” between the two BODIPY units. This situation
would introduce a short-lived component into the decay re-
cords in polar solvents. Since each isomer samples a variety of
conformations, the lifetime distributions provided by the MEM
analysis appear to mirror the solvent-induced conformational
change.

It might be noted that transient absorption spectral studies
did not indicate the formation of an intermediate species with
a lifetime longer than that of the excited-singlet state. Thus,
laser excitation of BAB(ET) in deaerated CH;CN at 400 nm indi-
cated the presence of the S, state immediately after the pulse.
This species is recognised by strong bleaching of the lowest-
energy absorption transition centred at around 525 nm, to-
gether with weak absorption bands at higher and lower
energy. There is an accompanying contribution from stimulat-
ed fluorescence. The signal decays with an approximate life-
time of 3.0+ 0.7 ns to restore the pre-pulse baseline. Although
the decay kinetics are not strictly mono-exponential, global
analysis of the transient spectra recorded at different time
delays showed only the S, state to be present. The same con-
clusion was reached for BAB(H) in CH,CN, for which the recov-
ery of the transient bleaching signal at 525 nm could be ana-
lysed as the sum of two exponential terms, with lifetimes of
0.4+0.1 (80%) and 2.1 £0.5 ns (20%). Again, no transient spe-
cies could be observed. This behaviour is not unusual and indi-
cates that subsequent charge recombination occurs on a faster
time scale than does light-induced charge transfer™ The
former process will be assisted by electrostatic attractive forces
that should minimise separation between the two BODIPY
units.

Conclusions

This work has shown that the amide linkage provides for multi-
ple molecular conformations that differ in terms of their pro-
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Figure 9. Snapshots of molecular conformations representing the important
distributions for all-trans (uppermost panel), mixed-cis/trans (central panels),
and all-cis (lower panel) geometries for BAB(H) in solution.

pensity to promote either through-bond or through-space
charge transfer. In addition to isomerisation around the central
C—N amide bond, structural complications arise from electronic
interactions between the carbonyl O atom and the aza-N atom
of the 1,10-phenanthroline unit. Indeed, the BODIPY-based
arms attached to the heterocyclic linker provide a crude cavity
wherein hydrogen-bonding and steric interactions further re-
strict conformational freedom to such an extent that the two
target compounds appear structurally distinct. This situation is
exemplified by the realisation that BAB(ET) adopts the cis-ge-
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ometry while BAB(H) takes up the trans-geometry. These vari-
ous conformations influence the quantum vyield for fluores-
cence from the BODIPY appendages, but quenching is kept to
a minimum by limited thermodynamics. It seems likely that
these effects could be greatly amplified by appropriate choice
of the terminals. Thus, the amide linkage might offer some un-
usual opportunities to switch between emissive and dark
states under suitable stimulation. This situation is made possi-
ble because the absolute energies of the various tautomers are
quite comparable, while rotational barriers will impose kinetic
limitations at the excited-state level.

Experimental Section

Experimental details for the synthesis of the target compounds are
provided as part of the Supporting Information. Solvents used for
the spectroscopic studies were obtained from commercial sources
and were checked for fluorescent impurities before use. Absorption
spectra were recorded with a Hitachi U-3310 spectrophotometer
while emission spectra were recorded with a Hitachi F-4500 spec-
trophotometer. Fluorescence spectra were recorded for optically
dilute solution, the absorbance being less than 0.1 at the excitation
wavelength, and were fully corrected for any instrumental imper-
fections. Fluorescence quantum yields were recorded relative to
monomeric BODIPY derivatives already reported in the literature.
Emission lifetimes were recorded via time-correlated, single photon
counting methodologies using a short duration laser diode emit-
ting at 505 nm for excitation. Quantum chemical calculations were
made with TURBOMOLE and are described in more detail in the
Supporting Information.
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Molecular Photonics Laboratory, School of Chemustry. Bedson Building, Newcastle University, Newcastle upon Tyne, NE1

7RU, United Kingdom

ABSTRACT: A small series of closely-spaced. bichromophoric boron dipyrromethene (BODIPY) derivatives has been examined
by optical spectroscopy and compared to the corresponding mononuclear dyes. The compounds vary according to the site of attach-
ment and also by the nature of alkyl or aryl substituents incorporated into the dipyrrin backbone. Excitonic coupling splits the lowest-
energy absorption transition in each case, but to highly variable degrees. There are also marked changes in the fluorescence quantum
vields across the series, but much less variation in the excited state lifetimes. After comparing different models, it is concluded that
the ideal dipole approximation gives a crude qualitative representation of the observed splifting of the absorption transition. but the
extended dipole approach 1s not applicable to these systems. Agreement 15 substantially improved by employing a model that takes
info account the dihedral angle between the planes of the two dipyrrin units. The large variation in radiative rate constants. and those
for the accompanying non-radiative processes. are accountable in terms of electronic coupling and/or mtensify borrowing befween
the fwo excitonic sfates. In all cases, the dihedral angle between the two BODIPY units plays a key role.

INTRODUCTION

The so-called “special pair” plays a cnitical role m natural pho-
tosynthesis.! being both the ultimate acceptor for photons absorbed
by the light-harvesting machmery and the primary electron doner
for subsequent charge separation>* Strong coupling between the
two chromophores, which are chemically identical but subjected to
slightly disparate environments, favors exciton/charge delocaliza-
tion around what is effectively a molecular dimer.** Apart from
experimental and theoretical studies aimed at befter appreciating
the muances of the special pair, considerable aftention has been
given fo the detailed spectroscopic examination of artificial molec-
ular dimers ™1 Notable among such studies have been dimers
formed from porphyrins' mucleobases aryl mono- and
diimides.!* and aryl hydrocarbons.!* Many more studies have ad-
dressed the electronic properties of intermolecular” and intramo-
lecular excimers ¥ It s recognized that the degree of electronic
coupling between the two chromophores depends on the separation
distance.!” their nutual orientation!® and the nature of the local en-
vironment ' The same factors govern electrostatic interactions and
are seen in the Forster theory™ for electronic energy transfer. Ka-
sha! integrated these features info one of the first coherent discus-
sions of excitonic inferactions in molecular dimers and classified
the orientations into several major groupings. Refinements to the
general theory have been made by Gouterman ™ Davydov”
Katz* and Shipman™ and their coworkers, although the basic
framework introduced by Kasha™ remains intact for dimers formed
from relatively small molecules. It seems doubtful that the same
approach can be applied to molecular inferactions m conducting
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polymers® or compact crystals,”” where the nearest neighbor prin-
ciple is often invoked.

Tremendous interest has been shown. over the past decade or so,
in the photophysical properties of the boron dipyrromethene
(BODIPY) family of dyes.”® These highly fluorescent compounds
have found important applications in many diverse fields and con-
timue to aftract attention ™! In cerfain circumstances, BODIPY
dyes will aggregate i the form of erther fluorescent or non-enus-
sive enfities as has been well demonstrated by Johansson et al # In
addition. various covalently-linked BODIPY bichromophores have
been reported. The latter include both face-to-face®* and side-by-
side analogues™ wherein the photophysical properties are con-
trolled by the molecular topology. Notable among these systems
are the tilted molecular dimers described by Harriman et al ¥ and
the adjacent dimers reported by Briring et al ¥ We now expand the
library of known BODIPY-based bichromophores to include a se-
ries of side-by-side derivatives. In most cases, the two BODIPY
unifs are connected via a solitary C-C bond so that the nwitual ori-
entafion is set by any peripheral groups and by the posifion of at-
tachment. This strategy permuts subtle structural effects fo be ex-
amined in fluid solution using optical spectroscopy. Particular at-
tention has been given fo understanding excifonic coupling in those
bichromophores where the mdividual transition dipole moment
vectors are in-line but out-of-plane. This allows examination of
how the molecular alignment, measured by way of the central di-
hedral angle, affects the degree of excifonic interaction along the
molecular axis.



RESULTS and DISCUSSION

MATERIALS

The compounds examined in this work are illustrated in Charts
1-3 and comprise a series of chromophores based on the BODIPY
nuclens and their complementary bichromophores. It might be
noted that most of the compounds lack a phenylene ring at the
meso-position and, therefore, are not fo be regarded as putative mo-
lecular-scale rotors >’ In certain cases, the meso-position is without
substitution but it should be realized that the substitution pattern
differs throughout the series and this effect causes minor perturba-
tion of the optical spectra. Two of the compounds possess an aryl
group at each of the 3,5-positions which, at least in the case of B3,
introduces severe steric hindrance for intemnal rofation occurring
within the bichromophore. The corresponding single chromophoric
analogues, M1-M3 (Chart 1) are required as spectroscopic refer-
ence compounds. A second set of bichromophores (Chart 3) in-
volves more sterically encumbered derivatives that camry a tolyl
group at the pseudo-meso-position and at the 3-position (compound
P1). When both the 3- and 5-positions are blocked with an ary] sub-
stituent, the coupling reaction proceeds selectively at the 2-posi-
tion, providing access to compound P2.

i

F
M2

Chart 1. Molecular formulae of the relevant single chromo-
phore analogues used as spectroscopic markers.

Chart 2. Molecular formulae of the bichromophores pre-
pared via oxidative homo-coupling reactions.

Synthetic details*®* for these compounds have been published
previously and the compounds were further punfied by TLC prior
to measurement of their photophysical properties. Some of the bi-
chromophores (Chart 2) have also been reported previously.*
These compounds are reasonably soluble in common organic sol-
vents and are not prone to aggregation under our experimental con-
ditions. Crystal structures have been reported for Bl, B3 and P1
while M1 is well known*! in the literature. Authenticity of the re-
maining bichromophores was established by high-resolution 'H-
and BC-NMR spectroscopy before starting the experiment.
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Chart 3. Molecular formulae for the two sterically-encum-
bered bichromophores prepared by oxidative homo-cou-
pling. Note these compounds bear a tolyl group at the
pseudo-meso-position.

REFERENCE COMPOUNDS

The photophysical properties of the isolated chromophores were
measured i 2-methyltetrahydrofuran (MTHF) solution and the de-
nived parameters are summarized in Table 1. The important terms
relate to absorption (Aaax) and fluorescence (JpLy) maxima in so-
lufion, the Stokes™ shift (Ass) derived after spectral deconstruction
mnfo Gaussian components, and the molar absorption coefficient
(emax) for the lowest-energy absorption transifion. Variations in
emax are offset by comparison of the corresponding oscillator
strengths (£), which take into account the relative width of the ab-
sorption bands. The derived values are quite similar across the se-
ries, although there are minor spectral variations. It might be noted
that aryl substitution at the dipyrrin periphery leads to a markedly
mereased Ags while the substitution pattern perturbs the spectral
properties. as can be seen by comparing data for M1 and M2.

Absorbance
= = =
2 JF =

=
ha
o

=
=

300 400 500 600 700

Figure 1. Normalized absorption (black curve) and fluorescence
(gray curve) spectra recorded for M2 i MTHF solution at ambient
temperature. The inset gives the energy-minimized strucfure com-
puted for the ground state.

Also compiled are the fluorescence quantum vields (), ex-
cifed-singlet state lifetimes (ts), and the corresponding radiative
rate constants (krap) calculated from the Strickler-Berg expres-
sion ** Fluorescence decay profiles were mono-exponential in each
case and excellent agreement was found between excitation and ab-
sorption spectra. Typical absorption and fluorescence profiles are
shown in Figure 1 for reference purposes while all the spectra are
collected in the Supporting Information. Peak maxima are depend-
ent on the substitution pattern. especially if aryl groups are attached
to the dipyrnn core, but the overall properfies remain within rea-
sonably close limits. Furthermore, the results tabulated here remain
in good agreement with those reported™-3! elsewhere in the litera-
ture for related convenfional BODIPY dves and it should be



stressed that, in the main, these dyes are highly fluorescent and free
from problems of aggregation.

The emission properties hardly change on cooling to 77K other
than a slight spectral blue-shift and a narrowing of the optical band-
width for the transifion. At room temperature, the absorption and
emission spectra could be well reproduced by summation of ca. five
Gaussian-shaped components of common half-width (see Support-
mng Information). This allows calculation of the low-frequency vi-
bronic mode (he) that accompanies the optical transition (Table 1).
This value ranges from 330 to 800 cor! and corresponds. in generic
terms, to large-scale torsional motion of the dipyrrin backbone. It
15 inferesting to note that aryl substitution at the dipyrrin core in-
duces a significant increase in the mean value. There is also a
marked variation in the Huang-Rhys factor (S) derived® by fitting
the emussion spectrum. This value falls markedly on aryl substitu-
tion due to increased m-conjugation between the dipyrrin and the
aryl substituent. Indeed, there is a clear correlation between S and
both Amax and Aru. The same effect is not seen when the aryl
group is placed at the mese-position.

Table 1. Summary of the photophysical properties of the
control compounds measured in MTHF solution at room
temperature,

Property M1 M2 M3
Jaax/ nm 483 534 549
axax / M em? 93,470 75.830 62,090
f@ 0.50 0.43 0.50
Jpry / nm 508 349 591
Ass / enr! 510 505 1275
Dy 0.94 0.91 0.87
s/ ns 56 55 64
Keap / 105510 1.70 163 135
hea / cor © 380 330 800
5 0.58 0.42 023

(a) Oscillator strength calculated for the lowest-energy transi-
tion. (b) Radiative rate constant calculated from the Strickler-Berg
expression. {c) Low-frequency vibronic mode coupled to nonradi-
ative decay as denved from spectral deconstruction.

Quantum chemical calculations (DFT/B3LYP-6-31G{(d)) carried
out for the various confrol compounds indicate that, as might be
expected, both HOMO and LUMO are distributed around the di-
pyrrin core; Figure 2 gives a typical example while distribution pat-
terns for all the control compounds are provided as part of the Sup-
porting Information. It is apparent that the BF» unit plays no signif-
icant role in determining the electronic properties of either HOMO
or LUMO. Interestingly, the meso-carbon atom has an important
function for the LUMO but is much less significant for the HOMO.
These computational studies show that the dipyrrin core is planar
i each case (See Table 51) and that the compounds are highly sym-
metrical Computed oscillator strengths and transition dipole mo-
ments are sensitive to the nature of the substituents while the cal-
culated wavelengths for the first-allowed absorption transitions are
reasonably close to the experimental values (see Table S2). The
phenyl rings are held at an average dihedral angle of ca. 507 to the
plane of the dipyrnn nucleus for the ground-state structures but
these appended groups are fiee to rotate over a wide range (see
Supporting Information). The ability of the HOMO/LUMO to off-
load electron density to the aryl substituent depends on the relevant
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dihedral angle * as might be expected (See Supporting Infor-
mation).

Figure 2. Kohn-Sham representations of the HOMO (upper panel)
and LUMO (lower panel) computed for M2 in a solvent reservoir
corresponding to a dielectric constant of 10.

ROTATION AROUND THE COMNECTING BOND

In order to obtain information about the likely molecular confor-
mations of the bichromophores in solution, a series of DFT calcu-
lations (B3LYP-aug-cc-pVTZ) was made for the ground-state mol-
ecules; the results are provided as part of the Supporting Infor-
mation. For B1, the two BODIPY units are held at an average di-
hedral angle of 72° but gyration about this position is essentially
unhindered over a wide variance. Full rotation about the connecting
C-C bond is unlikely, however, since the methyl groups impose se-
vere steric crowding at 0° and 180°. Instead, the dihedral angle can
vary between 40 and 140% with little resistance, although there isa
slight barrier to attaining the nmufually orthogonal geometry (Figure
3). Similar conclusions are drawn for B2A. where the average di-
hedral angle between the two BODIPY residues is reduced to 57°
at the ground-state level Again, steric crowding between the sub-
stituents hinders attainment of planar geometries, for 1807 the prob-
lem is caused by the meso-hydrogen atoms, but there is a much re-
duced barrier for rotation around 0. For this derivative, the mean
dihedral angle lies within the range 30 to 90°.

The indirectly linked bichromophore B2B has more internal
flexibility and the mean dihedral angle between the two BODIPY
units is 50° at the ground state. Steric clashes between the mefhyl
group and the second BODIPY unit infroduce a substantial barrier
for full rotation. while again there is a minor obstacle to atfaming
the orthogonal geometry. Nonetheless, the dihedral angle can vary
widely and is expected to cover the range 40 to 1407 at ambient
temperature. Molecular dynamics simulations (MDS) carried out in
a reservoir of water molecules are consistent with the above results
but indicate a nmch narrower distribution of accessible geometries,
with typical variance of 11° around the energy-minimized structure.
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Figure 3. Effect of dihedral angle between the two BODIPY units
on the total energy of the molecule calculated for Bl in a solvent
reservoir. The inset gives an expansion of the region where the
BODIPY units approach an orthogonal geometry.

The bichromophore possessing aryl substituents at the lower rim
of the dipyrrin unit is more prone to steric inhibition for rotation
around the C-C connection. This situation serves to restrict the
range over which the dihedral angle is likely to oscillate at room
temperature. Thus, for B3 the preferred dihedral angle is ca. 76 but
mutual gyration covers a fairly wide variance. The main steric
problems are caused by clashes befween the ancillary phenyl rings
on the one hand and clashes between a phenyl ring and the 5-methyl
group on the other. As above, the general findings were confirmed
by MDS studies using periodic boundary conditions (50 x 50 x 30
A%) with a water reservoir. Here, the variation around the starting
geometry was less than 10°,

The two analogues bearing meso-tolyl groups prefer to maintain
the dipyrrin units in an almost perpendicular geometry, dihedral an-
gles being 66" and 64° respectively for P1 and P2. Both structures
show slight curvature in line with the X-ray data.*’ Full rotation
around the connecting linkage is blocked by steric clashes between
the fluorine atoms for P1 and by fluorine-tolyl interactions for P2.
In the main, the structural data agree well with that derived from
the crystal structures while MDS studies indicate highly restricted
rotation around the connecting bonds. Further details are provided
in the Supporting Information.

PHOTOPHYSICS OF THE BICHROMOPHORES

Absorption and fluorescence spectra were recorded for the bi-
chromophores in MTHF at room temperature and the main findings
are summarized in Table 2. Examples of the spectra are provided
as Figure 4. In each case, absorption and emission spectra are red
shifted with respect to the corresponding control compound while
the fluorescence quantum yields are lowered by a significant factor.
The excited-singlet state lifetimes are shorfened relative to the con-
trol compounds but to a less extent than noted for the quantom
vields. As a consequence there is a marked variation in the corre-
sponding radiafive rate constants. These are reduced relative to the
control compounds but are now surprisingly sensitive to the struc-
ture of the bichromophore. In particular, compounds B1 and B3 re-
main reasonably enussive but the other compounds in the series are
weakly fluorescent. As before, there is good agreement between
absorption and excitation spectra and, throughout the series, the flu-
orescence decay profiles were well represented by smgle-exponen-
tial fits. The fluorescence spectra sharpen and undergo a slight blue
shift on cooling to 77K buf there are no major spectral changes.
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Figure 4. Companson of absorption (black curve) and fluorescence
(gray curve) spectra recorded for (a) Bl and (b) B2B in MTHF so-
lution at ambient temperature.

At room temperature, a low-frequency vibronic mode (her) of
around 700 cm™ promotes nonradiative deactivation of the excited-
singlet state (Table 2). The magnitude of this vibronic mode re-
maimns comparable to that derived for the relevant confrol com-
pound. Except for B2B, the bichromophores exhibit a smaller
Huang-Rhys (S) factor than found for the control compound (Ta-
ble 2). This 1s taken as being indicative of increased m-conjugation
at the excited-state level for the bichromophoric derivatives. This
is not the case for B2B, where the conjugation is broken by the sp’-
comnecting carbon atom and the derived S value is close to what
might be anticipated for the corresponding control compound.

Absorption spectra recorded for the bichromophoric compounds
in MTHF display increased oscillator strengths, as might be ex-
pected, and are red-shifted compared to spectra recorded for the
confrol compounds. In fact. the oscillator strengths are roughly
twice that of the control compound. Most nofably for B2B, the ab-
sorption spectra display the characteristic features of excitonic
splitting due to close electronic interaction between the two dipyr-
rin units 25 A comprehensive curve-fitting analysis based on the
assumption of Gaussian-shaped components allows estimation of
the splitting energy by assigning 0.0 transition energies for the
lower (E1q) and upper (Ezq) transitions (Table 3). The magnitude of
the splitting (Az) varies from 530 cor? for B to 1,630 em for
B2B. It 1s also evident that the relative imtensifies of these two tran-
sitions (A1p and Azo) vary across the series,* this point is exempli-
fied by the ratio () of integrated absorption infensities for the two
transitions; note, these inftensities take into account any vibronic
bands associated with the 0.0 transition. The spectra are compli-
cated by the appearance of strong vibrational satellites accompany-
ing the main transitions and the corresponding low-frequency
modes associated with upper- (hoi) and lower-energy (he) transi-
tions are collected in Table 3. These latter values are somewhat
sensitive to the nature of the bichromophore and tend to mcrease
for the lower transition. Figure 5 illustrates the scope of this spec-
tral analysis, while fitted spectra for all the bichromophores are in-
cluded in the Supporting Information.



Table 2. Summary of spectroscopic properties deternuned for the bichromophores in MTHF solution at room temperature.

Property Bl B2A BB B3 P1 P2
Japs /nm 526 558 557 584 691 634
evax M lenr! 154.955 79,700 139.105 157,615 67,500 02,250
f 0.91 094 0.94 0.93 0.85 1.00
ke / nm 563 600 565 628 770 712
& 0.40 0.090 0.072 0.40 0.13 0.15

5/ 08 38 19 18 4.0 34 21
Ass / em! 825 1.085 365 800 690 935
kpan /10° 571 1.05 047 0.40 1.0 038 07
ke /108571 1.6 438 54 15 20 41

§ 0.35 031 0.61 0.24 0.16 0.26
her [ enr! @) 740 735 540 725 480 425
vy / em! ® 17.690 16,925 17.825 16.010 13,005 13.900

(a) Low-frequency vibronic mode accompanying nonradiative decay of the excited-singlet state as derived from spectral curve fitting. (b)
Mazxima derrved for the emission spectral profiles on the basis of spectral curve fitting.

Table 3. Parameters derived by spectral curve fitting of the absorption spectra recorded for the bichromophores in MTHF solution at

room temperature.

Property Bl BIA BB B3 Pl P2
Fro/ cor’? 19.040 10.035 19.820 17.795 14.290 15.695
Eoo/ cor! 18515 18,010 18.190 16,000 13.695 14835
Ae/ oo 525 1.025 1.630 895 1435 860
AL/ % 730 56.8 448 78.6 701 707
A0/ % 270 32 552 214 700 303
Newr ® 271 132 0.81 3.68 234 241
Ny ® 0.04 183 736 0.02 124 0.06
Np®© 207 155 102 3.08 225 2.06
how / car! @ 40 550 500 705 505 660
ho / cnr' © 720 605 500 200 705 770
/0 714 571 720 759 66.0 641
5/t 18 60.2 8 10 522 50
Vo / cm”? 500 500 835 030 800 975
Vo / car’! 8,700 7300 1.100 6.650 3.150 10.250
Vv / el 400 105 55 465 60 485
Ve car! 535 55 320 640 35 620
Ve e’ 530 1.105 1.670 685 1285 690

(a) Ratio of integrated absorption transition infensities for direct absorption to the upper and lower excitonic bands as derived by experi-
ment. (b) The above ratio calculated on the basis of Equation 1. (c) The above ratio calculated from Ecuation 1 but with the dihedral angle,
@, replacing the angle between the transition dipole moment vectors and the corresponding distance vectors. (d) Low-frequency vibronic
mode associated with direct absorption to the upper-lying excitonic state. (&) Low-frequency vibronic mode associated with direct absorption

to the lower-lying excitonic state.

EXCITONIC COUPLING WITH THE BICHROMOPHORES

According to the excitonic coupling theory developed first by
Kasha?! but extended by many others,**% interaction between the
transition dipele moment vectors associated with the two dipyrrin
units causes a two-fold splitting of the excited-singlet state. The
ratio of the relative intensities. N, of the two absorption transi-
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tions 1s expected to depend on the nnrtual alignment of the respec-
tive transition dipole moment vectors. In the case of perfectly
aligned chromophores, one or other of these fransitions is forbidden
due to accidental cancellation of the transition dipole moments.
Furthermore, fluorescence should occur exclusively from the
lower-energy state since rapid infernal conversion will be promoted
by the small energy gap* between the two states. The vectors mun
down the long molecular axis of the dipyirin backbone and, in most
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Figure 5. Examples of excitonic splitting of the lowest-energy ab-
sorption transition for the bichromophores in MTHF solufion. The
upper panel illustrates the model used for the spectral analysis
while the experimental (black curve) and constructed (red curve)
spectra are shown for P1 (central panel) and P2 (lower panel). Each
spectrum is deconstructed into a series of Gaussian-shaped compo-
nents corresponding to absorption to the higher-energy state (blue
curves) and the lower-energy state (gray curves). The peak splitting
(Ae) 1s taken as the energy gap befween adjacent gray and blue
curves.
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cases, the two vectors rmun parallel to the distance vector connecting
the centers of the chromophores (Figure 6). Because of steric con-
straints, however, the in-line transition dipole moment vectors lie
out-of-plane. As such, it is instructive to enquire if the level of ex-
citonic inferaction is sensitive to the dihedral angle between the di-
pyrrin units for these particular geometries. To do so, we first em-
ploy Equation 1. where i refers to the transition dipole moment
of the corresponding monochromic dye, to calculate the relative
strengths (IN) of the two absorption transitions. The geometry pa-
rameter, 6, refers to the mean angle between the transition dipole
moment vectors and the distance vector connecting the centers of
the chromophores (Figure 6).

N = mo_ VZpnsing M

Hz vz, upcost

This equation is infended for use with oblique geometries. but
for B1, B3 and P2 the transition dipole moment vectors are essen-
tially parallel. These compounds, therefore, are predicted to exhibit
a value for N that is significantly less than unity (Table 3); in other
words, absorption to the lower-energy transition (A1) is strongly
favored relative to direct absorption to the higher-energy state (Az).
This situation is at odds with the experimental data (NexeT) and. in
fact, there is poor agreement befween calculated and observed N
values (Table 3). The vectors are almost orthogonal for B2B such
that absorpfion should be primarily to the lower-energy state but,
as above, this expectation does not give a proper representation of
the experiment. Compounds B2A and P1 adopt an oblique geome-
try and agreement between calculafed and observed N values is
somewhat improved, but still poor (Table 3).

Notably, replacing 6 in Equation 1 with the corresponding dihe-
dral angle (©) between the respective dipyrrin units leads to vastly
improved agreement for the in-line bichromophores (Table 3 and
Figure 6). This points towards a strong angular dependence for N.
Indeed, the revised expression accurately predicts the ratio of the
transttion moments for each of the in-line compounds, although it
should be stressed that the dihedral angle is subject to a variance of
around =10° in fluid solution at ambient temperature, according fo
the MDS studies. Even for the two oblique geometries, the insist-
ence on a strong angular dependence leads to a better correlation
between calculated and observed N values. This is not to say, how-
ever, that there is an important confritution from through-bond ex-
citonic coupling #4
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Figure 6. Comparison between the experimentally determined ra-
tio of integrated absorption intensities for upper- and lower-energy
transitions and the value calculated from Equation 1 with the dihe-
dral angle replacing the angle between the transition dipole moment
vectors and the distance vector. The inset illustrates the dihedral
angle using red dots to signify the four carbon atoms.



It nught be noted that the DFT calculations suppert the idea of
weak inferactions between the two BODIPY-based units in these
bichromophores. This is evidenced by the observation that the mo-
lecular orbitals are clearly associated with each chromophore, ra-
ther than being delocalized over the entire super-molecule. There
is little, if any, coupling at the ground-state level, despite the close
proximity of the two units. Coupling occurs at the excited-state
level to give the observed excitonic splitting.

Excitonic coupling theory™ predicts that the extent of the split-
ting of the lowest-energy absorption band (As) depends on the mag-
nitude of the transition dipole moment (1) of the mononuclear dye
and the average distance (Rcc) between the centers of the respec-
tive transition dipole moment vectors (Equation 2).* Here, « refers
to the orentation factor representing the mufual alignment of the
two vectors. In his original study, Kasha®! identified three key ori-
entations in addition fo the aligned geometry. Within the confines
of the ideal dipole approximation * these relate to obligue, inclined
and non-planar arrangements of the transifion dipole moment vec-
tors (see Supporting Information for a full description of the meth-
odology, including tabulation of the structural parameters). For an
oblique geometry, the orientation factor (ko) depends on the angle
(ciop) befween the two dipole moment vectors and on the mean an-
gle (%) between each vector and the distance vector connecting the
two dipole centers according to Equation 3. A similar relationship®!
holds for the inclined geometry, where v is obtained from Equa-
tion 4. Exciton splitting for the non-planar geometry makes use of
an orienfation factor (1aw) based on the angle between the two mo-
lecular planes as illustrated by way of Equation 5. We can now cal-
culate splitting energies for each of the three projected orentations
and compare the results with the experimental data (Table 3).

i
Vipa = Wfff?gc = px ]
Kop = COSapp + 3co0s2@ 3
Ky = 1 — 3cos?8 )
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Figure 7. Correlation between the experimentally derived peak
splitting, Az, and that calculated for a strong angular effect accord-
g to Equation 6. The upper panel shows the same correlation for
the peak splifting according to the ideal dipole approximation
(Equations 2-5).
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None of the above orientations accurately describes the molecu-
lar geometries of the target bichromophores and the various equa-
tions fail to reproduce the experimental splitting energies. No sin-
gle orientation works for all the compounds and even taking the
best agreement for each individual compound does not give a rea-
sonable gualitative trend. Replacing the point sources with ex-
tended dipoles running the length of the transition dipole moment
vector®! gives rise to splitting energies (Viro) much higher than the
experimental results (Table 3). Here. the problem is caused by the
unusually close proximity of one pair of coordinates. Although use-
ful in many intermolecular dimers,” the extended dipole method
seems mappropriate for the bichromophores studied here.

Also collected in Table 3 are the peak separations (Vaxe) caleu-
lated from the respective dihedral angles ($) between the two di-
pyrrin planes (Equation 6). This approach leads to excellent quan-
tifative agreement between calculated and observed splifting ener-
gies (Figure 7). In furmn, this points to a strong angular dependence
for excitonic coupling in these systems and it might be argued that
through-bond mferactions could play an important role. The results
obtained with B2B, however. appear fo be mnconsistent with this
notion. This is because the sp*-hydridized carbon atom present in
the connecting unit will restrict through-bond interactions by im-
posing an additional resistance  In fact, B2B shows the largest
splitfing energy and the shorfest cenfer-to-center separation dis-
tance. Nonetheless, inclusion of an anpular dependence dramati-
cally improves the agreement between experiment and calculation
for these particular compounds.

Vawe = B(3 — cos’®) 6

It seems appropriate to enquire if the same treatment could be
applied to quantify the splitting of the oxidation and reduction
peaks observed in the cyelic voltammograms recorded for these bi-
chromophores. Unfortunately. some of these processes are electro-
chemically irreversible and therefore it is questionable if meaning-
ful calculations can be atteripfed. For the successive one-electron
reduction steps, which are split in each case because of electrostatic
tepulsion. there is reasonable qualitative agreement between the
peak splitting and the size of the excifonic splifting found for the
absorption spectra. This finding suggests that there is a similar an-
gular dependence for the Coulombic effects associated with the
electrochenistry.

One remaining issue relates to the large variation in the krao val-
ues found for the various bichromophores in fluid solution. For
monenuclear BODIPY-based dyes. knan depends on the magnitude
of the vibronic transition moment density and the average energy
of the excited singlet state > usnally denoted by the emission
maximum (very). For the bichromophoric dyes. the expression
needs to be modified to allow for the fact that only the lower-energy
excitonic state emits. As such, we might expect the following rela-
tionship fo hold for the bichromophores (Equation 7):

32n%n?
kpap == viwlml® @

Here. n is the refractive index of the solvent and i is the transi-
tion dipole moment for direct absorpfion fo the lowest-energy ex-
citon state. The experimental kean values do not correlate with
Equation 7 and, if anything. the trend is opposite to the predicted
fit (Figure 8). Replacing pr with the overall transition dipole mo-
ment (ur = pr + pu) does not improve the quality of the fit. Some-
what unexpectedly. it was noted that keap increases progressively
with decreasing energy gap. Ae, between the two excitomc states.
This situation might be indicative of coupling between the two
states and is reminiscent of earlier work by Verhoeven et al*
where it was reported that certain compounds displaying charge-
recombination flucrescence were prone to infensity borrowing
from an upper-lving excited stafe. Indeed. by modifying the expres-
sion for the radiative rate constant derived by Verhoeven et al. ¥ for



the specific case of interest (Equation 8). it becomes possible to
greatly improve the correlation between ksao and the energy gap
parameter, 7 (Figure 8a). Here, V* refers to the electronic matrix
element for coupling between the two excitonic states. This situa-
tion 1s consistent with intensity borrowing from the upper-lying ex-
citonic state by the emissive state. To the best of our knowledge,
this consideration has not been raised previously, although the sit-
uation is familiar for intramolecular charge-recombination fluores-
cence
_32m®n® (Vi) Pviy _ 32n%n? %
3 (Ae—vELy)® 3h ®
Along similar lines, the corresponding rate constant for nonradi-
ative decay (kwz) does not exhibit the anticipated exponential de-
pendence™” on the amount of energy to be dissipated during the pro-
cess. We have taken vy as being representative of this latter term.
Instead, it is found that kxz shows a crude exponential dependence
on the energy gap between the two excitonic states, Ae (Figure 8b).
The rate of radiationless decay tends to increases as this energy gap
increases. This is the opposite of the situation found for kaap and,
as a consequence, the fluorescence quanfum vield shows a strong
dependence on the extent of splitting between the two excitonic
states. The effect observed for kg implies some mild stabilization
of radiationless deactivation by way of mixing with the upper-lying
excitonic state. Most likely, this overall behavior mvolves weak
charge-transfer interactions such that state mixing infroduces some
degree of polarity into the lower-lying excitonic state. Indeed, in
other BODIPY-based bichromophores, symmetry breaking has
been observed vader illumination.”® We have not been able to de-
tect long-lived charge-separated states in our systems but the in-
volvement of mild charge-transfer inferactions is a strong possibil-
ity.
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Figure 8. (a) The upper panel shows a plot of the rate constant for
radiative decay of the excited-singlet state vs the energy gap factor
v as described in Equation 8 (see Supporting Information for de-
tails). The inset shows the corresponding relationship between krap
and the energy factor in the absence of coupling to the upper-lying
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excitonic state. (b) The lower panel shows a plot of the rate constant
for nonradiative decay of the excited-single state vs the energy gap
between the fwo excitonic states.

CONCLUDING REMARKS

Numerous studies have addressed important issues relating fo
excitonic coupling in bichromophoric molecules, many of which
have been built around the BODIPY mucleus %% Such com-
pounds are important as simple models for the photosynthetic spe-
cial pair? but more significantly as a means by which to extend
the opto-electronic properties of emussive dyes. The bichromo-
phore might be considered to provide a facile way to increase the
Stokes shift** for subsequent applications in cytometry, micros-
copy and photon concentrators. Related compounds have been pro-
posed for electro-generated chemiluminescent probes. ****4* In this
contribution we have exanined the optical properties of bichromo-
phores that do not fall naturally into the categories identified by
Kasha® during his pioneering work on excitonic coupling. In cer-
tain cases, the tramsition dipole moment vectors appear fo be
aligned in a parallel manner and this should eliminate direct ab-
sorption to one or other of the two excitonic states. This is not seen
experimentally because, in our case, the dihedral angle between the
planes extended by the chromophores is not close to zero. This in-
troduces a strong angular dependence for the optical properties that
might be further exploited to optimize the molecular electronic
properties. An interesting observation to emerge from this work is
that the fluorescence quanfum yield i1s sensitive to the extent of
splitting of the excitonic bands. Again, this effect might be manip-
ulated to obtain new dyes with advanced optical properties.
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