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A N e u t r o n  Di f f rac t ion  S t u d y  on the  Crys ta l  S t r u c t u r e  of S u l f a m i c  Ac id*  
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A single crystal neutron diffraction investigation of sulfamic acid has been made in which the 
intensities of 219 reflections in all three prism zones were measured. The structure was refined by 
Fourier and least-squares techniques. The heavy-atom positions obtained agree quite well with those 
of Osaki, Tadokoro & Nit ta  (1955). The hydrogen atom positions found confirm the zwitterion form 
of the molecule but  differ substantially from those postulated from the X-ray work by Osaki et al. 
(1955). The hydrogen bonding system consists of three single N - H  • • • O bonds in which the N - H  
bond makes angles of 7 °, 13 °, and 14 ° with the various N • • • O vectors. 

Introduct ion 

The crystal  s t ructure  of sulfamic acid has been studied, 
using X - r a y  diffraction techniques,  by  K a n d a  & King 
(1951) and Osaki, Tadokoro & :Nitta (1955). Both  
determinat ions  are in agreement  with respect to the  
general shape and  disposition of the molecule in the  
crystal ,  bu t  differ by  as much as 0.1 A in some of the 
atomic positional parameters .  The work of K a n d a  & 
King is based on a 2D-Fourier  ref inement  of the  three 
prism zones, while N i t t a  and co-workers utilized all 
reflections available in the  copper sphere, refining by  
successive 3D-Fourier  syntheses. Both  authors  s tate  
t h a t  the molecule exists in the  crystal  as the zwitter- 

[+ ] 
ion, NH3SO~ , a l though no a t t emp t  was made  to 
locate the hydrogen a toms directly. The zwitterion 
s t ructure  is also supported by  an infra-red s tudy  on 
solid sulfamic acid (Vuagnat  & Wagner ,  1957). A 
possible hydrogen bonding system was discussed by  
Osaki et al. (1955), who was led to conclude t h a t  the  
- N H  + group must  bond to five oxygen atoms,  result- 
ing in one single and two bifurcated hydrogen bonds. 

The present  invest igat ion was ini t iated in order to 
locate accurate ly  the hydrogen atoms in the  molecule 
and  also to compare the  heavy-a tom paramete rs  
obtained from neutron diffraction with those obtained 
by  the  use of X-rays .  

Unit cell and space group 
The space group of sulfamic acid has been shown to 
be D~-Pbca. The unit  cell contains eight molecules; 
all a toms are in eight-fold general positions. The latt ice 
constants  are those repor ted by  Osaki et al. (1955)" 

a =  8-115 _ 0.001, b = 8-066 _+ 0.001, c = 9.255 _+ 0.003 A. 
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E x p e r i m e n t a l  procedure  

Crystals of sulfamic acid were grown from an aqueous 
solution by  slow evaporat ion.  For  each of the  three 
prism zones, a crystal  was cut  and ground into a 
cylinder about  2.5 ram. in d iameter  and approx- 
imate ly  6 ram. in length, such t h a t  the  cylinder axis 
corresponded to the  zone axis. The crystals were then  
dipped several t imes into liquid nitrogen to reduce 
extinction and oriented on the  neutron spectrometer .  
Complete neutron diffraction da t a  were collected for 
the  (hkO), (hO1), and (Okl) zones out to sin 0 /2=0 .830 ,  
the neut ron wave length being 1.066 ~.  Intensi t ies  
were placed on an absolute scale by  calibration wi th  
a crystal  of potassium bromide. The intensi ty  of the  
incident monochromatic neutron beam was found to 
be about  2.7 × 10 ~ neutrons cm.-e/sec. -1. The inten- 
sities of 219 independent  reflections were measured.  
These were corrected for absorpt ion and a set of 
observed s t ructure  factors was obtained in the usual  
manner .  The linear absorpt ion coefficient was found 
to be 4.55 cm.-L 

T r e a t m e n t  of data 

Signs were given to the  observed (hk0) and (h01) 
s t ructure  factors based on the paramete rs  of Osaki et al. 
(1955). The resulting Fourier  projections showed t h a t  
the heavy  a toms were identified correctly and also 
indicated the  approx imate  positions of the  three  
hydrogen atoms. The atomic paramete rs  were refined 
by two more stages of Fourier syntheses. A tempera- 
ture  pa ramete r  for each a tom was then es t imated by  
tr ial  and error. At  this point  calculated intensities 
based on the tr ial  s t ructure  were used to make  an 
est imate  of the crystal  mosaic spread and the sec- 
ondary  extinction effect on the  various observed 
reflections was calculated as outlined by  Hami l ton  
(1958). The extinction was ra the r  severe. In  the equa- 
t ion Fo/Fc=exp (-~xF~), c~ was found to be 0.0027. 
This value leads to a mosaic spread paramete r ,  ~, of 
11 see. 
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Further parameter refinement was carried out by 
means of a least-squares treatment of the data using 
an IBM 704 program by Sayre, modified by Vand. 
This program refines all positional parameters and 
individual isotropic temperature factors simultane- 
ously. The interatomic cross-terms in the normal 
equation matrix are not calculated and all reflections 
are weighted equally. The nuclear scattering ampli- 
tudes used were N, 0.94; S, 0.32; O, 0.58; H, -0.378; 
all in cm. × l0 -19. The three zones were refined in- 
dependently. The general procedure was to refine only 
positional parameters for a number of cycles and then 
to refine both positional and thermal parameters until 
convergence  was ob ta ined .  A p p r o x i m a t e l y  t en  cycles 
of r e f i n e m e n t  were  r equ i r ed  for each  zone. A f inal  set  
of pos i t iona l  p a r a m e t e r s  was o b t a i n e d  f rom the  aver-  
age of each  pai r  of leas t - squares  va lues  o b t a i n e d  f rom 
t h e  th ree  zones. I n  on ly  two  cases was t he  d i f ference  
b e t w e e n  t he  two es t ima tes  g rea te r  t h a n  t h e  ca lcu la ted  
s t a n d a r d  d e v i a t i o n  of t h e  pa rame te r .  These  were t he  
y p a r a m e t e r s  of N a n d  I'll. These  a toms,  however ,  l ie 
a lmos t  d i rec t ly  above  e q u i v a l e n t  a toms  in  t h e  [001] 
pro jec t ion .  Thus  for these  two a toms  the  y p a r a m e t e r s  
f rom the  [100] zone were  cons idered  to  be t he  bes t  
value.  The  values  of t he  p a r a m e t e r s  and  the i r  s t a n d a r d  
dev ia t ions  are c o m p a r e d  wi th  those  o b t a i n e d  by  X - r a y  
m e t h o d s  in  Table  1. S t a n d a r d  dev ia t ions  were  cal- 
cu la ted  assuming  on ly  one zone of d a t a  was used  to  
d e t e r m i n e  t he  pa ramete r s .  However ,  cons ider ing  t he  
leas t -squares  m e t h o d  used,  th is  va lue  is p robab ly  more  
real is t ic  t h a n  the  smal le r  va lue  ca lcu la ted  on the  basis 
of two  i n d e p e n d e n t  e s t ima tes  of each  pa r ame te r .  The  
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Table  1. Sulfamic acid positional parameters 

Kanda Nitta This Standard 
& King et al. work deviation 

x 0.170 0.1668 0.1636 0-0022 
y 0.095 0.0940 0-0945 0.0026 
z 0.170 0.1719 0.1715 0-0024 

x 0.055 0-0601 0.0606 0.0011 
y --0.045 --0.0486 --0.0477 0.0014 
z 0.175 0.1767 0.1776 0.0014 

x 0-305 0.3057 
y 0.080 0.0750 
z 0.060 0.0757 

x 0.200 0-2025 
y 0.190 0.1758 
z 0.305 0-3055 

x 0.055 0.0436 
y 0.255 0.2377 
z 0.095 0.0790 

0.3036 0.0012 
0-0746 0-0015 
0-0752 0-0014 

0.2025 0.0012 
0.1755 0.0015 
0.3065 0.0015 

0.0406 0.0006 
0.2411 0.0009 
0.0803 0.0009 

0.0947 0.0029 
0.3556 0.0035 
0.0651 0.0032 

--0-0725 0.0019 
0-2443 0.0025 
0.1303 0.0027 

0.0126 0.0027 
0.1978 0-0028 

--0.0202 0.0024 

var ious  h e a v y - a t o m  p a r a m e t e r s  agree w i t h  those  of 
Osaki  et al. (1955) to  w i t h i n  the i r  q u o t e d  s t a n d a r d  
dev ia t ion ,  bu t  in  some cases v a r y  w i th  those  of K a n d a  
& K i n g  (1951) by  more  t h a n  0.1 A. 

Table  2. Temperature parameters from least squares 

Atom .B hk 0 B hOl Bokl  Baver. (~B 
S 1"91 2-03 1"71 1"88 0"24 
O 1 1"90 2"09 1"88 1"96 0"14 
O9. 2-07 2"26 2"05 2"13 0"15 
O a 2"20 2"28 1"91 2"13 0"15 
N 1"83 1-94 I'43 1"73 0"06 
H 1 3"29 3-81 4"70 3-93 0"41 
H 2 2"73 3-00 3"62 3.12 0"30 
H a 3"46 3"21 3"77 3"48 0"38 

~ :-:,-.,--" (o) 
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Fig. I. (a) Scattering density function @(yz). (b) Scattering 
density function ~(xz). (c) Scattering density function @(xy) 
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hkO Fo -Fc 
200 3"92 -- 4"38 
400 4-11 4"78 
600 3"91 4"15 
800 9"46 -- 9"86 

10,0,0 2-04 --2"93 
12,0,0 5"57 --5"27 

210 3"95 --4"54 
410 2"54 --2"25 
610 7"23 --6"99 
810 3"86 --3"56 

10,1,0 1"32 -- 1"22 
12,1,0 0"93 0-51 

O2O 3"30 3-41 
220 0-39 0.18 
420 3.06 --3.46 
620 2.08 -- 1.97 
820 1-20 -- 1-18 

10,2,0 2.38 1-90 
12,2,0 3.69 3"83 

230 8"83 9-18 
430 7"56 8.14 
630 10.31 10-98 
830 <0.44  --0-14 

10,3,0 <0.45 --0.06 
12,3,0 <0 .44  0.06 

040 3.60 3.08 
240 7.41 7.89 
440 2.59 2.00 
640 2.85 --2.59 
840 0.22 -- 0-59 

10,4,0 3.64 --3.28 
12,4,0 3.75 -- 2.68 

250 1.01 -- 1.01 
450 8.03 -- 8.41 
650 1.66 1-26 
850 3.95 -- 3.98 

10,5,0 1.73 --2.14 
060 8-46 -- 8.61 
260 4.87 -- 4.78 
460 1-28 -- 1-27 
660 2.25 -- 2.24 
860 2.25 1.95 

10,6,0 2.72 2.76 
270 5.02 5.12 
470 9.78 9.62 
670 4-02 3.59 
870 5.11 5.10 

10,7,0 0.63 --0.32 
080 2.67 --2-59 
280 5.70 6.15 
480 2.42 2.46 
680 2.31 1.72 
880 2.90 3.00 

10,8,0 3.49 -- 3.07 
290 0-70 --0.73 
490 1.93 --2.35 

T a b l e  3. Observed a n d  calculated structure factors  

h/c0 Fo Fc 
690 3"92 -- 4.21 
890 1-73 - 2.08 

10,9,0 0-80 -- 1.69 
0,10,0 4.17 --4.41 
2,10,0 5"50 --5.23 
4,10,0 4.02 --3.66 
6,10,0 0.94 0"54 
8,10,0 1.73 1-82 
2,11,0 0"53 0.51 
4,11,0 2.42 3.21 
6,11,0 2.68 2.14 
8,11,0 2.52 2.06 
0,12,0 4.17 4.35 
2,12,0 0.92 --0.46 
4,12,0 1.14 1.83 
6,12,0 2.53 2.27 
2,13,0 4-15 --3.37 
4,13,0 1-06 -- 1.11 

hOl 
002 5.76 --5.63 
004 4-96 - 5.29 
006 2.59 --2.86 
008 14.19 - 14.19 

0,0,10 4.66 4.33 
0,0,12 7.19 7.39 
0,0,14 0.67 0.63 

102 5.47 --5-47 
104 5.32 - 4.47 
106 2.78 2.26 
108 1.17 0.32 

1,0,10 3.55 3.57 
1,0,12 2.47 1.81 
1,0,14 2.68 --2.17 

202 0.27 - 0.46 
204 2.69 - 2.67 
206 4.38 -- 3.92 
208 1.21 -- 1.38 

2,0,10 0.52 --0.15 
2,0,12 3.30 3.16 
2,0,14 0.45 0.57 

302 8.07 --8-13 
304 5.15 5.92 
306 1.45 --0.13 
308 0.45 0.33 

3,0,10 2.68 2.77 
3,0,12 1-45 --2.14 
3,0,14 0.45 - 0 . 1 0  

402 1.22 0.87 
404 2.72 - 2.93 
406 5.13 - 5 . 1 0  
408 3.79 --3-72 

4,0,10 0.45 0.38 
4,0,12 0.92 0.88 

502 7.07 --7.37 

hOl F o Fc 
504 3.48 -- 3.31 
506 2-03 -- 0.50 
508 1.26 1.76 

5,0,10 3.12 2.94 
5,0,12 0.89 0.27 

602 0-53 0.11 
604 3-48 --3.10 
606 2.17 --2.04 
608 1.37 -- 1.13 

6,0,10 1.14 --0.88 
6,0,12 <0.39 --0.05 

702 8-14 --8.19 
704 5.42 -- 6.34 
706 2.78 --2.44 
708 1.53 1.25 

7,0,10 3.69 5.03 
7,0,12 0.46 1.16 

802 <0.45 --0.31 
804 0.25 0.10 
806 0.75 -- 0.20 
808 6.60 6.08 

8,0,10 1.68 -- 1.51 
8,0,12 2.48 --2.70 

902 1.49 -- 1.38 
904 0-73 --0.28 
906 1.90 -- 2.62 
908 1.22 0-73 

9,0,10 1.22 0.94 
10,0,2 1.54 -- 1.64 
10,0,4 1.34 0.62 
10,0,6 < 0.45 0.01 
10,0,8 0.68 0.88 

10,0,10 0.41 0.58 
11,0,2 1.57 1.70 
11,0,4 4-82 --5.79 
11,0,6 0.45 0.45 
11,0,8 1.78 1-54 
12,0,2 2.08 -- 1.77 
12 0,4 0.83 0.88 
12,0,6 3.08 2-50 
13,0,2 0.86 0.84 
13,0,4 0.44 0.88 

Okl 
021 5.58 - 6 . 4 8  
041 5.17 5.23 
061 2-49 1.91 
081 3.44 3.13 

0,10,1 2.31 2.63 
0,12,1 0-30 --0-93 

022 0-79 --0.52 
042 3.97 4.18 
062 6-96 --7.18 
082 4.71 4.83 

0,10,2 0.74 -- 1.68 

O]cl Fo Fc 
0,12,2 2.20 1.96 

023 5-03 --5-68 
043 2-68 --3.36 
063 2.24 --2.29 
083 2-80 3.39 

0,10,3 1.85 -- 1.38 
0,12,3 4.33 3.53 

024 < 0.33 0.03 
044 1.49 -- 1.47 
064 3.47 3.32 
084 0.89 0.41 

0,10,4 1.39 0-45 
0,12,4 1-55 --0.79 

025 3.04 -- 4.10 
045 1.93 -- 1-49 
065 4.32 --4-35 
085 < 0.36 0.06 

0,10,5 0.24 --0.80 
0,12,5 3.43 2-72 

026 7.46 7-85 
046 7.03 -- 7.31 
066 6.91 7-23 
086 4-21 --4-09 

0,10,6 1.25 2.05 
0 12,6 3-54 --3-30 

027 2-42 -- 1.63 
047 5-40 5-05 
067 2-30 2.59 
087 1-33 1-15 

0,10,7 2-73 2.37 
0,12 7 2-49 --2.72 

028 3.05 2.39 
048 3-28 -- 3-47 
068 4.49 4.33 
O88 2.34 2-O5 

0,10,8 2.28 2-18 
029 4.40 4-46 
049 1.77 -- 2-29 
069 0.34 0.60 
089 2.03 --2.18 

0,10,9 0.76 --0.93 
0,2,10 3.63 --3.51 
0,4,10 2.16 2-05 
0,6,10 < 0.45 0-02 
0,8,10 <0-24 0.10 

0,10,10 1-44 -- 1-68 
0,2,11 0-38 1-02 
0,4,11 3-68 3.21 
0,6,11 1-26 --0.84 
0,8,11 3.23 --2-84 
0,2,12 1.88 -- 1-32 
0,4,12 3-68 3-85 
0,6,12 7-19 --6.76 
0,8,12 1.98 2.00 
0,2,13 0.29 --0.01 
0,4,13 0-70 1-35 

T h e  t e m p e r a t u r e  f a c t o r s  o b t a i n e d  f r o m  t h e  t h r e e  

s e t s  of  l e a s t  s q u a r e s  a r e  g i v e n  i n  T a b l e  2. T h e r e  is 

p r o b a b l y  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  B v a l u e s  o f  

t h e  h e a v y  a t o m s .  T h e  a p p a r e n t  d i f f e r e n c e s  i n  t h e  B 

v a l u e s  of  a p a r t i c u l a r  h y d r o g e n  a t o m  c o u l d  v e r y  e a s i l y  

b e  d u e  t o  t h e  d i f f e r e n t  d e g r e e s  o f  h y d r o g e n - n i t r o g e n  

o v e r l a p  i n  t h e  t h r e e  p r o j e c t i o n s .  I t  is q u i t e  a p p a r e n t  
f r o m  t h e  F o u r i e r  d i a g r a m s  s h o w n  i n  F i g s .  l ( a ) ,  (b), (c) 

t h a t  d i f f r a c t i o n  e f f e c t s  f r o m  t h e  n i t r o g e n  a t o m ,  a v e r y  

e f f i c i e n t  n e u t r o n  s c a t t e r e r ,  c o n s i d e r a b l y  a f f e c t  t h e  

s h a p e  of  t h e  n e a r e s t  h y d r o g e n  p e a k s .  S i n c e  c o r r e l a t i o n  

c o e f f i c i e n t s  a m o n g  t h e  v a r i o u s  a t o m i c  p a r a m e t e r s  

w e r e  n o t  o b t a i n e d  in  t h e  l e a s t - s q u a r e s  c a l c u l a t i o n  i t  

s e e m s  u n w i s e  t o  a t t e m p t  a n y  d e t a i l e d  d i s c u s s i o n  of  t h e  
d i f f e r e n t  t h e r m a l  v i b r a t i o n  p a r a m e t e r s .  

T h e  v a l u e s  of  o b s e r v e d  s t r u c t u r e  f a c t o r s  a n d  t h o s e  
c a l c u l a t e d  f r o m  t h e  f i n a l  l e a s t - s q u a r e s  p a r a m e t e r s  a r e  

s h o w n  in  T a b l e  3. T h e  r e l i a b i l i t y  i n d i c e s  of  t h e  t h r e e  

z o n e s  o f  d a t a ,  n e g l e c t i n g  u n o b s e r v e d  r e f l e c t i o n s ,  a r e  

R h ~ 0 = 0 " 0 9 ,  R i ,0z=0"13 ,  R 0 ~ = 0 . 1 1 .  
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Discuss ion  

The sulfamic acid molecule 

All three hydrogen atoms were found to be chem- 
ically bonded to the nitrogen atom, thus confirming the 
zwitterion configuration of sulfamic acid. The heavy 
atom positions result in a molecular symmetry of C8~. 
The hydrogen atoms are staggered with respect to the 
sulfur bonded oxygen atoms, but distort somewhat 
from trigonal symmetry. 

double bond character to both the N-O and N-N 
chemical bonds. 

Molecular environment 

A point of interest in this investigation was to 
determine if sulfamic acid is present in the crystalline 
state as the zwitterion and if so if the -NH3 group 
utilizes all of the available neighboring oxygen atoms 
in a system of hydrogen bonds. Fig. 2 views a sulfamie 

Table 4. Sulfamic acid intramolecular bond distances 
and angles 

Standard 
Dis tance  dev ia t ion  Angle 

B o n d  (A) (£)  Bonds  (o) 

S - N  1"764 0"020 N - S - O  1 103"2 
N-S-Og_ 102"9 

S-O 1 1-421 0-021 N - S - O  3 103-5 

S-O2 1"452 0.022 O1-S-O 2 113"4 
O2-S-O 3 114.7 

S -O z 1.445 0.022 O1-S-O 3 117.3 

N - H  1 1.032 0.026 S - N - H  1 115.1 
S - N - H  e 107.9 

N - H  2 1.028 0-020 S - N - H  3 111-0 

N - H  S 1.013 0.022 H 1 - N - H  2 114.7 
H 2 - N - H  S 103.0 
H 1 - N - H  ~ 105.2 

Interatomic distances and bond angles calculated 
from the parameters listed in Table 2 are given in 
Table 4. The comparable values agree quite well with 
those of Osaki et al. (1955). The average S-O distance 
of 1.439 A agrees with the nearly constant value of 
1.44 /~ reported in various oxides, oxyacids, and acid 
salts of sulfur (Jeffrey & Stadler, 1951). The S-N 
distance of 1.76 /~ is not significantly longer than the 
value of 1.75 /~ given by Osaki et al. (1955). In nearly 
every reported structure determination of molecules 
containing an S-N bond, the length of this bond has 
been considerably shorter than the predicted single- 
bond value of 1.74 /~ (Pauling, 1940; Schomaker & 
Stevenson, 1941). In all of these molecules the nitrogen 
atom has available p-electrons which can z-bond with 
sulfur d-orbitals, giving the bond considerable double 
bond character. However, since sulfamic acid exists 
in the crystalline state as the zwitterion, the nitrogen 
atom has no electrons available for ~-bonding and the 
S-N bond is essentially a single bond. The only other 
reported S-N chemical bond of comparable length, 
namely 1.791 A reported in the dinitrososulfite ion 
(Jeffrey & Stadler, 1951), can also be interpreted to 
be a single a-bond. The environment of the sulfur atom 
in sulfamic acid and the dinitrososulfite ion is essen- 
tially the same. It  is interesting to note, however, 
that  whereas the nitrogen atom in sulfamic acid is 
bonding to four other atoms essentially tetrahedrally, 
the nitrogen atom in the dinitrososulfite ion is bonded 
to only three atoms in a nearly sp 2 type configuration, 
the fourth orbital being used to give considerably 

o,(2) 
0"560 

\ 

,\ 
\ 

~o 3 C) °' ,--,o3(3) 
• 

._.//_ w2U ) ~-" 
("103(6) ' \ ,  (_Y2.772 .... 
"J  0.917 ~ - -  - - ~ . .  ..... : O H 2  

O~ ,#I,N 0.315 

H1 '. 
/ ~ 03 

i / ~o,(5) 
'02(7) "-'0"535 

"- ' I  "019 

Fig. 2. Sulfamic acid molecule  p ro jec ted  down the  S -N  b o n d  
axis. The  neares t  ne ighbors  are  shown toge the r  with the i r  
d is tance  in /~_ngstrSms above  the  n i t rogen  a tom.  

acid molecule projected down the sulfur-nitrogen bond 
axis. The nearest oxygen neighbors are also indicated. 
The various observed intra-molecular contact distances 
and important angles are listed in Table 5. There are 
six oxygen atoms closer than three /~ngstrSms to the 
nitrogen atom. Of these, five are arranged in space 
such that  the S-N • • • O angle is favorable for hydro- 
gen bonding, namely from about 100 ° to 112 °. As 
pointed out in the introduction, Osaki et al. (1955) 
suggested that  the sulfamic acid molecule is in an 
eclipsed configuration. If the molecule does assume 
this form in the crystal, the hydrogen bonding system 
would contain one single and two bifurcated hydrogen 
bonds. A staggered configuration of the molecule 
would also result in a bonding system which would 
contain a bifurcated hydrogen bond. Thus if the mole- 
cule exhibits either of these two expected configura- 
tions, one should observe such a bifurcated bond. The 
structure is actually a distorted staggered configura- 
tion. The distortion is sufficiently great such that  all 
three hydrogen atoms form essentially single hydrogen 
bonds, indicated by dashed lines in Fig. 2. These 
hydrogen bonds are not strictly linear. The N-H bond 
axes are bent with respect to the nitrogen-oxygen 
vector by angles of 7 °, 13 °, and 14 °, respectively, for 
the N-Hl" 'O2(7) ,  N-H2""03(3), and N-H3""01(2) 
contacts. 

I t  is interesting to note that, although intra- 
molecular bonds in which a bonded hydrogen atom is 
electrostatically attracted to two other atoms have 
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Table  5. Sulfamic acid hydrogen bonding system 

Atoms Distance 

N-O~(2) 2.967/k 
N-O~(5) 2.931 
N-O9(7) 2.973 
N-O2(8 ) 2.824 
N-O3(3 ) 2.984 
N-Oa(6 ) 2-932 

H1-O2(7) 1.953 
H9-O~(3) 1.997 
Ha-01(2) 1-985 

Hi-Oa(6 ) 2-560 
H2-O1(5 ) 2-445 
Ha-Oa(6 ) 2.447 

Atoms Anglo 

S-N O1(2 ) 100.9 ° 
S-N O~(5)  100.5 
S-N O2(7 ) 111.9 
S-N O~(8)  169.2 
S-N Oa(3 ) 103.5 
S-N Oa(6 ) 108.3 

N-H~. • . O2(7 ) 169.3 
N-Hu. . .Oa(3  ) 160.2 
N-H a . . .O1(2 ) 159.0 

N-H 1- . .  Oa(6 ) 100-6 
N-H~ • • • O1(5 ) 108.0 
N-H a . . .Oa(6  ) 109.5 

been predicted, no ac tual  example has ever been 
proven to exist. In  the  first  X - r a y  s t ructure  determina-  
t ion of glycine, Albrecht  & Corey (1939) pos tula ted  
a bi furcated hydrogen bond from the - N H  + group. 
I n  a ve ry  extensive ref inement  of new X - r a y  da ta  from 
glycine (Marsh, 1958), the hydrogen atoms were 
direct ly located and  the  hydrogen bonding scheme of 
Albrecht  & Corey was essentially substant ia ted.  One 
of the  hydrogen atoms on the  NH~- group was located 
between two neighboring oxygen atoms at  distances 
of 1-29 and 1.44 A, thus  forming two ra ther  weak  
hydrogen bonds. In  a recent  neut ron diffraction in- 
vest igat ion of glycine, Burns  & Levy  (1958) placed 
this hydrogen a tom a t  a distance of 2.10 and 2.44 /~ 
respectively f rom these neighboring oxygen atoms,  
thus  indicating one strong and one substant ia l ly  
weaker  hydrogen bond. Other  s t ructures  reported to 
contain bifurcated hydrogen bonds are also disputed.  
Iodic acid was claimed to contain such a bond (Rogers 
& Helmholz,  1941). An a l te rna te  in terpre ta t ion  con- 
sistent with the X-ray data was gNen by Wells (1949) 
in which no bifurcated bond was necessary to explain 
the  molecular packing. In  a recent, s t ructure  determi- 
nat ion of n i t ramide (Beevers & Trotman-Dickenson,  
1957), assuming the molecule contains an H - N - H  bond 

angle of 120 ° , both  hydrogen a toms are equivalent  
and are located between neighboring oxygen a toms a t  
a distance of 2.1 and 2-4 ~ .  This assumpt ion would 
then lead to a bifurcated hydrogen bond, the  2-4 A 
bond being again ra the r  weak. In  this invest igat ion 
of sulfamic acid it was found tha t  the  s t ruc ture  ex- 
pected in an isolated O; -S-NH + molecule, namely  the  
s taggered configuration, is ac tual ly  dis torted some- 
wha t  to prevent  the format ion of such a bond. This 
fact  indicates t ha t  a single hydrogen bond is s table 
with respect to a bifurcated hydrogen bond by  a t  least  
the amoun t  of energy required to cause this distort ion.  
This energy requirement  also indicates t h a t  a bi- 
furcated hydrogen bond would probably  be observed 
very  rare ly  and only under  quite s t r ingent  packing 
conditions. 
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