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of Chemistry The magnitude of the reorganization energy is closely related to the nonradiative relaxation rate, which
affects the photoemission quantum efficiency, particularly for the emission with a lower energy gap
toward the near IR (NIR) region. In this study, we explore the relationship between the reorganization
energy and the molecular geometry, and hence the transition density by computational methods using
two popular models of NIR luminescent materials: (1) linearly conjugated cyanine dyes and (2) electron
donor—acceptor (D—-A) composites with various degrees of charge transfer (CT) character. We find that
in some cases, reorganization energies can be significantly reduced to 50% despite slight structural
modifications. Detailed analyses indicate that the reflection symmetry plays an important role in linear
cyanine systems. As for electron donor—acceptor systems, both the donor strength and the substitution
position affect the relative magnitude of reorganization energies. If CT is dominant and creates large
spatial separation between HOMO and LUMO density distributions, the reorganization energy is
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Introduction

Reorganization energy plays an important role in material effi-
cacy for optoelectronic and electrical devices such as organic
light emitting diodes (OLEDs)"™* and organic field-effect tran-
sistors (OFET).>® Based on the semiclassical Marcus theory,
a small reorganization energy facilitates acceleration of the
inter-molecular charge hopping rate®*> and improves the
emission quantum yield for intra-molecular excitations by
reducing the non-radiative decay rate (Fig. 1).*** In the field of
lighting materials, strategies to reduce the reorganization
energy by innovative molecular designs have been the focus of
many recent studies with an aim to maximize the emission
yield. In theory, the reorganization energy (1) is a sum of a major
inner-sphere (or internal, (Ajnner) part, specified in Fig. 1), and
a minor external, or outer-shell (Aque;) part.***” The inner-
sphere reorganization energy mainly includes contributions
from geometry relaxations in the excited state caused by charge
injection or electronic transition processes.'®** In practice, the
inner-sphere reorganization energy may be suppressed by
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applicable, in a facile manner, to improve the emission efficiency especially in the NIR region.

increasing the molecular rigidity in the solid matrix incorpo-
rating stacking and/or self-assembly,>*?* or by decreasing the
bond length variation upon excitation via extending the
conjugation skeleton or enhancing the local non-bonding
characteristics in organic molecules.?*** Alternatively, a lower
reorganization energy has also been observed in systems with
higher molecular symmetry and/or more delocalized molecular
orbitals. Systems such as ring-fused linear 7-conjugated mole-
cules with D,;, symmetry have been recently reported with
reorganization energies under 100 meV.*®* Nevertheless,
a complete theoretical rationalization for the symmetry effect
on the reorganization energy has not been proposed. The
reorganization energy in the inner-shell part is especially crit-
ical for compounds emitting in the near-infrared (NIR) region,
where a specific non-radiative decay pathway becomes domi-
nant. This quenching process incorporates coupling between
electronically excited states and high-lying vibrational levels of
the ground state involved in the transition (see Fig. 1) with
mathematical expressions written in eqn (1) and (2) for multiple
and single vibrational modes, respectively.** Apparently,
according to eqn (2), k,, increases as Ainner increases and
becomes significant when AE decreases; the latter specifies the
origin of the emission energy gap law.>*3¢

Straightforwardly, the reorganization energy can be calcu-
lated by the total energy difference of the excited system
between the vertical ground state geometry and that in the
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Fig. 1 The coupling between S; (at zero-point energy v = 0) and
high-lying vibrational states (v = m of Sg, e.g. m = 3) involved in the
transition. Also shown are eqgn (1) and (2) for the emission energy gap
law, where ki, is the non-radiative decay rate deduced according to
the energy gap law. In eqn (1) and (2), C is an effective electronic
coupling constant, AE is the energy gap between the two designated
electronic states for the transition, wpy is the angular frequency of the
promoting vibrational modes, and Ay is the inner-shell reorganization
energy of that promoting mode. Assuming only one coupling mode,
egn (1) can be simplified to egn (2).

relaxed structure, as proposed in the adiabatic potential
method.*® This, however, is computationally expensive for large
molecular systems as full geometry optimizations in the excited
state are requested. Alternatively, other methods such as the
orbital vibronic coupling (OVC) method*** have also been
proposed and utilized to estimate the reorganization energy by
the phase of frontier molecular orbitals and their energy vari-
ations upon excitation. More specifically, the magnitude of
reorganization energies of different electronic states can be
gauged by transition densities, which presents spatial overlap of
the HOMO and LUMO. For example, it is well known that
simple polycyclic aromatic rings with the first excited state in
the 'L, symmetry exhibit lower reorganization energy than
those in the 'L, symmetry, based on Platt's classification.?**!
Similar principles have been extended and applied to other
types of compounds, but the discussions are largely limited to
cyclic systems.*>*®* Empirical design principles correlating the
molecular geometry and the electronic structure characteristics
in terms of the reorganization energy for linear molecules or
organic intramolecular charge transfer type systems are rela-
tively scarce, especially for realistic chromophores with appli-
cation potentials beyond simple model systems.

In this study, we explore the effect of molecular symmetry on
the magnitude of the reorganization energy using first-
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principles investigations on two types of model systems:
linear cyanine compounds and electron donor-acceptor (D-A)
systems. These molecules contain the basic molecular motifs
for potential NIR-emitting candidates**™* and serve as ideal
theoretical models to demonstrate the effect of molecular
symmetry. Cyanine dyes consist of a conjugated polymethine
bridge between two nitrogen terminals and have been exten-
sively applied in the photographic industry and bioimaging.>**°
In yet another approach, donor-acceptor (D-A) templates are
inspired by reported systems which have shown efficient
intramolecular charge transfer and a low band gap with decent
emission quantum yield.**** Prototypes are 6-TPA-NO and 6-
TPA-NT, consisting of electron-withdrawing moieties, naphtho
[1,2-¢:5,6-c']bis[1,2,5]oxadiazole (NO) or naphtho[1,2-c:5,6-¢']bis
[1,2,5]thiadiazole (NT),**”* respectively, and electron-donating
groups, triphenylamines (TPAs).”* Whereas many factors cause
deactivation besides the reorganization energy, for instance,
reabsorption” and rotation quenching induced by an electron-
withdrawing terminal,” these will not be discussed here as they
are irrelevant to the transition on 7t delocalization (vide infra). In
this study, various symmetric, asymmetric as well as trimeric
cyanine dyes and D-A models are considered with detailed
electronic structure analyses. We find that the molecular
symmetry has a dominant effect on the reorganization energy,
as manifested by the even—odd number of carbon atoms in the
polymethine chain of the cyanines, the reflection symmetry of
the molecular geometry and the substitution positions in the
D-A systems. At present, the quantum yields of NIR emitters are
still primarily limited by the energy gap law, and systematic
improvement methods are lacking. By demonstrating the
symmetry effect on these backbones of NIR systems, we antic-
ipate that the quantum efficiency of NIR molecules can be
strategically enhanced via structural design.

Computational details

Density functional theory (DFT)”7® calculations were carried
out for structural optimization at the wB97XD”®/6-311+G(d,p)
level and b3lyp*/6-311+G(d,p) level for linear cyanine models,
the wB97XD/6-31G(d) level for trimeric cyanine models, and the
wB97XD/6-311+G(d,p) level for donor-acceptor models by using
the Gaussian 16 program package.®® The energy minima are
confirmed with no imaginary frequencies by vibrational
frequency calculations. Optical excitation energies and excited
state geometries are obtained by time-dependent density func-
tional theory (TDDFT) calculations.®® Natural transition
orbitals (NTOs)? are evaluated to characterize the nature of the
first excited states for those models with complex transition
compositions. Solvent effects were considered using the polar-
izable continuum model (PCM)* with dichloromethane
(dielectric constant ¢ = 8.93)* and cyclohexane (¢ = 2.02)*
solvents for cyanine and D-A compounds, respectively.
Internal reorganization energies (4,), based on Marcus
theory,***** are calculated using the following equation,

Aint = Es,@s, — Esas, (3)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where Eg s, and Eg @s, refer to the Franck-Condon first excited
state (S;) energy in the ground state S, optimized structure and
the S; optimized structure, respectively. Molecular transition
density of the lowest mr*-excited state, calculated from the
diagonal term of the transition density matrix, is visualized to
rationalize the relative magnitude of the reorganization

energy.”*""'”l

Results and discussion
Linear and 2D cyanine models

We designed and computed various symmetric and asymmetric
cyanine and donor-acceptor systems, as shown in Scheme 1.
For typical cyanines containing an odd number of carbon atoms
in the conjugated chain, neutral asymmetric cyanine molecules,
asym-Cy(2m + 1)-n (m = 2 or 3), are constructed by removing one
ethyl group from the nitrogen terminals on cationic symmetric
cyanines, denoted as sym-Cy(2m + 1)-c. For comparison, we also
consider cyanine congeners containing an even number of
carbon atoms in the conjugated chain, where the symmetric
and the asymmetric cyanines are neutral and cationic systems,

m=3, Cy7 m=3, Cy7

sym-Cy(2m+1)-c (m=2 or 3) asym-Cy(2m+1)-n (m=2 or 3)

m=3,Cy8
asym-Cy(2m+2)-¢ (m=2 or 3)

m=3, Cy8

sym-Cy(2m+2)-n (m=2 or 3)

(b)

asym-Cy7-trimer-n

sym-Cy7-trimer-c
(c) 7 N

7
7

sym-Por-tetracene-a asym-Por-tetracene-n

@ N oy
D
D
D
I\ o\
N\x /N N\X/N
5-D-A 6-D-A

(D=NH,, NMe,, NPh,, TPA)
(A=NO for X=0 or NT for X=S)

(D=NH,, NMe,, NPh,, TPA)
(A=NO for X=0 or NT for X=S)

Scheme 1 Computational model systems investigated in this study:
symmetric and asymmetric (a) linear cyanines and (b) trimeric
cyanines, (c) porphyrin-6,13,19,26-tetracene molecules and (d)
donor—acceptor molecules with different substitution positions (5-D—
A and 6-D-A).
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Fig. 2 Frontier molecular orbitals and transition densities of
symmetric and asymmetric cyanine systems (m = 3) containing an odd
(Cy7) or even (Cy8) number of carbon atoms in the polyene chain.

represented as sym-Cy(2m + 2)-n and asym-Cy(2m + 1)-,
respectively. Structurally, geometrical isomers should exist for
the Cy(2m + 1) and Cy(2m + 2) series; here, we adopt geometrical
isomers where the two indole-like moieties are in the cis and
trans configuration for Cy(2m + 1) and Cy(2m + 2), respectively,
for the simplification of discussion (see, Scheme 1, vide infra).
Calculated optical excitations and their compositions for the
optimized cyanine series are listed in Tables S1 and S2.t In the
cyanine systems, molecular orbital (MO) distributions of the
ground S, and the optimized S, states are very similar, as well as
the contributions of the MO transitions. For all calculated
cyanine systems, clearly, the lowest lying excited state, i.e., the
S; state, is dominated by the HOMO-LUMO transition, which
corresponds primarily to the w — 7* transition of the conju-
gated cyanine backbones, as depicted in Fig. 2, along with their
respective transition densities. The more symmetric molecular
orbital distribution implies a relatively higher degree of local
excitation (LE) in the symmetric cyanines, sym-Cy(2m + 1)-c and
sym-Cy(2m + 2)-n, with respect to a more charge-transfer (CT)
type excitation from the 1-ethyl-3,3-dimethylindoline end to the
3,3-dimethylindolenine end in the asymmetric cyanines, asym-
Cy(2m + 1)-n and asym-Cy(2m + 2)-c.

Table 1 presents the reorganization energies calculated
using eqn (3) for the cyanine systems. Interestingly, most linear

Table1 Reorganization energies (kcal mole™) of symmetric (Asym) and
asymmetric (A;5,m) Cyanine systems and their relative magnitudes

(Aasym/ Asym)

Asym Aa@m Aasym/ A.s:w'rl
Cy5 6.44 12.41 1.93
Cy6 13.79 15.81 1.15
Cy7 5.80 13.70 2.36
Cy8 13.37 13.45 1.01
Cy7-trimer 8.44 12.73 1.51
Por-tetracene ~0.00¢ 6.71 N/A

“ A reorganization energy of —0.78 kecal mole ™" is calculated with
wb97Xd/6-311+G**. The highly symmetric Por-tetracene systems give
rise to degenerate molecular orbitals and virtually identical S, versus
S, structures.

Chem. Sci., 2022, 13, 7181-7189 | 7183
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cyanine systems exhibit very similar values for reorganization
energies, around 13 to 15 kcal mole ™", except for the symmetric
cyanines with an odd number of carbon atoms, sym-Cy5-c and
sym-Cy7-c, which exhibit much smaller reorganization energies
at around 6 kcal mole *. The cyanine systems with an odd
number of carbon atoms, as presented by the shaded row in
Table 1, thus give rise to a distinctively large reorganization
energy ratio at around 2 for the asymmetric versus symmetric
counterparts. It is surprising that such a slight structural
modification causes a drastic reduction in the reorganization
energy, and that this phenomenon occurs only for systems with
an odd number of carbon atoms in the polyene chain. A careful
inspection reveals different symmetry elements, ¢ or C,, for the
symmetric cyanines with odd or even carbon numbers, respec-
tively, as reflected by the ¢ or inversion symmetry found in their
respective 7 molecular orbital distributions.

The same symmetry element can be identified in the tran-
sition densities of linear cyanines. More specifically, the tran-
sition densities of the symmetric odd-number systems, sym-
Cy(2m + 1)-c, present the ¢ symmetry with a node across the
central carbon atom, as shown by sym-Cy7-c in Fig. 3. This
phenomenon can be more clearly understood by the corre-
sponding sketches shown in Fig. 3, where the transition
densities of diaminopolyenes containing odd and even
numbers of carbon atoms in the backbone are constructed, in
a qualitative manner, using the frontier molecular orbital
distribution neglecting individual atomic orbital coefficients. As
a result, for each atom site, the p, orbital in the same phase in
the HOMO and LUMO gives rise to a positive sign in the tran-
sition density, represented by the black circle, whereas the p,
orbital in the opposite phase in the HOMO and LUMO gives rise
to a negative value represented by the white circle. A nodal plane
across the central carbon atom naturally occurs in the transition
density due to the ¢ symmetry in the odd type polyene corre-
sponding to sym-Cy7-c. This excitation is classified as 'By, in
Platt's notation, analogous to the 'L, symmetry for cyclic

Odd Even
(a) Molecular Orbital
Aphprgdeds  weo  Agadededy
Fhbpdel e Bebpbedelby

(b) Transition Density

D-03--0000
P55 489 5
i ’w@?ﬂwg" ‘N@' o ‘f*‘,a
sym-Cy6-n

Fig. 3 (a) Sketches of frontier molecular orbitals and transition
densities for polyenes with an odd or even number of carbon atoms in
the conjugated backbones. (b) The calculated transition densities of
sym-Cy5-c and sym-Cy6-n for comparison. The dashed line repre-
sents the nodal plane across Cs.
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systems. For the sym-Cy8-n representing even-type polyene
systems, however, the transition density shows a high extent of
alternating signs with multiple nodes across the C-C bonds.
This is characteristic of a bond-weakening excitation from
a bonding to an anti-bonding orbital that leads to a larger
reorganization energy, as can be estimated by the energy gap
coupling constants in the orbital vibronic coupling (OVC)
method.?”*°

We also designed and investigated a series of fused trimer-
like structures with symmetric or asymmetric branches as well
as porphyrin-like structures, represented as sym/asym-Cy7-
trimer and sym/asym-Por-tetracene. The corresponding struc-
tures are depicted in Scheme 1. In fused symmetric and asym-
metric Cy7 trimers, a similar trend can be observed. The
symmetric trimer with three equivalent -ethyl-substituted
branches shows a 1.5 times reduction in the reorganization
energy compared to the asymmetric trimer that possesses one
ethyl-substituted and two unsubstituted branches. It appears
that an extension from the linear to the trimeric structure does
not guarantee a more striking symmetry effect as the charge
transfer excitation becomes less directional in a tripod system,
as shown in Fig. S2.7 On the other hand, unlike the more or less
planar linear cyanines, the three branches of the optimized
trimeric systems slightly rotate away from planarity like blades
of a fan, which may have contributed other unexpected factors.
In porphyrin-like, planar structures, the reorganization energy
is expected to be lower than that of the linear systems. In
asymmetric porphyrin-6,13,19,26-tetracene, asym-Por-tetracene,
the reorganization energy is about 6.71 kcal mole ', and in the
symmetric structure, sym-Por-tetracene, due to its local excita-
tion character the reorganization energy vanishes (Fig. S37).

Donor-acceptor models

We then suspect that the donor-acceptor molecules may also
exhibit subtle symmetry or substitution effects similar to the
linear cyanine systems. Various donor-acceptor models are
considered consisting of typical acceptors, NO (for X = O) or NT
(for X = S) with donors ranging from simple amines, NH, or
NMe,, to more realistic NPh, and triphenylamines (TPAs),
substituted at the 5- or 6-position, represented as 5-D-A or 6-D-
A, respectively (see Scheme 1). The computed optical excitations
and detailed molecular orbital contributions are shown in
Tables S4 and S5.F For systems with simple amine donors, D =
NH, and NMe, the lowest excitation is dominated by the LE
transition character, particularly for the 5-substituted systems
(Fig. 4). Note that the reorganization energies of 6-NR,-NO (R =
H or Me) systems are 1.5 times lower than those of the 5-NR,-
NO counterparts (Table 2), indicating that there is indeed
a symmetry or positional effect in the reorganization energy
magnitude. The transition densities show two additional nodes
across the atoms in 6-NH,-NO, represented by the dashed lines
in Fig. 4, which are absent in 5-NH,-NO and the results are
consistent with the results of linear cyanines (vide supra).

In larger D-A models such as 5-NO-TPA and 5-NT-TPA,
natural transition orbital (NTO) analyses reveal a majority of CT
transitions from the hole located on TPA to the electron located

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chemical structures, frontier molecular orbitals and transition
densities of D—A models: 5-NH,—NO, 6-NH,—NO (dashed lines
represent nodes across the atoms. 6-NH,—NO exhibits two such
nodes that are absent in 5-NH,—NO), 5-Ph,—NO, 6-Ph,-NO, 5-TPA-
NO and 6-TPA-NO.

on NO or NT, combined with a slight contribution of LE at the
central core, whereas 6-NO-TPA and 6-NT-TPA present exclu-
sively CT transitions (Fig. 4). However, it appears that for
systems with almost pure CT type transitions there is no
difference between 5- and 6-NT-TPA (Table 2). It seems that
a certain extent of local excitation (LE) character is necessary for
the substitutional position to be effective for possible reduction
of the reorganization energy, as shown in 5(6)-NPh,-NO. When
the LE character is increased in 5-NPh,-NO, the reorganization

Table 2 Reorganization energy (kcal mole™?) and ratio of various D—A

models®

D A As-D-A AeD-a As-p-alA6-D-a
NH, NO 12.87 8.36 1.54

NMe, NO 15.76 10.57 1.49

NPh, NO 7.88 9.26 0.85

TPA NO 10.56 10.78 0.98

TPA NT 9.77 10.08 0.97

“ See Scheme 1 for the structures of various D-A models.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy decreases compared with isomeric 6-NPh,-NO domi-
nated by pure CT excitation, giving rise to a reversed As.p_a/A¢.p-
A of 0.85.

Discussion

The above first principles approaches have led to a crucial
finding that there exists a reflectional symmetry, characterized
by the presence of a nodal plane of the transition density across
the central carbon atom in the polymethine chain, plays a key
role in significant reduction of the reorganization energy. Here,
we attempt to translate this relationship into a more general
chemical interpretation.

If one treats the lowest electronic transition of the title
cyanines with a one-dimensional m-electron motion between
two terminal nitrogen atoms using e.g., the Hiickel approxi-
mation, from a topological point of view, the transition char-
acteristic depends on the type of m-conjugation and the atomic
identity along the N-terminals. In other words, the exciton
property can be described by canonically drawing m-conjuga-
tion incorporating alternative single-double bonds between two
N-terminals. As shown in Fig. 5a, the m-electron configuration
for both sym-Cy5-c and sym-Cy7-c can be depicted by the
conjugation of the 7 electron terminated at either the left or
right side of the cationic nitrogen. Upon excitation, these two
electronic configurations should create a superposition of two
identical exciton wavefunctions with equal probability.

Theoretically, the creation of a superposition of N exciton
wavefunctions can be envisaged as N exciton delocalization
modes. This viewpoint is similar to the consequence of exciton
delocalization commonly encountered in semiconductor
nanomaterials®* or self-assembled organic/inorganic packing
such as square planar Pt(u) complexes®® where the exciton can
be largely delocalized. If one must tell the difference, we can
plausibly consider the exciton delocalization in sym-Cy5-c and
sym-Cy7-c as the intramolecular type as opposed to the inter-
molecular type in semiconductor quantum dots and self-
assembled molecular solids. The N number of exciton delocal-
ization then equally shares the reorganization energy A4,
reducing the effective A, Aeq, to A/N. Classically, this can be
imagined by the vibrational energy being equally dissipated to
the N exciton delocalization modes. The reduced A/N value
should lead to a decrease of the non-radiative decay rate ky,
according to the energy gap law expressed in eqn (2). As
depicted in Fig. 5a, sym-Cy5-c and sym-Cy7-c can be drawn by
two resonating m-conjugations, effectively doubling the exciton
delocalization. Therefore, A.¢ values for both sym-Cy5-c and
sym-Cy7-c are predicted to be reduced by half with respect to
their respective congeners that have solely one type of m-
conjugation. The latter can be represented by asym-Cy5-n and
asym-Cy7-n as shown in Scheme 1 and Fig. 5b, where two
canonical m-conjugations are in neural and zwitterionic
configurations and are obviously not equivalent. One thus
predicts the reorganization energy of sym-Cy5-c and sym-Cy7-c
to be more or less half of that in asym-Cy5-n and asym-Cy7-n.
This prediction is consistent with the calculated values of 6.44
keal mole™" (sym-Cy5-c) and 5.86 kcal mol ™" (sym-Cy7-c), which

Chem. Sci., 2022, 13, 7181-7189 | 7185
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Fig. 5 The canonical drawing of possible equivalent -conjugations that lead to intramolecular exciton delocalization.

are about half of 12.41 keal mol~" and 13.70 kcal mol ™" calcu-
lated for asym-Cy5-n and asym-Cy7-n, respectively (see Table 1).
From the symmetry point of view, two equivalent excitons
depicted along the forward and reverse linear directions shown
in Fig. 5a are virtually the same as having a symmetry of the
reflection plane, i.e. a nodal plane, at the central carbon atom of
both sym-Cy5-c and sym-Cy7-c, supporting the conclusion made
by the results of transition density.

When there are even numbers of carbon atoms, independent
of symmetric or asymmetric systems, Cy6 or Cy8, simple trial
and error exercises promptly reveal that no other possible
equivalent 7-configurations can be drawn (see Fig. 5¢ and d).
This is also consistent with the lack of symmetry of the reflec-
tion plane concluded in the theoretical approach. As a result,
the reorganization energy was calculated to be higher than
12 keal mol™" for all cyanines containing even numbers of
carbon atoms (see Table 1).

Considering that a higher extent of exciton delocalization
leads to a smaller reorganization energy, we also consider the
possibility of N = 3, i.e., a three-arm cyanine structure repre-
sented by a Cy7 trimer, classified as sym-Cy7-trimer-c and asym-
Cy7-trimer-n (see Scheme 1). As for the sym-Cy7-trimer-c, shown
in Fig. 5e, simple canonical drawing indicates that the -

7186 | Chem. Sci, 2022, 13, 7181-7189

conjugation can be equally distributed among the three ethyl-
substituted branches. Nevertheless, this simple depiction of
canonical triple m-resonance is largely prohibited by the devia-
tion of planarity for the three cyanine arms in the sym-Cy7-
trimer-c (vide supra) and can only occur at most between two
of the three arms, similar to that depicted for sym-Cy7-c in
Fig. 5a. Computationally, the reorganization energy for sym-Cy7-
trimer-c was calculated to be 8.44 kcal mole ™, close to 5.80 kcal
mole™" calculated for sym-Cy7-c. The slightly larger value for
sym-Cy7-trimer-c is believed to originate from the relatively non-
planar configuration for the three cyanine arms in the sym-Cy7-
trimer-c (see Table S37).

On the other hand, the reorganization energy of asym-Cy7-
trimer-n, lacking any other equivalent m-configuration, was
calculated to be as large as 12.73 kcal mol ™" and is 1.5 times
higher than that of sym-Cy7-trimer-c. Extending the concept to
the 2D cyanine model, due to its six equivalent configurations
shown in Fig. 5g, the porphyrin-like, D,;, symmetric structure
possesses virtually zero reorganization energy compared with
the corresponding asymmetric structure whose energy was
calculated to be 6.71 kcal mole™". Furthermore, an analysis of
the bond length displacement reveals almost identical struc-
tures of sym-Por-tetracene-a in both S, and S; optimized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structures. As for the D-A composites such as 5-D-A and 6-D-A
shown in Scheme 1, if D is a strong electron donating group
such as triphenyl amine where the HOMO and LUMO are
separately dominated by the donor and acceptor, respectively
(see Fig. 5), the resulting charge transfer excitation cannot be
represented by m-electron delocalization. As a result, indepen-
dent of donor substitution positions, the reorganization energy
should be similar, supported by the calculated Ajnner Of
~10 kecal mol" for all designed 5-D-A or 6-D-A composites
(where D = TPA and A = NO or NT). In fact, for the strong charge
transfer character, it has been established that the outer-sphere
reorganization energy, e.g. the polarity of solvent molecules in
solution, plays an important role in the non-radiative decay
rates. As for the weak electron donating groups such as -NH,
and NMe,, shown in Fig. 4, the delocalization of the -config-
uration may start to show a positional effect for possible
reduction of the reorganization energy. However, unlike the 1-D
cyanine linear chain system, the 7 topology of such a 2D
conjugated 5-NR,-NO or 6-NR,-NO (R = H and Me) system is
complicated, and the determination of equivalent exciton
delocalization by canonically drawing the m-conjugation
becomes infeasible. Nevertheless, as elaborated early, the
calculated 6-NH,-NO does possess additional nodal planes (cf.
5-NH,-NO) and thus has a lower reorganization energy than
that of 5-NH,-NO.

Conclusion

In summary, we have discussed the structural effect on the
reorganization energy by comparing two major classes of
molecules with subtle geometry adjustments. These two models
consist of conjugated cyanine dyes and D-A composites with
various degrees of CT character. For linear cyanine systems, we
find that the cyanine molecule can have a drastic reduction in
the reorganization energy if and only if it has a strict reflection
symmetry, characterized by the presence of a nodal plane of the
transition density across the central carbon atom in the poly-
methine chain. For donor-acceptor models with the NO or NT
acceptor, a weak electron donor such as -NH, with a local
excitation character also exhibits a positional effect for possible
reduction of the reorganization energy when additional nodes
across the atoms are observed in the transition density. Never-
theless, this effect is absent in systems with strong charge
transfer properties, e.g. using TPA as a donor. We also correlate
the reflection of symmetry with the topological drawing of the
number of resonating m-conjugations that represents exciton
delocalization. As a result, the existence of the symmetry of
reflection increases the extent of intramolecular type exciton
delocalization, thus reducing the reorganization energy. Most
notably, compared with reorganization energies of intermolec-
ular type exciton delocalization, the energies of intramolecular
type can be fine-tuned by molecular design rather than molec-
ular aggregation, which provides a credible strategy to design
organic dyes for near-infrared fluorescence imaging. The
symmetry effect proposed in this study should be applicable to
other systems with a lower emission energy gap in the NIR
region to strategically improve the emission efficiency.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Author contributions

C. C. W. conducted the DFT calculations and analysed the data.
All the authors discussed the results and commented on the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the Ministry of Science and
Technology (MOST) in Taiwan (MOST 109-2113-M-003-009).

Notes and references

1 P. Cias, C. Slugovc and G. Gescheidt, J. Phys. Chem. A, 2011,
115, 14519-14525.

2 L. Duan, J. Qiao, Y. Sun and Y. Qiu, Adv. Mater., 2011, 23,
1137-1144.

3 B. Dereka, D. Svechkarev, A. Rosspeintner, A. Aster,
M. Lunzer, R. Liska, A. M. Mohs and E. Vauthey, Nat.
Commun., 2020, 11, 1925.

4 N. Wazzan and A. Irfan, Optik, 2019, 197, 163200.

5 G. R. Hutchison, M. A. Ratner and T. J. Marks, J. Am. Chem.
Soc., 2005, 127, 2339-2350.

6 S. S. Zade and M. Bendikov, Chem.—Eur. J., 2008, 14, 6734-
6741.

7 H.-Y. Chen and I. Chao, ChemPhysChem, 2006, 7, 2003-2007.

8 G. Gogoi, L. Bhattacharya, S. Rahman, N. S. Sarma, S. Sahu,
B. K. Rajbongshi and S. Sharma, Mater. Today Commun.,
2020, 25, 101364.

9 D. Moia, V. Vaissier, 1. Lopez-Duarte, T. Torres,
M. K. Nazeeruddin, B. C. O'Regan, ]J. Nelson and
P. R. F. Barnes, Chem. Sci., 2014, 5, 281-290.

10 D. A. da Silva Filho, E. G. Kim and J. L. Brédas, Adv. Mater.,
2005, 17, 1072-1076.

11 R. Saxena, V. R. Nikitenko, I. I. Fishchuk, Y. V. Burdakov,
Y. V. Metel, J. Genoe, H. Bissler, A. Kohler and
A. Kadashchuk, Phys. Rev. B, 2021, 103, 165202.

12 S. Fatayer, B. Schuler, W. Steurer, I. Scivetti, ]. Repp, L. Gross,
M. Persson and G. Meyer, Nat. Nanotechnol., 2018, 13, 376—
380.

13 C.-P. Hsu, Phys. Chem. Chem. Phys., 2020, 22, 21630-21641.

14 B. Zhang, Y. Xu, L. Zhu, S. Zhou, Y. Liao, K. Zhou, J. Yao and
S. Dai, Polymers, 2018, 10, 30.

15 H. Imahori, H. Yamada, D. M. Guldi, Y. Endo,
A. Shimomura, S. Kundu, K. Yamada, T. Okada, Y. Sakata
and S. Fukuzumi, Angew. Chem., Int. Ed., 2002, 41, 2344~
2347.

16 D. P. McMahon and A. Troisi, J. Phys. Chem. Lett., 2010, 1,
941-946.

17 A. B. Myers, Chem. Rev., 1996, 96, 911-926.

18 L. Wang, G. Nan, X. Yang, Q. Peng, Q. Li and Z. Shuai, Chem.
Soc. Rev., 2010, 39, 423-434,

Chem. Sci, 2022,13, 7181-7189 | 7187


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01851a

Open Access Article. Published on 24 May 2022. Downloaded on 3/16/2026 10:32:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

19 Y.-f. Chang, Z.-y. Lu, L.-j. An and ]J.-p. Zhang, J. Phys. Chem. C,
2012, 116, 1195-1199.

20 M. E. Kose and K. S. Schanze, J. Phys. Chem. A, 2020, 124,
9478-9486.

21 S. Larsson, A. Klimkans, L. Rodriguez-Monge and
G. Duskesas, J. Mol. Struct.: THEOCHEM, 1998, 425, 155-159.

22 N. E. Gruhn, D. A. da Silva Filho, T. G. Bill, M. Malagoli,
V. Coropceanu, A. Kahn and J.-L. Brédas, J. Am. Chem. Soc.,
2002, 124, 7918-7919.

23 H. Imahori, N. V. Tkachenko, V. Vehmanen, K. Tamaki,
H. Lemmetyinen, Y. Sakata and S. Fukuzumi, J. Phys.
Chem. A, 2001, 105, 1750-1756.

24 F. D'Souza, E. Maligaspe, K. Ohkubo, M. E. Zandler,
N. K. Subbaiyan and S. Fukuzumi, J. Am. Chem. Soc., 2009,
131, 8787-8797.

25 W.-C. Chen, P.-T. Chou and Y.-C. Cheng, J. Phys. Chem. C,
2019, 123, 10225-10236.

26 B.-H. Zhang, J.-A. Li, M. Wang, A.-M. Ren, T.-F. He, P.-P. Lin,
Y.-L. Zhang, X.-Y. Xi and L.-Y. Zou, Phys. Chem. Chem. Phys.,
2021, 23, 5652-5664.

27 G. F. Strouse, J. R. Schoonover, R. Duesing, S. Boyde,
W. E. Jones Jr and T. J. Meyer, Inorg. Chem., 1995, 34, 473—
487.

28 G. S.-M. Tong and C.-M. Che, Chem.-Eur. J., 2009, 15, 7225-
7237.

29 Y.-C. Chang and I. Chao, J. Phys. Chem. Lett., 2010, 1, 116-
121.

30 W.-C. Chen and I. Chao, J. Phys. Chem. C, 2014, 118, 20176—
20183.

31 J. A. Treadway, B. Loeb, R. Lopez, P. A. Anderson, F. R. Keene
and T. J. Meyer, Inorg. Chem., 1996, 35, 2242-2246.

32 M.-Y. Kuo, H.-Y. Chen and I. Chao, Chem.—Eur. J., 2007, 13,
4750-4758.

33 W. Huang, W. Xie, H. Huang, H. Zhang and H. Liu, J. Phys.
Chem. Lett., 2020, 11, 4548-4553.

34 R. Englman and ]J. Jortner, Mol. Phys., 1970, 18, 145-164.

35 M. Bixon, J. Jortner, J. Cortes, H. Heitele and M. E. Michel-
Beyerle, J. Phys. Chem., 1994, 98, 7289-7299.

36 J.-L. Brédas, D. Beljonne, V. Coropceanu and J. Cornil, Chem.
Rev., 2004, 104, 4971-5004.

37 T. Kato and T. Yamabe, J. Chem. Phys., 2005, 123, 24301.

38 T. Kato and T. Yamabe, J. Phys. Chem. A, 2005, 109, 4804-
4815.

39 J. R. Platt, J. Chem. Phys., 1949, 17, 484-495.

40 G. Orlandi and F. Zerbetto, Chem. Phys. Lett., 1985, 120, 140-
146.

41 G. Orlandi and F. Zerbetto, Chem. Phys., 1986, 108, 187-195.

42 F. Salama, E. L. O. Bakes, L. J. Allamandola and
A. G. G. M. Tielens, Astrophys. J., 1996, 458, 621.

43 M. Gouterman and G. Wagniére, J. Chem. Phys., 1962, 36,
1188-1196.

44 J. Michl, J. Am. Chem. Soc., 1978, 100, 6812-6818.

45 N. Mataga and K. Nishimoto, Z. Phys. Chem., 1957, 12, 335-
338.

46 V. K. Jaiswal, J. Segarra-Marti, M. Marazzi, E. Zvereva,
X. Assfeld, A. Monari, M. Garavelli and I. Rivalta, Phys.
Chem. Chem. Phys., 2020, 22, 15496-15508.

7188 | Chem. Sci, 2022, 13, 7181-7189

View Article Online

Edge Article

47 M. M. Lindic and M. Schmitt, J. Photochem. Photobiol., A,
2021, 406, 112984.

48 J. Petruska, J. Chem. Phys., 1961, 34, 1111-1120.

49 Q. Yang, Z. Hu, S. Zhu, R. Ma, H. Ma, Z. Ma, H. Wan, T. Zhu,
Z. Jiang, W. Liu, L. Jiao, H. Sun, Y. Liang and H. Dai, J. Am.
Chem. Soc., 2018, 140, 1715-1724.

50 Z. Chang, F. Liu, L. Wang, M. Deng, C. Zhou, Q. Sun and
J. Chu, Chin. Chem. Lett., 2019, 30, 1856-1882.

51 ]J. Fabian, J. Mol Struct.: THEOCHEM, 2006, 766, 49-60.

52 V. E. Shershov, M. A. Spitsyn, V. E. Kuznetsova,
E. N. Timofeev, O. A. Ivashkina, I. S. Abramov,
T. V. Nasedkina, A. S. Zasedatelev and A. V. Chudinov, Dyes
Pigm., 2013, 97, 353-360.

53 M.-H. Liu, Z. Zhang, Y.-C. Yang and Y.-H. Chan, Angew.
Chem., Int. Ed., 2021, 60, 983-989.

54 Y. Lin, R. Weissleder and C.-H. Tung, Bioconjugate Chem.,
2002, 13, 605-610.

55 T. Duong, X. Li, B. Yang, C. Schumann, H. Albarqi,
O. Taratula and O. Taratula, Nanomedicine, 2016, 13, 955—
963.

56 S. H. Kim, G. Park, H. Hyun, J. H. Lee, Y. Ashitate, J. Choi,
G. H. Hong, E. A. Owens, M. Henary and H. S. Choi,
Biomed. Mater., 2013, 8, 014110.

57 E. A. Owens, M. Henary, G. El Fakhri and H. S. Choi, Acc.
Chem. Res., 2016, 49, 1731-1740.

58 B. Ding, Y. Xiao, H. Zhou, X. Zhang, C. Qu, F. Xu, Z. Deng,
Z. Cheng and X. Hong, J. Med. Chem., 2019, 62, 2049-2059.

59 E. D. Cosco, B. A. Arus, A. L. Spearman, T. L. Atallah, I. Lim,
0. S. Leland, J. R. Caram, T. S. Bischof, O. T. Bruns and
E. M. Sletten, J. Am. Chem. Soc., 2021, 143, 6836-6846.

60 Y. Yang, C. Sun, S. Wang, K. Yan, M. Zhao, B. Wu and
F. Zhang, Angew. Chem., Int. Ed., 2022, €202117436.

61 S. Pluczyk-Malek, D. Honisz, A. Akkuratov, P. Troshin and
M. Lapkowski, Electrochim. Acta, 2021, 368, 137540.

62 C.-Y. Huang, S.-Y. Ho, C.-H. Lai, C.-L. Ko, Y.-C. Wei, J.-A. Lin,
D.-G. Chen, T.-Y. Ko, K.-T. Wong, Z. Zhang, W.-Y. Hung and
P.-T. Chou, J. Mater. Chem. C, 2020, 8, 5704-5714.

63 A. Irfan, A. G. Al-Sehemi, S. Muhammad, M. S. Al-Assiri,
A. R. Chaudhry, A. Kalam and M. Shkir, J. King Saud Univ.,
Sci., 2015, 27, 361-368.

64 M. Liang and J. Chen, Chem. Soc. Rev., 2013, 42, 3453-3488.

65 D. P. Hagberg, T. Marinado, K. M. Karlsson, K. Nonomura,
P. Qin, G. Boschloo, T. Brinck, A. Hagfeldt and L. Sun, J.
Org. Chem., 2007, 72, 9550-9556.

66 P. Ledwon, N. Thomson, E. Angioni, N. ]. Findlay,
P. J. Skabara and W. Domagala, RSC Adv., 2015, 5, 77303~
77315.

67 M. Jayakannan, P. A. van Hal and R. A. J. Janssen, J. Polym.
Sci., Part A: Polym. Chem., 2002, 40, 251-261.

68 K. Kawashima, Y. Tamai, H. Ohkita, I.
K. Takimiya, Nat. Commun., 2015, 6, 10085.

69 K. Kawashima, I. Osaka and K. Takimiya, Chem. Mater.,
2015, 27, 6558-6570.

70 T.-T. Do, K. Matsuki, T. Sakanoue, F.-L. Wong, S. Manzhos,
C.-S. Lee, J. Bell, T. Takenobu and P. Sonar, Org. Electron.,
2019, 70, 14-24.

Osaka and

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01851a

Open Access Article. Published on 24 May 2022. Downloaded on 3/16/2026 10:32:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

71 Z. Zhang, F. Lin, H.-C. Chen, H.-C. Wu, C.-L. Chung, C. Lu,
S.-H. Liu, S.-H. Tung, W.-C. Chen, K.-T. Wong and
P.-T. Chou, Energy Environ. Sci., 2015, 8, 552-557.

72 Y. Li, Z. Cai, S. Liu, H. Zhang, S. T. H. Wong, J. W. Y. Lam,
R. T. K. Kwok, J. Qian and B. Z. Tang, Nat. Commun., 2020,
11, 1255.

73 Y.Li, Y. Liy, Q. Li, X. Zeng, T. Tian, W. Zhou, Y. Cui, X. Wang,
X. Cheng, Q. Ding, X. Wang, J. Wu, H. Deng, Y. Li, X. Meng,
Z. Deng, X. Hong and Y. Xiao, Chem. Sci., 2020, 11, 2621-
2626.

74 T. Ishi-i, R. Hashimoto and M. Ogawa, Asian J. Org. Chem.,
2014, 3, 1074-1082.

75 T.-B. Ren, Z.-Y. Wang, Z. Xiang, P. Lu, H.-H. Lai, L. Yuan,
X.-B. Zhang and W. Tan, Angew. Chem., Int. Ed., 2021, 60,
800-805.

76 L. Yuan, W. Lin, Y. Yang and H. Chen, J. Am. Chem. Soc.,
2012, 134, 1200-1211.

77 R. O. Jones, Rev. Mod. Phys., 2015, 87, 897-923.

78 N. Mardirossian and M. Head-Gordon, Mol. Phys., 2017, 115,
2315-2372.

79 J.-D. Chai and M. Head-Gordon, Phys. Chem. Chem. Phys.,
2008, 10, 6615-6620.

80 A. D. Becke, Phys. Rev. A, 1988, 38, 3098-3100.

81 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, ]J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, ]J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, ]J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery Jr, J. E. Peralta, F. Ogliaro,
M. ]J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. J. Fox, Gaussian, Inc.,
Wallingford CT, 2016.

82 F. Furche and R. Ahlrichs, J. Chem. Phys., 2002, 117, 7433~
7447.

83 D. Escudero, A. D. Laurent and D. Jacquemin, in Handbook of
Computational Chemistry, ed. J. Leszczynski, A. Kaczmarek-
Kedziera, T. Puzyn, M. G. Papadopoulos, H. Reis and M. K.
Shukla, Springer International Publishing, Cham, 2017,
Pp- 927-961, DOI: 10.1007/978-3-319-27282-5_43.

84 R. L. Martin, J. Chem. Phys., 2003, 118, 4775-4777.

85 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005,
105, 2999-3094.

86 C. Wohlfarth, Dielectric constant of dichloromethane, in
Static Dielectric Constants of Pure Liquids and Binary Liquid
Mixtures (Supplement to IV/6), ed. M. D. Lechner, Landolt-
Bornstein - Group v Physical Chemistry,
SpringerMaterials, 2008, vol. 17, DOI: 10.1007/978-3-540-
75506-7_32.

87 C. Wohlfarth, Dielectric constant of cyclohexane, in Static
Dielectric Constants of Pure Liquids and Binary Liquid
Mixtures (Supplement to IV/6), ed. M. D. Lechner, Landolt-
Bornstein - Group v Physical Chemistry,
SpringerMaterials, 2008, vol. 17, DOI: 10.1007/978-3-540-
75506-7_194.

88 H.-S. Ren, M.-]J. Ming, J.-Y. Ma and X.-Y. Li, J. Phys. Chem. A,
2013, 117, 8017-8025.

89 R. A. Marcus, Rev. Mod. Phys., 1993, 65, 599-610.

90 W. C. Chen and Y. C. Cheng, J. Phys. Chem. A, 2020, 124,
7644-7657.

91 K. G. Jespersen, W. J. D. Beenken, Y. Zaushitsyn, A. Yartsev,
M. Andersson, T. Pullerits and V. Sundstrom, J. Chem. Phys.,
2004, 121, 12613-12617.

92 C. Kittel, Introduction to Solid State Physics, Wiley India Pvt.
Limited, 7th edn, 2007.

93 Y.-C. Wei, S. F. Wang, Y. Hu, L.-S. Liao, D.-G. Chen,
K.-H. Chang, C.-W. Wang, S.-H. Liu, W.-H. Chan, J.-L. Liao,
W.-Y. Hung, T.-H. Wang, P.-T. Chen, H.-F. Hsu, Y. Chi and
P.-T. Chou, Nat. Photonics, 2020, 14, 570-577.

Chem. Sci., 2022, 13, 7181-7189 | 7189


https://doi.org/10.1007/978-3-319-27282-5_43
https://doi.org/10.1007/978-3-540-75506-7_32
https://doi.org/10.1007/978-3-540-75506-7_32
https://doi.org/10.1007/978-3-540-75506-7_194
https://doi.org/10.1007/978-3-540-75506-7_194
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01851a

	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a

	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a
	Reducing the internal reorganization energy via symmetry controlled tnqh_x03C0-electron delocalizationElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc01851a


