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Photodecomposition Kinetics of Pb(N;), Studled by Optical Extinction and N, Gas
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The slow decomposition of lead azide single crystals was studied by measurement of changes in optical extinction
and N, gas evolution due to visible, ultraviolet, and X-ray irradiation. Direct comparisons of total N, evolved
and changes in optical density as a function of irradiation time for a given sample allow a simple interpretation
of the decomposition processes in terms of simultaneous colloidal lead and N, formation. Kinetic studies, as
a function of wavelength and intensity, further indicate that the rate of decomposition is simply related to
the rate of energy absorption and the amount of decomposition. For weakly absorbed radiation, a monomolecular
decomposition process is indicated. The colloidal Pb was found to be, in some cases, highly reactive with air,
and evidence for Pb metal production was found for irradiation under high vacuum. Evidence for N, trapping
was also observed. Decomposition efficiencies were studied as a function of wavelength and temperature, the
thermal stability of the disorder was investigated, and optical bleaching effects were observed. Polarized-light
measurements of the optical extinction indicate that it is primarily due to absorption by Pb colloids.

Introduction

Lead azide is one of several azides which are metastable
solids and undergo very rapid exothermic decomposition
under appropriate (mechanical, electrical, or thermal)
stimuli.?® Because of these properties, lead azide, in
particular, is extensively used as an explosive. This ma-
terial is also photosensitive and undergoes photodecom-
position in much the same manner as the silver halides and
has potential as a prototype of a low-temperature photo-
sensitive material.® However, the atomic/molecular re-
action routes for the decomposition of this material are
not understood, and the objective of this work has been
to gain an understanding of decomposition on an atom-
ic/molecular level that will lead to modifications of the
processes, e.g., by the use of additives, to eliminate un-
desirable properties. Light (ultraviolet) was chosen as the
primary stimuli for these studies because of the rather
precise control which it affords.

The photodecomposition of lead azide powders,?
crystals,®® and thin films®7 has previously been studied
by monitoring the nitrogen gas resulting from irradiation.
Recently, the decomposition of single crystals was studied
for the first time by monitoring the change in optical ex-
tinction resulting from the formation of colloidal lead, the
other end product of decomposition.?

Several theories have been proposed to explain how the
initial photon flux is converted to the observed end
products.”®! These theories generally involve electronic
transitions that form neutral azide molecules, i.e.

Ny +hr=2N%+e (Ia)

which may react to form nitrogen
Ny + N — 3N, +e (Ib)
with electrons being captured by the metallic nuclei, i.e.
e + Pb,* — Pb, (1)

Intermediate reaction steps involving diffusion of the
observed end products are not considered in a description
of the decomposition process because properties such as
diffusion constants, intrinsic lattice disorder, etc., are not
known for this material. Further, the correlation of the
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rates of decomposition of the azide and lead sublattices
as suggested by reactions I and II has always been assumed
but not demonstrated experimentally. Catalytic effects
on the nitrogen rate due to the presence of metallic nuclei
have been considered to explain kinetic results in other
azides.!!

To aid in formulating a more complete decomposition
model, we have made simultaneous measurements of the
kinetics of decomposition of both the lead and the azide
sublattices under varying experimental conditions of ex-
citing wavelength and sample temperature. For these
studies, polished single-crystal plates were required not
only for optical measurements but also to minimize sur-
face-to-volume problems inherent in powder samples. In
addition, an ultrahigh-vacuum system was used in several
cases so that fractional monolayers of gas evolution could
be detected and surface reactions could be minimized.

Experimental Section

Single-crystal samples of Pb(N3), for photodecomposi-
tion measurements were grown from a 20% aqueous so-
lution of ammonium acetate by slow cooling.!? Crystal
plates, approximately 4 X 4 X 1 mm, were cut from large
crystals and polished to obtain a minimum optical density
(OD) of ~0.1 due to surface scattering and reflection.
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Photodecomposition Kinetics of Pb(N;),

The vacuum decomposition apparatus allowed for si-
multaneous measurements of gas evolution rates and
changes in the optical density as a function of wavelength.
The ion-pumped high-vacuum system reached a base
pressure of approximately 1 X 1078 torr either with a low-
temperature bake (below 100 °C) or without baking. Gas
pressure was detected with either a Bayard-Alpert gauge
or a residual gas analyzer (RGA), and the rate was mea-
sured directly by pumping on the 2-L sample chamber
through a partially opened valve. With this arrangement,
a minimum rate of approximately 10! molecules/s was
detectable.

Samples were irradiated by using a high-pressure Hg
lamp with filters to isolate spectral lines. A maximum
intensity of approximately 10'® photons/(cm? s) was ob-
tained with the 365-nm filter. For the spectral dependence
of the gas evolution rate, a Gaertner quartz prism mono-
chromator was used with a 1000-W Xe-Hg source.

Measurements of the changes in optical density (A(OD))
as a function of wavelength were made in the high-vacuum
system using a tungsten lamp in conjunction with a double
monochromator consisting of a Perkin-Elmer prism
monochromator, Model 98, and a Bausch and Lomb f/3.5
grating monochromator, Model 33-86-25, in tandem. The
exit slit of the Bausch and Lomb monochromator was
focused by a quartz lens through a sapphire window onto
the sample and the transmitted beam detected through
a second sapphire window by an S-20 response photo-
multiplier. Stray light limited the maximum OD obtain-
able to about 4.0, but only OD’s lower than 2.0 were ac-
tually used in the data analyses. An initial scan of
wavelengths from 800 nm to the high absorption edge was
made to determine I, the transmitted intensity before
decomposition. The A(OD) was calculated from

A(OD(t)) = log [Io(M) /I(A2)]

where I(At) is the intensity after decomposition for time
t. During the decomposition run, I, was monitored in-
termittently with time by deflecting the incident beam
with a mirror onto a silicon probe used with a Cintra Model
101 radiometer. Absolute light intensities, for the calcu-
lation of efficiencies, were measured by using the same
radiometer and sensor which was, in turn, calibrated
against a standard lamp.

The crystal was mounted with epoxy to a sapphire disk
for room-temperature measurements in the high-vacuum
system. At liquid-nitrogen temperature (LNT) in the same
system, the crystal was glued directly with silver paint to
a copper block that was in mechanical contact with the
cold finger. This copper block was surrounded by a
thermal shield with holes for a light path. Warming from
LNT was accomplished by blowing hot air (200 °C) into
the cold finger. A platinum resistor mounted next to the
sample with silver paint was used for temperature moni-
toring.

Optical measurements were also made by using a Cary
14R spectrophotometer with the sample mounted in a
metal vacuum cryostat.! The wavelength range between
2500 nm and the edge for high absorption (~400 nm) was
investigated. Optical densities up to 5.0 could be mea-
sured. The pressure at the pumps was ~107 torr in most
cases, but the pressure in the cryostat at the sample
position was higher. An oil diffusion pump and a liquid-
nitrogen cold trap were used. The optical density as re-
corded by the Cary 14R was the same as that measured
under the high vacuum described above. The same high-
pressure Hg lamp in conjunction with band-pass and in-
terference filters was used with this sytem for producing
decomposition. In addition, an X-ray source (Machlett
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Figure 1. Quantum efficiency for N, gas evolution vs. time of iradiation
as a function of wavelength (and intensity for 365-nm irradiation) as
measured in the high-vacuum system. For clarity, the 365-nm expo-
sure at reduced intensity is piotted on a separate scale.

tube) operating at 50 kV, 40 mA with a W anode was used.
The sample-to-anode distance was of the order of 2 in., and
the X-rays were filtered by an Al window 0.1 mm thick
plus the Be window of the X-ray tube. A He—Ne laser was
also used to obtain 633-nm radiation. In addition, it was
necessary to use a lens to focus this radiation to obtain
measurable changes in the optical density.

Results and Discussion

Kinetics. The rate of nitrogen evolution and the rate
of colloidal metal formation as detected by changes in the
optical density were measured as a function of wavelength,
intensity, and sample temperature. The quantum effi-
ciency, n (n = d[N,}/dt)/(photons/s)) for nitrogen release
is plotted in Figure 1, for irradiation with three UV narrow
band-pass filters. As the photon flux is a constant for any
one wavelength, the curves in Figure 1 are essentially a plot
of the rate of nitrogen evolution vs. time. The rate of
nitrogen evolution for these strongly absorbed wavelengths
exhibits an “induction period”, where the rate remains
constant or increases only slowly with time, and acceler-
ation to a maximum, followed by decay to a nearly con-
stant rate for long time periods. It should be noted that
the rate decay is more pronounced when plotted on a linear
scale. These characteristics of the rate curve, excluding
the induction period, were previously observed on powders
using 253-nm light,! and the induction period was observed
on powders using longer-wavelength (405 nm) radiation.’

The induction period is seen to be most pronounced in
Figure 1 with 365-nm light at reduced intensity. It is
observed on the first irradiation of an unirradiated crystal
or on a crystal on which the surface damage has been
removed by polishing. Approximately 2% of the nitrogen
is removed within a distance 1/« from the surface, where
«a is the absorption coefficient. Once it occurs, however,
the induction period is not observed on reirradiation unless
the sample is annealed by a low-temperature bake (~75
°C) for several hours or allowed to remain at room tem-
perature for a minimum of 3 days. A longer annealing time
restores a greater percentage of the original induction-
period time.

The induction period is also affected changes in light
intensity and wavelength. The amount of gas released
during the induction period, i.e., (d[N,]/d¢t) dt, varies
nearly linearly with light intensity at any particular UV
wavelength. Thus, reduced intensities expand the rate
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Figure 2. Change In optical density at 410 nm vs. UV irradiation time.
Irradiation and measurement at indicated temperatures in the vacuum
cryostat.

curve timewise as can be seen in Figure 1 for the 365-nm
case. The UV wavelengths having larger absorption
coefficients produce more nitrogen molecules per photon
and so behave in a manner similar to light of higher in-
tensity. The net effect is to increase the rate and reduce
the time scale as seen in Figure 1 for the 313-nm irradia-
tion. The complete spectral dependence over the wave-
length region from 300 to 400 nm is discussed in a sub-
sequent section.

At LNT, both the rate of nitrogen release and the rate
of colloid formation are reduced. This effect is shown for
the case of colloid formation in Figure 2; and a linear
relationship is shown below to exist between the rates of
colloid formation and gas evolution following the induction
period. During the induction period the rate reduction
factor at LNT is approximately 100, whereas, at the
maximum rate, the reduction is only about 5.

These properties of the induction period, together with
results from other decomposition studies, suggest the
trapping of nitrogen gas in the crystal lattice. The presence
of trapped nitrogen was confirmed in the present study
by observing bubbles escaping during slow dissolution in
dilute nitric acid (0.01 M). The bubbles, observed mi-
croscopically, come only from the irradiated region of a
crystal and are observable with even the small doses re-
quired to complete the induction period. The presence of
trapped nitrogen has also been observed in thin films,®
although no induction period is observed for films.

The colloidal Pb formation, as determined by OD
changes, is shown in Figure 2, for UV exposure and mea-
surement at the temperatures indicated. This figure shows
a growth to saturation occurring even at 12 K.2 The re-
lationship between the total N, evolved and the amount
of colloidal Pb detected by optical measurements is dis-
cussed below.

The data of Figure 2 indicate a decrease in the rate of
colloidal Pb formation by approximately a factor of 10 on
cooling from 300 to 78 K. Other data indicate that the rate
of colloidal Pb formation is decreased on cooling much
more in the initial stages of irradiation than in the later
stages. Thus, for UV irradiation both the rate of nitrogen
evolution and the rate of colloidal metal formation decrease
in the same general manner on reduction of temperature.
The data of Figure 2 do not indicate a significant further
reduction in the rate of colloid formation on decreasing
the temperature from 78 to 12 K. More quantitative
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Figure 3. Change in optical density at 410 nm vs. X-ray ivadiation time.
Irradiation and measurement at 78 and 300 K in the vacuum cryostat.

0.0%0r
a
X
~
r
3 0,020+ .
Z
w
o
g
S00I0F
[
o
[e] o
<]
0 ; .
0 0.5 10

INTENSITY-ARBITRARY UNITS

Figure 4. Change in optical density per hour measured at 420 nm vs.
irradiation intensity at 435.9 nm. Sample at room temperature in the
vacuum cryostat.

comparison of N, evolved and colloidal Pb produced is
discussed below.

Decomposition was also studied by using more pene-
trating X-rays and weakly absorbed light at 435, 545, 578,
and 633 nm. In Figure 3 the change in optical density is
displayed as a function of time of X-ray exposure at 300
and 78 K. This linear growth, which also is observed for
all of the above wavelengths, is in sharp contrast to the
saturation results found for UV irradiation. Thus, all of
the wavelengths used for irradiation, except those in the
high absorption coefficient range, give linear A(OD) vs.
time curves. It is also to be noted that the efficiency of
formation of colloidal metal for X-ray exposure is relatively
insensitive to temperature, in sharp contrast to the strong
temperature dependence for UV irradiation (Figure 2).

The gas evolution rate for irradiation using a 435-nm
narrow band-pass filter was constant for several hours of
exposure (Figure 1). Because of the small absorption
coefficient for this wavelength, the gas evolution rates are
small (~10'° molecules/(cm? s)) and significant amounts
of nitrogen are probably trapped in the crystal; however,
there is agreement in that the decomposition rates of both
the lead and azide sublattices are linear for this weakly
absorbed wavelength.

In Figure 4, the slopes of curves such as that of Figure
3, i.e., A(OD)/time, are given vs. light intensity for A = 435
nm radiation at 300 K. The linear dependence on intensity
suggests the possibility of very simple kinetics of decom-
position for weakly absorbed light (and therefore low en-
ergy absorbed per unit volume). Unfortunately, it was not
possible to make measurements of gas evolution as a
function of intensity because of lack of sensitivity.

N, Evolution vs. Colloidal Pb Formation. In order to
make a more direct comparison between the decomposition
of the lead and azide sublattices than the kinetic data alone
allow, both gas evolution rates and optical extinction
measurements were made in situ in the high-vacuum
system. Figure 5 plots the change in optical density at 420
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Figure 5. Change in optical density at 420 nm vs. total nitrogen evoived
and measured in the high-vacuum system. Only qualitative features
of the curves at 80 and 300 K should be compared since the ex-
perimental conditions were different for the two temperatures.

nm (double monochromator arrangement) vs. the corre-
sponding amount of N, released for exposure at 365 nm
(narrow band-pass filter) both at room temperature and
at LNT.

Several features of the curves (Figure 5) provide infor-
mation concerning the nature of the decomposition pro-
cess. First, the rate of colloidal lead formation increases
in the initial stages (induction period, Figure 1) faster than
the N, evolution. This result supports the hypothesis that
N, is being trapped in the lattice in this stage. Following
the induction stage, there is a linear relationship between
Pb colloid formation and N, evolution at room tempera-
ture and LNT up to an OD change of about 1.0 (corre-
sponding to approximately 30% N, removed within a
distance 1/a from the surface at 300 K). This indicates
simultaneous decomposition of the lead and azide sub-
lattices.

The saturation at higher OD’s at room temperature may
be a consequence of one or more of several effects. Cal-
culations have shown that surface colloids, being sur-
rounded by a medium of lower refractive index, contribute
less to the total extinction (by a factor of about 10) than
do bulk colloids surrounded by Pb(Nj),.%

Stability of Irradiation-Induced Disorder and Surface
Reactions. The optical extinction due to irradiation of
Ph(N,), has been found to be at least partially unstable
under some conditions. If a sample is exposed to ultra-
violet light at room temperature in the high-vacuum sys-
tem, the increased optical density in the visible range is
stable if the high vacuum is maintained and the sample
kept in the dark. However, on exposure to air, the optical
density decreases by 20-40%. The wavelength dependence
of the optical density after exposure to air has approxi-
mately the same form as that produced on irradiation,
indicating that the decrease is primarily due to decreased
extinction of colloidal lead. However, a “flattening” of the
optical density curve at longer wavelengths suggests that
the decreased extinction is partly associated with the
presence of at least a small amount of lead metal (relative
to the amount of colloidal lead). The relationship between
lead metal and colloidal metal is discussed below. The
changes are small and additional experiments are necessary
to verify this conclusion.

In general, the percentage decrease in optical density
on pressure rise in either the high-vacuum system or the
cryostat was larger when the sample was exposed while at
80 K than when exposed at 300 K. A sample UV-irradi-
ated in the high-vacuum system at approximately 80 K
exhibited no decrease in the irradiation-induced optical
density on warming to room temperature. However, the
optical density decreased significantly (~60%) when air
was admitted to the system. In contrast, some samples
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exposed to UV or X-ray irradiation while in the vacuum
cryostat at 80 K showed significant decreases in low-tem-
perature-induced optical density on warming, and, in some
cases, all of this irradiation-induced optical density
“annealed” on warming to room temperature. In all cases
where this thermal “annealing” occurred, there was also
a significant pressure rise in the system in the same tem-
perature range due to gases escaping from the inner walls
of the cryostat. The temperature range of annealing and
pressure rise varied from run to run. For one sample, there
was not a significant pressure rise during warming and the
optical density did not decrease. The optical density did,
however, decrease slowly at a decreasing rate over a period
of several days at room temperature. Additional decreases
were observed on warming above room temperature, but
the optical density observed on first cooling to room tem-
perature was stable over a period of several days. While
the pressure at the sample in the cryostat is unknown, the
pressure at the pump was 3 X 107 torr. The cryostat was
connected to the pump by 4 ft of flexible metal hose, 1 in.
in diameter. These results are discussed below.

Attempts were subsequently made to determine whether
nitrogen gas was also evolved on warming. There are
several reports in the literature that gas release does occur
from powders of lead azide after exposure at low tem-
peratures.2!® Single-crystal samples mounted in the
high-vacuum system in good thermal contact with a copper
cold finger at LNT were exposed for approximately 20 min
to the Hg lamp through a Corning 7-60 filter that passes
light in a broad band of wavelengths from 300 to 400 nm.
Following irradiation, the crystals were warmed to 350 K
in the dark. Thermal gas evolution peaks were observed
by using a RGA detector on samples cycled to low tem-
perature and warmed with and without irradiation at low
temperature. Although several desorption peaks were
detected, only one peak, predominantly N,, at 150 K was
found to occur for all irradiated samples. The amount of
N, released during warming at 150 K was of the order of
one monolayer of nitrogen on the surface of the crystal.
It was assumed that this represented physically adsorbed
nitrogen. This amount is approximately 1/100 of the
nitrogen evolved on irradiation at LNT before warming.
Simultaneous monitoring of the crystal OD on warming
from LNT in the high-vacuum system failed to show any
changes in OD even at 150 K.

Efficiency of N, Evolution. The spectral dependence
of the nitrogen evolution rate was determined at discrete
wavelengths with the Gaertner monochromator over the
range 300—-380 nm in the high-vacuum system. To mini-
mize the total exposure, and thus the amount of decom-
position during this series of exposures, the initial rate due
to light exposure, i.e., d[Ny(A)]/dt as ¢t — 0, was related
through a constant to the maximum gas evolution rate (the
maximum in the quantum efficiency in Figure 1). All
samples were exposed sufficiently to eliminate the in-
duction period before measuring these rates. Light in-
tensities were determined with the Cintra radiometer.

The results of these measurements along with a plot of
the optical density of a lead azide thin film!3 are shown
in Figure 6. This efficiency curve which is a plot of the
maximum gas evolution rate calculated from the measured
initial rate and normalized to light intensity is also similar
to that observed for the gas evolution efficiency of thin
films.® The fact that all photons are absorbed by the

(13) H. D. Fair, Jr. and A. C. Forsyth, J. Phys. Chem. Solids, 30, 2559
(1969).
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1972.
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Figure 6. Dependence of quantum efficiency on wavelength for ni-
trogen evolution as measured in the high-vacuum system at room

temperature. Shown also for comparison is the optical density of a
thin film as measured by Fair and Forsyth'® at low temperature.

crystal in this wavelength region (absorption coefficients
are greater than 10* cm™) indicates that the efficiency also
depends on the diffusion of nitrogen to the surface. The
intensity dependence of the maximum rate at any one
wavelength in the range from 300 to 400 nm was found to
be sublinear; i.e., the rate as defined above varies as I*()\),
where k varied for those wavelengths examined between
1/ and 2/5. For the case of thin films, as measured by
Hall,® k varied from !/ at low intensities to 3/, for the
highest intensity. Many of the results on thin films are
in general agreement with those on crystals, since it has
been demonstrated that changes in wavelength or intensity
produce similar changes in the rate curves. Measurements
made on powders at 253 nm show a linear dependence.?
Intensity dependencies have generally been used to predict
the order of the decomposition kinetics and so the possible
reaction steps.!! For the intensities used in this study, the
higher rates observed for greater photon flux densities are
not the result of a superlinear intensity dependence. These
results suggest that the decomposition must be occurring
in the region of absorption, as suggested by Williams et
al.,” so that the rate depends on the energy absorbed per
unit volume. In addition, the rate may also depend on the
diffusion of nitrogen to the surface, so that shorter-
wavelength radiation produces a larger concentration of
nitrogen near the surface giving rise to a higher efficiency.

Optical Bleaching. When a previously unirradiated
sample is exposed to light with A > 405 nm, the optical
density increases and has the characteristic wavelength
dependence expected of colloidal Pb disorder, as discussed
above. However, a sample previously exposed to ultraviolet
light behaves differently when subsequently exposed to
light of A\ > 405 nm. In the initial stages of this exposure,
there is a decrease in the optical density, and, in Figure
7, the decrease in optical density vs. X is given after ex-
posure to 546-nm light. Similar results were obtained on
exposure to 633-nm light. This bleaching effect is small
compared to the increases in optical density during irra-
diation. On prolonged exposure to light of A > 405 nm
after ultraviolet exposure the optical density increases as
it does for a sample not previously exposed.

Gas evolution (N;) has also been observed due to ex-
posure to this longer-wavelength radiation, but the effi-
ciency as a function of A and previous exposure has not
been investigated.® In addition, photoconductivity has
been observed throughout the wavelength range under
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Figure 8. Decrease in optical density vs. wavelength, A, due to ex-
posure to air of a sample previously UV irradiated under high vacuum,
scale B. Also shown is the curve of increase of optical density vs.
A due to UV irradiation with sample under high vacuum, scale A.

consideration.’® The photocurrent increases continuously
from long wavelength (~1000 nm) to the band edge.
The A(OD) produced by optical bleaching (Figure 7) has
a wavelength dependence distinctly different from that of
the A(OD) produced by irradiation and/or exposure to air
or by thermal treatment. This indicates a defect distinct
from the colloidal Pb (which is apparently the dominant
type of disorder). The band of Figure 7 resembles the F’
band observed in the alkali halides,!® and, since the F’ band
is due to weakly bound electrons, the data of Figure 7
suggest the presence of weakly bound electrons or holes
in Pb(N;),. However, the long-wavelength radiation also
produced colloidal disorder. Thus, it is necessary to con-
sider the possibility that the band of Figure 7 is the net
effect of bleaching of an F’ type band and growth of col-
loidal Pb (see Figure 8 for a typical increase of OD vs.
wavelength for colloidal Pb formation). In this case, the
true maximum of the band which is bleached occurs at a
shorter wavelength. It is important to note that the prior
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ultraviolet exposure, which is a prerequisite to the optical
bleaching, is absorbed in a thin surface layer (10* cm™) of
the crystal while the total thickness of the sample is ex-
posed to the weakly absorbed bleaching radiation (A > 405
nm). Thus, in the case of Figure 7 the 546-nm radiation
may bleach defects in the surface layer exposed to ultra-
violet but generate colloidal Pb throughout the volume of
the sample. Additional experiments are necessary to
clarify this optical bleaching phenomenon and to under-
stand in general the effect of long-wavelength light (A >
405 nm).

Colloidal Lead and Lead Metal Production. In most
cases, the change in optical density (A(OD)) due to irra-
diation is typical of that to be expected of lead colloids,
i.e.,, a continuously decreasing A(OD) with increasing
wavelength (see Figure 8, scale A). The A(OD) decreases
with increasing wavelength, as is expected for colloids, but
does become insensitive at longer wavelengths. This
supports the hypothesis of a metallic lead film coexisting
with lead colloids; thin lead metal films have optical
density vs. wavelength curves which are essentially inde-
pendent of wavelength in the visible range.1?

When air is admitted to the system, the initial reaction
may then be with the lead metal. Evidence for this is
shown in Figure 8 (scale B), which gives the A(OD) due
to reaction in air. The A(OD) is rather wavelength inde-
pendent, thus suggesting that a significant part of it is due
to loss of lead metal. There is also evidence of some loss
of lead colloids.

It is to be noted that the A(OD) as a function of time
(Figures 2 and 3) and total N, evolved (Figure 5) were
taken at short wavelengths close to the band edge where
the major contribution to the A(OD) is due to colloids. The
optical extinction of a thin metallic film containing a given
number of Pb atoms per unit area is expected to be dif-
ferent from the same area density of Pb atoms in the form
of colloids. This is evident from the strong dependence
of the colloidal extinction on the index of refraction of the
medium surrounding the colloids.? Some of the deviations
from the expected linear relationship between A(OD) and
total N, evolved may be due to the presence of the metallic
Pb film (Figure 5). Other reasons for the deviation from
linearity are discussed elsewhere.

We could not determine the relative amount of metallic
Pb and colloidal Pb because the Pb particles may be
surrounded by material of varying indices of refraction,
e.g., vacuum, crystalline Pb(N3), of various orientations
and indices of refraction, or compounds formed during or
after irradiations. The data for some samples irradiated
in the high-vacuum system do not indicate the presence
of metallic Pb. At this time the conditions which lead to
the formation of metallic Pb have not been determined.
Irradiation dose, surface morphology, and perfection and
contamination of the unirradiated sample are among
factors which may be important.

There is some evidence for a thinner Pb metal film
produced by irradiation of samples mounted in the
cryostat. Many of the A(OD) vs. A curves obtained in this
way do show a flattening of the curve, i.e., A independence
at longer wavelengths, although the A(OD)’s are small and
may be close to the experimental uncertainty. (The latter
is determined by the ability to reproduce the sample-
cryostat position in the Cary beam since the samples are
not damaged uniformly.?) However, one sample which was
heavily UV irradiated at 80 K gave a A(OD) vs. A curve
which decreased continuously with increasing wavelength

(24) A. C. McLaren, Proc. Phys. Soc., London, Sect. B, 70, 147 (1957).
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to 1600 nm, thus giving no evidence of Pb metal for these
conditions. Additional experiments are necessary to re-
solve this matter.

A significant metallic lead film may not have formed in
the cryostat because the pressure was sufficiently high to
allow reactions to occur during irradiation. Thus, the
surface colloidal lead particles were, for the most part,
coated with at least a thin nonconducting layer and a
significant continuous metal film did not form. Because
of the possibility of chemical reactions, it is also possible
that compounds, e.g., Pb oxides and Pb nitrogen com-
pounds, contribute to the changes in optical density due
to irradiations, but it is clear that most of the A(OD) is
due to Pb colloids with some contribution from Pb metal.

Index of Refractive Measurements. The calculations
of the extinction to be expected for colloidal Pb particles
embedded in Pb(Njy); were made by assuming that the
index of refraction, n, is independent of wavelength.? This
was a necessary approximation because the A dependence
of n was unknown. While it is to be expected that nis a
weak function of A over at least most of the A range of
interest (because of the absence of absorption in unirra-
diated Pb(Nj),, a A dependence of n has been reported for
AgN,.Y" The magnitude of the colloidal extinction is very
sensitive to the magnitude of n: an increase of n from 1.0
to 2.0 results in approximately a calculated tenfold increase
in extinction.®!® Thus, even small changes in the index
as a function of A\ may strongly affect the observed A de-
pendence of the extinction. In addition, for Pb(N;), a
highly anisotropic index has been reported.’® Thus, the
colloidal extinction will depend on crystal orientation. In
order to remove any uncertainty concerning this question,
we made measurements of n as a function of A and crystal
orientation.

The index, n, was determined by using a Zeiss polarizing
microscope to determine the apparent and actual thickness
of polished Pb(Nj), single-crystal plates. A high-pressure
Xe 1000-W lamp and either a monochromator or inter-
ference filters were used as the source of light. The single
crystals were oriented by X-ray diffraction and measure-
ments were made on two polished plates with faces con-
taining the @ and b and b and ¢ axes, respectively, where
the convention @ = 11.31, b = 16.25, ¢ = 6.63 A is used.

The values at 528 nm are n, = 1.85, n, = 2.20, n, = 2.55
and are in agreement with the values reported by Hattori
and McCrone.”® In addition, all three values were found
to be independent of A between 450 and 650 nm. The
wavelength range was limited by the sensitivity of the eye
in focusing the microscope.

These results justify the use of an n independent of A
in the calculations of colloidal Pb extinction due to Pb
colloids in Pb(Nj3),.2 The A dependence of n as reported
for AgN;'” may be due to decomposition and the resulting
absorption due to imperfections. The extinction due to
Pb colloids in Pb(Nj), will, however, depend on the crystal
orientation and polarization of the measuring light beam.

Optical Extinction Studies Using Polarized Light. For
these studies, plate-shaped crystals of lead azide were used.
Bulk crystals were oriented by back-reflection Laue pho-
tographs before cutting, and the resulting plates checked
by the same technique were nominally aligned to within
3°. Crystal plates having @, b, and ¢ perpendicular to the
plane of the plate were measured in transmission by using
the Cary 14R spectrophotometer. Polarizing sheets were
placed in both the sample and reference beams of the Cary
with E parallel to g, b, and ¢.

Three unirradiated samples with the orthorhombic axes
d, b, and ¢, respectively, normal to the plane of the plate
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Flgure 9. Increase in optical density vs. A due to irradiation with
435.6-nm light. Data are given for the electric field, E, parallel to the
b (curve A) and ¢& (curve B) crystallographic directions.

were measured. The optical density vs. wavelength curves
indicate a sharp rise in extinction with decreasing wave-
length at about 400 nm. The rise is the same for E parallel
to @ and ¢ within experimental error. However, the ex-
tinction (absorption) “edge” is shifted by approximately
4 nm or 0.03 eV to the red for E parallel to b. From the
structure of Pb(N;),,% it can be seen that, of the 24 azide
molecules in the unit cell, 12 of these are aligned nearly
in the b direction. These results indicate that the azide
ions as influenced by the crystal field are associated with
the absorption process at the edge at 400 nm. Unfortu-
nately, the measurements could not be extended to observe
the peak at 375 nm!?® because of the high extinction
coefficients. However, these results do indicate the need
to investigate the polarization dependence of the reflec-
tivity or the absorption of single-crystal thin films at
shorter wavelengths. These may help to elucidate the type
of electronic transition responsible for the structure at 375
nm, give insight into the type of excitons produced by
absorption of light, and determine whether the peak at 375
nm is associated with one of the four nonequivalent azide
ion sites as suggested.®?! It would also be interesting to
make photoconductivity studies as a function of light
polarization. Available results indicate a relationship
between the 375-nm peak and structure in the photocon-
ductive response vs. wavelength.!5 Finally, photodecom-
position studies as a function of electric field vector ori-
entation may help elucidate the mechanisms of photode-
composition.??

Studies have also been made of the polarization de-
pendence of irradiation-induced extinction. For colloidal
extinction, a dependence on the index of refraction, n, of
the surrounding medium is predicted.®'® For Pb(N;),, the
irradiation-induced extinction should then depend on the
orientation of E relative to the crystallographic axis be-
cause of the dependence of n on orientation if, in fact, the
extinction is due to colloids. In addition, it should be
possible to distinguish between scattering and absorption
due to colloids because of the dependence on n.

Measurements were made on one single-crystal plate
having the b and ¢ axes lying in the plane of the plate.
These axes were chosen to maximize any differences de-
pendent on n. Two wavelengths of damaging radiation
were used. The output of a high-pressure Hg lamp was
passed through a water filter and a 436.0- or 365.0-nm
interference filter. The 436.0-nm irradiation is only very
weakly absorbed in unirradiated material® whereas the
365.0-nm radiation is strongly absorbed. The latter has
been verified by polishing after irradiation, which removed
the irradiation-induced coloration. The damage distribu-
tion for 436.0-nm radiation is discussed below. The in-
crease in OD due to the 436-nm irradiation is shown in
Figure 9, where curve B is obtained for E parallel to ¢ and
curve A for E parallel to 5. The ratio of the change in OD,
1.e.

Garrett and Wiegand
R = A[OD(E||b)] / A[OD(E||¢)]

has a value of about 1.5 and is independent of wavelength
within the precision of the measurements. Our calcula-
tions!® predict a value of R ~ 2.2 for absorption and R ~
4.0 for scattering, both values being insensitive to wave-
length. Thus, the experimental value of 1.5 for R suggests
that the A(OD) is due primarily to colloidal absorption.

Experimental and theoretical factors affecting R must
be considered in placing rough limits on the accuracy and
precision of this quantity. The agreement between ex-
periment and theory is good considering the assumption
of colloids as isolated, spherical, noninterfering, scattering,
and absorbing particles, having bulk Pb metal optical
properties. In addition, experimental conditions tend to
yield a value of R that is smaller than the actual value:
surface scratches on the crystal faces tend to depolarize
the beam, effectively lowering the value of R. A lower
value of R was obtained when the measuring beam was
incident on a surface having microscopically observable
scratches. Also the alignment of the polarizing sheets with
respect to the crystallographic axes was in error by a few
degrees due to errors in maintaining crystallographic
alignment during cutting and polishing. Thus, more ex-
acting results could be obtained through the use of better
surface polishing, and precise alignment fixtures. Hence,
because of these experimental uncertainties, scattering or
a combination of scattering and absorption cannot be
completely ruled out.

Polarization-dependent extinction due to UV irradiation
(primarily 365 nm) was also studied. In this case, no
differences were found for light polarized parallel to b or
¢: both gave the same A(OD) vs. A curve. This result is
attributed to the fact that the 365-nm radiation is absorbed
in a thin surface layer, thus producing sufficient disorder
so that the index becomes independent of polarization.
This conclusion is supported by quantitative measure-
ments of N, evolution in the high-vacuum system and
knowledge of the absorption coefficient of the damaging
radiation. If it is assumed that the damage (decomposi-
tion) decreases exponentially with distance from the ir-
radiated surface, as does the absorption coefficient, then
decomposition at this surface is estimated to be greater
than 50%. The results are also in agreement with X-ray
photoelectron spectroscopy studies which show that es-
sentially all of the nitrogen is removed from very thin
(10-50 A) surface layers.?®

In order to differentiate between bulk and surface
photodecomposition, a Pb(N;), crystal was exposed to both
the 436- and 365-nm irradiation, and then removed from
the cryostat and polished briefly on both surfaces to re-
move approximately 50 um. This treatment removed the
damage caused by the UV irradiation but left a significant
A(OD) which is attributed to colloids in the bulk resulting
from the 436-nm irradiation. A second polishing of both
surfaces (50 um removed) failed to completely remove the
colloidal absorption, thus verifying that colloids were
produced in the bulk.

McLaren? also found a lack of dependence of colloidal
extinction on polarization for UV-irradiated AgN;. In this
material, a maximum in the curve of extinction vs. wave-
length is expected, and further the wavelength at which
the maximum occurs is expected to be polarization de-
pendent because of the nonisotropic index of refraction.
The apparent wavelength for the maximum was found to
be polarization independent, and McLaren interpreted his
results in terms of Ag colloidal particles on the surface of
AgN; and thus primarily surrounded by air. The wave-
length of the maximum is also in better agreement with
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that predicted on the basis of Ag particles surrounded by
air than surrounded by AgNj,. This interpretation is open
to question, however, because of the amount and distri-
bution of Ag necessary to produce the observed extinction.
For the predicted colloidal extinction to be observed, the
colloidal particles must be separated by distances large
compared to their size and the wavelength of measuring
light. If these conditions are not met, the extinction might
be expected to approach that of a Ag metal film, i.e., in-
dependent of wavelength in the range of measurements,
and possibly to exhibit interference effects. An alternative
explanation of McLaren’s results is that the colloidal Ag
particles were embedded in a highly disordered and porous
matrix of AgN; having a low and isotropic value of n. It
might be possible to distinguish experimentally between
these two interpretations by replica electron microscopy.
While direct electron microscopy and electron diffraction
studies have been made, the results are thought to be
complicated by thermal decomposition due to heating by
the electron beam.?% Polarization-dependent maxima
roughly as predicted by theory were found after thermal
decomposition of AgN; by McLaren. In the case of irra-
diated Pb(Nj),, colloidal particles of Pb on the surface
would be at least partially converted to lead compounds
because only a fore vacuum is used. Exposure of the
sample to atmospheric conditions did not alter the po-
larization results.

Structure and Surface Morphology of Irradiated Lead
Azide. The results of the previous sections indicate that
the structure and form of irradiated Pb(Nj;), depends on
the pressure during or after exposure and possibly on the
temperature during exposure. An attempt is made here
to rationalize the results in terms of possible structures.

The first question to address is the location of the
damaged regions relative to energy density of absorbed
radiation. Williams and co-workers’ have argued from
studies of infrared absorption of thin films of UV-irradi-
ated lead azide that the damage decreases with distance
from the irradiated surface and, thus, occurs in the region
of energy absorption. If this is the case, the density of
colloidal Pb particles should decrease in this manner with
distance from the surface. Thus, we might expect a suf-
ficiently high density of Pb or Pb particles, e.g., colloids
at the outer surface which can be completely devoid of
nitrogen (see below) to form a layer of Pb having metallic
properties. This may be a very porous form of Pb having
an extremely high surface-to-volume ratio. At greater
distances from the irradiated surface the density of ab-
sorbed energy is lower as is the density of colloidal Pb.
Thus, there may be a gradient from metallic-like Pb at the
outer surface to colloidal Pb embedded in lead azide to
undamaged lead azide. The density of trapped nitrogen
should be quite different as a function of distance from
the irradiated surface because the probability of escape
should decrease with increasing distance.

The X-ray photoelectron spectroscopy (XPS) studies
have shown that Pb(Nj), powders, which are essentially
stoichiometric before irradiation, can be converted to lead
or lead compounds by UV or X-ray irradiation; i.e., all
nitrogen can be removed from the surface layers sampled
by this technique.?>?” The sampling, however, may com-
prise only a few atomic layers. The irradiations were
carried out nominally at room temperature or somewhat

(25) J. Sawkill, Proc. R. Soc. London, Ser. A, 229, 135 (1955).

(26) F. P. Bowden and A. D. Yoffe, “Fast Reactions in Solids”, Aca-
demic Press, New York, 1958.

(27) D. A. Wiegand and J. Sharma, Bull. Am. Phys. Soc., 19, 283
(1974), and unpublished results.
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above and at pressures of approximately 2 X 107 torr.
These results lend support to the interpretation of the
optical data in terms of a small amount of metallic-like Pb
being produced by irradiation of single-crystal samples in
the high-vacuum system. While there is some evidence
of oxide formation from the XPS studies, compound for-
mation is difficult to substantiate because there is always
significant oxygen and carbon contamination on the sur-
face of almost all materials studied, including the azides.
In other cases, XPS studies revealed the presence of a new
form of nitrogen (possibly in the form of a nitride) after
complete removal of the azide nitrogen. Complete de-
composition by X-ray irradiation in air has been found by
X-ray diffraction to result in basic lead carbonate,? so the
outer surface of irradiated lead azide may have a layer of
metallic Pb and/or Pb compounds with carbon and oxygen
contamination. It may also be significant to point out that
the surface of unirradiated lead azide decomposes slowly
in air with loss of nitrogen. Apparently, however, a pro-
tective surface layer is formed which prevents or signifi-
cantly retards decomposition because grinding to produce
fresh surface reveals material with a much higher azide
nitrogen content than that of old surface.?’

The outer surface layers of lead azide irradiated under
high vacuum may then be made up of highly porous Pb
metal and colloidal particles partially embedded in Pb-
(N3)g. Thin layers of carbon and oxygen are also present
either by adsorption or in the form of compounds. The
high reactivity of this Pb is attributed to a high surface-
to-volume ratio. The reaction may also be catalyzed by
compounds formed during irradiation. Lead particles
(colloids) may also occur along dislocations in Pb(N3), and
may react with air by air diffusing into the material in the
same way as the nitrogen escapes, e.g., along dislocations.
Ag metal is known to precipitate along dislocations in
irradiated silver halides.”® As already discussed, McLaren
attributed the optical extinction of irradiated AgNj, to
silver particles on the surface of AgN;.%

Decomposition Model

We propose a model to explain the observed kinetic
behavior of the nitrogen evolution and the formation of
lead colloids. The primary absorption process leading to
decomposition is assumed to involve the transition of an
electron from an azide ion to a lead ion or to the con-
duction band, or to the formation of an azide ion excited
state. The rate of evolution of N, is assumed to be pro-
portional to that of N, creation (rapid diffusion), and
likewise it is assumed that the diffusion of lead is not a
rate-limiting step in the formulation of lead colloids. The
proposed reaction scheme can be expressed as follows:

Pb?* + 2Ny + hv — Pb* + (N3~ + N eignbors (1)

where the products from reaction 1 can react to give either
a reconversion to the initial state

Pb* 4+ N3~ + N° — Pb(N;), + energy 2
or a decomposition reaction

Pb+ + (Na_ + N3O)neighbots - Pb + 3N2 + energy (3)

Reaction 1 represents one possible excitation process of
those mentioned previously that could lead to decompo-
sition.

(28) G. Todd and E. Parry, Nature (London), 186, 543 (1960).
(29) J. M. Hedges and J. W. Mitchell, Philos. Mag., 44, 357 (1953).
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In order to explain the observed results, it is assumed
in reaction 3 that photoproduced neutral azide molecules
(N5 react with nearest-neighbor unexcited azide ions (N;")
in the crystal lattice to produce N,. For modest levels of
decomposition, the majority of neutral azide molecules
(N;% will be surrounded by the same number of lattice
azide ions (Nj3") so that this reaction will be independent
of the total concentration of azide ions. A further as-
sumption is then that this reaction rate is independent of
changes in the concentration of lattice azide ions.

The kinetic equations for these three reactions for azide
ion decomposition into nitrogen molecules are as follows:;

d[N;7]/dt = -a[N57] + b[N,°] (4)
d[N;%1/dt = a[N;7] - b[N;%] - ¢[N,°] 5)
d[%N,]/dt = ¢[N;°] 6)

where [Nj], [N3°], and [3/,N,] are the concentrations. The
rate constant for the production of N° by photoionization
of Nj™ is given by q, the rate constant for recombination
of N;® with an electron, e.g., from a neighboring Pb*, is
given by b, and the rate constant for the reaction of Nj°
with a neighboring N3~ to give N, is given by ¢. The rate
constant a can be expressed as a = gal,, — ax where g is
a constant, « is the absorption constant, J; is the light
intensity at the surface of the sample (x = 0), and x is the
distance into the sample in the direction of propagation
of the light beam. The decrease of the concentration of
lattice lead ions (Ph?*) is assumed to be stoichiometrically
proportional to the decrease in the concentration of lattice
azide ions (Nj3") so that one lead atom (Pb) is formed for
each two lattice azide ions (N37) converted to nitrogen
molecules (N,). This assumption is based in part on the
requirement for conservation of charge.

The simultaneous solution of the rate equations for the
boundary condition that at ¢ = 0, [N;] = [N ]o, and [N,?]
= [N,] = 0, yields for the concentration of nitrogen and
lead produced at time ¢ for an energy deposition rate of
a

2ca[Nj~ ~ ent 1-¢
= S () ()

()

where both r; and r, are negative and equal to

~(a+b+c)x[(a+ b+ c)-4ac]V/?
re= 9

(8)

and |rg} > |ry]. Equation 7 can be simplified by making
certain approximations concerning the magnitude of the
rate constants and the energy deposition rate. Since the
quantum efficiency for the production of nitrogen or lead
is low, it will be assumed that b > ¢, namely, that an
excited azide ion has a much greater probability of re-
turning to the ground state than of reacting to form ni-
trogen. In addition, quantitative arguments indicate that,
for the intensities used in these experiments, the condition
that b > a also holds. With these approximations, the
expressions for r; and r, reduce to

ri=ac/b ry =-b 9

Substituting these values of r into eq 7 gives the time
dependence for the production of lead or nitrogen

[Pb] = 3[N,] =
2a¢[N3TTo[(1 ~ e7@/%) /ac — (1 ~ €7) /b%] (10)

Garrett and Wiegand

and the nitrogen evolution rate is found simply by dif-
ferentiating eq 10.

d[N,]/dt = (2ac/3b)[Nygle /Dt — b} (11)

Equations 10 and 11 are valid for any laminar region a
distance x from the surface where the light intensity is
given by I = I,e™* and the rate constant a by a = gal.
Thus, the total amount of lead produced or the total rate
of nitrogen evolution can be obtained by integrating eq 10
and 11 over the exposed sample volume.

The integral of eq 11 is given as follows:

d[N,]/dt =
1
(2A¢[Ny,/3b J; gal,eex[e-Eaclt/bgmax — o b) dx (12)

where A is the exposed surface area, [ is the sample
thickness, and one-dimensional geometry is assumed, so
that dV = A dx. Integration of eq 12 in the limit | — o,
which is valid for UV exposures where [ > 1/a, yields

1 — egelole/t

24
d[N,y]/dt = ?[Na_]o[ ~ - EgIoe'bt] (13)

Equation 13 does not represent the total measured nitro-
gen evolution rate as some nitrogen will still be lost by
diffusion into the lattice and subsequent trapping. This
expression is similar to the rate equation derived from a
simplgr decomposition model by Williams et al. for thin
films.

The growth of the lead concentration with time is found
by integrating eq 10 over the exposed volume, which in the
limit [ — « yields

2[N3_]0 anc aI()C 2 tz
. b )\ )2z

alye \3 3 alyc .
(T) ﬁ . (—b—)(l -e bt)] (14)

The expressions for the total rate of nitrogen release and
the total lead produced can now be compared to the ex-
perimental results of nitrogen evolution rates and changes
in optical density. Because the integration of eq 10 and
11 over volume does not change the qualitative features
of the results, we will confine the discussion to the math-
ematically simpler expressions given by eq 10 and 11.
The total lead produced as given in eq 10 can be further
simplified by using the approximation b > ac/b to give

[Pb] ~ 2[Nyo(1 - e7/%) (15)

This result is in qualitative agreement with the saturation
curves observed experimentally (Figure 2) and thus lends
support to the assumptions made concerning the magni-
tude of the rate constants. For the case where ¢t >> b/ac,
eq 15 can be expanded to give

[Pb] = 3[N,] =~ 2[Nyo(c/blgalt (16)

which shows a linear increase with both time and light
intensity as is observed experimentally for small amounts
of decomposition (Figures 2 and 3), and for exposures at
low light intensity (Figure 4).

The nitrogen evolution rate given in eq 11 can also be
further simplified. Because b >> ac/b, this equation pre-
dicts a rapid rise to approximately d{N,]/d¢ = (2ac/
3b)[N3]y, and for t > b reduces to

d[N,]/dt = (2ac /3b)[Ny]ge e/t (17)
The rapid rise is too fast to be followed by the instru-

[Pb] ~
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mentation, and thus Figure 1 indicates a finite d[N,]/dt
at t = 0. Thus, following the induction period, the kinetic
results are also in qualitative agreement with the rate
calculated in eq 17. The rate decays approximately ex-
ponentially with a time constant that decreases for in-
creasing intensity as shown in Figure 1 for the 365-nm
irradiation. Thus, with the proposed model, it is possible
to explain at least the qualitative features of the gas evo-
lution rates and the changes in OD and their dependence
on intensity and time. Diffusion effects are also clearly
present in the formation of lead colloids and the escape
of nitrogen gas, but they do not appear to influence the
decomposition rates with the exception of the induction
period and the dependence on temperature and wave-
length. The efficiency curve (Figure 6) indicates that the

nitrogen evolution rate and the absorption coefficient have
a similar dependence on wavelength. As all the energy in
the beam is being absorbed by the sample, this dependence
of gas evolution rate on wavelength must be a consequence
of the rate at which nitrogen arrives at the surface. For
more strongly absorbed light, the decomposition occurs
closer to the surface and, consequently, less nitrogen is lost
through diffusion into the sample. It can be assumed from
the observation on gas trapping during the induction pe-
riod that N, which diffuses into the lattice can be trapped
there and so not contribute to the observed rate. Lead
atoms may be formed directly during the decomposition
of reaction 3, and diffuse to form colloids, or Pb* plus
electrons may diffuse independently to form colloidal lead
as in the silver halides.

Carbon-13 and Nitrogen-15 Nuclear Magnetic Resonance of Polycyclic Polyamines. A
Study of Solution N-H Hydrogen Bonding and Protonation
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13C and *N NMR chemical shift and spin relaxation data have been measured for diazabicyclo[2.2.2]octane
(DABCO) and hexamethylenetetramine (HMTA) in aqueous solution. The !*N spin-lattice relaxation times
of DABCO and HMTA in H,0 are shorter than those in D,0, reflecting solvent H;O contributions to the dipolar
relaxation of the exposed nitrogen. In H,0, more than 50% of the total !N dipolar relaxation rate for DABCO
arises from hydrogen-bonded water protons while for HMTA the contribution is 20%, reflecting weaker H
bonding. The ¥N NMR data indicate that the solution hydrogen-bond length for DABCO is effectively shorter
than N-H hydrogen bonds in other systems, as obtained from crystal measurements. Protonation of DABCO
and HMTA decreases the distance between the nitrogens and the protons causing relaxation, resulting in decreased
15N Ty’s. The observed pH dependence of the *N and '*C chemical shifts reflects the mono- and dibasicity
of HMTA and DABCO, respectively. For DABCO !*N shifts move downfield and 3C shifts upfield on protonation.

For HMTA both 13C and N chemical shifts move upfield on protonation.

Introduction

NMR relaxation parameters (74’s, Ty’s, and nuclear
Overhauser enhancements (NOE’s)) can be used to derive
important information about solution interactions and
molecular dynamics.2 The '*C nucleus is a particularly
powerful dynamics probe, with applications ranging in
scope from the determination of anisotropic molecular
diffusion in small organic molecules,®* to studies of seg-
mental and overall motion in polymer chains® and mem-
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