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Excited State Processes in Supramolecular Complexes of

Cyclic Dibenzopyrrolopyrrole Isomers with C,, Fullerene

Gibu George,” Olga. A. Stasyuk,” Alexander A. Voityuk,™ Anton J. Stasyuk,** " and

Miquel Sola*®

Abstract: An approach to modulating the properties of
carbon nanorings by incorporating pyrrolo[3,2-b]pyrrole units
is of particular interest due to the combined effect of
heteroatom and antiaromatic character on electronic proper-
ties. The inclusion of units other than phenylene leads to the
formation of stereoisomers. In this work, we computationally
study how the spatial orientation of monomeric units in the
ring affects the properties of cyclic dibenzopyrrolo[3,2-
blpyrroles and their complexes with Cq, fullerene. For [4]PP
and [4]DHPP, the most symmetrical AAAA isomer is the most
stable and forms stronger interactions with fullerene than the

isomers where one or two monomeric units are flipped,
mostly due to less Pauli repulsion. mt-Electron delocalization in
the monomeric unit is crucial for directing the electron
transfer (from or to nanoring). The energy of excited states
with charge transfer depends on the HOMO-LUMO gap,
which varies from one stereoisomer to another only for
[4]DHPPDOC,, with aromatic 1,4-dihydropyrrolo[3,2-b]pyrrole
units. The rates of electron transfer and charge recombination
reactions are relatively weakly dependent of the spatial
isomerism of nanorings.

/

Introduction

The first rational synthesis of cycloparaphenylenes (CPPs) was
made by Bertozzi and co-workers in 2008." Over the next few
years, numerous syntheses of other nanorings and their
derivatives were carried out.”® Synthetic advances of the last
decade allowed to construct CPPs with precise number of
phenylene units. CPPs with 5-to-18 phenylene units are
currently known. Due to interesting structure and remarkable
optoelectronic properties, CPPs have attracted a lot of attention
from chemists and material scientists.*® Among the most
unusual properties of CPPs are their size-dependent properties
of emission but invariance of absorption.”'” However, changing
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the size is not the only way to modulate the properties of
nanorings. The most obvious approach is to introduce units
other than benzene. Incorporation of heteroaromatic or poly-
aromatic units with donating or withdrawing properties made it
possible to dramatically enrich the chemistry of nanorings,
modifying their structural and optoelectronic properties.l" ™'

A new approach to modulating the properties of nanorings
is the replacement of benzene rings with antiaromatic units as
proposed by Prof. Esser. The first example of a nanoring with
antiaromatic units was synthesized in 2020. Esser and co-
workers incorporated two dibenzolag,elpentalene (DBP) units
into [12]cycloparaphenylenes ([12]CPP)."* Optoelectronic meas-
urements showed an ambipolar electrochemical behavior of the
nanorings due to the presence of the DBP and six phenyl
linkers. Later, the nanorings containing different number of DBP
units or even exclusively build from DBP units were reported."
The size and round shape of [4]DBP make it possible to
effectively accommodate Cg, and C,, fullerenes. The binding
constant for [4]DBPDC,, in toluene was found to be (1.35+
0.03)-10° M~."¥ The authors demonstrated that incorporating
antiaromatic units into nanorings making them attractive as
potential electronic materials."

It is known that heteroatoms in a carbon m-conjugated
system can drastically change its properties."’”"'® Doping with
nitrogen or boron atoms changes the band structure of organic
molecules, thereby modulating their semiconductor and lumi-
nescent properties.”>?? Nitrogen atoms in antiaromatic hydro-
carbons increase their electron-withdrawing ability.”® Therefore,
changing electronic properties of nanoring by heteroatom
doping can serve as a convenient tool for tuning their
optoelectronic properties in donor-acceptor complexes with
fullerene.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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We have recently demonstrated that the cyclic tetramers of
benzene-fused aromatic 1,4-dihydropyrrolo[3,2-b]pyrrole
([4]DHPP) and antiaromatic pyrrolo[3,2-b]lpyrrole ([4]PP) are
capable of accommodating Cg, fullerene. According to the DFT
results obtained with the Tamm-Dancoff approximation (TDA),
such complexes show different behavior upon photoexcitation,
depending on the degree of aromaticity of the nanoring. In
particular, the electron transfer in [4]DHPPDCg, occurs from the
nanoring to Cg, While in [4]PPDCg, the electron transfer from
Ceo to [4]PP is almost barrierless and characterized by ultrafast
kinetics.*”

In this work, we report a theoretical study of electronic and
photoinduced electron transfer (PET) properties of the [4]DHPP
DC¢ and [4]DHPPDC,, complexes. We study in detail how
electronic structure of monomeric units of the [4]PP and
[4]DHPP nanorings and their mutual orientation affect the
ground and excited state properties of inclusion complexes.

Results and Discussion
Ground state properties

Nanoring built from DHPP or PP units can exist in several
diastereomeric forms. Such stereoisomers can be generated by
rotating one or more monomeric units around single C—C
bonds (Figure 1). We have recently demonstrated that stereo-
isomers of Ir-based half-sandwich [60]fullerene complexes
exhibit stereospecificity towards photoinduced electron
transfer.”” To understand the behavior of the [4]DHPP and
[4]PP nanorings, 4 possible stereoisomers of each nanoring
were considered. Geometries of the stereoisomers were opti-
mized using the BLYP-D3(BJ)/def2-SVP level of theory.s*”
These ground state geometries were used for the rest of
calculations. The energies of the BLYP-D3(BJ)/def2-SVP opti-
mized species were refined using the def2-TZVP basis set (see
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Supporting Information). We compared relative stability of the
[4]PP isomers using the BLYP and range-separated CAM-B3LYP,
®B97X-V, and M11 functionals to check for the influence of self-
interaction error and incorrect description of long-range
correlation effects®>? (Table S1, Supporting Information). All
tested functionals, including BLYP, show the same stability
order of isomers.

For both nanorings, the most symmetrical AAAA isomer
turned out to be the most stable in the ground state (GS). It is
important to note that all isomers lie in a small energy range,
less than 1.6 kcal/mol for [4]DHPP and less than 2.0 kcal/mol for
[4]PP. The stability of the two most stable isomers (AAAA and
AABA) and the possibility of their transition into each other
were evaluated by the energy barriers of the rotation of the
monomer unit around the single C—C bond. These barriers are
relatively high and equal to 25.55 and 28.30 kcal/mol at the
BLYP-D3(BJ)/def2-TZVP level and 26.32 and 28.54 kcal/mol at
the CAM-B3LYP-D3(BJ)/def2-TZVP level for DHPP and PP units,
respectively (Figure S1, Supporting Information). Thus, the
formation of one or another isomer is mainly determined by
the synthetic path.

In addition, the aromaticity/antiaromaticity of the mono-
mers was analyzed for the different isomers of [4]DHPP/[4]PP
using the HOMA index.®**¥ According to the results, the HOMA
values vary only slightly, being somewhat higher in the flipped
units B (Table S2, Supporting Information). Minor differences in
HOMA values can be explained by very small changes in the
geometry of the monomeric units when moving from one
isomer to another.

Structural similarity of the considered nanorings with the
experimentally reported cyclic DBP tetramer suggests that
[4]DHPP and [4]PP can also act as host for Cg, fullerene. We
investigated the electronic properties of the inclusion com-
plexes (Figure 2) and compared their response to the photo-
excitation depending on the relative orientation of the mono-
meric units in the [4]DHPP and [4]PP nanorings.

[4]PP

Vg@p

) Q)
H

Stereoisomers relative energies

AABA AAAA AABA
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BABA AABB BABA
1.48 1.99 1.72

Figure 1. Structures of [4]DHPP and [4]PP nanorings as well as ground state relative energies (in kcal/mol) of their stereoisomers, calculated at BLYP-D3(BJ)/

def2-TZVP.
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[4]DHPP-based complexes
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Figure 2. HOMO and LUMO energies (in eV, CAM-B3LYP/def2-SVP) of [4]DHPPDC,, stereoisomers and their subunits.

First, we analyzed the orbital energies of the [4]DHPPDC,,
and [4]PPDCy, complexes and their individual fragments
obtained at the CAM-B3LYP/def2-SVP level. As seen in Figure 2,
the HOMO and LUMO energies of [4]DHPP and the correspond-
ing inclusion complexes show a noticeable shift when going
from one stereoisomer to another. [4]DHPP*** has an energy
gap of 4.72 eV, which is the smallest among the isomers. When
going from AAAA to BABA isomers, the band gap increases and
riches its maximum value of 5.45 eV for [4]DHPP®*®* Important
to note that in all [4]DHPPDC, stereoisomers, the HOMO
orbital is localized on the nanoring, being more stable in the
BABA isomer. In turn, the LUMO is localized on Cg, and its
destabilization was observed moving to BABA.

In contrast to [4]DHPP, no significant changes in orbital
energies were found for different stereoisomers of [4]PP. The
HOMO energies were found to be —7.08 eV, while the LUMOs
fluctuate in a narrow energy range, from —2.74 to —2.76 eV.
The formation of [4]PPDCg, complexes leads to an insignificant
(about 0.1 eV) shift in the LUMO energy, which is localized on
the nanoring. The HOMO of the [4]PPDC,, complexes is
localized on Cg¢ and its energy does not change when the
structure of the complex changes (Figure 3). Important to note
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that the much lower LUMOs of the [4]PP nanorings with
antiaromatic fragments suggest that they should be much
stronger electron acceptors compared to [4]DHPP with aro-
matic units.

We performed an analysis of the frontier molecular orbitals
to understand the observed differences in the electronic nature
of [4]DHPP and [4]PP. In the AAAA isomer of both nanorings,
the contribution of the atomic orbitals (AOs) to the HOMO and
LUMO is uniformly delocalized between all four units. However,
the rotation of one of the monomeric unit through the
nanoring and generation of the AABA isomer has fundamentally
different effect on the orbital lobes distribution. In the case of
[4]DHPP, the rotated unit B is almost completely excluded from
the HOMO and LUMO. At the same time, in the [4]PP nanoring,
such rotation does not lead to a significant redistribution of the
AOs contributions to HOMO and LUMO (Figure 4). A similar
picture is observed for other stereocisomers. In the AABB isomer
of [4]DHPP, both rotated units are not involved in the HOMO
and LUMO, while in [4]PP, the orbital lobes are still located on
the rotated fragments.

In addition, the change in the orbital energies is different
during the formation of the complexes with fullerene. As seen
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Figure 3. HOMO and LUMO energies (in eV, CAM-B3LYP/def2-SVP) of [4]PPDCq, stereoisomers and their subunits.
[4]DHPP stereoisomers [4]PP stereoisomers

[4|PPAAAA — = [4|PPAABA  ——  [4|PPAABE

[4]DHPPAAAL — = [4|DHPPAABA — = [4|DHPPAABB

Figure 4. HOMO and LUMO shapes for AAAA, AABA, and AABB stereoisomers of [4]DHPP and [4]PP.

with a partial charge transfer between fullerene cage and
nanoring in the ground state. The analysis performed within the
framework of the most popular charge partitioning schemes
(Table S3, Supporting Information) reveals a partial charge

in Figure 2, the formation of the [4]DHPPDC,, complexes
results in the stabilization of the HOMOs localized on nanorings
by ca. 0.2 eV, while the energy of LUMOs localized on Cg,
increases by 0.3-0.4 eV. The observed shift can be associated

Chem. Eur. J. 2023, 29, €202300503 (4 of 10) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWIWOD SA 181D 3 (deotdde au Ag peusenob a1e sejolie YO ‘8sn Jo S9Nl Joj Alq18UIUO AS]IA LD (SUOTHPUOD-PUE-SLUIBYWO A8 | 1M Afe.d jouUOy/:SdnL) SUONIPUOD pue SWlB | 81 8eS " [120z/c0/0z] uo AriqiTauluo As|im *(-uleAnde1) aqnopesy Aq £0S00€202 WeUR/Z00T OT/I0p/LI0d™A8|im Areiqijpul|uoado.ne-As ey sdny wouy pepeojumod ‘Se ‘c§0z ‘S9/ETZST



Chemistry—A European Journal

Research Article
doi.org/10.1002/chem.202300503

Chemistry
Europe

European Chemical
Societies Publishing

transfer. Depending on the population scheme, the maximal
amount of the transferred charge varied from 0.08 to 0.22 e for
[4IDHPPDOC,, complexes. In contrast, in the [4]PPDCg, com-
plexes, this value does not exceed 0.08 e (Table S3, Supporting
Information). Important to note that in all [4]DHPPDC,
complexes the charge was transferred from nanorings to Cq,.

To estimate the stability of the complexes, the interaction
energy (AE;,) between C¢, and nanorings was computed. For
[4]DHPPDOC,,, AE;, at the BLYP-D3(BJ)/TZ2P level is in the range
from —61.9 to —57.0 kcal/mol, while for [4]PPDCg, AE;, varies
from —51.2 to —45.7 kcal/mol, depending on the stereoisomer
of nanoring. A general trend in the stability of complexes
remained the same, when the BLYP functional was replaced by
CAM-B3LYP (Table S4, Supporting Information). In addition, we
performed an energy decomposition analysis (EDA) of the AE,;,
using the Morokuma-like scheme®>® to find a reason of their
different stability (Table 1). The EDA decomposes the interac-
tion energy into four components: electrostatic (AE,,,), Pauli
repulsion (AEp,,:), orbital interactions (AE,), and dispersion
corrections (AE,), and allows one to estimate the nature of
interactions.

Despite the similar nature of the non-covalent interactions,
[4]DHPP isomers form stronger complexes with Cg, fullerene
than [4]PP isomers, most likely due to more suitable size
complementarity. According to Table 1, among the attracting
terms (AEg+ AE,+ AEg,,), the dispersion is the dominant
one, with a contribution of about 50%. The second largest term
is the electrostatic attraction with a contribution of about 33-
35%. The orbital interactions provide only 14-16% of the total
stabilization interactions. It is important to emphasize that the
Pauli repulsion increases when moving from the most sym-
metrical AAAA conformer to the BABA conformer. However, an
increase in the attractive interactions, especially AE, and AEy,
suggests that the energy changes are associated with a
decrease of the geometrical size of nanoring. We compared the
effective radii of different stereoisomers of [4]DHPP and [4]PP
in their complexes with fullerene (Figure S2 and S3) and found
a similar trend for them. The radius of nanoring in [4]DHPPD>Cg,
varies from 6.52 A for the AAAA isomer to 6.40 A for the BABA
one, whereas in [4IPPDCq,, the radius changes from 6.48 A to
6.39 A. Thus, the smaller size of the nanorings is responsible for

weaker interactions because of stronger Pauli repulsion,
especially in the case of BABA isomers.

The host—guest interaction topology was analyzed using
electron density, its Laplacian at the bond critical points (BCPs)
and other topological parameters from QTAIM (see Table S5).*”
In all complexes, only -7t interactions between host and guest
units were detected. The number of BCPs depends on the
stereoisomer of the nanoring. In general, the [4]DHPPDC,
complexes with aromatic units are characterized by a larger
number of BCPs (22-23) than the [4]PPDCy, complexes (18-20).
Taking into account that the characteristics of BCPs are quite
similar for [4]DHPPD>C,, and [4]PPDCq, (Table S5), the greater
number of BCPs found in [4]DHPPD>C,, correlates well with
their higher stability compared to [4]PPDC4. The QTAIM
molecular graphs are given in Figures S4 and S5, Supporting
Information.

Singlet excited states

Taking into account the different electronic properties of
[4]DHPP and [4]PP, as well as their dependence on the mutual
orientation of monomeric units, it can be expected that the
fullerene inclusion complexes will behave differently upon
photoexcitation. Simulations of the excited states were per-
formed using the TDA-DFT method with the CAM-B3LYP-
D3(BJ)/def2-SVP scheme. Table S7 shows that the energies of LE
and CT states for the AAAA isomer of [4]DHPPDOC,, obtained at
the CAM-B3LYP/def2-SVP and CAM-B3LYP/def2-TZVP levels of
theory differ by less than 0.1 eV.?#?3¥ Contributions of the Cq,
guest and the [4]DHPP/[4]PP hosts to the excited state
electronic density were analyzed for the lowest 80 excited
states of each complex. The excited states were classified into
three groups: (1) locally excited (LE) states with excitation on
one of fragments and very small charge separation, CS <0.1 e;
(2) charge transfer (CT) states with CS >0.9 e between frag-
ments, and (3) mixed states with 0.1 e<CS <09e.

In the gas phase, the 80 lowest vertical singlet excitation
energies for the series of [4]DHPPDOC,, complexes vary from
1.85 to 4.15 eV. Regardless of the [4]DHPP stereoisomer, the
lowest excited state is a CT1 state, where electron density is
transferred from [4]DHPP to C4, (Table 2). This CT state can

Table 1. Interaction energy (in kcal/mol) and its components™ for [4]DHPP>Cy, and [4]PPDCg, complexes, calculated at BLYP-D3(BJ)/TZ2P.

AEPauli AEelstat AEoi AEdis;:) AEint
[4]DHPPDCy,
AAAA 156.41 —70.88 (32.5%) —32.34 (14.8%) —115.09 (52.7 %) —61.90
AABA 181.60 —81.11 (34.0%) —36.61 (15.4%) —120.72 (50.6 %) —56.83
AABB 185.43 —83.47 (34.4%) —39.32 (16.2%) —120.01 (49.4 %) —-57.37
BABA 207.03 —93.75 (35.5%) —43.35 (16.4%) —126.97 (48.1 %) —57.04
[41PPDCq,
AAAA 168.95 —72.80 (33.1%) —31.59 (14.4%) —115.72 (52.6 %) -51.17
AABA 182.79 —77.44 (33.5%) —34.71 (15.0%) —118.89 (51.5%) —48.26
AABB 188.44 —79.79 (34.0%) —37.23 (15.8%) —117.93 (50.2%) —46.51
BABA 207.64 —88.47 (34.9%) —40.55 (16.0%) —124.32 (49.1%) —45.70

[a] The percentage contributions to the sum of attracting terms (AE .. + AE,; + AEg,) are given in parentheses.
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Table 2. Excitation energies (E,, eV), main singly excited configuration (HOMO(H)-LUMO(L)) and its weight (W), oscillator strength (f), extent of charge
transfer (CT, e) or localization of exciton (X) for [4]DHPPDOC,, and [4]PPDCy, complexes in the gas-phase at CAM-B3LYP-D3(BJ)/def2-SVP.
Supramolecular host-guest systems
[4]DHPPDC,, [41PPDCq,
AAAA AABA AABB BABA AAAA AABA AABB BABA

LES*t (Fullerene Cg,)
E, 2.389 2.302 2.352 2.255 2.397 2425 2450 2.402
Transition (W)  H-4-L (0.58) H-8-L4+1(0.17) H-6-L (0.16) H-8-L+2(0.24) H-L+4(0.86) H-L+4(0.31) H-L+3 (0.49) H-L+4 (0.48)
f <0.001 < 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 < 0.001
X 0.905 0.868 0.874 0.861 0.912 0.837 0.865 0.847

LE"* ([4]DHPP/[4]PP nanoring)

E, 2.826 2.961 3.148 3.308 2.145 2.125 2.119 2.133
Transition (W) H-L+6(049) H-L+6(0.58) H-L+6(0.34) H-L+6(0.21) H-1-L (0.31) H-1-L (0.15) H-1-L (0.14) H-1-L (0.26)
f 0.002 0.094 0.132 0.027 0.012 0.008 0.008 0.003
X 0.901 0.890 0.842 0.825 0.950 0.917 0.910 0.857

CT1 (nanoring—Cg)
E, 1.846 1.986 2.114 2.143 3.245 3.253 3.229 3.248
Transition (W) H-L (0.97) H-L (0.90) H—-L (0.44) H-L (0.71) H-1-L+3 (0.41) H-3-L+1(0.17) H-3-L+1(0.22) H-4-L+4(0.31)
f 0.001 0.001 0.001 0.005 < 0.001 0.008 0.044 0.015
cT 0.971 0.958 0.964 0.926 0.917 0.801 0.831 0.856

CT2 (C4p—nanoring)
E, n/a® n/a® n/a® n/a® 2471 2.508 2426 2.466
Transition (W) H—L (0.42) H-L (0.68) H-L (0.37) H-L (0.36)
f 0.004 0.013 0.005 0.012
cT 0.909 0.824 0.799 0.807
[a] States of interest are not found within the 80 lowest excited states.

largely be described as a HOMO-LUMO transition with more
than 0.9 e transferred. Its energy depends on the isomer of the
nanoring, being almost 0.3 eV higher for the BABA stereoisomer
than for AAAA. The LE®** state (localized on Cg) is fairly the
same for all complexes and was found around 2.3 eV. However,
the energies of the LE™™* (localized on nanoring) changes when
moving from AAAA to BABA isomer. In particular, the LE™*
energy in the BABA isomer is almost 0.5 eV higher than in
AAAA (331 and 2.83eV, respectively). This is due to the
significantly different delocalization of the electron density, as
shown in Figure 4. m-electron delocalization over a smaller
fragment of the [4]DHPP nanoring leads to a shift in absorption
towards higher energies. The excited states corresponding to
the electron transfer from Cq, to [4]IDHPP were not found within
the studied range of energies. Table 2 contains the data for the
lowest-energy excited states of each type.

Analysis of the excited states of [4]PPDC, revealed that the
range of energy from 2.12 to 3.95 eV is somewhat smaller than
for [4]DHPPDCg,. In contrast to [4]DHPPDOC,, the lowest
excited states of the [4]PPDCy, complexes correspond to LE™,
which lies 0.68 to 1.17 eV lower than the LE™" in [4]DHPPOC;,,
As expected, the energy of the LE®**' in all systems is almost
identical and does not depend on the electronic nature of the
host nanoring. As can be seen in Figure 3, the energies of
HOMO and LUMO for [4]PP are noticeably lower than the values
for [4]DHPP, and very similar to the orbital energies of Cq.
Thus, it can be suggested that [4]PP with antiaromatic units in
the ring can exhibit pronounced electron-withdrawing proper-
ties, contrary to [4]DHPP with electron-donating properties.
According to the computational results, in [4]PPDCg, there are

Chem. Eur. J. 2023, 29, e202300503 (6 of 10)

two types of CT states. CT1 states with the electron density
transferred from [4]PP to C,, are 0.8 eV higher in energy
compared to CT2 states with the electron transfer from Cq, to
[4]PP nanorings.

Effects of environment

We used a COSMO-like model®*“*® with dichloromethane as a
solvent to investigate how polar environment affects electronic
excitations. The ground state (GS) solvation energy for the
[4]DHPPDOC,, complexes is about —0.9 eV, while for the [4]PP
DCq systems, this value is about —0.6eV. For the various
nanoring stereoisomers, the change in solvation energies does
not exceed 0.01 eV for both systems. High ability of fragments
to charge delocalization is reflected in the relatively small GS
dipole moments of the complexes, which vary from 0.3 to 2.6 D
and 0.3 to 0.5 D for [4]DHPPDOC, and [4]PPDCq,, respectively.
The difference between the dipole moments of the GS and LE
states does not exceed 2.0 D for all complexes. Therefore, as
expected, the solvation energies of the LE"*" and LE®** states
are very similar to the energies of the GS. Detailed data on the
solvation of the complexes are presented in Table S5, Support-
ing Information.

Typically, the solvation energies of the CT states are much
higher than those of the GS or LE states due to the polarity of
the systems. However, our previous investigations show that for
fullerene complexes with various carbon-rich hosts, such as
bowl-shaped molecules,"™” CPPs and their -extended analogs,
the solvation energy of the CT states is only slightly different
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from the energy of the GS.'™*! For the [4]DHPP>Cg, com-
plexes, a difference in the dipole moments (Ap) for CT1 and GS
states was found in the range from 1.8 to 12.6 D. Taking into
account that the GS—CT1 transition corresponds to the HOMO-
to-LUMO transition, the observed range of the dipole moment
changes is fully consistent with the HOMO localization on the
[4]DHPP fragment. The minimum Ap value corresponds to the
most symmetrical AAAA isomer, while the maximum value
correspond to the least symmetrical AABB isomer. The solvation
energies of the CT1 states range from —0.90 to —1.02 eV.

Important to note that the CT1 is the only type of charge-
separated state found in the [4]DHPPDCg, systems. Despite the
similarity of solvation energies for the CT1 and LES“** states, the
BABA isomer is characterized by a much smaller gap between
these states than AAAA. In particular, it changes from 0.57 eV
for AAAA to 0.15 eV for the BABA isomer. Nevertheless, the CT1
state in [4]DHPPDOC,, remains the lowest excited state in the
DCM solvent, regardless of the [4]DHPP isomer, and can
probably be observed in spectroscopic experiment.

For the [4]PPDC,, complexes, the difference between GS
and CT1 dipole moments varies from 4.2 to 5.2 D, depending
on the particular [4]PP isomer. The similarity of Ap values is
reflected in the similarity of the CT1 solvation energies, which
ranges from —0.72 to —0.75 eV. For the GS—CT2 transition, the
solvation energies are much higher and range from —1.10 to
—1.30 eV. Slightly higher solvation energy for the AAAA isomer
compared to the others was observed due to the highest
charge transfer values (Table 2). Solvation details are given in
Table S6, Supporting Information. Worth mentioning that the
stabilization of the CT2 state by the solvent turned out to be
sufficient for all stereoisomers to rearrange this state with the
LE states in DCM and to make the CT2 the lowest excited state.
In turn, the stabilization of the CT1 is rather weak, and this state
remains higher in energy than LE®** and LE"*" states. Thus, for
[4]PPDCs, complexes, only the electron transfer from Cq, to
[4]PP can be observed experimentally.

Electron transfer rates

The data in Table2 show that the GS—CT transitions are
characterized by a very weak oscillator strength for all
complexes. It means that direct population of the CT states after
light absorption has a low probability. Thus, we have consid-
ered the decay of both LE®**' and LE™ states as the main
channel for generating states with electron transfer (ET). The
semi-classical method®? by Ulstrup and Jortner was used to
calculate the rates of electron transfer (k;) and charge
recombination (kg). The important parameters that control kg
and k¢, rates in DCM are listed in Table 3 (for [4]DHPPD>Cg,) and
Table 4 (for [4]PPDCg,). The fragment charge difference (FCD)
method™? was employed to calculate the electronic couplings
in this work.

According to the results, the electron transfer in all [4]DHPP
DCq complexes is thermodynamically favorable, i.e. proceeds
with negative Gibbs energy. The decay of the LE"* states to the
CT1 state occurs in the inverted Marcus region (|AG’| >M). In
turn, the decay of the LES*! states takes place in the normal
Marcus region (| AG’| <), except for the AAAA conformer) and
slightly faster than the decay of the LE™ states. The assign-
ment of the process to the inverted or normal region was made
in accordance with the classical Marcus theory. The rate of
electron transfer increases with driving force until the reorgan-
ization energy matches the driving force (—AG’= 1) and then
becomes slower for more negative AG’. The calculated kg
values are in a good agreement with experimentally reported
data for fullerene based complexes of m-extended nanorings.””
Interesting to note that the electron transfer process in the
complexes of AABB and BABA isomers is 2-6 times faster than
in AAAA and AABA.

As mentioned above, two types of CT states were found for
the [4]PPDCq, complexes. Generation of the CT1 state with
[4]PP—Cq, electron transfer is very unlikely by the decay of
both LE®*' and LE"* due to highly positive Gibbs energy of
this process (Figure 5). In turn, the formation of the CT2 state,
where fullerene acts as electron donor, is thermodynamically

Table 3. Gibbs energy AG® (in eV), electronic coupling |VU| (in eV), reorganization energy A (in eV), activation energy E, (in eV), and rates ky (in s7') for ET

and CR processes in [4]DHPPOCq, calculated in DCM.

Conformer Transition AG™ [Vy A E, k,

Electron transfer (LE—CT)

AAAA LESUsst CT1 —0.573 1.96-1073 0.376 0.012 3.60-10"
LEM' . CT1 —1.000 6.58-1073 0.367 0.015 3.05-10"

AABA LESUsst . CT1 —0.385 422-10°3 0.456 0.016 9.01-10"
LEMt—CT1 —1.045 3.10-10°° 0.446 0.016 4.98-10"

AABB LESUest (T —0.382 7.07-1073 0.525 0.017 1.28-10"
LEM' . CT1 —-1.172 3.32-10°° 0.507 0.018 3.98-10"

BABA LESUst . CT1 —0.146 2.77-1073 0.506 0.002 2.07-10"
LEMt—CT1 -1.199 6.41-107° 0.498 0.013 3.80-10"

Charge recombination (CT—GS)

AAAA CT1—-GS —1.824 2.38-1072 0.311 0.024 2.35-107

AABA CT1—GS —1.943 8.79-1073 0.309 0.028 2.56-107

AABB CT1—GS —1.987 3.24-1072 0.348 0.035 4.31-107

BABA CT1—GS —2.131 2.89-1072 0.294 0.027 1.66-107

[a] Gibbs energy difference between the denoted states in DCM.
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Table 4. Gibbs energy AG’ (in eV), electronic coupling |V;| (in eV), reorganization energy A (in eV), activation energy E, (in eV), and rates ky (in s7') for ET

and CR processes in [4]PPDCq, complexes calculated in DCM.

Conformer Transition AG™ [Vy A E, ky

Electron transfer (LE—CT)

AAAA LESUsst . CT2 —0.615 1.34.1072 0.309 0.013 9.53-10"
LEMs' T2 —0.243 1.71-1072 0.307 0.015 9.58-10"

AABA LESUsst CT2 —0.420 1231072 0.357 0.016 2.17-10"
LEMs T2 —0.008 1.55-1072 0.370 0.035 2.58-10"

AABB LESUsst . CT2 —0.480 1.37-1072 0.408 0.014 2.35-10"
LEMs' T2 —0.038 1.60-1072 0.417 0.018 7.25-10"

BABA LESust . CT2 —0.399 1.19-1072 0.438 0.015 2.20-10"
LEMs T2 —0.036 1.77-1072 0.444 0.022 5.71-10"

Charge recombination (CT—GS)

AAAA CT2—GS —1.790 1.73:1072 0.268 0.019 9.78-10°

AABA CT2—GS —1.982 1.82:1072 0.282 0.018 1.82-10°

AABB CT2—GS —1.950 1.51-1072 0.274 0.014 222-10°

BABA CT2—GS —1.983 1.63:-1072 0.294 0.018 2.45.10°

[a] Gibbs energy difference between the denoted states in DCM.

— GS — LE® — LEWSt — ¢T1 (Host—= Cy) CT2 (Cqy— Host)
Host
4 A _LEHnsl ==LE:= | 4
— | EHost — CT1 —CT1 —CT1 —CT1
a— |_EHOSt
h c ‘__,LEHOSt B
% =—LE®™ \ | ECs XrTm[EHost o LECe — CT_; __¢cm cTq
Host —— g —cTC ==CT | Eheo
= 3 - LEHost [ == LE —CcT1 CcT1 LECw LES» CT2
m '--.CT'] CT1 _LEHosl _LEHusl _LEHost
| =5
g 1 - LEcsn '--'LECE" "-'LECS“ .--.LECW '--'LEC“ — LECsn I--;LEcen
i 1 cmm i===CTTi1 ---.LEHOS‘ S LEHOS( --.LEHGEt
o 2 ey TmeCTH &n = ¢tz "T'ct2
:': o L
©
@ ol __ __ __ - R
m 1 :__I :_—I Ir‘_' :__] . . . . 1
| . : . : : : " : :_—I :—_I :'_I IF_I I
L R TR
0{ 1:==!65 |e=m!GS  |.am!GS  mm)/GS lieay G8  leaai 68 licey GBS liamy GBS L
| T T | | T T T
AAAA AABA AABB BABA AAAA AABA AABB BABA

[4]DHPPOC,,

[4]PP2C,,

Figure 5. Energies of LE and CT states in [4]DHPPDC, and [4]PPDCq, in vacuum (solid lines) and dichloromethane (dash lines).

favorable from both LE"** and LE®"** states. This process occurs
in the normal Marcus region (except the LES“**—(CT2 reaction
for AAAA isomer) with rather small activation energies. In all
cases, the reaction was found to be ultrafast, in particular
occurring in a few picoseconds.

In contrast, the charge recombination process, i.e. the decay
of CT state to the GS, is significantly slower than the
corresponding electron transfer in both [4]DHPP and [4]PP
based complexes. The competition between electron transfer
(or charge separation) and charge recombination is crucial for
generation of a long-lived CT state and efficiency of a potential
photovoltaic device. Thus, it can be concluded that the [4]PP
DC, complexes with unusual electron transfer from fullerene

Chem. Eur. J. 2023, 29, e202300503 (8 of 10)

to nanoring are better suited for practical use because of
ultrafast generation of the CT state and slow recombination of
holes and electrons. Note that the rates of ET and CR processes
were computed in the Franck-Condon region. We have
previously shown that the effect of internal geometry reorgan-
ization on AG’ is rather small for large conjugated systems such
as fullerenes and their inclusion complexes.***” The use of the
FCD model, based on the unitary transformation of adiabatic
states into diabatic ones, makes it possible to estimate the
coupling beyond the crossing point. The FCD method provides
good estimates of the coupling and is recommended for
extended molecular systems.””

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 5. Rate of radiative decay of LE"*' state in [4]DHPP>Cy, and [4]PPDC, calculated in DCM. AE (in eV) is the energy difference between LE™* and GS

states, f — oscillator strength and k, (in s™') is rate of radiative decay.

Conformer [4]DHPPDCy, [41PPDCyp
AE f k, AE f k,
Radiative decay of LE"* (LE"**'—GS)
AAAA 2.824 0.002 6.92-10° 2.033 0.012 2.15-10°
AABA 2.988 0.094 3.64-10 1.990 0.008 1.37-10°
AABB 3.159 0.132 5.72-10’ 1.988 0.008 1.37-10°
BABA 3.330 0.027 1.30-107 2.019 0.003 531-10°

Despite the fact that in all cases, electron transfer occurs
much faster than the corresponding charge recombination
process, the radiative decay of the LE"* state can be considered
as an alternative deactivation channel that prevents the
formation of the CT state.

However, as can be seen in Table 5, the rate of such a
process does not exceed 10%s™' for any of the studied
complexes, which is much slower than the electron transfer
rate. Thus, radiative decay will not compete with the charge
separation reaction and interfere with the generation of CT
states.

Conclusions

We described here a series of supramolecular complexes of the
[4]DHPP/[4]PP nanorings containing aromatic/antiaromatic
fragments. Computational results revealed four stable stereo-
isomers for each nanoring formed by rotation around single
C—C bonds between monomeric units. The most stable isomer
in the ground state is the most symmetrical one. The relative
energies of other isomers are within 2 kcal/mol, while the
rotational barrier is high. Host-guest interaction energy in
supramolecular complexes of [4]DHPP with Cg, fullerene is
higher than in [4]PPDCq, complexes by ca. 10 kcal/mol, mainly
due to more suitable size complementarity and less Pauli
repulsion.

TDA-DFT calculations showed that the electron transfer
upon photoexcitation of the host-guest complexes with Cq
fullerene is determined by the electronic nature of the
nanoring. In particular, in [4]DHPPDC,, with aromatic units, the
only electron transfer from the nanoring to C¢, was found. In
contrast, in [4]PPDC,, containing antiaromatic fragments, such
direction of the electron transfer is unlikely. However, due to
significant lowering of the LUMO energies compared to
[4]DHPPDOC,,, the electron transfer from Cq, to [4]PP is almost
barrierless and ultrafast.

The energy of the lowest CT states computed by the TDA-
DFT method correlates with the HOMO-LUMO gap. Spatial
orientation of the monomers changes the electron density
distribution at HOMO of the [4]DHPP nanoring, providing
slightly better electron-donating properties for the AAAA
isomer. A blue shift of the CT1 state by 0.3 eV was found
comparing the AAAA and BABA stereoisomers of [4]DHPPD>C,.
In turn, [4]PP isomers show almost the same HOMO and LUMO

Chem. Eur. J. 2023, 29, e202300503 (9 of 10)

energies; therefore, the electron transfer characteristics of its
complex with fullerene do not depend on the nanoring isomer.
Efficient charge separation and relatively slow charge
recombination together with low sensitivity to the stereo-
isomeric composition of nanorings, make the [4]DHPPD>C,, and
[4]PPDC,, systems attractive for photovoltaic applications.
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