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Conformational Analysis of Oligothiophenes and Oligo(thienyl)furans by Use of a Combined
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The conformational analysis of oligothiophenes and oligo(thienyl)furans by use of a combined molecular
dynamics (MD)/NMR spectroscopic protocol is described. A series of MD simulations were performed for
2-(2-thienyl)-3-hexylthiophene 2, 2,5-bis(3-hexyl-2-thienyl)thiophene 3J), 2,5-bis(4-hexyl-2-thienyl)-
thiophene 4), 2,5-bis(3-hexyl-2-thienyl)furan ), and 2,5-bis(4hexyl-2-thienyl)furan 6) with a new MM2

torsional parameter set developed earlier for unsubstituted and methyl-substitideith®ophene and 2-(2
thienyl)furan systems. Conformationally averaged structures were determined for each of these molecules.
Theoretical NOE buildup curves were then calculated for these averaged structures using a full matrix relaxation
treatment and were compared to those obtained experimentally. Excellent agreement between the calculated
and experimental NOE buildup curves was generally observed, in particular for tHatBi@phene systems.

Introduction CHART 1

Conjugated polymers have been the subject of intense S S. S. 7 \
research? since the first observation of electrical conductivity ﬂ\ /7 ﬂ\ /7 \ / 5
in polyacetylen&in its oxidized form. More recently, research Cis ) Trans
on conjugated polymers has focused on their luminescent
properties’ Polythiophenes have attracted a great deal of Hartree-Fock, DFT, and MP2 levels with various basis sets
attention due to their high chemical and electrochemical stability ranging from 3-21G* to 6-311G** consistently indicate that cis
in their neutral and oxidized stat&8The unsubstituted poly- and trans conformers are nonplahat> 42
thiophene is insoluble and intractable, and this prevents notonly  Qur ab initio and dynamic NMR studigsindicate that the
extensive characterization of the material but also its potential torsional barriers in oligothiophenes and oligo(thienyl)furans are
application in the fabrication of devices. Substitution at the |ow and thus a rapid interconversion between the conformers
3-position, however, produced materials that are soluble in js expected. Substitution at the 3-position decreases the energy
common organic solverfts® and even in watet. barrier for cis-trans interconversion since steric interactions
Although substituted polythiophenes have been considereddestabilize the stable conformers (cis and trans) with respect to
to be potential candidates for luminescent devices, substitutedthe 90 -twisted transition state. At the same time, as expected,
poly(thienyl)furans were found to exhibit even higher photo- the energy barrier for the interconversion between the cis and
luminescent quantum yield8This enhanced efficiency has been its cis-mirror image conformer increases since this process
attributed to the fact that sulfur is replaced with a lighter atom requires passage through the fully coplanar, sterically hindered
(oxygen) in the polymer chain. Heavy atoms increase the cis transition state. The same is true for the exchange between
probability for intersystem crossing, thereby decreasing the the trans conformer and its mirror image. The steric effect is so
guantum yield in photoluminescente. pronounced for ethyl and longer alkyl substituents that the
Since the electrical and luminescent properties in conjugatedenergy barrier between cis and trans conformers virtually dis-
polymers are directly affected by the overlap of p orbitals, re- appears, and these conformations can no longer be differentiated.
sulting in conjugation along the polymer chain, further advances The present work provides further insight into the dynamics
in the design of new materials require a deeper understandingof the conformational behavior of these systems by comparison
of the dynamics of the conformational properties in these of the results of nuclear Overhauser effect (NOE) measurements
systems. and constant temperature molecular dynamics (MD) simulations.
A number of theoreticat 42 and experimental—213246-51 The MD simulations make use of the new MM2 parameter set

studies of conformations of oligo- and polythiophenes has beendeveloped in our earlier work.
reported. Although X-ray crystallographic studig¥)21.43.4548 _ )
indicate that these compounds might be planar in the solid state, EXPerimental Section
studies in solution indicate that they are substantially non-  The syntheses of the substituted trinfteend 2-(2-thienyl)-
planari®-42 Similarly, ab initio calculations performed at  3-hexylthiopheneZ2)52 have been published previously. NMR
samples were prepared by dissolving approximately 5 mg of
* Corresponding authors. S.H.: e-mail, holdcrof@sfu.ca; tel, (604)-291- the desired compound in CDLIThese solutions were subse-
Z‘ggi; ‘;g’; ((‘?3%‘2)'_22%11‘_%16235-’\"-'35 e-mail, bpinto@sfu.ca; tel, (604)-291- qently degassed via three freezrimp-thaw cycles and then
* Simon Fraser University. sealed under nitrogen. Chemical shifts are referenced to tet-
* University College of the Fraser Valley. ramethylsilaned = 0 ppm). NMR experiments, unless other-

10.1021/jp0117841 CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/30/2002



1278 J. Phys. Chem. A, Vol. 106, No. 7, 2002

Diaz-Quijada et al.

M

E3

*thww&ww}v\»m*ﬁwb " hl "“J\ _,“,L
Ny ﬁ_rjfk _J e A .]11‘_
N N —4 P SV S W
CHCI1 H,O Me
5 *OSH o3y 4y 4H &) 5ol
A T S e
732 7.28 724 720 7.16 7.12 7.08 7.04 7.00 6.96 6.92 28 26 24 22 20 18 16 14 12 10 08
ppm ppm

Figure 1. Transient 1D-NOE spectra for 2:(thienyl)-3-hexylthiophene2). The bottom spectrum corresponds to the control experiment.
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Figure 2. Inter-ring dihedral angle as a function of time during the

dynamics simulation for 2-(2hienyl)-3-hexylthiophene2).
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wise stated, were acquired on an AMX600 Bruker instrument
operating at 600.13 MHz and 298 K.

The 1D transient NOE experiments were performed by
inverting the signal of interest with a 200ms Gaussian selective
pulse which was constructed from 1024 steps. Spectra were
collected in difference mode by alternating the phase of the
receiver gain during on- and off-resonance. The digitized signal
was stored in & 8 K data set using a sweep width of 10.33
ppm, an acquisition time of 0.496 s, 512 scans, and 4 dummy

scans. Processing of the spectra was accomplished by zero filling

to 32 K followed by an exponential multiplication using a line
width of 1 Hz. All integrals were obtained after careful phase
and baseline correction. Fractional NOEs were calculated as
the area ratio of the enhanced and the inverted signals. All NOE

Computations

Molecular dynamics simulations were performed on an Indigo
Silicon Graphics workstation running Tinker version®36sing
the MM2(91) force field with a modified set of torsional
paramete® and the default dielectric constant of 1.5. All
dynamics simulations were carried out with an integration step
of 0.5 fs in 500 ps runs, except for the simulation of 2-(2
thienyl)-3-hexylthiophene?), which was twice as long. Atomic
coordinates were stored every 0.1 ps to give a total of 5000
(10000 for 2-(2thienyl)-3-hexylthiophene2)) coordinate frames
along a dynamics trajectory. The coupling time for the tem-
perature bath was set to 0.01 ps in all cases. The equilibration
time for each run was assessed graphically from the time
dependencies of the temperature and kinetic, potential, and total
energy of the system. In all cases, equilibration was attained
within the first 10 ps of the simulation. The average internuclear
distances were evaluated @s83 % and Ii—30/2;

'1 M 1-1/6
M eYe=|— rufﬁ 1)
W=
Here,ry is an inter-nuclear distance at instagtandM is
[ 1 M 1-1/3
o= |= ru—s )
| Mé&E

the number of frames along a molecular dynamics trajectory.
Calculations of the NOE buildup curves were performed with
a modified version of CROSREL (version 3.58)The best
correlation time and leakage rate for each individual pair of
observed NMR signals was obtained via a grid search method.
The optimized parameters were employed in the calculation of

enhancements were subsequently divided by the extrapolatedn® theoretical NOE buildup curves.

area of the inverted signal at zero time. This ensures that the
enhancements are corrected for zero mixing time. Extrapolation
was performed by fitting the area of the inverted signal as a
function of mixing time to an exponential function.

Results and Discussion

A series of molecular dynamics simulations were carried out
to produce conformationally averaged structures of compounds
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2-(2'-thienyl)-3-hexylthiophene (2) H \ I \ I

Figure 3. Typical plot of the grid search results for determining the optimum values of the correlation#jpand the leakage ratdR() for a
particular set of protons. In this example with 2-{Rienyl)-3-hexylthiophene?), the NOE at 4H is observed when the signal from 5H is inverted.

CHART 2 ple spectra, as well as the control spectrum, are presented in
Figure 1.
\ \ / Molecular dynamics simulations consisted of 1000 ps runs,
with the first 10 ps allowed for equilibration. A plot of the inter-
@ ring dihedral angle as a function of time (Figure 2) clearly
indicates that the conformational space was sampled adequately.
The mean inter-proton distances obtained from the trajecto-
ries, averaged a8 6316 (eq 1), were used to calculate the
\ / \ / W/ theoretical NOE spectra at different mixing times. It was
3 assumed in this case that motional averaging is slow on the
molecular tumbling time scale. The correlation timg, and
the leakage rateR_ were obtained by minimization of the
s s s weighted residual factorR,, a quantitative measure of the
\ \ / \ / dlfferences betwe_en the _theoretlcal and expgrlmental NOE
buildup curves. Figure 3 illustrates the behaviorRyf as a
@ function of 7. andR_. It is important to note that this function
possessed a single minimum.
The experimental and theoretical NOE buildup curves
s 0. s calculated using the optimized. and R. parameters are
\ / \ / \ / compared i_n Figure 4. Excellent agreement obtained between
& the theoretical aqd expgrlmental curves for the NQE contacts
from proton sets in the rigid part of the molecule (Figure-4a
4e) illustrates the quality of the computational protocol. Equally
good agreement obtained for the NOE contacts betwédn 3
S O. S andaCH; (Figure 4f,g) demonstrates the reliability of the MD
\ / \ / \ / simulation of the inter-ring torsion.
() A somewhat poorer agreement observed for the NOE contacts
between methylene protons in the alkyl chain (Figure-kh
and between the aromatic and the methylene protons (Figure
41,m) should probably be attributed to a poorer parametrization
2—6. Theoretical NOE buildup curves were then calculated from 0f MM2 for torsions in alkyl substituents on thiophenes.
these averaged structures using a full relaxation matrix approach The curves in Figure 4f,g are due to the contacts between
and compared to the experimental NOE buildup curves. The 3'H andaCH; protons, and therefore, they provide a probe of

protocol is illustrated in detail for the case of 2-(Rienyl)-3- the inter-ring internal motion. Averaging the inter-proton
hexylthiophene 2); the results for the remaining compounds distances a8 7% (eq 1) implies that the inter-ring torsional
3—6 then follow. motion occurs slower than the overall molecular tumbling. It is

2-(2-Thienyl)-3-hexylthiophene (2). Several 1D-NOESY therefore of interest to compare the experimental NOE buildup
spectra were collected as a function of mixing time. Com- curves to those obtained from averaging distanced &&r1/3
plete buildups and decays were acquired in most cases. Sam{eq 2), which would represent the case of inter-ring torsion that
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Figure 4. Experimental and theoretical NOE buildup curves for various proton sets itRBi€Ryl)-3-hexylthiophene?). These theoretical NOE
curves were obtained by averaging interproton distances from a molecular dynamics simuldfiotii&& The observed and inverted proton

resonances are depicted in red color and blue

color, respectively.

is faster than the overall molecular tumbling. The relevant curves 2,5-bis(3-hexyl-2-thienyl)furan 6), and 2,5-bis(4hexyl-2-

are shown in Figure S1 (Supporting Information). The com- thienyl)furan 6). Representative NMR spectra for these com-
parison of Figure 4f,g and Figure S1f,g clearly demonstrates pounds are presented in Figures& Molecular dynamics
that the@ %716 averaging produces much better results than simulations were performed as described above in a series of
the [@—3(F13 scheme, which indicates that the inter-ring torsion 500 ps runs with 10ps equilibration periods. The dynamics
in 2-(2-thienyl)-3-hexylthiophene?) is slower than the overall

molecular tumbling.

Oligothiophenes and Oligo(thienyl)furans 3-6. The dy-
namic study described in the preceding section for' 2R@nyl)-
3-hexylthiophene 2) was extended to 2,5-bis(Bexyl-2-
thienyl)thiopheneg), 2,5-bis(4-hexyl-2-thienyl)thiophene4),

of internal rotation in these systems is represented by the
graphs in Figures 912. As is evident from the figures, the
dynamic behavior of3) (Figure 9) is quite similar to that of
(2) (Figure 2). The system oscillates freely between its cis and
trans conformations but needs to overcome a barrier to pro-
ceed through coplanar states. The motion is strongly coupled
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Figure 6. Transient 1D-NOE spectra for 2,5-bis{dexyl-2-thienyl)thiophene 4). The bottom spectrum corresponds to that from the control
experiment.

since the two inter-ring torsion angles tend to have opposite the aCH, protons on C-3 and the inter-ring 3H in compound
signs in order to minimize the steric repulsion and preserve (5) (Figures S6d, S6e), and (v) ti®H, protons on C-3and
total angular momentum. The barriers are lowe#ir6 and, the inter-ring 3H in compounds) (Figure S6g). In contrast,
therefore, can be readily overcome, as evident from Figures exiremely poor agreement is obtained for the contacts between
10-12. ) . ) the oCH, and SCH, protons on C-4and the inter-ring furan
Theoretical and experimental NOE buildup curves for com- 3H and 4H in compoundg] (panels d and e, respectively, of
pounds 3._6 are compared in Flgu_res SB7 (Suppo_rtlng Figure S7). Excellent agreement between experimental and
Information). Excellent agreement is generally obtained for . ' . o
theoretical curves for the inter-ring 3ldnd 3H protons in this

most proton pairs, although only reasonable agreement is . -
obtained in the cases of the contacts between (i)oti compound (Figure S7b,c) shows the reliability of the MD

protons on C-3 and the inter-ringk8in compound 8) (Figures simulatons of the inter-ring torsion. We therefore attribute the
S3c-S3f), (i) theaCH; protons on C-4 and the same-ring 3H discrepancies observed in Figure S7d,e to the inaccurate
in compound 4) (Figures S4i, S4j), (iii) thggCH, protons on modeling of the torsional behavior of alkyl substituents on
C-4 and the same-ring 3H in compourd) (Figure S4n), (iv) thiophene rings by the original MM2 parameter set.
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Conclusions with experimentally derived curves for almost all proton pairs.

i The [@SFY6 averaging scheme for inter-proton distances
The new parameter set for the MM2 force field, developed ging P

in our earlier work? accurately predicted the conformational provided a better fit with experimental data than e’
properties of 2-(2thienyl)-3-hexyithiophene 2). 2,5-bis(3- scheme, suggesting that internal motion occurs at a lower rate

hexyl-2-thienyljthiophene %), 2,5-bis(4-hexyl-2-thienyl)th-  han the overall molecular tumbling.

iophene 4), 2,5-bis(3-hexyl-2-thienyl)furan §) and 2,5-bis(4 Although the new parameter set was developed for methyl-
hexyl-2-thienyl)furan ). Thus, NOE buildup curves calcu- substituted molecules containing two heterocyclic rings, it
lated from average conformations obtained from molecular provides an excellent model for the hexyl-substituted tri-
dynamics simulations, gave excellent or very good agreementcyclic systems2—6, and this is expected to hold true for
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alkyl substituents of different lengths. The new MM2 tor- furans, and it should, therefore, permit the study of the
sional parameter set models accurately the dynamics of con-conformational properties of longer oligomers and perhaps even
formational exchange in oligothiophenes and oligo(thienyl)- polymers.
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