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Controlled Assembly of a HeteroACHTUNGREgeneous Single-Site Ethylene TrimerACHTUNGREization
Catalyst as Probed by X-ray Absorption Spectroscopy
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Abstract: X-ray absorption spectroscopy at the Cr K- and L2,3-edges was used
to study the assembling process of a
heterogeneous Cr-based single-site catalyst. The starting point was a Phillipstype system with monochromate species anchored on a silica surface, which
was first reduced to a variety of different surface CrII species. The reduced
sample was modified with a 1,3,5-tribenzylhexahydro 1,3,5-triazine (TAC)
ligand in the presence of CH2Cl2 as solvent to yield a heterogeneous singlesite Cr-based catalyst active in the tri-

merization of ethylene. The molecular
structure of the resultant catalytic material consists of distorted octahedral
CrIII species. The extended X-ray absorption fine-structure (EXAFS) spectroscopy fitting procedure in R space
up to 2.5 = showed that the synthesis
leads to coordination with a TAC
Keywords: chromium · heterogeneous catalysis · Phillips catalyst ·
polymerization · X-ray absorption
spectroscopy

Introduction
The aim of catalyst scientists is to control the synthesis of
the active site of a heterogeneous catalyst, as well as the environment of the active site and the access to it.[1, 2] Unfortunately, single-site heterogeneous catalysts have been obtained in only a few cases,[3] and usually, one ends up with a
broad distribution of active sites.[4] An example of this is the
Phillips polymerization catalyst, which is composed of a
chromium oxide supported on a silica carrier.[1–7] This cata-
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ligand. The fit also shows that it was
possible to complete the six-fold environment around CrIII with two oxygen
atoms and one chloride ligand. This
chloride ligand is formed in a redox
process from the solvent and is responsible for the oxidation of surface CrII to
CrIII. The obtained geometry and the
local environment of the surface complex are discussed in light of its homogeneous counterpart and confirm the
single-site characteristics of the prepared catalytic material.

lyst, responsible for about 40 % of the worldwide production
of polyethylene,[1–7] is characterized by large polydispersity
indexes (PDI) of 6–15.[8–13] Such high values (single-site catalysts have typical PDI indexes of around 1–4) indicate that
each active site has its own specific catalytic behavior, leading to the production of different polyethylene chains and,
therefore, to a broad molecular-weight distribution. Hence,
it is not surprising that in spite of many efforts in catalyst
characterization over the last four decades, there is still a lot
of controversy regarding the active site and the related reaction mechanism of Phillips-type polymerization catalysts.[5–10]
CrII is generally considered as the active site in polymerization processes, although several different CrII structures
were identified by using the in situ infrared CO-adsorption
technique and labeled as CrIIA, CrIIB, CrIIC, and CrIID. Besides, chromium sites in the oxidation state of three, four,
and five may coexist. Evidently, such a complex system is
difficult to investigate and methods to reduce or, if possible,
to remove its complexity should be developed. McDaniel[12, 13] was the first to report on a method with CO at elevated temperature in which CrIIA sites are almost integrally
converted into CrIIB sites. The polydispersion of the system
is modestly reduced. Another approach to increase the homogeneity of the surface was recently investigated by Zec-
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china and co-workers.[14] They succeeded in partially conic system. The results are discussed in relation to the comverting CrIIA species into CrIIB species simply by using therplex surface chemistry of reduced Cr species, usually observed for Phillips-type catalysts.
mal treatments after the reduction step. Both approaches
are based on the tendency of naked CrIIA sites to seek potential vicinal ligands and to consequently sink into the superficial layer of the silica lattice to reduce their high degree
Experimental Section
of unsaturation. In other words, Cr finds a better position
on the surface and becomes better coordinated, and, thus,
Catalyst preparation: Catalyst preparation began with the anchoring of
more stable. In fact, these methods were focused on only
1 wt % CrO3 (p.a., UCB) onto silica through esterification with its silanol
II
II
Cr A and Cr B sites, and are, therefore, incomplete as long
groups, after calcination at 720 8C. The silica support had a surface area
of 500 m2 g1, a pore volume of 1.5 mL g1, a purity of 99.6 % and an isoas CrIIC, CrIID sites and different structures of CrIIB sites still
electric point of 3.2. After calcination, the yellow-orange material (samexist on the surface. Another interesting approach by the
ple A, Scheme 1) was reduced in either CO or H2 and the solid turned
[15–20]
[21, 22]
groups of Niemantsverdriet
and Grange
has targetblue, due to CrII formation (sample B, Scheme 1). Reduction was foled this complexity issue by spin coating a Cr precursor on
lowed by coordination of the ligand to the reduced Cr center after imSiO2/SiACHTUNGRE(100) wafers, aiming to reduce the number of polypregnation of the pore volume with a solution of the 1,3,5-tribenzylhexahydro 1,3,5-triazine ligand (TAC) in a chlorinated solvent, such as dimerization centers as well as to form isolated CrII polymerichloromethane (Aldrich, 99.99 % purity, oxygen- and water-free). A
zation centers. The latter allows the formation of polyethylight-purple solid was obtained after solvent removal (sample C,
lene islands to be monitored by using scanning force microScheme 1).
scopy.
All treatments were carried out in a specially designed spectroscopic cell
In a recent communication and related patent applicathat allowed electronic as well as Raman spectra of the solid to be measured. Impregnation of the pore volume was performed under inert attion,[23, 24] we reported briefly on a novel TAC-modified Cr/
mosphere because of the moisture sensitivity of CrII. In this respect, it
SiO2 catalyst that is very active and selective in the trimeriwas noted that the as-prepared solid was also sensitive to water. Treatzation of ethylene, with activities well above those of its homent of the catalyst with a water-saturated gas stream caused a color
mogeneous counterpart. Specific tests also showed that the
change to olive-green due to reoxidation of CrII to CrVI and the partial
catalyst is truly heterogeneous and, therefore, its remarkable
formation of Cr2O3. Consequently, all further manipulations were carried
out under nitrogen atmosphere within a glove box, and deoxygenated
catalytic activity is due to newly Cr-assembled surface speextra-dry solvents were used to avoid catalyst deactivation.
cies. However, more intriguing is that the catalyst possesses
X-ray absorption fine-structure (XAFS) spectroscopy
a polydispersity index of 1.87, indicative of the single-site
XAFS beamlines: Soft X-ray absorption near-edge structure (XANES)
catalytic behavior. Despite its outstanding catalytic properspectra at the Cr L2,3-edge (570–590 eV) were measured on beamline
ties, the molecular structure of the active site is unknown.
U49/2-PGM1 of BESSY (Berlin, Germany). Details of the soft X-ray
Moreover, this novel catalyst system is ideally suited for a
measurements and equipment can be found in the literature.[25] Two collector plates served as detectors of the ionized gas and of the subsequent
detailed characterization study
because data analysis is relatively straightforward compared
with those systems involving a
broad spectrum of active CrII
sites.
Here, we present a full account and show that a broad
distribution of active CrII sites
in Phillips-type Cr/SiO2 catalysts can be significantly reduced by anchoring a 1,3,5-tribenzylhexahydro 1,3,5-triazine
(TAC) ligand and chloride ligands onto the surface Cr species. The reduction in the polydispersity and the assembling
process of the new active sites
are depicted in Scheme 1. X-ray
absorption spectroscopy and
DFT calculations were used to
unravel the assembling process
of the ethylene-trimerization
site and to elucidate the geometry and the local environment Scheme 1. Assembly of a single-site catalyst starting from a Phillips-type catalyst (simplified structures of CrII
of the active site of this catalyt- sites were used).
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nonradiative decay of the core hole. The spectral resolution of the monochromator was 0.2 eV. Multiple scans were collected under 2.5 mbar He
and averaged. XAFS measurements with hard synchrotron radiation
were carried out at the Cr K-edge (5989 eV) on beamline E4 of HASYLAB (Hamburg, Germany) and on beamline BM26A of the ESRF (Grenoble, France). The positron storage ring at HASYLAB operated at
4.4 GeV with an average current of 120 mA. Beamline E4 was equipped
with a SiACHTUNGRE(110) monochromator. Higher-order harmonics were eliminated
by using a stabilization feedback control system. The fluorescence experimental setup consisted of a 7-pixel Si(Li) detector. The electron storage
ring at ESRF operated at 6 GeV with a maximum current of 200 mA,
and the higher-order harmonics were effectively rejected by using mirrors. A double-crystal SiACHTUNGRE(111) water-cooled monochromator was used. A
9-pixel Ge detector collected the fluorescence signal. In transmission
mode, gas-ionization detectors were used. The energy steps for measurements in the XANES region were 0.3 eV at HASYLAB and 0.5 eV at
ESRF.
XAFS data collection: The soft X-ray data were collected at RT and the
3.2 mbar He atmosphere was maintained during acquisition of the spectra. The hard X-ray data were measured at 77 K. Samples were pressed
as self-supported discs and placed in a specially designed extended X-ray
absorption fine-structure spectroscopy (EXAFS) cell,[26] then measured
in either fluorescence mode (for Cr-diluted samples) or transmission
mode (for reference compounds). For sample B, the in situ measurements
of the Cr K-edge XANES spectra were carried out under a continuous
flow of pure CO at 400 8C. The in situ experiments of sample C were recorded under He atmosphere with a time resolution of 20 min. The
energy scale was calibrated by measuring the Cr K-edge of the metallic
foil.
XAFS data analysis: All XANES spectra were normalized at 1 and the
edge position was chosen, for consistency reasons, at 0.5 of the normalized intensity. To extract quantitative information from the Cr L-edge it
was necessary to simulate the spectra. The MULTIPLET program[27, 28]
performs charge-transfer multiplet calculations combining atomic multiplet theory, crystal field theory, and many-body model Hamiltonians. This
approach takes into account electronic Coulomb interactions, spin-orbit
coupling on every shell and treats the geometry of the absorbing atom
through a combination of a crystal field potential and a mixture of coupled configurations, for example, to model the metal-to-ligand charge
transfer (MLCT). The XANES spectra of the Cr L-edge were calculated
from the sum of all possible transitions for an electron moving from the
2p level to a 3d level.
EXAFS data analysis: EXAFS data analysis was carried out using the
XDAPW2 code developed by Vaarkamp et al.[29] The pre-edge was subtracted by using a second-order polynomial. The edge position was calibrated by taking the second derivative of a Cr-foil spectrum and determining the position of the first inflection point. Normalization was carried out by dividing the data by the height of the absorption at 50 eV
above the absorption edge. The background was subtracted by employing
cubic spline routines with a continuously adjustable smooth parameter.[30]
This yielded the normalized oscillatory part of the XAFS data, for which
all the contributions to the spectrum, including the AXAFS, were maximized.[30] The EXAFS data-analysis program XDAPW2 allows one to
perform multiple-shell fitting in R space by minimizing the residuals between both the absolute and the imaginary part of the Fourier transforms
of the data and the fit. R-space fitting has important advantages over the
usually applied fitting in k space and is extensively discussed in a paper
by Koningsberger et al.[30] The variances of the magnitude and imaginary
part of the Fourier transforms of fit and data were calculated according
to Equation (1):
R
variance ¼

½FTðkn cmodel Þ  FTðkn cexptl Þ2 dR
R
 100
½FTðkn cexptl Þ2 dR
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X

ð2Þ

ðfitÞi

i¼1

in which (fit)i represents the fitted contribution of the coordination shell
i and N is the number of shells. For each individual contribution, Equation (3) should then logically be valid:

ðfitÞj ¼ exptl data 

N
X

ðfitÞi

ð3Þ

i¼1 and i6¼j

The right-hand side of Equation (3) is further denoted as the difference
file of shell j. A good fit is obtained only if the total fit and each individual contributing coordination shell describe correctly the experimental
EXAFS and the difference file, respectively. In this way, not only the
total EXAFS fit, but also the individual fits of all separate contributions
can be determined reliably. In this study, the statistical significance of a
contribution was checked by comparing the amplitude of (fit)j with the
noise level present in the experimental data. The data discussed in this
paper were analyzed by using a multiple-shell R-space fit with k1 and k3
weightings, Dk = 3–11 =1 and DR = 1.5–3.5 =. The validity of the fit was
checked in all k weightings (kn, for which n = 0, 1, 2, and 3). The applied
fit ranges allowed the number of independent parameters (Nind) to be
13.4, according to the Nyquist theorem:[31]

N ind ¼

2DRDk
þ2
p

ð4Þ

Data for the Cr–O, Cr–N, Cr–C, and Cr–Cl phase shifts and backscattering amplitudes were obtained from calculations using the FEFF8
code.[32, 33] Table 1 gives the input parameters of the FEFF8 code. The the-

Table 1. FEFF8 input parameters used for the calculation of phase shifts
and backscattering amplitudes.
Atom pair

Experimental
reference

N

R
[=]

s2
[=2]

S02

Vr
[eV]

Vi
[eV]

Cr–O
Cr–N
Cr–Cl
Cr–C

Cr2O3
CrCl3–TAC
CrCl3
CrCl3–TAC

3
3
6
3

1.900
2.095
2.330
2.615

0.0005
0.0020
0.0016
0.0080

1.0
1.0
0.7
1.0

13
8
3.5
1.1

1.0
1.0
1.0
1.0

oretical references were calibrated on experimental EXAFS data of
Cr2O3, CrCl3, and CrCl3–TAC by using an R-space fit. The input parameters of the FEFF8 code were adjusted until the experimental reference
was fitted with Ds2 = 0, DE0 = 0, with distance and coordination number
taken to be the same as the crystallographic data of the reference compounds. Further details of the calibration procedure are given in the Supporting Information.
DFT calculations: Quantum-chemical calculations were performed by
using the GAMESS-UK program. Exchange-correlation energy was
added to the calculations by using the B3 LYP density functional.[34, 35] All
calculations were performed with the CERNBL basis set and accompanying ECPs from the EMSL basis-set database. The structures of the
clusters were optimized to a maximum gradient of 4.4 N 104. After optimization, a natural-orbital population analysis was conducted with the
natural bond orbital (NBO) module in GAMESS-UK.[34, 36]

Results

ð1Þ

The difference-file technique was applied together with phase-corrected
Fourier transforms to resolve the different contributions in the EXAFS
data.[30] If the experimental spectrum is composed of different contributions, then:
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exptl data ¼

X-ray absorption near-edge structure (XANES) of Cr Land K-edge: Figure 1 shows the Cr K-edge XANES spectra
of the starting catalyst (sample A) and of the catalyst after
reduction with CO (sample B). Basically, reference chro-

G 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2006, 12, 4756 – 4763

Single-Site Ethylene Trimerization Catalyst

FULL PAPER

A
1.2

sample A

0.8

0.4

CrCl3-TAC
sample C
0.0

0.0
6000

6030

6000

Energy/eV

6040

Energy/eV

Figure 1. A) Cr K-edge XANES spectra of sample A, converted in situ
into sample B through the reduction of surface chromates to surfaceanchored Cr2 + species. The intense pre-edge peak of the tetrahedral sample A decreases gradually and a low-intensity peak appears for the octahedral sample B. The edge transition of sample A is shifted towards
lower energies in sample B as indicated by the arrow. Spectra were collected after each 20 min. B) XANES spectra of sample C and its reference complex CrCl3–TAC.

mate compounds present similar Cr K-edge XANES spectra
and, therefore, we can conclude that sample A consists
mainly of surface chromates, although the presence of traces
of polychromates cannot be excluded. One reference for
chromate species together with other reference compounds,
as well as the most important XANES features of samples A, B, and C are listed in Table 2.
Under CO atmosphere and at 400 8C, sample A is reduced
in situ to sample B. In Figure 1A, the Cr K-edge is plotted
as a function of time during the progressive conversion of
sample A to sample B. The spectrum of sample A exhibits a
sharp and intense pre-edge peak at 5993.6 eV, known to be
characteristic for the dipole-forbidden transition 1s!3d in

Table 2. Cr K-edge XANES features of the catalytic material and reference compounds studied.
Compound

Coordination
geometry

Oxidation
state

Cr K-edge
position [eV]

References

Cr foil[a]
sample A[a]
sample B[a]

cubic
tetrahedral
distorted
octahedral
distorted
octahedral
octahedral
octahedral
octahedral
octahedral
tetrahedral

0
+6
> +2

5990.7
6006.5
5999.0

–
[37, 53–55]
[52]

+3

5994.2

–

+3
+3
+6
+3
+6

5994.5
5994.0
6008.0
5999.5
6008.7

–
–
[53–55]
[51, 53–55]
[51]

sample C[a]
CrCl3–TAC[a]
CrN[a]
CrO3
Cr2O3
CaCrO4

[a] Our own measurements compared with the literature data, where possible.
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chromium compounds with an oxidation state of six and tetrahedral geometry. Due to the reduction with CO, the intense pre-edge peak of sample A is gradually diminished
until it is completely replaced by a very low-intensity peak
positioned at 5990.1 eV. This new peak indicates a change in
the symmetry of the Cr absorber towards octahedral. The
edge transition is also shifted to lower energies, from
6006.5 eV (sample A) to 5999.4 eV (sample B), indicating an
average oxidation state of between two and three.[37] Apart
from the edge shift, the intense shoulder is indicative for the
conversion of the oxidation state six in sample A towards
oxidation state two in sample B.[38]
Figure 2 presents the Cr L2,3-edge spectra of sample C and
those of the reference compound, Cr2O3. The L2,3-edge Xray absorption spectra were analyzed by performing chargetransfer multiplet calculations, which yielded information on

sample C
Normalized intensity/a.u.

0.8

sample B

Normalized intensity/a.u.

1.2

0.4

B

Cr2O3

575

580
Energy/eV

585

Figure 2. XANES spectra of the Cr L2,3-edge of sample C (top, dotted
region) and Cr2O3 (bottom, dotted region) together with the simulated
spectra obtained with charge-transfer multiplet calculations.

the ground-state electronic structure of the metal ion. Only
a few studies exist in the literature on the L2,3-edges of chromium systems,[39–44] and all involve bulk oxides. Systems with
low concentrations of chromium, as is the case for sample C,
have not yet been reported. The close similarity of the spectra of sample C and Cr2O3 indicates that both chromium systems are present in a similar electronic state. The Cr in
Cr2O3 occupies a (distorted) octahedral position and the
ligand field multiplet simulations yield a CrIII ground state
that has ~ 80 % 3d3 character and ~ 20 % 3d4L character, in
which a hole exists on the oxygen neighbors.[45, 46] The (overall) ligand field splitting is 2.0 eV. The charge-transfer fit of
the sample C is less accurate, due mainly to variations in the
background and to the measurements being made in a gasphase environment. Nevertheless, it is clear that the ground
state of chromium is very similar to that of Cr2O3, in which
the lower intensity of the first peak of the L3-edge suggests
a smaller crystal field, of the order of 1.5 eV. Thus, Cr is
found in a valence state of three in sample C, which is in
agreement with the XANES analysis at the Cr K-edge.
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Extended X-ray absorption fine-structure (EXAFS) data
analysis: The XANES spectra and the EXAFS spectra with
the corresponding FTs (k1, Dk = 3–13 =1) of the newly assembled Cr/SiO2 catalyst (sample C) and the CrCl3–TAC
reference compound are shown in Figure 1B and Figure 3,

rameters is still lower than the number of allowed independent parameters (14.7), calculated according to the Nyquist
theorem [Eq. (4)]. The final fit results of the four-shell fit
are given in Table 3. The variances of the R-space fit are ac-

Table 3. Fit result for the experimental data obtained by using the theoretical references. The fit was performed in R space, FT[a] (k1, DR = 0.5–
2.5 =, Dk = 3–13 =1). Number of free parameters is 14.7.

a)
0.10

Shell

Absorber–
backscatterer

N

R
[=]

Ds2
[=2]

DE0
[eV]

Calculated
distances [=]

1
2
3
4

Cr–O
Cr–N
Cr–Cl
Cr–C

2.0
3.0[b]
1.0
3.0[b]

1.91
2.10[b]
2.28
2.62[b]

0.003
0.007
0.012
0.018

8.4
4.0
12.8
10.6

1.88
2.20
2.34
2.69

c(k)

0.05

0.00

-0.05

[a] Variances: ImFT = 0.4; AbsFT = 0.2. [b] Fixed input parameter.

-0.10
2

4

6

8
10
k (Å-1)

12

14

ceptable. The fits in R space obtained by using both k1 and
k3 weightings are plotted in Figure 4 with a dotted line. This
fit in both weightings adequately describes the data. In
Figure 5 the Fourier transforms of the difference files of all
four contributions (solid lines) are plotted with the corresponding Fourier transforms of the fitted contributions
(dotted lines). The intensity of the different contributions is
in the order Cr–O > Cr–N > Cr–Cl > Cr–C. The fitted Cr–O
and Cr–N contributions are described closely by the corresponding difference files.

b)
0.2

FT k c (k)

0.1
-0.0
-0.1
-0.2

a)
0

1

2

3

0.15

R (Å)
0.05
FT kc(k)

Figure 3. a) EXAFS spectra and b) Fourier transform (k1, Dk = 3–13 =1)
of the Cr/SiO2 sample C (solid line) and reference complex CrCl3–TAC
(dotted line)

-0.05
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-0.15
0

1

2

3

R (Å)
b)

4

2
FT k c(k)

respectively. The structural properties of the Cr/SiO2 catalysts and the CrCl3–TAC are not the same. From a synthetic
point of view, it is very likely that the TAC ligand will be attached to Cr, but it is also logical to assume that Cr is linked
to the support through a CrO bond. Moreover, during the
preparation, a chlorinated solvent CH2Cl2 was used and the
crucial question to be answered is whether Cl is coordinated
to Cr in the final Cr complex. The resemblance of sample C
XANES data with that of the reference CrCl3–TAC (see
Figure 1B) strongly suggests a distorted octahedral-like coordination. Therefore, the EXAFS data were analyzed by
using Cr–O, Cr–Cl, and Cr–N (N = 3; R = 2.095 =) and Cr–C
(N = 3; R = 2.615 =) coordinations, thereby assuming that 1)
the TAC stays intact as ligand, 2) the complex is anchored
by support oxygen bonds, and 3) Cl is coordinated to the
final Cr complex.
The R-space fit (k1, Dk = 3–13 =1, DR = 0.52.5 =) was
applied with four coordination shells, thereby fixing the coordination number and coordination distance of Cr–N and
Cr–C in the Cr–TAC coordination. This leads to a total of
12 fit parameters. The fit is allowed, as the number of fit pa-

0

-2

-4
0.00

0.75

1.50

2.25

3.00

R (Å)

Figure 4. a) k1-weighted and b) k3-weighted Fourier transform (Dk = 3–
13 =1) of raw EXAFS data of the Cr/SiO2 sample C (solid line) and
total fit with four shells (dotted lines).
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a) 0.15

0.1

FT k c(k)

FT k c (k)

0.05
0.0

-0.05

-0.1
-0.15
0

1

2
R (Å)

3

4

0

1

2
R (Å)

3

4

0

1

2
R (Å)

3

4

d)

c) 0.04

FT k c(k)

FT k c(k)

0.02

0.00

0.00

-0.02
-0.04
0

1

2
R (Å)

3

4

Figure 5. Fourier transforms (k1, Dk = 3–13 =1) of difference files (solid lines) and fits (dotted lines) of a) Cr–O, b) Cr–N, c) Cr—Cl, and d) Cr–C.

Ab initio calculations: The natural bond orbital (NBO)
analysis[36, 47] of the optimized structure results in three unpaired electrons in d-orbitals of the Cr atom and shows a
total charge on Cr of 1.2 after coordination of all ligands.
The DFT optimization calculation of sample C resulted in
internal distances that compare very well with the results
from the EXAFS fit, as can be seen in Table 3. Although
the calculated Cr–N distances are slightly greater than the
radial distances proposed by EXAFS, this is due to the
weak coordination of the TAC ligand. In fact, DFT cannot
describe this effect accurately. The remaining distances
match well with the EXAFS data.

Discussion
We started our systematic structural investigation from the
classical Phillips-type system (sample A). This material was
reduced by CO to yield polymerization-active species,
mainly CrII sites (sample B), on which the new active sites
were assembled (sample C). The conversion of sample A
into sample B involves a typical reduction of surface chromates towards highly unsaturated CrII sites, which is already
well known.[2, 3, 8–12, 48, 49] Nevertheless, some chromium reference compounds in different oxidation states were also recorded and analyzed.[50] On the other hand, the conversion
of sample B into sample C is completely unknown and requires further extensive investigation. The reference compounds were selected to have local environments with at

Chem. Eur. J. 2006, 12, 4756 – 4763

least some similarity to the surface species of samples A, B,
and C.
The results obtained for samples A and B are in good
agreement with the Cr K-edge literature data,[37, 51–55] although some studies are contradictory,[56, 57] depending on
the analysis method used by the respective group.
Based on the results shown in Table 2, we can conclude
that the average oxidation state of sample C should be close
to three, because the edge position of sample C is close to
that of other chromium compounds in oxidation state three.
The most appropriate comparison that can be made for sample C regarding its oxidation state and its local geometry is
nevertheless with the CrCl3–TAC reference compound. The
Cr K-edge XANES spectra of these compounds are compared in Figure 1B. The good overlap of the edge position in
these compounds confirms an equal oxidation state, that is,
+3. It is also evident that the octahedral geometry is dominant in both systems. However, the asymmetrical shape of
the pre-edge peak of sample C indicates a distorted geometry in contrast to the regular octahedral geometry found for
the CrCl3–TAC complex.
The proposed structure for the newly prepared Cr/SiO2
catalyst (sample C) based upon the final EXAFS fit and ab
initio calculation is shown in Scheme 1. The coordination of
sample C is a distorted octahedron, as already predicted by
XANES data. The analyzed Cr–N and the Cr–C distances
demonstrate that during the preparation procedure, the
TAC ligand does indeed coordinate to the supported Cr species. The Cr complex is anchored to the support by two Cr
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Osupport bonds with a coordination distance of 1.91 =, almost
identical to the first shell distance, as found in Cr2O3. One
Cl neighbor at a distance of 2.28 = was needed to make the
fit acceptable. The difference files presented in Figure 5
made clear that strong antiphase effects are present between
the different contributions. The imaginary parts of the FTs
of the Cr–N and Cr–Cl/Cr–C also demonstrate the antiphase
behavior of these contributions. A fit procedure using both
weightings is necessary to unravel these interference effects,
because antiphase behavior affects k1 and k3 weightings differently. A close inspection of the difference file and the fit
of the Cr–Cl and Cr–C contribution (see Figure 5) shows
that nonfitted higher-shell peaks are present, which interfere
strongly with the fitted EXAFS on the high R side of the
FT peak.
In conclusion, the EXAFS analysis indicates the presence
of two oxygen scatterers as the closest atoms to the chromium absorber. The obtained distance of 1.9 = is in full agreement with the Cr–O distance obtained for the first coordination shell, for example, CrIII (Oh) in Cr2O3. In addition,
three nitrogen scatterers and three carbon scatterers found
at 2.08 and 2.64 =, respectively, indicate that the TAC
ligand is indeed attached to chromium through three nitrogen atoms. Finally, one chlorine scatterer at a distance of
2.28 = was found, which completes the octahedral geometry
of the chromium center. In Table 3, the average distances
between the chromium absorber and the closest detected
scatterers are shown.
Ab initio DFT calculations validate the local structure of
sample C, as proposed by the EXAFS analysis. In this respect, the calculated distances listed in Table 3 are conclusive. The value for the unpaired electrons of Cr and the resulting oxidation state are in good agreement with the CrIII
oxidation state found by XANES analyses.

Conclusion
The detailed XAFS structural analysis has revealed that:
1) The average oxidation state of sample A has changed
subsequently from six to two in sample B and, during the
assembling procedure, from two to three in sample C.
2) The octahedral coordination geometry of chromium in
sample C is preserved after the assembling process, but
this becomes highly distorted, as indicated by scatterers
at different distances.
3) Cr is linked to the TAC ligand, to the silica lattice and to
a chloride ligand, indicating the formation of a new site.
The molecular structure of sample C obtained after
XAFS analysis by using an R-space fit up to R = 2.5 =, together with the proposed assembling process, is shown in
Scheme 1. Consequently, strong coordinating ligands are
able to mediate subtly the spatial and electronic structure of
the heterogeneous sites, in our case, supported CrII.
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This study shows that sample B can bind electron-donor
ligands, that is, rigid TAC rings, as well as electron-accepting
ligands (i.e., chloride) to reach a more-stable electronic configuration of chromium. Electron-accepting and -donating
processes should appear internally as a prime condition for
the assembly of sample C. Indeed, after the assembly process, a single-site heterogeneous Cr-based site is obtained.
In this respect, we assume that the coordination of chloride
and TAC ligands to CrII sites had modified significantly the
electronic and spatial environment of chromium sites, leading to uniform structures. Most likely, the displacement of
the weakly coordinated siloxane ligands by the more-strongly coordinated ones, the TAC ligand and chloride ligands,
respectively, forces the sunken CrII sites of sample B to
ascend to the surface. Thereby, the structural heterogeneity
of the resultant system is reduced considerably by erection
of new molecular structures on the surface, so that it becomes basically a monodisperse system. To the best of our
knowledge, this approach regarding the reduction in complexity of a heterogeneous catalytic system is reported here
for the first time, but it should, in principle, also apply for
other metal-oxide systems.
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