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ABSTRACT

In this work the H;O-HCN complex is quantitatively characterized in two ways. First, we report a new rigid-monomer 5D intermolecular
potential energy surface (PES) for this complex, calculated using the symmetry-adapted perturbation theory based on density functional
theory method. The PES is based on 2833 ab initio points computed employing the aug-cc-pVQZ basis set, utilizing the autoPES code, which
provides a site-site analytical fit with the long-range region given by perturbation theory. Next, we present the results of the quantum 5D
calculations of the fully coupled intermolecular rovibrational states of the H,O-HCN complex for the total angular momentum J values
of 0, 1, and 2, performed on the new PES. These calculations rely on the quantum bound-state methodology developed by us recently and
applied to a variety of noncovalently bound binary molecular complexes. The vibrationally averaged ground-state geometry of H;O-HCN
determined from the quantum 5D calculations agrees very well with that from the microwave spectroscopic measurements. In addition, the
computed ground-state rotational transition frequencies, as well as the B and C rotational constants calculated for the ground state of the
complex, are in excellent agreement with the experimental values. The assignment of the calculated intermolecular vibrational states of the
H,O-HCN complex is surprisingly challenging. It turns out that only the excitations of the intermolecular stretch mode can be assigned
with confidence. The coupling among the angular degrees of freedom (DOFs) of the complex is unusually strong, and as a result most of
the excited intermolecular states are unassigned. On the other hand, the coupling of the radial, intermolecular stretch mode and the angular
DOFs is weak, allowing straightforward assignment of the excitation of the former.

-

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173751

€L:EL:EL €20 J9qWBNON L0

J. Chem. Phys. 159, 174302 (2023); doi: 10.1063/5.0173751 159, 174302-1
Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0173751
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0173751
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0173751&domain=pdf&date_stamp=2023-November-1
https://doi.org/10.1063/5.0173751
https://orcid.org/0000-0003-3719-8199
https://orcid.org/0000-0002-9100-5370
https://orcid.org/0000-0002-6401-6269
https://orcid.org/0000-0002-7407-303X
https://orcid.org/0000-0001-9267-3090
https://orcid.org/0000-0002-4907-7231
https://orcid.org/0000-0002-0664-2536
https://orcid.org/0000-0003-2033-3147
mailto:patricia.vindel@nyu.edu
mailto:teodar@chem.umk.pl
mailto:felker@chem.ucla.edu
mailto:francois.lique@univ-rennes.fr
mailto:zlatko.bacic@nyu.edu
https://doi.org/10.1063/5.0173751

The Journal
of Chemical Physics

. INTRODUCTION

Noncovalent, hydrogen-bonded and van der Waals (vdW)
interactions are ubiquitous in nature and of profound importance,
as they have a major role in governing the structural and dynam-
ical properties of matter ranging in size from small molecular
complexes and molecular clusters to solid and liquid condensed
phases, as well as macromolecules of biological importance and their
supramolecular complexes. This has made noncovalent interactions
the focus of intense research by experimentalists and theorists alike
for decades, and the attention they receive continues unabated.
Noncovalently bound molecular complexes, dimers in particular,
represent uniquely attractive targets that allow the study of the intri-
cate rovibrational dynamics dominated by nuclear quantum effects
on potential surfaces with multiple minima, at the level of detail
and accuracy that would be impossible for more complex systems.
These investigations have been characterized by a fruitful inter-
play between advanced high-resolution spectroscopic techniques,
ab initio electronic structure calculations, and high-level multidi-
mensional quantum calculations of the rovibrational eigenstates and
spectra.

Accurate description of the interactions of water with other
molecules is of great fundamental and practical significance for
achieving quantitative understanding of many aspects of Earth’s
atmospheric chemistry, processes in comets, protoplanetary disks,
and the interstellar medium. This has motivated detailed spec-
troscopic and theoretical studies of numerous binary water-
containing complexes. A number of them have been the subject
of sophisticated fully coupled quantum calculations of their rovi-
brational states. Some of these calculations were performed using
a rigid-monomer approach, e.g., for HO/D,0-CO»,' H,O-HE,*’
H,0-CO,"” H,0-H,," " and CH4-H,0.”" Owing to recent
methodological advances,'"'” it has also become possible to per-
form full-dimensional and fully coupled quantum computations
of the (ro)vibrational states of water-containing binary molecular
complexes for flexible monomers, H,O/D,0-CO,"* HDO-CO,"
H,0-HCL" and several of its H/D isotopologues,' ™'’ benzene-
H,O/HDO (flexible water and rigid benzene),'® and most recently
the water dimer."”

HCN, a well-known hydrogen-bond forming molecule, is one
of the most observed molecules in the interstellar medium (ISM) and
is considered as excellent tracer of high-density regions due its rela-
tively large dipole moment. The formation path of HCN in comets
is not well known. HCN could be sourced either from the inheri-
tance of HCN ice formed early in the star formation sequence, or
through active synthesis during the protoplanetary disk stage. Accu-
rate determination of its abundance (which can help in constraining
its formation process) can only be obtained through advanced non-
local-thermal-equilibrium (non-LTE) models,”””' which require
radiative and collisional properties of the molecule. Interaction
between HCN and H,O (the dominant collider in cometary comae)
is then of high interest.

Initially, the H,O-HCN complex was investigated by ab initio
calculations at the Hartree-Fock level’” and more accurate theo-
retical studies were performed subsequently.” *° Recently, a 5D
potential energy surface (PES) for the water-HCN system was cal-
culated ab initio at the coupled-cluster CCSD(T) level of theory,
treating both monomers as rigid, and a global fit was introduced to
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describe the water-HCN interaction.”” This PES reproduces the two
isomers reported previously in the literature,”””**® in which H,O
and HCN can act as both proton donors and acceptors, and predicts
rotational constants in good agreement with previous experimen-
tal and theoretical studies. In the follow-up work,”” the authors
employed this PES to investigate the rotational excitation of HCN
by water using the coupled-states scattering approach and pro-
vide approximate rotational de-excitation rate coefficients among
the first levels of HCN perturbed by para-water in the tempera-
ture range T = 5-150 K. The H,O-HCN complex has also been
the subject of several microwave spectroscopic studies,”’ ** which
have provided information regarding its ground-state geometry,
rotational constants, rotational transition frequencies, and other
properties.

In this paper we report a new rigid-monomer 5D inter-
molecular PES of the H;O-HCN complex, computed using the
symmetry-adapted perturbation theory based on density functional
theory [SAPT(DFT)] method*’ and the autoPES code.”™” The level
of accuracy of this approach is comparable to that of CCSD(T), but
with the numerical cost reduced by two orders of magnitude. The
second objective of this paper is to utilize the new PES in the quan-
tum 5D calculations of the fully coupled intermolecular vibrational
states of the HO-HCN complex in the rigid-monomer approx-
imation for the total angular momentum J values of 0, 1, and 2.
Keeping the monomers rigid decreases the dimensionality of the
problem from 12D to 5D, making the calculations far more manage-
able. The errors in the bound-state calculations introduced by the
assumption of rigid monomers are expected to be small due to the
weak coupling between the intermolecular vibrations of the complex
and the intramolecular vibrations of the monomers in their ground
states. In the case of the similar complex H,O-HCL,'" the energies
of the intermolecular vibrational levels from full-dimensional
(9D) and rigid-monomer (5D) calculations typically differ
by 1-3 cm™.

These calculations employ the methodology used previously in
the quantum 5D rigid-monomer calculations of the rovibrational
states of the H,O-CO; and D,0-CO; vdW complexes.' In addi-
tion to the rovibrational states of HO-HCN, the calculations yield
the vibrationally averaged ground-state geometry of the complex,
its rotational constants and rotational transition frequencies in the
ground vibrational state. Comparison is made with the spectroscopic
data in the literature, and very good agreement is found between
theory and experiment.

The paper is organized as follows. Section II presents the
ab initio methodology and the calculations involved in the devel-
opment of the 5D PES of the H,O-HCN complex and describes its
key features. The methodology employed in the quantum 5D calcu-
lations of the intermolecular rovibrational states of the complex on
this PES is described in Sec. III. In Sec. IV, we present and discuss
the results of these calculations. Conclusions are given in Sec. V.

Il. H,O-HCN POTENTIAL ENERGY SURFACE
A. SAPT(DFT)/AUTOPES calculations

The H,O-HCN potential energy surface was calculated with
the symmetry-adapted perturbation theory based on density func-
tional theory [SAPT(DFT)]”** " and the aug-cc-pVQZ atomic
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basis set. The interaction potential between H,O and HCN
molecules in their respective electronic ground states was generated
using the autoPES code.”*”” One of the key advantages of this code
is the use of multipolar expansion for an accurate description of the
long-range region, which can then be seamlessly connected to the
valence-overlap region. Such approach reduces the number of sam-
pled geometries required for obtaining the PES by one or even two
orders of magnitude, as one has only to take care of the short-range
region and the vicinity of minima. In addition, autoPES is compat-
ible with fast and reliable methods like density fitting techniques,
notably DF-SAPT(DFT). It was recently demonstrated that the accu-
racy of SAPT(DFT) approaches is similar to that of CCSD(T) but
with a numerical cost reduced by two orders of magnitude (N° com-
pared to N’, with N the number of electrons).”” Our calculations
used DF-SAPT(DFT) based on the asymptotically corrected PBEO
functional.*” The aug-cc-pVQZ basis set’ ** was employed for all
atoms.

As a default setting, midbond functions with the M1 basis set,
taken from the SAPT library, were included in the basis set for every
geometry for which the interaction energy was computed.

The SAPT(DFT) calculations require a gradient-regulated
asymptotic correction (GRAC)"* of exchange-correlation function-
als. The parameters needed for such a procedure are ionization ener-
gies. The values used in our SAPT(DFT) calculations are 12.6308 eV
for H,O and 13.5531 eV for HCN. We included a §r term in our
calculations, which takes into account higher-order induction.

AutoPES constructs a site-site potential with electrostatic,
polarization, induction-plus-dispersion, and repulsive exponential
components of energy that can be enabled. Thus, the number of
fitting potential parameters depends on the number of sites. In addi-
tion to the sites located on the atoms, off-atomic sites, i.e., points that
are not located on the atoms, were are added to enhance the flexibil-
ity of the fitting function. The root-mean-square error (RMSE) of
the fitted PES within the attractive region with sites on the atoms
of the complex was about 130 cm ™ for H;O-HCN. By adding nine
off-atomic sites to the H,O molecule and four to HCN, the RMSE
was decreased to 7 cm™" for the attractive region.

We treat HO and HCN molecules as rigid monomers. The
geometry of the H,O species was fixed with r,(OH) = 1.8437 ao
and the bond angle of 104.4°.*° Vibrationally averaged bond lengths
r¢(CH) and r¢(CN) for linear HCN were calculated according to
formula:*®

rg(i) = re(i) + (Ar(d)), 1)

where r.(i) is the equilibrium bond length, and the displacement
(Ar(i)) is the correction of a given bond length due to averag-
ing over vibrations. The r.(i) values were obtained by complete
basis set (CBS) extrapolation of non-relativistic bond distances cal-
culated with CCSD(T) method with aug-cc-pCVXZ basis sets for
X =Q,5,6 and then improved by including a relativistic correc-
tion to the bond length calculated within X2C-CCSD(T) method.*’
Introducing the relativistic corrections results in a slight reduction
of bond lengths, by 0.003 a, for the CH bond and by 0.004 a, for the
CN bond. Obtained r.(CH) = 2.0126 ag and r.(CN) = 2.1777 ay are
negligibly smaller than the values derived from the experiment by
Gisbert et al.,*® 2.0135 ag and 2.1792 ay, respectively. Displacements
(Ar(i)) were obtained from a cubic force field expansion of the PES

ARTICLE pubs.aip.org/aipl/jcp

calculated within CCSD(T). They were extrapolated to CBS from cc-
pCVXZ values for X = T, Q, 5 leading to (Ar(CH)) = 0.0336 ap and
(Ar(CN)) = 0.0097 ao. Finally, we obtained r¢(CH) = 2.0462 a9 and
rg(CN) = 2.1874 ao.

Geometry optimization and averaging for all monomers were
performed with the help of the CFOUR quantum chemistry
package."””’

B. Analysis and contour plots

To describe the dimer interaction and to calculate the
H,O-HCN PES, we follow the convention of Phillips et al.,”’ where
the water (monomer A) orientation is fixed in the (x4, y " za) Carte-
sian system of coordinates by coupling the body-fixed (BF) frame
to the water molecule in such a way that its origin (xa,y A,ZA)
=(0,0,0) is at the centre of mass, its z4 axis is along the C, sym-
metry axis, and its xaza plane is the plane of the water molecule
as shown in Fig. 1. The HCN molecule (monomer B) is described
by the (xp,yp,z5) system of coordinates with its origin (xs, yp,25)
=(0,0,0) in its center of mass. The corresponding axes of both
of these Cartesian system of coordinates are parallel. In panel (a)
of Fig. 1 we show Brocks-type of internal coordinates used in the
bound state calculations and panel (b) shows the polar coordi-
nates that we use for the determination of the five-dimensional
V(R,0,¢,6,¢") PES. R is the vector between the centers of mass
(c.m.) of the monomers and (6,¢) and (6',¢') define the polar
angles that describe the orientation of R and HCN, respectively, as
illustrated in panel (b) of Fig. 1.

To determine the entire five-dimensional H,O-HCN PES we
needed just a total of 2833 ab initio points for which two minima

(a) Brocks-type

FIG. 1. 5D body-fixed coordinate systems used to describe H,O-HCN interaction.
(a) Brock-type approach. (b) The orientation of the c.m. to c.m R vector and the
orientation of the HCN molecule are both described with respect to the water-fixed
axes by the polar angles (6, ¢) and (¢’, ¢"), respectively. See Refs. 27 and 51.
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were found, that are separated by a barrier of 661.84 cm™" as shown
in Fig. 2. The barrier was calculated by subtracting the energy of the
saddle point (-1190.5cm ™, at =100, ¢ = 0 and & = 110, ¢’ = 180/,
see Fig. 2) from the energy of global minimum (-1852.35 cm™).
The global minimum (Fig. 2) was found for a configuration where
the hydrogen of HCN approaches the oxygen of the water molecule
(HCN acts as the proton donor). The energy for the global mini-
mum was found to be ~1852.35 cm™" while the distance between
the hydrogen of HCN and oxygen atom of water is 2.044 A. Com-
paring this result with the global minimum reported by Dubernet
and Quintas-Sanchez et al.,”” which has an energy of —1814.51 cm
we find that the potential well calculated in this work is slightly
deeper. We show the region of the global minimum as a function
of the 6 and 6’ polar angles in Fig. 3. The local minimum shown
in Fig. 2, with the energy of —~1338.36 cm™ ', is located at a geom-
etry where the nitrogen atom is approaching one of the hydrogens
of the water molecule. The distance between these atoms was found
to be 2.130 A. Comparing this to the local minimum reported by
Dubernet and Quintas-Sinchez et al.,”” who reported the energy of
—1377.30 cm™', the interaction energy that we determined is in this
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case slightly less attractive. Figure 3 shows the surface and contour
plots of the PES in the region of the global and local minima of
the dimer. Such a difference between the two minima of these two
PESs may be accounted for by the different ab initio method used in
calculations - SAPT(DFT) in this work and CCSD(T) in Dubernet
and Quintas-Sanchez et al.,”” as well as the basis set size used in the
calculations.

To assess the accuracy of the H,O-HCN PES, additional
ab initio calculations were performed for characteristic geometries
(the global and local minima) and several distances between the cen-
ters of mass of the two monomers. We used the CCSD(T) method
implemented in the MOLPRO code™ with aug-cc-pCVXZ basis sets
for X = D, T,Q. Three different basis sets were used in the calcu-
lations to perform extrapolations to the CBS limit, using a mixed
Gaussian/exponential extrapolation scheme.”

Results from these calculations are presented in Fig. 4. For
the global minimum of H,O-HCN, the result obtained with
the SAPT(DFT) method (-1852.35 cm™}) slightly overestimates,
by 2.65 cm™', the result obtained with the CBS extrapolation
(-1849.7 cm™! ). On the other hand, for the local minimum, the well

0 1 \ \ \
\§ 1000 —o- CCSD(T)/avQz
-200 —o- CCSD(T)/CBS(D,T,Q) 7
& 12008
w00l d \ —o- SAPT(DFT) A
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W\ \ 7 -
-600 - W 1600 \ y ////’ 444/ 4
W N %/ =7
< -800 - N 1800 g = |
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1200 - .
-1400 - i
-1600 - .
-1800 |- .
L L
0 T T T T T T
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Y 1100 \\\\
-500 ‘x\ -1200 \};\ o 7
— | 1300 \3\\:\\ o7
‘e 1 gz~
o 171400 3.4 3.6 3.8
> &
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FIG. 4. Comparison of interaction energy at different levels of theory as a function of distance between the center of mass of the monomers for the geometries of global
(upper panel) and local (lower panel) minimum of H,O-HCN system. See the text for details.
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obtained with the SAPT(DFT) method (—1338.36 cm™!) is shallower
by 59.7 cm™! than the one based on CCSD(T)/CBS (~1397.70 cm ™)
The difference with respect to CCSD(T) is somewhat significant and
might result from several factors: differences between the descrip-
tion of the intramonomer dynamics correlation between PBEO and
CCSD(T), as well as lack of electronic correlation beyond the sec-
ond order of SAPT (dur is based on supermolecular Hartree-Fock
calculations). The overall agreement is good and a PES of such accu-
racy can be safely used for bound states or scattering calculations. It
is noteworthy that neglecting the §ur term leads to inaccuracies on
the order of more than 10% near both the global and local minima.
Therefore, it is crucial to include this term when calculating the PESs
for polar systems. This observation aligns with previously reported
behavior of SAPT for water-bearing complexes.”

The computer code for generating this H;O-HCN PES is
provided in the supplementary material.

11l. COMPUTATIONAL METHODOLOGY
FOR ROVIBRATIONAL STATES

A. General

The computational results presented relate to the intermolec-
ular rovibrational states of H,O-HCN molecular complexes in the
rigid-monomer approximation. We follow the same procedure pre-
sented in Ref. 1. We employ the “Brocks-type” approach introduced
in Ref. 54, the Hamiltonian and associated coordinates are adapted
to the water-HCN complexes. In this method, the dimer-fixed coor-
dinate frame is defined in terms of the vector pointing from the c.m.
of one monomer to that of the other, as illustrated in Fig. 1.

We require as input the rigid-monomer geometries and iner-
tial parameters, given in Sec. II A. We use the following: for HCN,
we take the rotational constant as B = 1.4782218 cm™'*® and the
mass to be 27.0257 amu. For the rotational constants of H,O we use
By, =27.8761 cm™', B,, =9.2877 cm™' and B, = 14.5074 cm™’,
where x4, y, and za refer to the principal axes of the H,O moiety
(see Sec. 11 B). The H,O mass is 18.0103 amu.

The PES describing the HO-HCN interaction was adapted
from the coordinate system described in Sec. I B to the Brocks-
type coordinate system, that is, we convert the polar coordinates
(R,6,¢,0',¢") to the coordinates used in the Brocks-type approach.
Another minor modification was required: we found evidence for an
unphysical “hole” in regions corresponding to small intermonomer
distances, then we set the interaction PES to a large value (0.01
hartree) for all dimer geometries at which one (or all) of the O(H,0)
and H(H,O) to H(HCN), C(HCN) and N(HCN) internuclear dis-
tances is smaller than 1.375 A. We do not expect significant wave-
function amplitude in the regions below our distance thresholds,
since at short atom-atom distances the PES should be large. There-
fore any possible discontinuities introduced in the PES by our fix
should have no effect on our results. This fix is justifiable physically
and eliminates any influence of the “hole” on our results.

B. The Brocks-type approach
1. Coordinates and Hamiltonian
As specified in Brocks et al.,”* we define a dimer-fixed (DF)

frame for the dimer with its origin at the c.m. of the dimer. The
DF-frame axes are rotated by the Euler angles Q = (a,f) from a
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space-fixed (SF) frame, and its z axis (Zpr) is parallel to the vector ro
that points from the c.m. of monomer A (H,O) to that of monomer
B (HCN). Next, we define the monomer-fixed frame for monomer
A (MF,) as the principal axis frame of the H,O moiety, with Za
along the C; symmetry axis pointing toward the O nucleus, ¥ as the
out-of-plane principal axis parallel to the vector defined by the cross
product of the O-to-H1 bond vector and the O-to-H2 bond vector,
and Xa = ya x 2a. The z axis fixed to HCN (2g) is the unit vector
pointing from the C atom of that moiety to the N atom. Finally, we
define the following coordinates: (i) ro = |fo], (il) wa = (@, B, ¥, )s
the Euler angles that define the orientation of BFs with respect to
DF, and (iii) wp = (s, ), the Euler angles that define the orienta-
tion of zp with respect to DF (see Fig. 1). The third Euler angle, y,,
is not needed as HCN is a linear molecule. We can express now the
intermolecular Hamiltonian as:

I_AIinter(Q) Q) = Tinter(Q) Q) + T;Aot(w/\) + T?ﬂt(a)B) + Vinter(Q))
(2)
where Q = (79, wa,wp) and Q= (r0, & Ba>ya,B8). Note that the
dimer potential is independent of the individual values of as and
ag and is dependent only on their difference, & = (a4 — ag). The
intermolecular kinetic energy operator, T,-me, is that from Brocks
etal,”

.1 & 1
inter:—ﬂfDafr%"'m
0
op

where pp is the reduced mass of the dimer, J is the is the vector
operator corresponding to the rotational angular momentum of the
dimer measured with respect to the DF frame, and j* and j® are the
vector operators corresponding, respectively, to the rotational angu-
lar momenta of the H,O and HCN moieties measured with respect
to the DF frame. T%,(wa), the rigid-rotor rotational kinetic-energy
operator of the H;O monomer, is given by

Tro(wa) = 3 By, (73)’ )

<[P -cot p= + (G +i®) -G+, 3

where i4 is an index that runs over the principal axes of H,O and 7,
is the operator associated with the rotational angular momentum of
the H,O moiety along axis ia. Similarly,

Troe(wp) = B(j")? ©)

is the rigid-rotor rotational kinetic-energy operator of the HCN
monomer. Finally, Vinter(Q) is the 5D intermolecular potential
function described in Sec. II. The integration volume element asso-
ciated with this Hinter is of the Wilson type:”* drodwadwpdQ. This
choice facilitates the construction of the potential-optimized dis-
crete variable representation (PODVR) covering the ro coordinate
(see Sec. 111 B 2).

2. Basis sets

In order to solve for the eigenstates of Hiner, we use
“uncoupled” basis functions of the Brock type. These are of the form

Is,ja, ka, m,jBs ], K) = |ros)| ja, ka,m)|jB, K — m)|J,K),  (6)

€L:EL:EL €20 J9qWBNON L0

J. Chem. Phys. 159, 174302 (2023); doi: 10.1063/5.0173751 159, 174302-6

Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

where the |ros) (s=1,...,N;,) are potential-optimized DVR
(PODVR)™™"" functions covering the ro degree of freedom,
the |ja,ka,m), ja=0,1,... 4%, are symmetric-top eigenfunc-
tions dependent on the ws coordinates, and the |jg,—-m),
(je=0,1,... j5*) are spherical harmonics dependent on the wg
coordinates, and the |J, K) are normalized “little-d” Wigner matrix
elements of the form

2] +1
2

J.K) = d (). @)

The full basis for a given value of J (Hinter is block-diagonal in J)
consists of all those functions of the type in Eq. (6) whose k4 and m
values are allowed, given the values of j, and j,.

H,O-HCN belongs to the molecular symmetry group
Gs = [E, (12),E7, (12)*], where (12) is the water-hydrogen-nucleus
interchange operator and E* is the inversion operator. These
symmetry operators leave Hinter invariant. Thus, the intermolecular
Hamiltonian can be block diagonalized into four blocks corre-
sponding to the four irreducible representations (“irreps”) of Gs.
The reader is referred to Sec. II 3 C of Ref. 13 for details.

In this work the basis parameters are as follows: (1) Ny, = 50
with the |ros),(s=1,...,N;,) DVR points ranging from 2.3 to
831 A, (2) jﬁax =12, and (3) jﬁm = 30. We settled on these basis-
set parameters after varying each of them over a range of values and
performing convergence tests. For these parameters and J = 0, the
numbers of basis states, absent any symmetry sorting, are 1919 950.
The corresponding numbers for J = 1 are 5703 600, and 9557 450
for J = 2. The number of independent basis states corresponding to
the symmetry-sorted blocks is about a factor of four smaller than
those listed above.

The |ros),(s=1,...,N;,) PODVR was constructed by first
solving the 1D Schrédinger equation

1 Oy
- =Y vg=E 8
200 072 + Vet = Eoy (8)

in a sinc-DVR grid of 150 functions ranging from 2.12 to 8.47 A.
The Veg(ro) in Eq. (8) is Vinte,(Q) minimized with respect to all
the coordinates except o at each one of the ry sinc-DVR points.
The 50 lowest-energy eigenfunctions from Eq. (8) were then used
to construct the PODVR per Refs. 56 and 57.

3. Diagonalization of H e,

To diagonalize Hipter We exploit the G4 invariance of that
operator to solve separately for the eigenvalues and eigenvectors
associated with the four G4 symmetry blocks. We obtain the eigen-
states and energies for a given value of J and for specific values of E*
and (12) symmetry operators by Chebyshev filter diagonalization.’®
We apply successive operations of Hinter ON a symmetry-filtered,
random initial state vector in two steps. First, we operate with the
kinetic-energy portion of Hinter by direct matrix-vector multipli-
cation. Second, we operate on the state vector with the potential-
energy part of the Hamiltonian by (i) transformation of the state
vector to a 5D (7o, cos S, ya,cos B, &) quadrature-grid representa-
tion, (ii) multiplication of the state vector in that form by the value of
the potential Vi, at each grid point, and (iii) transformation of the
result back to the [s, ., ka, m, jp) basis representation. The procedure
is detailed in Sec. II B 3 of Ref. 1 and Sec. II C 2 of Ref. 13.
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4. Rotational constants in the rigid-monomer
approximation

We calculated the principal rotational constants of the
H,O-HCN complex for a given vibrational state from the 5D results
by subtracting the J = 0 Hiner eigenvalue corresponding to that
vibrational state from each of the three J = 1 eigenvalues for that
state to obtain the three rotational energies, in increasing order: Eo;,
Ei1, and Ejp. We then used the following rigid-rotor relations to
compute the rotational constants:'**’

E1o + E11 — Eo1

A=
2
E Ey — E
B= 10 t Eo1 11 ©9)
2
Ein+Ey —E
Cc- 11 ;1 10.

For accurate values of A, B, and C, it is essential that the
J=0and J =1 calculations have the same degree of convergence.
In addition, one can compute the rotational constants from J =2
calculations, using the analytical expressions for their energies.™

IV. RESULTS AND DISCUSSION
A. Vibrationally averaged ground-state geometry

Low-energy J =0 intermolecular vibrational states of the
H,O-HCN complex are presented in Table I. The level ener-
gies are measured from their quantum 5D ground-state energy at
~1488.342 cm™! relative to the separated rigid monomers. As
described already in Sec. II B, the PES of the complex has two
minima corresponding to the isomers shown in Fig. 2, the global
minimum where the H,O molecule acts as the proton acceptor and
HCN as the proton donor, and the local minimum that is 513.99
cm™! above the global minimum, in which the roles of the two
monomers are reversed. The 5D zero-point energy (ZPE) of the
H,O-HCN complex is 364.64 cm™.

In the global minimum, the equilibrium geometry is planar,
with Cy, symmetry. However, the monomers in the complex can
execute large-amplitude intermolecular motions. The geometries
at the local minimum and at the barrier are of lower symmetry,
with a single plane of symmetry and hence, they belong to the C
point-group. This raises the question of the effective, vibrationally
averaged ground-state geometry of the H;O-HCN complex, which
has received considerable attention.” **"*"** The coordinates most
useful for characterizing the geometry of the complex, and for com-
parison with microwave spetroscopic studies,”"" are f3,, the polar
angle between the C, axis H>O and the vector ry connecting the c.m.
of H,O to that of the HCN (same as R in Sec. I1 B), and 3, the polar
angle between molecular axis of HCN and ro. For both 8, = 0° and
/33 = 180°, the three atoms of HCN lie on the inter-monomer axis.
However, when 8, = 180°, the H atom of HCN is the one closest to
the c.m. of H,O, corresponding to the H,O- - -HCN isomer/global
minimum. On the other hand, when f8; = 0°, it is the N atom of
HCN that is the closest to the c.m of the H,O moiety, corresponding
to the HCN- - -H, O isomer/local minimum.

Given in Table I for each intermolecular state are (8, ) and (),
the expectation values of 8, and B, respectively, for that state. They

are calculated as (B;) = cos™'(cos f3;), where (cos 3,) is the expecta-
tion value of B; for a given state and i = A, B. One can see that in the
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TABLE I. Low-energy intermolecular vibrational states of H,O-HCN from the quantum 5D calculations (in cm~"). (ry) and
Arg (in A), (Ba): AB,. (Bg), ABg (in deg) are defined in the text. “Irep.” 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.

Irrep. E(cm™) (ro) Aro (Ba) AB, (Bs) ABg Assign.
Ag 0 3.776 0.109 27.942 6.933 170.127 0.859 g.s.
B, 94.631 3.757 0.110 31.299 7.277 166.114 1.318

Bu 112.514 3.768 0.110 34.981 9.740 166.58 1.261

Ag 128.65 3.824 0.190 28.493 7.105 169.504 1.031 Vst
Ag 174.288 3.749 0.120 34.667 8.824 162.833 2.005 Vb
Bu 178.238 3.779 0.110 37.038 9.626 169.151 1.031 Vinv
By 217.665 3.791 0.191 32.494 7.678 164.673 1.719

A, 227.084 3.749 0.112 38.741 10.084 163.383 1.604

Ag 232.162 3.755 0.113 39.864 11.287 163.457 1.604

Bu 237.827 3.815 0.193 35.25 9.912 165.856 1.432

Ag 251.131 3.877 0.248 28.98 7.334 169.003 1.146 A
B, 256.959 3.756 0.130 34.606 8.308 162.191 2.636

By 263.109 3.779 0.122 32.409 8.136 165.933 1.891

Ay 271.151 3.761 0.112 38.689 9.397 165.232 1.432

A, 285.097 3.769 0.116 39.235 12.605 165.148 1.719

B. 288.623 3.748 0.124 41.75 12.49 160.056 2.578 Viny + Vb
Ag 290.145 3.770 0.124 36.213 9.454 160.812 2.636

Bu 304.267 3.829 0.192 37.852 9.912 168.637 1.146 Vst + Vinv
Ag 332.64 3.742 0.256 38.945 10.256 157.672 3.495 2%

ground state, (8,) = 27.942° and (f8;) = 170.13°. This implies that
the HCN molecular axis is closely aligned, to within 10°, with the
inter-monomer axis of the complex. In the microwave spectroscopic
studies of the HyO-HCN complex,”””” the orientation of the HCN
axis relative to the inter-monomer axis was defined by the angle
that is the complement of 8 5 and is denoted as 0,y in Ref. 32 and
¥, in Ref. 30. Their experimentally determined values, 10.16°** and
9.4°,%" respectively, agree remarkably well with the complement of
our calculated (B,) in the ground state, 9.87°.

The deviation of the H,O moiety from the planar C,, geome-
try of the complex is described by §,, the H,O out-of-plane bend
angle, whose magnitude depends on the extent of the vibrational
averaging. It should be noted that because of the way that this polar
angle (as well as ﬂB) is defined, and ranges from 0 to 180°, its val-
ues can only be positive. Hence, the expectation value (8, ) is always
nonzero and positive, even when the equilibrium geometry is planar,
corresponding to 8, = 0°. From Table I, the calculated ground-state
value of (8,), 27.94°, reflects the large-amplitude character of the
out-of-plane bend vibration. This result compares favorably with the
spectroscopic value for this angle of 20° in Ref. 30 (denoted there as
0x). On the other hand, the microwave spectroscopic study in Ref.
32 reports for this angle (denoted there as ¢_ ) the value of 50.9°.
Such an unusually large value is attributed to the vibrational averag-
ing over the large-amplitude out-of-plane bending motion of H,O
in the complex, determined from the nuclear quadrupole coupling
constants.

Finally, our computed ground-state expectation value of the
intermonomer distance, (ro) = 3.776 A, from Table I, is in excel-
lent agreement with the intermonomer c.m. to c.m. distance

deduced from microwave spectroscopy, 3.765 and 3.773 A
(depending on the model employed) in Ref. 32 and 3.777 A
in Ref. 30.

We conclude that the ground-state expectation values of the
intermolecular coordinates from our quantum 5D calculations on
the new PES agree well with the corresponding spectroscopic values
that are available in the literature. This comes with the caveat that the
determination of the geometric parameters of fluxional complexes
directly from spectroscopic data involves a chain of simplifying
assumptions and approximations of highly reduced dimensionality
whose validity is questionable, making the comparison with theory
far from unambiguous.

B. Intermolecular vibrational states

The assignment of the intermolecular vibrational states in
Table I proved to be unusually difficult. The assignments are typ-
ically made in two ways. One of them is by observing how the
expectation values of the appropriate intermolecular coordinates
and their root-mean-square (rms) amplitudes vary from one state
to another. These quantities tend to be sensitive indicators of the
excitation, or lack thereof, of certain intermolecular modes. A com-
plementary way of making the assignments is by inspecting the
contour plots of the reduced probability densities (RPDs) of the
eigenstates in suitably chosen internal coordinates and counting the
nodal lines perpendicular to the coordinate axes. When combined,
these approaches worked very well for assigning numerous excited
intermolecular states of H,O-CO"* and H,O-HCI complex" that
we studied previously.
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In the case of H,O-HCN, guided by the examples of H,O-CO
and H,O-HCI complexes, the goal is to try to identify the fun-
damentals and possibly overtones of the following intermolecular
vibrational modes: (1) the intermolecular stretch mode vy, (2) the
HCN bend mode vy, (associated with the angular coordinate f3;), (3)
the out-of-plane H,O bend (or inversion) mode viny corresponding
to the rotation of the H,O moiety about its a principal axis (asso-
ciated with the angular coordinate f8,), and (4) the H>O rock mode
Vrock corresponding to the rotation of the H,O moiety about its ¢
principal axis. For this purpose, we inspect in Table I the coordinate
expectation values (ro), (8,) and (f;), as well as the corresponding
rms amplitudes, and observe their variations for different states. To
our surprise, this approach succeeds in identifying unambiguously
only the fundamental (vy) and the first overtone (2vy) of the inter-
molecular stretch mode, at 128.65 and 251.13 cm ™, respectively, for
which (ro) and Ar increase significantly with the number of quanta.
Their respective values (in A) are 3.776 and 0.109 for the ground
state, 3.824 and 0.190 for v, and 3.877 and 0.248 for 2vs. At the

128.65 cm™’

251.131 cm™’

m 2VS1:
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same time, for these states the values of (8,) and (f;) remain sim-
ilar to those for the ground state. This makes it straightforward to
identify the intermolecular stretch and its excitations.

These assignments are confirmed by examining the contour
plots of the reduced probability densities (RPDs) of the two inter-
molecular stretch states in Fig. 5. Their nodal patterns are very
regular and clearly show nodes along the intermolecular coordinate
10, one for vg and two for 2vs.

However, the assignment of the states corresponding primar-
ily to the excitations of the angular degrees of freedom (DOFs) of
the complex turns out to be much more challenging. For exam-
ple, the state at 174.29 cm™ in Table | is nominally assigned as v,
based on the value of (f8,) which is considerably smaller than for the
ground state. But, at the same time its (3, ) is significantly larger than
in the ground state, indicating simultaneous excitation of the H,O
inversion mode. The same is observed for the state at 332.64 cm™"
(nominally) assigned as the first overtone of the HCN bend 2v}, based
on further decrease in the value of (). Its (8,) is even larger than

174.288 cm™’

332.64 cm’

40

Ba

FIG. 5. Contour plots of the reduced probability densities, as a function of the coordinates ro and j3,, (in deg) (left column), and 8, and S (in deg) (right column), defined in
the text, for the following states in Table |: the ground state of H;O-HCN (top left and right panels), vs; (middle left), 2vg; (bottom left), v, (middle right), and 2vy, (bottom right).
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for v,, demonstrating again that the excitation of the HCN bend
mode is linked to the excitation of the H,O inversion.

Some support for the above assignments of the v, and 2w,
states is lent by the contour plots of their RPDs in Fig. 5. They do
exhibit one and two nodes, respectively, along f3;, and none on the
B, coordinate.

The above shows that the HCN bend and H,O inversion
modes, associated with the coordinates 8, and 8, are strongly cou-
pled. This is also evident from the small difference of only 4 cm™
between the energies of v, and viny, 174.29 and 178.24 cm™}, respec-
tively. Clearly, thinking about these modes as physically distinct,
involving excitations of predominantly a single coordinate, is not
appropriate for this complex, and their assignments have to be taken
with a great deal of caution.

The coupling between 8, and 3, is consistent with the appear-
ance of the 2D plot of the PES in Fig. 6 as a function of 8, and 3, for
minimized values of the other three intermolecular coordinates. In
addition, this 2D plot shows that the PES is rather flat in the vicin-
ity of the global minimum, for values of 8, ranging from 0° to about
40°. This broad minimum explains qualitatively why the expectation
value of 8, is around 28°.

For many states in Table I, neither the trends in the expecta-
tion values of the coordinates nor the nodal patterns of the RPDs
are sufficiently clear to allow even tentative assignments. This is in
sharp contrast with the HO-HCI complex that we studied previ-
ously.'” In that case, it was possible, with one exception, to assign all
intermolecular vibrational states of the complex with energies up to
380 cm™ above the ground state. A clue as to the cause of this con-
spicuous difference comes from the fact that in the case of H,O-HCI
none of the states in the energy range considered involves excitation
of the bending mode of HCI. Evidently, this mode, being higher in
energy, is only weakly coupled to the angular DOFs the H,O moi-
ety, making the nodal patterns of the RPDs sufficiently regular for
unambiguous assignment. On the other hand, in H,O-HCN, the
excitations of the HCN bend mode v;, fall in the energy range of the
primarily angular modes of H,O, such as the inversion mode Viny

180 0
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140 -400
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-800 m
ﬂ B 100 °
1000 3
1200
6oy 1400
1600
20 E 1800

0 40 80 120 160

FIG. 6. Contour plot of the H,O-HCN PES as a function of 8, and 8, coordinates
(in deg) (for minimized values of the three additional internal coordinates). These
angles correspond to the H,O out-of-plane bend (inversion) and the HCN bend,
respectively.
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and the rock mode corresponding to the rotation of the H,O moiety
about its ¢ principal axis (which we could not identify). This gives
rise to the strong coupling among the angular DOFs of the complex,
and results in the nodal patterns of the RPDs which are too irregular
for a clear-cut assignment. We believe that this difference is at least
in part due to the fact that the rotational constant By of HCI, 10.44
cm ™Y, is much larger that the By of HCN, 1.48 cm L.

While the coupling among the angular DOFs of the complex is
strong, the radial-angular coupling, that between the intermolecu-
lar stretch and the bending modes of H,O and HCN, is apparently
weak. This is evident from the remarkably regular nodal patterns of
the RPDs of vs and 2vs shown in Fig. 5, which lie among numer-
ous, mostly unassigned, states corresponding to the excitations of the
angular DOFs of the complex. Additional evidence for weak radial-
angular coupling comes from the fact that the expectation value of
the intermonomer distance (ro) changes little in the states with the
excitation of the angular modes such as v, and viny, and for any other
state shown in Table I (apart from, of course, vs and 2vy).

Unfortunately, no spectroscopic data are available in the lit-
erature regarding the excited intermolecular vibrational states of
the H,O-HCN complex that would allow comparison with the
theoretical results.

As mentioned in Sec. I B, the H,O-HCN PES has two minima
shown in Fig. 2, separated by a barrier of 661.84 cm™". Given the
ZPE of 364.64 cm™', the highest-lying states in Table I with excita-
tion energies of 290-330 cm ™' have total energies of ~650-700 cm ™",
that are at or slightly higher than the barrier height. Consequently,
in principle, some highly excited intermolecular vibrational states
of the complex could have appreciable amplitude also in the local
minimum. The coordinate that is most indicative about the extent
of the delocalization between two minima is g, the Euler angle
between the HCN principal axis and the intermonomer vector ry.
As already discussed in Sec. IV A, when f; = 180°, the H atom of
HCN is the one closest to the c.m. of H,O, corresponding to the
H,O- - -HCN isomer/global minimum. On the other hand, when
Bs = 0°, it is the N atom of HCN that is the closest to the c.m of
the H,O moiety, corresponding to the HCN-: - -H,O isomer/local
minimum. It is therefore reasonable to choose 8, = 90° as the divid-
ing angle between the two isomer basins on the PES. The states
for which (f8,), the expectation value of f3;, is greater than 90° are
taken to be localized is the global minimum, while those for which
(By) < 90° are substantially delocalized over the local minimum as
well. This provides a simple numerical criterion for the quick iden-
tification of highly delocalized states. It is possible to go one step
further and actually calculate for each state the eigenstate amplitudes
on both sides of the dividing angle, as was done for H,O-CO,"” but
this was not necessary in this case. A glance at Table I shows that
for all intermolecular vibrational states in it (8,) is always signifi-
cantly larger than 90°, in fact it is never smaller than 150°. Thus, all
these states are fully localized within the basin of the H,O- - -HCN
global minimum, without any amplitude in the HCN- - -H,O local
minimum. The 2v, state in Table I, for which (f;) is the smallest,
157.67°, has the RPD that extends the furthest towards the local
minimum, as shown in the bottom right panel of Fig. 5. However,
a comparison of this RPD with the 2D plot of the PES in the same
coordinates shows clearly that it is entirely localized within the basin
of the global minimum, confirming the conclusion based on the
value of (f3).
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C. J =1 intermolecular rovibrational states

Selected low-energy /] =1,K =0 and J = 1,K =1 intermolec-
ular rovibrational states are presented in Table II. Their energies
are relative to that of the J = 1 ground state energy of the dimer at
—1488.138 cm™!, which is 0.2 cm™! above the J =0 ground state.
The states that are assigned to the fundamentals of the intermolecu-
lar stretch, HCN bend, and H,O inversion modes, respectively, are
those that are unambiguously related to their J = 0 counterparts in
Table I. It is evident that the K = 1 intermolecular states are closely
spaced doublets (to within a tiny fraction of a wavenumber) and,
strictly speaking, the label K stands for the absolute value |K|. Com-
parison of the ] = 1, K = 0 states with the corresponding J = 0 states
in Table I shows that they differ in energy by at most 0.002 cm™.
For several intermolecular states shown in Table II, K = 0 state is
calculated to lie above K =1 state. This is not without a prece-
dent among weakly bound complexes. Such anomalous ordering of
K =0 and K =1 levels has been observed previously in the calcu-
lations, and also spectroscopically, for the weakly bound water-CO
complex.”"”

Inspection of Table II reveals significant variations of the
Ej_y k=1 — Ej=1,k=0 energy differences for the intermolecular states
shown there. Thus, Ej_; k=1 — Ej=1,k=0 is equal to 14.39 em™! for
the ground intermolecular state, 14.29 cm™! for the intermolecular
stretch fundamental vy, 5.83 cm™ for the HCN bend fundamen-
tal v,, and 9.67 cm™! for the H,O inversion fundamental viyy.
The largest Ej_ =1 — Ej=1,k=0 energy difference of 31.81 em™ s
exhibited by the unassigned state at 112.51 cm™'. Similar vari-
ation of Ej_y k-1 — Ej=1k=0 energy differences was found in the

TABLE II. Low-energy J = 1 intermolecular rovibrational states of the H,O-HCN
complex from the quantum 5D calculations.

Intermolecular state K] Irrep. AE (cm™')’
0 Ay 0.0
1 B, 14.391
1 B, 14.392
1 A, 91.098
gs. 1 Ag 91.099
0 By 94.631
0 B, 112,514
1 Ay 144.325
1 Ay 144.325
0 Ay 128.646
Vst 1 By 142.935
1 B, 142.936
0 Ay 174.288
i 1 B 180.118
1 B, 180.121
0 B, 178.238
1 Ay 187.910
) 1 A 187.910
v 1 A, 214.694
1 Ay 214.695
0 By 217.664

*AE is a state’s energy relative to that of the ] = 1 ground state of the dimer.
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full-dimensional rovibrational calculations of HCI-H,O/DCI-H,O
complexes,'” in particular the small change relative to the ground-
state value upon the excitation of the vy and a significant decrease
accompanying the excitation of the vipy mode. In fact, Ej_y k=1
— Ej_1,x=0 energy differences calculated for the ground state, v, and
Vinv modes are similar (to within less than 1 cmfl) for H,O-HCN
and HCI-H,0/DCI-H,0'” complexes. In Ref. 17, these variations
were explained qualitatively by considering how the excitations
of various intermolecular modes affect the vibrationally averaged
positions of the H atoms of H,O, which in turn change the mag-
nitude of the A rotational constant of the complex and thus the
difference Ej_; k=1 — Ej=1,k=0. It is expected that similar arguments
apply to H,O-HCN as well, ie., that the variations of E;_j k|-
— Ej=1 k=0 correlate with the extent of the deviation of the vibra-
tionally averaged geometry of the complex, caused by the excitation
of an intermolecular vibrational mode, from that of the ground
state.

D. Rotational constants and rotational
transition frequencies

The calculated low-energy J =1 and J = 2 rotational states of
the H;O-HCN complex in the ground intermolecular vibrational
state from the quantum 5D calculations are given in Table IIL
They are measured from their quantum 5D ground-state energy at
-1488.342 cm™". H,O-HCN is an asymmetric top and its rotational
levels are labeled as Jk k., where J is the total angular momentum and
K. and K. are its projections on the a and ¢ principal axes, respec-
tively. The energies of these rotational levels are used to calculate the
rotational transition frequencies for the H;O-HCN complex listed
in Table IV. Also given for comparison there are the experimental
values by Fillery-Travis et al.’’ A comparison of the computed and
measured rotational transition frequencies reveals their very good
agreement. For the transitions shown, the theory and experiment
differ by about 20 MHz (10 MHz for the 19;-0g transition), or
0.16%.

Table V gives the ground-state rotational constants A, B, and
C of H;O-HCN based on the 5D rigid-monomer calculations of the
J = 1 intermolecular rovibrational states, as outlined in Sec. 1] B 4.
The calculated B and C rotational constants are compared with the
corresponding experimental values from Ref. 31. It is easy to see
that the agreement is excellent, the two sets of values differing by no

TABLE IIl. Rotational states in the vibrational ground state of HyO-HCN from the
quantum 5D calculations.

Assign. AE (cm™ Irrep.
000 0 Ag
Loy 0.2031 A,
111 14.5942 By
110 14.5951 B,
202 0.6093 Ag
21 14.9994 B,
211 15.0020 By
221 58.1026 Ay
220 58.1026 Ay
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TABLE IV. Calculated and observed rotational transition frequencies (in MHz) in the
vibrational ground state of HyO-HCN. The observed values are from Ref. 31.

Transition Observed Calculated
101000 6098.8132(9) 6088.7848
212-111 12168.0234(21) 12147.5903
202101 12 197.4643(6) 12177.5697
211-110 12219.2567(36) 12198.5551

TABLE V. Calculated and experimentally derived rotational constants (in GHz) of the
H,O-HCN complex in the ground vibrational state. The measured values are from
Ref. 31.

Calculated Measured
A 434.492
B 3.057 3.062
C 3.032 3.036
(B+C) 6.089 6.099
(B-C) 0.025 0.025

more than 0.16%. Since the rotational constants B and C have sim-
ilar values, the H,O-HCN complex can be viewed as near-prolate
symmetric top.

These results, together with those for the rotational transition
frequencies in Table IV, show that the PES employed describes with
high accuracy the rotational properties of the H;O-HCN complex
in the ground vibrational state.

V. CONCLUSIONS

In this work, the H;O-HCN system has been comprehensively
characterized in two ways. First, we present a new rigid-monomer
5D intermolecular PES for the H;O-HCN complex, calculated using
the SAPT(DFT) method. The calculations were conducted for 2833
ab initio points employing the aug-cc-pVQZ basis set, utilizing the
autoPES code, which provides a site-site analytical fit with long-
range given by perturbation theory. Our results demonstrate a level
of accuracy comparable to those obtained through the CCSD(T)
method with the CBS basis set. The methodology used for the PES
calculations in this study can be extended to other systems inter-
acting with water, which holds significant relevance for scattering
calculations in astrophysical applications.

The newly developed PES is utilized in this paper in the
quantum 5D calculations of the fully coupled intermolecular rovi-
brational states of the HyO-HCN complex in the rigid-monomer
approximation for the total angular momentum J values of 0, 1,
and 2. These calculations rely on the methodology employed pre-
viously in the quantum 5D rigid-monomer calculations of the rovi-
brational states of the H,O-CO; and D,O-CO; vdW complexes,’
and also utilized in all our recent full-dimensional (9D) quantum
calculations of the (ro)vibrational states of noncovalently bound
triatom-diatom complexes.”'® Whenever possible, our theoretical
results are compared with the spectroscopic data in the literature.
The ground-state expectation values of the intermolecular coordi-
nates of the complex (the intermonomer distance, the angle between

ARTICLE pubs.aip.org/aipl/jcp

the HCN molecular axis and the intermonomer axis, the H,O out-
of-plane bend angle) from our quantum 5D calculations on the
new PES agree very well with the available microwave spectroscopy
measurements. In addition, the computed ground-state rotational
transition frequencies involving the J = 0, 1 and 2 rotational states of
H,O-HCN, as well as the B and C rotational constants calculated
for the ground state of the complex, are in excellent agreement, to
within 0.16%, with the experimental values. From this, one can con-
clude that the new PES describes with high accuracy the rotational
properties of the H;O-HCN complex in the ground vibrational
states.

Highly converged intermolecular vibrational states of
H;O-HCN from the quantum 5D calculations are reported for
energies up to about 350 cm™' above the ground state of the
complex. Their assignment proved to be surprisingly challenging.
Only the fundamental and the first overtone of the intermolecular
stretch mode can be identified unambiguously. Due to the unusually
strong coupling among the angular degrees of freedom of the
complex, most of the other excited states remain unassigned. One
explanation for the strong angular coupling involves the small
rotational constant By of HCN (1.48 cm™), as a result of which
the excitations of the HCN bend mode fall in the energy range
of the angular modes of H,O moiety and strongly couple with
them. In contrast, the radial-angular coupling, between the inter-
molecular stretch and the bending modes of the two monomers,
is evidently weak, allowing straightforward assignment of its
excitations.

We hope that the calculations reported in this paper will
motivate spectroscopic investigations of the excited intermolecu-
lar vibrational states of the H,O-HCN, which would allow a more
detailed assessment of the accuracy of the new PES and guide its
improvements.

SUPPLEMENTARY MATERIAL

The computer code for generating the H,O-HCN PES reported
in this work is provided, together with the Readme.txt file with the
information on how to execute it.
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