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Photodissociation of chlorine isocyanate 

D. D. Bell and A. D. Coombe 
Department of Chemistry, University of Denver, Denver. Colorado 80208 

(Received 13 August 1984; accepted 25 October 1984) 

Gaseous CINCO ~xhibits.a continuous ultraviolet absorption feature peaked near 
~50 ~. PhotolysIs of this compound at 249 nm produces bright blue emission 
Identified as the A 2~ + ---+X 2n transition in NCO. The excited NCO arises from a 
collisional process in which NeD) atoms, produced directly by the 
photodissociation, react with the parent CINCO. The rate constant for this process is 
k = (2.1±0.2)X 1O~11 cm3 S-I. From production of NeD) by the 249 nm photolysis, 
the heat _~f formatl?n of gaseous .CINCO is inferred to be .1H/(CINCO) ~ 52.9 
kcal mol . CINCO IS metastable With respect to the ground electronic states of NCI 
and CO by 8.2 kcal mol-I. 

INTRODUCTION 

Recent work in our laboratoryl-4 has shown that the 
halogen azides (XN3, X = halogen) are a group of 
molecules capable of unique chemical reactivity and 
photochemical behavior. The strong perturbation exerted 
by the halogen atom on the N3 chain tends to destabilize 
these compounds, which are metastable with respect to 
the ground states of the nitrenes and N2 •

1
,2 In comparison, 

better known azides like HN3 or CH3N3 are thermody
namically stable. Apparently, interaction with the filled p 
orbitals of the halogen atom results in a greater distortion 
of the 7( cloud on the azide chain, weakening the XN
N2 bond.s The energy borne by the halogen azides has a 
significant effect on the photochemistry of these species. 
Since the energy available to photodissociation products 
is the sum of the photon energy plus the metastability of 
the molecules, a number of higher energy dissociation 
channels are accessible at relatively long photolysis wave
lengths. Assuming the excited dissociative states pumped 
by the photolysis to be singlets (the ground states are 
X IA'), spin allowed dissociation processes could generate 
singlet (ground state) N z and excited singlet states of the 
nitrenes, or triplet (ground state) nitrenes and excited 
triplet states of N2. For the more common azides, triplet 
products are produced only by photolysis in the vacuum 
UV,6 since the lowest energy triplet state of N2 lies more 
than 143 kcal mol-I above the ground state. In the 
halogen azides, however, the extra energy carried by the 
molecules allows the generation of N2 A 32;,,+ from 
photolysis of CIN3 at wavelengths as long as 249 nm; 
and from BrN3 at wavelengths as long as 308 nm.2 The 
generation of significant quantities of triplet N2 in these 
systems results in the occurrence of a number of unique 
chemical reactions subsequent to the photolysis, including 
reactions with the parent azides,2 energy pooling processes 
among the excited states of Nz; and processes generating 
the excited D'Cn2g) states of the molecular halogens.4 

Although the halogen isocyanates (XNCO) are isoe
lectronic with the halogen azides, they exhibit much 
greater chemical stability. Presumably, this behavior arises 
from the greater strength of the XN-CO and X-NCO 

bonds relative to their counterparts in the azides. Although 
some information on the bond lengths in these molecules 
is available from microwave spectroscopy/'s large differ
ences in bond strengths cannot necessarily be inferred. In 
the molecules HNCO and HN3, however, the HN-CO 
bond has a strength9 of about 55 kcal mor l (relative to 
the ground states of NH and CO), whereas the strength lO 

of the HN-N2 bond is only 10.8 kcal mol-I. If, in the 
halogen isocyanates, the XN-CO bonds are similarly 
stronger than. the XN-Nz bonds in the analogous azides, 
~he perturbation by the halogen atom may have a signif
Icantly smaller effect on the overall chemical behavior of 
these molecules. For example, the photochemistry CINCO 
might well be expected to more strongly parallel that of 
HNCO rather than ON3. The photodissociation ofHNCO 
has been studied by a number of research groupS.IO,I2-14 
Drozdoski et al. 13 have observed that the major path for 
photolysis of HNCO at 193 nm (in its longest wavelength 
absorption band) is dissociation to NH (a l~) and CO 
(X 12;+). This result is similar to that found for photolysis 
of HN3 in an analogous band. IS For photolysis at 206 
nm, dissociation to H + NCO has been reported to be as 
important as dissociation to NH + CO. IZ Excited triplets 
of NH and electronically excited NCO have been observed 
from vacuum UV photolysis of HNCO. 10 

In this paper, we present results of our investigation 
of the photodissociation of ONCO. The objective of this 
work was to establish the stability of the molecule relative 
to possible fragments NCI + CO or CI + NCO, and to 
determine whether any additional energy made available 
via perturbation by the chlorine atom significantly affects 
the nature of the fragments or the chemistry of the post
photolysis environment. The data obtained indicate that 
CINCO is in fact a unique species whose behavior is quite 
different from that of either CIN3 or HNCO. 

EXPERIMENTAL DETAILS 

A flowing stream of gaseous CINCO was produced 
by the method outlined by Frost and co-workers. S In 
brief, a stream of Ch heavily diluted with N2 (02: N2 
= 1: 28) was passed slowly over solid AgNCO suspended 
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on glass wool, in an oven held at 423 K. The total 
pressure in the generator was typically about 60 Torr. 
The effluent from the generator was analyzed via infrared 
spectroscopy, which indicated that no significant IR active 
impurities were present. During photolysis experiments, 
relative amounts of CINCO in the flow were monitored 
by on-line measurement of the absorption intensity of 
the NCO asymmetric stretching vibration l6 near 2200 
cm-I. UV and vacuum UV absorption spectra were also 
measured on line with the generator flow, by using a 
Heath 0.5 m spectrometer or an Acton Research Model 
502V UV - VUV spectrometer. The ultraviolet absorption 
was also used as a convenient monitor of the CINCO 
flow. For the conditions employed, continuous absorp
tion 17 by Ch was not evident in the UV spectra recorded, 
suggesting a high yield of CINCO as was found by Frost 
et al.5 

The apparatus used for pulsed photolysis experiments 
has been described previously.24 The flowing gases were 
passed through a 10 cm long stainless steel cell where 
they were exposed to pulsed radiation from a KrF excimer 
laser (249 nm) at a repetition rate of 1 Hz. The incident 
laser fluence was typically between 50-100 mJ cm-2. 
Emission produced subsequent to the photolysis was 
viewed at 90° to the axis of the laser beam by using the 
combination of a 0.25 m monochromator and a cooled 
GaAs photomultiplier tube. For detection in the near IR 
region, a grating blazed at 1.0 ILm was used in the 
monochromator and the PMT was replaced by an intrinsic 
germanium detector (North Coast Optics 817P) cooled to 
77 K. The monochromator was calibrated by using Ar, 
Hg, and N2 lamp sources as well as the output of a HeNe 
laser. Time resolved spectra of emissions produced by the 
photolysis were measured by using gated integration 
methods, as described previously.2.4 Time profiles of 
particular spectral features were measured by digitally 
storing the amplified output of the detectors, and signal 
averaging over a number of photolysis pulses. The instru
ment used for this purpose was a Nicolet 1270 data 
acquistion and analysis system equipped with a 20 MHz 
digitizer. For emissions in the visible and UV regions 
(detected by the PMT), the overall time constant of the 
data collection system was approximately 0.4 ILS, limited 
primarily by the pulse amplifier. For infrared detection, 
the germanium detector limited the time constant of the 
system to about lOlls. 

A premixed sample of Ch diluted in N2, obtained 
from Matheson Gas Products, was used in the CINCO 
generator. N20 (Matheson, U.H.P., 99.99%) was used 
without further purification. Solid AgNCO was prepared 
by precipitation from aqueous mixtures of AgN03 and 
KOCN, and was thoroughly dried prior to use in the 
CINCO generator. 

RESULTS 

UV-VUV absorption spectrum of CINCO 

As noted above, the ultraviolet absorption spectrum 
of CINCO for wavelengths above 200 nm was measured 

by using a Heath 0.5 m spectrometer in conjunction with 
an absorption cell on line with the generator effluent. 
The absorption cell had a path length of 20 cm. Only a 
single absorption feature was evident in this region as 
shown in Fig. 1. The feature appears to be continuous in 
nature, within the 0.1 nm spectral resolution of the 
spectrometer, and is peaked near 250 nm. The intensity 
of the 250 nm band varied in proportion to the CINCO 
density, as monitored by the IR absorption intensity. If 
it is assumed that the Ch flow was completely converted 
to CINCO on a 1: 1 basis, an extinction coefficient can 
be assigned to this feature. This treatment yields E250 
(decadic) = 460 1 mor l cm- I

. The continuous nature of 
the absorption suggests that photodissociation of ONCO 
can be conveniently accomplished by irradiation with a 
KrF laser at 249 nm. 

Absorption spectra in the range from 120 to 300 nm 
were recorded by replacing the Heath spectrometer by an 
Acton Research 502V system. In this case, the absorption 
cell used was equipped with MgF2 windows and had a 
path length of 4 cm. The spectrum obtained, with a 
resolution of about 5 nm, is also shown in Fig. 1. A 
second strong absorption was observed to begin near 210 
nm, monotonically increasing in strength to below 160 
nm. The extinction coefficient at 149 nm was determined 
to be EI49 (decadic) = 5.2 X 103 1 mor l cm- I

, assuming 
unity yield of CINCO from the generator as noted above. 

UV-visible emission from photolysis at 249 nm 

KrF laser photolysis of the CINCO/N2 flow at a 
pressure of 4.0 Torr produced a deep blue emission easily 
visible to the eye. A preliminary observation of the time 
profile of the emission indicated it to have a duration of 
about 20 ILS after the laser pulse. Consequently, spectra 
were recorded for a time gate extending from 0.5 to 50 
ILS after the pulse. The most intense portion of the 
spectrum measured is shown in Fig. 2. For the data 
shown, the spectral bandwidth of the monochromator 
was 1.0 nm. The observed features are easily identified as 

14.0 

12.0 ClNCO ABSORPTION SPECTRUM 
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I., B.O (5 
e .... 

6.0 12 
.; 
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160 200 240 280 320 
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FIG. I. Absorption spectrum of gaseous CINCO. The extinction coeffi
cients shown were calculated by assuming complete conversion of Ch 
to CINCO in the generator. This assumption is supported by the fact 
that no Ch absorption (Am •• = 330 nm) was observed in the spectrum. 
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FIG. 2. Spectrum of NCO A 22:+ -+ X 2n emissions produced by 249 
nm photolysis of a CINCO/N2 mixture. The data shown were taken for 
a time gate extending from 0.5 to 20 liS after the laser pulse, and a 
CINCO density of 5 X lO'S cm-3. 

bands of the A 2~+ - X 2IT transition in the NCO 
radical. IS From the relative intensities of the bands, the 
A 2~+ excited state is populated primarily in very low 
vibrational levels. 

No emission was found at wavelengths greater than 
500 nm. In particular, no NO b I~+ - X 3~- emission 
in the visible region 19 was found. Similarly, bands of the 
B 2IT - X 2IT transition in NC020 were unsuccessfully 
sought in the region of 300 nm. We note, however, that 
the gated integrator was not sensitive to emission occurring 
in the first 0.5 p.s after the laser pulse. Consequently, 
direct photofragments capable of relaxation by allowed 
radiative routes (such as the B 2IT state of NCO) would 
not have been observed. 

Changes in the intensity of the NCO emission with 
variation of the incident laser fluence were investigated 
at A = 438 nm, near the 00°0 - 0010 band of the 
A 2~+ _ X 2IT spectrum. The data were recorded for a 
time gate from 0.5 to 50 p.s after the laser pulse. The 
laser fluence was varied over the range from 0.125 to 
0.025 J cm-2• The data, shown in Fig. 3, indicate that 
the intensity varies linearly with the fluence. This behavior 
suggests that the excited NCO is produced by a process 
involving one photon, i.e., it may be generated directly 
by the photodissociation or by reaction of a photofragment 
with the parent ONCO. 

The observed temporal profile of the NCO emission 
excludes the first of these two possibilities. A typical 
intensity vs time trace (A = 438 nm) is shown in Fig. 4. 
The trace indicates a very short rise followed by a decay 
over about 20 p.s. In view of the fact that the radiative 
rate of the A 2~+ - X 2IT transition is 2.71 X 106 S-I,21 

this long decay time is indicative of a collisional formation 
process. From the linear variation of the A - X intensity 

00 

o 

FLUENCE (ARB. UNITS) 

FIG. 3. Variation of the NCO A -+ X intensity with the incident t1uence 
of the KrF laser. The line shown is a linear least squares fit to the data. 

with the laser fluence, a likely mechanism would be 
reaction of a photofragment with the parent ONCO. This 
hypothesis is further supported by the fact that, for a 
fixed CINCO density, the A - X decay time was found 
to be invariant with the laser fluence. The rise of the 
NCO emission is then identified as reflecting a combina
tion of collisional and radiative relaxation of NCO 
(A 2~+), distorted by the finite risetime of the detection 
electronics (0.4 p.s). 

The decay rate of the emission (i.e., the formation 
rate of excited NCO) was found to vary in proportion to 
the CINCO density, which was controlled by variation of 
the Ch flow through the generator and monitored by on
line measurement of the UV absorption at 250 nm. 
Figure 5 shows a plot of the decay rate vs the ONCO 
density. The linearity of the plot and the intercept near 
the origin are indicative of a process which is pseudofirst 
order in CINCO. The slope of the plot yields a rate 

O 2 10-11 3-1 constant k = 2.1 ± . X cm s . 
This rate constant corresponds to a process in which 

a photolysis fragment reacts with the parent ONCO, 
generating NCO (A 2~+) as a product. Hence, the fragment 
in question must carry sufficient energy for this process 

o 10 20 30 40 50 
Time ()lsecl 

FIG. 4. Time profile of the NCO A -+ X emission produced by 249 nm 
photolysis of a CINCO/N2 mixture. The density of CINCO for the data 
shown was 5.1 X lO'S cm-3

• 
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FIG. 5. Plot of the decay rate of the NCO A ....... X emission vs the 
density of CINCO. The line shown was obtained from a linear least 
squares fit to the data, yielding a pseudofirst order rate constant k = 2.1 
± 0.2 X 10-11 cm3 S-I. 

to be thermodynamically allowed and, further, it must 
have a lifetime long enough for collisions with CINCO to 
take place. The NCO A -+ X time profile should in fact 
track the density of the photolysis product. The identity 
of the fragment was indicated by a series of experiments 
in which N20 was added to the CINCO/N2 flow upstream 
of the photolysis cell. Admission of only small flows of 
N20 completely quenched the NCO A -+ X emission. In 
its place, an intense spectrum of the well known NO {j 
bands (B 2IT -+ X 2IT) was found. Figure 6 shows a 
portion of the NO spectrum measured. The spectrum is 
dominated by an intense progression out of Vi = 0 in the 
B 2IT state, with weaker bands from Vi = 1 and Vi = 2 
also being evident. The time profile of the NO emission 
indicated a short rise (close to the risetime of the elec
tronics), followed by a decay over about 5 ILS for an N20 

i i 
0,10 O$J 

1 
0,8 

WAVELENGTH (nm) 

I I 
0,7 Q,6 

I 1 
1,7 1,6 

FIG. 6. Spectrum of NO B 2rr ....... X 2rr emission produced by 249 nm 
photolysis of a CINCO/N2/N20 mixture, for a time gate from 0.5 to 20 
IlS after the laser pulse. 

7 

partial pressure on the order of 1.0 Torr. From these 
data, it can be inferred that the photofragment precursor 
of the NCO A -+ X emission is electronically excited 
NeD) atoms. It is well known that reaction of NeD) 
atoms with N20 produces NO in the B 2IT state, followed 
by characteristic (j band emission.22- 24 Addition of N20 
to the CINCO system would thus result in quenching of 
the NCO A -+ X emission, as observed, by removal of 
the NeD) precursor. NeD) atoms are metastable and 
hence can suffer many collisions with the ONCO parent. 
Hence, we suggest the following processes to account for 
the observed NCO A -+ X emission 

h. 2 
CINCO i49 CI + N( D) + CO, (1) 

NeD) + CINCO -+ NO + NCO (A 2~+). (2) 

Infrared emission from photolysis at 249 nm 

Reaction (2) suggests that NeD) either abstracts the 
chlorine atom from CINCO or, more likely, attacks the 
NCO chain, forming a complex which eliminates NO. It 
seems possible that, in such a process, the NCI might 
itself be generated in an excited state. As noted above, 
however, no NO b I~+ -+ X 3~- emission was found in 
the spectra measured. In order to search for emission 
from the lower lying a 1 Ll state of this molecule, a 
germanium detector was used to probe the near IR region. 
The 0, 0 band of the strongly forbidden a 1 Ll -+ X 3r 
transition in NO lies at 1.077 ILm,19 in the region of high 
sensitivity of this detector. A portion of the spectrum 
measured is shown in Fig. 7. No indication of NCI a -+ 

X emission is evident. A number of features were found, 

1.02 1.14 

FIG. 7. A portion of the near IR emission produced by 249 nm 
photolysis of a CINCO/N2 mixture. The 0, 0 band of the NCI a I ~ ....... 

X 3~- system (1.077 I'm) is not present. The feature near I. 10 I'm is 
tentatively assigned as the 0, 0 band of the CN A 2rr ....... X 2~+ system. 
The feature near 1.04 I'm may be the 0, 0 band of the N2 first positive 
system. 
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however, the most prominent of these occurring at 1.10 
and 1.04 I'm, as shown. The intense 1.10 I'm feature 
(and two other bands observed) can be tentatively assigned 
to the A 2IT -+ X 2~+ transition in CN, the 1.10 I'm 

feature corresponding to the 0, 0 band of this system. 
The 1.04 I'm feature could be the 0, 0 band of the 
B 3ITg -+ A 3~~ (first positive) transition in N2. Although 
weaker features possibly attributable to other bands of 
this transition were found in the near IR, no bands of 
this system were observed in the visible region. 

Electronically excited CN or N2 could be produced 
in the CINCO system by second order processes as 
follows: 

NeD) + NCO -+ N2 + CO, (3) 

NeD) + NCO -+ CN + NO. (4) 

Reactions (3) and (4) release energy easily sufficient for 
population of the N2 (B 3ITg) or CN (A 2IT) states, 
respectively. In order to further investigate this point, the 
variation of the intensity of the 1.10 I'm band with the 
incident laser fluence was measured in a manner similar 
to that described above. The data indicated that the 
intensity increased nonlinearly with the laser fluence, as 
would be the case if the emission were produced by a 
reaction such as Eq. (4) above, since one photon would 
be required to generate each of the reagents NeD) 
and NCO. 

DISCUSSION 

From the data, it may be inferred that reactions (1) 
and (2) lead to the generation of excited NCO (A 2~+) in 
the CINCO system. Excited NeD) atoms can be generated 
directly by the photodissociation, or by predissociation of 
excited NCI or NCO generated as a direct fragment. For 
example, the initial fragments might be excited singlet 
NCI and ground state (singlet) CO, or ground state 
chlorine atoms and excited doublet NCO. Both pathways 
are spin allowed and have been observed to occur in 
other isocyanates and azides. 12,15,25 Predissociation of ex
cited singlet NCI seems unlikely in the present case, 
however, in view of the fact that no b I ~+ -+ X 3~- or a 
I d -+ X 3~- emission from this molecule was observed. 
If excited singlet NO were produced, some population of 
the lower lying b I ~+ or a I d states might well be 
expected, either directly or by cascade. On the other 
hand, recent work by Sullivan et al. 9 has shown that 
excited NCO (B 2IT) predissociates to NeD) and CO 
(X I ~+) from its lower vibrational levels, by interaction 
with a repulsive curve e~-) correlating to these products.20 

Hence NeD) might arise from production of NCO 
(B 2IT) in these levels. As noted above, NCO B -+ X 
emission generated by direct production of the B 2IT state 
would not have been observed in our system because of 
the constraints of the detection electronics. Direct pro
duction of NeD) could arise from photodissociation of 
ONCO to NCO e~-) or to NCO (X 2IT) above its 
dissociation limit. 

Spin-allowed dissociation of an excited singlet state 
of CINCO at the N-C bond could produce excited singlet 

NCI and ground state CO (X I ~+), or ground state NCI 
(X 3~-) and excited triplet CO. Since no emission from 
excited singlet states of NO was found, and excited triplet 
states of CO are likely to be inaccessible, initial fragmen
tation at the C-N bond would not appear to be a major 
route. Hence, the branching fraction for spin-allowed 
paths producing doublet fragments, i.e., CI + NCO or 0 
+ NeD) + CO, may well be high. In view of the many 
ways that the available energy might be partitioned among 
accessible states of NCO, however, it seems unlikely that 
the yield of NeD) is high. 

Regardless of the actual photodissociation mecha
nism, Eq. (1) above sets a lower limit on the heat of 
formation of gaseous ONCO: 

.6.Hf (CINCO) ~ .6.Hf (O) + .6.Hf [NeD)] 

+ .6.Hf (CO) - h" (249 nm). 

This treatment yields .6.Hf (CINCO) ~ 52.9 kcal mol-I. 
This value is to be compared with .6.Hf (ON3)26 = 93.2 
kcal mol-I, .6.Hf (BrN3)3 ~ 131 kcal mole-I, and .6.Hf 
(HNCO)9 ~ -14.3 kcal mol-I. Oearly, the present results 
indicate that replacement of the hydrogen atom in HNCO 
by chlorine destabilizes the molecule considerably. Further, 
the data are in accord with the observed greater chemical 
stability of the halogen isocyanates relative to the halogen 
azides. 

Equation (2) above gives the collision process re
sponsible for the generation of NCO (A 2~+). From the 
limit for .6.Hf (CINCO), the energy released by process (2) 
is ~99.5 kcal mol-I, easily sufficient for the generation of 
NCO (A 2~+), which lies 65.3 kcal mol-I above NCO 
(X 2IT). The B 2IT state of NCO is also accessible, but 
such a process would require that nearly all the energy 
released be directed into electronic excitation of the NCO 
product. The rate constant measured for reaction (2) 
would appear to be reasonable for a process involving 
NeD) atoms. The rate constant for the reaction of NeD) 
with Ch has been reported to be k = 3.6 X 10-11 cm3 

S-I, about four orders of magnitude greater than the rate 
constant for reaction of N(4S) atoms with Ch.27 

From the value of .6.Hf (ONCO) inferred from the 
data, the energetics of the decomposition of ONCO to 
the ground states of NCI and CO can be considered. The 
enthalpy change for this process is calculated to be 
~ -8.2 kcal mol-I. Hence, CINCO, like the halogen 
azides, is a metastable species with respect to dissociation 
processes forming the nitrene. The perturbation by the 
chlorine atom is clearly very strong relative to the pertur
bation in HNCO. The ground state of HNCO lies about 
55 kcal mol-I below the ground states of NH and CO.9 

A similar treatment of the process ONCO -+ Oe p) + NCO 
(X lIT) yields a value .6.H ~ + 24 kcal mol-I. This result 
is in reasonable accord with the fact that the N-O bond 
lengths in CIN3 and CINCO are nearly equal.7,s The 
N-CI bond strength in CIN3 has been reported26 to be 
near 32 kcal mol-I. 

The data indicate that the photolysis of CINCO at 
249 nm offers a unique pulsed source of NeD) atoms. 
Since the NCO (A -+ X) emission in the system tracks 
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the decay of the excited nitrogen atoms, it can be used 
as a convenient measure of their kinetic behavior. In 
principle, real time measurements of the kinetics of 
reactions or energy transfer processes involving NeD) 
can be made for species compatible with CINCO. 

ACKNOWLEDGMENTS 

This work was supported by the National Science 
Foundation under Grant No. CHE-8210533. 

I R. D. Coombe, A. T. Pritt, Jr., D. Patel, and F. J. Wodarczyk, J. 
Chem. Phys. 75, 2177 (1981). 

2R. D. Coombe, J. Chem. Phys. 79, 254 (1983). 
3 R. D. Coombe and C. H.-T. Lam, J. Chem. Phys. 79, 3746 (1983). 
4 R. D. Coombe and C. H.-T. Lam, J. Chem. Phys. 80, 3106 (1984). 
S D. C. Frost, C. B. MacDonald, C. A. McDowell, and N. P. C. 

Westwood, Chem. Phys.47, III (1980). 
6 H. Okabe, J. Chem. Phys. 49,2726 (1968). 
7 W. H. Hocking and M. C. L. Gerry, J. Mol. Spectrosc. 42, 547 (1972). 
8 R. L. Cook and M. C. L. Gerry, J. Chem. Phys. 53, 2525 (1970). 
9 B. J. Sullivan, G. P. Smith, and D. R. Crosley, Chem. Phys. Lett. 96, 

307 (1983). 

10 H. Okabe, J. Chem. Phys. 53, 3507 (1970). 
II H. Okabe, Photochemistry of Small Molecules (Wiley-Interscience, 

New York, 1978), p. 287. 
12W. D. Woolley and R. A. Back, Can. J. Chem. 46, 295 (1968). 
13 W. S. Drozdoski, A. P. Baronavski, and J. R. McDonald, Chem. Phys. 

Lett. 64, 421 (1979). 
14G. T. Fujimoto, M. E. Umstead, and M. C. Lin, Chern. Phys. 65,197 

(1982). 
IS A. P. Baronavski, R. G. Miller, and J. R. McDonald, Chem. Phys. 

Lett. 51, 57 (1977); Chem. Phys. 30, 119 (1978). 
16 E. Nachbaur and W. Gottardi, Monatsch. Chem. 97, 115 (1966). 
17 G. E. Gibson and N. S. Bayliss, Phys. Rev. 44, 188 (1933). 
18 R. N. Dixon, Phil. Trans. Roy Soc. Ser. A 252, 165 (1960). 
19 A. T. Pritt, Jr., D. Patel, and R. D. Coombe, J. Mol. Spectrosc. 87, 

401 (1981). 
lOR. N. Dixon, Can. J. Phys. 38,10 (1960). 
21 T. R. Charlton, T. Okamura, and B. A. Thrush, Chem. Phys. Lett. 

89, 98 (1982). 
22 K. H. Welge, J. Chem. Phys. 45, 166 (1966). 
23 J. M. Herbelin and N. Cohen, Chem. Phys. Lett. 20, 605 (1973). 
24 L. C. Lee and M. Suto, J. Chern. Phys. 80, 4718 (1984). 
25 R. S. Konar, S. Matsumoto, and B. de B. Darwent, Trans. Faraday 

Soc. 67, 1698 (1971). 
26 T. C. Clark and M. A. A. Qyne, Trans. Faraday Soc. 66, 877 (1970). 
27 M. P. Iannuzzi and F. Kaufman, J. Am. Chem. Soc. 101, 4002 (1979). 

J. Chern. Phys., Vol. 82, No.3, 1 February 1985 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

142.157.129.67 On: Tue, 16 Dec 2014 17:44:54


