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Measurements have been made of the amplitudes of EPR signals for N,, NO,,
NO,2~, and alternate NO,2~ color centers in KNj as these color centers develop under ir-
radiation with ultraviolet light. It is found that the buildups of NO,, NO,>*~, and N, all
occur slowly at first, then increase at a rapid rate, and finally approach saturation.
Further, they all build at similar rates. The alternate NO,2~, however, has a different
form and buildup rate. Based on the assumption that two excited azide ions interact with
nitrate or nitrite impurities, equations have been developed which appear to adequately
describe the buildup of NO,, NO,?~, and N,~ color centers, thus indicating that the
creation of N,~ depends on the presence of electron traps and that nitrate and nitrite im-

purities may provide the needed traps.

I. INTRODUCTION

When potassium azide is irradiated with ultra-
violet light from a mercury source (2540 A),
several different color centers are produced which
can be detected using electron paramagnetic reso-
nance (EPR) techniques. Colorless samples of this
material, irradiated at room temperature or liquid-
nitrogen temperature, turn deep lilac in color. If
left at room temperature after irradiation, the lilac
color fades and the samples appear yellow for an
indefinite time. EPR spectra measured at liquid-
nitrogen temperatures of samples which had been
irradiated at room temperature with ultraviolet
light and x rays by Shuskus et al.! revealed a
nine-line spectrum which they associated with an
N, defect. The defect is not seen in EPR meas-
urements at room temperature. Horst et al? irra-
diated KN; with ultraviolet light at 77 K and
identified the same N, defect along with a five-
line EPR spectrum which they associated with an
N, defect. When the sample was warmed to
room temperature and again cooled, the N~
center vanished, but not the N, ™.

Bogan et al.® have studied the N,~ and N,~ de-
fects in some detail using both EPR and optical-
absorption techniques. The N, ™ defect seems to
anneal at temperatures above 137 K, with some
conversion to Ny ~. The latter anneals gradually if
left at room temperature.

Owens* studied the formation of the N, and
N,~ defects by irradiating samples with polarized
ultraviolet light of varying intensities while the
samples were in an EPR cavity and held at liquid-

25

nitrogen temperature. He found from his EPR
measurements that the formation of the N, ™ de-
fect depended on the excitation of azide ions. He
further determined that the initial buildup of N,~
was slow and proportional to the square of the ex-
posure time and the square of the light intensity.
The N, defect concentration then grew rapidly,
but eventually saturated (i.e., the growth rate be-
came zero). His illustrations indicate that, for
light intensities used, saturation occurred in times
less than 200 min. He indicated that no such sa-
turation occurred in the less dominant N, defects.
Finally, he indicated that the growth rate of N,~
was increased in crystals which were less pure and,
in particular, was enhanced by the presence of ni-
trate impurities.

Color centers related to nitrate and nitrite im-
purities have also been studied in potassium azide.
These centers are similarly produced by irradiation
with ultraviolet light, but produce observable EPR
spectra at room temperature. Mergerian and
Marshall® reported two defects in this category
which they attributed to NO, and NO radicals in
the material, each producing a three-line spectrum.
Fuller and Tarr® further studied these defects.
They agreed with the NO, assignment, but attri-
buted the other spectrum to an NO,>~ defect.
They doped their samples with KNO, and KNO;
and determined that NO,™ is a precursor for both
the NO, and NO,*>~ centers, while NO;~ is a pre-
cursor for NO,2~ only. Willis has reported that,
in samples grown from aqueous solutions and irra-
diated with unfiltered Hg light, the NO,>~ defect
is also formed in an alternate orientation.
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This study uses EPR measurements to determine
the time-dependent buildup of N,~, NO,, NO,>~,
and alternate NO,2~ defects and suggests a model
to explain some of the observations.

II. EXPERIMENTAL PROCEDURES

Rectangular platelets of potassium azide were
grown by the slow evaporation of an aqueous solu-
tion of commercial grade KN; (Eastman). The
samples were mounted on polystyrene rods and
placed in the EPR cavity of a Varian V-4502 EPR
Spectrometer in a variable temperature Dewar as-
sembly, except for room-temperature measurements
which were made without the Dewar (actually
32°C due to heating by the uv lamp). The samples
were irradiated continuously through a grid in the
cavity face with ultraviolet light from an Ultra-
Violet Products, Inc. 11 SC 1 lamp with quartz
window. The direction of the light was perpendic-
ular to the direction of the spectrometer’s magnetic
field. The radiation was not filtered and the inten-
sity of the light could not be measured. Samples
were of random sizes, though in general they were
on the order of 5- to 6-mm square and 1-mm
thick. Measurements were made at 170°C, 100°C,
32°C, —35°C, and —160°C. During the irradia-
tion, the EPR spectrometer was swept repeatedly
over 100 G (2.5 min sweep) or 250 G (5-min
sweep) regions about the central field of the pat-
tern. The amplitudes of the EPR signals were con-
sidered to be proportional to the concentrations of
the defects. The samples, when possible, were
oriented so as to prevent or reduce the overlap of
the EPR spectral patterns.

III. EXPERIMENTAL RESULTS

Measurements for selected defect peaks of the
NO,, NO,2~, and alternate NO,?~ defects at 170,
100, and 32°C are shown in Figs. 1 —3. For NO,
and NO,?>~ the curves appear very similar, al-
though different in amplitude. This amplitude
difference, based on Fuller and Tarr’s® work, is
probably related to the relative amounts of nitrate
and nitrite present in the samples. The curves for
NO, and NO,?~ are very similar to the N,
curves reported by Owens,* building up slowly at
first, then rising rapidly and eventually appearing
to approach saturation. Measurements of NO,?~
shown in Fig. 4 at 32°C for an extended period of
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FIG. 1. Densities of color centers in KNj as a func-
tion of the length of time of uv irradiation at approxi-
mately 170°C (as determined by the measurement of the
amplitudes of sample EPR signals). (a) The line is
based on the theory of this paper using the amplitude at
200 min and the following values for parameters in the
theory: KI5 =8X10"> min~'; ks+kg=2X10"! min~;
e 2*=6x10"2% (b) Same values are used, with the am-
plitude again fit at 200 min. The numbers on the verti-
cal axes are arbitrary. They can be used in this figure
to measure relative densities but should not be used to
compare different numbered figures due to different
geometrical setups.
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FIG. 2. Densities of color centers in KNj as a func-
tion of the length of time of uv irradiation at approxi-
mately 100°C. The lines (a) and (b) are drawn as in Fig.
1 with the following values for the parameters:
KI3=8.8% 1073 min~"; ks+ke=2.2X 1072 min~';

e ~2®*=( (thick sample). Amplitude is fit at 200 min.

time indicate that saturation is approached more
slowly than is apparent in short-term measure-
ments and that a buildup of defects occurs at a
measurable rate for several days. The alternate
NO,?~ defect at first builds up more rapidly than
NO, and NO,2~. It shows none of the initial
time-squared dependence of N, ™, but does appear

2845

1201 5

NUMBER NO,2

S
T

(@)

L 1 | ) L

, i L
Time (minutes)

30

NUMBER NOp

)

(b)

L L )
700 300 200
Time (minutes)

~
o
T

2-
2

@
T

NUMBER ALTERNATE NO

(c)

L , L s L 1 L
0 100 X 200_ 300 400
Time (minutes)

FIG. 3. Densities of color centers in KNj as a func-
tion of the length of time of uv irradiation at approxi-
mately 32°C. The lines (a) and (b) are drawn as in Fig.
1 with the following values for the parameters:
KI5=1.65X10"? min~", ks+k=3.3x10"2 min~};
e’>=1.5%x10"2 Amplitude is fit at 100 min.

to approach saturation. Simultaneous measure-
ments of all of the defects at —160°C are, unfor-
tunately, virtually impossible to make. NO,?>~ and
alternate NO,>~ defects are completely oversha-
dowed at all orientations. With the plane of the
sample normal to the direction of the light, the
N, ™ exhibits a fairly independent pattern. Figure
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FIG. 4. Data for the NO,>~ color center shown in
Fig. 3(a), but plotted for the entire time of irradiation.
Later points required a retuning of the EPR system.
Since tuning is not exactly reproducible, some scatter of
the data points is introduced. Nonetheless, a gradual in-
crease of color center densities over a long time period is
demonstrated.

5 is based on measurements in this orientation. It
shows a pattern and time dependence very similar
to those of NO, and NO,?>~ at higher tempera-
tures.

IV. DISCUSSION

In his paper on the buildup of the N, defect,
Owens* suggested that the initial slow buildup and
the saturation might not be related to the same im-
purities. He developed a model to demonstrate a
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FIG. 5. Density of the N, color center in KNj as a
function of the length of time of uv irradiation at ap-
proximately —160°C. The line is drawn as in Fig. 1(a)
with the following values for the parameters:
KI§=3x10"2 min~%; K5 and ks=3.45X10~2 min~—%;
e 2*=1x10"'. Amplitude is fit at 200 min.

possible explanation of the initial buildup. This
model suggests that the growth of [N,~] depends
on the initial buildup of some other defect [N, ],
and that the growth of the two defects might be
described by

d[N,7] o
TZK[NXH(N3 1=k[N, I (1)
and
ﬂ&l_a 2
g e (2)

where I is the intensity of the ultraviolet light.
The solution to these equations is

[Ny |=cI??, 3)

where c =ka /2.

Owens also reported that the growth of N, ™ oc-
curs only for uv radiation of wavelengths less than
2660 A. This he related to absorption by the azide
ion. Since many experiments have been done irra-
diating with the 2540-A light from mercury,
Owen’s idea would require that either excited azide
ions produce both [N, 7] and [N, ] defects or that
both the excited azide ions and the [N, ] defects are
produced by the same radiation. The former possi-
bility appears more likely. Although Owens did
not require it, it would also be desirable for the
same process to produce the saturation effect.

The data presented here for the NO, and NO,2~
defects suggests that they are produced by a
mechanism similar to that which produces N, .
Indeed, the similar rates of buildup for all three of
these defects suggest that they may all be related,
at least in these impure samples.

Mueller and Singer® and Savelyev et al.” have
suggested a variety of ways N, defects might be
produced in the photolysis of azides. All suggested
processes depend on the presence of a concentra-
tion of excited azide ions [(N;~)*].

The simplest monomolecular decompositions
suggested are of the following types:

(N;7F>N+N,; 7, “
(N3 )*—->N"+N,. (5)

Additionally, (N;™)* might deexcite through a
photon or phonon:

(N3 )* N3 +hv. (6)

Equations (5) and (6) might occur, but the results
would not be observable with EPR techniques.
Equation (4) does not appear to occur for radiation
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with ultraviolet light inasmuch as atomic nitrogen
has not been detected in EPR spectra.
Bimolecular transformations suggested include

2AN; *>NZ~ >N, +N,~, (7

2AN; >N~ 2N, +N, . ®)

These include an intermediate defect as required by
Owens,* but neither process would explain satura-
tion. Equation (7) also requires [N, 7] and [N;]
to grow at the same rates, a result not observed by
Owens. Savelyev et al.’ also suggested several pro-
cesses involving traps:

2IN; P +T—(N&~T)*

—N,"+T-e+2N,, 9)
or

—-Ny~+Te+N,, (10)
or

3N, +T-ee. (11

These reactions fit the requirement for an inter-
mediate defect (shown in parentheses). Limitations
caused by the number of traps could explain the
saturation. Savalyev et al. have reported that in
alkali azides, after photolysis, there is a dark li-
beration of N, which quadratically depends on the
intensity of the previous radiation. Nitrogen is
indeed produced by the above equations. The
trapped electron might or might not be detected by
EPR techniques. Since it has been noted that the
presence of nitrates enhances the production of
N, ™, we suggest the possibility of a trap mechan-
ism similar to that suggested by Savelyev et al. be-
ing either a nitrate or a nitrite. This suggestion
would lead to the following possible reactions.

Single (N3;™)* (monomolecular):

(N;™)* +NO,” (N3~ *NO,™)*

—NO~+N’, (12a)
or

—NO2~+N,+N, (12b)
or

—NO,+N;”~, (13)
and

(N37)* +NO;~ —(N;~-NO; ™ )*
—»NO2 +NO+N,,  (14)
or
—-NO,2~+N,0+N . (15)

(The underlined radicals are paramagnetic species
which have not been observed.)

Two (N3 7)* (bimolecular) (inasmuch as I do not
know the geometry of the intermediate complex, I
have written it with 2N;~ instead of N¢>~ as used
by Savelyer et al.):

2(N3—- )‘ +NO2_——)(2N3_ ‘NOZ‘ )*
—N,"+NO2~+2N,, (16)

or
—N;“+NO2~+N,, (17

or
—3N,”+NO, , (18)

and
2(N;™)*+NO;~—(2N;7-NO; ™ )*

—N,;” +NO,2~ +N,0+N;,
(19)

or

——>N4_ +N022_ +N20 . 20
These equations meet the criteria of an intermedi-
ate defect and the requirement for saturation based
on a limited number of nitrate and nitrite ions.
They have been written to agree with Fuller and
Tarr® in that nitrite is a precursor to both NO, and
NO,?~, while nitrate is a precursor to NO,>~ only.
Since Owens reported that N, does not saturate,
we will not consider equations in which it is a pro-
duct.

Based on these equations and some assumptions
listed below, an equation can be developed to
describe the buildup of the defects with respect to
time and intensity. To simplify the discussion we
will consider that only nitrite impurities are
present and a bimolecular process occurs following
both Eq. (16) and (18). We will further assume
that Eq. (6) represents by far the most probable re-
action involving excited azide ions. All other reac-
tions, including Eqgs. (16) and (18), are almost
negligible in comparison. We finally consider that
all azide ions have an equal probability of excita-
tion by the incoming ultraviolet light of intensity I
such that the density of excited ions increases as
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follows:
d[(N;7)*]
dt

where k is a constant of proportionality and square
brackets represent ion densities. In the following
equations, k is a rate constant. Based on chemical
kinetics the density of excited azide ions decreases
according to Egs. (6), (16), and (18) as follows:

d[(N;7)*]
T 4t

=k, (1)

= k,[(N;7)*]

+ky[(N; ") [NO, ]

+hs[--- 1, (22)
where the ellipses represents other possible reaction
terms. If Eq. (6) represents the dominant reaction,
then as an approximation Eq. (22) can be simpli-
fied to read

d[(N;7)*]
T dt

When equilibrium is achieved, (21) and (23) can be
equated, yielding for any time,

=k [(N5™)*] . (23)

* ky
[(N;™)*]=-—T1, (24)
k,
the requirement suggested by Owens.*
In discussing the kinetics of Egs. (16) and (18),
we will use the letter C to represent the intermedi-
ate complex,

C=(2N;7"NO,7)* . (25)

The formation rate for C is the same as the rate
NO,™ impurities in the material are used in reac-
tions (16) and (18). Thus,

_d[NO,"] _4[C]

=ky[(N;7)*JY[NO,™]

dt dt
k 2
=k, [—‘ I’[NO,™]
k,
=KI*[NO,"], (26)
_ M[ g2 g 1 gt
NO " J="— 1|2 -2 — |+ |p?
[NO,™] Zat TR TN AR R
G? @3 1
_plax | M M 2
T )

_...._*__

+____

where we have replaced the small k’s with one con-
stant K. The rate constants for the dissociation of
C via routes (16) and (18) are given the symbols k5
and k¢. Thus, the net rate of change of C is given
by

4 _grNo, 1~ (ks kolCT, @D
and the buildup of NO,>~ is given by

d[NO*~]

g =kslC]. (28)

Solving (26), (27), and (28) together yields

[NO,>~ | = _1;2 (1—e K0

Z —(kg+kgt
————(1—e ¢

(ks+ke) b @9

where

. ks[NO,~]oKI*

= , (30)
ks+ke—KI?

and where [NO, ™ ], is the initial concentration of
nitrite impurities. Similar relationships can be
developed for the other paramagnetic radiation
products.

Equation (29) assumes the uv light intensity is
constant through the sample. As Owens* indicates,
the uv light is actually strongly absorbed. Equa-
tion (21) implies that for light moving in the x
direction through the material,

I(x)=Ipe ™, (31

where I is the incident light intensity and « is a
linear absorption coefficient. For the samples we
are using, we need to substitute (31) into (29) and
integrate over the thickness of the sample. This
results in the following series solution:

1 g |3, b b 1

3| T Pttt
B 1

BZ el P R 32
. H o2
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where
ks[NO,~
M= Lf—b— : (33)
KI3
g=KI}t , 34)
ks+kg
b= , 35
KD (35)
G=ge 2%, (36)
B=be* (37)

and x is the thickness of the sample.
For short periods of time the first term of this
series dominates, such that

ks[NO, " ]o

2—1__
[NO,"]= 2Ma

KI%?

=(const)I? , (38)

in agreement with Owens’s* findings for the N,~
defect. Further, we find that the value of [NO,2™]
over long periods of time saturates, approaching

ks
ks+kg

[NO, 7 ]o . (39)

This can be seen more easily from Eq. (29) than
from (32), the latter being a sum of the former for
different intensities as we proceed through the ma-
terial. The solid lines in the various figures are at-
tempts to fit theory to data. They are based in
Figs. 1(a), 2(a), 3(a), and 5 on attempts to fit the
buildup of NO,2~ and N, using K, ks+kg, and
e 2% a5 variables and trying to fit a single point,
usually at 200 min. Although fairly good fits
could be made for initial time periods, the theoreti-
cal curves tended to approach saturation too soon.
It is unreasonable, however, to expect a better fit.
The theory assumes a smooth infinite plate of ma-
terial of uniform thickness. The samples used
were finite and edge effects were present. Surfaces
were not smooth resulting in nonuniform refrac-
tion. Finally, the thickness was not uniform.
Thicker areas would reach saturation later than the
thinner areas and keep the defects building up for
a long time.

For a given sample, considering Egs. (16) and
(18), the parameters used for NO,?~ should also

describe the buildup of NO,. Figures 1(b), 2(b),
and 3(b) show attempts to hit NO, data with the
same parameters. The results show limited success
but it should be noted that nitrates are also prob-
ably present and that reaction (19) is also probably
contributing to the buildup of NO,?~. Thus, all
we can expect is a general agreement of shape and
that is exhibited. The buildup of N, also exhibits
the same general shape and rate constants and so it
is not unreasonable to assume that Egs. (16), (18),
and (19) may be valid.

As seen in Figs. 1(c), 2(c), and 3(c), the buildup
of the alternate NO,?>~ does not exhibit an initial
buildup proportional to time squared and intensity
squared, or it occurs so quickly it is not observable
with the equipment used. Thus, the formation of
these color centers appears to result from a dif-
ferent reaction process, perhaps the simple trap-
ping of an electron by a nitrite impurity or perhaps
through some alternate complex or alternately con-
figured complex which dissociates more rapidly
than that already discussed. If this does involve
nitrite ions, it represents another process competing
with (16) and (18) and would appropriately also
have to be included in the chemical kinetics.

V. CONCLUSION

Based on previous observation (Owens*) of the
buildup of N, defects in KN; and the observa-
tions of the authors, it appears that equations can
be developed for this buildup with the appropriate
time and light dependence by assuming the interac-
tion of two excited azide ions with an electron
trap. The buildups of NO,?>~ and NO, defects
seem to have the same type of time dependence as
that of the N, ™ and can be described by the same
equations and very similar rate constants. It ap-
pears probable, therefore, that nitrite and nitrate
impurities provide traps which are involved in the
formation of N, defect color centers in KN3.
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