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INiTRODUCTION:The azide ion is one of the simple examples.
of a metastable or explosive molecule icn. Lead azide among the
4inotganic azide salts is widely used as a military and commercial

A jriisary explosive. For this reason extensive studies of the chain-
,44ty and decomposition kinetics of lead azide have been undertaken--

an-~ the last fifteen years. Recently, attempts have been made to ex-
la-in these results, especially the explosive behavior, in terms of

-so-lid state physical and chemical processes. A need for information
of the detailed crystal structure of lead azide has prompted this

IInvestigation. The df-tailedl structure of the azide ions in lead
azide was of principal interest. Theoriea of the stability of the
azides usually use degree of covalent bonding as the principal irari-
able for determining the sensitivity and other, explosive properties.

The symmetry of the azide ion is thougbt to reflect the deg-ree of
covalent, bonding in T1-he solid. Therefo;.:e, detailsd structuMral work
will play a crucial role in formulating a more detailed theory.,

There are four known pol~ymorphic forms of lead azide,
designated as the a-, 8-, y- and 6-forins. The first complete inves-

~' Itig~ation of the a-$ polymorphism in lead azide was performed by F. D.
k ile (1). later, Pfefferkorn (2) and Azaroff (3) attempted to
determine the spa,. group of these two-form-m by x-ray investigation.j
In the alpha-lead azide study, Azar-off dedu~ced two ipossible groups,
-P221 n-and Pcinn, from the Pb atom configuration. He concluded that
Pc21 n Is the probable space group because his infrared data favored
Lii asymmetric structure for the azide group and because packing con-
siderations of the azide group in the Pcmn space group requaire at

least one symmetrc' azide group. He determined the approvimate
position of the Pb atoms but could not give. N atom positions because

-the ?b atom dominated the intensity of the x-ray scattering. Glen1} (Ii)has receutly analyzed the two dirausional neutron diffraction
- ~data of Danner and Kay. He obtained approximate positions for the X tm ntenncnrsmnti saegopP2n u aldt n

vetgte the details of atomic bonding because the X-cooordinates
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were riot directly, determin-d and also because the standard devi.at inn
of the rcnairning parameters were -rather large. In the prescat study
the centrosyrnimetr'ic space group Pcnnn and Azaroff's cell parameters,
a=ll.3±LA, b=16.25A, c=6.63Af*wei-e used To fit this neutron- .iffraction
measurement.[I EXPERTPHNTAL: A small crystal of lead azide in the fomof
a flat rhombic prism~, 3 mm thi-ck, 5 mm wide, and P twii long was
mounted on, the 3 di-mensiona]l gon-someter craidle. The crystal was
aligned so that the crystall.ographic c-axz was parallel1 to the
rotation axis of the gonicmeter. The difLfraction intensities were

V ~measured by constant spised scannnig wi-th GE X-ray diffriaetorater
modified for ne.ctron difffraction. Due to the difficulty of making
the cec'rection for the cr-ystal geometry , V~ ,niometer Chi-angles
were limited to less than 30 degrees, which ZxeiItrigted the i-value of
tha (MAi) plareF to a maximum. of 4. UJsing a 1.055A wavelength neu-
tron beam, a total ---f 888 reflection planes were investigated of
which 285 planes were too weak to detect, and a~bout 170 more. we~re.
very weak. The (LOki reflention data were compared with those col-
lected previously at this laboratory using a different crystal. OIf
the 72. earlier (OWi reflection~s, 16 are common and show emcellent
agropmext with the-data off h rsn investigation. The (OkLYdata-
or the 5~5 non-ovarlapping planes were added by aseignin them an
independent scale fac.tor.

Thasimaute g(cactrsi absorptIon of tMscrystal)
raned romabot 01 t 0,5. he bsoptiaincorrections werte

neglected becau~se the effeat is small1. No secondary extiziction
effects wers observed during the refinement procedure.

_urnfEHENT: The least squares refinement was carried out
j With the OR. FLS program (5) modified at Argonne National Labor-ateoryIfor the CDC 3500O coxputer. The zero-intensity reflections -were In-

eluded for the ref inement. by assigning them an arbitrary nesiyo
3.0 with an independent st:ale factor. As an initial tr'ial, Glen 's
Structure P-0 was refined using the Pc21 n space group. With this
novi-centrosymmetric space group, the k~ factor of thveK least squrares[
ref inement 'with isotropic temperature factors became 0.138 for all

data, 0.09 ex~luxding zero initensIty reflect~ims. and 0,081 excluding
zero - and very wealk intensity reflections. Th* atomic "irangement
of this non-centrosyrmetric space group was almost the same as the

resit otaied y Gen. oeera the ref innement progreussed, the

In patclr h ymtyo h zd rusvre scatomic. positior,ý oscillated randomly withou-t reducing the R factor.

manner that theyr were related by a mirror plane at y--"4 efinemputE
-incfluig anisotropic thermal vibrations -;ras atteup~ted. This fAled
because the aztisotr-opic~ temperature factor of some-nitrog-n atams

Q__became negative especially-for the azid, osculd ytemro
plane. _
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In the course of the refinement vith the non-centrosyimmetric
ýspace group, one of the azides (designated azide 1 in the later
'section) was symmetri6 in form throughout the refinement. The over-
all atomic configuration showed centrosymmetry with a mirror plane at
Y=1/4, which lead to the space groupi Pcmn. The atoms were then re-
assigned to the unit cell of this new space gr-oup * Pcmn, by moving
: - the atomic coordinates less than 2 standard-deviations. In this
space group 8Th and-55 N atoms were assigned to general positions
(site d), and 4 Pb and 16Saos.eeas0ndt special positions
(site 0), which gives a total of 13 atoms in the asymmetric unit.

-With this centrosymmet-ric space group, the refinement converged
-rapidly and the atomic positions were quickly stabilized. The R
'factor of the refinement with isotropic temperature wais about the

-~~same-but the standard deviations were reduced to one third of the
values found by usixig the non-centrosymmetric space group. With
-anisotx~opic temperature factors, the R. factor was further reduced to
R-0.108, wRO..102 for all reflection data including zero intensity.

--The final parameters of the-least squares refinement with anisotropic
teop~'aurefact~ors -for all reflection d&4 a including zero intensity

ar~ive i~Tale1-. When the zero intensity and very weak inten-
*tyiiflectifts- were excluded, the R fa,-tor was reduced to, 0.07 but

-te tandaird deviations were somewhat inereased.- AU observations
-including- Xero intensity ref lections -were given unit weight in the
'refinement. As fr~actions of the standard deviations, the maxinmu
;shift vas 0.003 in the last cycle.

A7J)E STRUCTURfE: There are 4i different types of azide
groups in u-lead azide as shown in rigure 1. The azide (1) is
Ilinear and syummetric with N-N = .164~X. This azide group has a

_*iirw p'ane perpendicular to the azide axis through the center N
Yatom;- Consequently, the whole system including the two nearest

__ neighbboring P'b atoms at both ends shows mirror syommtry. There are 4
aside (I) ions in a unit cell and they are all parallel to the b-axs.
Itac ofthe 2 neighboring azides is bonded to a common Pb atom form-

Jpg -a contimtous chain of Pb atoms alternating with terminal azide
parlle tothe c-axis.

The azide (II) is essentially linear (1770 in angle N-N-N)
-1Pt slightly asywmettric with *'-N".= f.199 and N's-N'?'= 1.15R. UnLike
the sy'aetric environment of the a Aids (1), the bond distances to lb-
-2 Pb atoms at each and is quite different, 2 .69 at one eud and 2.09
at- the other end. They also form a bond chain- extending allong the

-bxi, ut the direetion of the tUo Pb-N bonds at each end are
twisted with respect to each. other by an-800 rotation along the

-~ z14. aXis. The str~ature of az~de (III) -is a.lso linear and shows
oleraynety wth ~ t-' l1R and V41-N 1.162. The azide IIII)

Isalso bonded-to 2 Pb atoms at each cz with the bond diroction
* twisted -by 000 in the- samte way as azide WI).- The- bond chain foarms a
.2 'dixaensiouda ýpattevn. covering the (100) plave. There az-s S aside
fUY And 2 azide (111) groups int a unit cell.
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Azide (IV) is linear and strongly asymmetric with N'-N"
1.21F and N"-N"' = 1.15R. This azide is located in the mirror

plane as are its Pb neighbors. The terminal N atom of the longer
N-N bond is also weakly bonded to 2 mol, e Fb atoms one on either side
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 each azide group. There are 4 azide 'IV) in a unit cell.

The angle between the Pb-N bond and the azide axes varies
-ove- a wade range, mostly between 1050 and 1260 except 1500 in azide
(HI end 1600 Sn azide (IV). Each azide is confirsd in its own
domain formed by the neighboring Pb atoms and stacked along the
c-axis as shown in Figure 2. The domain size of the azides (I), (II),
(III) and (IV) is 0.0817, 0.0814, u.0878 and 0.0839 respectively as a
fraction of area formed b7 7- and b-axis. SJ,.ce the corresponding
a7ide lengths are 2.3289, 2.343R, 2.35N and2.3063, the relative
packing density (the ratio of azide len,;th to doma'n area) are 28.5,
28.8, 26.8 and 28.1 respectively. As a result, the terminal atoms
of azides (I) and (II), 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 the slight bending of the azide (II) and azide (IV) may be
caused by this packing strain.

ATOMIC ARRANGEMENT: There are 12 Pb(N 3 )9 molecules in a
unit cell. The 4 types of azide groups may be reclassified into 2
categories, namely symmetric (azsde I and II) and asymmetric (azide
III and IV), in accordance with the degree of symmetry. Then it is
cbsterved that the symmetric and a-symetric azides are arranged in
different layers oriented perpendicularly to the a-axis and separated

_A by a layer 9f Pb atoms. Each Pb atom is bonded by 8 azides with bond
-distances ranging from 2.579 to 2.90 R, and further surrounded by 4
Pb atoms at distances of 4.20, 4.36, 4.38 and 4.53R. The details of
interatomic distances are given in Table 3. The closest approach
between neighboring azides is 2.95R (Il-IV) and is 2.979 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 8 Pb-N bonds from each Pb atom. in s-lead azide foxm a
distorted etragonal antiprismatic arrangement. In other words the
bond directions extend from the body :entered Pb atom toward the 8
corners of 2 opposing distorted tetrzaons. The tetragonal bases of
the antiprism differ in distortion, one is rectangular and the other
is rhombic or a parallelogram [in Mb(2)], as shown in Figure 3. In
the Plbh(l) atom the rectangular prismatic bonds are much longer than
the rhombic prismatic borids,-and in the Pb(2) atom it is also-
generally longer than those of the parallelogrgm bonds. It is likely
that the rhombic prismatic bonds are quite stable but the tetragonal
distortion of the tetragonal prismatic bonds may tend to be unstable

'-(or weaker). The rectangular prismatic bonds of Pb(l) and the paral-
"lelogramic bonds of PbC2) are bonded to the azides in a symmettic
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"- -layer. The rectankular bonds of Pb(2) and the rhombic bonds of
. b(1) are bonded to those of the asymmetric layer.

SUMMARY: The 3 dimensional neutron diffraction study has
shown that *-lead azide crystallizes in the orthorhombic Pcmnn 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
eompittly within a domain bounded by neighboring Pb atoms along the
c-axis direction..

The symnietric azide (M) and the almost symmetric azide (I1)
form a layer and the asymmetric azide (III) and (IV) form another
layer In this structuree. Lead atoms are located between these two
layers and each is bonded to 8 azides in a distorted tetragonal
antiprimatic arrangement, 4 bonds directed toward the "symmetric"
"aazide liyer and the other 4 toward the "asymmetric" layer.

- - -- - : The N-N distances in azide (I) and (II) in the symmetric
-azide layer agree with those found in the ionic azides. The N-N dis-

. t e of the mo-novalent azide ion are reported as 1.17K for NaN3 (6),
fiOzt (7) snd CUN3 (8), and 1.16K for KN3 (6), and AgN3 (9), and

-1SX fo NaN3 and KN3 (M). It is believed that the azides in the
. -= syuetric layer are mainly ionic in character. The N-H distances of

.-,the asYmmeatric azides (III) and (IV) are similar to those found in
covalent azides. They are 1.249 and 1.131 for HN3 (11) and 1.269 and

Sin CH0 3 (12). rrom these comparisons and consideration of
Sbon& my•metry 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
Ahe case of tetragonal PbO (13) and orthorhombic PbO (14).

In ismuary, the detailed crystal structure of the primary
•explosive *-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(l) are bonded to those of the asymmetric layer.

SUMMARY: The 3 dimensional neutron diffraction study has
shown that a-lead azide crystallizes in th2 orthorhombic Icmn 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.

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 each is borded to 8 azides in a distorted tetragonal
antiprismat'c arrangement, 4 bonds directed toward the "symmetric"
azide layer and the other 4 toward the "asymmetric" layer.

The N-N distances in azide (I) and (II) in the symmetric

azide layer agree with those found in the ionic azides. The N-N dis-
tances of the monovalent azide ion are reported as 1.1A7 for NaN3 (6),
NH4Nt (71 and CuN3 (8), and 1.169 for KN3 (6), and AgN3 (9), andL1.15X for NaN3 and KN3 (7). It is believed that the azides in the
symmetric layer are mainly io, in character. The N-N distances of
the asymmetric azides (III) an& (IV) are similar to those found in
covalent azides. They are 1.24R and 1.13R for HN3 (11) and 1.26R and
1.10R in CHsN3 (12). From these comparisons and considI-&ation 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, fording 4 covalent bonds laying to one side as
the case of tetragonal PbO (13) and crthorhombic PbO (14).

in summary, the detailed crystal structure of the primary
explosive a-lead azide has been deter-mined using neutron. diffraction
techniques. Besides giving clar.ification and confirmation of
previous work definite asymmetry his 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 behaviorhas been discussed.
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Dimensions of Azide Group
(with standard deviations)

Azide N_-4" (R) Nt -N"' (A) N'-"-N" A () I

1 1.164(3) 1.164(3) 179.5(6)
111.177(5) 1.166(5) 177.3(5)

111 1.193(8) 1.160(8) 179.7(5)
IV 1.213(10) 1.147(13) 178.8(8)

Table 3

Bond Distances and Angles Between Pb Atoms and Azides
(with standard deviations)

AtOmW . Azides . No. Distances (F) A-gles (')

"Th(1) N(5,4,3) 2 2.896(7) 110.8(2)
llb(1) N(5,4,3) 2 2.831(7) 149.9(3)

* PEN1) 3(6,7,8) 2 2.578(5) 120.8(3)
Pb(.) N(9,10,31) 1 2.612(8) 100.6(3)
Pb(i) 1(U1,10,9) 1 2.665(14) 159.8(4)

T?) 1(1,2,1) • 1 2.617(6) 12ui,0(1)
. i,2)g'1,21)1 2.753(7) 122.1I(1)

Mb(2) 1N(3,$,5) 1 2.635(6) 116,9(3)
. (2) 11(3,$,5) 2 2.595(6) 120.2(2)
Pb(2) N(6,7,8) 1 2.738(7) 128.0(2)
Pb(2) N(8,7,6) 1 2.689(4) 122.5(3)
Po(2) N(S.7,6) 1 2.785(7) 125.7(2)
Tb(2) N(9,10,11) 1 2.904(4) 104.5(2)
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FIGURE 2. ATOMIC ARRANGEMENT IN A UNIT CELL, AS VIEWED ALONG
~. t-~THE C-AXIS. THE LEAD) ATOMS ARE REPRESENTED BY THE

LARGE CIRCLES AND THE NITROGENS BY SMALL CIRCLES.
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- FIGURE 3. DIAGRAM TO ILLUSTRATE THE BOITD ARRA.GEMENTS OF Pb(1)
AND-Pb(2) ATOMS IN a-P.b(N3 ) 2. IN THE FIGURE, (I),

(II), ETC. REM TO AZIDE (I), AZIDE (II), ETC. -
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