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ABSTRACT
In this work, we present a novel force-based scheme to perform hybrid quantum mechanics/molecular mechanics (QM/MM) computa-
tions. The proposed scheme becomes especially relevant for the simulation of host–guest molecular systems, where the description of the
explicit electronic interactions between a guest molecule and a classically described host is of key importance. To illustrate its advantages,
we utilize the presented scheme in the geometry optimization of a technologically important host–guest molecular system: a pentacene-
doped p-terphenyl crystal, a core component of a room-temperature MASER device. We show that, as opposed to the simpler and widely
used hybrid scheme ONIOM, our Quantum-Coupling QM/MM scheme was able to reproduce explicit interactions in the minimum energy
configuration for the host–guest complex. We also show that, as a result of these explicit interactions, the host–guest complex exhibits
an oriented net electric dipole moment that is responsible for red-shifting the energy of the first singlet–singlet electronic excitation of
pentacene.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0079788

I. INTRODUCTION

Host–guest systems are important in a wide variety of research
fields. Their computational simulation is relevant in chemistry,1–3

biology,3–10 and materials science.3,11–15

Modeling host–guest systems with a purely quantum mechani-
cal formalism is computationally very expensive, and consequently,
the analysis of the electronic structure is often limited to geometries
that are not in equilibrium according to the method selected to per-
form the quantum mechanical computations; these configurations
may come from experimental determinations (e.g., from crystal-
lographic data) or geometry optimizations with different methods
(e.g., with classical force fields). To build the configurations sub-
ject to analysis, a strategy often used is the simple insertion of the
guest molecule into the host structure, replacing host molecules in

the process if necessary.12,13,15 We think that this “overlap” approach
alone does not take into account the flexibility of the guest or the
host, i.e., the ability to alter their geometrical conformation in order
to minimize repulsions between fragments and maximize favorable
intermolecular interactions. We, therefore, propose to optimize the
geometry of the host–guest complex as a prior step to the analysis of
the electronic structure.

The geometry optimization of a typical host–guest system,
using a quantum mechanical method, such as Kohn–Sham Density
Functional Theory (KS-DFT), requires many times the computa-
tional power needed to process a single configuration. An apparent
solution would be to reduce the cost per configuration by reducing
the host structure to include only the atoms closest to the guest. Yet,
this brings an additional complication. Considering only some of
the host molecules for the optimization neglects the constraints the
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remaining host exerts on the explicit molecules. This may cause the
resulting structure to depart significantly from what is expected from
molecules that are part of a bigger condensed phase system, such as
a molecular crystal. A valid alternative approach for the geometry
optimization of host–guest molecular systems is to employ a hybrid
quantum mechanics/molecular mechanics (QM/MM) scheme for
the single-point computation of each configuration. A QM/MM
scheme combines the accuracy of quantum mechanics (QM) with
the lower computational cost of molecular mechanics (MM). The
classical force fields of molecular mechanics are generally excel-
lent for the accurate and efficient description of large condensed
phase systems.16,17 In turn, quantum mechanical methods have as
an advantage the ability to describe phenomena involving electrons,
therefore being able to predict charge transfer processes and the
emergence of interactions with variable covalent nature.3,16

One of the most popular QM/MM schemes is the two-layered
ONIOM method.18–21 This method involves a core layer, which
is composed of a localized region where electrons are explicitly
described, and an external layer, which acts as a classical environ-
ment that influences what happens in the core region. The core layer
should include the atoms involved in catalysis, polarization, excita-
tions, charge transfer, or any process under study that requires the
explicit description of electrons.3,16 In Fig. 1, we provide a diagram-
matic representation of the force-based subtractive version of the
ONIOM scheme. According to this diagram, a single-point com-
putation within this scheme requires three separate computations,
with the resultant forces over the atoms of the QM region (Q) and

FIG. 1. (A) The force-based subtractive version of the standard ONIOM two-layer
scheme, where the QM region (Q) is the core layer and the MM region (M) is the
external layer. (B) A simpler equivalent of diagram A, where the notation for forces
was reduced to shape and color coding: circles represent the intramolecular forces
of each region and arrows represent the intermolecular forces between the regions
(an arrow going from region A to region B denotes intermolecular forces exerted
onto B by A); color red is assigned to forces computed with the classical force
field (MM calculator) and blue to forces computed quantum mechanically (QM
calculator). (C) A single-point computation within the two-layer ONIOM scheme
requires three separate computations (dashed line boxes): a molecular mechan-
ics computation of the entire system (1○) and classical and quantum mechanical
computations for the isolated QM region (2○ and 3○).

the MM region (M) given as follows:

F⃗(r⃗Q) = F⃗QM
Q (r⃗Q) + F⃗MM

M (r⃗Q), (1)

F⃗(r⃗M) = F⃗MM
Q (r⃗M) + F⃗MM

M (r⃗M), (2)

where F⃗X
A(r⃗B) refers to the combined force that all the atoms from

region A exerts on every atom of region B, as calculated by the
formalism X.

The goal of a QM/MM scheme is to produce the same observ-
ables as obtained with a purely QM strategy. However, this cannot
be achieved if the computation of the forces on the core layer entirely
neglects the external one.22 For this reason, we believe that the
standard two-layer hybrid scheme (ONIOM) would be insufficient
in the geometry optimization of host–guest systems. On the one
hand, a QM region that only includes the guest molecule would
achieve a correct description of its isolated electronic structure and
ensure that the host is being properly described by the classical
force field. However, this strategy only considers the mechanical
coupling between the regions. Therefore, in the geometry opti-
mization, the guest electrons never sense those of the nearest host
molecules. In other words, the ability to predict host–guest interac-
tions would be limited to the classical force field. On the other hand,
if the QM region extends to include a first layer of the nearest host
molecules, then those fragments would be quantum-coupled to the
guest. Still, if the approximate quantum mechanical method is not
able to reproduce the structure of the condensed phase, then the
results of the analysis are no longer significant and the initial moti-
vation for using a hybrid scheme becomes meaningless. A solution
for this problem would be to include a transition region between
QM and MM forces, named the buffer region, which has to be
selected so as to ensure a correct and sufficient environment for the
QM atoms.22–24

In this work, we present a novel hybrid scheme for performing
QM/MM computations, which exploits the benefits of the quan-
tum and classical methods, without compromising their strengths.
The hybrid scheme we propose is a buffered force-based subtrac-
tive scheme, where the QM atoms are quantum-coupled to a buffer
region and mechanically embedded by the atoms of the MM region.
The buffer region is included to ensure that the intramolecular
forces of all the host molecules are being computed with the same
classical force field. Because of this, we have named our scheme
“QM/MM with Quantum-Coupling” (QC-QM/MM). Our hybrid
scheme becomes relevant for the simulation of host–guest molecu-
lar systems where the analysis of the electronic interactions between
the guest and the host is a must and where a proper descrip-
tion of the host structure is better achieved via a classical force
field. The most abundant examples where these conditions are
met are in the modeling of enzymes, where classical force fields
are almost always the preferred choice. Our scheme might prove
to be particularly relevant for cases where QM-Cluster models
fail.25,26 As for non-protein systems, there are cases where the sim-
plest QM/MM scheme performs better than some DFT functionals
without dispersion corrections in reproducing molecular structures
that exhibit critical intramolecular non-covalent interactions.27 Fur-
thermore, we expect our scheme to gain relevance with increas-
ing guest size, as the host–guest interactions may rapidly increase
in number.
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Here, we present a case study relevant to materials science,
where these conditions are met for the chosen pair of MM and
QM calculators. To illustrate, we utilize the presented QC-QM/MM
scheme in the geometry optimization of a host–guest molecular sys-
tem of technological importance. Our particular system of study
is the pentacene-doped p-terphenyl crystal, a core component of
a room-temperature organic MASER device.28 For this device to
be fully functional, continuous-wave operation still needs to be
achieved, as has recently been done for another diamond-based
MASER device.29 With this motivation in mind, researchers are
still trying to further characterize and understand the role of the
host molecules on the excitons of the dopant molecule.14,15,30–32

Charlton et al.15 showed that implicit modeling of the host is not
enough to account for the experimentally observed redshift in the
first singlet–singlet excitation energy of the embedded pentacene
with respect to vacuum. We argue that an explicit atomistic descrip-
tion of the guest surroundings is necessary for the proper study of the
effects the immediate environment has on the electronic structure of
pentacene.

In this paper, we will apply the proposed QC-QM/MM scheme
in the geometry optimization of a pentacene-doped p-terphenyl
crystal. For comparison purposes, we will also employ the stan-
dard mechanical coupling hybrid scheme, ONIOM, for the geometry
optimization of the system. Although both schemes can correctly
describe the host structure with the same classical force field, we
will show that our quantum coupling scheme (QC-QM/MM) is also
able to produce configurations that exhibit host–guest interactions
capable of influencing the generation of photo-induced excitons
in the guest molecule. In order to do so, we will use the geome-
tries optimized with each scheme for the Time-Dependent DFTB
(TD-DFTB) simulation of their photo-absorption spectra.

II. QC-QM/MM SCHEME
In a mechanical embedding scheme, such as ONIOM, the inter-

actions between regions are treated at the level of theory of molecular
mechanics, and therefore, the MM region is unable to affect the
electronic structure of the QM region. As a result, the electronic
structure of the QM region cannot be polarized, i.e., perturbed by
electrostatic interactions with atomic charges from the MM region.
To solve this issue, a first approach would be to employ an elec-
trostatic embedding scheme instead of a mechanical one.33 This is
done by including an extra term in the QM computation, which
accounts for the Coulombic interaction between the fluctuations of
the ground-state electron density of the QM region and the elec-
trostatic potential generated by the point charges on the atoms
of the MM region. Another more rigorous approach would be to
employ an embedding scheme that not only contemplates the even-
tual polarization of the QM region by the MM region but also
vice versa, so as to allow the QM region to induce changes in the
charge distribution of the MM region.22,33 Such a scheme is known
as a polarized embedding and commonly requires iterative self-
consistent-field (SCF) computations and polarizable classical force
fields to be fully implemented.16,34,35 The mechanical, electrostatic,
and polarized embeddings are examples of ways there are to treat
the interactions between the layers of hybrid multiscale models.
In this work, we focus on single-site atomistic quantum/classical
schemes. However, there are many alternatives that can be extended

to multi-chromophoric systems, where the outer layer is not nec-
essarily classical nor atomistic (e.g., it can be a continuum model
representing an environment of varying complexity, such as metals,
crystals, solvents, biomembranes, proteins, or complex composites).
For readers interested in delving deeper into this extensive body
of literature, we recommend the reviews by Mennucci et al.,35–38

which do an excellent job in surveying the multiple ways of imple-
menting multiscale models, with a special focus on the modeling of
light-driven processes.

We note that in these three embedding schemes, a proper
description of short-range interactions between the QM and MM
regions remains elusive since those interactions are modeled using
parameters from the classical force field. In other words, these
quantum/classical embedding schemes fail to capture the interac-
tions that might arise from the overlap of the ground-state electron
orbitals at the boundary of each region. For example, none of
these schemes allow for bonding interactions to emerge between the
regions, beyond what molecular mechanics predicts, or for charge
transfer processes to occur between them.

As a better suited alternative, we propose a novel QM/MM
scheme with quantum coupling (QC-QM/MM). In this force-based
subtractive scheme, the QM atoms are quantum-coupled to a buffer
region and mechanically embedded by the atoms of the MM region.
Our hybrid scheme is particularly relevant for the simulation of
host–guest molecular systems where a quantum coupling is required
to extend the study of the electronic interactions to the boundary
between the fragments without sacrificing the quality of the con-
densed phase description. This is achieved by ensuring that the
intramolecular forces for all the host molecules are calculated using
a single classical force field, able to adequately reproduce the struc-
ture of the condensed phase. Figure 2 summarizes a force-based

FIG. 2. The force-based subtractive version of the proposed QC-QM/MM scheme.
Within this scheme, the atoms of the QM region (Q) are quantum-coupled to a
buffer region (B) and mechanically embedded by the atoms of the MM region
(M). This buffered hybrid scheme requires five separate computations (dashed
line boxes) per single-point force evaluation: a molecular mechanics computation
of the entire system (1○) and classical and quantum mechanical computations for
the combined QM and buffer regions (2○ and 3○) and for the isolated QM region
(4○ and 5○). Here, the same shape and color coding are applied, as used in Fig. 1.
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subtractive version of our quantum coupling scheme, which requires
five separate computations per single-point force evaluation. The
graph-like design of diagrams in Figs. 1 and 2 emphasizes the inter-
actions between regions, rather than the definition of each region
(i.e., the assignment of atoms to each layer of the scheme). In other
words, we have redirected the attention to the methods employed
to compute the interactions between each pair of regions. With
the force-based formulation of the proposed buffered scheme, we
are able to distinguish between the computation of intermolecular
forces between the regions (i.e., the host–guest interactions) and the
computation of forces within each region (i.e., the molecular struc-
tures in vacuum). Within this scheme, the resultant forces over the
atoms of the QM region (Q), the buffer region (B), and the MM
region (M) are given as follows:

F⃗(r⃗Q) = F⃗QM
Q (r⃗Q) + F⃗QM

B (r⃗Q) + F⃗MM
M (r⃗Q), (3)

F⃗(r⃗B) = F⃗QM
Q (r⃗B) + F⃗MM

B (r⃗B) + F⃗MM
M (r⃗B), (4)

F⃗(r⃗M) = F⃗MM
Q (r⃗M) + F⃗MM

B (r⃗M) + F⃗MM
M (r⃗M), (5)

where the notation is the same as used before for the set of
equations shown for the force-based version of the two-layer
ONIOM scheme.

A key feature of our scheme is the inclusion of a transi-
tion region between quantum and classical forces. One of the first
attempts to include a buffer region is from the work of Ogata23

in which a modification of the subtractive energy ONIOM scheme
that adds the same buffer layer to both the QM and MM regions
was developed, as a way to lessen open-boundary effects. In such
a scheme, the buffer region is relaxed with molecular mechanics,
keeping the non-buffer atoms fixed. However, as a consequence of
the scheme design, the atoms of the QM region are interacting with
a buffer region in a configuration that is different from the actual
positions of the atoms in the MM region.22 Another example of
a buffered scheme is the Dynamical Coupling of Empirical poten-
tial and Tight binding (DCET) method,22,24 where a buffer region
is included in order to provide the QM region with more accu-
rate forces from the immediate surroundings. Our QM/MM scheme
happens to be somewhat similar to the DCET method. Yet, there
are two main differences. The first one is that in the DCET method,
all the forces that act on the atoms of the QM region are computed
quantum mechanically, only taking into account the interactions
with the atoms of the buffer region; therefore, the QM atoms are
not mechanically embedded by the atoms of the MM region. The
second difference in DCET is that all the forces exerted on the atoms
of the buffer region are computed with molecular mechanics, and
for that reason, the buffer region is not able to be polarized by
the QM region. Figure S1, located in part I of the supplementary
material, summarizes the DCET method in a way similar to that
shown in Figs. 1 and 2; a comparison between the diagrammatic
representations of the schemes helps to better appreciate their
differences.

The main approximation of our scheme is ignoring the con-
tributions from the atoms past the buffer region to the electrostatic
potential perceived by the electrons of the QM region. It is important
to clarify that the atoms of the QM region are always maintaining

electrostatic interactions with the entirety of the remaining atoms
in the system. However, the difference resides in how accurately
those interactions are computed. The quantum mechanical com-
putation of the electrostatic interactions between the atoms of the
QM and buffer regions allows for the mutual polarization of their
electron densities, and thus, those computations do not depend on
predefined atomic charges. Moreover, the quantum coupling of the
regions would allow for the overlap of their ground-state electron
densities and for rearrangements of their combined electron cloud
beyond mere polarization. In contrast, atoms past the buffer region
(MM region) interact with the QM region via classically computed
Coulomb forces, where the values for the point charges are taken
from the classical force field. We see, then, as another downside, that
the atomic charges computed quantum mechanically for the atoms
of the QM region may not be close to the values assigned by the
classical force field. The same problem may extrapolate to the QM
and MM regions perceiving differently the atomic charges of the
buffer region. However, this second downside is inherent to quan-
tum/classical schemes. This is because quantum mechanical atomic
charges are incompletely defined interpretations of the results of QM
computations, whereas classical atomic charges are key parameters
of classical force fields (i.e., they are required inputs for MM cal-
culations). This particular downside is present in what we consider
to be the simplest QM/MM scheme: the mechanically embedded
two-layer ONIOM method. In this simple QM/MM scheme, when
computing the interactions between the inner and outer layers, clas-
sical atomic charges are assigned to the QM atoms; most probably,
these charges differ from those extracted from the quantum mechan-
ical computations of the core layer under a particular definition
for the partial charges. While better quality descriptions may be
achieved by widening the usage of the quantum formalism, it is
important to bear in mind that every QM/MM scheme imposes
some level of trade-off between the required accuracy and a feasible
computational speed.

III. COMPUTATIONAL DETAILS
The host crystal was constructed by repetition of a unit cell,

resulting in a 7 × 7 × 6 supercell of 588 p-terphenyl molecules. In a
similar fashion to the work of Charlton et al.,15 for the task, we have
used the experimentally determined positions and lattice parame-
ters from the work of Rietveld et al.39 Prior to the insertion of the
dopant molecule, the structure of the pure p-terphenyl crystal was
optimized with molecular mechanics with periodic boundary condi-
tions in all three spatial dimensions. As the last step of the system
assembly, the doped crystal was built by substitution of the cen-
tral host molecule with a single pentacene molecule, maintaining the
original orientation and center of mass.

Throughout this work, all molecular mechanics computations
employed the OPLSaaM classical force field,40,41 as implemented
in GROMACS 2009.6.42,43 The classical force field parameters for
p-terphenyl and pentacene were generated using the “LigParGen”44

web server. The classical atomic charges for both structures are dis-
played in Fig. S2, in part I of the supplementary material. For the
computation of the electrostatic and van der Waals interactions, we
had selected a single cutoff of 1.4 nm, a value that corresponds to the
average of the cutoff radii employed for the validation of the OPLSaa
force field via the simulation of organic liquids.40 In fact, the size
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of the system was a requirement of the force field employed for the
molecular mechanical computations to avoid problems related to the
periodic boundary conditions. Such complications arise when parti-
cles end up interacting with themselves because the cutoff radius is
less than half of one of the supercell vectors.

On the other hand, all quantum mechanical computations
present in this work were performed with Density Functional
based Tight Binding (DFTB), as implemented in the program
Plato.45–49

It is important to emphasize that our scheme imposes no
restrictions on the choice of the quantum and classical methods to
be used for the calculation of the respective forces, other than the
classical force field to correctly reproduce the expected host struc-
ture. In this work, we selected DFTB as the QM calculator based on
its potential to provide an electronic description for even larger and
more complex case studies. As an approximate semi-empirical QM
method, it can extend the upper limit of system size and simulation
time, compared to other more accurate and sophisticated ab initio
QM methods.

In line with our previous recommendation, prior to the anal-
ysis of the electronic structure, we performed a geometry opti-
mization of the doped crystal, computing the forces with the
proposed QC-QM/MM scheme. In order to compare results,
we conducted another geometry optimization with the standard
mechanical coupling hybrid scheme, ONIOM. Both schemes, as
well as the interfaces for Plato and GROMACS, were written in
Python3 as calculators within the Atomistic Simulation Environ-
ment (ASE).50 All geometry optimizations were made with the
Limited-memory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS)
algorithm.

In order to speed up the optimization process, i.e., to reduce
the number of computations needed to reach a configuration of
minimum energy, the force minimization was carried out in two
stages. First, a QM/MM optimization was performed using the
“LosAlamos” parameter set for DFTB, developed by Krishnapriyan
et al. to reproduce ab initio interatomic forces and atomization
energies.51 In a second step, the minimum energy configuration gen-
erated in the first step was re-optimized using the “FrauenheimT”
parameter set for DFTB, which was generated from an approxi-
mate DFT plus dispersion energy method in order to improve the
description of long-range dispersive interactions.52–54 The first set
of parameters (LosAlamos) allows for rapid convergence toward the
minimum energy geometry of each molecule in the system, while
the second set (FrauenheimT) is employed to further refine the
optimized structure by accounting for the dispersive interactions
between the hydrocarbon fragments. At each stage, we have consid-
ered as minimum energy geometries those with a maximum force
modulus below 1.5 meV/Å.

For the geometry optimizations with each scheme, it was nec-
essary to define which region of the scheme each atom in the system
belongs to. We have selected the central pentacene molecule as the
QM region for both schemes, given that the dopant is the chro-
mophore whose electronic excitations we wish to study in detail.
The employed force field can correctly reproduce the condensed
phase structure of the host crystal; we know this from prelimi-
nary molecular dynamics results, which are available in part II of
the supplementary material. On the contrary, as can be appreci-
ated in Fig. 3, the selected quantum mechanical calculator is not

FIG. 3. Inter-ring torsion potential energy curves for a p-terphenyl molecule. The
potential energy curves were constructed from single-point energy computations
for multiple C2h conformers using DFTB with the LosAlamos51 parameter set (red
markers) and DFTB with the FrauenheimT52–54 parameter set (blue markers) and
the OPLSaaM40,41 classical force field (black markers). Note that only the clas-
sical force field is able to reproduce torsion angles observed experimentally in
p-terphenyl molecules (the potential energy curve for “MM & OPLSaaM” exhibits
minima at± ∼ 34○). See part II of the supplementary material for more information
on the reproduction of the host crystal by the classical force field.

able to reproduce the torsion angles observed experimentally in
p-terphenyl molecules,55,56 regardless of the DFTB parameter set
employed. This problem could be inherited from its parent PBE
(GGA) functional, as DFT over-stabilizes the planar conformations
of π-conjugated molecules due to an over-delocalization error, thus
overestimating their torsional barriers.57 In other words, this case
study is the one where a proper description of the host is better
achieved with a classical force field. For that reason, all host atoms
were assigned to regions that classically compute the intramolecular
forces. For the ONIOM scheme, this leads to all host molecules being
assigned to the MM region. Whereas for the QC-QM/MM scheme,
the buffer region is comprised of the six p-terphenyl molecules clos-
est to pentacene, with the MM region consisting of the remaining
host molecules. Note that by defining our regions in terms of indi-
vidual molecules, we avoid open-boundary artifacts; otherwise, it
would have been necessary to passivate broken bonds with hydrogen
or pseudo-atoms.23,24

The force-based formulation of our QC-QM/MM scheme
allows us to select a quantum mechanical calculator that fails to
reproduce the experimental structure of the host crystal as long as
it manages to adequately describe the intermolecular interactions
between the regions at the level of electron orbitals.

Having obtained the structures of minimum energy by com-
putations with both ONIOM and QC-QM/MM schemes, we, then,
proceeded to investigate the effect of the explicit host on the gen-
eration of photo-induced excitons in the guest. To this end, by
following the time-dependent DFTB (TD-DFTB) procedure detailed
in the Appendix, we simulated the electronic absorption spectra for
the host–guest complex between pentacene and the six p-terphenyl
molecules of the buffer region, for the minimum energy configu-
rations obtained with the proposed QC-QM/MM scheme and the
standard ONIOM scheme. Using the same atomic positions, we also
simulated the photo-absorption spectra for the guest in vacuum and
for the first host shell without the guest at its core (buffer region
only).
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It is worth noting that the structure optimization phase
required a significant number of host molecules (i.e., a large enough
p-terphenyl crystal) in order to ensure that those closest to the guest
arrange in a way that is representative of molecules in the crystal.
However, for the spectroscopy simulation phase, where all atoms
are kept fixed, it is not mandatory to include the entire optimized
doped crystal; instead, from the optimized geometry, we selected
an immediate, but sufficient, environment for the guest atoms. It
is also important to note that, as we did not include long-ranged
electrostatic interactions in any of our QM computations, the outer
environment host molecules (MM region) cannot directly influence
the optical properties of the guest.

IV. RESULTS AND DISCUSSION
The construction of the system resulted in the pentacene-doped

p-terphenyl crystal of Fig. 4(A). Although the starting structure
was in the monoclinic phase, the configuration resulting from the
classical optimization of the host crystal resembled more a tri-
clinic phase. This apparent phase change is, in fact, a consequence
of the non-static nature of the crystal at room temperature. The
employed crystallographic data depict planar molecules in a herring-
bone arrangement for the monoclinic phase. However, the observed
planes correspond to the average picture of molecules that exhibit
large thermal motion. The geometry optimization of a system gen-
erates minimum energy configurations that do not necessarily coin-
cide with the average configurations of a disorder dynamics. This is
further discussed in part II of the supplementary material.

The geometry optimization with the ONIOM scheme resulted
in a minimum energy configuration in which the pentacene
molecule appeared to be maximizing interatomic distances to the
proximal atoms of the surrounding host molecules. Subsequent opti-
mization with an improved description of interactions, provided by
the FrauenheimT tight binding parameter set, generated virtually no
change in the LosAlamos-optimized structure, with the associated
root-mean-square deviation (RMSD) of the atomic positions being
around 0.0085 Å.

The proposed QC-QM/MM scheme produced a minimum
energy configuration with the host–guest complex rearranged in a

different way. The optimization process appeared to have short-
ened interatomic distances between the guest and host molecules.
This time, re-optimization with the FrauenheimT tight binding
parameter set, which excels at accounting for long-range disper-
sive interactions, resulted in a slightly changed optimized structure,
with the differences being more evident for the pentacene molecule.
Particularly, we have detected a minor rotation around its long
molecular axis, a very small displacement of its center of geometry
and a slight further loss of planarity. All three movements resulted
in the pentacene molecule further approaching the surrounding host
molecules in the buffer region.

In Fig. 5, a more detailed analysis of the interatomic distances
between molecules confirmed the differences observed at first sight
in the minimum energy configurations. It can be seen that for the
configurations optimized with the QC-QM/MM scheme, there is a
narrowing of the gap between the guest molecule and the proximal
host fragments. Unlike the configurations obtained with ONIOM,
the structures optimized with QC-QM/MM feature multiple non-
bonding interatomic distances that fall under the sum of the van der
Waals radii of the atoms involved (2.78 Å for C–H distances);58–60

in the FrauenheimT-optimized configuration, these distances can be
as short as 2.00 Å. In our view, these very short distances between
initially non-bonded atoms would be indicative of weakly covalent
interactions between the fragments.

The short host–guest interatomic distances that we consider to
be indicative of specific interactions are between a hydrogen atom
of one molecule and a nearby carbon atom of another. Considering
that these atoms are part of aromatic rings, the presumed inter-
actions would resemble tilted edge-to-face CH/π interactions61–64

between phenyl groups, as in benzene dimers.65 Interactions of
crystal-chemical nature lead to a contraction of distances between
the interacting fragments due to a partial transition of valence
electrons to the intermolecular region.60 Accordingly, in a highly
interacting host–guest complex, we expect the fragments to be par-
tially sharing their valence electrons. To test that presumption, we
performed single-point DFTB calculations for the QM and buffer
regions, combined and apart, in order to calculate the net charge
per molecule from computed atomic Mulliken charges. As can be
seen in Fig. 6, for the configuration optimized with the ONIOM
scheme, we observed almost negligible net molecular charges. In

FIG. 4. The constructed 7 × 7 × 6
pentacene-doped p-terphenyl crystal of
18 820 atoms, in which only the struc-
ture of the host was optimized with
molecular mechanics. (A) Periodic cell
of 587 p-terphenyl molecules (colored
gray) with a pentacene molecule at
the center (colored red). (B) The guest
pentacene molecule (colored red) sur-
rounded by the buffer region of six host
p-terphenyl molecules (colored black).
(C) Same as B, but viewed along their
long molecular axes; the surrounding p-
terphenyl molecules are numbered for
easier reference throughout this article.
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FIG. 5. A view of pentacene (colored red) and two proximal p-terphenyl molecules (colored black). (A) The atomic positions were extracted from the doped crystal optimized
with the standard ONIOM scheme and the LosAlamos parameter set; for this case, re-optimization with the FrauenheimT parameter set generated virtually no change in the
optimized structure (RMSD < 0.01 Å). (B) This minimum energy configuration was obtained via optimization with the QC-QM/MM scheme and the LosAlamos parameter
set. (C) Configuration resulting from the re-optimization of B with the QC-QM/MM scheme and the FrauenheimT parameter set. At each panel, the bottom and top host
molecules are numbered, respectively, 2 and 5 according to Fig. 4(C). The non-bonding interatomic distances that fall under the sum of the van der Waals radii of the
participating atoms (2.78 Å for C–H distances) are being highlighted with gray numbers. The gray dotted lines coincide with the long molecular axis of the host molecules in
the configurations optimized with ONIOM (A); these lines help show more clearly that the gap between pentacene and the proximal p-terphenyl molecules narrows in the
QC-QM/MM configurations (B and C).

FIG. 6. Net molecular Mulliken charges, in 10−3 e units, for pentacene (colored red) and the surrounding six p-terphenyl molecules of the buffer region (colored black). (A)
The atomic positions were extracted from the doped crystal optimized with the standard ONIOM scheme and the LosAlamos parameter set; although further optimization
with the FrauenheimT DFTB parameter set did not alter the ONIOM/LosAlamos-optimized structure (RMSD < 0.01 Å), it predicts different Mulliken atomic charges. (B)
This configuration of minimum energy was obtained by optimization with the QC-QM/MM scheme and the LosAlamos parameter set. (C) This configuration results from the
re-optimization of B with the QC-QM/MM scheme and the FrauenheimT parameter set. Here, molecules are being viewed along their long molecular axes, in the same way
as in Fig. 4(C). The gray dotted lines depict the planes corresponding to the mean planar configuration of each host molecule. Each green arrow points from the center of
geometry of the subsystem and corresponds to the scaled net electric dipole moment computed for the host–guest complex in each minimum energy configuration; to allow
for comparison, the length of each green arrow is proportional to the modulus of each net electric dipole moment.

contrast, some charge redistribution was observed for the configura-
tion with the suspected host–guest interactions, where only the four
host molecules closest to the guest exhibited appreciable net molec-
ular charge; these four p-terphenyl molecules are the only ones with
short host–guest interatomic distances to pentacene.

The correlation between the shortening of the host–guest inter-
atomic distances and the increase in net charge, indicative of interac-
tions between the fragments, was studied in detail for the minimum
energy configurations produced using the hybrid quantum coupling

scheme (QC-QM/MM). As a way to detect the change in net charge
resulting from the interaction of the guest molecule with the encir-
cling host, we calculated the difference in Mulliken charges between
the formed complex and the isolated QM and buffer regions. The
computed net charges per ring are available as tables in part I of
the supplementary material. The results of this further character-
ization are summarized in Fig. S3 (also available in part I of the
supplementary material) and Fig. 7, for the configurations opti-
mized using the QC-QM/MM scheme with the LosAlamos and
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FIG. 7. Change in net charge per ring due to host–guest complex formation, in 10−3 e units, computed for the minimum energy configuration obtained by optimization with
the QC-QM/MM scheme and the FrauenheimT tight binding parameter set. The displayed charge values (red and blue numbers) were computed with the net charges per
ring listed in Tables ST1-B, ST2-B, and ST3-B from part I of the supplementary material. The host–guest interatomic distances that fall under the sum of the van der Waals
radii of the participating atoms (2.78 Å for C–H distances) are being highlighted with gray numbers. Pentacene and the p-terphenyl molecules 2 (A, bottom), 3 (B, bottom),
5 (A, top), and 6 (B, top) are shown as being viewed from p-terphenyl 4, where the numbering is the same as used in Fig. 4(C). The green arrows indicate the orientations
of net electric dipole moments computed for host–guest complexes in each minimum energy configuration; in this case, arrow lengths do not reflect magnitudes. The purple
arrows show the orientation of the transition dipole moment for the electronic excitation associated with the first peak of the simulated photo-absorption spectrum of Fig. 8.

FrauenheimT tight binding parameter sets, respectively. In Figs. S3
and 7, it can be seen that the aromatic rings of the p-terphenyl
molecules that acquire the highest net charge upon complex forma-
tion are those with the shortest distances to pentacene; we see this
regardless of the tight binding parameter set employed.

The two molecules in the buffer region farthest from pen-
tacene [molecules 1 and 4, according to the numbering of Fig. 4(C)]
are not shown in Fig. 7 (or in Fig. S3) because they did not dis-
play any change in atomic charges due to the formation of the
complex with respect to computations in vacuum. This means that
their small non-zero net molecular charges arise from interactions
between the host molecules and not from host–guest interactions.
Therefore, it would seem that pentacene is only interacting with
the closest four host molecules of the buffer region. As we men-
tioned before, these four are the only host molecules that maintain
short interatomic distances to pentacene and also exhibit an appre-
ciable net molecular charge. Another interesting observation is that
in the interacting complexes of Figs. 6(B) and 6(C), it is noticeable
how these four host molecules have their mean planes somewhat
orthogonal to the plane of pentacene. In fact, the only two non-
interacting p-terphenyl molecules in the buffer region, which had
their atomic charges unchanged due to the host–guest complex
formation, have their mean planes parallel to the plane of pen-
tacene. This set of observations supports the hypothesis that the
detected host–guest interactions would be of a “T-shaped” CH/π
nature.

In each interacting complex of the QC-QM/MM-optimized
configurations, we detected the presence of a local net dipole
moment oriented mostly parallel to the short molecular axis of pen-
tacene, as can be seen in Figs. 6 and 7. The computed magnitudes

for these net dipole moments are 0.07 and 0.19 D, for the geometries
optimized with the LosAlamos and FrauenheimT DFTB parameter
sets, respectively. By contrast, the ONIOM-optimized configura-
tions [see Fig. 6(A)] had net dipole moments with magnitudes below
0.02 D and no orientation with any of pentacene molecular axes.
For the host–guest complex to have a net dipole moment, the sys-
tem has to be interacting (i.e., allowing electron sharing between
fragments) and the set of host–guest interactions has to break inver-
sion symmetry. These conditions are met for interacting host–guest
configurations where pentacene is closer to one of the p-terphenyl
molecules in the buffer region.

We believe that the immediate electronic environment of pen-
tacene should impact the generation of excitons due to photon
absorption; in particular, a conveniently oriented net dipole moment
should alter the energies for some of the guest electronic excitations
with respect to vacuum. This is consistent with experimental results,
whereby energy shifts are observed for electronic excitations of the
host–guest complex with respect to pentacene in vacuum. For exam-
ple, gas-phase pentacene has its first singlet–singlet excitation energy
at around 2.3 eV,66,67 which drops to 2.1 eV when the chromophore
is being hosted by a p-terphenyl crystal.32,68

The computation of excitation energies with DFT-based tight
binding is justified by the size of the system under study; yet, it is
known that even TD-DFT functionals significantly underestimate
low-lying excitation energies in oligoacenes due to failures in the
description of π-conjugated states.69 Computing properties linked
to excited states remain a challenge even for more sophisticated
and computationally expensive quantum methods.70 Despite the
inherent limitations of the chosen quantum method, a compara-
tive spectroscopic study of the host–guest complex would provide
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FIG. 8. Photo-absorption spectra simulated for vacuum pentacene (red solid line), the isolated buffer region (blue solid line), and the host–guest complex between these
two regions (black dotted line). Here, we provide plots of the photo-absorption cross section, in units of megabarn (1 Mb = 10−18 cm2), vs the energy of the absorbed
photons, in electron volt units. The spectra were computed via the TD-DFTB procedure detailed in the Appendix for the minimum energy configurations produced with the
LosAlamos (below, gray background) and FrauenheimT (above, white background) tight binding parameter sets, computing forces according to the proposed QC-QM/MM
scheme. Some photo-absorption peaks are highlighted and zoomed as insets.

additional evidence for the presence of explicit interactions in the
quantum-coupled minimum energy configurations.

The photo-absorption spectra simulated for the minimum
energy configurations obtained with the ONIOM scheme are shown
in Fig. S4, in part I of the supplementary material; the computed
spectra for the QC-QM/MM configurations are instead shown in
Fig. 8.

Our first observation is that, despite obvious differences
between the ONIOM and QC-QM/MM minimum energy config-
urations, the absorption spectra for their QM and buffer isolated
regions are virtually identical. For both schemes, the computed
excitation energies for the isolated regions only differ with the
parameter set employed for the TD-DFTB procedure. For instance,
the S1 energy of vacuum pentacene was determined to be around
1.30 eV with LosAlamos and ∼1.45 eV with FrauenheimT (roughly
0.85–1.00 eV away from the experimental measurement). The
photo-absorption spectra we simulated for vacuum pentacene are
fairly similar (at low energies) to the one presented by Malloci
et al.,71 which was obtained via an equivalent TD-DFT procedure
(with B3LYP and 4-31G).

The second and most remarkable feature is the formation of the
complex resulting in the shift of photo-absorption peaks associated
with pentacene; this was only observed for the interacting configu-
rations obtained with the QC-QM/MM scheme. Regardless of the
DFTB parameter set utilized, we determined a redshift of 12.4 meV
for the first photo-absorption peak. Being more rigorous, the red-
shift for S1 was determined to be a value between 6.6 and 13.2 meV,
according to the uncertainty derived from the expected Fourier res-
olution for a 100 fs propagation of the excited electrons. In turn, the
photo-absorption spectra simulated for the host–guest complexes
of the non-interacting configurations (optimized with the standard
ONIOM scheme) were found to be equivalent to the unweighted
sum of the spectra computed for the isolated regions.

We ascribe the observed spectroscopic shifts to the ori-
ented local dipole moment generated by the asymmetrical set of
explicit interactions in the host–guest complex. Independently of
the employed QM/MM scheme or DFTB parameter set, for every
minimum energy configuration, we found that the direction of the
transition dipole moment associated with the first singlet–singlet
excitation coincides with the short molecular axis of pentacene
(angles on and out of the plane of pentacene were computed to
be below 0.7○ and 2.1○, respectively). In the interacting minimum
energy configurations, optimized with the QC-QM/MM scheme, we
could determine that the net dipole moment was mostly parallel to
the transition dipole moment of that electronic excitation. Although
the net and transition dipole moment vectors are not exactly par-
allel, the angle formed between their projections on the plane of
pentacene is rather small, with values of 13.1○ and 3.3○ for the con-
figurations optimized with LosAlamos and FrauenheimT (see Fig.
S3 and Fig. 7); the angle between their out-of-plane components is
even smaller (6.5○ and 1.3○, respectively). The magnitudes of the
net dipole moments in the QC-QM/MM-optimized configurations
are quite small if compared to the permanent dipole moments of
polar molecules; however, the obtained values are comparable to
changes in dipole moments induced by the interactions of solutes
with non-polar solvents.72–74

V. SUMMARY AND CONCLUSIONS
In this work, we have presented a new scheme for QM/MM

computations, suitable for the simulation of host–guest molecu-
lar systems. It is especially relevant when the quantum coupling
between the regions is a requirement, yet a proper description of
the host structure is better achieved with a classical force field. To
demonstrate its advantages, as an example, we have applied the pro-
posed quantum coupling scheme, QC-QM/MM, to the geometrical
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optimization of a pentacene-doped p-terphenyl crystal. For compar-
ison purposes, we have repeated the same procedure using instead
the standard mechanical coupling scheme, ONIOM.

In our particular application, we performed a geometry opti-
mization with the QC-QM/MM scheme; however, this scheme could
also be applied to molecular dynamics (MD) simulations. Shirts
et al.75–78 reported how the classical potentials of MD do an excep-
tional job at capturing the thermodynamics of solid polymorphs,
such as crystals made of small organic molecules. Therefore, when
performing hybrid QM/MD simulations of organic crystals, the log-
ical choice would be to describe the entire host structure using a
suitable classical force field while limiting the QM method to the
calculation of the electronically active guest and its interactions with
its immediate surroundings.

We have selected the pentacene molecule as the QM region for
both schemes since it is the electronically active guest and since the
OPLSaaM force field can correctly reproduce the molecular struc-
ture of p-terphenyl molecules in a crystal. An ONIOM computation
with an inner layer enclosing the QM and buffer regions of the
QC-QM/MM scheme would have resulted in a similar computa-
tional cost. However, this “extended” definition of the QM region
results in a structure for the immediate host molecules (i.e., the
buffer region in the QC-QM/MM scheme) that differs greatly from
the rest of the molecules in the crystal, as it does not reproduce the
inter-ring torsion angles that are characteristic of p-terphenyl. We
found that the arrangement of the buffer region severely affects the
net dipole moment of the host–guest complex and the shape of its
photo-absorption spectra. Therefore, instead of comparing against
an ONIOM model of similar computational costs, we decided to
compare against an ONIOM model that computes the host struc-
ture with the same quality as the QC-QM/MM scheme (regarding
the intramolecular forces).

While both schemes were able to exploit the advantage pro-
vided by classical force fields with regard to efficiently achiev-
ing a correct description of the host condensed phase, only the
QC-QM/MM scheme made possible the emergence of bonding
host–guest interactions in the structures of minimum energy. These
explicit interactions, which could not be predicted by the stan-
dard ONIOM scheme, appeared to be of the CH/π-type. We have
supported the presence of host–guest interactions by detecting
short interatomic distances between the fragments and by show-
ing that complex formation induces some charge redistribution
as a consequence of electron sharing. From this, we conclude
that if the geometry of the host–guest complex has to be opti-
mized prior to the analysis of its electronic structure, then it is
crucial to choose a convenient strategy for the computation of
forces.

On a separate note, we can assert that our choice of buffer
region was designed to produce a correct and sufficient environment
for the guest atoms. A proper selection was achieved since the forma-
tion of the complex had no effect on the Mulliken charges for the pair
of host molecules farthest from pentacene. Moreover, all our main
observations were consistent regardless of the parameter set used
for the semi-empirical method acting as the quantum mechanical
calculator in the hybrid schemes (i.e., DFTB).

For this particular case study, we have found that differences in
the geometries of minimum energy did not have a noticeable effect
on the spectra calculated for the isolated regions, but instead affected

the spectra simulated for the complexes. It is the relative arrange-
ment of the guest and the host fragments which has a major impact
on the generation of photo-induced excitons in the guest molecule.
In cases like this, employing a hybrid scheme that quantum couples
the guest with the host structure ceases to be just convenient and
becomes necessary.

Only for the interacting minimum energy configurations
obtained with the QC-QM/MM scheme, we have observed the effect
of the explicit p-terphenyl host on pentacene excitons. We have
attributed the observed spectroscopic shifts to conveniently ori-
ented local dipole moments in host–guest complexes, which arise
in configurations where the set of explicit interactions lacks inver-
sion symmetry. These net dipole moments were found to be mostly
parallel to the transition dipole moment of S1 and comparable in
magnitude to changes in molecular dipole moments induced by
interactions with non-polar solvents.

Our prediction for the shift in the first singlet–singlet electronic
excitation energy is very small and fails to reproduce the experi-
mental measurement of 200 meV. However, it is remarkable that a
semi-empirical quantum mechanical method has been able to yield
detectable energy shifts at multiple excitation energies. We believe
that the qualitative comparison between the simulated spectra was
sufficient for illustrating the benefits provided by the geometry opti-
mization with the QC-QM/MM scheme as the preliminary step in
investigating the effect of the explicit host on the generation of
excitons in the guest. The magnitude of the shifts can be signif-
icantly improved if the proposed QC-QM/MM scheme is used as
the key piece in ensuring the occurrence of host–guest interactions,
yet a higher quality quantum calculator is employed instead. This
can be achieved by choosing a more accurate level of theory, such
as the TD-DFT functionals used by Charlton et al.,15 with which
they have achieved redshifts of up to 78 meV. An alternative way
would be to replace the DFTB parameter set with the one that
has been fitted to better reproduce the spectroscopic properties of
oligoacenes.

It is apparent that the configuration resulting from optimiza-
tion with QC-QM/MM and FrauenheimT is likely to be one of
many interacting minimum energy configurations for the system.
As we discussed above, the condition that should be fulfilled by
such configurations in order to generate an oriented net dipole
moment, capable of yielding spectroscopic shifts, would be the
breaking of inversion symmetry for the set of interactions in
the host–guest complex. In addition to this, it is reasonable to
expect the optimized configurations with non-symmetric sets of
host–guest interactions to outnumber the interacting minimum
energy configurations with inversion symmetry. This would explain
why spectroscopic shifts are observed at room temperature for
pentacene-doped p-terphenyl crystals. Considering that host–guest
interactions are not purely covalent and that p-terphenyl molecules
are not static above 193 K (see part II of the supplementary
material), we expect the ambient thermal energy to allow the sys-
tem to explore multiple interacting configurations with oriented net
dipole moments.

One way to experimentally test the results of this work would
be to try to externally modulate the spectroscopic shifts of the
embedded pentacene by generating local electric fields, which would
be added to those generated internally by the asymmetrical set of
explicit host–guest interactions.
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SUPPLEMENTARY MATERIAL

See part I of the supplementary material for a diagrammatic
representation of the DCET method made for comparison with our
QC-QM/MM scheme, additional information on input and com-
puted atomic charges, and the photo-absorption spectra simulated
for the configurations optimized with the ONIOM scheme and also
part II for our preliminary molecular dynamics study, which shows
that the employed force field can correctly reproduce the condensed
phase structure of the host crystal.
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APPENDIX: PROCEDURE FOR THE TD-DFTB
SIMULATION OF PHOTO-ABSORPTION SPECTRA
1. Theoretical framework

The excitation energies and photo-absorption cross sections
of a system are encoded in the oscillations of its photo-excited
dipole moment. If the molecular system is perturbed with a weak
external electromagnetic field, then the information needed to pro-
duce its photo-absorption spectrum can be extracted by a frequency
decomposition of the time evolution of its induced dipole moment.

In the linear response regime, the induced dipole moment of
the photo-excited system is related to the external electromagnetic
field E through the dipole polarizability tensor α,79

∫
T

0
(pμ(t) − pμ(0)) e−iωt dt = αμν(ω)∫

T

0
E(t) e−iωt dt. (A1)

The elements of the dynamic polarizability tensor α can be
computed as the ratio of Fourier transforms, for each component
μ of the dipole moment p, after applying an external electric field E,
from each of the three orthogonal directions ν,79,80

αμν(ω) =
1

Eν(ω) ∫
T

0
(pμ(t) − pμ(0)) e−iωt dt. (A2)

Ideally, the system should be perturbed with an impulsive
external electromagnetic field at exactly t = 0. However, this feature
is not yet implemented in the quantum mechanical software at hand,
and therefore, an alternative strategy had to be followed. Similarly
to the work of Boleininger and Horsfield,81 we have applied a dis-
crete external electric field pulse with a duration limited to the first
time step. Based on the time profile of the external electric field, its
Fourier transform was assumed to be E(ω) = E0/(iω).79,82 On the
other hand, the simulated absorption cross section σ was computed
as proportional to the imaginary part of the dynamic polarizability
tensor α,83

σμν =
ω

c ε0
Im{αμν(ω)}. (A3)

2. Transition dipole moment orientation
The orientation of the dipole moment associated with an elec-

tronic transition of interest can be extracted from the dynamic
polarizability tensor α(ω). To do so, it is necessary to diagonalize
α evaluated at the excitation energy of interest ωee; the eigenvectors
of α(ωee) correspond to the principal axes of molecular polarizabil-
ity.84 Therefore, the orientation of the transition dipole moment
associated with the excitation of interest (i.e., the direction of max-
imum polarization) corresponds to the eigenvector with the largest
eigenvalue.

3. Random orientation simplification
Although the studied system is a piece of crystalline structure,

in order to oversimplify the comparison between spectra, we have
simulated each absorption spectrum as if the system was randomly
oriented with respect to the incident light beam (as if in crystal pow-
der). In that context, the absorption cross section is proportional to
the imaginary part of the trace of the polarizability tensor,83

σ̄(ω) = ω
c ε0

Im{1
3∑i

αii(ω)}. (A4)

4. Artificial smoothing
The absorption spectrum can be smoothed with the artificial

decay of the excited electrons.85 The spectral features were artificially
broadened by the inclusion of a damping factor to the integrand of
the Fourier transform of the induced dipole moment.

5. Simulation details
In this work, the excited electrons were propagated in time,

keeping the nuclei fixed, during T = 100 fs in steps Δt = 5 × 10−3 fs.
The electronic propagation was performed three times, exciting with
a discrete external electric field pulse of intensity E0 = 2.5 mV/Å
and with a duration limited to the first time step, along each of
the orthogonal axes. The expected spectral resolution was Δ(hω)
= 6.6 meV, although the visible resolution appears ten times higher
due to Fourier interpolation. The chosen damping factor is a decay-
ing exponential of the form e−t/τ , which is characterized by a small
damping constant τ = 20 fs.
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