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Smectic ordering in side-chain liquid crystalline polymers (LCPs) and in LCP–silica
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The mesophase behaviour of a side-chain liquid crystalline polyacrylate (LCP) grown by drying a solution has
been investigated. This LCP, characterised by a short spacer (four carbon atoms) and a long tail (10 carbon
atoms), displays, at increasing temperatures, SmC and SmAd phases. The effect of the mean molecular weight, i.e.
the mean number of side chains per polyacrylate main chain (18 and 51) on the lamellar width, was studied. LCP–
silica nanocomposites have been synthesised by a sol-gel process in the presence of LCP in the solution, followed
by subcritical drying. The mesophase behaviour of these nanocomposites was compared to that of the
corresponding bulk LCP. The experimental methods were polarised optical microscopy, differential scanning
calorimetry and synchrotron X-ray scattering.
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1. Introduction

Liquid crystalline polymers (LCPs) combine liquid

crystal (LC) anisotropic ordering and specific poly-

mer properties (1). Therefore, they have been widely

investigated over the last two decades (2–8). Among

them, side-chain liquid crystalline polymers (SCLCP)

have attracted a great deal of interest because these

materials display a rich variety of mesophases (9, 10).

These characteristics make them suitable not only for

applications in displays, in optical data storage or in

non-linear optics (11–13) but also in chromatogra-

phy, as separation membranes, as solid polymer

electrolytes and now as structural materials (13). The

properties of the LC state are firstly related to the

nature of the main polymeric chain (or backbone)

(14). For a given backbone, the mesophases depend

mainly on three parameters: the length of the spacer

(15, 16) that links the mesogenic group to the main

chain (polymeric backbone), the nature of the

mesogenic group (1, 2, 17) and, if any, the length

and chemical nature of the terminal tail (18) as well as

the degree of polymerisation of the main chain (19).

The large number of parameters would eventually

allow tailoring of LCPs for a given required

mesophase structure, if structure–property relation-

ships are known. To this end, a series of new liquid

crystalline polyacrylates have recently been synthe-

sised and characterised (20–22).

Nowadays, the demand of nanotechnology

opens a new field of investigation: LCP-organic

or -inorganic nanocomposites. A few years ago,

Vaia and Giannelis (23) described a direct intercala-

tion of thermotropic LCP into layered silicates.

Huang and Han (24, 25) have shown the possibility

of designing thermotropic LCPs that can give rise to

highly dispersed organoclay aggregates in nanocom-

posites without sacrificing the liquid crystallinity of

the LCP. Also, main chain type thermotropic LC

polyimides–silica nanocomposites were obtained by a

sol-gel reaction performed in a solution containing

the precursor of LC polyimide (26). LCP nanocom-

posites raise also the question of the effect of

confinement on the liquid crystalline properties of

LCPs. Confinement of liquid crystals in organic or

inorganic matrices has been widely investigated for

low molecular weight LC, such as 8CB (27, 28). We

have recently investigated the effect of confinement

into a silica aerogel on the LC ordering of side-chain

LC polyacrylates (29). We have shown that the

smectic layering is retained and that the smectic

domain is shifted to lower temperatures in the

confined LCP.

The aim of the paper is twofold. It is first to

investigate the effect of the polymer molecular weight

on the polymorphism of a side-chain LC polyacrylate

characterised by a short spacer and a long terminal

tail. The second goal is to investigate the effect of
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confinement into a silica matrix and to compare the

results with that obtained for the bulk LCP. In

contrast with the previous paper (29), the LCP–silica

nanocomposite was prepared by a sol-gel reaction in

the presence of LCP in the solution. The thermo-

tropic behaviour of the bulk SCLC was probed by

differential scanning calorimetry (DSC) and

polarised optical microscopy (POM). X-ray scatter-

ing measurements, using synchrotron radiation, were

performed in order to allow the mesophase char-

acterisation and to investigate the local packing of

the mesogenic units and the polymer backbone in

bulk and confined in the silica xerogels for two

different LCP molecular weights. The present inves-

tigation considers samples that have not been heated

before, i.e. for which crystallisation was achieved in

solution, during drying of the solvent. The compar-

ison with samples crystallised from the melt (above

the isotropic temperature), either for ordering in a

magnetic field or for impregnation in silica aerogels,

will be presented in a forthcoming paper.

2. Experimental section

2.1. Materials

The LCPs were synthesised using direct radical

polymerisation of a mesogenic metacrylate monomer

according to the procedure described elsewhere (20).

Figure 1 shows the general chemical structure of the

LC polyacrylate studied in this work. This poly-

acrylate has a spacer containing four methylene

carbons and 10 alkyl carbons in the terminal tails.

The two samples (LCP2 and LCP4) differ by their

degree of polymerisation, Pw, and, therefore, by the

number of side chains, which are equal to 18 and 51

for LCP2 and LCP4, respectively (Table 1). The

molecular weights are relative to polystyrene

standards and they have been characterised using a

Waters 150C GPC system.

Confinement in silica xerogels was achieved by

performing the sol-gel reaction in the presence of LCP

in solution. The silica precursor was prepolymerised

tetraethoxysilane (TEOS), named P750, and commer-

cially available from the French Company PCAS.

Details of silica gel preparations are given in (30). In

the present case, the sol-gel reaction was performed

using NH4OH as catalyst and THF as solvent in

which the present LCPs are soluble. The amounts of

P750 (0.5 g), THF (0.5 g), NH4OH (0.005 g) and LCP

(0.018 g) were the same for both LCP2 and LCP4.

After gelation (about 1 hour), the gels were dried in

subcritical conditions at room temperature, yielding

LCP–silica nanocomposites named LCP2–xero and

LCP4–xero, respectively.

2.2. Methods of characterisation

POM was performed with an Olympus BX41

polarising microscope equipped with a Leitz

Wetzlar 417 heating stage. Micrographs were

obtained using non-treated glass slides. POM allowed

the observation of the LC texture as well as the

determination of the phase transition temperature of

bulk LCPs. LCP–silica nanocomposites were too

opaque to be investigated by this optical method.

DSC measurements were made on bulk samples

of LCP2 and LCP4 by means of a Perkin Elmer

DSC4. The rate of heating was 10uC/min.

SAXS experiments were performed at the European

Synchrotron Radiation Facility (ESRF)a, Grenoble,

France on the French CRG beamline D2AM. The beam

optics was adjusted to a narrow spot in order to avoid a

broad incident X-ray beam. In the present case, the X-

ray wavelength l was equal to 1 Å (energy 512.4 keV).

In such conditions, the mean width of the X-ray beam

on the detector was less than 3 pixels. Samples were

placed in stainless steel sample holders closed by two

mica windows mounted on a thermostatically con-

trolled sample changer. As for DSC measurements, the

samples have not been heated before the experiment.

SAXS measurements were performed at stepwise

Figure 1. Chemical structure of the side-chain LC poly-
acrylate.

Table 1. Influence of the characteristics of the polymer chain on the phase behaviour of LCPs.

M
—

w M
—

n M
—

w /M
—

n Pw K T (uC) SmC T (uC) SmA T (uC) I

LCP2 13,531 9200 1.47 18 N 47 N 120 N 172 N
LCP4 34,482 25,600 1.35 51 N 50 N 144 N 176 N

M
—

w and M
—

n are the weight average and the number average molar mass, respectively. The polydispersity is given by M
—

w /M
—

n and the degree of

polymerisation is defined as Pw~Mw

�
M0 where M0 is the monomer mass. As a first approximation, Pw is close to n, the number of side chain

per backbone chain. The phase transition temperatures are deduced from POM images.

ahttp://www.esrf.eu/
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increasing temperatures, ranging from room tempera-

ture to 185uC. At each step, a waiting time of 10 min

allowed temperature stabilisation. The indirect illumi-

nation CCD detector (Princeton Instruments) was

located 80.5 cm from the sample. Data obtained from

the detector were corrected by taking into account the

flat field and the dark current. The images were

processed by means of the software bm2img available

on the beamlineb. For anisotropic patterns the detector

area was divided into 32 angular sectors and azimuthal

averaging was performed in each 11.25u sector.

Calibration of the q-scale was obtained by means of

silver behenate (31). Finally, the data were corrected to

allow for sample transmission and background scatter-

ing using an empty cell as reference.

3. Results and discussion

3.1. Polarised optical microscopy

Figure 2 shows typical SmC and SmA textures

obtained using POM for both polyacrylates.

Figure 2(a) shows a Schlieren SmC phase with

homeotropic alignment (75uC) for LCP2. In this

alignment the phase director is orthogonal to the

layer planes whereas in the homogeneous alignment

the director is parallel to the substrate. Figure 2(b)

shows a SmA fan-texture for the same polymer, with

the appearance of black regions, characterising the

melt of the LCP (isotropic phase). Figure 2(c) shows

the SmC texture obtained for LCP4 polymer at 120uC
and Figure 2(d) shows the SmA fan-texture obtained

at 150uC. The texture shown in Figure 2(c) corre-

sponds to a broken fan-shaped texture, with the

appearance of equidistant lines on the surface of the

fan. These features are characteristic of the SmC

mesophase in the homogeneous alignment (32). In

Table 1 the mesophases that could be characterised

using the POM technique are shown. It appears that

the K-SmC and the SmA-I transition temperatures

decrease slightly when the molecular weight is smaller

while the decrease of the SmC–SmA transition

temperature is much larger.

(a) (b)

(c) (d)

Figure 2. Optical micrographs of LCP2: (a) Schlieren SmC mesophase at 75uC; (b) coexisting SmA and isotropic phases at
168uC. Optical micrographs of LCP4: (c) SmC at 120uC; (d) SmA at 150uC.

bhttp://www.esrf.fr/exp_facilities/BM2/BM2.html
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3.2. DSC curves

DSC curves for both polymers are plotted in Figure 3.

The first endothermic peak (Tm555uC) is related to

the solid crystal to LC transition. The last thermal

event (around 170uC) corresponds to the isotropisa-

tion temperature TI, in agreement with the above

POM results. Figure 3(b) shows, for both samples,

the existence of two endothermic peaks, TX and TA,

between these two temperatures. The peak intensity

as well as the peak temperature are smaller for LCP2

(TX583uC, TA5114uC) than for LCP4 (TX5123uC,

TA5142uC). From POM experiments, it may be

concluded that TA corresponds to a SmC–SmA

transition. The presence of an endothermic peak

located between the crystal to smectic transition

temperature and the SmC to SmA transition was also

reported by Watanabe et al. (33). The origin of the

thermal effect yielding a peak at TX will be discussed

simultaneously with the SAXS results in section 3.5.

The shape of the peak TA suggests that the SmC–

SmA transition is a first order one, similarly to what

is observed for SmC*–SmA (ferroelectric LC) (34,

35), yet LCP2 and LCP4 are not ferroelectric. Such a

debate (36), however, goes beyond the scope of the

present paper.

3.3. Evolution of the SAXS curves as a function of
temperature

Figures 4(a)–(d) show the temperature dependence of

the scattering profiles obtained at raising tempera-

tures for LCP2 and LCP4 in bulk and confined in a

silica xerogel. For the sake of clarity, the curves have

been shifted along the vertical axis. Each curve

displays two peaks located at qp and 2qp. This feature

reveals the smectic ordering of the LCPs. At 165uC

for LCP2 and 180uC for LCP4, the curves consist of a

broad peak resulting from the liquid order of the

polymer in the isotropic phase. Also all curves show

that the position qp of the peaks shifts to smaller q-

values when the temperature increases up to a

temperature T* that depends on the sample. Above

T*, the position of the peaks starts to shift to greater

q-values.

The comparison between the SAXS curves

obtained for LCP2 (Figure 4(a)) and LCP4

(Figure 4(b)) allows significant differences to be

mentioned. For LCP2, the curves measured below

T* (¼e140uC) clearly show that the peaks consist of

several components. The SAXS pattern (the insert in

Figure 4(a)) measured at 115uC indicates that scatter-

ing is nearly isotropic. Above T*, as for LCP4, only

single peaks are observed over the whole range of

temperature. Furthermore, for the latter the scatter-

ing is slightly anisotropic (Imax/Imin¼e2) as shown by

the azimuthal plot (Figure 5), measured at 155uC.

Plots shown in figure 4 were all obtained by averaging

the intensity over 360u. It can be shown that this

procedure does not greatly modify the shape of the

curves but it enlarges artificially the peaks. Therefore,

fitting of the peaks presented in the next paragraph is

made on data obtained by averaging intensity in

sectors (11.25u).
The SAXS patterns obtained for LCP–xerogels

(the inserts in Figures 4(c) and (d)) show a significant

increase of the scattered intensity at small q-values,

which results from scattering of the silica in the LCP–

xerogel nanocomposites. The SAXS curves indicate

that liquid crystalline ordering is still present at 185uC
(the maximum temperature reached by the experi-

mental device) for both LCP2 and LCP4–xerogel

nanocomposites. This feature suggests that, for these

(a) (b)

Figure 3. DSC heating curves (first heating) obtained for bulk LCP2 and LCP4 (a); (b) is an enlargement of (a).
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(a) (b)

(c) (d)

Figure 4. Temperature dependence of SAXS profiles of bulk LCP2 (a), bulk LCP4 (b), LCP2–xerogel (c) and LCP4–xerogel
(d). The SAXS patterns (q-range 0.015 to about 0.16 Å21) viewed by the CCD camera are shown in the inserts: for bulk LCP2
(a) the pattern displays a nearly isotropic wide ring; for bulk LCP4 (b) a slight anisotropy can be detected (see also Figure 5);
in the case of LCP–silica nanocomposite ((c) and (d)), the white region around the beamstop (low-q scattering) reveals a
strong scattering coming from the porous silica matrix.
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systems, confinement increases the smectic to iso-

tropic transition temperature whereas the opposite

was observed for LC polyacrylates having a long

spacer and a short tail confined in silica aerogels (29).

The drawback is that it was not possible (29, 37) to

determine the porous structure of the silica generally

measured above the isotropisation temperature in the

featureless polymer.

For LCP2, confinement in silica xerogel yields a

reduction of the width (and the number of substruc-

tures) of the peaks. In contrast, LCP4 confined in silica

xerogel exhibits a splitting into two peaks above 150uC.

Figure 6 shows the same curves as Figure 4 but

plotted without vertical shift. The striking feature is

the appearance of iso-intensity (or isosbestic) points

P*. These points disappear for the bulk samples

above 150uC and 160uC for LCP2 and LCP4,

respectively. POM measurements indicate that van-

ishing of P* points coincides with appearance of

black spots in the optical micrographs (as observed in

Figure 2(b)), i.e. when the LC structure begins to melt

(isotropic phase). Isosbestic points were reported by

Dewettink et al. (38) during the last period of

isothermal crystallisation of cocoa butter, suggesting

that the phase change occurs without a modification

of the total volume of the two phases. In the present

case, one is probably dealing with a balance between

diffraction of the ordered lamellar structure of the

polymer and a polymer background scattering that

could be due to the arrangement of backbone and/or

long alkyl tails of the side chains. This question will

be discussed further in the next section.

3.4. Fitting of the first-order peaks

A quantitative description of the X-ray scattering

spectra of smectic LCs can be made by models

developed for lyotropic lamellar phases (39); several

functional forms have been proposed for confined

low molecular weight LCs (37, 40) or confined LCPs

(29). Figure 7 shows the SAXS data obtained for

LCP4 at 145uC. The dashed line results from a fit of

the experimental data by using a structure factor

S(q) and a form factor P(q) given respectively by

equation (14) and (19bis) in (39), subsequently

named the NLR equation. The relevant fitting

parameter g, related to the layer displacement

fluctuations (thermal effect), and thus to the elastic

constants of the smectic phase, is equal to 0.05.

Nallet et al. have shown (Figure 6 in (39)) that

thermal fluctuations yield a decrease of the ratio of

the first harmonic to the fundamental peak inten-

sities, I2/I1 from 1 (for T50 K, g50) to values

smaller than 1. For T.0, the higher-order Bragg

peaks are smoothed out. For lyotropic lamellar

phases with an inter-lamellar distance d close to

60 Å, typical values of g range between 0.1 and 0.2.

The smaller g value obtained for LCP4 at 145uC,

which has a comparable interlayer distance as will

be shown below, indicates that the layers are quite

rigid. Figure 7 shows that the NLR equation yields a

good estimation of the position and the relative

intensity of the peaks but a very poor fit to the

peaks, which are narrower than expected from the

model. Among the possible explanations for this

discrepancy one may suggest the fact that LCP4 is

partly oriented, as shown in Figure 5. The fitting

procedure was applied to peaks obtained by aver-

aging the intensity over an azimuthal angle

Dw512.25u. Therefore, the SAXS curve is not a

true powder diagram as required for use of the NLR

equation. Further work is required in order to find a

model for these samples. In fact, this investigation

goes beyond the scope of the present investigation

that aims to analyse the variation of the interlayer

distance as a function of the temperature and to

separate the different peaks, particularly in the case

of confined LCPs. Eventually, the variation of I2/I1

with temperature may give a trend of the evolution

of the smectic layer rigidity during heating.

For all the above reasons, the peaks were fitted

with a pseudo-Voigt equation,

f1 qð Þ~I1 a1
1

1z q{q1ð Þ2j2
1

"

z 1{a1Þð

exp {0:5 q{q1ð Þ2j2
1

h i
# ð1Þ

Figure 5. Azimuthal plots for bulk LCP4 at 155uC. The
insert shows the corresponding SAXS pattern; the plot
results from the analysis of the right lower quadrant.
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or a sum of pseudo-Voigt equations,

f qð Þ~
X

fi qð Þ, ð2Þ

in the case of peak splitting. The regression procedure

was achieved by means of the Marquart–Levenberg

algorithm in SigmaPlotH 8.02, SPSS. The resulting

curve (the continuous line in Figure 7) does not fit

well the low intensity wings. However, as shown for

the curve plotted in linear coordinates (the insert in

Figure 7), the fitting equation describes quite satis-

factorily more than 90% of the peak intensity.

Examples of fits of peaks measured for bulk LCPs

and LCP–silica xerogel nanocomposites are shown in

Figures 8 and 9, respectively. For all bulk LCPs, the

fitting procedure was applied to peaks obtained by

averaging the intensity over an azimuthal angle

Dw512.25u. The values of the fitting parameters,

except for the maximum intensity I1, do not change

significantly from one sector to the other. For LCP–

xerogel nanocomposites, no anisotropy is observed

and thus fitting was performed on peaks obtained by

radial averaging over 360u. Figure 8(a) shows the

result of the fit by equation (1) for the fundamental

(a) (b)

(c) (d)

Figure 6. Same plots as in Figure 4 without vertical shift. The iso-intensity points are indicated by arrows. The curves
correspond to temperatures varying: for LCP2 (a), between 115 and 155uC; for LCP4 (b), between 115 and 165uC; for LCP–
xerogel ((c) and (d)), between 90 and 185uC.
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peak of LCP4 bulk measured at 115uC. The pseudo-

Voigt equation was chosen owing to the impossibility

of fitting any peak with a single Lorentzian or

Gaussian equation (19) or by a sum of two

Lorentzians as in the case of a low molecular weight

LC (8CB) confined in silica aerogels (37). Meanwhile, in

some cases, the pseudo-Voigt equation yields pure

Gaussian or Lorentzian fits, e.g. for LCP2 (Figure 8(e)).

The fraction a1 of the Lorentzian contribution is smaller

(a150.42) for LCP4 heated at 155uC (Figure 8(b)) than

it is for the sample heated at 115uC (a150.71). The

analysis of all the peaks obtained for bulk and confined

LCPs suggests that below T* (corresponding to the

smallest q-value for the peak position) a1 is close to 0.4–

0.5 and becomes close to 0.7 above T*.

In order to compare the measured intensity to

that expected from the fitting curve near the wings,

the data are plotted in a logarithmic scale (see the

inserts in Figures 8(a), (b), (e) and (f)). In all cases, far

from the peak centre, the experimental points are

located above the fitting line, particularly on the

high-q side of the peak. This observation suggests the

occurrence of a q- and T-dependent background

Figure 7. Fit of the SAXS curve obtained for LCP4
(145uC) by the equation proposed by Nallet et al. (38). The
continuous line corresponds to the fit of the fundamental
peak by a pseudo-Voigt equation (1). The fundamental
peak is plotted in linear coordinates in the insert.

(a) (b) (c)

(d) (e) (f)

Figure 8. Examples of peak fitting in the case of bulk LCPs. In the inserts, the q-scale is the same as in the main frame and the
intensity axis has a logarithmic scale. In (c), the fit of the polymer background is obtained after suppression of the data
corresponding to the peak. In (d), the fit of the peak is performed after subtraction of the polymer background shown in (c).
The curve obtained for LCP2 bulk at 115uC (e) splits up into four peaks: the parameters of the fit of peaks 2 and 3 are
indicated on the Figure; peaks 1 and 4 (black dashed lines) are purely Gaussian, with a1 and a4 being equal to 8.7561029 and
2.0361029, respectively; the other parameters are I156.0561024, q150.107 Å21, j151022 Å and I457.6961024,
q450.116 Å21, j451474 Å, for peaks 1 and 4, respectively.
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scattering coming from the polymer backbone. The

presence of iso-intensity points (Figure 6) would

indicate that this background scattering is strongly

related to the position and the shape of the

diffraction peaks, i.e. to the smectic structure. At

higher temperatures (170uC), the SAXS curve

(Figure 8(c)) displays two different features: (i) a

broad peak resulting from scattering of liquid

polymer (isotropic phase) and (ii) a low intensity fine

peak; after subtraction of the liquid order back-

ground, it appears that the peak has similar

characteristics to that of the peak measured at

155uC, except that the position is shifted to a larger

q-value (0.119 Å21 instead of 0.113 Å21).

As already shown in Figure 4(a), the SAXS curve

obtained for bulk LCP2 displays multiple peaks

below 140uC. An example of peak separation is given

on Figure 8(e). The peaks located at the lowest and

the highest q-values are pure Gaussian. Interestingly,

the main peak measured at 115uC and located at

0.110 Å21 is very similar to that measured at 140uC
(Figure 8(f)), but for the latter the smectic domain

size (j51452 Å) is larger than for the former

(j5770 Å). Thus, it is likely that LCP2 displays a

coexistence of SmC and SmA phases between 115

and 140uC. This point will be discussed in section 3.5.

For the analysis of the peaks of LCPs confined in

the silica xerogel, it is necessary to subtract the

background coming from silica scattering, as indi-

cated in Figure 9(a) for LCP4–xerogel (115uC). The

resulting peak is very similar to that obtained for the

bulk sample (Figure 8(a)), but the size of the organised

domains is smaller (j5475 Å) than in the bulk sample

(j51676 Å). This feature probably results from the

presence of a silica network in the solution during

crystallisation by evaporation of the solvent, which

limits the LCP growth. The effect of confinement

shows itself, above 145uC (Figure 4(d)), in peak

splitting. Separation into two peaks is shown in

Figure 9(c). Splitting is observed up to the highest

temperature investigated (185uC), but the distance

between the maxima increases (Figure 9(e)).

Comparison between the LCP2 bulk polymer and

the LCP2–xerogel peaks at 115uC (Figures 8(e) and

9(b), respectively) indicates a less complex structure in

the LCP grown in the presence of silica than without:

the two Gaussian peaks no longer exist. The two peaks

observed in bulk and in confined LCP2 as well as the

ratio between their intensity (3.57 and 3.94) are quite

similar. At 155uC, the position of the peaks is the same

for LCP2 and LCP4 xerogels (Figures 9(c) and 9(d)).

Unlike for LCP4 xerogel at 185uC, peak splitting in

(a) (b) (c)

(d) (e) (f)

Figure 9. Examples of peak fitting in the case of LCP–xerogel nanocomposites. For all curves, the silica scattering
background was subtracted as shown in (a).
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LCP2 xerogel (Figure 9(f)) no longer exists: LCP2

confined in the largest pores is in the isotropic phase.

3.5. Analysis and discussion of the structural data
deduced from the fit

Figure 10 shows the variation of the values of d

deduced from the fitting parameter qi by means of the

Bragg relation

di~2p=qi ð3Þ

for the bulk LCP2 (figure 10(a)), bulk LCP4

(Figure 10(b)), LCP2 and LCP4 confined in the silica

xerogel (Figures 10(c) and 10(d), respectively). As

expected from Figure 4, all samples display a similar

feature: the value of d goes through a maximum dM at

a temperature T* that depends on the sample. The

values of dM shown in Figure 10 are not exactly the

same for the different samples. They range between

58.4 Å (bulk LCP2) and 57.0 Å (bulk LCP4). The

uncertainty on dM, estimated to be ¡0.2 Å, does not

account for the difference. Meanwhile, near T*, dM is

very sensitive to the temperature. Because measure-

ments were performed using steps of 0.5uC, it is

(a) (b)

(c) (d)

Figure 10. Variation with temperature of the inter-lamellar distances d obtained from the fit with pseudo-Voigt equations.
The values of TX, TA, T* and T1* indicated for the nanocomposites ((c) and (d)) are that obtained for the corresponding bulk
sample.

308 F.V. Pereira et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



possible that the real value of dM is reached in this

interval. It follows that the difference between 57.0 Å

(bulk LCP4) and 57.7 Å (LCP4–xerogel) may have no

physical meaning. As for bulk LCP2, there are two

values of d, located on each side of T*, which are

larger than 57.7 Å. Thus, one may assume that the

maximum lamellar dM in LCP2 is slightly larger than

in LCP4 and in LCP2–xerogel (Figure 10(c)).

POM textures (Figure 2) have shown that the

ordering of these LCPs is SmC below T*, and SmA

above T*. In the SmA mesophase, the side chains are

perpendicular to the main chain. One may now

compare the value of the lamellar spacing dM

determined experimentally to that of the calculated

length l of the side chain in the SmA mesophase.

Details of the calculation are given elsewhere (41).

For the LCPs investigated here, l is equal to 34.2 Å.

Comparison between l and dM allows information

about the local packing of the smectic layers. The

ratio dM/l is equal to 1.71 (with dM558.4 Å) for LCP2

and 1.67 (with dM557.0 Å) for LCP4. It follows that

the degree of interdigitation ID, defined as

ID~100 2{
dM

l

� �
, ð4Þ

is equal to 29% and 33% for LCP2 and LCP4,

respectively. This result agrees with that expected for

SCLCP having a short spacer, as in the present case

(four carbon atoms, Figure 1). In fact, the flexibility

of the mesogenic moieties between the layers is not

large enough to allow a great interdigitation and

imposes a limit in the approach between the back-

bone chains. Such compounds form SmAd meso-

phases (42, 43). In contrast, for SCLCP having a long

spacer (11 carbon atoms) interdigitation is close to

100% (the SmA1 mesophase) (41). For LCP2 and

LCP4, the lengths of the interdigitated layers are

equal to 10 and 11.4 Å, respectively. Since the length

of the tail is equal to 12.5 Å, only the terminal tails

are interdigitated, presenting a hydrophobic interac-

tion. The dM/l values (1.71 and 1.67, for LCP2 and

LCP4, respectively) are similar because the spacer

and chemical structures of the mesogenic group are

the same. This observation confirms that the local

packing of the layers and the interdigitation degree

depend mainly on the chemical structure of the

mesogenic group and on the number of carbon atoms

in the spacer. The slight actual difference between the

two values could stem from the difference in the

number of side chains n in the backbone for LCP2

and LCP4. This observation suggests that the

molecular weight also plays a role, yet probably

secondary, in the local packing of the chains. As

suggested by Yamaguchi and Asada (44), the

mobility of the side chain attached near to the end

of the main chain should be different from that of the

side chain attached in the middle of the main chain.

For LCP2, the number of side chains is equal to 18,

while it is much larger (51) in LCP4. Thus, end effects

are expected to play a more important role in the

former than in the latter. Since higher side-chain

mobility involves a weaker interaction between side

chains, and between side chains and backbone, an

increase of the lamellar distance can be expected, as is

observed for LCP2.

As already mentioned, the mesophase is SmC at

temperatures below T*. In this way, the increase of

the layer thickness observed in Figure 10(b) for the

bulk LCP4 between 60 and 145uC is due to the tilt of

the mesogenic lateral groups to the normal of the

layers in the SmC mesophase, which becomes zero in

the SmA phase The temperature range for the SmC

mesophase (up to T*) is very similar to that observed

using POM and by DSC (Figure 3) yielding

TA5144uC for the SmC–SmA transition on heating

LCP4. It follows that T* and TA can be considered as

equal. The minimum d values (dmin5dSmC) range

between 52.1 and 52.6 Å for the bulk LCP4 and

LCP2, respectively. The interdigitation degree

between the mesogenic groups depends on the

chemical structure. Thus we have to consider that

in the bulk polymers the interdigitation degree

between the side chains in the SmC phase is the same

in the SmA phase, the only difference being the tilt

angle. The tilt angle in SmC can be determined by

means of the following relation:

h~cos{1 dSmC=dSmAð Þ ð5Þ

where dSmA5dM. Using dSmA558.4 Å and 57.0 Å for

LCP2 and LCP4, respectively, and the above values

of SmC, the imposed tilt angles of the mesogenic

groups to the normal of the layer in each case are

23.9u and 25.7u for the bulk LCP4 (below 100uC) and

LCP2 (below 85uC), respectively. Above these tem-

peratures, d begins to increase, as a result of the

decrease of h to zero at T*. Figure 10(b) indicates that

the SmC–SmA transition extends over about 20uC
for LCP4. Similar features have been observed for a

low molecular weight LC (TBBA) (45) and more

recently for liquid crystalline amphiphilic di-block

copolymers (33). By contrast, the SmC*–SmA transi-

tion in a low molecular weight ferroelectric LC

appears as a critical phenomenon occurring within a

domain of 0.1uC (46).

For bulk LCP2, the complexity of the SAXS

curves (Figures 4(a) and 8(e)) up to T1*5140uC
suggests a mixture of SmC phases characterised by

different lamellar spacings (or tilt angles).
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Interestingly, a unique SmA phase is observed for

LCP2 above T1* which is very close to T* observed

for LCP4.

DSC measurements have indicated the presence

of an endothermic effect at a temperature TX

indicated by a dashed line in Figures 10(a) and (b).

For LCP4 (Figure 10(b)), TX clearly corresponds to

the temperature above which the interlayer distance d

increases strongly with temperature. For LCP2, the

lack of experimental data between 85 and 115uC does

not allow a definite statement but only a realistic

assumption of the relation between the thermal effect

and the increase of d. Similar features have been

reported by Watanabe et al. (33) for LC amphiphilic

di-block copolymers. These authors attributed the

thermal event to a transition between an unknown

smectic phase (SmX) and SmC. In the case of TBBA,

Guillon and Skoulios (45) have shown the existence

of a smectic B phase between the crystal and the

smectic C phases. The experimental results obtained

for the present LCP samples do not permit one to

characterise precisely the nature of this intermediate

mesophase.

Considering now the LCP4–xerogel nanocompo-

site (Figure 10(d)), the splitting into two peaks

observed at T* (5145uC) yields two different dM

values: 57.7 and 55.4 Å. The first one, as already

discussed, can be considered as similar to that

observed for bulk LCP. The second one is smaller.

This feature could be attributed to the existence of

two populations of pores in the silica xerogel,

expected in a sol-gel reaction. A first series of pores

would be large enough to allow the normal SmC–

SmA transformation. In smaller pores, as a result of

the large volume expansion involved in this transfor-

mation, there may not be enough space for the SmA

phase to be formed. In this condition, confining LCP

would either allow the SmC phase to remain up to

higher temperature or the SmA phase to be formed

providing a partial folding of the non-rigid terminal

chain.

In the case of the LCP2–xerogel nanocomposite

(Figure 10(c)), the number, the position and the

temperature dependence of the peaks are also

modified by confinement. As a matter of fact, bulk

LCP2 (Figure 10(a)) shows a single phase SmAd when

T becomes larger than 135uC. For LCP2–xerogel, one

observes the coexistence of different SmC phases

below 135uC. This effect probably also results from

the low molecular weight (44) of LCP2, as discussed

above. Comparison between Figures 9(a) and 9(c)

indicates the coexistence of mainly two different SmC

or SmA phases over the whole range of temperature

in LCP2–xerogel. Above 135uC, the origin of this

effect is probably the same as for the LCP4–xerogel.

Meanwhile, a precise comparison between the two

LCP–xerogels is actually not possible. The silica

porosity formed in the presence of LCP in solution

could not be the same, despite the same experimental
conditions, as a result of a possible influence of the

molar mass difference between LCP2 and LCP4 on

the gel formation. Also, owing to the fact that none

of the LCPs became isotropic at 185uC (the

maximum temperature experimentally available),

the mesoporous structure of the silica grown in the

presence of LCP could not be investigated in the

LCP–xerogels.

Figure 10 also shows that, for all samples, d

decreases above T*. A decrease of the interlayer

spacing in interdigitated SmA structure has been

observed by several authors (17, 47). Richardson and

Herring (17) assume that an interdigitated structure is

sensitive to the chain mobility. Meanwhile, in the

present case, the side chains are weakly interdigitated.

An explanation for the decrease of d could be the

effect of the long tail that might tend to spread out
(48, 49) in such a way that the mesogenic side chain

would no longer be fully extended at higher

temperature and become shorter. This effect would

induce the decrease of the SmA interlayer distance.

Such an explanation would also be consistent with

the observation of iso-intensity points (Figure 6),

which are assumed to stem from a link between

interlayer and polymer backbone structure.

Figure 11 shows that, for bulk LCP4, the smectic

domain size j, related to the number of smectic

Figure 11. Variation of the smectic domain size of the
ordered domains as a function of temperature for bulk and
confined LCP4. The values of j obtained for bulk LCP2
above 140uC (single configuration) are shown by open
circles.
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layers, decreases slightly between TX and TA. This

result suggests that the volume increase with tem-

perature in the SmC phase is accompanied by some

deterioration of the smectic arrangement. In the SmA

phase, j remains constant up to 165uC, despite the

decrease of the interlayer spacing. For LCP4–xerogel,

j is significantly smaller. This result is consistent with

crystallisation in a confined medium, during the sol-

gel-drying process. Between TX and TA, j slightly

decreases as in bulk LCP4. Interestingly, at the SmC–

SmA transition temperature TA (5T*), the value of j
corresponding to the SmA structure also jumps. This

observation suggests a local reorganisation of the

smectic layers in the large pores. Figure 11 also shows

that j is nearly the same for LCP4 and LCP2 bulk,

above T1*, i.e. when the latter displays a unique SmA

structure. It should be noted also that the interlayer

spacings are also the same between T1* and the

isotropisation temperature Ti5165uC for LCP2 bulk.

In order to strengthen the above results deduced

from the fit with one or more pseudo-Voigt equations

and to go one step further in the analysis of the data,

we have investigated the behaviour, with tempera-

ture, of the area Q of the fundamental peak (peak 1)

and of the ratio I2/I1 between the intensity of the first

harmonic (peak 2) and that of peak 1. The variation

of the area Q of the peak (obtained by radial avera-

ging over 2p), determined by graphical integration,

Q~
X

I qð Þq2Dq, ð6Þ

is plotted in Figure 12(a), for bulk LCP2 and LCP4.

For LCP4, Q slightly decreases between TX and TA

(T*). This decrease is consistent with the diminution

of j, i.e. a diminution of the number of smectic layers.

Above 160uC, the strong decrease of Q associated

with constant (or increasing) values of j can be

attributed to the diminution of the number of smectic

domains in the illuminated volume as a result of

partial melting. This explanation is consistent with

the disappearance of the iso-intensity points above

160uC shown in section 3.3. This result indicates a

two phase region (SmA and isotropic) above 160uC
as also found by other authors (17, 48) and confirmed

by the POM picture shown in Figure 12 (insert).

Moreover, the increase of j in this temperature range

suggests a rearrangement of the smectic layers owing

to a larger available space. As mentioned in section

3.4, the ratio I2/I1 is related to the rigidity of the

smectic layers. The strong decrease of I2/I1 around TX

for LCP4 (Figure 12(b)) reveals larger thermal

fluctuations above this temperature. This feature

reinforces the previous explanation about the origin

of the thermal effect occurring at TX. The corre-

sponding transition would occur between two smectic

phases characterised by a different rigidity of the

smectic layers. Above TX, thermal fluctuations in the

SmC phase would allow the decrease of the tilt angle

to zero at TA (T*). For LCP4 confined in the silica

xerogel and for bulk LCP2 above T1* (single peak),

the values of I2/I1 are very similar to those obtained

for bulk LCP4. It follows that the characteristics of

the smectic A layers itself are almost independent of

the molecular weight. For the sol-gel confined LCP4,

(a) (b)

Figure 12. Variation with temperature of the peak area Q (a) and of the ratio I2/I1, for bulk LCP2 and LCP4. The insert in (a)
shows the POM image of LCP4 at 170uC.
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the SmC layers are similar to that achieved in the

bulk; as for the SmA layers, this observation is also

valid for the fraction of LCP located in pores large

enough to allow the dilatation related to the SmC–

SmA transition. The above comments suggest that

the lowering of the isotropisation temperature TI with

the molecular weight or its increase for the sol-gel

confined samples cannot be related to a modification

of the layer rigidity. It is likely that TI is mainly

affected by the lateral size of the layers or by a

stabilising interaction with silica.

4. Conclusion

The mesophase behaviour of a side-chain liquid

crystalline polyacrylate grown by drying a solution

was investigated. This LCP had a short spacer (four

carbon atoms) and a long tail (10 carbon atoms). The

parameters involved in this study were the mean

molecular weight of the LCP, i.e. the mean number of

side chains per polyacrylate main chain, and confine-

ment in the case of LCP–silica nanocomposites

prepared by a sol-gel process. The LCP, having 18 side

chains (LCP2), is characterised, in bulk, by a mixture of

domains having different lamellae widths and probably

also, in a given range of temperatures, by the

coexistence of SmC and SmA phases. Increasing the

number of side chains up to 51 allows well-defined

single phases to be formed. Coexistence of two phases is

only observed near the isotropisation temperature,

where SmA phases are still present in the isotropic melt.

For the sol-gel LCP–silica nanocomposites, the

isotropisation temperature TI is larger than for the

bulk LCP. Furthermore, the SmC–SmA transition

that involves an expansion of the lamellar width, and,

therefore, of the LCP volume, is modified by

confinement. A behaviour similar to that of the bulk

LCP is only possible in larger pores. The mesophase

behaviour of these samples after heating above TI

(second heating), for which the LC ordering grows in

the melt, as well as the effect on a magnetic field, will

be reported in a forthcoming paper.
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Gonçalves P.F.; Merlo A.A.; Silveira N.P. J. Braz.
Chem. Soc. 2006, 17, 333–341.

(42) Hardouin F.; Sigaud G.; Keller P.; Richard H.;
Nguyen Huu Tinh; Mauzac M.; Achard M.F. Liq.
Cryst. 1989, 5, 463–478.

(43) Demus D.J.; Goodby G.W.; Gray H.-W.; Spiess V.V.
Handbook of Liquid Crystals; Wiley-VCH: Weinheim,
1997.

(44) Yamaguchi T.; Asada T. Liq. Cryst. 1991, 10,
215–228.

(45) Guillon D.; Skoulios A. J. Physique 1997, 38, 79–83.
(46) Ratna B.R.; Shashidhar R.; Nair G.G.; Prasad S.K.;

Bahr Ch.; Heppke G. Phys. Rev. A 1988, 37, 1824–1826.
(47) Soltysiak J.T.; Bialecka-Flojanczyk E.; Przedmojski J.

Eur. Polym. J. 2006, 42, 1662–1669.
(48) Auad M.L.; Kempe M.D.; Kornfield J.A.; Rendon S.;

Burghardt W.R.; Yoon K. Macromolecules 2005, 38,
6946–6953.

Liquid Crystals 313

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


