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t h a t  Ba2Ti04 undergoes a t  least one phase change 
above room tempera ture .  

Midgley (1952) has suggested t h a t  the  s t ructures  of 
the  h igh- tempera ture  modifications of CagSiOa m a y  be 
derived from the fl-phase by  ro ta t ing  the  SiO4 te t ra-  
hedra.  This m a y  not  happen  with Ba2Ti04 for it is 
not  possible to predict  the  effect of a t empera tu re  
change on the Ti -O bond. If  it  ceases to be stronger 
t han  the other  bonds then it is more likely t h a t  there 
will be a reconstruct ive change to a more close packed 
a r rangement  such as the Sr2Ti04 s tructure.  

I wish to t hank  Dr  F. Ahmed  of the Nat ional  
Research Council, O t t awa  for carrying out  calculations 
on the  I .B.M. 650 computer  a t  the Univers i ty  of 
Ot t awa  and I am indebted to Mr J .  Rowland of the 
Depa r tmen t  of Mines and Technical Surveys,  O t t awa  
for providing X - r a y  facilities. I also wish to t h a n k  
Dr  H. D. Megaw for several helpful discussions. This 
work was carried out during the tenure  of a post- 
doctorate  fellowship awarded  by  the  Nat ional  Research 
Council of Canada.  
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Barbituric acid dihydrate, C4H4N203. 2 H20, forms crystals which have a hydrogen-bonded layer 
structure in which the barbituric acid and water molecules lie on the mirror planes of the space group 
Pnma. The barbituric acid is in the tri-keto form and, within the accuracy of the analysis, has mm 
symmetry.  The water molecules are hydrogen-bonded in pairs and their hydrogen-bond coordina- 
tion is unusual in that  it is planar and approximately trigonal. The structure analysis was refined 
by isotropic and anisotropic least squares methods. 

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

Barbi tur ic  acid, C4H4N203, is the paren t  compound for 
a wide var ie ty  of derivat ives famous for their  drug 
action. A recent compilation (Blicke & Cox, 1959) 
listed several hundred  such compounds,  under  the  
general classification as 'barbi tura tes ' ,  which had  been 
synthesized and examined with respect to their  phar-  
macological act ivi ty.  

* present address, The British Cotton Industry Research 
Association. 

The s t ructura l  interest  in the molecule of barbi tur ic  
acid itself, I,  lies in its behaviour  as a carboxylic acid 
comparable  in s t rength with formic and  benzoic acids. 
This acidity (Ka= 1.0 × l0 -4) is apparen t ly  associated 
with the par t icular  combinat ion of the  active meth- 
ylene group of the malonyl  system with the potent ial  
imino carboxylic configuration of urea,  since com- 
parable  acidi ty is not  shown either by the malonyl  
esters or urea  derivat ives separate ly  or by  related 
cyclic compounds such as isobarbituric acid, I I ,  
( K a : 2 " 5  x 10-9), alloxan, I I I ,  (Ka=2"3 x 10-7), and 
diketopiperazine,  IV. 
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The value for Ka quoted above corresponds to the 
first dissociation constant of barbituric acid, the 
second and third are much smaller. Since the sub- 
stitution of both hydrogens of the methylene group, 
as in veronal, V, or phenobarbital, VI, results in a 
large reduction in acid strength, the aromatic res- 
onance energy of the barbiturate ions VII, VIII, and 
XI, must be the significant factors in the acid beha- 
viour. 
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T h e  c r y s t a l  da ta  

Barbituric acid dissolves readily in water and on 
crystallization forms a dihydrate. The two crystalline 
modifications originally reported by Baeyer (1863) 
were found to be identical except for a difference in 
habit. By slow evaporation of aqueous solution, 
prisms with a tendency to elongate about the b axis 
were obtained, while evaporation of an aqueous 
solution saturated with iodine deposited crystals 
acicular about the c axis. 

The crystals are orthorhombic, class mmm, with the 
normal form showing {110}, {101}, {100} and {010} as 
reported by Groth (1919). The cell dimensions are 

(~tx~l= 1.540, 2x~2= 1.544 A) 
a = 12.74, b = 6.24, c = 8.89 A ,  

giving axial ratios 2.04:1 : 1.42 compared with Groth's 
optical value of 2.0232:1:1.4343. There are four 
molecules in the cell with DM=l-561, Dx=1-552 
g.cm. -a. From the systematic extinctions (Okl for 
k+  1 odd, hkO for h odd) the space group is Pn21a or 
Pnma. The morphology, absence of piezoelectric effect 
and subsequent complete structure analysis established 
the higher symmetry. The refractive indices are 

= 1.40 parallel to b, /~= 1.645 parallel to a, y =  1-65 
parallel to c. There is marked cleavage parallel to (010). 
The crystals slowly decompose in air, presumably 
losing water, to become opaque and eventually form 
powder pseudomorphs. The powder patterns of this 
material are different from those of the hydrate and 
of the original anhydrous compound. 

E x p e r i m e n t a l  

The intensities were eye-estimated from multiple-film 
Weissenberg photographs using a small crystal of 
almost uniform cross-section, somewhat elongated 
about the b axis. Intensity photographs were taken 
with Cu Ka radiation of the three principle zones, 
of the first to fourth layers about the b axis, and of the 
first to fourth layers about the c axis. A duplicate set 
of intensities were also estimated from films on which 
the zero and first to zero and fourth layers of the 
b axis were recorded by the double-slit technique of 
Stadler (1950) in order to reduce the interlayer cor- 
relation errors. No corrections were made for absorp- 
tion. There were 556 observed reflections recorded for 
the determination of the 22 positional parameters and 
44 anisotropic thermal parameters, excluding the 
hydrogen atoms. 

Barbituric acid crystallizes from aqueous solution 
with two water molecules, with which it would be 
expected to be associated by hydrogen bonding. The 
purpose of this investigation is to study the structure 
of this association and of the barbituric acid molecule 
therein. 

T h e  s t r u c t u r e  a n a l y s i s  and  ref inement  

The refractive indices, cleavage, and observation that  
(020) and (040) were very intense reflections with 
strong diffuse thermal streaks suggested that  this was 
a layer structure in which the planar barbituric acid 
molecules lay in the mirror plane of the higher sym- 
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Fig. 1. Barbituric acid dihydrate.  Electron density distribution 
on section at y----0.25. Contour intervals 1 e.A -a, zero omitted. 

metry space group. The close correspondence in rela- 
tive intensities of the even and odd orders respectively 
of the b axis layer-lines suggested that  the oxygen 
atoms of the water molecules occupied two inde- 
pendent special positions, also on the mirror planes. 

From these premises, trial and error calculations led 
to a structure which, on successive Fourier refinement 
of the section at y--0.25, gave the electron density 
distribution shown in Fig. 1. Further refinement was 
carried out by least-squares using individual isotropic 
t e m p e r a t u r e  f ac to r s .  S ince ,  w i t h  t h e  e x c e p t i o n  of t h e  
(0/c0)s, t h e  r a n g e  of s t r u c t u r e  f a c t o r  v a l u e s  w a s  sma l l ,  
a m o d i f i e d  H u g h e s  w e i g h t i n g  s c h e m e  w a s  u s e d  w i t h  
o g : l I F m i n .  I fo r  s t r u c t u r e  f a c t o r s  b e l o w  2 i F  I m i n i m u m  
a n d  1/IFl for  t h e  r e m a i n d e r .  T h e  u n o b s e r v e d  ref lec-  
t i o n s  w e r e  g i v e n  ze ro  w e i g h t .  A f t e r  f ive  cyc les ,  t h e  
p a r a m e t e r  sh i f t s  w e r e  n e g l i g a b l e  in  c o m p a r i s o n  w i t h  
t h e  s t a n d a r d  d e v i a t i o n s .  H y d r o g e n  a t o m  p o s i t i o n s  
c o n s i s t e n t  w i t h  t h e s e  p a r a m e t e r s  w e r e  t h e n  s e l e c t e d  
a s s u m i n g  l i n e a r  0 ' ' .  H - 0  a n d  0 ' "  H - N  b o n d s  
w i t h  H - O ,  H - N  a n d  C - H  al l  e q u a l  to  1.0 A,  a n d  w i t h  
t h e  t w o  m e t h y l e n e  C - H  b o n d s  t e t r a h e d r a l l y  d i s p o s e d  
a b o v e  a n d  b e l o w  t h e  m i r r o r  p l a n e .  W i t h  t h e s e  coor-  
d i n a t e s  as  f i x e d  p a r a m e t e r s  a n d  t e m p e r a t u r e  f a c t o r s  
e q u a l  t o  t h a t  of t h e  a t o m  t o  w h i c h  t h e  h y d r o g e n  w a s  
a t t a c h e d ,  t w o  m o r e  cyc les  of i s o t r o p i c  l e a s t - s q u a r e s  

Table 1. Fractional atomic coordinates and thermal parameters in A 2 
(With standard deviations in parentheses) 

Isotropic 
Atom x z x 

01 -- 0.0572 0.0413 -- 0.0575 
(0.OOO5) (0-0008) (O.OOO5) 

02 0.2900 0.1119 0.2899 
(O.0O05) (0.0009) (O.OO05) 

03 0.0512 0.5224 0.0511 
(O.O0O5) (0.0008) (O.0005) 

04 0.1712 0.7830 0.1710 
(0.0006) (0.0008) (0.0006) 

05 0.3866 0.7619 0.3867 
(0.0006) (0.0008) (0.0006) 

N 1 -- 0.0012 0.2804 -- 0.0012 
(0.0O06) (0.0008) (0.0005) 

C~ 0.0165 0-1277 0.0165 
(0.0006) (0.0011) (0.0006) 

N a 0.1178 0.0788 0.1168 
(0.0006) (0.0008) (O.0OO5) 

C 4 0-2050 0.1722 0.2044 
(0.0007) (0.0010) (0.0006) 

C 5 0.1871 0.3377 0.1870 
(0.0007) (0.0010) (0.0006) 

C 6 0.0756 0.3889 0.0752 
(O.O0O6) (O.0OO9) (0.OO06) 

H 1 0.128 0.685 - -  
H 2 0.249 0.782 - -  
H a 0.406 0.655 - -  
H 4 0.440 0.836 - -  
H 5 0.140 --0.027 - -  
H 6 0.312 -- 0.067 - -  
H~ 0.226 0.380 - -  

All atoms have the 

Anisotropic 

Z B l l  B22 B33 B13 
0"0412 1"60 4"59 1"99  --0"67 

(0"0008) (0"26) (0"41) (0"29) (0"23) 

0.1124 1-05 7.10 2-28 0.20 
(0.0008) (0.24) (0.48) (0.30) (0.23) 

0.5221 2.52 4.96 1.00 0.44 
(0.0007) (0.30) (0.42) (0.24) (0.23) 

0.7833 2.41 6-59 1.56 0.00 
(0.0008) (0.30) (0-48) (0.27) (0.16) 

0.7615 1-93 4.87 2.16 --0.12 
(0.0008) (0.29) (0.40) (0.28) (0.24) 

0.2810 0.91 3.04 0.93 0.10 
(0.0008) (0.26) (0.38) (0.34) (0.28) 

0-1274 0.74 2.88 1.75 0.16 
(0.0011) (0.28) (0-44) (0.34) (0.25) 

0.0786 1.10 2.96 1-03 0.37 
(0.0008) (0-26) (O.36) (0.26) (0.22) 

0.1707 0.88 3.30 1.63 --0.44 
(0.0010) (o.28) (0.47) (o.32) (0.25) 
0.3386 0.71 3.36 1.83 --0.08 

(0.0010) (0.28) (0.47) (0-34) (0.25) 

0.3888 0.54 2.71 1.01 --0.15 
(0.0009) (0.26) (0.40) (0.30) (0.24) 

and not  varied. y coordinates 0.25, which were not  varied. All the hydrogen parameters are assumed, 
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T a b l e  2 .  Observed and calculated structure factors 

h k '1 Fob S Fcxlc h k l Fobs Fcalc h k 1 Fob S Fcalc h k 1 • Fob s Fca.l c h k l Fob s F .a l  e 

~ o" : . . . .  9.7 1 3 0  ° + 17.8 - 1 6 . ,  11 ~ , .0 , 3 . ,  ~ 2 , 23.0 - 2 7 . ,  9 , 6 21.3 -16.2 
16o5 1160 13 5 10 •6  11•7  11 . 0  - 1 0 • 7  9 2 ~ *0 - 2 . 9  10 3 0 1 6 . ?  - 1 6 , 0  

0 0 6 , l o s  -24 ,¢  1 ,  0 0 16,9 1 3 . 6  11 1 5 22 , ' .  27,+, 9 ~ 9 , 0  1 8 , 5  10 ~ 21 37,1 3"~.8 
0 0 8 24.o5 21*9 16 0 1 11,5 10,9 11 ~ 6 29*3 26,.l I 0 34*g -~+0,+ 10 27*1 25.2 
0 0 I0  oO 3 , 8  i , .  0 ~ 7•~. 4 • 7  11 7 , 0  * , o  I0 2 1 1 8 , 3  1 8 , 4  I0  3 3 •0  7 . 9  

o 1 1 , 5  9 , 0  1 ,  0 2 + , 3  - 2 , . , 2  12 ~ " 2 . . . .  2 • . 8  1o ~ ~ + , , 5  + 7 . ,  10 ~ + 13 ,+  - 5 . 8  
0 2 2d+,O -19,3  1~+ 0 + 20,0 -2100 12 ~ ,0 "*~+ 10 11•+ -1109 10 5 17,2 -1603 

1 0 3 '802 12.2 15 0 ~ 6,6 -5 .9  12 1 2 ,0 -5•8 lC 2 ; 26,5 27,5 I0 ~ 6 ,0 ~.0 
~ t+ 39*6 -++,7 15 0 17*? -18*1 12 1 3 19,1 18.1 10 2 2&17 26t41 11 63,2 +,3,7 

S 36*S -36 ,6  15 0 3 12o4 12,9 12 1 • 20,3 29,8 10 2 6 9,+ 10,0 11 3 2 *0 - l o . 7  
0 ~ 33,1 35.1 15 0 ~ 17,8 19.9 12 ~ 5 8,6 -9 .0  11 ~ ~ ,0 " ' +  11 3 : 12.6 - I  l ' l '  
" 9,9 - 8 , 3  16 0 2 8 , 0  3 0 , 8  12 6 1 0 , 3  - I 0 • 5  I I  4`+•I 5~.7 I I  . ?sO 

1 0 3 10,8 -7 ,2  16 0 1 9.6 -11.0 12 1 7 8••  9,1 11 2? 3 8,7 -10,9  -20.7  
! 0 9 26,1 -300? 0 1 1 65*6 -10903 13 l 1 1300 -11.9 I I  4 13,4 11•6 11 3 5 16•2 

t : 16.9 20.0 : : .o 1.6 2o.~ 0 19 15.0 15,7 0 1 3 107s2 -179.~ 13 11 12 21,9 
o IoI .0 .~ ~ ~ 6 0 ,  6 6 9  1~ 18•~ 1 6 . .  11 11•1 1 2 . 8  

2 0 +7.5 55. I  O 1 10,1 12,! 13 1 + • • , 8  12 2 0 16•3 16,6 12 3 1 ,0 - . 7  
2 7 8 . 3  - . 0  ~ 65 15.1 1 2 . 3  23.6 27.5 12 11.6'° +.~ ~ , 5o.~ ~ I 12 132 i + .  13 12 12 ; ,~ - - . ,  

• 13.5 12 12 3 4 14,.5 -15.9 25.1 75.6 13 1~.,, ~ ~ 20.6 23.2 
2 0 3 5 ,  -5.6 o ~ ~ .0 2.6 i+ ~ ; 32.0 , 6 . 5  12 ++ : 13.5 i , ,  ; 2' 
2 • 56,2 66,3 l 28•5 -34",3 It-, ,0 2,++ 12 *0 -+*2 13 10,6 9.2 
2 0  ° 5 2 9 ,  27.8 , , 2 27.3 , 2 . :  1~ ~ 3 .0 5.9 13 : , 9.0 9.'2 1313 3 3 1,.61"5 -,.61+.~ 

o 9.4, - , ,  ~ ~ + 5 , ,  - . ,  -1o .8  ~ : ol ? 16 + . 0  2,3 13 10,1 26.7 
-80 ,0  1• : ~ ?,9 -7,1 13 ~ ~ .0 -~15 1 26,7 

2 0 33*+ 3216. ~. ?0*2 3*2 15 18,5 -17.7  13 12•7 16.5 *0" ] 87e2' 2 o 8 13,+ 15.6 1 ~ ~ 7.o o + -13.+, 
13,5 ° 3 . 0  0 11~ 1 .+  1 3++ 11:~ ~++ 2 0 9 7  

• 35.5 - , 0 . 6  16 ~ 0 . -11.0 10 22 2 -3 .2  p, : ++ . . . . .  ~, 
o ~',+ . ,  ~ ~ ++ 3 , +  10 6.o . -8 .8  

2 o ~ 25,2 2515 -17.1. 20o4 16 -14,6  14 17,8 5,2 
13,0 -10.2 3 o 37+? 3 o ~ . . . .  ~ 11 -1 .o  12 811. ~; .0 5,2 -~656,6 5.+, -10 .6  : 71.2 ~ 21 15.4 : : 43 8.9 13.+ -97,2  0 32,7 -16.0 166,+ 3 0 + .O -•.5 2 0 2 33*2 15 17.9 

0 p, 52.6 -66.0 2 , i 31.? -28.~, o 2 + 12.7 -10.6 "0 8.9 .11 .2  
10.6 12.5 2 i 2 2 , 9  -16.8 ° 2 6 , . 0  ,8 .2  + ~ , . 6  t : ++ 21.9 -1 , . , .  38*9 1207 12.3 

0 7 01.4` +~,.B ~ ~ 3 3 6 , 1  3 4 , 3  3 3 * r+++ 0 : 8  16•1 - 1 7 . 2  0 ~ : 76.4,  9 4 • 6  ~ ! : :00 - 1 . 4  
3 +, ?*9 -915 + 3613 ~ 1 | o . 0  -2,,9 O 41.8 -&o . |  3910 -61,3  -6 ,9  1 9 18*0 -18.5 3 0 9 15*2 -14 ,6  Z : 23•0 -20,1 2 8*8 -7 ,9  0 3 ? *0 

0 10 12.0 10.0 2 ~8.3 1 , .  ~ ~ ~ 22.6 18.8 0 3 9 .0 11 .4 ,  2 + 0 29.8 31.6 
, o i o , :0 , . 9  ,+ ~ ++ 11.6 13.0 i 2 + 1 , 7  -11.1 1 , , 15.3 19.8 2 4 `  1 2 2 . 9  -27.o  

30•8 33,1 1 3 2 19,+ 19.2 2 + 2 22*6 23,0 
++ 1.6 15.6 ~ 5,2 ~ ~ ~ ~ : -33,1 : : 9,6 -4 ,2  4 0 1 4+.3 -63s9 2 9 *0 2 30*2 28•4 35~0 2 

10 17,0 - 1 6 . "  2 :1 06 *+8,3 19,1 18.9 4 O0 32 15*5 12.8 2 I I I  12*9 -12•0 I 2 7 26 -27,1 49, 2 4 28.9 23,1 2 5.7 1 3 ~ • -3*3  2 + S 17,9 12.3 
+ ^ • 3 2 0  - , o . ?  : ~ ; , 6 ,  95.+ t 2 8  55  1,..o 1 , .2  . . . .  I,.6 55.+ .38., } . o  : + + +  16.6 , . 7  , 6 .9  t : .~ 13 . ,  - , . 2  19.5 23,6 

17.1 13.1 22*6 2 + 8 37.2 *0 1 3 *00 7.5 35.~ 25.6 ++ 1 -13.6 28.9 ~. ~ ~.519 3 3 3215 
.-+*9,9 , 4`4.1 2 ,, ~ 8' 1 , 9  o.o 3 + 13.6 .10 .9  2' 2 : :oo 1o8 

- 2 , 6  1 ? . 6  3 5 1 1 . 1  7.b ~ I 1 :  3 : : " ,. o 9 19.1 , . . . .  ,' . 5  13.+ : : ~ 41.9 33.9 4`7,2 -5314, 2 3 3?.4` 6814 1913 1216 
+ o 1o .o  5.2 3 ~ 20.7 21.5 3.6 21.0 3 : 2 6.6 -3 .0  
+ o 11 10.? -13 .o  :+ ~ ,, . , , . . o  ,+ ++ +, o 2,,.0 39.3 , 6 . 5  + : 2' 1 , . ,  11.2 o -3 .2  

23.1 7.2 2 2 , 20.4 -21.7  2 , , i,,.4, -12.2 ; : + -24,19 2614, 5 o 4115 -6105 3 ,o 
5 ~ 31 15.0 -16 .6  3 ~ I~ -21 ,~  20,16 9,3 -24 ,2  1 h 6  -7 ,3  
5 0 + 47 . . . . .  0 45.? 37.0 ~ 2 ~ 10.7 32.9 28.6 -27 ,0  2 ~ ~ ; 27,2 26,2 33 : ~ 20 . ,  

" o '  2 o 5 266 235 + ~ 2, 9o3 1 2 3 1  + ~ 79.o . , ,9 .5  : : : 1,.2 1 4  12. ,  . + . ,  7 ,3 -10.2 : : .~ i , . 6  3 + 8 21•0 -17.8 4, *8 .6  
14.5 + *0 •0 

-30*0 i - 1 1 . 5  - 3 . 3  • eO 96*3 30.1 ++ 8 + +' +5.0 ; ~ 21 ++ : +' . . . .  + i lO.++ 
12*0 4, 9*0 - . 4  ?.9 6.2 . ~ .0 -2.4" 8.3 6.8 1 0 4 2 . ' ~  12.3 

^ 20*4 *0 + : ~ 1  18.6 - 1 , . 2  + ++ 19.5 : ~ : 4,.o ~ : . , . 2  ~ % 39  
18,4 16,? 4 ~ " 18,1 18,3 3 4`9,9 29*9 2713 6 0 635 317 + i 3 5 0  +2 , 4`.4` 3 4, . 6 8  6 ~ +' ?2.2 _81.+ + ~ 35.0 - , . +  : 13 . ,  11.0 ; ,2 19.3 , 3 . 0  4, ,, 9.6 +.6 

19.7 23*0 -37 .6  4 177 ; ~ o 3 .  + 33 . :  ~ 12.4 ?.1 : 
2114 4 6 , . . 5  29 , ,  + 1~ -22.7 ++ : 7.7 01.1 ,.2.6 

6 + + 8.6 9.6 ~ 73.1 88.7 ~ • ~ 13 ,4  - 1 , . 2  + i 12.7 : ?.5 +,7 1 6 . 7  6 0 5  66 . ,  80.5 ~, , 1 . I  4`9.0 ~ , 11.6 ~ .~ -16.0  + + "9 .1  14.+ +.2 
6 0 6 18,9. 15.0 : ~ ~4,.7 55.+ : 8 *0 ] ~ : 20,3 20,2 ; : 9 10.1 -9 .2  
6 16,7 -13 ,9  ~ : k ,0 -3 ,6  4 2 , -7 ,1  ,0 -5 ,9  -2.1 

153 ~ : 2 156 2 , 1  2 8 ,  +, 29.6 31.4, ~ ' :  15.0 • 
6 0 8 *0 -3.4, + 6*8 -7 .7  -9.z. 

-15*2 : 26*0 20,1 37*8 4 15,7 4 6 O0 l i  .0 9.5 55 : 39.7 ~ 4 ] 15.9 -17,1 
76 0 .0 4.0 ~ ? -21.0  : 20.0 53 . ,  64.8 .0 3.2 

50*6 50.7 ~ ~ : 28.3 --31.1 4" Z 20.2 : ~3 12 48.9 49*4 13.4, -10 ,3  . -3 .2  
7 0 4 30.3 : I : 47.9 "-J~5* 2 16.7 + 0 ~ 2 0 ~  162 92  1,..6 '6 3 1 1  ~ : ~ 132 

16 ,1 .  - 1 3 • 5  ~ I I0  7*1 7 , 9  4 : 7 5 3 , 7  - 6 7 o 2  33*2 -27,8  
7 0 + 5*9 3,8 6 0 29*4 -29,1  4 1,3 4 13.0 9.1 

i -16,2  ++ ~,- p, 05.719.5 .,.719.,+ : ~ i 25.7 .20.862.8 + : 1:++ 15:~ .i0.4,_15.+ +, ~ 23:~ -10.7 : + +, 10.1 -33.08"" 6o.o + . I  ~ 4, +2 36,6 12.o 
7 0 ~ 22.6 23.+ ~ ~ 35.6 35 . ,  : 22 .0 : : ,8 :1  26.3 2505 2707 4, : + 17*5 
7 0 40 -6 .7  : I + 35•6 -30,7  S 2 2 604, +,4, 4 3 9 14,o7 16.o4 6 8 , I  2*5 
? 0 l i  16 . :  " . . . .  l 5 19.5 16.7 3 1 ~  48.? 17.5 -49 .7  17.8 : 39.8 50.8 - , ,  : 3 .  - 3 6 . o  ~ ++ : 1 6 ,  13.1 4, p, : I+.8 9.7 

o' 3,.4` - , . 3  ; 9.2 . . . .  , + - 6 ,  ~ : ++ + + +8.2 -22.9 +, : 2,+:~ 18. ,  8 ~ 41,8 --41,6 6 1 * 5 17,0 -15•3 
8 0 I 36,1 36ol 6 1 98 16*9 -16 ,6  7*q 5 3 39,16 -32,3  8 . I  
8 0 2 37.5 -+5*9 6 1 13,8 -13,4  2 6 11*2 *0 2,1 7 + 2 8,1 -3.+ 16.2 -1~.5 8 3 i 4, 3 
8 3 28,8 -2607 1 1013 7,7 309 5 3 1618 -161+ 77 4 4 ,0 4.4 

00 b ~ ~ 55 .0 -5 .9  5 1  16.4" 15.5 ? 4 2  I I .9  8.9 B8 0 + 1 6 . 1  12.7 46513 46010 22 8 ,0 33,1 -31,3 31.+ -29,8 
5 60.0 292 ? 1 2 338 3 3 6  2 , 0  1 .9  1 .7  ~ 3 : 209 221 +. : + 152 1 .5  

8 o 6 39*7 -+2 .0  7 +++,7 -614 -16*0 -9*2 8 o 18.3 15.8 ~ +, 03.9 -17.5  ~ ++ ~ 127 3 .o 20.0 -15.9 
, . o  : : o 1 7 3  15.o 17.o 7.+ + ++ , 28.6 -23.7 : 3 : 18,5 

9 o 2, 11.9 9.1 +? ~ : 6.5 -, i .5 62.8 20.3 16.9 57.6 8 2 21,9 - 1 9 , 8  
4,1,1 : 3 1 0 . 4  -9*6  9 0 22.6 -2 . . . . .  p, + +, -6 .4  2 . .5  - 2 3 . ,  8 , 0 + i ? . ?  13.1 + ~ : i,.3° 202 4 4, 11.6 +.+, 

9 ++ ; ,,.8 -22.+,'6"6 7 + 9 ,3 .5  -01.2 - I+ .7  6 : : 54`.2 -66.1 -13.2 ?, : : 22.4 -12.017"° ++ 4, 5 15.o 13.+ 
30.1 -24.8 22.+ ! 41.2 27.0 9 : 2 16.7 11.9 : : ~ ,5 .5  ? 29*7 16,3 : 6 1 0 . 6  ~*I 9 G 9 0 76 1 6 . 2  8 . +  88 0 10.8 11.0 

32.? 16.6 6 3 ? 9 6 " 28,+ ~ ~ ,o  2,5 .o +,7 9,o 
lO o o +2.9 06.9  8, 1 23 20,+ 9.8 17.3 11,1 7,1 -7 ,5  10•8 12..67 

12.+ 't .37.+ : : : 1 , .7  i o 2  36.7 ,?, : 2 1 0 2 . 1  , 1 , . 2  IO o 26.? -23 .9  -11,5  32,3 1 0 0  1 53.1 8 ~ i 11"0 -20.n 7 9 4 3  -57.0 32 15,2 8*9 1,0 19.0 ~ 22 -13 ,6  3 - 2 6 . 7  
• 1 1 . 0  9.2 12 2+*8 19.+ 10 0 3 18.0 15.3 8 1 8,05 ? 2 7 9 4 4, .0 - • . 8  . . . .  22 + *0 -+*2 7 1  3 1 . 1  -27,0  ~ "~ 

io o+ + 33 . ,  . 3 , . ?  : ~ : .o  - 2 1 . ,  ; ~ 38•6 56.+ : 15.3 13.2 : 19.1 -17.8 18,1 18,0 10 5 31,7 -31.3 19,2 7 
10 0 6 12,6 - 1 2 , ~  8 l ~ 1 0 , 6  1 1 , 0  2 I ~ , 8  - 1 5 , 6  ? ~ S , 0  - 4 , 6  1o 4 0 3 0 , 8  27 ,B 
10 8*0 - 3 . 2  9 13,5 - 1 2 , 0  ~ 2 : 1 8 , 6  - 2 0 , 1  ~ ~ 44`,8 - 3 0 , +  21 - 9 . 1  
11 ~ ~ 1 0 , ?  - 3 . 2  ~ ~ 10 ,  - 1 0 . 3  , 0  5 , 4  7 • 1 , 2  I0  4, 1 1 : ~  - 3 0 . 0  
11 o 51.5 . 6+ . ,  ~ 1 3  .+o 11.6 7 2 • ,8 . ,  .19. ,  7 : ; I , . 5  .14,.5 lO 4, . 5.5 
11 o + , ,+. ,  I0., ,  + 29.7 25.+ ~ + ~ , 3 .9  32.,• '7 11:~ 11.o lO + , 1 , , . ,  -16.+ 
11 0 ~* 17,7 - 1 3 , +  ~ ~ 1 8 , 9  19.1 2 5 , S  - 2 7 , 8  8 3 6 * S , 3  10 + i 
11 0 *0 -1 .9  9 1 : 18.  17.0 88 ~ ~ 33.1 36.5 8 3~ 0 25*4 23*5 lO 4 20.78.4 -16.4.5.3 

: : ~ 3 , . i  . ,5.+, 11 0 17*S 14 .+  9 , - 2 1 7  22.0 20*7 1 0 , 6  - 7 • 9  I I  4 
1, o 7 11 . . . .  o ' : 16.? ,6 .6  8 2 + lO.2 -11.6  ~ ~ 11.4, -9 .9  1, ,, 2 , . 6  9.-++ 
12 o o 23..+ - 2 1 , ,  I+ i + 2,..6 2+.o 8 : : 22.,, .23.936.5 8 16.214"'+ .6.2,.3 1,11 i 30 , . ,  -8 .o  
12 0 1 28*9 - 3 1 . 2  +0 +5.1 - + 5 , 8  88 2 9 , 8  8 : 4 12 0 9*9 - 8 . 1  I0 ~ I 35o8 - 3 7 , 5  2 ? 13.2 - 1 3 . 3  8 ~ 1 6 , 2  1 6 , 5  : 23*9 - 1 9 . 1  

3 *0 -5.3 12 1 15,9 -1 • .2  
• 0 -5 .5  12 2 

12 ~ 2 27.5 - 2 8 , 0  
, o 3 1 , .6  .16 .8  io ~ 12.• - 1 2 . ,  8 2 2  : o ° . . . .  8 
12 4 8.8 6 . ,  lo : , . 8  - . ,  : ; : : 10•6  8 * 1 1 , 5  - I 0 , I  

°° ~ :o ~ 13.7 13 : lOO . . . .  12 11,6 - 8 . 1  I0 5 21 20.8 9 -10•6 14,3 16,0 12 
12 0 : 10.? -8,1 10 -5 .~  22 21,4, 16,3 11,6 2 1 . 0  i ~ 7*3 6*8 ~ 17.3 3 , .2  . 2 ° . 6  12 • 16.2 - 1 , 6  10 ~ ~ .0 -3.7 ; : , :  _::~ : ; ~ 12.5 1, 
13 0 9*9 -10,0  10 8 15,9 1~,7 9 9 3 3 11,+ -10,3 C 57,? -38*5 
13 0 21 15,1 13,7 i I  ~ ~ 52.6 . . . . .  : : 20 23*5" 18.7 -1 • •8  0 3 
13 0 3 16,2 5.1 11 20.6 2++.0 q9 19, 9 3 4 12,8 19,0 . -9 ,0  9 3 5 16.2 -16.4  0 5 5 
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h k i Fob s 

] 
I I . 4  
20*9 

~ g ~ . 

2 5 4 20*5 ~ ~ ,1 2o:~ 

4 5 0 *0 
4 5 1 28*2 
4 5 22*9 
~* 5 3 28 ,3  

5 4 8*3 
~ ~ ; 2 , . 0  

5 5 3 20 .3  
5 5 4 *0  

h k 1 F F 
Fcalc obs calc 

- 6 . 9  6 ~ o 13.~ - 1 1 . 5  
- 8 , 7  6 21 *0  - 1 4 , 5  
12.1 (~ 5 20*4 19 ,3  

- 2 2 . 1  
-23,0 6 5 3 17*9 13*8 
- 1 1 . 2  -~.7 ,6 ~ ,, ,o -,.3 

• 6 , o  13,3 
16.o 7 ~ ~ 1 , . .  - 9 .  
20,6 7 5 3 13.3 12.2 
- 8 , 9  7 5 #* 7*8 - 8 , 9  

a , 1  , o  - 7 , 2  
- 3 , 6  

~ o 
1 6 , 9  4 ,1  

6*3 8 2 5*3 a , 1  
- 2 6 . 5  8 5 3 3*4 2*9 
- 2 0 , 8  9 5 10 ,8  - 9 , 6  

22.9 ; , i 11.7 - , 1 ,  
12 ,6  5 7*8 7 , 8  
2 1 , 0  iO 5 I *0 - 2 0 , $  
,., lO ~ i ~*o ~ -12.7 

17 ,0  IO , - 3 , a  
- . 7  11 5 1 24*3 - 2 5 . 7  

Table 2 (cont.) 
h k 1 

h k 1 Fob s Ycalc 

11 7 . 6  12 .8  
7*3 1 o  ̀ I ~ ~.2 ; -' 

6 0 42.~* - 7 3 , 8 '  5 6 2 

, : :  : : :  

2 3 . ,  ~ 6 ~ 

1 ' 6 *0 

2 6 2 - 7 , 9  7 6 3 
~ 6 3 10 . ,  , . 2  8. ~ ~ ~ ,"~ .0 -,.0 
, , ~  .o .3 : ~ i  

, o  - 5 , 9  
, 0  1.7 9 6 _1 

~ ~ : .O:o ~ 2 ,  , 6  

, 6 ,~ 7.o7'~ ~:~ lO~° ~ ; 6 

Fobs Fc~c h k i ~S Fc~ 

: ~  1 , 4  0 7 ~ 19 .9  18 .0  
z . o  o 7 i z , e  19 .7  

*0 - , 2  *0  3*5 7.3 ~., : ~ ~ .o -3 .0  
.1o.o 

, -5,0 ~ ~ ~ 10 13 .3  
5,3.  , 2 "  2 ~ i : ~  5 ,5  

12.1  15 ,4  2 , 6  

. . . . . . .  ~ ~ : , o  - 9 , 5  1 ,4  6*7  - 9 , 0  2 
.0 -3.6 ~ ~ ~ .0"° -6.~2.7 
*0 1 .2  3 
, 0  5 . 5  ~ -,8 

, . 6  -7 .3  ~ ~ ~ 6 ~.~ 
6.0 ~." ' ~ ~ :0 -2.2 

, 0  2 ,~  ~ 10 ,7  

7 . ~  - 8 , ~  ~ "6* - 1 0 , 3  
7 . 2  i i . 6  4 - 8 , ~  
~ , ~  1,7 ~ 7 I :0 - . I  

*0 ~ ,~  *0 6.  ~ 
7 .1  15 .~  6 7 0 

• 6 7 3 ~ . 6  - ~ * ~  

were computed to give the atomic parameters  in 
Table 1. Two cycles of anisotropic tempera ture  factor 
ref inement  were then  computed to give the f inal  
parameters ,  also given in Table 1, and to give a f inal  
agreement  index of R--0.14.  No corrections were made 
for extinction. The only reflections which appeared 
to be seriously affected by ext inct ion were (011) and 
(013) and these were omit ted from the f inal  least- 
squares computations.  

The observed and calculated structure factors are 
given in Table 2. The bond lengths, bond angles and 
shorter intermolecular  distances are given in Tables 
3 and 4. The s tandard  deviat ion of the bond lengths 
and other in tera tomic distances is 0.010 ~ with a 
var ia t ion of _+ 0.001 _~, tha t  of the bond angles is 0.7 °, 
except for the angles between the hydrogen bonds on 
the water molecule, for which it is 0.3 ° . The greatest 
change in bond length in going from the isotropic 
analysis  to the f inal  stage of the anisotropic analysis  
was 0.021 _~, in Ca-C~; this is about  twice the f inal  
s tandard  deviat ion for tha t  bond length. 

The tr ial  and error calculations and  the earlier 
Fourier  syntheses were calculated on a hand  machine  
using Beevers-Lipson strips, prior to the advent  of 
the digi tal  computer.  Later  the Fourier  synthesis 
shown in Fig. 1 and  subsequent  differential  Fourier  
syntheses and isotropic structure factor calculations 
were computed on an IBM 650 using Shiono's (1957) 

Table 3. Bond lengths and valence angles 

Nz-C 2 1.378 A N1-C~-N s 118-0 ° 
C~-N 3 1-356 Ce-Ns-C 4 125.5 
N3-C a 1.388 N3-C4-C 5 117.4 
C4-C 5 1.503 C4-Cs-C 6 115.8 
C5-C 6 1-501 Cs-C6-NI 118.5 
C6-N 1 1.367 C6-Nz-C 2 124.8 
C2-O 1 1.217 O1-C2-N 1 119.3 
C4-O ~ 1.211 O1-Ce-N 3 122.6 
C6-O 3 1.219 O2-C4-N a 118.7 
04-05 2.772 O9-C4-C 5 123.8 
O4-O 3 2.773 Oa-Cs-C 5 121.9 
O5-01 2.771 Os-C, -N x 119.6 
O5-0 a 2.845 Oa-Oa-O 5 119.7 
Oa-N s 2.705 Na'-Oa-O 5 108.8 
O~-N~' 2.837 Oa-O4-N s' 131.4 

O~'-O5-O a' 117.3 
O4-O5-O x" 108.9 
O4-O5-O a" 133"8 

01--02 '+ 

01-C5" 
0 1 - C 4 "  

0~-03'" 

Table 4. Non-bonding interatomic distances 
less than 4.0 /~  between molecules 

W i t h i n  the  layers 

3-64 A O4-C 5 3.94 A O4-O z" 
3.45 O4-C 4' 3.46 0 4 - 0 5 "  
3.98 O4-C 2 ' 3.63 05-02 ' 
3-55 04-02" 3.29 O5-C6" 

O5-C2" 3.82 

3.71 A 
3.67 
3.35 
3.93 

O 1 - - O 4  +++ 

Oz-Oz'"  
O1-Na'" 
0 1 - C 2  " H  

02_03 .... 
O 2 - - 0 4  +'++ 

02-C5'" '  
C2-C2'" 

Between the  layers 

3.78/l~ O3-O ~ .... 3.81 /~ 05-03 .... 
3.53 O3-O3"" 3.41 Os-N 3 .... 
3.38 O3-O 5 .... 3.96 O5-N 1 .... 
3.50 O3-N1'" 3-63 05-C 2 .... 
3.81 Oz-C6"" 3.60 O5-C 4 .... 
3.50 O4-N1"" 3.85 O5-C 5 .... 
3.96 O4-C 4 .... 3.64 O5-C 6 .... 
3.87 O4-C 5 .... 3.65 

3.96/~ 
3.51 
3.45 
3.56 
3.43 
3.33 
3.35 

To molecule, " in ad jacen t  cell, 
'" a t  ½+x, ¼, ½--z, 
"" a t  ~, ~, ~, 
.... a t  ½--x, ~, ½-]-z. 

programs. The isotropic and anisotropic least-squares 
computat ions were done on an IBM 704 using the 
Busing & Levy  (1959) full mat r ix  program. 

The final tempera ture  factors, shown in Table 1, 
clearly indicate the considerably greater the rmal  
motion of the atoms normal  to the mirror plane of 
the structure,  which was ant ic ipated from the distribu- 
tion of the diffuse thermal  spectra. Wi th in  the errors, 
shown by the s tandard  deviations, the the rmal  param- 
eters are self-consistent and  there is no reason to 
suspect the choice of the higher symmet ry  space group. 
The oxygen atoms appear  to have a sys temat ica l ly  
greater thermal  motion normal  to the layer  plane t han  
do the pyr imid ine  ring atoms. I t  is not  possible to 
dist inguish whether  this  is a purely  thermal  effect, e.g. 
out of the plane oscillation of the molecule about  its 
center, or whether  i t  is indicat ive of displacements  of 
the oxygen atoms stat is t ical ly above or below the  
mirror plane. These displacements  could be of the same 
order of magni tude  as the difference between the root 
mean  square the rmal  displacements  of the oxygens 
and the ring atoms in the b axis direction. In  either 
case, this  could result  in some of the C-O and O - 0  
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distances being observed shorter by about 0.01 /~ than 
the real distances. 

D i s c u s s i o n  of the  s t ruc ture  

The crystal structure consists of planar layers of 
barbituric acid and water molecules hydrogen-bonded 
into a compact arrangement, giving rise to a com- 
paratively high density crystal, as is frequently found 
in structures in which carbonyl oxygens are attached 
to pyrimidine rings. The separation between layers is 
3-12 /~; considerably less than the 3.65 _~ separation 
in the uracil structure (Parry, 1954), which also has 
a planar hydrogen-bonded layer structure. 

C 

Q @ © @ 
Carbon Nitrogen Carboxyl oxygen Water oxygen 

Fig. 2. Barbituric acid dihydrate crystal structure. 
Showing the superposition of adjacent  hydrogen-bonded layers. 

In this structure, however, the adjacent layers are 
displaced with respect to each other by the n and a 
glide symmetry perpendicular to the a and c axes 
respectively, as shown in Fig. 2; consequently the 
shortest distances between atoms in adjacent layers 
are 3.33 and 3.35 A (water O5 to carbon atoms C~ 
and C6). The shortest non-bonding distance within the 
layers is the water to carbonyl oxygen distances of 
3.29 and 3.35 A. These and other interatomic distances 
less than 4 A are listed in Table 4. 

The dimensions of the barbituric acid molecules are 
given in Table 3, and Fig. 3. The bond lengths show 
decisively that, in the hydrated crystals, the molecule 
is the tri-keto isomer, I. This is in contrast to the 
5-hydroxy barbituric acid monohydrate, (dialuric 
acid), where Alexander & Pitman (1956) found the 
diketo tautomer, X, in the crystal. Although, in that  
analysis, the evidence for the tautomeric form is 
based on the coplanarity of the 5-hydroxyl oxygen 
with the pyrimidyl ring rather than the observed bond 
lengths, which were less decisive. 

Within the accuracy of the analysis, the barbiturie 
acid molecule has m m  symmetry, as would be ex- 
pected for the tri-keto tautomer. The three carbonyl 

bond-lengths do not differ significantly from the mean 
of 1.216 A. The mean value of Nz-C9 and C2-N8 is 
1.367 /~, that  of N1-C6 and :N3-C4 is 1.378 A, and the 
difference is not significant. The mean C-C bond 
length is 1.50 A, which corresponds with the value 
suggested for a single s p 3 - s p  2 carbon link by Coulson 
(1948). ~1951), and rediscovered by Somayajulu (1959) 
from the sum of orbital radii corrected for electro- 
negativity differences by the Stevenson & Schomaker 
rule. 

', 0 2  

a ] ._~N, ~z_.Ts S ~  4 
o :  . . . .  :Vos 

O2 ¢~/ r-.,, 

c~ ~,~ 
2, N?" W...* ~'-:~ 2"711 / -  '.~ 

Fig. 3. Barbiturie aeid dihydrate crystal structure. 
Showing bond lengths in a single hydrogen-bonded layer. 

The angles of the pyrimidine ring also correspond 
with the m m  symmetry, with the C-N-C angles 
(mean, 125.0 ° ) significantly larger than those at the 
carbon atoms (mean, 117-5°). The C4-C5-C6 is actually 
the smallest observed ring angle as would be expected 
at an s p  3 carbon, but the accuracy of the analysis is 
insufficient to establish this feature. 

With the tri-keto tautomer and two water molecules 
there are six hydrogens available for hydrogen-bond 
formation, and, as is the general rule, the maximum 
number of hydrogen bonds is formed. The water 
molecules are associated in pairs with a hydrogen 
bond of 2.77 A between them. Other water to water 
oxygen distances are greater than 3.5 /~. One water 
molecule of the pair is bonded to two carbonyls on 
different adjacent molecules at 2.84 and 2-77 A; the 
other is bonded to a carbonyl and an imino group on 
adjacent molecules at 2.77 and 2.71 A. respectively. 
The sixth hydrogen bond of the system is formed 
between a carbonyl and the other imino group on 
adjacent molecules at 2.83 A. These dimensions and 
those of the barbituric acid molecule are consistent 
with the configuration of hydrogen atoms shown in 
Fig. 3. Although we have no direct evidence for the 
hydrogen positions this arrangement seems un- 
ambiguous. 

The approximately trigonal and planar arrangement 
of the hydrogen bonds about each of the two water 
oxygen atoms is a departure from the usual tetrahedral 
water coordination and we could find no comparable 
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example in the literature. However, if it is assumed 
that  the hydrogen atoms do not deviate far from the 
line of centers of the oxygen atoms, then the water 
structure in this crystal corresponds approximately 
to the model used by Tsubomura (1954) in his quantum 
mechanical calculations. Another unusual feature is 
that  the NH-OH2 bond is the shortest of the six 
hydrogen bonds in the system. Despite the compact 
packing of the molecules, this hydrogen bonding 
arrangement does not appear to be a particularly 
stable one, since the transparent crystals decompose, 
presumably losing water, so that  they become opaque 
in a few days under normal atmospheric conditions. 

I t  is of interest to compare this structure with that  
of uracil, XI, (Parry, 1954), which also has a hydrogen- 
bonded layer structure. In uracil the layers super- 
impose without translation since the interlayer separa- 
tion of 3.63 A is the c axis. The crystals are anhydrous 
and were obtained by sublimation. There are, there- 

OH 
[1"43 i 

H C O [1.350~C j ~C/~1.24 1.411//C~ 1-34 

H N ~ c j N H  I¢4//C x /C~.~-~3 
O~ 1.37\N/1.3s~O 

~l.2S H 

X XI 

fore, only two hydrogens available for hydrogen-bond 
formation. Consequently although one carbonyl oxy- 
gen is normally hydrogen-bonded to two imino groups 
at 2.81 and 2.86 /~, the other has as its nearest non- 
bonded neighbouring atoms the CH groups of adjacent 
molecules at a somewhat close approach of 3.19 and 
3-28 A. This may partially explain the difficulty in 
obtaining good untwinned uracil crystals from solu- 

rich, although one wonders why uracil from aqueous 
solutions does not also form a hydrate, whereby the 
water molecules would make possible the formation 
of a more complete system of hydrogen bonds, as in 
the barbituric acid dihydrate. We found no evidence 
in the barbituric acid hydrate structure of the distinc- 
tion between the two sets of C-N bond lengths in the 
pyrimidine ring which was reported in uracil. Taken 
in pairs, the observed lengths of the C1-N1, N1-C~ and 
C2-N3, N3-C4 bonds do, in fact, differ by 0-011 and 
0.032 A, but since the comparison involves a common 
atom these differences are not significant in terms of 
the standard deviations. 

The completion of this research was made possible 
by research grants from the U.S. Public Health Ser- 
vice, National Institutes of Health. 
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