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Molecular structures of a series df[3E-2-(4-R-phenyl)ethenyl]-2,%',2"-terthiophenes have been modeled

using ab initio calculations. The potential energy surfaces of three important dihedral angles were calculated
using the HF/3-21G(d) method. Each dihedral angle is represented by a distinct potential energy surface,
while the identity of the R group has only a modest influence. DFT methods (B3LYP/6-31G(d)) were used

to calculate the geometry and vibrational spectra of each molecule. Analysis of the theoretical vibrational
data reveals numerous conserved modes that are localized on the terthiophene or phenyl groups. There is
good agreement between the observed and calculated vibrational spectra of the molecules. Conformational
changes have only a minor effect on the spectra. The calculated molecular orbitals, which are supported by
electronic absorption measurements, suggest that the first excited state should have charge-transfer features
for the molecules with strongly electron withdrawing or donating substituents.

I. Introduction such as the connection between molecular orbital characteristics
and conductivity, can be ascertained from this method and
extrapolated to the polymer systé?.The use of functionalized
terthiophenes in particular as the oligomer has a number of
experimental advantages. Terthiophene has a lower oxidation
potential than thiophene or bithiophene; thus, electrochemical
polymerization is easier. Additionally, the polymers generated
from terthiophene form a more ordered structure than those
synthesized from thiopheré.This results in greater charge

Since the discovery of conductivity in doped polyacetylene
in 1977! conjugated organic polymers have been widely studied.
Their unigue electronic and optoelectronic properties make them
promising materials for a broad range of applications. Field-
effect transistord OLEDs? and plastic photovoltaic ceft8 with
polymeric active layers are currently being investigated. Poly-
thiophenes are an example of the type of conducting polymers
that have been used in these applications. These polymers>Y"™ - . D .
prepared from thiophene and its oligomers, such as terthiophenec_am(:fr mob|_I|ty. _The funct|qnallzat|on (qgually alkyl SUb‘.Q't'.m'
are known for their simple functionalization, p-type semi- tion) is required in order to impart solubility and processibility

conductor properties, and relatively good stability in air for both 0 the polymer.
the neutral and oxidized stat®s. Modeling the structure of terthiophenes and other oligo-
However, the efficiency of plastic photovoltaic cells needs thiophenes often involves ab initio calculations in conjunction
to be improved before they are commercially viable. To date, With vibrational spectroscopy, an important tool for character-
fabrication of devices with energy conversion efficiencies of izing the structural properties of these molecules. The use of
up to 2.5% in sunlight has been achie$delirther enhancements ~ ab initio calculations to simulate infrared and Raman spectra is
in efficiency will require elucidation of the precise mechanism a well-known and often utilized technique. Geometry optimiza-
of conduction in conjugated polymers, which, in turn, will lead tions are performed, from which calculated vibrational spectra
to a more rational design of these polymers and therefore are derived. These predicted spectra are compared to the
increase the efficiency of the resultant devices. To address thisexperimental spectra, and if this comparison is favorable, then
issue, the precise electronic structure of the required polymeritis reasonable to assume that the calculated optimized structure
must be established. However, electronic structure determina-is a reliable model of the true structure. Once the veracity of
tions of polymers present a number of difficulties, due to their the ab initio calculations has been checked in this manner, they
amorphous structures and polydispersity. To overcome thesecan be used to derive important structural and electronic
difficulties, oligomers are often used to model the polymer parameters, such as the nature of the molecular orbitals.
structure. This technique has been termed the oligomeric Oligothiophenes’ flexible backbones and their resultant low
approach and is a reasonable method, since the effectiverotational energy barriers suggest that a number of different
conjugation length in disordered polymers is sh@approximately ~ conformations can exist in solution at room temperature.
6—12 monomer unit$. Also, in contrast to polymers, short  Evidence for syn-gauche and anti-gauche conformers has been
oligomers can be well defined in their physical and chemical obtained from NMR spectrg 3 electron diffraction studie
properties. Structure/property relationships of these oligomers, and fluorescence excitation speétfar bithiophene. In the solid
state, however, crystal packing forces become significant and
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the potential energy surface, but substitution at the 3-position
(Figure 1a) has a marked efféét?> The energy minima of the
inter-ring dihedral angle (S1,C2,G31) shift to more twisted
conformations, from 148to 119 and 44 to 57°. In addition,
the energy barrier between the two minima decreases consider-
ably, and the syn-gauche geometry becomes slightly preferred
over the anti-gauche. The energy barriers against planarity
increase (the exact values of which are dependent upon the
R computational method¥. Changing the substituent to the larger
ethyl group exacerbates this effect. Disubstitution of bithiophene
involving the 3-position also has a pronounced effect on the
potential energy surface, as demonstrated by HF/3-21G(d) and
HF/6-31G(d,p) calculations of 3;8limethyl-2,2-bithiophene
and 3,4-dimethyl-2,2-bithiophene®” Only a single energy
minimum exists for both molecules (in contrast to unsubstituted
and monosubstituted bithiophenes): af 9dr 3,3-dimethyl-
2,2-bithiophene and 109or 3,4-dimethyl-2,2-bithiophene. In
the case of 3/4dimethyl-2,2-bithiophene, the energy barriers
against planarity are comparable to those seen for monosubsti-
tuted bithiophenes, while those of 3@8methyl-2,2-bithiophene
are considerably higher. Similar results for'3j8nethyl-2,2-
bithiophene were observed by Alémat al. using the 6-31G(d)
Figure 1. Numbering system for 2,%',2"-terthiophene, which can basis set®
be reduced or extended for shorter and longer oligothiophenes, A nymber of early calculations on the vibrational properties
Tgpﬁgt'v_eg @)éghgnsérfﬁgze(g;‘ %ﬁ:témﬁrm_b'\éwﬁé’ i;NpZi’t b of thiophene and bithiophene focused on the semiempirical
corresponds to that used in Table 1 and for the description of the MNDO method and obtained reasonable correlations between
dihedral angles, wherg = (S1,C5,C6,510), = (S10,C9,C11,S15), experimental and theoretical d&f° Deuteration was used in
and¢s; = (C8,C7,C16,C17). one instance to confirm the reliability of the calculatiGh3he
vibrational spectra of various oligothiophenes have also been
The potential energy surface and rotational energy barriers of measured and analyzed using ab initio calculations; these include
the bithiophene inter-ring dihedral angle, S1,C2,82 (from thiophene® bithiophené®! terthiophend2 and longer oligomers
the numbering system of a generalized oligothiophene shownup to octithiophen&334 Substituted sexithiopherié polythio-
in Figure 1a), have been reported using both semiempirical andphene’ and a series of thiophene-based oligomers containing
ab initio methods. HartreeFock (HF) calculations using the ethenyl linkage¥—39 have also been investigated. DFT methods
3-21G(d) or 6-31G(d) basis sets show a global energy minimum are most commonly utilized for these systems and are often
at 148 (the anti-gauche geometry) and a local energy minimum combined with the basis set 6-31G(d) or 6-31G(d,p). In general,
at 42-44° (syn-gauche}®!® This potential energy surface is  the agreement between these experimental and calculated
consistent with the electron diffraction I’eSU|tS, which found the vibrational Spectra is good, indicating that these methods are
anti-gauche geometry (148 3°) to be more prevalent thanthe  appropriate for thiophene-based molecifes.
syn-gauche (36 5°).1 The omission of polarization functions The purpose of this work is to model the electronic structures
(HF/3-21G, for instance) leads to an energy surface in which o 5 series of substituted terthiophenes|1E-2-(4-R-phenyl)-
the planar anti conformation is the global minimum and the ethenyl]-2,25',2"-terthiophene (referred to as R-pet hereafter),
rotat_lo_nal energy barrier is significantly overestimated. S_eml- in which the substituent R varies in terms of its electron
empirical methods, such as MNDO and AML1, also fail 10 jithdrawing capacity. The generalized structure of the R-pet
represent conformational properties accurately and underestimate, qjecule is depicted in Figure 1b. The following R groups are
the barriers® Conversely, including the effects of electron investigated, in order from the strongest electron donator:
correlation provides qualitatively the same curve as the HF —NMe,, —NH,, —OMe, —H, —CN, and—NO,. The pyridyl
calculations'® with the exception being the height of the energy derivative, 3-[1E-2-(4-pyridyl)ethenyl]-2,25',2"-terthiophene
barriers. .BSLYP/6-31G(d), for example, .gives lower barriers (pyr-et), is also examined. The structure modeling will be
to planarity (0 and 180) and a larger barrier between the two  accomplished using the strategy discussed above: the use of
energy minima (99.1"*°DFT methods such as this one do not g initio calculations in conjunction with experimental vibra-
correlate with the experimental evidence as well as the ab initio i spectroscopy. Since the considerable conformational
methods MP2 and HF.?? ) _ freedom of oligothiophenes has been well documehtégthe

The potential energy surface calculated for terthiophene (using st step is to address the conformational properties of these
Hartree-Fock) possesses the global energy minimum af' 148 arihiophenes. The second step is to calculate the molecular
and a local minimum at 44 identical to the case of bithio- gy crures and evaluate the veracity of these ab initio calculations
phene?®2*HF/3-21G(d) and HF/6-31G(d) calculations provide y comparison of the theoretical vibrational spectra with
very similar energy barrier values, which are consistently larger gynerimental spectra. The final step is to examine the electronic
than those found in bithiophene. The B3LYP/6-31G(d) method gyryctures that the calculations have produced and use the
has also been applied to terthiophéh@nd the same trends  ojecular orbitals to infer conductivity characteristics.
present for bithiophene are observed.

The conformational properties of substituted bithiophéhés,
terthiophenes? and longer oligothiophen&shave also been
reported. It was discovered that substitution of one methyl group  The synthesis and purification methods of the R-pet com-
at the 4- or 5-position of bithiophene has little to no effect on pounds are described elsewhéte.

(b)

[I. Experimental Section
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Spectral MeasurementsFT-IR spectra were recorded using @ S ———
a Perkin-Elmer Spectrum BX FT-IR system on sample solutions i —8—Hpst with , constrained 1 160°
(CDCly) contained in a transmission cell with Gawindows r B i bl e seadn

and a 0.5 mm path length. FT-Raman spectra were recorded
from solid powder samples using a Bruker IFS-55 FT-inter-

ferometer bench equipped with an FRA/106 Raman accessory
and a GaAs D425 Raman detector. Radiation of 1064 nm from o
a Nd:YAG laser with an operating power of 100 mW was f
utilized for Raman excitation. All FT-IR and FT-Raman spectra 2

0.8

Relative Energy, E,
{kcal mol)
"

o 30 6O a0 120 150 180

were collected after six scans at a resolution of 4 &m
Electronic absorption spectra were measured-dfl x 1075 RS fogen 1
mol L1 solutions in CHCI, at room temperature from 250 to
600 nm on a Varian Cary 500 Scan BVis—NIR spectro- o) T ——
photometer using Cary WinUV Scan Application software. ot win s, consirained b 180"
Spectra were analyzed using GRAMS 5.0 (Galactic Industries). ; " )

Computational Methods. Conformational analyses were g3 v
performed using the ab initio Hartre€&ock level and the g3
3-21G(d) basis set and implemented with the PC Spartan Pro : SRR
software packag®- Potential energy surfaces were determined
by varying the required dihedral angle in °3@ncrements a0 i .
between the two planar conformations (syn and anti). At each g * = * o
increment, the required dihedral angle was fixed and the rest Dihedral Angle, ¢, (*)
of the molecule optimized. The vibrational frequencies and the
corresponding IR and Raman intensities were calculated using 120
DFT calculations (the B3LYP functional and 6-31G(d) basis sl e T

set) and the Gaussian 98 progrémnfollowing geometry
optimizations with the same method. Visualization of the
vibrational modes and molecular orbitals was provided by the
Molekel® and Molded* programs, respectively. The initial
geometry used for the geometry optimizations and frequency
calculations had anti-gauche terthiophene inter-ring dihedral
angles and the (C8,C7,C16,C17) dihedral angle-&f°. The o 30 80 % 0 50 180
geometry optimizations were performed with no constraints on
planarity. As previously recommended for B3LYP/6-31G(d)
calculations, a scale factor of 0.96 was applied to all predicted

Relative Energy, E,
(keal mol-Y)

Dihedral Angle, 9, (%)

Figure 2. Fitted potential energy surfaces of dihedral anglega),
¢1 (b), andgs (c) of H-pet calculated using the HF/3-21G(d) method

iad5 X . ;

frequencies: for both approaches (constrain®j,and unconstraine®), as described
in the text. The potential energy surface @f of terthiophene, also

I1l. Results and Discussion calculated using HF/3-21G(d), is shown in part a for comparison.

lll.a. Conformation. Steric effects and conjugation determine Three dihedral angles of R-pet are important due to their
conformation in oligothiophenes. Steric interactions between the high degree of rotational flexibility. These are denotgd
rings are unfavorable and would result in a twisted structure if (S1,C5,C6,S10}, (S10,C9,C11,S15), ant} (C8,C7,C16,C17),
not for the decrease in energy that planarity and the ensuingwhereg; and¢, are associated with the terthiophene inter-ring
conjugation impart. This balance usually results in rotational bonds andps; with the bond connecting the terthiophene to the
energy maxima at 9 90°, and 180 and energy minima at  phenyl ethenyl substituent (Figure 1b). To calculate the potential
approximately 150and 45.17:2446The rotational energy barriers  energy surface of the simplest molecule, H-pet, two approaches
of R-pet were examined to establish which conformation, if any, were used. The first of these (applied¢tg ¢», and¢s) was to
is particularly energetically favorable and therefore should be change the required angle and allow all other angles free
used in further geometry optimizations and frequency calcula- rotation. The second approach (ipr and¢,) was to alter the
tions. The method HF/3-21G(d) was utilized for these confor- required angle and permit free rotation for all other angles except

mational analyses. It has been reported that the Harffeek for the other inter-ring dihedral angle, which was constrained
method provides potential energy surfaces consistent with to 18C. In the case o3, both terthiophene inter-ring dihedral
experimental observation&jn contrast to semiempiricland anglesg, and¢,, were unconstrained in the first approach and

DFT?° methods. In addition, polarization functions are essential constrained to 180in the second. This method allows inter-
to provide an accurate representation of the energy barriersdependence between angles to be observed.

present in oligothiophené&°The potential energy surface of All calculated potential energy surfaces for both approaches
terthiophene was calculated in order to assess whether the(HF/3-21G(d)) are displayed in Figure 2. The dihedral angle
3-21G(d) basis set (the smallest standard basis set to includep, for H-pet possesses a predicted potential energy curve that
polarization functions) is large enough to investigate these has a very similar shape to that of terthiophene with energy
molecules accurately. The predicted energy maxima and minimamaxima at 0, 90, and 183224 The global minimum is at
are very close to those calculated using the larger basis setsapproximately 1589 and a local minimum is at about 45The
6-31G(d) and 6-31G(d,p) (as previously observed for bithio- energy barrier to rotation (rotating past°®@ 1.54 kcal mot?!
phene)t® Therefore, the 3-21G(d) basis set was concluded to when no other angles are constrained, and the energy barriers
be satisfactory for these conformational analySes, that it against planarity are 1.66 kcal mél(0°) and 0.30 kcal mot*
should be reasonably accurate while being efficient to calculate. (180°). The first two of these barriers are considerable when
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the value ofkT at room temperature (0.59 kcal mé) is taken discrete conformers are expected that do not interconvert at room
into account. These barriers are comparable to those oftemperature. The global minimum is &t @nd a shallow local
terthiophene, which are 1.63, 1.68, and 0.36 kcal Thol  minimum is located at 150 Due to the relatively high energy
respectively (Figure 2a). The close similarities between the difference between the two minima (2.00 kcal m9) the
potential energy curves of unsubstituted terthiophene and H-pet'sconformer containingss = 0° is predicted to be the favored
¢2 suggest that the presence of the substituent in H-pet has nogeometry experimentally, and it is unlikely that a high proportion
significant effect on the rotational barriers@f. This is not an of the other conformergiz = 150°) will exist.
unexpected observation, singe is separated spatially by a However, when botkp; and ¢, are constrained to 180the
considerable distance 6 A) from the substituent. Substitution potential energy curve aps changes appreciably. Since the
at the 4-position of an oligothiophene (Figure 1a) is known to  terthiophene unit is completely planar, whesis also planar
have little effect on the potential energy surface of the (18(°), unfavorable steric interactions result between the sub-
(S1,C2,C2S1) inter-ring dihedral anglé? stituent and the closest thiophene ring, thus significantly
The potential energy surface ¢f is slightly sensitive taps, increasing the energy of this geometry (relative to the uncon-
as discovered when the second approach was applied. Wherstrained situation). The lowest energy occurs wieis twisted
¢1 is fixed at 180, the ¢, surface shows a small increase in with respect to the case of the terthiophene, thus minimizing
energy (a maximum of 0.21 kcal m@). In addition, the the steric hindrance. Hencg; is strongly dependent upon the
alteration of¢, causes only slight changes ¢n (120-125°) geometry of the terthiophene group.
whené, is not constrained. Therefore, these two dihedral angles  The potential energy surfaces of hfet and NMe-pet were
are not strongly dependent upon one another. also determined in order to establish the effect, if any, of the
The potential energy surface of H-pet along #halegree of substituent (Figure 1S). The potential energy surface along the
freedom, however, is significantly different compared to that ¢sdegree of freedom shows the most significant variation. This
of ¢». The energy barriers against planarity are substantially was expected, since this dihedral angle is spatially closest to
higher (3.79 and 2.96 kcal mid)). This is attributable to the  the R group. The shapes of the three curves are identical, but
effect of the large phenyl ethenyl substituent, which is in the NO.-pet has the largest energy barrier to rotation (0.51 kcal
3-position relative t@; and thus is much closer to this dihedral mol* higher than H-pet). The only other difference of note is
angle (23 A) than it is to¢,. Substitution at this position =~ NMey-pet's possession of the lowest energy local minimum
therefore causes the destabilization of the two planar conforma-(150°). The other two dihedral angleg; and ¢, show less
tions due to increased steric interactih& The shape of the  variation between the three molecules, and their energy surfaces
curve is also different: the global minimum is now located at are very similar, especially fag,. The main difference in the
approximately 56, and 120 is a local minimum. These angles ¢1 curves is in the heights of the energy barriers against
are much more twisted (closer to 9Qhan that observed in  planarity, where N@pet has the highest and Nipet the
unsubstituted terthiophene. This also occurs as a result of thelowest, with a difference of 0.66 (Pand 0.68 (18¢) kcal mol*
substituent’s steric effect. The syn-gauche and anti-gauchebetween the two.
conformations are much closer in energy for (0.47 kcal In the particular case of R-pet, the controlling influence on
mol~?) than they are fog,. The energy barrier between the conformation appears to be the steric considerations between
two conformations is 0.60 kcal ndl, which is significantly the terthiophene unit and the substituent. This interaction results
lower than that o, and comparable tkT at room temperature.  in a preference for, to adopt either the anti-gauche or the
These findings indicate that both geometries will exist experi- syn-gauche arrangement (with a negligible energy barrier
mentally for this dihedral angle and that they will be rapidly between the two) angs to be slightly nonplanar~ 17°,
interconverting at room temperature (the syn-gauche conforma-B3LYP), while the more spatially distanp, follows the
tion is slightly preferred). Conversely, because of its highér 90 terthiophene pattern and favors an anti-gauche geometry.
energy barrier and larger energy difference between the two Therefore, this approximate conformation (wjth~ ¢, ~ anti-
minima, ¢, is expected to be predominantly anti-gauche. The gauche, for simplicity) was then used for the higher-level
existence of a global minimum fgr, at 5¢° rather than 120is geometry optimizations and frequency calculations.
due to steric considerations: by adopting the syn-gauche |jj.p. Geometry. Geometry optimizations were performed
arrangement, the bulky sulfur atom of the terthiophene ring and with the B3LYP/6-31G(d) method. The resulting geometries are
the closest ethenyl hydrogen are as far from each other asyery similar throughout the series of molecules. Bond lengths
possible. Global energy minima at 480" with low energy  (as shown in Table 1) and angles are consistent in the
barriers to rotation and high barriers against planarity have beenterthiophene and ethenyl units but vary in the phenyl bonds.

observed in other substituted oligothiopheHe¥.2> The two phenyl bonds directly adjacent to the R group differ
It was also observed that the potential energy surfaces of the most, depending on the identity of that group, although there
are virtually identical whether or ngf, is constrained to 180 appears to be no trend linking electron withdrawing capacity

Changing¢, from 0 to 180 while allowing ¢ free rotation to the change in bond lengths. NMget has the longest bonds
shows thatp, consistently remains at approximately the same (1.417 A), while pyr-et has the shortest (1.339 A). The phenyl
angle (146-148). It can be concluded, therefore, thatand bond angles also vary more than the terthiophene’s, but only
¢2 are not strongly interdependent (as observed from¢gthe by a maximum of 2.4 The dihedral angle; ranges from 1388
surface as well). However, altering the valuepgftausesps to to 141.7, the anglep, from 164.7 to 167.7, and the angles
vary considerably; thus, these two dihedral angles are dependenfrom 15.7 to 17.7. The propensity of the B3LYP level of
on one another. Whe# is planar,¢s is approximately 59 theory to overestimate the importance of electronic conjugation
and wheng, is 9C°, ¢3 is almost planar. contributions is evident from these results, in which the less
The dihedral angles exhibits the highest energy barrier to hinderedp, is more planar than observed experimentally in other
rotation when no other angles are constrained, at a value ofoligothiophenes (148.14
2.85 kcal motl. Again, the cause of this barrier is probably In the case of NMgpet, B3LYP/6-31G(d) geometry opti-
steric hindrance, as evidenced by twist¢d values. Thus, mizations for two conformations were performed, in preparation
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TABLE 1: Optimized Bond Lengths of All R-pet Molecules existed and that the occupancy of two sites by a sulfur and a
Calculated Using the BSLYP/6'316(d) Method carbon atom was equaL
bond ~ NQ-pet CN-pet pyr-et H-pet MeO-pet Nkpet NMe-pet Ill.c. Vibrational Spectra. The optimized structures of R-pet

Cc2-C3 1369 1369 1.369 1.369 1.369 1.368 1.368 discussed in the previous section were used to calculate the
C3-C4 1422 1422 1422 1422 1422 1422 1422  predicted vibrational spectra with the B3LYP functional and

C4-C5  1.381 1.381 1.381 1.381 1381 1381 138l  §-31G(d) basis set. Comparison of these calculated spectra with
C5-C6 1452 1452 1452 1452 1452 1451 1451  goyperimentally obtained IR and Raman spectra shows, in

c6-7 1.395 1.395 1.394 1.394 1.394 1.394  1.395 .
c7-8 1432 1432 1432 1432 1432 1432 1432 9eneral, aclose correspondence with small average root-mean-
c8-9 1372 1372 1.372 1.373 1372 1372 1372  square (rms) values. N&pet possesses the largest average rms

C9-Cl11 1.449 1449 1.449 1.449 1.449 1449 1.449 value (10 cm?), while pyr-et has the smallest (7 c#).
Cl1-C12z 1379 1379 1.379 1379 1379 1379 1379  Considering the accuracy and resolution of the spectrometers
C12-13 = 1423 1423 1423 1424 1424 1424 1424 5 in this study (1 and 4 crh respectively), this indicates a
g%ﬁ—ccl? ﬁgg ﬁgg 1:222 1:222 ijgg ijg? i:ig’? close_corr_elatiop_between the t_heoretical and measured spectra.
C16-C17 1.352 1.352 1.351 1.351 1.351 1352 1353 Relative intensities are also in general agreement. Table 2
C17-C18 1.461 1.462 1.463 1.465 1462 1460 1459  contains the mode correlation for all of the experimental and
C18-C19 1411 1410 1406 1408 1411 1408 1407 calculated data. The theoretical and measured Raman and IR

C19-C20 1.389 1.388 1.393 1.393 1386 1389  1.388  gpectra of CN-pet are shown in Figure 3 as an example.
C20-C21 1.394 1.405 1.339 1.395 1.402 1.405 1.413

C21-C22 1.397 1.408 1.342 1.399 1.402 1.408 1.417 Because the range of molecules ConSider.Ed |n this work are
C22-C23 1.386 1.386 1.391 1.391 1.393 1.386 1.386  structurally closely related, a number of vibrational normal
C18-C23 1412 1411 1407 1409 1406 1410 1409 modes are expected to be the same and thus occur at comparable
C2-sl 1732 1732 1732 1732 1733 1733 1733 frequencies. The eigenvectors were compared between the
€5-S1 1761 1761 1761 1761 1762 1.762 1762 \necyles for each mode, and numerous matches were estab-
C6-S10 1.753 1.753 1.754 1.756 1.757 1757  1.758 . ) >

C9-S10 1756 1755 1.755 1.755 1.754 1754 1.754 lished. It was therefore confirmed that the majority of the
C11-S15 1.756 1.756 1.757 1.757 1.757 1.757 1.757 calculated modes in the region of interest (93000 cnt?l)
C14-S15 1.735 1.735 1.735 1.735 1735 1735 1735  were conserved throughout the R-pet series. This mode con-

for subsequent investigations of the conformational dependenceservat'on was also observed experimentally. The eigenvectors

of the theoretical vibrational spectra (vide infra). The first O.f selecte_d modes that usually possess large intensity are
conformer hasgps approximately equal to 13Q.conformer 1), displayed in F|gure- 4 for CN-pe.t. )
and the second has this angle at—1®° (conformer 2), Due to the relatively large size of these molecules, their
according to the two energy minima seen for this dihedral angle. "ormal modes are complex and involve the movement of
In both of these conformersp; and ¢, are anti-gauche.  humerous atoms. As such, most R-pet modes contain contribu-
Additionally, three conformations of N&pet were calculated, ~ tions from each group within the molecule, although one group
where conformer 3 hag, in a syn-gauche arrangement instead Usually vibrates more strongly than the others. This results in
of anti-gauche. Since a relatively small rotational energy barrier distinct phenyl, terthiophene, and ethenyl-based modes. One
separates these two conformations that diffefirboth minima ~ mMode that is completely delocalized, assignedvas was
of ¢1 were examined. calculated at (141% 3) cm! (averaget range, as shown in
For both NQ-pet and NMe-pet the largess values of Table_ 15_) and measured at (143&3 4) cm! and includes
conformer 1 ¢150°) force ¢, to twist more significantly toward ~ contributions from all bonds. Despite the generally weak IR
90°. As a result, this geometry has a higher calculated energy @hd Raman intensities found fess, it is a very well predicted
than conformer 2, thus confirming the latter’s higher stability. Mode, with rms values of 2 cni*. Another example of a
However, the energy difference between these conformers ismode with such good correspondence between the measured
less for NMe-pet (3.14 kcal mal) than it is for NQ-pet (5.02 and theoretical spectra igg, a terthiophene €C symmetric
kcal mol). This supports the results of the previous section, Stretch calculated and found experimentally at (143p) cn .
where it was found from the’S potentia| energy surface that As predlcted, weak to medium IR and Raman intensities were
NMe-pet has a lower energy difference than Nt between measured for this mode. The exceptionally close similarity
conformers 1 and 2, while NiSpet has a higher energy barrier between both the average frequency and range values for these
between the conformers. This may imply that NMt is more two modes indicates not only that the calculations predict the
likely to reveal evidence of both conformations experimentally. modes very accurately but also that they predict their highly
The calculated energies of conformers 2 and 3 of4g€t show conserved nature.
that conformer 3 is the more stable form by only 0.63 kcal The modes associated with the terthiophene unit have
mol~1. This small energy difference between the syn-gauche significantly smaller calculated frequency ranges than those
and anti-gauche geometries ¢f reflects its potential energy  localized on the phenyl ring. This is also found in the
surface calculated in the previous section. experimental data. For example, one of the terthiopher€ C
The X-ray crystal structures of R-pet have not yet been asymmetric stretchesgs, was calculated at (154& 0) cni?
reported. However, the crystal structures of related compounds,and measured at (1558 3) cnvl. In contrast, the phenyl
such as unsubstituted oligothiophenes, have shown that the antiasymmetric stretching modeg; was calculated at (141& 21)
coplanar conformation is particularly common in the solid cm™! and observed at (1422 26) cnt®. This large variation
state?’~49 Numerous instances of anti-gauéh&and a few syn- is due to the differing nature of the R group throughout the
gauché& geometries have also been reported, particularly for series of molecules. Since R is directly connected to the phenyl
the alkyl-substituted and end-capped compounds. The low group, it is able to influence the frequency of the phenyl-based
energy barrier between the anti-gauche and syn-gauche minimamodes, and thus, these modes occur at more widely varying
of ¢1 is supported by the crystal structure dfrethyl-2,2: frequencies. However, the terthiophene unit is spatially too
5',2"-terthiophené&? which has the same substitution pattern as distant for R to have any major effect on its modes; hence, these
R-pet. It was found that disorder between the two orientations frequencies vary considerably less. There appears to be no trends
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TABLE 2: Correlated Modes and Calculated (B3LYP/6-31G(d)) and Experimental Vibrational Frequencies and Relative IR
and Raman Intensities for Each R-pet Molecule

vlem 1 (IR,R int)?

NMe,-pet NH-pet MeO-pet H-pet
calc expt calc expt calc expt calc expt Vo assignment
961 (5,7) 959 (33,29) 962 (12,6) 955 (34,5) 962 (5,7) 956 (sh,sh) 966 (32,9) 960 (100,0) y(®Bl)ethene
971 (6,2) 989 (6,4) 971 (10,2) 990 (1,4) 972 (5,2) 964 (22,21) 972 (66,2) Y88 H)ethene
985 (0,0) 976 (8,0) 988 (0,0) 988 (0,0) 992 (0,4) 975 (3,2) 982 (sh,0)  18EC)nenyiskeletal
1038 (1,1) 1038 (3,2) 1038 (1,2) 1039 (23,3) 66  O(CH)erthiophene
1038 (22) 1049 (73) 1039 (31) 1049 (A13) Tig3g (27) 1052 (h3) TigagTa3,1)1049 (224) 63(CH)ertophene
1070 (0,1) 1071 (1,1) 1071 (1,1) 1071 (6,1) 68  O(CH)erthiophene
1071 (0,0) 1080 (5.3) 1071 (1,0) 1080 (10.4) 1071 (0,0) 1081 (6.8) 1072 (4,1) 1080 (16.5) 68(CH erthiophene
1119 (0,0) 1120 (3,0) 1126 (4,0) 1100 (2,0) 1110 (8,0) DICH)phenyi
1179 (20,20) 1187 (49,44) 1167 (40,16) 1178 (61,22) 1163 (23,15) 1175 (51,28) 1168 (2,6) 1178  (sh,shY)(CHRnenyi
1172 (4,8) 1172 (9,6) 1190 (sh,10) 1172 (4,6) 1183 (sh,sh) 1173 (31,8) v(3-S) and
6(CH)terth\ophene
1175 (7,7) 1176 (12,3) 1176 (6,3) 1189 (sh,sh) 1177 (68,4) WE€—S) and
é(CH)terth\ophene
1202 (2,11) 1212 (3,9) 1198 (0,11) 1209 (0,11) 1195 (6,14) 1209 (13,13) OH)phenyiand
lethene
1207 (0,1) 1207 (1,2) 1207 (0,2) 1207 (5,3) 76(C—S) and
6(CH)tenh\ophene

1214 (0,9) 1219 (shsh) 1213 (0,6) 1231 (7,4) 1214 (0,6) 1229 (Osh) 1214 (56) 1231 (26,6) 6(CH)ertniophen@nd
lethene
1223 (2,1) 1242 (11,9) 1222 (3,1) 1242 (7,5) 1222 (2,1) 1238 (0,11) 1223 (11,2) 1244 (26,7) O(T@Berniophene
1272 (3,14) 1281 (8,16) 1266 (19,13) 1274 (33,16) 1270 (16,15) 1277 (28,5) 1264 (10,9) 1273 (11,100(CPeiosaized
1299 (0,9) 1310 (0,10) 1295 (2,3) 1304 (17,0) 1303 (20,8) 1301 (7.0)  §CH)eocalized
1302 (0,13) 1301 (2,19) 1318 (6.5) 1330 (5,8) 1308 (10,5) 1311 (sh,16) 1315 (4,3) 1309 (6,8) O(@)ueciocaized

1324 (5,9) 1333 (sh,8) 1323 (1,5) 1324 (5,10) 1325 (2,7) 1332 (1,8)  08CH)emenand

6(CH)tenh\ophene
1340 (3,1) 1340 (1,1) 1348 (0,5) 1339 (2,1) 1351 (2,6) 1339 (4,1) 1352 (6,6)  OB8B5H)ethene
1372 (0,13) 1384 (0,19) 1372 (1,14) 1384 (0,21) 1372 (0,13) 1383 (3,20) 1373 (3,14) 1386 (12,22)1(CBE )ertniophene
1428 (1,3) 1429 (1,7) 1429 (0O,sh) 1408 (3,1) 1415 (0,7) 1436 (15,25) 1448 (28,38) Va8 C)onenyi
1417 (6,1) 1417 (9,0) 1415 (15,1) 1416 (17,11) 1420 (3,4) 1422 (sh,16) 1416 (42,2) 1417 (28,15)14ei@Bized

1433 (2,4) 1432 (8,13) 1433 (5,5) 1433 (10,18) 1432 (2,4) 1432 (sh,15) 1432 (22,4) 1432 (18,15)vs(@B9C)erthiophene
1446 (0.86) 1450 (7,82) 1446 (0,100) 1460 (9,100) 1446 (0,100) 1458 (sh,100) 1448 (5100) 1462 (16,100XCOC)ermiophenc
1514 (56,4) 1522 (96,0) 1507 (66,2) 1515 (100,0) 1505 (38,2) 1513 (90,0) 1484 (32,4) 1494 (27,sh)vs(CC)phenyl
1500 (4,6) 1502 (8,8) 1500 (9,9) 1501 (16,9) 1499 (6,9) 1500 (sh,8) 1501 (100,7) 1503 (40,9) va©2Certhiophene
1523 (12,23) 1530 (sh,41) 1523 (11,27) 1525 (15,49) 1523 (3,27) 1528 (sh,64) 1524 (5,31) 1525 (7,50) va(C%':),e,miophene
1539 (2,5) 1551 (O,sh) 1557 (3,5) 1572 (10,sh) 1556 (2,3) 1576 (7,21) 1568 (4,5) 1576 (8,12) va(C&#FC)phenyl
1548 (3,21) 1558 (12,27) 1548 (4,23) 1560 (14,25) 1548 (2,22) 1558 (2,26) 1548 (0,26) 1556 (3,38) va(®5C)enniophene
1600 (99,100) 1603 (100,100) 1600 (100,68) 1603 (91,67) 1598 (42,70) 1605 (44,44) 1593 (36,40) 1598 (37,35)(C96)phenyiand
V(C=C)ethene
1624 (3,36) 1622 (0,95) 1630 (65,6) 1621 (sh,sh) 1626 (2,45) 1626 (3,97) 1626 (2,59) 1628 (6,62) v(CO&)ethene

vlem™1 (IR,R int)

pyr-et CN-pet NGQ-pet
calc expt calc expt calc expt v assignment
971 (7.1) 964 (12,5) 950 (24,3) 966  (2,5) 956  (12,9) 63(CH)ethene
974  (10,1) 973 (8,1) 966  (34,10) 973 (2.1) 967 (15,4) 64 (CH)ethene
995 (0,1) 994 (5,3) 990 (0,3) 1009 (0,4) 657(CCpneny skeletal
1039 (2,0 1039 (3,1) (11,2) 1039  (1,1) (4,2) 66 O(CH)erthiophene
1039 (43) 1051 (154 539 5y 1048 1039 (1,2) 1049 67 8(CHlortonone
1071 (1,1) 1072 (1,1) (7,3) 1072 (0,1) (3,4) 68  O(CH)entiophene
1072 (o) 1081 (124 575 “gg 1080 1072 (00 1079 69 (CH)ertiophene
1080 (0,0 1103 (1,0) 1109  (4,1) 1095 (1,0 710(CH)phenyi
1161 (15,33) 1174  (34,30) 1169  (1,3) 728(CH)phenyi
1173 (7,5) 1175  (9,sh) 1173 (9,4) 1188 (18,8) 1173 (5,16) 1185  (9,29) #E—S) andd(CH)eerthiophene
1177 (9,3) 1189 (10,8) 1178  (10,3) 1178 (2,3) 74/(C—S) andd(CH)ertiophene
1192 (2,12) 1205  (2,11) 1200 (2,14) 1213 (sh,10) 1197  (2,25) 1211  (0,15)  M&H)phenyi@andd(CH)etnene
1207  (1,1) 1207  (2,3) 1207 (1,5 76 1(C—S) andd(CH)ertiophene
1214 (1,6) 1233 (7,sh) 1215 (3,5) 1231 (13,4) 1214 (1,7) 1233 (5,0 BTCHYerthiophen@Ndd(CH)ethene
1224 (2,2) 1242 (14,16) 1224 (2,1) 1242 (14,5) 1223 (1,1) 1242  (5,9) BBCH)eerthiophene
1285 (5,5) 1291 (14,10) 1265 (4,10) 1273 (3,7) 1268 (3,15) 1277  (3,15) FECH)delocalized
1304 (16,9) 1310 (12,8) 1290 (3,6) 1306 (7,sh) 8@ (CH)gelocalized

1307  (5,7) 1312 (6,10) 1319  (1,6) 1324 (0,9) 1311 (13,28) 1322 (sh,sh)  &TH)eiocaized
1327 (1,4) 1337 (3,9) 1324 (1,6) 1336 (2,3) 1321 (0,1) 82(CH)ethenaNdd (CH)erthiophene
1340 (1,1) 1352 (6,sh) 1340  (3,1) 1349  (sh,3) 1342 (1,1) 8% CH)ethene
1374 (3,11) 1388  (8,17) 1374 (4,12) 1387  (6,14) 1375  (1,12) 1387 (3,16) BE—Crerthiophene
1403  (6,1) 1417 (40,12) 1402 (2,2) 1410 (16,0) 1401 (0,2) 1410 (3,4) BAC=C)phenyi
1417  (9,3) 1418 (8,3) 1417  (16,8) 1418  (2,4) 1419  (4,7) 884eiocalized
1432 (3,4) 1432 (sh,11) 1432 (4,4) 1431 (8,8) 1432 (1,5) 1431  (3,8) B8YC=C)rerthiophene
1446 (4,100) 1461 (15,100) 1446 (6,87) 1461 (10,50) 1446  (2,95) 1461 (3,45)  19@=Cerniophene
1482 (4,2) 1492 (9,4) 1499 (sh,5) 1480 (1,2) 9W(C=C)phenyi
1501 (14,7) 1503 (15,6) 1502 (18,5) 1509 (24,0) 1501 (3,8) 1503 (0,9) 9ZC=Certhiophene
1524  (0,26) 1527  (4,59) 1524  (0,24) 1528  (4,36) 1524 (0,29) 1527  (0,33) BBC=C)rerthiophene
1537 (7,5 1548 (20,sh) 1535 (1,7) 1544  (sh,sh) 1540 (13,4) 1518 (52,00  18C=C)pnenyl
1548  (2,22) 1559 (sh,25) 1548 (2,21) 1559  (3,20) 1548  (1,25) 1555 (0,16)  19BC=Certniophene
1583 (100,25) 1593 (100,26) 1591 (100,100) 1602 (100,100) 1582 (33,100) 1591 (35,100) v{@B=C)phenyiandy(C=C)etnene
1624 (11,51) 1625 (21,72) 1623 (9,43) 1629 (15,60) 1620 (5,62) 1626  (9,100)  198=C)ethene

aRelative IR and Raman intensities, normalized such that the most intense band in the reported spectral region is 406ulsler.> Mode
number.
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to the quaterthiophene: 1546, 1533, and 1525t This line
(@ 1591 corresponds to a totally symmetnig{ C=C) mode, where the
majority of the amplitude is on the end ring&5Line B is the
strongest band in the Raman spectrum, shows little to no
frequency dispersio?f, and belongs to a totally symmetric
v(C=C) mode. For unsubstituted oligothiophenes, line B
®) appears at approximately 1460 cthnLine C is only observed
1602 in end-capped oligothiophenes and therefore is not applicable
to the R-pet system. Line D is a symmetrie-8 bending mode
of the 8 hydrogens. It usually appears as a medium intensity
band at 1056-1080 cnt?.

The Raman spectra of R-pet are considerably more compli-
1501 cated than those of unsubstituted and end-capped oligo-
thiophenes due to the presence of the large substituent, which
contributes numerous phenyl- and ethenyl-based modes. How-
ever, lines A and B are still clearly observed, despite the fact
that the calculated modes are not totally symmetric. The mode
@ vezat (1527+ 3) cm ! has been identified as line A. Line B is

1602 obviouslyvg at (14604 2) cm%, since it is usually the most
intense Raman band. This is very similar to the frequency of
line B in unsubstituted terthiophene, 1463 ¢! Line D is
observed at (105@& 2) cnT! but in contrast to the cases of
other oligothiophenes is of very weak intensity.

(c)

Relative Intensity

T T T T T T T

1000 1100 1200 1300 1400 1500 1600 1700 The use of line A’s frequency dispersion with chain Iength
to assess effective conjugation length has been suggested,
Wavenumbers (cm) although this mode’s pronounced end group character may limit

Figure 3. Comparison of the theoretical B3LYP/6-31G(d) Raman (a), this applicatior?® The position of line A for R-pet, (152% 3)
experimental Raman (b), theoretical B3LYP/6-31G(d) IR (c), and cm™, is comparable to its position in the pentamers of both
eXPe”Tgé‘;a' IR (d) spectra chi CN-pet. Falmar:fpe_c“ar‘]"’ere measuredy o'_dimethyP anda, o -diethyF? end-capped oligothiophenes
using nm excitation and were calculated using the same wave- - .

length. Numbers denote the frequency of the bands in wavenumbers(:}_fszf_ and 1_527 t_chiL,l reS{)hec_:tlvgly). tThfIS may .SUQ?elStf.an
(cm-Y). effective conjugation length in R-pet of approximately five

thiophene units. This in turn implies that the electronically active

phenyl ethenyl substituent is significantly increasing the effective
conjugation length of the base terthiophene unit. This result can
be tested by comparison of another of th¢C=C) modes with

the corresponding mode in the,a’-dimethyl end-capped
series>® The R-pet moderg, occurs at (1503t 6) cnm ! and,
taking into account the larger frequency range observed for this
mode, is close to the corresponding modes in the pentamer (1508
cm~1) and hexamer (1503 cm), thus substantiating the above

Voo (1446 cm™) v, (1492 ety result. _The wavenumber Qf line A for_ R-pet does not shift
appreciably across the series, suggesting that the R group does
not influence the effective conjugation length.

The effective conjugation coordinate (ECC) theory was
developed to account for some of the features observed in the
Raman spectra of conjugated oligom#&r&%5°In such systems
there exists a particular vibrational coordinate, knowns/gs
that describes the path the electrons follow during the
transition between the ground electronic state and the first
electronic excited state. This vibrational coordinate is unique

for each molecular system but always belongs to a totally

symmetric mode of the system being considered. For simple

Fi@.:lg]e :1- Eigenvecltlor$ it"UStrating Sel?ﬁteg Vibtfatiohﬁﬂ moldels (t)deN-. oligothiophenes, this is an in-phase oscillation of the alternating
et that are generally intense across the R-pet series, calculated using~— S ;

tphe B3LYP/6g-3lG(d)ymethod. Calculated vigrational frequencies are €—C and C C bonds of the_n—comugg_ted_ baCkbO_ne and

shown in brackets. therefore mimics the geometrical modifications which occur

during thesr—s* electronic transition or ionization (that is, the

in the variation of the phenyl-based mode frequencies with evolution of ther-conjugated backbone from a benzenoid to a

respect to the electron withdrawing capability of the R group. quinoid structure). It is well-known that the strong bands present
The Raman spectra of oligothiophenes are, in general, in a Raman spectrum of a conjugated oligomer originate from

relatively simple. The four most intense bands are often denotedtotally symmetric modes that possess a substantial contribution

as lines A, B, C, and B2 Line A exhibits frequency and  from 92.5% The mode for which the Raman intensity is greatest

intensity dispersions with increasing chain length. For example, contains the largest content of and is called the? or ECC

line A of the a,a’-dimethyl end-capped oligothiophene series mode. Another characteristic of this ECC mode is that it is

displays a significant frequency downshift from the terthiophene strongly coupled tar-conjugation. A key parameter in ECC

Ve (1591 cml) Vs (1623 cm')
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Figure 5. Comparison of the theoretical B3LYP/6-31G(d) Raman spectra of conformers 1 (a) and 2 (b) gpiivégth the experimental Raman
spectrum (c). Also compared are the theoretical B3LYP/6-31G(d) IR spectra of conformers 1 (d) and 2 (e)qfdtiMich the experimental IR
spectrum (f).

theory is the effective force constant associated wittreferred localized primarily on the substituent. Conversely, the other
to asFy), which is linearly related to the HOMOGLUMO molecules have both MOs based on the terthiophene (H-pet in
energy differenceH). A longer conjugation length results ina  particular and Nk-pet to a lesser extent).

smallerky and F; and, therefore, causes, under the terms of  |||.d. Conformational Dependence of Spectra.lt is ex-

ECC theory, a decrease in the frequency and Raman intensitypected that different R-pet conformations will have different
of the ECC modé! Although this has been observed in other ;iprational spectra, in terms of both intensity and frequency. A
oligomers such as oligofurans and oligopyrroles, the ECC mode change in conformation alters the dipole moment: conformer
of oligothiophenes (line Br~1460 cntl) shows little to no 1 of NO,-pet, for example, was calculated to have a dipole
frequency dispersion with increasing chain lenttfThis is moment of 6.34 D, whereas conformer 2 has one of 7.10 D.
thought to be due to a significant confinement potential within the ginole moment vectors for both of these conformers are
the individual rings that opposes delocalization of thelectrons positioned along the phenyl ethenyl substituent and point toward
along the molecular chain. _ _ the terthiophene unit, but the directions differ by approximately
The application of ECC theory to R-pet is not as straight- 1 Bacause the transition moment integral is a function of

forward as it is for simple ollgothlopher)es. This is primarily the dipole moment, it therefore follows that the intensities of

due to th_e asymmetry of the system, which negates C(?mpletelyvibration.sll spectra will be dependent upon conformation.

syn;]metncal nc_:rma}l TOdehS.' T:e R-pet mode cl_osest n InatureFrequencies are also reliant upon geometry. In this class of

tji);)ir?ws)lnv:;mcr)gao%gogt;g deFrﬁsErﬁcgéj;nr?:se}gsez;%iggfie d molecules, a more twisted structure has reduced p orbital

as line B énd iz usually){he stro’ngest Raman band, as expecte verlap, which alters the force constants and thus shifts the

. . ’ esulting frequencie¥. The vibrational spectra of bithiophene

from ECC theory. Line B has been recognized as the ECC mode h | : f tional d deABE Anti and

in various other oligothiophené&&57.6%.61n contrast, however, show only @ minor contormational dependenoe: Anti an

the most intense Raman band for N@&t, CN-pet, and NMe anti-gauche geometries produce wrt_ually identical spectr_a, as
do syn and syn-gauche. Syn and anti calculated frequencies for

pet isvgg (Figure 4), a symmetrical mode localized solely on - .
the phenyl ethenyl group. This observation may suggest thatthejame. mode can differ by up t_o 40 cirin the 90.6_1700
cm™t region, while the perpendicular conformation shows

the ECC mode has switched to this substituent-based mode for. tensit h ¢ d red-shifts of particul des. Th
those molecules in the R-pet series with the strongest electron/NeNSIty €nhancements and red-shilts ot particular modes. The

withdrawing or donating R groups, whereas those molecules appearance of more than one geometry in mea.sufed spectra has
with an R group of intermediate electronic influence have a P€€N observeld in other work accomplished on bithiopearel
primarily thiophene-based ECC mode. Therefore, the probable terthiophené:

nature of the frontier molecular orbitals involved in each case  Vibrational spectra were calculated for conformers 1 and 2
can be derived, since the ECC mode reflects the transition to(as described in the geometry section) of NApet. These

the first electronic excited state. For pyr-et, H-pet, MeO-pet, spectra are shown in Figure 5 and compared to the measured
and NH-pet, both the HOMO and LUMO should contain spectra. In general, the spectra for the two conformations of
contributions from the terthiophene unit and the transition NMe;-pet are very similar and differ by only slight alterations
between the two should bear some of the characteristics of ain frequency and intensity. The experimental vibrational spectra
normal oligothiophener—s* transition. NQ-pet, CN-pet, and indicate that both NMgpet conformations are present. For
NMex-pet, however, should contain frontier MOs in which a example, the broad band measured at 1522%cim the IR
significant portion of the orbital density is localized on the spectrum has a significant shoulder at 1526 &rboth of which
phenyl ethenyl substituent. The calculated molecular orbitals have been assigned to thg, mode. The splitting of this
(Figure 7, discussed in section lll.e) support these predictions. calculated band suggests the presence of at least two different
NO,-pet's and CN-pet's LUMOs and NMeet's HOMO are conformations.
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Figure 6. Comparison of the theoretical B3LYP/6-31G(d) Raman spectra of conformers 1 (a), 2 (b), and 3 (c}pétN@th the experimental
Raman spectrum (d). Also compared are the theoretical B3LYP/6-31G(d) IR spectra of conformers 1 (e), 2 (f), and 3 (gpetf W the
experimental IR spectrum (h).

Evidence in favor of conformer 1 includes the two Raman frequencies match well, the latter's Raman intensity is signifi-
bands in the 14161432 cnt! region. While the calculated  cantly less, by 60%. The assigned measured band has a relative
Raman spectrum of conformer 1 displays two well-defined peaks Raman intensity of 100, which matches that of conformers 2
at 1416 ¢gg) and 1432 cm?! (vgg), that of conformer 2 does  and 3 (100) and is significantly different from that of conformer
not. Two peaks are clearly visible in the experimental spectrum 1 (40). There are also large frequency changes between the two
of conformer 1 at 1412 and 1432 cfaIn addition, the relative different geometries. For instance, conformer 2 and'gsnode
intensities of thevgs and vgs modes in the measured Raman at 1268 cm® corresponds to 1256 crhin conformer 1, and a
spectrum more closely match the intensities of the correspondingweak band calculated at 1376 cth{vgg) for conformers 2 and
peaks in the calculated spectrum of conformer 1. However, there3 is reproduced at 1359 crhfor conformer 1. In both of these
is also evidence that conformer 2 of Npget contributes to cases, conformers 2 and 3 match the experimental frequencies
the experimental spectra. The intensities of the peaks in the (1277 and 1387 cr, respectively) more closely than conformer
1200-1400 cn1? region of the experimental Raman spectrum 1 does.
are appreciably closer to that predicted for this conformer, The three N@-pet structures have comparable rms values
particularly for the modes7g andvgs (1281 and 1384 cmi). (10—11 cnT?). Despite this, the higher intensities of conformer
Frequencies correlate more accurately with conformer 2 in this 2 and 3's spectra more closely match those of both the
specific region as well. For instance, the band at 128Tlcm experimental IR and Raman spectra; thus, it seems probable
was predicted to occur at 1272 chfor conformer 2 and 1262  that conformers 2 and 3 are preferred over conformer 1.
cmt for conformer 1. In addition, one band calculated for However, because there are only slight differences between the
conformer 1 at 972 cmt (ve3) corresponds to a band calculated spectra of conformers 2 and 3, it is difficult to discern whether
at 961 cnr! for conformer 2. The calculated frequencies are either of these two geometries is favored experimentally.

outside the resolution of 4 cmh, and conformer 2 is closer to The conclusions reached concerning the various geometries
the measured peak at 959 Th of NO,-pet and NMe-pet are consistent with the previous results
Three different conformations were considered for,Ni@t: from the conformation section. N&pet has a larger energy

conformers 3. This was done in order to assess the differences difference between conformers 1 and 2 than Mdet; hence,

that the syn-gauche geometry produces in the calculatedit was considered more likely that the latter molecule would
vibrational spectra and whether this particular conformation can exhibit more than one conformation. This is not inconsistent
be observed experimentally. The measured and theoreticalwith the experimental IR and Raman spectra: NMet shows
spectra are displayed in Figure 6. When the calculated spectraevidence of the two conformations, whereas Nf@t demon-

for each conformer of N@pet are compared, it can be observed strates clear support for a preference of conformers 2 and 3
that conformers 2 and 3 present very similar spectra that containover conformer 1. The probable appearance of both conformers
only subtle differences. For example, conformer 3 has a band2 and 3 in the experimental spectra of Nkt reflects the

of weak intensity at 1152 cm that has a counterpart in neither  previous finding that the anti-gauche and syn-gauche geometries
the spectra of conformer 2 nor experiment. However, the spectraare separated by only a small energy difference and that both
of conformers 2 and 3 are noticeably different from that of would therefore be expected to appear experimentally.
conformer 1. This is particularly evident in the Raman spectra.  Ill.e. Molecular Orbitals and Electronic Absorption

An example of this ig/ge, which was calculated at 1582 cn Spectra. It was concluded in the previous section that the
for conformers 2 and 3 and 1586 cinfor 1. Although the calculated vibrational spectra match the experimental spectra;
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Figure 7. (a) HOMO, (b) LUMO, and (c) LUMG-1 of NMex-pet; (d) HOMO, (e) LUMO, and (f) LUMG-1 of H-pet; and (g) HOMO, (h)
LUMO, and (i) LUMO+1 of NO,-pet, as calculated using the B3LYP/6-31G(d) method.

thus, it can be assumed that the calculated geometries are reliableUMO that is observed in the strongly electron withdrawing
models of the true structures. Therefore, the calculated molecularand donating molecules, since the first excited state would
orbitals (MOs) provide a reasonable first approximation of the involve charge-transfer characteristfédn addition, NQ-pet
electronic distribution in the R-pet molecules. The energies, and the other electron accepting molecules should have an
occupancies, and positions of the MOs were calculated usingadvantage over the electron donators in that the orientation of
the B3LYP/6-31G(d) method for each molecule. The HOMOs, the frontier MOs is such that the tendency for a polythiophene
LUMOs, and LUMO+1's of NO»-pet, H-pet, and NMgpet are backbone to preferentially carry hofé46°is promoted.
shown in Figure 7. As expected for a conjugated system, the The positions of the calculated MOs (Figure 7) would be
HOMOs have the same phase across the double bonds, and thexpected to have implications in the electronic absorption
LUMOs have the same phase across the single bonds. This resulspectra. In N@pet and NMe-pet there is little orbital overlap
has been seen in other wéfland is general for polyenic chains. between the HOMO and the LUMO; thus, this electronic
Various trends are observed in the MOs across the R-pettransition is expected to have a weak absorbance. Conversely,
series. The molecules with strong electron donating R groups, there appears to be significant overlap between the HOMO and
such as NMgpet, have HOMOs with the greatest electron LUMO-+1, and therefore, this transition is likely to be much
density on the functionalized phenyl ethenyl unit, whereas the more intense. H-pet, in contrast, has substantial overlap between
molecules with strong electron withdrawing R groups ¢NO  the two frontier orbitals, and consequently, the HOMQJMO
pet, for example) have the largest electron density situated ontransition should be more intense than those for the other
the terthiophene unit. The LUMOs exhibit the opposite trend: compounds. The measured electronic absorption spectra (Figure
NMe,-pet has these orbitals on the terthiophene while they are 8) follow these qualitative predictions. In general, the R-pet
mostly located on the functionalized phenyl ethenyl unit for series show a maximum absorption peak at-3385 nm and a
NO.-pet. The molecules in between show a gradual transition shoulder at 366415 nm. These peaks correspond to the
between these two situations. This trend is intuitive; a molecule HOMO—-LUMO+1 and HOMO-LUMO transitions, respec-
such as N@pet must have empty orbitals localized on the R tively. In all cases, the HOMOGLUMO+1 transition is the

group in order to act as an electron acceptor, while kvt strongest. The HOMOGLUMO transition is considerably less
must have full orbitals on the NMdunctionality in order to intense and appears as a weak shoulder that is most pronounced
donate electrons. in H-pet, as expected.

In order for efficient conductivity to occur, charge separation ~ Examination of the calculated molecular orbital energies
of the excitons that form upon photoirradiation is required. This shows that H-pet and pyr-et have the largest HOM@MO
would be facilitated by the spatial separation of the HOMO and and HOMO-LUMO+1 energy gaps, whereas MNpet and
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IV. Conclusions

1 ~
< A NO,-pet Conformational analyses of -RLE-2-(4-R-phenyl)ethenyl]-
e / ~7 Hpet 2,2:5',2"-terthiophenes revealed three important dihedral angles,
s | /M N\ | — NMe,-pet .
£ and the potential energy surfaces for each of these angles were
2 calculated for three R-pet molecules using the HF/3-21G(d)
3 method. Each dihedral angle possesses a different energy curve,
2 but the effect of the R group is small. For each R-pet examined,
g ¢1 has a very small energy barrier between the syn-gauche and
2 . anti-gauche conformations, whilg, prefers the anti-gauche

0 . ‘ T : arrangement and the energy minimumgafis at .

250 300 350 400 450 500 550 600 Using the B3LYP/6-31G(d) method, the calculated IR and

Raman spectra of the R-pet series were determined and
compared to the corresponding experimental spectra. The
calculated vibrational spectra correlate favorably with the

Wavelength, A (nm)

Figure 8. Electronic absorption spectra of M@et, H-pet, and NMe
pet, as measured in GHEI,. The intensities of each maximum absorption

peak have been normalized to 1. experimentally obtained spectra. The frequency rms values range
from 7 to 10 cnt! and, with a few exceptions, the intensities
34 also agree reasonably well. Thus, it can be assumed that the
32 4 calculated structures of the neutral molecules are reasonable
/4_\.\-\“ models of the true structures. The types of vibrational modes
_ 304 were assessed, and it was concluded that the majority of R-pet’'s
"g 284 vibrational modes are conserved, both theoretically and experi-
3 mentally. Lines A, B, and D in the Raman spectra were
X 26 { identified. The frequency of line A suggests an effective
u " conjugation length that includes a significant contribution from
R the phenyl ethenyl substituent. ECC theory is not as applicable
2.2 —+— HOMO-LUMO to R-pet as it is to other oligothiophene systems studied, due to
—*— HOMO-LUMO+1 R-pet's asymmetry. However, the ECC mode could still be
207 T N 7 N recognized in the Raman spectra of each molecule;-p&D,
q?:; a i g 3 % % CN-pet, and NMg-pet possess a substituent-based ECC mode
e & & =T é z £ while the other molecules have a typical terthiophene-based ECC
Molocule = mode. This observation allowed the probable nature of the

] ) frontier orbitals in each case to be established.

F'gd”rti Q'H%nnﬁgy dgfel_rsr,:/fgsf(a bet";’eﬁ“ttze H_C)M?hangsllL\J(l\é% From the conformational dependence of the vibrational

ngG(d)emethod. an » as calculated using the spectra, it appears that there is more than one conformation
present in the vibrational spectra of Npget. The measured

NMegjpet have_ th_e smallt_est. When the order of the electron spectra of N@-pet show that conformers 2 and 3 appear to be
donating capacity is taken into account, these energy gaps f°"°Wfavored over conformer 1. Syn-gauche and anti-gauche con-

an approximately parabolic relationship across the R-pet seriesformations cannot be differentiated accurately
(Figure 9). It is well-known that electron donating groups raise The features of the calculated molecular orbitals (their

the HOMO while electron Wlthdra\_/vmg groups lower the positions and the trends in the energy gaps) are supported by
LUMO. Both of these effects result in a decreased HOMO experimental electronic absorption spectra. Consideration of the
LQMO gap. The red-shift gffect of the electron donating a}nd calculated molecular orbitals shows that, for the strongly electron
Wlthdr_aW|r_19 groups predlct_ed from the calculated_ _orbltal withdrawing or donating molecules, the first excited state should
energies is observed experimentally for these transitions, aspave charge-transfer features. Since this would aid charge

shown in Figure 8. The maximum red-shift of 64 nm (4394 : ; ; ;
separation of the photoinduced exciton, this may prove to be a
cmY) occurs from H-pet to N@pet for the HOMG-LUMO favporab:e charactgristicl ofuR-pet xt ! y prov

transition (predicted to be 3887 ci).
It can therefore be concluded that the experimental electronic  Acknowledgment. The authors are grateful to the New

absorption spectra qualitatively support the positions and trendsZealand Foundation of Science, Research and Technology for
in energies of the R-pet molecular orbitals. The molecular orbital support.

energies can also be used as an approximate guide for predicting
the wavelengths at which electronic transitions will occur. The
energy differences between the appropriate orbitals were
calculated and compared to the transition wavelengths in the
experimental R-pet electronic absorption spectra (Table 2S). An
extremely good correlation was not expected because the energ

of a transition is not solely based on the energy difference over all R-pet molecules (Table 1S), and the predicted transition

between the two MOs (when an electron is promoted to form . .
i . wavelengths (from the molecular orbital energy differences)
an excited state, that state also contributes to the energy of the . .
o . ) . compared to the experimental transition wavelengths of R-pet
transition: the energy of the higher orbital alters when it is

occupied by the excited electron). There are a number of (Table 2S). This material is available free of charge via the

possibilities available in order to improve the theoretical Internet at http://pubs.acs.org.
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