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Abstract 

We report an extensive neutron powder diffraction 
study of the high-pressure phase IV of cyclohexane- 
diE. Using constrained Rietveld refinement we deduce 
approximate atomic positions for this phase which 
are found to be in close accord with the predictions 
of energy-minimization calculations. The likely rela- 
tionship between the unit cell of phase IV and that of 
the ambient-pressure phase II is also presented. We 
further demonstrate, by means of an X-ray powder 
diffraction study of cyclohexane-hl2, that phase IV 
can be produced in a metastable state at ambient 
pressure by rapid quenching to 77 K from the liquid. 
This finding contradicts a previous report [Burns & 
Dacol (1984). Solid State Commun. 51, 773-775] 
claiming that the ambient-pressure metastable phase 
is an orientational glass. 

1. Introduction and background 

Although a relatively simple organic molecular 
system, cyclohexane is characterized by a high degree 
of structural polymorphism in quite modest ranges 
of temperature and pressure (Schulte & Wiirflinger, 
1987). It therefore represents an ideal system for 
studies of the processes governing structural 
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Diffraction Service, SERC Daresbury Laboratory. 
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polymorphism in organic molecular crystals. Indeed 
a thorough understanding of phase formation in 
such a simple system is a prerequisite for a wider 
elucidation of the generic factors governing struc- 
tural phase changes in other (more complex) organic 
molecular materials. With this motivation, cyclohex- 
ane has been the subject of a number of detailed 
structural investigations. 

The bulk of previous structural studies has con- 
centrated solely on the phases obtainable at ambient 
pressure. Under these conditions, cyclohexane is 
known to exhibit two stable solid phases. Phase I, 
the plastic phase, lies between 186.1 K and the melt- 
ing point at 279.82 K. It is cubic [a = 8.61 (2) ,~; Z = 
4; space group Fm3m] and from NMR studies is 
known to be characterized by a large degree of 
dynamic molecular disorder, the molecules undergo- 
ing rapid reorientations on the lattice sites (Andrew 
& Eades, 1953). Below 186.1 K an order-disorder 
transition takes place to an orientationally ordered 
structure (phase II). Single-crystal X-ray diffraction 
measurements performed by Kahn, Fourme, Andr6 
& Renaud (1973) have shown that phase II possesses 
a monoclinic unit cell [a = 11.23 (2), b = 6.44 (2), c = 
8.20 (2) ,~, fl = 108.83°; Z = 4; space group 
C2/c]. In the same work, a determination of the 
molecular positions and atomic coordinates also 
revealed that the molecules have the so-called 'chair- 
like' conformation. 

In addition to the stable ambient-pressure phases, 
cyclohexane is also known to exhibit a metastable 
phase. This phase was discovered by Renaud & 
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Fourme (1966) and can be formed by rapidly 
quenching to low temperature from either the liquid 
or the plastic phase I. Using X-ray powder diffrac- 
tion, these workers demonstrated that the metastable 
phase differs structurally from phases I and II, 
although the low resolution of their measurements 
precluded a structural determination. More recently 
however, (and in apparent contradiction of the X-ray 
work), Bums & Dacol (1984) have suggested on the 
basis of Raman spectroscopy measurements that the 
metastable phase is actually a quenched orientational 
glass deriving directly from phase I by the 'freezing- 
out' of orientational molecular disorder. 

In contrast to the ambient-pressure phases of 
cyclohexane there is a comparative dearth of 
information concerning the effects of pressure on the 
adopted structures. In response to this, a number of 
groups have recently focused their attention on the 
high-pressure phases with the provisional goal of 
mapping the phase diagram and determining crystal- 
lographic properties as a function of pressure and 
temperature. These high-pressure studies have 
employed differential thermal analysis, vibrational 
spectroscopy and neutron diffraction techniques. 
Their principal findings are summarized below. 

Three stable high-pressure phases of cyclohexane 
are thus far known to exist. At room temperature, all 
occur in the pressure range 5-18 kbar and in order 
of increasing pressure are denoted III, IV and V 
(Crain, Poon, Cairns-Smith & Hatton, 1992). Rather 
intriguingly, however, the transition pressures of 
these phases are profoundly influenced by isotopic 
effects, there being dramatic differences between 
C6H12 and its deuterated derivative C6DI2 . For 
example, at room temperature, the phase III-IV 
transition in C 6 D I 2  is observed at a pressure of 
7.4 kbar, while in C6HI2 the same transition occurs 
at the considerably higher pressure of 9.6 kbar 
(Haines & Gilson, 1989, 1990). 

Using differential thermal analysis (DTA), Schulte 
& Wfirflinger (1987) have mapped the phase dia- 
grams of C6H12 and C6D12 (and mixtures thereof) 
both as a function of pressure (to 3 kbar) and tem- 
perature. The resulting picture of the phase diagram 
for both isotopic forms was subsequently comp- 
lemented by room-temperature Raman and infrared 
vibrational spectroscopy measurements as a function 
of pressure (Haines & Gilson, 1989, 1990). This latter 
work gave some indications regarding the point- 
group symmetry of the high-pressure phases III and 
IV. Moreover, the observed transition pressures 
allowed an extrapolation to higher pressures of the 
DTA-based phase diagram. 

Figs. l(a) and l(b) show the extrapolated phase 
diagrams of Schulte & Wfirflinger (1987) for C6H12 
and C6Dl2 respectively. The influence of the isotope 
effect is striking, particularly with regard to phase 

IV. Although this phase is observed at low tempera- 
tures in C6D12 for pressures between 1.5 and 3 kbar, 
no direct evidence for its presence at low temperature 
was seen in C6H12 up to 3 kbar (the pressure limit of 
the DTA study). Nevertheless the DTA work on 
mixtures of C6Ol2 and C6HI2 suggests that phase IV 
could exist in pure C6H12 , but that the triple point of 
phases II, III and IV would be shifted to pressures 
above 3 kbar. Indeed this proposal is consistent with 
recent room-temperature Raman spectroscopy meas- 
urements performed by Crain et al. (1992) which 
demonstrate that phase IV does occur in C6Hl2 for 
pressures above approximately 10 kbar. Thus there 
would appear to be nothing to suggest that deuter- 
ation engenders any fundamental topological change 
in the phase diagram of cyclohexane. 
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Fig. 1. The extrapolated phase diagrams of Schulte & Wiirflinger 
(1987) for (a) C6Ht2 and (b) C6Di2. The broken lines represent 
the extrapolation to room temperature of a polynomial fit to the 
DTA data. The points ( x ) at 293 K correspond to the bound- 
ary of phase III as determined by Haines & Gilson (1989, 1990). 
The point (o) at 5 kbar, 265 K indicates the position of the 
phase III-IV boundary determined by Wilding et al. (1991). 
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In addition to the effects of deuteration, studies of 
the phase diagram of cyclohexane are further compli- 
cated by pronounced metastability effects. In par- 
ticular, [and as recently detailed by Mayer et al. 
(1991) for C6D12], there are regions of the phase 
diagram where phase IV manifests a remarkable 
degree of metastability with respect to the stable 
low-temperature ambient-pressure phase II (cf. Fig. 
1 b). Mayer et al. (1991) noted that the position of the 
phase IV-II boundary is strongly dependent on the 
direction in which it is traversed and that the locus of 
this boundary, as recorded in Fig. 1, strictly only 
applies when heating from phase II. On cooling from 
phase IV at 3 kbar, they found that phase IV could 
be supercooled (with respect to Fig. l b) at least as 
low as 175 K (the lower temperature limit of their 
study). 

Although no structural information has yet been 
deduced for the recently discovered phase V, detailed 
structural information on phases III and IV has 
recently been published by Wilding, Hatton & 
Pawley (1991). These authors performed a high- 
pressure neutron powder diffraction study and suc- 
cessfully determined the unit cell and space group of 
both phases. Phase III was found to be ortho- 
rhombic [a = 6.587 (3), b = 7.844 (7), c = 5.295 (3) A, 
Z = 2] with space group Pmnn. The unit cell and 
space group of phase IV were found to be closely 
related to those of phase III; it is monoclinic [a = 
6.526 (4), b = 7.597 (6), c = 5.463 (5) A., fl = 
97.108 (4) °, Z = 2 ] ,  with space group P12t/nl. In 
addition, approximate atomic positions were 
determined for phase III using lattice-energy minimi- 
zation techniques in conjunction with constrained 
Rietveld refinement. This showed that in common 
with phase II, the molecule in phase III adopts the 
'chair' conformation. Unfortunately, no reliable con- 
clusions were obtained regarding the atomic posi- 
tions in phase IV. 

Evidently a full structural solution of phase IV 
remains one of the major outstanding structural 
problems posed by cyclohexane. Without knowledge 
of this structure, the mechanism of the phase IV-II 
transition (and hence the underlying cause of the 
metastability effect) cannot be deduced. In view of 
this, we now revisit phase IV with the aim of 
determining the atomic positions and investigating 
further the extent of its metastability with respect to 
phase II. 

2. Experimental and results 

2.1. Neutron powder diffraction studies o f  C6D~z at 
high pressure 

Data were collected using the high-resolution D2B 
neutron diffractometer at the Institut Laue-Langevin 
(ILL) (Hewat & Bailey, 1976). An incident neutron 

wavelength of 1.5938_ 0.0002 A was used and cali- 
brated using a silicon wavelength standard. For 
high-pressure measurements at low temperatures, a 
6 kbar helium pressure cell was employed in conjunc- 
tion with a standard orange cryostat. The pressure, 
as indicated by the calibration of the pumping 
apparatus, was independently corroborated by 
a strain-gauge instrument accurate to better than 
0.1 kbar. The aluminium housing of the pressure cell 
gave rise to diffraction peaks 111,200, 222 and 311 
centred at 39.9, 46.0, 67.2 and 81.7 ° of 20 respec- 
tively. Those reflections lying in the immediate vicin- 
ity of these non-sample reflections were excluded 
from the set used for the refinement procedure. 

A commercially available sample of C6Dl2 with a 
stated deuterium purity of 99.5% was obtained from 
the Aldrich chemical company. The sample was 
introduced in liquid form to the sample holder, a 
12 mm diameter vanadium can. In an attempt to 
ensure homogeneity of the powder, the sample can 
was packed with silica wool prior to introduction of 
the sample. Scattering from the silica wool itself is 
known to add uniformly to the background and thus 
had negligible effect on the sample pattern (Baharie 
& Pawley, 1977). 

At a pressure of 5 kbar, the sample was cooled 
from room temperature to 250 K. A short scan at 
this temperature yielded a powder pattern consistent 
with the known unit-cell parameters of phase IV, as 
previously determined by Wilding et al. (1991). A 
high-quality data set suitable for structure deter- 
mination was then collected over a period of 4 h, 
yielding data in the 20 range 0-120 ° with a 20 step 
size of 0.05 °. Holding the pressure at 5 kbar, the 
temperature was then slowly reduced to 60 K in an 
attempt to locate any transition to phase II. How- 
ever, none was observed even though the sample was 
held at 5 kbar, 60 K for several hours. Maintaining 
the temperature constant at 60 K, the pressure was 
then reduced stepwise from 5 kbar to ambient 
pressure (1 bar). At each pressure a short data set of 
30 min duration was collected. Somewhat surpris- 
ingly, phase IV was found to persist right down to 
1 bar. Only by heating the sample at ambient 
pressure was a transition from phase IV to phase II 
finally induced at approximately 160 K. 

The short data sets collected at each pressure were 
used to obtain estimates of the phase IV unit-cell 
parameters. The peak positions of the Bragg reflec- 
tions were input to the CELREF program (Fitch & 
Murray, 1992), which produced a least-squares esti- 
mate for the lattice parameters. These parameters 
(normalized with respect to their ambient-pressure 
values), are presented in Fig. 2. From this figure it is 
clear that the unit cell is considerably more com- 
pressible along the [010] direction than along either 
the [100] or [001] directions. 
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In order to deduce the atomic positions of the 
phase IV structure, the high-quality data set collected 
at 5 kbar, 250 K was analysed using the EDINP 
constrained Rietveld refinement program (Pawley, 
1980). Prior to refinement, the unit-cell parameters, 
zero error and peak-shape function were first fitted 
using the ALLHKL profile refinement program 
(Pawley, 1981). The resulting estimates for instru- 
mental and unit-cell parameters fitted in the 20 range 
15-120 ° are given in Table 1 and were used sub- 
sequently in the Rietveld refinement. 

An 'idealized' chair-shaped cyclohexane molecule 
was used for the Rietveld refinement. This molecule 
has tetrahedral bond angles with bond lengths C - - C  
= 1.53 and C - - D  = 1.07 A. Strict constraints were 
applied to the molecule to ensure that the bond 
lengths and bond angles remained constant - only 
the orientation of the molecule was permitted to 
vary. The refinement was performed subject to the 
P12~/nl space group with Z = 2 ,  as previously 
determined by Wilding et al. (1991). This space 
group dictates that the centre of one molecule coin- 
cides with the unit-cell corner, while the centre of the 
other molecule lies at the cell centre. Since the unit 
cells of phases III and IV are both very similar to 
one another in size and shape, the initial molecular 
orientation for the phase IV refinement was chosen 
to be approximately the same (relative to a fixed 
Cartesian basis) as that for the known phase III. The 
powder pattern was refined in the 20 range 15-120 ° 
and only four parameters were varied: the scale 
factor of the pattern and the three Euler angles 
controlling the molecular orientation. Isotropic tem- 
perature factors were not refined, and were set to 
1.11 for the C atoms and 5.53 for the D atoms. The 
background took the form of a linear interpolation 
between visually estimated points. 
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Fig. 2. The pressure dependence of  the unit-cell parameters of  
CrD~: at 60 K. The data are normalized with respect to the 
ambient-pressure cell constants a=6 .586 ,  b=7.582,  c = 
5.557/~,/3 = 98.064 °. A typical error bar is also shown. 

Table 1. Values from the ALLHKL program for the 
instrumental and lattice parameters of  phase IV  in 

C 6 D l z  a t  5 kbar, 250 K 

Zero (°) -0.338 (2) 
u (deg 2) 0.709 (1) 
v (deg 2) -0.728 (8) 
w (deg 2) 0.324 (1) 
a (A) 6.529 (4) 
b (/~,) 7.601 (7) 
c (/~) 5.461 (6) 
/3 (°) 96.97 (1) 
Volume (/~3) 269.07 (4) 

The refinement converged rapidly with final R 
factors of R I = 14.0, Rwp = 19.65, /L, xp = 2.87% 
where we have used: 

R, = {Y.[ll(obs)- l(calc)l]/Y[I(obs)]} × 100%, 

Rwp = (Y.{w[ Y(obs)- Y(calc)]2}/Y[w Y(obs)2]) ''2 × 100%, 

Rexp = [ ( N -  P + C)/Z{w[Y(obs)]Z}] ''2 x 100%. 

Here N is the number of data points, P is the number 
of parameters and C is the number of constraint 
functions. Also Y(obs)= Y(tota l ) -  background, w 
= 1/[ Y(total) + background]. 

A difference plot of the refined pattern is shown in 
Fig. 3.* In the interests of clarity the pattern has 
been truncated to show only the portion of the scan 
between 15 and 80 ° of 20. The atomic positions for 
this solution are given in Table 2 and a carbon 
skeletal representation of the molecular orientation is 
shown in Fig. 4. Notwithstanding the rather large R 
factors, there are a number of reasons why we 
believe that this structure is essentially correct. 

Firstly, the origin of the large R factors can be 
traced to inadequate powder averaging. Comparison 
of the powder pattern shown in Fig. 3 with that 
obtained previously under the same conditions [Fig. 
2b of Wilding et al. (1991)] reveals significant dis- 
crepancies between the relative intensities of the 
Bragg peaks. We interpret this irreproducibility as 
arising from powder inhomogeneities, implying that 
the silica wool is not entirely effective in producing a 
fine powder. Although the magnitude of the effect is 
sufficient to account for the unexpectedly large R 
factor, it is not (we believe) so great that the solution 
can be discounted as unreliable. Indeed, trial 
refinements with many different starting orientations 
always refined to the solution depicted in Fig. 4, 
giving more confidence that the solution is substan- 
tially correct. 

Secondly, inspection of Fig. 4 shows that the 
molecular orientation in phase IV is closely related 

* Primary diffraction data corresponding to Figs. 3 and 5 have 
been deposited with the British Library Document Supply Centre 
as Supplementary Publication No. SUP 55955 (18 pp.). Copies 
may be obtained through The Technical Editor, International 
Union of  Crystallography, 5 Abbey Square, Chester CH1 2HU, 
England. 



324 CYCLOHEXANE IV 

Table 2. Refined atomic positions in phase I V  at 
5 kbar, 250 K based on a constrained molecular 

geometry 

Only half  the a toms per molecule are given, the remainder  follow 
f rom an inversion through the origin. The  est imated s tandard 
deviations on the Euler  angles ~o, 0 and ~ which control  the 
molecular  or ienta t ion are 0.017, 0.016 and 0.018 ° respectively. 

x y z 
C1 0.203 -0.068 0.102 
C2 0.172 0.028 - 0.147 
C3 - 0.002 0.163 - 0.145 
DI 0.242 0.025 0.248 
D2 0.133 - 0.065 - 0.292 
D3 0.037 0.257 0.001 
D4 0.325 -0.163 0.101 
D5 0.312 0.094 -0.176 
D6 -0.024 0.231 -0.319 

to that of phase III [Fig. 6 of Wilding et al. (1991)]. 
This is just as one might anticipate given the close 
relationship between the unit cell and space group of 
phases III and IV. The main qualitative feature of 
the transition is a rotation of the molecule in the 
same sense as the monoclinic distortion, thereby 
ensuring that the C3 atom remains in the (001) plane. 
There is also a small ( - 7  °) rotation of the molecule 
about the axis in the (001) plane which joins the 
origin to the C3 atom. 

Thirdly, the deduced structure of phase IV is in 
excellent agreement with that predicted by the 
energy-minimization calculations of Wilding et al. 
(1991) and given in Table 3. Without prior knowl- 
edge of the powder averaging problem, these workers 
discounted their energy-minimization results because 
a corresponding high-quality Rietveld refinement of 
their phase IV powder pattern could not be obtained. 

The remainder of our evidence supporting the 
proposed structure of phase IV derives from a sepa- 
rate X-ray powder diffraction study of the ambient- 
pressure metastable phase of cyclohexane. Details of 
this study are described in the following subsection. 

2.2 X-ray diffraction studies of  the ambient-pressure 
metastable phase in C6H]2 

Low-temperature powder X-ray diffraction meas- 
urements were performed on Station 9.1 of the 
Daresbury Synchrotron Radiation Source (SRS) 
using 1.004 A radiation from a 3-pole, 5 T Wiggler 
magnet and a channel-cut Si( l l l )  monochromator. 
A commercially available sample of C 6 H I 2  with a 
stated purity of 99.5% was obtained from the 
Aldrich chemical company and loaded in the liquid 
state into a 0.3 mm glass capillary which was sub- 
sequently sealed at both ends. This capillary was 
then quenched to 77 K in liquid nitrogen and quickly 
loaded into a pre-cooled cryostat. Both the 
quenching and loading were carried out under a 
nitrogen atmosphere in order to limit moisture con- 
densation onto the capillary. The cryostat was an 
Oxford Instruments continuous-flow type (model 
CF1238), having the capability to rotate the sample 
during data collection for improved powder averag- 
ing. At 77 K, temperature stability was found to be 
better than _+ 1 K. 

A powder pattern of the quenched sample was 
collected at 77 K, in the 20 range 3-30 ° for a 20 step 
size of 0.01 °. Examination of this pattern revealed it 
to comprise a mixture of both phases IV and II in 
respective proportions of approximately 8:1. Conse- 
quently we conclude that the metastable phase dis- 
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covered by Renaud  & Fourme  (1966) is none other 
than phase IV. Indeed the d spacings of  the phase IV 
structure are consistent with the X-ray powder dif- 
fraction data  of  Renaud  & Fourme  (1966), despite 

x y z 
the low resolution of  their study. Fu thermore  these Cl 0.2061 -0.0720 0.1034 
workers also on occasion observed a mixture of  c2 0.1712 0.0226 -0.1518 
phases following a quench - an effect they ascribed ca -0 .0024  0.1646 -0.1524 

D l 0.2468 0.0158 0.2322 
to an insufficient cooling r a t e .  02  0.1304 - 0.0653 - 0.2807 

The peak positions for both consti tuent phases, 03 0.0383 0.2524 -0.0236 
together with their indexing assignments and intensi- 04 0.3150 -0.1611 0.1038 

D5 0.2990 0.0806 - 0.1826 
ties are given in Table  4. Owing to the presence of  a D6 -0 .0243 0.2239 -0.3125 
mixture of  phases II and IV, it was necessary to 
employ mul t iphase  Rietveld refinement to analyse 
the powder pattern of  the quenched sample. This was 
achieved using the M P R O F  program available at 
Daresbury  (Fitch & Murray,  1992). The atomic posi- 
tions for the phase II component  were taken from 
the data  of  K a h n  et al. (1973), while those for the 
phase IV component  were taken from Table 2. Iso- 
tropic temperature factors for the C and H atoms 
were not refined and were set to 1.11 and 7.03 20(°) Count 20ca~c(°) Phase hkl A20(°) 
respectively. The background was input  in the form 10.729 2082 10.734 II 2 0 0 0.005 

11.103 1820 Contaminant 
of  visually est imated points with intermediate points 11.534 7750 11.529 IV !! 0 -0.005 
being obtained by linear interpolation.  Chemical  11.764 2500 11.766 ii -111 0.002 
(slack) constraints were placed on the bond angles 12.217 1489 Contaminant 

12.641 2169 12.640 IV - 1 0 1 -0.001 
and bond lengths. These favoured C ~ C  and C = H  12.828 8971 12.831 iv 011 0.003 
bond lengths of  1.53 and 1.07/~ respectively. Bond 13.798 1349 13.792 ii 111 -0.006 
angles were set to favour the tetrahedral  symmetry  of  14.467 2326 14.466 iv 1 0 1 -0.001 

14.740 1489 14.729 IV - 1  1 1 -0.011 
approximately  1 1 0  °. T h e  r e f i n e m e n t  proceeded 14.884 1506 14.880 II 0 0 2 - 0.004 
normally,  yielding final R factors of  Rz = 7.88, Rwp = 15.082 1451 15.077 IV 0 2 0 -0.005 

15.291 1032 15.302 II - 2 0 2  0.011 
18.84, Rexp = 14.38% for 43 refined parameters.  A 16.326 2733 16.328 iv 111 0.002 
difference plot of  the refined pattern is given in Fig. 16.734 779 16.726 ii -11 2 -0.008 
5. Refined values of  the inst rumental  parameters,  17.447 797 17.456 iv 120 0.009 

18.345 2079 18.350 IV 0 2 1 0.005 
lattice parameters  and a tom positions appear  in 20.614 1227 20.612 iv -211 -0.002 
Tables 5, 6 and 7 respectively. 20.981 541 20.984 II 2 2 0 0.003 

21.610 414 21.598 II 4 0 0  -0.012 
Compar i son  of  Tables 2 and 7 shows that the 21.843 411 21.846 II 311 0.003 

a tom positions in the metastable phase IV in C 6 H l 2  22.203 882 22.218 IV 012 0.015 
23.216 953 23.213 IV 2 2 0 -0.003 
23.691 367 23.694 II - 2 2 2 0.003 
24.388 350 24.385 IV 1 3 0 - 0.003 
27.048 383 27.049 IV 1 3 1 0.001 
27.532 374 27.531 IV 3 1 0 -0.001 
28.256 850 28.269 IV 1 2 2 0.013 

Fig. 4. A ca rbon  skeletal representa t ion  o f  the refined s t ructure  o f  
phase  IV ob ta ined  f rom the cons t ra ined  Rietveld ref inement  o f  
the neu t ron  powder  pa t te rn  at  5 kbar ,  250 K. 

Table 3. Atomic positions in phase IV  as predicted by 
the energy-minimization calculations o f  Wilding et al. 

(1991) 

Table 4. Observed and calculated reflections o f  C6H 12 
at 1 bar, 77 K following a quench from room tem- 

perature 

The  pa t te rn  compr ises  a mix ture  of  phases  II  and IV. The  
calculated reflections (20~tc) were genera ted  using the refined cell 
pa rame te r s  and  zero e r ror  given in Tab le  5. The  pa t t e rn  also 
conta ins  two unidentified c o n t a m i n a n t  peaks  at  low angle which 
possibly arise f rom ice on the sample  capil lary.  

are in good general agreement with those deduced 
for the stable phase IV in C6D12 f rom high-pressure 
neutron diffraction experiments,  notwithstanding the 
differences in isotopic form and temperature and 
pressure between both  experiments.  Such agreement 
between both X-ray and neutron measurements  rep- 
resents perhaps the single most  exacting test of  a 
structure solution. As such, it constitutes substantial  
corroborat ion of  the structure solution advanced 
here. 

3. Discussion and concluding remarks 

In summary ,  we have employed neutron powder  
diffraction methods  to study the structural properties 
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of phase IV in C6D12 at high pressures. Using con- 
strained Rietveld refinement, approximate atomic 
coordinates were deduced which agree well with the 
predictions of lattice-energy minimization calcula- 
tions. The lattice parameters at 60 K were also meas- 
ured as a function of decreasing pressure in the range 
5 kbar down to 1 bar. This revealed the unit cell of 
phase IV to be considerably more compressible along 
the [010] vector than along either the [100] or the 
[001] direction. No transition from phase IV to phase 
II was observed at 60 K, even when the pressure was 
reduced to its ambient value. Additional X-ray 
powder diffraction measurements further demon- 
strated that phase IV can be produced at ambient 
pressure by quenching from the liquid to 77 K. 
Although this latter finding is consistent with the 
X-ray diffraction data of Renaud & Fourme (1966), 
it is at variance with the assertion of Burns & Dacol 
(1984) that the ambient-pressure metastable phase is 
a 'plastic crystal glass'. 

Addressing now the general issues raised by these 
findings, we have shown that phase IV can exist at 
ambient pressures provided it is prepared in either of 
two ways. One technique is first to form phase IV at 
high pressures and then, provided the temperature is 
maintained sufficiently low,* no transformation to 
the stable phase II will occur when the pressure is 
released. Alternatively one can produce phase IV 
directly at ambient pressure by quenching in liquid 
nitrogen from either the liquid or phase I. Again for 
this to succeed, the final temperature must be suffi- 

* Wilding et al. (1991) observed the phase IV-II transition at 
2 kbar, 175 K for decreasing pressure. 

ciently low to prevent a subsequent transition to 
phase II. 

In our view, both these findings manifest two basic 
characteristics of phases II and IV, namely that at 
ambient pressure they possess comparable lattice 
energies but are separated from one another by a 
large energy barrier. The first of these assertions is 
evidenced by the almost identical molecular volume 
in both the coexisting phases, cf. Table 6. The second 
derives from an examination of what we regard as 
the most likely relationship between the unit cells of 
phases II and IV. This relationship is displayed 
schematically in Fig. 6. It shows those intermolecular 
vectors in the phase II unit cell that correspond to 
the lattice vectors of the phase IV cell. The matrix 
relating vectors in the basis of the assumed phase IV 
unit cell to those of the phase II cell is given below. (0) (! 

y~ = ~ + - 0 0 y / b  

Z/C I I  0 I __  1 Z/C I V  

where the notation is defined in Fig. 6 and the origin 
of cell IV is translated by (3a'/4, 3b'/4,  0) with 
respect to that of phase II. 

The lengths of the phase IV lattice vectors calcu- 
lated on the basis of the measured  phase II cell are 
given in the figure. They are consistent to within 4% 
with the measured phase IV lattice vectors (Table 6). 
However, significant differences exist for the inter- 
molecular angles. Principally, we find that in order to 
effect the transition, the angle a of the phase IV cell 
must decrease substantially from 90 to 77.25 ° , while 
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Fig. 5. Difference plot of the Rietveld refinement of the X-ray powder pattern of the quenched sample of c6nl2 at 77 K. The pattern 
contains contributions from phases IV and II in respective proportions of approximately 8:1. 
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Tab le  5. Refined values of the principal instrumental 
parameters for the quenched sample of C6Hl2 a t  1 bar,  

77 K 

20 refinement range (°) 10-35 
Scale (IV) 0.234 (2) 
Scale (II) 0.032 (I) 
Zero (°) -0.034 (2) 
u (deg 2) -0.4166 (4) 
v (deg 2) 0.2105 (2) 
w (deg 2) - 0.0128 (1) 

Tab le  6. Refined lattice parameters in phases H and 
IV for the quenched sample off6Hl2 at  1 bar ,  77 K 

Parameter Phase IV Phase II 
a (A) 6.637 (8) !1.302 (7) 
b (A) 7.635 (2) 6.419 (1) 
c (~,) 5.585 (6) 8.172 (5) 
/3 (°) 97.77 (8) 108.78 (7) 

Volume (A 3) 280.4 561.3 

Tab le  7. Refined atomic positions in 
for the quenched sample of C6Hl2 

phases H and IV 
at 1 bar ,  7 7 K  

Phase x y z 
CI IV 0.209 (1) -0.080 (5) 0.066 (4) 
C2 IV 0.161 (2) 0.032 (2) -0.164 (3) 
C3 IV -0.018 (2) 0.157 (2) -0.156 (5) 
HI IV 0.266 (8) 0.001 (4) 0.214 (5) 
H2 IV 0.175 (7) -0.044 (2) - 0.320 (5) 
H3 IV 0.003 (8) 0.229 (7) 0.009 (6) 
H4 IV 0.321 (8) -0.177 (9) 0.038 (8) 
H5 IV 0.263 (9) 0.142 (6) -0.153 (6) 
H6 IV - 0.031 (8) 0.244 (9) - 0.309 (6) 
C1 II 0.211 (2) 0.461 (3) 0.019 (2) 
C2 II 0.351 (2) 0.400 (4) 0.102 (2) 
C3 II 0.379 (1) 0.221 (5) -0.014 (3) 
HI II 0.195 (6) 0.530 (2) 0.893 (7) 
H2 II 0.142 (6) 0.684 (4) 0.190 (8) 
H3 II 0.391 (8) 0.355 (5) 0.349 (5) 
H4 II 0.413 (4) 0.524 (5) 0.078 (8) 
H5 II 0.317 (6) 0.282 (6) 0.774 (6) 
H6 II 0.488 (4) 0.211 (3) 0.020 (9) 

the value  o f / 3  mus t  decrease f rom 97.767 to 90 ° . As 
the pack ing  in the two phases  is clearly qui te  dist inct ,  
[cf. Fig. 4 o f  this work  and  Fig. 2 o f  K a h n  et al. 
(1973)], the t r ans i t ion  will require  cons iderab le  
mo lecu l a r  r eo rgan iza t ion  - a process  tha t  will be 
o p p o s e d  by the steric h ind rance  o f  the molecules  
themselves.  It  is therefore  no t  too  surpr is ing tha t  the 
phase  I V - I I  t r ans i t ion  is absen t  at  low tempera tures .  

To  u n d e r s t a n d  t h o r o u g h l y  the f o r m a t i o n  o f  phase  
IV in preference to phase  II on  rapid coo l ing  requires  
i n f o r m a t i o n  on  the deta i led  dynamics  o f  the molecu-  
lar  o rder ing  processes.  U n f o r t u n a t e l y ,  the degree o f  
dynamica l  i n f o r m a t i o n  ava i lab le  f rom a s t ruc tura l  
s tudy  such as ours  is very l imited.  Thus  it is difficult  
to speculate  conf iden t ly  on  the o rder ing  mechan i sms  
which  take  place du r ing  the quench .  However ,  some 
insight  is aga in  furn ished  by a cons ide ra t ion  o f  the 
molecu la r  pack ing  a r r angemen t s  in phases  IV and  II. 
F r o m  Fig. 4 it is c lear  tha t  the molecules  in phase  IV 
pack  in a ' h e r r i ngbone '  fashion.  Howeve r  in phase  

II, the pack ing  is s o m e w h a t  m o r e  complex  [Fig. 2 o f  
K a h n  et al. (1973)]. It  is therefore  l ikely tha t  the 
f o r m a t i o n  o f  phase  II requires  cons ide rab ly  more  
coopera t ive  b e h a v i o u r  a m o n g  ne ighbou r ing  mol-  
ecules t han  does phase  IV. Given  insuff icient  oppor -  
tun i ty  for  such coope ra t i on ,  as is the case du r ing  
a quench ,  it is no t  un rea sonab l e  tha t  the system 
will a d o p t  preferent ia l ly  the less-stable phase  IV 
structure.  

Our  n e u t r o n  p o w d e r  d i f f rac t ion  pa t t e rns  p rov ide  
reliable i n f o r m a t i o n  conce rn ing  the lat t ice pa r am-  
eters and  a p p r o x i m a t e  molecu la r  o r i en t a t i on  o f  
phase  IV at  h igh pressure.  However ,  accura te  values 
for  i n t r amo lecu l a r  b o n d  angles and  b o n d  lengths 
could  no t  be ob t a ined  because  o f  the powde r  averag-  
ing p rob lem.*  Thus  we have  no  direct  ind ica t ion  o f  
whe the r  pressure- induced molecu la r  d i s to r t ion  plays 
a s ignif icant  role in the h igh-pressure  phase  t rans-  
fo rmat ions .  Nevertheless ,  the fact  tha t  the a tomic  
pos i t ions  in bo th  phases  III  and  IV were correct ly  

* Indeed this effect may go some way to explaining the rather 
distorted molecular geometry found previously by Wilding et al. 
(1991) in similar neutron powder diffraction studies of phase III. 

I , I /2  
4,1/2 
¢4,0 
4,0 
,, ' I/2 
,,0 
1,0 
4,0 
I , - I /2  
, - I /2  

C 

c '  

a '  

Fig. 6. A schematic view of the relationship between phases II and 
IV showing the positions of the molecular centres. The inset 
gives the fractional positions of each molecular centre in the 
phase II basis. The marked distances are the lengths of those 
intermolecular vectors in the measured phase II unit cell which 
transform to become lattice vectors of the phase IV cell. The 
origins of the phase IV and phase II cells are marked as O and 
O' respectively. 
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identified by rigid-molecule energy-minimization cal- 
culations, itself suggests that  distort ion effects are 
likely to be small. In conclusion, therefore, we 
believe that  the combined use of  powder  diffraction 
and energy minimizat ion represents a powerful tech- 
nique for structure solution in organic molecular  
systems. In future work we intend to extend their use 
to studies of  related materials such as cyclohexanol 
and cyclohexanone.  
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Abstract 

Dimethyl  3-benzoyl-8-oxa-3-azatricyclo[3.2.1.02'4] - 
octane-6,7-dicarboxylate (7), C17HI7NO6, Mr = 
331.33, monoclinic, P2Jc, a =  5.362 (1), b =  
24.558(3),  c = 1 1 . 7 9 3 ( 1 ) A ,  / 3 = 9 6 . 4 2 ( 1 )  ° , V =  
1543 (1) A 3, Z = 4, Dx = 1.43 g cm-3,  a(Mo Ka) = 
0.70930 ,~, ix = 1.0 c m -  l, F(000) = 696, T = 
1 2 3 ( 1 ) K ,  R = 0 . 0 4 7  for 1743 unique observed 
reflections, cis-6,7-Dimethoxycarbonyl-8-oxa-3-azo- 
niatricyclo[3.2.1.02'4]octane p-toluenesulfonate (14), 
CI7H21NOsS, Mr = 399.42, monoclinic, P21/c, a = 
14.160(4), b =  5.514(1), c = 2 3 . 7 9 2  (7) A, /3 = 
100.16 (2) °, V =  1828 (2) A 3, Z = 4, Dx = 
1.45 g c m  -3, A(Mo Ka) = 0.70930 ,~, /z = 2.1 c m - l ,  

* To whom correspondence should be addressed 
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F(000) = 840, T = 193 (1) K, R = 0 . 0 4 5  for 2737 
unique observed reflections, trans-6,7-Dimethoxy- 
carbonyl-8-oxa-3-azoniatricyclo[3.2.1.02.4]octane p- 
toluenesulfonate (18), CI7H21NO8S, M , = 3 9 9 . 4 2 ,  
monoclinic, P21/n, a = 21.501 (6), b = 5.476 (2), c = 
15.858 (2) A, fl = 90.68 (2) °, V =  1867 (1) A 3, Z = 4, 
Dx = 1.42 g cm-3,  ,~(Mo Ka) = 0.70930 •, ~ = 
2.1 c m -  i, F(000) = 840, T =  123 (1) K, R = 0.029 for 
1680 unique observed reflections. 3-Benzoyl-6-cyano- 
8-oxa-3-azatricyclo[3.2.1.02'4]oct-6-yl acetate (19), 
CI6HlaN204, M r = 298.30, triclinic, P1, a = 5.654 (1), 
b = 8.088 (3), c - -  16.223 (7) A, a = 103.78 (3), /3 = 
90.35 (3), y = 98.29 (2) °, V =  712 (1) ,~3, Z = 2, Ox = 
1.39 g cm-3,  A(Mo Ka) = 0.70930 A, /z = 0.9 cm-~,  
F(000) = 312, T = 294 (1) K, R = 0.040 for 2021 
unique observed reflections. The crystal structures of  
the aziridinium salts (14) and (18) and of  the N- 
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