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Semiempirical molecular orbital calculations of 2-(4-dicyanomethylenecyclohexa-2,5-dienyli-
dene)-4,5-ethylenedithio-1,3-dithiole and its analogues, as test molecules towards a highly ampho-
teric and polar molecule (HAPM) designed on the basis of combination of electron-donating and
accepting molecular segments with a pseudo-delocalized electron system were carried out to estimate
several molecular parameters, in particular, those regarding the second-order optical nonlinearity, in
order to examine a difference between the proposed molecular design and the conventional one for
the "push-pull’ type of molecules. Large values of the first molecular hyperpolarizability are obtained
for the present molecules, however, it is turned out that the trade-off relation between hyperpolariza-
bility and transparency of a material is also concerned with these materials. This indicates that the
proposed molecular design toward HAPM is unique and can be useful to bring about novel materials
with remarkable properties.

Keywords: amphoteric molecule, intramolecular charge transfer, electronic delocalization,
hyperpolarizability, second harmonic generation

1. INTRODUCTION

Aiming at a highly amphoteric and polar molecule (HAPM) which could enable
us to assemble novel organic solid-state structures, a molecular design by com-
bining electron-donating and accepting moiecular segments with a pseudo-delo-
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calized electron system has recently been proposed.[”*[zl Such a molecule is
different in principle from the conventional "push-pull’ type of molecules which
have widely been studied in search of efficient organic nonlinear optical materi-
als, B0 jp particular, the second harmonic generators. This is because our
design lays stress on a moderately high degree of electron delocalization on the
binding unit between two segments in different electronic nature, which corre-
sponds to a moderately high degree of intramolecular charge transfer between
them. Further, the resulting approximate maintenance of their nature for the
respective segments open to distinctive manners of intermolecular charge trans-
fer interactions can be expected to lead to characteristic forms of molecular
aggregation, in accordance with a balance between intramolecular and intermo-
lecular charge transfer interactions, tempting notable electronic properties in the
solid state.

On the other hand, both electronic and steric factors are important for the
design of HAPM. The former consists chiefly of a moderately high degree of
intramolecular charge transfer between donor and acceptor segments though a
proper binding unit, and, moreover, the latter contains planarity and right length
of a molecule appropriate for molecular stacking and multicentered interactions
in the aggregated forms, respectively.

With bearing in mind these factors which are necessary to realize various
molecular packing manners in the solid state, four molecules shown in Figure 1,
each comprised by a (substituted) 1,3-dithiolene group as a donor segment, a
dicyanomethylene group as an acceptor segment and a quinoid structure (of dif-
ferent number of repeating units) as a linker, were employed in our recent study
on HAPM.[?! Among them 2-(4-dicyanomethylenecyclohexa-2,5-dienyli-
dene)-4,5-ethylenedithio-1,3-dithiole 2 has closely been studied as a test mole-
cule for HAPM, while 2-(4-dicyanomethylenecyclohexa-2,5-dienylidene)-1,3-
dithiole 1, synthesized previously by Gompper et al.l®) with taking notice of
intramolecular charge transfer in an isolated molecule in terms of physical
organic chemistry, can be regarded as a prototype one.

This kind of molecules appear to be indistinguishable from the conventional
push-pull type of molecules, since the difference in bonding nature of the binding
units may be estimated little on account of apparently common conjugation
structures drawn for the respective molecules. It could therefore be worth while
examining also molecular parameters relating to nonlinear optical properties for
several test molecules of HAPM, when we accept that they can be grouped into
the push-pull type of molecules at any rate and try to capture their characteristics
to the full.

In the present work we have evaluated such molecular parameters for the four
molecules above on the basis of semiempirical molecular orbital (MO) calcula-
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FIGURE 1| Structures of test molecules towards HAPM: 2-(4-dicyanomethylenecyclohexa-2,5-
dienylidene)-1,3-dithiole, 1; 2-(4-dicyanomethylenecyciohexa-2,5-dienylidene)-4,5-ethylenedithio-
1.3-dithiole, 2; extended analogues of 2 with diphenoquinoid and triphenoquinoid linkers, 3 and 4,
respectively

tions. The obtained results will be discussed in comparison with the correspond-
ing parameters of a few push-pull type of molecules and zwitterionic compounds
such as pyridinium 1,3-dioxo-2-indanylide.

2. MO CALCULATIONS

In order to calculate molecular geometries and molecular parameters for the four
compounds shown in Figure 1 semiempirical MO methods,!"V® that is, the
AMI1 and ZINDOY/S approaches on the HyperChem program in the version of
R4.5 were employed. The AM1 method was applied for the molecular geometry
optimization. On the other hand, molecular parameters were calculated using the
ZINDOY/S method which is parametrized particularly to reproduce optical transi-
tions but is known as the method being not necessarily useful for molecular
geometry optimization.!”)

3. RESULTS AND DISCUSSION

3.1. Molecular Geometry and Charge Distribution

The geometry optimization calculations of 2 to 4 yielded two stable structures
with different conformations of the ethylenedithio group as predicted. The
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molecular structure with its staggered conformation (e.g., the molecular total
energy Ep=-13231.5kJ mol™! in the case of 2) is more stable than that with its
eclipsed one (e.g., Er =—13220.6 kJ mol~! in the same case). The former molec-
ular conformation has therefore been applied for further calculations of the three
molecules. These molecules are completely flat with neglecting ethylenedithio
groups at their ends as is their simplest analogue 1, so that the symmetry axis
coinciding with the long one can be defined as the x axis for those four mole-
cules.

It has been turned out that geometrical structures around hexagonal carbon
rings in optimized geometries for the four molecules are characterized by an
obvious quinonoid structure. For example, the lengths for two pairs of C-C single
bonds inside the ring (1.445 and 1.450 A) and those for three kinds of C=C dou-
ble bonds (1.352, 1.371 and 1.372 A) in the case of 2 are typical for the bonds in
a quinoid structure!?): e.g., 1.446 A for each C-C bond inside the ring and 1.352
and 1.374 A for C=C bonds inside and outside the ring, respectively, in the case
of 7,7.8,8-tetracyano-p-quinodimethane (TCNQ).IQ] Such a molecular structure
characterized by the efficiently planar n-electron system comprising a dithiole
ring, a quinonoid structure and a dicyanomethylene group could be supported by
a molecular structure of 2-(4-dicyanomethylenecyclohexa-2,5-dienyli-
dene)-4,5-bis(methylthio)-1,3-dithiole, which is a ring-opened analogue of 2,
preliminarily determined from its crystal structure analysis.!!!

Such characteristics in the molecular structure result in a fairly high degree of
intramolecular charge transfer as revealed by the notably asymmetric atomic
charge distribution calculated using the AM1 method: in the case of 2, for exam-
ple, +0.17 e and +0.10 e charges are distributed mainly over the ethylenedithio-
lene and quinonoid fragments of the molecule, respectively, and —0.27 e charges
on the small acceptor fragment of dicyanomethylene,[2J where e is the elemen-
tary charge. These results indicate that the donor and acceptor segments in a mol-
ecule are linked with each other with their original electronic characteristics
preserved mostly as aimed in the molecular design.

3.2. Nonlinear Optical Parameters

The test molecules of HAPM above have not been designed toward nonlinear
optical materials, however, it will be useful to examine also their nonlinear opti-
cal parameters because of their push-pull nature which seems to be in line with a
principle to develop organic nonlinear-optical materials. Thus, several physical
quantities concerning nonlinear optics, in particular second harmonic generation
(SHG), have been calculated for each compound.
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It is widely known that the first hyperpolarizability p of a molecule is a key
parameter to SHG characteristics of its aggregate at the molecular level. In the
case of a push-pull type of molecule the intramolecular charge transfer contrib-
utes predominantly to the 3 value. On the basis of the two-level model in which
only one excited state of the largest contribution to the optical process is taken
into account, P is expressed by the following equation:[l 1

8= _(67T2/h2)(ﬂe - Ng)M2weg2/(Weg2 - "~"2)(Weg2 - 4w2)7 (1)

where h, [, pg, M, @, and o are the Planck constant, dipole moment in the
excited state, dipole moment in the ground state, transition dipole moment, circu-
lar frequency for the lowest excitation and circular frequency of light, respec-
tively. First, the four molecular parameters in the right side of equation (1) were
calculated using the ZINDO/S method and are listed together with the value of
Ap=p e~y and oscillator strength f in Table 1, where Mg values obtained by
the AM1 method are also shown for comparison.

TABLE 1 Dipole moments in the ground and the first excited states, their difference, circular
frequency and wavelength for the lowest excitation, oscillator strength and transition dipole moment,
calculated for each compound from 1 to 4

Compound u,/D /D Au/D w7100 A /nm f M/D
8 e eg ey

1 13.65 16.76 3.1 4.78 394 1.63 11.7
9.25

2 14.57 20.35 5.78 4.63 406 1.64 11.9
11.44

3 20.42 20.90 0.48 3.60 523 2.86 17.8
15.40

4 28.03 21.77 -6.26 2.88 653 4.21 242
20.64

Hg and peare obtained to be the same values as their components along the molecular x axis (1 D =
3.33564 x 10720 C m). ftalic values for Mg, calculated using the AM1 method, are shown for com-

parison. Ap = p — .

3.2.1. Molecular electric dipole moments

The calculated results by the ZINDO/S method have demonstrated that both p,
and p, coincide with their components along the x axis as the molecular long
axis. The p, value of each molecule is considered to be large, and, on the other
hand, the behavior of the i, value seems to be rather unique. In the case of 1 and
2 p, increases considerably from p, via the electronic excitation, which indicates
that the intramolecular charge-transfer (CT) interaction from the donor segment
to the acceptor one in these molecules is enhanced by the excitation. However,
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the u value of 3 is apparently common for the ground and excited states; further,
the longest analogue 4 shows a p value in the first excited state much smaller
than that in the ground state, These results can be understood by considering that
not only intramolecular CT interaction but also local excitation contribute to the
electronic transition in the above molecules. This indicates that a pseudo-delocal-
ized electron system is realized by quinoid structures between electron-donating
and accepting molecular segments as expected in the molecular design.

PDI

_ O
/—\ +(CHz)usCHa
O L

C17PDI

FIGURE 2 Molecular structures of pyridinium 1,3-dioxo-2-indanylide (PDI) and pyridinium
1,3-dioxo-5-heptadecyl-2-indanylide (C17PDI)

It is widely accepted that a large Ap value in contrast to a small p, value is
expected for a molecule of high SHG activity; small p, is considered to be
advantageous to the formation of non-centrosymmetric crystals. For example, in
the case of p-nitroaniline (p-NA), which is known as one of the typical push-pull
type molecules showing SHG activity at least at the early stage of the research
field, its p, and Ap values are 6.8 D2l (1 D = 3.33564 x 107 C m) and 12.3
p,Hi respectively; u,= 19.1 D is derived in consistency with them. The p,, value
is smaller than halves of those for 1 and 2, which seems to be a reason why orien-
tational molecular ordering due to dipole-dipole interactions is practically sup-
pressed in the process of crystallization of p-NA. On the other hand, the u, value
is similar to those for the two compounds, and Ap becomes much larger than
those of them as a result.

Further, the dipole moments in Table I are compared with those of pyridinium
1,3-dioxo-2-indanylide (PDI);“” this is a zwitterionic compound and its deriva-
tive compound, pyridinium 1,3-dioxo-5-heptadecyl-2-indanylide (C17PDI),
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shows SHG activity in its Z-type Langmuir-Blodgett film."*! (The molecular
structures of PDI and C17PDI are shown in Figure 2.) The pg and p, values are
experimentally determined to be 4.5 D and -5.1 D, respectively,ll3] then Ap
comes to —9.6 D. A small i, and a large Ap (in absolute value) can be claimed to
be common with the respective values of p-NA in comparison with those of 1
and 2, though the sign of Ap is different from p-NA to PDI. These results suggest
that the present compounds may have difficulties in forming non-centrosymmet-
ric crystals because of large py values. Besides, a preliminary calculation indi-
cates that the p, value increases from 4.5 D to 17.8 D when a p-phenylene group
is inserted between pyridinium and 1,3-dioxo-2-indanylide of a PDI mole-

cule. 13!

3.2.2. Molecular parameters connected with electronic excitation

The right side of equation (1) includes two molecular parameters directly con-
nected with electronic excitation, that is, 0., and M. The former can be con-
verted from A, by the relation: (A, = 21cq, where cg is the speed of light in
vacuum.

First, the @, values in Table I are compared with those of p-NA and PD], that
is, 5.80 x 101 5! (heg =325 nml'2)) and 4.40 x 10" 57 (A, = 428 nm!13)),
respectively. It is notable that p-NA shows a o, value much larger than those of
the other compounds, which are settled down in the visible light region, with a
notable bathochromic shift from 2 to 4. Further, it has been claimed that the max-
imum absorption wavelength of 2 in a liquid solution (A, & 670 nm) is
observed to be rather longer than the calculated value, with such a difference
unexplained exactly.!?! As it is confirmed that the solubility of 2 in most organic
solvents is rather low, its ring-opened analogue, 2-(4-dicyanomethylenecy-
clohexa-2,5-dienylidene)-4,5-bis(methylthio)-1,3-dithiole, has preliminarily
been synthesized and examined for spectral shifts of its electronic spectra in sev-
eral liquid solvents with different relative permittivity €, ranging from 2.10 (for
1,4-dioxane) to 46.7 (for dimethyl suifoxide) at room temperature.' 10) For these
solvents the spectral shift of 12 nm at most was observed at around 650 nm in
wavelength, which fairly corresponds to the above behaviors in dipole moments
listed in Table I. With taking account of those behaviors, each compound in
Table I appears, therefore, to bear a well-known trade-off relation between non-
linear optical characteristics and transparency of a material,[®! as a counter to the
recognized amphotericity. (2]

The oscillator strength f and the transition dipole moment A, the correlation of
which are expressed by the equation of f = (41tme/3he2 )wegMz, are large enough
to be noted for the compounds listed in Table 1, where m, and e are the rest mass
of electron and the elementary charge, respectively. The M value calculated for
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PDI1, -134 D,[131 which gives f=1.97 on the basis of the above equation,
appears to be almost similar in magnitude to their values except for that of the
longest analogue 4; the derived f value is much larger than the experimental
value of 0.29.!"3] This kind of difference between calculated and experimental f
values is also pointed out in the case of 2: the former is 1.64 and the latter is 0.75
which is stiil large.[2J Such a large f value is considered to reflect characteristic
electron delocalization involving the intramolecular charge transfer in those mol-
ecules.

3.2.3. Polarizabilities and the first hyperpolarizabilities

To check the optical nonlinearity of the test molecules toward HAPM more
directly, with bearing in mind that there is a common nature in molecular designs
for organic nonlinear-optical materials of the 'push-pull’ type and HAPM, values
of molecular polarizability o and the first hyperpolarizability B were also calcu-
lated, as shown in Table I1.

TABLE I1 Molecular pola izabilities along the x, v, z axes of the molecule, mean polarizabilities, the
three largest first molecular hyperpolarizability components and the first molecular
hyperpolatizabilities projected onto the molecular x axis, calculated using the AM1 method for the
compounds 1 to 4

Compound Oye oy o, <o> Beer Bryy Bz B,
1 1644 480 8.0 73.6 -71.9 -5.7 0.4 —46.3
2 2139 632 14.1 97.2 -1122 -122 0.8 -74.1
3 4748 761 16.9 189.5 —482.3 -23.5 1.3 -302.7
4 961.0  90.0 19.2 3573 —-1583.7 -44.6 2.1 —975.7

Oy Oy O, a0d <> are in 107%% esu (1 esu = 1.11265 x 107'° J~! C? m?) and B Bryy Byzzand
B, arein 100 esu (1 esu = 3.71140 x 1072 ]2 C3 m?). "

The largest component of the molecular polarizability of each molecule is
obtained along the x axis as the molecular long axis, on the other hand, the small-
est one perpendicular to the molecular plane. The obtained values are rather large
in comparison with the corresponding values for, e.g., anthracene!'®l as a typical
n-conjugated molecule, that is, o, = 40.0 x 10 2%esu (1 esu = 1.11265 x 1071
171 C? m? for molecular polarizability), o, =23.4 x 1074 esu, o, =145 %
1024 esu and <o> = 26.0 x 10724 esu, where <a > = (173) (o, + o+ o). Itis
also notable that <a > of p-NA is 14.3 x 10724 esu,"'7) which is obtained by ab
initio calculation, and is much smaller than those of the four compounds in
Table II.

The first molecular hyperpolarizability projected onto the molecular i axis, B
with i =x, y and z, can be calculated by the following formula: B= (3/5)
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(Bixx + Biyy+ Bizp), where x and y denote the long and short molecular axes,
respectively, and z axis perpendicular to the molecular plane. The obtained B,
and f,values are practically equal to zero, which means that the 3; value stands
practically along the molecular long axis, that is, B;= p,. Such a directivity is in
good agreement with that in the electric dipole moment, as described above.
These characteristics could be common in quasi-one dimensional molecules of
"push-pull’ nature to be feasible to the application in nonlinear optics.[lg]

To recognize sizableness of the first molecular hyperpolarizabilities for 2 and
its extended analogues, the (static) values of B = (sz + By2 + Bzz)l/ 2 calculated
for other dipolar compounds showing notable optical nonlinearities are com-
pared as follows: B =12.0 x 10720 esu (1 esu = 3.71140 x 1072! 172 C3 m? for
the first hyperpolarizability) for p-NA and 43.4 x 1079 esu for 4-(dimethyl-
amino)-4’-nitrostilbene (DAN, S).[ 197 On the other hand, the calculated and exper-
imental § values of PDI are reported to be 138.8 x 10730 esu and 138 x 10730
esu, respectively.“‘” In addition, the following empirical formula which corre-
sponds to equation (1) with @ = 0 substituted is often used to evaluate the 3 value
within the framework of the two-level model:[!11118]

8= —(67r2/h2)(/‘e - Ng)Mz/weg2~ (2)

This independent evaluation with applying the molecular parameters shown in
Table I gives B =—25.1 x 1070 esu, =51.5 x 10730 esu and 596 x 1079 esu for 1,
2 and 4, respectively, which are of the same order as the corresponding 3, values
in Table II; 3 gives f = —15.8 x 10730 esu, which is much smaller than the corre-
sponding B, value in the absolute value.

With bearing in mind that the first molecular hyperpolarizabilities listed in
Table II are remarkably large for 2 and its extended analogues 3 and 4, it seems
that these compounds have a possibility for the second harmonic generators
when they could form non-centrosymmetric crystals. However, when their elec-
tronic absorption data shown above are remembered, the trade-off relation
between hyperpolarizability and transparency of a material(®! weighs on our
mind and the reduction of their usefulness in the field of optical nonlinearity
could be estimated as a counter to the recognized amphotericity.m

4. CONCLUDING REMARKS

In the present work molecular orbital calculations regarding nonlinear optical
parameters for test molecules of a highly amphoteric and polar molecule
(HAPM), designed with laying stress upon combining the n-electron donating
and accepting segments by the bonding system with a moderately high degree of
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electron delocalization,!' 2! has been carried out using the semiempirical meth-
ods.

The obtained results of molecular dipole moments in the ground and excited
states and molecular parameters in relation with the electronic excitation show
that 2-(4-dicyanomethylenecyclohexa-2,5-dienylidene)-4,5-ethylen-
edithio-1,3-dithiole 2 as a key material of the present molecules has notable
molecular characteristics as expected by the molecular design. The comparison
of those characteristics among its simple or longer analogues is also worth while
to proceed the molecular design in line with the present concept.

The first molecular hyperpolarizabilities as most direct parameters regarding
the second-order optical nonlinearity have also been calculated for the four com-
pounds, to suggest that these compounds have potentiality for such a property in
molecular nature. On the other hand, their molecular excitation energies evalu-
ated not necessarily in agreement with experimental results appear to be involved
in the trade-off relation between hyperpolarizability and transparency of a mate-
rial. It is therefore implied that 2 and its analogues could be less useful as the sec-
ond harmonic generators than the conventional 'push-pull’ type of nonlinear
optical materials such as p-nitroaniline (p-NA) or pyridinium [,3-dioxo-2-indan-
ylide (PDI), at least exactly as they are.

Thus, the present results on molecular parameters of those test molecules for
HAPM indicate that the proposed molecular design can be distinguished from
the conventional push-pull type of molecular design, while several common
aspects between them are noticed. Accordingly, the design toward HAPM is
expected to bring about novel materials with remarkable properties other than
optical nonlinearity, whereas a modified design from the proposed one is consid-
ered to be useful for developing organic nonlinear optical materials.
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