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his Virtual Special Issue honors Professor Gregory A.

Voth and his pioneering contributions to the field of
physical chemistry. Over the past 35 years, Greg has made a
remarkable number of groundbreaking contributions that have
dramatically advanced our understanding of the structure and
dynamics of complex condensed phase systems, ranging from
ionic liquids to viral capsids, while addressing both classical
and quantal aspects of these phenomena. To attack these
problems, Greg and his co-workers have developed theories
and simulation methodologies that are now widely adopted by
the scientific community to gain deep mechanistic insights and
accurately model the behavior of strongly interacting
condensed phase systems over a wide range of length and
time scales. In the following, we highlight some of these
important breakthroughs.

Greg’s thesis work at Caltech with Rudy Marcus started him
along the path to thinking about problems from a semiclassical
perspective. The fact that his first published paper was written
with two Nobel laureates (Marcus and Zewail)" portended the
future success he would have in this area. After graduating
from Caltech (and receiving the Herbert Newby McCoy
Award for best thesis), he moved upstate to UC Berkeley as an
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IBM Postdoctoral Fellow, working jointly with David Chandler
and William Miller. This period of Greg's career was
transformational as it gave him a perspective on how to
think about condensed phase problems using the tools of
statistical mechanics as well as rigorous methods to compute
reaction rates. Inspired by Gillan’s work on the importance of
the path-integral centroid variable in estimating quantum
reaction rates in condensed phases,2 Voth, Chandler, and
Miller greatly widened its scope, transforming it into a
quantum transition state theory which could be used in
complex systems while also forming a rigorous theoretical basis
for many quantum rate theories that followed.” This work set
the stage for Greg’s first major independent scientific
breakthrough, as described below.

Greg started his independent career at the University of
Pennsylvania in 1989. He immediately built a thriving group
focusing on a variety of condensed phase problems such as
barrier crossing dynamics, charge transfer, water models, and
path integral simulations. During this period, Greg and his
postdoc Jianshu Cao recognized a much broader and deeper
connection between the centroid variable and the quantum
behavior of condensed phase systems.‘}_8 Importantly, they
demonstrated a powerful link between the dynamics of the
centroid variable and the approximate time evolution of
quantum systems. This connection led to the development of
“centroid molecular dynamics” (CMD), an accurate and
computationally efficient approach to include nuclear quantum
effects in molecular dynamics simulations.” Over the 30 years
since its discovery, CMD has been used by many researchers,
stimulated the community to extend the method (e.g, to
electronically non-adiabatic problems), and inspired new
approaches to calculate quantum reaction rates and time
correlation functions in condensed phases. Following the
success of CMD, Greg continued his leading role in the
development of original quantum dynamics simulation
methods and rate theories, including non-adiabatic instanton
approaches, various sampling methods, and new electron
transfer theories. Many of these methods have inspired further
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progress that later developed into mature methodologies and
theories.

Greg’s efforts in developing computational methods have
always been strongly motivated by his desire to gain physical
insight into fundamental questions in chemistry, materials, and
biology. Thus, Greg created CMD with specific systems in
mind. In particular, since CMD accurately describes the
essential quantum mechanical aspects of proton mobility, Greg
was interested in discovering the mechanism of proton
transport in complex aqueous environments. As someone
who had been involved in the development of ab initio
molecular dynamics for decades, Greg well understood that, in
the pre-Al, primitive DFT days, these techniques would be too
limited in terms of time scale, accuracy, and system size to treat
the complex systems he ambitiously targeted. With postdoc
Udo Schmitt, Greg took the important step of developing a
flexible and accurate multi-state empirical valence bond (MS-
EVB) model which, when combined with CMD, opened the
door to the detailed and accurate quantum mechanical
description of proton transfer in a variety of contexts.”"’
This model has been continuously improved and extended to
correctly capture aqueous proton solvation and transport."' ™"
Indeed, over the last 25 years, Greg, along with his group and
collaborators, has made significant contributions to elucidating
the mechanisms of proton transfer in systems that range from
liquid water to large-scale energy storage materials and
complex biomolecular settings.'*™"

Greg’s pioneering and impactful work on proton transfer
dovetails with other important contributions he and his group
have made to understand liquid-state phenomena more
broadly. Among these contributions, Wu, Tepper, and Voth
developed a flexible simple point charge force field for liquid
water, known as the SPC/Fw model, which offers distinct
advantages over other simple rigid water models.”” A major
motivation for this work was to introduce a flexible and
accurate water model for MS-EVB simulations, as conventional
SPC and TIP models are rigid and thus not suitable for
modeling chemical reactions. While still providing the
computational efficiency of classical water models, the SPC/
Fw model reproduces the diffusion and dielectric constants of
water much more accurately than the existing rigid simple
point charge models. In later work, Paesani et al. reparame-
trized this model (q-SPC/Fw) for treating quantum mechan-
ical effects via path integral and CMD computations.”!
Another distinct example arises in the investigation of
increasingly complex fluids. Over the last two decades, Greg
and co-workers have written several important and highly cited
papers on the structure and dynamics of ionic liquids.**™>°
These works were among the first to accurately model these
systems and to reveal the origins of their structural
heterogeneity and slow dynamical relaxation motifs.

Since 2005, the Voth group has developed and explored a
multi-faceted approach for describing large, heterogeneous
systems that are found in biology, such as membranes, vesicles,
and the cellular interior. Because of their massive size and
overwhelming complexity, such systems cannot be reliably
studied by brute force atomistic modeling. Consequently, it is
necessary to aggressively and systematically excise superfluous
information from atomically detailed models, while incisively
and accurately retaining the essential physics that govern meso-
and macro-scale phenomena. This bottom-up approach allows
one to quantitatively model exceedingly complex systems on
very large length- and time-scales. Greg’s initial steps in this
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“coarse-graining” program drew inspiration from earlier ab
initio work by Ercolessi and Adams, who parametrized
molecular mechanics force fields from ab initio data.”” Izvekov
and Voth significantly advanced their work by extending and
generalizing the force matching approach to infer the effective
interactions between (pseudo) atoms for coarse-grained
models of liquid-state and lipid bilayer systems.”*” In
collaboration with Hans Andersen, Noid, Voth, and colleagues
demonstrated that force matching provides a rigorous and
computationally efficient variational principle for approximat-
ing the effective “renormalized” potential that results from
formally integrating atomic details out of an underlying
microscopic model.’”*" This foundational work has paved
the way for developing a rigorous theory of bottom-up coarse-
graining, as well as a powerful “multi-scale coarse-graining”
(MS-CG) method for simulating length- and time-scales that
cannot be effectively addressed with conventional atomic
models. In particular, Greg and his co-workers have employed
this MS-CG method to accurately model the structure and
dynamics of systems ranging from simple liquids to complex
liquids, interfaces, ionic liquids, lipid bilayers, and peptides.32
Perhaps most impressively, by leveraging the latest develop-
ments in this MS-CG framework, Greg and his co-workers
have investigated the membrane remodeling processes on a
molecular level’>™*° and elucidated critical stages in the
assembly of viral capsids, including influenza A M2 virus®’ and
HIV-1 virus,”®~*" and, notably, created the first coarse-grained
model of the COVID virion (SARS-CoV-2).*'

While advancing coarse-graining theory and simulations to
describe long length- and time-scale processes, Greg
recognized the potential of combining this approach with
enhanced sampling techniques to accelerate the efficient
exploration of complex chemical space, enabling free energy
estimation and the calculation of barrier crossing dynamics.
This timing of the growth of coarse-graining methodology in
the Voth group coincided with the development of the
metadynamics approach pioneered by Parrinello and col-
leagues.*” With Parrinello, Greg showed that conventional
well-tempered metadynamics asymptotically converges to the
exact free energy of the system, affirming its correctness and
exactness.” The numerical implementation of metadynamics
in complex molecular systems often requires additional
refinement, and this limitation has led to the development of
several improved metadynamics methods.**** Presently, these
novel methods are used to elucidate the complex free energy
profiles of biomolecules in a wide range of chemical
environments at both the atomistic and coarse-grained levels,
e.g, ATP hydrolysis in microtubules.***”

Greg Voth has dramatically altered the landscape of physical
chemistry and biophysics. He has invented and developed a
vast array of powerful computational methods for effectively
modeling complex phenomena that once seemed intractable.
By leveraging these methods Greg has profoundly advanced
our understanding of many outstanding questions in biological,
chemical, and material science. The citations to his work
provide obvious and unequivocal evidence of Greg’s impact.
However, the many independent scientists who have passed
through Greg’s group perhaps provide an even more clear
testimony to Greg’s impact. Indeed, it is easy to see the
influence of Greg’s crystal-clear thinking, his creativity, his
physical insights, and his big-picture vision in the work of his
former students and postdocs. For his leadership in the
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community as both a scientist and a mentor, we are very proud
to dedicate this special issue to Greg Voth.
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