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Abstract: We report on the isomerization dynamics of a family of substituted thiophene oligomers designed for the 
synthesis of soluble poly(alkylthiophene)s possessing a minimal coupling defect density. The data we report for 
3^4^dibutyl-2,2':5^2''-tertWophene,3'^4''-dM^ 
2,2':5',2":5",2'":5'",2"":5"",2'""-sexithiophene indicate that the ground state isomerization barrier for all of these 
oligomers is on the order of 8 kcal/mol, with no discernible dependence on the length of the oligomer. For oligomer 
isomerization in the Si electronic state, we find that the isomerization barrier for both the pentathiophene and 
sexithiophene oligomer is ~5.2 kcal/mol, slightly larger than the value we reported previously for Si 3',4'-dibutyl-
2,2':5',2"-terthiophene. Experimental data for both electronic states in these oligomers are in excellent agreement 
with semiempirical calculations using the PM3 parametrization. 

Introduction 
Determining the intrinsic, structural limits to the synthesis 

of conjugated polymers possessing a minimum defect density 
is a central issue in the development of practical organic optical 
and electronic devices. Understanding and controlling the extent 
of structural disorder in a material is also critical to studies aimed 
at optimizing the nonlinear optical response of strongly coupled 
three-level systems.12 There are a limited number of conjugated 
polymers for which it is possible to synthesize crystalline 
materials possessing a very low structural defect density. For 
the majority of conjugated polymer systems, however, syntheses 
are by electrochemical or, less commonly, photochemical means 
and are often carried out in solution. For this reason, any 
amount of structural heterogeneity intrinsic to the monomer units 
will be expressed in the resulting polymer. We focus here on 
poly(alkylthiophene) because of the importance of this family 
of materials for conducting3-8 and nonlinear optical information 
processing9-13 applications. 

Polythiophenes and poly(alkylthiophene)s have received a 
great deal of recent attention for both fundamental and practical 
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reasons. This family of polymers has found application in the 
fabrication of organic light-emitting diodes, and for this reason, 
there has been a significant amount of research effort aimed at 
producing processable materials with a minimal density of 
structural defects. The first polythiophenes were synthesized 
from thiophene and the dominant defect in this material was 
from inter-ring linkages between positions a and /3 to the S 
heteroatom on adjacent thiophene rings.14 These materials are 
also insoluble and, as a result, were of limited utility for device 
applications requiring material processability. The next advance 
in the synthesis of polythiophenes was to use a 3-alkylthiophene 
as the monomer.15-20 While the solubility of the resulting 
polymer was improved, head-to-head and tail-to-tail coupling 
defects contributed significantly to molecular scale disorder in 
the resultant material. There have been several successful 
attempts to minimize these coupling defects synthetically by 
using asymmetric monomers, and it is now possible to make 
poly(3-alkylthiophene)s where the inter-ring coupling is ~95% 
"pure", i.e. head-to-tail coupling.621-23 An alternative approach 
to such syntheses is to use oligomeric forms of thiophenes where 
head-to-tail coupling defects are precluded for structural reasons. 
Recent work by Wang et al.5 has shown this to be a successful 
approach, yielding corresponding polymer material that exhibits 
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conductivities higher than those reported for poly(thiophene)s 
synthesized from 3-alkylthiophene monomers. Even with the 
development of synthetic routes aimed at minimizing the extent 
of inter-ring coupling defects, rotational isomerization between 
individual thiophene rings in oligomeric and polymeric thiophenes 
can give rise to a different class of structural defects. For this 
reason it is important to consider the intrinsic inter-ring 
isomerization characteristics of thiophene oligomers, and to 
understand how the energetics of isomerization in this family 
of oligomers are affected by oligomer length. We have 
examined the rotational isomerization characteristics of three 
substituted thiophene oligomers in order to address these 
questions. In a previous report4 we had indicated that the ground 
state isomerization barrier of 3',4'-dibutyl-2,2':5',2"-terthiophene 
(DBTT) was ~20 kcal/mol based on variable-temperature 1H 
NMR measurements. Further investigation of this system with 
a higher field (500 MHz) NMR spectrometer has revealed that 
the data reported previously were limited in resolution, causing 
our estimate of the isomerization barrier to be too large. The 
data we report here possess the resolution required to establish 
the ground state isomerization barrier of DBTT, and two larger 
oligomers, to be ~8 kcal/mol. Measurements of the excited 
state isomerization characteristics of thiophene oligomers 
indicate this energy to be ~5.2 kcal/mol for both the substituted 
pentathiophene and sexithiophene compounds. We had found 
in our earlier report that the isomerization energy for the 
substituted terthiophene oligomer is 4.2 ± 0.4 kcal/mol.4 We 
discuss below the means used to acquire the experimental data, 
the form and temperature dependence of the 1H NMR data and 
the way in which we relate the NMR chemical shift results to 
the dynamical response of the molecule, and the viscosity 
dependence of the fluorescence lifetime data for the pen
tathiophene and sexithiophene oligomers. In addition, we 
present semiempirical calculations24-28 for these molecules using 
the PM3 parametrization. The PM3 parametrization offers a 
significant improvement over the AMI parametrization for these 
oligomers. The calculated predictions are in excellent agreement 
with experimental data. 

Experimental Section 

Chemicals. The thiophene oligomer 3',4'-dibutyl-2,2':5',2"-ter-
thiophene (DBTT) was synthesized according to a published proce
dure.23 To synthesize the 3",4"-dibutyl-2,2,:5',2":5",2'":5'",2""-
pentathiophene oligomer (DBPtT), DBTT was dibrominated at the a 
positions of the terminal thiophene rings using tetramethylammomum 
tribromide and subsequently coupled on both ends to thiophene 
magnesium bromide in the presence of a catalyst. The 3',4',3"",4""-
tetrabutyl-2,2':5',2":5",2'":5'",2"":5"",2'""-sexithiophene oligomer (TB-
SxT) was synthesized by coupling 2 equiv of DBTT which had been 
treated sequentially with n-butyllithium and copper chloride. A detailed 
description of these ohgothiophenes has been reported elsewhere.29 For 
the fluorescence lifetime measurements, all solvents were purchased 
from the Aldrich Chemical Co. as either reagent grade or spectroscopic 
grade and were used without further purification. For the 1H NMR 
measurements, rfj-toluene (99.6 atom% D) was purchased from Isotech, 
Inc. and used as received. 

Steady State Optical Spectroscopy. The absorption spectra of 
DBPtT and TBSxT were measured using a Hitachi U-4001 UV-visible 
spectrophotometer. The emission spectra for these oligomers were 
determined using a Hitachi F-4500 fluorescence spectrophotometer. 
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Table 1. Excitation and Emission Wavelengths Used for TCSPC 
Measurements 

solvent 

methanol 
1-butanol 
1-heptanol 
1-decanol 

>lexc 

(nm) 
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390 
390 
390 
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Aem(10nm 
bandwidth) 
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Figure 1. Example of excited state population decay for TBSxT in 
n-butanol. The instrumental response time is ~40 ps fwhm. 

These data were used to determine the appropriate excitation and 
observation wavelengths for the fluorescence lifetime measurements. 

NMR Spectroscopy. 1H NMR spectra of DBTT, DBPtT, and 
TBSxT in drtoluene, referenced to tetramethylsilane (TMS), were 
measured using a 500 MHz Varian (VXR-500) NMR spectrometer. 
The temperature of the samples was controlled with an FTS Systems 
air-jet and temperature control unit and was varied between —40 and 
+90 0C for DBPtT and TBSxT measurements and between -40 and 
+105 0C for DBTT measurements. Uncertainty in the sample 
temperature was determined to be 0.5 0C. 

Time Correlated Single Photon Counting Spectroscopy. The 
spectrometer we used for the fluorescence lifetime measurements of 
the oligomers DBPtT and TBSxT has been described in detail before,430 

and we provide only a brief review of its salient characteristics here. 
The light pulses used to excite the sample are generated with a cavity-
dumped, synchronously pumped dye laser (Coherent 702-2) excited 
by the second harmonic of the output of a mode-locked CW Nd:YAG 
laser (Quantronix 416). DBPtT was excited at 390 nm (LDS 751, 
Exciton, LiIO3 Type I SHG), and TBSxT was excited at 405 nm (LDS 
821, Exciton, LiIO3 Type I SHG). Fluorescence was collected at 54.7° 
with respect to the polarization of the excitation pulse at the wavelengths 
indicated in Table 1. A representative fluorescence lifetime scan, 
together with the instrumental response function (typically ~40 ps 
fwhm), is shown in Figure 1. 

Data Analysis. The lifetimes we report here are derived from data 
deconvoluted from the instrumental response function using software 
written by Snyder and Demas.31 The lifetimes we report are averages 
and standard deviations of at least 12 individual determinations for 
each solvent. 

Calculations. Semiempirical calculations24-28 were performed using 
Hyperchem Release 4.0 on an IBM compatible PC (Gateway 2000 486-
66V). The PM3 parametrization, used for these calculations, is a 
modification of the AMI parametrization that treats molecules contain
ing polar heteroatoms, such as sulfur, more accurately than previous 
parametrizations. The calculation strategy for the three oligomers was 
to perform an initial optimization of the structures using a molecular 
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Chart 1. Structures and Interring Rotations for the Three 
Thiophene Oligomers: (a) 
3',4'-Dibutyl-2,2':5',2"-terthiophene (DBTT), (b) 
3",4"-Dibutyl-2,2':5',2":5",2'":5'",2""-pentathiophene 
(DBPtT), and (c) 3',4',3"",4""-Tetrabutyl-2,2':5',2":5" 

' H H 

H H 

H H 

mechanics routine (MM+)32 followed by a geometry optimization at 
the semiempirical level using an SCF algorithm. Semiempirical 
optimization was performed until the lowest energy conformation for 
each molecule was attained. Heats of formation and electronic charges 
of individual protons and carbons were calculated for the geometrically 
optimized molecules. 

Results and Discussion 

The primary focus of this paper is to obtain information on 
the isomerization characteristics of the thiophene oligomers 
DBTT, DBPtT, and TBSxT (Chart 1), in both their ground and 
first excited singlet electronic states. The motivation for this 
work is to understand the intrinsic limits to conformational 
disorder in polymers synthesized from these oligomers and, 
based on this information, determine whether there is a preferred 
synthetic strategy for alkylated thiophene polymers. Because 
the measurement strategy for the isomerization of a molecule 
in its ground state differs significantly from that for excited state 
measurements, we will treat measurements of rotational isomer
ization in these two states separately. 

Ground State Measurements. Representative 1H NMR 
spectra are shown for each of the three oligomers in Figures 
2—4. The proton assignments are as indicated in Chart 1. The 
chemical shift of each proton exhibits a unique temperature 
dependence, from 0.0001 to 0.002 ppm/K, as shown for a series 
of DBTT spectra in Figure 5. Analogous protons on different 
oligomers exhibit almost identical temperature dependencies. 
Measurements of proton resonances that appear furthest down-
field were limited, due to the presence of solvent peaks in the 
same chemical shift range. In a previous examination of DBTT, 
we had observed, using a 300 MHz NMR spectrometer, that 
the several doublet resonances split by ~1.5 Hz appeared to 
coalesce and, based on this information, we reported an 
isomerization barrier of ~20 kcal/mol for ground state DBTT.4 

Our subsequent measurements using a higher field spectrometer 

(32) Allinger, N. L. J. Am. Chem. Soc. 1977, 99, 8127. 
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Figure 2. 1H NMR spectrum of DBTT taken at -20 0C. Inset: 
Expanded aromatic proton region with proton assignments for the 
aromatic protons. The designations of the protons are indicated in 
Chart 1. 
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Figure 3. 1H NMR spectrum of DBPtT taken at -20 0C. Inset: 
Expanded aromatic proton region with proton assignments for the 
aromatic protons. The designations of the protons are indicated in 
Chart 1. 
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Figure 4. 1H NMR spectrum of TBSxT taken at -20 0C. Inset: 
Expanded aromatic proton region with proton assignments for the 
aromatic protons. The designations of the protons are indicated in 
Chart 1. 

have shown that the apparent coalescence we reported earlier 
is actually only a loss of resolution. The split resonances for a 
given individual proton do not coalesce, because the splittings 
arise from /-coupling between non-adjacent protons. On the 
basis of the higher resolution data we report here for DBTT, 
DBPtT, and TBSxT, we conclude that ring rotation is much 
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7.10 7.00 6.90 6.80 6.70 ppm • 

Figure 5. Temperature dependence of the aromatic proton resonances 
of DBTT, shown at five representative temperatures, as indicated. 

faster than the time scale of the NMR experiment. That is, 
coalescence occurs at a temperature much lower than —40 0C 
for these oligomers. The rotational isomerization barriers for 
these oligomers are, in fact, significantly smaller than 20 kcal/ 
mol. Despite the absence of a coalescence in these data, the 
temperature dependence of the proton chemical shifts for these 
ohgomers can be used to infer the approximate energy of the 
isomerization barrier. We understand the temperature depen
dence of the individual proton resonances in these oligomers 
based on the temperature-dependent conformational distribution 
of the rotamers. 

It is well-established that the chemical shift of a proton bound 
to an aromatic system is related to the effective charge on the 
carbon atom to which the proton is bound.33-35 

A(5H = aAqc (D 

The effective charge (qc) on the carbon of interest is determined 
by its electron density, and the 1H NMR resonance energies 
(chemical shifts, <5) are also affected by secondary, inductive 
effects such as "ring current".35-37 We expect the effective 
charge on the proton to play a central role in determining the 
chemical shift, although we are not aware of any explicit 
treatments of the relationship between proton charge and 
chemical shift. We find, in fact, that the proton charges play a 
critical role in determining the proton NMR resonance fre
quency, and the carbon n electron density is important as well 
{vide infra). The proportionality constant a can be determined 
for a given system,33,38 but it is not expected to be constant for 
all molecules because of secondary, structure-dependent shield
ing effects. We understand and model the temperature-
dependent proton resonance energies for the thiophene oligomers 
as follows. The charge of each proton is influenced by the 
interring dihedral angle between individual thiophene rings. 
Because there is a finite energy barrier to interring rotation 
(Figures 6a, 7a, and 8a), the extent to which each rotamer will 
contribute depends on the temperature of the system. We have 
calculated the conformation dependence of the proton and 
adjacent carbon charge (Figures 6b,c, 7b,c, and 8b,c) as well 
as the isomerization barrier for inter-ring rotation (Figures 6a, 

(33) Fraenkel, G.; Carter, R. E.; McLachlan, A.; Richards, J. H. J. Am. 
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Figure 6. (a) Calculated isomerization barrier for DBTT, where the 
isomerization coordinate is taken as the interring dihedral angle, (b) 
Dependence of the proton charges on interring rotation angle: (•) Ha, 
( • ) Hb, (A) Hc. (c) Dependence of the aromatic carbon charges on 
interring rotation angle: ( • ) C3, ( • ) Cb, (A) Cc. 
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Figure 7. (a) Calculated isomerization barrier for DBPtT, where the 
isomerization coordinate is taken as the interring dihedral angle, (b) 
Dependence of the proton charges on interring rotation angle: (•) Ha, 
(•) Hb, (A) H0, (*) Ha, (•) He. (c) Dependence of the aromatic car
bon charges on interring rotation angle: (•) Ca, (•) Cb, (A) Cc, (*) 
Cd, (•) Ce. 

7a, and 8a) for each oligomer using semiempirical molecular 
orbital calculations with the PM3 parametrization. We calcu
lated the charge for each aromatic proton and carbon at 5-deg 
increments between 0 and 180 0C. We assume in our treat
ment that there are no anomalies on this energy surface that 
would give rise to discontinuities (e.g. sudden polarization 
phenomena39-42). The average charge of a given proton or a 
given carbon for an oligomer isomerizing in solution, then, 
depends on the amount of time that the oligomer exists in each 
rotational conformation. This treatment presumes that ring 
rotation is fast compared to the time scale of the NMR 

(39) Bonacic-Koutecky, V. J. Am. Chem. Soc. 1978, 700, 396. 
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Figure 8. (a) Calculated isomerization barrier for TBsxT, where the 
isomerization coordinate is taken as the interring dihedral angle, (b) 
Dependence of the proton charges on interring rotation angle: (•) Ha, 
(•) Hb, (A) Hc, (*) Hd, (•) He. (c) Dependence of the aromatic car
bon charges on interring rotation angle: (•) C3, (•) Cb, (A) Cc, (*) 
Cd, (•) Ce. 

measurement and that we sample a thermally-weighted portion 
of the isomerization surface. Changes in temperature thus alter 
the contribution of high energy portions of the isomerization 
surface to the average charges sampled in the NMR measure
ments. To determine the fractional contribution of a given 
conformer to the average charge of a given proton or carbon, 
the energy of the oligomer was calculated as a function of 
interring dihedral angle. For DBTT, there is one unique 
isomerization to consider. For DBPtT there are two distinct 
dihedral angles relevant to the isomerization surface, and for 
TBSxT there are three relevant dihedral angles, as shown in 
Chart 1. In this treatment of DBPtT and TBSxT we assume 
that the individual isomerization coordinates are nominally 
uncoupled (this is a valid assumption because the barriers are 
small), and thus the average of the two isomerization barriers 
provides a useful one-dimensional potential well representation 
for these molecular motions on the time scale of the NMR 
measurement. This assumption allows us to calculate ring 
rotation-dependent atomic charges without accounting for 
inductive, multiple-ring effects. From these energy surfaces, 
reduced to one-dimensional representations of the overall 
molecular motion, we can determine the contribution (fractional 
population) of a given rotamer based on the Boltzmann 
distribution because the isomerization is driven thermally. 
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Figure 9. (a) Experimental temperature dependence of 1H NMR 
resonances for DBTT. (b) Temperature dependence of aromatic proton 
charges, calculated as described in the text. For both a and b: (•) Ha, 
(•) Hb, (A) Hc. 
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Figure 10. (a) Experimental temperature dependence of 1H NMR 
resonances for DBPtT. (b) Temperature dependence of aromatic proton 
charges, calculated as described in the text. For both a and b: (•) H8, 
(•) Hb, (A) Hc, (*) Hd, (•) He. 

where Ng is the population of the rotamer with diheral angle Q, 
No is the population of the lowest energy conformation, and 
the energies Eg and Eo are the relative energies of the two 
conformers. 

We assume that the degeneracy of each conformer is the 
same, and include no degeneracy weighting factors in eq 2. For 
each atom of interest, the average charge density at a given 
temperature T, qj, weighted for the appropriate rotamer distribu
tion, can be calculated from 

9 r = ( X i V e V X i V e ) r (3) 

The temperature dependence of qT results from the Boltzmann 
terms. We obtain qj for each relevant proton and carbon in 
these oligomers accordingly. A plot of the experimental 
temperature dependencies of the aromatic proton resonances for 
DBTT is shown in Figure 9a and a corresponding plot of qr vs 
T for these same protons is shown in Figure 9b. We present 
the same comparison for DBPtT and TBSxT in Figures 10 and 
11, respectively. The temperature dependence of the average 
charge on a given proton correlates well with the experimental 
chemical shift temperature dependence. We note that the 
poorest agreement between experiment and calculation is for 
DBPtT, where the approximation of an average isomerization 
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Figure 11. (a) Experimental temperature dependence of 1H NMR 
resonances for TBSxT. (b) Temperature dependence of aromatic proton 
charges, calculated as described in the text. For both a and b: (•) Ha, 
(•) H„, (A) H,, (*) Ha, (•) He. 

coordinate is expected to be most limiting. We recognize that 
the magnitude of the chemical shift(s) in hertz is not calibrated, 
necessarily, with the temperature-dependent charge variation on 
each proton, due in part to the inherently qualitative nature of 
the molecular orbital calculations we used to estimate the 
charges. Registration of these two scales (charge and chemical 
shift) would be empirical even with the appropriate stan
dards.3338 Thus our qualitative agreement between experiment 
and model is encouraging in and of itself. Previous models, 
relating electronic charge to 1H NMR chemical shift, have 
focused on the carbon atom to which the proton is bound. We 
observe that the charge on the proton is a dominant factor in 
determining the deshielding and thus the NMR chemical shift. 
The relationship between the charges on each proton and carbon 
and the proton chemical shift will be determined by propor
tionality constants that are different for each species. 

Thus eq 1 can be modified to include these dependencies 
explicitly, 

A<5H = aHAqH + acAqc (4) 

where an and ac are different. Consideration of either of these 
charges individually does not provide the optimum agreement, 
although it is clear from the experimental data that the dominant 
contribution to ASn comes from AHAOH- Consideration of 
acAqc would lead to an improved correlation between experi
ment and model, as suggested by Figure 12. While we can 
calculate the terms q<z and qu, the determination of each 
coefficient a is problematic because of the limited experimental 
information available. That is, we do not have sufficient 
experimental information to determine either ac or an separately. 
Despite this limitation, we recognize that the trends presented 
in the experimental data are consistent with contributions from 
the electron densities of both the proton and carbon. Proton a 
of DBTT will exhibit relatively little temperature dependence 
because the charge density on the carbon to which it is attached 
is comparatively rotation independent. The temperature de
pendence of the proton b NMR resonance will increase in slope 
due to the inductive effect of the adjacent carbon, and proton c 
will exhibit a slight decrease in its temperature dependence. The 
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Figure 12. Calculated temperature-dependent proton charges (top, left) 
and aromatic carbon charges (bottom, left) for DBTT, compared to 
experimental 1H NMR chemical shift temperature-dependent data. The 
comparison is necessarily qualitative. See text for a discussion of this 
point. Symbol assignments are the same as in Figure 6. 

comparisons between experimental NMR data and our calculated 
charge temperature dependencies are in excellent predictive 
agreement with the relationship between electronic charges and 
chemical shift indicated in eq 4. The agreement between the 
experimental data and our model also provides justification for 
our estimation of an isomerization barrier on the order of 8 kcal/ 
mol for ground state thiophene oligomers, as calculated. A few 
words are in order at this point on the meaning(s) of the 
isomerization barriers we report in Figures 6—8. For DBTT, 
there is only one unique dihedral angle, and the barrier height 
of ~10 kcal/mol calculated for this isomerization is determined 
almost exclusively by steric constraints imposed by the n-butyl 
moieties at the 3' and 4' positions of the molecule. Our 
calculation did not take into account the ability of these aliphatic 
groups to move in such a way as to minimize steric hindrance 
to the ring rotation, and we thus believe that the calculated 
barrier is a slight overestimate of the actual experimental barrier. 
For the larger oligomers, DBPtT and TBSxT, the barriers we 
report in Figures 7 and 8 are averages of the isomerization 
barriers for the 2 (DBPtT) or 3 (TBSxT) dihedral angles 
involved. We recognize that the ~8 kcal/mol barrier is an 
overestimate for the DBPtT terminal ring because steric 
hindrance by the n-butyl groups will not play a role. For rotation 
of only the DBPtT terminal ring, we calculate an isomerization 
barrier of ~1 kcal/mol. The relatively poorer agreement 
between experiment and calculation for this oligomer (Figure 
10) is therefore an expected result. For TBSxT, the rotation of 
each thiophene ring will be hindered to some extent by the 
presence of the n-butyl groups on an adjacent ring, and thus 
the average of the barriers will provide a reasonably accurate 
one-dimensional representation of the isomerization surface of 
this molecule. Because of the qualitative nature of the calcula
tions, and the limitations intrinsic to our reduction of these 
complex, large amplitude molecular motions to a one-
dimensional coordinate, we do not imply that 8 kcal/mol is an 
explicit upper or lower bound on the isomerization barrier energy 
for these molecules. We assert, however, that the experimental 
barriers must be close to those we calculate. If the barriers to 
ring rotation were much higher than 8 kcal/mol, the temperature 
dependence of the NMR resonances would be much weaker 
because the oligomers would remain in energetically favored 
conformations even at elevated temperatures, i.e. a small portion 
of the multidimensional isomerization surface would be sampled. 
Conversely, if the isomerization barrier were negligible com-
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pared to for, then the isomerization surface would be sampled 
uniformly for all temperatures and we would observe a 
temperature-independent 1H NMR response. The correla
tion between the semiempirical calculations and the experi
mental NMR data also indicates that the electron density on 
the protons is at least as important as the charge on the car
bons in determining the proton chemical shift for aromatic 
systems. 

Excited State Isomerization. Dilute (~10~4 M) solutions 
of DBPtT and TBSxT in methanol, n-butanol, n-heptanol, and 
n-decanol were excited at 390 and 406 nm, respectively, and 
fluorescence was collected at the wavelengths indicated in Table 
1. The lifetimes were observed by collecting fluorescence 
polarized at 54.7° with respect to the exciting electric field to 
eliminate any rotational diffusion contributions to the data. In 
a previous report, the lifetime of DBTT showed a linear 
dependence on viscosity, which can be understood in the context 
of the existence of an excited state rotamer that is coupled 
efficiently to the ground state surface. For this model, there is 
essentially ~90° of uncertainty in the interring dihedral angle 
at which efficient relaxation occurs. Many organic molecules 
exhibit a minimum energy in their Si isomerization surfaces at 
an inter-ring dihedral angle of 90°, because of the decoupling 
of the Jt system (break in conjugation) at this dihedral angle.43,44 

Relaxation from this conformation is thought to be rapid, and 
the limiting rate in the relaxation of the excited electronic state 
in this model is therefore mediated by the time required to 
execute an activated isomerization along the Si surface. The 
other possibility is that there is no 90° conformer that relaxes 
efficiently, but rather, one conformer is significantly shorter lived 
than the other conformer. These two conformers are expected 
to differ by an inter-ring dihedral angle of ~180°. In other 
words, the ~syn conformer excited state lifetime is expected 
to be significantly different than that of the ~anri conformer. 
The obvious difference between these conformers is the extent 
to which S atoms on adjacent rings can interact. We speculate 
that such an interaction, enhanced in the ~syn conformer, would 
serve to decrease the excited state lifetime, although there is 
no direct data to support this speculation. Semiempirical 
calculations of the Si thiophene oligomers (not shown) predict 
isomerization surfaces that do not exhibit energetic minima at 
90° dihedral angles, but rather indicate the presence of energetic 
maxima at 90°. 

Regardless of the model used, the time required for an excited 
thiophene oligomer to relax is mediated by two barriers to the 
ring rotation: one intrinsic to the molecule and one imposed 
by the surrounding solvent medium. The extrinsic portion of 
the isomerization barrier, contributed by frictional interactions 
between the oligomer and the surrounding solvent, can be 
controlled by changing the solvent viscosity. In this model, a 
high viscosity solvent will impede the intramolecular ring 
rotation significantly, producing a comparatively long excited 
state lifetime. 

For a low-viscosity solvent, where intramolecular motion is 
comparatively unhindered, the lifetime is expected to be shorter 
due to the greater rotational mobility of the rings. In order to 
estimate the intrinsic barrier to ring rotation for the thiophene 
oligomers, the viscosity dependence of the Si lifetime was 
extrapolated to zero viscosity. The experimental data for DBTT 
were regressed to a 123 ps zero-viscosity fluorescence lifetime. 
This lifetime can be interpreted in the context of an activated 
process, 

(43) Rulliere, C. Chem. Phys. Lett. 1976, 43, 303. 
(44) Awad, M. M.; McCarthy, P. K.; Blanchard, G. J. J. Phys. Chem. 

1994, 98, 1454. 
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Figure 13. (a) Viscosity dependence of fluorescence lifetimes for 
DBPtT. (b) Viscosity dependence of fluorescence lifetimes for TBSxT. 

fcisom = A exp(-(£isom + Evis)/kBT) (5) 

using a preexponential factor of 1013, which is appropriate for 
the n-alcohols. From this time constant, £iSOm was determined 
to be 4.2 ± 0.4 kcal/mol, with the uncertainty in this value being 
determined by uncertainty in the value of A. For the longer 
thiophene oligomers DBPtT and TBSxT, we find that there is 
no discernible viscosity dependence, as shown in Figure 13. 
Despite the outward difference in the appearance of the DBPtT 
and TBSxT data compared to the data for DBTT, we believe 
that the same model applies because of the structural similarity 
of these molecules. We are confident in this assertion based 
on the similarity of the ground state barriers for all of these 
oligomers, as well as the qualitative similarities in their linear 
optical responses. If the intrinsic barrier to rotation is greater 
than the extrinsic isomerization barrier, due to solvent fractional 
forces, then little or no viscosity dependence will be observed. 
The lifetimes for DBPtT and TBSxT are 676 ± 4 and 779 ± 8 
ps, from which rotational barriers of 5.1 ±0.4 and 5.2 ± 0.4 
kcal/mol were calculated. These barriers are approximately 1 
kcal/mol higher than that of DBTT,4 and we can rationalize 
this behavior in the context of a more delocalized Jt system for 
the longer oligomers. We expect that the excited state of 
polythiophenes should be qualitatively similar to that of other 
conjugated polymers, such as polyaniline or poly(phenylenevi-
nylene). For such polymers, the excited electronic state is 
expected to increase the bond order of the interring bond(s). 
The longer the oligomer, the more capable it will be of 
supporting a "quinoid-like" resonance structure,9 and the larger 
will be the expected isomerization barrier. The experimental 
data and intuitive reasoning we describe above are consistent 
with semiempirical calculations of the excited thiophene oli
gomers, which indicate an Si barrier height of ~5 kcal/mol for 
both DBPtT and TBSxT. 

Conclusions 

We have investigated the isomerization characteristics of 
several thiophene oligomers in order to understand the depen
dence of oligomer length on the intrinsic disorder in resulting 
polythiophenes. We find that the interring isomerization barrier 
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is ~8 kcal/mol for rotation in the So state of all oligomers we 
have examined. This estimation is based on the temperature 
dependence of the 1H NMR resonances for the aromatic protons 
and is not derived from a coalescence measurement. 

For the Si DBPtT and TBSxT oligomers, we have determined 
isomerization barriers of 5.1 ± 0.4 and 5.2 ± 0.4 kcal/mol, 
respectively. These barrier heights are ~1 kcal/mol larger than 
that found for DBTT, and we rationalize this difference in the 
context of the longer oligomers being able to support a more 
quinoid-like excited electronic state. Our findings imply that 
the small barrier height values we have determined preclude 
the existence of corresponding long-term order in the polymers 
synthesized from these materials. The similarities of the 
isomerization barriers in these two states indicate that there is 
no significant basis for favoring a photopolymerization scheme 
over an electrochemical route. We speculate, based on these 
data, that the ground state inter-ring isomerization barriers for 
poly(thiphene)s are on the order of ~8 kcal/mol plus any 

additional frictional contribution associated with the motion of 
associated aliphatic moieties. Thus rotational defects in poly-
(thiophene)s do not likely contribute significantly to the material 
properties because any mesoscopic or macroscopic material 
response is averaged over a large number of rotations of each 
thiophene ring. If the ground state ring rotations in the polymer 
can be treated as an activated process, then the time constant 
for a ring rotation should be on the order of 60 ns. In this limit, 
extrinsic frictional effects in the solid state polymer will likely 
dominate the speed of ring rotation in these materials, but in 
any event such rotation will be effectively fast. 
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