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ABSTRACT: Saddle-shaped zinc porphyrin nanorings are utilized 3.5 250 P
as light-harvesting materials. To achieve high performance, both 3 o
- PE - oy 200 o
fast charge transfer and slow charge recombination are required. % 2.5 3
Fast transfer favors efficient separation of exciton into free carriers, & 2 150 ©
enhancing photocurrent. Slow recombination reduces charge and . 15 3
. o o 1 100 =
energy losses. We simulated both processes using time-dependent < 4 g‘
self-consistent-charge density functional tight binding theory <= 0.5 50 S
combined with nonadiabatic (NA) molecular dynamics. The : =
obtained picosecond charge recombination times agree well with 0 0 L2,
experiment. The simulations demonstrate that the carrier lifetime 0.00 0.45 0.55
depends strongly on the metals present in the porphyrin nanoring. % of Cd

When the porphyrin units are composed of Zn centers only, the

simulated lifetime is 55 ps. If nanorings contain both Zn and Cd, the nonradiative recombination is suppressed to 200 ps, nearly 4
times. Incorporation of Cd partially localizes the photogenerated charges, weakens the NA coupling, and accelerates phonon-induced
loss of electronic coherence. The heavier and slower Cd also decreases the NA coupling. The nonradiative recombination is driven
by low-frequency phonons, with a moderate contribution from the C—C stretch. Our study demonstrates a straightforward pathway
to reducing charge losses in the porphyrin nanorings by partial exchange of Zn atoms with Cd and provides a valuable guideline for
improvement of the material efficiency for solar energy applications.

1. INTRODUCTION ground state. Recombination of photogenerated charges plays
a vital role in governing the efficiency of optoelectronic devices
because it reduces charge collection,” exciton density,”* and
open-circuit voltage.”> The loss of photogenerated carriers by
nonradiative recombination should be minimized. The rate of
charge recombination should be sufficiently slow to allow
charge diffusion and collection. To this end, a variety of
approaches have been adopted, mainly from a molecular
engineering standpoint. As evident from previous reports, the
rate of nonradiative charge recombination increases due to
various factors such as low semiconductor band gap,”® large
nonadiabatic (NA) coupling between the band edge states,””
high density of trap states due to defects”**’ or doping,™ and
the presence of conical intersections between potential energy
surfaces.”’ Size’>*’

Metal-centered porphyrin is the key element of the chlorophyll
pigment in green plants. Porphyrins absorbed photons from
solar radiation and store the photon energy as chemical energy
by multistep photoinduced electron transfer processes. In past
decades, macromolecular porphyrin architectures attracted
immense interest in the scientific community because of
their potential application as artificial photosynthetic light-
harvesting materials,' > chemical sensors,* ® metal detectors,’
organic light-emitting diodes,® molecular switches,” memo-
ries,'” and molecular photocatalysts.'"”'> Porphyrin nanorings,
fully 7-conjugated systems, possess large absorption coef-
ficients,"”'* extended charge state lifetimes,”” high charge
carrier mobility,'*™"® and flexible optical gap modulation by

different chemical environments.'”~>' Combined with ultrafast and shape™ of semiconducting nanoma-
delocalization of the electronic excitation,'>'*** these
propertied make the nanoring systems excellent components Received:  May 30, 2021
for next-generation solar cells. Revised:  July 7, 2021
Photoexcitation of a light absorber promotes charge transfer Published: July 22, 2021
from donor to acceptor, the primary criterion of photovoltaic
materials. Charge recombination is another fundamental

physical process by which charges annihilate by decay to the
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terials also control charge relaxation dynamics. The interaction
type, for example, covalent vs noncovalent, between donor and
acceptor influences the carrier recombination dynamics as
well.*® Physical parameters, such as temperature,*™*® pres-
sure,>”*® and dielectric environment,>” also affect the
recombination process. The impact of quantum confinement
on the charge separation and recombination processes has
been investigated very recently by Musaev et al, who
demonstrated an exponential decrease in both processes with
increasing system size."

Saddle-shaped zinc porphyrin nanorings possessing a unique
geometry have been synthesized by Anderson and his group."”
Their investigation reveals that ultrafast intramolecular charge
transfer takes place between the two orthogonal rings. Such
observation renders porphyrin nanorings a suitable component
for photovoltaic applications. Still, the charge recombination
dynamics in these systems remains unexplored. Because carrier
lifetime is a key characteristic of optoelectronic devices, it is
therefore essential to explore the electron—hole (e—h)
recombination mechanism by assessing the dynamical behavior
of charge carriers.

In this work, motivated by the experiments,"” we have
studied the e—h separation and recombination dynamics in
unique saddle-shaped porphyrin nanorings. By nonadiabatic
molecular dynamics (NAMD) simulation, we demonstrate that
the carrier lifetime depends strongly on the metals present in
the nanoring. When the nanoring is composed of 11 zinc (Zn)
porphyrin units, the simulated lifetime is 5SS ps. If five units
contain cadmium (Cd), the charges recombine considerably
slower, 180 ps. Introduction of six Cd centers suppressed the
nonradiative e—h recombination further to 200 ps. The
simulations show that charge localization, the NA coupling
strength, phonon-induced quantum coherence loss, and
participation of particular vibrations are the leading factors
that govern the carrier dynamics. All these factors collectively
extend the lifetime of the photogenerated carriers in the
heterometal nanorings. Introduction of Cd ceases partial
localization of the electron, decreasing its overlap with the
hole and leading to a weaker NA coupling. The heavier and
slower Cd also contributes to the NA coupling decrease. The
increased localization and decreased overlap of electron and
hole result in a faster coherence loss, delaying charge
recombination. The simulations show that the nonradiative
decay is induced primarily by low-frequency modes, with a
minor contribution of C—C stretches. The reported simu-
lations establish the mechanism of the charge carrier losses and
demonstrate how the losses can be reduced by the porphyrin
design strategy.

2. METHODS

The e—h recombination dynamics of the porphyrin nanoring
systems are modeled with a mixed quantum-classical
approach® combining NAMD with self-consistent-charge
density functional tight binding (SCC-DFTB)* methodology.
SCC-DFTB is a very efficient method for treating systems
having a large number of atoms that otherwise cannot be
treated by ab initio DFT. The electrons are treated quantum
mechanically, and the nuclear degrees of freedom are treated
with classical Newton’s equation of motion with a semiclassical
correction for decoherence. The classical path approximation
(CPA)*™** is employed in the NAMD simulation. CPA is
applicable when any significant structural changes such as
isomerization, reorganization, or fragmentation do not occur
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due to an electronic transition, and the nuclear dynamics is
dominated by thermal fluctuations. To account for the effect of
decoherence, the decoherence-induced surface hopping
(DISH)* approach is used, as implemented in the PYthon
eXtension for Ab Initio Dynamics (PYXAID) code.***” The
SCC-DFTB method combined with NAMD has been
successfully employed in a variety of systems including CNT
nanohybrid composites,”* > cadmium chalcogenide quantum
dots® and nanoplatelets,”>> and porphyrin macromolecular
systems.”® The closely related approach based on ab initio
DFT has been applied to an even broader set of systems.””
The details of the theoretical method are given in the
Supporting Information.

All the quantum-mechanical calculations, along with
geometry optimization and MD, are performed with the
SCC-DFTB methodology for all the porphyrin nanoring
systems. For C, H, and N, we have used the mio parameter
set,"” and for the metal atoms we used our own parameter
set,"”” which is compatible with the mio set. After
optimization of the geometry at 0 K, all nanoring systems
are heated to 300 K for § ps with velocity rescaling.”® Then 3
ps adiabatic MD trajectories with the atomic time step of 1 fs
are generated by using the Verlet algorithm.69 Using these
3000 configurations of each femtosecond for all the systems,
we have calculated the energy of each configuration and time-
dependent NA coupling values between the states involved in
the carrier dynamics under investigation. Time-dependent
energy and NA coupling matrices are used to perform the
NAMD simulations for the charge separation and recombina-
tion dynamics in the porphyrin nanoring systems.

3. RESULTS AND DISCUSSION

3.1. Geometric and Electronic Structure. A schematic
of the energy levels involved in the photoinduced charge
carrier dynamics in the porphyrin nanorings is displayed in
Figure la. Interaction of photon with a nanoring generates
excitons across the band gap. The photoexcitation is followed
by intramolecular charge transfer between the orthogonal
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Figure 1. Schematic of the energy levels involved in the photoinduced
charge carrier dynamics in the porphyrin nanoring. Photon absorption
promotes an electron to the LUMO, leaving a hole in the HOMO.
These charge carriers can recombine nonradiatively, as shown by the
red dashed line (a). Cartoon representation of a typical saddle-shaped
porphyrin nanoring, in which two porphyrin rings are orthogonal
through a central porphyrin unit (b). The green ovals denote the
porphyrin unit present in the nanoring. The hexadentate template T6
that binds each ring through an N atom is indicated by the double-
sided arrow.
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rings. The photogenerated carriers can undergo recombination,
and the systems relax to the ground state. First, we focus on
the geometric and electronic structure of porphyrin nanorings,
since knowledge of the geometry and electronic properties of a
system constitutes a key step for analysis of the photoinduced
carrier dynamics. Second, the electron—phonon interactions
that drive the photoinduced carrier relaxation dynamics are
discussed in detail.

A schematic representation of the saddle-shaped porphyrin
nanoring is shown in Figure 1b. Each porphyrin ring is
constructed by six zinc porphyrin units connected with
acetylenic linker chains. A hexadentate template firmly
coordinates the central atom of the porphyrin internally as
“spokes in a tire”. Two porphyrin rings (Ring 1 and Ring 2) are
perpendicularly meso-fused through a porphyrin unit. The
junction porphyrin is the common portion of both rings.

The optimized geometry of the 11 Zn-centered porphyrin
nanoring Zn[Zn]Zn is presented in Figure 2a. The first “Zn” is

(a)

Zn[Zn)Zn 3

(b)

Cd[Zn]Zn 8%

Figure 2. Ground state optimized structures of the saddle-shaped
porphyrin nanorings. In Zn[Zn]Zn, 11 porphyrin units are Zn-
centered (a). This nanoring is spiro-fused with perpendicular
orientation of the two rings (Ring 1 and Ring 2). All porphyrin
units in the nanoring are coordinated by two T6 templates. In
heterometal Cd[Zn]Zn, the five Zn centers of Ring 1 are substituted
with Cd (b). In Cd[Cd]Zn, another Cd is introduced into the central
porphyrin unit (c), such that the Cd[Cd]Zn system contains six Cd
centers along with five Zn centers. Carbon, hydrogen, nitrogen, zinc,
and cadmium atoms are denoted by dark gray, white, blue, green, and
red spheres, respectively.

the short notation of Ring 1, in which a hexadentate
hexapyridyl (T6) template coordinates each Zn through the
N atom. The second “[Zn]” term indicates the central
porphyrin unit, common to both orthogonal rings, whereas
the last “Zn” term denotes Ring 2. The beauty of this
macrostructure is that each Zn atom is pentacoordinated
except for the junction porphyrin central metal atom. The
calculated Zn—N distance between the central porphyrin’s Zn
to N of T6 in Ring 1 is 2.1 A. The corresponding Zn—N
distance between the central porphyrin Zn to N of T6 in Ring

2 is longer, 4.6 A. This implies that Zn of the central porphyrin
unit is pseudo-hexacoordinated, in agreement with the
experiment.”’ The bond strengths between the two templates
and the metal of the common porphyrin are not the same; one
is much stronger than the other. This asymmetry makes the
intramolecular charge transfer feasible between two rings.

Along with the homometal Zn[Zn]Zn ring, two heterometal
nanorings with partial substitution of Zn by Cd are also
modeled to unravel the role of metal in the photoinduced
excited state carrier dynamics. In heterometal Cd[Zn]Zn, the
five Zn centers of Ring 1 are substituted with Cd (Figure 2b).
In Cd[Zn]Zn, the Zn—N bond between the central porphyrin
Zn to N of T6 in Ring 1 is 2.09 A long. The corresponding
Zn—N distance between the central porphyrin Zn to N of T6
in Ring 1 is longer, 5.1 A. This implies that Zn of the central
porphyrin unit is pseudo-hexacoordinated. In Cd[Cd]Zn, we
further introduce a Cd into the central porphyrin unit (Figure
2¢). Hence, the Cd[Cd]Zn system contains six Cd atoms along
with five Zn atoms. The geometry of the porphyrin nanorings
remains unaffected with the metal substitution even though
they are molecular systems because the porphyrin rings are
firmly held by the template structure. All the nanorings possess
structural asymmetry in the template and common porphyrin
junction. Randomly selected geometries from the 3 ps MD
trajectory at 300 K have similar structural characteristics but
exhibit some deformation because of thermal fluctuations (see
Figure S1).

Figure 3 presents the projected density of states (PDOS) for
all systems under investigation. The PDOS is separated into
the contribution of Ring 1, Ring 2, and Common components.
Each system possesses quasi-type-II band alignment. Photo-
excitation of the nanoring promotes an electron from its
highest occupied molecular orbital (HOMO) to its lowest
unoccupied molecular orbital (LUMO), thereby generating an
e—h pair. The HOMO wave function is entirely delocalized
over the whole nanoring for each system. In contrast, the
LUMO is localized over Ring 1 only. Localization of electronic
charge of the final and initial states is confirmed by the
distribution of charge density of each system (Figure S2).
There is no notable change in the charge densities of homo-
and heterometal porphyrin nanorings observed. But the
different localization of charge of the states involved in the
e—h recombination, that is, the HOMO comes from porphyrin
rings and T6 contributed to the LUMO, reduces the spatial
overlap between them and slows the recombination processes.
The exciton in the charge-separated state is formed by the
electron localized on the inner part of a ring, and the hole
localized primarily on the central region connecting the two
rings, with contributions from the outer parts of the rings
(Figure S2). There is very little overlap between the HOMO
and the LUMO, indicating that it is a charge-separated state.
For the Zn[Zn]Zn nanoring, the simulated energy gap is 0.59
eV. Introduction of Cd centers into the nanorings causes gap
contraction (Figure 3b,c and Table 1). The decrease in the
optical gap is explained by the increasing molecular weight of
the macrostructures with the replacement of Zn by Cd; this is
similar to our previous work.*®

The nonradiative quantum transition is governed by NA
coupling present between the initial and final states. The NA
coupling between two adiabatic states i and j is expressed as

o (r,
4, = <¢,(n R(e)) |24

ot

>. The strength of the coupling
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Figure 3. Projected density of states (PDOS) of the optimized structures of Zn[Zn]Zn (a), Cd[Zn]Zn (b), and Cd[Cd]Zn (c). PDOS is split into
contributions of Ring 1, Ring 2, and Common components. The Fermi energy is set to be zero. Each system possesses quasi-type-II band
alignment, with electron localized on Ring 1 (LUMO) and hole delocalized on the entire nanoring (HOMO).

Table 1. Canonically Averaged Energy Gap, Root-Mean-
Square (rms) Nonadiabatic (NA) Coupling, Decoherence
Time, and e—h Recombination Time Scales for the
Porphyrin Nanoring Systems

av energy gap  rms NA coupling  decoherence  time

system (ev. (meV) (fs) (ps)
Zn[Zn]Zn 0.59 322 14 35
Cd[Zn]Zn 0.48 1.65 9 180
Cd[Cd]Zn 043 1.55 9 200

depends on the overlap of the wave functions between the pair
of states which is parametrically depending on the nuclear
coordinates (R). The simulated NA coupling between the
HOMO and LUMO states of Zn[Zn]Zn is 3.22 meV (Table
1). One can observe weaker NA electron—phonon coupling for
both heterometal rings. The NA coupling is reduced to half
(1.65 meV) for the Cd[Zn]Zn nanoring. Further weakening of
the coupling strength (1.55 meV) is observed for Cd[Cd]Zn.
Generally, the NA coupling is inversely proportional to the
energy gap. Interestingly, the NA coupling decreases when the
energy gap decreases in the current systems (Table 1). This is
unusual and can be explained by two other arguments. In
addition to the energy gap dependence, the NA coupling is
proportional to the atomic velocity, which in turn depends on
atomic mass. Because Cd is heavier than Zn, it leads to a
smaller NA coupling. The NA coupling also depends on the
nuclear gradient matrix element between the initial and final
electronic wave function. Introduction of Cd breaks the
symmetry of the system that contains only Zn. This leads to

partial localization of the initial and final wave functions and
hence to a decreased matrix element. Considering the metal-
dependent NA coupling between the states, the nonradiative
e—h recombination should be slower in the heterometal
nanorings compared to the homometal system. Substitution of
Cd in the central porphyrin unit has a strong influence on the
e—h recombination dynamics. The e—h recombination
dynamics depends on the NA electronic—vibrational coupling
present between the excited and ground states. The
electronic—vibrational coupling also determines fluctuations
of the energies of the two states. The PDOS in Figure 3 and
the charge densities in Figure S2 demonstrate that the HOMO
has a strong contribution from the central porphyrin unit.
Substitution of Zn with the heavier Cd in the central porphyrin
slows vibrational motions and decreases the NA coupling. In
addition, when the central unit is a Zn porphyrin, one of the
porphyrin rings is fully Zn-metallized and the other is partially
Cd-metallized. Replacing Zn by Cd in the central unit reverses
this situation. Our study demonstrates the effect of partial vs
entire Cd substitution of a porphyrin ring of the nanoring
system on the recombination dynamics. In particular, the
partially Cd-substituted system has faster recombination
compared to the fully Cd-substituted ring.

3.2. Electronic—Vibrational Interactions. The elec-
tron—phonon interactions are responsible for two related but
different phenomenon, that is, inelastic and elastic processes.
The former process leads to energy exchange between the
electronic and vibrational subsystem. The electronic energy
generated upon photoexcitation is lost to heat and thereby
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Figure 4. Fourier transformations (FTs) of fluctuations of the energy gap between HOMO and LUMO in Zn[Zn]Zn (a), Cd[Zn]Zn (b), and
Cd[Cd]Zn (c). Both low- and high-frequency modes are involved during the carrier recombination for all systems. In the heterometal nanorings
low-frequency vibrations become more prominent. Pure dephasing functions for the lowest energy photoexcitation in Zn[Zn]Zn (black line),
Cd[Zn]Zn (red line), and Cd[Cd]Zn (blue line) at room temperature (d). Simulated data are fitted with a Gaussian function. The phonon-
induced loss of electronic coherence is faster in the heterometal nanorings, favoring slower carrier relaxation. The autocorrelation functions (ACFs)
are shown in the inset. The color code for the dephasing curves and ACFs is the same as for the FTs.
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decreases the voltage of a solar device. The rate of nonradiative
e—h recombination depends on the participation of phonon
modes because they are coupled with the electronic subsystem
and facilitate phonon energy dispersion during the e—h
recombination process. We compute spectral densities by
applying the Fourier transforms (FTs) of fluctuations of the
pair of states within fundamental energy gaps of the nanoring
systems. The spectral density of FTs is also known as influence
spectra are presented in Figure 4. The intensity of each peak in
the influence spectrum characterizes the strength of electron—
phonon coupling at a particular vibrational frequency.”"”’
Both low (<250 cm™") and high (1500—2000 cm™") frequency
modes are involved in e—h recombination for all the systems.
The modes below the 250 cm™" are mainly evolved from out-
of-plane vibration of porphyrin units. In turn, the higher
frequency mode around 1800 cm™' is assigned due to the in-
plane vibration of porphyrin units in the ring.”" In the case of
Zn[Zn]Zn, a strong peak near 1800 cm ™' frequency along with
a broad range of low-frequency modes is mainly contributed to
charge carrier relaxation (Figure 4a). This dominant high-
frequency out-of-plane vibration contributes strongly to the
charge phonon coupling because their motion is fast and
creates large nuclear velocity that enters into the NA coupling
matrix element. This observation is consistent with stronger
NA charge phonon coupling with a magnitude of 3.22 meV
(Table 1). The spectral density of the Cd[Zn]Zn nanoring is
notably distinct from the Zn[Zn]Zn ring (Figure 4b). Note
that mainly low-frequency phonons with higher phonon peaks
participate in the carrier recombination. It is worth mentioning
that such peak intensities are low as compared to Zn[Zn]Zn.
Not only the position of phonon peaks in the spectral density
but also the heights of the peaks are also a major point of
concern. As stated, the strength of the electron—phonon
coupling is proportional to the heights of the peaks. Thus, the
resulting NA coupling is affected and shows weak coupling
strength, 1.65 meV. This is manifested due to a lower nuclear
motion of the heavier Cd atoms in the ring. The system with
Cd[Cd]Zn exhibits both high- and low-frequency vibrational
modes for charge recombination (Figure 4c). The low-
frequency mode at S0 cm™' predominantly creates a smaller
NA coupling of 1.55 meV. This correlated to the larger height
of this peak compared to the peak at 1800 cm™' of the
influence spectrum. In the presence of Cd, the porphyrin units
and the template form stronger bonding compared to the Zn
system. Because of the stronger bindings, the in-plane
vibrations of the porphyrin units are modified. In particular,
the Cd substitutions in the nanoring system activate more
lower frequency modes, which dominate over the higher range
modes (Figure 4) because high-frequency modes arise from in-
plane vibrations of the porphyrin units. On the basis of the
analysis of spectral density followed by NA coupling between
the pair of states, we expect that the carrier relaxation would be
slower for the heterometal systems.

The elastic electronic—vibrational interaction randomizes
the phases (momenta) of electronic wave functions, which
causes the loss of quantum coherence between the pair of
HOMO and LUMO states. We simulate the decoherence time
as pure dephasing time based on optical response theory’* with
the second-order cumulant approximation. The time scales are
obtained from the Gaussian function fitting y = A exp(—0.5[¢/
rgau]z) of the simulated data in Figure 4d, where 7, is the
decoherence time constant. The decoherence times are
presented in Table 1. Nonradiative e—h recombination times

of the three systems under study are significantly larger than
the sub-15 fs pure decoherence times. Thus, the decoherence
effect in the present NAMD simulation is included. The
simulated decoherence time for Zn[Zn]Zn is 14 fs. In contrast,
for heterometal systems, the pair of HOMO and LUMO states
remains in coherence for 9 fs. The phonon-induced loss of
electronic coherence is rapid for the heterometal nanoring.
Note that shorter electronic coherence delays the quantum
transition due to the quantum Zeno effect.””’* Thus, the rate
of e—h recombination is slower in the heterometal nanoring
compared to Zn[Zn]Zn. Autocorrelation functions (ACFs) of
HOMO-LUMO energy gap fluctuations of all systems are
shown in the inset of Figure 4d. All the ACFs have started with
the initial value of 1 because our calculated ACFs are
normalized. ACFs characterize the memory of the energy
gap fluctuation. The sequence of ACF decays for the porphyrin
nanoring systems is Zn[Zn]Zn > Cd[Zn]Zn > Cd[Cd]Zn,
losing the phase information as well. The slower decay of
ACFs is characterized by the rapid decoherence between the
electronic states in the heterometal nanoring.

3.3. Charge Transfer Dynamics. Figure S presents the
evolution of the population of the donor states for photo-
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0.8 -
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=
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Figure S. Decay of population of the donor state during the charge
transfer dynamics in Zn[Zn]Zn (black line), Cd[Zn]Zn (red line),
and Cd[Cd]Zn (blue line). The time scales are obtained from fits to
linear combination of Gaussian and exponential functions. Photo-
excitation of Zn[Zn]Zn leads to intramolecular ultrafast charge
transfer, well matched with experiment. The incorporation of Cd into
the nanoring does not significantly change the charge separation time.

induced charge transfer in the nanoring systems under
investigation. Fitting the data using a linear combination of
the Gaussian and exponential function y = A exp(—t/7,,,) + (1
— A) exp[t/tg,]* gives the characteristic time scales as
reported in the figure. The simulated intramolecular charge
transfer time in the Zn[Zn]Zn is SS fs. The population
transition is ultrafast, and this observation agrees well with the
experiment.”” Tt should be mentioned that such an intra-
molecular charge transition rate is also similar to that taking
place on sub-50 fs for heterometal systems. It indicates that the
charge transfer is not influenced by the Cd incorporation into
the ring, but heterometal systems ensure ultrafast charge
transfer. The analysis of the observed charge transfer dynamics
can be found in the Supporting Information. It is important to
emphasize that not only the rapid charge separation dynamics
but also slow charge carrier relaxation is important to achieve
high efficiencies, in particular, by reducing charge losses.
Keeping this in mind, the subsequent section deals with the
nonradiative carrier recombination dynamics. Special attention
is paid to the role of Cd incorporation into the ring.
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3.4. Nonradiative e—h Recombination. The non-
radiative excited carrier recombination constitutes the major
mechanism for charge and energy losses in a solar cell device.
Therefore, a topmost priority is to ensure slow carrier
recombination to achieve effective device performance. The
evolution of population of the excited states of 5 ps time period
during the nonradiative charge recombination in the porphyrin
nanorings is represented in Figure 6a. The stimulated data are
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Figure 6. Population decay due to nonradiative e—h recombination in
Zn[Zn]Zn, Cd[Zn]Zn, and Cd[Cd]Zn (a). The relaxation dynamics
is performed by DISH. The time scales are obtained from short time
linear approximation to exponential decay. The lifetime of the
photogenerated charge is strongly dependent on the metals present in
the nanoring. In Cd[Cd]Zn, the carrier relaxation is suppressed by a
factor of 4 with a time constant of 200 ps. Root-mean square value of
NA coupling for e—h recombination in the nanoring systems under
study (b). Weaker NA coupling, faster pure dephasing, and
participation of low-frequency phonon modes suppress charge
recombination in heterometal systems.

obtained from NAMD simulation and fitted with short-time
linear approximation to the exponential function y = A exp(—t/
7), where 7 is the time constant for e—h recombination. The
obtained time scales are in the picosecond time regime, which
is well corroborated with both theory***® and experiment.”*”°
The photogenerated carriers recombine within 55 ps between
the frontier orbitals of Zn[Zn]Zn (Figure 6a and Table 1). The
influence of Cd insertion into the nanoring on the excited state
lifetime is much more significant compared to intramolecular
charge transfer dynamics. The rate of e—h recombination for
Cd[Zn]Zn is significantly suppressed by a factor of about more
than 3, with a time constant of 180 ps. An even longer lifetime
(200 ps) is achieved for the Cd[Cd]Zn nanoring. The present
investigation revealed that longer-lived charge carrier can be
achieved by judicious incorporation of Cd atom in the
nanoring.

Several factors rationalize these observations, such as (1) NA
coupling strength, (2) nature of phonon modes, and (3)
quantum coherence between the pair of concerned electronic
states. The most important factor is NA coupling, which shows
a collective effect of electronic—vibrational interactions that
govern the fate of the photogenerated carrier dynamics. As
evident from Figure 6b and Table 1, the stronger NA coupling
(3.22 meV) induces rapid charge recombination (S5 ps) in
Zn[Zn]Zn. The simulated NA charge phonon strength is
greatly reduced to a factor 2 (1.65 meV) for the Cd[Zn]Zn
nanoring compared to the Zn[Zn]Zn nanoring. Furthermore,
significant weakening of the coupling strength (1.55 meV) is
observed too for Cd[Cd]Zn. We argued that the rate of NA
charge recombination is mostly guided by the strength of NA
charge phonon interaction between the pair of HOMO—

LUMO wave functions. As evident from Table 1, the band gap
decreases with the introduction of heavier Cd centers into the
nanoring. Therefore, one might expect faster charge carrier
relaxation in heterometal systems. But weak NA charge
phonon coupling competes with the low band gap and drives
the quantum transition at a slower rate. Thus, with an increase
of Cd center, the decay of exciton is greatly suppressed and
thereby minimizes the charge losses. The NA e—h relaxation in
Zn[Zn]Zn is also governed by the participation of both low-
and dominant high-frequency vibration (Figure 4a). Hence, it
experiences rapid charge carrier relaxation to the ground state.
For heterometal ring the carrier relaxes through intense low-
frequency out-of-plane vibration (Figure 4b,c). Such low-
frequency modes couple with the electronic subsystem
participating in the relaxation process and contribute to a
longer carrier lifetime. Moreover, the quantum coherence is of
longer-lived (14 fs) for Zn[Zn]Zn (Table 1 and Figure 4d).
When Cd is introduced into the ring, the heterometal system
experiences shorter electronic coherence (9 fs). Thus, phonon-
induced coherence significantly slows the quantum transition
and hence decelerated the charge losses to heat. Also, faster
decay of ACFs of Zn[Zn]Zn causes strong electronic
coherence between the states involved in e—h recombination.
In heterometal systems, the lifetime increases with the higher
molecular weights, agreeing well with the earlier findings. 778

The nonradiative charge recombination depends on three
factors in our simulations. These are the energy gap, the NA
coupling, and the decoherence time. Typically, a larger energy
gap, a smaller NA coupling, and a shorter coherence time lead
to a slower nonradiative transition. The NA coupling and the
decoherence times are the two factors that rationalize the
changes in the recombination time, while the energy gap acts
to counteract the trend (Table 1). The NA coupling and the
decoherence time depend on atomic motions and on overlap
of electron and hole densities. The heavier Cd atoms have
smaller velocities and lead to smaller NA coupling and slower
coherence loss. Introduction of Cd into the Zn-based systems
partially localizes electron and hole, leading to smaller NA
coupling and faster decoherence. The data show that the
systems with Cd exhibit smaller NA coupling and faster
decoherence. Therefore, localization of the electron and hole is
the most important factor, since only the localization can
explain the changes in both the NA coupling and the
coherence time. On the basis of this conclusion, one can
expect that a complete replacement of Zn with Cd will restore
delocalization of electron and hole and shorten the lifetime of
the charge-separated state. The present simulation demon-
strates that long-lived charge carriers can be obtained by
judicious incorporation of Cd centers into the homometal Zn
nanoring, reducing energy and charge losses and improving the
photovoltaic efficiency.

4. CONCLUSIONS

In summary, the nonradiative excited state dynamics of both
homo- and heterometal porphyrin nanorings are extensively
studied by applying the SCC-DFTB method combined with
the NAMD methodology. The simulation confirms the
ultrafast intramolecular charge separation in Zn[Zn]Zn as
reported in the recent experiments. The charge transfer time
changes little upon incorporation of five or six Cd centers in
the nanoring. On the other hand, we demonstrate that the
photogenerated charge carrier lifetime depends strongly on the
metal present in the saddle-shaped porphyrin nanoring. The
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simulated e—h recombination time is SS ps for the Zn[Zn]Zn
nanoring. The lifetime increases by a factor of 3 to 180 ps with
the incorporation of five Cd centers into the nanoring. When
six Cd centers are introduced, the e—h recombination is
suppressed further by almost a factor of 4 relative to
Zn[Zn]Zn, with a time constant of 200 ps. Analysis of the
simulations reveals that the NA coupling strength, the time of
phonon-induced quantum decoherence, and active vibrations
are the leading factors that govern the carrier dynamics. The
presence of multiple metals localizes partially the electron wave
function, reduces e—h overlap, decreases the NA coupling, and
accelerates coherence loss. The slower motions of the heavier
Cd atoms further contribute to the NA coupling reduction.
The photoinduced charge separation is driven strongly by the
faster C—C stretching motions, while the e—h recombination
occurs by coupling to low-frequency modes with minor
contributions from C—C stretches. Providing a detailed
analysis of the charge separation and recombination mecha-
nisms, our study demonstrates that e—h recombination can be
suppressed by use of heterometal porphyrin structures,
providing a valuable guideline for efficient porphyrin-based
solar energy applications.
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