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ABSTRACT

Photoexcitation of multichromophoric light harvesting molecules induces a number of
intramolecular electronic energy relaxation and redistribution pathways that can ultimately
lead to an ultrafast exciton self-trapping on a single chromophore unit. We investigate the
photoinduced processes that take place on a phenylene-ethynylene dendrimer, consisting of
nine equivalent linear chromophore units or branches. Mera-substituted links between
branches break the conjugation giving rise to weak couplings between them and to
localized excitations. Our nonadiabatic excited-state molecular dynamics simulations reveal
that the ultrafast internal conversion process to the lowest excited state is accompanied by
an inner— outer inter-branch migration of the exciton due to the entropic bias associated
with energetically equivalent conjugated segments. The electronic energy redistribution
among chromophore units occurs through several possible pathways in which through-bond
transport and through-space exciton hopping mechanisms can be distinguished. Besides,
triple bond excitations coincide with the localization of the electronic transition densities,
suggesting that the intramolecular energy redistribution is a concerted electronic and
vibrational energy transfer process.
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INTRODUCTION

The goal of increasing the efficiency of photovoltaic materials for harvesting solar
energy requires comprehensive knowledge and control of the multiple relaxation pathways
that take place after light absorption. Photoexcitation induces a large variety of processes
like internal conversion, intramolecular charge and energy redistribution, and exciton self-
trapping', which should be optimized toward desired function. In the particular cases of
multichromophoric light harvesting molecules, different inter-chromophore energy transfer
pathways appear at the same time scale. According to the relative strength of couplings
between chromophore units, through-space and through-bond energy transfer mechanisms
compete with each other?. Their efficiencies depend on the relative orientation of
chromophore units within the different possible molecular configurations?#.

The spatial localization of electronic excitations is very sensitive to molecular
distortions>%7-89, While vibrational nuclear motions drive electronic transitions during the
internal conversion process, the interplay between thermal fluctuations and electronic inter-
chromophoric couplings ultimately drives transient exciton delocalization, migration and
self-trapping. Transient strong nonadiabatic couplings promote delocalization increasing
the efficiency of interchromophore energy transfer, while situations in which the strength of
thermal fluctuations does exceed the weak electronic couplings leads to localized states (i.e.
self-trapping). In the latter case, the excitonic wavefunction maintains its localized nature at
an individual chromophore with perhaps some hops around from one unit to another.
Atomistic simulations of coupled electron-vibrational dynamics can help to elucidate these
scenarios, providing a detailed explanation of the underlining mechanisms that contribute to
the final electronic distribution accross different chromophore units?.

Among a wide variety of multichromophoric molecular systems, branched
conjugated dendrimers represent an interesting and unique molecular family because of
their exceptional light-harvesting capabilities over a broad region of the solar spectrum!%!!.
Moreover, well-controlled synthesis can yield dendrimers with well-defined architecture
and high degree of order!>!3!41516. Due to their controllable structure and potential
functionalization, dendrimers are promising for a broad range of applications such as light
emitting diodes (LEDs), molecular recognition and transfer, and uses in bio-organic
chemistry and nanomedicine!”-18,

In particular, the family of dendrimers comprised by linear polyphenylene
ethynylene (PPE) units has been the focus of many theoretical and experimental studies!®:
2021,22,23.24 PPE dendrimers have interesting electronic properties at the branching points.
While in the ground state the meta branching breaks the conjugation giving rise to localized
excitations?>2?7, in the excited states the linked units become dynamically coupled, and
therefore the wavefunction can be delocalized?”- 282°,

Since the pioneering work by Moore and coworkers, two series of PPE dendrimers
have been characterized according their threefold symmetry and Cayley tree
topology?>-3%-3132_ One group denoted “compact”, is composed of equivalent units, that is,
lincar PPE segments having the same lengths. Dendrimers belonged to this group, in
principle, do not have an intramolecular energy gradient. Therefore, their photoexcitation
leads to a spatial scrambling of the exciton among equivalent chromophore units. The
other group of dendrimers called “extended”, combines linear PPE units of different
conjugation length. They compose an ordered structure wherein the lengths of the units
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decrease toward the periphery, giving rise to an energy gradient from their periphery to the
core. An example of the latter kind is one of the most studied system, the perylene-
terminated dendrimer called nanostar33-3139,

PPE dendrimers, composed of linear polyphenylene ethynylene (PPE) units present
a case with weak charge transfer character. In fact, all relevant electronic states are neutral
excitons well localized on single chromophore units. Since charge transfer across meta
substitutions is negligible, the absorption spectra can be analyzed as the sum of
contributions from separate linear PPE units?6. Therefore, they can be described using the
Frenkel exciton Hamiltonian 3% 33 36 with Coulombic coupling between excitations
localized on the linear units?’.

Excited-state properties of both compact and extended PPE dendrimers have been
studies both experimentally and theoretically33-2>-3837 Here, the exciton inter-chromophore
migration was monitored by a variety of time-resolved spectroscopies, such as 2D
electronic®®4? and pump-—probes spectroscopies*'#> like transient absorption and time-
resolved fluorescence anisotropy#344:43:46:47.48:49.50.51.52 ° Following these experimental
advances, theoretical models such as Frenkel exciton model33:34:33:36,57.58.59.58.60 'haye been
employed to reproduce the qualitative spectral features of dendrimers. More recently, non-
adiabatic molecular dynamics simulations, involving multiple coupled excited-states, has
emerged as a useful technique that helps to develop a detailed picture of photoinduced
dynamics of different PPE dendrimers and their building blocks®!-62:63:42 646566 They have
shown to provide an exhaustive atomistic level description of the underlying photophysical
processes such as exciton formation, localization/delocalization, nonadiabatic couplings,
energy transfer between chromophore units and energy funneling.

In the present article, we focus on the photoinduced processes that take place in the
2nd generation PPE compact symmetric dendrimer D10 (Figure 1(a)), expressed by the
abbreviation, Dn, where n indicates the number of its composition benzene units. This
dendrimer has been previously studied using several theoretical methods®7.68:69.70.71.72.73 T
these studies, the explicit coupled electron-vibrational dynamics has not been directly
modeled. Here in, we simulate its photoexcitation and subsequent energy relaxation and
redistribution using Non-adiabatic EXcited-States Molecular Dynamics (NEXMD)7475
simulations. The results allow for tracking the flow of electronic transition density between
chromophore units, consequently through-bond and through-space exciton transport
mechanisms can be distinguished and analyzed.

II. METHODS

A. The NEXMD framework

NEXMD7%7# has been specifically developed to model photoinduced dynamics in
large conjugated molecules involving multiple coupled electronically excited states. It
combines surface hopping algorithm’”78 with “on the fly" analytical calculations of excited-
state energies’>8%81 oradients®?#3, and non-adiabatic coupling terms’+848586  For this
purpose, the Collective Electronic Oscillator (CEO) approach®”883% is used at the
configuration interaction singles (CIS) level with the semiempirical AM1 Hamiltonian®.
Our previous works show that this level of theory is accurate enough to achieve a
qualitative description of the photoinduced intramolecular energy flux in PPE
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dendrimers®!62 634264 Further details of the NEXMD approach, implementation,
advantages and testing parameters can be found in our previous work’6:7421,

B. Spatial excitonic localization

NEXMD simulations allow us to follow the time evolution of the spatial excitonic
¢, (rR(1)))

(denoted electronic normal modes)®>*3. Here c,, (cn) represents the creation (annihilation)

localization by calculating transition density matrices (ps%),,, = <¢a (r; R(t))‘c;cn

electronic operator; and indices n and m refer to atomic orbital (AO) basis functions. In
molecular system with Frenkel-type excitons such as present case, the diagonal elements
(p**),» are relevant to the changes in the distribution of electronic density induced by
photoexcitation from the ground state g to an excited electronic a state®*. PPE compact
dendrimer D10 is fragmented into 9 individual two-ring linear polyphenylene ethynylene
(PPE) chromophore units, as shown in Figure 1(a). According to the normalization

condition Z(pﬁz1 (1))’ =181, the fraction of the transition density localized on each linear

PPE unit is obtained as

BO=0 0 = 2 0% O, +5 2O O, (1)

where the index A runs over all atoms localized in the X chromophore unit (X = 1,...,9),
and the index B runs over atoms localized in between these units. Consequently, in our case

ZS%(t) ~1 since meta-substitutions localize the excitation. In order to measure the extent
X

of (de)localization of the excitation among the units, we define the chromophore-unit

participation number®,% as

PN(r)= {2(6% (t))z} )

Values of PN(t)~1indicate a complete localization of the transition density to a single
chromophore unit, while values of PN(s)~9correspond to transition densities fully
delocalized across the dendritic molecule.

C. Spatial molecular scrambling

The spatial molecular scrambling is monitored using the following procedure®’:
1. PN(t,)is evaluated at ¢,.
2. The nine chromophore units of D10 are sorted by decreasing values of 85 (t,) .
3. A vector v(¢) is constructed, where the elements v,(#,), associated to each unit, are
=1if s;<PN(z,)
= 0 otherwise
Here s; is the rank of the ith element according to 2.
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4. Steps 1 to 3 are repeated throughout the simulation at every time-step ¢, keeping the
initial assignment given at ¢.

The resulting i element of vector v(¢), averaged over the entire ensemble of trajectories,
represents the probability of the i chromophore unit to retain a significant contribution to
p¢%(¢). This quantifies participation of every unit in the electronic dynamics following
photoexcitation, thus allowing tracking the spatial molecular scrambling of the excited state
wavefunction.

D. Exciton migration dynamics

The intramolecular energy redistribution subsequent to the initial photoexcitation of
D10 dendrimer is monitored by applying the transition density flux analysis®®, originally
developed by Soler et al.”” to analyze the vibrational energy flow in polyatomic molecules.
While the method has been presented in a previous work?®, for the sake of completeness,
we briefly outline its basic equations below.

During NEXMD simulations, at each time interval At, the effective change of &y (t) (

A3y (1), where the superindex indicating the current state o for the NEXMD propagation has
been omitted) is monitored by the flow matrix F(t) with diagonal elements of zero and oft-
diagonal elements fyy(t) containing the amount of §, (t) transferred between units X and Y.

We classify chromophore units as donors (D) if A3, (t)<0 or acceptors (A) if A3, (t)>0. By
imposing the minimum flow criterion, that assumes that the amount of A$, (t)1s a minimum,
we consider only the effective 3§,(t)flows from D to A. The total transition density
exchanged among units during At is

B (0= |48 (0] = " A8 (1) 3)

XeD YeA
And elements fy,(t) are calculated as

fxy(t) = — fyx(t)

XeD Y €A
0 XYEDorX Y €A

|a8x(6) a8y()
[ “)

A detailed derivation of eq (4) can be found elsewhere®®,

E. Computational details

Our NEXMD simulations were performed on D10 dendrimer at room (300K)
temperature. The initial conditions for these simulations have been generated from an
equilibrated ground state molecular dynamics simulation of 1 dendrimer molecule solvated
with 1939 explicit tetrahydrofuran (THF) molecules with periodic boundary in a box with
density = 0.891 g/cm3. This was carried out using the AMBER 14 software package using
the GAFF (General Amber Force Field)!%%1%!, During simulations, a time step of 1fs has
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been used and temperature was equilibrated by employing a Langevin thermostat (with
viscosity constant y = 2.0). Electrostatic potential (ESP) derived charges for previously
optimized D10 geometry were obtained from single-point BLYP/6-31G* calculations and
the Merz-Kollman scheme. Restricted ESP (RESP) charges!?>19 were obtained by
imposing symmetry on equivalent atom types. After minimization, the system was heated
to 300K during 100 ps, followed by 40 ns of NPT molecular dynamics simulation. After an
equilibration of 50 ns, the NEXMD initial structures were collected every 100 ps intervals
during 50 ns. These collected structures were finally relaxed during a short molecular
dynamics run using the semiempirical AM1 Hamiltonian and explicit THF molecules have
been removed. That is, THF have been considering in order to generate the adequate initial
conformational sampling.

Four hundred (400) individual NEXMD simulations were started from these initial
configurations. The initial excited state was populated according to a Frank-Condon

window given by g, (r,R)=f1, exp[—Tz(E,aser —Qa)z] where Q_ and Ej,,, represent the energy

of the ath excited state and the energy of a laser pulse was centered at 347 nm, respectively,
and f, represents the normalized oscillator strength for the o state. A Gaussian laser pulse,

f(t)=exp(=t*/2T*)with T?=42.5 fs corresponding to a FWHM (Full Width at Half

Maximum) of 100 fs has been used.

Each NEXMD trajectory was propagated for 500 fs using constant-temperature at
300K with a friction coefficient of 20.0 ps!. Excited state simulations have been performed
by initially removing the bulky end-groups of D10 dendrimer. Twenty electronic states and
their corresponding non-adiabatic couplings were included in the simulations. A classical
time step of 0.1 fs has been used for nuclei propagation and a quantum time step of 0.025 fs
has been used to propagate the electronic degrees of freedom. In order to identify and track
trivial unavoided crossings, we used the Min-Cost algorithm as it has been described
elsewhere'®. In addition instantaneous decoherence approach, where the electronic
wavefunction is collapsed following attempted hop (either successful or forbidden), was
introduced to account for electronic decoherence!?®. More details concerning the NEXMD
implementation and parameters can be found elsewhere- 76 21-106,

RESULTS AND DISCUSSION

We study the photoexcitation and subsequent energy relaxation and redistribution in
the compact PPE dendrimer D10 (Figure 1(a)) with a backbone containing nine equivalent
1,4-phenylethynyl chromophore units with bulky branched t-butyl ester ending groups. The
presence of these ester groups makes the D10 dendrimer soluble in organic solvents like
THF but does not affect its photophysical properties. Nevertheless, these bulky end-groups
modulate the conformational diversity of D10!%7 by introducing steric hindrance for the
torsional motion of chromophore units. This is revealed in Figure 1(b) that shows the
superposition of snapshots obtained from the ground state molecular dynamics of D10 in
THF, with and without bulky branched t-butyl ester ending groups demonstrating
conformational diversity (compare the right and left panels of the figure). These collected
structures (obtained in the presence of bulky ending groups) were used to simulate the
absorption spectrum shown in Figure 1(c). This spectrum directly reflects effect of the
torsional broadening caused by thermal fluctuations. The calculated absorption maximum
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appears at slightly lower energies than the experimental?®>, which was already reported for
other PPE dendrimers using the same level of theory®!4262.63.64 This systematic deviation
was shown to have minor effect on a description of PPE excited-state dynamics.

Normalized Abs

o
o
i

0.01-

0.00 T T T T T T T T =T T T T T T
300 320 340 360 380 400 420 440
wavelenght / nm

Figure 1. (a) Chemical structure of dendrimer D10 showing the numbering pattern for the
chromophore units; (b) superposition of snapshots of the D10 structure obtained from
ground state molecular dynamics in THF, with and without bulky branched t-butyl ester
ending groups demonstrating conformational diversity; (¢) simulated absorption spectra
with separated contributions from the different excited states.
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The spatial localization of different excited states that contribute to the absorption
spectrum, is analyzed in Figure 2. The distribution of values of PN(0)(see eq. 2) for each
excited state, obtained from an ensemble of the initial ground state conformations, is shown
in Figure 2(a). We observe that the lowest S; excited state is nearly localized on two
chromophore units. The excited states become more delocalized across different equivalent
units with increasing their energies. The broadness of distributions reflects the impact of
conformational diversity of dendrimer D10 at room temperature. The nature of the
electronic states and the extent of coupling between units significantly change with
structural distortions introduced by thermal fluctuations’*%*. A further analysis of the
exciton localization can be seen in Figure 2(b) that displays the fraction of transition
density localized on the six outer units of D10, that is, 85,4, (0)= 25;‘(0) (X=1,2,6,7,8, and

Xeouter
9, following the notation given in Figure 1(a)). It can be seen that S; state is mainly
localized on the external units and the degree of localization on these units decreases with
an increase of state energy. Nevertheless, as shown in Figure 2(a), the distributions are
quite wide. Finally, the distribution of the exciton among the inner units, i.e., units 3, 4, and
5, is analysed in Figure 2(c) that shows the distribution of values of the participation
number PN, (0)for each excited state, evaluated over the &y (t) localized on inner units,

that is,
-1

3y (1)
PN inner (t) = = (5)
Xe;er Z 8$ (t)
Yeinner

As pointed out in Figures 2(a) and (b), S, state is the most localized state and distributions
become wider for higher energy states. That is, not only the fraction of transition density
localized on inner units (Figure 2(b)) but also the extent of exciton delocalization among
these units increases with the state energy. Nevertheless, the broad distributions shown in
Figures 2(a-c) are indicative that exciton localization among the nine equivalent units of
dendrimer D10 is very sensitive to molecular conformation.
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Figure 2. Analysis of the spatial localization of the exciton on the different excited states
evaluated for the ensemble of the initial ground state conformational sampling: (a)
Distribution of PN(0)values; (b) Distribution of the transition density fraction localized on

the six outer units (8%, (0) ; (¢) Distribution of PN,,,, (0) values.

The photoinduced intramolecular electronic energy relaxation and redistribution of
dendrimer D10 was further studied using NEXMD simulations. The evolution in time of
electronic state populations is shown in Figure 3. The initial photoexcitation populates Sg
to Sy states that further experience ultrafast relaxation to intermediate S; to Sg states during
the first ~50fs after photoexcitation. The S, state also acts as an intermediate state at longer
times. Finally, the lowest S; state gains nearly all population within the first 100 fs of the
NEXMD simulations. During this time the exciton undergoes a directional intramolecular
migration from the inner units to the outer. This can be seen in Figure 4(a) displaying the

(t)) and

three inner (5, (t)) units of D10. This unidirectional exciton migration to the dendrimer

time evolution of the fraction of transition density localized on the six outer (35,,,,

periphery has been previously reported by Suzuki et al.'% using a model Hamiltonian in
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which each phenyl ring is represented as a two-level system. This model accounts for an
optimized dendritic structure and points to the essential role of the treelike dendrimer
structure in the intramolecular exiton redistribution. Herein, we directly verify this ultrafast
inner—outer exciton migration using an average of a realistic ensemble of equilibrated
dendritic structures at room temperature. Concomitantly with this process, an ultrafast
exciton self-trapping at periphery can be observed. Figure 4(b) displays the time evolution
of PN(¢)(see eq. 2) after photoexcitation. An initial exciton delocalized among 3-4 units, is
subsequently getting self-trapped on a single unit. This is in agreement with the gradual
increase of the spatial localization of states with decrease the state energy (see Figure 2).
Therefore, during the initial ~100 fs of photoexcited dynamics, our simulations reveal three
concomitant processes: ultrafast internal conversion toward the lowest S; excited state,
intramolecular inner—outer exciton migration and exciton self-trapping on a single unit at

periphery.

Population

0.0 - LIV A Qe g A e
0 50 100 150 200 250 300 350 400 450 500
Time / fs
0.15 S
b) — &1 c) 25
; S3| c —87
c 0.1
K=} —S4| L —Sg
= ®©
g, i
g g
o o 0.05
0.00F—————— o ml - 0.00 : ‘
10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time / fs Time / fs
d) Sg 0.10 e) Sq3
—$10 —Sqz
—Sq1| 5 o0s —S145
S ie]
V12 R —S16
. = 0064
o
' o
o 004
0.02
A 0004 ———C oy
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Time /fs Time / fs

Figure 3. Time evolution of electronic state populations for states (a) S;-S;s along the
entire trajectory; (b) S;-S4; (¢) S4-Sg; (d) So-Siz; (€) Si3-Si¢ during the first 100 fs after
photoexcitation.
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Figure 4. (a) Time evolution of the average over all trajectories of (a) fraction of transition
density localized on the six outer (§,,,, (1)), and three inner (3§,,,, (t)) units of D10; (b)
Variation of participation number PN().

In order to further analyse the dynamical aspects of exciton redistribution among
various chromophore units, the probability of each unit to retain a significant contribution
to ps%(¢) is tracked following the procedure described in Section 2C. Figure 5 shows an
ultrafast participation of all the units during the internal conversion process. The 3-4 units
that initially hold the exciton, rapidly transfer it to the rest leading to a spatial molecular
scrambling of the excited state wavefunction with the exciton equally distributed among all
linear chromphores. This result suggests that the electronic energy relaxation is a collective
process that encompasses all equivalent chromophore units of the branched treelike
structure of the compact dendrimer. Nevertheless, taking into account the ultimate
inner—outer exciton migration, we observe that the transient equal distribution of the
exciton across all units is partially broken at longer times (i.e. after the initial ~100 f5s).
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Figure 5. Time evolution of the relative probability for each chromophore unit to retain a
significant contribution to total electronic transition density during simulations. The
different colors indicate the different chromophore unit ordered by decreasing contribution
to the initial electronic transition density

The different inter-unit energy relaxation pathways that lead to the final exciton
self-trapping can be identified using the transition density flux analysis described in
Section 2D. Figures 6 and 7 show the time evolution of §,(t)-3,(0) for each of the
chromophore units. In addition to the accumulated transition density, fluxes fxy(t) are also
displayed. In order to average results obtained in different NEXMD simulations, unit 1 is
labeled as the one that ultimately localizes the exciton at the end of each simulation. Once
the unit 1 has been selected for each trajectory, the other units are numbered following the
pattern shown in Figure 1(a).

Figure 6(a) shows the accumulation of population in unit 1 received from all other
units after photoexcitation. While most of its population is transfer from outer units
(2,6,7,8, and 9), a small contribution (particularly at earlier times of dynamics) comes from
the inner units (3, 4, and 5) (see also Figure 6(c-e)). After an initial ultrafast accumulation
of transition density during the first ~100 fs, there is a slower energy transfer from all the
outer units to the unit 1 being a designated acceptor.
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It is important to stress that after 100fs the molecule is already relaxed to its lowest
S, excited state (Figure 3) and the exciton is localized on one outer unit (Figure 4(a) and
(b)). Therefore, the exciton transfer to unit 1 after 100fs is essentially a migration of the
excitation across the outer units. Herein, the observed redistribution may involve several
distinct pathways with different efficiencies. Specifically, we can distinguish between
through-space (hopping) and through-bond energy transfer mechanisms. Both are expected
to co-exist and compete!?-63, The through-space path is mediated by strong interactions of
outer units, which is originated from branched treelike structure. Figure 7(a-d) indicates
that the exciton itinerates by hopping on the periphery. That is, the exciton can migrate over
the dendrimeric structure without passing through the core units. Additionally, Figure 6(b)

shows that minor contributions come from energy transfer pathways involving units 6,7,9
through — Sﬂezthrough — bond

1. Meanwhile, inner units 3, 4, and 5 do not interchange
transition density except at the beginning of dynamics. These results agree well with
previous experimental and theoretical reports on compact dendrimers!®®19°, Finally, it is
interesting to note that we do not observe any preferential relative orientation or distance
between chromophore units that can lead to enhancement or reduction of the relative
contributions of through-space and through-bond energy transfer pathways. Our NEXMD
simulations have been performed at room temperature, where dendrimer D10 presents large
conformational diversity (see Figure 1(b)) with significant torsional broadening. Besides,
Figures 6 and 7 show that, within the spatial limits of the PPE compact dendrimer D10, all
chromophore units show efficient through space energy transfers to unit 1, regardless the
distance between them.

Previous studies of PPE dendrimer building blocks®!:¢2:6363 have shown that
intramolecular vibrational energy redistribution takes place concomitantly with the
electronic energy redistribution. The nuclear motions in the direction of the stretching of
ethynylene bonds (C=C) play a critical role in this process. It has been shown that these
motions represent the main contribution to the coupling between states during nonadiabatic
transitions'!?, Therefore, the ethynylene bond lengths are a convenient descriptor for
monitoring the intramolecular vibrational energy redistribution. Figure 8(a) shows the
evolution in time of the average over all simulations of lengths of particular ethynylene
bonds localized on unit 1, inner and outer units. We can observe that after ~100fs, an
average over the outer triple bonds becomes slightly more elongated compared to the inner
ones. Besides, triple bond associated with the unit 1 becomes more excited even before 100
fs, reaching progressively its larger values at the end of our simulations. That is, the
electronic energy transfer is concomitant to the vibrational energy transfer through
dominant C=C stretching motions.

Finally, we explore the behaviour of dihedral angles between phenyls of the same
chromophore units. Previous experimental and theoretical studies have shown planarization
of paraphenylene moieties as a general phenomenon that takes place after t—>n* electronic
excitations in conjugated molecules®”-!11:1129.113 Figure 8(b) displays the time-evolution of
dihedral angles between phenyls of the unit 1, and between phenyls of each individual units
averaged over the ensemble of inner and outer units. The plot demonstrates that initially the
inner units have much larger torsional distortion compared to that in the outer ones. The
unit 1 appears as the chromophore on the periphery with the least torsions and subsequently
the lowest S; energy. This rationalized observed trends in energy migration. Furthermore,
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we observe over the simulation time that dihedral angles for both inner and outer units
experience only minor planarizations compared to dihedral angle of unit 1. Differences
between initial and final angles, averaged over all NEXMD simulations, are 3°, 3° and 7°
for inner, outer and unit 1, respectively.
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Figure 8. Time evolution of the average over all trajectories of (a) lengths of ethynylene
bonds localized on unit 1 as well as averaged over inner and outer units; (b) dihedral angles
between phenyls of unit 1, and between phenyls of each individual units averaged over the
ensemble of inner and outer units.

CONCLUSIONS

Dendrimers are multichromophoric molecular systems with well-controlled 3D
structure that allow significant synthetic freedom to design and control photophysical
processes that take place after light-absorption. Intramolecular migration of electronic
excitations, spatial molecular scrambling and/or exciton self-trapping are consequence of
geometry and topology of their highly branched treelike structure resulting in specific
couplings between chromophore units and exciton transient localization/delocalization.

Herein, we have performed non-adiabatic excited state molecular dynamics
simulations of the 2nd generation PPE compact dendrimer D10. Our analysis of the exciton
localization/delocalization among the nine equivalent units representing elementary
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building blocks, reveals a significant dependence of the nature of excited states on the
conformational structure of the dendrimer.

During the earliest times of dynamics after photoexcitation (~100 fs), the dendrimer
experiences three concomitant processes: ultrafast internal conversion process that relaxes
its electronic energy to the lowest S1 excited state, intramolecular inner—outer exciton
migration and exciton self-trapping on a single outer unit. After this ultrafast dynamics
when the electronic energy is actively depositing into vibrations, the exciton itinerates
among the outside of the branch until it is get trapped on the final single chromophore unit
that corresponds to the final time of our simulations and equilibrium with bath degrees of
freedom. Herein, the exciton redistribution may be achieved via several distinct pathways
with different efficiencies including through-space (hopping) and through-bond energy
transfer mechanisms. We observe that such exciton migration over the dendrimeric
structure occurs without passing through the core.

Our simulations reveal several distinct aspects of the complex photoinduced
dynamics in compact dendrimers such as electronic energy relaxation, exciton transient
delocalization/localization, intramolecular migration, hopping and self-trapping. The
threefold symmetry, the Cayley tree topology* and conformational diversity at room
temperature all have significant impacts on the optical and dynamics properties of the
different excitonic states. The interaction among crowded chromophore units at the
molecular periphery induces a competition between through-bond and through-space
energy transfer between units. Calculated ultrafast intramolecular vibrational energy
redistribution activated by excited state dynamics is concomitant to the electronic energy
migration. Observed differential planarization and ethynylene bond excitations of
chromophore units, picture characteristic nuclear signatures of the exciton self-trapping
during the photoinduced dynamics that leads to efficient fluorescence from the lowest
energy electronic state in PPE dendrimers in accordance with Kasha’s rule!'*. Thus,
detailed information on excited state dynamics processes and photoinduced pathways
delivered by atomistic simulations may provide useful reference and guideline to future and
experimental and synthetic efforts in the area of molecular light harvesters.
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