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Vertical and adiabatic excitation energies of the lowest A’ excited state in the water-hydroxyl
complex have been determined using coupled cluster, multireference configuration interaction,
multireference perturbation theory, and density-functional methods. A significant redshift of about
0.4 eV in the vertical excitation energy of the complex compared to that of the hydroxyl radical
monomer is found with the coupled cluster calculations validating previous results. Electronic
excitation leads to a structure with near-equal sharing of the hydroxyl hydrogen by both oxygen
atoms and a concomitantly large redshift of the adiabatic excitation energy of approximately 1 eV
relative to the vertical excitation energy. The combination of redshifts ensures that the electronic
transition in the complex lies well outside the equivalent excitation in the hydroxyl radical
monomer. The complex is approximately five times more strongly bound in the excited state than in
the ground state. © 2006 American Institute of Physics. [DOI: 10.1063/1.2388260]

I. INTRODUCTION

The hydroxyl radical (OH) is one of the most important
reactive intermediates and the primary oxidant in the tropo-
sphere. The hydroxyl radical forms hydrogen bonded com-
plexes with water, which are expected to change the physical
and chemical properties of OH and hence may also be of
importance in the atmosphere.lf4 The complex was first de-
tected in matrix isolation experiments, and the resulting in-
frared spectrum agreed well with ab initio calculated fre-
quencies of the H,O-HO structure in which the hydroxyl
hydrogen atom is involved in the hydrogen bond.””’

The lowest excited state of the complex is of >A” sym-
metry and arises from the splitting of the degenerate °TI
ground state of the hydroxyl radical monomer in the pres-
ence of a water molecule. Early ab initio studies of H,O-HO
focused on the ground state and the 2A” excited state.*” Very
recently, the rotational spectrum of the complex was
recorded,'™" and the microwave study of Brauer et al. found
this excited state to lie approximately 200 cm™! above the
ground A’ state,'’ in agreement with theoretical estimates.'?

Measurements of the atmospheric concentration of the
OH radical often use a rotationally resolved line in the
23* 211 electronic transition lying in the UV at about
308 nm (4 eV)."* In the H,0-HO complex, this transition
corresponds to A’ —2A’, for which Schofield and Kjaer-
gaard recently reported multireference configuration interac-

“Electronic mail: crawdad @vt.edu

) Current address: Center for Molecular and Materials Simulations, Depart-
ment of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260.

C)Currently on leave at the Lundbeck Foundation Center for Theoretical
Chemistry, Department of Chemistry, Aarhus University, DK-8000 Aarhus
C, Denmark.

0021-9606/2006/125(20)/204302/6/$23.00

125, 204302-1

tion (MRCI) and Davidson-corrected MRCI (MRCI+Q)
calculations.” The MRCI vertical excitation energies were
found to lie approximately 0.3 eV to the red of the corre-
sponding 23*« 2IT excitation of the hydroxyl radical mono-
mer. Hence, hydroxyl radicals that form complexes with wa-
ter molecules are unlikely to be accounted for in atmospheric
measurements. It was suggested that the redshifted
2A’ %A’ transition could be used to identify the complex in
the gas phase and in the atrnosphere.3 However, the MRCI
method is not size extensive, which could lead to errors in
the predicted shifts.

This paper expands upon the earlier work of Schofield
and Kjaergaard in two ways.3 First, we examine the signifi-
cance of the change in geometric structure upon electronic
excitation in the H,O-HO complex, i.e., the adiabatic exci-
tation. Second, we make use of both coupled cluster and
multiconfigurational perturbation theory excitation energy
methods in order to test the reliability of the MRCI method.
In particular, we apply the equation-of-motion coupled clus-
ter singles and double (EOM-CCSD) model'* as well as the
recently developed open-shell CC3 linear-response
approach,15 both of which are size extensive and considered
to be among the most accurate methods currently available
for excited states dominated by a single excitation relative to
the reference state. In addition, we apply the complete active
space self-consistent field plus second-order perturbation
theory (CASPT2) approach of Roos and co-workers'®™"® for
additional consideration of potential multireference effects.

Il. COMPUTATIONAL METHODS

Properties of the ground and excited states of the
H,0-HO complex have been determined using coupled clus-

© 2006 American Institute of Physics
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TABLE L. Optimized geometry of the ground A’ electronic state of the
H,0-HO complex. Bond lengths are given in Angstroms and bond angles in
degrees, which are computed using the aug-cc-pVTZ basis set.
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TABLE II. Optimized geometry of the lowest excited A’ electronic state of
the H,O-HO complex. Bond lengths are given in Angstroms and bond
angles in degrees, which are computed using the aug-cc-pVTZ basis set.

Parameter CCSD(T) MRCI CASPT2 B3LYP Parameter EOM-CCSD MRCI CASPT2 B3LYP
roH, 0.9747 0.9691 0.9840 0.9838 ro,H, 1.1536 1.1656 1.1692 1.1200
1,0, 1.8934 1.9418 1.8996 1.8959 1,0, 1.1667 1.1686 1.1614 1.2389
ro,H, 0.9594 0.9613 0.9629 0.9624 ro,H, 0.9648 0.9693 0.9715 0.9707
10,0, 2.8679 2.9089 2.8823 2.8791 10,0, 2.3120 2.3241 2.3192 2.3491
fo 1,0, 178.9 177.6 176.0 177.6 fo.u,0, 170.3 169.3 168.7 169.5
0H102H7 119.8 119.2 116.5 119.3 0“102H2 102.5 101.7 101.2 100.6
To, 1,0, 66.3 64.9 62.2 66.3 To,H 01, 55.3 54.7 54.6 54.9

To 0,81, 1382 136.1 130.1 137.2 To 0,51, 103.4 101.6 100.7 100.5

ter (CC),19 MRCL?*® CASPT2.'"® and time-dependent
density-functionalm*23 methods in conjunction with the aug-
mented correlation-consistent triple-zeta (aug-cc-pVTZ) ba-
sis set of Dunning and co-workers.**%

Electronic excitation energies and oscillator strengths
were obtained using the EOM-CCSD method'* and excita-
tion energies only using the open-shell CC3 method,"” both
with spin-restricted open-shell Hartree-Fock (ROHF) refer-
ence wave functions. Spin-unrestricted [UHF] reference
wave functions give CCSD and CC3 excitation energies to
within 0.01 eV of their ROHF counterparts in all cases and
are thus not reported.

Multireference calculations of these same properties
were carried out using a state-averaged complete active
space self-consistent field (CASSCF) reference function
based on the lowest two “A’ states as well as the lowest A"
state. All CASSCEF calculations were based on a full valence
active space (15 electrons in 11 orbitals), and the 1s core
orbitals remained unoptimized. Subsequent MRCI and
CASPT2 calculations were carried out using only those
CASSCEF configurations with coefficients =0.001 based on
previous calculations.”® In all MRCI and CASPT2 ground-
and excited-state calculations, both of the lowest 2A’ states
were computed simultaneously to allow for a consistent
comparison between wave functions for each state.

EOM-CCSD and CC3 vertical excitation energy calcula-
tions were carried out at the CCSD(T)/aug-cc-pVTZ*"*® op-
timized geometry of the H,O0-HO complex. MRCI,
CASPT?2, and B3LYP** vertical excitation energies were
computed at the optimized structures at the corresponding
levels of theory. Optimized structures were obtained using
analytic energy gradients with the CCSD(T)*"** and B3LYP
methods and using finite differences of energies with the
MRCI and CASPT2 methods. Adiabatic excitation energies,
T,, were obtained by taking the difference in energies of the
optimized structures of ground and excited states. The
excited-state structure was optimized at the EOM-CCSD™
and B3LYP levels of theory using analytic energy gradients
and at the MRCI and CASPT2 levels of theory using finite
differences of energies. Oscillator strengths were computed
with the formula given in Ref. 3 using transition moments
and energies taken from the respective ab initio or density-
functional calculations. Harmonic vibrational frequency cal-
culations were carried out using finite differences of analytic

energy gradients at the CCSD(T) and EOM-CCSD levels of
theory.

All EOM-CCSD and CC3 vertical excitation energy and
oscillator strength calculations were performed with the PSI3
program package,34 and all coupled cluster structural optimi-
zations and vibrational analyses with the ACES2 package.35
Coupled cluster structural optimizations and vibrational
analyses were carried out with all electrons correlated, while
all vertical and adiabatic single-point energies held the oxy-
gen 1s core orbitals frozen. All MRCI and CASPT?2 calcula-
tions were carried out using the MOLPRO quantum chemistry
package.36 Density-functional calculations of these proper-
ties were carried out using the Becke three-parameter ex-
change functional® in combination with the Lee-Yang-Parr
correlation functional,30 as implemented in the TURBOMOLE
program package.37

lll. RESULTS AND DISCUSSION
A. Structures

Tables I and II report the ground- and excited-state ge-
ometries of the water-hydroxyl complex at several levels of
theory. Figure 1 depicts the structures and defines the atom
ordering used in the tables. The ground-state structure agrees
well with that reported earlier by Schofield and Kjaergaard at
the QCISD/6-311++G(2d,2p) level of theory,3 the coupled

FIG. 1. Optimized geometries of the A’ ground and lowest-lying excited
24" state of the H,0-HO complex.
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FIG. 2. Selected Hartree-Fock molecular orbitals of the 2A” ground state of
H,0-HO at the (a) ground- and (b) excited-state optimized structures.

cluster results of Ohshima et al.'® and of Du et al.,38 and the

earlier configuration interaction (CI) studies of Schaefer and
co-workers.>® All of the high-level ab initio and density-
functional methods used here agree well on the structure of
each state. In addition, the CCSD(T)/aug-cc-pVTZ ground-
state structure in Table I has a (B+C)/2 averaged rotational
constant of 6856.3 MHz, which differs from that derived
from experimental microwave data recently reported by
Brauer ef al. by approximately 4%."" The CCSD(T) calcu-
lated H,—O, distance of 1.893 A is also in reasonable agree-
ment with the experimentally inferred (vibrationally aver-
aged) distance of 1.952 A.

On the other hand, the ground- and excited-state struc-
tures differ from each other in three significant ways: (1) the
hydroxyl hydrogen atom lies nearly equidistant between the
two oxygen atoms in the excited state, whereas in the ground
state it is primarily associated with the hydroxyl oxygen; (2)
the angle between the O—O axis and the plane of the water
molecule is just over 100° in the excited state, while in the
ground state the angle is much wider at approximately 135°;
and (3) the O—O distance is shortened by more than 0.5 A,
indicating a much more strongly bound complex in the ex-
cited state.

We have calculated Hartree-Fock molecular orbitals
(MOs) at the ground- and excited-state geometries to inves-
tigate the structural differences arising upon the A’ 24’
excitation. Selected MOs of ¢’ symmetry are shown in Fig.
2. In both the ground- and excited-state geometries, the sin-
gly occupied 8a' orbital consists primarily of a p-type orbital
on the hydroxyl oxygen atom in the symmetry plane of the
complex. At the ground-state geometry, the highest doubly
occupied 7a’ orbital is essentially the oxygen lone pair lying

J. Chem. Phys. 125, 204302 (2006)

out of the plane of the water molecule, with a small contri-
bution of opposite sign from the hydroxyl-oxygen lone pair
lying along the O-H bond axis. This orbital combination
results in a slight antibonding character between the oxygen
atom of the water molecule and the hydrogen atom of the
hydroxyl radical. Similarly, the second- and third-highest
doubly occupied a’ orbitals (6a’ and 5a’) can be described,
respectively, as negative and positive combinations of the
oxygen lone pair lying in the plane of the water and the
hydroxyl-oxygen lone pair lying along the O-H bond axis.

In the excited-state geometry, the above MO picture
changes somewhat. While the highest doubly occupied 7a’
orbital is similar to its ground-state counterpart in that it
exhibits a significant contribution from the oxygen lone pair
lying out of the plane of the water molecule, the contribution
from the hydroxyl-oxygen lone pair along the O—H bond axis
is significantly larger than in the ground-state geometry. Fur-
thermore, given that these two atomic orbitals (AOs) contrib-
ute to the 7a’ MO with opposite signs, the near perpendicu-
larity between the plane of the water molecule and the
O-H-0 axis at this geometry (cf. Fig. 1) appears to result in
increased antibonding character between the oxygen of the
water and the hydrogen of the hydroxyl.

One possible explanation for the large difference be-
tween the ground- and excited-state structures may be found
by considering the differences in the key MOs involved in
the excitation. At the ground-state geometry, the lowest A’
excited-state arises primarily from single excitations into the
singly occupied orbital from the three highest-energy doubly
occupied a’ MOs with respective EOM-CCSD excitation co-
efficients of 0.35 (7a’—8a’), 0.70 (6a’ —8a’), and 0.58
(5a’ —8a'). However, at the optimized geometry of the ex-
cited state, the transition is completely dominated (with a
coefficient of 0.96) by the single excitation from the highest
a’' doubly occupied orbital (7a’) into the singly occupied
orbital (8a’). This highest doubly occupied 7a’ orbital ex-
hibits much greater antibonding character between the oxy-
gen atom of the water molecule and the hydrogen atom of
the hydroxyl radical than the 54’ and 6a’ orbitals or their
counterparts at the ground-state geometry. Thus, the excita-
tion serves to reduce the apparent antibonding character of
the many-electron state and reduces the distance between the
molecular fragments. In addition, the lack of excitation out
of the 5a’ MO, which is bonding between the hydroxyl-
hydrogen and the water-oxygen, provides greater energetic
stabilization at the excited-state geometry.

The calculated harmonic vibrational frequencies of the
ground and excited states are given in Table III. The values
reported for the ground state are typical of weak hydrogen
bonded complexes39’40 and are in agreement with previous
calculations.”” Table III shows the characteristic HOH-
bending and OH-stretching frequencies with the hydroxyl
OH stretch (w,) redshifted due to its involvement in the hy-
drogen bond.” In addition, five low frequency modes involve
intermolecular vibrations. In the excited state these charac-
teristic low-frequency vibrations shift to significantly higher
frequencies because of a significant increase in binding be-
tween the OH and H,O moieties, as is evident in the large
reduction of the O-O distance. The bending and stretching
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TABLE III. Coupled cluster harmonic vibrational frequencies (in cm™') and
infrared integrated absorption intensities (in km/mol in parentheses) for the
ground state and first excited A’ state of the H,O-HO complex (computed
using the aug-cc-pVTZ basis set).

Ground state Excited state

Mode CCSD(T) EOM-CCSD Mode description

w(a’) 3836.2(9.9) 3791.2(77.1) H,O symmetric stretch
w,(a’) 3645.1(296.7) 1930.1(2087.5) OH stretch
ws(a’) 1643.0(71.0) 1666.1(57.5) H,O bend
wyla’) 462.4(151.7)  1406.3(204.3) O-H-O in-plane bend
ws(a’) 193.8(26.5) 696.6(46.2) 0O-0 stretch
wela’) 152.7(167.2) 471.0(167.2) H,0 wag
w;(a") 3939.1(82.6) 3873.2(153.3) H,O asymmetric stretch
wg(a") 556.2(141.5)  1475.9(37.7) O-H-O out-of-plane bend
wo(a") 233.2(3.4) 406.9(13.3) H,O twist

frequencies of the water molecule are maintained in the ex-
cited state, but the near-equal sharing of the hydroxyl hydro-
gen between the two oxygen atoms (cf. Fig. 1 and Table II)
reduces the hydroxyl stretching vibrational frequency to
1930 cm™!, much lower than a typical OH stretching fre-
quency, and increases its integrated absorption intensity by
nearly an order of magnitude. The hydroxyl in-plane (w,)
and out-of-plane (wg) bending frequencies increase signifi-
cantly in the excited state to values typical for O-H-O bend-
ing modes. In some anionic complexes, where the O-O dis-
tance is similar to that in the H,O-HO excited state, similar
frequencies are observed for the comparable vibrational
modes.*! Tt is perhaps more reasonable to consider the ex-
cited state as a molecule held together by weak covalent
bonds rather than a complex.

B. Electronic transitions

Table IV reports vertical excitation energies and oscilla-
tor strengths, as well as adiabatic excitation energies of the
lowest A’ «2A’ transition in the H,O-HO complex. Table
V reports the corresponding data for the *3*« 2I1 transition
in the hydroxyl radical. The present MRCI vertical excitation
energies and oscillator strengths compare closely with those
from Ref. 3. The CCSD and CC3 methods give very similar
results with the vertical excitation energy differing by less
than 0.01 eV for both OH and the complex. Slightly more
variation is seen in the adiabatic excitation energies.

Both the vertical and adiabatic excitation energies pre-
dicted by each level of theory are very consistent—varying
by 0.17 eV at most among the wave-function-based ap-

TABLE IV. Vertical and adiabatic excitation energies (in eV) and oscillator
strengths X 10° (unitless) of the lowest 2A” — 24" transition of the H,0-HO
complex (computed using the aug-cc-pVTZ basis set).

Method Vertical Adiabatic (7,) Oscillator strength
CCSD 3.77 2.88 1.75

CC3 3.76 2.80

MRCI 3.87 2.94 1.77
MRCI+Q 3.82 2.85

CASPT2 3.74 2.77 1.36
B3LYP 3.62 2.79 1.61

J. Chem. Phys. 125, 204302 (2006)

TABLE V. Vertical and adiabatic excitation energies (in eV) and oscillator
strengths X 10% (unitless) for the lowest S « 2IT transition in the hydroxyl
radical (computed using the aug-cc-pVTZ basis set).

Method Vertical Adiabatic Oscillator strength
CCSD 4.13 4.09 1.55
CC3 4.13 4.09
MRCI 4.18 4.14 1.71
MRCI+Q 4.12 4.08 e
CASPT2 4.18 4.15 1.66
B3LYP 4.21 4.17 1.41

proaches and with the B3LYP vertical excitation energies
somewhat lower. This result, along with the methods’ corre-
sponding consistency in the structural predictions, suggests
that the excitation energies have a high degree of reliability.
We also note that the close comparison between the MRCI
and CASPT2 versus coupled cluster results as well as the
small CCSD T, diagnostic*” (approximately 0.009) and
maximum T, amplitude (approximately 0.02) indicate that
the electronic states in question exhibit little to no multicon-
figurational character.

Previous MRCI calculations found a substantial redshift
in the 23" 2II vertical excitation energy of OH upon for-
mation of the complex.3 The present coupled cluster calcu-
lations predict a slightly larger shift of 0.37 eV, suggesting
that the non-size-extensive MRCI method gives reasonable
results for a complex of this limited size. The increase in
vertical excitation energy shifts the electronic absorption
band of the complex even further away from the OH transi-
tions. Although 0.07 eV is a relatively small error in an
ab initio calculation of an electronic excitation, it corre-
sponds to about 5 nm (or 600 cm™') at these transition ener-
gies, which is substantial in spectroscopic detection and at-
mospheric simulations. The CCSD oscillator strength of the
23* 211 transition in OH of 1.55X 107 is close to the ex-
perimental oscillator strength of 1.3 107 (see Ref. 43).

We find a large redshift of 0.96 eV (CC3/aug-cc-pVTZ)
in the adiabatic excitation energies relative to the vertical
energies, a result that is to be expected, given the large ge-
ometry and electronic structure changes between the ground
and excited states. The combination of the difference in ver-
tical and adiabatic excitation energies from the A’ <« A’
transition and the 0.37 eV redshift (CC3) arising from the
formation of the complex clearly indicates a substantial per-
turbation of the UV absorption spectrum relative to that of
the OH radical monomer.

In the ground state, the binding energy of the water-
hydroxyl radical complex is approximately 6.4 kcal/mol at
the CCSD(T)/aug-cc-pVTZ level of theory (not including
counterpoise or zero-point vibrational corrections). At the
same level of theory, the binding energy of the water dimer is
5.2 kcal/mol, and the structures of the two complexes are
similar. If we assume that the excited state of H,O-HO dis-
sociates to OH in its “TI excited state and H,O in its ground
state, we find a dissociation energy of 34.3 kcal/mol
(1.49 eV) at the EOM-CCSD/aug-cc-pVTZ level of theory.
Thus, the excited state is much more strongly bound than the
ground state.
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The large difference in vertical and adiabatic excitation
energies suggests that the electronic excitation spectrum of
H,0-HO will consist of a long vibrational progression. We
find that the combination of the adiabatic excitation energy
and the dissociation energy of the excited state (4.3 eV) is
larger than the vertical excitation energy (3.8 eV). Thus, the
absorption spectrum of the complex should be observable,
but its structure may be broad and featureless.

IV. CONCLUSIONS

We have optimized the structure of the water-hydroxyl
complex in the ground and excited A’ states and calculated
the corresponding vertical and adiabatic excitation energies
using coupled cluster, multireference configuration interac-
tion, multireference perturbation theory, and density-
functional methods.

With the CC3/aug-cc-pVTZ method, we find a signifi-
cant redshift of 0.37 eV in the vertical excitation energy of
the water-hydroxyl complex compared to that of the equiva-
lent %« °II transition in the hydroxyl radical monomer
corroborating previous MRCI results.

The structure of the H,O-HO complex is found to
change significantly on excitation to the first A’ excited
state. The distance between the two oxygen atoms is reduced
by more than 0.5 A, resulting in a near-equal sharing of the
hydroxyl hydrogen by both oxygen atoms. In addition, a con-
comitantly large reduction in the angle between the O-O axis
relative to the plane of the water molecule appears to con-
tribute to the greater stability of the complex in the excited
state. We find that the complex is significantly more strongly
bound in the excited state than in the ground state to such an
extent that H,O-HO in the first A’ excited state is perhaps
better thought of as a covalently bound molecule than a
weakly bound complex. This is supported by changes in the
calculated harmonic frequencies between the ground and ex-
cited states.

These significant structural changes between the ground
and excited “A’ states lead to a large red-shift of the adia-
batic excitation energy of just under 1.0 eV relative to the
vertical excitation energy. This redshift and the stronger
binding in the excited state suggests that the *A’ < %A’ UV
absorption in H,O-HO will be broad and featureless. The
significant shift from the electronic transitions in OH will
make this electronic transition suitable for the detection of
the complex and the determination of its atmospheric con-
centration.
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