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Structural properties of the fluorocyclohexane/thiourea inclu-
sion compound have been investigated as a function of temper-
ature by single-crystal X-ray diffraction. The inclusion
compound exhibits different forms of crystal twinning, and we
focus on the implementation of methodology for handling twinn-
ing in the structure determination process. Differential scanning
calorimetry indicates that fluorocyclohexane/thiourea undergoes
a solid state phase transition at about 107 K (on cooling). In the
high-temperature phase (ambient temperature), fluorocyclo-
hexane/thiourea has the conventional rhombohedral (R3c)
thiourea tunnel structure and the crystal is twinned through
coexistence of domains of the obverse and reverse settings of the
rhombohedral structure. The guest molecules are substantially
disordered, although there is evidence that they are located
preferentially in certain regions along the tunnel. In the low-
temperature phase, the thiourea tunnel structure is monoclinic
(P2,/n), based on a lattice that is close to the orthohexagonal cell
of the structure in the high-temperature phase. The host structure
is distorted from the rhombohedral tunnel structure of the high-
temperature phase, and the guest molecules adopt a preferred
orientation with respect to the host structure. The strategy for
structure determination of twinned crystals of inclusion com-
pounds applied in this paper should find wider applications to
other solid inclusion compounds. © 2001 Academic Press

1. INTRODUCTION

Thiourea has been known for some time (1-3) to form
crystalline inclusion compounds with a variety of different
types of guest molecules. The thiourea tunnel structure has
larger cross-sectional area and different symmetry proper-
ties from the host tunnel structure in urea inclusion com-
pounds (4,5), and is consequently able to include bulkier
guest molecules containing a wider range of functional
group types (4-7). Many research groups have recognized
the fact that thiourea inclusion compounds exhibit a
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diverse range of physico-chemical properties that are of
interest from both fundamental and applied perspectives
4,5).

In general, thiourea inclusion compounds can be clas-
sified into two types, characterized by rhombohedral and
monoclinic crystal systems. In each case, the host structure
is a hydrogen-bonded arrangement of thiourea molecules
containing parallel nonintersecting tunnels, within which
the guest molecules are located. The tunnel diameter fluctu-
ates significantly on moving along the tunnel (8), giving rise
to bulges and constrictions, and in some refflspects it can be
more appropriate to regard the thiourea tunnel structure as
a “cage”-type host rather than a “tunnel”-type host. In
general, the rhombohedral host structure is formed for guest
molecules that are substantially isotropic in shape, and
there is usually considerable dynamic disorder of the guest
molecules. In many cases, this rhombohedral structure
undergoes a low-temperature phase transition to a structure
of lower symmetry (usually monoclinic), representing a de-
formation of the tunnel and an increase in the orientational
ordering of the guest molecules. On the other hand, for
guest molecules that are more planar in shape, the host
structure at ambient temperature tends to be a distorted
form of the rhombohedral structure, and the guest molecu-
les often adopt an ordered arrangement.

Thiourea inclusion compounds containing monosubsti-
tuted and disubstituted cyclohexane guest molecules have
been the subject of a number of studies, particularly con-
cerning the conformational properties of the guest molecu-
les and comparisons with the conformational properties of
the same molecules in other phases (9-15). Interestingly, the
conformational properties of fluorocyclohexane (C¢HyF)
guest molecules in the thiourea tunnel structure (16,17)
differ significantly from those of other monohalogeno-
cyclohexane guest molecules (C¢H 1 X, for X = Cl, Br, and
I). For fluorocyclohexane, there are approximately equal
amounts of guest molecules in the axial and equatorial
conformations (16, 17), whereas the other monohalogeno-
cyclohexane guest molecules have a substantial excess of the
axial conformation (12) (mole fraction in the range 0.85 to
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0.95 at ambient temperature) inside the thiourea tunnel
structure.

Here we report variable-temperature single-crystal
X-ray diffraction studies of the thiourea inclusion
compound containing fluorocyclohexane guest molecules.
These studies are also of fundamental interest as the
structure determination is complicated by the existence
of different forms of crystal twinning in this inclusion
compound.

2. CRYSTAL TWINNING

Twinned crystals comprise two or more individual frag-
ments that have the same crystal structure but different
orientations. Several different schemes for classification of
twinned structures have been developed (18-24). As dis-
cussed below, the fluorocyclohexane/thiourea inclusion
compound has the conventional rhombohedral thiourea
tunnel structure (space group R3c) in the high-temperature
phase, and contains separate domains (twin components)
representing the obverse and reverse settings of the rhom-
bohedral structure. In this example, twinning is introduced
during the crystal growth process. In the low-temperature
phase, the structure becomes monoclinic (space group
P2,/n) and the crystals remain twinned.

The obverse and reverse settings of a rhombohedral sys-
tem are related by 180° (or 60° or 300°) rotation of the
structure about the ¢ axis of the hexagonal cell. The orienta-
tion of the hexagonal cell is identical for the obverse and
reverse twin components, but the two lattice points inside
the hexagonal cell (arising from the rhombohedral
centering) are in different positions for the obverse and
reverse settings. The lattice centering in the obverse setting
gives the condition — h + k + [ = 3n (n = integer) for the
presence of reflections, whereas the lattice centering in the
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FIG. 1.

reverse setting gives the condition h — k + [ = 3n (n = inte-
ger). For a crystal containing twin domains of both
the obverse and reverse settings, each observed reflection
with [ # 3n arises from scattering by either the obverse
domain or the reverse domain, but not both. However,
each observed reflection with [ =3n has a contribution
from the obverse domain and a contribution from the
reverse domain. The orientational relationship between
the obverse and reverse domains is shown in Fig. 1, and
the reorientation required to transform from the obverse
setting to the reverse setting is defined by the trans-
formation

-1 0 0
(a’ b’ c)reverse = (as b’ C)obverse O - 1 0 *
0o o0 1

The same matrix is required to transform the diffraction
data (h, k, I):

—1 0 0
(ha ka l)reverse = (ha k: l)obverse 0 -1 0]
0 0 1

For convenience, we use the notation [ — 1 00/0 — 1 0/0
0 1] to represent the above 3 x 3 matrix. On the assumption
of Friedel’s Law, an equivalent transformation of the dif-
fraction data from the obverse setting to the reverse setting
is defined by the matrix [1 0 0/0 1 0/0 0 — 1].

3. EXPERIMENTAL

The fluorocyclohexane/thiourea inclusion compound was
prepared from commercially available reagents as follows.

(b)

Definition of (a) the obverse setting and (b) the reverse setting of the rhombohedral description {a’, b*, ¢'} of the structure of thiourea inclusion

compounds at ambient temperature, and their relationship to the hexagonal description {a® b", ¢"}. The lattice vectors a" and b" lie parallel to the plane of
the page and c" is perpendicular to the page, whereas a", b, and ¢" are directed outward from the plane of the page. The projections of the thiourea tunnels
are shown. Numbers given at the termini of vectors indicate height (perpendicular to the page) as a multiple of c".
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Fluorocyclohexane was added to a saturated solution of
thiourea in methanol in a conical flask under ultrasonic
agitation at 328 K (the fluorocyclohexane:thiourea molar
ratio in solution was taken in excess of the normal 1:3
stoichiometry of thiourea inclusion compounds). The flask
was then transferred to an incubator and cooled systemati-
cally from 328 to 288 K over a period of 24 hours. When
sufficiently large crystals had grown (after a few days), they
were collected and washed with 2,2,4-trimethylpentane. The
crystals were dried briefly on filter paper and stored
in a sealed container at 4°C (note that fluorocyclo-
hexane/thiourea tends to decompose slowly when left in an
open atmosphere at ambient temperature). From optical
microscopy, the crystals have long hexagonal needle mor-
phology and are uniaxial (the needle axis is the optic axis).
Powder X-ray diffraction confirmed that the samples have
the conventional rhombohedral thiourea host structure at
ambient temperature. In general, a small amount of the pure
crystalline phase of thiourea is also present.

Differential scanning calorimetry was carried out using
a Perkin-Elmer DSC-7 instrument, with the polycrystalline
sample of fluorocyclohexane/thiourea subjected to cooling
and heating cycles at a rate of 10 Kmin~'. The results
provide clear evidence for a phase transition at 106.6 K
(exotherm) in the cooling cycle and at 107.6 K (endotherm)
in the subsequent heating cycle (the quoted temperatures
are onset temperatures). We refer to temperatures above
and below this transition as the high-temperature and low-
temperature phases respectively.

Single-crystal X-ray diffraction studies of fluorocyc-
lohexane/thiourea were carried out using graphite-mono-
chromated MoKuo radiation (A = 0.71073 A) on a Rigaku
R-Axis II single-crystal X-ray diffractometer equipped with
an image plate detector. Following data collection at ambi-
ent temperature, a different crystal was used for the experi-
ments at low temperature, as the crystals were found to
decompose slowly under X-ray irradiation. A standard
MSC low-temperature device employing a liquid nitrogen
cryostat was used for these experiments. At the low end of
the accessible temperature range, the accuracy of this device
is estimated to be in the region of + 5 K. As it was not
certain whether the low-temperature phase could actually
be reached using this low-temperature device (for which the
lowest nominal temperature in our previous experience was
approx. 105 K), a series of single crystal X-ray diffraction
rotation photographs were recorded for fluorocyclo-
hexane/thiourea in the region of the lowest attainable tem-
peratures. At the lowest temperature (nominally measured
as 111 K from the thermocouple in the cryostat), a signifi-
cant change in the rotation photograph was observed (see
discussion in Section 4.2), implying that a transition to the
low-temperature phase had taken place. The crystal was
kept for 2 h at this temperature, to ensure that thermal
equilibrium was reached, before starting the X-ray diffrac-

TABLE 1
Data Collection Parameters for the Single-Crystal
X-Ray Diffraction Experiments

Inclusion compound CeH,F/thiourea
Temperature (K) 293 111
No. of frames recorded 36 90
Oscillation angle per frame (°) 5 2
Exposure time per frame (min) 25 15
Crystal-to-detector distance (mm) 80 100

Note. C¢HF represents fluorocyclohexane.

tion data collection. Although the nominal temperature
(111 K) of this data collection is higher than the phase
transition temperature (107 K) determined from the cooling
cycle in our DSC experiments, the structural information
determined from these data is clearly consistent with a low-
temperature phase. Furthermore, data analysis did not en-
counter any difficulties of the type that would arise if the
temperature during the data collection had been fluctuating
across the phase transition temperature. The discrepancy
between the nominal temperature (111 K) of the data collec-
tion and the presumed actual temperature (less than 107 K)
of the data collection presumably reflects systematic errors
in the temperature measurements. In this regard, the deter-
mination of the phase transition temperature from our dif-
ferential scanning calorimetry experiments is considered to
be substantially more accurate than the temperature
measurements of the single-crystal X-ray diffraction data
collection.

Parameters relating to single crystal X-ray diffraction
data collection are summarized in Table 1. Data reduction
was carried out using standard methods in the TEXSAN
software (25) and no absorption correction was applied.
Structure solution was carried out using the direct methods
program SIR-92 (26) and structure refinement was carried
out using the program SHELXL-97 (27). Standard agree-
ment factors R and R,, were considered.

To provide a qualitative understanding of the diffraction
patterns, single-crystal X-ray diffraction rotation photo-
graphs were recorded at the same temperatures as the data
collections, with the rotation axis parallel to the needle axis
of the crystal morphology (tunnel axis of the thiourea host
structure).

4. RESULTS AND DISCUSSION
4.1. High-Temperature Phase

Powder X-ray diffraction at ambient temperature indi-
cates that the fluorocyclohexane/thiourea inclusion com-
pound has the conventional rhombohedral thiourea host
structure. The single-crystal X-ray diffraction rotation pho-
tograph is shown in Fig. 2. The positions of all reflections in
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FIG. 2. Single-crystal X-ray diffraction rotation photograph recorded
at 293 K for the fluorocyclohexane/thiourea inclusion compound rotating
about the tunnel axis. Layer lines (horizontal) of the diffraction pattern are
indexed.

the X-ray diffraction pattern can be rationalized on the basis
of a single reciprocal lattice with three-dimensional peri-
odicity, implying that the inclusion compound is commen-
surate (see Refs. (28) and (29) for a discussion of the
distinction between commensurate and incommensurate
inclusion compounds). The lattice has hexagonal metric
symmetry: a=b=1597A, ¢=1250A, o=p=90°
y = 120°. The Laue group is 3m, with the following condi-
tions for the presence of reflections: [A] (h, k, i, I),
—h+k+1=3n or h—k+1=3n (with the following
consequences of these conditions, (h, h, 2h, [), | = 3n; (h, 0, h,
I:h+1=3nor —h+1=23n);[B](hO0,hI):l=2n[C](O,
0,0, [), | = 6n. The conditions given under [A] indicate that
there is lattice centering characteristic of a rhombohedral
system with both the obverse and reverse settings present.
Condition [B] is characteristic of a ¢-glide plane and condi-
tion [C] arises from the combination of [A] and [B]. As
discussed in Section 2, each observed reflection with [ # 3n
arises from scattering by one or other of the twin domains
(but not both), whereas each observed reflection with [ = 3n
is a superposition of a reflection from each twin domain.
The orientational relationships between the rhombohedral
lattices of the obverse and reverse settings and the corre-
sponding hexagonal lattice are shown in Fig. 1.

The systematic absences are consistent with space group
R3c, as found for other thiourea inclusion compounds.
Comparison of the intensities of corresponding reflections
(with [ # 3n) that arise uniquely from the obverse domain
and the reverse domain suggests that the volume fractions of
the two twin domains in the crystal studied are approxim-
ately 85% (obverse) and 15% (reverse). As the proportion of
the reverse domain is rather small, structure solution was

initially attempted using those reflections with [ # 3n that
arise uniquely from the obverse domain plus all reflections
with [ = 3n. We note that each reflection with [ = 3n con-
tains some “contamination” from the reverse domain, but as
the volume fraction of the reverse domain is small, this
contamination may not cause serious problems in structure
solution. Full consideration of both twin components was
introduced at the structure refinement stage (see below).
Structure solution allowed the nonhydrogen atoms of the
thiourea host structure to be located. This “host-only”
structure was then used as the initial structural model for
structure refinement.

In refinement of twinned structures using the SHELXL-
97 program (27), the structure factor amplitude F? is cal-
culated by

where S is the overall scale factor, n is the number of twin
domains, k,, is the fractional contribution of twin domain m,
and (F,,,)* is the calculated structure factor amplitude for
twin domain m. As we require that

only n — 1 of the fractional occupancies (k», ks, ...
quire to be refined (30).

As some reflections contain contributions from both twin
domains whereas other reflections arise only from one twin
domain, the input to the SHELXL-97 structure refinement
program requires each reflection to be labeled with a twin
identification number specifying the twin domain (obverse
and/or reverse) that contributes to its intensity. Also, we
require to transform the Miller indices for the reverse twin
to the corresponding Miller indices in the obverse setting.
Thus, the input data for structure refinement were prepared
as follows. First, reflections were merged assuming space
group P321 (to ensure that no reflections were rejected on
the basis of rhombohedral lattice centering) and Laue group
3m. Next, for reflections with [ # 3n (each of which contains
a contribution from only one twin domain), the reflections
with — h + k + | = 3n (obverse twin) were assigned as twin
number 1 and the reflections with h — k + [ = 3n (reverse
twin) were assigned (following transformation into the indi-
ces of the obverse setting) as twin number 2. For reflections
with [ = 3n (each of which contains a contribution from
both twin domains), two sets of reflections were generated.
For the first set, the (h, k, [) indices were taken to be the same
as the measured diffraction data and assigned as twin num-
ber 1. For the second set, the (h, k, ) indices were trans-
formed to (h, k, I) (see Section 2) and assigned as twin

5 kn) re-
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number — 2. The fractional contributions of the two twin
domains were initially taken to be equal and the fraction
k, was refined (note that k; =1 — k,).

In common with other thiourea inclusion compounds, the
guest molecules in fluorocyclohexane/thiourea are likely to
exhibit some degree of positional ordering (although not
necessarily orientational ordering) with respect to the host
structure (31), and the method for handling the guest sub-
structure in the structure determination calculations re-
quires particular attention. For the nonhydrogen atoms
of thiourea, atomic coordinates (taken initially from the
structure solution) and displacement parameters (ultimately
anisotropic) were refined in the conventional manner. The
difference Fourier map for this “host-only” structure con-
tains significant maxima within the tunnel, representing
electron density from the disordered guest molecules. A
carbon atom was added in the position of the highest
maximum in the difference Fourier map, and its positional
parameters and isotropic displacement parameter were
refined together with the parameters for the nonhydrogen
atoms of the host structure. This procedure was repeated,
adding one carbon atom at a time, until the highest peak
in the difference Fourier map represented the position
of a thiourea hydrogen atom. As expected, the refined
isotropic displacement parameters for the carbon atoms
in the tunnel were significantly higher than the equivalent
isotropic displacement parameters for the thiourea atoms.
Finally, hydrogen atoms were added to the thiourea
molecules according to standard geometries and were
refined using a “riding” model in which the same co-
ordinate shifts were applied to a given hydrogen atom
and the nitrogen atom to which it is bonded. The iso-
tropic displacement parameter of each hydrogen atom
was taken as 1.2 times the equivalent isotropic dis-
placement parameter of the nitrogen atom to which it is
bonded.

The final refined structure is viewed along the tunnel axis
in Fig. 3 and structural parameters are given in Table 2. The
refined fractional occupancies of the two twin components
were 0.85(1) (obverse domain) and 0.15(1) (reverse domain),
in close agreement with the fractional contributions esti-
mated above.

Although the refined positions of the atoms inside the
host tunnel do not represent a meaningful structure for an
individual fluorocyclohexane molecule, the guest electron
density is nevertheless localized in certain regions along the
tunnel, corresponding to preferred locations of the orienta-
tionally disordered guest molecules. The refined isotropic
displacement parameters for these guest atoms are large,
clearly representing a smeared out (although nonuniform)
time-averaged electron density distribution within the tun-
nel. Such structural disorder of the guest molecules is consis-
tent with conclusions from solid state NMR studies
(14,16,17).
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FIG. 3. Structure of the fluorocyclohexane/thiourea inclusion com-
pound determined at 293 K, viewed along the ¢ axis (tunnel direction). The
atoms within the tunnel have been added to represent the contribution to
the diffraction pattern from scattering by the guest molecules. The extent to
which physical interpretation can be given to the refined positions of these
atoms is discussed in the text. Color code: sulfur, light gray; carbon, black;
nitrogen, medium gray.

4.2. Low-Temperature Phase

Figure 4 shows the single-crystal X-ray diffraction rota-
tion photograph recorded for fluorocyclohexane/thiourea
in the low-temperature phase (see Section 3). There is no
evidence for the evolution of any superstructure along the
tunnel direction in the low-temperature phase, but the num-
ber and arrangement of diffraction maxima within the layer
lines are different in the low-temperature and high-temper-
ature phases. The metric symmetry in the low-temperature
phase is orthorhombic, and the lattice (a =27.52A,
b=1572A, ¢ =1233A, o= =7 =90° is apparently
based on the orthohexagonal description of the rhombo-
hedral structure of the high-temperature phase. However,
the Laue symmetry is actually monoclinic 2/m and system-
atic absences are consistent with space group P2/n. The
orientational relationship between the rhombohedral lattice
and the orthohexagonal description is shown in Fig. 5.

On passing into the low-temperature phase, the Laue
symmetry is lowered from 3m to 2/m. For the high-temper-
ature phase, the rhombohedral lattice centering means that
each observed reflection with [ # 3n arises either from one
domain or the other domain, and cannot have contributions
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TABLE 2

Structural Parameters Determined for the Fluorocyclohexane/Thiourea Inclusion Compound at 293 K,
and Other Information Relating to the Structure Refinement Calculations
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Space group
Lattice parameters

R3¢
a=1597103) A
c=124952) A

No. of unique reflexions with |F,| > 40(F,) 881

R 0.1489

R, 0.4134

Weight 1/[6(F,)* + (0.1623*P)* + 28.99*P] where P = [max (FZ, 0) + 2FZ]/3

No. of parameters refined 29

Atom x/a y/b z/c U1.(A?) U,y(A?) Uss(A?) U,3(A?) U1s(A?) U1,(A?)
S1 0.6999(2) 0.0000(0) 0.2500(0) 0.065(2) 0.084(3) 0.057(2) — 0.005(1) — 0.0025(7) 0.042(1)
N1 0.5417(6) —0.0178(7) 0.1607(7) 0.076(6) 0.123(8) 0.067(5) — 0.004(5) —0.012(4) 0.060(6)
Cl1 0.5929(10) 0.0000(0) 0.2500(0) 0.080(7) 0.076(9) 0.068(8) 0.011(7) 0.006(3) 0.038(5)
Atom x/a y/b z/c Uso (A?) Bond Length (&) Bond Angle (°)
C2 0.612(6) 0.250(4) 0.192(5) 0.42(3) C1-S1 1.71(2) S1-C1-N1 120.6(7)
C3 0.561(3) 0.296(5) 0.134(4) 0.36(2) C1-N1 1.33(1)

Note. C2 and C3 denote carbon atoms added within the tunnel to represent the contribution to the diffraction pattern from scattering by the guest
molecules. The asymmetric unit of the host substructure comprises one-half thiourea molecule, with its S=C bond lying along a crystallographic two-fold
symmetry axis (special position (x, 0, %)), whereas N occupies a general position. There are six thiourea molecules in the unit cell.

from both domains. However, for the low-temperature
phase, the rhombohedral lattice centering is lost and there is
no restriction that reflections with [ # 3n must only have
a contribution from one domain. Thus, every observed
reflection may contain a contribution from both twin
domains (such twinning is described as merohedral).
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FIG. 4. Single-crystal X-ray diffraction rotation photograph recorded

in the low-temperature phase (see Section 3) for the fluorocyclohexane/

thiourea inclusion compound rotating about the tunnel axis. Layer lines
(horizontal) of the diffraction pattern are indexed.

On this basis, our structure solution calculation (using
direct methods) for space group P2,/n used all the measured
diffraction data. All nonhydrogen atoms of the thiourea
host structure were located and this “host-only” structure
was then used as the initial model for structure refinement.
To take merohedral twinning into account in the structure
refinement requires knowledge of the twin law that relates
the two twin components. In this case, the twin law orig-
inates from the obverse/reverse twinning in the high-tem-
perature phase and may be described by the matrix [1 0 0/
0 —10/00 — 1] (representing 180° rotation about the a°
axis—see Fig. 5). The fractional contributions of the two
twin domains were initially taken to be equal and the
fraction k, was refined.

The difference Fourier map for the refined “host-only”
structural model contained significant peaks inside the tun-
nel. To introduce this guest electron density into the model,
the strategy described in Section 4.1 was followed. However,
as refinement of twinned crystals with large asymmetric
units can suffer from problems of stability (there are nine
thiourea molecules in the asymmetric unit in the present
case), it was found necessary to introduce additional re-
straints in the refinement. Thus, the C-S and C-N bond
lengths of the thiourea molecules were restrained to a com-
mon value for each type of bond (effective standard devi-
ation 0.02) and “rigid bond” restraints were used (i.e., the
components of anisotropic displacement in the direction of
the bond were restrained to be equal for the two atoms
forming the bond, with effective standard deviation 0.01).
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FIG.5. The obverse (a) and reverse (b) settings of the rhombohedral lattice {a”, b", ¢'} and their relationship to the orthohexagonal description {a°, b°,
¢°}. The structure of the fluorocyclohexane/thiourea inclusion compound is based on the rhombohedral lattice in the high-temperature phase and based
on the orthorhombic lattice in the low-temperature phase (although the Laue symmetry is actually monoclinic, as discussed in the text). The lattice vectors
a° and b° are parallel to the plane of the page and ¢° is perpendicular to the page, whereas a’, b* and ¢" are directed outward from the plane of the page.
Numbers given at the termini of vectors indicate height (perpendicular to the page) as a multiple of ¢°.
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FIG. 6. (a)Structure of the fluorocyclohexane/thiourea inclusion com-
pound in the low-temperature phase (see Section 3), viewed along the ¢ axis
(tunnel direction). The atoms within the tunnel have been added to repres-
ent the contribution to the diffraction pattern from scattering by the guest
molecules. The extent to which physical interpretation can be given to the
refined positions of these atoms is discussed in the text. Color code: sulfur,
light gray; carbon, black; nitrogen, medium gray. (b) Schematic diagram of
the host structure in the low-temperature phase (see Section 3), illustrating
the distortion of the projection of the thiourea host tunnels from hexagonal
geometry (distances are given in A units).

Structure refinement proceeded satisfactorily and the
fractional occupancies of the twin components converged
to 0.69(1) and 0.31(1). The fact that these fractional
occupancies differ from those determined at ambient
temperature reflects the use of different crystals at each
temperature, rather than signifying any intrinsic temper-
ature dependence of the twinning.

The final refined structure in the low-temperature phase is
viewed along the tunnel axis in Fig. 6 and structural para-
meters are given in Table 3. The host structure represents
a distorted form of the host structure of the high-temper-
ature phase, and contains two crystallographically indepen-
dent types of tunnel. Although the Laue symmetry is strictly
monoclinic, the lattice is based approximately on the or-
thohexagonal description of the metric symmetry of the
high-temperature phase. The projections of the tunnels onto
the plane perpendicular to the tunnel axis are distorted
hexagons, with one “diameter” between opposite corners of
the hexagon longer than the other two “diameters” (Fig. 6).
The guest molecules remain substantially disordered in the
low-temperature phase (in contrast to the situation for
chlorocyclohexane/thiourea in its low-temperature phase
(32), for which well-defined positions for the atoms of the
guest molecules are identified). Solid state '*C and
19F NMR (14, 16, 17) studies of fluorocyclohexane/thiourea
have shown that both the axial and equatorial conforma-
tions of the guest molecules are present in essentially equal
proportions (interconverting through ring inversion),
whereas for other monohalogenocyclohexane guest molecu-
les (C¢H;1X, for X =Cl, Br, I) the axial conformation
predominates (9-15). The greater conformational disorder
for fluorocyclohexane may underlie the fact that well-
defined atomic positions for the guest molecules cannot be



FLUOROCYCLOHEXANE/THIOUREA INCLUSION COMPOUND

TABLE 3
Structural Parameters Determined for the Fluorocyclohexane/Thiourea Inclusion Compound at 111 K, and Other Information
Relating to the Structure Refinement Calculations
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Space group P2/n
Lattice parameters a=27.522)A

b =15718(8) A

c=12332)A

p=90°
No. of unique reflexions with |F,| > 40(F, 4523
R 0.1481
R, 0.3989
Weight 1/[o(F,)* + (0.1000%P)*], where P = [max (FZ, 0) + 2F%]/3
No. of parameters refined 438
Atom x/a y/b z/c U,.(A?) U,»(A?) Us3(A%) U,3(A?) U,5(A%) U,»(A%)
Cl1 0.5280(3) — 0.2080(5) 0.5861(6) 0.052(6) 0.023(5) 0.032(5) — 0.006(4) —0.011(4) — 0.000(4)
N1 0.5448(3) —0.2419(5) 0.4956(5) 0.031(4) 0.042(5) 0.048(4) — 0.005(3) — 0.006(3) 0.013(4)
N2 0.5557(3) —0.2109(6) 0.6749(6) 0.059(6) 0.084(7) 0.034(4) 0.000(4) —0.023(4) — 0.010(5)
S1 0.4749(1) — 0.1466(2) 0.5848(2) 0.047(2) 0.0533(2) 0.035(2) — 0.005(1) 0.007(1) 0.010(1)
C2 0.4580(3) —0.2059(6) — 0.0828(5) 0.050(6) 0.052(6) 0.008(4) 0.000(3) —0.002(3) — 0.003(5)
N3 0.4305(3) —0.2055(5) — 0.1706(5) 0.040(5) 0.076(6) 0.030(4) 0.007(4) — 0.008(4) 0.010(4)
N4 0.4392(3) —0.2353(5) 0.0078(5) 0.046(5) 0.079(7) 0.028(4) 0.014(4) — 0.008(3) —0.019(4)
S2 0.5117(1) —0.1489(2) — 0.0803(2) 0.059(2) 0.049(2) 0.032(1) 0.001(1) — 0.008(1) — 0.014(1)
C3 0.3297(3) — 0.4066(5) 0.0837(6) 0.040(6) 0.027(5) 0.038(5) —0.023(3) — 0.006(4) —0.016(4)
N5 0.3215(3) — 0.4508(6) 0.1728(5) 0.067(6) 0.087(6) 0.025(4) — 0.003(4) 0.002(4) — 0.018(5)
N6 0.3412(3) —0.4472(5) —0.0062(5) 0.078(7) 0.041(5) 0.034(5) 0.003(3) 0.009(4) 0.008(5)
S3 0.3251(1) —0.2953(2) 0.0845(2) 0.067(2) 0.048(2) 0.031(2) — 0.009(1) 0.009(1) 0.005(1)
C4 0.6202(3) —0.3037(6) 0.0874(6) 0.052(6) 0.039(6) 0.038(5) 0.006(4) — 0.003(4) — 0.003(5)
N7 0.6065(3) —0.2619(5) 0.1724(5) 0.058(6) 0.072(6) 0.027(4) 0.006(4) — 0.008(3) 0.019(5)
N8 0.5970(3) —0.2915(6) — 0.0034(6) 0.069(6) 0.083(7) 0.027(4) —0.001(4) —0.001(4) 0.025(5)
S4 0.6779(1) —0.3481(2) 0.0841(2) 0.041(2) 0.044(2) 0.038(1) — 0.009(1) 0.001(1) —0.017(1)
Cs 0.3625(3) — 0.2976(6) 0.4163(6) 0.056(6) 0.063(7) 0.024(5) — 0.007(4) 0.013(4) — 0.008(5)
N9 0.3775(3) — 0.2588(5) 0.3279(5) 0.063(6) 0.061(6) 0.025(4) —0.011(3) 0.016(4) 0.001(4)
N10 0.3880(3) — 0.2874(5) 0.5051(5) 0.043(5) 0.078(6) 0.036(4) 0.001(4) 0.012(3) —0.045(5)
S5 0.3086(1) —0.3523(2) 0.4194(2) 0.045(2) 0.057(2) 0.037(2) — 0.003(1) — 0.014(1) — 0.002(1)
Co 0.6624(4) — 0.4059(5) 0.4148(5) 0.053(7) 0.057(6) 0.023(5) — 0.008(4) 0.012(4) 0.021(5)
NI11 0.6731(3) — 0.4516(5) 0.3287(5) 0.066(6) 0.071(6) 0.021(4) —0.013(3) 0.016(4) 0.016(5)
N12 0.6553(4) — 0.4492(5) 0.5078(5) 0.110(8) 0.034(5) 0.020(4) —0.016(3) — 0.001(4) 0.011(5)
S6 0.6577(1) —0.2959(2) 0.4183(2) 0.066(2) 0.045(2) 0.036(2) 0.001(1) 0.004(1) 0.006(1)
C7 0.4942(4) —0.0937(5) 0.2522(6) 0.0726(7) 0.036(5) 0.037(5) — 0.030(4) — 0.007(5) 0.020(5)
N13 0.50630(4) — 0.0547(5) 0.16230(6) 0.095(8) 0.047(5) 0.048(4) — 0.003(4) — 0.019(5) 0.007(5)
N14 0.4877(3) — 0.0495(5) 0.3416(6) 0.062(6) 0.036(5) 0.053(5) — 0.026(4) 0.008(4) —0.001(4)
S7 0.49343(8) —0.2033(2) 0.2512(1) 0.030(1) 0.042(2) 0.031(1) —0.0111(9) 0.007(1) 0.007(1)
C8 0.1953(3) 0.7951(6) 0.2496(6) 0.030(5) 0.062(7) 0.046(5) —0.019(5) 0.007(5) 0.007(5)
N15 0.2133(4) 0.7582(6) 0.1651(5) 0.081(7) 0.086(7) 0.028(4) —0.001(4) 0.004(4) 0.039(6)
N16 0.2214(3) 0.7880(5) 0.3398(5) 0.057(5) 0.045(5) 0.030(4) 0.003(3) 0.011(3) 0.006(4)
S8 0.1417(1) 0.8537(2) 0.2510(2) 0.047(1) 0.040(2) 0.031(1) — 0.002(1) 0.011(1) 0.0033(7)
C9 0.7901(3) — 0.2039(6) 0.2512(6) 0.037(5) 0.039(6) 0.039(5) 0.007(4) 0.004(4) 0.001(4)
N17 0.7637(3) — 0.2094(5) 0.1616(5) 0.031(4) 0.071(6) 0.038(4) 0.006(4) 0.000(3) —0.014(4)
N18 0.7742(3) —0.2377(4) 0.3406(5) 0.071(6) 0.038(5) 0.036(4) —0.003(3) 0.008(4) —0.012(4)
S9 0.8454(1) — 0.1494(2) 0.2504(2) 0.049(2) 0.074(2) 0.034(2) 0.000(1) 0.003(1) —0.018(1)
Atom x/a y/b z/e Ui (A2) Atom x/a /b z/e Ui (A?)
C10 0.051(1) 0.035(2) 0.191(2) 0.166(8) Cl1 0.157(3) 0.585(4) 1.060(4) 0.50(4)
C12 0.124(1) 0.528(2) 0.468(2) 0.175(9) C13 0.2010(7) 0.458(1) 0.358(1) 0.120(6)
C14 0.153(1) 0.441(2) 0.522(2) 0.17509) C15 —0.027(1)  —0.056(2) 0.192(3) 0.23(1)
Cl6 0.136(1) 0.548(2) 0.343(2) 0.166(9) C17 0.0177(9) —0.045(2) 0.146(2) 0.154(8)
C18 —0.043(1) —0.018(2) 0.326(2) 0.20(1) C19 0.221(2) 0.496(3) 0.853(4) 0.30(2)
C20 0.184(2) 0.442(3) 0.855(4) 0.34(2) C21 0.1852(9) 0.540(2) 0.309(2) 0.161(8)
C22 0.142(2) 0.447(3) 1.330(4) 0.38(3) C23 0.146(1) 0.447(2) 1.028(3) 0.22(1)
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TABLE 3—Continued
Atom x/a y/b z/c Ui (A?) Atom x/a y/b z/c U (A?)
C24 —00372)  0.0133) 0.174(3) 0.25(1) C25 0.042(1) 0.045(2) 0.324(2) 0.165(8)
C26 —0.008(1) 0.044(2) 0.345(2) 0.20(1) 27 0.208(1) 0.496(3) 1.008(4) 0.26(1)
C28 0.001(1)  — 0.080(2) 03372) 0.19(1) 29 0.154(2) 0.575(3) 0.542(3) 0.29(2)
C30 0.204(1) 0.447(2) 0.467(2) 0.189(9) C31 0.012(2) 0.074(3) 0.200(3) 0.28(1)
C32 0.130(1) 0.532(3) 1.001(3) 0.24(1) C33 0.206(1) 0.521(3) 0.525(3) 0.25(1)
C34 0.133(1) 0.485(3) 0.804(3) 027(1) C35 0.121(1) 0.556(2) 0.876(2) 0.175(9)
C36 0.202(2) 0.423(3) 1.015(4) 0.30(2) C37 0.178(1) 0.560(2) 0.817(2) 0.22(1)
Bond Length (/O\)
C1-N1 1.320(9) C4-N7 1.293(9) C7-N13 1.303(9)
C1-N2 1.33509) C4-N8 1.304(9) C7-N14 1316(8)
C1-S1 1.751(8) C4-S4 1.733(8) C7-87 1.723(8)
C2-N4 1.314(9) C5-N10 1.3109) C8-N15 1.292(9)
C2-N3 1.321(9) C5-N9 1.316(9) C8-N16 1.330(9)
C2-S2 1.729(8) C5-85 1.71509) C8-S8 1.738(8)
C3-N5 1.319(10) C6-N11 1.314(9) C9-N18 1.300(8)
C3-N6 1.318(9) C6-N12 1.348(9) C9-N17 1.32509)
C3-S3 1.754(8) C6-S6 1.735(8) C9-S9 1.748(8)
Bond Angle (°)

N2-C1-N1 118.6(8) N8-C4-N7 118.5(8) N14-C7-N13 119.7(8)
S1-C1-N1 120.5(6) S4-C4-N7 119.4(6) S7-C7-N13 117.8(6)
S1-C1-N2 120.2(6) S4-C4-N8 119.3(6) S7-C7-N14 122.2(7)
N3-C2-N4 118.2(8) N9-C5-N10 117.8(8) N16-C8-N15 115.4(8)
S2-C2-N4 120.3(6) S5-C5-N10 120.4(6) S8-C8-N15 124.9(7)
S2-C2-N3 120.1(6) S5-C5-N9 121.6(7) S8-C8-N16 119.7(6)
N6-C3-N5 119.1(8) N12-C6-N11 116.4(8) N17-C9-N18 119.8(8)
S3-C3-N5 120.6(6) S6-C6-N11 125.6(6) S9-C9-N18 119.9(6)
S3-C3-N6 120.3(6) S6-C6-N12 118.0(5) S9-C9-N17 120.3(6)

Note. C10 to C37 denote carbon atoms added within the tunnel to represent the contribution to the diffraction pattern from scattering by the guest
molecules. The asymmetric unit of the host substructure comprises 9 thiourea molecules in general positions. There are 36 thiourea molecules in the

unit cell.

established in the average crystal structure in the low-tem-
perature phase. Nevertheless, there is evidence (see Fig. 6)
that the guest molecules exhibit an overall orientational
preference, which correlates well with the distortion of the
host tunnel. Thus, the plane of the guest molecules (projec-
ted onto the plane perpendicular to the tunnel axis) lies
along the long “diameter” of the distorted host tunnel,
suggesting that the orientation of the guest molecules (with
respect to rotation about the tunnel axis) is confined to
a comparatively narrow distribution in the low-temperature
phase. Nevertheless, while projections of the type shown
in Fig. 6 can provide an overall impression of the extent
of distortion of the tunnels, we nevertheless emphasize
the potential pitfalls that may arise, in general terms,
from overinterpretation of two-dimensional structural
projections. As found for the high-temperature phase, the
guest molecules are positioned preferentially along the tun-
nel at sites corresponding to the “cages” in the host
structure.

5. CONCLUDING REMARKS

Single-crystal X-ray diffraction has been applied to eluci-
date structural properties of the fluorocyclohexane/thiourea
inclusion compound, despite the fact that the crystals are
twinned both in the high-temperature and low-temperature
phases. At ambient temperature, the host structure is rhom-
bohedral and the guest molecules are disordered. Twinning
arises through the coexistence of both obverse and reverse
domains of the rhombohedral structure. In the low-temper-
ature phase, the host tunnels are distorted toward lower
symmetry from the rhombohedral high-temperature struc-
ture. The guest molecules show evidence of an orientational
preference in the low-temperature phase, which correlates
well with the distortion of the host tunnel. The twinning in
the low-temperature phase clearly originates from the ob-
verse/reverse twinning in the high-temperature phase, al-
though the description and handling of the twinning are
different as a consequence of the lowering of the symmetry.



FLUOROCYCLOHEXANE/THIOUREA INCLUSION COMPOUND 25

It is interesting to contemplate the reasons underlying the
fact that crystals of fluorocyclohexane/thiourea exhibit ob-
verse/reverse twinning, whereas crystals of other thiourea
inclusion compounds studied previously (such as chlorocyc-
lohexane/thiourea (31)) apparently do not. Detailed invest-
igations of the crystal growth processes and the application
of a range of experimental probes to investigate local struc-
tural properties are clearly required in order to understand
this issue.

The structure determination strategy for twinned inclu-
sion compounds applied in this paper should find wider
applications to other solid inclusion compounds, as it is well
known that many inclusion compounds exhibit twinning on
passing below low-temperature phase transitions (whether
or not there is twinning at ambient temperature). The main
requirements in solving crystal structures from diffraction
data affected by twinning are to identify the type of twinn-
ing, to establish the geometric relationships between the
different twin components, and to understand the relative
contributions of each twin component to each reflection in
the measured diffraction data. With significant recent devel-
opments in the versatility of structure refinement packages
and the concomitant ability of modern diffractometers (par-
ticularly area detectors) to record data from twinned crys-
tals in a rational manner, a wide range of twinned structures
are now amenable to investigation that could not be studied
in the past.
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