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ABSTRACT

Cycloparaphenylenes, being the smallest segments of carbon nanotubes, have
emerged as prototypes of the simplest carbon nanohoops. Their unique structure-
dynamics-optical properties relationships have motivated a wide variety of
synthesis of new related nanohoop species. Studies of how chemical changes,
introduced in these new materials, lead to systems with new structural, dynamics
and optical properties, expand their functionalities for optoelectronics applications.
Herein, we study the effect that conjugation extension of a cycloparaphenylene
through the introduction of a satellite tetraphenyl substitution, has on its structural
and dynamics properties. Our non-adiabatic excited state molecular dynamics
simulations suggest that this substitution accelerates the electronic relaxation from
the high-energy band to the lowest excited state. This is partially due to efficient
conjugation achieved between specific phenyl units as introduced by the
tetraphenyl substitution. We observe a particular exciton redistribution during
relaxation, in which the tetraphenyl substitution plays a significant role. As a result,
an efficient inter-band energy transfer takes place. Besides, the observed phonon-
exciton interplay induces a significant exciton self-trapping. Our results, encourage
and guide the future studies of new phenyl substitutions in carbon nanorings with
desired optoelectronic properties.
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I. INTRODUCTION

Cycloparaphenylenes ([n]CPPs) are cyclic conjugated structures comprised of n
sequential phenyl rings bonded covalently at the para position, representing the smallest
unit cycle of an armchair nanotube. Since their initial synthesis!'=3, they attracted the
attention of the scientific community due to their unique structural properties that combine
bending and torsional strains, disorder and steric hindrances*°. These structural properties
affect the m-orbital overlaps between phenylene units and conjugation lengths. After
photoexcitation, [n]CPPs experience dynamical changes such as planarization of the chain,
changes in their bond length alternation, exciton intramolecular spatial redistribution, and
self trapping®’-3. These behaviours in turn impact their electronic and optical properties®'6.
[n]CPPs are highly fluorescent compounds whose quantum yield significantly increases
with n%!71219 In contrast to the red shifts observed in their linear counterparts
(oligophenylenes), [n]CPPs experience fluorescence blueshift with increasing n. Moreover,
[n]CPPs absorption spectra results are virtually independent of n, in contrast with
pronounced redshifts observed while increasing n in linear oligophenylenes'®. These
peculiar size-dependent optoelectronic properties make [n]CPPs attractive materials for
implementation as organic semiconductors, light harvesters and sensors!®.

Unique diversity of photophysical properties of [n]CPPs is stemming from the
synthesis of a large variety of related nanohoops?® frequently combined with other building
blocks?!~26, with inserted acene units, like naphthalene, anthracene, and tetracene?’-%°,
nanobelts’32, nanocages??, interlinked and covalently connected CPP units and knots34, to
name a few. Experimental and modelling studies of these systems reveal that unique
structure-dynamics-optical properties relationships of carbon nanohoops can be subjected
to tuning, achieving desired optoelectronic properties as required in a broad scope of next-
generation technologies in the field of solid-state nanomaterials, biologically relevant
fluorophores, and sensors, among others!®-3>,

Establishing detailed relationships of [n]CPP structural properties with their optical
and electronic features requires an atomistic description of the structural and dynamical
changes that accompany the internal conversion process that takes place for electronically
excited states. This involves the electronic and vibrational energy relaxation and
redistribution of energy among coupled electronic excited states. Non-adiabatic excited
state molecular dynamics simulation is a powerful theoretical framework to address these
issues, this is the case of NEWTON-X3637 SHARC3®3 (surface hopping including
arbitrary couplings), PYXAID (PYthon eXtension for Ab Initio Dynamics),** 4! AIMS( ab
initio multiple spawning)*>#, and NEXMD (Non-adiabatic EXcited-states Molecular
Dynamics)* 4 have been applied to a wide variety of organic materials and photophysical
and photochemical processes*¢-°, These methods have been previously applied to simulate
the photoinduced electronic energy relaxation and redistribution in CPPs and related
nanohoops®!-%2.  Particularly, the NEXMD (Nonadiabatic EXcited-state Molecular
Dynamics) software package* have been extensively applied to a variety of CPPs%3, and
related nanohoops®*2%, nanobelts®* and nanocages®. These previous investigations have
revealed that structural modifications introduced in CPPs by various substitutions and
insertions induce changes in the relative efficiency of the internal conversion process

Page 2 of 21



Page 3 of 21

Physical Chemistry Chemical Physics

involving dynamical changes of the structures such the local planarization of the chain and
concomitant changes in the specific exciton spatial localization (self-trapping)>* occurring
during the excited-state dynamics.

In the present work, we access the effect that extension of conjugation on [12]CPP,
through the introduction of a satellite tetraphenyl substitution (denoted as T-[12]CPP), has
on its structural and dynamical properties. This system has been synthetized and
characterized by the group of Jasti® as a preliminary precursor to the synthesis of an
ultrashort carbon nanotube. Particularly, photoexcitation at the ~240nm high energy band,
ascribed to the tetraphenyl substitution, allows to analyse the details of the subsequent
intramolecular energy relaxation and redistribution of the nanoring.

The paper is organized as follows: In Section II we present a brief overview of the
computational approach, methods used to analyse transient changes in the electronic
transition density and the interplay between structural changes and exciton self-trapping.
We discuss our results in Section III, and summarize our findings in Section IV.

II. COMPUTATIONAL METHODS

A. NEXMD background. The NEXMD package has been developed to simulate non-
adiabatic excited-state molecular dynamics in large conjugated multi-chromophore systems
involving multiple coupled electronic excited states. It combines mixed quantum-classical
algorithms®”-68 with “on the fly” analytical calculations of excited state energies, gradients
and non-adiabatic coupling terms at the configuration interaction singles (CIS) level
combined with the semiempirical Hamiltonian models. Across several non-adiabatic
algorithms implemented in NEXMD, here we use trajectory surface hopping approach®’-68,
where nuclei are propagated classically and the electronic wave function Y (t) = Zaca(t)q’)a

is propagated quantum-mechanically in the basis of adiabatic electronic states with
wavefunctions ¢

ihéo(t) = Ca(t)Eq —ihE cp(t)V - dap (1)

Where E s the energy of the o electronic excited state, v are the velocities associated with
nuclear coordinates r and d,p are the non-adiabatic derivative coupling vectors (NACR)
defined as dgp = (¢q | Vypp). More details related to the NEXMD  approach,

implementation, advantages and testing parameters can be found in our previous works>*
44,69

B. Analyses of transient spatial exciton redistribution. The exciton transient spatial
localization is monitored by calculating the evolution in time of transition density matrices
expressed in atomic orbital (AO) basis: (po"‘)ij = ((;ba} o c,-Td)o)m, with ¢g and ¢, being
the wavefunctions corresponding to the adiabatic ground- and excited- states, respectively,
¢i' and c; are the respective creation and annihilation operators acting over AO i and j*.

The diagonal element (po"‘)ii represents the change in the net charge of the electronic
density on AO i during a transition from the ground- to the adiabatic excited-state a. The

fraction of p°* localized on a selected or set of x selected phenylene units can be calculated
as
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with Y8, = 1 and the extent of the exciton self-trapping in terms of the number of
X

phenylene units across which it is spread, can be measured using the participation
number’!-72

PN,(6) = [1(607] 3)

with n being the total number of phenylene units included. Values of PN, (t) ~ 1 indicate a
complete localization of p?“(t) on the phenylene or set of phenylenes x, while values of
PN,(t) = n indicate the fully delocalized case when pg “(t) spread equally among rings.

B. Transition density fluxes. The effective energy transfer between phenylene units can
be monitored by using the transition density flux analysis’>74.

At each time interval At throughout the NEXMD simulations, A8,(t) = 6,(t) — 8y
(t — At) 1s calculated by the flow matrix F(t) with null diagonal elements and off-diagonal
elements f,(t) containing the amount of §,(t) transferred between units x and y. The
chromophore units are classified as donors (D) and acceptors (A) for 45,(t) <0 and A4S,
(t) > 0, respectively. Considering only the effective §,(t) flow from D to A, the total
transition density fraction exchanged between the units during time At is calculated as

A8, ()= YA, (0] =Y. AS, (1)
xeD yed (4)

and elements f,(t) are evaluated as

fxy(t) =—- fyx(t)

|A8,(5)|A8,(t)

0 xy€Dorxy €A

A detailed derivation of eq (5) can be found elsewhere’3.

D. Representative non-adiabatic derivative coupling vectors. The Singular Value
Decomposition (SVD) technique can be used to identify representative vectors of non-
adiabatic derivative couplings d,p for the ensemble of NEXMD simulations. For this
purpose, a matrix A of dimension 3N x K is built, with N being the number of nuclear
degrees of freedom and K is the number of NEXMD simulations featuring a selected
effective S,—Sg transition (i.e., a hop). An effective S,—Sg transition is defined as the last
S,—Sp transition without subsequent Sg—S, back-hopping during the rest of the
simulation. The columns of A contain the d,z at the moment of effective S,—Sg transition
in each of the K NEXMD trajectories. Then, SVD is performed as
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A=U"-W:-VT (6

where U is a 3NxK column-orthogonal matrix, and V and W are KxK diagonal and
orthogonal matrices, respectively. We denote d;%D" as the i™ column of the matrix U with
the associated largest value of w;. The d;%D'k vector or vectors with the largest wy can then

be considered as a representative of the ensemble of dyg collected from the different
NEXMD simulations.

E. Computational details. The photoexcitation and subsequent electronic relaxation of
T-[12]CPP and [12]CPP (see Figure 1(a) for molecular representation) have been
simulated using the NEXMD package using the semiempirical AM1 Hamiltonian model”>.
AMI1 in combination with CIS has been previously validated for [n]CPP and related
nanorings with respect to DFT calculations with 6-31G* basis set and the Coulomb-
attenuated hybrid B3LYP (CAM-B3LYP) functional®. Generally, AM1/CIS approach
provide a consistent red-shifts of transition energies by about 0.3 eV for nanorings in
comparison with experiment or high-level theories. The NEXMD simulations were
performed at a constant energy. Initial conditions were collected from 1 ns-long
equilibrated ground state molecular dynamics simulation performed for each system at
room temperature (T=300 K) with the Langevin thermostat and friction coefficient
y = 20.0 ps L. Absorption spectra were calculated by collecting vertical transition
energies and oscillator strengths obtained from the 1000 configurations collected during
these equilibrated ground state simulations. For each system, 400 NEXMD trajectories
were calculated. These trajectories were started using coordinates and momenta collected
from the corresponded previous equilibrated ground state simulations. For each NEXMD
trajectory, the initial excited state is then selected according to a Frank-Condon window

given by gu(r, R) = exp [ — T?(Ejgser — Qa)?], Where Ejqse, represents the energy of a
laser pulse centred at the maximum of the high energy band, and is localized at 260 and
255 nm for T-[12]CPP and [12]CPP, respectively (see Figure 1(c, d)). Qgpnq is the
adiabatic energy of the a'” state. A Gaussian laser pulse, f(t) = exp ( — t?/2T?), with
T = 42.5fs, corresponding to a FWHM (Full Width at Half Maximum) of 100 fs, has
been used. For each NEXMD simulation, the relative values of g,(r, R), weighted by the
oscillator strengths of each a state, have been applied to select its initial excited state.
Classical time steps of 0.5 and 0.1 fs have been used for nuclei propagation in the ground
state and NEXMD trajectories, respectively. Additionally, a quantum time step of 0.025 fs
has been selected to propagate the electronic coefficients during NEXMD trajectories.
Specific treatments of decoherence’® and trivial unavoided crossings’” have been utilized in
these simulations as well as default options.

III. RESULTS AND DISCUSION
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Nonadiabatic excited state molecular dynamics simulations have been performed for
[12]CPP and T-[12]CPP systems. T-[12]CPP is composed of [12]CPP with a tetraphenyl
substitution formed by four additional satellite phenyl units, as shown in Figure 1(a). In
agreement with experimental results®, the absorption spectra of both molecules, shown in
Figures 1(b-c), do not differ significantly except by the presence of low-intensity
absorption states at the energy gap between bands. The broadening used to construct the
absorption spectra histograms was 0.15 eV. Two absorption bands can be observed
separated by ~1.6 eV, either for [12]CPP and T-[12]CPP. This results is in reasonable
agreement with experimental the energy gap of ~1.4 eV%. As it has been previously
pointed out®, transition energies for excited states for [n]CPP and related nanohoops are red
shifted by ~0.3 eV compared to experiments. Nevertheless, the shift. is consistent for this
molecular family and the trends observed can be trusted. During the process of energy
relaxation and redistribution more important than the relative absorption intensity between
peaks is the energy gap between states. The high-energy band of T-[12]CPP has been
previously assigned mainly to excitations involving the tetraphenyl substitution®®. This is
confirmed in Figure S1, where the spatial localization of the electronic transition density,
evaluated for [12]CPP and T-[12]CPP, are shown for selected sets of electronic excited
states. We can observe that the high energy band is composed of excited states with
different degree of delocalization between the satellite phenyl units and the nanoring.
Besides, states in between the two absorption bands, i.e., S,5-S31, are also partially localized
at the tetraphenyl substitution.

The main difference between both absorption spectra is a reduced density of excited
states between ~3.6 and 4.4 eV for the unsubstituted system. As shown un Figure 1(d), the
density of states within this energy gap is higher for T-[12]CPP with respect to [12]CPP.
This feature is expected to impact the internal conversion to S; after photoexcitation at the
high-energy band. The evolution of state populations obtained from the NEXMD
simulations of [12]CPP and T-[12]CPP is shown in Figure 2. Overall, we can observe a
similar behaviour in both systems. That is, after an ultrafast energy relaxation across a
dense manifold of high-energy states, a long-lived state appears. This state is separated
from lower energy states by large energy gaps and slows down the relaxation. While the
populations of long-lived states reach the maximum at about the same time for [12]CPP
and T-[12]CPP, a faster subsequent relaxation of this state (S;3) is observed during the
dynamics of T-[12]CPP compared to the respective long-lived state (S,5) of [12]CPP. As a
consequence the net internal conversion rate is faster in T-[12]CPP.

Page 6 of 21



Page 7 of 21

Physical Chemistry Chemical Physics

\ N a)
/—-{/3;-‘3 - é\ 1,%’ ‘”2‘) <~
5 €N 4’3\ 3
7 : &Y
lon  ds 8/7
T | — —
% d = i -
\_lg.' dz—}\_l_z) ,(\170-/}
184 T-[12]CPP b)
154 S1 Su Saz
124 Sz Sas ~—— Saa
5 9 Sz Sas Sag
© 64 Saa Sav Total
—_— 34
c 0 £
o T T T =T
= 2.5 3.0 3.5 4.0 4.5 5.0 5.5
2 18] [12]CPP 0)
8 15 S1 826 Sao
9 45] Sz S27 S31
L gl S3 Szs S32
6 S25 S29 Total
3]
0+ 7 T T T :
2.5 3.0 35 4.0 45 5.0 5.5
6 I T-(12]CPP d)
5 59 I [12]cPP
© 4
o 3
O 24
o 4]
0]
2.

Figure 1. (a) Schematic representation of the tetraphenyl-substituted [12]CPP (T-
[12]CPP). The four satellite phenyl units are shown in red and bonds entering bond length
alternation (BLA) parameter are indicated. The phenylene units are numbered according to
their distance with respect to the tetraphenyl insertion; (b) and (c¢) Simulated absorption
spectra of [12]CPP and T-[12]CPP, respectively, showing the individual contributions of
selected excited states; (d) Contribution of the different adiabatic electronic states to the
density of states within energy intervals of 0.1 eV, calculated at the minimum energy
configuration of each system
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Figure 2. Evolution of average populations of relevant electronic states with time
when simulation trajectory ensemble of T-[12]CPP and [12]CPP.

The faster relaxation of T-[12]CPP is associated with the presence of higher density
of states in the energy gap that separates the two main absorption bands in T-[12]CPP, as
shown in Figure 1(d). The electronic states within this energy gap of T-[12]CPP
correspond to the range of states [Sq:S3;]. The excited state distribution of 844, (i.€., the
fraction of transition density localized on the star composed by the four satellite phenyl
units and the phenylene unit numbered as 1, see Figure 1(a)) during excited state dynamics
for each state, is presented in Figure 3(a). The exciton localization in the star is
circumscribed to only a few states in the range [S,4:S3;] and the Si; long-lived state. A
similar spatial localization of the transition density of these states increases the coupling
between them and accelerates the electronic relaxation. Figures 3(b,c) display the
distribution of fractions electronic transitions (), or hops, from the long-lived state to the
subsequent states which are lower in energy. There is a larger number of pathways
involving different direct transitions from the long-lived state to lower energy states in T-
[12]CPP compared to that in [12]CPP. We can observe larger values of delay times, defined
as t-tpop, 1.€., the relative time with respect to the hopping time #;,,, from the long-lived S5
state during [12]CPP simulations with respect to the corresponding delay times from the Si;
during T-[12]CPP simulations. This indicates a more passage of the corresponding energy
gap between absorption bands by the presence of the tetraphenyl substitution. This
substitution introduces new states, with significant values of &y, that facilitate the non-

radiative relaxation through multiple alternative pathways.
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Figure 3. (a) Contour plot of the probability density of J4;, 1.€., the fraction of
transition density localized on the star composed of the four satellite phenyl units and the
phenylene unit numbered as 1 (see Figure 1(a)), obtained from collected values at any time
during excited state dynamics for each state. The color bar corresponds to the fraction of
the corresponding values of &g, at each electronic state. (b, c) Fraction of electronic
transitions (y) from the long-lived S;; and S,s states to the subsequent lower in energy
states (black blocks) and the corresponding delay time (red block), defined as -#,,, 1.€., the
relative time with respect to the hopping time from these states to lower-energy states,
during T-[12]CPP and [12]CPP simulations respectively.

The insertion of the tetraphenyl units not only modifies the density of states in the
energy band gap but also introduces changes in the spatial exciton redistribution dynamics
during the internal conversion. Previous studies have shown that this is the case for
insertions of acene units?® and alkyl chains®. Here, the insertions modify the final spatial
localization of the exciton self-trapping without significant exciton transient delocalizations
between the insertion and the rest of the nanoring. This seems not to be the case for T-
[12]CPP. Figure 4(a) shows the intramolecular exciton spatial redistribution that takes
place after photoexcitation of T-[12]CPP at the high energy band. The fractions of
electronic transition density, &, localized on different sets x of phenylenes are depicted
grouping the phenylene units according to the localization in the star following to the
numerical pattern in Figure 1(a). The initial photoexcitation creates an almost complete

9
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exciton delocalization across the entire system. This is followed by an ultrafast transient
accumulation of §, at the phenylene units of the star and its neighboring phenyls 2 and 3.
After the first 100 fs, a pronounced exciton migration from the star region to the rest of the
nanoring is observed. As a result, the exciton localizes on the sets of phenylene units far
away from the star.

0.30

T-[12]CPP a)
Satellites/4 (6&7)/12
— (8&9)/2
(10&11)/2

0.25

000 T T T T T T ETE XA BT

15, T-[12]CPP-red b)
70] T-[12]CPP
] [12]CPP

0 100 200 300 400 500 600 700
t/fs

Figure 4 (a) Time-dependence of the average fraction of electronic transition
density, §,, localized on different sets x of phenyls. The rings are numbered according to
Fig. 1(a). (b) Time-dependence of the participation number PN,(t). T-[12]CPP (in red)
represents the calculation of PN, (t) during the excited state dynamics of T-[12]CPP with

renormalization of the diagonal terms of the transition density matrix excluding
contributions from the satellite phenylenes.

The exciton intra-ring migration described in Figure 4(a) leads to an exciton self-
trapping in T-[12]CPP distinctly different compared to that in [12]CPP. Figure 4(b) shows
the variation of the participation number PN, (t) (see eq. (3)) during the excited state
simulations of T-[12]CPP and [12]CPP. More efficient self-trapping is observed for T-
[12]CPP. While the relaxed exciton extends over about 6 phenylene unit in [12]CPP, it is
confined to only about 4.5 phenyls in T-[12]CPP. The transient exciton delocalization
during the first ~200 fs experienced by [12]CPP is not observed by T-[12]CPP, where an
almost continuous increase of the exciton lockdown takes place. In order to further analyze
the contribution of the satellite phenylene units to this exciton self-trapping, PN,(t) is
recalculated for T-[12]CPP by normalization of the diagonal terms of the transition density

red

matrix (p%%),, in order to make ZZ 8, = 1, with n,.4 involving all phenylene units except

10

Page 10 of 21



Page 11 of 21

Physical Chemistry Chemical Physics

the satellite ones. In this way PN, (t) varies in the range [1:12] for both [12]CPP and T-
[12]CPP. Figure 4(b) shows that after ~450fs, that correspond to the time at which §g,eriites
i.e., the fraction of transition density localized on the phenyl satellite units, decreases to
values ~1%, both calculations of PN,,(t) for T-[12]CPP agrees. Therefore, the initial spatial

exciton redistribution that takes place in T-[12]CPP leads to a more efficient exciton self-
trapping involving only phenylene rings localized on the nanohoop.

The specific localization of the exciton self-trapping observed during the excited
state dynamics of T-[12]CPP can be associated to concomitant differential changes in its
structure with respect to [12]CPP. Figure 5(a) and (b) shows the evolution in time of the

bond length alternation (BLA), calculated as BLA=d; — dzé— d3%, where d,, d,, and d; are

indicated in Fig. 1(a). Smaller values of BLA are associated with better m-conjugation
between neighboring phenylene rings and, therefore, evidence an enhancement of the
electronic delocalization”7%-89, We can observe that the m-conjugation decreases with time
for phenylene units localized on the star and its neighbor units (see Figure 5(a)). Only BLA
values calculated using as central bonds (i.e., the bonds that connect 2-4 and 3-5 phenyls
result close to those values obtained for [12]CPP (Figure 5(b)). Besides, BLAs related to
the connection between phenylene units at long distances of the star have lower values
signifying more efficient m-conjugation.

A further inspection of the structural changes in the excited state dynamics induced
by the tetraphenyl substitution can be found by analyzing the dihedral angles connecting
specific phenyls of T-[12]CPP with respect to the values obtained for [12]CPP. Figure 5(c¢)
shows the evolution in time of the average dihedral angles for T-[12]CPP and [12]CPP.
Dihedral angles that connect the central phenylene unit 1 of the star (see Figure 1(a))
indicate an orthogonal orientation of this units with respect to their neighbors. These
dihedral angles do not experience significant planarization during the excited state
dynamics. The reason of this can be found in the steric effects between these phenylene
units. The other dihedral angles between phenyls localized far from the substitution group
feature a more efficient planarization in comparison to that in [12]CPP. This fact explains
more pronounced self-trapping on these phenylene units. That is, modifications of m-
conjugation during the excited state dynamics, examined through BLA and dihedral angles,
lead to a more localized exciton self-trapping with respect to [12]CPP dynamics.

11
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Figure 5. Time-dependence of the average BLA considering central bonds
connecting (a) different i and j phenylene units of T-[12]CPP, (b) all phenylene units of
[12]CPP; (c) average dihedral angle connecting specific phenylene units of T-[12]CPP and
all phenylene units of [12]CPP. The units are numbered according to Fig. 1(a).

The non-adiabatic coupling vector d g represents the direction of the force acting on
the nuclei during the S,—Sg transition®!. Therefore, it describes the direction of vibrational
energy transfer during this electronic transition. In T-[12]CPP dynamics, the transition from
the long-lived S;; to the state lower in energy, i.e. S;3—>Ss,, corresponds to a major

vibrational energy redistribution due to the relatively large energy gap 4E33.3, = 0.16 eV
between these states compared to 4E3,3;=0.02 eV / 4E3,30=0.03 eV / AE3),9=0.02 eV.

12
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Figure 6(a) and (b) depicts two representative vectors of the ensemble of d33 35, i.€., d3534
and dg‘égzz Both vectors have the associated equivalent wy, therefore, the actual d333; is a

superposition of them. We can observe that d‘gggzl and déggf correspond to antisymmetric

and symmetric motions of phenylene groups at each side of an axis connecting phenyls #1
and #12, respectively. They present a wave-like behavior that can be described in analogy

with a particle in a box limited by the tetraphenyl substitution, whose two first stationary
solutions correspond to ~sin (nij) (n=1,2), where L the length of the nanoring chain and x

the distance with respect to the tetraphenyl substitution. The fraction of motion involving
each phenylene ring in d“3“3”§21 and d3%3% are shown at the corresponding right side of
Figure 6. These distributions are related with a stronger final exciton localization and

structural distortions shown in Figures 4-5.
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Figure 6. Representation of (a) d§‘3”§21 and (b)d%’%zz during T-[12]CPP
nonadiabatic dynamics. The fraction of motion involving each phenyl ring are shown at the
corresponding right side panels. The units are numbered according to Fig. 1(a).

The effective energy transfer between phenylene units can also be monitored using
the transition density flux, as has been described in Section II.B. Figure S2 shows these
transfers among different ensembles of phenylene units of T-[12]CPP. §;,, experiences an
initial increase due to the exciton migration from phenyls 10/11/12, 5/4, 6/7, 8/9, as it is
indicated by the initial negative flux star—others. These initial fluxes are responsible for
the transient accumulation of S;; population shown in Figure 2. After that, the region of the
tetraphenyl substitution back-transfers this energy to the same phenylene units. Except that,
no other effective transfers are observed between phenylene units, indicating the static
aspect of the final exciton self-trapping.
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IV. CONCLUSIONS

The effect that a tetraphenyl substitution has on a nanoring [12]CPP has been
investigated using atomistic non-adiabatic excited state molecular dynamics. We simulate
and analyze excited state dynamics after photoexcitation at the high-energy band. Long-
lived meta-stable states are observed during the relaxation from the high-energy band to
the low-energy one. We find that the tetraphenyl substitution increases the density of states
in the energy gap between these two main absorption bands of the nanoring. These states
have electronic transition densities, and thus excited state wavefunctions, predominantly
localized at the tetraphenyl substitution. Compared to the unsubstituted [12]CPP, presence
of these states facilitates the electronic relaxation by introducing a larger number of
efficient alternative pathways of nonradiative relaxation from the long-lived state to states
lower in energy.

Additionally, the insertion of the tetraphenyl modifies electronic and vibrational
energy redistributions that differs from the wunsubstituted counterpart. Structural
rearrangements during excited state dynamics promote a more efficient conjugation in
regions distant from the tetraphenyl substitution. This is evidenced by differential changes
in the bond length alternation and dihedral angles among the phenylene units of the
nanoring. After an initial photoexcitation, the exciton-vibrational dynamics induces an
efficient exciton migration from the region close to the tetraphenyl substitution to the rest
of the nanoring. Consequently, a more localized exciton self-trapping is achieved due to
substitution.

Our results encourage and guide the study of future chemically modified carbon
nanorings toward tuning their optoelectronic properties. Specifically, considered type of
substitution increases the efficiency of nonradiative relaxation of the nanoring. Moreover,
control over localization of the exciton self-trapping relative to the substitution is a
valuable property for designing efficient energy-transfer systems.
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