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We have developed a six-dimensional (6D) model to describe the intermolecular potential energy sur-

DOI: 00.0000/XXXXXXXXXX

face (IPS) pertinent to binary van der Waals (vdW) complexes composed of a benzene (Bz) and a

small molecule X. In the present formalization, termed Coupled-Stretch-Bend-Internal-rotation (CSBI)
model, the longitudinal displacement of X from the Bz plane (as vdW stretch), the 2D displacements of
X parallel to the Bz ring (vdW bend), and the 3D internal rotation of X inside the complex are taken as
internal coordinates, and the IPS is composed of symmetry-adapted terms, which are expanded as ex-
plicit functions of the coordinates. Here Bz—methane has been chosen to apply the model because of
its importance to gain detailed understanding on the C—H/x interaction. Quantum chemical calculation
at the CCSD(T)/aug-cc-pVTZ level of theory has been conducted to obtain single-point energies of 525
grids for various complex conformation, and the calculated results have been processed with the least-
squares regression to determine potential parameters in the CSBI model. The IPS thus constructed
has shown that in the most stable conformation the methane resides on the aromatic ring (with the in-
termolecular distance of 3.712 A), pointing one of its C—H bond to the center of the Bz ring. The barrier
for the internal rotation along the minimum energy path is moderately low (of 57 cm~!). The IPS ex-
hibits substantial coupling between the three coordinate spaces, and effects of such mode coupling can
be visualized as the difference in the potential profiles with and without the coupling terms. Eigenstates
for the intermolecular motion have been determined by diagonalizing the full Hamiltonian matrices with
the CSBI potential. Character of each eigenstate is assessed by examining its composition projected
onto the basis functions as well as vibrationally averaged geometrical parameters.

1 Introduction

Noncovalent forces pertinent to an aromatic ring are pivotal to the
properties of solids, solutions, and interfaces involving aromatic
molecules as well as conformation and functionality of bio- and
artificial supramolecules.1"3 Binary van der Waals (vdW) com-
plexes, Bz—X, composed of benzene (Bz) with a small molecule X,
are ideal models for the noncovalent interaction.4"€ In particular,
Bz-X with X = methane has been extensively studied with the aim
of achieving truly microscopic description of the C-H/x interac-
tion by experiments®13 and theory. 1412 Forces between the two
constituents of binary molecular systems can be fully character-
ized once the intermolecular potential energy surfaces (IPSs) of
the systems are determined.2? Hence constructing chemically ac-
curate IPSs and gaining detailed insight into the intermolecular
vibrational dynamics on them is the central subject in the studies
of vdW complexes. #8120
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IPSs pertinent to most vdW complexes (including Bz-Xs) are so
anharmonic that normal mode description is totally inadequate.
All the intermolecular degrees of freedom have to be considered
simultaneously due to substantial coupling among them and a
wide range over the full coordinate space (with dimension of up
to 6) has to be explored to cover feasible geometrical configu-
rations. For binary vdW complexes exclusively containing small
molecules, highly reliable IPSs have already been reported in re-
cent studies, where intramolecular vibrational degrees of freedom
have also been taken into consideration in some cases.21"2Z The
protocol adopted herein can be summarized as follows. First,
high-level quantum chemical calculation is conducted to evalu-
ate the energies for various relative geometries of the two con-
stituents. Next, the results from the single-point energy calcula-
tions are fit to an appropriate model function to give an analytical
representation of the IPS. Then, the constructed IPS is assessed by
the comparison with spectroscopic constants calculated on the ba-
sis of the IPS with the results from experimental observation. If
needed, the IPS is refined to provide better agreements with the
experiments. Many studies have also been devoted to the con-
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struction of IPSs for Bz complexes with a rare-gas atom. 28732 Ap.
plication to Bz—X with X = molecules, however, has been sparse,
probably due to higher demands for calculation caused by the in-
crease of dimensionality for the intermolecular motion. To date,
two complexes with X = N, and water have been studied.6=?

For accurate construction of IPSs and efficient computation of
intermolecular dynamics, it is essential to use a suitable coordi-
nate system and an appropriate functional form for the IPS. In
general, relative motion of two rigid bodies is defined with dis-
tance between the centers of mass of the bodies and two sets
of Euler (or polar) angles to represent the orientation of each
body.2240/ 1 the spherical expansion,“? an IPS is expanded with
a series of the spherical harmonics or rotational matrices with the
angles as variables. When anisotropy, i.e., angular dependence
of the IPS, is not substantial as in most binary systems composed
of small molecules, the spherical expansion is quickly converged
and internal-rotation wave functions can be used as suitable ba-
sis sets to represent the angular motion of both the molecules
inside the complex.4%4l However, in Bz-X systems, the radial-
angular coupling is so extensive because of the bulky flat shape
of Bz that the Euler angles for Bz are inadequate as coordinates
to represent the intermolecular motion. Since X is located on
top of the Bz ring in most low-energy parts of the IPS in Bz—
X, three dimensional (3D) displacements of X relative to the Bz
plane (plus the Euler angles for X if X = molecule) have been com-
monly used as internal coordinates in Bz-X.28739 In early studies
on Bz—Ar, the IPS has been expanded in the polynomials of the co-
ordinates (called Morse-type potential).2822 Other recent studies
have adopted more sophisticated functional forms based on the
site-site model, where the total potential energy of the system
is represented as a sum of pair potentials between atoms out of
each molecule (with higher-order corrections for many-body in-
teraction).=%32 With the site-site model, the dynamical calcula-
tion becomes much more tedious since matrix elements for the
IPS should be numerically computed with the basis functions rep-
resented with the internal coordinates.

We have recently been working on the construction of an ac-
curate IPS and the attainment of detailed insight into the inter-
molecular vibrational dynamics in the Bz—-methane complex. We
have chosen the system as most suitable to be explored with the
following multiple reasons. First, the complex deserves the signif-
icance as a prototypical model for the C-H/x interaction as men-
tioned before. Second, while the previous theoretical studies have
explored its IPS in limited dimensionality,14"1? construction of a
6D IPS will be highly valuable. Third, since it possesses maximum
intermolecular degrees of freedom as binary systems, a model ex-
tendable to various other Bz-X systems can be developed through
consideration of Bz-methane. Fourth, the computational cost can
be kept reduced owing to high geometrical symmetry in the IPS
of the system. In the present report, we present a theoretical part
of our study. Here we have developed a new functional form,
called Coupled-Stretch-Bend-Internal-rotation (CSBI) model, to
describe the IPS of Bz—X. In the present model, the longitudi-
nal displacement of X from the Bz plane (usually referred to as
vdW stretch), 2D displacements of X parallel to the Bz ring (vdW
bend), and 3D internal rotation of X inside the complex are uti-
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lized as the internal coordinates, as in the previous studies.=36"32
Then, the IPS is composed of symmetry-adapted terms, which are
expressed as explicit functions of the coordinates. It has to be
noted that this model potential is not suitable to describe the
global IPS covering whole coordinate space. For instance, con-
formation with X far away from the figure axis of Bz cannot be
represented adequately with the model. Still, it affords us ac-
curate description on most low-energy parts of the IPS accessi-
ble via spectroscopic investigation. More importantly, this model
provides a direct correlation of the coupling among motion along
different coordinates with the potential parameters for the terms
in the expanded series, and we can gain an intuitive picture on
the highly coupled intermolecular motion of the system.

This paper is organized as follows. Succeeding the Introduc-
tion, the second section describes the theoretical framework
of the CSBI model. The beginning part introduces concisely
the coordinate system adopted herein and rest of the section is
devoted to formal derivation of the CSBI potential and detailed
description of the potential for Bz—methane. The third section
explains computational details to construct a CSBI potential
via high-level quantum chemical calculation. Intermolecular
vibrational energy levels are also computed with the determined
CSBI potential. The fourth section represents results and
discussion. The determined potential parameters are listed
and various 2D cross sections of the potential are visualized
to represent mode coupling between the stretch, bend, and
internal rotation. Energy-level structure of the fully coupled 6D
motion is also illustrated, and characterization of each energy
level is conducted by examining basis-function composition and
root-mean-square amplitudes of the vibrational coordinates. The
fifth section concludes the theoretical part of our study. The
forthcoming paper will report the experimental part of the study
on intermolecular vibrational energy levels via frequency- and
time-domain spectroscopy. The experimental results will be
compared with those calculated in the present paper.

2 Construction of the CSBI model

2.1 Coordinate system

Before discussing the IPS in Bz—X, We first define the internal co-
ordinate system that describes the intermolecular motion. Here
we assume both the Bz and X molecules as rigid bodies and do not
consider intramolecular vibration. Then, we employed the cylin-
drical + Euler angle coordinates, a system previously utilized in
other Bz—X researches. 303842l As shown in Fig. [1} we first define
a body-fixed, right-handed Cartesian frame (xg,,yB,,z8,), Whose
origin is at the center of mass (CM) of Bz, with axes taken parallel
to the principal axes of benzene. The zp, axis is parallel to the Cg
symmetry axis of Bz, the xg, axis lies along the line bisecting a
C-C bond in the molecular plane, and the yg, axis is defined as:
YBz = ZB; XXp;. The specific coordinates used below are based
on these directions. Second, we introduce a complex-fixed, right-
handed Cartesian frame (x,y,z) with its origin at the CM of the
Bz-X complex. The z axis points from the CM of Bz to the CM
of X. We define the x axis as the projection of xg, onto the plane
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perpendicular to z, followed by normalization; the y axis is then
set as: y =zZXX.

We defined the position vector, d, pointing from the CM of Bz to
the CM of molecule X. The cylindrical coordinates are represented
with the pointing vector, as

R=d,,

p= ,/d§+d§, M
¢B, = arctan(dy /dy).

In addition, the Euler angles Qx = (¢x,0x,xx) are invoked to
represent the orientation of the principal axis of X with respect to
the complex-fixed xyz-axis system. When X=CH,, the principal
axes of X are aligned with the three mutually orthogonal C, sym-
metry axes of the molecule. The Euler angles Qg, = (#B,,082,YBz),
are also defined for Bz and the following relations hold:

Rem = R/ cos gy, 2

6, = arctan(p/R), 3

where Rcyv is the distance between the CMs of Bz and X. The
internal coordinates used hereafter are R for the vdW stretch, p
and ¢p, for the vdW bend (or "libration"), and Qx for the internal
rotation of X.

XBz

Fig. 1 Coordinate system defined for the Bz—X complex

With the coordinates, Hamiltonian is given by the following
formula28

)
A Ve R RS RE A
ip, “

+V(R,p,$Bz,XBz,2X)

where P, is the conjugate momentum of displacement d, y is the
reduced mass corresponding to the displacement d. 7 and j stand
for the moment of inertia and the internal rotational angular mo-
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mentum, respectively, with respect to the principal axes ig, and
ix (i =x,,2). L, is the xp,, yp,, or zp, component of the end-
over-end rotational angular momentum of the complex, defined
as L. =dxpy. Then, the total angular momentum is given as:
J =L +jg, +jx. In the present study, overall rotation of the com-
plex is not considered and thus we set J = 0 hereafter.

2.2 General framework of the CSBI potential

The present formalization concentrates the description of low-
energy parts of the IPS in the Bz—X system, and we only consider
the coordinate space, where X is located above the Bz ring. Inter-
conversion from one side to the other of the Bz ring is not taken
into account. Then, the vdW stretch and bend motions are rep-
resented as oscillators trapped within potential walls, while the
barrier for the internal rotation is so low that full range of the
coordinate space have to be covered along the motion.

In the present model, the IPS is represented as an explicit func-
tion of the internal coordinates, R, p, yBz, and Qx, to show the
direct correlation of the IPS to the intermolecular motion, unlike
the site—site potential utilized in the previous Bz—X studies.=26"32
The IPS is further organized into terms relating to the internal
coordinates as,

V=Vs+Vg+Vi+ Vs + Vs1 + Vg1 + Vsgl, 5)

where S, B, and I stand for the vdW stretch, bend, and internal
rotation, respectively. The first three terms are zero-th order po-
tentials exclusively represented with R, p and yg,, or Qx. The rest
terms in Eq.(5) represent the coupling among stretch, bend, and
internal rotation. Each of the basis sets for the wave functions
of the zero-th potentials spans a subspace of the overall Hilbert
space and the subspaces are connected by the coupling terms.

Each of the terms appearing in Eq.(5) should be expressed in a
proper functional form, which obeys the symmetry constraints on
the system. In particular, care must be taken for the terms, Vg|
and Vgp;, involving both the bend and the internal rotation, since
the vibrational angular momentum of the bend as a 2D oscilla-
tor will couple with the 3D internal rotation of the X molecule.
To address the issue, we begin with the spherical expansion,4?
where two sets of Euler angles for the internal rotation of con-
stituent molecules are adopted as internal coordinates and thus
the angular momentum coupling within the complex is naturally
encoded. Contraction of the expansion gives an appropriate form
re-expressed with R, p, yg,, and Qx, as will be shown below.

The spherical expansion is the general formalism to describe
the IPS of the binary molecular system, %41 and for Bz—X the IPS
is given as

V(Rcwm, 2Bz, €2x)

= 8 Z QL+ V1, 1301 My My Ky Kx (RM)

Lp,,Lx,L, 6
Mg, Mx,Kpz,Kx ()

Lx L ) ple:*

Lp, L
( Mg, Mx 0 Msg,.Kg, (QBZ)D Kx (QX)’

My,

Journal Name, [year], [vol.],

114 |3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04295j

Open Access Article. Published on 15 January 2026. Downloaded on 1/19/2026 6:22:14 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

where the expansion coefficients vy, 1.1 My, My Ks,.kx(RoM) are
functions that depend only on the intermolecular distance Rcy.
Dﬁ,,’ £ () stands for Wigner’s D-rotational matrix and the large
round brackets are 3 j-symbol.3 It is noted that ¢g, — ¢x is only
independent among the Euler angles and thus the expansion is
expressed with the six independent variables.

Because of the large anisotropy for Qg, due to bulky flat shape
of the Bz ring, the convergence of the expansion given in Eq.(6)
is quite slow with respect of Lg,, and accordingly L. Then the
summation over Lp, and L is formally contracted into a single
function, to give the IPS as

V(Rcwm, @Bz, £2x)

] @)

B Z Z IM(/)BZ (RCM,OBZ’XBZ)D K (QX)’

M Lx.,Kx
with
Lx
T R Oz-x2)
=82 > QLD Pviy, 1wk (Rem)
L,L;,Kp; (8)

Ly, Lx L\ 14+ —iKp x5
X[ MM o ks, OB

with dL x being the Wigner’s small d-matrix. 43 In recasting Eq. (@
into Eqs.(7) and (), we utilized the non-vanishing condition for
3j-symbol, i.e., Mg, = -Mx = M.

The variables Rcyv and 6g,, appearing in Eqs.(7) and are
related to R and p, as given in Eqs.(2) and (3). Then, the IPS in
Eq.(7) is re-expressed with an appropriate coordinate system as

V(R,p, Bz, XBz> 2X)

9
_Z Z 71M¢B7 (R p,XBz)D—MK (Qx).

M Lx,Kx

Apparent redundancy in the variables is due to the correlation
between ¢, and ¢x, as mentioned before. Based on the general
formula given in Eq.(9), the CSBI potential for a specific Bz-X
system will be constructed in a form given in Eq.(5) by suitable
parameterization of fALZKX.

2.3 The CSBI potential of Bz-methane
In this section, we will determine a specific functional form for the
IPS of Bz-methane by incorporating the symmetry of the system
into the CSBI framework discussed in the previous section.

First, the term with Lx = 0 in Eq.(9) is independent of Qx since
the D-matrix with rank 0 is simply a scalar. Then,

£00R.p.xB2) = Vs + Vi + Vsp. (10)

Here we follow the functional forms adopted in the previous stud-
ies on Bz-Ar,2822 j e the Morse type potential for the zero-th
order potential for the stretch as

Vs(R) = k{1 —exp[—-a(R - R)1)%, 1D
4] Journal Name, [year], [vol.], 1
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the isotropic 2D harmonic potential for the zero-th order potential
for the bend as

VB (o) = kup”, (12)
and the coupling term between the stretch and bend as
Vsp(R.p) = kxazp” (1~ exp[-a(R = Re)l), (13)

where R, is the value for R at the potential minimum, and &,
kxx, and ky,, are force constants. It is noted that the potential
terms, Vg and Vsg, are set independent of yg,. Due to the 6-
fold rotational symmetry of Bz, the potential may possess terms
proportional to cos(6xg;), cos(12yB), ..., but their contribution
is regarded marginal. Thus, the yp,-dependence in the poten-
tial is not considered throughout the following discussion, i.e.,

-L;
% (Ropoxss) > ik (R.p).

The term f (R p) with Lx >0 and M = 0 is pertinent to
the internal rotat1onal potential. We assumed that anisotropy of
the internal rotational potential of methane is so small that it can
be described with lower order terms of rotational matrix expan-
sion. Considering T, symmetry of methane, the lowest terms are
expressed as a symmetry-adapted linear combination of the rota-
tional matrices with Lx = 3 and 4, as follows. 4442

To(Qx) = D5 (Q@x) + Dy, (Qx)
14)
= C3(0x.xx) + C2 (0x, Xx)
T3 Qx) = V14D,(Q@x) - V5| D§7y(@x) + Df*,(Qx))
(15)
= VIAC)(Ox.xx) — V5[ C0x.xx) + C* 4 (0x.xx)|

where Cf; is renormalized spherical harmonics. When the TS and
Té terms are only considered, it is commonly referred to as the
hindered rotor model: V3p = V3T3(Qx)+ V3T (2x), where V3 and
Vg are potential constants.#442 The 3D hindered rotor model is
extended in the present 6D model to include terms representing
the coupling between Qx and R or p. Specifically, we applied a
Taylor expansion with respect to R and p, as

V(R.p,Qx) =f3 (R.p)T3(Qx) + foy (R.p)T () (16)

with

FIXR,p) = VX +0RVEX (R—Re) + IRVeX (R—Re)? + 2V X p* (17)

for Lx = 3 and 4. Here, VOLX = VéX(Re, pe), ORVEX, 0% OLX, and
o"'f,Véx are potential constants. The potential in Eq. lb is recast
into the terms appearing in Eq.(5) as

V(R,p,Q2x) = V1 + Vs1 + Vgy,, (18)

with

Vi(Qx) = Vi To (Qx) + Vg To (Qx), 19)
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being the zero-th order potential for the internal rotation,

Vsi(R, Qx) = [0r V3 T3 (Qx) +9r VI T (Qx)| (R - Re)
(20)
+[0RVa To(Q@x) + IR VI T3 Q)| (R - Re)?,

being the coupling terms between the stretch and internal rota-
tion, and

Ve, (0.9x) = [0, Vo T3 (Qx) + Vo Ty (@x)|p?, (21
being a part of the coupling terms between the bend and internal
rotation.

In addition to Vg, given in Eq., ¢p,-dependent terms, i.e.
with M # 0, should be invoked into Vg;. Judging from Eq. (€], the
terms are expressed with Dﬁ?BZ(QBZ)Dfﬁ K (@x). In the present
study, the overall rotation of the complex is not considered and
thus the scalar (L = 0) terms in Eq. (6) are only retained with
Ly, = Lx =3 as the lowest-order contribution. To consider only
the lowest-order azimuthal dependence, we also restrict our con-
sideration to the M = +1 components. In addition, we set Kg, =0
because the potential is assumed independent of yg,; hence all
Fourier components with Kg, # 0 vanish. Then, the lowest terms
fulfilling the 7; symmetry of methane are given as

Vi, = V7 [CF (082, 98T Q%)+ C2 (08, 88T (@x)]  (22)

with

T3,(Qx) = DY} ,(@x)+ DY ,(Qx) (23)
where V13 is a potential constant. It is noted that the terms given
in Eq. induce the coupling between the angular momenta of
the 2D bend (libration) and the 3D internal rotation. The sum
of Vg, given in Eq. and Vg, given in Eq. results in the
coupling between the bend and the internal rotation, Vg;.

The ab initio computation on the IPS, to be described just be-
low, has shown that the angular momentum coupling depends
on the intermolecular distance R: the coupling decreases as R
becomes longer. Consequently, we introduced the terms that em-
pirically incorporate the decaying factor of R, as

Vst = Vi g [C1 (08, 08T (Qx) + C2 | (08, 68)T; Q)| R (24)

where V13  1s a potential constant.

3 Computational Details

3.1 Construction of the potential

In the ab initio IPS calculation, we used Gaussian 16 program™Y

with the coupled cluster singles and doubles including con-
nected triples model®!®2 in conjunction with augmented cor-
relation consistent polarized valence triple zeta basissets>224
[CCSD(T)/aug-cc-pVTZ] for energy calculation and determina-
tion of molecular structure.

Whether the present level of theory is sufficiently accurate
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for the problem under study must be carefully evaluated. A
benchmark study on hydrocarbon systems has assessed the ac-
curacy of conventional CCSD(T) as well as explicitly correlated
CCSD(T)-F12 approaches.”® In that work, the CCSD(T)-F12
method was shown to converge rapidly and reliably toward the
CCSD(T)/CBS limit, with deviations of only 0.002-0.004 kcal
mol~! (~ 0.70-1.40 cm™!). At the CCSD(T)/aug-cc-pVTZ level
of theory, the remaining error was at most 0.016 kcal mol~! (~
5.6 cm™!), which corresponds to only a few percent of the to-
tal binding energy of approximately 1.4 kcal mol~!. In addition,
Oviedo et al.>® investigated static polarizabilities and hyperpo-
larizabilities of n-conjugated systems and provided new bench-
mark data at both the CCSD(T) and CCSD(T)-F12 levels of the-
ory. They demonstrated that CCSD(T)-F12 reproduces the con-
ventional CCSD(T) results for these response properties with only
very small differences, indicating that both approaches may be re-
garded as benchmark quality. Although CCSD(T)-F12 could fur-
ther improve the calculated results, the conventional CCSD(T)
approach already should provide a reasonable level of accuracy
for the present problem.

Single-point energy calculations were performed for the molec-
ular orientation grids shown in Table [I} Owing to the Dgj; sym-
metry of the benzene ring and the 7, symmetry of methane, the
number of unique grid points can be significantly reduced. In
these calculations, both the monomer units were frozen at their
respective equilibrium geometries. The most stable structures of
each molecule were individually determined by performing op-
timization calculation at the CCSD(T)/aug-cc-pVTZ level of the-
ory using Gaussian 16 with the Opt=Normal option, as shown in
Table [2| Here the self-consistent field (SCF) procedure was con-
verged to a root-mean-square (RMS) change in the density matrix
of 1.0x 1078, a maximum density change of 1.0x 107, and an en-
ergy change of 1.0x 107 Ej,. Geometry optimization was consid-
ered converged when the maximum and RMS Cartesian gradients
were smaller than 4.5x 107 and 3.0x 10™* E; Bohr~!, respec-
tively. In addition, the maximum and RMS Cartesian displace-
ments were required to be smaller than 1.8x 1073 and 1.2x 1073
Bohr, respectively. In this study, the benzene molecule was fur-
ther simplified as an ideal circular disk rather than treating its
full Dg, structure, which allowed an additional reduction of re-
dundant configurations. Equivalent orientations related by sym-
metry operations (e.g., rotation around the benzene Cg axis and
permutation of the four C-H bonds of methane) were not explic-
itly calculated.

For the internal rotation, we set the following three grids in
addition to the equidistant grids shown in Table[T} (1) the "mon-
odentate" conformation, where a C-H bond of methane points to-
wards the center of the Bz ring with (6x,yx) = (54.7°,0°), (2) the
"bidentate" conformation, where a rige connecting two H atoms of
methane faces to the Bz ring with (6x,xyx) = (90°,45°), and (3) the
"tridentate" conformation, where a triangle face of the methane
tetrahedron points towards the Bz ring as (6x,xx) = (54.7°,90°).
Due to the T; symmetry of methane, these three sets of the an-
gles correspond to representatives of four equivalent monoden-
tate, six equivalent bidentate, and four equivalent tridentate con-
formations, respectively. Only one representative geometry from
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each set was considered in the ab initio calculation.

The results of the single-point energy calculation for the 525
grids are processed to the least-squares regression with the CSBI
potential described in the preceding section.

Table 1 Grids for single-point energy calculation

Variables Grids
R /lo\ 3.40, 3.55, 3.70, 3.85, 4.00
p/A 0.0, 0.3, 0.6
o8, /° 0, 120, 240
0x /° 30, 60, 90
xx /° 0, 30, 60, 90

Table 2 Geometrical parameters determined by monomer optimization

Molecule Parameter Value
CH, ren /R 1089912
Bz rcc /A 1.397992
Bz ren /A 1.083921

3.2 Calculation of the intermolecular vibrational levels

Matrix elements for The Hamiltonian given in Eq.(4) [with the
potential represented as Eq. with each term given in Egs. (11}
[24)] are evaluated by using the stretch-
bend-internal-rotation basis set, which is represented as a direct
product, {|no)|n,n-)1jx,kx,mx)}. Here {|ng)} is a one-dimensional
harmonic oscillator basis on R for the stretching mode, {|n;,n_)} is
a two-dimensional harmonic oscillator basis on p and ¢g, for the
bending mode, and {|jx,kx,mx)} is a symmetric-top rotor basis
on Qx = (¢x,0x,xx) for the internal rotation of X (= CHy in this
case). The bending basis {|n.,n_)} correlates to the conventional
two-dimensional oscillator basis {|v,[)} as

v=n4+n_,
(25)

l=ny—n_.

The discrete variable representation (DVR) was employed for
the stretching mode {|np)}, to calculate matrix elements of the
Morse potential. The kinetic and potential-energy matrix ele-
ments were evaluated analytically using creation and annihilation
(ladder) operators, AT and AB7I58 The coordinate and momen-
tum operators are expressed with A™ and A as

N /1
di = \/ (A +Ay) @i=xy,2), (26)
2pi wi
hw .
pi=i M2 A -A)  (=xy.0). 27)
We further define
Ag = A, Ay = A,
. R X . R (28)
Al = —@Alzid]), A.= —Z(AxilA‘)
6] Journal Name, [year], [vol.], 1
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The reduced masses for the stretch and bend®? are defined as

, 29

2
1111 R (30)
Hx My uB M I

The fundamental harmonic frequencies are given as

2k, a?
W, = ws = 4| 2L €30)
Us
2k
Wy =Wy =wB = /= (32)
HB
The matrix elements of the ladder operators are given as
Y\ AGIG) = 16,1 (g=0.%), (33)
WAgny = ot (q=0.5), (34)
The angular momentum operator is expressed as
Liy, = %(‘%’jk(‘jjﬁk —ﬁkc?j), i, jok € {x,y,2}, (35)

where g; j; is the Levi-Civita symbol. The spherical harmonic com-
ponent relevant to the interaction terms given in Egs.(22) and
(24) is written as

C3, (0B, ¢8,) = 1 \ /a (o idy)(5d7 ~1d)
* ’ 8V n d '

ap ee

For the internal rotation, matrix elements of the angular-
momentum components were evaluated by recasting them into
the ladder operators4? defined as

(37)
J-=Jx—ijy. (38)

The matrix elements for the potential terms in Eqs.(I9}
were evaluated by using the the standard 3-j symbol expres-
sion for the Wigner D-matrix:43.:

)
N Y CTATEY |
X k;é

<JX9 k// N

i % j;é iUy
kK J\-my m mi )
(39)

To evaluate the kinetic energy terms in the Hamiltonian given
in Eq. (4), we adopted rotational constants of the monomers ex-
perimentally determined by high-resolution spectroscopy, 26l as
listed in Table This choice would be more appropriate than
adopting the calculated equilibrium values, if we would compare
the calculated intermolecular vibrational energy levels with ex-
perimental observation, since the moments of inertia and the cor-
responding rotational constants are affected by zero-point vibra-
tional averaging over the intramolecular modes.

Page 6 of 15
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Table 3 Molecular parameters used for the calculation of energy eigenstates

Molecule Parameter Value
CH, B /cm™! 5.2410364
Bz B/cm™!  0.189762°
Bz C/cm™!  0.094881°

- u/107%0kg 221088

aFrom ref. (©%), ®From ref. (&l).

Eigenvalues and eigenvectors for the intermolecular vibra-
tional levels of Bz-methane were derived by diagonalizing
the Hamiltonian matrices. Because the system is invariant
under rotations around the z axis, the projection of the total
angular momentum onto this axis is conserved. Accordingly,
m=mx +1=myx+(ny —n_) is a good quantum number, and the
Hamiltonian is diagonal with respect to m. The diagonalization
of the real symmetric Hamiltonian matrix was performed using
the DSYEVD routine from the Linear Algebra PACKage (LAPACK)
version 3.10.1.°2' We included the basis functions with the
quantum numbers up to nomax = 8, Mimax = A—max = 0, and
JXmax = kx.max = 7. With these basis limits, the matrix dimension
was approximately 2.0 x 10* for each quantum number my.
The computed eigenvalues converged within 0.3 cm™', covering
energy levels from the ground state up to 65 cm™'. It is noted
that each of the intermolecular vibrational states belongs to an
irreducible representation, A, E, or F, due to T; symmetry of
methane. Symmetry specification was conducted by examining
degeneracy and composition of the states.

4 Results and Discussion

4.1 Determined potential parameters

The parameters in the CSBI potential of Bz—methane thus ob-
tained are listed in Table |4. The standard deviation of the least-
squares fit is 9.3 cm™.

Table 4 Parameters of the CSBI potential obtained for Bz—methane

Parameter Value
R. /A 3.631
ks / cm™! 615.484
a/ A 1.450
ke / cm™1A72 145.182
Kyxz / cm A3 ~183.035
Vo /cm™! -50.062
Vo / cm™! 3.663
OrV3 /em™A —191.741
OrVg / em™ AT 14.143
a2Vs / cm A2 322.193
a2V / em™A2 ~20.267
a2V / em™1A2 44282
a2y / em A2 -1.037
V3, /cem™! 477.340
V3, o/ 10° ecm™1A -2.17312

The most notable point in Table4]is that the absolute values of

Physical Chemistry Chemical Physics
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VS is one order of magnitude larger than that of Vg . The predom-
inance of Vg with the positive sign is a clear signature that the
monodentate conformation is the most stable geometry in Bz—
methane. The value of the intermolecular distance R at the global
minima is 3.712 A with p = 0. The bidentate conformation is a
saddle point on the internal-rotation potential. It is higher than
the potential minima by 57.267 cm™~!, when the CM of methane is
in its most stable position (R = 3.636 Aand p = 0). The tridentate
conformation is positioned above the monodentate configuration
by 105.648 cm™! with R = 3.558 A and p = 0.

In the present CSBI model, the full coordinate space for the
total Hamiltonian given in Eq.([) is constructed with the three
subspaces for the internal motions, i.e., stretch, bend, and inter-
nal rotation. The off-diagonal potential terms, i.e., Vsg, Vsi, VI,
and Vgp, connect the subspaces. Here we address an intuitive
energy estimation among the coordinate space. The vibrational
frequencies, wg = 81.06 cm™! and wp = 46.92 cm™!, are taken as
the energies that characterize the stretch and bend subspaces, re-
spectively. Regarding a characteristic energy of the internal ro-
tation, we can take the barrier height, i.e., the energy difference
between the minima and the saddle point (w; = 114.24 cm™!).

Estimates of typical energies for the coupling between the sub-
spaces can be done as follows. Among the parameters appear-
ing in the off-diagonal terms listed in Table [4] 0zV3, 9V, 61% VS,
and 9%V are the coefficients appeared in the Taylor expansion
with R. Then we adopt the full width at half maximum (FWHM)
of the stretch ground-state wave function, ¢R, as a typical value
for (R—R.). It is calculated to be ~ 0.42 A. By multiplying the
parameters with 6R or (6R)?, the coupling energies are evalu-
ated. Similarly, the coupling between the bend and the internal
rotation is estimated by multiplying 6,2)V3 and (95 Vg with (6p)?,
where 8p is the FWHM for the bend and its value is ~ 0.95 A. For
the stretch-bend coupling, the coupling energy was estimated by
multiplying k., with (6R)?>6p. For the angular momentum cou-
pling, the parameters Vil and Vil’R are scaled by a factor of
C3,(668,,0) ~ 0.2, with 86, = 5p/Re. The V3, ¢
ther factored by R;°. The results are summarized in Table

parameter is fur-

Table 5 Coupling energies estimated from the parameters listed in Table

Parameter Corresponding energy / cm™!
kxxz =50
ORV3 -80
ORVY 6

0% V% 60
Vs -3

’ vg 40
aZVy -1
V3 110
Viie -190

One of the notable points of Table [5]is that several coupling
terms are in the same energy range as ws, wg, or wy. This man-
ifests substantial coupling among the internal coordinates of the
stretch, bend, and internal rotation. Thus, reduced dimensional
analysis is totally inadequate to describe the intermolecular vi-
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Fig. 2 Schematic representation of the characteristic energies among the
coordinate subspaces in the Bz—methane system

bration of Bz-methane. In particular, Vi] and Vi]’ > O TEpresent
the angular momentum coupling between the internal rotation
and the bend, dominate others. This feature gives a significant
impact on the IPS, as discussed in the following. Figure |2|repre-
sents schematically the mode-coupling characteristics in the IPS
of Bz-methane. This diagram symbolizes the motivation to build
the CSBI model as given in Eq.

The coupling between the stretch, bend, and internal rotation
in the IPS can be visualized when we examine perspective 2D
cross sections out of the 6D IPS. In particular, we focus on the
cross sections that highlight the contribution of the three dom-
inant potential parameter; Vil, Vil’R, and (9RV8. As shown in
Figs.[3|and [4] we can gain an intuitive understanding on the cou-
pling effects by comparing the cross sections of the IPSs with and
without the specific coupling terms of interest.

Figure [3| shows 2D plots of the IPS along the bend (p) and
internal-rotation (yx) coordinates. The rest coordinates are set to
the values at the equilibrium position. The left panel shows the
complete IPS while the right panel shows the IPS with Vi and
Vi 1.g set zero. The difference between the two plots instructs the
contribution of the angular momentum coupling terms. While the
minimum energy path (MEP) is a straight line in the right panel, it
becomes curved in the left panel, to show the two coordinates are
not separable. In a classical view point, the bend and the internal
rotation are interlocked to each other, as a result of the angular
momentum coupling between the two modes. Another notable
point is that the coupling results in the reduction of the curvature
along the MEP: the blue region in the left panel is extended along
the p direction. If we take an effective 1D model for the bend,
its vibrational frequency is reduced due to the coupling with the
internal rotation.

Figure [4] shows 2D cross sections of the IPS along R and yx, to
show the coupling between the stretch and the internal rotation.
The left panel represents the complete IPS while the right shows
the IPS with dgV; = 0rVy = 03V3 = 5Vg = 0. In these plots, the
minimum at yx = 180° corresponds to the monodentate confor-
mation where one of the methane C-H bonds points to the CM
of Bz, while the saddle points at yx =90, 270° correspond to the

8| Journal Name, [year], [vol.],
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tridentate conformation where one of the faces of the methane
tetrahedron points to the Bz plane. In the right panel, the MEP
is depicted as a straight line, indicating that the methane unit
rotates without changing the intermolecular distance. In the left
panel, the saddle points are allocated at the positions with smaller
value of R than at the global minimum. This figure visualizes the
intermolecular distance depending on the orientation of methane
along the MEP. The difference in R between the two positions is
~0.17 A.

Figure [5| shows a schematic representation of the motion of
methane along the MEP, indicated in the left panel of Fig.[3] At
the equilibrium geometry with p = 0, one of the C-H bonds of
methane points to the CM of Bz; it lies along the intermolecular z
axis. However, as the bend angle p becomes larger, the C-H bond
becomes off from the intermolecular axis due to the coupling be-
tween the bend and internal rotation. This is in contrast to the
case without the angular momentum coupling, i.e., \/4_3_1 = V4_3_1’R =
0, where the C-H bond always points to the CM of Bz. As shown
in Fig. |5} the closest H atom tends to remain on the center of the
Bz ring in the complete IPS, as the atom looks fit to the central
dent of the r electron cloud on the Bz ring.

Figure[6]represents schematically the motion of methane along
the MEP, indicated in the left panel of Fig. |4l The shrinkage of
the intermolecular distance as the methane rotates away from
the monodentate conformation is naturally rationalized by the
fact that the repulsive part of the intermolecular interaction in
Bz-methane is mostly scaled with the distance of the nearest H
atom(s) from the Bz plane. Thus, the optimum R for the triden-
tate conformation is shorter than that for the monodentate one.
Such IPS couplings, visualized in Figs. [5] and [] cause substantial
complication in the energy-level structure for the intermolecular
vibration in Bz—-methane, as discussed below.

4.2 Eigenstate analysis

Energy levels obtained by diagonalizing the full Hamiltonian ma-
trices constructed on the CSBI model are graphically represented
in Fig. In this energy-level diagram, the results with all the
potential terms included (right part) are correlated with those
excluding the effects from the mode coupling by setting Vsg =
Vsi = Vgr = Vsgr = 0 (middle) and those for free internal rotation
of methane by further setting V; = 0 (left). In the case of free in-
ternal rotation, the energy-level structure is just the same as that
of methane monomer rotation, with addition of vdW stretch and
bend levels. By including the internal-rotation potential, each of j
levels is split into (j+ 1) multiplets with m = 0,+1,+2,...,+j as the
internal rotation is hindered by the anisotropic potential. When
the full potential is considered, the energy levels are substantially
shifted from the case for the hindered internal-rotation model by
the effects of mode coupling. Since the inclusion of the coupling
terms results in flattening of the potential (as seen in Fig.[3]), ma-
jority of the levels are stabilized by the mode coupling. Thus,
the state density of the fully coupled levels (right) is higher than
that without mode coupling (middle). It is noted that levels with
A, E, and F symmetry couple with different nuclear spin states,
between which interconversion is quite slow in adiabatic expan-
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Fig. 5 Schematic representation of the bending motion along the minimum
energy path, indicated in the left panel of Fig. [3} p is set to be 0.5 A. The
dashed lines connect the CMs of the two monomer unit; due to the coupling,
the C—H bond is displaced away from pointing to the center of the Bz ring.

Fig. 6 Schematic representation of the internal rotational motion of methane
along the minimum energy path, indicated in the left panel of Fig.El

10]
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Fig. 7 Energy-level correlation diagram for the intermolecular vibration of
Bz—methane. Left: the case for free internal rotation of methane with no
mode coupling included. Middle: the case for hindered internal rotation for
methane with no mode coupling included. Right: the case with all the poten-
tial terms included. Energies relative to the lowest level are represented. A,
E, and F represent the symmetry due to methane internal rotation.
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Fig. 8 Basis-function composition of each energy level with excitation energy up to 65 cm~!. Basis functions are labeled as (ng, v, jx). In the graph, labeling as
"s1" stands for np = 1, "b1" for v =1, "j1" for jx = 1, and so on. Each state is labeled with ascending energy ordering, relative energy, symmetry, and m value.

sion. Then, molecules with different symmetry behave as if they
are different molecular species (nuclear spin isomers). 444849

The diagonalization of the Hamiltonian matrices provided us
the expansion coefficients for basis functions in each eigenstates
obtained. Then, basis-set composition of each energy level is
given as Fig. |8l As clearly seen in this figure, most of low-lying
levels (with energy below 30 cm™!) have their composition domi-
nated (> 50%) by a single basis function. In particular, the levels
of #1, #2, and #4 are the lowest in the A, E, and F manifolds,
respectively, and they are well correlated to the hindered rotor
states with jx = 0, 1, and 2.

For levels lying higher in energy, we have to spend much care
for state assignments, since they are mostly composed of several
basis functions. Pure stretch or bend character is spread over
among multiple levels. Let us consider levels assignable to the
first excited states of the bend. In the A manifold, the #7 level is
securely picked up as this kind of state, since it contains >50%
character of the v = 1 state. For E and F, situation is not so straight-
forward. In the E manifold, states #10, #12, and #13 have larger
v =1 character but all of them contain a substantial pure internal-
rotation component (with jx = 2). This should be the results of
the angular momentum coupling between bend and internal ro-
tation. Four of F states (#5, #8, #11, and #14) have larger v=1
character. The lower two also contain a substantial pure internal-
rotation component (with jx = 2), being another signature of an-
gular momentum coupling. Since the states #5 and #11 belong
to m = 0, it is practically impossible to make a unique assign-
ment to the bend fundamental. Assignment of the first excited
states of the stretch is also tedious. States #17 and #21 can be
assignable to the stretch fundamental in the A and E manifolds,
respectively, while states #18 and #20 to F, since the four states
contain a perceivable contribution from the functions with ng = 1.
However, the fractions of the stretch basis are far from dominant

(< 20%), indicating the effects of substantial mode mixing.

By using the expansion coefficients for basis functions in
each eigenstates obtained, we evaluated the averaged in-
termolecular distance (R), as well as the root-mean-square
(RMS) amplitudes for the stretch, the bend, and the inter-
nal rotation: AR = V((R—Re)?), Ap = \[p?), and Acosfx =
\/([cos(Qx—()X,e)—(cos(HX —0x e )?), respectively. The results for

each energy level below 65 cm™! with m < 2 are listed in Table @
From this list, the following notable points can be extracted.

For (R), the largest values of 3.68 f\, exhibited in the states with
dominant internal-rotation characters (#1-4, #6, #9), are sub-
stantially shorter than that for the monodentate global minima
(3.712 A). This is an indication that the coupling between the
stretch and the internal rotation (as shown in Fig.[6)) is operative.
The values for the states with some bend characters (#5, #7, #8,
#10-16, #19) are further smaller (in the range of 3.62-3.65 A).
This may be rationalized by the stretch-bend-internal rotation
coupling, where the methane becomes tilted as the bend coor-
dinate becomes larger (as shown in Fig. [5), approaching to the
bidentate conformation with preference of shorter R (3.634 A).
For the states with certain stretch characters (#17, #18, #20,
#21), the distance is elongated to some extent (3.66-3.67 10\),
definitely due to the anharmonicity of the stretch vibration.

The RMS amplitudes for the stretch, AR, are ~ 4% of the in-
termolecular distance R. The value of the states with dominant
internal-rotation characters (#1-4, #6, #9) are 0.16 A, and those
for the states with some bend characters (#5, #7, #8, #10-16,
#19) are slightly smaller (0.13-0.15 A). The states with certain
stretch characters (#17, #18, #20, #21) exhibit larger values of
0.17-0.18 A), as expected.

The RMS amplitudes for the bend, Ap, fall within the range
of 0.4-0.5 A, which are 29-36% of the radius of the Bz ring
(1.40 A). In a classical point of view, the methane molecule is
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Table 6 Intermolecular energy levels of Bz—methane up to 65 cm™! with |m| < 2.
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State No. Symmetry m Energy/cm™! (RY/A AR/A Ap/A Acosbx
1 A 0 0.00 3.68 0.16 0.41 0.57
2 F 0 6.05 3.68 0.16 0.41 0.50
3 F +1 8.90 3.68 0.16 0.41 0.57
4 E +1 15.57 3.69 0.16 0.41 0.57
5 F 0 25.97 3.63 0.15 0.47 0.50
6 E +2 26.61 3.68 0.16 0.41 0.57
7 A +1 27.16 3.64 0.15 0.49 0.55
8 F +1 27.57 3.64 0.15 0.47 0.52
9 F +2 29.27 3.68 0.16 0.41 0.55
10 E 0 31.69 3.64 0.15 0.46 0.55
11 F 0 33.24 3.63 0.15 0.49 0.54
12 E +2 36.13 3.64 0.15 0.47 0.56
13 E +1 36.33 3.62 0.15 0.47 0.55
14 F +2 37.53 3.65 0.15 0.49 0.54
15 F +1 43.47 3.62 0.15 0.47 0.45
16 F +2 51.47 3.62 0.14 0.47 0.52
17 A 0 54.26 3.67 0.18 0.39 0.51
18 F 0 55.07 3.67 0.18 0.42 0.45
19 A +2 55.08 3.62 0.13 0.45 0.49
20 F +1 57.68 3.67 0.17 0.42 0.50
21 E +1 62.77 3.66 0.17 0.41 0.50
22 F +1 63.87 3.67 0.16 0.40 0.52

sliding back and forth on the one-thirds of the Bz ring. The am-
plitudes of the states with bend characters (#5, #7, #8, #10—
16, #19) are substantially larger (0.45-0.49 A) that those for the
states with internal-rotation characters (#1-4, #6, #9) (0.41 A),
as expected. The states with stretch characters (#17, #18, #20,
#21) exhibit shorter values of 0.39-0.42 ;\, similar to those with
internal-rotation characters.

The limiting values of the RMS amplitudes for the internal
rotation, Acosfy, are zero in the rigid complex while 1/ V3 ~ 0.58
in the case of free rotation. All the states listed in Table [6] exhibit
slightly smaller values (ranging 0.45-0.57) than the free-rotation
limit. In particular, the value (0.57) of several low-lying states
(#1, #3, #4, #6) is very close to the free rotation limit. This
is regarded reasonable since these states are dominated by a
single internal-rotation basis function. The states #15 and #18
have the smallest value of 0.45. Such a reduction is an indica-
tion of partial localization of the internal-rotation wave functions.

5 Conclusions

In the present study, we have developed a new formalization,
termed Coupled-Stretch-Bend-Internal-rotation (CSBI) model, to
represent the IPS pertinent to vdW complexes, where a rela-
tively small molecule X is attached on the surface of an aro-
matic molecule (e.g., Bz). The CSBI model takes the following
three internal coordinates to describe the intermolecular vibra-
tion: the longitudinal displacement of X from the Bz plane (as
vdW stretch), the 2D displacements of X parallel to the Bz ring
(vdW bend), and the 3D internal rotation of X inside the complex.
Then, the IPS is represented as a sum of symmetry-adapted terms,
each of which is expressed as explicit functions of the coordinates.
Even though the model is not suitable to describe complex con-
figuration far off from the potential minima, it is capable to set
out adequately any internal orientation of X. It also provides an

L
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appropriate description on the mode coupling among the three
coordinates. In particular, angular momentum coupling between
the 2D bend and the 3D internal rotation is formulated explicitly.

In the present report, we take Bz-methane as a suitable sys-
tem to apply the CSBI approach because of its high symmetry
and its significance as a prototypical model for the C-H/r inter-
action. Single-point energy calculation has been conducted at
the CCSD(T)/aug-cc-pVTZ level of theory for 525 grids for vari-
ous conformation of the complex, and the calculated results have
been fit to determine potential parameters in the CSBI model. In
The IPS thus constructed, the most stable geometry and the sad-
dle points along the internal rotation have been allocated at the
monodentate and bidentate conformations, respectively, between
which the energy difference is moderately small (of 57 cm ). It
has also been shown in the determined IPS that the internal ro-
tation couples substantially with the bend and stretch modes, as
clearly visualized in the 2D sections of the IPS shown in Figs.
and Such an interlocking of the two modes is a dynamical
outcome of the C-H/r interaction.

Based on the determined CSBI potential, eigenstates for the
intermolecular motion of Bz-methane have been determined
by diagonalizing the full Hamiltonian matrices, sorted with
the A, E, and F symmetries and the coupled angular mo-
mentum component m for the bend and the internal rotation.
The corresponding energy-level structure is highly congested,
indicating the substantial effects of the mode coupling in the
IPS. State characterization has been realized only after detailed
examination of basis-function composition of each energy level.
It has been shown characteristics of the levels are well correlated
to the vibrationally averaged geometrical parameters, e.g., the
intermolecular distance and the root-mean-square displacements
for the internal coordinates. Such in-depth description of energy
levels will be indispensable for comprehensive analysis of experi-
mentally obtained data. We have already conducted frequency-
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and time-domain spectroscopic investigation pertinent to the
intermolecular vibration of Bz-methane. The analysis of the
spectra is now underway and will be reported in a separate paper.
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