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Raman investigation of stable and metastable states of 4-octyl-48-cyanobiphenyl
confined in porous silica matrices

C. Fehr, P. Dieudonne´, J. L. Sauvajol, and E. Anglaret
Groupe de Dynamique des Phases Condense´es, UMR CNRS 5581, Universite´ Montpellier II, 34095 Montpellier Cedex 5, France

~Received 19 November 2002; published 23 June 2003!

We study the polymorphism of solid phases of 4-octyl-48-cyanobiphenyl~8CB! by Raman spectroscopy. For
bulk 8CB, the Raman spectrum of the CN stretch is featured by a single peak, which shifts abruptly at the
smectic-A–crystal transition. In confinement, the CN peak splits both at high and low temperatures. In the
isotropic and liquid crystal phases, the signature of the liquid crystal bulk~LC! coexists with another peak that
is assigned to LC molecules interacting with the matrice interface. We find correlations between the volumic
fractions of interfacial liquid and the texture of the matrices. At low temperatures, we assign the splitting of the
CN peak to the coexistence of different metastable solid phases. For strong confinements, the temperature
dependence of the CN stretching frequency extends to that of the liquid, which suggests the existence of
frozen-in smecticlike solid phases. We discuss the structure of these metastable solid phases in the light of
neutron diffraction measurements. We also report on the peculiar analogy between the effect of quenched
disorder due to the porous matrices and the effect of thermal quenching.

DOI: 10.1103/PhysRevE.67.061706 PACS number~s!: 64.70.Md, 61.30.2v, 78.30.Jw
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I. INTRODUCTION

The effect of confinement on the physical properties
fluids is a subject of increasing interest@1,2#. Thermotropic
liquid crystals~LC! are model materials for testing such e
fects, since they offer a wide choice of structures and ph
transitions in a relatively narrow temperature range. Int
sive work was carried out to study the effect of confinem
or quenched disorder on the phase transitions@3,4# and the
structure@3,5–8# of mesomorph phases. So far, structu
and dynamical studies of LC essentially focused on the
somorph phases because of their original physical
electro-optical properties and their wide range of appli
tions. Much less studies focused on the structure of crys
line phases. However, LC-forming compounds are known
present solid crystalline polymorphism~SCP!. The SCP was
even proposed to be a necessary condition for a compoun
present some mesomorph phases@9,10#. Moreover, the struc-
ture and molecular organization of mesophases is lik
strongly related to those of the metastable solid pha
Therefore, deep studies of the polymorphism of solid pha
are required to better describe the properties of liquid cry
phases.

The SCP in bulk LC materials was studied by coup
Differential Scanning Calorimetry and x-ray scattering
monocrystals or powders@11–15# and by Raman scatterin
@9–11,16#. Extensive studies of 4-methoxybenzylidene-48-
n-butylaniline and 4-ethoxybenzylidene-48-n-butylaniline
~EBBA! were achieved@11–14#. The phase diagrams o
these compounds include a glassy nematic state obtaine
ter thermal quenching at low temperatures~only for EBBA!,
and three or four metastable SCP obtained upon heating
thermal quenching, including ‘‘smecticlike’’ monolayer o
bilayer solid phases. The phase diagram of metastable s
for the 4-n-alkyl-48-cyanobiphenyl (nCB) family is not yet
well understood. These compounds are, however, of prim
interest because mixtures, and in a smaller extent pure m
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ecules, ofnCB present nematic- and smectic-A phases on
rather large domains of temperatures around room temp
ture. Therefore,nCB compounds are probably the mo
widely used LC both in academic studies and in indust
applications. Raman spectroscopy was used by sev
groups to study SCP in these compounds. Ogorodnik p
posed that three or four solid crystalline phases can
formed by modifying the cooling rate ofnCB (n54 –8),
each phase being characterized either by a single peak o
a doublet in the CN range@10#. Bulkin et al. proposed that
the structure of the metastable phases corresponds
quenched nematic phase@9#. Jaffrainet al. studied in detail
the Raman response of the alkyl chain and concluded tha
mobility of the chains was much larger for the metasta
phase due to a smaller compacity of the network@16#. Perrot
et al. reported a Raman study of stable and metastable c
talline phases ofnCB @17–19#. For n58 –12, a metastable
phase is formed after thermal quenching from the isotro
phase. In variance with Bulkinet al., these authors propos
that the structure of the metastable phases corresponds
frozen-in, smecticlike phase. By contrast, forn51 and n
56, no metastable phase could be observed in their stud
variance with the results obtained by Ogorodnik@10#. More
recently, Horiet al. studied polymorphism in 4-n-alkyloxy-
48-cyanobiphenyls~with n56 –12) and directly observed
the growth of three to four different monocrystalline phas
of different shapes from aceton solutions.

In this paper, we study the influence of confinement
SCP of 8CB. The LC were confined in a series of disorde
silica porous matrices of different pore-size distributions a
surface textures. We find SCP and study the vibrational
namics of the metastable solid phases at low temperature
Raman scattering both after slow cooling and after therm
quenching. We discuss the effect of anchoring on silica s
faces on the formation of metastable phases and unde
analogies between the effects of quenched disorder and
mal quenching. We discuss the structure of the metast
©2003 The American Physical Society06-1
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TABLE I. Compared textures of the porous matrices used for confined 8CB.d is the mean pore
size,r is the apparent density, andfpore is the porosity~volume fraction of pores!, Ssp,BJH is the
specific area estimated from N2 adsorption experiments~see text!, Ssp,SAXS is the specific area
estimated from small angle x-ray scattering experiments, andSV is the surface of silica per unit o
porous volume.

Sample d ~nm! r (g cm23) fpore Ssp,BET (m2 g21) Ssp,SAXS(m2 g21) SV (m2 cm23)

XA20 2061.5 0.44 80 267611 245615 140614
XA17 1761 0.57 74 273611 269616 209615
XA10 1061 1.08 51 15166 14369 315626
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phases in the light of neutron diffraction experiments.
nally, we correlate Raman and diffraction results, and
tempt to provide a clear picture of SCP in 8CB.

II. EXPERIMENT

A. Preparation of the samples

4-octyl-48-cyanobiphenyl was purchased from Merck a
used without further purification. The sequence of phases
bulk 8CB is crystal (K) –smectic A (A) –nematic
(N) –isotropic (I ), and the phase transitions upon slow he
ing from the crystalline phase occur atTKA521.5 °C ~first
order!, TAN533.7 °C ~second order!, and TNI540.5 °C
~weakly first order!. Silica porous matrices were prepare
through a two-step drying procedure followed by a par
densification by heat treatment@20#. The samples prepare
by this original process are called xeroaerogels~XA !. This
allowed us to prepare a series of samples, which presen
same structure at a microscopic scale, i.e., dense silica e
tially covered by OH groups, and different textures at me
scopic scales. Their textures were carefully characterized
N2 adsorption-desorption isotherms and small angle x-
scattering~SAXS! @20#. The distribution of pore size wa
determined from a Barret-Joyner-Halenda analysis of the
therms assuming cylindrical pores. The specific area was
timated from a Brunauer-Emmett-Teller analysis and fr
the SAXS results. Results are presented in Table I. Herea
we label the samples XAn where XA is for xeroaerogels an
n is the mean size of the pores in nanometers. The sol
samples were filled under a He atmosphere in order to fa
gas diffusion in the LC around 330 K, i.e., with the LC in th
isotropic phase.

B. Raman scattering experiments

Raman spectra were recorded with a T64000 Jobin-Y
spectrometer using the 647.1-nm radiation of an Ar/Kr i
laser in a 90° scattering geometry. Bulk sample was stud
in a Hellma cell of thickness 1 mm. For each set of measu
ment, the sample was first heated at 330 K, above the t
perature of theNI transition in the bulk. A direct optica
check confirmed that the LC were in the isotropic phase
all samples. The sample was then ‘‘quenched’’ down to 1
K by inserting the sample in a cryostat already stabilized
this temperature. The typical time for stabilizing the te
perature of the sample at 100 K was about 45 min. At h
temperatures, we also performed measurements of the
man depo-
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larization ratior, i.e., the ratio of Raman intensity betwee
crossed polarizers~vertical/horizontal configuration! and be-
tween parallel polarizers~vertical/vertical configuration!. We
will show that the temperature dependence ofr is a relevant
probe of the NI transition.

C. Neutron diffraction experiments

Neutron diffraction~ND! experiments were performed o
the D16 diffractometer at the Institut Laue Langev
~Grenoble, France! and on the G6-1 diffractometer at th
Laboratoire Le´on Brillouin ~Saclay, France! using incident
neutrons of wavelengths 4.54 Å and 4.78 Å, respective
The samples were placed in aluminum foils in order to lim
the scattering from the container. The data were correc
from scattering contribution from the aluminum foil. In orde
to remove the strong scattering contribution at small ang
from the porous matrices and strong incoherent signal fr
the hydrogens, we susbstracted to each pattern the pa
measured in the isotropic phase. A detailed presentatio
the experimental results on two different series of samp
will be published elsewhere@21#. In this paper, we presen
only a selection of results for the series of xeroaerogels in
smectic-A phase, and at low temperatures for both slow co
ing and thermal quenching from the isotropic phase.

III. RESULTS AND INTERPRETATION

A. Raman results for bulk 8CB

Figure 1 displays typical Raman spectra of bulk 8CB
320 K ~isotropic phase!. The range of frequencies below
200 cm21 corresponds essentially to intermolecular and
formation modes~not shown!, while the range of frequencie
between 200 and 3200 cm21 corresponds essentially to in
tramolecular vibrations and, more specifically, to stretch
modes between 1200 and 3200 cm21. A complete assign-
ment of the Raman peaks in this latter frequency range
be found in the literature@18,22#. As expected, only a few
differences are observed between the spectra of intramol
lar modes measured at different temperatures~not shown, see
Ref. @18# and also Ref.@23# for an infrared study!. The
changes in the frequency range of the CH stretch have b
studied in detail in Refs.@16,23#. These provide information
on the conformations of the alkyl chains. Three other pe
are observed to shift at the smectic-A–crystal transitions: the
CuC, CvC, and CN stretches and the largest shift is o
served for the CN mode@23#. Note that theA1 CN stretching
6-2
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FIG. 1. Raman spectra of the bulk 8CB at 320 K~isotropic liquid I!.
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mode has been used as a useful tool to study the orientat
order in cyanobiphenyl compounds from the polarized R
man spectroscopy, since its motion is parallel to the m
axis of the molecule@24,25#. We checked that the frequenc
of the CN stretching mode was the most sensitive probe
scan theKA transition. This is emphasized in Figs. 2 and
that display a set of CN spectra for bulk 8CB. The C
stretching frequency relates to the local environment of
molecules. This shift is due to different molecular packing
06170
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the crystalline phase with respect to the liquid~crystal!
phases and to the coupling of CN oscillators in the perio
arrangement of the crystalline phase. By contrast, the sig
tures observed in all liquid~crystal! phases are similar an
correspond to the Raman signatures of the isolated molec
This indicates that intermolecular interactions are too we
in the liquid phases to induce significant changes in the
man spectra with respect to the spectra of the isolated m
ecule. Several studies addressed the structure of the sme
ht: slow
FIG. 2. Raman spectra of the CN stretch for bulk 8CB at various temperatures. Left: slow cooling from the isotropic phase. Rig
heating after a ‘‘soft’’ thermal quench at 100 K.
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FIG. 3. Typical fits of the Raman spectra for the bulk 8CB. Left: at 135 K after slow cooling from the isotropic phase. Center: at
Right: at 135 K after a ‘‘hard’’ thermal quench from the isotropic phase~see text!.
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A phase for cyanobiphenyl compounds@22,26,27#. The pic-
ture which is generally accepted is the formation of coup
of molecules in an antiparallel packing with an overlap of t
biphenyl groups. These couples align to form smectic lay
in the smectic-A phase. Small smectic clusters already ex
in the nematic phase, and couples of molecules likely alre
exist even above theNI transition.

The results obtained upon quenching were not reprod
ible. This is due to the cooling speed during thermal que
which is not well controlled in our experiment and may
insufficiently large to form the metastable phase. In so
cases~hereafter referred as ‘‘soft’’ quenchs!, the results were
very close to what is obtained by slow cooling~Fig. 2, right!.
In other cases~hereafter referred to as ‘‘hard’’ quenchs!, one
observes a splitting of the CN peak after thermal quench
~Fig. 3, right!. We assign the splitting of the nondegenera
CN mode to the coupling of different CN oscillators in on
or several different crystalline lattices. De Zenet al. already
reported the observation of such a splitting and assigned
the formation of a solid crystalline metastable phase. T
also underlined that it was rather difficult to obtain this me
stable state through thermal quenching@18#. The three main
components of the spectrum are located around 2232, 2
and 2249 cm21, in good agreement with the results of Re
@18#. However, the respective intensities of the peaks
different, which suggest a coexistence of different so
phases, each one featured by one or two peaks in the Ra
spectrum.

The spectra in the frequency range of the CN peak w
fitted by a series of Voigt functions. Typical fits at high~iso-
tropic phase, similar fits are achieved in the nematic- a
smectic-A phases! and low ~solid phases! temperatures are
presented in Fig. 3. When the stable crystalline phaseK is
formed at low temperatures, good fits can be achieved fo
spectra with a single line~Fig. 3, left!. Note that the fit with
a Voigt function is used to probe the temperature depende
of the CN frequency, but does not provide much informat
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on the dynamics of the molecules. The spectra in the liq
~crystal! phases can also be fitted with a single Voigt li
~Fig. 3, center!. As expected, the width of the peak is signi
cantly larger in the liquid with respect to the solid. By co
trast, at least three Voigt functions are required to achiev
good fit of the spectrum measured at low temperatures a
hard thermal quenching~Fig. 3, right!. The shape and fre
quency of the second component are close to that meas
after slow cooling, suggesting the presence of theK phase.
However, its width is slightly larger, which can be assign
to disorder and/or to a smaller crystalline coherence len
The two other components are assigned to one or sev
metastable solid phase~s!. The width of the highest frequenc
component is particularly large, suggesting a strong disor
and/or ill-crystallized structures.

FIG. 4. Temperature dependence of the CN stretching freque
for the bulk 8CB when the stable~K! crystal is formed after therma
quench. Circles correspond to slow cooling from the isotro
phase. Squares correspond to slow heating after thermal quen
100 K. Solid lines are guides for the eyes. Vertical dotted lin
indicate the temperatures of the smectic-A–crystal ~cooling! and
crystal–smectic-A ~heating! transition.
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Figure 4 displays the temperature dependence of the
frequency for slow cooling and slow heating after a soft th
mal quench. The abrupt shift of the frequency is typical
the first-order smectic-A–crystal transition. As expected, th
transition is also characterized by a hysteresis but on b
sides of the transition, the results obtained upon heating a
quench and upon slow cooling are found to be very close
each other. It states, in particular, that the properties of
liquid phases are not sensitive to the thermal history of
sample. No signature of theIN or NA transition is observed
from the temperature-dependence of the CN frequency.
deed, the frequency of the CN peak presents a slow
continuous temperature dependence from the isotropic p
to the smectic-A–crystal transition.

By contrast, theNI transition can be probed through th
temperature dependence of the Raman depolarization ratr.
The results are presented in Fig. 5. The depolarization rat
close to 0.33 in the isotropic phase, as already reported e
where @18#. It increases abruptly at the isotropic-nema
transition up to a value close to 0.93, which is a forbidd
value for isotropic liquids@28#. The depolarization ratio is
sensitive to the anisotropy of the Raman polarizability tens
The form of the Raman tensor depends on point symme
which is different for the molecule in the isotropic phase a

FIG. 5. Raman depolarization ratio for the CN stretch of t
bulk 8CB ~a! and 8CB confined in sample XA20~b!, in sample
XA17 ~c! and in sample XA10~d!. Left: slow cooling. Right: slow
heating after a thermal quench. The dotted lines indicate the v
of the depolarization ratio in the bulk at the isotropic and nema
plateaus.
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in the nematic phase. By contrast, no signature of theNA
transition is observed, which can be understood since b
phases present cylindrical symmetry. TheNI transition is
rather sharp in the bulk. A weak hysteresis is observed
tween cooling and heating, as expected for this~weakly!
first-order transition. No other dependence on thermal h
tory can be observed.

B. Effect of confinement on the Raman signatures

Figures 6 and 7 present sets of Raman spectra at var
temperatures for 8CB confined in xeroaerogels. Dra
changes are observed with respect to the bulk. For all ma
ces at all temperatures, the CN peak splits into two or th
components. In the largest pores~sample XA20!, the effect is
rather weak@Figs. 6~a! and 7~a!#. Upon slow cooling, the
spectra are dominated by the signature of the bulk both in
liquid and in the solid phases. However, one observes a s
additional component, upshifted with respect to the bulk
the liquid phases and down-shifted with respect to the b
in the solid phase. After a thermal quench, the main signa
is the same as for slow cooling, but the intensity of the le
side satellite increases and a third component is observe
the right side of the main peak at low temperatures@Figs.
6~a! and 7~a!, right#. The spectrum is actually very close t
that measured in the bulk after a hard thermal quench~Fig. 3,
right!, except that the width of the peaks is significan
larger. This broadening is assigned to a shorter spatial ex
sion of the CN modes coupling, as expected for smaller cr
tal sizes in confined geometry, and/or to incomplete or
that prevents thek50 selection rule conditions to be fulfilled
for the optical modes. The Raman signatures observed
8CB confined in sample XA17 are qualitatively the same
that for sample XA20, but the intensities of the satellit
increase at the expense of the peak characteristic of the
@Figs. 6~b! and 7~b!#. Especially, after a thermal quench, th
intensity of the low-frequency component becomes the m
important in the spectrum at low temperatures. Note that
width is narrower than that for sample XA20 after a therm
quench, suggesting a larger crystal size for the metast
phase in sample XA17. This seems surprising since confi
ment is stronger in sample XA17 than that in sample XA2
In our opinion, it must be assigned to the growth of me
stable domains to the expense of stable crystal doma
which is also supported by the increase of the peak inten
Finally, for the strongest confinement~sample XA10!, the
spectra are completely dominated by the lowest freque
peak, especially after a thermal quench@Figs. 6~c! and 7~c!#.
The width of this peak clearly increases with respect to
other samples, which indicates much more severe confi
ment.

For confined 8CB, at any temperature, the CN spec
cannot be fitted anymore with a single Voigt function. Two
three components are required to achieve good fits of
data~Fig. 7!. The following five general features of the effe
of confinement on the Raman spectrum of 8CB can
pointed out.

~i! The location of the peaks seems to be almost sam
independent, only the respective intensities change from

ue
c
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FIG. 6. Raman spectra of the CN stretch at various temperatures for confined 8CB in samples~a! XA20, ~b! XA17, ~c! XA10. Left: slow
cooling from the isotropic phase. Right: slow heating after a thermal quench at 100 K.
061706-6
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FIG. 7. Typical fits of the Raman spectra for confined 8CB in samples~a! XA20, ~b! XA17, ~c! XA10. Left: at 135 K after slow cooling
from the isotropic phase. Center: at 320 K. Right: at 135 K after a thermal quench from the isotropic phase.
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sample to another. This suggests the formation and coe
ence of a limited number of phases, whose respective v
mic fractions vary with confinement.

~ii ! The intensity of the peak characteristic of the bu
decreases when confinement becomes more severe,
when the pore size decreases and/or specific area incre
At low temperatures, this is assigned to the formation
metastable solid phases. This behavior is accentuated a
thermal quench. At high temperatures, we propose that
new component corresponds to the signature of molec
06170
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interacting with the surface, this will be discussed exte
sively below.

~iii ! The more severe the confinement, the more import
the contribution of the peak around 2230 cm21 in the low
temperature spectra. For a strong confinement, this p
looks very much like that measured in the liquid~crystal!
phase.

~iv! The width of the peaks measured at low temperatu
continuously increases with confinement, indicating sma
crystal sizes. For sample XA17 after a thermal quench,
6-7
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broadening of the lowest frequency component due
smaller pore size is compensed by a narrowing due t
larger volume fraction of metastable phase.

~v! For all spectra at low temperatures, the changes
intensity and width of the highest frequency compon
seem to be systematically correlated with those of the low
frequency peak, which suggests that both peaks may be
signed to the same metastable phase.

In Figure 8, we plot the temperature dependence of
frequency for each component: two at high temperatures
three at low temperatures. At high temperatures, no m
stable phase is expected. Moreover, we remind that isotro
nematic-, and smectic-A phases display approximately th
same CN stretch frequency. Therefore, we propose to as
the highest frequency component to molecules in interac
with the solid surface. This suggests that the CN bond is
the vicinity of the surface and that its vibration is perturba
by some interactions with the interface. We rule out the f
mation of hydrogen bonds, since a strong down-shift of
frequency would be expected in this case. Within this
sumption, one expects the intensity of this component to
proportional to the volume fraction of molecules in conta
with the interface,f inter f ace. f inter f ace is equal to the ratio
of the specific area of the porous matrix to the surface
veloped by the molecules lying on a plane, which is equa

FIG. 8. Temperature dependence of the CN stretching freque
for confined 8CB in samples~a! XA20, ~b! XA17, ~c! XA10.
Circles correspond to slow cooling from the isotropic pha
Squares correspond to slow heating after thermal quench at 10
Full symbols~and solid lines as guides for the eyes! correspond to
the peak with the largest Raman intensity; open symbols~and dot-
ted lines as guides for the eyes! correspond to secondary peaks.K
refer to the stable crystalline phase.K8, Ks , andKs8 refer to meta-
stable solid phases~see text!. TAK and TKA indicate the tempera
tures of the smectic-A–crystal and crystal–smectic-A phase transi-
tions in the bulk.
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the density of molecules times the surface developed by
molecule lying on a plane. One can estimatef inter f ace in the
two extreme cases of planar and homeotropic anchorin
i.e., molecules lying preferentially parallel or perpendicu
to the surface. Note that this is not straightforward to pred
the nature of anchoring on the surface of porous silica m
trices. Studies performed on a flat and clean silica report
planar anchoring, but the roughness of the surface and
geometry may influence the molecular orientation. In Fig.
we plot the intensity of the CN component assigned to m
ecules in interaction with the interface~normalized with re-
spect to the total intensity of the CN bunch! as a function of
the interface area per unit of porous volumeSV , which is
expressed asSV5Sspr/fpore whereSsp is the specific area
r is the apparent mass density of the porous matrix,
fpore is the porosity~Table I!. The solid line corresponds to
the behavior expected for planar anchoring~assuming a sur-
face of 10 nm2 per molecule!, and the dotted line to the
behavior expected for homeotropic anchoring with the C
group oriented towards the surface~assuming a surface o
2 nm2 per molecule!. Note that homeotropic anchoring wit
the aliphatic chain oriented towards the surface is unlikely
the surface is completely covered by OH groups, as expe
in the case of xeroaerogels. The rather large dispersion o
points does not allow us to conclude definitely. However,
data are in agreement with a linear dependence, which
ports our assignment of the high-frequency CN compon
to molecules in interaction with the solid surface. Moreov
the hypothesis of pure planar anchoring provides a ra
good fit of the data. Further experiments are, however,
quired to precise the nature and geometry of surface inte
tions. A quasielastic neutron scattering study of the rotatio
dynamics of anchored molecules, which is expected to
different for planar and homeotropic anchorings, is
progress to confirm this result.

cy

.
K.

FIG. 9. Raman intensity of the highest frequency compon
~normalized to the intensity of the CN bunch! in the liquid phases
vs interface area per unit of porous volume for the three por
matrices. Circles correspond to spectra measured at 320 K, sq
at 310 K, triangles at 300 K. Solid symbols correspond to sl
cooling from the isotropic phase. Open symbols correspond to s
heating after thermal quench. Solid and dotted lines correspon
trends for planar and homeotropic anchorings, respectively.
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Like in the bulk, no signature ofIN or AN transition can
be observed in confinement from the temperature dep
dence of the CN stretch. However, from the temperature
pendence of the depolarization ratio~Fig. 5!, several features
can be observed:~i! the two plateaus characteristic of isotr
pic and nematic phases are still observed for samples X
and XA17 ;~ii ! the transition is much less abrupt than in t
bulk. The more severe the confinement the broader the ra
of temperatures between the two plateaus;~iii ! the depolar-
ization ratio in the isotropic phase are the same for bu
samples XA20 and XA17. By contrast,r is slightly but sig-
nificantly larger in the nematic phase for weak confineme
with respect to the bulk. Finally, for sample XA10, the tw
plateaus can hardly be identified. This is tempting to ass
these results to a change of orientational order in confi
nematic phases. Such a change was also recently det
from 13C NMR measurements@29#. Calculations are in
progress to interpret quantitatively these changes of depo
ization ratio.

At low temperatures, the splitting of the CN stretch in
three components is attributed to the formation of metasta
solid phases characterized by a molecular packing diffe
than that of the stable crystalline phase. The tempera
dependences of the peak frequencies are close from
sample to another. This states that there are at least two
ferent metastable phases, each characterized by one o
components in the CN spectrum. No detail on the struct
of these phases can be obtained from the Raman spe
However, note that the temperature dependence of the
frequency peak directly extends to that of the liquid pha
for samples XA10 and XA17~Fig. 8!. Therefore, this is
tempting to assign this peak to the signature of a frozen
smecticlike phase. In the following section, we discuss
structure of the metastable solid phase~s! in the light of neu-
tron diffraction results of the same samples.

C. Neutron diffraction signatures of the low-temperature
phases

A detailed diffraction study of the structure of metastab
solid phases of 8CB confined in different porous matric
will be reported elsewhere@21#. Figure 10 presents a sele
tion of results, i.e., the neutron diffraction patterns measu
at low temperature for each sample, both after slow coo
and after thermal quenching, as well as in the smectiA
phase. For all samples, the smectic-A phase is featured by
single peak atQ.0.2 Å21. In the bulk, the stableK phase is
dominated by a peak at about 0.48 Å21 and displays a set o
five other peaks below 1.5 Å21 ~at 0.96, 1.15, 1.26, 1.35
and 1.42 Å21) @Fig. 10~a!, left#. The results obtained upo
quenching were not reproducible. As already underlined
the Raman section, this is due to the cooling speed du
thermal quench which is not well controlled in our expe
ment and may be insufficiently large to form the metasta
phase. We actually observed two kinds of patterns upon t
mal quenching. One presented in the left part of Fig. 10~a!,
i.e., the signature of theK phase and the other presented
the right part of Fig. 10~a!, which displays not only the serie
of peaks characteristic of theK phase but also an additiona
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intense peak at about 0.25 Å21 and other weaker peaks a
about 0.64, 1.29, 1.45, and 1.53 Å21. The same series o
peaks was observed in confinement for sample XA17 a
slow cooling and thermal quenching@Fig. 10~c!#. An inter-
esting result is that on these three diffractograms, the rela
intensities of the four peaks at large angles are invariant,
the intensity of the peak at 0.25 Å21 varies with respect to
the other four peaks from a pattern to another. Therefore,
assign the series of four diffraction peaks between 0.5
1.6 Å21 to the signature of a metastable crystalline pha
which we labelK8, and the peak at 0.25 Å21 to another
metastable solid phase. This assignment is confirmed by
of the patterns measured on sample XA20 after ther
quench and presented in Fig. 10~b!. The peak at 0.25 Å21 is
observed to coexist with the signature of the stableK phase
without any signature of the metastableK8 phase. Note that
in a recent study, Clarket al. reported that three peaks a
0.25, 1.28, and 1.43 Å21 were measured at low temperatu
in bulk 8CB and were assigned to the stable crystall
phase, while two others at 0.48 and 1.15 Å21 were measured
at low temperature for 8CB confined in silica aerogels~of
rather large pore size! and were assigned to a metastab
solid crystalline phase@6#. Note also that neither of these tw
patterns can be indexed using the space group and la
parameters determined recently by Kuribayashiet al. on
8CB monocrystals@30#. In our opinion, these contradictor
results point out that two or three crystalline forms of 8C
display relatively close stabilities and that a small amount
impurities or, in a larger extent, the contact with a surfa
can provide nucleation conditions that favors the format
of one of these structures. Our results unambiguously s
~i! that two solid crystalline phases exist and are charac
ized by peaks at 0.96, 1.15, 1.26, 1.35, and 1.42 Å21 and at
0.64, 1.29, 1.45, and 1.53 Å21, respectively;~ii ! that the
peak at 0.25 Å21 must be assigned to another metasta
phase. Since this new metastable phase is characterized
single diffraction peak, this is tempting to assign it to
frozen-in, smecticlike, one-dimensional crystalline ord
which we labeledKs . The cell parameter inKs is 20%
smaller than that in the smectic-A phase ~about 2.5 nm
against 3.1 nm for the smectic-A phase! and is likely to cor-
respond to a packing of antiparallel dimers, such as in
smectic-A phase, but with a larger overlapping of the mo
ecules. Finally, for XA10 sample, the pattern measured
low temperatures after slow cooling is dominated by the s
nature of phaseKs . Weak and ill-defined peaks characteris
of phaseK8 are observed at large angles. The most intere
ing feature is a single new peak at small angles~about
0.17 Å21), which is also observed with a much larger inte
sity after thermal quenching@Fig. 10~d!#. We assign this peak
to the signature of a third metastable phase. This new ph
is also likely to present a smecticlike order, such as ph
Ks , but with a larger cell parameter of about 3.8 nm. W
label it Ks8 . Note that 3.8 nm is slightly smaller than twic
the length of the molecules and therefore, one possible
lecular organization for phaseKs8 is a smectic packing of
couples of molecules with an overlapping of the CN grou
Such a packing is observed in the crystalline structure p
6-9
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FIG. 10. Neutron diffraction patterns for 8CB at various temperatures in the bulk~a!, confined in samples~b! XA20, ~c! XA17, ~d! XA10.
Left: at 200 K after slow cooling from the isotropic phase. Center: In the smectic-A phase. Right: at 200 K after thermal quenching from t
isotropic phase.
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posed in Ref.@30# and requires only translational slippage
the molecules involved in dimers in the smectic-A phase.

IV. DISCUSSION

The diffraction results correlate well with the Rama
ones. As far as the bulk 8CB is concerned, a slow coo
from the isotropic phase leads to a single stable crystal
phaseK, featured by a single peak in the Raman spectru
The behavior of the bulk 8CB after thermal quenching see
to depend on the cooling speed. With our simple set
06170
g
e
.
s
,

which consists in a thermal quench within a cooled cryos
at 100 K, two different results can be obtained :

~i! For a soft quench, theK phase is formed at low tem
peratures, its diffraction and Raman signatures are the s
as that for slow cooling.

~ii ! For a hard quench, theK phase coexists with two
other phases: a metastable crystalline phaseK8 and a
frozen-in smecticlike phaseKs . The two additional compo-
nents observed in the Raman spectrum~Figs. 2 and 3! must
be assigned to one~or both! of these two phases. Unfortu
nately, we never observed the formation of phaseK8 ~or Ks!
6-10
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alone. However, phaseKs is clearly dominating the diffrac-
tion pattern of 8CB confined in sample XA10 slowly coole
at low temperatures and, in a smaller extent, the patter
8CB confined in sample XA17 after thermal quenching.
both cases, the Raman counterpart is dominated by the
frequency peak, but the two other peaks are also obser
Therefore, we state that the intrinsic spectrum of phaseKs
displays an intense peak at about 2230 cm21 which is the
extension at low temperatures of the signature of the liq
~crystal! phases. This dominating peak is systematically
sociated with a weaker peak~roughly one-third of the inten-
sity of the dominant peak! at about 2248 cm21. The inter-
mediate peak, at about 2238 cm21, may also be a part of the
intrinsic signature of phaseKs , since it is observed in the
low-temperature Raman spectra of sample XA10. Howe
its observation in the spectra of sample XA10 is more lik
to mean that a small amount of crystalline phase (K or K8) is
formed, but that crystalline domains are too small to g
well-resolved structures in the neutron diffraction pattern
looks like the Raman signature of phaseKs8 is close to that of
phaseKs . Indeed, the spectrum of 8CB in sample XA1
after thermal quench is close to that after slow cooling, wh
the neutron data indicate that phaseKs8 is the dominant
phase. However, one observes a small but significant do
shift of the lowest frequency peak for quenched sam
XA10 @Fig. 9~c!# with respect to slowly cooled sampl
XA10, and it is therefore tempting to assign this down-sh
to the intrinsic signature of phaseKs8 . This down-shift indi-
cates a slightly weaker CN stretching force constant w
respect to phaseKs which is well correlated with the large
cell parameter forKs8 as compared toKs . Finally, the meta-
stable crystalline phaseK8 is observed in sample XA17 an
in the bulk after quench. In both cases, it coexists with ph
Ks . In addition to the intrinsic signature ofKs , the Raman
spectrum displays an intense peak at 2238 cm21, which we
therefore assign to the intrinsic signature of phaseK8. Fur-
ther diffraction data will be necessary to resolve the struct
of phaseK8. However, the Raman results indicate that t
CN oscillators couple the same way in phasesK and K8
which suggests similitudes in the microscopic structure
the vicinity of the CN group. From the discussion above,
can now assign each peak of the CN bunch at low temp
tures. These assignments are recalled in Figs. 8 and 10

We now discuss the physical origin formation of the me
stable phases. It is known that rodlike molecules gain sta
ity by a parallel ~or antiparallel! association due to maxi
mized intermolecular forces. Smectic arrangements
therefore more favorable than nematic ones. Upon quen
ing, the sudden increase of viscosity prevents the directo
the smecticlike configurations from relaxing to their app
priate equilibrium conditions, which explains the formatio
of frozen-in, smecticlike structures, as proposed by Pe
S
,
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et al. @17#. There is a peculiar analogy between the effects
thermal quenching and confinement. A ‘‘quenched disord
is imposed by the disordered porous matrix because of
lecular anchoring. This prevents the interfacial molecu
from out of axis rotating~and from axis rotating in case o
planar anchoring!. By contrast, translational slippage is a
lowed, and leads possibly to smecticlike packing but not
crystalline packing. Since rotation about the main axis~spin-
ning motion! is also allowed~for homeotropic anchoring a
least!, one can get a closer packing of adjacent biphe
groups, leading to a smaller cell parameter with respec
the smectic-A phase. This may explain the formation o
phaseKs . Therefore, this is probably the nature and stren
of molecular anchoring which govern the formation of me
stable solid phases. The specific surface developed by
matrix, rather than the pore size, appears to be an impor
parameter to control the properties of LC in confineme
Confinement in matrices of controlled texture is an alter
tive and interesting approach for the study of solid crystall
polymorphism, since it offers a wide choice of experimen
configurations.

V. CONCLUSION

The structure and vibrational dynamics of stable a
metastable phases of 8CB was studied by Raman spec
copy. Confinement in disordered porous matrices offers v
ous and controllable experimental conditions to form a
investigate metastable phases. This approach is an intere
alternative to the classical route by thermal quenching. Th
metastable solid phases of 8CB were identified. One (K8) is
a crystalline phase with a structure different than that of
stable crystalline phaseK, but with a vibrational dynamics o
the CN very close to that in phaseK. Two frozen-in, smec-
ticlike structures~phasesKs and Ks8) were also identified.
These are characterized by an intrinsic Raman spectrum
different than that of the crystalline phase, which reminds
part the spectrum of the liquid~crystal! phases. On the othe
hand, in the liquid~crystal! phases, all the Raman spectra
confinement display a component that can be assigned to
molecules interacting with the surface of the silica netwo
This component is an interesting probe to investigate
anchoring of molecules on disordered surfaces.
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