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products via Sy and T; pathways
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The photoinitiated unimolecular decomposition of formaldehyde via théd1BO radical channel
has been examined at energies whereShand T, pathways both participate. The barrierl&gs
pathway has a loose transition statgéhich tightens somewhat with increasing energyhile theT;
pathway involves a barrier and therefore a tight transition state. The product state distributions
which derive from theS, and T, pathways differ qualitatively, thereby providing a means of
discerning the respectiv& andT, contributions. Energies in excess of the-HCO threshold have
been examined throughout the range 1&@&§<2654cm?® by using two complementary
experimental techniques; ion imaging and higRydberg time-of-flight spectroscopy. It was found
thatS, dominates at the low end of the energy range. Heygarticipation is sporadic, presumably
due to poor coupling between zeroth-ord®y levels andT; reactive resonances. Thed3g
resonances have small decay widths because they lie beloly therrier. Alternatively, at the high
end of the energy range, thig pathway dominates, though a mod&gtcontribution is always
present. The transition froi®, dominance tor; dominance occurs over a broad energy range. The
most reliable value for th&, barrier (1926210 cm ') is given by the recerdb initio calculations

of Yamaguchiet al. It lies near the center of the region where the transition f&ndominance to

T, dominance takes place. Thus, the present results are consistent with the best theoretical
calculations as well as the earlier study of Chuah@l, which bracketed th&, barrier energy
between 1020 and 2100 ¢thabove the H-HCO threshold. The main contribution of the present
work is an experimental demonstration of the transition figo T, dominance, highlighting the
sporadic nature of this competition. @000 American Institute of Physics.
[S0021-960600)01306-4

I. INTRODUCTION where reaction(1) occurs solely viaS,, while reaction(2)

ling the oh hvsi d oh hemi ; can occur via botfsy and T, .
Unraveling the photophysics and photochemistry of gas Not only do the molecular(H,+CO) and radical

; o . (H+HCO) product channels compete, but distiSgtand T
tramolecular and reaction dynamics in small polyatomic )P P 8 !

. .._pathways can lead to the same products, i.e., thdHBO
molecules~27 Because of the many desirable features of its” ys can le: o bro ;

) channel. It is this competition within the radical channel
energy level structure, as well as the vast amount of infor- hich is the f t the present study. T nd
mation that has accrued concerning couplings betwee ch 1s the focus of e present study. 15§ SO and

,—T, coupling mechanisms are different, and in addition

zeroth-order levels, }CO is an attractive candidate for de- , ) .
tailed studies of complex phenomena associated @tra- reactions that yield radical products proceed on $heand
1 surfaces via loose and tight transition states, respectively.

diationless decay. For example, Fig. 1 shows that severdl i ; > ;
parallel unimolecular decomposition pathways exist, yield-Understanding the dynamics of such competition requires a
ing two sets of chemically distinct products knowledge of how the various molecular parameters influ-

ence the apportionment of reactive flux into the different

H,CO—H,+CO (1)  decay pathways. Indeed, this is a central issue in molecular
reaction dynamics.
—H+HCO, 2 Formaldehyde’sS; surface is readily accessed from the

Sy vibrationless ground state via photoexcitation, which is
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34 - L ciently above the top to obserdg dominance.

I = o0 The S;—S, coupling matrix elements fluctuate since they
2+ = .
%33218%0 depend on the nature of ti8 levels(or resonancgswhich

have been shown to be ergodit® At the energies of inter-
est, the effect of these fluctuations on tBgreaction rates
ey will, to some extent, be averaged out. Note that $heath-
! ‘ way leading to molecular products is open throughout the
energy range of interest.
In contrast, the fluctuations in the, rates are expected
/ ! to be relatively large. Thé; contribution to reaction2)
7 T 7 B depends on the proximity o, and T, levels of the same
SO(lAI)__/ ; symmetry, as well as features of tfig surface. Indeed, the
H,CO H, +CO energy of the top of thel, barrier is critical. Below it,
FIG. 1. Energy diagram for the lowestEO dissociation channels. THg S,—T, coupling is limited by. the .Spars-él level de|_15|ty and
barrier energy is from Ref. 23. Followin§,— S, photoexcitation, thes; the narrowT; resonance widthsi.e., theTl reaction rates
—S, andS;— T, pathways both lead to HHCO products, while +CO  are governed by tunneling and therefore are smabove it,
is accessible only vi&;,— Sp. the T, resonance widths are expected to be comparable to the
mean level spacings of the, levels which can be accessed
from a singleS; level. In this region theT; pathway may

intersystem crossing. Hence, the viability of thg unimo- ~ compete favorably. _ o _
lecular decomposition pathway increases with energy. The yvork reported herein makes use of distinct experi-
The S, and S, surfaces are coupled by second-ordermer_‘t_al signatures of thﬁo and theT, unlmolecul_ar decom-
nonadiabatic vibronic interactiodwhereas thes; andT,  Position pathways. Since th8, pathway is barrierless, the
surfaces are coupled by second-order spin—orbiforresponding product state distributiofBSD’S are ex-
interactions-*~131%%6These couplings are weak. The magni- pected to be near statistical. On the other handTthiearrier

tudes of the measures;,—T, matrix elements range from results in PSD’s which differ qualitatively from thef,
0.01 to 0.1 cm*!® The magnitudes of th&,—S, matrix ~ counterparts, at least at the energies of concern in the present

elements have been obtained experimentally fgc®,  Study. Specifically, it is anticipated that for the HCO pro-
where an upper bound of less than"f@m™! has been duced vialy, vibrational excitation will be scant and modest
reportecﬁ’_g The HCO matrix elements are expected to bea-aXiS rotation will result in onIy the |0W€SKa levels being
somewhat larget’ 1 When combined with other molecular populated. The utility of theS, and T, signatures derives
parameters, such as level densities, these parameters canffmn the fact that they are very different.
used to estimate coupling strengths, as discussed below. The experimental strategy, which pays special attention
While reaction(1) has been the focus of many studlés, to the signatures mentioned above, is straightforward. A
the mechanism of reactio(®) has received less attention. number of “excess” energiesi.e., in excess of 30328.5
The competition between reactions proceedingsgandT, ~ ¢m ') were chosen to lie just above the energies of low-lying
has been examined experimentally by Chuangl_,zo who HCO vibrational levels. The population of HCO vibrations at
deduced that the top of tHE, barrier lies between 1020 and energies just above their thresholds is a signature of statisti-
2100 cmi ! above the H-HCO threshold30328.5 cmY).2!  cal dissociation on a barrierless surface. Rotational distribu-
Dulligan et al. studied reactiori2) at excitation energies be- tions were also determined; they provide good signatures for
tween 31500 and 31 855 ¢rh?? They argued that competi- both the statistical %) and dynamically biasedT() path-
tion between dissociation d&, and T, is important through- ways. The variation in the PSD’s as a function of excitation
out this range, and that the contribution of each pathway cawavelength then reveals ho®8y and T, participation varies
fluctuate strongly with excitation energy. Because of thesavith excess energy.
fluctuations and the role played by tunneling, the experimen-  Two complementary experimental techniques were used,;
tal data could not be used to infer an accurate value for thphotofragment ion imaging and high-Rydberg time-of-
energy of theT, barrier. A recentab initio calculation by flight (HRTOPF spectroscopy. Each yields center-of-mass
Yamaguchiet al. places theT, barrier at 1926:210cm .22 (c.m) translational energy distributions, which are equiva-
The high accuracy of this calculation makes it the most relident to HCO internal energy distributions. The ion imaging
able determination of thd; barrier energy to date. The arrangement is particularly sensitive to products with low
present results complement the seminal study of Chuangm. translational energy, and therefore best reveals HCO
et al,?° the earlier results from our grodp,and the high- vibrational populations when the excess energies are just
level ab initio calculations?® above the thresholds for these levels. However, the resolu-
In the present study$; < S, photoexcitation has been tion is low; i.e. only HCO vibrations can be resolved. With
carried out by using a range of photon energi8$431—- the HRTOF technique, as implemented here, only the two
32983 cm?) for which it is believed that the competition lowest HCO vibrational levels are seen, but the resolution is
between theS, and T, pathways can be most easily dis- higher and partially resolved rotational structure is obtained.
cerned. The region of th&, barrier is explored—from suf- The results support a mechanism in whighdominance
ficiently below the top to ensur§&, dominance, to suffi- yields to T, dominance with increasing energy. The energy
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FIG. 2. Schematic of the photofragment ion imaging experimental arrange-
ment. FIG. 3. Schematic of the HRTOF experimental arrangement.

range over which this transition takes place is broad and . : .
most likely centered near the top of tiig barrier. At the corded as an image. Temporal gating of the detector provides

lowest photon energies usedl, participation is sporadic, mass resolution. Acceleration voltages between 35 and 95

: - : T V/cm were used, corresponding to flight time® us.
while at the highest photon energies usgglparticipation is ) ) .
persistent but is modest relative to thatTof. A pulsed, skimmed, differentially-pumped molecular

beam containing-1% H,CO in He was prepared by passing
He at 1 atm over paraformaldehyde heated-%@0 °C. The
Il. EXPERIMENTS mixture then passed through a cold trgp95 °C) prior to
Both the photofragment ion imaging and the HRTOFentering the nozzle assembly. Expansion coolesC®!
techniques have been used to obtain HCO internal energyT =6 K) entered the reaction chamber thrbug 1 mm
distributions following photoexcitation at various wave- hole in the repeller plate along the symmetry axis of the ion
lengths. The ion imaging method yields two-dimensionaloptics, and was photoexcited by using linearly polarized,
(2D) projections of the three-dimension@D) distributions  pulsed, tunable radiatiof0.5-1 mJ, 304-318 nmwhich
of H-atom velocities, whereas the HRTOF method providesvas slightly defocuse(ll5 cm focal lengthin the interaction
angle-specific distributions of H-atom arrival times. Both region. Nascent H atoms were probed via P resonance-
techniques have the advantage that HCO internal erdisgy enhanced multiphoton ionizaticfREMPI) (Ref. 29 by us-
tributions are obtained with each laser firing. However, theing 0.2 mJ of focused15 cm focal length243.1 nm radia-
HRTOF technique, at least as implemented in the preserion, which was linearly polarized in the vertical direction of
study, is biased against low H-atom speeds; for example, khe detector plane. The pump and probe beams counterpropa-
atoms whose recoil velocities are nearly equal to the molecugated along a direction perpendicular to the molecular beam
lar beam velocity cannot be collected because they miss thaxis with a pump—probe delay &f5 ns.
detector. On the other hand, the full range of H-atom veloci- ~ The probe radiatioflinewidth ~ 0.2 cm %) was stepped
ties is recorded when using the imaging method, but witthrough the H-atom Doppler linewidthtypically ~2.5
lower resolution. Thus, the two techniques are complemenem ). At each step, an image deriving from a “slice” out of
tary, and consistency between the two data sets is easiljie full Doppler profile was accumulated from®l@ser fir-

verified. ings. Each slice yielded a vertical strip at the detector, with
A lon imadin different slices occupying different horizontal positions. The
' ging corresponding H-atom background image for each slice was

The photofragment ion imaging arrangeméfilg. 2) is  recorded by putting the probe pulse before the pump pulse.
standard*~?8and includes ion optics configured for velocity The displayed images represent properly weighted superpo-
mapping?®~?®Briefly, the apparatus consists of an ion accel-sitions of all of the background-subtracted slicesually
eration stagdrepeller, extractor, grounded platea 60 cm  20-50Q. This procedure works well because the angular dis-
drift tube, and a position sensitive microchannel p[M€P)  tribution of the H-atoms is isotropic.
detector, positioned parallel to the ion-optics plates. The
MCP detector is coupled to a phosphor screen which isB HRTOE
monitored by a CCD camera. Details are given elsewffere. =
With this method, all ions having the same initial velocity A schematic drawing of the HRTOF arrangement is
vector are focused to the same position on the detector, bgfiven in Fig. 3. Details regarding the use of this method to
the conversion from radial distan¢as measured from the obtain c.m. translational energy distributions for reacti®n
center of the imageto velocity depends on the voltage ratio have been presented elsewh&éeatures of the HRTOF
employed to achieve velocity focusing, and therefore musarrangement which differ significantly from those of the ion
be calibrated. The projection on the detector plane is reimaging arrangement aré) its perpendicular molecular
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TABLE |. HCO vibrational energies and their assignments in Fig. 5.

State Assignment
(v1vyv3)? Energy in Fig. 5

(000 e a

(001 1081 b

(010 1868 c

(002 2142 d

(100 2435 e

4x10° m/s

8y, = CH stretch,v,= CO stretch,v;=bend.
PReference 32.

beam/detector geometrtii) the highn Rydberg atom probe
technique, in which the high-Rydberg atoms are field ion-
ized at a mesh a few mm in front of the MCP; afiid) its
long TOF path(~110 cm. The preparation of the molecular
beam differed from that used in the ion imaging
experiment$? resulting in a slightly higher parent rotational
temperature T,,w< 10 K). Photoexcitation was carried out by
using photon energies ranging from 31555.0 to 32982.%G. 4. Images of H atoms following &0 photodissociation &' values
cm L. H-atom TOF spectra were recorded at those photonf (a) 2146 cm* and(b) 2521 cm*. Shown on the left are 2Projections

energies which yielded the largest signals; spectra were a\9j thg 3D recoil velocity distribution@'.e., the raw data The corre;pond@ng
.. 2D slicesthrough the symmetry axis of the reconstructed 3D intensity are
eraged over>10* laser firings.

shown on the right. Approximate velocity scales are included.

[S—
4x10° m/s

Ill. RESULTS

For the photon energies employed in this study, $he
— S, spectrum encompasses the region of th@31 234!,  the 3D H-atom velocity distributions, while the right-hand
2248, and 12'4' S, vibronic levels; however, perturbations side shows the corresponding 2D slices through the center of
with other vibronic levels are too numerous to allow the reconstructed 3D distributions. The magnitude of the ve-
assignment3®3! Even with expansion cooling, the REMPI locity increases with radial distance. Each 2D projection is a
spectrum of formaldehyde shows that the excitation laseresult of integrating over the H-atom Doppler line shape, as
linewidth (i.e., <0.15 cm® for both the imaging and described in Sec. Il. Symmetrized 2D images were used to
HRTOF studiesis not sufficiently narrow to permit state- generate 3D distributions via an Abel transfotinyith the
selective excitation at all photolysis wavelengths. Namelylinear polarization of the photolysis radiation defining the
some results derive from a sing® rovibronic level while ~ symmetry axis. The vertical stripes in the images on the right
others derive from two or morg, levels. hand side are due to noise which accumulates along the sym-
metry axis in the Abel transform. The velocity distributions
corresponding to Figs.(d) and 4b) are quite different. In

Photofragment ion imaging data have been obtained &@), the intensity is skewed towards the inner and outer por-
the following photon energies: 31431.3, 31554.6, 31 736.3tions of the image, whereas i), four rings are observed,
32248.6, 32473.9, and 32849.0 cin uncertainties are with intensity decreasing from the center.
+0.5 cm . To provide convenient figures-of-merit, the Figure 5 shows the HCO internal energy distributions
H+HCO dissociation energ§80328.5 cm?) (Ref. 21) has  (solid lines obtained at the siE' values. The features la-
been subtracted from the photon energies. The resultingeled a—e are attributed to HCO vibrational lev@lable I).
numbers are the energies available for product excitationor E' values of 1408 and 2146 cmh note the large
minus the parent rotational energies. The latter are notlCO(000 population relative to the populations of the other
known for most of the transitions, but are modest on averagelCO vibrational levels. The distributions at 1103, 1920,
becausd, is <10 K. Thus, these figures-of-merit are lower 2146, and 2521 cit show HCO vibrations which are popu-
bounds to the available energies. They will be dendiéd lated at energies near their thresholds, indicating the partici-
and rounded to the nearest wave number. The excitation etpation of a barrierless decomposition pathway.
ergies have been chosen to lie just above the thresholds for The high sensitivity of ion imaging to fragments having
the low lying HCO vibrational leveld® whose energies are slow recoil velocities can be seen by comparing the distribu-
given in Table 1. tions given in Fig. 5 with the images given in Fig. 4. Though

As mentioned above, the resolution is sufficient to iden-the fractions of HCO produced in highly excited vibrational
tify HCO vibrational, but not rotational, excitations. Spa- levels is modest, the corresponding peaks in the intensity
tially isotropic product distributions are expected becausalistributions of the 2D slices are large. This is because the
dissociation is slow. Representative images are shown islow ions, i.e., those which are associated with high internal
Figs. 4a) and 4b) for E values of 2146 and 2521 cth excitations of the counter-fragment, lie near the center of the
respectively. The left-hand side shows the 2D projections ofmage, thus yielding a high ion density.

A. lon imaging
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Translational Energy / cm™!
FIG. 5. Solid lines indicate H atom translational energy distributions obtained with the ion imaging app&afatakies, in cm?, are indicated in the upper

left hand sides of the boxes, and HCO vibrations are labeled a—e as per Table |. Fits using the SSE/PST model are indicated by the dashed lines. All
distributions are normalized to the same area.

B. HRTOF main. Whereas the S/N is not affected by the spontaneous

Figure 6 shows 40 HCO internal energy distributions€Mission lifetimes of the high-Rydberg H atoms$which are
obtained by using the HRTOF technique. The raw data hav@ factor of~50 larger than the Iongest flight times presented
been transformed from the time domain to the energy dohere, i.e.~20 ms vs~400 us),** it is a decreasing function

20 (2308) 326365 ‘/\/\’WAV "”"*M W0 (654) 329825 M
19 Qu6)* 32474 f/\w\ —— 390 (2643) 329711 . bbb b
18 (2140) 324687 - :W
38 (2638)  32966.1
17 (2108) 3243638
/\/\/\/\/“\,\_/\\—'N 37 (2629) 329572 /ﬂ\‘\\
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5 ey 33303 4 (6la) 320429 MWW et
Mm 33 (@601) 320296 bevirented s
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32 @599) 320272 _—
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2 (2300) 3271838 M

21 (2361)  32689.6

1 (1227)* 315550
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Wavenumbers Wavenumbers

FIG. 6. HCO internal energy distributions obtained by using the HRTOF method. The distributions are numbered 1-40; photon endjjiealzes
(parenthesesare in cniL. Asterisks denote traces for which ion imaging data were also collected. The distributions are scaled such thatG8IOHGO
=1 stacks have the same peak intensity.
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o T I HCO(001).>>3¢ The energies of theK,=N levels are
N~ S~ NS — marked by vertical linesK, values as high as 6 can be
* * Il discerned in HC@O00 and HC@00Y). In addition, Fig. 6
‘ ’ ‘ ‘ | ‘ H“ \ H‘ \H ‘W‘H‘H shows several traces that display structure which can be at-
. s oas es o2 53 1> ooy a0 tributed to the distribution of thBl quantum numbers within

L a K, stack(e.g., trace 1K,=5 and §. However, for the
31700 32100 32500 32900 most part, theN distributions are structureless at the present
Phoclysis Energy fen? resolution. Note that populations in HO@O) levels having
FIG. 7. Photolysis photon energies at which the HRTOF data were col ;> 6 are difficult to discern, because these levels lie at the
lected; asterisks and numeral designations as per Fig. 6. Congested regioggme energies as HQ@1) low-K, levels. In addition, sig-
are expanded. nificant population of highN levels smears out thi€, reso-
lution for many of the distributions obtained at the highest

T 3 . photon energiege.g., traces 30—35In general, the rota-
of E" due to thq dependgnce of the Jacobian uged to tran.stional distributions fluctuate as the photon energy is changed,
form from the time domain to the energy domain. In addi-

) . . as has been reported previously at lower energies.
tion, as the H-atom recoil speed in the@O c.m. system P P y g

hes th d of th lecular b th ¢ A careful examination of the distributions shown in Fig.
approaches the speed ot tne molecuiar beam, the PErcentags, jicates that the signal intensity rises at the energy of the
of the H atoms that reach the detector diminishes, thereb

Wrst excited HCO vibrational leve{1080 cmY). In some

g:ztsortlng the distributions at the highest HCO internal ENeases this rise is prominent, while in others it is relatively

Phot _ & val . th listed small. However, it is always present. The presence of
rhoton energies artd va “?S(”.‘ parenthesgsare lis e .HCO(00)) is interpreted as evidence for the persistent par-
beside each trace. The distribution of photon energies i

ficipation of theS, reaction channel, since vibrationally ex-
shown in Fig. 7. HCO internal energy distributions obtained b So ' y

: . . . ““cited HCO is not expected to be produced Via for the
at wavelength_s which were als_o used in the imaging StUd'eisange ofE" values used in the present study.
are marked with asterisks in Fig. 6.
As shown in Fig. 8K, quantum numbers can be iden-
tified, whereK, is the quantum number for the projection of |\ STATISTICAL MODEL
the angular momentuni\, on the HCOa-axis, with HCO
approximated as a prolate symmetric tfphe A, B, andC Because theS, pathway to H-HCO is barrierless,

rotational constants are 24.3, 1.5, and 1.4 tmespectively, PSD’s can be calculated straightforwardly by using statistical
for HCO(000, and 26.5, 1.5, and 1.4 cmh for Models. The separate statistical ensembles with phase space

theory (SSE/PST approach is an empirical method that has
been shown to give good results for product excitations de-
2549 riving from barrierless pathways in small polyatomiés*
Therefore, it is applied here. This approach assumes that
l | | product vibrationsY) are determined earlier along the reac-
tion coordinate than are product rotational, translational
(R, degrees of freedom. Details are given elsewtiére.

The HCO vibrational distribution is obtained by using
SSE, and the rotational distribution for a given HCO vibra-
tional level is then calculated by using P&TThe long-
range attractive potential is taken a$Cgq/ rgm, wherer ., is

i ! | | | | the distance between the H atom and the HCO c.m. Ad-

0 400 800 1200 1600 2000 equate fits are obtained withg values of~2x 10 8Jnf.

This value is similar to that used by Terengs$al. (i.e.,

2627 ~3x10 "83nf),*® who compared rotational distributions
obtained at energies within 60 ¢crh of the reaction(2)
threshold with results calculated by using statistical models.
Because of the large uncertainties which arise due to the
participation of T4, fluctuation phenomena, etc., represent-
ing long-range attraction with a more accurate potential than
the — Cﬁlrgm term provides no advantage in the present case.
Though the conclusions presented below are not sensitive to
0 400 800 1200 1600 2000 details of the statistical model, constraints due to angular

HCO Internal Energy / cm” momentum conservation are significant, even at low excita-

tion energies, because of the small reduced mass of this
FIG. 8. HCO internal energy distributions for HRTOF dat&at 2549 and system44

2627 cmiL. K, stacks for thé000) and(001) vibrational levels are indicated . . ..
for K,=N. The 2549 cm* data showK , values up to 6 for each vibrational The intended use of the aforementioned statistical model

level. Fits using the SSE/PST model are indicated by open circle€'for IS 10 help establish the respective ContripUtions of$pand
—2627 e, the fit is scaled to the HOOO1) portion of the trace. T, reactive pathways. Because comparisons between calcu-

KL,:OIZ? é'l 5| 6| O|1|ZT 4|1 5 6

001

—_~
2
=
=

=
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) (010)

Downloaded 14 Jul 2010 to 128.125.205.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



2758 J. Chem. Phys., Vol. 112, No. 6, 8 February 2000 Valachovic et al.

o =1.3x10 "®8Jnf for two representative distributions. At
f" | ET=2549 cm?, theK, structure is reproduced for both the
/ \ ground and excited vibrational levels, suggesting tBat
\ dominates. On the other hand Elt= 2627 cm'%, the experi-
| mental trace cannot be fit by using the model. However,
when fitting the HC@001) part of this trace, a fit is also
e ) \ obtained for the higher HC@OO00) K, levels, though the ex-
e R K perimental S/N is very low. Thus, it appears tigtand T,
S both participate, with the latter producing significant
amounts of rotationally cold HC@O00. Recall that only
substantiall, participation can be identified.

FIG. 9. Expanded view of the 2146 cthtrace taken from Fig. 5. The In summary, the HRTOF and ion imaging data give con-
SSE/PST tracédashed linghas been scaled by a factor of 0.4. sistent signatures of th§, and T, pathways. Furthermore,
the “best fit” Cg values are the same for both the HRTOF
distributions and the ion imaging data obtained at the same

lated and experimental HCO distributions are subtle, onI)JET values.
large differences are interpreted as strong evidenceT for
participation. With this in mind, Fig. 5 shows comparisonsv' DISCUSSION
between the ion imaging dataolid lineg and the statistical At energies just above the +HHCO threshold, radical
model(dashed lines At E' values of 1103, 1226, 1920, and production occurs almost exclusively via the barrierl8gs
2521 cm* the fits are considered reasonable, so it is conpathway because th&, barrier is high enough to inhibit
cluded thatS, plays a major role. reaction efficiently(Fig. 1). As the energy is increased from
On the other hand, at 1408 and 2146 cithe calcu-  below to above the barrier, th pathway becomes increas-
lated distributions differ significantly from the experimental ingly important. TheS, vs T, radical channel competition is
ones. In each case there is more population in KBDO  dictated by the relativé, radiationless decay ratése., S;
than predicted by the statistical model. We interpret this to— S, vs S;—T,) because the rate for the molecular channel,
mean that reaction vidl, is substantial, since th&, barrier ~ which is open throughout the range of concern, is not
is expected to channel energy into prod&Gil excitations  strongly energy dependent.
(mainly T) but not HCO vibrational excitation. Population of
excited HCO vibrational levels is attributed to reaction via
S,. For example, Fig. 9 shows a comparison f&f Consider a singles; level coupled to a number d$,
=2146 cm?, in which the calculated distribution for tH® levels, which are in turn coupled to ti& dissociation con-
pathway is scaled to thie andc features. In this case, both tinua. In the energy range of interest, tBgvibrational level
the S, and T, channels appear to be open, since the excitedlensity is~100/cm %, which is divided equally between the
vibrational levels are incompatible with th€, pathway, four C,, symmetry species. Because th&;(}A),)
while the large HC@OO contribution is unlikely for the «—Sy(*A,) transition becomes allowed for vibronic states of
case of soles, participation. The same conclusion may be B, symmetry, most of the strong transitions re&hlevels
drawn for the 1408 cm' trace (not shown as well as for having odd numbers of, quanta b; symmetry. These lev-
several additional distributions obtained by using theels, in turn, can couple t§; vibrational levels ob, symme-
HRTOF method. Note that the HRTOF data taken at 2148ry, i.e., those having odd numbers of quantavgf(the an-
and 1408 cr? are in agreement with the ion imaging data. tisymmetric CH stretchor v (the CH, rock). In the absence
The HRTOF data that display &y signature(i.e., HCO  of Coriolis coupling, each symmetry species must be treated
vibrational excitation and rotational distributions extendingseparately. However, Coriolis coupling mixes the vibrational
to high K, values can also be simulated satisfactorily by symmetry species as well as the zeroth oilgtevels. Thus,
using the same statistical model. Acceptable fits have beem number ofS, levels are accessible to a giv&a level. In
obtained by usingCg values between 810 7® and 2  addition, theS, “levels” are quasibound, i.e., they are reso-
x 10~ "8 nP. Note that only regions where the c.m. transla-nances whose widths are due to the sum of the unimolecular
tional energies exceed 500 cm * have been fit, because decay rates to the 4 CO and H-HCO products. The cou-
the signals here are believed to be proportional to populapling of S; andS; has been worked out, including ranges of
tions, i.e., distortions of the distributions caused by the mowvalues for the matrix elemenfs'® However, this was done
lecular beam velocity are small. In obtaining distributionsfor D,CO and it is not obvious how to scale the matrix ele-
from the data, the molecular beam velocity, photolysis vol-ment values obtained for 8O to the case of CO.
ume, and temporal resolution are taken into account. For the The S;— S, radiationless decay rates, as judged for ex-
range of recoil speeds encountered in the present studgmple by theS; decay widths, are smaller than the sum of
AE/E is not constant, even for the faster fragments. A nuthe S, unimolecular decay rates for the ,HCO and
merical model was used to estimate the resolution, whictH+HCO channel§. Thus, reaction rates cannot be inferred
was then convoluted with the SSE/PST estimate to yield theeadily fromS,; decay widths. In addition, as mentioned ear-
calculated trace shown in Fig. 8. lier, there may be some lumpiness in the variation of the
Figure 8 shows the fitécircleg obtained by usingCs  S;—S, coupling strength with energy, because the averaging

L ¢ L 1 T
0 500 1000 1500 2000

Translational Energy / cm™!

A. S-S, coupling
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which takes place over tH&, resonances may be insufficient

to completely eliminate all such structure. However, this isat resonance; T
not expected to result in prominent effects, for example in
PSD’s. Note that at the energies of interest in the presen..

study, Sy unimolecular decomposition occurs in the regime
of overlapping resonances.

B. S;—T; coupling

The situation withS;—T; coupling differs qualitatively
from that of S;—S, coupling. At the energies of interest, the
T, vibrational level density is~0.3/cm . This was esti-
mated by using accurate experimental frequentiesnd
when these were not available the best theoretical vafues.
Thus, theT, vibrational level density is sparse compared to
that of Sy,%° and above theT; barrier theT; resonance
widths (which are due primarily to the HHCO unimolecu-
lar decomposition channedre much larger than th&, reso-
nance widths. Also, as discussed before, a siSglevel can
couple to a number of zeroth-ord€&y rotational levels, each
belonging to a different; vibrational level!'~1*%2Thus, the
average separation between accessihleesonances can be
comparable to th&, resonance widths, even just above the
top of the barrier.

The energy dependence of the contributionTefto the
decay of theS; levels is expected to be irregular in the re-
gion of the T, barrier. Note that below th&, barrier the
resonances are sharp, because tunneling diminishes the re
tion rates, and therefor&,—T; coupling is more sporadic
than either at or above thig barrier. Thus, the energy of the
T, barrier figures prominently in the competition between
the S, and T, pathways. The most reliable value for the
barrier comes from the receab initio calculation that place
it at 1920-210cm 1,2 in agreement with experimental
results?® In combination with the data reported herein, it will
be used to infer the reaction mechanism.

H,CO unimolecular decomposition 2759

values spanning 7>510 4 to 7.5x10 ?cm % Thus, even

s, T, can take on a large range of values.
Below the top of theT, barrier, theT,; unimolecular
omposition rates are diminished by the tunneling prob-
abilities. From Eq(4), one sees that makingl'r narrower
causedil's 1 toincrease at exact resonance. However, as
ATt gets narrower, it becomes increasingly difficult to
achieve theS;—T; near-resonance condition of E@), and

the net effect is that the avera§e—T, coupling is small, but
should exhibit large fluctuations. This suggests that above
the barrier, wherhl“Tl increases and there are more oppor-

tunities for accessing these resonances, the contribution of
the S;— T, pathway should increase, assuming sufficiently
large Vs 1 | values. Given the coupling parameters of the
present case, the energy range over which this occurs is ex-
pected to be broad and centered near the top off thear-

rier.

C. Experimental signatures

For the energy range under consideratiom., 1103
<E'=<2654cm?), reaction viaT, is unlikely to result in a
measurable amount of HCO vibrational excitation. Thus,
HCO deriving fromT; is expected to be almost entirely in
the ground vibrational level. Since the calculafedtransi-
tion state geometry is such that the departing H atom is al-
atost perpendicular to the HCO plaffesomea-axis rotation
is inevitable. However the higK, values(up to 6 seen in
many of the spectra are unlikely to originate from reaction
via a barrier. Specifically, the repulsive forces which act at
distances beyond the barrier are expected to efficiently excite
c.m. translation, and to a lesser extdylc-axis rotation,
which smears out th& , structure at lowK, values.

On the other hand, reaction d8, to radical products
occurs via a loose transition state, albeit with some

A series of spectroscopic studies by Ramsey and cotightening® Thus, not only is HCO vibrational excitation an-

workers has shown that below tfig barrier the magnitudes
of the S;—T, matrix elementsvslTl, fluctuate, spanning the
range 0.01—0.1 cit.’® These values can be used to make
order-of-magnitude estimates of ti&— T, decay widths.
For example, the width of a®; level decaying to thél';
continuum via a single bound; level is given in the weak
S,— T, coupling limit by*®

AT+
2 1
(Es,—Er))?+ (AT'1/2)%

ﬁrsﬁle |VSlTl| 3
whereES1 and E;, are the energies of the bouis and T,

levels, and the unimolecular reaction oTalevel is charac-
terized by its widthﬁFTl. At resonance, Eq3) reduces to

4|Vt |?

Sl—>T1_

For aT; vibrational level density of 0.3/cnt, the cor-
responding Hp value is 1.0 10''s™ 1. When substituting
this for a typical value of'r in Eq. (4), the range oVs 1,

values reported by Ramsey and co-workers yiéiIdT%ﬁTl
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ticipated at the energies of the present experiments, but ac-
cording to statistical models, the HCO vibrational levels
should be accessed at or just above their energy thresholds.
HCO rotational excitation is also expected to be in reason-
able accord with predictions made by using statistical mod-
els. For exampleg-axis rotational excitation should be more
abundant than in the case of reaction Via

The above signatures are useful because the level distri-
butions associated with tH&, and T, pathways differ quali-
tatively. Were this not the case, fluctuations witBandT,
might mask the differences. Note that snBjlcontributions
to the HCO PSD’s can be concealed easily $yyfluctua-
tions. Thus,T, is most readily identified when its relative
population is substantial. On the other hand, sr8gitontri-
butions can be identified by population of the highest
energetically-allowed HCO vibrations.

Referring to the ion imaging data shown in Fig. 5, the
distributions obtained aE'=1103, 1226, 1920, and 2521
cm ! can be fit satisfactorily by using the statistical model,
suggestingS; — Sp; dominance. In contrast, the distributions
obtained at 1408 and 2146 ¢hcannot be fit by using the
statistical model. In particular, there is too little population in
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the excited vibrational levels. It appears that Sechannel  VI. SUMMARY
is open, as evidenced by some vibrational excitation, yet the

T contribution.dominates. Note that 1{?8 chis beI.ow the H-+HCO products have been examined experimentally in the
calculated barrier height of 192210 cm -, suggesting tun- region 1103<E'< 2654 cnv L. Complementary experimental
neling and the existence of near resonance with a spégific techniques(ion imaging and HRTOF have been used to

level. . . . obtain c.m. translational energy distributions, which mirror
Similar conclusions are reached by inspection of thepe corresponding HCO internal energy distributions.

HRTOF spectra. Referring to Fig. 6, the HRTOF data dis-  Tpe S, pathway leading to HHCO is barrierless,
play features that can be ascribedSpandT, . For example, \hereas theT; barrier height has been calculated to be
at the highesE' values(2585-2654 cm?) the distributions 1920+ 210 e 2 relative to the H-HCO threshold® Conse-
display a small contribution from HGO02). Also, within  quently, S, dissociation is expected to dominate at energies
HCO(000), a-axis rotation is modest, whereas mdawe-axis  above the H-HCO threshold but below the top of the bar-
rotation is present than in most of the other distributionsyier, while T, dissociation is expected to dominate well
Thus, these distributions displdy, signatures. above the top of the barrieS, and T, signatures differ
On the other hand, the distributions obtained betweemualitatively; S, yields near statistical PSD’s, whereagis
2390 and 2549 ci are different. There is more HGA01),  expected to yield HCO having no measurable vibrational ex-
more a-axis rotation, and better resolution of thg peaks. citation and relatively littlea-axis rotation.
However, at 2361 cm' a T, signature appears and persists  The data display both th&, and T, signatures and dem-
asE" is lowered to 2108 ct. Below there, théS, signature  onstrate the complexity of the reaction dynamics throughout
dominates, but not without exception, e.g., 1408 ¢m the region wherd ; turns on. It is seen that at the high&t
Because of the overlap of the reactive resonanceS,on valuesT; dominates, though there is a persist&gtcontri-
at the energies of concern, it is expected that the rate assbution, as evidenced by the presence of the KD vibra-
ciated with this channel varies more smoothly with energytional level in all of the PSD’s. At the lowe&" values,S,
than does the rate associated with Thechannel. The latter dominates, thoughT; contributions appear sporadically.
fluctuates because the triplet resonances are not strongffuctuations are expected to be present, Wittparticipation
overlapped throughout the range of interest. The calculatebleing infrequent at the lower energies and prevaleat not
T, barrier height of 1926:210cm ! is consistent with this to the total exclusion of;) at the higher energies. These
interpretation. Near and below the top of tig¢ barrier,S,  observations are consistent with the calculated value of the
dominates on average, whereas above this er€igglays T barrier height® as well as the earlier study of Chuang
the more significant role. We believe that the data shown it al®
Figs. 5 and 6 are a representative sampling for the range The transition fromS; to T, dominance occurs over a
1103<ET<2654cml. broad energy range extending from below to above the cal-
culated top of thél'; barrier. There is no abrupt break where
channel switching occurs, for example at the barrier top. Be-
low the barrier top,T, participation is observed and attrib-
uted to tunneling, while just above it, tfig resonances are
D. Relation to previous studies not sufficiently dense to dominate. However, as the energy is

. ) increased to the highest values used in the present siydy,
The present data are relevant to previous experlmenthor.ninance becomes clear, though even ISyres present to

observations. For example, it 2‘;‘5 been pointed out that af nogest extent. It is likely that such behavior is not limited
higher energie§, may dominate” Thus, the nonstatistical (4 11.co, and that these or similar considerations should be

HCO vibrational distributions measured at photon energi€$sken into account whenever competitive reaction pathways
of ~34000 cnm* by Reilly et al,*” in which nearly two- 41 accessed via radiationless decay.

thirds of the HCO molecules are in HC@O0O, may be the
result of triplet dominance. However, gt_these energies, tripACKNOWLEDGMENTS
let surfaces other thah, may also participate.
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