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In this paper, quantum chemical calculations for various cyano derivatives of thiophene and terthiophenes at
the density functional theory (DFT) and ab initio Mgller—Plesset (MP2) levels of theory are presented. In the
case of the studied terthiophenes, CN groups located in the central part of the molecule lead to a preference
of cis—cis geometry over trans—trans conformation. For o-substituted dicyano terthiophene, the investigation
of torsional dependences shows that the highest energy barrier occurs at the perpendicular orientation of the
aromatic rings. On the other hand, the dicyano substitution in the central part of terthiophene molecule exhibits
the lowest energy barrier. Excitation energies were calculated using time-dependent density functional theory
(TD-DFT). The obtained theoretical results show that the CN groups in o and 3 positions have a distinct
effect on the excitation energies and corresponding oscillator strengths. A CN group located in the o position
causes a larger bathochromic shift than a CN group in the  position. Besides, a CN group in the /5 position

has negligible influence on the position of the first absorption maximum.

1. Introduction

Compounds based on the thiophene aromatic ring are
ubiquitous in nature.! Thiophene oligomers and polymers have
received great attention due to their potential application in
various electronic devices including organic light-emitting
diodes (OLED) and field-effect transistors (FET).2? Moreover,
substituted thiophenes and their derivatives play a role in the
synthesis of many biologically active compounds, photosensi-
tizers for photodynamic therapy, insecticides, or in organome-
tallic magnetic compounds.*~® Therefore, considerable effort
is focused on understanding the electronic structure and
photochemical properties of various thiophene derivatives.

The main advantage of the simple thiophene molecule or
oligomers is their relatively well-defined molecular structure
and chain lengths that allow determination of the structure—property
relationships in detail. Oligomers with various numbers of
monomer units enable the evaluation of the effect of increasing
conjugation and the estimation of the properties of a polymer.
Therefore, a large number of organic systems based on
thiophene structural units was studied, both experimentally and
theoretically.”~!? Substitutions in the oligomeric chain can
improve the solubility and lead to beneficial modifications of
electro-optical properties.!3 Another way to tune photophysical
properties is the introduction of other chromophors into the
oligomeric chain.!4~16

Cyano substitution plays a specific role in molecular modi-
fication techniques.!” The strong electron-withdrawing CN group
as a small substituent enables one to establish intermolecular
contacts between the molecules in the solid state. Additionally,
it leads to the arrangement of oligothiophene chains through
intermolecular CN+++H interactions. Cyano-oligothiophenes
efficiently promote n-channel conduction in transistors.'8 With
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Figure 1. Bond numbering of the investigated thiophenes (a) and
terthiophenes (b).

the use of in situ electrochemistry and various optical techniques,
the redox properties and spectroscopic vibrational features were
experimentally studied for large series of simple cyano-
substituted oligothiophenes in their neutral and charged forms. !
To explain the experimental results, various quantum chemical
studies were presented.?0=22 However, a complex theoretical
description of the electronic structure of cyano-substituted
thiophenes and the description of the torsional potentials for
terthiophene derivatives are still absent.

In this work, the attention will be focused on the quantum
chemical calculation of model thiophene and terthiophene cyano
derivatives (Figure 1). We have employed DFT (density
functional theory)?* and ab initio MP2 (Mgller—Plesset pertur-
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TABLE 1: Optimum B3LYP/6-31G(d) and MP2/6-31G(d) Bond Lengths (in angstroms), Ionization Potentials (IP in eV), Dipole
Moments (uo in D), and Total Energies (E¢ in hartree) of the Thiophenes®

bond:
(method) 1 2 3 4 5 1P o BLA Eiot
T:
DFT/6-31G(d) 1.718 1.376 1.420 1.376 1.718 6.33 0.63 (0.55) 0.243 —553.002628
MP2/6-31G(d) 1.736 1.367 1.430 1.367 1.736 8.71 0.77 (0.70) 0.267 —551.288064
MP2/TZVP? 1.724 1.380 1.418 1.380 1.724 0.32 0.242
exptl MW¢ 1.714 1.370 1.423 1.370 1.714 0.247
exptl ED? 1.712 1.360 1.454 1.360 1.712 0.266
exptl® 0.55
exptl 0.54
exptl® 8.80
exptl” 8.85
Tla:
DFT/6-31G(d) 1.715 1.379 1.413 1.386 1.728 6.96 4.75 (4.92) 0.236 —645.245042
MP2/6-31G(d) 1.723 1.371 1.420 1.379 1.751 9.34 5.23 (5.30) 0.256 —643.938029
exptl’ 9.83
T1b:
DFT/6-31G(d) 1.717 1.374 1.425 1.384 1.709 7.09 4.09 (4.37) 0.238 —645.245950
MP2/6-31G(d) 1.737 1.363 1.437 1.378 1.723 9.49 4.34 (4.49) 0.262 —643.939085
T2a:
DFT/6-31G(d) 1.726 1.389 1.405 1.389 1.726 7.50 2.50 (2.54) 0.230 —737.482463
MP2/6-31G(d) 1.744 1.382 1.413 1.382 1.744 9.86 2.94 (2.95) 0.252 —735.947116
exptV 9.76
T2b:
DFT/6-31G(d) 1.709 1.382 1.432 1.382 1.709 7.74 6.46 (6.85) 0.235 —737.482523
MP2/6-31G(d) 1.724 1.374 1.447 1.374 1.724 10.14 7.05 (7.26) 0.258 —735.947344
exptV 10.20
T4:
DFT/6-31G(d) 1.722 1.395 1.421 1.395 1.722 8.83 3.79 (4.01) 0.227 —553.002628
MP2/6-31G(d) 1.737 1.389 1.433 1.389 1.737 10.83 4.11 (4.21) 0.247 —551.924982

“ See Figure la for bond notation. Values in parentheses represent the B3LYP/6-31+G(d)//B3LYP/6-31G(d) calculations. * Ref 34. ¢ Ref 32.

4Ref 33. ¢ Ref 36./Ref 37. ¢ Ref 38. " Ref 39.  Ref 40. / Ref 41.

TABLE 2: Theoretical Excitation Energies (in eV) and Oscillator Strengths f > 0.01 (in Parentheses) of the First Three

Dominant Electronically Excited States of the Thiophenes

molecule TD-B3LYP/6-31+G(d) TD-B3LYP/6-31G(d) TD-B3LYP/3-21G* experiment
T 5.73 (0.102) 5.93 (0.087) 6.11 (0.085) in THF: 5.39¢
5.81 (0.090) 6.00 (0.082) 6.12 (0.090) in acetontrile: 5.37%
6.65 (0.023) 7.97 (0.210) 8.20 (0.188)
Tla 4.97 (0.226) 5.08 (0.206) 5.25 (0.197) in ethanol: 4.76, 5.12¢
5.37 (0.101) 5.48 (0.093) 5.63 (0.101)
6.90 (0.071) 7.01 (0.017) 7.24 (0.025)
T1b 5.38 (0.043) 5.48 (0.051) 5.64 (0.080) in hexane: 5.25, 5.51¢
5.44 (0.148) 5.56 (0.132) 5.74 (0.102)
6.45 (0.305) 7.18 (0.122) 6.84 (0.235)
T2a 4.51 (0.391) 4.59 (0.367) 4.76 (0.355)
4.98 (0.066) 5.06 (0.060) 5.19 (0.064)
6.68 (0.147) 6.71 (0.014)
T2b 5.07 (0.022) 5.14 (0.027) 5.28 (0.033) in CHCl;: 4.96¢
5.31(0.010) 5.41(0.012) 5.59 (0.017)
5.73 (0.184) 5.84 (0.153) 6.04 (0.153)
T4 4.22 (0.224) 4.27 (0.213) 4.44 (0.214) in methylchloride: 4.41; 5.19
4.32(0.037) 4.35 (0.037) 4.50 (0.039) in dichloromethane: 4.40; 5.25¢
5.26 (0.427) 5.33 (0.395) 5.56 (0.409)

@Ref 42. P Ref 43.  Ref 44. ¢ Ref 45. ¢ Ref 46./ Ref 47. ¢ Ref 48.

bation theory up to the second-order)®* methods for the
calculation of the optimum geometry for the electronic ground
state in order to analyze and discuss geometry changes induced
by CN groups located at various positions in the thiophene
molecule. For the obtained optimal DFT geometries, vertical
excitations have been calculated using TD-DFT.? All computed
quantities will be compared with available experimental data.
Finally, for terthiophene oligomers, a detailed insight to the
torsional potential energy curves for the electronic ground state
and the effect of torsional potential energy curves on the
absorption spectra will be presented. These investigations

represent the basis for future molecular dynamics simulations
of torsional broadening of the absorption and fluorescence
spectra.

2. Quantum Chemical Methods

The electronic ground-state geometries of the systems with
one and three thiophene rings (Figure 1) were optimized using
the DFT method with the B3LYP functional > MP2 calculations
have been performed as a benchmark. In both cases, the
6-31G(d)? basis set was used. The obtained optimal geometries
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Figure 2. Correlation of theoretical TD-B3LYP/6-31G(d) electronic

excitation energies with the experimental values (refs 42—47) for
thiophenes.

were confirmed to be real minima by frequency calculation (no
imaginary frequencies). On the basis of optimal geometries, the
vertical electronic excitation energies were calculated using the
time-dependent DFT approach (TD-B3LYP). The 6-31G(d),
6-314+G(d),?” and 3-21G*23 basis sets have been employed. All
calculations were performed using the Gaussian 03 package.?’
Finally, the absorption bands in the gas phase have been
simulated by sampling the configuration space with 5000 points
picked from the classical harmonic oscillator approach (HOA).3
This configuration space was obtained from the optimal B3LYP/
6-31G(d) geometries (for each conformation) and their normal
modes. In the case of the HOA distributions, the ensemble of
geometries was generated considering constant zero-point energy
at 0 K. The 10 lowest excitation energies and oscillator strengths
were calculated at the TD-B3LYP/3-21G* level of theory for
each fifth geometry. These quantities enabled the computation
of the Einstein B coefficient. The energy of every peak was
modified by a Gaussian function with the height corresponding
to the Einstein coefficient and the width corresponding to an
arbitrary phenomenological broadening constant (0.05 eV). The
sum of all Gaussian functions plotted against the transition
energy gives a post-Condon semiclassical approximation of the
real spectrum. The employed approach closely follows that of
ref 30 as implemented in the Newton-X package.’!

3. Results and Discussion

3.1. Thiophenes. 3.1.1. Structure Description. The obtained
theoretical bond lengths for the studied thiophenes are compiled
in Table 1. In the case of thiophene T, DFT and MP2 methods
give the minimal bond lengths for bonds 2 and 4, whereas the
distances between the sulfur atom and the neighboring carbon
atoms (bonds 1 and 5) are the longest ones (see Figure 1). The
differences between B3LYP and MP2 bond lengths are within
0.006 A. The provided B3LYP and MP2 geometries are in good
agreement with the available experimental®>3? and theoretical
MP2/TZVP data.’* The introduction of CN substituents leads
to a structure perturbation depending on the mutual position of
the CN groups on the aromatic ring. Generally, bond contraction
occurs for the o substitution. The largest contractions (0.015 A
for B3LYP/6-31G(d) and 0.017 A for MP2/6-31G(d)) were
found for bond 3 in molecule T2a. On the other hand, the
prolongation of this bond was observed for CN substitutions in
B positions. In the tetracyano-substituted molecule T4, only
negligible bond length alteration of bond 3 was found.

Bond length changes in aromatic systems can be also
described by bond length alternation (BLA).3*> The BLA values
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Figure 3. Plots of the B3LYP/6-31G(d) molecular orbitals significantly
contributing to the lowest energy transition of thiophenes. Values in
parentheses present the percentages of the excitation contributions to
individual transitions.

are defined as the differences in the average lengths of single
and double bonds between non-hydrogen atoms. The positive
(negative) sign of BLA indicates that the repeating unit has an
aromatic (quinoid) character. As can be seen from the data in
Table 1, cyano substitutions lead to lower BLA values (indicat-
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TABLE 3: B3LYP/6-31G(d) and MP2/6-31G(d) Dihedral Angles (0 in deg), Ionization Potentials (IP in eV), Dipole Moments
(#0 in D), and Total Energies (E in hartree) of the Terthiophenes”

optimal angles

molecule

(method) conformation 0, 0, IP Uo Eot
TT:
DFT/6-31G(d) trans 162 —162 5.19 0.73 (0.64) —1656.631745
MP2/6-31G(d) 144 —144 7.17 1.05 (1.00) —1653.487012
DFT/6-31G(d) cis 30 =30 6.06 7.58 (1.44) —1656.629381
MP2/6-31G(d) 41 —41 7.25 1.90 (1.81) —1653.485330
HF/6-31G(d,p)” trans 149 —149

cis 44 —44

TTa:
DFT/6-31G(d) trans 161 —161 6.04 2.64 (2.68) —1841.115918
MP2/6-31G(d) 165 —165 8.06 3.86 (3.89) —1837.512641
DFT/6-31G(d) cis 26 —26 5.24 1.55 (7.75) —1841.113393
MP2/6-31G(d) 39 -39 8.11 8.43 (8.48) —1837.510767
TThb:
DFT/6-31G(d) trans 151 —151 6.05 6.93 (7.36) —1841.115607
MP2/6-31G(d) 159 —159 8.04 7.30 (7.53) —1837.513340
DFT/6-31G(d) cis 31 =31 6.10 3.13 (3.46) —1841.113700
MP2/6-31G(d) 42 —42 8.12 3.71 (3.90) —1837.511923
TTec:
DFT/6-31G(d) trans 154 —154 5.78 6.86 (7.28) —1841.112348
MP2/6-31G(d) 144 —144 7.85 7.38 (7.59) —1837.513859
DFT/6-31G(d) cis 23 —23 5.92 6.78 (7.28) —1841.115414
MP2/6-31G(d) 34 —34 7.91 7.16 (7.38) —1837.515741
TTd:
DFT/6-31G(d) trans 148 —148 5.96 8.02 (8.27) —1841.109337
MP2/6-31G(d) 168 —168 7.99 8.66 (8.73) —1837.511863
DFT/6-31G(d) cis 23 —-23 6.02 6.37 (6.79) —1841.110707
MP2/6-31G(d) 36 —36 8.01 6.72 (6.89) —1837.512419

“ See Figure 1b for bond notation. Values in parentheses represent the B3LYP/6-31+G(d)//B3LYP/6-31G(d) calculations. » Ref 49.

TABLE 4: B3LYP/6-31G(d) and MP2/6-31G(d) Optimal Bond Lengths (in angstroms) of the Terthiophenes®

molecule 1 2 3 4 5 6 7 8 9
(method) bond 1 2! 3 4 5' 6' 7 8 9 BLA
TT:
DFT/6-31G(d) trans 1.735 1.368 1.424 1.379 1.757 1.448 1.756 1.379 1.417 0.196
MP2/6-31G(d) 1.719 1.378 1.415 1.386 1.734 1.448 1.734 1.387 1.409 0.176
DFT/6-31G(d) cis 1.734 1.368 1.423 1.379 1.756 1.450 1.754 1.379 1.417 0.196
MP2/6-31G(d) 1.718 1.378 1.415 1.386 1.734 1.449 1.734 1.387 1.409 0.176
TTa:
DFT/6-31G(d) trans 1.751 1.380 1.413 1.384 1.751 1.445 1.754 1.381 1.413 0.189
MP2/6-31G(d) 1.729 1.388 1.407 1.389 1.732 1.446 1.734 1.389 1.407 0.171
DFT/6-31G(d) cis 1.751 1.381 1.412 1.384 1.749 1.448 1.752 1.382 1.414 0.188
MP2/6-31G(d) 1.728 1.388 1.407 1.389 1.733 1.448 1.733 1.389 1.407 0.171
TTh:
DFT/6-31G(d) trans 1.723 1.378 1.432 1.375 1.759 1.449 1.753 1.379 1.416 0.194
MP2/6-31G(d) 1.710 1.386 1.420 1.384 1.734 1.448 1.732 1.388 1.408 0.173
DFT/6-31G(d) cis 1.722 1.378 1.432 1.375 1.758 1.451 1.752 1.379 1.416 0.194
MP2/6-31G(d) 1.710 1.386 1.420 1.383 1.735 1.449 1.733 1.388 1.408 0.174
TTe:
DFT/6-31G(d) trans 1.734 1.362 1.434 1.393 1.750 1.448 1.752 1.385 1.409 0.191
MP2/6-31G(d) 1.717 1.373 1.423 1.396 1.731 1.446 1.732 1.392 1.403 0.173
DFT/6-31G(d) cis 1.735 1.362 1.433 1.395 1.749 1.447 1.755 1.383 1.413 0.191
MP2/6-31G(d) 1.717 1.374 1.422 1.397 1.730 1.446 1.734 1.391 1.406 0.172
TTd:
DFT/6-31G(d) trans 1.728 1.370 1.417 1.384 1.758 1.446 1.753 1.387 1.445 0.191
MP2/6-31G(d) 1.715 1.379 1.411 1.390 1.732 1.445 1.730 1.394 1.427 0.172
DFT/6-31G(d) cis 1.730 1.369 1.421 1.382 1.758 1.447 1.750 1.388 1.443 0.193
MP2/6-31G(d) 1.728 1.370 1.417 1.384 1.757 1.446 1.753 1.389 1.444 0.190

@ See Figure 1b for bond notation.

ing a more aromatic structure). The difference between the BLA
values of molecules T and T4 is about 0.02 A for the B3LYP
and MP2 methods, respectively.

3.1.2. Electronic Structure and Optical Properties. Electric
dipole moment and ionization potential (IP) are quantities of
fundamental importance in structural chemistry. They are known

to be sensitive already to small changes in the structure and the
electronic charge distribution in the molecule. The calculated
permanent dipole moments, uo, and IPs are presented in Table
1. In general, cyano substitution leads to an increase of the di-
pole moment. Both theoretical methods provide similar results;
the differences are lower than 20%. Molecule T2b exhibits the
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maximum dipole moment. It is around 10 times larger than the
dipole moment of nonsubstituted thiophene T. Molecules T1a
and T1b exhibit approximately 7 times higher dipole moment.
This is a result of the summation of CN groups contributions
to the permanent dipole moment. The reliability of the theoreti-
cal results can be verified using experimental data, which are,
unfortunately, available for nonsubstituted thiophene T only.
The experimental dipole moment of 0.55% or 0.54 D¥ is in
good agreement with our B3LYP/6-31G(d) result (0.63 D). The
addition of diffuse functions, B3LYP/6-31+G(d), results in a
value identical with the experimental one. MP2 gives slightly
higher dipole moments for all studied thiophenes and used basis
sets. The B3LYP IP values (Table 1) are by ca. 2.5 eV lower
than the Hartree—Fock ones. However, experimental trends38~4!
are correctly described. The smallest IP value was found for
molecule T. Electron-withdrawing CN groups induce an increase
in IP (ca. 2 eV for T4).

The structural changes in the thiophene ring related to the
presence of CN groups are also reflected in the vertically excited
electronic states. The first three dominant vertical excitation
energies are summarized in Table 2. The nonsubstituted
molecule T exhibits the highest excitation energy. The only
available experimental value for thiophene T, 5.39 eV in
tetrahydrofurane (THF),*? confirms a strong absorption band for
the lowest energy transition. Calculated values, 5.93 eV (TD-
B3LYP/6-31G(d)) and 5.73 (TD-B3LYP/6-314+G(d)), are higher
by 10% and 6%, respectively. These values are in good
agreement with the latest ab initio calculations of Palmer et al.3*
(5.69 eV at the CIS/QZVP level of theory).

Cyano substitutions in the thiophene ring lead to a batho-
chromic energy shift and to the occurrence of two dominant
excitation energies. Data in Table 2 indicate that a CN group
in the a position shifts the excitation energies to lower values,
more than a CN group in the S position (see T1la vs T1b and
T2a vs T2b). Besides, in compounds T1b and T2b, the CN
group in the /3 position is responsible for the small intensity of
the first excitation to the lowest excited state. The data presented
in Table 2 indicate a strong dependence of the energies on the
basis set quality. The theoretical results presented for the
cyanothiophenes confirm observed experimental trends,*~#8
although the theoretical data are shifted. The correlation
coefficients of calculated lowest excitation energies (Ecac) versus
experimental energies (Ecxp) reached 0.974, 0.971, and 0.980
for the thiophenes with the 6-31G(d), 6-31+G(d), and 3-21G*
basis sets (Figure 2), respectively.

E..=—236+ 1.52E,,, 6-31G(d) (1)
E..=—220+ 1.52E,,, 6-31+G(d)  (2)
E.g.=—191+ L41E,, 3-21G* 3)

In order to understand the effect of CN substituents on the
absorption spectra for the lowest excitation energy, it is useful
to examine the relevant (highest) occupied and lowest unoc-
cupied molecular orbitals that play a dominant role in the
electronic transitions. As can be seen in Figure 3, in all
molecules, the electron is excited from the highest occupied
molecular orbital (HOMO). The presented B3LYP/6-31G(d)
orbitals are localized on the thiophene ring between the double
bonds 2 and 4 and on the relevant CN groups. CN groups in o
positions induce an around twice larger electron localization
on the CN groups than the groups in [ positions. The
corresponding unoccupied orbital in this transition is the lowest
unoccupied molecular orbital (LUMO). This orbital is delocal-
ized on the sulfur atom, on the neighboring carbon atoms along
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Figure 4. Dependence of the relative energy of studied terthiophenes
on the torsion of one thiophene ring calculated at the B3LYP/6-31G(d)
level of theory. The second dihedral angle was kept on the optimal
value (see Table 3). The ground-state energy minimum represents the
reference value.

the single bond 3, and on the corresponding CN groups (see
Figure 3). Except for molecule T4, the excitations from the
lower occupied orbitals (HOMO — 1, HOMO — 2) to the
orbitals LUMO, LUMO + 1, or LUMO + 2 contribute by ca.
10—20% to the lowest energy transitions. These B3LYP orbitals
are localized on the CN group and on the sulfur lone pair
pointing in the xy direction (see Figure 3). We note that the
respective RHF orbitals exhibit the same shape. Both the
occupied and unoccupied orbitals are localized on the CN
groups. Therefore, the CN group is always participating on the
investigated lowest energy transitions predominantly.

3.2. Terthiophenes. 3.2.1. Structure and Torsional Poten-
tials. In comparison to the thiophenes, the studied terthiophenes
exhibit a large number of conformations stemming from the
presence of ring torsion around the 6 and 6" bonds. On the basis
of the previous work of Liu et al.,* we have restricted our
calculations to the trans—trans—syn and cis—cis—syn conforma-
tions which exhibit the lowest total energies. According to the
bond numbering scheme (Figure 1), the optimal dihedral angles
and optimized bond lengths are compiled in Tables 3 and 4.
For the nonsubstituted molecule TT, the B3LYP dihedral angle
between the thiophene rings is 162°, whereas the MP2 method
gives a value of 144°. These data are in accordance with the
latest quantum chemical studies for bithiophene® and ter-
thiophene,’! where the minima were found at torsion angles
between 142° and 152° for the anti conformer and between 33°
and 44° for the syn conformer. Our theoretical results are also
in agreement with available electron diffraction data for the
bithiophene performed in the gas phase at 97—98 °C.? It
showed the coexistence of two conformations with the inter-
ring torsion angles 148° and 36°. Unfortunately, no experimental
data are available for terthiophene in the gas phase. X-ray
diffraction measurements showed that the oligothiophene mol-
ecules are planar in crystals.>® For example, a 6—9° torsion angle
for nonsubstituted terthiophene was observed between the
external and central thiophene rings.>*

Substitutions in various positions have a distinct effect on
the dihedral angles. The trans conformations are more twisted
than the cis structures. Data in Table 3 show that the CN groups
located in the inner parts of the terthiophene units (TTc and
TTd) stabilize the cis conformation over the trans conformation.
This may represent a consequence of the sterical influence of
CN groups on the inner thiophene rings, i.e., the overlap of CN
with the aromatic electron distribution.
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TT:
HOMO = LUMO
(40.6)

TTa:
HOMO = LUMO

TTh:
¥ HOMO — LUMO
(40.7)

TTex
HOMO — LUMO
(39.3)

TTd:
HOMO — LUMO
(40.3)

Figure 5. Plots of the B3LYP/6-31G(d) molecular orbitals significantly
contributing to the lowest energy transition of terthiophenes. Values
in parentheses present percentages of the excitation contributions to
individual transitions.

Comparison of the bonds between the non-hydrogen atoms,
as shown in Table 4, is also quite interesting. The shortest C—C
bonds in TT are located at the ends of the molecule (bonds 2
and 2'). Carbon—sulfur bonds, 5 and 5', are the longest.

CN substitution leads to geometry changes in the terthiophene
species. The 2 (2'), 5 (5"), and 7 (7") bonds are elongated. The
largest elongation was found for the double bond adjacent to
the substituent, e.g., bond 2 in TTa (0.023 A). MP2 gives
slightly longer double bonds and shorter single bonds in
comparison to B3LYP, but the trends in the substituent effect
are analogous. The differences in the BLA values of the
terthiophenes are lower (only 0.01 A) than those found for
thiophenes. This is a well-known behavior of larger aromatic
systems.>> The obtained results indicate that the effect of CN
groups on the terthiophene structure is similar to the investigated
thiophenes.

The electronic ground-state one-dimensional torsional po-
tential of the terthiophenes was calculated using the B3LYP/
6-31G(d) method. In the calculations, the first dihedral angle,

Solc et al.

TABLE 5: Optimum Angles (in deg) and Energy Barriers
(in kcal mol™!) with Respect to the Global Minima for the
Terthiophenes”

energy barriers

molecule conformation opt — opt —  opt —
(method) 0° 180° 90°
TT:
DFT/6-31G(d) trans 1.058 0.072 3.140
MP2/6-31G(d) 1.687 0.734 1.882
HF/6-31G(d,p)® 2.115 0.452 1.864
TTa:
DFT/6-31G(d) trans 0.912 0.036 3.625
MP2/6-31G(d) 1.971 1.086 2.496
TTh:
DFT/6-31G(d) trans 0.941 0.153 2.819
MP2/6-31G(d) 1.884 1.070 2.054
TTe:
DFT/6-31G(d) cis 0.123 0.007 3.444
MP2/6-31G(d) 1.129 0.575 2.380
TTd:
DFT/6-31G(d) cis 0.161 0411 3.213
MP2/6-31G(d) 1.056 0.918 2.086

@ Symbol “opt” indicates the optimal angle 6, from Table 2. » Ref
49.

6, was changed in 10° steps, while the second one, 6,, was
kept on the optimal value (according to the data in Table 3).
The obtained results are shown in Figure 4, and the barriers are
summarized in Table 5. These data show the energy differences
against the optimal geometry (trans conformation of TT, TTa,
TTb and cis conformation of TTe, TTd) on dihedral angle 6.
The computed curves exhibit two minima for nonplanar
structures that correspond to the most stable trans or cis
conformations and two first-order saddle points. The vibrational
frequencies of these specific geometries were also checked using
vibrational analysis. The first-order saddle point (one imaginary
frequency) for the perpendicular arrangement (6 = 90°) shows
the highest energy barrier, whereas the planar structures
represent maxima with the smallest energy barriers. Although
the shapes of the presented torsional curves are comparable,
the MP2 method underestimates (more than 30%) the barrier
at perpendicular geometry. For example, the calculated barrier
for TT is 1.882 kcal mol~! for MP2, whereas for B3LYP it
reaches 3.140 kcal mol~!. The highest torsional barrier is shown
by the o-substituted molecule TTa. On the other hand, the cyano
substitution in the f position (molecule TTh) results in the

TABLE 6: Theoretical Excitation Energies (in eV) and Oscillator Strengths f > 0.01 (in Parentheses) of the First Three
Dominant Electronically Excited States for the Most Stable Conformations of the Terthiophenes

TD-B3LYP/6-31+G(d)

TD-B3LYP/6-31G(d)

TD-B3LYP/3-21G*

molecule trans cis trans cis trans cis experiment

TT 3.23 (0.760) 3.36 (0.722) 3.35(0.799) 3.47 (0.748) 3.47 (0.821) 3.58 (0.763) in toluene: 3.50¢
4.85 (0.084) 4.55(0.019) 4.83 (0.010) 4.67 (0.016) 4.90 (0.015) 4.76 (0.014) in ethanol: 3.53%
5.46 (0.056) 4.72 (0.013) 4.98 (0.068) 4.83 (0.010) 5.09 (0.064) 4.89 (0.010)

TTa 2.96 (1.101) 3.04 (0.982) 3.04 (1.131) 3.11 (0.998) 3.15(1.132) 3.22 (0.999) in toluene: 3.24¢
4.53 (0.051) 3.67 (0.016) 4.60 (0.044) 4.33 (0.046) 4.68 (0.049) 3.82 (0.012) in CH,Cl,: 3.25¢
4.63 (0.014) 4.14 (0.028) 4.68 (0.013) 4.43 (0.034) 4.76 (0.010) 4.43 (0.038)

TTb 3.29 (0.774) 3.39 (0.751) 3.38 (0.806) 3.48 (0.770) 3.49 (0.827) 3.58 (0.784)
4.30 (0.014) 3.88 (0.014) 4.40 (0.017) 4.47 (0.022) 4.54 (0.010) 4.67 (0.023)
4.79 (0.030) 4.37 (0.023) 4.56 (0.010) 4.58 (0.025) 4.65(0.011) 4.85 (0.048)

TTec 2.93 (0.688) 3.02 (0.754) 2.99 (0.694) 3.08 (0.759) 3.10(0.723) 3.19 (0.778) in toluene: 3.27¢
4.16 (0.010) 4.40 (0.043) 4.39 (0.020) 4.46 (0.054) 4.47 (0.032) 4.55 (0.061)
4.45(0.132) 4.49 (0.058) 4.54 (0.125) 4.56 (0.045) 4.69 (0.113) 4.70 (0.041)

TTd 3.071 (0.557) 3.15(0.531) 3.14 (0.566) 3.21 (0.538) 3.25 (0.600) 3.32 (0.566) in toluene: 3.32¢
3.67 (0.044) 3.69 (0.059) 3.72 (0.036) 3.75 (0.046) 4.31 (0.030) 4.30 (0.068)
4.12 (0.047) 4.13 (0.075) 4.19 (0.045) 4.19 (0.079) 4.40 (0.010) 4.50 (0.028)

@Ref 20. b Ref 55. ¢ Ref 22.
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lowest energy barrier. The cyano substitution also influences
the barriers for the planar structures. For example, substitution
on the outer thiophene rings decreases the barrier (by about 16%)
in comparison to TT (see opt — 0° in Table 5). A comparison
of the energy difference between planar and optimal conforma-
tion, recently calculated for the molecule TT at the Hartree—Fock
level,* shows a twice as large value than our B3LYP energy.

3.2.2. Electronic Structure, Optical Properties, and Absorp-
tion Spectra Simulation. The first three dominant vertical
excitation energies for terthiophenes are summarized in Table
6. Generally, cyano substitution leads to a bathochromic energy
shift with the exception of the S-substituted TTh. HOMO—LUMO
transitions contribute dominantly to the first excitation. The
orbitals in Figure 5 show the electron redistribution from double
to single bonds during the excitation. In molecule TTa, with a
CN group in o position, and in molecules TTe and TTd with
CN groups in the inner ring, the HOMO and LUMO orbitals
are also delocalized on the CN groups. In TTb, however, the
CN group does not participate in the excitation. The data
presented in Table 6 indicate the dependence of the excitation
energies on the basis set quality. The 3-21G* basis set provides
around 0.1 eV larger values than the 6-31G(d) basis set.
6-31+G(d) energies are mostly the lowest ones. The cis
conformers always show larger excitation energies for the first
transition. For the second transition, only the nonsubstituted TT
and the o-substituted TTa cis conformers show larger energies
than the trans conformers.

The dependence of the vertical excitation on the ring rotation
around the single bond is quite interesting for the simulations
of the absorption bands. On the basis of the geometries obtained
from the B3LYP/6-31G(d) optimization, where the first dihedral
angle, 0, was changed (in 10° steps) and the second one, 05,
was kept on the optimal value as shown in Table 3, the lowest
excitation energies were calculated. As it can be seen in Figure
6, the minima occur for the planar orientations, whereas the
maxima were found for the perpendicular structures. Although
the absolute values of excitation energies depend on the basis
set quality, the differences between the excitation energies for
the planar and perpendicular structures of the studied molecules
remain constant. The smallest difference, 0.54 eV, exhibits
molecule TTd, whereas the largest difference (0.80 eV) shows
molecule TTh. The differences of 0.64, 0.65, and 0.68 eV were
found for molecules TTa, TT, and TTe, respectively.

To understand the relationship between the structure and
optical properties of the studied terthiophenes, the electron
absorption spectra were simulated using HOA distribution. The
resulting spectra are shown in Figure 7, together with the
experimental spectrum of TT. Simulated bands in the HOA are
shifted to lower energies (ca. 0.1 eV). Theoretical bands show
three main peaks stemming from the vibrational flexibility of
the torsion in the region from 2.8 to 3.8 eV. Our simulations
also indicate that the relative intensities depend on the CN
substitutions. In the case of molecule TT, the first peak has a
lower intensity than the second and third ones. This is in
agreement with the experimental observation (see the inset in
Figure 7).% Tt seems that o substitution raises the intensity of
the first peak, whereas substitution in the inner ring decreases
the intensity of the first and third peaks. The structured shape
and the shoulder appearing at longer wavelengths of the
experimental absorption spectrum were also observed by
Demanze et al.” for molecule TTa. The intensity of the shoulder
appearing at the lowest energies (long wavelengths) decreases
if CN groups are located at the inner /3 positions (TTc or TTd).
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Figure 6. Dependence of the lowest excitation energy of the studied
terthiophenes on the torsion of one thiophene ring based on the ground-
state potential curves in Figure 4. The energies were calculated at the
TD-B3LYP level of theory in three basis sets.

1.0

06

3.0 45 50

35 4.0
Energy (V)

04

Normalized Intensity

02

00

Energy (eV)

Figure 7. Simulated TD-DFT/3-21G* theoretical electron absorption
spectra of terthiophenes based on the HOA distribution. Inset:
Experimental absorption spectrum for TT (ref 55).

4. Conclusions

In this paper, electronic ground-state geometries for the
selected cyano derivatives of thiophenes and terthiophenes were
optimized using DFT and MP2 methods. These calculations
helped to quantify the aromaticity perturbation induced by the
cyano substitution. Generally, the substitutions lead to a decrease
of the BLA in comparison to the nonsubstituted molecules T
and TT. In the case of the terthiophenes, CN groups located in
the central part of the molecule cause the preference of the
cis—cis instead of the trans—trans conformation. The investiga-
tion of the B3LYP energy dependence on the torsion angle of
the aromatic ring shows the highest barrier for the perpendicular
arrangement for the a-substituted molecule TTa. On the other
hand, the cyano substitution in the f position resulted in the
lowest energy barrier for molecule TTh. The obtained values
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of dipole moments are in accordance with the expected additivity
of the CN group contributions to the dipole moment.

CN groups in o and f positions have distinct effects on
excitation energies. The calculations based on the TD-DFT
approach showed that compared to nonsubstituted species, a
CN group located in the o position causes a larger bathochromic
shift than a CN group in the 8 position. Furthermore, a CN
group in the § position gives rise to the narrowing of the energy
range between the first three absorption bands. The nonequiva-
lent sensitivity of the vertical excitation energies on the ring
rotation around the single bond for the studied terthiophenes is
also reflected in simulated absorption spectra. These simulations
were based on the HOA distribution, and they indicated that a
CN group in the S position has low influence on the position
of the first absorption maximum. However, the shoulder intensity
is changed. This is in agreement with the available experimental
data.
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