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ABSTRACT: This work provides a detailed overview of density
functional theory (DFT) methods for treating molecular and
periodic systems within the TURBOMOLE software package. The
implementation employs Gaussian-type orbitals and is based on
efficient real-space techniques and density-fitting approaches for
Coulomb interactions. Recent developments are reviewed,
including the treatment of relativistic effects with effective core
potentials, the incorporation of spin—orbit coupling via two-
component formalisms, and the extension to real-time time-
dependent DFT (RT-TDDFT). Embedding schemes based on
frozen-density and projection-based approaches are also discussed,
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enabling the combination of DFT with high-level correlated wave s il = =

function methods and many-body perturbation theory for selected

subsystems. Representative applications demonstrate the capabilities across bulk materials, surfaces, low-dimensional nanostructures,
and adsorption processes. Additionally, a web-based graphical interface has been developed to support input generation, structure
manipulation, and output analysis. By consolidating theoretical foundations, implementation strategies, and application examples,
this work provides a reference for the use of periodic DFT methods in quantum chemical and materials science studies.

H INTRODUCTION orbitals (GTOs). This makes it possible to investigate diverse
classes of materials (crystalline solids, surfaces, and low-
dimensional nanostructures) under a single unified framework.

A prominent feature of this periodic DFT implementation is
its reliance on advanced real-space methods and density-fitting
techniques, which ensure both numerical accuracy and
favorable scaling with the system size. Moreover, the methods
are well parallelized and optimized for modern HPC resources,
thus bridging the gap between theoretical innovation and
practical feasibility. Recent extensions include (i) scalar- and
spin—orbit-coupled relativistic treatments via effective-core and
two-component formalisms,>~"” (ii) real-time time-dependent
DFT (RT-TDDFT) for ultrafast electron dynamics,">"" (iii)
efficient hybrid-functional and exact-exchange algorithms,20

Over the past few decades, density functional theory (DFT)
has matured into one of the most powerful and versatile
approaches for predicting and rationalizing the electronic
structure of atoms, molecules, and extended systems.l_12 Its
balance of relatively low computational cost with often
remarkable accuracy has made DFT a “workhorse” for a
wide range of chemical, physical, and materials science
problems—from describing molecular reactivity to predicting
the properties of bulk solids and surfaces. Advancements in
both hardware (high-performance computing, HPC) and
software (algorithmic optimizations) have further propelled
the field, enabling ever-larger and more complex systems to be

studied with increasing precision.

Within this broad landscape, the TURBOMOLE software and (iv) embed.din.g ap proaches—fro.zen—density embedding
packagelz_14 has established itself as a highly efficient and (FDE) and projection-based embedding (PbE)—that seam-

robust platform for quantum chemical calculations. Initially

recognized for its accuracy and speed in molecular (i.e., finite) Received:  April 29, 2025
DFT and post-Hartree—Fock calculations, it has continuously Revised:  August 26, 2025
evolved to include comprehensive capabilities for treating Accepted:  August 28, 2025

extended (periodic) systems. Central to this development is Published: September 23, 2025

the Riper module, which provides an efficient and general
implementation of periodic DFT employing Gaussian-type
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lessly couple high-level wave function or many-body
perturbation methods (e.g, GW/BSE) to a periodic DFT
environment.”' Together, these capabilities expand the scope
of TURBOMOLE well beyond conventional applications,
enabling, for instance, accurate studies of localized excitations,
interfacial charge transfer, and strong spin—orbit or correlation
phenomena in solids.

The aim of this work is to present a comprehensive overview
of the DFT framework for periodic systems in TURBOMOLE,
with particular emphasis on the Riper module. We begin by
summarizing the theoretical foundations of periodic DFT and
its practical realization using GTOs, shedding light on the
resolution-of-the-identity approach and the efficient handling
of Coulomb and exchange-correlation (XC) terms. We then
discuss more advanced topics, including the two-component
(2¢) formalism for spin—orbit coupling, local embedding
schemes that combine molecular and periodic perspectives, as
well as real-time extensions that enable studies of non-
equilibrium and ultrafast processes. Following these theoretical
and methodological details, a variety of case studies illustrate
the capabilities of the code—from prototypical inorganic
crystals and surface adsorbates to nanomaterials exhibiting
strong spin—orbit or correlation effects—underscoring both
the accuracy and efficiency of the TURBOMOLE approach.

We hope this review will serve as a useful resource for both
new and experienced researchers alike. By highlighting the
underlying theory, implementation strategies, and representa-
tive applications, we aim to empower users to fully exploit the
periodic DFT functionalities in TURBOMOLE, fostering new
discoveries in quantum chemistry, materials science, and

beyond.

B GENERAL THEORY

Periodic DFT Employing Gaussian Basis Functions.
The DFT implementation for periodic systems using
GTOs'**%**7*% (losely follows standard methods used in
comparable computational frameworks. Key equations are
presented here to provide an overview of the approach.

In a periodic system, translational symmetry implies that
each single-particle orbital (1/11;6(1')) can be expressed as a
Bloch function, labeled by the band index p, spin o, and
wavevector k within the Brillouin zone (BZ). In the GTO
picture, each Bloch orbital reads

l//:(, NUC Z IkLZ P”ﬂL(r)

L

(1)

where p(r — R, — L) = py(r) are GTO basis functions
centered at atomic positions R, translated by the direct lattice
vector L, summing over all Ny unit cells. In the Kohn—Sham
(KS) formalism, the expansion coefficients Cy,, are obtained
by solving matrix equations

FCk = skChek )
independently for each k in the BZ. In molecular systems, only
L = k = 0 is relevant, and Ny equals one. Here, FX and S*
represent the KS and overlap matrices in reciprocal space,
respectively, which are obtained from real-space matrices as

Ze

L

ik'L FL
Hvo

F* =

Hve

(3)
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The elements FﬂW contain contributions from the kinetic

energy T, ,w, Coulomb ]”D, and XC X, ”W matrices, given by
v

o =

+] + X /w(:

(5)

The kinetic-energy terms T}, are evaluated identically to the
molecular case, and Xﬂw values are computed usmg a
hierarchical integration scheme.” Calculatlng ]/w and XMW
requires the real-space density matrix Dy, o defined as an

integral over the BZ, which is evaluated numerically as
1kTL szL
/41/17 — f M dk ~ — Z Wk /wo' (6)

where wy_are the weights assigned to each k-point. Here, Dl,jm
is the reciprocal-space density matrix, calculated as

Z
)

At zero Kelvin, occupation numbers fll,fz, are either zero or one,
representing fully occupied or unoccupied states. For metals,
however, fractional occupations are used to smooth the Fermi
surface and improve the convergence. At finite temperatures,
these fractional occupations are computed using either the
Fermi—Dirac distribution

)*
;w(r upo’ up(r

£ = :
) (8)
or Gaussian smearing, where occupations are approximated as
k 2
fk = exp| - ('Spr; - ﬂ)
po 2
20 (9)

where y is the chemical potential (or Fermi level), kg is the

Boltzmann constant, T is the temperature, and o is the

smearing width in the Gaussian approach. These methods

provide smooth fractional occupations for states near the

Fermi level, enabling faster convergence in metallic systems.
The total energy per unit cell E is calculated as

= 2 XDl Ti +] +Ee

wL o (10)
where | and E, are the Coulomb and the XC energy,
respectively.

Density-Fitting Scheme for the Coulomb Term in
Periodic Systems. Due to the long-range nature of Coulomb
interactions, density fitting (DF) for periodic systems requires
special techniques. TURBOMOLE implements a projection
approach as a direct extension of the molecular DF scheme. A
full description of this method can be found in refs 22—25;
only a summary is provided here.

The total (infinite) electron density of the crystal, p™, is
expressed as an infinite sum of local densities py over cells
translated by the vector L as

ZPL

with each local density p; defined by

cryst

(11)

https://doi.org/10.1021/acs.jpca.5c02937
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= Z Z D/fu,nﬂLl/LL’

wL o

(12)

where v (r — L) vy is shorthand notation, and the
subscript 0 is omitted when L = 0.
To approximate p®”*, an auxiliary density p7* is defined as

Z 2
where each unit cell auxiliary density p; is given by
P = z clay
a (14)

Here, a denotes GTOs that form the auxiliary basis functions
in a. Expansion coeflicients ¢ are the same across all unit cells
and are found by minimizing the Coulomb interaction D of the
residual density op = p — p

D= ﬂép(r) Z 8p, (x')drdr’

= (dplop, )

=(p

cryst ~cryst
~

P
(13)

—plp, — pp) (15)

In periodic systems, D remains finite only if dp is chargeless,
requiring

/6p(r)dr =0=> /ﬁ(l‘)dl‘ =Ny (16)

where N, is the total electron count. This constraint allows to
decompose p into charged () and chargeless () parts

~ ~ ~ T T
p:p||+pJ_ =CHa+CLa

(17)
with
/ﬁ”(r)dr =N, and fpl (r)dr=0 (18)
Orthogonal projection matrices
P = nn’  and P=1- nn” (19)

allow the decomposition of c as ¢ = P cand ¢, = P ¢, where
n is the normalized auxiliary charge vector with elements n,
given as

9= (q, 9, ) 4q,= f a(r)dr

n, = —4q,
a
Iql a

(20)

Projection of & yields the charged (a;) and chargeless ()
auxiliary basis functions: a = P” aanda, =P, «
The expansion coefficients of p) are

(21)

and the chargeless part p, is optimized by minimizing D with
respect to ¢, yielding

(VL +B)e, = & (22)
where V| is the projected Coulomb metric matrix

VL =P VP = (alefy) (23)
and £, is given by

& = (alp, — 7y (24)
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This DF scheme guarantees convergent lattice sums in eqs
22—24 by using only chargeless quantltles Unlike other DF
approaches for extended systems,’*** this method vyields
converged lattice sums without adding nuclear charge
distributions.

The final auxiliary density coefficients are given by ¢ = ¢ +

c;. The Coulomb matrix elements ]ﬁy in real space are
calculated as

],“V = (/’“/L'lﬁL - an) (25)
where p; represents the nuclear charge distribution. Note that
the difference p; — p, is charge neutral.

The total Coulomb energy is expressed as

] Z ﬂV;w_ _an)

L -
S +alpy
uvL

(26)

The DF-accelerated continuous fast multipole method (DF-
CFMM) is applied to evaluate Coulomb lattice sums in eqs
22-26 directly in real space.”””** In DF-CEFMM the Coulomb
lattice sum is divided into a crystal near-field (CNF) and a
crystal far-field (CFF) component. For a sum (p;lpy),
distribution p, in the central unit cell interacts with all images
pa of p;. The CNF portion accounts for interactions within
nearby cells, while the CFF covers distant cells

Z (o) = D (o) + D (pley)

LECNF LECFF (27)

The CFF sums are computed very efficiently with multipole
expansions and recurrence relations, while the CNF part is
evaluated in real space using CFMM. Distributions p; and p,
are organized into an octree, decomposing interactions into
near-field (NF) and far-field (FF) terms, with CFMM using
DF employed to efficiently handle NF interactions.”

Exchange—Correlation Energy and Matrix. The XC
energy is obtained as a functional of the density and its
derivatives. In the local density approximation (LDA), only the
density itself is needed, while the generalized gradient
approximation (GGA) necessitates first-order spatial deriva-
tives. For meta-generalized gradient approximations (meta-
GGAs), the kinetic-energy density 7 is further considered.
Thus, the XC energy reads

- / £ 1p(), 7(x), 7(x)1dr (28)

with y(r) = IVp(r)I* and f,. describing the specific density
functional approximation. Here, the integration is carried out
over the unit cell for periodic systems and over the complete
molecule in discrete systems. The XC matrix for the KS

equations is formally defined as
‘/OXC[/WL,]dr

where O, denotes the XC operator. In practical implementa-
tions, the integration is carried out numerically on a grid with

=3 3w, x £ Io(x,), r(x,), o(x,)]

vaL, L/
e X

k . L
X = " with X, =

(29)

i mei (30)
SR
i mei (31)
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where i are the atoms in the unit cell and m is a grid point with
its weight w,, leading to

X;l/ym =W, z éxc[ﬂgnyﬁ,’]
L (32)

In practice, the XC operator is not used ex%)licitly and its form
for metaGGA:s is also not easily available.” Instead the matrix
elements are obtained from the derivative of the XC energy
with respect to the density matrix.

For simplicity, we consider only closed-shell systems in this
subsection. Then, the XC matrix reads

L',m __ m_L+L",m Lm
X" = z (uy'z, + z, Vi)
L

+ 2 (Vg )t (Vi)
L

(33)
with the LDA and GGA potential z
b = 2 B4 2, S (9 (V) ",
and the metaGGA potential vector t
flm _ %%(V urm
e (35)

where @ denotes the Cartesian directions. Here, derivatives of
fx are always formed at the respective grid point m. The
electron density and its derivatives are also evaluated at these
grid points according to

pr = DD

uL VL (36)
Vp" =D D M (Vi )y + g (V)]
uL oL (37)

o=~ 3 3 DL (V) (V)

uL L (38)

For each grid point, only a limited number of basis functions
contributes and therefore the computation of the XC matrix
scales roughly linearly with the number of grid points.

Fock Exchange. Fock exchange is an essential ingredient in
accurate descriptions of the electronic structure of periodic
systems.”* Going beyond local and semilocal approximations
of XC functionals in DFT, it is required for hybrid and range-
separated hybrid-DFT XC functionals, the Hartree—Fock
(HF) method, and as a starting point for advanced approaches
considering electronic correlations such as the MP2 scheme of
Moller—Plesset perturbation theory, the coupled cluster ansatz,
or random phase and GW approximations.”*~*°

A robust formulation of periodic Fock exchange requires
caution because of the artificial periodicity of the density
matrix for any finite Born-von Karman supercell size.”’ >’
From a formal, basis-set-independent point of view the
complications for establishing a robust scheme for Fock
exchange can be seen in real space as follows.”” Considering a
spin-degenerate system, the one-electron density matrix is
given as

Pl 1) = 3 2y )y (x,)
p,k (39)

with the crystal orbital l//},f(rl) belonging to band p and
wavevector k as well as the occupation number fl; Born-von
Karman periodic boundary conditions imply that wj(r;) =
wy(r; + L;) for any supercell lattice vector L;. Thus, from the
definition of the density matrix p(r,,r,), the periodicity p(ry,r,)
= p(r; + Lyr,) = p(ryr, + L;) in both spatial arguments
follows for any finite number of employed k-points, but
p(ryr,) should decay with distance Ir; — r,l in the real
crystal.**~** The unphysical periodicity of the off-diagonal
elements of the one-electron density matrix p(r;,r,) will impact
the exchange energy per unit cell of the crystal

P Ry oy VL CL P
4N, Jo Iy, — ) (40)

described by a finite Born-von Karman supercell. Note that this
problem does not appear for the Coulomb energy

1 p(rl, 1'1)P(1'z; 1'2)
= — — = <~ drd
J 2N, '/S; / Iy, — ) R (41)

which depends only on the diagonal part p(r,r,), ie., the
conventional electron density, which is naturally periodic on
every single (primitive) unit cell.

These formal considerations show that exchange matrix
elements may be divergent for periodic systems as a result of
the artificial periodicity of the off-diagonal elements of the
density matrix if no precautions are taken. In ref 20, we have
presented a robust implementation of the periodic Fock
exchange in TURBOMOLE’s Riper module. We have
compared two truncation schemes for a real-space con-
struction, namely the minimum image convention (MIC)*
and the truncated Coulomb interaction (TCI).** They both
remove the divergence for discrete k-meshes by basically
restricting off-diagonal elements of the density matrix to just
one Born-von Karman supercell. Calculations with periodic
Fock exchange may thus be unstable for small Born-von
Karman supercells, but for a sufficiently large k mesh or size of
the supercell, stable self-consistent field (SCF) calculations and
convergence of total energies are typically achieved. As shown
in Table 1, both MIC and TCI regularization schemes
converge to the same result, but we find the behavior with
the MIC to be generally smoother,”’ and therefore recommend
to use this scheme.

The size of the Born-von Karman supercell or k-mesh that is
required for a reliable exchange energy depends on the locality
of the density matrix and hence both on the electronic
structure of the studied material and on the chosen basis set.

Table 1. Self-Consistent HF Total Energies per Primitive
Cell in E, for LiH in the Rocksalt Structure with a Lattice
Constant of 4.084 A*%“

k-mesh MIC TCI
SXS5XS —8.06060281 -t
7X7X7 —8.06058890 -t
9X9X9 —8.06058834 —8.06058764
11 x 11 x 11 —8.06058830 —8.06058831
13x 13 x 13 —8.06058829 —8.06058829
19 X 19 X 19 —8.06058829 —8.06058829

“Primitive unit cells with two atoms are calculated for different k-
meshes using the pob-TZVP basis set."” Adapted with }zermission
from ref 20. Copyright 2018 American Chemical Society. “Born-von
Karman supercell too small.

https://doi.org/10.1021/acs.jpca.5c02937
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For selected insulators and semiconductors, we have
demonstrated that the HF total energy converges exponentially
with the number of k-points.*’

Through our implementation of periodic exchange,”
conventional HF calculations can be carried out for periodic
systems of any dimension. In addition, DFT calculations with
global and range-separated hybrid functionals can now be
performed routinely for semiconductors and insulators, and we
showed successful application® of PBE0*® and HSE06"
functionals, respectively. As the next important step, analytical
gradients are needed for structure optimization. The existing
Fock exchange infrastructure can now be used for applying
advanced electronic structure methods to periodic systems that
require an exact exchange.

0

B EXTENSION TO A RELATIVISTIC FRAMEWORK

In heavy elements, the electrons in the vicinity of the nucleus
move at a speed close to that of light. Therefore, not only the
laws of quantum mechanics but also those of special relativity
need to be considered. This leads to the framework of
relativistic quantum mechanics.”””' Here, special relativity can
be described with either pseudopotentials and effective core
potentials>* (ECPs) or all-electron approaches based on the
Dirac equation. 3375% In terms of computational costs, ECPs are
beneficial, as they "cut out” the core electrons and introduce a
pseudopotential, which accounts for relativistic effects. The
corresponding pseudopotential is parametrized based on all-
electron calculations. ECPs are sufficient for properties that are
associated with the valence electrons such as the chemical
bonding or the structure. Therefore, we will consider
relativistic effects with ECPs in this work.

Relativistic effects are generally partitioned into scalar or
spin-independent contributions and spin-dependent effects,
such as spin—orbit interaction. Scalar-relativistic effects
describe the mass-velocity relation and the Darwin term.
These effects do not lead to structural changes of the KS
equations, i.e., the scalar ECP is included in the equations just
like the electron—nucleus Coulomb potential. Therefore, the
standard one-component (1c) formalism with separate o and
spin space is sufficient. However, spin—orbit coupling requires
further generalizations, as the spin is not a good quantum
number anymore. That is, the KS wave functions are no longer
eigenfunctions of the spin operator. In other words, the wave
function is a combination of @ and S spin contributions.
Moreover, the spin—orbit ECPs are described with complex
operators in position space. These considerations lead to the
two-component (2c) Hamiltonian in the Born—Oppenheimer
approximation given by

A=T+]+ [0 + 60V™] + Uy (42)
Here, V° denotes the scalar-relativistic ECPs or pseudpoten-
tials, whereas VO refers to the spin—orbit ECPs. Note that Vo
is a vector consisting of three spin components. ¢, and ¢ are
the (2 X 2) identity matrix and the vector of the three Pauli
spin matrices, respectively. T, 7, and Vyy are the kinetic- energy
operator, the Coulomb interaction, and the nucleus—nucleus
potential. The operators are of the same form as in
nonrelativistic quantum chemistry. For clarity, we use - to
indicate a scalar product associated with spatial indices, o for
the scalar product of the spin components, and © for the
simultaneous scalar product. Bold letters are used for vectors

9066

with spin and spatial components, as well as matrix
representations of operators.

The KS Bloch functions are now linear combinations of the
a and f spin contributions. That is, they are so-called spinors
within the LCAO ansatz defined as

v a( ) Ck a
ORI N ED M I TH0
Wpﬂ(r) M ;¢p[} (43)

where (]51; is a one-component and spin-independent Bloch
atomic orbital

PE(x) =

ML(I')

o

Therefore, the expansion coefficients C,, are always complex—
even for molecules and at the I' point. However, the atomic
orbitals i (r) are still real and the same as in a nonrelativistic
calculation. The two-component KS equations in this

representation follow as

(44)

K gk
F(m F(lﬂ C}; Sk 0 C}i K
= €
k gk k k|| ok
Fgo Fy)\Cp) 0 STNCy (45)
In real space, the elements of the KS matrix read
Fo, =T'+ 0 + Vo' + VO + X5 + KL, (46)
soL SO,L L L
; = V 1V + X(l/f + K(lﬂ (47)
L L, L oL SO

This clearly shows that the a and f spins are coupled. The
kinetic-energy and Coulomb terms are identical to the
nonrelativistic limit.””***” The KS coefficients C* can be
used to construct a 2¢ density matrix in reciprocal space in the
same way as that done in the 1c approach. To exploit sparsity,
the integral evaluation for the KS matrix is also done in the
position space. Here, the 2¢ density matrix from the Fourier
transformation reads
D: D

aa af with (DL)T _ D_L
D, Dj

pa Dip (49)
To extend an existing 1c code to a 2¢ framework with minimal
effort, linear combinations of the spin blocks are formed.””>*
This not only reduces memory requirements as the
information encoded in the 2c¢ density matrix is redundant
but also allows one to reuse large parts of the integral and
transformation code. For periodic systems, we form the real
symmetric (RS), real antisymmetric (RA), imaginary anti-
symmetric (IA), and imaginary symmetric (IS) linear
combinations as>’

[DRSRAL = D, + D,

- %m( Y

(50)

[DIA IS]

1 L
o0 2 Im( o’ x D(r’(r)]

(s1)
Note that the same-spin antisymmetric contributions are zero
and symmetry or antisymmetry of the matrix M for periodic
systems refers to the relation

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083
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L _ -L
M/w - iMw

(82)

To compare with, only real and symmetric parts are necessary
to describe the matrices in position space within a scalar-
relativistic formalism.

The exact exchange term can be easily computed based on
an existing lc implementation with minor modifications to
include the antisymmetric linear combinations.”” The full exact
exchange matrix is constructed by reversing the linear
combinations above. Furthermore, these linear combinations
can be used to describe all physical quantities, such as the
electron density and current density. The symmetric
contributions constitute the particle density p and the spin
magnetization vector m according to

L RS RS4L’
P = Z [D(m + D/}/}];wﬂLl/LL’
uL (53)
L RS4L’
m, = Z Z[Du/i]/w/’tLyLL'
wL (54)
L IS 4L’
m, = Z 2[:Daﬁ]/uul’t]_"/LL’
uL (55)
L RS RS4L’
m, = Z [Daa - D/i/i]/w/’tLyLL’
uvL (56)

so that the total 2¢ spin density®® p* = 1/2 (p*6, + m"oc)
follows as

L L L . L
L 1| +m, m  —im,
p==
L L
2 m, +1my p —m, (57)

Note that summation over the cell densities again yields the
crystal densities. Compared to the scalar unrestricted Kohn—
Sham (UKS) formalism, all spin directions are simultaneously
considered, and the norm of m results in the spin expectation
value. Other density variables such as the kinetic-energy
density 7 are obtained in the same manner, i.e., only the basis
function term on the right-hand side, y; vy, is replaced with
1/2[Vu ][Vyyy]. The antisymmetric linear combinations give
rise to the particle current density j and the spin current
densities Y, with u € {x,y,z} referring to the spin components.

.L 1 1A IA4L’
) = _z z [D’m + Dﬂﬂ]/“/n/w
uvL (58)
L 1 1AL
Y = = 2 2D 11,
uL (59)
L 1 RA4L’
Y}’ = _5 Z Z[D(lﬂ ]/“/’7/41/
uvL (60)
L 1 1A 1AL’
Yz = _; Z [Daa - D/i/i]/,wr]/w
uL (61)
U (Vi loyy — py [Vl (62)

These current densities are only due to the spin—orbit
potential, i.e., no current densities arise in a field-free
nonrelativistic or scalar-relativistic 1c ground-state calculation.
That is, spin—orbit coupling is a form of magnetic
induction.””®" This also means that the kinetic-energy density
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necessitates a generalization to ensure gauge invariance and the
von-Weizsicker inequality for the iso-orbital condi-
tion.'®'”%7% In other words, the functional should depend
on the density, its gradient, the kinetic-energy density, and the
current density.

In the following, we will first consider a closed-shell system
for simplicity.”>”"%” For a closed-shell Kramers-restricted
system, the spin magnetization and particle current density
vanish. However, the three spin current densities are still
generally nonzero. The generalized kinetic-energy density for
metaGGAs is then defined as'®'”%

YOY
2p

=1
(63)
where 7 is the standard kinetic-energy density. Note that the
current densities are not included for LDAs and GGAs. This
directly introduces a dependence of the semilocal XC
functional term on the current density. Therefore, the XC
energy follows as

Eo = [f, 00, y(0), (), Y(0)lde

gxc[”(r)l }/(1‘), f’(r)]dr

(64)

Following the numerical schemes as done in the nonrelativistic
limit, this leads to the 2c¢ XC matrix according to! 1767

L',m __ m_L+L",m Lm
X/w =0y Z (ﬂL 2y + Z}l VLL’)
L

+ 00 2 (V)6 4 (Vo))
L

+ ioo Z (Y,];'MVLL/ - ﬂLY,]:JrL,’m)
L (65)
with the modified LDA and GGA potential z
o = W B Y O Y, By
s 20" 2 292 ont
+ 2,5 (7). (V)
Moy o E (66)
and the metaGGA potential vector t in real space
0
Lm Wm gxc m
ym o _m \V,
e = (Vatty") (&)

Note that the GGA and metaGGA contributions are the same
as in the nonrelativistic limit. However, the spin current
densities lead to a new term in the LDA part of z. The spin
current densities further lead to the vector y in spin space

Wm agXC (Ym)u

Lmy __
0=

(V™
(Vu") )

m

which arises from the application of the chain rule, see ref 67
for details.

For open-shell systems, time-reversal symmetry does not
hold for a single-reference KS solution.”” Here, two distinct
formalisms are available in TURBOMOLE, namely the
canonical >*7*** and the Sclamani—Frisch'>'"**7°~"% ap-
proach. The former is more common and utilizes a projection
onto spin magnetization. The Scalmani—Frisch approach for

current-dependent metaGGAs is presented in ref 17 and we
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note that this formalism avoids the projection onto the spin
magnetization vector m, which is crucial to naturally ensure the
closed-shell limit with all three spin current densities
contributing. Note that validation is strictly possible for the
molecular limit by comparison to calculations in finite
magnetic fields. Here, the current density is required for
gauge-origin independence and translational invari-
ance. 17,33,66,67

Not only spin—orbit coupling induces a current density but
magnetlc propertles73 7% or electromagnetic perturbations in
general.”” Thus, the 2c¢ implementation could be easily
modified to use explicitly current-dependent metaGGAs in
lc RT-TDDFT calculations, as described in the Supporting
Information. Here, the IA contribution of the propagated
density matrix is used to compute the current density. The spin
channels are still fully decoupled in the scalar-relativistic or
nonrelativistic RT-TDDFT framework. That is, the 1c¢ UKS
RT-TDDFT code requires only the particle current density
and the spin-z current density (or the @ + f and @ — f§ current
densities). Likewise, the restricted KS code only necessitates
the particle current density. As shown in the Supporting
Information, comparison of RT-TDDFT and the established
linear-response TDDFT framework”””® with the current
density contribution to the kernel further validated our XC
potential routines for current-dependent metaGGAs.

B DFT-BASED EMBEDDING

DFT-based embedding methods offer a practical approach to
modeling complex chemical systems by partitioning the total
system into a smaller active subsystem, which is the region of
interest, and a larger environment subsystem. This allows for
the application of complex or higher-level methods to the
active subsystem while treating the less critical environment at
the DFT level. Thus, this allows the study of large systems
efficiently.

Frozen density embedding (FDE)”” and projection-based
embedding (PbE)™ are two prominent DFT-based embedding
techniques. FDE relies on a frozen environment density and an
approximate kinetic-energy density functional (KEDF) to
account for the interaction among the subsystems. PbE, on
the other hand, employs a level-shift projection operator to
enforce orthogonality between the subsystem orbitals,
eliminating the need for approximate KEDFs and enabling
exact embedding calculations, which are especially useful for
strongly interacting subsystems.

This section gives a concise overview of FDE and PbE, as
well as the relevant expressions for the embedding potentials.

Frozen-Density Embedding. FDE, introduced by Weso-
lowski and Warshel,” is based on the concept of a frozen
environment density. The total electronic density (p*") of the
system is expressed as the sum of the individual active and
environment subsystem densities, p*** and p

, respectively
PN = ) + 0™ ()

The total energy (E*) of the system can be written as a
bifunctional of the subsystem densities

(69)

Etot[pact penV] — Eact[pact] + EenV[penV] Emt[pact enV]

(70)
Here, E* and E* are the individual subsystem energies

calculated using standard KS-DFT, and E™ represents the
interaction energy between the subsystems
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Eint[pact) pel’lV] — fpact(r)vlj:llz(r)dr + /penv (r)u;‘itc(l‘)dl‘

/fp“t(r)pe“v(r ede!

l' - l‘
+ Enadd[pact, penV] + Tsnadd[p ,penV]
(71)

E™ includes contributions from the electrostatic interaction
between the nuclei of the two subsystems ( / P () vy )dr +
[ (r)vi(r)dr); the Coulomb repulsion between the
electrons of the active and environment subsystems

(/fﬂm(r)piﬁv(r)drdr) nonadditive contributions to the

kinetic-energy (T™*%) and XC energy (E2!) arising from
the interaction between the subsystems. The nonadditive terms
account for the nonlinear nature of the kinetic and XC
functionals. Since the exact form of T™ is unknown,
approximations have to be employed in practical applications.
Therefore, the accuracy of FDE is limited for systems with
strongly overlapping densities, as the approximate KEDFs may
not accurately account for Pauli repulsion between subsystem
electrons.

Embedding Potential. The density of the active subsystem
(p*) in the presence of a given frozen environment density
(p™) is obtained by minimizing the total energy bifunctional
(eq 70) with respect to p** while keeping p* fixed. This
minimization leads to a set of KS-like equations known as the
Kohn—Sham constrained electron density (KSCED) equations

act env
nuc

VZ

_7 + 1)KSCED(pa(:t en v env

nuc

act(r) — €¢act(r)
72)

with i = 1, .., N*

The effective KSCED potential (v5{“*P) consists of the
standard KS potential (v5;) of the active subsystem and the
embedding potential (v,y;,), that accounts for the interaction

between the active and environment subsystems and is given
by

act _env _env
I)em’b[p P Unuc]

— EDV( ) + /penv(r

env ]

5E:Cadd[pact) p
5pact (1‘)

enV]

5Tsnadd[pact’ p)
5pact (l‘)

The embedding potential includes contributions from the
nuclear potential of the environment (vim(r)), the Coulomb

nuc

potential due to the electrons of the environment (
mdd act _env
/ o (r)dr ), the nonadditive XC potential ( =.p ]),

W
(sTnadd[I)aLt enV]) terms.
P )act( )

While originally formulated for DFT-in-DFT embedding,
the embedding potential described above has been extensively
utilized for a variety of embedding calculations. These include
applications where the active subsystem is treated using
correlated wave function theory (WFT) methods (WFT-in-
DFT),*"* many-body perturbation theory methods such as
GW approximation combined with the Bethe—Salpeter
equation (GW/BSE-in-DFT),**~*° and RT-TDDFT-in-
DET 218687

(73)

and nonadditive kinetic potential (
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While the exact KEDF remains elusive, it would yield a vy,
that, within the FDE framework, could accurately reproduce
the total KS density (p*'), provided that the environment
density (p°™) is non- negatwe and the active subsystem density
(p™*) is verepresentable.*® This implies that p*™ should never
be greater than p*" at any point in space, thus ensuring that p**
= p* — p* remains non-negative everywhere. However, in
practical applications, fulfilling this criterion is often challeng-
ing. Numerous choices for p®" can lead to negative regions in

p*, thereby restricting the choice of usable frozen densities.*

Freeze and-Thaw and Subsystem DFT. To address the
limitations of the fixed environment density assumption in
FDE, the freeze-and-thaw (FaT) procedure was introduced.”
In FaT, the roles of the active and environment subsystems are
iteratively switched, allowing for self-consistent determination
of subsystem densities. This iterative process, in principle,
leads to more accurate and mutually polarized subsystem
densities.

Once the FaT procedure is performed, there is no formal
distinction between the active and environment subsystems,
leading to the formulation of subsystem DFT (sDFT).

For a more detailed review on FDE and sDFT, we refer the
reader to the reviews in refs 91,92.

Projection-Based Embedding. PbE is an exact DFT-
based embedding method, that eliminates the need for a
nonadditive kinetic potential in v, thereby avoiding the use
of approximate KEDFs.*” This is done by enforcing
orthogonality between the subsystem orbitals using a
projection operator, allowing the total kinetic energy to be
expressed as the sum of the individual subsystem kinetic
energies. This makes PbE suitable for even strongly over-
lapping subsystem densities.”"”>"*

Various projection operators have been suggested in the
literature such as the level-shift projection operator (LSPO),*
Huzinaga operator’> and Hoffman operator.”® The LSPO has
been implemented in TURBOMOLE, defined as

env act, enVDenv senv, act

O, = lim uP

H— 00

= lim uS

H— 00

(74)

where p is the scaling factor (ideally co but in practical
implementations, set to 10° a.u.), D™ is the density matrix of
the environment, and $**"*""/S*™* are the overlap matrices
between the basis functions of the two subsystems.

The LSPO replaces the nonadditive kinetic potential, when
Vemp 1S written in the matrix form V

__ yrenv env
Vemb Vnuc + Jelec + Xnadd + OP (75)
where Vi and Jiw. are the environmental nuclear and

Coulomb potential matrices, respectively, and X ,4q is the
nonadditive XC potential matrix.

The approach developed by Manby et al. relies on prior
knowledge of the KS orbitals of the entire system, which are
subsequently partitioned into active and environmental
subsystems.”” In contrast, Chulhai and Jensen proposed a
more efficient method that begins with arbitrary subsystem KS
orbitals and uses FaT cycles to converge to the exact
subsystem densities.”” The latter approach is implemented in
TURBOMOLE.'

B RT-TDDFT AND ITS EXTENSION TO DFT-BASED
EMBEDDING

RT-TDDFT is a robust method to study the time-dependent
behavior of electrons under external electric fields. It achieves
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this by propagating the KS wave function in time, governed by
an effective potential derived from the time-dependent
electron density, p(r,t). For practical purposes, particularly
when Gaussian basis sets are employed, the evolution of the
reduced single-particle density matrix is preferred. This is
expressed through the Liouville—von Neumann (LvN)
equation

_0D'(t)
1
ot

where D'(t) and F,(t) are the time-dependent density matrix
and the perturbed KS matrix, respectively, in the orthonormal
molecular orbital basis. Within the dipole approximation, the
perturbed KS matrix in the atomic orbital basis is expressed as

E,(t) = F(t) + F¥(t)

= F,(1)D'(t) — D'(t)F,(t)

(76)

(77)

where F(t) represents the KS matrix in the absence of external
fields, and its implicit time-dependence is induced by D(¢).
The term F®(t) represents the field-induced contributions,
given by

= - Z Mi’;Ek

k=x,y,z (78)

where Mf; are the elements of the dipole moment matrices M-,
defined as

~ [0y wdx

To propagate the system in tlme, the LvN equation is
integrated using numerical methods.”” The implementation in
TURBOMOLE employs the Magnus expansion to ensure a
unitary propagator, which preserves the idempotency of
D'.”*” Details of the implementation and its application to
linear-response absorption spectra can be found in ref 18.
Recently, this implementation was adapted to the strong-field
regime to enable simulations of ultrafast phenomena, including
high harmonic generation (HHG), under intense laser
pulses.'” The extension to current-dependent metaGGAs and
hybrids is briefly discussed in the Supporting Information of
the present work.

The coupling of RT-TDDFT with DFT-based embedding
has been a topic of significant interest recently.*>®” This
coupling, referred to as real-time time-dependent density
functional embedding theory (RT-TDDFET) in this work,
allows evolving the active subsystem’s electron density while
keeping the environment density fixed. RT-TDDFET with
LSPO- or KEDF-based embedding potentials is straightfor-
ward to implement. The density matrix of the active
subsystem, D’*(¢), evolves according to

aD, aCt(t) /ac 7ac
T D ()F, G (1)

where F;¢ () is the embedded KS matrix of the active
subsystem, in the presence of an external field

(£) = FU(t) + Vo (£) + F*(1) (81)
with V,

«mp(f) representing the embedding potential matrix.
Depending on the embedding approach, V,.(f) can be
KEDF-based (as in FDE) or LSPO-based (as in PbE).

RT-TDDFET framework enables the study of ultrafast
phenomena and spectroscopic properties in complex and
hybrid chemical systems.

(79)

/ act

p emb(t)D, aCt(t)

(80)

act

p emb
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Figure 1. Screenshots of Riper-Tools Web App functionalities: (a) Retrieving crystal structures from the Materials Project, (b) Generating RT-
TDDFT input files, (c) Packing molecules into a periodic cell, and (d) Placing adsorbates (molecules) on surfaces.

B DFT-BASED EMBEDDING COUPLED WITH WFT
(WFT-IN-DFT)

Correlated WFT methods address limitations of KS-DFT with
standard LDA/GGA functionals, such as poor treatment of van
der Waals interactions, charge transfer, and strongly correlated
systems by providing a systematic approach to include electron
correlation. However, state-of-the-art methods like coupled
cluster singles and doubles with perturbative triples CCSD(T),
the “gold standard” for ground-state quantum chemistry, scale
as O(N’), making them feasible only for small systems with
fewer than S50 atoms. The combination of DFT-based
embedding with correlated WFT methods, referred to as
WET-in-DFT, has proven to be an effective way to improve
the accuracy of both ground and excited state properties
beyond standard DET*"*>?M7%1007192 f6r complex and large
chemical systems. This method has been applied in various
contexts, including both KEDF- and LSPO-based embedding.
The key advantage of WFT-in-DFT is that it allows for the
computationally expensive correlated WFT calculations to be
confined only to the region of interest, or the active subsystem,
while treating the surrounding environment with DFT. This
reduces the overall computational cost significantly while still
providing highly accurate results for the active region.
WEFT-in-DFT has been particularly successful in accelerating
studies of solvated molecules through molecule-in-molecule
embedding'®"'*® and in the study of adsorbed molecules on
periodic slabs via molecule-in-periodic embedding.”*'%* In
WFT-in-DFT, the embedding potential matrix (V) is added
to the HF Hamiltonian of the active subsystem to obtain the
HF orbitals. A correlated post-HF method, such as CCSD, is
then applied to improve the description of the active
subsystem’s ground and excited states. Ideally, V., which
depends on the active subsystem’s density matrix, should be
updated during both the HF and WFT calculations. However,
in this work, V., remains fixed and is constructed from DFT
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level subsystem density matrices. The total system’s ground-
state energy (Ep ' "PFT) is calculated by adding a correction
term to the DFT total energy (Ef;'), corresponding to the
active region

[ WFT-in-DFT _ pDFT

WET DFT
tot tot —E

act act

+ (E (82)

Thus, WET-in-DFT provides a computationally efficient way
to account for the local correlation in the active region.

B DFT-BASED EMBEDDING COUPLED WITH
MANY-BODY PERTURBATION THEORY AND
BETHE—SALPETER EQUATION (GW/BSE-IN-DFT)

Green’s function-based many-body perturbation theory
methods, such as the GW approximation'®*~'%° combined
with the Bethe—Salpeter equation'”” (GW/BSE), provide
highly accurate excitation energies and exciton binding
energies. The GW approximation improves upon DFT by
considering dynamic screening of the Coulomb interaction,
yielding more accurate quasiparticle energies. The BSE then
incorporates electron—hole interactions, which are crucial for
optical excitations. Combining these (GW/BSE) provides
accurate optical properties.'”® However, the high computa-
tional cost of full GW/BSE calculations limits their
applicability to large systems (O(N*) scaling with the system
size).

Therefore, combining GW/BSE with DFT-based embedding
offers a powerful approach to extend its applicability to larger
and more complex systems.**~*>'%” This embedded approach,
termed GW/BSE-in-DFT, is similar to the WFT-in-DFT
discussed above and allows for the treatment of the active
subsystem using GW/BSE, while describing the surrounding
environment using DFT. This significantly reduces the overall
computational cost.

GW/BSE-in-DFT calculations are carried out by using the
embedded KS orbitals of the active subsystem to calculate the

https://doi.org/10.1021/acs.jpca.5c02937
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GW-in-DFT quasiparticle energies, which are then used to
determine the BSE for excitation energy evaluation. For more
details regarding the implementation, the readers are referred
to ref 109.

B WEB-BASED INTERFACE FOR CREATING INPUT
FILES AND ANALYZING OUTPUT FILES

One of the primary hurdles for new users of any quantum
chemistry package is the generation of correct input files,
which requires a deep understanding of various keywords and
calculation setup procedures. This is where a user-friendly,
web-based (hence cross-platform) graphical user interface
(GUI) application becomes crucial, significantly reducing the
learning curve and making the software more accessible to a
wider range of researchers.

To this end, Riper-Tools,110 a web-based GUI application
has been developed to simplify the use of the Riper module
in TURBOMOLE. Built using the Streamlit framework,' "’
Riper-Tools leverages several powerful Python libraries under
the hood to provide a comprehensive suite of tools for creating
input files involving molecular and periodic structures, parsing
and visualizing output files, as well as modeling capabilities.
Figure 1 shows screenshots of some of the functionalities of the
Riper-Tools.

The key components powering Riper-Tools include:

e Streamlit: An open-source Python library that supports
the development of interactive web applications with
minimal coding effort. Its popularity in the machine
learning community is now expanding to computational
chemistry, where it enables the development of
accessible and interactive scientific applications.' "'

e Py3Dmol: This library provides in-browser, interactive
3D visualization of chemical structures, enhancing user
experience.1 213

e Atomic Simulation Environment (ASE): ASE offers a
standardized interface for handling atomic structures and
performing operations such as creating supercells,
structural translations, and adsorbate placements.'"*
These features facilitate the preparation and manipu-
lation of structures required for periodic simulations.

e Python Materials Genomics (Pymatgen): With its
powerful capabilities for handling periodic structures,
Pymatgen' "> supports essential tasks such as file format
conversions, symmetry analysis,"'® and access to
materials databases like the Materials Project,"'” thus
enriching the tool’s versatility for periodic system
modeling.

Notable Features of Riper-Tools. Riper-Tools offers a
rich set of features designed to streamline various calculations
using Riper, including:

e Input Generation

e Importing structures from popular databases like
Materials Project''” and PubChem,"''® eliminating
many intermediate steps like downloading the
structure in formats like CIF or XYZ and
converting it to TURBOMOLE format, thereby
streamlining the process of getting started with
Riper.

o Converting structure files in popular formats like
CIF, POSCAR, XYZ, and Quantum ESPRES-
SO to the format expected by Riper,
simplifying the process of working with diverse
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data sources, making a switch from other packages
to TURBOMOLE convenient.

e Generating input parameters and keywords for
RT-TDDFT calculations, which are typically more
complex to set up manually, as they require the
user to specify various parameters such as electric
field type, strength, frequencies, evolution time,
time step, time evolution algorithm, and so on.'®

o Generating input for band structure calculations
can be cumbersome and error-prone when done
manually. Riper-Tools simplifies this by automati-
cally determining high-symmetry k-points based
on ref 121, as facilitated by Pymatgen and ASE,
and generating the necessary input for Riper.

e The web interface also facilitates the creation of
input files for DFT-based embedding calculations.
The users can specify the atoms to be considered
as the active and environment subsystems, as well
as the embedding method and other parameters
conveniently, and download the input and
coordinate files.

e Output Analysis

e Parsing and plotting of RT-TDDFT absorption
spectra from output files.

e Electron density cube file operations, including
addition, subtraction, multiplication, translation,
integration, and planar averaging, enabled by the
CubeToolz'** Python library.

e Density of states (DOS) plotting capabilities after
DOS calculations.

e Band structure plotting after a band structure
calculation.

e Extraction and visualization of key results (e.g,
energies at each iteration, structure) from Riper
output files.

e Visualization of chemical systems from coord

files using Py3Dmol.''>'"?
e Modeling
e Supercell creation for large systems or defect
simulations.

e Structure translation within the unit cell for
precise atomic positioning.

e Adsorbate placement on surfaces to study surface-
adsorption phenomena.

o Cell packing with a molecule to create specific
molecular densities.

e Surface orthogonalization, converting nonorthog-
onal surface cells (e.g, hBN monolayer) into
orthogonal cells for ease of modeling.

These features collectively make Riper-Tools a valuable asset
for researchers using the Riper module of TURBOMOLE.
By providing a user-friendly interface and automating many
common tasks, Riper-Tools enhances the accessibility and
efficiency of performing DFT calculations, enabling users to
focus on exploring chemical and materials properties. It is also
worth mentioning that in addition to a detailed documentation
and text tutorials, the web application is accompanied by
hands-on YouTube tutorials on various aspects of quantum
chemistry calculations with TURBOMOLE, created by one of
the authors.'”® It is also mentioned in passing that the
TURBOMOLE coord files of both molecular and periodic

systems can now be visualized using CrysX-3D Viewer,'** a
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Figure 2. Rashba splittings of the valence band at the K—point for transition-metal dichalcogenide monolayers at the 1¢ DFT, 2¢ DFT, and 2c
CDFT level with the PBE,"?® TPSS,"*° ?SCAN,"*""'** TASK,"** and HSE06"’ functionals. The application of the CDFT formalism is indicated by
a “c” for the functional acronym. All values in eV. Left panel: dhfTZVP-2c basis set.'>® Right panel: pob-TZVP-rev2 basis set.'>¢™'>% All
calculations use a 33 X 33 k-mesh and Dirac—Fock ECPs for Mo (28), Se (10), Te (28), and W(60)."**~**¢ Thresholds, R auxiliary basis set, and

computational details are the same as in refs 16,17.
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Figure 3. Band structures of monolayer MoSe, computed using different XC functionals: PBE, HSE06, and SCANO. The direct band gap at the K—
point is indicated for each method, showing a significant increase in the gap from 1.39 eV (PBE) to 2.46 eV (SCANO), highlighting the role of
hybrid and metaGGA functionals in improving electronic structure predictions.

cross-platform visualization application that runs on Linux,
Mac, Windows, and Android devices.

B APPLICATIONS

Rashba Splittings and the Importance of the Current
Density. Rashba splitting occurs due to the momentum-
dependent splitting of spin bands in low-dimensional
condensed matter systems, as, for example, in the prominent
transition-metal dichalcogenide monolayers of MoCh, and
WCh, (Ch =S, Se, Te) in the hexagonal (2H) phase. Here,
time-reversal symmetry holds, and e!} = €', however, space-
inversion symmetry does not hold and hence €!} = €, is not
generally true. Therefore, the energies of the spin-up and spin-
down states at a general k-point, e.g., at the K-point may differ.

As presented in ref 16, current-dependent DFT plays an
important role when describing these Rashba splittings, if of
course the underlying functional is at least of kinetic-energy
dependent metaGGA quality. As outlined above, any
metaGGA that depends on the kinetic-energy density should
employ the current-dependent form, in the case of spin—orbit
coupling (SOC) being considered variationally. As this is a
priori required for the accurate description of Rashba effects,
any variational calculation of the latter will be current-
dependent, leading to a considerable error in the obtained
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splittings if the spin current density is neglected. Exemplary
results are listed in Figure 2. For comparison, we also include
results with the range-separated GGA hybrid HSE06,"” where
the Fock exchange contribution uses all density matrix part or
excludes the ones associated with the spin current densities Y.
Rashba splittings are shown for two different basis sets, namely
the Karlsruhe dhf-TZVP-2c bases optimized for molecular
calculations'” and the pob-TZVP-rev2 basis optimized for
periodic calculations.'”*~"*® All calculations are carried out
with the latest development version of TURBOMOLE."” As is
evident from the figure, the choice of basis set strongly affects
the Rashba splittings of the tungsten-based monolayers.
Especially for the strongly current-dependent density
functional approximations ’SCAN"""** and TASK,"**
changes of up to 25% are observed upon the neglect or
inclusion of the current density. These strong effects can be
attributed to the exchange and correlation enhancement
factors employed in the construction of these functionals.
Both TASK and r’SCAN use the same iso-orbital indicator &
to interpolate between iso-orbital and uniform electron gas
limits. This iso-orbital indicator @, itself being constructed
from kinetic-energy densities,'”’ automatically yielding this
dependence. Still, the effect observed for WSe, with r*SCAN is
considerably smaller than predicted in ref 138. This is likely

https://doi.org/10.1021/acs.jpca.5c02937
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caused by the definitions of 7 differing by a factor of 2.”* We
chose the definition that ensures gauge invariance within a
static magnetic field®® and consistency within the TDDFT
frameworks’® as shown by a comparison of RT-TDDFT and
linear-response TDDFT in the Supporting Information.
Obviously, TASK has been constructed with a steeper slope
of a, leading to significantly more pronounced effects. Overall,
the absolute magnitude of the effect of current densities on
Rashba splitting depends on the material, although the relative
effect is of the same order of magnitude for each material. This
outlines that for significant Rashba effects, also the impact of
the current density will be significant and therefore must not
be neglected. As further demonstrated in refs 16,17, this is not
the case for simple band gaps, which are rather independent of
the current density.

Band Structure of the MoSe, Monolayer. To further
illustrate the capabilities of Riper, we present band structure
calculations for monolayer MoSe, (2H phase). As discussed in
the last paragraph, this system is known for its significant
valence-band splitting at the K point, which arises from SOC
and the lack of inversion symmetry. We calculate the band
structure using the PBE (GGA),'”” HSE06 (range-separated
hybrid),*” and SCANO (hybrid metaGGA)"'*” functionals, with
spin—orbit coupling included. The calculations are performed
using the pob-TZVP-rev2 basis set,'**'*” Dirac—Fock ECP28
for Mo,'” and a 33 X 33 k-point mesh for sampling the
Brillouin zone (large DFT grid size mS). The monolayer
geometry is obtained from ref 140. Figure 3 compares the band
structures obtained with PBE, HSE06, and SCANO. The band
gaps computed using PBE (1.39 eV) and HSE06 (1.80 eV)
with Riper are in excellent agreement with plane-wave
benchmark values (PBE: 1.35 eV; HSE06: 1.75 eV).'*' The
SCANO functional yields a band gap of 2.46 eV, which closely
matches the reference GW value of 2.41 eV."*' With ¢SCANO,
a gap of 2.47 eV is obtained. The band structures without SOC
are also shown with gray lines in Figure 3, to underscore the
importance of the proper treatment of SOC for capturing the
valence-band splitting at the K—point.

As mentioned earlier, the Riper-Tools web application can
be used to streamline band structure calculations, such as the
one presented here. The procedure is described briefly as
follows:

1. Upload CIF File. After uploading the crystal structure
(in CIF format) to the web app, ASE and pymatgen
are used to identify the Bravais lattice and to reduce the
cell to its primitive form if necessary (via spglib).

. 2D Flag and Path Generation. For 2D materials such as
monolayer MoSe,, a dedicated flag generates an
appropriate high-symmetry path in the 2D Brillouin
zone (eg, ' > M - K - I).

. Input Snippet Creation. The tool then produces the
necessary snippet for the $kpoints section of the
control file in Riper. An example for MoSe, is
$kpoints

kptlines 3
recipr 0.000000 0.000000 0.500000 0.000000 40

recipr 0.500000 0.000000 0.333333 0.333333 40
recipr 0.333333 0.333333 0.000000 0.000000 40

This can be directly copied to the control file, saving
the user from having to manually define the high-

symmetry path.
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Once the calculation is complete, a Python script (available
in the GitHub repository of Riper-Tools'** can be used to
parse the output and plot the resulting band structure with
matplotlib (as the one shown in Figure 3). This end-to-
end workflow, from structure file to plotted band diagram,
significantly simplifies what can otherwise be a tedious process.

Magnetic Transition of a Pt Chain with 2c DFT. One
dimensional Pd and Pt chains are well studied systems to
illustrate the transition of a nanomaterial from a closed-shell
configuration to an open-shell configuration. For a small Pt—Pt
distance, the closed-shell or nonmagnetic electronic config-
uration is lower in energy, while the open-shell state becomes
the ground state with increasing distance.'* ' Figure 4
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Figure 4. Magnetic moment in units of Bohr’s magneton i per atom
for the spin contribution of 2c canonical noncollinear DFT (PBE,
TPSS) and CDFT (cTPSS) approach. Starting with d ~ 4.8 A, the
open-shell solutions are energetically favored compared to the closed-
shell solutions, and the spin alignment parallel (para) to the chain is
preferred over the alignment perpendicular (perp) to the chain. The
unit cell includes two Pt atoms. Results collected from refs 15,16 and
plotted for this work. Picture of Pt chain reproduced from ref 16
under a CC BY license. Copyright 2024 the Authors.

outlines this behavior at the spin—orbit PBE'*” and TPSS"*
levels. Here, two Pt atoms are placed in the unit cell, and a
closed-shell solution is found for cell parameters of d = 4.0 to d
= 4.8 A. That is, an open-shell guess converges into a closed-
shell solution with a vanishing spin magnetic moment.
Additionally, the equilibrium structure is at d ~ 4.8 A with
PBE and at d ~ 4.7 A with TPSS/cTPSS. The impact of the
current density on the potential energy surface and relative
energies is rather small.

For the open-shell configuration, the spin magnetization can
be aligned parallel or perpendicular to the chain with a two-
component formalism. Here, the energy for the parallel
alignment is more favorable, and the transition to the open-
shell state occurs at smaller cell parameters. Additionally, a
large magnetic moment is observed. This moment increases
from PBE to TPSS and cTPSS. Overall, these results are in
excellent qualitative agreement with previous studies based on
plane-wave approaches at the LDA and PBE level.'*

Adsorption Energy of H,O on LiH (001) from WFT-in-
DFT. Predicting adsorption energies is important in under-
standing surface interactions in heterogeneous catalysis,

https://doi.org/10.1021/acs.jpca.5c02937
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materials science, and environmental chemistry. As shown in
refs 21,148, KEDF-based molecule-in-periodic embedding
coupled with correlated WFT methods can be used to predict
the adsorption energy of molecules highly accurately. For water
(H,0) adsorption on LiH (001) (Figure S), the LDA
adsorption energy (—474 meV)'*® significantly overestimates
the periodic MP2 reference (—219 meV),'* highlighting
LDA’s overbinding tendency.

H,0-LigH,q ) ¥ H,0- LI15 15
' 'f-fb'”"‘ ';0 |
& m;‘a' a;‘o' e O i T
&R wa wa -r‘ ! ) &
. ) a’,, Y ¢ . \E‘S
eater L
H,0-Lij,Hy, H,O on LiH (001) slab H,0-LijgH g

Figure S. Graphical representations of the adsorption configuration of
a water (H,0) molecule on a two-layer LiH (001) slab (center panel)
and the different fragment sizes used for WFT-in-DFT embedding
(surrounding images) Lithium atoms are shown in purple, oxygen in
red, and hydrogen in white. Adapted with permission from ref 148
under a CC BY-NC-SA license. Copyright 2024 the Authors.

For WFT-in-DFT embedding calculations, the active
subsystem is defined to include the water molecule and nearby
LiH atoms, while the rest of the slab is treated as the
environment subsystem. By employing KEDF-based molecule-
in-periodic embedding, the MP2-in-LDA adsorption energy is
computed for different fragment sizes (H,0—Li,H, with n =
12, 15, and 18 - Figure 5), to assess convergence mth respect
to cluster size."**

For the smallest fragment (H,O — LiyH,), the MP2-in-LDA
adsorption energy is —191 meV, converging to —220 meV for
larger fragments (H,0-Li;sH;s and H,0-Li;gHg), in
excellent agreement with a periodic MP2 adsorption energy
of =219 meV as reported in ref 149.

Interestingly, using the PBE functional, the adsorption
energy is predicted to be —212 meV, which is already quite
close to the MP2 reference. Applying MP2-in-PBE embedding
for the largest fragment further refines the result to —215 meV,
demonstrating that the error-compensation strategy of
embedding (see Section 6) can work in both directions—
reducing or slightly enhancing binding as needed.

These results underscore the potential of DFT-based
embedding in accurately capturing the local correlation effects
in adsorption studies. By selectively applying wave function-
based corrections to key regions of interest, this approach
enables computationally efficient yet highly accurate adsorp-
tion energy predictions. Furthermore, the computational time
is significantly shorter than a full periodic WFT calculation,
only taking as long as a DFT calculation of the total system
plus a molecular WFT calculation of the active subsystem.
Such a framework can be extended to more complex surfaces
and molecular adsorbates, making it a valuable tool for
computational materials design and surface chemistry inves-
tigations.

Optical Gaps of lonic Solids from GW/BSE-in-DFT.

Accurate optical property predictions in ionic solids are
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essential for electronic and optoelectronic applications. GW/
BSE provides highly accurate excitation energies of periodic
systems.

As reported in ref 109, the GW/BSE-in-DFT method
employing a KEDF-based embedding potential achieves a high
level of accuracy in predicting optical gaps for ionic solids such
as MgO, CaO, LiF, NaF, KF, and LiCl, with a mean absolute
error (MAE) of just 0.38 eV compared to experimental values.
The computational efficiency of the method is notable; for
instance, the GW/BSE-in-DFT calculation for the largest LiF
cluster required only 138 s. The excitation energies calculated
by using GW/BSE-in-DFT also demonstrate quick conver-
gence with respect to cluster size. The method’s versatility is
demonstrated by its successful application to calculating the
optical gap of 2D MgCl, and the excitation energy of an
oxygen vacancy in MgO. The GW/BSE-in-DFT results exhibit
excellent agreement with both experimental and reference
periodic GW/BSE values. Notably, the discrepancy between
GW/BSE-in-DFT and periodic GW/BSE decreases as the ionic
character of the solid increases from LiF to NaF to KF. It is
also shown that the surrounding environment significantly
impacts the excitation energies of the ionic clusters, with the
embedding process leading to excitation energies that are
consistent across different cluster sizes and significantly higher
than those of the isolated clusters. Table 2 summarizes the key
results obtained from GW/BSE-in-DFT calculations for the
largest clusters of each material.

Table 2. Comparison of GW/BSE-in-DFT Calculated
Optical Gaps with Experimental and Periodic (PBC) GW/
BSE Values”

material GW/BSE-in-DFT experiment GW/BSE (PBC)
MgO 7.71 7.70"° 8.10""
Ca0 7.43 6.90"° 6.90"*
LiF 12.09 12.61'%3 12.99"%*
NaF 9.82 10.71'%3 10.64"%*
KF 9.50 9.76'>° 9.76">*
LiCl 8.94 8.90'°° 8.80"%7

“All results in eV. Adapted with permission from ref 109. under a CC
BY license. Copyright 2024 the Authors.

The implementation of GW/BSE-in-DFT within TURBO-
MOLE provides an efficient tool for studying the optical
properties of ionic materials. The method accurately captures
environmental effects, making it a reliable approach. The
method can potentially be applied to other systems with
noncovalent interactions.

HHG in Water Cluster Using RT-TDDFET. HHG in
molecular systems provides valuable insights into the electron
dynamics under intense laser fields. The HHG spectrum is
computed by Fourier transforming the time-dependent dipole
acceleration ji(t), which corresponds to the second derivative
of the induced dipole moment with respect to time. The
resulting power spectrum P(w) is given by

1 dl md(t) ot
S wi(t wld
tf -t / ( ) dt

2

Plw) =

(83)

where W(t) is the Hann window function used to minimize
edge effects due to the finite simulation time, and [t,t]
denotes the total propagation interval. The induced dipole
moment is defined as

https://doi.org/10.1021/acs.jpca.5c02937
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Figure 6. HHG spectra of an isolated H,O molecule (a) and an H,0 molecule embedded in a (H,0),, cluster (b), obtained using RT-TDDFT
and KEDF-based RT-TDDFET, respectively. The spectra exhibit characteristic perturbative, plateau, and cutoff regions, with a redshift in the HHG
cutoff observed for the embedded molecule, indicating a reduction in ionization potential due to environmental screening effects. Adapted with
permission from ref 109 under a CC BY-NC-SA license. Copyright 2024 the Authors.

uj'"d(t) = u(t) — ', u(t) = Te[MD(1)] (84)
with M/ and D(#) denoting the dipole moment (eq 79) along
direction j = x, y, z and time-dependent density matrices,
respectively. This formalism is commonly used for HHG in
molecular systems,'**'¢!

It is shown in ref 148 that the HHG spectrum of an isolated
water molecule under an intense laser pulse, simulated using
RT-TDDFT, differs significantly from that of a water molecule
embedded in a (H,0), cluster, using the RT-TDDFET
implementation described previously. KEDF-based RT-
TDDFET successfully accounts for environmental effects
while maintaining computational feasibility. A similar study
has also been conducted in ref 87, but with a much smaller
(H,0) cluster.

For both the isolated and embedded water molecule, the
HHG spectrum exhibits distinct perturbative, plateau, and
cutoff regions (see Figure 6), consistent with Corkum’s three-
step model.'®” The ionization potential (1,) is calculated to be
12.34 eV, in good agreement with the experimental value of
12.62 eV, and the cutoff energy of 22.3 eV (18th harmonic)
follows the expected cutoff law. Harmonic splitting is observed
due to resonances with optical absorption peaks, highlighting
the role of the electronic structure in the HHG process.

For the embedded water molecule, a redshift in the HHG
cutoff to the 15th harmonic (18.6 eV) is observed, indicating a
~ 2 eV reduction in I,. This shift is attributed to environmental
screening effects due to hydrogen bonding and aligns with
previous theoretical and experimental studies on ionization
energy shifts in water clusters.'**'*® These results demonstrate
that KEDF-based RT-TDDFET provides an accurate and
computationally efficient framework for modeling nonlinear
optical phenomena in complex environments. Future work
could extend this approach to dynamic hyperpolarizability in
molecular systems.
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Ab Initio Molecular Dynamics of Liquid Water. Water’s
fundamental role in life and chemistry is underpinned by its
surprisingly complex behavior despite its simple structure.
Investigating its unusual properties, particularly in the liquid
phase, requires accurate molecular dynamics simulations.
Unlike classical molecular dynamics which uses empirical
potentials, ab initio molecular dynamics (AIMD) directly
computes the forces between atoms using quantum mechanical
methods such as DFT at each simulation step. This
fundamental difference allows AIMD to model phenomena
where the electronic structure adapts to nuclear motion and
chemical bonds are dynamic, making AIMD uniquely suited
for simulating chemical processes involving water. In this
context, to further demonstrate the flexibility of the Riper
module in modeling periodic systems, we perform a short,
demonstrative all-electron AIMD simulation of bulk liquid
water with PBC and obtain insights about its structure.

AIMD simulations are performed using a cubic simulation
cell with a side length of 12.4198 A containing 64 water
molecules (sgenerated using Riper-Tools), similar to previous
studies.'”*'°° The optimized geometry is provided in the
Supporting Information. The pob-DZVP-rev2 basis set'”” is
employed along with the universal auxiliary basis set for DE.'®”
A custom ASE calculator is created for Riper and used to
carry out DFT-based AIMD simulation in the NVT ensemble
at a temperature of 300 K, employing the PBE functional with
the D3 dispersion correction'®® (PBE+D3)(see Supporting
Information for the Python script). The temperature is
controlled using a canonical sampling through velocity
rescaling (CSVR) thermostat'® for a total of $ ps (time step
of 0.5 fs), with the initial 2 ps for equilibration, and the
subsequent 3 ps used for the calculation of the oxygen—oxygen
radial distribution function (RDF). The complete trajectory
and the corresponding movie are provided in the Supporting
Information.
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Figure 7 shows the calculated oxygen—oxygen (O—O) RDF
(g0-0(r)) compared with another theoretical study utilizing
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Figure 7. O—O radial distribution function go_q(r) calculated using
PBE+D3 compared with a similar calculation in ref 164 and
experimental data.'®® Inset shows the snapshot at 5 ps.

PBE+D3'®* as well as X-ray scattering experiments.'®® The
calculated RDF exhibits the first peak at r; = 2.75 A with peak
height g8, (r) = 3.447. These values are in excellent
agreement with PBE+D3 results (r, = 2.75 A and g8¥(r) =
3.336) in ref 164, despite the relatively short simulation time.
These values also compare reasonably well with the
experimental data available in the literature. The simulated r,
of 2.75 A, is quite close to the 2.73 A7 and 2.80 A"
values reported in experiments, suggesting a reasonable
representation of the average oxygen—oxygen distance. The
experimental g{5%q)(r) values are reported to range between
2.57 and 3.00 under ambient conditions.'>'”*'”" The peak
height predicted by PBE+D3 is slightly higher, which is a
known tendency for liquid water simulated with common DFT
approximations such as PBE+D3 at 300 K without additional
corrections or elevated temperatures to implicitly account for
nuclear quantum effects. This overestimation of the first peak
height often indicates an overstructuring of the simulated
water, where the tetrahedral hydrogen bond network is more
pronounced than that in the experiment.

The above result demonstrates that Riper is well-suited for
AIMD simulations of periodic systems. Additionally, instead of
the current all-electron setup, in the future, one could explore
the use of pseudopotentials to further enhance the computa-
tional efficiency.

B BENCHMARKING AND PERFORMANCE ANALYSIS
FOR CONDENSED MATTER HYBRID-DFT
CALCULATIONS

In this section, we demonstrate the capability of the Riper
module to perform periodic hybrid-functional DFT calcu-
lations for exceptionally large systems with up to 2,736 atoms
and 43,200 basis functions employing desktop workstations.
For a comprehensive assessment of performance, benchmark
calculations are carried out on six chemically and structurally
diverse condensed matter systems: porous aluminum tereph-
thalate (MIL-53),"”” faujasite, metal—organic framework-5
(MOE-5),">'"* two differently sized 2D SiO, slabs, and
bulk (3D) Si and MgO crystalline systems. Their structures are
visualized in Figure 8. These systems are selected to reflect
realistic computational workloads and encompass a broad
spectrum of dimensionalities and bonding environments,
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ranging from extended porous 3D frameworks and dense
crystalline solids to layered 2D materials.

MIL-53 is a flexible MOF composed of [M—OH]chains
linked by terephthalate ligands, featuring 1D diamond-shaped
pores that exhibit a reversible “breathing effect” in response to
external stimuli. MOEF-S is a cubic metal—organic framework
composed of Zn,O clusters and benzodicarboxylate linkers,
notable for its high surface area and early application in
hydrogen storage research. Faujasite represents a classical
zeolite structure, while the 2D SiO, slabs provide insights into
layered material performance at different system sizes. The Si
and MgO crystals represent prototypical bulk (3D) crystalline
systems with fundamentally different bonding characteristics:
covalent semiconductor and ionic insulator, respectively,
allowing for direct comparison of computational efficiency
across distinct electronic structure types.

All calculations are performed using the hybrid B3LYP
functional'”® along with the pob-TZVP-rev2 basis set'>*'*’
specifically optimized for periodic systems. Universal auxiliary
basis is employed for DF, although it was originally developed
for molecular systems and may not be fully optimized for
periodic calculations."®” All calculations maintained a con-
vergence criterion of 107¢ E; for the SCF energy (medium
DFT grid size m3). SCF is carried out at the ['-point only, and
no space-group symmetry is exploited. Computations are
executed on a high-performance Threadripper Pro 5995SWX
system with 64 cores and 512 GB memory. The reported wall
times represent averages from 10 SCF iterations to ensure
reliable benchmarking results.

Table 3 presents a comprehensive analysis of the wall time
and component breakdown for SCF iterations across the test
systems. For the MIL-53 system (2736 atoms and 3D PBC),
which represents the largest system considered in this study,
each SCEF iteration takes 146 min on average. This is followed
closely by the large 2D SiO, slab (1728 atoms and 2D PBC),
requiring 129.8 min per iteration. It is worth emphasizing that
periodic hybrid-DFT calculations of this magnitude are quite
rare in the literature and are generally restricted to massively
parallel computing environments with thousands of cores.'”®
The fact that such calculations can be performed on a standard
workstation underscores the exceptional efficiency of the
Riper module and makes these demanding simulations more
accessible to researchers with modest hardware.

A detailed examination of the time distribution across
computational components reveals interesting trends that
highlight the module’s efficiency. For the largest systems
(MIL-53 and large 2D SiO,), the total time required for KS
matrix construction—comprising Coulomb (J), exchange (K),
and XC contributions—constitutes less than 31% of the total
wall time. This demonstrates the remarkable efficiency of the
various algorithms implemented in the Riper module. For
these large systems, the diagonalization step dominates the
computational cost, consuming 62.3% and 65.9% of the total
time for MIL-53 and large 2D SiO,, respectively. This is
expected given the exceptionally large matrices resulting from
the significant number of basis functions (43,200 for MIL-53
and 35,136 for large 2D SiO,).

The next most time-consuming component is the K matrix
construction, which requires approximately 25% of the total
time for the largest systems. Notably, the J matrix construction
is highly efficient, taking only 6.2% for MIL-53 and 2.5% for
large 2D SiO,. Even more impressive is the negligible time
required for XC matrix construction (0.2% and 0.1% for MIL-
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Figure 8. Graphical depiction of periodic systems used in benchmarking the Riper module, including MOFs (MIL-53, MOF-5), a zeolite
(faujasite), layered 2D SiO,, and 3D dense crystals (Si and MgO). For each system, unit cell dimensions, number of atoms, electrons, and Gaussian
basis functions are provided. Visualization generated using CrysX-3D Viewer.'**

Table 3. Wall Time per SCF Iteration (Minutes) and Component Breakdown (Percent) for Various Systems; Hybrid B3LYP
Functional and pob-TZVP-rev2 Basis Sets

system Ntoms Nejec Ny (cart) Total (min) J (%) K (%) XC (%) diag (%) misc (%)
MIL-53 2736 15264 43200 146.0 62 24.6 02 62.3 6.7
Faujasite 576 5760 11712 S.5 18.5 62.0 1.0 10.6 79
MOE-5 424 3040 7672 22 7.9 61.5 14 189 10.3
2D S$iO, (small) 144 1440 2928 0.6 19.0 67.0 3.0 7.7 33
2D SiO, (large) 1728 17280 35136 129.8 2.5 259 0.1 65.9 5.6
3D Si S12 7168 11776 20.1 18.7 56.3 0.6 20.7 3.7
3D MgO S12 5120 9984 22.8 31.4 54.2 0.8 11.1 2.5

53 and large 2D SiO,, respectively), which takes significantly The computational profile changes significantly for medium-
sized systems such as faujasite (3D PBC, 576 atoms), Si (3D
PBC, 512 atoms), MgO (3D PBC, S12 atoms), and MOF-$

(3D PBC, 424 atoms), as well as the smaller 2D SiO, system

less time than miscellaneous operations such as octree

preparation, shell indices list construction, grid generation,

and reading the initial guess from disk.
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(2D PBC, 144 atoms). For these systems, the K matrix
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construction becomes the dominant computational bottleneck,
consuming 54.2—67% of the total wall time, while diagonaliza-
tion becomes less demanding, in contrast to MIL-53 and large
2D SiO,. However, even for these smaller systems, the XC
matrix construction remains remarkably efficient, requiring
only 1-3% of the total computation time.

A direct comparison between the Si and MgO supercells,
both containing 512 atoms, reveals interesting computational
differences, despite their similar system sizes. While both
require similar wall times for SCF (~20 min), the MgO system
exhibits significantly higher Coulomb matrix (J) construction
time (31.4% vs 18.7% for Si), nearly doubling the computa-
tional cost. This increased J time for MgO arises from the ionic
nature of the Mg—O bonds, which creates a more challenging
electrostatic environment with stronger and longer-range
Coulomb interactions compared with the covalent Si—Si
bonds. Conversely, the diagonalization step is more efficient
for MgO (11.1% vs 20.7% for Si), likely due to the smaller
basis set requirements (9,984 vs 11,776 basis functions), fewer
electrons, and the more localized electronic structure of the
ionic system, which leads to sparse matrices and faster
diagonalization. Interestingly, faujasite with a similar system
size as Si and MgO takes significantly less time (only $.5 min)
for a single SCF iteration. This is attributed to its porous
nature, thereby requiring much fewer integral evaluations due
to fewer overlapping basis functions.

Scaling behavior is another important aspect of computa-
tional efficiency. Comparing the small and large 2D SiO,
systems provides valuable insights into this. When increasing
from 144 to 1728 atoms (a factor of 12), the total wall time
increases from 0.6 to 129.8 min, indicating favorable
subquadratic scaling overall. Examining individual components
reveals even better scaling characteristics: the Coulomb term
scales nearly linearly, increasing from 6.6 to 199 s, while the
XC term demonstrates excellent linear scaling, growing from 1
to 11 s. The exchange term exhibits subquadratic scaling,
increasing from ~ 24 s for the 144-atom system to ~ 2020 s for
the 1728-atom system.

These benchmarking results demonstrate that the Riper
module offers an eflicient implementation for periodic DFT
calculations, making it possible to study complex systems with
thousands of atoms on modest computational hardware. The
module’s favorable scaling characteristics and efficient matrix
construction algorithms represent a significant advancement in
making high-level quantum chemical calculations accessible for
realistic periodic systems.

B CONCLUSIONS AND SUMMARY

The periodic DFT framework in TURBOMOLE, implemented
through the Riper module, has undergone continuous
development to improve its accuracy and efficiency for
modeling extended systems. By employing Gaussian-type
basis sets and resolution-of-identity techniques, the method
provides a computationally efficient approach to studying
periodic materials, surfaces, and interfaces, while maintaining a
reasonable balance between cost and accuracy. Recent
extensions have introduced additional functionalities, broad-
ening the range of possible applications.

One of the most significant developments is the incorpo-
ration of spin—orbit coupling and relativistic effects within a
two-component formalism. These features are particularly
relevant for materials containing heavy elements, where
relativistic interactions influence the electronic structure,
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magnetic properties, and optical behavior. The use of
Gaussian-based real-space methods allows for an efficient
treatment of these effects within the periodic DFT framework,
making it possible to study systems that require a relativistic
description.

Another notable improvement is the implementation of
hybrid functionals and exact exchange methods for periodic
calculations. Hybrid DFT provides better accuracy for
properties such as band gaps and reaction energetics compared
to conventional GGA functionals. The use of DF techniques
and fast multipole methods has improved the computational
feasibility of hybrid functionals in periodic systems, enabling
more accurate predictions for semiconductors, insulators, and
correlated materials.

Embedding methods have also been integrated, allowing for
multiscale simulations that combine different levels of theory.
Techniques such as FDE and PbE make it possible to treat
specific regions of a system with higher accuracy, while keeping
the rest of the environment at a lower computational cost. This
is particularly useful for studying localized electronic states,
adsorption phenomena, and heterogeneous interfaces.

The recent extension of RT-TDDFT to range-separated
hybrid functionals broadens the scope of simulations of
electronic dynamics. This approach allows for the study of
light-induced excitations, nonlinear optical responses, and
ultrafast electronic processes in periodic systems. The real-time
propagation scheme avoids perturbative assumptions and
enables direct modeling of nonequilibrium phenomena.

These methodological improvements enhance the versatility
of periodic DFT calculations in TURBOMOLE, making them
applicable to a wide range of problems in quantum chemistry,
materials science, and condensed matter physics. Development
efforts have focused on balancing accuracy, computational
efficiency, and usability, ensuring that the methods are practical
for studying electronic structure in extended systems.

Future improvements are expected to focus on further
optimization of computational efficiency, better scalability for
large systems, and integration of more advanced electron
correlation methods, such as Moller—Plesset perturbation
theory and coupled cluster approaches.

Overall, the recent developments in periodic DFT within
TURBOMOLE provide a robust framework for studying a
wide range of electronic and structural properties in extended
systems. The implemented methods offer a balance between
computational cost and accuracy, making them practical for
both routine applications and more complex problems

requiring a higher level of theory.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.5c02937.

Optimized geometry of bulk liquid water used for AIMD
simulations and the AIMD trajectory; Python script for
performing AIMD with Riper; geometries of the
systems used for performance benchmarking (ZIP)

Detailed description of RT-TDDFT with current-
dependent and hybrid functionals (PDF)

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://pubs.acs.org/doi/10.1021/acs.jpca.5c02937?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c02937/suppl_file/jp5c02937_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c02937/suppl_file/jp5c02937_si_002.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

B AUTHOR INFORMATION

Corresponding Author

Marek Sierka — Otto Schott Institute of Materials Research,
Friedrich Schiller University Jena, 07743 Jena, Germany;
orcid.org/0000-0001-8153-3682; Email: marek.sierka@
uni-jena.de

Authors

Manas Sharma — Otto Schott Institute of Materials Research,
Friedrich Schiller University Jena, 07743 Jena, Germany;
Department of Chemical Engineering, Indian Institute of
Science, Bengaluru, Karnataka 560012, India; © orcid.org/
0000-0002-5346-6280

Yannick J. Franzke — Otto Schott Institute of Materials
Research, Friedrich Schiller University Jena, 07743 Jena,
Germany; Institute of Nanotechnology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany;

orcid.org/0000-0002-8344-113X

Christof Holzer — Institute of Theoretical Solid State Physics,
Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe,
Germany; Insitute for Quantum Materials and Technologies,
Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe,
Germany; 0rcid.0rg/0000—0001—8234—26OX

Fabian Pauly — Institute of Physics and Center for Advanced
Analytics and Predictive Sciences, University of Augsburg,
86159 Augsburg, Germany; © orcid.org/0000-0001-8017-
2379

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.5¢02937

Notes

The authors declare the following competing financial
interest(s): Marek Sierka has an equity interest in TURBO-
MOLE GmbH and serves as its chief executive officer.

B ACKNOWLEDGMENTS

M. Sharma and M. Sierka gratefully acknowledge financial
support from Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) within the CRC 1375 NOA
(project A4) - Project-ID 398816777, the Carl Zeiss
Foundation within the Breakthrough Program, and the
TURBOMOLE GmbH. Y J.F. gratefully acknowledges support
from the Walter—Benjamin programme funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—518707327. C.H. gratefully acknowledges fund-
ing from the Volkswagen Foundation. The authors thank
Mathias Frohlich for initial efforts on hybrid functionals with
RT-TDDEFT.

B REFERENCES

(1) Teale, A. M.; Helgaker, T.; Savin, A; Adamo, C; Aradi, B,
Arbuznikov, A. V.; Ayers, P. W,; Baerends, E. J; Barone, V,;
Calaminici, P.; et al. DFT exchange: sharing perspectives on the
workhorse of quantum chemistry and materials science. Phys. Chem.
Chem. Phys. 2022, 24, 28700—28781.

(2) Sherrill, C. D.; Manolopoulos, D. E.; Martinez, T. J.;
Michaelides, A. Electronic structure software. J. Chem. Phys. 2020,
153, 070401.

(3) Giannozzi, P.; Baseggio, O.; Bonfa, P.; Brunato, D,; Car, R;
Carnimeo, I; Cavazzoni, C.; de Gironcoli, S.; Delugas, P.; Ferrari
Ruffino, F.; et al. Quantum ESPRESSO toward the exascale. J. Chem.
Phys. 2020, 152, 154105.

9079

(4) Blaha, P; Schwarz, K; Tran, F.; Laskowski, R.; Madsen, G. K.
H.; Marks, L. D. WIEN2k: An APW+lo program for calculating the
properties of solids. J. Chem. Phys. 2020, 152, 074101.

(5) Garcia, A.; Papior, N.; Akhtar, A.; Artacho, E.; Blum, V.; Bosoni,
E.; Brandimarte, P.; Brandbyge, M.; Cerd4, J. I; Corsetti, F.; et al.
Siesta: Recent developments and applications. J. Chem. Phys. 2020,
152, 204108.

(6) Dovesi, R.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N. M.;
Bush, I; D’Arco, P.; Noél, Y.; Rérat, M.; Carbonniere, P.; et al. The
CRYSTAL code, 1976—2020 and beyond, a long story. J. Chem. Phys.
2020, 152, 204111.

(7) Kiihne, T. D.; lannuzzi, M.; Del Ben, M.; Rybkin, V. V.; Seewald,
P.; Stein, F.; Laino, T.; Khaliullin, R. Z.; Schiitt, O.; Schiffmann, F,;
et al. CP2K: An electronic structure and molecular dynamics software
package - Quickstep: Efficient and accurate electronic structure
calculations. J. Chem. Phys. 2020, 152, 194103.

(8) Prentice, J. C. A; Aarons, J.; Womack, J. C.; Allen, A. E. A;
Andrinopoulos, L.; Anton, L.; Bell, R. A.; Bhandari, A.; Bramley, G.
A,; Charlton, R. J; et al. The ONETEP linear-scaling density
functional theory program. J. Chem. Phys. 2020, 152, 174111.

(9) Sun, Q;; Zhang, X.; Banerjee, S.; Bao, P.; Barbry, M.; Blunt, N.
S.; Bogdanov, N. A,; Booth, G. H.; Chen, J.; Cui, Z.-H.; et al. Recent
developments in the PySCF program package. J. Chem. Phys. 2020,
153, 024109.

(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H. et al. Gaussian 16 Revision C.01; Gaussian Inc.
Wallingford: CT, United States, 2016.

(11) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169—11186.

(12) Balasubramani, S. G.; Chen, G. P.; Coriani, S.; Diedenhofen,
M,; Frank, M. S,; Franzke, Y. J.; Furche, F.; Grotjahn, R.; Harding, M.
E.; Hittig, C.; et al. TURBOMOLE: Modular program suite for ab
initio quantum-chemical and condensed-matter simulations. J. Chem.
Phys. 2020, 152, 184107.

(13) Furche, F.; Ahlrichs, R; Hittig, C.; Klopper, W.; Sierka, M.;
Weigend, F. Turbomole. WIREs Comput. Mol. Sci. 2014, 4, 91—100.

(14) Franzke, Y. J.; Holzer, C.; Andersen, J. H.; Begusic, T.; Bruder,
F.; Coriani, S.; Della Sala, F.; Fabiano, E.; Fedotov, D. A.; Flirst, S.;
et al. TURBOMOLE: Today and Tomorrow. J. Chem. Theory Comput.
2023, 19, 6859—6890.

(15) Franzke, Y. J.; Schosser, W. M.; Pauly, F. Efficient treatment of
relativistic effects with periodic density functional methods: Energies,
Gradients, and Stress Tensors. Phys. Rev. B 2024, 109, 165144.

(16) Franzke, Y. J.; Holzer, C. Current density functional framework
for spin-orbit coupling: Extension to periodic systems. J. Chem. Phys.
2024, 160, 184101.

(17) Franzke, Y. J; Pausch, A; Holzer, C. Application of the
Noncollinear Scalmani-Frisch Formalism to Current Density Func-
tional Theory. J. Chem. Phys. 2025, 162, 084104.

(18) Miiller, C.; Sharma, M.; Sierka, M. Real-time time-dependent
density functional theory using density fitting and the continuous fast
multipole method. J. Comput. Chem. 2020, 41, 2573—2582.

(19) Li, W.,; Saleh, A.; Sharma, M.; Hiinecke, C.; Sierka, M,;
Neuhaus, M.; Hedewig, L.; Bergues, B.; Alharbi, M.; ALQahtani, H,;
et al. Resonance Effect in Brunel Harmonic Generation in Thin Film
Organic Semiconductors. Adv. Opt. Mater. 2023, 11, 2203070.

(20) Irmler, A; Burow, A. M, Pauly, F. Robust Periodic Fock
Exchange with Atom-Centered Gaussian Basis Sets. J. Chem. Theory
Comput. 2018, 14, 4567—4580.

(21) Sharma, M.; Sierka, M. Efficient Implementation of Density
Functional Theory Based Embedding for Molecular and Periodic
Systems Using Gaussian Basis Functions. ]. Chem. Theory Comput.
2022, 18, 6892—6904.

(22) Burow, A. M,; Sierka, M.; Mohamed, F. Resolution of identity
approximation for the Coulomb term in molecular and periodic
systems. J. Chem. Phys. 2009, 131, 214101.

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marek+Sierka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8153-3682
https://orcid.org/0000-0001-8153-3682
mailto:marek.sierka@uni-jena.de
mailto:marek.sierka@uni-jena.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manas+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5346-6280
https://orcid.org/0000-0002-5346-6280
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yannick+J.+Franzke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8344-113X
https://orcid.org/0000-0002-8344-113X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christof+Holzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8234-260X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Pauly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8017-2379
https://orcid.org/0000-0001-8017-2379
https://pubs.acs.org/doi/10.1021/acs.jpca.5c02937?ref=pdf
https://doi.org/10.1039/D2CP02827A
https://doi.org/10.1039/D2CP02827A
https://doi.org/10.1063/5.0023185
https://doi.org/10.1063/5.0005082
https://doi.org/10.1063/1.5143061
https://doi.org/10.1063/1.5143061
https://doi.org/10.1063/5.0005077
https://doi.org/10.1063/5.0004892
https://doi.org/10.1063/5.0004892
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0004445
https://doi.org/10.1063/5.0004445
https://doi.org/10.1063/5.0006074
https://doi.org/10.1063/5.0006074
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1063/5.0004635
https://doi.org/10.1063/5.0004635
https://doi.org/10.1002/wcms.1162
https://doi.org/10.1021/acs.jctc.3c00347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.109.165144
https://doi.org/10.1103/PhysRevB.109.165144
https://doi.org/10.1103/PhysRevB.109.165144
https://doi.org/10.1063/5.0209704
https://doi.org/10.1063/5.0209704
https://doi.org/10.1063/5.0246433
https://doi.org/10.1063/5.0246433
https://doi.org/10.1063/5.0246433
https://doi.org/10.1002/jcc.26412
https://doi.org/10.1002/jcc.26412
https://doi.org/10.1002/jcc.26412
https://doi.org/10.1002/adom.202203070
https://doi.org/10.1002/adom.202203070
https://doi.org/10.1021/acs.jctc.8b00122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3267858
https://doi.org/10.1063/1.3267858
https://doi.org/10.1063/1.3267858
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(23) Lazarski, R.; Burow, A. M.; Sierka, M. Density functional theory
for molecular and periodic systems using density fitting and
continuous fast multipole methods. J. Chem. Theory Comput. 2018,
11, 3029—-3041.

(24) Eazarski, R;; Burow, A. M,; Grajciar, L.; Sierka, M. Density
functional theory for molecular and periodic systems using density
fitting and continuous fast multipole method: Analytical gradients. J.
Comput. Chem. 2016, 37, 2518—2526.

(25) Becker, M.; Sierka, M. Density functional theory for molecular
and periodic systems using density fitting and continuous fast
multipole method: Stress tensor. J. Comput. Chem. 2019, 40, 2563—
2570.

(26) Burow, A. M,; Sierka, M. Linear scaling hierarchical integration
scheme for the exchange-correlation term in molecular and periodic
systems. J. Chem. Theory Comput. 2011, 7, 3097—3104.

(27) Grajciar, L. Low-memory Iterative Density Fitting. J. Comput.
Chem. 2018, 36, 1521—1535.

(28) Irmler, A; Pauly, F. Multipole-based distance-dependent
screening of Coulomb integrals. J. Chem. Phys. 2019, 151, 084111.

(29) Grundei, M. M. J.; Burow, A. M. Random Phase Approximation
for Periodic Systems Employing Direct Coulomb Lattice Summation.
J. Chem. Theory Comput. 2017, 13, 1159—1175.

(30) Mintmire, J. W.; Sabin, J. R; Trickey, S. B. Local-density-
functional methods in two-dimensionally periodic systems. Hydrogen
and beryllium monolayers. Phys. Rev. B 1982, 26, 1743—1753.

(31) Stolarczyk, L. Z.; Piela, L. Direct calculation of lattice sums. A
method to account for the crystal field effects. Int. J. Quantum Chem.
1982, 22, 911-927.

(32) Jaffe, J. E.; Hess, A. C. Gaussian basis density functional theory
for systems periodic in two or three dimensions: Energy and forces. J.
Chem. Phys. 1996, 105, 10983—10998.

(33) Irons, T. J. P.; David, G.; Teale, A. M. Optimizing Molecular
Geometries in Strong Magnetic Fields. J. Chem. Theory Comput. 2021,
17, 2166—2185.

(34) Martin, R. M. Electronic Structure: Basic Theory and Practical
Methods, 2nd ed.; Cambridge University Press: Cambridge, United
Kingdom, 2020.

(35) Martin, R. M.; Reining, L; Ceperley, D. M. Interacting
Electrons: Theory and Computational Approaches; Cambridge Uni-
versity Press: Cambridge, United Kingdom, 2016.

(36) Helgaker, T.; Jorgensen, P.; Olsen, J. Molecular Electronic-
Structure Theory; John Wiley & Sons: Chichester, United Kingdom,
2013.

(37) Gygi, F.; Baldereschi, A. Self-consistent Hartree-Fock and
screened-exchange calculations in solids: Application to silicon. Phys.
Rev. B 1986, 34, 4405—4408.

(38) Spencer, J.; Alavi, A. Efficient calculation of the exact exchange
energy in periodic systems using a truncated Coulomb potential. Phys.
Rev. B 2008, 77, 193110.

(39) Sundararaman, R; Arias, T. A. Regularization of the Coulomb
singularity in exact exchange by Wigner-Seitz truncated interactions:
Towards chemical accuracy in nontrivial systems. Phys. Rev. B 2013,
87, 165122.

(40) Kohn, W. Analytic Properties of Bloch Waves and Wannier
Functions. Phys. Rev. 1959, 115, 809—821.

(41) Pisani, C.; Apra, E.; Causd, M. Density matrix of crystalline
systems. I. Long-range behavior and related computational problems.
Int. J. Quantum Chem. 1990, 38, 395—417.

(42) Kohn, W. Density functional theory for systems of very many
atoms. Int. J. Quantum Chem. 1995, 56, 229—232.

(43) Ismail-Beigi, S.; Arias, T. A. Locality of the Density Matrix in
Metals, Semiconductors, and Insulators. Phys. Rev. Lett. 1999, 82,
2127-2130.

(44) Goedecker, S. Decay properties of the finite-temperature
density matrix in metals. Phys. Rev. B 1998, 58, 3501—3502.

(4S5) Tymczak, C. J.; Weber, V. T.; Schwegler, E.; Challacombe, M.
Linear scaling computation of the Fock matrix. VIII. Periodic
boundaries for exact exchange at the I' point. J. Chem. Phys. 2008,
122, 124105.

9080

(46) Guidon, M.; Hutter, J.; VandeVondele, J. Robust Periodic
Hartree-Fock Exchange for Large-Scale Simulations Using Gaussian
Basis Sets. J. Chem. Theory Comput. 2009, S, 3010—3021.

(47) Peintinger, M. F.; Oliveira, D. V.; Bredow, T. Consistent
Gaussian basis sets of triple-zeta valence with polarization quality for
solid-state calculations. J. Comput. Chem. 2013, 34, 451—459.

(48) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBEO model. J. Chem.
Phys. 1999, 110, 6158—6170.

(49) Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E.
Influence of the exchange screening parameter on the performance of
screened hybrid functionals. J. Chem. Phys. 2006, 125, 224106.

(50) Saue, T. Relativistic Hamiltonians for Chemistry: A Primer.
ChemPhysChem 2011, 12, 3077—3094.

(51) Liu, W. Essentials of relativistic quantum chemistry. J. Chem.
Phys. 2020, 152, 180901.

(52) Dolg, M.; Cao, X. Relativistic Pseudopotentials: Their
Development and Scope of Applications. Chem. Rev. 2012, 112,
403—4380.

(53) Zhao, R;; Zhang, Y.; Xiao, Y.; Liu, W. Exact two-component
relativistic energy band theory and application. J. Chem. Phys. 2016,
144, 044105.

(54) Kadek, M.; Repisky, M; Ruud, K. All-electron fully relativistic
Kohn-Sham theory for solids based on the Dirac-Coulomb
Hamiltonian and Gaussian-type functions. Phys. Rev. B 2019, 99,
205103.

(55) Zhao, R.; Yu, V. W.-Z.; Zhang, K; Xiao, Y.; Zhang, Y.; Blum, V.
Quasi-four-component method with numeric atom-centered orbitals
for relativistic density functional simulations of molecules and solids.
Phys. Rev. B 2021, 103, 245144.

(56) Yeh, C.-N.; Shee, A.; Sun, Q.; Gull, E.; Zgid, D. Relativistic self-
consistent GW: Exact two-component formalism with one-electron
approximation for solids. Phys. Rev. B 2022, 106, 085121.

(57) Armbruster, M. K.; Weigend, F.; van Wiillen, C.; Klopper, W.
Self-consistent treatment of spin-orbit interactions with efficient
Hartree-Fock and density functional methods. Phys. Chem. Chem.
Phys. 2008, 10, 1748—1756.

(58) Baldes, A.; Weigend, F. Efficient two-component self-consistent
field procedures and gradients: implementation in TURBOMOLE
and application to Auyy. Mol. Phys. 2013, 111, 2617—2624.

(59) Bulik, I. W.; Scalmani, G.; Frisch, M. J.; Scuseria, G. E.
Noncollinear density functional theory having proper invariance and
local torque properties. Phys. Rev. B 2013, 87, 035117.

(60) Kiibler, J.; Hock, K.-H.; Sticht, J.; Williams, A. R. Density
functional theory of non-collinear magnetism. J. Phys. F Metal Phys.
1988, 18, 469.

(61) Saue, T. Spin-Interactions and the Non-relativistic Limit of
Electrodynamics. In Advances in Quantum Chemistry; Sabin, J. R;
Brindas, E.; Oddershede, L. B., Eds.; Elsevier Academic Press: San
Diego, CA, United States, 200S; Vol. 48, pp 383—405.

(62) Brack, M.; Jennings, B.; Chu, Y. On the extended Thomas-
Fermi approximation to the kinetic energy density. Phys. Lett. B 1976,
65, 1—-4.

(63) Dobson, J. F. Alternative expressions for the Fermi hole
curvature. J. Chem. Phys. 1993, 98, 8870—8872.

(64) Tao, J. Explicit inclusion of paramagnetic current density in the
exchange-correlation functionals of current-density functional theory.
Phys. Rev. B 2008, 71, 205107.

(65) Maier, T. M,; Ikabata, Y.; Nakai, H. Restoring the iso-orbital
limit of the kinetic energy density in relativistic density functional
theory. J. Chem. Phys. 2019, 151, 174114.

(66) Pausch, A.; Holzer, C. Linear Response of Current-Dependent
Density Functional Approximations in Magnetic Fields. J. Phys. Chem.
Lett. 2022, 13, 4335—4341.

(67) Holzer, C.; Franzke, Y. J.; Pausch, A. Current density functional
framework for spin—orbit coupling. J. Chem. Phys. 2022, 157, 204102.

(68) Desmarais, J. K; Maul, J.; Civalleri, B.; Erba, A.; Vignale, G;
Pittalis, S. Spin Currents via the Gauge Principle for Meta-Generalized

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://doi.org/10.1021/acs.jctc.5b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.24477
https://doi.org/10.1002/jcc.24477
https://doi.org/10.1002/jcc.24477
https://doi.org/10.1002/jcc.26033
https://doi.org/10.1002/jcc.26033
https://doi.org/10.1002/jcc.26033
https://doi.org/10.1021/ct200412r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200412r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200412r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23961
https://doi.org/10.1063/1.5111054
https://doi.org/10.1063/1.5111054
https://doi.org/10.1021/acs.jctc.6b01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.26.1743
https://doi.org/10.1103/PhysRevB.26.1743
https://doi.org/10.1103/PhysRevB.26.1743
https://doi.org/10.1002/qua.560220506
https://doi.org/10.1002/qua.560220506
https://doi.org/10.1063/1.472866
https://doi.org/10.1063/1.472866
https://doi.org/10.1021/acs.jctc.0c01297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.34.4405
https://doi.org/10.1103/PhysRevB.34.4405
https://doi.org/10.1103/PhysRevB.77.193110
https://doi.org/10.1103/PhysRevB.77.193110
https://doi.org/10.1103/PhysRevB.87.165122
https://doi.org/10.1103/PhysRevB.87.165122
https://doi.org/10.1103/PhysRevB.87.165122
https://doi.org/10.1103/PhysRev.115.809
https://doi.org/10.1103/PhysRev.115.809
https://doi.org/10.1002/qua.560380304
https://doi.org/10.1002/qua.560380304
https://doi.org/10.1002/qua.560560407
https://doi.org/10.1002/qua.560560407
https://doi.org/10.1103/PhysRevLett.82.2127
https://doi.org/10.1103/PhysRevLett.82.2127
https://doi.org/10.1103/PhysRevB.58.3501
https://doi.org/10.1103/PhysRevB.58.3501
https://doi.org/10.1063/1.1869470
https://doi.org/10.1063/1.1869470
https://doi.org/10.1021/ct900494g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900494g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900494g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23153
https://doi.org/10.1002/jcc.23153
https://doi.org/10.1002/jcc.23153
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1002/cphc.201100682
https://doi.org/10.1063/5.0008432
https://doi.org/10.1021/cr2001383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2001383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4940140
https://doi.org/10.1063/1.4940140
https://doi.org/10.1103/PhysRevB.99.205103
https://doi.org/10.1103/PhysRevB.99.205103
https://doi.org/10.1103/PhysRevB.99.205103
https://doi.org/10.1103/PhysRevB.103.245144
https://doi.org/10.1103/PhysRevB.103.245144
https://doi.org/10.1103/PhysRevB.106.085121
https://doi.org/10.1103/PhysRevB.106.085121
https://doi.org/10.1103/PhysRevB.106.085121
https://doi.org/10.1039/b717719d
https://doi.org/10.1039/b717719d
https://doi.org/10.1080/00268976.2013.802037
https://doi.org/10.1080/00268976.2013.802037
https://doi.org/10.1080/00268976.2013.802037
https://doi.org/10.1103/PhysRevB.87.035117
https://doi.org/10.1103/PhysRevB.87.035117
https://doi.org/10.1088/0305-4608/18/3/018
https://doi.org/10.1088/0305-4608/18/3/018
https://doi.org/10.1016/0370-2693(76)90519-0
https://doi.org/10.1016/0370-2693(76)90519-0
https://doi.org/10.1063/1.464444
https://doi.org/10.1063/1.464444
https://doi.org/10.1103/PhysRevB.71.205107
https://doi.org/10.1103/PhysRevB.71.205107
https://doi.org/10.1063/1.5125634
https://doi.org/10.1063/1.5125634
https://doi.org/10.1063/1.5125634
https://doi.org/10.1021/acs.jpclett.2c01082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0122394
https://doi.org/10.1063/5.0122394
https://doi.org/10.1103/PhysRevLett.132.256401
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Gradient Exchange-Correlation Functionals. Phys. Rev. Lett. 2024,
132, 256401.

(69) Kasper, J. M.; Jenkins, A. J; Sun, S.; Li, X. Perspective on
Kramers symmetry breaking and restoration in relativistic electronic
structure methods for open-shell systems. J. Chem. Phys. 2020, 153,
090903.

(70) Scalmani, G.; Frisch, M. J. A New Approach to Noncollinear
Spin Density Functional Theory beyond the Local Density
Approximation. J. Chem. Theory Comput. 2012, 8, 2193—2196.

(71) Egidi, F.; Sun, S.; Goings, J. J.; Scalmani, G.; Frisch, M. J.; Li, X.
Two-Component Noncollinear Time-Dependent Spin Density Func-
tional Theory for Excited State Calculations. J. Chem. Theory Comput.
2017, 13, 2591-2603.

(72) Komorovsky, S.; Cherry, P. J.; Repisky, M. Four-component
relativistic time-dependent density-functional theory using a stable
noncollinear DFT ansatz applicable to both closed- and open-shell
systems. J. Chem. Phys. 2019, 151, 184111.

(73) Schattenberg, C.J.; Kaupp, M. Effect of the current dependence
of tau-dependent exchange-correlation functionals on nuclear
shielding calculations. J. Chem. Theory Comput. 2021, 17, 1469—1479.

(74) Holzer, C.; Franzke, Y. J.; Kehry, M. Assessing the Accuracy of
Local Hybrid Density Functional Approximations for Molecular
Response Properties. J. Chem. Theory Comput. 2021, 17, 2928—2947.

(75) Franzke, Y. J; Holzer, C. Impact of the current density on
paramagnetic NMR properties. J. Chem. Phys. 2022, 157, 031102.

(76) Franzke, Y. J.; Bruder, F.; Gillhuber, S.; Holzer, C.; Weigend, F.
Paramagnetic Nuclear Magnetic Resonance Shifts for Triplet Systems
and Beyond with Modern Relativistic Density Functional Methods. J.
Phys. Chem. A 2024, 128, 670—686.

(77) Bates, J. E; Furche, F. Harnessing the meta-generalized
gradient approximation for time-dependent density functional theory.
J. Chem. Phys. 2012, 137, 164105.

(78) Bates, J. E; Heiche, M. C.; Liang, J; Furche, F. Erratum:
“Harnessing the meta-generalized gradient approximation for time-
dependent density functional theory”. [J. Chem. Phys. 137, 164105
(2012)]. J. Chem. Phys. 2022, 156, 159902.

(79) Wesolowski, T. A.; Warshel, A. Frozen density functional
approach for ab initio calculations of solvated molecules. J. Phys.
Chem. A 1993, 97, 8050—8053.

(80) Manby, F. R; Stella, M.; Goodpaster, J. D.; Miller, T. F. I. A
Simple, Exact Density-Functional-Theory Embedding Scheme. J.
Chem. Theory Comput. 2012, 8, 2564—2568.

(81) Huang, C; Pavone, M.; Carter, E. A. Quantum mechanical
embedding theory based on a unique embedding potential. J. Chem.
Phys. 2011, 134, 154110.

(82) Lee, S. J. R; Welborn, M;; Manby, F. R; Miller, T. F. L
Projection-Based Wavefunction-in-DFT Embedding. Acc. Chem. Res.
2019, 52, 1359—1368.

(83) Télle, J; Deilmann, T.; Rohlfing, M.; Neugebauer, J.
Subsystem-Based GW/Bethe—Salpeter Equation. J. Chem. Theory
Comput. 2021, 17, 2186—2199.

(84) Télle, J; Deilmann, T.; Rohlfing, M.; Neugebauer, J.
Correction to “Subsystem-Based GW/Bethe—Salpeter Equation. J.
Chem. Theory Comput. 2023, 19, 2699—2702.

(85) Sundaram, V.; Baumeier, B. Quantum—Quantum and
Quantum—Quantum-Classical Schemes for Near-Gap Excitations
with Projection-Based-Embedded GW-Bethe—Salpeter Equation. J.
Chem. Theory Comput. 2024, 20, 5451—5465.

(86) Krishtal, A.; Ceresoli, D.; Pavanello, M. Subsystem real-time
time dependent density functional theory. J. Chem. Phys. 20185, 142,
154116.

(87) De Santis, M.; Belpassi, L.; Jacob, C. R.; Severo Pereira Gomes,
A.; Tarantelli, F.; Visscher, L.; Storchi, L. Environmental Effects with
Frozen-Density Embedding in Real-Time Time-Dependent Density
Functional Theory Using Localized Basis Functions. J. Chem. Theory
Comput. 2020, 16, 5695—5711.

(88) Zech, A; Ricardi, N.; Prager, S.; Dreuw, A.; Wesolowski, T. A.
Benchmark of excitation energy shifts from frozen-density embedding

9081

theory: introduction of a density-overlap-based applicability thresh-
old. J. Chem. Theory Comput. 2018, 14, 4028—4040.

(89) Humbert-Droz, M.; Zhou, X.; Shedge, S. V.; Wesolowski, T. A.
How to choose the frozen density in Frozen-Density Embedding
Theory-based numerical simulations of local excitations? Theor. Chem.
Acc. 2014, 133, 1-20.

(90) Wesolowski, T. A.; Weber, J. Kohn-Sham equations with
constrained electron density: an iterative evaluation of the ground-
state electron density of interacting molecules. Chem. Phys. Lett. 1996,
248, 71-76.

(91) Wesolowski, T. A,; Shedge, S; Zhou, X. Frozen-Density
Embedding Strategy for Multilevel Simulations of Electronic
Structure. Chem. Rev. 2018, 115, 5891—5928.

(92) Jacob, C. R; Neugebauer, ]J. Subsystem density-functional
theory. WIREs: Comput. Mol. Sci. 2014, 4, 325—362.

(93) Chulhai, D. V.; Jensen, L. Frozen Density Embedding with
External Orthogonality in Delocalized Covalent Systems. ]. Chem.
Theory Comput. 20185, 11, 3080—3088.

(94) Chulhai, D. V.; Goodpaster, J. D. Projection-Based Correlated
Wave Function in Density Functional Theory Embedding for Periodic
Systems. J. Chem. Theory Comput. 2018, 14, 1928—1942.

(95) Huzinaga, S.; Cantu, A. A. Theory of Separability of Many-
Electron Systems. J. Chem. Phys. 1971, 55, 5543—5549.

(96) Khait, Y. G.; Hoffmann, M. R. Chapter Three - On the
Orthogonality of Orbitals in Subsystem Kohn-Sham Density Func-
tional Theory. In Annual Reports in Computational Chemistry;
Wheeler, R. A,, Ed,; Elsevier, 2012; Vol. 8, pp 53—70.

(97) Castro, A.; Marques, M. A. L.; Rubio, A. Propagators for the
time-dependent Kohn-Sham equations. J. Chem. Phys. 2004, 121,
3425-3433.

(98) Magnus, W. On the exponential solution of differential
equations for a linear operator. Comm. Pure Appl. Math. 1954, 7,
649—673.

(99) Blanes, S.; Casas, F.; Oteo, J.; Ros, J. The Magnus expansion
and some of its applications. Phys. Rep. 2009, 470, 151—238.

(100) Kanan, D. K; Sharifzadeh, S.; Carter, E. A. Quantum
mechanical modeling of electronic excitations in metal oxides:
Magnesia as a prototype. Chem. Phys. Lett. 2012, 519—520, 18—24.

(101) Artiukhin, D. G.; Jacob, C. R; Neugebauer, J. Excitation
energies from frozen-density embedding with accurate embedding
potentials. J. Chem. Phys. 2015, 142, 234101.

(102) Libisch, F.; Huang, C.; Carter, E. A. Embedded Correlated
Wavefunction Schemes: Theory and Applications. Acc. Chem. Res.
2014, 47, 2768-2775.

(103) Daday, C.; Kénig, C.; Valsson, O.; Neugebauer, J.; Filippi, C.
State-Specific Embedding Potentials for Excitation-Energy Calcula-
tions. J. Chem. Theory Comput. 2013, 9, 2355—2367.

(104) Hedin, L. New Method for Calculating the One-Particle
Green’s Function with Application to the Electron-Gas Problem. Phys.
Rev. 1965, 139, A796.

(10S) Strinati, G.; Mattausch, H. J.; Hanke, W. Dynamical
Correlation Effects on the Quasiparticle Bloch States of a Covalent
Crystal. Phys. Rev. Lett. 1980, 45, 290.

(106) Strinati, G.; Mattausch, H. J.; Hanke, W. Dynamical Aspects of
Correlation Corrections in a Covalent Crystal. Phys. Rev. B 1982, 25,
2867.

(107) Fuchs, E.,; Rodl, C.; Schleife, A.; Bechstedt, F. Efficient O(N?)
approach to solve the Bethe-Salpeter equation for excitonic bound
states. Phys. Rev. B 2008, 78, 085103.

(108) Holzer, C.; Franzke, Y. J. A Guide to Molecular Properties
from the Bethe-Salpeter Equation. J. Phys. Chem. Lett. 2025, 16,
3980—3990.

(109) Sharma, M.; Sierka, M. Optical Gaps of lonic Materials from
GW/BSE-in-DFT and CC2-in-DFT. J. Chem. Theory Comput. 2024,
20, 9592—-9605.

(110) Sharma, M. Webpage of RIPER-Tools, 2025, https://
ripertools.turbomole.org (retrieved April 17, 2025).

(111) Streamlit: Turn data scripts into shareable web apps. https://
streamlit.io, 2025; Online; accessed 13 February 2028.

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://doi.org/10.1103/PhysRevLett.132.256401
https://doi.org/10.1063/5.0015279
https://doi.org/10.1063/5.0015279
https://doi.org/10.1063/5.0015279
https://doi.org/10.1021/ct300441z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300441z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300441z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5121713
https://doi.org/10.1063/1.5121713
https://doi.org/10.1063/1.5121713
https://doi.org/10.1063/1.5121713
https://doi.org/10.1021/acs.jctc.0c01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0103898
https://doi.org/10.1063/5.0103898
https://doi.org/10.1021/acs.jpca.3c07093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c07093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4759080
https://doi.org/10.1063/1.4759080
https://doi.org/10.1063/5.0088123
https://doi.org/10.1063/5.0088123
https://doi.org/10.1063/5.0088123
https://doi.org/10.1063/5.0088123
https://doi.org/10.1021/j100132a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100132a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300544e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300544e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3577516
https://doi.org/10.1063/1.3577516
https://doi.org/10.1021/acs.accounts.8b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c01307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4918276
https://doi.org/10.1063/1.4918276
https://doi.org/10.1021/acs.jctc.0c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00214-013-1405-1
https://doi.org/10.1007/s00214-013-1405-1
https://doi.org/10.1016/0009-2614(95)01281-8
https://doi.org/10.1016/0009-2614(95)01281-8
https://doi.org/10.1016/0009-2614(95)01281-8
https://doi.org/10.1021/cr500502v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500502v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500502v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1175
https://doi.org/10.1002/wcms.1175
https://doi.org/10.1021/acs.jctc.5b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1675720
https://doi.org/10.1063/1.1675720
https://doi.org/10.1063/1.1774980
https://doi.org/10.1063/1.1774980
https://doi.org/10.1002/cpa.3160070404
https://doi.org/10.1002/cpa.3160070404
https://doi.org/10.1016/j.physrep.2008.11.001
https://doi.org/10.1016/j.physrep.2008.11.001
https://doi.org/10.1016/j.cplett.2011.11.003
https://doi.org/10.1016/j.cplett.2011.11.003
https://doi.org/10.1016/j.cplett.2011.11.003
https://doi.org/10.1063/1.4922429
https://doi.org/10.1063/1.4922429
https://doi.org/10.1063/1.4922429
https://doi.org/10.1021/ar500086h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500086h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400086a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400086a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.139.A796
https://doi.org/10.1103/PhysRev.139.A796
https://doi.org/10.1103/PhysRevLett.45.290
https://doi.org/10.1103/PhysRevLett.45.290
https://doi.org/10.1103/PhysRevLett.45.290
https://doi.org/10.1103/PhysRevB.25.2867
https://doi.org/10.1103/PhysRevB.25.2867
https://doi.org/10.1103/PhysRevB.78.085103
https://doi.org/10.1103/PhysRevB.78.085103
https://doi.org/10.1103/PhysRevB.78.085103
https://doi.org/10.1021/acs.jpclett.5c00494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c00494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://ripertools.turbomole.org
https://ripertools.turbomole.org
https://streamlit.io
https://streamlit.io
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(112) Rego, N.; Koes, D. 3Dmoljs: molecular visualization with
WebGL. Bioinformatics 2015, 31, 1322—1324.

(113) Virshup, A.; Ziolkowska, K,; Newport, T.; Naughton, F.;
Vogele, M. Py3DMol: Dependency-free molecular visualization in
iPython notebooks, 2025, https://github.com/avirshup/py3dmol
(accessed 13th Feb, 2025).

(114) Larsen, A. H.; Mortensen, J. J.; Blomqvist, J.; Castelli, L. E;
Christensen, R.; Dulak, M.; Friis, J.; Groves, M. N.; Hammer, B,;
Hargus, C.; et al. The atomic simulation environment—a Python
library for working with atoms. J. Phys.: Condens. Matter 2017, 29,
273002.

(115) Ong, S. P.; Richards, W. D.; Jain, A.; Hautier, G.; Kocher, M,;
Cholia, S.; Gunter, D.; Chevrier, V. L.; Persson, K. A.; Ceder, G.
Python Materials Genomics (pymatgen): A robust, open-source
python library for materials analysis. Comput. Mater. Sci. 2013, 68,
314-319.

(116) Togo, A.; Shinohara, K.; Tanaka, 1. Spglib: a software library
for crystal symmetry search. Sci. Technol. Adv. Mater.: Methods 2024,
4, 2384822.

(117) Jain, A;; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.;
Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; Persson, K.
A. Commentary: The Materials Project: A materials genome approach
to accelerating materials innovation. APL Mater. 2013, 1, 011002.

(118) Kim, S.; Thiessen, P. A.; Bolton, E. E.; Chen, J; Fu, G
Gindulyte, A;; Han, L; He, J; He, S.; Shoemaker, B. A; et al
PubChem Substance and Compound databases. Nucleic Acids Res.
2016, 44, D1202—D1213.

(119) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.;
Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo,
I; et al. QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials. J. Phys.:
Condens. Matter 2009, 21, 395502.

(120) Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O,
Nardelli, M. B.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.;
Cococcioni, M.; et al. Advanced capabilities for materials modelling
with QUANTUM ESPRESSO. J. Phys.: Condens. Matter 2017, 29,
465901.

(121) Setyawan, W.; Curtarolo, S. High-throughput electronic band
structure calculations: Challenges and tools. Comput. Mater. Sci. 2010,
49, 299-312.

(122) El-Sayed, T. Heidrich, S. Cube-Toolz: Python tool to
manipulate Gaussian cube files, 2025, https://github.com/
funkymunkycool/Cube-Toolz (accessed 15th Feb, 2025).

(123) Sharma, M. TURBOMOLE Tutorials for Beginners, 2025,
https://www.youtube.com/playlist?list=
PLUhYFZgYOn8eyto8fKCjzzcUo_SbcVMWk (accessed 13th Feb,
2025).

(124) Sharma, M.; Mishra, D. CrysX: crystallographic tools for the
Android platform. J. Appl. Crystallogr. 2019, 52, 1449—1454.

(125) Weigend, F.; Baldes, A. Segmented contracted basis sets for
one- and two-component Dirac-Fock effective core potentials. J.
Chem. Phys. 2010, 133, 174102.

(126) Laun, J.; Bredow, T. BSSE-corrected consistent Gaussian basis
sets of triple-zeta valence with polarization quality of the fifth period
for solid-state calculations. J. Comput. Chem. 2022, 43, 839—846.

(127) Vilela Oliveira, D.; Laun, J.; Peintinger, M. F.; Bredow, T.
BSSE-correction scheme for consistent gaussian basis sets of double-
and triple-zeta valence with polarization quality for solid-state
calculations. J. Comput. Chem. 2019, 40, 2364—2376.

(128) Laun, J.; Bredow, T. BSSE-corrected consistent Gaussian basis
sets of triple-zeta valence with polarization quality of the sixth period
for solid-state calculations. J. Comput. Chem. 2021, 42, 1064—1072.

(129) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(130) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E.
Climbing the Density Functional Ladder: Nonempirical Meta-
Generalized Gradient Approximation Designed for Molecules and
Solids. Phys. Rev. Lett. 2003, 91, 146401.

9082

(131) Furness, J. W.; Kaplan, A. D; Ning, J.; Perdew, J. P.; Sun, J.
Accurate and Numerically Efficient r*SCAN Meta-Generalized
Gradient Approximation. J. Phys. Chem. Lett. 2020, 11, 8208—8215.

(132) Furness, J. W.; Kaplan, A. D.; Ning, J.; Perdew, J. P.; Sun, J.
Correction to “Accurate and Numerically Efficient r*SCAN Meta-
Generalized Gradient Approximation”. J. Phys. Chem. Lett. 2020, 11,
9248.

(133) Aschebrock, T.; Kiimmel, S. Ultranonlocality and accurate
band gaps from a meta-generalized gradient approximation. Phys. Rev.
Res. 2019, 1, 033082.

(134) Peterson, K. A; Figgen, D.; Goll, E; Stoll, H,; Dolg, M.
Systematically convergent basis sets with relativistic pseudopotentials.
II. Small-core pseudopotentials and correlation consistent basis sets
for the post-d group 16—18 elements. J. Chem. Phys. 2003, 119,
11113—-11123.

(135) Peterson, K. A; Figgen, D.; Dolg, M.; Stoll, H. Energy—
consistent relativistic pseudopotentials and correlation consistent
basis sets for the 4d elements Y-Pd. J. Chem. Phys. 2007, 126, 124101.

(136) Figgen, D.; Peterson, K. A; Dolg, M.; Stoll, H. Energy—
consistent pseudopotentials and correlation consistent basis sets for
the Sd elements Hf-Pt. J. Chem. Phys. 2009, 130, 164108.

(137) Furness, J. W.; Sun, J. Enhancing the efficiency of density
functionals with an improved iso-orbital indicator. Phys. Rev. B 2019,
99, 041119.

(138) Boccuni, A; Peluzo, B. M. T. C.; Bodo, F.; Ambrogio, G.;
Maul, J; Mitoli, D.; Vignale, G.; Pittalis, S.; Kraka, E.; Desmarais, J.
K.; Erba, A. Unveiling the Role of Spin Currents on the Giant Rashba
Splitting in Single-Layer WSe,. J. Phys. Chem. Lett. 2024, 15, 7442—
7448.

(139) Hui, K; Chai, J.-D. SCAN-based hybrid and double-hybrid
density functionals from models without fitted parameters. J. Chem.
Phys. 2016, 144, 044114,

(140) Haastrup, S.; Strange, M.; Pandey, M.; Deilmann, T.; Schmidt,
P. S.; Hinsche, N. F.; Gjerding, M. N.; Torelli, D.; Larsen, P. M.; Riis-
Jensen, A. C; et al. The Computational 2D Materials Database: high-
throughput modeling and discovery of atomically thin crystals. 2D
Mater. 2018, 5, 042002.

(141) Ramasubramaniam, A. Large excitonic effects in monolayers
of molybdenum and tungsten dichalcogenides. Phys. Rev. B 2012, 86,
115409.

(142) Github repository of RIPER-Tools, 2025, https://github.
com/manassharma07/RIPER-Tools-for-TURBOMOLE/ (retrieved
April 17, 2025).

(143) Delin, A.; Tosatti, E. Magnetic phenomena in 5d transition
metal nanowires. Phys. Rev. B 2003, 68, 144434.

(144) Delin, A; Tosatti E. Emerging magnetism in platinum
nanowires. Surf. Sci. 2004, S66—568, 262—267.

(14S) Ferndndez-Rossier, J.; Jacob, D.; Untiedt, C.; Palacios, J. J.
Transport in magnetically ordered Pt nanocontacts. Phys. Rev. B 2005,
72, 224418.

(146) Smogunov, A.; Dal Corso, A.; Delin, A.; Weht, R.; Tosatti, E.
Colossal magnetic anisotropy of monatomic free and deposited
platinum nanowires. Nat. Nanotechnol. 2008, 3, 22—25.

(147) Garcia-Sudrez, V. M.; Manrique, D. Z.; Lambert, C. J.; Ferrer,
J. Anisotropic magnetoresistance in atomic chains of iridium and
platinum from first principles. Phys. Rev. B 2009, 79, 060408R.

(148) Sharma, M. Density Functional Theory Based Embedding For
Molecular And Periodic Systems, Dissertation. Ph.D. Thesis;
Friedrich-Schiller-Universitét Jena, 2024.

(149) Tsatsoulis, T.; Hummel, F.; Usvyat, D.; Schiitz, M.; Booth, G.
H.; Binnie, S. S; Gillan, M. J.; Alfe, D.; Michaelides, A.; Griineis, A. A
comparison between quantum chemistry and quantum Monte Carlo
techniques for the adsorption of water on the (001) LiH surface. J.
Chem. Phys. 2017, 146, 204108.

(150) Whited, R.; Flaten, C. J.; Walker, W. Exciton thermore-
flectance of MgO and CaO. Solid State Commun. 1973, 13, 1903—
1908S.

(151) Rinke, P.; Schleife, A.; Kioupakis, E.; Janotti, A.,; Rédl, C.;
Bechstedt, F.; Scheffler, M.; Van de Walle, C. G. First-Principles

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://doi.org/10.1093/bioinformatics/btu829
https://doi.org/10.1093/bioinformatics/btu829
https://github.com/avirshup/py3dmol
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1080/27660400.2024.2384822
https://doi.org/10.1080/27660400.2024.2384822
https://doi.org/10.1063/1.4812323
https://doi.org/10.1063/1.4812323
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1016/j.commatsci.2010.05.010
https://doi.org/10.1016/j.commatsci.2010.05.010
https://github.com/funkymunkycool/Cube-Toolz
https://github.com/funkymunkycool/Cube-Toolz
https://www.youtube.com/playlist?list=PLUhYFZgYOn8eyto8fKCjzzcUo_5bcVMWk
https://www.youtube.com/playlist?list=PLUhYFZgYOn8eyto8fKCjzzcUo_5bcVMWk
https://doi.org/10.1107/S1600576719013682
https://doi.org/10.1107/S1600576719013682
https://doi.org/10.1063/1.3495681
https://doi.org/10.1063/1.3495681
https://doi.org/10.1002/jcc.26839
https://doi.org/10.1002/jcc.26839
https://doi.org/10.1002/jcc.26839
https://doi.org/10.1002/jcc.26013
https://doi.org/10.1002/jcc.26013
https://doi.org/10.1002/jcc.26013
https://doi.org/10.1002/jcc.26521
https://doi.org/10.1002/jcc.26521
https://doi.org/10.1002/jcc.26521
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1021/acs.jpclett.0c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevResearch.1.033082
https://doi.org/10.1103/PhysRevResearch.1.033082
https://doi.org/10.1063/1.1622924
https://doi.org/10.1063/1.1622924
https://doi.org/10.1063/1.1622924
https://doi.org/10.1063/1.2647019
https://doi.org/10.1063/1.2647019
https://doi.org/10.1063/1.2647019
https://doi.org/10.1063/1.3119665
https://doi.org/10.1063/1.3119665
https://doi.org/10.1063/1.3119665
https://doi.org/10.1103/PhysRevB.99.041119
https://doi.org/10.1103/PhysRevB.99.041119
https://doi.org/10.1021/acs.jpclett.4c01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4940734
https://doi.org/10.1063/1.4940734
https://doi.org/10.1088/2053-1583/aacfc1
https://doi.org/10.1088/2053-1583/aacfc1
https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1103/PhysRevB.86.115409
https://github.com/manassharma07/RIPER-Tools-for-TURBOMOLE/
https://github.com/manassharma07/RIPER-Tools-for-TURBOMOLE/
https://doi.org/10.1103/PhysRevB.68.144434
https://doi.org/10.1103/PhysRevB.68.144434
https://doi.org/10.1016/j.susc.2004.05.055
https://doi.org/10.1016/j.susc.2004.05.055
https://doi.org/10.1103/PhysRevB.72.224418
https://doi.org/10.1038/nnano.2007.419
https://doi.org/10.1038/nnano.2007.419
https://doi.org/10.1103/physrevb.79.060408
https://doi.org/10.1103/physrevb.79.060408
https://doi.org/10.1063/1.4984048
https://doi.org/10.1063/1.4984048
https://doi.org/10.1063/1.4984048
https://doi.org/10.1016/0038-1098(73)90754-0
https://doi.org/10.1016/0038-1098(73)90754-0
https://doi.org/10.1103/PhysRevLett.108.126404
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Optical Spectra for F Centers in MgO. Phys. Rev. Lett. 2012, 108,
126404.

(152) Ohad, G; Gant, S. E; Wing, D.; Haber, J. B.; Camarasa-
Gomez, M.; Sagredo, F.; Filip, M. R.; Neaton, J. B.; Kronik, L. Optical
absorption spectra of metal oxides from time-dependent density
functional theory and many-body perturbation theory based on
optimally-tuned hybrid functionals. Phys. Rev. Mater. 2023, 7, 123803.

(153) Roessler, D.; Walker, W. Electronic spectrum of crystalline
lithium fluoride. J. Phys. Chem. Solids 1967, 28, 1507—151S5.

(154) Sommer, C.; Kriiger, P.; Pollmann, J. Optical spectra of alkali-
metal fluorides. Phys. Rev. B 2012, 86, 155212.

(155) Roessler, D. M.; Lempka, H. J. Ultra-violet optical properties
of potassium fluoride. Br. J. Appl. Phys. 1966, 17, 1553.

(156) Rohlfing, M.; Louie, S. G. Electron-hole excitations and
optical spectra from first principles. Phys. Rev. B 2000, 62, 4927—
4944.

(157) Jiang, Y.-F.; Wang, N.-P.; Rohlfing, M. Electronic excitations
of bulk LiCl from many-body perturbation theory. J. Chem. Phys.
2013, 139, 214710.

(158) Coccia, E.; Luppi, E. Time-dependent ab initio approaches for
high-harmonic generation spectroscopy. J. Phys.: Condens. Matter
2022, 34, 073001.

(159) Morassut, C.; Coccia, E.; Luppi, E. Quantitative performance
analysis and comparison of optimal-continuum Gaussian basis sets for
high-harmonic generation spectra. J. Chem. Phys. 2023, 159, 124108.

(160) Labeye, M.; Zapata, F.; Coccia, E.; Véniard, V.; Toulouse, J.;
Caillat, J; Taieb, R;; Luppi, E. Optimal Basis Set for Electron
Dynamics in Strong Laser Fields: The case of Molecular Ion Hj. J.
Chem. Theory Comput. 2018, 14, 5846—5858.

(161) Simon, F.; Clevers, S.; Dupray, V.; Coquerel, G. Relevance of
the Second Harmonic Generation to Characterize Crystalline
Samples. Chem. Eng. Technol. 2015, 38, 971—983.

(162) Corkum, P. B. Plasma perspective on strong field multiphoton
ionization. Phys. Rev. Lett. 1993, 71, 1994—1997.

(163) Barth, S.; Oncék, M.; Ulrich, V.; Mucke, M,; Lischke, T.;
Slavicek, P.; Hergenhahn, U. Valence Ionization of Water Clusters:
From Isolated Molecules to Bulk. J. Phys. Chem. A 2009, 113, 13519—
13527.

(164) Zhou, K.; Qian, C.; Liu, Y. Quantifying the Structure of Water
and Hydrated Monovalent Ions by Density Functional Theory-Based
Molecular Dynamics. J. Phys. Chem. B 2022, 126, 10471—10480.

(165) Hura, G.; Russo, D.; Glaeser, R. M.; Head-Gordon, T.; Krack,
M.; Parrinello, M. Water structure as a function of temperature from
X-ray scattering experiments and ab initio molecular dynamics. Phys.
Chem. Chem. Phys. 2003, S, 1981—1991.

(166) Wang, C.; Tian, W.; Zhou, K. Ab Initio Simulation of Liquid
Water without Artificial High Temperature. J. Chem. Theory Comput.
2024, 20, 8202—8213.

(167) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—1065.

(168) Grimme, S.; Ehrlich, S,; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32, 1456—1465.

(169) Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling
through velocity rescaling. J. Chem. Phys. 2007, 126, 014101.

(170) Sorenson, J. M.; Hura, G.; Glaeser, R. M.; Head-Gordon, T.
What can x-ray scattering tell us about the radial distribution
functions of water? J. Chem. Phys. 2000, 113, 9149—9161.

(171) Skinner, L. B.; Huang, C.; Schlesinger, D.; Pettersson, L. G.
M.,; Nilsson, A,; Benmore, C. J. Benchmark oxygen-oxygen pair-
distribution function of ambient water from x-ray diffraction
measurements with a wide Q-range. J. Chem. Phys. 2013, 138, 074506.

(172) Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.;
Henry, M.; Bataille, T.; Férey, G. A Rationale for the Large Breathing
of the Porous Aluminum Terephthalate (MIL-53) Upon Hydration.
Chem.—Eur. ]. 2004, 10, 1373—1382.

(173) Rosi, N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.;
O’Keeffe, M.; Yaghi, O. M. Hydrogen Storage in Microporous Metal-
Organic Frameworks. Science 2003, 300, 1127—1129.

92083

(174) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
Chemistry and Applications of Metal-Organic Frameworks. Science
2013, 341, 1230444.

(175) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys.
Chem. A 1994, 98, 11623—11627.

(176) Erba, A.; Baima, J.; Bush, I; Orlando, R;; Dovesi, R. Large-
Scale Condensed Matter DFT Simulations: Performance and
Capabilities of the CRYSTAL Code. J. Chem. Theory Comput. 2017,
13, 5019-5027.

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/acs.jpca.5c02937
J. Phys. Chem. A 2025, 129, 9062—-9083


https://doi.org/10.1103/PhysRevLett.108.126404
https://doi.org/10.1103/PhysRevMaterials.7.123803
https://doi.org/10.1103/PhysRevMaterials.7.123803
https://doi.org/10.1103/PhysRevMaterials.7.123803
https://doi.org/10.1103/PhysRevMaterials.7.123803
https://doi.org/10.1016/0022-3697(67)90280-6
https://doi.org/10.1016/0022-3697(67)90280-6
https://doi.org/10.1103/PhysRevB.86.155212
https://doi.org/10.1103/PhysRevB.86.155212
https://doi.org/10.1088/0508-3443/17/12/303
https://doi.org/10.1088/0508-3443/17/12/303
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1063/1.4835695
https://doi.org/10.1063/1.4835695
https://doi.org/10.1088/1361-648X/ac3608
https://doi.org/10.1088/1361-648X/ac3608
https://doi.org/10.1063/5.0153825
https://doi.org/10.1063/5.0153825
https://doi.org/10.1063/5.0153825
https://doi.org/10.1021/acs.jctc.8b00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ceat.201400756
https://doi.org/10.1002/ceat.201400756
https://doi.org/10.1002/ceat.201400756
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1021/jp906113e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906113e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c05330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c05330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c05330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b301481a
https://doi.org/10.1039/b301481a
https://doi.org/10.1021/acs.jctc.4c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b515623h
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.1319615
https://doi.org/10.1063/1.1319615
https://doi.org/10.1063/1.4790861
https://doi.org/10.1063/1.4790861
https://doi.org/10.1063/1.4790861
https://doi.org/10.1002/chem.200305413
https://doi.org/10.1002/chem.200305413
https://doi.org/10.1126/science.1083440
https://doi.org/10.1126/science.1083440
https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c02937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

