
Heparin is infrequently used in this regard due primarily to the 
necessity for parenteral administration. This sit Jation could possibly 
be changed by formulation of heparin with a nontoxic sulfated 
surfactant. 
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Structural Studies on Complexes IV: Crystal Structure of a 
1:l 5-Chlorosalicylic Acid and Theophylline Complex 

ELI SHEFTER 

Abstract 0 Single crystal X-ray diffraction methods were utilized in 
obtaining the crystal and molecular structure of a 1 :1 association 
complex between 5chlorosalicylic acid and theophylline. The crys- 
tals are monoclinic (space group P 24c) with c d  parameters of a = 

1.845 A.; b = 9.636 A.; c = 21.185 A.; anda = 92.20”. Thecrystals 
contain a significant fraction of the impurities 3,5-dichloro- and 
3chlorosalicylic acid. Hydrogen bonds are the major attractive 
forces between the components of the complex. A relatively strong 
hydrogen bond exists between the carboxyl group of 5-chlorosali- 
cylic acid and N(9) of theophylline (2.682 A), The theophylline 
molecules are in a dimeric arrangement by virtue of centrosym- 
metrically related hydrogen bonds between N(7) and TO( 10). The 
packing arrangement of the molecules suggi,sts that the stacking 
forces are similar to those in a caffeine: 5-chlorosalicylic acid com- 
plex. 

Keyphrases 0 Complexes-structural studies 0 5-Chlorosalicylic 
acid-theophylline complex-crystal, molecular structure 0 Diffrac- 
tometry-5-chlorosalicylic acid-theophylline complex 0 Hydrogen 
bonding-5-chlorosalicylic acid-theophylline complex 

Spectroscopic, kinetic, and a variety of other physical 
chemical methods have been used successfully to obtain 
valuable information on the nature and strength of 
intermolecular association complexes between a wide 
variety of biological compounds (1). However, these 
methods are generally unable to provide detailed de- 
scriptions of the complex at the atoniic level. For this, 
one may in some instances resort to the direct method of 
X-ray diffraction. Though this technique requires 
crystalline complexes, whose structures may be some- 
what different from those in solution, the results are 
quite useful when correlated to sohtion data. It is 
through such correlations that a clear picture of various 
molecular association complexes ii ivolving pharma- 
ceutically important molecules may emerge. 

The interactions of salicylates and other biological 
materials containing pi systems with xanthine deriva- 
tives have been studied quite extensively in solution. 
The thermodynamic parameters of such complexes ob- 
tained by Higuchi et al. (2, 3) suggest that “hydro- 
phobic” forces aside from hydrogen bonding play a 
significant role. Donbrow and Jan (4) have indicated 
that xanthine-hydroxybenzoic acid complexes may in- 
volve a donor-acceptor-type mechanism. In a crystallo- 
graphic study on the 1 : l  complex between 5-ChlOrO- 
salicylic acid and caffeine, the idea of “polarization 
bonding” was put forth (5).  Although the primary inter- 
molecular force in that solid-state complex is hydrogen 
bonding, some evidence was found for a localized inter- 
action between the a-p unsaturated ketone portion of 
the xanthine and the p i  system of the salicylic acid mole- 
cule. Even with the wide variety of experimental data 
now available on such complexes and postulated models 
for the interactions (for a theoretical model see reference 
(6)), the interactions in these complexes have not been 
elucidated with sufficient detail to draw definitive con- 
clusions on their molecular nature. 

The present report concerns a structural study on a 
1 : 1 complex formed between theophylline and 5-chloro- 
salicylic acid. This structure was determined with the 
hope of providing further insight into the molecular 
nature of the “polarization” forces, and also to learn 
more about the role hydrogen bonds play in stabilizing 
such comdexes. 

EXPERIMENTAL 

Prism-shaped crystals of the 1 : 1 complex were obtained by dis- 
solving equal molar quantities of theophylline (Matheson, Coleman 
and Bell, Inc.) and 5-chlorosalicylic acid (Eastman Kodak practical 
grade) in an alcohol-water solution and allowing the solution to  

710 Journal oj Pharmaceutical Sciences 



Table I-Positional and Thermal Parameters with (in Parentheses) their Respective Standard Deviations X lo4" 

Atom xla Y lb Z/C bn bz2 b3s bi? b13 b23 

Theoph ylline 
TNl 
TC2 
TN3 
TC4 
TC5 
TL6 
TN7 
TC8 
TN9 
TO10 
TCll 
TO12 
TC13 

C15 
CI 3 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
0 1  
0 2  
0 3  

10848( 5 )  
103 10(6) 
9397(5) 
8975(5) 
9519(6) 

10510(6) 
8800(5) 
7909(6) 
7977( 5 )  

11003(5) 
11693(7) 
10638(5) 
8791(9) 

6448(3) 
7516( 18) 
5229(6) 
59437) 
6809( 7) 
6972( 7) 
6250(8) 
5363(6) 
4301 (6) 
3637(5) 
4138(6) 
58 1 8( 7) 

2307(4) 
3675(6) 
4318(4) 
3602(5) 
2269(5) 
1529(5) 
1870(4) 
2952( 5 )  

I599(7) 
425 1( 5 )  
5750(6) 

4;3:j 

- 1149(2) 
2472( 18) 
2754(6) 
2906(7) 
1 792( 8) 
5898(7) 
410(6) 

1494(6) 
3927(6) 
3665( 4) 
5056(5) 
4074(6) 

67(2) 148(7) 89(4) 

5-Chlorosalicylic acid 
799(1) 373(5) 122(2) 54(1) 151(5) -103(3) 5(2) 

2903(6) 354(30) 322(27) 29(3) 175(47) -33(14) 4414) 
1226(2) 1248) 1 4 ( 3  

- 37(4) 133) 
1184(2) 282(10) 13x6) 27(1) 79(12) -41(5) -14(4) 
2166(2) 281(10) 207(8) 24(1) 28(14) - 5 3 5 )  -29(5) 

Temperature factor = exp [ - ( b M  + bnk* + b33P + b12hk + b d l  + b23kl)l. 

evaporate. The following crystallographic data were measured for 
this material: 

a = 7.845 (0.001) 4. 
b = 9.636 (0.002) 3. 
c = 21.185 (0.003) A. 
/3 = 92.20(0.01)" 

Density (measured by flotation) = 1.46 g . / ~ m . ~  
Density (calculated assuming a I : 1 complex containing one full 

Z = 4 (number of molecules of complex in unit cell) 
Space group P2]/c 

The stationary crystal-stationary counter method (7) was used to 
collect the intensity data on a diffractometer' equipped with gonio- 
stat. A set of balanced Ross filters (Ni against Co) were used for 
monochromatization of the Cu radiation. The crystal (dimensions 
0.4 X 0.3 X 0.1 mm.) was mounted with [l 0 01 parallel to the Phi 
axis of the diffractometer. In the range of data measurement (limit 
150" in two theta), 2,338 reflections of the 3,306 unique data had 
peak intensities that were significantly greater than their respective 
background. An approximate correction was made for absorption, 
based on the anisotropy of transmission of the X-rays as a function 
of the angle Phi. This function was measured for the (2 0 0) reflec- 
tion at Chi equal to 90". Aside from this correction, the appropriate 
Lorentz polarization factor and a factor to correct for L Y ~ - ( Y ~  splitting 
(25) were applied to  convert an intensity to its structure factor 
amplitude, 1 Fo I. The I Fo 1's were placed on an absolute scale by 
Wilson's method, and normalized structure factors, I E 1's werecom- 
puted. 

The symbolic addition procedure was utilized to derive a set of 
phases for 292 reflections having 1 E I values greater than 1.60. The 
method makes use of the Sayre relationship (8), which is essentially 
the same as the formula of Hauptman and Karle (9). Three linearly 
independent reflections (2 1 -3; 2 1 -2; 3 1 16) were selected as the 
origin-determining reflections on the basis that they have large 
values of IE 1 and enter into many combinations for the application 
of the Sayre equation. Four reflections having a magnitude of 1 E 1 
greater than 3.0 (4 2 - 5 ;  6 2 11; 6 3 - 8 ;  2 8 7) were allowed to take 
up the 16 possible permutations of their phases. The phases of the 
other 285 reflections were determined for each of the 16 sets of 

chlorine) = 1.468 g./cm. 8 

starting phases using a program written by Robert Long (10). An 
E-map (11) was computed using the set of phases for the 292 data 
with the highest consistency index (10, 12). The position of 16 non- 
hydrogen atoms were positively located in this synthesis. A three- 
dimensional Fourier synthesis phased on these atoms enabled the 
other nonhydrogen atoms to be positioned in the lattice. 

During the initial refinement by least-squares and difference elec- 
tron-density maps, an atom other than hydrogen appeared to 
be attached to C3 of the salicylic acid molecule. The dis- 
tance of this peak to C3 suggested that it was a chlorine aJom with 
only a partial occupancy factor (peak height N 1 e/A.a). The 
atomic site occupancy factor of the two chlorines were refined by 
least-squares along with their isotropic temperature factors. The 
site occupancy factor obtained for the chlorine bound to  C3 was 
only 0.15 while that in Position 5 was 0.93. The practical grade of 
5-chlorosalicylic acid in all likelihood is a mixture of the 5-chloro-, 
3-5 dichloro- and 3-chloro- compounds, resulting from chlorination 
of salicylic acid. The crystalline complex reflects the varying portions 
of the chloro derivatives of salicylic acid, and can be considered as 
a solid solution of these compounds. 

The hydrogen atoms were located in difference electron-density 
syntheses and included in the final cycles of least-squares refinement 
with isotropic temperature factors. All the other atoms were refined 
anisotropically, during which the site occupancy factors for the two 
chlorines were fixed at their respective values. A modification of the 
Gantzel, Sparks and Trueblood block diagonal least-squares pro- 
gram (unpublished) was utilized for this purpose. The weighting 
scheme in the final stages of refinement was w-1 = ( I  Fo I -3)/12* + 
1, designed such that (wA2) is constant over the whole range of 
I Folk2 The unobserved data were given zero weight. The final R 
value for the observed data is 0.087 (for all data 0.134). The atomic 
parameters and their estimated standard deviations (ESD's) are 
listed in Tables I and 11. A tabulation of the structure factors has 
been deposited in the Health Sciences Library of this University 
and may be obtained from the librarian on request. 

With the exception of hydrogen, the atomic scattering factors used 
throughout the above calculations are those presented in Reference 
13. The form factors for hydrogen are those published by Stewart 
et at. (14). 

1 General Electric XRD-6. * IF01 is on absolute scale. 
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Table II-Parameters for Hydrogen Atol ns 
with Their ESD's in Parentheses 

Atom x/a X lo3 y / b  X lo3 .-/c X lo3 Bi,,, A.z 
H2 75q8) -13(7) 199(3) 5.8(1.5) 
H3 495(8) 152(7) 52(3) 5.8(1.5) 

25(3) 6 .q1.6)  
5.2(1.4) ;%! 8.1(2.I) 

H4 331(9) 
H5 
H6 

~~. _, 
H9 65(3j 6.8(1.6) 
H10 95q12) 616(9) 131(4) 9.7(2.5) 
H11 769(14) 559(13) 122(5) 13.8(3.2) 
H12 - 25(2) 1 . 5(0 .7) 

The thermal parameters of the nonhydrcgen atom were analyzed 
by the method of Schomaker and Trueblood (15). The Uqs cal- 
culated for the two molecular species, assliming that each behaves 
as a ''rigid body," are in good agreement iiith their observed ther- 
mal parameters. The root mean-square difl erenceQbetween the cal- 
culated and observed values of the Uij's is 0.004 A.2 for theophyl- 
line and 0.005 A.% for 5-chlorosalicylic acic including the partially 
occupied chlorine attached to C3; these differences are the same 
order of magnitude as the ESD's of the Uij'g. The translational and 
librational components of the thermal motion for theophylline are 
approximately 2 0 x  less than those computcd for the salicylic acid 
residue. This reflects the greater number of iiitermolecular hydrogen 
bonds in which the theophylline molecule participates. The change 
in bond lengths and angles resulting from the thermal motion were 
all less than 1.5 times the ESD's for the res,xctive bonds, the cor- 
rections were therefore deemed to be unnec essary for the present 
discussion. 

The bond lengths and angles obtained fro n the least-squares re- 
fined parameters are shown in Fig. 1. The tSD's  for the atom-to- 
atom distances are on the average 0.008 A., and for the angles 0.4". 
Those bonds involving hydrogens have an emir of 0.1 A. The angles 
about the hydrogen atoms are not given (beciuse of their relatively 
high uncertainty, f 3  "), except where the diszussion warrants such 

H a  
1.00 

H 4  

Q 

fbl  

Figure I-Ititramoleculur bond lengths (a)  and angles (b). The thermal 
motion of the individual atoms is represented by 2 he ellipsoids. 

information. Figure 1 also shows the atomic labels that are used 
throughout the discussion. 

DISCUSSION OF RESUL.TS 

The theophylline moiety has intramolecular bond distances and 
angles that are quite similar to those found in theophylline mono- 
hydrate crystals (16); none differ by more than 2 ESD's. There is 
however, a significant difference between the planarity of the xan- 
thine residues in the two structures. The atoms comprising the 
purine nucleus in the hydrated crystal are essentially coplanar, 
while in the complex there is a marked degree of puckering (see 
Table 111). The pyrimidine and imidazole portions of the purine 
system are each planar within the limits of the errors in the atomic 
positions of the respective atoms. The 5- and &membered rings are 
however tilted from coplanarity about the C4-C(5) bond by 3.7". 
This distortion of the purine system could possibly result from inter- 
molecular packing forces, such as polarization bonding between the 
xanthine and the salicylic acid residue. In the 1 : 1 complex of caf- 
feine with 5-chlorosalicylic acid (1 2), the pyrimidine and imidazole 
portions of the xanthine are also bent in a similar manner; distor- 
tion from planarity is 3.2". TO12 and TCl l  are significantly dis- 
placed from the plane of the pyrimidine ring, while TO10 and 
TC13 are essentially coplanar with this ring. Nonbonded intra- 
and intermolecular contacts may in all probability account for the 
distortions of these two exocyclic atoms from the pyrimidine ring. 

In general the molecular parameters of the salicylic acid residue 
correspond with those found for the 5-chlorosalicylic acid moiety 
of the caffeine complex (12) and for salicylic acid itself (17). The 
differences that exist between the bond lengths and angles in this 

Table III-Least-Squares Planes" 

Atoms 
Comprising Displacement, Other Displacement, 

I.s. Plane A. Atoms A. 

TN 1 0.027 TO10 0.009 
TC2 0.035 TCl 1 0.216 

HI2 -0.010 
TC6 -0.015 H13 0.241 

TC8 0.037 
TN9 0.007 

TN7 -0.013 

-0.8422 X - 0.3381 Y + 0.4199 Z + 6.5311 A. = 0 
TNl 0.001 TN7 0.098 
TC2 0.009 TC8 0.143 
TN3 -0.015 TN9 0.090 
TC4 o.oio Toio 0.016 
TC5 O.OO0 TCll  0.152 
TC6 -0.006 TO12 0.051 

TC13 -0.002 
-0.8551 X - 0.3385 Y + 0.3927 Z + 6.6999 A. = 0 

TC4 
TC5 
TN7 

0.004 TNl 
-0.004 TC2 

0.003 TN3 
TC8 -0.001 TC6 

0.156 
0.164 
0.059 
0.072 

TN9 -0.002 HI2 -0.12 
H13 0.03 

-0.8247 X - 0.3379 Y + 0.4536 Z + 6.4065 A. = 0 
c 2  -0.009 c 7  -0.014 
c 2  -0.002 0 1  0.014 
c 3  0.011 0 2  -0.016 
c 4  -0.009 0 3  0.023 

TNY 0.025 
-0.8644 X - 0.3197 Y + 0.3881 Z + 3.2917 A. = 0 

a The equations of the least-squares planes were calculated according 
to the method of Schomaker er al. (24). * This is the nitrogen that is 
involved in the hydrogen bond with 01 .  
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structure and those observed in the other two salicylic acid struc- 
tures are only significant about the C3, C4, and C5 atoms of the 
phenyl ring. The poorer agreement in this region of the molecule 
most likely reflects the solid solution phenomena, i .e. presence of 
3-chloro- and 3,5-dichlorosalicylic acid. 

The C5-CI5 length is in excellent agreement with values re- 
ported (18) for a number of aromatic C-CI bonds. The distance 
between C3 and C13, on the other hand, is considerably longer 
than the commonly found value. The angles about C3 deviate 
substantially from trigonal symmetry whereas those about C5 do 
not. An explanation for the unusual bonding parameters found for 
C13, undoubtedly resides in the small occupancy factor associated 
with this site. It is believed that the standard deviations for the 
positional parameters of C13 are greatly underestimated because 
of the use of the block diagonal approximation and the very low 
occupancy factor associated with this atom. 

The least-square plane calculated through the phenyl ring of 
5-chlorosalicylic acid indicates that the molecule is planar within 
experimental error (cf. Table 111). The atomic displacements are 
greatest (but are not highly significant) in the vicinity of the intra- 
molecular hydrogen bond between 0 2  and 03. A comparable 
situation also is found in the salicylic acid structure. 

Hydrogen bonds appear to be the predominant stabilizing forces 
behind this solid-state association complex. These interactions are 
illustrated in Fig. 2. The weakly basic nitrogen (TN9) of theophyl- 
line participates in a relatively strong hydrogen bond with the pro- 
ton frqm the carboxyl group of 5-chlorosalicylic acid. The 2.682 f 
0.006 A. length between the N and 0 is somewhat longer than the 
similar interaction observed in the caffeine complex (2.644 =!= 
0.007). The difference in the strength of this hydrogen bond in the 
two crystalline complexes most probably reflects the variation in 
the basic character of N9 of the two xanthine molecules. There is 
also a hydrogen bond between the TN7 hydrogen of one theophyl- 
line and TO10 of a centrosymmetrically equivalent molecule. The 
same bonding situation also was faun$ in theophylline monohy- 
drate, but the N to 0 distance is 0.04 A. shorter in the present in- 
stance. The hydrogen bonding scheme (i.e., the two unique hydro- 
gen bonds) is compatible with the infrared data of Cook (19, 26) on 
analogous solid-state complexes. 

In Fig. 2 the dotted lines show the only other intermolecular con- 
tacts involving hydrogen atoms that are shorter than a nonbonded 
contact between the respective atoms,The sum of the van der Waals 
radii of hydrogen and oxygen is 2.6 A. (20). A recent article on the 
topic of C-H hydrogen interactions by Donohue (21) suggests that 

Figure 2-A view of the molecular species in the crystal lattice show- 
ing the hydrogen bonding network (dashed lines). Dotted lines are 
relutioely short C-H . . . 0 contacts. 

n 

Figure 3-The stacking arrangement of the 5-chlorosalicylic acid 
molecules about theophylline. The salicylic acid molecule with the 
heavier bonds is abooe the xanthine, white the other is below in this 
illustration. 

a 2.4 A. contact between hydrogen and oxygen is a more realistic 
minimum value for a normal van der Waals contact between these 
two atoms. It is thus felt that the C-H. . .O contacts shown in Fig. 
2 are not hydrogen bonds of the type postulated by Sutor (22). 
Verification of such hydrogen bonds must be determined by other 
physical chemical measurements, e.g., infrared data. 
In a previous report it was postulated that in certain association 

complexes (3, the a-p unsaturated ketone portion of a molecule 
may be involved in polarization bonding with the pi system of the 
other component of the complex. This was shown to be possibly 
valid in the case of the 1 : 1 crystalline complex between caffeine and 
5-chlorosalicylic acid. In another crystallographic study on an 
acridine-cytosine complex (23), where neither component has the 
a-/3 unsaturated ketone residue, the only apparent intermolecular 
forces were of the hydrogen bond variety. The stacking arrangement 
about the theophylline molecule in the present structure, shown in 
Fig. 3, has certain features that are analogous to those observed in 
the caffeine complex. The phenyl ring of the salicylic acid moiety 
that is above theophylline in this illustration, overlaps the TC4, 
TC5, and TC6 atoms. In light of the variation in the hydrogen 
bonding schemes of the two xanthine complexes, the stacking 
orientations are remarkably homologous. The atoms TC5 and 
TC4 are closer to the phenyl ring (average 3.41 f 0.01 A.) than 
the other members of the xanthine system. The possibility thus 
exists that a weak attraction exists between the portion of theophyl- 
line containing these atoms and the pi electrons of the salicylic acid 
may cause the observed puckering of the xanthine. A parallel situ- 
ation was also found in the caffeine-5-chlorosalicylic acid complex. 
The packing arrangement and the mode of puckering of the purine 
nucleus lend support to the idea that a localized attractive force 
polarization bonding exists between the phenyl ring and the a-/3 
unsaturated ketone portion of the xanthine in this complex (5). 

Other crystallographic analyses of complexes are underway in 
this laboratory, which hopefully will permit more definitive de- 
scriptions of these interactions to be made. 
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Nuclear Magnetic Resonance and Rheological Studies on the 
Thixotropic Properties of Montmorillonite-Water Systems 

ARTHUR H. KIBBE and OSCAR E. ARAUJO 

Abstract 0 Several proposed mechanisms of the thixotropic behavior 
of montmorillonite-water systems were evaluated. The effects of 
temperature, reshearing, concentration, and storage time on these 
systems were studied by means of NMR aild rheological measure- 
ments. The specific parameters used were the change in line width 
of the NMR spectrum and the static yield values obtained from the 
rheograms. The results indicate clear agreement with the theory that 
the colloidal particles upon contact adhere to form a spacious matrix 
resembling a house of cards. 

Keyphrases 0 Montmorillonite-water systems-rheology 0 Thixo- 
tropic behavior-montmorillonite-water systems 0 Stability- 
rnontmorillonite-water systems 0 NMR spectroscopy-analysis 

Montmorillonite-water systems have long been under 
study by physical chemists and more recently by the 
pharmaceutical industry because of 1 heir unique thixo- 
tropic behavior. 

Hause and Reed (1) found that as little as 0.05% 
bentonite was sufficient to stop gas bubbles from rising 
to the surface. 

Norton and Johnson (2) studied the properties of 
monodispersed clay-water systems and calculated the 
thickness of the water film, finding it to  be approxi- 
mately two molecules thick. 

Freundlich (3) ,  von Engelhardt (4), and Hause ( 5 )  
assume that there are long-range electrical forces which 
permit the indivigual particles to  act over distances of 
the order of lo3 A. This would be similar to the type of 
structure found in a magnet where all the free electrons 
of the iron are lined up in the same direction. 

Usher (6),  Kuhn (7), and Hofmann (8) prefer a 
mechanical picture of thixotropy in which the particles 
touch one another, adhere on contact, and build up a 
spacious matrix resembling a house of cards. 

Macy (9), McBain (lo), and Grim and Cuthbert (1 1) 
explain the rheological mechanism of montmorillonite 
mixtures by assuming that the aqueous layer which sur- 
rounds the clay particle becomes rigid as if it had crystal- 
lized into ice. 

Williamson (12) reviewed the physical relationship be- 
tween clay and water systems and concluded that the 
“ice” theory is the least satisfactory explanation for the 
rigidity of the water film on clay. 

The strength of thixotropic gels increases with de- 
creasing particle size. Brownian molecular motion is 
nonexistent in truly thixotropic systems and the particles 
which have ceased to move seem to  be clearly separated 
from each other by water (12). 

In 1945 Ewing (13) felt that bentonite had become of 
such importance in pharmaceutical preparations that he 
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