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Quantum effects on the dynamics and properties of soft
materials

Sophya Garashchuk,∗a Jacek Jakowski,b‡ and Vitaly A. Rassolova

The quantum effects of nuclear and electronic motion play an important role in the structure, dy-
namics, and function of soft materials, yet they are difficult to capture with conventional classical
simulations or static electronic-structure methods. In this work several complementary approaches for
treating quantum effects in polymeric and soft-matter systems are demonstrated, with a focus being
on the hydrogen-bonded networks, ion and charge transport, and photoactive chromophores. The
proton transfer, tunneling, and isotope effects are captured within the reduced-dimensionality models
by implementing grid-based nuclear quantum dynamics in terms of the discrete variable and Fourier
bases. The nuclear quantum dynamics is extended to larger systems by employing the quantum tra-
jectories and quantum–thermal bath schemes combined with on-the-fly electronic structure, enabling
the description of high-dimensional polymeric environments at feasible cost. The dynamics in the
electronic degrees of freedom, simulating the optical response in large chromophores such as chloro-
phylls, is performed using the real-time time-dependent density functional theory implemented in the
real-space multigrid (RMG) code. These approaches are demonstrated on case studies of the proton
and hydroxide transport in hydrated polymer membranes, charge transfer in conjugated polymers,
and the optical spectra of chlorophyll chromophores relevant to polymerized chlorophyll materials
and chlorophyll–polymer hybrids. The reviewed methods and applications highlight practical routes
of including quantum effects in simulations of soft functional materials.

1 Introduction
Quantum effects in both nuclear and electronic motion play an
important role in the properties of molecules and molecular as-
semblies. The nuclear quantum effects (NQEs) can be loosely
divided into ’hard’ effects which include tunneling and interfer-
ence involving large-amplitude nuclear motion, and ’soft’ effects,
such as the zero-point energy and electric dipole moment, asso-
ciated with the effects of delocalized nuclear wavefunctions on
the energetics of the chemical bonds and transition states, and
on the response properties. In addition, transitions between the
electronic states and the ensuing nonequilibrium electronic dy-
namics are also inherently quantum processes even when the sin-
gle state dynamics is well approximated by the classical dynamics
of the nuclei. Recent research demonstrates significance of the
NQEs on the processes involving heavier nuclei. Selected exam-
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publisher acknowledges the US government license to provide public access under
the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan)

ples include heavy atom tunneling, which accounts for both the
unusually large H2/D2 isotope effect (on the order of 20) and un-
expectedly fast (compared to classical models) decay rate of the
singlet oxygen in water1; the ring expansion of fluorenylazirines
in argon matrix affected by the remote substituents2; critical role
of the quantum vibronic coupling on the electronic properties and
conductivity mechanism in amorphous carbon3, and on the hot
carrier dynamics in metal halide perovskites4. The anharmonic
effects on the zero-point energy are seen in the structural and
elastic properties of silicon5 and in cubic silicon carbide6. More
often, of course, the NQEs are associated with the light species
such as hydrogen and helium, with numerous experimental and
theoretical studies ranging from properties of water and ice7,8,
to various inorganic, organic and biological systems9–13, to su-
perconductivity14. In many of these cases, isotope substitution
provides a direct experimental handle on the NQEs.

The most common isotope substitution – deuteration – is a well
established technique in characterization of materials (e.g. neu-
tron scattering), and in deducing the reaction mechanisms (e.g.
enzymatic reactions). Moreover, deuteration has emerged as a
way to tune the properties of complex molecular systems and ma-
terials, rather than only to probe them. Opportunities for using
D2O in protein research are discussed in Ref. 13, and the role of
deuteration in polymeric materials is reviewed in Ref. 15. Given
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the current advances in computational capabilities and methods,
including machine-learning based potentials, theoretical model-
ing and simulations play an increasingly important role in in-
terpreting experiments and isotopic effects, yielding fundamental
understanding of reaction mechanisms and enabling predictions
of the structural, physical and electronic properties of molecular
systems.

Incorporation of the NQEs into molecular dynamics simulations
is a long-standing challenge and a very active field of research.
Thanks to continuous progress in high-performance computing
and methodological developments the NQEs ‘enter mainstream’16

through path integral molecular dynamics (PIMD) accelerated
through ring-polymer contraction, generalized Langevine equa-
tion, high-order path integrals and numerous other techniques.
The PIMD-type approaches combined with machine-learning
techniques accelerating the ab initio electronic energy and force
calculations, sampling and data analysis, and with enhanced sam-
pling of rare events enabled studies of the NQEs in biological sys-
tems, solid state, liquids and at interfaces17,18. Thus, accelerated
PIMD simulating the NQEs on the static equilibrium properties
of distinguishable particles, though not ‘routine’, is deemed af-
fordable for most systems. Simulation of the dynamical prop-
erties, such as tunneling and quantum coherences, however, re-
mains an outstanding challenge. The time-evolution of multidi-
mensional systems, governed by a quantum-mechanical Hamil-
tonian with non-linear coupling, is characterized by the expo-
nential scaling of the wavefunction complexity with the system
size. Recasting the Schrödinger equation into alternative forms,
such as those operating with the electronic density or with the
correlated trajectory ensemble shifts the exponential scaling to
the density functional of the electronic structure theory or to the
quantum potential in the Bohmian formulation of quantum dy-
namics, respectively19, and approximations are needed for prac-
tical applications. Therefore, development of approximate meth-
ods based on restricted wavefunction ansatz and/or restricted
interactions, combined with different theory levels – quantum,
semiclassical/semiempirical, empirical/classical – to describe var-
ious modes of motion or degrees of freedom (DOFs), remains an
active area of research.

An overview of the vast field of quantum molecular dynamics
is beyond the scope of this article, and we direct an interested
reader to a recent special issue ‘Algorithms and software for open
quantum system dynamics’ of the Journal of Chemical Physics20.
In the remainder of this paper we review some theoretical ap-
proaches and case studies from our groups focused on the nu-
clear and electronic quantum effects in polymeric and other soft-
matter systems. Section 2 describes theoretical methods for the
nuclear quantum dynamics, approximate multidimensional quan-
tum treatments, and real-time electronic-structure simulations.
Section 3 presents their application to specific experimental sys-
tems, including the proton and hydroxide transport in hydrated
membranes, charge transfer in conjugated polymers, and the op-
tical response of chlorophyll chromophores. Section 4 provides a
summary and an outlook.

2 Theoretical and computational approaches

2.1 Methods overview and preliminaries

In simulations of soft materials, a hierarchy of molecular-
dynamics (MD) and sampling schemes is available, differing by
how electronic and nuclear degrees of freedom are treated and
by the approximations used to trade accuracy for accessible time
and length scales (Fig. 1). Classical MD and Monte Carlo simu-
lations based on empirical or coarse-grained force fields as well
as machine learned force fields remain the workhorses for explor-
ing structure, thermodynamics, and transport over long times and
large system sizes.21–23 Monte Carlo methods stochastically sam-
ple configuration space according to a chosen statistical ensem-
ble, without integrating equations of motion, and are therefore
particularly useful for equilibrium properties and free energies.

When an explicit electronic-structure description is re-
quired, ab initio molecular dynamics (AIMD), such as Born–
Oppenheimer or Car–Parrinello MD, propagates classical nu-
clei on a ground-state potential-energy surface computed on-
the-fly from electronic-structure methods, most often density-
functional theory (DFT).24–26 Enhanced-sampling techniques, in-
cluding metadynamics MD, umbrella sampling, and related bias-
ing schemes, are routinely combined with both classical MD and
AIMD to accelerate rare events and reconstruct free-energy land-
scapes along selected collective variables.27–29 In metadynam-
ics MD, for example, a history-dependent bias potential is built
along chosen collective variables to discourage revisiting already
explored regions of phase space while gradually converging the
underlying free-energy surface.

These approaches treat the nuclei as classical point parti-
cles and the electrons as remaining in a single adiabatic elec-
tronic state. This framework is adequate for many problems,
but it cannot capture nuclear quantum effects or explicitly time-
dependent electronic processes. To describe tunnelling, isotope
effects, zero-point motion, and other quantum nuclear phenom-
ena, the nuclear degrees of freedom must be treated quantum-
mechanically at least along selected coordinates, for example
using grid-based wavefunction methods or quantum-trajectory
schemes.1,30,31 Similarly, to simulate non-equilibrium electronic
processes and dynamics involving excited states one must intro-
duce explicit time dependence into the electronic structure, as
in real-time TDDFT and related time-dependent electronic meth-
ods.32,33 A schematic overview of these different MD schemes
and their treatment of electrons and nuclei is shown in Fig. 1.

Now let us turn to the quantum dynamics formalism limited
here for simplicity to the time-evolution of wavefunctions. We
will consider a wavefunction of the following form,

Ψ(r,R, t) = ∑
i

ψi(R, t)Φi(r,R) (1)

where r and R are the vectors of coordinates of light and heavy
particles, such as the electrons and nuclei, respectively. We take
{Φi(r,R)} to be the usual adiabatic eigenstate basis of the elec-
tronic Hamiltonian,

ĤelΦi(r,R) =Vi(R)Φi(r,R), (2)
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Fig. 1 Schematic overview of common MD approaches used for soft ma-
terials. Classical MD with force fields treats nuclei as classical particles
moving on parametrized potentials. In ab initio MD (AIMD/BOMD),
classical nuclei are propagated on the ground-state electronic PES ob-
tained on-the-fly from electronic-structure calculations. Electronic quan-
tum dynamics (rt-TDDFT) evolves the electronic state in real time, typ-
ically with fixed or classically moving nuclei, and is used to describe
excited-state and non-equilibrium electronic processes. Nuclear quan-
tum dynamics approaches treat selected nuclear DOFs as quantum using
grid-based or trajectory formulations, coupled to an electronic-structure
description or force fields for the remaining DOFs. See text for full de-
scription.

at a fixed nuclear geometry, R. We consider the case of
these eigenstates being non-degenerate and real; functions Vi(R)

are the Born-Oppenheimer electronic potential energy surfaces
(PES). With that, the time-evolution of the R-dependent elec-
tronic expansion coefficients, i.e. of the nuclear wavefunctions,
{ψi(R, t)}, satisfy the nuclear time-dependent Schrödinger equa-
tion (TDSE)34.

Given the mass- and time-scale separation of the nuclear and
electronic motion, the most frequent scenario is that the nuclear
wavefunction evolves on a single Born-Oppenheimer PES asso-
ciated with the ground electronic eigenstate. Omitting the elec-
tronic state index, the nuclear wavefunction, ψ(R, t), solves the
TDSE,

Ĥψ(R, t) = ıh̄
∂

∂ t
ψ(R, t), (3)

where Ĥ is the nuclear Hamiltonian operator comprised of the
kinetic and potential energy operators, T̂ and V̂ respectively,

Ĥ = T̂ +V (R). (4)

Using here, for simplicity, the Cartesian coordinates for the nu-
clear positions, and labeling the mass for the nth dimension as mn,
the kinetic energy operator is given by

T̂ =− h̄2

2

d

∑
n=1

1
mn

∂ 2

∂R2
n
, (5)

where d is the number of dimensions. Generalizations of Eqs
(3) and (4) include the non-adiabatic TDSE34, with the time-
evolution of ψi(R, t) coupled via the second and first derivatives
of the electronic wavefunctions with respect to the nuclear po-
sitions, and time-dependent potentials, V̂ = V (R, t), due to the
external electromagnetic fields.

Formally, the computational efforts of describing a fully cou-
pled anharmoinc quantum system scale exponentially with the
system size. Thus, full-dimensional quantum treatment of large-

amplitude nuclear motion associated with chemical reactions, iso-
merizations and highly excited vibrational states, even on a sin-
gle PES is limited to the systems of 4-5 atoms, or 10-12 de-
grees of freedom (DOFs). However, most often the nuclei be-
have as classical or nearly classical particles, and the NQEs are
important only for selected DOFs describing light particles, such
as protons, at low or moderate temperatures. Therefore, ap-
proximate approaches, such as quasi- and semiclassical or mixed
quantum/classical nuclear dynamics, and reduced dimensional-
ity computational models, are being developed and employed by
researchers for conceptual and practical reasons. The dynamics
methods incorporating the NQEs into the studies of large systems
tend to be system-specific. Thus, feasibility of evaluating the elec-
tronic structure ’on-the-fly’ during the propagation of a nuclear
wavefunction, as opposed to precomputing the PES prior to the
dynamics study, is a major practical factor in choosing an appro-
priate theoretical/computational approach for a given system.

In the remainder of this Section we focus on methods that ex-
tend the classical/adiabatic picture. Sections 2.2 and 2.3 dis-
cuss conventional basis/grid-based and quantum-trajectory nu-
clear dynamics that incorporate nuclear quantum effects for se-
lected degrees of freedom, while Section 2.4 describes real-time
time-dependent DFT (rt-TDDFT) in a real-space multigrid imple-
mentation that provides a fully quantum description of the elec-
tronic dynamics on fixed or slowly evolving nuclear configura-
tions. Together, these approaches complement classical and ab
initio MD by enabling explicit treatment of tunnelling, isotope ef-
fects, and non-equilibrium electronic processes in polymeric and
soft-matter systems.

2.2 Dynamics within the finite basis/discrete variable repre-
sentation of wavefunctions

The most straightforward approach of solving the TDSE (3) is the
Finite Basis Representation (FBR). A wavefunction ψ(R, t) is ex-
panded in a stationary basis of Nb functions, {φk}, k = [1,2, . . . ,Nb],

ψ(R, t) =
Nb

∑
k=1

ck(t)φk(R). (6)

For the sake of this discussion, we will assume this basis to be
orthonormal. Then the Hamiltonian matrix H with the elements
Hkl = ⟨φk|Ĥ|φl⟩ is constructed and diagonalized,

HF = FE, (7)

where the columns of the matrix F are the eigenvectors, and the
elements Ek of the diagonal matrix E are the corresponding en-
ergy eigenvalues. Then, at any t the wavefunction within the FBR
is given by

ψ(R, t) =
Nb

∑
k,l=1

ck(0)[Fexp(−ıEt/h̄)F†]klφl(R). (8)

Any system properties, such as expectation values, correlation
functions or energy eigenstates can be computed from ψ(R, t) in
a straightforward manner. Besides the obvious considerations of
the basis size and the cost of finding the matrix eigenvectors, one

Journal Name, [year], [vol.],1–20 | 3

Page 3 of 21 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

5/
20

26
 9

:5
2:

55
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6CC00073H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cc00073h


limitation of the FBR is (i) expensive evaluation of Nb(Nb − 1)/2
elements of the potential energy matrix V (representing V in the
hamiltonian of Eq. (4)), generally performed by numerical inte-
gration. Another limitation is that (ii) the FBR approach implies
time-independent PES, V =V (R).

The Discrete Variable Representation (DVR)35–37 addresses
point (i): the original basis {φ} in the coordinate space is trans-
formed to make the position operator R diagonal. In the new ba-
sis the potential energy matrix V becomes diagonal to a very high
accuracy (equivalent to evaluation of the integrals by quadrature
associated with the FBR basis underlying the chosen DVR basis).
The kinetic energy matrix T is no longer diagonal but it is sparse
and its elements are computed analytically (see e.g. Ref. 38). Af-
ter construction of the Hamiltonian matrix in the DVR basis the
calculation proceeds as outlined above for the FBR basis.

The second drawback, point (ii) above, is addressed by per-
forming explicit time-evolution of wavefunctions using the split-
operator/Fourier Transform (SOFT) method, or the Chebyshev
expansion of the time-evolution operator39–43,

U(τ) = exp(−ıĤτ/h̄). (9)

Û(τ) advances a wavefunction from time t = 0 to time τ, and
the Chebyshev expansion maps application of Û(τ) to the initial
wavefunction ψ(R,0) into a sequence of successive applications
of Ĥ. The gist of the SOFT method is in the symmetric splitting of
Ĥ in the exponent into the kinetic and potential energy parts, ap-
plied in the momentum and coordinate space, respectively, where
T̂ and V̂ are the diagonal operators. The typical scheme,

Û(τ)≈ exp
(
− ı

h̄
V̂ τ

2

)
exp

(
− ı

h̄
T̂ τ

)
exp

(
− ı

h̄
V̂ τ

2

)
, (10)

gives the time-propagation error proportional to τ3. The wave-
function is represented in the DVR basis and the diagonal repre-
sentation of V̂ is invoked to perform the first and last step in the
RHS of Eq. (10). The wavefunction is Fourier transformed to and
from the momentum space to apply the kinetic energy operator at
the center of the RHS of Eq. (10), which is often facilitated by the
application of the Fast Fourier Transform algorithm44 scaling as
Nb logNb. This approach does not require matrix operations and
is readily applicable to the time-dependent potentials, V =V (R, t).

A state-of-the-art application of the FBR/DVR technique is a
calculation of the rotation-bending energy levels of CH+

5 by Wang
and Carrington45 leading to a new assignment of the spectro-
scopic transitions. The study was enabled by the iterative matrix
diagonalization following basis contraction to 50,000 functions
and fixing the stretch coordinates. This application illustrates the
need for the reduced dimensionality models and for the approx-
imate inclusion of the NQEs into dynamics even at the cost of
lower accuracy.

2.3 The quantum trajectory dynamics with approximate
quantum potential

Numerical cost of classical dynamics – the time-evolution of tra-
jectories according to the Newton’s equations of motion (EOMs) –
behind the standard Molecular Dynamics (MD) simulations scales

linearly with the system size, making the trajectory framework ap-
pealing for the dynamics of large molecular systems within semi-
classical or mixed quantum/classical trajectory-based methods.
In this Section we describe the approximate quantum-trajectory
(QT) dynamics method46 interfaced with the efficient electronic
structure calculations on the fly47 affording incorporation of the
dominant NQEs into selected DOFs. Below is a summary of the
Madelung–de Broglie–Bohm, or QT, formulation of the TDSE48,
using the Cartesian coordinates and a single mass m for all DOFs
for simplicity.

A complex time-dependent wavefunction is represented in
terms of the real amplitude, A(R, t)≥ 0, and phase, S(R, t),

ψ(R, t) = A(R, t)exp
( ı

h̄
S(R, t)

)
. (11)

Substituting Eq. (11) into Eq. (3), and switching to the La-
grangian frame-of-reference associated with a trajectory at the
position Rt ,

d
dt

=
∂

∂ t
+

dRt

dt
∇R, (12)

leads to the following EOMs for the quantum trajectory described
by the position and momentum (Rt ,Pt):

dRt

dt
=

Pt

m
, Pt = P(R, t)|R=Rt

, (13)

dPt

dt
=−∇R (V +U)|R=Rt

, (14)

where the vector-function, P(R, t), denotes the gradient of the
phase,

P(R, t) = ∇RS(R, t). (15)

The quantum behavior of the QT comes from the non-local quan-
tum potential, U , dependent on the second derivatives of the
wavefunction modulus with respect to the nuclear DOFs,

U(R, t) =− h̄2

2mA(R, t)

d

∑
n=1

∂ 2

∂R2
n

A(R, t). (16)

The wavefunction phase along the QT, St = S(R, t)|R=Rt – or in
the Lagrangian frame-of-reference defined by Eq. (12) – evolves
according to the quantum Hamilton-Jacobi equation,

dSt

dt
=

Pt ·Pt

2m
− (V +U)|R=Rt

. (17)

Note, that if A(R, t) ̸= 0, the quantum potential U , which is pro-
portional to h̄2/m, formally vanishes in the classical limit of heavy
particles as h̄ → 0, and Eqs (13, 14) and (17) become those of
classical mechanics. The form of Eq. (16) also suggests a simple
way of incorporating the NQEs into the selected DOFs by omitting
the ’classical’ DOFs from the sum.

To complete the QT formulation of the TDSE, the trajectory Eqs
(13,14) and (17) are complemented by the EOM on the probabil-
ity density, ρ,

ρ(R, t) = A2(R, t). (18)
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In the QT frame-of-reference the TDSE yields,

dρt

dt
=−ρt

m
∇R·P|R=Rt

. (19)

Equation (19) describes evolution of ρt which conserves the prob-
ability within the volume element δRt associated with the tra-
jectory positioned at Rt . As shown for example in Ref. 49, this
probability, referred to as the trajectory weight w, is constant in
time,

w = |ψ(Rt)|2δRt = |ψ(R0)|2δR0. (20)

The weight conservation property allows for practical evalu-
ation of the expectation values. Within the QT framework the
initial wavefunction ψ(R,0) is represented as an ensemble of Ntr

trajectories interacting through U . Their momentum is defined
according to Eq. (15) and their weights are assigned according to
the sampling scheme, typically from a random or pseudo-random
sampling of ρ(R,0). The expectation values of the position-
dependent and certain other operators, such as the current den-
sity, Ô, are computed as sums over the QT ensemble,

⟨Ô⟩=
∫

|ψ(R, t)|2O(R)dR ≈
Ntr

∑
k=1

O(R(k)
t )w(k). (21)

Besides the analysis of the dynamics, Eq. (21) is central to the
construction of a cheap energy-conserving (for time-independent
V ) approximations to the quantum potential U . Note that in gen-
eral the cost of exact calculation of U will scale exponentially
with the system size, because it is the only non-classical non-local
quantity within the QT framework19.

The approximate U is defined by the fitting of the nonclassi-
cal momentum, ∇R(ln |ψ|) = ∇R(lnA), viewed as an additional at-
tribute of a QT. The fitting is performed using a small physics-
inspired basis, f(R) = (1,R1,R2, . . . ,Rd , . . .) of the size Nb, by min-
imizing I,

I = ⟨ψ|
(

A−1
∇RA− r̃

)2
|ψ⟩, (22)

with respect to the expansion coefficients of a d-dimensional vec-
tor r̃. The elements of this vector are functions defined by the
basis expansions,

r̃k ≈
Nb

∑
n=1

bkn fn(R). (23)

The nonclassical momentum, whose components are linear in R,
corresponds to a Gausssian wavefunction, which is an analytic
solution to the TDSE with a (time-dependent) parabolic potential.

The expansion coefficients of the kth spatial component are
found from the Least Squares Fit with integration by parts: the
optimal bkn are determined by the first and second moments of
the QT distribution computed according to Eq. (21)50. The opti-
mal r̃ yields the following energy-conserving approximate quan-
tum potential,

U(R, t) =− h̄2

2m
(r̃·r̃+∇·r̃). (24)

The corresponding quantum force, Fq = −∇RU , is computed an-
alytically. In this approach, calculation of ρ(R, t) is not needed
to perform the dynamics, though its reconstruction is required to
obtain the wavefunction ψ(R, t), or phase-dependent correlation

functions.

Combination of the approximate QT dynamics with on-the-
fly electronic structure (ES) computed at the density-functional
tight-binding (DFTB) level is referred to as ’QTES-DFTB’ dynam-
ics31. The DFTB is a semi-empirical electronic structure method,
which allows a practical quantum-chemical description of bond
breaking and reforming on the 100-picosecond time scale for
molecular system consisting of a several hundred atoms51,52. As
a proof-of-principle, the QTES-DFTB dynamics was applied to a
model scattering of the hydrogen atom on a graphene flake 53.
The protonic wavefunction was represented by an ensemble of
QTs shown in Fig. 2(a) colliding with a flexible graphene flake
of 37 atoms. The approximate quantum force was included in
the DOF corresponding to the normal collision of the proton. The
NQEs and the associated H/D isotope dependence of adsorption
were assessed by comparing the results of the QTES-DFTB dy-
namics performed with and without the quantum potential. The
results suggest that NQEs can make graphene act as a quantum
’sieve’ for the H/D separation thanks to a strong preferential ab-
sorption of D over H at the collision energy of 0.2 eV illustrated
in Fig. 2(b).

2.4 Electron dynamics employing TDDFT with real-space
multigrids (DFT-RMG)

The nuclear quantum approaches discussed above target selected
nuclear DOFs, typically for relatively small fragments or reduced-
dimensionality models30. In parallel, many questions in poly-
mer and soft-matter photophysics require an explicit description
of the electronic dynamics in large, heterogeneous systems, for
example to access optical spectra, exciton localization, and ultra-
fast charge separation54. For such problems, the real-time time-
dependent density functional theory (rt-TDDFT) implemented in
the real-space multigrid (RMG) code provides a complementary,
fully quantum description of the electrons55.

RMG is a DFT-based electronic-structure code56,57 designed for
scalability on massively parallel supercomputers. In RMG, the
Kohn–Sham equations58,59 are discretized on three-dimensional
real-space grids and take the form

H[Ψn] =
1
2

∆[Ψn]+VeffΨn = εnS[Ψn] (25)

where H denotes the Hamiltonian containing kinetic and
potential-energy terms, Ψn is the nth single-electron Kohn–Sham
orbital (n = 1, . . . ,N), and S is the overlap matrix. The S ma-
trix reduces to the identity for norm-conserving pseudopoten-
tials57 and is non-diagonal when ultrasoft pseudopotentials are
used60. An adaptive high-order finite-difference discretization of
the Laplacian in the kinetic-energy operator is employed, yield-
ing plane-wave-like accuracy across a wide range of elements, as
demonstrated in standard Delta-test benchmarks57,61. In prac-
tice, the Laplacian is represented by sparse banded matrices
on three-dimensional real-space grids, and the finite-difference
coefficients are optimized for each chemical composition to
minimize the discretization error in atomic reference calcula-
tions. The effective potential Veff in Eq. (25) includes the elec-
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Fig. 2 (a) The molecular model of a proton colliding with a graphene
flake, with the QT ensemble (grey spheres) collectively representing the
protonic wavefunction. (b) Adsorption probability of the hydrogen and
deuterium atoms on C37H15 obtained from dynamics with the linearized
quantum force (label ’LQF’) in the collision coordinate added to the
classical force, or from the purely classical mechanics (label ’CM’). In
the legend the results for the hydrogen/deuterium systems are labeled
as H/D. The initial wave function of C37H15 was represented with mul-
tiple (11(14) for H(D)) trajectory ensembles with the graphene atoms
moving classically (see Appendix B of Ref. 31 for details). Adapted with
permission from Ref. 31. Copyright 2013 American Chemical Society.

tron–ion interaction (with ions represented by semi-local or non-
local pseudopotentials), the Hartree electron–electron term, and
an exchange–correlation contribution that can incorporate local,
semilocal, hybrid, and dispersion-corrected functionals; further
numerical details are given in Ref. 57.

The rt-TDDFT in RMG provides an efficient framework for mod-
eling electronically non-equilibrium processes in large molecular
and soft-matter systems. Within this approach, the electronic dy-
namics can describe charge-transfer processes, electronically ex-
cited states, interaction with external time-dependent fields, opti-
cal response, and, when coupled to nuclear motion, non-adiabatic
transitions. In contrast to linear-response formulations in the fre-
quency domain, the rt-TDDFT is set up as an initial-value prob-
lem: once the initial electronic state and the time dependence
of the Hamiltonian are specified, the subsequent evolution of the
electronic density matrix is determined by the time-dependent
Kohn–Sham equations.

In implementation of Ref. 55 the electronic density matrix is
propagated in a basis of the Kohn–Sham orbitals obtained from
a preliminary ground-state DFT calculation. Let {φp} denote a
set of one-electron orbitals defining the simulation (active) space,
typically constructed by combining all occupied Kohn–Sham or-
bitals with a selected subset of low-lying virtual orbitals to define
an excitation window. In this basis, the time evolution of the
density matrix P(t) is governed by the Liouville–von Neumann
equation

ih̄
d
dt

P (t) =
[
H

(
P (t), t

)
,P (t)

]
, (26)

where H(P (t), t) is the time-dependent Hamiltonian matrix that
includes the effective one-electron Hamiltonian and any explicit
time-dependent external field, and [A,B] = AB−BA denotes the
commutator.

At time t = 0 the density matrix P (0) encodes the chosen ini-
tial value electronic state. For the optical-response calculations,
P(0) is typically taken to be the ground-state density matrix con-
structed from the occupied Kohn–Sham orbitals,

Ppq(0) = 2 ∑
n∈occ

CpnC
∗
qn, (27)

where Cpn are the orbital expansion coefficients in the active-
space basis and the factor of two accounts for spin degener-
acy. More generally, excited or non-equilibrium initial states can
be prepared by populating selected virtual orbitals, construct-
ing density matrix from linear combinations of Slater determi-
nants, or localizing charge on selected fragments, as was done
for charge-transfer states in fullerene collisions.62,63 In all cases,
the rt-TDDFT reduces the problem to propagating Eq. (26) with a
specified P (0) and time-dependent Hamiltonian.

From a numerical standpoint, time propagation in the
rt-TDDFT is more demanding than the ground-state Born-
Oppenheimer molecular dynamics because the time step ∆t is
constrained by the fastest electronic transitions rather than by the
nuclear motion. A low-order propagation scheme generates small
local errors in P (t) which can accumulate over many time steps
and ultimately lead to loss of idempotency, violation of energy
conservation, or even exponential divergence of the dynamics.
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Achieving long-time stability therefore requires a careful balance
between accuracy and computational cost: the longer the propa-
gation interval of interest, the more accurate the underlying prop-
agator must be to control error growth.

In RMG, the formal solution of Eq. (26) over a time step, from
initial time t, to a final time t +∆t, is written in terms of a time-
evolution operator

P (t +∆t) =U(t +∆t, t)P (t)U†(t +∆t, t), (28)

where, in principle,

U(t +∆t, t) = T exp
[
− i

h̄

∫ t+∆t

t
H

(
P (τ),τ

)
dτ

]
, (29)

and T denotes the time-ordering operator. In practice, the time-
ordered exponential is approximated using a rigorous Magnus ex-
pansion,

U(t +∆t, t) = exp
[
Ω(t,∆t)

]
, (30)

where the operator Ω(t,∆t)=Ω1+Ω2+ . . . is expressed as a series
of integrals over nested commutators of the Hamiltonian matrix
evaluated within the interval [t, t +∆t]

Ω1 =
−ı
h̄

∫ t+∆t

t
H(τ)dτ1 (31)

Ω2 =
1
2

∫ t+∆t

t
dτ1

∫
τ1

0
dτ2

[
H(τ1)

ıh̄
,
H(τ2)

ıh̄

]
(32)

Truncation of the Magnus series at any order provides a unitary
propagator automatically.

In RMG, the exponential of Ω is evaluated using a commutator
expansion that is formally equivalent to constructing the evolu-
tion operator by exact diagonalization of F , but at a significantly
reduced cost. In addition, at each time step the Hamiltonian ma-
trix H (P (t), t) is updated self-consistently with the evolving den-
sity, in close analogy to the ground-state SCF procedure. This
self-consistency significantly improves the long-time stability of
the propagation, enabling picosecond-scale simulations with time
steps on the order of one atomic unit without noticeable drift in
total energy or loss of norm.55,64

The interaction of the electronic system with an external field
is introduced in the length gauge by adding a dipolar coupling
term to the Kohn–Sham Hamiltonian,

H
(
P (t), t

)
=H0

(
P (t)

)
− f (t)µ̂ · e. (33)

In Eq. (33) H0
(
P (t)

)
is the field-free Kohn–Sham matrix de-

pendent on time only implicitly through the evolving density ma-
trix P (t), µ̂ = (µx,µy,µz) is the vector of dipole-operator matri-
ces in the active-space orbital basis, e is a unit vector specifying
the polarization direction, and f (t) is a scalar envelope describ-
ing the explicit time dependence of the applied field amplitude.
For optical-response calculations, an impulsive “kick” perturba-
tion, f (t) = δ (t), is typically employed to impart a small phase to
the occupied Kohn–Sham orbitals. In the frequency domain, such
a short pulse corresponds to a broad-band excitation, so a single
propagation following the kick contains information about the en-

tire linear absorption spectrum. Alternatively, monochromatic or
narrow-band envelopes can be used to selectively excite specific
transitions or to drive the system into tailored non-equilibrium
states.

Once the density matrix has been propagated, time-dependent
observables are obtained as expectation values of the correspond-
ing operators. In particular, the time-dependent dipole moment

µ(t) = Tr
[
P(t) µ̂

]
(34)

is recorded during the propagation and its Fourier transform
yields the frequency-dependent polarizability and absorption
spectrum. So far, as described in Ref. 55), only finite systems are
considered, and the length-gauge dipole coupling is employed,
which is well suited for molecules and clusters. Extension of the
rt-TDDFT implementation in RMG to fully periodic polymeric sys-
tems and polymer–solid interfaces will require a velocity-gauge
formulation, in which the external field is represented by a time-
dependent vector potential that couples to the electronic current
operator, and a consistent treatment of nonlocal pseudopotentials
in the presence of electromagnetic fields.

In Section 3.4, we illustrate this rt-TDDFT/RMG framework us-
ing simulations of the optical response of large chlorophyll chro-
mophores, which serve as prototypical conjugated units and dye
moieties embedded in polymeric and soft-matter environments.

2.5 Summary of quantum-dynamical approaches

The methodologies outlined in this Section contribute to a flexi-
ble toolkit for treating the quantum effects in polymeric and soft-
matter systems across multiple length and time scales. The DVR-
and FBR-based nuclear quantum dynamics of Section 2.2 en-
able exact description of low-dimensional proton transfer, includ-
ing tunneling, in model environments. The quantum-trajectory
and QTES-DFTB schemes of Section 2.3 extend the reach of nu-
clear quantum dynamics to multidimensional systems and real-
istic polymer morphologies at a manageable computational cost.
Finally, the rt-TDDFT/RMG framework of Section 2.4 provides
a quantum dynamical description of electrons in large chro-
mophores and polymer fragments at fixed nuclear geometries,
providing access to charge and energy transport and optical re-
sponse. In Section 3, these complementary approaches are com-
bined and applied to specific case studies, including the hydrox-
ide transport in anion-exchange membranes, the isotope effects
on structure and charge transfer in conjugated polymers, and
the electronic dynamics of chlorophyll chromophores relevant to
polymeric and bio-inspired light-harvesting materials.

3 Applications
First, we present two examples of the NQE assessment based on
the reduced dimensionality models, where the nuclear TDSE for
a single proton solved using the DVR technique (Sections 3.1
and 3.2). Then, we describe a study where the QTES-DFTB was
employed to evaluate delocalization of the protonic/deuteronic
wavefunctions of multiple atoms, affecting the electron transfer
in a donor/acceptor polymeric system (Section 3.3). Finally, in
Section 3.4 we describe a large-scale electron dynamics in model
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chlorophyll chromophores.

3.1 The quantum dynamical effects during the hydroxide
diffusion within the ion exchange membrane

Understanding the mechanisms of the hydroxide transport inside
polyelectrolyte membranes and the factors influencing this pro-
cess is highly desirable for the rational design of high-performing
anion-exchange membranes (AEMs)65–70. At the fundamen-
tal level the hydroxide transport occurs via the vehicular and
structural diffusion. Formally, the latter process involves pro-
ton ’hopping’ between the water molecule and the hydroxide,
H2O+OH− → OH−+H2O within the aqueous environment in the
presence of a stationary counterion, often terminating a sidechain
of a polymeric membrane. In reality, however, the hydroxide mo-
tion – with or without hopping – involves rearrangement of 6−7
molecules coordinated to OH−, and is affected by the tempera-
ture, hydration level, cation identity and spacing, and the mem-
brane composition and morphology. In case of hopping, the NQEs
also play a role as they do in pure water16.

Recently, the present authors and co-workers71 analyzed the
hydroxide transport within the environment of organometallic
cobaltocenium-containing copolymers, focusing on the contribu-
tion of hopping, absent in the standard molecular dynamics (MD)
studies due to the limitations of the classical force-fields. To al-
low for bond-breaking/bond formation the MD simulations were
performed with the electronic structure computed on-the-fly us-
ing DFTB+72. Similar on-the-fly electronic-structure MD can
be carried out in widely used packages such as CP2K73, VASP74,
and Quantum ESPRESSO75, where ground-state DFT forces are
evaluated along classical nuclear trajectories in ab initio MD sim-
ulations of liquids, interfaces, and soft materials. Compared with
such full-DFT AIMD approaches, DFTB+ offers a substantially
lower computational cost while retaining an explicit electronic
description, which is crucial for the large polymeric environments
considered here. The proton tunneling was estimated from the
proton dynamics on the time-dependent PES constructed along the
one-dimensional reaction path for a hopping event of the MD tra-
jectory, using the SOFT method of quantum dynamics.

Following the work of Zeldovich et. al.68,69 on the hydroxide
diffusion in quaternary ammonium-based AEMs, we developed
a simplified molecular model for the cobaltocenium-containing
copolymers deemed promising for the AEM applications due to
their mechanical, thermal, and chemical stability76–80. In our
model consisting of 500-600 atoms per simulation cell, the hy-
drophilic domain is confined by two graphane sheets and includes
one space-fixed cobaltocenium, one hydroxide and 10−40 water
molecules. Thus, we circumvent the variability of the polymer
configurations of the full atomistic description81, while control-
ling the cation spacing, water density, temperature, cobaltoce-
nium orientation and substitutions, all potentially affecting the
OH− transport.

To mimic the continuity of the hydrophilic domain of the AEM,
the dynamics is performed using a periodic boundary condition
imposed on the orthorhombic unit cell of size Lx × Ly × Lz for
Lz=40 Å. A representative simulation cell is shown in Fig. 3.

Fig. 3 The simulation cell of the hydroxide diffusion within a model
polymeric environment with the cobaltocenium cation terminating the
sidechain. Diffusion of the hydroxide proceeds via vehicular (solid blue
arrow) and hopping (green dash arrow) mechanisms, the latter involving
the hydrogen transfer (green dotted arrow). Adapted with permission
from Ref. 71. Copyright 2023 American Chemical Society.

Two hydrophobic graphane sheets parallel to the xy-plane and
separated by 10 Å in the z-direction, followed by 30 Å of vacuum.
The cell size defines the cation separation. Each cell contains one
hydroxide, OH−, and one cobaltocenium, Co(Cp)+2 , with Co cen-
tered between the graphane layers, and 10-40 water molecules.
This range corresponds to the number density varying from 7.9
to 31.7 molecules per 1000 Å3, or from 23.7% to 95% of the bulk
water density. Only atoms of water and hydroxide are treated as
’movable’. The MD protocol is given in detail in Ref. 71.

The role of hopping is illustrated in Fig. 4 for the cell size of
Lx = 12.26 Å and Ly = 13.36 Å at T = 300 K from 200 ps MD as
a function of the number density of water. The largest effect of
the hydroxide hopping on the diffusion coefficient is seen at the
number density of water equal to about 60% of that for liquid
water, when hopping increases the diffusion coefficient from 0.4
to 0.67 Å2/ps.

To estimate the quantum behavior of the proton, we proceed as
follows. The hopping event consists of a proton of H2O transfer-
ring to the hydroxide oxygen which defines the reactive coordi-
nate and the corresponding PES. Since the reactants and products
are the same, the fully relaxed PES is a symmetric double well,
and the proton transfer is reversible, unless the product configu-
ration is stabilized by the changes in the molecular environment.
Within a simple reaction path model, based on one of the hopping
events from our MD simulations, we represented the effect of the
environment by the time-dependence of the PES defined along
the proton transfer coordinate (one spatial dimension). The oxy-
gen atoms remain nearly stationary on the time scale of the pro-
ton hop, which for the chosen MD trajectory is about 100 fs. The
time coordinate, parameterizing the environmental configuration
effectively serves as the second dimension. The model limitations
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Fig. 4 The hydroxide diffusion coefficient D with and without hopping
and the average number of hopping events under different hydration
levels. Reproduced with permission from Ref. 71. Copyright 2023
American Chemical Society.

are: it is based on the classical MD trajectory; the quantum dy-
namics is performed only along the proton transfer coordinate,
i.e., there are no quantum corrections to other protonic modes of
motion.

The PES is constructed based on 120 fs of dynamics surround-
ing the proton hop at 70 fs of one of the MD trajectories. The
changing environment was represented by 13 snapshots taken at
10 fs intervals, and the molecular representation was truncated to
20 water molecules. The potential energy curves were computed
for the proton transfer between the donor and acceptor oxygens,
labeled OD and OA respectively, along the reaction coordinate r,
defined as

r = |HOD|− |HOA|. (35)

The energy curves are obtained by performing the partial energy
minimization with respect to the positions of the hydrogen atoms
attached to the donor and acceptor oxygens while scanning the
position of the transferring proton between the donor and accep-
tor oxygens. The electronic structure calculations are performed
at the B3LYP/6-31+G(d,p) level in gas phase for r in the range
of r = [−1.5,1.5] a0 using Q-Chem82. The PES is constructed
as the cubic spline fit; at the edges the PES curves are extrapo-
lated as quadratic functions of r. Finally, the cubic spline is used
to interpolate across the one-dimensional curves along the time-
coordinate. The resulting PES, dependent on the reaction coor-
dinate and time, is shown in Fig. 5(a). The reactant/product
regions correspond to the positive/negative r-values.

To estimate the quantum effects, we propagate a protonic
wavefunction, initialized as the Gaussian wave packet,

ψ =

(
2α

π

) 1
4

exp
(
−α(r− r0)

2 +
ı
h̄

p0(r− r0)
)
. (36)

using SOFT method on a grid, and compare the reactant well
probabilities to the results of the classical evolution of 2000 clas-
sical trajectories, sampling the Wigner distribution correspond-
ing to the initial wavepacket ψ(r,0). The initial wavepacket posi-
tion, r0, and width, α, correspond to the vibrational ground state

within the local harmonic approximation to the PES at the min-
imum of the reactant well. The initial momentum p0 is directed
towards the acceptor oxygen, and the corresponding translational
energy is equivalent to 300 Kelvin. The numerical parameter
values in atomic units (a.u.) are {α = 9.30, r0 = −0.784, p0 =

−1.868} a.u. The reactant well probabilities are shown in Fig.
5(b). At the beginning, both classical and quantum simulations
give similar reaction probability. Within 1000 a.u. of time, 25%
of the reactant goes to the product side. Then, however, the pro-
ton transfer is reversed and at 1500 a.u. of time, 95% of the
probability density is on the reactant side. This behavior corre-
lates with the disappearing and reappearing of the PES reactant
well induced by the environment. This quasi-oscillatory behav-
ior persists over the following 2000 a.u. of time during which a
shallow reactant well develops. After 3500 a.u. of time 60% of
the quantum and 30% of the classical nuclei fall into the product
well, yielding the ratio of the quantum to classical transfer prob-
ability of about 2. Overall, the proton hop becomes ’irreversible’
after stabilization at a favorable configuration of the environment
corresponding to the shortened distance between the donor and
acceptor oxygens. The difference between the quantum and clas-
sical probabilities is attributed to the non-locality of the protonic
wavefunction.

3.2 Isotope effect on stability of the polymeric poly(3-
hexylthiophene)

This study was motivated by the experiments83 performed on
the polymeric poly(3-hexylthiophene) (P3HT) at four levels of
deuteration – pristine (P-P3HT), main-chain deuterated (MD-
P3HT), side-chain deuterated (SD-P3HT), and fully deuterated
(FD-P3HT) – sketched in Fig. 6(a). According to the small
angle neutron scattering (SANS) and wide-angle X-ray scatter-
ing (WAXS) measurements the deuteration of the thiophene ring
(MD-P3HT and FD-P3HT), but not on the side-chain (SD-P3HT)
reduced the crystallinity of P3HT. The WAXS data are shown in
Fig. 6(b), where the deuteration number of 0, 1, 13 and 14,
refers to P-P3HT, MD-P3HT, SD-P3HT and FD-P3HT, respectively.
These results suggest that the difference in crystallinity is due
to the quantum behavior of a single hydrogen/deuterium on the
thiophene ring, and that the change of the dipole-dipole interac-
tions, which largely determines stacking of the polymeric chains,
may play a role84.

To understand the stability trend among the four P3HT iso-
topologues, the dependence of the zero-point energy (ZPE) and
of the dipole moment on the isotope was examined computation-
ally and theoretically83,85. The atomistic model, based on the
crystallography data consists of four chains of P3HT (408 atoms
total) shown in Fig. 7(a) with all but one chain omitted for clarity.
The extent and orientation of all the sidechains are shown in Fig.
7(b). Each chain, shown in Fig. 7(c), has four hexylthiophene
units (25 atoms) and is terminated with the hydrogen atoms. Ac-
cording to the electronic structure calculations 3-hexylthiophene
exhibits an appreciable dipole moment of ∼ 1.1 Debye, largely
localized on the thiophene ring and oriented in its plain. In crys-
talline P3HT the neighboring polymeric chains are arranged ac-
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Fig. 5 The proton transfer model: (a) The contour plot of the time-
dependent potential energy surface; the reaction coordinate r and time
are given on the vertical and horizontal axes, respectively (in a.u.) The
initial wavepacket is centered at r0 = 0.784 a0. (b) The reactant well
populations, computed using exact quantum time-evolution, and classi-
cal dynamics of the trajectories sampling the Wigner distribution corre-
sponding to the initial wavefunction. The vertical green dot-dashes mark
the interval of the hop in the MD trajectory underlying the developed
PES. Adapted with permission from Ref. 71. Copyright 2023 American
Chemical Society.

cording to the parallel–displaced stacking of the thiophene rings,
so that the dipole moments are in staggered anti-parallel orienta-
tion, which minimizes the dipole-dipole interactions (Fig. 7(a)).

First, let us focus on the ZPE effect on the stability of the crys-
talline model within the harmonic oscillator description of the
bond vibrations, routinely computed by the electronic structure
codes. The ZPE was calculated for the hydrogen and deuterium
in crystalline P3HT and for a single isolated (or free-space) chain
of P3HT employing three different electronic structure methods:
LRC-ωPBEh and M06L paired with 6-31G(d) basis (as imple-
mented in Q-Chem82), and the DFTB method. The empirical
dispersion correction D3 was used in all calculations. The vibra-
tional frequencies of the thiophene CH/CD bond, obtained with
all three methods, show that the crystalline environment flattens
the PES where H/D connects to the thiophene ring, compared to
the PES of an isolated P3HT chain. Thus, the force constants and
the ZPEs are reduced for both H and D. The ZPE lowering is by
about 50% more pronounced for the protonic species, as schemat-
ically depicted in Fig. 8, which contributes to the stabilization of
the protonic crystallized species. The corresponding ZPEs are pre-
sented in Table 1. Within the harmonic approximation there is no
isotope effect on the dipole moment, which is a constant.

More accurate estimates of the NQEs associated with the iso-
tope substitutions in P3HT are made using DVR36,38 to ob-
tain the energy eigenstates. The computational model is com-
posed of three layers treated at different levels of theory (Fig.
7(a)). (i) The outer layer is the Molecular Mechanics (MM)
region, where the interatomic interactions are modeled via the
point charges. (ii) The inner layer is the Quantum Mechanics
(QM) region where the electronic structure is described from
the first principles via DFT to provide an adequately accurate
PES for the proton/deuteron motion. (iii) The DVR region of
the proton/deuteron quantum dynamics. The PES and the pro-
tonic/deuteronic wave function of the quantum nucleus are com-
puted on a three-dimensional Cartesian grid. This approach in-
cludes the effects of the PES anharmonicity on the nuclear wave
function, and gives the variance of the dipole moment on the grid.

(i) Within the MM region (Fig. 7(a,b)) all atoms are repre-
sented as point charges, defined by the Mulliken charges from
the electronic structure calculation employing the long-range cor-
rected (LRC) density functional with the valence basis, i.e. LRC-
ωPBEh/6-31G(d). (ii) The intermediate-scale QM region, consist-
ing of the 3-hexylthiophene unit (27 atoms) from the central part
of the large-scale molecular model (Fig. 7(c)), is imposed on the
MM region. The electronic structure calculations, performed us-
ing larger basis (LRC-ωPBEh-D3/6-31++G(d,p) method), incor-
porate the electrostatic interactions with the surrounding point
charges from the MM layer. This is the model used to gener-
ate the PES and the dipole moment surfaces of the small-scale
DVR region. (iii) The nuclear wave function for the quantum
H/D is represented on a three-dimensional Cartesian grid of
31×41×41 = 52111 points spaced by 0.05 Å in all directions (Fig.
7(c)). The axis of the grid are aligned with the vibrational modes
of the quantum H/D: C-H stretch, C-H bend in the plane with
the thiophene ring and the out-of-plane bend. The Hamiltonian
constructed within the grid representation using five-point DVR
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(a) Isotopologues of P3HT (b) Deuteration number

Fig. 6 Crystallinity of protonated and deuterated P3HT. (a) Molecular structures of protonated and deuterated P3HT: pristine (P-P3HT), main
chain (thiophene) deuterated (MD-P3HT), side-chain (hexyl) deuterated, fully deuterated (hexyl and thiophene). (b) X-ray (100) diffraction peak
intensity of P3HT as a function of different numbers of deuterium atoms per P3HT monomer. The numbers of deuterium atoms per monomer for
P-P3HT, MD-P3HT, SD-P3HT, and FD-P3HT are 0, 1, 13, and 14, respectively. The (100) peak intensity is proportional to the sample crystallinity.
Reproduced with permission from Ref. 83. Copyright 2017 American Chemical Society.

deuterium hydrogen

method ZPEcrystal ZPE f ree ∆ ZPE ZPEcrystal ZPE f ree ∆ ZPE
LRC-ωPBEh-D3 8.184 8.243 -0.058 11.569 11.652 -0.083
M06L-D3 7.726 8.020 -0.294 10.922 11.337 -0.415
DFTB-D3 7.724 8.408 -0.683 10.919 11.885 -0.966

Table 1 The ZPE per deuterium or hydrogen obtained within the harmonic approximation to the PES for crystalline P3HT (ZPEcrystal) and for a single
chain of P3HT (ZPE f ree). All values are in mEh. Adapted with permission from Ref. 83. Copyright 2017 American Chemical Society.

is diagonalized to obtain the nuclear wavefunctions, used to eval-
uate the dipole moment and the transition dipole moments (see
Ref. 85 for full details).

The dependence of the dipole moment on the three mode coor-
dinates is shown in Fig. 9. The in-plane bend leads to the largest
changes in the magnitude of the dipole moment, while the out-of
plane bend changes its orientation. The anisotropy of the dipole
moment combined with the PES anharmonicity leads to non-zero
transition dipole moments. Table 2 lists several dipole moment
integrals, computed over the protonic and deuteronic wavefunc-
tions. Overall, the total dipole moment vector of the P3HT unit
consists of a "stationary" dipole moment of a thiophene ring in-
dependent of H/D vibrations, and of its instantaneous fluctua-
tions associated with the motion of H/D quantified by their root-
mean square (RMS) for the ground H/D vibrational states. As
expected, the dipole moment fluctuations are larger for H than
for D: RMSH = [2.9,11.0,3.3] mDeb, RMSD = [1.9,7.8,2.2] mDeb.
Their role on the interchain dipole-dipole interaction, averaged
over a delocalized wavefunction included (the first order pertur-
bation theory85), is estimated as 287.02 and 299.72 µEh within
the LRC-ωPBEh computational model described above. The NQE
on the dipole leads to the energy of the protonic 3-hexylthiophene
being lower by 12.7 µEh than its deuteronic counterpart, which
is comparable to the NQE on the protonic stabilization of the
ZPE in the crystalline phase (∆H/D∆crystal/ f reeZPE) of 25 µEh.
These effects of the isotope substitution and isotopic purity on

the polymer properties encourage further experimental and com-
putational studies of the NQEs.

3.3 The isotope effect on charge transfer in P3HT/PCBM

The QTES-DFTB approach was employed to gain insight into the
unexpected dependence of the open circuit voltage, VOC, in a
blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) on the deuteration of the poly-
mer86. On the fundamental level, for the organic donor/acceptor
system, such as P3HT/PCBM, the efficiency of the current gen-
eration upon the UV irradiation is determined by the difference
in electrochemical potentials, charge transfer integrals, and elec-
tron/hole mobilities defined by their electronic structure. The
output voltage correlates with VOC, and is thus associated with
the difference of the energy levels between the highest occupied
molecular orbital (HOMO) of an electron donor and the lowest
unoccupied molecular orbital (LUMO) of an electron acceptor87.
However, as reported in Ref. 88 in P3HT/PCBM the H/D substitu-
tion on the sidechains reduced experimental VOC by 0.24 V, while
such substitution on the polymer backbone had very small effect.
Compared to the pristine P3HT VOC was lowered only 0.01 V in
the latter case. These observations that could not be explained
by the changes in the electronic structure motivated application
of the QTES-DFTB approach to describe the protonic/deuteronic
wavefunctions on the sidechains.

In this theoretical isotope effect study86, the P3HT isotopo-
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(a) (b) (c)

Fig. 7 The model of the P3HT crystal consists of four P3HT chains of four thiophene hexyl units each. Relative orientation of the dipole moments,
shown as blue arrows, leads to the anti-parallel stacking. Yellow/red spheres indicate the sulfur/hydrogen or deuterium on the thiophene ring; the
remaining hydrogen atoms and carbons are shown in white and light blue spheres, respectively. (a) The outer layer ("MM region") is represented by
point charges from the DFT calculation. The inner layer ("QM region") consists a single 3-hexylthiophene unit represented via DFT embedded in the
external field of point charges in the MM region. Single proton or deuteron is treated as a quantum particle described via DVR; the DVR region is
within the red box. (b) View along the polymer chains with the sidechains extended. (c) A close up of the chain with the quantum H/D. The DVR
grid with the superimposed contours of the actual potential energy are shown in purple. Panels (a) and (b) are reproduced with permission from Ref.
85. Copyright 2018 John Wiley and Sons.

deuterium hydrogen

k lmn E(k) ⟨0|x|k⟩ ⟨0|y|k⟩ ⟨0|z|k⟩ E(k) ⟨0|x|k⟩ ⟨0|y|k⟩ ⟨0|z|k⟩
0 000 8.10997 9.70×10−1 -2.61×10−2 -5.13×10−1 11.43831 9.63×10−1 -2.57×10−2 -5.18×10−1

1 001 10.54077 -1.62×10−2 -8.79×10−2 3.32×10−3 14.86221 -1.95×10−2 -1.04×10−1 3.89×10−3

2 010 11.95388 2.94×10−2 8.85×10−3 -4.44×10−2 16.85546 3.60×10−2 1.07×10−2 -5.27×10−2

9 001 17.83907 -2.41×10−2 5.46×10−4 -1.64×10−2 25.07164 -2.95×10−2 8.96×10−4 -2.07×10−2

Table 2 The dipole moment (k = 0 in ⟨0|x|k⟩) and the transition dipole moments (k > 0) associated with the motion of H/D on the thiophene ring in
P3HT. The vibrational energy, E(k), is listed in mEh. The quantum numbers {l,m,n} are associated with the vibrational modes of C-H, i.e. stretch,
out-of-plane bend and in-plane bend, respectively. Adapted with permission from Ref. 85. Copyright 2018 John Wiley and Sons.

Fig. 8 The ZPE level diagram: crystal field decreases the force con-
stants, thus lowering the ZPE for both the hydrogen and the deuterium
species leading to increased stability of the crystalline P3HT compared
to an isolated P3HT chain. Reproduced with permission from Ref. 83.
Copyright 2017 American Chemical Society.

logues are the same as shown in Fig. 6(a), and the molecular
model consists of 221 atoms of PCBM enveloped by the polymer
(Fig. 10). The 39 highlighted protons (or deuterons) were treated
as quantum particles, their wavefunctions represented by an en-
semble of 4300 QTs. The heavy atoms of the sidechains moved ac-
cording to the classical forces averaged over the quantum nuclei,
while the remaining atoms were space-fixed. The quantum force
was computed independently for each proton/deuteron from the
fitting of the non-classical momentum in a quadratic basis to cap-
ture the anharmonicity of the PES. The average CH/CD bond-
distances were obtained from 500 fs of QTES-DFTB dynamics.
(The charge transfer proceeds on the time-scale of 100 fs.) Aver-
age hydrogen-carbon bond lengths for CH and CD at the end and
in the middle of the sidechains are shown in Fig. 11.

Then, the electronic energy levels associated with the charge
transfer and charge separation, and the couplings were computed
along the selected QTs using four (BLYP, B3LYP, CAM-B3LYP and
LRC-ωPBEh) density functionals. As shown in Fig. 12 upon the
photo-excitation the electrons moves from the HOMO localized
on P3HT (the donor) to the LUMO+3 spanning both the donor
and acceptor, which is coupled to LUMO+2 localized on PCBM
(the acceptor) and also to LUMO+1 (not shown) and LUMO of
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out-of-plane bend in-plane bend stretch

Displacement (Å) Displacement (Å) Displacement (Å)
ωH(D) = 751.5(533.5) cm−1 ωH(D) = 1189.9(843.6) cm−1 ωH(D) = 2992.2(2135.2) cm−1

Fig. 9 Variation of the dipole magnitude and of the ground state wave function for H and D as a function of displacement from the equilibrium
position along the normal mode direction. The nuclear wave function was calculated within the DVR approach on the ab initio PES computed at the
LRC-ωPBEh-D3 theory level. Adapted with permission from Ref. 83. Copyright 2017 American Chemical Society.

Fig. 10 The molecular model of P3HT/PCBM consisting of 221 atoms:
carbon/hydrogen/sulfur/oxygen = gray/white/yellow/red spheres, re-
spectively. 39 hydrogens, highlighted in blue, are treated as quantum
particles. Reproduced with permission from Ref. 86. Copyright 2016
American Chemical Society.
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Fig. 11 Average hydrogen-carbon bond length for the hexyl arms in
P3HT/PCBM in the course of the QTES-DFTB dynamics as a function
of time. Top panel: internal H/D, located within -(CH2)5- of hexyl
groups. Bottom panel: terminal H/D, located within methyl ends of
hexyl groups. Adapted with permission from Ref. 86. Copyright 2016
American Chemical Society.

the same character. Regardless of the DFT functional, the isotope-
specific effect on the HOMO-LUMO gap and on the couplings be-
tween the electronic states was found negligible. For example,
the TDDFT gaps, Eg, for the protonated(deuterated) species com-
puted with the B3LYP, CAM-B3LYP and LRC-ωPBEh functionals
were equal to Eg = 1.16(1.17), 2.22(2.23) and 2.346(2.353) eV, re-
spectively. Thus, the variation in Eg did not explain the exper-
imental observation for the VOC lowering by 0.24 eV upon the
side-chain deuteration.

Finally, the effect of the isotope-specific ’noise’ on the charge
transfer was considered within the theory of Bittner and Silva89

arguing that the noise may promote fast charge transfer via tun-
neling from a neutral state to a charge-separated state. As de-
tailed in Ref. 86 within the P3HT/PCBM model the charge trans-
fer proceeds from LUMO+3 to LUMO+2, LUMO+1 and LUMO.
The fluctuations of the energy gap between the charge transfer
and charge separated states due to the nuclear wave functions
were found larger for the protonic than for the deuteronic P3HT,
and comparable to the coupling between the states. For example,
within CAM-B3LYP/6-31G(d) method the LUMO+3/LUMO+2
gap was 74.9± 5.7 and and 78.2± 4.4 meV for the protonic and
deuteronic species, while the coupling between these two states
was 74.8± 0.21 and 78.2± 0.22 meV, respectively. For the B3LYP
functional these quantities were 163.1±67.8 and 137.6±31.9 meV
for the energy gaps, and 72.2± 0.19 and 73.7± 0.20 meV for the
couplings, within the protonic and deuteronic P3HT, respectively.
Based on the charge transfer probabilities within the four-state
model, it was demonstrated that such isotope-dependence of the
Hamiltonian elements may lead to appreciable changes on the
charge transfer probability. Hence the isotope effect could ac-
count for the experimental trends by promoting the charge trans-
fer in P3HT:PCBM and increasing the charge recombination on
the donor in the deuterium-substituted P3HT:PCBM.

3.4 Chlorophylls as model chromophores for electron dy-
namics and optical response simulations

In this Section we complement the nuclear quantum dynamics
of Sections 3.1–3.3 by the quantum-dynamical description of
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(a) HOMO (b) LUMO+3 (c) LUMO+2 (d) LUMO

Fig. 12 Frontier orbitals of P3HT-PCBM from CAM-B3LYP/6-31G(d). The initial excitation proceeds from the donor-localized HOMO to a charge
transfer LUMO+3 coupled to the charge separated LUMO+2, LUMO+1 (not shown) and LUMO. Adapted with permission from Ref. 86. Copyright
2016 American Chemical Society.

electrons in chlorophylls a and b, as representative macrocylcic
chromophores, and model their optical response using the rt-
TDDFT/RMG method55.

Chlorophylls are bioorganic pigments found in green plants,
algae, and photosynthetic microorganisms such as cyanobacte-
ria and marine phytoplankton. They play a central role in pho-
tosynthesis by harvesting sunlight and converting it into elec-
tronic excitation followed by photoinduced charge separation,
which ultimately drives CO2 reduction and carbohydrate syn-
thesis. Their strong visible-light absorption, rich photophysics,
and metal–macrocycle redox chemistry make chlorophylls attrac-
tive as sustainable, non-toxic components for photocatalysis, en-
ergy conversion, optoelectronics, sensing, and biomedical appli-
cations90–94.

Chlorophylls consist of a rigid, partially hydrogenated por-
phyrin macrocycle (a chlorin), which forms an extended aro-
matic π-electron system with a Mg2+ ion chelated at its center,
and a flexible hydrocarbon tail known as phytol. Two nearly de-
generate highest-occupied π orbitals and two nearly degenerate
lowest-unoccupied π∗ orbitals generate the strong Soret (or B)
band in the blue–UV region (typically ∼ 300–450 nm) and the
lower-energy Q bands in the red/near-IR range (∼ 500–700 nm).
The exact positions, splittings, and intensities of these Soret and
Q bands are controlled by the metal center and asymmetry intro-
duced by substituents in the chlorin macrocycle. Among several
natural variants, the most abundant are chlorophyll a and chloro-
phyll b, differing by a methyl versus formyl substituent and shown
in Fig. 13 along with their UV–vis absorption spectra.

While chlorophylls are highly efficient light and energy har-
vesters in biological systems, their direct use as electrode ma-
terials in supercapacitors and related electrochemical devices
is hampered by the poor electrical conductivity of monomeric
chlorophyll molecules. To address this limitation, electropoly-
merization of suitably functionalized chlorins was used to pre-
pare conjugated poly(chlorophyll) films91,92. Electropolymer-
ized chlorophyll electrodes, including Ni-based poly(chlorophyll)
systems, exhibit enhanced capacitance and improved charge-
transport properties compared to their monomeric counterparts,
while retaining broad visible absorption and redox activity.
Hybrid devices that integrate a chlorophyll-based photoactive
layer with a supercapacitor element show stable photocharg-
ing–discharging behaviour under illumination, highlighting the
potential of chlorophyll-derived polymers as non-toxic, degrad-
able, and renewable components for combined solar-energy con-

version and storage91. In parallel, the photoredox and photo-
sensitizing capabilities of chlorophylls and their derivatives mo-
tivate their use as visible-light photoredox catalysts and as pho-
tosensitizers for singlet-oxygen generation in antimicrobial pho-
todynamic therapy and in chlorophyll-loaded polymer matrices,
fibres, and coatings with antimicrobial activity90,93,94. Together,
these developments position chlorophyll-based and chlorophyll-
containing polymers as promising platforms for environmentally
friendly energy, catalytic, and biomedical materials.

In the rt-TDDFT/RMG study of Ref. 55, isolated chlorophyll a
(Chl-a) and chlorophyll b (Chl-b) are considered as representa-
tives of macrocyclic chromophores that can be embedded in or
converted into polymeric architectures. Chlorophyll geometries
were first optimized at a conventional DFT level using a Gaus-
sian basis, then placed in large orthorhombic simulation cells with
sufficient vacuum to eliminate interactions with periodic images.
Within RMG (see disucssion in Section 2.4), the Kohn–Sham or-
bitals are represented on real-space grids and the PBE functional
and norm-conserving pseudopotentials are employed. The active
space for the rt-TDDFT includes all occupied Kohn–Sham orbitals
and a set of low-lying virtual orbitals spanning the low-energy
π → π∗ excitation window relevant for the Q- and Soret-band
manifolds.

Starting from the converged ground-state, described by the
density matrix P(0), a weak impulsive kick along a selected polar-
ization direction was applied and density matrix P(t) was propa-
gated in time according to the Liouville–von Neumann equation
using the Magnus-expansion-based propagator of Section 2.4.
The kick amplitude was chosen so that the response remains in
the linear regime. The time-dependent dipole moment, µ(t) =
Tr
[
P (t) µ̂

]
, was recorded and the absorption spectrum was ob-

tained from its Fourier transform. The excellent long-time nu-
merical stability of the propagation, with no noticeable drift in
the total energy over the duration of the simulation, provides a
stringent test of the rt-TDDFT/RMG algorithm for these large,
anisotropic chromophores.

The computed spectra for Chl-a and Chl-b are shown in Fig. 13
along with the experimental ones. They exhibit well-separated
Q- and Soret-band regions with peak positions and relative in-
tensities consistent with frequency-domain linear-response (lr)
TDDFT benchmarks within the random-phase approximation us-
ing 6-311+G(d) Gaussian basis (RPA/6-311+G(d)).57 The rt-
TDDFT peak positions agree closely with the RPA results, with
only small differences in relative intensities. Experimental spec-
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(a) (c)

(b) (d)

Fig. 13 The rt-TDDFT/RMG simulations of chlorophylls a and b. (a) Molecular structure of chlorophyll b used in the calculations, with the formyl
(–CHO) group highlighted (green dotted oval); in chlorophyll a this position is occupied by a methyl (–CH3) group. The color scheme for the atoms:
H = white, C = light blue, O = red, N = dark blue, Mg = green. (b) Total energy for both chlorophylls during the rt-TDDFT propagation, illustrating
excellent energy conservation. (c) Comparison of photoabsorption spectra from the rt-TDDFT/RMG and the linear-response TDDFT (RPA/6-
311+G(d)) calculations. The RPA spectra are broadened with Gaussians to mimic experimental line shapes. (d) Experimental photoabsorption spectra
of chlorophylls a and b. Reproduced with permission from Ref. 55. Copyright 2025 American Chemical Society.

tra for the chlorophylls in diethyl ether95 show Soret bands with
maxima near 428 nm (Chl-a) and 453 nm (Chl-b) and Q bands
near 661 nm (Chl-a) and 642 nm (Chl-b). The TDDFT spectra are
obtained in vacuum for a single geometry and therefore neglect
thermal motion and solvent broadening, but the level of agree-
ment is comparable to previous CAM-B3LYP TDDFT studies96.
The simulated spectra reproduce the Q-band region with peak
maxima close to 640 nm and the stronger Q-band peak for Chl-
a relative to Chl-b. In the blue region, the simulations resolve
multiple overlapping features of the experimental Soret bands.

The rt-TDDFT simulations of the chlorophylls provide a conve-
nient platform to explore how local electrostatic environments
and chemical modification of the macrocycle affect the opti-
cal response of polymerized chlorophyll materials and chloro-
phyll–polymer hybrids. Within the RMG framework, one can
readily introduce explicit nearby fragments to mimic the effect
of a polymer matrix, a supporting electrode, or adjacent chro-
mophores. Changes in the splitting and intensity distribution
of the Q- and Soret-band features upon such perturbations can
be related to shifts in local site energies and couplings, pro-

viding microscopic input to exciton and charge-transfer models
for extended chlorophyll assemblies. For example, in the con-
text of electropolymerized PolyChl films and chlorophyll-based
photoelectrodes,91 one may probe how polymerization-induced
changes in the macrocycle environment or chain conformation in-
fluence the absorption cross section, the polarization dependence
of the optical response, and the distribution of charge following
photoexcitation.

More broadly, the chlorophyll calculations demonstrate that the
rt-TDDFT implemented in RMG can treat electronically complex
chromophores at a size and level of detail comparable to those en-
countered in polymerized chlorophyll systems, chlorophyll-doped
polymer networks, and chlorophyll-loaded fibres.90,92,93 While
the present examples focus on isolated molecules in vacuum, the
same methodology can be combined with ensembles of nuclear
configurations generated from classical or quantum molecular dy-
namics in a polymeric environment. The nuclear quantum ef-
fects and thermal disorder in polymer matrices can be mapped
onto distributions of chlorophyll excitation energies, transition
dipoles, and charge-transfer pathways, bridging the nuclear quan-
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tum phenomena discussed in Sections 3.1–3.3 with the electronic
response of polymerized chlorophyll materials and other bioin-
spired polymer–chromophore architectures.

4 Summary and outlook
To summarize, in this article we discussed several complemen-
tary theoretical and modeling approaches of incorporating the
quantum behavior affecting structure, dynamics and function in
polymeric and soft-matter systems. The presented studies in-
cluded hydrogen-bonded networks, ion and charge transport, and
photoactive chromophores. For selected nuclear degrees of free-
dom we employed grid-based nuclear quantum dynamics using
discrete variable and Fourier bases to describe proton transfer,
tunneling, and isotope effects in reduced-dimensionality models.
The nuclear quantum dynamics was extended to larger systems
by employing the quantum trajectory and quantum–thermal bath
frameworks combined with on-the-fly electronic structure calcu-
lations, which makes description of the high-dimensional poly-
meric environments computationally feasible. For the electronic
degrees of freedom we presented a simulation of the electronic
dynamics and optical response in large chromophores, i.e. chloro-
phylls, using the real-time time-dependent density functional the-
ory implemented in the real-space multigrid (RMG) code. These
methods were illustrated on several case studies, including the
proton and hydroxide transport in hydrated polymer membranes,
charge transfer in conjugated polymers, and the optical spectra
of chlorophyll chromophores, as relevant to polymerized chloro-
phyll materials and chlorophyll–polymer hybrids. These examples
highlight practical routes of including the quantum effects in sim-
ulations of soft functional materials. Further development of the-
oretical approaches and computational tools, in particular those
bypassing the eigenstate representation for both nuclei and elec-
trons and incorporating hierarchical description of ’quantumness’
of the nuclei, is highly desirable for facilitation of the fundamen-
tal studies and practical development of the polymeric and soft
materials.
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