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ABSTRACT: Two stable electron donor—acceptor conjugates, that is, 3
and Sb, employing La, @I;-Cgo and ScsN@I;,-Cgo, on one hand, and zinc
tetraphenylporphyrin, on the other hand, have been prepared via [1 + 2]
cycloaddition reactions of a diazo precursor. Combined studies of crystal-
lography and NMR suggest a common (6,6)-open addition pattern of 3
and Sb. Still, subtly different conformations, that is, a restricted and a
comparatively more flexible topography, emerge for 3 and Sb, respec-
tively. In line with this aforementioned difference are the electrochemical
assays, which imply appreciably stronger I;-Cgo/ZnP interactions in 3
when compared to those in Sb. Density functional calculations reveal
significant attractions between the two entities of these conjugates, as well
as their separately localized HOMOs and LUMOs. The geometrical conformations and LUMO distributions of 3 and 5b, at our
applied computational level, are slightly varied with their different endohedral clusters. The clusters also exert different impact on the
excited state reactivity of the conjugates. For example, 3 undergoes, upon photoexcitation, a fast charge separation process and yields
aradical ion pair, whose nature, namely, (La,@Csg)* ™ —(ZnP)"") versus (La,@Cgo)"" —(ZnP)""), varies with solvent polarity. 5b,

La,@I,-C,,-ZnP

Sc;N@J,-Cyp-ZnP

on the other hand, afforded the same (ScsN@Cgp)* ™ —(ZnP)"") radical ion pair regardless of the solvent.

B INTRODUCTION

The ineluctable and continuing depletion of fossil fuels poses
one of the greatest challenges to mankind. Sunlight with its
interminable radiation has been the source for all of the photo-
synthetic organisms, where energy storage is realized via chemi-
cal bond formation." Thus, photosynthesis, which has emerged
as a blue print for solar energy storage, has motivated the appli-
cation of “photosynthesis” fundamentals in the design of artificial
reaction centers.”

Excitonic binding energies in organic donor—acceptor con-
jugates, which range from 0.2 to 1.0 eV, ensure an efficient charge
splitting and charge transport as a means to create appreciable
photocurrent.” The advent of molecular conductors began in
1973 with the demonstration of charge transfer/charge transport
in an organic metal, tetrathiafulvalene (TTF).* In the following
years, breakthroughs such as the introduction of interfacing two
organic semiconductors, that is, an electron donor and an
electron acceptor, paved the road to organic solar cells.” The
latter created a boom in the field of electron donor—acceptor
systems as a means to generate spatially and electronically well-
isolated radical ion pairs.
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Empty fullerenes, in general, and Cg, in particular, exhibit all
of the hallmarks that are found in nature's most sophisticated and
important solar energy conversion/storage system, namely,
photosynthetic organisms in plants, algae, and a variety of types
of bacteria. Owing to its rigid structure, C4o possesses small
reorganization energies in charge transfer reactions, which is of
particular interest and, which, as a matter of fact, has exerted
noteworthy impact on the improvement of charge separation
processes triggered by light.®

Empty fullerenes are capable of hosting metal atoms in their
interior and, thereby, forming endohedral metallofullerenes
(EMF). EMFs possess impressive electronic structures that are
governed by significant electron transfer between the encapsu-
lated species and the fullerene.”® To this end, control over the
encapsulated species results in a large variety of EMFs that
feature distinct chemical and physical properties.”

La,@I;,-Cgp and Sc;N@I,-Cg are two well-studied EMFs
with close-shell structure.”” " They possess the same I;-Cg, cage
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Figure 1. Schematic structures of the described and investigated compounds.

and similar electronic structures, which are usually described as
(La2)6+@1h—C8067 and (SC3N)6+@I]1—C8067. Owing, however,
to the different type of endohedral guests (i.e., (La,)®" versus
(ScsN)®™), their chemical reactivity and electrochemical prop-
erty differ. In particular, the first reduction potential of La, @I
Cgo is much higher than that of Sc;N@I;,-Cgp, which reflects the
impact on the LUMO level. Moreover, comparing the on-set
potential gap of La,@I},-Cgo (0.87 eV) with those of Sc;N@I,,-
Cgo (1.86 V), and Cgo (2.33 eV),"'*!? the small band gap of
La,@I},-Cgo is impressive and even comparable with those of a
few conducting polymers, whose electrochemical or optical gaps
are smaller than 1.0 eV."* Sc;N@I,-Cgo, on the other hand,
attracts attentions due to the higher LUMO level and the unique
electronic structure. All these features allow them and their
analogues to be exploited in molecular electronics and electron
donor—acceptor systems.H*16

Coupling redox and/or photoactive building blocks to
fullerenes,’ especially to Cg, has resulted in electron donor—
acceptor conjugates with band gaps of 1—2 eV."® We have
recently reported on Sc;N@I,-Cgo and La,@I;-Cgo based elec-
tron donor—acceptor conjugates using ferrocene, triphenyl
amine, and 77-extended TTF donors."> Duality in the electron/
hole accepting nature was also recently reported for a Ce,@Cgo
based conjugate, but Ce,@Cgy features, in contrast to La,@Cgy,
two unpaired electrons for each incorporated Ce.'®

Porphyrins, the synthetic analogues of chlorophyll, have been
extensively used as electron donating chromophores.'® Further-
more, porphyrins give rise to remarkable interactions with EMFs
owing to their large 77— surface.”

In the present work, two EMFs, namely, La,@I;-Cgo and
ScsN@I,-Cgy, are conjugated to zinc tetraphenylporphyrin (ZnP)
via [1 4 2] cycloaddition yielding novel La,@I;-Cgo—ZnP (3)
and Sc;N@I,,-Cgo—ZnP (5b), respectively, see Figure 1. Our
synthetic efforts have enabled for the very first time a systematic

comparison between two stable and isoelectronic endohedral
metallofullerenes. Any differences in terms of, for example,
physicochemical features, including electron transfer chemistry,
should unambiguously evolve from the endohedrally entrapped
clusters, that is, Sc3N versus La,. In fact, a thorough investigation
documents that indeed the entrapped cluster has a significant
impact on the electron transfer chemistry.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterizations. Conjugates 3
and S were synthesized using the respective EMFs via the
reaction of a diazo precursor (Supporting Information Scheme
S1). The reaction was facile in the case of 3 and was stopped when
the ratio of the conjugate to pristine La,@I;-Cgo exceeded 2:1. The
synthesis of Sb was done in two steps, namely, the synthesis of
ScsN@I),-Cgo—H,P (Sa) followed by the insertion of zinc
(Scheme S2). Notable is that the first step took nearly 20 h in
spite of the similar scale and reaction conditions as used for 3.
This implies a higher reactivity of La,@I)-Cgo toward diazo-
compound when compared to that of Sc;aN@I,-Cg. As refer-
ences, compounds 4 and 6 were synthesized. All of the com-
pounds were separated and purified using high-performance
liquid chromatography (HPLC). Their molecular integrities
were confirmed by MALDI-TOF spectrometry, in which only
molecular ion peaks were found at 2130.96 m/z for conjugate 3,
2004.04 m/z for conjugate Sb, and 1427.90 m/z for compound 4
(Figure S3). Absence of other fragment peaks in the spectra of
these [1 + 2]-adducts confirmed their robust structures and high
stabilities under laser decomposition conditions. The samples are
very stable and could be stored in the dark under Ar without
showing any decomposition within 6 months.

Figure 2 shows the X-ray structure of 4 and confirms the (6,6)-
open addition pattern®' as reported previously for Ce,@I;,-Csgo
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Figure 2. ORTEP drawing of 4 (major enantiomer). The CS, mol-
ecules are omitted for clarity.

and Sc;N@Cs, analogues (2 and 6)."**> Thus, the metalloful-
lerenes of 2, 4, and 6 likely retain a 86 sr-electron configuration,
that is, 80 s-electrons from Cgy and six electrons from the
encapsulated cluster. The La, cluster is highly localized and
collinear with the spiro C atom, which is in line with the structure
of 2. The distance between the two La atoms is 4.030 A slightly
shorter than the Ce- - -Ce distance (4.059 A) in 2."® On the
other hand, although Ih Csgo cage of 4 reveals disorder due to the
presence of a pair of enantiomers, La, cluster has no disorder,
reflecting its h1gh1y localized position. In contrast, the X-ray
structure of 6>> shows a highly localized Sc atom that has an
orientation pointing toward the spiro C atom, while the other
two Sc atoms are more delocalized and present a couple of
disorders, indicating the 2D-rotation of the Sc3N cluster. This
subtle difference between the endohedral structures of 4 and 6
might facilitate the understanding of the differences between 3/4
and 5/6 obtained from the NMR experiments.

NMR experiments were performed to investigate the struc-
tures of 3 and S, which failed to form single crystals (Figure 3).
Initially, we focused on 3 and 4 owing to their structural simi-
larity. Chemical shifts of the two substituted carbons of La, @Cgo
in the "*C NMR spectra are observed at 0 = 107.00/93.29
ppm for 4 and O = 106.56/93.00 ppm for 3, indicating a similar
addition pattern as well as the alignment of the La, cluster. Two
pairs of broad signals in the "H NMR spectra of 4, centered at & =
3.46/3.56 ppm and 2.49/2.61 ppm, are assigned to the geminal
protons of two methylene groups adjacent to I;-Cg, and were
corroborated by H—H COSY experiments (Figure S4). In
contrast, methylene groups that are farther away from Cgo-Ij,
gave rise to a triplet signal at = 2.66 ppm. The lack of difference
between its two geminal protons suggests that only the geminal
protons of the methylene groups adjacent to I;,-Cgg are present in
subtly different chemical environments. On the other hand, the
phenyl group of 4 gave rise to five 'H signals in the field of 7.5—9
ppm. With the help of COSY experiments all of the latter were
assigned to the phenyl group. Differences of Ad = 0.55 and

0.06 ppm for the two ortho- and meta-protons, respectively,
confirm that the phenyl carbons were magnetically nonequi-
valent. This trend was further corroborated by DEPT13S and
HMQC experiments (Figures S6 and S7). Herein, implicit is
the hindered rotation of phenyl group caused by the La,@I,-
Cgo moiety. In fact, the latter is believed to be responsible for
perturbations that are comparable to those seen for Ce,@Cgo
analogue 16

The "H NMR spectrum of conjugate 3, on the other hand,
shows upfield shift for the methylene protons (Ad = 0.29 and
0.21 ppm) due to shleldmg effects posed by the ZnP moiety. In
the lower field, the 'H signals from the phenyl group and those
from phenyl groups of ZnP moiety appeared between 7.2 and 8.6
ppm. Notable is a partial overlap, which imposes difficulties in the
assignments. Nevertheless, better resolved are the [-pyrrole
proton signals of ZnP in the 8.6—9.0 ppm region. In particular,
four of them appeared as separated doublets, while the other four
overlapped to afford a triplet (2H) and a more intensive doublet
(2H). Such magnetically nonequivalent 3-pyrrole protons are
comparable with those of the C60—ZnP conjugates, in which Cg
and ZnP moieties are closely placed.*® To this end, we assume a
close proximity between the two chromophores as well as a
constrained conformation. Considering the flexibility of the
spacer, La,@Cgo and ZnP might attract each other via unusual
strong 7T stacking and electrostatic interactions.

Next, we turned to conjugate 5 and its reference 6. The *C
NMR spectrum of Sa exhibits resonances of two substituted
carbons at § = 95.77/95.10 ppm, which is in close resemblance
with those of 6 (0 = 96.49/95.55 ppm). It is notable that these
two carbons are chemically different, namely, pyrene-like and
corannulene-like carbons, respectively. However, they difter by
less than 1 ppm for Sa/6 whereas by nearly Ad = 13 ppm for 3/4.
Taking the X-ray analyses into account, it is likely that the more
delocalized Sc3N cluster of Sa/6 results in a more isotropic I;,-Cgg
relative to 3/4 with their standing La, cluster. Interestingly,
unlike 4, the "H NMR spectrum of 6 suggests more equivalent
ortho/meta-phenyl protons and methylene protons, the former
leading us to hypothesize a more freely rotated phenyl group. On
the other hand, the porphyrin protons of 5a and Sb give rise to
rather broad 'H signals, reflecting an intramolecular flexibility.
Therefore, La,@I;-Cgo appears to impose a stronger perturba-
tion on the attached groups than Sc;N@1I;,-Cgo.

Electrochemical Studies. The electrochemical properties of
3—6 were investigated by differential pulse voltammetry (DPV)
and cyclic voltammetry (CV) in o-dichlorobenzene using 0.05 M
n-Bu,NPFg as supporting electrolyte (Figure 4 and Figure
$13—16). The DPV results are summarized in Table 1. 4 gave
rise to two oxidation (i.e., 0.49 and 0.89 V) and three reduction
processes (i.e., —0.36, —1.76, and —2.19 V). Compared with
pristine La,@I;-Cgo,, the first reduction and the first oxidation of
4 are cathodically shifted by ca. 50 and 70 mV, respectively. 3
reveals four well-resolved oxidation processes at 0.33, 0.52, 0.65,
and 0.88 V. The third and fourth oxidations correspond well with
the second oxidation of ZnP and the second oxidation of 4,
respectively. Importantly, the first oxidation is 60 mV lower than
that of ZnP and the second oxidation is 30 mV higher than the
first oxidation of 4. Considering that the first oxidation of
La,@Cg is centered at I;-Cgg, an easier ZnP oxidation and a
more difficult I;-Cgo oxidation prompts to a change in charge
transfer chemistry. When turning to the reduction, we note that
the first reduction of 3, which occurs at —0.39 V and which
involves the La, cluster, is cathodically shifted by 30 mV relative
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Figure 3. '"H NMR spectrum of (a) 4/6 and (b) 3/5b in C,D,Cl,. Asterisk

(*) refers to the signals that were caused by impurities or solvents. The

dashed lines represent the spectral changes due to the different endohedral cluster.
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Figure 4. Differential pulse voltammograms of (a) 3 and 4 and (b) Sb and 6.

to that of 4. Owing to the strong mutual La,@Cgo/ZnP
interactions, the reduction is impeded, which was also seen for
trans-2-Cgo—ZnP adduct.”* At more negative potentials, two
more reduction processes (i.e., —1.79 and —2.15 V) are observed.
Both of the latter involve La,@Cg. It should be noted that the
ZnP reduction is masked by the La,@Cg reductions. Comple-
mentary CV experiments confirmed the reversibility of the first
oxidation and the first reduction in 4, on one hand, and all of the
redox processes involving La,@Cgg as well as the first oxidation
of ZnP in 3, on the other hand.

761

Sb shows three oxidation and three reduction processes. With
regard to 6 and ZnP, the first (i.e., 0.37 V) and the third oxidation
(i.e, 1.10 V) of Sb are assigned to ZnP and Sc;N@Csj, respec-
tively. The second oxidation is an overlap of two one-electron
oxidation processes, in which, nevertheless, the Sc;N@Cg
oxidation is buried by the dominating ZnP oxidation (i.e., 0.64 V).
In the cathodic part, the first (i.e, —1.34 V) and third reduction
(i.e, —2.26 eV) were assigned with confidence to Sc;N@Cg,
and ZnP, respectively. On the contrary, the second reduction
(i.e, —1.92 V) is an overlap of ScsN@Cgo and ZnP oxidations.

1 dx.doi.org/10.1021/ja202331r |J. Am. Chem. Soc. 2011, 133, 7608-7618
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Owing to the conformational flexibility of Sb, mutual
ScsN@Cgo/ZnP interactions play, at best, a minor role. As a
matter of fact, 6 and Sb showed almost unaltered first oxidation
and reduction potentials. In CV studies, 6 showed irreversible
first oxidation and reduction at a scan rate of 100 mV/s, in line
with other reported [1 + 2]-adducts of Sc;N@Cgo.”” In 5b, fully
reversible was the first oxidation that is based on ZnP.
Theoretical Calculations. To evaluate the intramolecular
interactions and the electronic structures of 3 and Sb, DFT
calculations were performed with Gaussian 09 package.”® Herein,
the new M06-2X functional®” of Zhao and Truhlar was employed
because of its higher reliability in accounting for nonbonding
interactions than the customary B3LYP functional.”® As shown in
Figure §, folded molecular models of 3 and Sb were separately
constructed via the DFT-based optimization process, indicating
significant interfragment attractions at the applied computational
level. It is notable that in the energy minimum the La, cluster is
collinearly arrayed with the spiro carbon, whereas the Sc;N

Table 1. Redox Potentials of Conjugates 3, Sb and Reference
Compounds”

Ei Eos  Eox  Eou  Eeear Ereaz Ereas
La,@Cso 095 056 —031 —171 —213
4 0.89 049 —036 —1.76 —2.19
3 088 0.65 0.52 033 —039 —179" —215"
ZnP 0.65 039 —194 227
5b 110 064 055 037 —134 —192° 226
6 1.15 052 —-133 -—191
Sc;N@Cso 1.09° 059 —127 —166
¢ All the potentials, in volts, were corrected relative to the Ec”*. " Two-

electron reduction process. “Indicates the estimated value.

cluster is standing with one Sc-atom pointing to the spiro carbon
and another one being adjacent to the ZnP moiety. The center-
to-center distances between the two moieties of 3 and Sb are 6.57
and 6.75 A, while their shortest Zn-to-cage distances are 2.65 and
2.75 A, respectively. These results suggest that the alternation of
La, cluster with Sc;N cluster induces slightly longer interfrag-
ment distance and somewhat different conformation. On the
other hand, the calculated HOMOs and LUMOs of conjugates
are separately centered on ZnP and metallofullerene entities. For
3, a delocalization of HOMO on Cg cage, to a small extent, is
observed, indicating more evident ground-state interaction. The
distribution of LUMO is clearly sensitive to the endohedral
cluster: for 3, it is mostly localized on the La, cluster, whereas for
Sb, it is only partially on the SczN cluster. Generally, these
separately localized HOMOs and LUMOs might suggest the
possible formations of charge separated states of 3 and Sb, that is,
(Lay@Cgo)" —(ZnP)*" and (Sc;N@Cg)' —(ZnP)*". In ad-
dition, our theoretical approach ignores solvent effect that may
reduce the 77— interaction to some extent, but it explains those
observed experimentally in spectroscopic and electrochemistry
studies and, we believe, provides a powerful insight into the
origins of those intramolecular interactions in terms of the most
simplified model.

Photophysical Studies. The absorption spectra of 3—6 in
toluene solution are summarized in Figure 6. It is evident that the
absorption features of 4 and 6 are almost identical with those of
pristine La, @Cgo and Sc;N@Cgo, respectively. Their absorption
onsets, corresponding to the fundamental 0—O0 transitions, are
observed at 1050 nm for 4 and 830 nm for 6.” The energy levels
of the excited singlet states of 4 and 6 are accordingly derived as
1.2 and 1.5 eV, respectively.”® The conjugates 3 and 5b, on the
other hand, exhibit additional features that relate to ZnP (i.e., 3,
maxima at 427, 556, and 596 nm; Sb, maxima at 427, 555, and

HOMO

LUMO

Figure 5. (Left panels) Optimized structures of 3 and Sb; (central and right panels) HOMO and LUMO distributions (isosurface value 0.03 au).
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Figure 6. (Upper panel) Absorption spectra of 3 (black spectrum), 4
(grey spectrum), and ZnP (red spectrum) as reference in toluene with
the inset showing the absorption onset in 3. (Lower panel) Absorption
spectra of Sb (black spectrum), 6 (grey spectrum), and ZnP (red
spectrum) as reference in toluene with the inset showing the absorption
onset in Sb.

594 nm). Notable is, however, that the resulting absorption
spectra fail to be simple superimpositions of the individual
components. In particular, relative to ZnP (ie, Soret-band
maxima at 423 as well as Q-band maxima at 550 and 587 nm),
the Soret bands in 3 and 5b appear much broader. In fact, upon
subtracting the metallofullerene absorptions, significantly weaker
Soret bands emerge for 3 (5.49 (log ¢)) and Sb (5.53 (log ¢))
relative to ZnP (5.76 (log €)). Moreover, the Soret- and the
Q-bands are red-shifted by 4, 6, and 9 nm for 3 as well as 4, 5, and
7 nm for Sb. Taken the aforementioned into concert, we
postulate appreciable electronic interactions between the two
constituents in 3 and Sb, that is, a redistribution of electron
density.

To understand the electronic interactions between ZnP and
the metallofullerenes in the excited states, emission measure-
ments were carried out with 3 and 5b in solvents of different
polarity, toluene, THF, benzonitrile, and DMF. Figure 7 attests
that both 3 and Sb displayed ZnP centered emissions with
maxima at 605 and 650 nm. When, however, compared to
pristine ZnP, the ZnP fluorescence is significantly quenched in
all solvents. To this end, quantum yields ranging from 10~ to
10~* prompt to efficient deactivation pathways, beyond the
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Figure 7. (Upper panel) Room temperature steady-state fluorescence
spectra of 3 in solvents of different polarities, upon excitation at 554 nm.
(Lower panel) Room temperature steady-state fluorescence spectra of
Sb in solvents of different polarities, upon excitation at 554 nm.

intrinsic pathways of radiative and nonradiative recovery of the
singlet ground state or intersystem crossing , such as electron or
energy transfer.

Decisive insights into the mechanism, by which photoexcited 3
and Sb deactivate, came from transient absorption measure-
ments. Herein, all of the compounds were probed upon femto-
second laser excitation at, for example, 387 nm excitation, which
ensures the photoexcitation of both ZnP and metallofullerene
units. First, the excited state features of 4 were monitored, see
Figure S17. Immediately after the laser excitation, a broad
transient is detected that covers most of the near-infrared region
(i.e., 900—1200 nm) and bears considerable resemblance with
that seen for Laz@Cgolsd and can be assigned to the singlet exci-
ted state of La,@Cgo. Along with the decay of the singlet excited
state of La,@Cg, a new maximum gradually emerged at 580 nm.
In fact, a lifetime exceeding 3000 ps suggests formation of the
energetically lower-lying triplet excited state of La,@Cgo through
intersystem crossing. The singlet excited state lifetime was
estimated to be around 30 ps from the decay of the singlet
signature in the red and the growth of the triplet signature in the
blue. Such a lifetime is, on one hand, comparable to that of
ScsN@Cgy (i-e., 48 ps), but, on the other hand, nearly 2 orders
faster than that of the Cgqo analogue (ie., 1.25 ns).*! An
“endohedral heavy-atom effect” is likely to be responsible for
the ultrafast singlet excited state decay.>

The transient absorption spectra of 3 in toluene and THF are
shown in Figure 8. At early times, the transients are virtually
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Figure 8. (Upper panel) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis (387 nm) of
3 (~107° M) in argon saturated toluene with several time delays
between 0 and 150 ps at room temperature; time progression from
black and red to blue and orange. (Lower panel) Time-absorption
profile of the spectra shown above at 530 nm, monitoring the charge
separation and charge recombination dynamics.

identical to those seen for pristine ZnP,' indicating the instan-
taneous formation of the ZnP singlet excited state despite the
presence of La,@Cgo. Nevertheless, after short time delays (i.e.,
1 ps), new transient features start to develop in the visible range,
including maxima between 580 and 700 nm. Important is the
close resemblance with the one-electron oxidized form of ZnP.>*
When turning to the near-infrared range, a broad and never-
theless weak absorption centered around 1000—1200 nm is seen,
which relates to the one-electron reduced form of LaZ@C80.34
Thus, our spectroscopic analyses corroborate that the fast
deactivation of the ZnP singlet excited state (i.e., >10" s7h)
results in the formation of the (La,@Cgo)" —(ZnP)"" radical
ion pair state. The (La,@Cso)" —(ZnP)"" radical ion pair state
decays, at 640 nm (ZnP"") and 1050 nm (La,@Cgo" ), were
best fitted by monoexponential fitting functions. From the latter
analyses, lifetimes 230 ps in toluene and 170 ps THF were
derived. Notable is the lack of any transient that relates to either
the ZnP or the La,@Cg triplet excited state (ie., at 840 or
580 nm), which corroborates that the (La,@Cgo)"™ —(ZnP)""
radical ion pair state recombines directly to the ground state.

A closer inspection of the transient absorption changes seen in
benzonitrile and DMF reveals characteristics that differ from those
seen in toluene and THEF. Figure 9 demonstrates, for example, that
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Figure 9. (Upper panel) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis (387 nm) of
3 (~107° M) in argon saturated DMF with several time delays between
0and 10 ps at room temperature; time progression from black and red to
blue and orange. (Lower panel) Time-absorption profile of the spectra
shown above at 500 nm, monitoring the charge separation and charge
recombination dynamics.

in the visible region new minima and maxima develop at 560/
600 nm and 495/580/640 nm, respectively. An apparent mismatch
emerges relative to the features known for the one-electron oxidized
ZnP. This led us to revisit our spectroelectrochemical investigations
and to probe the cathodic range, that is, applying a potential of —1.5
V (vs SCE) to reduce ZnP." In fact, the corresponding spectral
changes are an exact match of what was observed during the
femtosecond transient absorption measurements. Likewise, in the
near-infrared, only anodic conditions in the spectroelectrochemistry
led to an agreement with the femtosecond transient absorption
measurements, that is, a maximum at 870 nm. The time absorption
profiles indicate that the (La,@I;-Cso)" " —(ZnP)* " radical ion pair
is metastable. In fact, multiwavelength analyses provide lifetimes of
108 and 62 ps in benzonitrile and DMF, respectively.

Next, excitation of 6 at 387 nm populates its singlet excited
state with characteristic absorption maxima at 500 and 1100 nm,
see Figure S18. The latter undergoes intersystem crossing to the
corresponding triplet manifold with a characteristic lifetime
exceeding 3000 ps and a characteristic maximum at 590 nm.

Upon photoexciting Sb, the ZnP centered singlet excited state
decays rapidly. As Figure 10 illustrates, the ZnP singlet excited
state features transform over the course of 10 ps. Moreover, the
fast decay is associated with marked changes in the differential
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Figure 10. (Upper panel) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis (387 nm) of
5b (~10~° M) in argon saturated THF with several time delays between
0 and 150 ps at room temperature; time progression from black and red
to blue and orange. (Lower panel) Time-absorption profiles of the
spectra shown above at 435 and 460 nm, monitoring the charge
separation and charge recombination dynamics.

absorption spectrum, a new set of maxima which evolve in the
visible region (ie., $80—700 nm) as well as in the near-infrared
region (ie, 1000 nm). Of particular importance is the close
resemblance of the near-infrared part with the radiolytically and
spectroelectrochemically generated spectrum of the one-electron
reduced Sc;N@Cg radical anion. In the visible portion, features of
the one-electron oxidized form of ZnP evolve around 680 nm.
Taking this into consideration, we conclude the successful forma-
tion of the radical ion pair state. Importantly, unlike 3, experiments
with Sb in benzonitrile reveal no change in charge transfer product.
In other words, the same (Sc;N@Cgo)® ™ —(ZnP)"" radical ion
pair state is formed regardless of the solvent polarity. Kinetically, the
time-absorption profiles in Figure 10 also corroborate that the
radical ion pair state is metastable, namely, decaying with a lifetime
0f 42 ps in toluene and 49 ps in benzonitrile. Spectroscopically, the
product of charge recombination is, however, not the ground state,
but the triplet excited state of ScsN@Cs (1.2 €V) with its 590 nm
fingerprint. Independent confirmation for this hypothesis came
from a consideration of the associated energy levels, vide infra.

B CONCLUSION

In summary, novel La,@Cgo—ZnP (3) and Sc;N@Cgo—ZnP
(Sb) conjugates have been synthesized, both of which are

featured by a common (6,6)-open addition pattern. Notable,
past work has demonstrated the intrinsic instability of Sc;N@Cgo
based electron donor—acceptor conjugates. Despite these lim-
itations, we succeed in the synthesis, isolation, and investigation
of a Se;N@Cgy electron donor—acceptor conjugate that bears a
ZnP as excited state electron donor. Structural characterizations
suggest, however, a more restricted conformation for 3, while a
somewhat conformational flexibility for Sb, probably owing to
the presence of the standing La, cluster in 3 and the 2D-rotated
ScsN cluster in Sb. DFT-calculations reveal a slightly closer
proximity between the two entities of 3 as compared to that of Sb.
Their geometrical conformations and LUMO distributions, at
our applied computational level, are also sensitive to the type of
endohedral clusters. Moreover, it is important to note that
electrochemical and absorption assays evidence a significant
intramolecular ground-state interaction in 3, whereas such
interaction is less pronounced in 5b.

In the excited state, that is, upon photoexciting either
La,@Cgo/ScsN@Cg or ZnP, both conjugates show a consider-
able charge transfer activity. For example, 3 undergoes, upon
photoexcitation, a fast charge separation process and yields a
radical ion pair, whose nature, namely (La,@Cgo)" —(ZnP)""
versus (La,@Cgp)* " —(ZnP)"~, varies with solvent polarity. Sb,
on the other hand, afforded the same (Sc;N@Cgo)" —(ZnP)""
radical ion pair regardless of the solvent.

Such change in photoreactivity is easily rationalized when
considering the corresponding energy levels in 3 and Sb as we
have derived them from the electrochemical assays. In parti-
cular, the (La,@Cso)*~ —(ZnP)"") radical ion pairs in 3 were
estimated to have energy levels of 0.72 eV in toluene, 0.52 eV
in THF, 0.46 €V in benzonitrile, and 0.45 €V in DMF.*® In
other words, charge separation evolving from the ZnP singlet
excited state (2.0 eV) is thermodynamically feasible in any of
the tested solvents. On the contrary, the (La,@Cgo)" " —
(ZnP)"" radical ion pair state energies are 2.3 eV in toluene,
2.1 eVin THF, 2.0 eV in benzonitrile, and in DMF, which renders
charge separation from the ZnP singlet excited state thermodyna-
mically only feasible in the more polar solvents, namely benzonitrile
and DMF.

A fundamentally different picture evolves for 5b. In line with
the experimental results, only the (Sc;N@Cgo)" —(ZnP)""
radical ion pair formation is exothermic with energies of 1.74 eV
in toluene, 1.53 eV in THF, 1.46 eV in benzonitrile, and 1.45 eV in
DMEF. A (ScsN@Cso)""—(ZnP)" ™ radical ion pair is unlikely to be
formed due to thermodynamically uphill processes, that is, from
2.0 eV for the ZnP singlet excited state to charge separation state
that is about 2.2—2.5 eV in DMF and toluene, respectively.

B EXPERIMENTAL SECTION

General. All chemicals were of reagent grade and purchased from
Wako. They were used as received unless specified. o-Dichlorobenzene
was distilled over CaH, and stored with 4 A molecular sieve. La,@I;,-Cg,
and Sc;N@I;,-Cgo were produced and separated according to previously
reported method. Analysis and preparative HPLC were performed on
Buckyprep column, SPYE column, Buckyclutcher column (04.6 X 100
mm, Cosmosil) and preparative Buckyprep column (225 x 100 mm,
Cosmosil), respectively. Toluene was used as eluent. All NMR spectra
were recorded on a Bruker AC 300 spectrometer or Bruker AV 500
spectrometer with a CryoProbe system, locked on deuterated solvents
and referenced to the solvent peak. The 1D (*H, *C, dept135) and 2D
experiments (COSY, DQF-COSY, HMQC) were performed by means
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of standard experimental procedures of the Bruker library. Matrix-
assisted laser desorption-ionization time-of flight (MALDI-TOF) mass
spectra were recorded with a Bruker BIFLEX-III mass spectrometer (4 =
337 nm) using 1,1,4,4-tetraphenyl-1,3-butadiene as the matrix. The
measurements were performed in both positive and negative ion modes.

Theoretical Calculations. The calculations were carried out using
the hybrid density functional theory (DFT) at the M06-2X level*” with
the relativistic effective core potential as implemented in the Gaussian 09
software package. The LANL2DZ basis set was employed for La, Sc and
Zn and 3-21G(d) basis set for C, H, O, N3¢

Absorption and Steady-State Emission. The UV—vis experi-
ments were carried out on a Varian Cary 5000 UV—vis-NIR spectro-
photometer. The fluorescence studies were performed on a Fluoromax 3
(Horiba) using 554 nm as excitation wavelength. The measurements
were carried out at room temperature.

Photophysical Studies. Femtosecond transient absorption stud-
ies were performed using the 387 nm laser pulses of 150 fs pulse width,
generated by a 3-Barium borate crystal upon higher order nonlinear
processes from an amplified Ti:Sapphire laser system (CPA 2001 Laser,
Clark-MXR Inc.) The white light was generated by a 2 mm Sapphire
Crystal and with the help of a delay line, a time delay between the pump
and the probe beams were created with a high precision. Finally, the
change in optical density (AOD) is measured against the wavelength in
both visible and near-infrared regions. Nanosecond laser flash photolysis
experiments were performed with 337-nm laser pulses from a nitrogen
laser (8-ns pulse width) in front face excitation geometry.

Radiolysis. Pulse radiolysis experiments were performed using 50 ns
pulses of 15 MeV electrons from a linear electron accelerator (LINAC).
Dosimetry was based on the oxidation of SCN™ to (SCN),"~ which in
aqueous, N,O-saturated solution takes place with G =~ 6 (G denotes the
number of species per 100 eV, or the approximate #M concentration per
10 J absorbed energy). The radical concentration generated per pulse
was varied between (1—3) x 107 M.

Electrochemistry. Differential pulse voltammetry (DPV) and
cyclic voltammetry (CV) were carried out in 0-DCB under Ar atmosphere
at room temperature using a BAS CW-50 instrument. A conventional
three-electrode cell consisting of a platinum working electrode, a
platinum counter-electrode, and a saturated calomel reference electrode
(SCE) was used for both measurements. (n-Bu),NPF4 was used as the
supporting electrolyte. All potentials were recorded against a SCE
reference electrode and corrected against Fc/Fc™. DPV and CV were
measured at a scan rate of 20 and 100 mV s~ ', respectively.

Synthesis. 1-(3-(Methoxycarbonyl)propyl)-1-phenyl-
[6,6]La,@Cg; (4). Methyl 4-benzoylbutyrate p-tosylhydrazone (1.4 mg,
3.7 umol) and a small amount of NaOMe were dissolved in 60 uL of dry
pyridine under Ar for 10 min. A solution of 1.5 mg of La,@Cg
(1.2 umol) in 2.5 mL of 0-DCB was added, and the mixture was stirred
at 75 °C for 2 h. After cooling to room temperature, solvents were
removed under vacuum. Then, a solution of CS,/acetone (v/v = 1:1)
with 3—4 uL of CHCI,COOH was added to dissolve the solid. The
mixture was stirred for 15 min. The resulting mixture was separated by
HPLC and 4 was isolated as predominant product. Yield: 55% based on
consumed La,@Cgo. "H NMR (300 MHz, C,D,Cl,): 6 = 8.84 (d, *] =
7.60 Hz, 1H, 0-ArH), 8.29 (d,’] = 7.60 Hz, 1H, 0-ArH), 7.76 (t,*] = 7.50
Hz, 1H, m-ArH), 7.70 (t, 3] = 7.50 Hz, 1H, m-ArH), 7.59 (t, >] = 7.50 Hz,
1H, p-ArH), 3.69 (s, 3H, OCHj3), 3.56 (br, 1H,, PhCCH,CH,), 3.46
(br, 1Hg, PhCCH,CH,), 2.66 (t. 3] = 6.50 Hz, 2H, CH,CH,CO), 2.61
(br., 1Hy, PhCCH,CHS,), 2.49 (br, 1Hg, PhCCH,CH,). >C NMR (125
MHz, C,D,Cl,): 0 = 172.63 (C=0), 153.84, 153.78, 151.47, 151.39,
151.05, 150.89, 150.45, 150.42, 150.39, 149.93, 149.86, 149.44, 149.25,
148.0S, 147.45, 147.38,146.46, 146.39, 145.37, 145.32, 145.19, 144.97,
144.27, 144.11, 144.09, 143.59, 143.58, 143.06, 142.94, 142.86, 141.40,
141.27, 140.96, 140.19, 140.16, 137.69, 137.66, 137.54, 137.52, 137.50,
137.48, 137.46, 137.29, 137.21, 137.20, 137.17, 136.96, 135.08, 134.95,

134.74, 134.72, 134.71, 134.66, 134.55, 134.29, 134.26, 134.22, 134.16,
133.00, 132.23, 131.94, 131.79, 130.83, 130.69, 130.35 (Ar), 129.43 (Ar),
129.18 (Ar), 129.15 (Ar), 128.82 (Ar), 127.16, 125.69, 124.84, 121.79,
120.15, 107.00, 93.29, 51.74 (OCHj3), 49.08 (spiro C), 41.76 (PhCCH,),
34.08 (CH,CO,), 20.60 (CH,CH,CO,). MS (MALDLTOF): m/z =
1429.90 [M + 2H]"; Caled for La,CoyH;405: m/z = 1427.90.

La,@l,-Cgo—ZnP (3). H,P diazo precursor (4.5 mg, 4.1 umol) and a
small amount of NaOMe were dissolved in pyridine (150 #L) and stirred
for 15 min under Ar. Then, La,@Cg (1.13 mg, 0.91 mol) in 1.5 mL of
0-DCB was added in. The mixture was stirred at 80 °C for 2 h under Ar.
After cooling down the reaction mixture, 500 uL of saturated Zn-
(OAc),/MeOH was added, and the mixture was stirred for 30 min. After
removing the solvent under vacuum, the solid was dissolved in toluene
and filtered. The final reaction mixture was subject to HPLC analysis. 3
was facilely separated and purified by two-step HPLC process. Yield:
45% based on consumed La,@Cgo. "H NMR (500 MHz, C,D,Cl,): 6 =
8.92 (d, %] = 4.63 Hz, 1H-f3), 8.89 (d, ’J = 4.65 Hz, 1H-3), 8.83 (d, *] =
4.68 Hz, 1H-3), 8.79 (d, *J = 4.65 Hz, 2H-f3 overlapped), 8.77 (d, *J =
4.61 Hz, 1H-3), 8.72 (t, 2H-f3 overlapped), 8.53 (d, *J = 7.62 Hz, 1H-
Ar),821 (d, ] =7.68 Hz, 1H-Ar), 8.18 (d, >J = 6.07 Hz, 1H-Ar), 8.15 (d,
%] = 6.17 Hz, 1H-Ar), 8.04 (d, *] = 7.39 Hz, 1H-Ar), 7.98 (d, *] = 6.87 Hz,
1H-Ar), 7.89 (d, >] = 7.27 Hz, 1H-Ar), 7.80—7.63 (m, 12H), 7.59—7.50
(m, 7H), 7.30 (d, ’J = 7.74 Hz, 1H-Ar), 4.52 (t, ] = 3.60 Hz, 2H,
PhOCH,), 4.31 (br, 2H, PhOCH,CH,), 3.25 (br, 1H,, PhCCH,CH,),
3.18 (br, 1Hg, PhACCH,CH,), 2.62 (t. >] = 6.30 Hz, 2H, CH,CH,CO),
2.40 (br., 1H,, PhACCH,CH,), 2.27 (br, 1Hg, PACCH,CH,). *C NMR
(125 MHz, C,D,Cl,): 6 = 173.20 (C=0), 156.99, 151.41, 151.14,
150.54, 150.53, 150.4S, 150.40, 150.38, 150.35, 150.21, 150.20, 149.93,
149.81, 149.59, 149.21, 148.68, 148.33, 148.28, 148.03, 147.90, 147.64,
147.50, 146.47, 145.62, 145.59, 145.44, 144.96, 144.77, 144.32, 144.24,
144.20, 144.10, 143.32, 143.15, 143.07, 143.05, 142.87, 142.77, 142.70,
142.58, 142.37, 141.58, 139.89, 139.68, 139.38, 138.68, 138.42, 138.38,
137.15, 136.95, 136.91, 136.81, 136.75, 136.37, 136.34, 136.24, 136.15,
135.90, 135.37, 134.80, 134.63, 134.35, 134.26, 133.96, 133.94, 133.92,
133.88, 133.79, 133.74, 133.67, 133.39, 133.15, 132.85, 132.21, 132.17,
132.13, 131.99, 131.88, 131.60, 131.38, 131.24, 130.36, 130.29, 129.47,
129.32, 129.24, 129.18, 129.16, 128.87, 128.75, 127.88, 127.72, 127.63,
127.61, 127.11, 127.07, 127.01, 126.94, 126.82, 126.80, 126.43, 125.13,
124.25, 123.97, 122.49, 121.49, 121.45, 121.40, 121.13, 120.58, 119.52,
113.03, 106.56, 93.00, 66.26 (OCHS,), 63.53 (CH,OCO), 48.87 (spiro
C), 41.01 (PhCCH,), 34.49 (CH,CO,), 20.74 (CH,CH,CO,). MS
(MALDI-TOF): m/z = 2134.57 [M + 2H]™; Calcd for La,C,3,Hys.
N,O3Zn: m/z = 2132.07.

ScsN@Iy-Cgp-ZnP (5b). H,P diazo precursor (4.5 mg, 4.1 mol) and a
small amount of NaOMe were dissolved in pyridine (150 #L) and stirred
for 15 min under Ar. Then, Sc;N@I;,-Cgo (1.50 mg, 1.35 mol) in 2 mL
of 0-DCB was added. The mixture was stirred at 80 °C for over 20 h
under Ar. Sc;N@I,-Cgo—H,P (Sa) was separated as the second fraction
and purified by two-step HPLC process. Yield: 78% based on consumed
ScsN@I;,-Cgo. ScsN@I;,-Cgo—H,P (1 mg, 0.52 umol) was dissolved in
S mL of 0-DCB. A saturated methanol solution of Zn(OAc), (500 uL)
was added and the mixture was stirred for 30 min. After removing the
solvent under vacuum, the solid was dissolved in toluene and filtered.
ScsN@I,-Cgo—ZnP (5b) was purified by HPLC. The conversion yield
was over 90%. Sc;N@I,-Cgo-H,P (5a): 'H NMR (500 MHg,
C,D,Cl,): 6 = 8.83—8.78 (m, 8H-$3), 8.30—8.25 (m, 3H), 8.06 (br, s,
1H), 7.99 (d, >J = 6.87 Hz, 2H), 7.91 (d, *] = 6.78 Hz, 1H), 7.71—7.65
(m, 12H), 7.59 (br, s, 2H), 7.29 (m, 4H), 4.46 (br, 2H, PhOCHS,), 4.30
(br, m, 2H, PhOCH,CH,), 2.40 (br, 2H, PhCCH,CH,), 2.34 (br, 2H,
CH,CH,CO), 1.74 (br. 2H, PhCCH,CH,), —3.00 (s, 2H, NH). *C
NMR (125 MHz, C,D,Cl,): 6 = 173.12 (C=0), 157.05, 151.11,
150.83, 150.73, 150.35, 149.31, 149.12, 149.08, 147.88, 147.60,
147.17, 146.83, 146.64, 145.87, 145.14, 144.80, 14478, 144.40,
144.16, 144.07, 14401, 14393, 14376, 142.88, 14274, 14271,
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142.69, 142.66, 142.47, 142.34, 142.32, 142.15, 142.06, 141.79, 141.69,
141.55, 141.36, 141.26, 141.10, 140.86, 140.68, 140.48, 140.46, 140.39,
140.16, 140.09, 139.90, 139.48, 139.12, 138.65, 138.28, 138.10, 137.91,
137.49, 136.56, 136.20, 135.58, 135.44, 135.05, 135.00, 134.86, 134.84,
134.77, 134.47, 133.89, 133.83, 133.50, 133.46, 133.33, 133.19, 129.22,
128.86, 128.79, 128.54, 128.25, 128.08, 128.03, 127.47, 127.31, 127.09,
12691, 126.88, 124.68, 123.37, 122.55, 122.13, 121.78, 120.93, 120.82,
119.94, 113.93, 95.77, 95.10, 66.34 (PhOCH,), 63.38 (CH,OCO),
4879 (spiro C), 37.66 (PhCCH,), 3423 (CH,CO,), 20.46
(CH,CH,CO,). MS (MALDI-TOF): m/z = 1942.43 [M + H]"; Calcd
for Sc3C13,HuNsO5: m/z = 1941.22. Sc;N@I;,-Cgo-ZnP (Sb): 'H
NMR (500 MHz, C,D,Cl,): & = 8.91—-8.83 (br, m, 8H-3), 8.22 (br,
2H), 8.00 (br, 1H), 7.93 (br, m, 2H), 7.70—7.56 (br, m, 15H), 7.33 (br,
m, 2H), 7.27 (br, m, 2H), 4.46 (br, 2H, PhOCHS,), 4.31—4.27 (br, m,
2H, PhOCH,CH,), 2.37 (t, %] = 7.90 Hz, 2H, PhCCH,CH,), 2.33 (t, %]
= 6.00 Hz, 2H, CH,CH,CO), 1.74 (br. 2H, PhCCH,CH,). MS
(MALDI-TOF): m/z = 200404 [M + H]%; Caled for
Sc3C137H4NO5Zn: m/z = 2003.13.

B ASSOCIATED CONTENT

(s ) Supporting Information.  Synthesis schemes. HPLC
profiles of the isolated 3—5. MALDI-TOF spectra of 3—S.
H—H (DQF)COSY spectrum of 3 and 4. *C NMR and DEPT
45/13S spectrum for 3, 4 and Sc;N@Cgo-H,P. Cyclic voltam-
mograms (CV) of 3—6. Transient absorption spectra of 3 in
THE. This material is available free of charge via the Internet at
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