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ABSTRACT: HF trimer, as the smallest and the lightest cyclic 4 ,_5
hydrogen-bonded (HB) cluster, has long been a favorite prototype ,

system for spectroscopic and theoretical investigations of the 57 _—
structure, energetics, spectroscopy, and dynamics of hydrogen-bond v=1
networks. Recently, rigorous quantum 12D calculations of the o4 B B

coupled intra- and intermolecular vibrations of this fundamental —

HB trimer (J. Chem. Phys. 2023, 158, 234109) were performed, | TO
employing an older ab initio-based many-body potential energy Final PES N
surface (PES). While the theoretical results were found to be in ol [9Dinter] [3Dintra|
reasonably good agreement with the available spectroscopic data, it o o \ /
was also evident that it is highly desirable to develop a more 3 N oo ®
accurate 12D PES of HF trimer. Motivated by this, here we reporta T - Initial PES ) [Full12D]

HF trimer HF trimer

new, and the first fully ab initio 12D PES of this paradigmatic
system. Approximately 42,540 geometries were sampled and
calculated at the level of CCSD(T)-F12a/AVTZ. The permutationally invariant polynomial-neural network based A-machine
learning approach (J. Phys. Chem. Lett. 2022, 13, 4729) was employed to perform cost-efficient calculations of the basis-set-
superposition error (BSSE) correction. By strategically selecting data points, this approach facilitated the construction of a high-
precision PES with BSSE correction, while requiring only a minimal number of BSSE value computations. The fitting error of the
final PES is only 0.035 kcal/mol. To assess its performance, the 12D fully coupled quantum calculations of excited intra- and
intermolecular vibrational states of HF trimer are carried out using the rigorous methodology developed by us earlier. The results are
found to be in a significantly better agreement with the available spectroscopic data than those obtained with the previously existing
semiempirical 12D PES.

1. INTRODUCTION to compute rigorously and in full dimensionality the
(ro)vibrational eigenstates of the complex using this PES.

Hydrogen bonds are of paramount importance owing to their
Only then can a direct and unambiguous comparison be made

central role in governing the structural and dynamical

properties of liquid and solid phases of water, aqueous between the spectroscopic measurements and the theoretical
solutions, and biomacromolecules such as DNA and proteins. results, allowing for the interpretation and assignment of the
Consequently, over the decades, hydrogen bonding has been former and assessing the quality of the PES employed. For a
intensely investigated by a widening array of ever more long time, this approach was feasible only for the binary HB
sophisticated experimental and theoretical methods. However, complexes such as HF dimer,' ™ HCI dimer,”®’ and H,O
high dimensionality and complexity of bulk systems make dimer.®

quantitative characterization of hydrogen bonds, their The scope of binary HB and van der Waals (vdW)
cooperativity and rearrangement dynamics very difficult, for complexes amenable to rigorous full-dimensional quantum
both spectroscopy and theory. treatment of their excited intra- and intermolecular (ro)-

For this reason, much attention has been focused on smaller
hydrogen-bonded (HB) molecular clusters. Their high-
resolution infrared (IR), far-IR, and Raman spectra are rich
with information pertaining to the multidimensional potential
energy surfaces (PESs) of the complexes and their elaborate
vibration-rotation-tunneling (VRT) dynamics that often
involves multiple potential minima. But, extracting the
maximum of this information requires (a) an accurate, ideally
full-dimensional PES of the system, covering both its intra- and
intermolecular degrees of freedom (DOFs), and (b) the ability

vibrational states was significantly enlarged by our introduction
of a novel computational strategy.” It utilizes the eigenstates of
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reduced-dimension intra- and intermolecular vibrational
Hamiltonians, obtained by appropriate partitioning of the full
(ro)vibrational Hamiltonian of the molecular complex, as
compact contracted bases for both its intra- and intermolecular
DOFs, respectively.”'’ The full Hamiltonian is then diagon-
alized in the compact final product-contracted basis yielding
the desired (ro)vibrational states of the complex.

For a broad range of HB and vdW binary molecular
complexes, this approach has enabled for the first time fully
coupled quantum calculations in full dimensionality of all
intramolecular vibrational fundamentals (and some overtones)
and their frequency shifts, as well as the low-energy
intermolecular vibrational states in each of the intramolecular
vibrational manifolds. This includes water-containing binary
molecular complexes for flexible monomers, H,0/D,0-CO,"
HDO-CO,"" H,0—HCL"* and several of its H/D isotopo-
logues,B'14 benzene-H,0/HDO (9D, flexible water and rigid
benzene),"> H,0@Cq, (9D, flexible water and rigid Ceo),'©
and most recently the water dimer (12D).'” These
methodological developments and their applications to binary
molecular complexes are reviewed in ref 18 period.

A widely used representation of a PES for an assembly of
molecules is by a many-body expansion, as the sum of one-
body (monomer), two-body, three-body, and possibly higher-
body interactions. Ab initio-calculated 12D 2 + 3-body PESs
have been available for a while for two fundamental HB trimers
of diatomic molecules, (HF); and (HCl),, described in refs
19—21 respectively. In addition, there was some, although
limited, spectroscopic data regarding the fundamental
frequencies of certain intra- and intermolecular vibrations for
the two trimers, which could be used to test the accuracy of the
PESs employed. However, until very recently no methodology
existed capable of rigorous full-dimensional (12D) quantum
calculations of the intra- and intermolecular vibrational
eigenstates of HB trimers of flexible diatomic molecules, the
results of which could be compared with the spectroscopic
measurements.

This missing link between theory and experiment was finally
established when Felker and Bacic, building on the strategy
outlined above for noncovalently bound binary molecular
complexes,”'”"® introduced the computational methodology
which for the first time allowed rigorous quantum calculations
of the vibrational states of cyclic HB molecular trimers, in this
case of diatomic molecules, initially in 9D for rigid
monomers,”> and then in full dimensionality (12D), for
flexible monomers.”> The 12D calculations of the fully coupled
excited intra- and intermolecular vibrational states of HB
trimers of diatomic molecules employ the full vibrational
trimer Hamiltonian, largely derived by Wang and Carrington,”*
that is partitioned into two reduced-dimension Hamiltonians,
one in 9D for the intermolecular vibrational DOFs and another
in 3D for the intramolecular vibrations of the trimer, and a
remainder term. Each of the two Hamiltonians is diagonalized
separately and a fraction of their respective 9D and 3D
eigenstates is selected for the final compact 12D product
contracted basis of both the intra- and intermolecular DOFs, in
which the matrix of the full 12D vibrational trimer
Hamiltonian is diagonalized.”’

This methodology was implemented by us in the first 12D
fully coupled quantum calculations of monomer-stretch excited
intra- and intermolecular vibrational states of the paradigmatic
HF trimer™> and HCI trimer.”> The calculations encompassed
the one- and two-quanta monomer-stretch excited intra-
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molecular vibrational states of both trimers, together with
the low-energy intermolecular vibrational states in the
intramolecular vibrational manifolds of interest. They revealed
significant redshifts of the monomer stretch frequencies in the
trimers relative to those of the isolated monomers due to the
complexation, as well as manifestations of appreciable coupling
between the intra- and intermolecular vibrational modes.

In both cases,””** ab initio calculated 2 + 3-body PESs were
employed. For each of the two trimers, this allowed us to
investigate the impact that the 3-body terms have on the trimer
binding energy and the frequencies of its vibrations. This was
achieved by a detailed comparison between the results of the
12D calculations on the 2-body PES, obtained by removing the
3-body term from the original 2 + 3-body PES, and those
computed on the 2 + 3-body PES. It demonstrated that the 3-
body interactions have a strong effect on the trimer binding
energies as well as on their intra- and intermolecular
vibrational energy levels.”*>

The quantum 12D calculations of HF trimer’” were
performed on the pioneering 2 + 3 body PES by Quack,
Stohner, and Suhm, referred to hearafter as QSS, that
combines the SO-3 2-body potential'” with the 3-body term
designated HF3BG.”" The 3-body energies were calculated at
the level of the counterpoise-corrected second-order Mgller-
Plesset perturbation theory (MP2) using a double-{ Gaussian
basis set with polarization functions (DZP + MP2), and fitted
by analytical 12D potentials.20 However, the QSS PES is in fact
semiempirical, since its 2-body component was modified
empirically to improve the agreement between the calculated
energy levels and the experimental results. Spectroscopic data
regarding the intra- and intermolecular vibrational frequencies
of HF trimers are rather scant. Their comparison with the
results of the 12D calculations on the QSS PES showed
semiquantitative agreement, demonstrating that there was
considerable room for improvement.*®

This finding has provided the impetus for developing a new
and highly accurate, full-dimensional (12D) PES of HF trimer
in the present work. The construction of such a PES often
involves extensive sampling and calculations,”® which can be
both time-consuming and costly. The “correct and improve”
strategy augments the low-level information by integrating the
difference between low-level and high-level computations. This
process ultimately yields a high-level result. Various methods
have been developed based on this idea for constructing PESs,
such as the dual-level Shepard interpolation method,”” the
hierarchical construction scheme,”® and the A-machine
learning (A-ML) method.””*° However, these methods lack
an efficient and systematic method for sampling when building
the difference PES. Liu and Li subsequently introduced a
strategy that combines both A-ML and permutation invariant
polynomial-neural network (PIP-NN), termed as the PIP-NN-
based A-ML approach.’’ This approach commences with the
development of a relatively low-level PES, utilizing a
comprehensive data set obtained from low-level calculations.
An initial difference PES is constructed by selecting a subset of
data points from the existing data set, performing high-level
electronic structure calculations on them, and then subtracting
the corresponding low-level energies. Leveraging the limited
extrapolation capabilities of the Neural Network (NN), the
remaining data points, which exhibited significant differences
in energies across different PESs, will be selected to finalize the
correction PES. This correction PES is then used to augment

https://doi.org/10.1021/acs.jpca.4c03771
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Figure 1. Schematic illustration of the reaction pathways for the HF trimer. From top to bottom, the numbers correspond to PES-2024 (BSSE
corrected PIP-NN PES), CCSD(T)-F12a/AVTZ with BSSE, PIP-NN PES without BSSE correction, CCSD(T)-F12a/AVTZ without BSSE. All
energies are in kcal/mol and relative to the reactant asymptote 3 HF.

the energies of the remaining data points from low level to high
level, resulting in the development of the final high-level PES.

This methodology has been eflicaciously implemented in
developing the PESs of the multichannel reaction systems HO,
+ HO, and CH;0H + OH.”"** Notably, only 14% and 5% of
the low-level DFT data sets, comprising 75,300 X 14% and
140,192 X 5% data points, respectively, were required to
improve their PESs from the DFT level to the UCCSD(T)-
F12a/AVTZ level. Inspired by this methodology, we extended
its application to the interaction system CO, + N,, where the
difference PES corresponds to the BSSE correction PES.*
Ultimately, a 97% reduction in the computational cost was
achieved for the BSSE correction, thanks to the PIP-NN-based
A-ML approach.

In this work, the same approach is applied to HF trimer.
First, a new full-dimensional PES of HF trimer at the
CCSD(T)-F12/AVTZ level is developed. The PIP-NN-based
A-ML approach helps us to strategically select a subset of
points for the development of a BSSE correction PES. The
BSSE PES is subsequently utilized for BSSE prediction on the
remaining points, culminating in the construction of the final
PES that incorporates BSSE correction, denoted hereafter as
PES-2024. This completely ab initio PES is employed in 12D
fully coupled quantum calculations of excited intra- and
intermolecular vibrational states of HF trimer.

Strictly speaking, PES-2024 does not allow rigorous
determination of the 3-body interactions, although it is very
accurate over rather large intermonomer distances of up to 20
A covered by our ab initio calculations. Quantifying separate 2-
and 3-body interactions requires correct description of the
long-range interactions for asymptotic intermonomer distances
beyond 20 A, which PES-2024 does not provide. But, the main
goal of this work was to develop a full-dimensional PES
capable of yielding highly accurate intra- and intermolecular
vibrational levels of HF trimer, for the interpretation and
assignment of the existing and future spectroscopic data. The
trimer bound states required for this purpose extend over
intermonomer distances much smaller than 20 A. Therefore,
their energies are unaffected by the absence of long-range
interactions. This is evident from the fact that the agreement of
the vibrational states computed in this work on PES-2024 with
the spectroscopic data available for HF trimer is markedly
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better than that for the corresponding results obtained on the
(semiempirical) many-body QSS PES™® (which does include
long-range interactions), as shown below. Clearly, the ab initio
electronic structure method employed here can and does
provide the 12D HF trimer PES whose accuracy in the bound-
state region is higher than that of the 12D QSS PES from the 2
+ 3-body approach. Unless one is interested in clusters larger
than the trimer (which we are not), where having an explicit 3-
body term is important, the PIP-NN approach works just as
well as the many-body approach when comparison with
spectroscopy is desired.

Of course, the above implies that the 2- and 3-body
interactions present implicitly (if not explicitly) in PES 2024
are described very accurately within the domain of the PES
relevant for spectroscopy. At this time, we have no intention of
extending our investigations to HF clusters beyond the trimer.
Consequently, quantifying the separate 3-body term has not
been our priority. For those interested in larger HF clusters,
PES-2024 provides an excellent starting point, and long-range
interactions can be added to it in various ways.

The paper is organized as follows. Section 2 describes the
new PES, PES-2024, its development, and main features.
Section 3 summarizes the methodology for the 12D quantum
bound-state calculations. The results for 12D quantum bound
states are presented and discussed in Section 3. Section 4
contains the conclusions.

2. 12D POTENTIAL ENERGY SURFACE OF HF TRIMER

2.1. Ab Initio Calculations. In this study, we utilized the
MOLPRO 2020.2 software package to perform all ab initio
calculations.”® The CCSD(T)-F12a method, which is an
explicitly correlated coupled cluster method with single,
double, and perturbative triple excitations, was employed in
conjunction with the augmented correlation-consistent valence
triple-{ basis set (CCSD(T)-F12a/AVTZ) to compute the
energies, geometries, and harmonic frequencies of all stationary
points.”>~* This approach has proven its efficacy in the
construction of PESs for a wide range of systems, both reactive
and nonreactive,'>?%3>39%0 Owing to its faster convergence
with respect to the size of the basis set, as compared to the
conventional CCSD(T) method, the CCSD(T)-F12 method
offers significant numerical advantages. Furthermore, the

https://doi.org/10.1021/acs.jpca.4c03771
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accuracy of CCSD(T)-F12a/AVTZ is comparable to the
calculations performed at the CCSD(T)/AVS5Z level.***'~*
BSSE arises when investigating interactions among mono-
mers within larger clusters, and is attributable to employing
incomplete basis sets for individual subsystems.*>*® The
hierarchical correction scheme proposed by Valiron and
Mayer was employed for many-body BSSE calculation”:

ESP. = E, + By + E. + €2P(aB) + 2Y(BC)

+ eglé(z)(AC) + eigg’)(ABC) (1)
where the subscripts denote the type of system or subsystem
(e.g, monomers A, B, C or dimers AB, AC, BC), while the
symbols in parentheses, such as (AB) or (ABC), indicate that
the energy is computed using the whole basis set of the entire
dimer or trimer. The absence of such notations implies that the
energy is calculated in the fragment’s own basis set. The eH@
= E,3(AB) — EA,(AB) — Ej(AB) represents the interaction
energy between subsystems A and B, corrected for BSSE using
the standard Boys—Bernardi counterpoise (CP) method,”
analogously for €SP and €2, The three-body interaction

term €55 (ABC) is expressed as follows:

EPS(ABC) = Eypo(ABC) — E,(ABC) — E,(ABC)
— E¢(ABC) — €32(ABC) — 50¥(ABC)
— e5e?(ABC) @)

where €S53 (ABC) = E,z(ABC) — E,(ABC) — Ez(ABC).
Analogous expressions apply to €50 ?(ABC) and egg(zg(ABC).

2.2. PES Fitting. 2.2.1. PES without BSSE. The develop-
ment of PESs is a tripartite process, involving data point
sampling, energy calculations, and PES fitting.”® The initial
sampling phase includes comprehensive coverage of the three
intramolecular HF stretch coordinates. As depicted in Figure 1,
there are two reaction pathways in this system, but only one of
them involves bond breaking and formation, with both the
reactants and products being minimum-energy cyclic struc-
tures. Therefore, in addition to sampling along the reaction
path, the majority of data points were sampled in the vicinity of
the equilibria. Scans were performed, varying the orientations
of three HF molecules, to gather a set of data points.
Subsequently, CCSD(T)-F12a/AVTZ calculations were per-
formed to obtain their ab initio energies, thereby facilitating
the construction of a primitive PES via fitting. A quasi-classical
trajectory (QCT) analysis was conducted on this PES, utilizing
a range of initial conditions, to thoroughly explore the
configuration space and enrich the data set with new data
points. To prevent the addition of data points closely
resembling those within the existing data set, we utilized the

Euclidean distance y({r}, {r/}) = ,/Zfs (r,—7))* as a geo-

metric criterion for screening the newly introduced points,
where y is defined as the internuclear distances between the
new data and existing data.”? During the screening, we
considered the permutation invariance among three identical
hydrogen atoms and three identical fluorine atoms (3! x 3!).
Comparative analyses were performed to examine the PES by
assessing the properties of the stationary points, including
energies, geometries, harmonic frequencies, and minimum
energy paths. These procedures were iteratively executed to
incrementally improve the PES until all relevant dynamical
results achieved convergence.
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In terms of PES fitting, all the data points were fitted to a
PIP-NN functional form.””~' The input layer of the NN is
composed of low-order PIPs, which are symmetrized
monomials derived from Morse-like variables associated with
internuclear distances,’>">

N
Gn:S'\Pn:ng;*l

i<j

3)
where p; = exp(-r;/2) (A = 15 A and i, j = 1-6), and S

represents the symmetrization operator that contains all
permutation operations.’”**** The feed-forward NN with
two hidden layers was employed for fitting,

K ]
V=05 + Do) x £|6 + D |0
k=1 j=1

I
Xﬂ(bf” + Loy x Gi]
i=1 (4)
Here, I is the number of PIPs within the input layer. The
variable a)(ll) represents the weights connecting the ith neuron
from the (l — 1)th layer to the jth neuron in the Ith layer, and
b}-(l) denotes the biases for the jth neurons in the Ith layer. The
parameters ] and K indicate the number of neurons in the two
hidden layers. The hyperbolic tangent function is employed as
the nonlinear transfer function for both hidden layers, denoted
as f; (i = 1, 2). The fitting parameters @ and b are optimized
using the nonlinear least-squares fitting method to minimize
the root-mean-square error (RMSE),

Ny
RMSE = \/z (Eoutput - Ettarget)2 /Ndata

i=1

(5)

To avoid overfitting, the data set was partitioned into three
parts for each NN fitting: the training set (90%), the validation
set (5%), and the test set (5%). Various NN architectures with
different numbers of neurons in the two hidden layers were
tested. For each NN architecture, a total of 100 training
iterations were executed. The “early stopping” algorithm was
employed to mitigate overfitting.”® To minimize potential false
extrapolation issues arising from edge points in the validation
and test sets, only fits exhibiting similar RMSE across all three
sets were deemed suitable for the final optimal PES.

2.2.2. BSSE PES. For this system, single-point energy
calculations using 2 cores on the Intel Xeon CPU E5—2682
v4 @ 2.50 GHz took 25 min with BSSE correction and 10 min
without BSSE correction. Clearly, the need for a large number
of single-point energy calculations with BSSE correction for a
high-precision PES leads to a significant increase in computa-
tional expenses. When computational resources are ample,
using the complete basis set (CBS) method is an effective
strategy that obviates the need for further BSSE calculations.
But in this work, we adopted the recently proposed PIP-NN-
based A-ML approach to build a correction PES that can
predict BSSE on data points without direct BSSE calcu-
lations.”" The details for constructing the correction PES have
been elaborated in our previous work on CO, and N,.*’
Briefly, a small subset of data points was selected from the
existing data set for the computation of BSSE. Subsequently,
we proceeded to fit these data points into an initial BSSE
correction PES, and selected four best fits to minimize the

https://doi.org/10.1021/acs.jpca.4c03771
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random errors. Leveraging these four PESs, the BSSE values
for the remaining data points were predicted. Due to the
limited extrapolation capabilities of NN, the performance may
vary in areas that are deficient in data points across different
BSSE PESs. The average energy differences D of these data
points were calculated by the following formula,

4 ; .
Zi,j lVIISSSE - VIJBSSEl
6 (6)

where Viger and Vigg denotes the BSSE value obtained by ith
and jth BSSE PESs. Then the data points exhibiting significant
differences were selected and added to the BSSE data set
through a selection process utilizing generalized Euclidean
distances.”” These steps are iteratively performed until
convergence is achieved on the PES. In order to evaluate the
predictive performance of the BSSE PES, we performed
calculations of mean total absolute deviation (MTAD) and
root-mean-square deviation (RMSD) for each iteration of PES
fitting,

D=

Ndata
Risa))
MTAD = 2D
data (7)
and
Nut 142
s D)
RMSD £
data (8)

When the MTAD and RMSD display minimal or insignificant
alterations, it signifies the convergence of the model.

2.3. Final PES. Upon the completion of the BSSE PES,
predictions of the BSSE values were carried out for the
remaining data points. Subsequently, these predicted BSSE
values were summed with their corresponding ab initio values
without the BSSE correction, resulting in the total energy for
each data point, denoted as E,,;; = E, initio + Epsse- In the end,
the newly obtained total energies were fitted through the PIP-
NN method to obtain the final PES (PES-2024) that includes
BSSE correction.

2.4. Diffusion Monte Carlo. The Diffusion Monte Carlo
(DMC) is a stochastic approach employed to determine the
ground-state energy and vibrational wave function of
molecules.”” ™ This is achieved by propagating a group of
localized functions, referred to as walkers, through imaginary
time, to solve the time-dependent Schrodinger equation,

1P(2)) = Y c,e; ")
n )

where l¢,) is an eigenstate of the Hamiltonian, c, represents
the expansion coefficient, and 7 = it/ 7 is the imaginary time. At
each step of imaginary time in the simulation, a random
displacement, which follows a Gaussian distribution, is
imparted to each walker across every degree. The walker’s
survival, replication, or removal is determined by a comparison
of its potential energy, E;, with a reference energy, V.

N, (1) — Nw<0)]

‘/ref = V(T) - (X[ N (0)

(10)
Here, V() represents the ensemble’s average potential energy,
and N,(7) denotes the number of walkers at a given imaginary

time 7. The second term modifies the value of V. to maintain
a nearly constant ensemble size throughout the simulation,
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while the parameter @ modulates the fluctuations in both the
number of walkers and the reference energy. Ultimately, the
zero-point energy (ZPE) is estimated as the average of the
reference energy over all imaginary times. The statistical
uncertainty of the ZPE can be characterized as the standard
deviation of the DMC energies, calculated across all of the
simulations conducted:

AE = \/l Z (E, - E)?
L (11)

where E is the average ZPE and n is the number of
simulations. All DMC calculations were executed utilizing
PyVibDMC, a tool developed by McCoy’s group.”’

2.5. Stationary Points. The reaction pathway for the HF
trimer is depicted in Figure 1. Figure S1 presents the optimized
geometric parameters of the stationary points, while Table S1
provides a summary of their respective energies and harmonic
frequencies. Note that all the energies are relative to the
reactant asymptote 3 HF if not specified. As depicted in Figure
1, the global minimum corresponds to the cyclic structure of
HF trimer with Cy, symmetry, with a depth of —15.2 kcal/mol
on the PES-2024. This value aligns well with —15.2 kcal/mol
calculated at the level of CCSD(T)-F12a/AVTZ with BSSE
correction. Subsequently, the reaction branches in two distinct
pathways via saddle points TS1 and TS2, respectively. The
minimum energy paths (MEPs) for these two channels are also
illustrated in Figure 2. One pathway involves a hydrogen

10 4

A
Y]

()

PES-2024
o Ab initio with BSSE

-10 4

E (kcal/mol)

¢ @

25 20 -15 -10 -5 0 5

s (amu'?bohr)

Figure 2. Potential energies along the minimum energy path (MEP)
of the (a) R1 and (b) R2 channels on PES-2024 and calculated by ab
initio calculations. Energies in kcal/mol are all relative to the reactant
asymptote 3 HF.

exchange reaction, characterized by the simultaneous breaking
and reforming of all three H-bonds within the cyclic minimum.
It corresponds to the interconversion between the clockwise
(cw) and counterclockwise (ccw) cyclic arrangements of HF
monomers, as depicted in Figures 1 and 2a. In the other
pathway, shown in Figure 2b, both the reactants and products
also form a minimum ring. However, this pathway diverges
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- Etargetl) for the PES without BSSE correction, BSSE correction PES, and PES-2024, respectively.

from the former in the cyclic minimum. It commences with the
separation of the three HF molecules. This is followed by a
rotation of the hydrogen atom in one HF moiety along the HF
bond. Subsequently, an in-plane oscillation involving all three
HF molecules leads to the formation of TS2. Ultimately, the
structure reverts to the cyclic minimum by retracing the same
sequence of events. The two pathways are consistent with the
results reported by Quack et al,”” where TS1 and TS2 serve as
the transition states bridging cw and ccw. However, differing
from Quack’s results, which characterized the zigzag structure
as a saddle point with an imaginary frequency of 70 cm™" and
an energy of —6.71 kcal/mol, our PES and ab initio
calculations indicate that this structure is a minimum. In
addition, HF trimer can form two van der Waals minima,
namely the minimum zigzag and t-shape, with energies of
—10.5 and —7.0 kcal/mol, respectively. In the work of Orabi et
al,’' the minima of HF trimer were investigated. They
optimized the geometries of the minimum ring and zigzag
configurations at the MP2(full)/6-311++G(3df3pd) level,
subsequently calculating their BSSE-corrected energies at the
CCSD(T)/6-311++G(3df,3pd) level, which yielded values of
—14.0 and —9.7 kcal/mol, respectively. In contrast, the
research conducted by Quack et al. reported on the minimum
ring and t-shape configurations, obtaining energies of —14.55
and —6.71 kcal/mol, respectively, at the MP2 level with the
[8s6p2d/6s3p] basis set.”” Namely, the cyclic HF trimer is
more stable than open-chain structures. Based on the analysis
of energies, frequencies, and structural parameters, it is evident
that for these stationary points the ab initio calculations align
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well with the results obtained from PES-2024, with the sole
exception being the minimum zigzag, which exhibits a slightly
imaginary frequency.

2.6. PES Results. As mentioned above, the first step
involves constructing a PES without the BSSE correction. The
PIP-NN architecture includes an input layer with 738 PIP
terms under the maximum order of 5, two hidden layers with
10 and 20 neurons respectively, and a single output for
potential energy, amounting to a total of 7631 parameters. This
neural network was employed to fit the PES and was trained on
approximately 42,540 data points covering the range of
intermonomer distances from 1 to 20 A, which were all
calculated at the CCSD(T)-F12a/AVTZ level. The fitting
result exhibited RMSEs of 0.026, 0.050, and 0.062 kcal/mol for
the training, validation, and testing sets, respectively, with the
total RMSE of 0.031 kcal/mol and the maximum deviation of
1.410 kcal/mol. As shown in Figure 3a,b, the fitting errors of
this PES are predominantly small and are uniformly distributed
across the energy range, which spans from —15.5 to 80 kcal/
mol. As seen in Table S1 and Figure S1, the characteristics of
the stationary points have been reproduced well on the PIP-
NN PES.

The next step is to build a PES that is solely inclusive of
BSSE. An initial subset of 284 data points was first selected
from the existing 42,540 data set, and were identified along the
orientations corresponding to three minima. After several tests,
the architecture of the PIP-NN was 227-30-30-1. The
remaining points with large D values on the four best PESs
according to eq 6 would be added to the BSSE data set after

https://doi.org/10.1021/acs.jpca.4c03771
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screening. This process of adding points is repeated until the
MTAD and RMSD values are close and the change is minimal.
Figure 4a presents the trend of MTAD and RMSD values with
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Figure 4. (a) Influence of point counts on MTAD and RMSD
dependence for the BSSE correction PES. (b) Fitting errors for the
BSSE correction PES as a function of the target ab initio energy.

the increase in the number of the BSSE data points, while
Figure 4b displays the distribution of fitting errors on the BSSE
PES. Ultimately, a total of 1183 points were selected from
42,540 data points for the construction of the BSSE PES, with
the fitting error of 0.021 kcal/mol.

Utilizing the constructed BSSE PES, we predicted the BSSE
values for the remaining data points (i.e., 42,540 — 1183 =
41,357). They are combined with the CCSD(T)-F12a/AVTZ
energy values to yield the total energies. Next, we gathered the
energies of these 41,357 data points, along with the 1183
energies directly derived from ab initio calculations. Using this
combined set of data, the PIP-NN method was used to fit the
final PES. For the final PES, we utilized a neural network
structure of 738-30-30-1, achieving a total RMSE of 0.035
kcal/mol. The RMSEs for the training, validation, and testing
sets were 0.055, 0.035, and 0.120 kcal/mol, respectively, with a
maximum deviation of 0.159 kcal/mol. Figure 3e,f illustrate the
distribution of fitting errors and absolute fitting errors of the
final PES. As can be seen from the figure, the fitting errors
across the entire energy range are small, with the absolute
fitting errors of more than 26,000 data points being less than
0.01 kcal/mol. To more clearly demonstrate the fitting quality
across different regions, we have quantified the fitting errors
within various energy ranges. For the range of —20 to 0 kcal/
mol, there are 22,992 data points with a RMSE of 0.019 kcal/
mol; between 0 and 20 kcal/mol, there are 17,319 data points
with an RMSE of 0.041 kcal/mol; from 20 to 40 kcal/mol,
1410 data points were recorded with an RMSE of 0.062 kcal/
mol; within the 40—60 kcal/mol range, 585 data points were
analyzed with an RMSE of 0.074 kcal/mol; and for data points
exceeding 60 kcal/mol, there are 232 data points with an
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RMSE of 0.15 kcal/mol. In addition, in Figure 3c,d we also
present the distribution of the fitting errors across the entire
total energy range and absolute fitting errors for the BSSE data
set. It can be observed that the distribution of points obtained
through finite extrapolation sampling using the neural network
is similar to the distribution of the total data set, validating the
effectiveness of the A-ML method. Similarly, Table S1 and
Figure S1 collectively provide comprehensive details of the
stationary points on the final PES. Figure 2 enhances this
further by comparing the PES results for the MEP with the
corresponding ab initio calculations. This comparison clearly
demonstrates an excellent agreement between the PES and the
ab initio results.

Figure S presents one-dimensional cuts of the interaction
energy between the HF monomers for three different

final PES (a)
© Ab initio with BSSE

E (kcal/mol)
(III ) W

-10 4

r (&)

Figure S. Comparison of one-dimensional cuts for the interaction
energy between the three HF monomers at different relative
orientations: (a) minimum ring, (b) minimum zigzag, and (c)
minimum t-shape. Energies are in kcal/mol relative to the asymptote.

orientations. In Figure S5a, the trimer maintains a cyclic
configuration, corresponding to the orientation of the
minimum ring, and is then separated as depicted, with a
peak deviation of 0.03 kcal/mol between the ab initio and PES
results. Figure Sb shows the potentials when the three HF
molecules are fixed in the minimum zigzag orientation and
then pulled apart in the direction shown in the figure, with a
maximum difference of 0.05 kcal/mol. Figure Sc presents the
potential energy curve when the trimer is fixed in the T-shape
minimum and then distanced along the centroid. The greatest
discrepancy is 0.07 kcal/mol. Such minor discrepancies
indicate the high precision of the PES in the van der Waals
regions. And as seen from these three figures, the energy
variation approaches zero as the distance increases. Therefore,
a sampling range of 20 A appears sufficiently large for this
system, even for dipole—dipole interactions.

To investigate this system further, we employed the diffusion
Monte Carlo (DMC) method to calculate the vibrational zero-
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point energy (ZPE) of the trimer and the ground-state
probability amplitude that samples the global minimum on the
final PES. In this study, ten independent DMC simulations
were carried out. Each DMC trajectory was propagated over
10,000 time steps, with the step size of 5.0 au and 32,000
walkers. The first 20,000 steps were employed to equilibrate
the walkers, while the reference energies derived from the
subsequent 30,000 steps were utilized to calculate the ZPE.
Throughout all simulations, the parameter o was consistently
set to 0.1. The final ZPE was calculated by taking the average
of the results from ten simulations. This resulted in the value of
7801 cm™ with a standard deviation of 6 cm™ for the
minimum ring. For comparison, the harmonic ZPE of the
cyclic minimum is 8006 cm~'. Figure 6 presents the
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Figure 6. Projection of the DMC probability amplitude onto three
H-F bond lengths and HFH angles, with the corresponding
equilibrium structure data indicated by the orange dashed line.

projections of the probability amplitude onto the bond length
and angle, obtained through the DMC method. As can be
observed from Figure 6a, the distribution of bond lengths for
the three H—F bonds is essentially consistent, with the
maximum value of 0.9317 A. This is very close to the
equilibrium bond length of 0.9339 A. Similarly, the projection
distribution of the three HFH angles in Figure 6b is also
remarkably similar, with the maximum value of 92.9°, which is
closely aligned with 93.4° found in the equilibrium structure.

3. 12D COUPLED INTRA- AND INTERMOLECULAR
VIBRATIONAL STATES OF HF TRIMER

3.1. Computational Methodology. Fully coupled
quantum 12D calculations of the intra- and intermolecular
vibrational states of HF trimer reported in this paper, that
utilize the new PES-2024 presented in Section 2, are
performed using the methodolozgy introduced by us for trimers
of flexible diatomic molecules.” Detailed description of this
rigorous 12D approach can be found in ref 23, while the
preceding article” introduced the 9D rigid-monomer version
of this methodology. In both papers,””*’ the QSS PES™ of HF
trimer was used. Recently, the same methodology was
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implemented in the 12D fully coupled quantum calculations
of the intra- and intermolecular vibrational states of HCI
trimer.*’

Since the methodology for 12D quantum calculations has
been described already,” here we provide only a brief overview
of its salient features, adopting the notation in Section II of ref
23, and focus on discussing the computational details essential
for understanding the subsequent sections of this paper.

As in our previous work on cyclic trimers of HB diatomic
molecules,”>* the trimer coordinates shown in Figure 7,

03
©

Figure 7. Schematic representation of the coordinates used for the
cyclic HF timer with flexible monomers. Oy is the c.m. (center of
mass) of each monomer k. Shown explicitly are the three monomer-
c.m.-to-monomer-c.m. distances R, (k = 1-3), and the three
intramolecular HF-stretch coordinates, r, =lr; I. ;, ; and z, are
the axes of the local Cartesian system centered at O,. For monomer k
= 1 we also show the azimuthal angle ¢, and the polar angle 6,
between the HF internuclear vector r; and the z; axis. For each
monomer k, 8, and ¢, define the orientation of ry relative to the local
Cartesian axis system attached to monomer k. &, and j, axes are in the
0,0,0; plane with &, on the bisector of the angle of the triangle at O,
and z; = &; X Jy, ie, perpendicular to 0,0,0; plane.

introduced by Wang and Carrington,”* are employed. R, (k =
1, 2, 3) frame coordinates, collectively denoted as R, refer to
the monomer-c.m.-to-monomer-c.m. distances; in effect, they
are the intermolecular stretching coordinates of the trimer. The
intramolecular HF-stretch coordinates are denoted as r; (k= 1,
2, 3). The orientation of the kth monomer relative to the local
Cartesian axis system attached to that monomer is defined by
o, = (0, ¢i), k = 1-3, (collectively denoted as @) where ¢
and 6, are the in-plane and out-of-plane angles, respectively,
corresponding to motion in and out of the plane determined
by the c.m.-s of the monomers.

The computational methodology outlined in Section 1 relies
on the partitioning of the full (12D) vibrational (J = 0)
Hamiltonian H of the molecular trimer for flexible monomers
as follows™:

H = Hinter Hintra

(R; w; 77) + (ri 7, 5)

+ AHRR, w, r;7, @, 7) (12)

In eq 12, H,.(R, w;7) is the 9D (rigid-monomer)
Hamiltonian for the intermolecular DOFs, Hi,(r;7, @) is
the 3D Hamiltonian for the intramolecular DOFs, and AH(R,
®, 1{T, @, T) is a remainder term; a bar above a symbol denotes
a coordinate that is fixed at a suitably chosen value. This
partitioning is exact and is done solely for the purpose of
generating the contracted inter- and intramolecular bases in 9D
and 3D, respectively.
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In order to calculate the 12D eigenstates of ﬁ, we first solve
separately for the eigenstates of Hjy, (a 9D problem) and
Hiyw. (a 3D problem) in eq 12. The former yields 9D
eigenvectors II) and corresponding eigenvalues E™, while the
latter yields 3D eigenvectors ly) and corresponding eigenvalues
Eiy‘m. A fraction of these lower-dimensional eigenvectors is
used to construct the 12D basis states as products of the form

I, y)=ID)ly) (13)

that are symmetrized as outlined in Section 3.2 The matrix of
H is diagonalized in this 12D symmetrized product-contracted
basis. Its matrix elements in the I, y) basis are given by

(I, 18I, 7) = (BP + ER)5, 6, + (I, YIARIL 7)

(14)

Computing the 9D intermolecular eigenstates of ﬁimer is a
demanding task in and of itself, that is accomplished by a
similar partition-contraction technique.nHinter is partitioned
into a 3D “frame” Hamiltonian Hy. (R; @, 7) and a 6D “bend”
Hamiltonian Hy(w; R, 7), and a remainder term; all three
terms are defined in refs 22 and 23. Eigenstates of Hy and Hp
are used to create the 9D product contracted basis, in which
Hi., is diagonalized. .

3.2. Symmetry Considerations. The 12D Hamiltonian H
of HF trimer in eq 12 is invariant with respect to the
operations of the Gj, molecular symmetry group, which
contains the permutations of the monomers and the spatial
inversion.””*” In order to exploit this symmetry to the
maximum, G),-symmetry-adapted basis functions are con-
structed from the products of the form II, y) = I)ly) in eq 13,
by the procedure described at length in ref 23. In this
symmetrized basis, the matrix of H is block-diagonal, with its
eight blocks associated with the G, irreps and subirreps.”” The
symmetry blocks are then diagonalized separately, thus greatly
reducing the computational effort.

The equilibrium geometry of HF trimer has C;, point-group
symmetry. This implies the existence of two equivalent
equilibrium geometries, with cw and ccw arrangements of
HF monomers, respectively, shown in Figure 1. If the
interconversion between the two forms (requiring the
concerted breaking and reforming of all three HF-HF
hydrogen bonds) is feasible, every vibrational state of the
trimer would be split into tunneling doublets, each belonging
to one of the following pairs of irreducible representations of
G (A1, AY), (A", A,”), (E', E’) and (E”, E”). However, the
barrier to the cw-ccw conversion is high, 7313.37 cm™ on
PES-2024 based on Table 1, and also F?ures 1 and 2. Earlier
computational studies of HF trimer*>**°* have already found
negligible splittings (on the order of 10™* cm™) of the
tunneling doublets of the low-energy states. The implication is
that cw-ccw tunneling is not feasible at the energies probed by
both the calculations and spectroscopy so far, and therefore the
effective molecular symmetry group of HF trimer is Gg
(isomorphic with Cy;). The same was found for the closely
related HCI trimer.”’

3.3. Convergence Tests. The parameters of the basis sets
used in the present 12D calculations on the PES-2024 were
carefully tested for convergence, following the procedure
described in ref 23. The starting point is provided by the
parameters established”® for the calculations with the QSS
PES. However, the implementation of the new PES-2024
requires additional tests in order to refine these basis-set
parameters and verify that the 12D calculations using them are
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Table 1. Low-Energy Intermolecular Vibrational States (in
cm ') of HF Trimer from 12D and 9D (Rigid-Monomer)
Calculations on PES-2024 in this Work”

PES-2024”

QSS PES¢ assignment
12D 9D 12D 9D
A, A
1 0.0 0.0 0.0 0.0 g.s.
2 186.21 189.40 186.90 190.77 Vg
3 320.11 314.96 32824 329.51 2w,
4 36849 37342 36892 37608 2w,
18 764.41 76355 77671 77596 ug
B
12 166.59 163.14 170.91 17109,
3,4 325.49 319.74 332.73 333.96 20,
5,6 347.16 344.53 351.43 353.97 Vg + Vg
9,10 493.37 492.35 501.44 498.29 Viab
A, A
1 54589 55397  SS6.17  SS498 w4 vy
2 $7811 58440 58398 58226  u + Uy
3 60033 607.56 61799  614.25 Vo
4 700.72 708.60 707.98 709.14
B
12 412,02 421.88 41677 414.32 Vou
34 $6938  S7S74 57647 ST32T v+ vew
5,6 597.69 606.18 599.23 597.69
7,8 684.24 693.76 699.77 698.27

“Results are compared to the earlier 12D and 9D results on the QSS
PES.”® The 12D results are for the HF monomers in their ground
intramolecular vibrational state. “12D ground-state energy is
—3656.90 cm™! relative to the energy of the separated flexible
monomers. The 9D ground-state energy is —3761.27 cm ™! relative to
the energy of the separated rigid monomers. “12D ground-state
energy is —3662.35 cm™' relative to the energy of the separated
flexible monomers. The 9D ground-state energy is —3812.81 cm™!
relative to the energy of the separated rigid monomers.

converged. These tests involve calculations of the eigenstates
of the reduced-dimension Hamiltonians in 3D (inter- and
intramolecular), 6D, and 9D, and their results are presented in
the Supporting Information.

The final parameters chosen for the computation of the 12D
eigenstates of the full vibrational Hamiltonian H presented for
PES-2024 in this section are the following: the 12D product
basis is built from Nj,, = 600 9D intermolecular eigenstates of
Hiper with a given parity and Nj,,, = 56 3D intramolecular
eigenstates of H,,,, (encompassing all eigenstates with up to
and including five quanta of HF stretch excitations). The 3D
intramolecular eigenstates of Hy are obtained by its
diagonalization in the basis consisting of the products of
three 1D potential-optimized discrete variable representation
(PODVR)®*** functions, with N, = 8 1D PODVR basis
functions per HF-stretch coordinate r, (k = 1-3); Vintra 18
specified in ref 23. The 6D bend eigenstates of Hy are
computed in the basis consisting of the products of spherical
harmonics Y?,(6, ¢), and all spherical harmonics with [ < I, =
13 are included in the final calculations. The 9D intermolecular
eigenstates are calculated for 7 = r, (the rigid-monomer HF
bond length, which appears as a parameter in the 6D Hy and
the 3D Hy), R = 4.976 bohrs (the fixed intermomomer
distance that has to be specified for the 6D I:IB), Ve = V%‘”‘Vg)
(defined in ref 22), Ny = 12 1D PODVR basis functions for
each R, (k =1, 2, 3) frame (intermonomer) coordinate, Ny =
120 — the total number of 6D bend states of a given parity
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used to build the 9D intermolecular basis, and Ny = 201 — the
total number 3D frame states of all symmetries used to build
the 9D intermolecular basis. In the above, 7 = r; is equal to
1.795 bohrs, the expectation value of the HF monomer bond
length for the trimer ground state from the quantum 12D
calculations on PES-2024, while R = 4.976 bohrs is the
expectation value of the intermonomer distance (R;) in the
ground state of the trimer from the same 12D calculations. As
in ref 23, a value of A = 0.1 of the angular grid cutoff parameter
was used, which reduced the size of the grid to 7% of the
original.

3.4. Results and Discussion. 3.4.1. Intermolecular
Vibrational Eigenstates. Selected low-energy intermolecular
vibrational states of HF trimer from full-dimensional 12D
quantum calculations on PES-2024, for the monomers in their
ground intramolecular vibrational states, and also from the
rigid-monomer 9D quantum calculations on the same PES, are
presented in Table 1. In addition, for comparison, Table 1
includes the corresponding results of both the 12D and 9D
calculations on the QSS PES, taken from Table S of ref 23.

From the data reported in Table 1, PES-2024 and QSS PES
give very similar 12D binding energies Dy, 3656.90 and
3662.35 cm™, respectively, which differ by only 5.45 cm™. We
are not aware of any experimental measurement of this
quantity that could be compared with our results. We do note
that the computed D, value is consistent with the DMC-
computed trimer ZPE of 7801 + 6 cm™" (Section 2.6): The D,
+ ZPE = 11,457.9 + 6 cm™" sum should equal the sum of the
energy difference between the PES minimum for the trimer
and that for the separated monomers (15.16 kcal/mol =
5302.3 cm™! from Table S1) plus the difference between the
ZPE of the separated monomers and the minimum of the PES
for the separated monomers (6148.6 cm™). The latter sum is
11,4509 cm™', so agreement between the DMC and
variational results is just outside the one-standard-deviation
error bar associated with the DMC value.

Inspection of the results in Table 1 for PES-2024 reveals that
the 12D and 9D level energies typically differ by 1—4 cm ™}, but
the differences can occasionally be as large as 8 cm™.
Comparable differences between the 12D and 9D level
energies were observed previously for the QSS PES.*® From
this one can conclude that on PES-2024 (and the QSS PES as
well”’) the coupling between the intra- and intermolecular
vibrational modes of the trimer is not negligible even when the
HF monomers are in their ground state. It has to be included
in accurate bound-state calculations and comparisons with
experiments, for the purpose of their interpretation and
assessing the accuracy of the PES employed.

The assignments of the intermolecular vibrational states on
PES-2024 in Table 1 follow those made for the states
calculated earlier on the QSS PES.”® Both sets of states are
assigned in terms of the fundamentals, overtones, and
combinations of the intermolecular symmetric and asymmetric
stretch modes (v, and v,,), respectively, as well as the
following bending modes: a nondegenerate symmetric mode—
Uy (irrep A;") and v g, (irrep A;"), for the in- and out-of-plane
cases, respectively—and two doubly degenerate asymmetric
modes—u, (irrep E') and vy, (irrep E”) for the in- and out-
of-plane cases, respectively.

Table 1 shows that the 12D intermolecular vibrational states
computed on PES-2024 have energies that are lower than
those of their counterparts on the QSS PES. The energy
differences cover a wide range, as illustrated by the following
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examples: 0.8 cm ! for v, 4.3 cm™! for v

ss as) 12.3 Cm_l for Vighs
17.7 cm™ for vy, For the other states listed in Table 1, the
differences between their energies calculated on PES-2024 and
QSS PES fall in the same range. Clearly, PES-2024 and QSS
PES have subtle but significant differences concerning their
dependence on the intermolecular coordinates of the trimer.
3.4.2. Intramolecular Vibrational Eigenstates and Fre-
quency Shifts. Table 2 gives the energies of the v = 1 HF

Table 2. Energies (in cm™") of the v = 1 HF Stretching
States Vs,fn and Va}il;m of HF Trimer from 12D Calculations
on PES-2024 in This Work and on the QSS PES from ref 23,
for the Intermolecular Modes in the Ground State”

QSS PES*

PES-2024 assign.
freq shift freq shift
3624.84 —343.45 3679.40 —280.43 Vg
3721.76 —246.53 3743.05 —216.78 .

“Energies listed are all relative to the relevant ground-state energy.
Also shown are their frequency shifts relative to v = 1 vibrational level
of the isolated HF, 3968.29 cm™! on PES-2024 and 3959.83 cm™! on
the QSS PES.

stretching states l/g,,Fn and I/Ii}}:m of the HF trimer from 12D
calculations in this work on PES-2024, for intermolecular
vibrational modes in the ground state. Also shown for
comparison are the corresponding results from the 12D
calculations on the QSS PES.”> The frequency of the l/fgm
fundamental calculated on the PES-2024, 3721.76 cm ™, agrees
significantly better with the (only) measured gas-phase
intramolecular freq{uency65 of 3712 cm™', than that computed
on the QSS PES,* 3743.05 cm ™.

Complex formation results in the shift the frequencies of the
intramolecular vibrations of the constituent monomers away
from the vibrational frequencies of the isolated monomers.
Such vibrational frequency shifts were characterized accurately
in our recent full-dimensional calculations of the inter- and
intramolecular vibrational states of binary molecular complexes
of H,0/D,0—C0," HDO-CO,"" and HCI-H,0,"* as well
as the molecular trimers (HF); (on the QSS PES)** and
(HC1),.»®

The 12D results in Table 2 allow us to calculate vibrational
frequency shifts of the v{};, and 113}, fundamental of HF trimer
for PES-2024. On this PES, for the monomers at large
separation, the v = 1 vibrational level of the isolated HF is at
3968.29 cm™. A glance at the 12D results for PES-2024 in
Table 2 shows that the frequencies of the two v = 1 HF
stretching states of HF trimer, 3624.84 and 3721.76 cm™’,
respectively, are substantially red-shifted in comparison to that
of the isolated HF monomer. The calculated frequency shifts
(redshifts) of the states viy and vy, are —343.45 and
—246.53 cm™!, respectively. Based on the measured
frequencies of the isolated HE-stretch fundamental,®® 3961
cm™' and that of the asymmetric HF stretch I/aI;IyFm
fundamental,®® 3712 cm™!, the experimental value of the
frequency shift of the I/;{ng fundamental of the trimer is —249
cm™". This is in much better agreement with the corresponding
theoretical result on PES-2024, —246.53 cm ™, than the l/fgm
redshift of —216.78 cm™" calculated on the QSS PES.”

3.4.3. Effects of HF-Stretch Intramolecular Excitation on
the Intermolecular Vibrational States of HF Trimer. One
measure of the strength of the coupling between the
intramolecular and intermolecular vibrational modes is the

https://doi.org/10.1021/acs.jpca.4c03771
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Table 3. Intermolecular Excitation Energies (in cm™') in the Ground-State (g.s.) and v = 1 ngn and I/gfm Intramolecular
Manifolds of the HF Trimer, from 12D Calculations on PES-2024 in This Work”
PES-2024 QSS PES
excitation g8 ngmb VLS g8 yg,id Ui

v, 166.59 179.29 (178.82,186.16,170.65)" 17091 183.82 (179.28,185.75, 180.76)

Vg 186.21 198.26 195.94 186.89 198.94 196.35

Viab 493.37 524.58 (513.63, 524.48, 515.35) 501.43 536.30 (526.67, 534.31, 529.43)

Vi 764.41 8128 776.70 8278

Vo 412.02 44037 (428.48, 443.40, 427.67) 41677 44329 (433.88, 440.72, 438.05)

Vosh 600.33 636.02 631.07 617.99 651.59 644.57

“Also shown for comparison are the corresponding results on the QSS PES from ref 23 (Table VIII). bEnergies relative to the intramolecular
excitation energy of 3624.85 cm™L, “Energies relative to the intramolecular excitation energy of 3721.76 cm™L dEnergies relative to the

intramolecular excitation energy of 3679.40 cm™!

. °Energies relative to the intramolecular excitation energy of 3743.05 cm™"./Combinations of two

E-type excitations produce three distinct energy levels. “Approximate value due to significant state mixing.

degree to which the intermolecular excitation energies vary
across different intramolecular excitation manifolds. In order to
quantify this intra/inter coupling in the case of HF trimer,
Table 3 lists the energies of the fundamentals of the
intermolecular stretching and bending modes of the trimer
for both the intramolecular ground state and excited (v = 1)
l/g,ﬁ] and ugﬁm intramolecular vibrational manifolds, from 12D
calculations on PES-2024. For comparison, the corresponding
results obtained for the QSS PES** are given in Table 3 as well.
The intermolecular excitation energies shown are obtained by
subtracting the energy of the intramolecular vibrational
fundamental, vs};Fm or vgm, from the energies of vibrational
states involving combined inter- and intramolecular vibrational
excitations. A glance at Table 3 reveals that the energies of all
intermolecular vibrational modes considered increase appreci-
ably, on both PESs, as a result of the excitation of either HF-
stretch fundamental relative to those in the ground intra-
molecular vibrational state. Thus, on PES-2024, in the HF-
excited I/S,Fm intramolecular manifold the energies of the
intermolecular stretching mode fundamentals v, and v
increase by 12.7 and 12.1 cm™', respectively, while for the
fundamentals of the four intermolecular bending modes the
energy increases are larger, ranging from 28.4 cm™' (v,,,) to
35.7 em™ (vog). Exciting the l/la_gm intramolecular vibrational
mode results in comparable increases in the energies of the
intermolecular vibrational modes considered.

These observations for PES-2024 not only mirror what
emerged from the 12D calculations on the QSS PES,” but
they are in near-quantitative agreement with them, as is readily
apparent from the comparison of the corresponding results on
the PES-2024 and QSS PES in Table 3. Thus, while the
energies of the intermolecular vibrational fundamentals
calculated on PES-2024 and QSS PES for the HF monomers
in the ground intramolecular vibrational state exhibit non-
negligible differences, as pointed out already in Section 3.4.1,
the two PESs appear to exhibit remarkably similar coupling
between the intra- and intermolecular DOFs of the trimer, at
least for the vibrational states considered.

3.4.4. Comparison between Theory and Experiment.
There are only limited spectroscopic data regarding the
vibrational frequencies of HF trimer. The information available
from spectroscopic measurements in the gas phase as well as
Ne and Ar matrices is presented in Table 4. There, it is
compared to the theoretical results from the 12D calculations
on PES-2024 in this work and those computed previously on
the QSS PES.” It is immediately evident that the fundamental
frequencies of the intermolecular vibrational modes v,, vy,
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Table 4. Comparison of the Fundamental Vibrational
Frequencies (in cm™') of the HF Trimer from 12D
Calculations on the LL and QSS PESs with Spectroscopic
Measurements in the Gas Phase and Neon (Ne) and Argon
(Ar) Matrices”

PES-
mode” 2024°  QSS PES? gas Ne matrix”’  Ar matrix®®

v, (v5) 166.59 170.91 167 152.5

v (13) 186.21 186.90

Vi (6) 49327 50144  495% 477 446

Vi (1) 764.41 776.71

Vou (V) 412.02 416.77

Vog (V4) 600.33 617.99  602% 590 560

Vam (1) 3624.84 3679.40 .

v (vs) 372176 3743.05  3712%° 3706 3702

“Calculated frequencies of the intermolecular vibrational modes,
shown in the first six rows of the table, are for HF monomers in their
ground intramolecular vibrational state. bLiterature mode notation is
given in parentheses. ‘12D calculations in this work. 912D
calculations from ref 23 (basis IA).

and v g, calculated on PES-2024 in this work agree extremely
well, to within 1—2 cm™!, with the corresponding experimental
values measured in either the gas phase (v;,, and ,4,) or in Ne
matrix (v,,). It is also clear from Table 4 that the fundamentals
of the same modes computed on the QSS PES™ show
somewhat worse agreement with the experimental data.

As stated already in Section 3.4.2, concerning the intra-
molecular vibrational fundamentals, only a single experimental
piece of information in the gas phase is available, 3712 cm™,
for the % mode.®® The corresponding 12D value computed
on PES-2024, 3721.76 cm ™', agrees with experiment noticeably
better than the result obtained for the QSS PES,” 3743.05
cm ™. The same holds for the vibrational frequency shift of the
ug}lfm fundamental of the trimer, as discussed in Section 3.4.2.
This comparison of the theoretical results with the limited
spectroscopic data set available leads to the conclusion that the
new PES-2024 describes both intra- and intermolecular
vibrations of HF trimer with higher accuracy than the QSS
PES.

4. CONCLUSIONS

In this paper, we introduce a new full-dimensional PES of HF
trimer, referred to as PES-2024, exploiting the advances in ab
initio electronic structure theory. This PES involves no
empirical adjustments, unlike the semiempirical QSS PES. A
data set of 42,540 points calculated at the CCSD(T)-F12a/

https://doi.org/10.1021/acs.jpca.4c03771
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AVTZ level is utilized. To correct for the BSSE, the recently
developed A-ML method for effective sampling from the entire
data set is employed. We then calculate the BSSE values of
these points using the hierarchical correction method, which
leads to the construction of a BSSE-corrected PES. This
correction PES is subsequently used to determine the BSSE
values for the remaining data points. Finally, we perform a fit
on the total energy, which has been corrected for BSSE, to
derive the final PES. The fitting error of the final PES exhibits a
minimal fitting error of 0.035 kcal/mol, with a significant
reduction of approximately 97% in computational costs.

In order to assess the quality of the new 12D PES-2024 by
comparison with the experimental data, and also compare it to
that of the older QSS PES,” rigorous 12D quantum
calculations of the fully coupled intra- and intermolecular
vibrational states of HF trimer are performed on it. The
computational methodology employed was developed by us
recently in ref 23, where it was applied to the 12D calculations
of the HF-stretch excited vibrational states of HF trimer on the
QSS PES.

The results for PES-2024 show that already for HF
monomers in their ground state, the 12D intermolecular
level energies typically differ by 1-4 cm™ (and occasionally
more) from their counterparts from the rigid-monomer 9D
quantum calculations on the same PES. Similar differences
between the 12D and 9D level energies were found for the
QSS PES.*’ Clearly, the coupling between the intra- and
intermolecular vibrational modes of HF trimer cannot be
neglected even for the ground state of the monomers when
accurate eigenenergies and conclusive comparison with
experiments are desired. Moreover, the energies of the 12D
intermolecular vibrational states computed on PES-2024 are
noticeably lower than those of their counterparts on the QSS
PES, indicating subtle differences between the two PESs
regarding their dependence on the intermolecular DOFs of the
trimer.

This paper also reports for PES-2024 the energies of the v =
1 HF-stretch excited intramolecular vibrational states of HF
trimer from the 12D calculations, together with the
intermolecular vibrational states in the excited l/g,fn and yﬁsm
intramolecular vibrational manifolds. The frequency of the
I/gsm fundamental calculated on PES-2024, 3721.76 cm™}, is in
a significantly better agreement with the (only) measured gas-
phase intramolecular frequency®® of 3712 cm™, than that
computed on the QSS PES,” 3743.05 cm™".

The complexation-induced frequency shifts (redshifts) of
the trimer states 2/1f and ! calculated in 12D on PES-2024
are —343.45 and —246.53 cm ™', respectively. The latter agrees
much better with the experimental value of the frequency shift
of the ygﬁm fundamental of the trimer,”> —249 cm™!, than the
correzssponding redshift of —216.78 cm™! calculated on the QSS
PES.

Based on the 12D calculations for PES-2024, the excitation
of either HF-stretch fundamental leads to an appreciable
increase of the energies of all intermolecular vibrational modes
relative to those in the ground intramolecular vibrational state.
Thus, in the HF-stretch excited I/gfn intramolecular manifold
the energies of the two intermolecular stretching mode
fundamentals increase by 12—13 cm™', while for the
fundamentals of the four intermolecular bending modes the
energy increases are larger, ranging from 28 to 36 cm™!. These
results, which reflect the intra/inter mode coupling, agree
nearly quantitatively with those from the 12D calculations on

9718

the QSS PES, although the energies of the intermolecular
vibrational fundamentals calculated on PES-2024 and QSS
PES for the HF monomers in the ground intramolecular
vibrational state exhibit nonnegligible differences. From this
one can conclude that the coupling between the intra- and
intermolecular vibrational modes of the trimer on the two
PESs appears to be remarkably similar, at least for the
vibrational states considered.

A comparison is made between the limited spectroscopic
data available regarding the vibrational frequencies of HF
trimer in the gas phase and Ne and Ar matrices and the results
of the 12D calculations on PES-2024. The calculated
fundamental frequencies of the intermolecular vibrational
modes v, Vi, and vy, are in excellent agreement, to within
1-2 cm™!, with the corresponding experimental values
measured in either the gas phase (v, and v,g) or in Ne
matrix (v,,). The fundamentals of the same modes computed
on the QSS PES™ exhibit somewhat larger differences with the
experimental data. It was already noted that the frequency of
the l/ism fundamental, as well as its frequency shift due to the
complex formation, from the 12D calculations on PES-2024,
agree with the experimental values significantly better than the
corresponding quantities obtained by 12D calculations on the
QSS PES. Taking all this into account, one can conclude that
the new fully ab initio PES-2024 provides a more accurate
description of the intra- and intermolecular vibrations of the
HF trimer than the QSS PES. Thus, it represents a benchmark
for assessing the accuracy of future PESs for HF trimer.

Our hope is that this study, together with the earlier one in
ref 23, will motivate experimentalists to undertake more
detailed spectroscopic investigations of HF trimer, which will
enable more comprehensive and conclusive comparison with
theory and lead to further refinement of the PES of this
remarkable trimer.
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