Competitive photodissociation channels in jet-cooled HNCO:
Thermochemistry and near-threshold predissociation
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The photoinitiated unimolecular decomposition of jet-cooled HNCO has been studied following
S, (*A") —Sy(tA") excitation near the thresholds of the spin-allowed dissociation char(fgls:
(’S)+NCO(X2IT) and (2) NH(a'A)+CO(X'="), which are separated by 4470 ch
Photofragment yield spectra of NCR¢II1) and NH (@A) were obtained in selected regions in the
260-220 nm photolysis range. The NOG{I)yield rises abruptly at 38 380 cm and the
spectrum exhibits structures as narrow as 0.8 tnear the threshold. The linewidths increase only
slowly with photolysis energy. The jet-cooled absorption spectrum near the chdnrieteshold
[Do(H+NCO)] was obtained using two-photon excitation via tBe state, terminating in a
fluorescent product. The absorption spectrum is similar to the NCO yield spectrum, and its intensity
does not diminish noticeably abowg,(H+NCO), indicating that dissociation near threshold is
slow. The NCO product near threshold is cold, as is typical of a barrierless reactiona N (
products appear first at 42 840 chbut their yield is initially very small, as evidenced also by the
insignificant decrease in the NCO vyield in the threshold region of chd@nerhe NH @A) yield
increases faster at higher photolysis energies and the linewidths increase as well. At the @annel
threshold, the NH §*A) product is generated only in the lowest rotational levk:2, and
rotational excitation increases with photolysis energy. We propose that in the range 260—230 nm,
HNCO (S;) undergoes radiationless decay terminatin§gfr ; followed by unimolecular reaction.
Decompositions via channeld) and (2) proceed without significant exit channel barriers. At
wavelengths shorter than 230 nm, the participation of an additional, direct pathway cannot be ruled
out. The jet-cooled photofragment yield spectra allow the determination, with good accuracy, of
thermochemical values relevant to HNCO decomposition. The following heats of formation are
recommendedAH?(HNCO)z—27.8t0.4 kcal/mol, andAH?(NC0)=30.3+0.4 kcal/mol. These
results are in excellent agreement with recent determinations using different experimental
techniques. ©1996 American Institute of Physids$$0021-96066)02941-§

I. INTRODUCTION change in geometry accounts for the pronounced Franck—
, i o i Condon activity in the NCO bend, and in part for the breadth
Isocyanic acid, HNCO, is implicated in the removal of o 1o ansorption band. Dixon and Kirby note that the spec-
NOXx _products In a process knoyvn in co_mbusﬂo_n aStrum becomes progressively more diffuse at shorter wave-
RAPRENOX(rapid reduction of NO in energetic materials lengths, and at220 nm vibronic structure can no longer be
cpmbustio_n, and in inters_tellar space. Therefore,_the mech iscerned. These results indicate that 8estate is bound
nISms of its decomposition and chemical reactions are o nd that predissociation is likely to be the preferred mecha-
|ntgrest. .AIFhough much_v7vqu h.as been done on the UV pho'nism following S; excitation, at least at low excess energies.
todissociation of HNC3; little is known about the mecha- The heat of formation of HNCO and its dissociation

glsrlnA”of t'tf :ec:)[ﬂporsmon J\?"?m Ingh T(;(CI;a:I?k? ttv(\)/ theinthresholds via channeld) and(2) have been the subject of
1("A") state near the respective thresholds for the two sp some controvers§® A schematic energy diagram is shown

allowed channels: in Fig. 1. Recently, Ruscic and Berkowitzand Zhang

HNCO—H(?S)+NCO(X211), (8] et al.* using different experimental techniques, determined
1 Ios the upper bounds to the dissociation energy of chafinels
—NH(@"4)+COoX™2"). 2) 110.1+0.3 and 110.%0.5 kcal/mol, respectively. Thus, de-
This state of affairs is partly a result of uncertainties regardspite earlier controversy, this value appears now well estab-
ing the threshold energies for reactiofi$ and(2). lished. The dissociation threshold of chan(®lremains less

Dixon and Kirby have reported that the weak UV ab- certain. The most recent measurements were carried out by
sorption of HNCO at 300 K reaches a plateau around 200 nrehandler and co-workers who preferred a value of 41 530
with a tail extending to~280 nm® At the tail, the vibronic  cm™* (118.7 kcal/mo),*~3 although a value of 42 700 cm
bands have a well-defined rotational structure, and the pef122.0 kcal/mol can also be deduced from their ddtee
pendicular nature of thes;(*:A")«—Sy(*A’) transition, as below). Accurate values of the dissociation thresholds are
well as the rotational structure of some of the bands, haveot only important for establishing the heats of formation of
been determined. Note that HNCO undergoes substanti#ddNCO and the NCO radical, but also for unraveling decom-
bending of the NCO skeleton upon excitation—from 172° inposition mechanisms and their excess energy dependencies.
the ground state to 120—130° in the excited state. This severe For near-threshold studies, expansion cooling of the
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FIG. 1. Schematic energy level diagram of the three lowest-energy disso-
ciation channels of HNCO. The thermochemical values are those obtained in
this work.
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sample' is beneficial, sincg the rotatiionalitemperature of theig, 2. (@) Two-photon excitation spectrum of jet-cooled HNCO near
parent is low and well defined, and vibrational hot bands are,(H+NCO). Arrows mark the peaks shown on an expanded scale in Fig.

largely suppressed. In this paper we report values for thé. (b) NCO photofragment yield spectrum obtained by monitoring (he
bandheadlow J) of the (00°0-00'0) A 23"« X 211 transition. The respec-

thresholds of reaction€l) and (2) obtained with jet-cooled 7 o . -
0 . . tive excitation/detection schemes are also shown; see text for details.
samples of HNCG? We confirm and improve the accuracy

of the most recent values for chanrig), and determine an
upper limit for channel2) at 42 8402 cm™L. In addition, ~mine the appearance time of the products. HNCO was pho-

we propose that the decomposition of HNCO proceedsolyzed at 260—220 nm using the doubled output of an exci-
mainly via predissociation on lower electronic surface, rommer laser pumped dye laser at typical pulse energies of
the onset of channél) at 38 370 cm* (260.6 nmto atleast 1-2 mJ. NCOKZ?Il) and NH@A)products were

43 400 cm* (230 nm), and that no significant exit channel probed by laser induced fluorescendelF) via the
barriers exist for channeld) and (2). At higher photolysis A®X*«XZ?Il and the c'll—a'A transitions,
energies a direct component to the decomposition cannot bespectively;**> using a second excimer laser pumped dye
excluded; in fact, previous researches have invoked a fadaser(pulse energy~100-150uJ). NCO fluorescence in the
and direct dissociation mechanism to explain theirrange 440-500 nm was collected through Kopp 3-72 and
results>**In addition, Brownet al. have recently observed 5-60 glass filter, while 0-52 and 7-59 glass filters were used

a preference for dissociation via chanfil relative to chan- to monitor NH fluorescence at 350-460 nm.

nel (2) at a total photolysis energy of 44 400 cm(225 nm) The jet-cooledS; S, absorption spectrum of HNCO

when implanting three quanta of NH stretch excitation inwas obtained by sequential two-photon excitation via the

HNCO (S;), as compared with one-photon dissociation atS; state generating electronically excited products. For these

the same energjs?_ This result is hard to rationalize based studies, the output of the excitation laser was increased to

solely on unimolecular decomposition &. ~3 mJ and focused at the center of the chamber with a

50-cm focal length lens. Quantum yield studies showed that

II. EXPERIMENT at total excitation energie®@ne-photoi of 75 000 cm* the
main fluorescing species was NCA{Z ).%® The fluores-

The experimental arrangement used in these pump-prokgnce was monitored through Kopp 0-56 and 7-59 filters,

experiments was described previouSlyHNCO was pre- which transmitted light at 300-460 nm. Sharp absorption

pared and purified following published procedures by thefeatures were obtained whenever the excitation wavelength

reaction of KOCN with stearic acitl.The reagents were cgincided with an absorption feature of tBg— S, transi-

heated under vacuum to 90 °C and reaction products Wergon hoth below and above the threshold of charagl

collected in a liquid nitrogen trap. Impurities, mainly €O

and water, were removed by trap-to-trap distillation. HNCOj||. RESULTS

was seeded in He or in 30:70 He:Ne mixtures at a typical

pressure of 760 Torr by passing the carrier gas through é" H(*S)+NCO(X*II) channel

container with HNCO kept in an acetonitrile/liquid nitrogen A portion of the two-photonS,;<— S, absorption spec-

bath at—41 °C (~15-Torr HNCO vapor pressureThe ro-  trum of jet-cooled HNCO is shown in Fig.(®, while the
tational temperature of HNCO in the pulsed jet expansion iNCO photofragment yield spectrum near the chan(igl
estimated at~10 K (see below The counterpropagating threshold, Dy(H-NCO), is shown in Fig. 2b). The Qq;
pump and probe laser beams intersected the molecular beamandhead of the NCOA(S *—X2I1) transition (low J'’s)
5-10 mm(10-20 nozzle diameterrom the nozzle orifice. was monitored. The NCO vyield rises abruptly at 38 380
Both beams were collimated to2 mm diameter. The delay cm ! and the spectrum remains highly structured. Notice
between the laser pulses was 50 ns unless varied to deteghat there are no significant changes in the intensities and
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widths of the spectral features in the absorption spectrum (a)
obtained by sequential two-photon absorption 8iawhen
the dissociation threshold is crossgelg. 2@]. The com-
plete jet-cooled absorption spectrum from the origin of the
S, state(~35 000 cm'!) has been obtained in this manner;
assignments are in progress and will be reported separately.
No one-photon LIF from HNCO could be detected. The
spectral features belo®y,(H-NCO), and some above, ex-
hibit rotational structure within our resolutiof®.2 cm%).

Fluorescence signal

T T T T 1
38,424 38,426 38,428 38430 38432 38,434 38.436 38,438

The rotational line spacings are consistent with a small Excitation laser frequency (1)
change in théB rotational constant i$, compared td5y, in

accordance with Dixon and Kirty/Simulated rotational con- (b)

tours of C-type bands give a rotational temperature~af0

K. The small shoulder to the red of the first main peak in the l

NCO vyield spectruniFig. 2(b)] results from photolysis of
parent molecules with some rotational excitation.

The NCOX2I1) product obtained nedD, is cold and
the number of populated rotational levels increases with ex-
citation energy. Yet, dissociation at the peak of the first NCO
spectral featurg38 387 cm?) generates NCO with rota- . . . . . . .
tional levels up ta)=6.5, corresponding to a maximum of 20 678 36D 38682 B4 IB6B6  IBESY 6N 38692
cm ! in rotational energy. The rotational excitation may de- | Fctation laser frequency (cal)

. . . . FIG. 3. Two-photon excitation spectra of jet-cooled HNCO recorde@)at
rive partly from rotationally excited HNCO in the-10 K " "1 and (b) 315 cm* aboveD o(H-NCO)=38 370 cmi™. The excita-
expansion; however, it is more likely due to the fact that notion scheme is shown in Fig(@. Arrows in (b) indicate partially resolved
absorption feature exists at the exact dissociation thresholdgtational structure; i@ rotational structure is not observed. The laser
as can be seen by comparing Fig&)2nd 2b). Taking the ~ Pbandwidth is 0.2 e
rotational excitation of NCO into account we place the dis-
sociation threshold at 38 3#B0 cm . The first spectra peak that can be confidently assigned to

Since spectral features separated~y.8 cm * could be one-photon dissociation via chanr@) is at~42 900 cm %,
resolved even abovB,(H-NCO), the near-threshold life- where onlyJ=2 of INH is populated. The rotational excita-
times of theS, state are estimated a6 ps. This is only a tion increases rather monotonically with photolysis energy
lower bound on the lifetime, since saturation and spectral
overlap can broaden the peaks. However, some spectral fea-
ture are broader thar1 cm*; for example, in Fig. 3 we (@)
display an absorption band obtained following photolysis at :

60 cm ! above Dyo(H-NCO) which does not reveal rota- l
tional structure, while in the spectrum obtained at 315 tm
above Dy(H-NCO) rotational structure can be discerned.

Near-threshold time resolved measurements of NC[) )
indicate appearance timesl0 ns, limited by the time reso- i 1
lution of our measurement.

HH

Fluorescence signal

LIF intensity

-——

T T T T T 1
42,500 43,000 43,500 44,000 44,500 45,000 45,500
Photolysis laser frequency (cm-1)

B. NH(alA)+CO(X!¥™*) channel

The NH(@!A) (hereafter referred to dlH) yield spec-
trum is shown in Fig. @a). The spectrum was obtained by
monitoring theQ(2) line (arising from the lowest rotational
level of thea A state. The overall decrease observed in the
yield spectrum above 44 500 ¢thdoes not signify a drop in
the INH quantum yield, but is due to a decrease in the frac- (= F
tional population ofNH J=2 with excitation energy. From /«——23
the average envelope of the yield spectrum and the rotational . . . ——

. . . . . . . 30,660 30,680 30,700 30,720 30,740
distributions shown in Fig. @), we estimate an eightfold Probe laser frequency (cm-1)
increase in'NH yield between 43 320 and 44 500 chaNo-  FIG. 4. (a) NH(a 1A) photofragment yield spectrum obtained by monitoring
tice that the yield increases only slowly initially, but then the Q(2) Iin_e of thecll'[ea_lAtransition. The spectrum is not nor_ma_llized
ises more steeply with photolysis energy. The sisucture ify (e feelont EI0of i 1 2 st Atous ity rumber e
the spectrum is reproducible and includes fairly narrow feac 11 1a)LIF spectra recorded at photolysis energids:42 900 cm™;
tures even at the highest photolysis energies. (2) 43160 cm?; (3) 43 320 cm'Y; (4) 43 600 cm'%; (5) 44 500 cm'.

(b)
PIQS) o o

Q)

LIF intensity
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Monitor Qy; bandhead
01'0-01°0
NCO(A 2% X 1)
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Do(NH-CO)

0
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FIG. 5. NCOK?Il) and NH@A) photofragment vyield spectra
near Do(NH+COQ). Top trace: NCO X2II) photofragment yield spec-
trum obtained by monitoring theQ;; bandhead of the(01'0-07°0)
AZ5"—X?2II transition. Bottom trace: NH{!A) photofragment vyield
spectrum obtained by monitoring ti@(2) line of the ¢ Il—a A transi-

42,000
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IV. DISCUSSION
A. Thermochemical implications

The jet-cooled product yield spectra and state distribu-
tions allow us to determine or verify thermochemical data
with good accuracy. After correction for rotational excita-
tion in the NCO photofragment, we obtaidy(H-NCO)
=38370-30 cm ! (109.7+0.1 kcal/mo). This value is
slightly lower than, but in excellent agreement with, the val-
ues of<110.1+0.5 kcal/mol obtained by Zhanet al* and
<110.1+0.3 kcal/mol by Rusciet al.® as well as with the
recent results of Browst al. (38 320140 cm *; 109.6+0.4
kcal/mo).!® The heat of formation of HNCO calculated
using AH?(H)=51.63 kcal/mol (Ref. 20 and
AH?(NC0)=30.4+1.0 kcal/mol (Ref. 21 is —27.7+1.0
kcal/mol, limited mainly by the accuracy of the NCO value.

The appearance threshold of chan¢(®lhas been more
controversial. We place the threshold at 42 840cm™?,
(122.5°3%3 kcal/mol) with no or a very small barrier. The
upper limit is determined by the uncertainty in wavelength

tion. Middle trace: part of the NH spectrum with intensity multiplied by a calibration and the possibility of excitation of hot rotational

factor of 8 to highlight the threshold for one-photon dissociation. The NH

and NCO yield spectra are not normalized to each other to reflect the
relative quantum yields.

irbands. The lower limit is determined by the fact thathed

signal is observed at 42 800 ¢f while a peak appears in
the NCO yield spectrum at this locatigRig. 5. The value
of 114 kcal/mol calculated from Okabe’s UV absorption
dat&? was increased by Spiglaniet al. to 118.7 kcal/mol
(41530 cmY).1=3 This value was obtained from theiNH

[Fig. 4(b)], although near threshold some irregularities ap-yield spectra recorded at 300 K after correction for thermal
pear; for example, the distribution taken with 43 160-¢m  excitation. However, these authors also noted that the aver-

excitation appears anomalously hot. The NCO i yield
spectra in the region of the onset of chan{®lare displayed
in Fig. 5. Here theQ,; bandhead of the 010-010 band of the
NCO (A2%*«—X?2II) transition, whose fractional popula-

age INH rotational excitation decreased linearly with pho-
tolysis energy in the region from 53 000 cfto ~43 000
cm 1, but then leveled off. A straight line extrapolation of
their data to zero averag®H rotational energyFig. 4 of

tion is nearly constant over this narrow excitation energyRef. 2 yields a threshold of 42 706200 cm?, in good

range, is monitoredf The peak heights within each spectrum
reflect the correct relative intensities, but the NCO AN

agreement with our measurements. We believe that this latter
method of estimating dissociation thresholds from 300 K

spectra are not normalized to reflect the relative quantundata is superior. The recent value obtained by Brawal.
yields of channelgl) and(2). Notice that the yield of NCO  with 300-K samples? 42 710+100 cm %, also supports the

does not drop significantly with the opening of chan(®|

and the NCO andNH spectra exhibit the same structure. with

Figure 5 shows an expanded trace of tNél yield spectrum
in the threshold region, where very small pedksnilar to

new value. Note that our value is also in excellent agreement
the threshold calculated usingAH $(HNCO)
—27.7+1.0 kcal/mol, AH?(NH)=85.6+0.3 kcal/mol*®
AH?(CO) =-27.20+0.04 kcal/moF® and NH singlet—

features in the NCO yield spectryirare observed even be- triplet separation of 36.28 kcal/mbl, which gives 122.4
low the 42 900-cm' peak. These peaks appear only at the+1.0 kcal/mol.

high laser fluences required to see the small threshold spec- We can also use the improved thermochemical data ob-
tral feature, and their intensities do not diminish at lowert@ined in this work to determine more accurately the heat of

i 1 1
excitation energies; they are therefore ascribed to two-photofprmation of NCO. FromD,(*NH-CO) and the’NH and

dissociation, a rather efficient process even above dissoci
tion threshold.

Preliminary results of photofragment ion imaging ex-
periments in which H/D fragments are produced by one
color photodissociation/detection of jet-cooledCHNCO at
243.1 nm(41 129 cmY) do not reveal significant anisotropy
in the photofragment recoil, supporting relatively slow dis-
sociation. At shorter wavelengthg recoil anisotropy param-
eters of—0.7 at 217 nm(46 000 cm })** and—0.85 at 193.3

O heats of formation given above, we determine
HYHNCO)=-27.8+0.4 kcal/mol. This value and
Do(H-NCO)=109.7+0.1 kcal/mol are then used to deter-
mine AH?(NC0)=30.3+0.4 kcal/mol, in excellent agree-

ment with the value obtained by Cet al. using a different
method?!

B. Near-threshold decomposition mechanism

The reported jet-cooled absorption and yield spectra, as

nm (51 700 cm })* for the CO and H products, respectively, well as the product state distributions, strongly suggest that

were obtained, indicating much faster dissociation.

HNCO predissociated via channdls) and (2) without sig-
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nificant barriers following radiationless decay to a boundCg symmetry,®?2and its radiative lifetime is expected to be
electronic state, most likel§,. From the widths of the ab- long. Consequently, radiationless decay must be efficient,
sorption features abovBy(H-NCO), we infer that theS;  and a barrier to dissociation via chani&l on S; must exist.
lifetime nearDy, is longer than~6 ps(but shorter than 10 ns, The subsequent dissociation 8y proceeds with no sig-
as obtained from the NCO appearance jimEhe widths nificant barrier as suggested by the low rotational excitation
increase only slowly with excitation energy; in fact, the linesof the NCO fragment. With 38 387-crh photolysis(the first
remain rather narrow ever1000 cm ! aboveD,. Another  peak in the NCO vyield spectrunthe average rotational en-
signature of the slowness of the near-threshold dissociatioargy in the NCO product is only-10 cmi %, and the next
is obtained from the two-photon absorption spectiiy. absorption feature to the red of this peaki85 cm ! away.
2(a)]: The spectral intensity does not diminish noticeably  Establishing the dissociation mechanism at wavelengths
aboveDy(H-NCO), indicating that second photon absorp- where both channeld) and(2) are open is less straightfor-
tion easily competes with dissociation. This mechanism sugward. The rotational distributions of tH&H fragment]Fig.
gest that the linewidths near threshold reflect the couplingl(b)] show that only the lowest rotational level=2, is
strengths in the radiationless decay step, which are expectgmwpulated when exciting in the 42 900-chthreshold band.
to vary only slowly with energy? Had predissociation oc- Higher rotational levels are populated in turn as the excess
curred onS; (whose well depth is<4000 cmil), its rate  energy increases. Again, this behavior is typical of dissocia-
would have increased much faster, and large state-to-stat®n without a significant barrier. Indeed, quenching experi-
fluctuations in the width§as seen for example in the photo- ments of!NH by CO indicate that no barrier exists in the
dissociation of HCORef. 25 and CHO (Ref. 26] might  approach of the two fragment$and recent electronic struc-
also be expected. We do observe some state specificity in there calculations show no barrier &, but barriers ors;
linewidths aboveD ,(H-NCO). For example, in Fig. 3 the andT,.%! The absence of barrier & has been rationalized
linewidths obtained at excess energy60 cm * above by a change in hybridization as CO approachissi. By
Do(H=NCO) are broader than those obtained at 315 tm analogy with the isoelectronic Hj\l barriers onS; and T,
This state specificity most probably originates in the radia-are due to electron—electron repulsion between the in-plane
tionless decay step and is not associated with the dissociation nonbonding orbital of NH and the nonbonding orbital of
rate onS,.%* CO3 The electronic configuration o%, is more compli-
Rate calculation of the decomposition using the Rice—cated, and in HNis best described at long range as excita-
Ramsperger—Kassel-Marc(RRKM) theory support disso- tion of the 104 orbital whose energy increases as CO and
ciation onS, rather than or§,. Assuming a loose transition NH approach. At closer separation, there is rehybridization
state and no barrier to chanr(@), we find dissociation rates to a 2d orbital which is attractive. In HNthis leads to a
betweenD, andD,+1000 cm ! that range from~10° s barrier onS,; however, in HNCO theS, well is much
to ~5x10" s 127 At comparable excess energies, decom-deeper and the barrier is apparently eliminatet.
position onS; would result in rates faster than¥G ™ (cor- The relative quantum vyield ofNH is initially very
responding to linewidths5 cm %) that increase rapidly with small; NCO yield spectra taken at thiH threshold region
excess energy, which is in contradiction with the experimenshow no significant decrease when chan{2lopens(Fig.
tal observations. 5), and Brownet al. have very recently estimated that fol-
Dissociation via channe(l) is favored to proceed on lowing excitation of 300 K HNCO at 43 480 cm the rela-
S, rather than orT,, since recent calculations reveal a sub-tive INH quantum yield®,,,(230 nm) is <0.0312 At higher
stantial barrier to channél) on the latter surfac® Even at  excess energies, tH&lH relative yield increases. Assuming
energies above that barrier, dissociation $is likely to  that for jet-cooled HNCOD),,(230 nm=0.03 as well and
dominate since dissociation an would be difficult to rec- ignoring the increase in the average absorption cross section
oncile with a significant yield of HNCO when the energeti- between 230 and 225 nm, we obtain (225 nm~0.3.
cally lowest pathway, NEK 33, ") +CO, is already opefsee  Since the branching ratio between chanr@sand (2) de-
Fig. 1. pends sensitively on the characteristics of the respective tran-
The S; /S, coupling matrix elements must be small; us- sition states and their dependence on excess energy, it is hard
ing the observed linewidti~1 cm t andp~10¥cm ! (asa to predict without detailed knowledge of the potential energy
rough estimate of the density of states 8) in Fermi's  surfaces. Nevertheless, assuming that dissociation via both
golden rulel’ =27v%p, we obtain that the average coupling channels proceeds only @ ,representative RRKM calcu-
matrix element is~10 2 cm 1.2 Another experimental ob- lations are capable of simulating the observed trends in the
servation supporting weak coupling is the absence of clumpdranching ratios with physically reasonable parameters for
extra lines, or other manifestations of strong couplings in thehe (rather loosgtransition state$’ Had dissociation tdNH
S1—Sy spectrum near th&, origin.l”?° Nevertheless, the occurred onS, from its onset, the increase iNH relative
absence of detectable fluorescence followBigexcitation yield and linewidth would have been much faster. Notice
suggests that nonradiative decay of the bri§htvibronic  that there is no abrupt change in the widths of the spectral
states competes favorably with fluorescence. The absence fefatures near the threshold for chan(®l mitigating, again,
fluorescence is not surprising, since Bg—S, transition is  againstS,; participation. At higher excitation energies, the
weak (it is equivalent to the forbiddeA 13, « X 12; tran-  lines progressively broaden and an underlying continuum ap-
sition in the isoelectronic CQ and thus allowed only in pears[Fig. 4a)]. Obviously, this continuum derives partly
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from increased spectral congestion, but the participation of &(a) W. S. Drozdoski, A. P. Baronavski, and J. R. McDonald, Chem. Phys.

direct channel cannot be ruled out.

V. CONCLUSIONS
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