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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 I[[(monoclinig, and phase Ilimonoclinig. 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-cryst&H NMR spectroscopy on samples of cyclohexane/thiourea containing perdeuterated
cyclohexane guest molecules4ll,). These?H NMR experiments have shown that in phase |, the motionally
averaged quadrupole coupling tensor is axially symmetric. On passing from phase | to phase II, the threefold
symmetry axis of theR=3c space group of phase | is lost, such that the motionally averaged quadrupole
interaction tensor is not axially symmetric in phase Il. The single cry$taiMR 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 Il. In phase I, 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 modelsnultidimensional pseu-
dospin modelgsin 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
cyclohexanef/thiourea inclusion compound.
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[. INTRODUCTION molecules(particularly those with fairly isotropic molecular
shapg, the host structure is rhombohedral at ambient tem-

Crystalline organic inclusion compounds in which the perature and the guest molecules are orientationally disor-
host substructure forms one-dimensional channels densetlered. In many cases, this rhombohedral structure transforms
loaded with guest molecules exhibit a wide range of interestto a monoclinic structure at low temperature. In general,
ing and important fundamental physicochemical propertiesthiourea inclusion compounds have a commensurate rela-
as illustrated, for example, by the urea and thiourea familiesionship between the periodicities of the host and guest sub-
of inclusion compoundS.Recently, a substantial amount of structures along the channel direction, with two guest mol-
research has focused on the structural and dynamic propegcules per unit repeat distance of the thiourea host structure
ties and the phase transition mechanisms in the incommemong the channel and a guest/thiourea molar ratio of 1/3.
surate inclusion compounds of urk® but substantially less Our aim is to elaborate the methodology for elucidating
is known about the corresponding properties of thiourea inthe phase transition mechanisms in thiourea inclusion com-
clusion compounds and other families of solid organic inclu-pounds. In this paper, experimental results obtained by
sion compounds. In thiourea inclusion compounds, a hydromeans of differential scanning calorimetry, x-ray diffraction,
gen bonded arrangement of thiourea molecules forms and ?H NMR spectroscopy are used as a basis for the sym-
crystalline “host” structure that has unidirectional, noninter- metry analysis and the microscopic modeling of the struc-
secting channels. Suitable “guest” molecules are located intural changes. For this work, we have chosen the
side these channels, and examples are branched hydrocayclohexane/thiourea inclusion compoungHz,/SC(NH,),
bons, cyclohexane and certain of its derivatives and smakls it is perhaps the prototypical member of the thiourea fam-
organometallic molecules such as ferrocene. For most gueiy of inclusion compounds. In early studi&$’three distinct
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rameters with the classical interpretation derived from Lan-
dau theory.

In the second part of this paper we investigate the dy-
namic properties of the cyclohexane guest molecules within
the thiourea host structure and the relationship between these
dynamic properties and the symmetry properties of the three
phases of the composite crystal. Early stutiésf the dy-
namic properties of the guest molecules in the cyclohexane/
thiourea inclusion compound focused on wide-litié NMR
spectroscopy of cyclohexane/thiourga- [i.e., GCHqo/
SC(NDy),], and concluded that the guest molecules are mo-
bile in all three phases above about 100 K. Models for the
motions in each phase were proposed, but the level of detail
concerning dynamic models that can be established from
these experiments is considerably less than that established
from subsequenfH NMR experiments. Meirovitctet al*
reported?H NMR studies of cyclohexandr,/thioureali.e.,
CgD1/SC(NH,),] between 134 and 345 K. On the basis of
an improved experimental approach, 6ﬁgese edHy NMR
. : . studies were subsequently reinvesti th these studies,

_ FIG. 1. View along the channel axis of the cyclohexane/thiouregy, o o 4 namic regimqes of ¥he guest rgolecules were identified
inclusion compound. For clarity, hydrogen atoms are not drawnbetween 93 and 333 K, correlating well with the three phases
and_ _the cyclohexane guest molecule is shown in an arbitra%iscussed above. In pr'1ase Ill, it was shown that each cyclo-
position. hexane guest molecule reorients about its threefold symme-
try axis, and from?H NMR spin-lattice relaxation time data,
thermotropic structural phases of cyclohexane/thiourea wergis motion was assigned as a threefold jump process.
identified. Single-crystal x-ray diffraction has shown that, atChanges in the dynamics of the guest molecules in phase I
room temperature(phase ), the host substructure in were ascribed to the existence of three dynamically distinct
cyclohexane/thiourea is the conventional rhombohedral thioguest specie&enoted A, B, and § with the relative popu-

urea channel structure with space gr@ﬁn (Ref. 10 (Fig. lations of these species changing continuously on increasing
1), and this phase exists down to 149 K. Phasell9—129 temperature. The dynamic properties of the predominant spe-
K) is monoclinic with twice the volume of the rhombohedral €i€S(A) in the low-temperature region of phase Il were con-
unit cell and phase ll{below 129 K is also monoclinic cluded to be similar to those for phase Ill, whereas the dy-

The space groups of the low-temperature phases Il and ||r|1amics of the' predominant  specie€) in the high.- .
were not determined in these studies. temperature region of phase Il were concluded to be similar

The first part of this paper is devoted to a detailed char:to those fo_r phase {described beI_O\)v At lntermedla'Fe tem-
acterization of the two phase transitions in the cyclohexan eratures in phase Il, the dynam|c§ of thg predpmmant guest
. . . : ) pecies(B) were described as rapid reorientation about the
thlourea |nqlu5|on compound by means of Q|ffer9nt|al SCaNtyreefold symmetry axis of the guest molecule, together with

ning calorimetry and powder x-ay diffraction. The \oni4 «wobpling within a biaxial potential of the host

fundamental starting information that we require is to deterpannels.” In phase I, there is extensive dynamic disorder

mine the space groups of the three structural phases. Here Wehe guest molecules, including cyclohexane ring inversion
have approached this issue using powder x-ray diffraction iry; higher temperatures in phase . The proposal of Poupko
preference to single-crystal x-ray diffraction, on the recogni-gt a11° that in phase Il there is coexistence of three different
tion that, in the absence of external stress, phase transitiogpes of cyclohexane molecule with markedly different dy-
related to a change of the crystal systérnombohedral- namic propertiegat a given temperatuyds puzzling, par-
monoclinic in the present caseare unavoidably associated ticularly in view of the fact that all guest molecules in the
with multiple crystal twinning' (ferroelastic domainsgen-  inclusion compound have an identi¢averagg environment
erally causing problems in the application of single-crystalin the crystal structure.
diffraction techniques to probe the structural properties of We have exploited the fact that thiourea inclusion com-
the low-temperature phas¥&sOn the other hand, the intro- pounds form large single crystals with well-defined morphol-
duction of crystal twinning in the low temperature phasesogy to carry out single crystafH NMR experiments. It is
does not pose intrinsic problems with regard to the analysisvell known that?H NMR is a very sensitive probe of reori-
and interpretation of powder diffraction data. entational dynamics of the deuterated component of the sys-
The structural transitions are then described in terms ofem (in this case, the cyclohexane guest molegylparticu-
order parameters defined on the basis of the symmetry pridarly when measurements are made on oriented single
ciples of Landau theory. Then, by theoretical analysis of thecrystals. In this paper, we demonstrate that simple dynamic
crystal strain occurring at the phase transitions, we compammodels may be used successfully to interpret the experimen-
the experimental temperature dependence of the lattice p&gal ?H NMR spectra for the three structural phases of the
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cyclohexane/thiourea inclusion compound. Furthermore, the 9
experimental data are used to derive information on the order 8 @
parameters that drive the phase transitions. s 7 *
E 6
Il. EXPERIMENTAL g 5
: = 4
A. Sample preparation s 3
. o
Crystals of the cyclohexane/thiourea and cyclohexane- 2
d,,/thiourea inclusion compounds were obtained by slowly 1 ndll P
cooling solutions containing thiourea and cyclohexdae 0 s s L - s
120 125 130 135 140 145 150 155

cyclohexanead;,) in methanol. The temperature was de-
creased systematically from 55°C to ambient temperature

over a period of two days for obtaining small single crystals FIG. 2. Differential scanning calorigrams for the cyclohexane/

and over a period of one week for obtaining Iarg_e Sin_glethiourea inclusion compound da) cooling from 298 to 103 K and
crystals. Needle-shaped crystals were obtained, with diamy) warming from 103 to 298 K.

eter varying between approximately 1 and 6 mm and with

typical length around 10 mm. The crystals were stored in thgyith 5 step size of 0.01° and a counting tinfedcs per step.
crystallization solution at ambient temperatufieote that  powder diffraction patterns were recorded at one temperature
slow decomposition of the inclusion compound may occufin each phas€295, 140, and 100 K The x-ray wavelength
over prolonged periods of time under normal atmospheriGyas 1.40 A for the experiments at 293 and 140 K, and 1.30
conditiong and were removed from this solutioBnd A for the experiment at 100 K. The same powder sample was
washed with methanplonly immediately prior to each ex- seq to record the data for phases | and II, whereas a fresh
periment. Viewed along the long axis of the needle morphol—samme was used to record the data for phase Ill. We note
ogy (thiourea channel axisthe cross section of the crystal that a powder diffraction pattern was recorded at room tem-
morphology is hexagonal. Single crystal x-ray diffraction ex-yarature on the sample used for phase Il for comparison

periments have shown that the twofold symmetry axes ofyith the sample used for phases | and Il, confirming that the
phase | are perpendicular to the faces of the hexagonal crygamples used in each case were identical.

tal morphology.

T (K)

. _ _ _ D. 2H NMR spectroscopy
B. Differential scanning calorimetry

All 2H NMR experiments were carried out on a Chemag-

Differential scanning calorigrams were recorded for,atics CMX300 Infinity spectrometer?d operating fre-
ground powder samples on a Perkin-Elmer DSC-7 instru-

| i uency 46.080 MHg Spectra were recorded using the stan-
ment. The samples were subjected to a cycle of cooling anaard quadrupole echo pulse sequen¢ém/2),— 1,

heating between 298 and 103 K at a cooling/heating rate of

10 Kmin L. (7/2) 4+ njp— T,—acquire-recyclg with an eight-step

phase cyclé® Typically 1000 transients were acquired for
. . each spectrum, with separate spectra recorded for echo de-
C. Powder x-ray diffraction lays (71) of 30 and 15Qus. The recycle delays were set to at

A first set of powder x-ray diffraction patterns of the least five times the largest value ©f at each temperature.
cyclohexane/thiourea inclusion compound was recorded as Ehe stability of the temperature controller was estimated to
function of temperature on a conventional laboratory diffrac-De better than around:1 K. ?H NMR spectra on powder
tometer(Siemens D5006using CKK « radiation and operat- samples were recorded in the temperature range 127 to 297
ing in reflection mode. Each powder diffraction pattern wasK using a static probe with 5 mm diameter coil. Single crys-
recorded in the range 526<40° with a step size of 0.036° tal °H NMR experiments were carried out using a Chemag-
and a counting time fo4 s per step. The temperature was netics goniometer probvith 5 mm diameter coj| allowing
controlled by a helium cryostat with an accuracy of approxi-reorientation of the crystal about an axis perpendicul@to
mately 0.1 K. Powder diffraction patterns were recorded beThe needle-shaped single crystal was mounted on the probe
tween 30 and 250 K, with emphasis on temperatures in phasaich that, when inserted inside the spectrometer magnet, the
Il and near to each phase transition temperature. Althoughhannel axigthe long axis of the needle morpholggyas
the phase transitions were clearly identified, the resolutioperpendicular t8, and parallel to the rotation axis of the
was not sufficient to allow a detailed interpretation of thegoniometer probe.
structural changes in the low-temperature phases in terms of
space group determination. For this reason, synchrotron
x-ray powder diffraction studies were performed on station
2.3 at the Synchrotron Radiation Source, Daresbury Labora- A. Results
tory. For these experiments, a finely ground sample of
cyclohexane/thiourea was placed in a capillary sample holder
sealed with a polymer film. Powder diffraction patterns were On cooling cyclohexane/thiourea from ambient tempera-
recorded in transmission geometry in the rangeZ#<70°  ture, differential scanning calorimetf¥ig. 2) indicates exo-

. SYMMETRY PROPERTIES

1. Differential scanning calorimetry
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FIG. 3. Synchrotron x-ray powder diffraction
patterns recorded for the cyclohexane/thiourea in-
clusion compound in phase | at 293 K, in phase Il
at 140 K, and in phase Il at 100 K. The peaks
marked with asterisks are due to pure thiourea
and those marked with circled asterisks are due to
pure cyclohexane. The calculated reflection posi-
tions for the inclusion compound are marked un-
der each diffraction pattern.
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therms (peak-maximum temperatupest 148 and 127 K. hexane may be produced during the grinding of the sample
These temperatures identify the three phases, in agreemeand under exposure to x-ray radiatithThus low intensity
with previous literaturé® denoted phase (aboveT,; =148 peaks assigned to pure thiour@adicated by stars on Fig)3

K), phase Il(betweenT,; and T,,=127 K), and phase Ill can be indexed on the basis of the orthorhombic lattice of
(below T,,). On subsequently warming the same sample ofure thioure#?* with space grouPnmaat 293 K and space
cyclohexane/thiourea, endotherms are obserffg. 2) at ~ 9roup P2;ma at 140 and 100 K. Other very low intensity
130 and 149 K. Clearly, there is thermal hysteresis in thd?€aks assigned to pure cyclohexaimelicated by circled as-

transition occurring af,, corroborated by the observation t€riSks on Fig. 3have been indexed on the basis of €i&glc
of the coexistence of phases Il and IIl Bt NMR over a  SPace grouff at 140 K. No reflections due to pure cyclohex-

: _ ane were observed at 100(K fresh sample was used at this
tSe::F)eIr\a;)t.ur?nra:o?;ticgnapevréJX|rr%?;el)tlh?;t 4foKr aégg%%éiiie_ temperature The powder diffraction pattern of the

. : o cyclohexane/thiourea inclusion compound recorded at 295 K
d,,/thiourea and cyclohexane/thiourda-the transition from can be indexed by a lattice with rhombohedral metric sym-

phase Il to phase Ill is observed at valuesTef that are 3K ot with a= 10.0405(3) A and3=104.09%1)°. Svstem-
higher than that observed for a sample of the cyclohexane/, yi) nces ar ' 0 (I t) nt wit?wg ' ;ﬁ) .ayd tor-
thiourea inclusion compound with natural isotopic abun- € absences are consiste Space graop, as dete

q mined previously from single crystal x-ray diffraction dafa.
ances. : o
On passing below the phase transition temperalyse
. . splitting of the peaks assigned to the cyclohexane/thiourea
2. Powder x-ray diffraction inclusion compound is observed together with the appear-
The experimental synchrotron x-ray powder diffractionance of some new peak§ig. 3). For example, the peaks
patterns are shown in Fig. 3 in the region 0.1 A<1/d,,, indexed as (1Q), (200), and (211) in phase | each split into
<0.4 A, Small amounts of pure thiourea and pure cyclo-two peaks in phase llsee Fig. 3 middlg The powder dif-
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Cn meter, we have indexed the three phases on the basis of a
R monoclinic unit cell, using Eq(1) for phase I, and Fig. 5
shows the temperature dependence between 30 and 300 K of

the parameters,,, b,,, ¢, and the monoclinic anglg,,. As
shown in Fig. 5¢,, remains essentially constant in all three
phases. In phase &, andb,, decrease slightly on cooling,
whereasf,, increases. Howevea,,, b, c,, and B,, are

not independent lattice parameters in the undistorted rhom-
bohedral phase I, as

o3
co IBm_E —\/—S—am,

m

sin( Bm— >

Cm
 3a,,’

2

FIG. 4. Schematic representation of the monoclinic lattice
(am,bm.Crm) With respect to the primitive rhombohedral lattice

(t1,t5,t3) of phase I used to describe the temperature dependende turns out that the temperature dependence,gf by, and
of the lattice parameters in all three phases. Bm in phase | is related to the thermal contraction of the host

structure in the plane perpendicular&g. On lowering the
temperature below .4, there is clearly a marked change in
the temperature dependencesagf, b,,, and B,,, whereas
B R .~ Cpy still follows the same type of behavior as in phase I.
$=114.641)°. All peaks except those marked by aSterISkS’Thus, on passing below,,, the monoclinic unit cell begins

(pure thiourea or circled asterisks in Fig. §middie) are to distort from the parent rhombohedral cell and on lowering

indexed on the basis of this lattice. Furthermore, from thethe temperature down fB,,, this distortion evolves continu-

systematic absences of reflections in the powder diffractio : : )
pattern recorded at 140 K, phase Il is assigned unambigl.réUSIy' AlTcp, there are abrupt changes in the lattice param

etersa,,, b,,, andB,,, but not inc,,. On cooling belowr .,
ously to space group12,/al. me me ome m e
Inyphasre)z [l t%e nﬁmbler of reflections due to the inclusion(phase Il), the lattice parameters do npt 'change significantly,
compound is ,the same as for phase Il, as shown in Fig ndbthedsmalL chaﬁnges ofbshervedlwnhln phase I!jl m;y be
; L .2 attributed to the effects of thermal contraction. Indeed, ex-
Erbot.tom). It IS tcldear_t:]hat thlf prtlaie trans;t;(?]n Ioc;gurrmg attrapolations of the variations of the lattice parameters in
etcérlss ?asustov(\:/li?henowtl)th:rncarl1arrlege§ e"’\‘/?g:n? bes/v:erlwcgr?sers phase |, due to the thermal contraction, have essentially the
and lll. At 100 K, the powder diffraction pattern of the in- mesi?nprﬁzssttr?eo i?g%?'tsvaerrr]\;)eedr;?uf: T)Shf;ge' ?)i.s rhombohe-
clusion compound is indexed by a monoclinic lattice, with i ' — o
lattice parameters=10.2111(6) A,b=14.9745(3) A,c dral with space grouf3c and the primitive rhombohedral
—12.4059(2) A and8=115.17229):’. As in phase Il the unit cell containsZ=2 formula units, i.e., two cyclohexane

conditions for systematic absences indicate that the spacgolecules and six thiourea molecules. Phase Il is mono-
group isP12, /al. clinic, with space groufr12;/al (Z=4). We note that this

In order to follow the lattice distortion in the three phases,'S @ favorable case in which space group assignment can be
we require to adopt a common set of lattice parameters. LéPade uniquely from systematic absences. It is important to
- - N H 23
f,, £, andf, be the basic vectors of the primitive rhombo- NOt€ that space groupl2,/al is a subgroup oR3c.” The

o . . voluti i
hedral latt h | Then. the b g q thermal evolution of the lattice parameters from phase | to
hedral fattice In p. gse " en, the basic vectys m» an phase Il is continuous in character at the transition tempera-
Cm of the monoclinic latticéphases Il and Illare given by tyre T_,, so that the transition from phase | to phase Il ex-
hibits all the characteristics of a second order phase transi-

fraction pattern is indexed by a lattice with monoclinic met-
ric symmetry with the following lattice parameters at 140 K:
a=9.9876(2) A,b=15.5509(3) A,c=12.4295(3) A, and

am=ty, tion. On passing below,, another monoclinic phagphase

~ o III') is produced, with the same space group as phase I, and

bp=—t,+13, again Z=4 (isostructural phase transitipn The abrupt
changes in the lattice parameters and the strong thermal

Cn=—t;—tr— 13, (1) anomaly occurring af., are characteristic of a first order

_ R phase transition. Finally, we emphasize that from previously
wherec,, is parallel to thethreefold channel axis an8,,is  published single crystal x-ray diffraction experimehiswas
perpendicular to this axigFig. 4). Using the powder x-ray concluded that the phase transition between phases Il and
diffraction patterns recorded on the laboratory diffracto-lll does not involve any change in the crystal symmetry
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and that in both monoclinic phases there is no glide plane 1. Group theory

along 5m, in agreement with the conclusions reached in the

present work. From Eq.(1) we determine that the transition from phases
| to Il is driven by a lattice instability occurring at point

_ F(0%3) of the rhombohedral Brillouin zone, i.e., at the zone

From the knowledge of space groups and lattice parampoundary point in phase I, which is replaced at the zone
eters of all structural phases of the cyclohexane/thiourea incenter in phase Il. We note that the monoclinic unit cell
clusion compound, together with the fact that tkell and  defined in Eq.(1) is not the only possible cell belonging to
the lI=11l transitions have been established to be of secondhe P12, /al setting that may be derived from the rhombo-
order and first order, respectively, it is of importance to de-hedral phase. Indeed, two other equivalent cells deduced
scribe the phase transitions in terms of order parameterfsom Eq. (1) by rotations of =2#/3 around the threefold
defined on the basis of the symmetry principles of Landawrhombohedral axis can be found, with the following basic
theory. vectors:

B. Discussion
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a =t,, 1 1
m AR()=ZAMIE+ G+ + 7B+ G+ )?
6’ = — {l+ t_)g, 1
- - - —_— 4 4 4 ...

Cr,n:_tl_tZ_tE}! (3) +4C(§1+§2+§3)+ ’ (5)
-, - where the coefficienA(T)=a(T—T.;) with a>0 changes
an=1s, sign at the transition temperatufe;. When truncated to the

R o fourth order, A®({) admits only two low-temperature
br=—t,+t,, phases T<T,;) associated with the equilibrium values
o=t “ phase Il: {={1#0, {,={3=0

(space grougP12;,/al, Z=4), (6)

In these cases, points’(303) and F”"(33 0) become
zone center points of the monoclinic lattices E@.and(4),
respectively. The three sets of basic vectors defined in Egs.
(1), (3), and(4) correspond to the three energetically equiva-

1
phase II: §1=§2=§3=ﬁ§¢0

lent ferroelastic domains that exist in the low-temperature (space grou;R?, Z=28). (7
phases Il and lll, as shown by single-crystdd NMR ex- o , ) , .
periments(see Sec. IV beloy The monoclinic phase of interest in this study is stable for

The wave-vector group at poifttis C,;, so that there are Values of the coefficient8 and C such asB>0 andB+C

three arms in the star of this wave vector, namely, points™0. Whereas the possible rhombohedral low temperature

F, F’, andF". It follows that all space group representations phaseR3 would be stable for B+ C>0 andC>0. The first

at point F, denoted as;, F,, F;, andF, are three order transition line between phases Il anddérresponds to

dimensionaf32* From classical group theoretical consider- C=0.

ations, we determine that; induces theP12/cl space The elastic enerdy is

group,F, inducesP12,/al, F; inducesP12/al andF, | 6

inducesP12, /c1 with lattice parameters as defined in Eq. _ 0

(1). So, the transition=:1l is unambiguously induced by a AD(e)=5 i,,z:l Cij & ®

three-dimensional order parameter belonging toRkeirre-

ducible representatiofi.Let us call{;, ¢,, and{s the three where thecioj are the “bare” elastic constants and theare

components of this order parameter that are associated with€ strain tensor componeng¥oigt notation. Usually, in

points F, F', and F”, respectively. Hence, we assign the rhombohedral crystals with clas#3 the C, symmetry axis

ferroelastic states described in E@s), (3), and(4) for the s set parallel to the direction?® In the following discussion,

monoclinic phases to the three equivalent solutigrs 0,  we take this symmetry axis parallel to thedirection ©,,),

G =0, ‘ﬁ"th 1,j=1,2 and 3. __in order to keep the same setting in both phasd?3c) and
The F, representation fulfills both Landau and Lifshitz [P12,/al, see Eq(1)]. Under these conditions, the inde-

criterid>*° allowing a second-order transition to take place e
endent nonzero values o} entering into Eq(8) are of the
between the commensurate phases | and II. In contrast, the 4 g a(®)

isostructural transition between phases Il and Ill, induced by

the identity representation of phase I, is necessarily of first 0 0 0 0
: ) ) Ci; Cip Ci3 O Cis 0

order. These conclusions are in full agreement with all ex-

i 0 0 0 0
perimental data. o _ Ci, Ci; Ci3 0 —cg5 0

In phase |, the six thiourea molecules occupying sites with o o o
C, symmetry constitute one family, and the two cyclohexane Ciz Ciz Czym O 0 0
molecules occupying sites wifb; symmetry also constitute 0 0

one family® Following the group to subgroup relation ex-
isting between phase | and phases Il and Ill, it is easy to co _Cgs 0 0 c24 0
deduce that in both phases Il and Ill, thiourea molecules are
in general positiongsitesC,) and thus constitute three dis-
tinct families and that cyclohexane molecules, which also
occupyC; sites, constitute one family.

1
0 0 0 ~ch 0 i

S The decomposition of the symmetrized square of the or-
2. Landau theory and lattice distortion der parameter representatib into irreducible space-group
The image of the order parameter belonging to e representations gives

representation i®, so that the Landau free-energy expansion - N
is written ag>%° [Fy1°=A1g®Eq®F] 9
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and the direct producEy®E, gives Ajg® A, @ E,. It 0.08 T T i
follows that quadratic-linear coupling terms between 0.07 |
order parameter components and strain components with 006 oo,
Axg [(el‘H?z): es] and.Eg [(91_?2), €4, €5, €] symme- _ 0.05 |
try can be included as invariants in the free-energy expansion 0.04 r.—— ]
AD(L,e)=D{(2L5- L5 LDl (e1—e)) +es] 0.03
0.02 |
—V3(3- ) (eat e +E(G+ 5+ 0.01
2 2 2 0 1 1 1 1 1 boe 1 > 1 Lig
X(eytep) +F({1+ {5+ {5)es. (10) 20 60 100 140 180 220 260
Thus, the thermodynamic potential used to describe the tran- T (K)
sition from phase | to phase Il in the cyclohexane/thiourea
inclusion compound is FIG. 6. Temperature dependence of the spontaneous strain com-
ponentse; —e, (open circley and es (filled diamondg which de-
AP=AD({)+AD(e)+AD({,€). (11)  scribe the distortion of the unit cell in the cyclohexane/thiourea
The minimization equations)A®/de,=0, together with inclusion compound. The vertical lines represent the phase transi-
: ' tion temperatures between phases |, I, and Ill. The estimated error

Eq. (6), give expressions for the variation qf strain COMPO- i within the size of the symbols.
nents as a function of the order parameter in the monoclinic

phase Il
and eighth order invariants. Since Ed2) is still valid, the

2Fc9,—2Ec), “effective” potential in the monoclinic subspacel€ ¢,

2

e, +e,= , s
17 € (c21+c22)c§3—2(c23)2 #0, {,={3=0) becomes
2By F(c9y+cly) 5
8= 0 1 c0)c0 0y2° AEIS:la(T—T )2+ 1B'§4+ Eeg% £H§8 (15)
(€111 C12)Ca3—2(Ch) 2 c1 2 6 gHe™
2D(2c%—cqn)
el_ezz(c‘fl—cgz)ci)m— 2(c9)2 The possible phase diagrams related to such a potential

have already been studied in defdif’~?°It turns out that

0 0 .0 for appropriate values of the coefficiergs>0, G<0, and
_ 2D[cis—(cp—cCpp)] =

€= , H>0, the potentiaAd is able to reproduce the observed
(9 c2)c,—2(c%)? n -
11 ~12/~44 1 phase transition sequence R3c)=II (P12 /al)=lll
o (P12, /al1), where the transition &t;, from phase | to phase
e,=eg=0. (12

Il is of second order and the transition @,<T.; from
Here we find a classical result for an improper ferroelastigphase Il to phase Il is of first order. According to tié
transition>?® showing that both volume strain components model[Eq. (15)], the simple linear temperature dependence
€., €,, ande; and spontaneous straig;¢e,) andes vary as  of 2 [Eq. (14)] is no longer expected. Instead, in phase II
the square of the order parametein other words, é;-€,) close toT,,, a variation such ago(T¢,— T)? with B<1/2
andes are secondary order parameters. Putting(Eg). back  should be observed, because of the nearness of a critical
into Eq. (11) provides the “effective” potential for phase Il: point in the corresponding phase diagraf®?® Then, a
1 1 jump in the equilibrium value of occurs afT;, and{ con-

AD = Ea(T_Tcl)gz—’— Z(B+C+F)§4+ (13 gglé(reesasé%%zlgcrease in phase Il as temperature is
. Obviously, Eq.(2) does not apply in the monoclinic dis-
whereI' is a cqnstant thqt depends on the valu“es OT, th?orted phas)e/s, go that deviationgpfyom E2). are a measure
Landau expansion coefficien@,E,F and on the “bare of the spontaneous strains. Hence, the shear distortions

elastic constants. Then, the equilibrium value of the order, ~ =~ — .
parameter is e~ €yy=€1— €, and 2,,=es are given by

a(Te,—T
= B( G F) 19 b
te+ e —e=1- \/_ ,
so that a linear temperature dependence is expected for the 3an cog B~ w/2)

strain tensor components given in Ef2). The stability con-
dition is nowB'=B+C+1'>0.
In order to account for the isostructural phase transition o1 Cm
that occurs aff.,, we may introduce in Eq(5) the sixth 5 3ay, sin(Bm—ml2) "

(16)
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i Z (B, . .
Chan“f’l axis (Bo) FIG. 7. (8 The chair conformation of cyclo-

hexane,(b) representation of the crystal frame
(Oabg) and molecular frame@ XY mzm) Within
the thiourea inclusion compound, aKc) repre-
sentation of the geometry of the single crysthll
NMR experiment within the laboratory axis sys-
tem (OXY2) (where the magnetic fiel&, lies
along theZ axis by conventioh In (c), the refer-
(a) Molecular (b) Crystal (¢) Laboratory ence axisb is perpendicular to a face of the
single crystal morphology.

(Ox_ v _7 ) (Oabc) (OXYZ)

mJ m~m-

The observed temperature dependenceseef-€,) and  tion. In the intermediate motion regime, 30x<10" s %,
es through the sequence of phases of the cyclohexanghe 2H NMR spectrum depends critically on the mechanism
thiourea inclusion compound are reported in Fig. 6. Bothand rate of the molecular motion. In the fast motion regime,
strain components increase smoothly on cros3ingas ex- =10’ s~ ¢, the actual rate of motion cannot be established
pected for a second order phase transition. Furthermore, iffjom analysis of the?H NMR spectrum, although informa-
the limit of experimental accuracye{—e,) andes exhibit  tion on the geometry and mechanism of the motion can still
the linear temperature dependence of 8d) derived from  pe gbtained.
the £* model[Eq. (13)]. Thus, there is no need to introduce  \we note that the comparison of spectra recorded with
the £° and{® terms in the Landau free energy expansion. Atgifferent echo delays; provides information concerning the
Tc2, abrupt jumps occur ingg —e;) andes, associated with  time scale of the dynamic process. Indeed, in a quadrupole
a much stronger lattice distortion. Indeed,Tab, (e1—€2)  echo experiment, if the motion is in the intermediate regime,
and es approach four times and ten times their respectivahe line shape can depend significantly ont’ Thus, if the
highest values in phase (just aboveT .;). Then, on decreas- experimental spectrum is found to be independent;ofit
ing temperature within phase I, the strain components insuggests that the dynamic processes are either in the fast
crease only by 2% betweeél,, and 30 K. These very small motion regime or the slow motion regime.
variations of €;—e,) andes in phase lll, together with the We now define the molecular axis system® XY mzm)
huge discontinuities observed &}, indicate that the pro- shown in Fig. 7a), where thez,, axis is collinear with theC,
duction of phase Il is not governed by the order param&ter symmetry axis(denoted hereafte€Y) of the cyclohexane
that induces the second order transition from phase | to phaﬁ?ﬁolecule[Fig. 7(a)], the crystal axis systemQabc), where
[I. Rather than referring to the compl@*ﬁ model, we merely  the ¢ axis is collinear with the channel axisig. 7(b)], and
assign the temperature dependence of spontaneous strajia laboratory axis systenOXY 2), where theZ axis is the
components within phase Il to the thermal contraction of thedirection of the applied magnetic fie@o [Fig. 7(0)]. In the

host lattice. fast motion regime, the averaged components of the quadru-
pole coupling tensor in the crystal axis systélabeledC)
IV. MOLECULAR DYNAMICS can be obtained by taking a weighted average over all orien-
) tationsi=1, ... N of the tensofi.e., all orientations of the
A. Theoretical background C-D bond sampled during the motidh®!
In 2H NMR of diamagnetic organic solids the dominant N
nuclear spin interaction is usually the interaction of the elec- 6C=E p'a-c (17)
tric quadrupole moment of théH nucleus with the electric = IR
I e e e rsconeed o e herep, denote he probabillyof reiaomiven by te
quadrupole coupling tensdp. In its principal axis system, Polar angles ¢c,¢c). For a given orientation 0Q® [Eq.
the principal components of this traceless tensor are takefd7)] in the laboratory axis system, thitd NMR spectrum
such thaQ,=|Q,,|=|Qy|. The quadrupole interaction is comprises two lines separated by frequenoy.
usually defined in terms of two parameters: the quadrupole —
coupling constaniy=Q,, and the asymmetry param_etqr Ap= E;[ Pz(cose)+zsin200052¢ , (18)
=(|Qyyl = |Qu)/|Q,4. In the case of a CPpgroup, it is 2 2
usPuaIIyavaIid approximation to_assume that zfaxis _of t_he where (6,¢) are the polar angles for the orientation of
Q" tensor(where the superscriffe refers to the principal  {he crystal in the laboratory fram@,(cosé) is the second
axis systemis collinear with the C—D bond and th@" has Legendre pol ial (3 c86-1)/2.0.. O. 4o.
axial symmetry(thus »=0). 9 P ynomﬁtg c )_ Qs Qyy, an QZ_Z ar.e
In the analysis of?H NMR line shapes, three distinct the compon@ts_o@ in the motionally averaged principal
dynamic regimes can be identified. When the ratg 6f  axis systemy=Q,, is the motionally averaged quadrupole
motion is in the slow motion regimes<10® s™*, the °H  coupling constant andy=(|Qyy|—|Qx)/|Q.4 is the mo-
NMR spectrum is insensitive to the occurrence of the mo+ionally averaged asymmetry parameter.
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B. Microscopic model of the dynamics of the guest molecules Channel axis

Our aim is now to elaborate a multidimensional pseu- C —
dospin modef—3* of the dynamic properties of the guest u (C3)
molecules in the cyclohexane/thiourea inclusion compound
on the basis of the symmetry rules imposed by the crystal @
structure. At first, we note that a detailed low frequency Ra- )
man scattering study has been carried out recently on a
single crystal of cyclohexane/thiourea, through the sequence
of phases® No soft mode could be observed, thus showing
that there is no detectable displacive contribution in the
mechanisms of the phase transitions. Thus, it can be stated
safely that the transition from phase | to phase Il is essen-
tially of order-disorder type. We now describe the models ST b
that will be used to describe the dynamics of the guest mol- T
ecules in the three structural phases of the inclusion com- =
pound. These models will be applied to diti NMR results 4 @
in order to understand the evolution of the dynamic behavior
as a function of temperature.

As discussed below, the dynamics of the guest molecules
in cyclohexane/thiourea can be described in terms of three @ @
dynamic processe$:>%5-%7(1) ring inversion, which does ®
not occur on theeH NMR time scale below about 220 K2)
reorientation of the cyclohexane molecule aboutGf$ axis

(effecrtT:ve |'n aII.phases I, 11, and W and(3) reorlentayon.of C7 axis with respect to the crystal fram®#&bc). The orientations
the C3' axis with respect to the host channlefffective in  |5peled 1, 2, and 3 are denoted the “up” sites, and the orientations
phases | and JI Throughout the temperature rand®7-297  |apeled 4, 5, and 6 are denoted the “down” sites. The orientation
K) covered in the present study, procesg@sand(3) are in  |abeled 1 is described by the polar anglasg?). The orientations
the fast motion regimex=10" s™1). In addition, in the cy- labeled 2 to 6 are deduced by the symmetry operations obthe
clohexane molecule, two types of deuterons must be distinpoint group.

guished, i.e., axial deuterons with polar angfe=2.6° in
the molecular axis systeiffrig. 7(a)] and equatorial deuter- C3' axis itself, the values of the splittingsy® and A v© will
ons with 65,=109.7°%%% Assuming anN-site 27/N jump  be modified but the ratich »3/A »© will remain constant.
model with N=3 for fast reorientation of the cyclohexane  According to x-ray diffraction dat¥ the guest molecules
molecule about it€7' axis, the motionally averaged quadru- at room temperature are in instantaneous general positions
pole coupling tensor is axially symmetfice., =0) and the ~and the site symmetry i8;. Considering the symmetry op-
motionally averaged quadrupole coupling const@enoted erationsmof theD5 point group, the reorientational dynamics
hereafter?cm) for this motion is of the C3' axis of each cyglohexane molecule in the |r_1clu_5|on
3 compound may be described by means of the following jump
model. We define the orientation of the guest molecule in the
(19 unit cell by a unit vectou collinear with theCJ' axis, with
orientation defined by the angle8(, ¢.) with respect to the
crystal frame. TheC]' axis jumps rapidly between six orien-
where we use the notatiop=a for axial deuterons ang  tations (=1, ...,6) generated by the six symmetry opera-
=e for equatorial deuterons. Thus, for this motion, theé  tions of theD3 point group(see Fig. 8 The orientations
NMR spectrum will comprise two pairs of resonance lines,have occupation probabilitigs = g, and polar angles
one pair of lines separated by frequenky? for axial deu-
terons and the other pair of lines separated by frequandy

FIG. 8. Representation of the six orientations of the molecular

Xen=x|P2(cosop)],

. 2m(i—1)

i i_ P
for equatorial deuterons. The ratio of the quadrupole split- %c=»  ¢c=@ct—3 for i=1,23,
tings for the axial deuterons\(@p?) and equatorial deuterons
(Av®) is _ ‘ 2(i—4)
0:;:77—}\, ‘P:;:W_‘PS+T for i=4,5,6,
A]}a H gt l4n m H
A S~3. (200  whereX is the “tilt” angle between theCj axis and the
14

channel axi<. Taking into account the fast reorientation of
the cyclohexane molecule about &' axis [Eq. (19)], the

If, in addition to the rapid reorientation about t&d' axis of  motionally averaged quadrupole coupling constant in Eq.
the cyclohexane molecule, there is anisotropic motion of th¢18) becomes
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;:;jcm|P2(COS)\)| (21) must be equal, and the 'Femperature dependence of t-he prgb-
3 abilities p; can be described by means of pseudospin vari-

and the motionally averaged asymmetry paramete_fz'rso. gbles. By using the meth_od of_ projection o_perators_described
From analysis of molecular dynamics simulations of" the Appendix, we define six pseudospin coordinaies
cyclohexane/thiourea carried out at 273 K in phadétwas ~ associated with the six symmetry operations of Ehepoint
found that\~60° ande®~60°. group, as a functio_n of the occupation probabilifies These

As the transition between phases | and Il is of second?seudospin coordinates represent the or_der parameter com-
order, the six orientations of the molecuaf axis discussed Ponents of the system, arxican be associated with a com-
for phase | are maintained in phase II. Several dynamic modPonent of the motion of the guest molecules. Indeed, the zero
els could be proposed in which the angles between site¥alue of the first coordinats; does not induce a symmetry
and/or the occupation probabilities are allowed to deviatédreaking at the transition between phases | and Il, so that this
from those observed in phase I. However, as phase Il igseudospin coordinate can be assigned to the rotation of the
characterized by a weak distortion from the structure ofcyclohexane molecule about i&]' axis. The coordinats,
phase I, with the angles of the thiourea channels varying onlgescribes the “up-down exchange” between opposite orien-
weakly from the hexagonal values, it is reasonable to assumg@tions labeled as 1, 2, @or “up” orientations) and 4, 5, 6
that the loss of th€€; symmetry axis on crossing the phase (for “down” orientations) in Fig. 8. Finally, the degenerate
transition temperature is due to a continuous change of theggordinates $;,s,) and (s5,ss) are linked to reorientations
occupation probabilities in each orientation rather than a subss e CI" axis about the channel axis. By expressing the

stantial phange in th_e orlentations themselves_. We_ den(_?te t'?fccupation probabilities as a function of the pseudospin co-
occupation probability of the guest molecule in orientation ordinates (see the Appendix and using Eq.(17), the

asp;, with Eiﬁzlpi=1. In phase Il, theC; guest site sym- ) . .
metry imposes no constraint that the occupation probabilitie¥ve'ghted averaged quadrupole coupling ter@ﬁrls

9 3V3 9
Pz(COS)\)_ZSinz)\(Pl"‘Pz) %_Sinz)\(3p2—p1) ZSinZ)\(3P2_P1)
_ xP,(cosé!) 33 9 3V3
Qi=- > = 2 Si’\(3p,—p1) PZ(COS)\)_ZS'nz)\(P1+P2) TS|n2)\(3P2_P1) ., (22)
9 3v3
25N 2\ (3p2—p1) %—Sinz)\(?:pz—pl) —2P;(cos\)
|
where p; and p, are linear combinations ofs; C. Results
(j=3,...,6):

We recall[Eq. (1)] that theEm axis is collinear with the
1 1 channel axis anﬁm is collinear with the twofold symmetry
Plzi(\/§SS_S4): 5(P1=P3=PatPs), axis of phase (and therefore perpendicular to the channel
axig). We now define a reference axisperpendicular to a
1 1 crystal face. In phases Il and |, corresponds to the mono-
p2=5( V385 55)= 5(173P2—3pe). (23 (linic axisb,, anda [see Fig. T0)] is the projection o, on
the plane perpendicular to the channel axis. Hereafter, we
The dynamics of the guest molecules are therefore chaUefinqug as the angle between the reference axiand the
acterized by the tilt angla and the two parameteys, and  5ppjied magnetic field,. In these single crystafH NMR
po- It appears from Eqs(22) and (23) that no information experiments, different crystals were used for some of the
can be obtained on the pseudospin coordirsgtéi.e., the  temperatures studied and the initial position of the crystal
“up-down” exchange motion is not probed by et NMR a5 set as close as practicably possible to be with the refer-
technique. ence axisb parallel to I§O (i.e., with a crystal face perpen-

Finally, if we refer to literature resulfS, the reorienta- ) > ; ]
dicular toB,). Spectra were recorded as a function of reori-

tions of theC%' axis with respect to the host structure are ; : .
frozen in phase Il{on the 2H NMR time scalg, so that the entation of the single crystal about the channel axis, from the

motion in this phase can be described simply by means dhitial ¢4 angle(denotede) to ¢g+180° in angular incre-

=i — 1 i : . mentsAgg.
Ea. (18) with X Xy and =0 (i.e., the only motion ef In phase |, single crystedH NMR spectra were recorded

fective on the?H NMR time scale is reorientation of each at 163 K as a function of crystal orientatidin steps of
cyclohexane guest molecule about@§ axis). A¢y=20°), and as a function of temperature with the crystal
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FIG. 10. Variation of the motionally averaged quadrupole cou-
129 pling constant ratid?=Xj/;'Cm (filled circles and the motionally
3
’/\M M“ averaged asymmetry parameter(open circleg of cyclohexane-
127 d,J/thiourea in phases I, Il, and Ill, measured from the powdtér
100 0 -100 100 0 -100  NMR spectra.
kHz kHz
a e
FIG. 9. ExperimentaPH NMR spectra recorded for a powder =X _X (24)
sample of cyclohexanér,/thiourea with echo delays df) 30 us ;zm ;‘ém
3 3

and (b) 150 us. The temperature at which each spectrum was re-
corded is indicated on the left side. _ o
In Fig. 10, we report the evolution & and » as a function

. . . . . of temperature in the three structural phases of the inclusion
orientation fixed atpy. In phase II, single crystatH NMR compoFL)md P

spectra were recorded at 145, 139, and 131 K. In phase I,

single crysta®H NMR spectra were recorded at 123 and 118 1. Phase |

K. At 118 K, spectra were recorded betwee and ¢ As shown in Fia. 10. th ionall g q |
+180° in steps of\ ¢,=3°. At 145, 139, 131, and 123 K, wnin Fg. 1Y, the motionally averaged quadrupole

2 o o i coupling tensor in phase | is axially symmetrigy=€0).
+7 X
spectra were recorded betweeyy and ¢q+70° in steps Single crystal?H NMR spectra recorded for phase(be-

of Apg=1° and betweenp,+70° and¢g+180° in steps  yeen 220 and 150 Kcomprise two pairs of peakge., two
of A_‘Pg: 10°. ) quadrupole doubletswith one pair of peaks assigned to the
Figure 9 shows the evolution of théH NMR spectrum  ayia| deuterons and the other pair of peaks assigned to the
for a powder sample of cyclohexaxg,/thiourea as a func-  equatorial deuterongFig. 11(a)]. In each case, the quadru-
tion of temperature for two different values of the echo delaypgje splittingA v is independent of the crystal rotation angle
Ty B(_atween 297 and 217 K, the line shap_es are different fOEog, showing that the motionally averaged quadrupole cou-
the different values of;, and may be attributed to the oc- pling tensors for the axial and equatorial deuterons have
currence of chair-chair ring inversion of the cyclohexahg-  axial symmetry, with the principal axes of these tensors
molecules in the intermediate motion regllr?]en add|t|0n, a”gned along thepg rotation axis(channe| axih From the
other reorientational processes occur on a shorter time ScalﬁowderZH NMR spectra recorded in phase I, the motionally

as discussed belgwBelow 21é7 K, the chair-chair ring in-  averaged quadrupole splittings corresponding to the mag-
version is not effective on theéH NMR time scale and the || .t B, perpendicular & v') and parallel & ') to the

H NMR line shapes are identical for the two values of echoprinCipal axis of each motionally averaged quadrupole cou-

delay. Thus, all other reorientat_ional processes of th_e Cydof)ling tensor have been measuiage Fig. 1()], and these
hexane guest molgcule; oceur in the fast motion regime ant, ;g compare very well with the motionally averaged
may be characterlzed in terms of the mpuonally average uadrupole splittings observed from the single crystll
quadrupole coupling constagtand the motionally averaged \\r data (Fig. 12. Following the jump model described

asymmetry parameter;. Powder 2H NMR spectra were . L= .
simulated using the programURBOPOWDER (Ref. 30 and above and according to E®1), the ratioR given in Eq.(24)

fitted to the experimental spectra to determine the values df theoretically expressed 4®,(cosn)|. From the experi-

Y and7. mental values oR shown in Fig. 10, we can follow the
Following previous worK? the static quadrupole coupling €volution of the tilt anglex as a function of temperature in
constanty for the deuterons in cyclohexane js=165 kHz. ~ Phase KFig. 13. Because of the absolute value of the second
Thus, from Eq.(19), we obtain;am=164 kHz and;em Legendre polynomial, there are two equivalent mathematical

’ ’ Ca €3 solutions for the tilt angley, as shown in Fig. 13. However
=54 kHz. In order to follow the temperature dependence ofD simulations® have shown that the tilt angle is approxi-

X2 and x&, we define the ratid: mately 60° at 273 K, in very good agreement with one set of
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FIG. 13. Variation of the tilt angle. in phases I, I, and 1l

(separated by the vertical linesof cyclohexaned; thiourea.
Circles refer to powdefH NMR experiments and squares refer to

! ; ' . single crystal?H NMR experiments. The error bars in phase Il
30 10 -10 -30 represent the tilt angle solutions that correspond to the experimental

values ofR and » within an accuracy of 0.1%.

FIG. 11. (a) Experimental single crystéH NMR spectrum re-
corded with the magnetic fiel, perpendicular to the channel axis, symmetric(i.e., 7# 0 in phase I, as shown in Fig. LCFig-
and(b) the corresponding powdéH NMR spectrum. Both spectra ure 14 shows a stack plot of single crystadl NMR spectra
were recorded for phase | of cyclohexamg/hiourea at 167 K recorded as a function of the crystal rotation anglgfor
with echo delay 3Qus. The quadrupole splittings corresponding to two temperatures in phase Il. The evolution of the spectra as
the orientations with the magnetic fieB}, parallel (A+') and per-  a function of rotation angle, can be interpreted in terms of
pendicular A ") to thez axis of the motionally averaged quadru- 12 pairs of peakgquadrupole doubletsof which 6 are as-
pole interaction tensor are indicated. signed to axial deuterons and 6 are assigned to equatorial

deuterons. This assignment is facilitated by recalling that, for
solutions found from our analysis of tfiéd NMR data(solid  a given orientation of the cyclohexane molecule, the ratio of
line in Fig. 13. Thus, we conclude in favor of the set of
solutions for which the tilt angle in phase | is around 60°. g i
I g

@\@

W

2. Phase Il P +064

Between 147 and 129 K, “shoulders” are present on the
powder?H NMR spectraFig. 9) indicating that the motion-

ally averaged quadrupole coupling tensor is no longer axially : J i @
§ I
50 e
i (PO W Ve
@ & 0 -75
40 - \E‘\g
: s (kHz)
L Tl
= 30 |
=2 [
<°1 20 M
L Avy,
10 L I et T — o | A0))
E——-Oooo--o———-o———-o———-o———-o——r————-o— AUeJ;l (b)
[ I P N T R PRI B U R B S
140 160 180 200 220
T (K)
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FIG. 12. Plot of the motionally averaged quadrupole splitting ) B

Av for axial (squares and equatorial(circles deuterons of
cyclohexaned;, in phase | of cyclohexandy,/thiourea as a func- FIG. 14. Experimental single crystdH NMR spectra recorded
tion of temperature. Filled symboli are for the single crygtdl (with echo delay 3Qus) for cyclohexaned/thiourea in phase Il at
NMR experiment with magnetic fielB, perpendicular to the chan- (g) 131 K and(b) 145 K as a function of rotationg(y) about the

nel axis. Values of\v extracted from powdefH NMR spectra are  channel axis, with the channel axis perpendicular to the magnetic
indicated by open symbols for the component perpendiculdoto  field B,. The plot represents a total variation of 64° in the crystal
and by open symbols with a dot for the component parall@jo  orientation.
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FIG. 15. Plot ofR(¢g) obtained from single crystdH NMR
data recordedwith echo delay 30uws) at 139 K in phase Il of
cyclohexaned  /thiourea. On the top, the directions of the mono-
clinic axes are indicated for different twin domains, which differ in
orientation by 120° inpg .

FIG. 16. View along the channel axis, of the three equivalent
ferroelastic domains. The dashed lines and solid lines represent the

the quadrupole Splllttlngsafor the %Xlal and equatorial deuteréix directions of the principal axis of the motionally averaged quad-
ons is a constant, i.eAv*(¢4)/Av®(pg)~3. Thus, our re-

sults suggest that there are six distinguishable orientatiorf§P°!€ Intéraction tensor in phase dy is the angle between e
of the motionally averaged quadrupole coupling tensor WithaXIS and the projection _of the principal axis of the motionally aver-
. ._aged quadrupole coupling tensor for one guest molecule.
respect to the crystal frame, both for axial and equatorlaf;1
deuterons. Thus, averaged over the dynamic processes, thave thus expect six separate contributions to the spectrum,
are six distinguishable orientations of cyclohexane guesarising from two orientations of the guest molecules in each
molecules. of the three twin domains.
In Fig. 15, the ratid5(¢g), We now consider one guest molecule for which the pro-
jection of the principal axis of the motionally averaged quad-
. . rupole interaction tensor makes an anglg with the refer-
R(gg)= Av¥(¢g) _ Av¥(¢g) (25 ~ ence _axisB (see Fig. 16 Because of the three monoclinic
g ;f:m ;f:m domains, the three orientations of this molec{sigmbolized
3 3 by solid lines in Fig. 1§ give rise to the three contributions
shown as solid lines in Fig. 15. The other three orientations
is plotted as a function of the crystal rotation anglg. of the guest molecule, obtained for example by applyi3g
Clearly all six ratiosR(¢,) have the same dependence onrotation about the monoclinic axis in each domain, are
@4, and the six curves in Fig. 15 may be superimposed by arepresented by dashed lines in Fig. 16, and give rise to the
appropriate shift along the, axis. These identical depen- three _COHtI’IbUtIOﬂS sho_wn as da_lshed lines in Flg. 15. The
dences onp, confirm that only one dynamic species of cy- evolution of the possible solutiorp, as a function of
clohexane is present in phase I, but that this species i&mperature is reported in Table I, from which we note that
present in six different orientations with respect to the crystafp €volves continuously in phase Il on lowering the tem-
frame. The maxima of the curves shown in Fig. 15 correPerature. _
spond to the azimuthal orientation of the principal axis of the By numerically calculating the theoretical valuesfoand
motionally averaged quadrupole coupling tensor. 7 defined by the eigenvalues @}, we have found that
We now consider the structural origin of the six different
orientations of the motionally averaged quadrupole coupling,,;
tensors in phase Il. First, the transition between the rhombo-
hedral phase | and the monoclinic phase Il is associated WitE
crystal twinning to generate three orientation domains, Whickb
are related by a threefold axis collinear with the channel axig
(see Fig. 18 Second, phase Il is monoclinic with space

TABLE I. Values of ¢, defining the azimuthal angle of the

s of the motionally averaged quadrupole coupling tensor in
hase 11(145, 139, and 131 Kwith respect to the reference atis

or the temperatures indicated with asterisks, the valugs, tiave

een estimated by using the mean frequencies of the components
onstituting the split lines in phase lIl.

groupP12,/al(Z=4). The four guest molecules in the unit T (K) ¢p (deg)
cell are located at general positions and represent the same

dynamic species. However, among the symmetry operations 145 15.9
i, C,, ando of the group, only pairs of molecules generated 139 20.8
by applying the inversior(i) are indistinguishable byH 131 24.7
NMR, and the four molecules of the unit cell therefore give 123 30
rise to two separate contributions to the spectrum. In total, 118 30
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P 0 7 o FIG. 18. Experimental single crystdH NMR spectra recorded
b (with echo delay 3Qus) for cyclohexaned,,/thiourea in phase I
0.1 F = at 118 K as a function of rotatione;) of the crystal about the
02 E Pt 8 channel axis, with the channel axis perpendicular to the magnetic
02¢ sor b1 field B,. The plot represents a total variation of 69° in the crystal
03[ orientation.

120 125 130 135 140 145 150 155 160
T (K) tions of p; andp, as a function of temperature are such that,
on decreasing temperature, the probabilities of orientations 1,

FIG. 17. Variation of the parameteps (top) andp, (bottom) 3, 4, and 5 in Fig. 8 will decrease, whereas the probabilities

defined in the pseudospin model presented in the Appendix. Thef orientations 2 and/or 6 will increagsee Eq(26)]. On the

three possible solutions are denoted Soll, Sol2, and Sol3 on eagfther hand, Fig. 17 shows that for solutions Sol2 and Sol3,

graph. These solutions coupley(p,) and provide values @ and  the corresponding values @f, are identical within experi-

‘7 within an error of 0.1% of the experimental values. Full lines mental accuracy whereas those mf have opposite signs

represent the fits op;(T) and p,(T) with relations(30) for Sol2  \jth the same absolute values. From E2f), it clearly ap-

and Sol3. pears that solutions Sol2 and Sol3 are equivalent.

several sets of solutions (solid lines in Fig. 13, p; andp, 3 Phase Il

(Fig. 17 fit the experimental values @® and 7 (Fig. 10 ' .
within an accuracy of 0.1%. As discussed above, the tilt The first o.rder phase transition .between phases Il qnd i
is clearly evident around 129 KFigs. 9 and 1§ and is

angle is deduced to be around 60° in phase I, and we ke ssociated with freezing out the reorientation of @axis
only those solutions that provide a continuous change aff °zIng . . j
Ag’hus, the only motion effective on theH NMR time scale

the second order transition between phases | and II. . . .
shown in Fig. 13, the tilt angla. either remains approxi- In phase lll is the reorientation of each guest molecule about

mately constant with a value close to 60° or decreases ti§s C3 axis and thuR=1 with %=0. At 129 K, the powder
reach a value of about 55° at the lowest temperatures inH NMR spectrum in Fig. 9 clearly represents the superpo-
phase Il. However, for each solution of the tilt angle, theresition of two powder patterns, suggesting the coexistence of
are three solutions for the parametgrs and p,, denoted WO dynamically different guest species. This observation
Sol1, Sol2, and Sol3 in Fig. 17. To analyze these three solunay be explained by the coexistence of phases Il and IlI
tions, we have expressed the occupation probabilities define?€T0ss a temperature domain of about 4the powder’H

in Eq. (A4) of the Appendix by using the parametgrsand ~ NMR spectrum recorded at 129 K resembles a superposition
p2 [Ed. (23)]: of those recorded at 131 and 127, lsssociated with the first

order character of the transition between phases Il and III.
1 A stack plot of single crystaPH NMR spectra recorded
py+ I05=§+(P1+P2), as a function of crystal orientation in phase (118 K) is
shown in Fig. 18. In contrast to the spectra in phaséig.
14), the lines observed in phase Ill are broad, with some
1 structure, and may even be split into several components
P2t I06=§—2P2, about a mean frequency. Several factors may contribute to
these observations. First, we observed that on crossing the
transition from phase Il to phase lll, the crystal develops
some microcracks, which is not unexpected for a strongly
first order phase transition. Thus, the crystal in phase Il is
actually a mosaic of very slightly misoriented crystallites.
Considering the solution Sollo(~0 andp,<0), the varia- Second, it is plausible that freezing out the reorientation

1
p3+p4=§+(p2—pl). (26)
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FIG. 19. Plot ofR(¢y) obtained from single crystdH NMR P P P ¢Sy y

data recordedwith echo delay 30us) at 118 K in phase Il of ~axis of theR3c space group is lost, and the motionally av-
cyclohexaned, Jthiourea. On the top, the directions of the mono- €raged quadrupole coupling tensor is no longer axially sym-
clinic axes are indicated for different twin domains, which differ in metric. These single crystéiH NMR experiments demon-
orientation by 120° inp. strate clearly that there is only one type of dynamic species
of guest molecule in phase Il, in contrast with interpretations
of the CJ' axis of the guest molecules on crossing the phas@roposed previousl}? Our single crystal®’H NMR spectra
transition may induce some static orientational disorder irprobe very precisely the relative orientations of the guest
phase lll. Third, the single cryst&H NMR spectra recorded molecules, which may be explained on the basis of the site
in phase Ill are often found to display phase distortionssymmetry properties of the structure and proposed modes of
probably caused by the virtual free induction decay orcrystal twinning. In phase lll, the orientation of t' axis
feedthrough signal that is not refocused by the second pulsgs each guest molecule becomes fixed relative to the host

in the quadrupole echo sequerf@&actors that may contrib-  structure. In all phases, there is rapid reorientation of each

ute to this effect include dipole-dipole interactions, which arec%/clohexane guest molecule about@g axis.

expectgd to be stronger in phase_lll dge to the '953‘?f extent of re  multidimensional pseudospin approach presented
;jyn;mlc e;v;araglcr;q? _morti delt)alled g]\(/jgstng?tlon |r)|t|obth§1 above is not sufficient to draw a definitive conclusion con-
undamentals underlying the observed distortions will be %erning the mechanism of the transition between phases |

Su?i]ed ?II Etl Tu;[/urle Sftudyr simation. we m nsider th and Il. Indeed, instead of considerisgin an isolated site,
a first levet ot approximation, We may COnsIigertne . pseudospin variablébereafter denote§;) must be de-

mean frequency of the components constituting the splik : : ; ;

. . ) . . -termined in the space group symmetry, as described in the
lines in phase lll. On this basis we have determined the rat'%\ppendix. As the ?ransit?on l?etvzeen phé\ses l'and Il is essen-
R(¢g) defined in Eq.(23) and the results are shown in Fig. tja|ly characterized by a doubling of the unit cell, we must

19. The fact thaR(¢) is invariant for the two temperatures consider cyclohexane sites in two primitive rhombohedral
studied in phase Il supports our assertion that@3eaxes unit cells of phase I in order to describe the collective effect
of the guest molecules do not undergo reorientational motioin terms of a multidimensional pseudospin model. The com-
(on the?H NMR time scalé in phase Ill. The observation of patibility relations between specified zone points of phases |
three essentially identical curves separated by offsets aind Il allow the determination of the collective pseudospin
around 120° inpg arises due to the effects of crystal twin- variablesS; behaving as order parametéfsg. 20. Finally,
ning, as discussed above for phase Il. Since the space growe find that the four cyclohexane molecules of the mono-
of phase Ill isP12;/al (as in phase )| we may expect clinic unit cell of phase Il undergo jumps among six orien-
to observe separate contributions to the spectrum from thetions(according to the orientation labels of Fig.\8ith the
two guest molecules in the unit cell related by the twofoldtwo probability distributions given in EqA7) of the Appen-
symmetry axis. In this case, however, the contributions oflix. There are two distributions of thg; values related to
these molecules to the spectrum are superimposed becauses@lch other by the 2screw axis parallel to the monocliriﬁ;n

the particular value taken by, (in Table I, ¢,=30° in  direction, on the one hand corresponding to cyclohexane
phase ), i.e., the contributions symbolized by dashed linesmolecules in positiong=1, 2 and on the other hand corre-
and solid lines in Fig. 16 for phase Il are superimposed insponding to cyclohexane molecules in positidns 3, 4.
phase III. From these two probability distributions, we calculate the

same motionally averaged quadrupole coupling constants
D. Discussion and motionally averaged asymmetry parametgrin agree-

In summary, our single crystal and powddi NMR ex- ~ ment with the experimental results which show that only one
periments have shown that in phase I, the motionally averdynamic species is observed in phase Il. However, following
aged quadrupole coupling tensor is axially symmetric, inthe pseudospin model, the theoretical re&ifp,) [see Eq.
agreement with previous studi¥s!® On crossing the transi- (25)] for single crystal?’H NMR data is given by
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TABLE Il. Scale factorsa; andb; obtained by fitting the experimental values of the parametg§) and
po(T) presented as solutions Sol2 and Sol3. Res. is the standard definition of the residual sum of squares in
the least-squares method.

a by a, b, Res.
Sol2 —1.15+0.05 0.72£0.16 0.47-0.03 —0.37+0.06 0.997
Sol3 1.18-0.07 —0.98+0.23 0.410.03 —0.36+0.04 0.996

. 3 9 order parameter components. It follows that the expected
R(¢g)= > P,(cos\)— Zsinz)\ P2COS 2¢. temperature dependence @f and p, according to Landau
theory is
1 2 -
——p1Sin2¢.||, (27) pi=aif+bi¢” (i=1,2 (29)
\/§pl Pc

where the order parametédriving the transition from phase
where.= @y~ @y+i42m/3, andig=0, 1 or 2 refers to the !l to phase | is proportional t@(Tcl—T)/TcﬂllZ, anda; and
twin domain considered. The sign pf depends on the po- bi are amplitude factors. The experimental values gfT)
sition of the cyclohexane molecule in the unit ogls in the and p,(T) have been fitted by means of E@Q9) with T,
Appendix, p; has a positive value for positions=1, 2 and =147 K. The resulting values of the amplitudgsandb; are
a negative value for positios= 3, 4). Considering Eq(27),  Presented in Table Il and the comparison between the theo-
the z axis of the motionally averaged quadrupole couplingretical (full lines) and experimentalsymbolg values of
tensor has an azimuthal anglg with respect to the mono- P1(T) andpx(T) is shown in Fig. 19. We note in Table I
clinic axis b, given by that for solutions Sol2 and Sol3, the amplitudgsand b,

m s

describing the parameter, have the same absolute values
but opposite signs whereas the amplitudgesindb, describ-
Earctar(i&> ing the parametep, are equivalent, as expected from the
2 J3 P2/ | pseudospin model. Thus, the temperature dependence of the

parameterg, and p, fits well with classical Landau theory

It clearly appears that i, or p, is equal to zero in Eq(28), and so is fully consistgnt with independent measurements of
¢, remains constant as a function of temperature, in contralhe spontaneous strain components in phase Il by means of
diction with the experimental values in Table I. Thus, solu-X-ray diffraction. _ o

tion Soll (p;~0 andp,<0) must be ruled out. This is not The powder’H NMR data in phase lll indicate that each
surprising as the valup;~0 imposes a constraint on the Cyclohexane guest molecule reorients abou€C#saxis, and
relative amplitudes 0§, andss [see Eq.(23)] which is not ~may be fitted by arN-site 27/N jump model withN=3.
determined by the symmetry properties of phaséséle the  Using this model, the rati®(¢,) becomes

AppendiX. In contrast, positive values of; in Eq.(28) (i.e.,

solution Sol3 will fit the experimentaR(¢y) results shown — 3 .

in Fig. 15 as full lines, and negative valuesmf (i.e., solu- Rl¢g) = §|P2(sm)\ cosec)], (30)

tion Sol2 will fit the experimentalR(¢,) results shown in

Fig. 15 as dashed lines. Thus, solutions Sol2 and Sol3 repvhere ¢.=¢g— @y + @, +ig27/3. The experimental data
resent the two probability distributions implied by the cyclo- (Fig. 19 have been fitted by means of the paramekeed
hexane positionk=1, 2 andk=3, 4 in the monoclinic unit ¢, from which we found\ =70°. For the value ofp,, it
cell. was not possible to distinguish between=30° and ¢,

The assumption concerning the equivalence of solutionss90° because of the crystal twinning and the properties of
Sol2 and Sol3 is confirmed by the analysis of the temperathe quadrupole coupling tensor. Thus, the transition from
ture dependence of the parametprsand p,. Indeed, the phase Il to phase Ill is characterized by a strong lattice dis-
primary order parametef which drives the second-order tortion associated with an abrupt change in the tilt angle
transition from phase | to phase Il is a linear combination oftogether with an abrupt orientational ordering of @& axis.

S,, S5, and Sg coordinates, whereaS; and S, behave as In these respects, the transition from phase Il to phase Il
secondary order parametdsee the Appendjxi.e., they are  exhibits some reconstructive character, and is thus clearly
proportional toZ2. In Sec. Il we have shown that the spon- disconnected from the second-order transition from phase |
taneous strain components, (- e,) andes, which character- to phase Il.
ize the distortion of the unit cell in phase Il, are secondary

order parameters and display a linear temperature depen-

dence in phase Il, as expected from classical Landau

theory?® From Eq.(23), it appears that parameters andp, The high-temperature phase | of the cyclohexane/thiourea
both contain primary $s andS;) and secondary3; andS,) inclusion compound is rhombohedral with space group

$Pp= (28

V. CONCLUSIONS

054106-17



A. DESMEDT et al. PHYSICAL REVIEW B 64 054106

R3c, as determined previously by Lerfiérom single crys- rapid reorientation of each cyclohexane molecule about its
tal x-ray diffraction data. Probably because of crystal twin-C3 axis still persists in phase Ill. . .

ning and the use of single-crystal x-ray diffraction; @knt These results provide important information required to
etal® did not report the space groups of the two low- elaborate a microscopic model for the phase transition se-
temperature phaséphases Il and 1)l of the inclusion com- duénce in t_he_ cyclohexane/thloure_a inclusion compound.
pound. By using the high resolution provided by synchrotronJOWeVer, it is important to emphasize that thés¢ NMR
x-ray powder diffraction data, we have been able to assigffXPeriments have not provided any information on the time
the space groups of both phases Il and Il Rs2, /al scales for the reorientational processes, except that the mo-

Moreover by analyzing the experimental data, we determin(I,\Ions d_|scussed :;1re effective on a time sg:ale shorte_r than
that the phase transition occurringTat; has all the continu- approximately 10" s. More detailed information on the time

P - 9'ay ... _scales of the dynamic processes on these shorter time scales
ous characteristics of a second-order phase transitio

h h I . has the ch ANSIUOLan be obtained by combining molecular dynamics simula-
whereas the transition occurring g, has the characteristics yj,ns ang  incoherent guasielastic neutron scattering

of a first order phase transition. We have shown that theexperiment§,5'36’41as well as by measurement and analysis
second-order transition at;, is well described by means of ¢ 2y NMR spin-lattice relaxation times.
a simple Landau potential developed up to the fourth order.
The transition afT., is disconnected from the transition at
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axis between six equiprobable orientations according to the
D5 point group symmetry of the site, together with rapid
reorientation of each molecule about@§' axis. In phase Il
however, dynamic disorder of the cyclohexane guest mol-
ecules must be interpreted in terms of reorientation among
six inequivalent orientations, although with specific relation-
ships between these orientations. Order parameters driving
the transition from phase | to phase Il have been identified The Frenkel model, used to describe order-disorder pro-
and the orientational ordering process in phase Il has beegbsses and phase transitions in terms of guest molecule dy-
discussed. In particular, we have shown that the temperatuigsmics, is based on probability variatiodp; of each guest

dependence of both primary and secondary order parametefgolecule orientation. Thus, the probability; for the orien-
in phase Il fits well with classical Landau theory. The maintationi is given by

reason for the ability of such a simple development of the

free energy to account for the complex ordering processes

occurring in phase Il lies in the fact that long-range interac- B .

tions strongly dominate over short-range for¢ehich could Pi=% +opi (i=1,....6. (A1)
induce local fluctuations of the order parameftetadeed,

these long-range elastic interactions, which are probably r The si f1h lecules in th
lated to the hydrogen bonding network of the thiourea host '€ site symmetry grous of the guest molecules in the

substructure and which are responsible for the macroscopfisordered phase | allows the six pseudospin coordirgtes
spontaneous strairinproper ferroelastic transitionmay be 1 Pe determined with the projection operators method
expected to control the ordering processes governed essen-
tially by short-range van der Waals forces in the guest sub-
structure. si=> M;op; (i=1,....,8, (A2)

The transition from phase Il to phase lll is strongly of first :
order and exhibits some reconstructive character. An abrupt
ordering in the orientation of the§' axis of the cyclohexane where M;; are the elements of the unitary transformation
molecules takes place in phase lll, due to freezing the momatrix M, generated by the three irreducible representations
tions of this axis relative to the host structure. However,A;, A,, andE of the D5 group. The matrixV is given by

APPENDIX: DESCRIPTION OF ORDER PARAMETERS
WITH A MULTIDIMENSIONAL
PSEUDO-SPIN MODEL

1. Individual reorientations
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L0111
V6 V6 V6 6 V6 6
L2011 11
V6 V6 6 V6 V6 6
2+t 2 1 1
J12 V12 12 12 J12 12
M= . (A3)
1 1 1 1
0o - - 0 _z -
2 2 2 2
2 1t 2 1 !
Ji2o 12 12 12 12 V12

1 1 1 1
0 = - = 0 - = -
2 2
|
Thus, the occupation probabilitigs obtained under the ac- 1
tion of the pseudospin coordinatssare given by 32=%(p1+ P>+ P3— Ps— Ps— Ps),
1 N 1 N 1 N 2 N 2
P1=z+T —=S1T —=SxT ——=S3T ——=Ss, 1
6
V6 V6 V12 V12 S3=—=(2p1—P2—P3+2Ps—Ps—Ps)>
V12
1 N 1 N 1 1 1 1 N
Po=g+ =S1t —=S2™ =—S37 5547 S5 5Ss, 1
6 6 V6 V12 2 V12 2 3425(_p2+p3_p5+p6),
1 N 1 N 1 1 N 1 1 1 1
Ps=g T —=S1t —=S2= —==S37 5S4~ =S5 556
6 6 J6 J12 2 J12 2 S5=—=(2P1=P2—P3—2Ps+ Ps+Ps),
V12
1 N 1 N 2 2 1
=—+-—=8;— —=S,+ —=8S3— —Ss,
N N N AN 55=7 (P2~ Pa—Ps+Po). (AS5)
1 1 1 1 1 1 1 In the case of the transformation from phase | to phase II,
Ps=g* \/— %52_ \/TZSF 5S4t \/TZSS_ 556> in which the site symmetry of the guest molecule is lowered
from D to C; (general positiop all coordinatess; (j#1)
are involved as order parameters, since they all induce the
1 1 1 1 1 1 1 identity representation d€, point group. An orientationally
— —=S,— —S3+ =S+ —Ss+ =S;. ordered state can be achieved only when particular values are
6 6 \/— \/g 2 \/1—2 3 2 4 \/1—2 5 2 6

imposed on the relative amplitudes of the different order pa-
rameters. For example, the ordered stpte=1 with p;

=0 (i#1) corresponds t&,=1/\/6, s;=ss=1/y/3, ands,
From the conditionE,6 1Pi=1, it follows thats;=0 (iden- =sg=0. In fact, such constraints are not imposed by the
tity). In contrast, all othes; ( ] #1) are symmetry breaking symmetry properties of phase Il, so that at a given tempera-
coordinates, so that order parameters expressed in terms toire, all occupation probabilitiep; # ¢ are expected to be
the occupation probabilities are different from each other.

(Ad)
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2. Collective effect: Description of pseudospin coordinates must consider the four cyclohexane guest molecules in the
in the space group monoclinic unit cell. The positions of these guest molecules
In order to account for the doubling of the unit cell at the referred to the space grouR3c (primitive rhombohedral
phase transition fronR3c (Z=2) to P12,/al (Z=4), we  setting are

site 1: position(}, %, 1),
site 2: position(3, §, §) deduced from site 1 by the inversi¢if000},
site 3: deduced from site 1 by the translatid 010},

site 4: deduced from site 2 by the translatid 010}

As established in this paper, poiR(0 % 1) located at the Thus, we establish that all coordinat&s(j=2, . ..,6)
surface of the rhombohedral Brillouin zone becomes a zonednd consequently all of the correspondisfgare order pa-
center point in the monoclinic reciprocal space. The compattameters for the transition between phases | aridde Ap-
ibility relations between th&3c space group representations P pend|x A. Furthermore, we learn thaj, Ss, andSs (and so

at pointsF(033) andI'(000) with those of theP12,/al 3. S5, andsg) with F; symmetry behave as prlmary order

I arameters, and th& and S, (and sos3 and s4) are sec-
space group at' the zone center are shown in Fig. 20. It turlQiéndary order parameters. Then, the occupation probabilities
out that the primary order parameter belongs to EIj'e!Bg

: . of the cyclohexane moleculqﬂ‘ in the different sites are
space group representation whereas the representgjian y
such that
the zone center is associated with a secondary order param-

eter. Hence, the relevant pseudospin coordin&e§ + 1)

developed according to the space group representafigns Pi=Pi=Pi=Pi,
andEgy on the basis of the site coordlnan%‘sare of the form p Dz pe pﬁ,

Sy(Fz)=s3+83-5;-53, P3=p3=p3=ps,

Sy(Eg)=s3+83+53+55, Pi=Pi=Pi=p1,

Sy(Eg)=s;+S5+5s3+5j, Ps=P5=p3=Dp3.

Ss(F3)=s5+s5— S5 S5, Ps=P&=P5=P;. (A7)

FHy=—sl-s24+s3+s? A6 This means that there are two distributiongpf/alues, cor-
Se(F2) 6 76766 (A8) responding to sites 1 and 2 on the one hand and sites 3 and 4

where the superscript=1, ... ,4 refers to the site label ©n the other hand, and related to each other by thectew
specified above. axis parallel to the monoclinib, direction.
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