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Abstract

In this paper, we employ the sum-over-states formula to calculate the dynamic third-order nonlinear optical polarizabilities of three optical
processes, third-harmonic generation, electric-field-induced second-harmonic generation, and degenerate four-wave mixing, at the ground state of
aniline oligomers. The ground state configurations of these compounds are obtained by the geometrical optimizations based on the B3LYP/6-
31G** level. The transition moment elements and the transition energies are obtained by using the time-dependent density functional theory at the
B3LYP/6-31G* level. The calculated results show that the third-order polarizability {y) at the ground singlet state is increasing with the increase of
repeat units number N of aniline oligomers and it approaches saturation at chain length around N=7-8.
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1. Introduction

Conjugated organic molecules have attracted much atten-
tion during the last decade for their nonlinear optical
properties, both for a fundamental point of view and for their
potential application in optical data processing [1]. Recently, a
number of studies have focused on their large third-order
susceptibilities, x*, ranging from 10~'* to 10~° esu, and
response time of few picoseconds or shorter [2-5]. In addition,
it was observed that the third-order polarizability v and the
nonlinear susceptibility x> increase with the extent of the
polymer backbone [6,7]. The calculated hyperpolarizabilities
of quasilinear organic molecules were reported to be over-
estimated by the conventional DFT method [8—11], and a major
improvement for the calculation of nonlinear optical properties
was reported by the time-dependent current—density-functional
theory [12,13].

Among the most studied conjugated polymers (CP),
polyaniline was a unique example due to its high conductivity
and chemical stability at ambient conditions. In the past,
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the studies of polyaniline were mainly focused on the
structure, electronic properties [14] and magnetic properties
[15] of aniline oligomers. Very little experimental data and
theoretical study on the hyperpolarizability have been
published [16] for extended polyaniline molecules. A number
of theoretical studies were devoted to chain-length saturation
of polyenes. The results consistently indicated that the
saturation sets in after 50-60 carbons [7,17,18]. Beljonne
et al. [19] investigated the saturation behavior in oligothio-
phenes using the semiempirical Austin Model 1 (AMI)
techniques to estimate geometries and using an intermediate
neglect of differential overlap/configuration interaction
(INDO/CI) techniques to calculate electronic transition
energies. The calculated results indicated that the saturation
behavior in oligothiophenes occurs after 7-8 rings, as is in an
excellent agreement with the experimental data of Prasad and
co-workers [20]. Humphrey et al. [21] investigated the second
hyperpolarizability of ethynyl-linked azobenzene molecular
wires and find that the hyperpolarizability vy data could be
described using a power law of y= ym > 2005 for oligomers
with n=2-36 and while n=55 and 150 oligomers deviate
from this power law due to the expected saturation effects. To
our knowledge, no theoretical study of the length dependence
of v for aniline oligomers has been published, in which both
conformational and electron-correlation effects are taken into
account.
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In this study, we will report the optimized configurations of
the aniline oligomers (from N=1 to 8) based on the density
functional theory. Then, we will calculate the dynamic third-
order optical polarizabilities in terms of the sum-over-states
method combined with the time-dependent density functional
theory (SOS||ITDDFT). Finally, we will give the relationship
between the length of the conjugation chain and the third-order
polarizabilities for aniline oligomers (from monomer to
ocxamer).

2. Computational procedures

The geometrical optimizations of the polyaniline (from
monomer to octamer) are carried out at the B3LYP/6-31G**
level using DFT method of the GAUSSIAN 98 program [22].
During the optimized processes, a convergent value of RMS
(room-mean-square) density matrix and the critical values of
force and displacement are set by default of the GAUSSIAN 98
program. Hence a stationary point of minimum on energy
surfaces corresponds to equilibrium of these aniline oligomers.
The all studied aniline oligomers have no symmetry.

Then the frequency-dependent third-order nonlinear optical
polarizabilities are calculated by using the TDDFT method
[23] at B3LYP model with 6-31G* basis sets combined with
sum-over-states (SOS) method [24,25]. Here, the calculation of
v only concerns the state dipole moments and state—state
transition moments depending on the molecular geometry and
state function, and state energy based on the SOS method. The
dipole moments, transition moments, and energies of states
obtained by TDDFT method are taken as the inputs of SOS
formula in this work. The average third-order polarizability is
obtained by:

1
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And polarizability component 7,4 is calculated by this
formula:
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Hereafter the mark v(3w), v(2w), and y(w) symbolizes the
third-order polarizability of the third-harmonic generation
(THG) of y(—3w;w,w,w), electric-field-induced second-
harmonic generation (EFISHG) of v(—2w;w,w,0), and
degenerate four-wave mixing (DFWM) of y(— w;w,0,—w),
individually. The prefactor K(wp;w1,w>,w3) must be taken as
the same value in the THG, EFISHG, and DFWM process for
the static case of an input photon energy of zero, and it is the
relative magnitude of the reference state nonlinear polariz-
ability for each optical process at nonzero frequency. In the
following calculation, we use the same prefactor K in order to
make the remark to justify plotting curves for the nonlinear
polarizabilities of three optical processes against common
axes. In order to obtain a reliable value of v, the time-
dependent density functional theory at the TDB3LYP/6-31G*
level is employed to calculate the state dipole moments, state—
state transition moments and the transition energies. The linear
and nonlinear polarizailities calculated by TDDFT method
have been reported and the obtained results have been proved
to be reliable [26-28].
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3. Results and discussions
3.1. Geometrical structures

The geometrical structures of oligomers from monomer to
octamer are optimized by using DFT method at B3LYP/6-
31G** level. Fig. 1 only shows the optimized geometry of
aniline trimer and pentamer and the numbering scheme of
atoms. Some calculated bond lengths and angles of the aniline

Fig. 1. Optimized geometrical structure of aniline trimer and pentamer and atomic numbering.
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Table 1
Calculated bond lengths and bond angles and corresponding experimental values
Trimer Pentamer
Bond B3LYP/6-31G** Expt. Bond B3LYP/6-31G** Expt.
Bond lengths (A)
CI1-NI1 1.403 1.399% CI-NI1 1.404 1.399%
Cl1-C2 1.394 1.385% C1-C6 1.403 1.403*
C1-C6 1.404 1.403% C2-C3 1.391 1.379%
C2-C3 1.391 1.379% C5-C6 1.405 1.392°
C7-N2 1.398 1.395°¢ C6-C7 1.390 1.380°
C10-C11 1.405 1.397¢ NI-H 1.012 1.069%
C11-CI12 1.390 1.386°¢ N2-H 1.008 0.819°
N2-H 1.008 0.846°
Bond angles (°)
H-N1-H 110.7 110.1% H-N1-H 110.7 110.1*
C6-C1-N1 122.0 122.0° C2-C1-N1 122.0 122.0°
N2-C4-C5 122.5 122.3¢ C1-C2-C3 121.3 121.8%
C8-C7-N2 123.4 124.2¢ C4-N2-C5 128.7 127.6°
C7-C2-H 115.3 116.0° C5-N2-H 115.6 114.8°
N2-C4-C3 119.5 120.5¢ N2-C5-C6 123.2 123.5°
Dihedral angles (°)
N1-C1-C2-C3 —175.99 —174.63* NI1-C1-C2-C3 —176.0 —174.6"
N2-C7-C8-C9 178.21 177.51° C3-C4-N2-C5 —150.4 —154.2°
C18-C13-N3-H —19.25 —16.83° C6-C5-N2-C4 22.0 25.1°
C11-C10-C13-C14 —44.16 —42.06° C6-C5-C4-C3 —119.2 —121.4°

# Ref. [29].

® Ref. [31].

¢ Ref. [30].

trimer and pentamer are listed in Table 1, together with the
experimental values [29-31] of related aniline oligomers. For
trimer, the bond lengths of C1-N1 and C7-N2 are 1.403 and
1.398 A, and the corresponding experimental values of bond
lengths are 1.399 and 1.395 A, respectively. The range of C—C
bonds is from 1.390 to 1.405 A and falls well between single
bond (1.54 A) and double bond (1.34 A). The benzene rings
between neighbors in the aniline trimer have a little twist, and
the configuration has a large scroll along with molecular chain
as the number of benzene ring increases. The dihedral angles of
N2-C7-C8-C9, C11-C10-C13—C14 and C18—C13-N3-H are
178.21, —44.16 and —19.25°, and the corresponding
experimental values are 177.51, —42.06 and —16.83°,
respectively. It is shown that the calculated values are in
agreement with the experimental data and the optimized
structures are reliable. For other aniline oligomers, the
optimized geometrical parameters are similar to those of the
trimer and pentamer.

The calculated Mulliken populations at ground state for the
aniline monomer, tetramer and heptamer are listed in Table 2.
The numbering schemes of all the studied molecules are
similar to those of trimer and pentamer. The C atoms directly
connected with N atoms donate more electrons and have larger
positive charges. The other C and N atoms accept electrons and
have negative charges, and H atoms have positive charges for
the whole molecules. The benzene rings have positive charges
and NH,— (or —-NH-) have negative charges. This shows that
the transfers of 7 electrons occur on the chain connecting the
benzene ring with N atom. Later, we will find that the largest
contributions to the third-order polarizabilities originate from

the conjugation and delocalization of 7t electron clouds along
the chain direction. The calculated orbital energy gap E,
corresponding to the difference of the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) eigenvalues at the TDB3LYP ground state,
and the first transition energy S; from the ground state to the
first excited state, are listed in Table 3. It is found that the E,
and S; decrease with an increase of the conjugated lengths.
After the number of repeat unit N> 5, the values of E, and S,
go towards stabilization. The values of E, and §; are 5.61 and
491 eV for monomer, and 3.84 and 3.34 eV for octamer,
respectively. The different values of E, between the N and
N—1 (from N=2 to 8) are —0.92, —0.34, —0.21, —0.13,
—0.07, —0.08 and —0.02 eV, and those of S; are —0.85,

—0.30, —0.15, —0.11, —0.06, —0.07 and —0.03 ¢V,

Table 2

The calculated Mulliken population at the ground state for aniline oligomers
Monomer Tetramer Heptamer

Cl

C2 0.3093 0.3038 0.3019

C3 —0.1730 —0.1773 —0.1774

C4 —0.1345 —0.1942 —0.1957

N1 —0.1390 0.3531 0.3561

H (C2) —0.7878 —0.7884 —0.7879

H (C3) 0.1137 0.1167 0.1161

H (N) 0.1240 0.1188 0.1178

Ring— 0.3186 0.3161 0.3153

0.1506 0.1930 0.1945

—Ring- 0.4185 0.4133

NH,— —0.1506 —0.1531 —0.1544

—NH,— —0.4576 —0.4599
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SOS|ITDB3LYP/6-31G* average and chain axis component values (in 1073 esu) of the static third-order polarizability, energy gap (dpomo-r.umo)and the first

excited energy of aniline oligomers

N hw=0.0eV hw=0.80 eV « E, (eV) S1 (eV)
(7(3(/‘))) ’\/XJL\’X (’Y(w)> /YXXX)C <’Y(2w)) YX/\XX (’Y(SQ))) ,YX.\’XX
1 —0.014 0.32 —0.016 0.36 —0.019 0.36 0.007 0.47 5.64 491
2 1.235 9.88 1.870 13.37 2.183 14.98 4.045 24.19 5.68 4.69 4.06
3 2.110 19.48 5.510 37.36 7.264 46.36 18.862 104.72 7.79 4.35 3.76
4 8.929 44.61 18.201 91.27 23.341 116.43 58.83 290.89 3.55 4.14 3.61
5 35.293 175.3 54.905 273.44 66.476 330.61 144.577 717.20 4.04 4.01 3.50
6 52.682 246.3 86.648 410.49 106.814 507.06 249.395 1197.59 2.81 3.94 344
7 56.128 289.3 102.294 521.01 128.571 652.10 333.26 1671.92 2.16 3.86 3.37
8 63.41 309.8 120.190 587.91 151.093 737.94 407.26 1992.20 1.31 3.84 3.34

We also indicate the evolution of the power law dependence of vy as a function of chain length (y «<N%).

respectively. The obtained results show a strong length-
dependence of E, and §; for N<5, and they are near a
constant for N>5.

3.2. Third-order polarizabilities of aniline oligomers

For the calculation of vy, we generally truncate the infinite
SOS expansion to finite one after apparent convergence of y
has reached. Fig. 2 shows the convergent behaviors of vy
components with the largest contribution to the average third-
order polarizabilities of {y) at input photon energy of 0.80 eV
for aniline oligomers. The largest contribution to the average
third-order polarizability of {y) is 7Y, (the most important
component along the chain axis) from monomer to octamer,
respectively. It is shown that the components of y have
converged after summations of 38 states for all studied species.
The calculated value of vy, obtained from the 3rd state is
nearly 100% of the v,.., obtained from summation over 60
states for monomer, and the v,.,, obtained from the Sth state is
100% of the 7y .. obtained from summation over 60 states for
dimmer, and the v,,,, obtained from the 6th state is 100% of
the v, Obtained from summation over 60 states for trimer and
tetramer, and the v,,,, obtained from the 7th, 8th, 9th and 9th
state is 100% of the vy, obtained from summation over 60
states for pentamer, hexamer, heptamer and octamer, respect-
ively. The calculated results indicate that the states after 40
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Fig. 2. Convergence behavior of v(—3w;w,w,w)xxxx at input photon energy of
0.800 eV for aniline oligomers from monomer to octamer.

have no contribution to third-order polarizabilities of all the
studied species. Accordingly, it is a reasonable approximation
in the calculation of y by employing 60 states in the SOS
method in this work.

Now, we discuss the third-order optical properties based on
the calculated results at the ground state of aniline oligomers.
Fig. 3 depicts the frequent dependence of {y) with different
optical physical processes for dimer, pentamer and octamer of
aniline, and the variation trends of other aniline oligomers are
similar to those of the three aniline oligomers. At the static case
when the input photon energy is zero, the values among the
THG, EFISHG, DFWM processes have the same number,
however, at the dynamic case when the input photon energy is
0.80 eV, the (y(3w)), (y(2w)), and {y(w)) have different values
for each aniline oligomer from repeat unit N=2-8, as listed in
Table 3. The esu unit is taken for vy values in this work, which
has the conversion relation with SI unit as y(esu)=1.3982 X
107" m’V7?=12380X10"> C*m* I [32]. It is also

500
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Fig. 3. The dynamic third-order polarizabilities of the THG, EFISHG and
DFWM processes at ground state for dimmer, pentamer and octamer of aniline.
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Fig. 4. The HOMO, LUMO and LUMO+ 5 of the aniline trimer and tetramer.

shown from Fig. 3 that the values of (y) increase with the
increasing of the input photon energy at the THG, EFISHG and
DFWM processes. The first near resonant enhancement
appears at about hw=1.0 eV for the THG process and the
first near resonant enhancement does not appear even at hw =
1.165 eV for the EFISHG or DFWM process. An analysis
combining Fig. 2 with the calculated results of configuration
interactions, we can find out what is the main contribution to
the third-order polarizability. The 5th state of dimer has the
greatest contribution from the configuration ¥ 49 _, 53, and this
configuration is formed by electron transitions from the HOMO
(the 49th orbital), composed of C-p and N-p7 orbitals, to the
LUMO + 3 (the 53th orbital) composed of C-p7t* orbitals. The
6th state of trimer and tetramer has the greatest contributions
from the configurations ¥;3_,78 and oy, 03, respectively.
The configurations are formed by electron transitions from the
HOMO composed of C-p and N-p7r orbitals to the LUMO +5
mainly composed of the C-pm* orbitals. The situations of
pentamer, hexamer, heptamer and octamer are similar to those
of the trimer and tetramer. The states which have significant
contributions to the vy x are formed by electron transitions
from C-pm and N-prv orbitals to C-pm* orbitals. The first
excited state of all the studied aniline oligomers have the
greatest contribution from the configuration which is formed
by electron transitions from HOMO, composed of C-p7 and N-
pm orbitals, to the LUMO composed of C-pw* and N-pm*

@

250 1
200
150

100 A

Yoo/ N 10~%%esu)
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repeat units number N
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orbitals. Accordingly, we can say that the third-order
polarizabilities of the all studied aniline oligomers are a
significant contribution from the 7 to 7* charge transfers.
Fig. 4 gives the plots of the HOMO (orbital 73 of trimer and
orbital 97 of tetramer), LUMO (orbital 74 of trimer and orbital
98 of tetramer) and LUMO+5 of the aniline trimer and
tetramer, respectively. They represent the pictures of 7t-type
orbital.

The saturation behavior of vy with the repeat units N is
studied and the result is listed in Table 3 and visualized in
Fig. 5. A strong length dependence of y for N<7 is observed,
and there appears at a much weaker length dependence of vy for
NZ=7, where the band gap E, becomes constant. To evaluate
the saturation, we express the v value as a function of a power
of the chain length [33,34]:

o NV (3)

log v « a(N) log N 4

We find the average exponent value to be 3.30. Saturation is
reached when the power value tends to 1. From Fig. 5, we can
find that: (i) the vy response first pick up significantly with the
extension of chain length, which means that the power value o
strongly increases; (ii) the power value then enters a regime
where it exists at a slow variation; for aniline oligomers, it is
the case for the number of benzene rings of 3 and 67, and we
calculate the power value in this regime to be around 3.5; (iii)
the exponent in the power law starts decreasing around
N=7-8, which indicates the beginning of the saturation
regime. The power value « decreases to 1.31 for N=8. The
above results are similar to those reported in previous studies
on the third-order nonlinear optical response of oligothio-
phenes [6,19] and short polyenes [34]. The saturation of vy for
N>T7 may arise from electronic and conformational factors.
Polarization and delocalization of m-electron along the
molecular chain plays an essential role for N<7. With the
increasing of N, as mentioned above, the configuration of
aniline oligomer will be a large scroll and the conjugation
length is limited. This leads to the reducing extent of
conjugation and delocalization of Tt-electron, and it results in
v saturation for N>7 in the aniline oligomers.

(b)

50
40.
30 4

20 A

<y>/N(10~esy)

10 A

o 1 2 3 4 5 6 7 8 9
repeat units number N

Fig. 5. Illustration of the evolution of the longitudinal vy,,.x component (a) and the average value {y) (b) per repeat units as a function of the repeat units number N at

input photon energy 0.800 eV.
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4. Conclusion

In this study, we have optimized the geometrical structure
and calculated the dynamic third-order nonlinear polarizabil-
ities vy at the ground states in the three optical process for
aniline oligomers (from monomer to octamer).The optimized
structures show that the benzene rings between neighbors are
twisted and the configuration becomes large scroll along the
molecular chain as the number of benzene ring are larger. The
DFT or TDDFT calculations show that the HOMO-LUMO
gaps E, and the first excited energies S, decrease with the
increase of repeated unit N, and they become constant when
N>7.The SOS|ITDDFT calculations show that the third-order
polarizabilities increase with the increasing of the number of
repeated units and the y value approaches a saturation after
N>T7 in aniline oligomers. The saturation behavior of vy arises
from conformational heterogeneity and limited conjugation
length for aniline oligomers. It is predicted that a large scroll
and broken Tt-configuration will determine the transition from
nonlinear to thermodynamic behavior for organic oligomers.
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