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H 2 O-HCN complex: A new potential energy surface and intermolecular rovibrational states from rigorous quantum calculations

In this work the H 2 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 SAPT(DFT) method. The PES is based on 2833 ab initio points computed employing the aug-cc-pVQZ basis set, utilizing the au-toPES 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 2 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 2 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 2 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.

I. 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 dynamical 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 intricate 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 interplay between advanced high-resolution spectroscopic techniques, ab initio electronic structure calculations, and high-level multidimensional 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 spectroscopic 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 rovibrational states. Some of these calculations were performed using a rigid-monomer approach, e.g., for [6][7][8] and CH 4 -H 2 O. 9,10 Owing to recent methodological advances, 11,12 it has also become possible to perform full-dimensional and fully coupled quantum computations of the (ro)vibrational states of water-containing binary molecular complexes for flexible monomers, H 2 O/D 2 O-CO, 13 HDO-CO, 14 H 2 O-HCl, 15 and several of its H/D isotopologues, 16,17 benzene-H 2 O/HDO (flexible water and rigid benzene), 18 and most recently the water dimer. 19 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 highdensity regions due its relatively large dipole moment. The formation path of HCN in comets Accepted manuscript is not well known. HCN could be sourced either from the inheritance of HCN ice formed early in the star formation sequence, or through active synthesis during the protoplanetary disk stage. Accurate 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, 20,21 which require radiative and collisional properties of the molecule.

H 2 O/D 2 O- CO 2 , 1 H 2 O-HF, 2,3 H 2 O-CO, 4,5 H 2 O-H 2 ,
Interaction between HCN and H 2 O (the dominant collider in cometary comae) is then of high interest.

Initially, the H 2 O-HCN complex was investigated by ab initio calculations at the Hartree-Fock level 22 and more accurate theoretical studies were performed subsequently. [23][24][25][26] Recently, a 5D potential energy surface (PES) for the water-HCN system was calculated ab initio at the coupled-cluster CCSD(T) level of theory, treating both monomers as rigid, and a global fit was introduced to describe the water-HCN interaction. 27 This PES reproduces the two isomers reported previously in the literature, 25,26,28 in which H 2 O and HCN can act as both proton donors and acceptors, and predicts rotational constants in good agreement with previous experimental and theoretical studies. In the follow-up work, 29 the authors employed this PES to investigate the rotational excitation of HCN by water using the coupled-states scattering approach and provide approximate rotational de-excitation rate coefficients among the first levels of HCN perturbed by para-water in the temperature range T = 5-150 K. The H 2 O-HCN complex has also been the subject of several microwave spectroscopic studies, [30][31][32] 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 intermolecular PES of the H 2 O-HCN complex, computed using the SAPT(DFT) method 33 and the autoPES code. 34,35 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 quantum 5D calculations of the fully coupled intermolecular vibrational states of the H 2 O-HCN complex in the rigid-monomer approximation 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 manageable. 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
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the similar complex H 2 O-HCl, 15 the energies of the intermolecular vibrational levels from full-dimensional (9D) and rigid-monomer (5D) calculations typically differ by 1 -3 cm -1 .

These calculations employ the methodology used previously in the quantum 5D rigidmonomer calculations of the rovibrational states of the H 2 O-CO 2 and D 2 O-CO 2 vdW complexes. 1 In addition to the rovibrational states of H 2 O-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 development of the 5D PES of the H 2 O-HCN complex and describes its key features. The methodology employed in the quantum 5D calculations 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 Section V.

II. H 2 O-HCN POTENTIAL ENERGY SURFACE

A. SAPT(DFT)/AUTOPES calculations

The H 2 O-HCN potential energy surface was calculated with the symmetry-adapted perturbation theory based on density functional theory [SAPT(DFT)] 33,[36][37][38] and the aug-cc-pVQZ atomic basis set. The interaction potential between H 2 O and HCN molecules in their respective electronic ground states was generated using the autoPES code. 34,35 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 sampled 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 compatible with fast and reliable methods like density fitting techniques, notably DF-SAPT(DFT). It was recently demonstrated that the accuracy of SAPT(DFT) approaches is similar to that of CCSD(T) but with a numerical cost reduced by two orders of magnitude (N 5 compared to N 7 , with N the Accepted manuscript number of electrons). 39 Our calculations used DF-SAPT(DFT) based on the asymptotically corrected PBE0 functional. 40 The aug-cc-pVQZ basis set [41][42][43] 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) 44 of exchange-correlation functionals. The parameters needed for such a procedure are ionization energies. The values used in our SAPT(DFT) calculations are 12.6308 eV for H 2 O and 13.5531 eV for HCN. We included a δ HF term in our calculations, which takes into account higher-order induction.

AutoPES constructs a site-site potential with electrostatic, polarization, induction-plusdispersion, and repulsive exponential components of energy that can be enabled. Thus, the number of fitting potential parameters depends on the number of sites. In addition 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 flexibility 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 -1 for H 2 O-HCN. By adding 9 off-atomic sites to the H 2 O molecule and 4 to HCN, the RMSE was decreased to 7 cm -1 for the attractive region.

We treat H 2 O and HCN molecules as rigid monomers. The geometry of the H 2 O species was fixed with r g (OH)=1.8437 a 0 and the bond angle of 104.4 • . 45 Vibrationally averaged bond lengths r g (CH) and r g (CN) for linear HCN were calculated according to formula: 46

r g (i) = r e (i) + ⟨∆r(i)⟩, (1) 
where r e (i) is the equilibrium bond length, and the displacement ⟨∆r(i)⟩ is the correction of a given bond length due to averaging over vibrations. The r e (i) values were obtained by complete basis set (CBS) extrapolation of non-relativistic bond distances calculated with CCSD(T) method with aug-cc-pCVXZ basis sets for X = Q, 5, 6 and then improved by including a relativistic correction to the bond length calculated within X2C-CCSD(T) method. 47 Introducing the relativistic corrections results in a slight reduction of bond lengths, by 0.003 a 0 for the CH bond and by 0.004 a 0 for the CN bond. Obtained r e (CH)= 2.0126 a 0 and r e (CN)=2.1777 a 0 are negligibly smaller than the values derived from the experiment by Winneweisser et al., 48 2.0135 a 0 and 2.1792 a 0 , respectively. Displace-

Accepted manuscript

ments ⟨∆r(i)⟩ were obtained from a cubic force field expansion of the PES calculated within CCSD(T). They were extrapolated to CBS from cc-pCVXZ values for X = T, Q, 5 leading to ⟨∆r(CH)⟩ = 0.0336 a 0 and ⟨∆r(CN )⟩ = 0.0097 a 0 . Finally, we obtained r g (CH)=2.0462 a 0 and r g (CN)=2.1874 a 0 .

Geometry optimization and averaging for all monomers were performed with the help of the CFOUR quantum chemistry package. [START_REF] Cfour | Watts and the integral packages MOLECULE[END_REF]50 B. Analysis and contour plots The energy for the global minimum was found to be -1852.35

cm -1 while the distance between the hydrogen of HCN and oxygen atom of water is 2.044 Å. Comparing this result with the global minimum reported by Quintas-Sánchez et al., 27 which has an energy of -1814.51 cm -1 , 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 θ and θ ′ polar angles in Figure 3. The local minimum shown in Fig. 2, with the energy of -1338.36 cm -1 , is located at a geometry 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 Å. Comparing this to the local minimum reported by Quintas-Sánchez et al., 27 who reported the energy of -1377.30 cm -1 , the interaction energy that we determined is in this case slightly less attractive. 
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Hartree-Fock calculations). The overall agreement is good and a PES of such accuracy can be safely used for bound states or scattering calculations. It is noteworthy that neglecting the δ HF 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. 33 The computer code for generating this H 2 O-HCN PES is provided in the supplementary material.

III. COMPUTATIONAL METHODOLOGY FOR ROVIBRATIONAL STATES A. General

The computational results presented relate to the intermolecular rovibrational states of H 2 O-HCN molecular complexes in the rigid-monomer approximation. We follow the The PES describing the H 2 O-HCN interaction was adapted from the coordinate system described in Sec. II B to the Brocks-type coordinate system, that is, we convert the polar coordinates (R, θ, ϕ, θ ′ , ϕ ′ ) 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 2 O) and H(H 2 O) to H(HCN), C(HCN) and N(HCN) internuclear distances is smaller than 1.375 Å. We do not expect significant wavefunction amplitude in the regions below our distance thresholds, since at short atom-atom distances the PES should be large. Therefore 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

Coordinates and Hamiltonian

As specified in Brocks et al., 54 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 Ω = (α, β) from a space-fixed (SF) frame, and its z axis (ẑ DF ) is parallel to the vector r 0 that points from the c.m. of monomer A (H 2 O) to that of monomer B (HCN). Next, we define the monomer-fixed frame for monomer A (MF A ) as the principal axis frame of the H 2 O moiety, with ẑA along the C 2 symmetry axis pointing toward the O nucleus, ŷA 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 = ŷA × ẑA . The z axis fixed to HCN (ẑ B ) is the unit vector pointing from the C atom of that moiety to the N atom. Finally, we define the following coordinates : (i) r 0 ≡ |r 0 | , (ii) ω A ≡ (α A , β A , γ A ), the Euler angles that define the orientation of BF A with respect to DF, and (iii) ω B ≡ (α B , β B ), the Euler angles that define the orientation of ẑB with respect to DF (see Fig. 1). The third Euler angle, γ B , is not needed as HCN is a linear molecule. We can express now the intermolecular Hamiltonian Accepted manuscript as:

Ĥinter (Q, Ω) = Tinter (Q, Ω) + T A rot (ω A ) + T B rot (ω B ) + V inter ( Q), (2) 
where Q ≡ (r 0 , ω A , ω B ) and Q ≡ (r 0 , α, β A , γ A , β B ). Note that the dimer potential is independent of the individual values of α A and α B and is dependent only on their difference, α ≡ (α A -α B ). The intermolecular kinetic energy operator, Tinter is that from Brocks et al., 54 Tinter ≡ -

1 µ D ∂ 2 ∂r 2 0 + 1 2µ D r 2 0 J 2 -cotβ ∂ ∂β + (j A + j B ) 2 -2J • (j A + j B ) , (3) 
where µ D 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 A and j B are the vector operators corresponding, respectively, to the rotational angular momenta of the H 2 O and HCN moieties measured with respect to the DF frame. T A rot (ω A ), the rigid-rotor rotational kinetic-energy operator of the H 2 O monomer, is given by

T A rot (ω A ) ≡ i A B i A ( ĵA i A ) 2 (4) 
where i A is an index that runs over the principal axes of H 2 O and ĵA i A is the operator associated with the rotational angular momentum of the H 2 O moiety along axis i A . Similarly,

T B rot (ω B ) ≡ B( ĵB ) 2 (5) 
is the rigid-rotor rotational kinetic-energy operator of the HCN monomer. Finally, V inter ( Q)

is the 5D intermolecular potential function described in Sec. II. The integration volume element associated with this Ĥinter is of the Wilson type: 55 dr 0 dω A dω B dΩ. This choice facilitates the construction of the potential-optimized discrete variable representation (PODVR) covering the r 0 coordinate (see Sec. III B 2).

Basis sets

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

|s, j A , k A , m, j B ; J, K⟩ ≡ |r 0,s ⟩|j A , k A , m⟩|j B , K -m⟩|J, K⟩, (6) 
where the |r 0,s ⟩ (s = 1, ..., N r 0 ) are potential-optimized DVR (PODVR) [START_REF] Echave | [END_REF]57 functions covering the r 0 degree of freedom, the |j A , k A , m⟩, j A = 0, 1, ...j max A , are symmetric-top eigenfunctions dependent on the ω A coordinates, and the |j B , -m⟩, (j B = 0, 1, ...j max B ) are spherical
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harmonics dependent on the ω B coordinates, and the |J, K⟩ are normalized "little-d" Wigner matrix elements of the form

|J, K⟩ ≡ 2J + 1 2 d J 0,K (β). (7) 
The full basis for a given value of J ( Ĥinter is block-diagonal in J) consists of all those functions of the type in Eq. 6 whose k A and m values are allowed, given the values of j A and j B .

H 2 O-HCN belongs to the molecular symmetry group G 4 = [E, (12), E * , (12) * ], where (12) is the water-hydrogen-nucleus interchange operator and E * is the inversion operator.

These symmetry operators leave Ĥinter invariant. Thus, the intermolecular Hamiltonian can be block diagonalized into four blocks corresponding to the four irreducible representations ("irreps") of G 4 . The reader is referred to Sec. II 3 C of Ref. 13 for details.

In this work the basis parameters are as follows: (1) N r 0 = 50 with the |r 0,s ⟩, (s = 1, ..., N r 0 ) DVR points ranging from 2.3 to 8.31 Å, (2) j A max = 12, and (3) j B max = 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 1 919 950. The corresponding numbers for J = 1 are 5 703 600 , and 9 557 450 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 |r 0,s ⟩, (s = 1, ..., N r 0 ) PODVR was constructed by first solving the 1D Schrödinger equation

- 1 2µ 0 ∂ 2 ψ ∂r 2 0 + V eff = E 0 ψ (8) 
in a sinc-DVR grid of 150 functions ranging from 2.12 to 8.47 Å. The V eff (r 0 ) in Eq. 8 is

V inter ( Q) minimized with respect to all the coordinates except r 0 at each one of the r 0 sinc-DVR points. The 50 lowest-energy eigenfunctions from Eq. 8 were then used to construct the PODVR per Refs. 56 and 57.

Diagonalization of Ĥinter

To diagonalize Ĥinter we exploit the G 4 invariance of that operator to solve separately for the eigenvalues and eigenvectors associated with the four G 4 symmetry blocks. We obtain the eigenstates and energies for a given value of J and for specific values of E * Accepted manuscript and ( 12) symmetry operators by Chebyshev filter diagonalization. 58 We apply successive operations of Ĥinter on a symmetry-filtered, random initial state vector in two steps. First, we operate with the kinetic-energy portion of Ĥinter by direct matrix-vector multiplication.

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 (r 0 , cos β A , γ A , cos β B , α) quadrature-grid representation, (ii) multiplication of the state vector in that form by the value of the potential 

V

Rotational constants in the rigid-monomer approximation

We calculated the principal rotational constants of the H 2 O-HCN complex for a given vibrational state from the 5D results by subtracting the J = 0 Ĥinter 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: E 01 , E 11 , and E 10 . We then used the following rigid-rotor relations to compute the rotational constants: 16,[START_REF] Herzberg | Molecular Spectra and Molecular Structure II. Infrared and Raman Spectra of Polyatomic Molecules[END_REF] A =

E 10 + E 11 -E 01 2 B = E 10 + E 01 -E 11 2 C = E 11 + E 01 -E 10 2 . ( 9 
)
For accurate values of A, B, and C, it is essential that the J = 0 and 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. [START_REF] Herzberg | Molecular Spectra and Molecular Structure II. Infrared and Raman Spectra of Polyatomic Molecules[END_REF] 

IV. RESULTS AND DISCUSSION

A. Vibrationally averaged ground-state geometry

Low-energy J = 0 intermolecular vibrational states of the H 2 O-HCN complex are presented in Table I. The level energies are measured from their quantum 5D ground-state energy at -1488.342 cm -1 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 2 O molecule acts as the proton acceptor and HCN as the proton donor, and the local minimum that is 513.99 cm -1 above the global minimum,
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in which the roles of the two monomers are reversed. The 5D zero-point energy (ZPE) of the H 2 O-HCN complex is 364.64 cm -1 .

In the global minimum, the equilibrium geometry is planar, with C 2v 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 s point-group. This raises the question of the effective, vibrationally averaged ground-state geometry of the H 2 O-HCN complex, which has received considerable attention. [25][26][27][28][30][31][32] The coordinates most useful for characterizing the geometry of the complex, and for comparison with microwave spetroscopic studies, 30,31 are β A , the polar angle between the C 2 axis H 2 O and the vector r 0 connecting the c.m. of H 2 O to that of the HCN (same as R in Sec. II B), and β B , the polar angle between molecular axis of HCN and r 0 . For both β B = 0 • and β B = 180 • , the three atoms of HCN lie on the inter-monomer axis. However, when β B = 180 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 typically made in two ways. One of them is by observing how the expectation values of the appropriate intermolecular coordinates and their rootmean-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 complementary 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 2 O-CO 13 and H 2 O-HCl complex 15 that we studied previously.

In the case of H 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 intermolecular stretch states states in Fig. 5. Their nodal patterns are very regular and clearly show nodes along the intermolecular coordinate r 0 , one for ν st and two for 2ν st .

However, the assignment of the states corresponding primarily to the excitations of the angular degrees of freedom (DOFs) of the complex turns out to be much more challeng-Accepted manuscript ing. For example, the state at 174.29 cm -1 in Table I is nominally assigned as ν b based on the value of ⟨β B ⟩ which is considerably smaller than for the ground state. But, at the same time its ⟨β A ⟩ is significantly larger than in the ground state, indicating simultaneous excitation of the H 2 O inversion mode. The same is observed for the state at 332.64 cm -1 (nominally) assigned as the the first overtone of the HCN bend 2ν b based on further decrease in the value of ⟨β B ⟩. Its ⟨β A ⟩ is even larger than for ν b , demonstrating again that the excitation of the HCN bend mode is linked to the excitation of the H 2 O inversion. and 178.24 cm -1 , respectively. 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 β A and β B is consistent with the appearance of the 2D plot of the PES in Fig. 6 as a function of β A and β B , for minimized values of the other three intermolecular coordinates. In addition, this 2D plot shows that the PES is rather flat in the vicinity of the global minimum, for values of β A ranging from 0 • to about 40 • . This broad minimum explains qualitatively why the expectation value of β A is around 28 • .

For many states in Table I, neither the trends in the expectation 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 H 2 O-HCl complex that we studied previously. 15 In that
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case, it was possible, with one exception, to assign all intermolecular vibrational states of the complex with energies up to 380 cm -1 above the ground state. A clue as to the cause of this conspicuous difference comes from the fact that in the case of H 2 O-HCl none of the states in the energy range considered involves excitation of the bending mode of HCl. Evidently, this mode, being higher in energy, is only weakly coupled to the angular DOFs the H 2 O moiety, making the nodal patterns of the RPDs sufficiently regular for unambiguous assignment. On the other hand, in H 2 O-HCN, the excitations of the HCN bend mode ν b fall in the energy range of the primarily angular modes of H 2 O, such as the inversion mode ν inv and the rock mode corresponding to the rotation of the H 2 O moiety about its c 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 the fact that the rotational constant B 0 of HCl, 10.44 cm -1 , is much larger that the B 0 of HCN, 1.48 cm -1 .

While the coupling among the angular DOFs of the complex is strong, the radial-angular coupling, that between the intermolecular stretch and the bending modes of H 2 O and HCN, is apparently weak. This is evident from the remarkably regular nodal patterns of the RPDs of ν st and 2ν st shown in Fig. 5, which lie among numerous, 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 ⟨r 0 ⟩ changes little in the states with the excitation of the angular modes such as ν b and ν inv , and for any other state shown in 

C. J = 1 intermolecular rovibrational states

Selected low-energy J = 1, K = 0 and J = 1, K = 1 intermolecular 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 -1 , which is 0.2 cm -1 above the J = 0 ground state.

The states that are assigned to the fundamentals of the intermolecular stretch, HCN bend, and H 2 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|. Comparison of the J = 1,K = 0 states with the corresponding J = 0 states in Table I shows that they differ in energy by at most 0.002
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cm -1 . For several intermolecular states shown in Table II, K = 0 state is calculated to lie above K = 1 state. This is not without a precedent among weakly bound complexes.

Such anomalous ordering of K = 0 and K = 1 levels has been observed previously in the calculations, and also spectroscopically, for the weakly bound water-CO complex. 13,[START_REF] Barclay | [END_REF] Inspection of Table II 

D. Rotational constants and rotational transition frequencies

The calculated low-energy J = 1 and J = 2 rotational states of the H 2 O-HCN complex in the ground intermolecular vibrational state from the quantum 5D calculations are given in Table III. They are measured from their quantum 5D ground-state energy at -1488.342 cm -1 . H 2 O-HCN is an asymmetric top and its rotational levels are labeled as J KaKc , where J is the total angular momentum and K a and K c are its projections on the a and c principal axes, respectively. The energies of these rotational levels are used to calculate the rota-
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tional transition frequencies for the H 2 O-HCN complex listed in Table IV. Also given for comparison there are the experimental values by Fillery-Travis et al. 31 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 1 01 -0 00 transition), or 0.16%. 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 2 O-HCN complex in the ground vibrational state.

V. CONCLUSIONS

In this work, the H 2 O-HCN system has been comprehensively characterized in two ways.

First, we present a new rigid-monomer 5D intermolecular PES for the H 2 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 interacting 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 rovibrational states of the H 2 O-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 previously in the quantum 5D rigidmonomer calculations of the rovibrational states of the H 2 O-CO 2 and D 2 O-CO 2 vdW complexes, 1 and also utilized in all our recent full-dimensional (9D) quantum calculations of the (ro)vibrational states of noncovalently bound triatom-diatom complexes. [12][13][14][15][16] Whenever possible, our theoretical results are compared with the spectroscopic data in the literature.

The ground-state expectation values of the intermolecular coordinates of the complex (the intermonomer distance, the angle between the HCN molecular axis and the intermonomer axis, the H 2 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 2 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 conclude that the new PES describes with high accuracy the rotational properties of the H 2 O-HCN complex in the ground vibrational states.

Highly converged intermolecular vibrational states of H 2 O-HCN from the quantum 5D calculations are reported for energies up to about 350 cm -1 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 B 0 of HCN (1.48 cm -1 ), as a result of which the excitations of the HCN bend mode fall in the energy range of the angular modes of H 2 O moiety and strongly couple with them. In contrast, the radial-angular coupling, between the intermolecular 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 intermolecular vibrational states of the H 2 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 2 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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 122 FIG. 1. 5D body-fixed coordinate systems used to describe H 2 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 (θ, ϕ) and (θ ′ , ϕ ′ ), respectively. See Refs. 27,51.

FIG. 3 .

 3 FIG. 3. Top left : Surface plot of the (θ, θ ′ ) angular cut in the region of the global minimum at R = 3.753 Å for ϕ = ϕ ′ = 0 • . Top right: contour plot of the same global minimum region. Bottom left: Surface plot of the (θ, θ ′ ) angular cut in the region of the local minimum at R = 3.658 Å for ϕ = ϕ ′ = 0 • . Bottom panel: contour plot of the same local minimum region. All angles are given in degrees and energies in units of cm -1 .

FIG. 4 .

 4 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 2 O-HCN system. See the text for details.

  inter at each grid point, and (iii) transformation of the result back to the |s, j A , k A , m, j B ⟩ basis representation. The procedure is detailed in Sec. II B 3 of Ref. 1 and Sec. II C 2 of Ref. 13.

  2 O-HCN, guided by the examples of H 2 O-CO and H 2 O-HCl complexes, the goal is to try to identify the fundamentals and possibly overtones of the following Accepted manuscript intermolecular vibrational modes: (1) the intermolecular stretch mode ν st , (2) the HCN bend mode ν b (associated with the angular coordinate β B ), (3) the out-of-plane H 2 O bend (or inversion) mode ν inv corresponding to the rotation of the H 2 O moiety about its a principal axis (associated with the angular coordinate β A ), and (4) the H 2 O rock mode ν rock corresponding to the rotation of the H 2 O moiety about its c principal axis.

1 FIG. 5 .

 15 FIG. 5. Contour plots of the reduced probability densities, as a function of the coordinates r 0 and β A (in deg) (left column), and β A and β B (in deg) (right column), defined in the text, for the following states in Table I: the ground state of H 2 O-HCN (top left and right panels), ν st (middle left), 2ν st (bottom left), ν b (middle right), and 2ν b (bottom right).

For

  this purpose, we inspect in Table I the coordinate expectation values ⟨r 0 ⟩, ⟨β A ⟩ and ⟨β B ⟩, 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 (ν st ) and the first overtone (2ν st ) of the intermolecular stretch mode, at 128.65 and 251.13 cm -1 , respectively, for which ⟨r 0 ⟩ and ∆r 0 increase significantly with the number of quanta. Their respective values (in Å) are 3.776 and 0.109 for the ground state, 3.824 and 0.190 for ν st , and 3.877 and 0.248 for 2ν st . At the same time, for these states the values of ⟨β A ⟩ and ⟨β B ⟩ remain similar to those for the ground state.

FIG. 6 .

 6 FIG. 6. Contour plot of the H 2 O-HCN PES as a function of β A and β B coordinates (in deg) (for minimized values of the three additional internal coordinates). These angles correspond to the H 2 O out-of-plane bend (inversion) and the HCN bend, respectively.

  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 ⟨β B ⟩.

  30,32 the orientation of the HCN axis relative to the inter-monomer axis was defined by the angle that is the complement of β B , and is denoted as θ av in Ref.32 and γ a in Ref. 30. Their experimentally determined values, 10.16 •32 and 9.4 • , 30 respectively, agree remarkably well with the complement of our calculated ⟨β B ⟩ in the ground state, 9.87 • .The deviation of the H 2 O moiety from the planar C 2v geometry of the complex is described by β A , the H 2 O out-of-plane bend angle, whose magnitude depends on the extent of the Accepted manuscript 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 θ x ). On the other hand, the microwave spectroscopic study in Ref. 32 reports for this angle (denoted there as ϕ av ) the value of 50.9 • . Such an unusually large value is attributed to the vibrational averaging over the large-amplitude out-of-plane bending motion of H 2 O in the complex, determined from the nuclear quadrupole coupling constants.Finally, our computed ground-state expectation value of the intermonomer distance,⟨r 0 ⟩ = 3.776 Å, fromTable I, is in excellent agreement with the intermonomer c.m. to c.m. distance deduced from microwave spectroscopy, 3.765 Å and 3.773 Å (depending on the model employed) in Ref. 32 and 3.777 Å in Ref. 30.

• , the H atom of HCN is the one closest to the c.m. of H 2 O, corresponding to the H 2 O• • • HCN isomer/global minimum. On the other hand, when β B = 0 • , it is the N atom of HCN that is the closest to the c.m of the H 2 O moiety, corresponding to the HCN• • • H 2 O isomer/local minimum.

Given in Table

I

for each intermolecular state are ⟨β A ⟩ and ⟨β B ⟩, the expectation values of β A and β B , respectively, for that state. They are calculated as ⟨β i ⟩ = cos -1 ⟨cos β i ⟩, where ⟨cos β i ⟩ is the expectation value of β i for a given state and i = A, B. One can see that in the ground state, ⟨β A ⟩ = 27.942 • and ⟨β B ⟩ = 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 H 2 O-HCN complex, vibrational averaging. It should be noted that because of the way that this polar angle (as well as β B ) is defined, and ranges from 0 to 180 • , its values can only be positive. Hence, the expectation value ⟨β A ⟩ is always nonzero and positive, even when the equilibrium geometry is planar, corresponding to β A = 0 • . From Table

I

, the calculated ground-state value of ⟨β A ⟩,

  Table I (apart from, of course,ν st and 2ν st ). . Given the ZPE of 364.64 cm -1 , the highest-lying states in TableIwith excitation energies of 290-330 cm -1 have total energies of ∼650-700 cm -1 , 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 Accepted manuscript delocalization between two minima is β B , the Euler angle between the HCN principal axis and the intermonomer vector r 0 . As already discussed in Sec. IV A, when β B = 180 • , the H atom of HCN is the one closest to the c.m. of H 2 O, corresponding to the H 2 O• • • HCN isomer/global minimum. On the other hand, when β B = 0 • , it is the N atom of HCN that is the closest to the c.m of the H 2 O moiety, corresponding to the HCN• • • H 2 O isomer/local minimum. It is therefore reasonable to choose β B = 90 • as the dividing angle between the two isomer basins on the PES. The states for which ⟨β B ⟩, the expectation value of β B , is greater than 90 • are taken to be localized is the global minimum, while those for which ⟨β B ⟩ < 90 • are substantially delocalized over the local minimum as well. This provides a simple numerical criterion for the quick identification 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 2 O-CO, 13 but this was not necessary in this case. A glance at Table I shows that for all intermolecular vibrational states in it ⟨β B ⟩ is always significantly larger than 90 • , in fact it is never smaller than 150 • . Thus, all these states are fully localized within the basin of the H 2 O• • • HCN global minimum, without any amplitude in the HCN• • • H 2 O local minimum. The 2ν b state in Table I, for which ⟨β B ⟩ is the smallest, 157.67 • , has the RPD that extends the furthest towards the local minimum,

	Unfortunately, no spectroscopic data are available in the literature regarding the excited
	intermolecular vibrational states of the H 2 O-HCN complex that would allow comparison
	with the theoretical results.
	As mentioned in Sec. II B, the H 2 O-HCN PES has two minima shown in Fig. 2, separated
	by a barrier of 661.84 cm -1

  reveals significant variations of the E J=1,|K|=1 -E J=1,K=0 energy differences for the intermolecular states shown there. Thus, E J=1,|K|=1 -E J=1,K=0 is equal to 14.39 cm -1 for the ground intermolecular state, 14.29 cm -1 for the intermolecular stretch fundamental ν st , 5.83 cm -1 for the HCN bend fundamental ν b , and 9.67 cm -1 for the H 2 O inversion fundamental ν inv . The largest E J=1,|K|=1 -E J=1,K=0 energy difference of 31.81 cm -1 is exhibited by the unassigned state at 112.51 cm -1 . Similar variation of E J=1,|K|=1 -E J=1,K=0 energy differences was found in the full-dimensional rovibrational calculations ofHCl-H 2 O/DCl-H 2 O complexes,17 in particular the small change relative to the ground-state value upon the excitation of the ν st and a significant decrease accompanying the excitation of the ν inv mode. In fact, E J=1,|K|=1 -E J=1,K=0 energy differences calculated for the ground state, ν st , and ν inv modes are similar (to within less than 1 cm -1 ) for H 2 O-HCN and HCl-H 2 O/DCl-H 2 O 17 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 2 O, which in turn change the magnitude of the A rotational constant of the complex and thus the difference E J=1,|K|=1 -E J=1,K=0 . It is expected that similar arguments apply to H 2 O-HCN as well, i.e., that the variations of E J=1,|K|=1 -E J=1,K=0 correlate with the extent of the deviation of the vibrationally averaged geometry of the complex, caused by the excitation of an intermolecular vibrational mode, from that of the ground state .

Table V

 V gives the ground-state rotational constants A, B, and C of H 2 O-HCN based on the 5D rigid-monomer calculations of the J = 1 intermolecular rovibrational states, as outlined in Sec. III 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 more than 0.16%. Since the rotational constants B and C have similar values, the H 2 O-HCN complex can be viewed as near-prolate symmetric top.
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