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in a series of exposures between each of which the crystal 
was turned 10'. The total  errors in crystal positions lead 
to A0 ---- 5'. No significant errors were to be found in the 
eccentricity and graduation of the circular scale. The 
difference between 0~5,0,E and 0/~,0,15 was only 2'. 

The following direct lattice elements were obtained:  

a --- 14.95±0.02, b -- 7.54±0.03, c---- 15.80±0.02 A; 
fl = I02 ° 13'~-7'. 
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The density was determined by the flotation and the  
pycnometr ic  methods,  both of which gave 1"89±0.02 
g.cm. -a. On the basis of eight formula units per unit  cell 
the calculated densi ty is 1-89 g.cm. -a. The number  of 
formula units in the uni t  cell indicates tha t  there are 
either two non-equivalent  molecules or a dimeric molecule 
in the crystalline state. A complete crystal-structure 
determinat ion has been s tar ted at  this Inst i tute .  

They were measured with both  Cu Kal, and Cu K a  2 
radiations. The agreement  is very good: the differences 
are smaller than  the  theoretical errors obtained with 
AO= 5'. 

The equatorial vectors chosen have approximately  the 
directions of a, c and the normal to the bisector of fl*. 
Owing to this, the  errors in the direct cell constants are 
of the same order of magni tude  as the measured recip- 
rocal vectors. 

Systematic extinctions were found for hO1 reflexions 
with h~-I odd and for 0k0 reflexions with k odd. The 
space group is thus P21/n, in agreement  with the absence 
of a piezoelectric effect. (We are indebted to Mr J.  Baeck- 
lund for the use of his apparatus.) 

We wish to thank  Prof. G. Hiigg for all the facilities 
placed at our disposal and Prof. A. Tiselius for his great  
interest.  Thanks are also due to Dr I. Lindqvist ,  Mr 
T. LSfgren and A. Rosenberg for valuable discussions. 
These investigations were made possible by a grant  from 
The Royal  Swedish Academy of Sciences (Wallmarkska 
fonden) for which we express our thanks.  
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Morey& Merwin (1936) have reported two modifications 
of sodium tetraborate.  The stable modification at high 
temperatures  separates at 816 ° C. from a mel t  of the 
stoichiometric composition :Na20.4B203. Single crystals 
suitable for X-ray work were grown in a p la t inum cru- 
cible at 700 ° C. from a mel t  containing an excess of boron 
oxide. X-ray powder pat terns  established these crystals 
as identical with the phase crystallizing at 816 ° C. from 
the melt  of stoichiometric composition. 

Oscillation and Weissenberg exposures arolmd three 
axes revealed a monoclinic symmetry .  The following 
dimensions for the unit  cell were found:  

a = 6.50, b = 17.80, c-~ 8-37 A, fl = 96-5% 

These figures are es t imated to be accurate within 0.5%. 
With  four Na20.4B~O 3 in the unit  cell, the calculated 
densi ty is 2-35 g.cm.-a. A densi ty of 2-32 g.cm.-a was 
observed by the flotation method.  

Systematic extinctions were observed only in the 0k0 
reflections, the extinctions occurring for k = 2n-~ 1. This 
is compatible with the  space group P21 or P21/m. 
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A prel iminary analysis, in this laboratory, of the crystal 
structure of urea phosphate,  OC(NHg)2.:H3PO4, has been 
reported by Sundera-Rao & Pepinsky (1954). That  
analysis was based upon (010) and (001) projections. 
Indications of a very interesting hydrogen-bond system 
prompted  a complete three-dimensional study. Some 
results of the complete analysis are reported here. 

The crystals are orthorhombic with 

a = 17.68, b ---- 7.48, c ---- 9-06 •; 

the observed densi ty is 1-770 g.cm.-3. With  Z =: 8 
molecules per unit  cell, the asymmetr ic  unit  contains one 
OC(NH=)~. HaPO 4. Systematic extinctions indicate space 
group Pbca. 
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The  s t ruc tu re  was  solved (Sunde ra -Rao  & Pep in sky ,  
I954) first  in t he  (010) p ro jec t ion  b y  m e a n s  of t he  l inear  
inequal i t ies  of 0 k a y a  & N i t t a  (1952), a n d  t h e n  in the  
(001) p ro jec t ion  us ing  the  i somorphous  a r sena te .  Ref ine-  
m e n t  of t he  p h o s p h a t e  was  accompl i shed  us ing  Fo--Fc 
difference m a p s  on b o t h  projec t ions .  

Three -d imens iona l  d a t a  were  t a k e n  w i th  Cu K a  ra- 
d ia t ion ,  us ing  the  mul t ip le - f i lm t e c h n i q u e  ( ten D u P o n t  
T y p e  608 films) a n d  visual  compar i son  of intensi t ies .  
S t ruc t t t re - fac tor  ca lcu la t ions  a n d  leas t -squares  refine- 
m e n t  cycles were  done  for t en  i tera t ions ,  us ing a modif ica-  
t i on  of Sayre ' s  (1956) p r o g r a m  on the  I B ~  704 ca lcu la tor .  
D u r i n g  t h e  process  t h e  d i s ag reemen t  factor ,  R l --- 
I[IFol-  [Fc l l -  l i fo[ (ca lcu la ted  for Fo ~ 0 only) d r o p p e d  
f rom 34.5 to  15.8%. Table  1 lists final coord ina tes  a n d  
t e m p e r a t u r e  factors .  

Tab le  1. Final coordinates and temperature factors for 
urea phosphate 

x/a y/b z/c B (A s) 
1 ~ 0.3111 0-2755 0.3092 1.378 
O 1 0.3393 0.0905 0.3618 2.366 
O~ 0.2776 0.3847 0.4351 2.130 
O a 0.2464 0.2498 0.1931 2.439 
O 4 0.3795 0.3662 0.2392 2.704 
Ou 0.4474 0.6327 0.3102 3.168 
N 1 0.5085 0" 7800 0.4895 2.695 
Iq 2 0-3958 0.6378 0.5431 3-101 
C 0.4503 0.6814 0.4466 2.263 

All i n t r amo lecu l a r  b o n d  d is tances  a n d  anglos, shown  in 
Tab le  2, a p p e a r  no rma l .  The  p h o s p h a t e  g roup  fo rms  a 

Table  2. Bond distances and angles in urea phosphate 

P-O 1 1.546 A O1-P-O 112.0 ° 
1)-O2 1.523 Ol -P-O a 109.5 
P-O a 1.565 O~-P-O 4 105.8 
:P-O4 1.523 O2-P-O a 106.6 

O2-P-O 4 109.4 
C-N, 1.323 Oa--P-O 4 110.7 
C-N 2 1.340 
C-Oft 1.290 N1-C--O u 118.0 

N2-C-O u 121.9 
N1-C-N 2 120.2 

d i s to r t ed  t e t r a h e d r o n ,  whi le  t h e  p l ana r  u r ea  molecu le  
shows s l ight ly  sho r t ened  C - N  dis tances  a n d  a s l ight ly  
l e n g t h e n e d  C-O dis tance .  

The  h y d r o g e n - b o n d  n e t w o r k ,  w h i c h  is responsible  for 
t he  close pack ing  in th is  s t ruc tu re ,  is v e r y  involved .  
F r o m  t h e  list of shor t  i n t e rmolecu la r  d is tances  shown in 
Table  3, it  is seen t h a t  t he  seven avai lable  h y d r o g e n  a t o m s  
m u s t  be d i s t r i bu t ed  to  a l low nine  close app roaches  (each 

a s y m m e t r i c  u n i t  composed  of one u rea  molecule  plus t he  
closest  p h o s p h a t e  group  is ident i f ied  by  the  n u m b e r  in 
paren theses ) .  The  u rea  oxygen  forms a ve ry  shor t  
O-I-I • • • O bond,  of l eng th  2.41 /~, w i th  one oxygen  of 
the  nea res t  p h o s p h a t e  group,  a n d  also forms two 
O ' - "  H - N  bonds  w i th  the  n i t rogens  of a n o t h e r  u r ea  

molecule .  Th ree  of t h e  p h o s p h a t e  oxygens  fo rm  one 
O - I - I . . .  O b o n d  a n d  one O ' ' - : [ - I - N  b o n d  each,  whi le  
the  fou r th  oxygen  is i nvo lved  in two  O - H . . .  O b o n d s  

Table  3. Short intermolecuhlr distances in urea phosphate 

Ou(5)-O4(5 ) 2.414 A O4(5)-N~(7 ) 2-936 A 
Ou(5)-N2(3 ) 3-103 O4(5)-Ou(5 ) 2.414 
Ou(5)-Nl(3 ) 3.167 

N1(5)-Ou(3) 3.167 
O1(5)-N1(1 ) 3.159 N~(5)-O1(1 ) 3.159 
O1(5)-O2(2) 2.659 N~(5)-O4(7 ) 2.936 

02(5)-O1(2 ) 2.659 N2(5)-Ou(3 ) 3.103 
O2(5)-Oa(3) 2.603 N~(5)-O2(5 ) 2.983 
O2(5)-N2(5 ) 2.983 :N2(5)-Oa(8 ) 2.976 

08(5)-02(3) 2.603 
oa(5)-N2(8 ) 2.976 

Figures in parentheses identify which molecule of 8 in 
uni t  cell is involved. 

a n d  one O ' ' '  I -I-N bond.  E a c h  n i t rogen  fo rms  t h r e e  
N - H . .  • O bonds .  

The  s t r uc tu r e  is compr i sed  of a l t e r n a t e  l ayers  of phos-  
p h a t e  t e t r a h e d r a  a n d  of u r ea  molecules ,  w i t h  t h e  l ayers  
para l le l  to  (100). F o u r  of t h e  O - H  • • • O b o n d s  are  in t he  
p h o s p h a t e  layer ,  fotuc N - H -  • • O bonds  are  in t h e  u r ea  
layer ,  a n d  t h e  r e m a i n i n g  t e n  h y d r o g e n  bonds  ( two 
O - H . ' '  O a n d  e igh t  N - H - . .  O) occur  b e t w e e n  t h e  
layers .  T h e  p a c k i n g  is v e r y  close, as a resul t ,  a n d  t h e  
h igh  dens i ty  is expla ined .  

F u r t h e r  t h r ee -d imens iona l  r e f inemen t ,  w h i c h  inc ludes  
effects of h y d r o g e n  sca t te r ing ,  is in progress ,  a n d  de ta i l ed  
resu l t s  will  be pub l i shed  a t  a l a te r  da te .  

This  w o r k  has  been  s u p p o r t e d  b y  G r a n t  No.  A-228 
f rom the  N a t i o n a l  I n s t i t u t e s  of H e a l t h ,  a n d  c o m p u t a -  
t ions  on X - R A C  a n d  S-FAC were  s u p p o r t e d  b y  Con t r ac t  
No.  N6onr-269,  T . O .  16, w i t h  t h e  Office of N a v a l  Re-  
search.  W e  are  g ra te fu l  to  D r  A. A d d a m i a n o  for his  
ass is tance  in ea r ly  s tages  of t he  analys is .  W e  express  our  
deep  g r a t i t u d e  t o :  t he  R e s e a r c h  Staff  of t h e  Genera l  
Motors  Corpora t ion  for m a k i n g  ava i lab le  to  us t he  I B M  
704 m a c h i n e  for these  ca lcu la t ions ;  Prof .  V a n d  for design 
of t h e  modi f i ed  r e f i n e m e n t  p r o g r a m  a n d  its app l i ca t ion ,  
a n d  for helpful  discussions;  a n d  D r  D. Sayre  for p rov id-  
ing us w i th  his or iginal  I B M  704 p rog ram.  
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