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Apparent Molecular Rotation in Cycl(3,2,2)azine 
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The tetragonal phase of cycl(3,2,2)azine (I41cd, a =7"58, c = 26-81 A, Z = 8) is metastable at room 
temperature, and changes spontaneously into a monoclinie phase 

(Ia or I2/a, a=20.74, b=7.35, c=20-65 A, fl=101.0 °, Z = 1 6 ) .  

A three-dimensional analysis of the tetragonal phase indicates that  the molecules either rotate 
relatively freely in their respective planes, or are randomly oriented in these planes. An analysis of 
the monoelinic phase has not been attempted, but  consideration of the apparent temperature factor 
suggests that  rotation (or random orientation) of the molecules occurs in this phase also. 

Introduction 

Cycl(3,2,2)azine (C10HTN) is a stable aromatic  com- 
pound synthesized by  Windgassen,  Saunders & Boe- 
kelheide (1959). A crystal-structure analysis  was under- 
taken in this laboratory in  order to s tudy the stereo- 
chemist ry  and packing of the molecules. I t  will be 
seen tha t  the unusual  na ture  of the crystal  s tructure 
prevents  any  detai led s tudy  of the molecule. 
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Experimental  details 

Although its mel t ing point  is 65 °C., cycl(3,2,2)azine 
is inconvenient ly  volat i le  at  room temperature .  More- 
over, the crystals in the avai lable  sample were ra ther  
small ,  and  an a t t empt  was therefore made  to grow 
single crystals from the mel t  in a sealed, thin-walled 
glass capillary. The a t t empt  was not  successful; the 
l iquid would supercool a lmost  to room tempera ture  
and  then  crystallize ab rup t ly  as an  unsui table  ag- 
gregate. However, i t  was found tha t  if the capi l lary 
were then  main ta ined  for several days at  a tempera ture  
of 63 °C. (that is, 2 °C. below the mel t ing point), 
excellent single crystals were formed. These were 
randomly-or iented  and  contiguous, and m a n y  were 
large enough to permi t  single-crystal X-ray  examina-  
t ion without  serious interference from their  neighbours. 
Crystal  boundaries were easily located by  optical 
examinat ion.  

Sometimes the crystals so formed were monoclinic,  
and  apparen t ly  completely stable. More often, how- 
ever, they  were tetragonal ,  and metas tab le  at  room 
temperature .  Upon cooling, and  after an in terval  of 
several minutes  to a week or more, the tetragonal  
crystals would spontaneously change into a crystall ine 
aggregate, identif iable by  powder photography as the 
monoclinic phase. This change (which the author  has 
twice seen actual ly  occurring on the stage of a polariz- 
ing microscope) is rapid  and  complete. A dis turbance 
can be seen t ravel l ing along the sample, heedless of 
indiv idual  crystal  boundaries,  t ransforming the trans- 
parent,  var iously oriented single crystals into a trans- 
lucent mass in which optical extinctions can no longer 
be observed. The rate of t ravel  of the disturbance,  
in a capi l lary of 0.5 mm. diameter ,  is es t imated to be 
about  0.3 mm.sec. -1. 

The crystal  da ta  for the two forms are as follows: 

Stable phase" 
Monoclinic, Ia or I2/a. 
a = 20.74 _ 0.02, b = 7.35 _ 0.02, c = 20.65 _+ 0.02 J~; 

/~= 101.0-t- 0.1 ° . 
D~ (calculated density) = 1.214 _+ 0.005 g.cm. -~ 

( Z =  16). 
Do (observed density) = 1.21 _+ 0.03 g.cm. -3. 

Metastable phase" 
Tetragonal,  I41cd. 
a = 7 . 5 8 + 0 . 0 3 ,  c--26.81 +0.11 _~. 
Dx = 1.22 + 0.02 g.cm.-3 (Z = 8). 
Do could not  be determined,  bu t  p robably  is not 

much  different from the value obtained for the 
stable phase. 

For both phases" 
# = 6 . 8  cm. -1 (Cu Ka) .  

The space groups were deduced from examinat ion  

A C 14--24 



366 A P P A R E N T  MOLECULAR R O T A T I O N  IN CYCL(3,2,2)AZINE 

of Weissenberg and precession photographs. The cell 
constants of the tetragonal phase were measured from 
precession photographs, while those of the monoclinie 
phase were measured with the General Electric XRD5 
spectrogoniometer and goniostat. 

Three-dimensional intensity data for the tetragonal 
phase were obtained from a cylindrical crystal of 
diameter 0.5 mm., for which a was nearly coincident 
with the capillary axis. The data were recorded on 
zero- and upper-level x-axis Weissenberg photographs 
(using Cu Ka radiation), and estimated visually by 
comparison with a standard wedge. Data for different 
levels were correlated by means of a double-slit tech- 
nique, and abundant additional correlations were 
provided by the high symmetry of the reciprocal 
lattice. 

While absorption should have been negligible for 
this crystal, there was evidence that  extinction was 
not. Actual splitting of the two strongest reflections 
was observed on some films; presumably the extinc- 
tion for these reflections was so great that  effectively 
only the edges of the crystal could contribute. I t  
seems likely that  the conditions of crystal growth were 
responsible for an unusual degree of perfection and 
consequent extreme extinction effects. In order to 
reduce errors from this source, a supplementary set of 
data was obtained from a second crystal, of diameter 
0.2 mm. (mounted this time about [110]). Attempts 
to grow still smaller crystals were unsuccessful; for 
some reason only monoelinie crystals were found in 
the smallest capillaries. 

Appropriate Lorentz-polarization factors (for a mo- 
saic crystal) were applied, and, where necessary, 
corrections were made for the distortion of spots on 
upper-level photographs. About 438 independent re- 
flections were accessible on the Weissenberg photo- 
graphs, and of these, 191 were observed. The range of 
observed amplitudes is about 1 to 110. 

The diffraction pattern of the tetragonal crystal 
includes some strong diffuse streaks. These surround 
the more intense reflections, and tend to form bridges 
between them, frequently passing through the sites of 
systematically-absent reflections. 

Three-dimensional intensity data for the monoclinic 
phase were obtained from a cylindrical crystal of 
diameter 0-1 mm., for which b was almost precisely 
parallel to the cylinder axis. The intensities were 
measured with the General Electric XRD5 spectro- 
goniometer and goniostat, using the 'moving-crystal- 
moving-counter' technique (Furnas, 1957). C u K a  
radiation, and a General Electric SPG1 (argon-filled) 
counter tube were used. The combination of a nickel 
filter and a reverter (a form of pulse-height analyser) 
provided effectively monochromatic response. The 
only reciprocal-lattice points scanned were those for 
which the Bragg angle was less than 45 °, as an ex- 
amination of Weissenberg films indicated that  no 
significant scattering would be observed at higher 
angles. Only limited use has been made of these data. 

The total mosaic spread has been measured for this 
crystal, and is about 0.05 ° . I t  does seem that  the 
conditions of crystal growth favour an unusual degree 
of perfection. 

Structure determination of the tetragonal phase 

Since there are sixteen general positions in the unit 
cell, and only eight molecules, it is clear that  the latter 
must make use of the diad axes. Moreover, since the 
space group lacks a centre, the z coordinate of the 
molecule is arbitrary. Given a reasonable molecular 
model, therefore, only the angle between the molecular 
plane and a is needed to specify the approximate 
structure. A three-dimensional Patterson synthesis 
indicated a value of about 22½ ° for this angle, and 
appropriate structure factors were calculated. The 
agreement with the observed structure amplitudes 
was surprisingly poor, however, and no refinement 
techniques served to reduce the agreement residual 
(R=ZI[Fol-IFcll/ZIFol) below about 0.40. 

Fig. 1. Derivation of the rotating molecule. 

At this point an X-ray analysis of the 1,4-dibromo 
derivative was undertaken (Hanson, 1961), and when 
this analysis confirmed the assumed molecular model, 
it was realized that  the crystal structure must be of 
an unorthodox character. Two curious phenomena 
were considered next. I t  had been observed that  the 
X-ray intensities fell off very rapidly with increasing 
Bragg angle, suggesting unusual thermal activity. 
Also, although there was in the Patterson synthesis 
a well-defined plane of intramolecular vectors, there 
were literally no resolved peaks (except that  at the 
origin) within this plane, and thus, apparently, no 
specific intramolecular vectors in the structure. Both 
these phenomena are consistent with a structure in 
which the molecules rotate more or less freely in their 
own planes. Such a trial structure was postulated, 
therefore, with the molecules rotating about their 
centres of gravity, as in Fig. 1. Structure factors were 
then calculated, using the expression (given on p. 324 
of the International Tables for X-ray Crystallography, 
Vol. 2, 1959) for atoms rotating about an axis. The 
assumed radii are given in Table 1. McWeeny's 
scattering-factor curve (1951) was used for the carbon 
atoms, but for convenience the nitrogen atom was 
assumed to be equivalent to 1.25 carbon atoms, this 
factor being chosen to give the best approximation to 
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the nitrogen curve over the angular range considered. Table 2. Observed and calculated structure amplitudes, 
An isotropic temperature factor of 5.8 _~ was applied, and calculated phase angles 

Table 1. Details of proposed structure 
Atoms  l~adius 

1 N ( ~  1.25 C) 0.18 A 
1 C 1.51 
1 C 2.46 
2 C 1.30 
2 C 2.18 
2 C 2.19 
2 C 2.32 

The a toms  are assumed to ro ta te  abou t  the  origin, wi th  
the  radi i  given above, in a plane conta in ing  the  z-axis and  
inclined a t  21½ ° to a. 

The agreement with the observed structure ampli- 
tudes was reasonable, but the more intense reflections 
seemed to be affected by extinction. An empirical 
correction was therefore devised in the manner 
described by Pinnock, Taylor & Lipson (1956). The 
graph in Fig. 2 indicates that  the strongest reflection 
is reduced by extinction to about a quarter of its real 
intensity. 
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Fig. 2. Ex t i nc t i on  correction. 

A three-dimensional Fourier synthesis was com- 
puted, using the observed structure amplitudes (cor- 
rected for extinction) and the calculated phase angles. 
Two central sections of the average molecule are shown 
in Fig. 3. The synthesis indicates that  the angle 
between the molecular plane and a is 21½ -°, rather 
than the 22 l° originally assumed, and the structure 
factors were therefore recalculated for the revised 
value. The effect on the agreement was, however, 
very slight. 

Observed and calculated data are compared in 
Table 2. Structure factors have been calculated not 
only for the 191 observed reflections, but also for the 
247 unobserved but accessible reflections. For 231 of 
the latter group the calculated value is less than or 
equal to threshold; for the remaining 16 it is slightly 
greater. Of all the unobserved reflections only these 
16 are included in Table 2. The agreement residual is 
0.15, for observed reflections only. The detailed agree- 
ment is reasonable, and the approximate correctness 
of the proposed structure seems to be established. 
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Nevertheless there are some significant discrepancies 
which suggest that  the rather simple assumptions 
pertaining to molecular motion are not entirely ad- 
equate. 
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Fig. 3. Two sections of the  :Fourier synthesis .  Solid contours  
are drawn a t  intervals  of ½ e.A -3, the  lowest being a t  ½ 
e.A -3. (a) Section in the  plane of the  molecule. A broken 
contour  has been added  a t  2~ e.A -s in order to emphasize 
the  val ley sur rounding  the  central  peak. The line A - A  is 
the  t race of the  plane z----0. (b) Section a t  z = 0 .  

The standard deviation of electron density has been 
estimated by the method of Cruickshank (Lipson & 
Cochran, 1953) to be about 0.15 e.J~ -8. (Only observed 
reflections were considered.) Some departures from the 
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assumed radial symmetry of the molecule are apparent 
in Fig. 3(a); the greatest difference in electron density 
for points equidistant from the centre is about 0.5 
e./~ -3. Such differences may signify a small degree of 
hindrance to molecular rotation, but no unique in- 
ference can be drawn from such evidence, and further 
refinement of the structure does not seem to be 
practicable. 

D i s c u s s i o n  

An oblique view of the region of one unit cell is given 
in Fig. 4. The scattering units are shown as discs, 
and on these are superimposed conventional molecules 
in random orientations to represent the structure as 
it might appear at a given instant. The shortest 
possible intermolecular distances in the proposed 
structure are 3.26 A (for molecules related by the 
a glide) and 3.22 A (for molecules related by the screw 
tetrad). In the assumed structure these rather small 
distances would occur relatively infrequently; in the 
actual structure they probably do not occur at all. 
Any tendency to crowding by reason of rotation would 
be met by compensating translational vibrations, and 
by coupling of the motions of adjacent molecules. 
For example, two molecules related by the screw 
tetrad, and thus in edge contact, might be expected 
to mesh, like gears. The system is visualized as one of 

:Fig. 4. An oblique view of the region of one unit cell. 

loosely-coupled rotations and vibrations, with prob- 
ably a small degree of hindrance, and this mechanism 
may well be the origin of the strong diffuse scattering 
mentioned earlier. 

In this discussion it has been assumed that  molecular 
rotation actually occurs. This is almost certainly true 
just below the melting point, but it is possible that  at 
room temperature the molecules are stopped in nearly- 
random orientations. The two possibilities cannot be 
distinguished on the basis of X-ray evidence alone. 

The apparent molecular rotation in the tetragonal 
phase is a barrier to investigation of the molecular 
structure. What of the monoclinic phase ? I t  might be 
thought that  the phase transition corresponds to a 
cessation of rotation (or to an ordered reorientation) 
of the molecules, but examination of the three- 
dimensional intensity data indicates that  this can 
hardly be so. The intensities decrease with Bragg angle 
just as rapidly as those for the tetragonal phase. In 
order to illustrate this point, the apparent temperature 
factors were estimated by Wilson's statistical method 
(1942). The value obtained for the monoclinic phase 
was 9.5 A 2, and for the tetragonal phase (after the 
observed data had been corrected for extinction) it 
was 9.8 A 2. I t  can only be concluded that  apparent 
molecular rotation occurs in this phase also. 

The considerations of the preceding paragraph 
suggest that  an anomalously high apparent tempera- 
ture factor (as indicated by Wilson's method) may 
provide early warning of rotation or random orienta- 
tion of the molecules. 

Some of the computations for this project were 
carried out by Dr F. R. Ahmed of this laboratory, 
using facilities generously made available by the 
Commanding Officer and staff of No. 1 Army Pay 
Ledger Unit (IBM 650), and the staff of the Structures 
Laboratory, National Aeronautical Establishment 
(TRANSFER, formerly FEI~UT). The sample of 
cycl(3,2,2)azine was provided by Prof. Boekelheide. 
I t  is a pleasure to record my indebtedness to these 
people, and to Dr W. H. Barnes of this laboratory 
for advice and encouragement. 

References  

:FVR~AS, T. C. (1957). Single Crystal Orienter Instruction 
Manual. Milwaukee: General Electric Company. 

I-IA~s0~, A. W. (1961). Acta Cryst. 14, 124. 
International Tables for X-ray Crystallography (1959). 

Vol. II. Birmingham: Kynoch Press. 
LIPSO~, H. & COCk,RAN, W. (1953). The Crystalline State, 

Vol. 3. London: Bell. 
iYlCWEE~Y, R. (1951). Acta Cryst. 4, 513. 
PI~NOCK, P. R., TAYLOR, C. A. & LIPSO~, H. (1956). 

Acta Cryst. 9, 173. 
WrLSO~, A. J. C. (1942). Nature, Lond. 150, 152. 
WI~DCASSE~, Jr., R. J., ShUdDErS, Jr. W. H., & BOE- 

~LHEIDE, V. (1959). J. Amer. Chem. Soc. 81, 1459. 


