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The unit  cell of p-amino-salicylic acid is monoclinic with: a ---- 7.28, b ---- 3.82, c = 25.33 A, fl = 
103 °, Z = 4. The space group is P21/c. The structure has been established by the use of Patterson 
projections and refined by two-dimensional Fourier syntheses. Finally a 'difference Fourier' has 
been computed to confirm the positions assumed for the hydrogen atoms. 

Intermolecular and intramolecular hydrogen bridges have been found. The bond-length variations 
in the benzene ring and in the C-O and C-:N bonds are discussed in terms of resonance between 
several structures. 

I n t r o d u c t i o n  

p-Amino-salicylic acid (P.A.S.) is known to be a 
biologically active substance and has therefore received 
much  at tent ion in recent years. Like salicylic acid, 
this  substance has several physical  properties which 
suggest tha t  the molecules are associated by hydrogen 
bridges; for this  reason we decided to invest igate its 
crysta l  s tructure by  X- ray  diffraction. 

A pre l iminary  account of this invest igat ion has been 
given elsewhere (Coccia, Giacomello & Liquori, 1951). 

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

(1) Crystallographic data 
The uni t  cell of p-amino-salicylic acid is monoclinie 

wi th  the following dimensions:  

a -- 7.28, b = 3.82, c = 25.33/~, fl = 103°; 
V = 6 8 6  A 3 . 

The space group is P21/c and there are four mole- 
cules in the uni t  cell in general positions. 

These crystal lographic da ta  indicated from the s tar t  
t h a t  the molecules were packed in a very favourable 
way. The long c axis and the very short b axis clearly 
suggested tha t  the molecules do not overlap, at  least 
on the projections on (010) and (100), and are only 
s l ight ly  t i l ted with respect to the a-c plane. 

(2) Intensity measurements 

Intensities recorded on Weissenberg photographs 
were es t imated by  visual  comparison with s tandard  
scales. The mult iple-f i lm technique was used to cor- 
relate the strong and weak reflexions, the extreme 
range being 3500 to 1. The measurements  were carried 
out  by  two independent  observers, and the values 
averaged. 

By  comparing both the deviat ions from these aver- 
ages, and the differences between the intensit ies of 

* This research has been supported by the 'Consiglio Nazio- 
hale delle Ricerche'. 

reflexions common to different  sets, the  error was 
es t imated to be between 5 % and 10%. 

The exper imental  intensit ies were corrected only for 
Lorentz and polarization factors and were then  related 
to the absolute scale by  the method  of Wilson (1942), 
which was separately applied to the three zones. 

(3) Molecular orientation on (010) 

A Pat terson projection on (010) confirmed the above 
expectations and allowed us to establish the molecular  
orientat ion on this plane with the help of a model. 
The vector dis t r ibut ion of the Pat terson m a p  was 
found to be consistent with three different possibilities 
of orientat ion of the projected molecules. Structure 
factors were calculated for the three alternatives.  

The best agreement  was obtained for an orientat ion 
in which the molecular axis (connecting the carbon 
atom of the carboxyl  group with the nitrogen of the  
amino group) forms an angle of 55 ° with the  c axis. 
Using the phase constants of these structure factors, 
a Fourier  synthesis  was computed with 60 ampli tudes.  
This gave a very sharp resolution of all the  atoms. 

The rel iabi l i ty  factor R, calculated from the  co- 
ordinates derived from the Fourier  projection, was at  
this  stage 0.40. The use of a thermal  factor de termined 
by a graphical  plott ing of log Fo/Fc against  (sin 0. ~t-1) 2 
reduced this  value to 0.22. 

(4) Molecular orientation on (100) 

Owing to the small  b axis and to the slight t i l t ing of 

the molecules with respect to the a-c  plane, the 
Pat terson projection on (100) did not lead to a straight-  
forward interpreta t ion as in the case of the project ion 
on (010). Therefore the in tens i ty  dis t r ibut ion in  the  
whole reciprocal latt ice was invest igated in order to 
f ind some intense reflexion which could indicate  the  
approximate  orientat ion of the molecules. 

A very strong reflexion with index (123) was found 
on the Weissenberg photograph of the second layer. 
The in tens i ty  of this reflexion was related to the abso- 
lute scale by  comparison with Okl reflexions present  
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on the same film. The absolute intensity of this re- 
flexion, corrected for Lorentz and polarization factors 
was found to be close to the square of the structure 
factor calculated on the_assumption that  the whole 
molecule lay in the (123) plane. By solving eleven 
equations of the type 

xi + 2 y i -  3 z i  = 1 

the y coordinates of the eleven atoms contained in one 
molecule were derived from the corresponding x and z 
coordinates determined from the a-c  Fourier pro- 
jection. Structure factors were then calculated for the 
Okl reflexions and found to agree surprisingly well with 
the observed values. 

A projection on (100) was then computed with al- 
most all the observed amplitudes. Although the elec- 
tron-density map showed a very satisfying background, 
only three atoms of the molecules were fully resolved. 
The coordinates of these three atoms were used to 
calculate the coefficients H K L  of the molecular plane 
by means of the following set of equations: 

H x  1 + K y l  + Lz  1 = 1 ,  

Hx~ + K y  2 + Lz  2 = 1 ,  
H x  3 + K y  8 + Lz  3 = 1 . 

This gave H = 1.015, K = 1-941, L = - 2 . 9 8 5 ,  in 
good agreement with the Miller indices (125). 

By the refinement of the coordinates these coeffi- 
cients of the molecular plane were further changed to 
the final values H = 1.010, K = 1.949, L = -3.018. 

(5) Ref inement  of the structure 

A refining process was carried out mainly for the 
projection on (010) and only indirectly for the projec- 
tions on (100) and (001) by 

(a) computation of successive Fourier syntheses in 
which a progressive number of amplitudes were 
included; 

(b) exact location of the atomic coordinates by inter- 
polating nine values of the electron density accord- 
ing to a Gaussian function (Shoemaker, Donohue, 
Schomaker & Corey, 1950); 

(c) scaling the Fo values at every stage of the calcula- 
tions and accurate determination of the tempera- 
ture factor; 

(d) back-shift corrections by computing 'calculated 
Fourier syntheses' according to Booth (1946); 

(e) inclusion of the contribution of the hydrogens in 
the calculation of the structure factors. 

The process proved to be very efficient since the 
accuracy in the atomic coordinates improved con- 
tinuously, as indicated by the decrease of R at every 
stage. 

Four Fourier syntheses were computed with the 
Fo'S and three with the Fc's on (010). 

The number of terms included was increased from 

60 to 140, while R was reduced to 0.15 after correction 
for isotropic thermal vibrations and inclusion of the 
contribution of the hydrogens. The final density pro- 
jection is shown in Fig. 1. 

/ ;,.' 

c/4 --)- 1 A  

Fig. 1. Electron density projected on (010). Contours are 
drawn at intervals of 1 e.A -~, the first being broken. 

At this stage it was recognized that  no further pro- 
gress could be achieved. This can probably be attrib- 
uted to the anisotropy of the thermal vibration or of 
the atomic scattering. The density map shows in fact 
that the shape of the peaks is rather elliptical and this 
effect is particularly marked for the oxygen atoms. 

I t  may be worth while to point out that  the direction 
of the elongation of the oxygen peaks is nearly at right 
angles to the bond direction, just as found by Cochran 
(1953) in salicylic acid. 

A smaller number of Fourier syntheses was cal- 
culated on (100) since the refinement of this projection 

Fig. 2. Electron density projected on (100). Contours are 
drawn at intervals of 1 e.A -2, the 2 e.A-2 line being broken. 
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was par t ia l ly  taken  care of by  the ref inement  calcula- 
t ions on the  (010) projection. In  this  way we arrived 
at  a value  of R = 0.17 for this  projection. The f inal  
projection on (100) is given in  Fig. 2. 

Only one Fourier  synthesis  was computed for the 
project ion on (001) but  i t  appeared impossible to draw 
any  conclusion from it. The re l iabi l i ty  factor R for this  
zone was therefore computed only at the last  stage of 
the structure de te rmina t ion ;  a value of 0.23 was 
obtained.  

I n  Table 1" approx imate ly  300 values of Fc are 
compared with the Fo's for the projections on (100), 
(010) and  (001). 

(6) The hydrogen atoms 

A characterist ic feature of the  projection on (010), 
which was not  e l iminated by  the refinement,  consisted 
in a regular  deformation of the 1 e.A -~ line in regions 
where the  hydrogen atoms were expected to appear.  
Such an effect was not  present  in the map  calculated 
with the  Fc's omit t ing the hydrogen contributions.  
The contr ibut ion of the  hydrogens to the structure 
factors was therefore taken  into consideration. 

The coordinates were calculated by  assuming usual  
bond angles and  bond distances, and the atomic 
scat tering factor for hydrogen reported in the Inter- 
national Tables was used. A reduct ion in the value of R 
from 0.18 to 0.14 was observed (only Fh0z's with 
2 sin 0 ~ 1 were considered this time). 

These results encouraged the computat ion of a 
'Fourier  synthesis '  using the differences (Fo-Fc) as 
ampli tudes,  Fo'S being the  observed structure factors 
on an absolute scale and F~'s the structure factors 
calculated from the  f inal  coordinates without  the con- 
t r ibut ion of the hydrogens and corrected for the iso- 
tropic the rma l  factor. The result ing map  is shown in 
Fig. 3. 

Apar t  from f luctuat ions in the electron densi ty  
m a i n l y  caused b y  anisotropic effects, the difference 
m a p  contains regions of about  0.6 e.A -2 which can be 
a t t r ibu ted  wi th  cer ta in ty  to the hydrogen atoms. An 
electron densi ty  of 0.3 e.A -~ is found on some of the  
C-C bonds. This m a y  be taken  as a qual i ta t ive  in- 
dication tha t  the  electron densi ty  in the  bonds is. 
h igher  t han  would be expected from the overlapping 
of the  spherical  atomic clouds, as has been a l ready 
shown by  Bril l  (1950). 

Unfortunately, a quantitative interpretation of such 
an effect cannot be a t tempted,  since the mean  s tandard  
deviat ion (m.s.d.) of the electron densi ty  was es t imated 
to be about  0.2 e.A -~ (see paragraph  9). I t  is, however, 

* Editorial note.--Table 1 has been withdrawn and is depos- 
ited as Document No. 4299 with the ADI Auxiliary Publica- 
tions Project., Photoduplication Service, Library of Congress, 
Washington 25, D.C., U.S.A. A copy may be secured by 
citing the Document number and by remitting $2.50 for 
photoprints, or $1-75 for 35 mm. microfilm. Advance payment 
is required. Make checks or money orders payable to: Chief, 
Photoduplication Service, Library of Congress. 

to be noticed tha t  these positive values of the  electron 
densi ty  on the bonds are compensated b y  negat ive  
values in the centre of the benzene ring and  of t h e  
chelation rings. A similar  dis t r ibut ion of the  electron 

~," ..... . G  
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Fig. 3. (-Fo--Fc) Fourier projection on (010). Contributions 
from the hydrogen atoms have not been included. The 
probable positions of hydrogen atoms are indicated by 
shaded circles. Contour lines are drawn at intervals of 
±0"3 e./~ -~', the +0.6 e.A -e line being heavy and the 
negative contours being broken. 

densi ty  has been found by  Cochran for salicylic acid, 
a l though this  author  was able to get a much  more 
detai led and precise map  as a result  of a more ref ined 
exper imenta l  technique in the measurements  of the  
intensities. 

(7) Arrangement of the molecules in the lattice, and 
intermolecular distances 

A drawing of the  molecular a r rangement  and  the  
intermolecular  distances is given in Fig. 4. 

Fig. 4. The structure viewed along [100]. 

I )ymeric  molecules, held together  by  hydrogen 

bridges between carboxyl  groups, are p re sen t  in the  
crystal  latt ice of p-amino-salicylic acid. 

The other intermolecular  distances are of the van  
der Waals  type, except the distances between the  
phenolic hydroxy l  and  the amino group and  between 
two animo groups which seem to indicate the presence 
of very  weak 0 . . .  N and N - . .  N hydrogen bonds. 

(8) Bond distances and bond angles 

Bond distances were calculated from the f inal  co- 
ordinates listed in Table 2 and bond angles were 
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Table 2. Final  atomic parameters 

A t o m  x /a  y/b z/c 
C 1 0.6343 0.329 0.0932 
C~. 0.6473 0.407 0" 1485 
C a 0.4960 0.543 0" 1855 
C 4 0.3204 0.617 0.1742 
C 5 0.3020 0.542 0.1197 
C~ 0.4547 0.404 0.0821 
C 7 0.7892 0.190 0.0554 
OI 0.8130 0.346 0"1642 
O~ 0.9412 0.125 0.0547 
OHI 0.7547 0.131 0"0060 
N 0.1665 0.754 0.2112 

determined graphically. The values obtained are re- 
ported in Fig. 5. 

1.39 

Fig. 5. Measured bond  lengths  and  bond  angles. 

(9) Accuracy in the structure determination 
The m.s.d, in the x~ and z~ coordinates were estimated 

by using the following relation given by Cruickshank 
(1949): 

°(xJ') = a--f i  

811 

(~(x) '~ a(z) = 0.017 /~ for the carbon atoms, 
a(x) ~ a(z) = 0.012 A for the oxygen atoms, 

and a(x) ~- a(z) = 0.014 /~ for the nitrogen atom. 

Since the y coordinates were obtained indirectly 
from the x and z coordinates, neglecting the error in 
the orientation of the molecular plane, the m.s.d, in 
the bond distances was calculated from the following 
relation: 

d 
= { 2 ( 1  + c o s  

where d is the bond distance and d~_~ is its projection 
on the a-c plane. 

The mean value of a(d) was 0.02 A. 
The a values are to be considered overestimated 

since it was assumed that  the differences F o - F c  are 
to be attributed only to errors in the atomic coor- 
dinates, while, as discussed above, there are clear 
indications that  anisotropic effects contribute also to 
this disagreement. 

The mean standard deviation in the electron density 
on (010) was estimated from the following relation 
(Cochran, 1948) : 

- -  2 
a(@) = (A@~) ½ = -~.4a(Fo)(½N) ½ . 

(~(Fo) was estimated by comparing the measured in- 
tensities of 001 reflexions of two different equatorial 
Weissenberg photographs and a value of 0.36 was 
obtained (F(000) = 80). a(@o) therefore comes out to 
be about 0-2 e./~ -2. 

For AFj  the values 4(Fo-Fc)  and for 2p-~o the curva- 
tures of the peaks in the a-c projections, averaged for 
atoms of the same type, were substituted. The curva- 
tures were determined graphically by assuming a 
Gaussian distribution of the electron density within 
0.4 A from the centre of the peaks (Burbank, 1953). 

Table 3. Electron density and curvature of Fourier peaks 
in the projection on (010) 

d2@° (e A-4~ 
A t o m  @o (e. A-9) ~ ' " " 

C 1 6.84 52 
C 2 6.71 52 
C 3 6.93 54 
C 4 6.71 52 
C 5 6.45 45 
C e 6.60 49 
C~ 6.77 61 
Oi 9.24 70 
Oil 9.58 69 
O m  9.39 71 
N 7.83 60 

@o, carbon = 6 .72±0.11  e.A -2, @o, oxygen  -- 9 .40±0-12 e.A -2. 

The values of the curvatures are reported together 
with the values of the electron density at the center of 
the peaks in Table 3. 

The m.s.d, in the x and z coordinates were 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The packing of the molecules in the unit cell, the 
intermolecular distances, the bond distances and the 
positions of the hydrogen atoms are all consistent with 
the following scheme for the hydrogen bond system in 
p-amino-salicylic acid : 

H N " ~ ' - / x ~ O l  O l ~ / r - - - - ' ~  NH2 
, ~ "O,%--O~..H_O)------" 

The different bond distances found for C-OI and 
C-0u  and the positions of the hydrogens show clearly 
that  these groups are not equivalent. The C-OI and 
C-O~ correspond respectively to the C-O group and 
to the C-OH group. 

Oi forms two hydrogen bonds, an intramolecular 
one with the phenolic OH and an intermolecular one 
with the carboxylic OH of a molecule related by a 
centre of symmetry. 

The intermolecular bridge is responsible for the 
relatively high melting point and low solubility of 
p-amino-salicylic acid, while the intramolecular hy- 
drogen bridge might well explain the fact that  the 
dipole moment of p-amino-benzoic acid does not 
change appreciably when the OH group of the p- 
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amino-salicylic acid is introduced (Iannelli, Giordano 
Orsini & Daniele, 1953). 

I n  contras t  to the  results obtained for al iphatie 
amino acids, a hydrogen bridge between the  carboxyl 
groups is preferred in this case to t h a t  between an 
amino group and  the  carboxyl  group. This can be ex- 
plained by  the  fact  t h a t  the  N H  2 group is conjugated 
with the  benzene ring and therefore zwitterions cannot  
be formed. Thus the  molecules are uncharged in the  
crystal .  

Assuming t h a t  the  four formulas shown in Fig. 6 

f 

i ?  V 
NH, I~ NHa, 

H 

'I N l H, Nil:"1'4 H' 

Fig. 6. 

contr ibute to the  s ta te  of an uncharged molecule of 
p-amino-salicylic acid, the best agreement  between 
measured and calculated distances was obtained as- 
suming the  following contr ibutions:  

(I) 58%, (II)  95/0, ( I I I )  20%, (IV) 13% (Table 4). 

The relat ion:  
3x 

R = R i -  (R i - R e )  2 x -  1 

was used with R i -- 1.54 /~, R~ = 1.34 ~ for C-C, 
R i = 1.42 A, R e = 1.20 A for C - 0  and R i = 1.51 ~ ,  
R~ = 1.24 J~ for C-N (Pauling, 1948). 

Table 4. Comparison between measured and calculated 
bond lengths 

Measured Percentage Calculated 
distances double distances 

Bond (A) bond (A) 
a 1.43 28 1.42 
b 1.45 21 1.42 
c 1.38 55 1-38 
d 1.40 43 1-40 
e 1.44 25 1-42 
f 1.39 50 1.37 
g 1-41 39 1.43 
h 1.37 9 1.37 
i 1.35 13 1.35 
1 1.21 87 1-24 
m 1.39 21 1-39 

The Kekuld formulas account  for only about  60% 
of the tota l  contribution, and this m a y  explain several  
properties of this substance such as the  high ra te  of 
decarboxylat ion,  the  low p K  value, corresponding to  
the  ionization of the  amino group, and the  m a r k e d  
var ia t ion of the  absorpt ion spect rum with the  p H  
(Liquori & Ripamont i ,  unpublished).  

We are indebted to Prof. R. Brill, guest  of our  
Ins t i tu te ,  for m a n y  helpful discussions. This work was 
carried on while one of us (F.B.)  was on a research 
fellowship gran ted  by  the  'Fondazione Donegani ' .  
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