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ABSTRACT: Novel fullerene-based donor-acceptor (DA) dyads, Sc;N@Cgo-PTZ and Cg,-PTZ, have been synthesized and
investigated, in which the photoinduced electron transfer direction is proved to be switchable by regulating the redox
state. In detailed photophysical experiments, reductive electron transfer from PTZ moiety to Sc;N@Cs, is confirmed with
transient absorption (TA) spectroscopy in the neutral S;;N@Cs,-PTZ dyad. After oxidizing PTZ moiety to PTZ* in a
reversible manner, oxidative electron transfer from Sc;N@Cs, moiety to PTZ™* radical cation is corroborated
experimentally and theoretically, leading to the formation of a metastable charge transfer (CT) state (Sc,;N@Csg,)*-PTZ,
which is not observed in the Cg,-PTZ* dyad. To the best of our knowledge, this is the first time in-situ tunable molecular
photodiode-like behavior is fulfilled utilizing a fullerene dyad. These findings will contribute to the future application of

fullerene-based DA conjugates in molecular electronic devices.

INTRODUCTION

Photoinduced electron transfer (PET), commonly
existing in the natural photosynthesis system, is one of
the fundamental steps in solar energy conversion."?
However, further research on fine-tuning of the DA
structures and charge transfer behaviors is still
demanded.> The scientific communities have focused
interests on designing and synthesizing novel donor-
acceptor conjugates, among which fullerene-based DA
conjugates have become promising candidates for their
unique  properties.4 In  particular, endohedral
metallofullerenes (EMFs), with metal atoms or clusters
encaged, have variable electronic properties related to the
encapsulated species and are widely used as the molecular
building units in DA conjugates.5® At the beginning of
EMFs research in charge transfer chemistry, EMFs play a
role as electron-accepting moieties in covalent-linked DA
conjugates. In the past few years, EMFs come forth as
electron-donating moieties when covalently linked to a
strong electron-withdrawing entity, such as perylene-
diimides (PDI) and tetracyanoanthraquinodimehane
(TCAQ).2% In particular, previous studies of the Ce,@I}-
Cgo-ZnP DA conjugate have documented bidirectional
charge transfer behavior, namely a reductive electron
transfer in nonpolar solution, and an oxidative electron
transfer in polar solution, yet the prerequisite of changing
solvent polarity might hamper the future applications."

However, since charge transfer dynamics is partially
dominated by the electronic character of exohedral
derivative moiety,” a new strategy is put forward to fulfill
switchable electron transfer dynamic by covalently
linking EMFs to a redox-active moiety. Phenothiazine
(PTZ), characterized by an  anthracene-shaped
heterocyclic which bearing a sulfur and nitrogen atom at
the central ring, is usually adopted as an electron-
donating moiety in electron transfer reactions.3
However, a remarkably stable one-electron oxidation
state of PTZ is accessible in suitable oxidation conditions,
in which PTZ* shows an electron-withdrawing ability.7%
In addition, the physical and chemical properties of PTZ
and PTZ* are well documented in literature .20

In the present work, PTZ was introduced into fullerene-
based DA dyads for the first time. N-Ethyl-2-(4-(10H-
phenothiazin-10-yl)phenyl)-[5,6]-I,-Sc;N@Csgo-
fulleropyrrolidine (Sc;N@Cs,-PTZ), along with Cg, analog,
has been synthesized and investigated with state-of-the-
art TA spectroscopy.> Reductive electron transfer from
PTZ moiety to Sc;;N@Cg, was confirmed following laser
excitation in the Sc;;N@Cs,-PTZ dyad. However, after the
S¢;N@Cs,-PTZ was reversibly oxidized under suitable
oxidation conditions, the oxidative electron transfer
process was activated. Photoexcitation of Sc;N@Cg,-PTZ™*
gave TA features ascribed to Sc;N@Cs, radical cation,
suggesting ultrafast electron transfer from Sc;N@Csg,
moiety to PTZ*, and formation of (Sc;N@Cg,)'*-PTZ CT
state consequently, which was, however, not observed in
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C¢o-PTZ+ dyad. In addition, a quantitative investigation
according to Marcus theory > has shed light on the
photophysical process and rationalized the observation of
a metastable CT state in Sc;N@Cs,-PTZ*. To summarize,
the overall photoinduced electron transfer direction in
the Sc;N@Csg,-PTZ dyad has been proven to be in-situ
switchable between oxidative/reductive electron transfer.

‘Magic Blue”

“Magic Blue”

(SbCl,)-

C,-PTZ Cy-PTZ"

Scheme 1. Synthesis of neutral Ce,-PTZ, Sc;N@Cs,-PTZ
dyads, and Cg,-PTZ*, Sc,N@Cg,-PTZ™ cation radicals.

RESULTS AND DISCUSSION

Synthesis. The Cq, and Sc;N@I,-Cs, are synthesized by
the Kraschmer — Huffman arc discharge method and
isolated using the multi-step high performance liquid
chromatography (HPLC).# The synthesis of Sc;N@Csgo-
PTZ and Cg,-PTZ dyads follows the procedure of 1,3-
dipolar cycloaddition reaction (Scheme 1), namely the
Prato reaction, in which the reactive azomethine ylides
generated from the amino acids and the aldehydes
condensation react with the double bond on
fullerenes.?s?¢ Details of the synthesis, isolation, and
characterization are introduced in the Supporting
Information. Selective oxidation of PTZ moiety is
accomplished using one-electron oxidant, tris(4-
bromophenyl)ammoniumyl hexachloroantimonate
(“Magic Blue”).’® »7 The reduction of PTZ* cation radicals
is achieved by adding Zinc powder. For TA measurements,
the solvent is removed under reduced pressure, and
solutes are redissolved in benzonitrile.

Steady-state absorption. Ground-state absorption
spectra of neutral PTZ, Cg-PTZ, and Sc;N@Cg,-PTZ in
dichloromethane are presented in Figure Sg. In the
neutral state, PTZ shows an intense absorption peak at
320 nm with band edge around 420 nm, while steady-
state absorptions of Ce,-PTZ and Sc;N@Cs,-PTZ feature
with intense ultraviolet absorption due to the m — n*
transition of fullerene cage m-system and broad
absorption band in the visible region.?83°

In Figure 1a, upon mixing the “Magic Blue” solution
with increasing concentration solution of neutral PTZ, the
characteristic absorption band of “Magic Blue” at 730 nm

decreases with a newly-formed absorption peak emerging
at 520 nm, which is ascribed to the formation of PTZ*
cation radical.7*® At the same time, a similar trend is
followed in the case of C4-PTZ and Sc;N@Cs,-PTZ, as
shown in Figure 1b & 1c, suggesting the formation of Ce,-
PTZ+ and Sc;N@Cg,-PTZ* cation radicals, respectively.

The reverse reduction of PTZ* cation radical was
investigated by inspecting the absorption band at 520 nm.
In Figure 1d, the C4,-PTZ was firstly oxidized in situ to
generate Cq,-PTZ* with the addition of “Magic blue” in an
optical cuvette. Afterward, the typical absorption band at
520 nm fully disappeared with the addition of reductive
zinc powder, suggesting complete regeneration of neutral
Ceo-PTZ. Moreover, electrochemical oxidation and
reduction of Ce,-PTZ were also carried out in a home-
made spectroelectrochemical cell and the differential
absorption spectra were presented in Figure Sio, which is
alternative access to the regulation of PTZ redox state.”
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Figure 1. Steady-state absorption spectra of “Magic Blue”
solution upon addition increasing amount of (a) PTZ, (b)
Cso-PTZ, (c) Sc;N@Cso-PTZ in dichloromethane. (d)
Steady-state absorption spectra of neutral Cg-PTZ and
Ceo-PTZ ** in dichloromethane. The inset shows the UV-
Vis spectra after the addition of zinc powder. The
absorption changes are indicated by the arrows.

Frontier molecular orbital analysis. To gain further
understanding of charge transfer characteristics, quantum
mechanical (QM) calculations were carried out for
elucidating the molecular orbital population of Sc;;N@Cs,-
PTZ, S;;N@Cg,-PTZ, Cs,-PTZ, and Cg,-PTZ™, respectively
(See the Experiment Section for the computational
details). The contours of the frontier molecular orbitals
(FMOs) are presented in Figure Su & Si2. The highest
occupied molecular orbitals of Sc;N@Cg,-PTZ and Cg,-
PTZ dyads are predominantly located on the PTZ moiety,
while the lowest unoccupied molecular orbitals are
substantially contributed by the connected fullerene
entities. The nature of the relevant FMOs suggests a great
possibility of charge transfer from the PTZ donors to
fullerene acceptors. On the other hand, the Sc;N@Cg,-
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PTZ+ and C4,-PTZ* are significantly different from their
neutral analogs. Due to the strong electron-withdrawing
ability of the radical cation, the highest occupied beta
orbitals are populated on the fullerene, while the lowest
unoccupied beta orbitals are localized on the PTZ*
moieties, which suggests that unlike the neutral dyads,
the electron is inclined to transfer from the fullerene to
the PTZ* cation radical.

Electrochemistry. Electrochemical properties of PTZ,
Ceo-PTZ, and Sc;N@Cs,-PTZ have been investigated by
the means of cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in o0.05 M TBAPFs 1,2-
dichlorobenzene (0-DCB) solution. The redox potentials
are corrected to ferrocene couple and summarized in
Table 1. The cyclic voltammograms and the differential
pulse voltammograms are presented in Figure S13 & Si4,
respectively. PTZ exhibits a reversible one-electron
oxidation wave at 0.29 V (vs Fc/Fc*), in good agreement
with the previous report.4 In the case of Sc;N@Cs,-PTZ,
two oxidation waves and three reduction waves are
observed. The first reversible oxidation wave at 0.28 V (vs
Fc/Fc*), which is close to the oxidation potential of PTZ,
is attributed to oxidize PTZ moiety. The second oxidation
wave at 0.56 V is consistent with the first oxidation
potential of intrinsic Sc;N@Cs,, corresponding to the
oxidation of the Sc;N@I;-Cs, entity. In the cathodic scan,
three reversible reduction waves at -1.20 V, -1.61 V, -2.10 V
are displayed for Sc;N@Cs,-PTZ dyad, as shown in Figure
S15, which are characteristic for [5,6]-I-Sc;N@Csg,
fulleropyrrolidine  adducts3* In  general, the
electrochemical behaviors of Sc;N@Cg,-PTZ show little
perturbation comparing to pristine PTZ and Sc;N@Cs,,
which indicates a limited electronic coupling at the
ground state.9 A similar redox behavior is also observed in
the C4,-PTZ dyad.

Table 1. Redox potentials (vs Fc/Fct, in V) of PTZ, Ce,-
PTZ, and Sc;N@Cg,-PTZ obtained from CVs and DPVs.

Journal of the American Chemical Society

(Sc;N@Cso)*-PTZ* —

[(Se;N@Cs,) *-PTZ] -1.22 -0.28
Coo~(PTZ™)* — [(Ceo) *-PTZ] -0.47 -0.92
(Coo)*-PTZ* — [(Ceo) *-PTZ] -0.84 -0.92

Molecule o, o, RedE1 RedE2 RedE%
Cso - 1.21 -1.12 -1.50 -1.95
Ceo-PTZ 1.20 0.29 -118 - -
Sc;N@Cs, - 0.57 -126 -1.62 -2.37
Sc;N@Cso-PTZ 0.56 0.28 -1.20 -1.61 -2.10
PTZ - 0.29 - - -

According to the redox potentials in Table 1, the driving
force AG for the charge transfer (CT) and back charge
transfer (BCT) processes in Sc;N@Cs,-PTZ* and Ce,-PTZ*
dyads can be estimated using eq 1 and the results are
summarized in Table 2.

Table 2. Calculated AG for charge transfer reactions in
benzonitrile.

AG°(CT) AG°(BCT) /
Reactions / eV eV
Se,N@Cs,-(PTZ™)* —
[(Se;N@Cs,) *-PTZ] 111 -0.28

Transient absorption spectroscopy. Pump-probe
femtosecond TA spectroscopy and nanosecond flash
photolysis were utilized to shed light on the ultrafast
photoinduced charge transfer dynamics in Sc;N@Cs,-PTZ
and Cg-PTZ dyads. For femtosecond TA analysis, the
resulting spectra were imported into Glotaran (a GUI
software for the “R” package, “TIMP”) and treated with
global analysis to yield evolution associated spectra (EAS)
and decay associated spectra (DAS).3>34
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Figure 2. (a) Femtosecond TA spectra of Sc,;N@Cgo-PTZ
in benzonitrile following excitation at 388 nm. (b) EAS
and DAS obtained upon global analysis of the transient
absorption data. (c) Time-absorption profile at 500 nm
(black spectrum), 1000 nm (red spectrum) and 1100 nm
(blue spectrum), reflecting the charge separation and
recombination dynamics. (d) Nanosecond transient
absorption spectra of S;;N@Cg,-PTZ in benzonitrile taken
at 100 ns after 355 nm laser pulse excitation and time-
absorption profile at 450 nm (inset).

Upon excitation of neutral Sc;N@Cg,-PTZ in
benzonitrile using a 388 nm laser pulse, TA spectra build
up within 1 picosecond, and the corresponding TA spectra
with different delay times are presented in Figure 2a. The
starting TA spectra feature prominent excited state
absorptions (ESA) with maxima at 500 nm, 1000 nm and a
minimum at 6oo nm, which is in accordance with the
differential absorption of singlet excited-state Sc,;N@Cs,.2
3536 The first resolved EAS component, therefore, is local
excitation (LE) state of fullerene moiety in the Sc,;N@Cjgo-
PTZ dyad. The initial singlet excited state features decay
fast, as shown in the first DAS spectra, and evolve into the
second EAS component associated with the appearance of
new ESA maxima at 520 nm, 1100 nm and a minimum at
980 nm. These features bear a great resemblance to the
fingerprints of one-electron oxidized PTZ radical cation
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and one-electron reduced Sc,N@Cg, radical anion,
respectively.>® 29 Consequently, we ascribed the second
EAS component to the formation of (Sc;N@Cg,)- PTZ™*
radical ion pair state. As a matter of fact, a singlet excited
state lifetime of 2.6 ps has been determined which
indicates an effective quenching process as a result of
electron transfer from PTZ to singlet excited-state
Sc;N@Cs, moiety, in line with previously reported
Sc;N@Cs, based donor-acceptor dyad.s Afterward, the
radical ion pairs absorption bands decay simultaneously,
when a broad ESA peaking at 600 nm appears gradually,
and remains unchanged through the entire experiment
time range. Nanosecond TA measurements of the dyad in
argon-saturated benzonitrile are carried out to verify the
long-lived component observed in femtosecond TA
measurement, as shown in Figure 2d. Considering the
nanosecond TA spectra of Sc;N@Cg,-PTZ are substantially
identical to the pristine Sc;N@Cs, (Figure S16), the third
EAS component is therefore attributed to low-lying triplet
excited state of Sc,;N@Cs, via intersystem crossing (ISC),
from which a lifetime t;5c approximately 60 ps is derived
(Figure S17). A similar relaxation process is proposed to
interpret the photophysical events observed in the Cg,-
PTZ dyad, and the results are presented in Figure S18.2%37
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Figure 3. (a) Femtosecond TA spectra of Sc;N@Csg,-PTZ™*
cation radical in benzonitrile following excitation at 520
nm. (b) EAS and DAS obtained upon global analysis of the
transient absorption data. (c) Time-absorption profile at
different wavelengths and fitting curves derived from
global analysis. (d) Nanosecond transient absorption of
Sc;N@Cso-PTZ+ cation radical in benzonitrile taken at 10
ns after 520 nm laser pulse excitation and time-absorption
profile at 450 nm (inset).

For comparison, femtosecond TA spectra of Sc;N@Cg,-
PTZ+ cation radical in benzonitrile were also measured in
Figure 3a. However, ESA features attributed to neither
singlet excited state Sc;N@Cg, mentioned above nor PTZ*
LE state are observed in the starting TA spectra. In fact,
featuring with an intense ESA maximum at 450 nm, a
minimum at 650 nm and a broad near-infrared absorption
tail, the first EAS component should be ascribed to the

formation of thermodynamics favorable (Sc;N@Cs,)+-PTZ
CT state with a lifetime t, = 29.9 ps, which was
investigated in-situ in a spectroelectrochemical
experiment.3® Moreover, a weak ground state bleaching
(GSB) is discernable at 780 nm which is originated from
excited state PTZ* moiety. The initial electron transfer
reaction from Sc;N@Cs, to PTZ* is not discriminated for
the reason that it may occur within the instrument
response function (IRF) and couldn’t be extracted with
precision.

The BCT reaction of (Sc;N@Cs,)*-PTZ state is
accompanied by two more components, as shown in
Figure 3b. It is worth noting that the third long-lived EAS
component bears great resemblance to the first one with
the exception of a slight blue shift of the absorption
minimum, i.e., from 650 nm to 620 nm, which indicates
these components stand for two different relaxation
stages of the CT state.? In fact, charge transfer dynamics
of donor-acceptor conjugates with a single-bond linkage
usually coexist with concomitant conformational
relaxations in high-polarity solvents.39+

In particular, in the neutral state, the heterocyclic ring
of PTZ has a nonplanar geometry, featuring a sp3-
hybridized character of the nitrogen atom. When in the
oxidized state, it adopts a sp* hybridization with a more
planer geometry,’> ® which is consistent with the QM
calculated configurations of the fullerene dyads in Figure
S19. Taking the conformational heterogeneity of PTZ into
consideration, the second EAS component, therefore, is a
transition state from initial “hot” CT state to relaxed CT
state with a conformational relaxation time constant r, =
587.3 ps. The relaxed CT state reinstates the ground state
with a longer time constant, 7, = 61.7 ns, as a result of the
conformational twisting.
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Figure 4. (a) Femtosecond TA spectra of Cg,-PTZ™* cation
radical in benzonitrile following excitation at 520 nm. (b)
EAS and DAS obtained upon global analysis of the
transient absorption data. (c) Time-absorption profile at
700 nm (red spectrum) and 750 nm (blue spectrum),
reflecting intersystem crossing dynamics. (d) Nanosecond
transient absorption of Cg,-PTZ™* cation radical taken at
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100 ns after 520 nm laser pulse excitation and time-

absorption profile at 700 nm (inset).
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Table 3. The charge transfer reaction parameters for Ce,-PTZ™* and Sc;N@Cs,-PTZ* cation radical derived from theoretical

calculations and experiments.

Reactions AeV) A (eV) A(eV) G°(eV) V(eV) ker (s) Teal (PS)  Texp (PS)
ScN@Cao-(PTZ*) — [(ScsN@Cgo)*-PTZ]  0.4509 0.8600 1.3109  -1.1100  -0.0443  2.13E+13  0.0470 -
(ScsN@Cio)-PTZ* — [(ScsN@Cao)*-PTZ] 04509 0.8600 1.3109  -1.2200  0.0457 2.87E+13  0.0348 -
Ceo-(PTZ*) = [(Ceo)*-PTZ] 0.4526 0.9000 1.3526  -0.4700 -0.0384 8.11E+10  12.3358 -
(Ceo)-PTZ* — [(Ce0) *-PTZ] 0.4526 09000 1.3526 -0.8400 -0.2030  9.06E+13  0.0110 -
[(ScsN@Ceo)*-PTZ] — ScsN@Cgo-PTZ* 0.3164 1.1764 0.8600 -0.2800  0.0457  4.36E+10 229252 29.9
[(Ceo) *-PTZ] — Cep-PTZ* 0.4338  1.3338  0.9000  -0.9200  -0.2030  1.73E+14 _ 0.0058 -

In addition, Ce,-PTZ* cation radical in benzonitrile is
subjected to a 520 nm laser excitation, and the
consequent femtosecond TA spectra are presented in
Figure 4a. The initial TA spectra are dominated by a
strong GSB band at 520 nm, a weak GSB negative peak at
780 nm, and a broad near-infrared ESA band around goo
nm. The former is ascribed to the formation of doublet
excited state of PTZ*, while the latter is assigned to
singlet excited state transition (S,2S,) features of Cg,
fulleropyrrolidine.® ® The first resolved EAS component
for Ceo-PTZ*, therefore, is the combination of 2’PTZ* and
(Ceso)", with a time constant z, = 4.0 ps. The starting GSB
band at 520 nm and 780 nm recovery rapidly with the
appearance of an ESA band around 500 nm within 10 ps,
without any discernible peak shift. As a result, we
ascribed the second EAS component to relaxed *PTZ* and
(Ceo)", featuring a much weak GSB at 520 nm and two
ESA bands at 500 nm, goo nm respectively.®® 2® The
remaining '(Ce,)" decays through ISC to produce the third
EAS component of 3(C4,)" with characteristic absorption
at 700 nm. The long-lived component recovery to the
ground state with a time constant t = 3.51 ps, as shown in
Figure 4d, close to a typical Cg, triplet lifetime.+ It should
be noted that charge transfer from either Cs,
singlet/triplet excited state or PTZ doublet excited state
to (Ceo)*-PTZ is thermodynamically feasible, as shown in
Table 2, but no TA spectra ascribed to (Cg,)* cation
radical (A, = 980 nm) is resolved out in femtosecond TA
measurements.

Kinetics for the Charge Transfer Reactions. To further
comprehend the experimental results obtained in the
femtosecond TA measurements, we quantitatively discuss
the CT and BCT reactions in Cg-PTZ+ and Sc;N@Cs,o-
PTZ+ cation radical with the Marcus equation.?3 The
driving force G° was obtained from Table 2, and other
related values and the kinetic parameters are calculated
with the theoretical method. Eventually, the rate constant
ker and kger for both Cg, and EMF dyads are calculated
and listed in Table 3.

For both Cg-PTZ+ and Sc;N@Cs,-PTZ* cation radical,
the CT & BCT process is located in the normal region of
the Marcus parabola.#+45 Evidently, the CT process in

Sc;N@Cs-PTZ+ is more efficient than Ce,-PTZ* upon
selective excitation of PTZ* moiety using 520 nm laser
irradiation, ultrafast electron transfer from Sc;N@Csg,
moiety to PTZ* is theoretically corroborated. For the BCT
process, the significant difference between driving force
and reorganization energy, plus the weak electronic
coupling are two key factors that together contribute to a
much slower BCT rate, viz. a more stable CT state in the
EMF derivative. The calculated lifetime of the
(Sc;N@Cs,)*-PTZ CT state in the dyad is 22.9 ps, which is
in good agreement of the 29.9 ps lifetime obtained from
the femtosecond TA experiment. The Cq, system, on the
other hand, has a very fast BCT process which could be
hardly observed from the experiments.
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Figure 5. Jablonski diagrams and photophysical dynamics
of (a) Sc;N@Cso-PTZ, (b) C4o-PTZ, () Se;N@Cso-PTZ, (d)
Ceo-PTZ+ after laser pump excitation.

Figure 5 highlights the energy level diagrams and
photophysical kinetics for Se;N@Cg,-PTZ, Sc;N@Cgo-PTZ*
cation radical, C¢-PTZ and C¢,-PTZ* cation radical,
respectively. As a matter of fact, in addition to ISC, a CT-
mediated relaxation pathway is suggested to be
responsible for excited-state dynamics of neutral Cg,-PTZ
and Sc;N@Cs,-PTZ dyads, as shown in Figure sa & s5b.
Following laser excitation, the singlet-excited-state
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features of Sc;N@Cs, at 1.50 eV is quenched rapidly with
the appearance of (Sc,;N@Cjg,)"- PTZ* CT state at 1.15 eV,
as a result of ultrafast electron transfer (kcp = 3.8x10" 57)
from PTZ to '(Sc;N@Cg,)"> Subsequent charge
recombination (kcg = 4.3x10° s7) directly gives the
population of ground state, leaving the triplet excited
state of Sc;;N@Cs, (1.20 eV) as final observed component.
However, a distinct charge transfer behavior is activated
after oxidizing Sc;N@Cso-PTZ to Sc;N@Cg,-PTZ™ cation
radical. A low-lying CT state at 0.28 eV is efficiently
populated, suggesting ultrafast electron transfer from
Sc;N@Cg, to PTZ* (ker > 3.3x102 s7). At the same time,
back charge transfer to the ground state almost slows
down by two orders of magnitude (kcg = 7.8x10° s7),
accompanied by a conformational relaxation of PTZ
moiety, leading to the stabilization (Sc;N@Cs,)*-PTZ CT
state. In contrast, the (C4,)*-PTZ transient species should
never be accumulated for the reason that its rate of
formation is slower than relaxation to the ground state
(indicating by dotted line arrows) according to theoretical
calculation.

Combining TA spectra and energetic results together,
it is possible to conclude that the charge transfer
behaviors of fullerene linked to a redox-active PTZ moiety
could be in-situ manipulated by simply regulating the
redox condition.

CONCLUSION

To summarize, we have successfully synthesized two
novel fullerene dyads featuring redox-active PTZ moieties
as counterparts. The neutral PTZ moiety is capable of
reversibly converting to stable PTZ™* cation radical, which
bears significantly different electronic structure compared
to its neutral state. State-of-the-art TA measurements
have been employed to unveil their photoinduced
excited-state dynamics. By regulating the redox state of
PTZ, we have realized full control of the photoinduced
electron transfer direction in the dyads. This is, to the
best of our best knowledge, the first time that a fullerene-
based dyad shows in-situ tunable molecular photodiode-
like behaviors." Our findings suggest a new implement of
endohedral metallofullerene in novel molecular
electronics devices.

EXPERIMENTAL SECTION

General Methods. All chemical reagents were purchased
from a commercial supplier and used as received unless
otherwise noted. Sc;N@I,-Cs, was synthesized with the
arc-discharge method and isolated with HPLC.
Preparative HPLC was performed on a 10 x 250 mm
Buckprep column with toluene as eluent. All reactions
were carried out in Argon atmosphere using standard
Schlenk techniques. 'HNMR spectra were measured on a
Bruker Avance-400 spectrometer with chemical shifts
reported in ppm relative to the solvent peak. Mass spectra
were recorded on  Shimadzu MALDI-TOF-MS
Spectrometer with 1,9,10-trihydronaphthalene as the
matrix. UV-Vis absorption spectra were recorded on a
Lambda 950 spectrophotometer (PerkinElmer, U.S.A.).

Electrochemistry. The cyclic voltammetry
measurements were performed on a Shanghai Chenhua
CHI660C electrochemical analyzer. Experiments were
carried out in 0-DCB at room temperature, using 0.05 M
TBAPFs as supporting electrolyte and a scan rate of 50
mV/s. A silver wire was used as the reference electrode, a
platinum wire was used as the counter electrode, and a
glassy carbon electrode was used as the working electrode
after polished with alumina suspension, rinsed with
deionized  water  and dichloromethane. The
ferrocene/ferrocenium redox potential was used as the
internal standard reference.

Transient Absorption Measurements. Femtosecond
TA measurements were carried out on a homemade
spectroscopy setup. The laser source was a commercial
femtosecond amplifier laser system (35 fs, 1 kHz, 800 nm,
Spitfire Ace, Spectra Physics). The output pulse was split
into two beams. The first beam was used to pump a
commercial wavelength conversion system (TOPAS prime
and wavelength mixing unit from Spectra Physics) which
will output tunable femtosecond laser pulses from 350 nm
to 2600 nm. The pulses centered at 517 nm and 387 nm
were selected as the excitation pulse. The second beam
with weaker energy was focused on a CaF, plate (4 mm
thickness) or an yttrium aluminum garnet plate to
generate a white light continuum for the visible or near-
infrared probe, respectively. The time delay between the
pump beam and the probe pulses was controlled by a
motorized delay stage. In the case of the visible transient
absorption experiment, a laser frequency synchronized
fiber optical spectrometer (AvaSpec-ULS2048CL-EVO,
Avantes) was used to collect the probe light. For the near-
infrared transient signal acquisition, a homemade 46
channel lock-in amplifier coupled spectrometer was
utilized. During the experiment, the pump intensity was
set to be 350 pJ/cm? and 1 mJ/ cm? for the 388 nm and 520
nm laser pulses.

Nanosecond-to-microsecond  transient absorption
experiments were performed using a commercial
nanosecond laser flash photolysis spectrometer (LP980-
KS, Edinburgh Instruments Ltd., Livingston, UK) at
ambient temperature. The pump laser pulse was obtained
either from the third harmonics generation Nd:YAG laser
(Quanta-Ray LAB19o, Spectra-Physics) at 355 nm or from
Optical Parametric Oscillator (PrimoScan ULD4oo0,
Spectra-Physics) at 520 nm, with the fwhm of no more
than 10 ns. The probe light was provided by a 150 W
pulsed xenon arc lamp. The sample solution in 1 x 1 cm
optical glass cuvette was excited by the pump laser,
afterward, the probe light from the xenon lamp passed
through the sample in a right-angle configuration. The
transmission probe light was measured either by a single
PMT detector (Hamamatsu R928), using a Tektronix
Model MDO3052 (100 MHz, 1.25 GSs™) digital oscilloscope,
at a specified wavelength for kinetic analysis or by an
ICCD camera (DH320T, Andor) for spectral analysis.

All samples were freshly prepared and deaerated for 20
min with argon prior to transient absorption investigation.
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Computational Methodology.
Driving force

The Gibbs free energy change for electron transfer
reaction in benzonitrile, namely driving force is directly
calculated using the following equation:

AG(BCT) = — (E,y(fullerene) — E,,(PTZ))
AG(CT) = —AG(BCT) — Eg (1)

where the E,(fullerene) and E,(PTZ) are the oxidation
potentials of studied fullerenes and the PTZ, respectively.
E,, refers to the molecular zero-zero transition energy of
excited chromophore. We left out the Coulomb
interactions and reorganization energy for the reason that
the overall charge number remains constant during
charge transfer reactions and the tests are carried out in
high polarity solvent.

Marcus Equation

The rate of the charge transfer reactions can be calculated
with the Marcus equation as following:

am o, 1 (a6°+2)*
ker=3V 1/4n/1kT"xp[_ 4T ] (2)

In which AG°, A, and V are the driving force,
reorganization energy, and the electron coupling items.
The AG° values of both CT and BCT processes were
obtained from the electrochemistry measurement results.
Meanwhile, the A is composed of the inner reorganization
energy (4;) and the solvent reorganization energy (As).

A=A+ A (3)

The A; is caused by geometric relaxation of the charge
transfer state, which can be obtained from the DFT
calculated result of the energy difference between the
adiabatic (E,4.) and the vertical (E,. ) transition state.

Ai = Evert. - Eadia, (4)

Meanwhile, the A; can be calculated via the Dielectric
Continuum model:

82 1 1 1 1 1
As = me (E+K-RD_A)(E+Z)] )

In which the R,, R, Rps, n, and &, are the van der-Waals
radius of the donor and acceptor, the center-center
distance between the donor and the acceptor, the
refractive index and the static dielectric constant of the
solvent, respectively. The conformational details are
obtained from the QM calculations.

GMH Method

The electron coupling (V) can be calculated with the
Generalized Mulliken-Hush method+®

H12BE 1,

Vig= Ty + i (6)
Where # ,, A &, and AE, are the diabatic dipole
transition moment, the dipole moment difference of the
diabatic states and the vertical excitation energy,
respectively. The code implemented in the ECoupling
Server# can be used to calculate the V value with GMH
method by uploading the calculation result of the
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optimized structure of the fullerene derivatives.
Reasonable results have been obtained in the previously
reported articles.

Quantum Chemical Calculation Details

The density functional (DFT) method implemented in
Gaussian o9 package+® was adopted for elucidating the CT
mechanism of the fullerene-PTZ/PTZ* systems. The
geometry of the C¢-PTZ, C4,-PTZ™*, Sc;N@Cgo-PTZ and
Sc;N@Cso-PTZ+ systems were optimized with the B3LYP
functional. The 6-31G(d) basis set is applied to the C, H, N,
S elements and the SDD basis set is used to describe the
Sc element. Frequency analysis was further conducted
and no imaginary frequencies were found in any of the
systems. The vertical and adiabatic (geometric relaxed)
CT state energy is calculated with the time-dependent
density functional (TDDFT) method with the Mo6-2X
functional with the same basis sets employed as in the
geometry optimizations.
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