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Abstract The nonlinear optical anisotropy of poly(p-phenylene benzo-bisthiazole)
(PBT) Langmuir-Blodgett (LB) films has been investigated by optical third-
harmonic generation measurement. Polymer backbones of PBT in LB films were
aligned along the dipping direction. The xﬁ}m S;y and xfggyvalues were
determined by rotational Maker fringe method to be 11.3 x 10-12 esu., 1.5 x 10-12

esu. and 0.9 x 10-12 esu, respectively. These nonlinear optical anisotropies can
be explained well by assuming a Gaussian orientational distribution of one-

dimensional n-conjugated chains.

INTRODUCTION

Poly(p-phenylene benzobisthiazole) (PBT) is one of the well-studied n-conjugated
heterocyclic rigid-rod polymers and has received a strong attention due to its inherently
superior physical and chemical properties such as mechanical strength, thermal stability
and solvent resistance.! Previous nonlinear optical (NLO) studies show that PBT
exhibits a large third-order and ultrafast NLO responses.23 However, its poor
processability, i.e., insolubility in organic solvents, makes it difficult to obtain thin
films with good optical quality for the detailed and accurate NLO studies.
Langmuir-Blodgett (LB) technique offers a unique approach to fabricate
uniform, good optical quality multilayer film with improved molecule packing. The Y-
type LB film tends to form an in-plane anisotropy coming from the preferential
alignment of the long chain molecules along the dipping direction.#3> Recently,
Kakimoto et al. developed highly oriented PBT LB films through precursor route.$ In
this paper, we present third-order nonlinear susceptibility measurements by optical
71
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third-harmonic generation (THG) in the PBT LB films, and discuss the degree of
alignment of polymer chains assuming the Gaussian orientational distribution of one-
dimensional n-conjugated systems.

EXPERIMENTAL

The chemical structure of PBT used in this study is shown in Figure 1. The PBT LB
films were prepared through their precursor films. The precursor polymers consist of a
long-chain alkyl amine salts, and the polyamides derived from 2,5-di(carboxyethylthio)-
1,4-phenylenediamine and aromatic dicarboxylic acid chlorides. Y-type multilayers
were deposited on a fused silica substrate with a surface pressure of 40 mN/m. The
film was subsequently heated at 280°C for several hours to convert to the PBT LB film.
The detailed fabrication of the PBT LB films will be reported separately.

kool &,

FIGURE 1 Chemical structure of PBT and molecular coordinate.

The evaluation of anisotropy properties of the PBT LB films was carried out by
THG measurement at a wavelength of 1907nm as a function of the orientational angle
¢. The angle ¢ was defined as the angle of dipping direction with respect to the
polarization of the incident light. The details of the THG measurement set-up have been
reported elsewhere.” In the measurement, the incident fundamental light was s-
polarized and the s-polarized third-harmonic signals were detected. The fused silica
plate was used as a reference (XPgysed sitica=1.4 X 1014 esu).

RESULTS AND DISCUSSION

Figure 2 shows absorption spectrum of PBT LB film measured with non-polarized
light. There are no absorption in both fundamental and third-harmonic wavelengths.
Therefore the % values obtained in this study are off-resonant ones. The dependence
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of %) on the angle between the average chain direction and the polarization of
fundamental light is shown in Figure 3. Under this experimental arrangement, the
third-order optical susceptibility tensor ') in the laboratory framework [(X,Y,Z) with
X axis along the polarization direction of the light] is related to @) components in the
film based framework [(X,y,x) with x axis along the dipping direction] as follows:

Xt = ¥ cos* o+ x5 sin® @+ 6x3) sin? pcos’ @. ey

The experimental data were fitted to Eq.(1) as shown in Figure 3. The analysis shows
that the components are

22 =11.3x10" 2 ¢su,

25, =15x10"2esu, )
and xg;y =0.9x10" 2 esu.

The in-plane anisotropy of this Y-type LB film has been attributed to the preferential
alignment of molecules along the dipping direction. The shear force coming from the
hydrophilic or hydrophobic affinity between the stacked monolayers on the substrate
and the floating monolayer at the subphase surface in the film transfer process makes
the polymer chains aligned along the dipping direction. This brings macroscopically a
large anisotropy and dense molecular packing in the transferred films.

0.7
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FIGURE 2 The absorption spectrum of the PBT LB film.
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FIGURE 3 x® values measured at different angles ¢ between the dipping direction
and the polarization of the light. The solid circles represent the measured data. The
solid curve is the theoretical fitting according to Eq.(1). The dotted curve is the
theoretical fitting under the assumption of Gaussian orientational distribution

function (6¢=0.56). The dash-dotted line and the broken line are (3 assuming a
perfect alignment ( 6, — 0) and random distribution (85 — <o), respectively.

In a linearly conjugated polymer, the n-electrons at the ground state are
delocalized along the chain direction, i.e., §-direction as shown in Figure 1. In case of
PBT, the conjugation length in the chain transverse direction is about the dimension of
a benzene ring, which is much shorter than that along the polymer chain. The
macroscopic third-order susceptibility x,(li} relates to the microscopic second hyper-

polarizability y, in general, by the following equation:8
250 = N(Ry Ry Rye Ry Vi)

2 . 2
_Nf, "dg|; d0sin ;" dyF (9,6, ¥)RyR; Ry Ry Yijuor
[2% o7 d6sin 6f;" dyF (9.6, v)

3)

where Yijqp = Yof Yeojwrf b fin F i f's are components of the local-field correction

tensor for anisotropic media, N is a number of molecules per unit volume, R's are the
rotation matrices transforming the molecular frame to the film based frame, F(¢,6, y)

is the orientational distribution function at the Euler angle ¢, 6 and v .
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The evaluation of the orientational distribution function of molecules requires to
deduce the molecular polarizabilities from observed macroscopic susceptibilities. We
used the simple assumption that the orientational distribution of polymer chains follows
a Gaussian function,

F(9.6, V)=exp[—(—§o-)21, @

where @1is an angle of the individual polymer chain with respect to the dipping direction
as defined by Eular angle. The parameter 6 is related to the standard deviation as
0=0y/2. 6, > 0 means a perfect uniaxial alignment of the chains, while 6y —

a random distribution of the chains. Under this assumption, expressions of the
components of third-order optical susceptibility tensor ) were derived from Eq.(3) as

2
[ d@sin @cos* 0exp|:—[—0—-J ]
6o

0 2
j': désin GCXp[—(-B—-J :\
0

o\
j': d@sin’ Oexp[—(o—) ]
o) 0

3. .
Xy = 'gN Yeeee A
j: d@sin Bexp[—(ao—) ]

Koo = NV3eee

(3) _ 03 —,03) .0 .3 _,0
Zayyx = Xxyxy = Xooyy = Xy = Zymyx = Xymry

2
Jo dBsin® Bcos? Bexp _(Gi) ]
o

1y
> NVeeet ]
j’: dsin 9exp[—(9—o) ]

(3) — 0 _ 3 _,0) _,0) —,0 .0 _,03 _
Xy = Xooyx = Xxoxy = Xayyy = Xy = Xyyyx = Kyyxy = Xymyy = V- &

The measured data were fitted again by using Eq.(1) and Eq.(5) with 8¢ and
NVE;&& as adjustable parameters. The orientational angle dependence of x® values
was well fitted with 6,=0.56 as shown by the dotted curve in Figure 3. One of the
reasons why the experimental data around 90° and 270° are larger than the
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theoretical prediction in which a perfect one-dimensional molecular chain was assumed
may be considered as 725&6 is the only non-zero component of second-order

polarizability tensor in the molecule based framework. In fact, another component also
contributes to %3, and these contributions become more significant when the

polarization of the fundamental beam is perpendicular to the dipping direction (90° and
270°), where the contribution from 7z is minimum.

The value of NYEggg corresponds to the maximum (3 that is accessible if the

polymer chains are perfectly aligned. The %) value for a random molecular
distribution is only one fifth of N'}’Eggg value. Figure 3 also shows the effect of

polymer alignment degree (parameter 6p) on the x) value. For a perfect alignment
(68, — 0), the maximum X3 reaches 18.1 x 10-12 esu, while for a random distribution
(6 = o), % is only about 3.6 x 10-12esu. The molecular alignment of the sample
investigated (6p=0.56) was compared with the two extreme situations.

CONCLUSJON

THG measurements were performed on PBT LB film. The x®) values were evaluated
as a function of orientational angle. The %) values of the LB film are

3) _ -12 3y _ —12 . .
X =11.3x107° " esu and xy0 =3.5x107°" esu. These anisotropies can be

explained well by a Gaussian distribution function of the PBT polymer chains with the
standard deviation ¢ = 0.40.
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