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Abstract  Electron-rich  organocerium  complexes  (C5Me4H)3Ce  and

[(C5Me5)2Ce(ortho-oxa)], with redox potentials E1/2 = 0.82 V and E1/2 = 0.86 V versus

Fc/Fc+ respectively, were reacted with fullerene (C60) in different stoichiometries to

obtain molecular materials. Structurally characterized co-crystals: [(C5Me4H)3Ce]2•C60

(1)  and  [(C5Me5)2Ce(ortho-oxa)]3•C60 (2)  of  C60 with  cerium-based  rare  earth

molecular precursors are reported for the first time. The extent of charge transfer in 1

and 2 was evaluated using a series of physical measurements: FT-IR, Raman, solid-

state  UV-vis-NIR  spectroscopy,  X-ray  absorption  near  edge  structure  (XANES)

spectroscopy,  and  magnetic  susceptibility  measurements.  The  physical

measurements indicate that  1 and  2 comprise the cerium(III)  oxidation state with

formally  neutral  C60  as  a  co-crystal  in  both  cases.  Pressure-dependent  periodic

density  functional  theory  calculations  were  performed  to  study  the  electronic

structure of  1. Inclusion of a Hubbard-U parameter removes Ce  f states from the

Fermi level, opens up a band gap, and stabilizes FM/AFM magnetic solutions that

are isoenergetic because of the large distances between the Ce(III)  cations.  The

electronic  structure  of  this  strongly  correlated  Mott  insulator-type  system  is

reminiscent of the well-studied Ce2O3.

Keywords:  Molecular  materials,  Fulleride,  Strongly  correlated  electrons,

spectroscopy, Mott insulator, density functional theory.

Introduction

Fullerenes and fulleride materials have been the focus of extensive study due to their

ability to be reduced by up to six electrons,1 and for their tendency to exhibit notable

properties  upon assembly  into  charge-transfer  materials.  Co-assemblies  of  metal

cations  with  reduced  C60
n (n  =  1–6)  anions  can  exhibit  interesting  materials

properties due to their multi-dimensional, inter-fulleride interactions whose electronic-
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and  magnetic  properties  assume  those  of  delocalized  solids.  For  example,

condensation of rare earth metals with C60  produces the fullerides REx(C60)y RE =

Yb2, Sm3, 4. Redox reaction of potassium and rubidium fullerides with lanthanide(III)

halides results in heterometallic fulleride salts of composition M2REC60, M = K, Rb;

RE = Yb, Lu, Sc.5 Such RE-fulleride materials have been reported to exhibit notable

properties  including  metallic  conductivity,6-8 magnetic  ordering,9,  10 and

superconductivity (Table S1).11-13 Yb-intercalated C60, with a stoichiometry of Yb2.5C60,

exhibited  cation  vacancy  ordering  in  the  face-centered  cubic  (fcc) lattice,  as

determined  by  high  resolution  synchrotron  diffraction  experiments.  This  cation

vacancy ordering was implicated in the appearance of a superconducting state with

Tc = 6 K.2 

Considering the intriguing materials properties of the parent RE-fulleride salts,

we reasoned that tuning of the ligand fields at reduced RE-complexes could furnish

molecular materials with interesting magnetic and conducting properties. Reactions

of  fullerenes  with  d-block  metal  complexes  to  form  charge-transfer  molecular

materials, where ligand fields tune the local properties at the metal cations, are well-

documented.14 However,  charge-transfer  materials  of  fullerenes  and  lanthanide

complexes  have  received  significantly  less  attention.  Bochkarev  and  co-workers

reported  the  first  fulleride  complexes  of  low  valent  lanthanocene  derivatives,

[Cp2Yb]2[C60],  where,  Cp =  C5H4(CH2)2NMe2 and  studied  the  charge-transfer

properties  by  temperature-dependent  EPR  spectroscopy  (Scheme  1a).15 The

temperature dependent EPR data for [Cp2Yb]2[C60] were interpreted as displaying

‘valence  fluctuation’  with  a  Yb(III)  signal  at  RT  and  the  appearance  of  C60
1–

signatures in the solid state at low temperature through an intramolecular charge-

transfer  process.  This  type  of  behaviour  is  reminiscent  of  the  redox  tautomeric,
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intermediate valent Yb(II/III)  complexes,  e.g. (C5Me5)2Yb(4,4′-Me2-bipy), studied by

one of us.16 In 2005 Zhou and co-workers reported the X-ray structure of a co-crystal

of a rare earth metalloporphyrin with neutral C60: [TPPYb(-OH)2Yb(THF)TPP]•C60,

TPP = 5,10,15,20-tetraphenylporphyrin, in a study of the non-covalent interactions

between  the  fullerene  and  RE-metalloporphyrin  (Scheme  1b).17 Subsequently,  in

2010 Trifonov reported the charge transfer complex: [{(Me3Si)2NC(NCy)2}2Lu(Et2O)+]

[C60
•–]•(C7H8)•0.5(Et2O)  by  reaction  of  the  Lu-hydrido  complex:

[{(Me3Si)2NC(NCy)2}2Lu(μ-H)]2 with  C60.18 Notably,  [{(Me3Si)2NC(NCy)2}2Lu(Et2O)+]

[C60
•–]•(C7H8)•0.5(Et2O) was observed to undergo a phase transition below ∼120 K,

wherein  the  C60
•– moieties  dimerized  to  form  [{(Me3Si)2NC(NCy)2}2Lu(Et2O)

+]2[(C60
-)2]•2(C7H8)•(Et2O)2,  comprising  diamagnetic,  σ-bonded  (C60

–)2 dianions

(Scheme  1d).  More  recently,  in  2020  Yamashita  and  co-worker  reported  the

supramolecular  complex  of  C60 with  dinuclear  Tb3+ triple-decker  complex

[(TPP)Tb(Pc)Tb(TPP)],  Pc2 =  phthalocyaninato,  with  quasi-D4h symmetry  and

studied the relationship between the coordination geometry at the Tb3+ cation and

the apparent single-ion magnet (SIM) properties (Scheme 1c).19 
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Scheme 1. Examples of reported charge-transfer (a, d) and co-crystal compounds

(b, c) of fullerene with lanthanide complexes.

Based on our previous studies with redox active cerium(III/IV) complexes,20

and  the  existence  of  notable  quantum  mechanical  properties  associated  with

formally cerium(IV), organo-cerium compounds,21,  22 we were interested to expand

the chemistry of fullerene molecular materials to cerium. In 2000 an intercalated,

superconductive system was synthesised from C60 with cerium metal i.e. CexC60 (x =

1.5-2.1)  using  high  temperatures.  The  critical  temperature  (Tc)  for  the  resulting

material was 10.5 K.13 Interestingly, ferromagnetic character was described in the

same temperature region. The coexistence or competition between ferromagnetism

and  superconductivity  in  CexC60 was  rather  controversial.  A  ZFC  measurement
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showed a transition to the superconducting state below 13.5 K. However, for the FC

measurement,  a  ferromagnetic  transition  was  instead  observed  at  15  K.23,  24

Recently, another class of clathrate cage like superhydrides of cerium, viz. CeH9 and

CeH10,  were  synthesized  at  high  pressure  and  studied  for  superconducting

properties with relatively higher  Tc of 95-115 K.25-27 Further, cerium oxides such as

Ce2O3 or CeOI28, 29 behave as Mott-insulators30 wherein strongly correlated electronic

interactions open up a band gap in an otherwise metallic system. Despite exhibiting

interesting  material  properties,  such  as  pressure  and/or-magnetic  field  induced

ferromagnetism or superconductivity, reports of molecular Mott-insulating materials

are uncommon.31 Furthermore, most of these molecular Mott insulators are transition

metal-based inorganic molecular solids.32-34,  35 For example, in 2021, a bilayer-type

dimer-Mott  insulator  (Et-4BrT)[Ni(dmit)2]2 (Et-4BrT  =  ethyl-4-bromothiazolium  and

dmit   =  1,3-dithiole-2-thione-4,5-dithiolate)  was  reported  to  show  electric  dipole

induced-bulk  ferromagnetism.36 These  observations  collectively  compelled  us  to

study molecular cerium precursors with C60 towards obtaining new molecular solids

with strongly correlated electronic behaviour such as magnetic order, Mott insulator-

behavior, and/or superconductivity.

Herein,  we report  the first  structurally characterized co-crystals  of  C60 with

organocerium complexes: [(C5Me4H)3Ce]2•C60 and [(C5Me5)2Ce(ortho-oxa)]3•C60 and

studies of their electronic and magnetic properties. Both Raman spectroscopy and

periodic electronic structure calculations where the on-site Coulomb interaction is

modified  by  the  Hubbard-U parameter  suggest  minimal  charge transfer  from the

cerium  complexes  to  C60  within  [(C5Me4H)3Ce]2•C60.  The  electronic  structure  of

[(C5Me4H)3Ce]2•C60, as evidenced from periodic electronic structure calculations,  is

analogous to that of the well-studied material: Ce2O3 – a Mott insulator characterized

by an antiferromagnetic (AFM) ground state.

Result and Discussion

Synthesis and X-ray Structural Studies

In pursuit of new fulleride materials that include metal complexes of redox-

active rare earth cations, a candidate synthetic protocol is reaction of a C60 solution

with a solution of an organo-rare earth reductant with a comparable redox potential.

Previous reports of charge transfer materials with d-block metal complexes include
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reactions of C60 with metallocenes such as: Cp2Fe with  E1/2 = 0.0 V versus Fc (in

CH2Cl2),37 Cp2Co with E1/2 = 1.32 V versus Fc (in DME),38 and (C5Me5)2Ni with E1/2 =

1.12 V versus Fc (in MeCN);39, 40 with C60 having its first reduction potential 0.98 V

versus Fc (in MeCN/toluene).1, 41, 42 In these cases, the dissolved metal complexes

were exposed to benzene, benzonitrile, or carbon disulphide solutions of C60, which

induced crystallization and/or precipitation of the materials (Scheme 2).

Scheme 2. Examples of reported co-crystal and charge-transfer compounds of C60

with d-block metallocenes.

For  the  current  work,  in  an  initial  trial,  C60 was  reacted  with  Cp3Ce in  a

toluene/THF  mixture  in  a  1:1  volume  ratio  of  the  solvents  (Scheme  3).  The

toluene/THF mixture was used to insure the solubility of both reactants. However, no

reaction was observed, as judged by the absence of a color change and by the 1H

NMR spectrum of the reaction mixture, recorded in toluene-d8 after evaporating the

solvent  mixture.  Moreover,  neither  precipitation  nor  crystallization  was  observed

even after prolonged cooling of the mixture at –20 °C for months. 
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Scheme  3. Synthesis  of  organocerium-based  fulleride  molecular  materials:  No
reactivity  (top),  [(C5Me4H)3Ce]2•C60 (1)  (left)  and  [(C5Me5)2Ce(ortho-oxa)]3•C60 (2)
(right).

The reported cerium(III/IV)  oxidation potential  for Cp3Ce is  E1/2 = –0.265 V

versus Fc,43 which is less than that reported for the first reduction potential for C60:

E1/2 = –0.98 V versus Fc.1 We reasoned that no reaction was observed between

Cp3Ce and C60 because of  the mismatch of  E1/2 ≈ 0.7 V of  their  oxidation and

reduction potentials, respectively. This test reaction indicates that for the targeted

charge transfer materials, better matching of donor and acceptor redox potentials is

an essential design consideration.

To address this issue, we next evaluated another cerium-cyclopentadienide

derivative: (C5Me4H)3Ce.44 Although (C5Me4H)3Ce was first reported in 2006 by the

Evans  group,  the  redox  properties  of  the  compound  have  not  previously  been

disclosed. Hence, the redox potential of (C5Me4H)3Ce was measured in THF. In the

course of these studies, an irreversible oxidation wave was recorded at Epa = 0.76 V

versus Fc/Fc+,  using a 100 mV/s scan rate. However, when scan rate dependent
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studies  were  performed,  a  quasi-reversible  oxidation  with  E1/2 =  0.82  V  versus

Fc/Fc+ was determined at  a  scan rate  of  1000 mV/s  (Figure  1)  (see Supporting

Information for details).

Figure  1. Cyclic voltammetry  of  the

precursor  complex:  (C5Me4H)3Ce.  Solvent:  THF;  electrolyte  0.1  M  [nPr4N][BArF4];

[analyte] = 0.002 M.

Evidently,  in this case, the more electron donating C5Me4H– groups render

(C5Me4H)3Ce a stronger reductant than Cp3Ce. Moreover,  the  tris(C5Me4H) ligand

framework has been used extensively in f-element chemistry due to its tendency to

confer high crystallinity.45 Reaction of (CpMe4H)3Ce with C60 in a 1:1 ratio in toluene

resulted in dark violet crystalline material (1) at  20 °C after 48 h with 53% yield

(Scheme 3). Single crystal X-ray crystallography studies revealed that the dark violet

compound crystallized with the empirical formula of [(C5Me4H)3Ce]2•C60 (1) (Figure

2). Notably, the stoichiometry of the compound was maintained when the synthesis

was  performed  with  the  observed  2:1  ratio  of  (C5Me4H)3Ce  to  C60 but  with  an

improved yield of the product of 75%. Compound 1 is not soluble in most common

organic solvents and exhibits limited solubility in toluene. However, it is completely

soluble in 1,2-dichlorobenzene.

An X-ray structural study of  1 revealed that the asymmetric unit consists of

one- half of the C60 molecule and one (C5Me4H)3Ce unit. Compound  1 crystallized

such that each C60 molecule is encapsulated between two (C5Me4H)3Ce moieties
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(Figure 2). Notably, the geometrical features of the individual molecules within the

structure do not show any significant variation from the structures of precursors, i.e

(C5Me4H)3Ce and C60.41,  44 The CeC(Cp) bond lengths of 2.754(2)2.882(2) Å are

identical to the one reported for (C5Me4H)3Ce44 with ordered fullerene in the crystal

lattice, which suggests that both Ce metal centers are present in the Ce(III) oxidation

state and fullerene is  co-crystalized in a 1:2 ratio. The centroid-to-centroid distance

between two  adjacent  C60 moieties  is  10.436  and 12.677  Å  along the  ab  plane

(Figure 3a). The distances are similar to the van der Waals diameter of C60 (10.18

Å). Notably, noncovalent interactions could be observed between adjacent Cp rings

of  (C5Me4H)3Ce  and  pentagonal  faces  of  the  fullerene  with  centroid  distances

between Cp rings and the pentagonal faces ranging from 3.4223.581 Å (Figure S6). 

Figure  2. X-ray

structure of 1. Thermal ellipsoids are shown at 30% probability.

Ce–C(Cp) = 2.754(2)–2.882(2) Å. All hydrogen atoms are omitted for clarity.

(b)(a)

1
0



Figure 3. Crystal packing diagram along ab plane of 1 (a); top view of crystal in unit

cell (b).

Based  on  the  success  in  isolating  1,  another  organocerium  donor  complex

[(C5Me5)2Ce(ortho-oxa)] with more reducing ligands, i.e. pentamethylcyclopentadiene

(C5Me5
) and,  ortho-oxazolide (previously reported by our group) was used.46 The

donor  complex  has  a  strong  CeCaryl -bond,  which  is  stabilized  by  the

pentamethylcyclopentadiene  ligand  and  chelating  nitrogen  atom of  the  oxazolide

ligands. The redox potential of [(C5Me5)2Ce(ortho-oxa)] was reported as E1/2 = 0.86

V vs  Fc/Fc+46 in  CH2Cl2,  which  is  comparable  to  the  first  redox  potential  of  the

reduced C60
 (0.98 V)41. Given the overlap between the redox potential of donor and

acceptor  molecules,  [(C5Me5)2Ce(ortho-oxa)]  was  reacted  with  C60 molecules  in

toluene to afford dark black crystals of  2 with 63% yield after cooling the reaction

mixture at  20 °C (Scheme 3).  The X-ray crystallography studies revealed that  2

crystalized in a 3:1 ratio with primitive cubic space group P-a3. Each C60 molecule is

encapsulated  with  3  molecules  of  [(C5Me5)2Ce(ortho-oxa)]  in  the  structure,  the

asymmetric unit  consists of one C60 molecule and one of [(C5Me5)2Ce(ortho-oxa)]

unit.  Unlike  1,  here  both  the  ortho-oxazolide  ligand  in  the  donor  molecule

[(C5Me5)2Ce(ortho-oxa)]  and  the  C60 acceptor  molecules  are  disordered,  hence

precise comparison of the metrical parameters of  2 with [(C5Me5)2Ce(ortho-oxa)] is

not  possible  (see  discussion  in  X-ray  crystallography  section  of  SI  ).41,  46 The

centroid-to-centroid distances between two adjacent C60 is 9.803 Å, and the closest

intermolecular  CeC(C60)  distance  is  5.706(8)  Å.  Further,  weak  noncovalent

interactions between the C5Me5
 rings of the Ce complex and the pentagonal faces of

fullerene  were  observed  with  centroid  distances  between  C5Me5
 groups  and

pentagonal C60 faces ranging between 3.2783.477 Å (Figure 4). 
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Figure 4. X-ray structure of  2 (left);

Crystal  packing  diagram (top  view) (right).  Thermal  ellipsoids are  shown at  30%

probability. Ce–C(Cp) = 2.762(4)–2.814(4) Å; Ce–C(oxa) = 2.575(4)–2.605(6) Å; Ce–

N = 2.606(12)–2.655(17) Å. Hydrogen atoms and disordered atoms of C 60 and ortho-

oxazolide ligand have been omitted for clarity.

Spectroscopic Characterization:

1H NMR Characterization: To study the interaction of C60 with the organocerium

compounds in solution,  1H NMR studies were performed for  1 and  2.  A  1H NMR

spectrum of  1 was recorded in toluene-d8 and compared with the spectrum of the

precursor compound: (C5Me4H)3Ce. Upfield shifts were observed for the CpMe4 and

CpH protons (Figure S1, S3; also see Table S2). The characteristic singlet proton of

(C5Me4H)3Ce (CpH) also exhibited a significantly higher upfield shift from 34.22 to

9.89 ppm compared to the CpMe4 protons (7.35 and 7.97 ppm). One of the sets of

methyl protons was also broadened and observed at 7.97 ppm with an upfield shift

of 3.26 ppm upon reaction with C60. The unusual upfield shifts for the CpH proton

indicated appreciable interactions with C60 in the solution phase. However, the  13C

NMR of 1 showed no shift from the characteristic peak at 142.0 ppm of C60 (Figure

S2,  S4).41 In  the  case of  2,  no  changes in  the  1H NMR spectrum of  toluene-d8

solution of 2 and [(C5Me5)2Ce(ortho-oxa)] were observed (Figure S5). Due to its low

solubility, solution state 13C NMR spectrum of 2 was not observable.

1
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Vibrational  Spectroscopy  Characterization:  To  examine  the  charge  transfer

properties of 1 and 2, the solid state properties were expected to be characteristic.

FT-IR and Raman spectroscopic studies were performed on  1 and  2.  The FT-IR

spectra of 1, 2, C60 (neutral), (C5Me4H)3Ce and [(C5Me5)2Ce(ortho-oxa)] are shown in

Figure 5 with peak positions listed in Table S4. The absorption bands of C60 showed

a shift of the most sensitive IR active, intramolecular vibration: the f1u(4) mode, from

1428  cm–1,  to  13761379  cm–1 (Figure  5).  These  changes  are  characteristic  of

electron transfer from donors to acceptor C60 moieties.41 However, the C5Me4H and

C5Me5
 (CH) stretching frequencies overlap in the same region. Hence these data

are not conclusive to report on the extent of charge transfer in 1 and 2.

Figure  5. Comparative  FT-IR  spectra  of  1,  2,  C60,  (C5Me4H)3Ce  and
[(C5Me5)2Ce(ortho-oxa)] (in KBr).

Solid-state Raman Spectra Measurements:  The solid-state Raman spectra were

also recorded to investigate the electron transfer in  1  and  2 (Figure 6).  It  is well
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documented that  the pentagonal  ‘pinch’  mode of  C60 (a2g)  shows a 6 cm-1 lower

energy shift per electron transferred to C60.41 The a2g mode of C60 was centered at

1466.2, 1466.6 and 1468.2 cm–1 in 1, 2 and neutral C60 respectively. A nominal shift

of ~2 cm–1 was observed in both 1 and 2, within the experimental error, which cannot

be  attributed  to  the  complete  one  electron  transfer  from  organocerium  metal

complexes to C60. However, these small shifts may be attributed to partial charge

transfer due to the   and/or dispersion interactions between pentagonal faces of

C60 and  Cp  rings  from  the  organocerium  complexes,  interactions  that  are  also

observed in the X-ray structures (Figure 3-4 and Figure S6).

Figure 6. Solid-state Raman spectra for 1 (left) and 2 (right).

Comparisons with a Redox-Inactive Lanthanum Complex:  We postulated that

the partial charge transfer evident in the vibrational spectra of  1 and  2 arose from

charge transfer from the Cp ligand rather than Ce metal center. To investigate this

hypothesis  in  further  detail,  an  analogue  of  1 was  synthesized  with  the

organolanthanum complex (C5Me4H)3La. The reaction of C60 with (C5Me4H)3La in a

1:2 ratio in toluene afforded a brown microcrystalline compound [C5Me4H)3La]2•C60

(3) with 60% yield after storing the reaction mixture at 20 C for two days. (Scheme

4). The single X-ray crystallography studies revealed, 3 is isostructural to 1 (Figure

7). The LaC(Cp) bond lengths range from 2.775(3)–2.901(3) Å, slightly larger than 1

due to larger La+3 cation. The centroid-to-centroid distance between two adjacent C60

moieties  is  10.438  and  12.677  Å  along  the  ab  plane.  Similar  to  1 noncovalent

1
4



interactions  could  be  observed  between  adjacent  Cp  rings  of  (C5Me4H)3La  and

pentagonal faces of the fullerene with centroid distances between Cp  rings and the

pentagonal faces ranging from 3.4143.570 Å.

Scheme 4. Synthesis of [(C5Me4H)3La]2•C60 (3).

Figure 7. X-ray structure of 3. Thermal ellipsoids are shown at 30% probability.

La–C(Cp) = 2.775(3) – 2.901(3) Å. All hydrogen atoms are omitted for clarity.

The bulk purity  and presence of C60 was further confirmed from elemental analysis,

FT-IR,  and  Raman  spectroscopy  (Figure  8).  The  Raman  spectrum  showed  a

marginal shift of 1466.1 cm-1 This control experiment clearly demonstrates that the

shift in 1 is not attributable to the Ce metal center, rather it is probably the result of

the electron rich ligand interaction with C60.

Figure 8. Comparative FT-IR (in KBr) and Raman spectra of 3.

Solid state UV-vis-NIR Characterization: Solid  state  UV-vis-NIR measurements

were  recorded  for  1 and  2 in  KBr  dispersed  pellets  at  room  temperature  and
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compared  with  neutral  C60 (Figure  9).  The  neutral  C60 spectrum  showed

characteristic absorption bands in the UV-vis region with two sharp bands at max 267

and 351 nm and a plateau between 425-530 nm with no absorption bands in the

near-infrared (NIR) region.

Figure 9. Solid state UV-vis-NIR spectra for 1, 2 and C60. (*Artifact was observed at

800 nm due to change in the filter while collecting the data).

Figure 10. Solid state UV-vis-NIR spectra for  1,  2 and  C60. Isolated spectra in the
UV-vis range (right) and in the NIR range (left).
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Conversely, for reduced/oxidized C60 more diagnostic features are reported in

the NIR region: 9001200 nm. In the solid-state UV-vis-NIR spectra of  1 and 2, no

characteristic absorption features for one-electron charge transfer complexes in the

NIR  region  were  observed.  The  characteristic  bands  in  the  UV-vis  region  also

notably  disappeared  and  new,  broad  and  less  pronounced  plateaus  between

270400 nm were observed in both 1 and 2 (Figure 10). The absence of absorption

bands in the NIR region and the presence of a new feature in the UV-vis region

suggests  that  neither  C60 is  reduced  nor  is  it  in  a  neutral  state,  that  the  donor

organocerium moieties perturb the electronic structure of C60.

Magnetic Measurements

Variable-temperature  magnetic  susceptibility  at  2  T  and  field  dependent

magnetization data at 2 K were recorded for both 1 and 2 to gain insight about the

extent of interaction between the potential donor and acceptor molecules (Figure 11-

12). These data were also collected and compared with the respective paramagnetic

molecular precursors i.e. [(C5Me4H)3Ce] and [(C5Me5)2Ce(ortho-oxa)]. The  T value

recorded at 300 K per cerium for 1 was 0.73 cm3 K mol−1. This value is close to the

expected 0.8 cm3  K mol−1 that accounts for a non-interacting Ce3+ ion with a  2F5/2

ground state.47,  48 With decreasing temperature, the  T value decreased gradually

until  50  K  and  dropped  to  0.34  cm3  K  mol−1 at  2  K,  attributed  to  the  thermal

depopulation of the ligand field doublets.49 The corresponding value for the molecular

precursor  [(C5Me4H)3Ce]  was  0.79  cm3  K  mol−1 at  300  K  and  an  identical  low

temperature behaviour as  1 was observed,  suggesting the expected  2F5/2 ground

state of the cerium 3+ cation (Figure 10). Similarly, the T value recorded at 300 K

per cerium for 2 was 0.77 cm3  K mol−1.  The decrease in susceptibility value with

decrease  in  temperature  down  to  2  K  was  somewhat  linear  in  this  material  as

compared to  1  and gave a value of 0.26 cm3  K mol−1 at 2 K. The corresponding

values for the molecular precursor [(C5Me5)2Ce(ortho-oxa)] were 0.72 cm3 K mol−1 at

300 K and 0.21 cm3 K mol−1 at 2 K. Evidently, these data support the assignment of

cerium in  a  +3  oxidation  state  in  1,  2 and  the  respective  molecular  precursors.

Additionally, the field-dependent magnetization saturation experiment performed at 2

K showed values of M = 0.98 and 0.90 μB at an applied field of 7 T for B at an applied field of 7 T for 1 (per cerium

cation) and [(C5Me4H)3Ce], respectively, that provides further support to the redox

assignment of  Ce(III)  and a formally neutral  form of  fullerene in these materials.
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Slightly lower values of M = 0.76 and 0.74 μB at an applied field of 7 T for B were observed for  2 (per cerium

cation) and [(C5Me5)2Ce(ortho-oxa)], respectively (Figure 10). Overall, the magnetic

data for  1  and  2 as well as the similarity between the magnetic properties of their

respective molecular precursors support the co-crystalline nature of neutral fullerene

and parent Ce(III) complexes.

Figure 11. Comparative plots of  T vs T for  1 (left)  and  2 (right).  Temperature-

dependent magnetic data with 2T applied magnetic field. 

Figure 12. Comparative field-dependent plot of M vs H for 1 (left) and 2 (right). Field-

dependent magnetization at 2K.
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XANES Spectroscopy: The Ce L3-edge XANES spectra (Ce 2p1/2 → 5d3/2) of 1,  2,

and their molecular precursors were recorded to further probe any potential charge

transfer to the C60 moiety. Ce L3-edge spectra are commonly used to identify and

characterize  the  electronic  structure  of  Ce(IV)  complexes,  where  a  characteristic

two-peak  structure  is  observed  and  interpreted  under  a  configuration  interaction

model assigning the two features to states of 4f1 and 4f0 parentage whose intensities

represent the relative weights of these configurations in the ground state.21 Thus, this

spectroscopy should be sensitive to charge transfer in these systems.

The  spectra  for  (C5Me4H)3Ce and  1 are  shown  in  Figure  13,  along  with

cerocene,  (C8H8)2Ce,50 which  is  representative  of  a  formally  Ce(IV)  complex with

carbonaceous donor ligands. In the spectrum of this latter complex, a distinct two-

peak structure is observed with features at ca. 5725 and 5737 eV. In contrast, the

spectrum of (C5Me4H)3Ce has only a single peak at 5724 eV, as is typically observed

for Ce(III) complexes. In the event of charge transfer from (C5Me4H)3Ce to C60 in 1,

we expect the resulting partial Ce(IV) character at Ce to manifest in the appearance

of a second peak at higher energy. This was not observed, and in fact the only

difference between the spectra of 1 and its molecular precursor (C5Me4H)3Ce is the

intensity  of  the  main  peak at  5724  eV,  attributable  to  differences in  the  sample

homogeneity and slight structural differences between the materials.
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Figure  13. Ce  L3-edge  XANES  spectra  of  (C5Me4H)3Ce,  1,  and  (C8H8)2Ce

(cerocene), offset for clarity. The former two spectra were collected at 50 K. The

cerocene data were adapted from reported data in Reference 50 (Organometallics

2009, 28, 698-707.) and are shown as an example of a formally Ce(IV) complex with

carbonaceous donor ligands. The spectra for both (C5Me4H)3Ce and 1 are consistent

with the presence of Ce3+ cations in both materials.

The spectra for 2 and its precursor mirror those of the (C5Me4H)3Ce system, and can

be found in the SI. Thus, these spectra are consistent with  Ce(III) centers in 1 and 2,

with neutral  C60 in either material (Figure S9-S10). We note, however, that given the

relatively  low  intensity  for  the  f0 features  in  tetravalent  Ce  complexes  with

carbonaceous donors,50, 51 it is impossible to rule out a minor partial charge transfer

in 1 or 2.

Electronic Structure Calculations:

The series of experimental studies including XRD, FT-IR, Raman, solid state UV-vis-

NIR,  XANES spectroscopy and magnetic measurements suggested that fullerene

with  organocerium compound  is  co-crystalized  in  a  solid-state  lattice  with  weak

intermolecular interactions. However, applied pressure can induce charge transfer in

transition metal-based donor-acceptor complexes, as observed both experimentally

and computationally.52-55 Recently in 2021 Kuzmin et al. demonstrated the pressure-

induced charge transfer in a molecular complex of fullerene with ferrocene, {Fe(η5-

C5H5)2}2•C60,  using  both  calculations,  single-crystal  X-ray  diffraction  analysis,  and

Raman spectroscopy at pressures up to 5.3 GPa.56, 57 Inspired by these studies we

were interested in the effect of high pressure on the lattice structure of molecular

material  1.  To  investigate  the  effect  of  pressure,  and  the  extended  electronic

structure generally, periodic density functional theory calculations were carried out

for 1. The large number of atoms in the unit cell of 2 prevented such calculations due

to high computational cost.

The analysis of the electronic structure of  1 based on periodic density functional

theory (DFT) calculations (for details see the SI) identifies the system as a strongly

correlated Mott insulator. As such, there are similarities to the 4f1 system Ce2O3 as

far as the electronic structure local to the cerium(III) cation is concerned. A hallmark
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of a Mott insulator is observed, namely, DFT calculations that do not include exact

exchange or a Hubbard U term result in metallic ground states for both 1 and Ce2O3,

whereas a band gap opens up when a Hubbard U (‘DFT+U’) [and, in the case of

Ce2O3, a hybrid functional] is used.58, 59 For Ce2O3, it has been shown previously that

hybrid  functional  DFT  calculations29 or  calculations  with  explicit  treatment  of  the

dynamic correlation60 predict the correct electronic structure, that is an insulator with

weak  AFM coupling  between  the  Ce  centers,  and  reasonably  good  to  excellent

agreement between the calculated and the fundamental experimental (ca. 2.4 eV)61

band gap. Apparently, using GGA+U is capable of producing the correct band gap of

Ce2O3 for mostly the right reasons,58, 59 although it was noted that the optimal choice

of  U depends  on  the  property  being  investigated.  The  best  agreement  with  the

experimental band gap for Ce2O3 was obtained with U = 6 eV, but the results with U

= 5 eV, which is the value used in our calculations of  1,  were close as well.59 In

addition, the present system 1 differs from Ce2O3 in crucial way. For example, the

predicted band gap for 1 with U = 5 eV was only 0.47 eV (Table S7 in the SI), which

is notably smaller than that of Ce2O3. Because of the large distance between Ce(III)

centers in  1, the calculations predict the AFM and ferromagnetic (FM) coupling of

unpaired spins to be effectively isoenergetic (i.e., the ground state is paramagnetic). 

The calculations further provide the conclusion that charge transfer between C60 and

the [(C5Me4H)3Ce]2 molecular complex upon formation of the cocrystal  is minimal

under ambient conditions (Figure S12 and Table S8 in the SI). With U between 4 and

6 eV, the spin population at Ce is very close to 1 (see Table S7 in the SI), which

means there is no indication of delocalization of the Ce 4f1 unpaired spins. 

Interestingly,  the  band  gap  increases  slightly  with  increasing  pressure  in  the

calculations, going from the aforementioned 0.47 eV under ambient conditions to

0.73 eV at 8 GPa external pressure (Table S7 in the SI).  This result is unusual.

Typically,  pressure  causes  bands  to  broaden,  leading  to  an  eventual  overlap  of

valence  and  conduction  bands,  with  concomitant  metallization  and  charge

delocalization. However,  some exceptions are known, for example when electron

density is highly localized in interstitial  regions (electrides),62 as well as in certain

covalent63 and ionic64 semiconductors. At 8 GPa the cell volume in 1 is decreased by

~22% in comparison to the ambient pressure crystal structure (Table S8 in the SI).

Further, nearest neighbour CeCe and CeCC60 distances also reduced by ~11% and

2
1



~16% respectively (Table S9). Such a precipitous decline upon initial compression is

typical of molecular solids wherein the van der Waals space is squeezed out first.65

The data  in  Table  S8 suggest  that  the  amount  of  charge transferred  to  C60,  as

determined with a Bader analysis, increases upon compression from 0.12 to 0.36.

The charge density difference (CDD) at 8 GPa is provided in Figure 14 (top). The

density  of  states  (DOS)  plot  for  the  AFM  state  at  8  GPa  (Figure  14,  bottom)

resembles the plot without pressure (Figure S11, middle), however the levels are

broadened, as expected, under pressure. Nonetheless, as mentioned already, the

band  gap  increases  under  pressure.  Overall,  the  periodic  electronic  structure

calculations provide a picture of the Mott insulating behavior for 1 that is reminiscent

of Ce2O3 with a larger separation between Ce(III) cations (Table S9).

Figure 14. Top: Charge density difference (CDD) plot for AFM 1 at 8 GPa with a U

value of 5 eV and an isosurface level of 2.75×10-6 e/Å3. Bottom: Projected density of

states (PDOS) of AFM 1 at 8 GPa.
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Conclusion: We  reported  reaction  of  fullerene  with  organocerium  complexes

(C5Me4H)3Ce  and  [(C5Me5)2Ce(ortho-oxa)]  as  molecular  precursors  to  isolate

molecular material [(C5Me4H)3Ce]2•C60 (1) and [(C5Me5)2Ce(ortho-oxa)]3•C60 (2) based

on the redox properties of donor and acceptor molecules. Single crystals of 1,2 and

3 were  isolated  and  characterised  X-ray  crystallographically  The  spectroscopic

characterizations, namely FT-IR, Raman, solid-state UV-vis-NIR spectroscopy, X-ray

absorption near edge structure (XANES) spectroscopy, and magnetic susceptibility

measurements for 1 and 2 suggested they are co-crystals of formally neutral C60 with

cerium(III)-based  metal  complexes.  Control  experiments  with  organolanthanum

molecular  precursor  (C5Me4H)3La  with  C60 to  get  [(C5Me4H)3La]2•C60 (3)  further

supported  the  formal  oxidation  state  assignments  of  the  constituents.  Detailed

DFT+U  calculations  and  pressure-dependent,  periodic  density  functional  theory

calculations  on  1 suggested  that,  although  no  substantial  charge  transfer  is

observed,  notably  1 showed  similar  behaviour  to  the  strongly  correlated  Mott

insulator Ce2O3. These results open new avenues for realizing tunable molecular

materials  comprising  redox  active  cerium  complexes  with  acceptors  for  the

development of f-electron materials with notable properties including strong electron

correlations.

Experimental Section:

General Methods.  All reactions and manipulations were performed under an inert

atmosphere (N2) using standard Schlenk techniques or in a inert dry-box equipped

with a molecular sieves 13X/Q5 Cu–0226S catalyst purifier system. Glassware was

oven-dried for at least 3 h at 150 C prior to use. 1H NMR spectra were obtained on a

Bruker UNI-500 Fourier transform NMR spectrometer operating at 400 MHz for  1H,

125 MHz for 13C NMR. Chemical shifts were recorded in units of parts per million and

referenced against  residual  proteo  solvent  peaks.  FT-IR spectra  were  measured

using KBr pellets on a Bruker Invenior R spectrometer. The Raman spectra of all the

air  and  moisture  sensitive  complexes were  recorded  using  a  JASCO NRS-5500

Raman Spectrometer with a 532 nm laser. Solid state UV-vis-NIR measurements

were  performed  on  Agilent  Cary  5000  spectrometer.  Elemental  analyses  were

recorded on a Costech ECS 4010 analyzer.
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Materials. Dry and deoxygenated solvents were prepared using a commercial two-

column solvent purification system comprising columns packed with Q5 reactant and

neutral alumina respectively. Deuterated toluene and benzene (Cambridge Isotopes)

were  stored  over  molecular  sieves  (4  Å)  overnight  prior  to  use.

tris(tetramethylcyclopentadienyl)cerium(III),  LaCl3 purchased  from  STERM

Chemicals  and  C60,  C5Me4H2  were  obtained  from  ACROS  organics  and  Sigma

Aldrich  respectively.  (C5Me4H)3La  and  [(C5Me5)2Ce(ortho-oxa)]  were  prepared

according to the literature procedures46

1.2. Synthesis and Characterization

Synthesis of [(C5Me4H)3Ce]2•C60 (1). (CpMe4H)3Ce  (35 mg, 0.070 mmol, 2 equiv)

was dissolved in 2 mL of toluene and filtered with a 0.2 µm syringe filter. C60 (25.0

mg, 0.035 mmol 1 equiv) was dissolved in 8 mL of toluene and filtered with a 0.2 µm

syringe filter. The two solutions were mixed together in a vial. The dark violet colored

solution  was  kept  for  crystallization  at  20  C.  After  2  days,  dark  violet  colored

crystals were obtained. The crystals were collected by decantation and subsequently

washed with an additional portion of cold toluene (2   2.0 mL). The crystals were

then dried under reduced pressure to give analytically pure 1. Yield: 47.0 mg, 78%.
1H NMR (400 MHz, 298 K, Toluene-d8):  δ 7.36 (s, 18H, CpMe),  7.97 (br, ~18H,

CpMe), 9.88 (s, ~3H, CpH). 13C NMR (125 MHz, 298 K, C6D6): δ 142.9. Anal Calc’d

for (Ce2C114H78): C, 79.23%; H, 4.55%; Found C, 79.22%; H, 4.53%. FT-IR (KBr, cm -

1):  1450 (s), 1432 (w), 1376 (s), 1307 (w), 1185 (w), 1130 (w), 1097 (w), 1082 (w),

766 (w), 577 (w), 570 (w), 536 (w), 527 (w).

Synthesis  of  [(C5Me5)2Ce(ortho-oxa)]3•C60 (2). [(C5Me5)2Ce(ortho-oxa)]  (55  mg,

0.084 mmol, 3 equiv) was dissolved in 2 mL of toluene and filtered with a 0.2 µm

syringe filter. C60 (20.0 mg, 0.028 mmol 1 equiv) was dissolved in 8 mL of toluene

and filtered with a 0.2 µm syringe filter. The two solutions were mixed together in a

20 mL scintillation vial. The dark violet colored solution was kept for crystallization at

20 C. After three days dark violet colored crystals were obtained. The crystals were

collected by decantation and subsequently washed with an additional portion of cold

toluene (2   2.0 mL). The product was then dried under reduced pressure to give

analytically pure 2.  Yield: 47.0 mg, 63%. 1H NMR (400 MHz, 298 K, Toluene-d8): δ

9.50 (d, 1H, J = 12 Hz, ortho-oxa-CH), 6.94 (d, 1H, J = 8.0 Hz, ortho-oxa-CH), 3.41

(s, 30H, C5Me5), 1.40 (s, 2H, ortho-oxa-CH2), 14.62 (s, 6H, ortho-oxa-CH3), 19.34

(s, 1H, ortho-oxa-CH). Anal Calc’d for (Ce3C156N3O3F9H123): C, 69.94%; H, 4.63%; N,
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1.57; Found C, 69.67%; H, 4.23%; N, 1.27. FT-IR (KBr, cm -1):  1596 (s), 1540 (w),

1473 (w), 1458 (br), 1437 (w), 1430 (w), 1411 (w), 1376 (w), 1369 (w), 1357, 1321

(m), 1307 (s), 1242 (m), 1216 (w), 1193 (w), 1182 (w), 1111 (br), 1083 (s), 1059 (s),

1021 (s), 965 (m), 908 (m), 832 (s), 822 (w), 768 (w), 707 (w), 697 (w), 577(w), 527

(s).

Synthesis of [(CpMe4H)3La]2•C60 (3). (CpMe4H)3La (35.2 mg, 0.070 mmol, 2 equiv)

was dissolved in 2 mL of toluene and filtered with a 0.2 µm syringe filter. C60 (25.0

mg, 0.035 mmol) was dissolved in 8 mL of toluene and filtered with a 0.2 µm syringe

filter. The two solutions were mixed together in a vial.  The dark brownish colored

solution was kept for crystallization at 20 C. Microcrystals were observed after two

days of which, some were of diffraction quality.  The microcrystals were collected by

decantation and subsequently washed with an additional portion of cold toluene (2 

2.0 mL).  The product was then dried under reduced pressure to give analytically

pure  3.  Yield:  36.5 mg 60%. Anal  Calc’d  for  (La2C114H78):  C,  79.35%; H,  4.52%.

Found C, 79.36%; H, 3.72%. FT-IR (KBr, cm-1): 1428 (s), 1379 (s), 1326 (w), 1182,

1136, 1017, 769 (s), 694 (m), 609 (w), 577 (w), 527 (s).

First Principles Calculations

Density functional theory (DFT) calculations with periodic boundary conditions were

performed to optimize the atomic positions and unit cell parameters and to calculate

the electronic structure of [(C5Me4H)3Ce]2C60 (1) using the Vienna ab initio Simulation

Package (VASP).66 A  plane-wave basis  set  with  a  cutoff  energy  of  480 eV was

employed. The atomic valence shells considered were 4f, 5spd, and 6s for Ce; 1s for

H,  and  2sp for  C,  N,  O,  and  F.  The  core  shells  were  treated  implicitly  via  the

projector-augmented-wave (PAW) method.67 The reciprocal  space (‘k-space’)  was

sampled over a Γ point-centered 2×2×2 grid.  The PBE functional  coupled with a

semi-empirical correction for the dispersion68 yielded lattice parameters and volumes

in-line with experiment. The DFT+U method69, where the Hubbard U was applied to

the Ce f states, was employed with U ranging from 0 to 6 eV to obtain the electronic

structure  given  the  PBE+D3  geometry.  For  the  converged  electronic  structure

obtained with U = 5 eV spin-restricted, AFM and ferromagnetic magnetic states were

studied. These same parameters were employed to optimize [(C5Me4H)3Ce]2C60 up to
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mild  pressures  of  8  GPa.  Further  computational  details  are  provided  in  the

Supporting Information.

Electrochemistry

Voltammetry experiments (CV, DPV) were performed using a CH Instruments 620D

Electrochemical  Analyz-er/Workstation  and  the  data  were  processed  using  CHI

software v9.24. All experiments were performed in an N2 atmosphere drybox using

electro-chemical  cells that  consisted of a 4 mL vial,  glassy carbon working elec-

trode, a platinum wire counter electrode, and a silver wire plated with AgCl as a

quasi-reference electrode. The quasi-reference electrode was pre-pared by dipping a

length  of  silver  wire  in  concentrated  hydrochloric  acid.  The  working  electrode

surfaces were polished prior to each set of experiments. Potentials were reported

versus ferrocene, which was added as an internal standard for calibration at the end

of each run. Solutions employed during these studies were 2 mM in analyte and 100

mM in [nPr4N][BArF4] in 2 mL of THF. All data were collected in a positive-feedback

IR compensation mode.

General Magnetometry Details 

Magnetic  susceptibility  and  magnetization  data  were  collected  using  a  Quantum

Design  MPMS-7  SQUID  magnetometer.  Samples  were  prepared  in  a  N2 filled

glovebox (Vacuum Atmospheres,  Inc. Nexus II)  under inert  conditions. Powdered

samples  of  1,  2,  [(C5Me4H)3Ce]  and  [(C5Me5)2Ce(ortho-oxa)]  were  loaded  into

polyethylene bags and these bags were subsequently sealed using a ziploc vacuum

Sealer System. The bags were then folded, inserted and immobilized in a plastic

drinking straw. Reproducibility of the magnetic susceptibility data was checked over

two separate batches of the samples. Saturation of magnetization measurements

were performed at 2 K varying the applied field from 0 to 7 T. Magnetic susceptibility

data were collected at temperatures ranging from 2 to 300 K at an applied field of 2

T. Data were corrected for the diamagnetic contributions of the sample holder and

bag by  subtracting empty  containers;  corrections  for  the  sample  were calculated

from Pascal’s constants. 

Associated Content

The Supporting Information is available free of charge at XX.
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Supporting Information:  Additional  experimental  details;  characterizations;  NMR

spectra; XANES spectra; electrochemical and computational details (PDF) .
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