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Belt-shaped aromatic compounds are among the most attractive classes of radial z-conjugated nanocar-
bon molecules with unique physical and chemical properties. In this work, we computationally studied a

number of all-carbon and heteroatom-bridged nanobelts, as well as their inclusion complexes with fuller-
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ene Cgo. Our results provide a useful guide for modulating the electronic properties of the nanobelts. An
in-depth analysis of the ground and excited state properties of their complexes has allowed us to establish
structure—property relationships and propose simple principles for the design of nanobelts with improved

rsc.li/nanoscale electron-donating properties suitable for photovoltaic applications.

also successfully obtained.’® > The progress made in these

years attracted even more scientists and contributed to the

1. Introduction
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Design and synthesis of cyclic molecular nanocarbons has
been a longstanding challenge and remains a platform for
extensive research in chemistry. The synthesis of curved
n-conjugated nanocarbons remained elusive for many years.
Following breakthroughs in this field by the Bertozzi,' Itami,
and Yamago® groups, cycloparaphenylenes (CPPs) ranging
from 5 to 16, 18, and 20 phenylene units have emerged.*®

Carbon nanobelts (CNBs) are segments of carbon nano-
tubes that require the cleavage of at least two C-C bonds to
open their cylindrical framework.® They have been of great
interest to scientists for several decades because of their
unique structure and promising applications as functional
materials.”® The double-stranded carbon skeleton and radial
m-conjugation make CNBs attractive candidates for opto-
electronic  applications®™* due to their high photo-
luminescence efficiency'®'* and remarkable charge transport
properties.” CNBs exhibit similar electronic coupling to CPPs
but significantly lower reorganization energy.'>'® This leads to
faster hole mobility within the material, as seen in the simu-
lated values: 0.36 cm* V™' s™" for [6,6]CNB and 0.056 cm” V"
s~* for [6]CPP.

The first synthesis and isolation of the armchair [6,6]CNB
consisting exclusively of fully fused six-membered rings
(6-MRs) was reported by Itami and co-workers in 2017."” In
2018, the same authors reported the synthesis of larger [8,8]
and [12,12]CNBs.'® Thereafter, chiral and zigzag CNBs were
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subsequent rapid growth of this area.

Nowadays, there are several main directions for expanding
the CNB family. One of the directions is associated with the
synthesis of aromatic belts containing nonhexagonal rings. An
example of such a system is methylene-bridged cycloparaphe-
nylenes ([#]MCPP).>**” Very recently, Itami and co-workers
synthesized [§]MCPP and [10]MCPP.*® They found some differ-
ences in the optical properties of MCPPs and CPPs as a func-
tion of size, caused by the holding of adjacent phenylene rings
by the methylene bridge. In addition, significant attention was
paid to the synthesis of CNBs with unique geometries such as
twisted,>® bowl-shaped,*>*' and Mobius topologies,** as well
as to the inclusion of heteroatoms into the CNB
structure.’®***® The addition of oxygen, sulfur or selenium
heteroatoms lowers the HOMO energy level, suggesting that
the modified CNBs are stable in air.*”

It is well known that CPPs can accommodate fullerenes and
other guest molecules due to their unique concave structure.*®
Starting from the original example of [10]CPP D Cg, by
Iwamoto et al. in 2011, hundreds of CPP-based complexes have
already been reported. The semiconductor properties of such
host-guest complexes make them appealing for organic elec-
tronic devices like organic photovoltaics (OPVs) and organic
field-effect transistors (OFETs), where fullerenes usually act as
electron acceptors.’**° Although host molecules have shown
good electrical conductivity by themselves, encapsulation of
Ceo makes it even higher."*> Moreover, the complexation
between nanocarbons and fullerenes, which are complemen-
tary in shape and size, can protect fullerenes from water and
oxygen, known to disrupt the electron transfer process.

Since [10]MCPP has a diameter of 13.1 A,?® which is similar
to the diameter of [10]CPP (13.7 A),** the Cg, fullerene can be
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placed inside its cavity. Currently, only a limited number of
examples of all-carbon or heteroatom-doped nanobelts with
encapsulated fullerenes are known,”**' and their photo-
physical properties have not yet been studied. By modeling
these complexes in both the ground and excited states, a poss-
ible relationship between the structure and characteristics of
photoinduced electron transfer can be revealed.

In this work, we investigate the effects of the bridge
between phenylene units on the properties of all-carbon and
heteroatom-bridged nanobelts and their inclusion complexes
with fullerenes. Based on the structure-property relationships,
we propose several useful rules for designing nanobelts with
desired electronic properties.

2. Computational methods

Optimization of geometries was performed using the B3LYP
hybrid functional®**® with Ahlrichs’ def2-SVP basis set*”*?
and empirical D3 dispersion correction with Becke-Johnson
damping®® using the ORCA 5.0.1 program.”®" Orbital energies
and vertical excitation energies (the latter using TDA formal-
ism®?) were calculated with the range-separated CAM-B3LYP
functional®® and def2-SVP basis set,””*® using Gaussian 16
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(rev. A03).>* The same program was used to study the charge
distribution according to the Mulliken,>® Hirshfeld,’® iterative
Hirshfeld,”” CM5,°® NPA,>®> and Merz-Singh-Kollman®®
schemes. The interaction energies and their decomposition
analysis (EDA)*"°> were calculated at the B3LYP-D3(BJ)/TZ2P//
B3LYP-D3(BJ)/def2-SVP level of theory, using the Amsterdam
Density Functional (ADF) program.®®

3. Results and discussion

3.1. Methylene- vs. ethene-bridged carbon nanobelts

First, we will compare the geometrical structures and elec-
tronic properties of [10]CPP and two CNBs with methylene and
ethene bridges. Formally, the mentioned CNBs differ from the
“parent” CPP only in the type of bridges between phenylene
units. The Kohn-Sham highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs)
for the ground-state geometries of the mentioned molecules
are given in Fig. 1. In all molecules, these orbitals are of the
same nature and are delocalized over the phenylene units but
not over the bridges. In the HOMO, between the phenylene
units, there is an out-of-phase combination of p-orbitals of the
C atoms, while in the LUMO this combination is in-phase.

[10]MCPP
M — methylene-bridged

\JOQO
OQO”

[10]CPP

\\

[10]ECPP
E — ethene-bridged

2o, — angle between C atoms
attached to bridge

£} — ring angle

2D — dihedral angle between
phenylene rings

d1; d2 — distance between C atoms

Parameters [10]VICPP [10]CPP [10]CPP
20, ° 82.5 104.4 97.0
2B, ° 144.0 143.9 144.0
<D, ° 0.01 323 0.01
y di, A 2.362 2.998 2.841
HOMO daz, A 3.248 2.999 2.987
6.60eV |d2-d1], A 0.886 0.001 0.146
\ [10]MCPP [10]CPP [10]ECPP kl)iameter,/‘f\ 13.132 13.567 13.516

Fig. 1 Structure of [10]CPP and two CNBs (top), their frontier molecular orbitals (bottom left) and selected geometrical parameters (bottom right).
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Comparison of the orbitals of [10]CPP with the orbitals of
[10]MCPP (methylene-bridged) and [10]JECPP (ethene-bridged)
revealed significant differences in their energies. For [10]
MCPP, the HOMO energy is 0.7 eV higher compared to [10]
CPP, while the difference in the LUMO energy is practically
negligible. In contrast, [10]JECPP and [10]CPP show very
similar HOMO energies, but the LUMO in [10]JECPP has an
energy of about 0.3 eV lower compared to [10]CPP. To explain
the observed difference in orbital energies, we compared the
structural parameters of [10]CPP and the corresponding CNBs.
We considered two types of deformation - out-of-plane twist-
ing (dihedral angle D) and in-plane scissoring (angle a) of phe-
nylene units. The first obvious difference between [10]CPP and
both CNBs is the dihedral angle D between the phenylene
units. In [10]CPP, this angle is about 32°, while in nanobelts
the angle between the planes of two 6-MRs is close to zero.
Reduced twisting of adjacent aromatic units improves conju-
gation in CNBs compared to [10]CPP due to the increase in the
orbital overlap. The HOMO is destabilized due to increased
out-of-phase orbital interactions, while the LUMO stabilizes
because of increased in-phase interactions. Another notable
difference is the bending angle @, defined as the angle

View Article Online
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between the two carbon atoms attached to the bridge and the
center of the bond between the phenyl rings. The value of the
angle a is maximal in [10]CPP (ca. 104°), and then gradually
decreases to 97° in [10]JECPP and 82.5° in [10]MCPP. This is
directly related to the disparity between the distances d1 and
d2 in CNBs. As seen in Fig. 1, d1 and d2 are almost equal in
[10]CPP, while d1 is significantly shorter (by ca. 0.89 A) than
d2 in [10]MCPP. Such bending increases the strain of the belt
and destabilizes the HOMO and LUMO.

The geometrical distortion caused by the methylene or
ethene bridges certainly contributes to the modulation of the
electronic properties of CNBs. However, such a significant
difference in the orbital energies of [10]JECPP and [10]MCPP
suggests that the structural changes are not the only factor
affecting these values. The electronic nature of the bridge also
has a significant impact. To confirm this, we calculated partial
charges on the bridges using the Merz-Singh-Kollman
scheme.”” Despite the similar non-polar character of the
methylene and ethene fragments, the calculation predicts a
different charge distribution (Fig. 2). In particular, the average
charge on each methylene bridge turned out to be 0.08e, while
the charge on each ethene bridge was found to be negative

LUMO -2.39 eV
(on Cgy) >
3
-+
HOMO e
(on Host) = %
E;, = -66.9 kcal/mol -6.59 ¢V  E;,;=-51.9 keal/mol -6.54 ¢V  E,,=-65.3 kcal/mol
[10]MCPP>C, [10]CPPOC,, [10]ECPPOC,,
Charge: q(M) =0.09¢ Charge: q(E) =-0.16¢
-0.96 eV
LUMO = -1.22 eV
-5.89 eV
HOMO

[10]MICPP

Charge: q(M) =0.08¢

-6.60 eV

[10]CPP

[10]ECPP
Charge: q(E) =-0.14¢

-6.51 eV

Fig. 2 Structure, interaction energies (in kcal mol™), and HOMO/LUMO energies of [10]CPP D Cgp, [10IMCPP D Cgo, and [10]JECPP D Cgo com-

plexes and their subunits, as well as the average charge on each bridge.

This journal is © The Royal Society of Chemistry 2023
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and equal to —0.14e. Note that in phenanthrene, which is
structurally similar to [10]JECPP, the charge on this fragment is
—0.19e.

Thus, a significant shift in the orbital energies of the nano-
belts compared to [10]JCPP seems to be due to two main factors:
pronounced structural deformation (bending and reduced twist-
ing) and partial charge separation within the nanobelt.

An appropriate size of the [10]CPP cavity makes it an ideal
host for the Cgo fullerene.®* The similar sizes of [10]MCPP and
[10]JECPP with the original [10]CPP prompted us to investigate
their complexes with Cgo. Taking into account the different
electronic nature of the studied carbon nanostructures, we
expect to find notably different behaviors of their inclusion
complexes in the ground and excited states.

Comparing the orbital energies of the [10]CPP D Cso, [10]
MCPP D Cg4y, and [10]JECPP D Cqo complexes, as well as their
individual fragments, we see that fullerene binding has a
rather weak effect on the HOMO and LUMO energies of indi-
vidual fragments. Important to note is that, in the complexes,
the HOMO is always localized on the host unit, while the
LUMO remains on the Cgo fullerene. Thus, the nanobelts act
as an electron donor in complex with the fullerene, similar to
CPP. The changes in the HOMO energies observed during the
complex formation are less than 0.1 eV. The LUMO energy
shifts by 0.3-0.4 eV, depending on the specific complex. Small
changes in orbital energies upon complexation indicate that
there is no or very little charge separation in the ground state
(GS). This result was confirmed by the population analysis. For
all complexes, the charge separation between the host and
guest molecules does not exceed 0.1¢ (Table S1 in the ESI}).

We calculated the interaction energy (AEi,) between the
host molecules and fullerene to assess the relative stability of
the complexes. To increase the accuracy of results, we per-
formed single-point energy calculations at the B3LYP-D3(BJ)/
TZ2P level for the B3LYP-D3(B]J)/def2-SVP optimized structures.
As shown in Table S2,7 increasing the basis set significantly
affects the interaction energy values. For [10]CPP D Cey, [10]
MCPP D Cgy, and [10]JECPP D Cg systems, AE;,, was found to
be —51.9, —66.9 and —65.3 kcal mol™", respectively, at the
B3LYP-D3(BJ)/TZ2P//B3LYP-D3(B])/def2-SVP level of theory. The
AE;,, value for [10]CPP D Cg, is in good agreement with the
values obtained using the B97-D2 and TPSS-D3(B]J) functionals
and def2-TZVP basis set.®® As can be seen, Cgo forms stronger
non-covalent interactions with nanobelts than with [10]CPP by
more than 10 kcal mol™'. Previously, we showed that dis-
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persion interactions play an important role in the stability of
nanoring complexes with fullerenes.®®®® To understand the
nature of interactions in nanobelt-based complexes, a
Morokuma-type energy decomposition analysis (EDA) was per-
formed for the interaction energy and compared with the EDA
data for [10]CPP D Cg, (Table 1).

The analysis revealed that among the binding forces
(electrostatic, orbital, and dispersion), the dispersion term is
dominant with a contribution from 55 to 66%. The absolute
values of AEg;, in nanobelt-based complexes are much higher
than those in [10]CPP D Cg, which is explained by the more
extended structure of nanobelts. The second important term is
electrostatic interactions. Contribution of this term was
between 24 and 31%, depending on the system. The orbital
interactions provide 12, 13, and 10% for the [10]CPP D Cgo,
[10]MCPP D Cgy, and [10]JECPP D Cgo complexes, correspond-
ingly. The destabilizing term AEp,,; for [10]JMCPP D Cg, is
much larger than those for [10]CPP D Cg and [10]JECPP D Cg,
(107.2 vs. 74.1 and 63.0 keal mol ™). This difference is directly
related to the geometrical structure of the complexes. The dia-
meter of [10]MCPP is about 0.4 A smaller than that of [10]CPP
and [10]ECPP (Fig. 1).

The topology of non-covalent interactions in the complexes
was studied using QTAIM and NCI tools and is shown in Figs.
S1-S3, ESIL.{ As expected, n---m interactions between the host
and guest molecules are dominant. For [10]JECPP D Cg, bond
critical points (BCPs) were found only between the carbon
atoms of subunits, while for [10]JMCPP D Cgy, BCPs were also
detected between the hydrogen atoms of the methylene bridge
and the carbon atoms of fullerenes. Thus, the [10]MCPP D Cg,
complex is characterized by more number of BCPs than [10]
ECPP D Cg (30 vs. 24), which is in agreement with its stronger
AE,;. The electron density, its Laplacian, and other topological
parameters at BCPs related to non-covalent interactions are
given in Table S3, ESIL.f The NCI isosurfaces demonstrate
similar weak attractive dispersion interactions between the
fragments in the [10]MCPP D Cg, and [10]JECPP D Cgqp com-
plexes. The reduced density gradient (RDG) plots and NCI iso-
surfaces are shown in Figs. S2 and S3, ESL}

Different orbital energies observed in the studied inclusion
complexes suggest their different behaviors upon photo-
excitation. We studied 80 lowest singlet excited states of each
complex using the TDA-DFT method at the CAM-B3LYP-D3(BJ)/
def2-SVP/B3LYP-D3(BJ)/def2-SVP  level of theory. The
CAM-B3LYP functional is highly suitable for modeling charge

Table 1 EDA results for [10]JCPP D Cgp, [10]MCPP D Cgo and [10]JECPP D Cgo complexes obtained at B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP

Energy terms,” keal mol™*

Complex AEPauli AEelstat AEoi AEdisp AEint

[10]CPP D Cg, 74.07 —36.43 (29%) -15.02 (12%) ~74.56 (59%) -51.94
[10]MCPP D Cq, 107.24 —54.54 (31%) —23.00 (13%) —96.63 (55%) —66.94
[10]ECPP D Cgo 62.99 —31.12 (24%) —13.05 (10%) —84.09 (66%) -65.26

“The percentage contributions to the sum of all attractive energy terms (AEciseac + AEo; + AEg;sp) are listed in parentheses.
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transfer processes in fullerene-based complexes.”® The com-
plexes were divided into 2 fragments: guest Cgo and host nanor-
ing/nanobelts. All excited states were classified into three
groups: (1) locally excited (LE) states with excitation on one of
the fragments and very low charge separation, CS < 0.1e; (2)
charge transfer (CT) states with CS > 0.8e between fragments,
and (3) mixed states with 0.1e < CS < 0.8e. Table 2 contains the
characteristics of the lowest excited states of each type.

The energy of the lowest LES"**' state in [10]CPP D Cgq, [10]
MCPP D G4 and [10]JECPP D Cq, complexes is almost the
same and lies at the range of 2.52-2.56 eV (Table 2). In turn,
the energy of the lowest LE7°*" is higher in energy in all cases
and its value strongly depends on the complex. For [10]
CPP D Cgy, this value is 3.49 eV, while for the [10]JECPP D Cgo
and [10]JMCPP D Cq complexes, the energy of this state is
lower by 0.22 and 0.48 eV, respectively. The LE™** energy corre-
lates with the energy difference between the occupied and
unoccupied orbitals of the host for the corresponding tran-
sition (Table 3). The greater the difference between these orbi-
tals, the higher the energy of the LE"®* state. The oscillator
strength for the lowest LE states of both types is very weak;
however, excited states with high probability of light absorp-
tion were found within the studied energy range. In each case,
this state is localized on the host unit.

View Article Online
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Table 3 Energies of frontier molecular orbitals participating in LEHs

and CT states for [LOIXCPP D Cgg and [10]CPP D Cg( in non-equilibrium
(I10]CPP?) and equilibrium ([10]CPP~) geometries

E(HOMO), E(LUMO), E(H-L), E(LE"°*/CT),
Complex ev eV eV ev
LEF* ([10]XCPP)
[10]MCPP D Cgo- —-6.02 -1.09 4.93 3.01
[10]ECPP D Cqo —-6.56 -1.28 5.28 3.27
[10]CPP D Cgo —-6.59 -1.16 5.43 3.49
CT ([10]XCPP — Cqp)
[10]MCPP D Cgo -6.02 -2.33 3.69 2.18
[10]ECPP D Cqo —6.54 -2.26 4.28 2.82
[10]CPP D Cgo —-6.59 -2.37 4.22 2.76
LE"* ([10]XCPP)
[10]CPP D Cgo” (M) —5.92 -0.80 5.12 3.15
[10]CPP D Cgy™ (E) —6.12 —-1.42 4.70 2.79
CT ([10]XCPP — Cqp)
[10]CPP D Cgy* (M) —5.92 -2.26 3.66 2.15
[10]CPP D Cgo” (E) —6.12 -2.26 3.86 2.40

Among the analyzed excited states, only one type of CT
states was found. This corresponds to the electron transfer
from the HOMO of the host to one of the three-fold degenerate
LUMOs of the guest. The energy of the CT state is 2.76 eV for

Table 2 Excitation energy (E,, eV), main singly excited configuration (HOMO(H)-LUMO(L)) with the largest squared coefficient in the configuration-
interaction (Cl coef.), oscillator strength (f), extent of charge transfer (CT, e) or localization of exciton (X) computed for [LI0]JCPP D Cg in equilibrium
and modified geometries, as well as for [I0]JECPP D Cgo and [10]JMCPP D Cgq in equilibrium geometries. All calculations were performed in the gas

phase
Supramolecular system
[10]CPP D Ceo
Generated from [10] Generated from [10]
Equilibrium ECPP D Cg MCPP D Cg, [10]JECPP D Cqy  [10]MCPP D Cg,
LEGuest (Cﬁo)
Ey (So = Sn) 2.546 2.559 2.519 2.562 2.523
Transition (CI H-3 - L+1 H-3 - L+2 (0.67) H-3 - L (0.60) H-4 - L(0.23) H-3 - L+1
coef.) (0.58) (0.30)
f <0.001 <0.001 <0.001 <0.001 <0.001
X 0.952 0.966 0.940 0.960 0.929
LE"** ([10]XCPP)
Ey (So = Sn) 3.493 2.789 3.146 3.274 3.009
Transition (CI H - L+6 (0.26)  H — L+3 (0.71) H — L+7 (0.41) H-1 — L+3 H — L+3 (0.31)
coef.) (0.35)
f <0.001 <0.001 1.581 0.006 <0.001
X 0.943 0.963 0.947 0.968 0.948
Most intense absorption band
Ex (So = S») 3.885 3.385 3.146 3.937 3.556
Transition (CI H - L+7(0.29)  H — L+7 (0.42) H — L+7 (0.41) H - L+10 (0.18) H — L+7 (0.32)
coef.)
f 1.586 2.761 1.581 3.998 1.897
Localization [10]cPP [10]cPP [10]cPP [10]ECPP [10]MCPP
X 0.801 0.936 0.947 0.818 0.850
CT ([10]XCPP — Cgo)
E (So = Sn) 2.759 2.400 2.153 2.816 2.183
Transition (CI H — L+1 (0.95) H — L+2 (0.95) H - L (0.93) H — L+2 (0.88) H — L (0.66)
coef.)
f 0.007 0.001 0.002 <0.001 <0.001
CT 0.982 0.987 0.981 0.984 0.976

This journal is © The Royal Society of Chemistry 2023
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[10]CPP D Cgo. This is about 0.21 eV above the lowest excited
state. When considering the complex with the methylene-
bridged nanobelt, a significant decrease in the energy of the CT
state by almost 0.6 eV was observed. This stabilization of the CT
state in [10]MCPP D Cq, makes it the lowest excited state.
Interesting to note is that for the [10JECPP D Cq, complex, the
bridge has an opposite effect, increasing the energy of the CT
state compared to the original [10]CPP D Cg. This adversely
affects the population of such a state through the decay of the
lowest LE state. The opposite effect of the bridge on the energy
of the CT state is consistent with the increase and decrease in
the HOMO-LUMO gap compared to the [10]JCPP D Cgy complex
(Table 3). The gap change is mainly caused by a shift in the
host HOMO. Thus, the methylene-bridged nanobelt with a
more destabilized HOMO is more attractive for photoinduced
electron transfer in the complex with Cgo. The frontier mole-
cular orbitals representing the LE and CT states in the studied
complexes are shown in Figs. S4-S6, ESL}

Additional calculations were performed to semi-quantitat-
ively evaluate the electronic effect as well as the effect of geo-
metric distortion caused by the bridge. In particular, we trans-
formed [10]MCPP D Cg, and [10]JECPP D Cg into two corres-
ponding [10]CPP D Cgy, where the host geometry was pre-
served and all bridge fragments were replaced by hydrogen
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atoms with a fixed C-H distance of 1.09 A (Fig. 3). As expected,
such transformation almost did not affect the lowest LEC"®*
states - its energy changed by less than 0.01 eV. However, the
changes that were made affected the LE™°** states. The removal
of the methylene bridge led to the destabilization of the corres-
ponding LE state by 0.14 eV, while removal of the ethene
bridge caused a strong stabilization of the LE state; its energy
shifted from 3.27 to 2.79 eV. Similar changes were observed for
CT states. In particular, the removal of the methylene bridge
caused only minor changes in the CT state energy, but for [10]
ECPP D Cgg, the removal of the bridge led to stabilization of
the CT state by 0.42 eV (Fig. 3). Thus, the ethene bridge with
partial negative charge destabilizes both the LE and CT states
mainly due to the significant stabilization of the HOMO and
increase in the orbital energy difference. In turn, the effect of
the methylene bridge is less pronounced. Bearing in mind that
this analysis was done without geometry relaxation, we assume
that the observed changes characterize the electronic effect of
the bridges.

Relaxation of the non-equilibrium complexes obviously
leads to the equilibrium [10]JCPP D Cg, structure. Thus, a com-
parison of the energies of the LE and CT states in non-equili-
brium and equilibrium complexes will indicate geometric dis-
tortion effects. The data presented in Fig. 3 clearly show that

Stagel: Bridge removal

Stage2: Geometry relaxation

\. J
' N\ N
LEHost state (on [10]XCPP) CT state ([10]XCPP — C)

Electronic + Geometric factors Electronic + Geometric factors
Electronic factor Geometric factor Electronic factor Geometric factor

| A [ ¥l
[10]MCPP>C,,) -M [10]CPPOC,, * ~ [10]MCPPOCyy| -M [10]CPPDC,* AE = 0.61
3.009¢V ] T 3.146eV \Af =035 2.183 eV " 2.153ev N
AE=0.14 — AE =-0.03 =
[10]CPP>Cy, = [10]CPP>Cy, =
3.493 eV 2.759 eV
[10]JECPP ©C| -E [ [10]CPPDC,? AE —0.70 [10]JECPPDCq| -E | [10]CPPOCy7 | AE =036
3.274 eV 2.789 eV 2.816 eV 2.400 eV
| AE = -0.49 Y] | AE =-0.42 Y]
Electronic factor Geometric factor Electronic factor Geometric factor
\. J \\ J

Fig. 3 Representative structure of [LOIXCPP D Cgo and [10ICPP D Cgo in their non-equilibrium ([10]CPP*) and equilibrium ([10]JCPP) geometries
(top), as well as comparison of the LEHS* (left) and CT state (right) energies for different geometries.
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the twisting of the phenylene units and the opening of the
angle a observed during relaxation lead to destabilization of
both the LE and CT states due to an increase in the energy
difference between orbitals associated with the excitation.
Geometry relaxation causes stabilization of both occupied and
unoccupied orbitals of CPP, but the effect is more pronounced
at the HOMO. Interesting to note is that changing the geometry
affects the LE and CT states of [10]MCPP D Cq and [10]
ECPP D C,, differently. In particular, structural changes have a
stronger effect on the LE™ states in [10]ECPP D Cgo (AE = 0.70
eV) and on the CT states in [10]MCPP D Cg (AE = 0.61 €V).
Summing up, we have successfully distinguished the elec-
tronic and geometric factors that affect the energies of the
LEP°* and CT states of the complexes based on CPP and
CNBs. The electronic effects in CNBs are in good agreement
with the partial charge on the bridge. Negative charge stabil-
izes the HOMO of the electron donor, thereby destabilizing
both the LE™** and CT states. Small positive charge weakly
affects the CT state and stabilizes the LE°™, At the same time,
geometry change upon introduction of bridges leads to the
stabilization of the LE and CT states in all cases, mainly due to
destabilization of the donor HOMO. Since we are interested in
the process of electron transfer, which depends on the energy
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of the nanobelt HOMO, the changes caused by methylene
bridges are more favorable than those of ethene bridges.

3.2. Heteroatom-bridged nanobelts

In the previous section, we demonstrated that the electron-
donating properties of the methylene-bridged nanobelt in the
complex with fullerene are better that those of [10]JCPP and the
ethene-bridged nanobelt. The inclusion of heteroatoms
instead of the methylene bridge can further modify both the
geometrical structure and electronic properties of nanobelts,
as well as improve the electron transfer characteristics of their
fullerene inclusion complexes. Taking into account the recent
advances in the synthesis of heteroatom-embedded carbon
nanobelts,>***?® we constructed the N, O, and S analogs of
[10]MCPP D Cg, and studied their excited state properties.

As can be seen in Fig. 4, the studied complexes can be
divided into two main groups depending on the HOMO
energy. The first group consists of the [10]MCPP D Cq, and
[10]NCPP D Cgp complexes, in which the HOMO energy is
higher than that in the original [10]CPP D Cg, (HOMO = —6.59
eV). The second group consists of the [10]JOCPP D Cs, and [10]
SCPP D Cg4p complexes, in which the HOMO lies lower than
that in [10]CPP D Cgo. We compared some selected character-

Heteroatom-bridged nanobelts

(" oviceeac, \( [0]NCPPoC,,

E,, =-66.9 kcal/mol E,, =-66.8 kcal/mol

int

& %

¥

-2.33 eV -2.41eV
HL~=3.69 eV HL=3.60 eV
-6.02 eV -6.01 eV

Y4

e o

[10]OCPPOC,,

E,, =-55.9 keal/mol E,, =-68.1 kcal/mol

-2.51 eV -2.40 eV
HL=4.20 eV HL=4.35eV
-6.71 eV -6.75 eV

Fig. 4 Structure, interaction energies (in kcal/mol), and HOMO/LUMO energies (in eV) of [10JMCPP D Cgo, [10INCPP D Cgp, [10]JOCPP D Cgp, and

[10]SCPP D Cgp complexes. HL corresponds to the HOMO-LUMO gap.
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Table 4 Selected characteristics of the [LIOJMCPP D Cgq, [10INCPP D Cgq, [10]JOCPP D Cgg, and [10ISCPP D Cgo complexes and unbridged, undis-

torted [10]JCPP D Cg as a reference

Parameter [10]CPP D Cqo [10]MCPP D Cq [10]NCPP D Cqo [10]JOCPP D Cqo [10]SCPP D Cqp
Za, ° 103.6 82.6 79.1 77.7 87.0

4D, ° 28.82 0.04 0.02 0.02 0.03

di, A 2.982 2.365 2.268 2.208 2.511

az, A 2.981 3.238 3.299 3.340 3.147

|a2 — dll, A 0.001 0.872 1.031 1.132 0.635

Radius, A 6.890 6.676 6.630 6.588 6.734

q (bridge), e* n/a 0.09 —-0.10 —-0.30 —-0.10

“The average Merz-Singh-Kollman charge on each bridge.

istics of the complexes to find the reason for their different
orbital energies (Table 4).

The comparison of the data for the complexes of the first
group shows that the similar values of the HOMO energy were
caused by different effects. As we mentioned earlier, the elec-
tronic properties of [10]MCPP D Cq, are determined by two
factors — geometrical distortion and partial positive charge on
the methylene bridge (both push the HOMO up). In the [10]
NCPP D Cg, complex, the geometry deformation is even stron-
ger (smaller Za and bigger |d2 — d1| difference), but the
bridge in this case is negatively charged. Thus, the geometrical
effect destabilizes the HOMO, while the partial negative charge
on the NH-bridge acts oppositely and reduces the HOMO
energy.

In the second group, both O- and S- bridges are negatively
charged. As expected, the negative charge on the O-bridge is
significantly higher than that on the S-bridge (—0.30e vs.
—0.10e), suggesting stronger HOMO stabilization in the case of
[10]OCPP D Cgy. Although geometrical distortion in [10]
OCPP D Cgg, which causes destabilization of the HOMO, is the
largest among the studied complexes, the electronic effect of
the O-bridge dominates and its HOMO lies lower than that in
[10]CPP D Cgo. In [10]SCPP D Cg, the negative charge on the
S-bridge is less than that on the O-bridge and geometry defor-
mation is also less pronounced: za is equal to 77.7° and 87.0°,
and |d2 — d1] is 1.132 and 0.635 A for the [10]JOCPP D Cgo and
[10]SCPP D Cqy complexes, respectively. The HOMO of this
complex is the lowest among all the complexes, therefore [10]
SCPP is the worst donor among the studied nanobelts.

Important to note is that the interaction energy in [10]
OCPP D Cq, is about 10 kcal mol™ less than those in other
heteroatom-bridged nanobelts. Energy decomposition analysis
showed that the stronger Pauli repulsion caused by a smaller
diameter of the [10]JOCPP nanobelt is the main factor for this
finding. The EDA results for the heteroatom-bridged nanobelts
are given in Table S4, ESL{

To describe the photoinduced electron transfer properties
of these complexes, we analyzed the lowest 80 singlet excited
states (Table 5). In all complexes, the lowest LE state is loca-
lized on the Cg, fullerene. The lowest LEF°* state is 0.50-0.65
eV higher in energy compared to the lowest LES“**", Despite
the different geometric characteristics, all complexes have rela-
tively close values of the LE"°* energy. This agrees well with

17380 | Nanoscale, 2023,15,17373-17385

the observation made for [10]MCPP D Cgy, namely, that the
geometric distortion caused by the bridge affects the LE states
less than the CT states.

In the [10]MCPP D Cg, and [10]NCPP D Cg, complexes, the
CT states corresponding to the electron transfer from the
nanobelt to Ce, are the lowest excited states and can be experi-
mentally observed. This CT state is 0.34 and 0.41 eV more
stable than the lowest LE states of [10]MCPP D Cgo and [10]
NCPP D Cgo. In turn, for [10]JOCPP D Cgo and [10]SCPP D Cgp
complexes, the CT states with 0.98e transferred lie 0.16 and
0.32 eV higher in energy than the lowest LE states. No other
types of CT states were found within the studied number of
excited states. The frontier MOs representing the LE and CT
states for all complexes are shown in Figs. S7-S9, ESL.{

3.3. Environmental effects and electron transfer rates

The COSMO-like model with dichloromethane (DCM) as a
solvent was used to study the effect of the polar environment
on electronic excitation.”>”* The application of this model pre-
viously showed a good agreement between the results of calcu-
lations and experimental data for the CPP-based inclusion
complexes and other donor-acceptor conjugates.®’””*”7> The
dipole moment of all studied complexes was calculated to be
smaller than 0.1 D. Low dipole moment of the complexes can
be explained by the high symmetry of the units (nanobelts and
Ceo) and their symmetric mutual arrangement. The GS sol-
vation energies of [10]CPP D Cgy, [10]JECPP D Cgp, [10]
MCPP D Cgy, [10]JOCPP D Cg and [10]SCPP D Cg range from
—0.39 to —0.52 eV. However, the solvation energy of [10]
NCPP D C¢, was estimated to be —0.98 eV. To explain this
difference, we compared the molecular electrostatic potentials
(MEP) of the complexes (Fig. S10, ESIt). In the [10]CPP D Cgy,
[10JECPP D Cgp, [10]MCPP D Cg, and [10]SCPP D Cgo com-
plexes, the MEP isosurface is almost evenly distributed over
the host unit, therefore, certain charged regions cannot be dis-
tinguished. At the same time, the [10]JOCPP D Cqo and [10]
NCPP D Cg, complexes clearly show spots, in which the nega-
tive charge is localized. Important to note is that, in contrast
to [10]NCPP D Cgy, in [10]JOCPP D Cgy, the negatively charged
regions are surrounded by the zones with opposite charges. As
expected, a close location of positively and negatively charged
regions on the MEP of [10]JOCPP D Ce, reduces its solvation
energy compared to [10]NCPP D Cgo.

This journal is © The Royal Society of Chemistry 2023
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Table 5 Excitation energy (E,, eV), main singly excited configuration (HOMO(H)-LUMO(L)) with the largest squared coefficient in the configuration-
interaction (Cl coef.), oscillator strength (f), extent of charge transfer (CT, e) or localization of exciton (X) computed for [10JMCPP D Cgo, [10]

NCPP D Cg, [10JOCPP D Cgo and [10ISCPP D Cg in the gas phase

Supramolecular system

[10]MCPP D Cq,

[10]NCPP D Cq

[10]OCPP D Cgo [10]SCPP D Cq,

LEGuest (CBO)

Ex (So = S») 2.523 2.514 2.526 2.539
Transition (CI coef.) H-3-L+1 (0.30) H—9-L+1 (0.39) H-2-L (0.21) H-5-L (0.47)
f <0.001 <0.001 <0.001 <0.001
X 0.929 0.837 0.926 0.949
LEY* ([10]XCPP)
Ex (So = Sn) 3.009 3.174 3.037 3.154
Transition (CI coef.) H-L+3 (0.31) H-1-L+3 (0.59) H-L+3 (0.73) H-L+3(0.71)
f <0.001 0.139 <0.001 <0.001
X 0.948 0.938 0.964 0.968
Most intense absorption band
Ey (So — Sy) 3.556 3.480 3.627% 3.717
Transition (CI coef.) H-L+7 (0.32) H-L+7 (0.24) H-L+6 (0.21) H-L+6 (0.38)
f 1.897 1.194 0.703 1.852
Localization [10]MCPP [10]NCPP/Cq, [10]OCPP/Cq [10]scpp
X 0.850 0.55/0.35 0.48/0.27 0.893
CT ([10]XCPP — Ceo)
Ey (So — S) 2.183 2.101 2.684 2.859
Transition (CI coef.) H-L (0.66) H-L+1 (0.61) H-L (0.74) H-L (0.75)
f <0.001 0.001 0.002 0.001
CT 0.976 0.972 0.975 0.976

“Mixed state with significant contributions of both LE and CT.

Changes in the dipole moment during the transition from
the GS to any of the LE states are quite small and does not
exceed 0.2 D; thus, the solvation energies of these states are
very close to each other. The solvation energies of the CT
states do not differ much from the solvation energies of the GS
and LE states due to the high symmetry of the complexes and
the extensive charge delocalization in Cg, and the nanobelt.
Details of solvation in DCM are given in Table S5, ESLf
Important to note is that the CT state is the lowest excited state
in DCM only in [10]MCPP D Cgo and [10]NCPP D Cg, as in the
gas phase. In all other cases, the stabilization of the CT state
by the solvent is not enough to reorder the CT and LE states.
The energies of the LE and CT states of all complexes in a
vacuum and DCM are shown in Fig. 5.

Similar to the complexes of all-carbon nanobelts, the CT
states of the complexes with heteroatom-bridged nanobelts
have a very low probability of light absorption, and therefore
cannot be directly populated. Thus, a decay of the lowest LE
state (LE®“**Y) was considered as the main channel for generat-
ing states with election transfer. The semi-classical method of
Ulstrup and Jortner’®”” was used to calculate the rates of elec-
tron transfer (kgr) and charge recombination (kcg) processes.
The rates were estimated using an effective frequency of
1600 cm™', corresponding to the C=C bond stretching.
Earlier, it was established that varying the effective frequency
from 1400 to 1800 cm ™" does not significantly affect the elec-
tron transfer rate for similar systems.”>”®”° Our assessment
on selected complexes, [10]MCPP D Cgo and [10]NCPP D Cg,
confirms the negligible impact of the effective frequency on

This journal is © The Royal Society of Chemistry 2023

the calculated ET rate (Table S6, ESIT). Important parameters
controlling the kgt and kcg rates in DCM are listed in Table 6.

Table 6 shows that the electron transfer reactions in the
complexes are characterized by moderate reorganization ener-
gies ranging from 0.29 to 0.37 eV. The LE®“** — CT charge
separation process in the [10]CPP D Cgg, [10]JECPP D Cg, [10]
OCPP D Cgy, and [10]SCPP D Cg, complexes is unlikely due to
the positive Gibbs energy. Such states are barely populated and
therefore hard to detect. At the same time, the electron trans-
fer in the [10]MCPP D Cg, and [10]NCPP D Cq, complexes is
favorable and proceeds almost barrier-free in the normal
Marcus regime (|AG°| < 4). The calculated rate constants indi-
cate sub-nanosecond charge separation between Cgo and [10]
MCPP/[10]NCPP nanobelts. Considering that the electronic
coupling values for the studied complexes exhibit fairly similar
values, the rate of the charge separation process correlates well
with the activation energies. In particular, the [L1O]MCPP D Cg,
and [10]NCPP D Cg, complexes, with the fastest electron trans-
fer rates, are characterized by the smallest activation energy
values. On the other hand, the activation energies for the [10]
CPPD Cg, [10]JECPP D Cgo, [10]JOCPP D Cg, and [10]
SCPP D Cg4 complexes are more than an order of magnitude
higher, resulting in significantly slower electron transfer.

The generated CT states usually decay to the ground state
in the charge recombination process. We considered this
process only for [10]MCPP D Cg, and [10]NCPP D Cg, since
other complexes are characterized by a low probability of the
CT generation. The charge recombination proceeds in the
deep inverted Marcus region (|AG°| > A) and its rates are dra-
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Fig. 5 Relative energies of the LE and CT states (in eV) for [10]CPP D Cg, [10]JECPP D Cgp, [LIO]JMCPP D Cgg, [LIOINCPP D Cg, [10JOCPP D Cgp, and
[10]SCPP D Cgo complexes calculated under vacuum (VAC) and in dichloromethane (DCM).

Table 6 Gibbs energy (AG®, eV), electronic coupling (|V;], eV), reorganization energy (1, eV), Huang—Rhys factor (Sc¢), activation energy (E,, eV) and
rates (k,, s™) of ET and CR processes in [L0]JCPP D Cgo, [LO]JECPP D Cgo, [LOIMCPP D Cgo, [LOINCPP D Cgp, [L0]JOCPP D Cgo, and [10]SCPP D Cgp cal-

culated in DCM

A
Complex AGo? [V Aint Asoly E Sett’ ky
Electron transfer (LE®"*** — CT)

[10]CPP D Cqo 0.140 1.31x107* 0.170 0.147 0.140 0.857 1.37 x 10°
[10]ECPP D Cgo 0.111 1.01x 107 0.204 0.135 0.112 1.028 2.13 x 10°
[10]MCPP D Cqo

GS geometry -0.370 2.87 x107* 0.215 0.128 0.011 1.084 1.37 x 10°
LE relaxed geomet —0.477 3.30x107* 0.207 0.138 0.018 1.043 1.20 x 10°

geometry

[10]NCPP D Cgo

GS geometry —0.344 3.14x107* 0.220 0.143 0.012 1.109 1.76 x 10°
LE relaxed geometry —0.447 1.42 x107* 0.213 0.139 0.019 1.074 2.48 x 10°
[10]OCPP D Cg, 0.110 9.24 x 107° 0.208 0.160 0.114 1.049 1.49 x 10°
[10]SCPP D Cqo 0.239 8.86 x 10~° 0.140 0.152 0.251 0.706 414 x 10*

Charge recombination (CT — GS)

[10]MCPP D Cqo

GS geometry —-2.160 1.79 x 107* 0.163 0.128 0.019 0.822 2.48 x 10°
CT relaxed geometry —1.898 2.17 x107* 0.161 0.150 0.032 0.812 1.21 x 10°
[10]NCPP D Ceo

GS geometry —-2.215 2.50 x 107* 0.175 0.143 0.022 0.882 6.02 x 10°
CT relaxed geometry -1.950 3.72x107* 0.170 0.152 0.029 0.857 3.26 x 10°

“ AG° is approximated by the difference in the solvated electronic energies of the corresponding states. ? Activation energy for the LES"*** — CT

reaction. © Effective value of the Huang-Rhys factor Seg = Ai/Awesr, Where hiweg is set to 1600 cm

matically lower (by more than 5 orders of magnitude) com-
pared to the charge separation rates.

Internal geometry reorganization can be an important factor
that affects the lifetime of the CT state.®® Thus, we studied the
effect of geometry relaxation of the LES"** and CT states on the
rates of charge separation and recombination in the [10]
MCPP D Cg and [10]NCPP D Cg, complexes (Table 6). For the
charge separation, this effect is rather small. The changes in AG°

17382 | Nanoscale, 2023,15,17373-17385

-1

values are about 0.1 eV, while the kg rates change insignificantly.
In turn, for the charge recombination, the relaxation of the CT
state geometry leads to an increase in kcg. The CR rates for the
relaxed geometries are about 5 times higher than the rates esti-
mated for the GS geometries. Since the CR rates are always much
slower than the corresponding ET rates, regardless of the geome-
try relaxation effect, this suggests a sufficient lifetime of the CT
state for efficient charge separation.

This journal is © The Royal Society of Chemistry 2023
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4. Conclusions

In this work, we considered a series of nanobelts with
different bridges between phenylene units, as well as their
host-guest complexes with fullerene. To estimate the effect of
the bridge, we compared the properties of the CNB-based com-
plexes with those of the CPP-based ones. As a result, we suc-
cessfully distinguished the electronic and geometric com-
ponents of the bridge effect on the HOMO energy of the belts.
From our results, we can formulate the following basic prin-
ciples for the design of novel nanobelts with better electron-
donating properties:

(1) Given that the electronic effect of the bridge depends on
its charge, nanobelts with a partially positive charged bridge
will have a more destabilized HOMO and therefore will be
better donors of electrons.

(2) Given that the geometric distortion of CPP leads to ener-
getic destabilization of its HOMO, nanobelts with reduced out-
of-plane twisting and increased in-plane bending of adjacent
phenylene units will be the best option.

(3) When designing nanobelts, both electronic and geo-
metric components should be taken into account, since the
overall effect on the electronic properties of nanobelts is addi-
tive to some extent.

Destabilization of the HOMO of nanobelts facilitates the
electron transfer from the nanobelt to fullerene and makes the
CT state the most stable among the excited states. Analysis of
the excited states revealed the sub-nanosecond charge separ-
ation and slow charge recombination in [10]MCPP D Cg, and
[10]NCPP D Cg, confirming that [10]MCPP and [10]NCPP are
the best donors among the studied nanobelts. These two nano-
belts are illustrative examples of the usefulness of the pro-
posed rules.
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