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The influence of water on the ultraviolet absorption spectrum of OH radical is investigated with electronic
structure calculations. One purpose of the work is to benchmark computational methods for their ability to
treat this problem. That is done by applying a number of methods to characterization of the excited states of
a variety of arrangements having OH interacting with one H,O molecule. In high-level coupled-cluster
approaches, it is found that triple excitations are of considerable importance. Two promising methods based
on highly efficient time-dependent density functional theory are identified that may provide qualitatively
useful results, but no method is found that is both efficient and capable of providing quantitative accuracy.
Another purpose of the work is to suggest a plausible interpretation of the experimental absorption spectrum
of aqueous OH radical. For this purpose an accurate coupled cluster approach is applied to the various OH-H,O
structures considered, along with a dielectric continuum representation of the further effects of additional
bulk water. The valence transition localized on OH that is found at ~300 nm in gas is found to be considerably
broadened by hydrogen bonding interactions with water. These transitions are assigned to the very broad
shoulder on the experimental aqueous spectrum that extends from ~300 to 400 nm. The main experimental
aqueous absorption band peaking at ~230 nm is found to arise instead mainly from rare hemibonded structures,
which contribute out of proportion to their relative populations by virtue of having large oscillator strengths.
The region near the experimental peak and on its blue side is primarily due to charge transfer transitions that
move an electron to OH from hemibonded water, while the region on the near red side of the peak is primarily
due to valence transitions localized on OH that is interacting with hemibonded water.

Introduction

The OH radical is an ubiquitous oxidizing agent formed in
the radiation chemistry of liquid water.!? It is also important in
many aqueous reactions involving biological processes® and
environmental remediation.* Consequently, detailed kinetics
have been determined for many OH radical reactions in water.?
These kinetics can often be advantageously monitored by
following the time dependence of the ultraviolet (UV) absorption
spectrum of aqueous OH radical.®® It may be surprising,
therefore, that this spectrum has never been definitively assigned.

The UV spectrum of OH in water was first identified!? as a
broad band in the 200—300 nm region, and subsequently
established!!'~1* to have a maximum at ~230 nm. A detailed
and precise measurement'* showed that in addition to the main
band there is also a distinct shoulder of the spectrum in the
300—400 nm range.

Two studies'>!¢ on the temperature dependence from 20 to
200 °C of the OH spectrum in water showed very little change
of the position of the band maximum or of the band shape near
the maximum, and concluded that the molar absorption coef-
ficient must remain essentially constant over that temperature
range. One of those studies' also noted that the absorption
above 300 nm seems to increase with temperature, although
the possibility of that being an artifact was not ruled out. A
very recent work® has provided much more detail on the OH
absorption spectrum in water over the temperature range
25—350 °C. In contrast to earlier works,'>!¢ the molar absorption
coefficient measured in the 250—290 nm region was found to
decrease significantly with temperature. At the same time, a
weak band at about 310 nm was found to grow in with
temperature.
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The experimental absorption spectrum of OD in D,O has been
compared'? with that of OH in H,O at ambient conditions,
reporting the two spectra to be identical within experimental
error in the 210—260 nm region. Another study!” of the OD
spectrum found its shape in the 220—320 nm region to be
identical, within experimental error, at temperatures of 17.5 and
200 °C, and further found that the molar absorption coefficient
at 250 nm is the same for OD and OH within experimental
error.

To interpret these observed spectra in water, it is helpful to
consider the situation of OH in the gas phase. Experimental
observations on gas phase OH find the transition from the
ground state X (2IT;) to the lowest excited state A (2=*) at 309
nm.'8 All higher excited states lie at quite high energy, being
well under 200 nm.'3~20 For convenience, this valence A — X
transition in free OH, which remains similar and highly localized
on OH in its clusters with water, will be referred to simply as
the AX transition in the remainder of this work.

It is also relevant to consider what is known about the
spectrum of OH in water ice. Experimental observations?-?? of
the UV absorption spectrum of OH radical in ice have been
interpreted in terms of two different absorbing species. One
work?! identified a single broad band attributed to OH, having
maximum at about 280 nm and a long blue tail extending below
230 nm. This band was postulated to be due to OH trapped in
substitutional sites and hydrogen bonded to adjacent water
molecules. Another work?? carried out under different conditions
also identified a single broad band attributed to OH, but having
maximum at about 245 nm. The latter workers interpreted their
245 nm band as due to OH trapped in substitutional sites and
hydrogen bonded to adjacent water molecules, therefore having
a spectrum similar to that found in liquid water. They also
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reinterpreted the earlier observed?' 280 nm band as being instead
due to OH trapped in interstitial sites with little or no hydrogen
bonding to water, therefore having a spectrum similar to that
found in gas.

Trenin and Hayon?® have argued that the main 230 nm
absorption of OH radical in liquid water is blue-shifted too much
(about 1.4 eV) from the gas phase to be attributed to simple
solvent perturbation of the AX transition. Instead, it was
proposed that the 230 nm band is due to an entirely different
transition produced by charge transfer in the excited state, with
a nearby solvent water molecule as electron donor and the OH
radical as electron acceptor. Some calculations were put forth
to support this assignment. Delahay** accepted without comment
the charge transfer interpretation of the 230 nm band, and
correlated the charge transfer energy with the energetics of
photoelectron emission. We refer to this “charge transfer from
solvent” transition simply as the CT transition in the remainder
of this work.

The general idea of charge transfer spectra is an old one.
Mulliken® described and applied a qualitative molecular orbital
theory for the situation of a Lewis base forming a complex with
a Lewis acid, both partners having closed shell ground states,
and an excitation then corresponding to partial transfer of an
electron from the base to the acid. Later the theory was adapted?®
for the situation that the partners are in contact by virtue of
random encounters, without the requirement that they form a
stable ground state complex. The idea of a vertical excited state
produced by transfer of essentially a whole electron from a
closed shell solvent molecule into the valence hole of a radical
solute has been invoked to explain the observed spectra of I
atom, 232427729 of NO,° of Cl, Br, OH, and H,?*2* and of Fe3™
and Ce*t.24

Nielsen, Michael, and Hart!® claimed that the ~230 nm
absorption band of OH radical in water is in fact due to the AX
transition, with the large blue shift from gas being due to
hydrogen bonding interactions of the radical with water. These
workers suggested that the charge transfer interpretation pro-
posed by Trenin and Hayon?? for aqueous OH should instead
be applied to a different and higher energy band that peaks under
200 nm.

In their experimental study on the temperature dependence
of the aqueous OH radical absorption spectrum Janik, Bartels,
and Jonah® interpreted the main 230 nm band of OH radical in
water as due to absorption by hydrogen bonded OH radicals,
and the shoulder at 300 nm and above as a separate band due
to free or non-hydrogen bonded OH, without being specific
about the detailed nature of the transitions involved.

Very high level ab initio calculations?!3? have been carried
out on the ground and lowest excited states of OH complexed
with one H,O molecule as arranged in the most stable structure,
with OH acting as a H-bond donor to H,O. Interestingly, the
AX vertical transition in this complex was found to be red-
shifted with respect to free OH by about 0.4 eV, pushing it up
to about 330 nm. A large structural change is found in the
excited state, indicating that the spectrum of the complex may
be broad and featureless.

Recently Tsai, Kowalski, Valiev, and Dupuis®? carried out
high-level ab initio and time-dependent density functional theory
calculations on various clusters of OH complexed with one
through seven H,O molecules and of OH complexed with 16
H,O molecules arranged in any of four different hydrogen
bonding patterns. In all cases CT transitions were found in the
region of the experimental maximum, these being weak in nearly
all cases except for one of the OH(H,0)¢ clusters that showed
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a very strong CT transition at ~250 nm. On that basis it was
concluded that the experimental absorption found near 230 nm
for aqueous OH can be assigned to CT transitions.

In this work we complement the studies discussed above in
two ways. We evaluate a number of computational methods to
treat vertical excited states of an OH radical interacting with
one H,O molecule in a variety of different arrangements, in an
effort to find accurate yet efficient methods that may be used
in more extensive future studies on larger clusters. We also select
an accurate method and augment it with a dielectric continuum
representation of additional bulk water effects to obtain more
detailed insight into how different kinds of interactions between
OH and H,O may contribute to different regions of the UV
absorption spectrum of aqueous OH.

The paper is organized as follows. First, additional back-
ground necessary to discuss the detailed electronic structures
of OH and H,O is provided. After that a preliminary screening
of a number of computational methods is carried out based on
their performance on free OH and on three selected symmetric
OH-H,O structures. Then feasible and useful approaches are
identified and subjected to additional screening based on their
performance on a larger class that further includes 13 nonsym-
metric OH+-H»O structures. The highest level computational
method that remains feasible for all the structures is then used,
along with dielectric continuum corrections, to propose a
plausible interpretation of the aqueous OH absorption spectrum.
Finally, a brief conclusion is supplied.

Background

The X (3I1)) ground state of a free OH radical is doubly
degenerate, neglecting spin—orbit effects. The nominal valence
electronic configuration is o, ot 73, where oyp is the lone pair
orbital lying along the molecular axis, oy, is the O—H bonding
orbital, and 7 represents the shell of two equivalent oxygen
p-orbitals lying perpendicular to the molecular axis. The
degeneracy arises from the two possible ways of orienting the
single hole in the incomplete 7t valence shell. When an OH
radical approaches an H,O molecule this degeneracy is lifted
and the two possible hole states that descend from the 7 shell
of free OH then have different energies. However, this energy
splitting generally remains small so that transition to the first
excited state that is obtained by switching the hole in the putative
7 shell of OH remains in the infrared region.

The next state of a free OH radical is A (23Z1), which has
electronic configuration of, o} 7r*. In gas phase OH the valence
AX transition energy has an electronic contribution of 4.05 eV
(306 nm),'® which differs only slightly from the 4.02 eV (309
nm) actually observed'8 for the 0—0 transition that includes zero-
point vibrational contributions. After that the excited states of
free OH lie at very high energy. The dipole forbidden 1 (2X")
state has been calculated to lie at ~172 nm” or ~157 nm,%
and the allowed B (=) state is found to lie at under 144 nm.!8

The ground state of a free HyO molecule has a valence
electronic configuration of, 0§ 0% 7%, where oy, is the lone pair
orbital in the molecular plane, oy, and o are symmetry adapted
linear combinations of the two O—H bonding orbitals, and 7 is
the lone pair oxygen p-orbital lying perpendicular to the
molecular plane. Transition to the lowest singlet excited state
of a free H,O molecule has band maximum at about 166 nm.3*
This excited state has partial Rydberg character, and is
consequently blue-shifted to even higher energy at about 151
nm> in liquid water, and consequently does not overlap the
OH absorption spectrum that is of interest in this work.

For a gas phase OH radical separated by a very large distance
from a H,O molecule, one can readily obtain the energy that
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would produce a vertical CT excited state with electronic
configuration of OH (of, 0§ 7*) + H,O%(of, 0 of x').
Combining the first ionization potential of H,O3 with the
electron affinity of OH?7 gives a very high energy corresponding
to a wavelength of 115 nm for the lowest vertical CT transition
of otherwise noninteracting OH + H,O. If the two ions are
brought into close proximity, the further inclusion of their mutual
attraction as roughly estimated by the Coulomb energy of two
point charges leads to a CT transition wavelength of 213 nm if
the charges are separated by 2.9 A, or to 246 nm if the charges
are separated by 2.5 A. Furthermore, solvation by other water
molecules would lead to additional stabilization of the highly
polar CT excited state. It is therefore not at all unreasonable to
consider the possibility of CT transitions contributing to the
UV absorption spectrum of OH in water.

We summarize this brief survey by noting the main candidates
for transitions that might be expected to occur in the 200—400
nm region, which is the region of primary interest in the present
work. Among the various intramolecular OH or H,O gas phase
transitions, only AX occurring near 300 nm is a reasonable
candidate. Another possibility is that the intermolecular CT
transition that is very high energy in the gas phase might be
lowered considerably into the UV region when OH and H,O
come into contact in aqueous solution. All other transitions
would appear to be either too low or too high in energy to
contribute to the observed 200—400 nm spectrum, and that
speculation is confirmed in the present work.

Computational Methods

Several computational methods are utilized for the electronic
structure calculations reported in this work. A frozen core
approximation is assumed thoughout.

The simplest method used is denoted CIS*-3° (spin-
unrestricted configuration interaction with single excitations).
Closely related are TDDFT*%#! (spin-unrestricted time-depend-
ent density functional theory) methods taken within the TDA
(Tamm-Dancoff) approximation,*> here using the functionals
B3LYP,** BHandH,**¢ and MPW 1K.*’ Henceforth we refer
to these TDDFT(TDA) methods simply by the names of the
functionals involved. These methods are all used as they are
implemented in the NWChem computer program,*® version 5.0.

A MR(2)-SDTCI (multireference space having two configu-
rations, followed by single, double, and triple excitation
configuration interaction) method was used as implemented in
the Gamess* program. This approach starts with a MCSCF
(multiconfiguration self-consistent-field) procedure to produce
spin-restricted orbitals from a state average of the two lowest
nearly degenerate states. This is followed by a configuration
interaction based on an occupation-restricted multiple active
space approach,’*>! which includes all configurations that can
be generated with the 15 valence electrons by placing 9—12
electrons in the six doubly occupied MCSCF valence orbitals,
0—4 electrons in the two partially occupied and nearly degener-
ate MCSCEF orbitals, and 0—3 electrons in all the remaining
virtual MCSCF orbitals.

Coupled cluster methods 23 were used at several levels of
sophistication, as implemented in the NWChem computer
program.*® All are based on spin-unrestricted EOM (equations-
of-motion) approaches for generating excited states. The refer-
ence states for all systems considered were found to have total
spin [32Cfrom 0.750 to 0.760, and exploratory calculations using
spin-restricted coupled cluster methods consistently gave very
nearly the same results as with the corresponding unrestricted
methods, so spin contamination is not a significant issue.
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Methods labeled EOM-CCSD (coupled clusters with iterative
single and double excitations), EOM-CCSD(T)-IA*> (EOM-
CCSD plus noniterative triple excitations in the IA approxima-
tion), and EOM-CCSDT (EOM-CCSD plus iterative triple
excitations) were all considered. The EOM-CCSD(T)-IA excited
state results were referenced to CCSD(T)® ground state energies,
rather than to the CCSD ground state energies as reported by
the NWChem program, because use of the latter reference led
in some cases to unphysical negative energies for transitions
between the two lowest and nearly degenerate states.

Two different basis sets were utilized. The smallest one is
designated as 6-311(2+)G*, which is based on the standard
6-311+G* basis set’>’~% that is triple-C in the sp-valence space
also with sp-diffuse functions and d-polarization functions on
oxygen, and then further augmented with a second shell of
oxygen sp-diffuse functions obtained by simple geometric
progression with a division factor of 3.32. That basis proved
satisfactory in our previous studies on the lowest neutral excited
states®-%2 and Feshbach anionic states®® of water clusters.

For reference purposes the large aug-cc-pVTZ (augmented
correlation-consistent polarized valence triple-§) basis set®+6
that is of triple-§ quality in the sp-valence space with ddf-
polarization functions on oxygen, pd-polarization functions on
hydrogen, and augmented with spdf-diffuse functions on oxygen
and spd-diffuse functions on hydrogen, was used where it was
feasible.

In some cases a method labeled “EOM-CCSDT/aug-cc-
pVTZ” was constructed to estimate the result of a true EOM-
CCSDT/aug-cc-pVTZ calculation. This was done by separately
adding to the EOM-CCSD/6-311(2+)G* result a correction for
full iterative triple excitations, as obtained by comparison to
EOM-CCSDT/6-311(2+)G*, and another correction for basis
set extension, as obtained by comparison to EOM-CCSD/aug-
cc-pVTZ.

Some rough estimates of the nonspecific effects of bulk water
on transition free energies of the OH+H,O solute complexes
were made using simple dielectric continuum theory with the
classical formula®-67

AE=—[fle)u * Au+fin")Au - Aul2l/R> (1)

where R is the solute cavity radius, u is the ground state dipole
moment vector, Au is the change in dipole moment vector upon
passing to the excited state, ¢ = 78.4 is the static solvent
dielectric constant, n> = 1.777 is the square of the solvent
refractive index, and fix) = 2(x — 1)/2x + 1).
Determination of a proper value for the cavity radius R is
problematic. In part this is because there is no generally accepted
definition of R even for a spherical solute, and that is exacerbated
in the present situation because an OH+H,O solute complex is
not spherical. A reasonable definition of the solute volume is
easier to come by, and for this we opt to use the volume enclosed
by the 0.001 e/ay® isodensity contour of the unrestricted
Hartree—Fock ground state wave function, as obtained from
the Gamess program. A sphere encompassing that same volume
then serves to produce an effective radius of the complex. All
the OH+H,O complexes considered in this work turn out to have
effective radii determined from this criterion of 2.2—2.4 A. For
consistency we adopt the average value 2.3 A for all the
complexes. Finally we add to that an additional 0.7 A, which
is roughly half the diameter of a water molecule, to account for
the finite size of the first-shell water molecules, leading to a
common value of 3.0 A that is used to estimate the cavity radii
of all the OH*H>O complexes. The calculated energy shift is
not overly sensitive to this choice. For example, a change in
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this value of R by as much as 0.2 A leads to a change of only
about 20% in AE. Even so, because of both the simplicity of
the model and uncertainty in the choice of R, this procedure
should be regarded as indicative only of the sign and ap-
proximate magnitude of nonspecific bulk water effects.

We report in this work only those transitions whose calculated
energies fall within a certain window of interest. Thus, transi-
tions to the very low energy first excited state of OH, which is
degenerate with the ground state in the gas phase, are calculated
in all the structures to lie in the infrared region of under 0.80
eV (1500 nm), and are omitted. As an upper bound, all
remaining excited states are reported that have calculated energy
up to 6.20 eV (200 nm). No corrections are made for the small
vibrational or very small rotational contributions, so that only
the electronic contributions to transition energies are reported.
Oscillator strengths and dipole moment changes upon excitation
are also reported in those cases where they are available from
the program outputs.

Evaluation of Computational Methods

Description of Symmetric Structures. We first consider a
variety of computational methods for free OH radical at its
experimental equilibrium geometry'8 and for three representative
structures of OH+-H,O complexes taken from a literature
calculation carried out by Cabral do Couto et al.®® The three
OH-H,O structures, here labeled C1, C3, and C2 to maintain
consistency with the literature, were optimized with the
MPW 1PW91%° density functional using the aug-cc-pVDZ646
basis set. By taking advantage of the small size of free OH and
of the plane of symmetry that exists in the C1, C3, and C2
structures of OH+H,0, we are able to carry out higher level
calculations than would otherwise be feasible. These structures
are utilized in this section to identify suitable lower level
computational methods that can then be applied later below to
other structures of OH+H,0 having no spatial symmetry, as well
as to larger clusters in future work.

The C1, C3, and C2 structures are depicted in Figure 1 and
significant parameters of the structures are included in Table 1,
together with other structures that will be discussed later. The
binding energies in Table 1 are calculated at the CCSD(T)/6-
311(2+)G* level of theory, and include counterpoise correc-
tion”® for basis set superposition errors (BSSE). They are in
semiquantitative agreement with the MPW1PW91 results,® and
the C1 binding energy agrees very well with the value —6.0
kcal/mol obtained from a high-level ab initio literature calcula-
tion.”!

Among OH+H,O structures, C1 is the global minimum with
OH acting as a hydrogen bond donor to H,O. Structure C3 is a
local minimum with OH acting as a hydrogen bond acceptor
from H,O. Structure C2 is a local minimum at the MPW1PW91/
aug-cc-pVDZ level of theory with OH being hemibonded to
H,0O, wherein a two-center three-electron o bond forms by
overlap of the singly occupied st orbital on OH and the doubly
occupied s orbital on a nearby favorably oriented H,O.
However, hemibonded structure C2 is not found to be a local
minimum at higher levels of theory, and probably occurs as a
stationary point in optimizations with many common density
functionals only because of overbinding due to self-interaction
errors.”? In any event, our high-level calculation on the binding
energy (see Table 1) shows structure C2 to be significantly more
stable than dissociated OH + H,O, so it remains an interesting
structure for consideration.

Results for AX Transitions. Excited state information
obtained at a variety of computational levels for each of these
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Figure 1. Depictions of OH+-H,O structures.

TABLE 1: Geometric Data and Calculated Binding Energy
for all OH-H,0 Structures®

structure R(O+--0) R(H:+-0) binding energy
H-bond donor structures
V10 2.750 1.757 0.8
Cl 2.854 1.870 —6.1
Vil 3.000 1.956 1.2
V12 3.100 2.165 —3.8
H-bond acceptor structures
V8 2.850 1.882 7.2
C3 2.936 2.025 —-3.2
V9 2.950 2.058 —-04
hemibonded structures
V2 2.300 3.0
V3 2.350 5.8
V4 2.400 6.1
V5 2.450 3.8
C2 2.467 2.1
T16C 2.722 —=3.5
nonbonded structures
Vi3 3.400 3.8
Vi4 3.600 —14
V15 3.700 4.7

@(Q-++0 and hydrogen bonded H+--O distances are in A. Binding
energies relative to separated OH + H,O are in kcal/mol, as
calculated with the CCSD(T)/6-311(2+)G* method with correction
for BSSE.

structures is reported for AX transitions in Table 2. For free
OH the “EOM-CCSDT/aug-cc-pVTZ” result is only 0.01 eV
higher than the EOM-CCSDT/aug-cc-pVTZ result and only 0.08
eV higher than experiment.!® For structure C1 the “EOM-
CCSDT/aug-cc-pVTZ” result is only 0.05 eV below a high-
level CC3/aug-cc-pVTZ computational result in the literature.3?
Furthermore, most of this latter small difference is due to the
slightly different geometry used, as can be seen by comparison
of our EOM-CCSD/aug-cc-pVTZ result with that reported for
the same method in ref 32. These comparisons give support to
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TABLE 2: AX Transitions Calculated by Various Methods
for OH and for Several OH-H,0 Structures®

Chipman

TABLE 3: CT Transitions Calculated by Various Methods
for Several OH-H,0O Structures®

method AE A f [Aul method AE A f [Aul
free OH H-bond acceptor structure C3
CIS 4.72 263 0.0045 0.2 B3LYP 1.85 676 0.0071
B3LYP 4.40 282 0.0042 BHandH 4.98 249 0.0037
BHandH 4.29 289 0.0042 MPWI1K 4.49 246 0.0035
MPWI1K 4.48 277 0.0043 MR(2)-SDTCI 5.06 245 10.8
MR(2)-SDTCI 4.29 289 0.2 EOM-CCSD 5.43 228 0.0028 12.5
EOM-CCSD 4.31 288 0.0040 0.2 EOM-CCSD(T)-IA 5.41 229
EOM-CCSD(T)-1A 4.34 286 EOM-CCSDT 4.68 265 0.0024 10.0
EOM-CCSDT 4.30 288 0.0039 0.2 EOM-CCSD/aug-cc-pVTZ 5.56 223 0.0035 12.3
EOM-CCSD/aug-cc-pVTZ 4.14 299 0.0016 0.1 “EOM-CCSDT/aug-cc-pVTZ” 4.81 258
“EOM-CCSDT/aug-cc-pVTZ” 4.13 300 hemibonded structure C2
EXOhfr}fnCe:?T/aug'“'pVTZ j‘ég ggé 8'88{2 0.04 B3LYP 407,464 305,267 0.1145,0.0392
P : : BHandH 573 216 0.1073
H-bond donor structure C1 MPWI1K 5.45 228 0.1107
CIS¢ 4.30 289 0.0038 53 MR(2)-SDTCI 5.71 217 8.0
B3LYP 3.69,5.08 336,244 0.0030, 0.0033 EOM-CCSD 5.82 213 0.0934 9.0
BHandH 3.82 325 0.0034 EOM-CCSD(T)-1A 5.89 211
MPWIK 3.99 310 0.0034 EOM-CCSDT 5.36 231 0.0883 8.6
MR(2)-SDTCI 3.95 314 0.6 EOM-CCSD/aug-cc-pVTZ 5.88 211 0.0876 8.8
EOM-CCSD 3.85 322 0.0034 0.6 “EOM-CCSDT/aug-cc-pVTZ” 5.42 229
EOM-CCSD(T)-1A 4.00 310
EOM-CCSDT 3.83 324 0.0033 0.7 @ All methods reported use the 6-311(2+)G* basis set unless
EOM-CCSD/aug-cc-pVTZ 3.73 332 0.0017 0.6 explicitly shown otherwise. Transition energy AE is in eV,
“EOM-CCSDT/aug-cc-pVTZ” 3.71 334 wavelength A is in nm, oscillator strength is f, and dipole moment
CC3/aug-cc-pVTZ4 3.76 330 0.0018 Change |Alu| is in debye.
H-bond acceptor structure C3
CIS 4.72 263 0.0038 1.8
g:{LYgH i;g» 4.45 32%976 279 8-88(3);, 0.0034 The MR(2)-SDTCI/6-311(2+)G* method also performs
an : ! . . .
MPWIK 447 278 0.0035 satisfactorily, haYmg a very narrow range of errors from 0.23
MR(2)-SDTCI 4.39 283 0.2 to 0.24 eV too high.
EOM-CCSD 4.30 288 0.0032 0.2 The various EOM-CC methods are also all satisfactory, with
EOM-CCSD(T)-IA 445 278 EOM-CCSD/6-311(2+)G* having a narrow range of errors from
EOM-CCSDT 4.29 289 0.0031 0.2 . %
EOM-CCSD/aug-cc-pVTZ 4.14 209 0.0013 0.03 0.14 to 0.18 eV too hlgh, EOM—CCSD(T)—IA/6-311(2+)G
“EOM-CCSDT/aug-cc-pVTZ” 4.13 300 having errors from 0.22 to 0.32 too high, and EOM-CCSDT/
hemibonded structure C2 6-311(2+)G* having a narrow range of errors from 0.12 to 0.17
CIS 4.92 252 0.0042 1.4 eV too high.
B3LYP 363 2200 00095 Comparison between the EOM-CCSD/6-311(2+)G* and
BHandH 4.49 276 0.0017 c g . .
MPWI1K 4.65 266 0.0005 EOM-CCSDT/6-311(2+)G* results indicates that triple excita-
MR(2)-SDTCI 4.62 268 0.1 tions are of little importance, lowering the excitation energy
Egﬁ‘ggggm A 3-2‘9‘ %i 0.0021 01 by only 0.0—0.02 eV. Comparison between EOM-CCSD/6-
i - . * - _cC- indi
EOM.CCSDT 453 274 0.0011 0.1 311.(2+)G and EOM CCSD/aug cc-pVTZ results 1ndlcgtes that
EOM-CCSD/aug-cc-pVTZ 4.41 281 0.0010 02 basis set extension is a more important effect, lowering the
“EOM-CCSDT/aug-cc-pVTZ"  4.39 282 excitation energy by 0.12—0.30 eV.

@ All methods reported use the 6-311(2+)G* basis set unless
explicitly shown otherwise. Transition energy AE is in eV,
wavelength A4 is in nm, oscillator strength is f, and dipole moment
change IAul is in debye. ® Energy from ref 18. Oscillator strength
from ref 73. ¢ Mixed AX and CT state. ¢ Reference 32.

“EOM-CCSDT/aug-cc-pVTZ”, which is the highest level
method available for all the structures considered in this section,
being quite reliable. It is therefore taken as a reference standard,
and for consistency the other lower level methods will all be
evaluated below to determine errors with respect to the “EOM-
CCSDT/aug-cc-pVTZ” results.

The CIS/6-311(2+)G* method performs poorly, giving errors
from 0.53 to 0.59 eV too high. For structure C1, examination
of the wave function and of the dipole moment change indicates
a significant degree of spurious mixing with the CT state.

The TDDFT(TDA) methods show mixed performance. The
B3LYP/6-311(2+)G* method is poor having a very large spread
of errors ranging from 0.06 eV too low to 1.21 eV too high,
the BHandH/6-311(24+)G* method is quite good having a
narrow range of errors from 0.10 to 0.16 eV too high, and the
MPW1K/6-311(2+)G* method is satisfactory having errors
from 0.26 to 0.35 eV too high.

Among the methods for which oscillator strengths and dipole
moment changes are available, all except for CIS/6-311(2+)G*
give similar results to one another, with oscillator strengths from
0.001 to 0.004 and IAul under 2.0 debye.

Results for CT Transitions. Excited state information
obtained at a variety of computational levels for each of these
structures is reported for CT transitions in Table 3 These are
readily identified by unmistakeable indications of OH™-H,O"
character in the excited state wave functions and/or by finding
very large excited state dipole moments. Our highest level
“EOM-CCSDT/aug-cc-pVTZ” results are used here as the best
available references for comparison. They indicate that structure
C1 does not have a CT state in the window of interest, while
structures C3 and C2 each have one such state.

The CIS/6-311(2+)G* method performs very poorly, inap-
propriately omitting any results in the window of interest for
structures C3 and C2.

The TDDFT(TDA) methods again show mixed performance.
The B3LYP/6-311(2+)G* method performs poorly, inap-
propriately placing a result in the window of interest for structure
C1 and inappropriately placing two (instead of one) CT states
in the window of interest for both structures C3 and C2, in each
case having one of these states being unphysically low in energy.
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The BHandH/6-311(2+)G* method performs satisfactorily,
giving results 0.17—0.31 eV too high. The MPWI1K/6-
311(2+)G* method also performs satisfactorily, giving results
0.32 eV too low to 0.03 eV too high.

The MR(2)-SDTCI/6-311(2+)G* method also performs
satisfactorily, having errors from 0.25 to 0.29 eV too high, which
is also quite consistent with the errors seen above for the AX
transition.

The various EOM-CC methods show mixed performance,
with EOM-CCSD/6-311(2+)G* being poor having errors from
0.40 to 0.62 eV too high, EOM-CCSD(T)-IA/6-311(2+)G* also
being poor having errors from 0.47 to 0.60 too high, and EOM-
CCSDT/6-311(2+)G* being good having a narrow range of
errors from 0.06 to 0.13 eV too low.

Comparison between the EOM-CCSD/6-311(2+)G* and
EOM-CCSDT/6-311(2+)G* results indicates that triple excita-
tions are quite significant, lowering the excitation energy by
0.46—0.75 eV. Comparison between EOM-CCSD/6-311(2+)G*
and EOM-CCSD/aug-cc-pVTZ results indicates that basis set
extension has a modest effect, raising the excitation energy by
0.06—0.13 eV.

Among the methods for which oscillator strengths and dipole
moment changes are available, the oscillator strengths are
reasonably consistent, being near 0.003 for structure C3 and
near 0.10 for structure C2, as are the dipole moment changes
that are consistently near 10 debye for both structures.

Prognosis. The main purpose of this section is to carry out
a preliminary screening to identify methods that may be
satisfactory when used with the 6-311(2+)G* basis set, since
calculations with the much larger aug-cc-pVTZ basis would not
be feasible for large clusters with any of these methods. The
CIS/6-311(2+)G* and B3LYP/6-311(2+)G* methods are found
to perform poorly for both kinds of transitions considered. Most
of the remaining methods give a more or less satisfactory
description of AX transitions, but the CT transitions are more
challenging.

Let us summarize the overall performance of methods with
the 6-311(2+)G* basis set for both kinds of transitions, going
from the most promising to the least satisfactory. The most
consistently good method is EOM-CCSDT/6-311(2+)G*, with
errors ranging from 0.13 eV too low to 0.17 eV too high. The
BHandH/6-311(2+)G* method is also fairly good, with errors
ranging from 0.10 to 0.31 eV too high. The MR(2)-SDTCI/6-
311(2+)G* method is also fairly good, with quite consistent
errors ranging from 0.25 to 0.29 eV too high. The MPWI1K/
6-311(2+)G* method has larger errors ranging from 0.32 eV
too low to 0.35 eV too high. The remaining EOM-CCSD/6-
311(2+)G* and EOM-CCSD(T)-1A/6-311(2+)G* methods have
quite significant errors ranging up to 0.60 eV or more.

Further Evaluation of Selected Computational Methods

Description of Nonsymmetric Structures. To broaden the
scope, we now consider a number of additional nonsymmetric
structures of OH radical interacting with one H,O molecule.
The EOM-CCSDT/6-311(2+)G* method remains barely fea-
sible for these calculations, and having been shown to be
consistently good in the previous section will be used as a
reference standard of comparison to further evaluate selected
lower level methods. For the latter, we choose the very efficient
and reasonably promising BHandH/6-311(2+)G* and MPW 1K/
6-311(2+)G* methods for further evaluation.

Most of these additional nonsymmetric structures were
obtained from a first-principles molecular dynamics trajectory
simulation carried out by VandeVondele and Sprik,’* as taken
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from their calculation based on density functional theory with
the BLYP functional. The simulation utilized 31 H,O molecules
and one OH radical, together with replication using periodic
boundary conditions. They reported details on 15 extracted
OH-H,O0 structures, here labeled V1—V 15 to maintain consis-
tency with the literature. However, we omit three of those
structures (V1, V6, and V7) from consideration because of their
extremely unfavorable binding energies that we calculate to be
=11 kcal/mol less stable than dissociated OH + H,O at the
CCSD(T)/6-311(2+)G* level with correction for BSSE.”? The
literature work’ classified the remaining structures V10—V12
as having OH acting as an H-bond donor, V8—V9 as having
OH acting as an H-bond acceptor, V2—V5 as being hemibonded,
and V13—V15 as nonbonded structures. That classification is
based on geometrical considerations, and is not meant to imply
anything about the interaction energy between OH and H,O.
On the contrary, these structures were apparently selected to
find OH and H,O separated by certain predetermined distances,
as seen in Table 1, and they should not be taken as a
representative statistical sampling of likely structures.

It should be noted that while first-principles molecular
dynamics simulations carried out on aqueous OH with the BLYP
functional generally find hemibonding structures to be persistent,’*~77
all these works note that this finding may be an artifact of the
well-known overbinding of such structures in density functional
theory when no correction is made for self-interaction error.
This notion was verified in the VandeVondele and Sprik study,”
which also reported simulations using BLYP functionals that
were modified in various ways to partially correct for the self-
interaction error. After correction, hemibonded structrures were
found to be only rare events in the simulations.

We also include one structure obtained from a literature
calculation carried out by Tsai et al.,’* who optimized a number
of small OH+(H,0), clusters with the MPW1K/6-31++G**
method. They found one OH-(H,0)6 cluster, named 16C,
having OH in the interior and which exhibited an intense CT
transition at ~250 nm. Here we extract from that the OH+H,O
structure involving OH with the H,O molecule identified by
them as being responsible for the CT transition, and label it
T16C. This structure corresponds to a hemibonding interaction.

The 13 nonsymmetric OH*H,O structures considered are
depicted in Figure 1 and significant parameters of the structures
are included in Table 1. The binding energies calculated by
CCSD(T)/6-311(2+)G* with BSSE correction reported in Table
1 are in semiquantitative agreement with the relative energies
presented in Figure 1 of ref 74.

Further Results for AX and CT Transitions. Further results
for AX transitions in the larger set of structures are reported in
Table 4. Both the TDDFT(TDA) methods considered here
perform fairly well. The BHandH/6-311(2+)G* method has
errors ranging from 0.04 eV too small to 0.29 eV too high, but
has a very narrow range of errors from —0.04 to 0.00 eV if
structure V8 is omitted. The MPW1K/6-311(2+)G* method has
errors ranging from 0.02 eV too small to 0.18 eV too high,
with a number of structures showing errors in the 0.12 to 0.18
eV range.

Further results for CT transitions in the larger set of structures
are reported in Table 5. The TDDFT(TDA) methods have more
difficulty here, just as they did in the smaller set of symmetric
structures. The BHandH/6-311(2+)G* method has errors rang-
ing from 0.01 eV too small to 0.53 eV too high. The MPW 1K/
6-311(2+)G* method has errors ranging from 0.43 eV too small
to 0.25 eV too high. Both methods have a somewhat narrower
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TABLE 4: AX Transitions Calculated by Various Methods for OH and for All OH-H,0O Structures®
BHandH MPW 1K EOM-CCSDT EOM-CCSDT EOM-CCSDT EOM-CCSDT
structure AE AE AE (AEy) A (Aag) f |1Aul
free OH
OH 4.29 4.48 4.30(4.29) 288(289) 0.0039 0.17
H-bond donor structures
V10 3.56 3.72 3.56(3.44) 348(360) 0.0024 1.20
Cl 3.82 3.99 3.83(3.76) 324(330) 0.0033 0.72
Vil 3.70 3.86 3.70(3.61) 335(343) 0.0024 1.13
V12 4.09 4.27 4.11(4.07) 302(305) 0.0041 0.44
H-bond acceptor structures
V8 4.45 4.29 4.16(4.32) 298(287) 0.0013 2.74
C3 4.28 4.47 4.29(4.29) 289(289) 0.0031 0.19
A% 4.15 4.13 4.15(4.24) 299(293) 0.0023 1.68
hemibonded structures
V2 4.82 4.98 4.85(4.86) 255(255) 0.0086 0.33
V3 4.64 4.79 4.67(4.67) 266(266) 0.0138 0.28
V4 4.44 4.60 4.48(4.48) 277(277) 0.0002 0.29
V5 4.67 4.84 4.69(4.69) 264(264) 0.0089 0.24
Cc2 4.49 4.65 4.53(4.53) 274(274) 0.0011 0.10
T16C 4.37 4.55 4.40(4.40) 282(282) 0.0031 0.20
nonbonded structures
V13 4.25 4.44 4.26(4.24) 291(292) 0.0032 0.28
Vi4 4.19 4.38 4.21(4.20) 295(295) 0.0028 0.21
V15 4.25 4.44 4.26(4.26) 291(291) 0.0035 0.22

@ All calculations were carried out with the 6-311(2+)G* basis set. Transition energy AE is in eV, wavelength A is in nm, oscillator strength

is f, and dipole moment change IAul is in debye.

TABLE 5: CT Transitions Calculated by Various Methods for All OH-H,O Structures®

BHandH MPW 1K EOM-CCSDT EOM-CCSDT EOM-CCSDT EOM-CCSDT
structure AE AE AE (AE,) A (Aaq) f |Aul
H-bond acceptor structures
V8 3.97 3.82 3.76(4.05) 330(306) 0.0007 8.15
C3 4.98 4.49 4.68(4.48) 265(277) 0.0024 11.12
V9 4.72 4.45 4.56(4.85) 272(256) 0.0007 10.06
hemibonded structures
V2 6.25 6.00 5.78(5.53) 214(224) 0.0748 6.55
V3 5.83 5.59 5.39(5.13) 230(242) 0.0836 7.47
V4 6.29 6.02 5.77(5.42) 215(229) 0.0670 7.24
V5 5.94 5.65 5.55(5.26) 224(236) 0.0646 8.06
C2 5.73 5.45 5.36(5.10) 231(243) 0.0883 8.61
T16C 5.77 5.42 5.53(5.20) 224(239) 0.0436 9.92
nonbonded structure
Vi3 5.98 5.56 5.99(5.74) 207(216) 0.0122 10.85

@ All calculations were carried out with the 6-311(2+)G* basis set. Transition energy AE is in eV, wavelength A is in nm, oscillator strength

is f, and dipole moment change |Aul is in debye.

range of errors, becoming 0.16 to 0.53 eV and —0.19 to 0.25
eV, respectively, if the main outlier of structure V13 is omitted.

It can be concluded that the BHandH/6-311(2+)G* and
MPW1K/6-311(24+)G* methods may be suitable for qualitative
study of the aqueous OH radical UV spectrum, but neither is
capable of delivering suitably quantitative results for the
contributions from CT transitions. We await the development
of efficient yet accurate methods, such as may well soon come
from improved functionals for TDDFT(TDA) calculations, for
subsequent progress on this problem. The benchmarks reported
here should also prove useful to evaluate other promising
methods in the future.

Implications for the Experimental OH Absorption
Spectrum

Choice of Method. In this section we discuss our results from
the EOM-CCSDT/6-311(2+)G* method to propose a plausible
interpretation of the experimental UV absorption spectrum of
aqueous OH radical. Excitation results from EOM-CCSDT/6-

311(2+)G* calculations, together with estimated dielectric
continuum corrections, are listed for AX transitions in Table 4
and for CT transitions in Table 5. Results that include dielectric
continuum corrections are indicated with an “aq” subscript.

To aid discussion the results are also displayed in Figure 2,
wherein the top panel shows AX transitions and the bottom
panel shows CT transitions. The solid sticks in Figure 2 show
the position of each transition as calculated in gas, and the
dashed extension indicates its shift upon including the dielectric
correction. The dashes are slanted, instead of being horizontal,
simply to improve readibility. Note particularly in the bottom
panel that the oscillator strengths for all CT transitions in
hemibonded structures have been scaled down by an order of
magnitude in order to fit them on the graphs.

Results for H-Bond Donors. The AX transition energies for
structures classified as having OH acting as H-bond donor are
red-shifted by 14—60 nm from that of free OH. The magnitude
of this red shift shows a general although not perfect trend of
increasing as the O-++O distance decreases. The dielectric shifts
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Figure 2. Calculated EOM-CCSDT/6-311(2+)G* transitions. The
bottom part of each stick shows the position of the transition as
calculated in gas, and the dashed line extension indicates its calculated
dielectric shift. The top panel shows AX transitions, and the bottom
panel shows CT transitions. The CT transitions in hemibonded structures
are scaled down by a factor of 10.

are generally moderate, being 3—12 nm, and also all to the red.
The oscillator strengths are similar in magnitude to that of free
OH radical, while the dipole moment changes upon excitation
are somewhat larger than those in free OH. The calculated
transitions range from 302 to 348 nm for the free structures,
changing slightly to 305 to 360 nm for the structures in
dielectric. This places these absorptions throughout the region
of the very wide shoulder above ~300 nm in the aqueous OH
spectrum.

No CT transitions appear in the window of interest for these
structures.

Results for H-Bond Acceptors. Compared to free OH, the
AX transition energies for structures classified as having OH
acting as an H-bond acceptor are red-shifted by 1—11 nm, the
oscillator strengths are similar in magnitude, and the dipole
moment changes upon excitation can be considerably larger.
Dielectric shifts are moderate and to the blue, by amounts
ranging from O to 9 nm. The calculated transitions range from
289 to 299 nm for the free structures, changing slightly to
287—293 nm for the structures in dielectric. This places these
absorptions very near that of free OH, and near the weak band
that develops at ~300 nm in the aqueous OH spectrum at high
temperatures.’

The CT transitions have small oscillator strengths, comparable
to those of the AX transitions, but have much larger dipole
moment changes upon excitation, ranging from 8 to 11 debye.
The calculated transitions in the free structures range from 272
to 330 nm. Note that structure V8 has its CT transition energy
actually below that of its AX transition energy. These CT
transitions all have significant dielectric shifts ranging from 12
nm to the red to 24 nm to the blue, which moves them to the
range of 256—330 nm. This places these transitions over a wide
range from the red side of the main peak in the aqueous OH
spectrum out to the very wide shoulder above ~300 nm.

Results for Hemibonded Structures. The AX transition
energies for structures classified as being hemibonded are all
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significantly blue-shifted from that of free OH by 6—33 nm,
the oscillator strengths are usually but not always somewhat
larger, and the dipole moment changes upon excitation are also
usually but not always somewhat larger. The calculated transi-
tions range from 255 to 282 nm for the free structures, and are
essentially unaffected by the dielectric. This places them in the
region on the red side of the main aqueous peak that occurs at
about 230 nm.

The CT transitions have huge oscillator strengths ranging
from 0.07 to 0.09, which is more than an order of magnitude
larger than that of the AX transition in free OH, and also have
very large dipole moment changes upon excitation ranging from
7 to 9 debye. The huge oscillator strength is a consequence of
the favorable near-collinear alignment of the orbitals involved
in the CT transitions, namely the valence 7t orbitals on OH and
H,O, when they are in a close hemibonding arrangement,
allowing for a very large dipole transition moment to develop.
The calculated transitions range from 214 to 231 nm for the
free structures, being blue-shifted by 10—15 nm to range from
224 to 242 nm for the structures in dielectric. This places them
in the region very near and slightly on the blue side of the main
aqueous peak that occurs at ~230 nm.

Results for Nonbonded Structures. The AX transition
energies for structures classified as being nonbonding are red-
shifted from that of free OH by only 3—7 nm. The oscillator
strengths and dipole moment shifts are also very similar to that
of free OH. The dielectric shifts are essentially negligible. This
places these absorptions very near that of free OH, and near
the weak band that develops at ~300 nm in the aqueous OH
spectrum at high temperatures.’

Only the V13 structure, which has the shortest O<:+O
distance, shows a calculated CT transition in the window of
interest, being at 207 nm, which just barely makes the cutoff
criterion for inclusion. It has considerable oscillator strength
and a large dipole moment change upon excitation. The
dielectric shift is 9 nm to the red, which places it in a region to
contribute on the far blue side of the main peak in the aqueous
OH spectrum.

Interpretation of the OH Radical Spectrum in Bulk
Water. To summarize for the AX transitions as compared to
that in free OH, the H-bond donor structures are somewhat red-
shifted, the H-bond acceptor structures are close or slightly red-
shifted, the hemibonded structures are somewhat blue-shifted,
and the nonbonded structures are hardly shifted at all. Most of
these structures have oscillator strengths similar in magnitude
to that of free OH, except that some hemibonded structures have
considerably larger oscillator strengths. It can be concluded that
the H-bond donor, H-bond acceptor, and nonbonded structures
considered show AX transitions having energies in the same
range as the long red tail of the aqueous OH spectrum shoulder
at ~300 nm and above, while the hemibonded structures have
energies in the region on the red side of the main aqueous peak
that occurs at ~230 nm.

To summarize for the CT transitions, none are found in the
window of interest for any of the H-bond donor structures, and
it is found in only one of the three nonbonded structures
examined, and there only at quite high energy. However, it is
found in all the H-bond acceptor and hemibonded structures
examined. In the H-bond acceptor structures the CT transitions
contribute on the red side of the main aqueous peak all the way
into the wide shoulder observed in the ~300—400 nm range.
In the hemibonded structures the CT transitions contribute near
to and on the blue side of the main aqueous peak and with very
large oscillator strengths.
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Conclusion

One purpose of this work is to benchmark computational
methods for study of the aqueous OH radical UV absorption
spectrum, in an effort to identify efficient yet accurate methods
that can be used in future more elaborate studies on OH in large
clusters of water molecules. Toward that end, extensive calcula-
tions were carried out with a number of different methods on
free OH and on OH-H,O structures.

A preliminary evaluation was made with calculations on free
OH and just a few carefully selected OH+H,O structures. All
the methods tested generally performed well for AX transitions,
but for two exceptions. However, widely varying performance
ranging from poor to quite good was found for the more
challenging CT transitions. Notably, in coupled cluster ap-
proaches it was found that triple excitations are of considerable
importance.

On the basis of that preliminary survey, the promising and
very efficient BHandH/6-311(2+)G* and MPW 1K/6-311(2+)G*
methods were selected for further evaluation on a larger
collection of OH+H,O structures. It was concluded that while
the BHandH/6-311(2+)G* and MPW 1K/6-311(2+)G* methods
may be suitable for qualitative study of the aqueous OH radical
spectrum, neither is adequate for quantitative treatment of the
contributions from CT transitions.

High-level EOM-CCSDT/6-311(2+)G* results on the various
OH-H,O0 structures considered, together with dielectric con-
tinuum estimates of the influence of additional bulk water
effects, were then used to propose an interpretation of the
experimental UV absorption spectrum of aqueous OH radical.
The broad main band observed experimentally to have a peak
at ~230 nm seems to arise mostly from hemibonded configura-
tions of OH with water. The intensity in the region near the
peak and on its blue side comes primarily from hemibonded
CT transitions, which have huge oscillator strengths and so
contribute out of proportion to their relative likelihood. The red
side of this peak comes primarily from hemibonded AX
transitions that have large oscillator strengths, and to a lesser
extent from CT transitions in H-bond acceptor structures. A band
at ~300 nm that grows in at high temperatures is largely due
to AX transitions in H-bond acceptor and nonbonded configura-
tions. The broad shoulder extending through the ~300—400 nm
range is largely due to AX transitions in the most stable H-bond
donor structures.

This interpretation also suggests a qualitative explanation for
the observed temperature dependence’ of the aqueous OH
radical spectrum. As temperature increases, the relative popula-
tions will shift away from any kind of bonded structures, and
particularly from the already rare weakly bound hemibonded
structures, and thereby cause the main peak found near 230 nm
to diminish. At the same time the proportion of nonbonded
structures will increase, causing a band near 300 nm to grow
in at high temperatures.

To test these tentative conclusions, it would be useful to
obtain a more extensive and more statistically representative
sampling of structures from reliable molecular dynamics simula-
tions, and also to carry out such simulations over a range of
temperatures and pressures. More suitable methods should also
be identified to perform accurate electronic structure calculations
on extracted structures having many explicit H,O molecules
around the OH radical. With such larger clusters the possibility
of the charge transfer electron coming from more than a single
water molecule should be considered. Work on all these fronts
is in progress.
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