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Temperature and frequency dependences of the electric permittivity in
mixed monomer-polymer single crystals of the diacetylene pTS (2,4-hexa-
diynylene bis(p-toluenesulphonate)) are reported. The dependences were de-
termined in the temperature range 100-250 K, and in the frequency range
100 Hz-1 MHz. Two types of single crystals were studied: nearly-fully poly-
merized ones, and those containing ca. 20% of polymer in the monomer
matrix. The dynamics is characterized by a high-frequency response (v > 3
GHz) which corresponds to the soft mode analysed previously by the Raman
and neutron inelastic scatterings. At low frequencies (v < 1 kHz), another -
component is observed, its dielectric intensity peaking around the transition
temperature in the fully polymerized crystals. The results are consistent with
the results obtained from NMR and neutron scattering experiments.
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1. Introduction

Several diacetylenes (R1-C=C-C=C-Ry3) are reactive in the solid state (see,
e.g., [1-3] for reviews and collections of references). Among them, the model
diacetylene is 2,4-hexadiynylene-1,6-bis(p-toluenesulfonate); the molecule, here-
after referred to as pTS, contains two identical, highly polar p-toluenesulfonate
side groups (R1 = Rz = -0-SO,-CeH4—CH3). Solid pTS undergoes a single
crystal—smgle crystal topochemical polymerization upon exposure to radiation
(UV, 7, X, ...) or by thermal annealing [4]. The kinetics of thermal polymer-
ization of pTS and its fully deuterated analogue (hereafter pTS-H and pTS-D,
respectively) is well known; it is thus possible to obtain mixed monomer-polymer
(M1_,P,) single crystals with any polymer contents (z) [5].

Both monomer and fully polymerized pTS-H and pTS-D are isostructural
[5-10]. In the fully polymerized crystals, an antiferroelectric phase transition takes
place at T, = 190 K [10-12]. The transition is associated with freezing of librational
motions of the polar side groups, yielding two inequivalent sites for each structural
unit and resulting in a doubling of the unit cell along the a crystallographic axis. A
soft mode has been observed in the high-temperature phase by neutron scattering,
and in the low-temperature phase by Raman scattering [10]. In addition, a central
peak related to defects (monomer units in the polymer lattice) was found to build
up near T¢. In crystals of the pTS-H and pTS-D monomers, an intermediate
~ incommensurate phase is present [13-15]. The soft mode has the same mean-field

behaviour in monomer and polymer crystals. A central peak is also observed in
monomer.

In mixed monomer-polymer crystals [16], a medium-range ordering (MRO)
is stable at low temperatures (T' < TMRO), The value of TMRO depends on the
polymerization degree, amounting to ca. 180 K in fully polymerized crystals and
decreasing to ca. 80 K in mixed crystals in which z & 0.4-0.6. Above this temper-
ature, in the TMRO_T;, range, a local ordering is observed along the b axis, which
is the direction of the stacks of monomer molecules and of the growing polymer
chains. The soft mode in the mixed crystals has almost the same behaviour as that
in both pure monomer and pure polymer except for a finite frequency gap at Te.
The order parameter fluctuation spectrum is dominated by a very strong central
peak, responsible for the local ordering in the TMRO-190 K temperature range.

The central peak contribution appeared static in our neutron scattering ex-
periments. If one postulates that this central peak has a dynamical origin and
corresponds to a typical frequency vp, then v, should be smaller than the neu-
tron energy resolution: ¥, < 10 GHz. The doubling of the a parameter of the
unit cell was also observed by NMR performed on deuterated samples in both
mixed monomer-polymer and almost fully polymerized crystals at ca. 190 K [10].
We conclude from this result that vp should not exceed the Larmor frequency

. (vp < 50 MHz).

In our earlier papers [12, 17] we presented results of the study of polymer-
ization and phase transitions in crystals of pTS-H employing the dielectric mea-
surements. The shape, position and magnitude of the anomaly associated with the
phase transition was found dependent on the polymer contents. In particular, we
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reported on the temperature and frequency dependences of the electric permittiv-
ity measured in fully polymerized crystals along the b direction in the 150-270 K
and 1 kHz-2.8 GHz ranges [12]; no dispersion was observed in these measurements.
However, as the soft mode is important, the soft mode scattering cross-section is
reduced near Tt in both polymer and monomer [10, 18] to a signature equivalent
to a relaxation process. In such a case, a dispersion should be observed [19].
In the present paper we report on results of a re-investigation of the electric
permittivity of pTS. The range of the experiments was extended towards lower fre-
-quencies (100 Hz) and lower temperatures (100 K). The measurements were carried
out on fully polymerized crystals, and on a mixed M;_,P, system (z = 0.2); the
latter system was chosen because the neutron experiments [16] demonstrated that
the disorder reaches its maximum for compositions in which the incommensurate
phase disappears.

2. Experimental and results

Crystals of pTS-H were obtained using the method described in detail else-
where [20]. The crystals of monomer were grown by a slow evaporation of the
acetone solution of pTS at 277 K, under a controlled flow of nitrogen.

As was determined in our earlier experiments [12, 17], anomalies of the elec-
tric permittivity associated with the phase transitions are best observed on the 5
component of the permittivity tensor. Thus the samples used in the measurements
reported in this paper were cut from as-grown crystals perpendicular to the b di-
rection; their thicknesses amounted typically to 1 mm, their electroded areas —
to 5 x 3 mm?. Partly polymerized crystals containing a pre-determined fraction of
" polymer were obtained by thermal annealing of samples at 333 K during a time
deduced from the isothermal polymerization kinetics of small pieces of the same
crystals at the same temperature.

The electric permittivities were measured in the frequency range from 100 Hz
to 1 MHz using an HIP-5284A precision LCR meter. The crystals were mounted in
a special sample holder [21, 22] cooled with liquid nitrogen which passed through
a heat exchanger provided with the heater and a temperature sensor connected
to a PDI temperature controller. The sample temperature was measured with a
copper—constantan thermocouple to within +0.1 K. The experiments covered the
temperature range 100-260 K.

Figure 1 shows the results of the measurements of electric permittivity in a
fully polymerized pTS-H sample (¢ & 1), as well as in a mixed crystal Mg sPo.2.
The &'(T) dependences for pure polymer, shown in Flg 1a, exhibit a maximum
around 7. = 190 K, in a good agreement with previous dielectric [12, 17, 23],
and Raman and neutron scattering [10, 11] experiments. The magnitude of the
anomaly associated with the transition decreases with increasing frequency. It
should also be noted that ¢’ is an increasing function of frequency below the
transition (T < 160 K), whereas at higher temperatures ¢’ decreases as the fre-
quency increases, becoming finally nearly frequency-independent above ca. 230 K.
At high frequencies, our results are consistent with the previously published ones
[12, 17, 23] which predict the ratio of the slopes of the (¢’)~*(T) dependences be-
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Fig. 1. Temperature dependences of the real part of the relative electric permittivities
measured along the b crystallographic direction in a fully polymerized pTS crystal (a)
and in a mixed Mo.sPo.2 crystal (b). The measurement frequencies amount to 100 Hz
(1), 500 Hz (2), 1 kHz (3), 5 kHz (4), 50 kHz (5), and 1 MHz (6). The permittivity scale
is given in arbitrary units, 1 a.u. being approximately equal to 0.5¢ unit.

low and above the transition to amount to —2. At the lowest frequencies covered
by the present experiments, this ratio is higher.

A much weaker temperature dependence was found in the partly polymer-
ized crystal (cf. Fig. 1b). Irrespective of the measurement frequency, we have not
observed any sharp maximum: on decreasing the temperature, we recorded almost
constant (or very weakly increasing) values of ¢’ down to 180-190 K, then the
permittivities decreased to reach new almost constant valués below ca. 120 K. Un-
like the result obtained for fully polymerized crystals, ¢/ was never a decreasing
function of frequency. We must also point out that the dispersion such as that
expected of order-disorder phase transitions [19] has never been observed in our
experiments performed on monomer—polymer mixed crystals. ‘
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3. Discussion

Earlier experiments performed on pTS-D [10] have shown that the fluctua-
tion spectrum contains two types of signatures: one, with a characteristic frequency
lower than 10 MHz, leads to the experimental central peak observed by the neu-
tron scattering, the other one is a soft mode (weo &~ 250 GHz at 220 K). Both
signatures are critical at T¢: the soft mode decreases to almost zero and the cen-
tral peak intensity diverges. The soft mode is overdamped in the high-temperature
phase (above T¢). Below T, three components are observed: a static Bragg peak
(independent of the wave vector g), a central peak with a ¢ dispersion, and a soft
mode. Near T' & 160 K, the soft mode suddenly recovers a small damping and
a high frequency. Simultaneously, almost the entire intensity of the central peak
is transferred to the Bragg peak. The dynamic character of the central peak in
mixed monomer—polymer crystals of pTS has not been experimentally confirmed
to date.

In the analysis of the results presented in this paper, we shall employ a model,
used previously to explain features of inelastic neutron and Raman scattering
data [10]: the presence of two signatures will be assumed, one with a resonant
character (the soft mode), the other — with a relaxational character (the central
peak). This approach is similar to that used by Shapiro et al. [24] to describe the
fluctuation spectrum in crystals with the perovskite structure. Within the model,
the soft-mode susceptibility can be described by coupling of an oscillator to a
relaxator

x‘l((_.u)=w§—w2——iw(1"+ & ) Q)

7 —iw

where w, is the soft mode frequency (not renormalized), I" and 7 are the damp-
ing constants of the oscillator and relaxator (v being related to the half-width
(HWHM) of the central peak), and 6 is the coupling coefficient. The above ex-
pression was successfully used [10] for partly and nearly-completely polymerized
pTS-D (z = 0.4, 2 = 0.8, and z = 0.95); the values of w2 and § were determined
but only an upper limit was obtained for 7 (y < 10 GHz). The results reported
in the present paper do not allow either for a quantitative determination of the
coupling term & or the characteristic frequencies w. and 7. We shall, nevertheless,
verify the compatibility between the results obtained from the inelastic neutron
and Raman scattering, and those obtained from the frequency and temperature
dependence of the real part of the electric permittivity reported in this paper.
As is shown in Fig. la, in the high-temperature phase (7' > T¢) the electric
permittivity in the fully polymerized pTS crystal is a decreasing function of fre-
quency; such a behaviour is consistent with the presence of a dynamical central
peak and an overdamped soft mode. The behaviour in the vicinity of the transition
is related to the critical signatures of both the soft mode and the central peak. The
anomaly at T' = T is mainly due to the central peak [10], whose contribution in-
fluences the frequency dependence of the permittivity. Such a dependence, shown
in Fig. 2, demonstrates that the central peak has a maximum contribution below
100 Hz but its influence is non-negligible up to ca. 10 kHz. For T' < 160 K, the
values of ¢’ are lower than those in the high-temperature phase. The soft mode in
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Fig. 2. Frequency dependence of the real part of the relative electric permittivity in
fully polymerized pTS-H crystal, measured at T = T¢.

this temperature range is no more overdamped, and its frequency rapidly increases
[2]. The characteristic frequency of the central peak decreases below Tt and then
probably becomes of a static nature [2]. There is therefore a smaller contribution
of the central peak in the low-frequency range. The frequency dependence of the
real part of the dielectric susceptibility, deduced from the above discussion, is
schematically shown in Fig. 3. For comparison, we also show the differential scat-
tering cross-section S(q,w) determined by the inelastic neutron scattering (Fig. 4),
which, within the frame of the fluctuation-dissipation theorem [25], is related to
the imaginary part of the susceptibility

5(q,w) = [n(w) + 1]x"(g, ), (2)

n(w) being the phonon occupation number.

In the mixed Mg gPo.2 pTS crystal, the evolution of the real part of the di-
electric susceptibility (and hence ¢’) with temperature is slightly different. The
differences can be related to differences in the behaviour of both the central peak
and the soft mode in the mixed crystals, in which the transition appears more
diffuse than in pure monomer or pure polymer crystals [16]. The intensity of the
central peak continuously increases from high temperatures down to 10 K. On the
other hand, the soft mode exhibits a smaller variation in the high-temperature
phase, presenting at T' = T;. a gap more important than in pure polymer. There-
fore, the part of the susceptibility associated with the soft mode has less critical
character at Tt, and the behaviour of the central peak is also less critical, the
contribution of the latter factor being much more important. The results of the
dielectric measurements are consistent with these findings: as is shown in Fig. 1b,
the permittivity above ca. 170 K is almost temperature-independent whatever the
frequency, exhibiting no critical behaviour at 190 K. The evolution of the suscep-
tibility in this temperature range is related to the evolution of the central peak,
and probably does not contain any appreciable contribution from the soft mode.
Between ca. 170 K and ca. 150 K, the permittivities decrease, the magnitude of
the effect being more prominent for low frequencies, and almost negligible above
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Fig. 3. A scheme of the frequency dependence of the real part of the electric permit-
tivity in pTS polymer above and below 160 K. See text for further discussion.

5 kHz. This effect, similar to that observed in pure polymer crystals (cf. Fig. 1),
can probably be explained in the same way, by a decrease in the contribution from
the central peak at low frequencies. The decrease in the permittivity between the

- high- and low-temperature phases is probably not related to the increase in the
soft mode frequency because only a small variation of ¢’ is observed between 5 kHz
and 1 MHz. - '

The dielectric measurements reported in this paper yield results consistent
with those obtained by other techniques: at high temperatures, the response is due
to the existence in the fluctuation spectrum of a central peak and a soft mode,
whereas it depends only on the presence of the soft mode in the low-temperature
phase. In the partly polymerized Mg sPg. 2 crystal, the soft mode contribution is less
important than in the pure polymer. An anomaly appears at very low frequencies
in the fluctuation spectrum of the order parameter. At T' < 160 K, this signal is
related to the random field induced by polymer chains in the monomer matrix.
The contribution of the central peak is observed in the dielectric measurements
in the low-frequency range (100 Hz-5 kHz) at T > 160 K, disappearing at lower
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Fig. 4. The frequency dependence of the scattering cross-section measured by inelastic
neutron scattering above and below 160 K. The soft mode is overdamped at 7' > 160 K,
and underdamped at T' < 160 K. The HWHM of the central peak response is given by

S. Longeville et al.

the resolution function (ca. 40 GHz).

temperatures. This is consistent with neutron scattering experiments which show
a Bragg-like peak below ca. 160 K. The latter temperature also corresponds to the
temperature of the lock-in transition in pure monomer. These findings indicate that
the disorder in mixed crystals is probably related to small differences between the
critical wave vector of the monomer ¢, = 0.5a* & 0.065", and the critical wave
vector of the polymer g, = 0.5a* [26]. In the mixed crystals, the anomaly of &’
is related to the decrease in the characteristic frequency of the central peak, and
should therefore appear a few tens of Kelvins below the transition temperature.
This could account for the differences in the transition temperatures determined
from the dielectric measurements [12] and from other techniques [27, 28].
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