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The Crystal Structure of (+)p-Tris(ethylenediamine)cobalt(IIT) Chloride Monohydrate,
(+)p-[Co(en);]Cl:.H,O
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Crystals of (+)p-[Co(en);]Cls. H2O are tetragonal with space group P432;2. The lattice constants are
a=9-682, ¢c=16-287 A, with four formula units in the unit cell. The crystal structure was determined
and refined from three-dimensional visual data ; refinement was carried out by the method of least-squares.
Co, Cl, C, N and O atoms were refined anisotropically and the H atoms isotropically. The final R
index is 0-090. The complex ion has virtual symmetry Ds. Six nitrogen atoms of the three ligands are
bonded nearly octahedrally to the central cobalt atom with an average Co—N distance of 1-978+ 0-004 A ;
the average N-Co—N angle is 85-3 4 0-:3°. The carbon atoms of the chelate ring show thermal anisotropy
best described as an oscillatory motion perpendicular to the C-C bond, similar to the ring puckering

motion observed for the same ions in solution.

Introduction

The crystal structures of [Co(en);]Cl;. 3H,0 (Nakatsu,
Saito & Kuroya, 1956),

(+)p-2[Co(en);]Cl;. NaCl.6H,0
{(Nakatsu, Shiro, Saito& Kuroya, 1957), and
(4+)p—[Co(en);]Br;. H,O

(Nakatsu, 1962) have been determined. However, no
three-dimensional analysis of a complex salt contain-
ing the [Co(en)s;]?+ ion has yet been reported, though
this complex ion is one of the most familiar and fun-
damental complex ions in coordination chemistry. An
accurate geometry of the complex ion is necessary to
construct a theoretical model for the calculation of
optical activity, such as rotary strength, efc. The struc-
ture determination of (+)p-tris(ethylenediamine)-co-
balt(ITI) chloride monohydrate was undertaken mainly
to obtain structural details of the complex ion,
[Co(en)s]*+.

Experimental

(+)p-[Co(en);]Br;. H,O was prepared as described by
Werner (1912) and was converted into the chloride by
shaking with freshly prepared silver chloride. Crystals
of (+)p-[Co(en);]Cl;. H,0, suitable for X-ray analysis
were grown from an aqueous solution. They are very
similar both in colour and shape to

(+)-[Co(en);]Br;. H,0,

and are orange-red prisms elongated along the ¢ axis,
in agreement with Jaeger’s (1919) description. The crys-
tals were reformed into cylinders, the axes of which
were parallel to the ¢ and a axes, respectively. They
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easily lose the water of crystallization and disintegrate
when exposed to air at room temperature. The speci-
mens were protected from the atmosphere by a thin
layer of grease during the X-ray exposure. In spite of
this precaution measurements had to be made of a
half-dozen cylindrical specimens of diameters ranging
from 0-086 to 0-110 mm for the c-axis rotation and
from 0-146 to 0-2 mm for the ¢-axis rotation. This would
affect the accuracy of the measurement to some extent.
Nickel filtered copper radiation was used. The inten-
sity data for layers /=0 through 12 and for A=0
through 4 were recorded on multiple film, equi-inclina-
tion Weissenberg photographs, and relative intensities
of the reflexions were obtained by visual comparison
with a calibrated intensity scale. The relative intensity
ranged from about 105 to unity. The usual Lp and spot
shape corrections were made; absorption corrections
were also applied (International Tables for X-ray Crys-
tallography, 1959). 1358 independent |F(hkl)| were col-
lected. Those reflexions which were non-equivalent as
a result of anomalous dispersion were treated as inde-
pendent reflexions.

The cell dimensions determined from Weissenberg
photographs were refined by a least-squares method,
by employing data obtained on a single-crystal diffrac-
tometer with Fe Ka radiation (¢¢;=193597, o=
1:93991 A). Zero point deviation of the diffractometer
graduation was included in the least-squares calcula-
tion as an unknown parameter. The crystals are iso-
structural with [Co(en)s]Br; . H,O; the crystal data are:

[Co(H,N-CH,-CH,-NH,);]Cl;. H,O,

F.W.=363-6; tetragonal, a=9-682 +0-:002, ¢=16-287
+0:002 A, U=15268 A3 (20°C); Dm=1-585g.cm=3
(20°C), Z=4, Dz=1-587 g.cm3; space group P4;2,2
(D§, No. 96); F(000)="760;linear absorption coefficient
for Cu Ko, u=136-8 cm™1,
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Refinement of the structure

Initial positional parameters for the atoms were taken
from the final parameters of the isostructural (+)p-
[Co(en);]Br;. H,O (Nakatsu, 1962). The temperature
factors were determined graphically by plotting the
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log of the ratio of the calculated to observed structure
factors against sin2 6/42. The usual R value (Z||F,|—
|Fe|[/Z|Fol) was 0-22 at this stage. Refinement was car-
ried out by the full-matrix least-squares method. The
atomic scattering factors, as well as corrections for
anomalous dispersion, were taken from International

Table 1. Observed and calculated structure factors ( x 10)
* Indicates structure factors corrected for extinction.
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Table 1 (cont.)
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Tables for X-ray Crystallography (1962). The function
minimized was Zw(|F,| — | Fe|)2

Initially the weighting scheme w=1-0 was employed
for all the Fy’s. Hydrogen atoms were not included in
the calculation at this stage. After two cyles, with iso-
tropic thermal parameters for all the atoms, R improved
to 0-16 for all the observed reflexions. Two further
cycles of least-squares were calculated in anisotropic
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mode, where the anisotropic temperature factors were
of the form: exp[ - (Buhz + Bzzkz -+ B3312 -+ ZBlzhk +
2313hl+ 2B23k1)]; R impl'OVed to O-11.

Corrections for the secondary extinction were applied
according to the method of Pinnock, Taylor & Lipson
(1956) to those reflexions for which the calculated in-
tensities were greater than 4-0 x 104, A three-dimensio-
nal difference Fourier synthesis then revealed the ap-
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proximate positions of the hydrogen atoms except that
attached to C(2). At this stage it was felt desirable to
adopt a new weighting scheme with some down weight-
ing of very weak and very strong reflexions. The new
scheme, a modification of Cruickshank’s method
(Cruickshank, Pilling, Bujosa, Lovell & Truter, 1961),
was as follows: 1/w=c—|F,|+a|F,|? if |Fo| < Fmin and
| Fo| = Fmax; otherwise 1/w=d. The coefficients &, ¢, and

Table 2. Atomic parameters

Standard deviations in parentheses.
(a) Positional parameters ( x 104)

x/a y/b z/e

Co 4797 (1) 5203 (1) 2500
CI(1) 9510 (1-8) 490 (1-8) 2500
Ci2) 3542 (2) 969 (2) 2494 (2)
(o] 1909 (5-7) 8091 (5-7) 2500
C) 6757 (11) 3216 (12) 2967 (4)
C2) 2038 (10) 4379 (10) 2145 (6)
C@3) 2114 (9) 4565 (11) 3058 (5)
N() 5352 (1) 3657 (7) 3199 (4)
N(©2) 3481 (6) 4019 (7) 1877 (3)
NQ@3) 3205 (7) 5634 (7) 3212 (5)
H(O) 1148 (108) 7905 (109) 2625 (83)
H(C11) 7316 (112) 4024 (110) 3220 (69)
H(C12) 6672 (100) 2301 (116) 3138 (64)
H(C21) 1889 (100) 5433 (107) 1777 (57)
H(C22) 1402 (102) 3572 (105) 1971 (62)
H(C31) 1178 (101) 4828 (97) 3206 (54)
H(C32) 2336 (98) 3696 (95) 3359 (57)
H(N11) 5545 (94) 3921 (88) 3681 (57)
H(N12) 4428 (105) 3075 (98) 3110 (58)
H(N21) 3746 (94) 3007 (104) 2124 (51)
H(N22) 3949 (90) 4100 (96) 1344 (54)
H(N31) 3004 (102) 6627 (100) 3027 (55)
H(N32) 3269 (104) 5359 (97) 3742 (57)
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d were determined so as to give an approximately con-
stant average value of wl4F|? in each intensity region
and to give a maximum value of w in the region, 250 <
| Fol <85-0. After these corrections and the introduction
of hydrogen atoms obtained from the difference synthe-
sis (the missing hydrogen atom attached to C(2) was
supplied by the calculated value), a final set of least-
squares calculations was carried out. A total of three
cycles was computed before the shifts were less than the
standard deviations for non-hydrogen atoms. Tempe-
rature factors of hydrogen atoms were assumed to be
isotropic and were given the same values as those of the
atoms to which the hydrogen atoms were bonded. In
the last cycle of least-squares, no coordinate shift of
non-hydrogen atoms exceeded 0-003 A or 0-5 g, and
the average shift was about 0-15 times the estimated
standard deviations. The average hydrogen coordinate
shift was 0-65 ¢ and the maximum shift was 0-1 A or
1-0 o for H(water). The topography of the final differ-
ence synthesis is flat, within the range of +0-9 e.A-3.

Table 1 gives the observed and calculated structure
factors. The final R was 0-090. The final atomic param-
eters are shown in Table 2 together with e.d.s.’s ob-
tained from the inverse matrix of the normal equation
matrix of least-squares. If the structure is inverted, the
R valuc increases by about 0-06.

Computing procedures

The reduction of the original data, preliminary calcu-
lations of structure factors and all other calculations
not mentioned in the following were carried out on the

Table 2 (cont.)

(b) Thermal parameters ( x 105)

Based on Bjy1h2+ Byyk2 + B33l2-+2Byohk + 2Bj3hl+2Baskl .

By By, B3

Co 533 (13) 533 (13) 186 (4)
CI(1) 1255 (26) 1255 (26) 226 (8)
Cl(2) 1329 (29) 600 (22) 410 (7)
(0] 886 (70) 886 (70) 673 (47)
) 850 (128) 1108 (146) 289 (31)
C(2) 882 (115) 824 (127) 316 (39
C@3) 516 (98) 894 (112) 260 (32)
N(1) 522 (70) 612 (75) 194 (21)
N(2) 649 (79) 635 (74) 157 (21)
NQG) 645 (82) 731 (96) 243 (25)

B*
H(O) 4-4 A2
H(Cll) 38
H(C12) 38
H(C21) 33
H(C22) 33
H(C31) 27
H(C32) 27
H(NI11) 2-1
H(N12) 21
H(N21) 22
H(N22) 22
H(N31) 2:6
H(N32) 26

Bi2 B3 By;

—8 (15) 20 (6) 20 (6)
425 (33) -97 -9@17)
—~57(22) ~10(19) 85 (16)
123 (97) 90 (60) 90 (60)
350 (97) 6 (58) 8 (63)
—63 (103) 8(51)  —121 (51)
—195 (102) —7 (45) —~22(52)
—~37(72) —44 (38) 23 (34)
—264 (70) 53 (35) -39 (35)
—125(73) 86 (40) —40 (41)

* Isotropic, and given the same values as those of the atoms to which the hydrogen atoms are bonded.
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Table 3. Intermolecular approaches* less than 4 A
The superscripts designate:

No symbol x y z -

@) 1—y 1-x i-z

(@) 3—x i+y -z

() -y 1-x 3~z

@iv) -y 2—x -z

) -y —3+x —i+z

(vi) 3—x ity 3-z

(vii) i+y 3—x itz

(viii) —-x -1ty 3—z

(ix) -t+y t—x i+z

. x) x 1+y: z
CcQ)---CI(1) 3-824 (1) A C@3):--CI(2"") 3611 (9) A
C()---Cl(2) 3-879 (11) C(3) - - - CI(2%) 3-507 (9)
C(1)- - - Cl(2v4) 3792 (9) C@3):--0 3-527 (12)
Cc(1)---Ci(2") 3-905 (12) C(3):--0Oix 3-599 (9)
C(2)- - -CI(2) 3-656 (10) N(1)- - - CI(2¥i) 3-663 (7)
C(2)- - -CI(2"") 3582 (10) N(1)- - - O viit 3-709 (8)
C@)- -0 3631 (11) N@3)- - -CI(1") 3-662 (7)
C@3)---Cl(2) 3-860 (10) N(3)---O vil 3-822 (8)
A-H---B A---B H--'B L(4-H--‘B)

N(1)-H(N12): - - CI(2) 3341 (M A 2:43 (10) A 143 (7)°
N()-H(N11)- - -CI(1") 3-431 (6) 2:63 (9) 158 (8)
N)-H(N21)- - -CI(2) 3120 () 2:07 (10) 160 (8)
N(2-H(N22) - - CI(1%) 3-250 (6) 2-29 (9) 165 (7)
N(3)-H(N31)---0O . 2:912 (9) 1-95 (10) 155 (8)
N(3)-H(N32): - - Cl(2"Y) 3-387 (8) 2-76 (10) 127 (8)
O—H(0) ----CI(2"") 3-208 (6) 3-32 (12) 149 (10)
O—H(0) - -CI(1tv) 3-301 (6) 2:91 (12) 104 (8)

* Corrected for thermal motion (Cruickshank, 1956b).

a ci2m
l )
a o A
":Eg/// o;\ \u’;” H(O)} 2 »:
H(C22) HIC31)/ /S N 7

Ci{2)

5‘1"

?q H(N21) H(N22)

QCI(ZX)

ci21

Fig. 1. Atomic arrangement viewed along the ¢ axis near z=4%. Dotted lines indicate close contacts.
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FACOM 202 computer at this Institute. Interlayer cor-
rections, least-squares calculations and the Fourier
synthesis were computed on the HITAC 5020 at the
Computing Centre of the University with the programs
RSC 3, FLS 4 and ANSR-1 respectively, of the UNICS
system written by Dr T.Sakurai and Dr. H.Iwasaki
with slight modifications in the weighting scheme and
damping factors of the parameter shifts, etc. by one of
the authors (M.L.).

Results and discussion

Packing and geometry of the complex ion

The overall structure is the same as that of the iso-
structural bromide, (+ )p-[Co(en);]Br;. H,O (Nakatsu,
1962). A partial projection of the structure around z=}
down the ¢ axis is shown in Fig.1. Fig.2 illustrates
packing relations around a complex ion. Table 3 lists
some of the important interatomic distances and angles
outside the complex ion. The distances between each
chloride ion and its nearest neighbour are found to be
shorter by about 0-12 A than the corresponding dis-

2567

tances in the bromide. This decrease is primarily the
result of the difference in the ionic radii of Cl- and Br-.

Three types of hydrogen bond are conceivable, i.e.
N-H...O, O-H...Cl- and N-H...Cl-. The first
type, N-H...O, is found between N(3) and O with
length 2:91 A. Two hydrogen atoms of the water mol-
ecule are oriented towards Cl-(2""") and Cl~(2%) of the
adjacent unit cell, forming the second type, O-H. . .Cl-
with the same length 3-21 A, for each; this type of weak
hydrogen bond is reported for CuCl,.2H,0 (Peterson &
Levy, 1957). The third type, N-H. . . Cl-, probably exists
between N(2) and CI-(2), N(2) and CI~(1V), N(1) and
Cl=(2), and N(1) and CI~(1”") in decreasing order of
strength (see Table 3). These N...Cl- distances and
N-H-Cl angles are 3120, 3-250, 3-341 and 3-431 A, and
160, 165, 143 and 158°, respectively. Other close con-
tacts occur between amino nitrogen atoms of the com-
plex ion and chloride ions, as listed in Table 3.

As for the geometry of the complex ion, no signifi-
cant change was found from the previous results. Table
4 lists the interatomic distances and bond angles within
the complex ion [Co(en);]*+. The symmetry of the com-

e Ocn(z) Oo @N Oc (@ LIl

Fig.2. Atomic arrangement (from z=0 to z=1%) around the complex ion. Dotted lines lead to neighbouring atoms of the hydrogen
atoms but do not necessarily represent hydrogen bonds.

AC25B-10
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plex ion as required by the space group is C,-2. How-
ever, if the complex ion alone is considered, its symme-
try can be represented approximately by D;—322. Its
quasi threefold axis of rotation is nearly parallel to the
¢ axis, making an angle of 3-2° with it. The six nitrogen
atoms of the ligand molecules form an octahedron
around the central cobalt atom. The Co. . . N distances
are 1-959, 1-996 and 1-979 A (average 1:978 +0-004 A),
in good agreement with the values obtained for other
[Co(en)s]*+ salts. The average N-Co—N angle is 853 +
0-3°. Thus the displacements of these nitrogen atoms
from the regular octahedral position is small. Fig.3
shows the coordination octahedron viewed down the
threefold axis. The triangle drawn by dotted lines shows
the upper face of a regular octahedron, to which the
plane defined by N(1), N(2") and N(3) is found to be
rotated by ~5°, as shown in the Figure. One of the
three ethylenediamine molecules is characterized by the
twofold rotational symmetry of the crystal, while the
other two are disposed symmetrically to the same sym-
metry axis. Both kinds of ethylenediamine molecule are
of the gauche form, and all three C-C bonds point
along the threefold axis of the octahedron. Hence the
conformations of the chelate rings are of the type Jel-

(+)p-TRIS(ETHYLENEDIAMINE)COBALT(III) CHLORIDE MONOHYDRATE

lel-lel (Corey & Bailar, 1959). The chelate rings are not
planar: C(1) and C(1) are found to lie 0-376 A above
and below the plane of Co, N(1) and N(1); C(2) lies
0-337 A above and C(3) 0-414 A below the plane of
Co, N(2) and N(3). The absolute configuration of the
complex ion agrees with the previous results (Saito,
Nakatsu, Shiro & Kuroya, 1955, 1957; Nakatsu, 1962).

The three hydrogen atoms bound to nitrogen atoms
of the upper (or lower) face of the octahedron are ori-
ented nearly parallel to the threefold axis of the com-
plex ion and they are on average about 2-4 A apart,
which corresponds to the O—O distances in such oxy-
anions as PO3~, SO2~ or SeO}~. This fact strongly
supports the possibility of the complex ion forming ion
pairs with those oxy-anions in solution by hydrogen
bonds (Mason & Norman, 1964, 1965; Larsson, Mason
& Norman, 1966).

Analysis of the thermal motions

. The anisotropic thermal parameters [Table 2(b)] of
the non-hydrogen atoms of the [Co(en);]*+ ion were
used in an analysis of the rigid-body translational and
librational motion by assuming the centre of motion to
be at the central cobalt atom (Cruickshank, 1956a).

N(3)
AN
1 \&,
%
! S O
{
N
5]
TN »
8 L ING)
()
O
@) 2
i,
10
NE@) 51(1) *
C(2)
O
O @

Fig.3. Geometry of the complex ion viewed down the threefold axis.
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Table 5 lists the root-mean-square amplitudes of the
principal axes of the T"and w ellipsoids (Cruickshank’s
notation). These translational and librational ampli-
tudes were small and not significantly anisotropic, aver-
aging about 016 A and 2-6° respectively. The coupling
of the motions of neighbouring atoms and the presence
of hydrogen bonding appears to preclude large libra-
tion or translation, and hence the largest observed
eigenvalues of T and w are only 0-17 A and 3-1° re-
spectively. Consequently the corrections to the inter-
atomic distances for rotational motion (Cruickshank,
1956b) were found to be within their standard devia-
tions. In Table 6, the observed Uiy’s (= By/2n2a af') are
compared with the values calculated from T, w and
atomic coordinates based on the assumption that the
whole ion is a rigid body. The r.m.s. discrepancy be-
tween the observed and calculated Uy for the ion is
1-3x 102 A2, a value whose magnitude indicates some
internal motion. The observed Uy’s are diagonalized
and the resultant thermal ellipsoids are shown in Table
7 and in Fig.4 for one chelate ring [Co, N(1), C(1),
C(1"), N(1")]. It can be seen from Table 7 that the vib-
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ration of the central cobalt atom is nearly isotropic.
The carbon atoms of the chelate rings appear to oscil-
late with large amplitudes nearly perpendicularly to
the C-C bond; the carbon atom C(1) has the largest
amplitude. However, the vibrations of the other carbon
atoms are relatively small. This is a result of the pre-
sence of the chloride ions at distances 3-582 and 3-507 A
from these carbon atoms. The chloride ions seem to
hinder such vibrations of the carbon atoms. On the
other hand the C(1)...Cl distance is 3-792 A, which
is large enough to allow such vibrations of the carbon
atoms. A similar type of vibration has already been re-
ported (for example, C,HgSe, Pedersen & Hope, 1965).
Thesefeatures of the anisotropic vibrations of the carbon
atoms seem to support the existence of a puckering
motion of the chelate ring in solution. Actually Mason
& Norman (1964, 1965) measured the circular dichro-
ism spectra of [Co(en);]** ions in solution and sug-
gested that different conformations of [Co(en);]3*+ co-
exist in solution (McCaffery, Mason & Norman, 1965);
this was supported by the thermodynamic data (Dwyer,
Garvan & Shulman, 1959).

Table 4. Bond lengths and angles corrected for thermal motion*
E.s.d. in parentheses for least significant figures.

Co-N(1) 11959 (D A
Co-N(2) 1-996 (6)
Co-N(3) 1-979 (7)
C(1)-N(1) 1-48 (1)
C(2)-N(2) 1-51 (1)
C(3)-N(3) 1-50 (1)
C(1)-C(1%) 1:52 (1°5)
C(2)-C(3) 1-50 (1)
C(1)-H(C11) 1-04 (11)
C(1)-H(C12) 0-94 (11)
C(2)-H(C21) 1-19 (10)
C(2)-H(C22) 1:04 (10)
C(3)-H(C31) 0-98 (10)
C(3)-H(C32) 1-00 (9)
N(1)-H(N11) 0-85 (9)
N(1)-H(N12) 1-07 (10)
N(2)-H(N21) 1-09 (10)
N(2)-H(N22) 0-98 (9)
N(3)-H(N31) 1-03 (10)
N(3)-H(N32) 091 (9)
O—H(0) 0-99 (11)
N(1)-Co-N(1") 853 (3)°
N(2)-Co-N(3) 85-4 (3)
Co-N(1)-C(1) 109-0 (6)
Co-N(2)-C(2) 1083 (5)
Co-N(3)-C(3) 1079 (6)
C(1)-C(1)-N(1) 1054 (7)
C(3) -C(2)-N(2) 1057 (7)
C(2) -C(3)-N(3) 1064 (7)
H(0)-0-H(0") 118 (9)

N(1)—C(1)-H(C11) 100 (6)°
N(1)—C(1)-H(C12) 97 (7)
H(C11)-C(1)-H(C12) 130 (9)
H(C11)-C(1)-C(1") 112 (D
H(C12)-C(1)-C(1%) 108 (8)
C(3)—C(2)-H(C21) 114 (5)
C(3)——C(2)-H(C22) 113 (6)
N(2)—C(2)-H(C21) 100 (5)
N(2)—C(2)-H(C22) 108 (6)
H(C21)-C(2)-H(C22) 116 (7)
C(2)——C(3)-H(C31) 103 (6)
C(2)—C(3)-H(C32) 113 (5)
N(@3)—C(3)-H(C31) 116 (6)
N(3)—C(3)-H(C32) 110 (5)
H(C31)-C(3)-H(C32) 107 (8)
Co——N(1)-H(N11) 112 (6)
Co——N(1)-H(N12) 95 (5)
C(1)~——N(1)-H(N11) 97 (6)
C(1)—-N(1)-H(N12) 126 (5)
H(N11)-N(1)-H(N12) 118 (8)
Co——N(2)-H(N21) 100 (5)
Co N(2)-H(N22) 96 (5)
C(2)——N(2)-H(N21) 109 (5)
C(2)-—N(2)-H(N22) 132 (5)
H(N21)-N(2)-H(N22) 107 (1)
Co——N(3)-H(N31) 100 (5)
Co N(3)-H(N32) 116 (6)
C(3)——N(3)-H(N31) 118 (5)
C(3)——N(3)-H(N32) 90 (6)
H(N31)-N(3)-H(N32) 125 (8)
Dihedral angle
N(1)-C(1)-C(1")-N(1") 54-5°
N(2)-C(2)-C(3) -N(3) 556

* Cruickshank (1956b)

A C 25B - 10*
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Table 5. Rigid-body thermal parameters
R.m.s. amplitude

of transla- Direction cosine of principal axes of T'
tional motion relative to the crystal axes
0-165 A 07122 —0:7016 —0-0019
0-159 0-3820 0:3636 0-8498
0-155 0-5900 06119 —0-5268
R.m.s. amplitude
of angular Direction cosine of principal axes of ®
libration relative to the crystal axes
2:6° 0-6912 07107 —0-1313
1-9 07187 —0-6951 0-0129
33 0-0822 0-1032 0-9913

The largest and smallest amplitudes of vibration of
the chloride ions CI(1) and Cl(2) are in the approxim-
ate directions [110] and [001], and [100] and [010],
respectively. This is because the packing of adjacent
atoms is loosest and closest in these directions respec-
tively.

The oxygen atom of the water molecule has the lar-
gest amplitude of all the atoms in the crystal along
[001]. In other words, the water molecule moves fairly
freely along the tunnel formed by the chloride ions
and the complex ions. In fact, the crystal easily loses
its water of crystallization. The crystals can be partly

(+)p-TRIS(ETHYLENEDIAMINE)COBALT(III) CHLORIDE MONOHYDRATE

dehydrated on standing in air without there being any
remarkable change in their appearance. These partly de-
hydrated crystals give well-defined single-crystal dif-
fraction patterns, and some of them show superstruc-
ture reflexions along the a axis (2 x a).

This research was supported in part by a Scientific
Research Grant of the Ministry of Education.

Fig.4 Thermal motion of the chelate ring Co, N(1), C(1), C(1),
N(19).

Table 6. Comparison of observed and calculated thermal parameters ( x 105 A2?)
E.s.d.’s in parentheses.

Un Uz Us3 Uz Uz Uaz

Co obs. 2630 (62) 2630 (62) 2505 (54) =371 158 (48) 158 (48)
calc. 2576 2576 2489 —147 43 43

C(1) obs. 4035 (608) 5262 (693) 3878 (417) 1663 (461) 51 (463) 67 (503)
calc. 3930 3810 3971 1030 —344 247

C(2) obs. 4186 (546) 3914 (603) 4249 (457) —302 (489) 62 (407) —963 (407)
calc. 2827 4918 3522 —829 —166 -37

C(3) obs. 2450 (465) 4247 (532) 3491 (430) —926 (484) —59 (359) —175 (415)
calc. 2856 4946 3476 —740 402 —-53

N(1) obs. 2480 (332) 2906 (356) 2609 (282) —173 (342) —350 (304) 182 (272)
calc. 3568 2854 2958 55 —-170 328

N(2) obs. 3082 (375) 3013 (351) 2110 (282) —1255 (332) 422 (280) —311 (280)
calc. 3145 3232 2812 — 634 —112 —85

N(@3) obs. 3062 (389) 3472 (456) 3262 (336) —593 (347) 685 (320) —333 (328)
calc. 2835 3586 2948 —15 331 —156

Table 7. Vibrational amplitudes and the direction cosines of the principal axes relative to the crystal axes

0-152 A 04519 04519 —0-7691
Co 0-163 07072 —0-7071 0-0001
0167 0-5438 0-5438 06392
0174 0-0145 0-0145 0-9998
Cl(1) 0199 07071 —0-7071 0-0000
0-282 0-7070 0:7070 —0-0206
0-163 0-0673 09708 —0-2304
Cl(2) 0-238 0-2031 0-2128 0-9558
0-252 09768 —0-1111 —0-1828
0-190 0-7071 —0-7071 0-0000
(0] 0-214 0-6896 06896 —0-2210
0-305 0-1563 0-1563 0-9753
0170 0-8205 —0-5717 —0-0036
c 0-197 0-0160 00292 —09995
0-254 0-5715 0-8200 0-0331

0175 A 01729 0-7671 06178
C(2) 0-204 0-9515 0-0321 —0-3061
0226 0-2545 —0-6407 0-7243
0-143 09159 0-3924 0-0851
Cc(® 0-187 01244 —0-0758 —0-9893
0-216 0-3818 —0-9167 0-1182
0-148 0-7741 0-0264 06325
N() 0-163 0-4361 0-7018 —0-5633
0-178 04587 —0-7119 -—0-5317
0-133 0-7086 06425 —0-2917
N(2) 0-142 0-0563 0-3606 09310
0-210 07034 —0-6761 0-2194
0-155 0-8008 02790 —0-5299
N@3) 0175 0-1663 0-7465 0-6443
0-208 0-5754 —0-6041 0-5541
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The Use of Non-Crystallographic Symmetry for Phase Determination

By R.A.CROWTHER
Medical Research Council, Laboratory of Molecular Biology, Hills Road, Cambridge, England

(Received 13 January 1969)

When a crystal contains more than one identical molecule or sub-unit in the crystallographic asymmetric
unit, the structure factors must satisfy a set of complex linear equations. Given a set of structure ampli-
tudes for a structure with the postulated non-crystallographic symmetry, the particular nature of the
eigenvalue spectrum of the matrix of the equations provides a formal basis for an iterative procedure for
generating the phases of the structure factors from the equations. The method has been tested on a
number of model structures. An estimate is given of how strong the non-crystallographic symmetry
constraints must be in order to generate a unique set of phases.

Introduction

In a previous paper (Crowther, 1967) it was shown that
the structure-factor equations, which may be con-
structed when a crystal contains more than one iden-
tical molecule or sub-unit within the crystallographic
asymmetric unit (Main & Rossmann, 1966), can be
written in the form

HF=F. )

Here F is a vector whose elements are the complex
structure factors out to the resolution to which we are
working and H is a hermitian matrix (Hys= Hg;, where
the asterisk denotes complex conjugate) describing the
relative geometry of the sub-units. The elements of H
are expressed in terms of the rotations and translations
relating the various sub-units, which we assume are
known, so that the elements of H can be evaluated
numerically for any given arrangement of sub-units.

Any eigenvector of the matrix H corresponding to
a unit eigenvalue is a possible solution of (1) and con-
versely the number of independent solutions of (1) is

equal to the number of unit eigenvalues of the matrix
H. The Fourier transform of the particular set of struc-
ture factors constituting an eigenvector of H will be
called an eigendensity. Eigenvectors and eigendensities
corresponding to unit eigenvalues will be termed ‘al-
lowed’. Any structure with the postulated non-crystal-
lographic symmetry may, to the resolution to which
we are working, be expressed as a linear combination
of the allowed eigendensities and correspondingly its
transform may be expressed as a linear combination
of the allowed eigenvectors. The allowed eigendensities
form a more appropriate set of functions in which to
expand a density with non-crystallographic symmetry
than the more normally used Fourier terms.

Turning now to structure determination, let us take
an unknown structure with known non-crystallo-
graphic symmetry. The question we pose is whether,
given a set of measured structure amplitudes, it is pos-
sible to use the constraints introduced by non-crystal-
lographic symmetry to solve the structure. For sim-
plicity we take the space group to be P1 and let us
suppose that (2N+1) reflexions are to be included,



