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ABSTRACT: Three-dimensional cage-shaped molecules formed from chainlike structures
hold potential as unique optoelectronic materials and host compounds. Their optical,
structural, and dynamical features are tunable by changes in shape and size. We perform a
comparison of these properties for three sizes of strained conjugated [n.n.n]carbon
nanocages composed of three paraphenylene chains (bridges) of length n = 4, 5, or 6. The
exciton intramolecular redistribution occurring during nonradiative relaxation has been
explored using nonadiabatic excited-state molecular dynamics. Our results provide
atomistic insight into the conformational features associated with the observed red- and
blue-shift trends in the absorption and fluorescence spectra, respectively, with increasing
nanocage size. Their internal conversion processes involve intramolecular energy transfer
that leads to exciton self-trapping on a few phenylene units at the center of a single bridge.
The dependence of these dynamical features on the size of the nanocage can be used to
tune their host−guest chemical properties and their use for organic electronics and
catenane-like applications.

Organic conjugated materials are a broad class of
electronically functional chemical compounds used

across a variety of technological applications.1−4 Many of
these materials possess tunable optical and electronic proper-
ties, offering a way to customize the design of the material for a
specific application.5−10 To this end, establishing structure−
property relationships for light absorption and emission
features is extremely desirable.11,12 These relationships can
be very complex, as they involve the entire photoexcitation
evolution and relaxation via nonadiabatic dynamics that leads
to an emissive state. For example, localization of the final
fluorescent state following photoexcitation in spiro-linked
conjugated polyfluorene stabilizes its light emission.13 In fact,
exciton self-trapping or spatial confinement of the lowest-
energy emissive state following photoexcitation has been
observed in many conjugated organic systems, particularly
those consisting of equivalent chromophores.13−17 In these
systems, exciton migration from an initial state delocalized over
two or more equivalent chromophores to a single chromo-
phore unit (or localized site within a single unit) seems to be a
ubiquitous feature of the relaxation dynamics. Beyond that,
additional hopping between equivalent localized sites on the
lowest-energy surface may or may not occur depending on the
specific electronic and vibronic couplings.18

Exciton migration and self-trapping in circular and curved
systems give rise to interesting effects on their optical
properties that are not seen in their linear counterparts. The
π donors that induce energy transfer in the excited states are
typically electron-rich heteroarenes or arenes with electron-

donating groups. The discovery that curved oligophenylenes
undergo energy transfer in the excited state provides a new
option for designing π donor−acceptor molecular sys-
tems.19−21 For example, curved bichromophore molecular
polygons (digons) act as unpolarized light absorbers and
emitters as a result of bending strain and self-trapping of the
emissive state on equivalent vertex units, respectively.15,22 In
ring-shaped cycloparaphenylenes (CPPs), the lowest-energy
excited state is forbidden by symmetry. However, strong
vibronic coupling during the internal conversion process in
CPPs causes excited-state geometry distortions that result in
exciton localization and a large transition dipole moment for
the emissive state.23 Therefore, highly efficient fluorescence is
observed in large CPPs in violation of the Condon
approximation.24 In both digons and CPPs, the observed
effects are size-dependent.
All-benzene carbon nanocages are three-dimensional cage-

shaped molecules that combine three equivalent curved
[n]paraphenylene chains linked together in a single system
(see Figure 1a). While CPPs correspond to the shortest
sidewall of an armchair carbon nanotube (CNT), carbon
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nanocages are the analogous structures for branched CNT
junctions. They are of interest for their possible use as CNT
templates, host−guest chemistry, and catenane-like applica-
tions.25−30 Naturally, one might expect carbon nanocages to
exhibit unique optical properties due to the presence of
equivalent chromophores and curved chains subject to strain.
The synthesis and photophysical properties of [n.n.n]carbon
nanocages (n = 4, 5, 6) has been previously reported by Itami
et al.31,32 As the size of the carbon nanocage increases (i.e.,
increasing n), the maximum absorption wavelengths become
red-shifted while the fluorescence wavelengths become blue-
shifted, which is counterintuitive compared with the properties
of conjugated chromophores that typically show concomitant
shifts of absorption and emission spectra. Notably, the
absorption maxima observed in [n]CPPs remain largely
independent of the hoop size.23,33,34

Here we investigate the exciton evolution in three [n.n.n]
carbon nanocages (n = 4, 5, 6) following photoexcitation using
nonadiabatic excited-state molecular dynamics simulations to
model the internal conversion processes.35,36 The electronic
and vibrational energy relaxation connect the absorption and
emission properties by providing detailed information on the
emissive state. Thus, understanding the relaxation process and
electronic energy redistribution in carbon nanocages of
different sizes provides valuable insight into optical features
and their relationship to the nanocage structure.
We have simulated the photoinduced dynamics of three

conjugated [n.n.n]carbon nanocages of different sizes denoted
as 1 (n = 4), 2 (n = 5), and 3 (n = 6) following Itami et al.,31,32

shown in Figure 1a. The Nonadiabatic Excited State Molecular
Dynamics (NEXMD) code was used in all of the

computations, and our modeling protocol is described in
Computational Methods. We begin by analyzing the ground-
state conformational sampling of each nanocage at 300 K,
indicating their differing structural properties. The probability
density of the average dihedral angle between neighboring
phenylene rings is plotted in Figure 1b. The distributions
reveal an increase in the average value of the dihedral angles
with increasing nanocage size. This is in agreement with trends
previously reported for CPPs and other related bent and
curved conjugated molecular systems5,37−40 and is a con-
sequence of the relaxation of the bending strain of phenylene
units due to a reduction of the backbone curvature along
longer phenylene bridges. It is interesting to note that the
dihedral angle distributions display double peaks. This is due
to the presence of two distinct ring types, that is, two benzene-
1,3,5-triyl bridgeheads and the remaining rings belonging to
the three [n]paraphenylene bridges. Bridgehead rings are
subjected to greater structural constraints than the others
because of their trisubstitution and therefore have relatively
lower dihedral angles (Figure S1). Figure 1c shows the
probability density distributions for the distance between the
two bridgeheads. The width of the distributions increase with
the size of the nanocage, indicating an increase in the backbone
flexibility. This is confirmed by superpositions of snapshots
obtained from the ground-state conformational samplings,
which reveal an increase in conformational disorder with
increasing size of the cage (Figure S2).
The size of the carbon nanocages also impacts their

absorption spectra. This is shown in Figure 1d, where we
compare the simulated absorption spectra of 1, 2, and 3. For all
of the nanocages, the first two excited states do not present

Figure 1. (a) Schematic representation of [n.n.n]carbon nanocages 1 (n = 4), 2 (n = 5), and 3 (n = 6) with bridgehead and bridge fragments
identified. Bonds d1, d2, and d3 define BLA. (b, c) Probability density distributions of (b) average dihedral angle between neighboring phenyl rings
and (c) distance between the two trisubstituted benzene rings (bridgeheads) obtained from 1000 equilibrated ground-state configurations at 300 K
for 1, 2, and 3. (d) Simulated absorption spectra at 300 K for 1, 2, and 3 showing contributions from different excited states.
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large oscillator strengths, and the main absorption peaks are
dominated by the contributions of the S3−S5 states (here and
throughout, we adopt the nomenclature of ordering adiabatic
states by increasing energy). This is similar to the case of CPP,
where the first excited state is strictly optically forbidden at the
ground-state geometry by the circular symmetry.23 Here the
selection rules are more relaxed, and the lowest states gain
some oscillator strength. The reported experimental absorption
maxima of 3.92, 3.86, and 3.81 eV for 1, 2, and 3,
respectively,32 exhibit a slightly increasing red shift as the
nanocage size increases. The corresponding simulated
absorption maxima are at 3.3, 3.25, and 3.2 eV. Despite the
constant red shift with respect to the experimental values, they
reproduce the expected ∼0.05 eV red shift displacement with
each increase in the nanocage size.
The absorption maxima in carbon nanocages exhibit a

noticeable red shift as the cage size increases, in contrast to
[n]CPPs, which exhibit nearly uniform absorption.23,33,34 In
[n]CPPs there seems to be a nearly exact cancellation between
red shifts caused by increased conjugation length and blue
shifts resulting from less efficient conjugation overlap (i.e.,
larger dihedrals) between neighboring phenylene rings with
increasing n, but this is not the case for the carbon nanocages

presented here. This could partially be due to the highly
constrained bridgehead rings in these [n.n.n]carbon nanocages
compared with the phenylene units in [n]CPPs, leading to
smaller effective dihedral angles between the bridgeheads and
neighboring rings (Figure S1) and a less efficient correspond-
ing blue shift compensation. This is in agreement with the
exciton spatial localization of different excited states on the two
bridgeheads (Figure S3), which shows that the states that
contribute the most to the main absorption peaks of the
nanocages (S3−S5) are primarily localized on the bridgeheads
for every nanocage size, whereas the lowest-energy S1 and S2
states are instead mainly localized on the bridges. Further
understanding of the initial exciton spatial localization can be
gained through analysis of participation number distributions,
PNX(t = 0), for each excited state, where X = phenylene rings
or phenylene bridges (Figure S3). Considering nanocage 1, the
spatial localization changes among the different excited states
and varies significantly as a result of conformational disorder
introduced by thermal fluctuations. While S1 is localized on a
few phenylene rings (PNphenylene rings(t = 0) ≈ 4−6) involving
only one or two of the bridges (PNphenylene bridges(t = 0) ≈ 1−2),
the S2 and S3 states are delocalized among several phenylene
rings that can be spread across the three phenylene bridges.

Figure 2. (a) Time evolution of adiabatic electronic state populations (calculated as the fraction of trajectories in each state) during NEXMD
simulations of nonadiabatic relaxation dynamics for states S1−S10 participating in the relaxation of carbon nanocages 1, 2, and 3. (b−d) Time
evolution of (b) the fraction of transition density localized on the two bridgeheads (ρbridgeheads

2 (t)) (c) the participation number for phenylene rings
(PNphenylene rings(t)), and (d) the participation number for phenylene bridges (PNphenylene bridges(t)) during NEXMD simulations of carbon nanocages
1, 2, and 3. The photoinduced internal conversion process that takes place in the carbon nanocages can be monitored by following the evolution of
the average adiabatic electronic state populations during NEXMD simulations shown in (a). After photoexcitation, the initially excited states (i.e.,
S3−S6) experience an ultrafast relaxation to the S2 state, which acts as a relatively long-lived intermediate state, and finally the three nanocages
completely relax to S1, an emitting state according to Kasha’s rule.41 This process seems to be more efficient in larger nanocages, as evidenced by
the more rapid decay of population from initially excited states and the relatively shorter time to reach S2 turnover, resulting in an initial slightly
faster relaxation.
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Finally, higher excited states (S≥4) involve fewer phenylene
units than S1 but are delocalized on different phenylene
bridges. Similar results are observed for nanocages 2 and 3.
According to our previous analysis of the exciton spatial

localization of different excited states (Figure S3), the initial
excitation, which involves a range of states (S3−S6) because of
the thermal fluctuations across the ensemble of initial
configurations, is characterized by larger fractions of transition
densities in the bridgeheads compared with lower-energy
states, which are primarily localized on the phenylene bridges.
Therefore, intramolecular energy transfer from bridgeheads to
phenylene bridges is expected to occur during the internal
conversion. This is confirmed by following the evolution of the
average fraction of transition density localized on the
bridgeheads during NEXMD simulations, which is plotted in
Figure 2b. The initial exciton localization on the bridgeheads is
significantly reduced during the course of energy relaxation for
the three nanocages, a process that is more pronounced for the
smaller nanocages. In addition, the evolution of the
participation numbers for the phenylene rings and the
phenylene bridges, plotted in Figure 2c,d, respectively, shows
that all three nanocages experience exciton self-trapping that
localizes the exciton on only a few (four) phenylene units
(PNphenylene rings(t = 300 fs) ≈ 4) concentrated on a single
phenylene bridge (PNphenylene bridges(t = 300 fs) ≈ 1.2). More
specifically, the exciton experiences an ultrafast migration
toward the center of the phenylene bridge, as revealed by the
change in angular displacement of the transition density within
the carbon nanocages (Figure S4).
As we have shown, the intramolecular exciton migration

during internal conversion leads to exciton self-trapping on the
center of one of the phenylene bridges. In order to track the
exciton exchange among the different phenylene bridges, we
have classified the phenylene bridges according to their final
relative fractions of transition density as high (H), middle (M),
and low (L). Following this classification, Figure 3 displays the
evolution of different electronic and structural features for each
of the phenylene bridges in nanocage 1. First, the change in
ρphenylene bridges
2 (Figure 3a) indicates that the phenylene bridge

where the exciton is finally trapped (H) is not related to the
initial excitation since all of the bridges share the same initial
density value, ρphenylene bridges

2 (t = 0) ≈ 0.25. Next, we analyze
the structural changes during the electronic relaxation,
specifically the average dihedral angle between neighboring
phenylene units on the bridges and the average bond length
alternation (BLA) along the bridges. BLA reflects the
inhomogeneity in the distribution of the π-conjugated

electrons, and it is defined as d d d1
2
3 2

1
3 3− − , where d1, d2,

and d3 are consecutive bond distances labeled in Figure 1a.
The H bridge experiences a larger planarization, i.e., lower
values of dihedral angles between neighboring rings (Figure
3b), and lower BLA values (Figure 3c) than the M and L
bridges. Both planarization and decreased BLA are character-
istic signatures of exciton self-trapping in excited-state
dynamics.13,37,42−46 Both the extent of planarization and the
decrease in BLA become more and more reduced for larger
nanocage sizes (see Figures S5 and S6 for the corresponding
values for nanocages 2 and 3, respectively). We obtained final
average dihedral angle values of ∼10°, 20°, and 24° and final
average BLA values of ∼0.03, 0.035, and 0.04 Å for 1, 2, and 3,
respectively. Therefore, the efficiency of the exciton self-

trapping decreases with increasing size of the nanocage given a
concomitant increase of conjugation.
Previous studies performed on CPPs38 point out that

planarization in the excited states leads to larger Stokes shifts in
smaller CPPs as a result of the increased structural relaxation in
the S1 state. This is also the case for carbon nanocages. Even
though the final time of our simulations was only 300 fs, we
observed that the simulated emission spectra of the nanocages
(Figure S7) are blue-shifted for the larger cage sizes, having
emission peak maxima of 520, 500, and 480 nm for 1, 2, and 3,
respectively. This corresponds to an increase in Stokes shift for
the smaller nanocages. The blue shift per nanocage, ordered by
increasing size, was ∼0.7−0.9 eV. That is, the progressive
planarization and decreasing BLA stabilize the lowest-energy S1
state responsible for the final emission properties. This is in
good agreement with previous calculations that indicate an
increase in the HOMO−LUMO gap (main contribution to the
S1 state) as the size of the nanocage increases.32

In conclusion, we have investigated the photoinduced
dynamics and intramolecular exciton energy transfer of three
conjugated [n.n.n]carbon nanocages of different sizes (n = 4, 5,
6) using nonadiabatic excited-state molecular dynamics. The
nonradiative relaxation processes are found to be similar in all
of the nanocages, becoming only slightly faster with increasing
cage size. Our simulations reproduce the spectral trends
observed experimentally and allow us to explain both the
slightly increasing red shift of the absorption and the blue shift
of the emission with increasing cage size. Notably, the
absorbing and emitting states have different electronic
properties and spatial localizations of the electronic wave
functions in all of the nanocages. The absorption red shift
seems to be related to the dominant contribution of relatively

Figure 3. Time evolution of different electronic and structural
features for high (H), middle (M), and low (L) phenylene bridges in
carbon nanocage 1 during NEXMD simulations. H, M, and L
correspond to phenylene bridges with decreasing final values of
ρphenylene bridges
2 . (a) Fraction of transition density. (b) Average dihedral

angle between neighboring phenylene bridge units. (c) Average bond
length alternation along the bridge.
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more constrained bridgehead benzenes hosting the electronic
states responsible for the main absorption peaks. In contrast,
the emission blue shift is associated with additional
stabilization of the lowest-energy S1 state responsible for
emission. The S1 stabilization effect is enhanced in smaller
cages, thus leading to larger Stokes shifts in smaller cages and
the progressive emission blue shift for larger cages. We found
that the internal conversion processes of carbon nanocages,
which connect the absorption and emission properties, involve
an intramolecular energy transfer from bridgeheads to
phenylene bridges. The three nanocages experience exciton
self-trapping that localizes the exciton on only a few phenylene
units at the center of a single phenylene bridge. The efficiency
of the exciton self-trapping decreases for larger nanocages, as
evidenced by different torsional and bond-length relaxation of
the excited-state geometry.
Nanocages stand out among carbon-based nanostructures

regarding their potential applications for energy storage and
conversion, especially because of their tunable electronic
structure.19,29,30,47 The strong dependence of the properties of
carbon nanocages (e.g., pore distribution, specific surface area,
and electronic structure) on the synthetic conditions and
templates emphasizes the importance of first-principles
theoretical modeling of these multifunctional materials. In
particular, predictions based on nanosized symmetric models
may be regarded as upper bounds of the functionalities of the
real carbon nanocages, especially for properties relying on
collective electron response (i.e., the properties of the
nanostructure depend sensitively on the particular three-
dimensional assembly of the cages). Therefore, the results of
the present simulations more closely reflect reflect more closely
the properties of highly ordered assemblies of carbon
nanocages, which have been reported recently and exhibit
superior performance compared with randomly packed
structures.47 On the one hand, the present simulations enable
an assessment of the influence of the geometry and electronic
structure of these molecules on the exciton localization and
spectroscopic properties, which ultimately determine the
performance of assemblies of carbon-based nanocages for
different applications. On the other hand, the computational
efficiency of NEXMD simulations allows current limitations of
atomistic simulations to be overcome, bridging the gap
between the nowadays computationally affordable and the
experimentally relevant molecules. Our atomistic description of
the photoinduced intrachain energy transfer and exciton self-
trapping in carbon nanocages, as building blocks of branched
multiterminal single-wall carbon nanotube junctions, estab-
lishes the relationship between nanocage size, structural, and
chemical features with their dynamic motions, exciton spatial
localization, π conjugation, and optoelectronic properties.
These relationships can guide future functionalization that

may potentially increase the specificity of their host−guest
chemistry and impact their use in organic electronics and
catenane-like applications29,30 in a desired way.

■ COMPUTATIONAL METHODS
Simulation Details. The Nonadiabatic Excited State Molecular
Dynamics (NEXMD) package48,49 has been specifically
developed to simulate the photoinduced nonadiabatic
electronic and vibrational energy relaxation and redistribution
in large multichromophoric conjugated molecules involving
multiple coupled electronic excited states. The code combines
the surface hopping algorithm50,51 with “on the fly”

calculations of excited-state energies, gradients, and vibronic
couplings using the collective electronic oscillator (CEO)
approach52 at the configuration interaction singles (CIS) level
with the semiempirical AM1 Hamiltonian.53

Within the CEO formalism, transition energies, excited-state
gradients, single-electron density matrices, dipole moments,
and other relevant quantities are cast in terms of the transition
density matrices.35 Thus, both the optical response and the
dynamic exciton localization properties are computed at the
same level of theory, and intuitively we expect these
observables to be described with similar accuracy. Moreover,
previous NEXMD simulations yield spectra and exciton
migration properties in good correspondence with exper-
imental results across a variety of conjugated molecules
undergoing quite distinct exciton relaxation pathways,35

which is very encouraging with regard to the application of
the present methodology to the simulation of the photo-
induced dynamics of carbon nanocages. It has been
successfully applied to simulate the photoinduced dynamics
of the family of [n]CPPs and other related nanohoops,5,23,37,46

providing good agreement with more accurate quantum-
chemical calculations. Previous NEXMD simulations were able
to associate the efficient fluorescence in large [n]CPP hoops
with the exciton self-trapping due to strong vibronic coupling,
breaking the Condon approximation and overriding the optical
selection rules.23 In this way, previous works validate NEXMD
simulations as an accurate level of theory to describe the
intramolecular electronic and vibrational energy relaxation and
redistribution in cyclic paraphenylene chromophores.35

The NEXMD simulations were performed on the series of
conjugated [n.n.n]carbon nanocages with n = 4, 5, and 6,
denoted as 1, 2, and 3, respectively (Figure 1a). Initial
conditions were collected from equilibrated ground-state
conformational sampling obtained from 30 individual 3 ns
adiabatic ground-state molecular dynamics simulations at 300
K with a Langevin friction coefficient γ = 20.0 ps−1 and a
classical time step of 0.5 fs. The initial configurations for these
30 simulations were provided by a previous 3 ns ground-state
trajectory at 500 K. Absorption spectra were calculated by
collecting vertical transition energies and oscillator strengths
calculated from 1000 equilibrated ground-state conformational
samplings at 300 K and applying a Gaussian line shape with 0.1
eV broadening. For each nanocage, 400 independent non-
adiabatic trajectories were propagated at constant energy using
classical time steps of 0.1 fs for nuclei and 0.025 fs for
electronic coefficients. These simulations were started by
vertical excitation to an initial excited state selected according
to a Franck−Condon window given by gα = exp[−T2(Elaser −
Ωα)

2], where Ωα represents the energy of the αth excited state
and Elaser corresponds to the energy of a Gaussian laser pulse
f(t) = exp(−t2/2T2) centered at 3.3 eV, which approximately
corresponds to the maximum of the simulated absorption
spectra for the three systems (Figure 1d). A value of T2 = 42.5
fs, corresponding to a full width at half-maximum (fwhm) of
100 fs, was considered. Specific treatments of decoherence54

and trivial unavoided crossings55 have been applied. More
details about the NEXMD approach, implementation, and
testing parameters can be found elsewhere48,49,56

Analysis of Exciton Properties. Within the NEXMD frame-
work, the time evolution of the spatial exciton localization is
analyzed in terms of ρgα(t), the transition density matrix
between a ground state g and an excited state α with adiabatic
wave function ϕα: (ρ

gα(t))nm ≡ ⟨ϕα|cm
+ cn|ϕg⟩, where cm

+ (cn) is
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the creation (annihilation) electronic operator and n and m
index atomic orbital (AO) basis functions. Diagonal elements
(ρgα(t))nn are relevant to the changes in the distribution of
electronic density induced by photoexcitation to state α.49,57

According to the normalization condition (( ) ) 1nm nm
g 2ρ∑ =α ,

the fraction of transition density localized on a specific
fragment X of the molecular system can be calculated as

t( ( )) (( ) )
n m

n m
g

X
2 g 2

A A

A A
∑ρ ρ=α α

(1)

where the subindex A indicates AOs of atoms constituting the
selected fragment X of the molecule. In the present work, the
exciton spatial localization has been analyzed by dividing the
molecule into the following fragments: individual phenylene
rings, the two trisubstituted benzene rings (bridgeheads), and
the three paraphenylene bridges (see Figure 1a), considered
both together and individually. The extent of the exciton
(de)localization among the different fragments can be
measured using the participation number, defined as

t tPN ( ) (( ( )) )
M

X
X

g
X
2 2

1Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
∑ ρ= α

−

(2)

where M is the total number of fragments into which the
molecule is partitioned. PNX(t) ≈ 1 indicates complete
localization of ρgα(t) on fragment X, while PNX(t) ≈ M
indicates full delocalization of ρgα(t) among the M equivalent
fragments. Herein we have considered different types of
equivalent fragments. Therefore, according to Figure 1a, M =
(14 (1), 17 (2), 20 (3)) for X = phenylene rings, M = 2 for X
= bridgeheads, and M = 3 for X = bridges.
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