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� electronic properties of c-graphyne
cluster models converge rapidly.

� electronic properties of c-graphyne
clusters have a low dependence on
vacancy defects.

� c-graphyne is an efficient electron
acceptor (low LUMO and ability to
delocalize excess charge).

� photoinduced electron transfer from
electron donors to c-graphyne is
efficient and fast.
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The search for new materials is constantly ongoing. Recently, a two-dimensional carbon allotrope , c-
graphyne, has been synthesized with a unified crystalline structure . Because of its low LUMO and excel-
lent electron mobility, it appears to be a promising electron acceptor for photovoltaic applications. Here
we report an analysis of the electronic properties of model van der Waals complexes of c-graphyne with
several partners of different electronic nature. We show that photoinduced electron transfer from
electron-donating partners to c-graphyne is favorable and occurs on nano to picosecond time scale. In
contrast, electron transfer from c-graphyne to strong electron acceptors is unlikely. Our results open per-
spectives for the future application of c-graphyne in photovoltaic devices.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction ancient times. Two other allotropes of carbon, glassy carbon and
Among the chemical elements, carbon holds the absolute cham-
pion for the number of reported allotropic forms. Diamond, gra-
phite, and amorphous carbon have been known to mankind since
lonsdaleite, were reported in the 1950s and 60s [1]. In 1980, car-
bon nano-onions were observed for the first time in vacuum-
deposited amorphous carbon films [2]. However, a real break-
through came in 1985 [3]. The buckminsterfullerene (C60) detected
by Kroto and co-workers made a sensation in chemistry and
prompted many scientists to search for new carbon allotropes. In
1991, Iijima discovered carbon nanotubes (CNTs) [4], which, along
with other findings, gave rise to a new branch of materials science,
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nanoscience. Carbon nanofoam, a cluster-assembly of carbon
atoms linked together in a loose three-dimensional network, was
discovered by Rode and co-workers in the late 1990s [5]. 30 years
later, the existence and structure of cyclo[18]carbon allotrope were
experimentally confirmed by an IBM/Oxford team [6].

The most significant discovery of recent years is graphene,
which consists of a single layer of carbon atoms arranged in a
two-dimensional (2D) honeycomb lattice nanostructure [7].
Because of the exceptional properties of graphene such as optical
transparency, large surface area, high Young’s modulus, and excel-
lent thermal conductivity, it has application in various fields includ-
ing high-speed electronics, optical devices, energy generation and
storage, hybrid materials, and chemical sensors [8–10]. Graphene,
as a 2D sheet of sp2-hybridized carbon, is currently a reference
building block for other carbon allotropes: it can be stacked to form
three-dimensional (3D) graphite, rolled into one-dimensional (1D)
carbon nanotubes, and wrapped to zero-dimensional (0D) fuller-
enes. Thus, the discovery of graphene ushered in a new era of 2D
materials. All of the carbon allotropes mentioned above consist of
carbon atoms in the same hybridization state.

Two-dimensional materials similar to graphene, but composed
of sp-hybridized carbons periodically integrated into an sp2-
hybridized carbon framework attract significant attention of scien-
tists [11–14]. Graphynes, as a family of hybrid lattices, were first
theoretically proposed by Baughman, Eckhardt, and Kertesz in
1987 [15]. In the last decade, the electronic, magnetic, and optical
properties of graphyne and its analogs doped with heteroatoms
have been intensively studied [16–19]. In 2010, Li et al. developed
the first successful methodology for creating c-graphdiyne films
using the Glaser–Hay cross-coupling reaction with hexaethynyl-
benzene [20]. The proposed approach makes it possible to synthe-
size nanometer-scale graphdiyne and graphtetrayne, which lack
long-range order [12,21]. In 2019, Cui and co-workers reported
on a mechanochemical technique for obtaining c-graphyne using
benzene and CaC2 [22]. Although a gram-scale c-graphyne can
be obtained using this approach, graphynes with long-range crys-
tallinity over a large area remain elusive. Recently, Hu et al.
reported c-graphyne synthesis from 1,2,3,4,5,6-hexapropynylben
zene and 1,2,3,4,5,6-hexakis[2-(4-hexylphenyl)ethynyl] benzene
using Mo(VI) alkyne metathesis catalyst [23]. Various analytical
methods indicate its excellent chemical and thermal stability. A
wide-angle X-ray scattering characterization of the obtained c-
graphyne product suggests a unified crystalline structure. The syn-
thesized c-graphyne shows a broad absorption in the UV–vis and
NIR regions. The material has a semiconductor band structure. Cyc-
lic voltammetry and optical measurements suggest a band gap of
0.93 and 0.96 eV, respectively [23]. Previously, Chen et al. predicted
that a sheet of sp-sp2 hybridized carbons, as flat as c-graphyne,
should have greater carrier mobility (both electrons and holes)
than a graphene sheet [24,25].

Taking into account the semiconductor nature of c-graphyne
(cG) as well as its promising transport properties [24], we explored
its potential use in organic photovoltaics. Here we report an anal-
ysis of photoinduced electron transfer (PET) occurring in model
van der Waals (vdW) complexes of c-graphyne with typical elec-
tron donor and electron acceptor molecules used in organic solar
cells. Our results clearly demonstrate that upon photoexcitation
cG acts as a strong electron acceptor, and its complexes with elec-
tron donors show pronounced PET properties.
2. Computational methods

Geometry optimizations were carried out employing the BLYP
[26,27] exchange–correlation functional with D3(BJ) empirical dis-
persion corrections [28,29] and Ahlrichs’ def2-SVP basis set [30],
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using the resolution of identity approximation [31] as imple-
mented in the ORCA 4.2.1 program [32]. Interaction energy, DEint,
and energy decomposition analysis (EDA) were calculated at the
BLYP-D3(BJ)/TZ2P// BLYP-D3(BJ)/def2-SVP level using the Amster-
dam Density Functional (ADF) program [33]. Electronic structure
calculations were carried out with Gaussian 16 (rev. C01) [34]
using the CAM-B3LYP [35] functional, because accurate prediction
of charge transfer rates requires the use of range-separated func-
tionals [36–38]. Besides, this functional shows the best perfor-
mance for modeling charge transfer processes in fullerene-based
complexes with a mean absolute percentage error of the logarithm
of the charge transfer rate constant of 6.3 % [38]. Vertical excitation
energies were calculated by time-dependent density-functional
theory (TD-DFT) using the Tamm-Dancoff approximation (TDA).
Electronic couplings were calculated by QChem 5.1 program [39].
To visualize molecular structures and frontier molecular orbitals,
the Chemcraft 1.8 program [40] was used.

2.1. Analysis of excited states

Exciton delocalization and charge transfer in donor–acceptor
complexes were quantitatively analyzed using the transition den-
sity [41–43]. The analysis was carried out in the more convenient
Löwdin orthogonalized basis. The matrix kC of orthogonalized
MO coefficients is obtained from the coefficients C in the original
basis kC = S1/2C, where S is the atomic orbital overlap matrix. The
transition density matrix T0i for an excited state Ui* constructed
as a superposition of singly excited configurations (where an occu-
pied MO wj is replaced a virtual MO wa) is computed,

T0i
ab ¼

X
ja

Aj!aC
k
ajC

k
ba ð1Þ

where Aj?a is the expansion coefficient and a and b are atomic
orbitals.

A key quantity X(D,A) is determined by:

X D;Að Þ ¼
X

a2D; b2A
T0i
ab

� �2
ð2Þ

The weights of local excitations on donor (D) and acceptor (A)
are X(D,D) and X(A,A). The weight of electron transfer configura-
tions D ? A and A ? D is represented by X(D,A) and X(A,D),
respectively. The index Dq, which describes charge separation
and charge transfer between D and A, is

Dq CSð Þ ¼
X

X D;Að Þ �X A;Dð Þ ð3Þ

Dq CTð Þ ¼
X

X D;Að Þ þX A;Dð Þ ð4Þ
With this methodology, charge transfer (CT) states and local

excited (LE) states) can be easily identified depending on the
degree of the charge separation (CS).

2.2. Electron transfer rates

The rate of the nonadiabatic electron transfer (ET), kET, can be
expressed in terms of the electronic coupling squared, V2, and
the Franck-Condon Weighted Density of states (FCWD):

kET ¼ 2p
�h

V2 FCWDð Þ ð5Þ

that accounts for the overlap of vibrational states of donor and
acceptor and can be approximately estimated using the classical
Marcus equation [44]:

FCWDð Þ ¼ 4pkkTð Þ�1=2 exp � DG0 þ k
� �2

=4kkT
� �

ð6Þ
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where k is the reorganization energy and DG0 is the standard
Gibbs energy change of the process. The electronic couplings
between the LE, CT, and GS states calculated within TDA were cal-
culated using the fragment charge difference (FCD) method
[45,46].

The Marcus expression is derived for the high-temperature con-
dition,�hxi � kT , for all vibrational modes i. The semi-classical
description of electron transfer (ET) [47] includes the effect of
the quantum vibrational modes in an effective way, the solvent
(low frequency) modes are treated classically, while a single
high-frequency intramolecular mode xi; �hxi � kT , is described
quantum mechanically. Because ET occurs normally from the low-
est vibrational level of the initial state, the rate k can be expressed
as a sum over all channels connecting the initial state with the
vibrational quantum number n = 0 to manifold vibrational levels
of the final state,

k ¼
X1
n¼0

k0!n; where k0!n

¼ 2p
—h

V2
0!n

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkskT

p exp � DGþ n—hxi þ ksð Þ2
4kskT

" #
ð7Þ

with

V2
0!n ¼ V2 S

n

n!
exp �Sð Þ ð8Þ

An effective value of the Huang-Rhys factor S is estimated from
the internal reorganization energy ki,

S ¼ ki=—hxi
2.3. Internal reorganization energy

The internal reorganization energy ki corresponds to the energy
of structural changes when donor/acceptor goes from neutral-state
geometries to charged-state geometries – cation and anion radi-
cals, respectively.

ki ¼ k1i þ k2i ; where :

k1i cG50 ! cG5�
� �

¼ 1
2 cG50

� �
�
� cG50
� �

0

� �
þ cG5�ð Þ0 � cG5�ð Þ�
� �h i

k2i Partner0 ! Partnerþ
� � ¼ 1

2 Partner0
� �

þ � Partner0
� �

0

� �h
þ Partnerþð Þ0 � Partnerþð Þþ
� �	

ð9Þ
where, as an example, (cG50)– represents the energy of the

anionic cG5 calculated at the optimized geometry of the neutral
cG5.

3. Results and discussion

3.1. Cluster model and electronic properties of c-graphyne

Crystalline materials are mostly modeled by periodic treatment,
which is quite efficient for computing the electronic structure of
solids. This approach effectively accounts for long-range electro-
static effects and delocalized electronic coupling in metallic sys-
tems. However, its efficiency is severely reduced when periodic
conditions are applied to local perturbations of the periodicity of
the lattice (presence of defects, holes, inclusions, etc.), since large
supercells should be treated to suppress spurious interactions
between periodic images. For non-metallic systems, a cluster
approach, which is focused on a finite-size model, can be applied.
The reduction in system size opens the door to more accurate cal-
culations of geometries, interaction energies, and electronic prop-
erties of the periodic systems. The cluster approach has been
3

successfully applied to describe the electronic structure of gra-
phene [48,49] and other semiconductors [50–52].

The choice of cluster size can significantly affect the calculation
results. Thus, we generated several c-graphyne clusters of differ-
ent size (Fig. 1) and compared their electronic properties (Table 1).

As seen in Table 1, the dependence of electronic properties on
the cluster size is not very significant. In particular, when the size
increases by more than three times (from cG1 to cG5), the HOMO
energy changes by less than 0.1 eV. The LUMO energy varies more
clearly, from �2.00 to �2.55 eV. The same is observed for the
HOMO-LUMO (HL) gap, which decreases from �4.61 to �3.99 eV
when moving from cG1 to cG5. Table 1 demonstrates that the
changes in orbital energies become smaller as the system size
increases. In particular, the difference in the HL gap of cG4 and
cG5 is found to be less than 0.1 eV. Changes in vertical ionization
potential (VIP) and vertical electron affinity (VEA) values are found
to be very similar to those observed for HOMO and LUMO energies,
because long-range corrected DFT functionals (as CAM-B3LYP)
approximately satisfy Koopmans’ theorem both for HOMO and
LUMO [53]. In particular, when moving from cG1 to cG5 cluster,
VIP changes only by 0.1 eV, while VEA varies from 1.85 to
2.41 eV. As can be seen, VIP and VEA values slightly different from
the corresponding orbital energies. In DFT, the Koopmans’ theorem
for a large molecular system states that the ionization energy of
the N-electron system is equal to the negative arithmetic mean
of the HOMO energy of this system and the energy of the LUMO
of the (N-1)-electron system [54]. The calculated VIP and VES in
Table 1 are in a good agreement with the predicted by the DFT-
Koopmans’ theorem values (Table S1, SI).

Wide-angle X-ray scattering and high-resolution transmission
electron microscopy measurements in combination with solid
state simulations revealed the ABC staggered interlayer stacking
of the synthesized c-graphyne [23]. The periodic calculations
showed that the stacking leads to a band-gap decrease of
0.59 eV. The formation of the ABC type of stacking was also
reported for graphene. The ABC graphene trilayer is a semiconduc-
tor with promising electronic properties [55,56]. In order to addi-
tionally verify the cG5 model, we performed calculations for
ABC-cG5 stack (Fig. 2).

As seen from the presented data (Table 1 and Fig. 2), ABC stack-
ing noticeably affects the orbital energies. The HL gap for ABC-cG5
is 0.52 eV smaller than for cG5, which is in perfect agreement with
the results obtained in the periodic calculation. The interlayer
spacing in the ABC-cG5 stack was found to be 3.26 Å, which is very
close to previously reported 3.20 Å values [57]. It is important to
note that the CAM-B3LYP functional significantly overestimates
the HL gap compared the PBE functional (Table S2, SI). Considering
the convergence of the electronic properties of c-graphyne clus-
ters with a gradual increase in their size, as well as a similar
decrease in the HL gap with the formation of the ABC stack, it
can be argued that the cluster approach is certainly applicable to
c-graphyne, and the system can be reliably described by the cG5
cluster.

3.2. Defects in c-graphyne

It is well known that electronic and mechanical properties of
carbon materials with high atomic lattice perfection are extremely
sensitive to structural defects. Vacancy defects in graphene have
been shown to affect its electrical conductivity and other proper-
ties [58,59]. The influence of vacancy defects was also found for
nanotubes. In particular, we recently reported that vacancies in
phenine nanotube can strongly affect the rate of charge separation
and charge recombination processes [60,61]. Similarly, the forma-
tion of structural defects in the manufacture of graphyne sheet is
almost inevitable. Therefore, it seems necessary to carry out theo-



Fig. 1. Structure of the considered c-graphyne clusters (cG1 to cG5).

Table 1
HOMO and LUMO energies, HOMO-LUMO (HL) gap as well as vertical ionization potential (VIP) and electron affinity (VEA) values[a] (in eV) computed for c-graphyne clusters of
different size.

Cluster Energy VIP VEA

HOMO LUMO HL gap

c-graphyne
cG1 �6.603 �1.997 4.606 6.76 1.85
cG2 �6.556 �2.221 4.335 6.65 2.15
cG3a �6.539 �2.351 4.188 6.61 2.31
cG3b �6.539 �2.336 4.203 6.62 2.28
cG4 �6.535 �2.459 4.077 6.59 2.42
cG5 �6.533 �2.547 3.986 6.66 2.41

ABC stack
ABC-cG5 �6.053 �2.588 3.465 6.04 2.53

[a] VIP refers to the amount of energy required to remove one electron from the species to form a positive charge (VIP = Ecation - Eneutral). VEA is the amount of energy released
when an electron attaches to a neutral species to form an anion (VEA = Eneutral - Eanion). In both cases, the ion is in the same geometry as the optimized neutral system.
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retical studies of the influence of these defects on the electronic
properties of c-graphyne.

We considered cG5 with vacancy defects located at different
nodes of the cluster. For comparison, we considered a giant
C222H42 nanographene sheet [62] of a similar size (Grphn in
Fig. 3). To simulate the defect, an 1,2,3,4,5,6-hexaethenylbenzene
(HEB) unit in c-graphyne and a coronene unit in nanographene
were eliminated (Fig. 3). Open valence of carbon atoms were
capped by hydrogen atoms and the models were considered in
the closed-shell singlet ground state.

As seen in Fig. 3, the HOMO and LUMO energies of cG5 and its
analogues with defects are almost the same regardless of the defect
location. The introduction of the defect causes a minor change in
the HL gap. In the case of graphene, the defect causes dramatic
changes in both HOMO and LUMO energies. The HL gap decreases
by more than 1 eV. The effect depends on the defect position. In
particular, the difference in the HL gap for Grphn-D2 and Grphn-
D3 structures is 0.28 eV. The weak dependence of the electronic
4

properties of c-graphyne on the vacancy defect is especially
important, because the sparse structure of c-graphyne prevents
conventional defect healing mechanism used for graphene nanos-
tructures [63,64].

3.3. Van der Waals complexes

The high electron affinity of c-graphyne and its promising elec-
tron transport properties suggest that the material can be involved
into PET and be used in organic photovoltaics. To better under-
stand this issue, we considered several vdW complexes formed
by cG5 and typical electron donor and electron acceptor molecules
used in photovoltaics (Fig. 4). We selected fullerene C60,
perylenediimide (PDI), 11,11,12,12-tetracyano-9,10-anthraquinodi
methane (TCAQ), and 5,10-dithiophene substituted naphtho[1,2-
c:5,6-c’]bis([1,2,5]thiadiazole) (NTDA) as acceptors and zinc-
porphyrin (ZnP), zinc-phthalocyanine (ZnPc), 9,10-di(1,3-dithiol-2
-ylidene)-9,10-dihydroanthracene (exTTF), 4,8-dithiophene substi-



Table 2
Distances (d in Å) between cG5 plane and partner molecules, interaction energy (DEint, kcal/mol), singlet excitation energy (E, eV), the degree of exciton localization (X) on cG5,
the extent of charge separation (CT, e), as well as electron transfer parameters: Gibbs energy (DG0, eV), electronic coupling (|Vij|, eV), reorganization energy (k, eV), electron
transfer rate (kET, s�1) and characteristic time (s) for the studied vdW complexes.

vdW complex
cG5 + Partner

d DEint[a] Lowest LE (cG5) CT state DG0 [b] |Vij| k kET s[c]

1 cG5 + C60 6.312[d] �18.04 E = 2.087
X = 0.981

E = 3.071
CT = 0.903[f]

0.984 6.98�10-3 0.127 [n/a] [n/a]

2 cG5 + PDI 3.216 �49.38 E = 2.077
X = 0.930

E = 2.952
CT = 0.820[f]

0.875 3.45�10-2 0.183 [n/a] [n/a]

3 cG5 + TCAQ 3.594[e] �47.57 E = 2.085
X = 0.972

E = 2.995
CT = 0.857[f]

0.870 3.83�10-2 0.207 [n/a] [n/a]

4 cG5 + NTDA 3.255 �26.45 E = 2.074
X = 0.955

E = 3.070
CT = 0.853[f]

0.996 2.65�10-2 0.155 [n/a] [n/a]

E = 2.173
CT = 0.795[g]

0.099 3.84�10-2 0.152 1.04�1010 0.09 ns

5 cG5 + ZnP 3.197 �39.91 E = 2.089
X = 0.877

E = 1.974
CT = 0.901[g]

�0.115 1.88�10-2 0.101 9.96�109 0.10 ns

6 cG5 + ZnPc 3.216 �62.48 E = 2.090
X = 0.941

E = 1.526
CT = 0.939[g]

�0.564 1.05�10-2 0.104 5.32�1010 18.8 ps

7 cG5 + ExTTF 3.586[e] �24.49 E = 2.091
X = 0.961

E = 1.722
CT = 0.984[g]

�0.369 3.99�10-3 0.211 1.32�1011 7.6 ps

8 cG5 + BDT 3.335[e] �25.59 E = 2.092
X = 0.900

E = 1.923
CT = 0.875[g]

�0.169 3.04�10-2 0.312 1.15�1013 0.09 ps

9 cG5 + PNTCN 3.242 �38.83 E = 2.104
X = 0.945

E = 1.706
CT = 0.905[g]

�0.398 1.30�10-2 0.099 1.78�1012 0.6 ps

[a] DEint = Ecomplex – (EcG5 + Epartner).
[b] Gibbs energy difference between the lowest LE and CT states.
[c] characteristic time defined as the reciprocal of the rate constant s = (kET)-1.
[d] distance between center of C60 fullerene and cG5 plane.
[e] distance between central benzene ring of partner molecule and cG5 plane.
[f] electron transfer from cG5 to the partner.
[g] electron transfer from the partner to cG5.

Fig. 2. Structure and HOMO/LUMO energies of cG5 and ABC-cG5 stack. Distance between layers in ABC-cG5 stack is denoted by d and is equal to 3.26 Å.
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tuted benzo[1,2-b:4,5-b’]dithiophene (BDT), and pentacene
(PNTCN) as electron donors.

Geometries of the vdW complexes were optimized using the
BLYP-D3(BJ)/def2-SVP level of theory. Several possible conformers
were analyzed. The structures of the most stable complexes are
5

given in Figure S1, SI. The distances between the plane of cG5
and partner molecules and interaction energy (DEint) between
them are listed in Table 2. Depending on the geometry of the part-
ner, the systems of interest are divided into 2 groups: 1) with a
strong noncovalent binding (–38 � –62 kcal/mol) observed in the



Fig. 3. Structure and HOMO/LUMO energies of c-graphyne and nanographene with vacancy defects (depicted as a black moiety). The red circle indicates the defects caused
by missing HEB or coronene units. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 4. Electron acceptor (top) and electron donor (bottom) partners of cG5 in the van der Waals complexes.
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complexes with planar molecules, such as PDI, NTDA, ZnP, ZnPc,
and PNTCN; and 2) with a weak interaction energy (–18 � –26 kc
al/mol) found in the complexes with non-planar partners, such as
C60, TCAQ, ExTTF, and BDT. For comparison, the interaction of C60

with graphene was found to be –15.68 kcal/mol at the PBE/6-
31G(d,p) level [65], but self-organization of fullerene molecules
on graphene has been established experimentally [66]. The weak
interaction energy with non-planar partners is in a perfect agree-
ment with the distance between cG5 plane and the partner mole-
cules. Analysis of the partner structures revealed that upon the
complex formation none of the planar molecules demonstrates
out-of-plane deviations. However, the formation of the vdW com-
plexes with non-planar TCAQ, ExTTF, and BDT molecules leads to
their partial planarization compared to their isolated form. Com-
6

parison of geometrical changes for the denoted molecules is given
in Figure S2, SI.

The nature of non-covalent interactions was investigated by the
Morokuma-like energy decomposition analysis (EDA) [67,68],
which decomposes the total interaction energy into four compo-
nents (Pauli repulsion, electrostatic interactions, orbital interac-
tions, and D3(BJ) dispersion correction). For an easier analysis,
we will discuss the relative contributions of the different attractive
interactions (DEelstat + DEoi + DEdisp). The dispersion was found to
be a dominant attractive term in all complexes, with a contribution
of 53 to 66 %. The second largest term is the electrostatic attraction
accounting for 21 to 31 %. The orbital interaction provides 11–16 %
of the total stabilizing energy. The EDA results are shown in
Table S3, SI.
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3.4. Singlet excited states and electron transfer rates

To describe the excited-state properties of the vdW complexes,
all systems were divided into 2 fragments: c-graphyne and part-
ner molecule. The electron density distribution was analyzed for
the 50 lowest singlet excited states. Three types of the excited
states were identified: (1) locally excited (LE) states, in which the
exciton is mainly localized either on c-graphyne (LEcG5) or the
partner molecule (LEPartner) and intermolecular charge transfer is
small (CS less than 0.1 e); (2) charge transfer (CT) states
(CS greater than 0.8 e) showing a significant charge separation;
and (3) mixed states, where both LE and CT states contribute sub-
stantially (0.1 e < CS < 0.8 e).

The behavior of the vdW complexes in the excited state
depends strongly on the properties of the partner molecule. If
the partner is a strong electron donor, the lowest excited state is
a CT state, in which electron density is transferred from the partner
molecule to cG5. Its energy is about 1.5–2.0 eV (Table 2). However,
if the partner is an electron acceptor, the lowest excited state cor-
responds to LEcG5 and is found at ca. 2.08 eV. The CT states with
electron transfer from cG5 to the partner molecule is higher in
energy by almost 1 eV. We note that the cG5 + NTDA complex dif-
fers from other systems. The electron-accepting properties of
NTDA were found to be close to those of cG5. As a result, two types
of CT states (cG5? NTDA and NTDA? cG5) have similar energies.

The cG5 unit is characterized by a strong light absorption in the
green–blue region and a very low internal reorganization energy,
which determines its ability to both charge separation and charge
transport. Simulated absorption spectra of all studied complexes
are presented in Figure S3 in SI. Table 2 shows selected excited-
state properties of the studied vdW complexes. The detailed anal-
ysis of the excited states is provided in Table S2, SI.

The non-adiabatic electron transfer rate, kET, was estimated
using the semi-classical approach (for details see the SI) proposed
by Ulstrup and Jortner [47]. The results obtained by this methodol-
ogy are in a good agreement with experimental data for noncova-
lent complexes of ZnP–[10]CPP and doubly curved nanographene
with C60 [69,70]. The predicted internal reorganization energy of
cG5 is very small, which correlates well with the experimentally
observed high carrier mobility [23].

The photoinduced electron transfer from cG5 to the electron
acceptor (e.g. C60, PDI, and TCAQ) is characterized by positive Gibbs
energy, which makes this process highly unfavorable. As noted
above, two types of CT are possible in cG5 + NTDA (cG5 ? NTDA
and NTDA ? cG5). When NTDA acts as an electron acceptor, the
charge transfer is not feasible due to the positive Gibbs energy.
In contrast, when NTDA is an electron donor, the reaction Gibbs
energy is close to zero and reaction occurs in the normal Marcus
region. The assignment of the ET process to the normal or inverted
region occurs in accordance with the classical Marcus theory [44].
In the normal region, kET increases with increasing –DG0 until the
reorganization energy matches the driving force (–DG0 = k). Within
the inverted region, kET decreases with further increasing –DG0. For
other complexes with electron-donating partners (ZnP, ZnPc,
ExTTF, BDT, and PNTCN), the Gibbs energy is negative and charge
separation occurs on the nanosecond to sub-picosecond time scale
(Table 2). For the complexes with ZnPc, ExTTF, and PNTCN, –
DG0 > k, which corresponds to the inverted region.
4. Conclusions

In this work, we studied non-covalent complexes of c-
graphyne with typical electron donor and acceptor molecules.
Our results demonstrate that c-graphyne is an efficient electron
acceptor due to its low LUMO and its ability to delocalize an excess
7

of charge. Moreover, its electronic properties are not sensitive to
vacancy defects in the structure. The TD-DFT results indicate that
photoinduced electron transfer from electron-donating partners
to cG5 is quite efficient and fast, whereas electron transfer from
cG5 to an electron-accepting molecule is energetically unfavor-
able. Overall, our results suggest that c-graphyne is a promising
material for organic photovoltaics.
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