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Photodissociation spectroscopy of Zn*(H,0) and Zn*(D,0)

Y. Abate and P. D. Kleiber®

Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242
(Received 21 October 2004; accepted 19 November 2004; published online 15 February 2005)

We report on a study of the photodissociation spectroscopy of weakly bound Zn"(H,0) and
Zn'(D,0) complexes. The work is supported by ab initio electronic structure calculations of the
ground and low-lying excited energy surfaces. We assign two molecular absorption bands in the
near UV correlating to Zn* (4s-4p)-based transitions, and identify vibrational progressions
associated with both intermolecular and intramolecular vibrational modes of the cluster. Partially
resolved rotational structure is consistent with a C,j equilibrium complex geometry. Experimental
spectroscopic constants are in very good agreement with ab initio theoretical predictions. Results are
compared with previous work on main group and transition metal ion-H,O clusters.

© 2005 American Institute of Physics. [DOI: 10.1063/1.1847610]

I. INTRODUCTION

There have been many spectroscopic studies of isolated
gas phase metal ion-H,O complexes, in part because of the
importance of metal ion-H,O interactions in solvation
chemistry.l*14 Several main group metal ions have been
investigated“*” as well as some transition metal ions.'*
However, only a few cases have afforded rotational resolu-
tion allowing a direct spectroscopic determination of the
equilibrium geometry of the comple)<.4’5’“’14 The Duncan re-
search group has studied the electronic spectroscopy of both
Mg™ and Ca™H,O complexes, and verified the C,; equi-
librium geometry in each case.*® Photodissociation spectros-
copy through excited electronic states allows quantitative
analysis of the geometry in both ground and excited states,
giving valuable information about electronic structure and
molecular orbital effects on the bonding interactions and re-
activity. Using infrared photodissociation spectroscopic ap-
proaches it is possible to carry out direct spectroscopic stud-
ies of the ground state rovibrational structure for weakly
bound clusters. For example, Vaden, Forinash, and Lisy have
probed the rotational structure of Cs"(H,O)Ar.!" More re-
cently Walker et al. have investigated the infrared spectros-
copy of VT (H,0)Ar and found that the cluster distorts from a
C,y toward an insertionlike Cg geometry on excitation of the
antisymmetric O—H stretch mode of the complex.14

Here we report results from a study of the UV-
photodissociation spectroscopy of Zn"—H,0. Zn" is a tran-
sition metal ion with a valence structure, Zn"(3d4'%4s"), that
is essentially similar to that of Ca*(4s'). Despite this simi-
larity in electronic character, in previous work we have often
found significant differences in both the spectroscopy and
chemical dynamics of analogous Ca™ and Zn*-molecule
complexes.ls*17 These differences result in part from the
relatively high ionization energy for Zn that opens charge
transfer chemical channels at low excitation energies. For
example, in both Mg*-H,CO and Ca'-H,CO, we have
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shown that the ground state equilibrium structure is C,; with
the metal ion bonded end-on to the O atom by primarily
electrostatic ion-dipole forces.">'® However, for Zn'-
H,CO, we have determined that the ground state equilibrium
structure is Cg, bent with a Zn"™—O-C bond angle of
~140°."" This change in the bonding geometry results in part
from a partial charge transfer in the ground state of the
Zn"(H,CO) complex. It is interesting to extend these studies
to other Zn"-molecule systems, including Zn*—H,O, to see
how the equilibrium structure and bonding may differ from
its main group metal ion counterparts. In addition, Zn* has a
significantly larger spin-orbit coupling constant than Mg* or
Ca’, and it is interesting to see how the larger spin-orbit
interaction may affect the spectroscopy and dissociation dy-
namics of the complex.

Il. THEORETICAL CALCULATIONS

We have carried out a series of ab initio electronic struc-
ture calculations to investigate the bonding interactions in
the ground and low-lying doublet excited states of Zn"(H,0)
using GAUSSIANOS.'® Optimization calculations at the
UHF/6-311++G(2d,2p) (UHF—unrestricted  Hartree—
Fock) level find a ground state equilibrium for Zn*(H,O)
with Zn bonded end-on to the O atom in a C,; complex
similar to previous results for the analogous Mg'- and
Ca’-water systems. The calculated Zn—O bond length is
R(Zn-0)=2.092 A at the UHF level, with a Zn—O bond
dissociation energy of D!(Zn—-0)=1.235 eV. Higher level
UB3LPY/6-311++G(2d,2p) density functional theory
(DFT) calculations find essentially similar results but with a
stronger Zn—O bond, R(Zn-0)=2.072 A, and D(Zn-O)
=1.439 eV. The water ligand in the complex is relatively
undistorted from its isolated geometry with an O—H bond
length of R(O—H)=0.968 A and H-O—H bond angle of
/ (HOH)=108.5° in the DFT calculation. Structural param-
eters and spectroscopic constants are summarized in Table 1.

We have also used the UCIS/6-311++G(2d,2p) (unre-
stricted configuration interaction-singles) method to study
the low-lying doublet excited states of Zn*(H,0). Calcula-
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TABLE 1. Structural parameters and spectroscopic constants for the low-
lying states of Zn"(H,0). Experimental results for Zn"(H,O) are given in
parentheses. All calculated results use a 6-311++G(2d,2p) basis.

124, 1B, 1B,
UB3IYP  UHF ucIs ucCIs
R(ZnO) (A) 2072 2.092 1.945 1.982
R(OH) (A) 0.968 0.947 0.947 0.947
/ (HOH) 108.5°  107.9° 110.2° 109.2°
- 13.6 143 13.9 14.0
(13.3£0.6) (127+09)  (12.5£0.9)
0.26 025 0.29 0.28
1 -1
LB+
2(B+C) (em™) (0.24£0.06) (0.29+40.06)  (0.27+0.06)
w(ay) (em™) 3730 4041 4040 4040
1784
164 1789 1792
w,(a,) 640 78 (1577) 7
464 417
316 304
s(@) (523) (491)
wy(by) 3823 4126 4127 4121
706 692
b 535 556
@s(ba) (700) (675)
326 357
b 78 321
4(by) (298) (354)

tions show that the Zn"-based 4p < 4s transitions will domi-
nate the UV absorption spectrum. We have found in several
previous studies that the CIS method can work very well to
describe the metal-centered excited states of a weakly bound
complex. In Zn"(H,O) there are three low-lying
Zn"*(4p)-based excited states 1 2Bz(4p71-), 1 2B1(4pﬂ-), and
2 %4,(4pa), corresponding to states of different p-orbital
alignment with respect to the intermolecular axis. The 4p
states are more strongly bound than the ground state and the
corresponding Zn"-based 4pm«4so absorption bands are
significantly redshifted from the Zn™ atomic resonance line at
~204 nm. In contrast, the 1 2A1(4p0') state is less bound
than the ground state and the corresponding absorption band
is blueshifted beyond our spectrally accessible region. We
have carried out UCIS optimization calculations for the
1 2B,(4pm) and 1 *B,(4pw) states. 1 °B, lies slightly lower
in energy, with T,(1%B,)=4.358eV and T,(1°B))
=4.583 eV. In each state the equilibrium geometry is C,y,
with a slight contraction in the Zn—O bond length and open-
ing of the H-O—H bond angle. Excited state structural pa-
rameters and spectroscopic constants are also given in Table
L.

lll. EXPERIMENTAL ARRANGEMENT

The experimental approach has been described in earlier
publications.ls’l(”19 Weakly bound ion-molecule -clusters,
formed in a supersonic molecular beam apparatus equipped
with a laser vaporization source are probed by photodisso-
ciation spectroscopy in an angular reflectron time-of-flight
mass spectrometer (TOFMS). Based on an analysis of the
spectral structure (vide infra) we estimate the rotational tem-
perature of the clusters to be ~18 K. From the source, the
molecular beam passes through a skimmer into a differen-
tially pumped extraction chamber where ion clusters are
pulse extracted, accelerated, and mass resolved in the first

J. Chem. Phys. 122, 084305 (2005)

leg of the TOFMS. Parent ion clusters are mass selected with
a pulsed mass gate and then focused into the reflectron re-
gion of the flight tube. Clusters are probed in UV with a
tunable Nd:YAG (YAG-yttrium aluminum garnet) based
OPO (optical parametric oscillator) system (Spectra Physics
Pro-250 Nd: YAG pumped MOPO-SL) equipped with non-
linear frequency mixing capabilities. The laser bandwidth is
~0.15 cm™!. Unreacted parent ions and daughter product
ions are reaccelerated into the flight tube and mass resolved
in the second leg of the TOFMS in a standard tandem time-
of-flight arrangement. A microchannel plate detector is used
to detect ions, and the signals are collected with a digital
storage scope and gated integrator.

Photodissociation action spectra are determined by nor-
malizing the mass-resolved daughter ion signal by the parent
ion signal and laser power as a function of laser photon en-
ergy. The daughter ion signals are very weak in this experi-
ment and so high laser powers are used to obtain a reason-
able signal-to-noise ratio. As a result, observed bound-bound
resonances are partially saturated and show some power
broadening.

IV. EXPERIMENTAL RESULTS

The photodissociation action spectra for Zn"(H,0) cov-
ers the near UV region from ~38000cm™' to
~43 000 cm™'. Zn" is the only daughter ion clearly observed
although we cannot rule out that there may be some weak
ZnOH* product signal that is unresolved from the large
7Zn"(H,0) parent signal. Figures 1 and 2 show the photodis-
sociation action spectra for Zn"(H,0) and Zn"(D,0), respec-
tively. The action spectrum for Zn"(H,0) is complex and
shows a great deal of fine structure in the vibrational reso-
nance progressions. The spectral complexity is due to a com-
bination of rotational substructure, spin-orbit coupling, and
overlapping vibrational and electronic band structure. The
rotational structure (and some of the vibrational structure) in
the Zn"(D,0) case is not resolved making the spectrum ap-
pear much simpler.

The first group of resonance peaks in the **Zn"(H,0)
spectrum of Fig. 1 appears at Tyy(1 *B,)=37 943 cm™!, and
we assign this structure to the 1 2B,« 1 >4, origin band. A
careful search shows no evidence for any additional reso-
nances to the red of this group of peaks, consistent with the
assignment of this structure to the origin. This assumption is
verified by isotopic substitution experiments using
%7n"(H,0), and making a pseudodiatomic approximation
for the isotope shifts as discussed previously by Yeh et al?
Isotope shifts in the vibrational progression are consistent
with this first observed structure being the origin band and
not a higher vibrational level. The corresponding origin in
847n"(D,0) is Tyo=37 936 cm™', and the small isotope shift
for the band again supports the assignment.

From the origin of Fig. 1 there are at least four overlap-
ping vibrational progressions with mode spacings of
~500 cm™! building to higher energy. In the region near
40300 cm™! there is a marked increase in the spectral con-
gestion. We identify the peak grouping at Ty(1 *B,)
=40 288 cm™! (=0J+2345 cm™') as the origin of the 1 *B,
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FIG. 1. Photodissociation action spectrum for
Zn*(H,0) showing the proposed vibronic assignment.
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«1 24, band in **Zn"(H,0). The observed difference in B,
and B, band origins, AE=2345 cm !, is consistent with the
CIS theoretical model results that predict a difference of
AE=1805 cm™! in the corresponding 7, values. The corre-
sponding 1 B, state origin in **Zn"(D,0) is at 40 289 cm™".

A. Rotational analysis of the Zn*(H,0) origin
bands

An expanded view of the Zn"(H,0) 1 ?B, band origin is
shown in Fig. 3, and clearly exhibits rotational substructure
with a multiplet of peaks. In the C,; structure predicted by
ab initio theory, the Zn"(H,0) complex is well approximated
as a prolate near symmetric top molecule. The 1 282
—1 2A1 band is a perpendicular transition with the rotational
selection rule AK=+1. At low rotational temperatures we
expect three main peaks in the rotational substructure corre-
sponding to the transitions K"=0—K'=1 and K"=1—K’

1
42000

=0,2. However, the spin-orbit constant for Zn" is large and
we must include the effect of spin-orbit interaction for a
quantitative analysis of the rotational structure.

The combined effects of rotation-electronic and spin-
orbit coupling have been discussed previously in work on
weakly bound complexes Ca(NH,) and Ca*(H,0).%*' These
interactions have a significant quantitative and qualitative
impact on the observed rotational structure, and the effects
are even more pronounced in Zn"(H,0) owing to the larger
spin-orbit constant for Zn* [A4,,(Zn")=583 cm™']. The effects
can be understood following the discussion of Whitman and
Jungen.21 The interaction Hamiltonian is given approxi-
mately by

Hip=— 2ANaLa + AsoLaSaa

where the first term describes the a-axis rotation-electronic
(or Coriolis) coupling, and the second term gives the a-axis

FIG. 2. Photodissociation action spectrum for
Zn*(D,0) showing the proposed vibronic assignment.
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FIG. 3. Rotational structure for the 1 2B, state origin band in Zn'(H,0).
Spectroscopic constants determined from the simulation are given explicitly
in Table I (in parentheses). Subband transitions (K’ ,,,K",) are indicated, and
show the large spin splitting in the transitions for K/, >0 as discussed in the
text.

spin-orbit coupling. 1 232(2) and 1 2BI(E) represent elec-
tronic states with the Zn™ pr orbital aligned in the Zn—OH,
plane and perpendicular to the plane, respectively. For non-
zero K,, the H, group rotates about the a axis, and for suf-
ficiently fast rotation, the orbitals can decouple from the

nuclear frame, resulting in a rotation induced mixing of the A

and B states. This in turn induces a net electronic orbital
angular momentum in each state that, through the combined
effect of spin-orbit interaction, manifests itself as an anoma-
lously large spin splitting in the rotational spectrum.

We follow the second-order perturbation theory treat-
ment of Whitman and Jungen to quantitatively model the
rotational substructure.”! Essentially the analysis amounts to

diagonalizing the 2 X 2 interaction Hamiltonian for the A and
B state subspace. We assume a symmetric top model for the

molecule (B=C) so that for the ground state, 1 2A]()?) we
have

E(Xy =N+ 1 K)=B"NN+1)+ (4"~ BK? (1)
while for the lowest two excited states, 1 2BQ(Z) and
1 2Bl(l§) we have,

E(A;J,K)=Ty+ A (K*+ A2+ B JJ+1)
+[A AZS?+ 44PN K> — 44,4' A*SKI/AE (2)
and
E(B;J,K)=Ty+A' (K*+ A% +B'JJ+1)
—[A NS> +44"*A’K? — 44,4' A*SK]/AE,
3)

respectively.21 In Eq. (1) we have neglected the small effect
of the spin-rotation coupling (setting the spin-rotation cou-
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pling parameter equal to zero). In these results AE is the
energy difference between the 1 2B2 and 1 2Bl band origins;
we adopt the experimental value AE=2345 cm™'. A and 3
are the usual orbital and spin angular momentum projections
along the a axis, and here take on the values A=1 and 3
=:|:%. As discussed by Whitham and Jungen, the different
spin projection values lead to a splitting of the rotational
peaks for transitions with K’ # 0, due to the last term in the
brackets of Egs. (2) and (3), which is a cross term coupling
rotation-electronic and spin-orbit effects.”! The magnitude of
the splitting depends on the molecular spin-orbit coupling
strength, 4,,. For Zn"-based molecular complexes this value
is large enough to split the expected three-peak spectrum
effectively into a five-peak spectrum. (Although with our
resolution, one of the peaks appears only as a weak shoulder
on a larger peak.)

We have used eigenvalue Egs. (1)—(3) to simulate the
rotational spectrum for Zn"(H,0). Essentially we sum con-
tributions, weighted by the Honl-London factors, for the al-
lowed rovibronic transitions, and assuming a thermal popu-
lation distribution in the ground state. Since we expect that
ortho-para conversion should be negligible, we assume inde-
pendent distributions for the K,=even and K,=odd states,
with an ortho:para ratio fixed at 3:1. The electronic origin,
rotational constants, and spin-orbit parameter are all then de-
termined in the fitting procedure. The resulting model fit
shown in Fig. 3 assumes a rotational temperature of 18 K
and a Lorentzian bandwidth of 6 cm™!, which is much
greater than the laser linewidth of ~0.15 cm™!, showing the
combined effects of power broadening and lifetime broaden-
ing for the transitions. The best-fit spin-orbit constant in the
1 2B, state of Zn"(H,0) is 4,=490 cm™', which is ~0.84
times the Zn*(4p) atomic spin-orbit constant. This is in line
with what may be expected based on previous work for
Ca"(H,0). The fitting was carried out for several data sets
and the average best-fit values for the rotational constants are
given in Table I (in parentheses).

The simulated fit to the data is excellent in both peak
position and relative intensity. However, owing to the limited
experimental resolution there are significant uncertainties in
all of these values, although the differences in rotational con-
stants (4’ —A"” and B’ —B") are known much more accurately
than the individual values. In any case, there is excellent
agreement between the experimental results and ab initio
predictions (Table I). The major discrepancy lies in the pre-
dicted A4-axis rotational constants where the HF and CIS
methods overpredict the 4 constants by ~7%. In contrast,
the ground state 4 constant at the DFT level is in very good
agreement with the experimental value. The remarkably
good overall agreement with theory gives compelling evi-
dence to support the C, ) ab initio structure for the complex,
in both ground and excited states.

There is ambiguity in converting the experimental spec-
troscopic constants into a molecular geometry, especially
with the large uncertainties for individual rotational con-
stants as shown in Table I. However, the experimental con-
stants are consistent with the predicted geometry change on
excitation including a shortening of the Zn—O bond and an
increase in the HOH bond angle.
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We have carried out a similar analysis for the Zn"(H,0)
1 2B1 state band origin and the results of the fitting procedure
are similar. The fit is somewhat less reliable in this case
because of an overlapping vibronic resonance from the
1 2B, < 1?4, band. Nevertheless, the spin-orbit constant in
the B, state is found to be 4,,=490 cm™!, which is consistent
with the value for the B, state as expected. Experimental
rotational constants are again given in Table I.

B. Vibrational analysis of the Zn*(H,0) bands

The observed vibrational resonances are listed explicitly
in Table II. The characteristic rotational structure of the ori-
gin band is repeated in a long progression with a vibrational
spacing of ~500 cm™!. This progression is assigned to the
v3-Zn—0 intermolecular stretch of a; symmetry (37). Birge-
Sponer analysis of the stretch progression gives a mode fre-
quency of ws(1 *B,)=523 cm™! and anharmonicity param-
eter wx,=3.8cm™!, in good agreement with the CIS
predicted frequency of 464 cm™! for this mode.

The stretch progression is repeated several times in com-
bination bands with other modes in the spectrum. A glance at
the first grouping of peaks above the origin near 38 500 cm™!
shows evidence for two additional active vibrational modes.
In addition to the rotational multiplet structure that corre-
sponds to one quantum of intermolecular stretch at
~38458 cm™!, 301, there is obviously a second and very
similar multiplet structure at slightly higher energy, and at
higher energy yet, a broader singlet peak. These additional
vibrational modes are too low in energy to be intramolecular
water vibrations, and must correspond to intermolecular
bending modes of the complex.

We can use the characteristic rotational structure to as-
sign the modes. The singlet peak at 38 643 cm™! (=000
+700 cm™!) is assigned to one quantum of the in-plane
vs-intermolecular bend of b, symmetry (5,'). The overall
vibronic species is b, X b,=a,, corresponding to a parallel
transition with selection rule AK=0, and leading to a single
major absorption peak with unresolved rotational state sub-
structure. The fundamental frequency is then ws(1 ?B,)
=700 cm™!, which is in very good agreement with the CIS
predicted frequency of 706 cm™! for this mode.

The second multiplet of peaks in the grouping near
38539 cm! (=0,"+596 cm™!) can be assigned to the second
quantum of the w4 out-of-plane intermolecular bend of b,
symmetry. This mode is forbidden in a single quantum with
overall vibronic species b, X b;=a,, but allowed in the sec-
ond quantum (6,%) with overall species b, X by X b;=b,. Ex-
citation of the second quantum is allowed in a perpendicular
transition, showing a triplet rotational structure. Normally
this transition would be expected to be very weak; however,
here the band can borrow intensity by mixing with the near
resonant 301 state of the same overall symmetry. The funda-
mental mode energy is then wg(1 >B,)=596/2=298 cm™!, in
fairly good agreement with the CIS predicted value of
326 cm™! for this mode.

Each of these intermolecular modes forms the basis for a
progression in the combination bands 5,'3," and 6,3," as
shown in Fig. 1 and given explicitly in Table II. We have also
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TABLE II. Observed resonances and vibrational assignments for Zn"(H,0)
and Zn"(D,0) in 1 ?B, and 1 2B,. The modes assigned to 1 *B, are under-
lined. In every case the lower state is assumed to be the vibrationless ground
state.

Zn"(H,0)
Resonance Assignment
37943 0°
38 458 3!
38539 6?
38 643 51
38967 32
39 051 62 3!
39 158 5131
39 468 33
39 520 2!
39 555 6 32
39 664 5132
39 960 34
40 033 21 3!
40 049 6* 33
40 161 5133
40 288 0°
40 446 3’
40 539 21 32
40 642 6!
40773 3!
41128 6'3?
41249 3?
41 601 6! 32
41 638 52
41721 3}
Zn"(D,0)

37936 0°
38370 5!
38 448 3!
38 860 5131
38938 32
39118 2!
39339 5132
39420 33
39 620 21 3!
39 814 5133
39 897 34
40103 21 32
40 289 0°
40 363 3°
40 580 2133
40 552 6!
40 826 30
41014 6'3'
41473 6! 32

identified one more combination mode at higher frequencies,
20] 3", the combination of the »,-symmetric HOH bend of ;
symmetry and the intermolecular stretch. This band gives an
overlapping progression of multiplets built on an origin at
39 520 cm™!. The corresponding mode frequency w,(1 2Bz)
=1577 cm™! is in fair agreement with the CIS predicted
value of 1784 cm™'.

The spectrum becomes more congested with the onset of
the 1 2B1 —1 2A1 band origin at Tp,=40 288 cm ™!, making a
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FIG. 4. Rotational structure for the 1 282 state origin band in Zn"(D,0).
Spectroscopic constants determined from the simulation are 4”=3.6 cm™!,
1(B"+C"=025cm™, A’=35cm™, 3(B'+C)=030cm™, and A,
=391 cm™!, with an ortho:para ratio of 1:2.

detailed assignment at higher energies difficult. However, we
can clearly identify the intermolecular stretch progression in
the 1 2B, state with a vibrational frequency of Cs(1 *B,)
=485 cm™!. We have also tentatively identified two members
of the 6,'3," combination band in 1 ?B, as shown in Fig. 1
and listed in Table II. In the B, electronic excited state, the
ve-out-of-plane intermolecular bending mode of the complex
has b; symmetry and is allowed in one quantum with a par-
allel type polarization band contour. The observed funda-
mental frequency for this mode is wq(1 *B,)=354 cm™! in
excellent agreement with CIS prediction of 357 cm™' for this
mode. We have also tentatively identified the second quan-
tum of the vs in-plane intermolecular bending vibration (502)
in the 1 B , state as shown in Fig. 1 and given explicitly in
Table II. This IP bending mode has b, symmetry, so the first
quantum is not allowed. However two quanta of this mode
will be allowed with overall b, resonance at character, giving
rise to a transition with a perpendicular type band contour.
The fundamental frequency for this mode is then determined
experimentally to be ws(1 231)= 1350/2=675 cm ™, in very
good agreement with CIS prediction of 692 cm™!.

C. Comparison with Zn*(D,0)

To validate the spectral assignments we have also carried
out experiments on the **Zn"(D,0) isotopomer. The action
spectrum and vibrational assignment are shown in Fig. 2.
The corresponding 1 2B, state origin in *Zn"(D,0) is at
Too=37 936 cm™'. We have carried out a rotational analysis
of the origin band and the results are shown in Fig. 4. In this
case the smaller rotational constants and limited spectral
resolution makes it difficult to obtain quantitative values for
the spectroscopic constants. The best-fit spectroscopic con-
stants for the 124, and 1 2B, states of Zn'(D,0) are 4"
=3.6cm’!, 2(B"+C")=025cm !, 4'=3.5cm™!, 3(B'+C")
=0.30 cm ™!, and 4,,=391 cm™".
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Analysis of the isotope shifts in the vibrational spectrum
is also informative. The vibrational spectrum of Zn™(D,0)
appears much simpler. This is due in part to the fact that the
rotational substructure is largely unresolved. The intermo-
lecular stretch progression in 1 2B2, 3," can be readily iden-
tified. Birge-Sponer analysis gives the fundamental fre-
quency of w,”(1 ?B,)=513 cm™! with an anharmonicity of
wx,=4.6 cm™!. The isotope shift w;(Zn—D,0)/w;(Zn—
H,0)=0.98 is in excellent agreement with the expected
value based on the pseudodiatomic approximation (0.96)
(and with the expected value from the CIS calculations).

The combination band progression for Zn*(D,0), 5,'3,"
is observed as a series of singlet peaks on the low energy
side of the main stretch progression. The fundamental vy
in-plane bending mode frequency is wSD (1 2Bz)=434 cm
The isotope shift, ws(Zn—D,0)/ws(Zn-H,0)=0.62 is con-
sistent with the ab initio predicted isotope shift of 0.74 for
this mode. The combination band progression, 2,'3,", can
also be readily identified in the spectrum. The observed fun-
damental frequency for the v,-HOH symmetric bend in
Zn*(D,0) is »,”(1 *B,)=1182 cm™'. Again, the isotope shift
®,(Zn-D,0)/ w,(Zn-H,0)=0.75 is in good agreement with
the ab initio predicted isotope shift for this mode of 0.74.

The expected combination band 6,3, is not readily ap-
parent in the Zn(D,0) spectrum. However, based on the
isotope shift predicted by ab initio theory for this band, we
would expect the first observed peak in the band to lie at
6,2=454 cm™!, which is very nearly resonant with 3,'. Thus,
it appears that the 3," and 6,%3," progressions in Zn*(D,0)
are unresolved in our spectrum. Indeed, the resonance peaks
in the stretch progression are appreciably broader than the
origin band and, each member shows evidence for a shoulder
on the high-energy side, consistent with two very near reso-
nant overlapping progressions.

The 1 2B1 state origin in Zn"(D,0) is found at 40 289
(=000+ 2353) cm™!. We can again clearly identify the Zn—O
intermolecular stretch mode in the B, state with an observed
frequency of w3D (1 2Bl)=467 em™!. We can also identify
two members of the combination band progression 6,'3," in
the Zn*(D,0) 1 2Bl<—1 2A1 spectrum as shown in Fig. 2.
The observed fundamental frequency for this mode is
wéD (1 2B’l)=263 cm !, in excellent agreement with CIS pre-
diction of 272 cm™!. The isotope shifts for each of these
assigned modes are again in very good agreement with the
ab initio predicted isotope shifts.

With these H-D isotope substitution experiments we
can identify and assign all of the major spectral features, and
the good agreement with predicted isotope shifts for all of
the features is strong evidence to support our spectral assign-
ment.

V. SUMMARY

The excellent agreement between the experimental and
ab initio theory spectroscopic constants gives strong support
for the theoretical predictions for complex structure and
bonding. The transition metal complex, Zn"(H,0O) has C,,
symmetry in both ground and excited states. The agreement
for both rotational constants and excited state vibrational fre-



084305-7 Photodissociation spectroscopy of Zn*(H,0)

quencies is remarkably good even for a relatively low level
HF/CIS based calculation. Note, also that the intermolecular
frequencies tend to be well predicted at the CIS level, with-
out the 90% scaling rule that is commonly applied to higher
energy intramolecular vibrational frequencies.

Our results are in good accord with the earlier results
from a study of Ca"(H,O) results by the Duncan group,
showing that the spectroscopy and bonding of the Zn*(H,0)
and Ca*(H,0) complexes are quite similar. This is somewhat
surprising given the dramatic differences between
Zn"-molecule and Ca™-molecule clusters we have often seen
previously. The main point appears to be that the IE for H,O
is itself quite high, so that charge transfer interactions play a
very minor role in the Zn"(H,O) case.

Finally, it is important to note that accurate modeling of
the rotational multiplet structure requires a careful treatment
of spin-orbit interactions. The second-order perturbation
theory treatment by Whitham and Jungen®' works very well,
even for this case with a very large spin-orbit coupling con-
stant.
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