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Four molecules of hydroxylamine are in an orthorhombic unit  cell of symmetry P212121 and 
dimensions a = 7-29, b----4.39, c = 4.88 /~. The coordinates xo ---- 0.060, yo = --0.062, zo 
--0"023, xN ---- 0-121, yN = 0"244 and zN ---- 0.063 lead to the N - 0  bond distance of 1"47e±0"03 A, 
and to the closest intermolecular contacts of l~- • • O = 2-74, 3.07, 3.11 and 3.18 A. Hydrogen 
bonds are presumed to lie in the 2.74 and 3.07 A contacts, thus leaving the third hydrogen atom 
of the molecule uninvolved, and indicating a trans configuration for the molecule. No residual 
entropy is indicated, and no transition occurs when the solid is cooled to --185 ° C. 

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

Two spectroscopic invest igat ions of hydroxylamine ,  
one of the solid and  gas by  Gigu6re & Liu (1952), 
and  one of the sohd at  low tempera ture  by  Nightingale 
& Wagner  (1954), have  recent ly been made. These 
studies differ somewhat  in the  observations, and the 
assignments  of the bands  are different. In  part icular ,  
Night ingale  & Wagner  assigned the broad, intense 
band  at 2867 cm. -1 to a strong hydrogen bond. 

I n  the hope tha t  we could provide some informat ion 
relat ing to these spectroscopic studies, and in the 
expectat ion tha t  the  s tructure might  be closely related 
to those shown b y  hydraz ine  (Collin & Lipscomb, 
1950, 1951), hydrogen  peroxide (Abrahams, Colhn & 
Lipscomb, 1951), me thano l  (Tauer & Lipscomb, 1952), 
and  me thy l amine  (Atoji & Lipscomb, 1953), we have 
carried out a s tudy  of the  crystal  structure as described 
below. Low-tempera ture  techniques were employed 
par t ly  because of the  low mel t ing point  of 33 ° C., but  
chiefly because of the  t endency  towards rapid  decom- 
position near  room tempera ture .  

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

Hydroxylamine ,  prepared  by  the  method of Hurd  
(1939), was t ransferred to a vacuum hne and was 

par t ia l ly  fur ther  purif ied by  pumping  out volati le 
impuri t ies  for periods up to 30 min.  The usual  tech- 
niques of subhmat ion  into capillaries produced impure  
samples, so tha t  a modified technique was used. A 
section of glass tubing  between the sample and vacuum 
pumps  was drawn down to capil lary diameter .  Wi th  
the pumps  ma in ta ined  in operation, a short  length of 
this constricted region was cooled to near  liquid- 
ni trogen temperature ,  allowed to warm for a short  
time, cooled again, with the low-temperature  s t ream 
of nitrogen, and  then  sealed on both sides of the small  
slug of sohd hydroxylamine .  Thus prepared, the sam- 
ples were stored in dry  ice. 

X- ray  diffraction da ta  were collected on the preces- 
sion camera  from a single crystal,  grown with the use 
of a warm air stream, and  main ta ined  at  - 6 0  ° C. 
during photography.  Me Kc~ radiat ion was used, and 
precession angles of 21 ° for the {h0/} zone and 30 ° 
for the ~hk0}, {Ok/}, {hkh} and {2h,k,h} zones were 
employed. No X- ray  diffraction evidence of a phase 
t ransi t ion was observable at  temperatures  down to 
- 185 ° C. 

Intensi t ies  were es t imated visual ly  with the  use of 
a s tandard  scale of t imed exposures of a reflection 
from a crystal  of NaC1 of comparable  size. The usual  
Lorentz and polarization corrections (Waser, 1951) 
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were made, the resulting reduced intensities were 
correlated to the same relative scale with the use of 
common reflections, and observed structure amplitudes 
were then calculated. 

Structure determination 

Reciprocal-lattice symmetry D~h, and the systematic 
extinctions of only the axial reflections having odd 
indices, lead uniquely to the space group D~-P2z2z2 z. 
Unit-cell dimensions are 

a = 7"293, b = 4"399, c = 4-875 Jk. 

The assumption of four molecules of NH~OH in this 
unit cell leads to a calculated density of 1.40 g.cm. -a, 
in agreement with the value of 1.35 g.cm. -a observed 
by De Bruyn (1892). No molecular symmetry is de- 
manded by the space group, since the molecule neces- 
sarily occupies the general position. 

Ignoring, for the start, the hydrogen atoms and the 
difference between N and O, an approximate structure 
was found by trial-and-error methods. Refinement by 

Fourier methods, using the well-resolved c-axis projec- 
tion (Fig. l(a))_ and the poorly resolved a-axis (Fig. 
2(a)) and [101]-axis (Fig. 3(a)) projections, yielded 
values of coordinates for hT and O. These values even- 
tually proved to be within an average deviation of 
+0.001 and a maximum deviation of 0.002 of the final 
values. 

The c-axis projection indicated a significant dif- 
ference between the electron densities of the two 
heavy atoms. The model indicated by this projection 
(Fig. l(b)) is designated as Model I, while that  ob- 
tained by reversing the positions of hT and O is called 
Model II. A careful comparison of these two models 
was then made. Because of lack of resolution in the 
projections along b, a and [101], an analytical com- 
parison was made by calculation of 

S = X ( l F o l - l F d ) ~ + X l F o ]  ~ and 
R --  Z l I F o I - I F o l I - Z l F ° I ,  

assnmiug temperature factors exp ( - B  sin s 01~ ~) with 
B = 1.5 and 3.0 /~. The results are, for Models I 
and II" 
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Fig. I. (a) Projection of the electron density along the o axis. Contours are in intervals of 1 e.A -~. The contour for 1 e./k -~ is 
broken. (b) Explanat ion of (a), showing out-of-plane coordinates. The smaller circles represent N and the larger circles O 
atoms. 
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Fig. 2. (a) Projection of the electron density along the a axis. Contours are in intervals of 1 e.A -~. The contour for 1 e.A -~ is 
broken. (b) Explanat ion of (a), showing out-of-plane coordinates. The smaller circles represent :N and the larger circles O 
atoms. 
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Fig. 3. (a) Projection of the electron density along the [10T] axis. Contours are in intervals of 1 e./~-% The contour for 
1 e./~ -2 is broken. (b) Explanat ion of (a), showing out-of-plane coordinates. The smaller circles represent N and the larger 
circles O atoms. 

For B = 1-5: 
S~ = 0.033, Rz = 0.18, Szz = 0.046, Rrr = 0"21; 

For  B = 3.0: 
SI = 0.046, RI = 0.21, SII = 0.062, R n  = 0.25. 

Thus, in agreement  with the c-axis projection, Model I 
is favoured. 

A series of difference projections along a and c were 
then  calculated in which both models were tested. 
Both values of B were employed. For  the quant i ta t ive  
comparison the method of Cruickshank (1949) was 
used. In  summary ,  the difference in peak heights for 
Model I is 1.5 a while tha t  for Model I I  is 4 a, where 
a is the s tandard  deviat ion of electron densi ty  in the 
difference synthesis.  Details of this calculation are 
given elsewhere (Meyers, 1955). Again the results 
support  Model I. 

Backshif t  corrections were then  calculated, as- 
suming Model I bu t  omit t ing hydrogen atoms. The 
largest correction was 0.004, for the Zo parameter ,  and 
the  corrections were essential ly independent  of the 
choice of B at  1.5 or 3"0/~ .  In  addition, a least-squares 
calculation of zo and z~ was made  with the use of the 
{Ok/} data.  The f inal  parameter  values are 

Fig. 4. Isometric drawing of the hydroxylamine structure.  
Probable hydrogen bonds are indicated by broken lines 
connecting the smaller circles (N) and the larger circles (O). 

Xo = 0-060, Yo = - 0 . 0 6 2 ,  Zo = - 0 . 0 2 3 ;  
x~ = 0.121, y~ = 0.244, z~ = 0.063. 

The f inal  value of B = 2.3 J~s was found from plots 
of log (Fo/Fc) versus (sin 0/2) 3. Comparison of struc- 
ture factors, wi thout  the inclusion of hydrogen atoms, 
is shown in Table 1. The value of R is 0.17 when only 
observed reflections are included. However, inclusion 
of the hydrogen atoms ha l fway  between the non- 
bonded contacts reduced R from 0.17 to 0.14 for the  
{hk0}, {Ok/} and {h0l} reflections. 

Location of hydrogen atoms by  use of the various 
difference syntheses described above proved unsuc- 
cessful. Aside from the  presence of an  unresolved 
m a x i m u m  in the difference projection along the c axis 
where packing considerations suggest the overlapping 
of two hydrogen atoms, we cannot be sure of any  
direct evidence regarding hydrogen positions from our 
data.  

Discuss ion  

The N - O  bond distance is 1.476 J~, with an es t imated 
probable error of +0.03 J~. This error is mean t  to 
include the  effect of omission of hydrogen atoms in 
the refinement,  a procedure which m a y  be responsible 
for the bond being unexpectedly  long. The value ex- 
pected from tables of bond radi i  is 1.435 ~ (Schomaker 
& Stevenson, 1941) and is somewhat  shorter t han  our 
value, which, however, is in good agreement  with the 
N - O  bond distance of 1.47 /~ in hydroxy lamine  
hydrochloride (Jerslev, 1948; Donohue, 1952). I t  m a y  
be added tha t  an  es t imate  of 1.46 Jk was made  by  
Gigu~re & Liu from the force constant  of the N - O  
stretching frequency and Badger 's  rule. 

The next  longest in tera tomic distances are 01N9 = 
l~zO~. = 2.74 /~, OzN a = NzO 3 = 3"07 A, 01N 5 = 
NIO s = 3"11 A, OzN a = NzO 4 = 3"18 A, and 010a = 
3.24 A. All other contacts are greater t han  3.5 A. The 
angles are 

AC8 40 
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Table 1. Comparison of IFol and ]Fcl 
Values of llecl include con t r ibu t ions  on ly  of N and  O. 

hkZ IFol IFcl 
200 17.5 19.0 
400 9.8 10.1 
600 6.4 5.7 
101 3-9 2.4 
201 28.5 30-8 
301 4.3 4.5 
401 14-6 13.9 
501 a 1.8 
601 a 0.4 
002 24-6 28.7 
102 6.5 5.1 
202 10.5 11.7 
302 a 2.1 
402 6.5 5-0 
502 5.2 4.8 
602 6.0 4.3 
103 2.1 1.4 
203 12.8 9.8 
303 6-0 5.9 
403 8-8 7.2 
503 3.8 2.8 
004 6.6 6.6 
104 3"6 2.4 
204 5.1 4.2 

110 9.6 8.7 
210 13-4 11.4 
310 13-0 14.6 
410 1.5 3"9 
510 5.7 8-3 
610 5-5 7.5 
011 11-0 8.6 
111 16.9 19.9 
211 4.5 4-9 
012 2.2 4.2 
212 5.5 5.0 
412 2.3 4.1 
013 a 0.7 
313 5.6 6.5 
014 3-3 3.4 

hk~ [Fol l-~c] 
414 1-7 1.6 
015 3.0 2.8 
016 1-5 1.9 

020 4-2 1.2 
120 12-4 10.3 
220 8-4 7.0 
320 4.9 4"1 
420 7.1 7-9 
520 a 1.3 
620 a 2.0 
720 a 2.8 
820 3.2 5-2 
021 3-1 2.0 
121 7.1 5.9 
221 4.0 3.2 
022 1.3 1-8 
222 5.6 5-5 
422 3-9 4.6 
023 3.9 3-0 
323 5.1 4.6 
623 2.7 3.2 
024 4-0 3-6 
424 a 1.6 
025 3.2 2.0 
525 3-3 2.3 
026 3.7 2-8 

130 a 0.9 
230 13-0 13-0 
330 2.9 2-3 
430 6.0 6-8 
530 2.2 2-3 
031 17-1 15.9 
131 4-4 3-2 
231 5.7 6-3 
032 4.1 1.4 
232 9.0 8-4 
432 4.3 5-1 
O33 7-8 7-O 

333 2-3 1.5 
633 2-4 1.7 
034 3-2 1.0 
434 3-1 2.4 
O35 2.8 1.3 

040 5.5 5.0 
140 6.6 6-3 
240 a 0-3 
340 a 1-7 
440 4-0 3-7 
540 1.9 1-5 
041 a 0-6 
141 5-1 2.9 
241 3.7 4-2 
042 4-2 3-0 
242 a 0.5 
442 2-7 2.6 
043 a 1.2 
343 4-3 3.5 

150 a 0-1 
250 a 0"9 
350 a 0.6 
450 2-3 2-3 
550 a 1-1 
650 3-0 3.2 
051 a 0.4 
151 a 1.2 
251 2-7 2.0 
052 a 0-7 
452 1.6 2.0 
053 1-4 1-3 
353 3-0 2.3 

060 3-8 3.5 
061 a 0.4 
161 a 0-4 
261 3-0 2-5 
062 2-7 2-4 

I~101~]'9. ---- 101 ° 9', 
N~O1N , = 100 ° 52', 
01N103 ----- 83 ° 7', 
04NxO ~ = 84 ° 54', 
OaNl02 = 114 ° 9', 
N401N z = 142 ° 32', 
NI01Ns = 144 ° 12', 

and 01NI05 = 144 ° 12'. 

N~0~N s = 128 ° 50', 
01N102 = 110 ° 46', 
NI0103 = 70 ° 1', 
O a N I O  a = 158  ° 15', 
NaO1N 2 = 114 ° 9', 
N4OIN a = 107 ° 26', 
01N104 = 99 ° 55' 

I t  seems reasonable to discard the 0103 contact 
and the NIO 5 and 01N s contacts as possibilities for 
hydrogen bonding because of their lengths, and because 
of their very large deviations of - 3 9  ° 27', +34 ° 44', 
+34 ° 44' of the corresponding angles, N1OlOa, 01N10 s 
and NlO1Ns, from the approximately tetrahedral 
hybridization expected about the N and 0 atoms in 
NHzOH. The value of 3-1 A for NIO 5 = 01N 5 is 
indeed very nearly that  expected for van der Waals 
contact between N and 0 in molecular crystals, in 
which the 0 radius of 1.45 A is suggested from H209 
and the N radius of 1.65/~ is suggested from hydrazine. 
Indeed, this value of 3.1 A makes doubtful the oc- 

currenee of a hydrogen bond in the 01N 4 = N104 
distance of 3-18 A, thus leaving the 2-74/~ and 3-07/~ 
d i s t a n c e s  a s  t h e  m o s t  l i k e l y  p o s i t i o n s  f o r  h y d r o g e n  

bonding. 
If hydrogen bonds are assumed in the 2.74 and 

3-07 A distances, the structure bears a strong resem- 
blance to that  of H902 and a striking resemblance to 
that  of N~H 4. In all of these structures, chains of 
hydrogen bonds extend approximately along major 
crystallographic axes. These bonds link both ends of 
these three molecules in each of their structures, and, 
in a similar way, the bonds in methanol and in methyl- 
amine link the polar ends of these molecules strongly. 

The effect of assuming an additional hydrogen bond 
in the 3-18 A distances is not so satisfactory. Although 
the angles defining hydrogen bonds do lie within the 
relatively large range summarized by Donohue (1952), 
the resulting effort to use up the remaining hydrogen 
atom and electron pair of the molecule in what would 
be an unusually long hydrogen bond produces ap- 
parently u n a c c e p t a b l e  d e v i a t i o n s  o f  t h e  h y b r i d i z a t i o n  

about N and 0 from the expected roughly tetrahedral 
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angles. Al though a somewhat  similar a r rangement  
occurs in p-aminophenol  (Brown, 1951) in which 
distances of 2.83, 3.13 and  3.18 A are found a t  con- 
s iderably more favourab le  angles t h a n  those shown by  
hydroxylamine ,  i t  seems best to us to leave one hy- 
drogen a tom of NI-I20I-I uninvolved in hydrogen  
bonding and  to assume such bonds only in the  2.74 
and 3"07 J~ distances.  

I t  is of interest  to ask wha t  is the  configuration of 
the molecule, and  where are the  hydrogen atoms.  
Considerable effort  was made  to see if our d a t a  were 
capable of yielding a n y  direct information,  with results 
described in detai l  elsewhere (Meyers, 1955). I n  sum- 
mary ,  a detailed examina t ion  of s t ructure  factors,  not  
given here, for three  different  possible a r rangements  
of hydrogen  bonds 

(a) 0 1 - H -  • • N2 -- 2.74 A, N 1 - H .  • • 0a = 3-07 A;  
(b) N ~ - H .  • • 02 = 2-74/~,  0 ~ - H -  • • N a = 3.07 A;  
(c) N 1 - H  • • • 02 = 2-74/~,  N 1 - H -  • • 0a = 3.07 A 

yielded, respectively,  values of R = 0.16, 0.16 and 
0.17 for all observed reflections, thus  supplying no 
direct evidence regard ing  the  hydrogen positions. 
Nevertheless,  all th ree  of these possible models lead 
to N H ~ 0 I t  molecules which, if isolated f rom the  
crystal ,  would have  ve ry  near ly  the  trans configuration 
of s y m m e t r y  C~. This resul t  lends some suppor t  to 
a model  of C, s y m m e t r y  in the  gas phase, assumed 
by  Gigubre & Liu, in so fa r  as extrapolat ions of from 
solid to gas are val id .*  

* While normally the same geometry occurs in the solid 
and gas, the binding forces in the solid are occasionally suf- 
ficient to produce some modifications of orientation about 

I t  is a pleasure to acknowledge suppor t  of this 
research by  the  Office of Nava l  Research and to t h a n k  
Dr  Pe te r  A. Howell  for assistance in obtaining the  
diffraction pa t te rns .  
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sumably the singly eclipsed form of hydrazine is only a small 
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phase as indicated in the first drawing of Fig. 1 in the paper 
by Collin & Lipscomb (1950). 
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The Structure  of Guin ier -Pres ton  Zones.  I. The Fourier Trans form of 
the Diffuse Intensity Diffracted by a Guin ier -Pres ton  Zone 
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The expression for the diffuse intensity diffracted by the A1-Cu alloy with Guinier-Preston zones 
is derived as a trigonometrical series with coefficients dependent on the structure. I t  is shown 
that  the coefficients can be determined with the aid of the Fourier transform of the integrated 
diffuse intensity in relrod (00/). From these coefficients it is possible to deduce the features which 
are characteristic of the structure of Guini.er-Preston zones. 

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

The anomalous diffract ion effects in A1-Cu and 
A1-Cu-Mg alloys in the  age-hardened stage are well 
known (Preston, 1938; Guiltier, 1938). They  eorre- 

spend approx imate ly  to diffraction by  a two-dimen- 
sional lat t ice and  they  are usual ly  connected with the  
format ion  of two-dimensional  copper-rich regions in 
the  (001) planes of the  matr ix .  The asymmet r ica l  
intensi ty  dis t r ibut ion a round  the  reciprocal lat t ice 
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