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In recent years, the chemistry of curved m-conjugated molecules has experienced a sharp rise. The
inclusion of a heteroatom in the carbon network significantly affects its semiconducting properties. In
this work, we computationally study the photoinduced electron transfer in a series of Cgq fullerene

complexes with experimentally established nitrogen-doped molecular bowls. Our results demonstrate
Received 10th March 2022 that introducing nit into pentagonal rings of the bowl-shaped m-conjugated molecules and
Accepted 27th March 2022 at introducing nitrogen into pentagonal rings of the bowl-shaped m-conjugated molecules an
extending the m-conjugation can modulate their electron-transfer properties. Among the studied

DOI: 10.1039/d2na00150k complexes, the hub-NCor>Cgo complex exhibits the most desirable combination of ultrafast charge
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Introduction

Significant advances in the chemistry of curved m-conjugated
molecules observed in the last few decades are the result of the
progress in their synthesis."” The bowl-shaped compounds can
be considered as structural parts of fullerenes and have attrac-
ted great attention® since the discovery of fullerenes* and
nanotubes.® Historically, the first synthesized buckybowl with
Cs, symmetry is corannulene (Cor). In 1966, Barth and Lawton
reported on the multistage synthesis of dibenzo[ghi,-mno]fluo-
ranthene called corannulene.® Synthesis of sumanene (Sum) -
a fullerene segment with C;, symmetry - was carried out almost
40 years later by Sakurai and Hirao (Fig. 1).” In the early 1990s
the development of the flash vacuum pyrolysis (FVP) method
enabled materials scientists to evaluate these compounds.*™*
This attention to bowl-shaped molecules arises not only from
aesthetic pleasure of curved w-conjugated systems, but also
from the fact that they contribute to fundamental research of
aromaticity,” complexation with molecules and metal ions,****
and strain energy.»*>' It is known that the introduction of
heteroatoms into a carbon m-conjugated system can dramati-
cally affect its properties. Doping with nitrogen or boron atoms
influences the semiconducting and luminescent properties of
carbon materials due to changes in the band structure."” Also,
the introduction of the heteroatom can create “special areas”
due to their electronegative or electropositive characteristics.'®

“Institut de Quimica Computacional, Departament de Quimica, Universitat de Girona,
C/ Maria Aurelia Capmany 69, 17003 Girona, Spain. E-mail: antony.stasuk@gmail.
com; miquel.sola@udg.edu; alexander.voityuk@gmail.com

*Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d2na00150k

2180 | Nanoscale Adv, 2022, 4, 2180-2188

separation and slow charge recombination, suggesting its potential use in photovoltaics.

Moreover, nitrogen-embedded bowl-shaped molecules are used
as model compounds for azafullerenes and nitrogen-doped
nanotubes.’*

There are two main types of heteroatom positions within
bowl-shaped m-conjugated molecules: the rim position, in
which a CH unit on the rim of a bowl is replaced by a hetero-
atom; and the hub position where a heteroatom is embedded in
the central part and connects with three other atoms of the
bowl. To date there have only been limited reports on the
synthesis of such bowl-shaped compounds.

The first example of azabuckybowl-triazasumanene (rim-
3NSum) - was reported by Higashibayashi and co-workers in
2012.> This is the only synthesized nitrogen-doped sumanene
derivative.

The synthesis of azapentabenzocorannulene bearing
a nitrogen atom in the core of corannulene (hub-NCor) was
independently reported in 2015 by Ito and Nozaki, as well as by
Hiroto and Shinokubo.”>** Azadibenzocorannulene with
a nitrogen on the rim position (rim-NCor) was described by Scott
two years later.”* Very recently, Krzeszewski et al. reported a new
nitrogen-containing bowl-shaped molecule (PP-bowl) consist-
ing of a pyrrolo[3,2-b]pyrrole core substituted with six arene
rings linked in a circle.” In contrast to the “classical” aza-
buckybowls, the presented bowl features two pentagonal rings
located between two heptagons. This molecule could be used as
an optoelectronic material due to the electron-rich nature of the
pyrrolo[3,2-b]pyrrole fragment.*® Hydrazinobuckybowl, a diaza
analog of diindenochrysene (Hyd-bowl) with a particularly
electron-rich nature, was reported by Higashibayashi and co-
workers.”” More recently, the structure of the nitrogen-
embedded T-extended cyclazine (Cyc-bowl) was described in
2020 by Deng and Zhang.”® In general, the introduction of
nitrogen or other heteroatoms into bowl-shaped -conjugated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of nitrogen-containing molecular bowls.

molecules can be used as an effective strategy for modulating
their physicochemical and electronic properties, which greatly
expands the diversity and hence the use of such molecules in
functional materials.

Here, we study electronic and photoinduced electron trans-
fer (PET) properties of complexes based on Cgo with a number of
previously synthesized nitrogen-doped molecular bowls of
different topologies. Using the time-dependent density func-
tional theory (TD-DFT), we investigate the efficiency of PET in
a particular complex as a function of the structural features of
the bowl. The results can be used in the design of N-doped
carbon nanomaterials for photovoltaic applications.

Computational methods

Geometry optimizations were performed by employing the
DFT B3LYP*7* hybrid exchange-correlation functional with
Ahlrichs' def2-SVP basis set.**** The empirical dispersion D3
correction was included using the Becke-Johnson damping
scheme.?*** Vertical excitation energies were calculated using
the TDA formalism?® with the range-separated CAM-B3LYP*"**
functional and the def2-SVP basis set,**** as implemented in
the Gaussian 16 (rev. A03) program.®® The same program was
used for population analysis in terms of Mulliken,*’ Léwdin,*
Hirshfeld,” iterative Hirshfeld*® and CM5 ** charges. The
formation energy of the complexes and their strain energy
were computed with the B3LYP-D3(BJ)/def2-TZVP//B3LYP-
D3(BJ)/def2-SVP scheme.** A Morokuma-like energy decom-
position analysis (EDA)*** was performed using the Amster-
dam Density Functional (ADF) program at the B3LYP-D3(BJ)/
TZP//B3LYP-D3(BJ)/def2-SVP.* The topological analysis of the
electron density distribution was conducted using the
“Quantum Theory of Atoms in Molecules” (QTAIM).*® The
AIMALL suite of programs® was applied to evaluate the bond
critical points and associated bond descriptors. Molecular
structures and frontier molecular orbitals were visualized
using the Chemcraft 1.8 program.> Details on the analysis of
excited states, calculation of solvent effects, electron transfer

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

View Article Online

Nanoscale Advances

hub-Ncor
(Hiroto, Shinokubo, and
Ito, Noazki, 2015)

<
S T

Hyd-bowl
(Higashibayashi, 2016)

PP-bowl
(Fasel, Gryko, 2018)

Cyc-bowl
(Zhang, 2020)

rates, reorganization and interaction energies can be found in
the ESL.{

Results and discussion
Ground state properties

The complementary concave-convex interaction between Cgo
fullerene and pristine corannulene leads to the formation of an
1:1 complex. Although the complex was observed in the gas-
phase and on a metal surface, its binding constant is not
high. Yokoi et al found that enhanced electron donating
properties of the molecular bowl cause its closer association
with electron-deficient Cgy both in solution and in the solid
state. In particular, the binding constant between the tert-butyl
derivative of hub-NCor and Cg, was measured to be 3.8 x 10° L
mol~",* in contrast to the binding constant values of 280-475 L
mol™' for substituted corannulenes.®® The pronounced
electron-rich character of the nitrogen-containing bowls and
the electron-deficient nature of Cgo encouraged us to study the
ground state (GS) properties of six van der Waals (vdW)
complexes, rim-NCor D Cgg, huuh-NCor D Cgo, PP-bowl D Cg, Hyd-
bowl D Cgg, Cyc-bowlD Cg, and rim-3NSum D Cg, (Fig. 2), and
their response to photoexcitation compared with the reference
systems CorDOCgy and Sum>DCgy. The selected bowls are
synthesized derivatives of corannulene and sumanene with the
nitrogen atom located at different positions. Rim-NCor D Cgo
and rim-3NSumDCg, contain pyridinic N atoms on the
periphery, and Cyc-bowl D Cg has a pyramidal amine N atom,
while pyrrolic N atoms are contained in the central part of other
bowls. Each type of N atom has a different effect on the elec-
tronic and photophysical properties of the bowls and their
complexes.

First, we consider such effects in the bowls by analyzing the
frontier molecular orbitals: the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). For the bowls with pyrrolic N in a hub position, we
found a significant reduction in the HOMO-LUMO (HL) gap
compared to the undoped bowls (Fig. 2). This can be explained

Nanoscale Adv., 2022, 4, 2180-2188 | 2181
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Fig. 2 Structures and HOMO/LUMO energies of the studied complexes

by the formation of an aromatic sextet in pentagonal rings and
by increasing m-electron delocalization in the bowls. The
electron-donating character of the bowls can be described by
the HOMO energy. The donating effects decrease by passing
from the PP-bowl and Hyd-bowl with two N atoms to hub-NCor
with one pyrrolic N atom. The lowest donating properties are
found for rim-NCor and rim-3NSum bowls having pyridinic N.

It is important to note that the LUMO of complexes is
localized on the Cgo fragment in each case, while the localiza-
tion of the HOMO depends on the complex. Because the HOMO
of Cor and rim-3NSum bowls is lower than that of Cg, the
HOMO of their complexes is localized on the fullerene. In other

0.32eV 0.12eV
ase -0.69 eV
Hyd-bowl Cyc-bowl rim-3NSum Sum
-5.98 ¢V
714eV _ -6.98 ¢V
-7.82 eV

complexes, the HOMO is localized on the bowls. The HL gap
(Table S1, ESIt) also depends on the complex. For example, hub-
NCor D Cgg, PP-bowl D Cg, and Hyd-bowl O Ce, have a relatively
small HL gap (3.6 to 3.8 eV), while it is about 1 eV larger (ranging
from 4.4 to 4.8 eV) in rim-NCor D Cgy, rim-3NSum D Cg, and Cyc-
bowl D Cg, as well as in the reference systems CorDCgo and
SumDCgo. Thus, the HL gap is modulated by the nitrogen
content and topology of the m-conjugated system. A larger
number of pyrrolic N atoms and an increase in m-conjugation
promote narrowing of the HL gap. The formation of the vdW
complexes has a rather small effect on the orbital energies of
their fragments. In particular, the LUMO energy of the Cgo

Table1 Energy decomposition analysis for Cor D Cgg, rim-NCor D Cgq, hub-NCor D> Cgo, PP-bowlD Cgg, Hyd-bowl D Cgg, Cyc-bowl D Cgq, rim-

3NSumDC50, and SumDCGo“

Energy components

Complex db Bowl-- 'CGO AEim AEpauli AEe[stat AEoi AEdisp

Cor>Cq 5.949 —18.84 35.51 —17.54 (32.3%) —8.20 (15.1%) —28.62 (52.6%)
rim-NCor > Cgo 5.599 —24.52 42.35 —20.42 (30.5%) —10.00 (15.0%) —36.45 (54.5%)
hub-NCor > Cg, 5.462 —30.79 48.41 —23.36 (29.5%) —11.45 (14.5%) —44.40 (56.1%)
PP-bowl D Cgo 5.370 —33.51 49.06 —23.94 (29.0%) —11.77 (14.3%) —46.85 (56.7%)
Hyd-bowl D Cq, 5.746 —24.40 40.83 —20.40 (31.3%) ~10.10 (15.5%) —34.73 (53.2%)
Cyc-bowl D Cq 5.995 —18.52 34.04 —16.66 (31.7%) —8.47 (16.1%) —27.43 (52.2%)
rim-3NSum D Cgo 6.114 —~17.98 30.37 —14.21 (29.4%) —7.53 (15.6%) —26.61 (55.0%)
Sum D Cg, 5.943 —19.71 37.95 —18.25 (31.6%) —9.29 (16.1%) —30.13 (52.2%)

“ The energy values are in kcal mol '. The percentage contributions to the sum of attraction energies (AEcigeac + AEo; + AEg;sp) are given in
parentheses. ? Distances between the centers of Cqo and Bowl fragments are in A.
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fragment changes within only 0.25 eV compared to the isolated
Ceo, While the variation in the HOMO energy located on bowls
does not exceed 0.17 eV. The population analysis does not reveal
any significant charge transfer between the host (Bowl) and the
guest (Cgp) in the GS (Table S2, ESIt). Because of that, only
minor changes are found in the HOMO and LUMO energies of
the molecules by the formation of their complexes.

The stability of the complexes was evaluated by calculating
the interaction energy (AE;,;) between the bowls and Cg (see
Table 1). Using a Morokuma-type energy decomposition
method, the interaction energy is divided into four compo-
nents: Pauli repulsion (AEp,,;), electrostatic (AE,.), orbital
interactions (AE,;), and dispersion correction (AEg,) (see
computational details in the ESI).

As seen in Table 1, the least stable complex is rim-
3NSum D Cg due to the larger bowl-depth and weaker disper-
sion interactions. More extended and less curved buckybowls
(hub-NCor and PP-bowl) form the most stable complexes with
Ceo. In these complexes, there are shorter distances between the
centers of Cgo and Bowl fragments, more stabilizing dispersion
interactions and more destabilizing Pauli repulsions. AEp,yj;
varies from 30.4 kcal mol™* for rim-3NSum>OCs, to
49.1 kecal mol™* for PP-bowl D Cgo. Among the intermolecular
attractions (electrostatic, orbital, and dispersion interactions),
the last term dominates contributing from 52 to 57%. It is fol-
lowed by the electrostatic (about 30%) and orbital (14 to 16%)
interactions. We note that the HL gap increases with AE,;

View Article Online
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(Fig. 2). A similar picture was found earlier in vdW complexes of
Ceo With phosphangulene oxide derivatives.**

The topological analysis based on Bader's atoms in mole-
cules theory (QTAIM) was used to obtain additional information
about the host-guest interactions. The electron density, its
Laplacian, and other topological parameters at the bond critical
points (BCPs) were calculated (see Table S31). The analysis
revealed that there are only -7 interactions between the host
and guest units in Cor D Cgg, rim-NCorD Cgg, hub-NCor D Cgo,
PP-bowl O Cgy, Hyd-bowl D Cgp, and Cyc-bowl D Cgy. Additional
interactions of the CH:---m type are found in rim-3NSum D Cg,
and Sum D Cgo. QTAIM molecular graphs for the complexes are
given in Fig. S1, ESI.f The topology of the host-guest interac-
tions in the complexes was also described using the non-
covalent interaction index (NCI).>* The NCI isosurfaces are
fairly evenly distributed between the Bowl and Cgo fragments
and have a similar shape in all complexes. The reduced density
gradient (RDG) plots and NCI isosurfaces are presented in
Fig. S2 and S3, ESL.f

Singlet excited states

The strong electron-accepting properties of fullerene and the
relatively small HL gap in the complexes suggest promising PET
properties of the systems. To describe the properties of excited
states, all systems were divided into 2 fragments: guest
(acceptor) Cgo and host (donor) bowls. The electron density
distribution was analyzed for the 100 lowest-lying excited states.

Table 2 Excitation energies (E,, V), 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) computed for studied complexes in the gas-phase (VAC). Key parameters are bold italic type

Supramolecular host-guest systems Bowl D Cgo

Cor rim-NCor hub-NCor PP-bowl Hyd-bowl Cyc-bowl rim-3NSum Sum
LE, (fullerene Cq)
Ex 2.561 2.570 2.563 2.560 2.557 2.551 2.566 2.552
Trans. (W) H-L (0.27) H-1-L+1 (0.22) H—2-L+2 (0.32) H—3-L+2 (0.20) H—1-L (0.28) H—2-L+1 (0.16) H-L (0.46) H-4-L+1 (0.21)
f <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
X 0.974 0.974 0.898 0.952 0.967 0.955 0.979 0.928
LE, (Bowl)
Ex 3.976 3.883 3.245 2.984 3.284 4.152¢ 4.171 4.143
Trans. (W) H—6-L+6 (0.36) H—5-L+3 (0.22) H-L+7 (0.42)  H-L+7 (0.69)  H-L+7 (0.90)  H-L+6 (0.37)  H—5-L+6 (0.39) H-L+6 (0.21)
f <0.001 0.019 0.048 0.003 0.001 0.019 0.019 <0.001
X 0.856 0.796 0.925 0.879 0.950 0.543 0.848 0.788
Most absorptive transition
Ex 4.393 4.391 4.388 4.399 4.404 4.369 4.390 4.3897
Trans. (W) H-L+5 (0.22)  H—1-L+4 (0.16) H—3-L+4 (0.14) H—7-L+3 (0.14) H—5-L+3 (0.18) H-L+5 (0.23)  H-L+3 (0.19)  H—2-L+3 (0.14)
f 0.357 0.255 0.251 0.306 0.297 0.385 0.303 0.199
Localiz. Ceo Ceo Coo Coo Coo Coo Ceo Ceo
X 0.946 0.811 0.910 0.884 0.913 0.903 0.897 0.684
CT (Bowl — fullerene Cg)
Ex 3.835 3.413 2.310 2.078 2.120 3.214 3.913 3.137
Trans. (W) H—6-L (0.62) H—5-L+2 (0.69) H-L+1 (0.81)  H-L+1 (0.63)  H-L (0.73) H—5-L+1 (0.49) H—6-L+1 (0.32) H—1-L (0.58)
f 0.002 0.003 0.008 <0.001 <0.001 <0.001 0.005 0.008
CT 0.856 0.968 0.871 0.966 0.904 0.804 0.854 0.870

“ LE, state is partially delocalized over the Cgp unit. ” Mixed state with significant contributions of LE and CT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Three types of excited states were identified: (1) locally excited
(LE) states, in which the excitation is mostly localized either on
the guest (LE,) or on the host molecule (LE,) and charge transfer
is less than 0.1e (CT < 0.1le); (2) charge transfer (CT) states
showing a significant charge separation (CT > 0.8¢); and (3)
mixed states, where both LE and CT states contribute
substantially (0.1e < CT < 0.8¢).'**®

In the gas-phase, the 100 lowest vertical singlet excitation
energies of the complexes are found in the range from 2.55 to
5.25 eV. The analysis revealed two types of LE states (LE; and
LE,) but only one type of CT state. This CT type corresponds to
electron transfer from Bowl to Cgg, leading to Bowl' D Cgo . CT
states with opposite charge separation, Bowl D Cg,", were not
found in the studied energy range. We note that in all
complexes the lowest LE states localized on Cgg are dark. Thus,
they can only be populated due to the fast internal conversion of
absorbing states of Cgo.

Depending on the nature of the first excited state, the
complexes can be divided into two groups. The first group
includes hub-NCor D Cgo, PP-bowl D Cgp, and Hyd-bowl D Cg, in
which the CT state is the lowest-lying excited state with the
energy ranging from 2.08 to 2.31 eV (Table 2). The second group
includes CorDCgp, rim-NCorDCgy, Cyc-bowlDCgy, rim-
3NSum D Cgg, and Sum D Cg. In this group, the LE; state with
the excitation on Cg is the lowest one, and the energy of CT
states varies from 3.14 to 3.91 eV. We note that in all complexes
the energy of LE, states with the exciton localized on Bowl is
higher than that of LE; and CT states. For each system, the
excited states with a significant oscillator strength are almost
completely localized on the Cgo fragment. The selected LE and
CT states were additionally analyzed in terms of natural tran-
sition orbitals (NTOs), which are shown in Fig. S4-S11 in the
ESL.T The NTOs corresponding to local excitations in the Cgo
and Bowl fragments are of 7 type and rather evenly distributed
over the entire fragment. The occupied and vacant NTOs asso-
ciated with CT are localized on the bowls and the fullerene,
respectively. The main contributions of the Kohn-Sham orbitals
to the NTOs are provided in Table S4, ESL.T
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Effects of the environment

A well-proven COSMO-like model***"~** with dichloromethane
(DCM) as a solvent was applied to estimate the effect of the
polar environment on electronic excitations. The GS dipole
moment of the studied complexes is in the range of 0.2 to 1.9 D.
The small dipole moments can be explained by the high
symmetry of the units (bowls and fullerene) and their mutual
arrangement. The GS solvation energy varies from —0.15 to
—0.28 eV. The reference corannulene and sumanene complexes
have the lowest solvation energies. The higher solvation energy
of the complexes with nitrogen-containing bowls is due to the
polar C-N bonds. A change in the dipole moment (Aw) due to GS
— LE excitations is rather small and does not exceed 3.9 D. The
solvation energies of the GS, LE;, and LE, states are found to be
similar. Detailed solvation data including the analysis of excited
states in DCM are given in Tables S5 and S6, ESL. As expected,
the dipole moment of CT states is significantly larger than that
of GS and LE states. Depending on a particular complex, Au®"
varies from 21.4 to 26.4 D. The solvation energy of the
Bowl ' DCq~ CT states is significantly larger. Note that the
solvent stabilization of CT states in CorDCgy and rim-
3NSum D Cg is not strong enough to energetically enable the
LE; —CT transition. In contrast, the stabilization of the CT
state in rim-NCor D Cgp, Cyc-bowl D Cgp, and Sum D Cg is suffi-
cient to reduce the gap between CT and LE; to less than 0.3 eV

(Fig. 3).

Electron transfer rates and the effect of excited state geometry
relaxation

CT states in the complexes are characterized by a very weak
oscillator strength and can therefore not be directly populated
by light absorption. However, they can be generated by the
decay of LE states. Our calculations showed that excitations
with the highest probability of absorption are localized on the
fullerene unit. The rates of charge separation (kcs) and charge
recombination (kcgr) were calculated using the semi-classical
method proposed by Ulstrup and Jortner.”* Within this

4.5 — VAC

4.0 —t = == DCM
5 35 ( CT| /1= < iCT
z30{ 7 ( " _ et ( T
2 s CLE| (.LE, (JIE, (.LE, (TLE, (EiE, (CLE, [(NGGIEE,
& ( ICT /i~ =
g 2.0 4 lomms ! E 1:CT (E ECT
"_‘_E 154 Lomms s
[7]
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0.5-

0.0 cGs| Ces Coes (Les <es =cs (s | <GS

/l)(,@ 'og@ ' 0(,@ i/)c,»“ l\o(,@ I OC,@ I ,)C““ I,)Cb“
Go‘ CP( oe‘ & & & & &
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Fig. 3 Relative energies (in eV) of GS, LE,, and CT states for the complexes of interest computed in a vacuum (VAC) and dichloromethane (DCM).
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approach, the intramolecular relaxation associated with ET is
described by an effective vibrational mode, and the rate is
controlled by four parameters: electronic coupling of the initial
and final states Vj;, solvation reorganization energy A, reaction
Gibbs energy AG®, and the effective Huang-Rhys factor Ses. A
two-state coupling scheme was employed in all cases. The rates
were estimated using the effective frequency of 1600 cm™’,
which corresponds to the stretching of C=C bonds. Previously,
we demonstrated that the rate of charge separation for similar
systems does not change significantly by varying the effective
frequency from 1400 to 1800 cm™ '.>* Our tests for the repre-
sentative complexes Cor D Cgp, SumD Cgg, and hub-NCorD Cgg
confirm the small effect of the effective frequency on the CS rate
(Table S7 and Fig. S12, ESIT). The computed parameters and kcs
in DCM are listed in Table 3.
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As seen in Table 3, the electron transfer reactions in the
complexes are characterized by moderate internal reorganiza-
tion energies, which range from 0.15 to 0.28 eV. The LE; — CT
charge separation process in Cor D Cgo and rim-3NSum D C is
unlikely because of its highly positive Gibbs energy. In turn, the
modest activation energy barrier is responsible for the rather
slow charge separation in rim-NCor D Cgy, Cyc-bowl D Cgp, and
Sum D Cg. Electron transfer in these complexes occurs in the
normal Marcus regime (JAG®| < A) on the nanosecond timescale
or even slower. The characteristic time () was found to be
151.94, 2.46, and 1.07 ns, respectively. At the same time, PET in
hub-NCor D Cgg, PP-bowl DCgy, and Hyd-bowl D Cg, is almost
barrierless. The calculated rate constants unambiguously
confirm the ultrafast charge separation between the Cgo and
Bowl fragments. Thus, the complexes with the bowls containing

Table 3 Charge separation rates kcs (in s7%), Gibbs energy AGP (in eV), electronic coupling Vj (in eV), solvent (As) and internal (4) reorganization
energy (in eV), Huang—Rhys factor (S¢¢) and activation energy barrier (AE,, eV) for Cor ©Cgp, rim-NCor D Cgq, hub-NCor > Cgg, PP-bowl D Cgp,
Hyd-bowl> Cgo, Cyc-bowlD Cgq, im-3NSum>DCgo, and Sum D Cgq complexes computed in DCM

Reorg. energy, eV

Complex AG", eV |Viil, ev A As Sett AE,S, eV kes, 51
CorDCgp 0.652 9.35 x 10> 0.170 0.413 0.857 0.686 5.67 x 10°
rim-NCor D Cg, 0.296 4.93 x 107° 0.151 0.338 0.761 0.297 6.63 x 10°
hub-NCor D Cgp —0.598 1.98 x 10 0.165 0.246 0.832 0.017 3.89 x 102
PP-bowl D Cgp —0.942 2.22 x 107° 0.250 0.322 1.260 0.016 2.29 x 10™°
Hyd-bowl D Cg, —0.918 2.20 x 103 0.277 0.345 1.396 0.015 3.16 x 10™°
Cyc-bowl D Cgq 0.260 1.91 x 1072 0.218 0.312 1.099 0.262 4.06 x 10°
rim-3NSum D Cgq 0.736 1.17 x 1072 0.212 0.407 1.069 0.802 9.82 x 102
Sum D Cgy 0.034 1.96 x 1073 0.166 0.410 0.836 0.120 9.39 x 10°

“ Gibbs energy difference between CT and LE; states. b Effective value of the Huang-Rhys factor Seg = Ai/fiwesr, where hiweg is set to 1600 cm L

¢ Activation energy barrier for the LE; — CT reaction.

Table 4 Charge recombination rates kcg (in s~%), Gibbs energy AG® (in eV), electronic coupling Vi (in eV), solvent (A5 and internal (4) reorga-
nization energy (in eV), Huang—Rhys factor (S¢¢) and activation energy barrier (AE,, eV) for rim-NCor>Cgg, hub-NCor>Cgg, PP-bowl D Cg,
Hyd-bowlD> Cgo, Cyc-bowlD Cgo, and SumD Cgo complexes computed in vertical and relaxed geometries in DCM

Reorg. energy, eV

Complex AG", eV [Viil, ev Ai As Se” AE,, eV kcr, s °
Vertical Frank-Condon geometries

rim-NCor D Cgq —2.863 6.62 x 107> 0.140 0.338 0.706 0.058 2.46 x 10°
hub-NCor D Cg, —1.965 4.10 x 102 0.145 0.246 0.731 0.036 3.98 x 10’
PP-bowl D Cg, —1.623 4.22 x 1072 0.147 0.322 0.741 0.036 7.22 x 10°
Hyd-bowl D Cqg, —1.635 3.44 x 1073 0.183 0.345 0.923 0.033 1.64 x 108
Cyc-bowl D Cqq —2.590 7.40 x 1072 0.164 0.312 0.827 0.047 3.96 x 10°
Sum D Cgy —3.304 1.22 x 1072 0.165 0.410 0.832 0.066 4.28 x 10°
Relaxed in CT geometries

rim-NCor D Cg, —2.614 5.82 x 107> 0.138 0.328 0.696 0.054 4.49 x 10*
hub-NCor D Cg, —1.548 2.31 x 1072 0.130 0.350 0.655 0.039 3.98 x 10°
PP-bowl D Cg, —1.262 1.09 x 1072 0.136 0.326 0.686 0.030 1.39 x 10"
Hyd-bowl D Cqg, —0.956 3.46 x 1072 0.218 0.415 1.099 0.017 6.91 x 10
Cyc-bowl D Cqgq —2.252 3.89 x 1072 0.240 0.321 1.210 0.035 1.74 x 108
Sum D Cqgy —2.877 6.47 x 1072 0.167 0.337 0.842 0.053 1.27 x 10*

“ Gibbs energy difference between CT and GS. b Effective value of the Huang-Rhys factor Seg = Ai/fiesr, where fiwg is set to 1600 cm ™. ¢ Activation
energy barrier for the CT — GS reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 2180-2188 | 2185
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Table 5 Back ET rate (CT — LE,) kgEIT (ins™Y), Gibbs energy AGP (in eV), electronic coupling Vj; (in eV), solvent (4s) and internal () reorganization
energy (in eV), Huang—Rhys factor (S¢) and activation energy barrier (AE,, eV) for the rim-NCor>Cgg, Cyc-bowlDCgo, and Sum>DCgg

complexes computed in DCM

Reorg. energy, eV

Complex AG*, eV [Viil, ev A As Sest” AE,’, eV feg, s

rim-NCor D Cg, —0.296 4.93 x 1073 0.151 0.338 0.761 0.004 7.15 x 102
Cyc-bowl D Cqp —0.260 1.91 x 102 0.218 0.312 1.099 0.005 1.06 x 10*®
Sum D Cg, —0.034 1.96 x 1073 0.166 0.410 0.836 0.087 3.53 x 10°

“ Gibbs energy difference between LE,; and CT states. b Effective value of the Huang-Rhys factor Seg = Ai/fiwegr, Where fiweg is set to 1600 cm™ .

¢ Activation energy barrier for the CT — LE, reaction.

the pyrrolic nitrogen atoms and extended mw-conjugation
demonstrate better PET properties.

Usually, the generated CT states are deactivated by charge
recombination to the ground state. For large conjugated
systems, the effect of internal geometry reorganization on AG°
is rather small and can be safely neglected.®>** However, in the
studied complexes, the Bowl fragment is relatively small, and
the relaxation effect can be significant. Thus, we studied the
effect of geometry relaxation on the rate of charge recombina-
tion in DCM for rim-NCor D Cgy, huub-NCor D Cg, PP-bowl D Cg,,
Hyd-bowl D Cgy, Cyc-bowlDCgy, and Sum D Cg, (Table 4). The
Cor and rim-3NSum based complexes were not considered
because the formation of CT states is unlikely for them.

In contrast to the charge separation, the charge recombina-
tion reactions take place in the inverted Marcus region (|AG,| >
A). Thus, the relaxation of the CT geometry leads to a decrease in
the |AG,| and accordingly increases kcg. Moreover, the geometry
relaxation reduces the activation barrier of the CT — GS
reaction.

Since the electron transfer in the rim-NCor>Cg, Cyc-
bowl D Cg, and Sum D Cqo complexes is characterized by AG® >
0 (Table 3), the charge recombination CT — LE, state can be
considered as an alternative deactivation channel of the CT
state. As seen in Table 5, the back electron transfer from the CT
to the LE; state in the rim-NCor2>Cgy, Cyc-bowlDCgy, and
Sum D Cgy complexes is rather fast. Thus, we infer that the CT
states in these complexes can hardly be observed.

In summary, for PP-bowlDCgy, Hyd-bowlDCgy, Cyc-
bowl D Cgp, rim-NCorDOCgp, Cyc-bowlDCqy, and SumDCgg
complexes, kcg was found to be similar to or even higher than
the corresponding charge separation rates. Fast charge recom-
bination is a significant disadvantage as it prevents the efficient
extraction of electrons and holes and, consequently, the
potential application of these complexes in photovoltaic
devices. Only hub-NCor > Cq, demonstrates ultrafast photoin-
duced electron transfer on the picosecond timescale (z = 0.25
ps) and slow charge recombination (kcg is smaller by 3 orders of
magnitude than kcg).

Conclusions

In this work, we studied in detail the ground and excited-state
properties of several complexes formed by Cgo fullerene and
nitrogen-doped molecular bowls of different topologies using the

2186 | Nanoscale Adv., 2022, 4, 2180-2188
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DFT/TD-DFT approach. The propensity of a particular complex to
photoinduced electron transfer is mainly determined by the
electron-donating properties of the bowl. The low HOMO energy of
the rim-3NSum bowl results in a high activation barrier for electron
transfer in rim-3NSum D Cgg, and thus inhibits this process. PET in
the rim-NCor>Cgy and Cyc-bowlDCgo complexes occurs in the
normal Marcus regime on the nanosecond timescale. In turn, the
hub-NCorDCgy, PP-bowlDCsy, and Hyd-bowlDCe, complexes
reveal ultrafast PET occurring on the picosecond timescale.
However, the practical application of PP-bowl>Cgy, Hyd-
bowl D Cgy, and Cyc-bowl D Cg may be limited due to fast charge
recombination. Only the hub-NCorDCgy complex demonstrates
the desirable combination of ultrafast charge separation (r = 0.25
ps) and relatively slow charge recombination. This makes it
a promising candidate for applications in organic photovoltaics.
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