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The crystal structures of two polymorphs of o-chlorobenzamide, ~ and fl, have been determined from 
three-dimensional X-ray data. The a form is monoclinic, space group P2a/n, with a = 14" 127, b = 10.683, 
c=5.051 .~, fl=90.2 °, Z=4. The fl form is orthorhombic, space group P212a21, with a= 14.030, b= 
10.599, c= 5-064/~, Z=4. Both structures are described in terms of stacking of molecular layers in 
which the molecules are arranged almost identically. Between the layers, molecules are connected 
by NH.- .O hydrogen bonds, to form in the a form, dimers, and, in the fl form, a staggered chain 
parallel to c. The polymorphism is found to be caused by different modes of stacking of layers. Two 
additional polymorphs, ~, and 6, were obtained. Their structures show one-dimensional disorder 
and are closely related to those of the a and fl forms. 

Introduction 

The crystal structure of o-chlorobenzamide, 
CvH6NOCI, has been investigated as part of our study 
on the crystal structures of monohalogenobenzamides. 

The structures of m- and p-fluorobenzamide (Tani- 
guchi, Kato, Takaki & Sakata, 1965; Takaki, Tani- 
guchi & Sakurai, 1965), p-chlorobenzamide (Harada, 
Taniguchi, Takaki & Sakurai, 1969), o-, m- and p- 
bromobenzamide (Izumi & Okamoto, 1972; Kato, 
Taniguchi, Takaki & Sakata, 1967; Harada, Taniguchi, 
Takaki & Sakurai, 1967) and p-iodobenzamide (Naka- 
ta, Kato, Takaki & Sakurai, 1971) have already been 
determined from two-dimensional X-ray data. 

The molecules so far found in the crystals of mono- 
halogenobenzamides are connected by one type of 
N H . . . O  hydrogen bond to form dimers, which are 
linked into one-dimensional chains or two-dimensional 
networks by the other type of N H . . . O  hydrogen 
bond. 

The main purpose of the present investigation is to 
determine the molecular configuration and the type of 
hydrogen bonding and to compare them with those of 
the above-mentioned crystals. 

Two polymorphic forms, c~ and fl, have been ob- 
tained. In addition, two forms showing one-dimen- 
sional disorder, y and ~, have been found. 

The present paper describes detailed three-dimen- 
sional structure analyses of the a and fl forms. A brief 
account is given of the structures of the y and 6 forms 
and the structural relationships between these four 
polymorphs. 

Experimental and crystal data 

Single crystals of the ~ and fl forms were obtained from 
aqueous solutions. They are colourless and elongated 

* Presented in part at the Ninth International Congress of 
Crystallography, Kyoto, Japan, 1972. 

along c. Crystals of the ~ form were also obtained by 
cooling the melt. Regarding the ~ form, crystals ob- 
tained by both methods were always hybrids contain- 
ing a few per cent of the y form. The data collection 
for the ~ form was carried out with a crystal as free 
from the y form as possible. The cross-sections of the 
crystals used were 0.3 × 0.3 mm and 0.35 × 0.35 mm 
for the ~ and fl forms. With filtered Cu K~ radiation, 
multiple-film Weissenberg photographs were taken 
about b (k=0),  c ( l = 0 ~ 5 )  for the ~ and fl forms, 
a (h = 0), b (k = 0), c (1= 0) for the y form and b (k = 0) 
for the ~ form. On the Weissenberg photographs of 
the y and ~ forms marked diffuse streaks parallel to a* 
were observed. An interpretation of this feature could 
be given by subsequent structure analyses of the a and 
fl forms. 

Crystals of the y and 6 forms were obtained acciden- 
tally, but later attempts to obtain these two forms were 
unsuccessful. 

The lattice constants of the c~ and fl forms were de- 
termined from photographs taken with a Buerger's 
back-reflexion Weissenberg camera, whose camera con- 
stant was calibrated by using Ag as a standard. Bragg 
reflexions from the ~, form could be identified on the 
photograph about b of the c~ form, and from these re- 
flexions the lattice constants, a, c, fl of the 7 form were 
determined. Since only one set of Weissenberg photo- 
graphs (k = 0) was available, the lattice constants of the 
6 form, apart from fl (=90.0°), could not be deter- 
mined precisely. 

The crystal data of the four forms are listed in Table 
I. It is remarkable that the unit-cell dimensions of the 

and fl forms agree within 0.8 %. 
Intensities of 1641 reflexions out of a possible 1725 

for the a form and those of 978 out of 1034 for the 
fl form were estimated visually. The unobserved reflex- 
ions were assigned intensities of half the minimum ob- 
servable value. Corrections for Lorentz and polariza- 
tion factors were applied in the usual way, while that 
for absorption was neglected. 
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Structure determination of the a and p forms 

F r o m  a th ree -d imens iona l  Pat terson map  of  the a form, 
the  posi t ions  of  Cl, 0 and  N a toms  could be obta ined.  
On the basis of  the con t r ibu t ions  of  these three  atoms,  
the coord ina tes  of  the a toms  in the molecule  were first 
refined by two-d imens iona l  Four ie r  syntheses.  Three-  
d imens iona l  ref inement  was then  carr ied out  by the 
b lock-d iagona l  least-squares m e t h o d  with an iso t ropic  
the rmal  pa ramete rs  for n o n - h y d r o g e n  atoms.  At  a 
later s tage  of  ref inement ,  the hyd rogen  a toms  were in- 
c luded in the calculat ions with a fixed the rmal  pa ram-  
eter (B=3"5  A 2) and  fixed posi t ional  pa ramete rs  de- 
duced  f rom the geomet ry  of  the molecule .  The  weight-  
ing scheme at first was w =  1 - e x p  ( - 3 0 s  z) and  at a 
later stage w = 1 - exp ( -  20s2), where  s = sin 0/2 (Wa- 

tanab6 & Takaki ,  1964). The  final R index was 0.097. 
A trial s t ructure of  the ,8 form was deduced  f rom the 

fact that  the intensities of  hkO are approx imate ly  equal  
to those  of  the c~ fo rm and f rom the cons ide ra t ion  of  
the space g roup  of  t h e / ?  form. Three -d imens iona l  re- 
f inement  of  this mode l  was carr ied out  with the same 
procedure  as that  appl ied to the c~ form. The final R 
index was 0.065. 

The  a tomic  parameters  and thermal  parameters  for 
bo th  forms are given in Table 2.* F r o m  the considera-  

* A table of observed and calculated structure factors has 
been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 30564 (13 pp., 1 micro- 
fiche). Copies may be obtained through The Executive Secre- 
tary, International Union of Crystallography, 13 White Friars, 
Chester CH 1 1 NZ, England. 

Table  1. The crystal data of  the four forms of  o-chlorobenzamide 
D~(o~ form)= 1.353 g cm -3 
D.,(B form)= 1.370 g cm -3 

Chemical formula: C7H6NOCI 
M.W. 155"6 
p(Cu K~)=37.0 cm -1 

b (A) c (A) 
10.683+0.003 5.051 +0.003 

Form a (A) 
14.127+0-004 

B 14"030 + 0"004 10"599 + 0"003 5"064 + 0"002 

y 14"037 + 0"005 (10"64) 5"058 + 0"005 

6 (28.07) (10"64) (5.06) 

p Absent spectra Space group Z 
90.20+0.03 ° hOl: h+l is odd P2Jn 4 

0k0; k is odd 

h00; h is odd 
0k0; k is odd P212121 4 
00/; l is odd 

90"0 ° h00; h is odd 4 
001; 1 is odd 

h00; h is 4n+ 1 
90'0 ° and 4n + 2 8 

00/; I is odd 

The values of b for y and 6 ate the average value of those of 
The value of a of ~ is taken as twice that of y. 

c~ and ,8. 

Table  2. Final atomic and thermal parameters 

Anisotropic thermal parameters are of the form exp [ -  (/?t~h 2 +,022k 2 + fl33l 2 + t~12hk + B13hl+ B23kl)]. All values are multiplied by 
10 4, and standard deviations in the last figures quoted, as given by the final round of least-squares analysis, are shown in parch- 
theses. 

0~ Form 
x/a y/b z/c 131t 

O -1469 (25) 546 (30) 4433 (22) 45 (1) 
N -1631 (34) 573 (43) 21 (29) 53 (2) 
C(1) - 1140 (34) 746 (37) 2229 (30) 42 (2) 
C(2) - 135 (34) 1166 (39) 1872 (35) 37 (2) 
C(3) 255 (41) 2138 (44) 3327 (42) 51 (2) 
C(4) 1185 (54) 2469 (63) 3049 (68) 62 (3) 
C(5) 1743 (54) 1830 (82) 1305 (81) 48 (3) 
C(6) 1388 (56) 889 (71) - 186 (75) 58 (3) 
C(7) 448 (46) 538 (54) 92 (47) 57 (2) 
C! -435 (14) 3010 (13) 5497 (14) 87 (1) 

B Form 
O - 1477 (33) 495 (39) 4151 (28) 47 (2) 
N - 1583 (41) 571 (53) -245 (34) 52 (2) 
C(I) - 1112 (44) 716 (46) 1997 (40) 43 (2) 
C(2) -106  (42) 1148 (47) 1762 (44) 37 (2) 
C(3) 274 (45) 2115 (49) 3293 (47) 44 (2) 
C(4) 1202 (57) 2466 (65) 3078 (71) 50 (3) 
C(5) 1802 (59) 1834 (85) 1338 (85) 45 (3) 
C(6) 1450 (58) 880 (68) - 194 (80) 51 (3.) 
C(7) 509 (53) 532 (56) 18 (51) 52 (3) 
CI -446  (15) 2969 (13) 5450 (13) 70 (1) 

134 (3) 218 (8) -41  (3) 28 (5) 2 (8) 
171 (5) 226(11) - 5 5  (5) 4(7) 25(11) 
93 (4) 217(11) - 1 0 ( 4 )  5(7) 9(10) 
91 (4) 344 (14) - 5  (4) 25 (7) 36 (11) 

105 (4) 455 (17) - 3 8  (5) 27 (9~ 27 (14) 
153(6) 915(34) - 9 5 ( 7 )  20(15) -13(24)  
226(]0) 1132(44) -61 (8) 118(17) 48 (34) 
183 (8) 1029 (39) 14 (8) 219 (17) - 3 3  (28) 
141 (5) 516 (20) - 4  (6) 115(11) - 6 8  (17) 
102 (1) 639 (6) - 4 4  (2) 106 (3) - 148 (4) 

133 (4) 89 (9) -41 (5) 20 (7) - 2  (12) 
168 (6) 57 (12) - 6 0  (6) - 10 (9) - 6  (15) 
85 (4) 95 (13) - 1 2 ( 5 )  - 2  (9) - 1 5  (14) 
84 (4) 161 (15) - 13  (5) 7 (10) 21 (14) 
81 (4) 274 (17) - 1 4 ( 6 )  -11 (11) 5 (16) 

118 (6) 545 (30) - 5 9  (7) 3 (17) -31  (25) 
178 (9) 767 (42) - 5 0  (9) 59 (19) 15 (36) 
146 (7) 610 (34) 11 (7) 122 (19) - 8  (29) 
118 (5) 315 (20) - 4  (7) 73 (14) - 2 2  (19) 
91 (1) 331 (5) - 2 3  (2) 31 (4) -91 (4) 
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tion of the structural relationship between the 0c and 
fl forms, the coordinates of the equivalent atomic posi- 
tions are chosen as follows" x,y,z; g , ) + y , 2 ;  ½+x, 
½ - y , ) + z ;  ) - x , f ,  ½ - z  for the ~ form and x,y,z; 
~,½+y,~;  1 1 3 -  .9,½+z for the fl form. -~+x,~-y ,  z; S - x ,  

The numerical calculations were performed on the 
HITAC 5020E computer of the Computer Centre of 
Tokyo University using the program PAMI written by 
I. Ueda for Patterson synthesis and HBLS IV written 
by Y. Okaya and T. Ashida for the least-squares re- 
finement. 

Discussion 

Molecular structures & the ~ and fl forms 
The values of the bond lengths and bond angles of 

the molecules in the ~ and fl forms are shown in Fig. 1. 
The mean plane through the six carbon atoms of the 

benzene ring and the plane through atoms C(1), N, 0 
of the amide group are described by the following 
equations: 

Benzene ring 
- 0.2524X+ 0.6484 Y -  0.7182Z' = 0.1812 

for the c~ form 
- 0.2388X+ 0.6572 Y -  0.7148Z = 0.1947 

for the fl form 

CI 

I I  Z 8~t5~ 
0 /zo'e°(mC(3) L368(9)C(4) 

121.50(4) 122.4"(4) x 

t22.e°(5) C(I) 15°"6)C(2)'z90(51 mu'(e~C(5) 

fe 
N C(7) ,38z(,o, C(6) 

(a) 

Cl 

I I  Z T~(4~ 
0 ,eo.6o~4JC(3) ~.35~9, C(4) 

,~, r,,, ,~3 ,u ,~  ~" '%~ 
lee.2°(5)C(l) t4asm C(21"z3°~5) uao°~o)C(6) 

/.¢ %,  
N C(7) 1~6"°) C(6) 

(b) 

Fig. 1. Bond distances and  angles with s tandard  deviations in 
parentheses.  (a) ct Form.  (b) fl Form.  

Amide group 

- 0.3274X+ 0.9448 Y+ 0.0445Z' = 1.3269 
for the ~ form 

- 0.3152X+ 0.9474 Y+ 0"0553Z = 1 "2662 
for the fl form 

where X, Y, Z '  and X, Y, Z are referred to the orthog- 
onal axes a,b,e* and a,b, c for the ~ and fl forms re- 
spectively. The displacements of the six carbon atoms 
from the ring plane are not significant, and the benzene 
rings of both forms may be assumed to be strictly 
planar (see Table 3). The large deviations of the atoms 
N and O above and below the ring plane correspond 
to twist, relative to the benzene ring, of 48.5 and 48.8 ° 
of the amide group about the C(1)-C(2) bond for the 

and fl forms. These large angles of twist can be ex- 
plained by the steric hindrance between the oxygen 
atom in the amide group and the chlorine atom in the 
ortho position of the ring. The significant displacements 
of the atoms C(1) and CI away from one another may 
also contribute towards relieving the strain. 

Table 3. Deviations of  the atoms from the 'best' plane 
defined by the six carbon atoms (,~) 

0c F o r m  fl F o r m  
O - 0 . 8 8 8  - 0 . 8 5 8  
N 0"786 0.822 
C(1) -0"068  -0"046  
C(2) - 0.005 0.003 
c(3) 0.003 - 0.005 
c(4) 0-003 0.006 
c(5) -0.007 -0.005 
c(6) 0.007 0.002 
C(7) - 0 . 0 0 3  -0 .001  
CI 0-068 0.050 

The mean length of the C-C bonds in the benzene 
ring is 1.375 A for the ~ form and 1.380 A for the 
fl form. The intramolecular distances O-CI and C(1)-C1 
are 3.057 and 3.092 A in the ~ form and 3.065 and 
3.104 A in the fl form. 

It is to be noted that the molecular dimensions found 
in the two different crystalline forms are nearly equal 
within the accuracy of measurement. The largest dif- 
ference in the equivalent bond lengths of the molecule 
in the two forms is 0.023 A [C(4)-C(5)], which cor- 
responds to about twice the standard deviation. 

Inspection of the thermal motions of the atoms 
derived from the anisotropic thermal parameters in 
Table 2, shows that in t h e ,  form the molecule makes 
an angular oscillation around the centre of a dimer, 
and in the fl form the centre of the angular oscillation 
lies approximately on the centre of mass of the mol- 
ecule. The difference between the thermal motions in 
the two forms is probably due to their hydrogen-bond- 
ing systems. 

In order to examine the effect on the bond lengths 
and bond angles of changing the weighting scheme in 
the least-squares refinement, calculations using the 
scheme w = 1 if Fo <- Fmax( = 25), w = Fmax/Fo if Fo > Fmax 
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were carried ouL and the following results obtained. 
The largest difference between the bond lengths in the 
c~ form is 0.009 ,~, [C(2)-C(3) and C(5)-C(6)] which is 
comparable with the estimated standard deviation, and 
the mean C-C bond length in the benzene ring is 
1"376 A. The largest difference between the bond angles 
is 0.9 ° [C(5)C(6)C(7)]. In the fl form, the largest dif- 
ference between the bond lengths is 0.016 A [C(5)-C(6)] 
which is a little larger than the standard deviation, 
and the mean C-C bond length in the benzene ring is 
1.380 A. The largest difference between the bond angles 
is 0.5 ° [C(2)C(3)C(4) and C(5)C(6)C(7)]. The R in- 
dices obtained for the c~ and fl forms were 0.101 and 
0.069. Though small differences in the bond lengths 
and bond angles were found, they are not considered 
to be significant. 

Structures of the four polymorphs 
The projections of the structures of the a and fl forms 

along b are shown in Fig. 2. It can be seen that the 
crystals of both forms are built up by a stacking of 
layers along a; each layer consists of molecules related 
by 21 symmetry parallel to b and the molecular ar- 
rangement in the layer is almost the same for both 
forms. Within the layer, two molecules separated by a 
c translation are linked by N H . . . O  hydrogen bonds 
(2.832 A in the ~ form and 2.843 A in the fl form). 
The intermolecular distances less than 4.0 A within 
the layer are listed in Table 4. 

Table 4. Intermolecular distances within the layer (,~) 

Symmetry code 
(I) x ,y , z  (III) £,½+y, l - z  
(II) $,½+y, z7 (IV) x,y, l+z  

Form fl Form 
C(4) (I)-N(II) 3"71 3"63 
CI(I)---C(7) (II) 3.91 3.88 
C(4) (I)-O(III) 3"55 3"52 
CI(I)---O(III) 3.82 3-81 
CI(I)--C(I) (lid 3"85 3"86 
C1(I)---C(2) (III) 3.71 3"73 
CI(I)--C(7) (lid 3'5O 3"56 
O(I)----N(IV) 2.832* 2.843* 
0(I) c(1) (IV) 3.97 
0(I)----c(7) (IV) 3.94 
C(3) (I)-C(6) (IV) 3.88 3.91 
C(3) (I)-C(7) (IV) 3.83 3.81 
C(4) (I)-C(6) (IV) 3"82 3"82 
CI(I)---N(IV) 3-86 3.71 
C1(I)--C(2) (IV) 3.80 3.76 
C1(I)---C(7) (IV) 3.73 3.72 
C(1) (I)-N(IV) 3.99 

* Hydrogen-bond distances 

Each layer is linked to the neighbouring layers by 
hydrogen bonds; in the c~ form molecules are joined 
together by pairs of N H . . . O  hydrogen bonds of 
length 2.951 A across centres of symmetry to form 
dimers, while in the fl form molecules are connected 

by hydrogen bonds of length 2.963 A to form a stag- 
gered chain along the 21 axis parallel to e. The inter- 
molecular distances between the layers are listed in 
Table 5. It is very interesting that two quite different 
arrangements of hydrogen bonds of almost equal 
lengths occur stably without changing the unit-cell 
dimensions. 

The structures of the two forms can also be de- 
scribed as follows. In the c~ form the first layer Ax (see 
Fig. 2) is related to the second layer A2 by centres of 
symmetry, and in the fl form A~ is related to B2 by 21 

Ao A2 

(a) 

AI 

" ~ 

A, r, r A, 

• ... ~_: ...... ~ .'~ 

(b) 

Fig. 2. Projection of the structure parallel to b. (a) ~ Form. (b) 
fl Form. The hydrogen-bonding scheme and the molecular 
packing are shown. 

I Q P I Q P I ~ O I O P # #'.:# # # 
i 

4 ~ o o J J . ~ J o J J J J . 

t I' . t .  I' r r , r P . r , i' r 

\III\I\\ 
t ! ! ! | a o ~ t J I ~ ~ I a 

I o P I Q Q I Q PIP O 
Fig. 3. A schematic drawing of the structure of the 6 form 

projected along b showing the arrangement of the layers of 
molecules. 
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Table 5. Intermolecular distances between the layers (A,) 

0c Form 
(I) 
(ti) 

x, y, z (III) {+x, {--y, ½+z 
--½--x, )7, ½--z (IV) { + x , { - y ,  --{+z 

O(I)----N(II) 2"951" 
O(I) C(1) (II) 3"75 
O(I)----O(II) 3"70 
N(I) N(II) 3"71 
N(I) C(1) (II) 3-72 
C(4) (I)-N(III) 3"86 
C(5) (I)-O(IV) 3"89 

fl Form 
(I) x, y, z 
(III) 

(II) - ½ - x ,  37, ½+z 
½+x, ½-y, ½-z 

O(I)----N(II) 2.963* 
C(4) (I)-N(III) 3.90 
C(5) (I)-O(III) 3.73 
C(5) (I)-CI(III) 3-97 

* Hydrogen-bond distances 

parallel to e. Thus, the repeating units along a are 
A1A 2 and AtB 2 for the a and fl forms respectively. 

The same type of polymorphism has been found in 
the crystals of chloroacetamide (Dejace, 1955; Pen- 
fold & Simpson, 1956; Katayama, 1956). The crystal 
structures of three polymorphs are also of the layer 
type. The scheme of hydrogen bonds connecting the 
layers is the same as that in o-chlorobenzamide. 

D,L-Homocysteine thiolactone hydrochloride has 
also been reported as having two polymorphic forms 
(Freer & Kraut, 1965). The molecules related by 2~ 
symmetry parallel to c form a double-layer unit parallel 
to the (100) plane. The structure of HTL (Pbc21) is de- 
scribed in terms of a stacking of double-layer units. 
The symmetry element relating the double-layer units 
is 2~ parallel to c. On the other hand, the structure of 
HTL (Pbca) consists of pairs of these double-layer 
units; in each pair two double-layer units are related 
by a centre of symmetry, and therefore the length of 
a is twice that of HTL (Pbc2,). 

Finally, one important remark should be made. In 
all the above cases of polymorphism, one layer-unit is 
transferred to the next by two kinds of symmetry 
operations yielding two different modes of stacking, 
while the shape of the crystal lattice remains unchanged. 

Generally, in such a situation, there is a possibility 
that some type of structural disorder may occur. In 
fact, two types of disordered structures, y and fi forms, 
have been found in o-chlorobenzamide. Both forms 
show one-dimensional disorder along a as revealed by 
strong diffuse streaks. On the basis of the above con- 
sideration, their structures have been determined from 
the intensities of Bragg reflexions and the intensity 
distribution of diffuse streaks. The structure of the ), 
form can be designated by the random stacking of P 
(repeat unit in the a form) and Q (repeat unit in the 
fl form), and that of the d form can be described as 
the predominant sequence of the bipartite units, QP's. 
The existence of disorder in the d form is due to the 
random interleaving of other units, QQ, QQ, OQ, PQ, 
QP etc., P and Q being the mirror images of P and Q 
across the (001) plane. A schematic representation of 
this structure is shown in Fig. 3. A detailed account 
of the structure analyses of both forms will be pub- 
lished shortly (Takaki, Kato & Sakurai, 1974). 
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