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Abstract, The influence of the polymerization on the static aspects of the structural phase

transition in a monomer-polymer pTS-diacetylene system is studied by neutron scattering. The

disorder arises probably from the frustration of the incommensurate modulation present in the

pure monomer; the influence of the polymer chains acting as extended defects appears the

determining factor in the observed phenomena.

RAsumd, Nous dtudions les aspects statiques des transitions de phase dans un systbme

mixte monombre-polymbre par diffusion de neutrons. Le d6sordre provient probablement d'une

frustration de la modulation incommensurable qui existe dans )es cristaux de monombre pur.

L'influence des d6fauts 6tendus que constituent les chaines de polymbres est le facteur pr6pon-
ddrant qui apparait dans les ph4nomAnes observ6s.

1. Introduction

Some diacetylenes (R-C
a C-C a

C-R')
are highly reactive in the solid state iii. Among

these compounds, the symmetrical diacetylene 2,4 hexadiynylene bis(p-toluene sulfonate)
nam-

ed pTS undergoes topochemical polymerization in the crystalline state by exposure to radiation

(UV, ~t, RX...)
or

by thermal annealing ill. A large size monocrystal of hydrogenated or deuter-

ated pTS can be converted into fully polymerized crystal. It is possible to obtain partially
polymerized crystals at any controlled polymer content z

between z =
0 (monomer) [2j and

x =
I (polymer) because polymerization kinetics by isothermal annealing are easy to obtain.

Hereafter mixed monomer-polymer crystals will be referred as Mi-~P~.
When going from monomer to polymer, the main modification is the transformation of

"intermolecular Van der Waals" bonds to "covalent" bonds along the polymerization axis
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b [3j. This structural change is associated to the rotation of the diacetylene backbone around

an axis perpendicular to the stacking axis b. In the case of pTS-D (fully deuterated pTS
where R

=
R'is -CD2-O-S02-C6D4-CD3) this rotation is related to the decreasing of b

parameter from 5.15 to 4.91 I [4j. Secondary effects are also observed, as small rotations of

the side groups [3j.
Since the first work of Wegner on the solid-state polymerization in 1969, many studies have

been devoted to this subject [5j. Structural studies has been performed by X-ray and elastic

neutron scattering in pTS-H (hydrogenated pTS) [6-8j.
Indeed, as in pTS-H [9-1II, structural phase transitions occur in both monomer and polymer

pTS-D crystals. In the fully polymerized monocrystal of pTS-D, an antiferroelectric phase
transition occurs at Tc

=
190 K [12j. From the high temperature phase (monoclinic P21/n;

Z
=

2) the transition yields a low temperature phase (monoclinic P21/c; Z
=

4) with a

doubling of the unit cell along the a cristallographic axis. In the pure monomer an intermediate

incommensurate phase takes place
11 3j : the incommensurate and lock-in phase transitions occur

respectively at Tc
=

195 K and Ti
=

155 K [4] in pTS-D. The high and low temperature phases
of pTS monomer are isomorphous to the high and low temperature phases of the polymer [6-8j.
These instabilities are both associated with motions of the lateral groups [8,12j.

The possibility to obtain mixed monomer-polymer crystals at any controlled polymer content

gives the opportunity to study a structural phase transition in a Mi-xP~ system where M is

the monomer and P is the polymer. Among the mixed systems the originality of the monomer-

polymer crystals consists, first in the highly anisotropic disorder induced by polymerization
which occurs along b axis, and second in the fact that the structural phase transitions, which

take place in both monomer and polymer crystals, have a similar behavior.

Microcalorimetric study of pTS-H has shown the progressive smearing of the monomer tran-

sition as a function of increasing polymer content: the thermal anomalies characteristic of

the transitions totally disappear in the [0.1-0.95] range of polymer content z. The calori-

metric study of Mi-xP~ crystals of pTS-D does not show thermal anomaly in the [0.1-0.6j
z

range >14j. X-rays measurements have been performed with precession method in Mi-~P~
crystals of pTS-H >15]. They showed the existence of superstructure peaks, due to the cell

doubling along the a
crystallographic axis at low temperature and at every polymer content.

The authors nevertheless report a strong increase of the widths of these peaks from
z k 0.I to

x k 0.95. On the contrary, the polymerization has
no

effect on the Bragg peaks characteristic

of the high temperature phase: their widths remain of the order of the value of the resolution

function. The authors conclude that the crystallographic long range order is preserved at high

temperature and at every polymer content z; it is not the case for the reorientations of the

lateral groups at low temperature, and thus for the order parameter q.

In their study by neutron elastic scattering of pTS-D crystals, Grimm et al. [16j have not

obtained the same results. They observed a strong decrease of the intensities of the Bragg
reflections. They mentioned that this effect is due to the strong increase of the "mosaic" width

indicating the presence of stress in the crystal. In addition they reported the decreasing of

b parameter as a function of the polymer content. A (020) Bragg peak characteristic of the

monomer vanishes in the background from z =
0 to z =

0.4; from z =
0.4 to z =

1.0, a new

(020) Bragg peak characteristic of the polymer increases. At z =
0.4, there is a coexistence

of the two (020) Bragg peaks characteristic of the monomer and the polymer. These results

are in total disagreement with the ones obtained by Robin et al. [13j for pTS-H by X-rays
scattering: the authors reported a continuous evolution of the b parameter when going from

x =
0 to x =

1.0. Grimm et al. [16j have also reported a steep variation of the superlattice

intensity for z =
0.13 (Tc

=
166 K) and x =

0.19 whereas a smearing of the phase transition

up to T
=

200 K for z =
0.6 is observed.
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We have already performed some experiments on pTS-D crystals by using local methods

(D-NMR iii), Raman scattering studies of pTS-D polymer high frequency modes [18]), as bulk

(calorimetry [14j) and collective (neutron scattering and Raman scattering on low frequency
modes of pTS-D monomer [4,19j and polymer [12] crystals) methods. In this paper we present
elastic neutron scattering results on Mi-~Px crystals of pTS-D. Section 2 is devoted to experi-
mental aspects. In Section 3 we show results obtained on the evolution of pTS-D Bragg peaks.

In Section 4 we present the study of superstructure peaks. The phase diagram of pTS-D is

determined for different polymer contents from 0 to I. Section 5 is the discussion.

2. Experimental

2.I. SYNTHESIS, CRYSTAL GROWTH AND POLYMERIZATION. Mi-~Px mixed crystals of

pTS-D which have been investigated in our neutron scattering study have been synthesized
and grown by one of us (M. Bertault). The synthesis of fully deuterated compound is described

elsewhere [14j. Perdeuteration is necessary in order to reduce incoherent neutron scattering
during coherent neutron scattering experiments. Single crystals of monomer were grown by
slow evaporation at 4 °C from a solution of pTS-D in acetone under a controlled flow of nitrogen

gas. In order to obtain homogeneous polymerization [13, 20j (randomly distributed chains in

the monomer
matrix) and good homogeneity of the polymer content in all the crystal, partially

polymerized crystals were obtained by thermal annealing at 333 K in a thermostatically con-

trolled bath; the time of the polymerization at a determined polymer content is deduced from

isothermal polymerization kinetics of a small part of the same crystal at the same temperature
in a DSC calorimeter [2j. Two tests were performed to control the polymer content x: first.

measurement of the residual polymer mass after dissolution of the monomer in a solution of

warm acetone and after filtration; second, measurements of the b parameter by neutron scat-

tering and their comparison to previously data measured on pTS-D crystals (see Sect. 3). We

also performed a D-NMR study on the crystal at x =
0.6: it enables us to check the polymer

content iii]. As the b parameter varies too slowly from x =
0.8 to x =

1.0, the measure of b

cannot be used to determine z in this range of polymer content. D-NMR study iii] enables us

to correct the z value for the named "polymer" pTS-D crystal of our previous study [12j. A

value of x =
0.95 was found instead of x =

1.0. This is the reason why we have performed an

additional neutron scattering study with a new pTS-D polymer crystal with a right value of

x =
1.0. For these studies, single crystals of pTS-D had volumes varying approximately from

0.07 to 0.6 cm~. During the polymerization the crystal has been placed in a thermostatically
controlled bath with a temperature stability on the order of 0.I K. Thus, we did not use m

situ polymerization because:

Ii displex close cycle refrigerator does not allow to obtain a stabilized temperature of

T
=

60 ° C;
2) we have verified that the contacts, ma glue to metallic sample holder, induce temperature

gradients in the crystals and then produce important macroscopic polymerization inhomo-

geneities in the crystal. Small temperature differences between the metallic contacts and the

helium exchange gas cannot be neglected for the polymerization of diacetylenes.

2.2. NEUTRON SCATTERING. The experiments were performed at Orph6e Reactor in Lab-

oratoire L60n Brillouin (CEN Saclay, France),
on the triple axis spectrometer 4F 1 installed on

a cold neutron source. We used fixed incident wave vectors of k~ =
2.662 I ~ (Ei

=
14.7 mev)

and k~ =
1.54

i~~ (Ei
=

4.7 mev), with respectively pyrolytic graphite and nitrogen cooled

berylium used as filters to remove subharmonic wavelengths and (40', 40') collimating elements

([or the x =
0.015 crystal, incident wave vector of ki

=
IA i~~

was also used). The samples
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were investigated in (a*, b*) plane for all the experiments. Full width half maximum (FWHM)
of the Q-resolution was around FWHM

=
0.015 i~~ and FWHM

=
0.040 i~~ respectively

for ki
=

1.54 i~~ and kj
=

2.662 i~~ (some more details are added in Figs. in part 4). We

used a Displex close-cycle refrigerator ensuring a temperature stability of about 0.I K. The

refinements were performed with fitting procedure of Laboratoire LAon Brillouin [21j using
convolution of the chosen functions by the resolution function [22j.

3. Evolution of the Bragg Peaks

Figure I shows the values of mosaic width for the pTS-D crystals. The average value of mosaic

width is roughly equal to 0.5 deg. In the case of the pTS-D sample at z =
0.4, the slightly higher

value of mosiic width is due to the initial quality of the crystal and not to the polymerization
process itself.

1-s

mosaic width (deg)

i

o.5

0

0 20
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Fig. 2. Evolution of b parameter value in pTS-D as a function of the polymer content: open circles

and line from Aim6 [23] at 280 K. The full circles, deduced from b measurement at T
=

270 K, give
the polymer content of the samples studied in this work by neutron scattering: z =

0.015, z =
0.I,

z =
0.3, z =

0.4, ~ =
0.6, z =

0.8, z =
0.95 and z =

1.0.

Normalized Neutron
Intensity of the 0 2 0

Bragg peak polymer content x

1.99 2 2.012.02

wavevector along b*

Fig. 3. Evolution of the (0, 2, 0) Bragg peak in Mi-«P~ mixed crystals of pTS-D at 120 K as

a function of the polymer content (k,
=

1.54 h~~). An effect of the disorder on the width can be

observed for the pTS-D crystal at x =
0.3.

4. Evolution of the Superstructure Peaks

4. I. PTS-D CRYSTAL AT ~ =
0.015. Satellites characteristic of the incommensurate phase

were observed in this pTS-D crystal at very low polymer content. Figure 4 shows the evolution

of the incommensurate parameter b as a function of temperature at ~ =
0.015 (k;

=
IA I ~).

The lock-in transition is located at Ti
=

155 K. T was found equal to 164 K in the crystal
at ~ =

0.I. The widths of the satellites along a* and b* are larger than the widths of the

superstructure peaks below T.
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Fig. 4. Evolution of the incommensurate parameter d as a function of temperature for the pTS-D
crystal at ~ =

0.015. The drawn line is a guide to the eye.
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Fig. 6. Satellites and superstructure peaks for the crystal at ~ =
0.I, measured along the b* axis

at T
=

174 K (a) and T
=

202 K (b) at k,
=

1.54 l~~

4.2. PTS-D CRYSTAL AT ~ =
0.I. Satellites and superstructure peaks coexist from

T
=

155 K to at least 220 K in this mixed pTS-D crystal (above T
=

220 K the intensity
is very small). It is difficult to determine a well defined lock-in transition as in the pTS-D crys-
tal at ~ =

0.015. Satellites
are clearly observed down to T

=
168 K, between T

=
155 K and

T
=

168 K; satellites and superstructure peaks are very close (b is small). The widths of thy
superstructure peaks along a* and b* and the widths of the satellites increase at T°

=
153 K'

(T° is defined as the temperature of ordering). The most interesting result is that the width

of the superstructure peak along b* does not change (Fig. 6) above T° whereas this width

along a* increases continuously and its intensity decreases. At the same time the width of the

satellites along b* continuously increases (Fig. 6). When the c6ntributions of the central part

and of the satellites are added, a high transition temperature Tc for the cell doubling along a*

is then found equal to about 195 K.

4.3. PTS-D CRYSTALS AT ~ =
0.3, 0.4, 0.6 AND 0.8. Satellites are no more observed

in these mixed pTS-D crystals. The effect of the polymerization on the evolution of the

superstructure integrated intensity as a function of the temperature is reported in Figure 7:

the variation of the intensity of the (5.5, 2, 0) reflexion (k;
=

2.662 i~~) is showed in the

crystals at ~ =
0.3, x =

0.4, ~ =
0.6 and

~ =
0.8. The intensities have been drawn on the

same scale because crystals of different sizes were used: it is not possible to give a quantitative
description of the intensity as a function of x. The evolution of the intensities always appears

continuous with a decrease up to Tc located in the [190-210 Kj range. Above 200 K a strong
diffuse scattering is still observed in the disordered crystals, particularly in the crystal at

x =
0.40. There is no saturation of the scattered intensity down to very low temperature.
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Fig. 7. Evolution of the integrated intensity of the (5.5, 2, 0) superstructure reflection as a
function

of the temperature in pTS-D crystals at ~ =
0.3, 0.4, 0.6 and 0.8 (k,

=
2.662 h~~).

0.t2

Full Width Half Maximum r~ (1"')

0.1

0.08

» ,

0.06 p

0.04

~ ~~
X=0.4 T°/

T(K)
0
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Fig. 8. Evolution of the FWHM of Qh
=

If, 2,0) profiles in the pTS-D crystal at ~ =
0A as a

function of the temperature (k~ =
2.662 i~~). Dotted line shows the resolution.

Figure 8 shows the evolution of the full width at half maximum along a*
as a

function of

temperature in the crystals at x =
0.4 (k,

=
2.662 I ~). The temperature T°

=
lls K

corresponds to the increase of the width along a*. In the crystals at x =
0.3, 0.6 and 0.8, T°

is equal to respectively 120 K, 120 K and 155 K. Along b*, the behaviour is different. The

full width at half maximum in the crystal at x =
0.3 has a very slow variation as a

function

of temperature: it is shown in Figure 9a at k;
=

2.662 h~~ With an improved Q-resolution

[k,
=

1.54 i~~),
a small increase of the width along b* above T°

can be detected (Fig. 9b).

The same results were obtained in the crystals at x =
0.3 and x =

0.6 with k;
=

2.662 i~~

In the crystal at ~ =
0.8, the evolution of the width along b* (Fig. 10) is stronger than in the

crystals at ~ =
0.I (superstructure peak),

~ =
0.3, x =

0A and x =
0.6 but remains smaller

than along a*.
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Fig. 9. a) Evolution of the FWHM of Qk
=

(5.5, (, 0) profiles in the pTS-D crystal at x =
0.3 as a

function of the temperature (k,
=

2.662 i~~). Dotted line shows the resolution. b) Evolution of the

FWHM of Qk
=

(3.5, f, 0) profiles in the pTS-D crystal at ~ =
0.3 as a function of the temperature

(k,
=

1.54 l~~). Dotted line shows the resolution.

4.4. PTS-D PHASE DIAGRAM. The neutron scattering pTS-D phase diagram is constructed

from T~ and T° values deduced from the studies above mentioned (Fig. II). In the pTS-D
crystal at x =

0.95, two temperatures T°
=

182 K and T~
=

190 K can also be defined from

the width and integrated intensity evolutions as a function of temperature (see Figs. 5 and 6

of Ref. [12j in analogy to the ones defined in Sect. 4.3).

5. Discussion

5,I. EVOLUTION OF THE BRAGG PEAKS. Grimm et al. (16j mentioned that the decrease

of the Bragg intensities was mainly due to the increase of the '~mosaic" width, which is the

result of the stress appeared in the crystal. We believe that in fact this is probably due to

the in situ polymerization used by Grimm et at. for their samples. We did not observed such

an increase of the mosaic width in the mixed monomer-polymer crystals obtained by using
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Fig. 10. a) Evolution of the FWHM of Qk
=

(3.5, f, 0) profiles in the pTS-D crystal at ~ =
0.8 as

a function of the temperature (k,
=

1.54 l~~). Dotted line shows the resolution. b) Evolution of the

FWHM of Qk
=

(5.5, f, 0) profiles in the pTS-D crystal at ~ =
0.8 as a function of the temperature

(k~ =
2.662 i~~). Dotted line shows the resolution.

a thermostatically controlled water bath. A temperature gradient of I K induces, after a few

hours of heating at around 333 K, a strong variation of the polymer content in the bulk as we

have verified (see part 2.I). A part of the crystal heated at T
=

59 °C could be still in the

induction period at ~ < 0.2 whereas another part of the crystal heated at T
=

60 °C could

have reached the autocatalytic period at 0.2 < ~ < 0.8.

5.2. EVOLUTION OF THE SUPERSTRUCTURE PEAKS. Our results are inconsistent with

those of Grimm et at. [16j which show in the crystal at ~ =
0.13 and at x =

0.19 a strong
dependence of the superstructure intensity as a function of the temperature around 160-170 K.

However these two degrees of polymerization have been calculated from the curve giving the

dependence of the b parameter at 120 K as a function of polymer content when polymerization

is made by X-rays for pTS-H [24j. We know at present that the evolution of b value as a

function of the polymer content in pTS-D crystals is different than in pTS-H. So the two b
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Fig. ii. Phase diagram for the Mi-«P~ system of pTS-D mixed crystal in the ]0, ii
z range

obtained by neutron scattering. T° (open circles) given by neutron scattering is the temperature
which corresponds to the clamping of the correlation length at low temperature and Tc (full circles)

to the decrease of the integrated intensity. Dotted lines are guide to the eye.
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b parameter (1)
5. is

S-1

~
T=120K

s,os o
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4.95

4,9
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4,85
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Fig. 12. Evolution of b parameter value in pTS-D mixed crystal as a function of the polymer content

at 120 K (from Grimm et al. [16,23]: open circles). The full circles, deduced from b measurement, give
the polymer content of the samples studied in this work by neutron scattering: x =

0.015, ~ =
0.1,

~ =
0.3, ~ =

0.4, ~ =
0.6, ~ =

0.8, ~ =
0.95 and x =

1.0. The value obtained for the crystal at ~ =
0

was measured by Aimd et al. [8j.

values measured at 120 K by Grimm et at. in mixed crystals of pTS-D correspond to x =
0.13

and x =
0. lo when these polymer contents are determined from the conversion curve for pTS-H

established in reference [24]. The two same b values measured at 120 K in our pTS-D mixed

crystals correspond in fact respectively to x =
0.015 and x =

0.I (Fig. 12). The two previous
mixed crystals studied by Grimm et al. should have presented an incommensurate phase (see
Sects. 4.I and 4.2). Intensity evolution given by Grimm et at. (Fig. 4 of Ref. [16j) is indeed

the same that we obtain in these two crystals when we do not take into account the intensity
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Fig. 13. Phase diagram for the Ml -«P~ system of pTS-D mixed crystal in the ]0, ii
x range obtained

by calorimetric measurements (full and open circles) [14j, Raman scattering (open squares) [18j and

D-NMR (full squares) 11?].

of satellites in the incommensurate phase. In order to determine T~, the addition of the two

intensities (superstructure peaks and satellites) and not the intensity of only the superstructure
peak must be considered. In this case the transition appears continuous as in mixed pTS-D
crystals at 0.3 < x < 0.8 (Fig. 7). It is not possible, as Grimm et at., to conclude that the

difference between the results obtained for the crystals which are in the induction period (and
present an incommensurate phase) and crystals being in the autocatalytic region corresponds

to a smearing out of the transition. It is the evolution of the widths of superstructure peaks
and satellites which will give the most important informations on the influence of disorder on

the structural properties of mixed crystals.

The phase transition for both pure pTS-D monomer and pure pTS-D polymer crystals is

antiferroelectric with a doubling of the a parameter: the non-polar lattice existing above T~ is

divided into two polar sublattices below T~ with non-zero spontaneous polarizations lying along
direction of b axis and alternatively oriented in opposite directions along a axis [25j. pTS-D

monomer and polymer present many similarities but the signatures of the phase transitions as

viewed by calorimetry disappear in mixed monomer-polymer crystals of pTS-D (Fig. 13) [14j.
As pTS-D monomer and polymer have the same critical temperature T~, the same order param-

eter (side-groups reorientation) and the same soft mode evolution [4,12,19j other explanations
have to be found to explain the disorder observed at intermediate polymer content. At first,
the main difference between pTS-D monomer and polymer is the modulation along the b axis

of the cell doubling along the a axis in pTS-D monomer. This is shown in particular for the

compound at x =
0,I (Sect. 4.2) where satellites and superstructure peaks coexist over a

temperature range corresponding roughly to the incommensurate phase of the monomer. A

frustration may result from the presence of neighbouring columns of different types extending
along the b axis. Along columns made of monomer units, side-groups have a tendency to adopt

a
modulated orientation whereas this modulation is not allowed along polymer chains. It may

explain why the long range order is suppressed only in an intermediate temperature range

above T° (Fig. II ). The second important point is that the intensity of the superstructure

peaks does not vanish in the temperature range between T° and Tc: this is related to the

fact that the correlations along the b axis remain strong. One may make the hypothesis that
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the superstructure peaks are related to the ordering along the polymer thains. Raman scatter-

ing study of pTS-D polymer chains [18j shows indeed that the cell doubling along the polymer
chains is observed even in a crystal at x =

0.2. On the contrary~ satellites are strongly affected

by the disorder (Sect. 4.2): they may then be attributed to the remainder of the monomer

lattice. The correlations along the
a

axis are weak both for the satellites and the superstructure

peaks: this is consistent with the fact that the polymer chains are randomly distributed in the

(a, c) plane in the monomer matrix. A physical interpretation of the pTS-H phase diagram

was done by Pouget [26j. There is a pinning of the domain walls near the polymer chain ends

around the lock-in transition in pTS-H monomer crystals because there is
a

coincidence of the

length equal to 1/2b and the length of the polymer chains. In pTS-D, as the polymer chains

are probably longer [14, 27, 28j, such effect is weaker.

As a conclusion, we may say that the phase diagram of mixed pTS-D monomer-polymer
crystals is interesting from two points of view: first, the disorder arises probably from a frus-

trated incommensurate modulation and second, the influence of extended defects (polymer
chains) appears as a determining factor in the observed phenomena.
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