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Abstract

Fundamental knowledge gaps are endemic in our understanding of how emergent
soft materials properties are linked to the quantum mechanical (QM) world. The limi-
tations of current QM modeling paradigms inhibit the understanding and design of soft
materials classes for which QM phenomenology is critical. At its root, these limitations
derive from the seemingly innocuous premise of requiring all atomic positions to solve
the molecular Schrodinger equation, which necessitates supercomputing resources to
incorporate even simple QM phenomenology into small (~nm) soft materials systems.
Here, we review emerging efforts to overcome these challenges through the develop-
ment of electronic prediction models that operate at the coarse-grained resolution. We
motivate the origins of this new computational paradigm, denoted Electronic Coarse-
Graining (ECG), discuss its relationship to existing molecular modeling frameworks,
and describe recent successes of ECG and related models for soft materials. Impor-
tantly, we highlight the classes of soft materials where ECG models can be potentially

transformative.
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Introduction

To date, the dramatic progress of soft materials has been driven by the efficacy of models
utilizing classical physics. From the first polymer model of Flory, to the most systematic
coarse-grained (CG) methodologies of the present, many of the physical properties of soft
materials can be understood without in-depth knowledge of the quantum mechanical (QM)
phenomena operating at the molecular scale. In many such models, the relevant classical
physics can be imbued with chemical specificity by fitting smalls sets of chemically dependent
parameters. In more recent efforts to design structure and thermodynamics in soft materials
from the “bottom-up”, molecular QM calculations can be employed to parameterize atomic
and CG potential energy surfaces, but the partition functions sampled by these force-fields
are still entirely classical. The success of classical modeling for soft materials design is
not surprising, as the structural, thermodynamic and mechanical properties of soft materi-
als relevant to traditional applications (e.g. adhesives, containers, thermosets, mechanical
composites) are often dictated by length scales far exceeding the Angstrom scale. In these
scenarios, CG models that renormalize the intrinsically complex QM physics into effective
tuning parameters are a logical and preferred strategy to fully QM simulations. These facts
have led to a broad array of theoretical and computational models based in classical physics
that are the workhorses of the soft materials communities.

While the successes of classical phenomenology in soft materials are beyond reproach, we
here argue that some of the most pressing societal challenges necessitate the incorporation
of non-trivial QM phenomena into soft materials design. When considering the unknowns at
the frontier of soft materials, the following questions commonly emerge: How can we recycle
polymers and/or design their degradability? How can we architect flexible electronics for
transistors, solar cells, bioelectronics, or neuromorphic computing? How do we model reac-
tivity to control functionality in emerging soft materials of relevance to energy generation
and storage? What are the molecular mechanism(s) of contact electrification in polymers?

Can we predict the fracture behavior and mechanochemistry of polymers with chemical speci-



ficity? How does biology efficiently move QM photoexcitations over mesoscopic distances, or
transduce adenosine triphosphate (ATP) to mechanical motion? In this small sampling of
soft materials applications, one arrives at the need to understand QM properties over het-
erogeneous morphologies extending well-beyond the Angstrom scale, and often to recouple
these changes in electronic structure back into the structural and thermodynamic prediction.
This nontrivial task requires that classical physics must be supplemented with more nuanced
information about molecular electronic structure and its coupling to morphology at multiple
length scales.

The modeling of QM properties in soft materials rests at the interface of two mature
modeling paradigms between which little communication traditionally occurs: CG modeling
and quantum chemistry (QC). At face value, each field is antithetical to the other: CG
modeling treats length scales beyond the atomic scale by averaging multiple specific atoms
into effective pseudo particles — this results in dramatically more efficient CG structural
prediction models, but also the inability to perform chemically specific QC predictions. On
the other hand, while QC can approach an exact treatment of the full electronic structure
problem, the necessity to track all (or most) electronic degrees of freedom severely limits its
scalability. To this end, accounting for all atomic and electronic degrees of freedom for even
a 10 nm cube of polymer (~ 105 atoms/~ 10%lectrons) surpasses the capability of most
modern computational resources. These considerations necessitate financially and environ-
mentally taxing supercomputing calculations to incorporate even simple QM phenomenology
into soft materials using traditional molecular modeling paradigms. It is our assertion that
existing molecular modeling tools for soft materials are insufficient, and significant innovation
is required to make QC practical for the spatiotemporal scales of soft materials modeling.

Here, we argue that to efficiently incorporate QM phenomenology in soft materials de-
sign, a new molecular modeling paradigm must be introduced that bridges the disparate
fields of CG modeling and QC chemistry in a systematic, “bottom-up” fashion. Specifically,

this article argues three points. First, that pressing societal challenges with soft materials



solutions cannot be addressed by purely classical models and require the incorporation of QM
phenomenology. Second, that the traditional molecular modeling paradigms of CG modeling
and QC, taken separately, are ill-equipped to tackle the aforementioned challenge of integrat-
ing QM phenomenology into soft materials design. Third, that there is a significant prospect
for developing systematic CG models of electronic structure that renormalize QC-accurate
electronic predictions over collective nuclear degrees of freedom. To justify these assertions,
this perspective provides a broad overview of the current state of soft materials design in
the most pressing fields, reviews existing computational paradigms for QM calculations in
soft materials, and discusses emerging methodologies for systematically incorporating QM
phenomena into soft materials modeling. The article concludes with a perspective on the
future of CG electronic prediction models, and posits potentially fruitful future directions

for researchers to pursue.

Quantum Mechanical Challenges in Soft Materials

We begin by outlining a subset of soft materials design challenges for which purely classical
modeling efforts are insufficient, and QM phenomenology must be incorporated (Figure 1).
These topics do not encompass all possible examples of non-trivial QM phenomena in soft

materials, but only those most familiar to the authors.

Controlling Degradation for Sustainable Polymers

With 6.3 billion metric tons of plastic waste now contaminating the Earth,! the pursuit of
sustainable polymers is a task that can brook no delay. To achieve sustainability, we need
robust end-of-life management, which includes plastic waste collection, reuse, and recycling.
Research in plastics degradation pathways can help to develop strategies for end-of-life man-
agement.?? For instance, advanced chemical recycling transforms petroleum-based plastics

into value-added materials via so-called upcycling, valorization, or circular chemistry.*® The
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Figure 1: Frontiers of soft materials design with significant QM design components.

most successful example of upcycling is depolymerizing polyethylene terephthalate (PET)
into its pristine resin.'® The progress with polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), and polystyrene (PS) has been slower because of their high ceiling tempera-
tures.® Recent efforts are already underway to retain the polymer backbone and repurpose
the pendant functional groups to exploit novel degradation pathways ! so that recycling plas-
tics can be competitive with commodity polymers in terms of cost and performance.?? On
the other hand, for the reuse of biomass-derived polymers, it has been found that the degra-
dation rate varies widely and is dependent on temperature, humidity, morphology and oxygen
availability.® For example, polylactide (PLA) requires industrial composting conditions such
as high humidity and high temperature.” Scalable computational QM methods applicable at
the mesocopic length scales offer insightful opportunities to reveal the mechanisms of chain
scission, oxidation, cross-linking or catalytic activation during polymer degradation, as well
as their relationships to multiscale morphology.

Understanding the roles of polymer crystallinity and ambient conditions on polymer
degradation remains an experimentally critical, but computationally unexplored, avenue of
sustainable polymer science.*%® In particular, there is a near complete absence of computa-
tional work on this topic due to the severe challenge of performing scalable QM calculations,

with sufficient statistical sampling, across diverse polymer morphologies and chemistries.



Experimentally, the presence of crystallinity is known to drastically slow catalytic and biotic
degradation pathways.*®® Even for amorphous polymers, it has been found that ordered
chain segments with crystal-like properties are embedded in the polymer matrix, and that
the degradation rate is controlled by semi-crystallinity.®® Little is also understood about the
nature and role of the antagonists that induce such degradation in polymers, such as UV
radiation and singlet oxygen, which are hypothesized to induce bond breaking that deteri-
orates mechanical and optical properties.? Additives like excited-state quenchers, peroxide
decomposers, and free radical scavengers can effectively inhibit undesirable photooxidative
degradation,® but many additives are known to poison catalysts or deactivate catalyst sites
during recycling. The search for suitable additives needs to consider excited state energy
transfer between polymers and additive stabilizers during the exposure to UV radiation and
oxygen, and to investigate the effects of these additives on the multiscale morphologies.
The power of QM molecular modeling to elucidate degradation pathways in soft materials

represents a currently untapped means for advancing soft materials design.

Improving Redox Activity and Energy Storage in Soft Materials

The pressing need for clean, renewable energy necessitates the creation of alternative ma-
terials capable of energy storage. Redox flow batteries (RFBs) have become one of the
most promising soft materials options due to their excellent safety, efficiency, flexibility,
and scalability. 1> RFBs process electrochemical energy using two redox-active components
dissolved in liquids that are stored and pumped through external tanks outside of the elec-
trochemical cell. Inside the cell, two electrolyte circuits are separated by an ion-selective
membrane where ion exchange occurs but the redox-active species are excluded. In the past
decade, small organic compounds including m-conjugated molecules with carbonyl groups,
fused ring aromatic molecules, stable radicals and organometallic complexes have served as
potential redox-active centers.!%!! However, these small molecule based RFBs suffer from

the crossover of redox-active molecules, which reduces the Coulombic efficiency of the cell



and leads to capacity degradation during long-term cycling.'? Additionally, the commonly
used ion-exchange membranes necessary for species separation, such as Nafion, Fumasep, and
Selemion, account for almost 40% of the cost of the reaction cell, impeding the scalability of
RFBs. ? Recently, the development of redox-active polymers has become a promising alterna-
tive for the RFB community due to their low cost and ability to suppress the crossover of the

10713 However, there are still several QM challenges that limit polymeric

redox components.
RFB technologies, such as sluggish redox kinetics and unclear charge transport mechanisms.

QM methods are needed to accelerate the design of RFB materials, but are limited by the
high cost of QC associated with the length scales of polymeric materials. Specific RFB topics
demanding a QM treatment include (i) the sensitivity of redox-active molecules to the mul-
tiscale morphology, with side reactions being triggered under flow conditions or after several
charging cycles;'*'® and (ii) increasing the molecular weight of redox-active polymers dra-
matically varies the morphology of suspensions, 2 !4 for instance, from suspending oligomers
to single-chain aggregates, multi-chains aggregates or colloids. The general Dahms-Ruff

6 is unable to describe the charge transport mechanisms for these complicated

formalism !
molecular environments, where electrons can migrate via intra and inter chain mechanisms,
inside the polymer aggregate, or on the colloid surface. Only a few works have attempted
to model the charge transport of nonconjugated redox-active polymers in electrolytes,™2°
with none employing a QM level of fidelity at the required length scales.?! The ability to
predict the QM coupling between electronic states and the resulting electrostatic environ-

ments that control polymer structure and mechanics is currently absent from the literature

and is another means by which QM modeling could transform soft materials design.

Solving the Mystery of Contact Electrification in Soft Materials

Contact electrification is a ubiquitous phenomenon in which transfer of electrostatic charge
occurs when two surfaces are brought into contact and then separated. Contact electrification

is a double edged sword because it can cause billion-dollar losses or safety issues for indus-



try, 2223 but also presents a promising pathway for the development of self-powered sensors
and energy harvesting technologies.?*® From a destructive perspective, contact charging
occurs when the manufacturing processes of polymers and pharmaceuticals involve flow-
ing granular materials, and the resulting electrostatic charge leads to non-uniform blending
in the products or undesirable adhesion at the reactor wall. More severely, processing or
transportation of materials in powdered form with large surface-to-volume ratios can ac-
cumulate intensive contact charge, triggering explosion hazards. Also, unwanted electrical
discharges caused by contact charging can inflict damage on the electronics components in
semiconductors that incurs a massive financial loss to the electronics industry. Although
the omnipresent contact charge could be detrimental, it has been productively employed in
the application of self-powered sensors and energy harvesters.?* 26 Specifically, triboelectric
nanogenerators harvest wasted mechanical energy such as human motion, sound vibration,
mechanical triggering, rotating tires, wind, and flowing water. Understanding the molec-
ular and QM foundations of contact electrification can promote the design of triboelectric
nanogenerators, and reduce industrial costs, loss of life, and property damage.

Despite its long history, the physical origin of contact electrification in soft materials is
an unresolved issue due to its non-equilibrium nature and the complex mechanisms which
occur over a wide range of length and time scales.?32” It has been found that the forma-
tion of surface electrons is dependent on the atomic structure at the material surface (1-100
nm), surface roughness at the mesoscale (>1 pm), and particle size at the macroscale (10-
1000 pm).?3 Also, it has been reported that various mechanisms, such as electron transfer,
ion exchange, material transfer, and mechanochemical fracture (i.e., altering or breaking of
chemical bonds) can trigger contact certification.?” However, explanations for the formation
of surface charges on various materials are constantly under debate. Conventional theoretical
efforts to incorporate multiple mechanisms throughout the whole range of length and time
scales are futile, with few attempting to model contact electrification with QC accuracy. To

make progress in this difficult area of soft materials modeling, scalable QM methods are



needed that can provide QM-informed characterizations of electron tunnelling, radical for-

mation, and bond-breaking at the mesoscopic length scales underpinning interfacial contact.

Managing Polymer Mechanochemistry

Since the mechanical degradation of polymers was observed in the 1930s, mechanically in-
duced covalent bond scission has been regarded as a degradation pathway that limits soft
materials lifetimes at both molecular and macroscopic scales.??? In the past decade, efforts
have been devoted to redirecting mechanical energy (e.g. by compression, shear, or friction)

28-31

to productive chemical transformations. The science and technology utilizing the influ-

ence of mechanical actions on chemical reactions is denoted “mechanochemistry”,2%%9:3! and

2932 drug delivery,3%33 and

has sparked unprecedented developments in the fields of synthesis,
self-healing materials.?*3> Mechanochemical synthesis is often solvent-free and can allow ac-
cess to products unavailable by traditional reaction pathways since potential energy surfaces
can be distorted by external forces.3¢ 3% Mechanophores (force sensitive functional molecular

motifs) 2529

can be also used to transduce external force through attached polymer chains
into the mechanically selective scission of weak bonds, and then trigger the release of drug
molecules.?*33 Much practical interest in the force-induced degradation of polymers also
arises in the field of self-healing materials and their mechanically-induced fracture and/or
degradation.343?

To address these challenges it is vital to understand the electronic structure of mechanophores
and soft materials under the influence of an external mechanical force. Although traditional
ab initio approaches have connected the relationship between molecular structure and re-

36738 mechanophores and self-healing polymers are sensitive to their molecular en-

activity,
vironment and the heterogeneous interface where the substrates transfer kinetic energy to
reacting particles. Furthermore, while many studies on these materials have occurred in the

solution-phase, the knowledge gained from these efforts is not always valid for solid-state

mechanochemical reactions, and current theories are not able to thoroughly describe reac-
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tion mechanisms.3? With regard to modeling mechanical response in the elastic, plastic flow,
and strain hardening regimes, significant work has been done using classical models,3?4°
but works incorporating QC-consistent reactive potentials are generally absent. Notably,
the molecular determinants of mechanical response for polymer nanocomposites undergoing
extreme deformation are still poorly understood because modeling cannot meet the require-
ments of long timescales and QM reactivity simultaneously. The mechanical behavior of
polymers represents a crucial application in which existing modeling paradigms are lacking,

and new QM methods capable of dissecting reactivity within nano to mesoscale soft material

heterogeneities are needed.

Architecting the Next Generation of Flexible Electronics

Over the past decades, the research and development of flexible electronics using organic
semiconductors (OSCs) has rapidly expanded due to the merits of process simplicity, reduced
fabrication cost, and mechanical pliability. Remarkable accomplishments have occurred in
flexible electronic devices such as organic light-emitting diodes (OLEDs), %2 organic pho-
tovoltaics (OPVs),?4 organic field-effect transistors (OFETs), %56 as well as biomedical
applications. 4"*® Recently, state-of-the-art OLEDs were theoretically estimated to achieve
100% internal quantum efficiencies.*"*? For OPVs, the power conversion efficiencies have

surpassed 18%, 4344

a value that was believed to be unreachable some years ago. Both
small-molecule and polymer based OFETs have achieved high charge mobilities exceeding
10 cm?V~1s™!, which approaches the mobility regime of multi-crystalline silicon.*%4¢ As the
device performance of flexible electronics reaches the level of commercialization, the major
challenge is the development of effective manufacturing processes that transition OSCs from
laboratory-scale devices into large area devices without sacrificing their performance. 444649
The most desirable manufacturing approach should be solution-based printing processes (e.g.
roll-to-roll printing, doctor-blade coating, slot die coating, screening, gravure printing, and

44,49

inkjet printing), which exhibit low cost, high feasibility of customization, and little dif-
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ferentiation from the current mature printing technologies. Moreover, emerging applications
in bioelectronic and neuromorphic computing are beginning to utilize ionic and/or biological
media in the presence of OSCs, further complicating the underlying multiscale design princi-
ples at play. As the length scales of processing in these applications concern the mesoscopic
and macroscopic, efficiently coupling QM and classical mechanical simulations to design
materials becomes ever more critical.

It could be reasonably argued that the field of OSCs represents the most successful inte-
gration of QM theory into soft materials development to-date.?® The success of OSC-based
devices can be attributed to the accumulated understanding in molecular design principles,
structure-performance relationships, optoelectronic mechanisms, and device architecture op-
timizations, which involve knowledge spanning the micro-scale to macro-scale, and quan-
tum to classical mechanics. In particular, multiscale simulations that combine bottom-up
CG simulation, backmapping techniques, and/or QC calculations have revealed numerous
fundamental insights about OSCs.?! %% Although existing modeling methodologies will con-
tribute to the progress of upscaling OSCs utilizing advanced processing techniques, they
are extremely time-consuming to employ when both morphological evolution under various
flow conditions and the optoelectronic properties of the final state need to be accounted
for. These factors become even more pressing in the emerging neuromorphic and bioelec-
tronic applications that utilize ionic currents to modulate electronic behavior.®® Scalable
CG models method that can simultaneously model bulk morphology, electronic structure,

and mechanical response under various processing conditions would be transformative to the

field 44,45,47,49

Mimicking Biological Materials

Coincident with the discussed applications of predominantly synthetic soft materials is the
emerging significance of understanding QM effects in biomaterials. Studies of electron trans-

fer in proteins are going on nearly fifty years.?® Understanding QM transport in photosyn-
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thetic and light-harvesting complexes has occupied an enormous fraction of modern chemical
research agendas.’™ Biological energy transduction in active materials typically derives
from multi-electron state changes in ATP, for which QM effects are fundamental.®® More
recently, researchers are trying to understand how to manipulate autocatalytic processes to
induce biology-inspired self-assembly pathways in synthetic materials.%* As time goes on, it
becomes clear that biology has effectively integrated QM phenomena over many length scales
of intrinsically heterogeneous and disordered soft materials morphologies, making biological
materials a fascinating grounds for integrating both QM and classical mechanical modeling.

Significant previous method development efforts have gone into addressing many of these
challenging biological design problems. Arguably, biological materials have been the moti-
vating force in the development of multiple distinct sub-fields of molecular modeling (e.g.
CG theory, all-atom (AA) force-field development, quantum dynamics, and non-equilibrium
statistical mechanics). In the realm of interfacing QM with classical simulations of biologi-
cally relevant length scales, QM /MM has been the workhorse for including QM effects into
biological systems, but these efforts are often limited to small system sizes.?®% Recently,
Mironenko and Voth have introduced the QM/CG-MM approach to the accelerate QC cal-
culations in complex solvation environments, extending the accessible length and time scales
for QM /MM calculations.®® CG models have been instrumental in understanding the folding
pathways of proteins, but can only include arguments about QM effects in an ad hoc fashion.
The field of electron transfer pathways in proteins represents one of the most fascinating fields
in which QM and classical modeling have interacted, but incorporating chemically-specific
models in a computationally efficient manner still proves enormously challenging. Just as
the study of biomaterials has benefitted from efforts in systematic “bottom-up” and “top-
down” coarse-graining efforts, one can envision a systematic CG formalism applied to QM

predictions in biological materials could potentially have enormous impact.
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Limitations of Current Molecular Modeling Paradigms

To motivate the introduction of a new paradigm for incorporating QM modeling into soft
materials research, we briefly review the state-of-the-art for scalable QC, as well as system-
atic CG techniques for both QM and classical systems. The multiscale integration of QC,

molecular dynamics (MD) simulation, and CG modeling is shown in Figure 2.

Machine Learning (ML)

% Faster Quantum Chemistry
% More Accurate Force-Fields
% Collective Variable Discovery

Time scale

Multiscale Simulations

Chemistry % Bulk Morphology
*+ Electronic Properties

+ Structure-Performance Relationships

Length scale

Figure 2: Existing paradigms in multiscale molecular modeling including QC, MD simula-
tion, and CG techniques, as well as the aspects to which ML has contributed.
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Quantum Chemistry

In the past fifty years, QC methods have advanced rapidly with simulations on the ~1 nm

length scale becoming routine.%3:64

Two of the most prominent efforts for reaching multi-
nm length scales have been the density functional theory tight binding (DFTB)%:%¢ and
fragment molecular orbital (FMO)57% approaches. In FMO, approximately O(N) scaling in
the number of basis functions is possible, with single-point calculations of 10* atoms being
increasingly common. Similarly, DFTB calculations can permit geometry optimizations
of 10> — 10* atoms. In notable efforts, combinations of DFTB and FMO with efficient
parallelization have facilitated geometry optimizations of one million atom systems®—a
scale unthinkable only a decade ago.

Despite these impressive advancements, atomistic QC remains far removed from the
required spatiotemporal scales of soft materials. While a one million atom DFTB+FMO
calculation will provide a single minimum energy geometry for a ~20 nm cubic box, soft
materials chemistry applications necessitate QC characterizations at similar or larger length
scales, averaged over the thermodynamic ensemble, and for multiple distinct state points and
chemistries. These computational requirements render even the best scaling QC methods
insufficient to address the ubiquitous molecular design question in soft materials: “How do
chemistry, morphology, and thermodynamic conditions dictate electronic processes in non-
crystalline soft materials?”

Notwithstanding this lack of scalability, arguably the most significant deficiency of exist-
ing QC methods involves the fact that, even if the excessive computational cost required to
electronically characterize soft materials at mesoscopic scales could be paid, the effort would
represent an extreme inefficiency in the utilization of high-performance computing (HPC)
resources. When performing QC calculations at mesoscopic scales, a researcher typically sep-
arates the total system (10-100 nm) into subsystems (1-5 nm) for local QC characterization.

These local calculations, and couplings between them, are then utilized to piece together an

approximation of the original QM Hamiltonian. However, the nature of Boltzmann sampling
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will lead to repeatedly performing nearly redundant QC calculations on subsystems through-
out the original system. In many cases, only a few collective variables (e.g. dihedrals, kink
formation, Huang-Rhys active normal modes) within subsystems induce large changes in
the relevant electronic structure, leading to dramatic expenditures of HPC time to compute
electronic structure variations that could in principle be projected onto a reduced set of
collective coordinates.

An important consideration relates to the potential use of periodic boundary conditions
in QC, as this is a standard way to include bulk effects on the electronic structure of crys-
talline materials. However, as soft materials are characterized by liquid-like morphological
heterogeneity over nanoscopic and mesoscopic length scales, computational QM models ex-
ploiting periodicity via Bloch’s theorem on small subsystems cannot be reasonably applied
to model the electronic structure of disordered soft materials. Such approaches will dramati-
cally underestimate the influence of structural disorder on the resulting electronic structure,
resulting in artificially ordered systems. Similarly, a large enough subsystem that captures
the requisite morphological disorder is likely to exceed the capabilities of modern QC com-
putational power in the same way as for methods using localized basis sets.

An interesting path forward for QC concerns the systematic development of effective
Hamiltonians in which portions of Hilbert space are averaged out, in what is effectively CG
for electronic degrees of freedom. While the scaling of molecular QM calculations with such
methods does not eliminate the scaling in the number of nuclear degrees of freedom, the re-
duction in electronic degrees of freedom can have a dramatic effect in reducing computational
cost; in essence this strategy underlies the highly successful DF'TB and FMO approaches.
To these ends, a number of works have attempted to construct rigorous and systematic ap-
proaches for performing dimensionality reduction of electronic Hamiltonians.™ ™ A classic
summary of these efforts is provided by Durand and Malrieu.™ While the theoretical for-
malisms for constructing such models are generally well-defined, in practice they are rarely

attempted due to limitations in accuracy and computational complexity. An adjacent field
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of electronic structure theory involves the development of pseudopotentials”™ which param-
eterize effective nuclear potentials that incorporate the shielding from low energy electrons
so that simpler models involving only higher energy electrons exhibit reduced computational
cost. While these classes of methods are incredibly powerful across a broad range of materi-
als science, they are still extremely limited in their application to the spatiotemporal scales
necessary to characterize QM properties in soft materials. Moreover, when it comes to po-
tentially integrating these calculations with CG structural prediction models that proliferate
soft materials modeling, it is crucial to note that renormalized electronic structure models
do not CG over nuclear degrees of freedom, and thus are still incompatible with the CG

simulation models ubiquitous in soft materials modeling.

Coarse-Graining and Backmapping

While QC calculations at mesoscopic scales are inhibited by the retention of all atomic de-
grees of freedom, morphology simulations at mesoscopic scales commonly benefit from the use
of CG representations. > Classical simulations using AA force-fields are typically limited to
10’s of nm and 100’s of ns with the accuracy of the predictions depending strongly on param-
eterization. To overcome these limitations, researchers employ CG modeling paradigms in
which the least important AA degrees of freedom are averaged into effective CG pseudoatoms.
By tracking fewer degrees of freedom, as well as employing softer intermolecular potentials,
CG modeling permits access to mesoscopic spatiotemporal scales while maintaining ther-
modynamically rigorous links between Hamiltonians at different resolutions.”” Furthermore,
the act of decimating degrees of freedom results in models that exhibit improved conceptual
clarity relative to fully-detailed AA simulations.

In recent years, advances in CG methodologies have improved both the quality and avail-
ability of CG modeling, profoundly impacting soft materials design. Multiple groups have
worked to understand both the representability and information errors associated with CG

representations. “® 0 Many modifications and improvements to CG parameterization proto-
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cols (e.g. Tterative Boltzmann Inverse (IBI),®! Force-Matching,®* and Relative Entropy®?)
have been developed with improved transferability and accuracy. The chemically generaliz-
able Martini model has evolved to significant levels of complexity and prediction power across
a broad sampling of chemical space.®® In conjunction with these developments, considerable
software efforts have been invested to make CG modeling strategies available to the broader
community.® 3" As a result, CG modeling forms the core computational tool set for soft
materials simulations traditionally focused on structural and thermodynamic predictions.

As QC calculations require specification of all atomic degrees of freedom, and CG model-
ing utilizes averages over atomic degrees of freedom, additional methodologies are required for
bridging simulations at these different length scales. At present, the state-of-the-art (Fig-
ure 3) involves (i) equilibrating morphologies using CG structural prediction models, (ii)
backmapping AA coordinates onto CG configurations (a one-to-many problem), followed
by (iii) ad nauseam QC calculations to characterize local electronic structure.®® Solutions
to the underdetermined backmapping problem continue to be posed,® % but often rely on
heuristics, ignore proper ensemble averaging, or limit chemical transferability. Moreover,
backmapping strategies significantly complicate computational workflows by requiring in-
terfacing the inputs and outputs of multiple independent simulation codes. Taken together,
these considerations leave the field in the regrettable state of lacking computationally scalable
and thermodynamically rigorous strategies for deriving electronic structure at the requisite
spatiotemporal scales for soft materials.

Orthogonal to the standard paradigm for connecting QC and CG modeling methods are
efforts to develop phenomenological models that make electronic predictions using CG de-
scriptions of collective degrees of freedom. In their simplest and most common form, these
models utilize normal mode representations of configurational changes and linear electron-
phonon couplings parameterized to experiment or QC calculations. Attempts to go beyond
linear descriptions of configurational changes and electronic couplings are generally only per-

mitted when one possesses extensive pre-existing knowledge and physical intuition that can

18



inform appropriate mathematical forms of approximate Hamiltonians. Despite the crudeness
of such CG electronic Hamiltonians, these approaches have been enormously useful® 1% in
understanding the electronic properties of organic materials despite their phenomenological
nature and distinct lack of generalizability to systems for which physical intuition is ab-
sent. It is also useful to note that such models ignore the degeneracy of decimated degrees
of freedom within the averaged CG model, and represent a mean value approximation of
the electronic structure at a single thermodynamic state point. The lack of systematic CG
methodologies for bottom-up CG of electronic predictions in soft materials systems repre-
sents a significant opportunity for advancing the in silico understanding and design of QM

phenomena in soft materials.

CG-MD Simulation Backmapping Quantum Chemistry

Config-1  Config-2 Config-N

Challenges & Difficulty

1. Severe QC computational cost and redundancy 3. Lack of thermodynamic consistency
2. Poorly defined backmapping 4. Complicated software workflows

Figure 3: Current strategy for incorporating QM effects into soft materials predictions and
its challenges.

Coarse-Grained Electronic Models

The preceding discussion motivates the need for molecular models capable of accessing sig-
nificantly longer spatiotemporal scales than are reachable using current QQC methods. In
the remainder of this article we introduce recent work in our and other research groups on

the development of electronic prediction models that operate at the CG model resolution.
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Within our research group, we refer to these models as Electronic Coarse-Graining (ECG)
models. ECG models represent a family of techniques introduced by Jackson!®! targeted at
the systematic, bottom-up CG of configurationally dependent electronic property predictions

in soft materials.

Individual CG Multiple AA

Configuration Configurations
One-to-Many ,

< 24 A
8313504 ant® mmmp

Degeneracy of CG Mapping

Thermal Fluctuations

QM Observable QM Observable

Figure 4: Basic goal of ECG methods: effectively mapping targeted electronic property
distributions (derived from AA configuration space) directly to CG configuration space.

The Development of ECG Methods

Critical to the development of CG electronic structure prediction models is the realization
that a single CG molecular configuration corresponds to a collection of AA configurations.
As depicted in Figure 4, this so-called “one-to-many” mapping between CG and AA con-
figurations means that any AA-derived property can be regarded as an intrinsically noisy
probability distribution of the property at the CG resolution. The noise on this distribution
can be rigorously related to (i) the degeneracy of the CG mapping operator (how the atoms
are combined into CG beads) and (ii) the thermodynamic state of the system (e.g. how
strong the thermal fluctuations are in the AA model). For electronic properties of inter-
est to QM modeling in soft materials, analytical approaches are, at present, incapable of
directly computing the structure of this noisy distribution function from the “bottom-up”.

In these contexts, machine learning (ML) has proven a powerful method for mapping AA
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electronic structure directly to the CG representation, and forms the basis of most recent
work. It is important to note that by mapping the distribution of AA properties directly to
the CG representation, one bypasses the need to bridge QC and CG simulations via the use
of backmapping methodologies and ad naeseam QC. If one can exactly learn this noisy dis-
tribution as a function of CG representation, then the CG model predictions will correspond
exactly to those derived from a computationally intensive backmapping approach.

The development of ECG models in our group employs the scheme depicted in Figure 5.
This scheme consists of the following steps: (i) a sampling of AA configuration space at a
specific thermodynamic state point (using Monte Carlo or MD simulations) which is used to
parameterize a CG structural prediction model (e.g. IBI, force-matching, relative entropy),
(ii) the labeling of the sampled AA configurations using QC calculations of the targeted
electronic properties of interest, (iii) the projection of the AA configurations into a CG rep-
resentation, (iv) the transformation of this dataset into a ML-readable format and (v) the
training of a supervised ML regression model that maps CG configurations to AA QC. To
date, a variety of ML architectures (Figure 6) have been implemented within ECG models.
The result of this workflow is a model that provides electronic property predictions directly
from the CG model resolution that are consistent with AA structural (e.g. Optimized Po-
tentials for Liquid Simulations, OPLS) and QC (e.g. DFT) prediction models. While these
methods primarily employ standard AA force-fields (e.g. OPLS) with classical MD to sample
configuration spaces that are then characterized with QC, they could straightforwardly be
replaced with ab initio potential energy surfaces to incorporate complex electronic nuclear
couplings back into the configurational sampling. Due to the additional cost of such a proce-
dure, especially at the length scales (>10 nm) of present interest, we have not pursued these
approaches. However, in the context of incorporating bond-breaking in chemical reactivity,
or excitation induced rigidity in polymers, such adaptations of the sampling procedure will
be critical.

The first demonstration of ECG modeling was performed by Jackson et al. in which
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training a ML model, to predicting electronic observables for a given CG configuration.
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Figure 6: Various machine learning architectures employed in ECG works: a) feed-forward
deep neural networks, b) 1D convolutional and long short-term memory networks, c) deep

kernel learning with Gaussian process regression. Reproduced with permission from the
American Chemical Society'%? and the American Institute of Physics. 103
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feed-forward deep neural networks (DNN, see Figure 6a) were employed to learn the mean
values of the six highest occupied molecular orbital (HOMO) energies and intermolecular
electronic couplings of thiophene-based chemistries directly from the CG resolution (Figure
7a).1% In all models the CG configuration was featurized using the inverse distance ma-
trix associated with the CG configuration. Models were trained at multiple temperatures,
intramolecular rigidity constraints, and CG resolutions to assess the impact of thermody-
namics and CG mapping operator selection on model performance. In nearly all cases below
a critical threshold of CG model resolution, prediction accuracies of ~ 10 meV’s (Figure
7a,b) were achievable directly from the CG resolution. In the context of incorporating these
predictions into e.g. semi-classical rate theories for charge transport, these errors are com-
parable to those derived from variations in QC method or basis set, ' with the important
distinction that all prediction errors in this model are “intrinsic” in that they derive from
the degeneracy of the CG mapping operator. Moreover, a computational acceleration of 10°
was reported relative to the conventional backmapping and ad nauseam QC paradigm, along
with a dramatic improvement in the simplicity of the computational workflow. This proof-
of-principle demonstrated that QM prediction models can operate at the same resolution
as the underlying CG structural prediction model, dramatically improving computational
efficiency.

Building on this work, Jackson introduced a modification to the DNN architecture for
ECG adapted to polymeric materials such that molecular weight transferable QM predic-
tions could be achieved. This ECG model employed 1D convolutional and long short-term
memory networks (CNN-LSTM) to learn a molecular weight transferable representation for
CG polythiophene configurations transferable from a single repeat unit to 20 repeating units
(Figure 6b).!%? Featurization was achieved by concatenating nearest-neighbor distance ma-
trices between CG beads that entered into a convolutional layer prior to a LSTM layer. This
model was trained over subsets of the underlying molecular weights, with testing data sets

applied at molecular weights not in the training sets. As demonstrated in Figure 7c-d, this
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CNN-LSTM version of ECG was able to successfully reproduce the absorption spectra, molec-
ular orbital energies, and charge densities of polythiophenes obtained at the ZINDO/S level
of QC. Contemporaneously, independent work by Simine and Rossky!® introduced a CG
electronic prediction model for the optical spectra of polythiophenes obtained at the Pariser-
Parr-Pople level of theory with Configuration Interaction derived excited state energies. CG
polythiophene chains were featurized as sequences of inter-thiophene dihedral angles which
were subsequently processed by an LSTM. With the dramatically reduced computational
cost of this model, simulations of 14,000 30mers of polythiophenes were trivially accessi-
ble, though results did not exhibit quantitative agreement with an employed backmapping
algorithm. These works clearly demonstrate that CG electronic prediction models present
a powerful means for bypassing existing QM modeling paradigms for conjugated polymers,
enabling the production of QM properties at extended length scales crucial to soft materials.

With early works on ECG-style models studying predominantly thiophene-containing
chemistries, recent work by Alessandri has extended ECG modeling to predict the energies
and couplings of radical containing polymer chemistries directly from the CG resolution. %
In this work, similar quantitative agreement was observed in the prediction of orbital energies
and electronic couplings as for thiophene containing chemistries, though important insights
regarding selection of the CG mapping operator were derived. Importantly, Alessandri com-
pared the performance of an ECG model employing Martini-based structural predictions
against a state-of-the-art backmapping protocol followed by ad nauseam QC. Good agree-
ment between the backmapping derived and ECG models was obtained, but significant dis-
crepancies were observed in the tails of the electronic density of states, which is particularly
important as trap formation in the tails of bands typically limits charge carrier transport.
The origin of this disagreement was attributed to the approximation of the noisy QM ob-
servable at the CG resolution as simply the mean value of the observable distribution. Of
additional note was the important role of the accuracy of the structural predictions in the CG

model, with IBI corrections to the Martini intermolecular potentials being required to ensure
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quantitative agreement with the underlying AA model; models that did not employ this cor-
rection exhibited significant disagreement between the backmapped and ECG models. This
implies that alternative CG parameterization algorithms such as force-matching or relative
entropy, in which the structural distribution function is not the on-target property for repro-
duction, may exhibit inferior performance relative to IBI-parameterized models when uesd
with ECG models. Finally, this work provided a quantitative comparison of the computa-
tional cost improvement for ECG relative to backmapping, for which the ECG model became
dramatically more efficient when compared to the traditional backmapping with QC scheme
after analyzing only 13 configurational snapshots. This acceleration is consistent with the
previously posited 10¢ speedup of ECG, and shows that ECG-style models can enable the
computation of QM properties over broad samplings of thermodynamic and configurational
state space relevant to designing soft materials.

Recently, our group has advanced supervised ML techniques for ECG that enable learn-
ing the CG electronic structure prediction beyond the common mean value approximation,
treating the noisy distribution function within a Gaussian approximation. Sivaraman has
introduced the deep kernel learning (DKL) framework employing Gaussian Process Regres-
sion to model the electronic property distribution throughout CG configuration space as a
homoscedastic Gaussian distribution.'%” This framework allowed for the noisy observable at
the CG resolution to be treated as a Gaussian distribution with variable mean and constant
width. Moreover, the incorporation of a Gaussian distribution-derived variance facilitated
the integration of ECG models with active learning strategies to achieve same level of accu-
racy with fewer training data.!'®” ECG models using DKL could be efficiently trained over
multiple state points using this combination of methods. While this effort represented a
significant advance of ECG methods in moving from a mean value approximation to a Gaus-
sian distribution, fundamentally there is a priori no reason to expect the variance of the
distribution to be constant as a function of CG configuration (i.e. there is no expectation

that the distribution be homoscedastic).
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Recently, Maier has extended the ECG framework using DKL with approximate Gaus-
sian processes to incorporate heteroscedasticity into ECG predictions of QM observables at
the CG resolution (Figure 6¢).!% In this approach, the noisy observable is treated within
a Gaussian approximation, the mean and width of which varies as a function of position
in CG configuration space. Figure 7e indicates that the DKL-ECG method used in con-
junction with IBI-derived CG structural prediction models could reproduce the exact QC
valence electronic density of states for three different polymer chemistries relevant to charge
transport. In comparing the performance of this model against the original ECG models
that only learned the mean value of the distribution, significant improvement in reproducing
the extremes of the observable distribution was observed. It was further shown that for the
majority of CG mapping operators and resolutions the Gaussian approximation of the ob-
servable was suitable, though exceptions were found for extremely strong CG mappings. In
the case of extremely fine CG mappings (i.e. the AA representation) this Gaussian distribu-
tion approaches a delta function, whereas for the case of very coarse mappings, multi-modal,
non-Gaussian behavior was observed, which is anticipated based on recent work by Voth
in the area of Ultra CG.!% However, the heteroscedastic DKL ECG framework presents
a manner of learning CG distributions of AA properties, notably QM properties, that are
traditionally “lost” in CG model development. By knowing the structure of the learned
distribution at all points in CG configuration space, stochastic samples of the AA observ-
ables can be generated that are consistent with the original ensemble. While this has been
primarily shown in the context of molecular orbital energies and couplings, such a frame-
work is straightforwardly transferable to a diverse set of AA properties including vibrational
spectra, hydrogen bonding, optical spectra, NMR shifts, and charge density fluctuations.
Importantly, DKL-based ECG provides a means of reproducing the statistically exact AA
observable at the CG resolution without recourse to backmapping or ad nauseam QC, pre-
senting an alternative modeling paradigm for the scalable analysis of QM properties in soft

materials.
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Figure 7: The ECG predictive performances for optoelectronic properties of various chemical
compounds: a) six HOMO energies of polythiophene and electronic coupling of thiophene
dimers, b) molecular orbital energies of PTB7 and TPB, c¢) absorption spectrum and d)
charge density distribution of poly(3-methylthiophene), and e) electronic density of states
of polytiophene and TEMPO. Reproduced with permission from the American Association
for the Advancement of Science,'! the American Institute of Physics,'® and the American
Chemical Society. 92
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ECG Model Transferability

An aspect of soft materials design that typically confounds traditional CG modeling is the
need to simulate structural and thermodynamic quantities over a broad range of thermal
and processing conditions. Since application of the CG mapping operator destroys some of
the entropy associated with the AA beads, CG models typically fail to properly capture the
thermodynamic state dependence of property predictions, though emerging techniques are
beginning to address this challenge.!% These same considerations apply to the development
of ECG models for QM property prediction, a point that has occupied considerable concern
in our recent work.°” Sivaraman examined the temperature transferability of DKL-ECG
models trained over a 1000K temperature range for thiophene chemistries. In Figure 8a, it
was observed that ECG models at high system temperatures displayed prediction accura-
cies at low temperatures that were comparable with the performance of DKL-ECG models
trained at low temperature. However, the reverse was not true — models trained at low
temperatures failed catastrophically when applied to configurations derived from high tem-
perature simulations. These results agree with the physical intuition that the temperature
should dictate the amount of configuration space that is explored during the sampling of
AA configurations when the ECG training sets are constructed. In principle, the underlying
QM prediction function can be better learned if a more diverse configurational space is in-
corporated into the training set. Although this physical intuition may be taken for granted
(i.e. the more comprehensive the configurations in the dataset the better the model’s per-
formance), it is worth commenting that ECG models so far appear to avoid overfitting of
the configurations when trained at high temperatures. Despite this success, it is important
to note that while the effective mean of the distribution can be learned in a generally tem-
perature transferable way by focusing ECG model training at high temperatures, the width
and shape of the QM observable distribution has a temperature dependence that, at present,
cannot be accounted for in ECG models. This challenging feature amounts to reincorpo-

rating the missing entropy of the CG model, and represents an interesting target for future
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ECG model development.

While thermodynamic state point transferability is of particular interest to ECG model-
ing, a fascinating frontier for ECG model development concerns the creation of ECG models
exhibiting chemical transferability. This fact is particularly useful as the mechanical and
optoelectronic properties of polymers often exhibit strong dependencies on their molecular
weight. In a naive conception of CG modeling, it would be required to train individual ECG
models for polymers at varying molecular weights, significantly increasing the computational
cost and complexity of developing ECG models. In previous work, we have demonstrated
that, for a single chemistry, molecular weight transferability in polymer chains can be imbued

102 Tnterpolative

using supervised ML approaches derived from sequence analysis (Figure 8b).
performance of ECG models was generally excellent across the molecular weight spectrum,
though extrapolative performance degraded strongly as a function of distance of the test
data from the training data sets. Molecular weight transferability represents a logical first

step in the development of broader chemical transferability in ECG models, a topic we will

discuss in a later section.

Building Physics into ECG Models

A concern with many models based in supervised ML is that predictions are not constrained
in any way by fundamental physical laws, and that such deficiencies can result in catastrophic
predictions when models extend beyond their training sets. In our research group, we operate
with the philosophy that if a computational task can be achieved efficiently using existing
molecular modeling paradigms, then it should. If it cannot, then supervised ML is a powerful
tool to be exploited.

In an effort to integrate physics-based constraints into ML-based ECG models, we have
established a A-ML approach!!® that can leverage pre-existing knowledge of CG electronic
structure in the form of model Hamiltonians. %> We have developed ECG models that employ

canonical tight-binding (TB) Hamiltonians describing electronic ground states and excited
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Figure 8: Demonstration of the ECG model capability in a) temperature transferability
and b) molecular weight transferability. The heatmap shows the model performance (root-
mean-squared error) for the prediction of HOMO energies of polythiophene. The line plot
indicates the model accuracy for the lowest-lying excited-state energy of polythiophene at
different molecular weights. Reproduced with permission from ref. 102 and 107. Copyright
2020 and 2022 American Chemical Society.

states at the CG resolution. In general, to parameterize the QM Hamiltonian for polymer
systems, the diagonal elements (or the onsite energies) are often assigned to a constant value,
and the off-diagonal elements (or the electronic coupling) are defined by phenomenological
or approximate expressions, namely, a cosine function of the intermonomer dihedral angle
for the ground state and terms incorporating transition dipole interactions for the excited
states.?” 1% While the physics of the TB models can qualitatively capture the effects of
the p-orbital overlap or point-dipole interactions, they cannot capture any details contained
in the CG representation beyond known CG degrees of freedom, where human intuition
is limited. The A-ML based ECG method uses the TB model to predict a first guess of
the optoelectronic properties of interest, and then the difference between the guess and the
exact QC result is learned by the ML. A-ML based ECG accounts for the additional local
orientational degrees of freedom not captured by CG degrees of freedom included in the TB
model. We believe that the concept of A-ML based ECG can be integrated with various

phenomenological models so that any known physics can be incorporated in these models.
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In our previous work on molecular weight transferability, significant improvements in both
the interpolation and extrapolation across the studied molecular weight range was observed
for models incorporating the simple known Hamiltonians.!®?> An alternative strategy for
constraining ECG models to known physics in future efforts is to build in the innate physical
model as part of the loss function. Approaches similar to this have been developed in
the physics informed ML models introduced by Karniadakis.!'' While this has not been

attempted for ECG models, it forms an interesting avenue of pursuit for future efforts.

Extracting Physical Insights from ECG Models

Another prevalent concern with the use of ML is the belief that by employing ML one ef-
fectively abandons all hope of physical insights and must treat the model as a “black-box”.
In our group, we consider the two broad goals of ECG models to be the following: to (i)
dramatically decrease the computational cost of performing chemically specific QC charac-
terizations of soft materials and (ii) develop physical insights into the collective variables that
control changes in the electronic structure of soft materials. Whereas previous discussion has
focused primarily on the utility of ECG models for achieving (i), here we describe how ECG
models employing supervised ML can be repurposed to discover the dominant electronically
active collective variables in soft materials for which no physical insights are known. This
effort thematically parallels recent work utilizing ML to identify collective variables in soft
materials. 12 This effort also overlaps significantly with the goal of identifying optimal CG
mapping operators that capture maximal information at a given resolution.”®8°

In general, CG representations of molecules and polymers are selected ad hoc via physi-
cal intuition, chemical intuition or convenience.??** Although considerable efforts have been
recently devoted to developing systematic CG mapping techniques, there is a lack of research
on how to identify “optimal” mappings for the purpose of predicting observables.™ " For
electronic predictions, it has been demonstrated that ECG models can be rapidly repurposed

to identify optimal CG mapping operators and electronically active collective variables in
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conjugated and radical containing polymers. As shown in Figure 9, ECG models can be
trained at a variety of CG representations in order to identify the degradation of predictive
performance as a function of CG mapping operator resolution. %1% Specifically, the drop of
ECG performance in Figure 9a suggests the intermonomer dihedrals are a critical CG con-
figurational degree of freedom in describing the electronic structure of conjugated molecules;
this result is consistent with the previous four decades of purely theoretical research that
employed approximate Hamiltonians using expressions incorporating the dihedral of the in-
termonomer torsional angle in thiophene chains. Similarly, in Figure 9b, work by Alessandri
has shown that traditional CG mapping operators are not effective for reproducing elec-
tronic property predictions in CG models of radical transporting polymers, and that the
N-O functional group must be maintained in CG resolution so the radical active nature
could be captured. Consequently, in systems where the important collective variables that
control electronic structure variations are not well-known, testing the performance of ECG
models on a variety of CG mapping operators represents an interesting strategy for collective

variable identification and the specification of optimal CG representations.

Future Directions

Multiscale Structure-Processing-Function Relationships for Organic

Semiconductors

With the capability of predicting configurationally dependent electronic properties at the
CG resolution using ECG, there is a significant promise for integrating existing ECG models

with established CG simulation capabilities to explore the structure-processing-function re-

113-116 117-121

lationships of OSCs with unprecedented scalability. Our group along with others
have pioneered the use of anisotropic CG models that capture the multiscale morphologies
of OSCs spanning w-stacking to domain formation. Since anisotropic m-conjugated fea-

tures (m-stacking, inter-ring dihedral) are preserved at the CG resolution, the morphological
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Figure 9: Examples of using ECG for collective variable discovery: the ECG model perfor-
mances for predicting a) the HOMO energy of polythiophene as a function of CG resolution
and b) the singly-occupied molecular orbital energy of a p-type radical polymer by using
different CG representations. Reproduced with permission from the American Association
for the Advancement of Science.!%!

dependence on their electronic properties can be systematically investigated by employing
phenomenological analysis or TB Hamiltonians without implementing the backmapping pro-
cess. The inclusion of these additional degrees of freedom in the CG structural prediction
model allows for OSCs to potentially mimic the tremendous success of CG structural predic-

)22 in conventional polymer physics. The ability to bypass

tion models (e.g. Kremer-Grest
backmapping and QC calculations traditionally required to integrate multiscale structural
predictions with electronic characterizations has the potential to be transformative for OSC
science.

Recently, we have advanced this new paradigm of purely CG structural and electronic
prediction models in OSCs to understand the behavior of OSCs in ionic media relevant
to biosensing, bioelectronics, and neuromorphic devices. 3114 In this work, thiophene-based
conjugated polyelectrolytes were represented using the aforementioned anisotropic CG model,

and single-chain conformations were modeled as a function of solvent, represented by both the

solvent dielectric and solvent quality. A phenomenological Hamiltonian, in which the elec-
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tronic couplings were parameterized by the inter-ring dihedrals and non-bonded monomer
orientations, was then coupled to the sampled configurations to qualitatively address the
correlation between chain conformations and charge transport properties. "% Importantly,
electrostatic potentials resulting from the ionic environment were directly incorporated into
modulations in the electronic structure of the Hamiltonian to assess the impact of the elec-
trostatic environment on the electronic wavefunction, which has never been attempted at
these length scales for OSCs. Importantly, it was deduced that electrostatic potentials over
the 10’s of nm scale primarily influence variations in electronic structure through modula-
tion of the thermodynamically stable conformations, and not through direct influence on
the site energies of the electronic states. Current efforts in our research group are working
to connect these anisotropic prediction models directly with ECG models to compute the
exact valence Hamiltonian within a dimer approximation (see Figure 10a). These model
Hamiltonians will not only possess the ab initio accuracy associated with the underlying
QC, but will also stochastically include broadening of the local electronic structure by inter-
molecular vibrations averaged out during the CG model development. The ability to access
these approximate QM Hamiltonians directly from the CG resolution has the potential to
revolutionize the study of charge and exciton transport in OSCs at unprecedented length

scales relevant to device function.

QM Dynamics at the CG Resolution

As computational models for scalable morphological and electronic property predictions
become available, obtaining QC-accurate descriptions of QM dynamics at CG resolutions
presents itself as a high impact application of CG electronic prediction models. Convention-
ally, when the charge transport mechanism of soft materials is in the so-called hopping regime,
a kinetic Monte Carlo method or iterative master equation solution can be parameterized
123-127

using the simulated morphology, from which charge carrier mobility can be derived.

The probability of a charge carrier hopping between sites is derived from either Fermi’s
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Figure 10: Future directions for ECG efforts: a) establishing multiscale structure-processing-
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a chemical transferable CG framework for conducting soft materials.
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golden rule or Marcus theory in which the electronic coupling is arbitrarily specified and
is assumed as a constant parameter. 125126128 However, in many conjugated systems the
electronic coupling highly depends on the molecular alignment and packing structure, and its
value could vary across several orders of magnitude.!?3% By employing ECG frameworks,
a deterministic kinetic Monte Carlo simulation can be established, where the configuration-
dependent electronic coupling is evaluated. Moreover, in the case of the DKL-ECG, the
electronic coupling “distribution” of a given CG configuration can be further determined
so that the effect of the lost atomic degree of freedoms can be re-introduced in an exact
stochastic manner at the CG resolution.

On the other hand, as illustrated in Figure 10b, for soft materials in which a charge
carrier (or an exciton) is neither localized at a single molecule nor fully delocalized, pola-
ronic hopping models and band theories cannot appropriately characterize the charge trans-
port mechanism (or the exciton dynamics).!1317133 Tn this intermediate regime, the in-
teractions between charge carriers and nuclear motions are highly correlated. The charge
transport mechanisms in this regime are often characterized by employing mixed quantum-

104,132,134 Qych approaches treat nuclear degrees of freedom classically

classical approaches.
by performing AA-MD simulation, with the charge carrier propagated in a fully QM fash-
ion. To solve the time-dependent Schrodinger equation for the combined nuclear-electronic
system, the two most common propagation techniques used in this context are Ehrenfest
based mean field (MF) dynamics 35136 and Tully’s surface hopping (SH) method 37138 along
with electronic model Hamiltonians. The values of the on-site energies and electronic cou-
plings of model Hamiltonians can be obtained using QC calculations, with the parameter-
ization of spatial and temporal correlations from AA MD trajectories being a particularly
efficient strategy. '3 The mixed quantum-classical approaches have provided significant
insights, 104:132:133,1427147 1y they are still constrained to limited spatiotemporal scales. An in-

teresting path forward concerns the development of rigorous quantum dynamical approaches

that operate solely at the CG model resolution. As ECG can straightforwardly obtain ap-
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proximations to the full electronic Hamiltonian at every configurational snapshot, the charge
carrier wave function can conceivably be evolved by implementing MF or SH propagation
techniques. In many ways, this is not significantly different from a substantial literature on
formal quantum dynamics approaches that utilize approximate Hamiltonians with normal
mode expansions of collective variable representations, but the ability to connect directly to
real chemistries beyond the standard linear approximations could be transformative. While
much of this is speculative, the possibility to establish a connection between bottom-up CG
models of QM phenomena and formal approaches to quantum dynamics remains a tantalizing

prospect.

Improved Model Hamiltonians from ECG

Connecting with the idea of performing CG quantum dynamical calculations parameterized
directly from bottom-up AA representations is the idea of utilizing ECG-style models to con-
struct more sophisticated model Hamiltonians which capture complex relationships between
configurational and electronic degrees of freedom extending beyond the traditional linear ap-
proximations. To-date, existing model QM Hamiltonians employed in static and dynamical
calculations typically employ one of two approaches to building configurational dependence
into model Hamiltonians. First, normal mode expansions and their linear electron-phonon
couplings are commonly used to induce configurational dependence in quantum dynamics
calculations; this approximation has been omnipresent in nearly all studies of QM wavefunc-
tion propagation in photosynthetic complexes. %4148 Second, in cases where specific collective
variables are known, more complex dependencies can be specifically constructed. 497151 In-
corporating the inter-ring coupling in conjugated polymers as a function of the inter-ring
dihedral degree of freedom represents a classic use of this approach. However, in most sys-
tems of interest, these non-linear dependencies of electronic structure on collective nuclear
degrees of freedom are not known and require many years of careful study to elicit. The

application of ECG models to discover electronically coupled collective variables (see Figure
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9 and 10c) presents an avenue to (i) identify the important collective degrees of freedom that
dictate variations in electronic structure and (ii) identify the functional forms of the Hamil-
tonian terms relating to these expressions. With the recent re-emergence of algorithms for
symbolic regression, there is even the prospect of developing mathematical forms for these

relationships that permit analytical approaches.

Towards Chemical Transferability of ECG

To-date, all work on the development of CG electronic prediction models has been aligned
with specific chemical systems from which rigorous “bottom-up” ECG-style models can
be constructed. A particularly interesting path forward concerns to what degree chemical
transferability of electronic predictions can be built into ECG model development. While
at face value such a concept seems incredibly challenging, it is important to note that the
chemically generalizable Martini model remains arguably the most used CG model to-date,
with myriad offshoots to specific chemical subsets emerging. Whereas the Martini model
employs a “bottom-up” style parameterization for intramolecular bonded terms and a more

152,153 quch a discrimination in

“top-down” style parameterization of intermolecular terms,
ECG-style models is likely not achievable due to the difficulty of measuring relevant quantities
such as the electronic density of states and the intrinsically non-additive behavior of many
QM phenomena. Consequently, as shown in Figure 10d, including chemical transferability
into ECG models will likely need to occupy a specific subset of relevant chemistries, similar
to how Martini began with lipids and then progresses to broader sets of chemistries. Of
immediate interest is the development of ML architectures for ECG model fitting that can
include chemical transferability in a computationally efficient manner across the enumerable
space of OSC chemistries. These concerns occupy significant present work within our research

group, with the goal of constructing a drop-in replacement for conventional atomistic QC

calculations on organic media at the CG resolution.
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Conclusions

Electronic structure models that operate at the CG nuclear resolution, while maintaining a
rigorous statistical mechanical connection to the underlying ab initio QC of real molecules,
represent a useful approach for tackling classes of soft materials modeling that evade current
molecular modeling paradigms. Here, we have motivated the development of ECG-style
prediction methods from existing deficiencies in current molecular modeling techniques, and
have outlined the progress of these models to date. While the majority of efforts have
concerned ECG model development in the context of charge transporting polymers, ECG
model development is extensible to any soft materials systems for which QM phenomenology
plays a non-trivial role. We have outlined a sampling of these soft materials applications for
which ECG may play a critical role in future modeling efforts (Figure 1), as well as future
directions that will make ECG models more transferable and of high impact to the soft
materials chemistry community (Figure 10). The ability to perform QC-accurate electronic
structure predictions without the need to reference all atomic degrees of freedom provides
a promising path forward for the development of scalable QM prediction models in soft

materials.
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