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Theoretical studies on NLO properties of push-pull multi-cycle
electro-optical polymer intermediates including thiophene ring
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The second-order’ nonlinear optical susceptibilities By, B, and
third-order non-linear optical susceptibilities ¥y, () of a se-
ries of the novel push-pull multi-ring electro-photo polymer in-
termediates have been calculated. The influences of molecular
structure, donor, acceptor and the frequency of external field
on B and ¥, and the relationship between ¥ and the number of
thiophene rings (i. e. conjugated chain length) have been
studied using INDO/SUI methods combined with sum-over-
state (SOS) formula. The calculated results show that v is
proportional to 2.69 power of the chain length of the conju-
gated molecular bonds when the length is not quite long.
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Introduction

Nonlinear optical phenomenon refers to the fact that
the value of the induced polarization of the media does
not satisfy a linear relationship to the intensity of the
electric field imposed under the effect of sufficiently
strong electric field. Researches on the NLO materials
have become one of the subjects that many experimental
and theoretical chemists are interested in.!'? They can
affect the frequency of the external field and change the
phase angle of the light wave. These properties make
them become more and more important in the fields of
optical information processing such as optical communi-
cation, optical computer, optical devices and dynamic
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images . The organic NLO materials possess many superi-
or NLO characteristics. Specifically, molecule-based
NLO materials offer ultrafast response time, lower di-
electric constants, better processability characteristics
(e. g., amenability to thin-film fabrication), and en-
hanced nonresonant NLO responses relative to the tradi-
tional inorganic solids. In general good NLO properties
of the optical materials are determined by the good NLO
properties of the molecules of which they consist. It is
required that the molecule should have high second and
third-order nonlinear optical susceptibities 8 and 7,
which are determined by the molecular micro-structure.
This kind of problem can be studied by quantum chem-
istry methods.*?! Due to the large charge transfer in the
thiophene derivatives, it is potential to be new NLO ma-
terial connected to the bones of multi-cycle electro-opti-
cal polymers . 2%

In this paper several thiophene derivatives with big
B and Y have been designed based on ample study of the
influences of molecular structure, donor and acceptor,
external field frequency and the length of conjugation
bonds on 8 and 7.

1 Theoretical methods

When external electrical field is imposed on a non-
conductive, nonmagnetic media and the molecules of the
media are polarized, the dipole vector u; can be ex-
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pressed as:
pi= 1+ aiE; + VLB + YuEEE; + (1)

where y; is the dipole vector along the ith molecular ax-

is, By the second order nonlinear optical susceptibility

and 7 the third order nonlinear optical susceptibility.
Usually three kinds of quantum chemistry methods

are used to calculate the NLO susceptibilities: sum-over-
state (SOS) method, finite field (FF) method and cou-
pled perturbation Hartree-Fock method. SOS method is
herein, and sum-over-state (SOS) formalism for the sec-
ond order nonlinear optical susceptibility B;; and the
third order nonlinear optical susceptibility ¥ is induced
using the perturbation theory combined with density ma-
trix method,?"®

B~ wpswiswy) = B25p0) < glpIm><mlipgiln><nlplg>
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X (wm - wa)-l(wn - (1)2)-1 (2)
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In these equations, w, = 2w, , ;—;.,- is the component i of
the fluctuation electric dipole moment operator, g; = f1;
- <glp;l g >, which in fact, for the cases at hand,
is simply ;. > p in Eq. (2) infers to a sum over the
six permutations of the pairs ( - w,,f;), (wi,p;), and
(wp,pz) and in Eq.(3) to a sum over the 24 permuta-
tions of the pairs ( — wy, f1;) (wl,ﬁj) , (w,py) ,and
(ws,pt;) . The primes on the sums indicate the exclusion
of the ground state g, and wy, is the circular, electronic
transition frequency between the mth excited state, with
wavefunction | m >, and the ground state.
Theoretically, all SCF + CI methods can be used to
calculate the physical values in Eq. (2) and Eq. (3).
ZINDO-SOS method was used due to its special efficien-
cy in calculating the UV-vis spectrum of conjugated or-
ganic molecules. '™ First the molecular structures was
optimized using ZINDO method and the molecular orbits
was calculated using INDO-SCF. Then the ground state
and excited states through configuration interaction (CI)
method were obtained as well as the transition energies

between two states and corresponding oscillator
strengths, i. e. the electron spectrum. Finally the B;;
and 7 were calculated using the program designed by
ourselves.

In calculation the axis z was set to be perpendicu-
lar to the plane of phenyl ring, with its direction along
the direction of molecular permanent dipole moment. J3
is a third order tensor. B, is the vector component in the
dipolar direction of 3, which is usually measured by the
electric-field-induced second order-harmonic generation
(EFISH) measurements. In order to compare with the
experimental results, (3, was calculated with the equation
as follows:

B,u = (/‘aﬂx + Fy)ey + pagz)/(#xz + #}'2 + /1:2)1/2
(4)

where 3; = 3; + 1/3§j(Bﬁi +By +Biy)i,j=(x,5,2)

(5)
<7Y> is calculated by Eq.(6):

< 7>=-;—[Zy,m+%2(’)’lw+)’w+7wl)] I, = %,%,2 (6)

1)

where 7, is a forth order tensor.
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2 Results

2.1 Designing idea

HO

H O2N

/_) \1 NO;
HO

In this paper the molecules were designed and
studied based on molecule 1. By changing the push-pull
substituents in the molecules and the molecular bone
structures, their influences on 3, ¥ were studied. Fur-
ther the 7 conjugated bond was elongated to study its in-
fluence on 7.

2.1.1 Since molecule 1 has relatively high 8
and ¥, molecules designed in this paper are based on
it.

2.1.2 Molecule 2: a nitro group is introduced
to molecule 1 to study the influence of electron-with-
drawing group on 8 and 7.

2.1.3 Molecule 3: In order to attach the NLO
molecule to the backbones of polymers such as
polyurethane, polyimides and polyester, two hydroxy
groups substitute the amino groups in molecule 2.

2.1.4 Molecule 4: Azo group is substituted
by vinyl group, thus to compare the influences of the
derivatives of diphenylvinyl and azobenzene on 8 and .

2.1.5 Molecule 5: Thiophene ring has lower
delocalized energy than that of phenyl ring ( thiophene
ring : 121.3 kJ/mol; phenyl ring: 150.6 kJ/mol), so
it is expected that under external field the charge trans-
ferring is much more easier in thiophene ring than in

The molecular structures are designed and num-
bered as follows:

H2N

L\ 02N,
2 NON\

P, v
HsN

HO

O
4 N

— N02
HO

HO.
N \ s |\ CN
e
"

n=123475
6 n=1; 7 n=2; 8 n=3; 9 n=4;, 10 n=;5

phenyl ring. The substitution of the phenyl ring with the
thiophene ring in diphenylvinyl can increase the charge
transfer in the molecule, thus the nonlinear optical re-
sponse of the material can be enhanced. Molecule 5 was
designed accordingly.

2.1.6 Molecule 6: By introducing the tri-
cyanovinyl group to the molecule, the conjugated areas
were elongated in the molecule and several electronwith-
drawing groups ( - CN group) were also introduced to
the molecule, thus enabling it to have superior nonlinear
optical response.

2.1.7 Molecules 7—10: On the basis of
molecule 6, by increasing the units of vinylthiophene the
influence of the length of conjugated bonds on Y was
studied.

2.2 Geometric structure optimization

The geometric structures of molecules were opti-
mized using AM1 method. The axis z was set to be per-
pendicular to the molecular plane, and axis z was ap-
proximately along the direction of the permanent dipole
moment of the molecule. The optimized results showed
that the molecules designed in this paper were all of
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trans form, with their main structures analogous to the
structure of molecule 1. The optimized structures are
shown in Fig. 1 with molecule 1 as an example.

. N\\
1203 \\ 1189 1.4350No2
1.4375

1.3896

H2N

H2N

2.3 Electronic spectra

On the optimized structures the electronic spectra
of the 10 molecules were calculated using INDO/CI
method. The results are listed in Table 1. The results
are in good agreement with the experimental values (see
Table 1). Table 1 lists only the wavelengths (A) and
oscillator strength (f) of a few important excited states.
The whole ultraviolet spectrum is shown in Fig. 2 with
molecule 5 (HBDT) as an example.

Fig. 1 Optimized geometry of molecule 1.
Table 1 Calculated and observed UV-Vis spectra of molecules
Comp.  Awn (nm) h Az (nm) fa Acas (nm) fi Aag (nm)
1 451 0.9806 208 0.7444 460,209
2 477 0.7427 230 0.6751
3 406 0.4145 223 0.5297
4 424 0.5039 217 0.7203
5 550 0.6402 244 0.3881 200 0.3274 530,276,200
6 525 1.1261 197 0.4063
7 586 1.5498 228 0.5953 221 0.4240
8 617 1.9140 220 0.4209
9 631 2.2175 366 0.4349
10 634 2.6472 453 0.6050
and B,, Yy and () after each selection, then plot 8,
osh and (7) against the numbers of excited states (Fig. 3A,
' Fig. 3B) to obtain converged values. B, and {v) values
o5 of the other molecules are obtained in the same way. As
- 04 shown in Fig. 3A and Fig. 3B, the values are fairly
03r well converged when selecting about 36 excited states.
0.2r Take B as a shortcut for converged 18,1 and 7 for con-
0.1F l IJ | J f verged (Y). B and 7 are related with external field fre-
00—T60 200 300 400 ~ 300 600 quency. To compare with the experimental results, "> &
A (nm) =1.907 pm was used when calculating 8. 3 is the val-
Fig.2 UV-Vis spectrum of molecule 5. ue of B at O frequency (w= 0) and B and ) are listed in

2.4 Second -order and third-order nonlinear optical sus-
ceptibilities

In the SOS expression of B;; and ¥ it should in-
clude the full set of the nonperturbation system eigen-
functions, but in actual calculation it must be truncated.
The related theoretical work'>'* has been reported be-
fore. The numbers of excited states should be studied re-
spectively according to different molecules. Taking
molecule 5 (HBDT) for an example, the numbers of ex-
cited states were selected from 1 to 50 to calculate B

Table 2A. Similarly, A =1.064 pm was used when cal-
culating Y. Y is the value of ¥ at O frequency (w= 0)
and ¥ and Y, are listed in Table 2B.

Table 2A  Values of B (102 esu), pB (10 esu)

Comp.  Baal Bt oot pRocal  pBe”
1 3.814 50.04 1.190 15.61
2 5.542 69.00 1.184 14.74
3 0.589 4.19 0.315 2.24
4 1.324 7.31 0.258 1.42
5 9.276 57.88 0.772 4.82 84.43
6 26.900 211.41 0.940 7.39
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Table 2B Values of ¢+ (De), ¥ (107 esu), v, (10 esu)

Comp. 1 2 3 4 5 6 7 8 9 10

n 13,12 1245 7.11 552 6.4 7.82 11.80 10.76 11.60 13.37

Yol 0.019 0.418 0.227 0.114 0.246 0.278 0.547 1.487 2.153 2.910

Yeal 0.274 0.490 0.123 0.105 1.550 2.068 6.738 9.680 13.864 14.902

.2 3.93
‘Yﬂ .

of Lk

T

4900000000000 oo,

.0 & 1 1 1 1 1 L 1 I l 1 |
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Fig. 3A 8 values plotted against numbers of excited states for
molecule 1.
0.00F
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=~ -0.10F
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Fig. 3B 7 values plotied against the numbers of excited states for
molecule 1.
3 Discussion

3.1 Substitituents’ influences on B and Y
3.1.1 Acceptor’ s influence on {3

Molecule 2 was designed by introducing an elec-
tron-withdrawing group -NO, to the meta position of ni-
trobenzene in molecule 1. Table 2A and Table 2B show
that 3 > 81, 72 > 71 (subscript 1 and subscript 2 refer to
molecules 1 and 2, respectively) . It can be inferred that
intermolecular charge transfer can be further enhanced
by introducing more electron-withdrawing groups to the
right side of the molecule, thus the values of 8 and Y of
the molecule can be increased.

3.1.2 Donor’ s influence on B and Y

According to the sequence of the electronic con-
tributing abilities of the donors, - NH; should have
stronger electronic contributing ability than — OH. Table
2A and Table 2B show that 3, > 83, ¥, > 73. Stronger
donors can also enhance the charge transferring in the
molecule, thus increase the values of B and Y. But
sometimes we have to “sacrifice” the values of 8 and v
for a more important purpose. In this paper, - OH in-
stead of — NH, was introduced for the purpose of attach-
ing the NLO active sectors to the backbones of polymers
such as polyimide, polyurethane and polyester-.

3.1.3 Influence on B and v of the change of molecular
backbone

Based on molecule 3, introducing vinyl group to
substitute the azo group between the two benzene rings
(molecule 4) was to study the influence of changing the
molecular backbone on 8 and . Table 2A and Table 2B
show that 3 > 33,74 > 73. It can be inferred that the in-
termediate of diphenylvinyl polymer has better NLO
properties than the intermediate of azobenzene polymer.

Molecule 5 was designed by substituting the phenyl
ring with a thiophene ring in molecule 4. Table 2A and
Table 2B show that 35 > 84,75 > 4. There is a great in-
crement of the B and ¥ values of molecule 5 compared
with molecule 4. This can be readily explained by the
fact that thiophene ring has lower delocalization energy
than the phenyl ring, thus the x electrons in the thio-
phene are much easier to transfer than those of the
phenyl ring under external field, inducing large second
and third order NLO susceptibities. In order to illustrate
that, the charge distribution was calculated in molecules
4 and 5. Fig. 4 shows the ground state and crucial ex-
cited state charge distribution of molecules 4 and 5. The
charge on the phenyl ring connecting to - NO, in
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molecule 4 is 0.217 in ground state and 0.352 in excit-
ed state. The charge transfer is AQ =0.352-0.217 =
0.135. The charge on thiophene ring in molecule 5 is
0.230 in ground state and 0.562 in excited state. The
charge transfer is AQ =0.562 - 0.230 =0.332. There
is more charge transfer in molecule 5 than in molecule
4, therefore molecule 5 has bigger B and ¥ values. The
dipole moments of molecules 4 and 5 were also calculat-
ed. The dipole moment of molecule 4 in the ground state
is g = 5.52, and in the excited state is yu, = 12.28,
and the difference between p, and p, is A =6.76. The
dipole moment of molecule 5 in the ground state is p, =
6.24, and in the excited state is p, = 13.98. As shown
in Table 1, the difference between y,; and p, is Au =
7.74. Aps > Apy and f5> f4, As > M. According to the
calculation by SOS formula, oscillator strength (f) is in
direct ratio to the square of the transition moment and A
is in inverse ratio to w,, thus § and Y values of

molecule 5 should be bigger than those of molecule 4.
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Fig. 4 Mulliken charge populations of the ground state and the
excited state (in parentheses) of molecule 4 and 5.

3.1.4 Influence of tricyanovinyl group on 8 and ¥

Molecule 6 was designed by introducing tri-
cyanovinyl group. Table 2A and Table 2B show 3 > f3s,
Ys>7s. There is a considerable increase of 3 and ¥ of
molecule 6 than molecule 5. Theoretically, a novel NLO
molecule 6 with big NLO susceptibilities was obtained
which can be attached to the backbones of polymers such
as polyimide, polyurethane and polyester.

3.2 Two-state approximation

If only the ground state and the most important ex-

cited state are included in the SOS expression of 8, the
famous two-state approximate formula of {8, can be ob-
tained as:

36242 WiAp
2m [ W? - (2hw)?][ W2 - (Hhw)?]

Bu = @)

where w is the frequency of the laser field; and W =
hawy, is the transition energy from ground state to excited
state; f, the oscillator strength of the transition; and
Ap, the difference of dipole moments between the excit-
ed state and ground state.

212

fo is called as static second-order nonlinear optical sus-
ceptibility .

B W*
[W? - (28)* ][ W2 - (w)?]

Then B, = (9)

Ro is independent of external electric field (as expressed
in Eq. (8)), so it can reflect the intrinsic nature of the
molecule better. Usually 3, is obtained by experiments,
then R was calculated through Eq. (9).

Bo can also be calculated using SOS expression of
B in Eq. (2). It need only let w =0 in calculation.
The % values calculated by the two approaches are listed
in Table 3. The results are in excellent agreement. It
shows that “the most important excited state” really con-
tributes to (% principally, and the two-state model is a

good approximation.
3.3 Dispersion

B and 7 values are related to external frequency,
and it is called as dispersion. This paper studied the
dispersion too.

The relationship of ¥ and external frequency w was
studied with molecule 5 as an example. The results are
shown in Table 4 and Fig.5. Table 4 shows that ¥ in-
creases when w increases. Y will become infinitely large
when w is near the resonant frequencies. Resonant fre-
quencies mean that w or 2w equals to w,,. At resonant
frequencies, the denominator becomes 0, so Y becomes
infinite large. When w exceeds resonant frequencies, Y
decreases as w increases. The wavelength of the most
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important excited state of molecule 5 is 550 nm, and the
transition energy is 18181 cm’!, so resonance occurs at

18181 em(2.25 eV), as indicated in Table 4 and Fig.
5.

Table 3 [ and % values of molecules 1—6 obtained by two methods

Calculated values from the SOS formula

Calculated values from two-state formula

Comp. Bo (107 esu) 1B (10 esu) Ro (102 esu) Ro (10 esu)
1 1.190 15.61 1.436 18.84
2 1.184 14.74 1.397 17.39
3 0.315 2.24 0.3%9 2.84
4 0.258 1.42 0.319 1.76
5 0.772 4.8 0.874 5.45
6 0.940 7.39 0.881 6.92

In order to study the relationship between w and
molecular structure, we select w different from resonant
frequency. For molecule 5, %w is selected as 1.17 eV,
i.e., 9399 cm!, which falls in the non-resonant sec-
tor.

Table 4 Values of ¥ in different electric field frequences for

molecule §
hw (eV) hw (em?) v (10 esu)
0 0 2.457
0.31 2500 2.550
0.93 7500 6.254
1.10 8832 11.55
1.17 9399 15.50
1.35 10900 16.89
1.55 12500 20.12
1.80 14519 45.61
2.00 16132 274.2
300
2501
200+
2
.8 150}
3
< 100f
50t
o -—-—/—"/.‘——."
00 05 10 1520
ho (V)
Fig. 5 Relationship between ¥ and different electric field fre-
quencies.

Fix w, in Eq. (3) and let w,=w, w; = w, wp =
-w, w3 = w. We can see when w increases, the de-
nominators (wy, — w,), (w, — wp — w3), (wq -w),
(w, = w3) , all decrease, so ¥ value increases.

3.4 Relation between Y and the length of conjugated
bonds

In order to study the relationship between third or-
der NLO susceptibilities and the length of the conjugated
bonds, molecules 7—10 were designed by increasing the
number of the vinylthiophene units, thus extending the
length of the conjugated bonds. The calculated data list-
ed in Table 2 show that ¥ increases when the length of
the conjugated bonds increases. i.e., Yo > Y9 > ¥ >
77> Ys. The NLO properties of the molecule are greatly
enhanced when the length of the conjugated bonds in-
creases. This can be explained that when the length of
the conjugated bonds increases, w,, decreases but w re-
mains unchanged, thus the denominators in Eq. (3) be-
come smaller, so Y value increases. Since Y(0; 0, 0,
0) is independent of external field, it can reflect the in-
trinsic nature of the molecule, so we should take static
third order NLO susceptibities into consideration. Define
N, as the sum of C = C bonds and C—C bonds in the
conjugated area of molecule, plot the line of logy(0; 0,
0, 0) against logV, for molecules 6—10 and obtain a
line, as shown in Fig. 6. The relation between Y(0; 0,
0, 0) and N, can be expressed as:

logy(0; 0, 0, 0) = 2.69logN, + A

Fig. 6 shows that logy(0; 0, 0, 0) is 2.69"" pow-
erof N..
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