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RS IHTRODUCTIDN"‘The azide ion is one of the simple examples
"~ of a metastable or exploszve molecule icn. Lead azide among the
JAnorganic azide salts is widely used as a military and commercial
primary expiosive. For this reason extensive studies of the chem-
A8ty and decomposition kinetics of lead azide have been undertaken
. . 4n the last fifteen years. Recently, attempits have been made to ex-
pléin these results, especially the explosive behavior, in terms of
-80lid state physical and chemical processes. A need for information 1
of the detailed crystal structure cf lead azide has prompted this
investigation. The detailed structure of the azide ions in lead
-~ azide was of principal interest. Theories of the stability of the
azides usually use degree of covalent bonding as the principal Vvari-
able for determining the senmsitivity and other explosive properties.
The symmetry of the azide icn is thought to reflect the degrse of
covalent bonding in the solid. Therefors, detailsd structural work
will play a crucial rcle in formulating a more detailed theory., .

There are four known polymorphic forms of lead azide:ﬁi
designated as the o-, B-, y- and §-forms. The first complete inves~
tigation of the a-f polymorphism in lead azide was performed by F. D.
Mile {1). Later, Pfefferkorn (2) and Azaroff (3) attempted to
R determine the spac group of these two forws bv x-ray investigation.
T in the alpha-lead azide study, Azaroff deduced two-possible groups,
P2Zyn and Pcmn, from the Pb atom configuration. He concluded that
Pe2;n is the probable space group because his infrared data favored
&n asymmetric structure for the azide group and because packlng con-
siderations of the azide group in the Pcmn space group requive at
least one symmetric azide group. He determined the approximate
position of the Pb atoms but could not give N atom positions because —
the 2b atom dominated the intensity of the x-ray scattering. Glen
{#) has ‘recently analyzed the two dimousional neutron diffrection
" data of Danner and Kay. He ocbtained approximate positions for the N
L atoms in the non-centrosymmetric space group Pc2jn, but failed to in-
cnm Ml Jestzgafe the detalls of atom;c bondlng becausz the X-coordinates
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were not directly determin~d and also because the standard deviatinn
of the remaining parameters were rather large. In the preseat study
the cenjrosymmetrjc space group Pemn and Azaroff’s cell parameters,

4=11.31A, b=16.25A, ¢=6.634,were used 1o fit this neutrern 2iffraction
measurament.

EXPERIMENTAL: A small crystal of lead azide in the form of
a flat rhombic prisi, 2 mm thick, 5 mm wide, and 2 mm iong was
mounted on the 3 dimensional goniometer cra’le. The crystal was
aligned so that the crystallographic c-axi was parallel to the
rotation axis of the gonicmeter. The diffraction intensities were
measured by constant speed scanming with = GE X~ray diffractorater
modified for nectron diZffraction. Due to the difficuity of making
the correction for the crystal geemetry, t1 | .niometer Chi-angles
were iLimited to less than 3G degrees, which xaa;rigted the f-vaiue of
thz {hki) planes to a maximum of 4. Using a 1.055A wavelength neu-
tron beam, a total »f 888 reflection planes were investigated of
which 285 planes were too weak to datect, and aboet 170 more wers
very w=ak. The {0ki} reflsction deta were compared with those col-
lected previously at this laberatory using a different crystal, Of
the 71 eariier {Ok3) reflections, 16 are common and show excellent
agreement witn the data of the present investigation. The (0k2} data.
of xhe 55 non-ovarilapping planes were added by aseigning them an
independent scale factor.

The estimated yR {characteristic abserption of this crystal)
ranged from about ¢.1 to 0.1%. The absorpiion corrections were :

neglected because the effect is small. No secondary extinmction
effects wers observed during the refinement procedure.

- RETINEMENT: The least zquares refinemsnt was carried out

"with the OR.FLS program (5) modified at Argonne Hational Laboratory

for the CDC 2500 computer. The zero-intensity reflections were in-
cluded for the refinement Ly ascigning thew an arbitrary intensity of

"7 3.0 with 3n independent scale factor. As an initial triai, Glen's
:is‘ructure (2} was refined using the Pe2jm space group. With this

non ntvosymmetrzc space group, the k izctor of the least squar
rgf;nemen: with isotropic tamperaturs factors becase §8.138 for al‘
data, 0.09 excluding zero intensity reflections, and 0.081 excluding

_zero - and very weak intensity reflections. The ztomic sorangement

of this non-centrosymmetric space group was almost the same as the

- resuit obtained by Glem. However, ag the refinement progressed, the
" atomic positior<e oscillated randomly without reducing the R factor.

In particular, the symmetry of the azide groups varied in such a
manner that they were related by 2 mirror plame at y=1/4 Refinemeut
inciuding anisotropic thermal vibrations. was attenpted. This failed
because the anisotropic temperature factor of some nitrogen atoms
became negative especially for the azide ions cuvupled by the airror
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"G .20 _1In the course of the refinement wﬁth the non—centrosymmetric
o .space group, one of the azides (desigpated azide I in the later
-“7 'gection) was symmetric¢ in form throughout the rsfinement. The over-

‘all atomic configuration showed centrosymmetry with a mirror plane at
y=1/4, which lead to the space grouy Pcmn. The atoms were then re-
assigned to the unit cell of this new space group, Pcmn, by moving
£:r=2  :the atomic coordinates less than 2 standard deviations. 1In this
ns "space group 8FPband 55 N atoms were assigned to general positions
: { . {site d), and 4 Pb and 16 N atoms were assigned to special positions
aver wo o {site e), which gives a total of 13 atoms in the asymmetric unit.
’ -With this centrosymmetric space group, the refinement converged
‘rapidly and the atomic positions were quickly stabilized. The R
—. factor of the refinement with isotropic temperature was about the
isxior  same but the standard deviations were reduced to one third of the
:  Zrzze ‘values found by usiug the non-centrosymmetric space group. With
Lol “anisotropic temperature factors, the R factor was further reduced to
) . R=0.,108, wR=0.102 for all reflection data including zero intensity.
The final parameters of the least squares refinement with anisotropic
: factors for all reflection data including zero intemsity
&Y given in"Tsble 1. When the zero intemsity and very weak inten-
ity reflections were excluded, the R factor was reduced to 0.07 but
the standard deviations were somewbat increased. All observations
‘$ncluding zeroc intensity reflections were given unit weight in the
refinement. As fractions of the standard deviations, the maximum
shift was 0.003 in the last cycle.

5

- = AZIDB STRUCTURE: There are 4 different types of azide
greu;as in a-lead azide as shown iIn Fi 1. The azide (1) is
i1inear and sympetric with N-N = 1.16u This azide group has a
“iafrror plane perpendicular to the azxde axis through the center N
- ‘atom: Consequently, the whole system mcludmg the two neavest
_paighboring b atoms at both ends shows mirror symmetry. There are 4
azide 7I) ions in a unit cell and they are all paraliel to the b-axis.
‘Each of the 2 neighboring azides is bonded tc z common Pb atom fore-
ing a _continuous chain of Pb atoms alternating with termiral azide

f“; trogens parallel to the c-axis. R

The azide {(II) is essentially linear (177° in angle N-N-K)
hut slightly asymmetric with K'-N" = 1.18X and N"-N'n= 1.1798. Uniike
“the svametric environment of the a.ide (1), the bond distances to the
© 2P atoms at each end is quite different, ‘2.63 at one eud and 2,9X

‘T' 2% the other end. They also form a bond chain ‘extending along the
&uaxis ,but the direetion of the two Pb-N bonds st each and are
fwisted with respect to each other by an 80° rotation along the
- -szide axis. The structure of azide (III) is 2iso linear and shows
cleapasgmtry with N*-§" = 1.198 and N"-N"* = 1.16K. The azide {III)
5 also bonded to 2 Pb atoms at each =ad with the bond Qircetion
ﬁsistedbysa"intbesamwayasmde(ﬁ} The bond chain forms a
>2 dinensional .pattern, covering the (100) plspe. There ars & azide

" (IT} and 8§ azfde (11I) groups in a unit cell. ]
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. is rhombic or a parallelogram [in ®b(2)j, as shown in Figure 3.

. {or weaker).

CHCL

- Azide (IV) is linear and strongly asymmetric with N'-N"

= 1.218 and ¥"-N"' = 1.158. This azide is located in the mirror
plane as are its Pb aeighbors. The terminal N atom of the longer
N-N bond is also weakly bond2d to 2 more Fb atoms one on either gide
of the mirror plane. Azide (IV) groups also form a chain parallel
to the c-axis with the Pb atom bonded to alternate terminal nitro-
gens of zach azide group. There are 4 azide {IV) in a unit cell.

The angle between the Pb-N bond and the azide axes varies
-over a wide range, mostly between 105° and 128° except 150° in azide
{YI; 2nd 180° in azide (IV). Each azide is confir=d in its own
domain formed by the neighboring Pb ztoms and stacked along the
c-axis as shown in Figure 2. The domain size of the azides (I), (II),
{(Ii1i) and (IV} is 0.0817, 0.08iu4, v.0878 and 0.0835 respectively as a
fraction of area formed by - and b-axis. Si.ce the corresponding
azide lengths are 2.328%, 2.343K, 2.35:% and2.306%, the relative

" packing density (the ratio of azide len;th to domain area) are 28.5,

28.8, 26.8 and 28.1 respectively. As a result, the terminal atoms

of azides (I) and (I1), and the center atom of azide (IV) are within

the sum of the Van der Waal's radii as discussed in a later section.

Perhaps +he slight bending of the azide (II)} and azide (IV) may be

caused by this packing strain. . ) i .

ATOMIC ARRANGEMENT: There are 12 Pb(N,), molecules in a
unit cell. The 4 types of azide groups may be reciassified into 2
categories, namely symmetric (azide I and II) and asymmetric (azide
III and 1V), in accordance with the degree of symmetry. Then it is
chserved that the symmetric and ssysmetric azides are arranged in
different layers oriented perpendicularly to the a-axis and separated
by a layer of Pb atoms. Each Pb atom is bonded by 8 azides with bond
‘distances ranging from 2.578 to 2.90 3, and further surrounded by 4
Pb atoms at distances of #.20, 4.36, 4.38 and 4.537. The details of
interatomic distances are given in Tubie 3. The closest approach
between neighboring azides is 2,958 (II-1V) and is 2.97K between I
and II. This is equivalent to the sum of the Van der Waal's radii

"of N atoms given by Pauling (10).

The § Pb-N bonds from each Pb atom in a-lead azide form a
distorted ®tragonal antiprismatic arrangement. In other words the
bond directions extend from the Lody <entered Pb atom toward the 8 -
corners of 2 opposing distorted tetrazoms. The tetragonal bases of
the antiprism differ in distortion, one is rectangular and the other
In
the Ph{1) atom the rectangular prismatic bonds are much longer than _
the rhombic prismatic bords, and in the Fb(2) atom it is also-
generally longer than those of the pzrallelograwm bonds. It is likely

" that the rhombic prismatic bonds are quite stable bu* the tetragonal

distortion of the tetragonal prismatic bonds may tend to be unstable -
The rectanguiar prismatic bonds of Pb(1l) and the paral-
lelogramic bonds of Pb{2; are bonded to the azides ia a symmetric
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E h "2..-layer. .The \recta_ngul‘ar bonds of Pb(2) and the rhombic bonds of
o Pb(1) are bonded to those of the asysmetric layer.
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SUMMARY: The 3 dimensional neutron diffraction study has
‘shown that a-lead azide crystallizes in the orthorhombic Pzmn space
_group. There are 4 types of azide groups and these differ in their
degree of symmetry and environment. Each type of azide is stacked

i

— Y U

§_§ - : compactly within a domain bounded by nexghhomng Pb atoms along the
== - Y wu.. c~axls direction. .
;:_."—;3% - . R .
== ) The symuetric azide (I) and the almost symmetric azide (II)
== ) form a layer and the asymmetric azide (III) and {IV) form anotier
&= " e layer in this structure. Lead atoms are located between thess two
"EZEZ -l=%. - ‘layers and each is bonded to B azides in a distorted tetragonal
S= tvz.¢ antipri-matic arrangement, 4 bonds directed toward the "symmetric!
é;%f - azide liyer and the other 4 toward the "asymmetric" layer.
== FaenEl -The N-N distances in azide (I) and (II) in the symmetric
1 o azide layer agree with those found in the ionic azides.  The N-N dis-
%% . .;‘ -ta'n&é’s of ‘the monovalent azide ion are reported as 1. 178 for NaN3 (6),
o o & (7) and CuN3 (8), and 1.16% for KN3 (6), and AgN; (9), and

= . .l 15X for MaNj and KN3 (7). 1It is believed that the azides in the

T L Bymmetric layer are mainly ionic in character. The N-H distances of

- 7 & 7 the asymmetric azides (III) and (IV) are gimilar to those found in

s " covalent azides. They are 1.2uf and 1.13K for HN3 (11) and 1.26% and

21,108 in CHgN3 (12). from these comparisons and consideration of

" . bond symmetry from Figure 3, it is deduced that the 4 lead azide

- bonds directed toward the asymmetric azide layer have more

- covalent character, forming 4 covalent bonds laying to one side as
‘the case of tetragonal Pb0 (13) and orthorhombic Pb0 (14).

l,_ 1

i In ‘summary, the detailed crystal structure of the primary
.explosive a-lead azide has been determined using neutron diffraction
" techniques. Besides giving clarification and confirmation of
previous work definite asymmetry has been discovered in the four
- -types of azide ions in this structure. The possible implication of
- this finding to the degree of covalent bonding and explosive behavior
- has been discussed.
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% ’ layer. The rectangular bonds of Pb(2; and the rhombic bonds of
Pb(1) are bonded to those of the asymmetrizc layer.

SUMKARY: The 3 dimensional neutron diffraction study has
X shown that a-lead azide crystallizes in th: orthorhcmbic Fcmn space
{ group. There are 4 types of azide groups and these differ in their
degree of symmetry and environment. Each ty-e of azide is stacked
compactly within a domain bounded by neighboring Pb atoms along the
c-axis direction.
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The symmetric azide (I) and the almost symmetric azide (II)
form a layer and the asymmetric azide (III) and (IV)} form another
; layer in this structure. Lead atoms are located between these two
; layers and 2ach is borded to 8 azides in a distorted tetragonal
3 antiprismat.c arrangemeni, 4 bonds directed toward the “symmetric"
! : azide layer and the other 4 toward the "asymmetric" layer.
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The N-N distances in azide (I) and (II) in the symmetric

3 azide layer agree with those found in the ionic azides._  The N-N dis-
& . tances of the moncvalent azide ion are reported as 1.17% for RaN3 (6);
NiyN3 (7} and CuN3 (8), and 1.16% for KNz (6), and AgN3 (9), and

1.15§ for NaNz and KN3 (7). It is believed that the azides in the
symmetric layer are mainly io:  in character. The N-N distances of

o the asymmetric azides (III) anc (IV) are gimilar to those found in

: covalent azides. They are 1.248 and 1.13K for HMN3 (11) and 1.26X and
3 1.10K in CHzN3 (12). From these comparisons and considecation of

i bond symmetry from Figure 3, it is deduced that the 4 lead azide

i bonds directed toward the asymmetric azide layer have more-

covalent character, forning 4 covalent bonds laying to cne side as

the case of tetragonal Pb0 (13) and crthorhombic Pb0 (14), o
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: in summary, the detailed crystal structure of the primary
explosive a-lead azide has been detesrmined using neutron diffraction
techniques. Besides giving clarification and confirmation of
previous work definite asymmetry has been discovered in the four
types of azide ions in this structure, The possible implication of
this finding to the degree of covalent bonding and explosive behavior
has been discussed.
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Table 2

Dimensions of Azide Group
{with standard deviations)

E—N"(X) N"_Nnt (X)

1.164(3) 1.164(3)

1.177(5) 1.166(5)

1.183{8) 1.160(8)

1.213{10) 1.147(13}
. . Table 3

NY-NU-N"? (o) .

179.5(86)
177.3(5)
179,7(5)
178.8{8)

Bond Distances and Angles Between Pb Atoms and Azides

{witk standard ceviations)

. . e e
_Atoms __ Azides ¥o. Distances () Acvgles (%) i
* (1) H{5,4,3) 2 2.896(7) 110.8(2j i
CPpl1)y N{(5,4,3) 2 2.831(7) 149,9(3) :
. . ;oPp{1) ¥(6,7,8) 2 2.578(5) 120.8(3) i
© Pb{1} H(9,10,11) 1 2.612(8) 106.6(3) !
L (i) ¥{(11,10,9) 1 2.665(14) 159.8(%) i
- H
. ) #(1,2,1) 1 2.617(6) 126,0(1) g
. Pba2) #41,2,1) i 2.753(7) 122,1{1) i
T-Pb(2) N{3,u4,5) 1 2.635(8) 116,9(3} i
- Pp(2) ¥{(3,4,5) 1 2.595(6) 120.2{2) :
© Pp(2: N{6,7,8) - i 2.738(7} 128,0(2)
: © PBi2) N(8,7,5) 1 2.688(x) 122,5(3)
T oPe(2) H(R.7,8) 1 2.785(7) 125.7(2)
¥b{(2) H{9,10,11)} i 2.90u{4) 104,5(2)
- 4
.. |
N
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IN THE FIGURE, (I},

DIAGRAM TO ILLUSTRATE THE BOMD SRRANGEMENTS OF Pb(1)

AND Pb(2) ATOMS IN a-Ph{Na)j.

FIGURE 3.

{II), ETC. REIER TO AZIDE (I), AZIDE (II), ETC.
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