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Abstract: The electrochemistry of
three new clusterfullerenes Dy;N@C,,
(2n=78, 80), namely two isomers of
Dy;N@Cq (I and II) as well as
Dy;N@Cy(II), have been studied sys-
tematically including their redox-reac-
tion mechanism. The cyclic voltammo-
gram of Dy;N@Cq, (1) (1,,) exhibits two
electrochemically  irreversible  but
chemically reversible reduction steps
and one reversible oxidation step. Such
a redox pattern is quite different from
that of Sc;N@Cy(I), and this can be

ence in the charge transfer from the
encaged cluster to the cage. A double-
square reaction scheme is proposed to
explain the observed redox-reaction
behavior, which involves the charge-in-
duced reversible rearrangement of the
Dy;N@Cy, (I) monoanion. The first oxi-
dation potential of Dy;N@Csy, (II) (Ds,)
has a negative shift of 290 mV relative
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to that of Dy;N@Cq, (1) (Z,), indicating
that lowering the molecular symmetry
of the clusterfullerene cage results in a
prominent increase in the electron-do-
nating property. The first and second
reduction potentials of Dy,;N@Cy(II)
are negatively shifted relative to those
of Dy;N@Cq, (I, II), pointing to the for-
mer’s lowered electron-accepting abili-
ty. The significant difference in the
electrochemical  energy gaps of
Dy;N@Cq(I), Dy;N@Cg,(II), and
Dy;N@Cy,(II) is consistent with the

understood by considering the differ-

Introduction

Among endohedral fullerenes,"? the trimetallic nitride en-
dohedral fullerenes (clusterfullerenes), a new class of fuller-
enes with an encaged trimetallic nitride cluster,* have
been attracting great interest since their discovery in 1999.
This is because of the feasibility of tuning the trapped metal
atoms in these fullerenes and of stabilizing a large variety of
cage sizes including different isomeric structures, in addition
to them possessing several distinguishing properties,*™*
which have been investigated for potential applications such
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difference in their optical energy gaps.

as new contrast agents in magnetic resonance imaging
(MRI).[4’9’10]

The electrochemistry associated with the novel electronic
and supramolecular structures has been recognized as one
of the most intriguing properties of endohedral fuller-
enes."1% Electrochemical characterization of endohedral
fullerenes could provide direct insight into their electronic
structure and hence appears rather important. Very recently,
cyclic voltammograms of clusterfullerenes Sc;N@Cy, (I) and
Tm;N@Cy,(I) were reported by our group.'” ¥ Although
both clusterfullerenes exhibited two reduction steps and one
oxidation step in o-dichlorobenzene (0-DCB), the shifts of
their first reduction and first oxidation potentials due to a
difference in symmetry were revealed, suggesting the signifi-
cant contribution of the wave functions of the encaged clus-
ter (Sc;N and Tm;N) to the frontier orbitals of the electron-
ic structures of the fullerene cage.'"”'® Furthermore, the
peak current ratio of their voltammograms was also found
to be extremely metal dependent.™ Given that
Sc;N@Cy, (I) and TmzN@Cy, (I) exhibit the same molecular
symmetry (Z,),"'¥ such a strong metal dependence can only
be understood by considering the difference in the charge
transfer from the encaged cluster to the cage, which has
been recently revealed by high-energy spectroscopic stud-
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ies.""2!1 It appears, therefore, quite important to further ad-
dress the influence of the metal (encaged cluster) on the
electrochemical properties of clusterfullerenes.

It is known that fullerene cage isomers have different oxi-
dation potentials,”*! and in light of such a difference, a
simple separation of two isomers of Sc;N@Cq,((I, ,) and
(I1, Dy;,)) was recently accomplished by Echegoyen et al. on
the basis of a selective chemical oxidation.*"! A 270 mV dif-
ference in the first electrochemical oxidation potentials of
the two isomers was revealed.” No electrochemical study
of the cage isomers of other clusterfullerenes has been re-
ported so far. In addition, a recent electrochemical study of
a series of Yb-based monometallofullerenes demonstrated
the effect of the cage size on their electrochemical behav-
ior.”! Therefore, it also appears important to study the
effect of the cage size on the electrochemical behavior of
the clusterfullerenes.

We report herein the electrochemistry of three new dys-
prosium-based clusterfullerenes Dy;N@C,, (2n="78, 80), in-
cluding two isomers of Dy;N@Cg, ((I) and (II)) and
Dy;N@Cy;(II). Cyclic voltammograms of these three cluster-
fullerenes are analyzed in detail also with respect to their
electrochemical energy gap. To explain the observed redox-
reaction behavior, a reaction scheme is proposed that in-
cludes a charge-induced reversible rearrangement of the
Dy;N@Cy, (I) monoanion. The cyclic voltammogram results
of these three clusterfullerenes are compared with those for
the other reported clusterfullerenes, and the dependence of
the redox behavior, charge distribution, and frontier orbitals
of the electronic structure on both the metal (cluster) and
the cage symmetry are discussed.

Results and Discussion

Identification of the Dy;N@C,, clusterfullerenes: The chem-
ical identification and purities of the three studied
Dy;N@C,, (2n="78, 80) clusterfullerenes were established
by using laser desorption time-of-flight (LD-TOF) mass
spectrometry running in both positive- and negative-ion
modes in combination with high-performance liquid chro-
matography (HPLC) analysis.” Figure 1 presents the LD-
TOF mass spectra of the Dy;N@C,, (2n="78, 80) clusterful-
lerenes (only positive-ion mode is shown). A closer compar-
ison of the measured isotope distributions for the three
Dy;N@GC,, clusterfullerenes with the theoretical calculations
revealed a good agreement in all cases, confirming the pro-
posed chemical identities.™ Accordingly, the purities of
Dy;N@Cq, (1), Dy;N@Cyg, (I1), and Dy;N@Cy,(II) were esti-
mated to be higher than 99, 98, and 99 %, respectively,” en-
suring the reliability of the following electrochemical char-
acterization.

Cyclic voltammogram of Dy;N@Cg, (I): Shown in Figure 2 is
the cyclic voltammogram of Dy;N@Cg, (I) dissolved in o-di-
chlorobenzene (0-DCB) with ferrocene (Fc) added as the
internal standard and that of the blank electrolyte solution
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Figure 1. Positive-ion laser desorption time-of-flight (LD-TOF) mass
spectra of the studied Dy;N@C,, clusterfullerenes. The open and filled
circles represent the nonseparable minor impurities of Dy;N@C,, and
Dy;N@C, respectively.
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Figure 2. a) Cyclic voltammograms of Dy;N@Cg,(I) in TBABF,/o-DCB
with ferrocene (Fc) as the internal standard (—) and a blank TBABF,/
0-DCB electrolyte solution (-----). Scan rate: 100 mVs~'. The open and
filled circles mark the reduction and reoxidation peaks (off the scale) of
ferrocene, respectively. The asterisk labels an unidentified reduction
peak. The peak potentials are written above/below the peaks. b) Cathodic
part of the cyclic voltammogram of Dy;N@Cg,(I) at 100 mVs™' (—) as
well as the first reduction step (-----).

as reference. The cyclic voltammogram of Dy;N@Cg, (I) ex-
hibits quite a similar redox pattern to the recently reported
Tm;N@Cg, (1) and consists of two electrochemically irre-
versible reduction steps, as given in Figure 2b, and one re-
versible oxidation step. Also included in Figure 2b is the
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first reduction step of the cyclic voltammogram of
Dy;N@Cy (1), clearly indicating the first reduction peak and
the strongly shifted reoxidation peak of the species generat-
ed from the fullerene monoanion. Because of the evident
electrochemical irreversibilities of the two reduction steps, it
is important to identify the individual reduction steps and
the correlated reoxidation steps so as to establish the redox-
reaction mechanism.

To separate the reactions of the first and the second re-
duction steps, a cyclic voltammogram ending the back scan
at a reoxidation potential of ~—0.92 V, which is a value in
between those of the two reoxidation peaks, was measured
and gave no significant change in the shape and intensity of
the second reduction peak or its reoxidation peak (see
Figure 3). Thus, the correlation of the reoxidation peak at

15 10
E/VvsFc/F¢'—s

Figure 3. Cathodic part of the cyclic voltammogram of Dy;N@Cg,(I)
using the back scan up to the reoxidization potential of —0.92 V for the
5th cycle (—) compared with the 1st cycle (-----). Scan rate: S0 mVs~.

—0.74 V with the first reduction peak at —1.37 V and the
other anodic peak at —1.18 V with the second reduction
peak (—1.86 V) is reasonable (see Figures2 and 3). More-
over, no significant change in the shape and intensity of the
peaks during multiple redox cycles was observed. For in-
stance, the cyclic voltammogram in the potential range from
—0.92 to —2.02V during the fifth cycle (Figure 3) largely
preserved the features of that obtained during the first
cycle, except that the intensity of the first reduction peak
decreased because the potential in the back scan was not
high enough for full reoxidation to occur. Therefore, the
redox reaction is clearly chemically reversible under the
present conditions. Further confirmation of the chemical re-
versibility of the redox reactions was fulfilled by LD-TOF
mass spectroscopic measurements performed with the
sample solutions after the voltammetric measurements men-
tioned above, revealing that the peaks of the corresponding
clusterfullerenes dominated the mass spectra in all cases
(see also Figure 1) and no stable follow-up product of the
clusterfullerenes was detected.

As a matter of fact, although the scan rate used in the
present study (100 mVs™') was different from those reported
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in the literature (10 mV's™"),l"' the first reduction peak po-
tential (Eeq1)) of Dy;N@Cy, (1) (—1.37 V) was found to be
close to that of Tm;N@Cy,(I) (—1.34 V)!¥ but more nega-
tive than the formal potential of the first reduction step
(Evnreay) Of S&;N@Cy (1) (—1.24 V).I') Similarly, the second
reduction peak potential of Dy;N@Cg,(I) (—1.86 V) was
also found to be more negative than that of Tm;N@Cg,(I)
(—1.78 V) and the Ejp,qp of Sc;N@Cy(I) (—1.62 V). On
the other hand, a fairly reversible oxidation step was ob-
served for all cases. The formal potential of the oxidation
step (Eipoxy) of Dy;N@Cg(I) is 4+0.70 V, which is quite
close to those of Tm;N@Cg,(I) (+0.68 V) and Sc;N@Cg, (I)
(+0.62 V).'181 Further detailed discussions on the redox-
behavior difference is given below.

A large peak-to-peak separation in the first and second
reduction steps (see Figures 2 and 3) can be understood by
the following mechanism: A change in the molecular struc-
ture (geometry) accompanied by some energetical barrier
and slow electron transfer might be possible.?””? Such a
mechanism is illustrated in the double-square reaction
scheme shown in Scheme 1, which will be discussed in detail
below. On the other hand, another probable mechanism
proposed for Tm;N@Cg,(I),"® which is based on the as-
sumption that the formation of a reaction product of the
corresponding anion gives rise to the strongly shifted reoxi-
dation peak, should be excluded according to the results of
the above-mentioned LD-TOF mass-spectroscopic measure-
ments.

Cyclic voltammogram of Dy;N@C;y, (I) at fast scan rates and
the redox-reaction mechanism: It is important to state that
scan rates commonly used in cyclic voltammetry (CV) (in
the range from 5 mVs~' to 1 Vs™') do not significantly change
the shape of the cyclic voltammogram of Dy;N@Cg,(I), as
illustrated in Figure 4 (only the first reduction step is
shown). The larger peak-to-peak separations at higher scan
rates are caused by the uncompensated iR drop (potential
drop due to solution resistance) in the electrochemical cell.
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Figure 4. Cyclic voltammogram of the first reduction step of
Dy;N@Cy, (1) at different scan rates (5-500 mVs™).
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To fully understand the observed voltammetric behavior of
Dy;N@Cq, (1), fast-scan CV with an even higher scan rate
(up to 100 Vs~!) was measured and the results are presented
in Figure5. In the first reduction step (0-1 in Fig-
ure Sa—c), one electron is transferred to Dy;N@Cy,(0) and
its monoanion (Dy;N@Cg, (1)) is generated (see Scheme 1).
This reduction step is followed by a fast (relative to the
timescale of the experiment) structural rearrangement, that
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Figure 5. Fast-scan cyclic voltammograms of Dy;N@Cyg, (I): a) The first re-
duction step at scan rates of 3-60 Vs~!. b) Cathodic part at a scan rate of
30 Vs! showing two reduction steps and the first reduction step at a
scan rate of 35 Vs~\. ¢) Cathodic part at different scan rates (3-50 Vs™').
The labels of peaks are discussed in the text. The different current scale
in (c) is due to the different electrode area of the Pt wire used as the
working electrode.
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Scheme 1. Double-square reaction scheme of the electrochemical redox
reaction of Dy;N@Cy, (I). Dy;N@Cy, (0), Dy;N@Cy, (1), and Dy;N@Cy,
(2) represent the initial state of the molecule, the monoanion, and the
dianion, respectively. Charge at the cage is not given. The stable species
generated by the structural rearrangement are marked by asterisks. Black
arrows with wider heads symbolize the preferable and fast structural rear-
rangements. The arc arrows show the main reaction pathways proposed
(electrochemical-chemical-electrochemical-chemical (ECEC) mecha-
nisms; forward scan=solid arrows, back scan =dashed arrows).
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is, transformation of the geometric structure, resulting in the
formation of a new stable species denoted as Dy;N@Cg, (1').
Due to the chemical reversibility of the redox reaction, as
discussed above, the charge-induced structural rearrange-
ment of monoanion Dy;N@Cg,(1) is reversible and results
from the change of the Dy;N cluster (shape or position
inside the cage), which is to be addressed in further studies.

Furthermore, reoxidation of the Dy;N@Cg,(1") species
occurs at more positive potentials than that expected for re-
versible reoxidation of the monoanion and generates anoth-
er species Dy;N@Cq, (0'). Such an oxidation peak is denoted
as 1'-0' in Figure 5Sa-c (also see Scheme 1). However, the
Dy;N@Cq, (0') form is unstable and consequently undergoes
a fast transformation to the initial state Dy;N@Cg,(0). A
large peak-to-peak separation is therefore observed when
using the conventional scan rates (see Figures 2 and 4). At
scan rates higher than 3 Vs™, an anodic peak (1-0 in Fig-
ure 5a—c) arising from the reoxidation of monoanion
Dy;N@Cy, (1) to neutral Dy;N@Cg, (0) is already observable
at the potential expected for reversible voltammetric behav-
ior. However, the 1'-0" peak is still present even at scan
rates as high as 100 Vs™!, suggesting a much higher stability
of Dy;N@Cg,(1') relative to the monoanion Dy;N@Csy,(1).
Higher scan rates are hence needed to accomplish full elec-
trochemical reversibility of the first reduction step. Based
on these results, the timescale for the Dy;N@Cg,(1)-
Dy;N@Cy, (1) transformation falls into the range of tens of
milliseconds.

Upon reduction at more negative potentials and scan
rates of up to 3 Vs, a second reduction peak denoted as
1'-2" in Figure 5b and c, which corresponds to the reduc-
tion of the monoanion Dy;N@Cq (1) to the dianion
Dy;N@Cy,(2'), appears. The unstable product Dy;N@Cg, (2')
is then transformed into the stable Dy;N@Cg,(2) form im-
mediately. Its reoxidation peak is also shifted to a more pos-
itive potential similar to the first reduction step (see peak 2—
1 in Figure 5b). Such a reoxidation reaction is preferentially
followed by a structural rearrangement correlated with the
Dy;N@Cy, (1)-Dy;N@Cq, (1) pathway as discussed above,
completing the second square cycle in the double-square re-
action scheme (see Scheme 1). At scan rates higher than
3 Vs, direct reoxidation of the unstable Dy;N@Cg,(2) to
Dy;N@Cq, (1') is already observed as a new anodic peak de-
noted as 2'-1" appears (see Figure 5b and c). At such high
scan rates, the relative intensity of the unidentified reduc-
tion peak between the 1'-2" and 0-1 peaks (labeled with an
asterisk) increases dramatically. Clearly, in this case the scan
rate is high enough for the direct reduction of unstable
monoanion Dy;N@Cg, (1) to dianion Dy;N@Cq, (2), and this
is to be studied further.

Cyclic voltammogram of Dy;N@C;, (II): The cyclic voltam-
mogram of Dy;N@Cyg,(II) is given in Figure 6 together with
that of Dy;N@Cy,(I) for comparison. The difference in the
current is due to the difference in the concentration of the
sample used in the independent measurements. The cathodic
part of the cyclic voltammogram is quite similar for both
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Figure 6. Cyclic voltammograms of Dy;N@Cg)(II) (—) and Dy;N@
Cgo(D) (----- ; copied from Figure2) in TBABF,/o-DCB. Scan rate:
100 mVs~'. The asterisk labels an unidentified reduction peak. The peak
potentials are written above/below the peaks.

isomers. The E,,.q1) of Dy;N@Cg, (1) is —1.40 V, exhibiting
a slight negative shift compared with that of Dy;N@Csg, ()
(—1.37 V). In addition, the first reoxidation peak potential
(Epreox1y) and the second reduction peak potential (E,q0))
are similar for both isomers, only the second reoxidation
peak potential E,,.. exhibits a difference (see Figure 6
and Table 1).

Table 1. Redox potentials and electrochemical energy gaps (AE,,,..) of
the studied Dy;N@C,, clusterfullerenes.

Redox potential (V vs Fc/Fct)

AE gap,ec [V] [C]

Ep;cd(l)[ul Ep,rcd(Z)[ﬂ] El/2,ux(1)[bl
Dy,;N@Cq, (1) ~137 ~1.86 0.70 2.07
Dy,N@Cq, (II) —1.40 ~185 041 1.81
Dy,N@C;(1I) ~1.54 ~1.93 0.47 2.01
[a] Epyeq: the reduction peak potential. [b] Eyp iy the formal oxidation

potential of the first oxidation step. [c] AEy,,cc= Eipox1y=Eprea)-

The significant difference between the cyclic voltammo-
grams of these two isomers of Dy;N@Cy, appears in the
anodic part. Although the reversibility of the oxidation step
is largely attained for Dy;N@Cyg,(II), its first formal oxida-
tion potential (Ejpeyqy) is 0.41V, negatively shifted by
290 mV with respect to Dy;N@Cg, (I). In fact, a similar be-
havior for the two isomers of Sc;N@Cy, with a potential dif-
ference of 270 mV was already demonstrated.?* In addition
to the empty fullerenes, some monometallofullerenes
M@Cy, (M=La, Sc, Y, Pr) have also been reported to have
a difference between the major and minor isomers of
143 mV for the first oxidation potential.!'*1!

Cyclic voltammogram of Dy;N@C(II): Dy;N@C5(1I) was
preferably studied because of its much higher availability

7852 ——

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

than that of the minor isomer Dy;N@C,(1).”®! The cyclic
voltammogram of Dy;N@Cy(II), exhibiting two electro-
chemically irreversible reduction steps and one reversible
oxidation step (Figure 7), has in general a similar shape to

1.0 o.ﬁzv
!
/
-1.39V / /
N 091V S
051 [ — /
! / oy
2 / T 042V
0.0 //
/
i l/“—;’\J
L )' -1.54V
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-1.93V
051 . . . . . .
2.0 -1.0 00 1.0

E/VvsFc/Fc'—»

Figure 7. Cyclic voltammogram of Dy;N@C,(II) in TBABF,/o-DCB.
Scan rate: 100 mV's™'. The asterisk labels an unidentified reduction peak.
The peak potentials are written above/below the peaks.

those of Dy;N@Cg,(I) and Dy;N@Cg, (II) except that all of
the reduction and reoxidation peaks in the cathodic part are
negatively shifted. The formal potential of the oxidation
peak (Ejp o)) of Dy;N@Cy (1) is 0.47 V, which is closer to
that of Dy;N@Cy,(II). However, Dy;N@C(II) resembles
Dy;N@Cq, (I) more in terms of the electrochemical gap (see
Table 1).

To address the effect of the endohedral structure on the
electrochemical redox behavior of the Cj; cage, the cyclic
voltammogram of Dy;N@C(II) was compared with both
the empty Cy; fullerene and the Cx-based metallofullerenes
reported elsewhere (also see Table S1 in the Supporting In-
formation).”>?! For instance, the first and second reduc-
tion potentials of the C, major isomer (C,,) are —0.77 and
—1.08 V, respectively, which coincide with those of the Cy
minor isomer (D;).?? In this sense, the first and second re-
duction potentials of Dy;N@C,4(I1) are more negative than
those of empty Cyg, suggesting a lowered electron-accepting
ability for the charged C, cage owing to the encapsulation
of the nitride cluster and consequently its charge transfer to
the cage. On the other hand, the oxidation potentials of C, -
and Ds;-symmetric Cy isomers are 0.95 and 0.70 V, respec-
tively,” which are both more positive than that of
Dy;N@Cy (II), confirming the stronger electron-donating
ability of Dy;N@Cy(II) relative to empty Cs. In fact, this is
not the case for the Cg, cage, for which the monometalloful-
lerene M@Cg, (M =Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er,
Lu, etc.) has not only a more positive reduction potential
but also a more negative oxidation potential relative to the
empty Cg, cage.''1l It was found that the first reduction
potential of Dy;N@C(II) is much more negative than that
of La,@Cy (D3,),® a newly reported metallofullerene,
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www.chemeurj.org

Clusterfullerenes

while their second reduction potentials are very close. How-
ever, the first oxidation potential of Dy;N@Cy (1) is more
positive than that of La,@C,; (D5;,). The first and second re-
duction potentials of Dy;N@C (I1) are also distinctly differ-
ent from those of the monometallofullerene Yb@C,..*! Be-
cause the electrochemical redox behavior of endohedral full-
erenes is dependent mainly on the nature of the fullerene
cage,l'! such a distinct difference among these three Cyg-
based endohedral fullerenes suggests their significant differ-
ence lies in the symmetry of the fullerene cage and/or the
charge transfer from the encaged species to the cage. More-
over, once the electrochemical data for minor isomer
Dy;N@Cy4 (1) is available, it would be interesting to inves-
tigate whether these two isomers of Dy;N@C;; would follow
the same behavior of reduction and oxidation potentials as
revealed for the empty C;; isomers.

Effect of the encaged cluster on the electrochemical behav-
ior of M;N@Cy, (IL,IT) (M =Dy, Sc¢, Tm): The molecular sym-
metries of Dy;N@Cg, (I) and Dy;N@Cy, (IT) have been deter-
mined to be I, and D5, respectively,” which are the same
as their counterparts Sc;N@Cyg,(I), Tm;N@Cg(I), and
ScsN@Cy, (IT).1' 81 This suggests a reason as to the similarity
of their electronic structures, as further revealed in the pres-
ent electrochemical study. However, Dy;N@Cg,(I) has a
greater resemblance to Tm;N@Cy,(I) than Sc;N@Cy, (1) in
terms of both the redox potentials and electrochemical gap.
This result is fully consistent with the conclusion drawn
from the results of chromatography, UV-visible-NIR, and
FTIR studies.” The previous CV study of Sc;N@Cg, (I) and
Tm;N@Cy, (I) demonstrated that both the redox potential
and peak current ratio of reduction are strongly metal de-
pendent and this is also the case for the oxidation.!'”’¥ Re-
gardless of the proved contribution of the M;N (M =Sc, Tm,
Dy) wave function to the LUMO of M;N@Cg,(I) (M=Sc,
Tm, Dy),l”-*¥ the significant contribution of the metal to the
HOMO of M;N@Cy,(I) (M=Sc, Tm, Dy) was further con-
firmed on the basis of the systematical positive shifts of the
first oxidation potential from 0.62 V in Sc;N@Cy (1) through
0.68 V in Tm;N@Cy,(I) to 0.70 V in Dy;N@Cy(I). This is
understood by considering the difference in the charge
transfer from the encaged cluster to the cage for M;N@Cy (1)
(M =Sc, Tm, Dy), which could be explained by the signifi-
cant discrepancy in the effective valency of the metal atom,
that is, 2.8, 2.9, and 2.4 for Dy, Tm, and Sc, respectively, as
determined by high-energy spectroscopic studies.'*?! As
such, the same conclusion could also be drawn for
M;N@Cy, (IT) (M =Sc, Dy) by comparing the positive shifts
of the first oxidation potential from 0.32 V in Sc;N@Cy, (II)
to 0.41 V in Dy;N@Cg, (IT) (see Table 1, and Table S1 in the
Supporting Information).

Effect of the symmetry and size of the fullerene cage on the
electrochemical behavior of Dy;N@C,, (2rn=78, 80): The
electrochemical properties of the three Dy;N@C,, clusterful-
lerenes studied in the present work appear to be dependent
both on the isomeric structure and on the size of the fuller-
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ene cage. This can be understood by considering the differ-
ence in the electronic structures resulting from the different
molecular symmetries. The negative shift of 290 mV for the
first oxidation potential for Dy;N@Cg, (II) (Ds;,) with respect
to Dy;N@Cy, (1) (1) is in good agreement with the potential
difference of 270 mV for the two isomers of Sc;N@Cy,,?*!
clearly indicating that lowering the molecular symmetry of
the clusterfullerene cage results in a dramatic negative shift
of the first oxidation potential, that is, an increase in the
electron-donating ability. With the correlation of the oxida-
tion potential to the HOMO of the molecule,'”**! this result
suggests a prominent contribution of the cage symmetry to
the HOMO of M;N@C,, (M=Sc, Dy) together with the
metal contribution discussed above. On the other hand, the
electron-accepting ability, deduced from the reduction be-
havior, does not seem to be as sensitive to the change of the
molecular symmetry.

On reducing the cage size from Dy;N@Cy, to Dy;N@Cy,
both the first and second reduction potentials are negatively
shifted dramatically, suggesting a lowered electron-accepting
ability for Dy;N@Cy,. Although the molecular symmetry of
Dy;N@Cy,(II) has not yet been determined, the highest
symmetry for the C, cage is D3,P” which is much lower
than those of Dy;N@Cq,(I) (I,) and Dy;N@Cyg,(II) (Dsy)-
This means that lowering the molecular symmetry by vary-
ing the cage size of the clusterfullerene from Dy;N@Cg, to
Dy;N@Cy; might result in the dramatic shift of the reduction
potential, implying a significant contribution of the cage
symmetry to the LUMO of Dy;N@C,,. Based on these re-
sults, we may conclude that the cage symmetry (size) has a
dramatic contribution to both the HOMO and the LUMO
of the Dy;N@C,, clusterfullerenes, which is to be further ad-
dressed and is underway in our group.

Electrochemical energy gap of the studied Dy;N@C,, clus-
terfullerenes: The difference in electronic structure of the
three Dy;N@GC,, clusterfullerenes studied in the present
work was also revealed by the significant difference in their
electrochemical energy gaps (AE,,,..), which were obtained
as the difference between the formal potential of the first
oxidation step and the formal potential of the first reduction
step as used in the literature.'” '8! In the present case of
Dy;N@G,,, the formal potential of the first reduction step
was not available because of the electrochemical irreversi-
bility of the reduction steps as discussed above. The first re-
duction peak potential (E,,..qq1)) Was therefore used as a
practical substitution for an estimation. The AE,,,.. values
for Dy;N@Cg, (1), Dy;N@Cg, (IT), and Dy;N@C5(11) were
then calculated to be 2.07, 1.81, and 2.01 V, respectively (see
Table 1). Interestingly, the difference of AE,,.., that is,
Dy;N@Cg, (I) > Dy;N@Cyg (IT) > Dy;N@Cy, (I1), is consistent
with the difference in the optical energy gap determined by
UV-visible-NIR spectroscopy as given in Figure 8. In fact,
based on the spectral onsets of 823, 929, and 933 nm,
the band gaps of Dy;N@Cg(I), Dy;N@Cg,(II), and
Dy;N@C (IT) were calculated to be 1.51, 1.33, and 1.33 eV,
respectively, indicating that these three Dy;N@C,, cluster-
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Figure 8. UV-visible-NIR spectra of Dy;N@Cg,(I), Dy;N@Cy,(II), and
Dy;N@Cy (I1) samples dissolved in toluene.

fullerenes are all large-band-gap materials and electronically
stable fullerenes.” While the energy gap could be used as
an important indicator for evaluating the stability of a fuller-
ene,"'7?] both the optical and electrochemical energy gaps
appear to be important and should be evaluated together
for the consistency of the result.

Conclusion

The electrochemistry of Dy;N@Cg,(I), Dy;N@Cg, (1I), and
Dy;N@C(IT) has been studied for the first time including
their redox-reaction mechanism. The cyclic voltammogram
of Dy;N@Csy, (1) (I,,) exhibits two electrochemically irreversi-
ble but chemically reversible reduction steps and one rever-
sible oxidation step. In terms of both the redox potentials
and electrochemical gap, a higher resemblance of
Dy;N@Cq,(I) to Tm;N@Cy(I) than to Sc;N@Cgy(I) was
demonstrated. On the basis of a fast-scan CV study, a
double-square reaction scheme was proposed to account for
the observed redox-reaction behavior including the charge-
induced reversible rearrangement of the Dy;N@Cg, (I) mono-
anion. The first oxidation potential of Dy;N@Cg,(II) (Ds,)
has a negative shift of 290mV relative to that of
Dy;N@Cq,(I) (I,), indicating that lowering the molecular
symmetry of the clusterfullerene cage results in a pro-
nounced increase in the electron-donating property, while
the reduction potentials remain unchanged for these two
isomers. As the first Cx-based clusterfullerene studied by
electrochemistry, Dy;N@C., (II) demonstrates clear negative
shifts of the first and second reduction potentials compared
with those of Dy;N@Cg, (I and II), suggesting the former’s
lowered electron-accepting ability. The significant difference
in the electrochemical HOMO-LUMO gaps of Dy;N@Cg, (1),
Dy;N@Cy, (II), and Dy;N@Cy(II) is consistent with their
difference in optical energy gaps. In addition to the strong
dependence of the electrochemical redox behavior and fron-
tier molecular orbitals (HOMO and LUMO) on the cage
symmetry, this study confirms the significant contribution of
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the metal to both the LUMOs and the HOMOs of
M;N@Cyy(I) (M=Sc, Tm, Dy) and M;N@Cg (1) (M=
Sc, Dy). Further investigation into the origin of the charge-
induced rearrangement of the Dy;N@Cg (I) monoanion
could be accomplished by using spectroscopic measurements
to probe the change in the structure of the cluster.

Experimental Section

Tridysprosium nitride clusterfullerenes Dy;N@Cg (I and 1II) and
Dy;N@C(II) were produced by a modified Kritschmer—-Huffman DC-
arc discharging method as reported elsewhere.*®”?! Laser desorption
time-of-flight (LD-TOF) mass spectroscopic analyses running in both
positive- and negative-ion modes (Biflex III, Bruker, Germany) were
used to identify the Dy;N@C,, clusterfullerenes and check the purity of
the isolated clusterfullerenes. UV-visible-NIR spectra of the clusterfuller-
enes dissolved in toluene were recorded on a UV-Vis-NIR 3101-PC spec-
trometer (Shimadzu, Japan) using a quartz cell of 1 mm thickness.

Clusterfullerenes dissolved in toluene were dried, transported to a glove
box (contents of oxygen and water were below 1 ppm), and immediately
redissolved in o-dichlorobenzene (0-DCB, anhydrous, 99 %, Aldrich).
The concentration of the clusterfullerene in 0-DCB ranged from 1x107*
to 5x10~* molL™". The supporting electrolyte was tetrabutylammonium
tetrafluoroborate (TBABF,), which was dried under reduced pressure at
340 K for 24 h and stored in a glove box prior to use. The concentration
of TBABF, in 0-DCB ranged from 0.1 to 0.2 molL™".

All CV experiments were performed with a PAR 273 potentiostat
(EG&G, US) at room temperature. Inert conditions were achieved by
bubbling nitrogen (N,) before each measurement. A standard three-elec-
trode arrangement of a platinum (Pt) wire as the working electrode, a
platinum coil as the counter electrode, and a silver wire as the pseudore-
ference electrode was used. Ferrocene (Fc) was added as the internal
standard for a final voltammetric cycle and all potentials were referred to
an Fc/Fc* couple.
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