
2924 C R Y S T A L  S T R U C T U R E  O F  F R O Z E N  o - E T H O X Y B E N Z O I C  A C I D  

her encouragement.  They also wish to thank Dr  Carol 
Huber  and Dr S. Natara jan for helpful discussions. 

References 

BRAUER, G. M. (1965). Rev. Beige Med. Dent. 20, 
323. 

BRAUER, G. M. (1967). Ann. Dent. 26, 44. 
COPELAND, H. 1., BRAUER, G. M., SWEENEY, W. T. & FOR- 

ZtATI, A. F. (1955). J. Res. Nat. Bur. Stand. 55, 133. 
CRUICKSHANK, D. W. J. & SPARKS, R. A. (1960). Proc. 

Roy. Soc. A258, 270. 
DEWAR, M. J. S. & SCHMEISlNG, H. N. (1959). Tetrahedron, 

5, 166. 
GOPALAmR~SHNA, E. M. & CARTZ, L. (1969). Acta Cryst. 

A25, $56. 

HALL, S. R. & AHMED, F. R. (1968). Symbolic Addition 
Procedure - A Fortran Program for Centrosymmetric 
Structures. Biochemistry Laboratory, National Research 
Council of Canada, Ottawa 7, Canada. 

HUBER, C. P. & BRISSE, F. R. (1970). Direct Phasing 
Methods-A Fortran Program for Centrosymmetric and 
Non-centrosymmetric Structures. Biochemistry Labor- 
atory, National Research Council of Canada, Ottawa 7, 
Canada. 

International Tables for X-ray Crystallography (1962). Vol. 
III. Birmingham: Kynoch Press. 

JOHNSON, C. K. (1965). ORTEP. Report ORNL-3794, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee. 

KARLE, J. t~ HAUPTMAN, H. (1953). Acta Co,st. 6, 473. 
SCHOMAKER, V. t~; TRUEBLOOD, K. N. (1968). Acta Cryst. 

B24, 63 
STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 

J. Chem. Phys. 42, 3175. 

Acta Cryst. (1972). B28, 2924 

The Crystal Structure of Ammonium Hydrogen Terephthalate 

BY R. E. COBBLEDICK AND R. W. H. SMALL 

Chemistry Department, The University, Lancaster, England 

(Received 13 June 1972) 

The crystal structure of ammonium hydrogen terephthalate, NHa+C6HaCOOHCOO -, has been deter- 
mined using three-dimensional X-ray data measured with a proportional counter. The space group is 
C2/c with four molecules in the monoclinic unit cell. Positional and anisotropic thermal vibrational 
parameters have been refined by the method of least-squares gMng a final conventional R value of 
0.076. The crystal structure consists of chains of centrosymmetric terephthalate ions linked by short 
hydrogen bonds across centres of symmetry (O . . .  O distance of 2.51 A) and these chains are linked via 
the ammonium ions to form a three-dimensional hydrogen-bonding network. The carboxyl groups are 
twisted 9 ° out of the plane of the benzene ring to form hydrogen bonds with the ammonium ions. Bond 
lengths for the terephthalate ion have been corrected for librational motion and are C-C (carboxylate)= 
1"495+0-004, C - O =  1-237+0.004, C - O =  1.310+0-004, C - C =  1.386+0.005, C -C=  1.409+0.005 and 
C-C = 1"374 + 0.005 A. 

Experimental 

A sample of  a m m o n i u m  hydrogen terephthalate was 
prepared by the dropwise addit ion of  aqueous am- 
monia  to a solution of  terephthaloyl chloride in pyri- 
dine. Plate-shaped crystals were grown by recrystal- 
lization from an aqueous solution of  dimethylforma- 
mide. Composi t ion of the crystals was confirmed by 
quantitative elemental analysis and mass spectrometry. 

Weissenberg photographs showed the crystals to be 
monoclinic and the systematically absent reflexions, 
hkl for (h + k) = 2n + 1, hOl for l =  2n + 1, indicated the 
space group to be Cc or C2/c. The space group was 
later assumed to be C2/c on the evidence of  a centric 
distribution of  the three-dimensional intensities (How- 
ells, Phillips & Rogers, 1950). Cell dimensions were 
determined by a least-squares fit to 0 values of  a num- 
ber of  reflexions measured on a three-circle diffractom- 
eter (Small & Travers, 1961) using Cu Kc~ radiation 
(2=  1.5418/~). The density was measured by flotation 

using a mixture of  chlorobenzene and carbon tetra- 
chloride. Crystal data are shown in Table 1. 

Table 1. Crystal data 

C8H9NO4 
a= 18"913 + 0"004/~ 
b= 3.801+0-001 
c = 11.460 + 0.002 
,8 = 97.44 + 0-04 ° 
V= 816.99/~3 
Z= 4 

Dobs= 1-472 g.cm-3 
Dealt= 1"489 

Determination and refinement of the structure 

A total of  891 integrated intensities (833> la)  with 
sin 0 /2<0.642 A -1 were measured using the three- 
circle diffractometer. Corrections were applied to the 
intensities for the absorption of  X-rays using the pro- 
gram ABSCOR on the Chilton ATLAS computer.  
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C r y s t a l l o g r a p h y  (1962) .  

T a b l e  2. F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  

The  values of  the f ract ional  coord ina tes  and  the es t imated  
s t anda rd  devia t ions  (in parentheses)  are mul t ip l ied  by 104. 

x y z 
C(1) 1078 (1) 8816 (8) 5529 (2) 
C(2) 1810 (1) 8122 (7) 5229 (2) 
C(3) 1997 (1) 8868 (8) 4132 (2) 
C(4) 2320 (1) 6726 (8) 6101 (2) 
O(1) 945 (1) 8594 (7) 6549 (2) 
0 (2)  599 (1) 9680 (7) 4655 (2) 
Y 0 (0) 5839 (14) 2500 (0) 
H( I )  231 (22) 7127 (127) 3082 (34) 
H(2) 338 (22) 4348 (120) 2126 (31) 
H(3) 1630 (17) 198 (96) 3541 (27) 
H(4) 2153 (17) 6179 (95) 6869 (29) 
H(5) 0 (0) 0 (0) 5000 (0) 

T h e  f ina l  p o s i t i o n a l  p a r a m e t e r s  a r e  s h o w n  in  T a b l e  2 
a n d  t h e  v i b r a t i o n a l  p a r a m e t e r s  o f  t h e  C ,  N a n d  O 
a t o m s  in  T a b l e  3. O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  
a m p l i t u d e s  a r e  l i s t e d  in  T a b l e  4. 

Analysis of the anisotropie thermal motion 

T h e  c e n t r e  o f  m a s s  o f  t h e  t e r e p h t h a l a t e  i o n  l ies  o n  a 
c e n t r e  o f  s y m m e t r y  a n d  t h u s  t h e  r i g i d - b o d y  a n a l y s i s  
m e t h o d  o f  C r u i c k s h a n k  (1956 )  in  w h i c h  t r a n s l a t i o n a l  
a n d  r o t a t i o n a l  d i s p l a c e m e n t s  a r e  r e p r e s e n t e d  in  t e r m s  
o f  t w o  s y m m e t r i c  t e n s o r s  T a n d  L is s u f f i c i e n t .  T h e  
t h e r m a l  m o t i o n  a n a l y s i s  p r o g r a m  M G T L S  o f  G a n t z e l  
a n d  T r u e b l o o d  w a s  u s e d  t o  t e s t  t h e  v a l i d i t y  o f  r i g i d -  

T a b l e  3. T h e r m a l  v i b r a t i o n a l  p a r a m e t e r s  

The  values of  the vibra t ional  pa ramete rs  and  the es t imated  s t anda rd  devia t ions  (in parentheses)  are mul t ip l ied  by 104 . The  tem- 
pera ture  factor  expression used is of  the fo rm exp { - (bl thZ + bzzk 2 + b33/2 + 2blzhk + 2613hl+ 2bz3kl)}. 

bt l  b22 b33 b12 b13 b23 
C(1) 17 (1) 473 (23) 61 (2) - 16 (4) 4 (1) - 3 3  (6) 
C(2) 14 (1) 334 (19) 50 (2) 2 (3) 0 (1) - 11 (5) 
C(3) 17 (1) 438 (21) 48 (2) 6 (4) - 1 (1) - 1 (6) 
C(4) 19 (1) 433 (22) 42 (2) - 3  (4) 0 (1) 2 (6) 
O(1) 19 (1) 973 (24) 59 (2) 7 (3) 10 (1) 0 (5) 
0 (2)  16 (1) 1097 (26) 60 (2) 39 (3) 1 (1) - 4  (6) 
N 38 (2) 680 (40) 70 (3) 0 (0) 16 (2) 0 (0) 
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body  m o t i o n  o f  the  ion as a whole.  Rig id-body  the rmal  
pa ramete r s  for  the ion are shown in Table  5 and  Table  
6 gives the U U values ca lcula ted f rom these paramete rs  
and  the 'observed '  values ob ta ined  f rom the bil values 

Table  5. Rigid-body thermal parameters referred to 
orthogonal axes a, b, c* 

Estimated standard deviations of the elements of the T and L 
tensors are given in parentheses. 

o f  the final least-squares ref inement  cycle. The  satis- 
fac tory  agreement  between the observed and calcu- 
lated Uij values and compar i son  o f  the r.m.s. A U~ of  
0.0027 A 2 calculated f rom the rigid body  model  wi th  
the mean  aUij of  0.0014 A 2 calculated froln the esti- 
mated  s t andard  devia t ions  of  the bij values is evidence 
of  the val idi ty o f  the analysis.  The a tomic  coord ina tes  
were corrected for the l ibra t ional  mot ion  of  the ion. 
Uncor rec ted  and  corrected bond  lengths and  angles 

274 (9) - 4 7  (10) - 3 9  (9) \ are given in Tables 7 and  8. 
T =  118 (17) - 4 7  (13)] x 10-4 A,z 

278 (12)] 
[ 148(13) - 2 9 ( 4 )  - 3 0 ( 3 ) \  Table  7. Bond lengths and their standard deviations 

L =  ~ 17 (2) 6 ( 2 ) )  x 10-4 rad z 
45 (2) Before libration After libration 

correction correction 
Principal axes of T C(1)-C(2) 1.493 (4)/X, 1-495 (4) A 

r.m.s, amplitude (A) Direction cosines (x 103) C(1)-O(1) 1.230 (3) 1.237 (4) 
0.177 -685  - 11 728 C(1)-O(2) 1-303 (3) 1.310 (4) 
0.163 -668  408 -622  C(2)-C(3) 1.379 (4) 1.386 (5) 
0.094 - 290 - 913 - 287 C(2)-C(4) 1.400 (4) 1.409 (5) 

C(3)-C(4') 1.371 (5) 1-374 (5) 
Principal axes of L C(3)-H(3) 1-04 (3) 
r.m.s, amplitude (rad) Direction cosines ( x 103) C(4)-H(4) 1"00 (3) 

0-127 - 946 192 262 O(2)-H(5) 1.25 (-) 
0-061 -247  67 -967 N H(1) 0.89 (4) 
0"033 -208  -978  - 14 N .  H(2) 0"99 (4) 

Table  6. Observed and calculated values of  (U~j x 104) in A z 

Ull U22 U33 U12 U13 U23 
obs calc obs calc obs calc obs calc obs calc obs calc 

C(1) 295 288 346 414 398 365 - 4 8  7 - 4  20 -71  - 4 8  
C(2) 261 277 245 188 324 298 11 - 3 4  - 4 3  - 3 4  - 2 4  - 4 8  
C(3) 311 309 321 342 317 305 23 21 - 5 3  - 3 2  - 3  14 
C(4) 351 309 317 323 276 303 - 1 2  - 1  - 3 2  - 1 4  4 19 
O(1) 315 326 712 687 383 398 27 46 61 32 0 - 1 6  
0(2) 288 312 803 789 394 423 144 108 - 4 6  - 4 9  - 9  - 2 5  

I 
Fig. 1. The crystal structure projected on to (010). 

/ 
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Table 8. Bond angles and their standard deviations 
Before libration After libration 

correction correction 
C(2)-C(1)-O(1) 121.1 (6) ° 120.9 (6) ° 
C(2)-C(1)-O(2) 116.2 (5) 116.1 (5) 
O(1)-C(1)-O(2) 122.7 (6) 123.0 (6) 
C(1)-C(2)-C(3) 121-9 (5) 121.8 (5) 
C(1)-C(2)-C(4) 118.5 (5) 118-3 (5) 
C(3)-C(2)-C(4) 119.6 (6) 119.9 (6) 
C(2)-C(4)-C(3') 120.2 (7) 120.1 (7) 
C(2)-C(3)-C(4") 120.2 (7) 120-1 (7) 
C(2)-C(3)-H(3) 118 (2) 
C(2)-C(4)-H(4) 116 (2) 
H(3)-C(3)-C(4") 121 (2) 
H(4)-C(4)-C(3") 124 (2) 
H(1)-N---H(2) 111 (4) 
H( 1 )-N---H(1') 113 (4) 
H(2)-N---H(2') 110 (4) 
H(2)-N--H(I') 106 (4) 

Discussion of the crystal and molecular structure 

(a) Arrangement of the ions 
Because of the space-group symmetry the ions lie in 

special positions. The nitrogen atom of the ammonium 
ion lies on a twofold axis, the acidic hydrogen atom 
lies on a centre of symmetry while the centre of mass 
of the terephthalate ion is on a centre of symmetry so 
that the ion is centrosymmetric. 

The centrosymmetric terephthalate ions are linked 
into chains by short hydrogen bonds across further 
centres of symmetry. The hydrogen bonds are crystal- 
lographically symmetric and the O . . . O  distance is 
2.51 A. The nitrogen atom of the ammonium ion on 
the twofold axis is closely surrounded by six oxygen 
atoms of which the four closest, from four different 
terephthalate ions, are linked by hydrogen bonds. 
These hydrogen bonds with the ammonium ions link 
the chains of terephthalate ions to form a complete 
three-dimensional network. The four shortest N . . - O  
contacts are two each of 2.77 and 2.95 A, and the two 
non-hydrogen bonding contacts are each 3.05 A. Other 
hydrogen-bonding geometry is given in a later section. 

Fig. 1 shows a projection of the structure on to (010). 

(b) The terephthalate ion 
The benzene ring is planar within the limits of the 

experimental error and the plane through the carboxyl 
group makes an angle of 9 ° with this plane. The equa- 
tions of these planes referred to the orthogonal axes 
a, b, c* and the deviations of atoms from them are 
shown in Table 9. The two C-O bond lengths are 
C(1)-O(1) = 1.237 A and C(1)-O(2)= 1.310 A while the 
C-C-O angles are C(2)-C(1)-O(1) = 120.9 ° and 
C(2)-C(1)-O(2)=116.1 °. Hahn (1957) has suggested 
two equal C-O bond lengths of 1.260 A and two equal 
C-C-O angles of 117.3 ° for a completely ionized car- 
boxyl group, and bond lengths differing by at least 
0-1 A and angles by at least 9 ° for an un-ionized 
carboxyl group. The C-O lengths and C-C-O angles 
in ammonium hydrogen terephthalate are interme- 
diate between these two extremes. Similar intermediate 

values have been found in a number of acid salts, 
particularly by Speakman (1967), who has classified 
acid salt structures into two general types: type A 
characterized by the hydrogen bonding of two acidic 
radicals related by a symmetry element, and type B 
in which the acidic radicals are not crystaUographically 
equivalent. 

(a) Plane 
Equation 

Table 9. Deviations of atoms from the least-squares 
planes 

through the benzene ring carbon atoms 
of the plane, referred to orthogonal axes a,b,c* is 

0.2215x + 0.926 ly + 0.3054z = 5.2585. 

C(2) 0.002 ,~ C(1) 0.034 ,~ 
C(3) - 0.002 O(1) 0.220 
C(4) - 0-002 0(2) - 0.137 
H(3) 0.127 H(5) -0.167 
H(4) -0.024 

(b) Plane through atoms C(1), C(2), O(1) and 0(2) 
Equation of the plane referred to orthogonal axes a,b,c* is 

0.2155x + 0.9653y + 0.1478z= 4-4279. 
C(1) -0.002 A. 0(2) 0.001 A. 
C(2) 0-001 H(5) -0"079 
O(1) 0"001 

(e) The ammonium ion 
The ammonium ion has its hydrogen atoms ap- 

proximately directed to the corners of a regular tetra- 
hedron and these hydrogen bond to four different tere- 
phthalate ions to give a three-dimensional hydrogen- 
bonding network. The H - N - H  angles range from 106 
to 113 ° and the mean angle is 109.5 ° . 

(d) The hydrogen bonding 
The hydrogen bonds linking the terephthalate ions 

end-to-end to form chains are crystallographically 
symmetric and the O . . . O  distance is 2.51 /k. Hydro- 
gen bonds with the ammonium ions link these chains. 
The geometry of the hydrogen bonds is summarized 
in Table 10. 

Table 10. Hydrogen-bonding geometry 

(a) Distances 
N-H(2) 0.99 ,~. 
N. • .O(1) 2.78 
H(2)...O(1) 1.79 
0(2)...  H(5) 1.25 
0(2).. .  0(2') 2.51 

(b) Angles 
C(1)-O(1)..-N 121"9 ° 
N-H(2)...O(I) 175.5 
C(1)-O(2)''' O(2') 110.4 

N-H(1) 0.89A 
N. • .0(2) 2.96 
H(1)... 0(2) 2.09 

C(1)-O(2)...N 132-0 ° 
N-H(1)...0(2) 167.2 
O(2)-H(5) • • • O(2') 180.0 

Although the oxygen atoms of the short hydrogen 
bonds are related crystallographically by a centre of 
symmetry and require the acidic hydrogen atom to lie 
on the centre of symmetry, the hydrogen bond may 
not be truly symmetrical. Other possibilities such as 
statistical disorder or the oscillation of the proton be- 
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tween po ten t ia l  energy m i n i m a  canno t  be ruled out  by 
the use o f  X-ray diffract ion.  
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The crystal structure of thiamine chloride monohydrate (C12HI7C1N4OS.H20) has been determined 
from three-dimensional diffractometer data. The crystals are monoclinic, space group P21/c, with four 
molecules in the unit cell; a =  8"914 (3), b=  16-775 (3), c=  10.405 (1)/~, fl= 94-28 (2) °. The structure was 
refined by the full-matrix least-squares technique to a final R value of 0"033 for the 2368 observed reflec- 
tions. The conformation found for the free base of thiamine is very similar to that which is observed for 
the protonated form. The absence of the proton on the pyrimidine ring reduces the latter's 'quinoidar  
character, but the bond to the amino group, although longer in the unprotonated compound, still 
exhibits considerable double-bond character. 

Introduction 

The  p y r o p h o s p h a t e  ester o f  th i amine  is a coenzyme for 
a n u m b e r  o f  different enzyme systems. Since th i amine  
a lone  catalyzes m a n y  o f  the same react ions  as the en- 
zyme systems, we have been s tudying  th iamine  and  its 
derivatives in an effort  to correla te  its s t ructural  features 
wi th  its chemical  propert ies .  The  present  s tructure,  
which  conta ins  the free base o f  th iamine ,  is the only  
one s tudied in which the pyr imid ine  ring is no t  
p ro tona ted .  

Experimental 

The  free base of  th iamine  was p repared  by t i t ra t ing a 
2 M  so lu t ion  o f  th i amine  chlor ide  hydroch lo r ide  (East- 
m a n  Organic  Chemicals)  with sod ium hydrox ide  to 
p H  8. The  c o m p o u n d  was crystal l ized by adding  an 
equal  vo lume of  ace tone  to the result ing 1 M solut ion  
and  then  ma in t a in ing  it at  approx ima te ly  - 1 5 ° C .  
Colorless ,  t abu la r  crystals grew slowly over several 
days '  t ime. The  space g roup  was de te rmined  f rom 
Weissenberg pho tographs .  The  unit-cell  parameters  
were de te rmined  f rom the axial reflections using a 
Picker  four-circle d i f f rac tometer  with Cu Kc~ radia t ion.  
The  al  peak  was used whenever  the ele2 doub le t  was 
resolved. The  e.s.d. 's are the r.m.s, devia t ions  for  the 
var ious  de te rmina t ions  o f  the cell parameters .  The  
crystal  da ta  are summar ized  in Table  1. 

Table  1. Crystal data 
Thiamine chloride 

monohydrate 
M.W. 318.83 
a=8.914 (3) A 
b= 16.775 (3) 
c = 10.405 (1) 
fl = 94.28 (2) ° 
V= 1551.55 .~,3 
Space group P21/c 
F(000) = 672 
/l(Cu Ke) = 34.47 cm- 1 

C12H17CIN4OS. H20 
Data measured at ambient 

temperature, 22 °C 
2(Cu K~-i-~2)= 1.54178 A 
2(Cu K~1)= 1-54051 

Z = 4  
Systematic absences hOl l= 211+ 1 

0k0 k = 2n + 1 

Qo = 1.361 g.cm-3 (by flotation in benzene-CCl4) 
Qc= 1.365 
M.p. 194-196°C unc. (Thermolyne melting point apparatus) 

begins losing water of hydration at ,-, 110°C 

Coordinates of crystal corners ( × 105) in cm in reference co- 
ordinate system : 

x along - c*, Y along a, z along - b*. 

x Y z x Y z 
1453 108 2540 2830 734 318 

-922  - 68 2540 2102 679 1497 
-1572 404 1497 -1572 - 640 1497 
-2830 312 -527 - 2830 -734 -527 
- 2217 357 -1497 -2217 - 688 -1497 
-1568 -117 -2540 1696 -396  -1497 

1045 78 - 2540 2830 -312  318 
1696 648 -1497 2102 -366  1497 

The  intensi ty da ta  were collected (Shiono,  1968a) 
f rom a crystal  tha t  was m o u n t e d  abou t  the b axis 


