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ABSTRACT: Operando sensitive spectroscopic techniques were employed for investigating the changes in the molecular
structure of the Cr sites in the Cr!/SiO, Phillips catalyst during ethylene polymerization. Practically, the most arduous
barrier to be overcome was the separation of the chromates reduction carried by ethylene from the subsequent polymeri-
zation. By carefully tuning the experimental parameters, we succeeded in observing these two events separately. We
found that the sites active in ethylene polymerization are mainly divalent Cr ions in a 6-fold coordination, in interaction
with the oxygenated by-product (methylformate, generated from the disproportionation of two formaldehyde molecules).
Un-reduced Cr"" species are also present during ethylene polymerization as well as reduced Cr species (either Cr"! or Cr'!')
acting as spectators. Our results challenge the old vision of “naked” chromium species (i.e. low coordinated) as the active
sites, and attribute a fundamental role to external (and flexible) oxygenated ligands, that resemble the ancillary ligands in

homogeneous polymerization catalysis.

1. INTRODUCTION

Back in 1951, Hogan and Banks at the Phillips Petroleum
discovered a Cr-based catalyst for ethylene polymeriza-
tion and named it after their Company.' Since then, the
Phillips catalyst has been successfully used in the com-
mercial production of high-density and linear low density
polyethylene (HDPE and LLDPE). Today the predictions
of the global demand for polyethylene resins settles at 4.0
percent rise per year to 99.6 million tons in 2018, valued
at $164 billion.? In this market the Phillips catalyst sup-
plies almost 40% of the HDPE total world demand,
thanks to its versatility in terms of hundreds of special-
ized PE grades produced, resulting in just as many specif-
ic applications ranging from packaging to medical and
automotive sectors.35 The catalyst synthesis consists in
the impregnation of a polymer-grade porous silica with a
Cr precursor (loadings lower than 1 wt%), followed by cal-
cination at high temperature (> 500 °C).3%% This proce-
dure gives a highly dehydroxylated silica where the chro-
mium ijons are grafted mainly as isolated hexavalent
chromates®92° (hereafter Cr'"), although also mono-oxo
CrOs species have been claimed in the recent literature.>
29 These chromium species are just the precursors of the
active sites. Indeed, once ethylene is introduced in the
reactor at temperatures from 8o to no °C, it reduces the
CrV! sites during a variable induction period, forming re-
duced Cr species active in ethylene polymerization and
some oxidation by-products. Formaldehyde has been long
claimed as the main ethylene oxidation by-product and
experimentally detected in a few cases.”®3°33 In contrast,
the nature of the reduced Cr sites (in terms of molecular
structure, oxidation state, local geometry) has been the
subject of a long debate in the past>¢1°34 and has recently

gained a renewed attention in the high level specialized
literature, fostering a great number of experimental?>2335
40 and theoretical>+294-44 studies. Most of the recent works
are focused on the long-standing question of the chromi-
um oxidation state. In fact, while Cr'"' sites were invoked
as the active sites since the early literature on the Phillips
catalyst#54° and successively proved by many experi-
mental studies,>*9 Cr'"" is coming back to researchers at-
tention after a series of papers by Coperet et al.,35304344505!
who showed that Phillips-inspired Cr''/SiO, catalysts ob-
tained from well-defined Cr'" precursors are active in eth-
ylene polymerization. These new results opened the way
to the modeling of a large number of reaction pathways
aimed at explaining the spontaneous self-alkylation
mechanism in the presence of ethylene,+4>445° that has
long remained unknown.

In this animated debate on the chromium oxidation
state and polymerization mechanism distracts the atten-
tion from the molecular structure of the active chromium
sites. Traditionally, they have been considered as relative-
ly “naked”, irrespective of their oxidation state, and highly
uncoordinated Cr sites have been indeed used to model
the polymerization mechanism.+-44 It is worth addressing
the word “naked” as a vision of extremely low coordinated
Cr sites, which are mostly represented covalently bonded
to two or three O-Si from the silica surface. At most, sur-
rounding hemilabile siloxane groups have been consid-
ered to enter into the Cr coordination sphere.#5> While
the vision of “naked” Cr sites might be plausible for the
pre-reduced Phillips catalysts or for Cr-based catalysts de-
rived from well-defined organometallic precursors, it ap-
pears less straightforward for CrV!/SiO, reduced in eth-
ylene, where the active sites are formed at ca. 100 °C in
the presence of ethylene and of the oxidation by-



products. The present work has the intention to provide
new insights into the molecular structure of CrV'/SiO,
during ethylene polymerization. Achieving this goal not
only would represent a scientific milestone but also would
be the key for the development of new concepts, and for
the rational design of a new generation of olefin polymer-
ization catalysts.>

Up to now, the main experimental difficulty was associ-
ated with the double role of ethylene as reducing agent
and monomer. Several strategies were attempted to sepa-
rate the formation of the active sites from the ethylene
polymerization, as e.g. using an external reducing agent
prior to ethylene injection,39°38%40545 or synthesizing
Cr/SiO, catalysts starting from well-defined CrV'" organ-
ometallic precursors.333%55657 Although these approaches
gave a relevant contribution to the overall understanding
of the Phillips catalyst, in most of the cases the obtained
polyethylene is different with respect to that produced
with the hexavalent Cr''/SiO, catalyst.3 This implies that
the molecular structure of the active Cr sites strongly de-
pends on the pre-reducing process or synthesis method-
ology and that the only way to observe the real active sites
in ethylene-reduced Cr/SiO, is to look carefully at it un-
der the actual reaction conditions. Operando spectroscop-
ic techniques have this potential and nowadays have pro-
gressed enough to be applied with success also on very
dilute systems.>%3

On these bases, we propose here a detailed investiga-
tion on the formation and structure of the active sites in
CrV1/SiO, based on the synergic use of three operando
spectroscopic techniques - namely Cr K-edge XANES,
Diffuse Reflectance (DR) UV-Vis-NIR and FT-IR spectros-
copies (coupled with on-line MS) - assisted by state-of-
the-art theoretical calculation. Although the three tech-
niques have been already used in the investigation of the
Phillips catalyst by several research groups (including
some of us), the novelties of the present work rely on: 1) a
careful tuning of the experimental parameters that al-
lowed us distinguishing between the formation of the ac-
tive sites and the starting of the polymerization, and 2)
the multi-technique approach that allows monitoring at
the same time the changes occurring at the Cr sites, the
nature and location of the by-products, and the occur-
rence of ethylene polymerization.

2. RESULTS AND DISCUSSION

A synthetic panning shot of the most relevant spectro-
scopic results is shown in Figure 1, which displays the
spectra collected during Cr'/SiO, reduction in the pres-
ence of ethylene (from black to red) and subsequent
polymerization (from red to orange) at 150 °C.%4 Both
XANES (Figure 1a) and DR UV-Vis-NIR (Figure 1c) indi-
cate that the chromates®919656¢ are gradually reduced. In
the XANES spectra: i) the intense pre-edge peak centered
at 5993.5 eV typical of pseudo-tetrahedral chro-
mates®91°86772 decreases in intensity and is gradually re-
placed by two very weak bands at 5989.8 and 5992.5 eV;
i) the edge progressively downward shifts from 6006.7 eV
to 6002.0 eV, and iii) the white-line increases in intensity

(pronounced peak at about 6011 eV) and the maximum at
6032 eV is replaced by a profound minimum. At the end
of the experiment, the occurrence of ethylene polymeriza-
tion was indicated by the appearance of the powder in the
capillary: white and with a rubber consistence.” In the DR
UV-Vis-NIR spectra the intense band at 21500 cm™ (as-
signed to an O—Cr charge transfer transition localized
mainly on the double bonded oxygen of the chro-
mates)®91015200566 oradually decreases in favor of two
weaker bands at 9500 and 16700 cm™ (with a shoulder at
15000 cm™) indicative of d-d transitions for Cr¥'™" species
(Figure 1¢’).%9102429 After an induction time, the occur-
rence of ethylene polymerization on the reduced Cr sites
is indicated by the appearance of a few narrow and weak
bands in the 4400-4050 cm™ region (Figure 1d”), due to
the combination of the v(CH,) and §(CH,) vibrational
modes of polyethylene.3543748° The XANES and DR UV-
Vis-NIR spectra after ethylene reduction contain im-
portant indications on the local geometry and oxidation
state of the reduced Cr sites. The weakness of the two
bands at 5989.8 and 5992.5 eV in the pre-edge region of
the XANES spectrum as well as the weak intensity of the
d-d bands in the UV-Vis spectrum point towards reduced
Cr species characterized by a pseudo-octahedral coordi-
nation. 958687172

A quick comparison of the XANES spectrum with that
of a Cr'" reference compound might lead to the conclu-
sion that the final oxidation state of the catalyst reduced
in ethylene is +3. Indeed, at a first glance, the pre-edge
features and edge position of Cr'!/SiO, reduced in eth-
ylene are very similar to those of Cr,O; (Figure 2a), in
which the Cr sites have an oxidation state of +3 and a 6-
fold geometry. These (and similar) arguments have been
used several times in the literature to set forth +3 as the
main oxidation state of the Cr active sites.3536435' Howev-
er, Figure 2a demonstrates that the spectrum of CrV'/SiO,
reduced in ethylene is also very similar to that of
CrV1/SiO, reduced in cyclohexene at room temperature,
where the Cr sites have an oxidation state of +2 in a 6-fold
coordination environment due to the interaction with an
ester (deriving from the oxidation of cyclohexene).5s No-
tably, in that case EPR spectroscopy, which is selective
towards Cr'", incontrovertibly discarded the presence of
Cr'"'55 It clearly emerges that the assignment of the Cr ox-
idation state on the basis of only Cr K-edge XANES spec-
troscopy is not unambiguous. The same conclusion was
reached several years ago by Tromp at al.,”> who demon-
strated that the position of the main absorption edge for a
series of well-defined Cr'' complexes with different lig-
ands and geometries can move as much as 8 eV (i.e. a
shift comparable to that caused by a change in the oxida-
tion state from +6 to o).

Concerning the DR-UV-Vis -NIR spectra the bands at
9500 and 16700 cm™ could be assigned either to Cr" or to
Cr', or both. From a survey of the specialized literature,
the salts of trivalent 6-fold coordinated Cr ions give two
bands around 17000 and 24000 cm™ (and a third one , ra-
ther weak, at 37000 cm™, which is however always masked
by the intense charge transfer band at high energy).® Cr"!



ions in a perfect octahedral environment give a broad and
weak band between ca. 10000 and 20000 cm® (e.g.
Cr**(H,O)s shows a single 5E,—5T,, transition around ca.
14000 cm™).8 Upon distortion of the octahedral sym-
metry, this transition splits into multiple components.
For Cr ions in a (largely) O-donor coordination sphere, d-
d bands at wavenumbers as low as 9500 ¢cm™ are com-
monly assigned to Cr'' species. The presence of a band
near 10000 cm™ in the UV-Vis spectra of 6-fold-
coordinated Cr"" complexes, especially discernable in DR
mode, was noticed already in the 1960s.87% According to
these seminal works, the DR spectra of several octahedral
distorted Cr"' salts show bands around 10000, 13100, 16000

and 189oo cm™ On these basis, our DR UV-Vis-NIR
measurements clearly indicate that a large fraction of the
reduced Cr sites are in the divalent state and in a 6-fold
coordination, although the co-presence of also Cr'™ spe-
cies cannot be discarded. Further proof is given by a com-
parison of the DR UV-Vis-NIR spectra shown in Figure 2b
(and completely discussed in Section S1) of the CrV!/SiO,
catalyst reduced in ethylene before the polymerization
starts (red) with that of the same catalyst reduced in cy-
clohexene at room temperature (light blue) and a refer-
ence for Cr'"'/SiO, (green).
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Figure 1. Time evolution of the spectra for the CrV!/SiO, catalyst (bold black) during reduction with ethylene (from black to bold
red) and during ethylene polymerization at 150 °C (from red to bold orange). Part (a): Normalized Cr K-edge XANES spectra.
Part (b): Simulated XANES spectra of CrV!/SiO, (black) Cr"/SiO, in interaction with methylformiate and ethylene (orange), and
corresponding structural models. Part (c) and (d): DR-UV-Vis-NIR spectra subdivided into the two reaction steps. Insets ¢’/d’
and ¢”/d” show a magnification of the 24000-7000 cm™ and 4400-4050 cm™ regions, in which the d-d absorption bands and the
v(CH,) and 8(CH,) combination modes of PE are present, respectively. Part (e): Operando FT-IR spectra. Part (f): FT-IR spectra
collected in static conditions.



Also in this case the d-d bands of the ethylene reduced Cr
sites have positions and intensity ratios extremely similar
with those obtained upon cyclohexene reduction, charac-
terized by Cr" 6-fold coordinated species in interaction
with an ester molecule.5> We wish to underline here that
this assignment has been possible because the DR-UV-Vis
spectra have been collected in a wide energy region com-
prising also the NIR range, which is neglected in most of
the recent literature.34

Hence, our working hypothesis to account for these re-
sults is that we are mainly detecting intermediate Cr" spe-
cies in a 6-fold coordination because in interaction with
formaldehyde molecules, which are the main ethylene oxi-
dation by-products claimed in the literature.?#3°33 How-
ever, to our surprise, only traces of masses diverse from
ethylene were detected by online MS during both operan-
do XANES and DR UV-Vis-NIR measurements, also for
long reaction times.
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Figure 2. Part a) XANES spectrum of the CrV!/SiO, catalyst
upon reduction and polymerization in ethylene (orange) in
comparison with the spectrum of the same catalyst reduced
in cyclohexene at room temperature (light blue)ss and with
the spectrum of the reference Cr,O; oxide (green). Part b)
DR UV-Vis-NIR spectrum of the CrV1/SiO, catalyst upon re-
duction and before ethylene polymerization occurs (red),
compared with the same catalyst reduced at room tempera-
ture in cyclohexene (light blue)ss and of the a Cr'" reference

(CrCL*6(H,O) complex physisorbed on Aerosil SiO,, green
spectrum).

The lack of observation of formaldehyde or of any other
volatile oxidation by-product stimulated us to follow the
same experiment by operando FT-IR spectroscopy, aimed
at directly detecting possible oxygenated species released
during the reduction of chromates and adsorbed at the
catalyst surface. In the presence of ethylene at 150 °C
(Figure 1e) a few IR absorption bands gradually grow at
2892 and 2865 cm™ (typical IR region of v(CHy) modes),
along with two more intense bands at 1617 and 1573 cm™.
The assignment of these latter bands to vibrations involv-
ing oxygenated species is straightforward due to their ex-
tremely high intensity with respect to the v(CHy) modes.
Indeed, only chemical groups with high extinction coeffi-
cient (such as organic carbonyls, formates and others) can
result in such intense manifestations.?# In principle, also
the v(C=C) mode can be invoked, however, this group has
a low extinction coefficient with respect to the v(CH,)
modes, and thus cannot be the guilty party.7477909t A
complete assignment of the IR absorption bands due to
the adsorbed species can be done only by looking at the
Mid-IR spectral region in its totality. This is not feasible
during the operando FT-IR measurements, since the spec-
tra are dominated by the absorption bands of gaseous
ethylene and do not allow the observation of other spec-
troscopic fingerprints necessary for a complete assign-
ment. To overcome this spectroscopic obstacle we per-
formed a parallel FT-IR experiment in static conditions
(150 °C, Pcap, = 100 mbar, Fig. 1f). By removing the gaseous
contribution of ethylene, the chromate reduction be-
comes visible and is testified by the gradual decrease in
intensity of the weak band at 1980 cm™ due to the first
overtone of the v(Cr=0) vibrational mode9'06970.7892 ag
clearly visible in Figure 3c. At the same time, new absorp-
tion bands grow before ethylene polymerization starts at
2955, 2892, 2865, 2747, 1617, 1573, 1455, 1383 and 1369 cm™.
The complete assignment of each IR absorption band is
shown in Table 1, along with the strength of the vibra-
tional modes. These bands are assigned not to formalde-
hyde, but rather to vibrations of oxygenated molecules
derived from a disproportionation of formaldehyde on the
Cr'! sites. In particular, our most accredited species is
methylformate, which is formed through the Tischenko
reactions>859397 of two formaldehyde molecules at the
same Cr'" site. This assignment was provided both by re-
ferring to literature assignments in which methylformate
is strongly bond to Lewis acid sites (v(C=0) frequency can
red shifts from 1720 cm™ to even 100 cm™ less)®598 but also
by selectively dosing pure formaldehyde on SiO, and on a
Cr''/SiO, catalyst activated following the same route as
the CrV1/SiO, catalyst. Details of surface reactions and as-
signment of the multiple products are largely discussed in
Section S3. On the other hand, we cannot exclude alterna-
tive reaction paths leading to the formation of adsorbed
formate species and methoxy groups grafted at the silica
surface, that would lead to similar spectroscopic signa-
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tures. This latter hypothesis is valid if the Cr sites remain
bis-grafted to the silica surface.

Notably, these formate and methoxy species (methyl
formate) are strongly interacting/bonded to the catalyst
surface, since their IR absorption bands neither decrease
in intensity in the operando/dynamic conditions (i.e. be-
ing removed by the ethylene flow or outgassing at 150 °C
in UHV), nor shift at higher frequencies during the pro-
cess (i.e. removed from the Cr site to the silica surface).

It is important to add to the discussion that attempts to
extract the oxidized by-products by means of several sol-
vents failed for Cr¥!/SiO, reduced by cyclohexene,’ owing
to the extremely high reactivity of the reduced catalyst
towards the solvents themselves (or pollutants). In the
present case, the scenario is even worse due to the diffi-
culty in stopping the reaction before the occurrence of
ethylene polymerization, and hence to the possible co-
presence of polyethylene.
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Figure 3. FT-IR spectra of CrV!/SiO, before (black) and after
reduction in ethylene at 150 °C (red). Part (a) shows the spec-
tra in the whole 3800-700 cm-1 wavenumber region; parts (b)
and (d) show magnifications in the spectral regions where
the absorption bands characteristic of ethylene oxidation
products give a contribution (spectra subtracted from that of
CrV1/Si0,); part (c) shows the magnification of the region in
which the first overtone of the Cr=0 mode of the chromate
species contributes (subtracted spectra); part (e) reports a
magnification of the region where the vibrational modes of
silica perturbed by the presence of the chromates are visible.

Table 1. Position (in wavenumbers, cm™) and relative
intensity (vs = very strong, s = strong, m = medium, w
= weak) of the IR absorption bands attributed to eth-
ylene oxidation products in interaction with the eth-
ylene reduced Cr"'/SiO. catalyst

Observed bands (cm™) Assignment
Vasymm(OCO) + 6(CH)
2 s
955 (s) { n(CEL
2892 (s) Veymm(CH;)
2865 (s) v(CH)
2747 (W) Veymm(OCO) + 8(CH)

1617, 1573 (vs) Vasymm(OCO)
1455 (m) 8(CH;)
1383 (s) 8(CH)
1369 (vs) Veymm(OCO)

Having identified the main oxidation state of the re-
duced Cr sites (by DR UV-Vis-NIR) and the main oxida-
tion by-product (by FT-IR), we went back to the XANES
spectra with the aim of getting rid of the interpretation
ambiguity. We simulated the XANES spectra of several
DFT-optimized Cr structures relevant for the discussion,
by using the FDMNES codev9 (that uses the finite dif-
ference method to solve the Schrédinger equation) and
self-consistent calculations (i.e without imposing any re-
striction on the shape of the potential such as the muffin-
tin approximation).’©>'°+ The experimental XANES spectra
of CrV1/Si0,, Cr"'/SiO, and Cr,O; (Section S2) are well re-
produced by our structural models,'®s demonstrating the
reliability of our method. The XANES spectrum of
CrV/SiO, at the end of the reaction (orange in Figure 1a)
was simulated by a model of Cr'/SiO, in interaction with
methylformate and two molecules of ethylene (orange in
Figure 1b). The main experimental features are very well
reproduced by the model, further supporting our previous
conclusions.*¢

Summarizing, the first relevant result emerging from
our spectroscopic study is the identification, during the
reduction of CrV'/SiO, in ethylene, of 6-fold coordinated Cr"
species in interaction with a methylformate molecule. This
novel concept is in very well agreement with recent find-
ings by McDaniel and co-workers, who demonstrated that
under commercial ethylene polymerization conditions
oxygenates may remain attached to the chromium sites.’*7
The next questions are whether these hindered Cr' sites
are active in ethylene polymerization and whether methyl-
formate remains attached to the Cr sites during ethylene
polymerization, participating to the whole reaction. DR
UV-Vis-NIR and FT-IR spectroscopies help in answering
these questions.

In the DR UV-Vis-NIR spectra (Figure 1d, from red to
orange) the start of ethylene polymerization (appearance
of absorption bands in the 4400-4050 cm™ range) is ac-
companied by a visible change in the scattering properties
of the catalyst powder and by the decrease in intensity of
the two d-d bands at 9500 and 16700 cm™. This concomi-
tance clearly and strongly indicates that the Cr'! species in
interaction with the oxidized by-products are the active
species involved in ethylene polymerization. Interestingly,
the decrease in intensity of the two d-d bands upon eth-
ylene polymerization is not complemented by the growth
of other bands. The reason is that polyethylene forms a
white coating around the Cr/SiO, particles, which diffuses
the incident light and shields the Cr active sites from the
DR UV-Vis measurements. The effect is macroscopically
visible in Figure 4, which shows the appearance of the ac-
tivated CrV'/SiO, catalyst before, during reduction and
after ethylene polymerization (from left to right, respec-
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tively). The final spectrum (bold orange in Figure 1d) is
characterized by a general low intensity due to the pres-
ence of polyethylene at the catalyst surface. Two bands at
21500 and 16000 cm™ are still detectable. The band at
21500 cm indicates the persistence of a few unreacted
chromates, meaning that ethylene polymerization pro-
ceeds in the presence of residual - slowly reducible - chro-
mates, in agreement with previous reports.*®*°9 The band
at 16000 cm™ could be assigned to a d-d transition of an-
other reduced Cr species not involved in polyethylene
formation. Its position is compatible with both 6-fold co-
ordinated Cr"" and Cr'" species.

Cr/SiO, red Cr/SiO, + PE
Figure 4.Pictures of the CrV!/SiO, catalyst pellet placed in-
side a quartz cell before, during reduction in ethylene and
after polymerization (from left to right). The gradual increase
of the light diffusion of the pellet is macroscopic and proves
the loss of KM units in the whole DR UV-Vis-NIR spectra
upon ethylene polymerization.

crY/sio,

FT-IR spectroscopy (Fig. 1f) reveals that ethylene
polymerization  (characteristic ~ polyethylene  bands:
Vasymm(CHs) at 2924, vsymm(CH,) at 2853 cm™ and 8(CH,) at
1472-1463 cm™) is consequent to the formation of methyl-
formate. In addition, the absorption bands characteristic
of methylformate are not affected by the polyethylene
growth, testifying that the oxidized by-products remain on
the active Cr site also during the ethylene polymerization
and have to be considered important participants in the
catalysis. As a side note, the IR absorption bands of
methylformate keep on growing also during ethylene
polymerization, confirming that the reaction starts in the
presence of a residual fraction of CrV%.

As a final step, in Figure 5 we made an attempt to corre-
late the time evolution of all the species detected with all
the techniques, which are involved in the reaction, name-
ly: i) the starting Cr, ii) the intermediate Cr" in interac-
tion with the oxygenated by-product iii) a reduced Cr
species acting as spectator, iv) the polyethylene product
and iv) the oxygenated by-product (methylformate). The
spectroscopic fingerprints of Cr¥! were used to rescale the
time vector for the three techniques. In the DR UV-Vis-
NIR and FT-IR spectra the absorption bands characteris-
tic of each species were easily deconvoluted and their in-
tensity plotted as a function of time. In contrast, for
XANES a principal component analysis (PCA) followed by
a Multivariate Curve Resolution - Alterning Least Squares
(MCR-ALS) was applied to the whole sequence of spectra
(Section S4). The analysis resulted in three principal
components, corresponding to Cr'I, Cr' in interaction

with the oxygenated by-product and a reduced Cr species
behaving as a spectator. The border between the reduc-
tion and the polymerization steps was traced on the basis
of the UV-Vis and FT-IR results.

Reduction Polymerization
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Figure 5. Time evolution of the DR UV-Vis-NIR (solid lines),
XANES (dashed lines) and FT-IR (dotted lines) spectroscopic
fingerprints of: i) Cr¥! (21500 cm™ UV-Vis - 1980 cm™ FT-IR -
first component in PCA XANES); ii) Cr!! in interaction with
methylformate and ethylene (9500 cm™ UV-Vis - second
component in PCA XANES); iii) spectator Cr (15100 cm™ UV-
Vis - third component in PCA XANES); iv) HDPE (4400-
4050 cm™ UV-Vis - 2853 cm? FT-IR); v) methylformate
(1573 cm™ FT-IR).

The data summarized in Figure 5 allow stating the fol-
lowing additional conclusions:

a) During the reduction step, Cr'! are converted into Cr"!
sites in interaction with the oxygenated by-product
(methylformate), and into a reduced Cr species that
does not participate to the reaction.

b) Ethylene polymerization starts on the Cr! sites, but in
the presence of residual Cr'! sites, which are slowly
reduced in the successive time.



¢) The Cr' sites active in ethylene polymerization are
rapidly buried in the produced polymer and become
invisible for DR UV-Vis-NIR spectroscopy, but are still
visible with XAS. These sites are continuously formed
even during the polymerization, to the expenses of the
residual Cr¥! and with the concomitant formation of
methylformate.

3. CONCLUSIONS

Extremely focused spectroscopic investigations of the
CrV1/SiO, Phillips catalyst in operando conditions have
been the key to unravel the molecular structure of the Cr
sites active in ethylene polymerization. Our new spectro-
scopic evidences reveal that the chromium site active in
ethylene polymerization is a divalent ion, 6-fold coordinat-
ed and in interaction with an external nucleophilic ligand
(methylformate). This study provides the first spectro-
scopic identification, at the molecular level, of the oxy-
genated species adsorbed on the catalyst during the in-
duction period inferred by indirect TG, DSC and MS ex-
periments.*” We also introduce the important concept
that oxygenates remain in the Cr coordination sphere also
during ethylene polymerization. Additionally, we demon-
strate that ethylene polymerization occurs also if a frac-
tion of the chromate sites is not reduced, implying that
CrV! sites might have a role in the first steps of the cataly-
sis in cooperation with the active Cr!" sites, as already
proposed in the literature.'*®° This cooperation might be
due to higher strain effects"® caused by the chromate sites
(i.e. [SiO],CrO, sites have shorter Cr-O bonds with re-
spect to their reduced counterparts)’* on the already
formed Cr reduced species.

We wish to underline that each technique employed in
this work, if taken as a single measurement, cannot lead
to safe statements on the molecular structure of the Cr
sites. On the other hand, the totality of the results col-
lected with each spectroscopic technique converge to a
single picture in which the Cr" sites 6-fold coordinated
are those involved in the reaction, while a fraction of re-
duced Cr sites acts as spectator. This is valid for Cr'!/SiO,
directly reduced in ethylene. We reiterate that in our
opinion both “naked” Cr"" and Cr' sites may be active in
ethylene polymerization, as for ad-hoc reduced catalysts
and ad-hoc synthesized catalytic systems, respective-
ly.2935375! The aim of the present work was not to enter
into the debate on the formal oxidation state of the Cr
sites active in ethylene polymerization, which is inflaming
the literature on the Phillips catalyst in recent times. Ra-
ther, we want to shed light on the products of chromates
reduction, which remain in the coordination sphere of the
reduced Cr sites and participate in the polymerization re-
action. We believe that the molecular structure and the
ligand sphere of the Cr sites, irrespective of their formal
oxidation state, are key players behind the activity to-
wards ethylene and might also explain their tendency to-
ward ethylene polymerization vs oligomerization (i.e. the
preference towards propagation vs termination). As a

matter of fact, the literature on heterogeneous Cr-based
catalysts contains examples of: i) catalysts based on a dif-
ferent Cr oxidation state (Cr'! 29377576 or Cr!l! 3536435) giv-
ing a similar polyethylene; and ii) catalysts based on the
same Cr oxidation state (either Cr!l 9om12 gp Crlll 5113,14)38-40
which either polymerize or oligomerize ethylene. This is
true also for homogeneous Cr-based catalysts.3+"5"9 Thus
the scientific debate of the Phillips community cannot
accommodate a short-sighted discussion centered only on
the oxidation state of the active species.

The emerging panorama from this work should set
aside the “old” vision of the Phillips catalyst active site
constituted by a naked (i.e. low coordinated) chromium
species, which now appears unrealistic of the reaction
taking place in industrial conditions. Rather, external
(and flexible) oxygenated ligands seem to be fundamental
actors in the polymerization reaction, very much like the
ancillary ligands in homogeneous polymerization cataly-
sis. On these basis, external nucleophilic ligands are sure-
ly suitable candidates in the ab-initio design of Phillips-
related olefin polymerization catalysts. The resulting pic-
ture coming from this work can be extended also to most
of the pre-reducing agents employed on the CrV!/SiO, cat-
alyst, which all act in the same way as pumps of electrons
to the chromates, but each one gives a different oxidized
product. This might be the reason why each pre-reducing
agent gives rise to extremely different catalytic behavior
and consequently to different polyethylene products.

4. EXPERIMENTAL SECTION

4.1 Catalyst synthesis and activation. The Cr/SiO,
catalyst was prepared by wet-impregnation of SiO, (aero-
sil, surface area ca. 360 m2g™) with an aqueous solution of
CrO;, having a chromium loading of 1.0 wt%.® The chro-
mium loading was kept low enough to avoid segregation
of CrOy during the activation treatments, but sufficiently
high to guarantee a good sensitivity with all the tech-
niques. The CrV!/SiO, catalyst was obtained by treating
the impregnated sample in the presence of oxygen at 650
°C either in static conditions (two cycles of 30 minutes in
pure oxygen, equilibrium pressure 100 mbar) for DR UV-
Vis-NIR and FT-IR measurements, or in dynamic condi-
tions (10% O, in He, total flow 10 ml/min) for XAS meas-
urements. Reduction of CrV!/SiO, by means of ethylene
and subsequent polymerization was achieved by flowing
ethylene (pure ethylene 20 ml/min for DR UV-Vis-NIR
and FT-IR measurements and pure ethylene in He 10
ml/min for XAS) in the reaction cells at 150 °C. Comple-
mentary FT-IR experiments were performed in static con-
ditions (Pc.n, = 100 mbar). The reference Cr'/SiO, catalyst
was obtained by reducing the activated Cr"'/SiO, sample
by means of CO at 350 °C (two cycles of 30 minutes in
pure carbon monoxide, equilibrium pressure 100 mbar),
and subsequent outgassing at the same temperature.
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4.2 Cr K-edge XANES spectroscopy. Cr K-edge XAS
spectra were collected at the BM23 beamline at the Euro-
pean Synchrotron Radiation Facility (ESRF, Grenoble, F).
The white beam was monochromatized using a Si(i11)
double crystal and harmonic rejection was performed by
using silicon mirrors (4 mrad). The intensity of the inci-
dent beam was monitored by an ionization chamber and
was vertically focused to a few micron. Due to Cr dilution,
EXAFS spectra were collected in fluorescence mode, by
means of a 12 element Ge detector. To minimize the elas-
tic scattering a 45° geometry between the incoming X-ray
beam and the detector nose was adopted. The samples
were measured in the form of powder inside a quartz ca-
pillary 1.5 mm in diameter having upstream and down-
stream two small pieces of quartz wool. The capillary was
connected to a gas-dosing system with mass-flow control-
lers to flow different gas mixtures, and inserted inside a
half-circular oven allowing treating the sample up to 650
°C in the presence of different reagents, simultaneously
collecting the XAS spectra. XANES spectra were acquired
with an energy step of 0.4 eV and an integration time of 2
s/point, up to k = 5 A to allow an easy normalization.
Each XANES spectrum required an acquisition time of
about 12 minutes as compromise between fast acquisition
and quality of the spectra. The XANES spectra were nor-
malized using the Athena program.'¢ The evolution of
gaseous products of reaction are monitored with online
Mass Spectroscopy at the end of the capillary by sampling
a fraction of the exit flow.

4.3 DR UV-Vis-NIR spectroscopy. Diffuse reflectance
(DR) UV-Vis-NIR spectra were recorded on a Varian
Carys000 instrument on samples in the form of powder
placed inside a cell made in suprasil quartz. Sample acti-
vation was performed in quartz cylinders in static condi-
tions (two cycles of 30 min in pure O,, ep = 100 mbar).
The activated sample was stocked in a glovebox, and in a
second moment transferred inside a DR UV-Vis-NIR cell
made in optical quartz (suprasil) and allowing reactions
in flow of different gaseous mixtures. The reaction in eth-
ylene was performed by connecting the cell to a gas-
dosing system with mass-flow controllers to flow different
gas mixtures and inserting the cell inside a circular oven.
The spectra were collected in reflectance mode, and suc-
cessively converted in Kubelka-Munk units. Also in this
case we followed the downstream evolution of gaseous
products of reaction with online Mass Spectroscopy by
sampling a fraction of the exit flow.

4.4 FT-IR spectroscopy. Transmission FT-IR spectra
were recorded on a Bruker Vertexyo instrument at 2 cm™
resolution. The catalysts were measured inside a quartz
cell equipped with two KBr windows and in the form of
thin self-supported pellets. The activation treatments
were performed directly in the IR measurement cell in
static conditions (two cycles of 30 min in pure O,, ep =
100 mbar). The measurements during ethylene reduction/
polymerization were performed by connecting the cell to

a gas-dosing system with mass-flow controllers to flow
different gas mixtures. The cell was heated with two
glowplugs immersed in silicon carbide powder.
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