FULL PAPER

Electrochemistry of Metallofullerene Films: The Major Isomer of Dy@Cs,

Louzhen Fan, Shangfeng Yang, and Shihe Yang*!"!

Abstract: Solution-cast films of the
major isomer of Dy@C,, (Dy@Cqg, (1))
have been studied by cyclic voltamme-
try (CV) in acetonitrile. The films are
found to display pronounced and stable

oxidation of a reduced film. The char-
acteristics and the inter-relationship of
these waves are uncovered by the CV
technique, scanning electron microsco-
py (SEM), and UV/Vis-NIR spectra. A

possible mechanism is proposed for the
film electrode processes, which empha-
sizes the redox-induced structural reor-
ganization of the metallofullerene film
by the incorporation and expulsion of

redox responses in solution. The reduc-
tion/reoxidation processes exhibit large
splittings between the first two reduc-
tion and reoxidation waves. However,
a pair of reversible oxidation and rere-
duction waves is observed after the re-

Introduction

Endohedral metallofullerenes have attracted special interest
due to the unique properties that are not observed for the
empty fullerenes."* One of the most intriguing properties is
the electrochemistry associated with their novel electronic
and supramolecular structures.’” Tn 1993, Suzuki et al. first
reported the unusual redox properties of dissolved La@Csg,
which are significantly different from those of empty fuller-
enes.’! In organic solution, La@Cg, exhibits five reversible
reduction and one reversible oxidation process, and the six
reversible couples appear to be arranged in sets of two,
unlike those of empty fullerenes.”! So far many lanthano-
fullerenes M@Cg, (M =Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho,
Er, Lu, etc.) have been electrochemically studied."*" Their
electrochemical properties are similar. One common feature
is that the difference between the first oxidation and the
first reduction potentials is very small due to the open-shell
electronic structure. As such, the metallofullerenes are
strong electron donors as well as strong electron acceptors
compared to empty fullerenes.® > It has also been shown
that reduction and oxidation of La@C;, take place on the
carbon cage, leading to a closed-shell electronic structure, so
La@Cg)(—) and La@Cg(+) are stable toward air and
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electrolyte ions into and out of the
film. The influence of the counter ion
diffusivity and the ion-pair stability on
the electrochemical activity of the met-
allofullerene film has also been indicat-
ed.

water.l'®l In addition, two isomers have been extracted and

isolated for La@Cg,,™ Sc@C,,,* Y@C,,” and Pr@Cs,,.
(11 Tt was reported that the first oxidation potential of minor
isomer shifts negatively by 143 mV relative to that of the
major isomer.!"-2!]

From the outset, thin films of fullerenes have been the
focal point of research. Upon reduction, fullerenes show
novel superconducting,”” magnetic,”**!! nonlinear optical,”
and photochemical properties.”! Therefore, the electro-
chemical behavior of thin films of Cy, has been extensively
studied,””?” and found to be very different from that of the
dissolved species. The main feature of the electrochemical
properties of the Cq, film is a large splitting in potential be-
tween the reduction and reoxidation waves for the first two
electron-transfer reactions, which was interpreted as being
due to appreciable reorganization of the film during the re-
action. For the metallofullerenes mentioned above, both cat-
ionic and anionic charge-transfer complexes could be
formed because they are both good electron donors and
good electron acceptors. Interesting electric and magnetic
properties are expected from such doped charge-transfer
metallofullerene solids.®! However, to our knowledge, elec-
tron-transfer reactions of pure metallofullerene films on
electrode surfaces have not been reported so far. Most re-
cently, the electrochemistry of La@Cg, on an artificial lipid
film modified electrode has been studied in water,*” and re-
vealed redox responses analogous to those of the solution
phase. It was found that without the artificial lipid film, elec-
tron transfer of metallofullerene films on electrodes in aque-
ous solutions is difficult. We have successfully isolated Dy@
Cs, and its isomers.’] Here we report the first study on the
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electron transfer of a Dy@C;,(I) film on electrode surfaces
in an organic solution, such as acetonitrile. The electrochem-
istry of the metallofullerene film is quite different from that
of the dissolved Dy@Cy,(I). Its reduction behavior is similar
to that of the empty fullerene film,”"?" that is, there are
large splittings between the first two pairs of reduction and
reoxidation waves. Significantly, however, a pair of reversi-
ble oxidation and rereduction waves has been observed, for
which we put forward a plausible mechanism.

Results and Discussion

Cyclic voltammogram of the Dy@Cy,(I) film on the elec-
trode surface: Figure 1a displays a typical cyclic voltammo-
gram (CV) of a Dy@Cg(I) film on a Pt electrode in acetoni-
trile containing tetrabutylammonium hexafluorophosphate
(TBAPF;) Several pronounced redox peaks are observed
and highly reproducible, suggesting that the metallofuller-
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Figure 1. Cyclic voltammograms. a) A Dy@Cy,(I) film on a Pt electrode
(electrolyte: 0.1m TBAPF, in MeCN; scan rate: 50 mV/s). b) A Dy@
Cg,(I) solution in toluene/MeCN (4:1, v) (electrolyte: 0.1 m TBAPF;; scan
rate: 50 mVs™).

enes on the electrode are electroactive in the organic solu-
tion. This is in contrast to the case of the La@C;, film in
water,’l where electron transfer is obstructed. As shown in
Figure 1a, the first and second reduction waves appear at
—0.8V and —1.2V (versus Ag/AgCl), respectively. These
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values are to be compared with the corresponding solution
reduction waves at —0.2 V and —0.8 V (versus Ag/AgCl), re-
spectively (see Figure 1b). When the potential scan is re-
versed toward the positive direction, large splittings between
the reduction and reoxidation waves for the first and the
second electron-transfer reactions are observed. This is very
similar to the redox behavior of the Cy, film,”"* although
the wave splittings for the Dy@Cy,(I) film are larger than
for the Cq, film (the first reduction wave: 1.2 V versus 0.5 V;
the second reduction wave: 1.2 V versus 0.2 V). In contrast
to the C4 film, however, an oxidation wave is observed
during the subsequent positive scan and a cathodic wave as-
sociated with this oxidation wave appears upon further po-
tential scan reversal to the negative direction. Interestingly,
the potential separation between these anodic and cathodic
peaks is 50 mV, which is in good agreement with the charac-
teristic value of 59 mV for a reversible one-electron transfer.
For the Cg, film, in addition to the absence of a cathodic
wave associated with its oxidation wave, the electroactivity
of the film was found to diminish after cycling over the
anodic wave.””’ However, the electroactivity of the Dy@
Cg,(I) film is maintained after many cycles of oxidation and
rereduction waves (Figure 2). From the second scan cycle,
the first reduction wave shifts positively to —0.4 V and re-
mains in this position for the subsequent scans. The film is
stable on Pt or ITO electrodes in the presence of TBAPF;.
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Figure 2. The second and subsequent cyclic voltammograms of a Dy@
Cg,(I) film on a Pt electrode (electrolyte: 0.1M TBAPF, in MeCN;; scan
rate: S0 mVs™).

The first several scans over the first two reduction waves
and the first oxidation wave cause only small changes in po-
tential and small increases in peak current. In the subse-
quent cycles, both the potentials and currents of the redox
waves are essentially unchanged even after 2 h of continu-
ous scanning at 50 mVs~'. However, the film starts to dis-
solve and the reduction waves become similar to those of
the metallofullerene in solution when the potential is scan-
ned beyond the third reduction wave. This is likely due to 1)
the elevated negative potential which tends to desorb the
negatively charged species, and 2) the increased solubility of
the Dy@Csy,"(I) species in the polar solvent acetonitrile as
n increases.*’)
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Characterization of the redox waves: Cyclic voltammo-
grams: To examine the nature of the redox waves of the
metallofullerene films in more detail, potential scans were
carried out by setting starting and reversal potentials at dif-
ferent positions and in different directions. When the nega-
tive scan reversal is set at —1.1 V, that is, before the second
reduction (see wave 2 in Figure 2) occurs, only one reoxida-
tion wave at E=+40.37V (versus Ag/AgCl) is observed
(Figure 3a). If the negative potential scan reversal is extend-
ed negatively to —1.5V, a cathodic wave 2 appears accom-
panied by an anodic wave 2’ (Figure 3b). This demonstrates
unambiguously that the anodic wave 2’ and wave 1’ are asso-
ciated with the cathodic wave 2 and wave 1, respectively.
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Figure 3. Cyclic voltammograms of a Dy@Cg,(I) film on a Pt electrode
with different starting and reversal points of potential scan (electrolyte:
0.1mM TBAPF, in MeCN; scan rate: 50 mVs™'). a) Started in the negative
scan direction with positive reversal at —1.1 V. b) Started in the negative
scan direction with positive reversal at —1.5 V. c) Started at 0.10 V in the
positive scan direction with negative reversal at 1.0 V.

On the other hand, if the potential scan is started at 0.1 V in
the positive direction, only an anodic wave 3’ and a cathodic
wave 3 are observed between 0.1 and 1.0 V (Figure 3c). In
the subsequent potential scan cycles, the redox couples wave
1/wave 1" and wave 2/wave 2’ show up again, suggesting that
the wave 3’ is rereduction of the wave 3.

UV/Vis-NIR spectra: Akasaka etal. have shown that the
electrogenerated La@Cg,~ and La@Cg,* are very stable in
solution due to their closed electronic shell structures.['®%!
Here the electrogenerated metallofullerene monoanion and
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monocation are also quite stable in the films, and this has al-
lowed us to further confirm the nature of wavel and wave3
by spectroscopy. For the sake of comparison, we first pres-
ent the solution phase UV/Vis-NIR absorption spectra of
Dy@Cq,(I), Dy@Cyg,(I)(—), and Dy@Cg(I)(+) in Figure 4a.
As reported previously,”! Dy@Cq,(I) shows characteristic
absorption bands at 640, 937, and 1400 nm. For Dy@
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Figure 4. UV/Vis-NIR absorption spectra of Dy@Cy,(I), Dy@Cy,(I)(-),
and Dy@Cg(I)(+). a) Solution of 0.1 TBAPF; in toluene/MeCN (4:1,
v). b) Film on ITO. The Dy@Cy,(I)(—) and Dy@Cy,(I)(+)) films were ob-
tained by holding the electrode potential, respectively, right after wave 1
and wave?2 for ~10s.

Cg(I)(—), there are also three absorption peaks, which are
at 650, 880, and ~1570 nm. However, only one obvious ab-
sorption peak appears at 1210 nm for Dy@Cg,(I)(+). Over-
all, the spectral features of both the anion and the cation
are similar to those of La@Cy,(I)(—) and La@Cq,(I)(+), re-
spectively,'® but with small shifts. As for the corresponding
films, no spectra have been reported until now. Figure 4b
shows the UV/Vis-NIR absorption spectra of the corre-
sponding species in the film on ITO. Except for some small
spectral shifts, the one-to-one correspondence between the
film spectra and the solution spectra is evident. Dy@
Cgy(I)(film) shows three peaks at 695, 950, and 1410 nm.
Dy@Cy,(I)(—)(film) shows three peaks at 655, 875, and
~1520 nm. Dy@Cy,(I)(+ )(film) shows only one peak at
1230 nm. By and large, the absorption peaks of the metallo-
fulerene films are red-shifted from the corresponding spec-
tra in solution due perhaps to the inter-metallofullerene in-
teraction and/or the interaction between the metallofuller-
enes and the substrate/counterions. The Dy@Cg,(I)(—) film
was obtained by holding the electrode potential right after
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wavel for ~10s to ensure the complete conversion of Dy@
Cg,(1) to Dy@Cg,(I)(—). Moreover, the spectrum of this film
is similar to that of Dy@Cg,(I)(—) in solution. These togeth-
er verify that wavel is associated with the reduction of Dy@
Cy(IN(film) to Dy@Cy,(I)(—)(film). By the same token, it is
ascertained that wave3 results from the oxidation of Dy@
Ce,(D(film) to Dy@Cg(I)(+ )(film) through the spectral
comparison.

The reversible oxidation-rereduction couple: The reversible
oxidation of the Dy@Cg,(I) film is noteworthy. As Figure 5a
demonstrates, such a reversible behavior is brought about
only after certain structural organizations of a fresh film
after the reduction/reoxidation wave. When the potential
scan is started at 0.1 V (versus Ag/AgCl) toward the positive
direction on a fresh film, the first oxidation wave and its cor-
responding rereduction wave appear at +0.90 V and +0.65
V (versus Ag/AgCl), respectively. The splitting between the
initial two waves is as large as 0.25 V. However, in the
second potential scan cycle, after the two pairs of the reduc-
tion/reoxidation waves are scanned through, the first oxida-
tion wave is shifted negatively to +0.70 V, while its rereduc-
tion wave remains at +0.65 V. The resultant splitting of 50
mV is characteristic of a reversible redox couple. When the
potential cycling is restricted to the range between —0.2 V
and +0.9V, that is, no reduction waves are involved, the ox-
idation and rereduction waves, although keeping their origi-
nal positions, start to shrink continuously in the current am-
plitude as shown in Figure 5b. However, as the scanning po-
tential range is extended to the first two reduction waves
again, the oxidation/rereduction waves are recovered and
the currents for the first oxidation wave and the rereduction
wave remain constant after a few cycles (see Figure 5c).
From these results, it is clear that a peculiar structure of the
Dy@Cg,y(I) film after reoxidation of the reduced film is
somehow responsible for the reversible oxidation of the
film. Such a structurally reorganized neutral Dy@Csg,(I) film
is oxidized and rereduced on the electrode accompanied by
the incorporation of PF~ ions into the film on the positive
sweep and the expulsion of the same ions on the subsequent
negative sweep in a reversible fashion, giving rise to a very
small splitting value between the oxidation and rereduction
waves. The proposed mechanism for the electrode processes
is illustrated in Scheme 1. Simi-

lar to what was posited for Cy,

films,”” we also attribute the

large splittings between the first

two pairs of the reduction/reox-

idation waves of the Dy@Cg,(I)

film to the attendant structural

reorganization of the film due

to the accommodation of the
bulky TBA* ions for charge

+TBA*

[(Dy@Cgy(D) PF4 14 +2¢€

balance. Note that the sub-
scripts O, A, and B represent
three different structural forms
of the Dy@Cg(I) film: O de-
notes the original sample, B is a
structurally modified form, and  Scheme 1.

Chem. Eur. J. 2003, 9, 5610—5617 www.chemeurj.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4.0+

(Y
-~

2.0+

0.04

Current/uA

2.0

“,,*"/ ‘\,““ v
Ist (a) \an (a)
1.IO 0.'0 -1.0 -2.0

1.0

0.04

Current/uA

-1.04

-2.0

2]
~

4.0

2.04

0.04

Current/uA

-2.04

-4.04

Ist (cj

1.0 0.0 -1.0
Potentials/V vs Ag/AgCl

Figure 5. Cyclic voltammograms of a Dy@Cy,(I) film on a Pt electrode
with different starting points and potential scan range (electrolyte: 0.1m
TBAPF, in MeCN; scan rate: 50 mVs™). a) Two potential scan cycles be-
tween —1.5 Vand 1.0 V started in the positive scan direction with a fresh-
ly cast film. b) Continuation of a) but the potential scan range has been
narrowed down to between —0.2 V and 0.9 V. ¢) Continuation of b) but
the potential scan range has been extended to between —1.5 V and 0.9 V.
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A is somewhere between O and A. More specifically, as
[Dy@Cq,(I)(film)]p is reduced to [Dy@Cg(1) (film)]o,
TBA™ diffuses towards it to form [TBA+*Dy@Cg(I)]o
(path 1). Because of the large size of TBA, its intercalation
requires a structural reorganization of the metallofullerene
film to an intermediate structure [TBA*Dy@Cg(I)"]4 (path
2), and all the way to the stable intercalation structure
[TBA*Dy@Cg,(I)"]g. Once this is completed, the potential
cycling will follow the path indicated by the curved arrow as
well as that of the oxidation/rereduction waves. This ex-
plains the large negative shift of the wavel from the first to
the subsequent scan cycles (see Figure 1a and Figure 2), and
the large splittings of the reduction/reoxidation waves. The
reorganized structure B is believed to be more open and ac-
cessible to TBA™ so that the stable, charge-balanced ion
pairs can be formed. After the reoxidation, the system
enters an intermediate structure A, which accompanies the
expulsion of TBA*. Although somewhat relaxed from B, A
is probably still quite open. Because PFy~ is much smaller
than TBA™, it can easily get into and out of the intermedi-
ate structure A. In this case, the fast transport of the coun-
terions is perhaps assisted by solvent molecules trapped in
the pores of the film. As such, no structural reorganization
is needed after the oxidation/rereduction of the film, hence
a small splitting of the pair is obtained. In addition, the cy-
cling indicated by the curved arrow is necessary for the re-
versible oxidation/rereduction because otherwise A may
change slowly to O following the path3 (Scheme 1). The
symmetric shape, with I,,,/I,.=1.0, of the oxidation and rere-
duction waves is typical of reversible electrode processes.
The peak current I, versus the scan rate v is plotted in
Figure 6. Clearly, 1, is proportional to v for v < 100 mVs™,
indicating that the redox processes are confined on the elec-
trode surface.’”! However, when the scan rate v is increased
beyond 100 mVs™, both I, and I, deviate from the straight
line; the increase of the peak current I, becomes slower
than that at the scan rate v <100 mVs™'. This suggests that
kinetic factors of electron transfer begin to play important
role at higher scan rates. Structural information of the met-
allofullerene films has also been obtained from SEM
images. Figure 7 displays the SEM images of a Dy@Csy,(I)
film on a Pt electrode before and after different electro-
chemical potential scans. The freshly coated film consists of

8.0
6.0 -

4.0 1

Peak current/uA

2.0

0.0 4~ T T T T
0.00 0.04 0.08 0.12 0.16 0.20 0.24

Scan rate/ V's™

Figure 6. Relationship between the anodic peak current /, and the scan
rate for the first oxidation wave.
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Figure 7. SEM images of Dy@Cyg, (1) films. a) Freshly cast film. b) The
film after the execution of the first two reduction and reoxidation waves.
c) The film after completing the first oxidation and rereduction waves.

small metallofullerene grains (<100 nm) with a uniform dis-
tribution (Figure 7a). Such a grain structure may be amena-
ble to structural reorganization and to intercalation by for-
eign molecules. After electrochemical treatments, the Dy@
Cg,(I) grain sizes on the electrode increase dramatically to
the submicron and micron scales (Figure 7b and Figure 7c).
This is consistent with what was reported for the Cg, film,*
and confirms the structural reorganization of the metalloful-
lerene films. Although the details need further investigation,
one may speculate that the structural reorganization involve
the release of the solvent molecules trapped during evapora-
tion and solvent-induced migration of the molecular species
in the film. This would result in more open structures and
consequently larger grain sizes as observed, which are then
more accessible to the counter ions. The film images are rel-
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atively insensitive to the detailed procedures of the electro-
chemical treatment. For instance, the two films in Figure 7b
and Figure 7c are very similar in morphology; one has expe-
rienced the first two reduction and reoxidation waves while
the other has been subjected to only the first oxidation and
rereduction waves.

Effects of the nature and sizes of the supporting electro-
lytes: Further evidence in support of the proposed mecha-
nism has been gleaned from the influence of different sup-
porting electrolytes on the electrochemical behavior of the
metallofullerene film. For Dy@Cg,(I)/KPF;, the reduction/
reoxidation behavior is similar to that of C4, under the same
conditions with a small peak splitting (Figure 8a).””! The
splittings of the reduction/reoxidation waves for Dy@
Cg(I)/KPF¢ (0.55 'V for the first reduction and 0.073 V the
second) are much smaller than in the Dy@Csy,(I)/TBAPF,
system (1.2 V for both the first and the second reductions).
However, the oxidation wave of the film is not detected
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Figure 8. Cyclic voltammograms of a Dy@Cg,(I) film on a Pt electrode
with different electrolytes in MeCN (scan rate: 50 mVs™'). a) 0.1 KPF,.
b) 0.1m LiClO,. c¢) 0.1 TBABF,.
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even when the potential scan is extended positively to +1.3
V. Continuing the CV sweep for five or fewer cycles, the re-
duction waves disappear, signifying the vanishing electro-
chemical activity of the film. Analogous results have been
obtained for NaClO,. Taken together, it is the structure of
the Dy@GC,, films that affects the film oxidation/rereduction.
Certainly, smaller cations such as Kt and Na* diffuse more
rapidly and their intercalation into the metallofullerene
films requires less extensive structural reorganizations. This
results in the smaller reduction/reoxidation splittings we
measured. The poorer stability of these films indicates that
the formation of the TBA+*Dy@Cg,(I)” ion pair is more fa-
vorable than that of the M*Dy@Cyg, (1)~ ion pair (M=K,
Na) in the films. Finally, the less extensive structural reor-
ganizations induced by the incorporation and expulsion of
the alkali metal ions are likely to be the reason for the ab-
sence of the reversible oxidation/rereduction, which requires
fast migration of the anions PF;~ and CIO," in the films. For
Dy@Cy,(I)/LiClO,, a pair of oxidation/rereduction waves
with a splitting of 0.20 V is obtained Figure 8b, while the
splittings of the first and the second reduction/reoxidation
waves are 0.74V and 0.63 'V, respectively. These splitting
values are larger than those of Dy@Cg,/K*(or Na't) but
smaller than that of the Dy@Cy,/TBA™ system. However,
after 10 or fewer cycles, the electrochemical activity of the
film also fades away. Again, the likely explanation invoked
for the Cg, film may be operative here.” Here the reduced
film of Dy@Cg(I) with the inclusion of Li* seems to be
more stable than those with K™ and Na*t perhaps for the
reason that Lit is more strongly solvated by the nitrile mol-
ecules and the solvated Li* forms a more favorable ion pair
with Dy@Cg,(I)” in the film. Still, this film, with a larger
splitting and intensity asymmetry of the oxidation/rereduc-
tion waves, is less stable than that with TBA*. Moreover,
the oxidized film with ClO," is possibly less stable than that
with PF¢~ due, once again, to the relative stabilities of the
ion pairs in the films. The redox behavior observed for Dy@
Cy,(1)/TBABF, (Figure 8) is close to that of Dy@
Cg,(I)/TBAPF,. However, there are still some differences
for these two systems. First, the peak currents of the oxida-
tion and rereduction waves of Dy@Cg,(I)/TBABF, are
smaller than those of the reduction and reoxidation waves
in contrast to the case of Dy@Csy,(I)/TBAPF,. Furthermore,
the electrochemical activity decreases more quickly than for
the Dy@C,,(I1)/TBAPF, system when subjected to repeated
potential cycling. This indicates that in film form, the Dy@
Cy,(I)*/BF,” ion pair is less favorable than the Dy@Cg,(I)*
/BF,” ion pair. To sum up, it appears that the electrochemi-
cal activity of the Dy@Cg,(I) film depend on the diffusivity
of the counter ions, the structural reorganizations of the
films, and the stability of the ion pairs, which is consistent
with the mechanism proposed above.

Conclusion
For the first time, we have studied the electrochemical prop-

erties of pure metallofullerene films cast from Dy@Cgy(I)
solutions in acetonitrile. The metallofullerene films are
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stable against repeated potential cycling. The reduction and
reoxidation responses of these films are similar to those of
the Cy films, that is, there are large splittings between the
first two reduction and reoxidation waves. In sharp contrast,
however, a reversible pair of oxidation and rereduction
waves with a splitting only 50 mV are successfully obtained
for the Dy@Cg(I) films. It is demonstrated that these rever-
sible oxidation and rereduction waves necessitate the struc-
tural reorganizations of the Dy@Cg(I) films, which can be
induced by the reduction/reoxidation waves of the metallo-
fullerenes. We have also shown the influence of the diffusivi-
ty of the counterions and the ion-pair stability on the elec-
trochemical activity of the metallofullerene films. These re-
sults are clearly important, for example, with respect to the
possible development of surface-modified electrodes by co-
polymerization with conductive polymers, with a broad
range of applications in chemical/biochemical sensory devi-
ces.

Experimental Section

Materials and chemicals: High-purity Dy@Csy, (99.5% as estimated with
mass spectrometry) was prepared in our laboratory by a combination of
the standard DC arc-discharge method and the isolation method descri-
bed previously.’'* The raw soot from the arc-discharge was subjected to
Soxlet extraction by using N,N-dimethylformamide (DMF) as the sol-
vent, followed by HPLC separation using a SPYE column with toluene
as the mobile phase. Two isomers, Dy@Cg,-I and Dy@Cs,-II were readily
separated by further separation using the same column. The identity and
purity of the sample was verified by methane DCI negative ion mass
spectrometry.

Acetonitrile (Labscan Asia Co., Ltd) of a high-performance liquid chro-
matography (HPLC) grade was used as received. Electrochemical-grade
tetra-n-butylammonium hexafluorophosphate (TBAPF), and tetra-n-bu-
tylammonium tetrafluoroborate (TBABF,), and potassium hexafluoro-
phosphate (KPF;) from Aldrich Chemical Co., lithium perchlorate
(LiClO,), and sodium perchlorate (NaClO,) from Acros Organics Co.
were dried in vacuum at 60 °C overnight before use.

Equipment and measurements: Cyclic voltammetry experiments were
performed by using model 600 Electrochemical Analyzer from CH in-
struments Inc. USA, in a conventional three-electrode electrochemical
cell at ambient temperature. A Pt wire electrode served as the auxiliary
electrode, a Ag/AgCl electrode was used as the reference. All electro-
chemical experiments were performed in a high-purity N, atmosphere at
ambient temperature (22+1°C). Scanning electron microscope (SEM)
images were obtained with a field emission microscope (FSEM, JEOL
JSM-6300F, Peabody, MA).

Dy@Cx,(I) films were prepared as follows by drop coating of a 1.0 uL sol-
ution of Dy@Cgy(I) in toluene (6.07x10>molmL™") on a Pt disk, a Pt
plate or an ITO electrode. This was followed by drying in a vacuum at
ambient temperature for a period of 4 h. Bulk controlled-potential elec-
trolysis was performed in a conventional H-type cell with a model 600
Electrochemical Analyzer from CH instruments Inc. USA. The working
and auxiliary electrode compartments of the cell were separated with a
sintered glass frit. Both the working and the auxiliary electrodes were
made of platinum gauze. The anions and cations of Dy@Cy,(I) (Dy@
Cg,(I)(—) and Dy@Cg,(I)(+)) were obtained in the toluene/acetonitrile
(4:1 by volume) solution containing 0.1 m TBAPF, by setting the applied
potentials ~100 mV more negative or more positive than E,, for the
redox couples of Dy@Cg,(1)/Dy@Cg, (I) and Dy@Cg,* (1)/Dy@Cgy(I), re-
spectively. The extent of electrolysis for a given amount of Dy@Cg,(I) in
the solution was monitored by CV peak of Dy@Cg,(I)(—) to Dy@Csy,(I)
(or Dy@Cy,(I)(+) to Dy@Cq,(I)): the electrolysis was continued until the
CV peak stopped increasing. The time needed for a complete electrolysis
of the solution was determined to be 10 min. The electrogenerated Dy@
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Cg,(I)(—) and Dy@Cy,(I)(+) were then transferred from the bulk cell to
a quartz cuvette in a N, atmosphere. UV/Vis-NIR measurements were
carried out with Perkin-Elmer LAMBDA 900 UV/Vis-NIR spectrometer
under a N, atmosphere. For the film electrode, the same procedure was
performed with the film on ITO (indium tin oxide) electrodes except
that pure acetonitrile was used as the solvent. The electrolysis time for
the full conversion of Dy@Cg(I)(film) to Dy@Cy,(I)(—)(film) or Dy@
Cg,(I)(+)(film) was estimated to be 10 s.
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