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Phase transitions and molecular dynamics in the cyclohexaneÕthiourea inclusion compound
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In thiourea inclusion compounds the host structure comprises a hydrogen bonded arrangement of thiourea
molecules and contains unidirectional, nonintersecting channels within which guest molecules are located.
Structural and dynamic properties of the cyclohexane/thiourea inclusion compound have been studied previ-
ously by a wide range of experimental techniques, providing contradictory interpretations. This organic com-
posite crystal displays three thermotropic structural phases on cooling from room temperature, denoted phase
I ~rhombohedral!, phase II~monoclinic!, and phase III~monoclinic!. However, until now, there has been no
attempt to understand the relationship between the dynamics of the guest molecules and the structural and
symmetry properties of the composite inclusion compound in the three phases. In the first part of this paper, we
determine the space group of each phase from powder x-ray diffraction data. From this knowledge of the
symmetry properties of each phase, the phase transitions are described in terms of order parameters defined on
the basis of the symmetry principles of Landau theory. Theoretical analysis of the crystal strain occurring at the
phase transitions allows a direct comparison between the experimental temperature dependence of the lattice
parameters and predictions derived from Landau theory. In the second part of this paper, we report results from
powder and single-crystal2H NMR spectroscopy on samples of cyclohexane/thiourea containing perdeuterated
cyclohexane guest molecules (C6D12). These2H NMR experiments have shown that in phase I, the motionally
averaged quadrupole coupling tensor is axially symmetric. On passing from phase I to phase II, the threefold

symmetry axis of theR53̄c space group of phase I is lost, such that the motionally averaged quadrupole
interaction tensor is not axially symmetric in phase II. The single crystal2H NMR spectra probe very precisely
the relative orientations of the guest molecules, which are consistent with the site symmetry properties of the
structure and proposed modes of crystal twinning, and demonstrate that there is only one type of dynamic
species of guest molecule in phase II. In phase III, a greater degree of orientational ordering of the cyclohexane
molecules is evident. From a detailed consideration of the symmetry properties of the inclusion compound, the
dynamics of the guest molecules may be described using simple jump models~i.e., multidimensional pseu-
dospin models! in all three phases. Using these models, the temperature dependence of the order parameter
components has been established. These results, in conjunction with x-ray diffraction, provide important
information needed to propose a microscopic model for the mechanisms of the phase transitions in the
cyclohexane/thiourea inclusion compound.

DOI: 10.1103/PhysRevB.64.054106 PACS number~s!: 64.60.2i, 61.50.Ks, 61.10.Nz, 64.70.Kb
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I. INTRODUCTION

Crystalline organic inclusion compounds in which t
host substructure forms one-dimensional channels den
loaded with guest molecules exhibit a wide range of intere
ing and important fundamental physicochemical propert
as illustrated, for example, by the urea and thiourea fami
of inclusion compounds.1 Recently, a substantial amount o
research has focused on the structural and dynamic pro
ties and the phase transition mechanisms in the incomm
surate inclusion compounds of urea,1–8 but substantially less
is known about the corresponding properties of thiourea
clusion compounds and other families of solid organic inc
sion compounds. In thiourea inclusion compounds, a hyd
gen bonded arrangement of thiourea molecules form
crystalline ‘‘host’’ structure that has unidirectional, noninte
secting channels. Suitable ‘‘guest’’ molecules are located
side these channels, and examples are branched hydr
bons, cyclohexane and certain of its derivatives and sm
organometallic molecules such as ferrocene. For most g
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molecules~particularly those with fairly isotropic molecula
shape!, the host structure is rhombohedral at ambient te
perature and the guest molecules are orientationally di
dered. In many cases, this rhombohedral structure transfo
to a monoclinic structure at low temperature. In gene
thiourea inclusion compounds have a commensurate r
tionship between the periodicities of the host and guest s
structures along the channel direction, with two guest m
ecules per unit repeat distance of the thiourea host struc
along the channel and a guest/thiourea molar ratio of 1/3

Our aim is to elaborate the methodology for elucidati
the phase transition mechanisms in thiourea inclusion c
pounds. In this paper, experimental results obtained
means of differential scanning calorimetry, x-ray diffractio
and 2H NMR spectroscopy are used as a basis for the s
metry analysis and the microscopic modeling of the str
tural changes. For this work, we have chosen
cyclohexane/thiourea inclusion compound C6H12/SC(NH2)2
as it is perhaps the prototypical member of the thiourea fa
ily of inclusion compounds. In early studies,9,10 three distinct
©2001 The American Physical Society06-1
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thermotropic structural phases of cyclohexane/thiourea w
identified. Single-crystal x-ray diffraction has shown that,
room temperature~phase I!, the host substructure in
cyclohexane/thiourea is the conventional rhombohedral t

urea channel structure with space groupR3̄c ~Ref. 10! ~Fig.
1!, and this phase exists down to 149 K. Phase II~149–129
K! is monoclinic with twice the volume of the rhombohedr
unit cell and phase III~below 129 K! is also monoclinic.9

The space groups of the low-temperature phases II and
were not determined in these studies.

The first part of this paper is devoted to a detailed ch
acterization of the two phase transitions in the cyclohexa
thiourea inclusion compound by means of differential sc
ning calorimetry and powder x-ray diffraction. Th
fundamental starting information that we require is to det
mine the space groups of the three structural phases. Her
have approached this issue using powder x-ray diffractio
preference to single-crystal x-ray diffraction, on the recog
tion that, in the absence of external stress, phase transi
related to a change of the crystal system~rhombohedral-
monoclinic in the present case!, are unavoidably associate
with multiple crystal twinning11 ~ferroelastic domains! gen-
erally causing problems in the application of single-crys
diffraction techniques to probe the structural properties
the low-temperature phases.12 On the other hand, the intro
duction of crystal twinning in the low temperature phas
does not pose intrinsic problems with regard to the anal
and interpretation of powder diffraction data.

The structural transitions are then described in terms
order parameters defined on the basis of the symmetry p
ciples of Landau theory. Then, by theoretical analysis of
crystal strain occurring at the phase transitions, we comp
the experimental temperature dependence of the lattice

FIG. 1. View along the channel axis of the cyclohexane/thiou
inclusion compound. For clarity, hydrogen atoms are not dra
and the cyclohexane guest molecule is shown in an arbit
position.
05410
re
t

-

III

r-
e/
-

-
we
in
i-
ns

l
f

s
is

f
n-
e
re
a-

rameters with the classical interpretation derived from La
dau theory.

In the second part of this paper we investigate the
namic properties of the cyclohexane guest molecules wi
the thiourea host structure and the relationship between t
dynamic properties and the symmetry properties of the th
phases of the composite crystal. Early studies9,13 of the dy-
namic properties of the guest molecules in the cyclohexa
thiourea inclusion compound focused on wide-line1H NMR
spectroscopy of cyclohexane/thiourea-d4 @i.e., C6H12/
SC(ND2)2#, and concluded that the guest molecules are m
bile in all three phases above about 100 K. Models for
motions in each phase were proposed, but the level of de
concerning dynamic models that can be established f
these experiments is considerably less than that establi
from subsequent2H NMR experiments. Meirovitchet al.14

reported2H NMR studies of cyclohexane-d12/thiourea@i.e.,
C6D12/SC(NH2)2# between 134 and 345 K. On the basis
an improved experimental approach, these early2H NMR
studies were subsequently reinvestigated.15 In these studies,
three dynamic regimes of the guest molecules were identi
between 93 and 333 K, correlating well with the three pha
discussed above. In phase III, it was shown that each cy
hexane guest molecule reorients about its threefold sym
try axis, and from2H NMR spin-lattice relaxation time data
this motion was assigned as a threefold jump proce
Changes in the dynamics of the guest molecules in phas
were ascribed to the existence of three dynamically dist
guest species~denoted A, B, and C!, with the relative popu-
lations of these species changing continuously on increa
temperature. The dynamic properties of the predominant s
cies~A! in the low-temperature region of phase II were co
cluded to be similar to those for phase III, whereas the
namics of the predominant species~C! in the high-
temperature region of phase II were concluded to be sim
to those for phase I~described below!. At intermediate tem-
peratures in phase II, the dynamics of the predominant g
species~B! were described as rapid reorientation about
threefold symmetry axis of the guest molecule, together w
rapid ‘‘wobbling within a biaxial potential of the hos
channels.’’15 In phase I, there is extensive dynamic disord
of the guest molecules, including cyclohexane ring invers
at higher temperatures in phase I. The proposal of Pou
et al.15 that in phase II there is coexistence of three differe
types of cyclohexane molecule with markedly different d
namic properties~at a given temperature! is puzzling, par-
ticularly in view of the fact that all guest molecules in th
inclusion compound have an identical~average! environment
in the crystal structure.

We have exploited the fact that thiourea inclusion co
pounds form large single crystals with well-defined morph
ogy to carry out single crystal2H NMR experiments. It is
well known that2H NMR is a very sensitive probe of reori
entational dynamics of the deuterated component of the
tem ~in this case, the cyclohexane guest molecules!, particu-
larly when measurements are made on oriented sin
crystals. In this paper, we demonstrate that simple dyna
models may be used successfully to interpret the experim
tal 2H NMR spectra for the three structural phases of
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PHASE TRANSITIONS AND MOLECULAR DYNAMICS IN . . . PHYSICAL REVIEW B64 054106
cyclohexane/thiourea inclusion compound. Furthermore,
experimental data are used to derive information on the o
parameters that drive the phase transitions.

II. EXPERIMENTAL

A. Sample preparation

Crystals of the cyclohexane/thiourea and cyclohexa
d12/thiourea inclusion compounds were obtained by slow
cooling solutions containing thiourea and cyclohexane~or
cyclohexane-d12) in methanol. The temperature was d
creased systematically from 55 °C to ambient tempera
over a period of two days for obtaining small single cryst
and over a period of one week for obtaining large sin
crystals. Needle-shaped crystals were obtained, with di
eter varying between approximately 1 and 6 mm and w
typical length around 10 mm. The crystals were stored in
crystallization solution at ambient temperature~note that
slow decomposition of the inclusion compound may oc
over prolonged periods of time under normal atmosphe
conditions! and were removed from this solution~and
washed with methanol! only immediately prior to each ex
periment. Viewed along the long axis of the needle morph
ogy ~thiourea channel axis!, the cross section of the crysta
morphology is hexagonal. Single crystal x-ray diffraction e
periments have shown that the twofold symmetry axes
phase I are perpendicular to the faces of the hexagonal c
tal morphology.

B. Differential scanning calorimetry

Differential scanning calorigrams were recorded
ground powder samples on a Perkin-Elmer DSC-7 ins
ment. The samples were subjected to a cycle of cooling
heating between 298 and 103 K at a cooling/heating rat
10 K min21.

C. Powder x-ray diffraction

A first set of powder x-ray diffraction patterns of th
cyclohexane/thiourea inclusion compound was recorded
function of temperature on a conventional laboratory diffra
tometer~Siemens D5005! using CuKa radiation and operat
ing in reflection mode. Each powder diffraction pattern w
recorded in the range 5°<2u<40° with a step size of 0.036
and a counting time of 4 s per step. The temperature w
controlled by a helium cryostat with an accuracy of appro
mately 0.1 K. Powder diffraction patterns were recorded
tween 30 and 250 K, with emphasis on temperatures in ph
II and near to each phase transition temperature. Altho
the phase transitions were clearly identified, the resolu
was not sufficient to allow a detailed interpretation of t
structural changes in the low-temperature phases in term
space group determination. For this reason, synchro
x-ray powder diffraction studies were performed on stat
2.3 at the Synchrotron Radiation Source, Daresbury Lab
tory. For these experiments, a finely ground sample
cyclohexane/thiourea was placed in a capillary sample ho
sealed with a polymer film. Powder diffraction patterns we
recorded in transmission geometry in the range 5°<2u<70°
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with a step size of 0.01° and a counting time of 4 s per step.
Powder diffraction patterns were recorded at one tempera
in each phase~295, 140, and 100 K!. The x-ray wavelength
was 1.40 Å for the experiments at 293 and 140 K, and 1
Å for the experiment at 100 K. The same powder sample w
used to record the data for phases I and II, whereas a f
sample was used to record the data for phase III. We n
that a powder diffraction pattern was recorded at room te
perature on the sample used for phase III for compari
with the sample used for phases I and II, confirming that
samples used in each case were identical.

D. 2H NMR spectroscopy

All 2H NMR experiments were carried out on a Chema
netics CMX300 Infinity spectrometer (2H operating fre-
quency 46.080 MHz!. Spectra were recorded using the sta
dard quadrupole echo pulse sequence@(p/2)f2t1
2(p/2)f6p/22t22acquire2recycle# with an eight-step
phase cycle.16 Typically 1000 transients were acquired fo
each spectrum, with separate spectra recorded for echo
lays (t1) of 30 and 150ms. The recycle delays were set to
least five times the largest value ofT1 at each temperature
The stability of the temperature controller was estimated
be better than around61 K. 2H NMR spectra on powder
samples were recorded in the temperature range 127 to
K using a static probe with 5 mm diameter coil. Single cry
tal 2H NMR experiments were carried out using a Chema
netics goniometer probe~with 5 mm diameter coil!, allowing
reorientation of the crystal about an axis perpendicular toBW 0.
The needle-shaped single crystal was mounted on the p
such that, when inserted inside the spectrometer magnet
channel axis~the long axis of the needle morphology! was
perpendicular toBW 0 and parallel to the rotation axis of th
goniometer probe.

III. SYMMETRY PROPERTIES

A. Results

1. Differential scanning calorimetry

On cooling cyclohexane/thiourea from ambient tempe
ture, differential scanning calorimetry~Fig. 2! indicates exo-

FIG. 2. Differential scanning calorigrams for the cyclohexan
thiourea inclusion compound on~a! cooling from 298 to 103 K and
~b! warming from 103 to 298 K.
6-3
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FIG. 3. Synchrotron x-ray powder diffraction
patterns recorded for the cyclohexane/thiourea
clusion compound in phase I at 293 K, in phase
at 140 K, and in phase III at 100 K. The peak
marked with asterisks are due to pure thiour
and those marked with circled asterisks are due
pure cyclohexane. The calculated reflection po
tions for the inclusion compound are marked u
der each diffraction pattern.
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therms ~peak-maximum temperatures! at 148 and 127 K.
These temperatures identify the three phases, in agree
with previous literature,18 denoted phase I~aboveTc15148
K!, phase II~betweenTc1 and Tc25127 K!, and phase III
~below Tc2). On subsequently warming the same sample
cyclohexane/thiourea, endotherms are observed~Fig. 2! at
130 and 149 K. Clearly, there is thermal hysteresis in
transition occurring atTc2, corroborated by the observatio
of the coexistence of phases II and III by2H NMR over a
temperature range of approximately 3–4 K aroundTc2 ~see
Sec. IV!. In addition, we note that for cyclohexane
d12/thiourea and cyclohexane/thiourea-d4, the transition from
phase II to phase III is observed at values ofTc2 that are 3 K
higher than that observed for a sample of the cyclohexa
thiourea inclusion compound with natural isotopic abu
dances.

2. Powder x-ray diffraction

The experimental synchrotron x-ray powder diffracti
patterns are shown in Fig. 3 in the region 0.1 Å21<1/dhkl
<0.4 Å21. Small amounts of pure thiourea and pure cyc
05410
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hexane may be produced during the grinding of the sam
and under exposure to x-ray radiation.19 Thus low intensity
peaks assigned to pure thiourea~indicated by stars on Fig. 3!
can be indexed on the basis of the orthorhombic lattice
pure thiourea20,21with space groupPnmaat 293 K and space
group P21ma at 140 and 100 K. Other very low intensit
peaks assigned to pure cyclohexane~indicated by circled as-
terisks on Fig. 3! have been indexed on the basis of theC2/c
space group22 at 140 K. No reflections due to pure cyclohe
ane were observed at 100 K~a fresh sample was used at th
temperature!. The powder diffraction pattern of the
cyclohexane/thiourea inclusion compound recorded at 29
can be indexed by a lattice with rhombohedral metric sy
metry, with a510.0405(3) Å andb5104.095~1!°. System-
atic absences are consistent with space groupR3̄c, as deter-
mined previously from single crystal x-ray diffraction data10

On passing below the phase transition temperatureTc1,
splitting of the peaks assigned to the cyclohexane/thiou
inclusion compound is observed together with the appe
ance of some new peaks~Fig. 3!. For example, the peak
indexed as (11̄0), ~200!, and (21̄1̄) in phase I each split into
two peaks in phase II~see Fig. 3 middle!. The powder dif-
6-4



t-
K:

k

th
tio
ig

io
.
a

am
es
-

ith

a

s
L

o-

to

of a

K of

e
,

om-

ost

in

I.

ing
-
m-

tly,
be

ex-
in
the

he-
l
e
no-

n be
t to

to
era-
x-
nsi-

and

rmal
r
sly

and
try

ice

e

en

PHASE TRANSITIONS AND MOLECULAR DYNAMICS IN . . . PHYSICAL REVIEW B64 054106
fraction pattern is indexed by a lattice with monoclinic me
ric symmetry with the following lattice parameters at 140
a59.9876(2) Å,b515.5509(3) Å,c512.4295(3) Å, and
b5114.640~1!°. All peaks except those marked by asteris
~pure thiourea! or circled asterisks in Fig. 3~middle! are
indexed on the basis of this lattice. Furthermore, from
systematic absences of reflections in the powder diffrac
pattern recorded at 140 K, phase II is assigned unamb
ously to space groupP121 /a1.

In phase III, the number of reflections due to the inclus
compound is the same as for phase II, as shown in Fig
~bottom!. It is clear that the phase transition occurring
Tc2 is associated with an abrupt change of the lattice par
eters, but with no other changes evident between phas
and III. At 100 K, the powder diffraction pattern of the in
clusion compound is indexed by a monoclinic lattice, w
lattice parametersa510.2111(6) Å,b514.9745(3) Å,c
512.4059(2) Å, andb5115.1722~9!°. As in phase II, the
conditions for systematic absences indicate that the sp
group isP121 /a1.

In order to follow the lattice distortion in the three phase
we require to adopt a common set of lattice parameters.
tW1 , tW2, and tW3 be the basic vectors of the primitive rhomb
hedral lattice in phase I. Then, the basic vectorsaW m , bW m , and
cWm of the monoclinic lattice~phases II and III! are given by9

aW m5 tW1 ,

bW m52 tW21 tW3 ,

cWm52 tW12 tW22 tW3 , ~1!

wherecWm is parallel to the~threefold! channel axis andbW m is
perpendicular to this axis~Fig. 4!. Using the powder x-ray
diffraction patterns recorded on the laboratory diffrac

FIG. 4. Schematic representation of the monoclinic latt

(aW m ,bW m ,cWm) with respect to the primitive rhombohedral lattic

( tW1 , tW2 , tW3) of phase I used to describe the temperature depend
of the lattice parameters in all three phases.
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meter, we have indexed the three phases on the basis
monoclinic unit cell, using Eq.~1! for phase I, and Fig. 5
shows the temperature dependence between 30 and 300
the parametersam , bm , cm and the monoclinic anglebm . As
shown in Fig. 5,cm remains essentially constant in all thre
phases. In phase I,am andbm decrease slightly on cooling
whereasbm increases. Howeveram , bm , cm , and bm are
not independent lattice parameters in the undistorted rh
bohedral phase I, as

cosS bm2
p

2 D5
bm

A3am

,

sinS bm2
p

2 D5
cm

3am
. ~2!

It turns out that the temperature dependence ofam , bm , and
bm in phase I is related to the thermal contraction of the h
structure in the plane perpendicular tocWm . On lowering the
temperature belowTc1, there is clearly a marked change
the temperature dependences ofam , bm , andbm , whereas
cm still follows the same type of behavior as in phase
Thus, on passing belowTc1, the monoclinic unit cell begins
to distort from the parent rhombohedral cell and on lower
the temperature down toTc2, this distortion evolves continu
ously. At Tc2, there are abrupt changes in the lattice para
etersam , bm , andbm , but not incm . On cooling belowTc2
~phase III!, the lattice parameters do not change significan
and the small changes observed within phase III may
attributed to the effects of thermal contraction. Indeed,
trapolations of the variations of the lattice parameters
phase I, due to the thermal contraction, have essentially
same slopes as those observed in phase III~Fig. 5!.

In summary, the high-temperature phase I is rhombo
dral with space groupR3̄c and the primitive rhombohedra
unit cell containsZ52 formula units, i.e., two cyclohexan
molecules and six thiourea molecules. Phase II is mo
clinic, with space groupP121 /a1 (Z54). We note that this
is a favorable case in which space group assignment ca
made uniquely from systematic absences. It is importan
note that space groupP121 /a1 is a subgroup ofR3̄c.23 The
thermal evolution of the lattice parameters from phase I
phase II is continuous in character at the transition temp
ture Tc1, so that the transition from phase I to phase II e
hibits all the characteristics of a second order phase tra
tion. On passing belowTc2, another monoclinic phase~phase
III ! is produced, with the same space group as phase II,
again Z54 ~isostructural phase transition!. The abrupt
changes in the lattice parameters and the strong the
anomaly occurring atTc2 are characteristic of a first orde
phase transition. Finally, we emphasize that from previou
published single crystal x-ray diffraction experiments,9 it was
concluded that the phase transition between phases II
III does not involve any change in the crystal symme

ce
6-5
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FIG. 5. Temperature dependence of the p
rametersam , bm , cm , andbm of the monoclinic
unit cell in the cyclohexane/thiourea inclusio
compound. The vertical lines represent the pha
transition temperatures. In phase I, the rhomb
hedral structure is referred to a monoclinic un
cell using Eq.~1!. Note that the slope describin
the temperature dependence of each lattice
rameter in phase I is extrapolated to phase III
order to compare the thermal expansion in the
two phases. The estimated error bars lie with
the size of the symbols.
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and that in both monoclinic phases there is no glide pl

alongcWm, in agreement with the conclusions reached in
present work.

B. Discussion

From the knowledge of space groups and lattice par
eters of all structural phases of the cyclohexane/thiourea
clusion compound, together with the fact that the I
II and
the II
III transitions have been established to be of seco
order and first order, respectively, it is of importance to d
scribe the phase transitions in terms of order parame
defined on the basis of the symmetry principles of Land
theory.
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1. Group theory

From Eq.~1! we determine that the transition from phas
I to II is driven by a lattice instability occurring at poin

F(0 1
2

1
2 ) of the rhombohedral Brillouin zone, i.e., at the zo

boundary point in phase I, which is replaced at the zo
center in phase II. We note that the monoclinic unit c
defined in Eq.~1! is not the only possible cell belonging t
the P121 /a1 setting that may be derived from the rhomb
hedral phase. Indeed, two other equivalent cells dedu
from Eq. ~1! by rotations of62p/3 around the threefold
rhombohedral axis can be found, with the following bas
vectors:
6-6
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aW m8 5 tW2 ,

bW m8 52 tW11 tW3 ,

cWm8 52 tW12 tW22 tW3 , ~3!

aW m9 5 tW3 ,

bW m9 52 tW11 tW2 ,

cWm
952 tW12 tW22 tW3 .

~4!

In these cases, pointsF8( 1
2 0 1

2 ) and F9( 1
2

1
2 0! become

zone center points of the monoclinic lattices Eqs.~3! and~4!,
respectively. The three sets of basic vectors defined in E
~1!, ~3!, and~4! correspond to the three energetically equiv
lent ferroelastic domains that exist in the low-temperat
phases II and III, as shown by single-crystal2H NMR ex-
periments~see Sec. IV below!.

The wave-vector group at pointF is C2h so that there are
three arms in the star of this wave vector, namely, po
F, F8, andF9. It follows that all space group representatio
at point F, denoted asF1

1 , F2
1 , F1

2 , and F2
2 are three

dimensional.23,24 From classical group theoretical conside
ations, we determine thatF1

1 induces theP12/c1 space
group, F2

1 inducesP121 /a1, F1
2 inducesP12/a1 andF2

2

inducesP121 /c1 with lattice parameters as defined in E
~1!. So, the transition I
II is unambiguously induced by a
three-dimensional order parameter belonging to theF2

1 irre-
ducible representation.23 Let us callz1 , z2, andz3 the three
components of this order parameter that are associated
points F, F8, and F9, respectively. Hence, we assign th
ferroelastic states described in Eqs.~1!, ~3!, and ~4! for the
monoclinic phases to the three equivalent solutionsz iÞ 0,
z iÞ j50, with i , j 51, 2, and 3.

The F2
1 representation fulfills both Landau and Lifshi

criteria23,25 allowing a second-order transition to take pla
between the commensurate phases I and II. In contrast
isostructural transition between phases II and III, induced
the identity representation of phase II, is necessarily of fi
order. These conclusions are in full agreement with all
perimental data.

In phase I, the six thiourea molecules occupying sites w
C2 symmetry constitute one family, and the two cyclohexa
molecules occupying sites withD3 symmetry also constitute
one family.10 Following the group to subgroup relation e
isting between phase I and phases II and III, it is easy
deduce that in both phases II and III, thiourea molecules
in general positions~sitesC1) and thus constitute three dis
tinct families and that cyclohexane molecules, which a
occupyC1 sites, constitute one family.

2. Landau theory and lattice distortion

The image of the order parameter belonging to theF2
1

representation isO, so that the Landau free-energy expans
is written as23,25
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DF~z!5
1

2
A~T!~z1

21z2
21z3

2!1
1

4
B~z1

21z2
21z3

2!2

1
1

4
C~z1

41z2
41z3

4!1•••, ~5!

where the coefficientA(T)5a(T2Tc1) with a.0 changes
sign at the transition temperatureTc1. When truncated to the
fourth order, DF(z) admits only two low-temperature
phases (T,Tc1) associated with the equilibrium values

phase II: z5z1Þ0, z25z350

~space groupP121 /a1, Z54), ~6!

phase II8: z15z25z35
1

A3
zÞ0

~space groupR3̄, Z58!. ~7!

The monoclinic phase of interest in this study is stable
values of the coefficientsB and C such asB.0 andB1C
.0, whereas the possible rhombohedral low tempera
phaseR3̄ would be stable for 3B1C.0 andC.0. The first
order transition line between phases II and II8 corresponds to
C50.

The elastic energy11 is

DF~e!5
1

2 (
i , j 51

6

ci j
0 eiej , ~8!

where theci j
0 are the ‘‘bare’’ elastic constants and theei are

the strain tensor components~Voigt notation!. Usually, in
rhombohedral crystals with class 3m̄, theC2 symmetry axis
is set parallel to thex direction.26 In the following discussion,
we take this symmetry axis parallel to they direction (bW m),
in order to keep the same setting in both phases I (R3̄c) and
II @P121 /a1, see Eq.~1!#. Under these conditions, the inde
pendent nonzero values ofci j

0 entering into Eq.~8! are of the
form

1
c11

0 c12
0 c13

0 0 c15
0 0

c12
0 c11

0 c13
0 0 2c15

0 0

c13
0 c13

0 c33
0 0 0 0

0 0 0 c44
0 0 2c15

0

c15
0 2c15

0 0 0 c44
0 0

0 0 0 2c15
0 0

1

2
~c11

0 2c12
0 !

2 .

The decomposition of the symmetrized square of the
der parameter representationF2

1 into irreducible space-group
representations gives

@F2
1#25A1g% Eg% F1

1 ~9!
6-7
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and the direct productEg^ Eg gives A1g% A2g% Eg . It
follows that quadratic-linear coupling terms betwe
order parameter components and strain components
A1g @(e11e2), e3# and Eg @(e12e2), e4 , e5 , e6# symme-
try can be included as invariants in the free-energy expan

DF~z,e!5D$~2z1
22z2

22z3
2!@~e12e2!1e5#

2A3~z2
22z3

2!~e41e6!%1E~z1
21z2

21z3
2!

3~e11e2!1F~z1
21z2

21z3
2!e3 . ~10!

Thus, the thermodynamic potential used to describe the t
sition from phase I to phase II in the cyclohexane/thiou
inclusion compound is

DF5DF~z!1DF~e!1DF~z,e!. ~11!

The minimization equations]DF/]ei50, together with
Eq. ~6!, give expressions for the variation of strain comp
nents as a function of the order parameter in the monocl
phase II:

e11e25
2Fc13

0 22Ec33
0

~c11
0 1c12

0 !c33
0 22~c13

0 !2
z2,

e35
2Ec13

0 2F~c11
0 1c12

0 !

~c11
0 1c12

0 !c33
0 22~c13

0 !2
z2,

e12e25
2D~2c15

0 2c44
0 !

~c11
0 2c12

0 !c44
0 22~c15

0 !2
z2,

e55
2D@c15

0 2~c11
0 2c12

0 !#

~c11
0 2c12

0 !c44
0 22~c15

0 !2
z2,

e45e650. ~12!

Here we find a classical result for an improper ferroelas
transition,11,25 showing that both volume strain componen
e1 , e2, ande3 and spontaneous strain (e1-e2) ande5 vary as
the square of the order parameterz. In other words, (e1-e2)
ande5 are secondary order parameters. Putting Eq.~12! back
into Eq. ~11! provides the ‘‘effective’’ potential for phase II

DF̃5
1

2
a~T2Tc1!z21

1

4
~B1C1G!z41•••, ~13!

where G is a constant that depends on the values of
Landau expansion coefficientsD,E,F and on the ‘‘bare’’
elastic constants. Then, the equilibrium value of the or
parameter is

z25
a~Tc12T!

B1C1G
~14!

so that a linear temperature dependence is expected fo
strain tensor components given in Eq.~12!. The stability con-
dition is nowB85B1C1G.0.

In order to account for the isostructural phase transit
that occurs atTc2, we may introduce in Eq.~5! the sixth
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and eighth order invariants. Since Eq.~12! is still valid, the
‘‘effective’’ potential in the monoclinic subspace (z5z1

Þ0, z25z350) becomes

DF̃5
1

2
a~T2Tc1!z21

1

4
B8z41

1

6
Gz61

1

8
Hz8. ~15!

The possible phase diagrams related to such a pote
have already been studied in detail.25,27–29 It turns out that
for appropriate values of the coefficientsB8.0, G,0, and

H.0, the potentialDF̃ is able to reproduce the observe
phase transition sequence I (R3̄c)
II ( P121 /a1)
III
(P121 /a1), where the transition atTc1 from phase I to phase
II is of second order and the transition atTc2,Tc1 from
phase II to phase III is of first order. According to thez8

model @Eq. ~15!#, the simple linear temperature dependen
of z2 @Eq. ~14!# is no longer expected. Instead, in phase
close toTc1, a variation such asz}(Tc12T)b with b,1/2
should be observed, because of the nearness of a cr
point in the corresponding phase diagram.25,28,29 Then, a
jump in the equilibrium value ofz occurs atTc2 andz con-
tinues to increase in phase III as temperature
decreased.28,29

Obviously, Eq.~2! does not apply in the monoclinic dis
torted phases, so that deviations from Eq.~2! are a measure
of the spontaneous strains. Hence, the shear distort
exx2eyy5e12e2 and 2exz5e5 are given by

e12e2512
bm

A3am cos~bm2p/2!
,

e5512
cm

3am sin~bm2p/2!
. ~16!

FIG. 6. Temperature dependence of the spontaneous strain
ponentse12e2 ~open circles! and e5 ~filled diamonds! which de-
scribe the distortion of the unit cell in the cyclohexane/thiour
inclusion compound. The vertical lines represent the phase tra
tion temperatures between phases I, II, and III. The estimated e
bars lie within the size of the symbols.
6-8
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FIG. 7. ~a! The chair conformation of cyclo-
hexane,~b! representation of the crystal fram
(Oabc) and molecular frame (Oxmymzm) within
the thiourea inclusion compound, and~c! repre-
sentation of the geometry of the single crystal2H
NMR experiment within the laboratory axis sys

tem (OXYZ) ~where the magnetic fieldBW 0 lies
along theZ axis by convention!. In ~c!, the refer-

ence axisbW is perpendicular to a face of th
single crystal morphology.
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The observed temperature dependences of (e12e2) and
e5 through the sequence of phases of the cyclohexa
thiourea inclusion compound are reported in Fig. 6. B
strain components increase smoothly on crossingTc1, as ex-
pected for a second order phase transition. Furthermore
the limit of experimental accuracy, (e12e2) ande5 exhibit
the linear temperature dependence of Eq.~14! derived from
the z4 model @Eq. ~13!#. Thus, there is no need to introduc
thez6 andz8 terms in the Landau free energy expansion.
Tc2, abrupt jumps occur in (e12e2) ande5, associated with
a much stronger lattice distortion. Indeed, atTc2 , (e12e2)
and e5 approach four times and ten times their respect
highest values in phase II~just aboveTc2). Then, on decreas
ing temperature within phase III, the strain components
crease only by 2% betweenTc2 and 30 K. These very sma
variations of (e12e2) ande5 in phase III, together with the
huge discontinuities observed atTc2, indicate that the pro-
duction of phase III is not governed by the order parametez
that induces the second order transition from phase I to ph
II. Rather than referring to the complexz8 model, we merely
assign the temperature dependence of spontaneous
components within phase III to the thermal contraction of
host lattice.

IV. MOLECULAR DYNAMICS

A. Theoretical background

In 2H NMR of diamagnetic organic solids the domina
nuclear spin interaction is usually the interaction of the el
tric quadrupole moment of the2H nucleus with the electric
field gradient at the position of the nucleus. This interact
~the quadrupolar interaction! can be characterized by th
quadrupole coupling tensorQ. In its principal axis system
the principal components of this traceless tensor are ta
such thatuQzzu>uQyyu>uQxxu. The quadrupole interaction i
usually defined in terms of two parameters: the quadrup
coupling constantx5Qzz and the asymmetry parameterh
5(uQyyu2uQxxu)/uQzzu. In the case of a CD2 group, it is
usually a valid approximation to assume that thez axis of the
QP tensor ~where the superscriptP refers to the principal
axis system! is collinear with the C–D bond and thatQP has
axial symmetry~thush50).

In the analysis of2H NMR line shapes, three distinc
dynamic regimes can be identified. When the rate (k) of
motion is in the slow motion regime,k<103 s21, the 2H
NMR spectrum is insensitive to the occurrence of the m
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tion. In the intermediate motion regime, 103<k<107 s21,
the 2H NMR spectrum depends critically on the mechanis
and rate of the molecular motion. In the fast motion regim
k>107 s21, the actual rate of motion cannot be establish
from analysis of the2H NMR spectrum, although informa
tion on the geometry and mechanism of the motion can
be obtained.

We note that the comparison of spectra recorded w
different echo delayst1 provides information concerning th
time scale of the dynamic process. Indeed, in a quadrup
echo experiment, if the motion is in the intermediate regim
the line shape can depend significantly ont1.17 Thus, if the
experimental spectrum is found to be independent oft1, it
suggests that the dynamic processes are either in the
motion regime or the slow motion regime.

We now define the molecular axis system (Oxmymzm)
shown in Fig. 7~a!, where thezm axis is collinear with theC3

symmetry axis~denoted hereafterC3
m) of the cyclohexane

molecule@Fig. 7~a!#, the crystal axis system (Oabc), where
the c axis is collinear with the channel axis@Fig. 7~b!#, and
the laboratory axis system (OXYZ), where theZ axis is the
direction of the applied magnetic fieldBW 0 @Fig. 7~c!#. In the
fast motion regime, the averaged components of the qua
pole coupling tensor in the crystal axis system~labeledC)
can be obtained by taking a weighted average over all or
tationsi 51, . . . ,N of the tensor~i.e., all orientations of the
C–D bond! sampled during the motion30,31

Q̄C5(
i 51

N

piQ̄i
C , ~17!

wherepi denotes the probability of orientationi given by the
polar angles (uC

i ,wC
i ). For a given orientation ofQ̄C @Eq.

~17!# in the laboratory axis system, the2H NMR spectrum
comprises two lines separated by frequencyDn:

Dn5
3

2
x̄FP2~cosu!1

h̄

2
sin2u cos 2fG , ~18!

where ~u,f! are the polar angles for the orientation
the crystal in the laboratory frame,P2(cosu) is the second
Legendre polynomial (3 cos2u21)/2, Q̄xx , Q̄yy , andQ̄zz are
the components ofQ̄C in the motionally averaged principa
axis system,x̄5Q̄zz is the motionally averaged quadrupo
coupling constant andh̄5(uQ̄yyu2uQ̄xxu)/uQ̄zzu is the mo-
tionally averaged asymmetry parameter.
6-9
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B. Microscopic model of the dynamics of the guest molecules

Our aim is now to elaborate a multidimensional pse
dospin model32–34 of the dynamic properties of the gue
molecules in the cyclohexane/thiourea inclusion compo
on the basis of the symmetry rules imposed by the cry
structure. At first, we note that a detailed low frequency R
man scattering study has been carried out recently o
single crystal of cyclohexane/thiourea, through the seque
of phases.35 No soft mode could be observed, thus showi
that there is no detectable displacive contribution in
mechanisms of the phase transitions. Thus, it can be st
safely that the transition from phase I to phase II is ess
tially of order-disorder type. We now describe the mod
that will be used to describe the dynamics of the guest m
ecules in the three structural phases of the inclusion c
pound. These models will be applied to our2H NMR results
in order to understand the evolution of the dynamic behav
as a function of temperature.

As discussed below, the dynamics of the guest molec
in cyclohexane/thiourea can be described in terms of th
dynamic processes:14,15,35–37~1! ring inversion, which does
not occur on the2H NMR time scale below about 220 K,~2!
reorientation of the cyclohexane molecule about itsC3

m axis
~effective in all phases I, II, and III!, and~3! reorientation of
the C3

m axis with respect to the host channel~effective in
phases I and II!. Throughout the temperature range~127–297
K! covered in the present study, processes~2! and~3! are in
the fast motion regime (k>107 s21). In addition, in the cy-
clohexane molecule, two types of deuterons must be dis
guished, i.e., axial deuterons with polar angleum

a 52.6° in
the molecular axis system@Fig. 7~a!# and equatorial deuter
ons with um

e 5109.7°.38,39 Assuming anN-site 2p/N jump
model with N>3 for fast reorientation of the cyclohexan
molecule about itsC3

m axis, the motionally averaged quadr

pole coupling tensor is axially symmetric~i.e., h̄50) and the
motionally averaged quadrupole coupling constant~denoted
hereafterx̄C

3
m

j
) for this motion is

x̄C
3
m

j
5xuP2~cosum

j !u, ~19!

where we use the notationj 5a for axial deuterons andj
5e for equatorial deuterons. Thus, for this motion, the2H
NMR spectrum will comprise two pairs of resonance line
one pair of lines separated by frequencyDna for axial deu-
terons and the other pair of lines separated by frequencyDne

for equatorial deuterons. The ratio of the quadrupole sp
tings for the axial deuterons (Dna) and equatorial deuteron
(Dne) is

Dna

Dne
'3. ~20!

If, in addition to the rapid reorientation about theC3
m axis of

the cyclohexane molecule, there is anisotropic motion of
05410
-

d
al
-
a

ce

e
ed
n-
s
l-
-

r

es
e

n-

,

t-

e

C3
m axis itself, the values of the splittingsDna andDne will

be modified but the ratioDna/Dne will remain constant.
According to x-ray diffraction data,10 the guest molecules

at room temperature are in instantaneous general posit
and the site symmetry isD3. Considering the symmetry op
erations of theD3 point group, the reorientational dynamic
of theC3

m axis of each cyclohexane molecule in the inclusi
compound may be described by means of the following ju
model. We define the orientation of the guest molecule in
unit cell by a unit vectoruW collinear with theC3

m axis, with
orientation defined by the angles (uc ,wc) with respect to the
crystal frame. TheC3

m axis jumps rapidly between six orien
tations (i 51, . . . ,6) generated by the six symmetry oper
tions of theD3 point group~see Fig. 8!. The orientationsi
have occupation probabilitiespi5

1
6 , and polar angles

uc
i 5l, wc

i 5wc
01

2p~ i 21!

3
for i 51,2,3,

uc
i 5p2l, wc

i 5p2wc
01

2p~ i 24!

3
for i 54,5,6,

where l is the ‘‘tilt’’ angle between theC3
m axis and the

channel axiscW . Taking into account the fast reorientation
the cyclohexane molecule about itsC3

m axis @Eq. ~19!#, the
motionally averaged quadrupole coupling constant in E
~18! becomes

FIG. 8. Representation of the six orientations of the molecu
C3

m axis with respect to the crystal frame (Oabc). The orientations
labeled 1, 2, and 3 are denoted the ‘‘up’’ sites, and the orientati
labeled 4, 5, and 6 are denoted the ‘‘down’’ sites. The orientat
labeled 1 is described by the polar angles (l,wc°). The orientations
labeled 2 to 6 are deduced by the symmetry operations of theD3

point group.
6-10
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x̄ j5x̄C
3
m

j uP2~cosl!u ~21!

and the motionally averaged asymmetry parameter ish̄50.
From analysis of molecular dynamics simulations
cyclohexane/thiourea carried out at 273 K in phase I36 it was
found thatl'60° andwc

0'60°.
As the transition between phases I and II is of seco

order, the six orientations of the molecularC3
m axis discussed

for phase I are maintained in phase II. Several dynamic m
els could be proposed in which the angles between s
and/or the occupation probabilities are allowed to devi
from those observed in phase I. However, as phase I
characterized by a weak distortion from the structure
phase I, with the angles of the thiourea channels varying o
weakly from the hexagonal values, it is reasonable to ass
that the loss of theC3 symmetry axis on crossing the pha
transition temperature is due to a continuous change of
occupation probabilities in each orientation rather than a s
stantial change in the orientations themselves. We denote
occupation probability of the guest molecule in orientatioi
as pi , with ( i 51

6 pi51. In phase II, theC1 guest site sym-
metry imposes no constraint that the occupation probabili
ha

re

s

h
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must be equal, and the temperature dependence of the p
abilities pi can be described by means of pseudospin v
ables. By using the method of projection operators descri
in the Appendix, we define six pseudospin coordinatessi ,
associated with the six symmetry operations of theD3 point
group, as a function of the occupation probabilitiespi . These
pseudospin coordinates represent the order parameter
ponents of the system, andsi can be associated with a com
ponent of the motion of the guest molecules. Indeed, the z
value of the first coordinates1 does not induce a symmetr
breaking at the transition between phases I and II, so that
pseudospin coordinate can be assigned to the rotation o
cyclohexane molecule about itsC3

m axis. The coordinates2

describes the ‘‘up-down exchange’’ between opposite ori
tations labeled as 1, 2, 3~for ‘‘up’’ orientations! and 4, 5, 6
~for ‘‘down’’ orientations! in Fig. 8. Finally, the degenerat
coordinates (s3 ,s4) and (s5 ,s6) are linked to reorientations
of the C3

m axis about the channel axis. By expressing t
occupation probabilities as a function of the pseudospin
ordinates ~see the Appendix! and using Eq. ~17!, the

weighted averaged quadrupole coupling tensorQ̄II
C is
Q̄II
C52

xP2~cosum
j !

2 S P2~cosl!2
9

4
sin2l~r11r2!

3A3

4
sin2l~3r22r1!

9

4
sin 2l~3r22r1!

3A3

4
sin2l~3r22r1! P2~cosl!2

9

4
sin2l~r11r2!

3A3

4
sin2l~3r22r1!

9

4
sin 2l~3r22r1!

3A3

4
sin2l~3r22r1! 22P2~cosl!

D , ~22!
el

-

we

the
tal
fer-
-
ri-
the

d

tal
where r1 and r2 are linear combinations ofsj
( j 53, . . . ,6):

r15
1

2
~A3s52s4!5

1

2
~p12p32p41p5!,

r25
1

2
~A3s32s6!5

1

6
~123p223p6!. ~23!

The dynamics of the guest molecules are therefore c
acterized by the tilt anglel and the two parametersr1 and
r2. It appears from Eqs.~22! and ~23! that no information
can be obtained on the pseudospin coordinates2 ~i.e., the
‘‘up-down’’ exchange motion is not probed by the2H NMR
technique!.

Finally, if we refer to literature results,15 the reorienta-
tions of theC3

m axis with respect to the host structure a
frozen in phase III~on the 2H NMR time scale!, so that the
motion in this phase can be described simply by mean
Eq. ~18! with x̄ j5x̄C

3
m

j
and h̄50 ~i.e., the only motion ef-

fective on the2H NMR time scale is reorientation of eac
cyclohexane guest molecule about itsC3

m axis!.
r-

of

C. Results

We recall@Eq. ~1!# that thecWm axis is collinear with the
channel axis andbW m is collinear with the twofold symmetry
axis of phase I~and therefore perpendicular to the chann
axis!. We now define a reference axisbW perpendicular to a
crystal face. In phases II and III,bW corresponds to the mono
clinic axisbW m andaW @see Fig. 7~c!# is the projection ofaW m on
the plane perpendicular to the channel axis. Hereafter,
definewg as the angle between the reference axisbW and the
applied magnetic fieldBW 0. In these single crystal2H NMR
experiments, different crystals were used for some of
temperatures studied and the initial position of the crys
was set as close as practicably possible to be with the re
ence axisbW parallel toBW 0 ~i.e., with a crystal face perpen
dicular toBW 0). Spectra were recorded as a function of reo
entation of the single crystal about the channel axis, from
initial wg angle~denotedwg

+ ) to wg
+ 1180° in angular incre-

mentsDwg .
In phase I, single crystal2H NMR spectra were recorde

at 163 K as a function of crystal orientation~in steps of
Dwg520°), and as a function of temperature with the crys
6-11
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orientation fixed atwg
+ . In phase II, single crystal2H NMR

spectra were recorded at 145, 139, and 131 K. In phase
single crystal2H NMR spectra were recorded at 123 and 1
K. At 118 K, spectra were recorded betweenwg

+ and wg
+

1180° in steps ofDwg53°. At 145, 139, 131, and 123 K
spectra were recorded betweenwg

+ and wg
+ 170° in steps

of Dwg51° and betweenwg
+ 170° andwg

+ 1180° in steps
of Dwg510°.

Figure 9 shows the evolution of the2H NMR spectrum
for a powder sample of cyclohexane-d12/thiourea as a func-
tion of temperature for two different values of the echo de
t1. Between 297 and 217 K, the line shapes are different
the different values oft1, and may be attributed to the oc
currence of chair-chair ring inversion of the cyclohexane-d12
molecules in the intermediate motion regime15 ~in addition,
other reorientational processes occur on a shorter time s
as discussed below!. Below 217 K, the chair-chair ring in
version is not effective on the2H NMR time scale and the
2H NMR line shapes are identical for the two values of ec
delay. Thus, all other reorientational processes of the cy
hexane guest molecules occur in the fast motion regime
may be characterized in terms of the motionally avera
quadrupole coupling constantx̄ and the motionally average
asymmetry parameterh̄. Powder 2H NMR spectra were
simulated using the programTURBOPOWDER ~Ref. 30! and
fitted to the experimental spectra to determine the value
x̄ and h̄.

Following previous work,14 the static quadrupole couplin
constantx for the deuterons in cyclohexane isx5165 kHz.
Thus, from Eq.~19!, we obtain x̄C

3
m

a
5164 kHz andx̄C

3
m

e

554 kHz. In order to follow the temperature dependence
x̄a and x̄e, we define the ratioR̄:

FIG. 9. Experimental2H NMR spectra recorded for a powde
sample of cyclohexane-d12/thiourea with echo delays of~a! 30 ms
and ~b! 150 ms. The temperature at which each spectrum was
corded is indicated on the left side.
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R̄5
x̄a

x̄C
3
m

a 5
x̄e

x̄C
3
m

e . ~24!

In Fig. 10, we report the evolution ofR̄ and h̄ as a function
of temperature in the three structural phases of the inclus
compound.

1. Phase I

As shown in Fig. 10, the motionally averaged quadrup
coupling tensor in phase I is axially symmetric (h̄50).
Single crystal 2H NMR spectra recorded for phase I~be-
tween 220 and 150 K! comprise two pairs of peaks~i.e., two
quadrupole doublets!, with one pair of peaks assigned to th
axial deuterons and the other pair of peaks assigned to
equatorial deuterons@Fig. 11~a!#. In each case, the quadru
pole splittingDn is independent of the crystal rotation ang
wg , showing that the motionally averaged quadrupole c
pling tensors for the axial and equatorial deuterons h
axial symmetry, with the principal axes of these tens
aligned along thewg rotation axis~channel axis!. From the
powder 2H NMR spectra recorded in phase I, the motiona
averaged quadrupole splittings corresponding to the m
netic fieldBW 0 perpendicular (Dn') and parallel (Dn i) to the
principal axis of each motionally averaged quadrupole c
pling tensor have been measured@see Fig. 11~b!#, and these
values compare very well with the motionally averag
quadrupole splittings observed from the single crystal2H
NMR data ~Fig. 12!. Following the jump model describe
above and according to Eq.~21!, the ratioR̄ given in Eq.~24!
is theoretically expressed asuP2(cosl)u. From the experi-
mental values ofR̄ shown in Fig. 10, we can follow the
evolution of the tilt anglel as a function of temperature i
phase I~Fig. 13!. Because of the absolute value of the seco
Legendre polynomial, there are two equivalent mathemat
solutions for the tilt anglel, as shown in Fig. 13. Howeve
MD simulations36 have shown that the tilt angle is approx
mately 60° at 273 K, in very good agreement with one se

-

FIG. 10. Variation of the motionally averaged quadrupole co

pling constant ratioR̄5x̄ j /x̄C
3
m

j
~filled circles! and the motionally

averaged asymmetry parameterh̄ ~open circles! of cyclohexane-
d12/thiourea in phases I, II, and III, measured from the powder2H
NMR spectra.
6-12
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PHASE TRANSITIONS AND MOLECULAR DYNAMICS IN . . . PHYSICAL REVIEW B64 054106
solutions found from our analysis of the2H NMR data~solid
line in Fig. 13!. Thus, we conclude in favor of the set o
solutions for which the tilt angle in phase I is around 60°

2. Phase II

Between 147 and 129 K, ‘‘shoulders’’ are present on
powder 2H NMR spectra~Fig. 9! indicating that the motion-
ally averaged quadrupole coupling tensor is no longer axi

FIG. 11. ~a! Experimental single crystal2H NMR spectrum re-

corded with the magnetic fieldBW 0 perpendicular to the channel axi
and~b! the corresponding powder2H NMR spectrum. Both spectra
were recorded for phase I of cyclohexane-d12/thiourea at 167 K
with echo delay 30ms. The quadrupole splittings corresponding

the orientations with the magnetic fieldBW 0 parallel (Dn i) and per-
pendicular (Dn') to thez axis of the motionally averaged quadru
pole interaction tensor are indicated.

FIG. 12. Plot of the motionally averaged quadrupole splitti
Dn for axial ~squares! and equatorial ~circles! deuterons of
cyclohexane-d12 in phase I of cyclohexane-d12/thiourea as a func-
tion of temperature. Filled symbols are for the single crystal2H

NMR experiment with magnetic fieldBW 0 perpendicular to the chan
nel axis. Values ofDn extracted from powder2H NMR spectra are

indicated by open symbols for the component perpendicular toBW 0

and by open symbols with a dot for the component parallel toBW 0.
05410
e

ly

symmetric~i.e., h̄Þ0 in phase II, as shown in Fig. 10!. Fig-
ure 14 shows a stack plot of single crystal2H NMR spectra
recorded as a function of the crystal rotation anglewg for
two temperatures in phase II. The evolution of the spectra
a function of rotation anglewg can be interpreted in terms o
12 pairs of peaks~quadrupole doublets!, of which 6 are as-
signed to axial deuterons and 6 are assigned to equat
deuterons. This assignment is facilitated by recalling that,
a given orientation of the cyclohexane molecule, the ratio

FIG. 13. Variation of the tilt anglel in phases I, II, and III
~separated by the vertical lines! of cyclohexane-d12/thiourea.
Circles refer to powder2H NMR experiments and squares refer
single crystal 2H NMR experiments. The error bars in phase
represent the tilt angle solutions that correspond to the experime

values ofR̄ and h̄ within an accuracy of 0.1%.

FIG. 14. Experimental single crystal2H NMR spectra recorded
~with echo delay 30ms! for cyclohexane-d12/thiourea in phase II at
~a! 131 K and~b! 145 K as a function of rotation (wg) about the
channel axis, with the channel axis perpendicular to the magn

field BW 0. The plot represents a total variation of 64° in the crys
orientation.
6-13
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the quadrupole splittings for the axial and equatorial deu
ons is a constant, i.e.,Dna(wg)/Dne(wg)'3. Thus, our re-
sults suggest that there are six distinguishable orientat
of the motionally averaged quadrupole coupling tensor w
respect to the crystal frame, both for axial and equato
deuterons. Thus, averaged over the dynamic processes,
are six distinguishable orientations of cyclohexane gu
molecules.

In Fig. 15, the ratioR̄(wg),

R̄~wg!5
Dna~wg!

x̄C
3
m

a 5
Dne~wg!

x̄C
3
m

e ~25!

is plotted as a function of the crystal rotation anglewg .
Clearly all six ratiosR̄(wg) have the same dependence
wg , and the six curves in Fig. 15 may be superimposed by
appropriate shift along thewg axis. These identical depen
dences onwg confirm that only one dynamic species of c
clohexane is present in phase II, but that this specie
present in six different orientations with respect to the crys
frame. The maxima of the curves shown in Fig. 15 cor
spond to the azimuthal orientation of the principal axis of
motionally averaged quadrupole coupling tensor.

We now consider the structural origin of the six differe
orientations of the motionally averaged quadrupole coup
tensors in phase II. First, the transition between the rhom
hedral phase I and the monoclinic phase II is associated
crystal twinning to generate three orientation domains, wh
are related by a threefold axis collinear with the channel a
~see Fig. 16!. Second, phase II is monoclinic with spa
groupP121 /a1(Z54). The four guest molecules in the un
cell are located at general positions and represent the s
dynamic species. However, among the symmetry operat
i, C2, ands of the group, only pairs of molecules generat
by applying the inversion~i! are indistinguishable by2H
NMR, and the four molecules of the unit cell therefore gi
rise to two separate contributions to the spectrum. In to

FIG. 15. Plot ofR̄(wg) obtained from single crystal2H NMR
data recorded~with echo delay 30ms! at 139 K in phase II of
cyclohexane-d12/thiourea. On the top, the directions of the mon
clinic axes are indicated for different twin domains, which differ
orientation by 120° inwg .
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we thus expect six separate contributions to the spectr
arising from two orientations of the guest molecules in ea
of the three twin domains.

We now consider one guest molecule for which the p
jection of the principal axis of the motionally averaged qua
rupole interaction tensor makes an anglewp with the refer-
ence axisbW ~see Fig. 16!. Because of the three monoclini
domains, the three orientations of this molecule~symbolized
by solid lines in Fig. 16!, give rise to the three contribution
shown as solid lines in Fig. 15. The other three orientatio
of the guest molecule, obtained for example by applyingC2

rotation about the monoclinic axisbW in each domain, are
represented by dashed lines in Fig. 16, and give rise to
three contributions shown as dashed lines in Fig. 15. T
evolution of the possible solutionwp as a function of
temperature is reported in Table I, from which we note th
wp evolves continuously in phase II on lowering the tem
perature.

By numerically calculating the theoretical values ofR̄ and
h̄ defined by the eigenvalues ofQ̄II

C , we have found that

FIG. 16. View along the channel axiscWm of the three equivalent
ferroelastic domains. The dashed lines and solid lines represen
six directions of the principal axis of the motionally averaged qu

rupole interaction tensor in phase II.wp is the angle between thebW

axis and the projection of the principal axis of the motionally av
aged quadrupole coupling tensor for one guest molecule.

TABLE I. Values of wp defining the azimuthal angle of thez
axis of the motionally averaged quadrupole coupling tensor

phase II~145, 139, and 131 K! with respect to the reference axisbW .
For the temperatures indicated with asterisks, the values ofwp have
been estimated by using the mean frequencies of the compon
constituting the split lines in phase III.

T ~K! wp ~deg.!

145 15.9
139 20.8
131 24.7
123* 30
118* 30
6-14
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PHASE TRANSITIONS AND MOLECULAR DYNAMICS IN . . . PHYSICAL REVIEW B64 054106
several sets of solutionsl ~solid lines in Fig. 13!, r1 andr2

~Fig. 17! fit the experimental values ofR̄ and h̄ ~Fig. 10!
within an accuracy of 0.1%. As discussed above, the
angle is deduced to be around 60° in phase I, and we k
only those solutions that provide a continuous change ofl at
the second order transition between phases I and II.
shown in Fig. 13, the tilt anglel either remains approxi
mately constant with a value close to 60° or decrease
reach a value of about 55° at the lowest temperature
phase II. However, for each solution of the tilt angle, the
are three solutions for the parametersr1 and r2, denoted
Sol1, Sol2, and Sol3 in Fig. 17. To analyze these three s
tions, we have expressed the occupation probabilities defi
in Eq. ~A4! of the Appendix by using the parametersr1 and
r2 @Eq. ~23!#:

p11p55
1

3
1~r11r2!,

p21p65
1

3
22r2 ,

p31p45
1

3
1~r22r1!. ~26!

Considering the solution Sol1 (r1'0 andr2,0), the varia-

FIG. 17. Variation of the parametersr1 ~top! and r2 ~bottom!
defined in the pseudospin model presented in the Appendix.
three possible solutions are denoted Sol1, Sol2, and Sol3 on

graph. These solutions couple (r1 ,r2) and provide values ofR̄ and
h̄ within an error of 0.1% of the experimental values. Full lin
represent the fits ofr1(T) and r2(T) with relations~30! for Sol2
and Sol3.
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tions ofr1 andr2 as a function of temperature are such th
on decreasing temperature, the probabilities of orientation
3, 4, and 5 in Fig. 8 will decrease, whereas the probabili
of orientations 2 and/or 6 will increase@see Eq.~26!#. On the
other hand, Fig. 17 shows that for solutions Sol2 and So
the corresponding values ofr2 are identical within experi-
mental accuracy whereas those ofr1 have opposite signs
with the same absolute values. From Eq.~26!, it clearly ap-
pears that solutions Sol2 and Sol3 are equivalent.

3. Phase III

The first order phase transition between phases II and
is clearly evident around 129 K~Figs. 9 and 10!, and is
associated with freezing out the reorientation of theC3

m axis.
Thus, the only motion effective on the2H NMR time scale
in phase III is the reorientation of each guest molecule ab
its C3

m axis and thusR̄51 with h̄50. At 129 K, the powder
2H NMR spectrum in Fig. 9 clearly represents the super
sition of two powder patterns, suggesting the coexistence
two dynamically different guest species. This observat
may be explained by the coexistence of phases II and
across a temperature domain of about 4 K~the powder2H
NMR spectrum recorded at 129 K resembles a superpos
of those recorded at 131 and 127 K!, associated with the firs
order character of the transition between phases II and I

A stack plot of single crystal2H NMR spectra recorded
as a function of crystal orientation in phase III~118 K! is
shown in Fig. 18. In contrast to the spectra in phase II~Fig.
14!, the lines observed in phase III are broad, with so
structure, and may even be split into several compone
about a mean frequency. Several factors may contribut
these observations. First, we observed that on crossing
transition from phase II to phase III, the crystal develo
some microcracks, which is not unexpected for a stron
first order phase transition. Thus, the crystal in phase II
actually a mosaic of very slightly misoriented crystallite
Second, it is plausible that freezing out the reorientat

e
ch

FIG. 18. Experimental single crystal2H NMR spectra recorded
~with echo delay 30ms! for cyclohexane-d12/thiourea in phase III
at 118 K as a function of rotation (wg) of the crystal about the
channel axis, with the channel axis perpendicular to the magn

field BW 0. The plot represents a total variation of 69° in the crys
orientation.
6-15
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of the C3
m axis of the guest molecules on crossing the ph

transition may induce some static orientational disorder
phase III. Third, the single crystal2H NMR spectra recorded
in phase III are often found to display phase distortio
probably caused by the virtual free induction decay
feedthrough signal that is not refocused by the second p
in the quadrupole echo sequence.40 Factors that may contrib
ute to this effect include dipole-dipole interactions, which a
expected to be stronger in phase III due to the lesser exte
dynamic averaging~a more detailed investigation into th
fundamentals underlying the observed distortions will be
subject of a future study!.

In a first level of approximation, we may consider th
mean frequency of the components constituting the s
lines in phase III. On this basis we have determined the r
R̄(wg) defined in Eq.~23! and the results are shown in Fig
19. The fact thatR̄(wg) is invariant for the two temperature
studied in phase III supports our assertion that theC3

m axes
of the guest molecules do not undergo reorientational mo
~on the 2H NMR time scale! in phase III. The observation o
three essentially identical curves separated by offsets
around 120° inwg arises due to the effects of crystal twin
ning, as discussed above for phase II. Since the space g
of phase III is P121 /a1 ~as in phase II!, we may expect
to observe separate contributions to the spectrum from
two guest molecules in the unit cell related by the twofo
symmetry axis. In this case, however, the contributions
these molecules to the spectrum are superimposed becau
the particular value taken bywp ~in Table I, wp530° in
phase III!, i.e., the contributions symbolized by dashed lin
and solid lines in Fig. 16 for phase II are superimposed
phase III.

D. Discussion

In summary, our single crystal and powder2H NMR ex-
periments have shown that in phase I, the motionally av
aged quadrupole coupling tensor is axially symmetric,
agreement with previous studies.14,15 On crossing the transi

FIG. 19. Plot ofR̄(wg) obtained from single crystal2H NMR
data recorded~with echo delay 30ms! at 118 K in phase III of
cyclohexane-d12/thiourea. On the top, the directions of the mon
clinic axes are indicated for different twin domains, which differ
orientation by 120° inwg .
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tion temperature from phase I to phase II, theC3 symmetry

axis of theR3̄c space group is lost, and the motionally a
eraged quadrupole coupling tensor is no longer axially sy
metric. These single crystal2H NMR experiments demon
strate clearly that there is only one type of dynamic spec
of guest molecule in phase II, in contrast with interpretatio
proposed previously.15 Our single crystal2H NMR spectra
probe very precisely the relative orientations of the gu
molecules, which may be explained on the basis of the
symmetry properties of the structure and proposed mode
crystal twinning. In phase III, the orientation of theC3

m axis
of each guest molecule becomes fixed relative to the h
structure. In all phases, there is rapid reorientation of e
cyclohexane guest molecule about itsC3

m axis.
The multidimensional pseudospin approach presen

above is not sufficient to draw a definitive conclusion co
cerning the mechanism of the transition between phas
and II. Indeed, instead of consideringsj in an isolated site,
the pseudospin variables~hereafter denotedSj ) must be de-
termined in the space group symmetry, as described in
Appendix. As the transition between phases I and II is ess
tially characterized by a doubling of the unit cell, we mu
consider cyclohexane sites in two primitive rhombohed
unit cells of phase I in order to describe the collective eff
in terms of a multidimensional pseudospin model. The co
patibility relations between specified zone points of phase
and II allow the determination of the collective pseudosp
variablesSj behaving as order parameters~Fig. 20!. Finally,
we find that the four cyclohexane molecules of the mon
clinic unit cell of phase II undergo jumps among six orie
tations~according to the orientation labels of Fig. 8! with the
two probability distributions given in Eq.~A7! of the Appen-
dix. There are two distributions of thepi values related to
each other by the 21 screw axis parallel to the monoclinicbW m
direction, on the one hand corresponding to cyclohex
molecules in positionsk51, 2 and on the other hand corre
sponding to cyclohexane molecules in positionsk53, 4.
From these two probability distributions, we calculate t
same motionally averaged quadrupole coupling constanx̄

and motionally averaged asymmetry parametersh̄, in agree-
ment with the experimental results which show that only o
dynamic species is observed in phase II. However, follow
the pseudospin model, the theoretical ratioR̄(wg) @see Eq.
~25!# for single crystal2H NMR data is given by

FIG. 20. Compatibility relations between theR3̄c space group

representations at pointsF(0 1
2

1
2 ) andG(000) ofphase I with those

of the P121 /a1 space group at the zone center of phase II.
6-16
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TABLE II. Scale factorsai andbi obtained by fitting the experimental values of the parametersr1(T) and
r2(T) presented as solutions Sol2 and Sol3. Res. is the standard definition of the residual sum of sq
the least-squares method.

a1 b1 a2 b2 Res.

Sol2 21.1560.05 0.7260.16 0.4760.03 20.3760.06 0.997
Sol3 1.1860.07 20.9860.23 0.4160.03 20.3660.04 0.996
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R̄~wg!5
3

2UP2~cosl!2
9

4
sin2lFr2cos 2wc

2
1

A3
r1sin 2wcGU , ~27!

wherewc5wg2wg
+ 1 i d2p/3, andi d50, 1 or 2 refers to the

twin domain considered. The sign ofr1 depends on the po
sition of the cyclohexane molecule in the unit cell~as in the
Appendix,r1 has a positive value for positionsk51, 2 and
a negative value for positionsk53, 4!. Considering Eq.~27!,
the z axis of the motionally averaged quadrupole coupli
tensor has an azimuthal anglewp with respect to the mono
clinic axis bW m given by

wp5U12arctanS 1

A3

r1

r2
D U . ~28!

It clearly appears that ifr1 or r2 is equal to zero in Eq.~28!,
wp remains constant as a function of temperature, in con
diction with the experimental values in Table I. Thus, so
tion Sol1 (r1'0 andr2,0) must be ruled out. This is no
surprising as the valuer1'0 imposes a constraint on th
relative amplitudes ofs4 ands5 @see Eq.~23!# which is not
determined by the symmetry properties of phase II~see the
Appendix!. In contrast, positive values ofr1 in Eq. ~28! ~i.e.,
solution Sol3! will fit the experimentalR̄(wg) results shown
in Fig. 15 as full lines, and negative values ofr1 ~i.e., solu-
tion Sol2! will fit the experimentalR̄(wg) results shown in
Fig. 15 as dashed lines. Thus, solutions Sol2 and Sol3
resent the two probability distributions implied by the cycl
hexane positionsk51, 2 andk53, 4 in the monoclinic unit
cell.

The assumption concerning the equivalence of soluti
Sol2 and Sol3 is confirmed by the analysis of the tempe
ture dependence of the parametersr1 and r2. Indeed, the
primary order parameterz which drives the second-orde
transition from phase I to phase II is a linear combination
S2 , S5, and S6 coordinates, whereasS3 and S4 behave as
secondary order parameters~see the Appendix! i.e., they are
proportional toz2. In Sec. III we have shown that the spo
taneous strain components (e12e2) ande5, which character-
ize the distortion of the unit cell in phase II, are second
order parameters and display a linear temperature de
dence in phase II, as expected from classical Lan
theory.25 From Eq.~23!, it appears that parametersr1 andr2
both contain primary (S5 andS6) and secondary (S3 andS4)
05410
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order parameter components. It follows that the expec
temperature dependence ofr1 and r2 according to Landau
theory is

r i5aiz1biz
2 ~ i 51,2! ~29!

where the order parameterz driving the transition from phase
II to phase I is proportional to@(Tc12T)/Tc1#1/2, andai and
bi are amplitude factors. The experimental values ofr1(T)
and r2(T) have been fitted by means of Eq.~29! with Tc1
5147 K. The resulting values of the amplitudesai andbi are
presented in Table II and the comparison between the th
retical ~full lines! and experimental~symbols! values of
r1(T) and r2(T) is shown in Fig. 19. We note in Table I
that for solutions Sol2 and Sol3, the amplitudesa1 and b1
describing the parameterr1 have the same absolute valu
but opposite signs whereas the amplitudesa2 andb2 describ-
ing the parameterr2 are equivalent, as expected from th
pseudospin model. Thus, the temperature dependence o
parametersr1 andr2 fits well with classical Landau theory
and so is fully consistent with independent measurement
the spontaneous strain components in phase II by mean
x-ray diffraction.

The powder2H NMR data in phase III indicate that eac
cyclohexane guest molecule reorients about itsC3

m axis, and
may be fitted by anN-site 2p/N jump model withN53.
Using this model, the ratioR̄(wg) becomes

R̄~wg!5
3

2
uP2~sinl coswc!u, ~30!

where wc5wg2wg
+ 1wp1 i d2p/3. The experimental data

~Fig. 19! have been fitted by means of the parametersl and
wp , from which we foundl570°. For the value ofwp , it
was not possible to distinguish betweenwp530° and wp
590° because of the crystal twinning and the properties
the quadrupole coupling tensor. Thus, the transition fr
phase II to phase III is characterized by a strong lattice d
tortion associated with an abrupt change in the tilt an
together with an abrupt orientational ordering of theC3

m axis.
In these respects, the transition from phase II to phase
exhibits some reconstructive character, and is thus cle
disconnected from the second-order transition from pha
to phase II.

V. CONCLUSIONS

The high-temperature phase I of the cyclohexane/thiou
inclusion compound is rhombohedral with space gro
6-17
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R3̄c, as determined previously by Lenne´10 from single crys-
tal x-ray diffraction data. Probably because of crystal tw
ning and the use of single-crystal x-ray diffraction, Cle´ment
et al.9 did not report the space groups of the two lo
temperature phases~phases II and III! of the inclusion com-
pound. By using the high resolution provided by synchrotr
x-ray powder diffraction data, we have been able to ass
the space groups of both phases II and III asP121 /a1.
Moreover by analyzing the experimental data, we determ
that the phase transition occurring atTc1 has all the continu-
ous characteristics of a second-order phase transi
whereas the transition occurring atTc2 has the characteristic
of a first order phase transition. We have shown that
second-order transition atTc1 is well described by means o
a simple Landau potential developed up to the fourth ord
The transition atTc2 is disconnected from the transition
Tc1.

The work reported in this paper illustrates the fact th
single crystal2H NMR spectroscopy is a powerful probe fo
understanding the relationship between the dynamic be
ior of the guest molecules and the host crystal structure in
cyclohexane/thiourea inclusion compound. In particular,
have shown that simple jump models~i.e., multidimensional
pseudospin models! elaborated by a detailed consideration
the symmetry properties of the composite crystal are su
cient to interpret the2H NMR data in all three phases of th
inclusion compound.

In phase I, the disorder of the guest molecules can
described in terms of a model of jumps of the molecularC3

m

axis between six equiprobable orientations according to
D3 point group symmetry of the site, together with rap
reorientation of each molecule about itsC3

m axis. In phase II,
however, dynamic disorder of the cyclohexane guest m
ecules must be interpreted in terms of reorientation am
six inequivalent orientations, although with specific relatio
ships between these orientations. Order parameters dri
the transition from phase I to phase II have been identi
and the orientational ordering process in phase II has b
discussed. In particular, we have shown that the tempera
dependence of both primary and secondary order param
in phase II fits well with classical Landau theory. The ma
reason for the ability of such a simple development of
free energy to account for the complex ordering proces
occurring in phase II lies in the fact that long-range inter
tions strongly dominate over short-range forces~which could
induce local fluctuations of the order parameters!. Indeed,
these long-range elastic interactions, which are probably
lated to the hydrogen bonding network of the thiourea h
substructure and which are responsible for the macrosc
spontaneous strains~improper ferroelastic transition!, may be
expected to control the ordering processes governed es
tially by short-range van der Waals forces in the guest s
structure.

The transition from phase II to phase III is strongly of fir
order and exhibits some reconstructive character. An ab
ordering in the orientation of theC3

m axis of the cyclohexane
molecules takes place in phase III, due to freezing the m
tions of this axis relative to the host structure. Howev
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rapid reorientation of each cyclohexane molecule about
C3

m axis still persists in phase III.
These results provide important information required

elaborate a microscopic model for the phase transition
quence in the cyclohexane/thiourea inclusion compou
However, it is important to emphasize that these2H NMR
experiments have not provided any information on the ti
scales for the reorientational processes, except that the
tions discussed are effective on a time scale shorter t
approximately 1027 s. More detailed information on the tim
scales of the dynamic processes on these shorter time s
can be obtained by combining molecular dynamics simu
tions and incoherent quasielastic neutron scatter
experiments,35,36,41as well as by measurement and analy
of 2H NMR spin-lattice relaxation times.
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APPENDIX: DESCRIPTION OF ORDER PARAMETERS
WITH A MULTIDIMENSIONAL

PSEUDO-SPIN MODEL

1. Individual reorientations

The Frenkel model, used to describe order-disorder p
cesses and phase transitions in terms of guest molecule
namics, is based on probability variationsdpi of each guest
molecule orientationi. Thus, the probabilitypi for the orien-
tation i is given by

pi5
1

6
1dpi ~ i 51, . . . ,6!. ~A1!

The site symmetry groupD3 of the guest molecules in th
disordered phase I allows the six pseudospin coordinatesj
to be determined with the projection operators method

sj5(
i

M i j dpi ~ i 51, . . . ,6!, ~A2!

where Mi j are the elements of the unitary transformati
matrix M , generated by the three irreducible representati
A1 , A2, andE of the D3 group. The matrixM is given by
6-18
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Thus, the occupation probabilitiespi obtained under the ac
tion of the pseudospin coordinatessj are given by

p15
1

6
1

1

A6
s11

1

A6
s21

2

A12
s31

2

A12
s5 ,

p25
1

6
1

1

A6
s11

1

A6
s22

1

A12
s32

1

2
s42

1

A12
s51

1

2
s6 ,

p35
1

6
1

1

A6
s11

1

A6
s22

1

A12
s31

1

2
s42

1

A12
s52

1

2
s6 ,

p45
1

6
1

1

A6
s12

1

A6
s21

2

A12
s32

2

A12
s5 ,

p55
1

6
1

1

A6
s12

1

A6
s22

1

A12
s32

1

2
s41

1

A12
s52

1

2
s6 ,

p65
1

6
1

1

A6
s12

1

A6
s22

1

A12
s31

1

2
s41

1

A12
s51

1

2
s6 .

~A4!

From the condition( i 51
6 pi51, it follows thats150 ~iden-

tity!. In contrast, all othersj ( j Þ1) are symmetry breaking
coordinates, so that order parameters expressed in term
the occupation probabilities are
05410
of

s25
1

A6
~p11p21p32p42p52p6!,

s35
1

A12
~2p12p22p312p42p52p6!,

s45
1

2
~2p21p32p51p6!,

s55
1

A12
~2p12p22p322p41p51p6!,

s65
1

2
~p22p32p51p6!. ~A5!

In the case of the transformation from phase I to phase
in which the site symmetry of the guest molecule is lower
from D3 to C1 ~general position!, all coordinatessj ( j Þ1)
are involved as order parameters, since they all induce
identity representation ofC1 point group. An orientationally
ordered state can be achieved only when particular values
imposed on the relative amplitudes of the different order
rameters. For example, the ordered statep151 with pi

50 (iÞ1) corresponds tos251/A6, s35s551/A3, ands4
5s650. In fact, such constraints are not imposed by
symmetry properties of phase II, so that at a given tempe
ture, all occupation probabilitiespiÞ

1
6 are expected to be

different from each other.
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2. Collective effect: Description of pseudospin coordinates
in the space group

In order to account for the doubling of the unit cell at t
phase transition fromR3̄c (Z52) to P121 /a1 (Z54), we
n
a
s

ur

ra

l

.
-

i,

F.

05410
must consider the four cyclohexane guest molecules in
monoclinic unit cell. The positions of these guest molecu

referred to the space groupR3̄c ~primitive rhombohedral
setting! are
site 1: position~ 1
4 , 1

4 , 1
4 !,

site 2: position~ 3
4 , 3

4 , 3
4 ! deduced from site 1 by the inversion$ i u000%,

site 3: deduced from site 1 by the translation$Eu010%,

site 4: deduced from site 2 by the translation$Eu010%.
r

ities

nd 4
As established in this paper, pointF(0 1
2

1
2 ) located at the

surface of the rhombohedral Brillouin zone becomes a zo
center point in the monoclinic reciprocal space. The comp
ibility relations between theR3̄c space group representation

at pointsF(0 1
2

1
2 ) and G(000) with those of theP121 /a1

space group at the zone center are shown in Fig. 20. It t
out that the primary order parameter belongs to theF2

1/Bg

space group representation whereas the representationEg at
the zone center is associated with a secondary order pa
eter. Hence, the relevant pseudospin coordinatesSj ( j Þ1)
developed according to the space group representationsF2

1

andEg on the basis of the site coordinatessj
k are of the form

S2~F2
1!5s2

11s2
22s2

32s2
4 ,

S3~Eg!5s3
11s3

21s3
31s3

4 ,

S4~Eg!5s4
11s4

21s4
31s4

4 ,

S5~F2
1!5s5

11s5
22s5

32s5
4 ,

S6~F2
1!52s6

12s6
21s6

31s6
4 , ~A6!

where the superscriptk51, . . . ,4 refers to the site labe
specified above.
e-
t-

ns

m-

Thus, we establish that all coordinatesSj ( j 52, . . . ,6)
and consequently all of the correspondingsj

k are order pa-
rameters for the transition between phases I and II~see Ap-
pendix A. Furthermore, we learn thatS2 , S5, andS6 ~and so
s2

k , s5
k , ands6

k) with F2
1 symmetry behave as primary orde

parameters, and thatS3 and S4 ~and sos3
k and s4

k) are sec-
ondary order parameters. Then, the occupation probabil
of the cyclohexane moleculespi

k in the different sites are
such that

p1
15p1

25p4
35p4

4 ,

p2
15p2

25p6
35p6

4 ,

p3
15p3

25p5
35p5

4 ,

p4
15p4

25p1
35p1

4 ,

p5
15p5

25p3
35p3

4 ,

p6
15p6

25p2
35p2

4 . ~A7!

This means that there are two distributions ofpi values, cor-
responding to sites 1 and 2 on the one hand and sites 3 a
on the other hand, and related to each other by the 21 screw
axis parallel to the monoclinicbW m direction.
e-

ec-
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