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Coherent neutron scattering and Raman scattering with IR sources were used to make a dynamical
study of the structural transition of the disubstituted and fully deuterated diacetylene 2,4-hexadiynylene
bis(p-toluenesulfonate) (pTS-D) in the monocrystalline polymer state. This compound may undergo a
progressive polymerization in the crystalline state, which gives a quasiunique opportunity to obtain large
size monocrystals of conjugated polymer. A second-order-like transition takes place at ~ 7T, =182 K it
is associated to motions of the polar side groups. We achieved a dynamical study of a soft mode which is
clearly observed in the high-temperature phase (neutron) as in the low-temperature phase (Raman) and is
characterized by overdamping on approaching T,. In addition the growth of a central peak is observed
above T.. We show that this structural instability presents an intermediate character between order dis-
order and displacive, with a more pronounced displacive character than in the monomer crystal.

I. INTRODUCTION

Diacetylenes (R-C=C-C=C-R’) are compounds which
can present a unique chemical property: Some of them
undergo a topochemically controlled solid state polymeri-
zation in crystalline state.! The best known and the most
investigated compound of this family is the symmetrical
diacetylene 2,4-hexadiynylene bis(p-toluenesulfonate)
where R=R’'=CH;-C¢H,-S0,-O-CH, and referred to as
pTS-H hereafter. The main motivation for the interest in
pTS is that large crystals of monomer transform into po-
lymer single crystal of nearly perfect crystalline quality
by exposure to radiation (X, UV, ¥) or by thermal an-
nealing (Fig. 1). When obtained from this last procedure,
pTS-H polymer is produced homogeneously in the mono-
mer matrix; in other words the mixed monomer-polymer
system forms a series of solid solutions which covers the
entire composition range from X =0 to X =1 in polymer
content. The polymer chains extend along a crystallo-
graphic axis (b axis in the monoclinic structure of pTS).

Another interesting property of pTS-H is that structur-
al phase transitions occur both in the monomer and poly-
mer crystals, but structural instabilities have been ob-
served also in mixed monomer-polymer crystals with
high- and low-polymer content. The structure of both
high- and low-temperature phases of monomer and poly-
mer were determined to be monoclinic (space group
P2,/c).>~* The transitions are associated with libration-
al motions of the highly polar side groups, yielding a dou-
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bling of the unit cell along the a crystallographic axis and
two inequivalent site for each structural unit. In addition
an intermediate modulated phase along the b axis was
discovered by Robin et al.’ in the monomer crystal; it ex-
ists in monomer-polymer mixed crystals of pTS-H up to
at least 10% of polymer content.®
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FIG. 1. Projection of the crystal structures of pTS-H on the
(b,c) plane: (a) monomer and (b) polymer (Ref. 44).
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The structural instabilities have been studied by x-ray
and neutron diffraction, % by differential scanning
calorimetry® (DSC), and by dielectric measurements.!”
The static properties of the incommensurately modulated
phase have been particularly well investigated in the
monomer. Not so much information is available on the
single phase transition which takes place at T, in the po-
lymer crystal. This transition appeared continuous in
most experimental studies.!' '3 Terauchi, Ueda, and
Hatta'* found a first-order-like transition by x-ray
diffraction. Bloor et al.'® analyzed results from different
spectroscopic techniques: resonant Raman scattering,
reflection spectroscopy, and far-infrared absorption spec-
troscopy. These authors deduced the value of the critical
exponent and they pointed out that it is close to the value
obtained from a two-dimensional Ising model.

It is already known that the structural instabilities in
pTS-H are connected to torsional motions of the p-
toluene sulfonate side groups. However, as the side
group carries a permanent dipole along the phenyl ring
axis, we made a better determination of the displace-
ments associated to the order parameter: This analysis
shows that the phase transition is associated with impor-
tant changes in dipole-dipole interactions as indicated in
a direct study of the dielectric properties of pTS-H single
crystals.!® We achieved a comparison of high- and low-
temperature structures of pTS-D polymer performed
with x rays'6 as it was made for pTS-H polymer.* In this
latter work comparison of the two structures involves
only a rotation of the side groups around the C,~C; axis
of the phenyl ring (axis corresponding to the e, vector in
the Table I). In fact, comparison of both structures in
pTS-D polymer (our x-ray study) shows that the CD; and
SO, groups move in opposite directions when two
different structural units are forming on the two ine-
quivalent sites in the low-temperature unit cell. An
analysis of thermal motions by the rigid-body method'”!®
taking the phenyl ring as the rigid group confirms this
observation: It shows that the main librational motion
occurs around the v,; vector for the side groups (Table I,
Fig. 2). This motion exists in the high-temperature
phase; it is probably the precursor for the transition
which leads to the two different positions occupied by the
side groups on the two low-temperature inequivalent
sites.

The dynamics associated with the structural instability
was not understood. It was not possible to resolve by x-
ray studies whether or not the precise description of
thermal motions of molecules was in agreement with an
order-disorder or a displacive character for this transi-

TABLE 1. Benzene group librational tensor L at 7=293 K.
Eigenvalues L;; and components of the eigenvectors v;; on the e;
vectors.

vy U2 V33
el —0.491 0.267 —0.829
e2 0.871 0.117 —0.477
e3 0.031 —0.957 —0.290
L; (deg?) 117 16 6
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FIG. 2. The pTS-D molecule as viewed in a (e;,e,) plane; e,
vector is perpendicular to the benzene ring, e, vector is parallel
to the C,-C; direction. v;; represents the principal axis of the
side-group rotation.

tion.” It should be also pointed out Bloor et al. stated
that a soft mode had been observed by far-infrared spec-
troscopy.!> However a soft mode cannot be observed in a
pTS-H polymer crystal with this experimental technique
because the crystallographic space group is centrosym-
metric. This observation showed nevertheless that modes
are coupled to the order parameter and undergo a pro-
gressive broadening on approaching the transition tem-
perature.

Direct studies of the dynamics of this phase transition
were undertaken by neutron and Raman scattering: Pre-
liminary results have been presented in Ref. 19. In this
work, experimental methods are described in Sec. II. The
calorimetric results are described in Sec. III. In Sec. IV
we present the results obtained from neutron scattering
in the high-temperature phase. Section V concerns the
Raman-scattering study in the low-temperature phase.
Section VI brings together all the results obtained in this
study and attempts to present a coherent description of
the structural instability which takes place at T, in the
fully deuterated pTS polymer crystal.

II. EXPERIMENTAL DETAILS

A. Crystal growth and polymerization

It was necessary to synthesize and to grow large size
single crystals of fully deuterated pTS-D in order to per-
form elastic and inelastic coherent neutron-scattering ex-
periments. We have synthesized and purified pTS-D ac-
cording to a long and complex series of procedures de-
scribed elsewhere.?’ Single crystals of monomer were ob-
tained from solutions of the purified material by a con-
trolled evaporation of the solvent (acetone) with nitrogen
gas at 277 K. Then these monocrystals were polymer-
ized during 30 h by thermal annealing at 333 K. The
curves of isothermal polymerization kinetics obtained at
333 K in a DSC7 calorimeter with pTS-D monocrystals
show indeed that about 24 h are necessary to bring the
reaction to completion and to obtain pTS-D polymer
crystals.?®
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B. Calorimetric measurements

A preliminary calorimetric experiment was performed
on Perkin-Elmer DSC7 differential scanning calorimeter
controlled by a PC-AT for data acquisition and process-
ing. In the range between 125 and 225 K, the measure-
ment head of the apparatus was cooled with liquid nitro-
gen and flushed with dry helium gas. The temperature
calibration was made using the phase transition (186.1 K)
and the melting point (279.7 K) of cyclohexane;?! energy
was calibrated using the enthalpy of the phase transition
of cyclohexane (79.58 J g~ !). The accuracy of the isobar-
ically measured specific heat was checked against a plate
of sapphire standard (130.03 mg) from 140 to 225 K.
pTS-D polymer (weighing 51 and 54 mg) and pTS poly-
mer (68 mg) monocrystal samples were encapsulated in
50 pl aluminum pans in order to ensure a good heat
transfer; the same heating rate of 10 K/min was used for
calibration and measurements.

C. Neutron scattering

We used a crystal of 0.5 cm® for neutron scattering.
The neutron measurements were carried out on the
three-axis spectrometer IN14 using a cold-neutron source
at Institut Laue-Langevin in Grenoble with pyrolitic
graphite monochromator and analyzer. The incident
neutron wave vector was first held fixed at 2.662 A ™!
(14.7 meV) and a graphite filter was used to remove
high-order neutrons from the beam. The width (full
width at half maximum) in energy of the resolution func-
tion in this configuration was 220 GHz for vanadium. In
a second configuration we used a 5-meV incident neutron
energy (ki =1.55 A landa beryllium filter cooled with
liquid nitrogen; the width in energy of the resolution
function was 40 GHz for vanadium. The scattering plane
was chosen (a*,b*) because b is the direction of polymer-
ization and also the direction of incommensurability in
the monomer crystals and a is the cell-doubling axis in
the low-temperature phase. Constant-Q scans were per-
formed in order to record inelastic neutron-scattering
spectra. The crystal was cooled using an helium cryostat
down to 10 K.

D. Raman scattering

The high absorption of pTS polymer crystals in the
visible!!"2? requires use of IR lasers for Raman scattering.
The first one was a dye laser tuned to A=28540 A (styryl
9M) but the best results were obtained at a longer wave-
length (10923 A) with an ionized argon laser used with
mirrors for the infrared region. In both cases the in-
cident light power was P =20 mW. The resolution of the
spectrometer (Jobin-Yvon Ramanor U1000) was on the
order of 1 cm ™! and a germanium detector cooled with
liquid nitrogen was used. A few spectra were recorded at
room temperature with a YAG laser (A=10 642 A with
P =10 mW). The emission bands were observed only
with (b,b) polarization ( A, symmetry) parallel to the po-
lymer chains. The same crystal (0.25 cm?®) of pTS-D po-
lymer was used for all the Raman-scattering studies.
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III. CALORIMETRIC RESULTS

Figure 3 shows the specific heat as a function of tem-
perature in the range (140 K, 225 K) of two different
pTS-D polymer monocrystals. The first curve (a) refers
to a crystal obtained from the same synthesis as the
monocrystals used in this work for neutron and Raman
scattering; curve (b) refers to a single crystal obtained
from a more recent synthesis corresponding to modified
and improved preparation procedures. This second syn-
thesis has probably provided a material of certainly better
purity'®?® and of high quality in deuteration which has
been controlled by deuterium NMR indicating around
99% D on toluene radical and 95% D on CD, radical.
For comparison, curve (c) refers to a pTS-H polymer
crystal.

These two pTS-D samples present a qualitatively simi-
lar behavior: an endotherm with a somewhat rapid in-
crease and a smoother decay which spreads over about 40
K; but the two anomalies of Cp present a shift in temper-
ature of about 10°. The transition temperatures, calculat-
ed by considering the endotherms as characteristic of
second-order transitions,? correspond to the half value of
the maximum of the specific-heat jumps and are about
188 K for (a) (Fig. 4) and 196 K for (b); on the other hand
the temperature corresponding to the maximum of the
specific-heat jump (Fig. 4) is ~180 K for (a). We note
also that the shape of the anomaly of Cp somewhat

T(K)
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FIG. 3. Heat capacity as a function of temperature, mea-
sured on pTS-D and pTS polymer monocrystals: (a) pTS-D po-
lymer crystal issued as the ones used for neutron and Raman
scattering, from the same synthesis; (b) pTS-D polymer crystal
issued from a different synthesis; (c) hydrogenated pTS polymer
crystal.
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FIG. 4. Excess heat capacity observed for the pTS-D mono-
crystal referred as (a) in Fig. 3.

differs depending on the synthesis of the material.
Whereas there is a clear signature for the single crystal
(b) obtained from more recent synthesis material, this sig-
nature is more rounded for the crystal (a) obtained from
the same synthesis as all the crystals used in this work.
This actually shows the important role that impurities
may play on the phase transition.

The quantitative analysis of our data is then given here
only for the polymer crystal (a), since this is the crystal
used in Raman and neutron scattering. The excess of Cp
shown for (a) in Fig. 4 is obtained after substraction be-
tween the experimental Cp curve and a fitted line which
describes the “normal” nontransitional heat capacity be-
tween approximately 160 and 200 K [dotted line in Fig.
3(a)]. The maximum of the specific-heat jump is clearly
smaller (2.5 times in this case) than the one observed on
the Cp curve of hydrogenated pTS polymer crystal (c)
shown in Fig. 3. The values of the enthalpy and the en-
tropy of the transition are, respectively, 91 Jmol ™! and
0.51 Jmol 'K ™!, The values are smaller than the ones
found for polymer crystal (b) (respectively, 128 J mol !
and 0.68 Jmol ™! K™!) and for pTS-H polymer crystal (c)
(respectively 188 Jmol ! and 1.03 Jmol 'K ™!), which
presents a transition temperature at about 196 K.

IV. NEUTRON SCATTERING

A, Elastic study

As stated before, the high-temperature space group is
P2, /c and there is a doubling of unit cell along the a axis
below the transition temperature 7,. The low-
temperature space group is P2, /n using the same crystal-
lographic axes (2a,b,c) or P2,/c using (a’,b’,c’) with
a’'=—c,b’=b,c'=2a+c. The systematic extinctions for
P2,/care (h,0,1) I =2n and (0, k,0) k =2n.

The strongest superstructure reflection reached in the
(a*,b*) plane was (6.5,1,0) using an incident neutron
wave-vector value of ki =2.662 A~!. Figure 5 shows the
variation of the integrated intensity for the (6.5,1,0) su-
perlattice reflection as a function of temperature. The
evolution of the intensity appears continuous, which is
consistent with a second-order or weakly first-order
phase transition. Above T,, strong diffuse scattering is
observed, indicating the existence of pretransitional criti-
cal fluctuations associated to short-range order. They
correspond to the existence of low-frequency excitations

which are integrated with the given energy resolution
(220 GHz2).
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FIG. 5. Integrated intensity of the (6.5,1,0) sgperlattice
reflection as a function of temperature (ki =2.662 A~'). The
broken line going T, (T,=182 K is determined after drawing
from Fig. 6) is a guide for eyes to show the existence of critical
scattering near T, assuming its value at T < T, is twice as small
as the same value measured at T2 T,.

The transition temperature 7. =182+2 K was deter-
mined after drawing (Fig. 6) the variation of the full
widths at half maximum of the (6.5,1,0) superstructure
reflection corresponding to the critical scattering along
a* and b* as a function of temperature. Ag, and Ag,
measured in the low-temperature phase are the widths of
Bragg peaks which are limited by the resolution. The
transition temperature T, was found to be equal to 182 K
in extrapolating the width variation of the critical
scattering peaks. The ratio §,/&, of the correlation
lengths along the two axes a* and b* is equal to 1.7 at
T =200 K. In this case, £, and £, were obtained by fold-
ing of Gaussian with Lorentzian including the back-
ground. The study indicates weak anisotropy in the
(a*,b*) plane although it was not really performed as a
function of temperature.

aq(10-2A-1)
104
5 - y ”
R S 170

FIG. 6. Evolution of the full widths at half maximum of the
(6.5,1,0) superlattice reflection along a*(Ag,) anq b*(Ag,)
directions as a function of temperature (ki =2.662 A™'). Aq,
and Ag, were obtained directly from the experimental results
without fitting.
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The value of the critical exponent was estimated at
B=0.251+0.05 from the variation of integrated intensity
of the (6.5,1,0) reflection as a function of temperature for
T,=182 K. The variation of this intensity is scaled as a
function of (T,-T) on a log-log plot (Fig. 7). In this dia-
gram, the intensity follows the power law
I=I(T,— T)? on a large temperature range going from
T=8 K to about T=170 K. Taking into account the
fact that critical scattering supplies around 7, an addi-
tional contribution to the intensity, and assuming the
value of this contribution at T =T, is twice as small as
the value measured at T = T, the corrected intensity fol-
lows the power law with $=0.25 from T=8 K to T,.. A
D-NMR study of the resonance lines of the same pTS-D
polymer crystal versus temperature leads to a value for 8
in good agreement with this one.?* Finally we point out
that above T, the diffuse scattering is really centered on
the (0.5,0,0) zone-boundary point and not on incommens-
urate positions as in the monomer crystal.

B. Dynamical study

Inelastic neutron-scattering spectra were recorded at
the (2.5,1,0) point of the reciprocal lattice with an im-
proved resolution in energy (40 GHz at ki =1.55 A~ !) in
the (200-280 K) temperature range. A low-frequency
mode is detected at 7'=280 K (Fig. 8); its frequency de-
creases and its damping increases with decreasing tem-
perature. This soft mode becomes overdamped around
T =240 K. In addition, the elastic peak (Fig. 8) grows on
approaching 7,. At T'=280 K the incoherent elastic-
scattering contribution represents in intensity an amount
of 70% of the elastic peak; in addition it is weakly tem-
perature dependent. Figure 9 gives the evolution of the
central peak integrated intensity, which increases when
T—-T..

We have also performed energy scans at different dis-
tances (expressed in reduced units) from the zone-
boundary point (2.5,1,0) in the a* and the b* directions at
T =280 K and T=218 K. Figure 10 depicts the evolu-

In(1)

5 In(T-T)

3 a

FIG. 7. A log-log plot of integrated intensity of (6.5,1,0) su-
perlattice reflexion as a function of temperature. Full circles
correspond to experimental data; the four open circles corre-
spond to the corrected values of intensity. The straight line is in
agreement with a 8 value equal to 0.25.
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FIG. 8. Inelastic neutron-scattering spectra of pTS-D poly-
mer in the high-temperature phase ang measured at the (2.5,1,0)
point of reciprocal space (ki =1.54 A~!). A soft mode and a
central peak are observed, the elastic incoherent peak being
measured away from the (2.5,1,0) critical point of the reciprocal
lattice and substracted in the fits.

tion of the neutron-scattering inelastic spectrum along b*
at T=218 K. The lowest part represents the contribu-
tion of the soft mode which is overdamped in the (a) posi-
tion and clearly underdamped in the (d) position. The
second contribution corresponds to the elastic incoherent
scattering which is assumed to be almost constant in the
g range. The upper contribution has an energy width al-
most equal to the energy width of the resolution. This
central peak has also a g-space extension along a* and b*.
The central peak and the elastic incoherent scattering
peak were fitted to Gaussian functions which had the en-
ergy width of the resolution function and were centered
at 0 =0.

In a first stage a set of quasiharmonic frequencies and
damping constants were obtained for the soft mode
directly from a damped harmonic oscillator function:

Intensity
(arb. units.)

FIG. 9. Evolution of the central peak intensity, as a fgmction
of temperature, at the (2.5,1,0) point and for ki =1.54 A7 (a)
contribution of elastic incoherent scattering.
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FIG. 10. Evolution of the inelastic neutron-scattering spectra
at T=218 K along the b* direction: (a) at q,=(2.5,1,0), (b) at
q.—0.025b*, (c) at q.,—0.050b*, (d) at q,—0.075b*. The
lowest curve represents the contribution of the soft mode, the
intermediate curve the contribution of the elastic incoherent
scattering and the upper curve the contribution of the central
peak. In the inset, enlargement of the inelastic-scattering spec-
trum (d) shows the underdamped soft mode.

ol |F(Q)]?

e ks T)[(coz—cog)2 +0’T2] '

S(Q,w)~
(1—

This function was convoluted with the instrumental
resolution function. In the overdamped regime at
T <218 K and close to the critical wave vector, the
scattering cross section of the soft mode may be reduced
to

l/Tq

S(g,0)~—""
7 (1)2-4-(1/7'q)2

with l/rq=w§ /T',. This signature is equivalent to the
order-disorder one, where 1/7, is the critical relaxation
rate. One should however keep in mind that the displa-
cive character of the transition is clearly established go-
ing away from g¢.: in Fig. 10, a frequency w, becomes
visible at ¢ =q,—0.075b*.

Critical relaxation rates were then extracted and fitted
to a dispersion law,

1/1q=0y /T, =1/74= +D.q;+Dyq3 ,
where q,,q, are defined by the relation
q=q.+g,a*/a*+q,b*/b*,
q.=2.5a*+b*, D,=6.9 THzA? D,=16.5 THzA?.

The ratio &,/£, is equal to the square root of
D, /D,,” we find &, /&, =1.5; this value is in good agree-
ment with the result obtained in the static study (Sec.
IV A).

The half widths at half maximum of the central peak
integrated intensity distribution along a* and b* (L,
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and L, !) were determined at 7=218 K. The ratio
L, /L, was found to be equal to 1.9, showing that the an-
isotropies of the central peak and soft mode in g space are
similar.

In this neutron-scattering study we wish to describe
the dynamics on approaching T, [T,,T,.+ 50 K] by relax-
ation processes (1/7,~400[(T—T,)/T,] GHz). It is
interesting to note that the relaxation rate in typical
order-disorder cases, such as p-terphenyl,
1/7,=32[(T ~T,)/T.] GHz (T,=179.5 K).** The
value for pTS-D polymer is closer to the one found in
anthracene-TCNB, 1/7,=591[(T—-T,.)/T,] GHz
(T,=197 K), this compound presenting also a displacive
phase transition with some order-disorder character.?’

In a second stage we have analyzed our data obtained
for the central peak and the soft mode above T, with a
phenomenological model used previously for structural
phase transitions in crystals with perovskite structure
(SrTiO,, KMnF,, . . .).2® The frequency spectrum of the
fluctuations in the soft-phonon branch corresponds to the
following dynamical susceptibility:

. . 52
I—jiol, —io—
y—iw

’

X '=oi-o

where o, vanishes at T,. Assuming that I', <<§%/y,
coi, =cof +82 >>vy, kg T >>#iw, one has

Fc + 82 ‘}”
(wi—w2)2+w’*r§ 0t 0l o*+y"?

o)

kT
S(g,0)~ 2

with ' =yw?/w?.

The first part of the expression describes the response
function for the soft mode; its frequency w, remains
finite at T,: w,(T,)=8. The second part corresponds to
the central peak: After integration over o, its intensity
varies according to kpT8*/w2w?. As the soft mode is
overdamped up to at least 230 K, the frequencies o,
were deduced from the integration of its intensity
kpT/w?. The parameter § was calculated and plotted as
a function of temperature (Fig. 11). The renormalized

3 (GHZ)

1504

PSS

100+

50+

T(K)

) " -
180 200 230 240 260 280

FIG. 11. Evolution of the parameter 8 (phenomenological
model) as a function of temperature. The error bars refer to the

statistical uncertainty in determination of the integrated intensi-
ties.
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FIG. 12. Temperature dependence of w? and »? (phenome-
nological model). Calculations were made using the integrated
intensities of the central peak and soft mode for pTS-D poly-
mer.

frequency w, of the soft mode has a mean-field behavior
up to at least T, +30 K, in accordance with the following
expression:

0r=a(T—T,)
with T, =190 K and @ =7.3X10™* THz? K ! (Fig. 12).
V. RAMAN SCATTERING

A. Low-frequency modes

The low-frequency modes were observed in (b,b) po-
larization (4, symmetry). We made symmetry assign-
ment of the soft mode at high and low temperature.
There are indeed only four one-dimensional irreducible
representations at the A point of the Brillouin zone [zone
boundary at q=(0.5,0,0)] and at the I' point (zone
center).

A E c, I o,
A, +1 +1 +1 +1
B, +1 -1 +1 -1
4, +1 +1 -1 -1
B, +1 ~1 -1 +1
r E C, I g,
4, +1 +1 +1 +1
B, +1 -1 +1 —1
4, +1 +1 -1 ~1
B +1 ~1 ~1 +1

u

The compatibility relations between the 4 point above
T, and the T" point below T, are

Aol

Ag<—>Bg ,
Bg<—>Ag ,
Au**Bu’
B,—~4, .
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Thus the soft mode can be observed below T, only in
A4, symmetry by Raman scattering. Dimensionality of
the order parameter is equal to one. The experimental
bands were fitted to a damped harmonic oscillator func-
tion as previously indicated (Sec. IV A).

A first study was performed over the (13-270 K) tem-
perature range with excitation line at A=8540 A (Fig.
13). The frequency of the band corresponding to the soft
mode is located around 27 cm ™! at 13 K; it decreases
while the damping increases on approaching T,: The soft
mode cannot be observed at high temperature.

There is another interesting band with a frequency
equal to 37 cm ! at 13 K. This frequency decreases up
to T, and becomes almost constant above T,. A more
careful study was carried out with theo excitation line of
the ionized argon laser at A=10923 A in the (130-210
K) temperature range (Fig. 14). It allowed to make a
better evaluation of the band’s width variation. Figure
15 shows the results obtained for the band with frequency
equal to 37 cm ™! at 13 K. The frequency variation as a
function of temperature shows clearly that the corre-
sponding mode is coupled to the order parameter. But
the most interesting feature is the behavior of the damp-
ing of this mode around T,. The “inflexion point” on the
['(T) curve corresponds to the transition temperature.
Such a behavior is encountered for example in the study
of the order-disorder transition of the p-terphenyl molec-
ular crystal at atmospheric pressure;” it is also the
behavior of the same crystal and of p-quaterphenyl under
high pressure’®®! when the transitions become more

Intensity
(arb. units.)

/

270K

2N

218K

E

168K

130K

&

70K

1 1 L

10 20 30

40 cm-!

FIG. 13. Low-frequency Raman spectra for PTS-D polymer
in (b,b) polarizations, recorded at A=8540 A. The lowest-
frequency mode, which is broadening on approaching 7. and
disappearing at T, is the soft mode.



49 DYNAMICS OF THE PHASE TRANSITION OF THE FULLY ...
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FIG. 14. Low-frequency Raman spectra for pTS-D polymer
in (b,b) polarizations, recorded at A=10923 A. Note the pres-
ence of another mode in addition to the soft mode, whose width
and frequency vary versus temperature.

displacive but remain with some order-disorder charac-
ter. The linewidth broadening in the low-temperature
phase may be related to the progressive setting of disor-
der when the temperature increases. Indeed, when disor-
der exists, the crystal is spatially inhomogeneous. This
induces a dispersion of vibrational frequencies which
gives rise to a mode broadening. The inflexion point ob-
served on the I'(T) curve may result from the additional
contribution which is due to disorder and is important

3of , ) T(K)
o 50 100 150 200 250

FIG. 15. Behavior of the width I" and frequency v of the
mode observed at v=37 cm~! at T =13 K, as a function of tem-
perature in pTS-D polymer. The continuous lines are guide for
the eyes.
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around the transition. Indeed, far from the transition,
the linewidth is only determined by anharmonicity in the
low- and high-temperature phases.

B. High-frequency modes

Four predominant high-frequency vibrational modes in
the (500 cm™!, 2500 cm ') range were detected at room
temperature in pTS polymer crystals by resonant Raman
scattering: 952, 1203, 1485, 2086 cm ™~ '.*? In this study,
four bands were observed in pTS-D polymer crystals:
774, 1258, 1466, 2080 cm ! (Fig. 16). They correspond
mainly to the high-frequency vibrational modes of an iso-
lated polydiacetylene. They are treated for pTS polymer
in a model®® of a collection of point masses where only
nearest-neighbor harmonic forces are used to describe
stretching and bending internal coordinates in the plane
containing the diacetylene rod. This model shows in par-
ticular that the fourth mode is not related to any dis-
placement of the fully hydrogenated or deuterated side
groups. No change indeed is observed for the frequency
of this mode when going from pTS polymer to pTS-D po-
lymer.

The most interesting feature is that the phase transi-
tion has an effect on high-frequency vibrational modes.
Indeed the first two modes in pTS polymer (952, 1203)
undergo a splitting below T, which becomes maximum
at very low temperature. According to the previous
simulation, the splitting is related to the existence of two
inequivalent polymer chains per unit cell at T=T,.
Splitting observation of the 1485 cm ™! line in pTS poly-
mer is prevented by a coupling of this mode with the scis-
sors motion at the frequency of 1464 cm™' of the CH,
group at the joint of the diacetylene rod and the benzene
sulfonate radicals. This coupling does not exist in pTS-D
polymer because the difference between both frequencies
is much higher, and the splitting of the 1466 cm ! is ob-
served in pTS-D polymer at T < T, (Fig. 17). The spectra
were fitted with three peaks at T<T, and two peaks at
T=T,. The best-fit frequencies are plotted in Fig. 18:
One can see that the three modes are coupled to the order
parameter; T, can then be estimated to ~182 K as indi-
cated with the dashed line in the figure. One of the two
modes v, or v, is active at the zone boundary at high
temperature (B, symmetry) and becomes active at the

1.6
Intensity

12 (arb. units.)

0.8 .

0.4 " I |
Ao e

cm
0 : M M , A
200 600 1000 1400 1800 2200

FIG. 16. High-frequency Raman spectrum of pTS-D poly-
mer recorded at room temperature with exciting line A =10 642
A.
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FIG. 17. Evolution of Raman spectra of pTS-D polymer as a
function of temperature, recorded in the frequency range
(1450-1485 cm ™ !) with exciting line A=10923 A.

zone center at T <T, (A, symmetry). The expression of
the first coupling term in the Landau expansion as a func-
tion of the normal coordinate Q of this mode and of the
order parameter 7 is then 7?Q2 This frequency v, is
then affected in accordance with the equality
v%=A,iBl17§q. The other mode is active at the zone
center (4, symmetry) below and above T; then the ex-
pression of the first coupling term is 1°Q and it leads to
the same type of variation for the v, frequency:
v3= A, F Byn’,. Itis a reasonable assumption to say that
the two lines v, and v, belong to the same phonon branch
at T2>T,, as the compatibility relation between the I"

J viem™ 1)
1475

|
\Z T =182K
|
14704 !
v, !
|
1465- |
]
//,,/T\
* |
X T(K)
: r T - ——
) 50 100 150 200 250

FIG. 18. Evolution of the mode frequencies (showed in Fig.
15) as a function of temperature. The lines are the result of a fit
with two modes in the high-temperature phase and with three
modes in the low-temperature phase.
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point and the A point is
Aol ,
Ag,BgeAg,Bg .
A,,B,<~A,,B, .

Bloor et al.'’ assumed that the splitting Av between v,
and v, varies according to a power law

Ave(T,—T)P.

(B is the critical exponent associated to the order parame-
ter.)

To establish such a relation for the splitting Av, the
coefficient 4, must be made equal to the coefficient A4,.
In other words, one supposed that this phonon branch
has no dispersion along the a* direction. Indeed the cou-
pling between the polymer chains is weak, particularly
for the internal modes of the polymer backbone; making
this further assumption, we find the following analytical
relation:

Ave(T,—T)%.

In Fig. 19, full circles (1) correspond to the experimen-
tal value Av=v,—v, with A4 =4,—A4,=0. A value
B=0.22 for the critical exponent is deduced from the
drawn straight line. This value is slightly smaller than
0.25 given by neutron study (Sec. IV A). It is possible to
obtain a better agreement between both methods if for
example AA'=AA/2v, is taken equal to 0.3 cm™!
(A A’ represents the resultant splitting at T=1T,); this
corresponds to open circles (2) in Fig. 19 and to a critical
exponent value equal to 0.25 when deduced from the
drawn straight line. It is not possible to indicate the case
which may correspond to the real experimental situation.
Indeed the arbitrary value A4’'=0.3 cm~! is much
smaller than the resolution of the spectrometer (on the
order of 1 cm™!); this A 4’ induces however a significant

A In(av-aA") .

In(T,-T)

T T T
3 4 5

N

FIG. 19. A log-log plot of (Av—AA’) as a function of
(T.—T). Av=v,—v,: v, and v, are the frequencies showed in
Fig. 16 (for AA’, see text). Full circles (1) correspond to
A A’=0 and a critical exponent =0.22; open circles (2) corre-
spond to A 4'=0.3 cm ™! and a 0.25 value for B.
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variation of the 8 value. That shows Raman scattering is
not a suitable method to make an accurate study of the
critical exponent; the presence of a third mode (see Figs.
17 and 18) also makes the fitting procedure more difficult.
The expression Av « (T, — T)?? shows then that the previ-
ous interpretation of Bloor et al. based on their spectro-
scopic measurements has to be reconsidered. Finally we
point out that the range of the quadratic coupling seems
to extend from T, to about T =160 K (Fig. 19).

VI. DISCUSSION

Calorimetric measurements lead to consider the transi-
tion to have a second-order-like signature. Neutron- and
Raman-scattering studies indicate also that the transition
appears continuous. Calorimetric results have shown
also that the entropy of the transition for the polymer
pTS-D crystals studied in this work (0.51 Jmol 'K ™!)is
intermediate between the one found for the biphenyl
[0.13 Tmol 'K ™! (Ref. 34)] where the transition has a
displacive character,*® and the value given by R In2 (5.8
Jmol !K™!) for an ideal order-disorder transition.
Indeed ideal situations seldom happen with molecular
crystals, distinction between displacive and order disor-
der being difficult. That is, for example, the case for
anthracene-TCNB,%%" bis(4-chlorophenyl)sulfone,*® hy-
drogenated and deuterated p-terphenyl.’® In our case,
the intermediate character between order disorder and
displacive for the transition in the polymer pTS-D is
based on the results obtained by Raman and neutron
scattering.

Using elastic and inelastic coherent cold-neutron and
Raman scatterings, we have succeeded in obtaining a
complete description of the dynamics in the polymer
crystal of pTS-D. The transition appears continuous and
the pretransitional dynamics are associated with the
softening of a phonon branch; the soft mode presents a
heavy damping (Fig. 20) on approaching the transition
temperature T,. By combination of the results of both
neutron and Raman scattering, we are able to represent
the pretransitional dynamics of pTS-D polymer in the

=3 w(TH2)
viem™ ") 14
30F
RS 0.5+
1or ) R Woo, _—-}
o 50 100 150 200 250 T(K)

FIG. 20. Temperature dependence of the soft-mode frequen-
cy and damping I" (full height of the bars) for pTS-D polymer in
the high-temperature phase (neutron scattering) and in the low-
temperature phase (Raman scattering). The dashed lines are
guides for eyes showing the decreasing of the soft-mode fre-
quency and increasing of damping I'" on approaching 7.
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whole temperature range 13-293 K (Fig. 20). On ap-
proaching 7T, when coming from low or high tempera-
ture, the soft-mode frequency is clearly decreasing. How-
ever, in both cases the mode is overdamped near T,,
preventing the study of frequency as a function of tem-
perature. It is a fact that near T, the soft mode has been
analyzed in the neutron study using the scattering cross
section for relaxation processes.

The dynamics of pTS-D monomer and polymer are re-
markably close. It is only slightly more displacive in the
polymer state with a soft mode which becomes over-
damped between T, and at least T, +80 K in the mono-
mer and T,+50 K in the polymer.** This behavior can
be connected to the contraction along the stack b axis
during solid-state polymerization, which hinders the
motions of the side groups.

We have also shown that the previous order-parameter
analysis based on spectroscopic measurements was
wrong. A two-dimensional character of the phase transi-
tion, involving the (a*,c*) plane,'’ does not provide a
good description of the phase transition in pTS-D poly-
mer because the correlation lengths along a* and b* are
not very different. The strong dependence with tempera-
ture of the superlattice intensity near T, may suggest the
occurrence of a weakly first-order phase transition associ-
ated to a negative fourth-order term in the Landau ex-
pansion (the third-order term is forbidden by symmetry).

In our opinion the behavior of the central peak in
pTS-D polymer (Sec. IV B) may be related to the presence
of defects in the crystal, as incomplete polymerization,
residual hydrogen atoms or impurities (see Sec. III,
Calorimetric measurements). Indeed it has been shown
that the polymer chains include about 100—200 monomer
units in the polymer crystal.! The phenomenological
model described in Sec. IV B can be connected to a model
involving the influence of defects as it was shown by
Halperin and Varma for SrTiO;.

The control of the synthesis and of the polymerization
procedure permits us to obtain mixed crystals with any
polymer content X, so as to be able to study different
samples with a well defined X in all the range between 0
to 1.2 Experimental results we have already obtained by
microcalorimetric,'® dielectric,'° and Raman-neutron-
scattering®*® methods seem to indicate that, in a mixed
monomer-polymer crystal, no long-range order occurs re-
lated to the structural instability in the range
0.15<X <0.55 although the average lattice remains fair-
ly crystalline. Thus, the system presents some analogies
with orientational glasses as in mixed-crystals solids, but,
in our case, with another type of static disorder. The un-
derstanding of dynamics of the structural instabilities in
both pure monomer and polymer pTS-D crystals is im-
portant for interpretation of the more complex situation
encountered in the mixed crystals.
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