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Infrared Spectrum of the Nitrosyl Chloride Monomer and Dimer in Solid Nitrogen:
Temperature-Induced Mobility of Nitrosyl Chloride
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Experimental investigations at different temperatures of the infrared spectra of nitrosyl chloride trapped in a
nitrogen matrix allow identification of the CINO dimer and a next nearest neighbor pair. At 21 K, the pair
transforms irreversibly in monomer and also in dimer according to the CINO initial concentration, whereas
at 26 K, the monomer transforms to dimer. On the basis of kinetic studies, these observations have been
interpreted by the existence of two distinct motions of the CINO molecule in the nitrogen matrix: the first
at short range with an activation energy of around 4 kJ#and the second at long range leading to the
formation of (CINO} with an activation energy of around 7.5 kJ mbl

Introduction An additional band in the monomer spectral regions which was
. e .. assigned to a next nearest neighbor dimer has offered a rare
A knowledge of the.rmal mobility and diffusion of species in . opportunity to study experimentally in detail the diffusion of
matrixes is important in order to understand how these dynami- e nitrosyl chioride. Variations in intensity of monomer and
cal processes affect the rates of a variety of reactions in this giner hands with temperature have allowed us to confirm the
medium. Several years ago_thg mobility OT small atoms such gyistence of two distinct motions of species in nitrogen matrixes,
as N, O, F, and S were qualitatively establishetdand more as we suggested previoust.

recently it has been quantitatively characterized in particular — Nitrosyl chioride has attracted considerable interest because
for the oxygen atorfi.** Diffusion-limited geminate recom- ¢ s ynusual structure (long halogenitrogen and short
bination of O+ O in solid xenon was observed between 14 i,5en-oxygen bond lengths) leading to a positive charge on
and 25 K, and an activation energy for diffusion of O atoms o N atomt® Infrared spectra of nitrosyl chloride isolated in

was calculated of 2.6 0.5 kJ mof®.? In crystalline Krand 516 gas solids have been studied in detail by Jones and
Xe, Danilychev and Apkarian showed that atomic Oxygen gqyansor0 Later, as a part of our studies of the CINO:HCI
mobility was characterlzedloby long-range migration with ., hje21 and of the photodissociation of CIN® the vibra-
migration lengths OESOO.A' By monitoring the 7.36 MM tional spectrum of natural and isotopic CINO in nitrogen and
emission from XeO excimers, Krueger and Weitgave argon has been described.

evidence for a bimodal distribution of diffusion coefficients; a
first mode c.orresponded. to a fast rate due to defects ,andExperimentaI Section
inhomogeneity in the matrix, and a second mode was associated . ] ) )
with a lower migration rate. Recently in this laboratory, it has A closed-cycle helium refrigerator (Air Product Displex
been shown that in a nitrogen matrix two distinct oxygen atom Model 202 A) was used. The Microprocessor-based digital
diffusion processes occur: a first one at short distance between! @mperature Indicator/Controller (Scientific Instrument 9600-
14 and 20 K and a second one at longer distance which requiresl) measures and displays process temperature via a remote
a higher temperaturé. Thermal diffusion in matrixes of small ~ calibrated silicon diode temperature sensor and controls power
molecules has also been investigated. F. Legay and N. Legayt0 @ heater within the refrigeration system to maintain process
have calculated the diffusion coefficient of NO in nitrogen and temperature at a predetermined setpoint value: the resolution
neon matrixes from the rate of dimer formatii5 More is 0.1 K. In the chosen temperature range (11 to 30 K) the
recently, mobility of HBr in solid xenon was studied by accuracy of the measurementsti6.5 K, the controllability is
monitoring the formation of dimers as a function of both the +0-2 K, and the repeatability 0.2 K. _
initial deposition temperature and subsequent annealing treat- CINO (Merck Suchardt) was condensed at 77 K and subjected
ment!é As suggested by theoryand previous experimental {0 severa! fregze thaw cycles prior to sample preparation. CINO
investigation&®18the HBr diffusion at long range depends on IS approximatively 1% dissociated at room temperature, and we
matrix morphology and consequently on deposition temperature,do not remove impurities such as NO and N@as mixtures
the lower deposition temperature favoring defects and inhomo- Were prepared by standard manometric technlqugs and gprayed
geneity in the matrix. onto a gold-plated copper miror. The CING/Katio was in

In this work, extensive temperature studies on the vibrational 1€ range 1/1000 to 1/10 000. The deposition temperature was

spectrum of CINO trapped in nitrogen matrixes are reported. 17 <, and the deposition rate was generally of 10 mmol/h.
Spectra were recorded at 11 K or higher temperatures with a

0.5 cnT?! resolution over the 40066300 cnT! range in a
* Author to whom correspondence should be addressed. . L . .
T Also at UniversiteParis XIll (Laboratoire tEtude des Nuisances _reflectlon mode (double transmission) using a Fourier transform
AtmospHeiques). infrared spectrometer (Bruker IFS 113 v).
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Figure 1. FTIR spectrum recorded at 11 K in the, v,, andv; fundamental spectral nitrosyl chloride regions of a CIN®(INV10 000) sample.
Additional bands appearing near the monomer absorptions (M) are indicated by arrows.
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Figure 2. (A) CINO concentration effects omo IR spectra in nitrogen matrixes. Spectra were recorded at 11 K just after deposition at 17 K. (a)
CINO/N, 1/10 000, (b) CINO/N 1/5000, (c) CINO/N 1/3000, (d) CINO/N 1/1000, (e) CINO/M 1/500. For comparison, the harmonie, 2f M

was adjusted at the same intensity. (B) FTIR spectra invtlheegion obtained for 1/10 000 CINONnixtures initially deposited at (a) 11 K, (b)

17 K. Spectra were recorded at 11 K.

Results TABLE 1: Absorptions (cm~1) Observed in Nitrogen Matrix
1. Vibrational Spectrum of the CINO Molecule. Tem- for the CINO Monomer (M) and for the X and D Species
perature and Irradiation Effects. The nitrosyl chloride is a mode M X D
near-prolate asymmetric molecule whose fundamemals,, V1 1830.7 1820.41818.7  1865.5
andvz are measured in a nitrogen matrix at 1830.7 ¢r675.8 V2 575.8-575.0 580.3-579.6 568.2
cm1 (35CI)—575.0 cnt! (37Cl), and 316.7 cmt (35C1)—313.0 5 33%2-(7)—313-0 336})327 336172952
—1 (37 i i ixi 1 : : .
cm™1 (3’Cl), respectively. Due to substantial mixing between vitvs  2407.3-2406.3 23997 24179

the bending mode and theCl stretching, assignment of the vm+vs  2147.4-2143.3 2137.72133.8 2167.12164.0

v, andvs to one of these modes is not straightforward and differs v, + v 889.4-884.6 896.2

from one report to another. In this work we have chosen the

classification previously adoptéd;i.e., v, should be labeled  monomer band, while in then—c and dnoc) fundamental

the N—Cl stretching mode anes labeled the bending mode. In  regions they were blue-shifted by 4.5 and 2.5¢mespectively,

the course of our investigations of nitrosyl chloride water from the corresponding monomer bands. The species respon-
complex in nitrogen matrix@% our attention was attracted by  sible for these features (hereafter labeled X) which contains one
the appearance of additional weak bands in all fundamental CINO molecule at least is not due to a complex between CINO
harmonic and combination regions of the CINO molecule, even and impurities such as €INO, and NQ as revealed by

at high dilution. Their frequencies are reported in Table 1, subsequent double doping experiments with CINO andNGD,
column 2, and compared to the corresponding monomer and NG in nitrogen.

frequencies. As shown in Figure 1, in thgo region, the As illustrated in Figures 2 and 3 in theyo region, the
additional component was red-shifted by 12 @énirom the behavior of the X band depended on the initial M/R values,
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sample recorded at 11 K after deposition as presented in Figure
3 (trace d) shows that the disappearance of the X band is
accompanied mainly by the growth of the monomer band with
a weak increase in intensity of the D band. The difference
spectrum of the matrix sample recorded after annealing to 23
K and the matrix sample recorded after annealing to 28 K (not
T T T T T T J represented) shows that the D band grows as the intensity of
1670 1860 ‘3310 1840 1830 1820 1810 the monomer band decreases.
i ) avenuq\bercm i Other experiments showed that the X band began to disappear
Figure 3. FTIR spectra in theno region of a 1/10 000 CINO/Nmatrix from 21 K, whereas the D band grew from monomer band only
initially deposited at 17 K (a) and annealed at 23 k during 30 min (b) above 26, K. After the disappearance of the X band, no

and at 27 k during 5 min (c). All spectra were recorded after cooling .
the matrix at 11 K. Trace (d) is the difference spectrum of (b) and (a) evolution of the spectrum was observed between 20 and 26 K.

spectra. * indicates impurity bands due to CINO complexed b® H Accurate measurements ofio band absorbances of CINO
traces. monomer disappearing with temperature (above 26 K) and the
D band absorbance appearing at the same time showed that the
on the deposition temperature, and on annealing tempera-intensity ratio of D and M was 0.5(gs5./A1g30.7= 0.5). From
ture. this result, the ratio between the X intensity and M intensity in
Figure 2A shows spectra recorded at 10 K after deposition vyo region was calculated from the disappearance below 23 K
at 17 K for various M/R ratios. For comparison the harmonic of X into M and D. It was found to be 1.2 0.2.
2v; of the monomer labeled M measured at 3626 twas Spectra of two mixed samples (CING//1000) containing
adjusted to the same intensity for the different samples. It can natural and>N-enriched CINO at different ratios (1/0.4 for the
be seen that the intensity of the X doublet increases for M/R first sample and 0.7/1 for the second sample) were also recorded.
from 10 000 to 1000, then decreases for M/R 500. In parallel After deposition, in thevyo region of CHN16O, the X band
a relatively broad band (full width at half-maximum fwhm was observed at the same position, whereas a new band at
2.3 cn1Y) located to 1865.4 cnt (labeled D) which existed as  1859.3 cnt! appeared near the D band located at 1865.4cm
traces for M/R 10 000 grows strongly with concentration. As shown in Figure 4 the relative intensity of the 1859.3&m
Absorptions responsible for the D species were observed in all absorption with respect to the other one increased witiN&O
regions of the CINO molecules, which indicates that D contains abundance. In the (!3N60) region (not represented), the X
at least, as the X species, one CINO molecule. Their frequenciesband at 1789.41787.5 cm® did not show any splitting and
are summarized in Table 1, column 3. the two corresponding bands of D were overlapped bythe
Figure 2B shows the effect of initial deposition temperature of CINO monomer which was now characterized by two
(11 and 17 K) for a matrix sample of M/R 10 000. In the shoulders at both sides situated at about 1833 and 182¥ cm
spectrum recorded after deposition at 11 K, the relative intensity respectively.
of the monomer band in regard to the intensity of the X band  To see if a conversion of X into D or D into X could occur
is stronger than that measured in the spectrum recorded aftemy irradiation, a matrix containing CINO 1/10 000 was irradiated
deposition at 17 K. in different wavelength ranges (IR and—\WV), first after
Figure 3 displays spectra of a dilute sample (CINOAN deposition (presence of only the X band) then after annealing
1/10 000) recorded at 11 K: (i) after deposition at 17 K (trace to 28 K (presence of only the D band). No conversion was
a); (ii) after warming the matrix to 23 K for twenty minutes observed but as illustrated Figure 5 in thg region a different
(trace b); (iii), after annealing at 28 K (trace c). The X band behavior was observed for they& and Dyo bands. The X
disappears irreversibly at 23 K, while the D band grows strongly absorption was insensitive to irradiation in all irradiation
after annealing at 28 K. The difference spectrum of the matrix domains, whereas the D band vanished under UV irradiation
sample recorded at 11 K after annealing to 23 K and the matrix with a mercury medium-pressure lamp and with the 266 nm

0.0
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| ; than 0.8. Consequently intensity measurements of the M band
were made directly from the main component of thet v3
combination which was located at 2147.1¢nfor the studied
temperature. The ratio between thgo monomer band ab-
sorbance and the; + v3 monomer combination band absorb-

1 B ance was found to be 98 5. Figure 6B shows the evolution

at 23 K of the three species in thrgo region with time. If we
] L take into account the intensity ratios of the different bands, it
MM can be seen that the disappearance of X is well correlated to
regard to M, depends on the initial concentation of CINO. In

i i | L

i the growth of M plus D. Note that the present yield of D, in
a very highly dilute sample, only growth of the monomer was
observed.

The disappearance of X was found to be a first-order process
for the three studied temperatures. Figure 7 shows plots of In
ALIA versus time for the three temperatures, whaftés the
= intensity of the X band at = 0. From the slope of the linear
curves, rate constants were found to be 2.2.1) x 104s™,
(9.84+ 0.2) x 10%s7L, and (23+ 1) x 104 st for 21, 22,
and 23 K, respectively.

Evolution of the D Band. As mentioned previously, after
the disappearance of the X band, no evolution of the monomer
and D absorptions was observed until 26 K. Consequently,
kinetic studies were carried out at 26, 27, and 28 K. The
concentration of CINO in nitrogen was chosen to be 1/2000.
Figure 8 shows the evolution with time of monomer and dimer
bands in the/yo region at 26 K. As can be seen, the decrease

L of CINO monomer is very weak and is well correlated with the
{ i i 1 1 I . h . . .
1670 1860 1850 1840 1830 1820 1810 increase of the D band if we taking into account that the ratio
Wavenumber cm’? l1830.711865.4iS equal to 2. After 21 h, only 25% of the monomer
Figure 5. Comparison of the spectra in thgo region before irradiation band_ had disappeared. At 27 and 28 K, S'm'lar curves were
(@) and (c) and after irradiation at 11 K with the 266 nm laser line Obtained but the formation of D from M increased with
during 60 min (b) and (d). (a) CINOANL/10 000 sample, (b) irradiation ~ temperature: 30% of monomer disappearedraftd at 27 K
of (a) sample, (c) CINO/M 1/2000 sample annealed to 28 K then and afte 2 h at 28 K.
recooled to 11 K, (d) irradiation of (c) sample. * indicates bands due  The decrease of the monomer was not a first-order process
to CINO:H0O complex. and will be discussed in the following section.
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laser line with the appearance of two new features at 1839.9
and 1823.6 cm! (not identified) and the increase of NO
monomer which existed as traces after deposition. 1. Identification of the D and X Species. The characteristic

2. Quantitative Temperature Studies. To analyze ac- bands of the D species which increase in intensity with CINO
curately the temperature effect on the D, M, and X bands, two concentration and annealing can be assigned without ambiguity
sets of experiments were performed. The first one was designedo the CINO dimer. In theo region the shift of the D band
to probe the time dependence of the X band for a matrix in regard to the monomer band (35 chpis similar to the shift
deposited and held to 21 K, then to 22 and to 23 K. In the observed by Jones et al. in argdfor this species (36.3 cm).
second one, the sample was annealed to 23 K until the X bandExistence of one band in all fundamental regions, as in argon,
disappeared. Then the matrix was held to 26, 27, and 28 K in suggests that the dimer is centrosymmetric with two equivalent
order to pay attention to the evolution of the D band over time. subunits, an interpretation which seems to be confirmed by

Evolution of the X Band Kinetic studies of the disappearance isotopic experiments. The 1865.4 chabsorption assigned as
of X at 21, 22, and 23 K were carried out on matrixes containing the antisymmetric NO stretch in the pure dimer was found at
relatively high concentrations of CINO (CINOZN= 1/1000). 1865.4 cmt, whereas decoupled vibrations gave rise to the band
This concentration was needed for obtaining at the initial time at 1859.3 cm? for CI*4N160—CI*>N60 mixed dimers in ther
a substantial intensity of the X band. At this concentration as (**N®0O) region. The observed red shift (6.1 cth could
shown in Figure 6A where typical spectra in the, region are indicate that the frequency of the in-plane NO stretch in the
recorded at 23 K, the D band was also present at the initial pure dimer is lower than the out-of-plane corresponding mode
time ¢ = 0). Furthermore at the studied temperatures the X and could be situated at about1853¢m
band is broader than at 11 K, and its frequency is blue-shifted Identification of X which shows neither dimer behavior nor
involving a weak overlapping with the monomer band. Con- monomer behavior according to the experimental conditions is
sequently measurements of the intensity of X and D bands atnot straightforward. The observed dependence of the intensity
each timet were made in theo region on the difference  ratio of monomer and X band with the deposition temperature
spectrum of the spectrum recorded at « and of the spectrum  and the conversion of X into D under 26 K which does not
at timet for the X band and of the spectrum recorded &t 0 occur from monomer excludes the assignment of X to a
and of the spectrum recorded at tirnéor the D band. The monomer trapped in a metastable site. At first sight the
vno band at 1830.0 cmi of the monomer was not chosen for  disappearance of X from 23 K and in parallel, the appearance
monitoring its evolution because its optical density was more of D suggests that X could be a metastable dimer. However,

Discussion
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X transforms principally into M at low CINO concentration and

different from that of the dimer. The structure of the dimer
from other isotopic studies and the structure of the pair will be
discussed in a forthcoming paper.

2. Diffusion of the CINO Molecule. Disappearance of the
nearest neighbor dimer (X) from 21 K and the formation of a
CINO molecule above 26 K appear as a direct consequence of
the mobility of CINO in the matrix. The evolution of the X
and monomer species with temperature suggests, as previously
reportedt® two different mobility processes: a short-range
diffusion occurring between 21 and 23 K leading to dissociation
of the pair, and another process at longer range occurring from
26 K and leading to the formation of dimers from monomers.
However, if the second process corresponds without ambiguity
to a real diffusion of CINO monomer, the assumption of a short-
range mobility of CINO at 21 K from our experimental results
as discussed below is only tentative. Confirmation from
molecular dynamics calculations would be useful.

Mobility of CINO at 21 K. Due to its size, the CINO molecule

is assumed to be in a doubly substitutional site inducing a lattice
distortion. A temperature increase to 21 K causes a rearrang-
ment of the distorted matrix and the restabilization energy which
is concentrated in the close vicinity of the trapped molecule
could lead to the possibility for the monomer to move from its
initial site to another nearby site. In the pair (X) two monomer
molecules are close together. A jump for each monomer of
the pair from one site to another causes the disappearance of
the pair and an increase in isolated monomer. When the nitrosyl
chloride concentration increases, the probability that one
monomer molecule encounters another monomer molecule in
its vicinity is increased and formation of dimer (D) is also
observed. In this view two questions arise: (i) why do the two

this behavior does not appear compatible with this assumption.monomer molecules in the pair not move toward each other to
The contradictory properties of X are apparent only if one produce the dimer? and (ii) how does the displacement of a
considers the possibility for a next nearest neighbor to be CINO molecule from its double site to a nearest double site
formed. This hypothesis accounts for all observed effects and occupied by two nitrogen molecules occur? Knowledge of the
in particular for the temperature behavior of X as discussed initial orientation of the two molecules in the pair could answer
below. Frequency shifts of CINO in this pair (X) in regard to the first question. As suggested by F. Legay and N. Legay-
the monomer is of great interest. Indeed, in all complexes Sommairel for the diffusion of NO through a nitrogen matrix,
involving CINO (see ref 23 and references therein) as in the a circular permutation of several molecules forming a ring
dimer, a blue shift of\no and a red shift ofnc are observed. (CINO,Nz...,Ny) could be suggested for the mechanism. The
Reverse shifts characterizing the CINO in the pair and the kinetic rate values obtained at 21, 22, and 23 K for the
nonisotopic effect are an indication that the orientation of the disappearance of the pair assuming an Arrhenius relatiokship
two CINO molecules in nearest neighbor positions is very = A exp (£4/RT) allows us to determine the activation energy
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for the first step of the process. It was found to be about (4 . . .  Time (min).

0.5) kJ mole™. et 400 600 300 1000
Although the nitrogen crystal type is comparable to the argon 0%

crystal type, the nature of the matrix gas probably plays an .1

important role in this phenomenon. Indeed in an argon matrix

no pair is observed and weak dimer formation from the

monomer occurs above 30 K. From the vibrational spectroscopy g %2 T

of NO and (NO} isolated in solid neon, R. Kometer et?al. 025

identified also a van der Waals dimer (vdW) formed by two

adjacent molecules and characterized by a single band, 1% cm

red-shifted from the monomer absorption. However in this case °* 7

the behavior of this species with temperature appeared very -o41

different from that of the X species. A reversible conversion

of the cis dimer to the vdW dimer was observed between 5.9 57 "1 158 « ¢) for a CINO/N(L/2000) sampleA?: wo integrated

an(_j 9.4 K and atFrlbuted to the mqr_tenSItIC phase transition of intensity of monomer at initial timeA: wno integrated intensity of

solid neon for which a phase transition from fcc to hcp around menomer at time.

12 K has been reported. A phase transition inducing, in

nitrogen, a change in orientation of CINO monomer in the pair diffusion coefficient cannot be evaluated for the reason invoked
Ieading to isolated monomers or dimers does not seem ||ke|y above: the absence Of a value fnr However, assurr"ng an
A nitrogen matrix is more rigid than solid neon, and no phase Arrhenius relationship these experimental values lead to an
transition in the studied temperature range exists. Furthermoreenergy activation of about (7% 0.5) kJ mot 2,
the observed process is not reversible, suggesting a diffusion  Effective rates could depend on the distance over which the
process. - ) CINO molecule must move in order to find a reaction partner.
Long-Range Diffusion A temperature increase above 26 K |, thjs view we have performed experiments at 27 and 28 K as
leads to an increase in the dimer/monomer ratio. Growth of yascribed above but from a highly diluted sample (CINOA
the dimer occurs with a concomitant loss of intensity associated 11 000). A much smaller increase in the dimer/monomer ratio
with the CINO monomer. If we assume a random initial spatial \ya5 observed compared to the more concentrated matrix but
distribution of reacting molecules for the diffusion-limited yinetic rates calculated from eq 3 were found to yield the same
geminate recombination values as previously given, indicating that in this study the
. diffusion-controlled bimolecular rates do not depend on the
CING + CING — (CINO), @ spatial distribution of reactants over a time scale of 230 min.
As previously reporteéf the mobility of species in rare gas
matrixes is enhanced in more amorphous matrixes formed at
lower deposition temperature. No significant effect of the

1200 1400

0,15 1

—

1/A0-1/At

0,3+

c

Figure 9. Plots of 1A% — 1/A versus sample storage time at 26 K (a),

the rate of the bimolecular reaction is second order and can be
expressed by

—d[CINQ] 5 deposition temperature upon dimer formation was observed in
—aq  _ MCINO] (2) this work probably due to restrictive experimental conditions
in a nitrogen matrix, namely, the high recording temperature
The integrated equation is of 27 K which allows initially for the disappearance of matrix
defects.
[CINO] ™ — [CINO " =kt ©)
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where [CINQ)] is the initial monomer concentration (at= 0) i )
reading the manuscript.

and [CINQ] is the concentration of CINO at timé we assume
that all CINO monomers are mobile.
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