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Water Dimer Radical Cation: Structures, Vibrational Frequencies, and Energetics
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Fourteen stationary points for the water dimer radical cation on its doublet electronic state potential energy
surface have been characterized using coupled cluster theory with single and double excitations (CCSD) and
CCSD with perturbative triple excitations [CCSD(T)]. This is done in conjunction with Dunning’s correlation
consistent polarized valence basis sets (cc-pVXZ and aug-cc-pVXZ, X = D, T, Q). Two stationary points are
found to be local minima, isomer 1 (C; symmetry) with H;O"+++OH character (hydrogen-bonded system),
and isomer 7 (C, symmetry) with [H,O+++H,O]" character (hemibonded system). Among the other stationary
points, seven are transition states, and the remaining five are higher order saddle points. The fourteen water
dimer radical cation structures lie within 45 kcal mol ™! of isomer 1. Structure 1, transition states 2 (C; symmetry)
and 3 (C, symmetry) are related through torsion of the OH group; these three stationary points fall within one
kcal mol™!, demonstrating the low energy barrier of the OH torsional mode. Adiabatic ionization energies of
(H,0), to 1 and 7 are determined to be 10.81 and 11.19 eV, respectively; the former is in excellent agreement
with the experimental value of 10.8—10.9 eV. The critical dissociation energy of 1 to H;O" 4+ OH'" is predicted
to be 26.4 kcal mol™!, while the dissociation energy of isomer 7 to H,O" + H,O is determined to be 34.7
kcal mol !, At the aug-cc-pVQZ CCSD(T) level of theory, the hydrogen-bonded 1 and hemibonded 7 minima
are separated by 8.8 kcal mol ™! with an interconversion barrier (1 — 10 — 7) of 15.1 kcal mol!. A careful
comparison is made with the recent experiments of Gardenier, Johnson, and McCoy on (H,O),"*Ar and

(H20)2+'A1‘2-

I. Introduction

Dynamical simulations and computations of the bulk proper-
ties of liquids'? become computationally tractable when energies
and forces are obtained from inexpensive methods, such as
molecular mechanics, semiempirical theory, or density functional
theory (DFT). In molecular mechanics, force fields are often
constructed to perform well for a specific problem; in this
process, ab initio information is often used to impose constraints
on the parametrization. Even when employing density functional
theory, the choice of a specific functional is usually made based
upon comparisons to ab initio results. For both of these purposes,
reference data on small model systems is typically employed.

Given the ubiquity of water in biological processes, it is
no surprise that small water clusters®~® have been investigated
extensively. These studies include the characterization of
electron attachment and localization modes (surface and
interior states) in water clusters,* ®° ionized clusters,">!072!
(H,0),,”, (H,0),™, and fragmentation processes occurring upon
ionization,'>?>~%" as well as studies of ion and neutral hydration
systems, 22228730 that is, X(H,0), and X(H,0),*, where X is a
solvated species (atom or molecule), including the protonated
clusters (Hy0),H*.715222831733 The fascinating rearrangement
dynamics of hydrogen-bond networks and unique proton transfer
mechanisms in water have led to myriad experimental
studies, 1112:20.27,30,34,35

Experiments on water clusters have primarily focused on
neutral molecules, hydrated electron clusters**~* and protonated
cluster ions (H,0),H". Protonated clusters exhibit very rich and
varied chemistry, such as electron transfer, proton transfer, and
molecular rearrangement. The smallest of these clusters,
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(H,0),H™, plays an important role in the ion chemistry of the
upper atmosphere, dominating the ion composition in the D
region in the ionosphere.** Furthermore, oxonium ions such as
H;0™ and HsO," occur as solvated charge carriers in aqueous
solutions, condensed phases (ices), and clusters such as
(H,0), H" [often referred as (H,O),*H;O', an oxonium
hydrated in a cage of 20 water molecules].** These charged
water species have been investigated experimentally and
theoretically,'>15-18.22.26.27

In contrast, much less work has been done on the electronic
and molecular structures of corresponding radical cation clusters
(H,0),*, which are, for example, generated in vivo by water
radiolysis. Early photoionization studies'? of neutral water dimer
detected a low signal of (H,O)," near threshold and determined
an upper bound of the dimer adiabatic ionization potential (aIP)
[(Hy0),] = 11.21 £+ 0.09 eV; a lower value of 10.81—10.90
eV has also been suggested.'"* Later He I photoelectron
measurements* determined the vertical ionization potential (vIP)
[(H,0),] = 12.1 £ 0.1 (*A” state) and 13.2 + 0.2 eV (PA’ state).
Shinohara et al.!! observed unprotonated (H,0)," clusters (2 <
n = 10) for the first time by applying near threshold photoion-
ization with an Ar resonance lamp (11.83 eV) for a molecular
beam expansion of H,O and Ar. Recently, Dong® detected a
small signal for (H,O),", the daughter ion for (H,O)s, using a
soft X-ray laser. These experiments suggest that the exiting
electron removes almost all of the excess energy in these
clusters. The difficulty of observing (H,0)," clusters is
attributed®®*% to the large configurational differences between
the parent neutrals and the ionized clusters, which result in small
Franck—Condon factors for the ionization process.*’~* Con-
sequently, the vertically ionized cluster is formed in a highly
vibrationally excited state, leading to dissociation.*”?%3! Dis-
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sociation of the neutral water dimer may occur via two
alternative channels:*® the “oxonium channel” [(H,0), + hv —
H;0" + OH + e, and the “water channel” [ (H,0), + hv —
H,O" + H,O + e ]. In 2009, Gardenier and co-workers?’
reported a spectroscopic study of the ion-radical hydrogen-
bonded H;O,". Based on the pattern of infrared transitions, it
was unambiguously established that this species is best described
as the H;O™+++OH" ion-radical complex.

Early theoretical studies®>? of the neutral water dimer
reported 10 stationary point structures (all with HO+++H,O
character), at the second- and fourth-order Mgller—Plesset levels
of theory.’? Later, coupled cluster with single and double
excitations (CCSD) as well as CCSD with perturbative triple
excitations [CCSD(T)] were employed to refine the structures.*®
The 10 structures include one minimum (nonplanar open Cy),
three transition states (open Cj, cyclic C; and nonplanar
bifurcated C,,), and six higher order saddle points. The energy
barriers connecting these structures range from 0.52 to 1.79 kcal
mol .

The water dimer radical cation (H,O)," has also been studied
theoretically.”* > Two different structures can result from
ionization of the neutral; one is the oxonium-like complex
H;0"++-OH, and the other is the water-like complex
[H,O+++H,0]*. In 1987, Gill and Radom characterized the 2A”
state of the hydrogen-bonded (C, symmetry) isomer and the *B,
state of the hemibonded (C,, symmetry) isomer as two minima
at the MP4/6-311G(MC)**//MP2/6-31G* level of theory.’ The
energy difference between the two isomers was found to be
8.9 kcal mol™!. Sodupe, Oliva, and Bertran located five
structures”’ of the ionized water dimer (H,0),", including two
C; minima (one hydrogen-bonded structure and one hemibonded
structure) and three transition states (two 2A” states for the C,
hemibonded isomers and one 2A” state for the C, hydrogen-
bonded isomer) at the MCPF/TZ2P++//MP2/TZ2P++ level
of theory.’” In Sodupe’s paper, the C, symmetry transition state
was found to be similar to the C; minimum structure, but with
the OH rotated out of the plane. The energy difference between
these two structures was predicted to be 0.03 kcal mol~!. The
vertical ionization energies of the water dimer were computed
to be 11.5 and 12.9 eV for the >A” and A’ states, respectively.

In the present research, a systematic theoretical study
employing the CCSD and CCSD(T) levels of theory is carried
out to investigate the molecular and electronic structures of the
water dimer radical cations. The purpose of our research is to
characterize the structures of the fourteen stationary points on
the electronic doublet potential energy surface (PES) and to
examine the dissociation pathways of ionized water dimers.
Furthermore, newly determined structures and binding energies
will be compared with previous studies*>? of the neutral water
dimer and water dimer radical cations.’®’ Our results will
hopefully serve as benchmarks, against which more approximate
models can be calibrated.

II. Theoretical Methods

The geometries of the water dimer and the different water
dimer radical cation structures were optimized at the unrestricted
coupled cluster with single and double excitations (UCCSD)¥ ¢
and UCCSD with a perturbative approximation of triple
excitations [UCCSD(T)]’*6!62 levels of theory. However,
restricted open-shell Hartree—Fock (ROHF) wave functions
were used as a reference. Structures of neutral water dimers
and water dimer radical cations discussed previously*$32-36-57
were used as starting points for geometry optimizations.
Dunning’s correlation-consistent polarized valence basis sets (cc-
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Figure 1. Geometries of the water radical cation, water, hydronium,
hydroxyl radical, and the neutral water dimer predicted at the CCSD(T)
level of theory using the aug-cc-pVQZ basis set. Bond distances are in
angstroms and bond angles in degrees.

pVXZ and aug-cc-pVXZ, where X = D, T, Q)% were
employed. The harmonic vibrational frequencies of stationary
points were determined via numerical differentiation of total
energies. Second order Mgller—Plesset perturbation theory
(MP2)% was employed in the intrinsic reaction coordinate (IRC)
analysis.

The computations were carried out using QChem 3.1,
Molpro 2006.1,°” the Mainz-Austin-Budapest (MAB) version
of ACESIL% and PSI3.7°

III. Results and Discussion

A. Structural Analyses. The optimized structures of the
neutral water dimer and the fourteen stationary points (1—14,
numbered in order of increasing energy) of the water dimer
radical cation [at the aug-cc-pVQZ CCSD(T) level of theory]
are displayed in Figures 1—4 and Table 1. The Cartesian
coordinates (in bohr) of the water dimer radical cation stationary
points at aug-cc-pVQZ CCSD(T) level of theory discussed
herein are available as Supporting Information.

These fourteen (H,O)," stationary points may be classified
in the following three categories: Group A (H,O—H™:+OH)
— proton transferred structures (1—5) with a bridging hydrogen,
Group B (H;0"++-OH) — proton transferred structures (6 and
9) without the hydrogen bridge, and Group C ([H,O-++H,0]")
— hemibonded structures (7, 8, 10—14). For the proton-
transferred (H;O%++<OH) complex, the positive charge lies
mainly on the H;O" fragment, while for the hemibonded
([H,O+++H,0]") complex, the positive charge is delocalized
between the two monomers.

1. Group A. Structures 1—5 (shown in Figure 2) all fall into
group A as a result of their connectivity, but have different
orientations of the OH group. Among these five structures
isomer 1 is the global minimum on the doublet electronic ground
state PES, while 2 and 3 are transition states connecting mirror
images of 1 via OH torsion. Structures 4 and 5 are analogous
to 1—3, but with different symmetry constraints imposed.
Comparing the neutral water dimer global minimum (A’ C,)
and the water dimer radical cation 1 (A C)) structure, there
are significant geometrical changes:

(1) the symmetry of the dimer is lowered from C; to C; upon
ionization;
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Figure 2. Geometries of the water dimer radical cation structures 1—5
predicted at the CCSD(T) level of theory using the aug-cc-pVQZ basis
set. Bond distances are in angstroms and bond angles in degrees.

(2) the hydrogen bond (H-bond) is slightly closer to linearity
for the dimer radical cation [8,(OH-+-O) = 173.4°] than for
the neutral [6,(OH++-O) = 171.6°];

(3) the oxygen—oxygen distance of the dimer radical cation
[ro(O1+++0y) = 2.506 A] is shorter than that of the neutral
[r(O;+++0,) = 2.910 Al;

(4) the H-bonded OH bond distance for the dimer radical
cation [r,(O,Hy) = 1.048 A] is longer than that for the neutral
[r.(0H,) = 0.965 A];

(5) the non H-bonded OH bond distances for the dimer radical
cation [r,(O,Hs) ~ r,(O,Hg) = 0.971 A] are longer than those of
the neutral water dimer [r,(O,Hs) = r.(O,Hg) = 0.960 A], but
shorter than that of the isolated H;O" cation [r,(OH) = 0.977 A];

(6) the non H-bonded OH bond distance of the dimer radical
cation [r,(O;H;) = 0.978 A] is elongated compared to those of
the isolated OH radical [r.(OH) = 0.971 A] and especially the
neutral dimer [r,(O,H;) = 0.958 AJ;

(7) the non H-bonded HOH bond angle for the (H,0),"
radical cation [6,(HsO,H¢) = 110.2°] is larger than that for the
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Figure 3. Geometries of the water dimer radical cation structures 6
and 9 predicted at the CCSD(T) level of theory using the aug-cc-pVQZ
basis set. Bond distances are in angstroms and bond angles in degrees.

neutral (H,O), [0.(HsO,Hg) = 104.8°], but smaller than that
for the isolated H;O™" cation [0,(HOH) = 111.7°].

2. Group B. Structure 6 and 9 (shown in Figure 3) are similar
to the group A structures because of their proton transferred
nature, but lack a hydrogen bond. These structures are not
minima on the potential energy surface.

3. Group C. All seven structures in group C (shown in Figure
4) lack hydrogen bonding between the two H,O units; they are
instead hemibonded complexes. Of all group C structures, only
7, which possesses C, symmetry, is a local minimum. Compar-
ing the water dimer radical cation 7, to the neutral water
monomer H,O, and the isolated water radical cation H,O", there
are some notable geometric differences due to complexation:

(1) the OH bond distance for the dimer radical cation 7
[r.(OH) = 0.977 A] is in-between those for H,O [r,(OH) =
0.959 A] and H,O" [r,(OH) = 1.000 AJ;

(2) the HOH bond angle for the dimer radical cation 7
[6,(HOH) = 105.7°] is in-between those for H,O [0, (HOH) =
104.4°] and H,O" [6,(HOH) = 109.3°].

The water dimer radical cation 10 is the isomerization
transition state connecting 1 and 7. The transition from 1 to 7
primarily involves the transfer of hydrogen atom 4 from O, to
0O,, followed by a rotation of the H;—O;—H, subunit. To trace
the path of this proton transfer reaction within the water dimer
radical cation, the intrinsic reaction coordinate (IRC) method
was adopted using the aug-cc-pVDZ MP2 method. The sche-
matic potential energy surface (in kcal mol™!) is shown
pictorially in Figure 5, where selected geometries along the
intrinsic reaction coordinate (IRC) between 1, 10 and 7 are
included. By starting at the transition structure 10 and following
the line of steepest decent in the metric of mass-weighted
coordinates we confirm that 10 does, indeed, connect structures
1 and 7. The reaction path shows the hydrogen donor water
fragment of the minimum C; rotates one of its hydrogen atoms
toward the hydrogen acceptor water, and rotates another
hydrogen away from the acceptor, which connects to the
transition state 10. Then the inner hydrogen moves all the way
to the oxygen of the hydrogen acceptor water, which connects
to the global minimum 1.

The other five stationary points in category C were located
on the PES using symmetry constraints to the structure.
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Figure 4. Geometries of the water dimer radical cation structures 7, 8, and 10—14 predicted at the CCSD(T) level of theory using the aug-cc-
pVQZ basis set. Bond distances are in angstroms and bond angles in degrees.

TABLE 1: Optimized Geometrical Parameters of (H,0), and the Fourteen Stationary Points of (H,0)," at the aug-cc-pVQZ
CCSD(T) Level of Theory*

structure 70,0, ToH, 00,10, Ous0.1, TH,0,0,H; TH,0,0.H; TH¢0,0,H,
(H,0), C; 2.910 1.951 171.6 110.9 0.0 122.9 —-122.9
1 C, 2.506 1.048 173.4 112.8 —39.7 —154.5 —28.3
2 trans-Cy 2.513 1.049 177.4 113.0 0.0 117.8 —117.8
3 cis-C, 2.508 1.046 169.9 114.0 0.0 —66.6 66.6
4 planar C; 2.469 1.054 172.1 122.8 0.0 0.0 180.0
5 planar C,, 2.548 1.006 180.0 121.1 0.0
6 C, 2.548 0.974 30.3 112.5 180.0 —83.3 83.3
7 C, 2.024 2.296 61.7 123.0 106.6 —-156.7 96.8
8 Cy, 2.029 2.342 59.5 120.5 106.2 180.0 73.8
9 planar C,, 2.511 0.966 0.0 122.5 0.0
10 C, 2.210 1.715 106.2 130.5 104.5 —133.7 118.4
11 cis-bifurcated Cs, 2.505 3.172 38.5 50.4 180.0 90.0 -90.0
12 trans-bifurcated C,, 2.693 3.373 38.8 124.4 180.0 90.0 -90.0
13 Dy, 1.897 2.511 41.4 138.6 180.0 180.0 0.0
14 planar C,, 2.173 2.150 78.3 152.0 180.0 180.0 0.0

“Bond lengths are in angstroms; bond angles and dihedral angles are in degrees.
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Figure 5. Intrinsic reaction coordinate (IRC) for the proton-transfer process involving water dimer radical cation structures 1, 7, and 10 at the

aug-cc-pVDZ MP2 level of theory.
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8888

Neutral water dimer HOMO 2a"
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1.C 10a 7.C; 5h
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Figure 6. Singly occupied molecular orbitals (SOMO) of H,0", OH,
and the (H,0)," equilibria 1 and 7. Also shown are the highest occupied
molecular orbitals (HOMO) of H,O, H;0", and the (H,O),.

B. Electron Configurations and Charge Distribution.
1. Electron Configurations of Standard H,0, H,0™, (H;0),
and Vertical Ionized States of (H0), The highest occupied
molecular orbitals (HOMO) of H,O, (H;0)", and (H,0),, and
the singly occupied molecular orbital (SOMO) of H,O% and
OH- are shown in Figure 6.

The ground electronic state of the H,O monomer X'A, (Cy)
has the electron configuration

[core]2a,*1b,*3a,”1b,>

where [core] denotes the lowest-lying core [O: 1s-like] orbital
la;. The highest occupied molecular orbital (HOMO) 1b; is
predominantly the 2p (out of plane orbital) of the O atom.The
ground electronic state of the H,O' X 2B, (C,,) has the electron
configuration

[core]2a,*3a,”1b,’1b,

where the singly occupied molecular orbital (SOMO) is the 1b,
orbital (2p of the oxygen atom) as mentioned above.

The ground electronic state of the neutral water dimer (H,0),
X 'A’ (C,) has the electron configuration

2421 12 R 2 P2 r2m 1R
[core]3a’4a’"1a”"5a’"6a’"7a’"8a"2a”

where [core] denotes the two lowest-lying core [O: 1s-like] orbitals
la” and 2a’. The 7a” orbital represents the in-plane O—H bonding
orbital which is formed from the proton donor 3a; orbital and the
proton acceptor 1b,; orbital. The 8a” orbital mainly consists of the
0, oxygen 2p orbital in the C; plane, while the 2a” (HOMO) orbital
represents the O, oxygen 2p orbital perpendicular to the C; plane.
The orbital energy of the 8a” orbital (—0.53 hartree at the aug-cc-
pVQZ RHF level) is significantly lower than that of the 2a” orbital
(—0.48 hartree at the same level).

The lowest energy X 2A” (C,) vertical ionized state of the
neutral water dimer has the following electron configuration

[core]3a*4a’*5a"%6a"* 12" *Ta"*8a"*2a”

where the 8a” and 2a” (SOMO) orbital energies are —0.72 and
—0.66 hartree at the aug-cc-pVQZ ROHF level, whereas the A
ZA’ (C,) vertical ionized state of the (H,O), has the electron
configuration

S TR, YO S Y, W
[core]3a’4a’"1a”"5a’"6a""7a"2a"“8a”
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where the 2a” and 8a” (SOMO) orbital energies are —0.93 and
—0.73 hartree at the same level of theory.

2. Electron Configurations of the Water Dimer Radical
Cation Isomers 1 and 7. The singly occupied molecular orbitals
(SOMO) of the (H,0)," isomers 1 and 7 are shown in Figure
6.

The hydrogen-bonded equilibrium structure 1 of the water
dimer radical cation (H,0)," X 2A (C)) in Group A has the
following electron configuration

[core]3a24325 a’6a’7a’8a’9a’10a

where [core] denotes the two lowest-lying core [O: 1s-like]
orbitals 1a and 2a. The single electron occupying the 10a orbital
“experiences” predominantly O; oxygen 2p character. The
hemibonded structure 7 of the water dimer radical cation
(H,0)," 2B (C,) has the following electron configuration

[core]2a’2b*3a?3b%4a’4b’5a°5b

where the 5b orbital (SOMO) also has O, oxygen 2p character.
For this isomer there is the possibility of symmetry breaking
of the ROHF reference wave function.”'~* In particular, the
SOMO may have a propensity to localize on either oxygen atom.
We consider this problem in more detail when discussing the
vibrational frequencies of isomer 7.

3. Charge Distributions of the Neutral Water Dimer and
the Water Dimer Radical Cation Isomers 1 and 7. Natural
population analysis (NPA) of atomic populations”>~77 for the
neutral water dimer and the water dimer radical cation isomers
1 and 7 are reported in Figure 7. To form the cation, one electron
must be removed from the electron-rich O; 2p orbital in neutral
water dimer. There are two possibilities for charge redistribution
to prevent O; from carrying a positive charge. The lowest energy
isomer 1 results from atom H, migrating toward atom O, to
form H;O", and OH", which are bound by a hydrogen bond.
The other option is for the monomers to reorient and equally
share the charge. This will lead to isomer 7, which has C,
symmetry. The NPA results of isomer 1 and 7 with ROHF
reference agree with those with UHF reference.

C. Harmonic Vibrational Analyses: Comparison to Re-
lated Experiments. The 12 harmonic vibrational frequencies
for the different structures of (H,O)," at the aug-cc-pVQZ
CCSD(T) level of theory are presented in Table 2. The harmonic
vibrational frequencies for the two minima 1 and 7 with the six
different basis sets at the CCSD and CCSD(T) levels of theory
are provided as Table 3 of Supporting Information, the IR
intensities at the cc-pVTZ CCSD level of theory are also
included.

Accompanying the formation of the water dimer, six ad-
ditional low frequency vibrational motions are generated.
Because of low energy barriers along those six vibrational
modes, a number of stationary points have been located on the
potential energy surface, specifically incorporating symmetry
constraints for the dimer.

Among the five structures (1—5) in Group A (H,O—H"++-OH
hydrogen-bonded system), isomer 1 is found to be the equilib-
rium structure, 2, 3, and 4 are transition states, and structure 5
is a second-order saddle point. The eigenvectors for the
imaginary vibrational frequencies of structures 2 and 3 are
associated with O;H; group rotations along the O,H,0, axis.
Structures 2 and 3 connect the two mirror images of isomer 1
in trans- and cis- conformation, respectively. The imaginary
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The neutral water dimer
-0.95
0.45
The water dimer radical cation
1.C,;
0.56 (0.56)
& 0.48 (0.47)
0.55 (0.55)
-0.80 (-0.80) (-~ - -ﬁ
-0.36 (-0.35)
0.57 (0.57)
7.C;
0.52(0.33) 0.52 (0.53)
-0.55 (-0.57) - -0.55 (-0.57)
0.53 (0.54)
0.53 (0.54)

Figure 7. NPA atomic populations for the neutral water dimer and
the water dimer radical cation isomers 1 and 7 with ROHF reference
(values with UHF reference are in parentheses).

frequency of structure 4 may be attributed to the constraint on
the planar conformation of the H;O" fragment, since the
eigenvector of this frequency is the pyramidalization mode of
H;0™, leading to 1. There are two imaginary frequencies of
structure 5, and the corresponding eigenvectors are related to
the tilting of the O;H; bond from linearity and the pyramidal-
ization of the planar H;O™ fragment.

Group B structure 6 (H;O% +++OH) is found to be a transition
state and structure 9 a second-order saddle point. The eigen-
vector corresponding to the imaginary frequency of structure 6
involves the rotation of the H atoms of the H;O™ fragment along
the O+++O axis to form a hydrogen-bonded structure. The two
eigenvectors corresponding to imaginary frequencies for struc-
ture 9 are related to the rotation of the H atoms along the O+++O
axis and the pyramidalization of the planar H;O" fragment.

Among the seven structures in Group C (the [H,O++*H,0]"
hemibonded system), isomer 7 is found to be a minimum, 8,
10, and 11 are found to be transition states, and structures 12—14
are found to be higher-order saddle points. The normal mode
with an imaginary frequency for structure 8 lowers the symmetry
from C,, (8) to C, (7), while that for structure 11 lowers the
symmetry from C,, (11) to C, (7). Structure 10 is the transition
state for the isomerization reaction between 1 and 7. The
eigenvector of imaginary frequency (615i cm™') lowers the
symmetry of 7 from C, to C; by shifting the H, atom toward
the O, atom to form a hydrogen bond.

Among the 12 vibrational modes of all the water dimer radical
cations, the four highest frequencies are associated with the four
OH stretching motions. Structures 1—3 in Group A and structure
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TABLE 2: Harmonic Vibrational Frequencies (in cm™!) of the Neutral Water Dimer (H,0), and the Fourteen Stationary
Points of Water Dimer Radical Cation (H,0)," at the aug-cc-pVQZ CCSD(T) Level of Theory
w (23] w3 Wy ws We w7 wg W9 Wi w1y w12
H,O 3940 3831 1649
H,O" 3440 3383 1474
H;0% 3699 3699 3600 1699 1699 896
OH 3738
neutral 3931 3912 3825 3748 1671 1651 618 354 186 151 143 127
1 3780 3702 3666 2373 1719 1658 1050 617 503 400 360 98
2 3776 3700 3662 2364 1675 1651 1157 625 447 439 359 T8i
3 3787 3708 3668 2403 1670 1649 1111 579 454 452 357 158i
4 3872 3769 3663 2254 1692 1568 784 618 396 375 148 521i
5 3864 3764 3738 3033 1674 1621 584 475 334 330 476i 620i
6 3728 3720 3628 3588 1680 1655 1016 403 289 284 246 349
7 3713 3711 3638 3594 1611 1585 804 653 637 631 481 67
8 3709 3708 3637 3592 1621 1584 808 654 641 631 477 52i
9 3841 3762 3728 3650 1609 1557 468 321 285 257 328i 663i
10 3815 3702 3575 3351 1610 1545 637 511 465 412 302 615i
11 3865 3783 3337 3270 1685 1461 465 454 348 332 172 600i
12 3908 3817 3472 3404 1679 1462 328 290 173 162i 252i 576i
13 3884 3883 3710 3672 1497 1130 565 545 532 330i 1096 1244
14 3869 3816 3756 3558 1573 568 523 353 81 383i 603i 2042i

TABLE 3: Comparison of the Present Water Dimer Radical Cation Vibrational Frequencies (in cm™') with Those of

Gardenier, Johnson, and McCoy?"

(H0)' (H;0)," + Ar (H;0)," + Ar,
This work
CCSD(T) a Eilg/-[P\ZIDZ Experiment a Eiz/-IP\ZIDZ Experiment a }iICV_IP\Z/DZ
augco-pVQz  MECCP ug-ce-p ug-ce-p
v, 98 99 89 89
Viend 1658 1643 1543 1635 1601 1644
Vaw 1719 1696 1699 1697
1863 1916
Vay P (< 2373 2320 1975 2475 2021 2593
2078 2155
v, 2
1 O
/)~(( 3702 3660 3392 3450 3392 3544
Vo, N
Vou //)_(< 3666 3678 3511 3685 3499 3691
Vi 7
o or o 3780 3758 3591 3732 3408 3614
Vore. 4 N

@ The latter authors also report results for (HO),"*Ar, (n = 0, 1 and 2). The theoretical frequencies are harmonic, while the experimental

frequencies are fundamentals.

6 in Group B all have three HOH bending modes (the next
highest frequencies) related to the H;O moiety of the cation,
the third one corresponds to the pyramidalization motion
including all three OH bonds. While structures 4 and 5 in Group
A and structure 9 in Group B present two HOH bending and
one out-of-plane motions. The seven structures (7, 8, 10—14)
in Group C show two HOH bending motions from each of the
H,0 and H,O" fragments, respectively.

For the (H,O)," isomer 1 the antisymmetric (w; = 3780
cm™!), and symmetric (w, = 3702 cm™!) stretches of the H;O"
fragment are higher than those for the isolated H;O" molecule,
whereas they are lower than those for the neutral water dimer.
The third OH stretch (w3 = 3666 cm™!, OH radical moiety) is
lower than that (3738 cm™!) of the isolated OH radical, due to
the longer OH bond distance. The shared O,Hy (w4 = 2373
cm™!) stretching feature of isomer 1 shows the lowest OH
stretching frequency, reflecting the longest OH separation (1.048
A hydrogen-bonded) in the molecule.

Very recently, Gardenier, Johnson, and McCoy (GJM) trapped
the nascent [H;O'e"OH] exit channel intermediate via Ar-

mediated ionization of the neutral water dimer. They character-
ized the nature of the ion-radical complex using vibrational
predissociation spectroscopy of the Ar-tagged species.?” Gar-
denier reported the spectra of HyO,"*Ar,, for one or two argon
atoms bound to the H;O" end of the [H;O"*"OH] complex. The
Johnson—McCoy collaboration also computed the harmonic
vibrational frequencies of the equilibrium structure at the UMP2/
aug-cc-pVDZ level. There are considerable differences between
the experimental fundamental and theoretical harmonic frequen-
cies, presumably largely due to anharmonic effects. The
comparison of vibrational frequencies (in cm™') from Gardenier,
Johnson, and McCoy and our research is shown in Table 3.
For both the one and two argon-bound [H3;0""OH] spectra,
there are three peaks corresponding to OH stretching, in the
3200—3600 cm™! region. The experimental asymmetric OH
stretches are at 3408 and 3591 cm™!, respectively, for the
(H,0),"*Ar, and (H,0),"*Ar complexes. This large difference
between the above two frequencies reflects the strong interaction
of the radical cation with argon. For isomer 1, from our research
the harmonic asymmetric OH stretch (w,) of the H;O™ fragment
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at the aug-cc-pVQZ/CCSD(T) level is 3780 cm™', necessarily
higher than the observed fundamentals, but in good agreement
with the aug-cc-pVDZ/UMP2 harmonic frequencies 3758 cm™!
for the no Ar-attatched (H,O)," [3732 and 3614 cm™' for
(H,0),%*Ar, (n = 1 and 2)]. The symmetric stretch harmonic
frequency (w, = 3702 cm™!) of the H;O" fragment at the aug-
cc-pVQZ/CCSD(T) level is also in reasonable agreement with
the aug-cc-pVDZ/UMP2 result at 3660 cm™! [3450 and 3544
cm™! for (H,0),"*Ar and (H,0),"*Ar;]. The analogous experi-
mental features for (H,O), *Ar and (H,0),"*Ar; lie at 3392 and
3392 ¢cm™!. The third high-frequency peak corresponding to the
OH stretch of the OH radical moiety, is observed at 3511 and
3499 cm™! for (H,0), *Ar and (H,0), *Ar,. Our result (w; =
3666 cm™') is in good agreement with GIM’s aug-cc-pVDZ/
UMP2 harmonic frequency at 3678 cm™! [3685 and 3691 cm™!
for (H,0), *Ar and (H,O),"*Ar,].

With the introduction of the first and second argon atoms,
there is an approximately 100 cm™! blue shift in the shared
O-++H stretch region (1800—2000 cm™!) of the spectra. This
experimental shift is opposite in direction to the shift in the
exterior OH stretch [the shared O-«++H stretching frequency in
(H,0),%*Ar; is higher than that in (H,O),"*Ar]. We predict this
O--+H stretching mode to be at 2373 cm™! for the Ar-free
(H,0),™ from the aug-cc-pVQZ/CCSD(T) level, 53 cm™! higher
than the aug-cc-pVDZ/UMP2 result for (H,0),™ (2320 cm™),
but lower than the aug-cc-pVDZ/UMP?2 results for (H,O), *Ar
and (H,0),"*Ar, (2475 and 2593 cm™'). GIM states that the
fundamental in the intracomplex proton-transfer mode appears
as a triplet rather than as a single peak. They tentatively assigned
this feature to reflect the hindered OH rotational structure of
the hydroxyl moiety, built off the fundamental associated with
the bridging proton vibration parallel to the O«++O axis. In our
research, among the seven proton-transferred structures in Group
A (1-5) and B (6 and 9), four structures (2—4 and 6) were
found to be transition states, which may be connected to the
global minimum 1. Specifically, three transition states (2—4)
lie no more than 1.44 kcal mol™! (0.60 kcal mol~! with ZPVE
corrections) above 1. Therefore, these low barrier (low imagi-
nary frequency) motions might produce such complicated triplet
splitting spectra for the Ar-tagged (H,0)," complexes, as also
suggested by GIM.

In the (H,0)," vibrational spectrum, there is also a water bend
region (1500—1600 cm™!), which corresponds to the intermo-
lecular (HOH) bend of the hydronium constituent or the off-
axis displacement of the shared proton. We predict the
corresponding harmonic frequencies at 1719 and 1658 cm™! with
aug-cc-pVQZ/CCSD(T) method; while at aug-cc-pVDZ/UMP2
level of theory, GJM computed the two harmonic frequencies
at 1696 and 1643 cm™' for the Ar-free (H,O),™.

The four OH stretching frequencies of the hemibonded
structure 7 fall between the two OH stretching frequencies of
the neutral water monomer and those of the water monomer
cation, due to the intermediate OH bond distances. The two
HOH bending frequencies of 7 again fall between the bending
frequencies of H,O and H,O™, reflecting the intermediate HOH
bond angles. An orbital stability analysis of the ROHF wave
function used in the harmonic vibrational frequencies calculation
reveals that there is one instability connected to the mixing of
SOMO and SOMO-—1. This leads to localization of the SOMO
and SOMO—1 as well as charge localization on the two
equivalent oxygen atoms. To examine the effect of this orbital
instability on the frequencies, we have reoptimized the geometry
and recomputed vibrational frequencies for isomer 7 at the UHF-
UCCSD level using the cc-pVTZ basis set. At this level of
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theory, the UHF reference does not show any orbital instability
and the relative energy and frequencies are in very good
agreement with the ROHF-UCCSD results. The UHF-UCCSD
relative energy deviates from the ROHF-UCCSD value by 0.44
kcal mol~!. The largest shift in the vibrational frequencies is
found for the HOH wagging (B) mode (676 cm™' for UHF-
UCCSD and 660 cm™! for ROHF-UCCSD). Consequently, we
believe that for the highly correlated wave functions adopted
in this work, there are no significant effects from the instability
of the ROHF reference on the energetics and the physical
properties of water dimer cation. Table 2 reveals that structures
13 and 14 possess imaginary vibrational frequencies with
alarming high magnitudes. To confirm that these are not artifacts
of symmetry breaking, we preformed stability analyses on the
ROHF reference wave functions, confirming their stability.
UHF-UCCSD theory yields similar vibrational frequency results.

D. Energetics. The schematic potential energy surface
[CCSD(T) level with aug-cc-pVQZ basis] for proton-transfer
and dissociation processes for the hemibonded isomer 7 and
the hydrogen-bonded isomer 1 is shown in Figure 8. The
complete list of electronic energies for all stationary points is
provided in the Supporting Information.

Relative energies (in kcal mol™!) of all the stationary points
of (H,0)," with respect to the global minimum of water dimer
radical cation (isomer 1) at the CCSD and CCSD(T) levels with
the cc-pVQZ and aug-cc-pVQZ basis sets are presented in Table
4. The energy differences between these 14 stationary points
are in the range 0.05—45.5 kcal mol™! with the aug-cc-pVQZ
CCSD method, and 0.05—44.6 kcal mol~! with the aug-cc-
pVQZ CCSD(T) method.

At our highest level of theory, aug-cc-pVQZ CCSD(T), the
global minimum of the water dimer radical cation isomer 1 (in
group A, hydrogen-bonded system) is predicted to be 7.1 kcal
mol~! (8.8 kcal mol™! with the zero-point vibrational energy,
ZPVE) lower in energy than isomer 7 in Group C (hemibonded
system). Gill and Radom computed this energy difference to
be 8.9 kcal mol™! at the MP4/6-311G(MC)**//MP2/6-31G*
level of theory,>® while Sodupe and Bertran determined the
energy difference to be 9.8 kcal mol™! at the MCPF/TZ2P++//
MP2/TZ2P++ level of theory,”” and 7.7 kcal mol™' using
DFT.” Quite recently, Pieniazek et al. computed the energy
difference of the two isomers to be 8.2 kcal mol™! at the
CCSD(T)/6-3114++G**//[EOM-IP-CCSD/6-311++G** level of
theory.! The energy barrier for the forward (1 — 10 — 7)
reaction between the two isomers is here predicted to be 15.1
(also 15.1 with ZPVE correction) kcal mol™! at the aug-cc-
pVQZ CCSD(T) level of theory. For the reverse (7 — 10 — 1)
reaction the barrier is predicted to be 8.1 (7.4 with ZPVE
correction) kcal mol ™.

The potential energy surface that connects the hydrogen-
bonded isomers 1, 2 and 3 is extremely flat. The transition states
2 (trans-C,) lies 0.05 kcal mol™!, and 3 (cis-C,) is 0.73 kcal
mol~! higher in energy than the global minimum 1 at the aug-
cc-pVQZ CCSD(T) level. With ZPVE correction, 2 (trans-Cy)
is 0.06 kcal mol™! lower in energy and 3 (cis-Cy) is 0.60 kcal
mol~! higher in energy at the same level of theory. Since the
imaginary vibrational frequencies of 2 and 3 are only 78i and
1586 cm™! (0.22 and 0.45 kcal mol '), such small PES energy
differences cannot hinder essentially free O;H; rotation about
the OH,O, axis.

The neutral water dimer (H,0), ('A” state with C; symmetry)
obviously has a lower energy than two separated water
molecules. This is due to hydrogen bonding, yielding a
destabilization of the HOMO orbital of the proton donor and
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Figure 8. Schematic potential energy surface (in kcal mol™!, ZPVE corrected values in parentheses) showing proton-transfer and dissociation processes
for the hemibonded and hydrogen-bonded water dimer radical cation structures 1, 7, and 10 at the aug-cc-pVQZ CCSD(T) level of theory.

TABLE 4: Relative Energies (in kcal mol™!, ZPVE
Corrected Values in Parentheses) of the 14 Stationary Points
of the Water Dimer Radical Cation (H,0)," with Respect to
Isomer 1 at the CCSD and CCSD(T) Levels

CCSD/ CCSD/ CCSD(T)/ CCSD(T)/
cc-pVQZ aug-cc-pVQZ cc-pVQZ aug-cc-pVQZ
1 0.0000.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
2 0.04(=0.07)  0.05(—0.06)  0.04(—0.08)  0.05(—0.06)
3 0.74(0.58) 0.71(0.58) 0.75(0.60) 0.73(0.60)
4  1.37(0.26) 1.39(0.27) 1.42(0.29) 1.44(0.31)
5 419 4.18 5.29 5.24
6 630 6.25 6.75 6.67
7 10.15(12.01) 9.90(11.74) 7.41(9.14) 7.09(8.80)
8 10.15(11.94) 9.90(11.69) 7.41(9.05) 7.10(8.72)
9 8.68 8.62 9.26 9.17
10 16.81(16.99) 16.65(16.49) 15.37(15.41)  15.14(15.14)
11 20.34(19.35)  20.27(19.23)  20.27(19.25)  20.18(19.10)
12 36.59 36.11 36.85 36.29
13 36.75 36.38 34.71 34.24
14 45.89 45.52 45.09 44.63

stabilization of the HOMO orbital of the proton acceptor.
Removing one electron from the neutral water dimer forms a
2A” vertical ionized state, and subsequent geometrical relaxation
of the 2A” ionic state leads to the structure with the hydrogen
atom involved in the hydrogen bonding transferred to the water
acceptor molecule.

The binding energies of (H,0)," with respect to isolated H;O"
plus OH" and isolated H,O" plus H,O are presented in Table 5.
With the aug-cc-pVQZ basis set, the binding energies for the
14 stationary points fall in the range 0.9—46.4 kcal mol™!
(CCSD), 2.1—46.7 kcal mol™! [CCSD(T)] compared to (H,O"
+ H,0) fragments. Therefore, all these stationary points of the
water dimer radical cation are at least somewhat more favorable
than the isolated H;O" and H,O molecules. The total energy of
isolated OH radical and H;0" molecules is lower than the
isolated H,O and H,O" molecules [24.8 kcal mol™! lower at
CCSD and 24.4 kcal mol~! lower at CCSD(T)]. The binding
energies for all these stationary points with respect to the
fragments (H;O™ + OH*) are determined to be —23.9 to 21.7

kcal mol~! (CCSD), and —22.3 to 22.3 kcal mol~! [CCSD(T)].
The water dimer radical cation structures 12, 13, and 14 have
higher energies than the isolated H;O™ and OH* molecules. The
binding energies in Table 5 confirm that the dissociation of
(H,0)," is more likely going through the oxonium channel
(H;0" + OH-) rather than the water channel (H,O" + H,0),
especially considering the structure of 1.

Relative energies (in eV) of all the stationary points of
(H,0),™ with respect to the ground electronic state of the neutral
water dimer X 'A” at the CCSD and CCSD(T) levels with the
cc-pVTZ, cc-pVQZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets
are displayed in Table 6. With the aug-cc-pVQZ basis set, the
energy differences range 10.74—12.71 eV at the CCSD level
and 10.84—12.77 eV at CCSD(T) level. Including the zero-
point vibrational energy (ZPVE) correction, the energy differ-
ences are 10.71—12.57 eV and 10.81—12.63 eV at the CCSD
and CCSD(T) levels of theory with the same basis set,
respectively.

The adiabatic ionization energy of the water dimer from our
study is 10.8 eV (also 10.8 eV with ZPVE correction) using the
aug-cc-pVQZ CCSD(T) method, which is in excellent agreement
with the experimental adiabatic (threshold) ionization energy of
10.8 — 10.9 eV. The theoretical >A” state vertical ionization energy
of 11.9 eV at the same level of theory is in reasonable agreement
with the experimental value of 12.1 4 0.1 eV.”® This large
difference (1.1 eV) between the vertical and adiabatic ionization
energies is due to the tremendous change in the equilibrium
geometries between the neutral water dimer and the water dimer
radical cation. The theoretical vertical ionization energy for the
2A’ state is 13.2 eV (at the same level of theory), where the
experimental value is 13.2 £ 0.2 V.5 This IP is significantly
higher than the first ionization energy, reflecting the considerable
difference in the 2a” (—0.48 hartree) and 8a” (—0.53 hartree) orbital
energies for the neutral water dimer.

IV. Conclusions

Ab initio coupled-cluster electronic structure theory has been
employed in order to investigate the water dimer radical cation
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TABLE 5: Relative Energies (in kcal mol™!, ZPVE Corrected Values in Parentheses) of the 14 Stationary Points of Water
Dimer Radical Cation (H,0)," with Respect to the Water (H,O" + H,0) and the Oxonium (H;O"-++OH) Dissociation Channels
at the CCSD and CCSD(T) Levels Using the aug-cc-pVQZ Basis Set

structure (H,O"™—H,0) (H;0"™—O0H)
CCSD/aug-cc-pVQZ CCSD(T)/aug-cc-pVQZ CCSD/aug-cc-pVQZ CCSD(T)/aug-cc-pVQZ
1 Cy 46.43(43.20) 46.68(43.52) 21.66(25.69) 22.31(26.38)
2 trans-Cy 46.38(43.26) 46.64(43.58) 21.61(25.75) 22.27(26.43)
3 cis-C; 45.71(42.62) 45.96(42.92) 20.94(25.11) 21.59(25.77)
4 planar C; 45.03(42.93) 45.24(43.21) 20.26(25.42) 20.88(26.06)
5 planar G, 42.25 41.44 17.48 17.07
6 C, 40.18 40.01 15.41 15.64
7 C, 36.53(31.46) 39.59(34.72) 11.76(13.95) 15.22(17.57)
8 Cyy 36.53(31.51) 39.59(34.80) 11.76(14.00) 15.22(17.65)
9 planar G, 37.81 37.51 13.04 13.14
10 Cy 29.78(26.71) 31.54(28.39) 5.01(9.20) 7.17(11.24)
11 cis-bifurcated C,, 26.16(23.97) 26.50(24.42) 1.39(6.46) 2.13(7.27)
12 trans-bifurcated C,, 10.31 10.39 —14.45 —13.98
13 Dy, 10.05 12.45 —14.72 —11.92
14 planar C,, 0.90 2.05 —23.87 —22.32

TABLE 6: Relative Energies (in eV, ZPVE Corrected
Values in Parentheses) of the 2A” and *A’ Vertical Ionized
States of the Neutral Water Dimer and the Fourteen
Stationary Points of Water Dimer Radical Cation (H,0),"
with Respect to the Ground Electronic State of the Neutral
Water Dimer at the CCSD and CCSD(T) Levels®

CCSD/ CCSD/ CCSD(T)/ CCSD(T)/
cc-pVQZ  aug-cc-pVQZ  cc-pVQZ  aug-cc-pVQZ
(H,0),  0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
N 13.22 13.28 13.16 13.21
N 11.71 11.77 11.78 11.85
1 10.66(10.63)  10.74(10.72)  10.74(10.72) 10.84(10.81)
2 10.66 10.74 10.75 10.84
3 10.69 10.77 10.78 10.87
4 10.72 10.80 10.81 10.90
5 10.84 10.92 10.97 11.06
6 10.93 11.01 11.04 11.13
7 11.10(11.15) 11.17(11.23) 11.07(11.11) 11.14(11.19)
8 11.10 11.17 11.07 11.14
9 11.03 11.11 11.15 11.23
10 11.39 11.46 11.41 11.49
11 11.54 11.62 11.62 11.71
12 12.24 12.30 12.34 12.41
13 12.25 12.32 12.25 12.32
14 12.65 12.71 12.70 12.77

“ Experimental value = 10.8—10.9 eV from ref 14.

molecules. Fourteen stationary points have been located on the
electronic doublet ground state PES. Based on the harmonic
vibrational frequency analyses, two minima (0i) with C, and
C, symmetries, 7 transition states (1), and 5 higher order saddle
points (2i or more) have been characterized. Stationary point
geometries and energetics are very sensitive to basis sets and
levels of sophistication. At our highest level of theory, aug-cc-
pVQZ CCSD(T), the energy differences among all these radical
cation stationary points fall in the range of 44.6 kcal mol™'.
The global minimum of the water dimer radical cation has been
confirmed to be a hydrogen-bonded system with C point group
symmetry 1, which lies 7.1 (8.8 with ZPVE correction) kcal
mol~! lower in energy than the hemibonded isomer 7 with C,
point group symmetry. The dissociation energy of isomer 1 via
the oxonium channel [H,O—H"++<OH — H;O0" + OH-] has
been predicted to be 22.3 (26.4 with ZPVE correction) kcal
mol~!. The dissociation energy of isomer 7 via the water channel
[(H,0)," — H,0O" + H,0] is predicted to be 39.6 (34.7 with
ZPVE correction) kcal mol~!. The energy barrier for the forward
(1 — 10 — 7) isomerization reaction between the two isomers

has been determined to be 15.1 (also 15.1 with ZPVE correction)
kcal mol™! at the aug-cc-pVQZ CCSD(T) level of theory.
Therefore, the dissociation of the water dimer cation is likely
to occur via the oxonium channel.
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