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The room temperature absorption spectra of water and its isotopors@sid HOD have been
determined in absolute cross section units in the 125 to 145 nm wavelength region using synchrotron
radiation. The experimental results for theBeband spectra are compared with results from
quantum mechanical calculations using accurate diatmiidnitio potentials. A Monte Carlo
sampling over the initial rotational states of the molecules is applied in order to calculate the cross
sections at a temperature of 300 K. The overall rotation of the water molecule is treated exactly.
Both for the experimental and for the theoretical spectrum an analysis is made in terms of a
component attributed to rapid direct dissociation processes and a component attributed to
longer-lived resonances. The agreement between the results from experiment and theory is excellent
for H,O and BD,O. In the case of HOD in the results of theory two more resonances are found at low
energy. It is demonstrated that the width of the resonances of 0.04 eV is the result of overlapping
and somewhat narrower resonances in the spectra of molecules differing in rotational ground state.
© 2004 American Institute of Physic§DOI: 10.1063/1.1630304

I. INTRODUCTION ion state that forms the limit of the Rydberg series. The mix-
ing of the 33 Rydberg orbital with the dissociativea4 va-
The optical absorption spectrum of water in the 8.6—9.9ence orbital was held responsible for the width of the lines.
eV range(145 to 125 nny the so-called band, shows a In 1980 Segev and Shapfrerformed the first full
progression of lines superimposed on a broad backgrounghree-dimensiona(3D) quantum dynamics calculations for
continuum. The lines are approximately 0.04 eV wide andhe water photodissociation. In these calculations the two-
0.1 eV apart. This structure has intrigued experimentalistglimensional2D) Flouquet—Horsle¥ab initio PES was used

and theorists alike over the past 50 years. Among the first tg, ihe excited state, oftA, symmetry. According to Segev
give a detailed analysis of their observed absorption spectra

of both H,O and DO, were Wang, Felps, and McGIyAn. f';md Shapiro, all members of tl?i'ieban.d progression .could bg
Lacking detailed knowledge of the excited state potentia"’]terpre'[ed as resonances on one single I.DES’ while t.he W'dth
energy surfacéPES they assigned the bands to a progres—Of the resonances was t-he result of excited state vibrations
sion in the bending vibration on the second excited state PE Iatgd toa _be”d_'“g motlon_ on the ridge of the F_)ES embed-
that originates from the H—H bondinga3 orbital to a 3 ed in the dissociation continuum. Later calculatmgs by Von
Rydberg orbital transition. The observed slight irregularitiesDirke et al.* using an improved full 3D PES for th *A;

in the spacing were interpreted as a signature of the occuptate> demonstrated that this single surface assignment could
rence of another excited state related to a nonbondingd. ~ not be correct. Their spectrum, calculated deliberately with
3s transition. The spectra for 4@ and DO are largely simi- one single adiabatic PES, consisted of a dense manifold of
lar, except for the difference in spacing between the bandd)arrow resonances, rather different from the resonances cal-
that is, 0.1 eV on the average fop@ and 0.08 eV for DO.  culated by Segev and Shapiro and from the experimental
Support for the above assignments was found in the similarspectrum. Also experimental evidence had appeared to show
ity of the scaling with the hydrogen/deuterium mass ratio ofthat the interpretation of Segev and Shapiro was too simple.
the intervals in the bending progression of the excitég It was seen in photofragmentation stuitisat the OH frag-

0021-9606/2004/120(1)/224/6/$22.00 224 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1630304

J. Chem. Phys., Vol. 120, No. 1, 1 January 2004 Absorption spectra of H,O 225

ments were formed both in the ground sttéll and in the monochromator. The wavelength of the monochromator was
excited stated 23, ~, a phenomenon indicative of a dissocia- calibrated against absorption features of (Refs. 15 and
tion process occurring on more than one PES. Finally inl6) and G (Ref. 17. A grating with 600 grooves/mm was
2000 Van Harrevelt and Van Hemeghowed that positions used to cover the spectral range 65—250 nm. The slit width
and widths of the peaks in the progression could be reprowas typically 0.05 mm, corresponding to a spectral band-
duced in quantum dynamics calculations when nonadiabatiwidth ~0.02 nm. The wavelength uncertainty is estimated to
interactions between the excitéd; state and the ground be +0.02 nm, corresponding to one step of a monochromator
state of the same symmetry were taken into account. In thacan.

work it was made clear that the resonances in the calculated The absorption cross section was measured with a
spectrum correspond, at least in a 2D reduced dimensionalityouble-beam apparatdSLiF windows transmitting light of
analysis, to combined bend-stretch motions. Due to the comx>105 nm served to seal the gas cell. The intensity of the
plexity of the calculations, initially only water in the lowest VUV light was monitored with light reflected from a LiF
rotational stateJ=0, was considered. When very recently window placed before the gas cell and at 45° from the beam
also the effect of room temperature of the sample was takeline; the VUV light was converted to visible light with so-
into account, i.e., when rotational states witandK values  dium salicylate coated on a glass window, and subsequently
up to 10 were considered, the amplitudes of the resonancetetected by a photomultiplier tubglamamatsu R943-02
could be reproduced much better than in the0 only  The VUV light transmitted through the gas céhner diam-
calculations eter 39.5 mm and path length 8.9 cwas detected similarly.

A further test of the interpretation of the spectrum, asTo avoid variation in pressure due to irradiation or interfer-
given by Van Harrevelt and Van Hemértyould be a com- ence from surface absorption or desorption, a reservoir of
parison of the experimental and theoretical spectra for th@382 cnf in volume was connected to the absorption cell.
isotopomers. Such a check had been successfully performed The absorption cross sectiam is evaluated with the
for the rovibrational distributions of the OH/OD fragments equation,
resulting in the case of 4#0/D,0 B-state photodissociation,
both in theX ?IT ground and in the\ 23 * excited fragment
state? Here the experimental data to compare with were onlyin which | andl, are intensities of transmitted and reflected
limited to about 10 different wavelengths in the 125—-135 nmbeams, respectively; is the gas density,=8.9 cm is the
interval. For the absorption spectra, the absolute absorptiopath length of the absorption cell, aAg is a proportionality
cross sections for both 4@ (Refs. 10 and Iland D,O (Ref.  factor determined fronh andl, when the cell was evacuated
10) in the 125 to 145 nm wavelength region were known, butto less than % 10 7 Torr. At each wavelength, the absorp-
there are as yet no data for HOD. In this paper we report théon cross section was obtained on fitting with linear least-
absorption spectra of }#, D,O, and HOD, in absolute cross squares 8—14 absorbance values measured at various pres-
section units, as they have been obtained at the Nationalres; the uncertainty is estimated to be 5%. The pressure of
Synchrotron Radiation Research Cerité&RRQ in Taiwan.  the absorbing gas was selected in the range 0.04—-10.2 Torr,
We confront these new spectra with the results of quanturgo as to limit absorbance to be less than 2 to avoid saturation
dynamics calculations performed for these two isotopomergffects. The gas density at room temperature was determined
along the same lines as for water as reported in Ref. 8.  from gas pressure, which was monitored with a MKS-

In the language of classical trajectories, the broad backBaratron pressure meter.
ground continuum can be thought of as resulting from trajec-  Gas vapors were obtained from pure liquid samples of
tories that lead to rapid, within about 10 femtosecoffds ~ H,O and DO (Merck Sharp and Dome, isotopic purity
dissociation, while the resonances correspond to indirect tr&89.8%9. HOD was prepared from a mixture of deionized
jectories on the coupled surfacgslo visualize this bimodal H,O and pure RO with a molar ratio 1:2.806. For expeti-
dissociation character, we transform the experimental spectiaents involving deuterated samples at least ten cycles of
to the time domain. In this manner the equivalent is obtaineghassivation were carried out. Relative concentrations of
from the autocorrelation function that is used in the theoretH,O, D,O, and HOD in the gas sample mixture were deter-
ical, time-dependent wave packet, formalism. Both the exmined from the equilibrium constant for
perimental and the theoretical autocorrelation functions are
then transformed back over a short time interval sufficient 1201+ D201)=2HODy,
for direct dissociation to obtain only the direct component ofwhich iskeq=3.74+0.02(at 298 K).**2°The molar fractions
the spectrum. The resonant part of the spectrum is found &sy gaseous KO, HOD, and RO of this sample are deter-
the difference between the direct spectrum and the full speGnined to be 0.079, 0.395, 0.526. For samples of mixed iso-
trum. In the theoretical studies the full spectrum is calculateqgpic species, absorption cross sections gDHand DO
from the 100 fs long autocorrelation function. measured in this work were subtracted from the observed
spectrum to derive a spectrum of HOD.

The cross sectioa is decomposed into a diffuse back-
ground componentyy;,, and a modulating indirect compo-

The experimental setup has been describedent, ojg=0—0gi- ogir IS determined by smoothing an
previously*>'* In short, VUV light from a high-flux beam observed spectrum into a continuous profile; this smoothing
line at the NSRRC in Taiwan was dispersedhwd 6 m  results from removing Fourier components with frequencies

In(loll):n(7|+A0,

Il. EXPERIMENTAL PROCEDURE
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greater than 1/(108n), in which An is the abscissa spacing L ‘ T
of data points. The function used to eliminate the high- “'g
frequency components is a parabola with its maximum at_°
zero frequency, decaying to zero at the cutoff frequency de-™
fined above.

3 '."‘:

IIl. QUANTUM DYNAMICS CALCULATION
PROCEDURE

The procedure for calculating cross sections of water
with nonzero angular momentum has been described in de <
tal_l previously? Here we summarize the proce_dure foy@®H O e T e e e T T
With a Monte Carlo sampling a representative 300 K en- Waveleneth/

. . . . avelengih/nm
semble of water molecules in different rotational states is
generated. The different statistical weights for ortho and par&iG. 1. Experimental absorption cross sections gDHfull line), HOD
species are taken into account. For each rotational statélotted ling, and DO (dashed lingin the spectral region 125-145 nm
(J, K), whereJ is the total angular momentum aidlabels (8.6-9.9 eV.
the 2J+1 sublevels, a separate cross section calculation is
performed.

The time-dependent wave packet formalism is useclv' RESULTS AND DISCUSSION
where the wave function is expanded in rotoelectronic basis Experimental absorption cross sections gfC;l HOD,
functions? This is a convenient manner to account for cou-and D,O in the spectral region 125—145 {§16—9.9 eV are
pling between electronic states due to nonadiabatic interaghown in Fig. 1. Cross sections at 1 nm intervals for each
tion and rotation of a molecule. The wave packets are propaspecies are listed in Table |; a complete listing of data at 0.02
gated on three coupled diabatic surfaces during a time spamm intervals is available through internet at http://ams-
of 76.8 fs. For HOD and BO, the same procedure has beenbmc.nsrrc.org.tw. Cross sections 0f®i determined in this
applied. Also for RO, the appropriate weight factors for work are in good agreement with those of Lee and Suto
ortho and para levels have been taken into account. As reand Yoshinoet al;!* however, they are lower than those re-
quired by the slower dynamics of the heavier D atoms, gorted by Charet al?* by about 30%. Cross sections ofO®
longer propagation time is appligd05.6 f9. determined in this work are in good agreement with those of

The potential energy surfaces and the couplings are cop-ee and Sutd® No absorption cross sections of HOD in this
ied from Ref. 22. The wave packets at time zero are obtainedpectral region have been reported previously.
by multiplying the wave function for theJ( K) ground state In Fig. 2 the indirect spectrum derived from the present
with the appropriate electronic transition dipole momentexperimental spectrum is compared with the indirect spec-
functions taken from Ref. 23. For,® and HOD the grid
spacing has been decreased from 0.12 to 0.09 Bohr, and the
size of the basis set used in the rotational kinetic energyJABLE I. Absorption cross sectionén units of 10°*® cn) of water iso-
operation has been increased frpga,=60 t0 ] ,=80. For  1oPOMers in the 125-145 nm region.
each selected)( K), separate calculations withJ=—1, 0, Wavelength/nm HO D,0 HOD
and 1 are performed. For each, (K, AJ), the cross section

bsorption cross section / 10
=

is obtained from the Fourier transform of the autocorrelation 122 8'22 8'22 035
function of the time-dependent wave function. The full spec- 143 053 022 034
trum is obtained by averaging thd,(K, AJ) contributions. 142 0.59 0.22 0.36

In order to facilitate the study of the resonances, the 141 0.77 0.24 0.45
cross sections is decomposed into a diffuse background 140 0.88 0.36 0.56
part, og;, and an indirect partg;,q, as was done for the gg i'ég 8'?8 2'12
experimental spectrum. The direct part is also computed 137 1.94 103 152
from the autocorrelation function, but now truncated before 136 2.42 1.43 2.07
the first recurrence time, i.e., at 12 fs. This decomposition 135 3.67 2.30 2.76
scheme is applied both for the full summed spectrum, and for 134 4.36 3.30 3.61
individual (J, K) contributions. o oo P oo

In our previous study for water we used 17 rotational 131 719 506 597
states in the Boltzmann average, and there the statistical error 130 7.19 7.56 6.94
in the cross section was always less than 5% and 2% on the 129 7.74 8.77 7.69
average, for the energy range conside(86—9.9 eV. It 128 8.56 9.29 8.50
appears that for 12 rotational states the average is hardly g; g'gi 2'22 2'22
different from the 17 states average. The statistical error is 125 6.30 758 729

then 5% on the average, and always smaller than 10%.
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T T T also underlines that the main effect of the averaging process

e
osk this WOI'k | is a washing out of the resonance structures, as has been
) --- Yoshino discussed before.
L ﬂ i Next, in Figs. 4a)—4(c) the total cross sections from the

experiments are compared with those from theory. Both the
experimental and the theoretical spectra show that the gen-
eral structure of the spectrum is similar for the three isoto-

pomers. The most obvious difference concerns the width of

10™% em?)

8 0 the band: going from kD via HOD to D,O, the ground state

=i vibrational wave function becomes narrower, and this is re-
§ flected in the smaller bandwidth. The agreement between the
w experimental and theoretical direct spectret shown is
§-0~4 I~ striking: the experimental values of the energy at half of the
)

maximum are 9.24 eV for 0 and 9.35 eV for RO, while

i U the theoretical are 9.26 and 9.37 eV, respectively. The theo-
08 | retical direct spectrum for HOD is again found at only 0.02

‘ l . ! L | . L . eV higher energy values than the experimental spectrum. The

8.8 9 9.2 94 9.6 9.8 good agreement between theoretical and experimental direct
photon energy eV) cross sections. implies that the potentiall energy surface is

very accurate in the Franck—Condon region. Also the abso-

FIG. 2. The indirect spectrum ofJ® derived from the present experimental lute values of the cross sections are well reproduced, which
spectrum as compared with the indirect spectrum derived from the spectrufimplies that the calculated transition dipole moment surface
of Yoshinoet al. (Ref. 1. is accurate. At energies above 9.6 eV the direct theoretical

spectra start to deviate from the experimental spectra, be-

trum derived from Yoshina's spectrubhThe agreement with cause the calculated tran~sition dipole moment also contains a
respect to resonance positions is excellent. The small diffeicontribution of the bound state for geometries where the
ences in amplitudes might be due to experimental uncertairRotential energy is higf’
ties. Also the finer details that were sometimes attributed to ~ The indirect cross section depends on a range of the
noise appear in both spectra. potential energy surface much larger than for the direct cross
In F|g 3 the Convergence of the theoretical cross Secsection. In Ref 7, the nature Of the resonances haS been
tions with the number of rotational states present in the Boltinvestigated. Here, the results of that analysis are briefly
zmann averaging procedure is shown for the indirect part ofummarized. The main characteristics of the resonance struc-
the cross section for each of the three isotopomers. Takingjire in the spectrum can be explained by a simple two-
more than 12 rotational states would probably change onlglimensional model, in which one OH distance is fixed, and
minor details in the spectra of HOD and®, thus we ex- in which only dynamics on the adiabafi potential energy
pect that the main features will remain the same. The consurface is considered. This surface has two minima, one for
vergence is faster for $#O than for HOD and DO. Figure 3  the collinear HOH geometry, and one for the collinear HHO

15 —

2)

-18

cross section (10

9.4 9.6 9.8 94 9.6 9.8 94 9.6 9.8
photon energy (eV) photon energy (eV) photon energy (eV)
FIG. 3. The convergence of the cross sections with the number of rotational $atespresent in the Boltzmann averaging procedure as shown for the

indirect part of the cross section for each of the three isotopomers. Thick line is the result for 12 rotational states. The thin lines are avesuiecsdes
N,o Values of 1(dotted ling, 4 (dashed ling and 8(full line).
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12 l T I T | 1 | T I T | T 12 I 1 I T I 1 I T I T l T 12 I T I T | T I H l T I T A
N

2)

cm

[ @ H0 ~7 [ b) HOD N [ 9DO
/

-18

cross section (10
-
I

1 I 1 I 1 I 1 I | L I 1 ' 1 | 1 | Il 1 I 1 | ] | |
8688 9 92949698 0 8688 9 929496938 0 8688 9 92949698

photon energy (eV) photon energy (eV) photon energy (eV)

FIG. 4. Comparison of the total cross sections from the experintdrasvn curveswith those from theorydashed curvgsPanel(a) for H,O, panel(b) for
D,0, and panelc) for HOD.

geometry. For both minima the distance between OH and hvith a spacing of 0.08 eV instead of 0.10 eV. This is ex-
is large (3—41). The wave packet initially moves directly plained by the mass difference between D and H, the ratio is
to the HOH minimum. Here, the OH—H distance is so largeslightly larger than,2.
(3ap), that one can consider one OH bond to be almost In Figs. §a)—5(c), the new experimental and theoretical
broken. The largest part of the wave packet moves furtheindirect cross sections are shown fos® HOD and BO.
towards the asymptotic OHH region, another part moves All indirect cross sections show a regular progression with a
towards the HHO geometry. The excitation of the bendingspacing of 0.10 for KO, and 0.08 eV for HOD and J®.
motion is so high that rotational barriers prevent a rapid dis-The agreement between experimental and theoretical spac-
sociation process for this part of the wave packet, which isngs is very good. When the spectra of® HOD, and BO
thus trapped in long-lived resonances. The bifurcation of thare overlaid, both the experimental and the computed ones, it
wave packet has been described by Dixorl?®in a calcu-  is seen that the HOD spectrum resembles th® Bpectrum
lation of the photodissociation dynamics at 10.2 eV. more than the KO spectrum. This can be understood by
The nature of the resonances depends on energy. Belomoting that in HOD the dissociation towards @D is four
9 eV, the resonances found in the spectrum correspond times as probable as the dissociation into -OBi, because
resonances in the HOH well, and can roughly be describethe OH bond is weaker. What are seen in the spectrum of
by bending and stretching quantum numbers. For energiddOD are sums of resonances in combined stretch-bend
higher than the barrier between the HOH and HHO wells, thenodes of OD and departing H. Since the bending mode is
resonances are very complicated, and show tunneling behadominant, it can be expected that the spacing between the
ior between the two minima. When the energy is signifi-resonances correlate with the reduced mass of the bending
cantly above the barrier, the resonances look simple again. Imode. The reduced mass for the bending mode of the OD-H
a classical description, the H atom makes a complete circleomplex with H far away is close to that of the OD-D com-
around the OH molecule, while the distance to OH variesplex.
but is most of the time large (3-a4). The spectrum shows Also for the amplitudes of the resonances, the agreement
a rather regular progression over the entire energy rangbetween theory and experiment is good, for all isotopomers.
even though the nature of the resonances changes. The spécstriking feature of the BO spectrum is that the amplitude
trum of D,O is found to be similar to that of 4O (Ref. 7) of the modulation is almost a factor of 2 smaller than for

T T T T TS L RN T T T T ]
B TR
[ D HOD yan g d oy .

2)
cm
—

-18

cross section (10

1 . T I
8688 9 92949698 8688 9 92949698 8688 9 929409698

photon energy (eV) photon energy (eV) photon energy (eV)

FIG. 5. Comparison of the indirect cross sections from the experintdras/n curveswith those from theorydashed curvgsPanel(a) for H,0, panel(b)
for D,O, and panelc) for HOD.
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H,O. This is also the case for cross sections for individualPosed into components corresponding to a fast, direct disso-
rotational states. An explanation is that the resonances in theation process and a process proceeding through resonances
spectra are already partially overlapping. FeD for which by transforming to and from the time domain. In this way a
the resonances are closer to each other, the overlapping @¢tailed comparison is made with the theoretical results
stronger than for KO, which leads to a reduced indirect where an analogous separation into direct and resonant con-
cross section. But the same argument apparently does nitbutions is made through manipulation of the autocorrela-
hold for HOD: For HOD the indirect cross section is even ation function. The direct experimental and theoretical spectra
bit larger than that of KO, both experimentally and theoreti- are seen to be nearly identical, indicative of high accuracy in
cally. the part of the potential energy surface related to direct dis-
There is only one feature for which experiment andsociation. Also the experimental and theoretical resonances

theory disagree: for HOD the onset of the resonances occuhow nice agreement, both in position and in width, at least
at lower energy in the theoretical spectrum than in the exfor HO and B,O. The width of the resonances, that are 0.10
perimental spectrum. The experimentally observed trend iV apart for HO and 0.08 eV for RO, amounts to 0.04 eV
the onsets of the resonances, firsH then BO and HOD and is the consequence of overlapping resonances in the
last, is however reproduced by theory. FogQHand DO the ~ spectra of molecules having different ground state rotational
onset of the resonances is seen to be hardly different ilevels. It is therefore expected that at still higher temperature
theory and experiment. In the case of HOD theory predict¢he waterB band absorption spectrum will be even more less
two low energy resonances that are not present in the expemtructured, while it should be possible to detect narrower
mental spectrum; also the amplitude of the next resonances igsonances in cold beams. For HOD the resonant component
higher in theory than in experiment. of the theoretical spectrum shows two resonances at low en-
In summary, good agreement between experiment an@rgy that are not seen in the experimental spectrum. On the
theory is found for HO and DO, but for HOD a large origin of this unexpected discrepancy we can only speculate.
discrepancy in the onset of the resonances has been found.
Since agreement between the theoretical and experimentdH. T. Wang, W. S. Felps, and S. P. Mc Glynn, J. Chem. Phys2614
direct spectra is excellent, one might jump to the conclusion2g9;2-ev and M. Shapiro, J. Cher. PHE, 5604 (1882
that _the_ d|rect_d|ssQC|§tlon process is well described, but thaﬁF_' Flogquet and J. A ﬂor’sle'y‘ 3. Chem. P'P@G- 3767@74)_
the indirect dissociation process where larger parts of the‘m. von Dirke, B. Heumann, K. Kuehl, T. Schroeder, and R. Schinke, J.
potential energy surfaces are sampled still requires improve-Chem. Phys101, 2051(1994.

. . 5 f .
ment. AIong what lines is as yet not clear. That the only B. Heum_ann, K. Kuehl, K. Weide, R. Dueren, B. Hess, U. Meier, and S.
D. Peyerimhoff, Chem. Phys. Lett66, 385 (1990.

disagreement is found f_or HOD and not TOI’Z(BI and DO K. Mordaunt, M. N. R. Ashfold, and R. Dixon, J. Chem. Phy80, 7360
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