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Figure S1. (a) The schematic design of four-probe conductivity measurement; (b) The homemade 

four-point probe apparatus. 

                 

                               (a)                                                                           (b) 

Experimental 

Four-probe Conductivity. The dc conductivity was measured on the central section of a circular 

pellet (radius = 3.5 mm) pressed at room temperature. Four tungsten wires (d = 75µm) were lined 

parallel with equal spacing (∆ = 0.77mm ± 0.02 mm).  A knot was tied in each wire and the knots 

were aligned in parallel. The knot on each tungsten wire was then coated with silver paint and 

serves as the contact. The apparatus was calibrated with Ba2Te3 prior to use. The following equation 

was used to calculate the bulk resistivity.
1
 

                                                    Ss RtC   

Rs represents the sheet resistance which can be directly obtained from the I-V curve measured from 

the four-probe design. t is the thickness of thin sample sheet. The insulating KBr pellets were made 
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as substrates to support the fragile sample sheets. Cs is the correction factor which depends on the 

ratio of the diameter of thin sheet to the spacing of probes.
1
 The value of Cs used is 4.17.

1
 When 

measuring the sheet resistance Rs, standard deviation σ1 was obtained by multiple measurements 

with rotating the sample sheet to different positions. The thickness t was obtained by subtracting the 

thickness of KBr pellet (t1) from the total thickness (t2). The standard deviation σ2 of t is a 

combination of error bars on t1 and t2. Finally, the standard deviation for bulk resistivity ρ was 

calculated to be around ± (|σ1|+|σ2|).  
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Figure S2. XPS survey spectra of (a) 1, (b) 2 and (c) 3.                                                   
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Figure S3. Asymmetric units of (a) crystal 1′ and (b) crystal 2′. 

 

(a) 

 

     (b) 
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Figure S4. Temperature dependence of molar magnetic susceptibility (○) and the product of molar 

susceptibility and temperature (□) for compound 1 at 100 mT magnetic field.      

 

 

 

Figure S5. Temperature dependence of molar magnetic susceptibility (○) and the product of molar 

susceptibility and temperature (□) for compound 3 at 100 mT magnetic field. 

 

 

0

1

2

3

4

5

6

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 50 100 150 200 250 300

χ
M

T
 (

e
m

u
·K

·m
o

l-
1
)

χ
M

(e
m

u
·m

o
l-

1
)

T (K)

0

0.4

0.8

1.2

1.6

0.004

0.009

0.014

0.019

0.024

0 50 100 150 200 250 300

χ
M
T

(e
m

u
·K

·m
o

l-
1
)

χ
M

(e
m

u
·m

o
l-

1
)

T (K)



S-7 
 

Experimental 

Magnetic Susceptibility A Quantum Design MPMS-XL SQUID magnetometer was used to 

measure dc static susceptibilities of finely ground polycrystalline samples 1 and 3 between 300 and 

5 K at 100 mT static magnetic fields. A sample holder contribution and diamagnetic susceptibility 

(χ0) were subtracted from the experimental values. The value of χ0 was obtained from literature,
2,3

 

which is in good agreement with the calculated value using Pascal’s constants.
4
 All of the data are 

reproducible on different batches of analytical pure samples.   

Results and Discussion  

For compound 1, the product χMT behaves as a linear function of temperature (Figure S4). 

The data can be fit into the following equation.  

                                                             
TIPM

T

C
 

 

There are two contributions to the overall magnetism. One of them is Curie paramagnetism and the 

other one is the so-called Van Vleck temperature-independent paramagnetism (TIP)
4
 with χTIP = 

15.9×10
-3

 emu·mol
-1

. At 300 K, χMT was found to be 5.23 emu·K·mol
-1

 while the spin-only χMT 

value
4
 should be 1.75 emu·K·mol

-1
 if we assume an S = ½ ground state for [Ru(bpy)3]

1+
 and S = 1 

excited state for C60
2-

. The large difference is due to the large TIP, of which the origination is still 

not very clear. In alkali-metal doped C60, χTIP was also observed but with a much smaller value (< 1 

× 10
-3

 emu· mol
-1

).
2
  Since the HOMO and LUMO of [Ru(bpy)3]

1+
 and C60

2-
 are of similar energy, 

the sizable experimental χTIP can be speculated to mainly arise from the Zeeman mixing of the 

ground state of [Ru(bpy)3]
1+

 and the abundant low-lying excited states in C60
2-

.
2,5-8

 In addition, it is 

possible that the conduction electrons in compound 1 give rise to a positive temperature-
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independent susceptibility as well.
2
 At 5 K, the experimental value of χMT is 0.23 emu·K·mol

-1
 

which is smaller than the spin-only value 0.75 {S = ½ for [Ru(bpy)3]
1+

 and S = 0 for C60
2-

}. This can 

be explained by the existence of a possible antiferromagnetic coupling (not ordering, as evidenced 

by the χM versus T plot) at low temperature. From single-crystal structural analysis, compound 1 

shows possible close contact between adjacent Ru(bpy)3•••Ru(bpy)3 and adjacent Ru(bpy)3•••C60. 

Since the unpaired electron on [Ru(bpy)3]
1+

 does not reside in the metal center but actually in the π* 

orbital from the ligand,
7
 the possible close contact makes antiferromagnetic coupling a possibility. 

Solid sample 3 displays similar magnetic behavior to 1 but with a reduced χMT value and a 

small kink at 150-210 K (Figure S5). This kink may be due to a partial dimerization of C60
1-

 units 

forming single-bonded diamagnetic (C60
1-

)2 dimers. This reversible phase transition of fullerene 

monoanion has been reported before in the similar temperature range.
9-12

 Unfortunately, no 

structural data has been successfully obtained to confirm this speculation.  

Overall, TIP seems to be a main contributor to the observed magnetism for both compound 

1 and 3. Both compounds do not show Curie-Weiss behavior but might have possible 

antiferromagnetic coupling at low temperatures. Furthermore, they do not represent magnetically 

isolated systems. To fully understand the magnetic properties, more studies need to be done in the 

future.  
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Figure S6. In single crystal 1′, the positions of Ru(bpy)3
m+

 and C60
n-

 in one unit cell. For simplicity, 

only Ru and N atoms were shown for Ru(bpy)3
m+ 

sites.  

 

 

Figure S7. The surroundings of three types of Ru(bpy)3
m+

 sites (A-1, A-2, A-3) and two types of 

C60
n-

 sites (B-1, B-2) in single crystal 1′.  
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Figure S8. In single crystal 2′, the positions of Ru(bpy)3
m+

 and C60
n-

 in one unit cell. For simplicity, 

only Ru and N atoms were shown for Ru(bpy)3
m+ 

sites.  

 

Figure S9. The surroundings of two types of Ru(bpy)3
m+

 sites (A1, A2) and two types of C60
n-

 sites 

(B1, B2) in single crystal 2′. 
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Figure S10. Visible-NIR spectra of compound 1 (a), 2 (b) and 3 (c) in solid state (red line) and in 

solution (black line).  
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    (c) 

 

Experimental 

Solid-state Visible-NIR Transmission Spectroscopy. In N2-atmosphere glove box, small amount 

of solid sample was mixed well with finely ground FT-IR grade KBr powder. The mixtures were 

then pressed to be quasi-transparent pellets, in which the solid-state transmission spectra were 

measured from 400-1400 nm by Cary 500 UV-VIS-NIR spectrophotometer. The sharp spikes 

observed at 800 and 1200 nm are due to the grating change of spectrophotometer. As comparison, 

the corresponding solution spectra were included as black curves.  

 

 

 

 

400 600 800 1000 1200 1400

0.0

0.3

0.6

0.9

A
b

s
o

rb
a

n
c

e
, 
a

rb
. 

u
n

it
s

Wavelength (nm)

 in benzonitrile

 in solid state



S-13 
 

Table S1. Equations for calculating the relative concentrations of disproportionated redox species in 

compound 1 in solution with the assumption that [Ru(bpy)3
m+

] = 2 and [C60
n-

] = 1. 

 

 

 

                         

 

 

 

 

 

 

                                

 

 

 

 

 

 

 

 

 

The calculated equilibrium potential (Eeq.) in solution turned out to be right in the middle of the 

overlapped potential region of corresponding major Ru(bpy)3
m+

 and C60
n-

. 
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Table S2. Equations for calculating the relative concentrations of disproportionated redox species in 

compound 2 in solution with the assumption that [Ru(bpy)3
m+

] = 1 and [C60
n-

] = 1. 

 

 

 

                         

 

 

 

 

 

 

                                

 

 

 

 

 

 

 

 

 

Distribution of Ru(bpy)3
3+

 is negligible because the potential separation between Ru(bpy)3
3+

 and 

Ru(bpy)3
2+

 is large (∆E > 2V). 
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Table S3. Equations for calculating the relative concentrations of disproportionated redox species in 

compound 3 in solution with the assumption that [Ru(bpy)3
m+

] = 1 and [C60
n-

] = 2. 

 

 

 

                         

 

 

 

 

 

 

                                

 

 

 

 

 

 

 

 

 

Distribution of Ru(bpy)3
3+

 is negligible because the potential separation between Ru(bpy)3
3+

 and 

Ru(bpy)3
2+

 is large (∆E > 2V). 
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