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ABSTRACT: In this work, we report a new methodology for xTB-NAMD
nonadiabatic molecular dynamics calculations within the extended -,
tight-binding (xTB) framework. We demonstrate the applicability
of the developed approach to finite and periodic systems with
thousands of atoms by modeling “hot” electron relaxation
dynamics in silicon nanocrystals and electron—hole recombination
in both a graphitic carbon nitride monolayer and a titanium-based
metal—organic framework (MOF). This work reports the non-
adiabatic dynamic simulations in the largest Si nanocrystals studied
so far by the xTB framework, with diameters up to 3.5 nm. For
silicon nanocrystals, we find a non-monotonic dependence of “hot”
electron relaxation rates on the nanocrystal size, in agreement with
available experimental reports. We rationalize this relationship by a
combination of decreasing nonadiabatic couplings related to system size and the increase of available coherent transfer pathways in
systems with higher densities of states. We emphasize the importance of proper treatment of coherences for obtaining such non-
monotonic dependences. We characterize the electron—hole recombination dynamics in the graphitic carbon nitride monolayer and
the Ti-containing MOF. We demonstrate the importance of spin-adaptation and proper sampling of surface hopping trajectories in
modeling such processes. We also assess several trajectory surface hopping schemes and highlight their distinct qualitative behavior
in modeling the excited-state dynamics in superexchange-like models depending on how they handle coherences between nearly
parallel states.

1. INTRODUCTION ics”>** approaches. Several fragment-based schemes*#*>>4~¢!1
and vibronic coupling methods®” were developed to improve

Nonadiabatic molecular dynamics (NA-MD) is a powerful the scalability of the methods. Alternatively, NAC-free

computational technique that can model NA processes and

28/63—65
describe the excited-state dynamics in various materials. NA- ?rIfI:( ro?flil:; NA.MD hi::el :)iereln Te})?e) ilr()redlij:bil?t rfutrfant)o
MD simulations have been successfully utilized in predictin expens St aHons. app Yo

28
. . _ scale systems was reported recently.
the photochemistry and photophysics of molecular systems’ 7 > reporiec v
. 1. 10—36 . . The linear-scaling techniques are indispensable to extremely

and nanoscale materials. These simulations have been .

. L . . large systems; however, in several thousand atom systems, the
widely used to gain insights into NA processes in solar re-factor in the timing may be rather large. This motivates us
cells,"073! light-emitting diodes,** and chemical reactions.>>™>° P § may 8

However, due to the highly demanding computational costs, to further explore the applicability of the fast DFTB or

. ) i semiempirical methods to modeling NA-MD in extended
the NA-MD simulations of solid-state and nanoscale systems .
o > ’ systems. Although the DFTB approach has been successful in
are often limited to a few hundred atoms. Simulation of . ) . 66—70 . .
o ) modeling many bio and or%amc structures, including
realistic nanostructures, comparable to those studied exper- . . 444571 . PR
. e . . : . modeling NA dynamics, its parameterization is limited
imentally is still computationally expensive, primarily due to for i . . . . .
) ) i or inorganic systems, rendering many inorganic materials of
the demanding costs of the underlying electronic structure
calculations and their unfavorable scalability with the system
size. Density functional theory (DFT)-based approaches have
been widely ado}pted for simulation of small- and medium-
sized systems’ > but are still unfeasible for modeling large
nanostructures. Alternative methods leveraged the use of
density functional tight-binding (DFTB),**~* semiempiri-
cal,**™" or hybrid quantum mechanical/molecular mechan-
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interest to solar cell harvesting out of its scope. Recently,
Bannwarth et al.”>~’* proposed the extended tight-binding
(xTB) method as a novel TB approach for simulating systems
up to few thousands of atoms. In this method, the DFT
Hamiltonian is expanded to the third order in charge density
perturbation relative to the reference value followed by several
other approximations to model electrostatic interactions and
exchange—correlation effects. The xTB method has an
extended parameterization to describe the geometry, vibra-
tional frequencies, and non-covalent interactions of systems
with element numbers Z = 1—86. Thus, the xXTB approach is a
promising foundation for modeling NA processes in diverse
inorganic materials, for which the DFTB parameterization may
not be available. The xTB a _})groach is imglemented in various
packages, such as CP2K, DFTB+,"** ORCA,”” Ter-
aChem,”® and TURBOMOLE.” It has been successfully
applled to model metal organic frameworks,*”*' large-scale
bio®* and organlc * structures to name a few. However, the
applicability of the xTB to model NA processes has not been
explored yet.

In this work, we report the development of a new
methodology for NA-MD simulations within the framework
of xTB electronic structure calculations (xTB/NA-MD). Apart
from leveraging the significantly cheaper electronic structure
calculations, we implement an improved procedure for
computing NA couplings (NACs) between pairs of excited
states. Previously, we implemented a methodology to compute
the requlred integrals using the Gaussian “cube” files.””?"*
The “cube” approach has also been utilized by others.*’
Although such a grid-based integration method can be used
with different types of basis sets and is easy to implement, it
can demand a significant amount of disk-space. Storing a single
wavefunction in a “cube” file may require gigabytes of memory;
therefore, doing this task for hundreds of states and thousands
of steps is impractical for large systems. However, another
elegant approach adopted in some codes, such as Newton-X"
and SHARC,* includes computing the AO time—overlap
integrals by requesting the electronic structure codes to
produce the integrals for auxiliary double-molecule systems, in
which the molecular geometrles at two nearby time intervals ¢
and t + At are superimposed.®® Although quite robust and easy
to implement, such an approach depends on the availability of
infrastructure and functionality in the electronic structure
codes. In addition, it is not optimal because such a program
also computes the overlaps within the systems, at least
doubling the computational time.

As an alternative to the prior approaches, in this work, we
have directly integrated Libra®’ with the Libint2 library™ for
computing the required time—overlap integrals analytically.
Such calculations compute only what is needed in the NA-MD
workflow, can take advantage of the OpenMP parallelization,
and require only a lightweight representation of AO basis of
extended systems (e.g, molden format). In addition, the
availability of the analytical procedures enable us to use the
resulting integrals in the context of periodic calculations. The
super-molecule approach may not be suitable in this situation.
Furthermore, we leverage the use of sparse representation
formats for storing the desired time—overlap and NAC
matrices for systems with hundreds of states.

We demonstrate how the developed methodology can be
used to model excited-state dynamics in unprecedentedly large
Si nanocrystals (NCs), as well as in periodic solids, such as a
graphitic carbon nitride monolayer and a titanium-based
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metal—organic framework (MOF). In the last decade, colloidal
NCs have demonstrated their potential to replace the
forerunner silicon solar cells that work similarly to dye-
sensitized solar cells while having flexibility in production with
size-tunable optoelectromc g)roperties due to their quantum
confinement properties.” Among them, silicon NCs (Si
NCs) are of particular interest due to lack of their toxicity, the
element’s pre-existing prevalence in the electronic industry,
and its natural abundance.”*~® Our second system of interest,
the graphitic carbon nitride monolayer, has recently attracted a
lot of interest as a material for photocatalytic applications such
as solar-driven water splitting.”’ " The third system is the
MIL-125-NH, MOF, which is based on titanium and has
different photovoltaic and photocatalytic applications such as
in CO, reduction.'”™"% In this work, we assess the quality of
electronic structure and NACs as computed using the xTB, the
GEN2 parametrization,”” and DFT methods. We assess the
new scheme for computing NACs that utilizes the Libint2
library for analytical computation of time—overlap integrals.
We validate the new scheme against the numerical integration
approach developed previously. Finally, we discuss the general
applicability of the xTB-based NA-MD to modeling NA
processes in extended systems. Various trajectory-surface
hopping (TSH) and decoherence schemes are also assessed.

2. THEORY AND METHODS

2.1. Nonadiabatic Molecular Dynamics. The overall
NA-MD approach adopted here is similar to the one used in
our prior works.””*° The detailed description of the algorithms
and their analysis can be found in those works and in several
reviews.””'%*7'%” Here, we only briefly outline the key
components of the used methodology.

The quantum dynamics of electronic degrees of freedom is
described by the time-dependent Schrodinger equation (TD-
SE)

OW(r, R, t
n ¥R, 1)

= H(r, R, t)¥(r, R, t
o (r )P (r )

(1)

where r and R are coordinates of electrons and nuclei,
respectively. H=T+ Hel is the system’s Hamiltonian, T is the
nuclear kinetic energy operator, and H, is the electronic
Hamiltonian. Within the quantum-classical approach,'”® the
TD-SE solution is given in terms of the Born—Huang-like
ansatz

P(r, R, t) = ). (Dt r; R(t)) o

Here, ®,(t,;R(t)) is the ith adiabatic electronic wave-
function, parametrically dependent on nuclear trajectories,
R(t), and ¢,(t) are the amplitudes of the coherent superposition
(also referred to as “coherent amplitudes” for simplicity).
These amplitudes act as effective electronic degrees of
freedom, while nuclear coordinates and momenta are treated
classically and their evolution follows the classical Hamiltonian
equations of motion on the corresponding active potential
energy surfaces.

The evolution of electronic amplitudes is given by the
simplified version of the TDSE

ihe () = ) Hy (£)ci(t)
p 3)
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H(0) = E(R()6, — ind{(R(D) @
Here, E,(R(t)) is the adiabatic energy and di(jl) is the scalar or
time-derivative NAC

&
div =

0
(@675 ROIID1, 15 R())) ©

Furthermore, in this work, we adopt the neglect of back-
reaction approximation (NBRA) pioneered by Prezhdo et
al."”~""" and further adopted by many researchers modeling
NA dynamics in nanoscale systems.'’*® According to the
NBRA, the electronic evolution does not affect the nuclear
evolution, whereas the latter (on the ground electronic state)
parametrically affects the corresponding vibronic Hamiltonian.
This approach cannot properly describe the thermal
equilibrium because it does not take the derivative couplings
into account and there is no feedback between quantum and
classical parts of the system. In the NBRA model, the nuclear
velocities are not rescaled upon the acceptance of any hop (up
or down in energy level) as in the original Tully’s fewest switch
surface hopping (FSSH)'*® scheme. Thus, the total energy of
the system is not conserved, which can be regarded as an
implicit coupling to the environment, causing dissipative
dynamics. This approach is mostly suitable for nanoscale
systems where the computation of the derivative coupling
vectors is not feasible but previous studies reported that in bulk
semiconductors, the NBRA may break down in DFTB-based
surface hopping simulations due to a strong dependence of the
nuclear motion on the electronic states."'> Also, a previous
study has shown that the FSSH may fail when too many states
are present in the dynamics.'" In the present work, we adopt
the NBRA approach for NA-MD simulations of excited states
and assess its applicability to hot-electron relaxation and
electron—hole recombination dynamics.

The time-dependent coherent amplitudes are used next as to
define one of the surface hopping approaches. According to the
FSSH method,'” a trajectory in state i can stochastically hop
to state j with the hopping probability

At
PP'P(t, t + At) = max|0, —

i—j ] Im[pinvih,ji - Hvib,tjpji]
(6)
where
_ %
Py = € )

Because the current approach follows the NBRA, the
frustrated hops are treated using the proposed-hop acceptance

probabilities
P’ = min| 1, exp| — B iFj
! kT (8)

In this work, we also consider several decoherence
approaches: (a) the instantaneous decoherence at attempted
hops (ID-A) of Nelson and Tretiak,''* (b) the modified
version of the simplified decay of mixing (mSDM) of Smith
and Akimov''® based on the original SDM method of Granucci
and Persico,''® and (c) the decoherence-induced surface
hopping (DISH) algorithm of Jaeger and Prezhdo."'”""®

The ID-A and mSDM techniques can be considered as
relatively simple add-ons on top of the base NBRA-FSSH
algorithm outlined above. These techniques simply modify the
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coherent amplitudes, ¢, as follows. In the ID-A, the amplitudes
are reset at every attempted hop (& < PI2P, & € U[0,1]) as

old
new C] new v . .
T ¢ =0, Vi#j
j 9)

In the mSDM method, the coherent amplitudes are
modified at every time—steg), exactly as in the SDM approach
of Granucci and Persico'’

f (10a)
new 2
e = ¢ L- 216"
1d;2
IC7 (10b)

The main distinction with the SDM approach is the

definition of the parameters 7;. Specifically, we define them

ij
as the dephasing rates given earlier by Akimov and Prezhdo'"’

| 2
-1 \/ 55Eij
( 1242

Here, (5E§> is the fluctuation of the energy gap, (6E5) =
((AE; - (AE,-]))z), where AE; = E; — E; and (*) denotes the
ensemble- and trajectory averaging.

The DISH algorithm is implemented according to the
prescription given by Jaeger and Prezhdo''” with the revisions
discussed recently by one of us."'® In summary, the surface
hops are determined by the Poisson process sampling the
“decoherence events”. The times of such events are sampled
from the exponential distribution with a characteristic
timescale given by the one-state decoherence time

-1 _ -1
vl= 2

j#i

(11)

(12)

The 7;; parameters are computed according to eq 11. If the
decoherence event is determined for a state i, the hop to a new
state j is attempted with the probability given by the quantum
population of the target state, PPJF = p,.. If the hop is accepted
based on eq 8, the superposition is collapsed onto the new
state; this state becomes the active one. If the proposed hop is
not accepted, the corresponding state is projected out from the
coherent superposition and no hop occurs. If the decoherence
event is determined for a subset of states at a given time step,
the above operation is applied to each of the states in the
subset randomly, until either the collapse on one of the states
occurs or all states in the subset are projected out. A more
detailed description of various situations that can arise in this
algorithm is given in a recent revision of the DISH
algorithm.""®

2.2. Computing Nonadiabatic Couplings and Time—
Overlap Matrices. The formulation and implementation of
the procedures to compute NACs, eq 5, and time—overlap
matrix elements is one of the key components in this work.
The calculation of NAC, eq 5, is based on the time—overlap
formula of Hammes—Schiffer and Tully'*’

https://doi.org/10.1021/acs.jctc.2c00297
J. Chem. Theory Comput. 2022, 18, 5157-5180


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

— 4+

) &
N ,\N N A N I A
v 4 & v % s 4 7 7 N4
a% > |y &q, én, &n, sv é“ sb, e‘o

mo dy; —dyp dg3 —dy30 o o0
0o o d; 0 dp, 0 0 0 0
m 0o o dy; —d0 0 0 0
m 0 0 0 0 0 0 O
m o 0 o0 o0 0 o
m 0 0 o0 0 o0
m 0 0 dy O
m 0o o

m 0o o
m 0

(b)

E3
(o

(a)
-mmmmmmmmmm -ﬂﬂﬂﬂ

0

V2d;, V2d;, 0 0 0 0 0 0
0 dy; v2d,0 O 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
o o 0 dy; 0 0
0 0 0 dy; 0
0 da3
0
0

(c)

Figure 1. Schematic representation of (a) single-particle SD basis. The evaluated NAC are shown for (b) SD and (c) SAC states.

Af) (DO + AD) — (Dt + AD)ID(1))
dit+ — |~
"( 2 ) 2At

(DDt + AL)) — ((B()ID(t + AL)))*

2At
*
_ St; — (St;)
2At (13)
Or in a matrix form
1 +
= —(St — St
2ar =S (14

The choice of the electronic basis functions, {®;}, deserves a
separate discussion. In many prior works on NA-MD
simulations, such functions are chosen as either KS or MO
orbitals,> 371001217124 1. a5 the Slater determinants
(SDs).>*28730691257127 AJthough the adoption of the SD
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basis has been helpful in enabling modeling coupled electron—
nuclear dynamics, for example, in Auger processes, such
functions still miss an important physical constraint of being
the eigenfunctions of the spin operator N proper solution is
the use of the spin-adapted configurations (SACs). In this
work, we for the first time explicitly introduce SAC dynamical
functions in the context of NBRA-based NA-MD calculations.
We are interested only in the close-shell and open-shell spin-
singlet SACs, such as those present in various excited
configurations

®SAC

1
= f((pz]

Here, i and j indicate the singly occupied spin-orbitals that
constitute the open shell. The primes indicate the spin flip of
the corresponding spin-orbitals. For instance, if i = ¢, a, then i’

@)

(15a)

https://doi.org/10.1021/acs.jctc.2c00297
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= ¢,p. Note that the closed-shell configurations are already the Computing St** to be used in egs 13 or 14 can be regarded

eigenfunctions of the S* operator, so the SAC is trivially a SD as a linear transformation of St°°. Here, St,-SjD = (D,(D)lD(t +

OAC — @D At)) is the matrix element of the time—overlap matrix St in the

J K (15b) basis of excited SDs, {®,}, included in the dynamical basis of

In this case, i and j correspond to the same spatial orbital but the problem. The time—overlaps of the SDs can be computed
have opposite spin components. according to the Lowdin formula

St = (D(D)ID(t + At))=

<‘l’i,1(t)"l§,1(t+ At)) (y/i‘l(t)ly/jyz(t+ At)) .. (lpi‘l(t)l%N(t+ At))
det | (w,(Dly (¢ + AD) (w (Dl (£ + AL)) . (y (D)l (£ + At))

(l;/i'N(t)Iy/j‘l(t+ At)) (y/i‘N(t)ll;Gyz(t+ At)) .. (ufi‘N(t)ly/ij(t+ At)) (16)

Here, y;; is the jth spin—orbital occupied in the ith SD. The

computation of the time—overlaps of the xTB Kohn—Sham 4 . 4
(KS) orbitals, SE = (y,()lyy(t + At)), is based on the discussed in the prior NA-MD works of electron—hole

transformation of the corresponding atomic orbitals recombination modeled within the NBRA approach. The
present work explicitly introduces it in the context of such
St = Ut (t)st*uU(t + Ar) (17) simulations for the first time.
At the same time, we find that the coupling between two
() = Z Uji(t)(lﬁ.AO(t) distinct SAC of the open-shell type does still reduce the
! ; / (18) coupling of the corresponding orbitals (as long as there is only
one pair of distinct occupied orbitals in the two SDs). For
Here, <5 are the KS orbitals, whereas qﬁfo are the atomic instance, Dg 5, = D o, = dy3 (Figure 1, panels ¢ and d). Thus,

orbitals. The matrices U contain the amplitudes of the AOs in
the corresponding KS orbitals.

However, as has been demonstrated earlier by Akimov and
Prezhdo'*>'*° and later generalized by Ryabinkin and
Izmaylov,'**'* the calculations of the NACs according to
eqs 13 or 14 in the SD basis can be significantly simplified and
reduced to computing the NACs in the KS (or orbital basis).
Namely, if two SDs, ®; and @, differ by the occupation of the
orbitals ¢; and ¢, only, the couplings in the SD and orbital
bases are related

the processes such as hot electron or hot hole relaxation are
not affected by the spin-adaptation and prior simulation of this
kind is not compromised. However, prior results reporting the
electron—hole recombination or other processes involving
double-excited closed-shell configuration such as modeling of
singlet fission or Auger processes may need a revision.
Finally, our derivations indicate that there is no nonadiabatic
coupling between the components of the triplet with different
mg quantum numbers. This result is not relevant to the
calculations presented in this work but would be useful when

DD — gks one models quantum transitions within the manifold of triplet
T g (19) states, such as in triplet energy-transfer simulations.

A schematic representation of such a relationship is shown in T},le calculfltlons of tlme.—overlap s the KS basis, eq 1.7’
Figure la. Here, the NAC between SDs @, and ®, is given by require the tlmé—overlaps in the atomic orbital (AO) basis.
the NAC between changed orbitals 2 and 3, that is Dg,q; = The latter are given as
d.23. Here, d%fs is computed according to eqs. 13 or 14 1.lsing Sta‘?,o - <¢a(t)|¢b(t + At)) (20)
time—overlaps from eq 17. The full set of possible determinant
types needed to represent singlet and triplet configurations is In our prior developments, we utilized the cube file-based
given in Figure 1b with the derivations of the corresponding numerical integration to compute the St*° matrix ele-
matrix elements detailed in Section S1 of the Supporting ments.””*® In the present work, we interfaced the Libra
Information. package with the Libint2 library for efficient computation of

Finally, the NACs in the SD basis (Figure 1b) can be the underlying molecular integrals, as detailed in the following
transformed into the basis of the corresponding SACs (Figure section. This development enables us to handle much larger
1c), as detailed in Section S1 of the Supporting Information. systems considered in this work.

The main non-trivial result from such derivations is that the For periodic systems, KS orbitals (or more properly, crystal
NACs between the proper SACs of the closed-shell type (e.g., orbitals) are given in terms of corresponding Bloch functions,
S,) and the open-shell type (either S, or S,) gains an additional B
factor of /2 in comparison to the NAC in the corresponding KS/,\ _
SD basis. It is likely that such a correction might have been Y, (6) = Z Ue ()P k,j(t) .
present in works that utilize NACs returned by the electronic ! (21)
structure packages (e.g, those with Newton-X or SHARC The Bloch function for a crystal momentum, k, is defined
codes). However, the type of correction was never explicitly using the localized AO functions, ¢,, as follows
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=L kg
By (r) = m;e $(r—t) )

Here, the summation is over N translational vectors f relative
to the central cell.
The overlap of two Bloch functions, f,(r) and f; ,(r), can

be computed for general sets of k and band index, a, quantum
numbers

St o = B (OB ot + AD))
1 . o
= —/drz e ’k‘¢u*(r _ t)elkt(ﬁb
N t,t
1

("—t’)=ﬁ

D fdr KT (e — £, ) (r — ', £+ AL)

t,t
(23)

Now, if we set R=¢ — ¢t

Stioak,p = Byl )
1 Z / i(k't —kt) %
== dr e ¢ (r—t)p,
N tr

1
(r—t—R)=ﬁ

X C R [ar ¥ - Oy (r - £ - R)=

t,R

iR 1 i(k/—k)tf *
et =) e dr ¢"(r — t)p,(r — t — R)

(24)

By setting ' = r — t, dr’ = dr, we recognize that the integral
[dr ¢#(r — £)h(r — t — R) can be simplified to the form that
does not depend on the absolute translational vectors but only

on the difference of the translational vectors with respect to
each other, R=t —t

/dr ¢ (r—t, )p,(r—t — R, t + At)
= /dr’ ¢ (r', ), (r' — R, t + At)

= St2O(R) (25)

With this simplification, the overlap of the Bloch functions
becomes

B iR 1 ik —k o
Stk,u,k’,b = <ﬂk,a|ﬂk’,h> = Z e RNZ e( )tStaI?; (R)
R t

(26)

In this work, we consider a special case of single k-point
calculations. Thus, k = k', and the above expression simplifies
to

ik
Stl?,u,k,b = <ﬂk,a|ﬂk,b> = Z € RS;:ZO(R)

R (27)

This formula has also been discussed in the implementation
of the TB methods for periodic systems.”” In the case of
nonperiodic calculations, the overlap between Bloch functions
is computed only for the central cell R = (0,0,0) and the time—
overlap formula reduces to that of AOs
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Stoas = B iy) = (Dlo,) = St (28)

The time—overlap matrices in the SD basis can be used to
track the identities of states via trivial crossing identification via
the min-cost algorithm'*® as discussed elsewhere.”” The
identified trivial crossings can be reflected in the auxiliary
time—overlap matrices, which are computed from the original
ones by applying the corresponding cumulative permutations
of rows and columns. However, in the current work, the state
tracking was disabled for Si NC systems because the
computations become rather expensive for systems with
hundreds of states. Our prior experience with model systems
shows that the trivial state crossing identification becomes
rather negligible in dense manifolds of states.”’ The state
tracking is included in modeling dynamics in both the graphitic
C;N, monolayer and MIL-125-NH, MOF. The corrected
time—overla%) matrices are used to compute the phase-
correction'” to ensure the dynamical consistency of the
wavefunctions in all steps of the MD. The resulting corrected
time—overlaps are used to compute NACs according to eq 13.
Although the current work focuses on the single-particle
description of the excited states, the developed Libint2-based
frameworks for computing time—overlaps and NACs is general
and can be used in DFT-based calculations or calculations
involving TD-DFT states as demonstrated in our prior
workflows.*”%!

2.3. Implementation. The described methodology is
implemented within the Libra/CP2K interface modules of
the Libra code v5.2.1.">" We use the CP2K package”® for
electronic structure calculations at the XTB or (TD)DFT level
of theory. The MO-LCAO coefficients for every nuclear
geometry, U(t), are saved by CP2K in either a “MOLog” or
“molden”">* file formats. We choose the “molden” file format
because it contains not only all the MO coeflicients and
energies for each spin—orbital but also the structure
coordinates and the basis set contraction coeflicients and
exponents for each angular momentum component. This
information is parsed to Libra to compute the AO time—
overlaps, St*°, using Libint2 functions. The “molden” files are
printed out at every time step of the CP2K-based MD and are
used to compute the desired MO time—overlaps on-the-fly.
The “molden” file format is not specific to xXTB and can be used
with other types of calculations in CP2K, such as DFT, but it
cannot be used with DFTB because the basis set used by this
methodology is of Slater-type orbitals, where CP2K analysis
tools are based on Gaussian-type orbitals.

We utilize the Libint2.6 library for computing the time—
overlap integrals in the AO basis. The Libint2 library functions
are optimized to compute the integrals both in spherical and
Cartesian coordinates. For fast and efficient computation of the
MO overlaps, we split the equilibrated MD trajectory and
perform the calculations in multiple jobs by setting up the
electronic structure calculations for each of them simulta-
neously. Using this technique, one can significantly increase
the speed of the calculations by leveraging multiple compute
nodes if available.

In this work, we utilize CP2K versions 8.2 and 9.1. In CP2K,
one can use a previously converged wavefunction, stored in a
compressed binary “wfn” file, as the initial density guess in
another calculation, including a slightly perturbed structure.
This approach helps in reducing the computational time by
decreasing the number of self-consistent field (SCF) cycles to
achieve the convergence to a desired tolerance. Except for the
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import os
from libra py import CP2K methods

from libra py.workflows.nbra import step2

# Setup the parameters
1,
'lowest orbital':

params {'istep': 'fstep': 2000,
512-20,
os.getcwd () +
True,
True,

'cp2k.psmp’',

'res dir':
'is periodic':

'is spherical': 'isx
'cp2k _exe':

'cp2k_diag_input_ template’':

'trajectory xyz filename':
'cube visualization': True

'vind exe': 'vmd',

'nprocs':
'highest orbital':
'/results’',
'periodicity type':
TB':
'cp2k ot input template’:

9, 'mpi_executable':
512+21,
'isUKS':
TXY!

'remove molden':

tsrun" ;
False,

True, True,

'es ot.inp’',

'es diag.inp',

'C3N4-2x2-pos.xyz',

, 'vmd input template':
'states_to_plot':

'plot_phase corrected': True,

if params['is periodic']:

params['A cell vector'] = [28.48
params['B cell vector'] = [0.000
params['C cell vector'] = [0.000

3,

0.000,
, 24.669,
, 0.

'vind. tcl',
3123131,

'remove cube': True}

0.000]
0.000]

000, 15.000]

# Set the origin and generate the translational vectors

origin = [0,0,0]

# Number of periodic images per each X,

num periodic_images = [1,1,1]
params|['translational vectors']

-X, ¥, =Y, Z, and -2 directions

CP2K methods.generate_ translational vectors(origin, num periodic_ images,

# Run the calculations
step2.run_cp2k libint_step2 (params)

params|['periodicity type'])

Figure 2. Example snippet to run the MO overlap calculations for a 2 X 2 C3N, monolayer.

very first nuclear step in each MD job, we use this technique.
Specifically, the converged wavefunction at time ¢ is used as the
guess wavefunction for the SCF calculations in step t + At.
This approach enables accelerating the calculations signifi-
cantly. For example, the electronic structure calculations is
sped up by about 2.3 times for the largest Si NC using this
technique.

It is known that direct diagonalization techniques used in
solving the SCF problem may be difficult or even impossible to
converge, especially for large systems.” Indeed, during our
experiments using the implemented xTB method in CP2K, we
found some instability in the SCF convergence of some
structures using the diagonalization method, namely, when we
considered inorganic systems such as titanium-based MIL-125-
NH, MOF. This problem is due to the short-range part of the
anisotropic electrostatic potential and multipole expansion of
energy in xTB as has been discussed in detail by Bannwarth et
al”® On the contrary, the orbital transformation (OT)
methodology uses a direct minimization of the energy
functional by optimizing the orbitals. This technique proved
to be much more robust in our calculations, as expected.
However, the OT method only optimizes the occupied orbitals
and does not include the unoccupied orbitals. Thus, we
developed a hybrid approach. First, an OT-based calculation is
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conducted to optimize the occupied orbitals. Second, the
computed orbitals are used as the initial guess in the
diagonalization-based method. The desired number of
unoccupied orbitals is considered in the second (diagonaliza-
tion-based) step. Thus, at the user level, one needs to provide
two templates for the desired calculations, one for the OT-
based calculations and another for the diagonalization-based
step. With this technique, we are able to perform electronic
structure calculations for non-metallic inorganic structures
using XTB in CP2K. We refer the reader to other references for
detailed information on the OT and direct diagonalization
methodologies as they are implemented in CP2K.”>7

The Libint library is also used by the nano-qmflows
package'”'* for computing the MO overlaps, which is
interfaced with CP2K. Both Libra and nano-gmflows can
efficiently compute the MO time—overlaps for a large number
of states. Beside some programming details, the key difference
among the two packages is that although nano-qmflows uses
Libint, the computation of the time—overlap matrix in xTB is
not yet implemented. In addition, the present implementation
extends the calculations to the case of periodic systems. At the
moment, only the case of single k-point states is available.

Considering the scale of the systems in this work, we faced
another problem. Namely, the size of the numerous coupling
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or time—overlap files produced along the MD trajectories
(each containing N* entries, with N being the number of the
dynamical basis functions) can easily reach dozens if not
hundreds of gigabytes. At the same time, many entries in such
files are negligible. For efficient storage of large time—overlap
or NAC matrices on the disk, we use sparse binary format,
realized in the scipy.sparse library. Finally, our implementation
is made to be as user-friendly as possible. Figure 2 illustrates a
snippet of the Libra input script for computing the MO overlap
and time—overlap matrices for a MD trajectory of a graphitic
carbon nitride sheet in xTB. The option to visualize the
evolution of frontier KS orbitals by producing and plotting the
corresponding “cube” files is also enabled. Samples of such
animation of the adiabatic evolution of KS orbitals are included
in the Supporting Information for this work. As an examgle, we
also provide the evolution of both phase-corrected'”” and
phase-uncorrected frontier KS’s for both types of systems. The
visualization is done using VMD software'** and the “tcl”
scripts developed in this work are available online.'*’

The main function to call is “run_cp2k libint step2”
function of the “libra_py.workflows.nbra.step2” module. The
time—overlaps computed using this approach are in good
agreement with the %rid-based approach using the “cube” files
we reported earlier””””®° (see Section S2 in the Supporting
Information for the comparison of the computations). Other
parameters are descriptive but detailed information about all
the variables along with different examples for XTB and DFT
calculations are available in the Libra code GitHub repository.

2.4. Computational Details: Electronic Structure
Calculations. In the electronic structure calculations of Si
NCs, the systems are centered in the simulation box by adding
about 7 A of vacuum to each side. The AO basis set for each
atom is described by a minimal valence basis with spherical
Gaussian-type orbital functions that approximates a Slater-type
orbital.”* These basis sets are optimized and available in CP2K
for all elements from H to Rn. The number of unoccupied
orbitals included in the electronic structure calculations for
each geometry is at least 20% of the number of occupied states
for better convergence. The number of considered unoccupied
orbitals is chosen to support the single-particle-level excitation
of at least 1.0 eV above the lowest unoccupied orbital
(LUMO) in NA-MD, to model experimentally studied
processes of hot carrier relaxation.'**”"* SCF iterations are
continued until the charge density is converged below 107
Bohr™>. In DFT calculations, a double zeta-valence-polarized
basis set is used for the valence electrons of Si and H atoms."*'
A charge density cutoff of 300 Ry is used to select the plane-
wave basis that is used to better represent the charge density.
The effect of the core electrons is accounted via the
Goedecker—Teter—Hutter pseudopotentials.**~'** Exchange
and correlation of valence electrons (in DFT calculations) is
accounted for by the Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional'*> augmented with Grimme’s
DFT-D3 dispersion correction.'*® All the electronic structure
properties are calculated in the K-point (0,0,0), the I" point.

For geometry optimization, the Broyden—Fletcher—Gold-
farb—Shannon algorithm'*” is adopted with a maximum force
of 15 meV/A and a maximum displacement of 0.002 Bohr
between each 2 geometry optimization steps. The MD
trajectories are computed starting with the optimized
structures with momenta selected from the Maxwell—
Boltzmann distribution for temperature T = 300 K. The MD
calculations are conducted within the canonical ensemble,
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using canonical sampling through a velocity rescaling thermo-
stat'*® with a 15 fs time constant, corresponding to frequencies
of the Si—H stretch mode at 2200 cm™."**7"*" A total of 3 ps
MD trajectory is obtained for each NC with a time step of 0.5
fs due to the presence of hydrogen atoms in the Si NC systems.
Furthermore, we generate MD trajectories with 0.25 fs time
step for 6000 steps to validate the convergence of the NACs
computed for the MD trajectory with 0.5 fs time step. We use
the same MD protocol for the C;N, and MIL-125-NH, MOF
structures, except that the time step is increased to 1 fs. Out of
a total of 3000 time steps for each trajectory, the first 1000
steps are disregarded as a thermalization period. The last 2000
steps of the MD trajectory are used to compute the time—
overlap matrices and NACs for all systems and structures.

2.5. Computational Details: NA-MD Calculations and
Their Analysis. For each Si NC, 1 ps (based on 2000 MD
production steps with the 0.5 fs integration time step) of NA-
MD simulation is computed, considering all states with
energies of about 1.0 eV above the first excited state. Four
initial excited states with energies corresponding to the desired
initial excitation energy level are chosen. Each set of
simulations is repeated 6 times (in six parallel batches), thus
counting toward 24 simulations for each system. Each
simulation utilizes 100 stochastic realizations of the selected
TSH/decoherence algorithm. The role of decoherence is
assessed by conducting simulations using the decoherence
schemes such as the mSDM'">"** and the ID-A.""* The hot-
electron relaxation dynamics for all NCs are performed in the
SAC basis.

Then, the excess excitation energy is computed as the
weighted average of the energy levels occupied by all
trajectories

E(t) = ) AE(t)p(t)

(29)

Here, p;(t) = N;(t)/N is a fraction of trajectories in state i at
any given time t, N(t) as computed by the TSH algorithms, N
= 100 is the total number of TSH stochastic realizations in
each batch, and AE, is the energy of state i relative to the
lowest excited-state energy, S;, of that state at each time
moment. Note that the energy for each single-particle
excitation is defined as the ground-state energy plus the
occupied and unoccupied orbital energy gap. The kinetics of
the excess excitation energy decay is approximated by a
Gaussian-exponential function of the following form

£t B)) = A exp[—(i]] + (B, — A) exp —(LJ

1 5]
(30)
and the overall timescales are then computed using:
A E,— A
E, E, (31)

The probability distribution function, f(x;), of the NAC
values, hldijl, is obtained from computing the derivative of the
cumulative distribution function, F(x;), which is obtained for

an interval of [0,x;] as

Fx)= Y f)

0<x<x;

(32)
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Then, the probability distribution function for the interval of
[%;_1,%;] is computed as

F(x;) - F(‘xi— 1)

Xi i—1

flx) =

(33)

Here, we compute the probability distribution function of
NAC values for intervals of 0.1 meV.

For NA-MD simulation of the electron—hole recombination
in the C;N, monolayer and MIL-125-NH, MOF systems, we
perform the dynamics using FSSH with and without
decoherence schemes such as the DISH'' and ID-A'"*
methods and average over 500 initial geometries with N =
1000 stochastic surface hopping trajectories. We performed the
electron—hole recombination dynamics in both SAC and non-
SAC bases. For each system, we consider a different number of
states involved in the dynamics. For the C;N, monolayer, we
consider only two states in the dynamics, the ground state and
the first excited state. For the MIL-125-NH, MOF, we involve
up to 3 excited states to compare with previous DFT-based
NA-MD studies of electron—hole recombination in this
system. For both systems, the dynamics is also performed by
involving more nonradiative channels, up to 0.25 eV above the
first excited state, which are selected from all of the excitation
energies from the first 5 occupied orbitals to the first S
unoccupied orbitals near the band edges, which counts to 25
states for the graphitic C;N, monolayer and 13 states for the
MIL-125-NH, MOF.

The kinetics of the excitation energy decay is best described
by the exponential function

t
t) = exp| ——
1) = e -2 "
The error bars for the fitted 7 values are computed for a
confidence interval of 95% using the following statistical
formula

£ = Zi
NG (33)
Here, the Z value for the selected confidence interval is 1.96,
o is the standard deviation of the data (timescales) and n is the
number of fitted data points (simulations) with a R value of
higher than 0.9 and 0.1 for hot-electron relaxation in Si NCs
and electron—hole recombination in 2D graphitic carbon
nitride and MIL-125-NH, MOF, respectively.

3. RESULTS AND DISCUSSION

We demonstrate the capabilities of the developed xTB/NA-
MD workflow by modeling (a) hot-electron relaxation
dynamics in finite Si NCs with diameters extending to as
large as 3.5 nm, and (b) electron—hole recombination
dynamics in a periodic graphitic carbon nitride monolayer
and a titanium-based MOF system. Specifically, we consider
the following Si NC structures: SigoHgy (1.2 nm), Sijp3H;go
(1.6 nm), SiyesHy4 (24 nm), SizpeHyy, (2.5 nm), SigoHyog
(2.8 nm), and Si goH,;, (3.5 nm).">* We also consider a 2 X 2
supercell of graphitic carbon nitride (C;N,), containing 96
carbon and 128 nitrogen atoms and the MIL-125-NH, MOF
unit cell, containing an overall of 264 atoms. Furthermore, for
Si NCs, we compute the NACs at the DFT level of theory for
all NCs for 1000 geometries (500 fs) of the xTB MD
trajectory. Also, we compute the NACs for 2000 steps (500 fs)
of the MD trajectory with a smaller time step of 0.25 fs, using
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the xTB framework, to check the convergence of the NACs
with the 0.5 fs time step. For C;N, and MIL-125-NH, MOF
systems, the NACs are computed only at the xTB level of
theory.

3.1. Silicon Nanoclusters. As a first illustration of the
developed methodology, we consider the modeling of hot
carrier relaxation dynamics in a series of Si NCs ranging from
1.2 nm (SisoHg) to 3.5 nm (SijgeeHyy,) in diameter (Figure
3), approaching the size of experimentally studied Si NCs.'>*

SiSﬂlHZZS Si1009H412
2.8 nm 3.5nm
(©) ®

Figure 3. Molecular structures of Si NCs: (a) SisoHgp; (b) Sijp3H 00
(¢) SiygsH a0 (d) SizpgH iz (&) SisoiHaggs and (£) SijoooHaa-

Earlier, the Kanai group”® had studied hot-electron relaxation
dynamics in Si NCs up to 1.5 nm in diameter. They utilized an
approach similar to the present one, although formulated in
terms of more expensive DFT-derived KS orbitals. Using a
NAC-free DFTB-based approach rooted in the Belyaev—
Lebedev® formulation of Landau—Zener theory, Smith and
Akimov™® considered Si NCs with a diameter up to 2.2 nm.
The use of the xTB approach in the current work allows us to
overcome these limits and to model Si NCs as large as 3.5 nm
in diameter. To the best of our knowledge, the latter system
constitutes the largest Si NC for which the NA-MD
simulations have been conducted so far.

The projected density of states (pDOS) of the Si NCs
averaged over 2 ps of MD trajectory suggests the localization of
the frontier valence and conduction band orbitals on the Si
atoms (Figure 4). These MOs are composed primarily of Si 3p
and Si 3d orbitals respectively. The hydrogen atom
contribution to the DOS is negligible at these energy levels.
As expected, the DOS increases with the NCs’ diameter. As an
implication for the NA-MD computations, one needs to
include a larger number of unoccupied orbitals in larger Si NCs
to span the same window of excitation energies of interest.

Following the expectations from the quantum confinement
considerations, the band gap decreases as the diameter of Si
NC increases. Although the observed trends for the computed
band gaps do agree with the existing experimental and
computational data, the computed band gaps are systematically
underestimated compared to the reference values (Table 1).
The discrepancy between the xTB and reference band gaps is
rather low for large systems (e.g., 1.37 xTB vs 1.59 eV exp. for
the 3.5 nm NC), but increases for smaller systems (e.g.,, 1.9
xTB vs about 3.0 eV exp. for the 1.2 nm NC). We attribute this
trend to the use of the single-particle description of excitations
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Figure 4. Average pDOS over 2 ps of MD trajectory at 300 K for (a) SisoHgq, (b) Sija3Hi00r (€) SizesHise (d) SizpoHi7s, (€) SisiHas and (f)

SiygooH412- The Fermi energy level is set to zero.

Table 1. Average Band Gaps of the Si NCs Computed in
xTB and DFT Frameworks

computed
average band
gap, eV
system and DFT
diameter (nm) xTB  (PBE) reference band gap, eV
SisgHgo (1.2) 191 2.58 3.0 (exp)™®
Sijp3H 0 (1.6) 1.73 2.09 201 (PBE)," 3.09 (HSE06)"*
SiresHiso (2.4) 1.55 172 2.08 (exp),”” 2.3 (exp)'>®
2-3 2.25—2.75,§exp)139
SizpeH 7, (2.5) 1.54 158 1.9 (exp)'®
Siso;Haog (2.8) 1.42 136 1.44 (PBE),'™ 2.34 (HSE06)"*°
SijooeH412 (3.5) 1.37 120 1.59 (exp),*® 1.19 (PBE),"*° 2.18

(HSE06)"*°

4.0 1.48 (exp),"*® 1.76 (exp)"’

in the Si NCs in this work as well as to the approximate
treatment of electronic exchange and correlation within the
xTB method. For small NCs, the confinement effects become
significant, and so it is critical to capture the many-body
interactions and accurately represent electronic correlations in
these systems to yield electronic transition energies in a better
agreement with experimental values. For larger systems, the
excitonic effects are of a lower importance, so the XTB band
gaps are in a better agreement with the reference experimental
data. At the same time, the XTB band gaps reasonably agree
with the corresponding DFT counterparts. The trends are
similar: the discrepancy between the xTB and PBE gaps is
higher for smaller Si NCs (e.g., 1.9 eV xTB vs 2.6 PBE eV for d
= 1.2 nm NC) but becomes smaller for larger systems (e.g.,
1.37 xTB vs 1.2 PBE eV for d = 3.5 nm NC). The discrepancy
between the xTB and PBE band gaps can be attributed to the
approximations within xTB itself (e.g., the Taylor expansion of
the functional) as well as to different bases (tight-binding vs
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AOs/PWs) used within each method. Nonetheless, the
difference between the xTB and PBE band gaps is much
smaller than the difference between xTB and experimental
reference values, especially in smaller systems. This observation
suggests that XTB is still a reasonable approximation to the
PBE for these classes of systems and for the problem of interest
(the approximate modeling of excited states).

Furthermore, a careful comparison of energies of the utilized
dynamical basis states (chosen as the SDs with excitations of
the HOMO — LUMO + n kind) and the energy gap
distributions computed using xXTB and DFT shows that the
xTB approach agrees with the DFT quite closely (Figures S1
and S2). The PBE method yields somewhat larger gaps
between the adjacent states than the xTB, especially for smaller
systems. However, such differences are rather small and vanish
as the system’s size increases. The slight discrepancy of the
xTB and DFT energy gaps can be attributed to the difference
in treatment of the long-range exchange interactions. Although
the PBE functional used in the current DFT calculations has a
relatively short-ranged exchange potential (as all pure func-
tionals typically do), it is longer ranged than the truncated xTB
expression, leading to somewhat smaller adjacent-state energy
gaps in the xTB calculations compared to the PBE counter-
parts. The PBE values are also not ideal, due to the incorrect
long-range asymptotic behavior of pure exchange functionals.
This is also manifested in the discrepancies between the
computed PBE band gaps and the experimental or HSE values
(Table 1). These variations of the energy gaps are likely to
affect the NAC magnitudes and the electron relaxation rates.
Specifically, we expect that XTB NACs and NA relaxation rates
may be somewhat overestimated in comparison to the real
values. Indeed, as our calculations show (vide infra), the
computed hot carrier relaxation rates are several times smaller
than the corresponding experimental values.
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Sijoo9Hs12- The Fermi energy level is set to zero.

The largest Si NC considered in this work involves 2724
single-particle states making the DFT-based calculations much
more time-consuming than the xTB-based calculations. For
example, the average timing of an SCF cycle to complete,
including both OT and diagonalization together, is about 3.5
times faster for xTB than for DFT for the largest Si NC.
Consistent with the increased DOS for larger NCs, the mean
of the probability distribution for energy gaps between
adjacent states shifts toward smaller values as the system size
increases but is converged rapidly with the system’s size
(Figure S2). This rapid convergence and the weak sensitivity
to system’s size are likely due to the lack of proper long-range
behavior of the XTB exchange—correlation functional. Indeed,
the short-range behavior of the xTB functional has been
mentioned in the original formulation”>”* and was also related
to potential convergence problems in systems with nearly
degenerate states.
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We compute the probability distribution of the magnitudes
of NACs between all pairs of states, hld,-,jl, for all systems using
orbitals obtained from PBE and xTB calculations (Figures S
and S3). The statistics is based on 4000 data points (2 ps
trajectory, 0.5 fs time step) for xTB and 1000 data points (500
fs trajectory, 0.5 fs time step) for DFT. It is known that the
numerical calculations of NACs can be dependent on the
selected nuclear time step.">¥"*” To check the appropriateness
of the chosen timestep, we also compute NAC distributions
with a smaller time step of 0.2S fs using 2000 data points (a
500 fs trajectory). Our calculations (Figure S4) suggest that
NAC calculations are converged using a 0.5 fs time step
already.

Our intuitive expectation is that NAC should increase on
average with increasing the NC diameter because the average
energy gap between the adjacent states would decrease.
However, we observe a nearly opposite situation—first, there
is a higher probability to observe smaller NAC magnitudes
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(e.g. below 1—2 meV) in larger NCs (Figures S and S3, panels
a and d). Second, as one moves to larger NACs, above 2 meV,
there is a clear trend to more likely observe larger NACs in
smaller NCs (Figures S and S3, panels b, ¢, e, and f). To
explain such an unusual result, we recall that there are two
major factors that can affect NAC magnitudes: (1) the
electronic structure method itself (e.g, DOS and state
localization) and (2) the details of nuclear dynamics, such as
the magnitude of average fluctuation of the nuclear DOFs that
couple the electronic states of interest. The analysis of the
projected densities of states indicates that the core states (as
opposed to surface states) become dominant in the
composition of the frontier (and nearby) states when the
NC size increases (Figure 6). At the same time, the core Si
atoms experience smaller coordinate fluctuations (Table 2)

Table 2. Root Mean Square Deviation of Atomic Positions
of Core and Surface Si Atoms, Angstrom

system Si-surface Si-core
SisoHgo 0.273 0.172
SitasHi00 0.152 0.113
SiyesHig0 0.144 0.114
SigzoHi7, 0.186 0.141
Siso1Haas 0.262 0.190
Sijo0oH412 0.169 0.127

and therefore exert a smaller perturbation on the NC-core
electronic states. As a result, the NAC which quantifies the
response of electronic states on the perturbation of nuclear
geometry decrease in larger NCs. Furthermore, the spatial

separation of orbitals increases as the diameter of NCs
increases (Figures SS and S6). Indeed, in small NCs, the
orbitals may be delocalized over the entire NC. Thus, the
time—overlaps of different orbitals may be notable. In contrast,
in large NCs, the orbitals are localized only within a finite
region of the NC. Thus, the distinct orbitals may be notably
separated in space, leading to smaller time—overlaps. Recall
that the regular, that is, same-time, overlaps of distinct orbitals
are still zero due to their orthogonality, no matter their spatial
localization. However, the orthogonality condition does not
hold for the time—overlaps, in which case the spatial
localization of orbitals is important.

We also compute the average pure dephasing times in all Si
NCs for all pairs of states within a 1.0 eV excitation energy
window (Figure S7). We observe that these times increase with
the increase of the NC diameter and can be as large as several
hundred femtoseconds. The observed dependence can be
rationalized by the increased DOS in larger Si NCs, which
leads to smaller energy gaps, and hence to smaller energy gap
fluctuations. Indeed, as Figure S1 illustrates the energy levels of
Si NCs constitute a very dense band with nearly parallel energy
levels. As a consequence of large dephasing times, one can
expect the significance of coherent dynamics in such systems.

Finally, we conduct TSH calculations for all six systems,
using the FSSH, ID-A, and mSDM methods. A representative
evolution of the excess excitation energy for the smallest and
the largest systems considered is shown in Figure 7 with all the
cases shown in Figure S8. The computed timescales are
summarized in Table 3.

The FSSH calculations suggest that hot carriers with an
initial excess excitation energy of 1.0 eV relax within 102—133
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Figure 7. Representative dynamics of hot electron excess excitation energy relaxation in Si NCs with initial 1.0 eV excitation above LUMO using:
(a,d) FSSH, (b,e) ID-A, and (c,f) mSDM for (a—c) SisoHgo and (d—f) SijgeoH,y, systems. Solid red lines correspond to the average fitting with the

Gaussian-exponential function.
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Table 3. Hot Electron Relaxation Timescales Obtained from
Fitting the NA-MD Results to a Gaussian-Exponential
Function in Eq 28

relaxation time

system/size ESSH ID-A mSDM reference data, fs
SisoHgo 102 + 5 170 + 3 144 + 2 1.5 nm 1.0 eV, 400 fs
=12 nm comp),”” 1 S
d=12 p),>* 182 fi
(comp)*®
Sijp3H 00 109 £ 1 286 + 3 173 £ 3
(d = 1.6 nm)
SiyesH 40 114 + 1 455+ 7 177 +£2 22 nm 1.0 eV, 59 fs
(d =24 nm) (comp)28
SizeH 7, 133 £ 3 494 £ 7 192 + 3
(d = 2.5 nm)
Siso Hapg 131 £1 617 + 12 197 +1 ~2-3 nm,
(d = 2.8 nm) ~0.45-0.9 eV,
~600 fs'*’ (exp)
Sijg09H412 128 + 1 773 + 16 182 +2  3.5nm, 0.44 eV, 720 fs
(3.5 nm) (exp),138 4.0 nm,
1.0 eV, 380 fs
(exp) 140

fs. These values are a factor of 4—5 smaller than the timescales
reported in the experiment or suggested by other computations
but larger than the timescales obtained by the BL-LZ
dynamics28 (Table 3). The mSDM calculations suggest a
1.5X slower relaxation reducing the discrepancy with the
experiment to a factor of 2—3. Importantly, the relaxation
times computed with either the FSSH or mSDM methods
show a non-monotonic dependence on the NC diameter.
These times increase as the diameter of the Si NC increases up
to 2.5—2.8 nm. After this critical size, the relaxation times start
decreasing as the Si NC diameter continues to increase. This
trend is consistent qualitatively with the experimental results of
Bergren et al.'”® who reported a similar non-monotonic
dependence of the excess excitation energy cooling times in Si
NCs. In their work, four Si NCs with average sizes of 3.4, 4.7,
6.2, and 7.3 nm were considered. The slowest hot carrier
relaxation was found for the 4.7 nm NC. However, it was
found to accelerate again as the NC diameter increases to 6.2
and 7.3 nm.

The non-monotonic dependence of excitation energy
relaxation times on the Si NC diameter can be rationalized
in the following way. The excess energy relaxation depends on
the NAC magnitudes that determine the rates of population
transfer, as well as on the DOS, which determines the
likelihood of the “parallel”, across-the-state transitions or kind
transitions Whome' — Phone with li — jI>1. As illustrated in
Figure 5, the probability to encounter larger NACs is higher for
smaller NCs. These large NACs would be the dominant factor
that leads to a fast energy relaxation in smaller Si NCs. As one
moves to larger systems, the probability density to sample
configurations with smaller NACs increases, and the small-
NAC transitions become dominant; the computed lifetimes
increase. As one goes to even larger NCs, the number of
possible non-adjacent state transitions within a given energy
window increases, and the energy relaxation rates increase due
to the dominance of the increased number of relaxation
channels. The number of indirect transitions of such kind
increases roughly quadratically with the density of electronic
states. The transitions i — i + 2, i — i + 3, and so forth have
NACs comparable to the NACs of the adjacent transitions, i —
i + 1. The quadratically increasing number of “parallel”
channels for energy decay eventually leads to the acceleration
of the relaxation dynamics in larger systems.
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To support the “parallel”-transfer mechanism and its role in
defining the NC-size dependence of the energy relaxation
times, we conduct additional restricted calculations in which
we zero out all of the NACs between non-adjacent states
(Figure S9). Such modified Hamiltonians allow only the
transitions between the adjacent states in all of the Si NCs.
The results show that the excess excitation energy decays faster
in smaller NCs such as SigoHg, (Figure S9, panels a—c). The
process slows down in the larger Si;,3H;oo system (Figure S9,
panels d—f). For even larger systems, we do not observe any
steady decay over a simulation time of 1 ps (Figure S9, panels
g—r). These observations are consistent with our analysis of
the NAC distributions that show a decreased probability of the
larger NACs in the larger NCs (Figure S). Thus, the overall
acceleration of the excitation energy relaxation in larger
systems observed in the unconstrained simulations (Figures
7 and S9) can indeed be attributed to the increased number of
relaxation channels rather than to a potential increase of NAC
magnitudes.

It is instructive to discuss the methodological differences
next. First, the mSDM results are comparable to the results
generated by the FSSH method, but the relaxation times are
larger on average. This overall closeness of the mSDM results
to the FSSH results can be attributed to relatively large
dephasing times (Figure S7), which make the corrections to
the coherent amplitudes relatively small. However, this
correction is helpful because it improves (not notably) the
agreement of the computed results with the reference values,
especially for larger systems (Table 3). In addition, the
position of the slowest relaxation is shifted toward larger
systems (e.g., 2.8 nm Si NC for mSDM vs 2.5 nm Si NC for
FSSH), in a better agreement with the results of Bergren et
al."*® (e.g., slowest relaxation in 4.7 nm NC).

The ID-A dynamics predicts a monotonic increase of the
relaxation lifetimes for Si NCs with the increase of their
diameter. The computed lifetimes are nearly an order of
magnitude larger than the corresponding FSSH and mSDM
values putting them in a better agreement with the
experimental references for the 3.5 and 2.8 nm NCs. This
difference with the mSDM value can be attributed to the
algorithm for handling decoherence. Within the ID-A
formulation, the overall coherent superposition collapses
periodically to a given state, roughly to the one with the
highest quantum population at the moment of collapse.
Because the greatest population transfer occurs due to multiple
channels for non-adjacent state transitions, the ID-A collapses
effectively remove such parallel pathways by destroying the
coherences between the non-adjacent states. As a result, we
observe a steady increase of the ID-A energy relaxation times
with the Si NC size increase, similar to the trend observed in
the constrained simulation (Figure S9). Thus, the ID-A favors
the consecutive hopping mechanism. As a result, the larger the
number of states to traverse through (as is the case in larger
NCs), the longer it takes. Furthermore, frequent “resets” of the
coherent dynamics by the ID-A slows down the coherent
dynamics as well. On the contrary, within the mSDM
formulation, all coherent amplitudes are affected gradually,
and no abrupt “resets” of the dynamics occur. Such an
algorithm favors a faster overall dynamics as observed in the
mSDM calculations.

Despite the numerical closeness of the ID-A relaxation times
to the experimental reference values (Table 3), the ID-A has a
significant conceptual flaw—it destroys coherences where they
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Figure 8. Molecular and electronic structure of the graphitic carbon monolayer: (a) molecular structure of a 2 X 2 X 1 supercell of C;N,
monolayer; (b) pDOS averaged over 2 ps of MD trajectory at 300 K for the 2D C;N,; (c) energies of the mixed electron—hole excited states for a
100 fs sub-trajectory of MD trajectory; and (d) MD-averaged NAC magnitudes for all pairs of the identity-ordered mixed electron—hole excited

states.

should be preserved, such as in the systems with dense
manifolds of states whose energies evolve nearly parallel to
each other (e.g, Figure S1). As a remarkable consequence, the
method yields no maximum of the energy relaxation time as a
function of NC size. In contrast, the methods that preserve
such needed coherences, FSSH and mSDM, are capable of
predicting such a turnover in the timescales. Hence, the
preservation of coherences by the decoherence algorithms is an
important property needed in order to capture such qualitative
trends in the timescales.

The reported timescales should be taken with a grain of salt.
On the one hand, the present approach relies on the xTB
framework, which is optimized to predict the ground-state
energetics and geometries, but not necessarily the excited-state
properties, as for instance in the ZINDO semiempirical
method.>" As discussed above, the xTB method tends to
underestimate energy gaps and may therefore overestimate the
NACs (although they are still consistent with the PBE level)
and the excitation energy relaxation rates (Table 3). On the
other hand, the current approach relies on a single-particle
(orbital) treatment of excited states. As we demonstrated
recently, true excited states in systems such as Si NCs are
multiconfigurational, and the inclusion of such effects leads to
an acceleration of the dynamics.29 Thus, the current
quantitative disagreement of the computed timescales with
the experimental values may potentially be resolved by
incorporating the excitonic effects.

3.2. Graphitic Carbon Nitride Monolayer. As a second
illustration of the developed methodology, we consider
modeling of electron—hole recombination in a periodic 2D
system, graphitic carbon nitride (Figure 8a). The electronic
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pDOS of a 2 X 2 X 1 monolayer supercell computed with xTB
and averaged over 2 ps of MD trajectory is shown in Figure 8b.
The frontier valence band states are mostly 2p (N) states,
whereas the conduction band states are represented by 2p (N)
and 2p (C) states, with the latter being the dominant
contributions. The MD-averaged band gap of the system is
1.56 eV. This value is underestimated in comparison to the
experimental values ranging from 2.79'% to 2.89 eV'' but
reasonably close to a corresponding PBE value of 1.92 eV.'"!
As we discuss in Section 3.1, the underestimation of the PBE
calculations with respect to the experimental value can be
attributed to a poor description of the long-range part of the
exchange functional—the problem that can be fixed using
hybrid functionals, especially those with long-range correc-
tions. Indeed, Agrawal et al.'®" report a band gap of 3.26 eV
computed with the HSE functional. Our xTB values are also
underestimated in comparison to the PBE gap, due to the
tight-binding approximation of the exchange—correlation
functional as used in the xXTB method. Overall, the under-
estimation of the band gap is rather notable, and it is expected
to lead to an acceleration of the nonradiative dynamics. Thus,
the timescales we obtain in this work can be regarded as the
lower boundary of the true timescales.

Following the earlier work of Agrawal et al,'®! who
conducted simulations in a similar system, although using a
PBE/NA-MD approach within the NBRA, we model the non-
radiative electron—hole recombination in this system.
Although the initial state is chosen as the first excited state
of the HOMO — LUMO type, we include 24 excited states in
the dynamical basis, to enable additional pathways for
recombination, such as the indirect recombination after initial
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Figure 9. Snapshots of the (a,c) HOMO and (b,d) LUMO isosurfaces (0.01 Bohr™) of the 2D graphitic carbon nitride at two random MD

geometries.

thermal excitation to lower excited states, or the pathways
involving the exchange of electron and hole excitation energies.
Our basis is composed of HOMO — n — LUMO +m, n =0, ...
4, and m = 0, .., 4 excitations. These states span a 0.25 eV
window of energies above the S, state energy, much larger than
the thermal energy quantum at 300 K (Figure 8c). The
inclusion of such states in the dynamics enables modeling
thermally-activated recombination, in which the initial S, state
may be promoted to higher-lying states thermally, followed by
the direct relaxation of the generated “hot” state to the ground
state. We also perform the dynamics by involving only two
states (the HOMO — LUMO transition approximating the S;
state, and the ground state) in the dynamical basis, similar to
the setup used previously by Agrawal et al."®!

Our analysis of the NAC map between the pairs of excited
states shows that the most strongly coupled states are adjacent
in their indices and correspond to couplings of the type
. S| o) (Figure
8d). The pairs with both n and m being different, such as

LUMO+m| 0 [\yLUMO+m'\ _ . ’ ’
(Yhomo-n| 5 |Yiomo—n) with n # n” and m # m’ are not

coupled. The patterned structure of the NAC map in Figure 8d
is the consequence of the ordering of the states in the mixed
electron—hole excitation basis. Here, the distant-index states
could be coupled because they may correspond to excitations
with n = n’ but m # m’ or m = m’ but n # n’. At the same time,
the next-index points may be decoupled because they may
correspond to n # n’ and m # m’. The NAC maps can also be
computed in the energy-ordered representation (Figure S10a).
In this representation, the states of the closest energy normally

<\PLUMO +m

LUMO+m’ LUMO+m
HOMO—n| 5, | ¥ ) or (¥

HOMO-n HOMO-n
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have the largest coupling. On average, the non-zero coupling
will be observed for all pairs of state energies. This is because
the energy-ordered states may correspond to different state
identities at different times. Thus, the coupling for a given pair
of state energies shown in Figure S10a corresponds to the
trajectory average of NACs for different pairs of identity-
ordered states, both coupled and decoupled originally. Here,
we perform the electron—hole recombination dynamics in the
energy-ordered basis. Because the physically measured labels of
states are their energies, we believe that the energy-ordered
basis is the most suitable for modeling the excitation energy
relaxation dynamics.

The trajectory-averaged NAC magnitudes for the pair of the
So and S; states is 0.64 meV, which is nearly 2.8 times smaller
than the 1.8 meV value reported by Agrawal et al.'®" This
result is counterintuitive to our expectation based on the
analysis of the energy gap. In fact, we could expect a factor of
1.92/1.5 =~ 1.3 increase of the NAC values in comparison to
the PBE-based values of Agrawal et al.'®" In contrast, we obtain
decreased couplings. One reason for such a discrepancy could
be the difference of the computational setups, such as the MD
trajectory generation methods, electronic structure method
choices, as well as the software implementation used. For
instance, the Pyxaid code used by Agrawal et al.'®" does not
incorporate the phase-consistency correction to NACs used in
the present work. Another reason could be the unit cell size
effect. Indeed, the area of the supercell used in the present
work is 4 times larger than the area of the unit cell used by
Agrawal et al’® As a consequence, the orbitals in the
computational setup of Agrawal et al. appear delocalized over
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Figure 10. Total population of all excited states in the C;N, monolayer as a function of time during a 2 ps NA-MD trajectory. The calculations are
conducted using the DISH method with 2 (a,c) or 25 (b,d) states, using the dynamical basis of SD (a,b) or SAC (c,d) states. Gray lines indicate
population dynamics of individual matches, while the red line shows the average population.

the entire simulation cell, whereas in our work we observe the
localization of orbitals in finite regions of the supercell used
(Figure 9 and Supporting Information animations, Videos S4),
consistent with the early works of Levine et al.'®* As a
consequence, the orbitals are more distant from each other in
the present work than they were in the work of Agrawal et al,,
leading to smaller time—overlaps and NACs.

The excited-state relaxation dynamics, which models the
electron—hole recombination is computed using the SD and
SAC dynamical bases (Figure 10). In these calculations, the
lowest excited state is initially populated, but other excited
states may be included in the calculations because they may be
transiently populated before the system relaxes to the ground
state. In the minimalistic model that used 2 SDs (ground and
excited states) in the dynamical basis, we obtain a 9.5 ns
timescale (Figure 10a), which is comparable to the 10.8 ns
reported previously by Agrawal et al. for the minimal unit cell
system and the same dynamical basis.'®" The recombination is
1.4 times faster if the SAC basis is used (Figure 10c). This
acceleration factor is comparable to the expected 2X
acceleration. Such an acceleration is expected because the
effective NAC values between the ground and excited states in
the SAC basis are +/2 times higher than in the corresponding
SD basis (e.g., see Section S1 of the Supporting Information).
We attribute the deviation of the SAC-acceleration factor from
the expected 2 to the quality of the hops sampling within the 1
ps of simulation in very slow processes with an intrinsic
timescale of 10 ns. Indeed, repeating the same calculations with
the FSSH or ID-A methods yields much faster dynamics
(Figure S11), with the expected 2X acceleration clearly
reproduced.

We also observe an interesting acceleration of the
recombination dynamics when increasing the number of
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dynamical basis states used in the calculations. For instance,
extending it to 25 basis states, the recombination times
decrease to 3.2 ns in the SD and 2.1 in the SAC bases (Figure
10, panels b and d). The mechanism of such acceleration is
likely similar to the one we observed in the Si NC case. The
added states are close in energy to the original state and thus
can be easily populated both coherently and in the hopping
algorithm. Each of the auxiliary states is likely to develop
coherences with the ground state, in parallel. Thus, one can
expect a fast coherent population of the ground state. Thus,
multiple “paralle]” coherent population transfer channels are
opened, leading to a faster population transfer between the
excited states manifold and the ground state. To verify this
hypothetic mechanism, we also compute the relaxation
dynamics with the FSSH and ID-A approaches (Figure S11).
Similar to DISH, in FSSH calculations, we observe the
acceleration of the ground-state recovery in models with more
excited states included. This is consistent with our proposed
mechanism. Indeed, the FSSH approach allows for the
development of multiple coherences and it therefore facilitates
opening parallel relaxation channels (similar to Sin NCs case)
and it does accelerate the dynamics, as DISH does. On the
contrary, in the ID-A calculations, we observe slower dynamics
in the model with more excited states. The ID-A algorithm
frequently destroys coherences. Adding more states to the
system may lead to more frequent hop attempts and hence,
more frequent coherence resets. In this case, the additional
states act as the “electronic friction bath”, whereas in the FSSH
or DISH methods, the additional states act as the effective
coherence-based facilitators of relaxation. A more detailed
investigation of these mechanisms is beyond the scope of this
work and will be reported separately.
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3.3. MIL-125-NH, MOF. As the third and final example of
application of our methodology to modeling NA-MD
processes in extended systems, we consider electron—hole
recombination dynamics in titanium-based MOF, the MIL-
125-NH, (Figure 11a), previously studied by Syzgantseva and
co-workers.*® The ensemble-averaged pDOS at 300 K shows
that the valence band edge states are composed mostly of the
C and N atomic states, while the conduction band edge states
are mostly composed of the titanium orbitals with a small
contribution of C and O atomic states (Figure 11b). An MD-
averaged band gap of 1.49 eV computed at the xTB level is
only marginally higher than a PBE value of ~1.35 eV reported
by Syzgantseva et al.*® At the same time the single-particle gaps
are about 2.2 times smaller than the ~3.25 eV experimental
gap,'*”'® suggesting that accounting for excitonic effects may
be an important next-step refinement of the current single-
particle based methodology. Similar to the graphitic C;N,
system, we observe that NACs between mixed electron—hole
states are the largest for the pairs of energetically adjacent
states (Figures 11d and S10b). As expected from the relatively
large gap, the NACs between the ground state and other
excited states are small, on an order of 0.14 meV. Notably, all
excited states near the first one exhibit NACs with the ground
state of a comparable magnitude.

Previously, Syzgantseva et al.** modeled the dynamics of the
ground-state recovery in MIL-125-NH, MOF using a similar
NBRA approach. Considering a minimalistic dynamical basis
of the ground and only the first three excited states (of the
electron-only excitation type), the electron—hole recombina-
tion time of approximately 13 ns was reported. The
corresponding NAC of the first excited state (approximated
by the HOMO — LUMO transition) to ground state was
computed to be 3.09 meV at the PBE level of theory, excluding

the +/2 prefactor that should be included due to SAC.*® Our
xTB-based NAC calculations yield a notably smaller value of
~0.14 meV (in the SD basis), while the value accounting for
spin-adaptation should be larger by a factor of v/2. A direct
comparison of these values is not straightforward because the
discrepancies could also be related to the different protocols
used to produce MD trajectories, to the differences in the
electronic structure calculations themselves, as well as to the
differences of the utilized codes. We expect that the differences
introduced by the electronic structure calculations to be
minimal because both PBE and xTB produce comparable band
gaps.

First, we conduct the NA-MD calculations of nonradiative
electron—hole recombination in MIL-125-NH, with the
minimalistic four-state basis used by Syzgantseva et al.*’
Unlike in their work, where the three excited states were
chosen as the HOMO — LUMO, HOMO — LUMO + 1, and
HOMO — LUMO + 2 transitions, we also consider the hole
excitation channels, so the three excited configurations used in
this work are HOMO — LUMO, HOMO — LUMO + 1, and
HOMO — 1 — LUMO. They are the three lowest energy
determinants. The system is initially populated in its first
excited state and the total population of all excited states is
monitored over time (Figure 12, panels a and c). In both the
SAC and SD bases, our calculations yield the 13 ns electron—
hole recombination time, which is in excellent agreement with
the 9—15 ns range reported experimentally by Santaclara et
al.'*>'** Despite smaller average NACs and a larger band gap,
we obtain a timescale similar to the one reported by
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Syzgantseva et al.*® This agreement likely due to other factors
such as the difference in the version of the algorithm used,
nuclear dynamics, and slightly different dynamical bases used
in the two works. In particular, the basis used in this work
enables the hole excitations in addition to the electron
excitations, whereas the work of Syzgantseva considers only the
electron excitation channels.

Similar to the C;N, example, we observe the acceleration of
the relaxation dynamics when more than four dynamical basis
functions are used. In the model calculations with 13 excited
states spanning 0.25 eV above the lowest excited state (Figure
12, panels b and d), we observe a 2-fold acceleration (6.6 ns)
of the dynamics in comparison to the one with four-state
model. Analogous to the C;N, system, we also observe the
acceleration of the dynamics in system with 14 states when
using the FSSH method, as well as the deceleration when using
the ID-A method (Figure S12). We believe the mechanisms
governing these effects are analogous to those discussed in
Section 3.2.

Surprisingly, the timescales obtained in the calculations with
the SAC basis (13 ns, Figure 12a) and the SD basis (13.1 ns,
Figure 12c) are comparable to each other, despite the /2
factor in the NAC used in the SAC calculations. This effect has
the same origin as the deviation of the ratio of the timescales in
SAC and SD bases from 2 observed for C;N,, although it is
more severe because the dynamics is even slower than in the
C;N, system. To confirm this rationalization, we conduct the
calculations using FSSH and ID-A methods (Figure S12). In
all cases (except for the ID-A with 14 states), there is an
expected factor of 2 acceleration of the dynamics when
computed in the SAC basis. Furthermore, we have conducted a
systematic scaling of the NACs by the factor 2"* and
monitored the ratio of the timescales 7, computed with the
nearby scaling factors, that is 7,/7,_; (Figure S13). This
approach can be regarded as the comparison of the calculations
with SAC and SD bases for different magnitudes of intrinsic
NACs. Our expectation is that the ration 7,/7,_, should
approach 2. We indeed observe this value for n values as low as
3—3. The rate of convergence of the 7,/7,_, ratio to 2 depends
on the statistics of the sampling. We also consider a longer
simulation time for the dynamics, up to 10 ps (up to five times
longer), using the repetition of the Hamiltonians that were
used for the 2 ps dynamics. In such calculations, the
convergence is achieved for smaller n values (e.g, Figure
S13b), which indicates that sampling a better statistics of the
surface hops (as is in the case of longer trajectories) can reveal
the correct scaling of the relaxation rates. We also consider the
effect of R? value for computing the timescales, that is, we use
different tolerances in the fitting procedure to compute the
timescales (Figure S13). We observe no significant effect of
this parameter.

4. CONCLUSIONS

In this work, we report the development of a new xTB/NA-
MD methodology for finite and periodic systems with
thousands of atoms. The computational workflow is
implemented in the open-source Libra library v5.2.1'** and
leverages the efficient xXTB approach as implemented in the
CP2K electronic structure package. Through integration with
the efficient Libint2 molecular integral library and the use of a
sparse matrix format, our Libra workflow enables efficient
modeling NA-MD involving hundreds of electronic states of
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systems with thousands of atoms. As an example, we apply it to
model NA-MD in the unprecedentedly large Si NCs with more
than 1400 atoms. The approach developed in this work is
generalized to compute NACs between bands belonging to
distinct k-points, although the current tests have been limited
to electronic transitions among bands at the same k-point.

By modeling the hot electron relaxation dynamics (1.0 eV
excess excitation energy) in Si NCs with diameters ranging
from 1.2 to 3.5 nm, we find a non-monotonic dependence of
carrier relaxation times on the NC diameter in FSSH and
mSDM schemes, in agreement with the experimental findings
of Bergren et al."*® The lifetimes vary in the range of 102—133
fs (FSSH), 170-773 (ID-A) fs, and 144—197 (mSDM),
reaching maximum for 2.5 nm (FSSH) or 2.8 nm (mSDM)
NCs. We attribute the non-monotonic behavior to the
interplay of the Si NC size-dependent NAC, which decreases
with the NC diameter, and the availability of coherent across-
state population-transfer channels, whose number increases in
larger NCs. We rationalize the decrease of the NACs in larger
NCs by the state localization. On the one hand, when the
diameter of Si NCs increases, the “hot” electron states are
dominated by the core-localized states, whose effective NACs
decrease due to the lower mobility of core atoms. On the other
hand, when the diameter of Si NCs increases, the spatial
separation of orbitals increases, leading to smaller time—
overlaps. We argue that the proper treatment of coherences is
needed to obtain the maximum of the carrier relaxation
timescales as the function of NC diameter. It is the
preservation of coherences that enables population transfer
between the non-adjacent but energetically closed states and
accelerates the “hot” carrier relaxation in larger systems. The
ID-A algorithm destroys the coherences that should be
preserved and therefore predicts a monotonic decrease of
hot carrier energy relaxation rates with the increase of Si NC
diameter.

Our calculations of the nonradiative electron—hole
recombination dynamics in periodic 2D (g-C;N,) and 3D
(MIL-125-NH2 MOF) systems yields the 9.5 and 13.1 ns
timescales when computed in the minimal SD basis. These
timescales are consistent with the previously reported PBE-
based results of Agrawal et al.'®' and Syzgantseva et al,*
respectively, as well as with the existing experimental values. In
this work, we argue that modeling the nonadiabatic transitions
between open- and closed-shell singlet configurations require
the use of SACs because it changes the effective NAC by a
factor of /2 compared to those computed in the bare basis of
SDs. This correction leads to 2-fold acceleration of the
corresponding processes such as electron—hole recombination
dynamics. We also find that modeling the transitions between
states coupled by very small NACs (leading to intrinsic
timescales > 10 ns) requires careful sampling of the surface
hopping statistics, which can be done using either NAC
extrapolation or by extending the NA-MD trajectories by
repeating the shorter explicitly computed Hamiltonians.

Our assessment of the xTB approach on three types of
systems suggests that it yields NACs and overall dynamics
comparable to those computed at the DFT/PBE level. We
discuss that the short-range nature of the functional causes the
gap underestimation in C3N, and Si NC systems and slight
overestimation of the gap in the MIL-125-NH2 MOF system
compared to those of PBE. At the same time, all the gaps are
underestimated compared to experimental values, so the
calculations based on these single-particle descriptions of

excitations are likely to provide a lower bound to the relaxation
timescales. Considering excitonic effects in energy levels, one
could expect slower electron—hole recombination dynamics
than those computed here. However, as our earlier studies
indicate, the excitonic effects also tend to accelerate the
dynamics by enhancing mixing of the single-particle states.
Assuming these effects negate each other, the timescales
computed in this works are likely to be in the correct ballpark,
but the exact values can vary.

Finally, in this work, we have assessed several TSH schemes,
such as FSSH, ID-A, mSDM, and DISH. The hot carrier
relaxation and electron—hole recombination timescales are
generally compared as ID-A > DISH > mSDM > FSSH. We
observe a qualitative distinction of the ID-A method from all
other methods in the systems with multiple intermediate states.
While the inclusion of a larger number of intermediate (even
higher energy, as in the superexchange model) states
accelerates the relaxation dynamics when FSSH, mSDM, and
DISH methods are used, the ID-A method predicts a
qualitatively opposite behavior. The ID-A algorithm predict
the deceleration of the dynamics with more intermediate states
added in the model, even if these states are higher in energy
than the initial one. We attributed these qualitative differences
of the methods to the way they treat coherences. While the
FSSH, mSDM, and even DISH methods maintain the
coherences between states whose energies evolve nearly
parallel in time, the ID-A often removes the coherences
between the pairs of states that should remain coherent.
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