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ABSTRACT: Intramolecular vibrational transition wavenumbers
and intensities were calculated in the fundamental HOH-bending,
fundamental OH-stretching, first OH-stretching-HOH-bending com-
bination, and first OH-stretching overtone (Avgy = 2) regions of the
water dimer’s spectrum. Furthermore, the rotational—vibrational
spectrum was calculated in the Avgy = 2 region at 10 K
corresponding to the temperature of the existing jet-expansion
experiments. The calculated spectrum was obtained by combining
results from a full-dimensional (12D) vibrational and a reduced-
dimensional vibrational—rotational-tunneling model. The Avgy = 2
spectral region is rich in features due to contributions from multiple
vibrational—rotational-tunneling sub-bands. Origins of the exper-
imental vibrational bands depend on the assignment of the observed sub-bands. Based on our calculations, we assign the observed
sub-bands, and our reassignment leads to new values for the vibrational band origins of the free donor and antisymmetric acceptor
OH-stretching first overtones of ~7227 and ~7238 cm™", respectively. The observed bands with origins at 7192.34 and ~7366 cm™"
are assigned to the symmetric acceptor OH-stretching first overtone and the OH-stretching combination of the donor, respectively.
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H INTRODUCTION gas. The use of different noble gases allowed for a clear
distinction of transitions originating from water dimer and
those from bimolecular complexes between H,O and the
carrier-gas atoms. Two narrow wavenumber ranges were
covered: 7188—7285 and 7357-7386 cm™!. Based on
simulations of the observed rotational—vibrational profiles, a
rotational temperature of 10 + 3 K was determined.'* The
assignment of the observed bands in these two cold

The spectroscopy of water dimer, (H,0),, has been of interest
for decades, as reviewed in refs 1—4. Since the first infrared
observation of water dimer transitions in an N, matrix-isolation
study, multiple jet-expansion gas-phase, matrix isolation, and
He-droplet spectra containing water dimer have been
published.”™"> The cold environment in these experiments

favors complex formation. However, spectral interference from

. . ) experiments was, in part, guided by transition wavenumbers
larger complexes or complexes formed with the jet-expansion xper S was 1 parh gmdec by . .
. . . . and intensities from matrix-isolation experiments and earlier
carrier gas is common and complicates the spectral assign- . 12,20-23 L )
(1617 calculations. These vibrational calculations were based
ment.

A number of jet-expansion spectra of the OH-stretching and on lredlu ced-d1mens1on:alh loFal modeh n}odels 10 f tlhe intra-
HOH-bending regions of water dimer were published between o ecrar modes and either 1gn9red the intermo’ecu arzglc;gles
1980 and 2000.°~ "% A high-resolution spectrum from 1989 or included part of their effect in an approximate way.

An unambiguous assignment of the observed water dimer
highlighted the rotational-tunneling structure in the OH- .\ N SSIgI . .
B 7 transitions is challenging without aid from quantum-chemical
stretching fundamental region.” More recently, the spectral

) calculations. Upon complex formation, six low-frequency
range probed has been exFende;d to the ﬁFSt O.H-stretch_lng intermolecular vibrational modes arise. The intermolecular
overtone (Avgy = 2) region in two seminal jet-expansion

; oo ) modes describe the relative orientation and distance between
experiments. ~© The first spectrum was recorded in the

7100—7300 cm™' range with an Ar carrier gas using the
infrared-ultraviolet vibrationally mediated dissociation techni-
que.'” Based on simulations of the observed rotational—
vibrational profiles, a rotational temperature of 7 + 3 K was
determined.'’ In the second jet-expansion study,14 a set of
continuous-wave cavity ring-down (CRD) spectra were
recorded, using either krypton, argon, or neon as the carrier
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the two H,O units and are coupled to the high-frequency OH-
stretching and HOH-bending (intramolecular) modes. The
challenge of calculating accurate water dimer spectra arises in
part due to the low-energy tunneling barriers that connect the
eight eguivalent versions on the potential energy surface
(PES).”*** A range of 12D PESs are applicable to water dimer
and have been used both for spectroscopic purposes and to
describe the pairwise interaction of water molecules in larger
water clusters.”*™*> The PES of water dimer is highly
anharmonic, and the vibrational—rotational-tunneling (VRT)
states are difficult to describe even with advanced models. The
dissociation energy of water dimer is low, Dy~ 1100 cm™! (D,
~ 1760 cm™), and even the first intramolecular transitions are
above the dissociation energ}7.27’29’34_36 Accurate variational
(-type) nuclear—dznamics computations have been carried out
for several PESs.””**"~*! These calculations have revealed the
energy-level structure of the VRT states, which has been
paramount to advance the understanding of the spectra of
water dimer and other weakly bound complexes.

In this study, we utilize a recently developed effective
Hamiltonian-based model termed VibMEMIC (Vibrational
Many-mode Expansion Model in Internal Coordinates),"” but
here, use the term n-mode instead of many-mode. The
VibMEMIC model is a finite-basis-representation model that
uses 3-mode representations of the kinetic energy operator and
the PES expressed in curvilinear internal coordinates. Until
now, VibMEMIC has been employed to compute the
fundamental transition wavenumbers of the intramolecular
modes of water dimer in 12D.** As a further development, the
full-dimensional (12D) vibrational VibMEMIC calculations are
here extended to include transition intensities using 3-mode
representations of the Cartesian components of the dipole-
moment function (DMF). Rotations and tunneling splittings
are taken into account with reduced-dimensional models,
employing the GENIUSH code.*~* The results from the two
models are combined to yield a spectrum of water dimer in the
Avgy = 2 region at T = 10 K. Based on our calculated
spectrum, we assign the VRT sub-bands observed in the
existing jet-expansion experiments.lo’14

B THEORETICAL SECTION

VibMEMIC Vibrational Model. The VibMEMIC calcu-
lations utilized the CCSD(T)-F12a/cc-pVTZ-F12 PES and
DME published in the repository of ref 42, which are evaluated
at evenly spaced grids. We have previously shown that accurate
OH-stretching fundamental and overtone transition wave-
numbers and intensities can be calculated with CCSD(T)-F12
level PESs and DMFs as compared with experiments.**°~*

A detailed description of the VibMEMIC model can be
found in ref 42. Here, we provide only a summary of the
approximations characterizing the model and a brief
description of the extension of the code used to calculate the
vibrational transition intensities. The VibMEMIC model uses a
finite-basis representation of the Podolsky Hamiltonian with 3-
mode representations of the PES and the G-matrix elements of
the kinetic-energy operator. The 3-mode representations allow
us to couple all 12 vibrational modes of water dimer due to the
reduced computational work associated with this approximate
form of the PES and G-matrix elements. Previously, n-mode
representations have been used in conjunction with rectilinear
coordinates, which alleviates the need to expand the G-matrix
elements. We refer the reader to refs 50 and 51 for a detailed
description of the n-mode representation.
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All matrix elements are calculated with mode-specific
quadrature grids with 101 points per mode. The 12 curvilinear
internal coordinates are the same as in ref 42 and are defined in
Figure S1 of this paper. The reference structure for the n-mode
expansions is the CCSD(T)-F12a/cc-pVTZ-F12 optimized
structure, but with the OH bond lengths of the donor defined
as the average of the two donor OH bond lengths.

The combination of the chosen reference structure and the
coordinate definition facilitates the use of the Gy molecular
symmetry (MS) group,” which includes exchange of the
hydrogens within the monomers and spatial inversion but not
the exchange of the two monomers. The 12D basis functions
are symmetry-adapted linear combinations of products of 1D
eigenfunctions. The 1D eigenfunctions are obtained by solving
the 1D Schrodinger equation for each mode, with the potential
energy and G-matrix element curves calculated from the
reference structure. We use the 1D eigenfunctions of the free
OH stretch (OH;) for both OH; and the bound OH stretch
(OH,) to preserve the symmetry properties of the OH-
stretches of the donor. The 12D basis functions transform
according to the irreducible representations of the Gy MS
group (A,, A", A, A, B/, B”, By, and B,”), and the
Hamiltonian matrix takes a block-diagonal form with a total of
eight blocks. Energy ceilings and polyad truncations are used
to control the size of the basis and are defined such that the
different blocks of the Hamiltonian are of a similar size.

To converge the OH-stretching states in the first OH-
stretching overtone region, additional approximations were
made to limit the number of coupling terms between the
intramolecular and intermolecular modes (Section S2). The
approximations concern the exclusion of specific PES and G-
matrix coupling terms that were previously found to have a
limited impact on the intramolecular transition wavenumbers,
which we are focusing on. The calculated OH-stretching
transition wavenumbers are converged to better than 0.5 cm™}
using ~2.6 X 10° 12D basis functions.

To calculate the transition intensities, the dipole moment
matrix for each Cartesian component needs to be calculated.
The operators for the dipole moment matrix elements are the
Cartesian components of the DMF. Similar to the potential
energy and G-matrix surfaces, the three components of the
DMEF are also approximated with 3-mode representations in
curvilinear internal coordinates. Cubic splines were used to
obtain the components of the CCSD(T)-F12a/cc-pVTZ-F12
DMEF at the same quadrature points as those used for the
evaluation of the kinetic and potential energy matrix elements.
To utilize symmetry, the DMF is expressed along the A, B, and
C principal axes. The A- and C-components of the DMF
transform as the irreducible representation A,’, whereas the B-
component transforms as A,’. The A- and C-components of
the dipole-moment matrix are block-diagonalized into eight
blocks. The dipole-moment matrix for the B-component
consists of four 2 X 2 blocks, with nonzero off-diagonal sub-
blocks. The symmetry-adapted dipole-moment matrix for each
Cartesian component is constructed from linear combinations
of smaller matrices. Construction of the linear combinations of
matrices is demanding in computational time, but significantly
reduces the memory requirements relative to doing an
orthogonal transformation of the full dipole-moment matrix.

Due to the 3-mode representation of the PES and the G-
matrix elements, the VibMEMIC model is suitable to and
developed for the accurate computation of the intramolecular
transitions from the ground state to the lowest state of the

https://doi.org/10.1021/acs.jpca.3c03705
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tunneling multiplet. The approximate nature of the 3-mode
representation of the PES and the G-matrix elements leads to a
breakdown of the exact permutation-inversion symmetry but
has a limited effect on the calculated intramolecular band
origins.*> Changes in the tunneling splitting with excitations of
the intramolecular modes can therefore not be described with
the VibMEMIC model, and the contributions to the spectrum
simulated from the four blocks of the DMF are practically
identical. Here, we present the transition wavenumbers and
intensities calculated for a single (2 X 2) block. To simulate
the rotation-tunneling sub-bands of the individual OH-
stretching transitions of Avgy = 2, we use a set of reduced-
dimensional rotational—vibrational simulations performed with
the GENIUSH code.

Rotation-Tunneling Model. Rotations and tunneling
splittings for the ground and the excited vibrational states
have been taken into account through the use of reduced-
dimensional models and the GENIUSH code.*~* Tunneling
causes each “traditional” rotational—vibrational energy level of
water dimer to split into eight VRT levels.”**® The largest
splittings correspond to “acceptor tunneling” (interchange of
the hydrogens of the acceptor), and the values depend strongly
on the K, asymmetric-top quantum number. This splitting
divides the eight VRT states into two bundles of four states,
which, for K, = 0, are separated by ~11 cm™" in the vibrational
ground state. Our model of rotation and tunneling includes the
J- and K,-dependence of the energy and acceptor-tunneling for
the ground and excited vibrational states. The other two
tunneling pathways, the “donor tunneling” and the “donor—
acceptor interchange”, cause significantly smaller splittings (~1
cm™!) and are not accounted for in our model.

The symmetry-adapted version™ of the quasi-variational
nuclear-motion code GENIUSH**** employed allows the
computation of tunneling splittings as well as the determi-
nation of J > O rotational—vibrational energy levels. These
computations utilized the MB-pol PES.”” Computations were
performed by using a SD reduced-dimensional model chosen
to describe the acceptor tunneling. The active coordinates
were the three intermolecular Euler angles (6, ¢, and a in
Figure S1) and the two OH bond lengths of either the donor
or the acceptor, depending on which one is excited. The
inactive coordinates were fixed to their equilibrium values
(Section S3). It was necessary to use a reduced-dimensional
model to make the J] > 0 computations feasible in the OH-
stretching overtone region. The 5D model chosen includes
only the acceptor tunneling; therefore, each rotational—
vibrational state is split into two states, which is equivalent
to treating the four states in the two bundles in the full-
dimensional picture as if they were degenerate.

Rotational—vibrational computations were performed for J
< 3 for the vibrational ground state and for J = 0 and 1 in the
OH-stretching overtone region. The ] = 2 and 3 energies in the
OH-stretching overtone region were estimated based on the
computed energies (Section S3). The absolute energies
obtained within this model have large errors due to the
neglect of the coupling of the intramolecular stretches with the
intramolecular bends and the three inactive intermolecular
modes. However, the tunneling splittings and the rotational
energy contributions are expected to be much more accurate,
partly due to error cancellation. The final VRT energy levels
are obtained by shifting all of the GENIUSH energies (MB-pol
PES) corresponding to a given vibration by the same amount.
The shift is chosen such that, for ] = 0, the lower energy of the

9411

acceptor tunneling doublet is equal to the vibrational energy
computed with VibMeMIC in the 12D model [CCSD(T)-
F12a/cc-pVTZ-F12 PES]. The uncertainty of the rotation-

tunneling energy-level pattern is expected to be ~1 cm™.

Computation of the Spectrum. We constructed the
simulated spectrum in two steps. First, we calculated the total
intensity corresponding to each (GS, K,, p) — (v, K./, p) sub-
band, where p denotes component (1) or (2) of the acceptor
tunneling doublet. The Q branch (AJ = 0 transition) of the
sub-band is centered at Ep(v, J,K/) — EP(GS, J,K) withJ=7]
max(K,, K,'). In the second step, we introduced a small

wavenumber shift (+6 cm™) in the transitions and convoluted
them with a suitable rotational profile to improve comparison
with the measured spectrum.

The intensity of a rovibrational transition between the i =
(GS, J, K, p) and f = (v, ', K, p) states is calculated as

E - E,
=
(1)

where ¢, = (87°)/(47ey3hc) is a constant factor, U = (E; — E,)/
(hc) is the transition wavenumber, Q(T) is the partition
function, and S(i — f) is the line strength. Water dimer is

)=t BNECTN PR
I(i - f) = ¢ RI%) exp( kBT](l xp(
S(i—f)

nearly a prolate symmetric top. If we apply this approximation,
the rotations and the vibrations are separated, and the line

strength is calculated as

Si—f)=g,(2) + )] + 1)
o[
(1,0) _1\K
ZJ:”“‘ (=1) [Ka —K;]

where (:::) is the Wigner-3] symbol, g, is the nuclear spin

)

statistical weight, and y,,(%* are the body-fixed components of

the transition dipole moment expressed in spherical basis, with

U™ = iy and p*V = (F pg = i) /N2, where uy, i,
and fic are the components in the principal axis system. At the
temperature of the experiments (~10 K), only K, = 0, 1, and 2
states have significant population, and the partition function is

Q) = (2 + DO
3)

In order to obtain the total intensity of a given (GS, K,, p)
— (v, K/, p) band, we have to sum for J and J'. We introduce
the following approximations: we neglect the (1 — exp(—(E; —
E)/(kgT))) term as it is close to 1 for the OH-stretching
overtone transitions and use the vibrational transition
wavenumber ("), computed with VibMEMIC, for all
transitions within a given vibrational transition. Then, the

intensity formula can be written as

https://doi.org/10.1021/acs.jpca.3c03705
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s3] J+1
I((GS, K, p) = (v, K, p)) = 2 D,
J=IK,) J'=]-1

I((GS, ], I(a, p) — (V, ]’, K;, p)) (1, o’)lz

J+1
Z g+ X & +1>[

J=IK,| I'=j-1

7
( T)
; \2
J
o —K]
o En(GSTK)/(kyT) (4)

where ¢ = —K, + K. The different ] levels stacked on a given
K, level follow a rigid-rotor energy pattern, i.e.,

E,(GS, ], K,) = E,(GS, K, K,)

+ B(JUJ + 1) — IKJ(IK,| + 1)) (3)
Equation 4 can be simplified, since
J+1 1 ], 2
> @+ |’ =1
Foj-1 K, ( K, +K) — (6)
and therefore
g (2] + 1) E(GS]K)/(kBT)
(T) jurd
~ VTl g ~E,(GS,IK,|,K,)/ (kyT)
Q (M) (7)
where
2 2
QVI(T) = Z Z gpe—Ep(GS,IKaI,Ka)
pa (®)

is the vibrational-tunneling partition function calculated after

neglecting the different J energy levels. Finally, we obtain
I((GS, K,y p) = (v, K, p))

—E,(GSIK|,K,)/ (kT)

)

For AK, = 0 transitions, the expression becomes

(v, K,, p))

~vib

|
“Q(T)

I'°((GS, K,, p) —

,“Alz e B (GSIK)K,)/ (kyT)
(10)
and for AK, = +1 transitions
ItOt((GS) K, P) - (v, K, +1, P))
5 (Il + lugl)
0 VT
Q(T) 2 ’ (1)
Table S10 contains the computed VRT transitions and their
relative intensities for the most intense vibrational bands in the
Avoy = 2 region. Once we obtained the total intensity of the
(GS, K, p) — (v, K./, p) sub-bands and determined the
wavenumber shifts and transition dipole moments, we

convoluted the K, — K, transitions with rigid-rotor rotational
profiles of the sub-bands based on K, and K,’. The A-, B-, and

o "B (GS KK,/ (kyT)
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C-type rigid-rotor profiles of the K, — K,’ transitions were
calculated with PGOPHER with the rotational constants of the
CCSD(T)-F12a/cc-pVTZ-F12 reference structure.”*> Each
VRT transition was subsequently convoluted with a Lorentzian
line-profile with a full width at half-maximum of 0.2 cm™.

B RESULTS AND DISCUSSION

In Tables 1 and 2, the 6D and 12D VibMEMIC calculated
transition wavenumbers and absolute transition intensities are
shown for the OH-stretching transitions in the Avgy = 1 and
Avgy = 2 regions, respectively. We use a local mode notation,
and the symmetric and antisymmetric acceptor OH-stretching
modes are abbreviated as OH, and OH_, respectively. The
transition intensities are expressed as dimensionless oscillator
strengths, f. The 12D results for the HOH-bending and the
first OH-stretching-HOH-bending combination regions are
shown in Tables S1 and S2, respectively. A comprehensive list
of computed transitions in the different intramolecular regions
is provided in Table S4. The 6D model includes all
intramolecular modes but none of the intermolecular modes
(the intermolecular coordinates are fixed to their reference
value). The differences between the results obtained with the
6D and 12D models reflect the effect of including the
intermolecular modes in the vibrational model. As expected,
the largest differences are seen for transitions associated with
OH,.””***> Upon hydrogen bond formation, the OHy-
stretching transitions redshift relative to the corresponding
OH-stretching transitions of the isolated monomer.”" If the
intermolecular modes are not included in the vibrational
model, the calculated redshift is overestimated. Inclusion of the
intermolecular modes, especially those that partially break the
hydrogen bond, results in 2 lesser redshift of the calculated
OH,-stretching transitions.””>* This was originally shown for
water dimer with a set of reduced-dimensional vibrational
models which employed n-mode representations up to 4-mode
of the HBB2 PES in normal coordinates.”” In ref 53, all six
intramolecular modes were included in all calculations, and
three of the six intermolecular modes were sequentially added
to the model. The redshift of the bound OH-stretching
fundamental systematically decreased upon inclusion of the
intermolecular modes. These earlier models are similar to our
full-dimensional vibrational model, where we utilize 3-mode
representations in curvilinear internal coordinates.

In our 6D model, the calculated transition wavenumber of
the bound OH-stretching fundamental transition (voy,) is
3555.5 cm™. In the 12D model, the transition wavenumber of
Vop, changes to 3599.0 cm™!, which compares well with the

observed (jet-cooled) transition wavenumber of 3601 cm~'.*

Table 1. Calculated Transition Wavenumbers, 7, and
Oscillator Strengths, f, for the OH-Stretching Transitions in
the Avgy = 1 Region Using the CCSD(T)-F12a/cc-pVTZ
PES and DMF

6D model 12D model
transition 7/cm™! f (x107) 7/cm™! f(x107)
Vo, 3555.5 56.2 3599.0 29.0
Vo, 3651.6 141 3650.6 0.99
Vo, 37269 142 37267 157
Vor. 3746.0 124 3742.4 9.65

https://doi.org/10.1021/acs.jpca.3c03705
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Table 2. Calculated Transition Wavenumbers, 7, and
Oscillator Strengths, f, for the OH-Stretching Transitions in
the Avoy = 2 Region Using the CCSD(T)-F12a/cc-pVTZ
PES and DMF

6D model 12D model
transition 7/cm™ f (x107%) 7/cm™! f(x107%)

Won, 6943.4 2.66 7045.9 5.51
Won, 7185.4 6.78 7187.6 928
2oy, 7214.6 31.1 7221.2 24.9

2Won 7235.9 53.1 7232.1 43.5

Von, + Vo, 7212.1 9.04 7251.3 0.41
Vow, + Vor 7302.3 3.39 73423 0.78
Vou, + Von, 73329 5.65 73609 3.19
Vou, + Vo, 7378.9 0.08 7376.8 0.87
Vou, + Vou. 7428.1 0.17 7439.5 0.80
Vou, + Vor. 7472.9 0.15 7468.9 0.11

We have previously shown that vy, is insensitive to coupling

between the intramolecular modes of the donor and acceptor
units,” and the calculated transition wavenumber of Vog, With
the 6D model is similar to previous 3D calculations of vgy,
with other PESs.*****° In the fundamental OH-stretching
region, it is primarily the intensity of vy, that is affected by

the inclusion of the intermolecular modes. Earlier second-order
vibrational perturbation theory [with CCSD(T)/aug-cc-pVTZ
PES and DMF] calculated absolute fundamental intra-
molecular transition intensities are within 25% of those
calculated with our 12D model.”’ With our 12D model, the
relative intensities of the four fundamental OH-stretching
transitions are in good agreement with relative intensities from
various jet-cooled experiments collected in a recent review."
This indicates that the 3-mode representation of the DMF is
sufficient for computing OH-stretching intensities. Further-
more, the calculated intensities of the fundamental transitions
with the 6D model change by <1% when a 2-mode
representation of the DMF is used instead of the 3-mode
representation. The corresponding change in the first OH-
stretching overtone region is <8% for transitions with two
quanta of excitation in the same OH-stretching local mode
(pure local mode transitions). As expected, the weaker OH-
stretching combination transitions are more sensitive to the
expansion order of the DMF, and the largest change is seen for
the three weakest transitions: 34% for voy, + Vo, 15% for

Von, + You, and 5% for 1oy, + Uog . The intensities of the

remaining combination transitions change by less than 2%. All
OH-stretching transition wavenumbers change by less than 12
cm™ upon using a 2-mode (rather than 3-mode) representa-
tion of the PES and G-matrix elements.

In Table 2, the difference between the 6D and 12D models

for 2u0y, is 103 cm™', which is approximately twice that for
Von, The difference between the 6D and 12D models for the
three OH-stretching combination transitions associated with
OH, is 28—40 cm™', while it is less than 12 cm™ for the OH-
stretching states that are not associated with OHj,. In the 12D
model, all OH-stretching combination transitions appear at
higher energies relative to those of the pure local mode
transitions. In the first OH-stretching overtone region, the
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relative intensities of the individual transitions change
significantly upon inclusion of the intermolecular modes.
The shifts of the combination transitions associated with OH,
partially resolve resonances with the pure local mode
transitions. The intensities of the combination transitions in
the 12D model are smaller than those of the pure local mode
transitions. In the spectral region covered by the two jet-
expansion experiments, four OH-stretching transitions, 2Won,

2Uony 2Von,, and Voy, + Yoy, are predicted to be relatively
strong. The band origins of 2voy, and 210y are predicted to

be only ~11 cm™ apart, which complicates the assignment of
the jet-expansion spectra in this region due to the overlapping
VRT transitions (Table S10). The VRT transitions of 2vqy,

and vy, + Vo, are further away from 2v0y, and 206y and are

expected to have minimal overlap with the VRT transitions of
2v0p, and 2vgy . Furthermore, 2vqy, is also predicted to be

relatively strong, but it is located outside of the wavenumber
region covered by the experiments.'”'*

Recently, transition wavenumbers in the OH-stretching
fundamental region of water dimer were calculated with a 12D
model using the CCpol-8sf PES.*' The calculated K, = 0
acceptor tunneling splittings of the ground state and three of
the four fundamental OH-stretching states are generally larger
(3—5 cm™") than those calculated with our rotation-tunneling
model (Table S9). Comparison is not straightforward in the
case of the acceptor antisymmetric stretch because the
assignment in ref 41 is not unequivocal. The tunneling
splittings for K, = 1 are much smaller than for K, = 0, and our
calculated ground state tunneling splitting agrees well with
earlier calculations.”® The differences in the calculated K, = 0
tunneling splittings are either due to the approximate nature of
our reduced-dimensional calculations or due to differences
between the MB-pol PES employed here and the CCpol-8sf
PES employed in ref 41. We have recently illustrated relatively
large differences for the coupling between intra- and
intermolecular vibrations calculated with the MB-pol PES
and the CCpol-8sf PESs, but we think that our reduced-
dimensional treatment is the primary cause for the discrepancy.
However, our reduced-dimensional model is able to capture
the magnitude of the acceptor tunneling and its general
variation with the vibrational state and K,, and it turns out to
be sufficient for assigning the crowded spectral region of 2vqy_
and 2v0y, (vide infra). As to the band origins, the largest
discrepancy between the recent 12D calculations from ref 41
and the transition wavenumbers presented here is ~10 cm™

for voy, with the other fundamental OH-stretching transitions

being within 3 cm™. We cautiously attribute the discrepancy

for vop, to the employed PESs and refer the reader to our
earlier work,” in which we calculate and discuss discrepancies
in OH-stretching transition wavenumbers obtained with the
CCSD(T)-F12a/cc-pVTZ-F12, MB-pol, and CCpol-8sf PESs.
The experimental transition wavenumber for voy, ~3730
m~!,7"3%% s ~3 cm™! larger than our [VibMEMIC,
CCSD(T)-F12/cc-pVTZ-F12 PES] calculated value of
3726.7 cm™.
In Figure 1, we illustrate the most important rotation-
tunneling energy levels for the ground vibrational state and the
two close-lying OH-stretching states associated with 2v4y, and

2Uoy . We show only energy levels restricted to | = K, in
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Figure 1. Energy-level diagram of the rotation-tunneling states
associated with 2uqyy, (left, blue) and 2vy_ (right, red). The solid and

dashed horizontal lines denote components (1) and (2) of the
acceptor tunneling splitting, respectively. Perpendicular VRT
transitions are shown with arrows in ascending energy order. The
ground state energies obtained from the two reduced-dimensional
computations are slightly different (Tables S7 and S8); however, this
is neglected in the figure.

Figure 1. States with different J values (not shown) are stacked
on the J = K, levels and approximately follow a rigid-rotor
energy expression. The two components of the acceptor
tunneling doublet are denoted as (1) and (2) and are shown
with solid and dashed lines, respectively. For K, = 1 and 2, the
order of the two components is swapped as compared to those
for K, = 0 and K, = 3 (not shown). If a given vibration is
antisymmetric with respect to the mirror plane of the molecule
(e.g, 120)_), then the order of the two components is swapped
compared to the symmetric vibrations (e.g., the ground state
and 10),2);). The temperature in the two jet-expansion
experiments is ~10 K, and transitions originate predominantly
from the K, = 0 and 1 levels of the ground vibrational state,
with the total intensity of transitions from K, = 2 found to be
about 2%. The perpendicular VRT transitions relevant to
understanding the experimental spectra are also presented in
Figure 1. For 2voy, the parallel VRT transitions also carry

intensity, but these are not shown in Figure 1. The calculated
transition wavenumbers and intensities of the individual
(parallel and perpendicular) VRT transitions are shown in
Table S10. Besides the well-known selection rules for parallel
and perpendicular rotational—vibrational transitions, it is
possible to show that the dipole transitions between
components (1) and (2) are forbidden (Section S3). The
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transitions shown with arrows in Figure 1 are perpendicular
transitions with AJ = + 1.

Water dimer is a nearly symmetric top, characterized by
equilibrium rotational constants A &~ 7.2 cm ' and B ~ C ~
021 cm™' [computed at the CCSD(T)-Fl12a/cc-pVTZ-F12
reference structure], and a Ray asymmetry parameter k = (ZB
—A—-C)/(A - C) ~ —1.0 (prolate limit). Generic rigid-rotor
A-, B-, and C-type bands are shown in Figure 2. The rigid-rotor
band profiles help to guide the eye in distinguishing between
band types. The rotational band type depends on the direction
of the transition dipole moment relative to the rotational axes.
The mirror plane in water dimer contains the donor atoms and
bisects the HOH-bending angle of the acceptor unit (Figure
S1). Vibrational transitions that preserve this mirror plane are
A/C-type, whereas transitions related to vibrations that break
the mirror plane are B-type. The transition dipole moments
calculated with the 12D model are shown in Table S3. For
2V0p, the rotational band is A/C-type, whereas for 2y _ it is

B-type. Tunneling complicates the simple rigid-rotor picture by
giving rise to additional transitions. The simulated spectra of
the vibrational bands contain sub-bands corresponding to
different K, — K’ transitions and different acceptor-tunneling
components.

In Figure 3, we compare the calculated band profiles of
2voy. and 2voy, with the experimental jet-cooled CRD
spectrum between 7220 and 7260 cm™.'* In this spectral
region, only 200y and 2uqy, are predicted to have significant

intensity (12D results in Table 2). The calculated sub-bands in
Figure 3 are labeled K, = K,/(p), where p = 1 and 2 denote the
two components of the acceptor tunneling bundle (Figure 1).
A large number of transitions are seen in the CRD spectrum in
Figure 3. Due to the high resolution, broad and sharp spectral
features are clearly distinguishable. The broad features have
been assigned to water dimer, while the many sharp lines are
associated with H,O and the H,0-Ar complex, both of which
are present in the jet-expansion. The CRD spectra were also
obtained with Ne and Kr as the carrier gas to further ensure
that the broad features are from water dimer and not from
H,0-Ar."*

AKa=0

21 1-0 ; 0—1 1—_>2
| A-type M

Normalized Intensity

k-

C-type \

L L L L

21 -14 -7 0 7 14 21
Wavenumber Difference [cm™]
Figure 2. Generic rigid-rotor A-, B-, and C-type rotational profiles of

water dimer.
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Figure 3. Calculated and experimental spectra in the 7220-7265
cm™' range of the Avgy = 2 region. The black trace is the jet-
expansion CRD spectrum from ref 14, with Ar as the carrier gas and a
rotational temperature of 10 & 3 K. The red and blue traces show the
spectral contribution from 2y and 2vqy, respectively, simulated at
T = 10 K. Both calculated vibrational bands (12D results in Table 2
for band origins) are shifted by +6.0 cm™ to improve comparison
with the experiment.

Our calculated band origins, including the empirical shift of
+6 cm ™, are 7227.2 (7221.2 + 6) cm™" for 2v0y, and 7238.1

(7232.1 + 6) cm™ for 2uqy . As seen in Figure 3, the sub-

bands of each vibrational band are spread over a much larger
wavenumber range than the calculated difference of 11 cm™
between the two vibrational band origins. The pronounced
overlap of the two vibrational bands makes the assignment of
the individual observed sub-bands difficult without the aid of
sophisticated models. As seen in the calculated spectrum in
Figure 3, our model is capable of capturing each sub-band of
the measured spectrum. The good agreement illustrates the
accuracy of the calculated transition wavenumbers and relative
intensities [VibMEMIC, CCSD(T)-F12/cc-pVTZ-F12 PES
and DMF], as well as the importance of accounting for the
acceptor tunneling splitting (GENIUSH, MB-pol PES).

As explained in ref 14, the nuclear spin statistical weights
lead to K, — K,(2) sub-bands with three Q branches (A] =
0), whereas the K, = K,'(1) sub-bands have one Q branch.

Our assignment of the observed sub-bands is consistent with
this. This is seen in Figure 3, where, for example, the Q branch
of the 1 — 0(2) sub-band of 2upy is clearly split in the

experimental spectrum, whereas the 1 — 2(1) sub-band has a
single Q branch.
We predict additional sub-bands for 2vy_ at slightly higher

wavenumbers than the spectral region shown in Figure 3. First,
a strong 1 — 2(2) sub-band is located at 7265.6 (7259.6 + 6)
cm™ !, which is in excellent agreement with a strong sub-band
observed in the experiment at ~7267 cm™'. This band shows
clear Q branch splitting, in agreement with the proposed
assignment. Second, a weak sub-band is observed at ~7277.7
cm™!, which also agrees with the predicted weak 2 — 3(2) sub-
band at 7276.0 (7270.0 + 6) cm™."*

In addition to the two strongest and overlapping vibrational
bands shown in Figure 3, we have simulated the spectra of the
other three vibrational transitions that are predicted to have
significant intensity in the Avgy = 2 region (Table 2). In
Figure 4, we present calculated spectra in the regions of the
2Uon, 2Von, and Yoy, + Yoy, bands. The predicted transition
wavenumbers are 7051.9 (7045.9 + 6) cm™! for 200y, 7193.6
(7187.6 + 6) cm™" for 2u0y, and 7366.9 (7360.9 + 6) cm™"
fOr l/OHb + I‘/OHf'

As seen in the left panel of Figure 4, 2vqy, is almost
exclusively an A-type band, and it is substantially red-shifted
compared to the other OH-stretching transitions. Due to the
large redshift, 20y, is located outside of the wavenumber
range of the published experimental jet-expansion spectra.'”"*
This band has been observed in a Ne-matrix experiment at
7018 cm™', with a determined intensity of ~0.4% relative to

that of VOH.,-IZ In the Ne matrix, 1oy, was observed at 3590.5

em™.,'* which is approximately 10 cm™ lower than the gas-

phase (jet-cooled) value of 3601 cm™.° For 2uey, the
corresponding difference between the Ne matrix and the gas
phase is expected to be larger. In a 1D picture, both the
frequency and anharmonicity of the bound OH-stretch change
and the transition wavenumber of 206y, cannot be predicted
solely based on the observations of vqy,. Our predicted
transition wavenumber of 7051.9 (7045.9 + 6) cm™! is about
30 cm™! higher than that observed in the Ne matrix, and the
predicted intensity is ~0.2% relative to that of oy, (Tables 2

and S2).

ZVOHb 2VOH+ —CRD+
v, v,
b OHb * "OHf
@
c
[V]
=
E=
kel
[J]
N
©
E M
o u
=2
7020 7040 7060 7080 7160 7180 7200 7220 7340 7360 7380 7400

Wavenumber [cm™]

Figure 4. Spectra of the 200y, 2V0n,, and Yoy, + Yoy, bands. The black trace is a jet-expansion CRD spectrum from ref 14 (inset). The intensity

and wavenumber ranges are the same in all three panels, and the relative areas in the different panels reflect the calculated relative oscillator

strengths.
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Figure S. Calculated stick spectrum of the rotational—vibrational transitions of 2v0y, (green), 2uoy, (blue), and 2vgy_ (red), with intensities

corresponding to T = 10 K. The intensities of the AK, = 0 sticks are the sum of intensities for the transitions with AK, = 0,i.e.,0 = 0,1 — 1,and 2
— 2. The calculated sticks are shifted by +6 cm™! to improve comparison with experiments. The calculated vibrational transition wavenumbers are
7193.6 (7187.6 + 6) cm™" for 2wy, 7227.2 (7221.2 + 6) em™ for 2v0p, and 7238.1 (7232.1 + 6) cm™ for 200y .

The predicted transition wavenumber of 2U0y, (Figure 4,
middle panel) is within the reported spectral ranges of both jet-
cooled experiments, and a band with an origin at ~7192 cm™
was observed in both jet-cooled experimental spectra.'”'*
Based on our 12D calculations, this band is unequivocally
assigned to 2oy, The calculated band of 21y, is A/C-type,
with approximately equal contributions from both components
based on the calculated direction of the transition dipole
moment (Table S3). The A-type band structure is clearly
observed in the experimental spectra, but the C-type band
structure of this band has not been reported.

In the right panel of Figure 4, we compare the simulated
spectrum of the most intense combination band, vy, + vop,
with the experimental CRD spectrum.'* A broad band with a
maximum at ~7366 cm™' is observed in the CRD spectrum.
This band was previously assigned to an unknown larger water
multimer. The calculated transition wavenumber and the A-
type band profile of vy, + oy, agree well with the observed
band. No other strong water dimer transitions are predicted in
the 7357—7386 cm™! region, and we assign the observed band
centered around ~7366 cm™! as Von, + Vou,

In Figure 5, we present an overview of the calculated K, —
K, (p) transitions in the 7190—7280 cm™" spectral region. In
ref 14, the sub-bands in this region were tentatively assigned to
four vibrational bands, voy, + Von, 2Von, 2Von, and 2voy,
with origins at 7192.34, 7225.86, 7240.57, and 7256.99 cm™
respectively. We reassign the experimentally observed sub-
bands in this region to only three vibrational transitions: 2vqy;,
200y, and 2uoy . The determined vibrational band origins
depend on the assignment of the sub-bands. We assign the
band origins of 2u0y, and 2voy_ to ~7227 and ~7238 cm™,
respectively, based on our calculated vibrational transition
wavenumbers (Table 2, +6 cm™' shift). The previously
determined experimental band origin at 7192.34 cm™' is

assigned to the 2vqy;, band. In addition, we assign the band at

- 1
~7366 cm™ to Vo, + Vo |

B CONCLUSIONS

We have extended the VibMEMIC model to include transition
intensities and used it to calculate intramolecular transitions in
water dimer. We have calculated vibrational transition
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wavenumbers and intensities in the fundamental HOH-
bending, fundamental OH-stretching, first OH-stretching-
HOH-bending combination, and first OH-stretching overtone
regions. The rotational—vibrational spectrum of water dimer
was calculated in the first OH-stretching overtone region at a
temperature of 10 K, corresponding to the temperature of the
existing jet-expansion experiments. ”'* The calculated spec-
trum was obtained by combining vibrational band origins and
transition intensities calculated with a full-dimensional (12D)
vibrational model [VibMEMIC, CCSD(T)-F12/cc-pVTZ-F12
PES and DMF] with vibrational—rotational-tunneling energy
levels calculated with reduced-dimensional models performed
with the GENIUSH code (MB-pol PES). The spectrum in the
first OH-stretching overtone region, 7000—7500 cm™’, is
complicated by multiple vibrational—rotational-tunneling sub-
bands. With our calculated spectrum, we were able to assign all
observed vibrational—rotational-tunneling sub-bands in the
first OH-stretching overtone region. Based on the new
assignment, the vibrational band origins are 7192.34, ~7227,
~7238, and ~7366 cm™ for 2oy, 2Von, 2Von, and Yoy, +
Von, respectively.

Experimental vibrational transition wavenumbers are
important for benchmarking calculations, e.g, to improve
model development. For hydrogen-bonded complexes, the
literature on accurate intramolecular transition wavenumbers is
sparse. The experimental spectra in refs 10 and 14 contain
valuable information that helps advance our understanding of
infrared absorption spectra of hydrogen-bonded complexes,
with the water dimer being the archetype of such complexes.
However, as illustrated here, accurate rotational—vibrational
models are needed to guide the assignment of complicated
spectra associated with these complexes and, subsequently, to
determine experimental vibrational band origins.
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