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Photofragment yields are reported for supersonically cooled H2O, D2O, and HOD via one photon,
193 nm photolysis in a slit jet expansion, with OH and OD fragments monitored by laser induced
fluorescence methods. Detailed analysis of the dependence of OH vs OD photofragment signals on
isotopic composition is used to extract relative photolysis cross sections and branching ratios for
bond-selective cleavage in HOD, H2O, and D2O samples. Specified relative to the 193 nm cross
sections for H2O→H1OH, the ratios are 0.392~20!, 0.032~20!, and 0.0157~19! for ~i!
HOD→H1OD, ~ii ! HOD→D1OH and D2O→D1OD channels, respectively. Specifically, these
results indicate a propensity for H–OD vs D–OH bond cleavage in HOD of 12~8!:1. This strong
H/D isotopic selectivity reflects extreme non-Franck–Condon photolysis out of classically of
forbidden regions of the ground-state wave function, i.e., bond-selective photochemistry mediated
solely by zero-point vibrational excitation. However, when compared with theoretical predictions
from full three-dimensional quantum scattering calculations on the ground (X̃ 1A1) and excited
(Ã 1B1) potential-energy surfaces~PES! of water, the observed HOD branching ratio is found to be
too lowby an order of magnitude. These results provide additional evidence that photodissociation
of water in the extreme non-Franck–Condon region is not adequately explained by current
theoretical models and suggest that contributions from other electronic surfaces may be important.
© 1998 American Institute of Physics.@S0021-9606~98!01140-4#

I. INTRODUCTION

In recent years, methods of studying unimolecular
photofragmentation processes have matured from one pho-
ton, direct absorption techniques toward multiresonance pho-
todissociation schemes in an effort to achieve control of the
fragmentation dynamics toward a specific target channel. In
conventional vibrationally mediated photodissociation
~VMP! methods, the first@infrared~IR! pump# photon is used
to prepare the reagent in a specific rovibrational wave func-
tion, which in turn permits a second@ultraviolet ~UV! pho-
tolysis# photon to selectively dissociate this state via absorp-
tion from favorable Franck–Condon regions. As one logical
extreme of this approach, strict control of the fragmentation
pathway may be achieved by choosing sufficiently low pho-
tolysis energies to preferentially excite molecules in the clas-
sically forbidden, Gaussian ‘‘tails’’ of the vibrational wave
function, and thereby, in principle, obtaining exponential se-
lectivity for fragmentation into a particular branching ratio.

Asymmetric triatomic molecules have been attractive
candidates for such studies since two distinguishable atom1
diatom fragmentation pathways exist over a relatively wide
range of photolysis energies. In particular, HOD has been a

long-time favorite target for both experimental and theoreti-
cal studies because of its small size, the convenient access to
vibrational modes having mostly OH or OD stretch charac-
ter, and the simplicity of its electronic state structure. One
goal has been to manipulate the H–OD to D–OH branching
ratio through intermediate vibrational state selection prior to
photodissociation on the purely repulsiveÃ surface. From
many such studies, the OD vs OH yields have been found to
depend strongly both on the vibrational state character and
the wavelength of photolysis photon. For example, the fun-
damental (Dv51) stretch modes of HOD have been excited
by stimulated Raman excitation~SRE!, followed by photo-
dissociation at 193 nm and laser induced fluorescence~LIF!
detection of the OH and OD products. A clear 2.5-fold en-
hancement of OD vs OH formation is observed forvOH51
excitation of the HOD target, whereas;1:1 OH and OD
yields are found forvOD51 excitation.1 Greater mode selec-
tivity is predicted2 and observed from higher overtone vibra-
tional levels in HOD. For example, Crim and co-workers3

report a 15-fold enhancement of OD over OH for dissocia-
tion of 4nOH excited HOD at both 240 and 266 nm. Most
recently, Brouard and Langford4 have observed OD/OH ra-
tios in excess of 12:1 and 23:1 from the 4nOH and 5nOH

levels, respectively, for dissociation of HOD at 288 nm.
Bond-breaking selectivity is anticipated to be less pro-
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ounced for total energies that sample the barrier region for
crossing between the D1OH and H1OD product channels
on the excited state surface. This has been experimentally
verified for direct one-photon dissociation of HOD at 157
nm, where only a 461:1 ratio of OD to OH is observed.5

Most relevant in this regard are the VMP studies of the 4nOH

level of HOD, where 218 nm yields in the OD and OH
channels are found to be nearly identical despite 12:1 en-
hancements observed at 288 nm.3 These mode-selective
trends are reasonably well understood both for excitations
above and below the barrier, with current theoretical models
in good qualitative agreement with the observed dynamics.6

For total energies below the barrier, the enhancement of OD
vs OH product yields byvOH excitation takes advantage of
red-shifted but classically allowed excitations from extended
OH bond geometries that characterize the intermediate vibra-
tional state. Conversely, selectivity for the H1OD channel
becomes increasingly dominant below the barrier due to in-
creasingly weaker Franck–Condon overlap onto the D1OH
channel.

Similarly, H–OD vs D–OH bond cleavage should also
be strongly favored for Franck–Condon excitations in the
classically forbidden region, but now with an exponential
sensitivity of this branching ratio on the photolysis energy.
This is particularly evident at 193 nm for zero-point excita-
tion of HOD where full three-dimensional~3D! quantum me-
chanical scattering calculations run on the Sorbie–Murrell7

~SM! and Staemmler–Palma9 ~SP! PES predict a more than
100:1 selectivity for OD vs OH product.9 Figure 1 provides a
simple interpretation of these theoretical findings. Contour
plots of the 2D~two-dimensional! ground-state wave func-
tion probabilities of HOD along the OH and OD stretch co-
ordinates are superimposed on the SM PES for a fixed HOD

bond angle of 104.5°. The regions on the SP surface verti-
cally accessible at 193 nm are illustrated with shaded region
along both the OH and OD stretch coordinates. In a zeroth-
order picture, the absorption cross sections are dominated by
the small Franck–Condon overlap regions between probabil-
ity densities associated with~i! the continuum state~which
peaks near the classical turning point! and ~ii ! exponentially
decreasing ground-state wave functions. Thus, a'100:1
branching ratio for OD to OH formation may be estimated
from the ratio of the maximum wave function probability at
the points of intersection with the SP PES, in good agree-
ment with quantum scattering theory. As will be demon-
strated in this study, however, the experimentally observed
OD/OH branching ratios are far smaller, theoretically over-
estimated by more than eightfold. In conjunction with the
.threefold differences between calculated and observed ab-
sorption cross section ratios for H2O and D2O noted
previously,10 these discrepancies provide supporting evi-
dence that current theoretical models are inadequate for char-
acterizing photofragmentation dynamics initiated from clas-
sically forbidden regions of water.

Our interest in studies of OH/OD photofragment product
yields of HOD at 193 nm rises from several sources. First, in
contrast with the previous studies of H2O and D2O, the
branching ratio for photofragmentation of jet-cooled HOD
involves a single rovibrational wave function with two ex-
perimentally distinguishable products. The observed dynam-
ics for this bond fission process, therefore, provide rigorous
additional tests of the potential-energy surfaces and scatter-
ing theory for water in non-Franck–Condon absorption re-
gions. Second, while in principle the absorption cross section
ratio of H2O and D2O should be obtainable directly from the
product yields from photolysis of pure samples, in practice
some level of contamination of D2O with HOD is unavoid-
able. Therefore, the trends observed from analysis of isotopic
mixture provide a quantitative way to extrapolate to the limit
of pure H2O, D2O, and HOD samples for accurate determi-
nations of bond-selective product yields.

The remainder of this paper is organized as follows. In
Sec. II, we provide a brief review of the experimental appa-
ratus and the methods used to obtain the OH and OD photo-
fragment populations from the experimentally measured la-
ser induced fluorescence~LIF! intensities. The equilibrium
expressions and liquid–vapor phase properties of the H2O,
D2O, and HOD isotopomers that dictate sample composi-
tions are discussed in Sec. III. In Sec. IV, the OH/OD pho-
tofragment yields are determined for a compositional series
of photolyzed samples and fit to expressions to obtain the
branching ratios and relative absorption cross sections. The
OD product state distributions,L-doublet and spin-state ra-
tios inferred for ‘‘pure’’ HOD samples are compared with
those previously reported for 193 nm photolysis of H2O and
D2O.10 In Sec. V, predictions based on a semiclassical Con-
don model of the dissociation serve to test the sensitivity of
OD/OH branching ratios for HOD to uncertainties in the
upper–lower potential-energy surfaces. The paper is summa-
rized in Sec. VI.

FIG. 1. Contour plots of the Sorbie–Murrell ground-state potential-energy
surface~dashed lines at 1 eV spacing! and the square modulus~solid lines!
of the zero-point vibrational wave function of HOD along the two stretch
coordinates at fixed bond angles of 104.5°. Also shown in gray are regions
on the Staemmler and Palma excited state PES energetically accessible at
wavelengths>193 nm relative to zero-point level. The probabilities are
shown on two different grid spacings in order to illustrate the far-off reso-
nance absorption region at 193 nm. The lighter contours decrease linearly
from a peak value of 1 to 0.1 in 0.1 unit intervals; the heavier contours
represent tenfold sequential decreases from 1021 to 1027.
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II. EXPERIMENT

The experimental apparatus for far off resonance photo-
dissociation studies of jet-cooled H2O–HOD–D2O and LIF
detection of the OH/OD photofragments has been reported
elsewhere in detail10 and is briefly summarized below. Gas
mixtures of 1% H2O–D2O–HOD in He are expanded though
a 4 cm350 mm slit jet at 340 Torr into a vacuum chamber.
Both the 193 nm photolysis~ArF excimer, unstable resonator
optics! and 308 nm probe~frequency doubled R6G! lasers
intersect the supersonic expansion, parallel to the slit axis
and 1.25 cm downstream from the nozzle orifice. The result-
ing OH/OD photofragments are probed onÃ 2S1(v850)
←X̃ 2P(v950) electronic transitions after a 200 ns delay
following the photolysis pulse. Laser induced fluorescence is
monitored with a high efficiency~'5%! light collection as-
sembly optimized for the slit jet geometry, which also pro-
vides convenient spatial filtering of probe and photolysis la-
ser light with a greater than 109 rejection ratio. This
combination of~i! slit jet path length and~ii ! high sensitivity
LIF detection results in photolysis cross-section detection
limits as low as'10226 cm2, which is what make such
far-off resonance photodissociation studies experimentally
feasible.

Rotational and fine structure state populations are ob-
tained from the integrated LIF signals based on the following
model, which takes partial optical saturation of the OH and
OD transitions into account. Each population,n(v9,J9), is
determined from the integrated LIF intensities,S, via

S}Bn~v9,J9!I probem1 /~11m2I probe!, ~1!

whereB is the Einstein coefficient for absorption,11 I probe is
the probe laser pulse energy and the parametersm1 andm2

reflect LIF detection efficiency and optical saturation, respec-
tively. The relevant experimental parameters for all OH/OD
transitions have been reported elsewhere.10 By way of a con-
sistency check, typical populations obtained from bothP-
andR- branch lines agree to better than 10%. This is particu-
larly important in the present mixed isotope studies since the
OH/OD ~0,0! spectral bands are strongly overlapping and
thus the populations can often solely be determined from
only one component of theP/R pair. No vibrationally ex-
cited products are observed for the 193 nm photolysis of
HOD; signal to noise on thev50 species establishes an
upper limit on thev51/v50 ratio of ,0.5%. Data analysis
on the P1/2

2 state populations is limited by multiply unre-
solvedQ-branch rotational transitions in the LIF spectrum.
Effective OH or OD product yields are, therefore, obtained
by summing over all N for each of the three otherP3/2

1 ,
P3/2

2 , andP1/2
1 fine structure states.

III. LIQUID AND GAS-PHASE ISOTOPIC SAMPLE
COMPOSITIONS

The gas-phase isotopic compositions used in the deter-
mination of the bond-selective cross sections of H2O, D2O,
and HOD depend on~i! the liquid phase equilibrium compo-
sitions used to prepare the gas samples and~ii ! the
temperature-dependent vapor pressures above the premixed
liquid samples. The liquid samples are prepared from pipet-

ted aliquots of H2O and D2O, shaken to ensure complete
mixing and rapid H/D isotopic exchange. The D2O isotopic
purity is confirmed by nuclear magnetic resonance~NMR!
tests to be at the stated 99.8 D atom % level; particular care
is taken to passivate surfaces by multiple contact with solu-
tions prior to making final mixes. Uncertainty in the initial
liquid phase H2O/D2O mole fractions is estimated to be less
than 1%. From stoichiometry, the isotopic equilibration can
be expressed in terms of the initial mole fractions of H2O and
D2O liquids, xX2O

l 0, and the equilibrium mole fraction of

HOD, xHOD
l , i.e.,

H2O1D2O�2HOD, ~2!

Keq
l 5~xHOD

l !2/@~xD2O
l 020.5xHOD

l !•~xD2O
l 020.5xHOD

l !#,

~3!

where the experimentally measured equilibrium constant12

for H/D isotope exchange is 3.7460.02 at 25 °C. Equation
~3! can be solved for the equilibrium mole fraction of HOD
(xHOD

l ), which by the stoichiometry in Eq.~2! yields the
liquid phase mole fractions (xHOD

l andxD2O
l ) of the H2O and

D2O isotopomers.
Due to small differences in vapor pressures for the three

different isotopomers, the gas-phase composition will differ
subtly from the liquid phase mole fractions obtained from
Eq. ~3!. To take this into account, the known equilibrium
vapor pressures13 of H2O, D2O, and HOD at 25 °C are used
via Henry’s Law to predict the relative partial pressures and,
therefore, gas-phase mole fractions of the three isotopomers
evaporating from the liquid sample. In these determinations,
the mixed solutions of H2O, D2O, and HOD are assumed to
be ideal; partial pressure deviations14 from this limit are less
than 0.2% and well within the uncertainties reported herein.
The resulting mole fraction compositions are listed in Table
I and graphically displayed in Fig. 2 as a function of initial
liquid phase composition of D2O, xD2O

l 0. The gas samples

are then prepared by evaporation of the liquid samples into
an evacuated stainless steel mixing tank at 25 °C, which has

TABLE I. Initial D 2O liquid phase compositions,xD2O
l 0, final gas-phase

equilibrium mole fraction compositions,xg, from Eq.~3! and the % OH and
% OD product yields obtained for the 193 nm photolysis of jet-cooled H2O,
D2O, and HOD samples. The OH and OD product yields are normalized to
100% for photolysis of pure H2O. These measurements are repeated be-
tween 3–9 times for each isotopic composition; 1s error bars represent the
standard deviation of the mean.

xD2O
l 0 xH2O

g a xD2O
g a xHOD

g a % OH % OD

0.00 1.00 0.00 0.00 100~6! 0.0~2!
0.25 0.58 0.059 0.36 59~4! 15.2~12!
0.50 0.27 0.24 0.49 30~2! 20.8~12!
0.75 0.072 0.55 0.38 8.2~4! 15.6~6!
0.90 0.012 0.80 0.19 2.7~5! 9.5~10!
0.998b 0.00 0.995c 0.005c 0.0~2! 1.77~33!

aEstimated uncertainties of the gas-phase compositions delivered by the slit
jet are61%.

bPurity obtained from NMR studies of the % H atom concentration in the
liquid samples.

cPurity determined by LIF detection of OH and OD products following
multiple purge cycles of the gas delivery system. See text for details.
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been pre-passivated by multiple exposures with the target
isotopic composition before a final fill and dilution with He
to yield 1% mixtures.

As a final note, if left unchecked, the liquid sample can
evaporatively cool by several degrees while filling the stain-
less steel mixing tank, which can in principle influence the
sample isotopic composition by either a temperature-
dependent change in~i! liquid phase equilibrium constant or
~ii ! isotopic vapor pressure ratios. The former effect is less
than 1% for DT'25 °C and, therefore, negligible (Keq

l

53.74@25 °C andKeq
l 53.75@0 °C).12 However, the latter

effect on isotopic vapor pressure ratios can be more signifi-
cant, changing by 2%–7% between 0 °C and 25 °C.13 As a
result, the samples are heated mildly during these transfers to
compensate for evaporative cooling of the liquid and main-
tain T'20– 25 °C conditions.

Gas sample delivery to the probe–photolysis region re-
quires contact with stainless steel surfaces in the pulsed slit
jet expansion valve. For each gas sample, therefore, the slit
valve is treated with a series of multiple exposure–
evacuation cycles to ensure complete accommodation. This
degree of passivation is explicitly quantified by performing
photolysis measurements and sampling changes in the ex-
perimentally observed OH/OD ratios as a function of the
number of gas-phase exposures.10 Accommodation is found
to be essentially complete~.99%! within four passivation
cycles, as further tested by comparing the asymptotic
OH/OD results starting from bothover- and under-
deuterated initial conditions. Based on the multiple checks
described above, the net uncertainty in gas-phase isotopic
composition delivered to the experimental probe region is
estimated to be61%. This is negligible with respect to the
order of magnitude discrepancies between theory and experi-
ment that these photolysis measurements elucidate, as de-
scribed in more detail below.

IV. RESULTS AND ANALYSIS

A. OH and OD bond selective quantum yields and
branching ratios

The relative cross sections for photolysis of individual
bonds in H2O, D2O, and HOD are obtained from analysis of
the OH and OD photofragment yields as a function of frac-
tional gas-phase isotopic composition. The effective cross
section for generating OH vs OD population from 193 nm
photolysis of an isotopically mixed gas sample may be ex-
pressed in terms of bond selective cross sections and gas-
phase mole fraction compositions of the isotopomers as

sOH5sH2OIxH2O
g 1sD–OH•xHOD

g , ~4a!

sOD5sD2OIxD2O
g 1sH-OD•xHOD

g . ~4b!

In Eq. ~4!, sD–OH and sH–OD are the cross sections for se-
lective HOD cleavage to form D1OH and H1OD, respec-
tively, while sH2O andsD2O reflect the propensity to cleave
either bond to from H1OH or D1OD. Experimentally, one
measures signals proportional to the nascent state OH and
OD populations, i.e.,nOH and nOD, obtained by summing
over all rotational states in theP3/2

1 , P1/2
1 , andP3/2

2 mani-
folds with the help of Eq.~1!. The ratio of these population
sums~i.e.,nOD/nOH) provides a direct measure of the ratio of
the effective cross sections~i.e., sOD/sOH), from which the
ratio of bond selective cross sections~e.g., sH-OD/sH2O,
sD-OH/sH2O, andsD2O/sH2O) can be extracted.

The OH and OD population sums are determined from
the integrated line intensities for a series of photolyzed gas
samples of varying isotopic composition. Laser induced fluo-
rescent spectra have been obtained in>3 independent mea-
surements for samples withxD2O

1 050.0%, 25%, 50%, 75%,

90%, and 99.8%. To better characterize statistical uncertain-
ties for selected isotope mixtures, multiple additional studies
have been repeated forxD2O

l 050.0%, 75%, and 99.8%.

Sample portions of the LIF spectra in theR21 branch region
for these three samples are shown in the top, middle, and
bottom panels of Fig. 3, respectively. The gas-phase compo-
sitions and the average values of the photofragment popula-
tions determined for each of these samples are given in Table
I, with the OH values normalized to 100% for pure H2O
isotopic sample composition. Reported errors reflect one
standard deviation of the mean.

The data in Table I are included in a linear least-squares
fit of Eqs. ~4a! and~4b! to obtain the relative bond-selective
cross sections for H2O, D2O, and HOD. The data are also
represented in the upper and lower panels of Fig. 4 together
with the predicted curves generated using these parameters.
Normalized to sH2O, the best fit parameters forsH–OD,
sD–OH, and sD2O are 0.392~20!: 0.032~20!: 0.0157~19!,
which correspond to the product channels H1OD, D1OH,
and D1OD. Consistent with our earlier results,10 the ratio of
photolysis cross sections for H2O and D2O, i.e.,sH2O/sD2O,
is determined to be 64~10!, where the uncertainty represents
one standard deviation. Of specific interest, however, the
branching ratio for bond specific photofragmentation of
HOD at 193 nm to form OD or OH fragments~i.e.,

FIG. 2. Percentage of H2O, D2O, and HOD in the gas samples as a function
of the initial liquid composition of D2O. The gas-phase compositions are
determined from the partial pressures of the liquid phase components at
25 °C using Henry’s Law with specific corrections made for the differences
in the vapor pressures~Ref. 14! for H2O, D2O, and HOD using
PH2O /PD2O51.145 andPH2O /PD2O5(PHOD /PD2O)1/2. The latter condition
is exact for ideal solution behavior, which is known from previous studies to
be a reliable approximation~Ref. 14!.
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sH–OD/sD–OH) is found to be 12~8!, where the fractional
uncertainty in this ratio represents the fractional uncertainties
in each of the photolysis cross sections summed in quadra-
ture. As elucidated in the next section, the most significant
source of uncertainty in these determinations is associated
with the relative cross section for D1OH bond cleavage in
HOD, since this channel is detected via OH formation that
competes with the more facile fragmentation of H2O. Con-
versely, the relative cross section for H1OD bond cleavage
from HOD is well determined in this analysis. As antici-
pated, the results clearly indicate more facile cleavage of the
H–OD vs D–OH bond. However, this ratio is nearly an or-
der of magnitudesmaller than predicted theoretically; in es-
sence, a surprisingly by large fraction of HOD photolysis at
193 nm occurs via cleavage of the O–D vs O–H bond.

B. OD rotational distributions from 193 nm photolysis
of HOD

It is also of dynamical interest to extract the HOD pho-
tofragment distributions from these UV photolysis/LIF mea-
surements. Since the OH–OD LIF signals in general arise
from photolysis of all three isotopomers, it is first necessary
to characterize distributions from 193 nm photolysis of iso-
topically neat H2O and D2O samples, which have been re-

ported elsewhere.10 However, the ease with which the
OH/OD photolysis distributions for HOD can be isolated
from H2O and D2O depends sensitively on the relative mag-
nitude of these additional contributions, which turns out to
be much less optimum for OH than for OD products. Spe-
cifically, OH production from HOD requires a nominally
‘‘unfavorable’’ cleavage of the OD bond, which must com-
pete with the 30-fold more facile OH bond photolysis of H2O
also present in the mixture. One can effectively increase the
HOD–H2O ratio with excess D2O, at the expense, however,
of absolute HOD concentration. Even at the highest D2O
levels with sufficientS/N to detect OH, the contributions
from HOH are comparable to those from HOD photolysis.
This makes it unfeasible to extract the one from the other,
especially in the presence of the much stronger and partially
overlapping OD signals from D2O.

Fortunately, these trends are exactly reversed for mea-
suring OD product distributions from 193 nm photolysis of
HOD. Now the photolysis cross sections are relatively ‘‘fa-
vorable’’ since an OH bond is being cleaved, while the com-
peting channel for forming OD from D2O requires unfavor-
able cleavage of an OD bond. As a result, the OD signals are
dominated by HOD photolysis. This point is evident in Figs.
2 and 4, which demonstrate that the experimentally observed

FIG. 3. Example of LIF spectra of OH (v50) and OD (v50) in theR21

branch region obtained from 193 nm photolysis of samples withxD2O
l 0

50% ~upper!, 75% ~middle!, and 99.8%~lower!. The OD signal in the
middle panel is primarily from cleavage of the OH bond in HOD with,5%
originating from photolysis of D2O. The intensities of the lower two spectra
are scaled by 10 and 50 relative to the top panel.

FIG. 4. OH and OD photofragment yields from the 193 nm photolysis of
jet-cooled samples as a function of the initial liquid composition of D2O
(xD2O

l 0). The data in the expanded region shown in the lower panel are the
most sensitive to determination of the OH–OD branching ratio. Error bars
along the abscissa correspond to the maximum uncertainties in the gas-
phase compositions associated with the OH and OD yields. Error bars along
the ordinate represent one standard deviation of the mean for separate data
runs.
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OD product closely mirrors the rise and fall of HOD concen-
trations in the isotopic mixtures. More quantitatively, the
contribution to total OD yield from HOD photolysis is 95%
for samples withxD2O

l 0575%, which makes it relatively

straightforward to correct for the 5% contribution from D2O
photolysis.

The OD photofragment distributions from 193 nm pho-
tolysis of HOD are shown in the middle panel of Fig. 5 for
the 2P3/2

1 , 2P1/2
1 , and2P3/2

2 ground-state levels of OD. For
comparison, the 193 nm photofragment distributions from
H2O and D2O are shown in the upper and lower panels,
respectively. The most obvious differences are between the

OH rotational distributions from H2O that are more sharply
peaked at low N and the OD distributions from HOD pho-
tolysis that are spread out over a much broader range of N
values. One simple contribution to this difference is that the
rotational energy spacings in the OH fragment are twice as
large as for OD, which for comparable energy deposition
into rotation would tend to focus the population into lower N
levels. This interpretation would also be supported by the
OD rotational distributions from D2O photolysis, which are
overall quite similar to those from HOD.

Alternatively, the Franck–Condon model15 of Balint–
Kurti and Shapiro has been extensively used to interpret
product state distributions from H2O photolysis. This model
is based on expressing the ground-state bending wave func-
tion as an expansion in free rotor states of the asymptotic
diatom1atom product channel. Since this is sensitive only to
the Franck–Condon overlap of initial and final state wave
functions, this model implicitly neglects all torques in the
exit channel between the recoiling product fragments. De-
spite such approximations, this simple theory has been gen-
erally successful in modeling OH distributions from H2O
photolysis.16 From this perspective, one might rationalize the
narrower OH rotational distributions as a result of larger am-
plitude H2O vs HOD bending wave functions which, there-
fore, project onto fewer final rotational channels.

There are several indications in the data, however, that
this cannot be the predominant effect. First of all, this same
model would also predict even higher OD rotational state
populations for D2O vs HOD photolysis, whereas the ob-
served rotational distributions are in fact quite similar~see
Fig. 5!. Furthermore, it has been noted in previous studies
that initial rotation of water characteristically leads to addi-
tional rotation in the OH product. Due to nuclear spin statis-
tics, H2O can only cool down into a 3:1 population ratio for
the 101 and 000 rotational levels. By way of contrast, HOD
has no nuclear spin constraints and cools in the slit jet almost
completely~.95%! into the 000 level. Similarly, D2O has an
inverted 2:1 nuclear spin preference, and thus has two-thirds
of the population in the 000 rotational state. If anything,
therefore, the effect of initial rotation would contribute to
warmerdistributions for H2O vs HOD or D2O, whereas the
opposite is observed. Indeed, despite considerable effects to
characterize populations for 193 nm photolysis of H2O,
HOD, and D2O via the Franck–Condon model, the results
are in relatively poor agreement with these experimental
trends.

An intriguing alternative possibility is suggested by the
work of Brouard and co-workers,4 who have studied vibra-
tionally mediated photolysis of HOD in the 4nOH and 5nOH

overtone manifolds. In order to obtain satisfactory agreement
with their experimental results for HOD, the Franck–Condon
model has been modified to permit additional torque contri-
butions between the recoiling products in the exit channel.
This modification is rationalized on the basis of a center-of-
mass shift between OD and OH products, which leads to a
'twofold increase in lever arm for application of exit chan-
nel torques for HOD vs H2O photolysis. This same effect
would also be present for D2O, which would be consistent
with the nearly quantitative similarities observed between

FIG. 5. Rotational state distributions in the2P3/2
1 ~circles!, 2P1/2

1 ~squares!,
and 2P3/2

2 ~triangles! levels of OH from H2O ~top!, of OD from HOD
~middle!, and of OD from D2O ~lower! following the 193 nm photolysis of
jet-cooled samples. The product state yields in each panel are reported so
that they sum to 100%. The OD rotational populations from both HOD and
D2O are strikingly similar and reflect significantly broader rotational distri-
butions than observed for OH production from H2O. These isotopic trends
are poorly reproduced from Franck–Condon models and suggest the impor-
tance of exit channel torques on OD vs OH products. The error bars reflect
1s of the mean over 3–9 separate measurements.
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OD rotational distributions for both D2O and HOD photoly-
sis systems. Though more theoretical work would be neces-
sary to confirm this picture, these data suggest that exit chan-
nel interactions may be non-negligible for D2O and HOD
photolysis at 193 nm.

C. OD L-doublet and spin-state population ratios

The population ratios of OD in theL-doublet levels
(2P3/2

1 and 2P3/2
2 ) and spin-state levels (2P3/2

1 and 2P1/2
1 )

provide additional information about isotopic substitution ef-
fects on fragmentation dynamics of water. The experimen-
tally observedL-doublet ratios of OD are shown in the top
panel of Fig. 6. Also shown with dashed lines are the ratios
theoretically predicted for prompt recoil from a planar disso-
ciation geometry. The model explicitly takes into account the
N dependence of theL-doublet mixing that occurs in the
OH–OD products, as described previously for both 157 nm5

and 193 nm10 photolysis of jet-cooled H2O and D2O. Al-
though detailed N-dependent structure is undoubtedly
present in these curves, the general experimental trend is for
an increase inL-doublet inversion with rotational quantum
numberN. Furthermore, the magnitude of this inversion is in

reasonable agreement with the model predictions for a planar
dissociation geometry, as also seen in other photolysis stud-
ies.

At a more subtle level, theL-doublet distributions from
HOD are generally more inverted than those from H2O or
D2O and for several values ofN exceed the planar dissocia-
tion model predictions. One possible reason for these differ-
ences is the influence of the initially prepared rotational
states of HOD, H2O, and D2O on the dynamics. In photolysis
of H2O at 157 nm,5 for example, the initial rotation of H2O
has been shown to greatly diminish the magnitude ofL-
doublet inversion. This is especially dramatic in the limit of
room-temperature photolysis of H2O, where the strongL-
doublet inversion evident from vibrationally mediated state-
selected photolysis essentially vanishes. These rotational av-
eraging effects are significantly reduced for jet-cooled
samples, but due to nuclear spin statistics these effects are
still present to some degree for H2O and D2O. As mentioned
above, these species only cool in an expansion into the low-
est two rotational 000 and 101 levels, with a 1:3 and 2:1 ratio
for H2O and D2O, respectively, whereas HOD can cool com-
pletely into the 000 ground rotational state. Consequently, the
jet-cooled HOD photolysis results reflect less initial state av-
eraging than for either H2O or D2O, which may contribute to
the slightly more inverted distributions observed experimen-
tally.

As a final comparison, the population ratios in the2P3/2
1

and 2P1/2
1 spin-state levels of OD from HOD are shown in

the bottom panel of Fig. 6. The population ratios are cor-
rected byN/(N11) for differences in state degeneracies to
permit direct comparison with the statistical ratio of unity
~dashed line!. The data indicate a clear trend of decreasing
P3/2

1 /P1/2
1 spin-state ratios with increasing rotational quan-

tum numberN, with substantial deviations~650%! away
from the statistical limit. This trend is convincingly reiterated
for H2O and D2O as well, indicating that theseN-dependent
deviations from statistical behavior are a robust feature of the
193 nm photolysis dynamics. It is worth noting that this
trend is considerably different from what is observed from
157 nm photolysis studies of H2O and D2O in the Franck–
Condon region,5 where the spin-state distributions are ob-
served to be nearly perfectly in the statistical limit for both
OH and OD products. However, it is also relevant that the
spin-state distributions at 157 nm were obtained on room-
temperature samples, and thus it is not possible to separate
effects due to~i! Franck–Condon vs non-Franck–Condon
photolysis and~ii ! thermal averaging over initial rotational
states.

V. DISCUSSION

Quantum scattering calculations have been used to pre-
dict branching ratios for photolysis of HOD from a number
of vibrational states; in most cases, agreement with the ex-
perimental data is quite good. For example, Shaferet al.5

report an OD/OH ratio of 461 for photolysis from ground-
state HOD at 157 nm, which is in excellent agreement with
the theoretically predicted value17 of 4.2. Similarly, in vibra-
tionally mediated photolysis studies of 4nOH HOD at 218.5

FIG. 6. L-doublet ratios of the2P3/2
1 and2P3/2

2 levels~upper panel! and the
spin-state population ratios of the2P3/2

1 and2P1/2
1 levels ~lower panel! as a

function of rotational quantum numberN for the 193 nm photolysis of HOD.
The L-doublet ratios predicted for a prompt, planar dissociation are also
shown with a dashed line in the top panel. The spin-state ratios are first

corrected for state degeneracies with the factorN/(N11) (J5N1
1
2 for V5

3
2 andJ5N2

1
2 for V5

1
2!: a ratio of 1:1, therefore, corresponds to a statis-

tical distribution over the two spin levels.
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nm by Crim and co-workers,3 OD/OH yields are found to be
160.2:1, which again agree very well with 0.9–1.1 values
predicted from theory.3 From simple Franck–Condon argu-
ments, the specificity of this branching ratio is expected to
increase dramatically for excitation at lower photolysis ener-
gies, which therefore shifts the Condon point on the upper
potential surface further into the exit channel region. For
example, photolysis studies of 4nOH excited HOD at 266 and
240 nm3 result exclusively in OD product formation, with a
branching ratio of.15:1 for the OD/OH ratio. This again
compares favorably with theoretically predicted values of
.103:1 and .80:1, respectively, for the two dissociation
wavelengths.

However, for other vibrationally mediated photolysis
studies of water isotopomers where absolute branching ratios
are reported, the agreement is consistently less satisfying.
For example, 193 nm photolysis from thenOH level of HOD
leads to a 2.5:1 branching ratio for OH/OD production,
which is fourfold smaller than the theoretically predicted
ratio18 of 10:1. Similarly, 193 nm photodissociation studies
indicate only a 64~10!:1 ratio photolysis cross sections for
H2O vs D2O,10 which is more than threefold smaller than the
theoretical predictions of .200:1 by Schinke and
co-workers.9 In the current study of ground-state HOD at
193 nm, even larger discrepancies with theory are evident.
Specifically, the observed OD/OH branching ratio of 12~8!:1
is more than eight times smaller than recent theoretical pre-
dictions of .100:1.9 If one thinks of these branching ratios
from one-photon photolysis as the logical extreme of vibra-
tionally mediated photodissociation of molecules with zero-
point excitation, theory would appear to be systematically
over-predicting the isotope- and/or bond-selectivity of the
photodissociation event. Considering that water photolysis
currently represents one of the most thoroughly studied
‘‘benchmark’’ systems for truly rigorous tests of polyatomic
photodissociation dynamics, these discrepancies are signifi-
cant and worthy of further investigation.

One feature common to each of these studies is that they
involve excitation substantially into the exit channel region,
and from a Franck–Condon perspective preferentially
sample the classical forbidden ‘‘wings’’ of the lower state
vibrational wave function. One possible concern would be
that these over-predicted isotope and bond selectivities arise
simply from inaccuracies in the upper and lower potential
surfaces which would, therefore, be amplified due to errors
accumulated in exponentially decreasing regions of the vi-
brational wave function. Thus, it is important to establish
that the theoretical predictions are reasonably insensitive to
the choice of potential surface. In our previous study of the
photodissociation dynamics of H2O and D2O at 193 nm, al-
gorithms developed by Miller and Child19 were used to cal-
culate the absorption cross-section ratio for these two isoto-
pomers. The approach makes use of semiclassical Wentzel–
Kramers–Brillouin ~WKB! methods for calculating one-
dimensional~1D! overlap matrix elements between lower
state bound and excited-state continuum wave functions.
Based on the ground-state surface of Sorbie and Murrell7

~SM! and excited-state surface of Staemmler and Palma8

~SP!, this simplified 1D model predicted the H2O–D2O

cross-section ratio to be in nearly quantitative agreement
with full 3D scattering calculations of Schinke and
co-workers9 using these same surfaces. More importantly,
the availability of closed form analytical expressions for
these matrix elements and photolysis cross-section ratios per-
mits one to evaluate the sensitivity to estimates of theoretical
uncertainties in the upper–lower potential surfaces.

A similar theoretical analysis is invoked here to predict
~i! the branching ratio for OD/OH formation from 193 nm
HOD photolysis and~ii ! establish the sensitivity of this
branching ratio to uncertainties in the potential surfaces. The
details of the approach are described elsewhere;10 the results
of these calculations are summarized in Table II for different
ground-state surfaces ~Sorbie and Murrell,7

Reimers–Watts,20 and Tennyson21! and one common upper
state surface~Staemmler–Palma8!. For the widely used
Sorbie–Murrell ~SM! surface, the calculations predict an
HOD photolysis branching ratio for OD–OH formation at
193 nm to be 176:1. This is in good agreement with full 3D
scattering calculations and yet overestimates the experimen-
tally observed branching ratio of 12~8!:1 by more than an
order of magnitude. The experimental and theoretical bond
selective cross-section ratios for photolysis of H2O, HOD,
and D2O are summarized in Fig. 7, with all data sets normal-
ized to the production of OH and H2O. The propensity for
OH cleavage in HOD is only down by roughly twofold from
H2O, which is easily rationalized, since HOD has half of the
number of OH bonds as H2O. However, the level of agree-
ment for cleavage of OD bonds in either D2O or HOD is
significantly worse, with discrepancies of as much as an or-
der of magnitude between theory and experiment.

The robustness of these results to uncertainties in the SM
potential have also been tested by repeating the calculations
for a uniform 61 kcal/mole shift in the SM ground-state
potential surface. This reflects a reasonably conservative es-
timate of the potential surface uncertainties based on the21
kcal/mole shift necessary to reproduce the photolysis wave-
length dependent structure in the UV cross sections for
u042& excited H2O.22 As listed in Table II, these shifted

TABLE II. Results of 1D semiclassical model calculations for determining
HOD branching ratios at 193 nm. The results are obtained for each ground-
state potential surface for the unphotolyzed bond fixed at 0.9710 Å and the
HOH–DOD bond angle fixed at 104.52°. The Staemmler and Palma
excited-state surface~SP! is used for all calculations. Note that theoretical
predictions of the OD–OH ratio are 1 to 2 orders of magnitude larger than
experimentally observed. The results previously reported for the absorption
cross-section ratios of H2O and D2O are included for comparison, which are
also overpredicted~.threefold! by theory.

Lower PES Upper PES sH–OD/sD–OH sH2O /sD2O
e

SMa SPb21.0 kcal/mole 139 150
SMa SPb 176 203
SMa SPb11.0 kcal/mole 432 244
RWc SPb 649 712
Tennysond SPb 6550 7480
Experiment~this work! 12~8! 64~10!

aReference 7.
bReference 8.
cReference 20.

dReference 21.
eReferemce 10.
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potential surfaces predict branching ratios of 139:1 and
432:1, respectively, i.e., both more than an order of magni-
tude too high to bring the theoretically predicted OD/OH
branching ratios into agreement with experimental observa-
tion. This qualitative trend is also confirmed on the two other
H2O potential surfaces tested, which yield branching ratios
as much as two orders of magnitude higher than experimen-
tally observed.

Though the reasons for such striking discrepancies be-
tween theory and experiment for such an extensively studied,
benchmark photolysis system are not yet fully understood,
several possibilities can be suggested. Perhaps the most in-
triguing of these is that for these extreme non-Franck–
Condon excitations, nonadiabatic effects in the different exit
channels may begin to be important. As the simplest ex-
ample, direct excitation to electronic surfaces of higher spin
multiplicity could become competitive with far-off reso-
nance absorption from classically forbidden wings in the
Ã←X̃ singlet band. Specifically, direct absorption to the
lowest triplet state would be significantly red shifted from
the Ã←X̃ absorption band, which although quite weak,
could begin to play an important role at these long excitation
wavelengths and high detection sensitivities ('10226 cm2).
Such prospects fortriplet mediated photolysis dynamics in
water are currently being addressed by Schinke and co-
workers and will be reported in the accompanying paper.9 Of
particular interest would be to predict final state distributions
from such dynamical channels, and thereby see if triplet state
effects could also be contributing to the distinctive rotational,
spin-state and/orL-doublet distributions experimentally ob-
served from extreme non-Franck–Condon photolysis of
HOD, H2O, and D2O.

VI. SUMMARY AND CONCLUSIONS

Photolysis distributions and OH–OD yields are obtained
for jet-cooled gas isotopic mixtures of H2O, HOD, and D2O
following far-off-resonance photodissociation at 193 nm.
The OD rotational populations indicate strikingly similar and
substantially broader distributions for both HOD and D2O

photolysis than the OH distributions observed for H2O. The
near quantitative agreement between HOD and D2O results
suggests that this is due to a larger lever arm for photorejec-
tion of OD vs OH, which amplifies the role of exit channel
torques neglected in Franck–Condon models. Furthermore,
systematicN-dependent trends inL-doublet populations are
reiterated in all three isotopometers, consistent with prompt
dissociation from a planar geometry. The spin-state distribu-
tions also reveal systematic trends common to all three iso-
topomers, and substantially in contrast with the nearly statis-
tical distributions observed via 157 nm excitation in the
Franck–Condon allowed region.

Of specific dynamical interest, analysis of the OD/OH
yields as a function of isotopic composition permits relative
photolysis cross sections for each of the individual isoto-
pomers to be extracted. The branching ratio for OH vs OD
bond cleavage in HOD is determined to be 12~8!:1, which
qualitatively agrees with the strong isotope effect anticipated
for Franck–Condon excitation in the classically forbidden
wings of the OH vs OD zero-point vibrational levels. More
quantitatively, however, this ratio is over eightfold lower
than full 3D quantum scattering predictions obtained by
Schinke and co-workers,9 which for a prototypical system
such as water, represents a major discrepancy between
theory and experiment. These branching ratios have also
been calculated in a semiclassical 1D model with several
other ground-state surfaces as well as for surfaces shifted by
61 kcal/mole; the discrepancies are robust with respect to
conservative estimates of potential surface uncertainties.
These results indicate that the photolysis dynamics of bench-
mark molecules far from the classically allowed Franck–
Condon regime is not yet fully understood and worthy of
further theoretical investigation. One intriguing possibility
suggested by these studies is that photolysis contributions in
the non-Franck–Condon region are occurring from both sin-
glet and triplet potential energy surfaces. Theoretical efforts
to explore the influence of multiple surfaces in the photolysis
event have been undertaken by Schinke and co-workers,9 and
will be discussed in the following paper.
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