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Prelude to Molecular Dynamics-Il: Investigation of Potential
Energy Surfaces Using Gaussian Charge Models

Johnross V. Albuquerque* and Rajendra N. Shirsat™

The current work demonstrates the application of topography-
based Gaussian charge models (GCMs) in studying potential
energy surfaces of molecular dimers of water, ammonia,
acetylene and benzene in addition to water-ammonia, water-
acetylene, ammonia-acetylene, water-benzene, ammonia-
benzene and acetylene-benzene complexes. Investigations are

1. Introduction

Hydrogen bonding and solvation are important phenomena in
biological processes. In addition to holding two helical chains
of nucleotides in deoxyribose nucleic acid together, the former
force along with the latter also govern various types of
interactions viz. ions with solvents, water with bio-molecules,
protein folding etc.” In such situations, the electrostatic term
is the major contributor to the total interaction energy (IE),
especially at larger separation distances.”’ Though quantum
mechanical (QM) methods viz. effective fragment potential are
capable of handling interactions in large systems,”” the same
can be achieved by the use of point charge models (PCMs).
Some examples presented hereafter demonstrate the useful-
ness of PCMs. The EPIC (Electrostatic Potential for Intermolecu-
lar Complexation) model has been helpful in studying hydra-
tion patterns of formaldehyde, methanol, cyclopropane,
formamide and uracil molecules.”’ Interaction energies (IEs)
and predicted structures of hydrated complexes were found to
be in good agreement with corresponding QM counterparts.
These geometries when used for QM calculations were found
to converge faster. The water (H,0) models (consisting of
positive point charges placed at hydrogen sites and a negative
charge along the C, axis) developed by Yu and Gunsteren,”
could simulate various properties of liquid water (viz. heat
capacity, self-diffusion constant, thermal expansion coefficients)
at various thermodynamic states. Such predictions were found
to correlate well with experimental results and theoretical
values derived from QM computations. Irrespective of the
methods employed to derive charges on atoms,”® such PCMs
are incapable of reproducing the topographical features of the
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also carried for trimer systems of water, ammonia and their
mixed compositions. The predicted geometries are in good
agreement with those derived from quantum mechanical (QM)
calculations and the interaction energy values forecasted
deviate not more than =2 kcal/mol from respective QM
counterparts.

Electrostatic Potential (MESP), due to lack of

t[10]

Molecular
continuous charge componen

The MESP due to a molecule at point r, in its vicinity is
expressed in atomic units by Eq.(1) where the first term
denotes the contribution of nuclei with charges {Z} located at
{R}"" The second term arises due to electrons where p(r)
corresponds to the electron density function.

NG Z p(r)
vin=> 1, F=R| / Ir — r’\dr

The rich topographical features of Eq. (1) are brought out in
terms of critical points (CPs) - points where the first order
partial derivatives vanish i.e. %:O for i=1, 3. CPs are then
characterized by nature of three eigenvalues {1;} obtained from

corresponding Hessian matrix H (matrix of second order partial

Mm

02
derivatives with elements Hij:%ng ) evaluated at the CPs. If at

least one of the eigenvalues is zero then, that CP is said to be
degenerate. A nondegenerate CP exists when all eigenvalues
are nonzero; and is represented as (R,0) where rank (R) denotes
number of non zero eigenvalues. Signature (o) is obtained from
algebraic sum of the signs of eigenvalues. Based on (R,0)
values, four types of nondegenerate CPs are possible for MESP
scalar field: (3,43), (3,—3), (3,+1) and (3,—1). The negative-
valued (3,+3) CP corresponds to local minimum and signifies
presence of lone pairs/m bonds."? Gadre and coworkers have
proven the absence of non-nuclear (3,—3) type of CP."® Each
bonded pair of atoms is indicated by (3,—1) CP.'"¥ A negative-
valued (3,+ 1) CP is found to connect two nearest minima."”

Gadre and Shrivastava initially developed Gaussian charge
models (GCMs) to reproduce topographical characteristics of
ammonia (NH;) and H,0 molecules."® Similar topography-
based models were also developed for molecules like ethene,
methanol, hydrogen sulphide and benzene (C¢Hg)."” The earlier
study from our laboratory dealt with development of top-
ography-based GCMs and demonstrated their reliability to be
employed for molecular dynamics simulations as they were
capable of predicting correct geometries of water dimer (H,0),
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and benzene-water complex (CgHs...H,0)."® In continuation
with the same, the present study aims in rectifying the
underestimated IE values reported for mentioned molecular
systems and investigating potential energy surfaces (PESs) of
several other interacting molecules using GCM:s.

2. Computational Methotology

For benefit of readers, this section briefly describes the
development of GCMs discussed in reference no. 18. Prior to
GCM development, it is important to know about the various
topographical features of MESP exhibited by given molecule
under consideration. The corresponding molecular geometry is
first optimized at the second order Mgller Plesset (MP2)
perturbation theory using 6-31G(d,p) basis set. The computa-
tional chemistry software Gaussian 03 is used for this
purpose. Optimized geometry coordinates, occupied molec-
ular orbital coefficients and basis set information are then
employed to locate and characterize MESP CPs using the
software INDPROP.”™ The GCM is then constructed by placing
positive point charges at nuclei sites and s-type Gaussians
associated with negative charges (preferably) at coordinates
corresponding to negative-valued (3,+3) CPs. The model
parameters: {point charges, Gaussian exponents, Gaussian
locations} are optimized to obtain correct MESP topography,
especially in the negative V(r) region. For convenience, GCM
parameters of H,0, NH;, acetylene (C,H,) and C,Hs molecules
considered in this study are displayed in Table 1. Formula for
computing IE using GCMs (IEgq) is described in supporting
information (SI).

In the first phase, H,0 and NH; GCMs were used to predict
minimum energy geometries of (H,0), and ammonia dimer
(NHs),. Use of spherical enclosures around each GCM prevents
them from interpenetrating into each other. The energy
minimization process occurs by keeping one model in fixed
position and subjecting the other towards rotation/translation
till lowest value of IE., is obtained. A detailed description of
this process is also available in reference 18. Unlike the (H,0),
case, a higher basis set like 6-31+G(d,p) was necessary to
obtain structure of (NH;),. To maintain consistency, all QM
results are reported at MP2/6-31 + G(d,p) level of theory.

Frequency calculations were performed to confirm nature
of corresponding optimized geometries. The QM calculations
are done using Gaussian 03 suite of programs.'” The radii of
spherical enclosures {Rg} and {Ry} for H,O and NH; GCMs are
chosen such that they reproduce the binding energy (BE) and
IE free from basis set superposition error (BSSE) at MP2/6-31 +
G(d,p) level for respective dimer geometries. Using mentioned
GCM parameters and spherical enclosures, the BE and BSSE-
free IE values are predicted for ammonia-water (NH,...H,0)
complex. The minimum energy geometry of (NH,...H,0)
predicted by GCMs is then subjected towards geometry
optimization at MP2/6-31+ G(d,p) level of theory. Results from
the two approaches are compared. The study is then extended
to acetylene dimer (C,H,),, benzene dimer (C¢H¢), and other
related systems.
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Table 1. GCM parameters of water, ammonia, acetylene and benzene
molecules. Darkened circles represent s-type Gaussian sites associated with
charges {g¢} and exponent a. The ball-and-stick model is used to represent

molecular framework constructed from positive point charges.

Model Parameters

Water

a=0.3850
AT qg=-0.2379
1.04004A | |
Ammonia !
GCM-1
Ammonia
GCM-2¥
Acetylene®
Benzene™
L] ° ®
[a] Gaussian position at centre of mass [b] refer S| for details.
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3. Results and Discussion
3.1. Preliminary investigation
3.1.1. Water dimer

Using a spherical enclosure (of radius R, originating from
oxygen site) around water GCM, a linear hydrogen bonded
structure is predicted for (H,0), as portrayed in Table 2, entry 1.
One of the GCMs behaves as hydrogen (H) donor and the other
as an H acceptor. This predicted orientation is in good
agreement with experimentally observed structure derived
from molecular beam spectroscopy,”” and QM calculations
reported by several researchers.”” Based on optimized geome-
try of (H,0), at MP2/6-31+G(d,p) level of theory, the
intermolecular oxygen-oxygen distance {Ry.o} is about 2.9147 A.
For Ry=1.455 A, the GCMs predict BE of about—7.48 kcal/mol.
When R, equals 1.62 A, the predicted IE value agrees well with
its BSSE-free counterpart.

3.1.2. Ammonia dimer

Structure of (NH,), (Table 2, entry 2) predicted by the newly
developed NH; GCM (Table 1, entry 3) was found to be in good
agreement with those reported by various groups.” The
shortcomings of ammonia GCM-1 (from Table 1) are described
in SI. As in the case of H,O GCM, the ammonia GCM was
employed using a spherical enclosure. The intermolecular
nitrogen-nitrogen distance {Ry,} in optimized geometry of
(NH,), is about 3.2422 A. Considering Ry=1.62 A, the GCMS
predict BE of —4.61 kcal/mol and if R equals 1.845 A, then, the
predicted BSSE-free energy is about —2.80 kcal/mol. With
suitable Ry and Ry values chosen for H,0 and NH; models, the
interaction between these two molecules is investigated here-
after.

3.1.3. Ammonia-water complex

Minimum energy structure of NH;...H,0 complex predicted
by GCMs is portrayed in Table 2, entry 3 wherein the two
hydrogen atoms labeled by asterisk symbols are in ‘cis’
orientation. At MP2/6-31+G(d,p) level of theory, the ‘trans’
orientation is found to be slightly more stable than the ‘cis’
orientation. QM calculations reported in the work of Salli and
co-workersalsoconfirm this observation.”” The predicted ener-
gies are in good agreement with QM counterparts.

3.1.4. Acetylene dimer, acetylene-water and
acetylene-ammonia complexes

A single s-type Gaussian charge distribution placed at the
centre of mass in C,H, GCM restores the topographical features
of MESP viz. ring of degenerate CPs and (3,—1) CPs between
C—H and C=C bonds (refer Sl for insights on GCM develop-
ment). The model was then employed to find minimum energy
structure of (C,H,), with van der Waal (vdW) type of enclosure
constructed from spheres (of radius R¢) originating from carbon
atoms. The GCMs predict a T-shape geometry (Table 2, entry 4)
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which is confirmed from earlier,”” and present QM calculations.

The IEs obtained for choice of Re=1.7 and 1.9 A are also
displayed in Table 2.

Owing to the acidic nature of hydrogen atoms in acetylene,
this molecule is expected to behave as a H donor during its
interaction with either H,O or NH; molecules. The GCMs
successfully predict such behavior (Table 2, entries 5 and 6)
which agree well with current QM calculations and those
reported by researchers.”® More importantly, the choice of R¢
and Rg values determine the angle {d} between C, axis of H,0
and C_ axis of C,H, in acetylene...water complex. In predicting
the BE of the complex, value of angle & agrees well with that
obtained from corresponding QM counterpart. However & is
close to zero when predicting BSSE-free IE.

The various R, Ry and Rg values proposed for C,H,, NH; and
H,O models work well in predicting BE and BSSE corrected IE
values (which deviate not more than =2 kcal/mol from respec-
tive QM counterparts).

3.1.5. Benzene dimer

Extensive work on aromatic-aromatic interactions ((CgHg), being

the simplest example) has been carried out by Burley and

Petsko, who defined these interactions as those between

phenyl rings whose centroids are separated by a distance of

45-7.0 A with energy of formation in the range of —0.6 to

—1.3 kcal/mol.””? Such a separate class of interactions contrib-

utes to some extent towards stability of protein structures

(more dominant when protein contains large number of

aromatic fragments). These interactions are divided into two

categories: -7t stacking resulting from face-to-face orientation
of aromatic rings and the C-H interactions due to edge-to-face
orientation of aromatic substrates. Based on the electrostatic
model proposed by Hunter and Sanders, the m-mt stacking in

(C¢He), is due to repulsion between mt electrons and attraction

between positively charged benzene rings with & electrons.”®

The coulombic interactions between aromatic hydrogen atoms

and 7 electrons of different rings result to C—H interactions.

Tsuzuki and co-workers pointed out that the electrostatic

interactions favor the T-shape structure of (C¢Hq), while

dispersion energy (a ubiquitous weak attractive force) directs
the benzene rings in face-to-face geometry.””

Though inappropriate to enclose the entire benzene GCM
by a single sphere of radius R, originating from centre of
mass and employ the same to study PES of (C4He), such
implementation has yielded some important observations
which are displayed in Figure 1.

1) With R,,=2.6450 A, energy minimization starting from the
face-to-face orientation of (CiHg), results to the T-shape
geometry with C,, point group.

2) With a different R, value (R, =2.4772A) however, a T-
shape geometry with C, point group is obtained.

3) The above results are observed even when a vdW type of
enclosure (surface generated from spheres of radii {Rd}
originating from carbon atoms) is employed around
benzene GCM, provided value of R. is greater than 1.8 A.

© 2020 Wiley-VCH GmbH
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Sr. No.

Table 2. Summary of preliminary investigation carried out using GCMs. The dots represent s-type Gaussians in respective models.

Molecular system

Geometry from energy minimization calculations using GCMs

Interaction Energy
(kcal/mol)

Water dimer

Ammonia dimer

Ammonia-water complex

Acetylene
dimer

Acetylene-water complex

Acetylene-ammonia complex

1

Ro|

—6.38 MP2/6-31+ G(d,p)

—4.78 including BSSE correction
—7.50 GCMs; Ry =1.455 A

—4.75 GCMs; Ry, =1.64 A

—4.00 MP2/6-31 4 G(d,p)

—2.75 including BSSE correction
—4.61 GCMs, Ry=1.62 A

—2.80 GCMs; Ry=1.845 A

—8.20 GCMs; Ry =1.455 A and
Ry=1.62 A

—5.08 GCMs; Ry and Ry values

of 1.64 and 1.845 A

—7.83 (cis) MP2/6-31 + G(d,p)
—6.07 (cis) including BSSE effect
—7.85 (trans) MP2/6-31 4 G(d,p)
—6.07 (trans) including BSSE effect

—1.95 GCMs; Re=1.7 A

—1.20 GCMs; Re=1.9 A

—1.98 MP2/6-31+G(d,p)

—0.91 including BSSE correction

—3.50 GCMs; Re=1.7 A and
Ro=1.455 A; 6=20.92°

—2.15 GCMs; Re=1.9 A and
Ro=1.64A; 4=0.13°

—4.09 MP2/6-31 +G(d,p);
a=17.21°

—2.56 including BSSE correction

—3.76 GCMs; Re=1.7 A and
Ry=1.62 A

—2.39 GCMs; Re=1.9 A and
Ry=1.845 A

—4.81 MP2/6-31 4 G(d,p)

—3.10 including BSSE correction
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Table 2. continued
Sr. No. Molecular system Geometry from energy minimization calculations using GCMs Interaction Energy
(kcal/mol)
CG
c, §
O 3l —2.81 GCMs; R=1.9 A and
5 Ro=1.455 A, f—66.98°
: °R (ring centre, 0)=3.3550 A
- "
7 Benzene-water complex . . _74'08 MP2/6-31+G(d,p)
‘ p=42.11°
O’ m g O R (ring centre, 0)=3.3738 A
% N § —2.16 including
OU UO BSSE correction
L] i L]
Ll & ‘: ® .
Ce
Cs-.. |
@ B —1.54 GCMs; Re—1.9 A and
(e i o Ry=162 A; f=78.17°
T R (ring centre, N)=3.7450 A
8 Benzene-ammonia complex Ve L. » —3.07 MP2/6-31 + G(d,p);
m B=42.11%
G"' L il O R (ring centre, N)=3.3738 A
O __ O —1.23 including BSSE correction
L i .
. ® ! . L
e —1.16 GCMs; with Re=1.9 A
[ i i for C4Hg and Rc=1.7 A for
\ C,H, model
9 Benzene-acetylene complex 089 using GCMs; Re=1.9 A
4 P s for both models
—4.26 MP2/6-31+ G(d,p)
TN —1.67 including
U({\H : 2 @ BSSE correction
s * o i
e g4 ®
[a] R(ring centre, X): distance between ring centre and X type of atom where X=0, N.

4) For R values less than 1.8 A, interaction between hydrogen
end of one GCM and Gaussian center of the other is
observed. For example, when R. equals 1.5A, energy
minimization of benzene GCMs results in a structure having

C, point group.

It is more appropriate to consider the vdW type of

The face-to-face and T-shaped geometries are stationary
points along the PES of (CHe), at MP2/6-31+G(d,p) level of
theory. The IEgy values predicted for mentioned stationary
points are found to be overestimated (as shown in Table 3). It is

hoped that the C;Hy GCM predicts reasonable IE values on

enclosure around C¢Hy GCM which envelopes all s-type
Gaussians. In this context, the surface generated from spheres
at carbon sites of radius Re=1.9 A appears to be a good

choice.

ChemistrySelect 2020, 5, 11052-11062 Wiley Online Library 11056

interacting with H,0, NH; and C,H, molecules.
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2 Rmol

(Cx) (C,) (C,)

Figure 1. Effect of employing different enclosures around benzene GCM on
predicted minimum energy structure of benzene dimer. The first two
structures on the left are obtained by using spherical enclosures of radii
2.6450 and 2.4772 A respectively. The right hand side structure is the result
of using vdW surface around benzene GCM. Point group of respective
geometries are displayed in parenthesis. Refer text for more details.

Table 3. Interaction energies of some stationary points along PES of
benzene dimer obtained via. QM calculations at MP2/6-31 + G(d,p) level of
theory and GCMs.

Geometry Distance BE IE (BSSE IE
between (kcal/ free) using GCMs
ring centroids mol) (kcal/mol) (kcal/mol)
A
Face-to- 3.8457 —4.00 —-1.32 0.56
face
T-shape 4.8375 —4.88 —-1.71 —0.03
()
T-shape (C,) 4.8199 —4.88 —1.65 —0.04

3.2. Interaction of benzene with water, ammonia and
acetylene molecules

In both: C¢Hg...H,0 and benzene-ammonia (C4Hg...NH;) com-
plexes, one of the hydrogen atoms belonging to H,O and NH,
molecules is found to interact with the & cloud of aromatic
substrate (Table 2, entries 7 and 8). Based on the predicted
I[Egcm Values, one can conclude that the H,O molecule is
strongly bound to C¢Hy as compared to NH;. Earlier reports and
current QM calculations support this inference.®” The minimum
energy structure of CgH,...H,O complex was obtained at MP2/
6-31+G(d,p) level of theory.

The underestimated IE,"® reported for several stationary
points along PES of CgHg...H,O complex at MP2/6-31G(d,p)
level of theory (Table 4, column 2) have been rectified (Table 4,
column 4) by using vdW/spherical enclosures for respecti-
ve GCMs. These stationary points were also optimized at MP2/
6-31+G(d,p) level of theory and corresponding geometries are
displayed in column 5 of Table 4. The orientation of H,0 with
respect to CgHg remains identical in almost all geometries
except in the first row of Table 4. The right hand side structure
resembles the minimum energy geometry of CgHg...H,0
complex reported in Table 2 (with respect to orientation of

ChemistrySelect 2020, 5, 11052-11062 Wiley Online Library
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hydrogen atoms of water). GCMs also predict lowest BE/BSSE-
free IE for this geometry.

The structure of benzene...acetylene complex predicted
by GCMs is displayed in Table 2, entry 9 wherein C,H, acts as a
H donor and CiHy as H acceptor. The BE prediction for this
complex is done using vdW enclosures whose R value equals
1.7 A for C,H, and 1.9 A for C,H,. For BSSE-free IE prediction,
value of R. equals 1.9 A in both models. It is seen that the GCM
prediction in either case is overestimated.

3.3. Interactions between different compositions of water
and ammonia molecules

Water and ammonia GCMs successfully predicted geometries of
respective trimers along with structures of (NH;)(H,0), and
(NH,),(H,0) complexes which are presented in Table 5. It is
observed that there is a good agreement between GCM
predictions and QM calculations with respect to geometries of
interacting systems wherein each molecule acts as H donor and
H acceptor. A direct relation between number of water
molecules in given system and strength of interaction is also
observed (i.e. drop in the IE as the number of water molecules
decrease). The GCM-predicted BEs don’t vary more than
+1 kcal/mol from respective QM counterparts however the
predicted BSSE-free energies show more deviations from QM
values.

3.4. Revisiting the potential energy surfaces of
water/ammonia dimers

The two H,O molecules in minimum energy structure of (H,0),
are expected to repel each other for Ry values less than
2.9147 A and attract each other at larger separation distances.
This behavior is observed when BE computed at MP2/6-31+G
(d,p) level of theory is plotted as a function of Ry (Figure 2A,
continuous curve). The GCMs on the other hand are incapable
of mimicking this trend (Figure 2A, discontinuous curve) due to
their simplistic nature (constituting of only positive point
charges and Gaussians associated with negative charges).
Hence it was necessary to employ appropriate enclosures while
using these models to study PESs of various systems. The most
widely used model to replicate short term repulsion effects in
molecular simulations is the so-called Lennard-Jones (LJ) 12-6
potential term {E, } defined by Eq. (2).5"

o; 12 o; 6
el G

The first and second terms in Eq.(2) account the short-
range repulsion and attraction contributions while the sum is
extended to all atom pairs (i, j) of two molecules (A, B), R;being
the distance between different atom pairs of molecules A and
B; o; and g; (known as LJ parameters bearing dimensions of
distance and energy) being some empirical parameters such
that 0;=(0,4+0)/2 and g;=(gxg)°*. Including the LJ term
i.e.Eqg. (2) when computing IEs via. GCMs could perhaps restore
the short-range repulsion effects.

© 2020 Wiley-VCH GmbH
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Table 4. IEs in kcal/mol predicted by GCMs for some stationary points along PES of benzene-water complex.
Point group MP/6-31G(d,p) MP/6-31 + G(d,p)
Optimized geometry IE (kcal/mol) Optimized geometry starting from column 2 structure IE (kcal/mol)
BE/ GCMs BE/ GCMs
BSSE-free BSSE-free
=
ok
]
590 J 86°) (5
1 43° ‘e o %
c Py 2 —417 145 Sy —407 226
: &/ A -186  —1.22 & e -216 186
o~/ 3.23171 Ay Vi 3.3726A
; | ' ‘ ‘ . 3 | #
81 4., o B s}t_-:,
< Y <
c &/ 3 —3.06 —2.21 o/ 1!‘.:% —-4.07 -2.20
! NS ,‘; —1.34 —1.80 - 3 —2.18 -1.76
vy 3.4326 A o 3.3734A "
, :,1;', -SD'Sd-
\‘J \.J
~/ §1° </ 51°
v/ —4.17 —-1.35 Sl —3.88 —-1.35
C,, gl 5/
~d —1.88 —-1.14 @/ —2.18 —-1.14
&/ 3.2399A &/ 3.3693A
| el |
9 4
4.8795 A 48149 A .
c i '/ 213 —0.06 ./ —2.56 —0.06
gl w* ~1.16 —0.05 W‘ ) 1.4 —0.05
¥
9
T 7 450| 59200 of 600’2
c o il - 417 145 b ~391 145
: o/ e —1.87 —1.21 -2.19 —-1.21
2/3.2218A 5 M33723A!
9 J
i
< 51° <! 51|
J
C. 5 i —4.17 -135 § j‘ —3.88 —-1.35
©;3.2384 A -8 14 &/ 33675 A —218 0 -1a4
o~ i ~N
5 22 *‘“‘

In the simple case of (H,0), the positive valued LJ
parameters {g;, o3} from Eq. (2) are equivalent to {€yaten Owatert @S
g =g, 0;=0; and for convenience, {g;, o} are referred to {€yaen
O,aterd- AS spherical enclosures originating from oxygen atoms
have been used for water GCMs,

BE" (Ro o) -

BEiGCM (RO—O ) +£water

Owater 12 [ Owater 6
Ro-o Ro-o

N
A=y
i=1

the same approach is

continued in present context. so that the R; term in Eq. (2)

corresponds to Rpo. LJ parameters {€,ten
obtained by minimizing the objective function Adefined by
Eq. (3) using subroutine STEPIT.5?

ChemistrySelect 2020, 5, 11052-11062 Wiley Online Library

Ouaterd are then

The first term in Eq. (3) is the BE value of (H,O
using QM calculation while the entire second term in brackets

), obtained

corresponds to its GCM counterpart, inclusive of LJ component.
With respect to minimizing Eq. (3), the GCMs have to (ideally)
reproduce Ry, value of 2.9147 A in (H,0),. Also the BE values
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Molecular system

Table 5. Minimum energy structures and IEs of three interacting molecules predicted by GCMs.

Minimum energy geometry predicted by GCMs

Interaction energy (kcal/mol)

Y
(

Three water molecules

Two water molecules and one ammonia molecule

One water molecule and two ammonia molecules

Three ammonia molecules

ot —13.47 BSSE-free related LJ parameters

—19.54 GCMs; Ry =1.455 A
—12.25 GCMs; Ry=1.64 A
- —18.65 at MP2/6-31+ G(d,p)
—14.79 including BSSE correction
—17.55 BE related LJ parameters

—18.96 GCMs; Ry =1.455 & Ry=1.62 A
—11.65 GCMs; Ry =1.64& Ry=1.845 A
—18.59 at MP2/6-31 + G(d,p)
. —14.59 including BSSE correction
() —16.91 BE related LJ parameters
y I : —12.99 BSSE-free related LJ parameters

—16.20 GCMs; Ry =1.455 & Ry=1.62 A
—9.85 GCMs; R, =1.64 & Ry=1.845 A
—16.48 at MP2/6-31+G(d,p)
—12.71 including BSSE correction
—14.99 BE related LJ parameters

- —11.22 BSSE-free related LJ parameters

—13.38 GCMs; Ry=1.62 A

—8.02 GCMs; Ry=1.845 A

—12.81 at MP2/6-31 + G(d,p)

—9.45 including BSSE correction
—12.93 BE related LJ parameters
—9.53 BSSE-free related LJ parameters

for Ry values less than 2.9147 A are expected to become less
negative.

When {€yaten Owated €quals {3.5675 kcal/mol, 3.0307 A}, low-
est value of Eq. (3) is about 0.1735 kcal/mol. The GCM-predicted
Roo value in (H,0), turns out to be 3.0016 A with BE of
—6.41 kcal/mol. These findings are the result of constructing
the objective function Ausing last six data entries from Table 6
and then subjecting Eq. (3) towards minimization. As seen from
the energy profile diagram in Figure 2B, BE becomes less
negative for Ry, values less than 3 A. Similar profiles obtained
for additional stationary structures of (H,0), having C,, point
group also confirm such behavior (refer Figures 3A and 3B).

Though H,0 GCMs (on incorporation with 12-6 LJ potential
term) are able to mimic short-range repulsion effects, the
deviation between GCM-predicted BEs and corresponding QM
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values is found to increase as Ry, decreases. This probably is
the result of considering the entire H,O as a single hard sphere
whose radius equals 0,... The BE trend could change if one
considers spheres for hydrogen atoms as well. Though addi-
tional studies may be required for the same, the current
implementation is found to exhibit satisfactory results (dis-
cussed in upcoming sections).

L) parameters {€,uen Owaterd =10.4164 kcal/mol, 3.5001 A}
replicate the BSSE-free interaction energy trend (Figure 4,
Table 7) in minimum energy structure of (H,0),. Considering
these values, the GCMs predict Ry value of 2.9943 A and BSSE-
free IE of about —5.06 kcal/mol.

For NH; GCM, LJ parameters: {€,nmoniar Oammonia)
{2.2869 kcal/mol, 3.2860 A} replicate the BE trend in minimum
energy structure of (NH,),. The Ry_y distance is about 3.2287 A

© 2020 Wiley-VCH GmbH
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Figure 2. Comparison between binding energy plots for (H,0), obtained using GCMs (A) in absence and (B) in presence of 12-6 LJ potential term with QM
calculation done at MP2/6-31+ G(d,p) level of theory. The continuous and discontinuous curves depict QM and GCM behavior respectively. Data used for these

plots is from Table 6.

z

14 4

Binding energy (kcal/mol}
(o]

Table 6. Binding ene.rg.y as a function of intermolecular oxygen-oxygen in with BE of —4.40 kcal/mol. These values are in good agreement
minimum energy structure of (H,0),. . ) "
with corresponding QM counterparts (Ry_y=3.2422 A, BE=
a] WF b] GCM c] d]
Va'?e TE\-;) “BE, (:;CBV "BE, f;“a'/ (:(]ELi/ ' ”BGECM —4.0 kcal/mol) obtained at MP2/6-31+G(d,p) level of theory.
C; mo me mcjl) u&':j’l /mol)s The second set of parameters: {€,mmoniar Tammonia} = {0.5983 kcal/
mol, 3.6786 A} are used for predicting IE free from BSSE. The Ry.
o2 1.92 —20.97 105.95 84.98 v value is about 3.3489 A with IE of —3.25 kcal/mol. The LJ
2 2.50 -1.95 -13.98 24.62 10.64 d for H.O and NH del dt
3 275 509 937 506 431 parameters proposed for H,O an ; models are used to
4 3.00 —6.29 —6.53 0.24 —6.29 study systems involving these species. The overall summary is
5 3.25 —545 —4.72 —0.80 —5.52 as follows.
6 330 —4.37 =332 —087 —4.39 1) Using LJ parameters (Eumen Ouwaterd =13.5675 kcal/mol,
7 375 —3.41 —2.69 —0.72 —3.41 3.0307 A} d I }— 12,2869 keal/mol
8 400 268 ~2.10 ~0.55 ~265 : an Eammoniar ~ Tammonial = 12- cal/mal,
9 4.5 212 _167 —041 —208 3.2860 A}, the BE for NH;...H,0 complex turns out to be
[a] value obtained at MP2/6-314-G(d,p) level of theory; [b] calculated via. —7.65 kca_l/m0| with Ry, distance Olf 3.0336 A.
Eq. (S10) in S|, section S1; [c] calculated using Eq.(2) where {Eyuer Oume) 2) The predicted BSSE-free IE value is about —6.27 kcal/mol
values are mentioned in main text and [d] obtained by adding column 4 with intermolecular nitrogen-oxygen distance of about
values to column 5. 3.0627 A when following LJ parameters are used: {€,aen

Oparert =10.4164 kcal/mol, 3.5001 A} and {&,mmoniar Tammonial =
{0.5983 kcal/mol, 3.6786 A}.

Binding energy (kcal/mol)
()]

Figure 3. Binding energy as a function of Rq in stationary structures along PES of (H,0), where (A) the two molecular planes are perpendicular to each other

and (B) both molecules lie in the same plane. Values lying on the continuous curves are derived from QM calculations at MP2/6-31+ G(g,p) level of theory
while those on discontinuous are computed using GCMs (incorporated with 12-6 LJ term).
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4 geometries of these systems are similar to those predicted

by GCMs in the absence of LJ component.

It is interesting to note that the H,0 and NH; GCMs (with or
without incorporating 12-6 LJ potential term) are successful in
predicting geometries for (H,0);, (NHs);  (H,O)(NH,),,

\ (H,0),(NH,) type of systems and forecasts a slightly different
5 1 ' orientation for H,O in NH;...H,O complex. The QM result
. remained unaltered on employing a triple zeta basis set like 6-
! 311+ +G(d,p) but was in agreement with GCM prediction
when aug-cc-pVDZ basis set was used. All mentioned systems
in this section were also optimized at MP2/aug-cc-pVDZ level

10

BSSE-free interaction energy (kcal/mol)

o of theory and the IEs obtained are summarized in Table 8.
Almost in all cases, the GCM predicted IEs (obtained using LJ
potential term) don't vary by £ 1 kcal/mol.

K. Morokuma from his theoretical investigation described

-5 -

five factors which play a key role in understanding origin of
noncovalent interactions: electrostatics, polarization, exchange

repulsion, charge transfer and coupling.®? Thus the total
energy structure of (H,0),. The continuous curve depicts QM trend in IE P 9 pling

computed at MP2/6-31 + G(d,p) level of theory while the discontinuous curve interaction energy is written as a sum of all these contributions.
is derived using GCMs incorporated with LJ component. Data used for this A detailed description on each of these terms is available in the

plot is available in Table 7. cited reference. Based on these five components, it was
possible for Morokuma to study several donor-acceptor type of
complexes (viz. (H,0),, water-hydrogen fluoride etc) and
Table 7. BSSE-free interaction energy as a function of Ry in (H,0), at MP2/ concluded that the electrostatic component plays a vital role in
6-31+G(d,p) level of theory and using GCMs with LJ parameters: {€,,cer | . l X—H-Y hvd bonds (wh X
Oarerd ={0.4164 kcal/mol, 3.5001 A}. complexes possessing linear X—H-Y hydrogen bonds (where X,

] . Y are electronegative atoms like nitrogen, oxygen and fluorine).

Roo BSSE-free IE at BSSE-free IE using GCMs . L. . _

&) MP2/6-31 + G(d,p) (keal/mol) As GCMs ar.e cor"nstr'ucte?d using p'osmve Pomt cha'rges and s
(kcal/mol) type Gaussian distributions associated with negative charges,

they cannot be expected to account for factors other than

Figure 4. BSSE-free interaction energy as a function of Rq.o in minimum

o 000 630 electrostatics

275 —3.99 -3.62 )

3.00 —4.93 —4.93

3.25 —4.56 ~4.36 .

3.50 ~3.84 352 4. Conclusions

375 -3.3 -2.78 .
4.00 252 —290 From the study presented, the GCMs are able to predict

4.5 205 _176 geometries of interacting molecules wherein the electrostatic
component is the major contributor to the total interaction
energy. The PESs of water and ammonia dimers were
successfully investigated by employing spherical enclosures
3) In both cases the predicted geometry is similar to that around respective models. Use of appropriate radii made it
displayed in Table 2, entry 3 (asterisk marked hydrogen possible to predict BE and BSSE-free interaction energies of
atoms are in ‘cis’ orientation). mentioned and several other related systems. The newly
4) With respect to (H,0);, (NH;); and those trimer systems  developed ammonia GCM with its s-type Gaussian centre
containing different composition of H,0 and NH,;, the located at nitrogen site has proven itself to be reliable by not
predicted BE/BSSE-free energies (displayed in Table 5, in  only predicting geometry of (NH;), but also of various trimer
‘italics’ font) do not deviate more than +1 kcal/mol. The  systems: (NH;),(H,0);.,, where n takes values from 1 to 3. For
acetylene and benzene GCMs, a vdW type of surface was

Table 8. BSSE-free energies for systems involving water and ammonia molecules.
Method System

(H,0), (NH;), NH;...H,0 (H,0)3 (H,0),(NH3) (H,0)(NH), (NH;y);
BE GCMs without LJ —7.50 —4.61 —8.20 —19.54 —18.96 —16.20 —13.38
GCMs with LJ —6.41 —4.40 —7.65 —17.55 —16.91 —14.99 —12.93
MP2/aug-cc-pVDZ —5.26 —3.62 —6.95 —16.36 —16.56 —14.89 —-11.92
BSSE-free GCMs without LJ —4.75 —2.80 —5.08 —12.25 —11.65 —9.85 —8.02
IE GCMs with LJ —5.06 —-3.25 —6.27 —13.47 —12.99 —-11.22 —9.53
MP2/aug-cc-pVDZ —4.43 —-2.73 —5.81 —13.90 —13.91 —12.21 —9.23
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employed - constructed using spheres occupying carbon
atomic sites. There is a need to improve the benzene GCM (a
task which is currently undertaken in our laboratory) with
respect to predicting reasonable IE values for stationary points
along PES of (CgH), though the model was found to perform
quite well in predicting the strength of interaction between
CgHg...H,0 and CgHg...NH; complexes.

A major drawback of GCMs: unable to mimic repulsion
effects at shorter distances is rectified by introducing a 12-6 LJ
potential term when computing IEs. This is demonstrated from
the studies undertaken in (H,0),, (NH;), and NH;...H,O
complexes. Irrespective of whether the LJ component is
incorporated or not for computing IE,q, values, the predicted
geometries of complexes in either case agree with each other.

Electrostatics is found to play a major role in almost all
molecular systems investigated using GCMs. It would be
interesting to venture into systems wherein there is least
contribution of the electrostatic component to total IE. Further
studies are therefore essential to comment on the reliability of
topography-based Gaussian models in such circumstances.

Supporting Information

The formula used to calculate interaction energy using top-
ography-based Gaussian charge model is described in the
supporting information. Also, geometric parameters of models
discussed in the study, shortcomings of earlier published
ammonia model (in reference no. 18) and data used to obtain
{€,mmoniar Oammonia) e provided.
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