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Abstract

The study of photoexcitations in molecular aggregates faces the twofold problem of
the increased computational cost associated with excited states and the complexity of
the interactions among the constituent monomers. A mechanistic investigation of these
processes requires the analysis of the intermolecular interactions, the effect of the envi-
ronment, and 3D arrangements or crystal packing on the excited states. A considerable
number of techniques have been tailored to navigate these obstacles, however they are
usually restricted to in-house codes and thus require a disproportionate effort to adopt
by researchers approaching the field. Herein we present the FRamewOrk for Molecular
AGgregate Excitations (fromage), which implements a collection of such techniques in
a Python library complemented with ready-to-use scripts. The program structure is
presented and the principal features available to the user are described: geometrical
analysis, exciton characterisation and a variety of ONIOM schemes. Each is illustrated
by examples of diverse organic molecules in condensed phase settings. The program is
available at https://github.com/Crespo-Otero-group/fromage.
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Accurately modelling the photoexcitations of molecular aggregates involves complementing
excited state methodologies with auxiliary calculations. Due to the diversity of chemical
and structural space in multi-molecular complexes, these calculations require a high degree
of adaptability which calls for the use of modular programming tools hitherto unavailable for
the investigation of photochemical properties of molecular aggregates. The FRamewOrk for
Molecular AGgregate Excitations (fromage), described herein, compiles geometry manipu-
lation tools, exciton state characterisation and QM:QM' models for geometry optimisation.
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Introduction

The computational study of photochemistry in molecular condensed phases represents a
notoriously di�cult problem. The increased computational cost associated with accurate
excited state methods is compounded by the need for larger system sizes in these materials.

In the case of molecular crystals, bound by van der Waals forces, photochemical phenom-
ena are thought not to delocalise beyond the immediate vicinity of the absorbing molecule.1

This renders full-unit cell periodic excited state property calculations less pertinent than they
would initially seem. In fact, the structural features which are relevant to these systems are
of the scale of the aggregate, ranging from monomer conformation and dimer packing all the
way to molecular cluster shape.

There is therefore a potential overlap in methodology between �nite size molecular ag-
gregates and periodic molecular crystals when dealing with excited state processes. The
traditional approach to investigating molecular crystals|using periodic electronic structure
codes|should thus be complemented by adequately extending molecular aggregate methods
for the excited state.

The generation and analysis of these aggregate nuclear con�gurations is often dissociated
from the codes which produce their corresponding electronic structure. Whilst the former
tasks are typically less computationally demanding than the latter one and therefore might
be added as an auxiliary feature to a larger code (e.g. Crystal172), they often require a
degree of exibility which situates them more comfortably in the realm of the programming
library. Indeed the bridging of scales between the periodic crystal, �nite cluster, dimer, and
monomer is challenging to generalise due to the formidable conformational variety of organic
molecules.

An optimal strategy is therefore to provide modular tools for the investigator to tailor
to their system, accompanied by readymade scripts which compile those tools for use in
ubiquitous cases. In this way, non-expert users are able to use the program's principal
features with a reliable degree of robustness, whilst more comfortable users can repurpose
and extend the code to better suit fringe cases.

There exists a variety of computational chemistry scripting libraries for di�erent tasks,
with the ecosystem in rapid development. Their promise is to optimise and standardise the
research workow for increasingly specialised operations thanks to robust, tailored tools. The
Cambridge Structural Database (CSD) Python API3 focuses on crystallographic property
analysis, accessing its associated database. The Atomic Simulation Environment (ASE)4

specialises in interfacing with numerous electronic structure codes and communicates with
them via Python scripting or a GUI. RDKit 5 provides programming tools for general purpose
chemoinformatics and is itself used in numerous child libraries. Chemshell provides additive
QM:MM interfaces between electronic structure and force�eld codes.6 Libra is a library
designed for the development of quantum and classical dynamics.7 To our knowledge, there
still lacks a library dedicated to the examination of photochemistry in molecular aggregates
or which exploits the applicability of similar methodologies for molecular crystals.

To address this, we o�er the FRamewOrk for Molecular AGgregate Excitations (fromage).
fromage is a standalone Python library, accompanied by ready-to-use command line scripts
destined to facilitate the study of molecular aggregates in the excited state. They are sum-
marised in Scheme 1. For geometry manipulation routines, the program only relies on the
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Scheme 1: Principal features offromage.

unit cell's Cartesian structure and lattice vectors. From this information, the user can obtain
unique dimer con�gurations, molecular clusters and general structural information.

All of the electronic structure calculations are performed by popular quantum chemistry
programs. Currently, interfaces are provided to run calculations inDFTB+,8 Gaussian,9

Molcas,10 and Turbomole.11 By delegating these calculations to di�erent programs, their
results can be combined into hybrid energy expressions. Thusfromage can perform ONIOM
calculation whilst taking advantage of the diversity of modelling methods of several programs
instead of only one. The electrostatic embedding of these calculated can be extended to
include the Coulomb interaction of the whole crystal by �tting point charges to an Ewald
potential.12

In this paper, we present an overview offromage and its capabilities. First we describe
the program structure, illustrated by basic usage examples. Then we enumerate its princi-
pal features, namely geometric analysis, exciton coupling evaluation and ONIOM QM:QM'
models.

1 Program Structure

1.1 Principal Classes

fromage makes use of two main objects in most of its operations,Atomand Mol. An Atom
object is de�ned as a point in Cartesian space with associated physical properties. If the
point is to represent an atom, supplying its element string provides standard properties
such as covalent radius or atomic mass. The partial charge can also be speci�ed, which can
become useful in representing both atoms and point charges.

In practice, the user has little direct interaction with Atomobjects. Instead they ma-
nipulate Mol objects, which contain a list of the former.Mol extends common Python list
methodsvia composition, allowing for intuitive appending, indexing, iterating etc. but also
provides methods to manipulate molecular aggregate geometries and unit cells.Mol objects
can be created explicitly or generated from a typical geometry �le such as.xyz . For in-
stance, one may generate a molecular cluster and a supercell from unit cell information as
illustrated in Figure 1.

Apart from the constituent atoms and lattice vectors,Mol also has attributes pertain-
ing to the de�nition of a bond within the collection of atoms. Two atoms are said to be
bonded when their distance falls below a certain thresholdmol.thresh . This distance can
be measured from nucleus to nucleus but also from the edge of the spheres of van der Waals
radius or covalent radius. The method is selected by varying themol.bonding attribute.
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