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The Crystal Structures of Two Polymorphs of Dichlorobis(pyridine)cobalt(IT)

By PETER J. CLARKE* AND H. JUDITH MILLEDGE

William Ramsay, Ralph Forster and Christopher Ingold Laboratories, University College London,
Gower Street, London WCIE 6BT, England

(Received 17 October 1974 ; accepted 13 January 1975)

Crystal structures have been determined for two polymorphs of dichlorobis(pyridine)cobalt(I) which
are related viag a reversible solid-state phase transformation at about 150 K. Above this temperature,
the well known a-form is more stable and below it, the previously unknown y-form occurs. Crystal data
are: a-form (294 K) a=234-486 (3), b=17-408 (2), c=36635 (6) A, y=90-121 (6)°, Z=8, monoclinic
C2/b (c unique); y-form (89 K) a=17-437 (13), b=8-408 (2), ¢=3-593 (7) A, B=90-05 (5)°, Z=2,
monoclinic P2,/n (b unique). Intensity data for the «-form were collected by the equi-inclination Weis-
senberg technique and for the y-form by the general inclination Weissenberg method. The structures
were refined by full-matrix least-squares calculations. The R values for «- and y-forms based on 886 and
368 reflexions were 11-4 and 9-8 % respectively. Both crystal structures contain polymeric chains linked
by cobalt-chlorine bridging bonds leading to an octahedral environment for the cobalt atoms. The two
crystal structures represent two modes of packing of the pyridine rings within the framework formed by
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the cobalt—chlorine chains.

Introduction

Dichlorobis(pyridine)cobalt(II), CoCl,(C¢H;N),, (here-
inafter COPYCL) exhibits three polymorphs within
the temperature range 89 to 400 K. The violet or a-
form was first prepared by Reitzenstein (1894) by re-
acting pyridine with a solution of cobalt chloride in
ethanol and allowing crystals to grow at room tem-
perature. Hantzsch (1927) prepared blue crystals
of a second polymorph, f-COPYCL, by crystallization
from a hot ethanolic solution of COPYCL. From mag-
netic data, Mellor & Coryell (1938) assigned a poly-
mericoctahedrally coordinated structure toxc-COPYCL,
and a monomeric tetrahedrally coordinated structure to
B-COPYCL. These conclusions were later supported by
the crystallographic work of Dunitz (1957), Ferroni
& Bondi (1958), and Porai-Koshits, Atovmayan &
Tischenko (1960).

Recently, the existence of a third, low-temperature,
polymorph has been demonstrated by magnetic aniso-
tropy and preliminary crystallographic studies carried
out on a-COPYCL at 150 K (Bentley, 1968; Bentley,
Gerloch, Lewis & Quested, 1971; Thomas, 1969). We
now report a re-examination of the crystal structure of
a-COPYCL together with the crystal structure determi-
nation of the new low-temperature polymorph which
we designate }-COPYCL. Observations on the revers-
ible solid-state phase transformation occurring between
the a- and y-forms at about 150 K are discussed in the
following paper (Clarke & Milledge, 1975).

Crystal structure analysis of a-COPYCL at 294K

The crystal structure of «-COPYCL has previously
been determined independently by Dunitz (1957) and
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Ferroni & Bondi (1958). These authors reached
broadly the same conclusions, but differed in detail
as discussed by Ferroni & Bondi. However, both
analyses were directed toward the demonstration of
octahedral coordination in the complex rather than the
derivation of an accurate crystal structure and hence
the crystal structure of -COPYCL was redetermined
during the present study in order to allow meaningful
comparisons to be made between the a- and y-forms.
The redetermination of the a-COPYCL structure also
allowed the examination of criticisms made by Dorn-
berger-Schiff (1965, 1966) of the earlier crystallographic
work on this compound.

Collection and processing of intensity data

Violet-pink needle crystals of a-COPYCL were
grown from a saturated ethanolic solution of COPYCL
at room temperature under anhydrous conditions to
avoid decomposition (Gill & Nyholm, 1961). The crys-
tals were dichroic, and yielded biaxial interference
figures. Preliminary oscillation and Weissenberg photo-

Table 1. Crystal data for a-COPYCL

a(R) b(A) c(A) 7 (")
Dunitz
(1957) 34-42 17-38 3-66 90-0
Ferroni &
Bondi (1958) 34-44 17-36 3-66 90-0 (1)
Zannetti &
Serra (1966) 34-40 17-40 3-66 90-0
This work* 34486 (3) 17-408 (2) 3-6635(6) 90-121 (6)
(294 K)
D,=175() gem~3; D.,=175gcm~3;, Z=8

Systematic absences
hkl: h+k=2n+1; hkO: h,k=2n+1; h00: h#4n; 0k0: k+4n;
Space group C2/b (¢ unique)

* From a least-squares fit to 18 Bragg angles measured by a
back-reflexion method.
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graphs confirmed the unit cell and space group found
by previous workers (Table 1).

Dunitz (1957) has reported twinning in «-COPYCL,
the occurrence of which he has ascribed to the para-
orthorhombic nature of the crystals (Dunitz, 1964).
Such twinning was said to produce anomalous ortho-
rhombic Laue symmetry in many of the crystals exam-
ined by Dunitz, and indeed similar observations were
made in the present study. However, careful inspection
of all oscillation and Weissenberg photographs taken
during the present work of about 20 crystals of a-
COPYCL with Cu Ka, Co Ka, and Cr Ko radiations
revealed the previously unrecorded existence of an
unusual triplet reflexion replacing the normal a,—a,
doublet at high Bragg angles. This triplet reflexion was
interpreted (¢f. Ubbelohde & Woodward, 1946) as
arising from the partial overlap of two a;—a«, doublets
produced by twinning of the crystal across either (100)
or (010). In either case, non-equivalent reciprocal lattice
points from the twins are superimposed, but a triplet
reflexion, rather than two completely superimposed
doublets or a quartet, arises only for a particular, non-
orthogonal, value of the monoclinic angle y. Examina-
tion of Laue photographs of «-COPYCL indicated
(Clarke, 1973) that tbe twinning probably occurred by
reflexion across (100). Hence the triplet reflexions con-

sisted of o, {of** and o'}, and o4*.,

Despite the superposition of non-equivalent recip-
rocal lattice points, diffraction intensities correspond-
ing to a single crystal may be derived from the experi-
mental intensities provided that the sizes of the twins
are unequal, and their relative size can be estimated
(see Lonsdale, Milledge & Pant, 1965). The appropriate
mathematical relationship is:

Ihkl=(Phkl_fPikl)/(l —fz) (1)

where I, is the single-crystal intensity of reflexion
hkl, P denotes the measured twinned intensity indexed
relative to the larger twin, and f is the ratio of the
size of the smaller twin to the larger. In the case
of «-COPYCL, the value of f was derived by the
method of least squares through comparison of visu-
ally estimated intensities of the separated «, reflexions
comprising the high-angle triplets.

Intensity data were collected by the equi-inclination
Weissenberg technique using two twinned crystals,
Full details of the photographs taken are given in Table
2. The reflexions were indexed relative to the larger
twin, and the intensities were measured on the Joyce—
Deeley flying-spot microdensitometer. Equation (1)
was then applied to derive single-crystal intensities
from the twinned data. Where one of the pair of values
P, and P, was classed as unobserved, the other value
was taken as the single-crystal intensity. Since each of
the pairs of intensities was measured on the same
photograph, the relative scale of the data was of no
consequence during the detwinning operation. The
detwinned data were corrected for the Lorentz-
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Table 2. Data collection for --COPYCL at 294 K

Cylinder radius for

Factor fin absorption
Layer Crystal equation (1) correction
hkO
hk1 A 0-29 0:0075 cm
hk2
hk3 B 0-67 0-012 cm

Co Ku radiation, A=1-7902 A; #=98-5 cm~!

Crystal faces {100}, {010}, {001}

Crystal dimensions: A 0010 x 0-:020 x 0-040 cm
B 0019x0-030 x 0-035 cm

Crystal rotation axis: ¢

polarization effect, and an approximate absorption
correction was applied assuming the crystal envelope
to be a cylinder (Table 2). In this manner, detwinned
intensities were derived for 886 observed reflexions.

The data were placed on approximately the same
relative scale by comparison with intensities measured
from a Weissenberg photograph of the /0! zone.
Intensities in this zone are independent of twinning
since the superposed reciprocal lattice points are
symmetry equivalent.

Structure solution and refinement

Dornberger-Schiff (1964) pointed out the possibility
of a second solution to the crystal structure of «-
COPYCL in addition to that proposed originally by
Dunitz. The relation between the two structures is
summarized in Table 3. In Dunitz’s structure, which has
space group C2/b (¢ unique), there are two crystallo-
graphically independent molecules with cobalt atoms
sited on twofold axes at (0,4,z) and (£,0,z), and the
b glide planes occur at z=0 and . The structure there-
fore contains alternating, geometrically and crystallo-
graphically non-equivalent layers of molecules parallel
to (100). Dornberger-Schiff’s structure is a generaliza-
tion of this along the z direction such that the projec-
tion of both structures on (001) is the same. In Dorn-
berger-Schiff’s structure, which has space group C2
(¢ unique), there are four crystallographically inde-
pendent molecules with cobalt atoms sited on twofold
axes at (0,4,2), (0,3,2), (4,0,2), and (4,%,2). Molecules
with the same x coordinate are related by a pseudo
b glide plane occuring at z=0 for layers at x=0 and 3,
and z=A4#0 for layers at x=2 and 3. The value of the
parameter A is such that the two types of layer in the
structure are geometrically, but not crystallographical-
ly, equivalent. The «-COPYCL structure then falls
into the category of OD-structures defined by Dorn-
berger-Schiff (1956) and Dornberger-Schiff & Grell-
Niemann (1961).

Solution of the «-COPYCL structure using the two
models discussed above is thereby reduced to the
determination from the three-dimensional Patterson
map of the values of the parameters (Table 3) z, and z,
for Dunitz’s structure, and 4 and z, for Dornberger-
Schiff’s structure. The correct structure corresponding
to each of the two models was selected from the possible
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Table 3. Coordinates for the cobalt atoms in
a-COPYCL after Dunitz (1957)
and Dornberger-Schiff (1964)
Dunitz
(space group C2/b)
(0,0,0)+, and (},4,0)+
(0,;‘}:,21), (0:%’ _Zl)s ('é,O,Zz), (%705 _22)
21#2;
Dornberger-Schiff
(space group C2)
0,0,0)+, and (3,%,09)+
0,4,21), (0,4, —z), 3,0, A+22) ($,0,4—2,)
Zy =23, 0<A<1
Patterson solution
Dunitz z1=01, z,=
Dornberger-Schiff z, =01, A=
giving, for both models
(0,0,0)+, and (%,%,0)+
(0,%,0°1), (0,%, —0-1), (4,0, —04), (3,0,0-4)

solutions to the Patterson function with the aid of
structure-factor calculations giving z; =01, z,= — 04,
and 4=0-5, z,=0-1 respectively. Coordinates for the
chlorine atoms were derived from the Patterson func-
tion, and those of the light atoms by Fourier methods.
It is of interest to note that the two models initially give
the same solution to the structure.

Full-matrix least-squares refinement was carried
out for each of the two interpretations of the a-
COPYCL structure. Because of the extremely high
correlation coefficients, refinement of the structure
proposed by Dornberger-Schiff could only be accom-
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plished by imposing the restriction that parameters of
atoms related by the pseudo b-glide plane were not
refined simultaneously.

Refinement of Dornberger-Schiff’s structure de-
stroyed the geometrical equivalence of the two types
of layer, and the spatial distribution of the heavy
atoms approached that originally proposed by Dunitz,
In addition, the light atoms were shifted to positions
corresponding to chemically unreasonable geometries
for the pyridine rings. The interpretation of the struc-
ture of a-COPYCL proposed by Dornberger-Schiff
was therefore rejected since it was not in accord with
experimental observation.

The initial R value for the structure corresponding
to Dunitz’s interpretation was 23 %. Refinement of
atomic coordinates, layer-line scale factors, and even-
tually isotropic temperature factors reduced the R
value to 11-8%. At this stage, the heavy atoms were
assigned anisotropic temperature factors, and their
scattering factors were modified to include anomalous
dispersion terms which were calculated for Co K«
radiation as described by Cromer (1965). The values
of 4f" and Af"” were for cobalt —2-23 and 0-75 and
for chlorine 0-35 and 0-93 respectively. Hydrogen atoms
were added to the structure in calculated positions,
and further refinement of coordinates and temperature
factors for the non-hydrogen atoms reduced R to the
final value of 114 %. The structure factors were given
unit weight throughout the refinement, and the func-
tion minimized was therefore |>(|F,| —|F.|)?|. Atomic
scattering factors were taken from International Tables
for X-ray Crystallography (1962).

Table 4. Fractional coordinates and U tensors ( x 10*) for -COPYCL at 294 K

(a) Cobalt and chlorine. The anisotropic temperature factor takes the form exp [—2n*(#%a*2U,;. .

. +2hka*b*U12...)] .

X y z
Co(A) 0-0 0-25 0:15965
Cl(A4) 0-03694 0-18497 0-65286
Co(B) 0-25 0-0 —0-44307
CI(B) 0-21279 —0-06497 0-05751
(b) Pyridine rings
Layer A
x y z
C(1) 0-0786 0-3288 01224
C(2) 0-1072 0-3840 0-0729
C(3) 0-0943 04611 0-1282
C(4) 0-0577 04772 0-1391
C(5) 0-0311 0-4155 0-1884
N 0-0420 0-3384 0-1349
H(1) 0-088 0269 0072
H(2) 0-139 0-372 0048
H(3) 0116 0-509 0110
H(4) 0-048 0-535 0188
H(5) 0-000 0427 0-208

For hydrogen, U;;,=0-038 AZ

Standard deviations for coordinates

A C3IB-3*

X
Co -
Cl 0-00013
N 0-00045
C 0-0005-0-0007

Ull UZZ U33 U12 U13 U23
205 179 191 ~10 0 0
223 256 213 30 -20 4
229 212 83 38 0 0
224 270 227 —40 8 16
Layer B
Ulso X y z Ulsu
232 0-3281 —-0-0771 —0-5092 391
328 0-3567 —~0-1351 —0-5092 356
430 0-3468 —0-2090 —0-4202 512
490 0-3091 —0-2239 —0-3678 287
291 0-2820 —01645 —0:3615 231
261 0-2920 —0-0931 —0-4304 278
0:338 —0-020 —0-558
0-387 —0-119 —0-557
0-367 —0-259 —0-421
0-298 —0-281 —0-301
0-252 —0-178 —0-309
y z
- 0-0014
0:00027 0-0016
0-00090 0-0060
0-0010-0-0014 0-007-0-00S
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Final atomic parameters for a-COPYCL are given
in Table 4, bond lengths and angles (Busing, Martin &
Levy, 1964) in Table 5, coordination angles about the
cobalt atoms in Table 6, and observed and calculated
structurefactorsin Table7. A diagramofthecrystal struc-
tureis given in Fig. 1. Inthe remainder of this paper, the
crystallographically non-equivalent alternating layers
in the a-COPYCL structure will be designated type 4 at
x=0and %, and type B at x=1 and 3.

Table 5. Interatomic distances (A)
and angles (°) for a-COPYCL

(a) Distances

Type 4 Type B
N-——C(1) 1-28 (2) 1-:30 (3)
N-——C(5) 1-41 (2) 1-31 (2)
C(1)-C(2) 1-39 (3) 1-41 (3)
C(2)-C(3) 1:43 (3) 1-37 (3)
C(3)-C(4) 1:29 (3) 1-34 (3)
C(4)-C(5) 1-42 (3) 1:39 (3)
Co—N 2:112 (16) 2:178 (16)
Co—Cl 2-485 (7) 2-:506 (7)
Co—Cl 2:521 (7) 2-503 (7)
Cl—ClI! 3:664 3-664
Cl—Cl# 3412 (9) -
Cl—(liti - 3417 (9)

Symmetry operators
i(x,p,z—1); i (£,3—p,2); iii 3—x,7,2)
(b) Angles

Type A Type B
Co—N-—C(1) 126 (1) 118 (1)
Co—N-——C(5) 120 (1) 122 (1)
N-—C(1)-C(2) 128 (2) 121 (2)
N-——C(5)-C(4) 122 (2) 122 (2)
C(1)-C(2)-C(@3) 114 (2) 120 (2)
C(2)-C(3)-C4) 121 (2) 117 (2)
C(3)-C4)-C(5) 118 (2) 121 2)
C(5)-N-—C(1) 113 (2) 120 (2)

Least-squares planes of pyridine rings relative to crystal axes.
Type A 4-035x—0-633y+3-636z= 0-494
Type B 5:813x+2:761y+3:564z= —0-104
Angle (°) between plane of pyridine rings and (001)
Type A 7-8 (1-8) Type B 14-0 (1:2)
Angle (°) between b axis and Co-N bond
Type 4 43-3 (4) Type B 41-8 (4)

Table 6. Coordination angles (°)
about cobalt in a-COPYCL

Type A Type B
N-——Co-Cl 90-7 (5) N-—Co-CIt¥ 90:6 (5)
N——Co-Cl! 87-1 (5) N-—Co-CI" 88:8 (5)
N—Co-CI!! 92:9 (5) N—Co-CI! 91-2 (5)
N—Co-Cliit  89:3 (5) N-—Co-Cl 89-4 (5)
Cl—Co-Cl'! 867 (3) Cl'—Co-CI¥ 86-1 (3)
Cl—Co-Cl! 94-1 (2) Cl—Co-Cl! 94-0 (2)
Cli—Co-Cliit  85-1 (3) Cl—Co-Cl¥ 859 (3)
Cl—Co-Clit  179-2 (3) Cl-—Co-Cli¥ 1799 (3)
N—Co-Co! 875 (6) N-—Co-Co*' 88:8 (6)
C(3)-Co-Co' 884 (3) C(3)-Co-Co**  89-0 (4)

Symmetry operators
i ( x  »z—l) i (%i-y, z )
i ( Hi-pz—1); v ( f-x5z-1
v G-x, Bz ) vio( x,y,z2+ 1)

TWO POLYMORPHS OF DICHLOROBIS(PYRIDINE)COBALT(II)

The accuracy of the a-COPYCL structure

The geometry of the pyridine rings. especially that
of type A4, is only of moderate accuracy (Table 5).
In particular, the bond lengths N(A4)-C(14) and
C(34)-C(44), and bond angles C(14)-C(24)-C(34)
and C(54)-N(A4)-C(14) are too small. and the angles
Co(A)-N(A)-C(14) and N(A)-C(14)-C(24) are too
large. It is therefore of interest to examine the effects
on the accuracy of the final structure of using a
twinned crystal for data collection.

There are two ways in which the reliability of the
detwinned structure factors, and hence of the final
structure, could be reduced relative to single-crystal
structure factors. Firstly, the detwinning operation
itself increases the random error of the resultant

AR 8 a 8

Xz-1/g

K=1fgq

Yz1/a -44

[e]
ORIGIN

-16

a
Fig. 1. The crystal structure of a-COPYCL projected on the
(001) plane. 100z for cobalt is given and the + and — signs
indicate the z coordinate of the light atoms relative to cobalt.

Fig. 2. The variation of 4F,,/Fy, with intensity ratio r for
two values of the twin ratio f. 0-o, f=029; x-x, f=067.
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structure factors, and secondly, systematic errors are
produced by any inaccuracy in the experimental value
of the factor f used in equation (1). This section of the
paper is devoted to an assessment of the importance of
these two factors.

The random error associated with each structure
factor may be derived as follows from the error in the
measured intensities. The error in the value of I,
derived from equation (1) is given by

_ (dPua+fA4Psa)
(1-1%
where the quantity / can lie within the raﬁge I+41

Inspection of the experimental measurements of Py,
showed that, except for measurements close to the

Ay 2
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threshold level, the value of 4P, could be approxi-
mated by the general relationship

APyy=ePyy 3)

where e is a fractional quantity. Substitution of
equation (3) into equation (2) followed by combination
of equations (1) and (2) gives the relationship

Al _ er+f) @
T (r—1)
where r= P,/ Ps, the ratio of the measured intensi-

ties related by twinning. In addition, it is easily shown
that

Al

Ihkl

24
Fhkl

®)

Table 7. 100F, and 100F, for e-COPYCL at 294 K

[ K £0BS  FCALC K M F)BS FCALC K M FOBS FCALC

434 9578 955 -10 22 6393 1736 O 6 2718 3883

K MoOFI8S FLALC 4 36 5809 <581 -10 24 #35) 8532 0 15 13180 13422
C18 2 7790 8821 6 4 6331  S6% -1C 2B 6% 6525 0 22 5785 @705
-18 & 5027 5373 6 6 21606 19679 -10 3 5383  $520 1 5098 4580
-18 & 6240 7307 6 B 16390 15415 -9 S 2622 2721 1 5 lesal 17897
-l8 B 5807 6158 & 10 z8ews 28435 -9 T 3cBl 2357 1 T 1538 5991
-16 0 8458 10024 6 12 97es  TM1¢ -9 & 1102 956 | 3 1750 <93
cle 6 9319 9238 6 14 181A2 19049 -9 19 7342 #5201 Il 10025 12315
cl6 8 6079 6760 6 16 8575 7653 -9 21  93ez 10995 1 15 987 11797
m14 2 17760 10738 & 18 14972 14778 -9 23 <215  Ssd4 1 17 931a 9926
SI4 4 11260 9822 6 20 5721 6795 -9 25 6225 6nSe 1 18 100e6 9783
Tle 8 9783 964k 626 8191 7311 -9 29 <210 4305 1 21 5245 5308
C1410 3183 4280 6 30 2459 3523 =S 31 1349 483 1 35  23le 3554
C14 20 6BS6 6859 632 TST1 6651 -8 0 478) 4578 2 2 25600 24200
cle 22 6823 6993 634 61D 7293 -R 2 1350¢ 1Tele 2 e 12215 1295
S12 0 1eS54 leTeT 8 2 8920 6120 -8 4 12106 11856 2 6 15673 17326
-12 6 17201 16136 8 6 3T 2977 -8 6 12577 11368 2 13 12037 13sl)
C12 6 12696 1llle 8 8 20753 19583 -4 14 5386 405> 2 1 3109 4773
C12.10 11056 8865 810 8025 7303 -8 14 4938 6155 2 is 13376 12966
c1218 8222 9062 812 2178 21479 -8 2 4% 616 2 18 7825 8540
c12 22 8879 942l B 16 21909 22855 -8 22 1372 141} 222 el 5543
C1226 1123t 10676 820 6980 10918 -8 20 11973 9908 2 2¢ 2016  398)
-12 28 7068 7402 B 26 4901 408 -8 28 3aTe 3632 2 33 7130  slse
Clo 2 7449 6237 10 2 €085 6703 -8 30 8900 8430 2 3. 3511 e8!
Z10 & 8588 5707 10 & T3T6 6874 -7 9 o243 61T 2 36 wami §537
c10 6 8383 6818 10 6 10023 8O -7 23 5170 51T 3 3 Sien  3a7e
C10 8 4270 4eot 10 B 6249 4135 -7 27 97al 9551 3 S  al9s 1334
-10 10 15095 13878 10 10 13832 13490 -7 22 1803 2908 3 7 10908 10360
-10 14 16070 16326 10 14 16268 15252 -7 3 5290 6002 3 6 8296 741}
-10 16 9301 8136 10 16 7879 7948 -7 33 2607 3208 3 11 4cas 2028
c10 18 10385 10296 10 18 12063 10179 -6 0 14151 13596 3 15 oeBs 1337
-10 22 6668  BS19 10 22 6657 8209 -6 & 16373 14289 3 17 11582 12393
-10.32 6306 3962 10 32 4209 3886 -6 B 14573 12425 3 19 10699 11651
=8 0 5891 4889 12 & 17242 16488 -6 18 53eT 536 3 21 8495 8233
-8 2 8510 6901 12 6 13343 11437 -6 20 6535 6559 3 23 10744 1ni4d
-8 6 3307 3530 1210 L1056 9480 -6 22 767 6372 3 25 4990  517]
-8 8 1864e 20501 12 18 1007« 9732 -6 26 6316  7TS31 3 31 4361 <39)
-8 10 9700 8305 12 22 936 9652 -6 25 10208 9349 3 33 1380 34l
-8 12 19500 20996 12 24 101e4 10885 -6 32 TI62 6779 335 919 1583
-8 16 20636 22646 12 28 Be15 38l -5 1 17410 15567 < 2 10230 12152
=820 11962 128¢1 14 2 1TL11 16353 -5 3 15375 13666 & & 16136 15678
-8 26 4910 4695 16 & 10729 9145 -5 5 159¢a lels2 & 6 13577 13843
-6 2 5035 4430 le &  SB&S 3915 -5 1 1229 12010 &« B 16275 17802
T6 4 5357 5369 16 8 10369 9432 -5 9 13619 9445 4 10 10455 10266
=6 & 21890 21211  1¢ 10 4558 4386 -5 13 5393 4827 4 12 2679 3332
-6 10 28233 29107 14 20 6816 7066 -5 15 2566 2809 4 16 11872 1269
=612 6830 6810 14 22 6769  TIST -5 17 4528 2598 4 16 2258 1204
-6 14 19233 19677 16 & BI79 @046 =5 19 2031 2985 4 18 5076 5965
=516 8564 8953 15 & 3loe 4dS6 -5 27 4«27 3110 4 20 9759 9595
-8 18 13161 13481 16 8 8755 6206 -5 29 7351 7303  « 24 5628  83e2
=620 7450 6899 18 2 Be2l 8208 -5 3L <812 5512 4 28 B3R} 7242
=6 24 0699  682¢ 18 & 5924 5352 -5 33 1323 1402 4 33 6107 508>
=6 30 4964 4384 18 6 4983 6638 -5 35 4267 4299 4 32 Tezl 7284
=632 539 6116 18 8 6519 7939 -4 2 7991 7193 « 3¢ 7938 6832
-6 34 7595 764 -4 & 12573 10729 4 3> 3500 37131
-4 0 8329 6s97 Le 1 -4 6 9062 6934 5 3 9826 8172
-4 2 13895 12601 -4 8 13590 11203 S > 6598 4776
=6 & 19146 15093 X M FODS FCALC -4 10 7563 7721 5 1 S0l  3ees
-4 6 18536 19250 -18 6 1937 2566 -¢ 12 3912 3320 5 11 6637 e3es
SA 9 11006 10943 -13 & 2820 3428 -« 1e 13531 13518 5 13 4102 39l
=4 10 18049 19233 -17 9 4238 5146 -4 1o 6321 6727 515  4lel  3¢33
-6 12 20564 20663 -1711 3176 3022 -4 18 8957 955¢ 5 17 6380 5924
-4 16 17391 17742 -1713 5767 6265 -4 20 12559 13928 5 13 g5l 8127
=6 18 13618 1333¢ -17 15 3690 2310 -4 26 7650 7431 5 21 6363 6837
-4 20 11276 12168 -16 2 2348 3175 -& 20 5030 498 5 23 6941 6713
=422 6070 TOI0 -16 6 435 3873 -6 30 2158 3299 5 27 3502  314n
<4 26 6660 6372 -1s B 3058 3331 -4 32 4983 4995 5 31 6393 5708
-6 26 6398 8325 ~-1610 Té97 9903 -4 3¢ 4530 6675 5 33 298 1118
-4 32 8676 8190 -16 14 BB0L 9601 -4 36 36D 1708 S 35 66l 2663
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where Fj,,; is the detwinned structure factor for re-
flexion hkl. Combining equations (4) and (5), the
desired result is obtained

AFy _ e(r+1)
o 2r—1) "

The variation of 4F,,/F,, as a function of # is shown
in Fig. 2 for the particular value e=0-05 which was
in accord with the measured intensity data. The value
of AF,,/Fu, increases rapidly when P../Ps, ap-
proaches the value of f, and therefore the accuracy
of the smaller value of the pair of structure factors
Fy and Fj, diminishes relative to the single-crystal
case (f=0) when P, and Pj, are unequal, but the
accuracy of the larger structure factor of the pair may
be almost unchanged.

In order to assess the effect of random error on
the final structure, least-squares refinement was
carried out using only those structure factors where
AFyy/ Fy calculated from equation (6) was less than an
arbitrary limit of 0-125. This limit removed 140 struc-
ture factors from the data set of 886 reflexions, and the
immediate result was to lower the R value to 9-4%.
However, the atomic parameters did not change ap-
preciably on refinement, and therefore the magnifica-
tion of random error during the detwinned operation
did not have a significant effect on the final structure for
a-COPYCL. Values of A4F,,/Fu, calculated from
equation (6) could, of course, be used to construct a
weighting function for the data during structure
refinement, but we have not attempted this since our
interest lay in eliminating the effect on the final
structure of the least accurate intensity measurements.

The effect on the final structure of a possibly
inaccurate value of the factor f used in equation (1)
was estimated by employing extreme values of this
factor to produce data sets which were under and over
corrected for twinning. For this purpose, reflexions
with /<2 were processed with equation (1) using
values of f=0-0, 0-29, and 0-50, the intermediate
value being that determined experimentally. Least-
squares refinement of the atomic coordinates and
isotropic temperature factors for a-COPYCL was
carried out using each of these three data sets leading
to R values of 15-8, 12:0 and 12-8 % respectively. The
only significant differences between the three struc-
tures derived in this manner concerned the geometry
of the pyridine rings which is given for all three struc-
tures in Table 8. For both the under and over corrected
data, the pyridine ring geometry is slightly more dis-
torted than for the correctly detwinned data, but there
is no radical difference between the structures derived
from the three data sets. It would appear, therefore,
that the geometry of the pyridine rings in the «-
COPYCL structure is partially dependent on the value
of the detwinning constant f, but that the possible error
in the experimentally determined value is too small to
produce any serious effect on the structure,

©)
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Table 8. Pyridine ring geometries for --COPYCL
obtained through the use of various values
of twin size ratio, f, for data with 1 <2

(a) Bond lengths (A)

=0-0 f=029 f=050

B A B A B
N—C(1) 1-31 132 1-28 1-33 1:30 1-24
C(1)-C(2) 1-:39 1-43 141 142 1-39 1-44
C(2)-C(3) 1-37 142 143 138 1-44 141
C(3)-C4) 1-29 1-36 132 137 125 127
C(4)-C(5) 1-40 1-36 143 140 1-42 1-43
C(5)-N 1-50 1-45 1-43 1-31 145 1-35

(b) Bond angles (°)

f=00 =029 £=050

A B A B A B

C()-N——C(5) 119 119 114 120 116 120
N-—C()-C(2) 126 123 128 120 127 124
C(H-C(2)-C33) 116 117 114 120 114 116
C(2)-C(3)-C4) 121 117 121 117 122 117
C(3)-C(4)-C(5) 122 126 118 120 121 124

C(4)-C(5)-N 113 116 121 122 118 117

Clarke (1973) has shown by examination of diffuse
scattering and difference Fourier syntheses that there
is no appreciable disorder in the crystal structure of
a-COPYCL, and we are therefore forced to conclude
that the distoitions of the pyridine rings in the crystal
structure are due to a combination of errors arising
from the intensity measurements, the approximate
absorption correction and the detwinning process.

The crystal structure of y-COPYCL at 89K

Crystallographic studies on y-COPYCL were carried
out using the low-temperature X-ray camera described
by Thomas (1972). Considerable difficulty was ex-
perienced in obtaining undamaged crystals of -
COPYCL suitable for X-ray work because of the unu-
sually violent, self-induced, agitation of the x-COPYCL
crystals which occurred whilst the crystals passed
through the low-temperature phase transition to the
y-form at about 150 K. Nevertheless, one undamaged
crystal was eventually obtained by cooling very slowly
in the region of the transition.

The triplet reflexions, characteristic of twinning in
«-COPYCL, did not appear in any of the oscillation
or Weissenberg photographs taken of y-COPYCL
indicating that the unit cell-angle y had become exactly
90°. Indeed, there were no extra maxima in the
diffraction pattern of y-COPYCL which might have
indicated twinning of the crystal, and the »-COPYCL
crystals therefore had complete single-crystal character,
although they were derived from twinned material. [A
similar observation was made for Rochelle salt by
Ubbelohde & Woodward (1946)].

y-COPYCL crystals are monoclinic with space group
P2,/n (second setting, b unique), Z=2, and D.=1-82
g cm~3, The unit cell was chosen to correspond
closely to that of «-COPYCL, and the unit-cell
parameters, derived by least-squares calculations from
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11 Bragg angles measured by a back-reflexion technique
with Cu Ku radiation are a=17-437 (13), 6=28-408 (2),
¢=3593 (7) A, f=90-05 (5)°. »-COPYCL is therefore
isomorphous with dichlorobis(pyridine)copper(II), a
structure previously examined by Dunitz (1957), who
pointed out the similarity to the structure of a-
COPYCL. In fact the unit cell of y-COPYCL is of
similar shape to that of -COPYCL, but the a and b
axes are halved in length in the low-temperature form,
and the unique axis of the monoclinic cell is 4 instead
of c.

Collection of intensity data at 89 K

The limitations of the low-temperature X-ray
camera (Thomas, 1972) suggest the inclined-beam
oscillation method (Milledge, 1963) as the most
convenient for data collection. In this case, the
method was usefully modified by taking 40° oscillation
photographs of a crystal mounted about the ¢ axis with
the Weissenberg motion in operation but without the
layer-line screens. Data from adjacent layers did not
overlap on the film because of the large gap between
layer lines, and the separation of the reflexions
produced by the Weissenberg motion greatly facilitated
indexing.

Unfortunately, the construction of the cryostat in
which the crystal was mounted did not allow the
recording of data with /= —3, but all of the available
data in the range —2</<0 were collected using un-
filtered Cu Ko radiation and a beam inclination angle
of 20-75°. Certain portions of the reciprocal sphere
could not be explored since the cryostat of the low-
temperature camera is supported by three struts

Fig. 3. The crystal structure of y-COPYCL projected on the
(001) plane. 100z for cobalt is given, and the + and — signs
indicate the z coordinate of the light atoms relative to cobalt.
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arranged with trigonal symmetry about the camera
rotation axis (see Thomas, 1972). Each of these struts
subtends an angular obstruction of 30° at the crystal,
and together they obscure one quarter of reciprocal
space. The unobscured volume of reciprocal space is
thus divided into three equal portions which may be
explored using three non-overlapping oscillation ranges
of 90°, chosen so that the direct X-ray beam sweeps
across the gap between two adjacent struts. In this
investigation, these 90° ranges were further subdivided
into three 40° oscillation ranges overlapped by 15°
Nine such 40° oscillation photographs were needed to
explore the available portion of reciprocal space, each
photograph being taken with a three-film pack.

The reflexions were indexed by comparing the
photographs with computer generated replicas, and the
intensities were measured on the Joyce-Deeley flying-
spot microdensitometer. Least-squares scaling of the
three 40° oscillation photographs in each 90° range
was achieved by comparison of the same reflexions
measured on overlapping photographs. This operation
yielded three batches of data corresponding to the
three unique 90° ranges. Lorentz—polarization and
absorption corrections were then applied. The ab-
sorption correction was calculated by the method of
Busing & Levy (1957) using the measured dimensions of
the crystal envelope. The crystal used was bounded by
faces of the type {100}, {010}, and {001}, and had
dimensions 0-0171 x 0-:0341 x 0-0900 cm with x(Cu Ko)
=162:6 cm~!. The remaining three batches of data
were merged into one final set of unique data by least-
squares comparison of the corrected intensities of
equivalent reflexions. This unique set of data was not
placed on a common relative scale because it was not
possible to estimate scale factors between the three
layer lines.

Structure solution and refinement

With only two molecules in the unit cell, and space
group P2,/n, the COPYCL units in y-COPYCL must
be sited on the centres of symmetry at (0,0,0) and
(4,%3,%). The y-COPYCL structure, therefore, was
easily derived by Patterson and Fourier methods. Full-
matrix least-squares refinement of layer-line scale fac-
tors, coordinates, and isotropic temperature factors
reduced R from the initial value of 32% to 11-2%
after four cycles. Hydrogen atoms were added in
calculated positions, and the scattering factors of the
heavy atoms were modified to include anomalous dis-
persion terms (International Tables for X-ray Crystal-
lography, 1962). Further refinement of coordinates and
isotropic temperature factors of the non-hydrogen
atoms followed by refinement of anisotropic tempera-
ture factors for cobalt and chlorine reduced R to the
final value of 9-6% for the 368 unique observed re-
flexions. Atomic scattering factors were taken from
International Tables for X-ray Crystallography (1962).
The function minimized was Sw(|F,| —|F;|)* with =1
for all data.
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Table 9. Fractional coordinates and U-tensors (x 10%) for y-COPYCL at 89 K

(a) Cobalt and chlorine. The anisotropic temperature factor takes the form exp [—2n2(h2a*2U,,. .. + 2hka*b*U,,. . )].

X y z
Co 0-0 0-0 0-0
Cl - 007178 0-13623 0-48657
(b) Pyridine ring
x y z
N —0-0855 0-1850 —0-0208
(1) —0-0651 0-3350 —0-0868
C(2) —0-1193 0-4535 —0-1277
C@3) —0-1948 0-4163 —0-0620
C4) —0-2155 0-2646 0-:0150
C(5) —0-1595 0-1525 0-0350

Uu Uzz U33

73 36 41
81 33 91

Ulz U13 U23
-4 29 19
-30 10 -29

Ulso X y z

82
219
173
164
140
115

H(D)
H(2)
H(@3)
H(4)
H(5)

—-0-005
—-0-104
-0-237
—-0-273
-0173

0-359
0-577
0512
0-239
0-030

-0-139
0172
—-0-073
0-057
0-086

For hydrogen, U, =0-028 AZ.

Standard deviations for coordinates
X
Cl 0-00022
N 0-0008
C 0-0010-0-0012

Final parameters for the y-COPYCL structure are
given in Table 9, bond lengths and angles in Table 10
(Busing, Martin & Levy, 1964), coordination angles
about the cobalt in Table 11, and observed and
calculated structure factors in Table 12. The crystal

Table 10. Interatomic distances (A)
and angles (°) for y-COPYCL

Distances
N—C(1) 1-33 (3)
N-——C(5) 1-33 (2)
C(1)-C(2) 1-38 (5)
C(2)-C(3) 1-37 (3)
C(3)-C4) 1-:35(3)
C(4)-C(5) 1-36 (2)
Co—N 2-156 (14)
Co—Cl 2:435 (5)
Co—Cl! 2:507 (5)
Cl—cClit 3-593
Cl—Clitt 3-395(7)

Symmetry operators
1(x,7,2); ii (x,p,z—1); ili (£,5,1=2)

Angles
Co—N-——C(1)
Co—N-——C(5)
N-——C1)-C(2)
N——C(5)-C4)
C(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(5)-N——C(1)

120 (1)
121 (1)
121 (2)
123 (2)
118 (2)
120 (2)
118 (2)
119 (2)

Least-squares plane of pyridine ring relative to crystal axes.
1-804x+1-561y+3-5102=0-071

Angle (°) between plane of pyridine ring and (001): 11-0 (1-0)
Angle (°) between b axis and Co-N bond: 43-8 (4).

Table 11. Coordination angles
(°) about cobalt in y-COPYCL

Ni——Co-Cli! 90-5 (5)
N!-—Co-Cl 87-7 (5)
N!—Co-ClI! 92:3 (5)
Ni-—Co-Cliii 89-5 (5)
Cl''—Co-Cl 867 (1)
Cli'—Co-Cl 93-3 (1)
N!-—Co-Co'* 88-0 (6)
C(3H)-Co-Co'* 87-4 (3)

Symmetry operators
i(%y,  2);
iii (’?:}_}’ 1 —Z);

i (x,y,z—1)
iv(x,y,1+2)

0-0023-0-0026

y z
0-00046 0-0017
0-0017 0-0062
0-0075-0-0083

structure of y-COPYCL projected onto the (001) plane
is shown in Fig. 3.

Discussion of the crystal structures of a- and y-COPYCL

The crystal structures of both a- and y-COPYCL
contain polymeric chains of molecules linked by Co-Cl
bridging bonds. These chains run parallel to the ¢
axis of the unit cell. The Co atom is surrounded by a

Table 12. 100F, and 100F, for y-COPYCL at 89 K
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Cl

(b)

Fig. 4. Cobalt coordination angles in the three crystallo-
graphically independent polymeric chains of COPYCL.
(a) a-COPYCL, type A; (b) «-COPYCL, type B; (¢) y-
COPYCL.
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tetragonally distorted octahedron whose corners are
defined by two N and four Cl atoms (Fig. 4). In both
structures, the Co—N bond distances are close to 2-15
A (Tables 5 and 10), and the Co and the surrounding
Cl atoms are coplanar. The Co-Cl distances in a-
COPYCL are all equal (2:50 A, Table 5) within ex-
perimental error, but two of these bonds are shorter
in the y-form (243 A, Table 10) with two remaining the
same. Two of the Cl atoms have therefore moved
closer to the Co as a result of the phase transformation
and the contraction of these Co-Cl bonds is presum-
ably the cause of the decrease in the length of the ¢
axis by 0-07 A during the transition to y-COPYCL.

The basic unit of the coordination sphere about
the Co atom (Fig. 4, Tables 6 and 11) is the same
within experimental error in all three of the molecular
environments found in the a- and y-COPYCL struc-
tures as shown by the coordination angles about Co.
The only variation is the position of the second N
atom, not shown in Fig. 4, which is dictated by the
crystallographic symmetry at the Co atom. In a-
COPYCL, where the Co is situated on a twofold
axis, symmetry produces a bend of 2 x2-5° or 2x 1-2°
(Fig. 4) in the N-Co-N line, but this line is straight in
the y-form where the Co atom is centrosymmetric. A
comparison of the three coordination geometries in
Fig. 4 suggests that these represent a preferred position
of the N atom with respect to the plane of the Co and
Cl atoms and the Co-Cl bonds, the only variation being
one of enantiomorph.

In both a- and p-COPYCL, the Co-N bonds
and the Co-C(3) lines make acute angles with the
¢ axis (Tables 6 and 11). Whether this acute angle is
bounded by + c or —c is determined by intermolecular
contacts to the terminal atoms, C(3) and H(3), of the
pyridine rings. These terminal atoms are directed
between the ortho and meta C atoms of the pyridine
rings in the adjacent layer in the structure (Figs. 1
and 3), and in three dimensions are sandwiched between
two neighbouring pyridine rings, one unit-cell trans-
lation apart along ¢, which are at higher and lower
z coordinate than the occluded terminal atoms. The
direction of the Co-N bond and Co-C(3) line is, in
all cases, that which tends to equalize the intermolec-
ular contact distances between atoms C(3) and H(3)
and the ortho and meta C and H atoms of the pyridine
rings at higher and lower z coordinate in the adjacent
layer (Table 13).

The constancy of the Co coordination geometry,
and the observed invariance, within experimental error,
of the directions of the crystallographic axes relative
to the crystal morphology enables the directions of the
Co-N bond and the b axis of the unit cell to be used
as reference axes to compare the crystal structures of
o- and p-COPYCL. In a-COPYCL, the angle between
the Co-N bond and the b axis is 43-3° for type A4
layers and 41-8° for type B layers whilst in y-COPYCL
it is 43-8°. The polymeric chains in the type B layers of
a-COPYCL have therefore rotated about the ¢ axis of
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Table 13. Intermolecular contacts (A)
for a- and y-COPYCL

(a) Between pyridine rings
x-COPYCL

C(3A)-C(1BY 3-64 CBB'-C(14) 3-86
C(A-C(1B'YY 403 C(3B''H)-C(14™) 371
C(3A)-C(2BY 374 C(3B''")-C(24) 3-88
C(3A4)-C(2B'"y 413 C(B'"-C(24'™) 391
H(3A)-H(1B) 23 H(3B")-H(i4) 24
H@BA)-H(BY) 26 HG3B!)-H(14"™) 24
H(34)-H(2BY) 2-5 H@3B!')-H(24) 2:6
H(3A)-H(2B'™) 2-8 H(3B!)-H(24™) 28
C(4A4)-C(54) 3-79 C(4B)-C(5B*Y) 3-82
C(4A4)—-C44) 4:19 C(4B)-C(4B"Y) 4-28
C(54)-C(54) 3-90 C(5B)-C(5B"") 3-84
H(4A4)-H(54") 23 H(4B)-H(5B"") 23
H(4A4)-H(44") 3-8 H(4B)-H@4B"Y) 3-8
H(54)-H(54") 3-0 H(5B)-H(5B") 29
y-COPYCL
C(3"'"H-C(5'1y  3-64 C(1)-C(2Y) 3-76
C(3"1H-C(5') 374 C(2)-C(2") 433
C(3'1H-C@4vy  3-70 C(H)-C(1Y) 3-64
C@3"1H-C(4') 3-86 H(1)-H(2") 2:6
H@H-H(5Y1) 24 H(2)-H(2") 4-0
H3H-H(5') 23 H(1)-H(1") 2:6
H(3vll)_H(4vlll) 2-6
H(3vll)_H(4lx) 27

(b) Contacts to chlorine atoms
a-COPYCL
Cl(4)-C(54%) 2 CI(B)-C(5B*) 5:36
Cl(A)-C(2B!Y) 9 CI(B)-C(24™") 4-92
CI(4)-C(3B'M) 3 CI(B)-C(34*h 5-09

CI(A)-H(54%)
CI(4A)-H(2B™)
CI(4)-H(3B!1)

CI(B)-H(5B™) 5-4
CI(B)-H(24™1) 43
CI(B)-H(34*) 47

U L L ath
WWAD D

y-COPYCL

CI-C(1*111) 4-94 CI-H(1x1Y) 50

CI-C(4*1v) 5-16 CI-H(4*) 4-4

CI-C(3*t") 5-57 CI-H(3*") 52

Symmetry operators

i @G-xt-y, 2); i (d-x3-y,2-1)
i (3—x, 7 2); iv ( x ypz-1)
v ( f,l—}’, Z-); vi (%—x’%ﬁy)l'-z)
Vii (‘;‘+X,‘5'—‘y,i‘+z); Viii ( -f’ }7’ Z-)
ix ( f, .}731_2); X ( X,.V—'%, Z-)
Xi ('%—x)}j_%:z_l); Xii ( X:y_%)l—z)

xiii (@ X1—-y,1-2); xiv 3+x,5—-4,4+2)

the unit cell by 2-0° on transformation to y-COPYCL.
It is this rotation which allows the & axis of the unit
cell to expand by 0-388 A from 34-486 A to 2 x 17-437 A
whilst the b axis contracts by 0-592 A from 17-408 A to
2% 8408 A as the crystal transforms from a- to y-
COPYCL. A molecular rotation of this kind for all
the polymeric chains in a-COPYCL was previously
predicted by approximate calculations based on mag-
netic anisofropy data (Bentley et al., 1971).

A fundamental difference between the crystal
structures of «- and y-COPYCL concerns the arrange-
ment of the pyridine rings about Co (Fig. 5). This
arrangement is determined by the symmetry of the Co
atom and thus in a-COPYCL the planes of the pyridine
rings are twofold related, whilst in y-COPYCL these

TWO POLYMORPHS OF DICHLOROBIS(PYRIDINE)COBALT(II)

planes are parallel. Consequently, half of the pyridine
rings in a-COPYCL undergo a rotation about the
Co-N bond on transformation to y-COPYCL.

The degree of rotation of the pyridine rings about
the Co-N bond can be represented by the angle
between the plane of the pyridine ring and the (001)
plane, and is determined in both structures by inter-
molecular contacts between the closest centrosymmet-
rically related pyridine rings in the same layer.

The fact that the b-glide related Co atoms in
o«-COPYCL have different z coordinates uniquely deter-
mines the direction of rotation of the pyridine rings
about the Co-N bond, and the angle between the ring
plane and (001) is such that the closest centrosymmet-
rically related ortho and meta C and H atoms are in
van der Waals contact (Table 13). The non-equivalence
of the adjacent layers in ¢-COPYCL means that the
pyridine rings in these layers are inclined to (001) to
different extents, and the inclination is least where the
difference in z coordinates of the b-glide related Co
atoms is greatest. The observed angles of inclination
are for layer 4 +7-8° (4z=0-32) and for layer B + 14-0°
(4z=0-12). For y-COPYCL, the direction of rotation
of the pyridine rings about the Co-N bond is not
uniquely determined by the relative z coordinate of
adjacent Co atoms in each layer since this quantity
is zero. However, once a direction of rotation is
chosen, packing considerations would reproduce it

cg—@@—%—c&@o

(a)

B 200
®

B B0

Fig. 5. Portions of the polymeric chains in the COPYCL struc-
tures viewed along the plane of the cobalt and chlorine
atoms. (a) a-COPYCL, type A4; (b) «-COPYCL, type B;
(c) y-COPYCL.
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throughout the structure, and the observed magnitude
of the inclination of the ring to (001), 11-0°, is again
such that the closest centrosymmetrically related
pyridine rings within each layer are in van der Waals
contact (Table 13).

By far the greatest difference between the a- and
y-COPYCL structures concerns the distribution of the
Co atoms along the z direction. The crystallographic-
ally independent layers in the «-COPYCL structure,
which are approximately related by the non-crystallo-
graphic symmetry operation (3+x,%—y,z—0-6), be-
come related by a crystallographic n-glide plane in
the y-form, and in addition the unit-cell axes a ard b
are halved in length. Therefore the Co atoms of types
A and B which occur at z= +0-16 and +0-44 respect-
ively in «-COPYCL move along z to z=0-0 and
+0-5 during the transformation to y-COPYCL (Figs.
1 and 3) with the remaining atoms in the polymeric
chains moving by the same amount. Neglecting the
small difference in the length of the ¢ axis in the two
forms, these changes are equivalent to a z shift of 0-58
A in type 4 layers and 0-22 A in type B.

Despite this considerable movement, and the re-
orientation of the pyridine rings, the van der Waals
contact distances of x-COPYCL are maintained as such
for y-COPYCL, a typical result for a displacive phase
transformation (Buerger, 1951). Indeed none of the
intermolecular contacts involving only C or H atoms
differs by more than 0-37 A between the two crystal
structures. [A full list of such contacts is given by
Clarke (1973)]. In contrast, the intermolecular con-
tacts between Cl and C or H atoms differ by up to 0-9
A. The major changes of this type are given in Table 13.
It would therefore appear that the packing in both
structures is controlled by the interactions between C
and H atoms since it is this type of interaction that
remains largely unaltered by the phase transforma-
tion.

We wish to thank Dr M. Gerloch who originally
drew our attention to this problem, DrJ. O. Thomas for
providing us with his preliminary results on the phase
transformation, Mr J. Cresswell for the figures, and
Miss Patricia Brennan for typing. P.J.C. is indebted
to the Science Research Council for a studentship
during the course of which this work was carried out.
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