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Photodissociation dynamics of formaldehyde: H, rotational distributions and

product quantum state correlations

Thomas J. Butenhoff, Karen L. Carleton, and C. Bradley Moore
Department of Chemistry, University of California, Berkeley, California 94720

(Received 9 August 1989; accepted 20 September 1989)

The alignment and rotational state populations of ortho and para H, (v=1) and H, (v = 3)
produced from formaldehyde photolysis near the threshold for dissociation are measured with
Doppler-resolved laser-induced fluorescence spectroscopy in the vacuum ultraviolet (VUV). A
single rovibronic level of the first excited singlet state of H, CO in a molecular jet is excited by
a pulsed UV laser and the H, is probed under collisionless conditions with VUV generated by
third harmonic generation in Kr or Xe. The rotation of the excited H, CO during the 10~7-
10~# s before dissociation does not completely wash out the alignment: e.g., photolysis on the |
2'4' "R (0)e H, CO line produces H, (v = 3,/ = 2) with 4 {¥ = — 0.31 + 0.06. The ortho and
para H, rotational distributions lie on a single smooth curve peaked at J=3. The H, CO(S;)
vibrational state has little influence on the J;;  distributions, but there is evidence that
photolysis of higher rotational states of H, CO(S, ) results in warmer Jy;  distributions. The
Doppler profiles enable the measurement of the H, (v,J) average velocities. Conservation of
energy and linear momentum permit the corresponding CO J state to be calculated. H, formed
in high vibrational states is correlated with CO formed in low rotational states. A three-
parameter, semiclassical model which combines an impulsive force with the momenta of zero-
point vibrations of the parent near or at the transition state geometry reproduces all of the
general features of the H, (v,J) and CO(v,J) distributions from H, CO photolysis near the

barrier to dissociation.

I. INTRODUCTION

Formaldehyde is one of a few small molecular systems
which has been intensively studied both experimentally and
theoretically. The reaction dynamics can be unraveled in
great detail as all photodissociation products can be
probed.!~* This system is also theoretically tractable with
state-of-the-art ab initio techniques.**°

This combination of experiment and theory has already
yielded a wealth of information on product distributions.
The mechanism for molecular dissociation is well known':

H,CO(S,) + hv—H,CO(S,,0,J,K, K.)
~H,CO(S¥)
—-H,(v,J) + CO(vJ). (D

The electronically excited H,CO internally converts to
highly excited vibrational levels of the ground electronic
state, where it dissociates over a steep barrier. This process
has been studied by measuring the CO vibrational distribu-
tion,2 the CO(v,J) distribution by laser-induced fluores-
cence (LIF),? the ortho H, (v,J) distribution by coherent
anti-Stokes Raman spectroscopy (CARS),** and the trans-
lational energy distribution by time-of-flight mass spectrom-
etry.'® For photolysis energies near the barrier to dissocia-
tion, the CO product is highly rotationally excited with little
vibrational energy (88% in v = 0).> The H, vibrational dis-
tribution peaks at v =1 and the rotational distribution is
approximately Boltzmann-like with 7, decreasing as the
vibrational state increases. Most of the available energy re-
leased (65%) appears as H, translational energy. The

J. Chem. Phys. 92 (1), 1 January 1990

0021-9606/90/010377-17$03.00

CO(v,J) and H, (v,J) populations together with the mea-
sured translational energy distribution suggest that there
may be a correlation between CO rotational states and H,
vibrational states.* This correlation may arise from angular
momentum conservation together with an impact parameter
constraint in the fragmenting H, CO transition state.

The previous H, and CO experiments were carried out
in room temperature flow cells where more than one
H, CO(S, ) rotational state was excited. In the CARS ex-
periments,** H, products were translationally cooled with
helium buffer gas prior to detection in order to improve the
signal-to-noise ratio. The H, rotational population results
were corrected approximately for translational-to-rota-
tional energy transfer caused by high velocity H,-He colli-
sions. All translational energy information was lost in this
experiment.

The CO studies examined the effect of the H, CO(S,)
rotational energy on the final CO(v,J) distribution. For an
increase in H, CO(S, ) J state from 3 to 15, the peak in the
CO rotational distribution remained the same, J = 42, and
the FWHM of the J distribution broadened only slightly.

Several theoretical studies have examined the photodis-
sociation of formaldehyde. 4b initio calculations found the
transition state geometry to be bent and planar, and the reac-
tion coordinate suggests a large impact parameter.®” This is
consistent with the large amount of CO rotational excitation
observed experimentally. The product state distributions
have been calculated using an elegant theory by Schinke.'!-"3
The calculations model the effects of the initial H, CO(S ¥)
state by using the in-plane vibrational displacement ampli-
tudes of the transition state geometry as well as an ab initio
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H,—CO exit valley potential energy surface.'""'> By applying
the infinite order sudden approximation, Schinke repro-
duces the highly peaked CO rotational distributions mea-
sured for all three isotopic species (H,CO, HDCO, and
D, CO)!? and matches the CARS ortho H, rotational distri-
bution reasonably well."! He further predicts the distribu-
tions for para H, to be bimodal, peaking at both J/ = 0and 9.

The present experiments measure H, rotational distri-
butions and alignment in a molecular jet under collisionless
conditions using Doppler-resolved laser-induced fluores-
cence spectroscopy. H, LIF detection has excellent sensitiv-
ity and allows the measurement of both the ortho and para
H, J distributions for comparison with Schinke’s theoretical
predictions.!' The Doppler-resolved profiles provide aver-
age translational energies for each H, rovibrational state,
which provide product quantum state correlations.'* The
effect of the initial rotational and vibrational states of the
excited H, CO(S, ) is also studied.

. EXPERIMENTAL

The experiments were carried out in a diffusion-
pumped, cryogenically trapped chamber with a pulsed free
jet (Fig. 1). The photolysis and probe lasers operated at 10
Hz and were counterpropagating and orthogonal to the free
jet and fluorescence detection axes. The vacuum ultraviolet
(VUYV) light was generated by third harmonic generation
(THG) in a cell of krypton or xenon and the VUV as well as
the residual UV entered the chamber through a LiF window.
The conversion efficiency of THG in rare gases is ~107°."°
Photomultipliers (PMT) detect H, CO fluorescence and
VUV power for H, signal normalization.

A. Sample

H, CO monomer was produced in the usual way.'® A
mixture of 9 Torr H, CO seeded in 300 Torr He was prepared

H,CO
Fluorescence
VOV vi Molecular
18 Jet
Beamsplitter PMT Free
;/ 3.0
/! -~ b N VA
: vuv|- i x2
IE] PMT D or
| T Mix
' H, VUV
YAG Fluorescence YAG
+ +
Dye VUV Power Dye

Photolysis Laser Probe Laser

FIG. 1. Experimental apparatus showing counterpropagating photolysis
and probe lasers, Kr or Xe cell for VUV generation ( X 3), H, CO free jet
pointed into the page, and PMTs for detection of H, VUV fluorescence,
H, CO fluorescence, and VUV power. The photolysis laser entrance win-
dow is at Brewster’s angle and is rotated to be P polarized with respect to the
photolysis laser polarization. The VUV beamsplitter and VUV normaliza-
tion PMT are rotated to keep the beamsplitter S polarized with respect to
the VUV polarization.

by flowing He over the liquid monomer contained in a U-
tube immersed in a — 89 °C slush of n-butanol cooled by
liquid nitrogen. This mixture was expanded through the 0.8
mm aperture of the pulsed valve (General Valve) to produce
0.5-2 ms pulses at a 10 Hz repetition rate. The background
pressure in the chamber was 2 X 10~ Torr when the nozzle
was running under typical experimental conditions. Analy-
sis of the H, CO fluorescence excitation spectrum, taken
with low laser power (0.4 mJ/pulse) to minimize saturation,
yielded a formaldehyde rotational temperature of 4-6 K.

B. H,CO photolysis

The photolysis laser was a Nd:YAG pumped dye laser
(Quantel TDL-50, DCM/LDS-698 dye mixture, 10 Hz)
frequency doubled in a static KDP crystal to produce 4-5
mJ per =7 ns pulse. The UV bandwidth was 0.2 cm™’
(FWHM) as determined from the H, CO fluorescence exci-
tation spectra. The laser beam had a 4 mm diameter in the
interaction region. H, CO fluorescence was detected by a
photomultiplier tube (9813QB EMI) mounted on the axis
mutually orthogonal to both the molecular beam and the
laser beam axes. Filters (370 <A, <490 nm) and a series
of apertures were used to reduce scattered light. The signal
was sent to a gated integrator and a computer for normaliz-
ing the H, product signals directly by the number density of
excited H, CO, thus compensating for photolysis laser fre-
quency and intensity fluctuations. After summing over 5
scans, H,CO fluorescence intensity fluctuations were
between 5% and 15%, and the average fluorescence signal
varied by less than 20% on any particular day.

Formaldehyde was excited to several rovibrational lev-
els of the S, manifold. The 4!, 4%, and 2'4! vibrational bands
were studied,!” where v, is the out-of-plane bend and v, is
the CO stretch. Because of conservation of nuclear spin dur-
ing dissociation,*'® para and ortho H, (even and odd J) are
produced by photolysis of para and ortho H, CO (even and
odd K, ), respectively. Therefore, the complete product dis-
tribution can only be measured by photolysis on two sepa-
rate H, CO transitions. Para formaldehyde was typically ex-
cited on the "Ry(0)e line (1,; —0q )."® Ortho formaldehyde
was excited on several J . lines, including the unresolved
"Ri(1)e + 0(2,,2,, « 1,5) linesand the?p,(1)0 (0 < 1,;)
line. All H, CO lines were assigned using the spectroscopic
constants given in Ref. 20.

C. H, LIF excitation spectroscopy

The dissociation products were probed 50—-100 ns after
photolysis. Different VUV wavelength regions were needed
to probe the different H, vibrational states. In all cases, a
Nd:YAG pumped dye laser (Quantel model 531C and
TDL-50) provided tunable visible light. The visible light was
doubled or mixed with the YAG fundamental to generate
~7 ns pulse length UV light. The UV was focused by a 15 cm
lens into a 2.5 cm diameter, 10.5 cm long stainless steel cell
containing either Kr or Xe to generate VUV via third har-
monic generation (THG). The optimum rare gas pressure is
a function of wavelength and was varied to maximize VUV
output. The VUV and residual UV exited the cell directly
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into the chamber through a 2 mm thick LiF window and was
overlapped with the photolysis laser. The probe beam size
was approximately 3 mm diameter in the interaction region
as estimated from the UV beam fluorescence from a white
card. The UV produced no resonant background signals.

All of the H, transitions were assigned using Ref. 21. H,
(v = 0) was probed on the (3,0), (4,0), and (5,0) bands of
the B'S} <X '3} transition. The dye laser output
(DCM) was frequency doubled in an autotracking KD*P
crystal (Inrad) to produce 6-8 mJ UV which was focussed
into the cell filled with 3—40 Torr Xe to generate light from
106.2--106.7 nm.'>*? The UV was not separated from the
residual visible light because suitable dichroic mirrors were
not available and our best cutoff filters transmitted only
80% of the UV light (THG efficiency is proportional to the
UV power cubed). H, lineshapes were compared with and
without the residual visible light and there were no differ-
ences.

H, (v = 1) was probed on the (4,1), (3,1), and (2,1)
bandsofthe B'S " — X ‘2; transition, and H, (v = 2) was
probed on the B'S} «X 'S} (6,2) band and on the
C'I} «X '3} (0,2) band. The dye laser output (LDS-
698/DCM mixture) was frequency doubled to produce 5-8
mJ of UV which was separated from the residual visible light
with dichroic mirrors. The UV was focused into the cell con-
taining 70-260 Torr Kr to generate light from 110-116
nm.23,24

H, (v = 3) was probed on the (0,3) and (1,3) bands of
the B'S —~X'E} transition. The dye laser output
(R640/R610 mixture) was frequency-sum mixed with the
Nd:YAG fundamental in an autotracking KD*P crystal
(Quanta Ray WEX). The resulting 7-10 mJ of UV was spa-
tially separated from the Nd: Y AG fundamental and the dye
laser output with a Pellin~Broca prism. The UV was focused
into the cell filled with 5-100 Torr Xe to generate VUV from
127-129 nm. The Pellin-Broca prism was adjusted at the
different wavelengths to maintain the probe beam alignment
through the chamber.

H, VUY fluorescence was detected with a solar blind
photomultiplier tube (EMR 542G, MgF, window) mount-
ed in the vacuum at right angles to the laser and molecular
beams (opposite the H, CO fluorescence PMT). The 2.9 cm
diameter cathode of the PMT was 5 cm from the jet axis. The
B'S; X'} fluorescence occurs at wavelengths greater
than 135 nm and was collected with a 2.2 cm diameter f/1
CaF, lens mounted 2.2 cm from the molecular jet. This in-
creased signal collection and also discriminated against scat-
tered VUV light. The C'I1,} - X 'S fluorescence occurs
at wavelengths similar to the excitation wavelengths and was
collected through a 2 mm thick VUV-grade MgF, window/
filter. The signal was amplified (Pacific 2A50), averaged
with a boxcar (Stanford Research SR250), and sent to the
computer.

The VUV power was measured by reflecting a fraction
of the probe beam with a LiF flat onto a solar blind photo-
multiplier tube (EMR 542G, LiF window). The VUV light
had a 70° angle of incidence and was S polarized with respect
to the flat. To avoid PMT saturation, 68 layers of fine Nick-
el wire mesh were placed in front of the normalization PMT

to act as a line of sight filter. This PMT has an unusually low
quantum yield for UV and was insensitive to the UV light
which was also incident on the PMT. After summing 5
scans, VUV intensity fluctuations were between 15% and
40% for a given scan and the average power varied by as
much as a factor of 5 over the VUV generation tuning range.

The VUV fluorescence, VUV normalization, and
H, CO fluorescence signals were integrated by boxcar, typi-
cally averaging three shots, and sent to the computer. Each
H, rovibrational line was scanned five times and these scans
were then added. The resulting VUV fluorescence signal was
normalized for VUV power and H, CO fluorescence at each
of 600-800 points across the 0.025 nm (VUYV) scan. The
same computer triggered the pulsed nozzle, triggered the
Nd:YAG lasers, and scanned the dye laser.

The laser beams intersected the jet axis 1.6 cm from the
nozzle. The probe distance from the nozzle was adjusted to
ensure that the H, products were probed under collisionless
conditions. This was assured by working in the region where
the H, Doppler profiles were independent of the distance of
the probe laser from the nozzle. When the probe distance
from the nozzle was increased to 2.0 cm, the measured line
shape parameters were within the 5% uncertainty of a single
measurement. Noticeable differences in the lineshapes oc-
curred for probe distances less than 1.3 cm from the nozzle.

The polarizations of the photolysis and probe lasers
were varied by changing the configuration of the steering
mirrors or prisms. Both laser polarizations were measured at
the chamber with a Glan-Thompson polarizer and were
found to be linear.

H, CO has sharp absorption and VUV LIF emission fea-
tures in the range of 112.9-115.1 nm which overlap a few of
the Doppler broadened H, (v = 1) lines. The sharpest of
these H, CO lines was fit to a Gaussian and the FWHM was
considered to be equal to the convolution of the VUV band-
width and parent velocity distribution FWHM. The VUV
bandwidth/parent velocity convolution near 106.7 nm was
determined by measuring LIF excitation spectra of jet
cooled H, seeded in He. The rising and falling edges of
square and dipped Doppler broadened H, LIF peaks are fit
well with these measured VUV bandwidths. The VUV band-
width in the range of 127-129 nm was estimated from the
edges of square and dipped H, (v = 3) Doppler broadened
LIF lines. In the course of these experiments, the VUV
FWHM bandwidth varied from 1.0-1.5 cm ~ .

. ANALYSIS AND RESULTS

H, LIF Doppler profiles are measured for three differ-
ent excitation-detection geometries (Fig. 2). The H, LIF
data is analyzed to obtain both population distributions and
vector correlations for formaldehyde photodissociation. To
obtain both peak intensities and line shape parameters, the
normalized H, signals are fit to the line shape profile given
by Dixon?*>2¢:

I
2Av;,

where the narrow product velocity distribution is approxi-

gly) = [1 4 BesPy(cos )P, ()], (2)

' mated as a single velocity. Here, I is the integrated peak
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FIG. 2. The photolysis (k,, €,) and probe (k,, €,) laser beam geometries:
k and ¢ are the laser propagation directions and polarizations; the detector
D detects all polarizations. Case (a) is a mutually orthogonal geometry;
case (b) is the coaxially detected geometry with €, perpendiculartoe,,; case
(c) is the coaxially detected geometry with €, parallel to €,,.

intensity, Av, = v,v/cis the maximum Doppler shift (v, is
the line center and v is the average product velocity), B¢ is
the effective lineshape parameter, P, (x) = (3x*> — 1)/2 is
the second Legendre polynomial, € is the angle between the
photolysis polarization and the probe laser propagation axis,
and y is the ratio of the Doppler shift to the maximum
Doppler shift [y = (v — v,)/Av,]. The resulting fit pa-
rameters are the maximum Doppler shift Av, which gives
the average velocity for a given H, rovibrational state, the
line shape parameter S, which gives the vector correla-
tions,?>?"2 and the integrated intensity 7. The fits include
convolution with the Gaussian determined in Sec. II C to
account for the probe laser bandwidth and the initial parent
velocities. Sample data for H, (/= 1) along with the line
shape fits are shown in Fig. 3.

A. Product populations and alignments

The H, rotational populations for a given H, vibration-
al state and product H, (v,J) alignments are determined
from the LIF peak intensities using the expression®**°

I=Cy (J")SVG [by+ (5/4)b, 4§V ], (3)

where I is the integrated LIF peak intensity normalized for
VUV power and H, CO(S, ) number density, Cy, (J") is
proportional to the H, (J ") population, 4 §* is the align-

LIF Intensity (a.u.)

Doppler Shift em™')

FIG.3.B'S} «X'3} H, R(1) line profiles from photolysis on the 2'4'
#P,(1)o H, CO line using geometry (b). The top trace is H, (v = 0) mea-
sured on the (3,0) band; the simulated line shape has £, = 0.09 and
v = 1.66 X 10° cm/s. The middle trace is H, (v = 1) measured on the (3,1)
band, B.; = 0.04 and v = 1.55X 10° cm/s. The bottom trace is H, (v = 3)
measured on the (0,3) band; B¢ = — 0.18 and v = 1.28 X 10° cm/s. The
three peaks are not drawn on the same scale.

ment, S is the product of the absorption Honl-London and
the J dependent Franck—-Condon factors,*! v is the H, exci-
tation frequency, G accounts for experimental geometry dif-
ferences (laser beam overlap, H, CO fluorescence detection,
etc.), and b, and b, are calculated constants for a given
rovibrational transition and geometry.>>?* The intensity is
corrected for the wavelength dependent LiF beamsplitter
reflectivity and VUV normalization photomultiplier tube
(PMT) response. The correction varies by 20% between
110-116 nm and is constant between 127-129 nm. The in-
tensity is also corrected for the H, fluorescence detection
sensitivity, which includes emission Franck—-Condon and
Ho6nl-London factors, VUYV filters, and VUV PMT response
as a function of wavelength. For a given H, vibrational state,
the correction varies by less than 20%.

For a given geometry, theratio b, /b, is similar for Pand
R branches. This necessitates the use of multiple geometries
to accurately measure the H, alignment when probing the
B'S} «X'S; transition. When the geometry is changed,
it is very difficult to align the laser beams and detectors pre-
cisely as they were. This causes slight H, LIF intensity
changes which may be misinterpreted as alignment. It is nec-
essary to have a geometry calibration factor which normal-
izes out the intensity variations caused by experimental
changes. H, (J =0) has no alignment (4 {’ = 0) and the
R(0) LIF intensity reflects this geometry factor G

JoChen. Phys, Vol 82, Ma. 1, 1 January 1990
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G=ro_, (4)

*
H,CO

where I, is the VUV normalized LIF intensity for an
R(0) lineand N }; o is the H, CO(S, ) number density. The
H, CO(S, ) number density is proportional to the H, CO flu-
orescence. The effect of photolysis polarization on the
H, CO emission intensity must be considered for the differ-
ent experimental geometries and excitation lines. If satura-
tion effects are ignored and an isotropic distribution of
H,CO molecules is assumed, the fluorescence intensity
Iy co is given by Eq. (13) of Ref. 29,

1
92+ 1)(2J. + 1)

Iico = CNBcoSum S Som [

2= 1y [Je J, 2] [Je J, 2}
3L+ Lty flity

X P,(COS Yaa )] = CN§.coBo (5

where C is a constant, N} oo is proportional to the
H,CO(S, ) number density, y,, is the angle between the
absorption and detection polarization axes, S,,, and S,,, are
the absorption and emission transition line strengths, J;, J,,
and J, are the angular momentum quantum numbers for the
initial, excited, and final state of the H, CO, and the sum is
over the detection polarization axes and all allowed emission
branches. For the ?P,(1)o H,CO transition, the fluores-
cence is isotropic and B, is independent of geometry and is
equal to 0.0741. For the "R,(0)e H, CO transition, B, varies
with geometry: B, = 0.2667 when the fluorescence detec-
tion direction is perpendicular to €, [Fig. 2(a)], and B,
= 0.1333 when the fluorescence detection direction is paral-
lel to €, [Figs. 2(b) and 2(c)]. For these two H,CO ab-
sorption lines, saturation does not reduce the polarization of
the fluorescence. The effect of saturation on the fluorescence
polarization comes about by changing the ground state m-
level distribution, i.e., certain m states are bleached more
than others.*? For the "R, (0)e line, there is only the m =0
ground state level. For the 2P, (1)o line, J, = 0, and the flu-
orescence must be isotropic regardless of excitation laser in-
tensity.

When the H, CO fluorescence polarization effects are
included, G is expressed as

1z (0)

o . (6)
(Iy,co/Bo)

The R(0) line is measured 6—10 times for each geometry to
accurately determine G ratios for the different geometries.
The H, (v,J) populations and alignments are deter-
mined from the least squares fit line to the plot of I / (SvGb, )
vs 5b,/4b, which yields an intercept equal to Cy; (J ") and a
slope equal to 4 {’Cy, (J ") [see Eq. (3)]. Figure 4 shows
this plot for H, (v=3,J=1) and H, (v=3,/=2) pro-
duced from 2'4' S, H, CO photolysis. Table I lists all of the
product H, alignments measured in these experiments: H,

0.60 .
050} 1
_—
3
-3
A
g o.40} L2 T -
> N
~ L] J-_L T l
- 4 ®
0.30
0.20 . : 2
-2.50 -1.50 -0.50 0.50 1.50

(5/4)(b, /by)

FIG. 4. Alignment plot. The open points are normalized intensities for H,
(v = 3,J = 1) and the solid points are for H, (v = 3,J = 2); circles and tri-
angles are P and R branch intensities. For H,(v=3J=1), Cy,
=0344003 and 4§’ =004+004 for H,(v=3J=2), Cy
=0.40 + 0.03and 4 {¥ = — 0.31 + 0.06. Both measurements are for 2'4'
S, H, CO photolysis; photolysis is on the ?P, (1)0 and the "R, (0)e line for
J=1and J =2 H,, respectively. The error bars on the data points are + 2
standard deviations.

(v=1) from 4* and 2'4' S; H,CO photolysis, and H,
(v =3) from 2'4' §, H,CO.

The measured rotational distributions are shown in Ta-
ble I1. For a given vibrational state and photolysis, the ortho
and para Jy; distributions have been normalized to add to
100% since they are produced in separate experiments. The
H, (v = 1) rotational distributions for 4° and 2'4' photolysis
are shown in Fig. 5. The rotational distributions for the two
different vibrational states of H, CO(S, ) are the same with-
in the error bars of the data. Preliminary data for 2'4® pho-
tolysis gives H, (v = 1) rotational distributions which are
similar to those of 4° and 2'4', peaking in J = 3—4.

The H, (v = 1) rotational distribution from 4' photoly-
sis was not measured because a large VUV background ob-
scured the H, fluorescence. 4' S, H, CO has a long lifetime
(0.6 <7<4.7 us),” and it appears that the excited H,CO
absorbs a 110-116 nm VUYV photon and then either fluor-
esces in the VUV or dissociates to form electronically excited

TABLE 1. H, alignment A4 §{’ from photodissociation of H,CO.*

43 24!
J H,(v=1) Hy(v=1) H,(v=3)
#P,(1)0H,CO
1 0.00 + 0.07 0.05 + 0.06 0.04 + 0.04
3 0.05 + 0.07 0.17 + 0.07 0.06 + 0.04
5 0.10+0.16 0.05 4 0.05
7 0.08 +0.16 0.03 +0.11
"Ro(0)e H,CO
2 —0.05+0.06 —0.15+0.07 —0.31 4006
4 —0.11 +£0.08 ~0.11 + 0.07 —0.20 + 0.09
6 —024+0.11 ~0.14 £ 0.11 —02140.13

2The error bars are determined by the extreme maximum and minimum
sloped lines that fit the data points plus error bars in the alignment plots.
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TABLE II. H, rotational distributions from photodissociation of H,CO.*

H, State Population

v J 4Ib 43(: 2|4Ic 2|4ld

1 0 0.08 4+ 0.01 0.10 £ 0.01
1 0.30 4- 6:03 0.27 £ 0.02 0.20
2 0.32 4+ 0.02 0.32 £ 0.02
3 0.37 + 0.03 0.41 4 0.02 0.26
4 0.35 4+ 0.03 0.37 £ 0.02
5 0.18 4+ 0.02 0.20 4 0.02 0.31
6 0.16 £ 0.01 0.16 £ 0.01
7 0.10 +0.01 0.10 £ 0.01 0.19
8 0.06 4 0.01 0.06 4-0.02
9 0.03 0.02 0.04

10 0.03 0.02

3 0 0.10 £ 0.01
1 0304002 0.34 £ 0.03 0.27
2 0.40 + 0.03
3 0414003 0.42 +0.03 0.30
4 032 4+0.02
5 0211002 0.18 +0.02 0.29
6 0.15 + 0.01
7 0.08 +0.02 0.06 £+ 0.01 0.14
8 0.04

“The ortho and para distributions each sum up to 1.0 as they are measured in
separate experiments on different photolysis excitation transitions.

*Photolysis on the unresolved "R, (1)e + o lines. The alignment was not
measured and is assumed to be zero. The error bars are 4 2 standard de-
viations of the mean.

‘ortho photolysis is on the ?P,(1)o line. Para photolysis is on the "R,(0)e
line. The error bars are determined by the extreme maximum and mini-
mum line intercepts that fit the data points plus error bars in the alignment
plots.

4CARS data from Ref. 4.

products that fluoresce in the VUV.>* This interference does
not exist at the longer VUV wavelengths (127-129 nm) used
to probe H, (v =3).

Figure 6 shows the H, (v = 3) rotational distributions
from 4' and 2'4' §, H,CO. The 4' photolysis was on the
unresolved "R, (1)e + o line, because it was the only photo-
lysis line that produced enough product to adequately mea-
sure a population. The alignment was not measured and is
neglected in determining the rotational population. For 2'4
S, H, CO, the ortho distribution is from photolysis of the
PP, (1)o line while the para distribution is from the "R,(0)e
line. The two 8, vibrational states produce very similar H,
(v = 3) J distributions.

Figure 7 is the Boltzmann plot for the 2'4' §; H,CO
photolysis rotational distributions. The rotational distribu-
tions can be described by a temperature: 7= 1730 4+ 170K
for H,(v=1) and 7= 1240 4 80K for H, (v = 3).

B. Product quantum state correlations

The average velocity for a particular H, (v,J) state is
determined from the H, maximum Doppler shift, Avy, . The
corresponding CO average velocity and the total average
translational energy in the products is calculated using con-
servation of linear momentum. Tables III and IV list the
measured average velocities. A translational energy histo-

0.5
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FIG. 5. H, (v = 1) rotational distributions. (a) 4* and (b) 2'4' S, H,CO
photolysis: para H, (solid circles) is from photolysis on the 'R, (0)e H,CO
line and ortho H, (open circles) is from photolysis on the °P,(1)o H,CO
line. (c) Photolysis is on the unresolved "R, (1)e + o lines of 2'4' S, H,
CO.

gram is constructed by combining the measured average
product translational energy for each H, (v,J) with the rela-
tive population for that state. The vibrational distribution is
from the CARS work,* and the rotational distributions for
H, (v ==0) and H, (v == 2) are estimated to be the same as
the H, (v = 1) measured distribution. Figure 8 compares
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FIG. 6. H, (v = 3) rotational distributions. (a) 2'4' §; H,CO: para H,
(solid circles) is from photolysis on the 'R, {0)e H, CO line and ortho H,
(open circles) is from photolysis on the #P,(1)o H, CO line. (b) Photolysis
on the unresolved 'R, (1)e + o lines of 4' §;, H,CO.
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In[population/{2J+1)]

] 2000 4000 6000

Rotational Energy (cm™')

FIG. 7. H, rotational distribution Boltzmann plot for 2'4' §; H, CO photo-
lysis. Para H, (solid symbols) is from photolysis on the "R, (0)e H, CO line
and ortho H, (open symbols) is from photolysis on the P, (1)o H, CO line.
The lines drawn are the weighted least squares fit to the combined ortho and
para points and correspond to T=17304 170 K for H, (v=1) and
T = 1240 + 80K for H, (v = 3). The plots have been displaced one unit on
the abscissa for clarity.

the histogram of the translational energies obtained from the
average H, (v,J) velocities measured for photolysis on the
2'4' 'R,(0)eand PP, (1)o lines with the product translational
energy distribution measured by time-of-flight mass spec-
troscopy.'® In the graph, the translational energy histogram
is normalized so that if translational energies for all of the H,
(v,J) states had been measured, the total area would be uni-
ty. The paucity of intensity in the H, (v = 0) and H, (v =2)
areas is because velocities were measured for only a few rota-

TABLE IIL. 2'4' S| H,CO product correlations and impact parameters.

tional states of those vibrational states. The time-of-flight
translational energy distribution is also normalized to unit
area. The agreement between the time-of-flight data and the
H, velocities is very good. There is a correlation between the
translational energy of the products and the internal energy
of the H,: lower translational energies correspond to H,
with higher internal energy.

The average CO rotational state that corresponds to a
given H, (v,J) state is determined by conservation of energy:

E,.(CO) =BJ(J 4+ 1) —DJ*(J +1)?
= Lav) — Eint [HZ(U’J)]
_Etrans (H2+CO)’ (7)

where B and D, are CO(v = 0) rotational constants, E,,, is
the rovibrational energy of the H, product, and E ., is the
total translational energy of the products. E,,, is the total
energy available to the products

E, = Ego (H,CO) + hv — AH(0K), (8)

where E ;. (H,CO) is the H,CO(S,) rotational energy, Av
is the photolysis photon energy, and AH(0 K) is the heat of
the reaction, AH(0K) = — 2.17 + 0.11 kcal/mol.>>>° The
CO is considered to be in its ground vibrational state—ex-
perimentally only 12% is measured in v =1 for 2'4' §,
H,CO photolysis.>* Tables III and IV list the product corre-
lation results. Figure 9 shows the histogram of the J o, distri-
bution obtained from the measured H, average velocities
from photolysis on the 2!4! ‘R, (0)eand #P,(1)olines.>” This
figure is constructed in the same manner as Fig. 8. As pre-

H, state Average Impact parameter® (A)
H, velocity
v J (10°cms™ 1) o) Jeo + I, Jeo Jeo —In.
"Ry(0)e photolysis

0 2 1.65 51.3+3.8 1.03 0.99 0.96

1 0 1.57 + 0.0I° 454 4+ 1.6 0.93 0.93 + 0.04 0.93
2 1.58 422 0.90 0.86 0.82
4 1.55 429 097 0.89 0.81
6 1.52 40.3 0.98 0.85 0.73

2 2 1.42 + .03 445+ 44 1.05 1.00 0.96
4 1.42 39.1 0.97 0.88 0.79
6 1.41 33.6 0.90 0.77 0.63

3 0 1.35+0.02 327421 0.78 0.78 + 0.06 0.78
2 1.30 391+ 1.5 1.01 0.96 0.92
4 1.29 35.7 0.99 0.89 0.79
6 1.26 33.2 1.00 0.85 0.70

PP, (1)o photolysis

0 1 1.66 + 0.02 53.5+34 1.05 1.03 1.01
5 1.64 47.8 1.03 0.93 0.84
7 1.60 46.2 1.06 0.92 0.79

1 1 1.55 4 0.01 4864+ 1.6 1.02 1.00 + 0.04 0.98
3 1.50 51.5 1.16 1.10 1.03
5 1.49 47.9 1.14 1.03 0.92
7 1.46 45.0 1.14 0.99 0.84

3 1 1.28 + 0.01 40+ 14 1.13 1.10 + 0.04 1.08
3 1.26 42.8 1.16 1.09 1.01
5 1.23 41.8 1.22 1.09 0.96

*The H, and CO J vector combinations correspond to corotation L = (Joo + Jy, ), counterrotation L = (Joo — Jy, ), and L = Jg.

*The error bars represent + 2 standard deviations of the mean.
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TABLE1V. 4* S, H,CO product correlations and impact parameters.

H, state Average Impact parameter® A)
H, velocity
v J (10°cms™") (Jco) Jco +Jn, Jco Jeo — Ju,
"R,(0)e photolysis
1 0 1.58 +0.01° 4104+ 1.2 0.83 0.83 +0.03 0.83
2 1.56 43.5 0.93 0.89 0.85
4 1.53 42.5 0.97 0.89 0.81
6 1.50 40.5 0.99 0.86 0.74
2P, (1)p photolysis
1 1 1.58 + 0.01 41.0+ 1.6 0.85 0.83 +0.04 0.81
3 1.56 41.0 0.90 0.84 0.78
5 1.54 38.2 0.90 0.80 0.69
7 1.50 36.4 0.93 0.78 0.63

*The H, and CO J vector combinations correspond to corotation L = (Jco + Jy, ), counter-rotation L = (Joo — Jyy, ), and L = Jg.

®The error bars represent + 2 standard deviations of the mean.

viously predicted,* higher vibrational states of H, are corre-
lated with lower rotational states of CO.

IV. DISCUSSION OF RESULTS
A. Product H, alignment

The method used in this work to measure alignments is
prone to systematic errors, so it is useful to have a check. The
product alignment from ?P, (1)o photolysis should be zero
because the excited state parent molecule has J =0 and,
therefore, its wave function is isotropic. Table I shows that
most of the alignments measured for this photolysis are near
zero, though slightly positive. One problem is the ?P,(1)o
H,CO line is not resolved from the #Q, (3)e line. At the mea-
sured H,CO rotational temperature of 5 K, photolysis of the
2Q,(3)e line accounts for 10% of the products; if T'= 8 K,
this increases to 26%. The ?Q, (3)e line may account for the
small systematic positive alignments measured for the
?P,(1)o photolysis. Another source of systematic error
might be an alignment of the ground state H, CO(l1,, ) by
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FIG. 8. Histogram of the product translational energies calculated from the
H, (v,J) average velocities and populations measured for 2'4' #P,(1)o0 and
"R, (0)e H,CO photolyses. The dashed lines are the upper and lower limits
on the measured translational energy distribution from Ref. 10.

collisions with helium in the supersonic expansion. This
would affect our method of using the H, CO(S, ) fluores-
cence to normalize for photolysis laser power and H,CO
number density. This can be avoided by using data from
geometries (b) and (c¢) only, but it results in large alignment
uncertainties.

Ortho H, has nuclear spin I = 1 which might cause hy-
perfine depolarization of the observed alignment. The nu-
clear spin I of a product couples with J to form a resultant F.
The precession of I and J around F can depolarize the align-
ment; i.e., the observed alignment can be smaller than the
nascent alignment.”>?*3° In general, if the frequency split-
ting w;; between two hyperfine levels is much less than 1/7,
where 7 is the time available for the depolarization to occur,
the depolarization is negligible. The hyperfine splitting for
the H, X 'S state is 550 kHz,*® and the product H, is
probed up to 100 ns after being born. This is not quite in the
;e €1/7limit, and Eq. (37) of Ref. 30is used to calculate the
effect of depolarization on the alignment measurements. For
J =1, the measured alignment is 87% of the nascent align-
ment when the time between the photolysis and probe laser
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FIG. 9. Histogram of the J, calculated from the H, (v,J) average veloc-
ities and populations measured for 2'4' ?P,(1)0 and 'R, (0)e H,CO pho-
tolyses. The dashed line is the measured J distribution from Ref. 3.
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pulses is 100 ns. For J>5, the measured alignment is within
1% of the nascent alignment.

The nuclear spin depolarization can also have an effect
on the product fluorescence polarization. The hyperfine
splitting for the B 'S } state is unknown, but if it is similar to
the X '2; state, the 1 ns fluorescence lifetime is short com-
pared to the hyperfine precessional period and depolariza-
tion from nuclear spin can be neglected. The alignment val-
ues in Table I are measured alignments, and the small effects
from nuclear spin depolarization are neglected. For para H,,
I =0 and there is no hyperfine depolarization.

The alignments measured for the 'R, (0) e photolysis are
negative, and in some cases fairly large (Table I). The range
of possible values for prompt dissociation are

— 0.4<A4 §¥<0.8 for products in the high J limit. For prod-
ucts with low J, the ranges are slightly greater:e.g., forJ = 1,
— 1.0<4 §¥<0.5, and for J =2, —0.7<4§<0.7.*° The
alignment is not completely washed out by rotation during
the long lifetime of the excited state parent molecule [2'4' S,

H,COWJ'=1, K, =1, K. =1)r=~70 ns] which agrees
qualitatively with the Nagata et al. theoretical treatment of
parent rotation effects on fragment alignment.* The align-
ments measured here are outside the allowed limits of their
theory, but their approximations of J,,menc > Jparent >0 are
not valid in this experiment. The negative alignment is con-
sistent with the ab initio transition state and reaction coordi-
nate for these type B band photolyses, where the transition
dipole is in the plane of the molecule and perpendicular to
the CO bond.

B. Rotational populations

The H, rotational populations measured by LIF agree
reasonably well with the previous CARS work.* A compari-
son of the LIF and CARS rotational distributions is given in
Table I1. The LIF distribution in v = 1 peaks between J = 3
and 4 which is lower than the J/ = 5 peak found in the CARS
experiments. This suggests that the collisional cooling of
translation in the CARS experiment produced a small rota-
tional heating. Both methods agree that the rotational distri-
bution in v = 3 is slightly cooler than that of v = 1.

Table V lists the average rotational energies for the mea-
sured distributions. There appears to be no evidence for in-

tional distribution. This supports the suggestion that the H,
distributions are determined by the potential surface at the
transition state and not the excited H, CO surface. The dif-
ference in energy between the 4° and 2'4' bands is only 360
cm ™! (while that between 4! and 2'4' is 1180 cm —!). This
extra energy could at most shift the peak of the rotational
distribution by one unit of rotational angular momentum.
Since the energy effect is small, any measurable differences
in the populations might be the result of coupling between
the H, populations and parent vibrational motions. There is
no evidence for this coupling. It is likely that the H, CO(S ¥)
vibrational modes are highly mixed and that internal conver-
sion gives vibrationally randomized molecules.*° It is there-
fore not surprising that the product distributions are insensi-
tive to the initial parent state. Although the populations
seem independent of the initial H, CO(S, ) vibrational state,
there is evidence that the vector correlations differ for 4° and
2'4! excitation.?”?® ,

The H, rotational distribution may be correlated with
the initial H, CO(S, ) rotational state. Excitation on the un-
resolved 'R, (l)e+o (J'=K.=2) and *P,(1)o
(J' = K, = 0) differs by two units of angular momenta and
only 37 cm ! in energy. The average rotational energy for
the H, (v = 1) distribution from 'R, (1)e + o photolysis is
200 cm ~ ! greater than that from #P,(1)o photolysis. This
may be caused by coupling of the parent rotation to the prod-
uct H, rotation. Unfortunately, there are limited H,CO J
and K, states in the molecular free jet, so that a broader J
range was not studied.

C. Product quantum state correlations

The measured product state correlations show a striking
dependence of the CO J state on the H, vibrational state
(Table III). As more of the available energy is put into H,
vibration, the CO rotational energy decreases. The correla-
tion of product quantum states was predicted in previous
H, CO studies.* The CO rotational distribution is highly in-
verted and best explained in terms of a large dissociation
impact parameter (0.8-0.9 A ).’ Constraining the impact pa-
rameter distribution about some large value produces the
observed correlation as follows. Conservation of angular
momentum requires that

fluence of the H, CO(S, ) vibrational state on the H, rota- Jiot =Ju,co =L +jco + iu,» 9)
TABLE V. Average H, rotational energies* and rotational quantum numbers.
H,CO photolysis (E,.) )
S, vib. J K E, Hy(v=1) H,(v=3) Hy(v=1) H,(v=13)
4" 'R(e+o 2 2 29 109 800 + 32 3.12 4+ 0.10
4 P (1)o 0 0 29 895 1020 4 25 3.28 + 0.08
"Ry (0)e 1 1 29 904 1240 3.78
2'4' PP (1)o 0 0 30254 1040 + 25 710 + 22 3.38 2.92 4+ 0.08
"Ro(0)e 1 1 30 264 1210 870 3.76 3.30
"Rie+o 2 2 30291 1270 3.84
CARS® 1470 1020 4.22 3.60

*Energies in cm .

*Reference 4. Initial 2'4', S, rotational states include J = 5-15 and K, = 0,2.
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where L is the orbital angular momentum of the separating
products and the j’s are rotational vectors. The initial parent
angular momentum is essentially zero (Jy,co =0 or 1) so
that

L=,uvbz|jco +jH2|’ (10)

where u is the H, ~CO reduced mass, v is the relative velocity
of the products, and b is the impact parameter. Most of the
internal angular momentum of the products is in joo. As
more energy is put into internal product excitation, the
translational energy and therefore the velocity v must de-
crease. Since b is constrained, a lower velocity results in less
orbital angular momentum and therefore less CO rotational
angular momentum. The constrained impact parameter
causes internally excited H, states to correlate with CO
states in lower rotational levels.

The average impact parameter can be calculated from
the product correlation data using Eq. (10). In order to do
s0, however, some assumption must be made about the rela-
tion of the H, and CO rotation vectors. The impact param-
eter as a function of Jy_ is given in Tables III and IV for
several combinations of these vectors. The limiting cases are
Jju, parallel to joo (corotation) and jy, antiparallel to jco
(counterrotation ). As suggested by the s—J correlation, the
situation may be intermediate between the parallel and anti-
parallel extremes due to the nonplanar motions of the transi-
tion state.”” At this time, the experimental evidence does not
discriminate between corotation or counterrotation, though
the deviations in the impact parameters derived are smaller
for corotation or L =J-, than for counterrotation. The
only firm conclusion is that the calculated impact param-
eters are large and well outside the center of the carbon nu-
cleus as previously suggested.

In the 2'4! photolyses ( Table III), there is evidence that
the Joo produced from photolysis on the P, (1)o line is 6-7
quanta greater than the Jo, from photolysis on the 'R, (0)e
line and that the impact parameters for the two photolyses
differ by about 0.2 A. This may be an artifact. The two pho-
tolyses have different product anisotropies which results in
different H, line shapes®®: in general, the para lines are
“more round” than the ortho lines. These different line
shapes may cause a systematic error in determining the aver-
age H, velocities. However, P(1) lines, which are round,
give the same velocities as R(1) lines, which are square.*!
Work is in progress to measure the J.o distributions from
these two photolyses directly.

V. PRODUCT STATE DISTRIBUTION MODELS

The most surprising aspect of these results is further
evidence of the Boltzmann nature of the H, rotational distri-
butions. No other aspect of the dissociation product distri-
butions has Boltzmann-like character. The CO rotational
distribution is peaked at large J and the H, vibrational distri-
bution is inverted. There is a strong dynamical preference to
put energy into H, translation. Although the H, rotational
distributions can be expressed in terms of a rotational tem-
perature, the release of energy into H, degrees of freedom is
certainly not statistical. Prior distributions, where energy is
partitioned by a density of states approach constrained only
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by total available energy,*? poorly predict the energy distri-
bution.*® The calculated H, prior distribution peaks in
v = 0,J = 9. Phase space theory,**** which includes angular
momentum constraints, also overestimates the rotational ex-

citation found in H, (peakinginv =0,J= 12).

A. Trajectory calculations

Population distributions have been calculated from se-
miclassical trajectory calculations on the Handy and Carter
H, CO potential surface.*® A normal mode analysis of the ab
initio transition state is performed using the calculated force
constants for the DZ SCF optimized geometry of Goddard
and Schaefer.® The normal modes and frequencies are shown
in Fig. 10.¥

The initial conditions of the trajectories are chosen from
random zero-point positions and momenta in each of the five
bound normal modes on the ground state surface at the tran-
sition state. Since the photon energy is larger than the transi-
tion state’s potential energy,*® this excess energy is put into
momentum along the reaction coordinate. The trajectories
are then propagated using a fifth order Adam—Moulson inte-
grator with variable step size*® until the H, and CO products
are separated by 10 A.

The final product states are semiclassically binned fol-
lowing each trajectory. The rotational quantum number J is
calculated from the classical angular momentum in each
species. The angular momentum j is given by

Jj=rXp| =4J(J + 1)]"? (11)

from which J is determined. The CO vibrations are binned
using the Bohr Sommerfeld rule by integrating from one
turning point to the other. The H, vibrational energy is de-
termined from conservation of energy and then assigned a
vibrational quantum number.

The trajectory calculations do not reproduce the experi-
mental distributions well. The CO distribution peaks in
v = 0,J = 20 while the H, distribution peaksinv = 0,J = 5.
This is most likely due to the potential surface, which has

v, 3188 om ™’ v, 1949 om™’ v, 1376 om~!
H
H
(4 -]
v, 942 om”! vy 808 om” Ve 2320i om”

LA

FIG. 10. 4b initio H,CO—-H, + CO transition state normal modes and

frequencies corresponding to the calculated force constants for the DZ SCF
optimized geometry of Ref. 6. The out-of-plane bend is v,. The reaction
coordinate is v, and is shown directed towards the products.
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been fit to the H, CO ground state well and adjusted for the
transition state geometry and energy. Presently, Lester’s
group is working to improve the surface near the transition
state and along the reaction coordinate for future scattering
calculations.

B. Impulsive model

The modified impulsive model® as applied to a planar
tetra-atomic is combined with the vibrational motions of the
parent molecule to model the H, and CO rotational distribu-
tions and the H, /CO product quantum state correlations.
This is a reasonable model since the exit valley is highly
repulsive and both the H, and CO vibrations are “stiff.”
Because H, CO is predissociative, the transition state geome-
try is used, instead of the traditional ground state geometry
appropriate for direct dissociations.

The normal modified impulsive model is applicable for
triatomics and restricts the impulse to be along the breaking
bond. For H,CO, the model is changed to include four
atoms in a plane, and the impulse is not required to be along
bonds. The impulse is applied between a point along the H-
H line and a point along the CO line outside of the C nucleus.
Figure 11 shows the relevant parameters. The parameter
Xco 18 a fixed distance from the C nucleus along the line
defined by the CO axis. It is a variable that directly deter-
mines the peak of the calculated CO rotational distribution.
The parameter x;_is a fixed distance from the H-H center of
mass along the H-H axis. The energy available to be parti-
tioned between product rotation and product translation is
E:, and is equal to the total energy available to the products
minus the vibrational energy of the products. With this de-
finition of E /,;, the energy that is partitioned into CO rota-
tion is
J

’
rot avl

rot ’
rot __ CO+* avl
co — E trans [ trans rot E ot : (12)
co +Lg, +Eco+ Ly,

Conservation of linear momentum gives

My, V4, = McoVco» (13)
where my , mcq, vy, and v, are the masses and final veloc-

ities of H, and CO. The rotational energy for each diatomic
fragment is

rot _ Jan _ (mapvap bap)’
AB = - = -
VIR PITRY

where AB represents H, or CO; the AB angular momentum
isjap, itsreduced massis £, 5, and its average bond length is
F.p- The shortest distance from the AB center of mass to the
line along the impulsive force is b, . It is the “effective AB
impact parameter” and for CO is given by

, (14)

beo = sin Oeg (Xco + Morco/Meo )s (15)

where 7, is the CO bond length in the parent and m,, is the
oxygen atom mass. The “effective H, impact parameter”
by, is given by

by, = xy sin 6y, (16)

where 0o, Oy, Xco, and Xy, are defined in Fig. 11(a). The
total reaction impact parameter b is equal to b, + by, for
corotating products and |bco — by, | for counterrotating
products [Fig. 11(b)]. The translational energy for each
fragment is given by

E3° = mugvip/2. 17

Substituting Eqs. (13), (14), and (17) into Eq. (12) and
simplifying gives

co =

where py co is the reduced mass of H,-CO
[ = mu,meo/(my, + meo) . The H, rotational energy is
calculated from

E;}"/ES’(') = [/J'CO?HZbilz//l'H,?Hz 2co]
=BH2b%{2/Bcobéo, (19)

where By and B, are the rotational constants for the ap-
propriate vibrational states of the product H, and CO. The
magnitude of the CO angular momentum j, is given by

jco/ﬁ= (E'c°6/Bco)”2 (20)

and the H, angular momentum is calculated in a similar
manner. The direction of the angular momentum is perpen-
dicular to the plane of the parent. Note that if the impulse is
applied to the H, center of mass, by =0, and Eq. (18)
reduces to the form appropriate for a triatomic parent,
where the H, is treated as an atom.

The modified impulse model only gives a single angular
momentum for a given E,; it does not account for the

1+ [l‘co;'?:o/ﬂﬂz-cob%:o] + [#co%ob%{,/l-‘uzﬁizbéo] ,

(18)

width of rotational distributions. Parent rotational and vi-
brational motions can transfer angular momentum to the
products. A model similar to the one described by Levene
and Valentini®' to calculate rotational distributions from di-
rect photodissociations is used, but here, the fragment angu-
lar momentum is affected by the transition state geometry
and motions instead of the ground state geometry and mo-
tions. Because low J states of H, CO(S] ) are excited in this
work, only the effect of parent vibrational motion on the
product rotational distribution is considered here, though
parent rotation can be included in a straight forward man-
ner.”' The ab initio transition state geometry and normal
coordinates are used to describe the parent motions at the
time of dissociation. For a given normal coordinate, the mo-
mentum of the atoms is either in the plane of the equilibrium
geometry or perpendicular to the plane. The angular mo-
mentum transferred to either diatomic will likewise be per-
pendicular to the plane (in-plane normal modes) or in the
plane (out-of-plane normal modes).

J. Chorm, Poys., Voi. 32, Mo, 1, 1 fanuary 1960
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H (a)

X, T e”z
H Oco
C @)
""co’e
H (b)
sz
beo
H
C @)
A

FIG. 11.(a) The parameters used in the semiclassical impulsive model cal-
culation. (b) The effective impact parameters by;, and b ; b is the impact
parameter for the reaction. The points represent the H-H and CO centers of
mass.

The vibrations are treated quantum mechanically and
are represented by harmonic oscillator wave functions. The
total energy is less than 2000 wave numbers above the zero-
point energy of the transition state for dissociation, thus con-
tributions to the rotational distribution widths will be pre-
dominantly from parent zero-point motions. Therefore, only
zero-point motions are included in the following calculation.
The quantum mechanical momentum distribution

P(P,)dP, for the zero-point motion of mode i is

exp( - P?/anax,i)

2 1/2
(#Pmax,i) !

P(P,)dP, = dP, (21)

13

maxi = (AV;2;)172 is the
classically allowed maximum momentum; y, is the reduced
mass of normal mode i. For a given mode and phase, the
Cartesian components of the linear momentum of each of
the four atoms are determined and the corresponding H,
and CO angular momentum is classically calculated.

For computational simplicity, and to be consistent with
the impulsive model developed for a planar tetra-atomic, the
geometry is fixed at the planar equilibrium geometry. The
effect of geometry changes within the classically allowed
turning points of various modes is small. With the fixed ge-
ometry approximation, the angular momentum transferred

where P; is the momentum, and P

from the parent to either diatomic reflects the linear momen-
tum distribution. For mode i zero-point motions this is

exp( _j?/jfnax,i)
(77j2 A)l/2

wherej is the angular momentum of the diatomic, and j,,, is
the angular momentum corresponding to the classically al-
lowed linear momentum P, ,,. The angular momentum is
either perpendicular to the plane of the parent molecule, or
in the plane and perpendicular to the line joining the two
atoms of the diatomic.

The five real normal modes have random phases with
respect to each other. The diatomic rotational distribution
can be calculated by randomly selecting the phases of the five
modes, and weighting the corresponding total angular mo-
mentum by the probability of being in that part of phase
space. This is repeated many times until a suitable sampling
of phase space has been accomplished. This is equivalent to
numerically evaluating a fifth order integral and is computa-
tionally intensive.

A computationally simpler approach is to convolute the
angular momentum distributions from the four planar nor-
mal modes in the manner appropriate for Gaussian func-
tions. The angular momentum transferred from these modes
to the diatomic is perpendicular to the plane of the parent
and is denoted j, . Then

ji'lax,l =j12nax,l +j12nax,2 +j3nax,3 +jr2nux,5 (23)
and the total j, probability function from parent zero-point
motions is the same as Eq. (22) with, and,,,, , replacing
and ., ;. Inclusion of the angular momentum from the im-
pulsive force j,,,, which is always perpendicular to the plane
of the parent, gives the total j, probability function:

.\ g exp[ - (j, — Jimp )2/jv2nax,1 ] ,

P(jl )djl - (ﬂ;ax,l)l/z djl. (24)

In a similar manner, the parent contributions to the di-
atomic angular momentum directed in the plane of the par-
ent and perpendicular to the diatomic bond axis is deter-
mined. This angular momentum is Ji- Only v, contributes,
80/ max,| = Jmax.4» and the in-plane angular momentum distri-
bution P( j, )dj, is similar to Eq. (22).

The total classical angular momentum probability is the
product P(j, )P(j)dj, dj,. This is most conveniently ex-
pressed in polar coordinates, where the plane of the coordi-
nate system is defined by the directions of j, and j. Then

P(ii)dji = a:fn (22)

p(j)dj
_ 2m exP[ _ (/l _jimp)z/jrznnx,l _jﬁ/ﬁnax.ll ]dq) P H
= jdj,

0 mmax,.L]max, Il

(25)

where j is the magnitude of the total angular momentum
[i= (7 +i)""?).j. =jcos ®, and j =jsin ®. The inte-
gral over ® is numerically evaluated and P( j) is converted
to a quantum distribution by binning into the nearest rota-
tional quantum state J (where j = #i[J(J + 1)]'?).

Table VI lists j,.,, for the five real frequency modes of
the transition state. The calculated H, rotational distribu-
tion when xy, = 0 is shown in Fig. 12(a). When xy, =0,
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TABLE V1. Transfer of H, CO vibrational momentum to product angular
momentum for the impulsive model.*

Vi jH,b jcob jH:c Jeo®
1 595 0.54 4.76 0.22
2 0.70 1.77 0.61 1.04
3 0.90 7.01 0.54 7.09
4 3.55 6.61 2.80 6.54
5 2.75 6.27 2.14 6.13

*Units of #. The out-of-plane bend is v, .
*Transition state equilibrium geometry.
°Equilibrium geometry 22.4 kcal/mol below transition state.

the impulse does not apply a torque on the H,, and the par-
ent vibrational motions alone determine the rotational dis-
tribution. The calculated distributions for all H, vibrational
states are the same. The calculated distribution has the gen-
eral shape of the measured rotational distributions, but the
width of the calculated distribution is broader than experi-
ment. Increasing x,;, broadens the calculated Jy;, distribu-
tion further.

If the exit valley is modeled as an impulsive force, it is
most sensible to apply this force at a geometry between that
of the transition state and the products, since by definition,
the forces at the transition state are zero. A reasonable place
to apply the impulse is at a point along the presumed har-

0.5
0.4
0.3 F
02
0.1

0.0
0.4
0.3
0.2

Population

0.1F
6.0

04|
0.3
0.2
0.1

0.0

FIG. 12. Impulsive model results for E,,; = 30260 cm ~'. (a) Transition
state geometry with x;; =0 A. (b) H, (v=1) and (c) H, (v = 3) results
for the geometry that corresponds to 22.4 kcal/mol below the barrier. The
solid lines and arrows are for x., = 0.27 A and xy, = 0.09 A; the dashed
lines and arrows are for xoo = 0.27 A and xy, = 0.03 A. The arrows show
the Jy,, resulting from the impulsive force only. The circles are the measured
populations of H, (v = 1) for 2'4' S; H, CO photolysis on the "R, (0)e and
PP,(1)o lines. The triangles are the corresponding data for H, (v = 3).

J. Chem. Phys., Vol
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monic reaction coordinate where Berry’s simple golden rule
model*>** best fits the measured H, vibrational distribution.
In this simple golden rule model, the relative transition prob-
ability for formation of final product states is

W, = Qu/B|{f]i) %, (e), (26)

where (f|i) is the Franck—~Condon overlap integral of the
bound “dressed oscillator” wave function and the free rotor
wave function, and p,(€) is the density of final states. The
bound dressed oscillator wave function is generated in the
following manner. For a given distance along the reaction
coordinate, an H-H internuclear distance probability func-
tion is generated by randomly selecting phases of the posi-
tion coordinates for each of the five real frequency modes,
which are taken to be the same as at the transition state. Only
position coordinates within two times the classical turning
points are included: this includes 99% of the probability.
The probability of these phases is placed in the 0.01 A bin
corresponding to the H-H distance. This is repeated 1X 10°
times to produce a smooth probability function in 0.01 A
increments. The wave function is the square root of the prob-
ability function. The H, free rotor is represented by Morse
oscillator wave functions.*® The density of states function is
approximated as being proportional to the square root of the
product translational energy.

Calculated vibrational distributions are shown in Fig.
13. The experimental vibrational distribution is best fit with
a distance along the reaction coordinate which corresponds
to 22.4 kcal/mol below the barrier (29% down from the top
of the barrier). The peak of the distribution is a variable
which is determined by the distance along the reaction coor-
dinate. The width is determined from the amplitudes of the
five other modes, which are derived from the normal mode
analysis. Note that at the ab initio transition state, the calcu-
lated H, vibrational distribution peaks at v=3-4. The CO
vibrational distribution is calculated in a similar manner.
The calculated v =0 = l:wv=2 ratio is 0.86:0.14:0.00
which compares well with the measured distribution of
0.87:0.11:0.02.> Translation along the reaction coordinate
has little effect on the CO bond length in the parent, so the
calculated CO vibrational distributions for the transition

0.50 T T T T

Population

H, Vibrational Q.N.

FIG. 13. H, vibrational distributions calculated from the golden rule model
(Refs. 52 and 53). The solid line corresponds to the geometry 22.4 kcal/mol
below the barrier. The dashed and dot-dashed lines correspond to the geo-
metries 16.8 and 30.9 kcal/mol below the barrier, respectively. The points
are the measured distribution from Ref. 4.
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state geometry and the geometry 22.4 kcal/mol below the
transition state are similar.

Figures 12(b) and 12(c) show the calculated J;;, distri-
butions at the geometry 22.4 kcal/mol below the transition
state for x;;, values of 0.03 and 0.09 A. The impulse is ap-
plied to give corotating products as is implied by the reaction
coordinate (Fig. 10). In both cases a value of xoo, = 0.27 A
fits the measured J., distribution. The calculated H,
(v=13) J distribution agrees reasonably well with experi-
ment, but parameters could not be found that simultaneous-
ly fit the peak and the width of the H, (v = 1) measured J
distribution. The impact parameter calculated from the ab
initio reaction coordinate varies from 1.01 A for the equilib-
rium transition state geometry to 0.94 A for the geometry
22.4 kcal/mol below the barrier. When x;; = 0.03 A, the
1mpuls1ve model impact parameter is 0.85 A; when Xy,
=0.09 A, 5=0.91 A. The impact parameters used in the
model are reasonably consistent with the ab initio reaction
coordinate.

The contribution of the parent’s zero-point vibrational
motion to the CO angular momentum is calculated just as
for the H, . A separate calculation is done for each H, vibra-
tional state and the total distribution is weighted by the H,
golden rule model vibrational distribution. The calculated
CO rotational distribution and correlation between H, vi-
bration and CO rotation is shown in Fig. 14. The H,CO
geometry corresponds to 22. 4 kcal/mol below the barrier;
the value xco = 0.27 + 0.03 A fits the peak of the measured
CO rotational distribution. The calculated difference of the
peak Joo correlated to H, (v=1) and H, (v=13) is 6.6
quanta which agrees well with the measured difference of
about 6 quanta.

The total energy for 2'4' photolysis is about 1700 cm ~
above the barrier to dissociation. This energy is large enough
to excite 1 or 2 quanta of the two lowest frequency modes of
the transition state v, and v, Including these excited state
motions, with their appropriate weights, would only mod-

1

T Y Y T AJ \J

— All H,

—- H,(v=0)

--—- Hy(v=1)
o Hz(VIZ)
—— Hy(vy=3)

® Moeasured

Relative Population

50 60 70

FIG. 14. Calculated CO rotational distribution for E,,, = 30260 cm~".
The geometry corresponds to 22.4 kcal/mol below the barrier: xo, = 0.27
A, xy, =0.09 A. The arrows show the Jo, for the different H, vibrational
states resulting from the impulsive force only. The measured distribution is
from Ref. 3.

J. Chiemn. Phys., Yol 92, Mo.

estly increase the width of the calculated Jy; distributions.
The bulk of the width is from the zero-point motion of the
high frequency CH stretch v, .

Product distributions for D, CO and HDCO photolysis
are calculated with no additional parameters. The two tran-
sition states of HDCO are weighted equally, though the
transition state with the long C-H bond has a zero-point
energy 280 cm ~! lower than the transition state with the
long C-D bond. The geometry corresponding to H, CO 22.4
kcal/mol below the barrier is used. Both the HD and D,
calculated vibrational distributions peak in v = 1. The calcu-
lated J, distributions are compared with the measured dis-
tributions in Fig. 15 and the agreement is reasonable.

The Jp,, distributions are predicted to be similar to the
Jy, distributions, with J.,, = 3—4 quanta. Figure 16 shows
that the calculated HD rotational distribution is qualitative-
ly different from the J,;  distributions. Because the HD cen-
ter of mass is shifted from the HD center of symmetry, the
impulsive force applies different torques on the HD for the
two different transition states. The two transition states pro-
duce different distributions and the total distribution is a
linear combination of the two. The HD rotational distribu-
tions are expected to be sensitive to the forces in the exit
valley, unlike the H, rotational distributions.

This impulsive model has three parameters: xy_ , Xco,
and the point along the reaction coordinate where the im-
pulse is applied. These three parameters directly determine
the calculated peaks of the J;_, Jco, and H, vibrational dis-
tributions, but the widths of all three distributions are deter-
mined from the ab initio parent vibrational motions. With no
extra parameters, the impulsive model matches the observed

Relative Population

FIG. 15. Calculated CO rotational distributions from photolysns of HDCO
and D, CO. The parameters used are E,, = 30260 cm ™', x,;, = 0.090 A,
Xco = 0.27 A. In the HDCO calculation, the short-dashed line is the distri-
bution from the transition state with the long C-H bond and the long-
dashed line is from the transition state with the long C-D bond. The points
are the measured distributions from Ref. 3.
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FIG. 16. Calculated HD rotational distribution from photolysis of HDCO
using the same parameters as Fig. 15. The short-dashed line is the distribu-
tion from the transition state with the long C-H bond and the long-dashed
line is from the transition state with the long C-D bond.

correlation between the H, vibrational state and J, as well
as the change of the J, distribution upon isotopic substitu-
tion. A simple approach like this will not reproduce the ef-
fects of subtle details in the shape of the reaction surface or in
the quantum dynamics of passing through the transition
state. The possible difference in the J, distributions from
photolysis on the "R, (0)e and P, (1)o lines of 2'4' S, H,
CO requires a considerably more complete dynamical theo-
ry. However, this simple model is physically reasonable and
reproduces the general features of the measured product
state distributions.

C. Schinke’s semiclassical theory

Schinke has reproduced the J, distributions from pho-
tolysis of H, CO, HDCO, and D, CO using an ab initio H, -
CO scattering potential and an elegant theory based on the
infinite order sudden approximation.'?> The corresponding
calculated rotational distribution for ortho H, peaks 1-2
quanta higher than measured here and the data does not
support the bimodal distribution predicted for para H,."!
Schinke’s calculation is based on determining the probability
and hence the distribution of product states from the infinite
order sudden photodissociation amplitude. The initial
expression for the dissociation cross section is the golden
rule:

ajfcz <\I’Igr |lul‘ll£x)1 (27)

where W, is the initial parent state, ¥/, is the excited parent
state which correlates with the final product state f, and p is
the transition moment.'* Because H,CO predissociates,
Schinke replaces the ground state wave function with that of
the H, CO transition state. The final expression for the H,

photodissociation amplitude is'’

t( ) =fdrsinr Yo (7,0)¢(v)explin(y)]. (28)

Here, ¥ is the angle between the H, axis and the line connect-
ing the H, and CO center of masses. The product state distri-
bution, P( j) = |#(j)|? depends on the angular dependence
of the transition state ¢(y), the spherical harmonic, Y,
(7,0), and the radial integral, exp [in(y)], where (y) is

well approximated by the phase shift of ordinary scattering.
The radial integral integrates the transition state and excited
state radial wave functions over the potential surface, ex-
pressing the final state interactions in the exit valley. Schinke
uses an ab initio H, (v = 0)-CO(v = 0) scattering surface
for this potential. However, since H, is quite spherical, this
integral has little angular dependence and can be neglected
in the rotational distribution calculation. Therefore, Eq.
(28) can be further simplified to give

t(j) =fd1/sin Y5 (7,0)6(y) (29)

which is a Franck-Condon overlap integral applied to in-
plane rotation. Schinke made the approximation in these cal-
culations that the dissociation occurs in the plane of the mol-
ecule. This restricts the above equations to the case when
m =0, as indicated by Y,,, (¥,x) = Y, (7,0). The ab initio
transition state geometry and in-plane zero-point normal
modes are used to calculate #(y) in one degree increments.
The resulting J;;  distribution is shown in Fig. 17(a) and is
very similar to Schinke’s result.

Nonplanar contributions are included by replacing the
wave function ¢ (y) withé(7,y), where the torsional angle y
is the angle between the two planes which contain the H-H
internuclear axis and the C-O internuclear axis and share
the line connecting the H, and CO centers of mass. The
scattering amplitude is then

21T T
t(j,m>=f f Y, (r0d(r)sin(y) dydy. (30)
0 0

P( j) is calculated by summing |¢( j,m)|? over all m levels.

Population

JH2

FIG. 17. Schinke model results. (a) Transition state geometry with in-plane
motions only; (b) Transition state geometry with out-of-plane motions in-
cluded; (c) Geometry corresponding to 22.4 kcal/mol below the barrier.
The circles are the measured populations for 2'4' S, H, CO photolysis on
the "R, (0)e and #P,(1)o lines.
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The ab initio transition state geometry and zero-point vibra-
tional modes are used to numerically calculate ¢(y,y) in one
degree increments of ¥ and y. The resulting H, rotational
distribution is shown in Fig. 17(b). Including the out-of-
plane motions of the transition state gives distributions that
are singly peaked with ortho and para H, lying on the same
curve, in agreement with experiment. The restriction to mo-
tion in a plane caused the bimodal character of Schinke’s
prediction for the para H, rotational distribution. The calcu-
lation shown in Fig. 17(b) is the quantum analog of the
classical calculation shown in Fig. 12(a). They are both
Franck-Condon overlaps applied to rotations. Both meth-
ods give essentially the same results, even at low J. Figure
17(c) shows the calculation for the geometry 22.4 kcal/mol
below the transition state. Both the classical impulsive mod-
el and Schinke’s model calculations result in cooler rota-
tional distributions when the H-H distance is shortened in
the parent equilibrium geometry.

Schinke’s model reproduces the shapes and magnitudes
of both the H, and CO rotational distributions with no ad-
justable parameters, which is a remarkable result. Like the
impulsive model, Schinke’s model predicts D, rotational-
distributions that are similar to the Jy; distributions and a
bimodal HD rotational distribution.'" To calculate the prod-
uct correlation between H, vibration and CO rotation, a
potential for H, (v = 1,2,3) scattering with CO(v =0) is
needed, but is not presently available. Schinke’s model pre-
dicts very little correlation between Jo and Ji; .'" The un-
certainties in the data are too large to confirm or contradict
this prediction of the model.

It seems reasonable that normal mode motions of the
transition state would lead to considerable out-of-plane
character in the dissociation. This is born out by recent vec-
tor correlation measurements.?” If the dissociation occurred
purely in the plane, the H, velocity vector v and its rotational
vector J would be perpendicular to each other. However, the
v—J correlation is not at the limit of v1J, but rather intermedi-
ate between v||J and vLJ.

VI. CONCLUSIONS

Doppler-resolved LIF spectroscopy allows the simulta-
neous measurement of H, alignment, rotational popula-
tions, and H, (v,J) average velocities. The fragment align-
ment is not completely washed out by rotation during the
long lifetime of the excited state parent molecule. The rota-
tional distributions of ortho and para H, from photolysis of
H, CO near the barrier to dissociation are Boltzmann-like
and nearly identical. The H, CO(S, ) vibrational state has
little influence on the J;;  distributions, but there is evidence
that photolysis of higher rotational states of H, CO(S, ) re-
sults in warmer Jy;, distributions. There is little influence of
the nuclear spin state on the shapes of the Ji;, distributions.
Para and ortho H, are not interconverted but otherwise be-
have similarly in the dissociation and respond to the same
potential forces. The coupling of the S, and S, surfaces must
be insensitive to nuclear spin. For photolysis of 2'4' S,
H, CO, a product quantum state correlation is deduced from
the average velocity measurements: higher vibrational states
of H, are correlated with lower rotational states of CO.

The H, (v,J) and CO(»,J) distributions as well as the
correlation between H, vibrational states and CO rotational
states is modeled reasonably well by an impulsive dissocia-
tion near the transition state. The semiclassical model has
three parameters: the effective H, and CO impact param-
eters, and the position of the impulsive force along the reac-
tion coordinate. The anisotropy of the potential felt by the
CO is clearly much larger than that felt by the H, The cou-
pling of parent zero-point vibrational motions at the transi-
tion state to the product angular momentum accounts for
the observed product distribution widths.

The para H, rotational distribution is not bimodal as
had been predicted by Schinke. The bimodal prediction was
a result of restricting the dissociation to a plane. Schinke’s
model matches the measured H, rotational distribution if
parent out-of-plane motions are included in the calculation.
Both Schinke’’s model and the semiclassical impulsive mod-
el predict bimodal HD rotational distributions from photo-
lysis of HDCO. ‘

In the future, we will present data on the vector correla-
tions of the photodissociation process, including spatial ani-
sotropy and velocity-rotation correlations. These studies of-
fer further insights into the dissociation picture.
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