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Introduction

Ethylene oligomerization under confinement
using supported Cr(n) and Cr() catalysts+

¢ Boshra Atwi,?
*a

Somnath Bhattacharya, @2 Marc Hégler,” Johanna R. Bruckner,
Matthias Bauer,? Niels Hansen,® Felix R. Fischer*® and Michael R. Buchmeiser
selective

and  Cr(m) versatile the

oligomerization of ethylene, offering advantages such as easy separation, catalyst recyclability, and

Supported  Cr(i) catalysts have emerged as systems for

reduced polymer formation. However, their performance can be significantly influenced by factors
such as pore confinement, active site accessibility, and metal-support interactions, which leads to
an altered selectivity as compared to their homogeneous counterparts. Herein, to better understand
and potentially overcome these limitations, we investigated how support morphology and
confinement influence the behavior of immobilized Cr catalysts during ethylene oligomerization.
Supported catalysts were prepared by selective immobilization of the Cr(n) complexes [1-methyl-3-
(Crl), [1-methyl-3-(2-
(Cr2), and the Cr(i)

= 1-(2,6-diisopropylpheny-1-yl)-3,3,5,5-tetramethyltetrahydropyrrol-

(2-amido-N-(2,6-diisopropylpheny-1-yl)phen-1-ylimidazol-2-ylidene),Crz-(u-Cl)4]

amido-N-(2,6-diisopropylpheny-1-yl)phen-1-ylimidazol-2-ylidene)Cr(benzyl),(THF)]
complex [(CAAC),CrCl,] (Cr3, CAAC
2-ylidene), which are all non-selective for ethylene oligomerization in solution, inside the mesopores of
ordered mesoporous silica (OMS) materials with varying pore sizes (OMSgga, OMSs74, OMS,g4), as well as
amorphous silica (Si60). The activity and selectivity of the supported catalysts were assessed in comparison
to the parent homogenous catalysts. In the presence of methylalumoxane (MAO) as cocatalyst, the
immobilized catalysts exhibited lower catalytic activity (0.1-3.1 kg mol Crt h™* bar®) compared to the
homogeneous catalysts (6.9-8.3 kg mol Cr* h™* bar?), yet with significant reduction in polyethylene (PE)
byproduct formation. Upon activation with MAO, particularly the OMS-immobilized catalyst Cril@OMS;ga

as well as Cr2@OMS,g, allowed for the selective synthesis of linear a-olefins (LAOs) < Cy».

1-octene, has led to the development of a wide range of
chromium-based*™® catalytic systems over the past decade. As

Linear a-olefins (LAOs) are highly valuable building blocks
due to their use as commodity chemicals in a variety of
applications, i.e., comonomers for the production of linear
low-density  polyethylene (LLDPE) and  high-density
polyethylene HDPE (a-C,-Cg), plasticizer alcohols (a-Ce—Cio),
surfactant/detergent alcohols (a-C10-Csg), and synthetic
lubricants (0-Cy4:)." The synthesis of LAOs is accomplished
by the oligomerization of ethylene. The burgeoning interest
in the industrial large-scale oligomerization of ethylene into
highly valuable short chain LAOs, particularly 1-hexene and
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association, ethylene insertion and coordination (oxidative
coupling), followed by a reductive elimination (termination)
process is postulated for the selective formation of 1-hexene
and/or 1-octene.>’®'" Alkyl- and alkenyl cyclopentanes have
also been observed to form through tetramerization catalysts,
with the crucial seven-membered metallacycle being a key
intermediate."*""

However, tuning the Cg/Cg selectivity of Cr-catalyzed
oligomerization of ethylene still remains a central topic in
this area. In this aspect, attention so far focused mostly on
homogeneous Cr-based systems owing to their high
activity,">™* great selectivity,""">? diversity of ligand
structures,'® well defined reactive centers,?® and established
reaction mechanism.”® Despite these advantages, Cr-based
homogeneous catalysts still suffer from several drawbacks.
For example, examples for highly Cg-selective catalysts with
high product purity (>99%) still remain scarce.’ Additionally,
homogeneous Cr-based catalysts often possess low
temperature stability and are prone to deactivation.”’ As a
result, these catalysts suffer from the complexity of the
catalytic process.

Heterogeneous Cr-based catalysts receive increasing
academic and industrial interest due to easy and convenient
recovery of the catalyst as well as the simple purification of
the product through facile filtration of solid catalysts.>> While
homogeneous Cr-based catalysts in ethylene oligomerization
have been extensively documented in the literature,
heterogeneous systems are still evolving. Representative
examples include catalysts immobilized on siliceous or

polymeric supports,>*** dispersed in ionic liquids,**?” and
Cr-containing  metal-organic  frameworks  (MOFs).*®*°
Moreover, most of the existing heterogeneous

oligomerization systems utilize silica-supported chromium
complexes, with selected examples illustrated in Fig. 1A.

Scientists from British Petroleum developed a diverse
CrCl;(THF)3/PNP system (PNP = bis(phosphanyl)amine) on a
MAO-modified SiO, substrate yielding hexenes with a
selectivity of 86% while also minimizing the formation of
polymers (Fig. 1, A).>° Cr[N(SiMe;),] and triisobutylalumoxane
grafted on silica afford an ethylene trimerization catalyst,
although some polymer was still generated with the
heterogeneous system (Fig. 1, B).*' Weckhuysen and co-
workers have reported on the TAC-Cr**/SiO, complexes (TAC
= 1,3,5-tribenzylhexahydro-1,3,5-triazine) that displayed high
activity and selectivity in ethylene trimerization (Fig. 1, C).*
Jiang et al. synthesized a Cr(acac);/PNP catalyst, supported
onto MAO-modified SBA-15 and evaluated its ethylene
oligomerization/polymerization activity (Fig. 1, D).** Recently,
Mohamadnia and co-workers investigated the ethylene
trimerization activity and selectivity of Cr-SNS/MMAO
catalysts (SNS = bis(2-alkylsulfanyl-ethyl)amine) immobilized
on titanium-modified SBA-15 (Fig. 1, E).**

We recently developed the concept of confinement-

governed olefin-metathesis-based selective macro(mono)
cyclization®>3# and Rh-catalyzed Z-selective
hydrosilylation®* and hydroboration*® of alkynes by

This journal is © The Royal Society of Chemistry 2026

View Article Online
Paper

A. Selected Examples of Cr-based Ethylene Oligomerization Heterogeneous
Catalytic Systems
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salient features
Q use of non-selective Cr-NHC or Cr-CAAC
calalysts

Q selective immobilization of catalysts
inside the pores of ordered mesoporous
silica

Q detailed structural insights into how
immobilization influences the bonding
environment around Cr centers through
EXAFS analysis

Q MD simulations

Q highly selective towards Cg-Cy, LAO
formation

B. This work
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Fig. 1 A) Selected examples of chromium-based heterogeneous
ethylene oligomerization catalytic systems; B) focus of this work.

utilizing catalysts selectively immobilized inside the
mesopores of ordered mesoporous silica (OMS) materials
including SBA-15.

Based on these benchmark results, we were intrigued by
the question whether confinement could also be used to
suppress the formation of higher oligomers and of
poly(ethylene) (PE) in the Cr-catalyzed oligomerization of
ethylene using otherwise non-selective catalysts. We also
reported on various Cr(u) and Cr(m) catalysts bearing
N-chelating NHC, phosphino-NHC and CAAC ligands and
evaluated their non-selective behavior in ethylene
oligomerization/polymerization." These catalysts did not
show any selectivity towards LAOs < C,, in solution,
additionally, extensive formation of PE was observed. Here
we report on ethylene oligomerization studies with supported
Cr(n) and Cr(m) catalysts selectively immobilized inside
different OMS materials (Fig. 1B).

Results and discussion
Catalysts synthesis

As outlined in Fig. 2A, we explored the potential of 1-methyl-
3-(2-(2,6-diisopropylphen-1-ylJaminopheny-1-yl)imidazolium

iodide (L1 (ref. 41, 42)) as pro-ligand that provides a simple
route to bidentate N-chelating NHC. Ligand L2 was also
utilized as a precursor for the synthesis of CAAC.** In view of
our interest in the catalytic oligomerization of ethylene,
complexes Cr1-Cr3 were synthesized according to published
procedures based on a N-chelating N-heterocyclic carbene
(L1) and a cyclic alkylamino carbene (CAAC) (L2) ligand.*"**
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Fig. 2 Chemical structures of A) ligands L1 and L2; B) catalysts
Cr1-Cr3 used in this study.

Selective immobilization of catalysts inside the pores of OMS

Supported Cr-catalysts have been reported recently.***>*°

Our lab has recently become interested in the pore-selective
immobilization of organometallic catalysts inside the
mesopores of tailored silica materials and their confinement-
governed reactivity.>>’ Four different silica-based supports
with different pore sizes were used; these were three ordered
mesoporous silica (OMS) materials with an average pore
diameter of 2.8 nm, 5.7 nm and 6.6 nm, referred to as
OMS,54, OMSs74 and OMSee4, as well as amorphous spherical
silica 40-63 um in size having a broad pore size distribution

A. with ordered mesoporous silica

blocked outer layer

3233 Pluronic®P-123

Pluronic®P-123
Ethanol, rt., 24 h

B. with spherical silica
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between 2.1 and 8.0 nm, referred to as Si60. Complexes
Cr1-Cr3 were used for immobilization (Scheme 2). Pore-
selective immobilization was accomplished following a
protocol described earlier (see experimental section for more
information on the modification these materials).***%*’
Briefly, the mesoporous materials were filled with a
terpolymer (Pluronic® P-123) followed by functionalization of
the outer surface with trimethylsilyl groups using
hexamethyldisilazane (HMDS). After removal of the Pluronic®
with ethanol, solutions of the Cr-catalyst in toluene were
introduced into OMS to yield cat@OMSgei, cat@OMSs,; and
cat@OMS,g;, respectively (Scheme 2).

Characterization of the supported catalysts

The properties of the silica materials and the silica-supported
catalysts are presented in Table 1. Distinct differences can be
observed in the chromium contents of the silica-supported
catalysts cat@OMSees, cat@OMSs;i, cat@OMS,gi and
cat@Si60. Thus, Cr-loadings as determined by inductively-
coupled plasma-optical emission spectroscopy (ICP-OES) were
245, 162 and 52 pumol g™' for Cri@8Si60, Cri@OMSge; and
Crl@OMS,g;, respectively (Table 1, entries 2, 7 and 10; S1,
SI). In general, higher Cr-loading were observed with Si60 in
comparison to OMSgei, OMS;5,34 or OMS,g;i, since with Si60

Soxhlet Extraction
Ethanol, 140 °C, 168 h

Cr-catalyst,
toluene,

rt
4hor16h
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Scheme 2 Pore-selective immobilization of catalysts.
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Table 1 Properties of silica and silica-supported catalysts

# Samples Cr-content® [umol g™'] oneorr [M* g7 Vv, [em® g7 d,? [nm]
1 OMS,gi — 503 0.36 2.8

2 Cri@OMS,gi 52 534 0.41 2.6

3 Cr2@OMS;g4 59 556 0.44 3.2

4 Cr3@OMS,gi 71 393 0.31 2.6

5 OMSs,4 — 224 0.38 5.7

6 OMSgei — 322 0.58 6.6

7 Cri@OMSgei 162 199 0.33 6.1

8 Cr2@OMSs74 178 217 0.30 5.5

9 Cr3@OMSeei 162 251 0.41 6.1

10 Cr1@sSi60 245 ) — e

“ Determined by ICP-OES. ? oy ppr = surface area obtained using N,-physisorption (NLDFT equilibrium model). ¢ Vp = pore volume obtained
using NLDFT equilibrium model. ¢ dp = pore diameter obtained using NLDFT equilibrium model.

the catalyst is not immobilized selectively, utilizing the entire
specific surface area of the support.

The immobilized catalysts along with the parent silica
materials ~ were analyzed using  N,-physisorption
measurements and the resulting textural/surface properties
are summarized in Table 1. N,-sorption isotherms of the
pure support and the synthesized silica-supported catalysts
are shown in Fig. S9-S11, while the pore-size distributions
(determined from N,-sorption isotherms at 77 K and non-
linear density functional theory calculations based on the
assumption of cylindrical pores) are depicted in Fig. 3. The
OMS,gi-based materials exhibit completely reversible type
IVb isotherms, which is characteristic of cylindrical
mesopores < 4 nm. The materials based on OMSs;; and
OMSe6i give rise to type IVb isotherms, with a uniform
Hi-type hysteresis loop at a relative pressure (P/P,) range
of 0.4-0.6 with highly parallel adsorption/desorption
branches, indicative of uniform and cylindrical mesopores
> 4 nm (Fig. $9-S11)."*

As can be seen from Table 1, in general, cat@OMS;gi
materials showed average pore diameters of 2.6-3.2 nm
(Table 1, entries 2-4), which are comparable to the pore
diameter of the solid support OMS,gz of 2.8 nm (Table 1,
entry 1). For Cr3@OMS,s;, the proportional decrease in the
pore diameter (d,), surface area (owrprr) and pore volume
(Vp) are in line with a successful immobilization of the

a)
o\ +-OMS@28A
| e
0.035 [ ™\
; b —e—Crl@OMS28A
2 s ¢ —o—Cr2@OMS28A
< v
S ’
= —o—Cr3@OMS28A
T 0.015 -
>
©
-0.005

10 30 50
Pore Diameter [A]

catalyst within the mesoporous structure (Table 1, entry 4).
As a result, the pore size distribution became broader, which
is also evident from Fig. 3a.

Cr2@OMS,g; displayed a slight increase in onyprr, Vp, and
d, (Table 1, entry 3), the latter being a result of the
broadening of the pore size distribution. For Cri@OMS,g;, a
slight reduction in d|, alongside with an increase in both
oncorr and V,, was observed (Table 1, entry 2). While OMSegi
had a pore diameter of 6.6 nm (Table 1, entry 6), the
immobilized catalysts cat@OMSgsa experienced a partial
decrease in d), leading to a concomitant decrease in onrprr
and V, (Table 1, entries 7 and 9). This is in line with catalysts
predominantly immobilized inside the larger mesopores.
Similarly, the immobilized catalysts Cr2@OMSs54 displayed a
slightly reduced d, of 5.5 nm (Table 1, entry 8) when
compared to its solid support OMSs,4, which had a d,, of 5.7
nm (Table 1, entry 5).

Identification of the local coordination structure via XAS
analysis

XAS (X-ray absorption spectroscopy) can be applied
independent of the state of aggregation of the analyzed
matter and is therefore tolerant to nearly every experimental
condition.*® XAS is ideally suited to obtain electronic and
geometric structure information about complexes in solution

b)
0.035 ~+—OMs@57A
OMS@66A
—e—Cr1@OMS66A
§ —e—Cr2@OMS57A
S~
£ o.015 4 —o—Cr3@OMS66A
)
>
©
-0.005 : - )
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Pore Diameter [A]

Fig. 3 Pore size distributions of a) OMS,gs, Crl@OMS g4, Cr2@QOMSg4, and Cr3@OMSga; b) OMSs74, OMSgea, Crl@OMSgga, Cr2@OMSs54, and
Cr3@OMSgga determined from Ny-sorption isotherms at 77 K and non-linear density functional theory calculations based on the assumption of

cylindrical pores.

This journal is © The Royal Society of Chemistry 2026
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or immobilized inside mesoporous materials, where the
metal complexes lack long range order.””® A comparison of
normalized XANES (X-ray absorption near edge structure)
spectra for Cri@OMSg63, Cr2@OMSs-; and Cr3@O0MSeei and
their homogeneous analogues Cr1, Cr2 and Cr3 as well as the
MAO-activated species of Cr3 (Cr3_MAO activated) is shown
in Fig. 4. The pre-edge region in the XANES spectra of metal
complexes originates from 1s-electron transitions into the
lowest unoccupied molecular orbitals (LUMOs). For
transition metal complexes with incomplete (n-1)d-electron
set, these pre-edge features typically exhibit notable
contributions from unoccupied metal (n-1)d-orbitals and
provide structural insights into their coordination
geometry.**"** Additionally, pre-peak- and absorption edge
energies correlate with the electron density of the excited
atom and consequently its oxidation state.*’

XAS-investigation of the immobilized complexes

Pre-edge- and absorption edge energies of Crl@OMSee4,
Cr2@OMSs,; and Cr3@OMSgsi Were comparable and found
in the range of 6000.7 to 6001.3 eV (Table S2). Comparison of
the XANES spectra of Cr2@OMSs;; and Cr3@OMSgei with
those of the solid references revealed pronounced changes in
the pre-edge fine structure together with edge shifts, whereas
only minor deviations were observed after the immobilization
of Crl. Since Cr-XANES spectra are highly sensitive towards
variations in the primary ligand environment,>*™® this
pattern suggests modifications of the bonding motif upon
immobilization of Cr2 and Cr3 but only modest structural

a)
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changes for Cr1. Those observations were further underlined
by comparing the Fourier-transformed (FT)-EXAFS (extended
X-ray absorption fine structure) functions of the immobilized
and homogeneous complexes (Fig. 5).

In general, the k-spaces for calculating the FT-functions
of the immobilized samples were slightly smaller than those
for the homogeneous analogues resulting in a reduced
resolution of the corresponding FT-data (see detailed
information about EXAFS-analysis in the SI). After
immobilization of Cr1l, the two first-shell features of the
homogeneous complex (Fig. 5a, red trace) coalesce into a
single peak for the immobilized sample without evidence
for a change in coordination number (Fig. 5a, black trace).
In contrast, immobilization of Cr2 leads to an increased
first-shell FT amplitude consistent with a higher number of
coordinating donor atoms (Fig. 5b, black trace). For Cr3,
immobilization is accompanied by a pronounced
contraction of the Cr-donor distances, as evidenced by a
shift of the first-shell FT peak to shorter distances
(Fig. 5c, black trace).

Detailed structural information about the effect of
immobilization on the bonding situation around the Cr
centers were gained by EXAFS fitting (Table 2). For full sets of
scattering paths, see Table S4. The contributions of heavy Si-
back scatterers in those EXAFS-fits are either represented by
single Si- or multiple Si-O-scattering paths (Table S4). Since
the distances between Si back scatterers and chromium
centers overlap with the distances of lighter atoms in the
backbone of the organic ligands, the degeneracies for Si
single scattering paths might not represent the actual

b)

—— Cri@OMSgg,
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T T T T T T
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e
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E
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Fig. 4 a) XANES spectra of Cri(lll@OMSega (blue), Cr2(l11)@OMSs;4 (black), Cr3(I)@OMSega (red) and Cr(0) foil (green); b) Cri(lI)@OMSgea vs.
Cri(ll1); c) Cr2(llH@OMSs4 vs. Cr2(lll); d) Cr3(I)@OMSge4 vs. Cr3(ll) vs. Cr3(I1)_MAO activated.
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Fig. 5 Comparison of the FT-EXAFS spectra of immobilized Cr(i/m) complexes and their homogeneous analogues: a) Crl@OMSegg4 vs. Crl; b)

Cr2@OMSs74 vs. Cr2; c) Cr3@0OMSegea vs. Cr3 vs. Cr3_MAO activated. Spectra are plotted without element- and path-specific phase shifts.

number of Si-based back scatterers in the respective distance.
So’- and delE, values are collected in Table S3 (SI).

EXAFS analysis of Cri@OMSee4 confirms the conservation
of the dimeric structure after immobilization of the
homogeneous reference Crl.*' However, the number of first-
shell chloride back scatterers decreases from four in the
homogeneous complex to three within the OMS material.
The C- and N-donor atoms of the bidentate NHC ligand are
furthermore modeled as a single Cr-N/C scattering path
because carbon and nitrogen exhibit very similar
backscattering amplitudes complicating the reliable
separation of their individual contributions by EXAFS. The
degeneracy for this path, N = 2.3(1) (Table 2), lies at the upper
bound of a purely two-donor assignment that could indicate
a mixture of two different chromium environments. Taken
together with three chloride scatterers and the preserved

Table 2 First shell coordination numbers (N), bond lengths (R + AR) and
Debye-Waller factors (6®) of Crl@OMSees, Cr2@OMSs;s, Cr3@OMSgea
and Cr3_MAO activated

Scattering Cri@OMSesi

paths N R+ AR [A] o* [A?]
Cr-N 2.3(1) 1.947(7) 0.0029(4)
cr-cl 1.7(1) 2.247(9) 0.0082(5)
cr-cl 1.4(1) 2.782(15) 0.0089(6)
Cr-Cr 0.9(1) 3.134(53) 0.0106(41)
Scattering Cr2@OMS;,4

paths N R+ AR [A] o” [A%]
Cr-C 2.8(1) 2.003(3) 0.0020(3)
Cr-N 1.7(1) 2.149(11) 0.0077(13)
Cr-0 1.1(1) 2.409(10) 0.0024(14)
Scattering Cr3@OMSeei

paths N R+ AR[A] a” [A%]
Cr-0 1.9(1) 1.950(7) 0.0022(12)
cr-C 1.7(1) 2.090(34) 0.0049(12)
Scattering Cr3_MAO activated

paths N R+ AR[A] a” [A%]
Cr-C 3.0(1) 2.108(15) 0.0044(11)
cr-Cl 0.7(1) 2.338(24) 0.0067(21)

This journal is © The Royal Society of Chemistry 2026

dimeric motif in the pores, the most plausible structure for
Cr1@OMSg6i is an asymmetrically coordinated chromium
dimer comprising one pentacoordinate and one
hexacoordinate center with the latter anchoring to the pore
wall via a Si-O-linker (Fig. 6a). Such asymmetric coordination
geometries for Cr-dimers have already been reported in the
literature.””

Similar results were observed for Cr2@OMSs;i. Upon
successful immobilization, the substitution of one or both
benzyl ligands in Cr2 by surface-bound Si-O-groups was
expected. This scenario would be consistent with the
observed pronounced shift of the absorption edge to higher
energy (Fig. 4c), as replacement of one or two strong c-donor
ligands by weaker, highly electronegative oxygen-donors
decreases electron density at the chromium centers. Because
carbon and oxygen have similar backscattering amplitudes,
EXAFS could not reliably resolve whether one or both benzyl
ligands were substituted during immobilization. Whereas the
experimental EXAFS data of the homogeneous precursor Cr2
are fitted best by applying a coordination number of N =
51(3) (N = 1.0(1) + 2.9(1) + 1.2(1)), (SI, Table S4), the
immobilized material, however, exhibits an apparent average
coordination number of N = 5.6(3) suggesting a mixture of
penta- and hexacoordinate chromium environments. This
interpretation is further supported by the distinct change in
the pre-edge pattern between Cr2 and Cr2@OMSsy4,
indicative of a substantial geometric reorganization upon
immobilization. The pre-edge fine structure of Cr2@OMSs;4
closely resembles that of octahedral, oxygen-coordinated
chromium species - e.g. Cr,O3z, Cr(OH); or Cr(acac); - and
suggests the formation of a significant fraction of a
hexacoordinate chromium-oxide by-product during the
immobilization of Cr2 (Fig. 6b).”**® Formation of this oxide
species might explain the pronounced loss of catalytic activity
upon immobilizing Cr2 in OMSs;i material - from 8.3
kg(product) mol Cr' h™ bar’ under homogeneous
conditions to 0.7 kg(product) mol Cr™* h™ bar™ in OMSs; -
representing the largest decline observed among the
immobilized catalysts (vide infra, Table 3).

The experimental EXAFS data for Cr3@OMSeei are best
reproduced by replacing both chloride ligands in Cr3 with

Catal. Sci. Technol,, 2026, 16, 2170-2184 | 2175
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Fig. 6 Proposed structures for the immobilized Cr complexes a) Crl@OMSggs, b) Cr2@OMSs;4 and ¢) Cr3@OMSges based on XAS analysis.
Regarding Cr2@OMSs;4, the hexacoordinate chromium oxide species could not be characterized further and is therefore shown only

schematically.

Table 3 Ethylene oligomerization results for complexes Cr1-Cr3 using MAO as cocatalyst

LAOs (wt%)"

# Catalyst Ce Cs C1o Cpp Cu >Ciys PE (mg) Activity® ' (°C)"
1 cr1° 3 7 11 13 14 52 176 8.1 117
2 Cr1@si60” 10 20 22 18 10 20 71 2.3 131
3 Crl@OMSegs” 4 10 14 17 17 38 37 1.2 133
4 Cri@OMS,g;” 15 30 25 25 4 1 3 0.1 —
5 Crl@OMS,g:° 18 58 12 12 — — — 0.004 i
6 Cri@OMS,g:? 24 60 7 9 — — — 0.003 i
7 Ccr2® 4 9 15 17 16 39 251 8.3 131
8 Cr2@si60” 5 10 16 18 14 37 80 2.6 136
9 Cr2@OMSs,3” 10 14 20 20 13 29 26 0.7 129
10 Cr2@OMS,z:” 14 24 30 21 8 3 10 0.3 136
11 Cr3® 6 15 18 20 16 25 200 6.9 124
12 Cr3@si60” 17 23 15 14 9 22 92 3.1 134
13 Cr3@OMSegs” 6 9 12 14 19 40 35 1.2 135
14 Cr3@OMS,g:” 10 14 19 19 19 29 25 0.9 134

“ ca. 1 mg of cat., 1000 eq. MAO, 10 mL toluene, 80 °C, 10 bar, 2 h. b

ca. 15 mg of immobilized cat., 1000 eq. MAO, 10 mL toluene, 80 °C, 10

bar, 2 h. ¢ Oligomerization was performed at 50 °C. ¢ Oligomerization was performed at 20 °C. ® Determined by GC, values of C, are not given

due to volatility. / Average of two experiments. ¢ kg(product) mol Cr* h™* bar™,

determined by adding polymerization activity to

oligomerization activity. * Determined by DSC. * Not determined due to very low yield or no PE produced.

oxygen donors from surface Si-O groups inside the OMS
pores (Table 2 and Fig. 6¢)."" This substitution significantly
contracts the bond motifs between metal center and first
ligand sphere, which is consistent with the FT-EXAFS
comparison of Cr3@OMSeei and Cr3 (Fig. 4d)), since two
Cr-Cl bonds (2.33 and 2.34 A) are replaced by two Cr-O
bonds having an average fitted length of 1.950(7) A
(Table 2). The combination of chloride/oxygen exchange
together with a possible immobilization-induced change in
coordination geometry of the chromium complex is
assumed to account for the pronounced shift of the
absorption edge between Cr3@OMSgi and Cr3 and
furthermore align with the changes observed in the pre-
edge fine structure (Fig. 4d).”® Especially, the intensity of
the shoulder feature at around 6002 eV (Fig. 4d) is markedly
reduced upon immobilization or MAO activation. This
shoulder signal represents a characteristic feature of
chloride ligands being bound to transition metals and
originates from a so-called shakedown-process describing a
ligand-to-metal charge transfer (LMCT) after the excitation

2176 | Catal Sci. Technol,, 2026, 16, 2170-2184

of a metal-centered 1s electron into metal-centered 4p

states.’®®® The reduction of this shoulder signal upon
immobilization or MAO activation underlines the
assignment of this feature to Cr-Cl bonding motifs, as

chloride ligands are replaced during both immobilization
and activation. A similar trend is observed for the
immobilization of Crl (Fig. 4b). However, this effect is less
pronounced because only one quarter of the coordinating
chloride ligands is substituted upon immobilization and the
fact that the measured absorption edge energy represents
an average over the two Cr centers within the Crl dimer.

XAS-investigation of the MAO-activated Cr3 complex

XAS measurements were also carried out on Cr3 activated by
150 eq. of MAO. The XANES spectrum of the MAO-activated
Cr3 species exhibits a shift of the absorption edge by around
2 eV toward lower energies, while the fine structure of the
edge as well as the energy of the white-line region (the
absorption maximum of the edge) remains nearly unaltered

This journal is © The Royal Society of Chemistry 2026
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(Fig. 4d and Table S2, SI). Least-squares fitting of the
experimental EXAFS data for the MAO-activated Cr3 species
could only be achieved when three carbon-based donor
atoms and one chloride anion were included in the first
coordination sphere (Scheme 3).

We interpret these XANES- and EXAFS-results as evidence
for similar coordination geometries of Cr3 and Cr3_MAO
activated, differing only in the identity of the coordinating
ligands. The replacement of an electron withdrawing chloride
ligand by a strong o-donating methyl group provides a
plausible explanation for the observed energy shift and aligns
with the edge shift between the Cr3 pre-catalyst and its
immobilized analogue Cr3@OMSg64i, in which the chloride
ligand is replaced by a less donating and more
electronegative siloxide moiety (Fig. 4d and S12, SI). This
substitution likely represents the initial step in the activation
of Cr3, potentially followed by the replacement of the second
chloride ligand upon exposure to higher MAO
concentrations.®*™®’

To probe the potential formation of a Cr(i)(CeHsCHz),
sandwich complex, previously reported as a favored
deactivation pathway in toluene,**® we compared the XAS
data of Cr3 and Cr3_MAO activated with those of Cr(0)
(CeHs), (Table S2 and Fig. S12, SI). As toluene is anticipated
to coordinate in an 5°fashion, the formation of significant
amounts of Cr(1)(C¢H5;CH3), would yield a markedly higher
signal intensity for the first coordination shell in the FT-
EXAFS region, which is not observed (Fig. S12b, SI). Because
Cr(0)(C¢Hg), and Cr(1)(C¢HsCH3), are expected to adopt
similar coordination geometries, their absorption edge fine
structures should be comparable despite the lower d-electron
count in Cr(i). Since the XANES-spectrum of Cr(0)(CsHg),
displays an almost featureless edge region, a significant
concentration of Cr(1)(C¢HsCHj3), within the MAO-activated
Cr3 solution would result in a pronounced reduction of fine-
structure intensity for Cr3_MAO activated compared to the
Cr3 pre-catalyst spectrum (Fig. S12a, SI).

Due to the limited signal-to-noise ratio, it remains unclear
whether the methyl and chloride ligands act as terminal
ligands or as bridging groups forming a bimetallic complex.
However, based on our previous EXAFS analysis of a MMAO-
activated (PNP)Cr(u)(Me), species,”> we consider the
formation of bimetallic species unlikely, given the steric
constraints imposed by the two CAAC ligands. Furthermore,
the pronounced sensitivity of the Cr K-edge position to
variations in both oxidation state and ligand environment
currently precludes an unambiguous assignment of the
chromium oxidation state under the applied experimental

Dipp, Dipp,
/F%—’Cr*—g /F%quh%j/

Dipp Dipp
Cr3_MAO activated

MAO (150 eq.)

toluene, 30 min, r.t.

Scheme 3 Proposed structure of Cr3 after activation with 150 eq. of
MAO.

This journal is © The Royal Society of Chemistry 2026
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conditions. A more detailed investigation of the structure
and oxidation state of the MAO-activated Cr3 pre-catalyst —
employing higher MAO excess and complementary XAS, XES,
and EPR measurements - to elucidate the complete
activation pathway of the Cr-based pre-catalysts mentioned
here is part of our ongoing research.

Ethylene oligomerization studies (homogeneous)

The chromium complexes Cr1-Cr3 were evaluated as pre-
catalysts in the oligomerization of ethylene at 80 °C in
toluene at 10 bar ethylene pressure using 1000 eq. of MAO as
cocatalyst.*' Results are compiled in Table 3. In all cases,
they proved to be non-selective towards 1-hexene and/or
1-octene, revealing a broad oligomer distribution ranging
from C, to C,g oligomers (for representative GC-MS spectra
of the products after catalytic oligomerization using Cr1/MAO
and Cr2/MAO see Fig. S15 and S19, respectively). In most
cases, PE was the main product and higher olefins >C;,
accounted for the majority of the oligomers. All chromium
complexes displayed moderate catalytic activity (6.9-8.3 kg
mol Cr* h™ bar™) in ethylene oligomerization. Noteworthy,
activity was determined by adding polymerization activity to
oligomerization activity.

Ethylene oligomerization studies (heterogeneous)

Supported Cr-complexes were evaluated in ethylene
oligo-/polymerization reaction using the same condition
previously used for corresponding homogeneous version.*!
Table 3 summarizes the activities and product/oligomer
distributions of the supported Cr-based catalysts.
Cr3@Si60/MAO [a-C¢-Cyy (78 Wt%) and >Cy,. (22 Wt%)],
Cr3@OMSgei/MAO [a-Ce—Cy4 (60 wt%) and >Cy,, (40
wt%)] and Cr3@OMS,si/MAO [0-C¢-Cy4 (71 wt%) and
>Cya+ (29 Wt%)] exhibited similar selectivity as compared
to the homogeneous system Cr3/MAO [a-Ce-Cis (75 Wt%)
and >Ciy,. (25 wt%)] though PE formation was
significantly reduced particularly with Cr3@OMS,5i/MAO
for which the oligomer distributions also centered more
on lighter LAOs (Table 3, entries 11-14). In case of silica-
supported activated catalysts Cr1@Si60/MAO [0-C¢—Cy, (80
wt%) and >Ci,4 (20 wt%)] and Cri@OMSea/MAO [0-C—Cyy
(62 wt%) and >Cy4 (38 wt%)] (Table 3, entries 2 and 3), the
oligomer distribution centered on lighter o-olefins fractions
in comparison to the homogeneous Cr1/MAO system where
the distribution was dominated by heavier a-olefins fractions
[0-Ce—C14 (48 Wt%) and >Cy4. (52 Wt%)] (Table 3, entry 1).
The most striking effect was observed with the supported
catalyst Cri@OMS,5i/MAO. The GC-MS spectrum of the
liquid phase products using the Cri@OMS,5i/MAO system is
shown in Fig. 7 and reveals a narrow oligomer distribution
ranging from Cg to C;, oligomers with a sharp increase in
selectivity towards lighter o-olefins fractions [a-C¢—Cyy (99
wt%) and >Ci4 (1 wt%)] (Table 3, entry 4; Fig. 7 and 8a). A
separate, minor distribution of odd-numbered carbon olefins
(C;~Cy3) was also observed, suggesting that chromium
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Fig. 7 Representative GC-MS spectrum of the products after catalytic
oligomerization  using  Crl@OMS,gs/MAO. Internal  standard:
n-dodecane.

species underwent chain methylation reactions due to
residual Me;Al in the MAO.® Similar selectivity was obtained
with the Cr2@OMS,gi/MAO catalyst mostly centered on
lighter a-olefins fractions [a-C¢—C14 (97 Wt%) and >Cius (3
wt%)] (Table 3, entry 10; Fig. 8c and S20, SI). The distribution
of oligomeric 1-alkenes with Cr1/MAO, Cr1@Si60/MAO,
Crl@OMSg6i/MAO and Cri@OMS,5i/MAO is depicted in
Fig. 8a. As we transition from the homogenous system to
heterogenous system, a distinct correlation of the pore size of
the immobilized catalysts with product selectivity can be
observed. Thus, the Cri@OMS,3i/MAO catalyst with the
smallest mesopores demonstrated the ability to preferentially
generate lower linear a-olefins up to C,, (Fig. 8a).

As expected, immobilization on Si60 resulted in a more
active catalyst compared to the utilization of OMSgsz and
OMS,si (Fig. 8b). This finding can be attributed to the
typically larger pore size distribution of Si60 and OMSge4 in
comparison to OMS,si, which allows for more efficient
transport of ethylene within the material, leading to an
improvement in the oligomerization process. The trends that
were observed align well with previous reports.***%7°

Since the Cri@OMS,3i/MAO system demonstrated
enhanced selectivity towards lighter a-olefins fractions
[0-C6-C14], further ethylene oligomerization experiments
were performed at varying temperatures to investigate how
temperature variations influence the selectivity. The

Q
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60

8.1

40

20

wt % of oligomers

6 8 10 12 14
LAOs

>14+

M Crl (homo)
mCr1@si60

HCr1@0MS28A

2.3

View Article Online

Catalysis Science & Technology

selectivity towards lighter a-olefins fractions [0-Ce—Cjs]
remained constantly high at lower temperatures (see Fig.
S17 and S18, SI). Additionally, PE formation was completely
suppressed at lower temperatures. A  significant
enhancement in the selectivity towards Cg was detected at
lower temperatures; the Cg selectivity rose from 30 to 58
and 60 wt% at 80, 50 and 20 °C, respectively (Table 3,
entries 4-6). The increased Cg-selectivity at lower
temperature may be attributed to an increased stability of
the metallacyclononane’ intermediate (vide infra) as well as
a higher ethylene concentration."* However, a significant
reduction in catalytic activity was noted at lower
temperatures (0.004 and 0.003 kg mol Cr* h™ bar™" at 50
and 20 °C, respectively; Table 3, entries 5 and 6).

Overall, catalysts confined within small mesopores, ie.
Cri@OMS,5i/MAO and Cr2@OMS,gi/MAO, show promising
selectivity towards LAOs < C,, (Fig. 8c). Confinement also
strongly minimizes or fully eliminates the wundesired
formation of PE (Fig. 8c). The minor amounts of PE that form
with the immobilized catalysts at 80 °C are probably a result
of catalyst leaching. The melting points (7,,) of the obtained
PEs were determined by differential scanning calorimetry
(DSCQ); findings are listed in Table 3. DSC analyses indicate
that linear, high-density PE (HDPE) is formed using the
supported catalysts (Fig. $21-523); 'H and "*C measurements
on specific PE samples further confirm the formation of
HDPE with vinyl end groups (Fig. S7 and S8).

The reduced catalytic activity of the immobilized catalysts
may be ascribed to a combination of several factors including
the formation of chromium oxide species as suggested by
XAS spectroscopy (vide supra), changes in the oxidation states
of the active sites after immobilization, reduced -catalyst
dispersion,”®”>”* restricted accessibility”> of the cocatalyst
MAO to the active sites due to steric hindrance by the pore
wall,”® and a restricted access of ethylene to the active sites,”?
thereby blocking ethylene insertion.**"*

Mechanism of ethylene oligomerization using supported
catalysts

The mechanism of ethylene oligomerization using the
chromium catalysts supported on mesoporous silica may be
understood in terms of the metallacyclic mechanism, as

O
~
B
o

EMCr1@OMS28A  mCr2@OMS28A

u Cr3@OMS28A

wt % of oligomers
[ N w
(=} o (=]

o

6 8 10 12 14
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>14+

Fig. 8 a) Distribution of oligomeric 1-alkenes with Crl/MAO, Crl@Si60/MAO, Crl@OMS¢ei/MAO, and Crl@OMS,g4/MAO; b) activity in
kg(product) mol Crt h bar® with Cr1/MAO, Cr1@Si60/MAO, Crl@OMSeea/MAO, and Crl@OMS,54/MAO in toluene; c) distribution of oligomeric
1-alkenes with Cr1-Cr3@OMS,54/MAO. For the GC-MS spectrum of Crl@OMS,gi/MAO, see Fig. 7.
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illustrated in Scheme 4.”* To prevent any potential
overinterpretation, it is important to note that Scheme 4
is presented here for illustrative purposes, primarily to
aid in the discussion of how confinement effects
influence the catalytic process, rather than to propose a
novel mechanism. The -catalytic cycle is initiated with
the activation of the chromium center in the presence
of a cocatalyst (MAO) generating an active Cr species I
(pathway 1). The active Cr species I couples with two
ethylene molecules, and undergoes oxidative coupling to

form a metallacyclopentane complex III. Introducing
additional ethylene into the metallacyclopentane III
results in the larger ring metallacycles IV. Further

concerted 3,3+2n-H shift (n 1, 2, 3...) leads to the
formation of intermediate V. Breakdown of the
metallacycle proceeds via reductive elimination to yield
1-hexene and 1-octene, respectively, and regenerates the
active catalytic species I. The formation of o-C;o-Ciy
olefins can be explained via the formation of extended
metallacyles from IV (Scheme 4, pathway 2). We surmise
that two different oligomerization mechanisms can be
operative at the same time with two catalytically active
chromium sites, one that facilitates the formation of
oligomers and the other that drives polyethylene
formation.”*”® The latter is fully suppressed under
confinement. Our results align well with reports by
Kaphan and co-workers.”®

This journal is © The Royal Society of Chemistry 2026

Discussion on the confinement effect
Under confinement,’®””™®! the selective formation of the
0a-Ce—Cy, oligomers can also be understood through the
metallacyclic mechanism. The restricted pore environment
functions as a molecular sieve, facilitating the diffusion of
shorter oligomers (a-Cs—Cy,) in and out of the pores. As the
oligomer continues to grow, larger chromacycles face steric
strain and diffusion constraints, which selectively destabilize
the larger metallacyclic intermediates, leading to early
termination of chain growth via concerted 3,3+2n H-shift/f-

hydride elimination. Furthermore, the confined space
stabilizes smaller metallacyclic intermediates through
surface interactions, while larger metallacycles are

destabilized by steric constraints and are thus more prone
to termination, thereby limiting the product distribution to
<Cy,. Consequently, the confined space preferentially
promotes the formation of the shorter oligomers, resulting
in a higher selectivity for «a-C¢-Cy, products. This
confinement-driven behavior contrasts with Phillips-type Cr
catalysts, where small pore sizes promote long-chain
polymerization vie a  Cossee-Arlman  mechanism,
highlighting the mechanistic specificity of metallacycle-
mediated oligomerization under confinement.®

Molecular dynamics simulations were performed at 80 °C
to better understand the effect of the confinement within the
ordered mesoporous silica materials and confirm the size-
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01483b

Open Access Article. Published on 26 Februar 2026. Downloaded on 07.05.26 15:30:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

2= O

N ;
8 3

# Yy S

$54

Lo

O SME 1ioe g o f ‘«.‘8.5.‘,,‘.‘
ALy 108, 000

. AR,

11-\’\q PARA AT Wi Tinn

Fig. 9 (a) Side view of the cylindrical pore model with a diameter of
66 A. The pierced silica block is flanked by two solvent reservoirs (only
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trimethylsilyl (TMS)-functionalized (111) exterior surface of the
B-cristobalite silica. Color code: SI, O - brown; Cy, - red; Ci4 - pink;
Cy6 - black; Cyg - grey; TMS - purple; silanol - yellow; toluene - green.

exclusion effect of a cylindrical pore model with a diameter
of 28 A relative to a pore model with a diameter of 66 A.
Fig. 9 illustrates the larger pore model, including the
attached reservoir region.*?

Simulations of mixtures containing 1-dodecene,
1-tetradecene, 1-hexadecene and 1-octadecene molecules
showed differences in the probability of pore occupancy.
While in the larger pore all species are present, the smaller
pore hardly hosts C;5 chains and few C;¢ and C;4 chains. The
C;, chain has the highest probability to be accommodated
inside the pore (Fig. 10). This supports the concept of steric
confinement in that it suggests that the stability of large
chromacycles decreases with decreasing pore diameter, too.
Simulations containing only a single species confirm this
observation, see Fig. S25.

Conclusions

This work extends the scant literature on ethylene
oligomerization catalyzed by Cr(u) and Cr(um) -catalysts
immobilized inside small mesopores. Characterization data
and experimental results revealed that the chromium

View Article Online
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catalysts can be selectively immobilized inside the mesopores
of different OMS materials. The pore diameter strongly
affects catalytic performance. EXAFS analysis was employed
to explore the bonding environment around chromium in
different immobilized Cr species. In comparison to the
homogeneous catalysts, upon activation with MAO, the
supported chromium complexes experienced a clear
confinement effect. Catalysts Cri@OMS,5i/MAO and
Cr2@OMS,si/MAO immobilized inside well-defined small
mesopores demonstrated the ability to generate lower linear
o-olefins up to C;, with high selectivity. The confinement
provided by the small mesopores was further explored using
MD simulations. Our approach provides a convenient probe
for confinement imparted by enclosing the chromium active
sites within the small mesopores and offers the possibility to
tailor the oligomerization selectivity towards LAOs < Ci,,
suppressing PE formation at the same time.

Experimental
General

All reactions were performed under the exclusion of air and
moisture by standard Schlenk techniques unless noted
otherwise. Reactions involving Cr-complexes were performed
in a nitrogen-filled glove box (MBraun Labmaster 130).
Glassware was either stored at 120 °C overnight and cooled
in an evacuated antechamber or dried at 500 °C under high
vacuum (0.01 mbar). 'H- and *C-NMR spectra were recorded
on a Bruker Avance III 400 spectrometer at 400 and 101 MHz,
respectively. Chemical shifts are reported in ppm from
tetramethylsilane with the solvent resonance resulting from
residual solvent protons (CDCl: 7.26 ppm, C¢Dg: 7.15 ppm,
CD,Cl,: 5.13 ppm) as reference. Data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, pst = pseudo triplet, q = quartet, quint = quintet, sept
= septet, br = broad, m = multiplet), integral and coupling
constants (Hz). Differential scanning calorimetry (DSC) was
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Fig. 10 Frequency of occupancy of 1-alkenes in 28 A and 66 A pores observed in simulations of 1-alkene mixtures. (a) Cy, (b) Cy4, (c) C16 and (d)
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carried out on a PerkinElmer DSC 4000 equipped with a
PerkinElmer Intracooler 2p Cryostat. Data were analyzed with
the Pyris software. Approximately 8-20 mg of each polymer
sample were crimped in aluminum pans for each run.
Samples were heated from —-50 °C to 200 °C at a rate of 10 °C
min™' and then cooled at the same rate. The heating and
cooling steps were repeated twice. T}, values were determined
from the middle point of the phase transition of the second
heating scan. Inductively-coupled plasma-optical emission
spectrometry (ICP-OES) measurements were carried out on
an Agilent 7500a ICP-OES instrument. For analysis, the
corresponding silica (25-35 mg) was mixed with aqua regia
(ca. 5 g) and water (ca.1 g) and then subjected to microwave
digestion using a model CEM Mars 6 microwave reaction
system. PTFE-TFM vessels (MF 100) were used to digest the
samples at 200 °C with 15 min ramp up temperature, at a
maximum power of 1000 W for 1 h. After cooling (15 min),
the digested samples were syringe-filtered and transferred to
a volumetric flask and diluted to 50 mL using deionized
ultra-pure water. Cr was measured at 4 = 240.272 nm, the
background was measured at 4; = 240.223-240.254 nm and 4,
= 240.295-240.340 nm, respectively. The limit of detection
(LOD) was 0.0001 mg L. For calibration, aqueous
Cr-standards with Cr concentrations of 0.000, 0.100,
0.500, 1.000, 2.500 and 5.000 mg L' were used. For
comparison, a reference, containing the same amount
of aqua regia and deionized water was subjected to
the same treatment. GC-MS analyses were performed
on an Agilent Technologies 5975 C inert MSD device
consisting of a  triple-axis  detector, a = 7693
autosampler and a 7890 A GC system equipped with an SPB-5
fused silica column (34.13 m x 0.25 mm x 0.25 um film
thickness). GC data were plotted in Excel (Microsoft).

n-Dodecane together with 1-hexene, 1-octene, 1-decene,
1-dodecene, 1-tetradecene, 1-hexadecene, and
1-octadecene, was used as the internal standard.

Selectivity for linear o-olefins was defined as the ratio of
linear a-olefins of all fractions over the total amount of
oligomer products in percent. XAS samples were measured at
the chromium K-edge (5989 eV) in fluorescence
(Cri@OMSeg4, Cr2@OMSs54 and Cr3@0MSgex and Cr3_MAO
activated) and transmission (Crl, Cr2, Cr3 and Cr(0)
(benzene),) mode at the P65 beamline (PETRA III, DESY).
Measurements were carried out at room temperature up to
1000 eV above the Cr K-edge. I, was detected using an
ionization chamber filled with 1000 mbar of N,, I; used for
analyzing the immobilized samples was collected with a PIPS
detector located orthogonal to the incident X-ray beam. For
the analysis of the homogeneous samples, I; was detected
using an ionization chamber filled with 910 mbar of N, plus
90 mbar of Ar. In the fluorescence mode, the samples were
tilted by 45 degrees relative to this beam. For energy
selection, a Si(111) double crystal monochromator (DCM) was
used with a resolving power of 1-2 x 10™* resulting in an
averaged experimental resolution at Cr K-edge of app. 1 eV.
For energy calibration, a chromium foil was measured before
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and after the chromium samples. Quantification of the
absorption edge energy E, was performed by identifying the
first inflection point in the XANES spectrum of the chromium
foil. The immobilized samples were measured without any
additive binder to not further decrease the concentration of
the chromium centers, the homogeneous solid samples were
mixed with dry boron nitride. The concentration was
calculated for an edge jump of 0.3. Spectra showing
beginning radiation damage were not included in the data
analysis. Crl@OMS,gi, Cr2@OMS,si and Cr3@OMS,si as
well as immobilized MAO-activated species could not be
investigated due to either insufficient signal quality or rapid
photodecomposition. XANES- and EXAFS-analysis of the
experimental spectra was accomplished with the aid of the
Demeter  package.**  Background  subtraction  and
normalization of the XAS raw data were performed with the
Athena software. EXAFS fitting was carried out using the
Artemis software applying the full multiple scattering
approach (FMS).*® During the multiple parameter EXAFS
fitting procedure, the parameters for each sample were set
individually. N,-physisorption analyses were performed at 77
K on a Quantachrome QuadraSorb automatic volumetric
instrument. Silica samples were degassed for 11 h at 150 °C
in vacuo prior to the gas adsorption studies. Pore size
distributions, pore volumes and surface areas were calculated
from the desorption branch using the non-local density
functional theory (NLDFT) cylindrical adsorption pores for
silica implemented in the ASiQwin software version 3.01.
Toluene was dried with an MBraun SPS-800 solvent
purification system with alumina drying columns and stored
over 4 A Linde type molecular sieves. Deuterated solvents
were filtered over activated alumina and stored over 4 A
Linde type molecular sieves inside the glove box. All catalyst
preparations were carried out in oven-treated glassware.
CrCl;(THF); was purchased from ABCR Chemicals. CrCl, was
purchased from Sigma-Aldrich. MAO (10 wt% in toluene) was
sourced from Sigma-Aldrich, toluene was removed in vacuo at
60 °C, and MAO was obtained as a white semi-crystalline
powder and used as a cocatalyst in ethylene oligomerization.
Si60 was purchased from Machery-Nagel Gmbh & Co. KG,
residual moisture was removed under vacuum at 200 °C
overnight and stored inside the glovebox. OMS materials
were synthesized via a true liquid crystal templating process
as described previously.**%°

General procedure for catalytic ethylene oligomerization

Ethylene oligomerization was performed in a 250 mL
stainless steel reactor (Berghof, type 25) equipped with a
mechanical stirrer and a thermostat. The catalyst (ca. 1 mg)
or the supported catalyst (ca. 15 mg), cocatalyst MAO (1000
eq.), toluene (10 mL) and internal standard dodecane (50 uL)
were transferred to the fully dried reactor under a nitrogen
atmosphere. The reactor was immediately charged with
ethylene to the desired pressure and the reaction temperature
was controlled by using a thermostat. After the reaction
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mixture was stirred for the desired period, the pressure was
released and the reactor was cooled in an ice bath. The
reaction mixture was quenched with water (5 mL) and MTBE
(3 mL) was added subsequently. A small sample of the upper-
layer solution was filtered through a syringe filter and
analyzed by GC for determining the composition and mass
distribution of oligomers obtained. Then the residual
reaction solution was quenched with 5% hydrochloric acid in
ethanol. The remainder of the organic layer was filtered to
isolate the precipitated polymeric material, which was dried
in an oven at 80 °C overnight and weighed. Each catalytic test
was performed at least twice to ensure reproducibility of the
results. The Al:Cr ratio used was 1000:1 unless stated
otherwise.

Modification of ordered mesoporous silica (OMS,g3, OMSs54,
and OMSge4)"’

Refilling of OMS - OMS material (approx. 10 g) was added to
a solution of terpolymer (Pluronic® P-123, 40 g) in ethanol
(150 mL) and the suspension was stirred for 24 h at room
temperature. The suspension was filtered and dried in vacuo
at 80 °C for 24 h.

Selective protection of silanol groups outside the
mesopores - the refilled OMS (approx. 15 g) was stirred in
hexamethyldisilazane (200 mL) for 3 h at room temperature,
filtered and washed with hexane (500 mL).

Removal of the surfactant - P123 was removed by Soxhlet
extraction with ethanol at 140 °C for 168 h.

Immobilization of catalyst

Refilled, selectively protected, and extracted silica (100 mg)
was added to a solution of the catalyst (5 mg) in toluene (3
mL). For the removal of nitrogen in the pores, low vacuum
(ca. 500 mbar) was applied. The suspension was stirred for 16
h at room temperature. Then, the suspension was filtered
and the resulting silica containing the immobilized catalyst
was washed with toluene (150 mL), dichloromethane (50 mL)
and n-pentane (150 mL), dried under vacuum at room
temperature for several hours and stored under inert
atmosphere at —35 °C.
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