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2-637 A, and by the fifth weak coordination bond of
the O(3"") atom to the copper ion. Also there is a weak
hydrogen bond W(2)-O(3""), 2952 A, holding the free
water molecule W(2) in the crystal. The close inter-
molecular contacts are listed in Table 5. Many of them
make fairly rigid contacts among molecules. Of these
some are unusually short; for instance, C(4)-C(4") is
3-276 A. Probably corresponding to such rigid inter-
molecular contacts, smaller values were found for the
thermal parameters.

The authors wish to express their appreciation to
Professor A.Nakahara for his kindness in supplying
the crystals and for useful discussions about some bio-
logically important aspects of the non-enzymatic trans-
amination reaction. They are also indebted to Dr T.
Takano and all the staff in this laboratory for their
kind cooperation. They thank the Computing Center
of the Tokyo University and ‘UNICON’ for making
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The Crystal Structure of Monothiourea-cadmium Sulphate Dihydrate

By L.CAvALcA, P.DoMiaNO, G.FAvA GASPARRI AND P. BOLDRINI

Istituto di Chimica Fisica, Universita degli Studi, Parma, Italy
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The crystal structure of CA[SC(NH2),]SO4.2H,0 has been determined by a three-dimensional X-ray
analysis and refined by differential methods using anisotropic thermal parameters; final R=12:9 9.
Eight formula units are contained in the orthorhombic (Pbca) unit cell: a=13-46;, b=7-783, c=15:97 A.
Coordination around each cadmium atom is octahedral as it coordinates to two sulphur atoms from
two thiourea molecules [Cd-S 2-638(4) and 2:647(4) A], two oxygen atoms from two sulphate groups
[Cd-O 2-27(2) and 2-29(2) A] and two oxygen atoms from two water molecules [Cd-O 2-31(1) and
2:27(2) A]. The coordination polyhedra are linked in chains by sulphur and sulphato bridges, with the
sulphur atom of thiourea and two oxygen atoms of each sulphate group bonded to two adjacent metal

atoms.

Introduction

Cadmium sulphate forms with thiourea (tu) three com-
plex compounds, CdwmSO,.2H,0, Cdm;SO4 and
Cdtu,SO,, which can be obtained from aqueous solu-
tions of the components by varying their molar ratios
(Nardelli & Chierici, 1958). An X-ray analysis of the

crystal structure of the first compound was undertaken
to study the binding of the thiourea molecule and the
sulphato group in it. Indeed, not only is the chemical
composition alone insufficient to explain the behaviour
of the ligands, but also it could lead to the erroneous
conclusion that there is tetrahedral coordination
around the cadmium atom.
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Experimental

Cell constants, refined by a least-squares procedure on
powder diffractometer data, are not significantly dif-
ferent from those reported by Nardelli & Chierici (1958).

Crystal data

Cd[SC(NH,),}SO,.2H,0, M =320-6, orthorhombic,

a=13-461 (5), b=7-783 (3), c=15967 (12) A

U=1673 A3, Z=8, D, =251, D;=2-545 g.cm™3

u#=265-8 cm~! (Cu Ka)

F(000)=1248

Space group: Pbca (D}}) (from systematic absences).

(The e.s.d.’s, given in parentheses, are quoted in units
in the last place).

A set of intensity data was obtained up to the 11th
layer around [100] and up to the 6th layer around [010]
on an integrating Weissenberg camera using the mul-
tiple film technique and Cu K« radiation. For the
photographs taken around [100} the sample used was
a fragment of mean radius 0-034 cm and for the data
taken around [010] a needle of rectangular cross-
section of mean thickness 0-04 cm. The absorption cor-
rection was assumed to be that appropriate to a sphere
for the first set of data and to a cylinder for the second
set. The intensities were measured photometrically and
corrected for Lorentz and polarization factors. The
shape of the spots of non-equatorial layers was taken
into account following Phillips (1956). The absolute
scale was determined by Wilson’s method after apply-
ing the cross-correlation method of Rollett & Sparks
(1960) to put all the data on a common scale. The
number of the observed independent reflexions was
1561 out of 1911 contained in the limiting sphere for
Cu K.

Structure determination and refinement

After an early two-dimensional study on (010), which
was used to get a complete description of the projec-
tion of the structure, the analysis was continued in
three dimensions, starting with a Patterson synthesis
and then using the heavy atom technique. The agree-
ment index, R(hkl)=28-2%;, obtained considering only
the contributions of cadmium and sulphur atoms to
the structure factors, dropped to 19-5%; at the first
introduction of the contributions of all the other atoms.

The refinement was carried out with several cycles
of Booth’s differential synthesis using anisotropic
thermal parameters. The final values of the agreement
indices were: R(hkl)=12-9% and R'(hkl)=139% (R
for observed reflexions only, R’ considering also the
unobserved reflexions; multiplicities not considered).
The absolute scale for F,, obtained by Wilson’s method,
was kept unchanged during the whole analysis. At the
end, rescaling by comparison of X F, and X F, gave
a small increase in the R values (R=13-1, R'=14-1%),
while a sensible improvement to R=10-6 and R =
11-6%; was achieved by rescaling data from layers about
[010]; this was mainly due to the neglect of discontinu-

AC22-9

ous absorption effects which were never considered.
Nevertheless, these rescalings were not applied.

At the end of the refinement the atomic parameters
were as reported in Table 1, which shows also the
e.s.d. (Cruickshank, 1949, 1950) and the ratio r=
(e.s.d.)/(shift) for each coordinate. The B values were
determined from the second derivatives of electron
density; their e.s.d.’s were calculated following Cruick-
shank (1956). In Table 2 the observed atomic peak
shapes are compared with the calculated ones. The
structure factors reported in Table 3 are calculated
with the use of the final parameters of Table 1 and
atomic scattering factors taken from International Ta-
bles for X-ray Crystallography (1962).

No attempt was made to locate the hydrogen atoms
directly; the coordinates of the hydrogen atoms of
thiourea were calculated on the assumption of a tri-
gonal bond configuration around each nitrogen atom
with a distance N-H of 1-03 A and a complete planarity
of the molecule. The positions of the hydrogen atoms
of the H,O molecules can be reasonably guessed as
indicated in the next section. No contributions from
hydrogen atoms were introduced in the structure fac-
tor calculations.

Discussion

In the following discussion, atoms belonging to dif-
ferent asymmetric units are labelled as follows:

Super- Super-

script ~ Coordinates script  Coordinates
none X, ¥,z vi F—x,1—-y,3+2
’ '%_xay_'%az vii x,%—}’,%'*'z
" +—-x,y+4,z vilh x—4,3—y,2
" i,y+‘},%—z ix x,%—}’,z"%
iv Ny—4,3—z X l—x,1—yp,z

v x—4yi-z

The cadmium atom is octahedrally surrounded by
two sulphur atoms from two thiourea molecules, two
oxygen atoms from two sulphate groups and two water
[O(1) and O(2)] molecules (Figs. 1 and 2) with the bond
distances and angles quoted in Table 4. The sulphur
atom S(2) of thiourea coordinates to two adjacent
metal atoms with Cd-S distances practically equal and
sensibly shorter than those (2-74 and 2:71 A) found in
bisthiourea-cadmium formate (Nardelli, Fava Gasparri
& Boldrini, 1965) in which the ligand coordinates in
a similar way; these values are intermediate between
the sums of Pauling’s covalent (2:52 A) and ionic
(287 A) radii. The four Cd-O distances are not signi-
ficantly different and agree well with those found in
other compounds: e.g. 2-28 A in bisthiourea-cadmium
formate (Nardelli, Fava Gasparri & Boldrini, 1965),
2:23 A in bisacetamide-cadmium chloride (Cavalca,
Nardelli & Coghi, 1957), 2-28 A in bisurea-cadmium
chloride (Nardelli, Cavalca & Fava, 1957) and 2-34 A
in bisbiuret-cadmium chloride (Cavalca, Nardelli &
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Fava, 1960). Also in this case all these values are inter-
mediate between the sums of Pauling’s covalent (2:22A)
and ionic (2-43 A) radii. The octahedra are linked in
chains by sulphur and sulphato bridges as shown in
Fig.2; the chains run along the y axis.

Bond distances and angles in the SO3~ group, quoted
in Table 5, are in good agreement with those generally
observed in other sulphates.

The thiourea molecule is planar, the least-squares
plane being: —0:0394x+0-9242y +0-37992=4-7770;

STRUCTURE OF MONOTHIOUREA-CADMIUM SULPHATE DIHYDRATE

the largest distance from this plane is 0-01 A for N(1).
Bond distances and angles for the molecule are quoted
in Table 5. The S—C distance is significantly larger than
that in free thiourea [1:707 (12) A, Kunchur & Truter
(1958a)]. Thus, as with bisthiourea-nickel(II) thiocya-
nate [1-758 (11) A, Nardelli, Fava Gasparri, Giraldi
Battistini & Domiano (1966)] and bisthiourea-zinc
chloride [1-78 (2) A, Kunchur & Truter (19584)], the
coordination seems to influence the dimensions of the
ligand molecule. The two C-N distances are not signi-

Table 1. Final atomic fractional coordinates (x 10%), thermal parameters (x 10 A2) with e.s.d.’s
and ratios (e.s.d.)[(coordinate shift)

x (o) y (0) z (o) Bu(o) Bn(o)
Cd 1900 (1) 1771 (2) 1687 (1) 28 (0) 38(1)
S(1) 4074 (2) 3118 (5) 751(2)  23(1) 35(2)
S(2) 2015 (3) 4611 (5) 2583 (2) 26 (1) 37(Q3)
o(l)  422(11) 1085(21) 2347(8) 33(4) 68(14)
0(2) 1226 (14) 3394 (22)  655(10) 48(5) 41(9)
O(3) 3356 (17) 1743 (23) 951 (11) 39(6) 39(8)
O(4) 4482 (10) 2772(28) —77(14) 34(5 61(12)
O(5) 4883 (11) 3180(26) 1370 (10) 46 (5) 62(16)
O(6) 3549 (13) 4727 (31) 746 (11)  39(5 S3(11D)
N(1) 1987 (20) 3318 (42) 4091 (16) 58 (3) 76 (32)
N(2) 3525(11) 3878 (31) 3576 (13) 44 (7) 59 (20)
C 2590 (10) 3883 (20) 3510(7) 36(7) 37(12)

Biy3(0)  By2(0) B3(0) By(a)  r()] Ir()l ir(2)]
26 (0) 0() 0(0) —1() 8 5 7
26(1) —1() 0(2) —-2(Q) o 9 6
24(1) =2(Q2) 0(2) 12 27 9 11
53(7) —2(10) 0(9) —16 (10) 7 2 13
46 (6) 0 (8) —15(8) —-2(9) 7 43 24
61 (13) -3 (10) 8 (13) 1(13) 2 7 2
35(5) —1(9) 5(9) —11(9) 19 9 14
36 (4) 4(11) —15(@®) o(1) 108 7 97
24(4) —6(8) -2(D 1(9) 17 7 26
33 (9) 8 (25) 4 (18) 17(24) 25 10 40
36 (8) 0(14) -3(12) 13317 21 18 9
26 (6) 2(11) —3(9) 4(11) 25 25 73

Table 2. Atomic peak heights (e.A-3), curvatures (e.A~5) and e.s.d.’s

e — Ann

Cd obs. 122:6 1268
calc. 123-6 1262

S(1) obs. 36-1 385
calc. 362 380

S(2) obs. 359 378
calc. 364 374

o) obs. 10-2 76
calc. 99 74

0(2) obs. 10-2 70
calc. 10-6 81

0(3) obs. 9-9 56
calc. 99 58

0(4) obs. 10-6 104
calc. 10-6 103

O(5) obs. 10-3 87
calc. 10-6 87

0O(6) obs. 12:7 98
calc. 12-0 98

N(1) obs. 7-5 52
calc. 7-8 52

N(2) obs. 87 78
calc. 90 78

C obs. 9-0 85
calc. 9-5 85

es.d.’s 0-6 6

— Akk —Au At Ant Ark
1135 1262 -9 -2 9
1147 1251 —6 -2 5
335 360 —-12 -5 -1
342 356 —10 -4 -1
341 392 4 5 —15
351 387 4 5 —14
77 69 —16 —18 3
79 69 —15 —18 4
75 70 —-13 -3 4
78 74 -13 —4 3
82 51 -11 —10 11
83 53 —11 —-10 9
66 64 3 0 -2
69 64 4 0 -2
71 88 1 -2 1
73 86 1 0 1
67 106 17 0 —20
67 105 17 0 —18
57 70 12 0 4
59 68 11 0 4
65 70 8 -9 2
65 70 6 -9 1
85 100 -3 —13 -2
85 99 -3 —12 -2

6 6 3 3 3
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: o2 227 LRI P [P
i 26 -23E 11192 7S
: zke =29 "oz 126
2 623 =387 LRI L
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6 118 76 123 11095 1067 120
6 67 14 124 1 360 =36) 121
6 147 170 129 1 543 -538 12 2
6 B4 -3 126 1 84 =103 123

Table 4. Distances and angles
Cd-S(2) 2638 (4) A
Cd-S(2) 2:647 (49)
Cd-O(1) 2:31 (1)

Cd-0(2) 2:27 (2)

Cd-0(3) 2:29 (2)

Cd-0(6") 2:27 (2)
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738 357 12 1 13 208
747 627 1221 42-
152 135 12 313 605
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67~ 53 12 1 14 2182
245 =222 111 7 M
Sé 106 132 1 86~
1CE =109 1331 1 447
96- 1"z 134 1 120
80— n 1% 1 19
66 44 136 1 67
162 -1%6 130 2 69
260 261 131 2 960
730 -564 12 2 I
an 356 133 2 21
141 =155 134 2 59-
135 2 458
136 2 215
131 3 675
132 68
133 3 €22
14 3 N4
1% 3 5C)
136 3 26~
130 4 236
121 4 68
132 4 152
111 4 145
174 & 56-
115 4 &
136 4 23-
121 5 155
132 % 4
133 5 &ix
124 5 282
135 5 144
116 % 77
120 6 148
131 6 NE
12 6 o
123 6 62—
134 6 49-
135 6 69
153 =187 136 6 15
294 -2%9 131 7 226
15 22 132 7 216
19 17€ 133 7 I
74~ =%4 134 7 193
134 -123 13% 7 2310
46- -29 130 & 93
57 n 131 8 473
294 <43 132 ¢ 69~
241 2%4 131 8 164
133 140 134 8 4=
66 7% 135 & 213
41- 54 11 9 18
90  -62 122 9 123
16 13% 133 9 626
109 =107 134 9 %3
676 -673 13 C 10 148
321 274 131 10 664
06 =231 13210 270
652 -603 13310 7
101 =105 13415 19
18- 34 1IN 7
the cadmium
S(2) Cd S(2)
S(2) cd o)
S(2) Cd O(2)
S(2) Cd O(3)
’
S(2) Cd O(1)
S(2) Cd 0O(3)
S(2) Cd O(6")
O(1) Cd 0O(2)
O(1) Cd O(6")
0(2) Cd 0(3)
g
0(2) Cd 0(6)
0O(3) Cd O(6")

Table 5. Bond distances and angles

In the sulphate group

S(1)-0(3) 1-48 (2) A
S(1)-0(4) 1-46 (2)
S(1)-0(5) 1-47 (2)
S(1)-0(6) 144 (2)

In thiourea

S(2) -C 1-76 () A
N(1)-C 1-31 (3)
N(2)-C 1:26 (2)

O(3)S(1)O4)
0(3)S(1)O(5)
0O(3)S(1)O(6)
O(4)S(1)O(5)
O(4)S(1)O(6)
0(5)S(1)0(6)

S(2)CN(1)
S(2)CN(2)
N(1)CN(2)
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34 194 1 214
-392 145 1 186
-197 140 2 284
563 141 2 340
109 142 2 180
-£94 1431 2 7€
-132 144 2 22
«2% 145 2 1.,
-9 141 2 56~
-39 142 2 74~
~63¢€ 14 3 3 4z
177 14 4 ) 45-
165 145 3
2 w0 4
343 %1 4
-1 142 <
=35 1431 4
=173 1446 4
423 145 4
276 141 5
-299 142 5
-69 143 5
-£1 144 3
ne 4% 5
1 140 6
1€ 141 6
-29 142 6
-76 143 6
-10 144 6
-192 1495 6
-221 141 7
387 142 7
186 143 7
-200 14 4 7
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95 1“3 9 167
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-£%% 14 210 19
=281 14310 77
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~91 14 2 11 198
-57 14 0 12 349
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ficantly different and the same can be said for the two

S—-C-N angles.
The angles around S(2):
CdS(2)C 1022 (0-5)°
Cd”S(2)C 114:6 (0-5)
Cds(2)cd” 1057 (0-1) ,

indicate a distorted tetrahedral environment; the

Fig. 1. Diagrammatic projection of the structure on (010).

0(6)?
3 ( iz
0@ z &\;S“»Nm

IV ND

Fig.2. Clinographic projection of a chain of coordination
polyhedra.
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fourth direction involves a S(2)---O(1"")=3-48 (2) A
contact with the following angles:
CdS(2)0(1”") 103-8 (0-3)°
Cd"’S(2)0(1)109-2 (0-3)
CS(QO(1"")y 119:5(0-5) .

The H,0(1) molecule forms two contacts which can
be considered as hydrogen bonds with the oxygen
atoms of two SO3~ groups:

o).---0(5) 2718 A
o(l)---0(5v) 272(2) ;
the angle O(5)0(1)O(5V)=150-8 (0-8)°, indicating a
mean angular displacement of about 20° of the O-H
line from the O- - - O direction. These two contacts are
almost coplanar with the Cd-O(1) bond. Also the
H,0(2) molecule forms two hydrogen bonds with two
oxygen atoms from two SO}~ tetrahedra:
0Q2)---0(3") =271(3)A
0(2)- - -O(4vil)=2-68 (2) ;
the angle O(3)O(2)O(4v111)=124-6 (0-9)° and the
bonds almost lie within the same plane with the Cd-
O(2) bond.

Table 6. Calculated hydrogen fractional
coordinates for thiourea

x y z

H(1) 0-227 0-288 0465
H(2) 0-123 0-336 0-400
H(3) 0-385 0-345 0412
H(4) 0-396 0-433 0-309

For the thiourea molecule it is possible to deduce
reasonable coordinates for the H atoms (Table 6) as
indicated in the previous section. The contacts, con-
cerning the two —NH, groups, which can be considered
as hydrogen bonds, are:

N(1)- - -0Qvii) 3:01 (3) A
N(1)---0(5v) " 2:93 (3)
N(2)- - -O(4vil) 2:82 (3)
N(2)---0(1") 2:97 (2)

H(HN(D)OQ@v)  42-1°
HQN(DHOGY) 69
HG)NQ)O@vi) 90
H@NQ)O() 164

The other packing distances of 3-5 A or less are:

S(2) ---0(3") 313(2A 0@3)---0(6) 302(3)A
S(2) ---O(1"") 3-48(2) 0(3)- - -N(1ix) 3-50 (3)
S(@2) ---0(5Y) 3-50(2) O(4)---0(6%) 3-46 (3)
Oo(1)---0(6) 3-09 (2) N(I)---O(61) 313 (3) .

All the calculations were performed on the Olivetti
Elea 6001/S computer of the Centro di Calcolo Elet-
tronico of the University of Parma, using the pro-
grams of Nardelli, Musatti, Domiano & Andreetti
(1964, 1965). The authors are indebted to the Consiglio
Nazionale delle Ricerche for financial support.
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The Crystal Structure of p-Aminobenzoic Acid*

By T.F.LA1f AND RICHARD E. MARSH

(Received 2 November 1966)

The crystal structure of a monoclinic modification of p-aminobenzoic acid has been determined from
three-dimensional X-ray diffraction data. The unit-cell dimensions are: a=18:551, b=3-860, c=
18-642 A, B=93-56°; the space group is P2/n. There are 8 molecules in the unit cell, and hence two in
the asymmetric unit. The structure was refined by least-squares methods to an R index, for 1916 ob-
served reflections, of 0-073 and a goodness of fit of 1:29; the resulting standard deviations in the bond
distances are 0-006 A. The dimensions of the two structurally distinct molecules are closely similar,
and suggest a small amount of quinoid character. The amino and carboxy! groups are displaced slightly
from the planes of the benzene rings, and the nitrogen atoms are non-planar. Pairs of molecules are
linked together, to form dimers, through two O-H:--O hydrogen bonds arranged about a center of
symmetry; an additional N-H---O hydrogen bond is formed by one of the two kinds of molecule.
Twinning and disorder are common for these crystals. In the disordered structure, which is based on an
orthorhombic unit cell half as large as the monoclinic cell, the hydrogen-bonded dimers apparently
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remain intact but the arrangement of N~H---O bonds becomes random.

Introduction

Preliminary X-ray diffraction photographs of crystals
of p-aminobenzoic acid, NH,C4H,CO,H, indicated an
interesting combination of twinning and disorder. Al-
though the crystals are monoclinic, the a and ¢ axes
are very nearly equal in length, leading to an approx-
imately orthogonal cell bounded by (101), (101), and
(010). Zero-level Weissenberg photographs about b
show almost exact mm symmetry, a reflection 40/ hav-
ing essentially the same intensity (and spacing) as the
corresponding reflection /0h. In addition, twinning
about (101) or (101) is common, as evidenced by in-
creased symmetry of upper-level photographs and by
a slight splitting of the high-angle reflections. Finally,
extensive streaking along alternate reciprocal lattice
rows of upper-level Weissenberg photographs about b
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in part by Research Grant HE-02143 from the National Heart
Institute, Public Health Service, to the California Institute of
Technology.
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indicates severe disorder for many crystals; in the limit-
ing case, when these lattice rows become continua, the
intensities of the remaining spots show orthorhombic
symmetry corresponding to the space group Pnma and
a unit cell half as large as the monoclinic cell. In view
of these interesting observations and because of the
importance of p-aminobenzoic acid in certain biological
processes, we have undertaken the present investiga-
tion.

During the course of this investigation, the work of
Killean, Tollin, Watson & Young (1965; hereafter,
KTWY) was reported. They have apparently observed
the same sort of twinning and disorder; and after suit-
able transformation of axes, the two-dimensional
structure they report is in satisfactory agreement with
our results.

Experimental

Our crystals of p-aminobenzoic acid were obtained by
evaporation of aqueous ethanol and methanol solu-
tions. They grow in the form of long, fibrous needles
similar to modification I found by KTWY; we have
not obtained the other forms reported by them, nor
that reported by Prasad, Kapadia & Thakar (1937)



