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HCI-H,O dimer: An accurate full-dimensional poten-
tial energy surface and fully coupled quantum calcu-
lations of intra- and intermolecular vibrational states
and frequency shifts’

Yang Liu,” Jun Li,** Peter M. Felker® and Zlatko Bagi¢*

The interaction between HCI and H,O is of considerable theoretical and experimental interest
due to its important role in atmospheric chemistry and understanding the onset of the dissoci-
ation of HCI in water. In this work, the HCI-H,O complex is quantitatively characterized in two
ways. First, we report a new full-dimensional potential energy surface (PES) for the HCI + H,O
system. The nine-dimensional (9D) PES is based on circa 43,000 ab initio points calculated at the
level of CCSD(T)-F12a/AVTZ with the basis set superposition error correction using the permuta-
tion invariant polynomial-neural network method, which can accurately and efficiently reproduce
the geometries, energies, frequencies of the complex of HCI with H,O, as well as the relevant
minimum energy path. Next, we present the results of the first fully coupled 9D quantum cal-
culations of the intra- and intermolecular vibrational states of the HCI-H,O dimer, performed on
the new PES. They employ the highly efficient bound-state methodology previously used to com-
pute accurately the rovibrational level structure of the H,O/D,O0-CO and HDO-CO complexes [P.
M. Felker and Z. Baci¢, J. Chem. Phys., 2020, 153, 074107; J. Phys. Chem. A, 2021, 125,
980]. The 9D calculations characterize the vibrationally averaged nonplanar ground-state geom-
etry of the HCI-H,O complex, the intramolecular vibrational fundamentals of both H,O and HCI
moieties, and their frequency shifts, as well as the low-energy intermolecular vibrational states in
each of the intramolecular vibrational manifolds and the effects of the coupling between the two
sets of modes. The calculated properties of the HCI-H,O dimer are in excellent agreement with
the available spectroscopic data. The 9D computed dimer binding energy Dy of 1334.63 cm™!
agrees extremely well with the experimental Dy equal to 1334410 cm~! [B. E. Casterline and A.
K. Mollner and L. C. Ch’ng and H. Reisler, J. Chem. Phys., 2010, 114, 9774]. Moreover, the
ground-state expectation value of the out-of-plane bend angle of H,O, 33.80°, and the computed
HCI stretch frequency shift, -157.9 cm~!, both from the 9D calculations, are in very good accord
with the corresponding experimental values.

1 Introduction
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Mixed (HCI), (H,0),, clusters have attracted a great deal of in-
terest from experimentalists and theorists alike.! This attraction
stems from the involvement of these complexes in atmospheric
chemistry, ozone depletion in particular. Furthermore, small HCIl-
water clusters provide a microscopic view of the steps that uli-
mately lead to the fully dissociated HCI in bulk water. 1-2

As the smallest of (HCI),,(H,0),, clusters, the HCI-H,O dimer
is of considerable significance in its own right. This has made
it the subject of numerous high-resolution spectroscopic studies,
including microwave spectroscopy,* ragout-jet FTIR¢ and in-
frared (IR) cavity ringdown spectroscopy’ in the gas phase, and
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IR spectroscopy in liquid helium, as well as nanodroplets.8-12 In

addition, the vibrational predissociation dynamics of the HCl-
H,0 dimer following excitation of the HCI stretch were stud-
ied, 1314 which led to the first determination of the dimer dis-
sociation energy Dy = 1334410 cm~!.13

Numerous theoretical studies have been performed on the
HCI-H,0 dimer.1>19 They have established that the equilib-
rium, minimum-energy structure has a near-linear hydrogen bond
where HCI serves as the proton donor to the O atom of water
which is the proton acceptor. This global minimum is non-planar,
and one of its two symmetrically equivalent pyramidal Cs struc-
tures is shown in Figure 1.

An important advance in the theoretical description of the HCl-
H,O dimer was the development of the ab initio based nine-
dimensional (9D) potential energy surface (PES), of the dimer
by Mancini and Bowman,2? constructed by means of a permuta-
tionally invariant fit to over 44,000 CCSD(T)-F12b/aug-cc-pVTZ
configurations and energies, with the overall root-mean-square
error (RMSE) of 24 cm~!. In the following, this PES is referred to
as PES-2013. Quantum diffusion Monte Carlo (DMC) calculations
performed on this PES?° yielded the dimer’s dissociation energy
(D) value of 1348+3 cm~!, in good agreement with the experi-
mental result. 13 The vibrationally averaged ground-state geome-
try of HClI-H,O was also characterized.

To date, no rigorous, high-dimensional quantum calculations
of excited intra- and intermolecular vibrational states of the HCl-
H,0 dimer have been reported. With this in mind, the present
article has the following two objectives. The first one is to report
a new full-dimensional (9D) PES for this dimer, denoted hereafter
as PES-2021. The methodology employed for its construction is
similar to that utilized recently to generate the 9D PES for the
H,0-CO interaction. 2! The HCI-H,0 PES-2021 is based on circa
43,000 data points computed at the level of CCSD(T)-F12a/aug-
cc-pVTZ with the basis-set-superposition-error (BSSE) correction.
The ab initio points are fit using the ultraflexible permutation in-
variant polynomial-neural network (PIP-NN) approach, 22-24 with
the RMSE of only 10.1 cm™!.

The second objective of this paper is to present the results of the
first fully coupled 9D quantum calculations of the intra- and inter-
molecular vibrational states of the HClI-H,0 dimer, utilizing PES-
2021. The three intramolecular vibrational fundamentals of the
H,0 moiety and the stretch fundamental of the HCI subunit, as
well as their frequency shifts from the gas-phase monomer values,
are computed, in combination with the low-energy intermolecu-
lar vibrational states of the complex within each intramolecular
vibrational manifold. The 9D calculations provide a comprehen-
sive and quantitative description of the vibrationally averaged
nonplanar ground-state geometry of the dimer, the intra- and
intermolecular vibrational levels of the HCI-H,O complex and
the effects of their coupling. The dissociation energy Dy, the
HCI stretch fundamental, and the (vibrationally averaged) out-
of-plane bend angle of the H;O moiety from our 9D quantum
calculations on PES-2021 are in excellent agreement with the re-
spective measured values.

What makes these demanding bound-state calculations feasible
is the methodology developed in ref. 25, denoted hereafter as I,

2| Journal Name, [year], [vol.],1-14

which builds on the general approach for high-dimensional, fully
coupled computation of intra- and intermolecular (ro)vibrational
excitations of noncovalently bound molecular complexes. 26 This
methodology has two key components. The first one is the sur-
prising insight2-27 that for noncovalently bound systems high-
energy intramolecular vibrational excitations can be calculated
accurately by including in the final basis only a rather small num-
ber of low-lying intermolecular eigenstates with energies far be-
low those of the intramolecular vibrational states of interest. Of
course, this greatly reduces the basis-set size and the computa-
tional effort involved.

The second key element is the computational strategy that
is particularly well suited to take advanatge of the above in-
sight. It involves the partitioning of the full (ro)vibrational
Hamiltonian of the dimer, 2526 which for HClI-H,O is 9D, into
a (5D) rigid-monomer intermolecular vibrational Hamiltonian,
two intramolecular vibrational Hamiltonians — one for the water
monomer (3D) and another for the HCl moiety (1D), and a 9D
remainder term. Each of the three reduced-dimension Hamilto-
nians is diagonalized separately and small portions of their low-
energy eigenstates are used to build up a compact (9D) product
contracted basis covering all internal, intra- and intermolecular,
degrees of freedom (DOFs). The use of the contracted eigenstate
basis for the intermolecular vibrational DOFs is highly advanta-
geous. It makes it straightforward to select just a small number of
lowest-energy intermolecular (as well as intramolecular) vibra-
tional eigenstates for inclusion in the compact final 9D product
contracted basis, 26 in which the full vibrational Hamiltonian of
the complex is diagonalized.

This methodology has been already implemented success-
fully to compute fully coupled intra- and intermolecular
(ro)vibrational eigenstates of a number of highly challenging non-
covalently bound systems: HE-stretch excited (HF),, 26 two H,
molecules in the large clathrate hydrate cage,2® flexible H,O in
Ce0,%° benzene-H,0/HDO,3° H,0/D,0-CO,2> and HDO-CO. 3!
It is worth noting that H,0/D,0-C0O2%> and HDO-CO3!, as well
as HCl-H,O in this paper, are the first noncovalently bound
molecular complexes with more than four atoms for which all in-
tramolecular vibrational fundamentals, together with low-energy
intermolecular vibrational states, have been computed by means
of rigorous full-dimensional quantum calculations.

The paper is organized as follows. Section 2 introduces the
main components of the development of the full-dimensional PES
- ab initio methodology and PIP-NN fitting, and describes the key
features of the newly developed PES-2021. Section 3 outlines
the methodology for full-dimensional and fully coupled quantum
calculations of intra- and intermolecular vibrational states of the
dimer. The results of these calculations are also presented and
discussed in this section. Conclusions are given in Section 4.

2 HCI-H,0 potential energy surface

2.1 Ab initio calculations - methodology

All ab initio calculations were performed with the 2015.1 version
of MOLPRO quantum chemistry program in the current work. 32
The explicitly correlated coupled cluster singles, doubles, and per-

This journal is © The Royal Society of Chemistry [year]
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turbative triples level 3334 associated with the augmented correla-
tion corrected valence double or triple-zeta basis set3> [CCSD(T)-
F12a/AVXZ, X= D, T, Q] were employed to determine the ge-
ometries, energies and harmonic frequencies of the two station-
ary points, the non-planar complex well (pyramidal C;) and the
planar C,,, which is a transition state (TS) that connects the two
identical complex wells. CCSD(T)-F12a/AVTZ33:3% can efficiently
provide results close to those computed at the CCSD(T)/AV5Z
level36:37 and thus has been widely used to develop PESs of many
reactive and non-reactive systems. 20-22,38-44

In the study of weakly bound complexes, the BSSE often leads
to artificial strengthening of interaction well and artificial short-
ening of intermolecular distance. In this work, the BSSE correc-
tion was determined according to the Boys-Bernardi strategy: +°

AEgssg = Eyicy — Efyey + Efiyo — EPTIzO’ )

where E* denotes the energies of HCI or H,O in the HCl + H,O
basis and ET refers to energies of HCl or H,O in their own ba-
sis sets. Consequently, the counterpoise (CP) corrected energies
were calculated to be

Ecp = Edimer — AEBSSE- 2

2.2 PIP-NN fitting

The details of constructing the PES of a non-reactive system can
be found in our recent work for H,O and CO.2! Firstly, ca. 10
000 points were sampled by varying the distances and orienta-
tions between HCl and H, O to obtain a primitive PES. Specifically,
the interaction regions need denser points than the asymptotic re-
gion. Therefore, the center-of-mass (COM) distance between HCl
and H,0 was varied from 2 to 4 A with an interval of 0.1 A and
from 4 to 8 A with an interval of 0.2 A at different orientations
between them. The PES may not provide a reliable description
for regions lacking data points, and generally may show some ar-
tificial “holes” for these regions. Thus, further data points were
added by running quasi-classical trajectory (QCT) calculations on
this preliminary PES to explore all relevant dynamic regions. The
procedure was repeated to gradually improve the PES until (a)
no artificial “hole” was found, and (b) all relevant dynamical re-
sults were converged. To eliminate points that are too close to
the existing data set, the generalized Euclidean distance between
a new point and existing data points were measured. Only those
points that are sufficiently far away from each other were added
to the existing data set. All permutationally equivalent points (3!
= 6) were included in such screenings. Further, the regions near
the stationary points and the minimum energy path (MEP) were
further sampled to improve the performance of the PES for these
regions.

22-24

The following NN function form with two hidden layers is

used to fit the selected ab initio points:

K J 3
v £ (o (o7 £ (o0 (4 Soit-a) ) )
k=1 =1 -

€)]
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where
i L
Gi=S[]nrij- &)
i<j

The permutation invariant polynomials (PIPs) of the Morse-like
variables p;; = exp(—Ar;;) (A is set to 1.0 A= in this work) of
internuclear distances between atoms i and j (i,j =1— 5),46:47
shown in eqn (4), are used as the input layer of the NN; § is the
symmetrization operator that permutes the three identical hydro-
gen atoms. / in eqn (3) denotes the number of the input PIPs. (o(.i-)
are weights that connect the ith neuron of (I — 1)th layer and the
Jjth neuron of the /th layer. bﬁ.l) is the bias of the jth neuron of the
Ith layer. Both w and b variables are fitting parameters that need
to be determined. J and K are the numbers of neurons in the
two hidden layers and f; (i = 1,2), nonlinear transfer functions
for the two hidden layers, were taken as the hyperbolic tangent
function, tanh(x)=(¢*-1)/(¢**+1). In the present work, to en-
sure adequate permutation symmetry,24 the maximum order of
the input PIPs is 4, yielding 231 PIPs. The nonlinear least squares
fitting method was employed to optimize the fitting parameters
(o and b) by minimizing the RMSE,

Ndaa . . 2
RMSE = Z <E(IJUtput - E[la.rget> /Ndata~ (5)

i=1

To avoid the so called “over-fitting” issue, for each NN fitting
the data set was randomly divided into three parts: the training
(90%), validation (5%), and test (5%) sets. Different numbers of
neurons in the two hidden layers were tested. For each NN archi-
tecture, 100 NN trainings with different initial fitting parameters
and different training, validation, and test sets were carried out.
In accordance with the NN ensemble approach,4® the final NN
potential was chosen as the average of three best fittings to mini-
mize the random error. The false extrapolation could happen due
to the edge points randomly selected in the validation/test sets.
Consequently, the fit was chosen only if all three sets (training,
validation and test) have similar RMSEs to minimize such possi-
ble errors. The maximum deviation was also used as a criterion
for selecting the final NN potential.

2.3 Ab initio calculations - results

The optimized structures of the HCl and H,O molecules and the
two HCI-H,0 complexes having the planar C,, and pyramidal Cj
geometries, respectively, are displayed in Figure 1. The planar
G, structure is the saddle point that connects two symmetry-
equivalent pyramidal C; global minima through two bending an-
gles o and S, also defined in Figure 1. In general, the geometrical
parameters from CCSD(T)-F12a/AVTZ and CCSD(T)-F12a/AVQZ
calculations are very close to each other. For the H,O and HCl
monomers, these two methods yield essentially the same geomet-
ric parameters. For the C,, saddle-point and pyramidal C; ge-
ometry, the CCSD(T)-F12a/AVTZ and CCSD(T)-F12a/AVQZ cal-
culated rigid coordinates within the H,O and HCI moieties are
again consistent with each other. For the hydrogen-bond distance
between H,O and HCl, Roy, the differences between CCSD(T)-
F12a/AVTZ and CCSD(T)-F12a/AVQZ results are slightly larger,

Journal Name, [year], [vol.], 1-14 |3
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Fig. 1 Comparison of geometries in internal coordinates (distances in A
and angles in deg.) for the stationary points. They correspond to
PES-2021, CCSD(T)-F12a/AVQZ, CCSD(T)-F12a/AVTZ,
CCSD(T)-F12a/AVDZ, from top to bottom. « presents the angle
between H-O (H in HCI) vector and C, axis of H,O. Here and elsewhere,
H, Cl, and O atoms are depicted as white, green, and red, respectively.

0.005 and 0.002 A for the C,, saddle point and pyramidal Cj,
respectively. The angle « in the pyramidal C; shows a devi-
ation of 0.9° between the two methods. The experimentally
measured O-Cl distance in the pyramidal C; is 3.2273 A, 0.04
and 0.05 A longer than the present CCSD(T)-F12a/AVTZ result
and the calculation at the CCSD(T)/6-311++G(2d, 2p) level by
Alikhani et al.!8 The CCSD(T)-F12a/AVTZ-calculated angle o is
135.6°, which is 1.9° larger than that computed at the CCSD(T)/6-
311++G(2d, 2p) level.1® but 9.7° smaller than the measured
value.* The reason for this is that the calculated angle corre-
sponds to the equilibrium geometry of the the HCI-H,O dimer,
while the experimental value reflects vibrational averaging over
the ground-state wave function. As discussed in Sec. 3.2.1, the
present 9D quantum calculations on PES-2021, which incorporate
wave function averaging rigorously, yield for this out-of-plane
bend angle the value which is in excellent agreement with the
experimental result.

Table 1 lists the energies and harmonic frequencies of the sta-
tionary points. Notice that all the energies are relative to the
isolated monomer (HCl and H,O) with a center-of-mass (COM)
distance of 15 A. The complete basis set (CBS) calculations were
performed by fitting CCSD(T) energy using AVDZ, AVTZ, and
AVQZ. As shown in Table 1, the deviations between CCSD(T)-
F12a/AVQZ and CCSD(T)-F12a/AVDZ in the energy are 0.47 and
0.52 kecal mol~!, respectively, for the C,, saddle point and the
pyramidal Cs. The corresponding deviation in the imaginary har-
monic frequency of the C,, saddle point is 0.37 kcal mol~!. The
CCSD(T)-F12a/AVTZ computed results are very close to those de-
termined by CCSD(T)-F12a/AVQZ or CCSD(T)/CBS. Therefore,
CCSD(T)-F12a/AVTZ is appropriate to develop a global PES for
the title system efficiently.

The effect of BSSE is not negligible in this system. At the
level of CCSD(T)-F12a/AVTZ, the BSSE contributions for the C,,
saddle-point and pyramidal C are 0.15 and 0.19 kcal mol~!, re-
spectively. With BSSE corrections, the dissociation energy D, at
the CCSD(T)-F12a/AVTZ level is -5.38 kcal mol~!, close to -5.29

4| Journal Name, [year], [vol.],1-14

kcal mol~! determined by CCSD(T)-F12b/AVTZ with BSSE.20
The harmonic zero-point energy (ZPE) of H,O and HCI calculated
by CCSD(T)-F12a/AVTZ is 17.73 kcal mol~!, which is increased
to 19.6 kcal mol~! for the complex well, pyramidal C;. Using the
DMC method, Mancini and Bowman obtained 17.52 and 19.12
kcal~! for H,O + HCI and the H20-HCI complex well, respec-
tively. 20 Dy based on the harmonic ZPE at CCSD(T)-F12a/AVTZ
is 3.50 kcal mol~!, which is 0.37 and 0.35 kcal mol~! smaller
than the experimental measurement by Casterline et al. 13 and
the (anharmonic) DMC result by Mancini and Bowman 29 using
CCSD(T)/CBS/AVXZ (X=D,T,Q,5), respectively. For PES-2021,
numerically exact values for Dy and the ZPE from the fully cou-
pled 9D quantum calculations in this work are reported in Sec.
3.2.1.

2.4 Potential energy surface

o
=
—
S
=

Fitting Errors(kcal/mol)

-0.4

0 20 40 60 80 10
) Ab Initio Energy(kcal/mol)
044

0.34

0.24

Population

0.14

il

0.01:0.02 0.03:0.04 0.0510.06
IEgit-E garger(keal/mol)

T
0.07-0.08

Fig. 2 Upper panel: fitting errors (Eg-Eqareet, in kcal mol~!) of PES-2021
for the HCI + H,O system as a function of the ab initio energy (in kcal
mol~1). Lower panel: the population of the absolute fitting errors.

Using the strategy mentioned above, approximately 43,000
points were chosen and computed at the level of CCSD(T)-
F12a/AVTZ with the BSSE correction. The PIP-NN fitting ap-
proach was used to determine the PES. After several tests us-
ing different NN architectures with two hidden layers, the final
numbers of the neurons in the two hidden layers were chosen
to be 20 and 100, respectively, yielding 6821 fitting parameters
for each PIP-NN potential. The RMSE of the final PIP-NN PES-
2021 is only 0.029 kcal mol~!, based on three best fittings with
the RMSEs of 0.034, 0.035, and 0.040 kcal mol~', respectively.
The energies, structures, and harmonic frequencies of the station-
ary points on the current PES are shown in Figure 1 and Table
1. Good agreement between PES-2021 and CCSD(T)-F12a/AVTZ
with BSSE is achieved. Comparing results from PES-2021 and
CCSD(T)-F12a/AVTZ with BSSE, the differences for energies and
the harmonic frequencies are all within 0.01 kcal mol~! and 0.04
kcal mol~!, respectively.

The top and bottom panels of Figure 2 present the fitting errors

This journal is © The Royal Society of Chemistry [year]
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Table 1 Comparison of the energies E (in kcal mol~!) and harmonic vibrational frequencies (in cm~!) of the stationary points in the HCI + H,O system.

E Frequency
Species Note w/0 BSSE w/BSSE 1 2 3 4 5 6 7 8 9
HCI+H,0 PES 2990 1646 3830 3939
CBS?
Ab initio® 0 0 2988 1647 3834 3944
Ab initio? 2988 1645 3830 3940
Ab initio® 2988 1641 3825 3934
Planar C,, PES -5.23 i148 145 149 385 502 1639 2838 3832 3944
CBs? -5.41
Ab initio® -5.33 -5.28 i149 141 149 388 514 1644 2829 3837 3948
Ab initio? -5.39 -5.24 i153 143 150 385 513 1642 2831 3833 3943
Ab initio® -5.80 -5.18 i18 153 159 405 542 1636 2813 3827 3937
Bent C; PES“ -5.37 143 174 189 440 549 1640 2791 3819 3931
CBS® -5.57
Ab initio® -5.49 -5.43 146 171 188 455 560 1646 2786 3826 3934
Ab initio? -5.57 -5.38 148 175 193 458 562 1644 2787 3821 3929
Ab initio® -6.01 -5.34 157 199 208 489 595 1639 2765 3831 3920

4 This work, PES-2021.

b This work, CCSD(T)/CBS using energies from AVXZ (X = D, T, Q) based on the

CCSD(T)-F12a/AVQZ geometry.

¢ This work, CCSD(T)-F12a/AVQZ.
4 This work, CCSD(T)-F12a/AVTZ.
¢ This work, CCSD(T)-F12a/AVDZ.

0.15- o
= | / \
E 0.10
=
=2 ——PIP-NN PES
= oAb initio
£00.05
%]
=
=
0.00' = T . T T T T - 1
-2 -1 0 1 2
s(amu”zbohr)

Fig. 3 The potentials of the minimum energy path of the conversion
between the planar C;, saddle-point and the pyramidal C; global
minimum on PES-2021 and the corresponding ab initio calculation.

as a function of the corresponding CCSD(T)-F12a/AVTZ + BSSE
energies and the distributions of the absolute errors, respectively.
As can be seen, circa 75% data points have fitting errors under
0.02 kcal mol~'. The ab initio energies range up to 100 kcal
mol~!, which is sufficient for simulations of high-energy or high-
temperature dynamics.

Figure 3 shows the potential of the minimum energy path
(MEP) along the reaction from the pyramidal C; to its symmetry-
equivalent geometry through the planar C,, saddle-point, which
was determined by POLYRATE*® program on PES-2021. One can
see that PES-2021 reproduces well its corresponding CCSD(T)-
F12a/AVTZ calculations with BSSE along the MEP, whose barrier
height is extremely low, 0.15 kcal mol~!.

Several one-dimensional (1D) cuts for the interaction energies

This journal is © The Royal Society of Chemistry [year]

between HCl and H,O with different orientations are displayed
in Figure 4. The interaction energies are relative to the asymp-
tote HCl + H,O. “PIP-NN PES with BSSE” denotes PES-2021 that
includes the BSSE correction, “ab initio with BSSE” denotes the
ab initio energies at the level of CCSD(T)-F12a/AVTZ, which con-
tains the BSSE correction, and “ab initio without BSSE” denotes
the results calculated at CCSD(T)-F12a/AVTZ level that does not
include the BSSE correction. One can see that the PES-2021 re-
sults are in excellent agreement with the ab initio calculations
with BSSE correction for all regions, including the repulsive walls,
the interaction region, and the asymptotic limit, which indicates
the flexibility of the NN fitting approach. Apparently, if the BSSE
correction was not included, the interaction well becomes artifi-
cially deeper and has a shorter intermolecular distance. The BSSE
correction energy ranges up to 0.12 kcal mol~! in these 1D cuts.

Interaction energies between the H,O and HCI moieties when
they are not at their equilibrium geometries are plotted in Figure
5. Figure 5(a) and Figure 5(b) are for the TS-like configurations,
and Figure 5(c) and Figure 5(d) are for the complex well-like
configurations. Clearly, with Ry, increased from 1.19 to 1.49 A,
the intermolecular interaction energies become deeper, as shown
in Figure 5(a) and Figure 5(c). Figure 5(b) and 5(d) shows the
effects of one OH bond length in H,O on the interaction ener-
gies. With the increase of the OH bond length from 0.86 to 1.16
A, the interaction energies for both configurations are nearly un-
changed. Besides, the ab initio calculations also agree well with
the PES-2021.

Figure 6 presents the polar contour of the interaction energies
between HCl and H,O as functions of R and 6. R denotes the dis-
tance between O and H atom of HCI, and 6 is the angle between
R and the G, axis of H,O. Note that HCl and H,O are kept at their
equilibrium geometries and all five atoms are in the same plane.
As shown, it is always repulsive when the angle 6 is in the range
of 90-180°, i. e. HCI approaches the H atom of H,O. It becomes
attractive when HCI approaches the O atom of H,O. The planar

Journal Name, [year], [vol.], 1-14 |5
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©  Ab initio with BSSE «++ee+« Ab initio without BSSE

V (kcal/mol)

Fig. 4 Comparison of several one-dimensional potential energy cuts as
a function of the distance between H,O and HCI for different collision
directions. H,O and HCI are fixed at their respective equilibrium
geometries.

C», saddle-point is clearly displayed in this figure.

It should be mentioned that the present PES does not specifi-
cally describe long-range interactions between the monomers be-
yond their center-of-mass separation of 8 A. This would intro-
duce errors in the scattering calculations at low collision ener-
gies, which are outside of the scope of the present work. Work
is in progress on including a proper description of the long-range
interaction in this PES.

The PES generated in this work is available in POTLIB:
http://comp.chem.umn.edu/potlib.

3 Coupled intra- and intermolecular vibra-
tional states of HCI-H,O dimer

3.1 Computational methodology

We have reported elsewhere on the 9D calculation of vibrational
states in water-diatom complexes in I and in ref. 31. The method-
ology used in this work is very similar to that of these prior works.
As such, we only briefly describe the salient methodological fea-
tures here and highlight any substantive differences from the pre-
ceding studies.

3.1.1 Hamiltonian and coordinates

The H,O-HCI vibrational (J = 0) Hamiltonian that we use is
adapted from that derived for a generic molecular dimer by
Brocks et al. >© We write it as

A = Ter(ro, 00, 08) + T4 (@r,q4) + T8 (wp,r5)

+V (ro, Wy, ®p,q4,7B). 6

Here, H,O0 is taken as moiety A and HCI as moiety B. The dimer-
fixed (DF) frame is defined by assigning the Zp axis of the frame to
be along the vector r(y pointing from the center of mass (c.m.) of
A to that of B. The monomer-A-fixed axis frame (MF,), centered
at the c.m. of A, is defined by Radau bisector-z embedding. !
With the H nuclei of H,O labeled #1 and #2, the Z4 axis is taken
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Fig. 5 Potential energy cuts for the planar C,, (in (a) and (b) ) and
pyramidal C; (in (c) and (d)) structures along the distance between O
and H (in HCI) atoms at different Ryc; and Roy (in H,O) distances. The
symbols represent the ab initio energies.

to be parallel to the bisector of the Radau vectors R; and R, and
pointing toward the O atom. The j, axis is taken to be paral-
lel to Ry x R, (i.e., ¥4 is perpendicular to the H,O plane). And,
XA =94 X 24. (Thus, the a, b, and c principal axes of H,O in its
equilibrium geometry correspond to the %4, 24, and §4 axes, re-
spectively.) The Euler angles ws = (a4, B4,74) fix the orientation
of MF, with respect to the DF frame. The H,O vibrational coor-
dinates are the three Radau coordinates R;, R,, and ©,%25% and
are collectively denoted q4. The MFp frame, centered at the c.m.
of the HCl moiety, is defined by taking Zp to be along the vector
from the Cl nucleus to the H nucleus. Its orientation is fixed with
respect to the DF frame by the two Euler angles wp = (o, B5).
The HCI vibrational coordinate, corresponding to the distance be-
tween the ClI and H nuclei, is labeled as rg.

The intermolecular kinetic-energy operator, Ty, (ro, @4, ®p) in
eqn 6, is given by

1 02

I TP
— =+ J3+ 5+ 204 I8, 7
20 972 Ja+Jg 248 @)

’finrer(Q) =
where 1 is the reduced mass of the dimer, and j4 and jz are the
operators associated with the projections of the rotational angular
momenta of monomers A and B, respectively, along the DF axes.
Trrer(Q) is the J = 0 version of eqn (2) of I and is adapted from
results in ref 50. The monomer-A kinetic-energy operator is the
sum of a rotational term 74(wy,qy), a vibrational term 74 (qy),
and a coriolis term T4 (w4,q4). These, adapted from ref. 51, are
given, respectively, by eqns (4), (5), and (6) of I. The monomer-B
kinetic-energy operator is the sum of a rotational term 75 (wp, rp)
and a vibrational term 7}3(rg), which are respectively given by
eqns (9) and (10) of I. The 9D PES V (ry, w4, @g,qa,rp) is the PES-
2021 reported in this work. (Note that V is a function of nine
coordinates, not ten, since it only depends on the difference be-
tween a4 and ag.)

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Polar contour of PES-2021 for HCI + H,O system as functions of
6 and R. The energies are in kcal mol~! relative to the asymptotic HCI +
H,O with an interval of 0.1 kcal mol~!. The angle OHCI (H in HCI) is
kept at 180°.

To solve for the eigenstates of H we divide it into four terms,
as follows. The 5D (rigid-monomer) intermolecular Hamiltonian,
Hiprer, is defined as

Hinter(Q) = 7Awinter(()) + Tﬁ(wAqu) + TrB(va "g) +Vimer(Q)7 (8)

where qg and rg are fixed values, close to the equilibrium val-
ues, of the pertinent monomer vibrational coordinates, Q =
(ro, w4, wp) denotes the intermolecular coordinates, and

Vinier(Q) = V(Q,q%,7%) — V(Quo, g}, 73), 9

with Q.. corresponding to a fixed set of intermolecular coordi-
nates with ro = 8.0 A, thus representing essentially noninteracting
monomers.

The 3D H,O0 vibrational Hamiltonian, A2 is defined as

A qu) =T (qa) + V4 (qn), (10)

where
VA(qa) =V (Qw,qa,73), (11)

This is the vibrational Hamiltonian of (essentially) isolated H,O
for PES-2021.

The 1D HCI dimer-adapted vibrational Hamiltonian is defined
as

N

AP (rg) = TP (rg) + ViA(rB). (12)
Here,
VA (r8) = V(Qo, 43, 7). (13)

where Qq denotes the values of the intermolecular coordinates
associated with the ground state of Hj,,, (more on this in Sec-
tion 3.1.4). Thus, A? represents the vibrational Hamiltonian of
HCl for the effective 1D potential corresponding to the interaction
of flexible HCl with rigid H,O via a geometry that approximates
that of the dimer ground state. This interaction is rather strong,

This journal is © The Royal Society of Chemistry [year]
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and therefore the eigenstates of the 1D dimer-adapted Hamilto-
nian are expected to provide a more compact basis for the HCl
stretching coordinate than the vibrational eigenstates of the iso-
lated HCL

Finally, the fourth term, AH, is given by
Aﬁ(Q7qA7rB)Eﬁ*ﬁinter7ﬂ97ﬂ5~ (14)

To diagonalize H we first compute the low-energy eigenstates
of Hiper, HS , and H2. We designate these eigenstates as |k),
[va), and |vp), respectively. 9D basis states are then constructed
as products of the form

[K,Va,vB) = [K)[Va)|vB), (15)

and H is diagonalized in this basis. Only the AH terms in A
have off-diagonal matrix elements in this basis. The calculation
of these matrix elements is the main challenge in this work.

3.1.2 Calculation of Hj,,, eigenstates

We diagonalize Hj,., in a primitive basis composed of states of
the form (as adapted from ref. 55):

|5, ja.ka,m, jB) = |ros)|ja,ka,m)|j, —my), (16)

where |rp ), s =1,...N, is a potential-optimized discrete-variable
representation (PODVR)°%°7 basis covering the ry degree of
freedom, the |j4,ka,m), ja = 0,1,.../0%, are symmetric-top
eigenfunctions dependent on the w,, and the |jp,—m), j§** =
0,1,..., /g, are spherical harmonics dependent on the wg. In
this work the basis parameters are as follows: (1) Ny = 20 with
the |rp ) DVR points ranging from 2.87 to 5.66 A @ Ji =10,
and (3) j3™ = 18. The basis includes all of the states with those
values of k4 and m that are allowed for each set of j, and jp
values. This amounts to 527,780 functions.

The |rp,) PODVR was constructed by first solving the 1D
Schrédinger equation

2
—21%% +Verr(ro)y = Eoy a7
in a sinc-DVR basis consisting of 164 functions centered at
quadrature points ranging from 2.43 to 10.53 A. The V, rf(ro) in
eqn (17) is Viyer(Q) minimized with respect to all the Q except
ro at each one of the ry sine-DVR points. The 20 lowest-energy
eigenfunctions from eqn (17) were then used to construct the
PODVR per refs. 56 and 57.

We diagonalize Hj,., in the eqn-(16) basis by using the Cheby-
shev version®® of filter diagonalization.>® The successive op-
eration of Hj;.r on a random initial state vector that is re-
quired by this algorithm was accomplished as follows. Oper-
ation with the kinetic-energy portion of H;y.. was effected by
direct matrix-on-vector multiplication, all the relevant matrix
elements having been computed prior to such multiplication.
For operation with V;,;., the state vector was transformed to a
(ro,cos Ba, ¥a,cos Bp, (04 — op)) grid. That representation of the
vector was then multiplied by the value of Vj,,, at each grid point.
Finally, the result was transformed back to the basis representa-
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tion. This procedure is described in detail in I, Section II-3(2).
The size of the grid that we employ in this work is 2,323,200
points, which corresponds to 20 ry, 12 cosf4, 22 y4, 20 cosfp,
and 22 (o4 — o) values, respectively.

H,0-HCl belongs to the molecular symmetry group G4 =
[E,(12),E*,(12)*], where (12) is the water-hydrogen-nucleus in-
terchange operator and E* is the inversion operator. Thus, the
matrix of Hjy., (and H) can, in principle, be block-diagonalized
into four blocks corresponding to the four irreducible representa-
tion (“irreps”) of G4. As in I we find it convenient to block diag-
onalize the matrix into two blocks only, as determined by parity.
We accomplish this by projecting out of a random state vector that
part which has even or odd parity. We then use that parity-filtered
vector as the initial state vector in the filter diagonalization pro-
cedure. Hence, the complete diagonalization of Hj,, involves
two filter diagonalization runs, one for each parity. While we do
not make use of the symmetry of the system with respect to (12)
in the diagonalization of Hj,.,, we do use it to advantage in the
diagonalization of A.

The definition of Hj,.- (eqn (8)) requires the specification of
the q} and 9. For the former we fix the Radau coordinates to
Ry =R, =0.96753 A and cos® = —0.305438605. (We use the con-
vention of ref. 60 for the definition of the radial Radau coordi-
nates.) These values correspond to a water molecule with OH
bond distances of 0.96 A and HOH bond angle of 104.52°. For
the HCI bond distance, rg, we use 1.308 A. This value is between
the expectation values of rg for the ground- and the first excited-
vibrational states of the free HCl monomer. We have determined
that this choice produces eigenstates of Hjy, that are close to the
intermolecular states associated with the full 9D Hamiltonian H.
Hence, constructing the 9D basis from the |k) arising from this %
value leads to desirable convergence properties in the 9D calcula-
tions.

3.1.3 Calculation of A% eigenstates

The procedure employed here for computing the H,O vibrational
eigenstates (i.e., the diagonalization of A7) matches that used
to compute the H,O vibrational eigenstates in I. We use a 3D
product DVR basis consisting of two 1D PODVRs>%>7 covering
the R, and R, Radau coordinates and consisting of eight functions
each, and a 1D PODVR covering the cos® Radau coordinate and
consisting of fifteen functions. The matrix of A4 in this basis
was then diagonalized by Chebyshev filter diagonalization.>® The
21 lowest-energy eigenstates computed by this procedure were
included in the construction of the 9D basis. These include all of
the computed H,O vibrational states less than about 9700 cm ™!
in energy above the vibrational ground state.

3.1.4 Calculation of A? eigenstates

The vibrational eigenstates of H3>Cl associated with the dimer-
adapted HCI potential — i.e., the eigenstates of A5 — were com-
puted by direct diagonalization of the matrix of that operator in
a PODVR basis consisting of 10 functions. The PODVR was con-
structed from the eigenstates of A2 obtained by direct diagonal-
ization of it in a tridiagonal Morse DVR5° basis consisting of 25
functions. The Morse potential used to construct the tridiagonal
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Morse DVR was taken as
eq 2
VMorse(VB) :D(l —exp_a(rl?_rs)) (18)

where D = 0.1676914 hartree, oo = 1.82182 10\*1, and rg" =1.275
A. The H33Cl reduced mass was taken to be 1784.73 a.u., which
corresponds to masses of 1836.153 a.u. and 63727.319 a.u. for
the 'H and 3°Cl nuclei, respectively.

To obtain the dimer-adapted HCI potential (i.e., VSA(rB), — see
eqn (13)) we used the following values for the components of Qg:
ro=3.273 A, By =33.8%, 14 =90°, B = 165.47°, and o4 — atg = 0°.
These correspond closely to the vibrationally averaged geometry
of the ground state of H;yer.

The five lowest-energy eigenstates of Flzb, expressed in terms
of the 10-function PODVR basis, were included in the 9D basis.
These extend up to about 9900 cm~! above the ground state of
AE,. Notably, the H¥Cl fundamental frequency corresponding
to the dimer-adapted potential is shifted considerably (about 150
cm™ D) to the red of that of free HCl. Quite remarkably, this shift
already comes close to matching the redshift from the fully cou-
pled quantum 9D calculations (157.9 cm~!, see Sec. 3.2.2), as
well as the experimentally-observed dimer-induced shift of that
frequency. >’

3.1.5 Calculation of the eigenstates of A

The matrix of A in the 9D basis defined by eqn (15) is block diag-
onal in the two parity blocks. Given this we constructed two dif-
ferent sets of basis states and performed two different matrix di-
agonalizations to obtain the 9D eigenstates. Each of these blocks
was composed of the same set of H,O and H33Cl states: the 21
lowest-energy |v4) and the five lowest-energy |vg). The blocks dif-
fer in respect to the 5D H;y., eigenstates, |k), that were included.
For the even-parity basis states we included the 90 lowest-energy
|x) with even parity. (These are all the even-parity |x) less than
about 870 cm~! above the Hj,., ground state.) For the odd-parity
basis states the 90 lowest-energy | k) of odd parity were included.
(These are all the odd-parity |x) less than about 930 cm~! above
the ground state.) Hence, both of the blocks consist of 9450
states. Such blocks are small enough to allow for direct matrix
diagonalization.

The major task in the diagonalization of A is the calculation of
the matrix elements of the AH operator defined in eqn 14. We
computed these quantities in the same way as described in Sec-
tion II E of I. (The method is quite similar to the F matrix ap-
proach of Carrington et al. 61:62), We note that it is at this stage in
the overall computational process that we made profitable use of
the hydrogen-exchange symmetry of the dimer: That symmetry
allows one to reduce the number of AH matrix-element calcula-
tions by about a factor of two.

3.2 Results and discussion

3.2.1 Vibrationally averaged ground-state geometry and in-
termolecular vibrational eigenstates

Selected low-energy intermolecular vibrational states of the
HCI-H,O dimer, from the 5D (rigid-monomer) and 9D (full-

This journal is © The Royal Society of Chemistry [year]
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Table 2 Low-energy intermolecular states of HCI-H,O from 5D (rigid-monomer) and 9D calculations (in cm~!). The latter are for HCl and H,O in their
ground intramolecular vibrational states. (ro) and Arg (in A) and (B4) (in deg) are defined in the text. “Irrep” refers to the irreducible representations of
G, for which g/u denote even/odd wavefunction parity and A/B denote symmetric/antisymmetric wavefunction transformation upon
water-hydrogen-nuclei exchange. “BSN” means “Basis-state norm” and refers to the 9D results.

para ortho
N AE :5D/9D AE :5D/9D (ro) Arg (Ba) Irrep Assignment BSN
1 0.00/0.00" 3.273 0.103 33.80 Ag g.s. 0.993
2 90.71/85.00 3.264 0.103 49.08 B, Vinversion 0.993
3 131.28/131.94 3.324 0.179 34.11 Ag Vitretch 0.986
4 144.84/146.01 3.269 0.104 37.91 By Viock 0.994
5 221.33/217.29 3.268 0.107 55.46 Ag 2Vinversion 0.992
6 221.60/217.00 3.316 0.180 49.38 B, Vinversion -+ Vstretch 0.985
7 253.03/249.62 3.261 0.104 51.68 Ay Vinversion 1 Vrock 0.995
8 255.36/256.73 3.378 0.235 34.61 Ag 2Vgiretch 0.981
9 273.03/274.85 3.320 0.182 38.27 B, Vegreteh + Vrock 0.990
10 282.88/283.99 3.264 0.107 42.86 Ag 2Vrock 0.994
11 338.42/337.22 3.288 0.136 51.39 B, ? 0.982
12 345.90/343.43 3.359 0.224 49.08 B, Vinversion + 2 Vstretch 0.932
13 349.27/346.60 3.325 0.191 55.18 Ag Vstretch + 2 Vinversion 0.984
14 372.60/374.37 3.433 0.280 35.81 Aq 3Vsiretch 0.978
15 380.69/378.73 3.314 0.187 52.12 Ay Vinversion T Vstretch T Vrock 0.989
16 380.08/379.74 3.275 0.128 53.98 B, Vrock + 2 Vinversion 0.987
17 376.47/382.04 3.287 0.108 47.08 B, 3Vinversion 0.965

4 The ground state of Hiy, is at —1336.66 cm™! relative to the energy of separated rigid monomers

evaluated for the q} and r$ values given in the text.

b The ground state of A is at —1334.63 cm ™' relative to the energy of the separated flexible monomers.

dimensional) quantum calculations, for the two monomers in
their ground intramolecular vibrational states, are presented in
Table 2. Inspection of the results shows that the 9D and 5D in-
termolecular level energies typically differ by 1-3 cm~!, but for a
number of states the energy difference is larger, 4-6 cm~!. This
implies that the coupling between the intra- and intermolecular
modes of the HCI-H,0O dimer is not negligible, and should be
accounted for, even when the monomers are in their ground vi-
brational states.

From the data reported in Table 2, the binding energy Dy of the
dimer calculated in 9D is 1334.63 cm~! (and 1336.66 cm~! in
5D), which agrees extremely well with the experimental D value
of 133410 ecm~!.13 Thus, for this quantity, PES-2021 yields bet-
ter agreement with experiment than the PES by Mancini and Bow-
man, 20 for which DMC calculations gave Dy = 1348 +3 cm™!.
Since the global minimum of PES-2021 is at -1878.2 cm™!, the
9D ZPE of the HCI-H, O dimer is 543.6 cm~!.

The question of the effective, vibrationally averaged ground-
state geometry of the HCl-H,O complex has received consider-
able attention.3%20 As mentioned earlier, the PES of the complex
has two symmetrically equivalent global minima corresponding to
a nonplanar, pyramidal equilibrium geometry with Cy; symmetry,
depicted in Figure 1. The minimum-energy path connecting the
two Cs; minima, shown in Figure 3, exhibits a planar C,, saddle
point at the top of the barrier of 49 cm~! separating the minima.
Such a low barrier suggests the possibility of the ground-state
wave function delocalization over the double-well minimum of
the complex, which would result in an effective C,, geometry. In-
deed, the DMC calculations on PES-2013 showed the hydrogen
atoms of the H,O moiety as delocalized across the two global
minima, resulting in a vibrationally averaged C,, geometry.20

However, the present calculations on PES-2021 arrive at a dif-
ferent conclusion. In our treatment, the deviation of the H,O

This journal is © The Royal Society of Chemistry [year]

moiety from the planar C,y geometry of the complex is described
by B4, the water polar angle between the C, axis of H,O and the
vector ry connecting the c.m. of H,O to that of HCl. To within
a small fraction of a degree, B4 is the complement of the angle
0 in Figure 1. Given in Table 2 for each intermolecular state is
(Ba), the expectation value of B4 for that state. It is calculated
as (B4) = cos ! (cos B4), where (cos B4) is the expectation value of
cos B4 for a given state. In the ground state, (f4) = 33.80°, which
implies that the vibrationally averaged ground-state geometry of
the HCI-H, O dimer is distinctly nonplanar. This (B,) is consider-
ably smaller than 4 = 42.8° for the equilibrium geometry of the
dimer in Figure 1. This means that vibrational averaging plays a
significant role in determining the effective geometry of the com-
plex, but the degree of wave function delocalization in the ground
state is far from sufficient to yield a planar C,, configuration.

Our calculated (B4) of 33.80° agrees remarkably well with the
experimentally determined value of 34.7° for this out-of-plane
bend angle (denoted ¢).# Kisiel et al. found that statistically
much better fits to the experimental rotational constants of the
HCI-H, O dimer could be achieved for this non-planar angle, than
by assuming the planar geometry of the complex.4 Our result
bears out their conclusion.

Also of interest is the hydrogen-bond O-H-Cl angle in the HCI-
H,0 dimer. As shown in Fig. 1, its equilibrium value in the pyra-
midal C; geometry is 177.6°, very close to the linear arrangement
of the three atoms. However, the expectation value of the O-H-Cl
angle in the vibrational ground state of the complex is apprecia-
bly smaller, 159.2°, with the root-mean-square (rms) amplitude
of 10.2°. Thus, the effect of vibrational averaging is significant, as
in the case of 4.

The intermolecular vibrational states in Table 2 are assigned to
the fundamentals, first and second overtones, and combinations
of three intermolecular modes which are as follows: (1) The in-
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version mode, Vipversion, at 85.00 ecm~! (9D), which corresponds
to the large-amplitude motion (rotation) of the H,O moiety about
the £4 axis (its a principal axis). (2) The intermolecular stretch
mode, Vgyrerch, at 132 cm ™! (9D). (3) The water rock mode, Vyock,
at 146 cm~! (9D), corresponding to the rotation of the H,O moi-
ety about the out-of-plane §4 axis (its ¢ principal axis).

The assignments of the states in Table 2 in terms of the fun-
damentals, overtones, and combinations of Viyyersion> Vstretch, and
Viock are made in two ways. One of them is by observing in Table 2
how (B,), the expectation value of ry = |ry|, (rp), and the rms am-
plitude Arj vary from one state or another. These three quantities
are sensitive indicators of the excitation, or lack thereof, of certain
intermolecular modes. For example, (B,) is equal to 33.8° for the
ground state, increasing to 49.08° for the inversion fundamental
Vinversion, and to 55.46° for the inversion overtone 2Viyversion- 1IN
contrast, for the stretch and rock fundamentals, Vgyeicn and Vioek,
(Ba) values are similar to that for the ground state. This makes
it straightforward to distinguish states which involve excitation
of the inversion mode from those which do not. In the same
vein, both (rg) and Ary increase significantly with the number of
quanta in the intermolecular stretch. Their respective values (in
A) are 3.273 and 0.103 for the ground state, 3.324 and 0.179
for Vgyetch, 3-378 and 0.235 for 2Vgyeich, and 3.433 and 0.280 for
3Vqetch- Excitations of other intermolecular modes cause much
smaller changes of (rg) and Ary.

A complementary way of making the assignments of the com-
puted states is by inspecting contour plots of the reduced proba-
bility densities (RPD) associated with the water-c.m.-to-HCl-c.m.
vector ry for each in suitably chosen coordinates. Figures 7 and 8
display contour plots of eigenfunction RPDs plotted as a function
of the projection of ry along the £4 (“x”) and $4 (“y”) axes of the
water moiety. (The procedure used to generate the RPD contour
plots is described in the ESI.})

Figure 7 shows such plots for the ground state and three mem-
bers of the inversion-mode progression: Vipversion> 2Vinversion, and
3Vinversion- Clear nodal patterns make it easy to count the number
quanta in the inversion mode, and confirm the assignments made
on the basis of changes in (4). The contour plot of the RPD of
the ground state, in the top left panel of Figure 7 exhibits two
prominent symmetrically placed maxima of the same magnitude,
associated with the two equivalent nonplanar vibrationally aver-
aged ground-state geometries of HCI-H,O having (f4) = 33.80°.

Figure 8 shows the contour plots of the RPDs of three inter-
molecular states that involve excitation of the rocking mode of
H0: Vioceks 2Viock, aNd Vioek + 2 Vinversion- As shown in Figure 7, the
nodal patters are clear, enabling the assignments of these three
states.

In closing this section we consider the progressions of two in-
termolecular modes. The first one is the inversion mode pro-
gression, where the states Vipversion> 2Vinversion> ald 3 Vinversion Nave
energies of 85.0, 217.29, and 382.04 cm™!, respectively. It is
easy to see that the energy differences between the neighboring
inversion states increase with the increasing number of quanta,
which means that the water inversion mode exhibits negative an-
harmonicity. Next to be considered is the intermolecular stretch
progression; the states Vgyeich, 2 Vstretch, aNd 3Vgireren are at 131.94,
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256.73, and 374.37 cm~!, respectively. In this case, the energy
differences between the successive states decrease slowly with the
increasing number of quanta. Thus, the intermolecular stretch
shows weak positive anharmonicity, in contrast to the inversion
mode with the pronounced negative anharmonicity. For the wa-
ter rock mode, only two states lie in the energy range covered in
Table 2, Vioek at 146.01 ecm ™! and 2v,o at 283.99 cm~!. These
two states also show weak positive anharmonicity, like the in-
termolecular stretch. The large-amplitude water inversion mode
stands out for its strong negative anharmonicity.

Experimental data pertaining to the intermolecular vibrational
states of the HCI-H,O complex are not available, precluding
for now the comparison with the theoretical results. The latter
are therefore predictions which should stimulate further spectro-
scopic studies of this complex.

Fig. 7 Contour plots of the reduced probability densities, as a function
of the coordinates x and y defined in the text, of the ground state of
HCI-H,O (top left) and the following inversion states in Table 2: (top
I’ight) Vinversions (bottom Ieft) 2Vinversion and (bottom right) 3Vinversion-

3.2.2 Intramolecular vibrational eigenstates and frequency
shifts

Table 3 displays the results, computational and for the HCl stretch
also experimental, pertaining to the intramolecular vibrational
excitations of the monomers in the HCI-H,O dimer and when
they are isolated, together with the frequency shifts relative to
the isolated monomer values caused by the complexation. The
comparison of the second and fifth columns of this table makes
it clear that PES-2021 provides a good description of the funda-
mental excitations of isolated HCl and H,O, as well as the bend
overtone (2v;) of H,O, calculated for the two monomers at a large
distance. In the case of the HCI stretch fundamental the agree-
ment between theory and experiment is essentially perfect. For
the isolated H,O, the calculated stretch (v; and v3) and bend (v»)
fundamentals differ from the respective experimental values by
no more than 3.5 cm™!; for the bend overtone (2v,) this differ-
ence is 4.5 cm™!.

As for the intramolecular vibrational frequency shifts of the

This journal is © The Royal Society of Chemistry [year]
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Table 3 Computed (9D calc.) and experimental (Complex expt.) intramolecular vibrational frequencies of HCI-H,O. The column labeled Monomer calc.
gives the intramolecular vibrational excitations of H,O and HCI calculated on the PES-2021 for a large HCI-H,O separation. They can be compared to
the measured intramolecular vibrational excitations of gas-phase H,O and HCI (Monomer expt.). Also listed are Av®P and Ave*, the calculated (9D)
and experimental intramolecular vibrational frequency shifts, respectively. All quantities shown are in cm~!. For additional explanation see the text.

Monomer calc. 9D calc. Av°P Monomer expt. Complex expt. Avexpt
V2 1592.35 1595.78 +3.43 1594.75¢ - -
2vy 3147.12 3156.70 +9.58 3151.63¢ - -
\% 3655.47 3649.97 -5.50 3657.05¢ - -
V3 3752.46 3749.85 -2.61 3755.93¢ - -
VHCI 2885.26 2727.34 -157.92 2885 2723.1¢ -161.9

¢ Reference 60.
b Reference 7.
¢ References 5,7.
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Fig. 8 Contour plots of the reduced probability densities, as a function
of the coordinates x and y defined in the text, of the following HCI-H,O

intermolecular states in Table 2: (top) viock, (Middle) 2v;ock, @and (bottom)
Vrock 1 2Vinversion-

monomers in the HCI-H,0 dimer, the HCI stretch frequency shift
(redshift) from the 9D calculations (Ang), -157.9 cm™!, is rather
large due to hydrogen bonding with H,O, and agrees very well
with the measured HCI stretch redshift in the complex of -161.9
cm~'.>7 In contrast, the 9D frequency shifts (Av°P) of the H,0
vibrational modes are small. The water stretches v; and v3 ex-
hibit redshifts of -5.50 and -2.61 cm™!, respectively. The water
bend v, and its overtone 2v, are blueshifted by +3.43 and 9.58
em~!, respectively. The computed frequency shifts are relative to
the values calculated for the isolated monomers. The small mag-
nitude of the frequency shifts of the vibrational modes of H,O is
easy to understand. In the dimer, the O atom of H,O is the proton
acceptor, and the two H atoms are free, not involved in the hy-
drogen bonding with HCl. Consequently, the H,O vibrations are
only weakly perturbed by HCI, resulting in their small frequency
shifts.

Unfortunately, no conclusive experimental measurements are
available for comparison with the above theoretical results for the
H,O vibrational frequency shifts. The O-H stretching vibrations of
HCI-H,O0 fall in the highly congested spectral region, where they
overlap with the vibrations of pure water clusters.® This makes

This journal is © The Royal Society of Chemistry [year]

reliable assignment of the measured free O-H stretches very diffi-
cult, precluding their definitive comparison with theory.

3.2.3 Effects of HCl and H,O intramolecular excitations on
the intermolecular vibrational eigenstates

Tables 4-7 show the energies, computed in 9D, of the funda-
mentals of the intermolecular modes Viyyersions Vstretch, a0d Viock,
as well as the overtone 2Viyyersion, Of the HCI-H,O dimer, in the
V2, VHcl, V1, and v3 intramolecular vibrational manifolds, respec-
tively. Comparison of these results with those calculated in 9D
for the ground intramolecular vibrational state of the complex in
Table 2 reveals how, and to what degree, excitation of different
intramolecular modes affects the intermolecular vibrational states
of HCI-H,O.

These effects turn out to be appreciable. The large-amplitude
inversion mode Vjyyersion 1S the most sensitive, as the excitation
of any of the intramolecular modes changes its energy relative to
that in the ground intramolecular vibrational state by 6-16 cm~!.
The inversion overtone 2V;yersion €Xhibits similar sensitivity to in-
tramolecular excitations. It is the excitation of the HCI stretch
Vhc) that causes the largest changes in the energies of the inter-
molecular vibrational modes considered: the Viyyersion €nergy de-
creases by 16.3 ecm™!, that of Ve increases 5.6 cm™!, and the
energy of the V,ox mode increases by 18.5 cm~!. Evidently, the
intermolecular vibrational modes of (primarily) the H,O moiety
couple most strongly to the intramolecular vy mode, although
their coupling to the intramolecular H,O vibrations is apprecia-
ble as well. Therefore, the coupling between the intra- and in-
termolecular vibrational modes of the HCI-H,O dimer has to be
taken into account when accurate comparison of theory with ex-
perimental data is desired.

Finally, we discuss briefly the last column in Tables 2, 4—
7 labeled Basis-state norm (BSN). The entries appearing in
this column measure the contribution of the dominant product
inter/intra-basis state to the given 9D eigenstate. For the majority
of the states shown, the BSN is close to 1, meaning these eigen-
states are highly “pure”, i.e., dominated by a single inter/intra-
basis state. The exception to this are the states in Table 5, belong-
ing to the vyc intramolecular vibrational manifold. For some
of them, the BSNs are smaller than 0.9 and even 0.8, indicating
appreciable basis-state mixing. This is consistent withe the obser-
vation above that the vyc; mode exhibits the strongest coupling
to the intermolecular vibrational modes of the H,O subunit.

Journal Name, [year], [vol.],1-14 | 11



Physical Chemistry Chemical Physics Page 12 of 14

Table 4 Low-energy intermolecular states of HCI-H, O in the v, intramolecular manifold from 9D calculations. AE values (in cm™!) are relative to the v,
para origin at 1595.78 cm~! above the dimer ground state.

para ortho
N AE AE Irrep Assignment Basis-state norm
1 0.000 A, origin 0.987
2 93.457 By Vinversion 0.990
3 131.577 Aq Vstretch 0.980
4 147.277 B, Vrock 0.990
6 232.580 A, 2 Vinversion 0.987

Table 5 Low-energy intermolecular states of HCI-H,O in the vy intramolecular manifold from 9D calculations. AE values (in cm™!) are relative to the
Vil para origin at 2727.80 cm~! above the dimer ground state.

para ortho
N AE AE Irrep Assignment Basis-state norm
1 0.000 Ag origin 0.910
2 68.660 By, Vinversion 0.898
3 137.569 A, Vstretch 0.777
4 164.509 By Vrock 0.934
6 211.305 A, 2Vinversion 0.887

Table 6 Low-energy intermolecular states of HCI-H,O in the v; intramolecular manifold from 9D calculations. AE values (in cm~!) are relative to the v,
para origin at 3649.97 cm~! above the dimer ground state.

para ortho
N AE AE Irrep Assignment Basis-state norm
1 0.000 A, origin 0.984
2 78.724 By Vinversion 0.981
3 132.158 Ag Vstretch 0.976
4 144.420 B, Vrock 0.989
5 207.616 Ag 2Vinversi(m 0.980

Table 7 Low-energy intermolecular states of HCI-H,O in the v; intramolecular manifold from 9D calculations. AE values (in cm~!) are relative to the v;
ortho origin at 3749.85 cm~! above the dimer ground state.

para ortho
N AE AE Irrep Assignment Basis-state norm
1 0.000 By origin 0.988
2 77.013 Ay Vinversion 0.987
3 131.640 By Vstretch 0.979
4 143.655 Ag Vrock 0.951
5 204.331 B, 2Vinversion 0.983
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4 Conclusions

In this work we have comprehensively characterized the HCI-H,O
dimer in two ways. First, an accurate full-dimensional (9D) PES
for the HCl + H,O system is developed, based on ~ 43,000 ab ini-
tio points calculated at the level of CCSD(T)-F12a/aug-cc-pVTZ
with the BSSE correction. The ab initio points are fit using the
ultraflexible PIP-NN approach. 2224 The resulting 9D PES is des-
ignated PES-2021. Two stationary points were determined. One
is the global minimum, corresponding to a nonplanar pyramidal
geometry and the other one is a planar saddle point that connects
two identical global minima. Compared with the ab initio calcu-
lations, key properties, including geometries, energies, and har-
monic frequencies of the stationary points, are well reproduced
by PES-2021, thanks to the small root-mean-square error (RMSE)
of only 10.1 cm~!. This accurate PES-2021 for the HCl + H,0
system is a reliable platform for future spectroscopic and dynam-
ical simulations.

The newly developed PES-2021 is utilized in this paper for
the first fully coupled and full-dimensional quantum bound-state
calculations of the intra- and intermolecular vibrational levels
of the HCI-H,O dimer. The calculations rely on the method-
ology very similar to that employed previously in the quantum
9D calculations of the rovibrational levels of H,0O/D,0-CO2°
and HDO-CO?3! complexes. It is based on the recently devel-
oped general and efficient approach for rigorous computation of
the (ro)vibrational bound states of noncovalently bound binary
molecular complexes, 2 which exploits the insight that their high-
energy intra- and low-energy intermolecular vibrational modes
are coupled extremely weakly. 2627

Following refs. 25 and 31, the full 9D vibrational Hamilto-
nian of the HCl-H,O dimer is partitioned into three reduced-
dimension Hamiltonians - the 5D rigid-monomer intermolecu-
lar vibrational Hamiltonian and two intramolecular vibrational
Hamiltonians, one for the H,O moiety (3D) and another for the
HCl monomer (1D), as well as the 9D remainder term. The three
reduced-dimension Hamiltonians are diagonalized separately and
small portions of their low-energy eigenstates are used to build up
a compact 9D product contracted basis covering all internal, intra-
and intermolecular DOFs, in which the matrix of full vibrational
Hamiltonian of the complex is diagonalized directly.

The 9D calculations yield the HCI-H,O dimer binding energy
Dy of 1334.63 cm ™!, in excellent agreement with the experimen-
tal Dg = 1334+ 10 cm~!.13 They also result in the nonplanar vi-
brationally averaged geometry of the dimer, with the computed
ground-state expectation value of the out-of-plane bend angle
of the H,O, (B4), equal to 33.80°. Again, this theoretical result
agrees very well with the spectroscopically determined value of
34.7°.4

In the energy range of about 380 cm™! above the ground state,
the excited intermolecular vibrational states are assigned to the
fundamentals, first and second overtones, and combinations of
three intermolecular modes: the water inversion mode, the inter-
molecular stretch mode, and the water rock mode. The progres-
sions in the inversion and intermolecular-stretch modes with up
to three quanta of excitation exhibit negative and positive anhar-

This journal is © The Royal Society of Chemistry [year]
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monicities, respectively.

Pertaining to the intramolecular vibrational excitations of the
HCI-H,0 dimer and their frequency shifts relative to the isolated
monomer values, the HCI stretch frequency shift (redshift) from
the 9D calculations is -157.9 cm™!. It is rather large owing to hy-
drogen bonding with H,O (where HCl is the proton donor), and
in very good agreement with the measured HCI stretch redshift
in the complex of -161.9 ecm~'.>7 On the other hand, the H,0
vibrational modes display either small redshifts (the stretches v,
and v3) or small blueshifts (the bend v, and its overtone 2v,).
This is readily understood from the fact that the two H atoms of
water do not participate in the hydrogen bonding with HCI.

The 9D calculations also reveal that the excitation of different
intramolecular modes of the HClI-H,O dimer affects measurably
the energies of the intermolecular vibrational states. The inter-
molecular vibrational modes largely involving the H,O moiety,
the inversion mode in particular, couple most strongly to the in-
tramolecular HCI stretch, not surprising given its direct involve-
ment in hydrogen bonding. This manifests in appreciable changes
of the energies of the former upon excitation of the HCI stretch
mode.

We hope that the comprehensive theoretical results in this pa-
per will motivate new spectroscopic investigations of the HCl-
H,O dimer, aimed especially at its intermolecular vibrations for
which currently there are no experimental results. In the near fu-
ture, our quantum 9D calculations will be extended to the J =1
rovibrational levels of the HCI-H,O dimer, as well as those of
other isotopologues, e.g., HCl-D,0°% and DCI-D,0.7
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