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ABSTRACT: Cyclic and bent conjugated molecular systems have tunable
optical, structural, and dynamical features that differentiate them from their
linear counterparts. Examples of such systems are [n]cycloparaphenylenes
(CPPs), which consist of nanorings composed of n para-linked benzene units.
Circular geometry and tunability of π-orbital overlaps and bending strains
enrich them with unique physicochemical and electronic properties compared
to those of the corresponding linear oligoparaphenylenes. Herein, we explore
the changes of these properties on alkyl-tethered-p-heptaphenylenes by
modifying the methylene tether lengths from 1 to 19 carbons, leading to a
gradual linearization of the conjugated backbone conformation. For this
purpose, the photoinduced internal conversion processes of different alkyl-
tethered-p-heptaphenylenes are simulated using nonadiabatic excited-state
molecular dynamics. We found that the greater the strain introduced on the
conjugated system, the slower the electronic and vibrational energy relaxation
process. All bent p-heptaphenylenes exhibit similar patterns of intramolecular energy redistribution that finally spatially localize
the exciton on phenylene units in the middle of the conjugated chain. This behavior is opposite to the random exciton
localization previously reported for [n]CPPs. Moreover, the nonadiabatic S2 → S1 electronic transition activates specific
collective asymmetric vibrational excitations that promote periodic oscillatory evolution of the excitonic wave function before an
excessive energy dissipates into the bath degrees of freedom.

I. INTRODUCTION

Advances in organic synthesis lead to know π-conjugated
organic polymeric materials with a large variety of well-defined
tunable topologies that enhance their applications in the areas
of molecular electronics and photovoltaics.1−3 This introduces
the challenge of establishing a connection between geometrical
conformations and dynamics of energy transfer in the new
molecular systems. Here, it is of particular interest to explore
both experimentally and computationally the photoinduced
electronic energy relaxation and redistribution prior to light
emission. Following photoexcitation, distinct nonradiative
relaxation pathways may trigger a number of complex
processes that affect the desired functionalities such as
emission efficiency. Internal conversion, intramolecular energy
transfer, charge separation, and spatial localization of excitons
(self-trapping) are examples of such processes.4

Cyclic conjugated molecular systems attracted interest of the
scientific community5 because of their unique physicochemical
and electronic properties that make them suitable for potential
applications in various technologies, such as light-emitting

devices, nanoelectrodes, and mechanically controllable break
junctions to name a few.6 Among them, cycloparaphenylenes
([n]CPPs),7−9 composed of n phenyl units linked at the para
positions forming a conjugated periodic chain, raise an
additional interest of being the smallest possible fragments of
single-walled carbon nanotubes.5,6,10−19 Larger [n]CPPs
exhibit extremely high photoluminescence efficiencies.20 With-
in their cyclic nanostructures, the efficiency of π-orbital
overlaps competes with bending strains,16,21 leading to an
unusual ring-size dependence of their optoelectronic proper-
ties. On one hand, CPP linear optical absorption maximum
wavelength results independent of their size (n), in contrast
with its increase in linear [n]p-phenylenes ([n]LPPs).6,9,14,15,22

On the other hand, [n]CCPs feature an increasing Stokes shift
with a decrease of their size, being an opposite trend as to the
one observed in their linear counterparts [n]LPPs.17
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In an attempt to clarify the origin of size-dependent trends
of the optoelectronic properties of [n]CCPs, Jasti et al.23 have
synthesized and characterized the optoelectronic properties of
m-alkyl-tethered-p-heptaphenylenes with alkyl chains (m-alkyl-
[7]PP) of various (m = 1−20) length. These experiments,
performed on tetrahydrofuran as a solvent, have revealed that
bending and cyclic conjugation provide novel materials with
optoelectronic and solubility features that make them suitable
as building blocks for synthesis of new conjugated organic
materials. These systems span geometries in between circular
and linear limiting cases (see Figure 1a). This experimental

investigation reported that excitation to the lowest S1 excited
state becomes optically more allowed in m-alkyl-[7]PPs as the
symmetry is broken by larger alkyl tethers. Additionally, the S1
band (mainly composed of the highest occupied molecular
orbital to lowest unoccupied molecular orbital transition) is
getting systematically blue-shifted with the increasing m.
Finally, this study also confirmed a slight increase of average
torsional angles with an increasing m.
In this work, we extend the previous experimental work on

m-alkyl-[7]PPs by performing systematic nonadiabatic excited-
state molecular dynamics simulations. A Nonadiabatic
EXcited-State Molecular Dynamics (NEXMD)24,25 framework
has been previously successfully applied to simulate the
intramolecular electronic and vibrational energy relaxation
and redistribution in many extended conjugated molecules.24

Through NEXMD modeling, it was possible to achieve a

detailed description of the internal conversion processes of
[n]CPPs of different sizes.22,26 In particular, we found that the
excited state became more delocalized for smaller hoop sizes.
This is a consequence of increased structural strain in smaller
CPPs, which facilitates planarization of biphenyls. In addition,
the efficient fluorescence in large [n]CPPs has been associated
with the spatial localization of the exciton (self-trapping),
which breaks the commonly used Condon approximation. In
this article, we further explore these dynamic relationships
among structural strains, electron−phonon couplings, exciton
localization, and internal conversion rates for bent p-phenyl-
enes tethered by alkyl chains. We analyze the dependence of
photoinduced dynamics on the length of the alkyl chain, which
ultimately controls the degree of bending of the paraphenylene
moieties. As in the pioneering work of Jasti et al.,23 we
systematically relax the bending strain of bent p-phenylene
units by inserting new −CH2− units to the alkyl tether.
Therefore, an increase of the tether length is naively expected
to mimic the size-dependent trends of the dynamical
properties previously reported on [n]CPPs.16,20−22,26 How-
ever, [n]CPPs have a fully conjugated structure and are lacking
chain end-effects, whereas the alkyl tether breaks the
conjugation in m-alkyl-[n]PPs. This significantly differentiates
the exciton dynamics of these two classes of compounds.
The article is organized as follows. A brief overview of the

NEXMD approach and relevant computational details are
provided in Section II. Results and discussion are presented in
Section III, and finally Section IV summarizes our main
findings and concludes.

II. METHODS
II.I. NEXMD Background. The NEXMD24,25,27 is an

efficient method for the simulation of photoinduced dynamics
of extended conjugated molecular systems involving manifold
of coupled electronic excited states within the time scale of
picoseconds. The NEXMD package achieves goal via direct
nonadiabatic molecular dynamics modeling that combines the
fewest switches surface hopping (FSSH) algorithm28,29 with on
the fly calculations of electronic excited-state energies
Eα(R),

30−32 gradients ∇REα(R),
33,34 and nonadiabatic deriva-

tive couplings dαβ = ⟨ϕα(r; R)|∇Rϕβ(r; R)⟩.
24,31,35,36 Here, r

and R are the electronic and nuclear coordinates, respectively,
and ϕα(r; R) stands for the adiabatic excited states.
FSSH is a hybrid quantum/classical approach in which the

nuclei evolve classically on a single adiabatic electronic excited
state at any given time and hopping from one excited state to
another can occur based on the nonadiabatic coupling
strengths and a stochastic switching routine. Within the
NEXMD framework, nuclei are propagated using the Langevin
equation at constant temperature25 as

γ̈ = −∇ − ̇ +αM E M tR R R A( ) ( )i i R i i (1)

with Mi, R̈i, Ṙi, and Ri are the mass, acceleration, velocity, and
position of the ith nuclei, respectively, and A(t) is the
stochastic force that depends on the bath temperature, T, and
the friction coefficient, γ (ps−1).37

Meanwhile, the electronic wave function, ψ(r, R), developed
on the basis of adiabatic electronic states (ψ(r, R, t) =
∑αcα(t)ϕα(r; R)) is propagated using the time-dependent
Schrödinger equation as

∑ℏ ̇ = − ℏ ̇ ·α α α
β

β αβi c t c t E i c tR R d( ) ( ) ( ) ( )
(2)

Figure 1. (a) Schematic representation of [7]CPP, 7-alkyl-[7]PP, and
[7]LPP; density probability distributions (ρ) of (b) distances between
phenyls at both ends of the phenylene moiety and (c) radius of
gyrations for m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19) obtained
from equilibrated ground-state molecular dynamics simulations at 300
K.
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The collective electronic oscillator (CEO) approach32,38,39 is
used to calculate excited states at the configuration interaction
single (CIS) level of theory with the semiempirical Austin
model 1 Hamiltonian.40 The CEO approach is based on the
equation of motion41 for the single-electron density matrix.42 It
has been successfully applied to a large variety of conjugated
materials,38,43−47 providing an adequate description of the
manifold of coupled electronic excited states. Moreover,
previous articles22,26 have validated its use to simulate
photoinduced dynamics in [n]CPPs. More details concerning
the NEXMD implementation and parameters can be found
elsewhere.24,25,27 For example, to identify trivial unavoided
crossings, we track the state identity using the min-cost
algorithm.48 In addition, the instantaneous decoherence
approach49 is introduced to account for electronic decoherence
and to avoid numerical inconsistency in the FSSH
algorithm.28,29

II.II. Transition Density (TD) Analysis. Within NEXMD
simulations, changes in the spatial localization of the excited-
state wave function can be tracked by following the evolution
of the electronic transition density (TD) for the current state
as a function of time. The CEO approach38,39 calculates TD
matrices whose elements can be written as

ρ ϕ ϕ= ⟨ | | ⟩α
α

+t t c c tr R r R( ) ( ; ( )) ( ; ( ))nm m n
0

0 (3)

where ϕ0(r; R(t)) and ϕα(r; R(t)) represent the CIS adiabatic
ground- and excited-state wave functions, respectively, n and m
are the indices referring to the AO basis functions, and cm

+ and
cn are the creation and annihilation operators. The diagonal
elements ρnn

0α represent the changes in the distribution of
electronic density caused by excitation from ground state S0 to
excited electronic state Sα

50 for bound excitonic states with a
minor charge transfer character30,51 (Frenkel excitons) being
the case of the present molecules.
The fraction of TD localized in specific fragments or units

can be tracked during NEXMD simulations as

∑ρ ρ=α αt t( ( )) ( ( ))X
n m

n m
0 2 0 2

X X

X X
(4)

where subindex X indicates atoms localized in the selected
fragment of the molecule. In addition, the time-dependent
(de)localization of the TD among several X fragments or units
can be followed using the participation number (PN) given by

∑ ρ= [ ]α −t tPN( ) (( ( )) )
X

X
0 2 2 1

(5)

Values of PN = 1 indicate the localization of the TD within a
single fragment or unit, and PN = N corresponds to
delocalization over the whole N fragments in which the
molecule has been fragmented for analysis.
II.III. Computational Details. NEXMD simulations have

been performed on [7]CPP, m-alkyl-[7]PPs (m-alkyl-[7]PPs
(m = 1, 4, 7, 10, 13, 16, and 19), and linear 7-paraphenylene
([7]LPP) at room temperature (300 K) using the Langevin
friction coefficient γ = 2.0 ps−1. For each system, equilibrated
ground-state molecular dynamics simulations of 7 ns were
conducted using a time step of 0.5 fs. These simulations
provide a good initial conformational sampling for NEXMD
simulations. Five hundred snapshots, equispaced on time, were
collected as initial geometries and momenta for the subsequent
NEXMD simulations. Each of these initial configuration was
instantaneously excited to an initial excited state α with

frequency Ωα and normalized oscillation strength fα, selected
according to a Gaussian-shaped Franck−Condon window
defined as gα(r, R) = fα exp[−T2[Elaser − Eα(R)]

2], Elaser being
the energy of a laser pulse f(t) = exp(t2/2T2), centered at the
maximum of the absorption for the S2 state of a given molecule
with T2 = 42.5 fs corresponding to a full width at half-
maximum of 100 fs.
For each system, 500 NEXMD simulations of 500 fs

duration have been performed using a classical time step of 0.1
fs for nuclei propagation (eq 1) and a quantum time step of
0.025 fs to propagate the electronic coefficients (eq 2). Ten
electronic excited states and their corresponding nonadiabatic
couplings were included. To identify and deal with trivial
unavoided crossings, we track the states using the min-cost
algorithm as it has been described elsewhere.48 In addition, an
instantaneous decoherence approach, where electronic coef-
ficients are reinitialized following attempted hop (either
successful or forbidden), is introduced to account for
electronic decoherence.49 To identify and deal with trivial
unavoided crossings, we track the states using the min-cost
algorithm as it has been described elsewhere.39 In addition, an
instantaneous decoherence approach, where electronic coef-
ficients are reinitialized following attempted hop (either
successful or forbidden), is introduced to account for
electronic decoherence.49

III. RESULTS AND DISCUSSION
Alkyl-tethered-p-phenylenes are molecular systems particularly
suitable for a systematic analysis of the effect of bending strains
on optical and dynamical properties, covering the range from
linear ([n]LPP) to cyclic ([n]CPP) paraphenylenes (see
Figure 1). NEXMD simulations briefly described in Section
II have been performed on [7]CPP, m-alkyl-[7]PPs (m = 1, 4,
7, 10, 13, 16, and 19), and linear 7-paraphenylene ([7]LPP).
The ground state conformational sampling at T = 300 K

explored on m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16 and 19)
reveals that the degree of bending of the paraphenylene
moieties can be effectively modulated by the tether length.
Figure 1 shows distributions of distances between phenyls at
both ends of the paraphenylene moiety (panel b) and radius of
gyrations (Rg) for the different m-alkyl-[7]PPs (panel c). Both
structural parameters gradually increase with an increasing
tether length (m). Thus, for the molecular sequence
considered, the distance between two terminal carbons in
the conjugated chain increases from 1.4 Å (a single bond
length in the perfect circle [7]CPP) and 4.5 Å (m = 1) to 18.5
Å (m = 19) and 23.0 Å (in a linear oligomer [7]LPP). Notably,
the alkyl chain is moderately soft so that the width of geometry
distribution increases from about 0.5 Å (m = 1) to 3 Å (m =
19). Such progressive extension of the alkyl tether systemati-
cally relaxes the bending strain of p-phenylenes units. Because
of this reduction of steric hindrances, the average values of
dihedral angles between the phenyl rings increase concom-
itantly with m (Figure 2).52 This is consistent with the previous
reported increase of the average values of dihedral angles with
the size of [n]CPPs.18,53,54 Nevertheless, whereas all [n]CPP
dihedral angles present equivalent average values in the range
of ≈30−40°,26 this is not the case for m-alkyl-[7]PPs. The
torsions involving the external phenylene units of the
paraphenylene moiety, that is, those closer to the alkyl tether,
seem to be independent of m with an average value at about
40°, ranging between values of ≈30 and 50° for m = 1 and
[7]LPP, respectively (Figure 2a). Moreover, intermediate
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torsions in Figure 2b show a minor dependence on m. In
contrast, Figure 2c reveals a significant dependence on the
tether length for the inner torsions. Therefore, the bending
strains are not uniformly distributed on m-alkyl-[7]PPs. This
points to a significant structural difference from [n]CPPs.
Figure 3 shows calculated absorption spectra at 300 K for

[7]CPP, m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19), and
[7]LPP. These are obtained as superposition of spectra from
500 individual conformers taken from the ground-state
sampling and thus directly reflect observed torsional broad-
ening (Figure 2) caused by thermal fluctuations. Overall,
barring constant red shift by about 70 nm, the theoretical
spectra agree well with their experimental counterparts.23 We
notice that S1, S2, and S3 states show a blue shift with
lengthening of the alkyl tether. These blue shifts are a
consequence of the increase of the torsions between phenyl
units (Figure 2) and disruption of conjugation. Moreover, the
S0 → S1 transition, optically forbidden in circular CPPs
geometries due to symmetry, gradually becomes optically
allowed, as symmetry is broken while increasing the length of
the alkyl tether. Concomitantly, the S0 → S2 transition appears
for all m and S0 → S3 transition becomes forbidden with the
increasing m. These trends can be rationalized by analyzing

Figure 4, where S1, S2, and S3 state transition densities are
plotted for several m-alkyl-[7]PPs, [7]CPPs, and [7]LPPs (S4
state transition densities are also provided in Figure S1). The
transition density of the α state represents changes in the
distribution of electronic density caused by S0 → Sα
photoexcitation. Therefore, it defines the transition dipole
moment and thus the oscillator strength. As we can see, S1, S2,
and S3 wave functions carry 0, 1, and 2 nodes on the
paraphenylene moieties of m-alkyl-[7]PPs, respectively. Bent
geometries ensure constructive and destructive superpositions
of individual transition dipole moments of phenylene units for
S2 and S3 states, respectively. Nevertheless, these three states
became optically allowed, showing equivalent oscillator
strengths, due to structural distortions that break symmetry
during the photoinduced excited-state dynamics (see Support-
ing Information (Figure S2)).
Using the NEXMD, we further simulate nonradiative

electronic and vibrational energy relaxation and redistribution
after initial photoexcitation in [7]CPP, m-alkyl-[7]PPs (m = 1,
4, 7, 10, 13, 16, and 19), and [7]LPP. Figure 5 shows
calculated evolution in time of the average populations on S1,
S2, and S3 states. As expected, we observe a fast S2 → S1
electronic relaxation during the first hundreds of femtoseconds
of dynamics. The electronic relaxation in [7]CPP is slower
compared to that in m-alkyl-[7]PPs. Overall, we observe that
the greater the bending strain introduced on the conjugated
system of m-alkyl-[7]PPs (i.e., smaller values of m), the slower
the electronic energy relaxation process. In the limit of long
alkyl tethers, an increase in the S1 population has rates
approaching the limiting values observed in [7]LPP. That is,
bent conjugated structures reduce coupling between S1 and S2,
leading to less efficient S2 → S1 transitions. The dependence of
the relaxation rate on the degree of bending strain is more
pronounced compared to that previously reported on [n]CPPs
at room temperature.26 While internal conversion rates of
[n]CPPs have shown a significant decrease with the hoop size
at low temperature, only a weak dependence persists at 300 K.
That is, thermal fluctuations washout differences between
effective nonadiabatic couplings on [n]CPPs of different sizes.
This is not the case for m-alkyl-[7]PPs, where significant
differences in the internal conversion rates persist even at room
temperature. A decreased bending strain between m-alkyl-
[7]PPs, while elongating the alkyl tether, introduces larger
differences in couplings between states than those from
insertions of new phenylene units to [n]CPPs. This seems to
be related to both better structural rigidity and larger gaps,
ΔE1,2, between S1 and S2 states in bent structures. This is
confirmed in Table I, which shows the average over all initial
configurations of ΔE1,2 for [7]CPP, m-alkyl-[7]PPs (m = 1, 4,
7, 10, 13, 16, and 19), and [7]LPP. We observe that ΔE1,2
gradually decreases with the increasing tether length (m).
Vibrational relaxation, that takes place concomitantly to

electronic relaxation, allows further analysis of the effect of
steric hindrance on the internal conversion rates. Figure 6
shows the time evolution of dihedral angles between
neighboring phenyls average along the swarm of trajectories.
We observe a planarization of the paraphenylene moiety during
the energy relaxation process. This behavior has been
previously observed, both experimentally and theoretically,
during electronic relaxation of other conjugated mole-
cules.26,47,55−58 During the simulation time, dihedral angles
involving the inner phenylenes experience faster torsional
reorganizations compared with dihedral angles between

Figure 2. Dihedral angle distributions at the initial equilibrated
ground-state configurations at 300 K for m-alkyl-[7]PPs (m = 1, 4, 7,
10, 13, 16, and 19) and [7]LPP. The corresponding neighboring
phenyl rings involved in each dihedral angle are indicated in red in the
schematic representation of the molecules.
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intermediate and outer rings. Differences between initial and
final angles, averaged over all m, are 5.8, 11.9, and 13.3° for
outer, intermediate, and inner torsions, respectively. Compar-
ing these results with the ≈7.0° average difference between
dihedral angles in [7]CPP, we can conclude that the
introduction of an alkyl tether reduces steric effects that
hinder planarization. Nevertheless, outer phenylene units

closer to the alkyl tether seem to be subject to additional
steric hindrances imposed by the alkyl chain.
As a result of these differential planarization dynamics, the

exciton undergoes a directional intramolecular migration from
the outer phenylenes to the inner ones. This can be seen in
Figure 7 where the time evolution of a fraction of transition
density (TD) localized in different rings (eq 4) is depicted.
Such outer → inner units intramolecular energy transfer, takes
place during the internal conversion process, is clearly seen for
all molecules considered. As a result, the exciton becomes
spatially localized (self-trapped) on the central portion of the
paraphenylene moieties. The spatial exciton extent can be
quantified by the participation number, PN(t). For this
purpose, we define the fragments as the paraphenylene units.
That is, PN(t) varies in the range 1−7. Figure 8 shows the time
evolution of PN(t) across ensemble of trajectories for all
molecules. The structural disorder introduced by thermal
fluctuations prevents PN(t) from reaching maximum possible
values close to 7. In fact, PN values corresponding to the
ground state equilibrated structures (i.e., initial values of
NEXMD simulations) do not exceed 4.6. After photo-
excitation, all m-alkyl-[7]PPs and [7]LPP demonstrate an
exciton self-trapping on less than ∼3.4 rings, that is, close to
half of the entire conjugated moiety. This is not the case for
[7]CPP, where the exciton size experiences an initial fast
reduction and then slowly returns to the nearly original value.
Such behavior has been previously reported on [9]CPP in
contrast to the observed exciton self-trapping on [n]CPPs with
larger than 9 values of n.26 According to Figure 7, the
localization in m-alkyl-[7]PPs occurs at the center of the
conjugated segment distant from the alkyl tether, where the
rings planarize (Figure 6).
S2 → S1 nonadiabatic transitions involve the activation of

nuclear motions in the direction of the nonadiabatic coupling
vector.26,59,60 This electronic coupling between S2 and S1 states
introduces funneling of electronic energy into a specific

Figure 3. Simulated absorption spectra for [7]CPP, m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19), and [7]LPP with separated contributions of
different excited states.

Figure 4. Spatial distribution of transition densities of the essential
electronic excited states in [7]CPP, m-alkyl-[7]PPs (m = 1, 10, and
19), and [7]LPP, calculated at their corresponding ground-state
energy minima.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b05582
J. Phys. Chem. C 2018, 122, 16639−16648

16643

http://dx.doi.org/10.1021/acs.jpcc.8b05582


vibrational excitation composed of several normal specific
modes. To analyze signatures of such vibronic dynamics, we
partition the nanoring into two equivalent halves and further
monitor the fraction of TD on each of them. Figure 9 shows
the fraction of TD for opposite phenylene units on each half of
4-alkyl-[7]PP as a function of delay time, relative to the
moment of hop from S2 to S1 states. Subsequent to the
nonadiabatic S2 → S1 electronic energy transfer, strictly out-of-
phase oscillations in the values of (ρX

0,S1(t))2 for each X
phenylene unit at both sides of the molecule are observed. This
behavior is a consequence of the out-of-phase nuclear motion
between halves of the paraphenylene moiety induced by
electronic transition. These oscillations persist during the first
≈100 fs, after which the molecular system gradually reaches
the final equilibration with the bath.

IV. CONCLUSIONS

Bent and curved conjugated molecular systems offer unique
optical, structural, and dynamical features that differentiate
them from their linear counterparts. In the present work, we
have explored transition from a linear oligomer to a circular
nanohoop by monitoring gradual changes of these properties
in a series of alkyl-tethered-p-heptaphenylenes (m-alkyl-
[7]PPs) by modifying the methylene tether lengths from 1
to 19 carbons.
Here, the tether length controls the bending strain of the

paraphenylene moieties. The progressive insertion of new CH2
units to the alkyl chain systematically reduces steric
hindrances, leading to increasing average dihedral angles
between the phenyl rings. This behavior resembles the
previously reported increase of the average values of dihedral
angles with the size of circular nanohoops [n]CPPs. Never-
theless, whereas the bending strains are uniformly distributed
on [n]CPPs, this is not the case for [m]-alkyl-[7]PPs.
The gradual increase of the torsions between phenyl units

leads to systematic blue shifts of energies of S1, S2, and S3 states
contributing to the absorption spectra. This steadily morphs
the absorption spectrum of circular system [7]CPP to its linear
oligomer limit [7]LPP. The optical selection rules change
considerably during this transition. Namely, because of
symmetry reasons, the initially optically forbidden S1 state
becomes optically allowed while increasing the length of the
alkyl tether. The trend is opposite for the S3 state undergoing
allowed-to-forbidden conversion. Therefore, alkyl-tethered-p-
phenylenes enable a simple structural mean to tune the desired
optical properties, continuously filling the region between the
corresponding cyclic and linear conjugated limits.

Figure 5. Population of each electronic state as a function of time obtained from the fraction of trajectories in each state for [7]CPP, m-alkyl-
[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19), and [7]LPP.

Table I. Standard Deviation Averaged over All Initial
Configurations of the Gap, ΔE1,2, between S1 and S2 States

ΔE1,2 (eV)
[7]CPP 0.502(0.06)
m = 1 0.520(0.09)
m = 4 0.520(0.09)
m = 7 0.478(0.09)
m = 10 0.418(0.10)
m = 13 0.377(0.10)
m = 16 0.359(0.10)
m = 19 0.327(0.09)
[7]LPP 0.267(0.09)

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b05582
J. Phys. Chem. C 2018, 122, 16639−16648

16644

http://dx.doi.org/10.1021/acs.jpcc.8b05582


Figure 6. Time evolution of the average dihedral angles between the
neighboring phenyls (indicated in red in the schematic representa-
tions) for m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19) and
[7]LPP.

Figure 7. Time evolution of a fraction of TD localized in different phenylene units (indicated in red in the schematic representations) for m-alkyl-
[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19).

Figure 8. Time evolution of the participation number, PN(t), for
[7]CPP, m-alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19), and [7]LPP.

Figure 9. Average fraction of TD for each half of 4-alkyl-[7]PP as a
function of delay time, relative to the moment of hop from S2 to S1
states. Spatial distribution of transition densities of S1 at different
times is also depicted for a typical NEXMD simulation.
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NEXMD simulations deliver comprehensive information on
the nonradiative electronic and vibrational energy relaxation
and redistribution after initial photoexcitation of [7]CPP, m-
alkyl-[7]PPs (m = 1, 4, 7, 10, 13, 16, and 19), and [7]LPP. We
observe diminishing electronic energy relaxation rates with an
increase of the bending strain introduced in the conjugated
system. The slowest and fastest electronic relaxations are
attributed to [7]CPP and [7]LPP, respectively, whereas [m]-
alkyl-[7]PP rates fall in between these limits. Whereas previous
studies have shown that thermal fluctuations eliminate
differences between nonadiabatic couplings in [n]CPPs with
different n, this is no longer the case in [m]-alkyl-[7]PPs
systems.
The internal conversion in [7]CPP, [m]-alkyl-[7]PPs, and

[7]LPP leads to a planarization of the paraphenylene moiety.
This process is not uniform across the dihedral angles of [m]-
alkyl-[7]PPs. Namely, the central phenyl units undergo the
most significant torsional reorganization. As a consequence of
these differential planarizations, the exciton experiences a
directional intramolecular migration toward the center of the
conjugated system. This behavior is contrasting to the random
exciton localization previously observed in [n]CPPs.
Finally, the nonadiabatic S2 → S1 electronic transition in

[m]-alkyl-[7]PPs facilitates efficient excitation of transient out-
of-phase nuclear motion between halves of the conjugated
segment that ultimately promotes periodic oscillatory
evolution of the excitonic wave function on the lower state.
This behavior evidences the close relationship between
excitonic dynamical localization and delocalization patterns
accompanying transfer of electronic energy into vibrations
during the internal conversion process.
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