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Silica-Supported Pentamethylcyclopentadienyl Ytterbium(II) and 

Samarium(II) Sites: Ultrahigh Molecular Weight Polyethylene without Co-

Catalyst 

Florian Allouche, Ka Wing Chan, Alexey Fedorov, Richard A. Andersen,* and Christophe Copéret* 

 

Abstract: Designing highly active supported ethylene polymerization catalysts that do not require a co‐

catalyst to generate electrophilic metal alkyl species is still a challenge despite its industrial relevance. 

Described herein is the synthesis and characterization of well‐defined silica‐supported cyclopentadienyl 

Ln
II
 sites (Ln=Yb and Sm) of general formula [(≡SiO)LnCp*]. These well‐defined surface species are 

highly activite towards ethylene polymerization in the absence of added co‐catalyst. Initiation is proposed 

to occur by single electron transfer. 

 

Polyethylene is one of the largest commodity chemicals, produced by the polymerization of ethylene using 

both homogeneous and heterogeneous catalysts. The formation of C−C bonds during ethylene 

polymerization takes place through the Cossee–Arlman mechanism which involves coordination of the 

incoming ethylene monomer to the open coordination site of an electrophilic metal alkyl species followed 

by an insertion step; the repetition of these two steps leads to polymer chain growth.
1
 Generation of the 

catalytically active species, that is, an electrophilic metal alkyl species featuring an open coordination site, 

usually requires the use of a co‐catalyst, for example, Ziegler–Natta catalysts or metallocenes (Scheme 1). 

The co‐catalysts can be divided into two main categories, Lewis acids
2
 such as B(C6F5)3, or activators that 

function as alkylating agents and Lewis acids such as MAO or Et3Al.
2b

,
2c, 3

 In supported catalysts, the 

cationic metal alkyl can also be generated directly by reacting metal alkyl complexes using supports such 

as alumina
4
 and the Brønsted acidic sulfated oxides

5
 or alternatively by using supported MAO for 
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example.
6
 There are only a few heterogeneous catalysts that do not require such co‐catalysts; the most 

prominent ones are the Phillips catalyst based on CrO3/SiO2,
7
 the related well‐defined Cr

III
 silicates,

8
 the 

silica‐supported Cr[CH(TMS)2]3,
9
 and the Union Carbide system, Cp2Cr/SiO2.

10
 A similar parallel can be 

made for homogeneous systems. Probably the most noteworthy examples are based on Cp*2Ln (Ln=Yb 

and Sm), that polymerize ethylene at room temperature.
11

 The latter observations suggest that supporting 

these metallocenes, using the techniques of surface organometallic chemistry (SOMC),
12

 can yield well‐

defined olefin polymerization catalysts working in absence of any co‐catalysts. Here, we report the 

synthesis and the characterization of well‐defined silica‐supported cyclopentadienyl Ln
II
 sites, 

[(≡SiO)LnCp*] with Ln=Sm and Yb. These species efficiently polymerize ethylene in the absence of co‐

catalysts, and the initiation process most likely occurs through a single electron transfer.

 

Scheme 1. Proposed active sites in A) homogeneous and B) heterogeneous polymerization catalysts based 

on metal–alkyl cationic species. C) Rare examples of neutral initiating species active towards ethylene 

polymerization in the absence of a co-catalyst. 

The reaction of an orange toluene solution of Cp*2Yb with silica, partially dehydroxylated at 700 °C 

(SiO2‐700, 0.26 mmol SiOH g
−1

), yields a green material referred to as Cp*2Yb@SiO2‐700, (this notation 

refers to the formulation of the material prior to characterization) along with 0.79 equiv of Cp*H with 

respect to the initial amount of silanol (Scheme 2). Elemental analysis (EA) of Cp*2Yb@SiO2‐700 gives 
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3.53 wt % Yb and 2.60 wt % C, corresponding to 10.6 C/Yb (10 expected); the amount of grafted complex 

is consistent with the release of 0.95 equiv of Cp*H per Yb center and the formation of surface 

monografted [(≡SiO)YbCp*] species. Similarly, the green material Cp*2Sm@SiO2‐700 is obtained, along 

with 0.93  equiv of Cp*H per grafted Sm metallocene (EA: 2.82 wt % Sm and 2.16 wt % C, 9.6 C/Sm −10 

expected). 

 

 

Scheme 2. Synthesis of Cp*2Ln@SiO2-700. 

Further characterization of Cp*2Ln@SiO2‐700 (Ln=Yb, Sm) by Fourier Transform infrared spectroscopy 

(FTIR—Figure S1 A) shows the presence of unreacted silanols as evidenced by the absorption at 3747 

cm
−1

 and the appearance of a broad band centered at 3650 cm
−1

, associated with silanols interacting with 

the grafted Ln organometallic fragments. The FTIR spectra are consistent with partial grafting; fewer Sm 

centers are grafted as evidenced by the presence of a larger amount of remaining isolated silanol groups, 

consistent with the lower Sm coverage obtained from elemental analysis (Figure S1A and the Supporting 

Information). Furthermore, contacting Cp*2Ln@SiO2‐700 with excess CO results in the appearance of a 

single IR band at 2161 cm
−1

 (Ln=Yb, Figure S1 B) and at 2167 cm
−1

 (Ln=Sm, Figure S1 C), which 

increases in intensity upon increasing the pressure of CO and disappears upon evacuation. The ν(C−O) 

band is blue‐shifted compared to free CO for both Ln=Yb and Sm. A similar trend, although less 

pronounced, is observed in the case of Cp*2Sm in solution with a ν(C−O) band being blue‐shifted to 2153 

cm
−1

.
13

 Nevertheless, the case of Cp*2Yb@SiO2‐700 is in contrast to the CO adducts of Cp*2Yb in solution 

in which the ν(C−O) bands are red‐shifted to 2114 and 2072 cm
−1

, attributed to the presence of oxygen‐
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bonded CO according to DFT calculations.
14

 In Cp*2Yb@SiO2‐700, the CO is likely carbon‐bonded in 

which the bonding of Yb−CO is mainly electrostatic, hence the blue shifted value. 

In addition, the 
1
H Magic angle spinning (MAS) NMR spectrum of Cp*2Yb@SiO2‐700 displays a single 

resonance with a chemical shift δ=0.76 (Figure 1 A), and the 
13

C cross‐polarization magic angle spinning 

(CPMAS) NMR spectrum shows two resonances for the carbon atoms of the methyl and of the ring, 

respectively, at 10.1 and 114.5 ppm (Figure 1 B), slightly shifted with respect to Cp*2Yb observed at 10.6 

and 113.4 ppm in solution. These data further support the formation of [(≡SiO)YbCp*] as a well‐defined 

silica‐supported species. 

 

A) 10 kHz magic angle spinning 
1
H NMR spectrum of Cp*2Yb@SiO2‐700 B) 10 kHz cross‐polarization 

magic angle spinning 
13

C NMR spectrum of Cp*2Yb@SiO2‐700. C) Yb LI‐edge XANES of Cp*2Yb and 
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Cp*2Yb@SiO2‐700. D) EXAFS data (blue) and fits (red) in k‐space (upper; top and right axes) and R‐space 

(lower; bottom and left axes) of Cp*2Yb@SiO2‐700. 

Further information about the coordination environment of supported Yb centers is obtained by X‐Ray 

Absorption Spectroscopy (XAS), performed at the Yb‐LI edge. In the Yb LI‐edge XANES of Cp*2Yb and 

Cp*2Yb@SiO2‐700, nearly identical edge positions are observed, indicating that Yb remains in oxidation of 

+2 after grafting (Figure 1 C). Fitting the EXAFS data (Figure 1 D and Table S1) indicates the presence of 

five carbon atoms of the pentamethylcyclopentadienyl ring at 2.73(1) Å and five carbon atoms from the 

methyl carbons at 3.65(2) Å; Yb−O and Yb−Si distances are found at 2.24 Å and 3.21(3) Å, respectively. 

Additional scattering path from nearby siloxane bridges results in a similar statistical quality of the fit (see 

Table S2 and Figure S9) making it impossible to determine the presence of additional siloxane bridges 

interacting with the Yb centers from the EXAFS data (Scheme 2). 

Cp*2Sm and Cp*2Sm@SiO2‐700 were also characterized by the Sm‐LI edge. XANES spectra show that 

both have nearly identical edge positions indicating that the oxidation numbers of the two compounds are 

the same (Figure S10). It was not possible to obtain more information about the structure of the surface 

species due to the low intensity of the signals that precludes the accurate fitting of the EXAFS spectra 

(Figure S11). The 
1
H MAS NMR spectrum of Cp*2Sm@SiO2‐700 displays a single resonance at δ=1 ppm 

with a large anisotropy (Figure S7), typical for Sm
II
species (vs. ca. 0 ppm in the case of Sm

III
 species). 

However, it was not possible to detect the 
13

C NMR resonances associated with the Sm
II
 surface species 

found at ca. δ(CH3)= −98.2 ppm and δ(Cring)=99.0 ppm in solution.
11f

 Two resonances of weak intensity 

were observed at 11.2 and 113.8 ppm (Figure S8), suggesting the presence of small amount of 

Sm
III

 species,
15

 not detected by XAS, possibly formed during grafting either by reaction with surface 

hydroxyls, other sites or the released Cp*H.
16

 

Cp*2Yb@SiO2‐700 and Cp*2Sm@SiO2‐700 polymerize ethylene at 50 °C and at 20 bar, in the absence of co‐

catalyst with an activity of 228 and 1280 kgPE (molLn h)
−1

 respectively, which is ca. 3 and 4 times higher 

than for the parent molecular precursor, respectively (Table 1). The effect of grafting on the polymer 
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properties is striking with the production of ultrahigh molecular weight polyethylene (Table 1). Thus, the 

increased polymer chain length for the silica‐supported metallocenes is associated with grafting, possibly 

because of site isolation and/or the exchange of one Cp* by a siloxy ligand. The CPMAS 
13

C spectrum of 

the polymer produced by Cp*2Yb@SiO2‐700 does not show any end groups or any chain branching (Figure 

S6), consistent with the large Mn and Mw measured. 

Table 1. Ethylene polymerization results. 

  Activity
[a]

 Mn
[b]

 Mw
[b]

 Ð 

Cp*2Yb 74 100 350 3.6 

Cp*2Yb@SiO2‐700 228 690 3570 5.2 

Cp*2Sm 312 9 61 6.7 

Cp*2Sm@SiO2‐700 1280 580 3210 5.6 

[a] Polymerization conditions: 50 °C, 20 bar. Unit: kgPE (molLn h)
−1

. [b] Determined by high‐temperature 

size exclusion chromatography. Unit: kg mol
−1

. 

The number of active sites in Cp*2Yb@SiO2‐700 is determined by poisoning experiments using 

dimethoxyethane (Figure S13 A), since Cp2*Yb(OEt2) does not polymerize ethylene.
11b

 The 

polymerization activity of Cp*2Yb@SiO2‐700 decreases linearly with an increasing amount of poison 

reaching 0 when 0.25 equiv of dimethoxyethane per Yb is used, suggesting that only 25 % of the surface 

sites can initiate polymerization; this indicates that each active Yb center polymerizes with a rate close to 

1000 kgPE (molYb h)
−1

. Since coordination of a single molecule of diethyl ether is sufficient to switch off its 

activity in the molecular system, it is possible that the coordination of nearby siloxane bridges leads to 

inactive species and accounts for the low number of active sites. Overall, the intrinsic activity of the active 
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centers is on average 1000 kgPE (molYb h)
−1

, that is 12 times higher than that for the Cp*2Yb in solution. 

The supported Sm system also exhibits a linear decrease of activity with an increasing amount of 

dimethoxyethane but the number of active sites is only 10 % (Figure S13 B). This difference can be 

tentatively rationalized by the larger radius of the Sm
2+

 ion (136 pm vs. 116 pm for Yb
2+

), favoring more 

interactions with neighboring siloxane bridge(s). Accordingly, the average activity of the active Sm sites 

is 12 800 kgPE (molSm h)
−1

, that is, 40 times higher than the parent Cp*2Sm. 

In the case of the molecular complexes, Cp*2Yb and Cp*2Sm polymerize ethylene at 20 °C, but Cp*2Eu is 

inactive. This is consistent with an initiation occurring through a single electron transfer (SET) process 

since Cp*2Yb and Cp*2Sm have redox potentials of −1.12 V and −1.7 V (vs. NHE) respectively, whereas 

that of Cp*2Eu is −0.56 V.
17

 Potential mechanisms involve the formation of a 2:1 complex of Cp*2Sm 

with ethylene, followed by SET
18

 (Scheme 3 A, Mechanism 1) or the formation of a 1:1 complex, 

followed by a SET and dimerization
19

(Scheme 3 A, Mechanism 2). In order to assess whether or not the 

initiation also occurs through a SET in the case of the silica‐supported lanthanocenes, we synthesize 

Cp*2Eu@SiO2‐700 (see Figures S2 and S5 in the Supporting Information). The XAS at Eu‐LI edge for 

Cp*2Eu and Cp*2Eu@SiO2‐700 are nearly identical indicating Eu remains in a +2 oxidation state after 

grafting (Figure S12). The latter does not initiate polymerization, which supports the SET process 

postulated for Ln=Yb and Sm. Initiation through a SET process is consistent with the inactivity of 

Cp*2Ln@SiO2‐700 (Ln=Yb and Sm) towards propylene polymerization, since in gas phase the propylene 

anion is 0.21 eV (4.9 kcal mol
−1

) higher in energy than the ethylene anion.
20

 Furthermore, grafting onto 

SiO2‐700 imposes site isolation (<1 Ln center per square nanometer), ruling out the formation of a 2:1 

complex (Scheme 3 A, Mechanism 1) and/or preventing the putative Ln alkyl radical to dimerize on the 

surface (Scheme 3 A, Mechanism 2). The linear decrease of the activity with increasing amount of poison 

indicates a monometallic initiation, forming [(≡SiO)(Cp*)Ln
3+

(‐CH2−CH2
.
)] that initiates chain growth 

either by coordination of ethylene followed by insertion into the Ln−C bond (Scheme 3 B, Pathway 1) or 

through radical propagation (Scheme 3 B, Pathway 2). Since the activity depends strongly on the 

lanthanide metal, Sm>Yb, chain growth most likely takes place through the Cossee–Arlman mechanism, 
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as shown with Cp*2LuMe
21

 and suggested for Cp*2YbMe.
22

 This pathway generates a long chain polymer 

with a long‐lived carbon‐based free radical that can be observed by EPR spectroscopy.
23

 

 

Scheme 3. A) Initiation of ethylene polymerization of Cp*2Ln. B) Initiation of ethylene polymerization of 

Cp*2Ln@SiO2-700 and further chain growth. 

In summary, we have described the formation and characterization of highly reactive heterogeneous 

catalysts for ethylene polymerization through grafting of Cp*2Ln on silica via SOMC. Similar to some 

industrials catalysts such as the Philipps and Union Carbide systems, both Cp*2Yb@SiO2‐700 and 

Cp*2Sm@SiO2‐700 have no metal‐alkyl group present initially, yet these supported species initiate ethylene 

polymerization in the absence of co‐catalysts. Despite the low number of active sites, their intrinsic 

activity is strikingly high, 1000 and 12 800 kgPE (molLn h)
−1

 for Yb and Sm, respectively, exceeding those 

of the parent molecular precursors, further illustrating the advantage of site isolation. Initiation takes place 

through a single electron transfer to generate the active surface species [(≡SiO)Ln
3+

(Cp*)(‐CH2−CH2
.
)]. 
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The specificity of these Yb/Sm supported catalysts for ethylene over propylene is also observed in the 

Phillips and the Union Carbide (silica‐supported chromocene) catalysts. The reactivity pattern of these 

metallocene catalysts triggers the thought that they share a common initiation mechanism, a connection 

that is under active study in our laboratories. 
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