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ABSTRACT: A charge-transfer (CT) complex was formed between corannulene
(CyHyo) and lithium ion-encapsulated [60]fullerene (Li*@Cg) with the binding
constant K = 1.9 X 10 M™" by concave—convex z—z CT interactions in benzonitrile at
298 K, exhibiting a broad CT absorption extended to the NIR region. Femotosecond
laser excitation of the CyH,o/Li'@Cyy CT complex resulted in the singlet charge-
separated (CS) state, '(CyH,o*"/Li*@Cgo"~), which decayed with the lifetime of 1.4 ns.
Nanosecond laser excitation of Li*@Cg, resulted in intermolecular electron transfer
(ET) from C,oH,, to the triplet excited state of Lif @Cyg [*(Li*@Cg)*] to produce the
triplet CS state *(C,oH;o"*/Li*@Cgo"~). The distance between two electron spins in the
triplet CS state was estimated to be 10 A from the zero-field splitting pattern observed =~ ~em_~ ~  —~ o -

by EPR measurements at 4 K. The triplet CS state decayed to the ground state via ‘WC omplexation

intramolecular back electron transfer (BET). The CS lifetime was determined to be 240
ps in benzonitrile at 298 K. The temperature dependence of the rate constant of BET

afforded the reorganization energy (1 = 1.04 eV) and the electronic coupling term (V' = 0.0080 cm™"). The long lifetime of triplet
CS state results from the spin-forbidden BET process and a small V value.
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n—7 interactions between m-electron donors with curved 7-
18—24
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B INTRODUCTION

In the photosynthetic reaction center, a long-lived charge-
separated (CS) state is attained by photoinduced charge
separation processes to convert solar energy to chemical
energy." Many electron donor—acceptor (D—A) systems have
been designed and investigated as chemical models of the
photosynthetic reaction center to attain long-lived CS states.”
In particular, fullerenes have been widely used as efficient 7-
electron acceptors due to the small reorganization energy,
which results from the highly delocalized s-electrons over the
three-dimensional z-sphere.”® Until now, a large variety of
covalent and noncovalent D—A systems using fullerenes as
electron acceptors have been reported, and the photophysical
properties of these D—A materials have been investigated both
in solution and/or in the solid state as well as their use as active
components in photovoltaic devices.”>~ "7~

The simplest noncovalent D—A systems are derived from
charge-transfer (CT) interactions between D and A molecules.
According to Mulliken CT theory, the CT interaction in the
ground state increases with decreasing the energy difference
between the HOMO of D and LUMO of A and also with
increasing the orbital overlap between the HOMO and
LUMO." Thus, there are many examples of CT complexes
formed between relatively strong electron donors such as 7-
extended tetrathiafulvalene derivatives and fullerenes.">~"” CT
interactions are known to be enhanced by concave—convex
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Corannulene (C,oH,),>> %’ a substructure of Cy, is one of
the smallest curved z-compounds with nonequivalent concave
and convex curved z-surfaces, exhibiting bowl-to-bowl inver-
sion behavior,”***® dipole moment,” and a variety of
coordination sites on both sides.*® The role of corannulene
and its derivatives as a buckyball catcher derived from the
curved z-surface which geometrically fits the surface of Cy, has
attracted great attention especially in the field of theoretical and
supramolecular chemistry.”' So far, cocrystal of corannulene
and Cy in solid state and interaction between corannulene and
Cg"" in the gas phase have been reported to exhibit the
availability of corannulene to catch Cg, as expected from
theoretical calculations.*> However, CT interactions between
corannulene and fullerenes in solution have yet to be reported.
No photodynamics of corannulene with fullerenes has been
reported, either.®

We report herein construction of an electron D—A CT
system composed of corannulene and Li*@Cyg, with concave—
convex 7—x CT interactions between the two curved 7-
surfaces. It should be noted that there was much less CT
interaction between corannulene and C,. The use of Li*f@Cy,

Received: May 29, 2014
Published: August 28, 2014

dx.doi.org/10.1021/ja505391x | J. Am. Chem. Soc. 2014, 136, 1324013248


pubs.acs.org/JACS

Journal of the American Chemical Society

which is a much stronger electron acceptor than Ceo ¥ has
made it possible to observe the significant CT interaction with
corannulene. We have also examined the detailed photo-
dynamics of the CT complex formed between corannulene and
Li'@C4, and also intermolecular photoinduced electron
transfer (ET) from corannulene to the triplet excited state of
Li'@Cyg to produce the long-lived triplet CS state. It should
also be noted that no such triplet CS state was observed when
Li*@Cg, was replaced by Cg.

B RESULTS AND DISCUSSION

A CT Complex Formed between Li*@Cg, and CyoH,,.
New broad absorption bands were observed in the vis-NIR
region upon addition of corannulene (C,H,,) to a benzonitrile
(PhCN) solution of Li*@CgPF~ at 298 K as shown in Figure
1. Because neither C,gH;;, nor Li'@C4PF,~ showed NIR
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Figure 1. (a) UV-vis-NIR absorption spectra of Lif@C4PF¢~ (0.10
mM) in the presence of C,oH,, (from 0 to 120 mM) in PhCN at 298
K (2 mm cell path length). Inset: Plot of AAbs at 450 nm vs
concentration of C,oH,;o ([C,0H;,]). *: The vibrational absorption due
to the solvent is cut off. (b) Plot of AAbs™ vs [CyH,0] 7%

absorption bands in MeCN (Figures S1 and S2 in Supporting
Information (SI)), the new vis-NIR absorption bands are
ascribed to CT bands from C,H;, to Li'@C4PFs in the
electron donor—acceptor (EDA) complex. The CT absorbance
was enhanced with increasing concentration of C, H;, to
approach a constant value as shown in the inset of Figure la.
Such a saturation behavior indicates formation of the EDA
complex between C,)H;, and Li*@C4PFs~ with 1:1
stoichiometry (Scheme 1). The formation constant (Kg) of
the EDA complex at the ground state was determined to be
(19 £ 0.1) X 10 M™" at 298 K by a Benesi—Hildebrand plot
(Figure 1b) according to eq 1:%

[Li'@Cooly _
AAbs

1
eKg[CyoH ol

1
€

(1)

where [Li*@Cg], and [C,oH o], are the initial concentrations
of Lit@Cg and CyH,(, respectively, AAbs is the increased
absorbance of the EDA complex at 450 nm, and ¢ is the molar
extinction coefficient of the EDA complex.

Formation of the EDA complex between C,H,, and Li'@
CgPFs~ was also confirmed by the change in the 'Li NMR of
Li*f@C4PF¢~ (1.0 mM) after addition of C,,H;, (95 mM) in o-
dichlorobenzene-d, at 298 K. The observed 0.66 ppm upfield
shift indicates that the EDA complex between C,H,, and Li*@
C4PF¢ is stabilized by CT interaction between C, H,, and
Li*f@CgPF,~, which results in an increase in the electron
density of Li*. The K; value was also determined from the
NMR titration in o-dichlorobenzene-d, to be (2.4 + 0.5) X 10

13241

Scheme 1. Formation of C,;H,o/Li*@Cs, CT Complex in
the Ground and Excited States

Cacto HLi*@C o)
3(CaoH1o™*/Li*@Cgp™)
hv

CooHyo/Li*@Cygp

M~ by the Benesi—Hildebrand plot (Figures S3 and S4 in SI),
which agrees within experimental error with the value obtained
by the absorption change in Figure 1b.

When Li*f@Cg, was replaced by Cq, CT absorption was also
observed by addition of C,yH,, to a PhCN solution of Cg, as
shown in Figure SS (SI), where the CT absorption of the
C,oH,0/Cgo complex is much less pronounced. The K value of
C,oH,0/Cy, was estimated to be << 1 M from no saturation
behavior in the presence of up to 120 mM C,H,, in Figure S5
(SI), which is significantly smaller than that of the C,oH,y/
Li*@Cg complex (1.9 + 0.1) X 10 M, because Cy, is a much
weaker electron acceptor than Lif@Cg>*

To predict the structure of the C,oH,,/Li*@Cyg, complex, the
theoretical calculations were performed by DFT at the B3LYP/
6-31G(d) level of theory.*® The optimized structure is shown in
Figure 2. The C,H, moiety has the concave—convex 7—7
interaction with the Li*@Cg, moiety by using their curved 7-
surfaces. The concave—convex 7—z CT interaction could more
stabilize the CT complex than the convex—convex n—r
interaction because of maximized overlapping area of HOMO
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Figure 2. Optimized structure, HOMO, and LUMO of C,H,o/Li'@
Cgo CT complex calculated by a DFT method at the B3LYP/6-31G(d)
level.
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of CyyH,y and LUMO of Li*@Cg,. The HOMO and LUMO
are localized at the C,iH,, and Li*@Cg, moieties, respectively
(Figure 2).

Electrochemical Measurements of the CyH;/Li*@Cg
Complex. The energetics of photoinduced ET from C,H,, to
Li*@Cq, were determined by cyclic voltammetry (CV) and
second harmonic ac voltammetry (SHACV) measurements
together with the emission energies of C,oH;o to Li*@Cgo.>
The driving force of charge recombination (CR) from Li'@
Cgo*™ to CyoH (*", which corresponds to the Gibbs free energy
of intermolecular ET from C,yH;, to Li*@Cg,, was determined
to be 1.65 eV from the redox potential difference between the
one-electron oxidation potential of C,H;, (1.81 V vs SCE) and
the one-electron reduction potential of Li*f@Cg, (0.16 V vs
SCE) in Figure 3.

(a) ©

CazoH10#/C20H10  +

Li*@Ceo/Li*@Ceo™

(b)

24 22 2 18 16 08 06 04 02 0 02

Potential vs SCE / V Potential vs SCE / V
Figure 3. (a) CV and (b) SHACV of CyHj, (3.5 mM) with Li'@
CgPF¢~ (1.0 mM) in deaerated PhCN containing n-Bu,NPF4 (0.10
M) with a platinum disk electrode (i.d. 1.6 mm) at 298 K. (c) CV of
Li*@CgPFs~ (1.0 mM) with C,oH,, (3.5 mM) in deaerated PhCN
containing n-Bu,NPF4 (0.10 M) with a platinum disk electrode (i.d.
1.6 mm) at 298 K. Scan rate: 100 mV s™* for CV and 4 mV s™! for
SHACV.

The excited-state energy of '(Lif@Cg)* was determined
previously from the absorption and fluorescence maxima to be
1.94 eV, whereas the triplet energy of *(Lif@Cg)* was
determined from the phosphorescence maximum to be 1.53
eV.*® The excited-state energies of '(CyH;o)* and 3(CyoH,o)*
were also determined from the absorption and emission
maxima to be 3.63 and 2.43 eV, respectively (Figures S1, S6,
and S7 in SI). The excited-state energies of '(Li'@Cqg)*,
1(CyH,0)*, and *(CyoHyo)* are higher than the energy of the
CS state, suggesting that photoinduced ET from each of the
excited states is energetically favorable.

Photoinduced Charge Separation in the C,oH,//Li*@
Cso CT Complex. The transient absorption spectra of PhCN
solutions of C,oH,, and Li*f@Cy, were measured by femto-
second laser flash photolysis as shown in Figure 4. When
formation of the EDA complex is negligible with a small
concentration of C,,H;, (50 #M), a transient absorption band
was observed at 960 nm due to the singlet excited state ['(Li'@
Ceo)*] at SO ps after femtosecond laser excitation (Figure 4a).
The decay of absorbance at 960 nm was accompanied by an
increase in the absorption band at 750 nm due to the triplet
excited state [*(Li*@Cg)*], which indicates the intersystem
crossing (ISC) from '(Li*@Cg)* to *(Li*@Cg)*. The rate
constant of the ISC (kigc) was determined from the decay of
YLit@Cgo)* at 960 nm to be (9.9 + 0.5) X 10% s™', which is
similar to the reported value (8.9 X 10° s7!).** Thus, no
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Figure 4. (a) Transient absorption spectra of a PhCN solution
containing CyoH; (S0 uM) and Li*@C4PF¢~ (500 uM) at 298 K
measured at 50 ps (black) and 3000 ps (red) after laser excitation at
393 nm. (b) Decay time profile of absorbance at 960 nm due to
H(Li*@Cgo)* and rise time profile of absorbance at 750 nm due to
3(Li*@Cg)*. (c) Transient absorption spectra of C,oH;o (125 mM)
and Li'@C4PF~ (500 uM) in PhCN at 298 K measured at 2 ps
(black), 1000 ps (blue), and 2000 ps (pink) after laser excitation at
450 nm. (d) Decay time profiles of absorbance at 700, 900, and 103
nm due to CyH,o/*(Li*@Cgp)*, CyoH,o/ (Li*@Cg)*, and Li*@
Ceo’ ™, respectively. The solid line for the decay profile of 1035 nm was
drawn by two-exponential rise and decay curve fitting with the
equation of AAbs at 1035 nm = A, exp(—kgprct) — A, exp(—kigcct) +
C. The value of kigcc is (6 = 1) X 10® s7. The values of kpprc, Ay, A,
and C are listed in Table S1 in SL

intermolecular ET from C,oH,, to '(Li*@Cg,)* occurred to
produce the singlet CS state.

When more than 70% of Li'f@Cg, forms the EDA complex
with much excess C,0H, in the ground state, femtosecond laser
excitation of the C, H,,/Li*@C¢, complex resulted in
appearance of transient absorption bands at 900 and 1035
nm at 2 ps and a broad band in the range from 650 to 800 nm
at 2000 ps (Figure 4c). The transient absorption band at 900
nm assigned to ' (Li*@Cyg,)* in the C,oH,/Li* @Cgo complex is
blue-shifted as compared with that due to free '(Li*f@Cq,)*,
because the ground state of the C,,H,o/Li*@Cg complex is
stabilized by the CT interaction, whereas the excited state is
destabilized by the CT interaction according to the Mulliken
CT theory.*’ The transient absorption band at 700 nm assigned
to (Li'@Cg)* in the C,oH,o/Li'@Cg complex by ISC
process is significantly weaker than that of free *(Li'@Cq)*.
This may result from the competing ET process from CyH, to
'(Li*@Cgp)* to the singlet CS state ['(CyoH;"*/Li*@Cgo" )]
The shoulder absorption at 1035 nm is assigned to the
absorption due to Li'f@Cg "~ in the singlet CS state. Thus,
photoexcitation of the C,oH,,/Li'@Cg, complex resulted in
formation of the singlet CS state. The observed decay of
absorbance at 900 nm due to C,oH; o/ (Li*@Cyg,)* results from
both the ISC process to C,oH,o/*(Li*@Cq)* and the
competitive formation of the singlet CS state '(C,oH,(**/
Li*@Cg" ") (Figure 4d). The rate constant of ISC of the
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complex (kjgcc) was determined to be (6 + 1) X 10° s™* from
the rise of absorbance at 700 nm due to C,oH,o/>(Li*@Cgp)*,
which is smaller than that of the free Li*@Cg, [kigc = (9.9 +
0.5) X 10® s7']. The observed decay constant of absorbance at
900 nm due to C,oH,o/" (Li*@Cgp)* was determined to be (1.0
+ 0.1) X 10° s7!, which is also smaller than the kigoc value [(6
+ 1) X 10® s7']. The difference between the decay rate
constant at 900 nm and the kigcc value [(4 + 1) X 10® s7']
corresponds to the rate constant of electron transfer from
CyoHyp to '(Li*@Cg)* to produce the singlet CS state in
addition to the CS state produced upon the CT excitation. The
rate constant of back electron transfer (BET) of the singlet CS
state (kggrc) was determined by fitting the decay time profile of
absorbance at 1035 nm due to Lif@Cqy,"~ by two exponentials
(one is formation of the CS state and the other is decay of the
CS state) to be (7.4 + 0.1) x 10° s™* (lifetime: 1.4 + 0.1 ns).
Thus, the rate constant of formation of the singlet CS state [(4
+ 1) X 10% s7'] is smaller than that of the decay to the ground
state.

The transient absorption spectra of PhCN solutions of
C,oH, and Cg4 were also measured by femtosecond laser flash
photolysis. In the presence of a small concentration of C, H,
(50 uM), only intersystem crossing from 'Cg* to *Cg* was
observed after femtosecond laser excitation at 393 nm (Figure
S8a in SI) with the rate constant of (8.7 =+ 0.3) X 10% s7!
(Figure S8b in SI), which agrees with the fluorescence lifetime
of Cg.*' In the presence of a large concentration of C,oHj,
(125 mM), however, no transient absorption was observed after
femtosecond laser excitation at 450 nm due to the absence of
the CT band (Figure S8c in SI) in contrast with the case of
Li*@Cy, (Figure 4c).

Intermolecular Photoinduced Charge Separation
from C,oH,, to 3(Li*@Cgo)* to the Triplet CS State. In
contrast to the case of the singlet excited state ['(Li*@Cq)*],
the triplet excited state [*(Li*@Cg)*] can undergo inter-
molecular ET from C,H;, to produce the triplet CS state
[(CyoH o™ /Li*@Cg°")] as shown in Figure S, where the
decay of the transient absorption band at 750 nm due to
3(Li*@Cq,)* observed at 4 us after nanosecond laser excitation
of a PhCN solution of C,0H;o and Li*@Cyg, is accompanied by
appearance of the absorption band at 1035 nm due to Li'@
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Figure S. Transient absorption spectra of a PhCN solution containing
CyH,o (3.5 mM) and Li*@CPF,~ (0.1 mM) taken at 4 (black), 20
(blue), and 200 (pink) s after laser excitation at 355 nm with S m]
pulse™ laser intensity.

Ce’~ and also the absorption band at 500 nm due to
C20H10.+-42

The decay rate of absorbance at 750 nm due to *(Li*@Cg,)*
coincides with the rise rate of absorbance at 1035 nm due to
Li*@Cg" "~ to produce the triplet CS state (Figure 6a). The
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Figure 6. (a) Decay and rise time profiles of absorbance at 750 nm
due to *(Li*@Cg)* and 1035 nm due to Li*f@Cg"" after nanosecond
laser excitation at 532 nm with 7 mJ pulse™" laser intensity of a PACN
solution of Li*@C4PFs~ (0.10 mM) with CyyH,, (3.0 mM) at 298 K.
(b) Time profiles of absorbance at 1035 nm due to Li*f@Cg"~ using
various concentrations of C,oH,, (0.50, 0.70, 1.0, 1.4, 1.8, 3.0 mM).
Solid lines were drawn by double-exponential rise and decay curve
fitting with the equation of AAbs at 1035 nm = —A; exp(—kgyt) + 4,
exp(—kgt) + C. The values of kg, kg Aj, and C are listed in Table S2
in SL (c) Plot of k., vs concentration of C,,H,,. (d) Plot of Abs,,, vs
concentration of C,oH,,. (¢) Benesi—Hildebrand plot of 1/AAbs,,,, vs
1/[CyoHy].

formation of the triplet CS state is followed by the decay of the
CS state as shown in Figure 6b, where the rates of formation
and decay of the triplet CS state were well simulated by two
exponentials. The rate constant of photoinduced ET from
CyoHyo to *(Li*@Cg)* increased linearly with increasing
concentration of CyH;, (Figure 6c), whereas the maximum
absorbance (Abs,,,,) at 1035 nm due to the triplet CS state
increased with increasing concentration of C,yH,, to approach
a constant value (Figure 6d). These results indicate that
photoinduced ET from CyH,, to *(Li*f@Cg)* to produce the
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triplet CS state is in equilibrium with the BET to regenerate the
reactant pair as shown in Scheme 2.

Scheme 2

Koy = 6.2 x 107 M-
CooHio + 3(Li*@Cgp)* 3(CaoH1o™ /Li*@Cgo)

Kot = 4.5 x 104 s~

21 x 104! BET |4.2 x 10351

CagHio + Li*@Cgq CaoH1o + Li*@Cogg

According to Scheme 2, the observed rate constant (k) of
formation of the triple CS state is given by eq 2:

kobs = ket[CZOHIO] + kbet (2)

where k,, is the rate constant of ET from C,H,, to *(Li'@
Ceo)* and ky, is the BET to regenerate *(Li*@Cg)*. From the
slope and intercept of the linear plot in Figure 6c, the formation
constant of the triplet CS state (K = k,/ky,.) was determined
to be (1.4 + 0.1) X 10> M™". The virtually same Ky value [(1.2
+ 0.2) X 10> M™'] was obtained from the dependence of the
observed rate constant of the decay of 3(Li*f@Cg,)* instead of
formation of the triplet CS state (Figure S9 in SI).

The K value was also determined from the dependence of
Abs,,., on [C,oH,,] using eq 3:

[Li+@cso]o _ 1 1
AAbs,..

+
EmaxKr[CaoHiolo Eimax (3)

where ¢, is the molar extinction coefficient of absorbance at
1035 nm due to Li*@Cg,"~. The Ky value was determined from
the slope and intercept of the Benesi—Hildebrand plot of
}(Li*f@Cg)* in Figure 6e to be (1.3 + 0.1) X 10° M, which
agrees well with the value obtained from eq 2. The Ky value of
3(Li'@Cg)* to produce the triplet CS state with CyH,, is
much larger than the K;; value of the ground state of Li*@Cg,
to form the CT complex with C,oH;o [(1.9 £ 0.1) X 10 M™']
(vide supra).

The Gibbs free energy change of formation of the triplet CS
state from (Li*@Cg)* (AGrcg) is determined from the K
value using eq 4 to be —0.18 eV. On the other hand, the Gibbs

AGyes = —RTInK (4)

free energy change of ET from C,H,, to *(Li*@Cgo)* (AG,,)
to produce separated radical ion pair (C,H;,** and Li'@
Cgo" ") is determined from the E,__ value of C,,H;, and the E, 4*
value of *(Li*@Cg)* using eq S to be +0.12 eV. The energy of
the

AGET = _e(on - Ered*) (5)

triplet CS state, which corresponds to the Gibbs free energy
change of BET (AGggr), was determined using eq 4 and the
triplet energy of *(Li*@Cg)* to be +1.35 eV, which is by 0.18
eV lower than the excitation energy of *(Li*@Cg,)*.

When Li*@Cgy, was replaced by Cg, no ET from C,H,, to
3Cgo™ was observed (Figure S10 in SI), because the AGrcg
value is estimated to be largely positive (+0.53 eV) due to the
much less positive E,4* value of Cg (1.14 V vs SCE) as
compared with the E, ¥ value of Lif @Cg, (1.67 V vs SCE).***
Thus, formation of the triplet CS state with corannulene was
made possible only by using Li*@Cg, which is a much stronger
electron acceptor than Cg,.

Long Lifetime of the Triplet CS State. The lifetime of the
triplet CS state produced by intermolecular ET from C,,H,, to
3(Li*@Cgp)* was determined from the decay time profile of the
absorption band at 1035 nm due to Li*@Cg "~ in PhCN
(Figure 7). The decay rate constant was determined from the
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Figure 7. (a) Decay time profiles of transient absorbance at 1035 nm
after laser excitation with various laser intensities (3, 5, 7 mJ pulse™)
of a PhCN solution containing C,oHjo (3.0 mM) and Li*@Cg,PF,~
(0.1 mM) at 298 K. Inset: First-order plots. (b) Decay time profiles of
absorbance at 1035 nm after laser excitation of PhCN solutions
containing Li*@CyPFs~ (0.10 mM) with various concentrations
(0.50, 0.70, 1.0, 1.4, 1.8, 3.0 mM) of C,oH,,. Excitation wavelength is
532 nm (7 mJ pulse™ laser intensity). Inset: Plot of kpgr vs [CyoH ).

first-order plot shown in the inset of Figure 7. The lifetime of
the triplet CS state was determined to be 240 us at 298 K. We
also examined the decay rate constant using various different
laser intensities to distinguish between intermolecular and
intramolecular CR processes. The first-order plots afforded
linear correlations with the same slope irrespective of different
laser intensity. In addition, no dependence of the decay rate
constant on concentration of C,,H;, was observed as shown in
Figure 7b. Thus, there is virtually no contribution from the
intermolecular CR process from Li'@Cg*" to C,oH,;,"" and
the triplet radical ion pair [*(C,0H,o""/Li*@Cg"")] stays in
contact from BET to the ground state.

The rate constant of intramolecular BET (kpgy) exhibited
small temperature dependence as shown in Figure 8. The kygr
values at various temperatures were determined from the slope

303K 12.5
313K
323K
333K
343 K
353K
363 K

N

wn

In(keer T2 / s7'K1/2)

3.4

1 ‘
26 28 3.0 3.2
108 (1/7) / K

103 AAbs at 1035 nm
w

0 02 04 06 08 1
Time / ms

Figure 8. Decay time profiles of absorbance at 1035 nm observed after
laser excitation of a deaerated PhCN solution at various temperatures
(303—373 K). Excitation wavelength is 355 nm with S mJ pulse™
intensity. The solution contains Cy,H;o (3.5 mM) and Li*@Cg, (0.1
mM). Inset: Plots of In(kpgrT"?) vs T~! for the intramolecular BET
between C,0H,, and Li*@Cq.
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of the first-order plot in Figure S11 in SI. The temperature
dependence of kypr was fitted by the Marcus equation for
nonadiabatic ET (eq 6):**

ln(kBETTl/Z) = ln( 22V ] _ (AGggr + A7

h(2kg)! 2 42ksT (©)

where T is the temperature, V is the electronic coupling
constant, A is the reorganization energy, AGygy is the Gibbs
free energy change of BET, ky is the Boltzmann constant, and h
is Planck’s constant. Equation 6 predicts a linear correlation
between In(kgrT"/?) and T~ The plot of In (kg T?) vs T~
for the intramolecular BET in the temperature range from 303
to 373 K gave linear correlations as shown in the inset of Figure
8. From the slope, intercept, and the driving force —AGggy
(1.35 eV), the A and V values were determined to be 4 = 1.04
eV and V = 0.0080 cm™' for BET. This extremely small V
values compared to those reported for many other charge
separation systems miéght result from the spin-forbidden
process (Scheme 2).>7%07*

The long-lived triplet CS state was detected by the EPR with
photoirradiation at low temperature in a PhCN solution of
CyH, and Li*@Cyg, and quenched at 4 K as shown in Figure
9. The spin—spin interaction in the triplet radical ion pair was

[Li*@Ceo] -

[CaoH1o]'* g=2.0008

4 9=2'°°26\/J
T

200G

D=24G

Figure 9. EPR spectra of the triplet CS state [>(C,0H,o"/Li*@Cqgy"")]
in PhCN generated by photoirradiation of a solution containing
CyoHy (5.0 mM) and Li*@CgPFs~ (0.5 mM) using a high-pressure
Hg lamp at 4 K.

clearly observed at 4 K with the fine structure due to the triplet
CS state at g = 2 and a triplet signal at g = 4. The signal at g =2
is composed of signals mainly due to C,0H,,** and Li*f@Cq,"",
respectively, with g values similar to the literature values for
Li'@Cq"~ (g = 2.0006)* and C,oH,,*~ (g = 2.0027).%° Thus,
the spin state of the CS state can be assigned to be triplet
3(CyH; "t /Li*@Cyg" ). From the zero-field splitting value (D
= 24 G), the distance (r) between two electron spins was
estimated to be 11 A by using eq 7:

_ 3gf 27800
D= 53 3

2r r (7)
39,42a,51

where f is the Bohr magneton. This r value is close to
the end-to-end distance between Li*@Cy, and C,oH,, moieties
calculated by the DFT optimized structure of CyoH,o/Li*@Cg,
complex (11 A) and larger than the center-to-center distance
(7.4 A) in Figure 2. Thus, the distance between C,oH,,"* and
Li*@Cg"~ in the triplet CS state in PhACN might be somewhat
longer than the distance in the ground-state CT complex.

Based on the results described above, the energy diagram of
photoinduced ET and BET of the CyoH,o/Li*@Cg, system is
shown in Scheme 3. Photoexcitation of the CT complex formed

Scheme 3. Energy Diagram of Photoinduced ET and BET in
the CyoH,,/Li*@Cg, System®
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240 s H
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0o 1.35eV Koet = 4.5 x 104 51 ! hv
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between corannulene and Li*@Cg, resulted in formation of the
singlet CS state, '(CyH,o""/Li*@Cq"~), which decayed to the
ground state with a decay rate constant of (7.4 + 0.1) X 10%s7".
In contrast, photoinduced intermolecular ET from C,,H,, to
the triplet excited state [>(Li*@Cyg)*] resulted in formation of
the triplet CS state, >(CyH,o"*/Li*@Cg,° "), which is lower in
energy than *(Li'@Cg)*. The BET from Li'f@Cg’ to
CyHjo"" in the triplet CS state to the ground state occurred
with a remarkably long lifetime (240 us) due to the spin-
forbidden process and also due to the larger driving force than
A = 1.04 eV (=AGggr = 1.35 V) which is in the Marcus
inverted region.

B CONCLUSION

In summary, we have successfully demonstrated that a CT
complex was formed between C,H,;, and Li*@Cg, in the
ground state by the concave—convex z—z CT interaction.
Although the singlet CS state produced upon photoexcitation
of the CT complex has a short lifetime of 1.4 ns, photoinduced
ET from C,H,, to *(Li*f@Cg)* resulted in formation of the
triplet CS state, which stayed intact to attain a long lifetime of
240 ps in PhCN. Such a long CS lifetime results from the small
electronic coupling term (V = 0.0080 cm™) and the spin-
forbidden BET process. The long-lived charge separation
between corannulene and Li*@Cy, using concave—convex 7—7u
CT interaction between two curved 7-surfaces revealed in this
study paves a new way for development of efficient CS systems
of Li* @Cg, which would not be possible by using pristine Cg.

B EXPERIMENTAL SECTION

Materials. Chemicals were commercially purchased and used
without further purification, unless otherwise noted. Lithium ion-
encapsulated fullerene hexafluorophosphate (Li*f@C¢PF¢: 96%)
provided by Idea International Co. Ltd. was commercially obtained
from Wako Pure Chemicals, Co. Ltd., Japan and used without further
purification. The purity was confirmed by the data including elemental
analysis, LDI-TOF-MS, ICP, etc. examined for each lot of the product
by the company. Corannulene was synthesized according to the
literature.>> Acetonitrile (MeCN) was purchased from Wako Pure
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Chemical as a spectral grade and used as received. PhCN was purified
by distillation over P,Oj in vacuo.*®

Absorption Spectral Measurements. Absorption spectra were
recorded on a JASCO V-670 and a Hewlett-Packard 8453 diode array
spectrophotometers. The titration of Li'f@C4PFs~ with C,H,, was
performed as follows. An initial volume of 0.6 mL of a 0.1 mM
solution of Li*@C4PFs~ in PhCN was placed in a 2 mm cell. A
solution of CyH;o (200 mM) and Li*@C4PFs~ (0.1 mM) in PhCN
was subsequently added, and the absorption spectrum was recorded
after each addition. Li*f@Cg,PF,~ was added into a mother solution of
CyoH; to avoid dilution effects.

NMR Measurements. Li NMR spectra were measured on an
AVANCE 600 spectrometers at 298 K. NMR spectra are calibrated
with LiCl (D,0) = 0 ppm as an external standard. "Li NMR of Li*@
CgoPF¢~ without/with C,oH,, was performed as follows. "Li NMR of
1.0 mM solution of Li*@C4PF4~ in o-dichlorobenzene-d, (0.6 mL)
was measured and then LiCl in D,O with the same parameters. After
addition of 10 equiv of CyH)y as a 60 mM o-dichlorobenzene-d,
solution (11.7 mL), "Li NMR was measured again.

Emission Spectral Measurements. Emission of C,H,, was
measured on a Horiba FluoroMax-4 spectrofluorophotometer.
Phosphorescence of C,H,, was measured in a 2-methyltetrahydrofur-
an glass at 77 K under the deaerated conditions. The sample tube (3
mm diameter) was put in a quartz liquid nitrogen Dewar flask. The
excitation wavelength was at 300 nm. Fluorescence was measured in
deaerated PhCN of C,oH,, excited at 300 nm. The solutions were
degassed by nitrogen bubbling for 15 min prior to the measurements.

Laser Flash Photolysis Measurements. Femtosecond transient
absorption spectroscopy experiments were conducted using an
ultrafast source: Integra-C (Quantronix Corp.) and a commercially
available optical detection system: Helios provided by Ultrafast
Systems LLC. Nanosecond time-resolved transient absorption
measurements were carried out using the laser system provided by
UNISOKU Co., Ltd. The detailed instrumentations are given in SIL

Electrochemical Measurements. CV and SHACV measure-
ments were performed with an ALS630B electrochemical analyzer.
The platinum working electrode (BAS, surface id. 1.6 mm) was
polished with alumina suspension and rinsed with PhCN before use.
The counter electrode was a platinum wire (0.5 mm dia.). The
measured potentials were recorded with respect to an Ag/AgNO;
(0.01 M) reference electrode. The values of redox potentials (vs Ag/
AgNO,) are converted into those vs SCE by addition of 0.29 V.>*

EPR Measurements. EPR spectra were taken on a JEOL X-band
spectrometer (JES-RE1XE). EPR spectra of the CS state of CyH;o/
Li*@Cg in PhCN were measured under photoirradiation for a PACN
glass containing C,0H,o/Li*@Cqg (5.0 mM/0.5 mM) at 4 K with a
high-pressure mercury lamp (USH-1005D) through a water filter
focusing at the sample cell in the EPR cavity. The g value was
calibrated using an Mn** marker.

Theoretical Calculations. Density functional theory calculations
were performed on a 32CPU workstation (PQS, Quantum Cube
QS8—2400C-064). Geometry optimizations were carried out using the
B3LYP/6-31G(d) level of theory for CyyH,o, Li*f@Cg, and C,oH,o/
LiJ’@%60 complex as implemented in the Gaussian 09 program revision
A.02.

B ASSOCIATED CONTENT
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Spectral data (Figures S1—S11), kinetic parameters (Tables
S1-S3), and full author list for refs 33b, 34, and 36a. This
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