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Abstract
Recently synthesized porphyrin–cycloparaphenylene (ZnP-[10]CPP) junction is a powerful platform to
develop useful organic photovoltaic devices. In this work, we computationally study photoinduced
electron transfer processes in the supramolecular complex ZnP–[10]CPP⊃C60 and its Li+-doped derivative.
The most striking finding is charge separation (CS) bands in ZnP–[10]CPP⊃Li+@C60 with opposite responses
to solvent polarity. Besides CS that demonstrate a bathochromic shift, there exist CS transitions showing
a rarely observed hypsochromic shift. The rates of energy transfer, electron transfer, and charge
recombination in the supramolecular complexes are computed by using the semi-classical approach.
These estimates suggest that the both types of CS states can be efficiently populated in polar media by
decay of locally excited states.

Introduction
A proper combination of donor (D) and acceptor (A) units is the main challenge in the development of
photovoltaic systems where long-lived charge-separated (CS) states are generated with a high quantum
yield.1-3 Effective communication between D and A can dramatically influence the dynamics of
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photoinduced electron transfer (PET).4,5 This communication is mainly determined by the nature of a
molecular spacer between the D and A sites. That is why D-A systems assembled via non-covalent
interactions and devoid of spacer are of interest. On the other hand, it is extremely difficult to produce
non-covalent complexes with a high structural and functional tunability.6,7 Finally, the long-term structural
stability of a photovoltaic system is also important. To meet these requirements, a series of macrocyclic
host molecules such as γ‐cyclodextrin,8-10 butylcalix[8]arene,11,12 and cycloparaphenylenes (CPP)13-17 have
been designed for C60, and the corresponding host-guest molecular systems have been obtained.
Very recently Y. Xu et al. reported a synthesis of supermolecular junctions of Zn-Porphyrin–[10]CPP with
different fullerenes, for which photoinduced electron transfer was observed from Zn-Porphyrin (ZnP) to
the fullerene.18 A well defined spatial separation of the donor and acceptor units and modularity of the
structure distinguish this complex from the conventional porphyrin–fullerene conjugates.19-24 The
formation of a metastable CS state (ZnP–[10]CPP)+·(C60)-· with absorption maximum located in the near-IR
range at 1090 nm was detected in femtosecond pump-probe experiments. It was also found that a
decrease of solvent polarity, by passing from benzonitrile to toluene, prevents the formation of the CS
state and leads to a triplet excited state of C60 with absorption at 750 nm. Among several synthesized
systems, the complex with pristine C60 (ZnP-[10]CPP⊃C60) has the strongest binding constant,
(1.6±0.1)·106 L/mol in toluene18 similar to that measured for the complex [10]CPP⊃C60, (2.79±0.03)×106
L/mol.25 Note that the covalent functionalization of the [10]CPP by Zn-Porphyrin fragment affects only
slightly the stability of the complex.
Herein we report a comprehensive analysis of photoinduced charge separated states in ZnP–[10]CPP⊃C60
and its Li-doped derivative ZnP–[10]CPP⊃Li+@C60. It is based on Time-Dependent DFT calculations coupled
with conductor-like polarizable continuum model (CPCM) to account for environmental effects. The
computational results are in a perfect agreement with experimental data for ZnP–[10]CPP⊃C60. In the
ZnP–[10]CPP⊃Li+@C60 complex, two types of CS states are predicted: CS1 formed due to electron transfer
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(ET) from [10]CPP unit to C60, and CS2 resulted from ET between ZnP to C60. The CS states show opposite
behavior towards solvation. CS2 is strongly stabilized, whereas CS1 is destabilized with increasing solvent
polarity.
Stability and ground state properties.
The ground state (GS) geometries of ZnP–[10]CPP⊃C60 and ZnP–[10]CPP⊃Li+@C60 (Figure 1) were
optimized using BLYP-D3(BJ)/def2-SVP scheme.26-28 Then, excited states were computed using timedependent DFT formalism with the range-separated CAM-B3LYP29 functional (see SI for computational
details). For the ZnP–[10]CPP⊃C60 system, the binding energy (EB) of C60 is -55.1 kcal/mol. The doped
system ZnP–[10]CPP⊃Li+@C60 shows a superadditive stabilization effect that leads to a dramatic increase
of the binding energy (EB = -94.6 kcal/mol). For details see Table S1, SI. This effect of Li+ is similar to that
previously reported for carbon nano-onions and other carbon-rich complexes.30-32
As seen from Figure 1, the energy band gap in the undoped complex is 3.67 eV, with HOMO localized on
the ZnP unit and LUMO on C60. Insertion of Li+ does not change the HOMO and LUMO localization but
substantially affects the gap. Noteworthy is that the orbital energies of HOMO and LUMO change
differently. The LUMO energy decreases by 2.88 eV, whereas a decrease of the HOMO energy is rather
small, 0.70 eV. More details are given in Table S2, SI. In order to understand this difference, let us look at
the charge distribution in both complexes. ZnP–[10]CPP⊃C60 has two neutral parts ZnP–[10]CPP and C60.
Inserting Li+ into C60 leads to some charge transfer (+0.15 e) from Li+@C60 to ZnP–[10]CPP. In [Li@C60]+0.85,
the positive charge is mainly localized on Li. The observed changes in the orbital energies can be explained
by the electrostatic potential created by Li+. The HOMO and LUMO energy shifts correlate well with the
inverse distance between Li+ and the fragment where the orbitals are localized. The distance from Li+ to
C60 and ZnP is about 3.5 Å and 21 Å, respectively.
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Figure 1. Complexes ZnP–[10]CPP⊃C60 (rose, bottom) and ZnP–[10]CPP⊃Li+@C60 (green, top): HOMO and
LUMO energies and their localization.

Singlet excited states
For convenience let us divide the complex ZnP–[10]CPP⊃C60 into 3 fragments ZnP; [10]CPP; and C60. For
ZnP–10CPP⊃Li+@C60, there is an additional fragment Li+ (see Figure S1 in SI). Delocalization of exciton and
charge transfer contributions were analyzed for 80 lowest excited states of each system. Three types of
excited states are identified: locally excited states (LE) with the exciton mainly localized on a single
fragment; CS states where electron density (> 0.9e) is transferred between fragments and mixed states
with significant contributions of LE and CS (charge separation is between 0.1e and 0.9e). The LE states can
be localized on ZnP (LE1), [10]CPP (LE2), or C60 (LE3). Two types of CS states are of interest CS1 states
resulted from ET from [10]CPP to C60 and CS2 states generated by ET from ZnP to C60. LE1 and LE2 states
decay in CS2 and CS1, correspondingly, whereas the LE3 states may yield both CS1 and CS2. The analysis of
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the excited states is presented in Table 1. In the gas phase, 80 vertical excitation energies of ZnP–
[10]CPP⊃C60 are in the range from 2.3 to 4.3 eV.
Table 1. Singlet excitation energy (Ex, eV), main singly excited configuration and its weight (W), oscillator
strength (f), the contribution of charge separation (CS) and local excitation () computed in vacuo and in
benzonitrile (BZN).
Supramolecule
ZnP–[10]CPP⊃Li+@C60

ZnP–[10]CPP⊃C60
in vacuo

BZN

in vacuo

BZN

LE1 (ZnP)
Ex

2.338

2.314

2.311

2.308

Transition (W)

H – L+3 (0.54)

H – L+3 (0.56)

H – L+18 (0.47)

H – L+18 (0.58)

f

0.034

0.052

0.063

0.082



0.998

0.998

0.992

0.991

LE2 ([10]CPP)
Ex

3.392

3.379

3.411*

3.305*

Transition (W)

H-2 – L+5 (0.34)

H-2 – L+5 (0.36)

H-3 – L+7 (0.21)

H-3 – L+7 (0.15)

f

0.450

0.445

0.374

0.490



0.813

0.890

0.259

0.342



LE3 (Fullerene C60)

Ex

2.507

2.498

2.487

2.523

Transition (W)

H-5 – L+2 (0.54)

H-5 – L+2 (0.63)

H-22 – L (0.67)

H-22 – L (0.76)

f

< 0.001

< 0.001

< 0.001

< 0.001



0.998

0.950

0.914

0.897

CS1 ([10]CPP  Fullerene C60)
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Ex

2.739

2.528

1.737

1.964

Transition (W)

H-2 – L (0.94)

H-2 – L (0.95)

H-2 – L (0.59)

H-2 – L (0.64)

f

0.001

0.002

0.002

0.006

CS

0.98

0.98

0.98

0.99

CS2 (ZnP  Fullerene C60)
Ex

3.448

1.274

1.041

0.581

Transition (W)

H-1 – L (0.99)

H-1 – L (0.99)

H – L (0.99)

H – L (1.00)

f

<0.001

0.001

0.001

0.001

CS

1.00

1.00

1.00

1.00

* - mixed state with significant contributions of LE and CS.
LE states. The lowest LE state in ZnP–[10]CPP⊃C60 is localized on ZnP and corresponds to a HOMO 
LUMO+3 transition. The next LE state is localized on C60 and lies 0.16 eV higher. This state can be described
as HOMO-5  LUMO+2. LE states on [10]CPP are rather high in energy and can be found at 3.39 eV. The
LE states in ZnP–[10]CPP⊃Li+C60 are of similar energy (Table 1). However, the difference in LE2 states needs
to be mentioned. In ZnP–[10]CPP⊃Li+C60, there is no pure LE localized on [10]CPP, only states with
significant contributions of LE and CT are found. LE2 with maximal exciton localization (=0.26 in vacuo
and 0.34 in BZN) is presented in Table 1. Highly absorptive LE states are localized on the ZnP and C 60
fragments. Absorption spectra simulated for both complexes are shown in Figure S2, SI. LE states with
high oscillator strength localized on [10]CPP in ZnP–[10]CPP⊃Li+C60 are not detected within 120 computed
excited states.
CS states. The lowest CS1 state, Ex = 2.74 eV, in the neutral complex, ZnP–[10]CPP+⊃C60-, generated by ET
(0.98e) between [10]CPP and C60. The CS2 state is about 0.70 eV higher in energy (Ex = 3.45 eV), and
corresponds to ET from ZnP to C60. Insertion of Li+ into ZnP–[10]CPP⊃C60 leads to significant changes in
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the energetics of CS states. The energy of CS1 decreases by nearly 1 eV. The effect is more pronounced for
CS2 state with an energy decrease of 2.40 eV. The remarkable difference is due to the electrostatic
potential created by Li+ on the fragments. A large distance between ZnP and Li+ (∼21 Å) leads to a relatively
small shift of HOMO (by about 0.70 eV, see Fig. 1), whereas a dramatic energy shift (by 2.88 eV) of LUMO
(localized on C60 is associated with the small distance of 3.5 Å between C60 and Li+. The distance from Li+
to [10]CPP is about 7 Å, which shifts the LUMO on [10]CPP by 2.33 eV . Thus, the Li+ encapsulation reduces
the HOMO-LUMO gap for ZnP - C60 by 2.18 eV and the gap for [10]CPP - C60 by 0.55 eV. The different
response of the CS states to the Li+ encapsulation results in qualitative changes in the ET picture: the
lowest CS state in the initial (neutral) complex is formed by ET between CPP and C60 whereas it becomes
ZnP+–C60- in the doped system. The relevant frontier molecular orbitals are shown in Figure S3 and S4.
Environment effects
To evaluate the effect of solvation on the excited states, a well established COSMO-like model33-36 was
applied with benzonitrile (BZN) as a solvent. The GS solvation energies for ZnP–[10]CPP⊃C60 is found to
be -0.26 eV. The solvation energy of the charged complex ZnP–[10]CPP⊃Li+@C60 is noticeably larger, -1.38
eV. Usually, changes in the solvation energies for LE excitations are relatively small, while CT transition
are more sensitive to polar medium.37 These solvation effects correlate with a change of the dipole
moment by excitation. Interesting features were observed for CS1 and CS2 states, ZnP–[10]CPP+·⊃C60-· and
ZnP+·– [10]CPP⊃C60-·, in the neutral complex. The difference in the dipole moments in the GS and CS1 states
is only 1.4D, which is due to a short distance between the involved fragments and even charge
delocalization. A relative solvation energy of CS1 (compared to GS) is equal to 0.21 eV (Table 1). This
stabilization is insufficient to reorder the CS1 and LE states when passing from the gas phase to a highly
polar BZN solution. In contrast, a strong solvent stabilization of the CS2 state, -2.17 eV, was found. The
difference in the GS and CS2 dipole moments is larger than 100 D because of a large distance (~ 21 Å)
between ZnP+ and C60-·. This makes the CS2 state to be the lowest-lying excited state that can be populated
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by decay of the LE state. These results are in perfect agreement with spectroscopic measurements made
by Y. Xu et al.18 Time-resolved transient absorption spectroscopy indicated that a fast decay of the
porphyrin LE goes together with a growth of absorption maximum in the near-IR range at 1090 nm (1.14
eV). This band was attributed to the absorption of the one-electron reduced form of C60.38,39 The close to
each other calculated and experimental values (1.27 vs 1.14 eV) indicate that the chosen computational
method suits well for the considered systems.
In our previous work, it was demonstrated that photoinduced CS states in the [10]CPP⊃Li+@C60 complex
exhibit a reverse solvent effect, blue shift of CT band by polar medium.32 A similar behavior is observed
for the CS1 state in ZnP–[10]CPP⊃Li+@C60. By passing from the gas-phase to the polar BZN solution, a
hypsochromic shift of 0.23 eV is detected. In contrast, CS2 state is strongly stabilized by BZN resulting in
the bathochromic shift of the absorption band by 0.46 eV, which is essentially smaller than the
stabilization energy of CS2 (2.17 eV) in the neutral ZnP–[10]CPP⊃C60. To explain this difference, let us
compare the CS2 state in both complexes. In the neutral complex, both fragments ZnP+· and C60-· are
charged and the total solvation energy is large. In ZnP–[10]CPP⊃Li+@C60 the fragment Li+@C60-· is almost
neutral, and its solvation energy small. In this case, the total solvation energy is determined mainly by the
contribution of ZnP+·.
To gain a better insight, we performed excited state calculation in several additional solvents with the
dielectric constant  ranging from 2.4 (toluene) to 8.9 (dichloromethane). As seen from Figure 2, the
solvation energy of the LE1 and LE3 states (black lines) in both ZnP–[10]CPP⊃C60 and ZnP–[10]CPP⊃Li+@C60
does not depend on the solvent polarity. The CS2 state in both complexes is strongly stabilized by polar
environment, while its energy in the neutral complex is more sensitive. In contrast, the CS1 state in neutral
and Li+-doped systems has a comparable response to the solvent polarity but shows the opposite trend
(blue lines in Figure 2). In ZnP–[10]CPP⊃C60, the CS1 excitation exhibits a bathochromic shift (Figure 2, left
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panel) although a hypsochromic shift of the absorption band (Figure 2, right panel) is found in ZnP–
[10]CPP⊃Li+@C60. More detailed data on solvation energies are listed in Table S3.

Figure 2. Shift of the LE1, LE3, CS1, and CS2 states as a function of the effective scaling factor

 1
f ( )  1   for ZnP–[10]CPP⊃C60 (left panel) and ZnP–[10]CPP⊃Li+@C60 (right panel) in toluene
 
(TOL), diisopropyl ether (DIPE), diethyl ether (DEE), chloroform (CHL), tetrahydrofuran (THF),
dichloromethane (DCM), and benzonitrile (BZN).

Thus, the ZnP–[10]CPP⊃Li+@C60 complex demonstrates a unique combination of CS bands with opposite
dependence on medium polarity. Note that the CS2 band lies in infrared region (IR-B) and its energy varies
in the range of 0.81 to 0.59 eV depending on the solvent (Figure 2).
Electron transfer rates.
CS states in the complexes are characterized by weak oscillator strengths and thus have a low probability
to be directly populated by light absorption. However, these states can be generated due to their
electronic interactions with low-lying LE states. Then, the CS states decay by charge recombination (CR)
recovering the ground state. For a better understanding of the excited state properties of the complexes,
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we studied the energy transfer (EnT) and singlet-triplet intersystem crossing (ISC) processes. The semiclassical method by Jortner et al.40,41 was used to compute the rates for energy transfer ( k EnT ), electron
transfer ( k ET ), and charge recombination ( kCR ). Within this approach, the intramolecular relaxation
associated with is ET or EnT is described by an effective vibrational mode, and the rate is controlled by
four parameters: electronic coupling of the initial and the final states Vij, the solvation reorganization
energy s, the reaction Gibbs energy G0, and the effective Huang-Rhys factor Seff (for details see the
methodological section in SI).
The photophysical study18 of ZnP-[10]CPP (a precursor for both ZnP–[10]CPP⊃C60 and ZnP–
[10]CPP⊃Li+@C60 ) revealed that its excited state dynamics is dominated by intramolecular energy transfer
from [10]CPP to ZnP. When we consider systems containing a fullerene moiety, the LE states on the C 60
(LE3 type states) should also be taken into account. To check the possibility of the energy transfer between
C60 and ZnP, the rate of this process was estimated. For ZnP–[10]CPP⊃C60 and ZnP–[10]CPP⊃Li+@C60 in
non-polar media, the rate is computed to be 3.97∙101 s-1 and 1.12∙104 s-1 , respectively. Increasing the
solvent polarity does not change much the energy transfer rates (see Table 2 and Table S4). The low rate
of EnT suggests that this process has no significant effect on the photophysical behavior of the systems.
Since triplet states can also be involved in the photophysics of ZnP–[10]CPP⊃C60 ,18 we analyzed 10 lowest
triplet excited states. In general, the electron density distribution in the triplet states is similar to that in
the singlet states. The lowest triplet states resemble closely LE1 and LE3. According to our calculations, the
lowest triplet LE3 state in non-polar media is energetically more stable than the singlet CS2 state. The last
state is strongly stabilized in BZN solution in contrast to the triplet LE3 state, the energy of which is only
slightly sensitive to the solvent polarity. Thus, in BZN the singlet CS2 has a lower energy than the LE3 triplet
Our predictions are consistent with experimental data that indicate a significant role of ISC in photophysics
of ZnP–[10]CPP⊃C60. In particular, ISC prevents the formation of CS states in non-polar media, while in
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polar solvents it is thermodynamically less favorable than the formation of CS2. The energy diagram and
related data for simulated photoinduced processes in ZnP–[10]CPP⊃C60 complex are given in Table S4 and
Figure S5.
For the Li+-doped complex, ISC will not compete with the charge separation because generation of CS1
and CS2 singlets from LE3 is thermodynamically more favorable than singlet-to-triplet conversion of LE3.
Table 2 lists the computed parameters and the rates for EnT, ET, and CR processes for ZnP–
[10]CPP⊃Li+@C60 in toluene and benzonitrile. The rate for the processes was computed using an effective
frequency of 1600 cm-1. Note that stretching of C=C bonds (1400-1800 cm-1) gives the main contribution
to the internal reorganization energy for organic systems including fullerene derivatives. To be on the safe
side, we considered the effect of the selected frequency on the rates. As seen from Table S5, the
computed ET rates do not change significantly. The diagram in Figure 3 summarizes all studied processes
for ZnP–[10]CPP⊃Li+@C60 complex in non-polar (TOL) and polar (BZN) media.
Table 2. Gibbs energy G0 (in eV), electronic coupling Vij (in eV), solvent reorganization energy s (in eV),
Huang-Rhys factor (Seff) and rates ( k X in sec-1) for EnT, CS and CR processes in ZnP–[10]CPP⊃Li+@C60 in
non-polar (TOL) and polar (BZN) medium
TOL

BZN

Type
G0[a]

|Vij|

s

Seff[b]

kX

G0

|Vij|

s

Seff,

kX

LE3LE1

-0.196

3.64∙10-7

0.001

0.21

1.12∙104

-0.215

3.64∙10-7

0.004

0.21

4.05∙103

LE3CS1

-0.653

3.72∙10-3

0.012 1.74

5.92∙1010

-0.559

3.72∙10-3

0.221 1.74

1.84∙1011

LE1CS2

-1.502

4.12∙10-4

0.057

0.60

2.16∙104

-1.727

4.12∙10-4

1.063

0.60

3.77∙108

LE3CS2

-1.698

9.37∙10-4

0.057

1.13

8.23∙105

-1.942

9.37∙10-4

1.063 1.13

1.34∙109

CS1GS

-1.852

1.46∙10-3

0.012

1.47

6.01∙105

-1.964

1.46∙10-3

0.221

1.47

4.98∙106

CS2GS

-0.807

2.20∙10-4

0.057

0.87

2.72∙107

-0.581

2.20∙10-4

1.063 0.87

9.79∙107
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[a]

Gibbs energy difference between denoted states in corresponding solvent. [b] An effective value of the

Huang-Rhys factor Seff  int / eff , where eff is set to 1600 cm .
1

Figure 3. Photoinduced processes in ZnP–[10]CPP⊃Li+@C60 in non-polar toluene solvent (red) and polar
benzonitrile (blue) media. Superscripts S and T denote singlet and triplet states.

Charge recombination of CS1 occurs in the inverted Marcus regime whereas CR of CS2 is activation less.
The CR process for CS1 is found to be much slower than its generation regardless of the solvent polarity.
CR

In the case of CS2, CR in toluene is significantly faster than generation of this state ( kCS2 GS = 2.72∙107 vs
CS
kLE
= 8.23∙105), and thus the CS2 state in non-polar media cannot be observed. However in
3 CS2

benzonitrile, the rate of the CS2 formation increases dramatically, while the CR rate changes
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insignificantly. This finding suggests that the CS2 state may play an important role in photophysics of ZnP–
[10]CPP⊃Li+@C60 in polar environment.
In conclusion, photoinduced electron transfer processes in ZnP–[10]CPP⊃C60 and ZnP–[10]CPP⊃Li+@C60
complexes have been studied in detail using TD‐DFT approach. Two types of CS states have been identified
(CS1 and CS2 are generated by electron transfer from [10]CPP and ZnP units to C60, respectively). In ZnP–
[10]CPP⊃C60, only CS2 state can be populated, whereas generation of the CS1 states is thermodynamically
unfavorable. In contrast, both CS1 and CS2 states can be produced by decay of the corresponding LE states
in the Li+-doped complex. The energy transfer from C60 to ZnP is found to be quite slow and thus it cannot
compete with CS decay. Singlet-triplet intersystem crossing is thermodynamically less favorable than the
charge separation reaction. These findings suggest a potential application of ZnP–[10]CPP⊃Li+@C60 in
organic photovoltaics. Remarkably, this complex is the first example of a system, where one CS band
demonstrates a bathochromic solvent shift, while the other shows a hypsochromic shift which is
extremely rarely observed for CS excitations.
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