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ABSTRACT

QM/MM methods have been used to study electronic structure properties and chemical reactivity in complex molecular systems where
direct electronic structure calculations are not feasible. In our previous work, we showed that non-polarizable force fields, by design, describe
intermolecular interactions through pairwise interactions, overlooking many-body interactions involving three or more particles. In con-
trast, polarizable force fields account partially for many-body effects through polarization, but still handle van der Waals and permanent
electrostatic interactions pairwise. We showed that despite those limitations, polarizable and non-polarizable force fields can reproduce
relative cooperativity achieved using density functional theory due to error compensation mechanisms. In this contribution, we assess
the performance of QM/MM methods in reproducing these phenomena. Our study highlights the significance of the QM region size
and force field choice in QM/MM calculations, emphasizing the importance of parameter validation to obtain accurate interaction energy

predictions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203020

I. INTRODUCTION

In the field of computational chemistry, hybrid quantum
mechanics/molecular mechanics (QM/MM) methods have emerged
as an essential tool for the study of complex molecular systems."
QM/MM methods combine quantum mechanics (QM), which deals
with the precise description of electrons, with the efficiency of
molecular mechanics (MM). The choice of the QM region size
plays a crucial role in QM/MM calculations and can have a sig-
nificant impact on the accuracy of the results obtained because
it determines how many electrons and atoms are included in the
QM calculation. If the QM region is too small, critical interactions
between electrons and atoms may be missed, leading to inaccu-
rate results. Conversely, if the QM region is too large, the cal-
culation can become computationally expensive and challenging
to handle.

Selecting the appropriate size for the QM region in QM/MM
calculations is an actively researched topic.” For instance, some stud-
ies have shown that free energy reaction profiles converge rapidly as

the QM region size increases, indicating a minimal impact beyond a
certain threshold.” © However, other research highlights significant
shifts in electronic properties and free energy barriers when the QM
region size changes, highlighting the critical role of size selection for
achieving accurate simulation results.” ~ One of the most common
techniques for the systematic construction of the QM region is based
on the distance of the atoms to the active site.'” However, alternative
criteria have also been proposed.”"'*

QM/MM calculations offer numerous advantages compared
to purely QM or MM calculations for specific systems. For exam-
ple, it provides an approach to study chemical reactions of large
biomolecules, without sacrificing precision in the electronic descrip-
tion of the regions of interest and reducing the computational
effort for large systems.”'””’ Additionally, QM/MM calculations
can be used to study the influence of solvation on chemical
reactions.”’ *’ In some of these cases, cooperativity can have a
significant influence, although a systematic investigation of coop-
erativity in QM/MM calculations has not been reported to our
knowledge.

J. Chem. Phys. 160, 134301 (2024); doi: 10.1063/5.0203020
Published under an exclusive license by AIP Publishing

160, 134301-1

0S:G1:91 $20Z Jequadeq S0


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0203020
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0203020
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0203020&domain=pdf&date_stamp=2024-April-1
https://doi.org/10.1063/5.0203020
https://orcid.org/0000-0003-0707-1066
https://orcid.org/0000-0001-9331-0427
https://orcid.org/0000-0001-6629-3430
mailto:andres@utdallas.edu
https://doi.org/10.1063/5.0203020

The Journal
of Chemical Physics

Cooperativity is a phenomenon of utmost importance in var-
ious biological processes, such as molecular recognition, homochi-
rality, protein folding, and self-assembly.”* *' A notable example of
cooperativity is observed in the binding of oxygen to hemoglobin.
When an oxygen molecule binds to one of the four binding
sites on hemoglobin, it triggers a structural change that facili-
tates the binding of oxygen to the remaining sites. The meaning
of cooperativity varies across different fields, such as biochem-
istry or physics. However, this phenomenon occurs when the
interactions between multiple components exceed their individ-
ual contributions, resulting in enhanced stability or activity. In
this work, we are interested in intermolecular cooperativity, which
involves the synergistic effects that occur when molecules inter-
act with each other in a system.”” Cooperativity can be positive
or negative depending on whether the interactions between sys-
tem components benefit or hinder each other. Conversely, when
the interactions within a system can be explained solely by the
individual interactions of its components, cooperativity is not
observed.

The intermolecular cooperativity phenomenon has been stud-
ied using density functional theory in neutral and charged molecular
clusters consisting of up to 20 building blocks.” ** We have recently
studied the same systems with force fields and have shown that
force fields are capable of qualitatively reproducing the cooper-
ative effects observed with electronic structure calculations.”” In
the case of neutral systems, positive cooperative effects were iden-
tified, whereas charged systems exhibited negative cooperativity.
This study aims to examine the performance of QM/MM simu-
lations with regard to cooperativity to assess the effectiveness of
this methodology in replicating the aforementioned phenomena.
Hence, it is important to assess if QM/MM calculations can repli-
cate the cooperativity phenomena in molecular clusters, as they
are crucial for precise determination of properties such as sol-
vation energy, diffusion, and residence times, which have been
studied computationally using Born-Oppenheimer QM/MM MD
simulations.”

Il. THEORETICAL FRAMEWORK

The purpose of this work was to investigate the performance of
the combination of classical non-polarizable or polarizable poten-
tials with DFT-based methods in a QM/MM context with respect
to cooperativity effects. To this end, we used the NH3(H,0),,
Li*(H,0)s, and F~(H,0), systems as representatives of neutral,
positively charged, and negatively charged systems, respectively.
These systems can be described in the form AB,, where A is the
accessory component, B is the building block, and # is the num-
ber of buildings blocks. The accessory components are the NH;
molecule and the Li* and F~ ions, while the building blocks are water
molecules. We have recently conducted prior investigations on the
previous systems by exclusively employing the AMOEBA polariz-
able force field, alongside the OPLS and AMBER non-polarizable
force fields.”

We determined the relative cooperativity by utilizing the adi-
abatic interaction energy per building block, which is derived
from the total adiabatic interaction energy. While we have pre-
viously introduced the mathematical expression in our prior
research, a slight modification was necessary to make it suitable for
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integration into QM/MM calculations. The adiabatic interaction
energy is defined as

adiab
Eint

= E(AB,) — nEs(Rop) — Ea(Ros), (1)
where E(AB,,) is the total energy of the cluster, Eg is the total energy
of a building block, and Ej is the total energy of the accessory com-
ponent. Roa and Rop indicate that the total energies of the accessory
component and the building blocks, respectively, are calculated from
optimized DFT molecular geometries. The total QM/MM energy,
ES;ZIMM, of the cluster involves a combination of the QM and MM

regions,

E(AB,) = ES&II\AM = Eqm + Emm + Eqmmms (2)

where Equ is the total energy of the QM region, Emu is the total
energy of the MM region, and Eqmmum is the interaction energy
between the QM and MM regions. Therefore,

Ef™ = Eguinav — (n— m)Eg (Rop) — mE3™ (Rop) — EZ™ (Roa),

(©)
where 1 < m < 4 indicates the number of water molecules in the QM
region. When m = 0, it simplifies to a scenario where the system is
exclusively characterized within the MM region, like our previous
work. When m = n, it signifies a situation where the system is exclu-
sively characterized within the QM region, like in the previous work
of Liu.”

The interaction energy per building block, denoted as E,, is
defined as the adiabatic interaction energy divided by the number
of building blocks, #, that is,

n=En/n. (4)

The cooperativity index, represented as k, is defined as the
negative change in adiabatic interaction energy per change in the
number of building blocks, that is,

k = —(DE,/0n). (5)

The parameter k can have three distinct scenarios. When k
assumes a positive value, it implies positive cooperativity, signi-
fying that the introduction of an extra building block enhances
interactions. Conversely, if k takes on a negative value, it denotes
negative cooperativity, indicating that the addition of a building
block diminishes interactions. Finally, when k equals zero, there is
no cooperativity, signifying that the inclusion of an extra building
block has no effect on interactions.

lll. COMPUTATIONAL DETAILS

We performed single point QM/MM calculations on the
previously optimized DFT molecular geometries taken from the
work of Liu and Rong.”® Each cluster is the global minimum
for each number of building blocks. Additionally, we optimized
a water molecule and an ammonia molecule using density func-
tional theory implemented in Gaussian16.”® For all calculations,
the exchange-correlation functionals and basis sets for the QM
regions are the same as the ones employed by Liu and Rong,*
specifically wB97X-D/aug-cc-pVDZ for NH3(H,0),,"" " M06-
2X/6-311+G(d,p) for LiJr(HZO)n,H 7 and B3LYP/aug-cc-pVDZ for
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F~(H,0),."""*" To describe the MM region, we employed the
AMOEBA model for all polarizable force field calculations. For
non-polarizable calculations, we used the OPLS force field for the
ammonia and fluoride systems and the AMBER force field for the
lithium systems.”” """ Water molecules were described using
the flexible TIP3P implemented in Tinker for the non-polarizable
force fields.”””® The O-H bond stretching force constants are 553.0
and 600 kcal/mol/A* and the H-O-H angle bending force constant
are 100.0 and 75.0 kcal/mol/rad® for the Amber and OPLS force
fields, respectively.”’

To separate each cluster into distinct QM and MM regions,
we explored various options by adjusting the QM region’s size (see
Fig. 1). In the initial scenario, exclusively the accessory component
occupied the QM region, with all water molecules situated in the
MM region. In subsequent configurations, we included one to four
water molecules into the QM region. The choice of which water
molecules to include in the QM region was determined based on the
shortest distances between the center of mass of each water molecule
and the accessory component. We utilized the LICHEM software
to conduct QM/MM calculations.””” LICHEM serves as a versatile
interface, enabling seamless integration between electronic structure
codes and molecular mechanics codes. We employed Gaussian code
to calculate the QM energies, while we utilized the Tinker7 code
to acquire the MM energies. The electrostatic and polarization (for
polarizable QM/MM simulations with AMOEBA) embedding pro-
cedures have been described in detail in Refs. 58 and 59. In addition,
we performed SAPT(DFT) calculations, with the SAPT expansion

[A]M[B, MM

NH;3(H20)9

Li*+(Hy0)o

F~(H20)10

[AB]M[B,, MM
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truncated at the same level of SAPTO, using the Psi4 code to calculate
the interaction energy errors between QM and MM regions."’

IV. RESULTS AND DISCUSSION

It has been previously shown that both non-polarizable and
polarizable classical force fields can provide a qualitative descrip-
tion (up to a constant factor) of cooperativity.” For the former,
this is due to a combination of the fact that two-body interactions
can comprise over 80% of the total interaction energy’’ " and the
use of bulk properties to parameterize non-bonded interactions.
For polarizable potentials, such as AMOEBA, in addition to the
above-mentioned factors, these force fields also partially account
for many-body contributions through the explicit polarization
term.

In the present contribution, we evaluated the performance
of QM/MM methods in reproducing both the interaction energy
and the cooperativity phenomenon in three representative neutral
and charged systems: NH3(H,0)s, Li*(H,0),, and F~(H,0),.. The
objective of this study was to determine the impact of the integra-
tion of QM and MM regions for the description of these systems. To
achieve this, we systematically expand the size of the QM region,
starting from a single molecule and extending it to encompass
up to five molecules, that is, the accessory component and four
water molecules. We refrain from further increasing the number
of molecules because with each additional molecule, the available
number of clusters for study diminishes.

[ABy)®M[B, oMM [ABg]M[B,,_gMM

0S:G1:91 $20Z Jequadeq S0

FIG. 1. Diagramillustrating the systematic expansion of the QM region within a cluster of specified size. The QM region is highlighted using blown glass isosurfaces. Molecules
were visualized using VMD.®" %
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The results of the QM/MM calculations are shown in Figs. 2-4.
Figures 2—4 show the total adiabatic interaction energies, Eq. (3), and
the interaction energies per building block, Eq. (4). The coopera-
tivity index, Eq. (5), is determined by the shape of the interaction
energy per building block. If the interaction energy per build-
ing block increases (decreases) as the number of building blocks
increases (decreases), it indicates that the system exhibits posi-
tive (negative) cooperativity. The blue line corresponds to systems
where the QM region only includes the accessory component,
which can be NH3, Li*, or F~. The orange, green, red, and pur-
ple lines correspond to systems where the QM region contains the
accessory component along with one, two, three, or four water
molecules, respectively. We have included the results previously
reported using only force fields as in Ref. 37. Total interaction
energy errors and interaction energy errors per building block
with respect to the electron structure calculations are shown in
Figs. S1-83.

For the ammonia system (Fig. 2 and Fig. S1), it is observed
that the errors in the total adiabatic interaction energies exhibit
a nearly linear increase as the cluster size expands, regardless of
the force field chosen within the MM region. Surprisingly, when
the AMOEBA force field is employed, none of the combina-
tions of QM and MM regions offer an improvement compared to
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previous results relying solely on force fields, especially for the larger
groups. In fact, the most substantial errors arise when the QM
region spans one ammonia molecule and four water molecules, as
indicated by the purple line. However, when examining the inter-
action energies per building block, the same combination demon-
strates the fewest errors for the NH3(H,O)s cluster, where only
one water molecule is described within the classical region. In
contrast, when the OPLS force field is used to describe the MM
region, an opposite trend emerges. All combinations of QM/MM
regions present smaller errors than those reported previously. In
fact, as the size of the QM region increases, the errors in the ener-
gies per building block decrease, and the most favorable results
are obtained by combining one ammonia molecule with four water
molecules.

Similar results are observed for the Li* system (Fig. 3 and
Fig. S2) when only the accessory component is included in the QM
region (indicated by the blue line). However, as the size of the QM
region increases, the errors decrease. This behavior suggests that
as the system description is improved by increasing the size of the
QM region, the errors are reduced. This effect is consistent with
the expectation of improved accuracy with increasing QM subsys-
tem size, although this is not observed for the neutral system. We
can observe that the M06-2X/AMBER combination is more sensitive

0 -
_30 4
_60 4
_90 4
—120 A
—-— OPLS
—150 1 —@~ NH;
NH3(H20)1
—180 4 —@— NH3(H,0),
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- wBI7X-D
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FIG. 2. Total interaction energies (top) and interaction energy per building block (bottom) for the NH3(H,0), system. Left and right sides correspond to AMOEBA and
OPLS force fields as descriptors for MM regions, respectively. The black solid line represents the reference values calculated using wB97X-D/aug-cc-pVDZ. The dashed
line represents the interaction energies reported previously using only the force field. The remaining lines indicate the molecules included in the QM region, with all other

molecules being calculated using their respective force fields.
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FIG. 3. Total interaction energies (top) and interaction energy per building block (bottom) for the Li*(H,0), system. Left and right sides correspond to AMOEBA and
AMBER force fields as descriptors for MM regions, respectively. The black solid line represents the reference values calculated using M06-2X/6-311+G(d,p). The dashed
line represents the interaction energies reported previously using only the force field. The remaining lines indicate the molecules included in the QM region, with all other

molecules being calculated using their respective force fields.

to the increase in size of the QM region compared to the M06-
2X/AMOEBA combination. However, better results were obtained
with the AMOEBA force field for both smaller and larger groups.

Figure 4 and Fig. S3 show the results for the F~(H,0), sys-
tem. It is evident that the errors are more pronounced in smaller
clusters, whether we consider the polarizable or non-polarizable
force field. Specifically, the AMOEBA force field exhibits errors of
13 kcal/mol for the smallest cluster, while the OPLS force field
demonstrates errors exceeding 20 kcal/mol for the same cluster.
Remarkably, none of the combinations of QM and MM appear to
enhance the description when compared to the previously published
results for the AMOEBA force field. Nevertheless, an improvement
in results becomes increasingly evident as we expand the size of
the QM region. For larger clusters, the error diminishes consider-
ably, reaching values of less than 1 kcal/mol per construction block.
Notably, the polarizable force field exhibits a reduction in errors as
we increase the size of the QM region.

The previous results indicate that, in most of the cases, includ-
ing more molecules in the QM region generally enhances the
description compared to systems where only the accessory com-
ponent is described in the QM region for some systems. The size
dependence of the QM region in QM/MM calculations has been

. - 10,11,15,16,18,66-69 .
explored in several publications.”'*'"'>'*!%%"%” Qur findings also

reveal that, for the NH3(H,0), (QM/AMOEBA) system and, par-
ticularly, for the F~(H,O), system, the errors in QM/MM energies
are generally greater than those obtained previously using only force
fields. This may seem counter-intuitive since one would expect
the interaction energy errors to decrease as the QM region size
increases. In other words, we would anticipate that all three systems
would exhibit behavior similar to that observed in the Li* (H,0),
system.

From Figs. S1-S3, it is evident that a significant portion of
errors come from the MM region description. To confirm this, we
conducted linear regressions on these errors to evaluate the fitting
coefficients. By applying linear regression to these errors, we aimed
to quantify and understand their systematic nature through the eval-
uation of fitting coefficients. This approach not only can used to
confirm the source of inaccuracies but also could serve as a foun-
dational step toward refining QM/MM methodologies for enhanced
accuracy in computational simulations. Figure S4 reveals that as
the size of the QM region increases, the slope becomes more pro-
nounced for the NH3(H,0), system analyzed using wB97X-D/aug-
cc-pVDZ//AMOEBA. This suggests that increasing the QM region
size results in more significant errors in larger systems. Conversely,
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FIG. 4. Total interaction energies (top) and interaction energy per building block (bottom) for the F~(H,0), system. Left and right sides correspond to AMOEBA and OPLS
force fields as descriptors for MM regions, respectively. The black solid line represents the reference values calculated using B3LYP/aug-cc-pVDZ. The dashed line represents
the interaction energies reported previously using only the force field. The remaining lines indicate the molecules included in the QM region, with all other molecules being

calculated using their respective force fields.

for the same system calculated with wB97X-D/aug-cc-pVDZ//OPLS,
the errors decrease as the system size grows (see Fig. S5).

A similar trend is observed for the Li*(H,0), system.
The slope increases with an expanding QM region by using
the M06-2X/6-311+G(d,p)//AMOEBA method (Fig. S6). In con-
trast, the slope diminishes when analyzed with the MO06-2X/6-
311+G(d,p)//AMBER method (Fig. S7). Interestingly, for the
F~(H20), system, the slopes are negative, suggesting that the most
substantial errors are associated with the smallest clusters (Figs. S8
and S9).

Figures S4-S9 show that linear regressions can be used to esti-
mate interaction energy errors. Thus, we employed these fitting
coefficients to correct the total interaction energies and subsequently
the interaction energies per building block. The results are repre-
sented in Fig. 5. It is noteworthy that post-correction interaction
energies in QM/MM calculations produce very accurate values.
However, it is important to note that these corrections vary depend-
ing on the type of system, the size of the QM region, and the level of
theory applied.

Our results suggest that for larger clusters, errors can be associ-
ated with the errors originating from the force fields. However, it is
clear that among the charged systems, the F~ (H,0), system exhibits

the largest errors for the smaller clusters. This suggests that the error
likely arises from the QM-MM interaction. Therefore, we calculated
ESP and Hirshfeld charges on the Li* and F~ ions in their respec-
tive systems to perform a comparison. From the results shown in
Tables S1-S8, we observed that Hirshfeld charges predict significant
changes as the QM region size increases, especially in the case of the
Li* ion, where the values range from 1.0 to 0.27 electrons. On the
other hand, ESP charges predict a minimal change for this ion. How-
ever, both methods agree that the charge of the F~ ion is distributed
among the water molecules as the QM region size increases. This
issue has been previously observed, and flexible boundary schemes
have been proposed to facilitate partial charge transfer between QM
and MM subsystems.”’”* These studies have suggested the impor-
tance of an open boundary for improving accuracy and efficiency in
QM/MM calculations. Our calculations do not show significant dif-
ferences depending on the force field utilized. Similar results were
obtained for polarizable and non-polarizable force fields.

In order to understand the source of the errors for the descrip-
tion of cooperativity within a QM/MM context, it is necessary
to consider the individual contributions from Eq. (2). The errors
within the QM region are minima since both the reference and
test systems are described using the same methodology. For the

J. Chem. Phys. 160, 134301 (2024); doi: 10.1063/5.0203020
Published under an exclusive license by AIP Publishing

160, 134301-6

0S:G1:91 $20Z Jequadeq S0


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

Int. Ene. per Bldg. Block (kcal/mol) Int. Ene. per Bldg. Block (kcal/mol)

Int. Ene. per Bldg. Block (kcal/mol)

71 % —— AMOEBA
W == NH;
\‘\\ —~ = NH3(H,0),
-8 \‘\A — = NH3(H20),
== NH3(H,0)3
\ == NH3(H20)4
-9 Vol X WBY7X-D
_10.
_11.
1 3 5 7 9 11 13 15 17 19
No. Building Blocks
_20.
_25.
- AMOEBA
—30 A - Lt
— = Li*(H0)1
— = Li*(H,0),
—35 1 == Li*(H20)3
/ == Li*(H,0)4
);’ X M06-2X
1 3 5 7 9 11 13 15 17 19
No. Building Blocks
—131 P e e
_16.
_19.
—— AMOEBA
=22 1 -- F-
—= F~(H0)
- = F7(H0);
=257 - F (M)
== F7(H0)q
—28 B3LYP

3 5 7 9 11 13 15 17 19
No. Building Blocks

Int. Ene. per Bldg. Block (kcal/mol) Int. Ene. per Bldg. Block (kcal/mol)

Int. Ene. per Bldg. Block (kcal/mol)

ARTICLE pubs.aip.org/aipl/jcp

+ OPLS
NHs
NH3(H>0):
NH3(H>0),
NH3(H,0)3
NH3(H20)4
X wB97X-D

—11 A =
1 3 5 7 9 11 13 15 17 19
No. Building Blocks
_20.
_25.
—— AMBER
—30 1 4 -— Lt
== Li*(H0)
—= Li*(H,0);
354 X -= Li*(H,0)
— = Li*(H;0),
x X MO06-2X
1 3 5 7 9 11 13 15 17 19
No. Building Blocks
_13.
X
_16.
4
-19 A e
cd
- == OPLS
—224 47X —
l)(l — = F7(H0)
25 | H —= F(H0)
- J —= F~(H0)3
% — = F~(H,0)s
-28 X B3LYP
1 3 5 7 9 11 13 15 17 19

No. Building Blocks

FIG. 5. Corrected interaction energies per building block of NH3(H,0), (top), Li* (H20), (middle), and F~(H,0), (bottom) systems. On the left side, the results are for the
AMOEBA force field, while on the right side, the results are for both OPLS and AMBER force fields. Force field names in the legend indicate FF-only results, while XC
functional names denote DFT-only results. The remaining names signify the QM size.

MM regions, the errors in the interaction energies are the same
as those reported previously in Ref. 37. Therefore, an additional
source of error lies in the final term of Eq. (2), namely, the inter-
action between the QM and MM regions. To investigate the source
of the errors arising from the interaction between the two subsys-
tems, we have carried out an energy decomposition analysis based on

SAPT(DFT).

For these SAPT(DFT) calculations, the systems were set up
such that one fragment corresponds to the molecules in the QM
subsystem, and the other fragment corresponds to all the molecules

in the MM subsystem. We computed the errors for the first three
combinations of QM/MM regions, that is, only with the solute
molecule in the QM subsystem and with the solute and one or two
water molecules in the QM subsystem. We considered only the first
ten clusters because the major deviations in the interaction energy
per building block in the F~(H,0), system occur in this range. As
shown in Fig. 6 (top row), increasing the size of the QM region
results in an increase in error for the total inter-molecular inter-
action energy compared to SAPT(DFT) energies. The NH3(H,0),
system exhibited the smallest differences, whereas the charged
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energies. The first row displays errors in total interaction energies. The second row displays errors in electrostatic interaction energies. The third row shows errors in vdW
(AMBER and OPLS) or vdW + polarization (AMOEBA) interaction energies. Purple, green, and red correspond to AMOEBA, OPLS, and AMBER results, respectively. A,

AB_1, and AB_2, indicate the size of the QM region.

systems, particularly the Li*(H,0), system, showed significantly
more substantial changes. Our findings indicate that the expansion
of the QM region has a greater impact on the results of QM/OPLS or
QM/AMBER calculations, making them more sensitive to changes
in the QM size. In contrast, the errors in interaction energies cal-
culated with QM/AMOEBA are more consistent across all analyzed
systems.

The interaction energies in SAPT(DFT) analysis can be decom-
posed into four distinct components: electrostatic, exchange, induc-
tion, and dispersion forces. Then, the next step was to separate the

interaction energy contributions in QM/MM calculations to com-
pare them with their counterparts in SAPT(DFT) calculations. First,
we conducted a comparison between the electrostatic contribution,
which emerges from the interactions between charges in the MM
region and electron density, and its SAPT(DFT) counterpart. When
employing OPLS and AMBER force fields, we then proceeded to
contrast van der Waals interactions with the combined values of
exchange, induction, and dispersion contributions. In the case of the
AMOEBA force field, we considered the sum of polarization and van
der Waals interactions for the comparison.
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The electrostatic interaction energy errors (Fig. 6, middle row)
indicate that the NH3(H,0O),, system shows minimal changes when
increasing the size of the QM region. However, errors in electrostatic
energy increase for charged systems. In particular, the Li* (H,0),
system exhibits the most significant deviations. Similar to the pre-
vious results, larger errors are observed with non-polarizable force
fields as the QM size increases.

Regarding errors in van der Waals or van der Waals
+ polarization interaction energies, the results reveal better con-
sistency as the size of the QM region increases for all three sys-
tems (see Fig. 6, bottom row). Therefore, these results suggest
that the deviations observed in total interaction energies predom-
inantly originate from electrostatic contributions. We observed an
error compensation between the electrostatic interaction energies
and the van der Waals or vdW + polarization interactions. As
illustrated in Fig. 6, one tends to overestimate while the other under-
estimates. However, this error compensation is not perfect and
gives rise to the errors in the total interaction energies discussed
previously.

V. CONCLUSIONS

In this work, we evaluated the performance of QM/MM meth-
ods to reproduce the relative cooperativity previously calculated
with density functional theory and force fields. This study showed
that the size of the QM region in QM/MM calculations plays a crit-
ical role in the accuracy of interaction energy calculations. In all
three systems studied, increasing the size of the QM region gen-
erally led to improved results, indicating that a larger QM region
enhances the description of the systems under investigation. The
choice of a force field within the MM region significantly influ-
enced the accuracy of interaction energy predictions. Notably, the
performance of the AMOEBA force field varied from system to
system. Conversely, the non-polarizable force fields consistently
provided improved results when used in combination in a QM/MM
approach, particularly for larger clusters. However, the results also
indicate that even when the size of the QM region is increased,
improved accuracy for cooperativity is not guaranteed compared
with force field-only results. This is because, while the description
of the molecules in the QM region improves, the errors in the
interaction energy between the QM and MM regions also increase
simultaneously. The results of this study have important implica-
tions for molecular simulations involving solvation systems and
related chemical processes. They emphasize the need for rigorous
validation and optimization of QM/MM calculation parameters,
including the QM region size and the choice of a force field, to
achieve accurate predictions of interaction energies. These insights
could guide researchers in making informed decisions to improve
the accuracy of simulations and pave the way for more reliable pre-
dictions of chemical and physical properties in complex molecular
environments.

SUPPLEMENTARY MATERIAL

The supplementary material is available online in a PDF format,
including interaction energy errors, linear regressions, and K* and
F~ ion charges.
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