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ABSTRACT: The Union Carbide(UC) catalyst, one of the first ethylene polymerization (EP) catalysts based on 

supported organometallic compounds, is based on chromocene dispersed on silica; it is distinct from the 

corresponding Phillips catalysts, based on supported chromium oxide, because it is responsive to H2 enabling 

tuning the resulting polymer. Yet, despite 50 years of research, the structure of its active sites has also been 

controversially discussed and remains elusive. Based on a combination of IR, EPR spectroscopies, labeling 

experiments, and modeling at the DFT level, we identified monomeric surface-supported Cr(III) hydrides, 

(≡SiO)Cr(Cp)-H, as the active sites of the UC catalyst. These active sites, with distinct EPR signatures, are exclusively 

formed at high Cr loadings because their formation requires a combination of congruent factors, namely the 

presence of grafted as well as adsorbed chromocene together with residual surface OH groups, and involves a C-

H bond activation step of the Cp ring. These Cr-hydrides readily initiate polymerization, yielding Cr(III) alkyl species 

that insert ethylene monomers through a Cossee–Arlman-type mechanism, as evidenced by labeling and 

spectroscopic studies. This information inspired the design of a well-defined analog, that was prepared and 

characterized using SOMC by grafting CpCr(CH(SiMe3)2)2 on partially dehydroxylated silica. The resulting surface 

Cr sites show similar EPR signatures and produce similar polyethylene as the UC catalyst, further supporting the 

presence of similar active sites and opening the way to generating new classes of catalysts. 
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INTRODUCTION 

Nowadays, polyethylene is one of the most commonly used plastics worldwide, with high-density polyethylene 

(HDPE) accounting for the largest proportion of ca. 45 %.1 At the present time, Ziegler-Natta catalysts account for 

roughly 60 % of the annual world production of polyethylene. The silica-supported chromium oxide Phillips 

catalyst represents the other 40 % of worldwide production.1 An alternative Cr-based catalyst was developed by 

the Union Carbide Corporation (UC) in the early 1970’s based on silica-supported chromocene, [Cp2Cr(II)] (1).2-4 

This catalyst is obtained by contacting a solution of 1 with partially dehydroxylated silica. The UC catalyst probably 

corresponds to one of the first industrially applied heterogeneous catalysts prepared from an organometallic 

reagent supported on silica, thus pioneering the field of surface organometallic chemistry (SOMC).5, 6 Compared 

to the Phillips catalyst, the UC catalyst is more active towards ethylene polymerization and requires lower reaction 

temperatures. Furthermore, its high response to dihydrogen allows for chain length control by H2 addition.4, 7-10 

The generally narrower molecular weight distribution (MWD) of the polyethylene produced by the UC catalyst 

compared to the Phillips catalyst makes the UC system an attractive alternative EP catalyst, although its lower 

temperature resistance has limited its applicability. 

 

Figure 1. A) Previously proposed surface and active sites structures of the UC catalyst. B) Illustration of Cr sites 

(above the arrow) investigated by CO-IR, EPR, and DFT modeling as a function of the Cr loading in agreement with 

experimental results. Monomeric (in red) and dimeric (in orange) Cr(II) sites show no activity while monomeric 

Cr(III) sites (in green) are active in EP. The respective well-defined monomeric and dimeric Cr(II), as well as 

monomeric alkyl-Cr(III) sites, (below the arrow) are designed using the SOMC approach.  

Despite decades of research, the nature of the active site of the UC catalyst, as well as its operating mechanism, 

are still debated (Fig. 1A). Indeed, the diversity of surface sites, together with the low number of active ones 

compared to the overall amount of chromium (few %), have made the elucidation of the active site structure and 

mechanistic investigations challenging.9  

Notably, the density of hydroxyl groups on the silica surface has a decisive influence on the polymerization 

activity, that increases with decreasing surface-OH density.11 A variety of Cr sites has been previously observed 

after reacting dehydroxylated silica with 1. Based on IR and UV-vis investigations, the formation of mono-grafted 

1, i.e. (≡SiO)CrCp, together with chemisorbed 1 (i.e. Cp2Cr…SiO2) at higher Cr loadings (see Fig. 1A), was proposed.4, 

7, 12 This monomeric site has been suggested to generate the corresponding monomeric Cr(IV) metallacycle (Fig. 



3 
 

1A, right) in the presence of ethylene.13 The formation of Cr-dimers was also reported. Schnellbach et al. identified 

predominantly dimeric half sandwich Cr(II) sites on silica (Fig. 1A), based on 1H MAS NMR investigations.8 The 

latter would react with ethylene to yield dimeric Cr(III) alkyl silicates (Fig. 1A, right).13 However, X-ray absorption 

studies provided evidence for dimeric silica-supported Cr(III) species Cp2Cr2O4 before ethylene treatment (Fig. 

1A).14  

Investigations on potential model systems for the UC catalyst using lanthanide(II)-analogs of 1 showed that silica-

supported Sm(II) and Yb(II) cyclopentadienyls, polymerize ethylene, probably initiated via single electron transfer 

(SET) activation without the need of alkylating co-catalysts.15 However, the significantly lower oxidation potential 

of chromocene (1) compared to Cp*2Ln (Ln = Sm(II) and Yb(II)) complexes makes a comparable activation step in 

the UC catalyst unlikely. Furthermore, the silica-supported Cp*2Ln catalysts typically produce polyethylene with 

a narrower MWD than the UC system, thus indicating a different type of active sites for the UC catalyst.2c, 9 

In this work (Fig. 1B), we selectively prepare and characterize various Cr surface sites present in the UC catalyst, 

using SOMC together with detailed combined spectroscopic and computational studies. In Part 1, using CO as a 

probe molecule for IR investigations, we identify various surface Cr sites of the UC system as a function of Cr 

loadings on dehydroxylated silica. We support our assignments by comparison of spectroscopic responses from 

industrial-like catalysts with those of well-defined model systems, prepared via SOMC. Using this approach, we 

evidence the presence of surface Cr hydrides in the UC catalysts at high loading (Part 1). The presence of these 

Cr(III) hydrides is further confirmed by EPR spectroscopy. In Part 2, we investigate possible pathways for Cr 

hydrides formation using 2H labeling and DFT calculations. The CO vibrational frequencies of the proposed sites 

were further calculated at the DFT level and compared with the experimental ones described in Part 1 to further 

validate the assignments. Overall, we propose that two Cr moieties, one grafted and the other one adsorbed, are 

cooperating to generate supported monomeric and dimeric Cr(III) hydrides involving a C-H activation of the Cp 

ring. In Part 3, using DFT calculations, we show that monomeric Cr(III) hydrides initiate ethylene polymerization 

via C2H4 insertion into the Cr(III)-H bond with the subsequent formation of Cr(III) alkyl species (≡SiO)Cr(Cp)-R (R = 

C2H5, -(CH2)n-CH3) that enable further insertion and polymer formation. Finally, in Part 4, we develop a 

molecularly-defined analog of the active sites – namely (≡SiO)CrCp[CH(SiMe3)2]– by grafting a tailored molecular 

precursor. This well-defined Cr(III)-alkyl initiates ethylene polymerization, as evidenced by EPR hyperfine 

spectroscopy using 2H-labeling strategies. Overall, this study show that the active sites of the UC catalyst 

correspond to surface Cr(III) hydrides/alkyls and that it is possible to generate well-defined analogs. 
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Results and Discussions 

1. Characterization of monomeric Cr(III) hydrides by CO-IR probe and EPR spectroscopies 

The direct observation of the active site of the UC catalyst is challenging because of the simultaneous presence 

of various Cr surface species and the small amounts of active sites in this system. Nevertheless, the identification 

of the active sites could be possible if one detects a spectroscopic signature that changes under reaction 

conditions or that correlates with the polymerization activity.10 

As reported earlier,2-4 the EP activity of the UC catalyst is critically dependent on the Cr loading. Therefore, four 

different Cr loadings were investigated by contacting varying amounts of 1 with silica, partially dehydroxylated at 

700 °C (SiO2-700, see SI, Section 1) that contains mostly isolated surface OH groups.11 Contacting of 1 with SiO2-700 

led in all cases to an instant color change of the white silica powder to dark blue/black and a decrease in of the IR 

bands corresponding to the surface OH groups (see Fig. S1). 1-SiO2-0.25, 1-SiO2-0.5, 1-SiO2-1, and 1-SiO2-2 were 

obtained using 0.25, 0.5, 1.0, and 2.0 wt. % of Cr, respectively (see SI, Section 2.1 for preparation details ). 

According to elemental analysis and 1H NMR quantifications of the washing solutions (see SI, Section 2.1 & Table 

S1), about one Cp/Cr is present on silica for 1-SiO2-0.25, suggesting the presence of exclusively mono-grafted 

sites. However, with increasing Cr loadings, the Cp/Cr ratio increases, reaching an almost 3 Cp/2 Cr ratio in 1-SiO2-

1. These findings suggest the presence of both grafted and strongly adsorbed (possibly chemisorbed) 1 on silica 

at higher Cr loadings. The EP activities for all the obtained materials show the following trends: while 1-SiO2-1 and 

1-SiO2-2 UC catalysts with relatively high Cr loading display EP activity, the two low loading materials 1-SiO2-0.25 

and 1-SiO2-0.5 show hardly any activity (see Table S2). Therefore, high Cr loadings (> 1.0 wt. % of Cr) are required 

to generate the active sites in UC catalyst, as discussed earlier. 

In order to characterize the Cr species in the UC system, including the active site structure, we performed IR 

spectroscopic studies of the prepared UC catalysts with different Cr loadings (Fig. 2). We used CO gas as a probe 

molecule6 for the identification of the various Cr surface sites that display different IR vibrational frequencies of 

the adsorbed CO molecules (CO-IR probe; see SI Section 1). The various Cr sites were then assigned by a 

comparison of their IR frequencies with those of the well-defined Cr surface species prepared by SOMC (see also 

Fig. 1B and Fig. 2, 2-SiO2 and 3-SiO2) and DFT calculations on model systems (see Part 2). Since the EP activity of 

the UC system was observed only at high Cr loadings (≥ 1 wt. %, 1-SiO2-1 and 1-SiO2-2), the CO-IR signature of the 

active sites may be assessed by comparison with the CO-IR response at low Cr loading samples (1-SiO2-0.25 and 

1-SiO2-0.5), inactive in EP. 
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Figure 2. A) Background-subtracted IR spectra (solid lines) of the UC catalysts 1-SiO2-0.25, 1-SiO2-0.5, 1-SiO2-1, 

and 1-SiO2-2 after exposure to CO (25 mbar), as well as of model systems 2-SiO2 and 3-SiO2 (see Fig. 2B). Dashed 

lines indicate the IR spectra after the exposure of the corresponding CO-adsorbed materials to high vacuum (10-5 

mbar). CO bands that disappear under vacuum are marked in red (indicative of monomeric Cr(II) sites). Bands 

from irreversibly bound CO molecules are marked in orange (indicative of bridging CO between interacting Cr 

atoms). Low energy CO bands are marked in green (indicative of formyl groups that correlate with the EP activity 

in the high Cr loading silica materials). B) Grafting of tailored monomeric and dimeric model complexes on SiO2-

700. Both the monomeric (2-SiO2) and dimeric (3-SiO2) model systems show no activity in EP. 

As shown in Fig. 2A, the IR spectrum of the EP-active catalyst, 1-SiO2-1 after CO adsorption, displays a high level 

of complexity with a variety of different CO bands spreading over a large range of wavenumbers (2100 – 1500 cm-

1). In contrast, the low-loading material 1-SiO2-0.25 after exposition to CO shows only two predominant CO bands 

at 2061 cm-1 and 1981 cm-1; these bands are also observed in all the other materials (Fig. 2A, red region). We 

observed that these bands disappear upon exposure of the materials to high vacuum (10-5 mbar; see Fig. 2A, 

dashed lines). This indicates the reversible and weak binding of CO to these Cr surface sites.  

With increasing the Cr loading to 0.5 wt. % (1-SiO2-0.5), three additional bands at 2015 cm-1, ~1905 cm-1 (broad) 

and 1837 cm-1 arise (Fig. 2A, orange region). In contrast to the previously observed bands (Fig. 2A, red region), 

these IR signals do not disappear upon exposure to high vacuum. This indicates an irreversible (stronger) binding 

of CO molecules to these additional Cr sites. Upon further increasing the Cr content to 1 wt. % (1-SiO2-1), three 

additional rather broad CO bands appear at 1742 cm-1, 1630 cm-1, and 1579 cm-1 (Fig. 2A, green region). 

A further increase in the Cr loading on silica (2 wt. % Cr, 1-SiO2-2) does not lead to the appearance of new CO 

adsorption bands in the corresponding IR spectrum, though the peak at 1579 cm-1 gains in intensity (see Fig. 2A). 
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Note that the appearance of such bands (Fig. 2A, green region) correlates with the EP activity of 1-SiO2-1 and 1-

SiO2-2, in contrast to a negligible activity of 1-SiO2-0.25 and 1-SiO2-0.5, where such bands are absent or not 

observed (very low intensity). This finding suggests that there is a relation between these bands and the active 

site(s) in the UC catalyst. 

We then focused on the assignment of the CO-IR bands observed in the three groups in Fig. 2A. As said, the two 

bands at 2061 cm-1 and 1981 cm-1, together with a small shoulder at 1993 cm-1, which are related to reversibly 

bound CO molecules (Fig. 2A, red), are the only CO bands observed for the UC catalyst 1-SiO2-0.25 with low Cr 

loading. We hypothesized that they could therefore be assigned to monomeric Cr surface sites. In order to verify 

this hypothesis, we developed a well-defined silica-supported monomeric Cr(II) species, originating from the 

selective grafting of tris-tertbutyl-cyclopentadienyl-indenyl chromium complex [tttCpCrIndenyl] (2) onto SiO2-700, 

as shown in Fig. 2B. Complex 2 is, in fact, the first example of a Cr-based metallocene complex with two different 

types of Cp ligands, while similar metallocene complexes were described for Mn, Co, and Ni16, 17 (see SI Section 

2.2 for the details of the synthesis of 2 and Fig. S2 for its crystal structure). This molecular model system reacts 

quantitatively with hydroxyl groups on SiO2-700 to produce well-defined monomeric (≡SiO)Cr(tttCp) sites (2-SiO2, 

Fig. 2B). A stoichiometric amount of indene is released in the washing solution, as verified by 1H NMR 

quantification (see SI Section 2.2, and Fig. S3 for the IR spectra). The structure of the monomeric Cr(II) site was 

further confirmed by X-ray absorption near-edge structure (XANES) analysis (see Fig. S4). This is in sharp contrast 

to most Cr-cyclopentadienyl compounds and shows that the combination of the reactive indenyl ligand and the 

sterically demanding tttCp ligand favors the formation of Cr monomeric sites on the silica surface. 

The obtained material 2-SiO2 shows two bands at 2035 cm-1 and 1960 cm-1 upon exposition to CO (Fig. 2A). These 

bands are similar to those observed for the 1-SiO2-0.25 material (2061 cm-1 and 1981 cm-1, respectively) and, as 

observed for 1-SiO2-0.25, these bands disappear under vacuum. Therefore, we assign the signals between 2060 

and 1950 cm-1 (red region) to CO molecules, adsorbed on monomeric Cr(II) sites. These two bands are respectively 

assigned to the symmetric and antisymmetric stretching modes of two CO molecules adsorbed on mono-grafted 

Cr sites, i.e. (≡SiO)CrCp(CO)2, as previously suggested and confirmed by carrying out the experiment with a 1/1 

mixture of 12CO/13CO;6 (see Fig. S5).6 The small shoulder at 1993 cm-1 in 1-SiO2-0.25, which also disappeared after 

exposure to vacuum, is attributed to a mono-carbonyl species (≡SiO)CrCp(CO), where the Cr center most likely 

interacts with additional Si-O-Si bridges from the silica surface.  

The well-defined Cr(II) monomeric species present in 2-SiO2 showed no EP activity at 10 bars and 40°C, in contrast 

to 1-SiO2-1 that rapidly polymerizes ethylene at equivalent Cr loading. This finding indicates that monomeric Cr(II) 

sites are not capable of polymerizing ethylene, in sharp contrast to the corresponding Sm and Yb derivatives.15 

We further turned to the assignment of IR bands of the irreversibly bound CO molecules, which arise upon 

doubling the Cr loading in the 1-SiO2-0.5 material (Fig. 2A, orange region). The irreversibility of CO adsorption to 

these sites could be due to the formation of a bridging CO between two Cr centers. Thus, these signals would be 

characteristic of dimeric Cr surface sites. 

To confirm this interpretation, we developed the dimeric molecular model complex [Cr2Cp2(OSi(OtBu)3)2] (3, see 

Fig. 2B) for grafting onto silica to account for well-defined dimeric Cr(II) surface sites 3-SiO2 (Fig. 2B). The wine-

red precursor complex 3 was obtained by reacting [CpCr(OtBu)]2 with tris-tert-butoxy-silanol HOSi(OtBu)3.18 Note 

that the reaction of 1 with HOSi(OtBu)3 in toluene does not lead to the formation of 3 (see SI Section 2.3 for details 

& Fig. S6 for 1H NMR investigations of 3). Both complexes [CpCrOtBu]2 and 3 show comparable short Cr-Cr bonds, 

although the interatomic distance in 3 is slightly shorter (2.58 Å) compared to [(CpCrOtBu)2] (2.65 Å), which is 

attributed to the slightly lower steric hindrance of HOSi(OtBu)3 (see Fig. S7 for the crystal structure of 3). 

When exposed to CO, 3-SiO2 shows four bands at 2012 cm-1, ~ 1937 cm-1 (broad, including the shoulder at 1907 

cm-1), and 1830 cm-1 resulting from irreversibly bound CO molecules (see Fig. S8 for the IR spectrum of 3-SiO2 
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before contact with CO). The same signals were observed as well for 1-SiO2-0.5 (Fig. 2A, orange region; see also 

Fig. S9). The presence of at least four signals indicates that dimeric sites can adsorb either two or three CO 

molecules (see also SI Section 3.2 for details). These IR frequencies are consistent with the CO bands observed in 

1-SiO2-0.5 that mainly consists of two types of CO vibrations, as demonstrated for 3-SiO2. Therefore, we attribute 

these IR bands (Fig. 2A, orange region) to the dimeric Cr(II) sites of the UC system. The two additional weak bands 

for 3-SiO2 at 2049 cm-1 and 1975 cm-1 in the red region of SFigure 2 are indicative of additional monomeric sites 

(vide infra). 

The well-defined dimeric model system 3-SiO2 shows no EP activity, similar to 2-SiO2. The absence of EP activity 

of 2-SiO2 and 3-SiO2 indicates that the active sites of the UC catalyst do not correspond to monomeric or dimeric 

Cr(II) species, in contrast to some of the previous propositions (see Fig. 1A).13 This encouraged us to further 

investigate the surface species associated with the low energy CO bands (Fig. 2A, green region), which become 

significant only for the 1-SiO2-1 and 1-SiO2-2 materials (see also Figs. S10 & S11). The CO vibrational frequencies 

down to 1550 cm-1 (see Fig. 2A, green region) suggest the presence of formyl groups attached to Cr.14 Their 

formation would most likely involve the insertion of CO molecules into a Cr-H bond, thus inferring the presence 

of Cr hydrides upon chemisorption of 1 at higher loadings. Such a reaction would parallel what is observed upon 

the reaction of [Cp*Cr(PR3)(CO)3] with a hydride source (NaBH4) that yields [Cp*Cr(PR3)(CO)2CHO].19 Therefore, 

we propose that the UC catalysts with higher Cr loading (1-SiO2-1 and 1-SiO2-2) contain surface-supported Cr 

hydrides, which produce Cr formyl species upon the contact with CO, resulting in characteristic IR bands (Fig. 2A, 

green region). Since these bands grow in intensity for the UC catalysts active in EP (see Fig. 2A), the proposed Cr 

hydrides could indeed be the active or initiating sites of EP, in analogy with previously described ethylene 

polymerizing Ti hydrides.15 

In order to examine the possible presence of surface Cr hydrides as initiation sites of EP, we carried out IR 

investigations of the UC catalysts after contact with ethylene, i.e. of the catalysts together with the produced 

polyethylene. For these studies, we used perdeuterated ethylene (C2D4) in order to analyze the end groups in the 

produced polymer chains. Exposure of 1-SiO2-1 to 100 mbar of C2D4 at room temperature revealed the 

appearance of two intense bands (νC-D = 2195 cm-1, 2090 cm-1) consistent with the antisymmetric and symmetric 

stretching modes of -CD2- groups in the main body of the polymer chain (Fig. S12A).16 At the same time, we also 

observed a weak band at 2887 cm-1 (see Fig. S12A), which implies the presence of C-H vibrations, and could be 

tentatively assigned to the C–H stretching vibration of the end –CD2H group. This could be further confirmed by 

the presence of two different types of -CD2- symmetric and antisymmetric stretching modes (see Fig. S12A), which 

points towards the existence of two different types of -CD2- moieties in the produced polyethylene. These -CD2- 

bands of low intensity, together with the weak C-H band (Fig. S12A, green), could then be assigned to the –CD2H 

group, which is the expected end group of the polymer chain when assuming Cr hydrides as initiating sites.  

Further experimental evidence for the involvement of Cr hydrides in the activation of ethylene was obtained from 

the characterization of the produced polyethylene by 2D J-mediated heteronuclear multi-quantum correlation 

(HMQC)20 MAS NMR, after contacting 1-SiO2-1 with 13C2D4 (Fig. S12B). This NMR approach yields correlated signals 

from covalently bonded J-coupled 1H and 13C nuclei. For this experiment, we used both 2H- and 13C-labeled 

ethylene (13C2D4); therefore, the only possible proton (1H) sources are the surface hydroxyl groups and the Cp 

ligands attached to Cr. The HMQC spectrum (Fig. S12B) shows narrow and well-resolved correlations between the 
13C signals at 29 and 31 ppm and the 1H signal at 1.5 ppm, indicative for -13CHD- moieties in the polyethylene 

chain.21-23 Therefore, we unambiguously established the transfer of 1H species from the UC catalysts into the 

polymer chain during EP, that is consistent with a hydride-mediated initiation mechanism. 

The potential activity of the proposed Cr hydrides in EP raises questions about the oxidation state of Cr. Being 

inspired by previous work, that points towards the presence of Cr(III) sites in the UC system,7 we performed EPR 

spectroscopic studies of the prepared UC catalysts. We found that the CW EPR spectrum of 1-SiO2-1, active in EP, 
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contains paramagnetic species even before its contact with ethylene (Fig. S13A, top). These species are most 

consistent with Cr(III) surface sites, where the major fraction is represented by a nearly axial monomeric low-spin 

Cr(III) species with gx = 1.9831, gy = 2.0189, gz = 2.0193 (Fig. S13A, top,), together with a minor contribution of 

high-spin Cr(III). The low-spin Cr(III) species change their electronic properties upon contact with ethylene. As 

evidenced by a change in their CW EPR spectra (Fig. S13B): the g tensor is better simulated as being orthorhombic 

(gx = 1.9900, gy = 2.0025, gz = 2.0184, Fig. S13A, bottom, red) and the gx value increases, consistently with a change 

in the ligand surrounding of the low-spin Cr(III) sites. Taking into account that Cr hydrides were identified based 

on CO-IR and 1H MAS NMR investigations and that their presence is correlated to catalytic activity, we therefore 

propose that the active species are monomeric Cr(III) hydrides. 

To summarize, we identified the presence of both mono- and dimeric Cr(II) surface sites in the UC system and 

showed that they are inactive in EP. At the same time, at higher Cr loadings the surface-supported Cr hydride 

complexes are present. The presence of these Cr hydride species is correlated with the EP activity of the UC 

catalyst. Furthermore, these hydrides were evidenced to be involved in the activation of ethylene. Together with 

the identified Cr(III) site, which changes its EPR signature upon contact with ethylene, we conclude that the active 

site of the UC catalyst is likely a monomeric Cr(III) hydride. 

 2. Formation and further characterization of surface Cr hydrides 

After having established that most likely Cr(III) hydrides are involved in the activation of ethylene, we investigate 

possible pathways for their formation, inspired by literature and complementary labeling studies. Indeed, the 

formation of binuclear bridging Cr hydride complexes has been previously reported,24-27 while monomeric Cr 

hydrides are rather rare.28 Sinema et al. reported a C–H activation step at the Cp ligand on ansa-chromocene 

complexes in the presence of [H(OEt2)2BAr4],29 and the related activation pathways were reported for other 3d 

metallocene-based complexes.30, 31 In analogy to Cr, di-nuclear bridging molybdocene-hydride complexes with 

activated Cp ligands are also known.32  

To investigate whether related C–H activation of the Cp ligand could also take place from the reaction of 1 on 

silica, we performed grafting experiments with a mixture of perdeuterated (1d10) and non-labeled chromocene (1) 

(see SI Section 2.4 for details). The corresponding IR spectrum (Fig. 3B, top spectrum) clearly show the presence 

of sp2 C-D vibrational modes around 2300 cm-1, arising from the deuterated Cp ring. At the same time, we 

observed a band at 2761 cm-1, which is associated with the Si-OD groups; this is an evidence of OH/OD exchange 

within the surface hydroxyl groups upon addition of 1d10. As a first possibility, such H/D scrambling between the 

deuterated Cp ligand and the surface hydroxyl groups could arise from the protonation of the ring upon grafting. 

Alternatively, as inspired by the Mo analogs,32 the scrambling could also result from an internal C-D activation at 

the deuterated Cp ring of chemisorbed 1d10 near 1.  

To verify this proposal, we investigated the possible C–H activation at the Cp ligand by subsequent grafting of 

protonated and deuterated complexes 1 and 1d10 and vice versa (Fig. 3A). If the proposed C-H activation occurs, 

the activated H atom would be accessible for an exchange with surface OH groups, resulting in the appearance of 

IR bands corresponding to Si-OD groups. It appeared that the grafting of 1 (0.25 wt. % Cr), that would result in a 

formation of protonated mono-grafted sites (see also Fig. 3A, top), followed by grafting of 1d10 (0.75 wt. % Cr, 

labeled as 1hl-d-SiO2-1), results in significantly more OH/OD scrambling compared to the opposite case (see Fig. 3A 

bottom, 0.25 wt. % 1d10 & 0.75 wt. % 1, labeled as 1ll-d-SiO2-1), as indicated by the much more intense IR bands 

corresponding to the Si-OD group (Fig. 3B). This suggests that the main source of H/D atoms for the observed 

OH/OD scrambling is the Cp ring of the chemisorbed 1, which is present at higher Cr loadings. We thus propose 

that the observed OH/OD exchange mainly arises from the C-D activation at the Cp ring of the chemisorbed 1d10, 

which provides easily accessible bridging hydride H/D atoms in analogy to the previously reported bridging 

Mo(III)-hydride complex,23 and consistently with the proposed C–H activation pathway (Fig. 3A). This hypothesis 

is supported by EP studies on the prepared materials: after the polymerization of C2H4 with the 1ll-d-SiO2-1 material 
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(consisting of grafted 1d10 and chemisorbed 1), only trace amounts of –CH2D end groups are observed in the IR 

spectrum (Fig. S14), while after the polymerization of C2D4, mainly –CD2H end groups are observed. This indicates 

the initial ethylene insertion into the Cr-H bond for these materials (see SI Section 3.3.1 & Fig. S14). 

In contrast, the material 1hl-d-SiO2-1 (consisting of grafted 1 and chemisorbed 1d10), shows the presence of –CH2D 

ending groups after the polymerization of non-labeled C2H4, indicating the formation of Cr-D bonds in case of the 

presence of chemisorbed 1d10. Therefore, the hydrogen atom for the formation of the Cr-H hydride species is 

delivered from the Cp ring of the chemisorbed 1, consistent with the proposed mechanism (Fig. 3A) and the 

calculated pathway of its formation (vide infra). At the same time, the obtained dimeric, bridging Cr(III) hydride 

species (see Fig. 3A) shall be EPR silent due to a strong exchange between the neighboring Cr(III) centers. This 

would contradict the observation of Cr(III) sites that are active in EP as evidenced by CW EPR (see Fig. S13). 

Therefore, we suggest that the dimeric, bridging Cr(III) hydride species (Fig. 3A) split apart to form monomeric 

Cr(III) sites involving hydroxyl groups from the silica surface (vide infra). 

In order to further support the mechanism of the Cr(III) hydride formation in the UC catalysts, we performed DFT 

studies for possible reaction pathways of the reaction of 1 with the silica surface (modelled by RO = -Si(OH)3). The 

structures of the Cr species (see Tables S5 & S6 for the DFT-optimized structures of all Cr species in this study), 

were optimized using open-shell calculations with the B3LYP functional (see SI for the computational details and 

optimization of the computational method and Table S4) and the spin state with the lowest energy was selected 

(see Table S7). Dimeric species were optimized using the broken symmetry approach.  
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Figure 3. A) Proposed formation pathway of the bridging Cr(III)-hydrides, based on 2H-labeling studies with 1d10. 

The 2H -labeled Cp rings are marked in blue. B) IR spectra of 2H-labeled (top) and mixed 1H/2H labeled UC materials 

below. 1ll-d-SiO2-1 corresponds to the material that is first exposed to 1d10 (0.25 wt. % Cr) to form mono-grafted 

sites, followed by 1 (0.75 wt. %; see also Fig. 3A, bottom). In contrary, 1hl-d-SiO2-1 corresponds to 0.25 wt. % 1 and 

0.75 wt. % 1d10. C) Proposed reaction pathways for the interaction of 1 on partially dehydroxylated silica SiO2-700 

for low and high Cr loading. Enthalpies (H kcal mol-1) are calculated with respect to I and CrCp2 (see the SI for the 

computational details). For monomeric sites, the spin quantum number is indicated with S, for dimeric sites, which 

were optimized using a broken symmetry calculation, the local projection of the spin, as obtained from the 

Mulliken spin density on [CrCp] fragments I, is shown with msi. 

The high-spin (S = 2) mono-grafted site I (see Fig. 3C and Table S7), has a coordinative unsaturation that may be 

fulfilled by interaction with adjacent Si-O-Si bridges or surface OH groups for the UC materials with low Cr loading. 

At higher Cr loading, site I can also interact with another molecule of 1, either to form stacked metallocene 

complex III (ΔH = –8.9 kcal mol-1), or complex II with a direct Cr-Cr bond (site II, ΔH = +11.4 kcal mol-1). Sites II can 

further reorganize through C–H activation at the Cp ring, (see Fig. 3C), yielding the surface site IV, a bridging Cr(III)-

hydride complex, with a transition state barrier of ΔH‡ = +17.3 kcal mol-1 (TS-OA-1, see Fig. 3C) with respect to 1. 

Note that the obtained product IV results from C-H activation at the Cp ring of the chemisorbed 1; a contrario, 

B 

 



11 
 

the C–H activation at the (≡SiO)-CrCp moiety by 1 would lead to the formation of surface site IV-b, that is 

energetically strongly disfavored (ΔH = +24.4 kcal mol-1 with respect to 1). This is consistent with the labeling 

studies, where no IR bands from the surface Si-OD groups were detected after the interaction of deuterated 

mono-grafted sites with non-labeled chemisorbed 1 (see Fig. 3B). The hydride in surface site IV is located closer 

to the second Cr center, so that the two Cr atoms are calculated to be formally in oxidation state (III) (with three 

unpaired electrons per Cr atom) rather than (IV) and (II) as in the case of Mo.32 The presence of a small amount 

of Brønsted acid sites on silica (i.e. surface hydroxyl groups) may result in further protonation of the site IV, leading 

to the formation of the energetically favored (ΔH = –5.8 kcal mol-1) monomeric Cr(III) hydride V and Cr(III) site V-

b, as shown in Fig. 3C. Based on these computational results, we propose the formation of Cr(III) hydrides upon 

contact of 1 with dehydroxylated silica at high loading, i.e. during the preparation of the UC catalysts. This is 

consistent with the fact that Cr(III) species were detected in the UC system by EPR spectroscopy (see Fig. S13). 

All the proposed surface species I – V can coordinate CO molecules or perform the CO insertion into the Cr-H 

bond in the case of the Cr(III) hydrides, resulting in characteristic IR bands. Thus, we then focused on calculations 

of the CO vibrational frequencies (see SI Section 3.2, Fig. S15 & Table S8 for the details of computations) of all 

possible Cr species after CO coordination to verify our previous assignments for the experimental IR spectra (see 

Part 1). The calculated IR frequencies (see Fig. S16 and Table S9 for all DFT-computed IR frequencies for all surface 

sites) were then compared to the deconvoluted IR spectra after the CO adsorption (see Fig. S17-S25 and S28 and 

Tables S10-S13). 

As follows from its coordinative unsaturation, site I can easily accommodate one (I-CO-1) or two CO molecules (I-

CO-2; see Fig. S17 & S28). For I-CO-1, DFT calculations predict a CO vibrational band at 1964 cm-1, whereas for I-

CO-2, two CO bands, corresponding to the symmetric and antisymmetric distortion respectively at 2027 cm-1 and 

1973 cm-1, are expected. This is in good agreement with the experimental values obtained for 1-SiO2-0.25 with 

the two main peaks at 2061 cm-1 and 1981 cm-1 (see Fig. S18 & Table S10), and the shoulder of low intensity at 

1993 cm-1 that would correspond to I-CO-1 species (see Fig. S17, indicated with “*”). At higher Cr loadings, 1 

chemisorbs to the monomeric Cr(II) sites I giving rise to two sorts of dimers with strong (site II) and weak Cr-Cr 

interactions (site III), as shown in Fig. 3C. Site II can accommodate up to three CO molecules. The terminal-like CO 

band at 2097 cm-1 is likely related to the experimental signal at 2014 cm-1 in 1-SiO2-1. 

Two additional CO bands are calculated at 1918 cm-1 and 1824 cm-1, indicative of strongly bridging CO molecules. 

In the IR spectrum of the UC catalyst 1-SiO2-1, two broad CO bands appear around 1905 cm-1 and 1837 cm-1 (see 

Fig. S28), consistent with the two bridging CO bands of site II-CO-2 and II-CO-3 (Fig. S20 & S28). In the case of a 

bridging mono-carbonyl (II-CO-1), the “bridging CO character” increases and gives rise to a calculated low energy 

CO band with a calculated frequency of 1777 cm-1.This prediction is consistent with the experimentally observed 

broad band of weak intensity at around 1742 cm-1 that appears in 1-SiO2-1 (Fig. S23 & S28, see also Table S12) 

and 1-SiO2-2 (Fig. S24 & Table S13). Surface site III can coordinate one CO molecule that, according to calculations 

(2065 cm-1), falls in the range of predicted terminal-like CO vibrations (see Fig. S25). Coordination of more than 

one CO molecule does split site III into I-CO-2 and 1 (see Figs. S26 & S27). Finally, CO insertion into the Cr–H bond 

of surface site IV is energetically favored (ΔH = –6.2 kcal mol-1), yielding site IV-CO-1 with a calculated CO 

vibrational frequency of 1642 cm-1. This agrees with the experimentally observed broad band at 1630 cm-1, as 

shown in Fig. S28. Similar to the surface site IV, the monomeric Cr(III)-hydride model complex V can also insert 

one CO molecule (V-CO-1); such an insertion is strongly favored (ΔH = –87.2 kcal mol-1). The vibrational frequency 

of this site is calculated to be at 1546 cm-1, which is close to the experimentally observed broad band of low 

intensity at 1579 cm-1 (see Fig. S28). This further support that the signals observed at low frequencies and related 

to the EP activity are likely due to Cr(III) hydrides. 
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3. Reactivity of dimeric and monomeric Cr(III) hydrides towards ethylene based on calculated reaction pathways 

As outlined above, the EP activity of the UC catalyst correlates with the appearance of the dimeric (IV) and 

monomeric (V) Cr(III) hydrides (see Part 2). Therefore, either monomeric or dimeric Cr(III) hydrides could be the 

active site(s). We then calculated the energy barrier for the activation of ethylene and further chain propagation 

during EP on dimeric and monomeric Cr(III) hydrides (see Figs. S30 & 4 respectively). 

Ethylene coordination to the coordinatively unsaturated monomeric Cr(III) hydride V is energetically favorable (V-

H-C2H4, ΔH = –7.6 kcal mol-1), and further C2H4 insertion into the Cr-H bond is nearly barrier-less (ΔH† = 1.1 kcal 

mol-1, Fig. 4). The resulting monomeric Cr(III) alkyl V-ethyl, whose formation is strongly favored (ΔH = –16.3 kcal 

mol-1 for V-H-C2H4), can now undergo chain growth via the subsequent ethylene insertions into the Cr-C bond, 

according to the Cossee-Arlman mechanism.20, 33 Such an ethylene polymerization on Cr(III) hydrides is 

reminiscent to EP-active Ti(III) hydrides, for which the formation of Ti(III) alkyl species after the contact with 

ethylene has been evidenced.15 Moreover, the obtained monomeric Cr(III) alkyl species (V-ethyl) are likely highly 

active in EP, according to the “augmented” Cossee-Arlman mechanism, previously described for the EP-active 

well-defined Ti(III) alkyls25 and for heterogeneous Ziegler-Natta catalysts.10 After the formation of the Cr(III) alkyl 

V-ethyl species, the subsequent ethylene insertion has a relatively low calculated TS barrier of ΔH = 12.1 kcal mol-

1 (see Fig. 4A). Alternatively, the monomeric Cr(III) alkyl species V-ethyl can be formed by protonation of the 

dimeric surface site VIII (Fig. 4B), with nearby surface hydroxyl groups. 

 

Figure 4. Calculated reaction enthalpies for potential ethylene activation pathways involving monomeric Cr(III) 

hydrides such as V (A), or monomeric Cr(III) alkyl species such as V-ethyl (B). Ethylene activation and chain 

propagation are both associated with reasonable energy costs. 

Regarding dimeric Cr(III) hydride IV, ethylene can coordinate to the Cr atom grafted on the silica surface, while 

the initially bridging hydride is now localized on the C–H activated chromocene fragment in complex VI-a (see Fig. 

S30). The hydride can migrate to ethylene while the first Cr–C bond is formed (TS-mig-1), leading to the dimeric 

Cr(III) alkyl complex VII. Chain propagation can take place either on one (TS-[2+2]) or two chromium centers (TS-

mig-2). Migration of the alkyl moiety prior to the coordination of ethylene (IX-a) is energetically feasible, while 

direct coordination of ethylene in absence of chain migration is less favored (IX-b). Overall, both binuclear Cr 

mediated chain propagation pathways are associated with high energy costs due to the geometry of the TS (TS-

mig-2) that imposes a Cr-C bond dissociation, which is rather unlikely. Alternatively, TS-[2+2] would allow for a 

simultaneous formation and breaking of the Cr–C bond. However, the pentacoordinate transition state is located 

very high in energy. According to these results, the formation of a dimeric Cr(III) alkyl site VII is possible; however, 

further chain propagation and EP on this site is unlikely from an energy point of view. 
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At the same time, monomeric and dimeric Cr(II) model systems 2-SiO2 and 3-SiO2 are inactive in EP; this is 

consistent with our DFT calculations, which show that monomeric Cr(II) surface sites such as I should be inactive 

in EP (see SI Section 3.3 & Fig. S29). 

4. Synthesis and characterization of well-defined silica-supported Cr(III) alkyl analogs to the Union Carbide EP 

catalyst  

The combination of experimental and computational studies indicate the role of monomeric surface Cr(III) 

hydrides as precursors for the active species of the UC catalysts, yielding the propagating Cr(III) alkyls, upon 

insertion of ethylene. Inspired by the work of Theopold et al., who reported the synthesis of the monomeric 

[Cp*Cr(CH2SiMe3)2] complex,34, 35 we developed the corresponding parent Cp derivative CpCr[(CH(SiMe3)2)] (4) 

that is accessible by using the bulky –CH(SiMe3)2 ligands (see Fig. 5A). The reaction of [CpCrCl2]2 with two 

equivalents of LiCH(SiMe3)2 yields a dark red oil; while the complex is analytically pure by NMR, consistent with 

complex 4. However, we were not able to obtain high quality crystals for X-ray diffraction studies (see SI Section 

4.1 & Fig. S31 for details on the synthesis and characterization). 

 

 

Figure 5. A): Synthesis and surface chemistry of monomeric Cr(III) alkyl complexes. B) IR spectra of 4-SiO2 with 

high Cr loading (0.8 wt. %) after exposure to 25 mbar of ethylene (top), and 4-SiO2 with low Cr loading (0.2 wt. %) 

after exposure to ethylene (middle) and H2 (50 mbar) prior to ethylene (bottom). The higher intensity of C-H bands 

after exposure of low Cr-loading material to H2 evidence for slightly higher EP activity. 

Upon contacting a benzene solution of 4 with partially dehydroxylated silica (SiO2-700), the material 

instantaneously turned purple, while releasing H2C(SiMe3)2 to the washing solution. The IR spectrum of 4-SiO2 

shows two intense bands at 3126 cm-1 (=C–H), and 2955 cm-1 (–CH3), indicating the presence of the [CH(SiMe3)2] 

ligand in the obtained grafted species (see Figs. S4 & S32 for its XAS and IR characterization). This is consistent 

with the formation of surface alkyl species (≡SiO)CrCp[CH(SiMe3)2], which has a structure close to the proposed 

active sites, V-ethyl, that contains one propagating alkyl chain. In fact, upon exposure to ethylene (100 mbar of 

C2H4, 12 mg of the sample), 4-SiO2 rapidly generates a large amount of polyethylene and further evidenced by the 

appearance of strong C-H bands in the IR spectrum (see Fig. 5B). The polyethylene produced exhibits similar 

properties, i.e. Mw = 3610, Đ = 23.7, as the one produced by the industrial-like UC catalyst under the same 

conditions (Mw = 3700, Đ = 23.5, see Table S15). This strongly indicates that the obtained material 4-SiO2 and the 

UC catalyst contain the same type of active sites.  

We further characterized the 4-SiO2 material with EPR spectroscopy as it was previously used for the investigation 

of EP catalysts.33, 36-38 The CW EPR spectrum39 of 4-SiO2 taken at 5 K (Fig. 6A, black) shows the presence of multiple 

HS (120 – 240 mT region) and two LS (300 – 400 mT region) Cr(III) species. According to previous studies,27 silica-
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supported Cr(III) HS species are characterized by a ZFS that exceeds Zeeman interaction at typical magnetic fields 

by far and, therefore, by an effective g tensor (g┴ ~ 4, g║ ~ 2). This limits the possibility for their assignment based 

on the comparison of g tensor values or of exact parameters (D or E) of the ZFS tensor. In this situation, the CW 

EPR spectra inform only on the E/D ratio, whereas absolute values of the parameters cannot be obtained.31 In our 

case, the major fraction is represented by a single line in the g ~ 4 region, which suggests relatively small E/D 

values close to 0 and is thus indicative of nearly axial symmetry. In contrast, the LS species are best simulated 

with an orthorhombic g tensor of gx = 1.9916, gy = 2.0028, gz = 2.0157 (Fig. 6A, blue). We then propose that for 

the obtained 4-SiO2 system, the axially symmetric HS species can be assigned to the mono-grafted axially 

symmetric (≡SiO)CrCp[CH(SiMe3)2] surface complex, while the LS species are likely associated with the same 

organometallic fragment but involve additional interactions of the Cr center with nearby Si-O-S siloxane bridges. 

In fact, the obtained g tensor principal values for this LS species (g = [1.9916; 2.0028; 2.0157]) are rather close to 

those, obtained for the Cr(III) species of the original UC catalyst 1-SiO2-1 after its contact with C2H4 (g = [1.9900; 

2.0025; 2.0184]). 

We then focused on pulse EPR investigations of the S = 1/2 species (gx = 1.9916, gy = 2.0028, gz = 2.0157), as its 

transverse relaxation time T2 = 167 ns (5 K) allows to obtain a good signal intensity at such temperatures. As seen 

from the echo-detected EPR spectrum of 4-SiO2 (Fig. 6A), in pulse EPR spectroscopy only the LS component is 

observable under these conditions, which enables the selective characterization of this species by 2D hyperfine 

sublevel correlation (HYSCORE) spectroscopy.40 The HYSCORE spectra (Fig. 6B, C) reveal the presence of hydrogen 

atoms, magnetically coupled to Cr(III) centers, as well as weak couplings to 29Si and 13C nuclei. The observation of 
13C signals for 4-SiO2 in the absence of 13C labeling is indicative for complexes with aromatic ligands, and thus 

suggests the presence of coordinated Cp ligand within the LS Cr(III) (g = [1.9916; 2.0028; 2.0157]) species. 

However, the resolution is limited here, due to the proximity of possible 29Si peaks. In contrast, for 1H, spectral 

simulation of the observed hyperfine couplings (Fig. 6C) allowed us to extract the principal values of the 1H 

hyperfine coupling tensor (aiso = 3.0 MHz, adip = [-4.75 -4.75 9.5] MHz), when assuming axial symmetry. Using the 

point-dipole approximation,15 we determined the Cr(III)–H distance to be 2.55 Å; such distances and hyperfine 

coupling tensor parameters are typical for the α-H atoms of bis-trimethylsilylmethyl ligands in metal-alkyl 

complexes.33, 41 

This allows us to assign the observed S = 1/2 (g = [1.9916; 2.0028; 2.0157) species to (≡SiO)CrCp[CH(SiMe3)2] 

surface sites, which are likely affected by additional Cr—O interactions with nearby siloxane bridges. A similarity 

in g tensor principal values with those of 1-SiO2-1 in the presence of ethylene (see Part 1) allows us to propose 

that the similar (≡SiO)CrCp-R species (R = -(CH2)n-CH3) are formed in the UC system after its contact with ethylene, 

and that the proposed structure is the active site of the UC catalyst.  
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Figure 6. A) CW EPR spectrum (black) and echo-detected EPR spectrum (blue) of 4-SiO2, measured at 5 K. The 

black arrow indicates the field position for HYSCORE. B) HYSCORE spectrum (blue to yellow) of 4-SiO2, measured 

at 5 K. Antidiagonal lines indicate nuclear Zeeman frequencies of magnetically coupled nuclei that are present in 

this system. C) Overlay of simulated (red) 2H hyperfine couplings with the experimental HYSCORE spectrum (blue 

to yellow) from B) with an overall good agreement to the experimental spectrum. For details on the measurement 

conditions see the method Section of the SI. D) CW EPR spectra of 4-SiO2 before (black) and after (green) the EP. 

The black arrow indicates the field position used for HYSCORE. E) Q-band HYSCORE spectrum (blue to yellow) of 

4-SiO2 after the C2D4 exposure. F) Overlay of simulated (red) 2H hyperfine couplings with the experimental 

HYSCORE spectrum (blue to yellow) from E) with an overall good agreement to the experimental spectrum. 
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To further support this hypothesis, we performed EPR spectroscopic studies of 4-SiO2 after its contact with 
2H-labeled ethylene C2D4. We observed unchanged principal g tensor values of the investigated LS species (gx 

= 1.9916, gy = 2.0028, gz = 2.0157) after exposure to C2D4 (Fig. 6D). After the contact with C2D4, we observed 

the appearance of 2H hyperfine couplings in its Q-band HYSCORE spectrum (Fig. 6E), with aiso = 1.7 MHz, adip 

= [-0.6 -0.6 1.2] MHz and unresolved quadrupole coupling (Fig. 6F). This indicates that deuterium nuclei are 

in close proximity to the Cr(III) center, which is consistent with a C2D4 insertion into the Cr(III)-C bond during 

the ethylene polymerization, in agreement with the Cossee-Arlman mechanism20, 33 (see Fig. 7). This is further 

confirmed by the disappearance of 1H hyperfine couplings in the X-band HYSCORE spectrum of 4-SiO2 after 

the polymerization of C2D4 (see Fig. S36), indicating that hydrogen atoms are no longer close to the Cr(III) 

center upon contacting with d4-ethylene, consistent with its insertion into the Cr(III)–CH(SiMe3)2 bond of 4-

SiO2 leading to the formation of Cr(III)–(CD2)n–CH(SiMe3) species, as shown in Fig. 7. Therefore, we propose 

that the same Cossee-Arlman mechanism is involved in EP on the LS Cr(III) alkyl sites (e.g. V-ethyl) of the UC 

catalysts, which are formed after its contact with C2H4. Note that there is also a change in the CW EPR 

spectrum of the HS Cr(III) species upon the contact of 4-SiO2 with ethylene (Fig. 6D). This points towards the 

participation of the HS species in EP, despite the presence of additional interactions of Cr(III) centers with 

nearby Si-O-S siloxane bridges. 

 

Figure 7. Proposed insertion of ethylene into the Cr(III)–CH(SiMe3)2 bond of 4-SiO2. 

Overall, these findings indicate that the 4-SiO2 material contains (≡SiO)CrCp[CH(SiMe3)2] surface species, 

which are the active sites in EP. This is in agreement with previously reported (although without detailed EPR 

characterization) homogeneous monomeric, tri-coordinated Cr(III) alkyl complexes that are known to 

polymerize ethylene.13 This further corroborates our proposition for the monomeric surface Cr(III) 

hydride/alkyl species (V/V-ethyl) as the active sites of the UC catalysts.  

Conclusions 

In this work, we characterized surface sites of the Union Carbide silica-supported Cr-based ethylene 

polymerization catalyst, using SOMC in combination with IR and EPR spectroscopic investigations, labeling 

experiments, and computational studies. Using this approach, we identified various surface sites, whose 

speciation depends on the Cr loading. Monomeric Cr(II) species (≡SiO)CrCp are formed at very low Cr loading 

and show no polymerization activity. Increasing Cr loading leads to the formation of dimeric Cr(II) surface 

sites (≡SiO)Cr2Cp3 with various Cr-Cr interactions, that are also inactive towards EP. At higher loading, EPR, 

IR, and labeling studies point to the formation of monomeric Cr(III) hydrides (≡SiO)CrCp-H whose presence 

correlates with EP activity. They are thus proposed to be the active sites of the UC catalyst. These species are 

formed via the C–H activation at the Cp ring and involvement of surface hydroxyl groups; they are formed at 

high Cr loadings, because they require the presence of a high density of Cr(II) sites along with the presence 

of small amounts of residual surface OH groups that enables a bimolecular C–H activation at the Cp ligand to 

form bridging Cr(III) hydrides. The presence of a small fraction of adjacent surface hydroxyl groups is 

proposed to be important to split the dimeric Cr(III) hydrides into the monomeric species. The formation of 

Cr(III) hydrides, in situ via C-H activation, is certainly a unique mode of activation for Cr-based EP catalysts. 

These Cr(III) hydrides insert ethylene yielding monomeric Cr(III) alkyl species (≡SiO)CrCp-C2H5, which in turn 

can further insert and polymerize ethylene. Such structures inspired the preparation of an analog well-

defined silica-supported system, namely (≡SiO)CrCp[CH(SiMe3)2] (4-SiO2). Characterized by EPR 

spectroscopy, this material displays similar EPR signatures and EP activity as the UC catalysts, thus further 

supporting similar active site structures. Using hyperfine EPR spectroscopy, we also show that the well-
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defined Cr(III) surface alkyls perform ethylene polymerization via insertion into the Cr(III)-C bond, thus 

supporting the analog proposition for the EP mechanism for the active species of the UC catalysts. This finding 

opens ways to design novel heterogeneous EP catalysts.  

Supporting Information  

The crystal structure have been deposited as CIF files in the Cambridge Structural database (CSD): 2149548 

(2), 2149547 ([(CpCrClCH(SiMe3)2)2]). 
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