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We propose a general procedure to treat the model system boundary region within the ONIOM framework involving covalent
double bonds. The basis of the treatment is to saturate the two-dangling valences of the covalently double bonded support-
atom with two hydrogen atoms to perform separate ONIOM calculations. We have developed a systematic procedure to project
back the link-atom force components onto the host- and support-atoms of the real system. We have benchmarked our ONIOM
model by evaluating the dissociation energies and atomic forces of 10 molecules with isolated and conjugated double bonds.
ONIOM reaction energy shows a fair agreement with the full calculation (FC) at high-level, and the typical errors in reaction
energies are within 1 kcal/mol. For benchmarking the accuracy of the forces, we have performed the geometry optimization,
and the geometrical parameters show a fair agreement with the FC. The agreement of the ONIOM results with the FC shows
that the adopted procedure is a pragmatic method to construct the model system for systems involving double bonds at the
boundary region. The proposed procedure to treat link-atom is economical and adaptable within any fragment-based meth-
ods involving the construction of model systems, for the accurate estimation of energies and forces of large molecules.
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Introduction

Theoretical treatment of large molecules has gained ex-
tensive attention in the last three decades'™. However, the
high scaling of accurate ab initio computational methods with
system size limited their applications for large molecules®0.
The hybrid energy methods have facilitated to balance the
accuracy with the scaling of computational methods'!~"8.
Hybrid energy QM/QM methods treat the chemically impor-
tant region of the large molecule (Region 1) at a high level of
theory and the environment, the rest of the molecule (Re-
gion Il) ata low level of theory. ONIOM approach of Morokuma
and co-workers is the most widely used QM/QM hybrid em-
bedding scheme'®-25. A two-layer ONIOM hybrid energy is
evaluated from three separate well-defined calculations of
the entire system (I+1l, Low) and Region | (High, Low). In the
standard notation used in ONIOM, the extrapolated total
energy expression is written as

£ = Ep (1411) = By (1) + Eygiy() (1)

where R stands for the “real system” (Regions | + 1), M stands
for the “model system” (Region 1), and the High (H) and Low

(L) refers to the levels of theory. The hybrid-energy expres-
sion defined in eq. (1) allows one to couple different compu-
tational chemistry methods for which energies and gradients
are available.

In covalently single-bonded systems, the model system
is constructed from Region | by saturating the “dangling
bonds” with the addition of link H-atoms. The electronic cou-
pling between the Regions | and Il are accounted only at the
low level of theory, in the Eg calculation. Truncation of Re-
gion | with a capping H-atom is a possible source of error in
the ONIOM extrapolation method. The resulting charge im-
balance can impose limitations on the performance of the
ONIOM method. The accuracy of the ONIOM model pro-
foundly depends on the treatment of the link atom. There are
special methods in the literature to treat the charge-transfer
at the Region | and Il boundary by the methods of balancing
chemical potentials?-2% Mulliken charges (ONIOM-CT)30
and electrostatic potential (ESP-ONIOM-CT) in the model
system boundary3'-32,

The general procedure followed in fragment-based meth-
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ods is to scissor only the weakly interacting or covalent single
bonds. The double bonds and higher aromatic rings are kept
intact in the model system construction procedure. Gadre et
al. have come up with a way to saturate the dangling va-
lency of conjugated double bonds34. However, the charge
transfer at the boundaries may be higher when we construct
a model system by cutting double bonds. Also, while scis-
soring an isolated covalent doubles-bond, a single H-link-
atom can't account for all the dangling valances of the host-
atom in the model system. In the current scenario, there is
no method devised to scissor an isolated covalently bonded
double-bond model system to calculate the energy and atomic
forces. In the present work, we have come up a general pro-
cedure to scissor double-bonds in the model-system prepa-
ration stage, perform the separate model-system calculations
(Low and High) and project-back the energy gradient com-
ponents on to the real system host- and supporting-atoms.
In the present work, some of the questions that we attempt
to address are:

(1) Can we develop a general procedure to scissor a
covalent double-bond, while constructing the model
system in the ONIOM method?

(2) Canthe ‘two-link-atom” ONIOM model reproduce the
reaction energies compared to FC at high-level of
theory?

(3) Canwe develop a general procedure to project-back
the two-link atom force components on to the real
system while performing a ONIOM geometry opti-
mization?

(4) How would be the agreement of the ‘two-link-atom’
ONIOM optimized geometry in comparison to FC at
high-level of theory?

Considering all these questions, we have come up with a
general procedure to treat the ONIOM model system bound-
ary region (between Region | and I1) involving covalent double
bond. The following section discusses the general procedure
to construct model systems with double-bonds, and the next
section presents a benchmark of the method.

Methods

This section describes the theory for the treatment of link-
atom along with the covalent double bond. In our work, we
have developed a method to treat the boundary between
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Region I and Il in ONIOM model. This is accomplished via a
novel “two-link-atom ONIOM model system preparation” step.
In our initial implementation, we treat the link atoms on the
model system as an electron buffer region and saturate the
dangling valency of the model system by two-link atoms. The
methodology for a three- or higher-layer ONIOM method is
the same and will not be discussed explicitly.

The atoms common to the model system (Region 1) and
real system (Region | and Il) is noted as R,. Atoms of the
host-atom in the Region Il is denoted as Rs, and all atoms in
the Region II, other than the host-atom is denoted as R;.
The coordinates of the link atoms, that replaces the host-
atom of the Region Il is denoted as R,. The model system is
constructed from the coordinates, Ry and R,. The link atom
coordinate (R,) is placed to mimic the moment of the sup-
port (Ry) and host (R;) atoms, as depicted in Fig. 1(A). There-
fore, we can say that the R, = f (Ry, R3). We saturate the
valences of a double bond support atom (R,) with two-link
H-atoms (denoted as R} and R¥). The link H-atom coordi-
nate positioned relative to the support- and host-atom coor-
dinates through the following relationship.

' =lr +g(rs-r)RO) 2)
r2=[r+g(rs-r)R(-0) 3)

Here, gis the scale factor or a distance parameter is defined
as the ratio of covalent bond lengths of Host-to-Link to that
of Host-to-Support atoms, it hold the same meaning as de-
fined in the standard implementation earlier by Dapprich et
al.35. For example, the magnitude of the g is defined as the
ratio of covalent C-H bond length (1.084 A) divided by the
C=C bond length (1.339 A). The g-value comes to be a con-
stant, 0.899 A, but the coordinates of the link-atom are not a
constant in the optimization cycles. In this work, we have
considered only cutting the C=C double bonds. The R(6) and
R(-0) are the rotational matrices to rotate the link-hydrogen
atom in clockwise and anti-clockwise directions, after plac-
ing the link-hydrogen atom at a scaled distance from Host-
and Support-atoms. We apply the same angle of rotation but
in the clockwise and anti-clockwise directions for each link-
atom to get the final coordinates, r}l and . Also, we as-
sume that the rotation matrix is a constant and is indepen-
dent of the extension or contraction of Host-Support bond
lengths in the optimization cycles. Fig. 1 depicts the stages
of the model system preparation in the ONIOM calculation.
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For finding the coordinates of the two-link H-atoms,
virtual-link atoms (in grey color) as depicted in Fig.
1(A) is placed at a scaled distance, along the direc-
tion of the bond connecting support- and host-at-
oms. The coordinates of the virtual-link H-atom is
constructed from the first part of the egs. (2) and
(3), as depicted in Fig. 1(A).

The coordinates of the first link atom, r}! is obtained
by rotating the virtual-link atom (in grey color) in Fig.
1(A) through a rotation matrix, R(6) by an angle 6.
The second link atom coordinate, r¥2 is obtained by
an anti-clockwise rotation of the virtual-link H-atom,
by an angle 6.

Perform the independent calculations on the model
system at high- and low-levels of theory.

The ONIOM hybrid energy is constructed from the
independent real-low (E,), model-low (E,,), and
model-high (E,,,) energies, through the general ex-
pression as defined in eq. (1).

@A) B)

A

C:D Fust Link Atom
R(6)
-

Second Link Atom

A

fra=ritolrs=r)

E Virtual-Link Atom
r r2 T3
Support Host

Cartoon showing the two-link atom ONIOM model system
preparation step by scissoring a covalent double bond. (A) A
virtual-link atom (grey color) is placed at a scaled distance
from the host- and support-atoms. (B) The virtual-link atom
(grey color) atom coordinates are rotated in clockwise and anti-
clockwise to get the coordinates of the link atoms.

The atomic force evaluation, first link-atom (R') force
components are rotated-back on to the virtual-link
atom (grey color) using the same rotation matrix as
in eq. (2), but in opposite direction, as depicted in
Fig. 1(B). Then the virtual-link atom force compo-
nents are projected back onto the supporting- and
host-atoms through a general Jacobian projection
method. These two-steps are incorporated in the
second and third terms in eq. (4). A similar proce-

dure is followed for the second link atom (R) as
well, and it result in fourth and fifth terms in eq. (4).

X, X, YA

a

o= Oton 9 [aE”” JJ(RQ; Ry, Ry)R(O) +

oE
A \J(Ry'; Ry, Rg)R(6)
X}

OE .
_[axzz }J(R2 iR1,R3)R(-0) +

[aE’”” ]J(Rf; Ry, R3)R(-6) (4)

ax 12
Here, the index a corresponds to the Cartesian components
of X, Y or Z directions. The elements of the 3x3 Jacobi ma-
trix (J) to project the link-atom Cartesian component onto
the corresponding supporting-atom component is defined as
the partial derivative of the Cartesian component of the former
with respect to the latter,

ar, ,

=(1-9)8,p (5)

dry
Here, 53,b is the Kronecker delta, and a and b are the Carte-
sian components. Similarly, an analogous partial derivative
with respect to the host-atom defines the Jacobi matrix ele-
ment for projecting the link-atom forces onto the host-atom,

ar, ,

= (9)84,p (6)

drz p
Thus, the force vector elements of the host- and support-
atoms are modified from the link-atom Jacobi projection
method.

(6) These atomic energies and forces are fed back to
the Gaussian G089 for performing the geometry opti-
mization cycles36. Steps 1 to 4 is followed to con-
struct the extrapolated energy, gradients to perform
the optimization cycles and is carried out till conver-
gence.

The steps mentioned above are coded in a Fortran language
and interfaced with Gaussian 09 suite of packages. For
benchmarking our method, we have considered a set of
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molecules depicted in Fig. 2. To have a fresh look at the
electron delocalization and charge transfer at the boundary
region, we thought that it would be worthwhile to consider
molecules involving isolated and conjugated double bonds.
All the geometry optimization is performed at B3LYP/6-31G
using the Gaussian suite of packages3®. For calculating the
reaction energy, the single point energy is calculated on these
molecules at B3LYP/6-311+G(d,p) level of theory, and the
ONIOM calculation is performed at B3LYP/6-311+G(d,p): HF/
6-319(d) levels of theory.

Results and discussion

(1) Deprotonation energies of molecules

For benchmarking our approach within ONIOM model,
we have considered a set of conjugated and isolated co-
valently bonded molecules depicted in Fig. 2. Each of the
molecules is associated with an organic functional group,
and we have evaluated the deprotonation energies of the
functional group protons at FC at B3LYP/6-311+G(d,p) and
ONIOM at (B3LYP/6-311+G(d,p): HF/6-31G(d)) levels of

Fig. 2. Depict the benchmark molecules employed for the two-link-
atom ONIOM model. The geometrical parameters compared
in Table 2 are depicted {Ri} for each of the molecules. In each
benchmark system, the right-hand side of the molecule is the
model system. The middle covalent bond is scissored in all
the molecules while constructing the two-link-atom ONIOM
model system preparation.
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theory. We constructed the model system around the organic
functional group with a similar number of atoms in all the
conjugated and isolated double bonded molecules.

For performing this comparison, we have optimized the
set of molecules at B3LYP/6-31G level of theory, and a single
point energy calculation is done at B3LYP/6-311+G(d,p) level
of theory for the reactants (depicted in Fig. 1) and the corre-
sponding deprotonated molecule. In the calculation, we con-
sidered all the reactant as neutral, with a multiplicity one.
Similarly, for the product, the deprotonated molecule, is as-
sociated with charge -1, and multiplicity one. The energies
of the reactant and product at B3LYP/6-311+G(d,p) level of
theory are reported in Table 1, columns 2 and 3, and the
reaction energies (in kcal/mol) are reported in column 4. The
first and the second columns of Table 1 reports the single
point energies for the benchmark molecules {I-IV} with con-
jugated double bonds, {V-VII} with isolated covalent double
bonds, and {VIII-X} with both single and double bonds.

For benchmarking our model, we have followed a similar
scheme with the same scale factor (g) and rotation angles,
as depicted in Fig. 1 for model system preparation. In each
of these reactions, the model system is constructed around
the organic functional group, by scissoring the double bond.
All the ONIOM calculation reported in Table 1 is performed
with the same combination of the scale factor (g) and rota-
tion angle. The final column in Table 1 report the difference

in ONIOM and FC reaction energies (SE ngcﬁon . The con-

jugated molecules (I-1ll) shows larger deviation in reaction
energy compared to the isolated double bonds. Also, the
benchmark studies show that the scaling factor, g for the
conjugated molecule must be lower in magnitude than the
isolated double-bonded systems. However, a fair agreement
of the ONIOM dissociation energy with FC validates the treat-
ment of the model system boundary through a two-link-atom
ONIOM model-system preparation step.

(2) Comparison of forces and geometrical parameters
of the molecules

For benchmarking and verifying the accuracy of the two-
link-atom ONIOM model system preparation method, we have
evaluated the atomic forces and performed a geometry opti-
mization. A set of benchmark molecules depicted in Fig. 2
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Table 1. Comparison of the full calculation (FC) at B3LYP/6-311+G(d,p) and ONIOM (B3LYP/6-311+G(d,p): HF/3-21G) reactant, product
energies (in a.u.), reaction energies and error in reaction energies (in kcal/mol) of the molecules depicted in Fig. 2. See text for details

Molecule E FF{gactant E Igg)duct

I —-426.68881 -426.09030
Il -749.66419 -749.10577
0] -406.81725 —406.19132
vV —424.55164 —423.99669
\ -350.48457 -349.87802
Vi -330.61078 -329.96639
Vil -673.45769 -672.89028
Vil -1170.2101 -1169.60790
IX —-1493.1803 -1492.61610
X -1150.33423 -1149.69717

ONIOM Error

AE Egaction AE Reaction oE Reaction
(kcal/mol) (kcal/mol) (kcal/mol)
375.57 376.89 1.33
350.41 351.96 1.54
392.78 394.18 1.40
348.23 348.93 0.69
380.62 382.04 1.43
404.36 405.44 1.08
356.05 356.27 0.22
377.87 377.42 0.44
354.04 354.31 0.26
399.76 400.43 0.67

with conjugated and isolated double bonds are considered,
on which the ONIOM boundary effects are highly visible. The
molecule number is kept the same in Fig. 2, Table 1, and
Table 2. We report an illustrative example of the geometrical
parameters of some benchmark molecules depicted in Fig.
2. The geometrical parameters reported in Table 2 are ex-
plicitly depicted in Fig. 2. As an illustrative benchmark, we
have taken molecules |, Il, Ill, 1V, and V depicted in Fig. 2,
where the ONIOM results are more visible. The size of the
model system is kept similar for all I, II, IV, and V molecules
in the geometry optimization cycles. Also, the initial defini-
tion and size of the model system are kept constant during
optimization cycles. After the geometry optimization, the root
means square (RMS) of forces show close agreement, and

the corresponding FC and ONIOM geometrical parameters
corroborate within 0.001 A. A comparison of benchmark
molecules reported in Table 2 shows that the geometrical
parameters of the model system, Region | is close to the
high-level, and ones in the Region Il are close to the low-
level calculations, respectively.

The geometrical parameters (in A) reported in Table 2
show a fair agreement with FC and the error is typically less
than 0.001 A. The boundary region geometrical parameters
show a larger deviation compared to the one buried deep
inside the model system. What is remarkable is the possibil-
ity of estimating the FC geometrical parameters through the
two-link-atom ONIOM model system preparation. The agree-

Table 2. Comparison of optimized geometrical parameters (distance in A) of molecules I, 11, 1lI, IV, and V depicted in Fig. 1. The full
calculation (FC) is performed at B3LYP/6-311+G(d,p) and ONIOM at B3LYP/6-311+G(d,p): HF/6-31G(d). FC geometrical parameters are
reported outside and ONIOM inside the brackets, respectively. See Fig. 2 for the description of the geometrical parameter and text for

details

Geometrical Molecules

parameters | Il 0] % Vv
Ry 1.436 (1.435) 1.867 (1.866) 1.474 (1.474) 1.358 (1.358) 1.429 (1.430)
Ry 1.098 (1.098) 1.092 (1.092) 1.096 (1.096) 1.204 (1.205) 1.099 (1.098)
R4 1.493 (1.494) 1.491 (1.492) 1.504 (1.504) 1.515 (1.515) 1.527 (1.527)
Ry 1.088 (1.088) 1.088 (1.088) 1.090 (1.090) 1.093 (1.099) 1.097 (1.093)
Rg 1.343 (1.341) 1.345 (1.344) 1.345 (1.345) 1.502 (1.504) 1.503 (1.506)
Rg 1.089 (1.089) 1.089 (1.089) 1.090 (1.090) 1.087 (1.085) 1.091 (1.089)
Ry 1.446 (1.455) 1.445 (1.440) 1.447 (1.447)
Rg 1.089 (1.086) 1.089 (1.088) 1.089 (1.089)
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ment of the geometries with the FC shows that the method is
adaptable for any fragment-based method, that involves the
construction of subsystem or model system preparations step.

Concluding remarks

In this work, we have proposed a ‘two-link-atom’ ONIOM
model system preparation to treat the boundary with cova-
lent double bonds. In this method, two-H-link-atom centers
are treated as an electron buffer region. This new way of
substituting two-link-atom is independent of any arbitrary
definition of atoms involved, is defined based on saturating
the double valency and is independent of the level of theory
and basis set employed. Our method is benchmarked for
exploring reaction energies on systems with multiple-link at-
oms. We have benchmarked the method on ten reactions,
involving conjugated and isolated double-bonds. The method
is demonstrated for an accurate estimation of reaction ener-
gies, the difference vis-a-vis its FC counterparts is observed
to be within an accuracy of 1.0 kcal/mol. The performance of
the method seems more impressive while estimating the
forces and the geometrical parameters of large molecules.
The conjugated molecule shows better agreement with a
lower magnitude of the chosen scaling factor when compared
with the isolated double bonds. This confirms that the accu-
racy of the two-link-atom ONIOM method can be improved
further by appropriately choosing the scaling factor (g) and
the rotational angle R(0) of the link H-atom. Considering the
high accuracy, and the need for minimal hardware and
economy in computation time, we trust that our method would
be valuable for studying the structure and energetics of large
molecules. The present method opens a way for exploring
the higher energy derivatives and related molecular proper-
ties of systems having isolated or conjugated double bonds.
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