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A Neutron Crystallographic Study of Lead Nitrate* 

:BY WALTER C. HAMILTON 

Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York, U.S.A.  

(Received 26 July 1956 and in revised form 17 September 1956) 

A neutron diffraction investigation of powdered lead nitrate at temperatures up to 300 ° C. has 
been undertaken to determine whether there is any significant rotation of the nitrate group about 
its symmetry axis. If a cosine-like potential is assumed, the potential barrier for hindered rotation 
is at least Vo > 16kT. Revised parameters for the room-temperature data lead to an N-O bond 
length of 1-267 A (o = 0-021 A), a va]ue somewhat greater than that  previously reported for the 
compound. I t  is suggested that  disorder or dislocation phenomena can account for the somewhat 
irreversible changes in the intensities of the most intense reflections which occur on heating or 
vigorous grinding of the sample. 

1. In troduc t ion  

Studies of the  meta lhc  ni t ra tes  are of interest  in con- 
nect ion with the  general phenomenon of ro ta t ing  
groups in crystals. The n i t ra te  group is reported to 
undergo 'free' ro ta t ion,  ei ther about  the symmet ry  
axis or spherically, in a number  of compounds. The 
t rans i t ion  to free rota t ion,  which is often accompanied 
by a phase change, usual ly takes place in the tempera- 
ture  range 150-175 ° C. (See, for example, F inbak  & 
Hassel, 1937; K_racek, Posnjak  & Hendricks,  1931; 
and  Hendricks,  Posn jak  & Kracek,  1932.) 

Ea r ly  X- ray  results were in terpreted (Kracek, 
Hendricks & Posnjak,  1931) as indicat ing tha t  the 
n i t ra te  group in lead n i t ra te  is ro ta t ing  at  room 
temperature .  However,  other  work resulted in the 
assignment of fixed positions to the oxygen atoms 
(Vegard, 1922; Vegard & Bilberg, 1932). Al though no 
phase change is observed on heat ing the  compound 
to 300 ° C., i t  has been postula ted t ha t  there might  be 
a gradual  t rans i t ion to free ro ta t ion  such as one would 
expect  if there were a low potent ia l  barrier (Vegard & 
Roer, 1941). No de te rmina t ion  of s t ructure  has been 
a t t empted  a t  the higher  temperatures ,  Vegard & Roer 
(1941) having observed only reflections with lead con- 
t r ibut ions for the  purpose of determining lat t ice con- 
stants.  Neut ron  diffract ion would appear  to be more 
suitable t han  X-ray  diffraction for a closer examinat ion  
of the  s t ructure  because of the comparable magnitudes 
of the  neu t ron  scat ter ing factors for Pb, N, and O 
( b - - 0 - 9 5 7 ,  0.940, 0-58x10 -12 cm., respectively 
(Hughes & Harvey,  1955)). I t  is to be noted, however, 
t h a t  accurate  informat ion  concerning l ight-atom posi- 
t ions could in principle be obtained from the X-ray  
data,  despite the  d ispar i ty  in scat tering factors, as 
the  lead atoms contr ibute  only to reflections with 
unmixed indices. 

* Research performed under the auspices of the U.S. Atomic 
Energy Conlmission. The preliminary ,'esults of this investiga- 
tion were presented at the June 1956 meeting of the American 
Crystallographic Association, French Lick, Indiana. 

2. The  s t ruc ture  

Lead n i t ra te  crystallizes in the cubic system, space 
group Pa3, a 0 = 7.84 /~, Z = 4. The lead atoms are 
in a face-centered ar rangement  (special positions (a) of 
Pa3 in the  International Tables, 1952). The oxygen 
atoms occupy general positions and the  ni t rogen atoms 
the eightfold positions (c) of the International Tables.* 
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Fig. 1. The ( l l l )  plane of lead nitrate showing arrangement 

of nitrate groups. The filled-in circles are lead atoms. The 
nitrate groups drawn with heavy lines lie 0.27 A above the 
plane of the lead atoms, the ones drawn with light lines an 
equal distance below. The broken lines are the lines of 
intersection of the plane with the faces of a unit cube. 
Arrows on one of the nitrate groups indicate the direction 
of the postulated rotation. 

The s tructure ma y  be visualized as a face-centered 
ar ray  of lead atoms with every octahedral  site in the 

* Vegard & Bilberg (1932) give the following values for the 
parameters: (d): x ---- 0.266, y ---- 0.219, z ---- 0.467; (c): u = 0.344. 
This leads to an N-O bond length of 1.22 A. 
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Fig. 2. Typical neutron diffraction patterns for lead nitrate: (a) room temperature; (b) one sarnp]e at 45 ° C. 

lattice occupied by two ni t ra te  groups in the staggered 
configuration, the axes of the groups lying along (111) 
crystallographic axes. The oxygen atoms lie near ly  
along the P b - P b  lines, so t ha t  every lead a tom is 
bonded to twelve oxygen atoms (possibly in two un- 
equal sets of six). The a r rangement  of the ni t ra te  
groups is such tha t  every (111) plane contains an 
equal number  of nitrogen atoms (see Fig. 1). 

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

Analyt ical  grade Pb(N03)  2 was ground in an agate  
mor ta r  to a fine powder which was placed in glass- or 
quartz-walled sample holders for the measurement  of 
the diffraction pat tern .  A cylindrical sample holder 
about  one inch in diameter  and wrapped with quartz  
insulated nichrome wire was used for the measurements  
a t  elevated temperatures .  A chromel-alumel  thermo- 
couple immersed in the powder controlled a the rmos ta t  
which regulated the tempera ture  to +5  ° C. For  the 
room-tempera ture  runs, a larger sample-holder of 
rectangular  cross section, one-hag inch thick and inter- 
cepting a neutron beam two inches square, was used. 
Runs  made with the sample-holders empty  showed 
tha t  any  inhomogeneities in their  scattering did not  
significantly affect the intensities of the more intense 
reflections. The nichrome-~Tapped cylindrical holder 
did, however, create some unevenness in the back- 
ground which made accurate  intensi ty measurements  

on the weaker reflections impossible. 0nly the data 
from the flat  sample-holder were used for the final 
refinement of parameters .  

The neutron spectrometer  used was tha t  described 
by  Corliss, Hast ings  & Brockman (1953). In tegra ted  
intensities were derived from the total  counts received 
as the counter revolved a t  a constant  angular  velocity 
of 1 °, 2 ° or 4 ° per hour. The values of F 2 were cal- 
culated from the intensities in the usual way (Bacon 
1955). The linear absorption coefficient was deter- 
mined experimental ly by transmission measurements  

on the flat  sample. The neutron wavelength was 
1.07 A. 

Init ial  experiments on heat ing of the sample in- 
dicated t ha t  above 300 ° C. there was some evolution 
of nitrogen oxides, and continued heat ing a t  higher 
tempera tures  led to complete decomposition, as wit- 
nessed by  the complete disappearance of the charac- 
teristic diffraction pat tern .  This is in quali tat ive agree- 
ment  with published da ta  by Neumann  & Sonntag 
(1933), who found dissociation pressures of 6 mm.,  
87 mm.,  and 767 mm. a t  tempera tures  of 266, 320, and 
359 ° C. At  lower temperatures ,  however, and for all 
samples which are discussed below, no appreciable 
decomposition took place.* 

4. Resu l t s  

The diffraction pa t te rn  at  room tempera ture  is shown 
in Fig. 2(a). The calculated intensities are in general 
quite sensitive to oxygen positions, especially to the 
angle of rota t ion out of the equilibrium configuration. 
Fig. 3 exhibits the calculated var iat ion with angle of 
rotat ion of the s t ructure  factors for the most  intense 
reflections, (210), (211), (311), and (222). I t  was im- 
mediately obvious from comparison of observed and 
calculated intensities tha t  any  depar ture  from the zero 
position (oxygen equidistant  from two lead atoms) 
must  be small. The assumption was then made  t h a t  
there is a rotation-hindering,  cosine potential  function 

with minima at  the three equivalent  zero positions. 
Intensit ies were calculated for models with classical 
distributions of degree of rotat ion as determined by 
the potential  barrier,  i.e., the probabil i ty of the n i t ra te  

* Analysis for lead in the three samples in Table 2 gave 
62-6 %, 62.5 %, 62.7 %; calculated for Pb(NOa) 2, 62-5 %. The 
sample which appeared from the diffraction pattern to be 
completely decomposed gave 82 % Pb; calculated for l~bO2, 
86.5 %. The diffraction patterns for the other samples showed 
no evidence of aromalous lines or increased background scat- 
tering which would be expected from decomposition products. 
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group being ro ta ted  to an angle ~ is proport ional  to 
exp [ - b ( 1 - c o s  3~)]. Fig. 4 shows plots of the ratios 
R~ = 1(210)/1(211) and R 2 -- 1(311)/1(222) as func- 
tions of b = Vo/2kT , where V 0 is the height of the 
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Fig. 3. S t ruc ture  factors  for four  intense reflections as func- 
t ions of ro ta t ion  of n i t ra te  group from zero posit ion defined 
by  x = y. Negat ive  angles defined so t h a t  x >  y. u = 
0.353, B = 0-1608 A ~, rN-o = 0.1608 A. 
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Fig. 4. I n t e n s i t y  ratios as funct ions of potent ia l -barr ier  height ,  
b = Vo/2lcT. Unbroken  line: R 1 = I ( 2 1 0 ) / I ( 2 1 1 ) ;  broken 
line: /~2----I(311)/I(222). Observed values were 1.43 and  
0.89. 

potent ial  barrier,  k is the  Bol tzmann constant,  and 
T is the absolute tempera ture .  The observed values 
were 1.43 and 0.89 with es t imated m a x i m u m  errors of 
0.08 and 0.06. The condition on R~ alone leads one 
to the conclusion tha t  the absolute minimum value of 
b i s 3 ,  or V 0 > 6 k T .  

In  order to obtain a bet ter  est imate of the height 
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of the potent ia l  barrier,  l /b* was included as a para-  
meter  in a series of least-squares adjus tments~ which 
also included the  four  parameters  determining the 
oxygen and ni trogen positions. The first i terat ion in- 
dicated t h a t  any  depar ture  of the ni t ra te  group from 
p lanar i ty  or any  deviat ion from the condition x = y 
(all P b - O  distances equal) is less than  the corre- 
sponding s t anda rd  deviation. $ Hence in the  succeeding 
i terat ions only two s t ructura l  parameters ,  the  N - O  
bond length and the  nitrogen pa ramete r  u, were in- 
cluded together  with 1/b, a scale factor  (K), and an 
isotropic t empera tu re  factor  (B). 

The results of the  final i terat ion were as follows: 

u = 0.3535, a = 0-0013; 

rN-o = 0"1617, a = 0"0027; 
2B = 1"45, (~ = 1"06; 

1/b = 0"00, c; = 0"06; 

K = 1"00, a = 0"06. 

F rom the values of u and rN-O m a y  be derived 

x = y = 0.2875, a = 0.0013; 

z = 0.4856, a = 0-0022. 

The a 's  in each case are marginal  s t andard  deviations 
derived f rom the least-squares error matr ix .  I t  will be 
noted t h a t  the  error in the tempera ture- fac tor  deter- 
minat ion is quite large, 2B not  being significantly 
different f rom 0 a t  the 5 % level of acceptance.  This 
arises because the  reflections used in the least-squares 
t r ea tmen t  occur a t  relat ively small Bragg angles. With  
the exception of (440) with (sin 0/),) 2 = 0.129, all re- 
flections used had  (sin 0/R) 2 < 0.07. 

The largest  and most  significant of the  correlation 
coefficients is the  one between r~-_o and 1/b. This 
implies t h a t  a decrease in N - O  bond length must  be 
accompanied by  an increase in the torsional oscillation 
to give the most  sat isfactory fit  to the data .  When 
1/b is omit ted from the least-squares t r ea tment ,  the 
errors in bond lengths and atomic positions are almost  
halved.  

If  we accept 2~ as the  limit of error in the deter- 
minat ion of 1/b, we have  0 < 1/b < 0.12, or b > 8. 
This corresponds to V0 > 16kT. At  this value of b, 
the average value of ]~1 is about  6 °, so t ha t  the motion 
of the  oxygen atoms m a y  be approximate ly  repre- 
sented by an anisotropic t empera ture  factor  with the  
long axis of the ellipsoid perpendicular  to the N - O  
bond and lying in the plane of the n i t ra te  group. 

I f  it is assumed tha t  a 0 = 7.84 /~ (Vegard & Roar,  
1941), the  following interatomic distances m a y  be 
derived : 

* The s t ruc ture  factors va ry  approx imate ly  l inearly wi th  
1lb. 

The s tar red reflections in Table 1 were used in these 
ad jus tments ,  and  weights were assigned inversely proport ional  
to the  variance of the individual  measurements .  

:~ These values were (~(x--y)  = 0.003 and ( ~ ( x + y + z - - 3 u )  = 
0.OO4. 

ACI0 8 
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r~_o = 1.268 A, a = 0-021 A; 
rpb-O = 2-805 A, a ---- 0"011 /~. 

The value of the N-O distance is significantly different 
from the value of 1.22 A reported by Vegard & Bilberg 
(1932) for this compound, but is not incompatible with 
N-O bond lengths in other compounds; values ranging 
from 1.22 to 1-28 A have been reported for various 
nitrates (see, for example, Wyckoff (1948)). The 
shortest 0 - 0  contact between nitrate groups is 3.20 A, 
so it would appear that  Pb-O interactions play the 
major role in determining the packing of the ions. 

The observed intensities (averages over three runs 
with different samples) are presented in Table 1, 

A H E U T R O l X l  C R Y S T A L L O G R A P H I C  S T U D Y  O F  L E A D  ~ I T R A T E  

5. E f f e c t s  o f  h e a t i n g  

T h e  e f fec t s  o b t a i n e d  on  h e a t i n g  t h e  s a m p l e  w e r e  s o m e -  
w h a t  u n e x p e c t e d .  S o m e  of t h e  r e s u l t s  a r e  g i v e n  i n  
T a b l e  2, S a m p l e s  1 a n d  2. A t y p i c a l  d i f f r a c t i o n  p a t t e r n  

Table 1. Observed and calculated intensities 

I = jF~" exp [ - -#h  see 0] exp [-- 1.45 (sin 0/9l) 9"] × 10~4 cm2. 
10 sin 2 0 

lo : observed value; 1t/: present results; 
I v :  Vegard & Bilberg (1932). 

(hkl) Io 1~ Iv 
I l l *  9 17 42 
200* 19 18 56 
210" 614 612 638 
211" 428 429 387 
220 < 10 0 51 
221 22 2 104 
311" 410 402 315 
222* 463 456 438 
230 < 10 3 0 
321,231 92 90 121 
400* 49 62 89 
410", 322* 59 90 29 
411" 124 115 157 
331 < 2O 2 0 
420 15 14 6 
421,241 50 76 32 
332 37 37 33 
422 < 2 0  13 0 
430 < 2 0  1 43 
431, 341 < 2 0  12 20 
511, 333 53 30 83 
250, 432, 342 152 142 214 
521,251 64 37 33 
440* 298 300 238 
441, 522 35 6 66 
433 88 67 68 
531 145 143 149 
600, 442 54 72 35 

* Starred reflections were used in the least-squares adjust- 
ments.  

together with those calculated for the parameters 
derived here and for those of Vegard & Bilberg (1932). 
The same temperature factor has been used in both 
sets of calculated intensities. The internal estimate of 
the standard deviation of an individual intensity 
measurement is about 10 for the well-resolved reflec- 
tions and naturally somewhat greater for the poorly 
resolved higher-angle reflections. The value of the 
reliability factor R = X[]Fo[- [FclI--XIFol for all single 
reflections is 0.039, and for the reflections used in the 
least-squares treatment 0-019. 

Table 2. Results of 
R1 = I(210)/1(211), 

Sample T i°C.) R 1 
1 25 1-36 

100 1-72 
210 1-76 
260 1.39 
310 1-25 

25 1-30 

25 1.39 
35 1.64 
45 1.59 
55 1.49 
25 1.59 
25 1.44 

25 1-12 
35 1.00 
25 1.17 
25 1-14 
50 1-46 
25 1-30 
25 1.44 
25 1.41 

* (a): Cured at  least one week 
(b): 24 hr. later. 

heating and grinding 
R9 = 1(311)]1(222). 

R z Notes* 
0-88 (a) 
1-04 
1-18 
1-10 
0-96 
0"79 

0-89 (a) 
1-01 
1-04 
1-02 
1-05 
0-80 (b) 

0.70 (e) 
0-55 
1-20 
1-45 
1-55 (b) 
1-38 
0-77 (d) 
0-80 

after grinding. 

(c): Immedia te ly  after grinding. 
(d): One week later. 

(Sample 2 at 45 ° C.) over the region including the four 
intense reflections is shown in :Fig. 2(b). The runs 
listed in the table were made immediately following 
one another unless otherwise noted. I t  will be observed 
that  the results were not strictly reproducible and that  
recovery to room-temperature values was slow and 
imperfect. The behavior is not at all that  to be ex- 
pected for excitation of internal degrees of freedom; 
indeed, it was impossible to account, even in a qualita- 
tive way, for the changes in intensity on the basis of 
a hindered-rotation model. I t  would seem that  the 
effects could best be explained by some sort of disloca- 
tion or disorder phenomenon. 

Some weight is lent to this interpretation by the 
behavior of Sample 3, on which the diffraction pattern 
was run immediately after severe grinding in a mortar. 
The ratios of intensities here, both in the cold and 
heated samples, were completely out of agreement 
with earlier results. However, one day later R 1 had 
recovered its correct value, and after a week R9 was 
more nearly correct. 

No attempt will be made here to determine the 
exact nature of the disorder. I t  is plausible that  there 
is some disorder in the location of the nitrate groups 
(such disorder would involve only small changes in 
average oxygen positions) or that  there are numerous 
stacking faults in the lead lattice, which in the perfect 
crystalhte may be described as cubic closest packed. 
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Qual i ta t ive est imates of the in tens i ty  changes which 
would accompany such disorder indicate tha t  either 
of these explanat ions is plausible. However, in con- 
nect ion with the lat ter  suggestion, i t  m a y  be noted 
tha t  no appreciable peak broadening or peak shift  
was observed. 

The samples used for ref inement  of parameters  at 
room temperature  had  of course been ground, but  the 
diffract ion pat terns  were run  a few weeks later. The 
question arises whether  the values of the intensit ies 
in the cured sample are indeed the correct ones for an 
ideal ly  imperfect  crystal. I t  m a y  be noted in this  con- 
nection tha t  the  changes in in tens i ty  summarized  in 
Table  2 have  relat ively lit t le effect on atomic positions. 
A least-squares t r ea tment  similar  to tha t  described 
above was carried out on one of the  worst samples 
described here (Sample 3, line 4 in Table 2), and the 
parameter  values obtained lay  wi thin  one s tandard  
deviat ion of those obtained above. However, the fit  to 
the data  is here ra ther  poor, the est imates of error 
being about  four t imes as great as those derived above. 
This would seem to add fur ther  weight to the disorder 
hypothesis  suggested, i.e. the  intensit ies cannot be 
f i t ted well on the basis of variat ion in atomic positions 
and temperature  factors alone. The goodness of the 
f i t  in the  least-squares t r ea tment  in § 4 would seem to 
indicate tha t  the samples there are more near ly  per- 
fect. However, i t  would perhaps be best not  to have 
complete confidence in the parameter  values derived 
there unt i l  they  are confirmed by  measurements  on 
a single, uns t ra ined crystal. This invest igat ion was 
under taken  not  for precise determinat ion of atomic 
positions (the s tandard  deviat ions quoted are evidence 

of this) bu t  ra ther  to shed some light on the rotat ion 
of the  n i t ra te  groups. 

The author  would like to express his appreciat ion 
to Dr L. M. Corliss and Dr J .  M. Hast ings for helpful  
discussions and to Dr R. W. Stoenner for performing 
the lead analyses. 
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Investigation of Hexamethylene Tetramine by Neutron Diffraction 

BY ARNE F. ANDRESEN 

Joint Establishment for Nuclear Energy Research, Kjeller, Norway 

(Received 18 July 1956) 

Hexamethylene tetramine has been re-investigated by neutron diffraction in order to determine the 
exact positions of the hydrogen atoms. The space group is found to be I43m, and the parameters 
lead to C-H bonds of lengths 1.13 A forming angles of 110 ° 6'. An anisotropic temperature factor 
is introduced, based on the assumption of the molecule rotating as a rigid constellation. This leads 
to a remarkably good agreement between observed and calculated structure factors. 

Introduct ion  

Despite the  fact  tha t  hexamethy lene  te t ramine was 
one of the first organic structures to be solved (Dickin- 
son & Raymond ,  1923), reports of new investigations 
have  appeared at regular intervals.  The main  reasons 
for this continuing interest  have  been the location of 

the hydrogen atoms, which are assumed to p lay  an 
impor tan t  par t  in the structure and determine the 
space group, and lack of agreement between observed 
and calculated intensities. 

Hexamethy lene  tetramine,  CGN~H12 , crystallizes, as 
far as the C and N atoms are concerned, in a body- 
centred cubic latt ice with a -- 7.02 A. The 6 C atoms 

8* 


