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Matrix effects on radiative and radiationless rates of NBrb 12+ and a2 1A
trapped in solid argon

A. C. Becker, K.-P. Lodemann, and Ulrich Schurath
Institut fur Physikalische Chemie der Universitit Bonn, Wegelerstr. 12, D-5300 Bonn 1, West Germany

(Received 8 September 1986; accepted 25 August 1987)

NBr in solid argon has been excited to the b 'S+ state with a pulsed tunable dye laser. In
addition to the well-known fluorescence spectrum of the b state, infrared emission from the
vibrationally relaxed a 'A state was detected at 1086 nm. Three major trapping sites were
resolved in absorption and fluorescence excitation spectra of the 5-X system. Additional sites
could be identified in the excitation spectrum of the a state, which is populated via the b state
by internal conversion. There is a weak site effect on the lifetime of the vibrationally relaxed b

state, which varies between 40 and 30 us. Vibrational relaxation rates in the b state show a
stronger site dependence. Internal conversion from 4 '=* to a A accounts for <0.1% to at
least 17% of the decay rate of NBr b '+, v = 0. Orbitally forbidden transitions to the X,0™
component of the ground state were identified 23.0 to 25.5 cm ™ on the high-energy side of the
more intense @ 'A - X,1* transition of several sites. The lifetime of the a state varies between
152 4 12 ms in the least perturbed site and 121 4+ 15 ms in the site with the strongest
a'A-X,0% forbidden component. NBr trapped in double vacancies of pure fcc argon, of
single stacking faults, and of multiple stacking faults (hcp pockets) in argon, can account for

the sites.

I. INTRODUCTION

The nitrogen monohalides NX (X = I, Br, Cl, F) havea
X33~ ground state and two electronically excited states of
fairly low energy, @ 'A and b 'S *. Transitions between these
states are strongly forbidden by electric dipole selection
rules. Increasing spin—orbit and spin-spin coupling en-
hances the transition probabilities in the heavier monoha-
lides, which are best described in the € notation of Hund’s
coupling case c.! In this notation the X *3 ground state splits
into & =0 and O = + 1 components of slightly different
energies, and the transitions b0 <X,0* X,1* as well as
a2* - X,1* become electric dipole allowed, whereas the
transition a2 * — X,0™" remains forbidden in the gas phase by
the AQ) = 0, + 1 selection rule. There is, however, theoreti-
cal and experimental evidence that gas phase selection rules
may be relaxed by gas-solvent interactions in condensed me-
dia.?"® For example Minaev* has calculated that the transi-
tion probability of the strongly forbidden a ‘Ag—X 32; in-
frared atmospheric band of molecular oxygen increases in
collisions with various molecules by 2-3 orders of magni-
tude. Similar effects must be envisaged for electronically ex-
cited species in low-temperature matrices, and have indeed
been reported.”® Very little is known about the effect of
trapping site geometry in rare gas host crystals on symme-
try-forbidden electronic transitions, although heterogen-
eous structure in electronic spectra of matrix-isolated spe-
cies is often assigned to multiple trapping sites.'* However,
the identity of the trapping sites is not often known. A site
effect on the rate of nuclear spin relaxation of CH, in various
rare gas solids has been observed by Jones et al.!!

We have recently reported on laser-induced fluores-
cence spectra, lifetimes, and relaxation dynamics of matrix-
isolated NI.X 32—, 5 1=+, and @ 'A.'? Preliminary evidence
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was presented that the AQ = 0, + 1 selection rule was in-
deed violated in the a—X spectrum of N1. However, the spec-
trum was unavoidably broadened by doping with N,, and
could not be analyzed in detail. Here we present an extension
of this study to the next lighter nitrogen monohalide NBr in
pure argon matrices. The gas phase spectroscopic constants
of the X and b states of this species are known from high-
resolution work of Milton et al.," while matrix data are avail-
able from IR absorption work,’® and from a laser-induced
fluorescence study of NBr 'S in argon by Miller and
Andrews.'* These authors report lifetimes of 40 + 4 us and
~25 us for v’ = 0 and 1. Near IR emission of NBra 'A has
not been previously observed in matrices, but was discovered
in the gas phase by Pritt ez a/.'> In a recent attempt to deter-
mine the radiative lifetime of the b and a states by Stern-
Volmer extrapolation of decay rates in the gas phase to zero
pressure, values of 40 and 800 us were obtained.'®!” While
the former value agrees well with the matrix result, a lifetime
of 800 us seems unreasonably short for such a strongly for-
bidden transition. In fact, a lifetime of only 2.1 ms has been
inferred for the a 'A state of NCI on the basis of the same
experimental technique, '® inconsistent with recent theoreti-
cal predictions of 1.1 s'® and 1.9-2.9 5! which are, however,
in reasonable agreement with our preliminary matrix value
of 1.46s.!2

While the b state of NBr can be readily accessed from
the ground state by absorption of laser radiation,' subse-
quent population of the a !A state by matrix-induced inter-
nal conversion occurs with low efficiency in pure argon, giv-
ing rise to a poor signal-to-noise ratio of the ¢ — X emission
near 1086 nm. This is why we could only give a rough esti-
mate of 500 ms for the a state lifetime of NBr in solid argon in
arecent publication.'? Subsequent improvements in our ma-
trix preparation technique rendered possible a more detailed
study, the results of which are presented in this paper.

© 1987 American Institute of Physics
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Il. EXPERIMENT

The matrices were deposited at 5, 13, or 25 K on a gold
plated copper disk in a pumped helium transfer cryostat
which has been described elsewhere.' The gases Ar/N,/Br,
(final pressure 800 Torr) were premixed in a Pyrex bulb in
ratios of 4000:1:1 and 20 000:1:1 in a high-vacuum gas han-
dling system, passed through a microwave discharge, and
sprayed on the cold surface through a Pyrex orifice of 0.5
mm diameter. The discharge pressure was stabilized at 3
Torr for optimum NBr yields.

After deposition the matrix was annealed at 30 K for 15
to 30 min. Three vibronic levels of NBr b '2* were excited
with a nitrogen laser pumped tunable dye laser (Lambda
Physik M 1000/FL 2000) at a pulse repetition rate of 118
Hz, using DCM laser dye for the v’ =0 and 1 levels, and
Sulfrhodamin B for v’ = 2. The fluorescence was focused on
a Spex 1400 monochromator. The spectral range from the
visible up to 1700 nm was covered with two photomultipliers
and a Ge detector, as previously described.'?° Lifetimes
were measured with a Le Croy 9400 125 MHz digital storage
oscilloscope preceded by a PAR 115 wideband amplifier.
The WPO1 waveform processing option of the scope was
used for signal averaging. The module was triggered by the
laser to measure b-state lifetimes in the us time range. To
measure the much longer lifetime of the a-state, a slow me-
chanical chopper was installed in the laser beam, which trig-
gered the Le Croy at its chopping rate of 1-2 Hz. Typically
10* scans were averaged for b-state lifetimes, and 10° for the
a-state.

To measure the b—X transition of NBr in absorption,
matrices were deposited on a sapphire window and placed in
the optical path between the exit slit of the monochromator
and the Varian VPM 159A photomultiplier. Light from a
tungsten filament lamp was focused on the entrance slit.
Spectra of a pure argon matrix, and of matrices containing
NBr radicals, were digitally stored and divided by computer
to correct for light attenuation by scattering.

Hl. RESULTS
A. Spectral observations

Our fluorescence and excitation spectra of NBr b '2+,
v’ in solid argon agree within experimental accuracy with the

spectroscopic constants of the b '+ and X >3~ states pub-
lished by Miller and Andrews.!* The T, value reported by
these authors coincides with the second highest site of NBr
identified in this work (site 2 in Table I). Emission spetra
were obtained by exciting the vibronic levels v =0, 1, 2 of
NBr b 'S with the tunable dye laser. In addition to the 5-X
bands reported by Miller and Andrews, which involve main-
ly the lower component X,0* of the electronic ground
state,!> a novel band was observed at 1086 nm, which we
assign to the (0,0) band of NBr 2% - X,1*. This assign-
ment is based on the following evidence: (a) the wavelength,
which is only slightly red shifted with respect to the (0,0)
band in the gas phase at 1078 nm'3; (b) the excitation spec-
trum, which coincides with the excitation and absorption
spectrum of the precursor state b '™, (c) the very long
lifetime of the emitter.

Both heterogeneous and homogeneous fine structure
could be resolved in the (v',v”) bands of the b«>X and a - X
spectra in argon: (a) heterogeneous structure, which we at-
tribute to well-defined subsets of NBr radicals in different
trapping sites; after annealing of the matrix these subsets
became well separated, could be individually excited with
the laser, and their fluorescence could be observed indepen-
dently; (b) the zero-phonon lines (zpl’s) of two sites were
accompanied by local phonon progressions both in excita-
tion and emission, showing the same temperature depen-
dence as previously observed in the 5-X bands of matrix-
isolated NI'% (c) in addition to local phonon progressions,
several sites in the a—X transition exhibit a temperature-
independent high energy satellite, arising from the orbitally
forbidden transition to the lower X,0" component of the
electronic ground state.

1. Site structure in the b 'Y *-X 33 ~ spectra

An absorption spectrum of NBr in an annealed matrix
in the region of the (0,0) band of b-X is shown in Fig. 1.
Although the absorption is weak, owing to the poor absorp-
tion cross section of the partially forbidden transition, three
absorption lines are clearly resolved on a structured back-
ground. The same features, plus some weaker lines, are also
observed in the broad-band detected excitation spectra of the
b-X emission after annealing, Figs. 2(a)~2(c), which illus-

TABLE 1. NBr in different trapping sites of an argon matrix deposited at 5 K, Br,:N,:Ar = 1:1:20 000. Line
positions E and their differences AE relative to site 1 are given in cm ~". Intensities of sites 1 to 5 refer to peak
areas in excitation spectra of the broadband-detected (0,3) band in b— X}, and of the (0,0) band in a — X,. They
are corrected for variations in dye laser output and spectral transmission of the detection system, and normal-

ized to the intensity of site 1 in each electronic transition.

35 ARES € a'Aox, ="
E (excitation, Intensity E (emission, Intensity
Site 0,0 band) AE  (excitation sp.) 0,0 band) AE (excitation sp.)
1 14 702.4 0 1.000 9211.3 0 1.00
2 14 694.6 8.2 0.580 9205.6 5.7 1.04
2 14 691.5 11.0  0.000* nd. n.d. 1.24
3 14 673.7 28.7 0.024 9194.1 17.2 1.70
4 14 667.7 347 0.010 9189.5 21.8 2.63
5 14 613.9 88.5 0.980 9136.9 74.4 4.18

*Only observed in excitation spectrum of broadband-detected a —X emission.
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FIG. 1. (0,0) band of NBr »'3*-X 32~ in absorption. The matrix
(N,:Br,:Ar = 1:1:4000) was deposited at 13 K, then 20 min annealed at 30
K. Absorption was measured at 8 K.

trates the effect of matrix composition and deposition tem-
perature on the linewidth. This and other excitation spectra
were obtained by scanning the laser across the (0,0) band,
while detecting the (0,3) band in emission with a small mon-
ochromator of 25 cm focal length. At 2 mm width the slit
function (12 nm FWHM) was sufficiently wide to transmit
the (0,3) bands of all sites simultaneously. The excitation
spectra were corrected by computer for variation of laser
power, spectral transmission and slit function of the mono-
chromator, and detector sensitivity.

Five narrow lines in the excitation spectrum of the b
state have been assigned to NBr radicals in different trapping
sites of the argon matrix. They could be individually excited

c) f)

b) e)

1
alg d) |5 4 ;
2 ]
22
1
43
14610 14640 14670 14700 610 14640 14670 14700
wavenumber {cm™}

FIG. 2. Excitation spectra of NBr in the » "= and a 'A states, as function
of matrix composition (N, :Br, :Ar) and deposition temperature (DT): (a)
b state, 1:1:20 000, DT 5 K; (b) b state, 1:1:4000, DT 13 K; (c) b state,
1:1:20 000, DT 25 K; (d) a state,1:1:20 000, DT 5 K; (e) a state, 1:1:4000,
DT 13 K; (f) 1:1:20 000, DT 25 K. All spectra recorded at 8 K.
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by tuning the laser to each of the marked lines in Figs. 2(a)-
2(c). The corresponding site-resolved (0,1) bands in the b—
X emission spectrum, recorded at 0.04 nm spectral resolu-
tion, are shown in Fig. 3. They differ in energy and fine
structure. The sites were numbered in order of decreasing
energy in emission and absorption. Table I lists wave
numbers of the zpl in each (0,0) band in absorption and
emission, as well as the shifts AE relative to the zpl of the
highest energy component, site 1. The spacing AE
between the zpl’s 1 and 5 in other bands of the 5-X spectrum
decreased slightly with increasing v', e.g., from AE
= 88.5 cm ! in the (0,0) band to 78.6 cm ~! in the (1,0)
band.

Each site emits a prominent zpl, and a weak structured
(sites 1 and 2), or structureless sideband (sites 3 and 4). The
sideband intensity of site 5 is comparable to sites 1 and 2, but
the structure is different, with a weak line 9 cm ~! red shifted
with respect to the zpl. The line width (FWHM) at 5K is 3-
3.5cm ™!, similar to the line width in the excitation spectrum
at the same temperature and concentration (sites 1, 2, and
5), and 4.5 cm ™ (sites 3 and 4). The widths of sites 1-4
increase slowly with temperature to about 6.5cm ~'at 25K,
while the width of site 5 doubles in the range 5-10 K.

In order to determine the thermodynamically most sta-
ble site of NBr in argon, we have sandwiched a standard
matrix of NBr in argon (N, :Br, :Ar = 1:1:4000) with a pro-
tective layer of pure xenon. This way it was possible to an-
neal the matrix at 45 K with insignificant evaporation losses.
In the b—X fluorescence excitation spectrum of the annealed
matrix all the lines attributed to sites 14 had disappeared,

l 1 1
13900

14000
wavenumber {cm™')

FIG. 3. (0,1) bands in the 5-X fluorescence of selectively excited NBr radi-
cals in sites 1 to 5. Matrix mixing ratio N, :Br,:Ar = 1:1:4000. Spectra re-
corded at 8 K.
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while site 5 at 14 614 cm ~!' (FWHM 3 cm !
still present.

at 5 K) was

2. Site structure in the a2t-X,1* spectrum

Excitation spectra of the long-living infrared emitter at
1086 nm are reproduced in Figs. 2(d)-2(f). Excepting the
line at 14 691.4 cm ~ ! of an additional site 2’, which was not
detected in the fluorescence excitation spectrum of the b
state owing to very efficient internal conversion, the wave
numbers of the lines in Figs. 2(d)-2(f) and 2(a)-2(c) arein
excellent agreement. The relative intensities of the lines,
however, are different in both sets of excitation spectra. It is
concluded that the metastable state emitting at 1086 nm is
NBra2*=gqg'A.

Although internal conversion of NBr b '2* to a 'A is
sufficiently effective in solid argon to study the spectrum of
the successor state with 0.1 nm spectral resolution, the emis-
sion is much less intense than the emission of the b state.
Only emission from the vibrationally relaxed a state could be
detected. Figure 4 presents a-state spectra emitted by five
subsets of NBr radicals in different trapping sites. The label-
ing of the zpl’s corresponds to the numbering of the sites in
Figs. 2 and 3. Clearly no site scrambling occurs in the inter-
nal conversion process. However, taking again site 1 as a
reference, the shifts AE of the zp!’s have definitely decreased
by 15%-40% in the a—-X transition; wave numbers of the
zpl’s and shifts AE in this band are listed in columns 5-7 of

2
* ¢

A Ot

N

Y IR U AU NN N B |
9120 9140 9160 9180 9200 9220 9240

wavenumber (cm™')
FIG. 4. (0,0) bands in the a-X fluorescence of selectively excited NBr radi-
cals in sites 1 to 5. Matrix mixing ratio N, :Br,:Ar = 1:1:4000. Asterisks

denote forbidden a2 * —X,0* components of the bands. Spectra recorded at
8 K.

Table 1. Furthermore, the low-energy phonon wing of the
bands is weaker than in the corresponding b~-X bands (site
2), or has completely disappeared (sites 1, 3, and 4), while
new lines appear on the high energy side of the zpl’s. The
intensity of the first high-energy satellite of each zpl in-
creases with temperature. The asterisks in Fig. 4 denote oth-
er satellite lines which are shifted 23-25.5 cm ~! to higher
energy. The intensity ratios of these satellite lines and the
corresponding zpl’s are temperature independent, and do
not vary from matrix to matrix. The excitation spectra of the
zpl and of the high energy satellite are identical, showing
that both are due to the same emitter. The temperature de-
pendence of the zpl’s and their high-energy satellites in the
a-X spectra of sites 1 and 2 are shown in Fig. 5.

3. Effects of impurities

Milligan and Jacox in their pioneering work on the IR
absorption spectrum of NBr in solid argon assigned two lines
at 680 and 691 cm ~ ! to fundamentals of the radical in differ-
ent trapping sites.’> Heterogeneous structure was also ob-
served by Miller and Andrews in the laser-induced fluores-
cence spectrum of NBr 5 'S in solid argon.'* However,
these authors attributed the multiline structure of the bands
to the presence of impurities, because some lines could be
enhanced by doping the argon matrix with oxygen. Their
matrices were prepared at much higher guest-host ratios,

site 2

20K

15K

10K

5K

1 11 1 { 1 I | | P 1
9180 9200 9220 9240 9200 9220 9240

- F S
wavenumber {cm™') rure

FIG. 5. a-X spectra of NBr in trapping sites 1 and 2 in the temperature
range 5-20 K. The peaks a, and a4, are zpl’s of transitions to the X,1* and
X,0% components of the ground state.
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N, :Br,:Ar = 1:2:400 for the fluorescence study, and up to
1:1:100 for the absorption measurements, and could not be
annealed without destruction of NBr. This contrasts with
our observation that annealing at 30 K was necessary to ob-
tain sharp excitation, absorption, and fluorescence spectra.
Figure 2 shows that changing the N,:Br,:Ar ratio from
1:1:20 000 to 1:1:4000 in our system had no significant effect
on the relative line intensities, while increasing the line-
widths in the excitatation spectra from 3 to 5-6 cm .

The detrimental effect of annealing on NBr in the matri-
ces prepared by Miller and Andrews is probably due to the
higher guest—host ratios used by these authors, as well as to
different kinetics of NBr formation: The matrices of Miller
and Andrews were photolyzed during deposition with a sep-
arate windowless argon resonance lamp, thereby generating
atoms inside the solid host. A significant fraction of the
atoms does not react at the low temperature. Annealing the
matrix mobilizes unreacted atoms, particularly nitrogen
atoms, which give rise to chemiluminescence and NBr de-
struction. In our system atoms were generated in the gas
phase by a microwave discharge. The discharge products
were sprayed on the cold surface through a pinhole. Under
these conditions atom recombination on the surface of the
matrix is very efficient, and only a small amount of unreact-
ed nitrogen atoms is mobilized upon subsequent annealing.

The argon used for matrix preparation in this work had

d)
c)
b}
a)
1610 4640  1L670 14700

wavenumber {cm™')

FIG. 6. Effect of impurities on excitation spectrum of NBr g 'A. All matri-
ces deposited at 5 K, annealed for 30 min at 30 K, and excited at 8 K: (a)
N,:Br,:Ar = 1:1:20 000; (b) 5:1:20 000; (c) 1:1:20 000 + 12.5 ppm O,;
(d) 1:1:20 000 + 100 ppm O, .

a stated impurity level of 5 ppm N, and 3 ppm O, The effect
of impurities on the sites was tested in doping experiments,
i.e., by increasing the N, mixing ratio from 50 ppm in the
standard 1:1:20 000 matrix to 200 ppm in the doped matrix,
or by adding between 12.5 and 100 ppm oxygen. The most
obvious effect on the excitation spectrum of the b state was
line broadening, similar to the effect of increasing the guest—
host ratio from 1:1:20 000 to 1:1:4000 in Figs 2(a) and 2(b),
and a selective intensity reduction of the site 2 line, which
was particularly notable in the presence of O, The effect of
impurities on the excitation spectrum of the a state (excita-
tion via b '=*) was stronger, as evidenced in Fig. 6: apart
from line broadening, changes in relative intensities oc-
curred. In particular, emission from sites 3 and 4 was signifi-
cantly reduced. We attribute these effects to impurity-in-
duced crystal imperfections, rather than to nearest neighbor
interactions with NBr. The statistical probability of finding
an impurity molecule (N,, Br,, or oxygen) next to NBr is
very low, much less than 1%, at the guest—host ratios and
impurity levels prevalent in this work.?"?> We have pre-
viously observed the effect of nitrogen as nearest neighbor on
the b-state excitation spectrum of NI. Pairs of NI-N, were
prepared by photolyzing IN, in solid argon (guest-host ra-
tio of 1:1000). The excitation spectrum was a broad feature
of 140 cm ~! FWHM, comparable with the excitation spec-
trum of NI in a mixed matrix of 10% N, in argon, but quite
different from the narrow excitation spectrum of isolated NI
in pure argon.'? Attempts to prepare NBr-N, by in situ pho-
tolysis of BrN, were defeated by the explosive nature of the
azide.

We conclude that the heterogeneous structure in our
NBr spectra must be assigned to trapping sites in a pure
argon host.

B. Lifetime measurements

The lifetime measurements reported in this paper were
selective with respect to both excitation and detection wave-
length. This ensured that only one site in a specific vibronic
level was analyzed at a time. The decay of the vibrationally
relaxed b and a states was strictly monoexponential, and
lifetime uncertainties on the 1% level could be achieved in
single measurements. Lifetimes were measured 3 to 4 times
at each temperature, and somewhat larger uncertainties re-
sulted from the scatter between these results. In measure-
ments of the much faster decay of NBr b 'S+, v' = 2 a slow
underlying component with the lifetime of the relaxed b state
could not be completely eliminated. Lifetime measurements
of the v’ = 1 level were practically unaffected by this back-
ground component.

1. Lifetimes of NBrb 13 *

Site-resolved lifetimes of the vibrationally relaxed b
state were measured in the range 5-30 K, and were found to
be temperature independent within experimental scatter.
Averages of the lifetimes are listed in the second column of
Table II. The lifetimes in sites 1 and 2 are identical within
experimental accuracy, and in excellent agreement with the
reported value of 40 + 4 usin argon.* The lifetimes in sites 3
and 4 are significantly shorter by ~20%, while site 5 takes

J. Chem. Phys., Vol. 87, No. 11, 1 December 1987
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TABLE II. Site-resolved lifetimes of NBr 4 '=*+, v' =0, 1, 2, and a 'A
v’ =0, in an argon matrix, Br,:N,:Ar = 1:1:4000. The data are averages
over the temperature range 5-30 K, unless otherwise noted.

Lifetimes of NBr b '2+ in us

Site Of NBra 'A
No. v'=0 V=1 V=2 inms, v =0
1 398+ 13 1.67 + 0.06 0.77 + 0.01 152 + 12
2 38.7+0.9 1.62 + 0.15 0.76 + 0.09 121 + 15
3 315+ 1.1 nd. n.d. 149 + 12
4 302+ 1.6 nd. n.d. 133+ 11
5 349413 ~10* n.d. 144 + 14

* Extrapolation to 0 K, cf. Fig. 8.

an intermediate position.

Figure 7 summarizes the site-resolved lifetimes of NBr
b'E*, v'=1and 2 (sites 3 and 4 could not be studied be-
cause of intensity problems). The vibronic lifetimes in sites 1
and 2 are temperature independent and practically identical,
and much shorter than the temperature dependent lifetime
of v"=1 in site 5, which is, however, still significantly
shorter than the reported estimate of 25 us for this vibronic
level.'* Table II lists average vibronic lifetimes of NBr
b2+, v’ for the temperature-independent sites 1-4, while
the lifetime of 10 us in site 5, v’ = 1 was obtained by extrapo-
lation to O K.

2 Lifetimes of NBra 4

The site-resolved lifetimes of the a 'A state were tem-
perature independent in the range 5-30 K. The lifetimes in
the last column of Table II are averages of several determina-
tions at different temperatures. There are slight but signifi-
cant differences between the lifetimes of sites 1, 3, and 5 on
the one hand, and sites 2 and 4 on the other. Separate mea-
surements on the zpl of site 2, and on its satellite line which is
labeled with an asterisk in Fig. 4, yielded identical lifetimes.

10
9 v
8 Y
v
7+ v v v
6L
<
) 2C o)
d
= 1+
= P b [ [
1 | " 1 1 i
0 10 20 30

temperature {(K)
FIG. 7. Site-selective lifetimes of NBr & 'S+, v = 1 and 2 in the tempera-
ture range 5-30 K. () v' = L site 1; (O) v' = 1site 2; (W) V' = 1 site 5;
(X ) v' = 2site 1; (O) v' = 2 site 2. Note change of scale for lifetimes of site
5.

V. DISCUSSION
A. Trapping sites

The small difference in the reduced masses of *N"°Br
and "*N®'Br, which are about equally abundant, gives rise to
isotope splittings in the b-X bands of NBr, as previously
noted by Miller and Andrews.'* We have been able to par-
tially resolve an isotope splitting of 1.2 cm ' (0.06 nm) in
the (0,1) band of site 1. Under the conditions of this study,
however, the isotope splitting was always negligible com-
pared with the site splitting to be discussed in the following
sections.

The “size” of NBr can be estimated from a two-center
Lennard-Jones model,”® which has been previously adopted
by Abbate and Moore to estimate the size of HCN in solid
argon.?* Using o = 0.3314 nm for the LJ diameter of the
nitrogen atom, o = 0.3538 nm for Br,?* and 0.1787 nm for
the bond length in NBr? yields an egg-shaped radical 0.521
nm long and 0.354 nm in diameter (0.56 nm long and 0.397
nm in diameter, if d, = 2'/¢ X o at the potential minimum is
preferred for the atomic diameter). Comparing this with the
nearest-neighbor distance of 0.3755 nm in solid argon®®
shows clearly that the radical must be trapped in a two-atom
substitutional site.

How can our observation of five energetically distinct
trapping sites [six sites, if site 2’ in Fig. 6(a) of the a-state
excitation spectrum is included] of NBr in pure argon be
reconciled with the conclusion that the radicals reside in
two-atom substitutional sites? The thermodynamically sta-
ble fce phase of solid argon provides only one such site with
D,, symmetry, but additional sites can arise in a metastable
hcp environment. Although fairly high mixing ratios of N,
in argon are required to stabilize the hcp phase at low tem-
perature,”” metastable structures may result when an effu-
sive beam of argon is deposited on a cold surface. The persis-
tence of metastable sites in argon has recently been
demonstrated in a FTIR study of CH, : the radical was de-
tected in one-atom subtitutional sites of O, and C,, symme-
try in about equal proportions.'! The pulse-deposited matri-
ces (mixing ratios between 1:500 and 1:10 000) had been
annealed at 30 K.

An argon crystal can be visualized as layers of closest
packed spheres stacked in the order ABCABC..., giving rise
to uniform two-atom substitutional sites of D,, symmetry.
When NBr is adsorbed parallel or (less likely) perpendicu-
lar to a surface A, a local stacking fault of the type
ABCABACB... may be induced. When NBr is oriented par-
allel to surface A, the two-atom substitutional site has C,,
symmeiry, whereas radicals oriented perpendicular to the
surface replace two argon atoms from adjacent layers BA.
The resulting cage of C; symmetry provides fwo trapping
sites, because NBr can be oriented either parallel or antipar-
allel to BA. The latter orientation is more likely, since ad-
sorption of the radical by the more polarizable Br end should
be energetically favored. Double (or multiple) stacking
faults (hcp pockets) of the type ABCABABC... or ABCA-
BABAB... furnish double vacancies of C,, symmetry when
two atoms are removed from adjacent layers BA. Two atoms
removed from layer B leave a cage of C,, symmetry, which
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differs, however, from the C,, cage in layer B of a single
stacking fault when the next-nearest layers of the host crys-
tal are taken into account. This difference is likely to become
energetically significant when the crystal is allowed to relax
around the trapped species.

In summary, NBr can be trapped in six unequal sites in
solid argon, in agreement with the heterogeneous splittings
resolved in the b-X and a-X spectra of the radical. There
should be only one persistent two-atom substitutional site,
site 5 according the 45 K annealing experiment, which has
D,, symmetry in the thermodynamically stable fcc lattice,
and which corresponds with the strongest feature in the ab-
sorption spectrum, Fig. 1. This and other tentative assign-
ments are listed in Table III. Because double or multiple
stacking faults are less likely to occur®” than single stacking
faults of the type ABCABACBAC..., we have assigned the
second strongest features 1 and 2 in the b-X spectra to the
more abundant C,, and C, sites of such single stacking
faults. Further arguments in support of the assighments in
Table III will be given in the following sections.

B. Band structures
1. Phonon structure in the b-X bands

The structure of the 5-X bands in Fig. 3 varies as func-
tion of trapping site: the bands of sites 1 and 2 exhibit similar
structures on the low- and high-energy sides of a strong zpl.
The zpl’s of sites 35 adjoin with normal phonon side bands.
Superimposed on the phonon side band of site 5 is a very
weak low energy ( — 9 cm ~ ') satellite. The structure of the
site 1 and 2 bands, which resembles the (better developed)
line structure in the 5~X bands of matrix-isolated NL'? is
assigned to a local resonant mode (librational or transla-
tional), which can be simultaneously excited or deexcited in
vibronic transitions of the guest. Low-energy satellites of the
zpl arise from changes An = n' — n” < — 1 of the resonant
mode quantum number in the electronic transition. High
energy satellites (hot bands, An> + 1) evolve at elevated
temperatures when quantum states n'> 1 are populated.

Figure 8 (right-hand panel) shows that the temperature
dependence of the emission (0,1 band of site 1) fits this mod-
el: the low-energy satellite ¢ of the zpl a is temperature inde-
pendent (the temperature dependent continuous back-

TABLE III. Assignment of zp!’s in the 5—X and a-X spectra of NBr to two-
atom substitutional sites in argon.

zpl  Typeof Symmetry of
No. trapping site trapping site  Remarks
Single stacking fault C,,
Single stacking fault C, Differ by opposite
" Single stacking fault C, orientation of NBr

Multiple stacking faults  C,, *
Multiple stacking faults  C,,
fee D,,

WM oh W NN e

Thermodynamically
most stable site

Ja

1 1

L

LU

| |

[ A B

2 Differs from site 1 when next-nearest neighbors and relaxation of the ma-
trix are taken into account.

i I
14740 14000 14050

wavenumber {cm™"

[ |
14700

FIG. 8. Temperature dependence of NBr b—X spectra inssite 1. Left: fluores-
cence excitation spectrum of (0,0) band, detected at 14 032 cm ™! (0,1
band). Right-hand side: Corresponding (0,1) band in emission, laser
locked on zpl of (0,0) band. Spectral resolution reduced from 0.04 nm at §
K t00.16 nmat 25 K.

ground must be subtracted), and a high-energy satellite b
develops. The corresponding excitation spectrum is shown
on the left panel of Fig. 8. It behaves approximately like the
mirror image of the emission spectrum, as predicted by the
model. However, while the resonant mode of NI in argon has
the same frequency of 15 cm ~! in the ground and electroni-
cally excited state, ' the spectrum of NBr is consistent with
different resonant mode frequencies of 18.9 cm ™! in the
ground state, and 16.4 cm ™! in the excited state. Note that
the peak maximum of the high-energy satellite c in the exci-
tation spectrum (b in the emission spectrum) undergoes a
temperature-dependent shift to lower energies. This is
caused by line broadening, and in consequence coexcitation
of the low energy site 2, which superimposes in emission on
the spectrum of site 1.

2. Structure of the a-X bands

The five a—X bands in Fig. 4 correspond with five selec-
tively excitable sites of NBrin the b '+ precursor state. The
identity of the sites is obviously retained in the radiationless
transition to the a state. The structure of the a—X bands in
Fig. 4 differs systematically from the 5-X bands in Fig. 3:
While phonon side bands or satellites are absent or weak on
the low-energy side of the zpl’s, up to four blue-shifted satel-
lites can be identified. The blue shift of the first high-energy
satellite varies in the order 12.8, 11.2, 8.5, 6.7,and 9.5cm !
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in sites 1-5. A particularly intense high-energy satellite in
site 2 is marked with an asterisk in Fig. 4: the blue shift of this
line amounts to 23 cm ™. This value agrees approximately
with the shifts of some less prominent satellites in other sites,
which are also marked with asterisks in Fig. 4 (blue shifts in
brackets): site 4 (24.5cm™ 1), site 5 (25.5cm '), and site 1
(23 cm ™!, very weak).

The temperature dependence of the high-energy satel-
lites of sites 1 and 2 is shown in Fig. 5. The intensity of the
first high-energy satellite b, increases with temperature, as
expected for a hot band arising from a resonant mode of very
low frequency in the a state (frequencies between 6.7 and
12.8 cm ™, see above). The prominent high-energy satellite
in site 2 (a, in Fig. 5), however, is not sensitive to tempera-
ture variations, and thus cannot be assigned to local modes
in the a state. We conclude that this line represents the orbi-
tally forbidden transition a2* —X,0*, while the zpl a, is
assigned to the regular transition a2* —X,1*. The upper
and lower bounds of the spin—spin coupling constant A and
other spectroscopic constants of NBr X >~ derived by Mil-
ton et al.! yield a ground state splitting of the X, ,.X, compo-
nents of 16-20 cm ™! in the gas phase. The larger splitting is
preferred by Pritt e al.,'> who have been able to detect and
analyze the contour of the °P branch in the 5—X bands of
NBr in the gas phase, which involves transitions to X,1*,
while only branches involving X, 0+ as lower state had been
analyzed by Milton et al.! The splitting of 23 cm ~ ! in site 2 is
in good agreement with the gas phase estimates. Further
evidence for the correctness of our assignment comes from
the temperature dependence of line b, in Fig. 5, which is the
a-X, equivalent of the hot band b, in the orbitally allowed
a-X, transition.

The temperature independent intensities of the lines
marked with an asterisk in Fig. 4 (exempting the line in site
1, which was too weak to analyze, see also right-hand panel
in Fig. 5), confirm their assignment to the orbitally forbid-
dena-X, transition. Thereis a third relatively intense line in
the spectrum of site § in Fig. 4, which is also temperature
independent. It is red shifted 10 cm™* from the asterisked
zpl of the orbitally forbidden o-X, zpl at 9161 cm~?, and
can be assigned to the same electronic transition terminat-
ing, however, in the first excited level of a local mode in the
X, state. The observation of orbitally forbidden transitions
due to guest-host interactions is not unprecedented,*®® and
has been previously reported by ourselves.!? It is, however,

TABLE IV. Matrix shifts of the 5—X and g—X transitions of NBr in argon.
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important to note that the relaxation of the orbital selection
rule is strongly site dependent, which adds support to our
assignment of sites 1-5 in Table III: the orbitally forbidden
a-X, component is strongest in site 2, which puts NBrin a
cage of C, symmetry. By putting NBr in site 4 of C,, symme-
try, the overall symmetry reduces to C;, thus giving rise to
the next strongest orbitally forbidden transition in our spec-
tra. The other cages, which lose only some of their symmetry
elements when filled with NBr, give rise to less intense orbi-
tally forbidden transitions.

It is not immediately evident why the ground state split-
ting does not manifest itself in the 5-X bands of matrix-iso-
lated NBr. Formulas for calculating rotational line strengths
of the b-X transition in the gas phase have been worked out
by Watson.?® Because the Q branch is missing in the gas
phase, the transition dipole moment ¢, is much smaller than
4, and as a consequence the line strengths of transitions
involving X,1* as lower level are extremely small for low
rotational levels, which are the only ones accessible at low
temperatures. Although line strength formulas lose their
meaning for the nonrotating matrix-isolated NBr, lack of
spin—rotation interaction in the matrix is the reason why
b0*-X, 1% transitions are not observed. With our assign-
ment of the a-X spectrum of matrix-isolated NBr we can
compare the T, values observed in this work with the gas
phase. The relevant data for sites 1 and 5 are listed in Table
IV. The largest electronic matrix shift, 1.5% for both the
b-X and a-X transitions, is found in fcc argon (site 5), which
stabilizes the electronically excited states relatively more
strongly than do the less symmetric cages in single and mul-
tiple stacking faults (hcp pockets).

C. Radiative and radiationless relaxation of NBr b 1=+

Because a—X emission has been detected in our system,
there must be two contributions to the decay rate r = 1/7 of
the vibrationally relaxed b state: (1) radiative decay with
rate r,y to the electronic ground state, and (2) internal con-
version with rate 7,, to the a state. Assuming that the radia-
tive rate is essentially unaffected, the site dependence of pro-
cess (2) can be estimated from changes of r = 1/7 in the b
state, and from the intensity ratios I, /I y:

Ty /Iy = (r—ry,) /1y,

The relevant data are listed in Table V. The intensity
ratio I, /I,y of site 1 was determined by exciting the (0,0)

T, (cm™") Matrix shift

Transition gas phase matrix incm™' in % Refs.
b-X 14 834 14 694° 140 0.95 1,14
Site 1 14 702.4 132 0.9 This work
Site 5 14 613.9 220 1.50 This work
a-Xb 9281 + 20 (uncertainty + 10 cm™') 15
Site 1 9211 423 67 0.7 This work
Site 5 9137 + 25.5 138.5 1.5 This work

*Coincides with T}, of site 2 in this work, cf. Table L.
*Givenas T, (a — X;) = T, (@ — X,) + AE(X,,X,).
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TABLE V. Site-selective excitation of b '+ ,v’ = O: intensity ratios of b— X
and g — X emissions as function of site. Intensities I, , of the (0,0) bands are
given relative to f,x.00 = 1000. Note that 1, oo /1,xoo Was determined indir-
ectly by multiplying the measured ratio I,y 0,/ of site 1 with the
Franck—Condon factor ratio goo/go; of the b-X system of this site.

I Igo Lifetime of b

Site b-X, a-X.X, ILg/Lg state (us)

1 1000 0.6 1600 398+ 14

2 580 0.7 860 38.71+09

2 0 0.8 0 e

3 24 1.1 22 315+ 1.1

4 10 1.7 6 3021+ 1.6

5 980* 2.7 360* 349413

* Intensity and intensity ratio uncorrected for increase in Franck-Condon
factor ratio goo/ggs from site 1 to site 5.

band at 14 702.4 cm ~’, while recording the (0,2) band of
the b-X transition and the (0,0) band of the a-X transition
in one spectral scan (these bands were selected because their
intensities are of the same order of magnitude, to match the
limited dynamic range of the Varian photomultiplier). The
ratio of the band areas was corrected for spectral response,
and converted into the intensity ratio of the (0,0) bands,
using gas-phase Franck—Condon factors.'” Intensity ratios
1,3 /1. in other sites were evaluated relative to site 1 from
intensity ratios of the lines in Figs. 2(a) and 2(d). The inten-
sity ratios thus obtained are only approximate, because ma-
trix effects on the FCF’s*® were not taken into account. In
fact, the intensity ratio of sites 1 and 5 in excitation spectra of
the b state was found to vary when the monochromator was
tuned to different (0,0") bands, implying a site dependence
of the FCF’s.

Internal conversion of the b state to the closest lower
vibronic level (v = 7) in the a state manifold involves an
energy gap of ~300 cm™'. This amount of energy must be
ultimately converted into bulk phonons of the argon matrix.
The process can be mediated by local modes.?® The coupling
should be mainly due to electrostatic guest—host interac-
tions,>® and is thus likely to depend on the trapping site sym-
metry, as does the local mode structure of the 5-X bands in
individual trapping sites, Fig. 3. According to the approxi-
mate intensity ratios I, o /1, listed in Table V, internal
conversion from b to a is negligible in the three major trap-
ping sites 1, 2, and 5 (rates 7,, of a few tens of s '), becom-
ing more important in sites 3 and 4. The respective lifetimes,
last column in Table V, are accordingly shorter. Only a—-X
emission, but no 5~X fluorescence, could be detected from
site 2', indicating that in this case the rate of internal conver-
sion exceeds the radiative rate of 2.5 10* s ~!. This is why
we have tentatively assigned sites 2 and 2’ to the more likely
and less likely orientations of NBr in the C, cavity of a single
stacking fault (cf. Sec. IV A: orientation of NBr antiparallel
and parallel to BA).

The slow vibrational relaxation of the b state in site 5 (as
opposed to the much faster vibrational relaxation in sites 1
and 2, cf. Table II and Fig. 7), is in keeping with the en-
hanced intensity of the (1,1) band relative to the (0,0) band
when the laser is tuned to the (1,0) band of site 5. We con-

clude that the coupling of guest vibration with local accept-
ing modes is significantly affected by substitutional site sym-
metry. Site-dependent vibronic relaxation rates have been
previously reported for NCl in argon.'* The temperature de-
pendence of the vibronic rate in site 5, v’ = 1 (filled triangles
in Fig. 7) is a common phenomenon,?**! and cannot be as-
signed to a specific mechanism without further information.

There is a striking similarity with respect to the vibra-
tional relaxation rates in the b state, of NBr in sites 1 and 2,
and NI, which resides in two sites only'**2: the rate con-
stants for purely vibrational relaxation in the b state are
k,=0.58 us~! and k, = 1.27 us~! for NBr, slightly less
than k, =0.63 us™', k, = 1.68 us~', and k; =2.53 us™!
for N1. The slower vibrational relaxation of NBr b,v’ ensues
from a 10% increase, relative to NI, of the excited state vi-
brational constant ,.

V. SUMMARY AND CONCLUSIONS

Matrix-isolated NBr trapped in two-atom substitution-
al sites of argon has been excited to the b '2* state. The
absorption spectrum of the (0,0) band discloses three major
trapping sites. These and two minor sites have also been de-
tected in the fluorescence excitation spectrum of the b state.
All five sites, plus a sixth site which does not fluoresce in the
b state, are also detected in spectra of NBr a 'A. The elec-
tronic state, which emits at 1086 nm, is populated via the b
state by internal conversion. No site scrambling occurs in the
process.

A single type of two-atom substitutional site results
when two nearest neighbors are removed from a thermody-
namically stable fcc argon crystal. Four additional sites of
lower symmetry can, however, be created by removing two
nearest neighbors from a single stacking fault in a fcc crystal,
or from multiple stacking faults (hcp pockets) in solid ar-
gon. One of the stacking fault sites has C; symmetry, giving
rise to effectively two sites, depending on the alignment of
NBr in the cavity. It is thus not necessary to invoke impurity
effects by O, or water, which have been carefully eliminated
in this work, in order to explain the heterogeneous structure
of the spectra.

Assignments of the spectral features to two-atom substi-
tutional sites of differing symmetry are proposed. The as-
signments are based on:

(a) the effect of high-temperature annealing, which elimi-
nates all but the thermodynamically most stable site;

(b) probability arguments pertaining to relative abundan-
cies of the sites;

(c) different vibrational relaxation rates in the b state;
(d) site dependence of the AQ =0, + 1 selection rule in
the a-X,, X, spectra;

(e) site dependence of the efficiency of internal conver-
sion from b '3 toa 'A.

It is suggested that radiationless processes (internal con-
version, vibrational relaxation) and orbitally forbidden
transitions are enhanced in sites of lower symmetry.

The efficiency of internal conversion in different trapping
sites has been evaluated from the intensity ratios of the 5—X
and a-X bands in emission. The efficiency was found to vary
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from <0.1% to near 100%. Several less abundant sites,
which are barely detectable in the LIF spectrum of the b
state, are “amplified” in the a-X spectrum by the preference
of internal conversion for sites of low symmetry. Trapping
site effects have also been helpful in determining the splitting
of the X, X, components of NBr in the electronic ground
state, which is not known with precision in the gas phase.'®

In summary, we have shown that matrix effects on “for-
bidden” radiationless and radiative processes in electroni-
cally excited molecules can be strongly affected by the sym-
metry of the rare gas cage.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungs-
gemeinschaft as Project B 7 of the Sonderforschungsbereich
42. A. B. acknowledges a Graduiertenstipendium granted by
the Land Nordrhein-Westfalen.

!E. R. V. Milton, H. B. Dunford, and A. E. Douglas, J. Chem. Phys. 35,
1202 (1961).

2C. L. Long and D. R. Kearns, J. Chem. Phys. 59, 5729 (1973).

3J. R. Andrews and B. S. Hudson, J. Chem. Phys. 86, 4587 (1978).

“B. F. Minaev, Opt. Spectrosc. (URSS) 58, 761 (1986).

3J. Goodman and L. E. Brus, J. Chem. Phys. 67, 1482 (1977).

SR. Rossetti and L. E. Brus, J. Chem. Phys. 71, 3963 (1979).

K. P. Krone and K.-L. Kiigler, Chem. Phys. 99, 293 (1985).

L. A. Heimbrook, M. Rasanen, and V. E. Bondybey, Chem. Phys. Lett.
120, 233 (1985).

L. A. Heimbrook, N. Chestnoy, M. Rasanen, G. P. Schwarz, and V. E.
Bondybey, J. Chem. Phys, 83, 6091 (1985).

19p_S. Bechthold, U. Kettler, H. R. Schober, and W. Krasser, Z. Phys. D 3,
263 (1986); P. S. Bechthold, U. Kettler, and W. Krasser, Surf. Sci. 156,
875 (1985).

L. H. Jones, S. A. Ekberg, and B. I. Swanson, J. Chem. Phys. 85, 3203
(1986).

127, C. Becker, J. Langen, H. M. Oberhoffer, and Ulrich Schurath, J.
Chem. Phys. 84, 2907 (1986).

3p. E. Milligan and M. E. Jacox, J. Chem. Phys. 40, 2461 (1964).

143, C. Miller and L. Andrews, J. Chem. Phys. 71, 5276 (1979).

15A. T. Pritt, D, Patel, and R. D. Coombe, J. Mol. Spectrosc. 87, 401
(1981).

!6R. D. Coombe and M. H. Van Benthem, J. Chem. Phys. 81, 2984 (1986).

"M. A. MacDonald, S. J. David, and R. D. Coombe, J. Chem. Phys. 84,
5513 (1986).

8M. Bettendorff, R. Klotz, and S. D. Peyerimhoff, Chem. Phys. 110, 315
(1986).

D, R. Yarkony, J. Chem. Phys. 86, 1642 (1987).

20, Langen, K.-P. Lodemann, and Ulrich Schurath, Chem. Phys. 112, 393
(1987).

2IK. B. Harvey, H. F. Shurvell, and J. R. Henderson, Can. J. Chem. 42,911
(1964).

221, J. Allamandola, H. M. Rojhantalab, J. W. Nibler, and T. Chappell, J.
Chem. Phys. 67,99 (1977).

BIntermolecular Forces, their Origin and Determination, edited by G. C.
Maitland, M. Rigby, E. B. Smith, and W. A. Wakeham (Clarendon, Ox-
ford, 1981); in Table 9.11 of this book the LJ diameter of Br is incorrectly
reported as o = 0.2538 nm instead of 0.3538 nm, owing to a misprint in
the original reference.

24A. D. Abbate and C. B. Moore, J. Chem. Phys. 82, 1255 (1985).

K. P. Huber and G. Herzberg, Molecular Spectra and Molecular Struc-
ture. Constants of Diatomic Molecules (Van Nostrand Reinhold, New
York, 1979).

2Rare Gas Solids, edited by M. L. Klein and J. A. Venables (Academic,
London, 1976), Vols. I and I1.

77§, F. Ahmad, H. Keifte, and M. J. Clouter, J. Chem. Phys. 75, 5848
(1981).

283, K. G. Watson, Can. J. Phys. 46, 1637 (1968).

2H. Dubost, in Inert gases. Potentials, Dynamics, and Energy Transfer in
Doped Crystals, edited by M. L. Klein (Springer, Berlin, 1984).

30G. W. Robinson and R. P. Frosch, J. Chem. Phys. 37, 1962 (1962).

31y, E. Bondybey and L. E. Brus, Adv. Chem. Phys. 41, 269 (1980).

32We have recently measured the absorption spectrum of NI inargon at 5 K
(N,:I,:Ar = 1:1:5000); it compares well with the fluorescence excitation
spectra of NI 5 'S+ in Ref. 12, confirming our conclusion that only two
sites of the radical are important.

J. Chem. Phys., Vol. 87, No. 11, 1 December 1987



