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High-pressure mesomorphic behavior of a chiral polyacrylate by x-ray diffraction in situ
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The high-pressure mesomorphic behavior of a chiral liquid crystalline polyacrylate has been studied by x-ray
diffraction in situ. The results show the existence of monolayer smectic-A* and bilayer smectic-C* me-
sophases that coexist in the thermally untreated sample over a well-defined range of temperatures, from
ambient pressure up to 133 MPa. Hydrostatic pressures of the order of 100–220 MPa are found to affect
strongly the polymorphic behavior of the sample. The smectic-A* mesophase, which at ambient pressure
coexists with an interdigitated smectic-C* structure, is stabilized over a temperature range which increases
with pressure, whereas the formation of the smectic-C* phase is inhibited above 220 MPa. The pressure
increment is found to introduce static positional disorder, and to reduce the long-range positional order in the
smectic structure strongly. A transition sequence from the isotropic melt through the smectic-A* phase to a
new crystalline structure is found by cooling isobarically down to room temperature. The proposed pressure-
temperature phase diagram suggests the occurrence of peculiar disorder-order-disorder transitions as pressure
is reduced isothermally.@S1063-651X~97!12606-X#

PACS number~s!: 61.30.Eb, 61.10.Eq
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I. INTRODUCTION

Chiral smectic liquid crystals containing biphenyle
units are currently the focus of major interest in mater
science@1–4#. These polymers can form chiral smectic-C*
phases with optimal ferroelectric and nonlinear optical ch
acteristics comparable to those of their low-molecular co
terparts. In addition, it has been shown@5# that they can
exhibit chiral smectic-A* phases with electroclinic propertie
@6#. The ferroelectric properties of the chiral smectic-C* me-
sophase and the peculiar electroclinic response of the c
smectic-A* phase have shown great potential in a variety
electro-optic applications@7–9#. These findings have stimu
lated further investigation into the synthesis and propertie
chiral smectic polymers containing the biphenyle core@10#.

In recent papers@11,12# it has been reported the synthes
and the liquid crystal behavior of the chiral polyacrylate
based on the biphenyl mesogenic moiety spaced from
backbone by a heptamethylene spacer and substituted i
4-position by a methylbutoxy group.

This polymer is one member of a family of side-chain po
acrylates consisting of variously spaced and substituted
phenilene units@13#. The x-ray-diffraction patterns at amb
ent pressure showed the existence of monolayer smecticA*
and bilayer smectic-C* mesophases which coexisted over
well-defined range of temperature. The high thermal stab
of the mesogenic unit combined with the relatively low tra
sition temperatures of polyacrylate 1 prevented microstr
551063-651X/97/55~6!/7121~7!/$10.00
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tural rearrangements and degradation processes in the m
state which made the polymer promising for technologi
applications.

This paper reports the results of a high-pressure x-r
diffraction study of polyacrylate 1 performed in order to d
termine the modifications induced by an external pressur
the mesomorphic behavior as a consequence of the red
molar volume. The study of pressure-induced structu
modifications in liquid crystalline~LC! polymers is a field of
research essentially unexplored, and only few reports
available in the literature concerning this topic@14–18#. In
the mesophases of LC polymers, the mesogenic and p
meric properties are closely coupled, and the macromole
lar packing arises from a critical interplay between the ord
ing propensity, as imparted by anisotropic interactio
among the mesogenic groups, and the chain constraints
tated by the configurational characteristics. In principle th
latter should be strongly affected by pressure as a co
quence of the variation of the molar volume. Apart from t
fundamental interest, these studies are also interesting f
an applicative point of view, since they allow one to explo
the possibility of extending the interval of thermal stabili
of the chiral smectic mesophases, in particular up to ro
temperature, by submitting the material to an external pr
sure. This possibility seems to be promising since hig
pressure treatment does not necessarily imply a complica
in the material processing, as high pressures are routi
used in polymer industry.

The pressure-temperature phase diagram of polyacry
1, derived on the basis of the experimental observatio
highlights the strong influence of hydrostatic pressures of
order of 100–220 MPa on the polymorphic behavior of t
polymer. In particular, it shows that a pressure-induced
bilization of the chiral smectic-A* phase of the polyacrylate
can be achieved, and suggests the occurrence of a pec
disorder-order-disorder transition as pressure is reduced
7121 © 1997 The American Physical Society
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7122 55O. FRANCESCANGELIet al.
thermically. The former effect was reported in a previo
paper@14#. The pressure effects on the smectic ordering
quantitatively evaluated in terms of the modification of bo
the electron density profile along the normal to the sme
layers, and the positional smectic order parameters.

II. EXPERIMENTAL DETAILS

The experiment was carried out by using the small-an
x-ray scattering camera of the high brilliance beamline@19#
at the European Synchrotron Radiation Facility, Grenob
France, equipped with a high pressure cell which can ope
up to 1 GPa at temperatures up to 570 K@19#. This cell
consists of a cylinder of hardened maraging steel with a p
pendicular bore for the x-ray windows. Pressure is produ
by a piston driven by a hydraulic oil pump through a m
chanical amplifier. Heating is provided by an external co
and the temperature at the sample position is measured
standard thermocouple placed outside the pressurized re
short below the sample position. Measurements were
formed on a 3-mm-thick powder sample at two differe
pressures~133 and 220 MPa!, in the temperature range be
tween 300 and 500 K; the highest temperature in all ca
being above the clearing point of the sample. The wa
length of the incident beam wasl50.0763 nm and theq
range explored varied between 0.63 and 5.03 nm21 ~q
54p sinu/l!.

III. RESULTS AND DISCUSSION

A. Mesomorphic behavior at 133 MPa

A detailed description of the mesomorphic behavior of
sample at atmospheric pressure was reported in a prev
paper@11#. On cooling down from the isotropic liquid, two
different disordered smectic structures, namely, a bila
smectic-C* (SC* 2) and a monolayer smectic-A* (SA* 1), co-
exist in the temperature range between the isotropiza
point ~T5406 K! andT5373 K. However, theSA* 1 phase
occupies a volume fraction which becomes progressiv
smaller as the temperature is reduced, and finally disapp
at about 373 K. Below this temperature, theSC* 2 mesophase
is stable, down to room temperature where no crystalliza
is observed even after prolonged annealing. TheSA* 1 me-
sophase is not observed in the first heating of a therm
untreated sample, but it appears above 373 K in all the t
mal cycles following isotropization, which highlights th
enantiotropic nature of this phase. A schematic picture of
macromolecular organization in the two mesophases
shown in Fig. 1. The electron density profiler~z! along the
normal to the smectic layers in the smectic-C* mesophase

FIG. 1. Schematic representation of the macromolecular
rangement~a! in theSA* 1 and ~b! SC* 2 mesophases.
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deduced from the experimental diffraction pattern, indica
the presence of a minor interdigitation of the terminal su
stituents, thus indicating that the configuration of the s
chains does not depart considerably from the fully exten
one. In agreement with this, the high values of the positio
smectic order layer parameters calculated for the first
harmonics of the positional distribution function suggeste
well-ordered layer structure.

Figure 2 shows selected x-ray-diffraction patterns m
sured during the first heating cycle with the sample unde
pressure of 133 MPa. At a temperature of 430 K four Bra
peaks are visible in the diffraction pattern recorded for
sample not thermally cycled, whereas at the same temp
ture under atmospheric pressure the sample is in the isotr
liquid phase. A similar pattern is observed up to about 4
K. Three of the Bragg peaks~signals 1, 2 and 3! correspond
to spacingsd which are in the ratio 1:2:3, and are associat
with a SC* 2 lamellar structure with periodicitydC542.1 Å;
the fourth one~signal 4! is characteristic of aSA* 1 structure
with layer thicknessdA525.2 Å. Therefore, under these con
ditions theSC* 2 and SA* 1 mesophases coexist, as alrea
observed at ambient pressure in the temperature range
tween 373 and 406 K@11#. Above a temperature of abou
450 K, only theSA* 1 mesophase is still present, and persi
up to about 460 K where finally isotropization occurs. Figu
3 shows the trend of thed spacing of both the bilayer an
monolayer smectic mesophases with temperature, in the t
mal range covered in the first heating cycle. We observ
temperature dependence much slighter than that measur
atmospheric pressure@11#, which is in agreement with the
reduced molar volume available at high pressure. The r
tive contractionDd/d of the layer spacing on passing from
atmospheric pressure to 133 MPa is similar for the two m
sophases, i.e.,Dd/d56.6% andDd/d57.5% for theSA* 1
andSC* 2 phases, respectively. This means that the pres
increment has essentially the same effect on the struct
reorganization of the macromolecules in the different sm
tic domains due to the reduced molar volume. However,
higher value ofDd/d for the SC* 2 mesophase reflects th
higher layer compressibility of this structure as a con
quence of the bilayer interdigitated arrangement@Fig. 1~b!#.

r-

FIG. 2. Selected x-ray-diffraction patterns obtained during
first heating cycle with the sample under a pressure of 133 MP
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55 7123HIGH-PRESSURE MESOMORPHIC BEHAVIOR OFA . . .
Figure 4 shows selected x-ray-diffraction patterns m
sured during the first cooling cycle at 133 MPa. The sme
A*→ isotropic phase transition is reversible on cooling, a
the SA* 1 phase appears again below 445 K. The intens
increase of the peak characteristic of theSA* 1 phase, as the
temperature decreases, is shown in the inset of Fig. 4. H
ever, as shown in Fig. 5, a further temperature reduction d
not result in the formation of theSC* 2 mesophase. Crystal
lization begins instead below 420 K, and is completed
about 390 K, as shown in detail in Fig. 6. The diffractogra
of the solid phase is similar to the one of theSC* 2, but the
positions of the Bragg peaks are no longer in the 1:2:3 ra

B. Electron density profile in the SC* 2 mesophase

The presence of several orders of reflection in the x-r
diffraction patterns of theSC* 2 phase means that the proje
tions of the electron density along the normal to the sme
layers cannot be described by an ideal single sinuso
modulation. Such behavior, already shown at atmosph
pressure, is different from the one of conventional sme
phases encountered in low molar mass systems@20#. The
projection of the electron density profile along the normaz
to the smectic layers,Dr~z!, in the SC* 2 phase was calcu
lated as a Fourier sum from the intensity of the Bragg pe
~1, 2, and 3 in Fig. 2!,

Dr~z!5
r~z!2^r&

@^r2~z!&2^r&2#1/2
5 (
l 51

3

F l cosS 2pl
z

dC
D ,

~1!

FIG. 3. Temperature dependence of thed spacing of the bilayer
smectic-C* mesophase~full dots! and the monolayer smectic-A*
mesophase~open squares! in the thermal range covered by the fir
heating cycle.

FIG. 4. X-ray-diffraction patterns recorded during the first co
ing cycle atp5133 MPa. The inset shows the evolution of th
intensity of the peak characteristic of the smectic-A* mesophase.
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wherer~z! is the electron density,^r& its average value,F l is
the structure factor of the~00l ! reflection,dc is the layer
spacing, and the origin of thez axis is chosen in the middle
of the smectic layer. The phase problem was solved by us
a pattern recognition approach based on the histogram o
electron density mapDr~z! @21#, following the same steps
detailed in Ref.@11#. The results are shown in Fig. 7, whe
they are compared with the profile at ambient pressure.
two minima ofDr~z! correspond to the aliphatic spacers, t
two principal maxima are associated with the mesoge
cores, and the two secondary maxima atz560.5dC are due
to the polymer backbones. At ambient pressure, the h
value of the secondary maxima indicates that the backbo
are strongly confined between adjacent sublayers of
sogenic cores, whereas the extension of the principal max
alongz, corresponding approximately to thez projection of
the length of the mesogenic cores, indicates only a sm
expansion due to the translational fluctuations of the cha
Accordingly, at atmospheric pressure the configuration of
side chains does not depart considerably from the full
tended one. This situation is modified by applying pressu
the secondary maxima have a smaller relative intensity an

FIG. 5. X-ray-diffraction patterns recorded during the first co
ing cycle atp5133 MPa, for temperatures between 428 and 388
The sample does not exhibit theSC* 2 structure observed in the firs
heating cycle, but undergoes a phase transition from the monol
SA* to the crystalline phases.

FIG. 6. Temperature evolution of the diffraction intensity in th
angular region of the smectic reflection.
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7124 55O. FRANCESCANGELIet al.
larger width, revealing a distortion of the backbones. T
principal maxima get closer to each other as a consequ
of the layer thickness contraction which results in a stron
interdigitation of the terminal substituents. From the posit
of these maxima,z560.11dC , it is possible to obtain a
reliable estimate of the average tilt angleb of the side chains
with respect to the layer normaln. In fact, if we assume tha
the main maxima correspond to the position of the center
the aromatic cores and consider the side chain in the f
extended conformation, an average tilt angle ofb528°63°
is found. This value is very close to the one,b530°, ob-
tained at atmospheric pressure from the x-ray-diffraction p
tern of the oriented mesophase of the fiber sample@11#. The
substantial coincidence of these values indicates that
layer compression associated with the pressure increme
absorbed by the sample through a stronger interdigitatio
the terminal substituents, without any appreciable modifi
tion of the tilt angleb.

Moreover, the broadening of the other features of
electron density profile indicates an increase of the positio
disorder inside the smectic layer. This effect is quantitativ
estimated by calculating the positional smectic layer or
parameters of the positional distribution function of t
smectic layers,f (z).

C. Positional smectic order parameters

Following the procedure described is Refs.@22,23#, f (z)
can be expanded in terms of a Fourier series

f ~z!5S 11 (
l 51

`

2t l cosS 2pl
z

dC
D D Y dC , ~2!

wheret l 5^cos(2pl z/dC)& is a smectic layer order param
eter, which ranges from 1 for the perfect layer structure t
for absence of layer structuring. The scattering factorF l for
the scattering vectorq along thez direction can be written as

F l 5(
m

^ f mexp~2p i l zm8 /dC!&, ~3!

wherem denotes the atoms in the molecule,f m is the atomic
form factor of themth atom, and the average is taken over
molecular configurations. If we indicate byzm0 thez coordi-
nates for a perfectly ordered smectic structure (t l 51), then
zm8 5zm01zm , where zm gives the fluctuation of themth
atomic position aroundzm0 , and Eq.~3! can be written as

FIG. 7. Electron density profile along the normal to the smec
layers in the smectic-C* phase, calculated at ambient and high pr
sure from the intensities of the Bragg peaks.
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F l 5(
m

^ exp~2p i l zm /dC!& f mexp~2p i l zm0 /dC!.

~4!

If zm is supposed to be the same for all atoms in the m
ecule, then the intensityI l of the 00l reflection can be writ-
ten as

I l 5CuF l u25t l
2 I l

0 , ~5!

whereC is a proportionality constant, andI l
0 is the intensity

for a perfectly ordered smectic layer. When more orders
reflection are observed, as it is for polyacrylate 1, then
assumption of a simple model forI l

0 and a form for f ~z!
enables us to obtaint l . By assuming a Gaussian distributio
for f ~z! @24#,

f ~z!5@2p^z2&#21/2exp~2z2/2^z2&!, ~6!

the smectic layer order parameters take the form

t l 5exp~22p2l 2^z2&/dC
2 !, ~7!

where ^z2& is the mean-square displacement of the ato
along the normal to the smectic layers, i.e., the mean-sq
longitudinal fluctuation of the layers. From Eq.~5! we obtain

I l +1
I l

5
t l 11
2

t l
2

I l 11
0

I l
0 . ~8!

The intensity ratiosI l 11
0 /I l

0 ~l 51,2, . . .! can be calcu-
lated for a simple model where the side chains assum
planar fully extended conformation, with an average
angle of 28° to the layer normal. The values obtained are
very sensitive to the details of the model, especially for
lower values ofl . In particular, withl 51 we obtainI 2

0/I 1
0

52.05. The ratio I 2 /I 1 is determined from the x-ray
diffraction data, and the value obtained atT5431 K is
I 2 /I 150.21. With these values forI 2

0/I 1
0 and I 2 /I 1 , Eq. ~8!

gives t2 /t150.32. Expressing the ratiot2 /t1 by means of
Eq. ~7! finally gives the average square fluctuation of t
smectic layers (̂z2&)1/255.84 Å. Once we determined
^z2&1/2, Eq. ~7! allows one to calculate the whole set of p
sitional smectic order parameterst l . In particular we find
t150.68, t250.22, andt350.03 for the first three harmon
ics of the distribution function. A similar calculation pe
formed for theSC* 2 mesophase at ambient pressure and te
peratureT5363 K @11# gave a lower value of the averag
square fluctuations,^z2&1/253.13 Å, and higher values of th
positional smectic order parameters, i.e.,t150.91, t2
50.69, t350.43, t450.22, andt550.09 for the five har-
monics experimentally observed. The faster decay oft l
compared to ambient pressure is a consequence of the s
ger fluctuations of the layers, in agreement with the exp
sion of the electron density maxima shown above. Howev
the stronger thermal fluctuations due to the higher temp
tures of theSC* 2 mesophase stability range at high press
are not sufficient to account for the observed incremen
^z2&1/2 with increasing pressure. In fact, according to t
model of de Gennes and Prost@20#, the mean-square fluctua
tion in a smectic liquid crystal can be written as

c
-
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^z2&5
kBT

4plB
lnS LdD , ~9!

wherekB is the Boltzmann constant,T is the absolute tem
perature,L is the linear size of the smectic domain,d is the
layer spacing,B is the elastic constant for compression, a
l is a characteristic length of the material of the order of
layer thickness. In practice, a simple proportionality relat
between̂ z2& andT holds if we consider that the constants
Eq. ~9! are only slightly temperature dependent~especially
far from the smectic to isotropic phase transition!. This tem-
perature scaling law was experimentally verified for t
sample at ambient pressure, by comparing the value
^z2& calculated at room temperature and atT5363 K. From
Eq. ~9!, we obtain ^z2&uT54315(431/363)̂ z2&uT5363, i.e.,
^z2&1/253.41 Å. Accordingly, the remaining difference be
tween this value and the one measured atp5133 MPa,
^z2&1/255.84 Å, is a direct consequence of the pressure
fects on the structural properties of the mesophase, and
be explained in terms of the induced static positional dis
der of the smectic layers as a consequence of the red
molar volume. If we neglect, to a first approximation, t
pressure dependence of the constantsB, L, andd in Eq. ~9!,
and assume a Gaussian distribution function for the st
disorder @25#, we can write the mean-square fluctuati
^z2& as the sum of two contributions

^z2&5^z2&T1^z2&D , ~10!

where the first term represents the thermal contribution@Eq.
~9!#, and the second one is the mean-square fluctuation o
layers due to the static positional disorder. From the kno
edge of ^z2&1/255.84 Å and ^z2&T

1/253.41 Å, the value
^z2&D

1/254.74 Å can be estimated by means of Eq.~10!. This
result shows that the effect of the static positional disord
which is negligible at atmospheric pressure, at high press
is of the same order as that due to the thermal fluctuatio

A more accurate evaluation of^z2&D should take into ac-
count the pressure dependence of^z2&T , i.e., the variation of
the quantitiesB, L, andd in Eq. ~9! with pressure. A reliable
estimate ofL can be obtained by means of the Scherrer f
mula @26#

L5
0.9

D~q/2p!
, ~11!

whereD~q/2p! is the full width at half maximum~FWHM!
of the Bragg peaks in theI vs q/2p experimental curve~Fig.
2!. The values obtained forD~q/2p!, after deconvolution of
the Bragg peaks for the instrumental resolution function,
4.131023 Å21 ~at atmospheric pressure! and 7.9
31024 Å21 ~at p5133 MPa! which correspond toL'1140
and 220 Å, respectively. In addition,d varies from'46 Å, at
atmospheric pressure, to'42 Å, at p5133 MPa. Therefore
both quantities,L and d, reduce with increasing pressur
However, the reduction ofd being rather small and the de
pendence onL/d relatively weak@see Eq.~9#, this effect
does not seem to play a critical role in the above calcula
of the static positional disorder. Concerning the elastic c
stantB, experimental values are not known, and no theo
ical model is presently available for its pressure depende
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However, we should expect that a pressure increase resu
a higher layer rigidity for compression and, therefore,
higher values ofB. According to these considerations, an
pressure increment acts in the sense of reducing^z2& differ-
ently from what was experimentally observed. This res
supports our interpretation of the pressure-induced increm
of ^z2& as an effect of the increment of the static position
disorder, even though, to account for the unknown press
dependence ofB, the value^z2&D54.74 Å must be consid-
ered as a lower limit for the static positional disorder.

D. Mesomorphic behavior at 220 MPa

After reaching the minimum temperature,T5363 K, in
the cooling cycle atp5133 MPa, a further increase of pre
sure up to 220 MPa does not modify the crystal habit of
sample, but only produces a contraction of the crysta
graphic cell, as revealed by the shift of the Bragg pea
However, the range of stability of the crystal phase is e
tended to higher temperatures. In fact, as shown in Fig. 8
T5418 K andp5220 MPa, the system is still in the crysta
line phase, whereas at the same temperature andp5133 MPa
the smectic-A* order is dominant. At higher temperatures,
peak corresponding to a periodicity ofd525 Å appears in
the diffraction pattern atT5428 K, indicating the beginning
of a transition toward aSA* 1 phase which is completed onl
at 463 K ~Fig. 9!. The range of this transition is unusual
large even for a polymeric liquid crystal, and reflects t

FIG. 8. Diffraction patterns recorded at 418 K at 133 and 2
MPa.

FIG. 9. Temperature evolution of the diffractograms record
during the heating cycle at 220 MPa.~a! 419 K, ~b! 423 K, ~c! 437
K, ~d! 447 K, ~e! 456 K, ~f! 463 K, ~g! 473 K, and~h! 493 K.
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7126 55O. FRANCESCANGELIet al.
reduced mobility which follows the molar volume contra
tion. TheSA* 1 phase is stable up to 493 K, where isotropiz
tion occurs.

By cooling down isobarically from the isotropic me
~Fig. 10!, the SA* 1 phase is regained at about 460 K, a
remains stable down to about 400 K, where a short-ra
crystalline order starts to develop, as revealed by the app
ance of broad and diffuse diffraction peaks. The effect of
pressurep on the smectic long-range positional order can
determined by considering the behavior of the longitudi
correlation length in theSA* 1 mesophase,j i , when p is
raised from ambient pressure up to 220 MPa. The correla
length is calculated as

j i5
2

Dq
, ~12!

whereDq is the FWHM of the Lorentzian curve describin
the shape of the diffraction peak in the experimental patt
deconvoluted for the instrumental resolution function. T
values obtained arej i'400 Å, at ambient pressure, andj i

'100 Å at pressures higher than 133 MPa. The reductio
the correlation length with increasing pressure up to 1
MPa is in agreement with the measured increment of
static positional disorder. The constant value ofj i observed
above 133 MPa clearly indicates a saturation which
reached as a consequence of the minimization of the m
volume ~compatible with the steric packing requirement!.
This is also confirmed by the constancy of the layer spac
above 133 MPa.

On the basis of the observations described, the schem
pressure-temperature phase diagram shown in Fig. 11
been deduced. It refers to the behavior of the system w
the temperature is lowered isobarically from high to roo
temperature. Of course, the boundaries must be consid
only as tentative lines interpolating the experimental da
An increase of the clearing point with the pressure is evide
but the most salient feature is the stabilization of t

FIG. 10. Diffraction patterns obtained on cooling from the is
tropic melt, with the sample under a pressure of 220 MPa.
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smectic-A* phase forp.100 MPa. The interval over which
the polymer exhibits theSA* 1 structure becomes progres
sively larger as pressure increases, mainly because the
sition to the solid phase shifts toward lower temperatur
This finding suggests that a further increase of pressure c
result in the extension of the smectic-A* order down to room
temperature. Moreover, if the proposed phase boundaries
correct, an isothermal increase of pressure at temperat
around 420 K should result in a reversible isotropic→ crys-
talline→ smectic transformation sequence, which appear
be an unusual behavior.

IV. CONCLUSIONS

The phase behavior of a chiral side-chain polyacrylate
been observed upon increasing pressure up to 220 MPa bin
situ x-ray diffraction. The modifications of the macromo
lecular organization in theSC* 2 mesophase have been di
cussed in terms of the electron density profile along the n
mal to the smectic layers. The pressure effects on the sme
ordering have been quantitatively estimated by calculat
the variation of the positional smectic order parameters
the longitudinal correlation lengths. The stabilization of t
smectic-A* phase at high pressure has been shown. T
could play a significant role in technological applications
chiral liquid crystals for electro-optical devices and comp
nents.
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FIG. 11. Proposed pressure-temperature phase diagram fo
investigated polymer. The symbols refer to the isotropic melt~I !
and monolayer smectic-A* (SA* ), the smectic-C* (SC* ), and crys-
talline ~K! phases. The broken lines show the pathways along wh
measurements have been carried out. The shadowed regions
cate the uncertainties on the phase boundaries.
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