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We have calculated frequencies and intensities of fundamental and overtone vibrational transitions in water
and water dimer with use of different vibrational methods. We have compared results obtained with correlation-
corrected vibrational self-consistent-field theory and vibrational second-order perturbation theory both using
normal modes and finally with a harmonically coupled anharmonic oscillator local mode model including
OH-stretching and HOH-bending local modes. The coupled cluster with singles, doubles, and perturbative
triples ab initio method with augmented correlation-consistent tdpinning and atomic natural orbital

basis sets has been used to obtain the necessary potential energy and dipole moment surfaces. We identify
the strengths and weaknesses of these different vibrational approaches and compare our results to the available
experimental results.

Introduction four fundamental OH-stretching transitions have been measured
) _ _ _ in a recent He-droplet experimelit.8

The formation of complexes gives rise to intermolecular A small number of water dimer spectra have been extracted
interactions that can alter the spectroscopy of the monomeric fyom water vapor spectra recorded at ambient temperfife2
constituents:® The hydrogen-bonded water dimer(®tH,0) The laboratory spectra show broad features in which it is
is the simplest water complex and knowledge of its vibrational jitficult to assign specific transitiod&192%and the validity of
spectrum is essential in predicting the effect water dimer has he atmospheric observation has been questighéd.
on, for example, the absorption of solar radiatiot. However, The water dimer has twelve vibrational degrees of freedom,
the vibrational spectrum of water dimer has proven difficult to - gjy attributable to the intramolecular modes of the two water
measure at ambient temperatures due to the low abundance ofyglecules and six arising from the low-frequency intermolecular
water dimer and the strong overlap with water monomer modes. These lower frequency modes have been successfully
transitions. modeled by a semiempirical six dimensional vibratioata-

Vibrational spectra of water dimer have been recorded in cold tion—tunneling (VRT) potential and the associated Hamiltonian
environments such as matrix isolation and jet expansion model2>-28 and recently with an ab initio model that calculated
experiments, where the cluster formation can be favéiéd? a full six dimensional intermolecular potential energy surface
The jet-cooled spectra are sometimes complicated by formationwith no fitting to experimental dat&.An exact solution of the
of larger clusters, and in matrix isolation spectra the vibrational twelve dimensional problem is not presently possible and one
transitions are perturbed by the matrix. Rotational structure hashas to use approximations. The different vibrational models all
been observed for only two vibrational transitions and assign- employ different approximations, which lead to different
ment of vibrational transitions in water dimer has been dif- strengths and weaknesses. The most simple vibrational method
ficult.12:14In the matrix isolation experiments, relative vibrational is the double harmonic approximation, which is implemented
intensities have been determined and absolute intensities of then most current quantum chemistry programs. In this ap-

proximation, the potential is harmonic and the dipole moment

*To whom correspondence should be addressed. E-mail: henrik@ lIn€ar in normal coordinates. This method is relatively fast and
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frequencies and intensities. There have been several doubleanharmonic oscillator (HCAO) local mode model. The spectra
harmonic calculations of the fundamental water dimer tran- of water and water dimer are dominated by OH-stretching and
sitions39-32 However, this approach cannot describe combina- HOH-bending vibrations. These transitions have in the past
tion and overtone transitions and furthermore anharmonic been successfully modeled with the HCAO local mode
corrections to energies and deviations from nonlinear dipole model®10.15-2061.62The HCAO local mode model clearly lacks
moment functions are often important even for fundamental inclusion of the lower frequency modes. However, these lower
transitions?3-39 frequency modes are not likely to contribute significantly to
In this work, we calculate frequencies and intensities of the overall intensity of the dominant OH-stretching and HOH-

vibrational transitions in water and water dimer with different bending regions transitions. The lower frequency modes could
vibrational methods that extend beyond the double harmonic contribute to the overall band shape, as observed previously in
approach. We will compare three different approaches, two that CH-stretching overtone spectra of methyl groups with relatively
add anharmonic corrections to the conventional normal mode free internal rotatio®? _
approach and one that is based on a reduced Hamiltonian local The current paper is split into three parts. In the first part,
mode approach in which the modes are inherently anharmonic.We compare VPT2, VSCF, cc-VSCF, and HCAO calculated

The first approach is to include mechanical anharmonicity frequencies and intensities of vibrational transitions of water
via standard RayleighSchralinger vibrational second-order with experimental results. We |qlent|fy the strengths _and
perturbation theory (VPTZP In the standard second-order weaknesses of each of the vibrational models and obtain an

perturbation theory approach, the 1D vibrational problem leads est[[rr?a(;e clnf :Ee level gf actcuracy th can ethec(; V\t"th tlheslet
to the exact energy levels for a Morse potential. Accordingly, methods. In the second part, we use these methods lo caiculate

VPT2 is good for the stretching energy levels of polyatomic OH-stretching and HOH-bending transitio_ns in V\_/aterdi_me_r. The
molecules in the absence of strong resonaftésclusion of effect of the lower frequency modes are investigated indirectly
nonlinearity in the dipole moment function is necessary for by comparison of the resylts from the full dimensional normal

calculation of intensities beyond the double harmonic limit and mode and limited d|mer_1$|onal Io_cal mode ”?Ode'- We compare
to obtain intensities we use the VPT2 formalism given recéftly. our c_algulate_d results W'th the awla_ble experimental results. The
In conjunction with a particular atomic natural orbital (ANO) matrix |soIaF|on experlments provide th_e largest set qf data;
basis set, the VPT2 method has also been found empirically tohowever, this data is perturbed by matrix effects and different

work well for bending and lower frequency modes, again subject matrices_can lead to large differenc_es in results as we will show.
to the caveat regarding resonaridét ' In the third part, we focus on the first OH-stretching overtone

. . . . region for which both jet-cooled action and matrix isolation

Second,_we employ a vibrational self-consistent f|_eId (VS_CF) spectra have been recorded. We extend the VPT2 and HCAO
wave function method based on the normal modes in rectilinear i, tional models to account for some of the deficiencies of
coordinates?*® This particular vibrational wave function o ctandard implementation of these models by including
method is analogous to the well-known SCF method used in 4itional coupling terms between states in the first OH-
electronic structure theory. The method allows computation of stretching overtone region

both 1D anharmonic corrections and couplings between vibra- —, 5| cajculations, we have limited ourselves to states having

tional normal modes. There have beer;gg/eral ab initio VSCF foyer than three quanta of excitation. To facilitate comparison
algorithms developed in the recent yedrs® These utilize @~ pepyeen the different vibrational methods, we have used the
grid representation and hence do not require fitting of potential CCSD(T)/aug-cc-pVTZ ab initio method with all vibrational
energy surfaces. We have used the ab initio VSCF method andy, e/, Recently, one-dimensional (1D) calculations of one of
its correlation-corrected extension via second-order perturbationy,o OH-stretching vibrations in water dimer found that the

theory#” This can be thought of as a vibrational analogue of CCSD(T)/aug-cc-pVTZ ab initio method provides transition
the MP2 electronic structure method and is also referred to Sfrequencies and intensities that compare well with those
vibrational MP2 (VMP2) or correlation-corrected VSCF (cC-  5jculated with a larger basis $t.

VSCF)#8 The cc-VSCF approach, in conjunction with the MP2
and CCSD(T) electronic structure methods, has been shown toTheory and Calculations

provide reliable anharmonic vibrational frequencies for many ) )
hydrogen-bonded systems, such as water clusters and complexes YPT Approach. In VPT, the potential energy and dipole
of negative and positive ions with waté® complexes of moment function are expanded about the molecular equilibrium
inorganic acids with waté,~54 and complexes of organic mole- 1 1

cules with wateP557 Anharmonic frequencies of the highest 9 -1_ = o 00

frequency stretching vibrations were predicted with accuracy V(Qfem 2 Zw'Q' * 6 ”Z(p“kQ'QJQk @)

of 30—50 cnT! compared with experimeit>” Similar to the
different ways in which one can include electronic correlation
in electronic structure theory, it is also possible to improve the
VSCF methods beyond the cc-VSCF approach utilized ffere.

Alternatively to the normal mode descriptions, molecular and
vibration can also be described in terms of local modes, which
have been used successfully to explain XH-stretching (where NS N 1,
X is a heavier atom such as C, N, O) overtone speéti. PQ"/D = Zpi Q+ Epij QQ (2)
These local modes are inherently anharmonic, most commonly !
described by Morse oscillators, and coupling between them is 1 o
introduced explicitly via the vibrational Hamiltonian. The high- + épiiinQJQk to
frequency XH-stretching modes are adiabatically separated from
the low-frequency modes and are harmonically coupled to one whereQ; are dimensionless reduced normal coordinates and the
another. This comprises the so-called harmonically coupled coefficientsp andP* are the derivatives of the potential (force

1
+ o4 I%d’ijleinQkQ t ..
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constants) and dipole moment function respectively, evaluated HCAO Local Mode Approach. We have used a 3D

at equilibrium. In VPT2, these expansions are truncated at the harmonically coupled anharmonic oscillator (HCAQO) local mode
second-order correction to the harmonic oscillator Hamiltonian. model to describe the vibrations in waf8rEor water dimer,

It should be noted that in this particular realization of perturba- OH-stretching and HOH-bending vibrations of each of the water
tion theory, the Hamiltonian and dipole operators themselves |jpits (one symmetric, proton acceptor unit and one asymmetric,
contain contributions from all o.rder.s, as opposed to the more proton donor unit) are treated with the same mé&Breviously,
common case where the Hamiltonian has a zeroth-order party,e LcAQ local mode model combined with a semiemperical
and a first-order perturbation. As a result, only a subset of the potential (ab initio calculated potential parameters scaled to

expansion coefficients contribute to VPT2. LT 56h
The cubic and semidiagonal quartic force constants requiredwater) and an ab initio dipole moment functign has shown
to be in good agreement with the observed OH-stretching

for VPT2 were obtained with the MAB version of the ACESII L . . - .
vibrational band positions and intensitf&s:1518In this study,

program system, via numerical differentiation of analytical . . )
second derivatives of the CCSD(T) enef§§6 we use potential and dipole moment parameters directly from

also calculated with VPT2, the details of which are giveninref  The zeroth-order Hamiltonian is given by
41.
VSCF. The VSCF wave function method is based on a _ _
L o o (H = Ejpoqon/hc=
separability approximation, where the vibrational state of the ) )
system is represented by a product of 1D wave functfofis V100, — (V] + v) 0% + v,0, — (V5 + v)D X, (5)

+ vg@g — (V5 + Vg)DgXs

N
Y=T1%Q 3)
]

whereN is the number of vibrational degrees of freedom and where each local mode is described by an isolated Morse

Q are mass-weighted normal coordinates. The method is os_cnlator. The_ I(_)(_:al mode parametarsanda_)x are determined
currently implemented in normal-mode coordinates, though in using the ab initio galculated second-, third- and fourth-order
principle other coordinate systems can be (éethe VSCF force c_onstants. This has been shown to produce accurate OH-
approximation reduces the problem of solvinghdimensional  Stretching local mode parametéfsThe force constants are
vibrational Schtdinger equation to solvingN single-mode ~ determined from a 1D potential energy curve (grid) along the
VSCF equations. The resulting VSCF solutions are further OH bond or HOH angle. The grid points are calculated for
corrected for correlation effects between the vibrational modes displacements from equilibrium from0.2 to 0.2 A in steps of
using second-order perturbation theory (cc-VSEFA com- 0.05 A for OH-stretching modes and fros20 to 20 in steps
bined ab initio/cc-VSCF approach has been described in detail of 5° for HOH-bending mode%34.70

i 4,47 i i i ) ) .
prrt]ewoutily‘.‘ tTht? Im?t?hod US?S a painwise a;ipéo;maﬁbn, ¢ The coupling between the two OH oscillators in each of the
where the potential ot the system IS repreésented by a Sum Oy o njts s limited to the harmonic coupling within a given
separable (single mode) terms and pair coupling terms, neglect- . . . - .
o \ . . . vibrational manifold and gives rise to the perturbatfon
ing interactions of tertiary coupling of normal modes and higher-
order interactions

N N-1 N HYhc= —yi(a,a; + aja) (6)
VQy QY =YV + Y YR, Q) @
] R wherea' and a are the usual ladder operators. The effective

Diagonal (single-mode) termﬁiiag(Qj) ~\(0, ...,Q, ..., 0) and goupling coefficienty'lz_ inc_ludes both kineticy12) and poten-

the pairwise modemode coupling term¥**YQ;, Q) = V(0, tial (¢12) energy contriubtiori$

0 Qs Qe 0)— VIRYQ) — VERY Q) are calculated directly .

from the ab initio program on 8 point grids along each normal — G2 12 —

coordinate, and on & 8 square grids for each pair of normal Y12~ (V12 = P12y 0100, = ( B Z)\/ D1@, (7)

coordinates. The calculated ab initio i inter- 2082 2Vl
. potentials are then inter

polated into 16 and 16 16 point grids and used for numerical

solution of the 1D VSCF equations. Intensities calculated with The kinetic energy coupling term is dependent on Wilson’s

the VSCF approach are based on HartBeck dipole moments  g-matrix elements and is determined from the ab initio calculated

and are not comparable with the CCSD(T) based ones computedptimized geometry* The potential energy coupling term

with other methods in this study. The VSCF intensities are given contains the second-order diagonal force constdntaridf,y)

in the Supporting Information. calculated from the 1D potential energy curves and the second-

We note that the implementation of VSCF in normal order off-diagonal force constanfif) calculated from 2D
coordinates is perhaps inappropriate for certain low-frequency potential energy curve¥.
modes, such as soft torsional and bending mé@@&sis is due
to the “grid” approach used in which the normal mode obtained
about equilibrium does not describe the motion correctly for
grid points far from equilibrium. Recently, a VSCF approach
based on internal coordinates has been implemented that ) 2 + 4 +
addresses this problefh.Also, cc-VSCF does not address H7hc= ") fri(aasa; + aasa,) (8)
resonance effects or near degeneracies. An alternative model is =
the use of a degenerate VSCF model such as VCI or VSCF-
DPT25° with the Fermi resonance coupling coefficients givefi2by

We include Fermi coupling between the bending mode and
each of the two stretching modes as
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Similar to the harmonic coupling constarit,contains both H

. . . . " . . ) . H a
kinetic energy coupling via the derivatives of Wilsogsnatrix 3
elements and potential energy coupling by way of the third-
order off-diagonal force constarf{s§). The off-diagonal force
constants required for the coupling constaptsand fr' are TABLE 1: Calculated Frequencies (in cnrl) of
calculated from 2D potential energy curves of the same step OH-Stretching Transitions in Water?
size as for the diagonal curves. The HCAO method utilizes  |5ca  normal
curvilinear coordinates with no Eckart correction. The Eckart mode modé harmonic VPT2 VSCF cc-VSCF HCAO expt
correction is expected to be small in water dirfrer. |100./00 100 3811 3638 3695 3627 3660 3657.1

We have used both normal mode notation corresponding to |100-|00 001 3920 3733 3741 3703 3759 3755.9

the transitions calculated using the normal mode methods and|203:/00 200 7622 7193 7307 7174 7213 72015

. s |200-jo0 101 7731 7209 7404 7159 7260 7249.8
local mode notation for the HCAO calculated transitions. For 11700 002 2840 7371 7323 7281 7466 7445.0

fri=

Figure 1. CCSD(T)/aug-cc-pVTZ optimized structure of water dimer.

the proton acceptor unit the local mode notatiofij is. |kOwhere |300,/00 300 11432 10663 10834 10644 10631 10599.7
i andj refer to the OH-stretching quanta akdefers to the [300.|00 201 11542 10602 10981 10543 10646 10613.4
HOH-bending quanta. To understand this notation in regard to [210;/00 102 ~ 11651 10685 10948 10534 10903 10868.9
normal modes it should be noted that thet v3 and 2/, normal |210-j00 003 11760 10913 10706 10700 11083 110324
modes approximately correlate to tH200_|00and |200+|0C a Calculated with potentials obtained with the CCSD(T)/aug-cc-pVTZ

local modes, respectively. For the proton donor unit, we use ab initio method”Normal mode notation in the order: symmetric stretch
the notatiorminly|| (to denote the quanta in the free and bound 71 bendvz, and asymmetric stretchs. °From the HITRAN 2006
OH-stretching, and HOH-bending local modes, respectively. database.

_Abinitio Details. We have used the coupled clusterincluding  tag| E 2: calculated Frequencies (in cnm?) of
singles, doubles, and perturbative triples [CCSD¢Tfimethod ~ HOH-bending and Stretch—Bend Combination Transitions
with an augmented correlation-consistent triplgaug-cc- in Water?

pVTZ)7 or an atomic natural orbital (AN®) basis set in all local normal
ab initio calculations of potential energy and dipole moment mode modé harmonic VPT2 VSCF cc-VSCF HCAO expt
surfaces. The ANO b_asis set has [4s2pld] fun(_:tions on_Hato_msmomlD 010 1646 1596 1585 1580 1642 1594.7
and [4s3p2d1f] functions on the O atoms and is given in full in jooq20 020 3292 3159 3152 3137 3258 3151.6
the Supporting Information. All calculations assume a frozen [00080 030 4938 4690 4702 4668 4849 4666.8
core [15 electrons on O] |10D+|l|:| 110 5457 5219 5246 5219 5308 5235.0

Ab initio VSCF and cc-VSCF calculations in this study were Iig&l%g cl)%é ?igg gggg g%gg ggig gggé 23%?
performed using the electronic structure package GAMESS. 10020 021 7212 6852 6777 6709 7015 68715

The default convergence thresholds were used. These calculatoon, 10 210 9268 8758 8822 8673 8869 8761.6

tions were based on optimized structures obtained using|200-|10 111 9377 8770 8912 8807.0
Gaussian038 |1aqio o012 9486 8927 8767 8639 9109 9000.1
The VPT2 calculations were performed with ACESIsing a Calculated with potentials obtained with the CCSD(T)/aug-cc-pVTZ

numerical differentiation of analytic second energy derivaffves  ab initio method®Normal mode notation in the order; symmetric stretch
to obtain cubic and quartic force constants and numerical v1, bendv,, and asymmetric stretchs. “From the HITRAN 2006
differentiation of analytical dipole moment derivatives to obtain database.

second.— a”O,' third-order derivati\{es in the. dipole ‘moment Gaussian03, and ACESII and found them to be in agreement
expansion. Tight cutoffs were used in the solution of unperturbed it each other and the experimental structures for water and

and perturbed coupled cluster equations {£pfor all ampli- water dimet! The structure of water dimer is shown in Figure
tudes and a stepsize in dimensionless normal coordinates of 0.05¢
Numerical checkg suggest that .the quart.i(.: constants, w.hich are  \vater Frequencies.In Tables -4, we list frequencies and
the most numerically uncertain quantities involved in the ;ensities of vibrational transitions in water calculated with the
calculations, are precise to within 2 cin _ VPT2, VSCF, cc-VSCF, and HCAO approaches. The funda-
The HCAO ab initio calculations were perforr_neql vy|th the mental frequencield 07, |07 |00 and| 100 |OC&are calculated
use of MOLF,)R,O Z,OOZ'BQ The convergence criteria in the {5 be within 50 cm? of the experimental observed frequencies
geometry optimization were set to the following: gradient it 4 methods. It is clear that, with the aug-cc-pVTZ basis
0.15 x 104_4 au, stepsize= 0.6 x10™* a, rms of stepsize- set, both normal mode (NM) based methods are a better
0.4 x 10, rms of gradient= 0.1 x 10™, and energy=1 x approximation for the HOH-bending mode and the local mode
107 au. In the single point energy calculations, the convergence (LM) method seems to describe the OH-stretching modes better.
was set to 1x 10°° au. The dipole moments were calculated Tpig'is perhaps not that surprising as the bending mode involves
as flrst-derlyatlves of the energy with respect to an applied finite significant motion of the O-atom, which is ignored in the
field. The field strength used was 0.025 au. bending local mode. Inclusion of higher-order coupling terms
in the HCAO model would improve the calculated energies of
the bending mode®. We assume that the inherent limitations
We have optimized the structure of water and water dimer of the basis set used in this study are such that comparisons
with the CCSD(T)/aug-cc-pVTZ method using MOLPRO, with experiment are sufficient to draw conclusions on the

Results and Discussion
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TABLE 3: Calculated Oscillator Strengths of OH-Stretching behavior of second-order perturbation theory, which tends to
Transitions in Water? overshoot when the correction is large. This indicates a problem
local normal with the cc-VSCF results for these particular states. In a recent
mode modé harmonic VPT2 HCAO expt similar calculation, large variation between the VSCF and VCI
|100,/000 100 6.0x 107 3.6x 107 35x 107 6.0x 107 results were also observed. For gxample, the calculated energy
10|00 001 1.0x10°% 9.0x10° 7.9x10°¢ 8.7x 10° of the|11J00state was found to differ400 cnt! between the
[200:100 200 8.3x 10% 7.0x 108 9.2x10°% VSCF and VCI result with the VCI in much better agreement
|2000-|00 101 6.1x 107 5.8x 107 6.1x 1077 with experiment*
|[1aqol 002 1.7x10° 3.7x 10° 4.9x10° . . .
1300,/00 300 1.6x 10° 6.2x 10-10 1.9x 10-9 The frequencies of the bending fundamental and first overtone
|300L|00 201 15x 108 1.6x 108 2.1x 108 are predicted well by both cc-VSCF and VPT2 methods,
[2100,j00 102 5.6x 1012 6.3x 1020 6.9x 10710 whereas the HCAO frequencies are significantly higher than
|210-j00 003 1.0x 10°® 32x10° 24x10°° experiment. Limited variation is found between the VSCF and

a Calculated with potentials and dipole moments obtained with the Cc-VSCF results, and the previous VSCF/VCI reséft3he
CCSD(T)/aug-cc-pVTZ ab initio method. Oscillator strengths can be same is true for the stretetbend combination staté$01.|10]

converted to integrated absorbance in km/mol by multiplication by and|100.|20with the HCAO results differing from experiment
5.3313x 10°. P Normal mode notation in the order; symmetric stretch by up to 100 cm™.
v1, bendv,, and asymmetric stretchs. ¢ From the HITRAN 2006

database. Water Intensities. Intensities have only been calculated with
the VPT2 and HCAO methods. The calculated intensities of
TABLE 4: Calculated Oscillator Strengths of HOH-bending the fundamental transitions are very similar for the two methods,
and Stretch—Bend Combination Transitions in Water® despite these two methods using a normal and local mode basis,
local normal respectively. This is especially true for the symmetric states
mode modé€ harmonic  VPT2 HCAO expt which are less affected by Eckart rotation of the frame, which
00010 010 1.3x 105 1.3x 105 1.3x 10° 1.2x 1075 is inherent in the VPT2 calculation but not included in the
00020 020 9.8x 108 2.1x10%8% 93x 108 HCAO calculation. Eckart correction of the asymmetric fun-
|00030 030 1.0x 107 3.6x 1071 4.4x 107 damental was previously found to increase the intensity by
Hggﬁﬁg éﬂ %‘21;( ig7 é'Zi ig7 g'ii ig7 ~25%, which in the present calculation would bring it very
100,120 120 24%x10° 22x10° 3.3x 109 close to the VPT2 resuf The VPT2 method predicts the
11000120 021 4.7%x 108 1.3x 10® 5.0x 108 intensity for the first bending overtone very well, but both VPT2
|200:/10 210 7.1%x1071° 6.4x 1070 1.6x 10°° and HCAO methods predict much stonger and weaker intensi-
[200-10 111 21x10%® 20x10°% 3.9x10°8 ties, respectively, than experiment for the second bending
111pd - 012 1.9x107% 1.5x 1071 8.1x 10°% overtone. The previous VSCF and VCI calculation predicts

a Calculated with potentials and dipole moments obtained with the intensities similar to the present VPT2 results for the funda-
CCSD(T)/aug-cc-pVTZ ab initio method. Oscillator strengths can be mental vibrations and first bending overtdHet is interesting
converted to integrated absorbance in km/mol by multiplication by that the present calculations as well as the recent VCI calculation

5.3313x 10°. P Normal mode notation in the order; symmetric stretch ; il i ; .
- g all predlct very similar intensity of thElOD+|0DtranS|t|on, and
c
v1, bendv,, and asymmetric stretchs. ¢ From the HITRAN 2006 Il about a factor of 2 lower than experiment.

database. . ) .
For the first OH-stretching overtone transitions, both methods

relative merits of each method. However, the ultimate test of Predict the intensities of the pure OH-stretching modes quite
the method is a comparison with either exact variational results Well, but for the weakest transitioftl 1[J0L) the VPT2 method
obtained with the same (CCSD(T)/aug-cc-pVTZ) potential predicts an intensity Igss than half the e.x.penmentall value. Fpr
energy surface or comparison with experiment in the limit of the sgcond OH-stretching overtong transitions, the.dlscrepanues
an electronic structure treatment equivalent to full configuration are slightly larger as expected but in general are still reasonable.
interaction and a complete basis set. However, for reasons Ihe exception is the VPT2 predictions for #2d[J; |0ltransition
mentioned in ref 82, the first comparison is even, in principle, which is 2 orders of magnitude smaller than the experimental
problematic, and the second is clearly impossible given the sizeesult.
of the system. As expected from the good description of the fundamental

For stretching overtone and combination modes, the observa-and first overtone bending intensities obtained with the VPT2
tions for the fundamental transitions are accentuated. The LM method, it also predicts the stretehend combination modes
approach is particularly good for thedl modes, the pure local ~ accurately. The HCAO approach also does reasonably well, and
mode states, which are usually the stronger transitions and thefor some transitions, the VPT2 method is closer to experiment
transitions on which the LM model is based. (for example thg10Ll;|2[state) and for some the HCAO method

In the vibrational wavefunction methods, there are surpris- is closer (100L|10). The|11J1lintensity is not predicted well
ingly large discrepancies between the VSCF and the cc-VSCFby the HCAO method, as perhaps expected because it does not
methods for the stretching states. This usually indicates that theinclude dipole moment terms that combine all three modes.
perturbation is not converged at second-order and the calculated A recent variational calculation on water with an exact kinetic
frequencies are suspicious. These transitions may be affectecenergy operator showed that the maximum error in frequencies
by near-degeneracies. The cc-VSCF method is a nondegenerateith the CCSD(T)/aug-cc-pVTZ method as compared with
perturbation theory treatment of VSCF and as such the perturba-experiment was-50 cnt! for 3 quanta excitation® The VPT2
tion series may converge more slowly. An example of such a method calculated fundamental frequencies that are within 5
state in this study is the200_|00state which goes from 7404  cm™! of the variational result and for 2 quanta excitation the
to 7159 cm! indicating a significant perturbation. This issue discrepancy increases to 40 th For these lower energy
seems to be more significant the higher the energy. We notetransitions, VPT2 is clearly the best of the three methods. For
that the perturbation is correcting the energy in the right direction higher energy transitions, the errors start to increase. For the
but by considerably too much. This is in line with the usual pure OH-stretching transitions the HCAO method does better
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TABLE 5: Calculated Frequencies (in cnt?!) of Fundamental Transitions in Water Dimer?2

local mode normal mode harmonié VPT2 VSCF cc-VSCF HCAO expt
|0 104|000 valvy (d) 3731 3591 3508 3499 3565 3601
|1]00|00 /v (d) 3891 3711 3669 3665 3729 3735
|100,|00 valvy (8) 3805 3634 3622 3560 3655 3660
|100-100 volvs (8) 3911 3725 3642 3608 3752 3745
|O00g|10 valv (d) 1668 1614 1615 1603 1662 1616
00010 vslv (8) 1647 1603 1583 1567 1642 1599
v/ bend 622 495 523
velll bend 360 304 311
v7/00-str 185 144 148
viftwist 145 122 108
ve/wag 154 121 103
viJltorsion 129 85 88

a Calculated with potentials obtained with the CCSD(T)/aug-cc-pVTZ ab initio methddrmal mode notation and description, with (a) and
(d) indicating the corresponding water normal modes on the acceptor and donor units, respectively. The intermolecular modes are often strongly
mixed. ¢ Harmonic oscillator normal mode calculatichzrom ref 89.¢ From ref 11.f From ref 17.9 From ref 25." From ref 90.

TABLE 6: Calculated Frequencies (in cnt?) of TABLE 7: Calculated Frequencies (in cnt?) of
OH-Stretching First Overtone Transitions in Water Dimer?2 Stretch—Bend Combination and HOH-Bending Overtone
Transitions in Water Dimer @
local normal
mode mode VPT2 VSCF cc-VSCF HCAO e¥pt local normal
002000 205 7040 6896 6862 6978 7018 mode mode VPT2 VSCF cc-VSCF HCAO expt
|20 00 vy +wvs 7230 7162 7025 7229 7237 01|10 v3+vs 5194 5089 5035 5235 5190
[1L100 2y, 7285 7206 7216 7352 7362 vs+vs 5193 5098 5044
2000, |00  2v, 7186 7153 7032 7204 7207 16010 vi+vs 5309 5264 5225 5392 5333
200|000 v, +wve 7199 7180 6965 7250 7245 ri+vs 5314 5268 5228
|11000 2vg 7355 7276 7259 7452 100410 vp+wvs 5222 5174 5111 5303 5243
vo+wvy 7219 7140 7051 vo+ vy 5247 5242 5191
vo+vy 7343 7311 7240 10|10 wg+ws 5308 5175 5126 5393 5328
vo+wvs 7312 7157 7083 vo+vs 5338 5261 5221
vot+wvy 7436 7328 7271 |0000|120  2v4 3193 3202 3178 3295 3194
a Calculated with potentials obtained with the CCSD(T)/aug-cc-pVTZ 100020 12,:1 vs gg; gigg gi%g 3257 3163

ab initio method®? From Ne-matrix isolation experiments.c The
frequency of these transitions in the action spectrum of ref 14 are 7240, 2 Calculated with potentials obtained with the CCSD(T)/aug-cc-pVTZ
7193, and 7250 cm, respectively. The transitions observed at 7282 ab initio method? From Ne-matrix isolation experiments.
cmtin the action spectrum are not observed in the matrix.
TABLE 8: Calculated Oscillator Strengths of Fundamental

than VPT2 as the anharmonicity starts to become more Transitions in Water Dimer 2

important. The VSCF frequencies are worse than those calcu- local normal

lated with the VPT2 method. The cc-VSCF frequencies are mode mode harmonit  VPT2 HCAO expt
accidentally closer to the variational result however the use of o100 v; 4.8x 105 2.8x 105 57x 105 25x 10°°
nondegenerate perturbation theory make it sensitive to near|1{0[00 v, 1.9x107° 1.2x 107 1.5x 10° ~1.4x 10°
degeneracies. Both VPT2 and HCAO methods predict intensi- 1100:/00 v, 1.4x 10°® 0.9x 10°® 1.8x 10° ~0.8x 10°
ties, which deviate by less than a factor of 2 from experiment 110-100 ~ ve 1.4 10° 11x10°° 1.3x 10°° ~0.6x 10°°

. |OEO@10 v, 7.0x 10® 0.7x 105 0.8x 1075
for the fundamental transitions and up to a factor of 4 for the 1000710) ve 16x 105 1.3x10° 1L4x 10

overtone transitions. The variation between the methods in- vie 1.7x10° 1.4x 10°5
creases with energy and is significantly larger for states ve 9.3x10° 1.3x10°
including bending motion. These results for water illustrate the vz 27x10° 1.2x10°
accuracy we can expect for the different transitions in water vu  7.6x107° 21x 10
dimer with these vibrational models and the CCSD(T)/aug-cc- ve  25x107 3.1 107

5 5
pVTZ ab initio method. The error in the HCAO method is to vz 24x 107 1.0x 10°

some extent balanced by the error in the ab initio method as a Calculated with potentigls_and dlpole moments obtained with the
seen by compaison wih the variatonal resgSHis leads o SCSDUII S DUTE A0 e e, sl shengis o e
reasqr)able "?‘greemer.‘t Wit.h gxperiment fqr the .(.)H-st.ret.ching 5.3313x 1(P. P Ha?monic oscillator normal mode cglculati%rﬁrom g
transitions with energies within 50 cthand intensities within & 1.

a factor of 2 for transitions up to = 3.

Water Dimer Frequencies.In Tables 5-10, we presentthe  VPT2 and HCAO results with the ANO basis set are given in
frequencies and intensities of OH-stretching and HOH-bending the Supporting Information in Tables S510. We have
transitions in water dimer. Also included are frequencies and calculated the permanent dipole moment of water as a check as
intensities of the six intermolecular modes calculated using the to whether both basis sets contain enough diffuse basis functions
double harmonic and VPT2 methods. The HCAO local mode to describe the dipole moment function adequately. We find
model does not include these intermolecular modes. The VSCFthat the dipole moment calculated with the ANO and aug-cc-
method computes inaccurate values for these vibrations becaus@VTZ basis sets are-0.04 and—0.02 Debye different from
of the inadequacy of the normal mode coordinate system for the experimental value, respectivéiyThis suggests that both
their proper description. Therefore, we do not include VSCF basis sets are very well equipped to describe the dipole moment
and cc-VSCF frequencies for these modes. The results in Tabledunction, and hence the intensities. The experimental data for
5—10 are calculated with the aug-cc-pVTZ basis set whereas water dimer are in general much less accurate and less complete
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TABLE 9: Calculated Oscillator Strengths of OH-stretching again similar to water, the NM models predict the transition
First Overtone Transitions in Water Dimer# energy better than the LM model, with the VPT2 method
local normal agreeing with experiment to within 4 crhwith the aug-cc-
mode mode VPT2 HCAO pVTZ basis set and 12 cm with the ANO basis set.
|OC 204|001 2v3 1.5x%x 108 1.1x 10°8 In general, the pure OH-stretching overtones are predicted
|24 005100 vitvs 22x107 3.0x 107 well with the HCAO model compared with the Ne matrix
|16 104100 2vy 1.9x 1077 6.0x 1072 experiment¥’ and are also in good agreement with the VPT2
120031000 2v2 1.3x 1077 121077 results. However, the inaccuracy of the @stretching frequency
|2001-|00 Vo + vy 6.0x 10~ 5.7x 107 . L .
111000 2ve 6.5% 109 29%10° observed in the fundamental transition is more pronounced in
Vo + 13 9.3x 10°° the first overtone transition. The VPT2 result for the frequency
vo+ vy 1.5x% 10°8 of |00 2[4|0Chs 20 cnt! below and the HCAO results 40 crh
Vot vs 41x10H above the Ne matrix value. With the ANO basis set (Supporting
vot V1 36x10° Information, Table S6) the HCAO energy is 30 thhigher,

a Calculated with potentials and dipole moments obtained with the and VPT2 energy is 85 cm higher than the experimental value.
CCSD(T)/aug-cc-pVTZ ab initio method. Oscillator strengths can be For the mixed OH-stretching stat&i 103|00and |1100L) the
converted to integrated absorbance in km/mol by multiplication by NM frequencies are significantly lower than the LM values.

5.3313x 107 We have presented four OH-stretching transitions that are
TABLE 10: Calculated Oscillator Strengths of combinations of OH-stretching modes located on different two
Stretch—Bend Combination and HOH-bending Overtone water units. These transitions are neglected in the HCAO model.
Transitions in Water Dimer For the intramolecular stretetbend combinations, we see that
local normal the VPT2 method produces the best agreement to experiment,
mode mode VPT2 HCAO followed by HCAO and then the VSCF methods.
|0 105110 v3tvs 5.3x 1077 7.2x 107 Water Dimer Intensities. Experimental measurements of the
V3t Vs 2.2x10°® intensities of water dimer transitions are scarce. In the funda-
110004110 Vi i va é-(l)x igz 8.6x 107 mental region, we compare with the absolute He-droplet
1100110 2 H Zz 13 108 255 108 intensites and find that in general the VPT2 and HCAO
Yo+ va 4.5x% 1010 intensities are similar; however, the VPT2 intensities are lower
|1000-|100 Ve + Vs 9.3x 1077 9.6x 1077 and are in very good agreement with the absolute intensities
Vot V4 35x 108 from the He droplet experiment (Table8)~or all fundamental
|0L0Lg| 20] 2v4 1.1x 107 1.6x 1072 OH-stretching modes, we observe a significant increase in
1007200 i‘:ir Ve i:g;‘ igg 46x 107 intensity compared with the OH-stretching transitions in water.

It is interesting that for water the VPT2 and HCAO methods
a Calculated with potentials and dipole moments obtained with the give almost the same intensity for tH&0O |00transition,
CCSD(T)/aug-cc-pVTZ ab initio method. Oscillator strengths can be o reas for water dimer the comparable transitid@8(; |00
converted to integrated absorbance in km/mol by multiplication by and [OG110300) are approximately half the intensity with the
5.3313x 105 pp y y

VPT2 method.

than for water. We include experimental frequencies obtained ~ The intensities of the stretetbend combination transitions
from Ne-matrix isolation and jet_cooled experiments_ The jet_ are similar for the two methods with variations of less than a
cooled spectra provide more accurate data and we use theséactor of 2 for the weak features (Table 10). For the stretch
where possible. Relative intensities are taken from the most bend combinations and the mixed OH-stretching states (Table
recent matrix isolation experiment, apart from the fundamental 9). we find that transitions which are localized on one water
OH-stretching transitions for which absolute intensities from a Unit are an order of magnitude stronger than those involving
He-dropet experiment are used. The difference between themodes on both water units. This indicates that the basic
experimental techniques can be severaltmnd transitions assumption in the_ H(_ZAO calculations of no interaction between
seen with one technique are not necessarily observed withthe two water units is reasonable.
another. For water, we found that the cc-VSCF frequencies In the first OH-stretching overtone region, we notice a sharp
improved the VSCF frequencies in the right direction but by decrease in intensity of the @#tretching mode relative to the
too much, resulting in the experimental frequency lying fundamental transition (Table 9). This is attributable to a
somewhere between the two calculated values. For water dimercancellation of terms in the dipole moment expansfoAs a
we find that cc-VSCF is lowering the VSCF frequencies, which result, this state is sensitive to couplings with other modes, and
are already lower than the experimental values. As a conse-we will investigate this in more detail in the next section.
quence the cc-VSCEF frequencies of the fundamental transitions  In Figures 2-4, we compare relative intensities obtained from
differ from the experimental values by 7040 cnt™. Ar and Ne matrix isolation spect@a!’ with our calculated

For the fundamental OH-stretching transitions we see that intensities. For each of the calculations and experiments, we
the HCAO model generally performs well with the bonded OH- have set the intensity of the fundamental &Sitfetching
stretching transition within 35 cm of experiment and the other  transition to 100. We have chosen this transitions as reference
three transitions within 10 cnd. For the VPT2 method the rather than the strongest @stretching fundamentalafy 104|O0).
agreement with experiment for the bonded OH-stretching The OH;-stretching mode is more sensitive to theoretical method
transitions is 10 cmt and for the other OH-stretching modes and is also perturbed more strongly by matrix effects than the
within 25 cnTl. Interestingly, using the ANO basis set (see other fundamental transitions. It is clear that both VPT2 and
Supporting Information, Table S5) the situation is reversed, with HCAO yield relative intensities that are in good agreement with
the |0 14| OCtate being better described by the HCAO method, each other and with the relative intensities of the Ne and Ar
and the remaining OH-stretching modes better described by thematrix experiments. These intensities span more than 2 orders
VPT2 method. For the HOH-bending fundamentals we see that, of magnitude. The difference between the VPT2 and HCAO
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method is that anharmonic wavefunctions are inherent and that
higher order dipoles are included so that higher overtone
transitions can be calculated. The comparison between the two
clearly shows that the effect of the six lower frequency modes
on the intensity of the dominant OH-stretching is limited, and
thus the previously calculated HCAO OH-stretching intensities
are of reasonable accurat§i® The effect of the lower
frequency modes is to spread the intensity and thereby change
the band profile of the OH-stretching transitidiSs.

A full list of VPT2 transitions with oscillator strengths larger
than 1012 are given in the Supporting Information (Tables
S14-S17). We find that on the high-energy side of the
fundamental OH-stretching transitions there are several transi-
tions that carry some intensity. These are combinations of the
fundamental OH-stretching and low-frequency vibrations. This
is in good agreement with the observed room-temperature
experiments in the 31664400 cnt? region?°

Largely the strengths and weakness of each method exhibited
in the calculation of water are also observed for water dimer.
The HCAO and VPT2 models produce the most accurate
frequencies for the OH-stretching modes with an accuracy of
better than 1% when compared with experiment. It is clear that
the normal mode models perform better than the local mode
model in describing the bending mode. This problem with the
HCAO local mode model can be aleviated by improving the
description of the coupling The OH,-stretching mode is
probably the most difficult mode to describe. Improving the
basis set toward complete basis set limit and consideration of
counterpoise correction has been shown to increase the fre-
quency of the Olgtstretching mode but have little effect on the
intensity®4 Thus increasing the basis set could bring the VPT2
frequencies in excellent agreement with the experimental values.
The VPT2 method is the only method used that is appropriate
to model the six intermolecular vibrations. The HCAO model
does not include these, and the VSCF methods used in this study
are inapplicable for these types of modes. In comparison to
water, the water dimer fundamental transitions are stronger and
the first overtone transitions are weaker. The intensities predicted
using the VPT2 and HCAO methods are similar with the
difference between them usually being less than between the
Ne and Ar matrix isolation results. The ANO and aug-cc-pVTZ
basis sets used are of similar size and give similar results. We
find that the VPT2 method seems to produce the best results
when paired with the ANO basis set, and the HCAO method
when using the aug-cc-pVTZ basis set.

First OH-Stretching Overtone in Water Dimer. The first
OH-stretching overtone region of the water dimer spectrum has
been measured both with matrix isolation techniques and high-
resolution jet-cooled action spectroscopy. There is limited
agreement between the experimental results. Despite observation
of rotational structure in a transition observed in the jet-cooled
spectrum, assignment of this transition is still not clear. We have
improved the VPT2 and HCAO models to try and assign this
region. The first OH-stretching overtone region of water dimer
is more complex than the fundamental region with the two
guanta of excitation being available for distribution among the
four OH-stretching modes, resulting in a total of ten possible
OH-stretching states in they = 2 manifold. In a normal mode

intensities is in most cases less than the difference between thedescription of water, it has been shown that the so-called
Ne and Ar matrix results. Intensities calculated with the ANO Darling—Dennison second-order resonance becomes important,
basis are given in the Supporting Information and yield similar that is, coupling states of quantum numbers ¢, v3) and (1

agreement with experiment.

— 2, vy, v3 + 2) that have the same symmetries and similar

The advantage of the VPT2 method is that all 12 vibrational energies:8” We have extended the VPT2 method to include
modes are included, whereas the advantage of the HCAOsuch resonances in thgyy= 2 manifold. We treat this manifold
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TABLE 11: Calculated Frequencies and Oscillator Strengths of the States in thegy = 2 Manifold 2P

Kjaergaard et al.

VPT2+K HCAO+IU

assignment frequency oscillator strength frequency oscillator strength assignment
a'states
|OG) 204 7026 1.6x 1078 6978 1.0x 1078 |O% 204
12000 7132 5.1x 1079 7199 6.4x 1078 [200
|20900 + |200* 7162 3.8x 1077 7225 6.8x 1078 |0 1091 LOC)*
|0 104) 1003 * 7236 1.6x 1077 7228 3.0x 1077 |20 00g*
|20 OLg* 7311 1.1x 108 7351 6.3x 1078 |10 108
1110 7378 5.1x 10°° 7385 9.1x 1070 |16]00| 100
|10]00|100* 7443 3.1x 10°8 7452 3.1x 107° (1100
a''states
|20 7193 5.7x 1077 7249 5.5x 1077 |200-
|0G] 1041102 7311 <1x10° 7317 4.3x 1078 |0G] 1031102
|10]001100 7443 3.1x 10°8 7481 2.6x 107° |10 00 100

a Calculated with potentials and dipole moments obtained with the CCSD(T)/aug-cc-pVTZ ab initio method. Oscillator strengths can be converted
to integrated absorbance in km/mol by multiplication by 5.3313(F. PAsterisks are used to mark states with large mixing.

with the dressed Hamiltonian approach outlined by Lehrffann  the |00 10J|10] state shows reasonable agreement between the
in which the off-diagonal matrix elements coupling these states two methods, whereas the agreement for|ifig0l4| 100 state
are approximated at second-order in the perturbation (consistingis worse with a difference in energy of around 40¢émwe
of a leading quartic term and a term that is bilinear in the cubic note that for these two interunit transitions the VR and
force constants) and the final levels are obtained by explicit HCAO+IU calculated intensities are significantly different.
diagonalizatior¥? Eigenvectors associated with the seven states Overall the total intensity of the thre&' transitions is very
of & and three states af' symmetry were then used to rotate similar with the two calculations.
the VPT2 transition moments to the diagonal representation, For the states a symmetry there is a high degree of mixing
thereby affecting the intensities. This method is denoted and many of the eigenstates are combinations of several different
VPT2+K and the detailed results are given in the Supporting states, to such an extent that assignment to a single state is
Information in Table S11. We have also extended the HCAO meaningless. The level mixing coefficients for both VAR
model to describe all of the transitions in this manifold by and HCAOtIU methods are given in the Supporting Informa-
including harmonic coupling between OH-stretching modes on tion in Tables S11 and S12. Thel]2[J state is calculated to
different water units. The necessary grids are calculated similarlie around 100 cm! lower than the other states with minimal
to those for each water unit by displacing the OH bonds from mixing with other states. The energies of this state predicted
—0.2 to 0.2 A in steps of 0.1 A. We include only harmonic with the VPT2+K and HCAO+IU methods vary by 48 cri
coupling and assume the kinetic energy coupling between and the intensity is 60% larger in the VPT2 calculation. The K
acceptor unit and the Q#dtretching mode to be zero and and IU corrections have little effect on this state. Des|iif¢l0J
negligible for the OR-stretching mode. We have limited the being the strongest fundamental transition the corresponding
mixed interunit dipole derivatives to include only thg term. first overtone transition|0d20, is relatively weak in this
We denote this method HCAGIU and the detailed results are  manifold 61,64
given in the Supporting Information Table S12, and in Table  For the|200 state, we find some mixing with th&1state
S13 we compare the effects of including various degrees of in the HCAO+IU results, whereas in the VPT2 calculation this
coupling in the HCAO model. state is rather pure. The calculated intensities differ by around
We adopt the local mode notation in both cases to avoid an order of magnitude. This state is significantly affected by
confusion regarding assignments. We are interested only in thethe K and IU corrections.
stretching modes and therefore omit specifying the bending In Table 11, we have labeled states that show significant
quanta (which is zero) for simplicity. For the proton acceptor mixing with an asterisk. We have designated these states by
unit, this notation igij (I wherei andj refer to the OH-stretching  the label of the state that has the highest weighting although
quanta; and for the proton donor unit, the notatiofnmg|nly, these assignments should be regarded with caution. Both
denoting the quanta in the free and bound OH-stretching local methods calculate three heavily mixed states in the 77350
modes. For the states consisting of transitions on different units,cm™ region to consist of transitions to th@0, |2[]O0L,
we use the combined notation hiyni|ij 1. |0f] 104|200, and |11 states. We find that the separation of
In Table 11, we present the energies and intensities of the the two lowest energy states in the HCAQ®J method is only
ten states within the first OH-stretching overtone manifold with 3 cn ™. This is similar to what is predicted using the uncorrected
the comparable ANO results given in the Supporting Information VPT2 method; however, the Darlirgddennsion correction
Tables S11 and S12. We have grouped the states according tavorks to lift this degeneracy to a separation of around 75'cm
the symmetry species of vibration to facilitate assignment. This illustrates the possibilities of large couplings in the normal
Comparison with the VPT2 and HCAO results in Tables 6 and mode model. The calculated total intensity in this region is
9 shows that overall the VPT2 calculated energies and intensitiessimilar with the two methods, although it is distributed differ-
are more strongly perturbed by the inclusion of Darling  ently. The state predicted to lie at 7311 ¢musing the VPTZK
Dennison coupling than the HCAO calculated results are by method has an intensity of less than110~° in contrast with
the inclusion of interunit coupling. the corresponding state at 7351 cmcalculated with the
For the three states af' symmetry, both methods calculate HCAO+IU method with an intensity of 6.% 1078,
these states to be essentially “pure” in that there is minimal The two highest energg states can be assigned to ttél]
coupling to other states. We assign the lowest enalgstate and|1[;]004| 100J states. Interestingly, there is good agreement
to the|200 state, which is predicted by both methods to be the in the positions and reasonable agreement in the intensity
strongest transition in theoy = 2 manifold. The position of between the two methods although the dominant state in each
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case is different. Again, we note that assignment is difficult as gies, and intensities of the ten states in thg v 2 manifold
there is a high degree of mixing, especially with the VRR2 are given in the Supporting Information. For all states, there is
method. a systematic increase in the energies of around 40 evhien

We compare our calculated results with the experimental datausing the ANO basis set compared to results obtained with the
from the jet-cooled experimetttwith reference to the Ne matrix ~ aug-cc-pVTZ basis set. It is interesting that the VPT2/ANO
isolation datd” The bands in the jet-cooled experiment (7 K) results are closer to the HCABU/aug-cc-pVTZ results, than
are better resolved compared with other experimental data andvhen comparing same basis set calculations. The intensities from
one band shows rotational structure. In the action spectrum the VPT2 calculation seem more sensitive to basis set than those
obtained between 7180 and 7300 ¢rfour peaks attributed to ~ from the HCAGHIU calculation.
water dimer are reported. For the first band, lying at 7193%m The ANO results seem to be in better agreement with
a partially resolved rotational structure is observed, which is experiment for both vibrational methods. Most of the states
consistent with an a-type transition, due to the lack of a strong exhibit a similar degree of mixing with the slight exception of
Q-branch. This transition likely corresponds to the band at 7207 the VPT2 transition at 7162 cm (aug-cc-pVTZ). With the aug-
cm1in the Ne matrix isolation spectrum, although the matrix cc-pVTZ basis set, this state is found to consist of an almost
usually lowers the frequency. This rules out assignment to the equal mixture of|200]. and |2[{O0L, whereas there is a larger
|200 state due to the transition moment of this mode being component of th¢2[]0[ state using the ANO basis. With the
mostly c-type and as such should exhibit a Q-branch. Simula- ANO basis, this transition is predicted at 7207 ¢nin very
tions of this band suggested an overlapping of two a-type good agreement with the observed band at 7193cifhis
transitions, which were tentatively assigned to {860 or transition has a large component|2f0l4 which, as mentioned
|10 10§ transitionst* previously, is expected to lead to an incorrect band shape

From the HCAGHIU calculation, we see that tHa0] state compare to that observed. _Therefore, the HGAO calcula-
lies at 7199 cmt with a strong intensity and as such is a likely ~ tions would suggest an assignmen{20.}, and the VPTZK
candidate for this assignment. In the VPAR calculation the ~ calculations would suggest the0d state mixed with the20ll.
transition at 7162 cmt is strong and being a combination of ~ State. Clearly, additional experimental and theoretical work is
mainly the|200} and |2(70(§ states also a possible candidate. desirable.

Two bands are observed at 7240 and 7249.8'crfihese The inclusion of Darling-Dennsion correction to the VPT2
were assigned to th@2[|0] state, based on previous matrix calculat_ion and inclusion of_ interunit coupling in the HCAO
isolation data which report the bands at 7237 and 7245Lcm _cal_culatlons shows thgt the fwst_OH-stretchmg_ overtone of water
respectively. The 7237 cr band is the dominant band in the IS indeed very complicated, with most transitions being com-
matrix isolation spectra. These bands exhibit the perpendicularPinations of many states, making simple one basis state
band shape which would be consistent with a c-type transition aSSignment difficult. We find that the inclusion of Darling
and are both quite strong. As previously mentioned, both Dennison correction to the VPT2 calculations is important to

calculations predict thi200 state to be the strongest transition describe the transitions in this region. Inclusion of the interunit
in this region. Hence we assign th20(l state to at least one coupling in the HCAO model does not significantly alter the

of the bands around 7240 ch The HCAOHIU calculation energies and intensities of the dominant transitions. This
also predicts a strong transition at 7228 @nfrhis is assigned g:c?p?rlggahctﬁetze fundamental difference between the NM and LM

to the|2[00J transition and as such would have a perpendicular
band shape so could also be responsible for the bands observed .
around 7240 cmt. Conclusion

The final band observed in the action spectrum is at 7282  We have calculated frequencies and intensities of transitions
cm! and is not observed in the matrix isolation spectra. This up to~11 000 cnt? in water and~8000 cnt? in water dimer.
seems to be slightly weaker than the other three bands observedve have compared the results obtained using VPT2, VSCF
and with a parallel band shape. The parallel band shape couldincluding cc-VSCF, and a HCAO local mode model. Overall,
suggest a transition dominated by th#ld1lJ state. The  reasonable agreement with experiment is obtained with all
VPT2+K method predicts a band at 7236 chwhich is largely  vibrational methods, which all represent significant improvement
made up of thgOL10|100 and |1[]1[J states. It has also a  over the double harmonic approach.
rather strong intensity, making this a possibility for assignment  The VSCF and cc-VSCFE methods seem to perform well for
to one of the observed bands. The HCAI calculation the OH stretches but are inapplicable for some of the transitions
predicts a similar band at 7225 ciywhich is largely made up  such as the intermolecular vibrational modes. Furthermore,

of the |0L] 10| 10L} state with some contribution from th20Ll. ~  where degeneracies are suspected to be important VSCF is
state. This would have the correct symmetry and strong intensity actually preferable to cc-VSCF, because the latter use nonde-
to be assigned to the band observed at 7282'cidowever, generate perturbation theory. For such systems, a degenerate

we also note that thel[{] 1[4 transition lying at higher energy  extension to VSCF is required. The HCAO method performs
than the band observed has a similar intensity, thus is also awell for the OH-stretching transitions but has problems with
possible candidate. Because of these all being valid possibilities,transitions to states that involve the HOH-bending modes. This
we refrain from making any definite assignment to the band could be aleviated by improving the coupling in the HCAO
observed at 7282 cm. The band at 7362 cm only observed  model to anharmonic coupling. The VPT2 method seems to
in the Ne matrix isolation experiment is likely the 7351 Tm  work well for most transitions. As the energy increases, its
transition in the HCAG-IU calculation or the 7311 cmi accuracy decreases, and for the highest energy OH-stretching
transition in the VPT2K calculation. transitions the HCAO method provides a suitable alternative.
We have also used the ANO basis set together with the The only method applicable to the intermolecular modes is
VPT2+K and HCAOHIU methods in the hope of resolving VPT2, as the HCAO model does not include these six modes
some of the remaining ambiguities in assignment in the first and the VSCF model used in this study is inappropriate for such
OH-stretching overtone region. The mixing coefficients, ener- modes. We find that the six low-frequency vibrations do not
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have a large effect on the intensity of the dominant OH- (9) Daniel, J. S.; Solomon, S.; Kjaergaard, H. G.; Schofield, D. P.
Geophys. Res. Let2004 31, L06118.

stretching and str_ete#bend transitions. . (10) Ptashnik, I. V.; Smith, K. M.; Shine, K. P.; Newnham, D.@. J.
For water, we find that the HCAO local mode model is the R, Meteorol. S0c2004 130, 2391-2408.

most accurate in predicting energies and intensities of the OH-  (11) Huang, Z. S.; Miller, R. EJ. Chem. Phys1989 91, 6613-6631.
stretching modes and that the normal mode models (VPT2, Sag/}(?uypiglj\.]i E-ﬁyzf%’ﬁgg]alAggél;o%hgg?écz.éﬁoth, K.; Casaes, R.;
VSCF_gnd cc-\/_SCF) are better suited to the bending modes. (13) F’re('“ny 'L'; Nel'ander, i3.; Ribbegard, . Chem. Phys1977 66,
Intensities obtained with the VPT2 and HCAO methods are 4065-4072.

comparable and agree with experiment to within a factor of 2 (14) Nizkorodov, S. A.; Ziemkiewicz, M.; Nesbitt, D. J.; Knight, A. E.
for most transitions. Q. J. Chem. Phys2005 122, 194316.

(15) Perchard, J. RChem. Phys2001, 266, 109-124.
Largely the trends observed for water are observed also for  (16) perchard, J. FChem. Phys2001, 273 217-233.

water dimer although it is a much more complicated system. (17) Bouteiller, Y.; Perchard, J. ©hem. Phys2004 305 1-12.
We have investigated the use of additional corrections in the _ (18) Slipchenko, M. N.; Kuyanov, K. E.; Sartakov, B. G.; Vilesov, A.
first t g t t for Darli . F. J. Chem. Phys2006 124, 241101 and private communication.
Irst overtone region to account for Darlir@ennison resonance (19) Goss, L. M.; Sharpe, S. W.; Blake, T. A; Vaida, V.; Brault, J. W.
missing in the VPT2 method and interunit coupling missing in  J. Phys. Chem. AL999 103 8620-8624.
the HCAO method. We find that most transitions in the first 20(()270)34Pi){2t86&3D.; Ptashnik, I.; Shine, K.; Smith, ®eophys. Res. Lett.
OH-s.t(etchlng qvertong rgglon a.re strongly mixed. For .Some (2,1) I’Dfeilstickér, K.; Lotter, A.; Peters, C.;"Boh, H.Science2003
transitions, we find a significant difference when the Darling 300 2078-2080.
Dennsion corrections are included in VPT2, whereas inclusion  (22) Suhm, M. A.Science2004 304, 823-824.
of interunit coupling has little effect on the HCAO transitions gzg Efe”s_“CSkeRh K.kA.SPCIelr\]CQOO4k30%) 825‘- s, Ch

. . . . assl, o.; Macko, P.; Naumenko, O.; Campargue&;ays. em.
located on a single water unit. We are abl_e to Fentanvely asSigN cpem. Phys2005 7, 2460-2467.
two of the four peaks recently observed in a jet-cooled action  (25) Keutsch, F. N.; Braly, L. B.; Brown, M. G.; Harker, H. A.; Petersen,
spectrum and offer suggestions for the origin of the remaining 59387-; Leforestier, C.; Saykally, R. J. Chem. Phys2003 119, 8927~
two. : . )

. - 26) Leforestier, C.; Gatti, F.; Fellers, R. S.; Saykally, RJ.JChem.
The ANQ and aug-cc.-pVTZ basis sets lead to.5|mllar results. ph§,s_%002 117 8710-8722. i

In comparison to experimental data for water dimer, the ANO  (27) Goldman, N.; Fellers, R. S.; Brown, M. G.; Braly, L. B.; Keoshian,
basis set combined with the VPT2 method and the aug-cc-pVTZ €. J.; Leforestier, C.; Saykally, R. J. Chem. Phys2002 116, 10148~

basis set combined with the HCAO method give the best ™5y smit M. 3.: Groenenboom, G. C.; Wormer, P. E. S.; Avoird, A. v.
agreement.

d.; Bukowski, R.; Szalewicz, KI. Phys. Chem. 2001, 105 6212-6225.
(29) Bukowski, R.; Szalewicz, K.; Groenenboom, G. C.; Avoird, A. v.

; ; d. Science2007, 315, 1249-1252.
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