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Linear optical properties of two types of poly(phenylquinoxaline) (PPQ) are studied by
multiwavelength prism coupling technique and optical absorption spectroscopy. Surface roughness
measurements are done using atomic force microscopy. PPQs form smooth films of high optical
quality having refractive indices above 1.7 in the visible and near infrared spectral ranges. Enhanced
birefringence of An ~0.04 has been observed in both PPQ films prepared by spin coating. Sellmeier
coefficients are derived for the wavelength range starting from 0.532 to 1.064 wm for both TE and
TM polarizations. Quantum chemical calculations both on the semiempirical and on the ab initio
level are carried out in order to calculate the first-order molecular polarizability tensors of the
polymer repeat units. From the obtained tensor elements, theoretical values for both the average
refractive indices and the maximum expectable birefringence are calculated. Based on these values
a more detailed interpretation of the experimental findings is carried out. The dispersion of refractive
index is quantified by the value of Abbe’s constant (v,). In our case the value v,=~ 11 indicates high
dispersion in the visible spectral range. The imaginary part k of the complex refractive index n”
=n—ik reaches values of k<1073 in the wavelength range from 0.5 to 1 um. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2349471]

I. INTRODUCTION

Polymers as basis materials for integrated optics are now
extensively used for a broad range of applications including
electro-optic modulators, light emitting diodes, and
waveguides for optical signal transmission.' Polymers are
available at low costs, and they are flexible and easily pro-
cessed compared to inorganic materials and glasses. For ap-
plication in linear and nonlinear optical devices, they should
show an appropriate combination of optical, electrical, me-
chanical, and thermal properties. Polyphenylquinoxalines
(PPQs) combine advantageous features such as high thermal
stability including high glass transition temperatures
(250-300 °C), high mechanical stability, and ductility."”’
They possess excellent film forming properties that minimize
fabrication costs and guarantee high optical quality with
good transparency as required for low-loss optical wave-
guide applications. Details about synthesis, and thermal and
mechanical properties of polyphenylquinoxalines have been
reported by Wrasidlo and Augl7 and by other authors.®'°
Since the materials are used as thin films, their optical prop-
erties are determined, in general, by the thin film geometry
and processing techniques. It is, therefore, important to di-
rectly examine material parameters of these thin films rather
than infer them from bulk measurements.

Since the refractive index is an important parameter for
the design of optical devices such as waveguides, electro-
optic modulators, and organic light emitting diodes
(OLEDs), its value and dispersion should be known precisely
for device optimization. In a previous work, ellipsometry has
been used to measure thin film parameters of polyparaphe-
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nylenevinylene (PPV) and PPQ films in a thickness range of
the order of 200 nm."" In this paper, precise multiwavelength
refractive index measurements are carried out on planar
waveguides of polyphenylquinoxalines using the prism cou-
pling technique also known as mode-line (or m-line) tech-
nique. The multiwavelength analysis provides both refractive
index dispersion and the birefringence dispersion accurately.
This is an advantage compared to the previously reported
ellipsometric measurements which suffer from some major
disadvantages when used to measure moderate to thick films,
such as the ambiguity caused by the incremental nature of
the ellipsometer’s thickness measurement. The prism cou-
pler, on the other hand, provides a direct and unambiguous
measurement and nonincremental thickness and gives direct
access to the refractive index for different polarization direc-
tions.

The PPQs used here have a high transparency at wave-
lengths above 500 nm which is evident from the absorption
spectra at the visible and near infrared spectral ranges. This
makes them promising materials for waveguide applications.

Il. EXPERIMENT

We have investigated two types of polyphenyl-
quinoxaline-based  polymers, [7,7’-oxybis(2,3-diphenyl-
quinoxaline)] and [7,7'-(2,2-dichloroethene-1,
1-diyl)bis(2,3-diphenylquinoxaline)], also named as PPQ2b
[Fig. 1(a)] and PPQ3 [Fig. 1(b)], respectively.'

Both polymers have been synthesized from aromatic tet-
raketones and aromatic tetra-amines in cresol by polycon-
densation reaction towards high molecular mass polymers
(180 000-270 000 g mol™!)."*"'" By-products and low-

molecular-reaction products of synthesis are eliminated by

© 2006 American Institute of Physics
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FIG. 1. (a) Chemical structure of 7,7'-oxybis(2,3-diphenylquinoxaline)
(PPQ2b) and (b) chemical structure of [7,7'-(2,2-dichloro-
ethene-1,1-diyl)bis(2,3-diphenylquinoxaline) (PPQ3).

repeated precipitation. The molecular structure and purity are
verified by NMR spectroscopy, chromatography, UV/vis
spectroscopy, and IR spectroscopy. Synthesis is carried out in
solvents of spectroscopic purity grade.

PPQ2b and PPQ3 with inherent viscosities #
=1.23 dl/g and 5=2.3 dl/g, respectively, were used to form
films by solving the polymers in 1,1,2,2-tetrachloroethane
(5% by weight). The solubility of the polymers in different
solvents was tested and 1,1,2,2-tetrachloroethane was found
to be the best. The dissolved polymer was stored in solution
at room temperature for about 18 h, avoiding any kind of
stirring or shaking of the solution to prevent the formation of
microbubbles in the solution. Before film preparation, the
polymer solution was filtered through a 0.2 um pore filter.
The filtered solution was then deposited onto a substrate of
BK7 glass (Melles Griot) precleaned in a 1:3 solution mix-
ture of hydrogen peroxide and sulfuric acid. After rinsing
and drying of the substrates the polymer was deposited on
them by spin coating with rotation speeds in the range of
700-1200 rpm, producing uniform thin films of thicknesses
in the range of 0.8—1.85 um, depending on viscosity and
spin speed. The thin films formed were thermally annealed at
160 °C for 1 h to remove any residual solvent. Thin films at
low concentrations were also prepared on quartz substrates to
obtain the imaginary part of the refractive index by means of
absorption measurements.

The optical absorbance spectra of the polymer films with
a thickness of 160 nm on quartz substrates in the ultraviolet
and visible spectral ranges were measured using a spectro-
photometer (Carl Zeiss, Jena, model Specord M 42) at nor-
mal incidence. There are two main absorption peaks having
their maximum at wavelengths of 376 and 265 nm, which
can be assigned to the 77-7" transition of the quinoxaline and
the benzene moiety, respectively. In addition, there is a weak
absorption around 450 nm connected to the n-7" transition
of the quinoxaline moiety. The thickness of the thin film
samples used for absorption measurements is determined by
use of a multiangle, single wavelength (632.8 nm) ellipsom-
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FIG. 2. Imaginary part k of refractive index of PPQ2b and PPQ3 for thin
films prepared on quartz glass substrates as deduced from the absorbance
spectra. Above 550 nm both materials are transparent (k=<0.001).

eter (Sentech, model S400). The imaginary part k of the
complex refractive index n“=n—ik of the PPQ samples is
calculated from the measured absorbance A=log,,(I,/I) us-
ing the following formula:

AN

k= —7"—, (1)
dard 10g10€

where /) and [ are the light intensities in front and behind the
sample of thickness d and A is the vacuum wavelength of
light for which n and k are determined. A correction of the
absorbance spectra with respect to Fresnel reflection losses
has not been carried out.

The spectral distributions of k for PPQ2b and PPQ3 ob-
tained from the absorbance spectra according to Eq. (1) are
presented in Fig. 2. They show high k values near 0.4 where
the absorption peaks of the two polymers occur.

In the present study the m-line technique, which is one
of the most precise methods for determining the real part of
refractive index, is used. The technique is based on the ex-
citation of TM and TE modes in a planar waveguide and is
used for refractive index and thickness measurements of
light-guiding films.'®*

Neat PPQ films deposited onto BK7 glass have been
measured at various wavelengths starting from 532 up to
1064 nm. In addition, the refractive indices of the substrate
(BK7 glass) have also been measured at various wavelengths
prior to deposition of the polymer layer in order to compare
with the results obtained from the fit to multimode m-line
measurements. Good agreement has been found.

The experimental setup of the m-line experiment is
shown in Fig. 3(a). The prism-coupler holder is fixed on a
motorized two circle goniometer (Huber Diffraktionstechnik
GmbH, Germany) with a computer-controlled rotation stage,
giving the opportunity to change the angle of incidence for
the incoming light. The precision of angular position control
of the rotation stage is 0.01°. The detector moves around
with a double angular speed at an angle 26 compared to the
rotational speed of the sample to detect the reflected beam
during the measurements. Mode coupling is realized with the
use of high refractive index prism (LaSFN9, Berliner Glass,
n=1.844 89 at 632.8 nm, a=45°). The detector used is a
germanium photodiode (Polytech, Berlin) which is also sen-
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FIG. 3. (a) Setup for m-line experiments; (b) pictorial representation of the
resulting modes for TE polarization.

sitive in the IR range, i.e., at the telecommunication wave-
length regions of 1310 and 1550 nm. A change in the inci-
dent light polarization allows the excitation of either the TE
or the TM modes. The waveguide modes observed as a set of
sharp trenches for the polymer films in a TE polarization
state are shown in Fig. 3(b). The prism coupling method
based on planar waveguide theory is explained in many
sources.”'*

A set of lasers has been used as monochromatic coherent
light sources for our study. The wavelengths of 1064 and
532 nm selected are widely considered for use in nonlinear
applications as the fundamental and second harmonic wave-
lengths of the neodymium doped yttrium aluminum garnet
(Nd:YAG) laser. The wavelength of 532 nm was generated
by a diode pumped Nd:YAG laser with a frequency doubler.
The other wavelengths used were 632.8 nm (He-Ne),
980 nm (diode laser, Roithner Laser, Austria), and 1064 nm
(diode pumped Nd:YAG laser, Roithner Laser, Austria). Us-
ing different but well-defined wavelengths allows us to de-
termine the optical dispersion of the refractive indices with
high accuracy.

lll. RESULTS AND DISCUSSION

We observed that the solutions of PPQs made in 1,1,2,2-
tetrachloroethane (5% by weight) were stable at ambient
temperature, which means that the film thickness and its
quality are reproducible. Owing to their high glass transition
temperatures, PPQs facilitate the use of solvents with high
boiling point that are ideal for spin coating for smooth film
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formation and annealing at high temperatures. Hence, PPQs
are of great interest due to their special properties, including
ambient and solution stability.23 We also observed good host-
ing capabilities of PPQs with several nonlinear optical chro-
mophores at different doping levels.

The absorption spectra for both the PPQs show two
peaks that are similar to each other. The low-energy peak due
to the excitons located at the diphenylquinoxaline unit has
the same shape and spectral position in both cases. The high-
energy peak is slightly redshifted in the case of PPQ3. This
might be connected to the influence of the dichloroalkene
bridge in PPQ3 replacing one of the two ether bridges promi-
nent in PPQ2b. Film thicknesses measured for PPQ2b and
PPQ3 samples used for absorption measurements have been
determined by means of ellipsometry, and amount to 150 and
175 nm, respectively. Pure PPQ films are transparent in the
region above 450 nm. Due to a slight absorption in the blue
part of the spectra, films have a light yellow color.

The choice of solvent is important in connection with
surface quality of the films formed from solution. Atomic
force microscopy (AFM) measurements on a surface region
of dimension of 10X 10 wm? of a sample prepared from a
polymer-chloroform solution have shown that the film forms
an inhomogeneous surface characterized by a so-called or-
ange skin surface pattern due to fast evaporation of chloro-
form during spin coating. This effect leads to surface discon-
tinuities and hence results in waveguide losses. Tetra-
chloroethane is used as a solvent in our case that led to more
homogeneous films with low roughness. The rms roughness
obtained in this case was in the order of 2—3 nm for the films
spin coated at various spin speeds and concentrations. The
films were smooth as the choice of 1,1,2,2-tetrachloroethane
as a solvent has important contribution to this effect due to
its high boiling temperatures above 150 °C. Annealing of
thin films after spin coating at 160 °C is carried out not only
to remove the residual solvent but also to allow the films to
rearrange themselves on the substrate. This stabilizes the sur-
face morphology of the films to relax towards a very smooth
structure. The optical losses of both PPQ films were mea-
sured by monitoring the light scattered out of the waveguide
by means of a charge coupled device (CCD) camera, which
detects the light along a 2 cm long planar waveguide. The
light intensity of scattered light is integrated perpendicular to
the propagation direction using 40 lines representing the
guided beam and assuming linear intensity dependence of
the pixel sensitivity. We derived from that an average loss of
0.8-0.9 dB/cm at 632 nm. The temperature dependence of
the optical quality of the thin films is observed by the in situ
measurements of scattering losses at rising annealing tem-
perature in the range between 50 and 200 °C. We observed a
steady decrease of scattering losses upon heating the sample
up to 200 °C. Isothermal annealing at 175 °C decreased the
scattering losses by about 10% after 2 h. After cooling down
to room temperature, the reduced losses are retained, indicat-
ing an improved packing of the material.

For the films supporting two or more modes, we ob-
tained both the refractive index and thickness parameters si-
multaneously (Table I).

Since the m-line technique is mode-polarization depen-
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TABLE I. Measured mode angles for TE and TM polarizations of PPQ2b and PPQ3 films at various wave-

lengths.
Mode 0 Mode 1 Mode 2 Mode 3 Mode 4 Thickness
(deg) (deg) (deg) (deg) (deg) (um) n
PPQ2b
TE 532 nm 102.93 95.72 86.70 76.95 66.98 1.354 1.778
TM 532 nm 88.78 83.97 77.10 69.14 1.392 1.719
TE 632.8 nm 94.97 87.53 77.80 67.27 1.351 1.741
TM 632.8 nm 84.71 78.82 70.69 1.388 1.688
TE 980 nm 87.12 75.36 1.341 1.700
TM 980 nm 79.48 69.21 1.368 1.655
TE 1064 nm 86.21 73.43 1.346 1.697
TM 1064 nm 78.72 67.60 1.371 1.652
PPQ3

TE 532 nm 101.17 94.02 84.96 75.09 65.11 1.312 1.773
TM 532 nm 91.17 85.70 78.13 69.50 1.345 1.731
TE 632.8 nm 93.93 86.37 76.48 65.86 1.312 1.737
TM 632.8 nm 86.59 80.05 71.25 75.09 1.344 1.700
TE 980 nm 86.34 74.44 1.310 1.697
TM 980 nm 80.78 69.76 1.337 1.666
TE 1064 nm 85.35 72.37 1.307 1.693
TM 1064 nm 79.83 67.92 1.334 1.662

dent, it allows the determination of birefringence in thin
films (which requires waveguide modes to exist for both po-
larizations). The prism coupling method is based on planar
waveguide theory, where the propagation of modes inside the
polymer layer can be described by the following equation:

)

where k,;=nk, sin 6 is the y component of the propagation
vector of light in the jth layer with the vacuum propagation
vector ko=2m/\jy, the vacuum wave length N\, and the
bouncing angle 6 which spans the angle between the propa-
gation vector of the reflected wave and the interface between
core and cladding. Note that the y direction is perpendicular
to the z direction which represents the effective propagation
direction of light along the waveguide. The quantities {;; are
defined as {;;=«;/7; for TE modes and ;;=(e;/,)(x;/ 7;) for
TM modes, with the optical dielectric constant s]:n? of the
jth layer. The indices i and j can run from 1 to 3. Here j
=1 stands for the substrate, i=2 describes the core, and j
=3 represents the upper cladding (superstrate) of the wave-
guide. The quantities «; and 7; are defined as Kj=\/n§ff—n]2.
and 7=\ nj—ngff, respectively, where n; is the refractive in-
dex of the jth layer and n.;=n, cos 6 is the effective refrac-
tive index of the core layer. d stands for the thickness of the
core layer (i=2). m represents the order of the waveguide
mode. A detailed description of the theory is given in many
sources.”**

The thickness obtained directly from the prism coupling
measurements is used in conjunction with the optical absor-
bance spectra to calculate the imaginary part k of refractive
index (extinction coefficient). Although the precision of re-
fractive index measurements is up to 107>, the pressure ap-
plied at the coupling point leads to a deviation of the local
refractive index due to a change in density at this point.24
The deviation is of the order of 10™* and depends on the

arctan {p; + arctan o3 + mm=kd,

viscoelastic properties of the polymer.25 Shorter wavelengths
can support higher numbers of modes than the longer ones.

Precisely measured values of refractive indices are given
in Table II. They have been used to find fit coefficients (see
Table II) which describe the dispersion of the real part n(\)
of refractive index. A very precise way to describe dispersion
of n is based on the well-known Sellmeier formula

n 2
n2(\) =1+, ?z\ 3)

1)\ Bi.

In the present case, according to Ref. 22 a sufficient accuracy
has been achieved by means of the following simplified dis-
persion formula:

q

2 2
n“(\) =n_, + .
A=)

(4)

Formally, Eq. (4) can be derived from Eq. (3) by setting A;
=0 for i=3, B;=B;=0, Ay=—A,, 1+A,=n2, B,=\}, and
A,B,=q. The quantity n. represents the limiting value of
refractive index at infinite wavelength and A the wavelength
at resonance. In the approximation of Eq. (4) only one reso-
nance is taken into account. From Table II the following fit
parameters as given in Table III have been extracted

TABLE II. Measured refractive indices of PPQ2b and PPQ3 at four differ-
ent wavelengths for TE and TM polarizations.

Material 532 nm (green) 632.8 nm (red) 980 nm (IR) 1064 nm (IR)
PPQ2b TE 1.778 1.741 1.700 1.697
PPQ2b TM 1.719 1.688 1.655 1.652
PPQ3 TE 1.773 1.737 1.697 1.693
PPQ3 T™M 1.731 1.700 1.666 1.662
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TABLE III. Fit parameters to Eq. (4) for a PPQ2b and a PPQ3 film of
thickness 1.3 um for TE and TM polarizations.

Material T No (um) q (um?) vy
PPQ2b TE 1.6783 0.306 0.0653 10.1
PPQ2b TM 1.6367 0.294 0.0540 11.8
PPQ3 TE 1.6747 0.295 0.0662 10.6
PPQ3 TM 1.6452 0.286 0.0585 11.6

Since the three-parameter dispersion function of Eq. (4)
fits well to the four experimental points, it is proven that the
chosen model is adequate to calculate the refractive indices
in the transparency region. The precision of the values ob-
tained from Eq. (4) is better than 0.001. In the case of more
than four experimental values of refractive index, the mea-
sured accuracy of the fit can be enhanced by using Eq. (3)
instead of Eq. (4). The fitted values for the wavelength \ are
situated in the range between 286 and 306 nm, and corre-
spond to the resonance we assign to the -7 transition of
the benzene moiety.

The dispersion curves of refractive indices for the thin
films of PPQ2b and PPQ3 fitted by means of Eq. (4) are
shown in Figs. 4(a) and 4(b), respectively. The refractive
index for TE polarization decreases from values near 1.8 to
values below 1.7 for both polymers by going from the blue
to the Near infrared (NIR) spectral range. In the case of TM
polarization, the refractive index decreases from about 1.73
to 1.66 for both polymers in the same spectral region.

A quantitative measure of refractive index dispersion of
transparent materials is the Abbe number v,, defined by

ng— 1

vy=—, (5)
ngp—nc

with ng, np, and ne the refractive indices at three standard
wavelengths (yellow helium d line at 0.587 56 wm, blue hy-
drogen F line at 0.486 13 wm, and red hydrogen C line at
0.656 27 um, respectively). Both polymers reveal similar
values of dispersion for identical polarization, i.e., for TE or
TM polarization, respectively, as can be seen in Table III.
However, at TM polarization the dispersion is slightly
weaker than for TE polarization (the higher v, value corre-
sponds to a lower dispersion). The absolute values of Abbe’s
number of the polymers PPQ2b and PPQ3 in the range be-
tween 10 and 12 indicate a relatively high dispersion. Typical
values for optical crown glasses, which show low dispersion,
are in the range of v;>50.

High birefringence An is observed in thin films of both
polymers (see Fig. 5). It is calculated as the difference be-
tween the refractive indices for TE and TM polarizations.
The occurrence of birefringence can be explained by the ac-
tion of hydrodynamic forces during spin coating, which align
the PPQ chains along the rotational plane.11

In order to understand the measured anisotropy of refrac-
tive indices, quantum chemical calculations on semiempir-
ical and ab initio levels are carried out with the aim to esti-
mate the molecular polarizability tensor of the polymer
repeat unit. From the absorption spectra of the polymers with
their maxima below 400 nm it can be assumed that the av-
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FIG. 4. Dispersion curves as obtained by multiwavelength measurements of
refractive index for TE and TM polarizations in the cases of (a) PPQ2b and
(b) PPQ3.

erage size of the active chromophore is that of the diphe-
nylquinoxaline moiety. Conjugation is broken by the single
bonds of the oxygen or the ethylene dichloride bridge, re-
spectively, which are prominent along the polymer main
chain. Consequently, main features concerning absorption
and refraction can already be derived from the properties of a
single repeat unit. The shape of a repeat unit of PPQ2b op-
timized by quantum chemical calculations is shown in Fig. 6.
For the sake of simplicity, the repeat unit does not contain
that oxygen bridge which forms the link to the next repeat
unit in the polymer chain. In spite of this simplification, we
obtained realistic values for the molecular polarizability ten-
sor elements from which the average refractive indices of the
material are calculated. The molecular coordinate system of
a repeat unit of PPQ2b as used for the quantum chemical
calculations is also shown in Fig. 6.

Combining the Lorenz approximation of a spherical cav-
ity and the Maxwell equations, one obtains the so-called
Lorentz-Lorenz equation which combines refractive index n
of a homogeneous medium with the ratio P=a/V represent-
ing the molecular polarizability o normalized to the molecu-
lar volume V according to the following equation:
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FIG. 5. Birefringence measured in 1.3 um thick films of PPQ2b and PPQ3.
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where g, is the dielectric constant of the vacuum: g,
=8.854X 10712 A s/V m. The specific polarizability P can
be expressed for the given polymers as polarizability «,; of
one structural repeat unit per its volume V.,

a .
p= unit ' 7
Vunit ( )

This equation holds good for both the cgs and the SI system.
The polarizability « has in the cgs system the unit A* and in
the SI system the unit A s m?/V, i.e. induced dipole moment
per unit field strength. According to Eq. (6), the polarizabil-
ity a., of the cgs system is connected to the polarizability
agp of the SI system via the relation

Qagyp = 4W8aach' (8)
The volume V,;, of one repeat unit can be found according

to Eq. (9) from the density p, the molar mass M, and
Avogadro’s number N,

IY
]

FIG. 6. Optimized structure of the repeat unit of PPQ2b without oxygen
bridge forming the link to the next repeat unit. Inertial axes are also shown.
The z axis is orthogonal to the plane.
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TABLE IV. Principal polarizabilities of PPQ2b and PPQ3 repeat units in cgs
units calculated by applying the HF/3-21G+ level of theory together with
the corresponding values of refractive index and maximum birefringence.

(a0 (A?) ayy (A3) Ay, (A}) Qynit (AB) AOlunit (Aj) n An

PPQ2b 110.54 56.48 50.44 72.49 57.08 1.713 0.731

PPQ3 110.21 65.73 59.68 78.54 47.51 1.670 0.517
M

Vunit = . (9)
PNy

With a measured density of 1.24 g/cm?® and with average
molar masses of the considered repeat units of M
=578.66 g/mol for PPQ2B and of M=657.59 g/mol for
PPQ3 one obtains molecular volumes V,,; per repeat unit of
774.93 and 880.63 A3, respectively. These numbers do not
consider the oxygen bridge, which is linking two adjacent
repeat units because for the sake of simplicity it was not
included into the quantum chemical calculations.

The theoretical average repeat unit polarizability a; is
obtained by averaging over all the three diagonal compo-
nents of the calculated polarizability tensor,

[e7%% + C;V}’ + . . (10)

Qypit =

We calculated the components of the polarizability ten-
sor for one repeat unit of the polymer chain as shown in Fig.
6. This unit repeats along the polymer chain. These units are
connected by ether bridges which provide good solubility
and processability of the polymer. In Table IV are the results
of quantum chemical analysis applying the Hartree-Fock
level of approximation. Since quantum chemical calculations
are very time and resource consuming, we performed a pre-
analysis of smaller structural parts of PPQ units at different
arbitrary basis sets of the molecular orbitals. We used split
valence basis sets 3-21G, 6-31G, 6-31G+, 6-31G(d), and
6-311G++(2d,p) (where “G” stands for Gaussian type of
functions and the integers before G denote the number of
primitive exponents involved in the calculations) with added
polarization (2d,p) and diffuse functions (“+,” “++7). Ac-
cording to our calculations, the additional diffuse functions
provide results that are close to those results obtained by
means of high level of theory functions, namely, 6-311G+
+(2d,p). For instance we found that the value of ayp of
benzene calculated at a HF/3-21G+ level of theory has only
7% deviation from the value obtained by the more sophisti-
cated HF/6-311G++(2d,p) level but requires 46 times less
time. In our opinion, the HF/3-21G+ gives adequate results
in a reasonable amount of time and can be used for both the
geometry optimization and single point property calcula-
tions. Details concerning the used quantum chemical calcu-
lations can be found elsewhere.”*™*

As seen in Table IV it gives a good agreement with
experimentally observed refractive indices (cf. Table II). The
reason that the calculated refractive indices of PPQ2b and
PPQ3 are lower than their measured refractive indices, is the
uncertainty of the calculation method (recommended density
functional theory (DFT) method with a large basis set [as a
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B3LYP/311G++(2d,p)] required an inadequately long pe-
riod of time for a single point calculation, ca. 6 months. The
current method HF/3-21G+ needs approximately 24-28 h
for a single point calculation on a 2 GHz computer using
GAUSSIAN 98 software. The procedure for the geometrical op-
timization of the molecular structure (potential energy mini-
mization) is performed first with the semiempirical method
AM1. The following optimizations are made by HF/3-21G+
which is also used for polarizability calculations. The mac-
roscopic properties of the material are determined by the
geometry of the polymeric chains averaging over the polar-
izability tensor of the repeated unit. Usually one assumes a
Gaussian coil conformation of the polymeric chain in the
solid providing a random averaging over the molecular an-
isotropy of polarizability. This leads to isotropic optical
properties in the amorphous polymeric solid. We therefore
assumed that the chain repeat units have random oriented
vicinity on the microscopic level. That allows us to apply the
Lorentz field approximation. However, taking into account
the macroscopic medium, the ensemble of polymer chain
units can have a slight orientation due to flow alignment
during spin coating and this forms a basis for the observed
birefringence.

By differentiating in Eq. (6) P with respect to n one can
easily obtain a formula giving an upper limit of birefringence
for these materials:

27 (n® +2)? 27 (n% +2)% Ay

n 9 n Vit

An , (11)

where A, is the anisotropy of polarizability of the mo-
lecular structural unit,
a,,+a

Aa’unit =0 —

Equation (12) is a first approximation, where the polymeric
unit is represented by a solid cylinder with «,, as polarizabil-
ity along the long axis. For an isotropic bulk material an
averaging takes place and the axis direction distribution is
spherical, and hence, no birefringence is prominent. Due to
hydrodynamic forces during spin coating, however, the dis-
tribution becomes oblate ellipsoid. This leads to the observed
birefringence in the spin-coated films where the refractive
index for TE modes is higher than that for TM modes. In
order to quantify the difference between the experimental
value of birefringence An,,, and the theoretical value An .
calculated using Eq. (11) one can introduce the ellipticity
parameter 7y,

A
Bllexpt (13)

=1- .
7 Ancalc

The experimental value of birefringence is given by Aney,
=ntg—npy (see Table III). An ellipticity parameter of zero
describes complete orientation of the polymer -chains
(stretched chains) corresponding to the idealized “cylinder”
model of the polymer chain used to derive Eq. (13). A y
value of 1 represents the isotropic case where no birefrin-
gence occurs. For PPQ2b Ang,=0.042 and for PPQ3
Aney,=0.030 were found. This leads to an ellipticity param-
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eter of y=0.943 for both polymers which describes a situa-
tion close to complete random packing of the molecular
units. This shows that even a small deviation of y by about
6% from the isotropic behavior, where the ideal ellipticity
parameter 7y is 1, has a big influence on the values of bire-
fringence as observed in our case.

IV. CONCLUSION

The two investigated polyphenylquinoxalines (PPQs) are
well soluble materials, which can be used to prepare thin
films of high optical quality by spin-coating, being transpar-
ent in the visible and near infrared spectral ranges. They
show strong absorption in the ultraviolet and only a very
weak tail absorption in the blue spectral range, which gives
them a slightly yellow color. The refractive indices reach
values around 1.7 in the transparence region, which is con-
siderably higher than the refractive indices of other aromatic
polymers such as polystyrene or polycarbonate. The disper-
sion of refractive index is relatively high as illustrated by an
Abbe number of approximately 10. Spin coating causes bi-
refringence in the prepared films where the refractive index
for TE modes is higher than that for TM modes. This can be
explained by hydrodynamic forces causing a certain chain
alignment during spin coating, which is then frozen after
drying the films. Theoretical studies show, however, that this
birefringence is caused by only a slight deviation from ran-
dom packing of molecular units. This can be expected be-
cause the investigated polymers do not show liquid crystal-
line behavior where higher birefringence could be inferred
by a deposition process from the liquid phase. The low losses
obtained in the range of 0.8—0.9 dB/cm and the high ther-
mal stability of the polymer films make the polyphenylqui-
noxalines interesting candidates for preparation of
waveguides for photonic devices.
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