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ABSTRACT: Light-harvesting and intramolecular energy funneling

are fundamental processes in natural photosynthesis. A comprehensive
knowledge of the main structural, dynamic, and optical properties that
regulate the efficiency of such processes can be deciphered through

the study of artificial light-harvesting antennas, capable of mimicking

natural systems. Dendrimers are some of the most explored artificial
light-harvesting molecules. However, they have to be well-defined and

E* P*

D*

highly branched conjugated structures, creating intramolecular energy

gradients that guarantee efficient and unidirectional energy transfer. Herein, we explore the contributions of the different
mechanisms responsible for the highly efficient energy funneling in a large, complex poly(phenylene—ethynylene) dendrimer, whose
architecture was particularly designed to conduct the initially absorbed photons toward a spatially localized energy sink away from its
surface, avoiding its quenching by the environment. For this purpose, the nonradiative photoinduced energy relaxation and
redistribution are simulated by using nonadiabatic excited state molecular dynamics. In this way, the two possible direct and indirect
pathways for exciton migrations, previously reported by time-resolved spectroscopy, are defined. Our results stimulate future
developments of new synthetic dendrimers for applications in molecular-based photonic devices in which an enhancement in the
photoemission efficiency can be predicted by changes in the detailed balance between the different intramolecular energy transfer

pathways.

B INTRODUCTION

Nature provides numerous examples of how organisms have
evolved the ability to convert light into chemical energy
through the use of conjugated chromophores that efficiently
funnel the absorbed energy to a reaction center.' ™ In the wake
of the study of natural systems, researchers have focused their
efforts on the design and synthesis of new light-harvesting
materials for improved power conversion efficiency of organic
photovoltaic devices.”” "'

Light-harvesting dendrimers are conjugated and highly
branched macromolecules, composed of well-defined arrays
of weakly coupled individual chromophore units capable of
absorbing light at different wavelengths.'” They can excep-
tionally capture several photons over a broad region of the
solar spectrum.”' ">~ Because of their highly controllable
synthesis that provides them with a specific architecture and
high degree of order, they are suitable for a broad range of
photoelectronic applications, such as light-emitting diodes,
electronic sensors, and bio-organic and nanomedicine
applications.””**

The high efficiency of dendrimers to funnel harvested light
to a localized site depends on how the different chromophore
units are assembled in the supramolecular structure.”””*’
Dendrimers with built-in energy gradients require ordered
structures wherein the chromophore units change their optical
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properties in specific, predefined spatial directions. Otherwise,
photoexcitation leads to a spatial scrambling of the exciton
among equivalent chromophore units.*' ="

Among a wide variety of branched conjugated den-
drimers,”" " the family of dendrimers, based on poly-
(phenylene—ethynylene) (PPE) units, originally introduced
by Moore, Kopelman, and co-workers, has been the subject of
extensive theoretical and experimental studies®”*” ™" because
of their ability to mimic both the light harvesting and energy
funneling that occur in photosynthetic systems.*>***»1>2
Because they can be synthesized with high regularity and
controlled molecular weights, as well as their potential for
functionalization, PPE dendrimers offer great promise in the
control of energy funneling."’

Previous studies performed on both types of PPE
dendrimers provide qualitative pictures of the relationship
between dendrimer topology and efficiency in energy
funneling.”*”**** In this work, we computationally probe
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the energy funneling mechanisms that occur after photo-
excitation of the large, complex, unsymmetrical PPE
dendrimer, denoted as 2G,m-EPer (Figure la). 2G,m-EPer
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Figure 1. (a) Chemical structure of 2G,m-EPer (left). Superposition
of 1000 snapshots of the structure obtained from ground state
molecular dynamics demonstrating conformational diversity (right).
(b) Simulated absorption spectra at 300 K showing contributions
from the individual 30 excited states of each snapshot to the total
spectrum.

is composed of two second-generation monodendrons linked
through a phenylene—ethynylene unit by meta-substitution.
The phenyl bridge is linked to an ethynylene—perylene trap
(EPer). Each monodendron consists of phenylene—ethynylene
(PE) subunits, branched by ortho-, meta-, and para-
substitutions. While meta-substitutions localize the exciton in
individual chromophore subunits, ortho- and para-substitu-
tions allow for delocalization throughout the dendrimer
backbone. That is meta-, ortho-, and para-branching between
chromophore units modulate the optical and dynamic
properties of the PPE dendrimer.”> The ultimate pathways of
energy funneling are subject to the intramolecular energy
gradients created by their ordered combination within the
dendrimer backbone.****¢7%

The photoinduced electronic energy relaxation and redis-
tribution within 2G,m-EPer have been previously monitored
by steady-state and time-resolved spectroscopies.””>”">>%>
These studies have proposed a kinetic model for the highly
efficient intramolecular energy funneling that takes place from
the initial excited state on the didendron backbone to the EPer
trap.”’ The model is based on two possible pathways, direct
and indirect, for exciton migration toward the bottom of the
energy funnel. While the direct (coherent) pathway involves
direct exciton migration from the initial excited state (donor)
to acceptor (EPer trap), the indirect (incoherent) pathway
involves multistep exciton migration within the dendrimer

backbone followed by the ultimate transfer to the EPer trap.
Moreover, Kleiman et al. have shown that the emission
quantum yield of 2G,m-EPer can be enhanced by 15% through
the coherent control of its excited-state dynamics.”® Computa-
tional insights are useful to fully understand these kinds of
energy transfer mechanisms at an atomistic level and provide
the excited state conformations.

In this work, the photoexcitation and subsequent energy
relaxation and redistribution of 2G,m-EPer are simulated by
using nonadiabatic excited state molecular dynamics
(NEXMD). This methodology allows us to track the flow of
the exciton between both monodendrons and the EPer trap;
consequently, direct and indirect mechanisms of intra-
molecular energy funneling are distinguished and analyzed.

B COMPUTATIONAL METHODS

The photoexcitation and subsequent intramolecular electronic
energy funneling of 2G,m-EPer were simulated by using the
NEXMD method.”*® NEXMD has been specifically devel-
oped to model photoinduced dynamics in large conjugated
molecules involving multiple electronically coupled excited
states. It makes use of the fewest switches surface hopping
(ESSH) algorithm®"*> with additional implementations to
identify trivial unavoided crossings”’ and introduce electronic
decoherence.®* Excited state energ.;ies,sz"65 gradients,“’67 and
nonadiabatic couplings******” were calculated “on the fly” by
using the collective electronic oscillator (CEO) ap-
proachs“’s“’és’70 at the configuration interaction singles (CIS)
level of theory with the semiempirical Austin model 1
Hamiltonian (AM1).”" Previous studies validate this level of
theory to achieve a qualitative description of the 3ghotoinduced
intramolecular energy flux in PPE dendrimers.*”*"7>%°%"> The
details of the NEXMD approach, advantages, implementation,
and testing parameters can be found elsewhere."”*~">

The 2G,m-EPer geometry was initially optimized at the
AM1 semiempirical level”" by using Gaussian16.”® After that,
the molecule was heated from 0 to 300 K for 10 ps with an
integration time step of 0.5 fs for the molecular dynamics by
using the AMBER 18 program suite.”” The GAFF (General
Amber Force Field)”®”” was used to parametrize the
dendrimer, and a reparametrization of the dihedrals, which
form among the C atoms of the aromatic ring and the C atoms
of the triple bond, was performed with force constants of 0.40
kcal/mol. Finally, S ns of simulation was done at 300 K with a
time step of 0.5 fs employing a Langevin thermostat with a
friction coefficient of 20.0 ps™'. One thousand snapshots were
sample uniformly in time over the 5 ns molecular dynamics
simulation. Each snapshot was further equilibrated by using
quantum mechanics molecular dynamics, as it is implemented
in AMBER 18, using the AM1 Hamiltonian during 3.5 ps to
obtain the final initial sets of coordinates and momenta. For
each of the stored configurations the first 30 excited states
energies and oscillator strengths were computed by using the
CEO approach to obtain the absorption spectrum.

To mimic the experimental setup, for each NEXMD
simulation, the initial excited state was obtained by using a
Franck—Condon window given by g, = exp[—(T/h)*(Epee —
Q,)*], with Q, and Ey,,, representing the energy gap between
the ground state and the ath excited state and the energy of a
Gaussian laser pulse f(t) = exp(—*/2T*) centered at 400 nm,
respectively. Thus, the selection of the initial excited state was
randomly according to the oscillator strengths of each a state
and the values of g,, where T has a value of 42.5 fs according to
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the laser full width at half-maximum of 100 fs. Each NEXMD
simulation was run for 150 fs using a classical time step of 0.1
ts for nuclei propagation and a quantum time step of 0.025 fs
for electronic degrees of freedom. Ten singlet electronic
excited states and their corresponding nonadiabatic couplings
were included.

B RESULTS AND DISCUSSION

2G,m-EPer is an unsymmetrical PPE dendrimer composed of
three moieties (see Figure 1a): two individual monodendrons
comprising the backbone structures connected to the core ring
and the EPer unit. Meta-branching in the core ring breaks the
m-electron conjugation in the ground electronic state, defining
them as three individual, weakly coupled chromophores. The
ground state conformational sampling at T = 300 K reveals a
high degree of conformational diversity, represented in Figure
la as a superposition of snapshots of the 2G,m-EPer structure
obtained from equilibrated ground state molecular dynamics.

The simulated absorption spectrum of 2G,m-EPer is shown
in Figure 1b. This spectrum was obtained as a convolution of
the thousand individual spectra obtained from the ground state
molecular dynamics; each spectrum is calculated by using the
vertical transition energies and their corresponding oscillator
strengths. The computed spectrum is red-shifted by ~30 nm
with respect to experimental data reported by Kleiman et al;
however, it captures the key spectral features in the their
report.’’ The contributions of the two lowest excited states
overlap, with their maxima separated by around 34 + 17 nm, in
agreement with the experimental value of 39 nm. This spectral
overlap is significantly larger with respect to the first-
generation counterpart, 2G;m-Eper dendrimer.’’ In fact, the
average energy difference between the S, and S, states at 0 fs of
the nonadiabatic dynamics is 0.21 + 0.10 and 0.41 + 0.10 eV
for 2G,m-EPer and 2G;m-Eper, respectively. Notably, the
separation of these states for 2G;m-Eper is twice that of 2G,m-
Eper.

The simulated single peak around 470 nm is associated with
the S, — S, transition, and it is comparable with the
experimental band in the region between 430 and 500 nm.

Previous steady-state and time-resolved fluorescence meas-
urements identify the two monodendrons and the EPer unit as
the donors and acceptors, respectively, during the ultrafast
intramolecular energy transfer that takes place after photo-
excitation.”’ Analysis of the localization of the electronic
transition density of the seven lowest electronic states at the
minimum of the ground state potential energy surface (see
Figure S in the Supporting Information) indicates that the S;
state is completely localized at the EPer, while the S, state is
completely localized at the acceptor EPer and the S,—S, states
are localized at the donor monodendrons. Therefore, the
intramolecular donor — acceptor energy funneling can be
followed by tracking the average populations of different
electronic excited states as a function of time (Figure 2a). The
laser photoexcitation at 400 nm, according to the initial excited
state selection described in the Computational Methods
section, creates an initial distribution of average populations
on electronic excited states composed of 25%, 32%, 26%, and
11% of states Ss, Sq, S;, and Sg, respectively. During the first
~20 fs after photoexcitation, these initially populated excited
states experience an ultrafast energy relaxation, transferring
their populations to the intermediate S, and S; states. By 120
fs, the transient accumulated populations in S, and S; states
relax to S,. Finally, an efficient, ultrafast transfer of population
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Figure 2. (a) Evolution in time of electronic state populations for
1000 trajectories. (b) Evolution in time of the partial average
electronic transition density (6x(t)) for the three moieties: the two
monodendrons and the EPer unit.

to the S, state is achieved in ~150 fs. It is interesting to note
that the observed ultrafast migration to the lowest S, state is
significantly faster than the previously reported electronic
energy relaxation for the corresponding smaller, first-
generation unsymmetrical 2G;m-Eper dendrimer, whose
simulated electronic relaxation takes place in ~500 fs.”’ A
detailed comparison of the electronic energy relaxation for
both dendrimers indicates that while high-energy excited states
relax in ~100 fs in both cases, the S, state acts as the
bottleneck in the sequential relaxation process of the 2G m-
Eper dendrimer. Figure 2a shows a transient accumulation of
the S, population of ~40% for 2G,m-EPer, while the
corresponding transient accumulation in 2G;m-Eper reaches
values of up to 70% due to the aforementioned overlap
between S, and S; states in 2G,m-EPer versus the %reater
separation of these states in the 2G;m-Eper dendrimer.”’

Further characterization of the donor — acceptor energy
funneling in 2G,m-EPer is done by analyzing the evolution of
the spatial localization of the electronic transition density over
time. In the CEO approach, the elements of the transition
density matrices are written as

(0N = (Dlcic,ldt) D

where c,, and ¢| are the annihilation and creation operators of
electrons for atomic orbitals n and m, respectively, and ¢, and
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¢, represent the CIS adiabatic excited and ground state wave
functions, respectively.””*" Diagonal elements represent the
changes in the distribution of electronic density on the mth AO
induced by the photoexcitation from the ground state to the
singlet excited state S,.’”*" This property makes the transition
density matrix useful for capturing the relaxation dynamics of
the excited state wave functions in real space.

Considering the normalization condition ., ,,(pi(t))* = 1,
the fraction of the transition density localized on each of the
three moieties, that is, the two monodendrons (donors) and
the EPer unit (acceptor), is obtained as

55(6) = (P O) = 3 ()

namy )

where the index A runs over all atoms localized in the moiety
X 65

Figure 2b shows the evolution of 5x(t) for the three moieties

of 2G,m-EPer over time, where J,(t) = <ZZ=1Pa(t)5§(t)>,

with P,(t) the population of excited state a during the FSSH
trajectory, and the angle brackets correspond to an average
over the ensemble of FSSH trajectories. The initial exciton
localization on both monodendrons is transferred to the EPer
trap, confirming the highly efficient intramolecular donor —
acceptor energy funneling proposed by previous experimental
studies.'® The kinetics followed by 6%p,.(t) follows the increase
of S, population shown in Figure 2a, indicating that this state
remains localized on the EPer unit throughout the relaxation
process. To analyze the evolution of the average transition
density localized in each monodendron for each NEXMD
trajectory, we differentiate the monodendron units based on
the transition density localization after the excitation.

Further analysis of the intramolecular energy redistribution
following the initial photoexcitation of 2G,m-EPer can be
achieved by applying the transition density flux method.”
Briefly, during each time interval At, throughout the NEXMD
simulations, the effective change in the partial electronic
transition density (Adx(t) = Sx(t + At) — 5x(t), where we have
dropped the electronic state index for notational simplicity) is
monitored by calculating the flow matrix F(t). While diagonal
elements F(t) are zero, off-diagonal elements f (t) contain the
amount of 8y(t) transferred between units X and Y. By
classifying chromophore units as donors (D) if Adx(t) < 0 or
acceptors (A) if ASX(t) > 0 and imposing the minimum flow
criterion, we can calculate flow matrix elements between two

units (f w(t)) as
IAS(£)IAS,(t)
Aétotal(t) (3)

with
Adya(t) =1 25 A8x(D)] = D) Ay (1) )

These new matrixes represent the accumulated flux between
two chromophore units; matrix values are positive over time
when moving from donor to acceptor and negative in the
opposite case: fy(t) = —fyx(t). More details about the
transition density flux method can be found elsewhere.*
Figures 4a—c show the average accumulated fluxes for the
three chromophore units of 2G,m-EPer, where we observe
energy transfer from both monodendrons to the acceptor EPer
trap. At earlier times in the dynamics, an ultrafast direct
monodendron H — Eper energy transfer is observed. This is
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Figure 3. (a) 8%(t) distribution around the S; — S, transition. The
blue-green color corresponds to H-monodendron moiety, and the
red-yellow color corresponds to L-monodendron moiety. Before the
transition, the 5%(t) contour distribution shows delocalization in both
monodendrons; after the transition the 5%(t) contour distribution is
mainly localized in the H moiety. (b) 5%(t) distribution around the S,
— S, transition. The distribution is localized on the H monodendron
before the S, — S, transition, and it is localized on the perylene after
the hop. H: high-density monodendron; L: low-density monoden-
dron; P: perylene.

not the case for the monodendron L — Eper transfer that
experiences a delay of ~20 fs. After that, transfer from both
monodendrons to the Eper trap seems to follow similar
kinetics. Figure 4b reveals that during the ultrafast direct initial
monodendron H — Eper energy transfer a monodendron H —
monodendron L energy flux also occurs. According to Figure
4c, monodendron H acts mainly as a donor unit, except at
times ~10 fs when a small, transient energetic feedback from
monodendron L to monodendron H seems to take place.

These results suggest a fast energy exchange between the
two monodendrons before the final transfer to the perylene in
agreement with the data shown in Figure 2b.

In the context of previous steady-state spectroscopy and
time-resolved fluorescence measurements,”' the above results
allow us to conceptualize two potential energy transfer
pathways: direct and indirect. Further inspection of potential
mechanisms can be achieved by analyzing the distribution of
the lapses in time during which the system is localized in the S,
state, that is, the time during which the S, state corresponds to
the current state according the FSSH prescription. This is
shown in Figure 5a when the distribution of the elapsed times
in the S, states exhibits at least two different pathways. We
assign trajectories that spend less than 10 fs in the S, state
before the ultimate transfer to the S, state localized on the

https://dx.doi.org/10.1021/acs.jpcc.0c06539
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EPer trap to follow the direct transfer pathway. On the other
hand, a second type of trajectory follows the indirect pathway,
where the exciton is transiently localized in S, for longer than
10 fs. Figures 6a,b summarize these findings (to be consistent
with previous experimental proposal by Kleiman et al, the
same nomenclature is used in our mechanistic assignments).*'

Direct Mechanism. D — D* — E* — P* — Emission:
After the initial D — D* photoexcitation, excited states D* are
mainly localized on the donor monodendrons (>S;). The
exciton experiences an ultrafast exchange between these high-
energy states involving different degrees of delocalization
between both H and L monodendrons (see Figure S1).
According to Figures 4b,c (H — L), the exciton exchange
between monodendrons is limited to the first ~40 fs. Finally,
the energy is transferred to the state P* localized on the EPer
trap without being self-trapped in any of the two mono-
dendrons for more than 10 fs.

Time (fs)

Figure 5. (a) Time distribution of the trajectories in the S, state
before jumping to S;. (b) Population distribution in each excited state
over time for dynamics classified as direct mechanism. (c) Population
distribution in each excited state over time for dynamics classified as
indirect mechanism.

Indirect Mechanism. D — D* — E* — P* — Emission:
This mechanism has the same initial and final excited states as
the aforementioned direct case. However, in this pathway, the
exciton is transiently self-trapped in the S, state, represented as
E*, for times longer than 10 fs. According to the spatial
localization of the electronic transition density in that state, the
exciton will remain self-trapped on one monodendron.

To analyze the two different energy transfer pathways, we
can separate distinct bundles of trajectories according to the
elapsed time in the S, state. Figures 5b and Sc display the
evolution over time of electronic state populations for
trajectories that follow the direct or indirect mechanism,
respectively, that is, trajectories in which the exciton is

https://dx.doi.org/10.1021/acs.jpcc.0c06539
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Figure 6. Schematic representation of the (a) direct and (b) indirect energy transfer pathways.

transiently self-trapped in the S, state for times shorter or
longer than 10 fs, respectively. Overall, we found that 51% of
trajectories follow the direct mechanism, while 49% follow the
indirect mechanism of intramolecular energy transfer after
photoexcitation at 400 nm, which can be compared with an
excitation at 370 nm done. Our results are in good agreement
with previously reported time-resolved fluorescence measure-
ments which reveal 54% and 46% contributions from direct
and indirect pathways, respectively, after excitation at 340 nm
and 36% and 64% after excitation at 380 nm.>' That is, the
relative contribution of the indirect pathways increases with
the increase of the wavelength of the initial laser excitation.
Comparison of Figures Sb and Sc indicates similar time
dependencies for the electronic populations of the initial
excited states (S, n > 3) in both mechanisms. The two
mechanisms differ in the lifetime of the S, state and, ultimately,
the transition time to S;. In other words, the transient exciton
self-trapping on one monodendron slows down the intra-
molecular donor — acceptor energy funneling.

Bl CONCLUSIONS

Our simulations of the nonradiative photoinduced energy
relaxation and redistribution of 2G,m-EPer allow us to track
the flow of electronic transition density between both
monodendrons (donors) and the EPer trap (acceptor),
confirming the unidirectional donor — acceptor energy
transfer. We also explore the contributions of the different
mechanisms responsible for its highly efficient energy
funneling. In this way, the two possible direct and indirect
pathways for exciton migrations, previously reported by time-
resolved spectroscopy, are rigorously defined. In both the
direct and indirect mechanisms, the exciton initially experi-
ences an ultrafast exchange between high-energy states (S,, n >
3) involving different degrees of delocalization between both
monodendrons. After that, the two mechanisms differ from
each other by the exciton self-trapping on the S, state observed
in the indirect mechanism, that is, the transient exciton spatial
localization on one monodendron. In this way, the
contribution of the indirect mechanism slows down the
intramolecular donor — acceptor energy funneling, potentially
stimulating energy dissipation. Our simulations can contribute
to future developments of new classes of dendrimers for
applications in molecular-based photonics devices as we have

shown that enhancements in the photoemission efficiency can
be predicted by optimizing the relative contributions of the
different intramolecular energy transfer pathways.
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