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We isolated and purified three disamarium metallofullerenes of known structure, Sm2@D2(35)-C88, 

Sm2@C1(21)-C92 and Sm2@D3d(822)-C104, by the reported method. Importantly, we characterized 

these three di-samarium metallofullerenes by cyclic voltammetry and differential pulse voltammetry, 

which is the first report of electrochemical studies of di-metallofullerenes containing divalent metal 

atoms. Their oxidation reactions are observed at a maximum positive potential compared with other 

endohedral metallofullerenes (EMFs), which, other than those of mono-samarium metallofullerenes, 

have never been reported. The electrochemical studies of these three compounds show much weaker 

electron-donating capacity and stronger electron-accepting capacity compared with the corresponding 

Sm-EMFs, fullerenes, or cluster-metallofullerenes. Interestingly, further analysis shows that normal-

metallofullerenes present narrower electrochemical potential gaps than cluster-metallofullerenes, 

which might be attributed to their stronger interaction between the inner metal ions and the carbon 

cage. 
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1. INTRODUCTION 

Since the 1990s, endohedral metallofullerenes (EMFs), which consist of a closed carbon cage 

with one to three metal atoms or metal clusters encaged inside, have been paid much attention by 

scientists worldwide. [1, 2] It has been found that EMFs exhibit many novel properties, which are the 

result of changing the species, nature and number of the trapped metal atoms. Therefore, endohedral 
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metallofullerenes have a variety of potential applications, such as magnetic resonance imaging, [3, 4] 

X-ray imaging, [5] and photovoltaic conversion. [6] 

Generally, the soot produced in the routine arc discharging condition contains several kinds of  

EMFs, including normal mono-, di-, and tri-metal endohedrals (M@C2n, M2@C2n, M3@C2n) and metal 

carbide cluster-endohedrals(M2C2@C2n), some of which have been structurally identified by magnetic 

nuclear resonance (NMR) or single-crystal diffraction.[7, 8] Well-characterized examples of the mono-

metal EMF class include La@C2v(9)-C82[9] and Yb@C80, 82, 84.[10] Examples of the metal carbide 

cluster-endohedral class include Sc2(μ-C2)@C68,[11] Sc2(μ-C2)@C2v(5)-C80[12] and the three isomers 

of M2(μ-C2)@C82 (M = Sc, Y), [13] Sc2(μ-C2)@D2d-C84,[14] and Gd2(μ-C2)@D3(85)-C92.[15] 

Examples of the di-metal class include Er2@Cs(6)-C82,[16] Er2@C3v(8)-C82,[17] La2@Ih-C80,[18] 

M2@D3h-C78 (M = Ce,[19] La[20]) and the non-IPR La2@C2(10611)-C72.[21] Recently, Yang and 

coworkers identified four large disamarium EMFs in the form of Sm2@C2n(n=44-46, 52) by an X-ray 

crystallographic method using synchrotron radiation.  

While the structures of above EMFs have been extensively characterized, there have been few 

reports on investigations of their electrochemistry, especially the large endohedral metallofullerenes. It 

is well known that electrochemical investigation is very important for EMFs as it can provide much 

information on their electronic structures and redox properties. Recently, Liu and coworkers performed 

electrochemical research on a series of monosamarium EMFs ranging from Sm@C74 to Sm@C90. 

Some metal cluster endohedral metallofullerenes such as Sc2C2@Cs(10528)-C72,[22] Sc2C2@C2v(5)-

C80,
 
[23] Sc2C2@C82(III),

 
[24] Sc2S@C82( Cs:6),

 
[25] Y3N@D2(35)-C88

 
[26] and La3N@C88 [27]

 
have 

recently been characterized by cyclic voltammetry (CV) and differential pulse voltammetry(DPV). It is 

thought that there is a great difference between normal metal endohedrals and metal carbide cluster 

ones in both their geometric structures and physical chemistry properties. With regard to the 

electrochemical study of disamarium endohedral fullerenes with two divalent samarium ions encaged, 

(M2)
4+

@(C2n)
4-

, the CV and DPV measurements are missing. Herein, we report a systematic study of 

the electrochemistry of high disamarium metallofullerenes including Sm2@D2(35)-C88, Sm2@D3(85)-

C92, and Sm2@D3d(822)-C104. Based on the experimental data, the influence of the trapped metal atoms 

and of the cage’s size on the electronic properties of endohedral fullerenes is discussed. 

 

 

 

2. EXPERIMENTAL SECTION 

The CVs and DPVs were determined using a CHI-610D electrochemical analyser. 

Electrochemistry experiments were carried out in o-DCB (anhydrous, 99%, Aladdin), with TBAPF6 

(0.5 M) as the supporting electrolyte. All the tests were conducted in a small electrolytic cell with a Pt 

wire, a Pt wire and a SCE as the working, counter and reference electrodes, respectively. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was re-crystallized from high-purity ethanol and 

dried in vacuum before use. The compounds were purified using a Waters HPLC device. The 

electrochemical cell was deoxidized with high-purity He for 15 min before each test. Cyclic 

voltammograms were measured at a scan rate of 50 mV/s, and differential pulse voltammograms were 

recorded by using a pulse height, width and period of 50 mV, 50 ms and 500 ms, respectively. 
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Ferrocene (Fc) was added to the solution at the end of each measurement as an internal potential 

standard. 

 

 

 

3. RESULTS AND DISCUSSION 

According to the method reported by Yang and co-workers, we isolated and purified three large 

disamarium metallofullerenes, which gave similar UV/vis/NIR spectra to known structures identified 

by the X-ray crystallographic method, Sm2@D2(35)-C88, Sm2@C1(21)-C92 and Sm2@D3d(822)-C104, 

respectively.[28, 29] Cyclic voltammetry and differential pulse voltammetry, two valuable 

electrochemical techniques to analyse the electronic structures of compounds, have been performed on 

these three disamarium metallofullerenes. Figure 1 shows the CVs and DPVs of the as-synthesized 

Sm2@D2(35)-C88 and Sm2@D3(85)-C92. As can been seen, the CVs of Sm2@D2(35)-C88 and 

Sm2@D3(85)-C92 at a scan rate of 50 mVs
-1

 show three reversible reduction peaks and one oxidation 

peak, but there are clearly two reversible reduction peaks and one oxidation peak for Sm2@D3d(822)-

C104 (Figure 1A).The reversible redox peaks of each compound have approximately equal peak 

heights, which show that they can be ascribed to a one-electron process. The first reduction potentials 

of Sm2@D2(35)-C88, Sm2@C1(21)-C92 and Sm2@D3d(822)-C104 present an increasing trend, but the 

second reduction potentials no longer have this tendency; rather, that of Sm2@C1(21)-C92 is slightly 

higher. Sm2@D2(35)-C88 and Sm2@C1(21)-C92 show similar third reduction potentials around -1.0 V, 

while Sm2@D3d(822)-C104 lacks a corresponding peak.  

 

 
Figure 1. Cyclic (A) and differential pulse (B) voltammograms of Sm2@D2(35)-C88 (a), Sm2@C1(21)-

C92 (b) and Sm2@D3d(822)-C104 (c) in o-DCB containing 0.5 M TBAPF6 with ferrocene as the 

internal standard at a scan rate of 50 mV s
-1

. The asterisk-marked peak is caused by an 

impurity. 
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It is interesting that the oxidation potentials of these disamarium metallofullerenes are higher 

than those of any other normal metallofullerene or endohedral cluster-metallofullerene 

electrochemically studied, including carbide-cluster metallofullerenes and TNT metallofullerenes. 

While notable, EMFs containing a single divalent metal atom have never been reported to be observed. 

Meanwhile, Xu early reported two oxidation steps of Sm3@Ih-C80 at the potentials of 0.30 V and 0.78 

V, which are much lower than those of our disamarium EMFs.
 
[30]  

The redox potentials and electrochemical band gaps of the three disamarium metallofullerenes 

estimated by CV and DPV are summarized in Table 1. As can be observed, when comparing the first 

reduction potentials of these three disamarium endohedrals with those of monosamarium 

metallofullerenes at the same experimental conditions, the first reduction potentials of Sm2@C1(21)-

C92(-0.25 V) are all more positive than those of Sm@C92(I) (-0.61 V) and Sm@C92(II) (-0.40 V). Upon 

comparing the data between Sm2@D2(35)-C88 (-0.14 V) and the corresponding mono-samarium EMF, 

Sm@C88, it is unfortunate that there were no corresponding electrochemical data from Liu’s article 

(Liu J) due to the extremely low yield. Certainly, the CV and DVP data of Sm2@D3d(822)-C104 could 

not be matched because Sm2@D3d(822)-C104 is the largest structure-identified metallofullerene in both 

the empty and endohedral fullerenes. Additionally, the first reduction potentials of these three 

disamarium endohedral metallofullerenes are also higher than those of other Sm@C2n(2n=74~96)[31] 

besides Sm@C2v-C82. It can be expected that these disamarium endohedral metallofullerenes become 

better electron acceptors due to the participation of the second Sm atoms. 

It is known that the first reduction potentials of C60, C70, C76, C78, and C84 present a decreasing 

tendency. [32] However, there is no linear relation to the size of cage for monosamarium EMFs, which 

was explained by the symmetrical structures of the carbon cages that have a great influence on their 

electronic properties. [29] However, the first reduction potentials of our three samples gradually 

increase from -0.14 to -0.25 with growth in size of the carbon cages. The frontier orbital energy of C2n 

changes as electrons transfer from trapped metal atoms to carbon cages. In addition, the electron 

number of the  system increases with the cage size.  

 

Table 1. Redox potentials of disamarium metallofullerenes vs Fc/Fc
+
 (in volts) 

[a] 

 

Compound  E1/2
ox

 E1/2
red1

 E1/2
red2

 E1/2
red3

 △Egap
[b] 

Sm2@D2(35)-C88 CV 1.01 -0.14 -0.45 -1.01 1.25 

DPV 0.98 -0.15 -0.43 — 1.23 

Sm2@C1(21)-C92 CV 1.12 -0.22 -0.59 -0.97 1.34 

DPV 1.10 -0.22 -0.58 -0.98 1.32 

Sm2@D3d(822)-

C104 

CV 1.12 -0.25 -0.53 — 1.37 

DPV 1.10 -0.23 -0.52 — 1.33 

[a] The CVs were measured in o-DCB containing 0.5 M TBAPF6; scan rate: 50 mV/s. DPVs used a 

pulse amplitude: 50 mV; pulse width: 50 ms; and pulse period: 500 ms. [b] △Egap = E1/2
ox1

 – E1/2
red1

. 

 

Thus, it can be inferred that the influence of transferred electrons is weaker for larger cages, as 

described previously by Liu and Gu.
 

[31] By this token, the weaker influence causes the 

electronic properties of dimetallofullerenes based on larger cages to be more similar to those of 

mailto:Sm@C92(Ⅱ)(-0.40V)
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the corresponding hollow fullerenes that used to have a relatively high reduction potential. Therefore, 

the higher Sm-dimetallofullerenes show a more negative reduction. With respect to the second 

reduction potentials, that of Sm2@D2(35)-C88 is still the lowest, but the potential of Sm2@D3(85)-C92 

is higher than that of Sm2@D3d(822)-C104, which might be due to the symmetrical structure of the 

carbon cage. In addition, the gaps between the first and second reduction potentials of Sm2@D2(35)-

C88,  Sm2@D3(85)-C92 and Sm2@D3d(822)-C104 are 0.31 V, 0.37 V and 0.28 V, respectively. These 

gaps are relatively narrow, which indicates that the two electrons participating in the front two 

reductions are accepted by the same molecular orbital. That is to say, the HOMOs of these three 

dimetallofullerenes are filled with two electrons.  

The oxidation reactions of these three dimetallofullerenes were also characterized by CV and 

DPV in our work. However, those of endohedral fullerenes containing a single divalent metal atom 

were never observed. It seems that the more divalent metal atoms are entrapped in an endohedral 

fullerene, the more easily they can be oxidized, and thus, the undetected oxidation potentials of the 

Sm-EMFs might be too high for the observable window of the solvent used. In addition, the 

electrochemical band gaps (△Egap) of these three disamarium EMFs are 1.25 V, 1.34 V and 1.37 V, 

respectively, which presents a gradual increase with the growth of the. 

The electrochemical potential gap, computed molecular orbital and spectral band gap of 

Sm2@D3d(822)-C104 are illustrated in table 2. The very high first oxidation potential and the relatively 

high first reduction potential of Sm2@D3d(822)-C104 cause it to have a larger electrochemical potential 

gap than analogous gaps found for Sm2@D2(35)-C88 and Sm2@C1(21)-C92. Meanwhile, this large 

△Egap is in good agreement with the DFT-predicted wide HOMO-LUMO gap and the reported spectral 

onset.
 
[29] As is known, a wide energy gap implies a good dynamic stability, which has a significant 

influence on the production yield of endohedral metallofullerenes. Experimentally, the abundance of 

Sm2@D3d(822)-C104 is dominant with the range of carbon cages from C98 to C108, which is a reflection 

of its excellent dynamic stability, as supported by our electrochemical measurement, early 

spectrometric assay, and DFT computations. It is serendipitous that our group that first isolated 

Sm2@D3d(822)-C104, which contains such a large cage, early in 2009.
 
[29] As the mass spectrum 

shows, 104 seems to be a magic number for disamarium metallofullerenes due to the overwhelming 

yield of di-Sm EMFs based on C104 (see supporting information of ref 6). 
 

Table 2. Redox potentials
[a]

, HOMO-LUMO levels
[b]

 and band gaps
[c]

 of Sm2@D3d(822)-C104 

 

Compound Electrochemistry DFT-calculation Spectrum 

 E1/2
ox1 

[V] 

E1/2
red1

 

[V] 
△Egap 

[V] 

HOMO 

[eV] 

LUMO 

[eV] 

H–L 

gap[eV]
[c]

 

Onset
[d]

 

[nm] 

Band gap
[d]

 

[eV] 

Sm2@D3d(822)-

C104 

1.12 -0.25 1.37 -5.99 -4.30 1.69 890 1.39 

[a] Redox potentials are half-cell potentials, values are relative to the ferrocene/ferrocenium couple. [b] 

HOMO-LUMO data taken from ref 6. [c] H-L gap = LUMO-HOMO. [d] Onset date taken from ref 6, 

band gap is calculated from the spectral onset (band gap [eV]≈1240/onset [nm]). 
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The redox potentials of several endohedral fullerenes obtained from CV are summarized in 

Table 3.  Compared with those of other species that have been reported to have the same cage, the first 

oxidation potential of Sm2@D2(35)-C88 is much higher than that of Y3N@D2(35)-C88, [26] indicating a 

very weak electron-donating property. Our disamarium EMFs have a very high oxidative resistance, as 

no oxidation was detected upon exposure to the open air for a long time. Exceptionally, La@C82 has 

less stability under air, with an extremely low oxidation potential (0.07 V), as is known. [33] The first 

reduction potential of Sm2@D2(35)-C88 is much lower than that of Y3N@D2(35)-C88, suggesting a 

strong electron-accepting ability. Clearly, Sm2@D2(35)-C88 and Sm2@C1(21)-C92 have similar 

electronic properties. This strong electron-accepting ability results in a complementarity of surface 

potentials between EMFs and [Ni(OEP)] (OEP = octaethylpor-phyrin), which displays a negative 

potential. [34] Thus, their cocrystals with [Ni(OEP)] are comparatively easy to obtain. In addition, 

compared with other endohedral fullerenes with clusters in the 4+ oxidation stat, like 

Sc2C2@Cs(10528)-C72 (E
ox1

= 0.41 V, E
red1

= -1.19 V)
 
[22] or Sc2S@C82( Cs:6)(

 
E

ox1
= 0.45 V, E

red1
= -

1.01 V),
 
[25] these three Sm-endohedral dimetallofullerenes also show a much weaker electron-

donating capacity and stronger electron-accepting capacity. 

 

Table 3. Redox potentials
[a]

 and △Egaps of endohedral fullerenes 

 

 Ref.  Compound E1/2
ox1

[V] E1/2
red1

[V] △Egap
[b]

 [V]
 Onset[eV] 

this work Sm2@D2(35)-C88 1.01 -0.14 1.25 0.85 

26 Y3N@D2(35)-C88 0.03 -1.43 1.46 1.49 

27 La3N@C88 0.21 -1.34 1.57 0.87 

25 Sc2S@C82( Cs:6) 0.45 -1.01 1.46 0.92 

24 Sc2C2@C82(Ⅲ) 0.53 -0.94 1.47 — 

22 Sc2C2@Cs(10528)-

C72 

0.41 -1.19 1.60 — 

30, 31 Sm@C1(42)-C92
 

— -0.61 — 0.93 

35 Sm3@Ih-C80 0.30 -0.83 1.13 1.38 

36 Ce2@C80 0.57 -0.39 0.96 — 

33 La@C82(C2v) 0.07 -0.42 0.49 0.75 

31 Sm@C82(C2v)
 

— -0.22 — 0.78 

[a] Redox potentials are half-cell potentials, values are relative to the ferrocene/ferrocenium couple. [b] 

△Egap = E1/2
ox1

 – E1/2
red1

. [c] Onset[eV] is calculated from the spectral onset (Onset[eV]≈1240/onset 

[nm]). 

 

Table 3 shows the △Egaps of several endohedral fullerenes. It can be observed that normal-

metallofullerenes, Mm@C2n(m=1, 2, 3), all show narrower electrochemical potential gaps than 

endohedral cluster-metallofullerenes MmXl@C2n(m=2, 3; l=1, 2). As discussed above, one can 

understand this electrochemical phenomenon by taking the influence between the inner metal ions and 

the carbon cage into consideration. The significant differences might be attributed to the different 

effective strengths of their metal-cage bonds. The shortest distances between the encaged metal ions 
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and the carbon atoms of the cage for the most populated sites are 2.484(7) Å and 2.50 Å, respectively 

in Gd2C2@D3(85)-C92 and Sm2@C1(21)-C92.
 
[15, 28] Taking the difference between the ionic radii 

0.28 Å of Sm
2+

(1.22 Å) and Gd
3+

(0.94 Å) into consideration, the interaction of the Sm-cage is more 

favourable than that of the Gd-cage. [37] Similarly, by considering the ionic radii of Tb
3+

 (0.92 Å), 

Sc
3+ 

(0.75 Å) and Er
3+

 (0.89 Å), it can be found that the interactions of the Sm-cages in Sm2@D2(35)-

C88 (dSm-C=2.51 Å)
[28]

 and Sm3@Ih-C80(dSm-C=2.40 Å)[35] and the Er-cage in Er2@C3v(82:8)-C82 (dEr-

C=2.29 Å)[17] are distinctly stronger than those of the Tb-cage and Sc-cage in Tb3N@C88 (dTb-C=2.333 

Å)[38] and Sc2C2@C82(C3v:8) (dSc-C=2.29 Å)[39], respectively, when the cage sizes are similar. These 

geometric differences indicate that the metal ions in normal metallofullerenes are more constrained by 

the carbon cage than those in cluster-metallofullerenes. This result must influence the interactions 

between the cage and the encaged metal ions and, thus, their electrochemical properties. Therefore, 

endohedral metallofullerenes can be divided into two groups, normal-metallofullerenes and cluster-

metallofullerenes, based on their different energy gaps. M2@C2n, along with M@C2n and M3@C2n, as 

normal-metallofullerenes, have stronger interactions between the metal ions and the cage than cluster-

metallofullerenes, whose metal ions are attracted by the inner nonmetallic attractor. Consequently, the 

electron density of their cage overlaps with the inner metal ions and exhibits narrower electrochemical 

potential gaps. Moreover, the ranges of Sm-C distances in Sm2@D2(35)-C88, Sm2@C1(21)-C92 and 

Sm2@D3d(822)-C104[28, 29] are 2.51-2.66 Å, 2.50-2.77 Å and 2.52-2.72 Å, respectively. The 

average distances of these three disamarium metallofullerenes gradually increase with the increasing 

cage size, but that of Sm2@C1(21)-C92 is fairly close to Sm2@D3d(822)-C104. These results are also 

consistent with their observed electrochemical potential gaps. 

 

4. CONCLUSIONS 

Three disamarium metallofullerenes, Sm2@D2(35)-C88, Sm2@C1(21)-C92 and Sm2@D3d(822)-

C104, are isolated and purified by reported methods. Their electronic properties are studied based on 

information from CV and DPV. As far as we know, this is the first report of the electrochemical 

studies of a dimetal endohedral-fullerene as (M2)
4+

@(C2n)
4-

. Among them, Sm2@D3d(822)-C104 is the 

largest endohedral-metallofullerene characterized by electrochemical methods until now. 

The electronic properties of these three disamarium metallofullerenes are similar. Their first 

reduction potentials show an increasing trend with the size of the carbon cage. The oxidation processes 

of disamarium metallofullerenes were carried out by CV and DPV until reaching significant positive 

potentials. In contrast, those of monosamarium metallofullerenes have never been reported. Compared 

with the corresponding mono-samarium EMFs and endohedral cluster-metallofullerenes, these three 

disamarium EMFs act as better electron acceptors and worse electron donators. Furthermore, the 

demonstrated electrochemical potential gaps of the endohedral metallofullerenes confirm that the 

species of the encapsulated cluster has a significant effect on the molecular stability. It is agreed that 

normal metallofullerenes have shorter effective metal-cage bond lengths than cluster-

metallofullerenes, thus leading to the stronger interactions between their metal ions and the carbon 

cage, which results in their narrower electrochemical potential gaps. 
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