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Abstract The unusual properties of thiophene-fused
benzocarborane have attracted a lot of interest in recent years
due to their wide applications in photonics and optoelectronics.
In the present work, nine molecules [M, N] (M, N are labeled
as the number of thiophene rings on the left and right part,
respectively) on the basis of thiophene-fused benzocarborane
were considered. The first hyperpolarizability (3,.) values of
three synthesized symmetric molecules [1, 1], [2, 2], [3, 3]
(M=N, Chem. Eur. J 2012. 18, 11251-11257) and six asym-
metric molecules [1, 2], [1, 3], [1, 4], [1, 5], [2, 3], [2, 4]
(M#N) were investigated, [, values of symmetric molecules
show the order: 39 of [1, 1]< 800 of [2, 2]< 903 au of [3, 3],
which indicate that (3, value increases with increasing the
number of thiophene ring for symmetric molecules. The
other order of [, values can be observed: 39 of [1, 1]<
800 of [1, 2]< 3553 of [1, 3]< 7998 of [1, 4]< 13049 au of
[1, 5] and 66 of [2, 2]< 3240 of [2, 3]< 8029 au of [2, 4].
Interestingly, when sum of M and N is constant, larger
difference between M and N is, larger [, value is: 800
au of [2, 2]< 3553 au of [1, 3]; 3240 au of [2, 3] < 7998
au of [1, 4]; 903 au of [3, 3]< 8029 au of [2, 4]< 13049 au
of [1, 5]. Significantly, [1, 5] with six thiophene rings has
the largest (3, value (13049 au) which is greatly larger
than 903 au of [3, 3] with six thiophene rings. Furthermore,
the natural bond orbital (NBO) charge populations, the
nucleus-independent chemical shift (NICS), the bond length
alternation (BLA) of the nine molecules and crucial transition
were studied in our work. We hope that the present work will
be beneficial for future theoretical and experimental studies on
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Introduction

Due to enormous need of nonlinear optical (NLO) materials
for the potential applications in the fields of photonics and
optoelectronics [1-6], the prediction and understanding of
hyperpolarizabilities of molecules have received increasing
attention. So far, there are inorganic [7, 8] and organic NLO
materials [9, 10], the organic materials are of major interest
because of their low dielectric constants, fast time responses
and high laser damage thresholds [11]. At the same time,
many strategies based on organic materials have been pro-
posed to enhance the NLO response, such as the introduc-
tion of accepter/donor groups [2], the use of molecules with
extended 7t-electron systems [3], twisted 7-electron systems
[12, 13], the planar donor-rt-conjugated bridge-acceptor
(D-7-A) [14], enhanced push-pull effects [15] and bond
length alternation (BLA) [16].

Carboranes are a class of polyhedral boron cluster com-
pounds containing two carbon atoms in the cluster cage. It has
three-center two-electron bonds as well as three dimensionally
conjugated electrons that confer high chemical and thermal
stability [17, 18]. As a result of these special properties, some
carborane compounds and their derivatives have been synthe-
sized and reported. For example, Tour and co-workers
exploited the highly symmetric structural features of
carborane by employing it as a wheel [19, 20]. Yamamoto
and co-workers synthesized carborane-fullerence by taking
advantage of the strong electron-withdrawing character of
carborane [21, 22]. In addition, our group have reported
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Chart 1 Structure of elevation and side elevation in [1, 1]

theoretical investigation on two-dimensional molecule-based
second-order nonlinear optical materials of the disubstituted
o-carborane derivatives as well as the electronic structures and
the second-order nonlinear optics properties of the o-carborane
derivatives and elucidated structure—property relationships [23].
Recently, Morisaki has synthesized the thiophene-fushed
benzocarborane and its derivatives, as well as discussed its
potential use as a building block for various o-carborane-
based 7-conjugated molecules, such as its crystal structure
revealed high coplanarity and non-aromaticity for the center
Ce ring moiety, the facile transformation of benzocarano
dithiophene enables us to prepare various 7-conjugated oligo-
mers and polymers [24]. However, the nonlinear optical prop-
erties of thiophene-fushed benzocarborane molecules have
scarcely been reported. What the differences of the static first
hyperpolarizabilities between the symmetric and asymmetric
configuration? Can molecules with two different configurations
be considered as potential NLO materials candidates?

In this work, nine molecules [M, N] (M, N are labeled as the
number of thiophene rings on the left and right part, respective-
ly) on the basis of thiophene-fused benzocarborane were con-
sidered. Three symmetric molecules [1, 1] (see Chart 1), [2, 2]
and [3, 3] were synthesized by experiment [24], and other six
asymmetric molecules [1, 2], [1, 3], [1, 4], [1, 5], [2, 3], [2, 4]
were designed as shown in Fig. 1. Our investigation mainly
focused on the static first hyperpolarizability, the structures,
natural bond orbital (NBO) charge populations, the nucleus-
independent chemical shift (NICS) and the bond length alter-
nation (BLA).

Computational details

According to previously reported investigations, the density
functional theory (DFT) method B3LYP has been widely
used to optimize the geometries of molecules such as
carboranes [24]. In addition, our results show that the opti-
mized structure obtained by the B3LYP method is very
similar to experimental results. Therefore, in the present
work, optimized geometries with all real frequencies were
obtained at the B3LYP/6-31G** level.

Choosing a proper method to calculate the (hyper) polar-
izability of a system is crucial. The MP2 method is more
reliable in calculating (hyper) polarizability, but it is quite
costly for large computional costs. The B3LYP method has
been reported to overestimate the (hyper) polarizabilities for
some large systems [25]. Fortunately, Champagne et al.,
have indicated the BHandHLYP method, which is suitable
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Fig. 2 The lable of dihedral angles

for the calculation of the moderate part [26]. Furthermore,
Nakano and co-workers pointed out that for a medium-size
system, the BHandHLYP method can also reproduce the
(hyper)polarizability values from the more sophisticated
CCSD(T) method [27]. Obviously, the BHandHLYP meth-
od is a good compromise between the quality and efficiency
of hyperpolarizability computations. So in this work, the
BHandHLYP method was used to explore the dependence
of the first hyperpolarizability (3,,), the NBO charge and
the most important transitions were calculated at the
BHandHLYP/6-31+G*.
The polarizability was defined as follows:

1

:g(axx+0‘yy+o‘ﬂ)' (1)

%y
The first hyperpolarizability was obtained as
2 2 2\ /2
6tot: (IBX—’_IBy—’_ﬂz) ’ (2)
where

Bi = Bii + Bij + Biks 1, k =X, y, 2. 3)

All the calculations were performed using the Gaussian
09W program package [28].

Results and discussion
Geometrical parameters

In the present work, the nine molecules are shown in Fig. 1,
in which M is the number of thiophene rings on the left part
and N is the number of thiophene rings on the right part. For
example, the molecule with 1 thiophene ring on the left part
and 3 thiophene rings on the right part is labeled as [1, 3].
The number of carbone atoms in center Cq ring are shown in
Fig. 2. Some important parameters of the nine molecules
with all real frequencies are shown in Table 1. As one can
see from Table 1, the C—C bond lengths of the center Cg ring
are found to be 1.486(C1-C2), 1.386(C2—-C3), 1.438(C3-C4),
1.386(C4-C5), 1.4869(C5-C6), 1.656(C6—C1), which are
very close to the experimental value of 1.494(C1-C2),
1.351(C2—-C3), 1.419(C3-C4), 1.376(C4-C5), 1.483(C5-C6),
1.634(C6-C1). These results show that our computational
method used in this work is reasonable. The dihedral angles
S-C-C-S of nine molecules are shown in Fig. 2, and the data are
listed in Table 2, the results show that there are slightly rotation
around the C—C bonds of the thiophenes.

Significantly, the bond length alternation (BLA) is a
critical geometrical parameter for a molecules with single
and double bonds that governs the amplitude of the NLO
responses as it indicates the extent of the delocalization.
From Table 1, if we consider the order of [1, 1] > [1,
21> [1,3]1>1[1,4]>[1,5]>[2, 2] > [2, 3] > [2, 4] >
[3, 3], the BLA value nearly shows the decreased trend.
Generally speaking, the smaller BLA value can show
better conjugation property which may lead to larger
first hyperpolarizability. Does [3, 3] show the largest
first hyperpolarizability due to its smallest BLA among
these nine molecules?

Static first hyperpolarizabilities

The static first hyperpolarizabilities of the nine molecules are
listed in Table 3. It is worth noting that for asymmetric
molecules, the major contribution to (i is Oy, while the
greatest contribution to the 3 is B, for symmetric molecules.

Table 1 Geometrical parame-

ters and the bond length alterna- ~ Bond [1, 1] [1,2] [1,3] [L4] [L,5] [2,2] [23] 2,4] [3,3]
tion (BLA)

C1-C2  1.486(1.494%) 1486 1485 1485 1485 1486 1486 1486  1.486

C2-C3  1386(1.351) 1387 1388 1388 1388 1389 138 1389  1.390

C3-C4  1.438(1.419) 1434 1434 1433 1433 1431 1430 1430  1.429
*For experimental data see ref C4-C5  1.386(1.376) 1387 1387 1387 1387 1388 1389 1389  1.389
[24] C5-C6  1.486(1.483) 1486 1468 1487 1486 1486 1486 1486  1.486
°For the bond length alternation ~ C6-C1  1.656(1.634)  1.656  1.655  1.656  1.656 1656  1.656  1.656  1.656
is calculated between the C2-C4 B AP 0.052 0.047  0.046  0.045 0.045 0.042  0.041  0.041  0.039

atoms
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Table 2 The dihedral angles

(degree) S-C-C-S (SCCS) of SCCS(left2)  SCCS(leftl)  SCCS(rightl)  SCCS(right2)  SCCS(right3)  SCCS(right4)
nine molecules

(1, 1]

[1, 2] 18

[1, 3] 12 17

[1, 4] 11 14 18

[1, 5] 9 15 13 18

[2,2] 17 17

[2, 3] 16 15 17

[2, 4] 17 16 16 17

3,31 17 11 11 17

From Table 3, the result show that the (3, values for
symmetric molecules increase with increasing the number of
thiophene rings: 39 au of [1, 1]< 66 au of [2, 2]< 903 au of [3,
3], and the orders of B, values are: 39 of [1, 1]< 800 of [1, 2]<
3553 of [1, 3]< 7998 of [1, 4]< 13049 au of [1, 5] and 66 of [2,
21< 3240 of [2, 3]< 8029 au of [2, 4]. On the other hand, for
molecules with same number of thiophene rings (sum of M
and N is constant), larger difference between M and N is,
larger B values is: 800 au of [2, 2]< 3553 au of [1, 3]; 3240
auof [2,3] <7998 au of [1, 4]; 903 au of [3, 3]< 8029 au of [2,
41< 13049 au of [ 1, 5] (See Fig. 3). Significantly, the [3, 3], [2,
4] and [1, 5] with six thiophene rings are choosen as
example, we found that asymmetric [1, 5] has the larg-
est (¢ values to be 13049 au, which is larger than
8029 au of [2, 4], especilally greatly larger than 903
au of symmetric [3, 3]. Otherwise, the largest of [
values of [1, 5] (13049 au) is similar to 1 (encapsulat-
ing LiCNLi from the B-rich edge of BNNT) (17742
au) [29], but larger than the prototypical second-order
NLO molecule of p-nitroaniline (1679 au) [30].

The nucleus independent chemical shift (NICS), NBO
charge population and crucial transition energy (AE)

In general, for conjugated cyclic molecules, the aroma-
ticity is a very important property. However, aromaticity
cannot be measured directly by experiment. Luckily,
some valuable papers show that the nucleus independent
chemical shift (NICS) has a strong correlation with aro-
maticity, which can be calculated by theoretical methods
[31, 32]. To obtain further insight into the aromaticity,
the NICS values were calculated at the BHandHLYP/6-

31+G*. As shown in Table 4, the NICS values of the
nine molecules are similar, which indicates that increas-
ing the number of thiophene rings has little influence on
the NICS values.

Furthermore, the detailed NBO charge population are
shown in Table 4 and the NBO charge of thiophene rings
on the left labeled as ¢, the right part labeled as ¢,, the
part of carborane labeled as ¢; (see Fig. 4). Would the
symmetric and asymmetric configuration influence on the
NBO charges? From the results, we can find that increas-
ing or decreasing the number of thiophene rings little
influence on NBO charges. As one can see, the ¢3 of [1,
1] is —0.170, and that of [1, 5] is —0.167. Interestingly,
the NBO values of symmetric configuration change little
compared with those of asymmetric configuration. For
example, when the total number of thiophene rings is
6, the g5 of [3, 3], [2, 4] and [1, 5] are —0.168, —0.166
and —0.167, respectively. And, for the symmetric config-
uration, the NBO charge of ¢, and ¢, are almost the
same: [1, 1] is 0.85, [2, 2] is 0.81, [3, 3] is 0.84, in
other words, the symmetry/asymmetry of configuration
little influence on the NBO charge.

To gain an understanding of the origin of 3, values, the
oscillator strength (fp) and transition energy (AE) were cal-
culated by BHandHLYP/6-31+G*. According to two-level
model [33-35], f, is proportional to the first hyperpolarizability
and the third power of AF is inversely proportional to the first
hyperpolarizability. As shown in Table 4, for nine molecules,
the order of (AFE) values is 6.094 eV of [1, 1]> 5.365 of [2, 2]>
5.289 of [3, 3]> 3.394 of [1, 2]> 3.032 of [1, 3]> 2.813 of [2,
31> 2.811 of [1, 4]> 2.677 of [2, 4]> 2.666 of [1, 5]. It is
obvious that the order of AFE values is opposite to that of S,

Table 3 The first

hyperpolarizabilities [, (au) of (1, 1] [1,2] (1, 3] [1, 4] (1, 5] [2,2] [2,3] [2,4] [3,3]
nine molecules
By 1 796 3461 7676 12,776 —0.1 3214 7930 0.2
By -39 82 769 1852 2641 —66 410 1223 903
B- 0.8 —-12 245 —-157 —286 -7 54 288 -0
Brot 39 800 3553 7998 13049 66 3240 8029 903
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Fig. 3 The structure and first Prot (au)
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Table 4 Natural bond orbital (NBO) charges, the nucleus independent chemical shift (NICS), oscillator strength (f;) and transition energy AE (eV)

(L, 1] [1,2] [1,3] (1, 4] [1,5] [2,2] [2,3] (2, 4] [3,3]
q 0.085 0.084 0.082 0.082 0.083 0.081 0.081 0.082 0.084
q> 0.085 0.085 0.086 0.086 0.084 0.081 0.083 0.084 0.084
qs —0.170 —0.169 —0.168 —0.168 —0.167 —0.162 —0.164 —0.166 —0.168
NICS(0) -1.2(-1.2% -1.5 -1.6 -1.8 -1.5 -1.7 -1.8 —2.1 —2.0
fo 0.284 0.670 1.128 1.581 2.014 0.363 1.408 1.841 0.324
AE 6.094 3.394 3.032 2.812 2.666 5.365 2.813 2.677 5.289
?For experimental data see ref [24]
values, which is in accordance with the two-level expression.
Thus, the variation of [, for the nine molecules can be
explained by AE.
As mentioned above, [3, 3] should show larger first
i hyperpolarizability due to smaller BLA. However, the
J _ J . .‘ _ 9 Brot Of [3, 3] is only 903 au, which is far less than that
¢ : ) VOGO (* of [1, 5]. It indicates that the influence of BLA on [
n_ i ¥ & “q

Fig. 4 The definition of NBO charges

is smaller than that of asymmetric configuration on (.
Thus, asymmetric configuration is favorable to obtain
larger first hyperpolarizability.

Conclusions

In this work, on the basis of three symmetric molecules ([1,
1], [2, 2] and [3, 3]) synthesized by the experiment, we
theoretically designed six asymmetric molecules to investi-
gate effect of asymmetric configuration and symmetric con-
figuration on the static first hyperpolarizability. Our results
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show that when M=N, the 3, values were increased with
increasing of M. Interestingly, we found that when the sum
of M and N is constant, the larger the difference between M
and N, the larger the 3, value. Especially, when the total
number of thiophene rings is 4, G, (3553 au) of the asym-
metric configuration [1, 3] is 54 times larger than that
(66 au) of the symmetric configuration [2, 2]. Significantly,
the order of AE values is opposite to that of 3y values, which
is in accordance with the two-level expression. This work may
encourage a greater focus on designing new thiophene-fused
benzocarborane with large NLO responses. And, it is our
expectation that this work may have potential to advance the
development of new types of NLO materials based on mole-
cules of thiophene-fused benzocarborane.
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