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|. Introduction

Photoinduced dynamics in cycloparaphenylenes:
planarization, electron—phonon coupling,
localization and intra-ring migration of the
electronic excitationt

N. Oldani,® S. K. Doorn,® S. Tretiak® and S. Fernandez-Albertj (2 *

Cycloparaphenylenes represent the smallest possible fragments of armchair carbon nanotubes. Due to
their cyclic and curved conjugation, these nanohoops own unique photophysical properties. Herein, the
internal conversion processes of cycloparaphenylenes of sizes 9 through 16 are simulated using Non-
Adiabatic Excited States Molecular Dynamics. In order to analyze effects of increased conformational
disorder, simulations are done at both low temperature (10 K) and room temperature (300 K). We found
the photoexcitation and subsequent electronic energy relaxation and redistribution lead to different
structural and electronic signatures such as planarization of the chain, electron—phonon couplings,
wavefunction localization, and intra-ring migration of excitons. During excited state dynamics on a
picosecond time-scale, an electronic excitation becomes partially localized on a portion of the ring
(about 3-5 phenyl rings), which is not a mere static contraction of the wavefunction. In a process of
non-radiative relaxation involving non-adiabatic transitions, the latter exhibits significant dynamical
mobility by sampling uniformly the entire molecular structure. Such randomized migration involving all
phenyl rings, occurs in a wave-like fashion coupled to vibrational degrees of freedom. These results can
be connected to unpolarized emission observed in single-molecule fluorescence experiments. Observed
intra-ring energy transfer is subdued for lower temperatures and adiabatic dynamics involving low-
energy photoexcitation to the first excited state. Overall our analysis provides a detailed description of
photo excited dynamics in molecular systems with circular geometry, outlines size-dependent trends
and connotes specific spectroscopic signatures appearing in time-resolved experimental probes.

and characterization has represented a challenge in the fields of

Cycloparaphenylenes ([n]CPPs, n = 4,...,18) are well defined
radially cyclic conjugated systems composed of n phenyl units
linked at the para positions end-to-end" (see Fig. 1(a)). They
represent interesting and unique molecular entities not only
because of their aesthetic cyclic structures® but also because
they constitute the smallest possible fragment of an armchair
carbon nanotube.®” Since their original attempts of synthesis,*°
CPPs moved from the merely academic interest to attractive
targets for a large variety of applications in material science and
technology such as photovoltaic, photoelectronic, and light-
emission technologies. Their successful controlled synthesis
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synthesis chemistry,”'*'® computational material science'~'*">%>!
and fundamental physics.>>>* They have served as triggers for the
synthesis of a large variety of related nanohoops combining different
units connected through different linkages®*>* in an attempt
to cross the bridge between small molecules and single-walled
carbon nanotubes.?%3*™**

CPPs constitute non-planar conjugated molecular systems in
which the efficiency in m-orbital overlaps co-exists with bending
strains introduced by the cyclic nanostructure.*>*® Due to steric
hindrances, dihedral angles between the phenyl rings in [n]CPPs
are significant, being about 30 degrees.’”*” For the even-
numbered [n]CPPs, a high symmetry configuration with an
alternating staggered arrangement of phenyl rings results for
the lowest ground-state energy conformation."***® Neverthe-
less, such a conformation is not possible for any odd-numbered
[7]CPPs, leading to the presence of a ‘“natural defect” in a
frustrated structure typically localized to a few phenyls adopt-
ing more planar conformation.*® The lack of chain end-effects,
presence of structural frustration, and high symmetry furnish
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Fig.1 (a) Schematic representation of [9]CPP ring indicating dihedral
angle ¢ and bonds entering bond length alternation (BLA) parameter;
(b) simulated absorption and emission spectra for [9]-, and [14]CPP at 300 K
and 10 K with separated contributions of different excited states to the
absorption spectrum.

Absorption
Emission

[n]CPPs with unique linear and nonlinear optical properties as
compared with linear conjugated molecules.'®**™”*° While the
optical absorption maximum wavelength increases with the
number of phenylene units in linear oligophenylenes, it is
found to be independent of hoop size in [#]CPPs. Besides, CPPs
were observed to be highly fluorescent, with an increasing red
shift as [n]CPP hoop size decreases (as opposite to the trends
observed in linear counterparts).>® Moreover, the fluorescence
quantum yield significantly increases with the size of the
ring."*®2%%! Dye to these peculiar size-dependent optoelectronic
properties,®” they represent promising materials for implemen-
tation as organic semiconductors and sensors.

In order to achieve the desired control over optoelectronic
properties, significant experimental and computational efforts
have been devoted to studying the relationship between the
molecular conformation and exciton delocalization in the
excited states of cyclic n-conjugated molecules.**>* After photo-
excitation, the intramolecular electronic and vibrational energy
relaxation and redistribution lead to exciton localization on the
subunits of the conjugated molecule,>* > introducing signifi-
cant changes in the photophysical properties of the entire
molecule.*® For example, on one hand, excited-state dynamics
can activate ultrafast torsional reorganization that planarizes
and stabilizes the quinoidal structure of the excited state,
resulting in an extension of the excitonic wave function.®’
On the other hand, an increase in hoop size induces confor-
mational deformations and, hence, can facilitate the localiza-
tion of the exciton on a part of the nanoring. This effect is
expected to increase with temperature since disorder due to
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thermal fluctuations is expected to reduce the extent of
exciton localization.

Non-adiabatic EXcited-States Molecular Dynamics (NEX-MD)*"
simulations provide detailed information on the correlation
between torsional reorganization and exciton localization during
the internal conversion process and subsequent relaxation on
the lowest excited state. In a previous article,*® we associate the
efficient fluorescence in large [#]CPPs with a spatial localization
of the exciton (self-trapping) due to strong vibronic coupling,®?
which breaks the Condon approximation and overrides the
optical selection rules imposed by circular geometry. Herein,
we extend our study of the internal conversion processes in
[7]CPPs of different sizes in order to analyze the complex inter-
play between different structural and dynamics changes such as
planarization of the chain, thermal fluctuations, bond length
alternation with intramolecular redistribution of the electronic
transition density expressed in terms of exciton localization, and
intra-ring migration. The concomitance of these processes
underlines the effects of strong electron-phonon couplings.

The paper is organized as follows. Section II provides a brief
overview of the NEX-MD method, electronic transition densities
calculation, excited-state normal mode calculation, and com-
putational details. In Section III we present and discuss our
results. Finally, Section IV summarizes our main findings and
conclusions.

Il. Methods

A. The NEX-MD methodology

The NEX-MD®"®* is an efficient and sufficiently accurate method
developed to simulate photoinduced dynamics of large organic
conjugated molecules involving multiple coupled electronic
excited states. It combines the fewest switches surface hopping
(FSSH) algorithm®"°> with “on the fly” analytical calculations
of excited-state energies,’®®® gradients,’>”® and non-adiabatic
coupling terms.®””'”7® For this purpose, correlated excited
states are calculated using the collective electron oscillator
(CEO) approach”*7® with the configuration interaction singles
(CIS) formalism implemented with the semiempirical AM1
Hamiltonian.”” This level of approximation has been success-
fully applied to many molecular systems, including conjugated
materials’®*®® and provides an adequate description of exci-
tonic states and excited state dynamics in [7]CPPs.*°

In FSSH formalism, the probabilities of quantum transitions
between excited states are prescribed by non-adiabatic coupling
vectors (NACR), which are also calculated analytically.®' These
quantities are defined as

dog = (¢o(r; R(O))| VRp(r; R(D))) 1)

where r and R(t) are the electronic and nuclear vector
coordinates, respectively, and ¢,(r; R(¢)) is the ath electronic
state wavefunction. The directions of NACR represent the
non-adiabatic contribution to the direction of the main
driving force on the nuclei during electronic transitions.®*
Further details of the NEX-MD approach, implementation,
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advantages and testing parameters can be found in our pre-
vious work.®"¢%%

B. Transient (de)localization of the electronic transition
density

During NEX-MD simulations, the intramolecular electronic
energy redistribution is followed using the time-dependent
localization of the electronic transition density for the current
state. The CEO approach’®®® calculates transition density
matrices (0*")m = (Pa(r; R(t))|cmtn| do(r; R(2))) (denoted electronic
normal modes) using the ground-state density matrix,
where the subindex g refers to the ground state. Here c,(c,)
represents the creation (annihilation) electronic operator; and
indices n and m refer to atomic orbital (AO) basis functions.
The diagonal elements of (p*%),, represent the changes in the
electronic density induced by photoexcitation from the ground
state g to an excited electronic o state.’” According to the

normalization condition (p%(t))zzl fulfilled within the

nm
CIS approximation®® the transition density localized on each
phenyl unit 7 at each time of the NEX-MD simulations can be
written as:

2

<p§iet[(t)> = > (pﬁij (z)) @)

naAma

where the index A runs over all atoms localized in the
corresponding phenyl unit. In order to measure the extent of
(de)localization of the excitation among the phenyl units of an
[n]CPP, we define the phenyl-unit participation number®®® as

n

-1
4
Pring([) = |:Z (pf;ie.i(l)> :| (3)
Values of Ppng(f) ~ 1 indicate a complete localization of the
transition density to a single phenyl unit, while values of
Piing(t) & n correspond to transition densities fully delocalized
accross the n phenyl units.

C. Exciton intra-ring migration

The dynamical aspects of the exciton intra-ring self-trapping
have been analyzed using the following procedure:

(1) Pring(to) is evaluated at t,.

(2) The n phenyl units of [n]CPP are sorted by decreasing
contribution to the electronic transition density p%*(t,).

(3) A vector v(t) is constructed, where the elements v,(t,),
associated to each phenyl unit, are

=11if §; < Ping(to)

= 0 otherwise

Here s; is the rank of the ith element according to 2.

(4) Steps 1 to 3 are repeated throughout the simulation at
every time-step ¢.

The resulted ith element of vector v(t), averaged over the
entire ensemble of trajectories, represents the probability of
the ith phenyl ring to retain a significant contribution to p**(¢).
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This quantifies participation of every phenyl ring in the electronic
dynamics following photoexcitation, thus allowing to track the
intra-ring migration of the excited state wavefunction.

D. Excited-state equilibrium normal mode analysis

Excited-state equilibrium normal modes (ES-ENM(S;)) analysis
has been performed at the equilibrium R, structure obtained by
previously performing geometry optimization of the molecular
system at the lowest excited-state S;. Geometry optimization
was performed on the [rn]CPPs with the AM1 semi-empirical
Hamiltonian, using Gaussian 09.%°

ES-ENM(S,) were computed from the mass-weighted Hessian
matrix H with elements

HU(RO) = _azEl/aqiaqflR() (4)

where E, is the potential energy of S; state and ¢; = \/m; (R,- — RO,,-)
is mass weighted Cartesian displacement of the ith atom with
mass m; and Cartesian coordinates Ry (Xo,;Yo,,,20,;) defined in a
body-fixed reference frame with the origin at the center of mass
of the molecule and axes corresponding to its principle axes of
inertia. Upon diagonalization of H, the set of orthonormal
ES-ENM(S,) are defined by the set of eigenvectors with frequen-
cies v, = \/E/QTE, where 4,(i=1,...,3N — 6) are the eigenvalues
of H. More details about the calculations of ES-ENM(S;) can be
found elsewhere.”*

E. Computational details

The NEX-MD simulations were conducted on [rn]CPPs with
n =9, 12, 14, 15, and 16. Both room (300 K) and low (10 K)
temperatures were considered. For each temperature, equili-
brated ground state (S,) molecular dynamics simulations were
performed up to 1 ns. Here a Langevin thermostat with a
friction coefficient of 20 ps—' was employed. Each trajectory
provided 400 snapshots sampling ground state conformational
space (nuclei initial positions and momenta) for the sub-
sequent NEX-MD simulations. The initial excited state is
populated according to a Frank-Condon window given by
2:1,R) = exp[—T*(Elaser — Q,)°] where Ejuger, expressed in units
of fs* as well as Q,, represents the energy of a laser centred at
~400 nm that corresponds to the maximum of the absorption
spectrum. A Gaussian laser pulse, f(t) = exp(—#*/2T%), with
T® = 42.5 fs corresponding to a FWHM (Full Width at Half
Maximum) of 100 fs has been used. For each NEX-MD trajec-
tory, the relative values of g,(r,R) weighted by the oscillator
strengths of each state o have been used to select its initial
excited state.

Ten electronic states and their corresponding non-adiabatic
couplings were included in the simulations. 400 NEX-MD
trajectories of 500 fs duration at 300 K (room temperature)
and 2 ps duration at 10 K were propagated in order to obtain
reasonable statistics. A classical time step of 0.5 fs (0.1 fs) has
been used for nuclei propagation in ground-state and NEX-MD
simulations respectively. Besides, a quantum time step of 0.025 fs
has been used to propagate the electronic degrees of freedom
during the NEX-MD simulations. In order to identify and
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deal with trivial unavoided crossings, the quantum time step
was further reduced by a factor of 40 in the vicinity of such
crossings.*?

In addition, we have calculated 400 trajectories of 500 fs
duration at 300 K (room temperature) and 2 ps duration at 10 K
but for excited state adiabatic dynamics at the first excited state
S;. Here an original ensemble has been excited to S; and no
quantum transitions were allowed during propagation. This
provides direct comparison data vs. respective non-adiabatic
simulations where additional electronic energy is converted to
heat during internal conversion.

[1l. Results and discussion

CPPs are nanohoops composed of n phenyl units. For example,
[9]CPP structure is drawn in Fig. 1(a). Fig. 1(b) shows the calcu-
lated absorption and emission spectra for [9]-, and [14]CPP
molecules computed at 300 K and 10 K. These quantities for
other molecules are given in ESIt (Fig. S1). The spectra are
calculated as superposition of absorptions and emissions of
individual molecules across an entire ensemble. Here absorp-
tions are relevant to a collection of the snapshots from ground
state trajectory as described above, whereas emissions were
computed for the same ensemble but snapshots taken at the
end of trajectories for the adiabatic dynamics of the first excited
state S;. As seen in Fig. 1(b), conformational disorder due to
thermal fluctuation leads to natural broadening, albeit Frank-
Condon effects are missing from such consideration. In agreement
with previous experimental and theoretical works'>**® the absorp-
tion maxima wavelengths were found to be almost independent of
the hoop size. In contrast, the emission spectra manifest an
increasing red shift with decrease of [#]CPP hoop size.

The main absorption peaks are dominated by roughly equiva-
lent contributions of both S, and S; excited states, that are
strongly optically allowed due to the selection rules for circular
geometry.”® At optimal geometry, S, and S; states are degenerate,
which is lifted at the finite temperature. As previously discussed,*®
the independence of the absorption maxima on the molecular
size is a consequence of a mutual cancelation of two main
effects that take place while increasing the size of the CPP
molecule and reducing the backbone strain: an increase in the
conjugation length (red shift) and an increase of the torsions
between phenyl units (blue shift). The S; state is optically
forbidden in circular geometries due to symmetry.*® Nevertheless,
thermal fluctuations introduce perturbations in the electronic
wave function, which result in small but nonzero oscillator
strength and appearance of the minor absorption shoulder in
the red at high temperature.

Fig. 2 shows the distribution of the dihedral angles between
neighboring phenyls for [9], and [14]CPP molecules in the
ground-state at 300 K and 10 K across the conformational
ensemble. These quantities for other molecules are given in ESI¥
(Fig. S2). In agreement with previous studies,'>"*'° we observe an
increase of the average values of dihedral angles with the size of
the hoop. The large conformational disorder induced at high
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Fig. 2 Dihedral angle distributions at the initial ground state configura-
tions at 300 K and 10 K for [9]- and, [14]CPPs.

temperature (300 K) leads to wide dihedral angle distributions
with a single maximum at about 30-40°. As expected, this distri-
bution for [14]CPP at low temperature (10 K) just gets narrower.
In contrast, the dihedral angle distribution of [9]CPP at 10 K
features an additional peak evidencing presence of localized
frustrated structures®® where one of the rings is connected to
its neighbors by dihedral angles of about 15-20°.

The internal conversion processes driven by non-radiative
relaxation of [n]CPPs with n =9, 12, 14, 15, and 16 was further
studied using the NEX-MD simulations. To analyze photoexci-
tation dynamics of [n]CPPs, we start with the evolution in time
of the average population on S; obtained from the accumulated
fraction of NEX-MD trajectories arriving to this state at each
time as shown in Fig. 3. As expected, we observe a fast increase

1.04{ 300K
0.8 . [9]CPP
[12]CPP
064 [14]CPP
04] [15]CPP
n [16]CPP
w 0.2
(o]
< 0.0
O . T T T T T T T T T
=] 0 50 100 150 200 250 300 350 400 450 500
©
S t/fs
&
g 1.0 10K _
0.8 =
0.6
0.4
0.2
0.0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
t/fs

Fig. 3 Time dependence of the average population on S; state for all CPP
molecules studied obtained from the accumulated fraction of NEX-MD
trajectories in that state at each time.
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Fig. 4 Time evolution of dihedral angle distribution during the NEX-MD
simulations at 300 K and 10 K for [9]- and [14]CPPs.

in the S; population with time. At high temperature, the process
seems to be weakly dependent on the hoop size, and at about
200 fs all photoexcited trajectories end up on the S; state. In
contrast, the process is substantially slower at low temperature,
where the relaxation rate noticeably decreases with the hoop
size. In part, this is explained with the larger effective gap
between S; and S,/S; states in the smaller rings in the absence
of thermal fluctuation, which reduces the value of non-
adiabatic coupling and thus the rate of quantum transitions.

In order to relate this behavior to nuclear motions in the
excited states, dihedral angles between neighboring phenyls have
been analyzed throughout the NEX-MD simulations. Fig. 4 sum-
marizes these data in a form of two-dimensional plots. These
plots for other molecules are given in ESI{ (Fig. S$3). In fact, Fig. 1
represents the respective slices of this plot at ¢ = 0. Previous
experimental and theoretical works reported as a general pheno-
menon that n-m* electronic excitations in conjugated molecules
frequently lead to more planar conformations.®”®>**~*> Further-
more, observed ring planarization in the excited state of these
molecules is directly relevant to the well-known planarization of
biphenyls, for example reported in ref. 96.

As can be seen in Fig. 4, this effect is observed in [#]CPPs as
well. As it has been previously pointed out," planarization in
the excited states leads to larger Stokes shifts in smaller CPPs as
a result of larger degrees of structural relaxation in the S, state.
The enhanced curvature in smaller CPPs leads to greater sp®
hybridization with lobes oriented inside the nanohoops, redu-
cing steric effects that hinder planarization. This effect is more
evident at higher temperature, where the torsion angle
distributions become wider due to conformational disorder.
Subsequently, this effect lowers the center of distribution in
small CPPs (e.g., in [9]CPP), and appears mostly as a shoulder
in the distribution around 10-20 degrees in large CPPs (e.g., in
[14]CPP). Similar trends are observed for lower temperature,
however with narrower angle distribution.
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Fig. 5 Time dependence of the participation number Pying(t) for NEX-MD
simulations of CPP molecules studied at 300 K and 10 K.

Observed planarization and localization are the character-
istic signatures of the exciton self-trapping in the excited state
dynamics leading to efficient fluorescence from S, state in large
CPP hoops." The participation number, Py,(t) (see Section 2B)
provides a convenient and quantitative measure of the spatial
excitation extent in [r]CPP. Fig. 5 displays the evolution of
Piing(t) throughout the NEX-MD for the CPP family at both high
and low temperature. Piing(t) is always lower than n due to a
non-uniform distribution of the exciton density on the ring
itself as well as structural disorder introduced by thermal
fluctuations. The effect is expected to be more pronounced at
high temperature. Indeed, even in the ground state geometries
at higher temperature, the photoexcitation initially spreads
effectively only over 7 rings in all systems except [9]CPP
(5.5 rings). Pring(t) then reduces to about 5 except for [9]CPP,
where the size reduces first and then slowly returns to the
nearly original value. For [12]-, [14]-, and [15]CPP, higher values
of Pyng(t) can be observed during all the NEX-MD at low
temperature with respect to the corresponding values at high
temperature. These behaviors reflect a complex interplay of
conformational disorder induced by temperature, planarization
of the structure induced by excited state dynamics and struc-
tural strain increasing in smaller rings.

In order to analyze the dynamic aspects of the exciton intra-
ring self-trapping, the probability of each phenyl ring to retain a
significant contribution to p**(¢) has been calculated following
the procedure described in Section 2C. Fig. 6 summarizes the
obtained results for [9]CPP (see also a movie showing the
exciton redistribution in a NEX-MD for [9]CPP at ESIt). Our
corresponding results for other molecules are given in ESI}
(Fig. S4 and S5). The internal conversion process leads to a final
similar probability for all phenyl rings of the nanohoop (panel a).
That is, the exciton localization during the internal conversion
process is not merely a static contraction of the electronic
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Fig. 6 Variation in time of the relative probability of each phenyl ring to
retain a significant contribution to total electronic transition density for
[9]ICPP calculated during (a) NEX-MD simulations at 300 K; (b) adiabatic
molecular dynamics on S; state at 300 K; (c) adiabatic molecular dynamics
on S; state at 10 K.

wavefunction to a specific spot on the ring such as a structural
defect. Instead, the exciton experiences an intra-ring migration
uniformly involving all phenyl rings. Previous single-molecule
fluorescence experiments performed on n-conjugated spoked-
wheel macrocycles have revealed random exciton localiza-
tion.””°® That is, the spatial localization of excitation energy
caused by nuclear rearrangements during electronic relaxation
does not seem to follow a unique pathway. On the contrary,
the exciton localization in m-conjugated nanorings has been
revealed as a non-deterministic process that arises randomly on
different units.

It is interesting at this point to analyse if the final random
exciton self-trapping is a consequence of the non-adiabatic
electronic energy transfer during the internal conversion pro-
cess or if it is a consequence of intrinsic vibrational fluctua-
tions on the S; state. For this purpose, adiabatic molecular
dynamics have been performed by initially exciting the mole-
cular system on the S; state. The results are shown in Fig. 6(b).
We can observe that thermally induced fluctuations and vibra-
tions on the S, state are also responsible for the final random
distribution of p*(¢) among all phenyl rings of the nanohoop.
Nevertheless, the process seems to be much less effective
than the one observed during NEX-MD simulations. A drastic
reduction of thermally induced fluctuations and vibrations at
10 K leads to temporary stable, virtually ‘unmovable’ excitation.
This is shown in Fig. 6(c) where results corresponding to
adiabatic molecular dynamics simulations on the S; state are
displayed. Thus, motion of the excitation on the ring is strongly
correlated with an amount of available vibrational energy
due to thermal fluctuations or non-equilibrium relaxation of
excited states.

We next analyze the relationships between excitonic deloca-
lization and transfer of electronic energy into vibrations upon
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Fig. 7 Average participation number Pyn4(t) during the NEX-MD simula-
tions of all CPP molecules studied at 10 K and 300 K as a function of delay
time relative to the moment of non-adiabatic S, — S; transition.

non-adiabatic transitions to the lowest excited state S;. Fig. 7
shows the average values of Pﬁng(t) as a function of delay time,
relative to the moment of hop from S, to S; potential energy
surface, when the nuclear motion activates due to access of
electronic energy deposited to vibrations in the direction of
non-adiabatic coupling vector. After this transition, we observe
Piing(t) oscillations during the first ~100 fs both at high
and low temperature. These fluctuations in the localization/
delocalization of the exciton on S; surface occur with a period
of roughly 13 fs, which is directly relevant to C-C stretching
motion of the phenyl ring initiated by quantum transitions.
The fact that these oscillations appear for the ensemble average
for both temperatures (albeit, they are subdued as expected for
the room temperature), suggests the possibility of formation
of ‘coherent phonons’ of the C-C stretching mode, when
all molecules vibrate in-phase on the ultrafast timescales,
coherently evolving with the electronic system. Such phenom-
ena were previously observed in other materials such as carbon
nanotubes.”® %"

The dynamical features contributing to these fluctuations are
controlled by the non-adiabatic coupling vector, which dictates
the initial intramolecular electronic and vibrational energy redis-
tribution that takes place after the S, — S, transition.'**% Its
projection on the basis of ES-ENM(S;) reveals main contribu-
tions of 221st and 222nd ENMs with frequencies of 1766.7 cm ™
and 1776.7 cm™ " respectively. These modes are displayed in
Fig. 8(a). They correspond to equivalent motions associated to
in-plane E,, vibrations of benzene but involving different phenyl
units on the ring.

Molecular conformations during S; excited-state dynamics
can be analysed by following the bond length alternation (BLA).
BLA reflects the inhomogeneity in the distribution of electrons
along the n-conjugated molecule and it is generally defined as a
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Fig. 8 (a) ES-ENM(S)) that overlap the most with the non-adiabatic
coupling vector at the moment of non-adiabatic S, — S; transition;
(b) BLA for each half of the nanohoop as a function of the delay time for
a typical NEX-MD simulation of [9]CPP at 10 K.

difference between single and double bond lengths along the
cycle chain

2 1
BLAZd]—dz-g—d3-§ (5)

where dy, d,, and d; are indicated in Fig. 1(a). Smaller values of
BLA are associated with better n-conjugation between neighboring
phenyl rings and, therefore, an enhancement of the electronic
delocalization.**°>'** The nanoring may be partitioned in two
equivalent halves following maximum amplitudes in the partici-
pating vibrational normal modes as shown in Fig. 8(a). As a result,
Fig. 8(b) shows BLA for each half of [9]CPP as a function of delay
time. We observe the out-of-phase oscillations in the values of BLA
for each half of the molecule. This behaviour is a consequence of
the out-of-phase motion between different blocks of phenyl units
observed in the associated 221st and 222nd vibrational modes.
That is, non-adiabatic S, — S; electronic energy transfer
introduces vibronic coupling that ensures a concomitant intra-
molecular vibrational energy flow into specific vibrational
modes. As a result, fluctuations of either p**(¢) localization
and geometrical features are observed during the earlier times
after the S, — S; transition, leading to a final random exciton
localization at longer times.

V. Conclusions

Cyclic conjugated molecules represent a new class of functional
chromophores with unique geometry, conformations and opto-
electronic properties, with photophysical behaviours that are
determined in distinctly different ways than those typical of the
selection rules of linear oligomers. Understanding photoexcita-
tion dynamics in such systems is a requisite for all applications. In
this study we model non-adiabatic electron-vibrational dynamics
and non-radiative relaxation following optical excitation in cyclo-
paraphenylene molecular family, [#]CPPs with n = 9, 12, 14, 15,
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and 16 at high (300 K) and low (10 K) temperatures. After
populating optically allowed quasi-degenerate S,/S; states, we find
that the internal conversion process leads to efficient population
decay to the lowest S; excited state. While at high temperature the
process seems to be independent on the hoop size, at low
temperature it occurs faster with an increasing hoop size, partially
owing to the reduced gap between S,/S; and S; states. This
behavior can also be related to nuclear motion/vibrational normal
modes in the excited states leading to reduced bond length
alternation and local planarization of the chain upon relaxation.
During our simulations, such photoinduced planarization is more
efficient in small CPPs than that in large rings due to increased
structural strain. This effectively reduces the vibronic couplings in
small systems during the internal conversion at low temperature,
however, the large conformational disorder due to high tempera-
ture fluctuations seems to overcome it.

Observed conformational changes drive the wavefunction
localization and ultimately exciton self-trapping during the
internal conversion process in all hoops considered. While
the effectiveness in the localization of the excitation increases
with the temperature for [12]-[16]CPPs, this is not the case for
[9]CPP, for which the final extent of localization seems to be
independent of the temperature. This is a consequence of a
competition between order and disorder that takes place during
the internal conversion. Ordering is introduced by an efficient
overlap between m-orbitals of neighboring phenyl rings, and
disorder is the result of steric hindrance between phenyl units.
While the former prevails in the small [9]CPP, the latter
dominates the dynamics in the larger rings due to weakening
of the overall structural strain.

Our analysis quantitatively demonstrates that internal con-
version of CPPs leads to the final similarity in probabilities for
each phenyl ring to retain a significant contribution to the
electronic transition density irrespectively on the initial excita-
tion. This finding underpins unpolarized emission observed in
such systems in single-molecule fluorescence experiments.'®
We observe that the exciton localization is not merely a static
contraction of the electronic wavefunction. The exciton actually
experiences a randomized intra-ring migration involving all
phenyl rings. This behaviour results from both non-adiabatic
electronic energy transfer and thermally induced vibrational
motions on the final S; state. Subsequent to the S,/S; — S;
relaxation, fluctuations in the localization and delocalization of
the wavefunction indicate an effective direct flow of electronic
energy into specific vibrational modes of the S; state.
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