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CH4-F~ revisited: full-dimensional ab initio potential energy surface and
variational vibrational states
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ABSTRACT ARTICLE HISTORY

The automated development of a new ab initio full-dimensional potential energy surface (PES) is Received 29 April 2022
reported for the CH4-F~ complex using the Robosurfer program package. The new potential provides a Accepted 8 August 2022
near-spectroscopic quality description over a broad configuration range including the methane-ion KEYWORDS
dissociation, as well as isolated methane vibrations. In particular, itimproves upon the earlier [Czakd, ab initio potential energy
Braams, Bowman (2008)] PES over intermediate methane-fluoride distances. Full-dimensional (12D) surface; Robosurfer:
variational vibrational computations using the new PES and the GENIUSH-Smolyak algorithm show spectroscopy; variational
that tunnelling splittings larger than 0.1 cm~' appear below the top of the interconversion barrier vibrational computations;

of the four equivalent minima of the complex. tunnelling splittings
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|. Introduction vibrational methodology towards the spectroscopy of the

Three years ago, the first, full-dimensional vibrational = methane fragment in this complex, and possibly, also for
computation that converged tunnelling splittings of the ~ other molecular systems and complexes.

12D CH4-F~ complex was reported on the occasion of Molecular complexes are the simplest systems in
Attila Csészar’s 60th birthday [1]. Further progress was ~ which molecular interactions occur. Molecular interac-
hindered due to an incorrect behaviour of the poten-  tions play a central role behind the functionality of bio-
tial energy surface over intermediate ion-molecule sep-  logical systems and properties of materials. Molecular

arations. This year, Péter Szalay, an electronic theory  interactions can be probed by spectroscopic techniques.
expert and good colleague from the same department,  Direct probing of the intermolecular dynamics in the
turns sixty. On this occasion, we are happy to report  low-frequency range of the infrared and Raman spectra is
the development of a new and well-behaved ab initio  often challenging for practical reasons and also in terms
potential energy surface of spectroscopic quality over a  ofinterpretation of the experimental results. Observation
broad range of nuclear configurations. This development  and interpretation of shifts and splittings of the char-
opens the route for testing and further developing the  acteristic frequencies in the infrared range, e.g. C-H or
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O-H stretching of the intramolecular monomer modes is
more common than direct probing of the intermolecular
dynamics in the far-infrared range. Rich experimental
information on the intramolecular vibrations of molec-
ular complexes is available not only for the fundamen-
tal modes but also for the overtones of the constituent
molecules [2].

At the same time, (variational) (ro)vibrational results
for the intramolecular (often predissociative) modes are
rarely available. Important, recent exceptions are due
to Felker, Bacdi¢, and their co-workers who used and
developed contraction techniques [3-5] and computed
(ro)vibrational states of the water molecule in complexes
with (rigid) benzene [6], hydrogen chloride [7,8], and
carbon monoxide [6,9].

Vibrational computations of high(er)-dimensional
molecular systems with floppy modes have been chal-
lenging due to the dimensionality and poor separability
of the problem, and in general, due to the exponential
scale-up of exact quantum dynamics methodologies with
the number of the coupled vibrational degrees of free-
dom. Over the past decade, development is observed
in several important directions, (a) coordinate repre-
sentation and the kinetic energy operator [10-17]; (b)
contraction techniques [3-7], (c) grid-pruning tech-
niques [1,18-22]; (d) collocation [23-25]; and (e) PES
representation for high-dimensional quantum dynamics
[26-28]; and (f) highly parallel computation of millions
of states [29-31]. Methodological progress makes it pos-
sible to attenuate the exponential scale-up, including sys-
tems with large-amplitude motions [1,21,32]. Variational
vibrational computations start from the bottom of the
vibrational energy spectrum, i.e. first, the intermolecular
fingerprint range is accessed.

To reach and more importantly, to specifically target
the intramolecular modes in the complex, further devel-
opments of the vibrational methodology is needed. The
fluoride-methane complex is an excellent work horse for
these developments. In comparison with methane-argon
[1,32], the strong and anisotropic interaction with the flu-
oride introduces substantial distortions of the methane
fragment and the interaction couples several methane
rovibrational states.

The fluoride-methane complex has attracted some
interest also due to the possibility to observe ‘heavy-
atom’ tunnelling. Some controversy regarding the size
of the tunnelling splittings from various models and
computations [1,33-35] was resolved with the direct
computation and convergence of the tunnelling split-
tings of the fully coupled 12-dimensional problem
for the low-energy range [1]. Experimental results
are available for the higher-energy (predissociative)
methane intramolecular vibrational range [36-39] that

motivates further development of the vibrational
methodology.

Regarding earlier theoretical work, Czakd, Braams,
and Bowman developed the first, full-dimensional ab
initio potential energy surface (PES) in 2008 [33] (hence-
forth labelled as CBB08). On CBB08, the complex is
bound by an D, = 2434cm™! electronic dissociation
energy with an equilibrium structure in which the flu-
oride is closest to one of the hydrogens of the methane
fragment. The complex has four equivalent minima with
Csy point-group symmetry. Ref. [34] estimated the inter-
conversion barrier connecting the equivalent wells to be
~1270cm ™.

Regarding earlier vibrational studies, Czako, Braams,
and Bowman carried out full-dimensional vibrational
computations using the MULTIMODE program and
normal coordinates corresponding to one of the PES
minima. The zero-point energy-corrected dissociation
energy was obtained to be Dy = 2316 cm™!. This ini-
tial work was followed by 12D multi-configuration time-
dependent Hartree (MCTDH) computations [34], 3D
GENIUSH computations [35], and 12D GENIUSH-
Smolyak [21] computations [1]. Ref. [1] provided the first
rigorous assessment about possible ‘heavy-atom’ tun-
nelling and the corresponding splittings of the vibrational
frequencies. Ref. [1] has shown that already below the
top of the ‘isomerisation’ barrier tunnelling splittings
between 0.1 and 1cm™! appear. In Ref. [1], it was also
noted however that the CBB08 PES has an incorrect
behaviour for intermediate separation of the CHy4 and the
F~ that hindered further progress with the vibrational
computations.

The present work reports the development of a new
PES that describes correctly the dissociation of the CHy
and the F~ fragments of this strongly anisotropic com-
plex. The details of the PES development and the prop-
erties of the PES are described in Section II. In Section
III the results obtained from full-dimensional varia-
tional vibrational computations on the new PES are pre-
sented. The paper ends with summary and conclusions
in Section IV.

Il. Construction of the potential energy surface
A. Initial PES development

As a first step, the global minimum (featuring one
H-bond) of the PES, having Csy point-group symme-
try, is determined by performing geometry optimisation
and harmonic frequency computations at the explicitly-
correlated CCSD(T)-F12b/aug-cc-pVTZ [40,41] level of
theory, which is selected for computing the energy points
of the PES. For ab initio computations we use the MOLPRO
program package [42].



Table 1. Intervals of random displacements of the normal coordi-
nates (u'/2A) of methane to generate the initial geometry set for
PES development. In parantheses the intervals applied in simulta-
neous displacements are shown (see text for details).

Normal coordinate (symmetry) Interval

deformation (t;) —1.2-0.8
deformation (e) —3.0-1.2(=2.0-1.2)
symmetric stretching (a) —0.6-3.0 (—0.6-2.0)

asymmetric stretching (t;) —0.4-0.4 and —0.6-0.6

To cover the spectroscopically interesting region of the
full-dimensional PES of the CH4-F~ complex, we scatter
the F~ ion isotropically around the methane molecule in
the range of [2.5, 50.0] bohr while the Cartesian coordi-
nates of the atoms of the CCSD(T)-F12b/aug-cc-pVTZ
optimised methane were randomly displaced by values
in the range of [—0.94, +0.94] bohr. To further improve
the PES, we also carry out random displacements in the
normal coordinates of methane while scattering the F~
ion isotropically, within [2.5, 30.0] bohr, concentrating
especially on the [4.0, 8.0] bohr interval, around the dis-
placed methane molecule. The normal coordinates are
randomised in two ways: (1) one of the f,-symmetry
and one of the e-symmetry deformation, the symmet-
ric stretching, and two of the f,-symmetry asymmetric
stretching normal coordinates are separately given a uni-
formly distributed random value generated in the inter-
vals specified in Table 1, and (2) all the above selected five
normal coordinates are given random values simultane-
ously using also the intervals of Table 1 (in the case of
the e-symmetry deformation and the symmetric stretch-
ing coordinate we use the interval given in parenthesis
to reduce the overall displacements). The random nor-
mal coordinates correspond to Cartesian displacements
from the equilibrium structure of methane on the current
version of the PES under development .

As an additional improvement we add energy points
to the PES from two-dimensional grids constructed
by imitating CH-stretching motions (first dimension)
of methane of the CCSD(T)-F12b/aug-cc-pVTZ global
minimum geometry and placing the F~ ion collinearly
with one C-H bond in the range of [4.5, 9.0] bohr (second
dimension). Extremely high-energy points are sorted out
from the generated geometry set. At this stage, we arrive
at a PES consisting of 24 209 geometries and corre-
sponding energies computed at the CCSD(T)-F12b/aug-
cc-pVTZ level of theory.

The PES is fitted using the permutationally invari-
ant polynomial method [43], based on polynomials of
Morse-like variables of the ;; internuclear distances y;; =
exp(—rjj/a) with a = 3.0 bohr. The full-dimensional
analytical function, representing the PES, which is
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invariant under the permutation of like atoms, has a high-
est total order of the polyanomials of 7. We note that
a 7th-order polynomial of y;; can accurately describe
the asymptotic region of the PES, even better than a
single-parameter (0') —o/r;i" function, as demonstrated
for the CHy4-Ar complex, where n = 6, in Ref. [32]. The
PES is determined using 9355 coeflicients in a weighted
least-squares fit on the energy points, with a weight
of (Ey/(Eg + E)) x (E1/(E1 + E)) with Eg = 0.05 hartree
and E; = 0.5 hartree applied on a given energy E relative
to the global minimum of the data set.

B. Automated PES improvement with ROBOSURFER

The PES fitted on the energy points generated as detailed
above has first been subjected to preliminary vibra-
tional quantum dynamics computations. From these test
computations it has turned out that although the PES
describes excellently the dissociation of the F~ ion from
methane, the vibrations of methane, especially near the
global minimum structure, are not described properly
enough. This finding is somewhat unsurprising, as the
CHy4-F~ complex is much more strongly bound than
the CH4-Ar adduct, for which the present authors have
already successfully developed an accurate PES by only
scattering the Ar atom around the randomly displaced
methane molecule [32].

After realising the deficiencies of our initial PES,
we have set up the ROBOSURFER program system [44],
developed in the Czaké group and so far used only
for the automated improvement of reactive PESs con-
structed for quasi-classical trajectory (QCT) simulations
[45-48], and have started to further augment the PES
for the CH4-F~ complex. Briefly, ROBOSURFER, as shown
schematically in Figure 1, follows a fully automated strat-
egy of generating new geometries based on QCT com-
putations on a current version of the PES under devel-
opment, and thoroughly selecting the ones that improve
most effectively the fitting: geometric and energetic sim-
ilarities are used to estimate the fitting error of the
new geometries [44]. It also performs quantum chemical
computations automatically, then adds new geometries
to the preexisting PES iteratively, usually the ones with
the largest fitting errors. ROBOSUREER also features a sub-
program, called HOLEBUSTER, that eliminates artificial
minima on the surface, as well as a rebuilding protocol,
that can be highly beneficial if the reduction of the initial
(or some intermediate) dataset is desired.

We start the automated development with a rebuilding
procedure, by fitting approximately only the quarter of
the full data set (set A), and let ROBOSURFER to ‘choose’
from the remaining geometries. After doubling set A this
way, we discard all the initial geometries of set A, and let
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Table 2. Vibrational energy levels of the methane molecule in the complex at large methane-fluoride distances (R) computed with the
PESs developed in this work and the GENIUSH-Smolyak approach [1,21]in comparison with isolated methane values [50,52]. The energies,

incm™', are referenced to the zero-point vibrational energy (ZPVE).
CH4 in CH4-F~ atfixed R? Isolated CH4

Without Robosurfer Robosurfer PES Variational [50] Expt. [52]
t/s® 61000 1000 1000
R/bohr 15 15 70
[ZPVE] [12211.67] [12187.13] [12211.02] [9651.29]
1 131238 1311.16 1311.16 1310.47 1310.76 (0001)F;
2 131238 1311.16 1311.16 1310.47 1310.76
3 131238 1311.16 1311.16 1310.47 1310.76
4 1535.61 1533.65 1534.81 1533.47 153333 (0100)E
5 1535.61 1533.65 1534.81 1533.47 153333
6 2589.26 2586.90 2587.28 2586.99 2587.04 (0002)Aq
7 2617.44 2614.68 2615.21 2613.83 2614.26 (0002)F;
8 2617.44 2614.68 2615.21 2613.83 2614.26
9 2617.44 2614.68 2615.21 2613.83 2614.26
10 2627.42 2624.73 2623.88 2624.44 2624.62 (0002)E
1 2627.42 2624.73 2623.88 2624.44 2624.62
12 2837.42 2829.89 2831.55 2830.20 2830.32 (0101)F;
13 2837.42 2829.89 2831.55 2830.20 2830.32
14 2837.42 2829.89 2831.55 2830.20 2830.32
15 2850.77 2847.48 2848.93 2845.96 2846.07 (0101)F4
16 2850.77 2847.48 2848.93 2845.96 2846.07
17 2850.77 2847.48 2848.93 2845.96 2846.07
18 2914.29 2907.87 2907.87 2917.18 2916.48 (1000)Aq
19 3015.00 3014.62 3015.46 3019.43 3019.49 (0010)F;
20 3015.00 3014.62 3015.46 3019.43 3019.49
21 3015.00 3014.62 3015.46 3019.43 3019.49
22 3069.02 3065.57 3067.31 3063.77 3063.65 (0200)Aq
23 3070.73 3066.06 3068.12 3065.30 3065.14 (0200)E
24 3070.73 3066.06 3068.12 3065.30 3065.14
25 3870.35 3869.75 3871.23 3870.57 3870.49 (0003)F;
26 3870.35 3869.75 3871.23 3870.57 3870.49
27 3870.35 3869.75 3871.23 3870.57 3870.49
28 3912.70 3909.34 3910.45 3908.82 3909.20 (0003)Aq
29 392543 3920.17 3920.66 3920.24 3920.51 (0003)F4
30 392543 3920.17 3920.66 3920.24 3920.51
31 392543 3920.17 3920.66 3920.24 3920.51
32 3933.42 3930.71 3929.49 3930.99 3930.92 (0003)F;
33 3933.42 3930.71 3929.49 3930.99 3930.92
34 3933.42 3930.71 3929.49 3930.99 3930.92
35 4112.08 4099.61 4101.75 4101.46 4101.39 (0102)E
36 4112.08 4099.61 4101.75 4101.46 4101.39
37 4140.96 4127.96 4130.87 4128.69 4128.76 (0102)F,
38 4140.98 4127.96 4130.87 4128.69 4128.76
39 4140.98 4127.96 4130.87 4128.69 4128.76
40 4140.98 413147 413231 4132.60 4132.86 (0102)Aq
41 415237 4144.10 4146.53 4142.67 414287 (0102)F;
42 415237 4144.10 4146.53 4142.67 4142.87
43 415237 4144.10 4146.53 4142.68 4142.87
44 4157.28 4151.76 4152.72 4151.21 4151.21 (0102)E
45 4157.28 4151.76 4152.72 4151.21 4151.21
46 4168.02 4163.23 4164.23 4161.89 4161.85 (0102)A,

aThe potential energy was averaged over the four equivalent fluoride positions (hence the methane degeneracies are obtained exactly). For the methane basis,

the B = 10 pruning condition was used (Sec. lll).

bComputing time (for 1 processor core) for the evaluation of the PES over the quadrature points used for the variational vibrational computation.

the program to re-select among them. At this point, we
have 12,237 geometries in the fitting set to start the actual
development process.

Throughout the development of the PES with RoBo-
SURFER, we apply a minimal collision energy between
CHy and F~, only 100 cm™L, to be able to run the
quasi-classical dynamics calculations. In the first 15 iter-
ations the F~ is placed far (25 A) and CHy is in its

harmonic ground vibrational state, imitating the inde-
pendently vibrating methane, and we only allow a 2000
maximum step size during the trajectories (one time step
is 0.0726 fs). The ZPE of the initial structure for the tra-
jectory is set by standard normal-mode sampling [49],
and the orientation of the fragments is random. The
distance of the fragments is /x> + b%, where b is the
so-called impact parameter. In our trajectories we apply
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Initial geometries

PES fitting
No
Looking for ”holes” Running
(HOLEBUSTER) QCT MD

Filtering geometries (GEMMINER) :

Iterative addition of geometries (ADDPOINTS)

Yes

Any geometry over fitting
error target?

Quantum chemistry calculations

Figure 1. Schematic representation of the automated PES-development procedure of the Robosurfer program package. Taken from Ref.

[44].

b = 0.0 and 0.5 bohr, and 40 trajectories are run in each
ROBOSUREER iteration. For the next 104 iterations, we
start the trajectories from the H-bonded global minimum
structure (x = 2.954 A, optimised on the current PES)
with a maximal step number of 2000. We than increase
the step number to 100 000, and the distance of the reac-
tants to x = 15 A, to imitate their collisions through an
additional 38 iterations. The final PES dataset contains
13 065 geometries and the corresponding CCSD(T)-
F12b/aug-cc-pVTZ energies.

C. Properties of the potential energy surface

The final PES features 3.12 and 3.40 cm™! root-mean-
squares (RMS) fitting errors for the 0—11 000 and the
11 000—22 000cm™! energy intervals with respect to
the global minimum, respectively. The D, dissociation
energy of the H-bonded global minimum complex com-
puted on the PES is 2518.26 cm ™!, while the ab initio
D, calculated at the CCSD(T)-F12b/aug-cc-pVTZ level
of theory is 2519.90 cm ™!, which comparison highlights
the remarkable accuracy of the fit. An edge-bound C,y
first-order saddle point (266i cm™!) with electronic bar-
rier height of 1269 cm™! connects the equivalent vertex-
bound C3y minima. This value is almost the same as the
one (~ 1270 cm™') found on the CBB08 PES [33] in [34]
(we note that in Ref. [1] the barrier height was incorrectly
reported, the correct value is 1270 cm™ ).

In Figure 2, we plot various one-dimensional (1D)
potential energy curves recorded during the automated
development of the PES with ROBOSURFER. Ab ini-
tio energies determined at the CCSD(T)-F12b/aug-cc-
pVTZ level of theory and energy values obtained on the
PES are compared also in Figure 2 along these poten-
tial curves. The geometries representing the different 1D
cuts are generated as follows: (1) single C-H stretch:
one C-H bond among the three C-H bonds not taking

part in the H-bond of the global minimum structure is
stretched, (2) triple C-H stretch: all C-H bonds, apart
from the one forming the H-bond are stretched, (3) H-
bond C-H stretch: the C-H bond participating in the
H-bond is stretched, (4) all H atoms are stretched along
the respective C-H axes of the CCSD(T)-F12b/aug-cc-
pVTZ equilibrium geometry of the global minimum or
that of methane, when the F~ ion is placed far along
the H-bond axis (asymptotic region). Of course the
two single C-H stretch curves should be the same in
the asymptotic region. From Figure 2, it is clear that
RoBOSURFER had a major job to correct the single C-H
stretches, except the one obtained near the global mini-
mum. The triple and symmetric C-H stretching potential
cuts near the global minimum also seem to improve
greatly during the automated development, while needed
only minor corrections in the asymptotic region. There
are still some breakdowns in the PES at C-H distances
at larger r values, but they are confirmed not to cause
any problems during vibrational quantum dynamics
computations.

In Table 2, we show the variationally determined
vibrational energy levels of isolated methane obtained
on our PES before and after the automated development
compared to the spectroscopically accurate reference
results of Wang and Carrington [50]. After the automated
procedure, the energy levels are in much better agree-
ment with the reference values, highlighting the signifi-
cant improvement accomplished by using ROBOSURFER
on the methane vibrations. Moreover, the ROBOSURFER
PES can be evaluated about 61 times faster (see Table
2), because the PES version before the automated sam-
pling required the use of quadruple precision to avoid
unphysical numerical oscillations in the potential energy.
The present observation that machine-learning sampling
speeds up PES evaluation was also found in Ref. [51].
The results unambiguously show that the comprehensive
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Figure 2. Evolution of one-dimensional potential energy cuts imitating various C-H stretching motions of methane in the global mini-
mum structure or at the asymptotic region of the PES during the automated PES development using Robosurfer showing the 10th, 40th,
70th, 100th, and 130th iterations, compared to CCSD(T)-F12b/aug-cc-pVTZ ab initio energies. See text for details.
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Figure 3. Potential energy cuts of the PES imitating the approach of F~ to methane along one C-H axis compared to the CCSD(T)-

F12b/aug-cc-pVTZ ab initio energies.

approach of ROBOSUREER, so far only used to develop
reactive PESs constructed for reaction dynamics simula-
tions, can be an effective tool in making PES development
for spectroscopic purposes easier and more accurate, as
well.

The potential energy cut of the final PES related to the
asymptotic behaviour of the PES, i.e. when the F~ ion is
dissociating from methane (in this particular case along
the H-bond axis), which was already excellent before the
automated development as well, is plotted in Figure 3.
The first panel shows that the PES 1D cut fits accurately

on the ab initio CCSD(T)-F12b/aug-cc-pVTZ energies
near the minimum, while the second panel highlights
the excellent description of the asymptotic region of the
PES (which is cut at 30 A in the figure, but proven to be
accurate up to r(C-F) = 50 A). The maximum difference
between the 1D curve of the PES and the ab initio data is
5.3 cm™!, and the average deviation is consistent with the
RMS fitting error of about 3cm™ 1.

The geometry of the global minimum along with its
free structural parameters obtained on the PES compared
to the CCSD(T)-F12b/aug-cc-pVTZ values, are shown in



ab initio
PES
1.093
1.093 1.844
1.845
PO0000000606000060

Figure 4. Equilibrium geometry of the global minimum of the
CH4-F~ complex comparing structural parameters obtained at the
CCSD(T)-F12b/aug-cc-pVTZ ab initio level of theory with those
determined on the PES. Distances are in A and the angle is in
degree.

Figure 4. All bond lengths agree within less than 0.001
A, and the angles obtained with the two methods are
also the same within two decimal places, underlining the
accuracy of the fit.

lll. Variational vibrational computations
A. Methodological details

We aim to compute several dozens of vibrational states of
the vibrational Schrodinger equation,

(TV + V)¥ = EV, (1)

where V is the PES developed during the first part of this
work. We intend to include the PES in the vibrational
computation without further expansions or approxima-
tions.

The vibrational kinetic energy operator in terms of
general vibrational coordinates can be written in various
forms [11]. The Podolsky form has been found to be use-
ful [11,53-55] in discrete variable representation (DVR)
[56] computations,

D D
ZZ —1/4 1~1/2 9 g_1/4, )
=5 0g 8 g

Pod -

NIP—‘

the fully rearranged form is practical in finite-basis rep-
resentation (FBR) computations, e.g. Ref. [17],

1 D D 1 D
frearr = _E ZZGZJ AE; aé—] B 5 ; aéj

i=1 ]=1

(3)
with

29
Za_%_z ij> (4)

i=1
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where g € R +3) X (D +3) 5 the mass-weighted metric
tensor, G = g1, g = detg, the extrapotential term,

o lyy [Outi i, 0 (G
R g2 0508 05 \ g 0§
(5)
and the volume element is dV = d&;d&; ... d&p.
For atom-molecule complexes, we used a hybrid
FBR-DVR scheme, including sin-cot-DVR [57] for the
¢ = cosf degree of freedom, and the kinetic energy oper-

ator was written as [1,21]

D
AV__l d
= 2];29 Z Z ”as,ag,

111762]1
1 d
- = Bi— + U, 6
ZZ i5g 6)
i=1
D
0
i = Z g ki

Since we aim to retain the full potential energy sur-
face, we combine basis- [29-31,58] and grid-pruning
[18-20] techniques to make the 12-dimensional vibra-
tional problem feasible for numerical computations. Effi-
cient basis and grid pruning assumes good coordinates
that are chosen to be spherical polar coordinates, £; = R,
&, = c = cosB, &3 = g, for the relative position of the
fluoride around the methane fragment and normal coor-
dinates, £3; = g; (i = 1, 2,... 9) for the methane moi-
ety [1]. (The same normal coordinate coefficients were
used as in Ref. [1]).

The methane fragment is described with a non-direct
product basis using the simple truncation condition for
the basis indices (vibrational excitation ‘quanta’), ng, +
... +ng, < B = 4,and the integrals were computed using
a corresponding Smolyak grid [1,21]. For the polar angle,
0, we used 25 sin-cot-DVR points and functions. The
R and ¢ degrees of freedom were described by 8 Morse
tridiagonal basis functions (and 10 Gauss quadrature
points) and 39 Fourier basis functions (and 42 trape-
zoidal quadrature points), respectively.

B. Vibrational energies and splittings

If tunnelling among equivalent wells of the complex is
prohibited, then the vibrational states can be classified
according to the irreducible representations (irreps) of
the Cszy point group of the equilibrium structure. Due
to the spread of the wave function over the four equiv-
alent wells, the four-fold copies of the Csy irreps split
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Table 3. Vibrational band origins and tunnelling splittings, ¥ and A in cm™', of CH4-F~ using the PES developed in this work and the

GENIUSH-Smolyak algorithm [21]. The A (and A’) splitting(s) give the separation of the neighbouring states in a vibrational tunnelling
manifold, V7 = v+ A and ¥, = ; + A’. No splitting values are given, if all vibrational energies in the manifold are within less than
0.1cm™".

7 A [this work] VA[21]
# r(Ms)? ng° (1,25) (2,25) (3,25) (4, 25)¢ (4,25)
0-3 A1 @F, 0 9885.0 9858.8 9813.4 9806.7 9791.6
4-7 A1@F; 1 190.8 192.1 1924 1926 1936
8-15 E®F OF, 0 264.9 262.0 263.8 262.9 267.6
16-19 A ©F> 2 373.0 375.7 376.4 376.9 379.2
20-27 E®F 0F, 1 449.0 4476 449.6 449.0 4543 0.1
28-31 A1 @F; 0 506.2 500.6 503.3 502.2 509.1
32-39 EDF 1 BF; 0 522.2 516.4 519.40.0,0.1 518.00.0,0.2 526.0
40-43 A F> 3 5473 551.8 553.1 554.1 557.5
44-51 E®F, 0F, 2 624.3 624.5 626.8 626.6 632.7
52-55 A1 @BF; 1 683.2 679.40.1 682.3 681.40.1 688.5
56-63 E®F OF, 1 699.4 695.2 698.4 0.0, 0.1 697.3 705.50.0, 0.1
64-67 A1 @F, 4 7215 723.8 7254 7285
68-75 E®F, 0F, 0 728.00.3,0.1 731.40.1,0.4 730.10.1,0.3 738.10.3,0.4
76-83 E®F OF, 0 761.80.1,0.1 765.80.1,0.1 764.10.1,0.1
84-91 EQF OF, 3 793.70.1,0.0 796.5 0.0, 0.1 796.80.1,0.1
92-95 A@Fd 2 849.00.1 852.10.1 851.60.1
96-103 EDF BF; 2 865.1 868.5 0.1 867.8
104-107 A@F ¢ 5 885.2 888.6 891.0
108-115 EDF 1 ®F; 1 899.30.1,0.6 902.90.1,0.5 901.70.2,0.5

aSymmetry assignment in the T4(M) molecular symmetry group of the complex.

bRadial excitation (number of nodes) along the methane-ion separation, R, corresponding to the largest basis set, (4,25).

(B, C): The basis set corresponds to the ny + ... +ng < Bbasis pruning condition for methane and C gives the number of the sin-cot-DVR functions used for cost.
The Rand ¢ degrees of freedom were described by 8 Morse tridiagonal and 39 Fourier basis functions, respectively. The atomic masses used in the computations

are m(H) = 1.007 825032 23 u, m(C) = 12 u,and m(F) = 18.998 403 162 73 u [60].
dSymmetry assignment will be completed in future work when a larger number of states are computed.

up [1,59]

F(AT) = A @ By,
T(AS) = A, @ F,
FE“)=E®F &F,, (7)

where Aj, Ay, E, Fy, and F, label irreps of the Tq(M)
molecular symmetry group.

The size of the splittings of the vibrational origins
(Table 3) is computed by 12D variational vibrational
GENIUSH-Smolyak computations and the new PES
developed in the present work. The tunnelling splittings
given in brackets in the table are estimated to be con-
verged to the shown digits (i.e. better than 0.1 cm™!)
using the largest basis and grid labelled with ‘(B, C) = (4,
25).

The B = 4 methane basis includes 715 intramolecu-
lar product functions and allows to converge the methane
zero-point vibrational energy (ZPVE) to 0.66 cm~! [21].
In comparison with the B = 4 results, the B = 3 methane
basis — which includes only 220 intramolecular methane
functions and has a 2.51cm™! error for the isolated
methane description [21] - performs surprisingly well
for the listed energies and splittings of CH4-F~ even
at around 900 cm™! above the ZPVE, which is only ca.
400 cm™! lower than the lowest-energy intramolecular

bending fundamental vibration of the methane frag-
ment (at ca. 1300 cm™!). Convergence using the B = 2,
3, 4,..., 8 methane basis sets ng, +..+ng <B has
been tested for the isolated methane molecule in Ref.
[21] (Table 2). Regarding the tunnelling splittings, split-
tings larger than 0.1 cm ™! are clearly observable beyond
500 cm ™, and several vibrational manifolds have split-
tings larger than 0.1 cm ™! in the computed energy list, up
to 903 cm™ L. The size of the splitting tends to be smaller
for higher radial excitation (that correlates with the num-
ber of nodes, ng, in Table 3). If the radial excitation is
lower, the vibrational energy has a larger fraction stored
inthe 6, ¢ intermolecular angular degrees of freedom and
larger splittings are observed.

The electronic barrier height is 1269cm™! on the
present PES. The effective barrier height is smaller than
this value, and it can be estimated by subtracting the 2D
(0, ) ZPVE that is on the order of 100 cm™! depending
on the methane-ion separation (it is zero for an infinite
methane-fluoride distance).

Beyond the top of the barrier, we expect to see the ‘dis-
solution’ of some tunnelling manifolds, Equation (7), in
which the energy is stored in the intermolecular angu-
lar degrees of freedom. At the same time, if the energy
is stored mostly in the methane-ion stretching and/or
intramolecular (methane vibrational) modes, then the
splittings are expected to be smaller - depending on the



coupling strength of the intra-to-intermolecular dynam-
ics. Computational study of these features will become
accessible with further development of the vibrational
methodology.

IV. Summary and conclusions

We have developed a new full-dimensional PES for the
CH4-F~ anion complex by fitting high-level ab initio
energies using the permutationally invariant polynomial
approach. The new PES accurately describes the inter-
action between the methane and F~ fragments at the
complex region and along the dissociation coordinate.
We have found that a physically motivated sampling of
the configuration space involving randomly scattered F~
around the randomly distorted CHy unit is not sufficient
to obtain a high-quality PES for this strongly anisotropic
complex. Therefore, for the first time in a spectroscopic
application, we have used ROBOSURFER [44], which auto-
matically develops the PES by selecting configurations
from quasi-classical trajectories. Full-dimensional vari-
ational vibrational computations for the CHy fragment
compared with experimental-quality results of isolated
methane at different stages of the PES development have
shown the outstanding accuracy of the final PES and the
need of the machine-learning-type automatic sampling.
The new PES opens the door for full-dimensional vari-
ational vibrational computations for the CH4-F~ anion
complex. As a first step, in this study, we present vibra-
tional band origins and tunnelling splittings, utilising
the GENIUSH-Smolyak algorithm [21]. In the future,
we plan to further test and/or improve our method-
ologies to access the intramolecular vibrational states
of the methane fragment in this challenging complex
system.
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