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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 n-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-tert-butylphenyl)ethynyl)benzene, 1 ,4-bis(2-(2-tert

butylpheny l)ethyny 1)-2,3 ,5 ,6-tetramethylbenzene, 1 ,4-dibromo-2,5-bis(pheny lethy

nyl)benzene 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)pheny1ethynyl)benzoate, 4-( 4-( 4-dimethyl

aminopheny lethyny l)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)-
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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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GLOSSARY OF ABBREVIATIONS 

A-A 

AgGaS2 

BPEB 

C6H12 

CaF2 

CHCh 

CT 

CTS 

cw 
DACN-DPA 

DCM 

D-D 

DPA 

DPB 

DPH 

EPA 

EtOH 

HICT 

ICT 

ISC 

LE 

MCH/IP 

MTCN-DPA 

OLED 

OPA 

PO POP 

PPE 

PPV 

PTFE 

RET 

TA 

tBPEB 

TCSPC 

TICT 

TRES 

T-T 

VR 

Acceptor-Acceptor 

Silver gallium sulphide 

1,4-Bis(phenylethynyl)benzene 

Cyclohexane 

Calcium Fluoride 

Chloroform 

Charge-transfer 

Charge-transfer state 

Continuous wave 

4-N ,N-Dimethylamino-4'
cyanodiphenylacetylene 

Dichloromethane 

Donor-Donor 

Diphenylacetylene 

Diphenylbutadiyne 

1 ,6-Diphenyl-1 ,3,5-hexatriene 

Diethyl ether, pentane, alcohol 

Ethanol 

Hydrogen bonded intramolecular charge 
transfer 

Intramolecular charge transfer 

Intersystem crossing 

Locally excited 

Methylcyclohexane I 2-methylbutane 

p-Cyano-p' -methylthiodiphenylacetylene 

Organic light emitting diode 

Optical parametric amplifier 

2,2 '-p-Phenylene-bis( 5-phenyloxazole) 

Poly(p-phenyleneethynylene) 

Poly(p-phenylenevinylene) 

Polytetrafluoroethylene 

Resonance energy transfer 

Transient absorption 

1 ,4-Bis(p-tert -butylphenylethynyl)benzene 

Time correlated singlet photon counting 

Twisted intramolecular charge transfer 

Time-resolved emission spectroscopy 

Triplet-Triplet 

Vibrational relaxation 
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n 

E 

E 

ro 
r 

r 

SYMBOLS 

Refractive index 

Extinction coefficient, dm3 mor 1 cm-1 

Dielectric constant 

Fundamental anisotropy 

Average steady-state fluorescence anisotropy 

Fluorescence lifetime, ns 

Rotational correlation time, ps 

Fluorescence quantum yield 

Rate constant for intersystem crossing, s-1 

Rate constant for internal conversion, s-1 

Rate constant for vibrational relaxation, s-1 

Non-radiative decay rate constant, s-1 

Emissive rate constant, s-1 

6 





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 m the use of polymers lies in the scope of low-cost 

manufacturing, using solution-processing of thin film polymers.[l3] 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.[?, 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 n-conjugation pathway, in the ground and excited 

states is required.[!] 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 is 

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 mor1 in liquid crystals by Inoue et a/.[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 mor1 

by Garibay et a/.[6] using the Austin Modell method, and 2.31 kJ mor1 by Tretiak 

et a!. [2] using a blend of quantum chemical methods including semi-empirical 

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

8 



(4-mercaptophenylethynyl)phenylamine to be 14.2 kJ mor1 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 a/.[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 

::::::2.7 kJ mor1.[5] This is comparable with kT (energy) at room temperature 

(2.5 kJ mor1
). 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] 

R R R 

R R R 

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 = C 12H25).[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 == CH3 

(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 n-system over the molecule 

because of a decrease in the overlap between the bonding and antibonding p orbitals 

around the C(sp)-C(sp2
) 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 ofplanarisation.[6] This 

is evident in the higher intensity and resolution of the red edge of the absorption 
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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 et a/.[32] studied the relationship between cofacial 

interpolymer distances and solid-state photophysics. In both small molecules[33] 

and polymers[34] the close association of x-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 et a/. 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 ;r-stack display 

a broad absorbance spectrum with a Amax between 440 nm and 450 nm and a 

narrowed emission spectrum with a Amax 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 ;r-stacking[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 x-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 yielo values of 1 and 2 were 7% 

and 12% respectively. 

IQ o· Or· ·o r Water 

1 R=Me, R'=OC,6HJJ 
2 R='i-Propyl, R'=OC16H33 

3' R=i-Pentyl, R'=OC16 H33 

Wa•elengoh (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 
layef Langmuir- Schaefer films of polymers 1-3 cast onto hydrophobic glass slides.[32] 

11.1.2 Conductivity in conjugated systems 

11he concept .of a molecular wire became a reality nearly 3(i)· years ago with the 

discovery of metallic conductivity in an organic polymer.[35] 'Fhe simplest 

hydrocarbon molecular wire consists of a carbon chain in which all of the atoms are 

linearly sp-hybridised. 'Fhis ·structure can be modified to include alternating single 

and double carboJJ...,carbon bonds between terminating end groups. The conjugated! 

chain caB also be made up of aromatic rings linked by acetylene units. There is a 

complete delocalisation of the ;r-electrons across the polymer chain. The ;r 

(bonding) and ;r* (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 

a/. 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 1) and triplet (T1) 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 ofthe S1-T1 energy gap 

on different torsion angles. The smallest possible S1-T1 energy gap results from 

fully planar conformations. 

There have been many contributions made towards the understanding of 

conduction in polymers. Swager et a/. [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 eta/. 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 n-conjugated spacers have been 

measured by Sachs et a/.[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, k0, 
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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 ;::::: 4.2 kJ mor1
. 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 
5 X= H, Y=N02 

6X=N02, Y=NH2 

y 

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

Seminario et a!. 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 

4.2 kJ mor1
, for the isolated tolane molecule, to 159.6 kJ mor1 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. [ 4 7] 
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