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1

Non-covalent interactions (NCI) are essential for the function
of biological as well as all condensed phase systems [1]. For

ABSTRACT

Non-covalent interactions (NCI) dominate the properties of condensed phase systems. Towards a detailed understanding of NCI,
quantum mechanical (QM) methods allow for accurate estimates of interaction energies and geometries, allowing for the contri-
butions of different types of NCI to condensed phase properties to be understood. In addition, such information can be used for
the optimization of empirical force fields, including the specific contribution of electrostatic versus van der Waals interactions.
However, to date, the relative orientation of monomers defining molecular interactions of dimers is often based on full geometry
optimizations of all degrees of freedom or extracted from known experimental structures of biological molecules. In such cases,
the spatial relationship of the monomers often leads to multiple atoms in each monomer making significant contributions to the
interactions occurring in the dimer, confounding understanding of the contributions of specific atoms or functional groups. To
overcome this, a workflow is presented that allows for systematic control of the interaction orientation between monomers to
be performed through the use of molecular interaction rules (MIR) in an extendable tool that can be applied to a broad range of
chemical space. Using the “MIR workflow” allows a user to perform automation of the determination of well-defined monomer
interaction orientations in dimers using Z-matrices, allowing for potential energy scans (PES) to be performed on combinatorial
pairs of the monomers. In addition, compiled monomer and dimer geometries and PES data are stored in an extendable database.
Illustration of the utility of the workflow is performed based on a collection of 89 monomers encompassing a variety of functional
group classes from which 10,616 interaction dimers can be automatically generated. PES between all dimers were calculated at
the QM HF/6-31G*, MP2/6-31G*, and wb97x-d3/6-31G* model chemistries. In addition, analysis of the benzene dimer in three in-
teraction orientations, a hydrogen bond interaction between azetidinone and N-methylacetamide, and the interaction of pyridine
with acetone in the Burgi-Dunitz orientation are presented including results with the aug-cc-pVDZ basis set. Results show the
impact of different QM model chemistries on minimum interaction energies and distances over a large ensemble of intermolec-
ular interactions with emphasis on the contributions of dispersion.

| Introduction example, the central dogma is the transfer of sequential informa-
tion from nucleic acids through the process of transcription and
translation whose fidelity involves hydrogen bond interactions
to ultimately produce proteins for which the three-dimensional
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structure and stability are dependent on multiple types of NCI
[2, 3]. While NCI take a wide variety of forms, from ionic to van
der Waals (vdW) interactions, the energy may be broken down
into five subcomponents: electrostatic, exchange-repulsion,
polarization, charge transfer, and dispersion [4]. In commonly
used additive empirical force fields (FF) NCI are treated using
a combination of electrostatics, modeled using Coulomb's law,
and vdW interactions, often treated using the 12-6 Lennard-
Jones (LJ) potential [5]. In addition, explicit treatment of polar-
ization has now been included in force fields such as AMOEBA
[6, 7] and the classical Drude oscillator model [8-12]. When
parametrizing a FF, the electrostatic and polarization terms can
be directly extracted from quantum mechanical (QM) calcu-
lations using a variety of methods [13]. Treatment of the vdW
interactions is more challenging as missing terms not explicitly
treated in the FF as well as approximations in the treatment of
the Coulombic and polarization terms that contribute to the NCI
are often implicitly included in the LJ term. For example, it has
long been known that appropriate optimization of the dispersion
term based on the LJ formalism is central to accurately mod-
eling the condensed phase properties of small polar molecules
[14]. This makes optimization of the dispersion term particularly
challenging. This has led to their optimization being performed
targeting a combination of experimental condensed phase data
and QM data [15-19].

Towards facilitating this task as well as more general optimiza-
tion of FFs and for investigating NCI in general, a collection of
databases based on a variety of QM methods has been developed
over the years. Open-source molecular interaction databases
include A24 [20], NENCI [21], D1200 [22], GMTKN24 [23],
GMTKNSS5 [24], D442 [22], SH250 [25], R160 [26], R739 [26],
HBC6 [27], HB300SPX [27], HB375 [28], HSG [27], IHB100 [28],
S22 [29], S66 [30], DES15K [31], DES370K [31], X40 [32], ACCDB
[33], PPS5/05 [34], RGC10 [35], L7 [36], S12L [37], XB18 [38],
NBC10 [39], NCIR [40], and many others [41-43]. A modern ex-
ample is the Biofragment Database (BFDB) used to explore NCI
motifs based on model compounds representative of fragments
from biomolecules [44]. All these databases include dimer inter-
action geometries that users can access and acquire interaction
energies in conjunction with their choice of QM or molecular
modeling (MM) model chemistry. However, the dimer interac-
tion orientations are often poorly defined, being based on gas
phase optimization of manually aligned monomers, from macro-
molecular structures, or extracted from condensed phase simu-
lations. These issues, as well as the structures often being stored
as Cartesian coordinates, make it difficult to perform systematic
interaction potential energy scans (PES) to capture specific, well-
defined interactions between molecules. Toward this, FFParam
is a parameter optimization tool developed in our lab that also
allows automated generation of NCI of any molecule with water
in well-defined orientations [45]. As our long-term goal is the op-
timization of LJ parameters associated with specific atom type
pairs, it is necessary to automatically generate dimer structures
that have well-defined interactions between any two molecules
that may be investigated through PES of specific intermolecular
degrees of freedom. To generalize dimer interaction definition
and circumvent the conformation problem with published data-
bases, we employ an internal coordinate system that is more in-
tuitive and may be systematically manipulated to study specific
monomer interaction orientations and generate dimer structures

required for PES [45-47]. The internal coordinates, commonly
termed Z-matrices, can be converted to Cartesian coordinates to
define the interaction orientation between two molecules, from
which the interaction energy between those molecules may be
calculated using either QM or MM model chemistries. Notably,
such coordinates serve as base interoperability that is available
to any computational chemist to use for their specific models.
In this study, presented is a workflow that generates combina-
torial pairs of small molecule dimers in well-defined interaction
orientations. This involves a set of general interactions with a
programmable decision tree that can be extended to provide av-
enues for additional model compounds and interactions of in-
terest where the interaction energy for PES can be obtained for
any level of QM or MM. Once the QM PES are acquired for a
comprehensive collection of model compound dimers, that data
is stored for subsequent use.

The workflow is based on molecular interaction rules (MIR)
that are used to generate the dimer PES, which are subsequently
stored. In addition, the monomer Z-matrices and the MIR are
stored in the database and can be used to form combinations of
monomers of domain-specific chemicals that will greatly help in-
vestigations of NCI. The “MIR workflow” is applied to 89 model
compounds, from which 10,616 dimer interactions are gener-
ated and used in QM calculations with selected model chemis-
tries. Results from the calculations offer a picture of how the
MIR workflow can be used to systematically study the impact
of model chemistry on a large number of NCI of various classes.
Presently, the emphasis is on the impact of selected methods to
more rigorously account for dispersion. Specific analyses of the
benzene dimer in different interaction orientations and interac-
tions of azetidinone with N-methylacetamide and pyridine with
acetone are presented.

2 | Methodology
2.1 | Workflow Development

The MIR workflow was developed to automate the process of
molecule selection through generation of the PES and database
creation. The full workflow begins with molecule registration
along with the associated SMILES [48, 49], transformation into
the internal coordinate representation, formation of the dimers,
and acquisition of interaction PES that are then stored. The over-
all workflow is shown in Figure 1. It consists of a number of
automated steps in combination with manual user input. The
initial step is registering the molecule in the database, with the
class being the name of the molecule, “Benzene.” Its two meta
data are its SMILES and identifiers of the interactions of interest
involving that monomer.

In Step 2 of the MIR workflow, SMILES are passed into RDKit's
[50] structure utility from which initial geometries in Cartesian
coordinates are generated, with resulting structures then mini-
mized with the Merck Molecular Force Field (MMFF) [51, 52].
At this stage, one or more Z-matrices for the molecule are cre-
ated depending on the desired interaction orientations to be
studied. A Z-matrix defines a molecular structure in terms of
internal coordinates involving bond distances (BD), valence an-
gles (VA), and dihedral angles (DA) defining the location of each
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FIGURE1 | Molecular interaction rule workflow.

atom relative to the remainder of the molecule. Importantly, Z-
matrices are not unique, allowing for different atom ordering
that can facilitate the design of different interaction orientations
of each model compound through application of the proper MIR
as described below. This represents the first significant manual
input by the user in the workflow. For example, in the case of
acetone, the SMILES can be written as CC(=0)C such that the
rank order of the atoms in the Z-matrix is determined based on
how the atoms are sequentially written in the SMILES reading
from left to right. Typically, non-hydrogen atoms, and prefera-
bly heteroatoms, are selected as the first atom when creating the
Z-matrix. This selection is based on the atom of the molecule
that will define the interaction with the second monomer in a
dimer, although this may be altered in step 4 below. The code
then generates the subsequent non-hydrogen atoms based on the
SMILES string, with the hydrogens subsequently being built. In
certain cases, as in preparation for hydrogen-bond donor dimer
interactions, such as those involving alcohols, hydrogens can be
used as the initial atom, with the Z-matrix typically constructed
manually. Once the Z-matrix is constructed, the internal ge-
ometry, including the BD and VA, is obtained from the MMFF
optimized geometries. The DA required for the Z-matrix is cal-
culated with an in-house implementation of the Rosetta NeRF
algorithm [53].

Once an initial Z-matrix of a monomer is created, the compound
is subjected to a QM optimization in step 3. If problems are en-
countered during the optimization, manual correction is un-
dertaken as indicated by the feedback between steps 2 and 3 in
the workflow. The resulting optimized geometric information is

then stored in the form of internal coordinates. The QM mono-
mer geometries were used in all subsequent steps. This included
the calculation of the PES in which the two monomer geometries
are fixed at those optimized in the gas phase. If a user wants to
register a new molecule in the system, the user must first iden-
tify its functional group classification, which determines how it
will interact with other molecules during potential energy scans.
After determining the appropriate classification, a new class ob-
ject is created representing the molecule. This object requires
several essential properties, including the SMILES notation that
defines its chemical structure. The key aspect of molecule reg-
istration involves adding specific methods to the class object,
with each method representing a distinct orientation of the mol-
ecule in space. These orientations correspond to keywords like
“t_shaped,” “pi_stack,” and “hydrogen,” which define how the
molecule can interact with others during computational analy-
ses. Once defined, these orientations undergo a rigorous review
process to verify their geometric accuracy and interaction poten-
tial. After validation, the orientations are sequentially added to
the database. This systematic approach to molecule registration
and orientation validation ensures the expanding molecular li-
brary maintains consistent quality and interaction parameters
across the computational framework.

Step 4 involves verification and, if needed, modification of the
initial Z-matrices of each molecule that define the monomer
interaction sites, which act as the basis of the dimer inter-
action orientations based on the MIR described below. This
is a manual intervention in which the Z-matrix is modified
to define the site that will be directly involved in the dimer
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calculations. These are performed in the context of a mono-
mer acting as the “receptor,” which we refer to as monomer
A, or as the “ligand,” which we refer to as monomer B. The
sites can be individual atoms or virtual “dummy” atoms that,
for example, define the centroid of a ring. Additional dummy
atoms may be included to allow for the orientation of Monomer
A to Monomer B to be defined and to facilitate the building
of the rest of the molecule. In the case of monomer B, the Z-
matrix is also designed with the initial site being involved in
the interaction defining the PES with monomer A, with that
site being either a real or dummy atom. In addition, the mono-
mer B Z-matrix explicitly includes sites defined as variables
that refer to specific sites in monomer A. Those variables are
simply numbers, :1, :2, and so on that refer to the first, second,
and so on sites in monomer A, with the colon signifying a vari-
able defining the site number. Thus, the monomer B Z-matrix
contains the information to build its structure in a specific
orientation relative to monomer A. It is the combination of the
monomer A and B Z-matrices built based on one of the MIR
that define the PES. Therefore, for each model compound, one
or more monomer A type and one or more monomer B type
Z-matrices are created. This allows for a monomer A type Z-
matrix to be combined with monomer B type Z-matrices of
all the model compounds, including itself, from which the Z-
matrices of specific, well-defined monomer interaction orien-
tations in a dimer are created. This capability defines the PES,
which is the core capability of allowing for all possible model
compound dimer Z-matrices to be automatically generated,
the corresponding Cartesian coordinates generated, and the
dimer subjected to QM and MM PES calculations. In the pres-
ent study, the monomer A and B Z-matrices for 86 compounds
were initially created from the SMILES strings and manually
corrected based on the MIR, a significant task. For users to
add additional model compounds to the workflow, that pro-
cess must be performed. However, given the wide range of
monomer A and B type Z-matrices created in this study, the
user will typically be able to find examples that include the
type of monomer interaction sites they require.

The MIR encoded in the monomer A and monomer B Z-matrices
are then combined to create the dimer Z-matrix, which is used
for the calculation of the PES represented by step 5 in Figure 1.
Included in Table 1 are the MIRs based on monomer A and B
Z-matrices that are combined to create the dimer Z-matrix for
selected interaction pairs. Seven general MIRs are defined that
can be applied to create specific types of interaction orienta-
tions. In addition, a MIR for a specific interaction of interest,
the Burgi-Dunitz angle [54], was created. Example Z-matrices
of each molecule with their names, SMILES, atom name rank
order, and skeletal diagram are presented in Table S1. Real
and dummy atom names include numerical values of 1 or 2 in-
dicating monomer A or B, respectively, followed by sequential
numbers with individual numbering for non-hydrogen, hydro-
gen, and dummy atoms. Multiple Z-matrices for each molecule
associated with the monomer A and B designations for one or
more molecular interaction rules are accessible in the workflow
through the Github repository listed below.

The MIR are presented in Table 1 with rule 1 described in detail.
Rule 1 defines the interaction of the centroid of a ring in mono-
mer A with an atom in monomer B that is bonded to only one

atom in the molecule. The latter will be referred to as “donor”
atom. An example of such interaction is the T-shaped benzene
dimer interaction shown as MIR 1 in Table 1. For this rule, the
Z-matrix of monomer A is designed to define the centroid of the
benzene ring as the interaction site using the dummy atom X11.
X11 is defined with respect to three ring carbons with the BD,
VA, and DA values obtained from the QM optimized monomer
structure. Monomer B is defined with hydrogen as the donor
interaction site. The monomer B Z-matrix is then constructed
using the variables :1, :2, and :3 to define the orientation of B
with respect to monomer A. This involves X11 (:1), defining the
interaction of H21 of monomer B with the centroid of the mono-
mer A ring, along with a VA to C11 (:2) of 90° and a DA to C12
(:3) of 90°, defining the perpendicular spatial relationship of the
benzene rings. To allow for the remainder of monomer B to be
built requires the use of a dummy atom, X21, with BD assigned
a value of 1.0A and the remaining two sites defining the ori-
entation relative to monomer A from the monomer A Z-matrix.
The third site in monomer B is then defined in an analogous
fashion, with the remainder of the monomer B Z-matrix then
defined based on the first three sites. Note that the use of the
variables DISTANCE, ANGLE, and DIHEDRAL in the mono-
mer B Z-matrix is to allow for PES to be performed. The com-
bination of the monomer A and B Z-matrices built with respect
to a MIR yields the full Z-matrix for the dimer in the defined
orientation. That Z-matrix can then be used to perform a linear
PES between the interaction sites by simply varying the value of
the variable DISTANCE built into monomer B. We note that the
dimer Z-matrix also allows PES of the angle between the mono-
mers through varying the ANGLE variable and the dihedral be-
tween the monomers through varying the DIHEDRAL variable.
In the present study, only linear distance PES were performed.

While the above example involved a hydrogen atom of ben-
zene interacting with the ring centroid, the same MIR may be
used for a carbonyl oxygen interacting with the ring centroid.
This could be the oxygen of acetone having a direct interaction
with the benzene ring centroid. Thus, each rule can be applied
to a range of diverse interacting pairs. In addition, the same
monomer Z-matrix may be used with multiple MIR. For exam-
ple, the monomer A Z-matrix is used in MIR 1, 2, 4, 5, and 6.
Accordingly, the rules in Table 1 are named in general terms
rather than specific interaction orientations, with the exception
of the Burgi-Dunitz angle.

In step 6 of the MIR workflow, the PES are calculated using the
dimer Z-matrix generated in step 5. This is performed by in-
putting the dimer Z-matrix into the QM program that converts
the internal coordinates into Cartesian coordinates. Distance
PES were performed using 72 single point energy scans from
a distance of 8.0-1.0A in steps of —0.1A. Initiating the scans
at longer distances allows for capturing and retaining PES data
in cases when the monomers approach small distances. When
a PES fails, for example, from a convergence error due to atomic
overlap, the PES is captured up to the distance of the point of
failure and moved into the database for subsequent use.

Error checking is an essential aspect of the workflow to en-
sure that the interaction orientations for the individual dimers
are correct. This error check of the PES is performed through
calculation of the first derivative of the potential energy with
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TABLE1 | Molecular interaction rules (MIR) defining dimer interaction orientations including the components of the Z-matrices used to define

the MIR of the interaction type.

Monomer
interaction rules

Type

Example

Z-matrix components of sites defining
the intermolecular interactions

1. Ring Centroid to
Donor atom

2. Ring Centroid to
Ring Centroid

3. Donor to Donor
atom

4. Ring Centroid to
Acceptor

5. Ring Centroid to
sp3 Acceptor

T-shaped
(C-H-m)

n-stacking

H-H
repulsion

Lone Pair-nt

Lone Pair-m

Cy4——=Css
/7 \
Cia Cie
‘012"-011

U
Ha1—Xa4

Ca
Cis  Cx
I |

C. C
25 / 23
Ca4

T-Shaped Benzene Dimer
T-Shaped Benzene Dimer

Cyu—=0Css

/7 \

Ci3 Cis

Cpu=—=Css
/7 \
Cas Cop
> 4

C g e G,
Pi-Stack Benzene Dimer
Pi-Stack Benzene Dimer

Hiz Xy Hao

\

CM/C"‘H"' ~Hp—Cp

N/

Caz

Cos

C13’C12 X1
Cyclobutane Dimer
hydrogen-hydrogen

repulsion

Cyclobutane dimer hydrogen—
hydrogen repulsion

Cys——Cry
/7 N
C15 C12
~ 7

CyqvimmmCyy

Oz
N
C2\1 //C22
Ca3—Cp4
Benzene to Furan
Benzene to Furan

Cyy——Css

/7 N

C13 C16

‘012':_011

22 21
\.021 “H

S
S\

~N
Has Hy,,

Benzene to Methanol

21

X11
C11 X11 1.3940
C12 C11 1.3774 X11 60.0000
C13 C121.3774 C11 120.0000 X11 0.0000

H21 :1 DISTANCE :2 ANGLE :3 90.0000
X21 H21 1.0000 :1 90.0000 :2 180.0000
C21 H21 1.0756 X21 90.0000 :1 90.0000

C22 C211.3774 H21 120.0000 X21 DIHEDRAL

X11
C11 X11 1.3940
C12 C11 1.3774 X11 60.0000

C13 C121.3774 C11 120.0000 X11 0.0000
X21 :1 DISTANCE :2 ANGLE :3 90.00000

C21 X21 1.3940 :1 90.0000 :2 180.0000

C22 C211.3774 X21 60.0000 :1 90.0000

C23 C221.3774 C21 120.0000 X21 DIHEDRAL

H11
X11 H11 1.0000
C11 H11 1.1001 X11 90.0

C12 C111.5573 H11 118.5122 X11 180.0

C13 C121.5573 C11 87.8052 H11 —143.6662
H?21:1 DISTANCE: 2 ANGLE: 3180.0

X21 H21 1.0000: 1 90.0000: 2 DIHEDRAL

C21 H21 1.1013 X21 90.0000: 2180.0000

C22C211.5345H21 111.6112: 1180.0000

X11
C11 X11 1.3940
C12 C11 1.3774 X11 60.0000
C13 C121.3774 C11 120.0000 X11 0.0000

021 :1 DISTANCE :2 ANGLE :3 DIHEDRAL
C21 021 1.3723 :1 126.5480 :2 90.0000
C22 021 1.3723 :1 126.5480 :2 —90.0000

X11
C11 X11 1.3940
C12 C11 1.3774 X11 60.0000
C13 C121.3774 C11 120.0000 X11 0.0000

021 :1 DISTANCE :2 ANGLE :3 DIHEDRAL

H21 021 0.9657 :1 236.0000 :2 0.0000

X21 H21 1.0000 021 90.0000 :1 0.0000
C21 021 1.4349 H21 111.8699 X21 180.0000

(Continues)
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TABLE1 | (Continued)

Monomer Z-matrix components of sites defining
interaction rules Type Example the intermolecular interactions
6. Ring Centroid to Cation-7t Na X11
monoatomic species ' C11 X11 1.3940
/\ C12 C11 1.3774 X11 60.0000
013 Cis C13 C12 1.3774 C11 120.0000 X11 0.0000
‘012_0{ .
. . NA21:1 DISTANCE :2 ANGLE :3 DIHEDRAL
Benzene pi-cloud to Na
Benzene pi-cloud to Na*t
7. Triple Bond to H-bond Xor iy Hip H11

Donor atom

Cap——C21=Na¢= ~Hyy—Ny

X11 H11 1.0000
N11 H11 1.0199 X11 90.0000

Xo2 Cis C11 N11 1.4728 H11 110.0093 X11 180.000
Cyano N to Amine H H12 N11 1.1057 H11 115.0533 X11 0.000
Cyano N to Amine H -
N21 :1 DISTANCE :2 ANGLE :3 180.0000
X21 N21 1.0000 :1 90.0000 :2 DIHEDRAL
C21 N21 1.1854 X21 90.0000 :1 180.0000
X22 C21 1.0000 N21 90.0000 X21 0.00000
C22 C21 1.4710 X22 90.0000 N21 180.0000
8. Nucleophile to Burgi-Dunitz Coz c 011
Trigonal unsaturated Angle c \\22 C11 011 1.2307
center (Special Rule) \ o X11 011 1.0000 C11 90.0000
Cos =~ / C12 C111.5180 011 121.7139 X11 90.0000
\‘2‘ C13 C111.5180 O11 121.7139 X11 —90.0000
Coh X N21 C11 DISTANCE 011 ANGLE X11 0.0000
\é £ C21 N21 1.3208 C11 111.1750 O11 DIHEDRAL
11— Y11

/

Ci3

(€22 C211.3208 N21 116.0000 C11 180.0000

Pyridine to Acetone

Pyridine to Acetone

Note: The atom numbers (:1, :2, :3) in the second Z-matrix for each dimer correspond to the sites in the first Z-matrix. A ring centroid (RC) is the center of an aromatic
ring, donors are functional groups that interact non-covalently with other molecules through an atom bonded to only one atom in the rest of the molecule, acceptors
are the functional groups that generally form non-covalent interactions via an atom bonded to two of more atoms in rest of the molecule, triple-bond refers to
functional group like cyano group (-CN) that exhibit linear bond angle within the molecule, and monoatomic species are chemical entities that do not have any bond
description requirement. Note that the terms donor and acceptor do not necessarily correspond to the definitions commonly associated with hydrogen bonds. MIR 4
and 5 differ by the need to introduce an additional dummy atom, X21, in rule 5 to define the orientation of the second monomor (e.g., atoms C21, H21, H22, and H23)

relative to the first monomer.

distance. The most common correct PES with a single favorable
minimum, going from the shortest distance, will have a negative
continuously decreasing derivative as it approaches the mini-
mum, a zero derivative at the minimum, and then followed by
a gradually decreasing positive derivative until the PES asymp-
totes. Correct repulsive surfaces will have continuously decreas-
ing negative derivatives throughout the PES. To identify correct
PES, a series of checks are made as defined in Equation S1. If
alternative behavior is identified, then the PES is flagged for
manual intervention. This is represented as the feedback loop
between steps 5 and 6 in the workflow in Figure 1. Examples of
“bad” PES are shown in Figure S1 and a repulsive interaction in
Figure 5D (see below).

Following completion of the PES, the energetic data along with
the Cartesian coordinates as a function of distance are stored
as shown in step 7 of the workflow. This involves a knowledge
graph associated with a functional group (FG) category with

the parents and molecules belonging to that group as child
nodes. Each child node contains atom names, internal coor-
dinates, and force field atom types. The individual FG nodes
are conjoined and stored for analysis. The database has a re-
spective application programming interface to browse through
data, render status matrix plots, and build input files for QM
and MM software.

To obtain PES target data on a mass scale, the workflow was
parallelized across the UMB CADD Center cluster on a server
with 64 cores per node, with one thread assigned to each core
for a total of 24 nodes and 1536 CPUs. Each node is assigned
one FG with either itself or another FG set, with the FG type for
each molecule included in the database. This allows not only for
selective capture of FGs as well as for organized data analysis. A
key item to note is the flexibility of the QM or MM engine used
in the workflow. This allows for tunable QM theory/basis set or
MM force field based on user interest.
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2.2 | Computational Methods

QM calculations were performed using the program Psi4 [55].
Monomer geometry optimizations were initiated from the MMFF
[51, 52] optimized geometries calculated with RDKIT. Monomer
optimizations were performed at the MP2/aug-cc-pVDZ model
chemistry [56-58] to the “Gau” defined convergence criteria.
Monomers that failed initially were manually checked and opti-
mized at the HF/6-31G* model chemistry 59, 60] and re-optimized
at MP2/aug-cc-pVDZ. The MP2/aug-cc-pVDZ optimized geome-
tries were then used to create the monomer Z-matrices. These were
then stored in the database for subsequent PES calculations using
dimer Z-matrices created using the MIR described in Table 1.
Dimer PES was performed at the QM model chemistries reported
below. Counterpoise correction for orbital overlap is applied as a
default parameter to account for the basis set superposition error
(BSSE) which is known to be pronounced in Gaussian double basis
set expansion [61].

3 | Results

Presented in Figure 1 is the MIR workflow developed to per-
form PES between molecules in well-defined interaction orien-
tations. It encompasses initial model compound and interaction
orientation selection, creation of monomer geometries through a
SMILES interpreter followed by QM geometry optimization. Z-
matrices for the model compounds are then generated and pop-
ulated based on optimized geometries. Manual manipulation of
the Z-matrices is performed, implementing specific MIR that
defines the interaction orientations in which the model com-
pound will participate. This procedure required the creation
of both monomer A (receptor) and monomer B (ligand) spe-
cific Z-matrices based on the desired MIR described in Table 1.
While the MIR in Table 1 are general, they may be altered by
altering the definition of the ANGLE or DIHEDRAL, based on
user requirements. These Z-matrices may then be combined
in a pairwise fashion to generate all possible dimer Z-matrices
over the selected model compounds. The dimer Z-matrices may
then be input into a number of programs allowing for creation
of the Cartesian coordinates for QM or MM model chemistry
calculations.

The MIR establishes a framework for calculating different types
of molecular interactions in PES. Rule 1 handles interactions
between a donor atom (e.g., hydrogen in benzene or oxygen in
0=C) and a ring centroid. Rule 2 addresses stacking interac-
tions with any two ring types based on user-defined centroids.
The flexible Z-matrix approach enables the calculation of stack-
ing interactions across various orientations, which has proven
valuable for analyzing nucleic acid base stacking [62]. Rule 3
serves as a general approach for various interactions, particu-
larly hydrogen bonds, such as between N-H donors and O=C
acceptors in the N-methylacetamide dimer. Rule 4 specifically
focuses on interactions between acceptors in heteroaromatic
rings and ring centroids. Rule 5 deals with sp3 hybridized atoms,
including hydroxyl oxygen or sulfhydryl sulfur atoms, acting
as acceptors with ring centroids, using dummy atoms in the Z-
matrix to define the remainder of the structure, which is also
valuable for water as a hydrogen bond acceptor. The rule may
also be used for interactions of the oxygen or sulfur atom with

a hydrogen bond donor, for example, an N-H. Rule 6 is a varia-
tion of Rule 1 for interactions involving monatomic species like
ions or rare gases, particularly useful for optimizing Lennard-
Jones parameters [63]. Rule 7 is useful for managing interactions
between donor atoms and functional groups with linear bond
angles, such as the cyano (-CN) group. Rule 8 is a special rule
that allows the interaction of a nucleophile towards a trigonal
unsaturated center such as C in the C=0 group of acetone, also
referred to as the Burgi-Dunitz angle [54].

Selected PES generated using the workflow are shown in
Figure 2. Panels A, B, and C show the benzene dimer as cal-
culated using Rules 1, 2, and 3, respectively. As is evident, the
use of the Z-matrices and associated MIR allows for PES along 3
well-defined interaction orientations to be calculated. Figure 2D
shows a hydrogen bond interaction between azetidinone and
NMA also calculated using Rule 3, emphasizing the generality
of the MIR for different types of NCI. The utility of the special
rule 8 associated with the Burgi-Dunitz angle is shown in panel
E of Figure 2. The ability to create this specific interaction ori-
entation emphasizes the power of the use of Z-matrices to define
intermolecular interactions. In this case, the Burgi-Dunitz [54]
angle is associated with the approach of nucleophilic nitrogen
of pyridine and the electrophilic carbon of acetone. Notably,
the special MIR would allow the energetics of the approach as
a function of intermolecular angle and dihedral to readily be
studied. Clearly, the use of Z-matrices combined with the MIR
allows for well-defined interactions between molecules to be
defined and studied using a variety of model chemistries. The
range of accessible interactions can be expanded through addi-
tional MIR, which will often be small variations of those already
available from the workflow.

A particular area of interest to investigations of NCI is the treat-
ment of dispersion interactions as they are important for the
accurate modeling of condensed phase interactions using empir-
ical force fields. The workflow in conjunction with the specific
interactions in Figure 2 demonstrates the power of the MIR to
facilitate the application of different basis sets and QM levels of
theory. To better include dispersion effects, Udisp, in QM, theo-
ries have been built on the early perturbation methods described
by Eisenschitz and London [64]. From these efforts it was shown
that the dispersion energy, at a large distance R between atoms i
and j, may be modeled as a pair-wise specific r° interaction term
as described in Equation (1).

Ugp = —C R M
In Equation (1), C, defines the magnitude of the dispersion
interaction between the two atoms. This model is the basis
of improved treatment of dispersion in density functional the-
ory (DFT) through the use of dispersion (DFT-D) corrections
[65]. Grimme et al., as well as a number of other labs, have
proposed a variety of dispersion corrections to DFT [66] lead-
ing to the widely used DFT-D method of Becke and Johnson
with GGA functionals to achieve near CCSD(T) accuracy [67].
Following this approach, Gordon et al. demonstrated that
the dispersion correction could be used with Hartree-Fock
and “wB97x-D” long-range corrected hybrid density func-
tional worked well for the treatment of NCI [68, 69]. A further
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development, wB97x-D3, was able to demonstrate accuracy for
non-bonded interactions over other methods for a wide range
of interactions [69].

Building on the PES performed for the dimers in Figure 2 QM
PES calculations using different model chemistries were under-
taken. This included ab initio and dispersion-corrected DFT
model chemistries including HF/6-31G*, MP2/6-31G*, wB97x-
D3/6-31G*, MP2/aug-cc-pVDZ, and wB97x-D3/aug-cc-pVDZ.
MP2 calculations offer a limited treatment electron correlation;
couple-clustered methods such as CCSD(T), are typically used to
“fully” account for dispersion interactions. However, CCSD(T)
calculations with larger basis sets, such as aug-cc-pVDZ, are com-
putationally challenging, especially with the size of many of the
dimers being studied presently as well as the number of dimers
accessible to the workflow [70]. Accordingly, we considered the
use of the wB97x functional with the D3 dispersion correction as
an alternative to model electron correlation effects. The impact
of the use of methods to better include dispersion is evident in
Figure 2. In all cases, the least favorable interaction energies are
obtained with HF/6-31G*. Use of MP2 with the 6-31G* basis sets
accounts for a significant amount of dispersion contributions. A
similar amount of dispersion contributions is obtained with DFT
with the D3 dispersion correction, wB97x-D3, with the 6-31G*

basis set. Moving to the larger basis set with MP2, aug-cc-pVDZ,
yields the most favorable interaction energies due to the more
flexible basis set. However, the wB97x functional with D3 cor-
rection with the aug-cc-pVDZ basis set does not offer additional
dispersion correction over 6-31G*, as expected given the “fixed”
atom-based dispersion correction associated with that method.
Notable is the variation in the differences in the impact of the
model chemistry for the different dimers in Figure 2. The larg-
est differences occur with the T-shaped (Figure 2A) and stacked
(Figure 2B) benzene dimers followed by the Burgi-Dunitz pyr-
idine-acetone interaction (Figure 2E). This is due to the larger
orbital overlap in those dimers as compared with the hydrogen
bond (Figure 2D) and benzene dimer H-H planar (Figure 2C)
interactions. These differences indicate the utility of using well
defined monomer interaction orientations when performing de-
tailed analysis of dimer interactions and the impact on different
model chemistries on those interactions.

To show the full power of the workflow, a larger number of
model compounds for dimer calculations were selected. The se-
lection criteria were such that the model compounds contained
functional groups associated with the NCI of interest and had
minimal complexity. For example, to study hydrogen bonding as-
sociated with the oxygen of an ether functional group, dimethyl
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ether is preferred over diethyl ether or methyl acetate due to its
greater simplicity and presence of a single type of heteroatom
in the former. This reduces confounding contributions from
other atoms when calculating the interaction energies. Such
considerations will facilitate the planned optimization of the
off-diagonal atom-pair specific LJ parameters in the CHARMM
additive and Drude FFs [9, 71, 72]. The chemical names of these
compounds were then used to generate the associated SMILES.
The molecules were then organized in an object-oriented archi-
tecture based on their FG class. Each object is a molecule (e.g.,
Benzene) associated with an object defining the different inter-
action orientations for that molecule. The full list of FG classes
included in the present study and their associated molecules are
presented in Table 2.

Table 2 includes two columns: Functional Group Class and
Molecules. When a molecule is added to the workflow, it is
placed into an appropriate generalized class determined by its
dominant FG. This allows for a systematic way, specific to the
user's domain chemical space, to create the desired types of in-
teraction dimers when investigating NCI. The collection of mol-
ecules used in the present study includes a variety of aromatic,
aliphatic, and polar species, allowing for investigation of a broad
range of NCI. There are a large number of molecules in the
Aromatic class because of general interest in investigations of
n—7 stacking, cation-m, anion-7, and other related interactions.

Beyond the interactions involving aromatic groups, the inter-
actions also include direct hydrogen to hydrogen interactions,
which are typically repulsive in nature, emphasizing the ability
of the workflow to investigate the full range of molecular inter-
actions. The specific interactions studied in this work were based
on MIR 1 to 5 (Table 1). A total of 89 monomer pairs were used
to generate 10,616 dimer Z-matrices and were subject to QM cal-
culations. The PES were successfully generated per level of the-
ory/basis set: 6355 (HF/6-31G*), 6123 (MP2/6-31G*), and 4735
(wb97x-D3/6-31G*). The number of successful PES was based on
several factors. The majority of failures were due to geometric
errors in the Z-matrices. Efforts to correct these are ongoing.

The number of successful PES being lower than the total possi-
ble PES emphasizes the importance of error checking. A valid
PES must follow four essential rules. Starting from the smallest
distance between the monomers, all first derivatives of the en-
ergy must be negative and continuously decrease until reaching
a minimum where the derivative equals zero. The minimum can-
not occur at the start or end of the sequence. After reaching the
minimum, all subsequent values must be positive, continuously
increase, and then gradually decrease without encountering a
maximum upon going to distances in the PES longer than the min-
imum. In addition, throughout the entire PES, no two consecutive
points can have the same value, ensuring there are no plateaus.
This assures that a smooth transition from a negative decreasing
slope to a positive increasing slope through a clear minimum point
is present in the PES. The equations defining the correct PES are
presented in Equation S1.

Initial tests were run with the HF/6-31G* model chemistry.
Examples of incorrect PES that did not pass error checking
are shown in Figure S1. The discontinuous PES is due to the
incorrect interaction orientations of the monomers. When

such errors are encountered, manual intervention is required
to correct the problem. Such problems are typically associated
with an incorrect Z-matrix of a specific monomer, such that
correction of the problematic Z-matrix leads to the PES con-
taining that model compound being corrected. Correction of
such errors typically leads to the correction of a number of
PES, given that each monomer is involved in a minimum of
at least 89 PES. Additional failures with MP2 and wb97x-D3
are primarily associated with memory errors and lack of SCF
convergence.

In Figure 3, the full range of successfully calculated PES is dis-
played at different levels of theory (HF, wB97x-D3, and MP2)
with the 6-31G* basis set and interaction charge type (neu-
tral/neutral, neutral/ion, ion/ion). In Row A, as higher levels
of theory are applied to the neutral to neutral interactions the
presence of the correlation energy is evident with more mini-
mum energies extending from —10kcal/mol in panel A.1 up to
—15kcal/mol in A.3. The dispersion correction from wB97x-D3
A.2 leads to more well-defined minima for selected interactions
and the magnitude of the effect similar with the MP2 data in
A.3, though this will be shown in more detail below. The inter-
actions impacted most by the improved treatment of dispersion
include—stacking of ring centroids of azulene to phenoxazine
and methylene oxindole to phenoxazine.

In Row B in Figure 3, the correlation energy for the neutral
to ion PES does not have as holistic an impact as for the neu-
tral to neutral interactions, as expected given the greater role
of electrostatic versus dispersion with ionic species. In B.2 and
B.3 there is a greater density of minimum energies of less than
—30kcal/mol for certain interactions that contain 4-pyridinone,
pyridinone, pyridinium, imidazole, and imidazolium following
Rules 1, 2, and 5. Thus, dispersion contributions associated with
either wB97x-D3 or MP2 do contribute to this class of interac-
tions though to a far lesser extent than with the neutral to neu-
tral interactions.

For the ion-to-ion interactions shown in Row C in Figure 3
only PES for oppositely charged monomers are shown. The
contribution of electron correlation via MP2 or through the
D3 dispersion correction is the smallest versus the interactions
involving neutral species, as expected given the dominance of
pure electrostatics that are reasonably treated by HF. Also, as
expected, the interactions are still quite favorable at the end of
the PES, with interaction energies of approximately —40kcal/
mol at 8 A associated with the interaction of oppositely charged
species, as defined by Coulomb's law. These interactions include
amidinium, pyridinium, imidazolium, pyridinium, charged
prolineamide, ethylammonium, trimethylammonium, and te-
tramethylammonium with acetate and methylthiolate, follow-
ing Rules 1, 3, and 5. PES with minima that are approximately
—80 to —60kcal/mol include methylthiolate sulfur atom interac-
tions with ethyl/tri/tetra-methylammonium and the pyridinium
ring centroid, following Rules 1 and 2. Interactions that exceed
—100kcal/mol consist of the same aforementioned positively
charged compounds with acetate. PES with longer minimum
interaction energy distances are associated with, for example,
interactions involving the methyl group of a charged species.
Again, this emphasizes the range of NCI that may be explored
with the MIR workflow.
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TABLE 2 | Functional group classes and specific molecules included
in this study.

Functional group

class Molecules

Aromatic Azulene, Benzene, Bipyrrole,
Bromobenzene, Chlorobenzene,
Fluorobenzene, Four Pyridinone,
Furan, Imidazole, Imidazolium,
Indole, Indolizine, Isoxazole,
Methylene Oxindole, Nitrobenzene,
1 Phenyl-4-Pyridinone, Phenol,
Phenoxazine, Pyridine, Pyridinium,
Pyrimidine, Pyrrolidine,
Thiophene, 3-Aminopyridine,
2-H-Pyran, Uracil

Alcohols Methanol

Alkanes Cyclobutane, Cyclohexane,
Cyclopropane,

Neopentane, Propane

Alkenes Cyclohexene, Cyclopentene,
Methoxyethene, 1,3-dibutene,

Propene, 2-Pyrroline

Alkynes Propyne

Acetamide, Amidinium,
Azetidinone, DimethylFormamide,
Methylacetamide, 2-pyrrolidinone,
Prolinamide, Prolinamide Charged

Amides

Amines Ammonia, Dimethylamine,
Ethyl Ammonium, Hydrazine,
Methylamine, Piperidine,
(Z)-N-methylethanimine,
Tetramethylammonium,
Trimethylamine,

Triethylammonium

Carbonyls Acetaldehyde, Acetate, Acetic
Acid, Acetone, Carbon Dioxide,

Formaldehyde, Methylacetate, Urea

Ethers Dimethyl ether, Epoxide, Oxetane,

Tetrahydrofuran, Tetrahydropyran

Imines Ethenamine

Bromoethane, Chloroethane,
Dibromoethane, Dichloroethane,
Fluoroethane, Difluoroethane,
Tribromoethane, Trichloroethane,
Trifluoroethane

Halogens

Nitriles Acetonitrile

Organophosphorus Methyl Phosphate,

Dimethyl Phosphate

Organosulfur Dimethyl sulfone, Dimethyl
Sulfoxide, Dimethyl
trithiocarbonate, Dimethyl
Disulfide, Methanethiol,

Methylthiolate

To more closely analyze the impact of investigating large num-
bers of interaction orientations on the minimum interaction
energies and distances, their probability distributions are pre-
sented in Figure 4. Results are again shown for neutral to neu-
tral, neutral to ion, and ion to ion interactions. Results from
only those PES with a local minimum are included in the dis-
tance analysis, with interaction energies at 4-5A included for
the repulsive interactions in the energy analysis. Concerning
the minimum interaction distances, for all three combinations
of compounds, there are a range of minimum distances. This
is associated with different types of interactions, from idealized
hydrogen bond or ionic interactions to interactions involving
ring centroids, as well as those involving interactions between
nonpolar groups. Also, the interaction distances are defined
based on the rules used to define the dimers, such that atoms
defining the distances could be two hydrogens, hydrogens and
heteroatoms, two heteroatoms, two carbons, and so on, as well
as real atoms with dummy atoms as used for interactions with
ring centroids. Example interactions are shown as inserts in the
three upper panels in Figure 4.

The large variety of interaction orientations leads to the
wide distribution of minimum interaction energies seen in
Figure 4D-F. For all three classes of interactions, the major-
ity of energies are favorable. However, unfavorable energies
are obtained with all three classes associated with “repulsive”
interactions. Examples of dimer PES for monomer pairs that
involve direct interactions between atoms that would be ex-
pected to yield repulsive interactions are shown in Figure 5.
For example, direct interactions are present between hydro-
gen bond acceptors (Figure 5A), two hydrogens (Figure 5B,D),
and two halogens (Figure 5C). However, the interactions oc-
curring in Figure 5A-C have local minima, showing that in
certain regions of the PES, overall favorable interactions be-
tween the two monomers overcome the repulsion between the
directly interacting atoms. Only in the case of panel D is the
interaction repulsive over the entire PES. These results further
emphasize the utility of using well-defined interaction orien-
tations on PES to systematically investigate the full range of
NCI, especially in the context of force field development.

Results in Figure 4 also show the impact of the QM level of
theory on the populations of the minimum interaction dis-
tances and energies of the dimers. For the neutral to neutral
interactions shown in Figure 4A the peak of the probability
density of the minimum interaction distances between dimers
is reduced from ~3 to 2 A upon going from the HF to the MP2
and D3 corrected levels of theory. This shows that the explicit
treatment of electron correlation or the use of a dispersion cor-
rection has a significant impact on a large number of intermo-
lecular interactions for the neutral species. This is also evident
in the energies in panel D. Similar differences are present with
the neutral to ion interactions in panels B and E, though to
a smaller extent. Interestingly, the overlap between the MP2
and wB97x-D3 distributions in panels A, B, D, and E shows
the energetic impact of the explicit treatment of electron cor-
relation or the use of the D3 dispersion correction with the
6-31G* basis set yields very similar dispersion contributions to
the neutral-neutral and neutral-ion interactions for the large
majority of dimers. However, as noted above for the benzene
dimer, the use of a larger, more flexible basis set allows for
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interactions only attractive dimers were studied.

more dispersion to be accounted for with the explicit treat-
ment of electron correlation via MP2 (Figure 2). This differ-
ence is indicative of the known overestimation of electron
correlation by MP2 for stacking interactions [73, 74|, though
such overestimation may potentially be desirable in the con-
text of force field development for condensed phase studies
where many-body contributions to dispersion may need to be
implicitly included in the vdW parameters. Future studies are
needed to address this issue.

In Figure 4C,F, the impact of improved treatment of dispersion
versus HF is shown to be less with the charged interactions. The
peak of the probability density of the minimum interaction dis-
tances is similar (Figure 4C). However, there is a shift in the

distributions upon going from HF to the improved treatment of
dispersion to more favorable energies indicating that the use of
the higher levels of theory still plays a role. The wB97x-D3 proba-
bility density is downshifted more than MP2 indicating that the
D3 dispersion corrections may be somewhat overestimated for
the ion-to-ion interactions.

4 | Summary

Presented is a MIR workflow for the generation of PES between
arbitrary monomers in well-defined interaction orientations.
Input requires identification of the model compound of interest,
the associated SMILES strings, and developing a Z-matrix of the
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molecule. Following QM optimization of the molecule, the Z-
matrix is registered and manually modified following the MIR
to allow for specific interaction orientations of the molecule
with other monomers to be generated. This requires creation of
Z-matrices as either monomer A (receptor) or monomer B (li-
gand) or both. Once the Z-matrices are created, target PES with
the other monomers in the database can be acquired at any QM
model chemistry.

Successful PES require careful visual inspection and manipu-
lation of the Z-matrices modified based on the MIR to create
the dimers. A critical element is the proper placement of the
dummy atom, particularly in relation to monomer B's orienta-
tion to monomer A. The dummy atom typically forms part of
the first three atoms in the Z-matrix, which collectively deter-
mine the overall molecular orientation. When encountering
problematic orientations, a systematic approach proves valu-
able; building monomer B incrementally, atom by atom, helps
pinpoint where the orientation deviates from the intended con-
figuration. If achieving the desired orientation remains chal-
lenging, repositioning the virtual atom within the first three
atom positions often resolves geometrical inconsistencies. For
future automation efforts, the development of a library contain-
ing correctly configured Z-matrices would be invaluable. From
these reference structures, systematic rules could be established
to characterize optimal Z-matrix connections. As new molecu-
lar structures are incorporated into computational workflows,
these rules would enable automated flagging of potentially prob-
lematic geometries before running resource-intensive PES cal-
culations. This approach would streamline workflow efficiency
by identifying geometry issues before computation begins,

reducing wasted computational resources on invalid configura-
tions and ensuring more reliable PES results.

To show the utility of the MIR workflow, it was used to inves-
tigate the treatment of electron correlation and basis set on a
wide set of FGs and dimer interaction PES. While only a few
model chemistries are applied in the present study, the known
importance of using post-HF methods in capturing accurate
NCI is evident. Notable were the similarities and differences in
the use of wB97x-D3 versus MP2 to account for dispersion inter-
actions. The functional with D3 corrections, @B97x-D3, versus
MP2 is attractive due to the O(n?) versus O(n®) computational
demand, where n is the number of basis-functions. In the con-
text of the small 6-31G* basis set wB97x-D3 is clearly similar to
MP2 as we show for a large number of intermolecular interac-
tions. However, MP2 used with a larger, correlation consistent
basis set, aug-cc-pVDZ, has a significant energy difference ver-
sus wB97x-D3 as observed with the PES for the benzene dimers,
the azetidinone-methylacetamide dimer and the Burgi-Dunitz
angle of pyridine-acetone shown in Figure 2. These differences
represent the significant challenge in adequately treating dis-
persion using QM methods for large numbers of intermolecular
pairs that the presented MIR workflow allows to be calculated.
In addition, analysis of selected dimers that involve direct inter-
actions between atoms that are repulsive in nature reveal the
presence of favorable, local minima. Such a result shows how
studies of a wide range of monomer pairs in well-defined inter-
action orientations can yield unexpected insights into NCI.

Taking advantage of this capability, in future studies we plan
to use the PES at the model chemistry MP2/aug-cc-pVDZ to
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facilitate the optimization of LJ parameters. Fitting will target
PES for small molecule dimers, with those parameters then ap-
plied to mixed condensed phase simulations. This will include
expansion of our software to the CHARMM General FF and
Drude FFs potential energy functions to acquire MM PES [72].

The MIR workflow, molecules, Z-matrices based on the molecu-
lar interaction rules, and Cartesian coordinates can be installed
as a python package. The package is available at https://github.
com/mackerell-lab/Molecular-Interaction-Rules. The package
includes an example QM PES calculated using the Psi4.
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