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ABSTRACT: The recently synthesized monolayer fullerene network in a quasi-hexagonal phase
(qQHP-Cq4,) exhibits superior electron mobility and optoelectronic properties compared to
molecular fullerene (Cg), making it highly promising for a variety of applications. However, the
microscopic carrier dynamics of qHP-Cgy, remain unclear, particularly in realistic environments,
which are of significant importance for applications in optoelectronic devices. Unfortunately,
traditional ab initio methods are prohibitive for capturing the real-time carrier dynamics of such
large systems due to their high computational cost. In this work, we present the first real-time
electron—nuclear dynamics study of qHP-Cg4, using velocity-gauge density functional tight
binding, which enables us to perform several picoseconds of excited-state electron—nuclear
dynamics simulations for nanoscale systems with periodic boundary conditions. When applied to
Ceor qHP-Cyp, and their solvated counterparts, we demonstrate that water/moisture significantly
increases the electron—hole recombination time in Cgy but has little impact on qHP-Cg,. Our
excited-state electron—nuclear dynamics calculations show that gHP-Cy is extremely unique and
enable exploration of time-resolved dynamics for understanding excited-state processes of large
systems in complex, solvated environments.

Bl INTRODUCTION effects, such as photoinduced phase transitions,"”'” laser-
induced hot-carrier transport dynamics,'®'? and water-
enhanced time scales in electron—hole recombination pro-
cesses.”””" These findings provide insight into the underlying

dynamic properties of charge carriers in these materials to guide

The recently synthesized two-dimensional, monolayer fullerene
network in a quasi-hexagonal phase (qHP-Cy,) has attracted
significant attention from the scientific community due to its
favorable optical bandgap, superior electron mobility, and

. . . 18,22,23

optoelectronic properties, making it promising for broad the design of functional nanodevices. However, exper-
applications in microelectronics, photovoltaics, and photo- imental studies can only characterize a small portion of the
catalysis.”~® However, the performance of qHP-Cy, in realistic photoinduced processes, and a deeper understanding of the
environments is still unknown, particularly in the presence of carrier dynamics and the mechanisms behind these phenomena
water/moisture, which is typically present during solar cell requires theoretical guidance and verification.”*

fabrication and operation. As a closely related example, recent In this work, we present a new Ehrenfest dynamics method,
studies on perovskites have shown impressive performance in based on our recently developed velocity-gauge real-time time-
photovoltaic applications; however, their efficiencies signifi- dependent density functional tight-binding (VG-rtTDDFTB)
cantly decrease when exposed to humidity, which degrades the approach,” for simulating excited-state electron—nuclear
material and reduces the performance of the device.”™” dynamics in large, complex, periodic condensed matter systems.
Similarly, understanding the excited-state dynamics (i.e., In addition, we propose and implement an excited-state
photogenerated electrons and holes) of gHP-Cg, under realistic diagnostic for extracting real-time electron—hole pair distribu-
solvated/moisture environments is essential for realizing its tions during the ensuing electron—nuclear dynamics. Our new

potential technological applications.

Time-resolved measurements can enable unique insights into
the intrinsic quantum dynamics of these chemical/material
systems due to their ability to probe phenomena at the
femtosecond'’ and attosecond'' time scales. In particular,
attosecond-resolution experiments, which recently garnered a
2023 Nobel prize,"' have opened the door to exploring ultrafast
excited-state electron(-nuclear) dynamics with exquisite pre-
cision.”””"® These advanced experimental techniques have
enabled the investigation of rich electron—nuclear dynamical

approach provides a real-time and direct approach to observing
electron—hole generation, transfer, and recombination. Using
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our new implementation, we perform extremely long, pico-
second electron—nuclear dynamics simulations for molecular
fullerene (Cg), qHP-Cg," and their solvated counterparts.
These simulations are well beyond the capabilities and scope of
traditional adiabatic Born—Oppenheimer molecular dynamics
(BOMD) simulations or conventional time-dependent density
functional theory (TDDFT), especially for large periodic
nanoscale systems and long picosecond time scales. These
massive simulations provide essential insight into solvent-
mediated electron—nuclear dynamics and give a wholistic
approach for exploring excited-state processes, such as hot

. : 1o 21-23 . - .
carrier transport in nanomaterials, in realistic environ-
ments.

B THEORETICAL FORMALISM

To derive the coupled equations of motion for both the
electrons and nuclei, we first construct the Lagrangian within the
VG-rtTDDFTB formalism (setting A = ¢ =m, = 1):

1. .,
L:ZEMIRI+
I

Occ.

Z%'z—— pl -

— E,(R) (1)

where M,, R}, and Z; are the mass, velocity, and charge of the Ith
atomic nucleus, respectively. A(t) = —c /{E(7)dr is the real-time
external vector potential, where c and E are the speed of light in
vacuum and the external electric field, respectively. H[p,] is the
zeroth-order Hamiltonian that depends on the superposition of
= % ZU ]/I]AqIAq] and EreP(R) are
the second-order correction energy and repulsive energy,
respectively, where yy; is the interaction coefficient that depends
on the distance between the Ith and Jth atoms. The Aq = {Aq;}
and R = {R;} terms denote the sets of atomic Mulliken charges
and positions, respectlvely *7?% In the long- wavelength
apprommatlon,” the external-field Hamiltonian, H,,, in
the velocity gauge is given by”®

1 .
~ D ZRA+
c

I

exth//nk> Z[Aq]

atomic densities, py; E,[Aq]

~ 1, 1 5
Al) = 240 + —5A0) "
where p denotes the momentum operator. In the density
functional tight-binding (DFTB)26 7 formalism, a nonorthog-
onal pseudoatomic basis set, {lgbﬂ>}, is used to discretize eq 1.
The collective index, u, represents (I, I, m) such that |¢”>
denotes the orbital centered on the Ith atom of the {th periodic
cell image in real space with (I, m) angular momentum quantum
numbers, where ¢,(r — R; — L;) = (rl¢); R; and L; are the
positions of the Ith atom and th periodic image, respectively.”
Using this atomic basis set, the Bloch state Iy, ) in eq 1 can be
rewritten as

h//k> = \/—k Z Z CrilketkLquﬁg

¢ p=1 (3)

where Ny is the number of atomic basis functions in the unit cell.
Combining eqs 1 and 3, one can derive the dynamical equations
for the electrons and nuclei via the Euler—Lagrange

32,33
equations :

C kK = _iSEI(Hk —i[)Cyy 4)

n

0 0
MR= - Y T DVH] + VS, X 7,Aq
k J

+ Tr(D, VS, Sy 'Hy" + h. c.)

1 .
_:ZIA - Aql z VI}/UAq] - VIErep(R)
J

— ) Tr(D VS, Si'H, + h. c)
k

—i ) [Tr(D VS, S; Ty + h. )
k

- Tr(DkG)Lk +h. c)]

(8)
where C,; = [Cly, C%, 17 in eq 4 is the coefficient vector of the
nkth state; Dy = Nik Z:CC‘ anCZk: S Hy, H{®, and H denote
the k-dependent density, overlap, zero-order Hamiltonian,
external Hamiltonian, and total Hamiltonian matrices, respec-
tively.25 The “h.c.” abbreviation denotes the Hermitian

conjugate of the terms in the parentheses. I'y and @y are the
nonadiabatic coupling matrices, whose elements are given by

qu — Z e—ik-L:<¢”C|qSDO>E Z e—ik-L:I—ﬁ/w(Lg)

g > (©)
O = X e (Viglld )=} O] (Ly)
R ¢ (7)

Note that the last line in eq S depends on the velocity of the
nuclei, |¢51}0) = |V]¢v0)~R], and contributes to the nonadiabatic

coupling forces. The velocity-dependent forces are ignored in
our implementation for the small nuclear velocities in the
systems explored in our work.”® Alternatively, the equation of
motion in eq 4 can also be rewritten using the density matrix:
D, = —iS;'(H, — i[L)D, + h. . (8)
Given initial conditions Dy (0), R(0), and R(0), one can simulate
the real-time motion of both nuclei and electrons via eqs 5 and 8,
respectively, where the time-dependent density matrix and
nuclear coordinates are updated by the leapfrog™ and Verlet**
integral algorithms, respectively. The leapfrog method for
propagating the electronic density matrix is computationally
efficient for large matrices due to its fewer matrix multiplications,
whereas the Verlet method is commonly applied to nuclear
dynamics to ensure numerical stability and time-reversibility.

B RESULTS AND DISCUSSION

Computational Details. We used fixed cell dimensions of
17.0 A X 17.0 A X 17.0 A for both the isolated C, and water-
solvated fullerene (Cgy-H,O) systems. To capture a realistic
solvated environment, we used a 1 g/ cm® water-molecular
density for the Cy-H,O system, which resulted in a large system
size of 450 atoms. We used an 18.4 A X 15.9 A X 17.0 A box for
the 2 X 1 X 1 supercell of qHP-Cy,, > as well as its solvated form
(qQHP-Cg-H,0), which contains 426 atoms. All DFTB-based
calculations, including ground-state calculations, geometry
optimizations, BOMD simulations, electron dynamics, and
Ehrenfest dynamics, used the mio-1—1 Slater-Koster parameter
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Input: Atomic positions R*<=0
and velocities R=0

Calculate initial ground/excited-state
density matrix D=0

Ehrenfest Dynamics
—»| Update Hamiltonian H® and forces F
Update R&+D, R+ apg pt+D

Excited-state diagnostic

Ground-state calculation

(k+1)
Y a

MOD (k + 1,5000) = 0?

/ Output: properties /
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k
occupations {f2}“" at RO<+D

!

Obtain occupation differences {Af;}**1
and number of holes N;:”l)

Figure 1. Flowchart of real-time Ehrenfest VG-rtTDDFTB with an excited-state diagnostic algorithm for extracting real-time electron—hole pair

distributions.
@
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Figure 2. Geometries of (a) fullerene (Cg) and (b) quasi-hexagonal phase monolayer polymeric fullerene (qHP-Cg,); the brown and blue spheres
represent sp* and sp>-hybridized carbon atoms, respectively. (c) Imaginary part of the dielectric function, €,,, and (d) DOS calculated with DFTB. The
g and u subscripts in the DOS plot for Cyy denote orbitals with gerade and ungerade symmetry, respectively. The V and C labels in the DOS plot for
qHP-Cy, denote valence- and conduction-band states at —1.0 and 0.7 eV, respectively.

set”® with a single " point. A 0.5 and a 0.001 fs time step was
used for our BOMD and electron/Ehrenfest dynamics,
respectively. To obtain the time-dependent currents and
absorption spectra,” we applied a 5-function electric field kick
along the x-axis (E,(t) = E,5(t) and E, = 0.005 eV/A) for S0 fs
(50,000 steps) on the optimized structures. Before starting the
excited-state Ehrenfest dynamics simulations, we conducted an

35315

initial 10 ps (20,000 steps) of NVT-ensemble BOMD

36,37
at

simulations, controlled by a Nosé-Hoover thermostat
300 K, to equilibrate all of the systems. We then performed
excited-state Ehrenfest dynamics simulations, as shown in
Figure 1. The initial conditions, R(0) and R(0), for the
Ehrenfest dynamics were obtained from the atomic positions
and velocities of the last BOMD step, respectively. For the

https://doi.org/10.1021/jacs.4c12952
J. Am. Chem. Soc. 2024, 146, 35313—-35320
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Figure 3. Time-resolved FDOS of (a) Cg, and (b) qHP-Cg, calculated by excited-state Ehrenfest dynamics at 300 K from SO to 100 fs.

excited-state Ehrenfest dynamics, we applied a sin*-envelope
laser pulse (centered at 75 fs) from 50 to 100 fs with an intensity
of 10" W/cm?® (E, ~ 0.0868 eV/A) along the x-axis for all
systems. It is worth mentioning that our approach can also be
initiated in an excited state rather than using an applied electric
field, as indicated in the second box on the left side of our
flowchart in Figure 1. Over S ps (>5,000,000 steps) of Ehrenfest
dynamics were performed to capture the long-timescale excited
electron—hole generation, transfer, and recombination pro-
cesses.

In the remainder of this work, we simplify our notation for the
index of states (nk — i) and omit the k index in the Hamiltonian
and density matrices in Figure 1. To obtain dynamical
information on the electronic-excited states, we also carried
out a ground-state calculation at every 5,000 steps of the
Ehrenfest dynamics trajectory with an external excited-state
diagnostic code, as shown in the blue box of Figure 1, where
€X(t), y2(t), and fO(t) are the ith eigenvalue, eigenstate, and
occupation number for the ground-state Hamiltonian at time ¢,
respectively. The electronic populations with respect to the
ground-state occupations were calculated with the expression:

AL O=ODBOD) - () ©)

where ﬁ(t) is the real-time density matrix operator. Using
{Afi(t)}, we can monitor the number of excited electrons (IN,)

and holes (Ny) in real time with the expression
N,(t) =N, = %Zf\i’l IAf, (t)I. It is worth noting that this
definition of N, (or N,) includes the contribution of
intermediate states during the electron—hole generation/
recombination process, which goes beyond traditional single-
particle-state population analyses’®~*' and theoretical mod-
els.”™ To analyze the distribution of excited electrons and
holes as a function of energy and time, we define a time-resolved

Af-factored density of states (FDOS) given by

Ny
FDOS(E; t)EZ Af (H)S[E — €](1)]

i=1

(10)

The density of states (DOS) and FDOS in this work were
calculated with a Gaussian function with a width of 0.05 eV, and
the Fermi level (E;) in the DOS/FDOS was shifted to a 0 eV
reference energy. To allow a direct comparison with Cg;, the
DOS, FDOS, N, and net charge transfer (AQ) for qHP-Cq,
were averaged over each Cg, unit. The charge density” in this
work was defined as p(r, )=}, Qli(t)e_(r_R’)z/znz

V@) p?

, where

35316

Q,(t) = Z; — q,(t) denotes the net charge on the Ith atom, and 5
is set to 0.5 A.

Results. Before performing excited-state Ehrenfest dynamics
calculations, we first calculated the optical spectra of Cg, (Figure
2a) and monolayer polymeric fullerene, qHP-Cg, (Figure 2b).
As shown in Figure 2, the absorption peaks of Cg, calculated by
our VG-rtTDDFTB approach are close to those obtained via
linear-response TDDFT.”” In addition, the low-energy
absorption peaks at 1.02 and 1.65 eV for gHP-Cg, are close to
those obtained with TDDFT with the HSE06 functional.*®
Interestingly, we observed that the spectral onset appears at
significantly different energies for the first main peaks in qHP-
Ceo (1.65 €V) and Cg, (3.30 V). To explore the origin of this
difference, Figure 2d plots the DOS of Cgy and qHP-Cg. The
electronic excitations of Cg, with sp>-hybridized atoms obey the
selection rule of allowed transitions only between gerade and
ungerade states. As such, the Cyy absorption peak at 3.30 eV is
due to g, + h, — t;, and h, — t,, electronic transitions due to the
comparable energy-level differences between the states. On the
other hand, the structure and orbital symmetry of qHP-Cg are
significantly altered by the formation of sp>-hybridized atoms.*®
The V — C electronic excitation is likely allowed for gHP-Cyy,
resulting in the first main absorption peak at 1.65 eV.

To provide further insight into these results, Figure 3 plots the
FDOS for both C4y and qHP-Cg, which we obtained from
excited-state Ehrenfest dynamics calculations using sin’-
envelope laser pulses with frequencies of 3.30 and 1.65 eV for
Cgo and qHP-Cyy, respectively. In the FDOS plots, we observed
two main peaks corresponding to holes at the g, + h,and h,, states
below the Fermi level, whereas excited electrons appear at t,, ¢ @
and h, + t, + h, states above the Fermi level. The excited
electrons in the higher-energy states (h, + t, + h,) can be
attributed to second-order electronic transitions among the t,,,
tig and hg + £, + h, states. The FDOS of gHP-Cy in Figure 3b
clearly demonstrates the transfer of electrons from the V states to
the C states, in which both of these states have orbital
contributions due to sp*-hybridized atoms, as shown in Figure
2d. Therefore, the absorption peak of qHP-Cq, at 1.65 eV is
mainly caused by local bonding distortions among sp’-
hybridized atoms rather than the formation of sp*-hybridized
atoms.

As discussed in the Introduction, water/moisture can have a
dramatic effect on electron—nuclear dynamics in complex
material systems and can significantly alter electron emission,*’
electron—hole recombination,””*"*° and charge transfer.”**°
While experiments have shown that water significantly affects

https://doi.org/10.1021/jacs.4c12952
J. Am. Chem. Soc. 2024, 146, 35313—-35320
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electron—hole recombination processes, a systematic, time-
resolved analysis of these dynamic processes is less common due
to the complexity of the excited-state dynamics in these large,
disordered systems. To shed mechanistic insight into these
processes, we carried out BOMD simulations of C4,-H,O and
qHP-C4,-H,O (Figure 4a,b) shows structures from the last step
of these BOMD simulations) followed by over S ps of excited-
state Ehrenfest dynamics to calculate electron—hole dynamics.

2
@ (b)

Q
o % < \&g g
R AR AP
i i q
1-. A

Figure 4. Structures of (a) Cgy-H,O and (b) qHP-Cg,-H,O obtained
from the last step of 10 ps NVT molecular dynamics simulations.

To probe the underlying mechanisms of the exceptionally
long time scales of excited electrons/holes in C4y-H,O and qHP-
Cgo-H,O, Figure S plots time-resolved charge density differences
between the excited (p(r, t)) and ground (po(r, t)) states.
During the interaction with the laser pulse between 50 and 100
fs, Cgo generates a significant number of excited electron—hole
pairs, coinciding with the transfer of a few holes to the adjacent
water molecules. From 100 to 200 fs, the number of holes
transferred to the nearby water molecules gradually increases. At
500 fs, the water molecules capture almost all of the holes in the
system. Due to thermal fluctuations in the system, the holes
diffuse to areas farther away from Cg after 500 fs. We observed

similar hole-transfer and diffusion phenomena in gHP-Cg;-H,O,
as shown in Figure 6. Furthermore, the excited electrons are
concentrated on the surface of qHP-Cq, after 1 ps, revealing
more details of charge transfer at the water-matter interface.
To provide a more quantitative analysis of these charge-
transfer dynamics, we used our new excited-state diagnostic
algorithm to extract real-time electron—hole pair distributions
from our Ehrenfest dynamics calculations. Figure 7a depicts the
time-resolved number of holes (N,) during this electron—hole
combination process, which shows Cg;-H,O containing a large
number of long-lived excited electrons and holes compared to
Cgo- In qHP-C4-H,O, as shown in Figure 7b, water also
increases the electron—hole recombination lifetime, but the
effect is small. The enhanced lifetimes of excited states are
consistent with the charge dynamics in Figures S and 6 because
the diffusion of water molecules with hole traps decreases the
interaction between holes and electrons on Cy,/qHP-Cg,, which
will increase the electron—hole recombination time scales.
These findings also indicate that qHP-Cg, is a promising
functional material that can retain its intrinsic electronic
properties (as opposed to perovskites, whose performance
changes in the presence of moisture) even in complex
environments present in realistic electronic devices. To further
explore the differences between these two systems, Figure 7¢,d
plots the real-time charge-transfer dynamics of Cg-H,0 and
gqHP-Cg-H,O, respectively. The results clearly show that the
number of holes transferred to water by qHP-Cg, (per Cq, unit)
is only 1/5 of that of C4, which confirms that water has a minor
impact on the charge-transfer dynamics of the gHP-Cg, system.
This effect is also due to the 2-dimensional thin film of qHP-Cy,
having a smaller specific surface area at the water-matter
interface compared to the 0-dimensional Cy, which significantly
reduces hole transfer and the formation of hole traps on the
surrounding water molecules. As shown in Figure 6, only the
outermost carbon atoms in the qHP-Cgyy-water interface can

| oH @0 ©OcC

[1+0.0002 A% []-0.0002 43|

Figure 5. Snapshots of laser-induced charge density fluctuations Ap(r, t) = p(r, t) — p,(r, t), where py(r, t) is the ground-state charge density, for Cg,
in a periodic box of water calculated with VG-t TDDFTB-based Ehrenfest dynamics. The simulations were carried out at 300 K for S ps.
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Figure 6. Snapshots of laser-induced charge density fluctuations Ap(r, t) = p(x, t) — po(r, t), where po(r, t) is the ground-state charge density, for
qHP-Cy in a periodic box of water calculated with VG-t TDDFTB-based Ehrenfest dynamics. The simulations were carried out at 300 K for S ps.
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Figure 7. Time-resolved number of holes in (a) Cgo, Co-H,0, and (b) gHP-Cyy, qHP-C,-H,O. Real-time net charge transfer, AQ(t) = Q(t) — Q(0),
in (c) Cgo-H,0 and (d) qHP-Cg\-H,O calculated from Ehrenfest VG-t TDDFTB dynamics.

interact with water molecules and accept electrons; however, the
internal and sp*-hybridized carbon atoms of qHP-Cg, are
inactive for hole transfer, as shown by the yellow-colored hole
densities located inside qHP-Cg, after 500 fs. In contrast, all of
the carbon atoms in Cg, interact with the surrounding water
molecules (and their electrons) as shown in Figure § after 500 fs.

Opverall, our excited-state electron—nuclear simulations provide

mechanistic details of these hole-trap processes and an intuitive

physical picture for understanding excited-state lifetimes and

solvent-mediated electron—nuclear dynamics in large, complex

systems.
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B CONCLUSIONS

In summary, we have developed and applied a new Ehrenfest
VG-rtTDDFTB approach for probing laser-induced excited-
state electron—nuclear dynamics of large systems with pico-
second-long time scales. This new capability enables a holistic
approach for capturing time-resolved, excited-state electron—
nuclear dynamics, including excited electron—hole generation/
transfer and nonradiative recombination processes in a variety of
condensed phase systems. As representative examples of our
approach, we calculated absorption spectra and time-resolved
electron transitions for both C4y, and qHP-Cg,. We found that
local bonding distortion plays a significant role in the different
low-energy-excitation dynamics observed in Cqy and qHP-Cgy.
Moreover, we carried out over 5 ps of electron—nuclear
dynamics simulations (more than 5,000,000 steps) for solvated
systems of Cg, and qHP-Cy, containing 450 and 426 atoms,
respectively. We observed that water significantly increases the
electron—hole recombination time scales in Cg, but has little
impact on gHP-Cg; due to the generation and diffusion of hole
traps in the individual water molecules. These large-scale/long-
time-scale simulations allow us to rationalize the absorption
spectra and electron transitions in these systems to offer
mechanistic insight into solvent-mediated electron—nuclear
dynamics in condensed-phase systems. Finally, our approach
provides a comprehensive paradigm for exploring time-resolved
electron—nuclear dynamics to understand excited-state dynam-
ics of large chemical/material systems in realistic environments.
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