PCCP

Physical Chemistry Chemical Physics

rsc.li/pccp

o
-

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1463-9076

PAPER

Majdi Hochlaf et al.

Towards the generation of potential energy surfaces
of weakly bound medium-sized molecular systems:
the case of benzonitrile-He complex

Volume 25

Number 44

28 November 2023
Pages 30081-30738

PCCP

Owner Societies




Published on 20 September 2023. Downloaded on 1/16/2026 10:51:44 PM.

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 30198

Received 11th June 2023,
Accepted 19th September 2023

DOI: 10.1039/d3cp02720a

rsc.li/pccp

|. Introduction

Towards the generation of potential energy
surfaces of weakly bound medium-sized
molecular systems: the case of benzonitrile—He
complext

Eya Derbali,® Yosra Ajili,*® Bilel Mehnen, (2 ° Piotr S. Zuchowski, (2 °
Dariusz Kedziera, {2 *© Muneerah Mogren Al-Mogren,” Nejm-Edine Jaidane® and
Majdi Hochlaf (2 *¢

Currently, the explicitly correlated coupled cluster method is used routinely to generate the multi-
dimensional potential energy surfaces (mD-PESs) of van der Waals complexes of small molecular
systems relevant for atmospheric, astrophysical and industrial applications. Although very accurate, this
method is computationally prohibitive for medium and large molecules containing clusters. For instance,
the recent detections of complex organic molecules (COMs) in the interstellar medium, such as
benzonitrile, revealed the need to establish an accurate enough electronic structure approach to map
the mD-PESs of these species interacting with the surrounding gases. As a benchmark, we have treated
the case of the polar molecule benzonitrile interacting with helium, where we use post-Hartree—Fock
and symmetry-adapted perturbation theory (SAPT) techniques. Accordingly, we show that MP2 and
distinguishable-cluster approximation (DCSD) cannot be used for this purpose, whereas accurate
enough PESs may be obtained using the corresponding explicitly correlated versions (MP2-F12 or
DCSD-F12) with a reduction in computational costs. Alternatively, computations revealed that SAPT(DFT)
is as performant as CCSD(T)-F12/aug-cc-pVTZ, making it the method of choice for mapping the mD-
PESs of COMs containing clusters. Therefore, we have used this approach to generate the 3D-PES of
the benzonitrile—He complex along the intermonomer Jacobi coordinates. As an application, we have incor-
porated the analytic form of this PES into quantum dynamical computations to determine the cross sections

of the rotational (de-)excitation of benzonitrile colliding with helium at a collision energy of 10 cm™.

requires the generation of their multi-dimensional potential
energy surfaces (mD-PESs), which are incorporated into nuclear

Studies of the spectroscopy and dynamics of clusters contain-
ing small and medium-sized molecules, A-B, are important for
chemical, industrial, environmental, atmospheric planetary
and astrophysical applications. From a theoretical point of
view, the characterization of such weakly bound systems
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motion treatments to derive their spectroscopy and/or into
scattering computations to deduce the corresponding (de-)exci-
tation cross sections and rate collisions. When A and B are
atoms or small molecular systems, typically diatomics and/or
He and/or H,, these mD-PESs can be mapped using accurate
ab initio post-Hartree-Fock techniques, where one needs to go
beyond the Born-Oppenheimer (BO) approximation and con-
sider relativistic, nonadiabatic and quantum electrodynamic
(QED) effects." More routinely, one can use the standard single
and double-coupled cluster with the perturbative treatment
of triple excitations (CCSD(T)) method,>™* extrapolated to the
complete basis set (CBS) limit® and even the CCSDT and
CCSDT(Q)® approaches, where triple excitations are treated
iteratively and the quadruple excitations are considered pertur-
batively. Although relatively very accurate, such procedures are
computationally costly and cannot be applied in van der Waals
(vdW) molecular systems composed of more than 3-5 atoms.
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In the last decade, Hochlaf and co-workers’ ! validated the
use of explicitly correlated single and double-coupled clusters
with the perturbative treatment of triple excitations (CCSD(T)-
F12) approach in conjunction with a relatively small basis set
(of aug-cc-pVTZ quality) for mapping such mD-PESs. A rapid
convergence to the CBS limit was achieved with this small basis
set through the implicit introduction of the interelectronic
distance into the wave function expansion.'? Established in
2010, this procedure is currently used systematically by several
groups all over the world (¢f. recent ref. 13-18). Notably, Faure
and co-workers used the CCSD(T)-F12/CBS method to generate
the intermonomer interaction potential between propylene
oxide and helium. They showed that such computations remain
feasible but costly.'” Also, they used this PES in scattering
calculations to determine the rotational collisional (de-)excita-
tion rates of propylene oxide by He and to discuss the validity of
local thermal equilibrium (LTE) in the case of the interstellar
chiral propylene oxide.” Single-point computations using
CCSD(T)-F12/aug-cc-pVTZ remain possible for medium-sized
molecular clusters,?® let’s say formed by 10-15 atoms, whereas
this procedure becomes prohibitively costly to generate their
mD-PESs where typically > 10’ single point energies should be
computed for difference non-equivalent nuclear configurations."”

The CCSD(T) method has a steep scaling with the basis set
size scaling as N”. This can be overcome by using the symmetry-
adapted perturbation theory (SAPT). The SAPT method has
been successfully applied to many weakly bound systems,
starting from the simplest one to very complex. This method
was developed for the many-electron wave function and
combined with the Mpgller-Plesset expansion®?* or CCSD
theory.>»*®> More recently, efficient implementations of SAPT
were combined with density fitting techniques, leading to vastly
improved performance for SAPT theory based on wave function
theory.”® The marriage between SAPT and density functional
theory (DFT) was enormously successful in lowering the overall
scaling down to N°, which combined with density fitting allows
the extension of its capabilities to systems with tens of atoms.
Recently, Metz et al.>’ developed an algorithm for the auto-
mated generation of the site-site potential, which is based on
SAPT(DFT). The method relies on the key advantages of SAPT,
which possesses accurate analytical long-range behavior that
can be seamlessly connected to the valence-overlap region. This
allows the limiting of mD-PES sampling exclusively to the
vicinity of minima and transition state points and thus reduces
the number of sampled geometries by a factor of 10-100.

In the astrophysical context, there is a rapid increase in the
complexity of detected molecules, in particular of complex
organic molecules (COMs), such as benzonitrile.?**' There is,
therefore, an urgent need for new collision data for these COMs
interacting with the most abundant surrounding gases, i.e., He,
H or H,. This, in turn, necessitates the development of their
mD-PESs interacting with He or H or H,. Consequently, alter-
natives to the computationally expensive CCSD(T) method are
required since its scaling behaviour is unaffordable, even with
modest basis sets that are feasible using explicitly correlated
methods. Tentatively, DFT was used to generate mD-PESs of
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weakly bound complex potentials containing large molecular
systems. For instance, Liu et al®* were just performing
counterpoise-corrected DFT calculations to get the interaction
potential between Cgy-Rg (Rg = Ar, He). Such PESs allowed the
analysis of the collision-induced Cg, rovibrational relaxation
probed by state-resolved nonlinear spectroscopy. Nevertheless,
among the current DFT’s weaknesses is the reliable description
of mD-PESs because of the lack of suitable exchange-correla-
tion functionals. Consequently, DFT-based mD-PESs are not
accurate enough to be used to derive the state-to-state rota-
tional (de-)excitations in astrophysical or atmospheric contexts.
For the Be dimer, Bartlett and co-workers®® showed that DFT
provides a potential that is about 30% too deep as compared to
the highly accurate coupled-cluster method. This is not enough
to probe collision effects at the ISM temperature (i.e. 5-10 K).
Moreover, accurate behavior at long-range intermonomer
separations is mandatory. This is not straightforward with
DFT. A suitable choice of a long-range parameter present in
some DFT functionals®® or using a combination of the short-
range exchange correlation and long-range exact exchange
energy is not enough.?* Alternatively, the generation of accurate
mD-PESs of weakly bound complexes composed by COMs can
be done using machine learning-based approaches as estab-
lished recently for monohydrates of organic molecules.*® Never-
theless, these approaches are still under benchmarking as
stated in the recent blind HyDRA challenge for computational
vibrational spectroscopy.

In this study, we have considered the benzonitrile-He
complex, which serves as a prototype system representative of
such interactions. For instance, in 2015 Cui et al.>” proposed a
Gaussian Process model to extrapolate the scattering data
for medium-sized molecules from another molecule-related
species without explicitly computing the mD-PES of the benzo-
nitrile-He complex. They showed that such data for benzoni-
trile colliding with He can be obtained from those of the
benzene-He system upon substituting -H with —-CN. Never-
theless, they had to construct a PES for the benzene-He vdW
system using a semi-empirical bond-additive method since
pure ab initio methodologies were too costly. Moreover, this
work and several previous works showed that the interaction
potentials of COMs containing vdW clusters are strongly aniso-
tropic, invalidating simple considerations for the precise gen-
eration of their mD-PESs for spectroscopy and scattering. Such
anisotropies induce transitions and populate molecular levels
important for interpreting astrophysical surveys and laboratory
observations.***

We have compared the performance of the CCSD(T)-F12
method with the less computationally demanding MP2, DSCD,
MP2-F12 and DSCD-F12 methods, as well as with the SAPT
family of techniques. We have assessed their effectiveness by
examining the interactions between benzonitrile, a complex
aromatic polar molecule (i = 4.5152(68) D*°), and helium, a key
astrophysical collider. We also used the AutoPES protocol®”
to generate the benzonitrile-He global PES and adopt it to
the Jacobi coordinate system (¢f. Fig. 1), which will allow
the performance of close-coupling scattering cross section

Phys. Chem. Chem. Phys., 2023, 25, 30198-30210 | 30199
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Fig. 1 The definition of the Jacobi coordinate system (R, 0, ¢) of benzo-
nitrile—He. G is the center of mass of benzonitrile. Benzonitrile was placed
in the GXZ plane. The planar configuration corresponds to ¢ = 0°. The R
vector joins G to the helium atom. 0 is the angle that R makes with the (GZ)
axis. ¢ is the dihedral angle between the molecular plane (GXZ plane) and
the R vector.

calculations. In-depth investigations of the performance of the
SAPT method have enabled us to provide recommendations
regarding the optimal settings to use for this method and
its applicability for the generation of medium-sized molecules
(e.g. COMs) bearing vdW clusters.

[I. Benchmarks

As discussed in the Introduction, previous works”***° showed

that the explicitly correlated method of CCSD(T)-F12 in con-
junction with the aug-cc-pVTZ basis set*"*? is accurate enough
to make a satisfactory description of the vdW interaction energy
since it leads to potentials as accurate as those obtained using
the conventional CCSD(T) method extrapolated to the CBS
limit. Nevertheless, we looked for an alternative that is less
costly for medium-sized molecules (e.g. COMs) containing vdW
clusters. As a benchmark, we considered the benzonitrile-He
complex, where the electronic calculations were conducted
considering the benzonitrile molecule as a rigid rotor, using
the experimental geometry of this molecule in its vibrational
ground state as determined by Csdszar and Forgarasi®?
(Table S1, ESIt). The ground state of the benzonitrile-He
complex correlates to the benzonitrile (X'A;) + He ('S) dissocia-
tion limit at infinite intermonomer separation, where the
interaction potential vanishes.

Two sets of computations were carried out: (i) using ab initio
post-Hartree-Fock techniques as implemented in the MOLPRO
electronic structure suite of programs** and (ii) using the SAPT
2020 package.*® Therefore, we computed one-dimensional cuts
of the benzonitrile-He PES along the R Jacobi coordinate,
where different values were assigned to the 6 and ¢ angles
corresponding to some selected relative positions of He with
respect to benzonitrile as specified in Fig. 2. Some of these
positions correspond to stationary points on this mD-PES

30200 | Phys. Chem. Chem. Phys., 2023, 25, 30198-30210
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° ~C-T0=09 CD=00=09 000

Fig. 2 Different positions of the He atom with respect to benzonitrile
considered in the present work.

(either minima or transition states, vide infra). We also chose
some positions that are not stationary points to make sure that
our findings are relevant to all nuclear configurations. This
is mandatory for the validation of the electronic structure
methodology to be used for the generation of the mD-PES of
the benzonitrile-He complex. The CCSD(T)-F12/aug-cc-pVTZ
level will be used as a reference for the computations of
benzonitrile-He potentials and for validation. Strictly speaking,
one needs to compare mD-PESs and not solely one dimensional
cuts for validation. Nevertheless, we believe that these one-
dimensional cuts of this mD-PES allow the capture of any
possible major deviations between our CCSD(T)-F12/aug-cc-
pVTZ reference potentials and those computed with the other
approaches.

a. Ab initio post Hartree-Fock methods

For the selected configurations presented in Fig. 2, electronic
calculations of the interaction energies of the benzonitrile-He
complex were made for intermolecular distances R ranging
from 2.5 to 100 A as specified in the ESIt (Table S2) for 6 values
of 0 angles [0°, 45° 90°, 135° 120° and 180°] and with 2
orientations of the He atom toward the benzonitrile molecule
corresponding to ¢ = 0° (i.e. planar configuration) and ¢ = 90°
(i.e. out-of-plane configuration). The intermolecular distance R
plays a crucial role in the calculations, so the grid of points was
chosen to probe both the short and long parts of the potential.

The counterpoise procedure of Boys and Bernardi’® was
used, where the basis set superposition error (BSSE) was
corrected at all geometries by the following scheme:

VIR, 0, ¢)

= Ebenzonitrile—He(Ry 9; 4)) - Ebenzonitrile(Ry 97 d)]
- EHe(R7 07 d)) (1)

where Ebenzonitrile—He(R) 9) (/))) Ebenzonitrile(Ry 97 (/)) and EHe[R; 9; ¢)
correspond to the total energies of the benzonitrile-He
complex, of isolated benzonitrile and He, respectively. These
energies were computed in the full basis set of the complex.
An evaluation of the size of this effect was performed for the
global minimal structure. It was found to account for ~16%.

This journal is © the Owner Societies 2023
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Thus, this correction is needed for the accurate generation of  distinguishable-cluster approximation (DCSD-F12) approach.>
this PES. The atoms were described using the aug-cc-pVIZ basis set
For electronic structure computations, both standard and together with MOLPRO’s default choices for the density fitting
explicitly correlated approaches were used. As conventional and resolution of the identity basis sets.”
methods, we used MP2 and the distinguishable-cluster approxi- Fig. 3 presents the radial cuts of the mD-PES of benzonitrile-
mation (DCSD).*” For explicitly correlated computations, He as computed at the CCSD(T)-F12/aug-cc-pVTZ, DCSD-F12/
we used the MP2-F12** and CCSD(T)-F12**°° methods and aug-cc-pVTZ, MP2-F12/aug-cc-pVITZ, DCSD/aug-cc-pVTZ and
the recently implemented explicitly correlated version of the MP2/aug-cc-pVTZ levels of theory. These cuts were done for

80 20
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Fig. 3 One-dimensional cuts of the benzonitrile—He complex PES along the R (in A) coordinate for selected configurations as computed at different
levels of theory. The atoms were described by the aug-cc-pVTZ basis set. (a)—(h) Correspond to positions 1-8 as defined in Fig. 2, respectively. See
Table S3 (ESIt) for the corresponding minimal distances and well depths of the benzonitrile—He complex PES.
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the selected configurations as specified in Fig. 2. The corres-
ponding characteristics (i.e. minimal R and potential well
depth, V) are listed in Table S3 (ESIt). This table and figure
show that the CCSD(T)-F12 approach gives the deepest
potential wells, except for positions 4 and 6. Although DCSD-
F12 and MP2-F12 explicitly correlated methods lead to poten-
tials closer to those obtained by CCSD(T)-F12, they are unable
to achieve a good description of the interaction of benzonitrile
and He as well as the MP2 and DCSD standard approaches.
Nevertheless, DCSD-F12 and MP2-F12 can be viewed as good
ab initio alternatives to CCSD(T)-F12 when the size of the
molecular system is too large to be treated by CCSD(T)-F12.
Besides, Table S3 (ESIt) shows that the Gaussian process model
proposed by Cui et al.*” leads to distinctly less deep potentials,
whatever the position of He with respect to benzonitrile.
Differences between both sets of data are in the 5-30% range.

b. SAPT methods

The SAPT method relies on the partitioning of the total Hamil-
tonian of the A-B complex into monomers and the interaction
potential H = H, + Hy + AV, where A = benzonitrile and B = He.
Hj + Hpg is the zeroth order Hamiltonian and V is the perturba-
tion. This defines the energy expansion in terms of the power
series of V. In SAPT, corrections are distinctly partitioned into
two classes of components: polarization terms and exchange
corrections. Polarization terms up to the first two orders in A
represent electrostatic, dispersion, and induction terms. The
exchange terms appear due to symmetry forcing and appear in
each order of SAPT and are the most important repulsive terms
in the valence overlap region. When using many-electron SAPT,
one faces the problem of using exact eigen functions of H, and
Hp Hamiltonians, which are impossible to obtain, even for
medium-sized systems. Thus, approximate wave function for
monomers A and B are needed. The most basic approximation
is to use the Hartree-Fock wave function to describe the
monomers. This corresponds to taking the zeroth order Hamil-
tonian as F, + Fp where F, and Fy are the Fock operators for a
given monomer.>® Such an approach is often referred to as
SAPTO and is generally known to be of low quality. For aromatic
systems, SAPTO, for instance, overestimates the dispersion
interactions.”® Substantially better approximations can be
obtained once the intramonomer correlation effects are
included. To this end, the corrections to SAPT, which include
intramonomer correlation to the second order, based on Mgl-
ler-Plesset expansion, were developed in ref. 22, 24 and 54.
Herein, we follow the hierarchy of approximations to many-
electron SAPT introduced by Hohenstein and Sherrill,>® which
are built on top of the supermolecular Hartree-Fock interaction
energy, Egr. The SAPT2+ approximation is defined as follows:

ESAP’T2+ = EHF + EE[ZI)SP(Z) + Eg:%))rr,ind(z) + Eggrr,elst(z) + EEt)rr,eIst(Z)

(2)

where Eﬁﬁ]sp(z) correction denotes the dispersion energy to
the 2™ order in the intramonomer correlation, and E{C%,)rr,ind(z),
E‘g,)r,,elst(z), E(C}))mexch[z) are corrections resulting from intramonomer
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correlation effects on induction, electrostatics and exchange up to
the 2" order.

Similarly, one can introduce the approximation that
includes key third-order corrections®®®” in the operator V, as
well as third-order intramonomer correlation:*®

Esapra+s = Esapra+ T E(SBA)PT + Et(:lo)rr,elst(3) (3)

where E§Jpr is the third-order interaction energy calculated as
the sum of dispersion, exchange-dispersion, mixed dispersion-
induction and exchange-induction-dispersion terms, and
E(C})]rryelst(h%) is the third-order in the intramonomer correlation
to the electrostatic energy (see ref. 23 and 55 for detailed
discussions). Note also that the first definition of the SAPT2
level of accuracy which is a basis of the SAPT2+ approximation
was given for the first time in ref. 59. As we have already
stressed, both approximations encompass the Hartree-Fock
interaction energy, Eyxr, which includes induction energy up
to infinite order in 4. These contributions can be defined in the
second order as follows:*°

5%% = EHF - (E(ellgt] + Eg(gL + nguoi),resp + E(e%((c){’l—ind,resp) (4)

The extent to which these two terms should be used alongside
other SAPT corrections is still debatable. The Jyp term is
recommended for use in systems containing molecules with
large dipole moments. It is unclear how these terms should be
treated in systems that contain noble gases and polar aromatic
compounds, such as benzonitrile. We believe that this study
will help to address this issue.

Apart from the SAPT based on wave function theory, one of
the most important approximations introduced into the many-
electron SAPT is the Kohn-Sham description of monomers®'
in which the DFT response theory is used for the induction and
dispersion terms, whereas the first order was deduced from
Kohn-Sham orbitals obtained with the asymptotic correction of
the exchange-correlation potential. This approach is referred to
as SAPT(DFT). It was recently demonstrated that the accuracy of
SAPT(DFT) approaches that of CCSD(T) with the numerical cost
reduced by 2 orders of magnitude (N° as compared to N7).
Therefore, we also used SAPT(DFT) to compute the interaction
energies between benzonitrile and He. These energies were
calculated within the density-fitted symmetry-adapted pertur-
bation theory (DF-SAPT(DFT), denoted here as SAPT(DFT)) up
to the second order, based on the asymptotically corrected PBEO
functional. The aug-cc-pVQZ basis sets*"*> were employed for all
atoms. For density fitting auxiliary basis sets, aug-cc-pVQZ/RI and
aug-cc-pVQZ/JK were used for nitrogen and carbon atoms, while
for helium, the JK basis was derived via the AutoAux procedure as
implemented in ORCA.%*°

As a default setting, a mid-bond with the M1 basis set, taken
from the SAPT library, was included for every geometry for
which the interaction energy was computed. This was placed
in the 1/r®weighted average of the atomic positions between
monomers. SAPT(DFT) calculations necessitate a gradient-
regulated asymptotic correction (GRAC)®” of exchange-correla-
tion functionals. The parameters needed for such procedures
are ionization energies. The standard protocol in AutoPES

This journal is © the Owner Societies 2023
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includes the calculation of the neutral-cation energy difference
using the PBEO/aug-cc-pVQZ calculation. The obtained values
that were used in SAPT(DFT) calculations were 24.8497 eV for
helium and 9.5450 eV for benzonitrile.

A common problem in SAPT is the treatment of third- and
higher-order corrections. It is debatable whether this term
should be added or not, and under what circumstances. Given
that the mD-PES of benzonitrile is mapped using SAPT(DFT),
it is crucial to assess its accuracy and examine it in the context
of other approximations. The comparison with wave
functions-based SAPT is particularly instructive, as both
approximations depend on the truncation of the perturba-
tion series at the 2" order, and optionally include a

o
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supermolecular Hartree-Fock evaluation to account for the
contributions of higher orders.

Using SAPT, we performed some benchmark computations
where the He is in the plane of benzonitrile (position 2 and
position 3) or on top of the aromatic ring (position 6), which
exhibited different types of interactions between monomers. In
Fig. 4, we present a comparison of wave function-based SAPT
approaches and SAPT(DFT) against the reference value pro-
vided by CCSD(T)-F12. Both wave functions SAPT and
SAPT(DFT) performed remarkably well across all cases, with
exceptions noted where the appropriate dyp terms (see eqn (5)
and (6)) were neglected. Benzonitrile exhibited significant
polarity, resulting in substantial effects beyond the second

24 —CCSOM-F12

Interaction energy (cm™')
o 0 L
S © = =)

A
o

&
=]

40

Interaction energy (cm™ ')

0 =90°/é = 90

20

=)

N
o

Interaction energy (cm™')

0=135°/¢=0

-40

5 6 7 8
R(A)

Fig. 4 One-dimensional cuts of the 3D-PES using SAPT-driven approximations (left) and ab initio methods (right) for the benzonitrile—-He complex
along the R coordinate for position 3 (¢ = 0°/60 = 120°), position 6 (¢ = 90°/60 = 90°) and position 2 (¢ = 0°/6 = 135°). The CCSD(T)-F12/aug-cc-pVTZ

calculations are given as the reference.
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order in the interaction potential. The term in question is
negative for all studied geometries and can reach values as
low as —20 cm ' for R corresponding to the inner turning
point. The smallest deviation from the reference CCSD(T)-F12
was observed for SAPT(DFT) and SAPT2+3 approximations.
Given the high efficiency of the implementation of the SAPT2+3
approximation, it can be considered an excellent alternative in
instances where DFT lacks credibility.

c. SAPT vs. supermolecular calculations

Fig. 4 shows a comparison of interaction energies calculated
using SAPT(DFT) and CCSD(T)-F12 with cost-efficient, wave
function-based explicitly correlated methods MP2-F12/aug-cc-
pVTZ and DCSD-F12/aug-cc-pVTZ. Interestingly, the DCSD-F12
method, which effectively accounts for dynamical electronic
correlation at the singles and doubles levels, performed worse
than MP2. This unexpected result can be attributed to a
fortuitous error cancellation in MP2 and the absence of triply
excited terms, which are crucial for dispersion interactions. An
examination of SAPT dispersion energies can provide addi-
tional insights into this behavior: E&mp corresponds to the
one present in the MP2 approximation, Eghsp(z includes linked
triply excited configurations, present in CCSD(T), which can be
separated from E((jzl)sp(SDQ) (dispersion energy with excitations
corresponding to single, double and unlinked quadruple exci-
tations; see ref. 22 for a detailed discussion of these terms).

g,sp (SDQ) corresponds roughly to the interaction energy at the
DCSD or CCSD level. In Fig. 5, we present the histogram for
the deviation of Eﬁﬁ‘s)% and E{),(SDQ) dispersions with respect to
full Effl)sp(Z) sampled for uniformly chosen 330 geometries,
which correspond to negative interaction energies and slightly
repulsive wall potentials (up to 100 cm ™). Clearly, SDQ disper-
sion systematically underestimates the full dispersion; there-
fore, DCSD-F12 is always shallower than CCSD(T)-F12. The
distribution of errors is very narrow with a mean of 0.87

0.5 T T T T T T

Wl E:)/ E(2)
04r 5 (spQ) / Ef(2) -

03} 1

Probability

0.2 4

0 L
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

Ratio of dispersion model relative to Eg_ (2

Fig. 5 The distribution of relative differences in Ed,sp and E(dzi’sp(SDQ)
dispersions with respect to the full Ed,sp(Z) dispersion based on 330
geometries (various orientations and distances) selected for interaction
energies smaller than 100 cm™.
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(median 0.88) and ¢ of 0.03. In contrast, the interaction energy,
Effl(s))p, has a fairly broad distribution of deviations with a mean
of 0.97 (median 0.98) and ¢ of 0.07. Thus, it is not surprising
that MP2-F12 can occasionally overestimate CCSD(T)-F12 but
its overall performance is good.

These benchmarks reveal that SAPT(DFT) performs quite
well for both types of configurations between benzonitrile and
He. The good performance of SAPT(DFT) compared to CCSD(T)-
F12 is accompanied by a strong reduction of computational
costs (¢f Table S4, ESIT). It turns out that SAPT(DFT) should be
considered a good alternative for the generation of accurate
enough mD-PESs for medium-sized molecules containing van
der Waals complexes.

[1l. Generation of the 3D-PES of the
benzonitrile—He complex
a. Automatically generated PES

A 3D-PES for the interaction between rigid benzonitrile and
helium was generated using the AutoPES code,””’*® interfaced
with SAPT,*>”® ORCA®* and Dalton.” The SAPT(DFT) inter-
action energy with 5(}%% correction was considered. AutoPES
constructs a site-site potential as described previously in
ref. 27. Thus, the number of fitting potential parameters
depends on the number of sites. The quality of the fit is
screened by four values of the root mean square error (RMSE)
for the interaction energy. The first RMSE was calculated for
points where the interaction energy is below half of the deepest
minimum value. The second RMSE was calculated for all points
within the attractive region. The third RMSE was for points with
energy less than 3500 cm ', and the final RMSE value corre-
sponds to points with energy less than 35000 cm™".

The AutoPES procedure was initiated with a bare benzoni-
trile molecule and a helium atom, progressively enabling
electrostatic, polarization, induction plus dispersion, and
repulsive exponential components for all atoms to be taken
into account. This procedure yields a 3D-PES built on
420 points, modeled with 45 fitted parameters. The quality of
the fit was evaluated with RMSEs of 10.93 cm™* for 75 points,
10.97 cm™ ' for 285 points, 57.91 cm ' for 418 points, and
113.18 cm™* for all 420 points. The deepest potential minimum
had a potential depth of —87.92 cm™'. Nevertheless, these
RMSEs are relatively large for this initial fit. Therefore, we
proceeded to incorporate off-atomic sites. The approach to
determine optimal off-atomic sites was twofold: Initially, we
selected potential off-atomic sites located on benzonitrile
bonds and along lines passing through the phenyl group’s
C-C bond centers. Subsequently, we identified which of these
sites enhanced the fit quality. The most advantageous sites
were persistently included in the input, with the off-atomic site
search repeated until an RMSE of approximately 1% in the well
was obtained. For these off-atomic sites, we included electrostatic
and exponential energy components. By adding 15 off-atomic sites,
we achieved a satisfactory fit. Afterwards, we ran AutoPES again
with the obtained off-atomic sites. The resulting PES spans over
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1493 points with 85 parameters. The final fit was characterized by
RMSEs of 1.15 cm™ " for 160 points for interaction energies below
half of the global minimum value, 1.28 cm ' for 969 points
for energies <0 ecm™*, 17.69 cm™* for 1471 points for energies
<3500 ecm ™', and 111.60 cm™ ' for 1493 points for energies
<35000 cm ™ ". This fit is given in an analytical form and can be
incorporated into molecular dynamical computations in any coordi-
nate system. In our case, we used Jacobi coordinates, which can be
easily obtained after applying a simple transformation procedure.

The analytical fit of the PES generated by AutoPES occasion-
ally exhibits holes at very short atom-atom distances. The
AutoPES algorithm randomly tests for and eliminates holes in
the fit up to 5000 cm . However, this automated procedure
was not sufficient because of the strong anisotropy of the
interaction between benzonitrile and He. Therefore, we imple-
mented a home-made hole-elimination procedure, which relies
on the extrapolation of energy on the potential wall, when the
helium atom, for a given R, is too close to any atom of the
benzonitrile molecule, i.e., when He is closer than the boundary
distance of 1.4 times the sum of the covalent radii of the helium
atom and the closest benzonitrile atom. In such a case, we
determine the intermonomer distance for which the distance
between the helium atom and the nearest benzonitrile atom is
equal to the boundary distance. Then, we deduce from the PES
fit the interaction energies in the vicinity of this distance. The
corrected PES is obtained by two-point extrapolation in R using
the exponential formula

2 exp(—fR) (5)

where « and f§ are parameters to be adjusted.

The key step in implementing the potential to the Jacobi set
of coordinates is the expansion into spherical harmonic series.
To get the right expansion coefficient at a given R one needs to
sample all possible orientations of the complex. In the case of
strongly anisotropic PES, this is very challenging, since for
many relative orientations the interaction energy might be very
high or even non-physical, as the helium atom might appear
between the atoms of benzonitrile even for the value of R
that corresponds to the global minimum. We followed the
procedure suggested by Wernli et al.”* for the HC;N molecule
interacting with H, or He and used the regularization proce-
dure to flatten the potential for high interaction energies:

Eint_reg = Emax/2 + Emax/T atan(n(Eine/Evax — 0.5)) (6)

where Ejn¢ reg and Eine correspond to regularized and original
interaction energies, respectively. Emax was fixed to be
10000 cm ™.

The validity of this procedure was discussed in previous
works. In particular, it does not affect the quality of the PESs for
low-energy collisions (E < 5000 cm ™). The subroutines and the

fitted coefficients of this 3D-PES are given in the ESL

b. Analytical representation

For dynamical calculations, an analytical form of the 3D-PES is
required to be implemented later in the MOLSCAT package.”

This journal is © the Owner Societies 2023

View Article Online

PCCP

Thus the generated 3D-PES was refitted following this formula:

Yl,m(gv (15) + (*l)m Y1,,m(9, ¢)
1 + 5/110

Imax Mmax
V(RO,¢)=> >
1=0 m=0

V/m(R) (7)
where the angular dependence of this PES is in the form of the
spherical harmonics expansion, Y;,,(0, ¢), which are normal-
ized functions. v;,(R) corresponds to the developed coefficient
under these spherical harmonic functions to be used later for
scattering calculations and J,,0 is the Kronecker symbol.

To compute the vi,(R) coefficients, a least-squares procedure
was carried out for each point in the radial grid. In the
expansion, all values of m (0 < m < [) were considered for a
given angular momentum | ranging from 0 to 18, whereas we
considered I,.x = Mmax = 18. This gives a total of 100 vy,(R)
coefficients to be determined. These v,(R) are given in the
ESL{

The quality of this new fit is controlled by minimizing the
value of the root mean square as defined by

RMS = /> <Vf;V>2 (8)

where Vrand V¢ denote the fitted and initially introduced values
of the PES generated with the auto-PES protocol, respectively.

To ensure the reproduction of the auto-PES generated
points, a relative error of less than 0.5% for all radial values
was assumed. This 3D-PES can be sent upon request.

c. Stationary points on the 3D-PES of benzonitrile-He

By examining the 3D-PES of the benzonitrile-He complex, we
located ten stationary points with particular configurations of
the interaction of benzonitrile with He. These configurations
are displayed in Fig. 6 where they are denoted as GM, LM1-LM5
and TS1-TS4. The minima are ordered from the deepest
potential well of —99.15 cm ' to the shallower well of
—50.78 cm™". The structural and energetic characteristics of
these stationary points are listed in Table 1.

GM corresponds to the global minimum. It has a non-planar
configuration where He is interacting with the = orbital of the
aromatic ring. It is located at ¢ = 90°, 0 =77°, R=3.15A and a
potential well depth of V= —-99.15 cm™'. LM1, LM2, LM3, LM4
and LM5 are local minima on this PES. They are associated
with well depths of —79.25, —65.20, —55.15, —52.38 and
—50.78 cm ™', respectively. These minima are separated by
transition states denoted as TS1, TS2, TS3 and TS4 and located
at planar and non-planar configurations with potential energies
of —27.94, —26.68, —59.82 and —54.16 cm™ ', respectively. Also,
it is worth noting the strong anisotropy of this 3D-PES with
respect to the radial coordinate since quite different R minimal
distances are found for GM, LM1-LM5 and TS1-TS4 (Table 1
and Fig. S1, ESI¥).

d. Description of the 3D-PES

Fig. 7 shows 2D contour plots of the 3D-PES of the benzonitrile-
He vdW system along two Jacobi coordinates for planar (¢ = 0°)
and non-planar (¢ = 90°) configurations. In particular, we plot
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Fig. 6 Stationary points of the benzonitrile—~He complex 3D-PES.

Table 1 Geometrical parameters (R in A and angles in degrees) and energies (V in cm™) of the stationary points on the fitted 3D-PES of benzonitrile—He
complex. Radial cuts through this 3D-PES for all of these orientations are given in Fig. S1 (ESI). See Fig. 6 for the designation of these stationary points

Structure GM LMl LMm2 LM3 LM4 LM5 TS1 TS2 TS3 TS4

R 3.15 3.55 4.15 4.35 4.75 5.35 4.95 5.75 3.45 3.95

0 77 115 126 127 79 26 105 52 107 121

¢ 90 90 90 0 0 0 0 0 90 90

14 —=99.15 —79.25 —65.20 —55.15 —52.38 —50.78 —27.94 —26.68 —59.82 —54.16

the 2D-cuts of the interaction potential for GM configuration.
Again, this figure confirms that this 3D-PES is very anisotropic
with respect to 0 and ¢ angles, as well as along the intermo-
nomer coordinate R. This strong anisotropy is expected to lead
to significant values for the collisional rates of the benzonitrile
rotational (de)-excitation by He. Fig. 7 shows that this 3D-PES is
extremely flat along the R, 0 and ¢ coordinates, which favors
the occurrence of large amplitude motions in this potential.

Close examination of Fig. 7a allows the location of the global
minimum (GM) and two shallower local minima (LM1 and
LM2), which are connected by the two transition states denoted
TS3 and TS4. Besides, one can find three local minima LM3,
LM4 and LM5 in Fig. 7b. These minimal positions of the He
atom towards benzonitrile are separated by TS1 and TS2
transition states. Accordingly, the potential barriers connecting
these stationary points are low so that large amplitude motions
of He allow the conversion of one isomer into another. The
rotation of He with respect to the Z-axis leads straightforwardly
from GM to LM1 and LM2 structures, whereas rotation along
the ¢ angle populates LM3, LM4 and LM5 planar minima
starting from the non-planar GM structure. These intracluster
isomerizations go through the transition states specified in
Table 1 and Fig. 6. For instance, LM3 to GM isomerization may
evolve either via TS1 or TS3.

IV. Application

We applied our newly generated 3D-PES of the benzonitrile-He
interacting system by incorporating it into dynamical computa-
tions to deduce the cross sections for the rotational (de-)excita-
tion of benzonitrile colliding with He. Such computations are

30206 | Phys. Chem. Chem. Phys., 2023, 25, 30198-30210

challenging due to the strong anisotropy of this 3D-PES and
because of the high density of the rotational levels of benzo-
nitrile. The dynamics of the benzonitrile-He system is a bench-
mark system for COMs interacting with the surrounding
interstellar gases.

a. Rotational structure of benzonitrile

Benzonitrile is an asymmetric top-type rotator. Its rotational
Hamiltonian, H,, is expressed as follows:

Hyor = Ai* + Bjy” + G — Dyi(j + 1)—Dyg(j + D — Dk
©)

where I(o = x, y, z) are the principal moments of inertia with
respect to the principal axes of inertia (G,), (G,) and (G;) of
benzonitrile. (o = x, y, z) are related to the rotational constants
. 1 1 1
according to 4 = TR B= ﬁ and C = A
first-order centrifugal distortion corrections.
The rotational levels of the asymmetric top benzonitrile

. Dj, Dy and Dy are

molecule are labeled as ji x, where j denotes the angular
momentum and k, and k. are the projections of j along the
a and c inertial axes, which coincide with the Z and Y axes
(Fig. 1). To deduce the rotational energy levels, Ej , , of
benzonitrile, we used the ground state experimental rotational
and distortional constants as determined by Wlodarczak et al.”*
These correspond to A = 0.1886393, B = 0.0515982, C =
0.0405082, D; = 1.5106117 X 1079, Dy = 3.1110856 X 10% and
Dy = 1.059066 x 10~° (all values are in cm™'). For the nine
detected transitions by McGuire et al,’® Table S5 (ESIY)
gives the comparison between the calculated and observed

This journal is © the Owner Societies 2023
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Fig. 7 2D contour plots of the 3D-PES of benzonitrile—He cluster. In (a) ¢ = 90°; in (b) ¢ = 0°% in (c) R = 3.15 A; and in (d) 0 = 77°. Energies are in cm™.

frequencies, where a good agreement validated the rotational
Hamiltonian and constants used presently.

Calculations were limited to the first 46 levels of the benzo-
nitrile molecule up to ji r = 9o for rotational energy Eox <
5 cm™! with a cutoff for k, values at k, < 3. The respective
energetic diagram is presented in Fig. 8. This figure shows that
the spacing between the rotational states is small due to the
small rotational constant values. This results in a very high
density of rotational states, close to each other. Accordingly, the

rotational structure of this asymmetric top COM is very complex.

b. Cross section calculations

Quantum scattering calculations were performed using the
MOLSCAT 2022 package.”” These computations were done at
the close coupling level. Considering the small values of the
rotational constants of benzonitrile that lead to a high density
of rotational states and the relatively deep potential well
(~99 cm™') of the 3D-PES of benzonitrile-He, the present
collision calculations were challenging in terms of computa-
tional costs (both computing time and disk space require-
ments). The size of the coupled equations and the required
computational cost for their resolution increased rapidly with
the size of the basis set.

This journal is © the Owner Societies 2023
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Fig. 8 The lowest 46 rotational levels of benzonitrile up tojka,kC = 9qg for
rotational energy E,ox < 5 cm™ with a cutoff for k, values at k, < 3. The
energies of these levels were derived using a model Hamiltonian and
the ground state experimental rotational and distortional constants as
determined by Wlodarczak et al.”*

Preliminary dynamical computations were carried out for a
single collisional energy E =10 cm ™. Prior to that, we performed a
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series of convergence tests. First, we adjusted the radial values
(Rmin and Ry,a), which define the limits for integrating the
coupled equations. These radial parameters were chosen far
enough into the classically forbidden region at short and long
ranges, respectively. As given in Table S6 (ESIT), these tests
showed that Ry, = 1.05 A and Ry = 21.16 A ensuring that radial
values below these limits do not contribute effectively to the
collisional calculations. Table S6 (ESIt) shows also that a STEPS
parameter of 70 is enough to ensure convergence of the cross
sections at £ =10 cm ™.

The reduced mass of the benzonitrile-He colliding system is
u = 3.8530471093 amu. The close-coupling equations were
resolved using the Manolopoulos diabatic modified log-
derivative (LDMD) propagator’® starting from R, = 1.05 A
up to Rpyax = 21.16 A and STEPS = 70. Besides, the rotational
basis for the benzonitrile was tested for 9 < jy.x < 15. The
maximum values of the total angular momentum Jror were set
large enough (i.e. Jror = 23) to ensure the convergence of the
cross sections to be within 0.01 A%, These tests are shown in
Fig. S2 (ESIT), where the cross section convergence with respect
to jmax values is extremely slow. This is accompanied by a
drastic increase in the computational cost (both memory and
CPU time) for these dynamical computations.

In Fig. 9, we plot the cross sections for the rotational de-
excitation of benzonitrile by collision with He for transitions
populating the ground state 0y as a function of the initial level
Jj for collisional energy E = 10 cm ™. From this figure, we can
conclude that the largest cross section corresponds to the
202-000 transition. This is consistent with the radial expansion
of the 3D-PES (vy(R) terms) as presented in Fig. S3 (ESIT),
which shows that the largest anisotropic term (in magnitude)
corresponds to v,9(R) with [ = 2. One can also notice the
remarkable intensities of the 3;,-0¢p and 2,¢,—0oo transitions
as already observed for other asymmetric top molecules inter-
acting with helium.'”””” The computed cross section pattern is
typical for rotational inelastic cross sections for asymmetric top
molecules and is consistent with the results obtained by Faure

Cross section (A"2)

5 10 15 20 25 30 35 40
Level number

Fig. 9 Cross sections for the rotational de-excitation of benzonitrile by
collision with He to the ground state Ogg as a function of the initial level
number for collisional energy £ = 10 cm ™t and jmay = 15.
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and co-workers'””” for propylene oxide and methyl formate
colliding with helium, respectively.

V. Conclusion

As a case study, we investigated the intermonomer interactions
between benzonitrile and He to benchmark an accurate meth-
odology that is not costly for electronic structure computations
of intermonomer potentials of medium-sized molecules
(e.g. COMs) interacting with surrounding gases, such as He,
H and H, in interstellar media. Diverse ab initio and SAPT
methodologies were tested. Computations showed that expli-
citly correlated MP2-F12 and DCSD-F12 ab initio approaches in
conjunction with aug-cc-pVIZ are less accurate than CCSD(T)-
F12/aug-cc-pVTZ but can be used for the generation of mD-PESs
of such vdW complexes when CCSD(T)-F12/aug-cc-pVTZ com-
putations are prohibitive. SAPT(DFT) is viewed as a good
alternative, and the SAPT2 + 3 approximation can be considered
as a good alternative when DFT cannot be used. We expect that
the presently established electronic structure methodology for
generating the mD-PESs of medium and large-sized systems
containing weakly bound clusters will be used routinely as is
the case for CCSD(T)-F12, which has been benchmarked for
small molecular systems in the last decade.

As an application, we mapped the 3D-PES of benzonitrile-
He weakly bound complex in Jacobi coordinates. This 3D-PES is
very anisotropic along these coordinates. It was subsequently
incorporated into quantum close coupling scattering computa-
tions to deduce the rotational (de-)excitation of benzonitrile
colliding with He at E = 10 cm ™. These dynamical calculations
are also challenging due to the strong anisotropy of benzoni-
trile-He 3D-PES and the high density of benzonitrile rotational
levels even at low collision energies.
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