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Abstract

Single-crystal X-ray diffraction data were collected and
interpreted for the plastic phase of 1-cyano-
adamantane, C,,H,;N, at 293 K. The unit cell is face-
centred cubic with @ = 9-813 (3) A, space group
Fm3m, Z = 4. On the assumption of a rigid molecular
skeleton, several types of orientational disorder were
investigated: isotropic rotation of the molecules about
their centre of mass, hindered re-orientations between
equally weighted orientations and free uniaxial
rotations of the molecule about the C—C=N axis. For
the second and third model, fair agreement is found be-
tween observed and calculated structure factors
(residual R,, = 8%), but the third is thought to be the
best. The C—C=N axis has six possible orientations
along the fourfold axes of the crystal. The molecule
performs free uniaxial rotations around these six
equilibrium positions of the cyano group.

I. Introduction

1-Cyanoadamantane or  adamantanecarbonitrile,
C,oH,;sCN, formally known as tricyclo[3.3.1.137]-
decane-1-carbonitrile, is a globular molecule of C,,
symmetry, obtained from adamantane (C,,H,,) by
substitution of one methyl H by a —C=N radical.
0567-7408/79/122957-06301.00

Like adamantane, it is a plastic crystal. A specially
interesting point is the existence of a very high dipolar
momentum for this molecule. This compound is studied
here as a test for determining plastic-crystal structures
for molecules with a rigid skeleton when numerous
independent Bragg reflexions are observed, allowing a
Frenkel model to be used.

II. Structure of a plastic crystal made of rigid
molecules

(1) The molecule

The molecule is defined in a set of orthonormal axes
referred to the centre of mass of the four tertiary C
atoms (Fig. 1). In the following, we will assume that the

Table 1. Parameters defining the molecule

R;: distance between the atom j and the origin of the crystal lattice.
g: angle between a secondary carbon and its two bonded hydrogen
atoms.

Parameter Atoms Value
Rer 4 tertiary C 1.52A
R 6 secondary C 1-71
Ryr 3 tertiary H 2:60
Rys 12 secondary H 2-55
Rent C bondedtothe N 2.98
Ryr N 4.14
g 12 secondary H 109-47°

© 1979 International Union of Crystallography
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Fig. 1. Molecule of C oH;CN defined in a set of orthonormal axes
referred to the centre of mass of the tertiary C atoms.

substitution of one H atom of adamantane by a —C=N
group does not distort the rest of the molecule. There-
fore the molecule can be totally defined in the above set
of axes by seven parameters which take their usual
values (Table 1) (Chadwick, Legon & Millen, 1972).

(2) General position for the molecule

The molecule has been related to the molecular axes.
Two different operations are needed to obtain the
general position of the molecule in the crystal lattice.

First we need to relate the origin of the crystal lattice
to the molecular axes. Symmetry considerations impose
placing this origin on the C—C=N axis of the molecule.
Let us call e the vector between this origin and the
centre of mass of the tertiary C atoms. Then we need to
rotate the molecular axes with respect to the crystal
axes by the so-called a, § and y Euler angles. We then
define the rotation R(a,$,y), so that M = R(a,f,y)m,
where M and m are the position vectors for atoms, re-
spectively, about the crystal axes when the rotation R
has been made and about the crystal axes after trans-
lation by e. We call M, the M value when the origin of
the crystal lattice is on the centre of mass G of the
molecule. If (a,8,)) is an equilibrium position for the
molecule, the others will be obtained by application of
the symmetry operations of the factor group for the
average crystal. Therefore we obtain 48 equilibrium
positions for a particular molecule in a general position
if the factor group is m3m, only 24 if this group is 43m
or 432,

(3) Temperature factors exp (—w)

One can define a Debye—Waller factor for isotropic
translation by (u2)= (u?)/3. This factor is related to
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the translational motions of the whole molecule and so
is identical for all 27 atoms.

With the shape of the molecule taken into account,
two different anisotropic rotational Debye—Waller
factors can be defined: (i) the first, {621 )> taking
account of the librations of the molecule around its long
C—C=N axis, (ii) the second, (#%), taking account
of librations perpendicular to this long axis with respect
to the centre of mass G of the molecule.

The external product (X A Mg) of the two vectors
M, and X (vector of diffusion) can be separated into
two parts: (X A Mg), parallel to the C—C=N axis and
(X A Mg), perpendicular to it.

It can be seen that to a first-order approximation we
have:

W= 2”2X2<U§> + ZHZ(X A MG)ﬁ<012miaxial>
+ 2T (X A Mg)2 (8 ).

When molecular librations are supposed to be isotropic
(Willis & Pawley, 1969), the last two factors of the
previous formula are replaced by an isotropic libration-
al Debye—Waller factor {7 pic)-

(4) Refinement

For each of the N independent Bragg reflexions Akl,
experiment gives the observed structure factor F,(hkl)
as well as the estimated standard deviation g(hk/).

Let us define the weighted reliability factor R, by

N N
RL=7% {[Fo(f)—Fc(f)]/o(I)}z/Z [F,(D/a(D).
I=1 I=1
When the refinement is carried out with the classical R
factor (unweighted), only the reflexions with F,/o > 3
are generally used; when R, is used, all the reflexions
are taken into account.

For a plastic crystal, where the number of inde-
pendent reflexions is always very small (112 for cyano-
adamantane, only 42 of them corresponding to F,/¢ >
3), improvement in the accuracy of results requires the
use of R .

III. Experiment

Measurements were made at room temperature on an
automatic X-ray diffractometer (Philips PW 1100)
with Mo Ka radiation (1 =0-7107 A) and a 0-8 mm o
collimator. To avoid free sublimation, the single crystal
(size ~ 0-3 mm) was sealed in a glass capillary tube. A
6-20 scan with a minimum speed of 0-6° min~! and
unvarying scan width of 1.2° was used.

The system is f.c.c. witha = 9:813 (3) A, Z = 4 and
V =944 A3, A comparison of strong reflexions for two
single crystals very different in size showed that
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secondary extinction did not occur. For the 112 inde-
pendent reflexions collected, no absorption or ex-
tinction corrections were therefore applied.

The condition F,(hkl) = F,(khl) was verified either
by diffractometer measurements or by Laue patterns.
This allowed us to reject the space groups Fm3 and F23
leaving only three possibilities: Fm3m, F43m and
F432.

IV. Structure determination

First of all we tried an isotropic free-rotation model
(Press & Hiiller, 1973)

FAX) = expl—2PX22)] 5. f(0)
j=1

x sin 2[IXRj/2IIXRj.

The agreement was so poor (R, > 65%) that we
decided to make a new attempt with the Frenkel model
described in § II. To refine this model we used our own
computer program particularly suitable for cubic
lattices.

(1) The Frenkel model with an isotropic thermal factor

The molecule was first oriented in a ‘classical’ way as
it is in adamantane (Amoureux & Bee, 1979a;
Amoureux, Bee & Damien, 1979) or adamantanone
(Amoureux & Bee, 1979b), with the C—C=N group
placed along the crystalline [111] axis. The least-
squares fit was very poor (R,, > 65%). To find the real
equilibrium positions, a new refinement was made with
all seven parameters: one scale factor, two isotropic
Debye~Waller factors (u2) and (% opic > three Euler
angles a, §, 7, the eccentricity parameter e.

Whatever the space group, agreement was always
obtained for values close to a, = 45°; B, = —54-74°; ,
= —45°; ¢, = 0. These values correspond to a 54.74°
rotation of the molecular axes around the [110] axis of
the crystal. The C—C=N group is then aligned along
the [001] direction.

For this special position, the m3m factor group gives
24 distinct equilibrium positions, and the 43m and 432
groups give the same 12. The refinement was done with
the three free parameters (a, §, y and e being fixed at the
previous values a,, By, 7 €,) and gave the following
results, Fm3m: R,, = 9-9%, {u%) = (0-067 + O- 009)
A2 (B2 omc Y = 3:0 £ 0-2°; F43m; R,, = 11-8%,
w2y = (0-073 + 0-009) A? (f9,s‘,tml,ic>"2 =30+
0-2°. When the parameters a, f and y are left free to
vary about the special position (ag By 7o) We then
obtain our best fit for: Fm3m: R, = 8-2%, a=52-8 +
1-6°, § = —56-0 + 0-7°, y = —44.3 + 1.0°. This
would correspond to molecules with a —C=N group
1-4° away from the fourfold axes of the crystal. We
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think that this result has no real physical meaning.
Improvement in R, is obtained only because three new
fitting parameters (a, £ and y) are used.

We have made a test on the accuracy of equilibrium-
position determinations. In Fig 2 we report, for the
Fm3m space group, the minimum R, value versus ¢
(rotation of the molecular axes around the [110] axis).
The C—C=N group is aligned along the [110], [111]
and [001] axes respectively for ¢ = —35, 0 and 55°.
For a change of 2-8° from the [001] equilibrium
position, R,, changes from 9-9 to 18%. This result
clearly indicates how sensitive the localization is to the
C—C=N groups along the fourfold axes of the crystal.

In Fig. 3 we show, for the Fm3m and F43m groups,
the minimum R, value versus ¢' (rotation of the
molecule around the C—C=N axis from its equilibrium
position). This rotation has only a small influence on
R,, indicating that the molecule is poorly localized
around the C—C=N axis.

We have seen that the refinement has located the
origin of the crystal lattice at the centre of mass of the
tertiary C atoms (¢, = 0) and not at the centre of

an(%)
70
/ [o01]
9 50,
40
[11o) 30l (1]
20 |
0]
| ¥

240 -30 20 -10 O 10 20 30 40 SO 60
Fig. 2. Minimum R,, value versus ¢ (rotation of the molecular axes
around the [1 10] axis) for the space group Fm3m.

]Rw(%)

9 | Fm3m

7 o

o] 15 30 a5 60

Fig. 3. Minimum R,, value versus ¢' (rotation of the molecule
around the C—C= N axis) for the space groups Fm3m and F43m.
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b x

Fig.4. An example of a molecule before and just after its
reorientation around G.

ok)

-2 -1 0 d .2 -3 -4 -3

Fig. 5. Minimum R, value versus the eccentricity parameter e (A).

N\
N\

Fig. 6. Example of suitable packing in the (001) plane.

mass G of the molecule (e = +0-55 A) (Fig. 4). Fig. 5
shows the minimum R, versus e for a few values of this
parameter. Fig. 6 shows the packing and explains quite
well the zero value of the eccentricity parameter e.
Indeed we can see that the spheres, on which H atoms
are located, are all in contact, therefore fixing the e
parameter at zero.

1-CYANOADAMANTANE, C, H,;CN, IN ITS PLASTIC PHASE

(2) The Frenkel model with an anisotropic thermal

Jfactor

The average square amplitude for isotropic rotation
(G otropic » = (3°)* is very small compared to the values
(9°)? for adamantane and (9-5°)? for adamantanone
though these plastic crystals are very similar to the one
studied here. This small value and the results shown in
Fig. 2 led us to assume that the molecular librations are
not isotropic and that reorientations of the C—C=N
group do not occur very often. This hypothesis has
been confirmed by measurements of dielectric relaxa-
tion (Amoureux, Bee & Castelain, 1979a) and wide-
band NMR (Amoureux, Bee & Castelain, 19795).
Returning to the two anisotropic rotational Debye—
Waller factors defined in § II(3), we then made a new
refinement (with the previous values of ag, By, ¥, €)
and found the following results, Fm3m: R, = 7-9%,
(ut) =0-069 + 0-002 A% (02, )2 =96 + 1.5°,
(G1)V* = 2-8 + 0-2°. We note that {02, is far
greater than (62 ). This difference is a confirmation of
the existence of preferred reorientations.

(3) Uniaxial free rotation

We have shown that the —C=N groups are directed
along the fourfold axes of the crystal. Thus they have
six distinct equilibrium positions. With the Frenkel
model, 24 equilibrium positions for a particular
molecule are obtained for Fm3m and 12 for F43m. For
a —C=N group attached to a fourfold axis, this
corresponds to four distinct equilibrium positions for
Fm3m and two positions for F43m.

Figs. 7 and 8 give, for one —C=N group along the
[001] axis, a projection of the three other tertiary C
atoms on the XOY plane. On these drawings the three
C atoms corresponding to the same equilibrium
position are represented by the same symbol. Their size
is only 0-4 times that given by the van der Waals
radius.

Ay

>

S

Fig. 7. Projection of the other three tertiary C atoms on the XOY
plane for a —C=N group along the [001] axis for space group
F43m.
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We note that passing from one equilibrium position
to another needs a 60° rotation around the —C=N axis
for F43m and one of 30° for Fm3m. In the Frenkel
model, {82, > has been found to be ~ (10°)2 This
high value plus the overlap between the volumes
occupied by C atoms of neighbouring equilibrium
positions clearly indicate that the notion of equilibrium
position is meaningless for this particular re-
orientational motion of the molecule around the —C=N
axis. Thus we have studied a model of uniaxial free
rotation around this C—C=N axis. For such a model,
the scattering function is exp(—w)f(x) X
exp [2ilTM, X1J,(211tr) (International Tables for X-

Ay

>

s

Fig. 8. As Fig. 7, for space group Fm3m.

L

o
Fig. 9. Definition of M, M, and r for a free uniaxial rotation.
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ray crystallography, 1959) where ¢ in reciprocal space
is the distance from the diffusion vector X(hk!) to an
axis parallel to the axis of rotation and passing through
the origin, M, is the projection of the M vector on the
axis of free uniaxial rotation (Fig. 9), J, is the zero-
order cylindrical Bessel function, and r is the distance
between the atom and the axis of rotation.

By symmetry considerations, one can see that free
uniaxial rotation is consistent only with the space group
Fm3m. Only three parameters are then left: (u%), (6% )
and the scale factor. The refinement gives the values:
Fm3m: R, = 8:1%, R = 10-4%,* (ul) = 0-063 *
0.002 A2, {62 )2 = 3.5 + 0-2°. The small value of R,,
obtained by a fit of only three parameters is a strong
argument in favour of the free uniaxial rotation. This is
in fair agreement with measurements by NMR
(Amoureux, Bee, Castelain, Arnaud & Schouteeten,
1979) showing that the motion of the molecule around
the —C=N axis which appears above T = 120 K is
very fast at room temperature: 7= 2 X 107'%s.

Table 2 shows the atomic coordinates of the
molecule.

V. Discussion

A good fit has been obtained using only three
adjustable parameters and starting with 112 measured
reflexions. Coupling between translations and rotations
has not been taken into account. Indeed Schomaker &
Trueblood (1968) have shown that these couplings do
not modify experimental results if the space group is
centrosymmetric and our crystal is precisely that.

In this crystal we have found two types of very
different motions. The molecule can perform a uniaxial
free rotation around the C—C=N axis and no steric
hindrance then occurs. The molecular dipolar momen-

* A list of structure factors has been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
34696 (2 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.

Table 2. Atomic coordinates of a molecule with its C—C=N bond along the [001] axis

The other five molecules are obtained with first a 120° rotation around the [111] axis, and second inversion about the origin. These six
molecules are then freely rotating around their C—C=N bond.

Atom N Cx Crnm Cn Crs Crs Csa
XA o 0 0 —1-01 —0.37 1-38 1-39
Y(A) O 0 0 —1.01 1.38 —0-37 -0.37
ZA) 412 2.98 1.52 -0.51 —-0-51 —0-51 1-02
Atom  Hyp, Hy, Hz, Hgyy Hs,, Hgp Hgp,
XA —-1.73 —0.64 2.37 .63 212 —-2.40 -—1.35
Y(A) —1.73  2.37 -0.64 —1.41 0.40 065 0:36
Z(A) —0-87 —0-87 —0-87 1.36 1.36 —0.60 —2-14

CSB CSC CSD CSE CsF
-1.39 —0-37 0-37 —1.02 1.02
0-37 139 —1.39 —1.02 1.02
-1.02  1.02 -1.02 1-02 —1-02
I_ISCI HSCZ HSDI HSDZ HSE! HSEZ HSFI HSFZ
—1.41 040 0.65 036 —0-71 —2.03 1.76 0.98
163 212 —240 -1.35 —2.03 —0.71 1.76 0.98
.36 136 —0.60 —2-14 1.36 136 —0-60 —2-14
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tum stays fixed (Fig. 6). This motion does not affect the
average space-group symmetry. Therefore there is no
reason to expect coupling between translation and uni-
axial rotation to exist and affect the observed Bragg
reflexions. On the contrary, by looking at Fig. 6, one
can see that —C=N reorientations cannot occur
without a huge local distortion of the crystal lattice.
Fig. 4 shows a molecule aligned in the {010] direction
and the same one after such a reorientation around G.
If we want to put this molecule in an equilibrium
position again, we must translate it by 00’ = 0-78 A.
These two reasons clearly indicate that a strong
coupling exists between translations and reorientations
of the C=N group. The influence of this strong
coupling on experimental results remains small only
because its frequency is very small, of the order of 400
kHz at room temperature (Amoureux, Bee & Caste-
lain, 1979a).

The authors thank M Odou for measuring the
intensities, and Mme Carpentier and M Muller for
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growing the single crystals. We thank also MM Baert,
Damien and Devos for their friendly advice.
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Abstract

Crystals of dimethylglyoxime (C,H4N,O,) are tri-
clinic, space group Pl with a = 6.075(3), b =
6:314(3), ¢ = 4-484(2) A, a = 122.50(3), § =
91:66 (4), y = 77-75 (3)° with one molecule per cell.
The structure has been redetermined from 521 X-ray
intensities measured with Cu Ka radiation (sin /4 <
0-60 A-"). After a conventional least-squares refine-
ment (R = 0-034), population parameters were intro-
duced for octapole deformations of spherical Hartree—
Fock C, N and O atoms in order to fit apparent
residual bonding charge density. The agreement
improved significantly (R = 0-025). Charge defor-
mations in the oxime group were found to be trigonal
for N and tetrahedral for O.

Introduction

McCrone (1949) reported morphological and optical
properties for dimethylglyoxime (Fig. 1) and measured

0567-7408/79/122962-05$01.00

the X-ray cell data. Merritt & Lanterman (1952) deter-
mined the crystal structure (Fig. 2) from X-ray photo-
graphic intensity data. Hamilton (1961) used neutron
hk0 and Ok/ data to show that the molecules in the
structure existed in the hydroxyimino tautomeric form.

H(3)

Fig. 1. Molecular structure and atomic nomenclature for dimethyl-
glyoxime. Thermal parameters are represented as 25% prob-
ability ellipsoids. In the view of the methy] group down the C(1)—
C(2) bond, the trace of the molecular plane is shown as a dotted
line.

© 1979 International Union of Crystallography



