PHYSICAL REVIEW E 70, 041802(2004

Increased thermal stability of a poled electro-optic polymer using high-molar-mass fractions
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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 contributretzxation as compared to

a relaxation.
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[. INTRODUCTION mainly affected by the stability of the polar orientation of the

The use of polymers for nonlinear optical app|icationschrompphores. Cross-linking the o'riented chromophores af-
such as second-harmonic generation and electro-optic modifr Poling can lock the molecules in place and thus greatly
lation has been studied intensely for more than two decade§nhance the stability to an extent that makes first commercial
Huge progress has been made in synthesizing chromophorggoducts possibl¢l7]. In this article, we demonstrate a dif-
with large hyperpolarizabilities and in poling the materialsferent approach to improve device stability that can be used
efficiently [1-3]. In recent years, an increased interest inindependently or in addition to a cross-linking procedure.
electro-optic polymers could be noticed, because in conven- The thermal stability of a poled polymer is mainly deter-
tionally used crystalline materials there are fundamentaimined by its glass transition temperatdig In order to have
bandwidth limitations, attributed to optical phonofs4]. a long-term stable electro-optic devick, needs to be sig-
This limitation does not apply to polymef§], and electro- nificantly higher than the intended operating temperature.
optic modulation at bandwidths higher than 100 GHz has=or commercial devices long-term stability at 85 °C is re-
been demonstratef@]. The magnitude of the Pockels effect quired[3]. The glass transition temperature can be controlled
in polymers can even exceed the one in crystals and they fractionation—i.e., the separation of macromolecules with
favorable dielectric properties of polymers allow longer in-different molar masses. For a narrow distribution of molar
teraction lengths in high-speed modulators. Thus, the use QﬁassesTg can be expressed §%8]
polymers can significantly reduce driving voltages for
electro-optic devicef?]. K

Side chain polymers with azobenzene-based chro- Tg(My) = Tg(My, =0) = —, (1)
mophores are also known as photoaddressable polymers M,

(PAP’s) because they show a light-induced birefringece

that is of special interest for optical data stord@¢8]. The  \hereK is a constant depending on material parameters and
large and stablén values originate from cooperative reori- \ is the weight average of the molar mass distribution
entation and alignment of side chains triggered by trans-cisfunction. This behavior can be understood as follows: For
trans isomerization transitions of the azobenzene moleculggwer molar masses the influence of the end groups reduces
after absorption of polarized light of a suitable wavelengththe glass transition temperature. Increasing the chain length,
[9-12. This effect can be used for the light-induced forma-the end groups become less significant, resulting in an
tion of waveguiding structures and for the enhancement ofncrease of T, and finally in a saturation, approaching
the pqling efficiency at temp_eratures well belo_w the glassrg(MW:oc)_ Thus, the use of high,, fractions yields sig-
transition, as well as for spatially patterned polii—13.  pjficantly higher glass transition temperatures, compared to

Recen_tly, we have demonstrated a very strong .electro-opti@W_MW fractions and to the non fractionated polymer.
effect in a photoaddressable polymer having bis-azo chro-

mophore side chains with the chemical structure shown in
Fig. 1[18].
The major objection to polymeric components is the de-

vice reliability, which is in the case of electro-optic polymers 1‘;0\/\/"_@_"\N QN‘
H N—O—:N
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) > FIG. 1. Chemical structure of the investigated material.
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1ol F5 F4F3 F2 F1 ] successful fractionation with well-defined properties of the
) resulting material$18].

The polymer fractions are now solved in cyclopentanone
and spin coated to film thicknesses of 0.5—4M@ onto glass
slides covered by an indium-tin-oxidéTO) 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.

0.0 N o : These samples are investigated in a free-beam Mach-
10° 10* 10° Zehnder interferometer to measure the electro-optic effect.
Molar mass [g/mol] For simplicity and increased accuracy these measurements

are performed at a wavelength of 685 nm. The previously
_FIG. 2. Molar mass distribution functioW (normalized of the  measured dispersion relation for the electro-optic effect in
original polymer(P) and its fractions F1-F5. The curves have beengr chromophores allows a rather accurate determination of
obtained in an analytical gel-permeation-chromatography experighe pociels coefficientss at the technologically important
tmh:nstt;r:] dg;ﬁ’g'ﬁ&fﬂiﬁﬁ:g%ﬂe at 40 °C under consideration of o\ elength 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
l. EXPERIMENTS are poled and measured to find the optimum poling tempera-
In earlier measurements it has been demonstrated thattere. Two well-poled samples of the original polymer and of
strong electro-optic effect can be found in PAP’s even withthe fraction F2 are stored in an oven at 90 °C, and the re-
very high chromophore contenjt$6]. We decided to use the maining electro-optic effect is determined in regular inter-
homopolymer with the chemical structure shown in Fig. 1vals.
for further investigations. The polymer is formed by radical ~For detailed investigation of the chromophore relaxation
polymerization of the monomers in 10 wt % DMF solution near the glass transition temperature we measure the pyro-
during 48 h at 70 °C in an argon atmosphere using azo-biselectric effect: The thermal expansion of the material con-
isobutironitrile (AIBN) as an initiator. After the polymeriza- taining oriented molecular dipoles generates an accumulated
tion has finished, the solvent is completely evaporated, thehargeQ on the electrode ared that can be measured as a
polymer boiled in methanol 3 times for 1 h and then driedpyroelectric currenf20]. The experimental pyroelectric co-
under vacuung10~3 mbay for 3 h at 120 °C. The glass tran- €fficient pe,,=(1/A)(dQ/JT) can be related to the macro-
sition temperature of this material is determined to be 94 °Gscopic dipole orientation parametécos6) (6 being the
by standard differential scanning calorimetfSC) mea-  angle between the direction of the poling field and the indi-
surements with a heating rate of 20 K/min. The fractionationvidual molecular dipole moment having a magnitutjevia
is done in five subsequent steps from a 1 wt % solution othe polarizationP as[21]
the polymer in THF by addition of a suitable amount of
ethanol. Each time the precipitated fraction F1-F5 is col- _ €+2_ (e+2°N
lected and dried. Details of the fractionation technique have Pexpt= & 3 P=a 9 \—/d(cos&). (2)
been published in Ref19].
The five fractions have molar mass distributions as showitlere € is the dielectric constant at low frequenciesis the
in Fig. 2. The glass transition temperatures of the fractionshermal expansion coefficient, afd/V is the number den-
range from 99 to 121 °C as listed in Table I. The small andsity of dipoles in the film. For moderate orientation of dipo-
very constant heterogeneity indeM,/M,, the ratio of lar chromophores, the oriented gas mof] predicts the
weight average to number average molar mass, indicates larizationP and thuspe,,to be directly proportional to the

TABLE I. Average molar mas$/,,, heterogeneity indeM,,/M,, glass transition temperatuilg, optimum poling temperaturé,
Pockels coefficientz; at 1550 nm, and the curve-fit stretching expongror the original material and for the fractions F1-F5.

Material M (g/mol) My /M, Ty (°C) Tpol (°C) I3 (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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FIG. 4. Pyroelectric signal for a heating rate of

. . (0.2+0.02 °C/min as afunction of temperature. The curves are
for a sample of the nonfractionated matexsslid symbols and a normalized to the signal strength at a temperature of 70 °C and

gample of the fraction Febpen symbo[gs Both samples are stored correspond(from right to leff to the fractions F1-F5 and to the
in an oven at a temperature of 90 °C and taken out in regular .
. . . nonfractionated polymer.
intervals for the interferometric measurements.

FIG. 3. Pockels coefficients; measured at 685 nm wavelength

coefficient begins about 10 °C beloWly, having a steep
slope around the glass transition temperature. Once the
sample is heated some degrees ab®yethe pyroelectric

When the gold electrode is illuminated with a frequency- : T :
doubled Nd:YVQ laser, about 75% of the laser intensity is gffe.ct is permanently removed, indicating complete depolar
ization of the sample.

absorbed and results in heating the gold electrode, the poly-
mer film, and part of the glass substrate. Placing a chopper

Pockels coefficients,;3 andrss. This has also been verified
experimentally{23].

wheel into the beam path, the sample is heated periodically, IV. DISCUSSION

enabling very sensitive lock-in detection. To get accurate in- - _

formation about the pyroelectric current, the signal is mea- A. Enhanced lifetime of the poling

sured as a voltage drop over a 10-Moad resistor. The  The delayed relaxation of the Pockels coefficient through

sample is mounted on a block of copper that is slowly heateghe use of the high-molar-mass fraction F2 is clearly seen in
up with a rate ofc=(0.2+0.03 °C/min. Thus, the tempera- the interferometric measurements shown in Fig. 3. This dem-
ture dependence of the chromophore order parariete)  onstrates the improvement of thermal stability by increasing
can be observed directly via the pyroelectric effect. We meaM,, through fractionation.

sure the pyroelectric coefficient continuously over several An independent method for evaluation of the thermal sta-
hours while heating up the sample to 130 °C. Typical lasebility of poled polymers is pyroelectric measurements at el-
powers are 10 mW at 3.5 mm beam diameter, and the chovated temperatures. The measurement results show a slight

ping frequency is 500 Hz in all measurements. increase of the pyroelectric coefficient upon approacfiing
in some curves of Fig. 4. This effect has also been observed
Il EXPERIMENTAL RESULTS by other authorg23] and may be related to an additional

contribution of torsional vibratiolf'libration”) of the dipoles

Samples of the five fractions and the nonfractionatedo the pyroelectric effect when the dipoles see greater local
polymer are prepared and poled as described above. Opfircee volumes at elevated temperatuf2$]. At even higher
mum poling temperatures and maximum electro-optic coeftemperatures the pyroelectric effect decreases rapidly. Here,
ficients are given in Table I. It is interesting to note that wethe correlation between the increased thermal stability of the
do not find as large Pockels coefficients in the fractions as ipolymer fractions and the enhanced glass transition tempera-
the nonfractionated material; only about 2/3 of the valuedure is clearly visible: The decay of the pyroelectric effect in
are observed in the polymer fractions. fractions with increased molar mass happens at higher tem-

The sample of the original polymer, stored at 90 °C,peratures. It is interesting to note that also the polymer frac-
shows a rapid decrease of the Pockels coefficient, as showions with the lowest average molar masgég and F%
in Fig. 3. The Pockels coefficient for the fraction F2 exhibitsshow a better thermal stability than the nonfractionated ma-
a much slower decrease. After two months of storage aterial (see Fig. 4 The reason is probably, that the nonfrac-
90 °C it still retains 2/3 of the original value. tionated material contains very short polymer chajbhs4

The pyroelectric response versus the average sample tetmmonomer units, molar mass below 2000 g/mol; see Fjg. 2
perature is shown in Fig. 4. At temperatures up to 20 °Cthat reduce the glass transition temperature by acting as plas-
below the glass transition the pyroelectric effect remaindicizers.
constant, in some samples a slight increase can be seen start-The origin of the reduced Pockels coefficients in the frac-
ing about 50 °C belowly. The decrease of the pyroelectric tions as compared to the original polymer is not yet clear.
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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.

[ury
o

B. Modeling of the thermal relaxation of the poling

To get a deeper understanding of the relaxation processes
involved, however, we must investigate thleapeof the re-
laxation curves in Fig. 4. It has been widely accepted that the
semiempirical Kohlrausch-Williams-Watt&WW) function

[24,29 90 100 110 120 130
n(t) = n(0)exd — (t/ 7iw)?] (3) Temperature [°C]

is in a first approximation suitable for fitting a broad variety = FIG. 5. Normalized pyroelectric signal at a heating rate of
of relaxational phenomena in disordered materials. Thig0.2+0.03 °C/min as afunction of temperature. The solid line
equation describes a parameterelaxing with timet, with represents measurement data of a sample of theTjdtaction F1.
the stretching exponent ranging from O to 1, and the char- The dashed line represents the curve fit.

acteristic relaxation timeyyw- It can be formally explained

Normalized pyroelectric signal
o
(3]

o
o
T

by assuming a superposition of exponentials, time diverges. As a first approximation we describe this be-
o havior linearly on a logarithmic scale as follows:
(v =n(0) fo g(nexd - (t7)]dr, @) - (T) =100 5% 10475, 5)

whereg(7) is a distribution of Debye-type relaxation times Where T is the temperature and a shape parameter. We

7 i.e., simple exponential decays as they appeagfot in ~ &r9ue that, on the one hand, the diverging relaxation times

Eq. (3)_’ are too high to affect the decay of the orientation during the
In experimental observations, the exponghincreases relatively short time the sample is heated through the region

monotonically with temperature and is supposed to reach $f lower temperatures. On the other hand, when reaching the
for very high temperaturei@6]. The broader the distribution '€l@xation time region at high temperatures, the decay has
g(7) of the relaxation timegmeaning more diverse molecu- already completgd. Between_these two regions we are able to
lar environments the lower is this stretching exponent. We @PPly E.(5). Since the major part of the decay happens

would expect that a narrower distribution of molar masses byVithin 15 °C, as a first approximation the stretching expo-

fractionating leads to a higher homogeneity of local energeti@emﬁ varies only slightly, and we assume it to be constant

environments. Therefore the more similar microscopic relaxduring the relaxation proce¢s0]. Since we have a constant

ation times yield also a higher value 6f heating ratec, we obtain the following curve-fit function for

However, of course not all processes with relaxation timg!® Pyroelectric currenit
distributions are describable with a stretched exponential T B
function. This happens, e.g., when the distribution function I(T) = I(O)exp[—( 100 ox 10°™ _T>> } (6)

g(7) has more than one peak. cx sx ’

In glass-type polymeric materials two different types of For curve fitting we normalize the pyroelectric data to the
relaxation occur: a slow, strongly temperature-dependent resalue 1. Figure 5 shows the data for the hifjfraction F1,
laxation, which is generally associated with main chain rearsmoothed and averaged over two samgksid line), and
rangements and referred to as felaxation,” and a faster, the curve fit(dashed ling In a first series of curve fits the
less temperature dependent-relaxation, associated with sid@ape parametexis let free and leads to an averaged value
group movements and referred to g relaxation’[27]). As  of about 0.5 K. In order to have more precise information
we slowly increase the temperature in our pyroelectric meaen the behavior of the stretching parameggrin a second
surements, the side groups have already relaxed as far as then of curve fits, we fixa to the value 0.5 K for all curves.
main chains allow, and without temporal resolution we ob-With now actually only one free curve-fit parametstretch-
serve a combined andg relaxation. As the entire process is ing exponentg), using the glass transition temperatufigs
described with only one functiolKWW), agreement can determined by the DSC measurements, we get amazingly
only be achieved when the distribution peaks of the twogood agreement between our intuitive picture and the experi-
different processes are broad and merging enough to be comental results even with all the approximations made
sistent with only one distribution function, which is not the (Fig. 5).
general case for all temperature ran¢2g]. Comparing the stretching exponemsrom all measure-

Besides the position of the transition in DSC measureiments, we find no significant dependence. With two excep-
ments, the glass transition temperature can also be defined thsns the values are between 0.23 and 0.27. It is not clear
the temperature where the structural relaxation time is of thevhy the two fractions F3 and F4 show significantly lowgr
order of 100 s[29]. Below that temperature the relaxation values, corresponding to a decay of polarization that is more
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flat than the others, while still Ed6) fits the experimental cooperative orientation and to the main chains, which give
data in an excellent manner. Also the unfractionated materialay by o relaxation. The prevailing role aof relaxation is
(B=0.23 decays as steeply as the polymers with a less broathe reason why the increased glass transition temperature by
distribution of molar mass and substantially lower heterogeusing higherM,, fractions increases so significantly the ori-
neity indexM,,/M,, (see Table)l Thus, our first expectation entation stability.
of narrower distributions leading to higher values Bf

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- In conclusion, we have shown that the use of PAP frac-
mizing the free volume. This local indenting seems totions with higher molar masses significantly increases the
strongly affect local environments and to be much more imthermal stability due to higher glass transition temperatures.
portant for relaxation shapes than main chain lengths, whickHaving long, densely placed bis-azo chromophore side
only defines the glass transition temperature. However, thehains, by poling under suitable conditions the influence of
good curve fit suggests that isolated side-chain relaxation ithe g relaxation can be very much decreased.

weak, because an additional significant and temporally sepa-

ra_ted secondary relaxapon v_vould mgke it |mp035|bl_e to sim- ACKNOWLEDGMENTS
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