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Rotational spectra have been observed for 'OH-'®OH,, 'OH-'0OH,, "OH-'OH,, and
BOH- 18OH2 with complete resolution of the nuclear magnetic hyperfine structure from the OH and
water protons. Transition frequencies have been analyzed for each isotopic form using the model of
Marshall and Lester [J. Chem. Phys. 121, 3019 (2004)], which accounts for partial quenching of the
OH orbital angular momentum and the decoupling of the electronic spin from the OH molecular
axis. The analysis accounts for both the ground (’A’) and first electronically excited (?A”) states of
the system, which correspond roughly to occupancy by the odd electron in the p, and p, orbitals,
respectively (where p, is in the mirror plane of the complex and p, is perpendicular to p, and the
OH bond axis). The spectroscopic measurements yield a parameter, p, which is equal to the
vibrationally averaged “A’-?A” energy separation that would be obtained if spin-orbit coupling and
rotation were absent. For the parent species, p=—146.560 27(9) cm™". 0 substitution on the water
increases |p| by 0.10529(10) cm™', while substitution on the OH decreases |p| by
0.068 64(11) cm™'. In the OH-OH, complex, the observed value of p implies an energy spacing
between the rotationless levels of the >A’ and 2A” states of 203.76 cm™'. Ab initio calculations have
been performed with quadratic configuration interaction with single and double excitations
(QCISD), as well as multireference configuration interaction (MRCI), both with and without the
inclusion of spin-orbit coupling. The MRCI calculations with spin-orbit coupling perform the best,
giving a value of 171 cm™ for the 2A’-A” energy spacing at the equilibrium geometry.
Calculations along the large-amplitude bending coordinates of the OH and OH, moieties within the
complex are presented and are shown to be consistent with a vibrational averaging effect as the main

cause of the observed isotopic sensitivity of p. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2973638]

I. INTRODUCTION

The OH-OH, complex has been the subject of numer-
ous investigations spanning well over a decade."™ Interest
in this system stems from its fundamental role as a prototype
for open-shell intermolecular interactions, from the impor-
tance of the OH radical in combustion, and from the recent
recognition of the role of molecular complexes, especially
water clusters, in atmospheric chc:zmistry.l&19 The OH-OH,
complex plays an important role in the reactions of OH with
H,O (Ref. 20) and atmospheric hydrocarbons;zl the former
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role is analogous to that of the complex of OH with H,S in
the OH+H,S reaction.”? The OH-O0OH, complex also pro-
vides a starting point for understanding the hydration struc-
tures of OH in liquid water.” % Experimentally, OH-OH,
has been observed by infrared spectroscopy in cryogenic
matrices,*®” and more recently by Fourier transform micro-
wave spectroscopy in the gas phase.lo’“ Theoretically, it
has been studied by a variety of computational methods,
which have focused on energetics, structure, and
reactivity.]_3 5:68,12717.20.21,23-25 Theory and experiment con-
cur that the system is a hydrogen bonded complex with OH
acting as the proton donor, and calculations suggest a small
potential barrier at the planar configuration. This latter fea-
ture is similar to that in the closed-shell complex FH-OH,,
for which large-amplitude vibrational motion of the water
subunit renders the complex effectively planar.26

In a previous study, we reported microwave spectra of
1OH-'°0H, and '"SOH-'®0H, and investigated the effects
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of partially quenched electronic orbital angular momentum
on its rotational spectrum and magnetic hyperfine
interactions. ' Briefly, complexation with water breaks the
cylindrical symmetry of free OH and quenches the orbital
angular momentum by mixing states with well defined pro-
jections of this quantity onto the bond axis (i.e., by mixing
the states corresponding to A=+1 and A=-1 states of free
OH). The resulting electronic states of the complex, labeled
A" and A” in its C, equilibrium geometry, are separated in
energy by an amount dependent on the spin-orbit coupling
constant (which, to a good approximation may be assumed
equal to that of free OH), on a spectroscopically determin-
able parameter, p, which describes the mixing,27 and on the
geometry of the complex. The electron spin angular momen-
tum also decouples from the bond axis, and the decoupling
of the spin and orbital angular momenta has a strong influ-
ence on the rotational spectrum of the system. Thus, the de-
gree of quenching and the >A’-?A” energy separation can be
quantitatively assessed from the rotational spectrum of the
complex. Although the rotational energy levels are only sen-
sitive to the magnitude of p, the magnetic hyperfine structure
depends on its sign, and from that dependence the ?A’ state
was determined in our previous work to be the ground state
of the system. The 2A” state was estimated to lie ~200 c¢m™!
above the ground state.

The purpose of this paper is twofold. First, subsequent to
the publication of Ref. 10, the presence of stray magnetic
fields within our spectrometer was discovered. These fields
caused shifts in recorded spectral frequencies by as much as
several hundred kilohertz and, while their effects on our pre-
viously reported value of p were negligible, we wish to re-
port here the improved spectral frequencies for the '°0/'°0
and 30/ 30 isotopic forms. Second, although the fitted val-
ues of p differed by only 0.03% between the two isotopic
forms studied, this difference was about 50 times the uncer-
tainties estimated on the basis of our least-squares fits. Thus,
in an effort to further examine this effect, we report new
measurements for the '*OH-'*0H, and '|OH-'°OH, spe-
cies. Ab initio calculations are also presented to explore the
effect of distortion along the intermolecular degrees of free-
dom, and the observed isotopic dependence of p is shown to
be consistent with changes due to vibrational averaging.

Il. BACKGROUND

To facilitate comparison of the quantities that are mea-
sured and calculated in this work, a brief description of the
spectroscopic model is presented here. This model was ini-
tially described in conjunction with infrared studies of OH
—HCCH (Ref. 28) and later used to predict® and analyze'”
the microwave spectrum of OH—OH,. Although a very com-
plete presentation is given elsewhere,” a simplified discus-
sion may be useful, particularly with regard to relating ex-
perimental and ab initio results.

The physical picture is as follows: in the ground state of
free OH, the spin and orbital angular momenta, S and L,
respectively, have constant projections of E=i% and A
==*1 onto the OH bond axis. (All angular momenta are
given in units of #.) The electronic wave functions are
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eigenfunctions of L, and are designated |A,E,Q), where
Q=A+3. States with |Q|=2 and |Q|=1 differ in energy due
to the spin-orbit interaction. The spatial part of the electronic
wave function depends on e“*? (where ¢ is the azimuthal
angle specifying the coordinate of the unpaired electron) and
gives rise to a cylindrically symmetric electron distribution
since (e29)*(e**?) is independent of ¢. When OH forms a
complex with water, however, the cylindrical symmetry is
broken, and if the interaction were sufficiently strong, the
electronic wave functions would be better described in terms
of p, and p, orbitals on oxygen. These orbitals are 50:50
admixtures of ¢™*? and ¢™** and are not eigenfunctions of L.
In this situation, (¢y|L,|¢)=0 (where i, is the electronic
wave function), and the orbital angular momentum is said to
be quenched. On the other hand, if the interaction with water
were weak but still nonvanishing, the electronic wave func-
tions may be best described as linear combinations of
A=+1 and A=-1 states but not necessarily 50:50 admix-
tures. In this case, 0<|(i/y|L,|¢h)| <1 and the orbital angu-
lar momentum is termed partially quenched. In the C; sym-
metry of the equilibrium geometry of the complex, states
corresponding to p, and p, are of 2A’ and *A” symmetry,
respectively, where p, is the orbital that lies in the bisector
plane of the water, and p, is the orbital that is perpendicular
to both p, and the OH bond axis.

Experimental spectra are analyzed using the Hamiltonian

I:I:I:Irot-'-I:ISO-'-I:Iq’ (1)

where I:Imt, I:ISO, and I:Iq are the rotational, spin-orbit, and

quenching Hamiltonians, respectively. ﬁmt, which describes
rotation of the nuclear frame, is rather lengthy and is given

elsewhere.”’ FAISO is approximated by
If]so =Asol.s:, (2)

where Agq is the vibrationally averaged spin-orbit constant
of free OH, and lower case letters are used to represent the
angular momentum operators in the complex. The projec-
tions of / and s onto the OH bond axis, assumed to be coin-
cident with the vibrationally averaged a-axis of the complex,
are designated N\ and o, respectively, with o=A\+o. In the
next paragraph, we will further assume that the projection of
the orbital angular momentum of the complex on z arises
from that of free OH.

The term flq is given by27’29

y P
Hq=E(E+E), (3)

where p is a vibrationally averaged parameter, and [.
represents a normalized raising or lowering operator
corresponding to the OH orbital angular momentum, viz.,
ﬁ:li/l(” 1). I;Vq is empirically introduced into Eq. (1) as a
simple means of describing the mixing between the A=+1
and A=-1 states of OH in the complex and, as such, it pro-
vides a measure of the degree of quenching of the orbital
angular momentum. Note that the addition of this term to Eq.
(1) defines the spectroscopic parameter p, which is to be
determined from spectral data.
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FIG. 1. An energy level diagram of an OH complex showing the effect of p
on the ground and first excited state energy levels between p=0 (left) and
p>Ago (right).

Matrix elements of H have been given in Ref. 27. In
the complete treatment, primitive basis functions
J.p.M,n,\,s,0)=|J,p,M)|n,\)|s,o) are formed, where J
is the total angular momentum quantum number exclusive of
nuclear spin, p is its projection onto the a-inertial axis of the
complex, and M is its projection onto a space-fixed axis. The
symbol 7 is included to represent any additional quantum
numbers needed to specify the electronic state. Since 7 and s
are the same for all states considered in this work and since
states of different M are degenerate in the absence of an
external field, this basis may be abbreviated as |J,p,\, o).
Although the full basis set is necessary to analyze the rota-
tional spectrum of the complex, the meaning of p is most
easily seen by examining the problem in the absence of ro-
tation. If the rotational motion is ignored, the basis states are
|7.\,5,0), abbreviated as |\, o), with matrix elements”’

<)\,‘T|I:Iso

)\, (T) =Aso)\0'
and

(- )\,o'|ﬁq

N, o) =p/2.

Thus, for each value of o= +1/2, (I:ISO+I:Iq) separates into a
2 X 2 block of the form

p/2 - Aso/2

with eigenvalues E= = %\r’A§O+ p’. The *A’-2A" energy sepa-
ration, AE=E(*A")-E(*A") is thus given by —VA3,+p?,
where the minus sign arises because the A’ state is the
ground state of the system. A schematic diagram is shown in
Fig. 1.

It is apparent from Fig. 1 that when p<<Aqq, the elec-
tronic states of the complex are best described using the w
=% and w=% states of OH, with wave functions ¢“*? and an
energy separation of Agg. In the opposite limit, when p
> Aq0o, the electronic wave function is the molecular orbital
corresponding to either the p, or p, orbital, with energy sepa-
ration in the absence of rotation eilual to p. OH-OH, lies in
the intermediate regime, in which p~Agg, and thus both p
and Agg contribute to the energy separation between elec-

Rotational spectra and potential splitting in the OH—OH, complex
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tronic states. Note that the spin-orbit interaction mixes the
2A’ and A" electronic states, and that p is the ZAT2A en-
ergy separation that would be obtained if the spin-orbit in-
teraction and rotation were absent.

The full basis set, including rotation, is a parity conserv-
ing basis |J,P,\,0,¢), formed from linear combination of
the primitive functions |J,p,\, o), viz.,

J,P.\,0,€) = (1/2)"¥{|J,P,\,0)
+e(- )V —P—\- o)}, (4)

where P=|p|, and e= =1 designates the parity of the state.
Note that although the symmetry of the electronic wave
functions has been designated in the C; symmetry of the
equilibrium structure of the complex (i.e., by A’ and *A"),
the functions given in Eq. (4) are eigenfunctions of parity in
the vibrationally averaged structure of the complex, which is
presumed to be C,,.

In this paper, we examine the variation in the spectro-
scopically determined values of p with isotopic substitution
on both the OH and OH, moieties. As noted above, p is a
vibrationally averaged parameter, which describes the elec-
tronic state energy changes arising from the loss of cylindri-
cal symmetry of the OH upon complexation. Ab initio elec-
tronic structure calculations are used to explore these
changes as a function of large-amplitude vibrational motions
and the observed isotopic dependence of p is shown to be
consistent, both in sign and magnitude, with the expected
changes arising from differences in vibrationally averaged
structure.

lll. EXPERIMENTAL METHODS AND RESULTS

Spectra were recorded using a pulsed-nozzle Fourier
transform microwave spectrometer in operation at the Uni-
versity of Minnesota since the early 1990s.** The discovery
that prompted this work was our recognition that our spectral
frequencies for '°OH-'°0H, disagreed, in some cases by
several hundred kilohertz, with those measured elsewhere.”!
The problem was traced to the 440 stainless steel that had
been originally used to construct the support rods for the
spectrometer’s mirror assembly. These introduced significant
inhomogeneous magnetic fields that could not be nullified by
the existing Helmholtz coils and produced the spectral shifts
observed. The conversion to 316 stainless steel rods imme-
diately eliminated these fields and led to the new frequencies
reported below.™

It is perhaps a worthwhile cautionary note that prior to
the conversion to 316 stainless steel, literature spectra of four
different open-shell molecules were recorded on the spec-
trometer with line widths less than 25 kHz and line centers
within 6 kHz of the literature values. These transitions were
the following: 'SOH (Ref. 33): (J,F,Q)=(%,1,%)H(%,1,%)
and (J,F,Q)=(§,2,%)<—(§,2,%) (lambda doubling transi-
tions); Ar—'SOH (Ref. 34): (J,F)=(§,3)<—(%,2); 56FeCO
(Ref. 35): (J=1—0;J=2—1); Ar—*SH (Ref. 36): (J,F)
=(%,3)H(%,2). (F is the total angular momentum quantum
number including nuclear spin.) Thus, the OH—-OH, spectra
appear, at least in some respect, to exhibit a greater sensitiv-
ity to stray fields than those of other, ostensibly similar para-
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FIG. 2. (Color online) A single hyperfine component in the spectrum of
1S OH-'80H,. Frequency values are in MHz. This spectrum represents the
average of 500 gas pulses with six free induction decay signals recorded per
pulse.

magnetic species. Although initially surprising, a simple ex-
planation for this observation may lie, in part, in a second
order Zeeman effect between M =0 states that are in unusu-
ally close proximity to due to the water superhyperfine
structure.' ! (M r is the projection of F' onto a space-fixed
axis.) Ordinarily, since the first order Zeeman effect is pro-
portional to M, the M =0+0 components can persist at the
zero-field frequency in the presence of a nonzero magnetic
field, and it is likely that this was the component observed in
each of the test systems studied. In OH—H,0, however, the
superhyperfine structure produces very closely spaced states
of the same M, which couple within the same M block of
the Hamiltonian."”"" Thus, each M r level may be perturbed

J. Chem. Phys. 129, 104304 (2008)

by the second order Zeeman effect and even the M =00
transitions, therefore, lose their immunity from Zeeman tun-
ing. As a result, no transitions occur at the zero-field fre-
quency in the presence of an external field. Calculations sup-
port the plausibility of such a scenario’’ but also indicate that
both Mp=0+0 and Myp=1+«1 transitions may have been
recorded in our previous study.

The OH-H,O complex was produced as in our previous
work by bubbling Ar through water and expanding through a
pulsed nozzle fitted with a dc discharge assembly. For obser-
vation of the mixed isotopic forms, a mixture of HZIGO and
H2180 was used. Optimum signals were obtained with a
backing pressure of Ar equal to about 2.7 atm, and the nozzle
repetition rate was set at 5 s~!. Transition frequencies are
typically accurate to about 20 kHz. A representative spec-
trum is shown in Fig. 2. Spectral frequencies and assign-
ments corresponding to the four isotopically substituted
forms of OH-OH, observed are listed in Table I.

Nuclear hyperfine structure was treated with the cou-
pling scheme F=J+I, F=F+I,, where I and I,, refer to
the proton nuclear spins of the OH and H,O, respectively,
and the magnetic hyperfine Hamiltonian was taken from
Howard and co-workers.”®** Because the protons are fermi-
ons, states observed in this work are required to have /,,= 1.7
For each rotational transition observed, the hyperfine struc-
ture appears as a set of widely spaced components arising

TABLE I. Observed microwave transitions of OH—OH,.

Frequency”
(MHz)
Fl,«—F., '%OH-'°0H, "*OH-"*OH, '%0H-"*OH, "OH- '°0H,
(.P.e)=03.5.-D (.5, +1)
o2, 9484.334(0.003) 8530.399(0.001) 9072.065(0.000) 8944.392(0.003)
lo—1, 9485.314(-0.008) 8531.375(~0.006) 9073.044(~0.004) 8945.371(~0.006)
150, 9485.736(~0.005) 8531.794(-0.003) 9073.466(0.001) 8945.793(~0.001)
0,1, 9560.672(=0.004) 8606.788(~0.002) 9148.376(~0.003) 9020.801(0.003)
11, 9562.038(~0.007) 8608.157(0.000) 9149.747(0.000) 9022.167(0.001)
2,1, 9564.651(=0.009) 8610.766(~0.001) 9152.358(-0.001) 9024.783(0.004)
0,1, 9569.527(0.006) 8615.690(0.003) 9157.288(0.000) 9029.640(-0.002)
1,2, 9569.909(0.008) 8616.074(0.003) 9157.678(0.005) 9030.023(0.000)
11, 9570.893(0.002) 8617.048(~0.006) 9158.659(0.003) 9031.013(0.003)
1,0, 9571.316(0.006) 8617.472(0.002) 9159.075(0.002) 9031.427(0.000)
2,2, 9572.523(0.008) 8618.682(0.001) 9160.285(0.000) 9032.632(~0.004)
2,1, 9573.506(0.000) 8619.669(0.005) 9161.265(~0.003) 9033.622(~0.001)
.Pe)=(3,3,-1)—(,5,+1)
3,2, 14.951.418(0.008) 13 455.614(0.006) 14 299.553(0.000) 14 110.251(0.002)
2,1, 14 952.390(0.024) 13 456.584(0.025) 14 300.520(0.015) 14 111.220(0.017)
1,40, 14952.779(0.018) 13 456.961(0.008) 14 300.902(0.002) 14 111.602(0.004)
0,1, 14965.926(0.002) 13 470.109(-0.008) 14 314.048(=0.001) 14 124.766(~0.008)
1,1, 14965.946(-0.001) 13 470.135(-0.003) 14 314.072(0.002) 14 124.792(~0.004)
2,1, 14965.981(-0.010) 13 470.170(<0.010) 14 314.102(-0.008) 14 124.831(~0.009)
1,2, 14 973.802(0.000) 13 478.064(0.011) 14 322.001(0.005) 14 132.662(0.008)
2,2, 14973.830(-0.017) 13 478.095(0.001)  14322.025(-0.012) 14 132.687(~0.010)
0,1, 14974.757(=0.013) 13 478.995(-0.019) 14 322.951(=0.007) 14 133.619(0.000)
11, 14974.792(-0.001) 13 479.025(-0.010) 14 322.985(0.006) 14 133.648(0.007)
21, 14 974.826(-0.011) 13 479.068(~0.009) 14 133.684(0.000)
1,0, 14 975.214(0.003) 13479.459(0.008) 14 323.393(=0.002) 14 134.052(~0.006)
rms (MHz) 0.010 0.009 0.005 0.006

“Numbers in parentheses represent residuals from the least-squares fit. All transitions correspond to w=+§.
Root mean squared (rms) residual in the least-squares fit is in MHz.
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TABLE II. Spectroscopic constants for isotopic forms of OH-OH,.
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5 OH-'*0OH, 80H-"%0H, 15OH-'80H, BOH-'°0H,

Fitted parameters"

(B+0C)/2 6580.7444(11) 5922.5217(10) 6294.45760(62) 6210.00801(67)

plem™!] —146.560 27(9) —146.600 84(9) —146.665 56(5) —146.491 63(6)

b(OH) —60.4176(70) —60.5368(64) —-60.4852(39) —-60.4852(43)

bp(H,0) -0.5182(47) —0.5228(43) -0.5228(28) -0.5208(29)

X -0.130 516(64) -0.129 636(60) -0.130 242(36) -0.129 939(40)

y 0.028 867(56) 0.028 808(52) 0.028 829(32) 0.028 838(35)
Fixed paLrametersb

A 288 044.1 288 044.1 288 044.1 288 044.1

Aso -4 168 639.13 -4 168 644.9 -4 168 639.13 —4 168 644.9

(B-0)/2 50. 50. 50. 50.

don 86.1118 86.1248 86.1118 86.1248

CoH 130.2212 130.220 130.2212 130.220

don 56.655 56.6664 56.655 56.6664

“Values are in MHz, except as noted. Numbers in parentheses are one standard error in the least-squares fits.
"The spin—orbit constants for free '°OH and 'SOH are taken from Refs. 40 and 41, respectively. OH hyperfine
constants are from Ref. 42. The observed spectra are insensitive to the choice of A and (B—C)/2. See Ref. 10.

from the OH proton spin (and corresponding to different val-
ues of F}), with each component further split into a closely
spaced set of superhyperfine components differing in their
values of F. For the '*°OH-'®OH, and '|OH-'®0H, isotopic
forms, the F'| assignments are unchanged relative to those in
our previous work, and only a few of the F assignments have
been revised.

The observed transitions are sensitive to combinations of
the nuclear hyperfine coupling constants, but the data are not
sufficient for their independent determination. Thus, the
same approximation used in our previous work'? was made,
namely, that the spin-dipolar constants for the OH moiety in
the complex, a, ¢, and d, change by a uniform percentage
upon complexation, viz.,

Acomplex = aOH(l +X), (5)

Ccomplex = con(l +x), (6)
and

dcomplex = dOH(l +X). (7)

This idea arises from the observation® that a, ¢, and d
for a given nucleus all depend, to a first approximation, on
(1/7%), where r is the distance between the odd electron and
the nucleus. The constraints imposed by Egs. (5)—(7) allow
the hyperfine structure to be analyzed using only two param-
eters for the OH: x and by (the Fermi contact parameter). In
our previous paper, the superhyperfine structure arising from
the water protons was treated by including only a Fermi
contact term, bz(H,0), but the new measurements reported
here indicated that an approach similar to that in Egs. (5)—(7)
is needed. In this case, a(H,0), c¢(H,0), and d(H,0) were all
scaled from the free-OH proton parameters as follows:

a(H,0) = YAaou, (8)

c(H,0) = ycous, 9)

and

d(H,0) = ydoy. (10)

Fitted values of the spectroscopic constants are given in
Table II, together with a summary of constants constrained in
the fits. Spectra were fit with rms residuals of typically 5-10
kHz, and the most important constants for '°OH-'°OH, and
18OH—lSOHz, namely, p and (B+C)/2, are very similar to
those given in our previous work.'" Values of (B+C)/2, for
example, differ by less than 70 kHz, and the quenching pa-
rameter, p, differs by about 0.34 cm™!. For the latter, much
of this change arises not from the new data but from im-
proved values of the spin-orbit constants of '°OH and '*OH
used in the fits.*?

A few comments about the nuclear hyperfine parameters
are appropriate. In an initial series of spectral fits utilizing
the program applied in our previous work, very similar hy-
perfine parameters were obtained to those previously re-
ported. However, despite the improved data, the rms residu-
als were curiously large (nearly 30 kHz) with some
transitions showing residuals of as large as 80 kHz. Our
original work utilized the hyperfine matrix elements of Mills
et al.*® but we have since rederived these matrix elements
and have discovered small differences, even after properly
accounting for the redefinition of angle used to specify the
relative orientation of the OH axis and the a-axis of the
complex. These new matrix elements, which are in agree-
ment with those of Dennis et al.,3 ? were used successfully in
a recent publication44 to fit the spectra of O,—HF and
0,-DF, and their incorporation into the present work imme-
diately reduced the rms residuals to the 5-10 kHz range
noted above. With the new matrix elements, however, the
values of x and by are rather different from those previously
reported. For example, the value of x changes from 0.33 to
—0.13, while by is reduced in magnitude from —155 to
—60 MHz. Although these changes are significant, it remains
the case that the fitted OH hyperfine parameters of the com-
plex are quite different from those of free OH.

We also note that the magnetic hyperfine constants re-
ported here are significantly different from those of Ohshima
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et al."" Specifically, while we obtain br=-60.4 MHz and ¢
=conu(1+x)=113.2 MHz for the parent form, Ohshima er
al."" reported bp=-8.23 MHz and T,,=2¢/3=126.16 MHz,
the latter giving ¢=189.2 MHz. While these results are per-
haps initially surprising, significant differences between the
two sets of constants can be expected for two reasons. First,
and most obvious, is that different sets of hyperfine constants
were used to fit the spectra in the two studies. In particular,
in our work, the electronic orbital-nuclear spin coupling con-
stant a was scaled according to Eq. (5) but nonetheless in-
cluded in the analysis. In the work of Ohshima et al.,'" how-
ever, a was excluded (i.e., effectively set to zero). Since the
hyperfine structure depends on combinations of the hyperfine
constants, constraints placed on one parameter necessarily
affect the fitted values of the others. A second and perhaps
less obvious reason lies in the different models used to de-
scribe the system. In our work, spectra were analyzed using a
two-state model, which simultaneously accounts for the 27
and ?A” electronic states and allows for partial quenching of
the electronic orbital angular momentum in the complex. The
analysis of Ohshima et al.,” on the other hand, considered a
single electronic state in which the orbital angular momen-
tum is fully quenched and used the spin-rotation coupling
constants to approximate all the interactions between the two
low-lying electronic states. Thus, couplings between the
ground and low-lying excited electronic states were treated
differently and this, too, affects the reported hyperfine pa-
rameters. While both treatments successfully reproduce the
spectral data, we prefer the two-state model and the inclusion
of the a constant to reflect the incomplete quenching of the
orbital angular momentum. It should be emphasized, how-
ever, that both treatments employ their own approximations
and both sets of constants, therefore, are probably best re-
garded as effective constants.

Careful examination of the energy levels obtained from
the fitted spectroscopic constants allows a more accurate de-
termination of the energy difference between the ground
(*A") and first excited (*A”) states of the system to be made.
The lowest rotational level in A’ state is the (very slightly)
parity doubled [J,P,w)=|2,2,2) level at 0.0000 and
0.0001 c¢cm™!. Correspondingly, the lowest rotational level in
2A” state is the (somewhat more) parity doubled |J,P,w)
=|3.3.3) level at 203.7555 and 203.7569 cm~'. (These
states are 81% p, character and 9% p, character, respec-
tively.) The value of AE, therefore, as given by experiment in
conjunction with the current model, is —203.76 cm™'. Here,
the two decimal place accuracy is appropriate to the energy
separation either between the centers of the parity doublets
or between their lower components. A direct measurement of
this energy separation, perhaps by infrared combination dif-
ferences, would provide a very stringent test of the spectro-
scopic model employed.

Finally, in view of the rather different treatments em-
ployed in this work and that of Ohshima et al.,"! we decided
to refit our own data for the parent species using the more
conventional spin-rotation formalism. Using Pickett’s
sprIT,” fitted values of (B+C)/2, Ay, (gp+e.)/2, and the
nuclear hyperfine parameters all agree with those reported in
Ref. 11 to within the estimated uncertainties (where Ay, is the

J. Chem. Phys. 129, 104304 (2008)

quartic centrifugal distortion constant and &, and &.. are
components of the spin-rotation tensor). In our fits, we found
unit correlation between (g, +¢,.)/2 and (g,,—¢,.) and thus
fixed the latter at the value reported in Ref. 11. Using just the
Fermi contact and spin-dipolar magnetic hyperfine param-
eters, a rms residual of 17 kHz was obtained, although we
found that this value could be reduced to about 6 kHz by
inclusion of a distortion term in the OH Fermi contact con-
stant. Although a simple approximate relationship between
€., and p has been deduced for the fully quenched limit,”’
given the complex manner in which quenching parameter
and the spin-rotation constants affect the rotational energies
of the complex, a simple analytical expression relating p and
(epp+&..)/2 does not seem obvious. However, Ohshima et
al."! have argued that their observed spin-rotation doubling
implies a >A’-?A” energy separation of ~150 cm™', which is
in very good agreement with the 146.56 cm™! value given in
Table II. Thus, in this sense, Ohshima et al. have already
established reasonable consistency between the two
treatments.*®

IV. ELECTRONIC STRUCTURE METHODS
AND RESULTS

In light of the isotopic dependence of p noted in Sec. I,
electronic structure computations were carried out to explore
the variations in the >A’-?A” energy separation as the com-
plex is distorted along its intermolecular vibrational coordi-
nates. The OH-H,0O complex was optimized in C; symmetry
for the *A” and “A” electronic states and in C,, symmetry for
the same two electronic states, which are now planar “B, and
282 electronic states, respectively. These calculations were
carried out with quadratic configuration interaction with
single and double excitations?’ (QCISD) with the 6-311
+G(2df,2p) basis set™ ™ by using the GAUSSIAN 03 software
package.51 Spin-orbit coupling is neglected in all the QCISD
calculations. The optimized structures, shown in Fig. 3, are
consistent with those from previous calculations.”® Har-
monic frequency analysis verified that the >A’ and *A” states
are local minima, while the 231 and 232 states are first order
saddle points corresponding to transition states for degener-
ate inversion of the nonplanar states.

Table III compares the present QCISD/6-311
+G(2df,2p) binding energies for the two electronic states,
each at the planar and nonplanar optimized geometries, with
those from previous work. All five methods represented in
the table predict the %A’ state to be 110—130 cm™' lower in
energy than the 2A” state. The present work shows that there
is a small barrier of ~15 cm™' for inversion between the two
minima, which is consistent with similar results of Xie et al’®

Previous studies of the excited electronic states of OH
radical and the OH-H,0 complex8 have utilized the com-
plete active space self-consistent field (CASSCF) method
and multireference configuration interaction (MRCI) includ-
ing single and double excitations,”>” where the MRCI cal-
culations use the same active space and are based on the
state-averaged CASSCF molecular orbitals.”* We have
adopted the same approach here for calculating the splitting
between the *A’ and *A” states and have also calculated the
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FIG. 3. (Color online) QCISD/6-311+G(2df,2p) optimized geometry for
%A’ (ground), 2A”, ?B,, and ’B, states.

spin-orbit coupling between the two states using the Breit—
Pauli operator55 (also using the same active space). The cal-
culation including spin-orbit coupling will be called MRCI
+SO. All multireference and spin-orbit calculations were car-
ried out using the MOLPRO 2002.6 program56 and are based on
the fully decontracted aug-cc-pVTZ basis set on oxygen and
the fully decontracted cc-pVTZ basis set on hydrogen. (De-
contraction is necessary for the spin-orbit calculation in MOL-
PRO 2002.6.) In all CASSCEF calculations, a full valence active
space was used (15 electrons in 11 active orbitals), and the
1s orbitals of both oxygen atoms were doubly occupied and
frozen at the restricted open-shell Hartree—Fock’’ level of
theory.

Using the ?A’ optimized geometry, the *A’->A” energy
separation AE=E(*A")—E(*A”) was calculated to be —103.4
and —107.5 cm™! at the CASSCF and MRCI levels of theory,
respectively. Inclusion of the spin-orbit effects increases the
splitting to —170.9 cm~!. These results are consistent with
the results from previous work,>*® which have ranged from
—110to =190 cm™!. As noted above, the value of AE derived
from the analysis of microwave data is —203.76 cm™'.

Rotational spectra and potential splitting in the OH—OH, complex

J. Chem. Phys. 129, 104304 (2008)

y
(a) z
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(b)
z
X
y

(c)

FIG. 4. (Color online) Diagram of internal motions considered. The rota-
tions shown are about the monomers’ centers of mass. (a) Rotation of H,O
about an axis parallel to the x-axis. Counterclockwise rotation corresponds
to an increasing value of 6. (b) In-plane rotation of OH about an axis parallel
to the x-axis. (¢) Out-of-plane rotation of OH about an axis parallel to the
y-axis.

V. EFFECT OF VIBRATIONAL DISTORTION ON AE

The OH-H,0O complex will be described with the y-z
plane as the mirror plane and the z-axis connecting the cen-
ters of mass of the two monomers (see Fig. 4). In order to
examine the effect of vibrational motion on the value of AE,
three different internal rotations of the monomers about their
centers of mass were considered: an internal rotation of the
H,O about an axis parallel to the x-axis, denoted by 6 [see
Fig. 4(a)], an internal rotation of the hydroxyl radical about
an axis parallel to the x-axis, denoted by ¢ [i.e., an internal
rotation of the OH in the yz plane, see Fig. 4(b)], and an
internal rotation of the hydroxyl radical about an axis parallel
to the y-axis, denoted by ¢ [i.e., an internal rotation of the
OH out of the yz plane, see Fig. 4(c)]. For the water unit,
rotation about an axis parallel to the x axis describes the
motion along the inversion coordinate in the complex and
corresponds to the rotation about its axis of least moment of
inertia (the a-axis). The perpendicular motion (i.e., an inter-
nal rotation about an axis parallel to the y-axis) was not
considered, as this vibration is likely much stiffer (by anal-

TABLE III. Comparison of binding energies (cm™) for the two electronic states calculated without spin-orbit coupling.

a

QCISD/ RCISD/TZ2P¢
Geometry State 6-311+G(2df,2p) °
Nonplanar 24! -2008 -1969
27 -1897 —1857
Planar ’B, -1992 -1955
’B, -1858 -1829

UMP2/ CCSD(T)/ CCISD/
6-311++G(2d,2p) ¢ 6-311++G(2d,2p) * 6-311++G(2d,2p) ©
-2078 -2053 ~1990
-1962 -1941 —1878

ZDe=E0H-H20—E0H—EH20-
Present work.

“Reference 2.

9Reference 3.

“Reference 6.
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FIG. 5. (Color online) Plot of E(OH-OH,)-E(H,0)-E(OH) (in cm™) vs 6
for rotation of H,O about an axis parallel to the x-axis and through its center
of mass. E(OH) corresponds to the 1=3/2 state of the hydroxyl radical.
Asterisks and circles indicate the MRCI+SO A” and ?A’ energies, respec-
tively, diamonds and squares indicate the MCRI 2A” and 2A’ energies, re-
spectively, and triangles and crosses indicate the CASSCF ?A” and 2A’
energies, respectively.

ogy with FH—OHZ)ZG(b)’58 and, moreover, corresponds to the
rotation of water about its axis of largest moment of inertia
(the c-axis) when the complex is in its vibrationally averaged
planar configuration. Since the moment of inertia acts
roughly as the reduced mass for the bending vibration,”® a
large moment of inertia will act in concert with the larger
force constant to attenuate the amplitude of the perpendicular
vibration. For the OH moiety, however, both in-plane and
out-of-plane motions were considered, as these vibrations
correspond to rotation of the diatom about the axes of equal
moment of inertia and are therefore expected to be compa-
rable in their amplitudes (assuming the force constants are
not widely disparate). For each internal rotation, the mono-
mer units were frozen in the geometry of the global-
minimum-energy complex and rotated around the axis of in-
terest in 5° increments for the H,O rotation and the out-of-
plane OH rotation and increments of 10° for the OH in-plane
rotation.

Figures 5-7 show the energies of association of the com-
plex, E(OH-OH,)-E(H,0)—-E(OH), as a function of 6, #,
and ¢, respectively, calculated using the CASSCF and MRCI
methods. Binding energies for the MRCI+SO calculations
are also given as a function of 6 and ¢ in Figs. 5 and 6. Here,
E(OH-OH,) is the energy of either the A’ or 2A” state of
OH-OH,, E(H,0) is the ground state energy of water, and
E(OH) is the energy of the lowest ((1=3/2) state of free OH.
Clearly, the energies of the A’ and *A” states vary only
slightly with the angle describing the water inversion (6) but
are considerably more sensitive to changes along the coordi-
nates describing the OH orientation (¢ and ¢). Since we are
mainly concerned in this work with the energy difference
between the A’ and 2A” states, values of AE=E(’A’)
—E(ZA”) are plotted versus 6, i, and ¢ in Figs. 8-10, respec-
tively. These results are discussed in more detail below.

It is apparent from Fig. 8 that the magnitude of AFE in-
creases as # moves away from the equilibrium angle of
146.5°, reaching an estimated maximum value at AE equal to
-119.5, —124.3, and —182.0 cm™' for the CASSCF, MRCI,

J. Chem. Phys. 129, 104304 (2008)
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FIG. 6. (Color online) Plot of E(OH-OH,)-E(H,0)-E(OH) (in cm™') vs
i for rotation of OH radical about an axis parallel to the x-axis and through
the center of mass of OH (in-plane rotation through angle #). E(OH) cor-
responds to the ()=3/2 state of the hydroxyl radical. Asterisks and circles
indicate the MRCI+SO 2A” and ?A’ energies, respectively, diamonds and
squares indicate the MCRI 2A” and %A’ energies, respectively, and triangles
and crosses indicate the CASSCF 2A” and 2A’ energies, respectively. Note
that the MRCI+ SO energies are partially obscured by the MRCI energies.

and MRCI+SO calculations, respectively, at the planar ge-
ometry (corresponding to the *B;->B, splitting). This indi-
cates increases in the magnitude of the splitting of 16.1, 16.8,
and 11.1 cm™ for the CASSCF, MRCI, and MRCI+SO
methods, respectively, as one goes from the equilibrium
structure to the planar saddle point geometry. These numbers
are consistent with the value obtained from the
QCISD/6-311+G(2df,2p) optimizations described above,
which gave a ’B;-’B, splitting of —134 cm™'. Examining
how rapidly the value of AE changes with respect to 6 shows
that for geometries close to the global minimum structure,
the magnitude of the derivative of AE with respect to 6 is
approximately 0.8 cm~'/deg for the CASSCF and MRCI
method, and about 0.6 cm™!/deg for the full MRCI+SO
method. In general, we see that the CASSCF and MRCI

-3900
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-4200 +

-4300

4400 -
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-4500

-4600
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FIG. 7. Plot of E(OH-OH,)-E(H,0)-E(OH) (in cm™") vs ¢ for rotation
of OH radical about an axis parallel to the y-axis and through its center of
mass (out-of-plane rotation). Triangles and crosses indicate the CASSCF
24" and %A’ states, respectively.
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FIG. 8. Plot of AE=E (A’)—E (*A”) (in cm™) vs 6 for rotation of H,O
about an axis parallel to the x-axis and through its center of mass. Triangles,
circles, and diamonds indicate results obtained using the CASSCF, MRCI,
and MRCI+SO methods, respectively.

methods give very good agreement with each other with the
MRCI splitting being 4—5 cm™' lower in energy for all
angles considered. The difference between the MRCI+SO
calculation and the MRCI calculation is considerably larger,
with differences between the two methods of 58—64 cm™,
and the largest differences occurring at the equilibrium
geometry.

The second internal rotation considered, the in-plane in-
ternal rotation of the hydroxyl moiety, gave much different
results, particularly in the magnitude of the splitting (see Fig.
9). For all three methods the derivative of AE with respect to
i is considerably larger than the derivative with respect to 6.
For sufficiently small vibrations about the equilibrium geom-
etry, the derivative approaches zero for all three methods, but
for large-amplitude vibrations, the magnitude of the deriva-
tive increases to as large as 15 cm™!/deg. Near the middle of
the range explored (y=18°), the derivative is about
-10.4 cm!/deg. Although not immediately obvious on the
scale of Fig. 9, the curves are not exactly symmetrical about
=0 since the calculations are done at the equilibrium value
of 6, which is not equal to 180°.
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FIG. 9. Plot of AE=E (*A’)—E (*A”) (in cm™) vs ¢ for rotation of OH
radical about an axis parallel to the x-axis and through its center of mass
(in-plane rotation). Triangles, circles, and diamonds indicate results obtained
using the CASSCF, MRCI, and MRCI+SO methods, respectively.
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FIG. 10. Plot of AE=E (*A")—E (*A”) (in cm™) vs ¢ for rotation of OH
radical about an axis parallel to the y-axis and through its center of mass
(out-of-plane rotation). Triangles indicate results obtained using the
CASSCF method.

Out-of-plane vibration in the OH lowers the point group
symmetry from C; to C,. As a result, the number of configu-
rations one must consider in both the MRCI and MRCI
+SO calculation becomes very large and these calculations
were not pursued. Figure 10 shows a plot of AE versus ¢ for
the CASSCF calculation. Since the initial structure has C;
symmetry, the clockwise and counterclockwise internal rota-
tions are the same, and thus internal rotation in only one
direction was considered. In the C; symmetry there are no
longer A’ and A" states, but the energies of the wave func-
tions corresponding to the same orbital occupations may be
measured as a function of the angle of internal rotation. Fig-
ure 10 shows that near the equilibrium structure (the C;
structure) the derivative of AE with respect to ¢ again ap-
proaches zero, while at larger angles the derivative increases
to as much as 16 cm‘l/deg. Near 18°, the derivative is about
13.5 cm™!/deg. Figure 10 also shows that AE remains nega-
tive until an angle of approximately 17°, where a conical
intersection is encountered in the absence of spin-orbit inter-
action. In a five-atom system, conical intersections occur in
up to seven degrees of freedom. When spin-orbit interaction
is added, a seven-dimensional seam of intersection is low-
ered to a four-dimensional one.”

VI. DISCUSSION

The fitted values of p are in reasonable agreement be-
tween the isotopic forms studied, but the small isotopic de-
pendence noted previously for the 16/16 and 18/18 species
persists in this work. Moreover, while the magnitude of p
increases by 0.040 57(13) cm™' in '*OH-'®0H, relative to
the parent species, the changes for the mixed isotopic forms
are somewhat larger and in opposite directions. In particular,
we observe that 'O substitution on the OH decreases the
magnitude of p by 0.068 64(11) cm™', while 8O substitu-
tion on the water increases its magnitude by
0.105 29(10) cm™!. The sum of these changes (accounting
for their differences in sign) is 0.036 65(15) cm™' and is of
the order of the net effect observed for the 18/18 species.
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Thus, the value of p obtained for 18OH—lgOHz arises, at
least to a first approximation, from partial cancellation of
larger, opposing changes upon single isotopic substitution.

The most obvious cause for the apparent changes in p is
a genuine dependence of the state splitting on the relative
orientation of OH and H,0, with subtle changes in vibra-
tionally averaged structure upon substitution producing the
observed variation. The plausibility of such a scenario can be
examined in the context of Figs. 8—10, which illustrate the
variation in AFE as a function of large-amplitude angular mo-
tion of the OH and water moieties. Considering, first, motion
along the water inversion coordinate (6 in Figs. 4, 5, and 8),
we observe that the magnitude of AE increases (i.e., AE
becomes more negative) as the water approaches the planar
configuration. To the extent that the small (~15 cm™') bar-
rier can be ignored, the H, 80 in the complex will be local-
ized nearer to the planar configuration, yielding a more nega-
tive vibrationally averaged value of AE. Qualitatively, this is
in agreement with the spectroscopic observations in which p
decreases (becomes more negative) by 0.105 29(10) cm™.
Note that if the barrier to inversion were significant relative
to the zero point energy, 'O substitution would have the
opposite effect of localizing the system at the nonplanar ge-
ometry, causing p to increase (i.e., become less negative).
The present results, therefore, are consistent with a very low
barrier.

That the magnitude of such an effect is reasonable can
be seen from a crude calculation in which the reduction in
vibrational amplitude upon isotopic substitution is estimated
within the harmonic approximation, and the resulting effect
on p is then estimated from the calculated derivatives with
respect to angles. Since the inversion motion of water in the
complex corresponds roughly to rotation about its a-inertial
axis, the effective moment of inertia for this vibration may
be approximated as the A rotational constant of H,O. Invok-
ing a harmonic approximation in the angle y=(180°-6),
and recognizing that (y?)? scales inversely as the moment of
inertia for the bend,”’ the value of v,,.=(¥)"? scales
roughly as [A(H,0)]"4. Using the A rotational constants for
H,'%0 (Ref. 61) and H,"®0 (Ref. 62) gives
Yems(Hz'°0) / Yims(H,'80) =1.003. The value of v, itself is
not known for either isotopic form, but if we estimate it to be
near the equilibrium value of y=34° (Fig. 3), this corre-
sponds to a value of d¥s= YVims(Hz'20) = Yims(H,%0)
=-0.1°. Using the value of d(AE)/d#=-0.6 cm™'/deg
noted above, and accounting for the relationship
AE=—(p*+A%,)"%, a value of dfn,=—dy,,=0.1° implies a
value of  dp=—(dAE/d6)(p*+A%o)"*(1/p)db,ys=—0.08
cm™!, which is in remarkable agreement with the observed
value of —=0.105 cm™'. A more accurate calculation would, of
course, require averaging p over vibrational wave functions
corresponding to the inversion potential, a procedure that has
not been performed. However, this simple calculation clearly
gives the correct sign and magnitude for the observed change
and, thus, indicates the plausibility of the vibrational averag-
ing effect as the primary cause of the change in p upon %0
substitution on the water.

The effect of vibrational averaging of the OH moiety is
more complex because d(AE)/dy and d(AE)/d¢ are of op-
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posite signs and vary considerably more than d(AE)/d6 over
the range of relevant angles. Nonetheless, if the rms values
of ¢ and ¢ are scaled with the fourth root of the B rotational
constants for '°OH (Ref. 40) and '*OH,*' and if their mag-
nitudes are taken to be similar to the 18° value determined
for HF in HZO—HF,63 a decrease of 0.03° upon 'O substi-
tution is calculated. Although the ab initio calculations for
AF performed along the ¢ coordinate were done only at the
CASSCEF level, it is likely (based on Figs. 8 and 9) that the
derivatives of p with respect to these angles would be simi-
lar, had the calculations been repeated using the MRCI and
MRCI+SO methods. Thus, using diy=d¢=-0.03°, together
with values of d(AE)/dy=—-10.4 cm™'/deg and d(AE)/d¢
=13.5 cm!/deg from Figs. 9 and 10, respectively, an esti-
mated value of dp=+0.13 cm™' is obtained. Once again, the
calculation is quite crude but it compares sufficiently well in
both sign and magnitude with the observed value of
0.069 cm™! that it supports vibrational averaging as the main
contribution to the isotopic changes in p.

Vil. CONCLUSION

Spectroscopic observations of '*OH—'°OH, and its '*0
substituted forms reveal small (<0.11 cm™!) differences in
the fitted values of the quenching parameter p. Substitution
on the H,O moiety increases |p|, while that on the OH de-
creases it, and the small increase observed for the doubly
substituted form ("S*OH-'®0H,) arises roughly from the net
result of these two opposing changes. The fitted value of p
for the parent species implies an energy separation of
203.76 cm™' between the ground (*A’) and first excited
(*A”) states. A direct measurement of this energy, possibly by
infrared combination differences, would provide a valuable
test of the spectroscopic model employed. Ab initio calcula-
tions of this separation, performed with QCISD as well as
MRCI, both with and without the inclusion of spin-orbit cou-
pling have been performed. The MRCI calculations with
spin-orbit coupling yield the best results, giving a value of
AE within about 16% of the experimental value. Calcula-
tions of AE along the large-amplitude bending coordinates of
the OH and OH, moieties are consistent with vibrational
averaging as the main cause of the observed isotopic sensi-
tivity of p.
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