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Polymer fractionation yields materials with higher average molar masses and thus substantially increased
glass transition temperatures. We apply this technique to a photoaddressable polymer that exhibits high electro-
optic coefficients, in order to enhance the thermal stability of the poled material. The degree of orientation of
the dipolar chromophores is investigated with both pyroelectric and electro-optic measurements. The pyroelec-
tric measurements at elevated temperatures show no significant contribution ofb relaxation as compared to
a relaxation.
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I. INTRODUCTION

The use of polymers for nonlinear optical applications
such as second-harmonic generation and electro-optic modu-
lation has been studied intensely for more than two decades.
Huge progress has been made in synthesizing chromophores
with large hyperpolarizabilities and in poling the materials
efficiently [1–3]. In recent years, an increased interest in
electro-optic polymers could be noticed, because in conven-
tionally used crystalline materials there are fundamental
bandwidth limitations, attributed to optical phonons[1,4].
This limitation does not apply to polymers[5], and electro-
optic modulation at bandwidths higher than 100 GHz has
been demonstrated[6]. The magnitude of the Pockels effect
in polymers can even exceed the one in crystals and the
favorable dielectric properties of polymers allow longer in-
teraction lengths in high-speed modulators. Thus, the use of
polymers can significantly reduce driving voltages for
electro-optic devices[2].

Side chain polymers with azobenzene-based chro-
mophores are also known as photoaddressable polymers
(PAP’s) because they show a light-induced birefringenceDn
that is of special interest for optical data storage[7,8]. The
large and stableDn values originate from cooperative reori-
entation and alignment of side chains triggered by trans-cis-
trans isomerization transitions of the azobenzene molecules
after absorption of polarized light of a suitable wavelength
[9–12]. This effect can be used for the light-induced forma-
tion of waveguiding structures and for the enhancement of
the poling efficiency at temperatures well below the glass
transition, as well as for spatially patterned poling[13–15].
Recently, we have demonstrated a very strong electro-optic
effect in a photoaddressable polymer having bis-azo chro-
mophore side chains with the chemical structure shown in
Fig. 1 [16].

The major objection to polymeric components is the de-
vice reliability, which is in the case of electro-optic polymers

mainly affected by the stability of the polar orientation of the
chromophores. Cross-linking the oriented chromophores af-
ter poling can lock the molecules in place and thus greatly
enhance the stability to an extent that makes first commercial
products possible[17]. In this article, we demonstrate a dif-
ferent approach to improve device stability that can be used
independently or in addition to a cross-linking procedure.

The thermal stability of a poled polymer is mainly deter-
mined by its glass transition temperatureTg. In order to have
a long-term stable electro-optic device,Tg needs to be sig-
nificantly higher than the intended operating temperature.
For commercial devices long-term stability at 85 °C is re-
quired[3]. The glass transition temperature can be controlled
by fractionation—i.e., the separation of macromolecules with
different molar masses. For a narrow distribution of molar
massesTg can be expressed as[18]

TgsMwd = TgsMw = `d −
K

Mw
, s1d

whereK is a constant depending on material parameters and
Mw is the weight average of the molar mass distribution
function. This behavior can be understood as follows: For
lower molar masses the influence of the end groups reduces
the glass transition temperature. Increasing the chain length,
the end groups become less significant, resulting in an
increase of Tg and finally in a saturation, approaching
TgsMw=`d. Thus, the use of high-Mw fractions yields sig-
nificantly higher glass transition temperatures, compared to
low-Mw fractions and to the non fractionated polymer.
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FIG. 1. Chemical structure of the investigated material.
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II. EXPERIMENTS

In earlier measurements it has been demonstrated that a
strong electro-optic effect can be found in PAP’s even with
very high chromophore contents[16]. We decided to use the
homopolymer with the chemical structure shown in Fig. 1
for further investigations. The polymer is formed by radical
polymerization of the monomers in 10 wt % DMF solution
during 48 h at 70 °C in an argon atmosphere using azo-bis-
isobutironitrile (AIBN ) as an initiator. After the polymeriza-
tion has finished, the solvent is completely evaporated, the
polymer boiled in methanol 3 times for 1 h and then dried
under vacuums10−3 mbard for 3 h at 120 °C. The glass tran-
sition temperature of this material is determined to be 94 °C
by standard differential scanning calorimetry(DSC) mea-
surements with a heating rate of 20 K/min. The fractionation
is done in five subsequent steps from a 1 wt % solution of
the polymer in THF by addition of a suitable amount of
ethanol. Each time the precipitated fraction F1–F5 is col-
lected and dried. Details of the fractionation technique have
been published in Ref.[19].

The five fractions have molar mass distributions as shown
in Fig. 2. The glass transition temperatures of the fractions
range from 99 to 121 °C as listed in Table I. The small and
very constant heterogeneity indexMw/Mn, the ratio of
weight average to number average molar mass, indicates a

successful fractionation with well-defined properties of the
resulting materials[18].

The polymer fractions are now solved in cyclopentanone
and spin coated to film thicknesses of 0.5–1.0mm onto glass
slides covered by an indium-tin-oxide(ITO) electrode. We
use corona poling to break the inversion symmetry of the
polymer. Here, special care is taken to maintain a low cool-
ing rate of 1°C/min when cooling down from the poling
temperature in order to minimize local free volumes in the
material. After poling, a 150-nm-thick gold layer serving as
the second electrode is sputtered on top of the polymer film.
These samples are investigated in a free-beam Mach-
Zehnder interferometer to measure the electro-optic effect.
For simplicity and increased accuracy these measurements
are performed at a wavelength of 685 nm. The previously
measured dispersion relation for the electro-optic effect in
our chromophores allows a rather accurate determination of
the Pockels coefficientr33 at the technologically important
wavelength of 1550 nm. A detailed description of the sample
preparation and the interferometric measurement method is
given in Ref.[16]. For each fraction more than ten samples
are poled and measured to find the optimum poling tempera-
ture. Two well-poled samples of the original polymer and of
the fraction F2 are stored in an oven at 90 °C, and the re-
maining electro-optic effect is determined in regular inter-
vals.

For detailed investigation of the chromophore relaxation
near the glass transition temperature we measure the pyro-
electric effect: The thermal expansion of the material con-
taining oriented molecular dipoles generates an accumulated
chargeQ on the electrode areaA that can be measured as a
pyroelectric current[20]. The experimental pyroelectric co-
efficient pexpt=s1/Ads]Q/]Td can be related to the macro-
scopic dipole orientation parameterkcosul (u being the
angle between the direction of the poling field and the indi-
vidual molecular dipole moment having a magnituded) via
the polarizationP as [21]

pexpt= a
e + 2

3
P = a

se + 2d2

9

N

V
dkcosul. s2d

Heree is the dielectric constant at low frequencies,a is the
thermal expansion coefficient, andN/V is the number den-
sity of dipoles in the film. For moderate orientation of dipo-
lar chromophores, the oriented gas model[22] predicts the
polarizationP and thuspexpt to be directly proportional to the

FIG. 2. Molar mass distribution functionW (normalized) of the
original polymer(P) and its fractions F1–F5. The curves have been
obtained in an analytical gel-permeation-chromatography experi-
ment in N,N-dimethylacetamide at 40 °C under consideration of
the standard PMMA calibration.

TABLE I. Average molar massMw, heterogeneity indexMw/Mn, glass transition temperatureTg, optimum poling temperatureTpol,
Pockels coefficientr33 at 1550 nm, and the curve-fit stretching exponentb for the original material and for the fractions F1–F5.

Material Mw (g/mol) Mw/Mn Tg (°C) Tpol (°C) r33 (pm/V) b

Original Polymer 13600 2.26 94 102 42 0.23

Fraction 1 33500 1.30 121 128 21 0.22

Fraction 2 23700 1.24 120 124 34 0.23

Fraction 3 14100 1.21 116 120 29 0.16

Fraction 4 8940 1.18 111 117.5 25 0.17

Fraction 5 4580 1.27 99 109 24 0.27
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Pockels coefficientsr13 and r33. This has also been verified
experimentally[23].

When the gold electrode is illuminated with a frequency-
doubled Nd:YVO4 laser, about 75% of the laser intensity is
absorbed and results in heating the gold electrode, the poly-
mer film, and part of the glass substrate. Placing a chopper
wheel into the beam path, the sample is heated periodically,
enabling very sensitive lock-in detection. To get accurate in-
formation about the pyroelectric current, the signal is mea-
sured as a voltage drop over a 10-kV load resistor. The
sample is mounted on a block of copper that is slowly heated
up with a rate ofc=s0.2±0.02d °C/min. Thus, the tempera-
ture dependence of the chromophore order parameterkcosul
can be observed directly via the pyroelectric effect. We mea-
sure the pyroelectric coefficient continuously over several
hours while heating up the sample to 130 °C. Typical laser
powers are 10 mW at 3.5 mm beam diameter, and the chop-
ping frequency is 500 Hz in all measurements.

III. EXPERIMENTAL RESULTS

Samples of the five fractions and the nonfractionated
polymer are prepared and poled as described above. Opti-
mum poling temperatures and maximum electro-optic coef-
ficients are given in Table I. It is interesting to note that we
do not find as large Pockels coefficients in the fractions as in
the nonfractionated material; only about 2/3 of the values
are observed in the polymer fractions.

The sample of the original polymer, stored at 90 °C,
shows a rapid decrease of the Pockels coefficient, as shown
in Fig. 3. The Pockels coefficient for the fraction F2 exhibits
a much slower decrease. After two months of storage at
90 °C it still retains 2/3 of the original value.

The pyroelectric response versus the average sample tem-
perature is shown in Fig. 4. At temperatures up to 20 °C
below the glass transition the pyroelectric effect remains
constant, in some samples a slight increase can be seen start-
ing about 50 °C belowTg. The decrease of the pyroelectric

coefficient begins about 10 °C belowTg, having a steep
slope around the glass transition temperature. Once the
sample is heated some degrees aboveTg, the pyroelectric
effect is permanently removed, indicating complete depolar-
ization of the sample.

IV. DISCUSSION

A. Enhanced lifetime of the poling

The delayed relaxation of the Pockels coefficient through
the use of the high-molar-mass fraction F2 is clearly seen in
the interferometric measurements shown in Fig. 3. This dem-
onstrates the improvement of thermal stability by increasing
Mw through fractionation.

An independent method for evaluation of the thermal sta-
bility of poled polymers is pyroelectric measurements at el-
evated temperatures. The measurement results show a slight
increase of the pyroelectric coefficient upon approachingTg
in some curves of Fig. 4. This effect has also been observed
by other authors[23] and may be related to an additional
contribution of torsional vibration(“libration” ) of the dipoles
to the pyroelectric effect when the dipoles see greater local
free volumes at elevated temperatures[21]. At even higher
temperatures the pyroelectric effect decreases rapidly. Here,
the correlation between the increased thermal stability of the
polymer fractions and the enhanced glass transition tempera-
ture is clearly visible: The decay of the pyroelectric effect in
fractions with increased molar mass happens at higher tem-
peratures. It is interesting to note that also the polymer frac-
tions with the lowest average molar masses(F4 and F5)
show a better thermal stability than the nonfractionated ma-
terial (see Fig. 4). The reason is probably, that the nonfrac-
tionated material contains very short polymer chains(1–4
monomer units, molar mass below 2000 g/mol; see Fig. 2)
that reduce the glass transition temperature by acting as plas-
ticizers.

The origin of the reduced Pockels coefficients in the frac-
tions as compared to the original polymer is not yet clear.

FIG. 3. Pockels coefficientsr13 measured at 685 nm wavelength
for a sample of the nonfractionated material(solid symbols) and a
sample of the fraction F2(open symbols). Both samples are stored
in an oven at a temperature of 90 °C and taken out in regular
intervals for the interferometric measurements.

FIG. 4. Pyroelectric signal for a heating rate of
s0.2±0.02d °C/min as afunction of temperature. The curves are
normalized to the signal strength at a temperature of 70 °C and
correspond(from right to left) to the fractions F1–F5 and to the
nonfractionated polymer.
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One may speculate that in the nonfractionated material the
chromophores on very short main chains can be aligned
more effectively than those attached to longer polymer back-
bones.

B. Modeling of the thermal relaxation of the poling

To get a deeper understanding of the relaxation processes
involved, however, we must investigate theshapeof the re-
laxation curves in Fig. 4. It has been widely accepted that the
semiempirical Kohlrausch-Williams-Watts(KWW) function
[24,25]

nstd = ns0dexpf− st/tKWWdbg s3d

is in a first approximation suitable for fitting a broad variety
of relaxational phenomena in disordered materials. This
equation describes a parametern relaxing with timet, with
the stretching exponentb ranging from 0 to 1, and the char-
acteristic relaxation timetKWW. It can be formally explained
by assuming a superposition of exponentials,

nstd = ns0dE
0

`

gstdexpf− st/tdgdt, s4d

wheregstd is a distribution of Debye-type relaxation times
t— i.e., simple exponential decays as they appear forb=1 in
Eq. (3).

In experimental observations, the exponentb increases
monotonically with temperature and is supposed to reach 1
for very high temperatures[26]. The broader the distribution
gstd of the relaxation times(meaning more diverse molecu-
lar environments), the lower is this stretching exponent. We
would expect that a narrower distribution of molar masses by
fractionating leads to a higher homogeneity of local energetic
environments. Therefore the more similar microscopic relax-
ation times yield also a higher value ofb.

However, of course not all processes with relaxation time
distributions are describable with a stretched exponential
function. This happens, e.g., when the distribution function
gstd has more than one peak.

In glass-type polymeric materials two different types of
relaxation occur: a slow, strongly temperature-dependent re-
laxation, which is generally associated with main chain rear-
rangements and referred to as “a relaxation,” and a faster,
less temperature dependent-relaxation, associated with side
group movements and referred to as “b relaxation” [27]. As
we slowly increase the temperature in our pyroelectric mea-
surements, the side groups have already relaxed as far as the
main chains allow, and without temporal resolution we ob-
serve a combineda andb relaxation. As the entire process is
described with only one function(KWW), agreement can
only be achieved when the distribution peaks of the two
different processes are broad and merging enough to be con-
sistent with only one distribution function, which is not the
general case for all temperature ranges[28].

Besides the position of the transition in DSC measure-
ments, the glass transition temperature can also be defined as
the temperature where the structural relaxation time is of the
order of 100 s[29]. Below that temperature the relaxation

time diverges. As a first approximation we describe this be-
havior linearly on a logarithmic scale as follows:

tasTd = 100 s3 10asTg−Td, s5d

where T is the temperature anda a shape parameter. We
argue that, on the one hand, the diverging relaxation times
are too high to affect the decay of the orientation during the
relatively short time the sample is heated through the region
of lower temperatures. On the other hand, when reaching the
relaxation time region at high temperatures, the decay has
already completed. Between these two regions we are able to
apply Eq. (5). Since the major part of the decay happens
within 15 °C, as a first approximation the stretching expo-
nentb varies only slightly, and we assume it to be constant
during the relaxation process[30]. Since we have a constant
heating ratec, we obtain the following curve-fit function for
the pyroelectric currentI:

IsTd = Is0dexpF− S T

c 3 100 s3 10asTg−TdDbG . s6d

For curve fitting we normalize the pyroelectric data to the
value 1. Figure 5 shows the data for the high-Tg fraction F1,
smoothed and averaged over two samples(solid line), and
the curve fit(dashed line). In a first series of curve fits the
shape parametera is let free and leads to an averaged value
of about 0.5 K−1. In order to have more precise information
on the behavior of the stretching parameterb, in a second
run of curve fits, we fixa to the value 0.5 K−1 for all curves.
With now actually only one free curve-fit parameter(stretch-
ing exponentb), using the glass transition temperaturesTg
determined by the DSC measurements, we get amazingly
good agreement between our intuitive picture and the experi-
mental results even with all the approximations made
(Fig. 5).

Comparing the stretching exponentsb from all measure-
ments, we find no significant dependence. With two excep-
tions the values are between 0.23 and 0.27. It is not clear
why the two fractions F3 and F4 show significantly lowerb
values, corresponding to a decay of polarization that is more

FIG. 5. Normalized pyroelectric signal at a heating rate of
s0.2±0.02d °C/min as afunction of temperature. The solid line
represents measurement data of a sample of the high-Tg fraction F1.
The dashed line represents the curve fit.
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flat than the others, while still Eq.(6) fits the experimental
data in an excellent manner. Also the unfractionated material
sb=0.23d decays as steeply as the polymers with a less broad
distribution of molar mass and substantially lower heteroge-
neity indexMw/Mn (see Table I). Thus, our first expectation
of narrower distributions leading to higher values ofb
proves wrong. One explanation of this behavior could be that
the very slow cooling during the poling process allows the
polymer chains to indent strongly with each other by mini-
mizing the free volume. This local indenting seems to
strongly affect local environments and to be much more im-
portant for relaxation shapes than main chain lengths, which
only defines the glass transition temperature. However, the
good curve fit suggests that isolated side-chain relaxation is
weak, because an additional significant and temporally sepa-
rated secondary relaxation would make it impossible to sim-
plify Eqs. (3) and(4) while still obtaining good descriptions
of the experimental data. Thus, even though we only detect
the chromophore side chains in our experiments, their move-
ment must be strongly coupled to neighboring side groups by

cooperative orientation and to the main chains, which give
way by a relaxation. The prevailing role ofa relaxation is
the reason why the increased glass transition temperature by
using higherMw fractions increases so significantly the ori-
entation stability.

V. CONCLUSIONS

In conclusion, we have shown that the use of PAP frac-
tions with higher molar masses significantly increases the
thermal stability due to higher glass transition temperatures.
Having long, densely placed bis-azo chromophore side
chains, by poling under suitable conditions the influence of
the b relaxation can be very much decreased.
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