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y accelerates quantum
decoherence and extends carrier lifetime in
porphyrin nanoballs: a time domain atomistic
simulation†

Ritabrata Sarkar, a Md Habib, a Moumita Kar,b Anup Pramanik, b Sougata Pal*a

and Pranab Sarkar *b

Nonradiative electron–hole (e–h) recombination is the primary source of energy loss in photovoltaic cells

and inevitably, it competes with the charge transfer process, leading to poor device performance.

Therefore, much attention has to be paid for delaying such processes; increasing the excitonic lifetime

may be a solution for this. Using the real-time, density functional tight-binding theory (DFTB) combined

with nonadiabatic molecular dynamics (NAMD) simulations, we demonstrate the exciton relaxation

phenomena of different metal-centered porphyrin nanoballs, which are supposed to be very important

for the light-harvesting process. It has been revealed that the carrier recombination rate gradually

decreases with the increase in the molecular stiffness by introducing metal-coordinating templating

agents into the nanoball. Our simulation demonstrates that the lower atomic fluctuations lead to poorer

electron–phonon nonadiabatic coupling in association with weak phonon modes and these as a whole

are responsible for shorter quantum coherence and hence delayed recombination events. Our analysis is

in good agreement with the recent experimental observation. By replacing the Zn metal center with

a heavier Cd atom, a similar trend is observed; however, the rate slows down abruptly. The present

simulation study provides the fundamental mechanism in detail behind the undesired energy loss during

exciton recombination and suggests a rational design of impressive nanosystems for future device

fabrication.
1. Introduction

The recombination of charge carriers is one of the major
obstacles for achieving high photon-to-electrical energy
conversion efficiency.1–4 It always occurs as a backward
competing process along with charge separation and transfer.5

The charge carriers, as an outcome of excitonic dissociation,
may eventually relax to the corresponding ground states by
following primary paths.6–8 These mainly include two processes:
(a) the nonradiative process converts excess energy of the
carriers into heat via multiphonon emission, and (b) the radi-
ative process converts the excess energy by photon emission. If,
however, a suitable scavenger or surface defect state is available
to trap the electron or hole, recombination can be prevented
and the subsequent transfer of charge or redox reactions may
occur.9 In the absence of such scavengers, the stored energy is
r Banga, Malda – 732103, India. E-mail:

niversity, Santiniketan – 731235, India.

tion (ESI) available. See DOI:

–1511
dissipated in an ultrafast time scale, which severely affects the
efficiency of the solar cell device.10–12 Therefore, a deep-level
physical understanding of the resulting relaxation dynamics
of the photocarrier is crucial for the application of these
materials in light-harvesting devices.13–18 Carrier lifetime is the
key factor here, which is dened as the average time spent by
a carrier as a free entity between the processes of its generation
and capture.

Researchers have been actively engaged in increasing the
charge carrier lifetime to delay the recombination processes.
For example, the carrier lifetime is shown to be very sensitive to
the size and shape of nanocrystals.19 Additionally, the presence
of impurities and vacancies is a determining factor of the
charge recombination dynamics. Defects are very common in
the condensed matter systems and also have immense effects
on the dynamics of carrier relaxation.20 Not only a rigorous
change in the system but also the surroundings like pressure,21

temperature,22,23 electric eld,24 photon recycling,25 pH,26 and
the presence of oxygen27 can affect the charge carrier recombi-
nation dynamics. Recently, Prezhdo's group has shown that the
lattice stiffness and/or contraction can suppress the rate of
nonradiative charge carrier recombination.28
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00001a&domain=pdf&date_stamp=2020-04-15
http://orcid.org/0000-0001-7798-1140
http://orcid.org/0000-0002-7676-2293
http://orcid.org/0000-0001-9721-8310
http://orcid.org/0000-0003-0109-6748
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00001a
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA002004


Fig. 1 (a) Schematic of the nonradiative e–h recombination dynamics
along with the systems under study. Upon photon irradiation, the e–h
pair is generated within the HOMO–LUMO gap, and thereafter, it
undergoes recombination and return to the ground state. (b) Sche-
matic of the porphyrin nanoball, where red circles represent porphyrin
and reversible black arrows indicate templates bound to the porphyrin
unit in the nanoball. T0 refers to the nanoball without templates and T6
hexadentate template, coordinating to the six porphyrin units; in case
of T14, one hexadentate and two tetradentate templates bind all the
porphyrin units.
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Conjugated arrays of porphyrin, where porphyrin rings are
either directly fused or bridged by planar aromatic subsystems,
have been demonstrated as promising materials in the nano
world owing to their exceptionally large delocalization of p-
electrons. These are found to show long-range charge transport
and promisingly high electrical conductivity.29–33 Such systems
are also attractive candidates in the area of materials science:
logic gates,31 switches,34 very robust molecular memories,35 and
light-emitting diodes.36 The arrays of porphyrins have oen
been utilized in articial photosynthesis to imitate the natural
photosynthesis.37 In a recent experiment, Cremers et al.38 have
demonstrated that rapid (less than 5 ps) migration of charge
takes place in porphyrin nanoballs, making the material a suit-
able candidate for solar radiation harvest. Although various
opto-electronic properties of such materials have been studied,
in-depth investigation studies of photocarrier relaxation
dynamics are still scarce. It is, therefore, essential to under-
stand the recombination mechanism by assessing the dynam-
ical behavior of carriers based on nonradiative processes to give
a positive feedback to the fabrication of photonic devices.

An ab initio time-domain study of nonradiative electron–hole
(e–h) recombination in metal-centered (Zn/Cd) porphyrin
nanoballs is presented herein. Our simulation shows that
nanoballs become stiffer when bound to templates, which
subsequently suppress the recombination rate. The structural
rigidity reduces the uctuation that weakens the nonadiabatic
(NA) coupling between the HOMO and LUMO states. In addi-
tion, fewer optical phonon modes with lower frequency are
shown to participate in the systems bound to the template.
Slower atomic motion is responsible for shortening the lifetime
of the quantum coherence in the templated system. As a result,
we infer that nonadiabatic e–h recombination would be sup-
pressed, and consequently, the lifetime of the excited state
would be prolonged. Furthermore, replacement of Zn with Cd
results in a more rigid system, which further delays the relax-
ation dynamics by several orders of magnitude.

2. Methods of computation

The photoinduced charge recombination dynamics of
porphyrin nanoballs has been studied using the recently
developed methodology,39 combining NA molecular dynamics
(MD) with the self-consistent-charge density functional tight-
binding (SCC-DFTB) theory. The electronic degrees of freedom
are treated quantummechanically, whereas the nuclear degrees
of freedom are treated semi-classically. The nonadiabatic e–h
recombination is modeled using decoherence-induced surface
hopping (DISH),40 which includes quantum coherence correc-
tion into the quantum-classical approximation, developing on
the idea that decoherence provides the physical mechanism for
surface hops. Decoherence time is computed as pure dephasing
time from optical response theory.41 DISH has been used
effectively for studying the charge recombination phenomena
in various systems.42–44 A detailed theoretical approach can be
found elsewhere.42,45–49 All quantum-mechanical calculations
including geometry optimization and electronic structure are
carried out by the SCC-DFTB method as implemented in the
This journal is © The Royal Society of Chemistry 2020
DFTB+ code.50,51 The SCC-DFTB parameter set (Slater–Koster
les) used in the present calculations has been tested widely for
a broad range of systems as reported earlier.52–54 Aer optimi-
zations, the systems have been heated to 300 K using velocity
rescaling. Then, 5 ps microcanonical trajectories have been
generated using the Verlet algorithm with the 1 fs time step. At
each time step, the energy of the Kohn–Shammolecular orbitals
and the NA coupling matrix elements have been calculated, and
as-obtained time-dependent information has been used to carry
out the NAMD simulation using the DISH methods, as imple-
mented within the Python eXtension for the Ab Initio Dynamics
(PYXAID) program.45,46 Note that the present theoretical meth-
odologies have been successfully used for studying the
quantum coherence phenomena in 2D CdSe nanostructures,49

multi-particle auger recombination in CNT,48 hole trapping
dynamics in core–shell CdSe/CdS systems47 as well as charge
transfer and recombination dynamics at different nano inter-
faces.42,43 Moreover, note that the current simulation uses the
conventional classical path approximation (CPA), which greatly
reduces the computational cost but describes the dynamics
efficiently. We have tested the applicability of CPA for the
present systems of interest; a more detail would be discussed
later.
3. Results and discussion
3.1 Structural rigidity and nonadiabatic electron–phonon
coupling

The schematics of energy levels involved in the photoinduced e–
h recombination dynamics in the porphyrin nanoball is dis-
played in Fig. 1 (lemost panel). Aer photoinduced generation
of excitons (bound e–h pair), they relax to the ground states.
Now, looking back to the geometry, the porphyrin nanoball has
a prolate-ellipsoidal structure with 14 porphyrin units shared by
two perpendicular rings, typically represented in Fig. 1 (marked
as T0, having no template). The large ring along the major axis
contains 10 units of porphyrin, while 6 units of porphyrin form
the small ring along the minor axis. Individual porphyrin units
Nanoscale Adv., 2020, 2, 1502–1511 | 1503
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Table 1 Fluctuation of distances along the major and minor axes of
the porphyrin nanoballs, calculated in terms of standard deviation of
axis length

Systems

Fluctuation of distance (in Å) along axes

Major axis Minor axis

Zn T0 0.924 0.939
T6 0.386 0.229
T14 0.182 0.142

Cd T0 0.428 0.419
T6 0.326 0.236
T14 0.152 0.137
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are linked by acetylenic linkages, so that the p-electron can
delocalize over the entire nanosystem. Two types of templates
were considered in the current study to coordinate the metal
centers of the porphyrins. Six porphyrin units of the nanoball's
small ring are coordinated by one hexadentate template (T6) as
denoted by both headed arrow. Additionally, two tetradentate
templates are used to bind the remaining porphyrin units along
the main axis in order to fully template (T14) the ball. Herein,
we seek to focus on the excited state decay dynamics of total six
nanosystems containing Zn and Cd as metal centers. Ground-
state optimized geometries of all the nanoballs are repre-
sented in Fig. 2. The calculated dimensions of the Zn-T0
nanoball are 53.55 (major axis), 27.41, and 24.51 Å (two minor
axes, respectively), which corroborate the earlier nding.38 Upon
inclusion of templates, the shortening of length along both
major and minor axes is noticed, implying that the system
becomes more compact. To gain a deeper insight regarding the
structural rigidity of the porphyrin nanoball, the uctuation of
the distance along the major and minor axes of the ellipsoidal
ball over 5 ps MD trajectory was accounted. Fluctuations of
distances were computed from the standard deviation,

ai ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð~xi � h~xiiÞ2i

q
, where ~xi is the exact distance of the two

points along the axis at a particular time and h~xii is the time
average distance between those two points in the MD trajectory.
Calculations were performed at 300 K and we summarized the
results in Table 1. Note that uctuations are the determining
factors of NA coupling because electron–phonon coupling
depends on the nuclear velocity. Typically, a lower value of ai
reects smaller uctuation or slower dynamics and, therefore,
weaker NA electron–phonon coupling.28 However, a large uc-
tuation or fast nuclear motion gives rise to a dynamic disorder,
Fig. 2 Optimized structures with T0, T6 and T14 templated Zn–porphyri
porphyrin nanoballs. All the structures are at 0 K. Gray, White, Blue, Gre

1504 | Nanoscale Adv., 2020, 2, 1502–1511
which modulates the electronic states. By implementing
templates to the nanoball, uctuation gradually decreases along
both the major and minor axes. For example, Zn-T6 nanoballs
experience smaller uctuations along both the axes and they are
reduced signicantly for the Zn-T14 system (please see Table 1).
That the inclusion of templates makes the system more rigid is
in good agreement with the experimental observation.38 We
further extend our investigation by replacing Zn with Cd as the
metal center of porphyrin. It has been revealed that the effects
of both metal substitution and template addition increase the
rigidity of the nanoball as manifested from the uctuation data
(Table 1). Besides, we inspected the atomic uctuations of Zn
and Cd metal centers, which also decrease in the following
sequence T0 > T6 > T14, for both the systems (see Table S1 in
ESI†). As already stated, the rigid conformation enforced by the
template weakens the NA electron–phonon coupling, the
consequences of which would be discussed later.
n nanoballs (a–c, respectively). (d–f) Similar optimized structures of Cd
en and Red spheres represent C, H, N, Zn and Cd atoms, respectively.

This journal is © The Royal Society of Chemistry 2020
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The partial density of state (PDOS) values of the systems
projected over the nanoballs and the templates are shown in
Fig. 3. The calculated band gaps of the systems are given in
Table 2, which demonstrates that all the nanoballs are of low
band gap systems and the band gap gradually decreases with
the increase in the degree of templation. Noteworthy, the group
of Anderson has recently studied the nanoballs experimen-
tally.38 The authors have also performed some theoretical
calculations. The reported band gap of the Zn-T0 system is
1.43 eV, based on the DFT computation with moderate basis
sets. Our simulated band gap of Zn-T0 (0.87 eV), within SCC-
DFTB computation, is quite comparable with the reported
value. Moreover, the decreasing trend of band gap is found with
the increase in molecular weight of the system. This nding is
in line with the observed red shiing of the absorption spectra.
Hence, our methodology is quite reliable and efficient enough
to deal with such large systems.

Although the band gap of a system is one of the guiding
factors that can alter the NA coupling, other important factors
such as nature of wave function and nuclear velocity of the
atoms of a particular system also have large effects on the NA
coupling. In fact, there are many instances where it is not the
band gap, rather the nature of wave function and nuclear
velocity are the main guiding factors for NA coupling.44 Note-
worthy, the nonradiative e–h relaxation process is fundamen-
tally governed by the interaction between the electron (LUMO)
and hole (HOMO) wave function, as they constitute the initial
and nal states, respectively. It can be observed from Fig. 3 and
4 (charge density distribution plots) that the HOMOs are mainly
Fig. 3 (a and d) Density of states (DOS) of the optimized geometry for w
density of states (PDOS) of Zn–porphyrin nanoballs, split by the contributi
systems, showing the contribution of T6 and T14 templates. In both Zn an
the LUMO states. Thus, one can anticipate that the template would affe

This journal is © The Royal Society of Chemistry 2020
distributed over the nanoball, comprising the porphyrin units,
while the templates contribute to the LUMOs. The situation is
more prominent for the T14 templated nanoballs for both Zn
and Cd as metal centers. Since there is a signicant contribu-
tion of the templating agent at the band edge state, one can
assume that it can directly inuence the NA electron–phonon
coupling and hence the charge recombination process. In fact,
the NA coupling depends on the extent of spatial overlap
between the initial and nal states of a system for e–h recom-
bination; the poorer overlap between the states involved
generates weaker NA coupling. Likewise, when this overlap is
considerably reduced by spatially separating photogenerated e–
h pair, a signicantly large recombination time is achieved as
could be found in Table 2. Our calculations show that the NA
coupling of Zn-T0 (7.11 meV) is two orders of magnitude larger
than Zn-T6 and 3.5 times larger than Zn-T14. This can be
rationalized by the larger uctuations along the axes (Table 1) as
well as the considerable wave function overlap of Zn-T0
(Fig. 4(a)). Similar is the situation for Cd–porphyrin systems.
Here, it should be pointed out that the present systems do not
undergo so much structural distortion upon photoexcitation.
To demonstrate the fact, we have presented the ground and
excited state geometries (Fig. S1†) as well as some structural
parameters (Table S2†) for the Zn-T0 system as a prototypical
example. Furthermore, we have also calculated the reorganiza-
tion energy of each system, following the standard protocol55–58

and the values are given in Table 2. Noteworthy, the reorgani-
zation energies of the systems are fairly low and are well
matched with the porphyrin systems reported earlier.59,60 Such
ithout template (T0) Zn and Cd nanoballs, respectively. (b and c) Partial
on of T6 and T14, respectively. (e and f) The corresponding PDOS of Cd
dCd systems, the template (T6 or T14) shows significant contribution to
ct the nonadiabatic e–h recombination dynamics.

Nanoscale Adv., 2020, 2, 1502–1511 | 1505
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Table 2 Computed band gap, reorganization energy, average RMS value of NA coupling, pure-dephasing time, and non-radiative electron–hole
recombination time of different porphyrin nanoballs

Systems
Band gap
(eV)

Reorganization
energy (eV)

NA coupling
(meV)

Dephasing time
(fs)

Recombination
time (ps)

Zn T0 0.87 0.020 7.11 53 13
T6 0.65 0.026 3.04 25 57
T14 0.54 0.028 1.99 13 154

Cd T0 0.79 0.022 6.83 58 17
T6 0.53 0.032 2.19 16 100
T14 0.29 0.063 1.09 11 326

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:2

6:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
low reorganization energy values of the systems further support
the validity of using CPA for simulating the carrier transfer
dynamics of those systems.
3.2 Participation of phonon modes in carrier recombination

The electron–phonon interaction is supposed to be the most
efficient pathways for nonradiative e–h relaxation in the
nanostructures. The dynamics of nonradiative e–h recombi-
nation is governed by both elastic and inelastic scattering. The
latter one, especially, contributes to the NA electron–phonon
coupling by accommodating the loss of electronic energy
Fig. 4 (a–c) The isosurface plots for Zn systems having templates T0, T6
without template (T0) nanoballs, both HOMO and LUMO densities are de
density appeared at the template T6 for Cd. On the contrary, such states a
Zn, clearly observable in Fig. 3b and e. However, in case of T14 template
and LUMO densities are localized on the T14 moieties of the nanoballs.

1506 | Nanoscale Adv., 2020, 2, 1502–1511
during the population transition from LUMO to HOMO.
Elastic scattering, however, typically destroys the coherence
formed between the states during the carrier recombination
process. Fig. 5 presents the Fourier transformations (FTs) of
the phonon-induced uctuations of the energy gaps during
exciton relaxation, commonly known as inuence spectrum,
the frequency and amplitude of which characterize the
phonon modes involved in the nonradiative e–h recombina-
tion.61 Note that the phonon modes in the region 1500–
1800 cm�1 are due to the in-plane skeletal modes, while the
modes in lower frequency region (within 250 cm�1) can be
and T14, respectively, at 300 K. (d–f) The same plots for Cd systems. For
localized uniformly over the porphyrin unit of the nanoball. The LUMO
re delocalized in between the porphyrin unit and T6 in theminor ring of
d nanoballs, charge densities of HOMO arise from the whole nanoring

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a–c) Spectral density obtained by Fourier transforms (FT) of the phonon-induced fluctuations of the HOMO and LUMO gaps for Zn
systems with T0, T6 and T14 templates respectively. (d–f) Cd systems with T0, T6 and T14 templates respectively. The spectra characterize the
phonon modes involved during the electron–phonon relaxation. Several high-frequency phonon modes involved in energy release for Zn-T0
could be attributed to the origin of speedy recombination. As T6 or T14 was introduced, the higher optical mode becomes reduced.
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assigned to be out-of-plane skeletal modes of porphyrin in the
nanoball.62 It can be observed from Fig. 5(a) that a wide range
of phononmodes (1500–1800 cm�1) couple with the electronic
degrees of freedom for Zn-T0. The participation of a wide
range of phonon modes into nonradiative relaxations
provides additional channels for NA coupling that would
accelerate the carrier recombination. The contribution of
multiple higher frequency phonon modes and faster atomic
motion can rationalize the largest value of NA coupling
possessed for Zn-T0. As a result, it is expected that Zn-T0
nanoballs would dissipate energy more quickly through
vibrational modes. In contrast, for the Zn-T6 system, a new
mode appears in the low-frequency region and, at the same
time, a few high-frequency phonon modes disappear
(Fig. 5(b)). The intensity of the low-frequency component
becomes more prominent and a single phonon mode at
1800 cm�1 is observed for the fully templated system (Zn-T14).
Therefore, going from T0 to T14, a gradual lowering of NA
electron–phonon coupling is observed as can also be found in
Table 2. For the Cd–porphyrin nanoball, the spectra again
display both low- and high-frequency phonon modes
(Fig. 5(d)); however, the number of high-frequency phonon
modes is quite less than that of the analogous Zn–porphyrin
nanoball. Upon further templation with T6 and T14, the
intensity of the high-frequency modes decreases and becomes
almost insignicant for the fully templated system (Cd-T14).
As could be found from Fig. 5(f), for the Cd-T14 system, the
carrier recombination can be described by a solitary phonon
mode at �100 cm�1. The creation of rigid nanoballs pushes
the vibrational modes towards a lower frequency, reasoned as
a decrease in atomic motion. Only low-frequency vibrations
are available for energy dissipation in case of fully templated
nanoballs, which results in the least NA coupling between the
nal and initial states. Hence, on the basis of phonon mode
analysis, we can speculate that the energy dissipation and
hence the rate of carrier relaxation would be much slower for
the Cd-T14 system.
This journal is © The Royal Society of Chemistry 2020
3.3 Decoherence-induced carrier relaxation

In quantum dynamics, the role of coherence has been paid
considerable attention in recent times.63–65 Herein, we show the
effect of quantum coherence on the charge carrier relaxation
dynamics within the studied systems. As already stated, pure
dephasing characterizes the elastic electron–phonon scattering.
During the carrier recombination, strong coherence between
the initial and nal states results in quick loss of the exciton
formed. The decoherence time or pure dephasing time is
computed based on the optical response theory with second-
order cumulant approximation.41 The pure dephasing time (s)
is obtained by the Gaussian tting, y ¼ �0.5(t/s)2 of pure
dephasing function. Fig. 6 illustrates decoherence between the
HOMO–LUMO states for the nanoball. The decoherence curve
actually bears information about how long the two states are in
the same phase. The computed quantum coherence loss for an
electronic transition from the LUMO to HOMO is considerably
shorter than the e–h recombination. Consequently, decoher-
ence correction is applied in our computation to describe the
elastic e–h scattering.66–68 In case of Zn-T0, the system sustains
over a longer time of 53 fs in the phase but when it is ligated
with T6 template, the pure dephasing time is reduced to half.
Interestingly, the pure dephasing time decreases abruptly for
the Zn-T14 system. Therefore, it can be argued that atomic
mobility decreases on going from T0 to T14, which shortens the
time of quantum coherence. In other words, a more rigid
system randomizes between the concerned phases very quickly.
The insets of Fig. 6(a) and (b) show the auto-correlation func-
tions (ACFs) for the transition between the LUMO and HOMO
states of the nanoballs. The ACF decays more rapidly for the
template-free (T0) nanoball than that for the template nano-
balls, T6 or T14. Specically, for Zn-T0, the ACF decays rapidly
to zero at a time less than 10 fs (red line, inset of Fig. 6(a)). Such
rapid decay is a consequence of coupling of the electronic
subsystem with multiple phonon vibrations (Fig. 5(a)). Cd-T0
exhibits a pure dephasing time of 58 fs (Fig. 6(b)). Partially
templating the ball with T6 accelerates the quantum
Nanoscale Adv., 2020, 2, 1502–1511 | 1507
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Fig. 6 Pure-dephasing functions for the HOMO–LUMO transition of all the porphyrin nanoball structures. The decay curves represent the elastic
electron–phonon scattering time. The time scales obtained by Gaussian fits are summarized in Table 2. (a) shows dephasing curves of Zn-
nanoball; red, green, black with T0, T6 and T14 templates respectively. (b) shows the same as above for Cd-nanoball. Here blue, orange and
magenta lines represents dephasing curves for T0, T6 and T14 templates accordingly.
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decoherence and results in 4-fold shortening of the dephasing
time. Most notably, the dephasing time for Cd-T14 is sup-
pressed almost by 6 times compared with that of Cd-T0. Such
a low value of dephasing time (10 fs), for Cd-T14, may be
ascribed as the complete localization of the HOMO and LUMO
states at two different moieties of Cd-T14, as shown in Fig. 4(c).
Templations in the nanoball enhance the structural rigidity,
which inhibits atomic dynamics, resulting in smaller quantum
coherence. A decrease in the dephasing time is veried using
the simulated uctuations, as shown in Tables 1 and 2. We,
therefore, speculate that template-bound nanoballs would show
slower carrier recombination.
3.4 Electron–hole recombination

Now, e–h recombination is one of the primary events where the
rst excitation is diminished in between the optical-gap. The
Fig. 7 Electron–hole recombination dynamics for different porphyrin na
red, green, black with T0, T6 and T14 templates, respectively. (b) shows th
represent population decay for T0, T6 and T14 templates, respectively.
template. High NA coupling values between the band edge, long cohere
made the relaxation process very rapid for porphyrin nanoballs without
slower with manifold magnitude (Table 2). The carrier lifetime for Cd na

1508 | Nanoscale Adv., 2020, 2, 1502–1511
nonradiative decay of the lowest excited state leads to the
recovery of the ground-state population with the compensation
of energy loss. Fig. 7 presents the time-evolution of the excited-
state populations, and the corresponding data are reported in
Table 2. The stimulated e–h recombination time scales are ob-
tained by exponential tting, y¼ exp(�t/s)z 1� t/s of the decay
curves, considering 5 ps MD trajectory. The computed time
scales for e–h recombination of the studied systems are in
picosecond (ps) regime that agrees well with the experiment.69,70

The Zn-T0 system shows faster charge carrier relaxation with
a time scale of 13 ps (see Fig. 7(a) and Table 2). Of note, the
charge carrier relaxation can be shown to slow down by a factor
of 5 when locking the nanoball with T6. At fully locked state in
T14, the exciton recombines in 154 ps, i.e., it becomes 12 times
longer lived than T0. The introduction of the templating agent
into the nanoball dramatically reduces the recombination rate,
resulting in a longer period of free carrier lifetime. According to
noball structures at 300 K. (a) shows population decay of Zn-nanoball;
e same as above for Cd-nanoball. Here blue, orange andmagenta lines
The rate of exciton diminishing to ground state is very fast for the T0
nce and high frequency phonon mode involved in energy dissipation
templates. As the ball is coordinated with templates the rate becomes
noballs is longer than the ball with the lighter atom Zn.

This journal is © The Royal Society of Chemistry 2020
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the Fermi golden rule, the rate of population transfer depends
on the square of the NA coupling.68 In addition, a quantum
transition is fast if the quantum coherence is longer lived.
Alternatively, one can state that shorter coherence slows down
the recombination dynamics. Likewise, the dynamics of charge
recombination virtually stops when the coherence is innitely
small, known as the quantum Zeno effect.71,72 Lastly, the rate of
e–h recombination is also governed by the extent of phonon
mode participation. Zn-T0 shows the largest value of NA
coupling (Table 2), and higher phonon modes are involved for
releasing the excited energy (Fig. 5(a)). Moreover, it sustains
over a longer period in phases (Fig. 6(a), Table 2) and thus, the
e–h recombination rate is the highest in comparison to its
analogous systems, T6 and T14. It is therefore argued that
structural rigidity assists to weaken the NA electron–phonon
coupling, shorten the quantum coherence and, thus, suppress
the dynamics of e–h recombination. The present results nicely
obey the kinetics of the Fermi golden rule. Nanoball, when fully
template, remarkably slows down the e–h recombination and
thereby extends the excited-state lifetime. Now, by replacing Zn
with Cd, the atomic motions become more restricted, NA
coupling becomes weaker and a dominant slow vibrational
mode is involved in the energy transfer process, as already
stated. Consequently, the coherence time involving the carrier
states decreases and thus, the recombination times of the cor-
responding nanoballs gradually increase, as shown in Table 2.
The higher excitonic lifetime for Cd-nanoballs may further be
rationalized in terms of their higher molecular weights as
compared to that of Zn-nanoballs, and this is in accordance
with the previous ndings.73,74
4. Conclusion

In this work, nonradiative e–h recombination dynamics in
metal–porphyrin nanoballs have been studied using recently
developed SCC-DFTB-based NAMD techniques. As evident, such
nanosystems hold great promise to be future light-harvesting
materials. The present simulation demonstrates that the rate
of nonradiative exciton relaxation can be suppressed up to 12
orders of magnitude with the incorporation of templates into
the Zn–porphyrin nanoball. Templates coordinate to the metal
centers of the porphyrin units, thereby making the nano-
structures more rigid. The suppressed atomic uctuation
signicantly weakens the NA electron–phonon coupling.
Moreover, the presence of templates pushes the involving
phonon modes toward the lower energy region and signicantly
reduces the time of quantum coherence, involving the carrier
states. As a result, the charge carrier recombination time
increases enormously. The replacement of Zn with a heavier Cd
atom shows a similar trend, but strikingly the fully template Cd-
nanoball experiences a huge recombination time of 326 ps,
which is almost double that of the corresponding Zn-nanoball.
In the present study, we demonstrate the fundamental photo-
physics behind the energy loss during the carrier relaxation
process. Our simulation provides valuable guidelines to prevent
the undesired energy dissipation during the e–h recombination
This journal is © The Royal Society of Chemistry 2020
for porphyrin-based nanosystem by controlling the structural
rigidity.
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29 G. Sedghi, V. M. Garćıa-Suárez, L. J. Esdaile, H. L. Anderson,
C. J. Lambert, S. Mart́ın, D. Bethell, S. J. Higgins, M. Elliott
and N. Bennett, Nat. Nanotechnol., 2011, 6, 517.

30 Z. Li, T.-H. Park, J. Rawson, M. J. Therien and E. Borguet,
Nano Lett., 2012, 12, 2722–2727.

31 G. Kuang, S. Z. Chen, L. Yan, K. Q. Chen, X. Shang, P. N. Liu
and N. Lin, J. Am. Chem. Soc., 2018, 140, 570–573.

32 A. Pramanik and H. S. Kang, J. Chem. Phys., 2011, 134,
094702.

33 M. Kar, R. Sarkar, S. Pal and P. Sarkar, J. Phys. Chem. C, 2019,
123, 5303–5311.

34 P. A. Liddell, G. Kodis, A. L. Moore, T. A. Moore and D. Gust,
J. Am. Chem. Soc., 2002, 124, 7668–7669.

35 D. T. Gryko, C. Clausen, K. M. Roth, N. Dontha, D. F. Bocian,
W. G. Kuhr and J. S. Lindsey, J. Org. Chem., 2000, 65, 7345–
7355.

36 O. Fenwick, J. K. Sprae, J. Binas, D. V. Kondratuk, F. Di
Stasio, H. L. Anderson and F. Cacialli, Nano Lett., 2011, 11,
2451–2456.

37 M. S. Choi, T. Yamazaki, I. Yamazaki and T. Aida, Angew.
Chem., Int. Ed., 2004, 43, 150–158.

38 J. Cremers, R. Haver, M. Rickhaus, J. Q. Gong, L. Favereau,
M. D. Peeks, T. D. Claridge, L. M. Herz and
H. L. Anderson, J. Am. Chem. Soc., 2018, 140, 5352–5355.

39 S. Pal, D. J. Trivedi, A. V. Akimov, B. l. Aradi, T. Frauenheim
and O. V. Prezhdo, J. Chem. Theory Comput., 2016, 12, 1436–
1448.

40 H. M. Jaeger, S. Fischer and O. V. Prezhdo, J. Chem. Phys.,
2012, 137, 22A545.
1510 | Nanoscale Adv., 2020, 2, 1502–1511
41 S. Mukamel, Principles of nonlinear optical spectroscopy,
Oxford university press, New York, 1995.

42 R. Sarkar, M. Habib, S. Pal and O. V. Prezhdo, Nanoscale,
2018, 10, 12683–12694.

43 M. Habib, M. Kar, S. Pal and P. Sarkar, Chem. Mater., 2019,
31, 4042–4050.

44 C.-J. Tong, L. Li, L.-M. Liu and O. V. Prezhdo, ACS Energy
Lett., 2018, 3, 1868–1874.

45 A. V. Akimov and O. V. Prezhdo, J. Chem. Theory Comput.,
2013, 9, 4959–4972.

46 A. V. Akimov and O. V. Prezhdo, J. Chem. Theory Comput.,
2014, 10, 789–804.

47 S. Dong, S. Pal, J. Lian, Y. Chan, O. V. Prezhdo and Z.-H. Loh,
ACS Nano, 2016, 10, 9370–9378.

48 S. Pal, D. Casanova and O. V. Prezhdo, Nano Lett., 2017, 18,
58–63.

49 S. Pal, P. Nijjar, T. Frauenheim and O. V. Prezhdo, Nano Lett.,
2017, 17, 2389–2396.

50 B. Aradi, B. Hourahine and T. Frauenheim, J. Phys. Chem. A,
2007, 111, 5678–5684.

51 T. Frauenheim, G. Seifert, M. Elstner, T. Niehaus, C. Köhler,
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