
Introduction

Considerable attention has been paid in the last ten
years to the study of thermotropic liquid crystals (LC)
confined in porous solids [1]. In the field of funda-
mental research, liquid crystals embedded in complex
geometries allow investigation of random disorder ef-
fects on physical systems; in the field of applied re-
search, such composite materials are studied because
of their interest for electro-optical applications [1].
Depending on the mesophase behaviour, the pore
walls can either align the liquid crystals through sur-
face anchoring or induce quenched disorder. Mono-
lithic silica aerogels are generally used for LC con-
finement, although several papers are dealing with
liquid crystals embedded in a network of pyrogenic
silica aggregates [2 and references therein]. Silica
aerogels possess a wide variety of exceptional proper-
ties, hence a striking number of applications particu-
larly in optics or energetics [3]. At low densities, sil-
ica aerogels consist of a network of fractal aggregates
and display a wide distribution of pore sizes [4, 5]. At
higher densities, pores are smaller and the pore size
distribution becomes narrower. It follows that the ef-
fect of pore sizes on the physical properties of liquid

crystals can be investigated very precisely using silica
aerogel. Up to now, confinement of LC was limited to
low molecular mass nematogenics among others, octyl-
cyanobiphenyl LC (8CB). To the best of our knowl-
edge, no investigation dealing with confinement of
liquid crystal polymers, or, more precisely, side chain
liquid crystal (SCLC) polymers have been reported so
far. In SCLC polymers [6], the mesogenic moities are
attached to the polymer chain by a flexible spacer.
Thus, the polymer chain imposes an alignment that
can be improved by external electric or magnetic
fields [7]. These molecules which combine the self-
organising properties of liquid crystals with the struc-
tural advantages of polymers are interesting for appli-
cations like displays. Changing the chemical compo-
sition and the spacer length allows modification of the
LC phase behaviour; confinement of these SCLC
polymers in aerogels with different pore sizes is ex-
pected to yield a wide variety of nanocomposite mate-
rials displaying well defined characteristics. Further-
more, investigation of SCLC polymers in aerogels
allows information not only in the field of their opti-
cal and dielectric properties but also in the field of
polymers confined in porous networks [8, 9].
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The aim of the present work is to measure and
analyse the phase behaviour of a chiral side chain
acrylate polymer in bulk (POA) and confined in a sil-
ica aerogel (PIA). Because infiltration of large molec-
ular size polymers in the aerogel porous network may
be difficult, in-situ UV photopolymerisation of the
monomer precursor is achieved [10]. The behaviour
of the resulting nanocomposite (PPIA) is compared to
that of the polymer photopolymerised in bulk, out of
aerogel (PPOA) and to that of POA and PIA samples,
for which polymerisation is achieved in solution. The
phase transition temperature is determined by means
of differential scanning calorimetry (DSC). Structure
of the liquid crystal phase is investigated by means of
small-angle X-ray scattering (SAXS) measurements
performed in isothermal conditions.

Experimental

The starting chiral acrylate monomer [11] has a spacer
containing eleven carbons, as represented in Fig. 1. Ex-
hibiting only a crystal melting endotherm as probed by
DSC, it is non-mesogenic. Bulk SCLC polyacrylates are
obtained by two different methods: a) polymerisation of
the monomer in a solution of toluene with AIBN
(5 mass%) as initiator [11] (sample POA) and b) photo-
initiated free-radical polymerisation of the monomer
(sample PPOA). To prepare the PPOA sample, 3 mass%
of 2,2-dimethoxy-1,2-diphenylethane-1-one (Irga-
cure 651) kindly provided by Ciba Speciality Chemi-
cals Inc., and 50 ppm of p-methoxyphenol (Aldrich)
to prevent thermal polymerisation are added to the
monomer. Photopolymerisation is performed with an
UV source (Oriel Instruments). The UV intensity, ad-
justed by changing the distance between the sample
and the lamp, is 0.80 mW cm–2 at 365 nm. The sample
is maintained slightly above the isotropic temperature
of the monomer during the polymerisation procedure.
In order to remove dissolved oxygen, the monomer to
be photopolymerised is stored in the sample holders
under nitrogen atmosphere (<2 ppm of oxygen). A
high monomer conversion, checked by SAXS, is ob-
served after 30 s of UV-irradiation.

Silica gels are synthesised in ethylacetoacetate by
HF-catalysed polymerisation of H2SO4 pre-polymer-
ised TEOS precursors. The monolithic silica aerogel
(�=0.18�0.02 g cm–3) is obtained by supercritical CO2

drying of gels as described elsewhere [12]. It consists
of a network of fractal aggregates (Df=1.7�0.1) [4].

The aggregates are built by nanosize particles (less
than 30 Å in diameter) with a smooth surface. The
aerogel porosity (�=0.92�0.08) results from two fami-
lies of pores: intra-aggregate pores characterized by a
distribution peaking at nearly 80 Å and inter-aggregate
voids characterized by a broad distribution of sizes up
to about 800 Å [4]. The total pore volume Vp is
5.1�0.5 cm3 g–1.

Impregnation of the aerogel is performed as fol-
lows. A slab of aerogel (1.5 mm thick) and POA (or
monomer) are separately heated to the isotropic tem-
perature (T=337 K). The aerogel slab is then placed
on the surface of the liquid under reduced pressure
(0.16 atm). The impregnation of the aerogel by the
liquid proceeds by capillary forces and complete fill-
ing is determined visually. The surface of the slab is
lightly wiped up with filter paper to reduce superficial
excess of bulk material and the PIA composite is
ready for analysis. Opacification of the aerogel occurs
immediately after filling. The mass of sample in the
aerogel is of 0.20 g cm–3 for the polymer and 0.54 g cm–3

for the monomer.
DSC measurements are performed with a Perkin

Elmer DSC2 apparatus. Heating and cooling scan
rates of 10 K min–1 are used. In order to initialise the
thermal history of the samples, two heating-cooling
cycles are carried out. Transition temperatures are de-
termined at the maximum of the endothermic peaks
during the second heating scan.

The POA polyacrylate, used as a reference,
changes from the crystalline to the mesophase. The
nature of the mesophase was assigned as a smectic
phase (Sm) with blurred Schlieren texture, as ob-
served by optical microscopy [11].

SAXS measurements are performed on the
French CRG beamline D2AM at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France
[13]. The incident energy is 16.2 keV. An indirect il-
lumination CCD detector (Princeton Instruments) is
located at 27.5 cm from the sample. The scattering
curve I(q) is determined over a domain of q values
ranging between 2·10–3 and 0.8 Å–1. The aerogel-
SCLC polymer composites are placed in stainless
steel sample holders closed by two mica windows
(20 µm) and bulk polymers, in Lindemann capillaries
(1.5 mm diameter). Sample holders or capillaries are
mounted on a thermostatically controlled sample
changer built on alluminium. Eleven temperatures
ranging between 299 and 346 K were selected. At
each temperature step, several minutes are allowed for
temperature equilibrium before starting SAXS measure-
ments. The whole procedure is fully automatic. The
scattering intensity is corrected for the detector response
and distortion, dark current signals, as well as sample
transmission and background scattering.
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Fig. 1 General chemical structure of the chiral acrylate monomer



Results and discussion

DSC curves from the four different samples POA,
PIA, PPOA and PPIA, are plotted in Fig. 2. All sam-
ples show a dominant peak assigned to the crystal
state (K)�smectic (Sm) phase transition and a weaker
and broader one associated with the smectic
(Sm)�sotropic (I) liquid-phase transition. The corre-
sponding transition temperatures are indicated in Ta-
ble 1. Transition temperatures are determined taking
the second heating scan into account.

For the bulk SCLC polyacrylate (sample POA,
Fig. 2, curve a) the phase transitions yield relatively well
defined peaks, as expected. When the polymer is con-
fined in aerogel (PIA, Fig. 2, curve c), the two peaks
(corresponding to the K�Sm and the Sm�I transitions)
shift to a lower temperature and become broader as a re-
sult of the pore size distribution in the silica aerogel. It is
notable that the typical phase transitions of POA are
maintained after confinement (PIA sample).

For the bulk polymer photopolymerised outside
the aerogel (PPOA, Fig. 2, curve b), the K�Sm peak
becomes broader, but located at the same temperature
as POA. The Sm�I peak is very broad, as can be
better seen on the second cooling curve. Since PPOA
consists of a polymeric network where the cross-links
between the main chains are formed by uniaxially ori-
ented mesogenic units, a thermal stability of the or-
dering in the mesophase is expected [14]. As a conse-
quence, the Sm�I phase transition gives a very small
peak in the DSC curves [14]. In this case it is not pos-
sible to determine the temperature transition by
means of DSC. Similarly, for PPIA (Fig, 2, curve d)
that has been prepared by UV polymerisation inside
the aerogel, the Sm�I peak is hardly seen on the sec-
ond heating scan, and can be also better observed in
the second cooling scan.

The major difference between PPOA (Fig. 2,
curve b) and PPIA (Fig. 2, curve d) concerns the K�Sm
transition for PPIA, that splits into two peaks in the sec-
ond heating scan. The first one is located around 303 K,
as encountered for PIA (confined POA). It is likely that,
as for PIA, the temperature shift results from the confin-

ing pore sizes. For the second peak, TK�Sm is close to
that observed for the bulk polymers. It is tempting to as-
sume that part of monomer is filling pores that are large
enough to allow the same photopolymerization effect as
in bulk. Another explanation would be the existence of
unreacted monomer (Fig. 2, curve e) that exhibits a TK�I

around 310 K. For the monomer, the exothermal peak
(288 K) followed by an endothermic peak (306 K) may
be attributed to overcooling effects.

The most important information obtained by
DSC concerns the K�Sm phase transition. It is very
similar for samples POA and PPOA (bulk polymers)
and shows the same trends for both PIA and PPIA
(confined polymers). Thus, it can be concluded that
the smectic ordering temperature TK�Sm depends
more on confinement than on the method of monomer
polymerisation. Confinement seems also to shift the
temperature domain of the smectic phase to lower
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Fig. 2 DSC curves: a – SCLC polyacrylate prepared by polymeri-
sation in solution (POA), b – SCLC polyacrylate photopoly-
merised in bulk (PPOA), c – SCLC polyacrylate confined in
the aerogel (PIA), d – SCLC polyacrylate photopolymerised
inside the aerogel (PPIA), e – monomer acrylate (the exo-
thermal peak at 288 K followed by an endothermic peak at
306 K that are not observed during frst heating could reveal
overcooling effects)

Table 1 Transition temperatures (T/K) of the SCLC polyacryl-
ates determined by DSC; K=crystal state, Sm=smectic
phase, I=isotropic liquid

Mn Mw/Mn K Sm I

POA 21200 1.60 � 3�� � 337 �

PIA 21200 1.60 � 306 � 333 �

PPOA * * � 310 � * �

PPIA * * � 303 � 334 �

Mn– Molecular mass determined by size exclusion chroma-
tography (SEC); * Not determined.



temperatures. Information about the phase structure
of the polymers in the samples is obtained by SAXS,
as presented below.

Temperature-dependent SAXS curves obtained for
the four samples are given in Figs 3 and 4. For PIA and
PPIA, the background from aerogel scattering must be
subtracted. The SAXS curve for the confined monomer
measured at 346 K before photopolymerisation (isotro-
pic liquid) is used as background.

The typical crystal state (K)�smectic phase
(Sm) transition of sample POA can be observed in
Fig. 3a, from the disappearance of the two peaks lo-

cated at q=0.199 and 0.330 Å–1, (299 and 303 K) and
the appearance, at 308 K, of two new peaks at
q=0.174 and 0.350 Å–1 (observed up to 338 K). The
coexistence of K and Sm phases can be observed at
308 K. The corresponding d spacing in the smectic ar-
rangement (d=2�/q) decreases slightly from 36.0 to
35.3 Å on increasing the temperature between 308
and 333 K as a result of the smectic modulation in the
polymer. The 2-dimensional scattering images, not
depicted here, show a circle of nearly uniform inten-
sity. This feature indicates that the smectic layers are
formed with no preferred direction. The second order
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Fig. 4 SAXS profiles determined at different temperature:
a – SCLC polyacrylate photopolymerised in bulk (PPOA);
b – SCLC polyacrylate photopolymerised inside the aero-
gel (PPIA) after subtraction of the aerogel scattering back-
ground

Fig. 3 SAXS profiles determined at different temperatures:
a – SCLC polyacrylate (POA) prepared by polymerisation
in solution; b – SCLC polyacrylate confined in aerogel
(PIA) after subtraction of the aerogel scattering back-
ground



Bragg peak (q=0.350 Å–1) just visible up to 333 K, is
superimposed on a diffuse peak. Two sharp signals
with Bragg spacings in the ratio 1:2 in the small angle
direction are typical of smectic phases. The broad dif-
fuse scattering peak, which appears as another second-
ary maximum and which can be observed also in the
isotropic phase, may be attributed to the underlying
polymer backbone. It is known that, in the smectic
phase, the main chains can preferentially occupy the
space between the mesogenic layers [15] if the spacers
are flexible [16], as is the case in this work (Fig. 1).

The SAXS curves obtained for the ex-situ nano-
composite PIA (Fig. 3b) show similar trends as ob-
served for the bulk polymer POA. Therefore the
smectic mesophase is kept after polymer confine-
ment. Meanwhile, the smectic phase appears at a tem-
perature lower (303 K) than in the bulk polymer POA
(308 K) and the Sm�I transition occurs between 328
and 333 K instead above 338 K as observed for POA.
The temperature domain of the smectic phase has ap-
proximately the same width but it is shifted to lower
temperatures, in agreement with the tendency ob-
served by DSC. Full agreement between SAXS and
DSC can be only achieved by a combination of both
techniques in the same experiment, as showed very
well by Allais et al. [17].

For the photopolymerised bulk polymer (PPOA,
Fig. 4a), coexistence of K and Sm phases appears
more clearly than for the bulk polymer POA for the
same temperature (308 K). Disappearance of the
smectic phase, however, occurs at a much smaller
temperature than for POA.

Figure 4b confirms the in-situ photopoly-
merisation of the monomer, yielding a smectic liquid
crystal polymer inside the aerogel slice (PPIA sam-
ple). The Sm phase is detected above 308 K. At lower
temperatures, as for the other samples, the SAXS
curves of PPIA exhibit the two peaks characteristic of
the crystal phase, plus an extra peak at q ~ 0.4 Å–1

matching with that observed for the monomer (dotted
curve in Fig. 4b). It may therefore be concluded that the
DSC peak observed at 308 K (Fig. 2a) results from
monomer crystal melting. It may be assumed that this
unreacted monomer is located in pores that are too
narrow for polymerisation to be possible. Interest-
ingly, a systematic investigation of monomer photo-
polymerisation could be helpful for a quantitative
characterisation of the pore size distribution in silica
aerogels.

To perform the analysis of the shape of the
smectic peaks located around 0.18 Å–1, the contribu-
tion of the polymer backbone must be subtracted from
the measured intensity. Instead of using a model
equation to fit the scattering due to the backbone con-
formation, a simple polynomial equation a+bq2+cq4

was used over a limited q-interval. The lower limit,
qmin, is located above the smectic peak (around
0.24 Å–1) and the upper limit, qmax (around 0.3 Å–1),
below the maximum of the diffuse peak. This equa-
tion was used for extrapolation down to low-q values
and the corresponding intensities were subtracted
from the experimental ones, yielding the peak plotted
in Fig. 5 (filled circles). The peaks were then fitted
with as follows

I
q q q

	



�

�( – ) –2
0
2 2

0
2 24

(1)

� corresponds to a smectic susceptibility at the order-
ing vector q0 and � is the length of the smectic correla-
tion. The choice of this function was made empiri-
cally, starting from a Lorentzian function, which
fitted well the data around q0. The Lorentzian function
has been tested by Rappaport et al. [18] in order to fit a
smectic peak in a low molecular nematogenic confined
in a silica aerogel. However, as the whole smectic peak
in this work was not well fitted by a Lorentzian, Eq. (1)
is used instead. Figure 5 displays the result obtained
for the line-shape analysis of the smectic peak for the
PIA sample. The wave vector q0 in Eq. (1) character-
ises the spacing of the smectic layers. It is related to the
lamellae period d of the smectic arrangement.

The values of d extracted from the fits are plotted
in Fig. 6 as a function of the reduced temperature
Tr=(T–TK�SmA)/TK�SmA. For the bulk polymer (POA)
the spacing of the smectic layer slightly decreases be-
tween 36.0 and 35.3 Å with increasing temperature.
Since d was determined with an accuracy of �3%, this
value roughly corresponds to the fully extended
length of a side chain mesogenic unity L=35.2 Å, esti-
mated from semi-empirical calculations [11]. Be-
cause the ratio d/L is nearly one in the mesophase, the
smectic structure has a monolayer character, i.e.
SmA1. The slight decrease of d with increasing tem-
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Fig. 5 Smectic peak measured at 320 K for the polymer confined
in aerogel (PIA), after subtraction of the background scat-
tering due to aerogel and polymer backbone. The solid line
is a fit with Eq. (1)



perature could be due to a larger amplitude motion of
the mesogenic units attached to the polymer backbone
[11]. Identical results can be observed after confine-
ment in aerogel (sample PIA). Thus, confinement has
almost no effect on the smectic layer spacing d.

For the photopolymerised samples PPOA and
PPIA (Fig. 6), the value of d is systematically smaller
than that of samples POA and PIA. The difference,
however, is small (approximately 1 Å). Thus, it may not
reveal an important modification in the lamellar period
and may be attributed to a higher degree of chain entan-
glements by photopolymerisation than by polymerisa-
tion in toluene [11]. For the bulk photopolymerised
sample PPOA the temperature dependence of the spac-
ing of the smectic layers d is similar to that of POA and
PIA. It is not the case for PPIA that is photopolymerised
in the aerogel: d reaches a shallow maximum at around
15 degrees above the crystalline (K)�smectic (Sm)
phase transition. This feature may result from a smaller
amplitude of the mesogenic fluctuations. It suggests a
greater temperature stability of the lamellae that could
result from building smectic layers within pores: the
pore walls may hinder mesogenic fluctuations that in the
bulk increase with increasing temperature. As a result,
the melting temperature is shifted to a higher tempera-
ture than that of PPOA. Interestingly, the above effect of
confinement is not observed for PIA, which is confined
after polymerisation in solution. Thus, for the latter, it is
likely that only the largest pores would be filled by poly-
mers. For the former, monomers may fill all the pores
and polymerisation will occur in pores smaller than
those accessible to bulk polymers. Thus, only these
smaller pores will be efficient for increasing the temper-
ature stability of the smectic lamellae.

Figure 7 shows the variation of the correlation
length � obtained for the four samples as a function of
the temperature. The uncertainty in � is estimated to

be �15%. Meanwhile, � is related to the measured full
width at half maximum (FWHM) of the peak. In order
to extract the value  of FWHM that results from the
smectic correlation length, the instrumental width b
must be taken into account. For these series of mea-
surements, b was close to 5.3·10–3 Å–1, i.e., close to
the smallest FWHM measured for sample POA. Un-
der such circumstances, unambiguous deconvolution
of the peaks is difficult to achieve. In order to esti-
mate the error on � due to the fact that instrumental
resolution was not taken into account, Eq. (1) was
used to construct a series of peaks corresponding to
different � values, using q0=0.1821 Å–1 and the
FWHM B of the peaks was plotted as a function of �.
 was deduced from B and b by means of the follow-
ing relation:

 	 ( – ) ( – )B b B b2 2 (2)

that is intermediate between the formula used for
Gaussian peaks ( 	 �B – b2 ) and Lorentzian ones

(=B–b). For the � values plotted in Fig. 7 and ranging
between 200 and 300 Å, the true smectic correlation
length, �Sm, is estimated to vary between 300 and 850 Å.
It follows that the trend of the temperature dependence
of � shown in Fig. 7, has a physical meaning and also
that �Sm is large enough to assess the existence of
smectic organisation.

For sample POA, the value of � and its temperature
behaviour is different from that of all other samples. As
expected from the above comments, � remains almost
constant (�360 Å) and starts to decrease on approaching
the melting temperature TI. Confinement (sample PIA)
of this polymer leads to a smaller value of � (� 200 Å)
that begins to decrease at a lower temperature than for
POA. The small value of � (� 250 Å) obtained for
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Fig. 7 Correlation lengths � measured for �– POA, � – PIA,
� – PPOA and � – PPIA. TK–Sm is the K�Sm transition
temperature corresponding to each sample

Fig. 6 Lamellae period for � – POA, �– PIA,� – PPOA and
� – PPIA. TK–Sm is the K�Sm transition temperature cor-
responding to each sample



PPOA can be attributed to the high degree of chain en-
tanglements already mentioned. The temperature behav-
iour of � for the in-situ nanocomposite PPIA is again
different from that of the other samples since � increases
from a small value (�160 Å) up to nearly that observed
for POA. Thus, the degree of chain entanglement will
not be increased by photopolymerisation in aerogel as
compared to photopolymerisation in bulk (PPOA).
Hence, photopolymerisation in an aerogel allows the es-
tablishment of a stable lamellae organisation in the poly-
mer, similar to that observed for POA. The correspond-
ing temperature domain, however is narrow.

Conclusions

Ex-situ and in-situ side chain liquid crystal (SCLC)
polyacrylate-silica aerogel nanocomposites were suc-
cessfully prepared by infiltration of a silica aerogel with
polymer and by photopolymerisation of infiltrated
monomer, respectively. The main characteristics of the
SmA1 mesophase of the bulk polyacrylates are main-
tained for the confined polymers. Confinement shifts
the temperature domain of the smectic phase to lower
temperatures. The smectic ordering of the polymer
confined in aerogel is short-ranged, with a correlation
length that increases with increasing temperature,
which is opposite to the behaviour observed for low
molar mass nematogenics [18].

For the in-situ nanocomposite, the temperature
dependence of the smectic layer spacing d as well as
that of the correlation length � are remarkably differ-
ent from that of the other samples. This feature sug-
gests that in-situ polymerisation enhances the degree
of order and smectic phase stability in the system.

This research is a first step for the challenge of liq-
uid crystal polymer-aerogels composites. Knowledge
about the strengths and weaknesses of this kind of sys-
tems towards applications may be achieved through
confinement of liquid crystal polymers having different
chemical composition and thermotropic behaviour.
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