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tion with changes in the amide structure. The Col!
complexes of bissalicylaldehyde imines exist in a variety
of crystalline forms some of which have reacted rapidly
and reversibly with oxygen gas while others are inert. 3549
Anexample of biochemical interest is the reported  ready
dehydrogenation by oxygen of the crystalline hydrate of
L-1,4-cyclohexadienyl-1-alanine whereas the unhydrated
L, D, and DL forms of the substance are stable under
the same conditions. It has been recognized in these
cases that there was involved initially a surface reac-
tion and that the subsequent rate depends on the ability

(40) W. P. Schaeffer and R. E. Marsh, Acta Crystallogr., Sect. B, 25,
1575 (1969).

of the gas to gain access to the interior of the crystal.
Unfortunately, there has been a paucity of crystallo-
graphic structural data in most of these cases. When
direct microscopic examination of single crystals has
been carried out no anisotropy has been reported.
In contrast, the reactions of ammonia with acids al-
most always show much more rapid reaction at some
crystal faces than at others (Figure 1).* An under-
standing of this phenomenon in terms of the crystal
structure seems to be a prerequisite to a further under-
standing of the mechanisms of such reactions. This
subject will be developed further in the following
papers.
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Abstract: The crystal structure of 4-chlorobenzoic acid (1) has been determined from three-dimensional reflection
data collected on a diffractometer. The crystals are triclinic with a = 14.392(2) A, b = 6.227 (1) A, ¢ = 3.861 (1) A,
a = 88.68 (3)°, 8 = 100.12 (4)°, and v = 93.31 (3)°; the space group is P1. The structure was refined to an R
factor of 0.071 on 924 independent reflections. The crystal is comprised of stacks of hydrogen-bonded dimers as
are many other substituted benzoic acid crystals. The dimers are so arranged that there is a nearly linear C-Cl- - -
C1-C interaction (C—Cl- - -Cl angle of 167°) with a Cl---Cl contact of 3.44 A. The progress of the reaction of
single crystals of 1 with ammonia gas was followed under the microscope. The crystals grow as plates with (100)
being the developed face of the plate. A highly anisotropic direction of attack was observed, with the rate of reac-
tion being quite rapid from the sides of the plate while the top face remained clear. This behavior can be rationalized
in that the faces where reaction is rapid have carboxyl functional groups completely exposed to attack from the
surface, whereas the {100} faces have a layer of closely packed 4-chlorophenyl groups (with the C-Cl vector point-
ing toward the surface of the {100} faces) shielding the carboxyl groups from attack. Should, nonetheless, a sur-
face layer of molecules react, progress of the reaction toward the center of the crystal is hindered effectively by the

large distances between neighboring carboxyl groups in a direction normal to the {100} faces.

icroscopic examination of the reactions of crystal-

line carboxylic acids with ammonia gas sug-
gested® that such reactions are in general anisotropic.
In order to examine possible correlation of reactivity
with the structure of the crystal faces, it is necessary to
know the crystal structures of the pertinent acids.
Many of the desired crystal structures had been re-
ported but that of 4-chlorobenzoic acid, one of the
fastest reacting and highest melting acids, was not
known in any detail. This paper describes the de-
termination of the X-ray structure of 4-chlorobenzoic
acid and discusses the correlation of chemical reactivity
with crystal structure for this compound.

(1) Taken from the Ph.D. Thesis of Rodger S. Miller, submitted to
the University of Illinois, 1973, available from University Microfilms,
Ann Arbor, Mich.

(2) We are indebted to the National Science Foundation (NSF GH-
33634) and to the Advanced Research Projects Agency of the Depart-
ment of Defense (Contract ARPA-HC-15-67-0221) for support of this
work.

(3) R. S. Miller, D. Y. Curtin, and 1. C. Paul, J. Amer. Chem. Soc.,
96, 6329 (1974).

A morphological study on 4-chlorobenzoic acid (1)
was carried out by Steinmetz* and is reported by
Groth.5 Single-crystal cell data were presented by
Toussaint® with subsequent minor changes by Pollock
and Woodward.” Toussaint also published a picture of
a projection of the structure but without further de-
tails.* In the course of a study of some other aromatic
acids, Schmidt® commented in general terms upon the
probable packing arrangement in the unit cell although
no additional experimental data were gathered.

Experimental Section

A plate-like crystal (0.10 X 0.20 X 0.045 mm) was obtained from
a solution of the acid in a 2% mixture of ethyl acetate in ga{bqn
tetrachloride. Crystaldata: for CtH:0.Cl, M = 156.6; triclinic,

(4) H. Steinmetz, Z. Kristallogr., Kristaligeometrie, Kristallphys.
Kristallchem., 53, 473 (1914).

(5) P. Groth, “Chemische Krystallographie,” Vol. 4, Engelmann,
Leipzig, 1917, pp 466—467.

(6) J. Toussaint, Acta Crystallogr., 4, 71 (1951).

(7) J. M. Pollock and 1. Woodward, Acta Crystallogr., 7, 605 (1954).

(8) G.M.J. Schmidt, J. Chem. Soc., 2014 (1964).
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= 14.392(2), b = 6.227(1),c = 3.861 () A; « = 88.68(3),8 =
100.12 (4), and v = 93.31 (2)°; V = 340.1 X 1072 ¢m?®; Dmensa
(flotation in carbon tetrachloride and pentane) = 1.54 gcm 3, Z =
2, Dearea = 1.53 gem™?; F(000) = 160, u(Cu Ka) = 44.1 cm™;
no systematic absences; space group either P1 or P1.

The cell dimensions were determined from the crystal mounted
about the ¢ axis (0.20 mm) by a least-squares analysis on the settings
for the four angles of 12 carefully centered reflections (Cu Ke,
A 1.54184 A). Intensity data were collected on a Picker FACS-1
diffractometer (Cu K radiation) using a moving crystal-moving
counter (4, 29) scan mode. The scan rate was 2°/min and the base
width of the scan was 2° with a factor being applied for the separa-
tion of the a1, oy components of the radiation. Backgrounds at
both limits of the scan were measured for 10 sec. Approximately
monochromatic radiation was obtained by use of a nickel filter and
pulse height analysis. The intensities of the reflections were
measured on a scintillation counter. Three reflections (041, 202,
and 031) were employed as standards and were recorded after every
100 measurements. Their intensities were within £0.5% through-
out the period of data collection, although the crystal became
slightly opaque during this period (4 days). The octants of data
hkl, hki, hkl, and £kl were collected out to 20 = 130°. A total of
924 independent reflections was judged to be above zero at the 3¢
level of significance. Corrections were applied for Lorentz and
polarization effects but not for absorption.

Structure Solution and Refinement. Some difficulties were en-
countered in trying to solve this structure by the Patterson heavy
atom method. As the position of the ClI-Cl vector was not im-
mediately obvious from the Patterson map, although the orienta-
tion of the ring was fairly clear, a systematic examination of all
peaks that could reasonably represent the C1-Cl vector was under-
taken. However, while such an examination was still in progress,?
the structure was solved by a method previously used by
Fleischer!:!1 and employed subsequently in this laboratory.1?
When the orientation and general structure, but not the position,
of the molecule are known in the space group P1, the problem can
be treated in P1. A rigid fragment of the molecule in the correct
orientation with respect to the axes is placed arbitrarily and used
as a phasing model for the rest of that molecule and the entire sym-
metry related molecule. When the remainder of the contents of
the unit cell are revealed, the origin is transformed to correspond
to the space group PI and refinement then proceeds in P1. When
the six carbon atoms of one ring were used as such a phasing model,
treating the space group as P1, the positions of the six atoms of the
other benzene ring were readily apparent. 1Inclusion of the 12 ring
atoms in another phasing calculation yielded the position of the rest
of the non-hydrogen atoms in the structure. Full-matrix least-
squares refinement of the structure in the space group P1 lowered
the R factor to 0.19. Positional and isotropic temperature factors
were varied for the atoms, all nonzero reflections were given unit
weight, and the quantity minimized was Zw}|Fobsd] ~ |Foatea]|®
At this point, the structure was transformed to the space group P1I.

Full-matrix least-squares refinement varying positional and
anisotropic thermal parameters for the non-hydrogen atoms and
positional and isotropic thermal parameters for the hydrogen atoms
gave an R factor of 0.080 and a value for R, of 0.106.1¢ In the re-
finement, the reflections were weighted using a program written by
Dieterich’? and following the method proposed by Corfield,
Doedens, and Ibers.14

The hydrogen atoms, including OH(2) bonded to O(2), had been
previously located from a difference Fourier map. While the
position of OH(2) followmg the refinement was not unreasonable,
the By value was 24 A?, in contrast to values of 3-6 A? for the hy-
drogen atoms attached to carbon atoms. When this atom was
omitted from a structure factor calculation and a difference map was
computed, a single peak of 0.4 electron/A® appeared ~1 A from
0(2), but the C(7)-0(2)-peak angle had the rather unreasonable
value of 150°. The reflection 201 was removed from the data set
at this point as its | F,p.a| was less than one-half of | Fua1.a, and it was
thus judged to suffer from the effects of absorption and extinction.

(9) After the structure had been solved, it became clear that the
positions of the chlorine atoms derived from the correct CI-Cl vector
had not been tried for phasing.

(10) E. B. Fleischer, Acta Crystallogr., Sect. 4,26, 575 (1970).

(11) This method was brought to our attention by Dr. S. R, Byrn.

(12) D. A, Dieterich, Ph.D. Thesis, University of Illinois, 1973.

(13) R = EHFobsd\ - ,FcalcdH/E‘Fobsd\ Ry = [EWHFobsd‘ -
1FcalodH /EW‘Fobsd, e,

(14) P. W. R, Corﬁeld R. J. Doedens, and J. A. Ibers, Inorg. Chem.,
6, 197 (1967)
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Further refinement with OH(2) included in the model gave values
of R and R, of 0.071 and 0.081. Once again, the geometry of the
C-0-H group was not unreasonable, but the temperature factor
was very high, 18 A2 In the last cycle of this series of refinements,
the largest ratio of shift/esd for any parameter was 0.5. The
largest peak on a difference map was ~1 A from the chlorine atom
in the x direction and had a height of 0.4 electron/As. There
were no peaks above 0.1 electron/A3 near O(1), but despite the
fact that OH(2) had been included in the model, there was a peak
of 0.3 electron/A® ~1 A from O(2) but with a C(7)-O(2)-peak
angle of 156°. The atomic coordinates and thermal parameters
obtained from this refinement are listed in Tables [ and II. Through-

Table I. Final Atomic Coordinates (in fractions of the unit

cell edge) with Esd in Parentheses®.?
Atom X y z
Cl 0.4263 (1) 0.7860 (2) 0.8311 (4)
) 0.1845 (3) 0.3336(7) 0.3680 (12)
(&) 0.2763 (4) 0.2783(8) 0.3778 (14)
C(3) 0,3516 (3) 0.4153(9) 0.5216 (14)
C(4) 0.3319(3) 0.6111 (8) 0.6529 (13)
C(5) 0.2414 (4) 0.6696 (9) 0.6444 (14)
C(6) 0.1668 (4) 0.5306 (8) 0.5016 (13)
C(7) 0.1034 (3) 0.1872(8) 0.2087 (12)
o(1) 0.1191 (2) 0.0194 (5) 0.0606 (10)
02) 0.0205 (2) 0.2407 (6) 0.2296 (11)
H(2) 0.289 (3) 0.159 (8) 0.277 (13)
H(3) 0.424 (3) 0.401 (7) 0.542(12)
H(5) 0.234 (5) 0.815(11) 0.754 (16)
H(6) 0.103(3) 0.557(7) 0.495(12)
OH —0.026(9) 0.129(17) 0.043 (30)

¢ Hydrogen atoms are given the number of the carbon atom to
which they are bonded. ?» Atom OH is the hydrogen atom bonded
to O(2).

out the analysis the scattering curves for chlorine, oxygen, and
carbon tabulated by Cromer and Mann!® and that for hydrogen
calculated by Stewart, et al.,'® were used. The curve for chlorine
was corrected for the effects of anomalous dispersion.17—19
Identification of Crystal Faces. 4-Chlorobenzoic acid was re-
crystallized as described above. Measurement of angles of the
major face with the other faces showed general agreement with the
previous results reported by Groth. Because of a difference in the
choice of crystallographic axes, the indices due to Steinmetz* and

(15) D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. A, 24,
321 (1968).

(16) R. F. Stewart, E. R, Davidson, and W. T. Simpson, J. Chem.
Phys., 42, 3175 (1965).

(17) “International Tables for X-Ray Crystallography,” Vol. III,
the Kynoch Press, Birmingham, England, 1962, pp 213-216.

(18) See paragraph at end of paper regarding supplementary ma-
terial.

(19) As we were particularly interested in the location of hydrogen
atoms, some additional refinements were tried on a set of data from
which were removed seven other low order reflections whose | Fobsd| <
|Fealed].  After refinement of a model including OH(2), a difference map
was calculated and showed two peaks in the region between the oxygen
atoms: oneof 0.2 electron/.&3 within bonding distance of O(1) and one,
in addition to OH(2), of 0.35 electron/.&3 within bonding distance of
O(2). After this refinement, R was 0.065 and R. was 0.072, Second,
a model, including two hydrogen atoms with half-occupancy attached
to O(1) and O(2), respectively, was then refined; the values of R and
Rs were 0.066 and 0.075. However, the half-atom OH(1) was found to
be moving toward OH(2) and the model was converging toward the
single hydrogen model. Utilizing an approach previously employed
by Leiserowitz and coworkers, 20 we then omitted both hydrogen atoms
from a structure factor calculation, but found that there were two peaks
>0.25 electron/A3 at positions reasonable for hydrogen atoms to be
covalently bonded to both O(1) and O(2) on a subsequent difference
map. We therefore conclude that there is considerable evidence from
the difference electron density maps for disorder in the region of the
carboxyl group. However, it does not appear to be completely random
and there is definite evidence from the difference maps that the hydrogen
is more often attached to O(2) and that C(7)~0(2) is the hydroxyl bond
than the reverse.

(20) S. E. Filippakis, L. Leiserowitz, D. Rabinovich, and G. M. J.
Schmidt, J. Chem. Soc., Perkin Trans. 2, 1750 (1972), and subsequent
papers in their series.
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Table II. Final Thermal Parameters with Standard Deviations in Parenthesese:?

Atom Bu Ba2 Bas B2 B1s Bas
cl 0.00573 (9) 0.0328 (5) 0.112 (1) —0.0038 (2) —0.0004 (3) —0.0170 (6)
c() 0.00387 (26) 0.0191 (13) 0.052 (4) —0.0011 (4) 0.0022 (7) —0.0035 (16)
C(2) 0.00389 (27) 0.0208 (14) 0.072 (4) 0.0003 (5) 0.0026 (8) —0.0064 (20)
CG3) 0.00328 (28) 0.0279 (16) 0.078 (5) 0.0005 (5) 0.0013 (9) —0.0051 (21)
C(4) 0.00441 (29) 0.0221 (14) 0.063 (4) —0.0023 (5) 0.0003 (8) —0.0042 (19)
c(5) 0.00511 (31) 0.0220 (15) 0.072 (5) —0.0005 (5) 0.0027 (9) —0.0065 (20)
C(6) 0.00405 (28) 0.0212(14) 0.073 (4) 0.0012 (5) 0.0029 (8) —0.0056 (19)
C(7) 0.00353 (25 0.0230 (14) 0.064 (4) —0.0004 (5) 0.0015 (8) —0.0004 (20)
oc1) 0.00473 (21) 0.0204 (10) 0.102 (4) 0.0005 (3) 0.0028 (6) —0.0195 (15)
0(2) 0.00311 (19) 0.0309 (12) 0.135 (4) —0.0003 (4) 0.0037 (7) —0.0269 (18)

Atom B Atom Bg

H(2) 5(1) H(6) 3(1)

H(3) 4 (1) OH 18 (4)

H(5) 7(2)

« Anisotropic thermal parameters expressed as exp —[Bu/h? + Bk? + B3l + 2P1hk + 2P13hl + 2Bq:kI]. * Isotropic parameters expressec

as exp —[Bp sin? 6/\2).

Figure 1. A crystal of 4-chlorobenzoic acid.® Faces observed
by Steinmetz* are designated by the letters employed previously.®
Those faces observed in the present work are, in addition, designated
with the indices based on the present assignment of axes.

employed by Groth® were converted to their equivalent in the
present coordinate system by means of the transformation matrix
[1,1,0/1,0,1/0,0,1]. A drawing of a crystal with the faces labeled
with Groth’s alphabetical designation together with the indices
corresponding to the present coordinate system is shown in Figure
I : 21

Reaction of Single Crystals of 4-Chlorobenzoic Acid with Ammonia
Gas. Since the preliminary study of the reaction was described in
the previous paper?® there remains to be discussed only the micro-
scopic examination of the reaction of single crystals of the acid
which were placed in an enclosed cell and observed on a microscope
stage while a stream of ammonia was passed over them. The top
(100) face remained clear whereas the disorder induced in the
crystal by the formation of ammonium 4-chlorobenzoate was ob-
served to begin quite uniformly at the other faces and to move
toward the center of the crystal as shown in Figure 2.

Results and Discussion

Molecular Structure. The bond lengths and angles
in 1 are shown in Figure 3. The results of our study
appear to be generally consistent with the picture of the
projection of the structure given by Toussaint.® The
average C-C bond length in the benzene ring is 1.384 A
with a root mean square deviation of 0.010 A. A
rigid body analysis was carried out on the entire mole-
cule following the method of Schomaker and True-
blood.?? The rms difference between the atomic vi-
brations obtained from the results of the X-ray analysis

. (21) Toussaint® reported cell dimensions of a = 14.39 A, b = 6.29
A c=386A,a=0916°p8=953°and y = 92.7° and gave [l, 1,
1/1, 0, 1/0, 0, 1] for the transformation matrix from the Steinmetz? to
Toussaint orientations. However, this matrix corresponds to a change
in the handedness of the axes. We find that the transformation from
the cell data presented by us to those reported by Toussaint is [1, 0,
1/0, 1, 0/0, 0, 1]. Once again this matrix involves a reversal of the
handedness of the axes. These results indicate that the axes reported by
Toussaint correspond to a left-handed coordinate system. We thank
Professor Jean Toussaint for his assistance on these points.

(22) V. Schomaker and K. N. Trueblood, Acta Crystallogr., Sect.
B, 24, 63 (1968).

Figure 2. A group of three crystals of 4-chlorobenzoic acid photo-
graphed during their reaction with ammonia gas. Upper picture
is before reaction, rear illumination. The two middle pictures
show the crystals after reaction for 21 and 100 min, respectively,
photographed with the crystals illuminated from the top. Bottom
picture shows the same crystals after 1280 min wth reaction essen-
tially complete, illuminated from the top.

and those from the rigid body postulate is 0.003 Az
On the basis of this analysis, the bond lengths were
adjusted for libration and the adjusted values are
shown in Table III. Many of the bond lengths were in-

Table III. Bond Lengths (A) before and after Adjustment for
Libration by Rigid Body Analysis®

After After

Without correc- Without correc-
Bond correction  tion Bond correction tion

C(1)-C(2) 1.378(7) 1.388 C(4)-Cl 1.744 (5) 1.747
C(2)-C(3) 1.384 (M 1.388 C(1)-C(7) 1.491(7) 1.495
C(3)-C(4) 1.394(7) 1.402 C(7)-0O(1) 1.253(6) 1.261
C4)-C(5) 1.366(7) 1.377 C(7)-0O(2) 1.273(6) 1.281
C(5)-C(6) 1.384(7) 1.389
C(H)-C(6) 1.396(7) 1.405

¢ Using method described in ref 21.
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creased by 0.008-0.011 A after this correction. Because
of the uncertain validity of the adjustment in this struc-
ture, the original values will be used in the subsequent
discussion. .

The length of 1.744 (5) A found for the C-CI
bond in the present study is in good agreement
with the values found for such bonds in other mole-
cules,?® with the exception of the cases, pointed out
by Rudman,?* where there are two C-Cl bonds at-
tached to adjacent carbon atoms in the benzene ring.
For example, the C-Cl lengths in 2-chlorobenzoic
acid,?® in the potassium acid salt of 4-chlorobenzoic
acid,?s and in the piperidinium salt of 4-chlorobenzoic
acid” are 1.737 (7), 1.741 (10), and 1.735 (11) A, re-
spectively.

The two C-O bonds in the carboxylic acid group are
quite similar in length, 1.253 (6) and 1.273 (6) A, a fact
that suggests disorder of two positions related by a
180° rotation about the C(aromatic)-C(carboxyl)
bond_28.29

The molecule of 4-chlorobenzoic acid is signiﬁcantly
nonplanar. The six carbon atoms in the benzene ring
are coplanar (maximum deviation 0.003 A) and the
best plane through the four atoms of the carboxyl
group (C(1), C(7), O(1), and O(2)) makes an angle of
5.7° with the plane of the benzene ring. The atoms
C(1), C(7), O(1), and O(2) lie 0.015, 0.016, 0.138, and
—0.076 A from the plane of the ring. Small angles of
rotation of carboxyl groups from the planes of the ben-
zene rings are quite typical in aromatic acids and salts,
e.g., benzoic acid (2°),* 4-bromobenzoic acid (5.8°),% 4-
chlorobenzoate in the piperidinium salt (7°),%" in the
potassium acid salt of 4-chlorobenzoic acid (9°),2¢
whereas in 2-chloro-% and 2-bromobenzoic acids,??
the angles are 14 and 18.3°, respectively.

Crystal Packing. A stereoscopic view of the crystal
structure is shown in Figure 4. As is invariably the
case for aromatic monocarboxylic acids in achiral
molecules, the 4-chlorobenzoic acid molecules form
centrosymmetric dimers by hydrogen bonding. The
0(2)- - - O(1V) distance is 2.615 (5) A (see Table IV for
definition of Roman numerals). This O- .- O distance
is too long for a symmetrical O---H---O hydrogen
bond??® and is thus further evidence that the -CO,H
groups are disordered. The O(2-OH length is 1.11
(12) A, the OH- - -O(1") distance is 1.58 (13) A, and the
O(2)-OH: - -O(1V) angle is 151 (2)°. The dimers are
arranged in stacks. The overlap of the aromatic
rings within the stacks of the molecules along the z

(23) (a) G. J. Palenik, J. Donohue, and K. N, Trueblood, Acta
Crystallogr., Sect. B, 24,1139 (1968); (b) H. Hope, Acta Crystallogr.,
Sect. B, 25,78 (1969); (c) H. Hope and D. Victor, ibid., 25, 1849 (1969).

(24) R. Rudman, Chem. Commun., 536 (1970); Acta Crystallogr.,
Sect. B, 27,262 (1971).

(25) G. Ferguson and G. A. Sim, Acta Crystallogr., 14, 1262 (1961).

(26) H. H. Mills and J. C. Speakman, J. Chem. Soc., 4355 (1963).

(27) S. Kashino, Y. Sumida, and M. Haisa, Acta Crystallogr., Sect.
B, 28, 1374 (1973).

(28) J. D. Dunitz and P. Strickler in “Structural Chemistry and
Molecular Biology,” A. Rich and N, Davidson, Ed., W, H. Freeman,
San Francisco, Calif., 1968, pp 595-602.

(29) D. A. Dieterich, 1. C. Paul, and D. Y. Curtin, J. Amer. Chem.
Soc., 96,6372 (1974).

(30) G. A. Sim, J. M. Robertson, and T. H. Goodwin, Acta Crys-
tallogr., 8, 157 (1955),

(31) K. Ohkura, S. Kashino, and M. Haisa, Bull. Chem. Soc., Jap.,
45, 2651 (1972).

(32) G. Ferguson and G. A. Sim, Acta Crystallogr., 15, 346 (1962).

(33) J. C. Speakman, Struct. Bonding (Berlin), 12, 141 (1972), and
references cited therein,
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Figure 3. Drawing of 4-chlorobenzoic acid with bond lengths
(A)and angles (deg); standard deviations in parentheses.

Table IV. Intermolecular Contacts (<3.6 A) in

4-Chlorobenzoic Acid
o) --C(5H 3.47 C(6)---0(1Y) 3.50
o). . -C(5Y) 3.43 (7 -0V 3.38
o) - -C(61) 3.50 (7). - - 02V 3.43
C(1)- . -C(611) 3.51 o). - 0(1Y) 3.37
C(3)- - -C(4111) 3.51 o). --02Y 2.61
o). - -C(111 3.51 0(2)---0(2Y) 3.49
o). - - C(71Y) 3.40 0O(1)- - -OHY 1.58
o). - - 01y 3.55 C(6)---0(2") 3.44
(5. --0(1v) 3.43 Cl...Cvu 3.44

Ireferstox, -1 + y, ~1 4+ z
II refersto x, ~1 + y, z

V refersto —x, —y, —z
VI refersto —x, 1 — y,

1 -z
III refers to x, y, ~1 + z VIl refersto 1 — x, 2 — y,
2~z

IVreferstox, 1 + y,z VIII refersto x, y, 1 + z

direction is shown in Figure 5. The C(5)-H and the
C(2)-H bonds lie over the benzene rings in adjacant
molecules in these stacks. The shortest interatomic
distances between molecules in a stack are C(1)---C-
61, C(3)---C@M1Y, C(1)---ovuy, C(7)---0-
(11, and O(1)---OQ2™7) of 3.51, 3.51, 3.51, 3.40,
and 3.55 A, respectively. The mean 1nterp1anar dis-
tance between aromatic rings in the stack is 3.486 A
There is a short CI- - - CIVII contact of 3.441 (3) A be-
tween stacks of dimers of 4-chlorobenzoic acid; the
C(4)-Cl- - -CI'™ angle is 167.0 (2)°. Pauling®* gives a
value of 1.80 A as the van der Waals radius for chlorine;
however, Bondi?®® gives a value of 1.70 A. There are
several examples of Cl---Cl intermolecular contacts
where one of the chlorine atoms lies almost along the
axis of the covalent bond formed by the other chlorine
atom. Sakurai, Sundaralingam, and Jeffrey® sur-
veyed a number of short intermolecular Cl1---Cl con-

(34) L. Pauling in “The Nature of the Chemical Bond,” 3rd ed,
Cornell University Press, Ithaca, N. Y., 1960, pp 257-264.

(35) A.Bondi,J. Phys. Chem., 68, 441 (1964).

(36) T. Sakurai, M. Sundaralingam, and G. A. Jeffrey, Acta Crys-
tallogr., 16, 354 (1963).
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Figure 5. Overlap of dimers in a stack projected onto the plane
defined by the six atoms of the phenyl ring.

tacts in the range 3.27-3.49 A% that had been found in
several structures. A very short Cl---Cl contact of
3.307 (3) A was found in the structure of the chlorine
complex of bis(4-chlorophenyl) sulfide (2),*® where
some Cl- .- Cl bonding interaction is involved. In this
latter structure, the S-Cl---Cl angle is 162°. In a
number of molecules with chloro-substituted aromatic
rings, this type of Cl.--Cl interaction may be quite
important in determining crystal structure arrange-
ments. For example, in the yellow form of the di-
methyl ester of 3,6-dichloro-2,5-dihydroxyterephthalic
acid (3), there is a Cl- - - Cl contact of 3.47 A and a C-
Cl- - -Cl angle of 146.7 (2)°,*° between chlorine atoms in
adjacent layers in the direction of slowest interconver-

(37) The value of 3.27 A was reported in the structure of 2,2’-di-
chlorobenzidine which was determined from two-dimensional projec-
tions in 1948 and may therefore not be reliable: D. L. Smare, Acta
Crystallogr., 1, 150 (1948),

(38) N. C. Baenziger, R. E. Buckles, R. J. Maner, and T. D. Simpson,
J. Amer. Chem. Soc., 91, 5749 (1969).

(39) S. R. Byrn, D. Y. Curtin, and 1. C. Paul, J. Amer. Chem. Soc.,
94, 890 (1972).
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sion of the yellow form of 3 to the white. Intermolec-

ular contacts involving chlorine atoms may also be
important in the phase transitions between the mono-
clinic and triclinic forms of 1,4-dichlorobenzene. In
the monoclinic form of 1,4-dichlorgbenzene® there are
two Cl---Cl contacts of 3.684 A, with C-Cl--.-Cl
angles of 165.8 and 92.5°, whereas in the triclinic form*!
there is one Cl- - - Cl contact of 3.456 A with a C-Cl- - -
Cl angle of 169.2°. Short Cl- - - Cl contacts which may
be important in packing have also been noted in 4-
chlorobenzoic anhydride*? and in 4,4’-dichloroazo-
benzene.?% Br--:Br contacts significantly less than
twice the van der Waals radius have also been noted
when the C-Br---Br angle approaches linearity.*?
These types of halogen-halogen contacts appear to
play a significant role in determining the crystal
structure of a range of 4-halo-substituted benzene
derivatives as will be described in the following paper.**

Relationship of Crystal Packing to Anisotropic Be-
havior in the Reaction of Crystalline 4-Chlorobenzoic
Acid with Ammonia Gas. Comparison of photographs
of reacting crystals (Figure 2) with the identification of

(40) E. Frasson, C. Garbuglio, and S. Bezzi, Acta Crystallogr., 12,
126 (1959).

(41) J. Housty and J Clastre, Acta Crystallogr., 10, 695 (1957).

(42) M. Calleri, G. Ferraris, and D. Viterbo, Atti Accad. Sci. Torino,
Cl. Sci. Fis., Mat, Natur., 100, 145 (1966).

(43) M. G. Newton, M, C. McDaniel, J. E. Baldwin, and I. C. Paul,
J. Chem, Soc. B, 1117 (1967).

(44) R, S. Miller, D. Y. Curtin, and 1. C. Paul, J. Amer. Chem. Soc.,
96, 6340 (1974).
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crystal faces from optical goniometry (Figure 1) shows
that while the (100) crystal face remains quite free from
attack by the ammonia gas, the other faces, (110), (210),
(001), (101), (111), and their five centrosymmetric
counterparts, react at nearly equal rates as shown by the
nearly uniform advance of the reaction fronts at these
faces toward the center of the crystal. In order to
address the fundamental question of how the rate of
advance of a reaction front through the crystal depends
on the crystal packing, it is necessary to have a clear
visualization of the orientation of the internal structure
in the macroscopic crystal. In Figure 6 are shown
schematic views along the two major zone axes depict-
ing the relationship of the principal crystal faces to the
arrangement of molecules in the structure. It is strik-
ing that each of the faces has the carboxyl dimer func-
tional groups conpletely exposed to attack from the
surface except for the {100} which have a layer of
closely packed 4-chlorophenyl groups shielding the
carboxyl groups from attack. Penetration of ammonia
molecules through such a nonpolar layer in a perfect
crystal should indeed be difficult. However, crystals
employed in this study were grown from solution with
no special preparation of the surfaces, and it would seem
likely that the crystal faces only crudely approximate
the completely planar ideal surfaces shown in Figure 6.
Even if ammonia molecules should penetrate {100}
(at a surface defect) and react with carboxyl groups be-
low the hydrophobic layer, the same kind of barrier
of 4-chlorophenyl rings to further inward penetration
will be encountered in the next layer of dimers and it
could be expected that progress of a reaction front in
such a direction should be quickly attenuated. On the
other hand, as Figure 6 shows, as reaction proceeds in-
ward from the other crystal faces, each reaction of
ammonia with a carboxyl group can be expected to
lead to disorder in the vicinity of the reaction site which
will, in turn, expose another carboxyl group to new
ammonia molecules. The existence of the carboxyl
groups in columns leads the ammonia to the center of
the crystal. It may be noted that while the orientations
of carboxyl groups in the various columns leading in
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Figure 6. Drawings of 4-chlorobenzoic acid crystals showing the
idealized molecular arrangement at the major faces: (a) view
along the ¢ axis (a major zone axis of the crystal); (b) view looking
along b, the other major zone axis. The relative sizes of the various
faces are arbitrary in this drawing.

from the crystal faces shown in Figure 6 differ markedly,
the rates of travel of the reaction fronts other than that
from (100) do not differ sufficiently (Figure 2) for a
clear distinction to be made in our work thus far.
This analysis of the reaction suggests the generalization
that the presence of carboxyl groups at a crystal surface
is a necessary but not a sufficient condition for a solid
gas reaction of the type under discussion. In addition
there is the requirement that the carboxyl groups be so
arranged that reaction of one exposes the next to an-
other ammonia molecule. More evidence bearing on
this point will be discussed in the following paper in
which the reaction of ammonia gas is extended to other
carboxylic acids and to carboxylic acid anhydrides.
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