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ABSTRACT

Molecules based on the 1,4-bis(phenylethynyl)benzene (BPEB) architecture are an
important class of compounds because of their luminescent properties. The rigid
rod-like backbone and extended z-conjugation serves as the base upon which a wide
variety of substituted species can be synthesised with a variety of photophysical
properties. This thesis represents a detailed study of the photophysical properties of
a series of compounds based on BPEB using a combination of steady-state and time-

resolved spectroscopic methods.

A comparative study of the photophysical properties of BPEB, 1,2,4,5-tetramethyl-
3,6-bis(phenylethynyl)benzene, 1,2,4,5-tetramethyl-3,6-bis-(2,4,6-trimethylphenyl-
ethynyl)benzene, 1,4-bis(2-(2-fert-butylphenyl)ethynyl)benzene, 1,4-bis(2-(2-tert-
butylphenyl)ethynyl)-2,3,5,6-tetramethylbenzene, 1,4-dibromo-2,5-bis(phenylethy-
nylbenzene and 1,2,4,5-tetrafluoro-3,6-bis(phenylethynyl)benzene is reported.
These compounds exist as a series of geometric conformers, in solution, in the
ground state due the low barrier to rotation about the carbon-carbon triple bond
(C=C). The absorption and emission dipoles of BPEB are found to be almost linear
and lie along the long axis of the molecule. The substituents red shift the absorption
and emission spectra of BPEB. 1,4-Bis(2-(2-tert-butylphenyl)ethynyl)-2,3,5,6-
tetramethylbenzene, exhibits fluorescence from both high and low energy
conformations at 77 K. Only 1,4-dibromo-2,5-bis(phenylethynyl)benzene has a long
lived phosphorescence emission detectable at 77 K.  Time-resolved Raman
spectroscopy reveals that the C=C stretching vibrations of BPEB, and its substituted
derivatives in the excited singlet and triplet states, which shows evidence of only

minor structural changes upon excitation.

The photophysical properties, and solvatochromism, of a series of compounds
having donor and acceptor groups bridged by BPEB are reported. They are methyl-
4-(4-(4-dimethylaminophenylethynyl)phenylethynyl)benzoate, 4-(4-(4-dimethyl-
aminophenylethynyl)phenylethynyl)benzonitrile, 4-(4-(4-dimethylamino-3,5-dimeth-
ylphenylethynyl)phenylethynyl)benzonitrile, 4-(4-(4-dimethylaminophenylethynyl)-
phenylethynyl)-N,N-dimethylbenzenamine, 4-(4-(4-cyanophenylethynyl)phenylethy-
nyl)benzonitrile, 4-(4-(4-dimethylaminophenylethynyl)phenylethynyl)benzene, 4-(4-
(4-cyanophenylethynyl)phenylethynyl)benzene and methyl-4-(4-phenylethynyl)-



phenylethynylbenzoate. The donor-acceptor systems exhibit intramolecular charge
transfer (ICT) and twisted internal charge transfer in the excited state, when in polar
solvents. In non-polar solvents only the locally excited state is observed. The
largest change in dipole moment in the excited state occurred when the
dimethylamino group was fixed perpendicular to the adjacent phenyl ring. In protic
solvents, hydrogen bonds to the amino group in the ICT state to form a hydrogen-

bonded ICT state.

The photophysical properties of 9,10-bis(phenylethynyl)anthracene (BPEA) and a
series of nine of its donor and acceptor substituted derivatives are reported.
Compounds with the strongest donor (dimethylamino) and acceptor (nitro) groups
exhibit ICT. All substituted BPEA compounds had lower fluorescence quantum

yields and lifetimes, and higher non-radiative decay constants than BPEA.

The molecular and photophysical properties of 2,5-bis(phenylethynyl)thiophene,
1,4-bis(2-thienylethynyl)benzene and 2,5-bis(2-thienylethynyl)thiophene were
investigated with specific emphasis on the bonding character of their triplet excited
states. Like the parent, BPEB, these compounds exhibit evidence of triple bond

character in the excited singlet and triplet states.
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CHAPTER 1

Introduction
1.1 Poly(arylethynylenes)

Poly(arylethynylenes) are highly conjugated, linear and rigid molecules. They
consist of a backbone of aromatic groups separated by carbon—carbon triple bonds
(C=C). The aryl groups are able to rotate about the C(sp)-C(sp>) bonds in the
ground state. The electrons along this rod like structure are highly delocalised,
which gives rise to a linear sz—conjugation that runs along the principle molecular
axis, and is dependent on the relative orientation of the planar aromatic moieties.[1-
4] The electrons in these delocalised systems are easily polarised by an external
electric field, such as that found in light. The conductivity and structural rigidity of
these molecules is chiefly dependent on the C=C. The low barrier to rotation of the
adjacent aryl rings suggests that, in solution, any dihedral angle between two aryl

rings can be assumed (vide infra).[1, 5, 6]

Electroluminescent conjugated polymers are fluorescent polymers that emit light
when excited by the flow of an electric current.[7] Electroluminescence of organic
compounds was first reported for the acridine derivatives gonacrin and brilliant
acridine orange E by Bernanose et a/.[8] in 1955. In 1965 Sano et al. made one of
the first observations of this phenomenon in anthracene.[9] Later, Tang and
VanSlyke were the first to develop a thin film hetero—junction organic LED in
1987.[10] Following this, electroluminescence was reported for
poly(p-phenylenevinylene) (PPV) as a single semiconducting layer between metallic
electrodes in 1990.[11] These discoveries led to the creation of a new ‘molecular
electronics’ industry and is set to challenge the domination of the commercial market
in light emitting diodes (LEDs) by inorganic materials. These polymers are
particularly versatile because their physical properties can be fine—tuned by the
manipulation of their chemical structures.[7] Fluorescent polymers are used to make
LEDs[12-14] and find applications as back lights for liquid crystal displays and, in
the near future, as emissive material in alphanumeric displays.[7] Conjugated
polymers, such as dialkyl-substituted poly(p-phenyleneethynylene)s (PPEs), are
organic semiconductors and therefore, potentially, have applications in photonic and

electronic devices. Examples include polymeric LEDs, ‘plastic lasers’ and polymer



based photovoltaic cells.[15] Along with their conducting properties, PPEs offer
various substitution patterns around the phenyl ring system which has led to the
development of a wide range of shape-persistent molecular architectures,[16, 17] and
luminescent and electroluminescent materials.[18-20] In principle, conjugated
polymers should be able to carry out all the functions of an inorganic semiconductor
and in the future may be used as a media from which components may be made for
‘molecular electronics’.[21] Also the property of electrical conduction through
conjugated organic molecules makes them good candidates for ‘molecular

wires’.[21]

The primary interest in the use of polymers lies in the scope of low-cost
manufacturing, using solution—processing of thin film polymers.[13] An increase in
the understanding of the processes involved in device function and breakdown, and
the systematic modification of the properties of the emissive polymers by synthetic
design, have become vital components in the optimisation of light emitting
devices.[7, 22] To engineer molecular devices based on conjugated frameworks, a
firm understanding of the photophysics and the factors that control the geometry of
the compound, and hence the #—conjugation pathway, in the ground and excited
states is required.[1] With this in mind, the study of the model polymer compounds

described herein was undertaken.

1.1.1 The effect of ring torsion in conjugated polymers on their photophysical

properties

It is common knowledge that the rotation of groups attached to triple bonds 1is
nearly frictionless in the ground state.[23-25] It is expected that the barrier to
rotation of phenyl rings in arylacetylene systems, in the ground state, will also be
quite low. The barrier to rotation of the phenyl rings in 1,2-diphenylethyne was
calculated to be 3.6 kJ mol™ in liquid crystals by Inoue ef al.[26] Several authors,
using various semi-empirical and quantum mechanical methods, have reported
values for the barrier energy to rotation of aryl rings in different oligomer
systems.[2, 6, 27] The threshold to rotation about the triple bond in model
compound 1,4-bis(phenylethynyl)benzene (BPEB) was reported to be 8.37 kJ mol”
by Garibay er al.[6] using the Austin Model 1 method, and 2.31 kJ mol™ by Tretiak
et al.[2] using a blend of quantum chemical methods including semi-empirical

approaches. Majumber et al.[27] calculated the barrier to rotation in 4-nitro-2,5-bis-



(4-mercaptophenylethynyl)phenylamine to be 14.2 kJ mol” using the Hartree—Fock
(HT), post-HT and density functional theory levels of theory. It is observed that,
because the barrier is very small, theoretical calculations tend to over estimate or
under estimate the true value depending on the method used. Also, there has been no

actual measurement of this barrier to rotation until recently by Greaves et al.[5]

Greaves et al. measured the torsional barrier height to rotation of the model
compound BPEB, using cavity ring-down spectroscopy, and found it to be
~2.7kJmol'[5] This is comparable with T (energy) at room temperature
(2.5kJmol"). Thus, at ambient temperature 30% of BPEB molecules in a sample
will have sufficient energy to allow ‘free’ rotation of the phenyl rings about the

single bonds.[5]

Figure 1.1 General structure of poly(arylethynylenes) (left) and 9,10-bis(phenylethynyl)anthracene
(right).

The effects of ring torsion on the photophysical and conductive properties of
polyaryl and poly(arylethynylenes) (Figure 1.1) have been studied by many
authors.[2, 6, 27, 28] Bunz et al. were the first to offer some interpretation of the
spectral changes in terms of aryl groups twisting and planarisation while reporting on
the thermochromicity of alkyl-substituted polymers similar to Figure 1.1 (left)
(where R = C3H5).[28, 29] They were able to relate observed shifts in the
absorbance spectra to the planarisation of the phenyl rings in the molecular chain by
using a series of semiepirical calculations on a model compound in which R = CH;
(see Figure 1.1 (left)). They noted that the twisting of the phenyl rings from planar
to perpendicular orientations to each other increased the HOMO-LUMO (highest
occupied molecular orbital-lowest unoccupied molecular orbital) gap. This is a
result of the reduction in the delocalisation of the s#-system over the molecule
because of a decrease in the overlap between the bonding and antibonding p orbitals
around the C(sp)—C(sp>) bonds. The fluorescence excitation and emission spectra of
the BPEB monomer in stretched polyethylene films, at room and low temperatures,
have also been reported to be consistent with a high degree of planarisation.[6] This

is evident in the higher intensity and resolution of the red edge of the absorption



bands in the films. Also, the planarisation of 9,10-bis(phenylethynyl)anthracene
(Figure 1.1, right), induced at low temperatures in stretched polyethylene films,
resulted in significant changes in the ultraviolet (UV) absorption spectrum.[30]
Here, the authors concluded that the diminished vibrational spectrum observed in the
fluid solution results from the coexistence of several conformations. In contrast, the
well resolved absorbance spectrum of the polymer in the stretched film is due to the

existence of purely planar conformations.

It is known that the movement of excitons (electron—hole particle pairs) along a
conjugated polymer backbone is strongly dependent on the interaction and
orientation of an individual polymer relative to its neighbours.[31] Inter—chain
distances greatly affect the performance of electroptical devices based on conjugated
polymers.  McQuade er al[32] studied the relationship between cofacial
interpolymer distances and solid-state photophysics. In both small molecules[33]
and polymers[34] the close association of 7—systems causes a substantial decrease in
the photoluminescence (PL) quantum yield relative to the isolated chromophores.
However, minimizing inter—polymer distance is necessary for optimal energy

transfer of excitons between polymer chains.[34]

McQuade ef al. synthesised polymers with varying degrees of side chain bulk as
this influences the packing of the polymers at the air—water interface. Figure 1.2
(left) shows the PPEs containing a substitution where the hydrophilic and
hydrophobic groups are para to each other producing an edge—on organisation at the
interface. Figure 1.2 (right) illustrates the normalised UV—vis and PL spectra of the
monolayer Langmuir—Schaefer (LS) films of the three polymers studied. It is
observed that PPE films composed of polymers that do not strongly 7#stack display
a broad absorbance spectrum with a Am,x between 440 nm and 450 nm and a
narrowed emission spectrum with a Ap., between 450 nm and 470 nm. The
absorption and emission spectra of polymer 3 (with an inter—chain distance of 4.9 A)
are representative of this. In contrast, the UV-vis spectrum of polymer 1 (with an
inter—chain distance of 4.0 A) had a sharp band at 466 nm in the LS film (Figure 1.2
(right)) that is not seen in the solution spectra. This band is attributed to strong
inter—chain sstacking[32] and planarisation of the aryl rings.[29] The LS film of
polymer 2 (with an inter-chain distance of 4.4 A) did not contain a new band but had

an emission that was red shifted by 12 nm relative to the solution data. The lack of a
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new band is indicative of the isopropyl groups diminishing 7—stacking. The solid
state PL spectrum of polymer 3 shows much sharper peaks than the PL spectra of
polymers 1 and 2 which indicated the inter-chain spacing of 3 is larger than the
distance required for the chains to form emissive aggregates and thus 3 had the
highest PL quantum yield of 16%. The PL quantum yield values of 1 and 2 were 7%
and 12% respectively.

Absorbance (arb. units)
(s1un “gae) AJNSUdU| JOUIISIION[]

1 R=Me, R’=0C,¢H3;
2 R=i-Propyl, R’'=0C;sH3;
3 R=i-Pentyl, R’=0C,(H3;

350 400 450 500 550 600 650
Wavelengih (nm)

Figure 1.2 PPEs containing substitution where the hydrophobic and hydrophilic groups are para to
each other producing an edge-on organisation (left). Normalised UV-vis and PL spectra of the mono
layer Langmuir - Schaefer films.of polymers 1-3 cast onto hydrophobic glass slides.[32]

1.1.2 Conductivity in conjugated systems

The concept of a molecular wire became a reality nearly 30 years ago with the
discovery of metallic conductivity in an organic polymer.[35] The simplest
hydrocarbon molecular wire consists of a carbon chain in which all of the atoms are
linearly sp-hybridised. This structure can be modified to include alternating single
and double carbon-carbon bonds between terminating end groups. The conjugated
chain can also be made up of aromatic rings linked by acetylene units. There is a
complete delocalisation of the s—electrons across the polymer chain. The &
(bonding) and #* (antibonding) orbitals form delocalised valence and conduction
wave functions, which support mobile charge carriers.[13] Alteration of the groups
attached to the ring leads to changes in the properties of the wires. These include

changes in solubility or use of ‘linking’ groups to fix the wires to a particular
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substrate. This has the advantage of ‘tuning’ the physical properties of the wire to

complement its environment.[36]

It has been shown theoretically that conformational changes caused by the twisting
and rotational motions of oligomers, consisting only of aromatic rings, crucially
affects electron/hole mobility in molecular wires.[37] The calculations of Berlin et
al. showed that the coplanar alignment of aromatic rings allowed for the highest
mobility of holes.[37] Highly twisted molecules caused a bottleneck for the
transport process. The results of theoretical and experimental absorption and
emission spectra of oligoarylethynylenes having up to ten repeat units indicate that
the conjugation length is significantly reduced by the conformational rotations about
the C=C.[2] The energy gap between excited singlet (S)) and triplet (T,) states is
reported to be sensitive to ring conformation in short oligomers (<25 A).[38] A
weak confinement of electron and hole causes a dependence of the S;—T) energy gap
on different torsion angles. The smallest possible S;~T| energy gap results from

fully planar conformations.

There have been many contributions made towards the understanding of
conduction in polymers. Swager et al.[39, 40] have reported on conducting
polymer—based sensors which transduce reversible, non—covalent and non-redox-
dependent molecular recognition events into measurable changes in conductivity.
They have also demonstrated how molecular wires can be used to interconnect
receptors to produce fluorescent chemosensory systems. Bredas et al. have reported
that conformational changes in a BPEB derivative resulted in modifications of its
conductive properties in the form of a negative differential resistance (NDR)
behaviour.[4] This NDR signal was the result of resonant tunnelling processes
through the central ring that acted as a tunnel barrier. These properties can be
applied to the development of these systems as molecular switches and by extension
logic gates and memory circuits.[4] The emissive properties, and hence the electro—
and photo—luminescence characteristics, of these materials are dependent on the

HOMO-LUMO gap, which varies with the conjugation length.

The rates of interfacial electron—transfer through s#conjugated spacers have been
measured by Sachs et al.[41, 42] It is expected that the rate of electron—transfer
through insulating molecular spacers will strongly depend on the nature of the

chemical bonding within the spacer. They determined the standard rate constants, &,
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for interfacial electron—transfer between a gold electrode and a ferrocene group
covalently connected to gold by z~conjugated mercapto oligo(phenyleneethynylene)
(OPE) spacers. The values of ky were found to be orders of magnitude larger for an
OPE spacer than for a trans alkane spacer of similar length. The slope of -In[k¢] vs.
the spacer length, /, i.e. p[43, 44], was 0.57 + 0.02 A for OPE spacers compared
with = 1.0 £ 0.02 A™' for saturated spacers.[44] These values were consistent with
calculations using the generalised Mulliken—Hush theory.[45] The experimental
value (0.57 A') of B for the OPE was found to be intermediate between the
calculated values for the perpendicular (0.97 A™') and the coplanar (0.39 A™) ring
geometries and was in closest agreement with the calculated value (0.51 A™) for a
uniform distribution of dihedral angles. Due to the small barrier to rotation, two
possible explanations for these observations were put forward. Firstly, in order for
homogeneous kinetics to be obtained in the case of the uniform distribution, inter-
conversion among the dihedral angles would have to be rapid compared to the rate of
electron—transfer.[46] Alternatively, the dihedral angles may be narrowly distributed
about an intermediate value that gives a T°pa (square of the donor/acceptor (D/A)
electronic coupling elements—which, for a particular process, is related to the
corresponding energy gap, dipole moment and the transition moment) value similar

to the average value of T?p, for the uniform distribution.[42]

More recently Seminario ef al.[47] theoretically interpreted the conductance
switching observed in experiments with oligoarylethynylenes isolated in matrices of
dodecanethiolate monolayers.[48] The oligomers analysed in the experiment are
shown in Figure 1.3. The three oligomers showed conductance bistability, and it
was reported that the substituents in molecules 5 and 6 were not a determining factor
in their conductance switching.[47] The experiment suggested that restricting
conformational changes through environmental arrangements reduces switching
between the on and off states, since a well-ordered matrix reduces the rate at which
switching occurs, while a poorly ordered matrix yields much more frequent
switching. They suggested that rotations of the oligomers take place by a
mechanism similar to earlier nanopore studies featuring devices with almost linear
behaviour.[49, 50] The mechanism is found to be different from charge—transfer,
which is the main mechanism for switching indicated in nanopore studies featuring

devices with nonlinear characteristics.[49, 51] The experimental evidence
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demonstrated that the switching behaviour of these molecules persists on a much
longer time scale (a few hours) than that expected from the predicted rotation barrier.
According to earlier calculations[50] the rotational barrier of one ring with respect to
another adjacent in the oligomer is =~ 4.2kJ mol’. When this barrier is used in
molecular dynamics simulations of these molecules assembled on gold surfaces at
300 K, they obtained rotational frequencies of 390 GHz, corresponding to a
switching cycle of only 2.56 ps (picoseconds) for a molecule isolated from its
neighbours. They argued that longer switching rates are expected because of steric

effects when molecules are very close to each other forming a complex.

£

4X=H,Y=H
5X=H,Y=NO,
6 X =NO,, Y =NH,

=0

Figure 1.3 Oligomers analysed in the scanning tunnelling microscopy experiment.[47]

Seminario et al. proved this quantitatively by calculating the rotational barrier of
one ring with respect to the other in 1,2-diphenylethyne, when it is forming a
complex with an undecane. They found that the torsional barrier increases from
42Kk] mol", for the isolated tolane molecule, to 159.6 kJ mol”! for the 1,2-
diphenylethyne—undecane complex. From this evidence they concluded that the
packing density of the self-assembled monolayer (SAM) affects the switching rates
by several orders of magnitude and effectively explained the much longer time scales
observed in the experiment. As the scanning tunnelling microscope (STM) was
operated at constant-current mode, the height of the tip was directly related to the
molecule conductance.[47] The height occurrence distributions showed bimodal
behaviour in the conductance, making it possible to estimate on/off ratios. Both
experimental and theoretical studies concurred in that high conductance is only
possible when all the rings in the molecule are aligned.[47] However, this condition
alone does not warrant high conductance. On the other hand, a change in the charge
state does not necessarily yield switching and cannot be observed unambiguously

above the top benzene ring.[47]
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The electronic density and the molecular and electrostatic potential were calculated
in order to explain the relationship between the theoretical and electrostatic results
by Derosa et al[52] It was determined that frontier molecular orbitals (HOMO,
LUMO, and a few in their neighbourhood) fully delocalised along the whole
molecule, making the molecule conductive.[52] Charge states rendering a non-
conductive molecule show most of the frontier orbitals localised; nevertheless, some
of them can show slight delocalisation, leading to a low but non-zero current.
However, a perpendicular conformation of at least one ring with respect to another
results in the impossibility of having fully delocalised molecular orbitals (MOs),

yielding a very low conduction state.[51]

Molecules 4 and 5 in Figure 1.3 were found to conduct in their neutral charge state
when theoretically analysed.[49, 51] Since the bias voltage range used in the
experiment made both molecules remain uncharged during the whole experiment,
only conformational changes intervene in the switching process. In this way, either
molecule 4 or 5 switches to the low conductance state when the rings become
perpendicular, and the conductance switches to high when the rings are parallel.[47]
The experiment also revealed that 5 can be turned off when the applied voltage is
increased to 3 or 4 V, and theory showed that it is non—conductive when its charge is
-1; thus, when a high voltage s applied, 5 gets charged and stops conducting.[47]
However, 4 did not show switching, and 1t was always conducting as long as its rings
were parallel; therefore, according to their theoretical analysis, a higher applied

voltage would not have yielded switching in 4.

Theoretical calculations[51] and other experimental results showed that 6 is non-
conductive when neutral, and conductive when charged. The observed switching for
this molecule in the experiment was due to changes from the non—conductive planar
conformation (when compared to its anion) to the perpendicular conformation,
which is even less conductive than the planar conformation. Molecular orbital (MO)
analysis showed that the HOMO for the neutral is mostly localised on the central
ring but with a slight contribution from the external ring, rendering a low but non-
zero conductance.[49, 51] Rotating the central ring fully localises all the frontier

orbitals.[49, 51]
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1.2 1,4-Bis(phenylethynyl)benzene and its derivatives

The interesting photophysical and electronic properties of compounds featuring the
1,4-bis(phenylethynyl)benzene (BPEB—a prototype molecular wire) motif have
been studied for some time by several groups.[4, 15, 53-56] Its known that BPEB (7
in Figure 1.4) 1s highly fluorescent (@ = 0.85[1]) with a lifetime typical of emissive
chromophores (zz = 0.53 ns[1]). As mentioned before, the ground-state barrier to
rotation about the alkynyl-aryl single bond (C(sp)-C(sp®)) is measured to be
~2.7kImol”’ implying the presence of a range of conformations at room
temperature.[S] The challenge has been to engineer control over the molecular
conformation in materials based on the elementary framework of 7 (Figure 1.4).
Progress has been made in this regard by constraining molecular and polymeric
materials in Langmuir films[57], self-assembled mono-layers[58], and through the
use of intramolecular tethers.[59, 60] Another goal is the elimination of collisional
deactivation in solution and aggregate formation[28], in solution and solid phase,
which leads to a reduction in fluorescence and loss in device function through
excimer formation. To combat these problems groups have dendromized BPEB[56]
or added long flexible alkyl[61] or alkoxy[62] side chains. Along with this is the
need for an understanding of how conformational changes, and the addition of side
groups to the phenyl ring, affect the photophysical and electronic properties of 7 in

the ground and excited states.

McFarland et al.[59, 60] showed that the covalent conformational restriction of
diphenylacetylene fluorescent chemosensors, with molecular tethers, enhances
fluorescence. The enhancement is due purely to a decrease in the rate of non—
radiative decay.[59] They went on to demonstrate that restricting the molecular
conformation controls the excited state dynamics. This in turn can modulate the
fundamental non-radiative decay pathways, intersystem crossing and internal

conversion in simple fluorophores.[59]

7
Figure 1.4 1,4-bis(phenylethynyl)benzene (7)[1] and oligo(p-phenyleneethynylene (8).[61]
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Sluch et al.[61] have carried out measurements to establish the dynamic processes
of materials based on the framework of 7 (Figure 1.4). They measured the
absorption, steady-state and picosecond time-resolved emission of oligo(p-
phenyleneethynylene (8 in Figure 1.4) at ambient and low temperature. In
chloroform the absorption and emission spectrum were not mirror images of each
other. The underlying Frank—Condon envelope of the absorption spectrum was
broadened much more than the emission spectrum. In a rigid matrix of oligostyrene
at 77 K, the absorption spectrum narrows while the emission spectrum broadens and,
overall, they become roughly mirror symmetric. It was suggested that the spectral
features and excited state dynamics of PPEs are dominated by the collective twisting
of the phenyl rings relative to the fully planar configuration.[61] As a result of the
shallow ground state potential there is a broad thermal distribution of planarity in the
ground state. However, in viscous solution the time required for planarisation in the
excited state is similar to the fluorescence lifetime (350 ps)[61] and thus the steady—

state spectra is a mixture of relaxed and un—relaxed emission.

Time—correlated single photon counting measurements, with an instrument
response function of 45 ps and a 397 nm pulse excitation of the PPE in CHCls,
showed no shift of the peak in the emission spectrum and a dramatic collapse of the
blue edge. The time constant for the collapse was 60 ps, thus the steady—state
spectrum is relaxed in this solvent.[61] Measurements done in viscous solution
showed the collapse time to be 0.5 ns, which is closer to the fluorescence lifetime,
and thus the steady—state spectrum was only partially relaxed. The steady—state and
the time-resolved spectra show the rate of relaxation to be dependent on solvent

viscosity.

Levitus et al.[6] recently reported a series of photophysical measurements of the
parent species 7. They observed significant and systematic shifts in the fluorescence
emission spectrum of the molecule with excitation wavelength. The two discrete
spectral profiles observed by the group were attributed to planar and twisted
conformational isomers of 7. They also reported an unusually low energy shoulder
at 360 nm on the UV-vis profile. These results were disputed. Such behaviour had
not been observed in other systems closely related to 7[3, 55, 63-65] and the
fluorescence of 7 has been reported to be independent of wavelength by Grummt et

al.[66] The re—examination of the spectroscopic properties of 7 indicates that it
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behaves in a conventional manner, undergoing emission from the lowest vibrational
level of the first excited singlet state at 283 K. In highly viscous, low—temperature
glasses, inhomogeneous fluorescence behaviour and wavelength—dependent
excitation and emission spectra was observed. This pointed to a slow rate of
relaxation of conformers of the excited states compared to the rate of
fluorescence.[1] The anomalous excited state behaviour as reported by Levitus et al.

was later attributed to an impurity in their studied samples.[67]

In a study to characterise the excited state behaviour of compounds with an
extended phenylethynyl chromophore, the photodecomposition dynamics of
peroxides containing a BPEB chromophore were investigated.[68] Neckers et al.
used various photophysical techniques in the picosecond and nanosecond time
domains in their study. They reported that the peroxide oxygen—oxygen bond of 1,4-
bis(2-[4-tert-butylperoxycarbonylphenyl]ethynyl)benzene (Figure 1.5) cleaves (with
rate k = 3.6 x 10'' s) directly from the singlet excited state ( with 60% efficiency)
causing a highly reduced fluorescence yield (& =~ 0.03) and the production of
aroyloxyl radicals.[68] This is followed by the decarboxylation of the aroyloxyl
radicals. The delocalisation of the excitation energy over the BPEB chromophore
induced significant structural changes. This is illustrated by an observed 100 cm™
red shift of the acetylene absorption in the transient IR spectra of the excited state of
the aroyloxyl radical. The presence of phenyl ester groups attached to the BPEB
core accelerates intersystem crossing (kK = 2.8 x 10 sy and reduces the quantum

yield (&x = 0.82) in comparison to 1,4-bis(4-tolyethynyl)benzene (@ = 0.95).[68]

O—0O—C0<,
= <

Figure 1.5 1,4-bis(2-[4-tert-butylperoxycarbonylphenyllethynyl)benzene.[68]

The electronic conduction through a molecular wire can be controlled by the
functional groups attached along the backbone, as discussed at the end of the
previous section. Tour et al.[27, 51, 69, 70] have confirmed conductance on—off
switching devices based on BPEB ‘wires’ functionalised with NH, and NO, groups.
2’-Amino-4-ethynylphenyl-4’-ethynylphenyl-5’-nitro-1-benzenthiol (Figure 1.3 6)
contains a redox centre and was used in the active self assembled monolayer in an

electronic device. They reported a negative differential resistance and an on—off
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peak valley ratio in excess of 1000:1.[69] Using quantum mechanical methods, they
described the electrical behaviour of /#conjugated BPEB systems functioning as
memory devices. The NH, group localises the highest energy occupied electronic
states while the NO, group localises the lowest energy unoccupied orbitals of the
oligomer systems. These effects result in two complementary molecular memories,

each occupying a volume smaller than 1 nm’.[51]

The incorporation of side groups into the BPEB polymer backbone has been
reported to improve the fluorescence response to analytes. One such example is in
the improvement in the efficiency of 2,4,6-trinitrotoluene (TNT) and
2,4-dinitrotoluene (DNT) detectors.[71] The inclusion of rigid three dimensional
pentiptycene into the BPEB motif improved the sensitivity to the analyte by reduced
7m—stacking and increasing the porosity of their spin—cast films.[71] These improved
films exhibited a very rapid fluorescence response to TNT and DNT vapours.
Unlike the unsubstituted polymer, the pentiptycene groups provide cavities for
analyte binding and an electron—rich polymer back bone enhances the fluorescence

response.

BPEB with alkoxy substituents in the 2,5—positions on the phenyl central ring
(Figure 1.9, 12) possess unique photophysical and conformational properties. Unlike
BPEB, the absorption spectra of the alkoxy substituted BPEB consists of two bands.
They are representative of an electronic transition from the low lying HOMO-
1/HOMO-2 orbital to the LUMO (high energy band) and a HOMO-LUMO
transition (low energy band). This is a result of the dialkoxy substitution which
alters the central arene /7orbitals through the resonance interaction with oxygen lone

pairs giving rise to similar orbital features for HOMO and HOMO-1/HOMO-2.[72]

The addition of different types of alkoxy side chains in an effort to produce an
ordered supramolecular architecture have been reported.[62, 73] The
photoluminescent properties, in solution, of these highly emissive polymers with
different alkoxy substituents are quite similar to each because they are governed only
by the conjugated polymer back bone.[62] While in ordered thin films, the type and
length of the alkoxy side chains influences the photoluminescence properties. The
variation in the quantum yields with the type of side chain results from the degree of

long range order in the films. The formation of new excimer complexes which
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provide non—emissive decay channels for the exited state is facilitated by the

proximity of the coplanar oriented polymer chains.[62, 74]
1.3  Intramolecular charge—transfer systems

Electrical charge separation forms the basis for numerous present and future
developments in the field of molecular—scale photonics[43, 75] including organic
conductors and super conductors.[76] Many fluorophores are also capable of
forming internal (intramolecular) charge—transfer (ICT) states or a twisted internal
charge—transfer (TICT) state upon excitation.[76] For over 50 years the theoretical
framework for outer—sphere electron—transfer processes has been studied. The
factors that combine to control the rates of electron—transfer are now known through
the efforts of Libby[77], Marcus[78, 79], Hush[80] and others. One of the main
findings described by Libby was the importance of the Frank—Condon restriction on
the electron—transfer process. Libby was able to apply this principle in a qualitative

way to some experimental observations.[77]

When the fluorophore contains an electron—donating (e.g. an amino group) and an
electron—accepting group (e.g. a cyano group) in weak electronic communication, by
way of orbitals localised on an interspersed spacer group, there is an increase in
charge separation in the fluorophore following excitation. If the solvent is polar,
then the species with charge separation (the ICT state) may become the lowest
energy state. In non—polar solvents the species without charge separation, the locally
excited (LE) state, may have the lowest energy. The solvent polarity thus governs
which state has the lowest energy. Charge separation in some cases is most
favourable in a twisted conformation in which the two moieties involved in charge—
transfer (the donor and acceptor groups) are orbitally decoupled on the fluorophore
to form a twisted intramolecular charge—transfer (TICT) state.[76] A large spectral
shift to longer wavelengths is always associated with ICT and TICT states.[81, 82]
It has come to light that many TICT states are non—luminescent and responsible for

the rapid non-radiative decay of many important fluorescent dyes.[76]

Such charge—transfer emission can be observed in the molecule p-N,N-
dimethylaminobenzonitrile (DMABN), which was observed to emit dual
fluorescence over 40 years ago.[83] Its fluorescence consisted of two bands, one

being ‘normal’ (referred to as the B band—an emission from the 'Ly-type state) for
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closely related benzene derivatives, the other, at considerably lower energy, being an
‘anomalous’ band (Figure 1.6).[76] It was proposed that a solvent-induced reversal
of excited states had occurred.[83] The anomalous band was assigned to
fluorescence from the more polar 'L,-type state (or A band) which is preferentially
stabilised by solvation.[76] This assignment only holds true for DMABN.
Grabowski et al. later suggested that the rules governing dual fluorescence involved
a dynamic relaxation of DMABN with internal twisting of the dimethylamino group,
coupled with electron—transfer from the amino nitrogen to the z,* orbital extending
over the entire benzonitrile group.[84] There was some initial controversy over this
interpretation of the data. Grabowski and others have since produced a significant
-amount of experimental proof to support this TICT hypothesis.[82, 84-87]
Grabowski et al. synthesized model compounds of DMABN with the N(CHs); group
rigidly held in the planar or perpendicular position.[84] All the evidence indicates
that the perpendicular position of the N(CH;), group is associated with the low
energy emission from the 'L,-type state.  The more conjugated p-N,N-
dimethylamino-p -cyano-diphenylacetylene also has photoinduced IC separation but
no dual emission.[88] In polar solvents only the broad low energy emission from the

ICT state is observed.

L, stale
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Figure 1.6 Schematic energy level diagram of molecules exhibiting dual fluorescence. The reaction
coordinated is the twist angle.[89]

Electron—transfer through long bridges is thought to proceed via virtual states
associated with the spacer unit in what is called the superexchange mechanism.[79,

90, 91] In this mechanism the electron or hole is transferred in a single step from the
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donor to the acceptor and the bridge is used as a medium of electronic coupling.
Thus, electron—transfer uses the bridge LUMO whilst the hole transfer borrows
electrons from the HOMO of the bridge.[79] The redox potential of the bridge does
not change and the probability of transferring an electron/hole from donor to
acceptor generally decreases exponentially with distance.[92] The important aspect
of superexchange theory is that the coupling element (Vpa) is related to the energy
gap (AEpp) between active orbitals on the donor and on the bridge (Equation
1.1).[79, 93]
v, = QpsXpy
AE,,

Equation 1.1 Vp, — electronic matrix coupling element; atomic orbital coefficients deéscribing the
coupling between the donor and the first member of the bridge (app) and between the last member of

the bridge and the acceptor (0pa); AEps — energy gap between the orbitals on the donor and on the
bridge.[79]

The larger the energy gap the weaker the electronic coupling and the slower the rate
of electronic transfer.[79] Research into the role of the spacer unit in through—bond
electron—transfer processes has determined that the dynamics of such events are
heavily dependent on the structure of the bridging unit.[94] The low frequency
torsional motions in long, conjugated bridging molecules significantly affect long
distance electron—transfer. The rate of CT through an insulating spacer is dependent

on the nature of the chemical bonding of the spacer.

Molecular-scale photonic systems are concerned with using pulsed light to drive
intramolecular electron—transfer along a preferred pathway, leading to long-range
charge separation or rapid signal transmission.[95] Understanding how to facilitate
rapid charge separation between isolated terminals by designing the appropriate

spacer unit is vital to the development and exploitation of prototypic systems.

4-Cyano-(4’-methylthio)diphenylacetylene (9) is a short molecular dyad with a
sulphide—based donor and a cyano—based acceptor separated by an alkynyl spacer
(Figure 1.7). It has been the subject of both theoretical and experimental study. It is
known that UV illumination causes excitation to a polar singlet excited state that
undergoes charge—recombination fluorescence and intersystem crossing to a triplet
state.[96] However, the exact mechanism by which charge separation and
recombination occurs are still unknown. Recently Harriman et a/.[95] modelled the

intramolecular charge—transfer in this molecule with the intension of better
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representing the charge-transfer step and assigning meaningful structures for the

various metastable species.

H8C\S Q — O CN

Figure 1.7 4—cyan0-(4’—methylthio)diphenylacetylegne (9).[95]

The photophysical properties of 9 can be described in terms of a 4—state model.
Here the ground state is assumed to be non—polar. There are two singlet excited
states of similar excitation energy. It is believed that one of these states has a strong
charge—transfer character while the other has a polarity similar to that of the ground
state. The lowest energy excited singlet state in polar solvents is the most likely to
be the charge—transfer state (CTS). This species will undergo charge-recombination
fluorescence with high probability. The triplet state CTS is similar in energy to the
non—polar triplet state. However the chief non-radiative decay channel involves
population of the non—polar triplet state. The various energy gaps can be tuned by
taking advantage of the sensitivity of the singlet CTS energy to solvent polarity.
Understanding effects of increasing chain length on the connector and the dynamics
of the forward and reverse charge—transfer is significant for the application of similar

compounds as molecular scale wires or as light harvesting, photovoltaic materials.

Theoretical studies of 9 in different solvents concluded that in polar solvents the
phenyl rings were perpendicular to each other.[95] This results in the localisation of
the excitation energy. It was also concluded that the charge—transfer fluorescence
occurred from the twisted form of the CTS state. These findings correctly predicted
the solvent effect and gave a good quantitative description of the absorption and
fluorescence spectral shifts. The large Stokes shift seen in polar solvents illustrated

the importance of twisting within the excited singlet state.

Harriman’s quantum chemical investigation sought to explain the photophysical
properties of the donor—acceptor dyad 9. The experimental data[96] indicates that
the first excited singlet state undergoes a significant change in geometry and polarity
following its initial formation by UV excitation. They predicted a time—dependent
Stokes shift of ca. 7000 cm™ in polar solvents. Their calculations also suggested that
charge-recombination fluorescence and intersystem crossing are likely to compete

with direct recombination as the path by which deactivation of the relaxed CTS
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occurs. It is expected that relaxation of the planar CTS into the final twisted CTS

should be rapid due to the ease of rotation around the central alkynylene bond.

The photophysics of 9 has been described in terms of the Marcus electron—transfer
theory[97] and can be discussed in terms of the Englman—Jortner energy—gap
law[98] for a closely—coupled system. This best describes compounds that undergo
a large change in dipole moment upon excitation and have valuable properties for
non—linear optical devices. The rate constant for intersystem crossing within the
CTS as calculated by the Marcus theory (2.7x10* s™') was found to be comparable to
the experimental rate constant for radiative decay of the CTS (4x10® s™"). Thus the
deactivation of the CTS can be accounted for in terms of triplet formation and

charge—transfer fluorescence.

The Englman—Jortner model better represents the non-radiative processes as it
takes into account the nature of the various photophysical processes undertaken by 9.
It considers the CTS as a polar excited state for which the rate constant for non—
radiative decay (ky) is expressed in terms of the electron-vibrational coupling matrix
element and the single averaged vibrational frequency coupled to the non-radiative
process. The energy gap between the relaxed CTS and the ground state is much
larger than the energy gap between the CTS and the triplet state resulting in direct
charge recombination being less significant. The averaged vibrational frequency is
likely to be coupled to the intramolecular twisting process but there is not enough
detailed information about the magnitude of this term to completely evaluate this

system.

The optimisation of the amount of charge—transfer (CT) in /#/~conjugated push—pull
systems is a critical issue in the design of non—linear optical (NLO) materials.[99]
CT is important for NLO response and the delocalised 7#system in conjugated
organic compounds is considered a good bridge for CT from donor to acceptor.[79]
Several such #conjugated systems such as benzene, stilbene, thiophene, polyene
and polyyne have been extensively studied. According to Lee et al.[100] the
polyenic chain is a better bridge for long paths while the polyynic chain is better for

short bridges because of the mobility of the #—electrons.
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14 The triplet state of poly(arylethynylenes)

Arylacetylenes, exhibiting s#conjugation do not display long-lived triplet
emissions (phosphorescence) at room temperature. Consequently the triplet excited
states of arylacetylide groups and PPEs are difficult to analyse and thus have not
been fully explained. This lack of emission is due to the excited triplet state
emission to the singlet ground state being forbidden by spin selection rules. To
enhance triplet state emission some authors have incorporated heavy metal atoms,
such as platinum, into the polymer chain by ligation.[101-104] This introduces spin
orbit coupling and enhances triplet excitation. While this modification allowed for
triplet (77, 7*) emission at low temperature, the low energy d—d excited state of Pt(II)
provides a facile means for non-radiative decay and makes observing the triplet
emission in solution difficult.[105] To overcome this Au(I) has been used instead,
because the d'® closed—shell configuration does not allow low lying d-d excited

states.[105]

The triplet excited states of some organic arylacetylides where probed by Chao et
al.[105] in order to establish a structure—function relationship and to shed light on
the photophysical nature of arylacetylene oligomer and polymer materials. They
were able to enhance the organic triplet emission of the arylacetylide groups at
ambient conditions by ligation to a [Au(PCy;)]" (PCys—tricyclohexylphosphine)
fragment. The ligation induces intersystem crossing from singlet to triplet states.
They demonstrated the tunability of the triplet (7, #*) emission, and hence the
excited state reduction potential, by modification of the chain length. As the chain
length increased the phosphorescence intensity decreased. This was explained in
terms of the energy—gap law. It states that the non-radiative decay rate increases
exponentially on decreasing the energy gap between the two electronic states.[106]
They determined that there was a linear relationship between the singlet and triplet
state energies. Delayed singlet (77, 7*) fluorescence seen in extended arylacetylide
units was proposed to be the result of a triplet—triplet annihilation mechanism. The
triplet excited state reduction potentials of arylacetylides are very negative (-1.80 to

-1.17 V) and imply that they are strong photoreductants.
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Figure 1.8 P0 and 10.[107]

Schanze et al.[107] reported one of the first studies of the photophysical properties
of the excited singlet and triplet states of an aryleneethynylene polymer (P0) and
model compound 10 (Figure 1.8) not bound to a metal. They observed long lived
transients in solutions of P0 and 10, equal to 142 us and 169 us respectively, which
they assigned to a triplet state. A bleaching of the ground state absorption band at
Amax(P0) = 410 nm and Amax(10) = 360 nm in the triplet state difference absorption
spectra of the two compounds is accompanied by a broad triplet-triplet (T-T)
absorption band extending into the longer wavelength region (500-700 nm). The
marked similarities between the difference absorption spectra of PO and 10 implied
the triplet state electronic structures of the polymer and the model compound are
quite similar. From Stern—Volmer quenching studies (using a series of triplet
acceptors of varying energy) they determined the triplet energies (Et) of PO and 10
to be 17700 and 17500 cm™ + 5% respectively.[107] The triplet state quantum yield
(@r) was determined as @r (10) = 0.05 and & (PO) = 0.12[107], using time-
resolved thermal lensing[108, 109] and verified by photoacoustic calorimetry.[110]
The lower singlet (Es)—triplet splitting energy (defined as Es — Et) in PO compared to
10 (5600 vs. 6500 cm™) suggested the electron exchange energy was smaller in the
polymer.[111] This was presumed to be due to the delocalisation in the LUMO
(and/or the HOMO) for the 7*«— s transition being greater in PO than in 10.[107]

More recently other authors have characterised the triplet state of the BPEB
chromophore using time—resolved spectroscopy techniques.[68, 112] Polyansky et
al.[68] reported on the triplet excited state of the BPEB chromophore in 1,4-bis(2-[4-
phenyloxycarbonylphenyl]ethynyl)benzene (11) from time-resolved infrared (IR)
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experiments. At a laser power of 5 mJ/ pulse they observed the bleaching of the
ground state at 1735 cm” accompanied by a new transient absorption band red
shifted by ca. 20 cm™.[68] A bleaching at 1604 cm™ assigned to the C-C stretch was
also observed. These bands were assigned to the triplet state absorption of BPEB.
The authors[68] concluded that the electron density in the triplet state is delocalised
primarily through the central BPEB chromophore partially reducing the bond order
of the C-C bond and driving the IR absorption to lower energies. This was implied
by the shift of the phenyl C-C stretch being four times greater than that of the

carbonyl vibrational shift.

Sudeep et al.[112] have also characterised the triplet states of model compounds 12
and 13 from nanosecond laser flash photolysis experiments (Figure 1.9). They found
the triplet state absorption maximum of 12 and 13 to be 520 and 660 nm
respectively. The lifetimes of the triplet states were 140 us for 12 and 218 us for 13.
They demonstrated the ability of 12 to sensitize the triplet state of a squaraine dye by
the triplet—triplet energy transfer method. Compound 12 is shown to be able to act

as a triplet energy donor to molecules having lower triplet energy.[112]

Figure 1.9 12 and 13.[112]

Triplet excited states, being long—lived, can initiate degradation via singlet oxygen
generation and/or electron—transfer processes resulting from self-quenching
processes.[112] Thus, it is important to know the intermolecular interactions of the
triplet exited state in order to determine the long—term operation of optoelectronic or
luminescent devices. Sudeep ef al.[112] investigated two self—quenching processes
(1) quenching of the 12 and 13 triplet by ground-state molecules and (i1) T-T
annihilation. They concluded that the decay of the triplet is not significantly affected

by ground state molecules at low concentrations (< 10 4M). It was admitted that this
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type of quenching could be a major contributor in films with high local
concentrations of dye. Also if 12 were used as a bridging unit, unintended excitation
could affect the course of electron—transfer.[112] At triplet concentrations > 5 uM

the decay is observed to be dominated by a second order T-T annihilation process.
Aims

The main objectives of this study are: (1) to characterise the photophysical and
electronic properties, in the ground and excited state, of the model molecular wire
compound BPEB and a selection of its derivatives which are divided into two
groups; (i) BPEBs with branched alkane substituents and heavy atom substituents;

and (i1) BPEBs with donor—acceptor, donor—donor or acceptor—acceptor groups in

para positions at either end of the linker unit.

(2) to characterise some of the photophysical properties of 9,10-
bis(phenylethynyl)anthracene (BPEA) and a selection of its derivatives having
donor—donor or acceptor—acceptor groups in para positions at either end of the linker

unit.

(3) the characterisation of some of the photophysical and electronic properties of 2,5-
bis(phenylethynyl)thiophene, 1,4-bis(2-thienylethynyl)benzene and 2,5-bis(2-
thienylethynyl)thiophene in the ground state and excited state. Their triplet excited
states are also probed to determine if there are any changes in the bonding order in

this excited state.
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CHAPTER 2

An introduction to fluorescence spectroscopy
2.1 Luminescence

Luminescence is the emission of light from the electronically excited states of any
material, which usually does not result in a rise in temperature. Materials exhibiting
this property are called phosphors or fluorophores. Examples of types of
luminescence include photoluminescence[1] which is produced by excitation using
light, bioluminescence[2] from organic or biological chemical reactions,
chemiluminescence[3] from inorganic chemical reactions, sonoluminescence[3]
produced by sound waves, electroluminescence[3] generated by the passing of an
electric current through the specimen and triboluminescence[3] which is a result of a
suitable phosphor being subjected to pressure or friction. In all the work described
here, ultraviolet and visible electromagnetic radiation was used to excite the organic

fluorophores to higher energy levels, in order to observe their photoluminescence.

Luminescence is divided into fluorescence and phosphorescence depending on the
nature of the excited states involved in the transitions and the electron spin
orientation.[1] These types of emission are usually associated with molecules having
n—electron systems. Fluorescence describes the process in which AS =0, where AS
is the change in spin quantum number. Light is emitted from the excited singlet
states in which the electron in the excited orbital is spin paired with an electron in the
lowest occupied molecular orbital. As the return to the ground state is spin-allowed,
it occurs rapidly with the emission of a photon. The rate constant for fluorescence is

typically 10® s™'.[1]

Phosphorescence is the emission of light from triplet excited states in which the
electron in the excited orbital has the same spin orientation as the electron in the
lowest occupied molecular orbital, i.e. AS # 0. Phosphorescence tends to be lower in
energy than fluorescence. The transitions are spin forbidden with low emission rates
from 102 to 10° s™'. Phosphorescence is not usually observed at room temperature in
solutions due to non-radiative decay, quenching and other processes.[1] Molecules
containing heavy atoms such as bromine or iodine are frequently phosphorescent.
The heavy atoms facilitate intersystem crossing which enhances phosphorescent

quantum yields.[1]
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The simplified Jablonski diagram in Figure 2.1 illustrates the transitions occurring
after the absorption of light by a typical organic molecule. So, S; and S, represent
the ground electronic state and the first two excited electronic states respectively.
Each of these electronic energy levels has a number of vibrational energy levels
(Sp*) associated with them. The vibrational levels are due to the motion of the
nuclei. The instantaneous absorption of light of the appropriate wavelength
populates the upper vibrational levels of the excited states, at the expense of the
ground state, via the transitions S,*«S;. The transitions between states occur in
about 10"° s and thus there is no time for any significant displacement of the nuclei.
This is the Frank—Condon principle.[1] The intensity of the absorption transition
depends on the extent of the overlap of the wavefunctions of the upper and lower
vibrational energy levels (the Frank—Condon factor). Prior to any emission the
molecule relaxes to the lowest vibrational excited state via non—radiative processes
e.g. Sp*—8,—8*—S,. The first of these processes is vibrational relaxation (VR).

Here the molecule loses its vibrational energy by collisions with solvent molecules.

Sn TS Tn
-
<
< ISC’
S, . I MW
< T
ABS 1 1
hv IC/VR
—P s
FLUOR PHOS ISC/VR
hvy hv,
e
_ —>
= :
SO y 7 ‘ v

Figure 2.1 The Jablonski diagram for a typical organic molecule. Sy represents the ground state. S,—
S. and T,-T, represent the singlet and triplet excited states respectively. ABS hy-the light energy
absorbed, IC/VR-internal conversion and vibrational relaxation, ISC’-intersystem crossing and
FLUOR hv; and PHOS hv,—fluorescence and phosphorescence emissions.

If the sample is in a solid matrix, VR occurs by exchange with the vibrational

motions or phonons of this matrix. This is followed by internal conversion (IC)
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whereby the molecule undergoes a transition to the lowest energy level in a highly
excited vibrational level[4] e.g. S;*—S,. The process results in very little energy
change. The electrons then return to the higher excited vibrational ground state
levels. The lowest vibrational energy level of the ground state is reached by VR.
Transitions can also occur between isoenergetic levels of different multiplicities, e.g.
S;—T;, when it is termed intersystem crossing (ISC). VR and IC are usually very
rapid processes and are complete within 10®s. IC is faster for the upper excited
states but VR is always faster. Fluorescence lifetimes are typically 10" s to 10" s
so fluorescence emission generally occurs from the lowest-energy vibrational state of
S,.[1] The slower process of ISC (kisc = 10%s™) populates the first excited triplet

state (T) from which phosphorescence occurs.

Emission energy is always less than that of absorption. This is because of the non—
radiative decay processes (IC and VR) that relax the molecules to lower energy
levels prior to emission. Thus, fluorescence always occurs at longer wavelengths.
This was first observed by Sir G.G. Stokes and is referred to as Stokes shift.[1]
Emission from fluorescent molecules, under normal conditions, always takes place
from the lowest excited electronic state. In addition to this, it is always the lowest
vibrational level of the lowest excited state that is involved. This is known as

Kasha’s rule.[1]

Fluorescence typically occurs from aromatic molecules.[I] Examples of
fluorophores include quinine, Fluorescein, Rhodamine B and p-bis[2-(5-phenyl-
oxazolyl)]benzene (POPOP).[1] In this study we are primarily investigating the
highly conjugated substituted 1,4-bis(phenylethynyl)benzene and 9,10-bis(phenyl-
ethynyl)anthracene molecules, which are highly fluorescent in solution and low

temperature glasses.

Fluorescent emission spectra vary widely and depend on the chemical structure of
the fluorophores and the solvent polarity. As a rule, the emission is generally the
mirror image of the S,«S, absorption transition only and not the total absorption
spectra. This similarity occurs because electronic excitation does not greatly alter
the nuclear geometry.[1] Thus the spacing of the vibrational energy levels of the

excited state 1s similar to that of the ground state.[1]
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There are occasions when the mirror image rule is not obeyed. This is sometimes
due to the molecule being excited to the second excited state (S;) which relaxes
rapidly to S;.[1] The emission spectra may also indicate the change in molecular
geometry due to excitation. The spectra of p-terphenyl is such an example.[1] The
lack of fine structure in the absorbance spectrum of a molecule and the presence of
fine structure in its emission spectrum seems to indicate coplanarity of phenyl rings
in the excited state.[1] Generally the opposite is observed. This is due to emission

predominantly occurring from the lowest singlet state of S;.
2.2 The effect of solvent polarity on fluorescence spectra

Solvent polarity and the local environment significantly affect the emission spectra
of polar fluorophores. These effects, together with the previously mentioned
processes of IC and VR, contribute to Stokes shift.[1] The high sensitivity of some
polar fluorophores to changes in the polarity of their solvent environment makes
them good probes for studying solute-solvent interactions.[5] The effects of solvent
polarity on emission spectra are complex and are not completely explained by one
theory. Generally, the energy of the excited state decreases with increasing solvent
polarity. This effect can be accounted for by the Lippert equation (vide infra).[1]
This describes the Stokes shift in terms of changes in dipole moment, which occur
upon excitation, and the energy of a dipole in solvents at various dielectric constants
(¢) or refractive indices (n).[6] However, spectral shifts are also due to specific

fluorophore—solvent interactions and charge separation in the excited state.

Fluorophores emit at longer wavelengths than those at which absorption occurs
due to the loss of energy via the dynamic processes previously mentioned. Polar
solvents have a stabilizing effect on the excited state of the fluorophore. The result
is a shift in the emission to even lower energies. The process is outlined in the

Jablonski diagram in Figure 2.2.[1]

Fluorophores typically have a larger dipole moment in the excited state (u.) than in
the ground state (ug).[1] After excitation, the solvent dipoles reorient around .,
which lowers the energy of the excited state.[1] A possible mechanism for the high
sensitivity to solvent polarity is the following. Consider a molecule with a strong
electron donor substituent (e.g. dimethylamino group) on one end and a strong

electron acceptor (e.g. cyano group) on the other end.
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Figure 2.2 Jablofiski diagram for fluorescence with solvent relaxation. S, and S, represent the first
and second excited states. hv, and hve represent the light energy absorbed and fluorescence
respectively. p. and p, represent the excited state and ground state dipoles respectively.[1]

S, 4 l Internal conversion and

This results in a large dipole moment in the ground state. Charge separation is likely
to increase in the excited state. The result is a larger dipole moment than in the
ground state. The important parameter for solvent effects is the dipole moment.
This depends on charge separation in the fluorophore. Non—polar molecules, such as

unsubstituted aromatic hydrocarbons, are much less sensitive to solvent polarity.[1]

Typically fluorescent lifetimes are 1—10 ns which are much longer than the time
required for solvent reorientation. Absorption of light occurs in about 10" s while
solvent relaxation occurs in 10—100 ps in solutions at room temperature.[1] Thus,

emission spectra of fluorophores are representative of the solvent relaxed state.

Solvent—fluorophore interactions are diverse and the solvent—dependent emission
spectra cannot be described quantitatively by a single theory. Trends observed with
solvent polarity follow the theory of general solvent effects but there are often
additional shifts due to specific interactions (vide infra) and to the formation of

internal charge—transfer states.[1]
23 The Lippert equation

The description of general solvent effects considers the fluorophore to be a dipole
in a continuous medium of uniform dielectric constant.[1] Thus, deviations from the
theory by way of solvent—fluorophore interactions, or formation of ICT states can be
identified. This model lacks chemical interactions and so the theory cannot explain

the effects of specific solvent—fluorophore interactions.

The Lippert equation [2.1] describes the difference in energy (in cm™') between the
ground and excited state of a fluorophore in terms of the refractive index () and the

dielectric constant (¢) of the solvent.

43



— — 2 8—1 n2—1 (ﬂe_#g)z
vV, -V, =— - + constant 2.1]11
4 0F hc(28+1 2n2+1J a’ [2.1101]

Here Z and v, are the wavenumbers (in cm™) of the absorption and emission
respectively. 4 is Planck’s constant (6.6256 x 10%" erg s), c is the speed of light in
cms’, and a is the radius of the cavity in which the fluorophore resides in A.
Despite this equation only being an approximation, there is reasonable correlation
between the observed and calculated energy losses in aprotic solvents. In the
approximation the higher—order terms have been neglected. These terms would
account for second-order effects, such as dipole moments induced in the solvent

molecules by the excited fluorophore and vice versa.[1]

It is observed that an increase in refractive index (») decreases the Stokes shift.
Furthermore, an increase in the dielectric constant (¢) increases the Stokes shift.
This i1s a result of the refractive index being dependent on the near instantaneous
motion of the electrons in the solvent molecule. When # is increased the ground and
excited states are instantaneously stabilised by the redistribution of the electrons
within the molecule. Consequently there is a decrease in the energy difference
between the ground and excited states. This accounts for the red shift in the
absorption spectrum of most fluorophores in solvents relative to the vapour phase.[7-
9] On the other hand, € is a static property that is dependent on the electronic and
molecular motions or solvent reorganisation around the excited state. The ground
and excited states are also stabilised by an increase in €, but the energy decrease of
the excited state due to the dielectric constant occurs only after reorientation of the
solvent dipoles. This requires the movement of the entire solvent molecule. Thus
stabilisation of the ground and excited states of a fluorophore is time—dependent and
depends on &. Temperature and solvent viscosity determines the rate of solvent
relaxation. The excited state shifts to lower energy on a time scale comparable to the

solvent reorientation time.[1]

The term within the large parentheses in the equation [2.1] is referred to as the
orientation polarisability (4f) and accounts for spectral shifts due to reorientation of
solvent molecules. It is the difference between the spectral shifts due to reorientation
of the solvent dipoles, and redistribution of the electrons in the solvent molecules

(first term), and the redistribution of the electrons (second term). Solvent
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reorientation, and thus the dielectric constant, is expected to have the greater effect

on Strokes shift.
2.4  Specific solvent effects

Specific solvent effects are the result of the interactions between one or a few
neighbouring solvent molecules and the fluorophore. They are determined by the
specific chemical properties of both the fluorophore and the solvent.[1] Possible
origins of specific effects include hydrogen bonding, acid-base chemistry and
charge—transfer interactions. These interactions can lead to substantial spectral shifts

and their recognition is important for the detailed interpretation of emission spectra.

By examining the emission spectra of fluorophores in a variety of solvents specific
solvent—fluorophore interactions can be identified. @ The addition of a low
concentration of polar solvent to a non—polar solvent—fluorophore solution, which
results in a decrease in the initial intensity of the emission spectrum and the
appearance of a red shifted spectrum, is an indication of specific solvent effects.
Such is the case for 2-anilinonaphthalene in cyclohexane and 3% ethanol (EtOH).[1]
Here it is proposed that the effect is due to hydrogen bonding of EtOH to the amino

groups as opposed to the stabilisation of an ICT state by a more polar solvent.

Specific solvent—fluorophore interactions can take place in the ground state or the
excited state. The polar additive will not affect the absorption spectrum if the
interaction only occurs in the excited state. The absorption spectrum is expected to
change if the interaction occurs in the ground state. The time scale of these
interactions is determined by their presence in the ground state or in the excited state.
An immediate spectral shift is expected if the solvent and the fluorophore are
associated in the ground state. On the other hand, if the interaction with the polar
solvent only occurs in the excited state then the rates of diffusion of the polar solvent

and the fluorophore determines the appearance of the specific solvent effect.
2.5  The effect of temperature and solvent viscosity on fluorescence spectra

Solvent viscosity increases at low temperature and thus the time needed for solvent
reorientation increases. If the solvent relaxation rate is slower than the emission
decay rate then the emission spectra of the un-relaxed Frank—Condon (F) state is
expected. This will be at a higher energy than the relaxed (R) state emission

observed in fluid solvents. At intermediate temperatures, where the rates of solvent
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relaxation and decay are approximately equal, the emission spectrum occurs in
between the F and R states.[1] This intermediate spectrum is usually broader than

the F state and R state spectra because of contributions from both states.

Solvents such as glycerol or methylcyclohexane/isopropanol (4:1), which increases
in viscosity as the temperature decreases, can be used to immobilise the fluorophore.
In the case of polyphenylethynylenes it is thought that the rotation of the benzene
rings relative to each other is also slowed down or stopped altogether. This is
inferred from the increased vibrational structure observed as temperate
decreases.[10] Insight into the conformation of these molecules upon excitation is
gained from studying the photoluminescent properties of these low temperature

systems.
2.6  Fluorescence quantum yield

The fluorescence quantum yield (@) of a fluorophore is the ratio of photons
emitted to photons absorbed. The processes governed by the emissive rate of the
fluorophore (/) and the rate of non—radiative decay (k) to Sy, both depopulate the
excited state (Figure 2.3). Here, k,, is equal to all the deactivating rate constants (k;c
+ kvr + kisc). The proportion of fluorophores which decay through emission, i.e. the
quantum yield, is given by equation[1]:

_ Tr
r + kMI'

D,

If ky << I', & can be close to unity. However, @& is always less than unity because

of Stokes losses.
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Figure 2.3 A simplified Jablonski diagram illustrating the relaxation processes leading to the relaxed
S, state. hv, and hve represent absorbance and fluorescence energies respectively. I and &, represent
the emissive rate of the fluorophore and the rate of non-radiative decay to S, respectively.
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2.7 Fluorescence lifetime

The lifetime (7) of a fluorophore determines the time it has to interact with, or
diffuse in, its environment. The lifetime of the excited state is defined by the
average time the molecules spend in the excited state prior to returning to the ground
state.[1] The observed fluorescence lifetime (zr) of fluorophores is usually about
10 ns, but individual systems have characteristic lifetimes and these are given by the
equation[1]:

- - 1
f F+knr

Here, I"and k,, are as previously mentioned (section 2.6). For a single exponential
decay, 63% of the molecules would have decayed before t = T7and 37% att > 7. The
intrinsic or natural lifetime of a fluorophore occurs in the absence of non-radiative

decay and is given by 7, = 1/I" It is easily derived if the @ and z; are known.
2.8  Anisotropy

The excitation of an isotropic sample with plane polarised light usually leads to the
emission being partially polarised and the degree of polarisation is given by the
fluorescence anisotropy (r). A non-zero anisotropy indicates polarised emission.
The origin of this phenomena is the fact that the transition dipole moments for
absorption and emission lie along specific directions within the fluorophore
structure.[1] In an isotropic solution, fluorophores are randomly orientated in the
ground state. When exposed to polarised light, those fluorophores which have their
absorption transition moments oriented parallel to the electric vector of the incident
light are preferentially excited.[1] This leads to the generation of a population of
molecules in the excited state having their transition moments orientated along the

electric vector of the polarised exciting light.

A number of phenomena can result in the depolarisation of the emission, including
factors such as scatter and re—absorption of emission. In dilute solution, the most
important cause of depolarisation is rotational diffusion of the molecule in the time
between absorption and emission. Anisotropy measurements allow the
determination the average angular displacement of the fluorophore between the
absorption and emission processes. This angular displacement depends on the rate

and extent of rotational diffusion during the lifetime of the excited state, which is
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characterised by a rotational correlation time, z.[l] Rotational diffusion is
dependent on the solvent viscosity, temperature and the size and shape of the rotating
molecule. The simplest model is to consider that, in solution, the rate of fluorophore
rotation depends on the viscous drag imposed by the solvent. Changing the solvent
viscosity therefore results in a change in fluorescence anisotropy. For small
fluorophores, in solutions of low viscosity, the rate of rotational diffusion is typically
much faster than the rate of emission (z. << 7;).[l1] Under these conditions, the

anisotropy is close to zero and the emission is depolarised.
2.8.1 Fluorescence Anisotropy

The fluorescence anisotropy (r) is defined by:

_ I" —I_L

421, (22111

Here, [, and I, are the fluorescence intensities of the vertically () and horizontally

(L) polarised emission. The fluorescence anisotropy is determined by exciting the

sample with vertically polarised light and then detecting of the fluorescence 90° to

the sample with parallel and perpendicular polarisers, /,, and /, (Figure 2.4).

I I
L ‘/l \/ /l Emission
MC

Cell containing
fluorophore solution

Vertical excitation

Figure 2.4 Schematic diagram for measurements of fluorescence anisotropy. MC-Monochromater.
Iy and Lv are the actual parallel and perpendicular emission intensities; Iyy and Iyy are the measured
parallel and perpendicular intensities uncorrected for the MC transmission efficiency.[1]

In order to measure the actual horizontal and vertical intensities of the emission a
correction has to be made for the detection system. This is known as the G-factor
and is the ratio of the sensitivity of the detection system to polarised light.[1] The
G-factor is measured using horizontally polarised light and is determined from the

equation:

G = L [2.3][1]
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Here, the subscripts indicate the orientation of the excitation and emission polarisers

respectively.  Thus, Iyy corresponds to horizontally polarised excitation and
vertically polarised emission. Once the G-factor is known, the ratio /,//, can be

calculated from

I I
W [2.4]1]
I,,G I,
The anisotropy is given by
Lo W/1)-1 [2.5][1]
Iy/1, +2

Substituting equation [2.4] into [2.5] gives the following formula

I, -Gl,

_ 2.6][1
", v201,, 261t

The total luminescence intensity is given by I, + 2/, as a result of the dependence

of the intensity on cos’a. Here, a is the angle between the transition moment and
the transmitting direction of the polariser. If one considers a collection of
fluorophores where each one emits with intensity /;, then the total intensity is given

by

L=1 [2.7][1]

i=

If the intensity is observed through a polariser oriented along some axis p, the

intensity is given by

1,=) Icosa, [2.8][1]

i=1

Here oy, is the angle between the direction of the ith emission dipole and the axis of
the polariser. Now measuring the intensity along the three Cartesian axes where o,
are the angles between the ith dipole and the representative axis gives a total

intensity, I, of

I, +1,+1, =) I(cos’a, +cos’a, +cos’ a,) [2.9][1]

i=]
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Since cos’ a,; +cos’ a,; +cos’ a, =1 is always true, equation [2.9] becomes

I+ +1 = i[i =1,

i=1

[2.10][1]

For vertically polarised excitation .=/, thus I, =1, + 27, [1]

2.8.2 Theory for fluorescence anisotropy

Weber[11] derived the theory for fluorescence anisotropy using a single molecule.
Assuming that absorption and emission moments of the molecule are parallel, there
is no rotational diffusion and the molecule is oriented with angles 0 relative to the z-
axis and ¢ relative to the y-axis (Figure 2.5). This is only the case when the state that

is being directly excited is the same as the one that is emitting.
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Figure 2.5 The emission intenstties for a single fluorophore in a coordinate system.[1]

Fluorescing molecules behave like radiating dipoles[12] and the intensity of the
light from a dipole is proportional to the square of the vector projected onto the axis
of observation. It can also be reasoned that the emission is polarised along the
transition moment. The intensity observed through a polariser is proportional to the
square of the projection of the electric field of the radiating dipole onto the

transmission axis of the polariser.[1] These projections (see Figure 2.5) are given by

1,(8,¢) = cos’ 0

1,(6,¢) =sin*0sin’ ¢

[2.11][1]

[2.12][1]
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The anisotropy is calculated by performing the appropriate average based on
excitation photoselection (vide infra) and how the selected molecules contribute to
the measured intensity.[1] Consider the excitation polarised along the z-axis (Figure
2.5). This excitation will excite all molecules having an angle ¢ with respect to the
y-axis with equal probability. Any experimentally accessible population of
molecules will be oriented with values of ¢ from 0 to 2.7 with equal probability. The
dependence of equation [2.12] on ¢ is therefore eliminated. Since the average value

of sin’¢ is 1/2[1] we can simplify equations [2.11] and [2.12] to give
1,(8) = cos’ 0 [2.13][1]

1,(0) =%sin26 [2.14][1]

If we consider a collection of fluorophores oriented relative to the z-axis with a

probability of /(0), the measured fluorescence intensities for these molecules are

n/2

I, = j F(8)cos®0 db = k(cos’0)  [2.15][1]

I, =

| —

' [ 7(®)sin’6 db = §<sin2 0) [2.16][1]

Here, the probability that a fluorophore is oriented between 6 and 0+d0 is f (8) do
and k is an instrumental constant. Using equation [2.2] and the identity sin’0 =1-
cos’@ it is found that

2y _
r=3(cos 0) -1

: [2.17][1]

The anisotropy is determined by the average value of cos’0 where 0 is the angle of

the emission dipole relative to the z-axis.

For a single fluorophore oriented along the z-axis with collinear absorption and
emission transitions, 8 = 0° and » = 1.0. However, it is not possible to obtain a
perfectly oriented excited—state population in a homogenous solution. Anisotropies
are therefore always less than 1.0. When 6 = 54.7°, r = 0 which is the result of the
average value of cos’® being equal to 1/3, where 0 is the angular displacement

between the excitation and emission moments. A more complex expression than
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equation [2.17] is needed to describe most fluorophores because the transition
moments are rarely collinear and the effects of excitation photoselection on the »

values have to be also considered.[1]
2.8.3 Excitation Photoselection

When a sample is illuminated with polarised light, the electric dipole of the
fluorophore need not be precisely aligned with the z-axis to absorb light polarised
along this axis. The probability of absorption is proportional to cos’8. Here,0 is the
angle the absorption dipole makes with the z-axis.[11] The result is a population of
excited fluorophores that are symmetrically distributed around the z-axis. This
phenomenon is called photoselection.[1] In a disordered solution in the ground state
the number of molecules at an angle between 8 and 8+d6 is proportional to sinf db.
This quantity is proportional to the surface area of a sphere within the angles 6 and
0+d0.[1] The distribution of molecules excited by vertically polarised light is given
by

f(8)dB = cos” Bsin 6 db [2.18][1]

The maximum photoselection that can be obtained using one—photon excitation of a

homogeneous solution is given by equation [2.18].

If the absorption and emission dipoles are collinear the maximum value of <cos’0>
is given by
n/2

[ cos?0f (6)dd
<c0s’0> = -2 -

[2.19][1]

x/2

[ f@®)d0

Substituting equation [2.18] into [2.19] yields <cos’8> = 3/5. On substituting this
value into equation [2.17], one finds a maximum anisotropy of 0.4. This value
corresponds to collinear absorption and emission dipoles and the absence of
depolarisation processes. Under these conditions the excited—state population is

preferentially oriented along the z-axis and the value of 7, is a third of the value of

]".
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2.8.4 Fundamental anisotropy

Generally, r 1s less than 0.4 and dependent on the excitation wavelength. This is a
result of the fluorophore transition moments being displaced by an angle f relative to
each other. Equation [2.17] demonstrated how the displacement of the emission
dipole from the z-axis by an angle 0 resulted in a decrease in the anisotropy by a
factor of (3 cos’8-1)/2. The displacement of the absorption and emission dipoles by
an angle P leads to a further loss of anisotropy. The observed anisotropy in a low
temperature glass matrix of a dilute solution is a product of the loss of anisotropy
due to photoselection (which is 0.4) and that due to the angular displacement of the
dipoles. Therefore the fundamental anisotropy () of a fluorophore—which is the

observed anisotropy in the absence of other depolarising processes—is given by

_2(3cos’p-1
= (——2 ] [2.20][1]

ro values of about 0.39 (for 1,6-Diphenyl-1,3,5-hexatriene (DPH), where
B =7.4°)[13], or slightly lower[14] have been reported. For an isotropic solution

which has under gone single-photon excitation, 7y can only have values in the range

-0.2 to 0.4.

In order to measure ry, rotational diffusion must be eliminated. This is achieved by
using solvents which form a clear glass at low temperature. Additionally
depolarisation due to radiative re—absorption and emission or as a result of resonance
energy transfer (RET) must be avoided. To achieve this, solutions must also be
optically dilute. Under these conditions, the fluorophores undergo no inter-
chromophore interactions during the lifetime of the excited state.[1] Therefore § can
be calculated from equation [2.20] using the measured anisotropy values (ry). The
orientation of the absorption dipoles vary for each absorption band so 8 is dependent

on the excitation wavelength.

Emission is generally from the lowest singlet state so r is independent of emission
wavelength. The changes in ry with the excitation wavelength can be explained in
terms of the changing contributions of two or more electronic transitions, each with a
different value of B. The largest »y values are typically observed for the longest

absorbance wavelengths. This is because emission normally arises from the
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transition between the lowest singlet state and the ground state—which is the same
as that responsible for the longest—wavelength absorption band (Kasha’s rule).[1]
Thus the absorption and emission have nearly collinear moments. When the higher
electronic states are excited, angle  can be large and these states do not usually emit
directly, but decay to lower states by internal conversion to the lowest excited singlet

state, S;.

It is thought that the absorption and emission dipoles of nearly all fluorophores lie
in the plane of the rings.[1] This is because the ground and excited state vibrational
wave functions have the greatest overlap in the plane of the rings. For most
fluorophores ro, as illustrated in anisotropy vs. excitation wavelength spectra, is
expected to be relatively constant across the S;«S; transition band and then
gradually increase at longer wavelengths. A decrease in the excitation wavelength

results in the anisotropy becoming more strongly wavelength dependent.[1]
2.8.5 Rotational diffusion and the Perrin Equation

The dominant cause of fluorescence depolarisation of fluorophores is rotational

diffusion. The Perrin equation describes rotational diffusion for spherical rotors

1 1 T
— =4 _f
ror KT,

[2.21][1]

Here, 77 is the fluorescence lifetime, 7. is the rotational correlation time and r is the
measured steady—state fluorescence anisotropy. Assuming the fluorophore is
spherical we can calculate 7. after substituting experimentally determined values of
r, ro and 7 into equation [2.21]. The rotational correlation time is related to the

viscosity by the equation

V
T, =—"— 222
e 222]

=

for a spherical fluorophore. Here, 7 is the viscosity, T is the temperature in Kelvin,
R is the gas constant and V is the volume of the rotation unit.[1] The rotational
diffusion coefficient (D) is also related to 7. by 7z = (6D)".[1] It is expected that for
small molecules in cyclohexane, z; will be much shorter than the zr and r will be near
zero. For example, perylene has a lifetime of 6 ns and ro = 0.36. In EtOH, the

rotational diffusion is expected to decrease r to 0.005.[ 1]
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Herein, the fundamental and fluorescence anisotropies of BPEB were measured to
determine the rotational correlation time and the angle of displacement between the

absorption and emission dipoles.
2.9  An introduction to time-resolved resonance Raman spectroscopy

Raman scattering is one of the phenomenon that occur when electromagnetic
radiation interacts with a molecule.[15] It was first experimentally observed in
liquid benzene by C. V. Raman in 1928.[16, 17] Radiation scattering is a two
photon process which can be thought of as the incident photon being momentarily
absorbed to create a virtual state (non—stationary energy level) (Figure 2.6). A new
photon is created and scattered from this virtual level.[18] When scattering proceeds
without any change in the energy of the incident photon it is referred to as Rayleigh
scattering. 1f there is a change in the energy of the incident photon then it is referred
to as Raman scattering[15] or inelastic scattering.[19] The term “inelastic” refers to
the transfer of energy between the photon and the material, so that the scattered light

may have a longer or shorter wavelength than the incident light.

The interaction of a molecule and a photon of visible light, with energy lower than
the energy difference between the ground state and first excited electronic levels of
the molecule, give rise to the normal Raman scattering effect. When the photon
energy does not correspond to the difference between any two stationary energy
levels, the scattering of radiation takes place almost immediately after the interaction
of the photon with a molecule (within ~ 10 s).[15] The interaction of a photon of
inttial energy hvy excites the molecule to a virtual level (Figure 2.6). These virtual
states correspond to possible normal vibrations of the molecule. The photon may
then leave the molecule with either decreased energy hvrisy (Raman Stokes
scattering), with increased energy hvrasy (Raman anti—Stokes scattering) or no
change in energy (Rayleigh scattering). The intensity of the Rayleigh scatter is 10°—
10* times greater than the corresponding Raman scatter.[15] The anti—Stokes
scattering occurs at higher energies as it stems from transitions between the first

excited vibrational state and a virtual electronic state.
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Figure 2.6 Diagram of transitions of Raman Stokes scattering (R) /vg(sy and resonance Raman
Stokes scattering (RR) /vgg(sy. So—ground electronic state, S,—first excited electronic state. v" and
v’—ground and excited state vibrational energy levels respectively.

The absolute differences between the frequencies of the incident photon and both
Raman Stokes and anti-Stokes scattered photons are the same and equal to the

molecular vibration frequency (v,)[15]:

Vo = Veisn =V

vR(aSt) - vO = vv

These differences in frequencies are measured by subtracting the frequency of the
mono—energetic incident laser light from the frequency of the scattered photons. As
it is only the energy of the different vibrational levels that are important, the Raman
spectrum is symmetric relative to the Rayleigh band. The differences in frequency
between the exciting radiation and the scattered radiation is thus characteristic of a
molecule and independent of the frequency of the exciting radiation.[15] The
spontaneous Raman effect occurs off resonance from the electronic transitions of the
molecule and are very weak.[18] While the intensities of the Raman Stokes bands
are very weak, the Raman anti—Stokes bands are even weaker still because of the
difference in population of the ground and excited states of molecules at room
temperature. According to Boltzmann’s law, only a small percentage of molecules

will occupy the first excited vibrational state at room temperature.[15]

Different selection rules determine if a molecular vibration appears in the infrared
and/or in the Raman spectrum. A vibration is Raman active if the polarisability of
the molecule changes with the vibrational motion[15], while a vibration that causes a

change in the dipole moment is active in the infrared (IR) spectrum. The fulfilment
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of one or both of these conditions depends on the symmetry of the molecule. In
molecules possessing high symmetry, notably a centre of symmetry, this leads to the
mutual exclusion rule, which states that a vibration that is infrared allowed is Raman
forbidden and vice versa.[15] Molecules without a centre of symmetry will have a
number of vibrations appearing in both spectra. However, the relative intensity of
the bands will differ, for example the double and triple bonds and the carbon
skeleton vibrations are readily observed in Raman spectra, while vibrations of highly
polar functional groups are more easily observed in IR spectra.[15] Totally

symmetric vibrations are best visible in the Raman spectrum.

The application of high powered laser excitation sources has led to the discovery of
a number of new effects. One such effect is the resonance Raman (RR) effect. This
is observed when the exciting radiation frequency is very close to, or lies within the
range of an electronic absorption band of the molecule (Figure 2.6).[15] The result
is a significant increase in the intensity of the Raman scattering by several orders of
magnitude. Tuneable dye lasers may be used to achieve the RR spectroscopy for
structural analysis because they can be tuned to emit the appropriate absorption

frequency for the molecule under investigation.

Pulsed laser sources allow the study of the time—resolved resonance Raman (TR?).
Normal Raman is too weak and the transient concentration is low, thus no signal for
the transient can be detected. However, the high intensity of RR allows for easy
monitoring of its transients over time. In this process, the molecule is excited with a
short burst of light from a high powered laser (pump pulse) into an excited electronic
state. After the required time delay, a second laser pulse (probe pulse) excites the
Raman spectrum of the transient species that was created by the first pulse.[18] TR
enables us to track changes in structural features in the picosecond and nanosecond

time frame.

From the TR? vibrational spectrum of a molecule, we gain information about its
chemical composition because different chemical groups in organic compounds have
characteristic vibrational frequencies. It is thus possible to deduce the bonding in a
molecule. The electronic triplet and singlet states of molecules can also identified

via TR,
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CHAPTER 3

Experimental techniques

A number of standard and specialised spectroscopic techniques were used in the
work discussed in this thesis. The general theory behind these techniques and the

required experimental conditions are discussed below.
3.1 UV-visible absorption spectroscopy

All UV-visible absorption spectra were obtained on an ATI Unicam UV / VIS
UV2 spectrometer and were background corrected. Quartz cells with a path length

of 10 mm were used to acquire spectra over the desired wavelength range.

The molar extinction coefficient (¢) is a measure of the how well a particular
substance absorbs light. The molar extinction coefficients of the fluorophores
studied, at a specified wavelength, were determined from Beer—Lambert plots
(absorption vs. molar concentration) using 7 dilutions over the concentration range

10 to 10® mol dm>>. From the Beer—Lambert law:
e=Alcl [3.1]

where A is absorbance at a specified wavelength, ¢ is the concentration of the
absorbing species in mol dm™ and | is the optical path length of the cuvette in cm.

The units of £are dm® mol” cm™.
3.2  Fluorescence spectroscopy

Emission and excitation spectra were recorded on a Jobin—Yvon Horiba Fluorolog
3-22 Tau-3 spectrofluorimeter[1] with a 0.5-2 nm band pass. The spectra of dilute
solutions with absorbance of less than 0.1 (in a 10 mm quartz cuvette) in the 200 nm
to 400 nm range were recorded using conventional 90 degree geometry.[2] All
spectra were fully corrected using the manufacturer’s correction curves for the

spectral response of the excitation and emission optical components.

The fluorescence quantum yields reported herein were estimated by the
comparative method of Williams et a/.[3] using quinine sulphate in 0.1 M H,SO,4 (@&
= 0.55), POPOP in cyclohexane (@ = 0.97), B-carboline in 0.5 M H,SO4 (&= 0.6)
and fluorescein in 0.1 M NaOH (@& = 0.9) as standards. The quantum yields of the

standards used are largely independent of excitation wavelength, which enables them
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to be used wherever they display a useful absorption. The determination of the
quantum yield is accomplished by comparison of the wavelength—integrated
intensity of the unknown to that of the standard. Quantum yields were calculated

from the expression

2
— grdun ¢ 77""
D, = czz,d( Y d )( % ’J [32]

where @, and @, are the quantum yields of the unknown fluorophore (unk) and
the known standard (std) respectively, grd are the gradients of the unknown
fluorophore and the standards determined from plots of their wavelength—integrated
emission intensities against absorbance. 7 is the refractive index of the solvent in
which the unknown and the standard fluorophores are dissolved. At least five
increasing concentrations of the fluorophore and each of the standards were used to
avoid concentration effects. All solutions were prepared with absorbances below

0.15 in a 10 mm path length cuvette to avoid re—absorption.
33 Low temperature spectroscopy

All the spectrometers used were adapted to hold a cryostat. Low temperature
excitation and emission spectra measurements were recorded in a liquid nitrogen
cooled Oxford Instruments DN 1704 cryostat.[4] A model ITC 6 temperature
controller (also from Oxford instruments) was used to regulate the sample
temperature from 298 K to 77 K. Samples were dissolved in a solution of either
EPA (5:5:2 v/v/v diethylether / 2-ethylbutane / ethanol) or MCH / IP (4:1 v/v
methylcyclohexane / 2-methylbutane). The solutions were held in the cryostat in a
10 mm path length quartz cell specially designed for low temperature conditions.
Samples were allowed to equilibrate for at least 15 minutes at each temperature prior

to recording their spectra.

Corrected low temperature phosphorescence emission and excitation spectra were

recorded on a Perkin Elmer LS-50B luminescence spectrometer.
34 Singlet oxygen quantum yields

Singlet oxygen ('O,) is generated after the quenching of a triplet state molecule by
ground state molecular oxygen (3Eg')02 and precedes via a collision complex.[5]

Singlet oxygen has two states, 'Z;" and 'A,. However, the 'A, state, which has a
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lifetime of several minutes in gaseous media, is far more stable than the 'S," state
and is assumed to be more reactive. This is attributed to the spin forbidden nature of

the 'Ag—>32g' transition.[6]

The quantum yield of singlet oxygen formation, @&,, for the compounds studied,
were determined relative to perinaphthanone in cyclohexane (@, = 1.0) using a
method described by Nonell.[7] This method makes use of the relationship between

@, and the ‘zero—time’ phosphorescence intensity, S(0), according to the equation

E,(1-107%)

, [3.3]
N, hw

K
S(0) =— kP,
Here, x is the proportionality constant, including electronic and geometrical factors,
7: 1s the solvent refractive index, kg is the radiative rate constant, @, is the quantum
yield of singlet oxygen production, E; is the energy of the laser flash, A is the
sensitizer absorbance at the excitation wavelength, v is the laser frequency and V is

the irradiated volume.

The absorbance of the sample and the reference were recorded at 355 nm. The
singlet oxygen emission decay was recorded for each sample, and the reference
compound, using five laser powers of 355 nm wavelength. The data from each
measurement was fitted to an exponential decay of the form S(t) = S(0)expt(-t/7)
using a fitting function optimised for S(0). A plot of S(0) versus laser power (in
mV) was drawn for each sample and the reference from which the gradient, S(0)ga,
was determined. This was repeated for five different absorbances (ranging from 0.06
to 0.19, uncorrected, at wavelength 355 nm) of each sample and the reference, and a
plot of the slopes obtained versus 1-10™ was drawn. The gradient of these plots are

proportional to the quantum yield which was calculated using

S(O) EA,sample

A ,sampl = A reference
P S(O) EA, reference

D [3.4]

3.4.1 Experimental details

The samples and the reference compounds were analysed in the same solvent
because of the heavy dependence of the radiative and non-radiative rate constants

for deactivation of the triplet states on the solvent. The singlet oxygen emission was
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detected at 1269 nm from solutions in a 10 mm path length quartz cuvette after being
excited with 355 nm laser wavelength from a Q-switched Nd:YAG laser (Spectra
Physics, Quanta Ray GCR-150-10) with a 10 Hz repetition rate. The
phosphorescence was collected at 90° by a liquid nitrogen cooled germanium
photodiode (North Coast E0-817P) after passing through an interference filter
centred at 1270 nm. The photodiode output is amplified and AC coupled to a digital
oscilloscope which digitized and averaged the transients. The averaged data were
then transferred to a PC where they were analysed using the Microsoft Excel

package.
3.5  Fluorescence lifetimes—The phase modulation technique

The phase-modulation technique[8] is one of the two methods used to determine
fluorescence lifetimes in this work. In this method an intensity—-modulated light
source is used to excite the sample being studied. The time lag between absorption
and emission results in the emission being delayed in time relative to the modulated

excitation as illustrated in Figure 3.1. At each modulation frequency this delay is

described as the phase shift (¢y,).

w=10MHz

Intensity

Excit.
Modulation
b/a -

Time

Figure 3.1 Schematic diagram of phase modulation. The heavy line represents the phase and
modulation fluorescence in response to intensity-modulated excitation represented by the thin line.
The lifetime is 5 ns and the modulation frequency is 10 MHz (top) and 80 MHz (bottom).[8]
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This phase shift increases from 0° to 90° with increasing modulation frequency (w).
The phase angle displayed by any sample is usually a fraction of 90°. The
demodulation of the emission, by a factor m,, is also a result of the finite time
response of the sample. m, decreases from 1.0 to 0 with increasing modulation
frequency and increasing lifetime. The emission closely follows excitation at low
frequency. However at higher modulation frequencies the finite lifetime of the
excited state prevents the emission from following the excitation intensity. The
result is a phase delay in the emission, and a decrease in the peak—to—peak amplitude
of the modulated emission measured relative to the modulated excitation. The phase
modulation graph constitutes the frequency response of the emission from the
fluorophore. The decay of the fluorophore emission is a single exponential. The
lifetime can be calculated by using the phase angle or modulation at any frequency.

The phase and modulation are related to the decay time (t) by

tang, = wt [3.5] and
m, =(1+w't’)""? [3.6] [2]

The measured lifetimes of the compounds studied were deemed satisfactory based on

their chi—squared values and the fit of the residuals.
3.5.1 Experimental details

Fluorescence lifetimes were recorded using the Jobin—Yvon Horiba Fluorolog 3-22
Tau-3 spectrofluorimeter operating in the phase-modulation mode. Sample solutions
were prepared with absorbances < 0.08 at the excitation wavelength, to avoid over
loading the detector. The instrument response function was measured using a dilute
suspension of Ludox® silica in water as the scattering medium. The phase shift and
modulation were recorded over the frequency range 50300 MHz and the data fitted

using the Jobin—Yvon software package.

3.6 Fluorescence lifetimes—The time correlated single photon counting

technique

The technique of time correlated single photon counting[2, 9, 10] was used to
record the fluorescence lifetimes of the group of donor and acceptor substituted 1,4-

bis(phenylethynyl)benzene chromophores discussed in this work. What follows is a
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brief description of the technique with further details to be found in Lakowicz[2],
and O’Connor and Phillips ef al.[9, 10]

A sub—nanosecond pulsed excitation source is used to repeatedly excite the sample
in order to record its decay. In this system, only a single randomly selected photon
is detected following each excitation pulse and the time taken between pulse and
photon arrival is recorded for each event. The voltage ramp of a time to amplitude
converter (TAC) is used to measure the time interval. A histogram of the number of
photons arriving versus the time interval is built up by a pulse height analyser
(PHA)—the histogram represents the probability of detecting a photon at a given
time after the excitation pulse.[9] The probability of photon emission is greater for a
short time interval after excitation than after a long interval when the fluorescence
has decayed. Hence, the resulting histogram is a direct representation of the

variation of fluorescence intensity with time.

In the time between start and stop pulses the TAC charges the capacitor. The TAC
is the rate-limiting component in the experiment. This is due to the several
microseconds it takes the capacitor to discharge and the TAC to reset. This
limitation leads to the TAC being over loaded if a high repetition laser source (such
as a 1 MHz source) is used. This problem is overcome by operation the TAC in the
‘reverse mode’, in which the first photon selected provides the start pulse, and the
signal from the subsequent excitation pulse is the stop signal.[9] In this way, the
TAC is only activated if an emitted photon is detected. The resulting histogram is

reversed but easily corrected by software.

The measured intensity decay obtained from a photon counting experiment is a
convolution of the exponential decay with the excitation and instrument response
functions.[2, 10] The excitation pulse can be considered as a series of d-functions
with varying amplitudes, such that each d-function will yield one decay from the
sample.[9] The measured intensity decay is thus the sum of these individual

exponential decays.

Non-linear least—square analysis[11] provides the most reliable method for the
analysis of the convolved data. This involves the iterative reconvolution of the
instrument response function, X(t), with a chosen function and non-linear least

squares-fitting.  First, the excitation pulse profile is recorded, the instrument
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residuals[12] and the Durbin Watson parameter.[13, 14] An example of a good
quality fit is shown in Figure 3.2.

3.6.1 Experimental details

The absorption of all the solutions studied were <0.1 (solvent corrected) at the
laser excitation wavelength and no greater than 0.5 at the absorption maximum. The
excitation sources consisted of a Coherent Verdi-pumped MIRA-D Titanium—
Sapphire laser, with a cavity dumper, used for 296 nm wavelength generation and a
366 nm diode laser (IBH NanoLED Model-11) with <200 ps pulse duration and a
repetition rate of 1 MHz. The fluorescence was collected at 90° to the excitation
source and the emission wavelength selected using a Jobin—Yvon Triax 190
monochromator. The instrument response function was measured using a dilute
suspension of Ludox® silica in water as the scattering medium. The averaged time
per channel value was 24 ps giving a full range of 49 ns over the 2048 point data set.
A good signal is 800 Hz and above and the slit widths were increased from their
2 nm minimum position to achieve this when necessary. Lifetime data was acquired

for a minimum of 10,000 counts in the peak channel of the pulse height analyser.
3.7  Nanosecond laser flash photolysis

Nanosecond laser flash photolysis allows us to probe transient species with
millisecond to sub—nanosecond lifetimes. The sample is excited by a short pulse of
light which generates the first excited singlet state (S;). This state will decay by a
number of processes including ISC to the triplet state. The excited sample is then
probed with a white light beam to gain information about the triplet (T)) state (Figure
3.3). Changes in the probe light’s intensity corresponds to its absorption by the T,
state. This is monitored to give information about the concentration of T, as a
function of time. Figure 3.4 is a typical transient decay from which the lifetime of T,
can be calculated using iterative least squares fitting. The intensity has been

converted to delta absorbance (AA) using the equation

AA = logm(I EOI(a)) [3.9]

Here, Iy represents the intensity of the incident probe beam and I(a) represents the

intensity of the absorbed probe light.
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Figure 3.3 Jablonski diagram illustrating the flash photolysis process.

Time / s
-2 0 2 4 6 8 10 12 14 16 18

A absorbance

-0.18 -
Figure 3.4 A typical transient decay.

Transient absorption spectra is built up by repeating the acquisition of AA decays

at different probe wavelengths and plotting AA at time zero against the monitored

wavelength.
3.7.1 Experimental details

The excitation source was a Q-switched Nd:YAG laser (Spectra Physics, Quanta
Ray GCR-150-10) with a 10 Hz repetition rate. It was tuned to lase at 355 nm (the
3" harmonic) with a typical output energy of about 2 mJ per pulse with a pulse

duration of = 5 ns. The transient was probed with a CW xenon lamp fitted with a
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Cu,SO4 solution filter to block IR light from the lamp. This probe beam gives the
base line absorbance. After passing through the sample the probe beam reaches the
computer controlled monochromator (Jobin—Yvon Triax 320). A Hamamatsu R928
silicon avalanche diode measured the intensity of the light at given wavelengths. To
avoid damaging the detector, it is set at 90° to the excitation beam. A Tektronix
TDS-340 digital storage oscilloscope was used to capture and average the transient
decays. The data was transferred to a computer, converted to absorbance unites and
the triplet state absorption spectra plotted, as previously mentioned, using the

Microsoft Excel package.

All samples were dissolved in cyclohexane and degassed by the freeze—pump—

thaw method three times to remove oxygen which acts as a triplet state quencher.
3.8 Anisotropy measurements

The emission and excitation anisotropy of 1,4-bis(phenylethynyl)benzene was
measured in cyclohexane, glycerol and at 77 K in EPA. It is a measure of the degree
of polarisation of the emission. By measuring the anisotropy (¥) we can determine
the fundamental anisotropy (o), the rotational correlation time (z) and the angle of

displacement between absorption and emission dipoles ().
The emission and excitation anisotropy are determined from the equation

1, -GI,

r= 3.10][2
I, +2GI,, B3-1012]

where / is the measured intensity and G is the ratio of the sensitivities of the
detection system for vertically and horizontally polarised light. The subscripts
indicate the orientation of the excitation and emission polarizers respectively, i.e. Iy
corresponds to horizontally (90°) polarised excitation and vertically (0°) polarised

emission. G is determined from the equation

G=lmw [3.11][2]

HH

The emission intensities of the compound in the different media are measured with
the excitation and emission polarisers in the orientations, VV, VH, HH and HV. G is
determined by dividing the /yy spectra by the Iyy spectra (equation [3.11]). r is
determined by applying equation [3.10] to the other polarised intensity values.
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This was repeated for excitation intensities and the resulting anisotropy versus

excitation wavelength graphs were plotted.
3.8.1 Experimental details

All the polarised emission and excitation spectra were recorded with a Jobin—Yvon
Horiba Fluorolog 3-22 Tau-3 spectrofluorimeter[1] with a 2-5nm band pass.
Samples were measured in a quartz cuvette with a 10 mm path length. The cryostat
was used for measurements at 77 K. The solutions all had absorptions of less than
0.1 at room temperature over the 200 to 400 nm range. The glycerol solution was
made up by dissolving a minute quantity of the compound in 0.5 ml of EtOH in a
large vial, then adding = 6 ml of glycerol and stirring the mixture over night in a
55 C° water bath while the vial is loosely caped to allow the EtOH to escape. The

data was captured on a computer and processed using the Microsoft Excel package.
3.9  Ultra—fast absorption and fluorescence spectroscopy

Transient absorption (TA) and time-resolved emission measurements described in
this work were carried out at the Central Laser Facility, Rutherford Appleton
Laboratory at room temperature. From these measurements we gain important
information about fast molecular dynamic events by probing the -electronic

transitions on the picosecond time scale.

In TA spectroscopy, the pump-probe technique is employed. Here, high
concentrations of electronically excited transient species are generated with a
femtosecond laser pump pulse. The changes in the transient absorption are measured
using a second, time delayed, probe pulse in the form of a white light continuum,
focused on the same region as the pump pulse. The probe intensity is monitored
before and after the sample. The resulting beams are dispersed on two identical
silicon 128 element arrays coupled to a XDAS readout system. Each camera’s signal
is downloaded to a personal computer (PC) where they are normalised shot by shot
across each pixel and stored as an average in an array. The transient absorption
spectra at given time delays are recorded as well as the kinetic information which
can be viewed by plotting the absorbance signal versus delay time at a given

wavelength.

Samples were excited with at 267 nm wavelength with a pulse energy of = 1 mJ

generated from the 800 nm fundamental output of a Ti:Sapphire laser by a visible
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light optical parametric amplifier (OPA) fitted with a sum frequency mixing unit.
The transient absorption spectrum of the samples was recorded over the 400—750 nm
range in cyclohexane. The samples are prepared with an absorbance of about 0.2 at
the maximum absorbance wavelength of the sample in a 1 mm quartz cuvette. A
20 ml sample solution is allowed to flow through a 1 mm thick fused silica flow cell,

using a chemically inert PTFE peristaltic pump.

The time-resolved emission spectroscopy (TRES) technique was used to measure
the time-resolved spectra of BPEB in cyclohexane with a time resolution of 4 ps.
The sample was excited with the same 267 nm laser pulse used for TA. The
resulting emission is recorded at delay times ranging from 6-600ps by a
spectrometer with a low density (100 gr/mm) grating which provides a wide spectral
coverage for fluorescence detection. The emission intensity over the 325 to 475 nm
wavelength range was captured by an ISA CCD / 2000 x 800 pixels back illuminated
UV enhanced detector. The resulting data is captured and processed on a PC using
Microsoft Excel. The kinetics of the S; state is also elucidated from this data by

plotting the intensity of a given wavelength against time.

A 15 ml solution of BPEB was made up with an absorbance of about 0.1 at
267 nm. The sample solution was flowed through an open jet = 0.5 mm in diameter
using a PTFE peristaltic pump. This reduces the risk of sample decomposition due

to strong absorption of the excitation radiation.
3.10 Time-resolved resonance Raman spectroscopy

Picosecond and nanosecond time—resolved resonance Raman (TR?) spectroscopy
measurements were carried out on a series of compounds studied in this work at the
Central Laser Facility, Rutherford Appleton Laboratory at room temperature. From
these measurements we gain information about the bond order of the excited state

short lived transients using the pump and probe method.
3.10.1 Picosecond time-resolved resonance Raman spectra

Picosecond TR’ spectroscopy involves pumping the sample solution with at
267 nm wavelength derived from the 800 nm fundamental output of a Ti:Sapphire
laser and an OPA system. The generated S; excited state is then probed with 588 or
583 nm wavelength laser light from the same Ti:Sapphire / OPA system. An ISA
Triplemate Raman spectrometer and a CCD / 2000 x 800 pixels back illuminated UV
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enhanced detector linked to a PC were used to capture and store the measured
Raman spectra at different time delays. The data was analysed using purpose written
software and the Raman spectra, for time delays ranging from 3 to 1000 ps, were
plotted using the Microsoft Excel package. The kinetics of the S; state is also

elucidated from this data by plotting the intensity of a given wavelength against time.

About 15 ml of sample solutions were made up with an absorbance of about 0.1 in
1 mm path length quartz cell at 267 nm allowed to flow through an open jet, about

0.5 mm in diameter, using a PTFE peristaltic pump.

The fluorescence background is excluded by employing a Kerr gate between the
sample and the detection system. A short pulsed Raman signal is generated by the
pulsed laser and transmitted through Kerr gate, while the longer lived fluorescence is
rejected in the time domain.[15] The Kerr gate consists of two crossed polarisers
and a Kerr medium. Fluorescence is blocked by the crossed polarisers in the closed
state. At the time of Raman scattered emission from the sample, a short gating pulse
of 800 nm that bypasses the polarisers creates a transient anisotropy within the Kerr
medium by the optical Kerr effect.[15] The 45° polarised gating beam has its
intensity adjusted to create an effective A/2 waveplate and rotate the polarisation of
the light from the sample by 90°. This allows the light from the sample to be

transmitted through the cross polariser for the duration of the gating pulse.[15]
3.10.2 Nanosecond time-resolved resonance Raman spectra

Nonosecond—TR® spectroscopy uses the pump—probe technique to investigate the
triplet excited state of a molecule. From this we gain insight into the type of bonding

present in the triplet excited state.

The sample solutions were pumped by a Nd-YAG laser operating at a 355 nm
wavelength with a repetition rate of 10 Hz and a 7 ns pulse length. The resulting
excited state transient was probed using a 550 nm wavelength from a Lambda Physik
FL003 Dye laser operating at 10 Hz with a pulse length of = 15 ns, using Coumarin
153 laser dye. The excited singlet and triplet states resonance Raman spectra were
recorded when the pump and probe beams were over lapped and for delays of 50 ns

and | us.

The sample solutions, in cyclohexane, were purged with argon, for 10 minutes, to

eliminate quenching of the triplet state by oxygen. One set of measurements was
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taken for each compound after being purged with oxygen at a probe delay of 1 us for
comparison. The purged solutions are pumped through a quartz tube =~ 10 cm in
length with a 2 mm inner diameter, and a 3 mm outer diameter, in an air tight
circulating system, using a PTFE peristaltic pump. This tube is set at right angles to
the path of the laser beams. The Raman scatter was collected at right angles to the
pump and probe beams by a Spex Triplemate 1877 Series spectrograph with two
600 gr/mm gratings in the filter stage and a 1200 gr/mm grating in the spectrograph
stage. A Princeton Instruments CCD camera (1024 x 256 pixels) was used to
capture the intensities of the Raman shifts over the 600 to 2260 cm™ range. A
photodiode and oscilloscope were used to monitor the pump and probe separation.
All data were stored and analysed on a PC using purpose written software and the

Raman spectra were plotted using the Microsoft Excel package.
3.10.3 Picosecond infrared absorption and transient excitation

The picosecond infrared absorption and transient excitation (PIRATE) system was
used to measure fast solution phase processes by IR absorption and excitation
spectroscopy. In the work presented in this thesis, the PIRATE system was used to
measure the time-resolved infrared (TRIR) spectra of a group of donor-bridge—
acceptor compounds, in protic and aprotic solvents, in an attempt to gain insight into
the bonding order in their excited states. All measurements were carried out at the

Central Laser Facility, Rutherford Appleton Laboratory at room temperature.

In this technique, the sample solutions were excited by a 266 nm pump beam with
diameter of 150 um, a 1 kHz repetition rate and pulse energy of ~4 xJ. The beam
was generated by frequency-tripling a fraction of the 800 nm wavelength from a
solid state Spectra Physcis / Positive Light SuperSpitfire regenerative amplifier
output. A broadband IR beam was generated by mixing the femtosecond signal and
idler outputs of an OPA (pumped by the rest of the 800 nm beam) in AgGaS,. By
using a 50% germanium beam splitter, the sub-picosecond IR beam was split into
probe and reference beams. The probe beam was focused on the sample cell and the
transmitted light captured by a spectrometer. The reference beam was similarly
treated, minus being passed through the sample. The resulting transmitted and
reference spectra are recorded on two 64-element Mid IR array detectors with 5 cm™

resolution readout on each shot, and normalised point-by—point. The data was
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stored and processed in a PC using purpose written software and the Microsoft Excel

package.

The samples were made in 15 ml volumes of spectroscopic grade solvents with
absorptions of = 1.5 in a 2 mm quartz cell. Solutions were circulated through a flow
cell with CaF, windows with a path length of 2 mm using a PTFE peristaltic pump.

This ensured fresh material was exposed on every shot.
3.11 General experimental details

All solvents used in this work were of spectrophotometric grade quality. The
compounds analysed in the last four chapters of this work were synthesised in
Durham University Chemistry department by three groups. Compounds discussed in
Chapter 4 are mainly courtesy of Dr. P. J. Low’s group; those in Chapter 5 and 6
were primarily made by Prof. T. B. Marder’s group; and those in Chapter 7 were
made by Dr. A. Beeby’s group. The following compounds were also made by Dr. A.
Beeby’s group: 1,4-bis(2-(2-tert-butylphenyl)ethynyl)benzene and 1,4-bis(2-(2-tert-
butylphenyl)ethynyl)-2,3,5,6-tetramethylbenzene, Chapter 4; 4-(4-(4-dimethyl-
aminophenylethynyl)phenylethynyl)benzonitrile and 4-(4-(4-dimethylamino-3,5-
dimethylphenylethynyl)phenylethynyl)benzonitrile, Chapter S5; and 9,10-bis(2-
(2,4,6-triisopropylphenyl)ethynyl)anthracene, Chapter 6.
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CHAPTER 4
Properties of 1,4-bis(phenylethynyl)benzene and its derivatives

4.1 Introduction

The photophysical properties of 1,4-bis(phenylethynyl)benzene (1), and substituted
poly(p-phenyleneethynylene) (PPE) derivatives have been investigated by several
workers.[1-11] Some of these studies were performed in conjunction with studies of
the potential of this class of molecules as fluorescent chemosensors[12], light
emitting diodes[3] and photoluminescent polarisers[13] which exploit the highly

conjugated skeleton of this type of material.

One of the earliest studies of PPE compounds was the effect of the triple bonds and
phenyl groups on the conjugation, molecular conformation and the photophysical
properties of 1,4-bis(p-tert-butylphenylethynyl)benzene (tBPEB) and other
molecules containing phenyl groups and triple bonds, by Razumov et al.[1] From
their comparative study, they concluded that the relative contribution of the triple
bond to conjugation in tBPEB is comparable with the contribution from a double
bond or phenyl ring; its structure is rigid and planar in all states; and the introduction
of a phenyl ring into compounds with triple bonds increases their fluorescence. The
assumption about molecular structure has since been contested by Magyer et al. who
calculated the barrier to free rotation about the triple bond in phenyl-acetylene
molecules to be as little as 0.05eV (4.82kJmol').[14] Theoretical and
experimental results have shown that in the ground state there are a range of
conformations in which the phenyl rings are orientated between 45° and 90° to each
other because of this low barrier to rotation.[14] It is the excited state structure that
is planar or close to planar in these types of molecules.[14] Magyar er al. also
demonstrated that conjugational length is significantly reduced by conformational

rotation about the triple bond.

Sluch et al[l15] investigated the dynamics of the fluorescence of
poly(p-phenylencethynylene)s and suggested that the unusual spectral features result
from twisting of the phenyl rings about the polymer axis and could be interpreted in
terms of a quadratic coupling model. Their model suggests that the potential well is
very shallow in the ground electronic state. This results in a broad thermal

distribution of conformers in the ground state. They assumed that the excited state is

77



strongly influenced by quinoidal/cumulenic conformations and the narrowing of the
emission spectrum 1s a result of the twisting of the phenyl rings into a few nearly
planar configurations. Using fast time-resolved emission spectroscopy they
demonstrated that the blue edge of the spectrum collapsed rapidly with a time
constant of 60 ps, evidence of the rapid planarsation of the excited state. These
interpretations are largely supported by works reported by Garcia-Garibay et al.[16,
17] and Beeby et al[18]. Time-resolved resonance Raman spectroscopy
measurements of 1 have shown that the assumption of quinoidal/cumulenic
conformations dominating the excited state is not valid.[19] It was shown that the

bonding in the first excited state was of weakened C=C character.

Other insights in to the photophysical properties of 1 and molecules like it include
the observation of a linear relationship between Hammett’s constants for substituents
in the para-position (op) and the absorption wavenumber. This has been reported by
Nakatsuji et al.[2] for 1 and its derivatives containing OCH;, CH; and Br
substituents in the para—positions. Li et al.[20] reported that the fluorescence of 1,
in solution and in thin films, had a strong dependency on concentration. Increased
intermolecular interaction leads to excimer formation, evident from the red shifted
fluorescence spectra. Further increases in concentration produces aggregates which
may interact with the excited molecules, resulting in a more complicated excited-
state structure which increases the red shift of the fluorescence spectra. Introducing
cyano (CN) groups in the ortho and para positions on 1 has been shown to
significantly increase its fluorescence efficiency and emission wavelength
maximum.[21] This was attributed to the easier formation of dipolar units (excitons)
by CN groups which explained the increase in the radiative rate and decrease in the

radiationless rate constants of the CN substituted molecules.

In this chapter, the results of the study of 1 with different substituents are
presented. The aims of this study are: to confirm some of the reported photophysical
properties of 1; to determine the nature of the bonding in the ground and excited
states of 1 and a selection of its derivatives by using time-resolved Raman
spectroscopy techniques; to measure the anisotropy of 1 and record the effect of
solvent viscosity on its value; and to assess the effect bulky groups and electron rich

substituents have on the photophysical properties of 1.
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Table 4.1 Compounds investigated.

Structure

Compound Code

1,4-Bis(phenylethynyl)benzene
- - 1

1,2,4,5-Tetramethyl-3,6- _ >_< _
bis(phenylethynyl)benzene N )= >_(: £ /> 2
1,2,4,5-Tetramethyl-3,6-bis-(2,4,6- _ >_< _
trimethyl-phenylethynyl)benzene \ = :\ =— p 3
1,4-Bis(2-(2-tert-butylphenyl) N\ /N /T
ethynyl)benzene \ \_/ / 4
1,4-Bis(2-(2-tert-butylphenyl)
ethynyl)-2,3,5,6-tetramethylbenzene /7 N /N / \

— — — 5
1,4-Dibromo-2,5- Br
bis(phenylethynyl)benzene O L O o O

. = , = . 6

Br
1,2,4,5-Tetrafluoro-3,6- E F
bis(phenylethynyl)benzene -\ >_< /S
7

A list of the compounds studied, their structure and the numbering scheme that will

be used throughout is given in Table 4.1.

The absorption spectra, extinction

coefficients (¢), fluorescence spectra, fluorescence lifetimes (zr) and fluorescence

quantum yields (@) of all the molecules in this study were measured and compared.

The first anisotropy data for 1 in solvents of different viscosities are reported herein.

The first pico and nanosecond time-resolved resonance Raman spectroscopy data for

1,3,4, 6, and 7 are also presented and discussed.
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Results and discussion
4.2 Steady state photophysical properties in solution

The normalised absorption and fluorescence spectra of molecules 1 to 7, in
cyclohexane at room temperature, are presented in Figure 4.2. In all cases the
observed excitation and emission spectra of each molecule are independent of the
emission and excitation wavelengths. A summary of the characteristic absorption
and emission peaks, lifetimes, extinction coefficients and quantum yields of the

molecules investigated is given in Table 4.2.

At ambient temperature, in cyclohexane, the absorption spectra of 1 to 7 show a
characteristic intense band below 380 nm. There is some evidence of vibrational
fine structure with a shoulder on the red edge of each spectrum. The absorption
profile of 1 agrees with the spectra reported by Biswas et al, in hexane and
methanol[22], and by Birckner ef al., in dioxane.[23] Compounds 3 and 5 carry the
most electron donating groups and exhibit the largest bathochromic shift of the
absorption maxima (14 nm) when compared to 1. The spectral profile of 6 indicates
the molecular conformation is affected by the bromine heavy atoms. This is a
possible indication of a restricted rotation of the central phenyl ring. Compound 7
has four fluorine atoms, which are known to be z—electron donating and o—electron
withdrawing[24], but this seems to have little effect on its absorption when
compared to the unsubstituted 1 and the emission spectra shows only a slight
bathochromic shift. The generally broad unresolved absorption spectra of the
investigated molecules, over the 260-340 nm spectral range is the result of two
factors. Firstly, at room temperature the barrier to rotation of the phenyl rings of 1
was found experimentally to be about 2.7 kJ mol™ in the ground state.[25] As this is
comparable to kT at ambient temperature (2.5 kJ mol'), 30% of the molecules will
have enough energy to allow free rotation of the phenyl rings.[25] Thus all possible
conformations will exist in the ground state (Figure 4.1).[8, 26] Secondly,
calculations on 1 have demonstrated that the S;«S; transition represents a HOMO
to LUMO transition.[8, 26] Based on the similarities of the absorption spectra of
these seven molecules, it is proposed that they are all due to a similar HOMO to

LUMO transition.
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Figure 4.1 Conformational energies of the ground state and first excited state of 1 in solution. The
lower line represents the ground state rotational energy potential surface with a maximum of
~2.7kJmol”. An equilibrium mixture of conformers results in a broad absorption spectrum (upward
arrows). In the excited state, rapid relaxation to more planar conformations within its lifetime results
in a homogeneous emission from the coplanar conformer (downward arrows).

In contrast to the absorbance spectra, all the emission spectra possess well-defined
vibrational fine structure in cyclohexane.  After excitation, the range of
conformations undergo relaxation, in the S, state potential surface, to the more stable
planar conformation (Figure 4.1).[15, 18, 26] In the case of 1, its emission profile is
similar to that observed by Levitus et a/.[8] and is reported to be from the planar
conformation.[8, 26] It has been reported that the planar geometry in unsubstituted
and substituted cases is the most stable with the lowest energy.[26] As all the
fluorescence profiles are very similar, it can be deduced that the presence of the alkyl
and halo substituents are not bulky enough to cause any significant steric hindrance,
and hence distortion of the excited state in solution. The substituted molecules are

still able to attain a planar, or near planar, geometry before emitting.

All the molecules were determined to have relatively large extinction coefficients
and high fluorescence quantum yields (Table 4.2). All seven had similar
fluorescence profiles, over the 330-460 nm spectral range, with the major (0,0)

transition occurring between 343 and 365 nm.
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Figure 4.2 The normalised absorption (left) and fluorescence (right) spectra of molecules 1-7 in
cyclohexane.

82



The fluorescence lifetimes of compounds 1 to 7 ranged from 0.53 to 0.72 ns, with
the exception of 6 which had a lifetime of < 0.1 ns. The 7, & and £ values of 1 are

very similar to the values reported previously.[8, 23]

Table 4.2 The major absorption and emission peaks, lifetimes (7), extinction coefficients () and
quantum yields (@) of 1 to 7 in cyclohexane.

Major peaks / nm
¢/ mol'! dm®
em™! £1,000
i/ ns (absorption / by
Cpd. | Absorption | Emission | +0.05(x?) |nm) +0.05
1 320, 340 (sh) | 344,359,372 | 0.53(0.80) | 58,400 (320) | 0.85°
2 | 325,345(sh) | 356,373 0.62 (1.17) | 47,800 (326) | 0.89
3 | 334,356(sh) | 365,384 0.63 (0.20) | 49,100 (335) | 0.92
4 | 327,348 (sh) | 354,370,383 | 0.60(1.51) | 56,900 (326) | 0.89
5 | 334,355(sh) | 364,382 0.72 (1.49) | 53,200 (334) | 0.89
325,335, | 357,374,385 | <0.1(1.01),
6 | 351(sh) |358,580(sh)*| 40mse | 167000329 | 005
7 | 324,344 (sh) | 350,370 0.57(1.75) | 67,100 (324) | 0.97

Key: sh- shoulder. “ Phosphorescence emission peaks and lifetime in a transparent glass matrix of
EPA at 77K A, = 335 nm. ° Relative to the standards quinine sulphate in 0.1 M H,SO, (&= 0.55)
and POPOP in cyclohexane (& =0.97). “ Relative to the standards quinine sulphate in 0.1 M H,SO,
and B-carboline in 0.5 M H,SO, (&, = 0.6).

The dibromo derivative, 6, had the smallest extinction coefficient (&
= 46,700 mol" dm’ cm™) and the lowest fluorescence quantum yield (& = 0.05). It
was also the only one to exhibit phosphorescence in low temperature glasses and had
a phosphorescence lifetime of 4.0 ms in EPA (diethylether:2-ethylbutane:ethanol,
5:5:2) at 77 K. The deviation in photophysical properties of 6 from the rest, is due to
the presence of the heavy bromine atoms which have a large spin—orbit coupling and
hence promote intersystem crossing and phosphorescence.[27] On the other hand,
the presence of the fluorine atoms on the central phenyl ring has made derivative 7
the most fluorescent of this group (@ = 0.97) with the largest extinction coefficient
(67,100 mol™ dm’ cm™). The highly electronegative fluorine substituents lower the
energy of the HOMO which makes the energy gap between the ground and the
excited state wider.[28] According to the energy gap law, this results in a decrease

of the nonradiative decay rate and thus enhances the fluorescence. The absorbance
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and emission spectra for all the molecules exhibited very small Stokes shifts (from 6

to 11 nm or 342 to 896 cm™") and strong spectral overlapping.
4.3 Steady state photophysical properties in a frozen matrix at 77 K

The emission and excitation spectra, of 1 to 7, were recorded in MCH/IP
(methylcyclohexane:2-methylbutane, 4:1) and EPA at 298 K and as glassy matrices
at 77 K. The comparative spectra are illustrated in Figure 4.3 to Figure 4.9. Table
4.3 lists the characteristic fluorescence and excitation peaks at 298 K and 77 K along
with the average vibrational energy gaps calculated from the difference between the

0,0 and 0,1 bands of the excited singlet (S;) and ground singlet (So) state transitions.

(b)
(@)

(©)

Fluorescence Intensity

(d)

250 270 290 310 330 350 370 390 410 430 450
Wavelength / nm

Figure 4.3 Normalised excitation and emission spectra of 1 in MCH/IP at 77 K, (a) and (b), and
300 K, (c) and (d), determined using emission at 350 nm and excitation at 335 nm.

The excitation profiles of 2 to § and 7, at room temperature in EPA, are quite
similar to that of 1. In all cases the absorption maxima are more red—shifted than in
1. The absorption spectrum of 6 has slightly more vibrational fine structure than the
rest. The room temperature fluorescence spectra are all comparable to that of 1. At
low temperature, 77 K, the excitation and emission spectra of all the molecules,
except S, follow Kasha’s rule.[29] They are mirror images of each other with
significantly more vibrational fine structure than the room temperature profiles and
have a larger bathochromic shift. This ‘mirror image’ relationship is indicative of
the molecule having very similar molecular conformations and bonding in the

ground state and excited states, and suggests that in the ground state at low
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temperature the molecule has adopted a more planar conformation.[18] The
investigated molecules all exhibit very strong spectral overlap of the (0,0) transitions
and minor Stokes shifts (from 2 to 7 nm or 160 to 566 cm™) at 77 K.

At 77 K the dominant transition in both the excitation and emission spectra is the
(0,0) transition between the S and S; states. The emission spectrum of § exhibits a

new peak at 339 nm at 77 K (Figure 4.7).
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Figure 4.4 Normalised excitation and emission spectra of 2 in EPA at 77 K, (a) and (b), and 298 K,
(c) and (d), determined using emission at 380 nm and excitation at 325 nm.
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Figure 4.5 Normalised excitation and emission spectra of 3 in EPA at 77 K, (a) and (b), and 298 K,
(c) and (d), determined using emission at 380 nm and excitation at 300 nm.
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This compound is the most sterically hindered of the group and this new peak is
evidence of the presence of a high energy molecular conformation at the time of
emission. The inability of all the molecules to attain the lowest energy conformation
before emission is due to the reduced rotation about the C=C bond. This is a result
of steric hindrance caused by the bulky 7-butyl groups and the further constraint of

the high viscosity of the low temperature glass matrix.[18]
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Figure 4.6 Normalised excitation and emission spectra of 4 in EPA at 77 K, (a) and (b), and 298 K,
(c) and (d), determined using emission at 383 nm and excitation at 320 nm.
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Figure 4.7 Normalised excitation and emission spectra of § in EPA at 77 K, (a) and (b), and 298 K,
{(c) and (d), determined using emission at 400 nm and excitation at 313 nm.
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Calculations of the vibrational level spacings in the ground and excited states from
the low temperature fluorescence spectra were made. This allowed for the tentative
assignment of the vibrational modes based on theoretical and experimental Raman
vibration calculations (Table 4.3). It is observed that all the main vibrational
spacings are in the typical region of the aromatic C-C ring stretching modes of 1300—

1500 cm™.
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Figure 4.8 Normalised excitation and emission spectra of 6 in EPA at 77 K, (a) and (b), and 298 K,
(c) and (d) determined using emission at 375 nm and excitation at 330 nm.
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Figure 4.9 Normalised excitation and emission spectra of 7 in EPA at 77 K, (a) and (b), and 298 K,
(c) and (d), determined using emission at 400 nm and excitation at 300 nm.
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Table 4.3 The major excitation and emission peaks of 1 to 7 in MCH/IP* and EPA in the liquid and
glass matrix phase are listed in columns 2 and 4. Columns 3 and S lists the approximate vibrational
energy spacings, in wavenumber, based on the difference between the 0-0 and 0-1 transitions in the
excited (v5;) and ground (4) states.

Aexci / DM Aw; /em™ Aemi / nm Avsy / cm™
Cpd.| 208K | 77K | 208K | 77K | 298K | 77K | 298K | 77K
312, 350,
319, | 322 ggf’ 364,
1° | 328, | 1760 | 1130 | 370, | 1280 | 1100
338 (sh) 373,
333, |3,
346 - 395
311
; 355
323, | 325, 354, ’
2 |sarom| 3sr | 1890 | 1480 | ggz 1290 | 1360
348
gég’ 367,
332, ’ 364, | 386,
3 |sss i) gig, 1950 | 1550 | 305 | o0 | 1290 | 1340
6 | 421
316, 354,
327, 351, | 369,
4 32?}344 334, | 1790 | 1180 | 368. | 375. | 1320 | 1150
S 338, 379 384,
352 402
320, 339,
330, | 333 362, | 363,
S |ssrcm| 33, | 1810 | 1s60 | Y& | Seh | 1310 | 1300
358 391
315, 360,
320, 375,
323, | 327, 356, | 380,
6 | 334 | 331 | 1200 | 1140 | 373, | 390, | 1280 | 1110
349 (sh)| 338, 386 | 408,
343, 5538,
357 580(sh)
302, | 308, 150, | 355
7 | 321, | 327, | 1740 | 2090 | 2> | 373, | 1540 | 1520
340 (sh)| 351 182

Key: sh - shoulder. ° Phosphorescence for 335 nm wavelength excitation.

There are no vibrational bands attributable to C=C stretching modes[23] which
usually occur between 2000-2300 cm™'. Reported theoretical fluorescence spectra of

1 predict the high energy C=C vibration to occur at 2490 cm™'.[14]
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The energies of the lowest S; state of 1 is 3.59 eV (346.4 kJ mol')—calculated
from the emission spectra (0,0) transition at 298 K. The energy of the S; state of 1 in
benzene has been determined to be 3.44 eV (331.9 kJ mol").[30] The addition of the
substituents lowers this S; state energy by various degrees. The lowest S; state
energies of 2, 4 and 7 range from 3.53 to 3.50 eV (340.6 to 337.7 kJ mol™). While
the more heavily substituted molecules 3, 5 and 6 have S, state energies from 3.48 to

3.41 eV (335.8 to 329.0 kJ mol™).
44  Fluorescence Anisotropy

The fluorescence anisotropy (see Chapter 2) was measured to determine the
fundamental anisotropy (7o), the rotational correlation time (z) and the angle of

displacement between the absorption and emission dipoles () of 1.

The fundamental anisotropy, of 1 was determined from excitation anisotropy
measurements made in an optically dilute solution of the fluorophore in EPA at 77 K
(Figure 4.10). In this vitrified solution the dominant conformation is that with all the
three rings coplanar, and molecular rotation is prevented by the viscous glass host.
Theoretical calculations have predicted that all the lowest energy transitions lie along
the long axis of 1.[8] This was proven experimentally from dichroic
measurements|[8] using the stretched polyethylene film method.[31] In the region of
the S;«S, absorption band the ry, at its highest, was calculated to be 0.37 at an
excitation wavelength of 342 nm. Such a value is expected for fluorophores with
parallel absorption and emission dipoles. The value also represents an absence of
depolarising processes such as rotational diffusion or RET with near linear electronic
transitions. It is slightly higher than the »y value, of 0.26, calculated for 1 by
Birckner et al.[23] They used time correlated single photon counting to measure the
emission decay curves, of 1 in dioxane, with a parallel and perpendicular orientated
analyzer. With this equipment they were able to determine the rotational correlation
time directly from the kinetic measurements. Details on how the ry was determined

from the time-resolved polarisation measurements were not given.

f was calculated from equation [2.20] in Chapter 2. Here, the ry value at
wavelength 342 nm in the excitation spectrum of 1 measured at 77 K was used.
From this,  was determined to be 13.8° (Table 4.4). r is more excitation

wavelength dependent at higher energies because of the changing contributions from
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electronic transitions to higher electronic states, each of which have different §

values.

The excitation anisotropy in glycerol was almost equivalent to #y and is indicative
of the slowing of rotational diffusion of the fluorophore in this highly viscous
solvent. Interestingly, r is also observed to be less wavelength dependent at higher
transition energies. In glycerol, 1 exists as a continuum of conformers. Exciting the
sample with, for example, vertically polarised light results in the excitation of all the
vertically polarised molecular conformers with different absorption energies—
assuming all the lowest energy electronic transitions of each conformation lie along
the molecules longest axis. The resulting anisotropy spectrum is actually a
summation of the excitation anisotropy of these various conformers. This is
reflected in the dissimilarities between the excitation spectra of 1 in EPA at 77 K and
in glycerol. At 77 K the low energy planar conformation is most dominant and the
resulting excitation spectrum is red shifted and has better resolved vibrational peaks.
On the contrary, the excitation spectrum in glycerol is generally broad (similar to the
spectrum in cyclohexane) and only partially resolved due to the presence of the
many conformers. All the excited conformers contribute equally to the resulting
polarised emission as the majority will become planar and relax to the lowest excited
state prior to emitting. This is evident from the relative similarities between the

highly resolved emission spectra of 1 in EPA at 77 K and in glycerol.

At ambient temperature in cyclohexane, the emission of 1 is almost completely
depolarised. The excitation and emission anisotropy is 0.07 and totally independent
of excitation wavelength. Birckner et al.[23] calculated a value of 0.08 from steady
state measurements in dioxane at room temperature. Under these conditions 7 is near
zero due to the rotational correlation time being much shorter than the emission
lifetime in this non—viscous solvent. It is also expected that free rotation of the aryl

rings about the C=C will result in the presence of a range of conformers.[8, 18]

The fluorescence anisotropy of 1 in cyclohexane and glycerol, at 298 K, and in
EPA at 77K were also measured and where all independent of the emission
wavelength. The average fluorescence anisotropy was almost equal to the excitation

anisotropy at 342 nm at low temperature and in glycerol (Table 4.4).
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Figure 4.10 From top to bottom: (—) the fundamental anisotropy (ry) of 1 dissolved in EPA at 77 K,
anisotropy () of 1 in glycerol and in cyclohexane, at 298 K; (...) the normalised vertically polarised
excitation spectra of 1 for 380 nm emission.
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Table 4.4 The changes in the excitation and fluorescence anisotropy (r) value, the angular
displacement of transition moments value () and the rotational correlation time value (z;) of 1 at
342 nm with increasing solvent viscosity.

Excitation r Average
at342 nm/ | B/ degrees £+ | fluorescence
Solvent + 0.02 0.3 r+0.02 7./ ns £ 0.05
EPA at 77K 0.37° 13.8° 0.35
Glycerol at 298 K 037 13.5 0.36 19
Cyclohexane 0.07 47.4 0.07 0.12

“ fundamental anisotropy (ro). ° the angular displacement of transition moments in the absence of
depolarisation processes.

The fluorescence lifetime and r are related by the Perrin equation (Chapter 2):

r 0 "B,

where r is the observed anisotropy, ro is the fundamental anisotropy, z is the
fluorescence lifetime and 7 is the rotational correlation time. The extent to which
the fluorescence anisotropy is decreased strongly depends on the rotational
correlation time. For 1 in cyclohexane, assuming rp = 0.37 and 7r = 0.53 ns, 7. was
determined to be = 120 ps. In glycerol 7 is extremely long with a calculated value
of ~ 19 ns. Table 4.4 lists the measured r and ry values for 1 together with calculated
values of § and 7. It is expected that r will approach ro when z; is very large—as

observed in viscous solvents—and r will be near zero when . is quite small.

The time-resolved polarisation measurements of 1 in dioxane determined 7. to be
0.22 ns[23] which is in keeping with our results. The measured 7. characterises the
depolarisation movement as the torsion perpendicular to the long molecular axis

containing the transition moment.[23]
4.5  Time-resolved spectroscopy

A time-resolved spectroscopy technique is broadly defined as anything that allows
the measurement of the temporal dynamics and kinetics of photophysical
processes.[32] More specifically, changes in properties such as excited state
population and excited state structure over time can be measured. In this study time—
resolved emission spectroscopy (TRES), transient absorption (TA) spectroscopy and

time—resolved resonance Raman (TR?) spectroscopy were the three techniques used
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to investigate the excited state population, molecular structure and bond order of 1 to
7. All three techniques utilise pump laser pulses that are-shorter in width than the

decay of the excited state of the sample.

Time-resolved emission measurements involve exciting the dissolved sample with
a laser pulse, of specific wavelength, and recording its total emission intensity after
different time delays. In our study, the emission for time delays from 6 to 600 ps
was measured to investigate the molecular conformation in the early stages after

excitation.

Transient absorption studies utilises ultra—fast pump probe spectroscopy to
measure the S;<S; and T,« T, transitions. The equipment used for these studies (at
the Central Laser Facility, Rutherford Appleton Laboratory) limited the time window
over which these bands were observed to the first 2 ns after excitation. A solution of
the sample is pumped with a laser pulse of a specific wavelength to its S; state.
After a suitable time delay a weaker probe pulse, of white light, is passed through the
excited sample. The resulting transient spectrum is recorded as the difference in

absorption before and after the pump pulse as a function of wavelength.

Time-resolved resonance Raman spectroscopy is used, in combination with TA
spectroscopy, to probe the molecular structure and the bond order of molecules in the
first tens of picoseconds after excitation. The TA spectra are required to identify the
excitation wavelengths needed for resonance enhancement of the Raman scattering
of the transient state. In TR®, the sample solution is exposed to a laser pulse (pump)
which excites the molecules into an excited electronic state. A short interval later, a
second pulse (probe) excites the resonance Raman spectrum of the transient species
created by the first pulse.[33] The resonance Raman spectrum is then recorded with
a highly sensitive detection system (see Chapter 3). The C=C and skeletal C-C
stretching frequencies are easily discernable from the Raman spectra. By recording
the resonance Raman of transient species on the ps delay time scale, changes, if any,

in the characteristic molecular vibrations and structure, vide infra, can be monitored.
4.6 Time-resolved emission measurements

An investigation into the molecular structure and the type of bonding in the ground
state, and S, excited state of 1 was carried out. The TRES of 1 in cyclohexane were

recorded, with the Kerr gate system at the Central Laser Facility, Rutherford
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that as the 338 nm edge decays the 347 nm band increases in intensity over the some
630 ps time scale. This increase in intensity is attributed to the increasing
population of the lowest electronic excited state from the upper vibrationally excited
states via non-radiative decay mechanisms. Barbara ef al. have made similar
observations for salicylidenaniline in ether[36] and tetraphenylethylene in 3-
methylpentane[41], both at 4 K. In the case of salicylidenaniline, they observed a
fast component on the blue edge of the fluorescence with a rise time (z;) of < 5 ps
and lifetime of 10 ps and a long wavelength component with a 10 ps 7 and a 7z =
3 ns. Mataga et al[34] have observed the dynamics of hot fluorescence for Zn—
tetraphenylporphyrin and Zn—diphenylporphyrin derivatives in the femtosecond—
picosecond time regimes. They concluded the hot fluorescence emission probably
originated from the non-relaxed vibronic states immediately after S,—S; IC, and
higher vibronic states in addition to the almost relaxed state near the bottom of S,
formed by ultra fast vibronic redistribution, all over the wavelength region between

Sz and S]_
4.7  Transient absorption measurements

The S,«<S, transient absorption (TA) spectra of 1 in cyclohexane (Figure 4.12)
were recorded by ultra—fast pump probe spectroscopy to determine the optimum
wavelength for TR’ spectroscopy. The transient absorption spectra show a strong
band at 625 nm immediately following excitation. The band intensity increases by
ca. 20% and shifts to 620 nm over the first 50 ps following excitation after which the
absorption band decayed with a lifetime of ca. 600 ps. These shifts are attributed to
the changing conformations of the molecule. The rate of radiative decay of the
excited singlet state of 1 is reported to be 1.75 x 10° s™.[42] The absorption decay of
the 620 nm band is accompanied by the development of a weak band at 509 nm,
after about 700 ps, which persists for > 2 ns. This weak band is assigned to a T;;«T)
absorption. Nanosecond—flash photolysis experiments with 1,4-bis(phenylethynyl)-
2,5-bis(hexyloxy)benzene supports this assignment.[43] Our results are also in
keeping with triplet state measurements made using the pulse radiolysis energy
transfer method [44-46] by Burrows.[30] In this method, the triplet state of 1 is
selectively produced in an argon saturated benzene solution using biphenyl as a
sensitizer. A triplet state absorbance band at 530 nm with a lifetime of 150 us was

recorded.
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Figure 4.12 Transient absorption spectra of the S,<—5S, band of 1 in cyclohexane excited at 267 nm
and probed between 450 and 700 nm. (a) shows the - 50 1o 50 ps delay period and (b) the 50 to
2000 ps delay period. (b) inset shows the liner relationship between In(A(Absorbance)) of the total
spectra and time. Unlabeled arrows show the increases, decreases and shifts in intensity over time.

4.8 Time-resolved resonance Raman measurements

The picosecond time-resolved resonance Raman (ps—TR?) spectra of the S state of
1 in a cyclohexane solution, after excitation at 267 nm, for delays ranging from 3 to
1000 ps, are depicted in Figure 4.13 (a) and (b). The spectra were recorded when
probing at 588 nm, to the blue of the transient absorption band. This wavelength,

whilst not optimal for the absorption band, was used as longer wavelength excitation
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gave weaker detected Raman signals due to the reduced sensitivity of the

spectrometer at longer wavelengths.

The ps—TR® spectra show subtle shifts and changes in intensity in the first 50 ps
after excitation. Most notable is the C=C stretching band around 2123 cm™ which
shifts by 9 cm™ to 2132 cm™. This shift starts after 15 ps and stops at 50 ps. After
50 ps the peak remains at 2128 cm™. The spectrum of the S; state of 1 also shows
prominent bands at 1593, 1138, and 999 cm’'. These have been assigned as carbon—
phenyl stretching, carbon—hydrogen parallel bending and ring breathing modes
respectively based on ground state theoretical calculations by Chernia et al.[47] and
Beeby.[48] During the first 50 ps, the intensity of all the bands increased by ca. 24—
36%. After the initial rapid changes, the TR’ signal decayed mono—exponentially
(Figure 4.13 (b) inset) with a lifetime matching that of the excited singlet state.
These subtle changes in the first 50 ps are attributed to the free rotations of the aryl
rings in 1 and changes in the Raman excitation profiles. The transient absorption

and emission spectra data mentioned earlier also supports this conclusion.

The ps—TR3 of 1 in dichloromethane (DCM) and acetonitrile (MeCN) were
recorded to determine the effect of solvent polarity on the Raman vibrations in the S;
state on the ultra—fast time scale. There are no distinct changes in the Raman spectra
of 1 in DCM and MeCN over the 10 to 1500 ps delay period. Between 2050 and
1650 cm™ 1 shows less vibrational structure in DCM and MeCN than in cyclohexane
(Figure 4.14). The excited state lifetimes follow a mono—exponential decay in the
polar solvents and are similar to that in cyclohexane. Generally, the vibrational

modes are unaffected by solvent polarity.

To investigate structure and bonding of 1 in the excited triplet state, the ns—TR’
spectra were recorded after a 320 nm excitation for delays of 0, 50 and 1000 ns
under argon and probing at 540 nm. There are no variations in the vibrational fine
structure of the transient Raman spectra over the selected delay periods. The
vibration bands are better resolved in the ns—TR? profile than in the ps—TR?® spectra.
The shorter time scale has broader bands due to the limitation on the band width
because of the uncertainty principle. The C=C is a significantly weaker band than
the other signature vibrational bands of 1. The C=C stretch is also observed to be up
shifted from its frequency in the S; state by 14 cm™ to 2146 cm™ in the T; state
(Figure 4.15).
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Figure 4.13 The time-resolved resonance Raman spectra of the S; 1 in cyclohexane after 267 nm
excitation and probing at 588 nm. (a) shows the 3 to 30 ps delay period and (b) the 50 to 1000 ps
delay period. (b) inset shows the linear relationship between In(intensity ) of the Raman spectra and
time. The arrows show the increases, decreases, and shifts in the intensity over time.
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Figure 4.14 Time-resolved Raman spectra of 1 in cyclohexane, DCM and MeCN after 50 ps,
exciting at 267 nm and probing at 588 nm. € denotes miss-cancelled solvent peaks.

The Raman spectra of 1 in the ground state and the S; and T; excited states after
50 ps and 50 ns time delays are compared in Figure 4.15. The ground state spectra
show the presence of the four major bands mentioned earlier. A comparison of the
solid ground state Raman spectra of 1, with that of 1 with four deuterium
substituents bonded to the central ring[48] shows them to be identical except for one
peak. The 1593 cm™ vibration in 1 is down shifted to 1566 cm™ in deuterated 1, thus
confirming that this vibration corresponds to the symmetric stretching of the phenyl
rings. In Figure 4.15 (b), the 1,000 cm™' band observed in the ground state Raman
spectra of 1 in the solid state (Figure 4.15 (a)) is masked by the cyclohexane solvent
peak. Table 4.5 lists all the Raman vibrations shown in Figure 4.15 and the mode
assignments based on A symmetry of the ground state[47] for the major peaks and
ground state calculations using the Gaussian 03 package[49] with the B3LYP
density functional and the 6-31G* basis set.
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Figure 4.15 Ground state Raman of 1 in (a) the solid state probing at 633 nm, (b) in cyclohexane
probing at 532 nm. Time-resolved resonance Raman of 1 after (c) 50 ps, pumping at 267 nm and

probing at 588 nm and (d) 50 ns, pumping at 320 nm probe 540 nm under argon. ¢ indicate miss-
cancelled solvent peaks remain following spectral subtraction.

When compared to the solution Sy state, the acetylene bond stretch decreases in
wavenumber by 71 cm’! in the T, excited state and by 85 cm’! in the S; excited state,
making it the most shifted band of the four. The Raman bands at 1598 and
1000 cm™ are all down shifted while the 1132 cm™ band is up-shifted by +6 and
+21 cm™ in the S; and T; states respectively. The C=C bond, though considerably

weakened, still persists in the triplet excited state.
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Table 4.5 The non-resonance” and time-resolved resonance Raman® bands of 1 with vibrational
mode assignments.

Ground state /

Excited states in C¢H;; / em’™ b

da Mode description®
cm
Solid In S, after . oue cpue
state CeHyz |50 ps Shift‘[T; after 50 ns Shift
2338 vw
2207s" |2217s [2132m |-85 |2146vw |71 —
1986 vw 2006 vw . -
1841 vw 1883 vw
1708 w 1731 vw
) -— —P-— -
1604 sh 1584 w O - O = O
- — - -
— - P
1593s  |1598s [1593s |-5 |1537s 61 @z  )—~< )
- -
1497 m 1477 m
1425 vw 1374 m
A AN
1185 vw 1180 sh \ /— N/ — \ /
wH HA
1130s  |1132s |1138s |+6 |1153 s 121
Ha 1A AN
1116 w
1000vw |19 l999m |-1 |982m 18 — =
vw
896 vw
809 s
712w

 Vibrational mode assignments are made on the basis of work done by Chernia et al.[47] and
calculations done by Beeby[48] using the Gaussian 03 package[49] with the B3LYP density
functional and the 6-31G* basis set. dQualitative Raman: ‘s’, ‘m’, ‘sh’, ‘w’ and ‘vw’ refers to the
peak intensities respectively as ‘strong’, ‘medium’, ‘shoulder’, ‘weak’ and ‘very weak’. ¢ Vibrational
shifts in the excited state spectra from the ground state spectrum in cyclohexane.

Significantly, these time-resolved experiments give no indication of a completely

cumulenic/quinoidal structure existing in the S; state as suggested elsewhere. The

observed significant acetylenic character in the S, state is not inconsistent with the
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1170 cm™ region. This is attributed to the various methyl group vibrational modes

expected in this region.
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Figure 4.17 Transient absorption spectra of the S;«<—S; band of § in cyclohexane excited at 267 nm
and probed between 470 and 750 nm. (a) shows the - 50 to 15 ps delay period and (b) the 20 to
1000 ps delay period. The insets depict the rates of change in intensity over time at wavelengths 564
and 637 nm. Unlabelled arrows show the increase and decrease in the band intensities over time.

The peak at 1220 cm™' in the ground state and 1208 cm™ in the S, state is tentatively

assigned to the r-butyl vibrations. The 1042 cm™ peak is most likely to represent

outer ring breathing vibrations.[52]
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Figure 4.18 (a) The ground state Raman spectrum of solid 5, probing at 633 nm. (b) The ps-TR® of 5
in cyclohexane pumping art 267 nm, probing at 583 nm with 60 ps delay.

4.10 Ground state and time-resolved resonance Raman spectroscopy
measurements of 1,2,4,5-tetramethyl-3,6-bis-(2,4,6-trimethyl-phenylethynyl)-
benzene (3), 1,4-bis(2-(2-tert-butylphenyl)ethynyl)benzene (4) and 1,2,4,5-tetra-
fluoro-3,6-bis(phenylethynyl)benzene (7)

The Raman solid state spectra and ps-TR® excited singlet state spectra in
cyclohexane of 3, 4 and 7, are compared in Figure 4.19-Figure 4.21. The Raman
solid state spectra were measured by probing at 633 nm. The excited singlet state

spectra were recorded after a 50 ps time delay, pumping at 267 nm and probing at

588 nm.

The C=C stretching frequency (between 2215 and 2186 cm’) in the three
molecules in the ground state, is the dominant peak in the Raman profiles. This is
expected as carbon triple bound vibrations are very intense in the Raman
spectrum.[52] In the S, state the C=C signature bands move down to the 2132 to
2103 cm™ region and are of weaker intensity than the ring stretching vibrations

which are at around 1600 cm™. The changes in the excited state are indicative of a
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slight weakening of the C=C character as seen in 1. The carbon triple bond vibration

is most diminished in the S; excited state of 7 (Figure 4.21).

The ground state of all three shows a lot of vibrational fine structure in the 1720 to
900 cm™' region. An attempt was made to assign the main vibrational modes based
on Raman ground state calculations, the known band positions of the functional

groups and comparisons to the Raman spectrum of 1.

The 1610 and 1570 cm™ bands of 3 (Figure 4.19) are thought to be similar to the
phenyl anti-symmetric and symmetric stretches observed in 1 in the same region.
The bands between 1506 and 1208 cm™ are likely to be methyl group deformation
vibrations with some ring deformation.[52] The 1050 cm™ peak is a possible outer

ring breathing mode.[52]
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Figure 4.19 (a) The ground state Raman spectrum of solid 3, probing at 633 nm. (b) The ps-TR? of 3
in cyclohexane pumping at 276 nm, probing at 588 nm with 50 ps delay.
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Figure 4.20 (a) The ground state Raman spectrum of solid 4, probing at 633 nm. (b) The ps-TR® of 4
in cyclohexane pumping at 267 nm, probing at 583 nm with 60 ps delay.

In 4, the phenyl anti-symmetric and symmetric stretching modes are characterised
by two strong bands at 1606 and 1596 cm™ of almost equal intensity. The bands at
1484 and 1443 cm™' are identified as the methyl group deformation vibrations while
the 7-butyl vibrational modes are expected to occur between 1215 and 1065 cm™ .[52]
Compared to 1, the central ring C-H in-plane deformation in 4 is likely to be the
1205 cm™ band and the central ring breathing mode is either the 1141 or the
1125 cm™ band. The 1049 cm™ band is identified as the outer ring breathing mode.

For compound 7, the ground state vibrational peak assignments are based on
theoretical calculations.[49] The weak to strong vibrational mode assignments of 7
are listed in Table 4.6. The excited state resonance Raman spectrum of 7 shows
more vibrational fine structure than the alkyl substituted compounds (Figure 4.21).
The strongest bands are associated with ring symmetric stretching (1593 and
1285 cm™) and ring breathing (1004 cm™) modes. The carbon—fluorine symmetric
stretch is seen as a medium peak at 1427 cm™ in the ground state but is not
discernable in the excited state. Of all the vibration bands of 7, the acetylene

stretching vibration has the largest shift, of -82 cm™, to lower energy (see Table 4.6).
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The medium bands at 1642 and 1599 cm™' in the ground state are identified as the

inner ring and the outer rings symmetric stretching modes respectively.

1593

2 |

—

Intensity / au

1618 1318 1018

1642 /

1427 1074 ‘:997
J k 2,' 76 1267 1176 ' (a)
O - T T 1 A : T
2150 1850 1550 1250 950

-1
Wavenumber / cm

Figure 4.21 (a) The ground state Raman spectrum of solid 7, probing at 633 nm. (b) The ps-TR® of
the S, excited state of 7 in cyclohexane pumping at 267 nm, probing at 588 nm after 50 ps delay.

Table 4.6 The non-resonance” and time-resolved resonance’ Raman bands of 7, shown in Figure
4.21, with ground state vibrational mode assignments".

S, excited state / em™’
Ground state / cm™ | (shift) Mode description®
' K F
214 2132 vw (-82) == )=
B F ¥
2176 vw
1697 vw |
1678 vw 1668 vw (-10)
K F

I
|

1642 s \ /

1§
|

]
]

]
-

@
|
X
||
@

1599 s 1593 s (-6)

-
o)
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Table 4.6 (Continued).

Ground state / cm™ (Ss'h‘;:t;ited state /em™” Mode description®
1574 vw
1497 vw 1501 m (+4)
1427 m
1267 w 1285 s (+18)
1176 w 1191 m (+15) (HH)
~HanH, F F N W
AN THN R F INED
1074 m @%Qi—@»
N7 7R SN NS
1058 vw
1026 vw
F, F
997 m 1004 m (+7) — —
F F

[ I

Qualitative Raman: ‘s’, ‘m’, ‘w’ and ‘vw’ refers to the peak intensities respectively as ‘strong’,
‘medium’, ‘weak’ and ‘very weak’. © Mode descriptions are based on ground state Raman vibration
calculations using the Gaussian 03 package[49] with the B3LYP density functional and the 6-31G*
basis set. ¢ Vibrational shifts in the excited state spectra from the ground state spectrum.

Inner ring symmetric stretching and outer ring out of plane deformation modes are
associated with the 1074 cm™ band while the 997 cm™ band is assigned to outer ring
breathing. All the vibrations between 1500 and 980 cm™ increase in energy in the
first excited state while ring symmetric stretches and acetylene stretches all decrease
in energy. In Table 4.6 we also observe an enhancement of the vibrations in the

excited state in the 1500 to 1000 cm™ region.

A comparison of the ps—TR’ spectra of 1 with those of 3, 4, 5 and 7 (Figure 4.22)
show quite a few similarities. The acetylene bond component of the spectra is
prominent in all the substituted forms of 1 except in 7 where it is weakest but in

exactly the same position as in 1. The strongest vibration in all five compounds is
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centred around 1593 cm™ and represents the symmetric stretching of the ring carbons
and some ring in-plane deformations. Over the range 1470-1000 cm™ most of the
ring breathing and ring stretching frequencies are found in all the ground state
spectra. However, in the excited state 3, 4 and 5 exhibit very weak vibrations in this
area. The methyl and #-butyl groups appear to reduce the intensity of the Raman
bands for these ring vibrations in the excited state. This could be the result of these
electron donating substituents reducing the polarisability of the phenyl ring which in

turn reduces the intensity of the Raman vibrations.

5 - 1593 1285

Intensity / au

0 —— ‘ ,

2550 2250 1950 1650 1350 1050 750
Wavenumber / cm’’

Figure 4.22 The ps-TR? spectra of (from bottom to top) 1, 3, 4, 5 and 7. Delay = 50 ps pump =
267 nm, probe = 588 nm for all except 4 and 5 which were probed at 583 nm after 60 ps delay.
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4.11

bis(phenylethynyl)benzene (6)

Ground state and time-resolved resonance Raman of 1,4-dibromo-2,5-

Time-resolved resonance Raman scatter of 6, in cyclohexane under argon, on the

nanosecond time scale gives insight into the bond order of the molecule in the triplet

state. The presence of the heavy atoms in this compound means that its triplet yield

1527

3 -
2060
1906
1775 (b)
1479 1382
607
2 _
S
z
%]
8 621
g
2216 : ‘ ‘
17 1140 840 540
\"“\\_\ 999 (a) :
1;54;“‘7 1151 679 :
2193 , :
ln\ 1603 1502‘.' 702 197.‘
0 = T ,Aw - T " *‘\
2340 2040 1740 1440 1140 840 540
Wavenumber / cm’’

Figure 4.23 (a) The ground state Raman spectrum of solid 6 probing at 633 nm. (b) The ns-TR’
spectrum of the triplet excited state of 6 in cyclohexane, under argon, with a 0 ns delay, pumping at

320 nm and probing at 540 nm. 4 indicates miss-cancelled peaks.

Table 4.7 The non-resonance’ and time-resolved resonance Raman® bands of 6, shown in Figure

state vibrational mode assignments.

4.23, with ground
Ground Ty . Mode Ground Ty . Mode
excited . e c ., |excited . e c
state of description state of solid description
. .1q|State/ . la state / .
solid / cm em'? (shift) /em em (shift)
2216 s 2060 vw | C=C stretch (-156) 1026 W 1114 vw
7 Outer ring z-
2193 w 999 s 985 m | feformaton.
nner ring
breathing (-14)
1906 vw 988 vw

110



Table 4.7 (Continued)

Ground |11 Mode Ground T Mode
excited . e c . . |excited . e
state of description state of solid description
solid / em™ @ St/ | (hife) / em™ state/ | chift)
em™? em™?
Outer and
1775 vw 927 vw inner ring z-
deformation
Outer rings in-
1603 w 1572 vw | plane deformation. | 873 vw 875 s
C-H wagging (-31)
QOuter and inner
rings anti
1574 m 1527 s symmetric stretch. 841 vw
C-H wagging (-47)
Outer rings anti Outer and
1502w | 1479m | mmetrestetch. | 55y 751w | inner ring z-
n-plane deformation
wagging (-23)
o Inner ring
symmetric
1443 vw 1382 m 702 w siretch. Outer
ring breathing.
1326 vw toner ring C-Hin- 1 g7 1, 652 w
plane wagging
1280 vw 1279w 621 vw
7 C=C and ring
1247 vw 597w 607 w z-deformation
(+10)
Outer ring C-H
177 vw scissoring
Inner ring
1151 m 1168 m 7 breathing (+17)
1135w

[ T )

Qualitative Raman: ‘s’, ‘m’, ‘w’ and ‘vw’ refers to the peak intensities respectively as ‘strong’,
‘medium’, ‘weak’ and ‘very weak’. z-deformation refers to out of plane distortions. “ Mode
descriptions are based on ground state Raman vibrational calculations using the Gaussian 03 package
[49] with the B3LYP density functional and the 6-31G* basis set.

is much greater than its parent (1). Figure 4.23 of the resonance Raman spectra of 6
shows a very weak acetylene bond at 2060 cm™ in the triplet state. This band is
156 cm™' lower in frequency than in the ground state. The ns—TR’ of 6 was recorded
after 0, 50 and 1000 ns delays. All three delay times gave the same vibrational
profile with no changes in peak ratios. The Raman ground state and ns—TR? state

vibrations are listed in Table 4.7. Mode assignments of the peaks are based on
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theoretical calculations.[49] Not all the peaks observed were predicted by the

calculations.

The acetylene bond vibration in 1 in the triplet state is also very weak but higher in
energy (+86 cm™', Figure 4.15 (d)) than the corresponding band in 6. The addition of
the Br atoms to the chromophore has reduced the energy of the acetylene bond but
has not increased its vibrational intensity in the triplet state as expected. This weak
band in 6 does not appear to be a vibrational overtone as it is not twice, or near
twice, the wavenumber of any other band in the spectra. A low intensity C=C
stretching band at 1920 cm™ was also observed in the transient resonance coherent
anti-Stokes Raman spectra of bis(4-biphenyl)acetylene (pumping at 355 nm and
probing at 549 nm) in the triplet excited state by Kamisuki et al.[S3] Their
explanation of this observation can be extended to the ns—TR® spectra of 1 and 6 in
which cases the low intensity of the C=C bands, compared to other bands, indicate
that the electronic transitions of the T,«T, bands in the electronic resonance effect

are mainly responsible for structural changes of the phenyl rings.

Comparing the ground state and excited state spectra allows for a tentative
assignment of some of the triplet excited state vibrations. We observe that the
1574 cm™ ring anti-symmetric stretching band in the ground state is yet again the
most resonance enhanced band, this time in the triplet state. Some of the vibration
mode intensities between 1580 and 540 cm™ are also enhanced in the triplet state and

tend to be of lower energy than the ground state bands.
Conclusions

The photophysical and spectroscopic properties of compounds 1 to 7 were
measured in the ground and excited state, to determine the nature of their molecular
structure and bonding. With the exception of §, all the molecules behave according
to Kasha’s rule, undergoing excitation to a vibrationally excited Frank—Condon state,
before rapid relaxation to the lowest vibrational level of the S, state and subsequent
emission and/or non-radiative decay. The photophysical properties of 1 are found to
be affected by solvent viscosity, steric hindrance and the presence of heavy atoms
and s—electron donor groups. The lowest singlet state energy of 1 is also affected by

the presence of substituents.
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Compound 1 exists in a range of conformers in the ground state due to the small
barrier to the rotation of its phenyl rings (2.7 kJ mol'). The subtle changes on the
blue edge of the TRES of 1, in the first 30 ps, is indicative of molecules still in the
process of relaxing prior to emission from the most stable planar state. The steady
state absorbance and fluorescence emission data show that the addition of alkyl and
halo substituents to 1 does not significantly affect its free rotation in the ground state.
Nor do these substituents affect 1’s ability to become planar before fluorescence
emission, from its lowest excited state, in solution. In a low temperature glassy
matrix we see that the presence of bulky substituents, as in compound 5§, results in
fluorescence emission from both high and low energy conformations. The presence
of a rapidly decaying shoulder at 564 nm in the ps-TA spectra of § is further
evidence of the r-butyl substituents causing drag through the solvent which slows

down the molecules ability to become planar prior to emission.

The alkyl and halo substituents on 1 generally increased its conjugation and red
shifted the absorption and emission spectra. The bulky alkyl substituents and
fluorine substituents all increase the fluorescence lifetime of 1. 5 causes the largest
increase in the fluorescence lifetime (zr of 1 = 0.53 ns while 7y of § = 0.72 ns) while
bromine substituted 6 reduces it. The bromine atoms in 6 enhance intersystem
crossing to the triplet state to such a degree that long lived phosphorescence could be
detected at low temperature (zn = 4.0 ms). Fluorine substituents (7) cause the
biggest enhancement of the fluorescence quantum yield (@ of 1 = 0.85 while & of 7
= 0.97) and the largest increase in the extinction coefficient (¢ of 1 =

58,400 mol™' dm’® cm™ while £ of 7 = 67,100 mol”' dm® cm™).

The main vibrational spacings in the low temperature excitation and emission
spectra of the seven compounds are tentatively assigned to aromatic ring stretching
modes as they are calculated to be in the 13001500 cm™ region. The presence of
substituents decreased the lowest singlet excited state energy of 1 (3.59¢V or

346.4 kJ mol™") by a maximum of 0.18 eV (17.4 kJ mol™).

It was observed, for the first time, that the effect of viscous drag slows down the
rotation of the aryl rings in relation to each other to such a degree that the excitation
anisotropy in glycerol is in fact a summation of the anisotropies of various

conformers of 1 with different absorption dipoles. Its fundamental anisotropy, in
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EPA at 77K is 0.37, and the angle of displacement between the absorption and
emission dipoles is 13.8°. This is in keeping with molecules which have near liner
absorption and emission dipoles. The rotational correlation time of 1 is shown to be

ca. 120 ps in cyclohexane and 19 ns in glycerol.

The characteristic S; Raman bands of 1 are 2132, 1593 1138 and 999 cm™', which
are assigned to the C=C stretching, carbon—phenyl stretching, C-H parallel bending
and ring breathing modes. The TR® spectra of all compounds studied illustrates that
they all have C=C bonding character in the excited singlet state. The fluorine
substituents reduces the resonance enhancement of the C=C band in the excited state
the most, as seen in the TR’ spectrum of 7. Ring symmetric and anti symmetric
stretching, and alkyl group deformation vibrations are more dominant and more
resonance enhanced in the S; state. The C=C bond in 1, though significantly weaker,
is found to persist in the triplet excited state which was measured using ns-TR®. The
presence of heavy atoms does not enhance or reduce the Raman acetylene bonding
character of 1 in the triplet state. Noteworthy from the time—resolved experiments is
the lack of evidence of any cumulenic/quinoidal structure existing in the S, state or,
indeed, the T, state. The highly delocalised, lower lying, bonding orbitals—which
have been shown to be present from theoretical calculations—are thought to

contribute to the acetylene bonding character of 1.
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CHAPTER S

Properties of 1,4-bis(phenylethynyl)benzene donor—acceptor substituted

compounds
5.1 Introduction

Molecules composed of an electron donating group and an electron accepting
group, separated by a spacer unit, can under go intramolecular electron—transfer (ET)
reactions upon photoexcitation. During ET, an electron is moved from the donor to
the acceptor site. The reaction product is called an intramolecular charge—transfer
(ICT) state.[1] True ICT states are usually different from the parent ground states in
their electronic structure and molecular geometry, provided the molecular skeleton is

not too rigid.[1]

Thirty three years ago Grabowski et al. put forward a structural hypothesis[2]
which later became known as the twisted intramolecular charge—transfer (TICT)
model.[3, 4] This model explained the geometry and charge separation in the
excited state which was responsible for the dual fluorescence observed in 4-(N,N-
dimethylamino)benzonitrile (DMABN) in highly polar solvents. According to the
TICT model the higher energy emission band of DMABN is due to a moderately
polar ICT isomer with a planar geometry while the lower energy band is from a fully
charge separated isomer with methyl groups orthogonal to the phenyl ring. Since
then, many more donor—acceptor (D—A) systems have been reported to exhibit dual

fluorescence.[5]

Fluorescence from the ICT and TICT states of /#conjugated D—A molecules, in
polar solvents, has also been reported.[6-9] The D—A systems undergo a large
change between the ground and excited state dipole moments (Atg) due to a shift in
the electron density from the D to the A group.[9] Theoretical calculations by
Broo[10] indicate that the excited state of 4-cyano-4’-methylthiodiphenylacetylene
(MTCN-DPA) is a TICT state in which the two phenyl rings are perpendicular to
each other with a dipole moment () of 24.18 D. The intramolecular charge
separation process in 4-N,N-dimethylamino-4’-cyanodiphenylacetylene (DACN-
DPA) was investigated by Hirata ef a/. who concluded that the dipole moment of the
ICT state is about 36 D based on the Stokes shift in aprotic solvents.[7] This is quite

120



large and indicates that the electronic structure of the ICT state is close to that of the

ion pair.[7]

Lengthening the #—conjugated system connecting the D and A moieties is expected
to increase charge separation and the Ageg term.[9] This has been shown to be false
in the case of some diphenylpolyenes[11] where the ., for derivatives of 4-(N,N-
dimethylamino)-4’-nitro-trans-stilbene with one to three frans ethane units, ranged
from 22.0 to 27.0 D. The lower than expected values were put down to internal
mesomeric stabilization in larger solutes.[11] The ux was estimated from
experimental data and ranges from 21.7 to 27.3 D[9] for 4-N,N-dibutylamino-4’-
cyanoterphenyl (DCT) and its conformationally more planar and more twisted
analogues, but theoretical computations predicted values from 51.7 to 50.4 D. The
authors interpreted this discrepancy to be the result of an over estimation of the
solvent stabilization, due to the uncertainty in the Onsager radius, in calculating s,

from experimental values.

By using steady state fluorescence and time-resolved infrared measurement
techniques, we investigated the ICT process and the excited state structure and
bonding in a group of D—A compounds with the longer and less sterically hindered
1,4-bis(phenylethynyl)benzene spacer group in solvents of increasing polarity. This
was done with the aim of finding out what effect this type of spacer unit has on the
photophysical properties of these D—A pairs; determining the effect of solvent
polarity; looking for evidence of TICT states upon excitation in polar solvents; and

estimating their excited state dipole moments.
The compounds studied are listed in Table 5.1. They consist of the following:

(a) Three types of D—A pairs: methyl-4-(4-(4-dimethylaminophenylethynyl)-
phenylethynyl)benzoate (8}—a strong donor-weak acceptor pair; 4-(4-(4-
dimethylaminophenylethynyl)phenylethynyl)benzonitrile  (9>—a  strong
donor-strong acceptor pair; and 4-(4-(4-dimethylamino-3,5-dimethyl-
phenylethynyl)phenylethynyl)benzonitrile (10)—a strong donor-strong
acceptor pair with the donor group permanently orthogonal to the phenyl

ring.
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(b) The D-D and A-A pairs of 4-(4-(4-dimethylaminophenylethynyl)-
phenylethynyl)-N,N-dimethylbenzenamine (11) and 4-(4-(4-cyanophenyl-
ethynyl)phenylethynyl)benzonitrile (12) respectively.

(¢) The mono-substituted donor system 4-(4-(4-dimethylaminophenylethynyl)-
phenylethynyl)benzene (13); and two mono-substituted acceptor systems of
4-(4-(4-cyanophenylethynyl)phenylethynyl)benzene (14) and methyl 4-(4-
phenylethynyl)phenylethynylbenzoate (15).

Table 5.1 Compounds investigated.

Compound Structure Code

Methyl-4-(4-(4-

\
dimethylamino \ O
phenylethynyl) N . = . = . % 8

phenylethynyl)benzoate

4-(4-(4-Dimethylamino

phenylethynyl)phenyl :NN | 9

ethynyl)benzonitrile

4-(4-(4-Dimethylamino-
3,5-dimethylphenyl
ethynyl)phenylethynyl)be
nzonitrile

10

4-(4-(4-Dimethylamino
phenylethynyl)
phenylethynyl)-N,N-
dimethylbenzenamine

11

4-(4-(4-Cyano

phenylethynyl) N= O = O = O =N 12

phenylethynyl)benzonitrile

4-(4-(4-Dimethylamino

phenylethyny!) :N )= )= ) 13

phenylethynyl)benzene

4-(4-(4-Cyano

phenylethynyl) O = O = O =N 14

phenylethynyl)benzene

Methyl-4-(4- \o
phenylethynyl) — — 15
phenylethynylbenzoate O O O 0

Results and discussion
5.2 Steady state absorbance and fluorescence measurements

The absorbance and fluorescence spectra of the compounds in Table 5.1 were

recorded in a range of solvents with varying polarity. These solvents were
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cyclohexane (CgH2), chloroform (CHCIls), ethyl acetate (CH3CO,C,Hs),
tetrahydrofuran (THF), dichloromethane (DCM), ethanol (EtOH) and acetonitrile
(MeCN). The spectra of these compounds in cyclohexane, dichloromethane and
acetonitrile are presented in Figure 5.1 to Figure 5.8. Table 5.2 collates all the major

absorption and emission peaks. Table 5.4 lists the measured lifetimes in all seven

solvents.

CﬁH[l
------- DCM
eecece CH;CN

Intensity / au
=
W

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 5.1 Absorption and emission spectra of 8. In C¢Hz, Aex = 318 nm; DCM, A, = 390 nm; and
CH;CN, A = 400 nm. *.denotes the weak CH3;CN Raman bands.

1
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Figure 5.2 Absorption and emission spectra of 9. In C¢H;y, A, = 316 nm; DCM, A, = 400 nm;
CH;CN, A = 371 nm.
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Figure 5.3 Absorption and emission spectra of 10. In C¢H,s, Ay = 320 nm; DCM, A, = 380 nm;
CH;CN, A, =380 nm. * denotes the weak CH;CN Raman bands.

CeHy,
........ DCM
ssenwns CHICN

Intensity / au
=
w

0

255 305 355 405 455 505 555 605 655
Wavelength / nm

Figure 5.4 Absorption and emission spectra of 11. In C¢H;5, Aex = 320 nm; DCM, A, = 330 nmy;
CH,CN, A, = 370 nm.
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Figure 5.5 Absorption and emission spectra of 12. In C¢H),, Aex = 320 nm; DCM, Ao = 336 nm;

CH;CN, A =320 nm.
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Figure 5.6 Absorption and emission spectra of 13. In C¢H,,, A, = 300 nm; DCM, A., = 364 nm;
CH;CN, A = 380 nm.
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Figure 5.7 Absorption and emission spectra of 14. In C¢Ha, Aex = 331 nm; DCM, A = 300 nm;
CH;CN, A, =300 nm.
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Figure 5.8 Absorption and emission spectra of 15. In C¢H),, A =280 nm; DCM, A, = 300 nm;
CH;CN, A, = 300 nm
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Table 5.2 The absorption and emission peaks of 8-15 in solvents of increasing polarity.

Absorption Peaks | Emission Peaks
Cpd. | Solvents (Range) / nm (Range) / nm
e o 290, 317, 365 404, 427
6 (260-405) (383-560)
299, 321, 370 490(b)
CHCL | (570.430) (420-690)
290, 366 525(b)
CH:COGHs | (270-430) (430-730)
- 306(b), 371 534(b)
(280-430) (440-760)
306(b), 371(b) | 536(b)
DCM (280-430) (440-760)
543(b)
297,317, 367
C,H;OH* 317, (420-750).
(260-430) s
637(b)
(460-780).
CH,CN (229 666_1135()’)368 * 425, 440, 454, * 426(b) for
hex = 330
[ca. 216%]
' 291, 313, 372 412, 435
9 | Gl (260-410) (390-530)
500 (420-700),
CHCls 299,317, 371 *362 & 383 for hex = 300 [ca.
(266-445)
9%
536
294, 310, 370 (440-750).
CHsCOCHs | (960-430) * 406(b) for Aex = 340
, [ca. 3%]
296,314,372, | 555(b)
THF (260-430) (430-780)
297312, 371 546(b)
DCM (260-445) (440-780)
583(b)
C,H;OH f29 656_341460’)369 (430-790). * 431(b) for
hex =335 [ca. 71%)]
629(b)
296, 309, 371 (400-730).
CH;,CN (260-450) * 486(b) for he, = 371
[ca. 43%]

KEY: * solvent Raman bands; * - the additional band arising from the formation of decomposition

products in polar solvents; [%] - intensity of the decomposition product band compared to the major
emission band; b - broad; sh - shoulder.

127



Table 5.2 (Continued)

Absorption Peaks | Emission Peaks
Cpd. | Solvents (Range) / nm (Range) / nm
, 338 404, 426(sh)
10| Gt (250-400) (375-550)
339(b) 494(b)
CHC, (250-410) (410-700)
334(b) 553(b)
CH:COCHs | 554 400) (430-740)
336(b) 547(b)
THEF (260-405) (430-750)
542(b)
DCM 3(32%’)4 0 (435-750). * 360 for
Aex = 300 [ca. 5%]
581(b)
C,H;OH 3(32‘;(5")4 05 (380-740). * 397(b) for
| dex = 310 [ca. 24%]
655(b)
CH;CN 255.405) (470-740). *403, 417 & 429,
400(b) for Aey = 332 [ca. 33%)
P 286, 350, 380(sh) | 388, 407, 425
6112 (280-394) (370-510)
286, 368 420(b)
CHCI3 (280-415) (380-610)
298, 359 431(b)
CHCOGHs | 980.410) (388-610)
280, 370(b) 432(b)
(THF (270-418) (391-600)
286, 370(b) 433(b)
DCM (280-415) (390-610)
280, 365(b) 446(b)
EtOH (280-415) (385-650)
280, 370(b) 475(b)
CH3CN (280-420) (400-680)

KEY: * solvent Raman bands; * - the additional band arising from the formation of decomposition
products in polar solvents; [%] - intensity of the decomposition product band compared to the major
emission band; b - broad; sh - shoulder.
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Table 5.2 (Continued)

Absorption Peaks | Emission Peaks
Cpd. | Solvents (Range) / nm (Range) / nm
2 lon 314, 334, 356(sh) | 363, 378, 393
6712 (260-367) (348-470)
336, 359(sh) 368, 386
CHCL, (270-375) (350-490)
332, 353(sh) 362,379
CH;CO:GHs | 560.367) (346-490)
- 334, 357(sh) 366, 383
| (280-379) | (350-490)
335, 359(sh) 368, 385
DCM (280-370) (353-490)
332, 354(sh) 366, 382
C:HsOH (280-368) (345-390)
331, 352(sh) 365, 382
CH,CN (260-367) (347-490)
300, 353(b) 383, 403
13| CeHiz (255-390) (366-520)
438(b)
CHCly* ?20626-345190()b) (388-600). * 357 for
| hex = 330 [ca. 10%]
298, 358(b) 460(b)
CH;CO:GHs 1 060.412) (393-650)
T 299, 362(b) 464(b)
(260-419) (393-650)
299, 362(b) 465(b)
DCM (260-419) (400-650)
478(b)
C,H,OH* ?29;’_151%()") (400-710). * 377(b) for
hex = 300 [ca. 8%]
297, 361(b) 515(b)
CH,CN (257-419) (417-750)

KEY: * - the additional band arising from the formation of decomposition products in polar solvents;
[%] - intensity of the decomposition product band compared to the major emission band; b - broad; sh
- shoulder.
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Table 5.2 (Continued)

Absorption Peaks | Emission Peaks

Cpd. | Solvents (Range) / nm (Range) / nm
o ome e e
ccocm | R 0,
THE Qo360 | (50-510
won | e
cnon | ey,
CHON | Goamy | (asesso)

15 |CHp, 325, 350(sh) 358, 374, 387, 404
(250-360) (343-470)
o[,
CHCOCHs | (66360 | (ass00)
THE Qsiaety | (3a5-500)
DCM ?22576-3356%()Sh) ?375%?5)20)
CGHOH | Ggozsny | (345-550)
cnon | e[

As expected, the spectra of all the compounds are red shifted from that of
1,4-bis(phenylethynyl)benzene (BPEB), revealing a smaller HOMO-LUMO gap due
to substituent effects. In cyclohexane, the size of the shifts in the absorption spectra
of 10, 12, 14 and 15 (being between 480 and 167 cm™) are consistent with a
substituent effect.[12] While the shifts observed for 8, 9, 11 and 13 (being between
2900 and 4400 cm’') suggests a greater electronic interaction between the

substituents and the bis(phenylethynyl)benzene bridging moiety.

Very little solvatochromism is observed in any of the compounds’ absorption
spectra. The absorption spectra of D-A compounds 8 and 9 are quite similar (Figure

5.1 and Figure 5.2). Their absorbance spectra are characterised by broad bands
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centred around 296 nm and 369 nm. In cyclohexane, the higher energy band of 8
consists of two peaks at 290 nm and 317 nm. While the same band for 9 consists of
two peaks at 291 nm and 313 nm. In polar solvents the separations between the
bands around 296 nm becomes less discernable, however, the only change in the
intense lower energy band is a slight broadening and an increase of absorbance in the
red tail region. A similar profile was observed in the UV spectra of the model D-A
systems, 4-cyano-(4-methylthio)diphenylacetylene [8, 12, 13] and 4-N,N-dimethly-
amino-4-cyanodiphynylacetylene.[7] The intense lower energy bands observed in
this case were reported to be an intramolecular charge—transfer (ICT) transition
resulting from the excitation from the donor to the acceptor group. The low energy
bands observed in the UV spectra of 8 and 9 can also be considered to be ICT
absorption bands. The high energy bands are attributed to z*« transitions.[6] It is
expected that this transition will also have some charge transfer character and is
better described as the promotion of an electron from a sz bonding level to an orbital
localised more on the acceptor group.[13] These two main energy bands may not
represent pure transitions but may be composed of several weaker transitions to other
excited states.[13] The absorption spectra of 10, in contrast, has only one blue
shifted broad band centred at about 336 nm in all the solvents (Figure 5.3) compared
to 8 and 9. It also has the smallest spectral shift (1664 cm™ in cyclohexane) of the
three D-A pairings. The perpendicular orientation decouples the dimethylamino
donor group from the rest of the molecule and the cyano group.[9] Compound 10 is
thus expected to have complete charge separation in the excited state. This sole
absorption band is hence attributed to a predominantly ICT transition. The blue shift
of the band is due to the reduced electron delocalisation because of the orthogonal
geometry. Based on the energy of the ICT transitions the magnitude of the charge
separation in the D-A pairs can be ordered N(Me), (coplanar) - CN > N(Me),
(coplanar) - CO,Me.

The emission spectra, in cyclohexane, of 8 and 9 are characterised by two well
defined peaks at 404 nm and 427 nm, and at 412 nm and 435 nm respectively. Both
have a Stokes shift of about 2600 cm™. The emission spectrum of 10 has one main
peak at 404 nm with a shoulder at 426 nm and a considerably large Stokes shift of
4800 cm™”. As the solvent polarity increases, all the emission spectra become

broader and structureless with large solvatochromic shifts (Table 5.2). The Stokes
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shifts increase dramatically and in acetonitrile 8, 9 and 10 have shifts of = 11500,
11000 and 14700 cm™' respectively. Similar observations were made by Hirata et
al[7], when studying 4-N,N-dimethlyamino-4-cyanodiphenylacetylene and
Delmond er al.[9] in a report on 4-N,N-dibutylamino-4-cyanoterphenyl and its
sterically hindered derivatives. Our results also indicate that in non—polar solvents
the fluorescence state of 8, 9 and 10 is the locally excited (LE) singlet state and in
polar solvents intramolecular charge separation occurs in the excited state. The more
pronounced red shift in 10 suggests a larger excited state dipole moment associated
with this perpendicular geometry. The three peaks observed at 425, 440, and 454 nm
for 8 and at 403, 417 and 429 nm for 10, in acetonitrile, are solvent Raman bands.
The fact that the Raman scatter for MeCN is evident is testimony of the weakness of
these emissions in highly polar solvents. Also, photo degradation products are

observed in all three compounds in the more polar solvents (see Table 5.2).

In Figure 5.9, the Stokes shifts of the fluorescence of 8, 9 and 10 are observed to
follow the Lippert equation[14] (see Chapter 2)

_ _ 2(Aw)’ e-1 n' -1
= Af +c¢,where Af =——— .
A 4 2e+1 2n’ +1

abs Vg =

hca

Here, v,  —v, is the frequency shift between absorption and emission; Auis the

difference in dipole moments between the ground and excited states; / is Plank’s
constant; c¢ is the speed of light; a is the approximate radius of the spherical cavity
containing the dipole; Af'is the orientation polarisability; and c is the intercept. The
straight lines show the best fits for the Stokes shift in aprotic solvents for the three
D-A systems. The observed liner relationship suggests that Ag is almost a constant

for these aprotic solvents.
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Figure 5.9 Lippert plot of 10 (¢, —), 9 (A, ...) and 8 (+, ----). The straight lines show the best fits to
the Stokes shift in aprotic polar solvents. The Stokes shifts in ethanol are labelled 10 (0),9( )and 8
(m). Solvents are (2) chloroform, (3) ethyl acetate, (4) tetrahydrofurane, (5) dichloromethane, (6)
ethanol and (7) acetonitrile.

Table 5.3 The calculated change in dipole moments (Ax) and the excited state dipole moments (z)
from the gradients (Grad.) and y-intercepts (c) of the Lippert plots of molecules 8, 9 and 10 in Figure
5.9. The approximate radius of the spherical cavity (a) and the ground state dipole moments where
estimated from theoretical calculations using the Gaussian 03 package[15] with the B3LYP density
functional and the 6-31G* basis set.

Cpd.|Grad./em™| ¢c/em™ | a/A #g/D | u/D | Au/D
8 |[31,088 1,858 9.67 4.92 56.16 51.24
9 (25,967 3.163 1042 16.92 57.52 50.60
10 |33,477 4,443 10.24 [6.71 62.32 55.61

The calculated excited state dipole moments (&) of the three D-A molecules are
collected in Table 5.3 along with the gradients calculated from the Lippert plots in
Figure 5.9. From the similarities between the gradients, it is expected that all three
molecules would have similar changes in dipole moments. The larger frequency
shift values of 9 and 10 are due to them being more polar than 8 and thus more
susceptible to the orientation polarizability of the solvents. As predicted from the
steady state fluorescence, orthogonal geometry in 10 results in it having the largest
U. The effects of TICT and ICT states are not accounted for in the theory of general
solvent effects described by the Lippert equation.[14] Hence, while the linearity of

these plots are evidence of the domination of general solvent effects, the greater
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frequency shifts in 10 when compared to 8 and 9 indicates that the effect of the
formation of the TICT state is different to that of the ICT state.

The g, for three molecules were calculated by taking a as half the approximate
length of each molecule. Compound 10 has the largest g of the three (62.32 D)
while 8 and 9 have g of 56.16 D and 57.52 D respectively. These values are similar
to that of DACN-DPA (58.0 D for a = 9.2 A).[7] The longer bridging unit is thus
shown to not significantly increase the already large dipole moment in the charge
separated state. These values indicate that the electronic structure of the ICT state is

close to that of the ion pair.[7]

In ethanol, the three molecules show deviations from the Lippert equation because
of specific solvent effects. This is characteristic for the interaction of fluorophores

with hydrogen—bonding solvents.

The absorption spectrum of donor-donor (D-D) system 11 (Figure 5.4), in
cyclohexane, is similar to that of 8 and 9. The main difference being the peak
around 286 nm is about half the intensity of the corresponding peak in 8 and 9.
There is a minor red shift in the absorbance spectra of 11, of about 11 nm, as solvent
polarity increases. The emission spectrum of 11, in cyclohexane, is characterised by
two well defined peaks at 388 and 407 nm and is similar in profile to 8 and 9 in
cyclohexane. As the solvent polarity is increased the emission spectra becomes
broad and featureless. The maximum Stokes shift of 11 is in acetonitrile and is
5974 cm™, about half of what is observed in the D-A systems. The strong electron
donating effect of the dimethylamino groups is causing the large difference between
the dipole moments of the ground and excited states. There exists a large delocalised
negative charge on the spacer unit and a positive charge on the terminal groups. This

explains the sensitivity of the emission spectrum of 11 to solvent polarity.

The absorbance and emission spectra of the strong donor only substituted 13
(Figure 5.6) are quite similar to that of D-D substituted 11, but the emission spectra
of 13 are more red sifted. The Stokes shift of 13 in acetonitrile is 8283 cm™, some
2309 cm™ more than that of 11. This indicates there is a larger charge separation

along the molecular long axis in the excited state of 13 than in 11.

Compound 14 has a cyano acceptor (A) group and 15 has a methyl ester A group
and are both weakly polar. Solvent polarity has little effect on their absorption
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spectra (Figure 5.7 and Figure 5.8). The emission of 14 and 15 show spectral
broadening in polar solvents and a maximum Stokes shift in acetonitrile of only
3344 cm™” and 3062 cm™ respectively. These observations are primarily due to

general solvent effects and not to ICT.

The absorption and emission profiles of the acceptor-acceptor (A-A) substituted
compound, 12 (Figure 5.5), are almost identical to BPEB (Chapter 4, Figure 4.2) in
cyclohexane. The absorbance and emission spectra of 12 are red shifted by only 14
and 19 nm respectively in comparison to those of BPEB and there is strong spectral
overlapping. As the solvent polarity increases the absorption profile of 12 is
unaffected and is only slightly red shifted. Meanwhile, the emission spectra retain
most of their vibrational fine structure and also show very minor red shifts. The
Stokes shift in acetonitrile of 12 is only 1012 cm™. This observed general lack of

sensitivity to solvent polarity is the result of very little charge separation in 12.
5.3  Lifetime measurements

The lifetimes (77), in solvents of increasing polarity, of the D-A family of
compounds studied are collated in Table 5.4. They were measured by TCSPC (see
Chapter 3). All the lifetimes, except 10 in ethyl acetate, had to be analysed as double
exponential functions. This is interpreted as being the result of the dynamic Stokes
shift of the fluorescence.[7] There is a sharp, near—linear increase in the
fluorescence lifetime of the three D-A compounds as the solvent polarity increases
from cyclohexane (0.00) to DCM (0.217). The lifetimes of 8, 9 and 10 increases
from 0.65 to 2.50 ns, 0.97 to 2.64 ns and 1.00 to 2.86 ns respectively. Khundkar[8]
made a similar observation for 4-cyano-4’-methylthiodiphenylacetylene (MTCN-
DPA). It was proposed by Broo[10] that this increase in lifetimes indicated that a
conformational change of the excited state occurs and the change is larger for more

polar solvents.

However, in ethanol and acetonitrile the lifetimes are close to the lower lifetime

limit (= 0.1 ns) of the detection system for all three except 9 in ethanol were 7z =

0.18 ns.
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Table 5.4 Fluorescence lifetimes of 8 to 15 in solvents of increasing polarity’.

7+ 0.05/ns“

CsHi2 CHCI; CH3CO,C,Hs THF DCM C,HsOH CH;CN
0.0° 0.149° 0.200 0.210° 0.217° 0.289° 0.305°
71 (yield) m(yield) | (yield) n(yield) |7 (yield) = (yield) |7i(yield) = (yield) |7 (vield) = (yield) |7 (vield) = (yield) (7 (yield) w(yield)
8 0.65 0.21 1.90 0.53 2.24 0.69 2.39 0.56 2.50 0.71 0.13°¢ 1.78 0.1° 0.10
(80.83%) (19.17%)|(83.16%) (16.84%){(86.55%) (13.45%){(88.89%) (11.11%)[(89.52%) (10.48%)|(70.19%) (29.81%)|(88.85%) (11.15%)
9 0.97 0.22 1.92 0.19 2.34 0.10 2.49 0.18 2.64 0.18 0.18 0.92 0.12°¢ 1.00
(81.35%) (18.65%)|(84.79%) (15.21%)((80.38%) (19.62%) [(91.74%) (8.26%) | (93.5%) (6.5%) |[(98.89%) (1.11%) [(97.27%) (2.73%)
10 1.00 0.23 2.05 0.41 2.49 - 2.68 0.14 2.86 0.10 0.13°¢ 0.10 1.68 0.10¢
(75.24%) (24.76%)|(93.36%) (6.64%) | (100%) (88.3%) (11.7%) [(90.37%) (9.63%) | (99.3%) (0.7%) | (0.77%) (99.23%)
11 0.41 0.77 0.55 1.06 1.02 0.43 1.02 0.20 1.10 0.41 0.34 0.11 1.77 0.11
(50.63%) (49.37%)|(57.08%) (42.92%)| (69%)  (31%) | (81.3%) (18.7%) [(68.92%) (31.08%)| (57%)  (43%) |[(82.98%) (17.02%)

“ hex and Ay are listed in Appendix A.1. ° Solvent polarity based on the Lippert-Mataga equation. ¢ Lifetimes were <0.1 ns and at the detection limits of the TCSPC

equipment.




Table 5.4 (Continued)

7+ 0.05/ns”
CeHi2 CHCl; CH;CO,C,Hs THF DCM C,HsOH CH;CN
0.0° 0.1492° 0.1996 ° 0.2096 ° 0.2171° 0.2887° 0.3054°
71 (yield) 7w (yield) |7 (vield) w(yield) |7 (vield) = (yield) |z (yield) = (yield) |7 (yield) = (yield) |7 (vield) n(yield) [z (yield) m(yield)
12 0.56 0.20 0.61 0.19 0.59 0.16 0.62 0.12 0.62 0.14 0.66 0.25 0.65 0.12

13

14 |

15

(75.04%) (24.96%)

0.80 0.28
(73.35%) (26.65%)

0.64 0.16
(70.91%) (29.09%)

0.63 0.19

(74.51%) (25.49%)

(94.15%) (5.85%)

1.19 0.33
(80.55%) (19.45%)

0.74 0.18
(82.35%) (17.65%)

0.73 0.20

(78.24%) (21.76%)

(81.33%) (18.67%)

1.53 0.39
(84.19%) (15.81%)

0.75 0.17
(88.84%) (11.16%)

0.72 0.13
(80.39%) (19.61%)

(77.18%) (22.82%)

1.58 0.46
(93.41%) (6.59%)

0.76 0.16
(84.26%) (15.74%)

0.73 0.16
(78.74%) (21.26%)

(82.56%) (17.44%)

1.66 0.51
(90.18%) (9.82%)

0.80 0.13
(80.63%) (19.37%)

0.78 0.10

(85.26%) (14.74%)

(76.91%) (23.09%)

0.61 0.22
(73.82%) (26.18%)

0.85 0.21
(80.28%) (19.72%)

0.89 0.30

(78.41%) (21.59%)

(79.51%) (20.49%)

247 0.57
(90.79%) (9.21%)

0.91 0.30
(91.14%) (8.86%)
0.89 0.13

(82.96%) (17.04%)

“ Aex and Aen are listed in Appendix A.1. ° Solvent polarity based on the Lippert-Mataga equation. © Lifetimes were <0.1 ns and at the detection limits of the TCSPC

equipment.




The very short lifetimes in ethanol are believed to be due to hydrogen bonding to the
amino group of the ICT state.[14] The sterically hindered 2,6-dimethyl-4-N,N-
dimethylamino-4’-cyanoterphenyl is reported to also show a dramatic decrease in
lifetime in MeCN.[9] This observation in these similar types of D-A systems have
been attributed to the faster kinetic population of the TICT state from the ICT state
and the population of a TICT state with more forbidden character in which one or
two rings are perpendicular to each other and the molecular plane.[9] This
explanation is supported by quantum chemical calculations in which it was found
that the TICT state is of low enough energy in polar solvents to become

photophysically relevant.[9]

The lifetimes of the D-D compound 11, and single donor compound 13, in
cyclohexane, are 0.41 ns and 0.80 ns respectively. Their lifetimes both increase
more gradually with aprotic solvent polarity. Compounds 13 and 11 have the
longest and second longest lifetimes in acetonitrile at 2.47ns and 1.77 ns
respectively. However, in ethanol both exhibit the much shorter lifetimes of 0.61 ns
(13) and 0.34 ns (11). This is a clear indication of hydrogen bonding to the amino
group in the excited state.[14] The resulting product, being not very stable in the

excited state, decays rapidly.

The lifetimes of 12, 14 and 15 all show very little sensitivity to solvent polarity.
This is expected of non—polar or weakly polar molecules. The lifetime of 12 ranged
from only 0.56 to 0.65ns while 14 and 15 had lifetimes ranging from 0.63 to
0.91 ns.

54 Picosecond time-resolved infrared (TRIR) spectroscopy measurements

The time-resolved infrared (TRIR) absorption spectra of 8, 9, and 10 in DCM,
EtOH and MeCN where recorded using the Picosecond Infrared Absorption and
Transient Excitation (PIRATE) system at the Central Laser Facility, Rutherford
Appleton Laboratory, exciting at 267 nm (see Chapter 3). The spectral region
between 2000 and 2220 cm™ is investigated as this covers the C=N band of the
ground, LE and ICT states.[16-19] The ground state C=C band is also present in this
region.[13] This technique was used in an attempt to shed some light on the type of
bonding taking place in the ICT state of the three D-A molecules. The TRIR spectra

of 13, 14 and 15 where also recorded to monitor the effect of the individual donor
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and acceptor groups on the vibrational spectra of the C=C of the bridging unit and

the effect the bridging unit had on the charge separation.

The TRIR absorption spectra of 4-dimethylaminobenzonitrile (DMABN) in a
protic solvent was reported to show a hydrogen-bonded intramolecular charge
transfer state (HICT) at 2091 cm™ as well as an ICT state at 2109 cm™.[20] The
following study addresses the question of what effect a longer bridging unit has on

the ICT and HICT states in a protic solvent and the ICT state in an aprotic solvent.

It is found that the TRIR absorption spectra of all six molecules are generally
dominated by the excited state C=C stretching vibrations, in both protic and aprotic
solvents, between 2040 and 2165 cm™ (Figure 5.10 to Figure 5.12 and Table 5.5).
The solid ground state IR C=C stretching bands are at higher energies, around
2206 cm’, for 8, 9 and 10.[21] The identification of the excited state C=C region is
based on comparisons between TRIR spectra of molecules with and without C=EN
bonding. The C=N band tended to be very weak and broad in the excited state. In
the solid ground state IR spectra of 9 and 10 the C=N band is around 2358 cm™ and
is weaker than the C=C band.[21]

First, we evaluate the C=N band and the effect of solvent environment and
molecular geometry on the ICT state. The C=N IR band in 9 appears as a weak
single peak in aprotic solvents and as two weak peaks in a protic solvent (Figure
5.10). The evidence suggests that in EtOH, the C=N band at 2175 cm™ decays—but
not completely—while the band at 2158 cm™ intensifies over 300 ps. The
distinction between these bands is not as clear as that reported for DMABN in
methanol.[20] However, the presence of these two C=N bands can be attributed to
an interaction occurring in the protic solvent, after charge separation, which does not
occur in the aprotic solvents. Based on similar observations in DMABNJ[20], the
2158 cm™ band is attributed to hydrogen bonding between EtOH and the ICT state
of 9 and is designated the HICT state. As the 2175 cm™ band differs by only 6 cm™
from that observed for the ICT in MeCN, we can attribute this band to a state similar

to the free ICT state in aprotic solvents.

139



(@ t/ps 1 (c) t/ps
| F/WIOOO
demnoe————~— 700
= ~1000 o 500
700 e T~ 300
| 500 r’v/x—“ 200
300 B A s
T 200 100
] 150 g 5 /J\'
B 100 3 3 70
2 z 2
g 70 g E 50
T = e
30 20
B 20 15
15 10
s 10 ,
7
7
i 5 5
3 3
e 2 I ; 2
2163 2113 2063 2013 2163 2113 2063 2013
Wavenumber / cm’’ Wavenumber / cm’! Wavenumber / cm’’

\
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bands.
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Table 5.5 Collection of all the TRIR absorption stretching frequencies of 9, 8, 10, 13, 14 and 15 in the ICT
state in DCM, EtOH and MeCN after a delay of 20 ps.

Stretching frequehcies in different solvents / cm™
Cpd. DCM ~ EtOH MeCN

9 C=N (2160 2158 (HICT), 2175 (ICT) |2169

C=C |2110 2118, 2101(sh) 2124, 2107(sh)
8 Cc=C |2113 2113, 2085(sh) 7 2124
10 C=N (2164 2164 2152
7 C=C |2119,2102(sh) 2124, 2096(sh) 2130, 2096(sh)
13 C=C |2097w, 2049s 2097w, 2049s 2097w, 2054s
14 C=N |2147s 2147s 2147s

C=C |2114m, 2018m (b) (2108m, 2033m (b) 2114m, 2044m (b)
15 C=C |2160m, 2064m (b) |2113vw ?, 2034w (b) 2114w, 2039w(b)

Key: sh — shoulder band; b — broad band. Band intensities: vw — very weak; w — weak; m — medium; s —
strong band. ? — band with uncertain assignment.
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The ICT band in DCM differs from that in EtOH by 15 cm™ (Table 5.5) because of
the greater differences in solvent polarity (see Table 5.4). The poor signal to noise
ratio makes a kinetics study impossible. This loss in resolution of the C=N bands, in
both protic and aprotic solvents, and the shorter decay times (the HICT and ICT
states of DMABN persist for at least 3 ns) is a clear result of the effect of the longer
bridging unit on the system. The separation between the ICT and HICT bands in 9 is
comparable to that of DMABN. However the ICT and HICT bands in 9 are up—
shifted by 66 cm™ and 67 cm™' respectively.

The C=N TRIR absorption band of 10 shows up as a very weak single band in
aprotic solvents and as one weak, slightly broader and more pronounced band in
EtOH (Figure 5.12). In DCM the C=N band persists for > 1 ns, while in MeCN and
EtOH it completely decays after 300 ps. These lifetimes are in—keeping with the
fluorescence decay lifetimes of the S, state in these solvents (Table 5.4). There is no
evidence to suggest that more than one type of ICT state is present for 10 in EtOH.
The single band at 2164 cm™ could represent the hydrogen-bonded ICT state based
on the fact that it is only 6 cm” up—shifted from the HICT band identified in 9 (Table
5.5). Although the cyano group band in DCM and EtOH are the same, the shorter
lifetime in EtOH is indicative of some interaction occurring in EtOH that does not
happen in DCM. The twisted geometry of 10 is evidently responsible for the
occurrence of the single C=N band in the ICT state in EtOH. If the single C=N bond
in 10 is indicative of a HICT state then it suggests that the decaying ICT band and
rising HICT bands in 9 are indicative of a planar to perpendicular twisting of the
dimethylamino group out of the plane of the neighbouring phenyl ring over the 2—
300 ps. This would indicate that the hydrogen bonding in the excited state is

occurring in the TICT state.

Secondly, we evaluate the C=C bands and the influence of the D and A groups,
solvent environment and molecular geometry on the ICT state. In the three D-A
systems the C=C band is the dominant peak found from 2110 to 2130 cm™ (see
Figure 5.10 to Figure 5.12 and Table 5.5). This band also moves to progressively
higher energies as the solvent polarity increases. The C=C vibration is not normally
strong in infrared spectra, so this enhancement is attributed to the charge separation
in the ICT state of the D-A systems. The more polar the solvent, the shorter the
decay time of the C=C band, with compound 10 having the shortest decay time in
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MeCN. The TRIR spectrum of 8 monitors changes in the C=C stretching frequency
over time. We observe a main band at 2113 cm™' in DCM and EtOH which moves
up 11 cm™to 2124 cm™ in MeCN. Also, a shoulder appears in the beginning at
2085 cm™ in EtOH which completely decays after 7 ps. A shoulder is present on the
main band in 9 in EtOH and MeCN and in 10 in all three solvents. Here the shoulder
has the same lifetime as the main band. This suggests that the greater charge
separation and the twisted geometry of the phenyl rings in the excited state affects
the stretching frequencies of the C=C. The persistence of the shoulder band may be
evidence of the two C=C having different stretching frequencies in highly polar

solvents.

TRIR spectra of all three mono—substituted compounds (13—15) have two C=C
bands. In 13 these bands persist for over 1 ns in DCM and MeCN, and for less than
1 ns in EtOH. In 14 and 15 these C=C vibration bands persist for less than 1 ns.
This is in keeping with the lifetimes of their S, excited states. The higher energy
C=C bands in mono—substituted compounds 13 and 14 do not increase in energy in
direct proportion to solvent polarity but generally remain stationary. While the same
high energy band in compound 15 decreases with solvent polarity and is hardly
discernable in EtOH (see Table 5.5).

Compound 13 has a strong band at 2049 cm™ in DCM and EtOH and at 2054 cm™
in MeCN also assigned to a C=C stretching mode. The peaks move by about 16 cm’’
over 2 ns to higher energy in all three solvents. In MeCN, after a S ps delay a
shoulder grows into the 2049 cm™ peak at 2018 cm™ and decays at the same rate as
the other two peaks. The lower energy broad band in 14 at around 2018 cm™, moves
progressively to higher energies as the solvent polarity increases. Judging from the
intensities of these two C=C vibrational bands in 13 and 14, it can be concluded that
the strong donor substituent enhances the lower energy vibration while the strong
acceptor substituent enhances the higher energy vibration in all the solvents.
Although 15 has an acceptor substituent it is not strong enough to influence the
intensity of the C=C vibration, particularly in polar solvents. Both C=C energy
bands are quite weak, particularly in EtOH.
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Conclusions

The photophysical properties of eight donor and acceptor substituted compounds, 8
to 15, were measured using steady state fluorescence and time-resolved infrared

techniques and the results discussed.

On the whole, all the D-A compounds (8 to 10) exhibit ICT and TICT in the
excited state in solvents of increasing polarity. In non—polar solvents the excited
state observed is the LE state. Compound 10 exhibits the largest charge separation,
which is associated with its perpendicular geometry, with a 55.61 D change in dipole
moment in the excited state. The extended conjugation of the spacer was found to

not significantly increase the dipole moment of the charge separated state.

Strong donor only substituted compounds, 11 and 13, also show charge separation
in polar solvents. However, the acceptor substituted compounds, 12, 14 and 15 are

only weakly polar and show very little sensitivity to solvent polarity.

The lifetimes of the three D-A systems increased sharply as solvent polarity
increased, from cyclohexane to DCM, and this is proposed to be the result of
conformational changes in the excited state which become larger in more polar
solvents. However, in MeCN the striking decrease in the lifetime is thought to be
the result of the faster kinetic population of a TICT state with a more forbidden
character in which one or two rings are perpendicular to each other. In protic
solvents the dramatic shortening of the lifetimes of 8 to 11 and 13 is explained in

terms of hydrogen bonding to the amino group in the ICT state.

From the TRIR spectroscopy measurements, we are able to identify the 2158 cm™
band as representing the hydrogen—bonded ICT state (HICT) of compound 9 in
EtOH and the 2175 cm™ band as the ICT state. The presence of only one C=N
vibrational band for 10, in EtOH, at 2164 cm™' is purported to be the HICT state.
The low resolution of the C=N bands is a direct result of the extended conformation

of the spacer unit.

The C=C vibration is the dominant band in all the TRIR spectra of the compounds
in this study. This band moves to higher energies as the solvent polarity increases
for the three D-A systems and is found from 2110 to 2130 cm™. In compounds 13 to
15, two bands represent the C=C vibrations—one a sharp peak the other a broad

band. It is suggested that the NMe; (strong donor) group and the C=N (strong
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acceptor) group influence the vibrations of the C=C closest to them by changing the

polarisability of the bond.
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CHAPTER 6
Properties of 9,10-bis(p-R-phenylethynyl)anthracene chromophores
6.1 Introduction

As a family, 9,10-bis(phenylethynyl)anthracenes are highly efficient fluorescent
compounds[1] and are widely used in chemiluminescent formulations.[2, 3] The
parent compound 9,10-bis(phenylethynyl)anthracene (21) has an intense green
fluorescence, shows good solubility in a variety of solvents and is chemically and
thermally stable.[]1] These properties have resulted in 21 being employed as
molecular probes[4] in the study of translational and rotational moments in a range
of media such as organic glasses, polymers and supercritical fluids.[5-9] Their
rigid—rod molecular structure and extended s#~electron conjugation has led to interest
in them as potential spacer units in molecular assemblies and as components in

electronic and photonic devices.[10-12]

Levitus et al.[1] have carried out one of the most thorough studies of 21 to date.
They used polarised spectroscopy and semi—empirical calculations to gain a deeper
understanding of the photophysics and electronic spectroscopy of 21. Among other
things, the phenyl groups were proved to rotate freely in solution at room
temperature and that the measured absorption spectrum in fluid media is the sum of
the spectra of each conformer present in the ground state. Upon excitation the
molecule rapidly equilibrates to the planar conformation before fluorescence occurs,

and the lowest energy transition is polarised along the long axis of the molecule.

Previously, Nakatsuji er al.[13] reported on the photophysical properties of 21 and
five of its derivatives having a pair of donor or acceptor groups in the para—position
(see Figure 6.1). They observed that the electronic donor and acceptor groups both
red shifted the absorption; there is a linear relationship between Hammett’s ¢, and
absorption wavenumber; and the quantum yields of para—substituted 21 are always
less than un—substituted 21. Nguyen ef al.[14] have reported—but not discussed—
the characteristic absorption and emission bands (in THF) and the quantum yields (in
CHCl; and relative to rhodamine B) of all the compounds in this present study
except 9,10-bis(2-(4-ethynylphenyl)ethynyl)anthracene (19 (C=CH)) and 9,10-bis(2-
(2,4,6-triisopropylphenyl)ethynyl)anthracene (22 (iPr)).
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Herein, we study a series of para—substituted 21, with interesting photophysical
properties, to determine the effect of different substituents of a variety of electronic
donating and accepting strengths. The lifetimes of these derivatives are reported for
the first time. The quantum yields are compared, where possible, to previously

reported values.

Results and discussion

The structures of the molecules studied are shown in Figure 6.1 and a list of their

chemical names is given in Table 6.1.

[
)

V4
Figure 6.1 General structure of substituted 9,10-bis(phenylethynyl)anthracene. Substituents were
made in the X (ortho) and R (para) positions and are collected in Table 6.1.

Table 6.1 Compounds investigated.

Compound Code R X
9,10-Bis(2-(4-nitrophenyl)ethynyl)anthracene 16 | NO, H
9, 10-Bis(2-(4-cyanophenyl)éthynyl)anthracene 17 CN H
9,10-Bis(2-(4-(triffuoromethyl)phenyl)ethynyl)anthracene 18 CF; H
9,1 O-Bis(2-(4-ethynyiphenyl)ethynyl)anthracene 19 | C=CH H
9,10-Bis(2-(4-(methylthio)phenyl)ethynyl)anthracene 20 SMe H
9,10-Bis(phenylethynyl)anthracene 21 H H
9,10-Bis(2-(2,4,6-triisopropylphenyl)ethynyl)anthracene 22 iPr | iPr
9,10-Bis(2-4’-tolylethynyl)anthracene 23 Me H
9,10-Bis(2-(4-methoxyphenyl)ethynyl)anthracene T 24 OMe H
9,10-Bis(2-(4-dimethylaminophenyl)ethynyl)anthracene 25 NMez H
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Figure 6.2 Normalised absorbance (left) and emission (right) spectra of the compounds studied in
chloroform. 16 (NO,), 17 (CN), 18 (CF,), 19 (C=CH), 20 (SMe), 21 (H), 22 (iPr), 23 (Me), 24 (OMe)
and 25 (NMe,).

6.2  Absorption and fluorescence

Figure 6.2 depicts the normalised absorption and emission spectra of the ten
compounds studied in chloroform. The characteristics of the lowest energy

absorption bands and fluorescence spectra, lifetimes and quantum yields of all ten
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compounds, in chloroform, are collected in Table 6.2. Here, the compounds are
listed in order of increasing electron donor strength based on the Hammett constants
for substituents in the para—position (g,).[15] With the exception of 9,10-bis(2-(4-
nitrophenyl)ethynyl)anthracene (16 (NO,)), all the compounds show an intense green
fluorescence; 16 (NO,) has a weak orange emission. The fluorescence quantum
yield of most aromatic compounds attached to nitro groups is significantly reduced

as this group quenches the excited states.

Although the planar conformation of 21 is the most stable, the barrier to free
rotation of the phenyl rings is only 1.42 kJ mol'.[1] Hence a continuous distribution
of rotamers exist in the ground state and they all have slightly different transition
energies that vary according to the dihedral angle formed by the anthracene plane
and the plane containing the phenyl groups.[l] When these various conformers are
excited their different transition energies all contribute to the final absorption spectra
of the compound. This explains the lack of vibrational resolution in the absorption
spectra of the series (see Figure 6.2). The fluorescence profiles of these compounds
are better resolved because emission occurs primarily from the lowest excited singlet

state after the molecules equilibrate to the planar conformation, 7 < 50 ps.[1, 16]

All nine compounds display red shifted spectra in relation to 21 and have two high
energy absorption bands around 312 and 270 nm (Figure 6.2). These have been
revealed to be purely polarised along the z-axis and y-axis respectively (Figure
6.1).[1] The intense 270 nm transition is analogous to the B, transition of anthracene
and the 312 nm transition is calculated to be unique to these types of compounds.[1]
Calculations have predicted that the 270 nm transition would be more intense
because of the presence of the multiple conformations in solution.[1] The position
and intensities of most of these high energy peaks, in this study, are not significantly
affected by the donor and acceptor substituents. This could be due to a lack of
interaction between the substituent groups and the anthracene moiety because of
differences in polarisation of their dipole moments. Only in the absorptions of
compounds 16 (NO,) and 9,10-bis(2-(4-dimethylaminophenyl)ethynyl)anthracene
(25 (NMey)), which have the strongest acceptor and donor substituents, are some

spectral changes and loss in intensity observed at high energy.

The strength of the electron donor series of 9,10-bis(2-4’-tolylethynyl)anthracene
(23 (Me)), 9,10-bis(2-(4-methoxyphenyl)ethynyl)anthracene (24 (OMe)) and 25
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(NMe,) is reflected in their Stokes shifts which increased from 675 to 2717 cm™ (15
to 72 nm) (Table 6.2). The same can’t be said for the acceptor series 20 (SMe), 19
(C=CH), 9,10-bis(2-(4-(trifluoromethyl)phenyl)ethynyl)anthracene (18 (CF3)), and
17 (CN) which have shifts of 803, 386, 494 and 468 cm™' respectively. The Stokes
shift is greatest for 16 (3741 cm™). A similar trend has been observed for a
comparable series of compounds.[13, 14] The increasing Stokes shift is due to the
increasing excited state dipole moments of the compounds which lead to greater
molecular reorganisation, and solvent relaxation prior to emission.[17] The
absorption and emission spectra of all the compounds in this study, with the
exception of 19 (C=CH) and 22 (iPr), have been reported in more polar THF.[14]
The Stokes shifts in THF for 17 (CN), 18 (CF3), 9,10-bis(2-(4-(methylthio)phenyl)—
ethynyl)anthracene (20 (SMe)), 23 (Me), 24 (OMe) and 21 were up to 6 nm
(249 cm™) more than the shifts in CHCl;. This is expected of polar fluorophores in
solvents of increasing polarity. However the Stokes shifts of 16 (NO;) and 25
(NMe,) where found to be less than those in CHCl3, being only 30 nm (1177 cm™)
and 66 nm (2422 cm’') respectively.

Compounds 16 (NO,) and 25 (NMe;) have broad unresolved spectra and the
fluorescence spectra shows significant bathochromic solvatochromism. This is
accounted for by the fact that the NO, and the NMe; groups are very strong electron
acceptors and donors respectively. In the presence of the NMe, group anthracene
acts as a strong acceptor [18] but with NO, it behaves as a donor. In a polar solvent
like chloroform, these two molecules exhibit strong intramolecular charge transfer

(ICT) character resulting in a low energy charge separated excited state.

Compound 22 (iPr), with its weak donor groups in phenyl ortho and para-
positions, is the most sterically hindered of the series. Its unresolved absorption
spectrum 1is a result of multiple conformations in the ground state. However, upon
excitation it seems this molecule is still able to planarize prior to emission because
its fluorescence spectra is well defined and similar to unsubstituted 21. Hence the
substituted groups are not bulky enough to really constrain the molecule in an

orthogonal conformation.
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Table 6.2 The lifetimes, quantum yields, radiative decay rates (/), nonradiative decay rates (4,,), absorption and emission bands, and Stokes shifts of compounds 16-25 in

CHCL.

Major peaks / nm Stokes

77/ ns &+ @; in r/ kor/ Shiftf

Cpd.| X,R o, | £0.05°| 0.05 | Ref. | 10°s”’ | 10°s’ | Absorption | Emission | /cm

16 [H, NO, 078 | 1.06° | 020° | 0.15" | 1.89 | 7.55 | 470,492 603 3741
] T

17 H,CN 0.66 | 256 | 087 %'ggg’ 338 | 053 | 455,479 | 490,524 | 468

18 [H, CF; 054 | 3.05 | 090 | 064" | 295 | 033 | 442,466 | 477,508 | 494

19 H,C=CH| 023 | 236 | 076 | 031" | 3.24 | 1.01 | 454,478 | 487,520 | 386

20 [H, SMe 0 253 | 091 | 060" | 3.60 | 035 | 456,477 | 496,528 | 803

0.71", |

21 H,H 0 320 | 0.97° | 0.58%, | 3.03 | 0.09 | 440,462 | 475,506 | 592
0.96'

22 [iPr,iPr | -0.15 | 288 | 0.89 - 3.07 | 039 459 494,525 | 1543
[

23 H, Me -0.17 | 292 | 091 %gg’ 3.12 | 030 | 442,464 | 479,512 | 675
il

24 H,OMe | -027 | 2.74 | 0.87 gg‘;g’ 3.19 | 0.46 | 449,471 | 488,521 | 740

25 [H,NMe, | -0.83 | 2.70 | 0.81 | 049" | 3.00 | 0.70 480 552 2717

Key: iPr — isopropyl group.

0p, — Hammett constants for substituents in the para-position.[15] * 7 measured by the phase modulation technique.

® 1; measured using TCSPC.

¢ Relative to fluorescein in 0.1 M NaOH (& = 0.90) Ao, = 450, 470° and 445 nm®. " Ref. [14], in CHCl, A, = 457 nm, relative to thodamine B in water (&; = 0.31). & Ref.

[13], in CHCI;, Ay, = 365 nm relative to quinine sulphate in 0.1M H,SO, (@; = 0.55).

cyclohexane (& between 0.6 and 0.84-0.85). ' Ref[19] in cyclohexane.

B Ref [12] in CH,Cl,, A = 364 nm relative to 1,1,4,4-tetraphenylbutadiene in



It is also possible that the alkyne moiety in the molecule may bend slightly to
accommodate the isopropyl groups, and relieve torsional strain, in the co-planar
geometry.[20] Even the more sterically hindered 9,10-bis(2,4,6-tri-tert-butylphenyl—
ethynyl)anthracene has been found to partially planarize prior to emission at ambient

temperature and is only orthogonal in the excited state at 77 K.[20]
6.3  Fluorescence quantum yields and lifetime measurements

Compound 21 has the largest fluorescence quantum yield (@ = 0.97, see Table
6.2) and, as expected, the smallest non—radiative decay rate (ky = 9.4 x 10%s™).
There is a near linear decrease in the quantum yields of the donor series 23-25 from
0.91 to 0.81 in relation to g,. On the other hand, the quantum yields of the acceptor
series 16-19 ranges from 0.9 to 0.2 and has a more polynomial relation to ;. The
fluorescence emission of 16 (@ = 0.2) is the weakest of the series, due to its large
nonradiative decay rate (ko = 7.6 x 10* s™") resulting from the presence of the NO,
group.[17] Compound 19 (C=CH) too, has a fairly large nonradiative decay rate of
1.0 x 10®s” and its quantum yield is 0.76 in CHCl;—the second smallest in this
studied series. This appears to be the result of the extended #electron delocalisation
over the C=C bond of the C=CH group leading to more non-radiative decay
mechanisms. A similar spectral profile and a @ of 0.31 in CH,Cl; has been reported
for 19.[12] Here, the more polar CH,Cl; can be assumed to be increasing the charge

separation in the molecule resulting in a reduction in the fluorescence quantum yield.

Compound 20 (SMe) has substituents with a g, value of zero and a fluorescence
quantum yield comparable to that of 21 within experimental error. The SMe
substituent does, however, result in this compound having larger radiative rate (I"=
3.6 x 10°s™) and Ky (0.35 x 10%s™) values than 21. The weakly electron donating
isopropyl and methyl substituents in 22 (iPr) and 23 (Me) marginally reduce the
fluorescence quantum yield of 21 to ca. 0.90. This is reflected in the significantly
increased ky, values (about 0.35 x 10% s'l) with respect to that of 21. Compounds 22
and 23 have similar substituents but different geometries. Despite one being more
sterically hindered than the other their fluorescence quantum yields and lifetimes are
quite similar. The additional ortho substituents in 22 does, however, make its

absorption spectra broader and its emission more red shifted than that of 23.
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The fluorescence quantum yields of all the compounds in this study, except 22,
have been reported in the literature, giving lower values than those measured here.
The value reported for 16, and some for 17 and 21 were within the experimental
error range. However, all other values were significantly less. These discrepancies
arise from the nature of the solvents and standards used. Comparing data from
different instruments can also lead to inconsistencies between works by different

authors.

The lifetimes (7z) of the substituted compounds are all less than that of 21 in CHCl;
(zr = 3.20 ns, see Table 6.2). For compounds 17 to 20, which have positive o,
values, the lifetimes range from 2.36 to 3.05 ns. The presence of the strong NO,
acceptor group results in 16 having a lifetime of only 1.06 ns. Meanwhile for
compounds 22 to 25, which have negative ¢, values, lifetimes range from 2.70 to
2.92 ns. Compounds 21 to 24 show a linear correlation between the ¢, values and
their 77 values (Figure 6.3). The C=CH group in 19 has the second largest effect on
the lifetime of 21, reducing it to 2.36 ns.
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Figure 6.3 Hammett constant values (g;,) vs. lifetime (z;) graph of 21 to 24 from right to left.

Conclusions

The steady state photophysical properties of 21 and a series of nine of its donor and

acceptor substituted derivatives were measured in CHCl; and the results discussed.

The absorption and fluorescence spectra of all the compounds are in agreement
with previously reported work.[1, 13, 14] The low energy absorption profiles of all
the compounds are broad and lack fine structure due to contributions from various

structural conformers in the ground state. The low energy absorption transition
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(including the band at around 312 nm) is polarised along the z-axis (the molecular
long axis) while the high energy one (at 270 nm) is polarised along the y-axis
(molecular short axis). With the exception of 16 and 25, all the fluorescence spectra
have more vibrational structure than the absorbance spectra, because the Franck—
Condon excited state rapidly relaxes to the planarized geometry from which
fluorescence is observed. Calculations by Beeby er al.[20] have revealed that the
first excited state transition for both planar and orthogonal geometries of 21 arise
from a HOMO«LUMO transition based upon the anthracene chromophore.
Compound 16 (having the strongest acceptor group) and 25 (having the strongest
donor group) exhibit strong ICT character which is characterised by a broad
emission spectra and large Stokes shift. The other compounds show no ICT

character.

The lifetimes of compounds 16 to 25 and the fluorescence quantum yield of 22
(iPr) are reported for the first time. The quantum yields, while being consistent with
each other, were found to be higher than those previously reported, and are deemed
to be more reliable since the reported quantum yield values also differed from each
other. In all cases the presence of donor or acceptor groups lowers the lifetime (zz =
3.20ns) and fluorescence quantum yield (@& = 0.97) of 21, and significantly
increases its non-radiative rate constant (k, = 9.4 x 10°s™). Compound 16 has the
shortest lifetime (zz = 1.06 ns) lowest quantum yield (@ = 0.2) and the largest non—
radiative decay rate (k,, = 7.6 x 108 s"). This could be the result of the NO, inducing
a non-radiative decay mechanism that significantly reduces the fluorescence

emission or CT.
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CHAPTER 7
Properties of 2,5-bis-(phenylethynyl)thiophene (26) and related compounds

7.1 Introduction

The photophysical properties and bond order of the first excited state of molecules
based on non-heteroaromatic 1,4-bis(phenylethynyl)benzene (BPEB) have been
previously discussed (see Chapter 4). The triplet states, however, are not well
characterised. Population of the excited triplet state (under normal conditions) is
very low for BPEB (@ = 0.85) and even for the heavy—atom substituted derivative
1,4-dibromo-2,5-bis(phenylethynyl)benzene the triplet state is not readily accessed.
Thus, direct measurements of the bond order in these simple rigid molecules in the
triplet excited state by optical excitation are quite difficult. It is important to
determine the electronic structure and bond order of the excited states of this class of
molecules as they are relevant to their application as molecular wires or
electroluminescent devices. The properties of the triplet state, in particular, are
significant since they may be formed by electron transfer/transport processes such as

encountered in an OLED[1-3] or during the conduction of a ‘molecular wire’.[4, 5]

There are few experimental studies of the triplet state of aryleneethynylene based
compounds due to their low yield of intersystem crossing. To get around this
problem authors have focused on systems incorporating heavy atoms such as
platinum, which enhance the spin—orbit coupling and hence triplet state formation.[6-
9] With this modification it is possible to access the triplet state optical excitation,
whence it can be studied by using conventional spectroscopic techniques. These
studies have been used to develop an understanding of the relationship between
structure, the singlet—triplet energy gap and the localisation and movement of
excitons on polymer chains. It was noted, however, that the 7 conjugation through
the metal sites significantly modifies the optical properties of the conjugation
chains.[7] Subsequently, theoretical methods have been used to investigate the
singlet-triplet exchange energy in oligo(aryleneethynylenes)[10] and electronic
delocalisation in phenylene—acetylene molecular wires.[4] Direct observations of the
triplet state in non—heavy atom containing systems were first made by Schanze et al.
who measured the triplet state behaviour of a derivative of 4,4’-

bis(phenylethynyl)biphenyl and a related polymer.[11] More recently, Neckers et al.
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have used time-resolved infrared absorption spectroscopy to study the distribution of
the electron density and bond order in the triplet excited state of 1,4-bis(2-[4-
phenyloxycarbonylphenyl]ethynyl)benzene.[5] Apart from these reports, there is no
experimental information describing the triplet state properties of simple
aryleneethynylene molecules such as BPEB. An alternative solution to the problem
of probing the excited triplet state is to consider other short aryleneethynylene
systems which show a 7 extended conjugation and similar structural properties to
BPEB. This could be achieved by, for example, introducing a heteroatom into the

BPEB backbone.

Consequently, this chapter is a report on measurements made of the triplet states of
2,5-bis(phenylethynyl)thiophene (26) and similar thiophene—containing molecules.
Compound 26 was chosen for triplet state measurements because of its low
fluorescence quantum yield, vide infra. This hinted at the possibility that the
presence of the heavier sulphur atom made intersystem crossing and triplet state
formation the main deactivation pathway.[12-14] Herein, the steady state
photophysical properties of 26, 1,4-bis(2-thienylethynyl)benzene (27) and 2,5-bis(2-
thienylethynyl)thiophene (28) are presented along with a nanosecond time-resolved
resonance Raman (TR?) spectroscopy study of their S; and T, states. Investigating
the excited states of these model compounds will help to provide insight into the

behaviour of the excited states of the polymers.

Results and discussion
7.2 Steady state photophysical measurements

The structure of the molecules studied along with their chemical name and
numbering scheme used throughout the chapter are listed in Table 7.1. The
absorption and emission spectra of 26 to 28, in cyclohexane at ambient temperature,
are illustrated in Figure 7.1. Their characteristic absorption and emission bands
along with the extinction coefficients, fluorescence lifetimes, fluorescence quantum
yields and singlet oxygen generation quantum yields, in cyclohexane, are collected

in Table 7.2.

161



Table 7.1 Compounds investigated and reference molecule bent-BPEB (b-BPEB).[15]

Compound Structure Code
2,5-Bis(phenylethynyl)thiophene Q O
=_9 26
\ /
1,4-Bis(2-thienylethynyl)benzene S S
2,5-Bis(2-thienylethynyl)thiophene 7 S S )
s _S_= N 28
\_/
1 ,3-Bis(phenylethynyl)benzene
b-
BPEB

26

27

Absorption Intensity / au

28

[ 1 T

260 290 320 350 380 410 440 470

1

Wavelengths / nm

T

500 530

Fluorescence Intensity / au

Figure 7.1 The normalised absorption (left) and emission (right) spectra of compounds 26-28 in

cyclohexane at room temperature.
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Table 7.2 The major absorption and emission peaks, extinction coefficients (¢), fluorescence lifetimes (z), fluorescence quantum yields (@), radiative rates (/), non-

radiative rates (k,) and the singlet oxygen generation quantum yield (lAg 0O, (@) of compounds 26-28 and BPEB in cyclohexane and bent-BPEB (b-BPEB) in
chloroform.[15]

Major Peaks / nm
£/ mol™
dm® em™ =
Stokes 1,000
shifts / | (absorption w/ns+
Cpd.| Absorption | Emission | cm™ / nm) 0.05() | #+0.05° | I'/10°s" |ky /10°s™ "4, O, (n) / £ 0.05°
41,600 5.52 28.97
26 | 347,369 (sh) | 369, 390 0 (348) 0.29 (0.24) 0.16 - - 0.79
368, 386, 42,100 11.05 41.58
27 | 339,361 (sh) 400 527 (342) 0.19 (0.16) 0.21 0.70
28 | 361,390 (sh) | 401,424 | 703 3(2’22)0 0.12 (0.17) 0.06 5.00 78.33 0.81
344, 359, 58,400 0.85% +
BPEB| 320, 340 (sh) 379 342 (320) 0.53(0.80) | "o 16.04 283 0.23[16]
b-BPEB 3024 3307 2810 50,1197 2.007 0.14“ 0.70% 4317 -

Key: sh-shoulder. “ Relative to the standards quinine sulphate in 0.1 M H,SO, (& = 0.55) and POPOP in cyclohexane (& = 0.97). ® Relative to the standards quinine
sulphate in 0.1 M H,SO; and B-carboline in 0.5 M H,SO, (@;=0.6) “ Relative to perinaphthanone in cyclohexane at 1270 nm. 4 Ref. [15]. All measurements were taken in
chloroform solution. The quantum yield was calculated relative to quinine sulphate in 0.1 M H,SO, (@;= 0.55).
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The absorption and fluorescence spectra of the three compounds all exhibit a
strong spectral overlap and a small Stokes shift. Their spectra are also red shifted to
that of BPEB (see Table 7.2) with 28 having the largest bathochromic shift in its
absorbance (41 nm) and fluorescence (57 nm) spectra. This indicates that there is
possibly a greater delocalisation of the #—electrons across molecules 26-28. All the
absorption spectra are relatively broad and structureless while the fluorescence
profiles show quite well defined peaks. This is interpreted as evidence of a broad
thermal distribution of rotational conformers in the solution ground state, similar to
that of BPEB, due to a shallow ground state potential and the free rotation about the
C(sp-ethynyl)-C(sp*-aryl) bonds. Upon excitation, the planar or near—planar
configuration is more favoured in the S; state and all the molecules adopted this
uniformed structure prior to emission. As a result the emission spectra are much

more structured.

Compound 27, with its phenyl centre, has a linear structure similar to BPEB, while
26 and 28 , with thiophene centres, are bent. It is interesting to note that the spectra
of bent compounds 26 and 28 show less structure than the linear 27 (Figure 7.1).
The absorption profiles of 26 and 28 have less of a shoulder at the red edge
compared to 27, and the second emission peak in 26 and 28 is more intense than the
corresponding peak in 27. Even though compound 27 has two thiophene rings its
spectra has more BPEB character than 26, which has two phenyl rings. This is
probably due to the chromophore being located on the central phenyl ring which has

a better defined vibrational spectrum.

On comparing b-BPEB to 26 and 28 (Table 7.2), we observe the impact the
inclusion of the heteroatom has on the photophysical properties of these bent
molecules. Generally the z—electron delocalisation is improved when phenyl is
substituted for thiophene units. However, the ability of 26 and 28 to absorb photons
is decreased along with their lifetimes, vide infra. The fluorescence quantum yields
increase marginally with one thiophene substituent (26), but decreases by more than
half when only thiophene groups are present (28). The presence of thiophene groups
also increases the radiative and non-radiative decay rates of the compounds (see

Table 7.2) compared to b-BPEB.

The extinction coefficients of 26-28 range from 42,100 to 36,000 mol” dm’ cm™.

This is relatively low compared to BPEB (& = 58,000 mol"' dm® cm™), which makes
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these compounds less efficient absorbers. The fluorescence lifetimes of 26, 27 and
28 are 0.29, 0.19 and 0.12 ns respectively. This is considerably shorter than BPEB
(7r = 0.53 ns) and it decreases as the number of thiophene units increases, which
confirms that the heavy atom is promoting intersystem crossing. Compounds 2628
exhibit much weaker fluorescence than BPEB (& = 0.85) with quantum yields
ranged from 0.21 to 0.06. It is also observed that 28 has the smallest extinction
coefficient, the shortest fluorescence lifetime and the lowest fluorescence quantum

yield (Table 7.2). This is due to its large non-radiative decay constant
78.33x 10% s,

To determine if these low quantum yields were indicative of a high level of
intersystem crossing to the triplet state, due to the presence of the heavier sulphur
atom, the singlet oxygen generation quantum yields for 26-28 were determined.
High yields of singlet oxygen formation in aerated solutions of all three compounds
were observed ranging from 0.70 to 0.81 (Table 7.2). The singlet oxygen yield of
BPEB has been measured to be about 0.23.[16] These results established evidence
of a relatively high triplet quantum yield with a triplet lifetime sufficiently long
enough to provide efficient energy transfer, > 1 us. However, no phosphorescence
could be detected, even in degassed low temperature glasses. Based on these results,
further investigations into the bonding order in the triplet excited states, using time—

resolved spectroscopy techniques, were undertaken.
7.3  Ground state Raman scattering

The measured and calculated Raman spectra of the ground state of 26-28 are
shown in Figure 7.2 and the vibrational bands are listed in Table 7.3 to Table 7.5.
The calculated spectra had their vibration frequencies multiplied by a scaling factor
of 0.96[17], resulting in a very good correlation between the experimental and
theoretical data from which we assigned the various vibrational modes. A distinct
band assigned to the symmetric (C=C) vibration is observed at 2198, 2197 and at
2192 cm™ in 26, 27 and 28 respectively. The benzene ring symmetric stretching
mode is assigned to the 1595 cm™ band in 26.[18] The strong band at 1444, 1426
and 1408 cm™ in 26, 27 and 28 respectively are assigned to ring stretching modes for
2,5-disubstituted thiophenes.[19] The bands appear to be downshifted to lower
energy as the number of thiophenes increases. The weak 1460 cm™' peak is also

assigned to a C=C ring stretching mode in 28.[20]
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Figure 7.2 The calculated and measured ground state Raman spectra of 26 to 28. Mode assignments
of the ground state Raman vibrations were made for the three compounds in Table 7.3 to Table 7.5.
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Table 7.3 The calculated and measured ground state Raman bands of 26, in cyclohexane (Figure
7.2), with vibrational mode assignments.

Calculated Measured
ground state/ | ground state / Mode
cm’ cm’ description”
b Symmetric C=C
2187 s 2198 s stretch
Outer rings
1583 w 1595 m symmetric streich
Inner ring
symmetric stretch,
1429 m 1444 s along long-axis,
outer ring C-H
wagging
Inner ring
1219 w 1239 m symmetric streich
_| along short-axis
Outer rings C-H
1162 vw 1179 w scissoring
Outer rings
breathing, inner
1000 vw 1017 w symmetric stretch
& C-H scissoring
971 vw 997 m Outer rings
breathing

“ Vibrational mode assignments are made on the basis of calculations done by Beeby[21] using the
Gaussian 03 package[22] with the B3LYP density functional and the 6-31G* basis set. °Qualitative

[P I

Raman: ‘s’, ‘m’, ‘w’ and ‘vw’ refers to the peak intensities respectively as ‘strong’, ‘medium’, ‘weak’
and ‘very weak’.

The band at 997 cm™ in 26 is assigned to the outer phenyl ring breathing modes
which were previously observed in BPEB. The bands observed in the 750 to
600 cm™' region in 28 are assigned to in—plane ring deformations and thiophene ring

breathing modes.

The excellent agreement between the observed and calculated spectra can be
attributed to the limited interaction between the molecule and its solvent
environment. The small Stokes shifts are further evidence of the little effect the

solvent has on the photophysical properties of these molecules.
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Table 7.4 The calculated and measured ground state Raman bands of 27, in cyclohexane (Figure

7.2), with vibrational mode assignments.

Calculated

ground state /
cm™

Measured

ground state /
cm”

Mode
description “

2188 s”

2197 s

Symmetric C=C
stretch

1585 m

1598 s

Inner ring
symmetric stretch,
C-H scissoring

1505 w

1513 m

Inner and outer
rings anti-
symmetric stretch,
C-H wagging

1421 m

1426 s

Outer rings
symmetric stretch,
inner ring
breathing

1269 w

1280 m

Inner ring
breathing, outer
rings C-H
wagging

1194 vw

1218 w

Inner ring
breathing, outer
rings C-H
wagging

1164 vw

1175w

Inner ring C-H
scissoring

1084 vw

1103 w

Inner ring
breathing, outer
rings C-H
scissoring

1057 w

1068 vw

Inner ring
breathing, outer
rings C-H
scissoring

1018 w

1042 w

Inner ring
breathing, outer
rings C-H
scissoring

Not seen

740 vw

Not seen

718 vw

Not seen

671 vw

“ Vibrational mode assignments are made on the basis of calculations done by Beeby[21] using the
Gaussian 03 package[22] with the B3LYP density functional and the 6-31G* basis set. b Qualitative
Raman: ‘s’, ‘m’, ‘w’ and ‘vw’ refers to the peak intensities respectively as ‘strong’, ‘medium’, ‘weak’

and ‘very weak’.
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Table 7.5 The calculated and measured ground state Raman bands of 28, cyclohexane (Figure 7.2),
with vibrational mode assignments.

Calculated
ground state /
em’?

Measured
ground state /
cm’!

Mode
description”

Symmetric C=C
stretch

2176 s 2192 ¢°

Outer rings anti-
symmetric stretch,
nner ring
symmetric stretch

1447 vw 1460 w

Outer and inner
rings symmetric
stretch &
scissoring

1397 s 1408 s

Outer and inner
rings breathing

1307 vw 1322 w

Inner ring
symmetric stretch
& scissoring,
outer rings C-H
wagging

Inner ring
symmetric
stretching & C-H
scissoring, outer
rings in plane
deformation &
scissoring

1219 vw 1236 w

978 w 1005 w

Inner ring
breathing, outer
rings in plane
deformation

715 vw 745 w

In plane
deformation of
i molecule

? Vibrational mode assignments are made on the basis of calculations done by Beeby[21] using the
Gaussian 03 package[22] with the B3LYP density functional and the 6-31G* basis set. ”Qualitative
Raman: ‘s’, ‘m’, ‘w’ and ‘vw’ refers to the peak intensities respectively as ‘strong’, ‘medium’, ‘weak’
and ‘very weak’.

645 vw 660 w

7.4  Transient absorption

Picosecond transient absorption experiments were carried out on 26-28 in
cyclohexane at room temperature. The compounds were excited (or pumped) at
267 nm and the transient absorption spectra recorded after at least 10 delays ranging
from 2 ps to 1 ns (Figure 7.3-Figure 7.5). All three compounds show a broad
absorption band at low energy and an additional band growing in over time at higher
energy. The high energy band persists for > 1 ns. The lower energy band of 26, 27
and 28 have lifetimes of 260, 212 and 87 + 10 ps respectively (Table 7.6), which are

similar to their fluorescence lifetimes (Table 7.2). Therefore these bands, occurring
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between 630 and 675 nm, are assigned to S,«—S; transitions while the higher energy
bands, occurring between 475 and 560 nm, are assigned to T,«T, transitions in all

three oligomers. Plots of delta absorbance versus time (see insets of Figure 7.3—
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Figure 7.3 Transient absorbance spectra of 26 illustrating the S,«S, (at 633 nm) and the T,,T; (at
466 nm) transitions with 4 ps to 1 ns delays. Measurements were made in cyclohexane solutions after
267 nm excitation. The inset depicts the temporal change in the population of the S, and T, states.

Arrows show band intensities variations over time.

0.08 -
8 0.08 & Peak at 670 nm
3 0.06 0 Peak at 543 nm
5 <
£ 0.04 ¢
g 00 O o (o}
2 °
0.06 1 < ¢.02 ?m
3 o °
0 ‘ ‘ - —
0 200 400 600

Time / ps

A(Absorbance)
e
[
K

0.02 -

0 T T

400 430 460 490 520 550 580 610 640 670 700 730

Wavelength / nm

Figure 7.4 Transient absorbance spectra of 27 illustrating the S,«<S; (at 670 nm) and the T,«T, (at
543 nm) transitions with 2 ps to | ns delays. Measurements were made in cyclohexane solutions after
267 nm excitation. The inset depicts the temporal change in the population of the S, and T, states.

Arrows show the band intensities variations over time.
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Figure 7.5 Transient absorbance spectra of 28 illustrating the S,«S; (at 650 nm) and the T,«T), (at
515 nm) transitions with 4 ps to 1 ns delays. Measurements were made in cyclohexane solutions after
267 nm excitation and probing between 460 and 750 nm. The inset depicts the temporal change in the
population of the S, and T, states. Arrows show the increase and decrease in the band intensities over
time.

Figure 7.5) show that approximate initial rates of increase can be computed. The
rapid initial rate of increase in the population of the S, excited state was calculated to
be approximately 350 x 10® s™" for all three compounds in the first 2 ps. Whereas the
approximate initial rate of increase in the intensity of the T, band is 5.8 x 10® s for
26, 95x 10® s for 27 and 37x 10® s for 28. While the increased number of
thiophene groups enhances the rate of intersystem crossing (ISC), the location of the
chromophore on the central phenyl ring appears to influence the rate of ISC more

than the presence of the thiophene moiety.

The T,«T; transitions of 26-28 were confirmed when their transient absorption
(TA) profiles were recorded by nanosecond laser flash photolysis of degassed
cyclohexane solutions (Figure 7.6). The triplet state transient absorption spectra is
found to be a relatively broad band for all three thiophene containing oligomers with
peak maxima occurring at 480, 555 and 515 nm for 26, 27 and 28 respectively. In
fact, the spectra obtained in Figure 7.6 are a very close match to the high energy
absorption bands in Figure 7.3-Figure 7.5. The lifetime of the triplet state of 26 is
134 + 5 us while that of 27 and 28 are 36 and 44 + 5 us respectively. The triplet
state TA spectrum of 27 and 28 show a bleaching of the ground state absorption (or
depletion of the ground state population of molecules) below 390 nm (Figure 7.6).

Table 7.6 is a collection of all the lifetimes and initial rate values calculated for the
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three oligomers from the ps and ns—TA measurements. The T,«T; transition band
disappeared on aeration of the test solutions. The TA spectra enabled us to establish

the optimum wavelength for the following time-resolved resonance Raman

measurements.
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Figure 7.6 The normalised triplet state transient absorption spectra of compounds 26-28 in degassed
solutions of cyclohexane. The solutions were excited at 355 nm and the spectra recorded after 1—
10 us delay. The spectra have been offset by 1.2 units for ¢larity.

Table 7.6 Summary of the singlet and triplet state lifetimes and initial rate constants of compounds
26-28 calculated from the spectra in Figure 7.3-Figure 7.5.

Initial rate of | Initial rate of
Tof Sy state/ | 7Tof Ty state/ increase of increase of
ns = 0.01 (Aaps | 45 £5 (Aabs/ the S, state/ | the T, state/
Cpd. / nm) nm) ‘ s1? g1
26 0.26 (633) 134 (480) 350 x 10° 58x 10°
27 0.21 (670) 36 (555) 1350 x 10° 95 x 10°
28 0.09 (650) 44 (515) 350 x 10° 37 x 10°

Aabs — maximum absorbance wavelength. ¢ Approximate values calculated from flash photolysis
measurements. * Approximate values calculated from ps—TA spectra.

7.5 Time-resolved resonance Raman (TR?) scattering of the excited states
Picosecond-TR? spectra of 26 and 27 were obtained by pumping at 267 nm and
probing at 588 nm, i.e. to the blue of the transient absorption band. They represent
the Raman vibrational modes of the chromophores in the excited singlet state. The
resonance Raman spectra of 28 was too weak for any useful information to be

extracted from it. The time-resolved resonance Raman spectrum of 26 shows
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distinct bands at 2118, 1588, 1517, 1430 and 1180 cm™ which decayed rapidly with
a lifetime of about 260 ps (at 1517 cm’’) (Figure 7.7 (b)). We also observe distinct
resonance Raman bands in 27 at 2128, 1608, 1496, 1425, 1300, and 1111 cm™
(Figure 7.8 (b)). It is interesting to note that compounds 27 and BPEB, which have a
1,4-bis(ethynyl)benzene core, show similar strong bands between 1590 and
1610 cm™ which are associated with the symmetric stretch of all three aromatic rings
along the molecules long axis.[18] In the case of 26, which has a thiophene core, the
corresponding band at 1588 cm™ is much weaker. In the S, excited state,
chromophores 26 and 27 show similar vibrational bands to those observed in the
ground state in the 1600-1100 cm™' region. This indicates that there is little change
in the aromatic bonding upon excitation. Compared to the grounds state, the C=C
stretching mode is observed to be shifted to lower energy, after a 50 ps delay, in 26
and 27 (Figure 7.7 and Figure 7.8) by 80 and 69 cm™ respectively. This suggests a
small reduction in bond strength of the acetylene moiety in the excited state. These
shifts are in keeping with the observations made by Ishibashi et al. who determined
the Raman bands for the ground and S, excited state of diphenylacetylene (DPA) to
be 2217 and 2099 cm respectively.[23] The 118 cm” downshift represented a
weakening of the C=C central bond in the S, state and the authors concluded that the

bond order was still ‘triple’ and the excited molecule is linear.

Nanosecond-TR? spectra of 26 to 28 were recorded in degassed cyclohexane,
using 355 nm wavelength excitation and a probe wavelength of 550 nm for 26 and
540 nm for 27 and 28 (Figure 7.7 and Figure 7.8 (c-e) and Figure 7.9 (b-d)). Using a
time delay of 1 us between the pump and probe laser pulses, a well defined Raman
spectrum of the triplet state is observed for all three compounds (Figure 7.7 and
Figure 7.8 (e) and Figure 7.9 (d)). Most of the peaks are resonance enhanced. The
T, state C=C stretch is downshifted to 2034 cm™ for 26, 2057 cm’ for 27 and
2030 cm™ for 28. The bands characteristic of aromatic vibrations in the 1300—
1600 cm™ region are labelled in the figures and some new bands are observed. No
TR® spectrum could be detected at the 1 us time delay when the samples were
aerated, confirming that the spectrum was that of the triplet state transient species
observed in the flash photolysis experiment. A similar spectrum was obtained when
using a 50 ns time delay (Figure 7.7 and Figure 7.8 (d), and Figure 7.9 (c)). When
the pump and probe pulses were overlapped, the spectrum showed an additional

band at 2117 cm™ in 26, and a band at 2118 cm™' in 27 which were attributed to the
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triple bond in the S; state. No additional bands were observed in 28 which is
attributed to the fact that the lifetime the S; state is very short (< 0.1 ns). Even
though the probe and pump pulses were set to overlap the delay between them is not
exactly zero and hence the very short lifetime of the S; resonance Raman spectrum,

observed for the other two chromophores, is missed.
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Figure 7.7 Raman spectra of 26 in cyclohexane. (a) Raman spectrum of the S, state, probing at
633 nm. (b) ps-TR’ spectrum of the S, state probing at 588 nm, 50 ps after pumping at 267 nm. (c-e)
ns-TR? spectra pumping at 355 nm, probing at 550 nm with probe and pump pulses overlapping, (c),

50 ns delay, (d), and 1 us delay, (e). The asterisks denote miss-cancelled solvent bands remaining
following spectral subtraction.

The excited singlet state is observed to be very similar to the excited triplet state in
26 and 27. This suggests there is very little change in the molecular bonding
between the S; and T, excited states. The similarities between the Raman spectra of
excited singlet and triplet states have previously been observed once for trans-
stilbene but not for longer molecular wires.[24] These excited states were reported

to exhibit similar spectral features in the 1600 cm™ aromatic region.
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The triplet excited states of 27 and 28 shows the most vibrational fine structure, in
the 1600-1000 cm™ region and the 600760 cm™ region and more resonance
enhancement. This is linked to the increasing number of thiophene groups in the
molecule which enhances intersystem crossing. Table 7.7 collects the main results
of the time—resolved measurements made of 26-28. Noteworthy is the reduction in
energy of the v(C=C) mode from the ground state to the T, state. The decrease in
vibrational energy for 26, 27 and 28 is 164, 144 and 155 cm™ respectively (about
7.5% of the total initial W(C=C) S, state energy. Larger downshifts have been
reported for DPA and diphenylbutadiyne (DPB).[25] Using TR? spectroscopy,
Yoneda ef al. observed 243 (11%) and 220 cm™ (9.9%) downshifts in the energies of
the triplet states of DPA and DPB respectively. They concluded that this represents
a significant weakening of the carbon triple bond in the excited state compared to the
ground state. This large change in bond strength was explained by considering the
changes occurring in the ethyne bond as the promoted electron moves from the

HOMO to the LUMO.

The molecular orbitals of 2628 including the HOMO and LUMO are extensively
delocalised across the entire molecule.[21] The bonding character of the C=C arises
from a number of bonding interactions manifested in the HOMO and many of the
lower lying orbitals. Thus, the removal of an electron from the HOMO to the
LUMO gives rise to only a small change in the bond strength of the ethyne groups.
This is demonstrated by the relatively small wavenumber shifts in the resonance
Raman spectra of the S; and T states (Table 7.7). The larger downshift observed for
the W(C=C) of the triplet state can be qualitatively explained by considering the
localisation of the spin—densities of the unpaired electrons in the HOMO and
LUMO. The spin—correlation effects, in the triplet state, will mean that there is
likely to be a greater degree of delocalisation of the spin—density around the
arylethynyl groups resulting from the repulsion of the two electrons. This leads to a

greater reduction in the strength of the ethyne bonds and their vibrational frequency.
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Figure 7.8 Raman spectra of 27 in cyclohexane. (a) Raman spectrum of the S, state, probing at
633 nm. (b) ps-TR® spectrum of the S, state probing at 588 nm, 50 ps after pumping at 267 nm. (c-e)
ns-TR? spectra pumping at 355 nm, probing at 540 nm with probe and pump pulses overlapping, (c),
50 ns delay, (d), and 1 s delay, (e). The asterisks denote miss-cancelled solvents bands remaining
following spectral subtraction.
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Figure 7.9 Raman spectra of 28 in cyclohexane. (a) Raman spectrum of the S, state, probing at
633 nm. (b-d) ns-TR? spectra pumping at 355 nm, probing at 540 nm with probe and pump pulses
overlapping, (b), 50 ns delay, (c), and 1 us delay, (d). The asterisks denote miss-cancelled solvents
bands remaining following spectral subtraction.

Table 7.7 A summary of the time resolved measurements detailed in Figure 7.3-Figure 7.9.

ps-TA ns-FP
T, state T, state v(C=C) $, v(C=0)
absorption | absorption v(C=0) state/em™ ¢ | T state /em™ ¢
Cpd.|peaks / nm *|peaks / nm °| S, state / cm™ (Shift)” (Shift)”
26 466 485 2198 2117 (-81) 2034 (-164)
27 543 555 2197 2118 (-79) 2053 (-144)
28 515 515 2192 Not seen 2037 (-155)

¢ ps-transient absorption after 1 ns delay.

® ns-transient absorption, from flash photolysis (FP)

experiments, after 1-10 ps. < At=0 ns. ¢ The amount of shift to lower wavenumber from the ground
state vibrational energy.

Conclusions

The photophysical and molecular properties of molecules 2628 were investigated

and discussed with specific emphasis on the bonding character of their triplet excited

states.
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The absorption and fluorescence spectra of 26 to 28 are all red shifted in
comparison the model compound BPEB. The lifetimes, fluorescence quantum yields
and extinction coefficients of the molecules investigated were all significantly less
than those of BPEB. They do have higher quantum yields of singlet oxygen
generation which is consistent with much greater intersystem crossing and triplet

state formation than BPEB.

Judging from the resonance Raman excited state spectra, very little change in the
molecular structure or bond order occurs between the ground and the excited state of
26. The v(C=C) was observed to persist in the singlet and triplet excited states of all
three model compounds. It was found to be slightly weaker and at lower frequency
but no evidence of the formation of a cumulenic/quinoidal structure was found, a
subject that still proves to be of controversy in the scientific community. This would
have corresponded to an intense band around 2000 cm™ [26] in the S; state and no

such band was seen.

The persistence of the carbon triple bond, in the triplet state, is thought to stem
from the extensive s7electron delocalisation across the molecules. The removal of
an electron form the HOMO to the LUMO has little impact on the bonding strength
of the ethyne groups because of the number of bonding interactions apparent in the
HOMO and lower lying orbitals. The ethyne bond is weakest in the triplet state
because of spin correlation effects which are liable to increases the spin density

around the arylethynyl groups due to the repulsion between the two electrons.
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SUMMARY

The  photophysical study of this family of  substituted 1,4-
bis(phenylethynyl)benzene (BPEB) compounds shows they exist as a range of
molecular rotamers in the ground state, resulting from the low barrier to rotation
around their C(sp)-C(sp®) bonds. These compounds are highly conjugated systems
with good electron conducting properties, due to the delocalisation of the HOMO
and LUMO over the molecule, and a rigid linear wire type structure. In the
electronic excited state they are capable of changing their molecular conformation
and will adopt a planar, or near planar, low energy conformation prior to florescence
emission. They are highly emissive owing to the high oscillator strength of the
S;—Sy transition, and retain their C=C character in the excited singlet and triplet

states.

In general, the fluorescence quantum yield and lifetime of BPEB are increased by
adding alkyl side groups, or fluorine atoms, or by substituting anthracene for the
central benzene ring. These photophysical properties are further manipulated by the
addition of donor and acceptor groups of varying strengths. The addition of bromine
atoms or the substitution of one or more benzene rings with thiophene moieties
increases ISC to the triplet excited state, the phosphorescence and the singlet oxygen
quantum yield. The study of BPEB as a bridge between donor and acceptor groups
shows it forms systems which undergo ICT in the excited state with good charge
separation in polar solvents. In non-polar solvents, the compounds studied are

chemically stable to UV and visible radiation and undergo little solvent interaction.

Electronic conductivity in similar systems is reduced when the conjugation is
disrupted by the aryl rings being orthogonal to each other and optimised when the
rings are coplanar.[1] The work in this thesis illustrates that viscous solvents, and a
combination of low temperature and bulky groups can slow down, or inhibit, the free
rotation of the benzene rings in the excited state. The molecules investigated here
have potential applications as solid-state laser materials[2], molecular switches[3],
organic electroluminescent devices[4, 5] and polyaryl fluorescent chemosensors[6],

if they are engineered with more control over the shape of the chromophore.
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FUTURE WORK
—A low temperature time-resolved emission study of BPEB to investigate hot
fluorescence. By measuring the emission in a rigid matrix we can separate

vibrational relaxation from torsional motion.

—It should be determined if, for this set of molecules, the addition of bulky alkyl side
groups reduces excimer formation by prohibiting aggregation at higher

concentrations.

—Determination of the quantum yields of the donor-acceptor substituted BPEBs.
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APPENDIX A
A.1 Additional lifetime information for Chapter 5

Table A.1 The excitation and emission wavelengths at which the lifetimes of compounds 8 to 15, in Chapter 5, were measured.

CeHi2

CHCl;

CH;CO,C,Hs

THF

DCM

C,HsOH

CH3;CN

Aex /MM Aem / nm

Aex /M Acy /N

Aex /MM Aern / nm

Aex /MM Aem / M

Aex /MM Aemy / NM

Aex /M Agm / DM

Aex /DM Ay /DM

10
11
12
13
14
15

366
296
296
366
296
366
296
296

400
406
403
384
357
380
354
353

366
296
296
366
296
366
296
296

485
490
487
417
392
422
390
370

366
296
296
366
296
366
296
296

508
516
519
416
387
458
392
389

366
296
296
296
362
366
296
296

521
525
524
421
382
465
392
372

366
296
296
366
296
366
296
296

521
526
524
422
392
464
398
394

366
296
296
366
296
366
296
296

500
670
560
422
386
473
393
394

366
296
296
296
296
366
296
296

647
653
600
475
381
499
400
396
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