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Photofragment yields are reported for supersonically coolgd, ,0, 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 8, and DO samples. Specified relative to the 193 nm cross
sections for HO—H+OH, the ratios are 0.3920), 0.03220), and 0.015719) for (i)
HOD—H+O0D, (ii) HOD—D+OH and DO—D+0D channels, respectively. Specifically, these
results indicate a propensity for H-OD vs D—OH bond cleavage in HOD (&)112 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 grodnth\() and excited

(A 1B,) potential-energy surfacéBES 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 Physid$0021-960608)01140-4

I. INTRODUCTION long-time favorite target for both experimental and theoreti-
. ) cal studies because of its small size, the convenient access to
In recent years, methods of studying unimolecular,

hotof ) h qf hvibrational modes having mostly OH or OD stretch charac-
p oto_ragmentauo_n processes have mature_ rom oné pNes; and the simplicity of its electronic state structure. One
ton, direct absorption techniques toward multiresonance pho

X o _ . eg'oal has been to manipulate the H-OD to D—OH branching
todissociation schemes in an effort to achieve control of the_.. . ; o . .
ratio through intermediate vibrational state selection prior to

fragmentation dynamics toward a specific target channel. Inh todi i h | Isize surf E
conventional vibrationally mediated photodissociationp otodissociation on the purely repulsive surface. From

(VMP) methods, the firgiinfrared(IR) pump] photon is used many such studies, the OD vs QH ylelds have been found to
to prepare the reagent in a specific rovibrational wave funcdePend strongly both on the vibrational state character and
tion, which in turn permits a secorfdltraviolet (UV) pho- the wavelength of photolysis photon. For example, the .fun—
tolysis] photon to selectively dissociate this state via absorpdamental fv=1) stretch modes of HOD have been excited
tion from favorable Franck—Condon regions. As one logicalPy stimulated Raman excitatioi$RB), followed by photo-
extreme of this approach, strict control of the fragmentatiorflissociation at 193 nm and laser induced fluorescehife)
pathway may be achieved by choosing sufficiently low phodetection of the OH and OD products. A clear 2.5-fold en-
tolysis energies to preferentially excite molecules in the clashancement of OD vs OH formation is observed #gj,= 1
sically forbidden, Gaussian “tails” of the vibrational wave excitation of the HOD target, whereas1l:1 OH and OD
function, and thereby, in principle, obtaining exponential seyields are found fovop=1 excitation: Greater mode selec-
lectivity for fragmentation into a particular branching ratio. tivity is predicted and observed from higher overtone vibra-

Asymmetric triatomic molecules have been attractivetional levels in HOD. For example, Crim and co-workers
candidates for such studies since two distinguishable atom report a 15-fold enhancement of OD over OH for dissocia-
diatom fragmentation pathways exist over a relatively widetion of 4y, excited HOD at both 240 and 266 nm. Most
range of photolysis energies. In particular, HOD has been @ecently, Brouard and Langfdtdave observed OD/OH ra-
tios in excess of 12:1 and 23:1 from therd, and 5vgy

dStaff member, Quantum Physics Division, National Institute of Standardéevelsi respecti\_/ely, for di_s;oc_iation_o_f HOD at 288 nm.
and Technology. Electronic mail: reception.desk@jila.colorado.edu Bond-breaking selectivity is anticipated to be less pro-
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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 witfi) the continuum statéwhich
peaks near the classical turning poiahd (ii) exponentially
decreasing ground-state wave functions. Thus=H00:1
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
FIG. 1. Contour plots of the Sorbie—Murrell ground-state potential-energy>>threefold differences between calculated and observed ab-

surface(dashed lines at 1 eV spacingnd the square modulysolid lineg sorption cross section ratios for ,@ and DO noted

of the zero-point vibrational wave function of HOD along the two stretch Qreviously,lo these discrepancies provide supporting evi-

coordinates at fixed bond angles of 104.5°. Also shown in gray are region | .
on the Staemmler and Palma excited state PES energetically accessible@@NCe that current theoretical models are inadequate for char-

wavelengths=193 nm relative to zero-point level. The probabilities are acterizing photofragmentation dynamics initiated from clas-
shown on two different grid spacings in order to illustrate the far-off reso-Elica”y forbidden regions of water.

nance absorption region at 193 nm. The lighter contours decrease linear . . .
from a peak value of 1 to 0.1 in 0.1 unit intervals; the heavier contours ~ OUr interest in studies of OH/OD photofragment product

represent tenfold sequential decreases from 16 10 7. yields of HOD at 193 nm rises from several sources. First, in
contrast with the previous studies of,®l and DO, the
branching ratio for photofragmentation of jet-cooled HOD

ounced for total energies that sample the barrier region fofnvolves a single rovibrational wave function with two ex-
crossing between the DOH and H+OD product channels perimentally distinguishable products. The observed dynam-
on the excited state surface. This has been experimentaligs for this bond fission process, therefore, provide rigorous
verified for direct one-photon dissociation of HOD at 157 additional tests of the potential-energy surfaces and scatter-
nm, where only a 41:1 ratio of OD to OH is observetl. ing theory for water in non-Franck—Condon absorption re-
Most relevant in this regard are the VMP studies of the4  gions. Second, while in principle the absorption cross section
level of HOD, where 218 nm yields in the OD and OH ratio of H,O and DO should be obtainable directly from the
channels are found to be nearly identical despite 12:1 erproduct yields from photolysis of pure samples, in practice
hancements observed at 288 AnThese mode-selective some level of contamination of £ with HOD is unavoid-
trends are reasonably well understood both for excitationable. Therefore, the trends observed from analysis of isotopic
above and below the barrier, with current theoretical modelsgnixture provide a quantitative way to extrapolate to the limit
in good qualitative agreement with the observed dynafthics.of pure HO, D,0, and HOD samples for accurate determi-
For total energies below the barrier, the enhancement of ORations of bond-selective product yields.
vs OH product yields by o excitation takes advantage of  The remainder of this paper is organized as follows. In
red-shifted but cla_ssically allowed e_xcitatio_ns from (_axtengledSeC_ II, we provide a brief review of the experimental appa-
QH bond geometries that chara(_:t_erlze the intermediate V'bm}atus and the methods used to obtain the OH and OD photo-
tional state. Conversely, selectivity for theH®D channel o0 ment populations from the experimentally measured la-
becor_nes increasingly dominant below the barrier due to "Nser induced fluorescendélIF) intensities. The equilibrium
g:g::]sr:glgly weaker Franck—Condon overlap onto thied expressions and liquid—vapor phase properties of th@,H

| D,0, and HOD isotopomers that dictate sample composi-

Similarly, H-OD vs D-OH bond cleavage should also ;- & o e sced in Sec. III. In Sec. IV, the OH/OD pho-

be strongly favored for Franck—Condon excitations in thet ¢ t vield determined f tional seri
classically forbidden region, but now with an exponential ofragment yl€lds are determined for a compositional Series

sensitivity of this branching ratio on the photolysis energy.Of Photolyzed samples and fit to expressions to obtain the
This is particularly evident at 193 nm for zero-point excita- branching ratios anq r.elat{ve absorption cross _sectlons. The
tion of HOD where full three-dimensionédD) quantum me-  ©D product state distributiong\-doublet and spin-state ra-
chanical scattering calculations run on the Sorbie—Murrel|tios inferred for “pure” HOD samples are compared with
(SM) and Staemmler—Palf&SP PES predict a more than those previously reported for 193 nm photolysis gf0Hand
100:1 selectivity for OD vs OH produétFigure 1 providesa D;0.'° In Sec. V, predictions based on a semiclassical Con-
simple interpretation of these theoretical findings. Contoudon model of the dissociation serve to test the sensitivity of
plots of the 2D(two-dimensional ground-state wave func- OD/OH branching ratios for HOD to uncertainties in the
tion probabilities of HOD along the OH and OD stretch co- upper—lower potential-energy surfaces. The paper is summa-
ordinates are superimposed on the SM PES for a fixed HODRized in Sec. VI.
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Il. EXPERIMENT TABLE I. Initial D,O liquid phase compositionsggzoo, final gas-phase

. equilibrium mole fraction compositiong?, from Eq.(3) and the % OH and
The experimental apparatus for far off resonance photos, op product yields obtained for the 193 nm photolysis of jet-coolgd,H
dissociation studies of jet-cooled,8-HOD-D,0O and LIF  D,0, and HOD samples. The OH and OD product yields are normalized to

detection of the OH/OD photofragments has been reported0% gorgphOtO'YfSiS of Fr)]u_fe #0. These m?_aSUfGermEfl‘JtS are repeate‘i] be-
H H . . tween 3-9 times for each isotopic composition; drror bars represent the

el_sewhere in detdi! and is brlef!y summarized below. Gas standard deviation of the mean.

mixtures of 1% HO—-D,O—HOD in He are expanded though

a 4 cmx50 um slit jet at 340 Torr into a vacuum chamber.  { ° x4 *  xdo*  xfoo® % OH % OD

Both the 193 nm photolysi&ArF excimer, unstable resonator

optics and 308 nm probéfrequency doubled R6Gasers 0.00 é'gg g'ggg g'gg ;g?) (1);50(;)12)
intersect the supersonic expansion, parallel to the slit axisg sg 027 024 0.49 30) 20.812)
and 1.25 cm downstream from the nozzle~orifice. The result-0.75 0.072 0.5 0.38 82 15.66)
ing OH/OD photofragments are probed #n’S " (v’'=0) 0.90 0012  0.80 0.9 29) 9.510)

~ 0.99¢  0.00 0.995  0.005 0.02) 1.7733

—X 2II(v"=0) electronic transitions after a 200 ns delay
following the photolysis pulse. Laser induced fluorescence igestimated uncertainties of the gas-phase compositions delivered by the slit
monitored with a high efficiency~5%) light collection as-  jet are=1%.

sembly optimized for the slit jet geometry, which also pro- E(;’J:zyszbr%lesd from NMR studies of é% H atom concentration in the

VideS. convepient spatial filtering of prc_)be.and ph_otolysi; la<pyrity determined by LIF detection of OH and OD products following
ser light with a greater than 1Orejection ratio. This  multiple purge cycles of the gas delivery system. See text for details.

combination offi) slit jet path length andii) high sensitivity
LIF detection results in photolysis cross-section detection
limits as low as~102% cnm?, which is what make such
far-off resonance photodissociation studies experimentall
feasible.

Rotational and fine structure state populations are o
tained from the integrated LIF signals based on the followin
model, which takes partial optical saturation of the OH an
OD transitions into account. Each populatior(p”,J"), is
determined from the integrated LIF intensiti& via

ted aliquots of HO and BO, shaken to ensure complete
¥nixing and rapid H/D isotopic exchange. The@isotopic
b|_3urity is confirmed by nuclear magnetic resonaiit®/IR)
tests to be at the stated 99.8 D atom % level; particular care
gs taken to passivate surfaces by multiple contact with solu-
tions prior to making final mixes. Uncertainty in the initial
liquid phase HO/D,O mole fractions is estimated to be less
than 1%. From stoichiometry, the isotopic equilibration can
SxBN(v"”, ") propdM /(1 4+ Myl propd s (1)  be expressed in terms of the initial mole fractions gOHand

whereB is the Einstein coefficient for absorptidh] yepe is D20 liquids, xx,o", and the equilibrium mole fraction of

/ .
the probe laser pulse energy and the parametgrandm,  HOD. xhop: i-€.,

reflect LIF detection efficiency and optical saturation, respec-  H,0+D,0=2HOD, 2)
tively. The relevant experimental parameters for all OH/OD

transitions have been reported elsewH8iy way of a con- Kéq= (Xﬁoo)zl[()(/ozoo— 0.5¢f00) - (Xézoo_ 0.5¢i00) 1,
sistency check, typical populations obtained from bBth (3)

andR- branch lines agree to better than 10%. This is particuy, v ore the experimentally measured equilibrium con&fant

larly important in the present mixed isotope studies since th‘?or H/D isotope exchange is 3.20.02 at 25 °C. Equation
OH/OD (0,0 spectral bands are strongly overlapping and(3) can be solved for the equilibrium mole fraction of HOD

thus the populations can often solely be determined froanQOD), which by the stoichiometry in Eq2) yields the

only one component of th®/R pair. No vibrationally ex- " ™ ionsy(, /
cited products are observed for the 193 nm photolysis o’tjqu'd, phase mole fractionsgop andxo,o) of the HO and
D,0 isotopomers.

HOD; signal to noise on the=0 species establishes an , .
upper limit on thev=1/v =0 ratio of <0.5%. Data analysis Due to small differences in vapor pressures for the three

on theIly, state populations is limited by multiply unre- different isotopomer_s, the gas-phase co_mposition_ will differ
solved Q-branch rotational transitions in the LIF spectrum. subtly from the "W'dphase mole fractions obtamg_d from
Effective OH or OD product yields are, therefore, obtainequ' (3). To take this into account, the knowrl equilibrium
by summing over all N for each of the three otHdg,,  VaPor pre,ssuré§of H20, D0, and HOD at 25 °C are used
<. andIl’. fine structure states. via Henry’s Law to predict the relative partial pressures and,
82! 12 therefore, gas-phase mole fractions of the three isotopomers
evaporating from the liquid sample. In these determinations,
1. LIQUID AND GAS-PHASE ISOTOPIC SAMPLE the mixed solutions of kD, D,O, and HOD are assumed to
COMPOSITIONS be ideal; partial pressure deviatidfhigrom this limit are less
The gas-phase isotopic compositions used in the detefhan 0.2% and well within the uncertainties reported herein.
mination Of the bond_se|ective Cross Sections QOHDZO, The I’esulting mole fraction CompOSitionS are listed in Table
and HOD depend O(‘]) the ||qu|d phase equi”brium Compo_ | and graphically dISplayed in F|g 2 as a function of initial
sitons used to prepare the gas samples diigl the liquid phase composition of @, x5 o’ The gas samples
temperature-dependent vapor pressures above the premixate then prepared by evaporation of the liquid samples into
liquid samples. The liquid samples are prepared from pipetan evacuated stainless steel mixing tank at 25 °C, which has
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GAS PHASE ISOTOPIC COMPOSITIONS IV. RESULTS AND ANALYSIS
100 [ ' ' ' ; A. OH and OD bond selective quantum yields and
H,0 DO branching ratios

~
(3]
T
Il

The relative cross sections for photolysis of individual
HOD bonds in HO, D,0, 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-

% COMPOSITION
N @
o =]

ol ) pressed in terms of bond selective cross sections and gas-
000 025 050 075 1.00 phase mole fraction compositions of the isotopomers as
[o]
OH_
Xpo 07"=0h,0- XPoT Tp-oH XHop: (4a)
FIG. 2. Percentage of @, D,O, and HOD in the gas samples as a function oOP= 0p,0- X%zo+ OH-0D" X%OD- (4b)

of the initial liquid composition of DO. The gas-phase compositions are
determined from the partial pressures of the liquid phase components 3p Eq. (4) 0D-_0H and Th_op are the cross sections for se-

25 °C using Henry’'s Law with specific corrections made for the differences, .
in the vapor pressuresRef. 14 for H,0, D,0, and HOD using lective HOD cleavage to form BOH and H+-OD, respec

Pu,0/Pp,0=1.145 andPy;.o/Pp 0= (Prop/Pp,0) V% The latter condition tively, while oy 0 and op o reflect the propensity to cleave

is exact for ideal solution behavior, which is known from previous studies toejther bond to from H-OH or D+OD. Experimentally, one

be a reliable approximatiofRef. 19. measures signals proportional to the nascent state OH and
OD populations, i.e.n®" and n®P, obtained by summing
over all rotational states in thl3,, I1;,, andIlz, mani-
folds with the help of Eq(1). The ratio of these population

been pre-passivated by multiple exposures with the targedums(i.e.,n°%/n°") provides a direct measure of the ratio of
isotopic composition before a final fill and dilution with He the effective cross sectiorse., 0%/ "), from which the
to yield 1% mixtures. ratio of bond selective cross sectio.g., ow.op/ o 0,

As a final note, if left unchecked, the liquid sample can(rD_OH/aHzo, and UDZO/UHZO) can be extracted.
evaporatively cool by several degrees while filling the stain-  The OH and OD population sums are determined from
less steel mixing tank, which can in principle influence thethe integrated line intensities for a series of photolyzed gas
sample isotopic composition by either a temperaturesamples of varying isotopic composition. Laser induced fluo-
dependent change i) liquid phase equilibrium constant or rescent spectra have been obtained=® independent mea-
(ii) isotopic vapor pressure ratios. The former effect is lessurements for samples Wiml)ZOO:o_o%, 25%, 50%, 75%,

than 1% foor AT”2§ °C and, t?erlezfore, negligibleK(, 90%, and 99.8%. To better characterize statistical uncertain-
=3.74@25 °C anK4=3.75@0 °C)." However, the latter e for selected isotope mixtures, multiple additional studies
effect on isotopic vapor pressure ratios can be more signifip5e peen repeated fcx/ 0-0.0%. 75%. and 99.8%
cant, changing by 2%-7% between 0 °C and 28*@s a ample portions of the LIIEZ)ZZ ect.ra in, thy t;ranch re .ion.
result, the samples are heated mildly during these transfers ﬁ) bl p P 1 g

. . o . for these three samples are shown in the top, middle, and
compensate for evaporative cooling of the liquid and main- . .
. o i bottom panels of Fig. 3, respectively. The gas-phase compo-
tain T~20-25 °C conditions. o
. . . sitions and the average values of the photofragment popula-
Gas sample delivery to the probe—photolysis region re-. . . :
: : : . tions determined for each of these samples are given in Table
quires contact with stainless steel surfaces in the pulsed sl

. . ‘ with the OH values normalized to 100% for pureH
jet expansion valve. For each gas sample, therefore, the S||lstoto ic sample composition. Reported errors reflect one
valve is treated with a series of multiple exposure— P b P X P

) . standard deviation of the mean.
evacuation cycles to ensure complete accommodation. This . . . .
The data in Table | are included in a linear least-squares

degree O.f passivation is explicitly que_mtlfled by per_formlngﬁt of Egs. (4@ and(4b) to obtain the relative bond-selective
photolysis measurements and sampling changes in the ex-

perimentally observed OH/OD ratios as a function of theCr0SS sect|or)s for 30, D;0, and HOD. The dat.a are also
number of gas-phase exposutgsiccommodation is found represented in the upper and lower panels of Fig. 4 together

to be essentially complete>99% within four passivation with the predicted curves generated using these parameters.

cycles, as further tested by comparing the asymptotic'\lormaIllzed 0,0, the best fit parameters fary_op,

OH/OD results starting from bothover and under op-oH, and Op,o are 0.39220): 0.03220): 0.015719),
deuterated initial conditions. Based on the multiple checkgvhich correspond to the product channels @D, D+OH,
described above, the net uncertainty in gas-phase isotop@d D+OD. Consistent with our earlier resuffthe ratio of
composition delivered to the experimental probe region ihotolysis cross sections for,& and DO, i.e.,on 0/ 0p,0,
estimated to be-1%. This is negligible with respect to the is determined to be §40), where the uncertainty represents
order of magnitude discrepancies between theory and expermne standard deviation. Of specific interest, however, the
ment that these photolysis measurements elucidate, as deranching ratio for bond specific photofragmentation of
scribed in more detail below. HOD at 193 nm to form OD or OH fragment§.e.,
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BOND SELECTIVE PRODUCT YIELDS

Neat H O
2 Ry R 100 [ T T T ™)
cls 1 ; [ I OH
CZ) 75 R
=
; 50 | .
o
o
x 1 \ : 25 L B
HO/HOD/DO
2 2 0 i
0.00 0.25 0.50 0.75 1.00
20t B
x 10 5 oD
g 15 .
g
Neat D,O 3 10} i
o.
R1’ R Q1’ Q, 8 sl |
R
OH a8
0t ]
075 0.80 0.85 090 095 1.00
o
X
4 " DZO
32620 32580 32540 ) .
v (cm-1) FIG. 4. OH and OD photofragment yields from the 193 nm photolysis of

jet-cooled samples as a function of the initial liquid composition gBD
FIG. 3. Example of LIF spectra of OHyE0) and OD ¢=0) in theR,, (X/DZOO). The data in the expanded region shown in the lower panel are the
branch region obtained from 193 nm photolysis of samples W@"bo most sensitive to determination of the OH—OD branching ratio. Error bars
2

=0% (upped, 75% (middle), and 99.8%(lower). The OD signal in the along the abscissa correspond to the maximum uncertainties in the gas-
middle panel is primarily from cleavage of the OH bond in HOD witB% phase compositions associated with the OH and OD yields. Error bars along
originating from photolysis of BD. The intensities of the lower two spectra the ordinate represent one standard deviation of the mean for separate data
are scaled by 10 and 50 relative to the top panel. runs.

on_op/op_on) is found to be 188), where the fractional

uncertainty in this ratio represents the fractional uncertaintie
in each of the photolysis cross sections summed in quadrqf
ture. As elucidated in the next section, the most significanh

source of uncertainty in these determinations is associat much less optimum for OH than for OD products. Spe-

with the_ relat|hv_e crhoss s<|a(_:t|c:jn foriEZ:j)H_ bond :‘:Ieava.ge mh cifically, OH production from HOD requires a nominally
HOD, since this channel is detected via OH formation t at‘unfavorable” cleavage of the OD bond, which must com-

completeshwnhI the more faC|Ie' fragf:]melgg‘t't;)” gpl" Con- pete with the 30-fold more facile OH bond photolysis ofH
versely, the relative cross section forH ond cleavage - 550 present in the mixture. One can effectively increase the

from HOD is well determined in this analysis. As antici- HOD—-H,0 ratio with excess BD, at the expense, however,

pated, the results clearly indicate more facile cleavage of thge 01 \te HOD concentration. Even at the highes® D
H-OD vs D-OH bond. However, this ratio is nearly an or- o e1s with sufficientS/N to detect OH, the contributions

der of magnitu_de_smallerthan predigted theoretically; in €S- from HOH are comparable to those from HOD photolysis.
sence, a surpnsmgly by large fraction of HOD photolysis alThis makes it unfeasible to extract the one from the other,
193 nm occurs via cleavage of the O—-D vs O-H bond. especially in the presence of the much stronger and partially
overlapping OD signals from .

Fortunately, these trends are exactly reversed for mea-
suring OD product distributions from 193 nm photolysis of

It is also of dynamical interest to extract the HOD pho- HOD. Now the photolysis cross sections are relatively “fa-
tofragment distributions from these UV photolysis/LIF mea-vorable” since an OH bond is being cleaved, while the com-
surements. Since the OH-OD LIF signals in general arispeting channel for forming OD from fD requires unfavor-
from photolysis of all three isotopomers, it is first necessaryable cleavage of an OD bond. As a result, the OD signals are
to characterize distributions from 193 nm photolysis of iso-dominated by HOD photolysis. This point is evident in Figs.
topically neat HO and DO samples, which have been re- 2 and 4, which demonstrate that the experimentally observed

orted elsewher® However, the ease with which the

H/OD photolysis distributions for HOD can be isolated
om H,O and DO depends sensitively on the relative mag-
jtude of these additional contributions, which turns out to

B. OD rotational distributions from 193 nm photolysis
of HOD
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ROTATIONAL DISTRIBUTIONS OH rotational distributions from kD that are more sharply
25 4 (a) |-|20 OH peaked at low N and the OD distributions from HOD pho-
ol * tolysis that are spread out over a much broader range of N
20 1 81z values. One simple contribution to this difference is that the
H a Hs/z+ rotational energy spacings in the OH fragment are twice as
5 199 all large as for OD, which for comparable energy deposition
) into rotation would tend to focus the population into lower N
o 104 . .
< levels. This interpretation would also be supported by the
5] OD rotational distributions from ED photolysis, which are
overall quite similar to those from HOD.
0. Alternatively, the Franck—Condon modlof Balint—
1 2 3 4 5 6 71 Kurti and Shapiro has been extensively used to interpret
25 product state distributions from, & photolysis. This model
(b) HOD oD is based on expressing the ground-state bending wave func-
204 0 1'[3/2+ tion as an expansion in free rotor states of the asymptotic
c ATL - diatom+atom product channel. Since this is sensitive only to
-% 15. . H3’2,, the Franck—Condon overlap of initial and final state wave
32 172 functions, this model implicitly neglects all torques in the
& 10 exit channel between the recoiling product fragments. De-
S ' spite such approximations, this simple theory has been gen-
5 erally successful in modeling OH distributions from®
photolysis® From this perspective, one might rationalize the
ol . r . ; . : narrower OH rotational distributions as a result of larger am-
2 3 4 5 6 7 plitude H,O vs HOD bending wave functions which, there-
25 - (c)D.O oD fore, project onto fewer final rotational channels.
2 . There are several indications in the data, however, that
20 ° n312 this cannot be the predominant effect. First of all, this same
5 A HM' model would also predict even higher OD rotational state
F 151 ot * populations for DO vs HOD photolysis, whereas the ob-
§. 12 served rotational distributions are in fact quite similaee
a 10+ Fig. 5. Furthermore, it has been noted in previous studies
& that initial rotation of water characteristically leads to addi-
5 tional rotation in the OH product. Due to nuclear spin statis-
tics, H,O can only cool down into a 3:1 population ratio for
0 T 2 3 4 5 & 7 the 15, and @y rotational levels. By way of contrast, HOD
N has no nuclear spin constraints and cools in the slit jet almost

completely(>95%) into the Qy level. Similarly, D,O has an
FIG. 5. Rotational state distributions in tRH3, (circles, 211}, (squares inverted 2:1 nuclear spin preference, and thus has two-thirds
and 2H§,2 (triangles levels of OH from HO (top), of OD from HOD ’ . . L .
(middle), and of OD from BO (lower) following the 193 nm photolysis of of the population in the_ &) rOtatlo_nal state. If a”}’th'”g’
jet-cooled samples. The product state yields in each panel are reported t9erefore, the effect of initial rotation would contribute to
that they sum to 100%. The OD rotational populations from both HOD andwarmer distributions for HO vs HOD or BO, whereas the
D,0 are strikingly similar and reflect significantly broader rotational distri- Opposite is observed. Indeed, despite considerable effects to

butions than observed for OH production from@ These isotopic trends . . .
are poorly reproduced from Franck—Condon models and suggest the impoF-haraCtenze populations for 193 nm photolysis oG

tance of exit channel torques on OD vs OH products. The error bars refleddOD, and DO via the Franck—Condon model, the results
10 of the mean over 3-9 separate measurements. are in relatively poor agreement with these experimental

trends.
An intriguing alternative possibility is suggested by the

OD product closely mirrors the rise and fall of HOD concen-ork of Brouard and co-workefswho have studied vibra-
trations in the isotopic mixtures. More quantitatively, thetionally mediated photolysis of HOD in thev4,, and 5oy
contribution to total OD yield from HOD photolysis is 95% goyertone manifolds. In order to obtain satisfactory agreement
for samples withxp, o°=75%, which makes it relatively with their experimental results for HOD, the Franck—Condon
straightforward to correct for the 5% contribution frog@®  model has been modified to permit additional torque contri-
photolysis. butions between the recoiling products in the exit channel.

The OD photofragment distributions from 193 nm pho- This modification is rationalized on the basis of a center-of-
tolysis of HOD are shown in the middle panel of Fig. 5 for mass shift between OD and OH products, which leads to a
the 2113, 2I1,,, and?I1;;, ground-state levels of OD. For ~twofold increase in lever arm for application of exit chan-
comparison, the 193 nm photofragment distributions fromnel torques for HOD vs KD photolysis. This same effect
H,O and DO are shown in the upper and lower panels,would also be present for SO, which would be consistent
respectively. The most obvious differences are between theith the nearly quantitative similarities observed between
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193 nm PHOTOLYSIS OF HOD reasonable agreement with the model predictions for a planar
dissociation geometry, as also seen in other photolysis stud-
197 OD A-DOUBLET RATIOS ies.

At a more subtle level, thA-doublet distributions from
—expt HOD are generally more inverted than those froOHor
* --cale D,0O and for several values of 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, HO, and BO on the dynamics. In photolysis
of H,0 at 157 nnT, for example, the initial rotation of 0
has been shown to greatly diminish the magnitudeAef
0-— - - - T - doublet inversion. This is especially dramatic in the limit of
N room-temperature photolysis of,8, where the strong\-
doublet inversion evident from vibrationally mediated state-
21 OD SPIN-STATE RATIOS selected photolysis essentially vanishes. These rotational av-
eraging effects are significantly reduced for jet-cooled
—expt samples, but due to nuclear spin statistics these effects are
---calc still present to some degree fop® and DO. As mentioned
above, these species only cool in an expansion into the low-
est two rotational g, and 1y; levels, with a 1:3 and 2:1 ratio
for H,O and DO, respectively, whereas HOD can cool com-
pletely into the @y ground rotational state. Consequently, the
jet-cooled HOD photolysis results reflect less initial state av-
0l . . T T . eraging than for either }© or D,O, which may contribute to
o2 3 4 5 6 the slightly more inverted distributions observed experimen-
tally.
FIG. 6. A-doublet ratios of théll, and?Il, levels(upper pangland the As a final comparison, the population ratios in afé;,r/z
spin-_state popu!ation ratios of tﬁﬂ;,z andzl'lf,2 levels (lower pgne] as a and ZHI/Z spin-state levels of OD from HOD are shown in
function of rotational quantum numbbirfor the 193 nm photolysis of HOD. . . .
Jfhe bottom panel of Fig. 6. The population ratios are cor-

The A-doublet ratios predicted for a prompt, planar dissociation are als ; . ;
shown with a dashed line in the top panel. The spin-state ratios are firdiected byN/(N+ 1) for differences in state degeneracies to

3/2
(-
1

-/

32
FS
1

IL*/TI * (N/N+1)

3/2 12
1
1
1
j :
'
'

corrected for state degeneracies with the fabitiN+ 1) (J=N+ 3 for Q= permit direct comparison with the statistical ratio of unity
3 andJ=N- 3 for Q=13): a ratio of 1:1, therefore, corresponds to a statis- (dashed ling The data indicate a clear trend of decreasing
tical distribution over the two spin levels. I13,/11;,, spin-state ratios with increasing rotational quan-

tum numberN, with substantial deviation$+50%) away
from the statistical limit. This trend is convincingly reiterated

. . for H,O and DO as well, indicating that thedd-dependent
OD rotational distributions for both » and HOD photoly- deviations from statistical behavior are a robust feature of the

sis systems. Though more theoretical work would be necesjoL |\ photolysis dynamics. It is worth noting that this

sary to confilrm this picture, these d'a.ta suggest that exit Charﬂfend is considerably different from what is observed from
nel interactions may be non-negligible for,® and HOD

. 157 nm photolysis studies of @ and QO in the Franck—
photolysis at 193 nm. Condon region, 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
C. OD A-doublet and spin-state population ratios spin-state distributions at 157 nm were obtained on room-

The population ratios of OD in the\-doublet levels teﬁ[npera(;ure s?r)nplmzles, zla(ndcthuds it is not p?:ssiblitocsegarate
217 + 217 - i 277 + 217 + effects due to(i) Franck—Condon vs non-Franck—Condon
(115 and llg;) and spin-state levelsly, and 11,,) photolysis and(ii) thermal averaging over initial rotational

provide additional information about isotopic substitution ef- ates

fects on fragmentation dynamics of water. The experimen-S
tally observedA-doublet ratios of OD are shown in the top
panel of Fig. 6. Also shown with dashed lines are the ratio§/_ DISCUSSION

theoretically predicted for prompt recoil from a planar disso-

ciation geometry. The model explicitly takes into accountthe  Quantum scattering calculations have been used to pre-
N dependence of thé-doublet mixing that occurs in the dict branching ratios for photolysis of HOD from a number
OH-0D products, as described previously for both 157 nmof vibrational states; in most cases, agreement with the ex-
and 193 nn¥ photolysis of jet-cooled KD and DO. Al- perimental data is quite good. For example, Shafeal?
though detailed N-dependent structure is undoubtedly report an OD/OH ratio of 21 for photolysis from ground-
present in these curves, the general experimental trend is fatate HOD at 157 nm, which is in excellent agreement with
an increase im-doublet inversion with rotational quantum the theoretically predicted valtfeof 4.2. Similarly, in vibra-
numberN. Furthermore, the magnitude of this inversion is in tionally mediated photolysis studies ob4,, HOD at 218.5
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nm by Crim and co—worker%OD/OH yields are found to be TABLE Il. Results of 1D semiclassical model calculations for determining
1+0.2:1, which again agree very well with 0.9-1.1 ValueSHOD branching ratios at 193 nm. The results are obtained for each ground-

dicted f th 9 = imole E k—Cond state potential surface for the unphotolyzed bond fixed at 0.9710 A and the
predicted trom theory.From simple Franck—London argu- HOH-DOD bond angle fixed at 104.52°. The Staemmler and Palma

ments, the specificity of this branching ratio is expected tQuxcited-state surfactSP is used for all calculations. Note that theoretical
increase dramatically for excitation at lower photolysis ener-predictions of the OD—OH ratio are 1 to 2 orders of magnitude larger than

gies, which therefore shifts the Condon point on the uppepxperimentally observed. The results previously reported for the absorption
potential surface further into the exit channel region. Forcross-section _ratios of J® and DO are included for comparison, which are

. . . also overpredicte@>threefold by theory.
example, photolysis studies o¥d4 excited HOD at 266 and
240 nnt result exclusively in OD product formation, with a Lower PES Upper PES 0 op/0p-on Tho/0p,0°
branching ratio of>15:1 for the OD/OH ratio. This again

compares favorably with theoretically predicted values Ofgm.a Sﬁ)flgécaumme 1173;39 2%)20

>10*1 and >80:1, respectively, for the two dissociation gyp SP+1.0 kcallmole 432 244

wavelengths. RW° SP 649 712
However, for other vibrationally mediated photolysis Tennysofi SP 6550 7480

studies of water isotopomers where absolute branching ratigg®erment(this work 128) 6410

are reported, the agreement is consistently less satisfyingreference 7. dReference 21.

For example, 193 nm photolysis from tirg,, level of HOD  °Reference 8. “Referemce 10.

leads to a 2.5:1 branching ratio for OH/OD production, Reference 20.
which is fourfold smaller than the theoretically predicted
ratio'® of 10:1. Similarly, 193 nm photodissociation studies
indicate only a 64L0):1 ratio photolysis cross sections for ¢ross.section ratio to be in nearly quantitative agreement
H,0 vs D,0,'° which is more than threefold smaller than the with full 3D scattering calculations of Schinke and
theoretical predictions of >200:1 by Schinke and co-worker§ using these same surfaces. More importantly,
co-workers? In the current study of ground-state HOD at the availability of closed form analytical expressions for
193 nm, even larger discrepancies with theory are evidenthese matrix elements and photolysis cross-section ratios per-
Specifically, the observed OD/OH branching ratio of@2l  mijts one to evaluate the sensitivity to estimates of theoretical
is more than eight times smaller than recent theoretical pregncertainties in the upper—lower potential surfaces.
dictions of >100:1° If one thinks of these branching ratios A similar theoretical analysis is invoked here to predict
from one-photon photolysis as the logical extreme of vibra<j) the branching ratio for OD/OH formation from 193 nm
tionally mediated photodissociation of molecules with zero-HOD photolysis and(ii) establish the sensitivity of this
point excitation, theory would appear to be systematicallypranching ratio to uncertainties in the potential surfaces. The
overpredicting the isotope- and/or bond-selectivity of thedetails of the approach are described elsewftiee results
photodissociation event. Considering that water photolysif these calculations are summarized in Table Il for different
currently represents one of the most thoroughly studieground-state surfaces (Sorbie and Murrell,
“benchmark” systems for truly rigorous tests of polyatomic Reimers—Watt&® and Tennysoﬁ) and one common upper
photodissociation dynamics, these discrepancies are signifétate surface(Staemmler—Palnfa For the widely used
cant and worthy of further investigation. Sorbie—Murrell (SM) surface, the calculations predict an
One feature common to each of these studies is that theslOD photolysis branching ratio for OD—OH formation at
involve excitation substantially into the exit channel region,193 nm to be 176:1. This is in good agreement with full 3D
and from a Franck—Condon perspective preferentiallyscattering calculations and yet overestimates the experimen-
sample the classical forbidden “wings” of the lower state tally observed branching ratio of (8:1 by more than an
vibrational wave function. One possible concern would beorder of magnitude. The experimental and theoretical bond
that these over-predicted isotope and bond selectivities arislective cross-section ratios for photolysis ofCH HOD,
simply from inaccuracies in the upper and lower potentialand D,O are summarized in Fig. 7, with all data sets normal-
surfaces which would, therefore, be amplified due to errorszed to the production of OH and_®. The propensity for
accumulated in exponentially decreasing regions of the viOH cleavage in HOD is only down by roughly twofold from
brational wave function. Thus, it is important to establishH,O, which is easily rationalized, since HOD has half of the
that the theoretical predictions are reasonably insensitive tnumber of OH bonds as J@. However, the level of agree-
the choice of potential surface. In our previous study of thement for cleavage of OD bonds in either® or HOD is
photodissociation dynamics of,® and DO at 193 nm, al- significantly worse, with discrepancies of as much as an or-
gorithms developed by Miller and Chifdlwere used to cal- der of magnitude between theory and experiment.
culate the absorption cross-section ratio for these two isoto- The robustness of these results to uncertainties in the SM
pomers. The approach makes use of semiclassical Wentzepetential have also been tested by repeating the calculations
Kramers—Brillouin (WKB) methods for calculating one- for a uniform =1 kcal/mole shift in the SM ground-state
dimensional(1D) overlap matrix elements between lower potential surface. This reflects a reasonably conservative es-
state bound and excited-state continuum wave functiondimate of the potential surface uncertainties based on-the
Based on the ground-state surface of Sorbie and Murrellkcal/mole shift necessary to reproduce the photolysis wave-
(SM) and excited-state surface of Staemmler and Palmaength dependent structure in the UV cross sections for
(SP, this simplified 1D model predicted the ,8-D,O  |04—) excited HO.22 As listed in Table Il, these shifted
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193 nm Photolysis Cross Sections photolysis than the OH distributions observed faiGH The

. near quantitative agreement between HOD an@® Pesults
& Experiment

1.07 OTheory suggests that this is due to a larger lever arm for photorejec-
g 0.8 tion of OD vs OH, which amplifies the role of exit channel
3 torques neglected in Franck—Condon models. Furthermore,
] 0.6 systematioN-dependent trends in-doublet populations are
§ g reiterated in all three isotopometers, consistent with prompt
S 044 " dissociation from a planar geometry. The spin-state distribu-
S _ tions also reveal systematic trends common to all three iso-
% 0.2 _' Z topomers, and substantially in contrast with the nearly statis-
= 00 tical distributions observed via 157 nm excitation in the

Franck—Condon allowed region.

Of specific dynamical interest, analysis of the OD/OH
FIG. 7. Sequentially observed and theoretically predicted bond selective UYjie|lds as a function of isotopic composition permits relative
photolysis cross sections for,0 and HOD at 193 nm. All values are nor- photolysis cross sections for each of the individual isoto-

malized to H-OH bond cleavage in,@, with the two much weaker O-D . .
photolysis channels multiplied by tenfold for ease of visual comparison. Thd?Omers to be extracted. The branChmg ratio for OH vs OD

theoretical values are obtained from the 1D semiclassical models describddond cleavage in HOD is determined to be(&21, which

in the text and elsewher@®efs. 10 and 19 qualitatively agrees with the strong isotope effect anticipated
for Franck—Condon excitation in the classically forbidden

potential surfaces predict branching ratios of 139:1 amyvmgg of.the OH vs OD Zefo'po'.”t ylbratlona_l levels. More

432:1, respectively, i.e., both more than an order of magniguantltatlvely, however, this r§t|o IS over e'ghthId. lower
than full 3D quantum scattering predictions obtained by

tude too high to bring the theoretically predicted OD/OH Schinke and co-workefswhich for a prototypical system

branching ratios into agreement with experimental observaéuch as water. represents a maior discrepancy between
tion. This qualitative trend is also confirmed on the two other, » fep ) pancy

. ) . . ._theory and experiment. These branching ratios have also

H,O potential surfaces tested, which yield branching rat|osD y per : : 9 .
. . . een calculated in a semiclassical 1D model with several
as much as two orders of magnitude higher than experimen-

tallv observed other ground-state surfaces as well as for surfaces shifted by
yThou h th.e reasons for such striking discrepancies bej:l kcal/mole; the discrepancies are robust with respect to
9 9 P onservative estimates of potential surface uncertainties.

tween theory and experiment for such an extensively studie - . .
) hese results indicate that the photolysis dynamics of bench-
benchmark photolysis system are not yet fully understood .
mark molecules far from the classically allowed Franck—

several possibilities can be suggested. Perhaps the most in- . .
triguing of these is that for these extreme non—Franck—Eondon regime is not yet fully understood and worthy of

o . ) ) . further theoretical investigation. One intriguing possibilit
Condon excitations, nonadiabatic effects in the different eX|tf g guing PoSSIDITY.
X ; : suggested by these studies is that photolysis contributions in
channels may begin to be important. As the simplest ex: ; . :
. N : ) . the non-Franck—Condon region are occurring from both sin-
ample, direct excitation to electronic surfaces of higher spin

multinlicity could become competitive with far-off reso- glet and triplet potential energy surfaces. Theoretical efforts
plicity P to explore the influence of multiple surfaces in the photolysis

nance absorption from classically forbidden wings in theevent have been undertaken by Schinke and co-wofkaers
A—X singlet band. Specifically, direct absorption to the, i/ e discussed in the following paper. ’

lowest triplet state would be significantly red shifted from
the A—X absorption band, which although quite weak,
could begin to play an important role at these long excitatiorf\CKNOWLEDGMENTS
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