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Abstract

The catalytic activity of two Cr(II)/SiO2 samples obtained after two different controlled annealing procedures are discussed and compa
combined application of FTIR spectroscopy and microgravimetric determinations demonstrated that the two Cr(II)/SiO2 samples are characterize
by a different relative population of the families of Cr(II) sites present on the silica surface and by a different catalytic activity toward e
polymerization. The different polymerization activity of the two catalysts is explained by supposing the presence of a distribution of
all active but characterized by different turnover frequencies in ethylene insertion, which is related to the ability of Cr sites to insert up
ligands into their coordination spheres. It is thus clear that the activation procedure plays an important role in determining the catalyty
and the local structure of the active sites in the Phillips catalyst, which are strictly related. In this sense, the obtained results are of geneidity,
because identification of the structure–activity relation is a challenge common to many catalytic systems.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The relation between the structure of the active sites and
catalytic activity is the core of the study in catalysis, and thus
tional manipulation of the catalyst structure to improve catal
activity is the main focus of catalyst design. However, ach
ing this goal is often troublesome, because the structure o
active sites on solid catalysts is often highly heterogeneous
Cr/SiO2 Phillips catalyst for ethylene polymerization (respo
sible for producing more than one-third of all the polyethyle
worldwide[1–3]) represents a paradigmatic example, beca
despite its apparent simplicity, a complete knowledge of
structure of the active sites is still missing. The difficulties
countered in investigating this catalyst derive mainly from
complexity of the chemistry of Cr grafted on the heterogene
surface of the amorphous silica support. For this reason,
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the years, the modification of catalytic activity of the syst
and the subsequent properties of the produced polymers
been obtained by modifying the silica support with promot
or by adopting different activation procedures mainly on the
sis of phenomenological observations[1]. But these empirica
approaches not based on a clear and comprehensive pictu
the relation between the structure of the active sites, the p
merization activity, and the properties of the resulting polym
have unavoidable limitations. It must be stressed that this
tude is not confined to the Phillips catalyst and is widespr
throughout the catalyst manufacturing industry.

To expand the previous statements, it is useful to recall
the Phillips-type catalysts have been historically obtained
grafting H2CrO4 on amorphous silica. A typical catalyst loa
ing is between 0.2 and 1.0 wt% Cr, corresponding to 0.
0.4 Cr atoms/nm2, depending on the chosen reactor type. F
lowing a calcination phase at high temperature, Cr is gra
in a hexavalent state, with a chromate structure. When bro
into contact with ethylene at about 423 K, polymerization st
after a short induction period, needed to reduce Cr(VI) i
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Scheme 1.
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Cr(II) species[4]. In recent decades, low-valent Cr compoun
mainly Cr(III)–acetate[5–10], have been used as a starting m
terial instead of Cr(VI) compounds, due to environmental
safety considerations, being that the water-soluble and m
Cr(VI) species are extremely toxic. In these cases, it has
demonstrated that Cr(III)–acetate is converted first into bu
CrO3 through oxidative decomposition and then into chrom
species[5–10], thus basically returning to the starting point
the Cr(VI)-derived versions of the Phillips catalyst.

The Cr(II) species are only the precursors of the real
alytic sites, which in fact derive from them on subsequent
teraction with ethylene. The structure of the real active s
(whose formation, unlike that of other polymerization cataly
does not require the intervention of activators) is the most c
troversial topic of this catalyst. The induction period is abs
when polymerization is done by prereducing the oxidized
sion of the catalyst in CO at 623 K. This system represen
model version of the industrial catalyst and is more suita
for spectroscopic investigations[1,4,11–15]. Without entering
into a detailed discussion of the polymerization mechan
(for which the reader is referred to more specialized litera
recently reviewed in Ref.[1]), the initiation stage of the poly
merization reaction on the reduced Phillips catalyst can be
erally represented as inScheme 1. The precursor of the activ
site is a Cr(II) species, whose coordination sphere is comp
of two strong oxygen ligands and a variable numbern of weaker
ligands, such as the siloxane groups present on the amorp
silica surface (withn varying in the range 0–4). The first step
is the C2H4 adsorption on the Cr(II) sites[16], followed by the
formation of the first product R1, step (ii) inScheme 1. Uncer-
tainty exists about the nature of R1, and many structures hav
been proposed in the literature[1,17–23], all having in com-
mon the fact that the valence state of Cr is (IV), and hence
formation of CrR1 species is an oxidative addition of two ethy
ene molecules. The reaction then proceeds via the coordin
of a new C2H4 molecule, step (iii) inScheme 1, and its inser-
tion into R1, which grows out of one monomeric unit [step (i
in Scheme 1]. It is quite conceivable that during these steps
Cr-siloxane distances can variably relax because of the co
nation/reaction involving the Cr centre.
,
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Whereas the oxidation state of the Cr precursors in the m
Cr(II)/SiO2 system is now well established (mainly divalen
conversely their structure (i.e., number, type, and positio
weaker ligands; seeScheme 1) remains unclear. Several spe
troscopic techniques have been adopted to clarify the dist
tion of coordination environment of Cr(II), including UV–v
DRS [1,12,13,24,25], FTIR spectroscopy of adsorbed pro
molecules (CO, NO, CO2, N2O, pyridine, and, more recentl
H2 and N2) [1,16,17,26–38], Raman spectroscopy[1,25,39–
42], XAS [1,24,43], and XPS[1,15,44]. The scenario emergin
from all of these results is extremely complex, reflecting
high heterogeneity of the silica support[1]. Different families
of Cr(II) sites have been classified, according to their coord
tion sphere. Following the nomenclature adopted previousl[1,
9,17,27,30,36–38,45], we can basically distinguish three fam
lies of Cr(II) ions: CrIIA sites (able to coordinate up to two C
molecules at room temperature [RT]), CrII

B sites (able to coor
dinate only one CO molecule at RT), and CrII

C sites (adsorbing
CO only at 77 K). These species are characterized by diffe
polarizing ability (CrIIC > CrIIB > CrIIA) and differing propensity
to give d–π back-donation (CrIIC � CrIIB < CrIIA).

It has been hypothesized that thermal annealing in vacuu
high temperatures modifies the relative population of the C
families[1,17,27,36,46], because it favors the progressive sin
ing of the Cr sites into the flexible surface of the amorph
silica, with the less coordinatively saturated ones (CrII

A) the most
affected. It was also reported that the catalyst obtained after
longed annealing at high temperature was less active tha
standard one (and hence the treated sample was called “d
vated”) [17,27,36,46], and this led to the conclusion that th
only sites active in the ethylene polymerization are the CII

A
sites. Although the conclusion concerning the null activity
CrIIC sites is certainly correct, the same hypothesis concer
CrIIB sites was not fully proved.

At this point it is useful to emphasize that a direct relation
tween the structure of the Cr sites and the catalytic activity
never been subjected to a detailed investigation. The abs
of studies on this topic have precluded the design of cata
with performance not based simply on empirical phenome
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logical observations or on trial-and-error approaches. In
work we investigate more systematically the effect of vary
a fundamental parameter of the Phillips catalyst preparatio
the annealing temperature of the prereduced sample—o
structure and the activity of Cr sites. We demonstrate thatII

A
and CrIIB sites are both active in the ethylene polymerizati
but with distinctly different turnover frequencies (TOFs) f
the monomer insertion. We conclude that, due to the dif
ent activity, a change in the relative population of the Cr s
through different activation procedures affords a means of
trolling the properties of the resulting polymers. In particu
the catalytic activity (as determined during the first minutes
the polymerization reaction) of different Cr(II)/SiO2 systems
subjected to different activation procedures can vary gre
This time scale, although far from that adopted in indust
applications, is the only one that allows us to advance a
pothesis on the roles of the different Cr sites in polymer
tion. In fact, we demonstrate that during the first 2 min
reaction at RT, the catalytic behavior of catalysts subjec
to different activation procedures is exactly the opposite
those measured at greater times (and forming the bas
the commonly accepted model present in the literature)[17,27,
36,46].

Another conclusion emerging from this work is that an ac
rate control of the annealing procedures allows us to eluci
the relation between the structure of the active sites and the
alytic activity. On this basis, it is also possible to design i
rational way new versions of the Phillips catalyst respons
for the production of polyethylenes characterized by des
properties. These results are of general validity and can be
tended to several other catalytic systems as well.

2. Experimental

2.1. Sample preparation

The Cr(II)/SiO2 samples used for the CO adsorption a
C2H4 polymerization experiments followed by IR spectrosco
and for the microgravimetric measurements were prepare
impregnating a silica-aerosil (surface area of about 380 m2/g)
with H2CrO4 up to a 1 wt% Cr loading. The impregnated silic
was then dried at RT and pressed into a pellet. For the IR s
of N2 adsorption, silica-aerogel[47] (characterized by a highe
surface area, about 700 m2/g, and lower scattering propertie
was used as support to allow better detection of the weak b
of the Cr(II)· · ·N2 complexes[1,16,41,42]. The silica-aeroge
monolites were impregnated with a solution of CrO3 in CH3CN
(resulting in a 1 wt% Cr loading), then dried at RT, reduced
powder, and pressed into a thick pellet (∼0.5 mm), as discusse
elsewhere[1,16,41].

2.2. IR experiments

To perform the IR experiments, the catalyst pellets w
transferred into an IR cell designed to allow thermal treatm
in the 1000–77 K range, either under vacuum or in presenc
a desired equilibrium pressure of gases. The samples wer
s
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tivated following two different procedures. The first (standa
procedure involved activation at 923 K, calcination in O2 at the
same temperature for 1 h, reduction in CO at 623 K for 1 h
lowed by CO removal at the same temperature, and coolin
RT. The second (high-temperature) procedure differed from
standard procedure in that in the last step the sample was h
in vacuum at 923 K for 1 h before cooling to RT. During th
step the valence state of Cr does not change. In the followin
samples obtained according to the first or second procedur
denoted as “standard” catalyst (S) or “thermally treated” (an-
nealed) catalyst (T), respectively. It is worth underlining tha
the high-temperature treatment (annealing) adopted here is
drastic than that described elsewhere[17,27,36,46], which led
to fully deactivated samples.

CO and N2 adsorption and C2H4 polymerization experi-
ments were performed on three different pellets; however, e
experiment was performed on the same sample treated fo
ing the two activation procedures in sequence. This means
the comparison of the intensity of theν(CO),ν(N2) andν(CH2)
stretching bands directly gives the relative amount of adso
CO and N2 and of polyethylene formed on the two catalys
The FTIR spectra were collected on a Bruker IFS-66 sp
trophotometer equipped with a MCT cryodetector, at 1 cm−1

resolution.

2.3. Microgravimetric experiments

For the microgravimetric experiments, the pellets w
transferred into the microbalance inside a quartz reactor al
ing thermal treatments up to 1300 K either in vacuum or in c
trolled atmosphere. The samples were activated following
same procedures discussed in Section2.2. The microgravimet-
ric measurements were performed on an IGA002 microbala
by Hiden.

3. Results and discussion

3.1. How the activation procedure influences the structure
the Cr(II) precursor sites: an FTIR investigation

FTIR spectroscopy of probe molecules has been largely
in the past to highlight the coordination environment of
Cr(II) sites in the Phillips catalyst[1,17,26–38]. In this section
we compare the results of CO and N2 adsorption, at RT and
at 77 K, on samples obtained following the two different
tivation procedures discussed in Section2.2. CO and N2 were
chosen among all of the probe molecules adopted in the pas
cause their adducts with the CrII

A and CrIIB families of sites have
distinctly different vibrational signatures[16]. The results on
CO adsorption have been discussed previously[1], but are pre-
sented here in a concise way to elucidate the evolution o
Cr structure as a function of annealing and to allow interpr
tion of the results obtained with N2 adsorption. The complet
assignment of all of the spectroscopic features can be fo
elsewhere[1].
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Fig. 1. (a) Background subtracted FTIR spectra, in the C–O stretching region, of CO adsorbed at RT on catalystS. Full and dotted curves correspond to equilibriu
pressurePCO = 40 Torr andPCO = 10−3 mbar, respectively. (b) As part (a) for CO adsorbed at 77 K on catalystS. (c) The same of (a) but for catalystT. (d) The
same of (b) but for catalystT. For clarity, only the spectra corresponding to the highest and the lowest CO coverages are reported. Dotted vertical lines, c
the main spectroscopic features of catalystS, show the frequency shifts which characterize the same bands in the case of catalystT.
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3.1.1. Probing Cr(II) sites by CO adsorption at RT and 77 K
formation of Cr(II)· · ·(CO)n adducts

As it is well known, the interaction of CO with a standa
Cr(II)/SiO2 sample (equilibrium pressure,PCO ∼ 40 Torr) at
RT results in the so-called “RT triplet,” composed of a com
nent at 2191 cm−1 and a doublet at 2184–2178 cm−1 (repre-
sented by the solid-line spectrum inFig. 1a). Note that all of
these bands are atν̃(CO) higher than that of CO gas[1,9,17,
27,30,36,37,45], as expected for carbonylic complexes dom
nated mainly by polarization forces[48]. According to the liter-
ature, the triplet is attributed to a mixture of CrII

B· · ·CO (band at
2191 cm−1) and of CrIIA · · ·(CO)2 complexes (doublet at 2184
2178 cm−1). At low P CO (the dotted-line spectrum inFig. 1a),
only two bands are present: one, still at 2191 cm−1, belong-
ing to residual CrIIB· · ·CO adducts and a second new compon
at 2180 cm−1, assigned to CrII

A · · ·CO complexes deriving from
CrIIA · · ·(CO)2 by the loss of one CO molecule. According
this interpretation, it is evident that CrII

A sites are more coor
dinatively unsaturated than CrII

B sites, because they are able
adsorb up to two CO molecules at RT and present a higher
dency to give d–π interactions, as they are characterized
lower ν̃(CO).

The RT triplet is partially eroded by decreasing the temp
ature to 77 K, with formation of a complex series of bands
the 2140–2050 cm−1 range, that is, at̃ν(CO) lower than tha
of the CO gas, as shown inFig. 1b, where the dotted and fu
lines represent the spectra obtained at low and highP CO, re-
spectively. An additional band, absent at RT, is observe
t

n-

-

t

about 2200 cm−1. These spectra, which are well known a
perfectly reproducible, have been the subject of much con
versy in the past[17,26,27,30,36,38,49,50]. A detailed assign
ment of all of the bands, as has been done previously[1], is
not the aim of this work. Here we just recall that the co
plex spectrum in the 2140–2050 cm−1 interval can be explaine
in terms of the superimposition of the modes of a mixture
CrIIA · · ·(CO)3 and CrIIB· · ·(CO)3 species (both with symmetr
lower than that ofC3v), formed by the insertion of additiona
CO ligands into a preexisting carbonyl adduct through displa
ment of weaker ligands (siloxane bridges present on the s
surface; seeScheme 1). CrIIB sites rapidly add two more CO
molecules with increasing CO pressure (or decreasing tem
ture), whereas the addition of a third CO molecule on CrII

A sites
is more difficult [1]. The band at about 2200 cm−1 has been
attributed to thẽν(CO) of CO ligands probing a third famil
of coordinatively less unsaturated sites, substantially inactiv
RT but with enhanced polarizing ability (CrII

C sites)[1,36,38].
Repeating the same set of IR experiments on sampleT pro-

duced a dramatic reduction of the CO RT triplet (Fig. 1c). Note
that the effect of the thermal treatment on A and B sites is
the same, in that the CrII

A family is preferentially affected. More
over, closer inspection of the spectra reported inFigs. 1a and
1c shows that passing from catalystS to catalystT affects not
only the relative intensity of the bands, but also their freque
Although small (about 2 cm−1), a shift of the carbonyl band
can be appreciated by referring to the dotted vertical line
Fig. 1. In particular, all of the components of the CO trip
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for T sample are shifted to higher-frequency values. An a
ogous behavior is shown by the spectra of CO adsorbe
77 K (Figs. 1d and 1b). As widely discussed[1], on theT sam-
ple the concentration of CrII

A · · ·(CO)3 species (2120, 2100 an
2035 cm−1 components) is greatly decreased with respect to
S sample, and the remaining low-frequency triplet (2120, 21
and 2048 cm−1) substantially belongs to CrII

B· · ·(CO)3 species.
The conclusion emerging from these results is that both

S andT catalysts contain three families of sites, whose prop
tion can be changed by annealing. In more detail, the the
treatments in vacuum of Cr(II)/SiO2 system favors a comple
rearrangement (relaxation) of the surface, which has two m
consequences. First, most of the more coordinatively uns
rated CrIIA sites sink into the silica surface, increasing cr
tal field stabilization. Because the valence of Cr remains
changed, this means that, due to surface rearrangement,
SiOSi ligands enter the coordination sphere of chromium. T
is confirmed by the change in color of sampleT, which as-
sumes a darker-blue shade with respect to catalystS, indicating
an increase in the coordination sphere of the Cr(II) ions[1].
The large increase of the CrII

C family and the smaller incremen
of the CrIIB center population is simply the result of a mul
ple evolution in terms ofnCrIIA → nCrIIB andmCrIIB → mCrIIC
transformation, withm ∼ n. This complex evolution involve
relaxation of the external layers of the silica support. This a
influences the sites not transformed by the annealing pro
thus explaining the small shifts in the frequency values cha
terizing all of the CO bands at both RT and 77 K.

3.1.2. Probing the Cr(II) sites by N2 adsorption at RT and
77 K: formation of Cr(II)· · ·(N2)n adducts

The effect of the thermal treatment in vacuum on the lo
structure of the Cr(II) sites is confirmed by the results of
IR spectra of adsorbed N2 (seeFig. 2). In relation to this, it is
noteworthy that we recently reported the first Raman and
evidence of Cr(II)· · ·(N2)n complexes formed at RT on a “sta
dard” Cr(II)/SiO2 system[16,41,42]. In this respect, it is worth
recalling that only a few examples of N2 complexes formed
on oxide surfaces[51,52] or on metal-exchanged zeolites[48,
53–60]have been reported to date, and that most of these
formed in low-temperature and/or high-pressure condition
was demonstrated that at RT, only one N2 molecule is adsorbe
on both CrIIA and CrIIB families, giving rise to twõν(NN) peaks at
2328 (CrIIA · · ·N2) and 2337 cm−1 (CrIIB· · ·N2), respectively (in-
dicated by the dotted line inFig. 2a). The very small�ν̃(NN)
observed for the Cr(II)· · ·N2 adducts (−3 and+6 cm−1, re-
spectively) with respect to the gas phase apparently con
with the stability of these species. It has been suggested
this small shift is the result of a balance between the p
tive shift induced by polarization forces and the opposite ef
due toσ–π overlap forces. At lower temperature (higherPN2),
a second N2 molecule was inserted into the CrII

A · · ·N2 complex,
giving rise to a band at 2331 cm−1 (the solid line inFig. 2a),
whereas CrIIB sites remain able to coordinate only one N2 mole-
cule (band shift from 2337 to 2340 cm−1; the solid line in
Fig. 2a).
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Fig. 2. (a) Background subtracted FTIR spectra, in the N≡N stretching region,
of N2 adsorbed on catalystS (PN2 = 40 Torr). Full curve, adsorption at 77 K
dotted curve, adsorption at RT. (b) The same of (a) but for catalystT. Dotted
vertical lines, centered on the main spectroscopic features of catalystS, show
the frequency shifts which characterize the same bands in the case of
lyst T.

Fig. 2b reports the same experiment performed on sampT.
At RT (the dotted curve inFig. 2b), the intensity of the peak
attributed to CrIIA · · ·N2 and to CrIIB· · ·N2 adducts is negligible
This confirms that the thermal treatment converts most of
CrIIA sites into more shielded sites, unable to coordinate2
molecules at RT. When the temperature is decreased dow
77 K, an intense band grows up at about 2340 cm−1, becoming
the dominant feature of the spectrum. This peak, which is a
tle more intense than that observed on sampleS and assigned to
CrIIB· · ·N2 complexes, presents a distinct shoulder at 2353 cm−1.
In analogy with the CO case, this shoulder is tentatively
signed to CrIIC· · ·N2 complexes. At the same time, a weak ba
arises at about 2334 cm−1, which may be the weak manife
tation of the residual CrII

A · · ·(N2)2 adducts, shifted upward o
3 cm−1 with respect to the standard case (see the dotted v
cal lines inFig. 2). Finally, as previously reported for the ca
of the standard Cr(II)/SiO2 sample[16], at the highest N2 pres-
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sures a new broader absorption develops at ca. 2325 cm−1, that
is the spectroscopic manifestation of the physisorbed N2.

The conclusions derived from the analysis of the FTIR sp
tra of adsorbed N2 well agree with those obtained in the ca
of CO adsorption. In particular, it is confirmed that on hig
temperature annealing, the concentration of the CrII

A species
decreases dramatically, whereas that of CrII

C families increases
and a slight increase of CrII

B seems to occur. In other words, t
hypothesis that high-temperature annealing of reduced sam
induces a complex CrII

A → CrIIB → CrIIC transformation is thus
confirmed. It is notable that oxidation of the annealed sam
followed by reduction with CO at 350◦C gives a Cr(II)/SiO2
system whose spectroscopic features on N2 adsorption are in
distinguishable from those of the standard sample. This m
that the effect of the annealing is fully reversible. It is a
useful to underline that the local structure of the main Cr fa
ilies changes slightly on heating, justifying the little but we
reproducible frequency shifts of the adduct vibrational featu

3.2. How controlled annealing of the reduced precursors
influences the polymerization activity of Cr(II)/SiO2

From the spectroscopic results discussed so far, it is c
that the relative population of CrII

A, CrIIB, and CrIIC sites can be
tuned by controlled annealing. The question now is whethe
can use this approach to tune the catalytic activity toward
ylene polymerization. If we can, then we have sufficient kno
edge to modify, in a rational way, the properties of the cata
To prove the veracity of this statement, our next goal is to e
uate the effect of controlled annealing on the catalytic acti
of the two samples. This experiment not only can validate
foregoing hypothesis, but also can provide information on
specific activity of the different Cr sites. Toward this purpo
we measured the weight variation of samplesS andT as a func-
tion of time during the ethylene polymerization reaction at
using a microbalance operating under controlled atmosp
(see Section3.2.1). The polymerization reaction was conduct
at a constant C2H4 pressure of 100 Torr (seeFig. 3a). The mi-
crogravimetric results obtained during the first minutes of
reaction were then compared with the FTIR spectra of the g
ing polymeric chains formed under identical conditions, w
the aim of finding a correlation between the catalytic activ
and the spectroscopic features of the resulting polymers
Section3.2.2).

3.2.1. Microgravimetric results
Fig. 3b compares the microgravimetric results obtained

the two catalysts activated with the two different procedu
The variation of the sample weight is reported as a func
of the polymerization time. The zero-time corresponds to
C2H4 admission in the reactor; seeFig. 3a for the correspond
ing equilibrium pressure.Fig. 3c shows the first derivative o
the curves reported inFig. 3b. Starting with the discussion o
catalystS (full line), three main regions can be identified: (1
“jump” region (0–30 s), in which we observe a sudden incre
in the sample weight; (2) a region in which the sample we
increases in a progressive manner (30–650 s); and (3) a re
-
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Fig. 3. (a) C2H4 pressure variation inside the reactor adopted for the mi
gravimetric experiment during the polymerization reaction at RT. (b) We
uptake of the Cr(II)/SiO2 samples during the ethylene polymerization as a fu
tion of time. Regions 1 and 2 refer to the initiation and propagation phas
the polymerization reaction, respectively, whereas region 3 corresponds
stop of the reaction, obtained by evacuating the reactor (see explanation
text). (c) First derivative of the curves reported in the part (b) (for simpli
only data referring to region 2 are shown). Full line, sampleS; dotted line, sam-
ple T.

corresponding to the stop of the reaction, obtained by a su
decrease of the C2H4 pressure from 100 Torr to 0 (650 s–en
(seeFig. 3a).

Starting with the region 1, the sharp jump observed in
sample weight on ethylene admission into the reactor is
mainly to the superimposition of two phenomena: (a) coo
nation of ethylene on Cr(II) sites [species (i) inScheme 1] and
(b) formation of the first polymeric products on few Cr(II) sit
[species (ii) inScheme 1], those faster in the C2H4 insertion.
Assuming that region 1 reflects mainly the formation of spe
(i) in Scheme 1, from the weight “jump” (�w = 0.450 mg)
we can in principle obtain an estimation of the fraction of
sites able to adsorb ethylene, with the total number of Cr at
present in the sample known (1.4 × 1019 atoms). By assuming
that diethylene complexes [structure (i) inScheme 1] are by far
the most abundant species, as demonstrated previously[16], we
obtain that a fraction not far from 35% of the total Cr sites
contributing to the weight jump. Because a minor fraction
Cr(II) species may adsorb only one C2H4 molecule, the frac-
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tion of 35% of the total Cr sites represents a lower limit for
sites able to coordinate ethylene at RT.

After the first 30 s of contact, we observe a progress
and gradual increase in the sample weight, due to the gra
growth of the polymer chains on the active Cr(II) sites (regio
in Fig. 3). The slope of the curve (i.e., its first derivative; s
Fig. 3c) represents the number of ethylene molecules inse
per second on the whole number of active sites. This valu
proportional to the TOF via the unknown fraction of active sit
It is clear that the TOF increases sharply in the first 50–60
the reaction (region 2a) and then rapidly decreases (begin
of region 2b), reaching an almost steady value for longer p
merization times (end of region 2b). In these conditions,
estimate a polymerization speed (at 300 K and 100 Torr of
ylene) of about 0.0015 C2H4 molecules per second per Cr site
The behavior characterizing region 2a can be explained on
assuming that the number of active sites is increasing in the
stages. This implies that in this time interval, the really ac
sites are built via oxidative addition starting from the precur
Cr(II) species [steps (i)→ (ii) in Scheme 1]. The rapid decreas
of the TOF after the first 50–60 s (region 2b), may be due
a “poisoning effect” caused by the growing polymeric cha
(through, e.g., limited accessibility of a fraction of the Cr si
for the C2H4 molecules), which should take a sort of perco
tive path. The weight uptake in this time interval correspo
to the growth of living polymeric chains [steps (iii) and (iv)
Scheme 1].

Finally, when the polymerization is stopped by evacuat
the cell (region 3 inFig. 3a), we observe a decrease in sa
ple weight (Fig. 3b). This is due to the removal of the ethyle
moleculesπ -bonded on the Cr(II) sites that have not been a
to start the polymerization process. On the basis of the con
erations developed earlier, the weight decrease on outga
(�w = −0.187 mg) represents, in absolute value, 41% of
positive weight jump characterizing region 1. In other wor
41% of the C2H4 molecules initially adsorbed have just form
weakly adsorbed complexes and have not started the poly
ization reaction. This means that the remaining 59% of ethy
molecules have been converted into the precursor R1 charac-
terizing species (ii) inScheme 1. This fraction can be directly
converted into the fraction of Cr(II) sites able to pass from str
ture (i) into structure (ii) inScheme 1, that is, the fraction o
active sites. Incertitude occurs when we try to estimate the
tive sites as a fraction of the total number of Cr sites pre
in the sample and not as a fraction of the sites able to coo
nate ethylene at RT. Assuming that diethylene complexes
formed on 35% of the total Cr sites, vide supra the discus
of the jump, the fraction of active sites is 21% of the total
atoms. Because a minor fraction of Cr(II) species may coo
nate only one ethylene molecule, this value must be consid
a lower limit. Using this value in the evaluation of the TOF,
obtain that, in steady-state conditions, the TOF is about 0.0
C2H4 s−1 for polymerization conducted at 300 K and 100 T
of ethylene. This value is lower than those reported in the
erature (e.g., 0.44 C2H4 s−1 at 353 K andPC2H4 of 500 Torr
[61]; 0.26 C2H4 s−1 at 300 K andPC2H4 of 1 atm[62]), but
the comparison is not direct, because the literature values
al
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obtained under different temperature and pressure condi
and on catalysts activated following different procedures.
nally, it is noteworthy that the value of active site determin
here is in fair agreement with the estimation recently obtai
by XANES spectroscopy[43]. In that work, by comparing th
integrated area of the Cr(II) pre-edge fingerprint at 5996 eV
the catalyst before and after polymerization, we estimated
about 25% of the original Cr(II) sites were involved in the po
merization at RT.

Comparing the sample weight variation as a function of
polymerization time for catalystsS andT (the solid and dot-
ted curves inFig. 3b, respectively), we can state the followin
considerations:

(i) The weight “jump” (region 1 inFig. 3b) is virtually equiv-
alent in the two samples.

(ii) During the first 120 s the rate of weight increment is high
for sampleT than for sampleS.

(iii) After the first 120 s, the slope of the curve for sampleT
begins to decrease, and sampleS becomes more active (th
fact being more evident inFig. 3c); the integrated weigh
variation becomes greater for sampleS for times greater
than 400 s (Fig. 3b).

(iv) The weight decrease on outgassing is equivalent for
two samples, a fact that, combined with consideration
suggests that the fraction of sites involved in the polym
ization reaction is almost the same in the two cases.

The behavior observed for polymerization times>120 s
agrees perfectly with results in the literature indicating that
alyst T is less active (deactivated) than catalystS [17,27,46].
The behavior of the two catalysts during the first minutes of
polymerization reaction is, on the contrary, exactly the oppo
of that proposed in the published literature and merits a sp
discussion.

We can explain the different polymerization rates of the t
catalysts by supposing that the CrII

A and CrIIB families are char-
acterized by different rates in the ethylene insertion and by
ferent activation energies. From the spectroscopic results g
in Section3.1, it is clear that the two catalysts differ main
in terms of the concentration of CrII

A sites (which are almos
absent in sampleT) and the local structure of the CrII

B sites.
Comparing the two curves reported inFig. 3b, we hypothesize
that the CrIIB sites are the first to start the polymerization re
tion and insert ethylene molecules very rapidly in the grow
chains. The thermal annealing causes little increase in the
tion of CrIIB sites and changes their structure only slightly. T
explains both the higher TOF of sampleT in the first 120 s
and the similar intensity of the weight jump in the two samp
notwithstanding the lower concentration of Cr sites able to
sorb C2H4 molecules in sampleT. The decrease in the numb
of C2H4 adsorbed molecules, in fact, is replaced by an incre
in the number of inserted C2H4 in the polymeric chains, so tha
the resulting weight variation is almost the same as that
served in the standard sample. However, after a certain p
(i.e., after overcoming the activating energy barrier), the CII

A
sites also begin to slowly polymerize and the standard sam
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which has numerous CrII
A sites, becomes more active. For sa

ple T, the almost complete lack of CrII
A sites may account fo

the lower final activity.

3.2.2. FTIR results
The first steps in the polymerization reaction on b

catalysts have been evaluated by time-resolved FTIR s
troscopy, with the aim of studying the vibrational features
the first polymeric chains, as reported inFig. 4. Because of
the high intensity of the bulk modes of the silica support
low 1500 cm−1, only the frequency region corresponding to
CH2 stretching modes of the growing polymeric chains is
cessible. This region, even if of particular interest, is seld
used for diagnostic purposes in the literature, mainly bec
the strong intensity of the corresponding features generall
sults in saturation of the corresponding bands.

The sequences of spectra reported inFigs. 4a and 4bwere
collected every 20 s during the first steps of the ethylene p
merization on catalystS and catalystT, respectively. The las
spectrum corresponds to a polymerization time of 2 min.
spectra are characterized by two bands, assigned to the
symmetric (2926 cm−1) and symmetric (2856 cm−1) stretching
vibrations of the CH2 groups of the growing polymeric chain
[1,17,38]. The weak absorption around 3000 cm−1 is due to
the C2H4 π -bonded to the Cr(II) sites[16]. As discussed in
the Experimental section, the experiments were performe
the same Cr/SiO2 pellet subjected to the two different activ
tion procedures, so that the comparison of the intensity of
ν(CH2) stretching modes directly gives the relative amoun
PE formed on the two catalysts. Comparing the two seque
of spectra obtained for catalystsS andT, it is evident that the
two bands related to thẽν(CH2) stretching modes grow faste
for catalystT than for catalystS. This behavior strongly sup
ports the idea that sampleT is more active during the initia

Fig. 4. (a) Time-resolved FTIR spectra, in theν(CH2) region, of the polymeric
chains growing on sampleS. Each spectrum has been collected every 2
(b) The same of (a) for catalystT. As the last spectrum reported in both pa
has been collected 120 s after the polymerization start, with IR spectros
we are monitoring only the time interval corresponding to region 2a inFig. 3.
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stages of the polymerization reaction, as suggested by the
crogravimetric results (region 2a inFig. 3).

A closer inspection of the most intense spectra of the
sequences reported inFigs. 4a and 4band compared inFig. 5
(bottom part) reveals that the CH2 stretching bands of the poly
mer chains growing on sampleT are much more narrow an
shifted to lower frequency than those growing on sampleS. For
comparison,Fig. 5 (top) also reports the IR spectra of tritri
contane (a long alkane characterized by a ratio CH3/CH2 =
2/31) andn-hexadecane (a shorter alkane characterized by
tio CH3/CH2 = 2/14).Table 1reports the peak positions of th
ν(CH2) stretching modes for the PE chains growing on catal
S and T and compares them with those of reference sam
(i.e., PE in the crystalline and liquid phase,n-hexadecane an
tritriacontane). It is noteworthy that the vibrational features
CH3 groups,ν̃a(CH3) and ν̃s(CH3) at 2955 and 2873 cm−1,
respectively, are already observable in the spectrum of tri
contane, that is when the CH3/CH2 ratio is very low.

To explain the differences between the PE chains grownS
andT samples, it is useful to recall that previous IR studies[63–
69] have shown that the CH2 stretching frequencies (in both th
symmetric and antisymmetric modes) are sensitive indicato
lateral interactions between longn-alkyl and PE chains and als
provide a qualitative indication of the conformational disord
In more detail, a shift toward higher wavenumbers indicate

Fig. 5. FTIR spectra, in theν(CH2) region, of the polymeric chains growing o
catalystS and on catalystT (bottom part, full and dotted lines, respectively
For comparison, also the spectra ofn-hexadecane and of tritriacontane (char
terized by a ratio CH3/CH2 = 2/14 and 2/31, respectively) are reported (to
part, full and dotted lines, respectively). The gray vertical lines, centered o
main spectroscopic features of the two reference samples, show the freq
shifts which characterize the chains growing on catalystS andT.
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talysts

Table 1
Peak positions (cm−1) for the antisymmetric and symmetric CH2 stretching modes in different reference samples and in the polymeric chains growing on ca
S andT

CH stretching
mode

PE Hexadecaneb Tritriacontaneb PE chains on

catalystSb
PE chains on

catalystTbCrystallinea Liquida

ν̃a(CH2) 2920 2928 2927 2918 2927 2919
ν̃s(CH2) 2850 2856 2855 2849 2856 2850

a From Ref.[67].
b This work.
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increased conformational disorder. For example, the peak
sition for theνa(CH2) mode of a crystalline PE (characteriz
by a high conformational order) is 8 cm−1 lower than that for
the liquid state (characterized by a lower conformational
der), as reported inTable 1. The same holds for theνs(CH2)
mode. Similar results have been found in IR studies of the e
of molecular conformation of pure hydrocarbons[63–66] and
in IR spectra collected on self-assemblied monolayers (SA
[67–69].

Porter et al.[67] reported an IR study onn-alkanethiolate
SAMs on gold clusters for variousn-alkyl chain lengths (n = 3
to 21). By comparing thẽν(CH2) peak positions, the autho
demonstrated that there is a definite trend toward higher
frequencies with decreasing length of the alkyl chain. The
ference between the peak positions for then = 5 andn = 21
alkyl thiols is almost 4 cm−1. The authors concluded th
shortern-alkyl chains (n = 3,5) are highly disordered and re
semble freen-alkanes, whereas longer chains are more con
mationally ordered. For 15< n < 21, the average local env
ronment of an individual chain was very similar to that exist
in the bulk crystalline phase. Similar results were obtained
Singh et al.[68,69], who examined silica gels chemically mo
ified with n-alkyl chains of various lengths (n = 8 to 30). The
difference between the position of the absorption maxima
the C8 and C30 modified silica gels was 6 cm−1, again imply-
ing large differences in the degree of conformational orde
the attached alkyl moieties. The conformational disorder
relatively high near the silica surface, decreased in the cent
the chain, and increased once again near the chain end,
that can be attributed mainly to better chain packing in the in
section of the longer alkyl chains. The common idea resul
from these previous works is that longer alkyl chains obviou
have greater conformational order. This trend can be der
directly from the CH2 stretching data monitoring the shift o
the absorption band maxima toward higher frequencies on a
chain length reduction.

From Fig. 5 andTable 1, it is clear that the position of th
νa(CH2) band is 8 cm−1 higher for chains formed on catalystS
with respect to those growing on catalystT. A shift of 6 cm−1

is observed for theνs(CH2) band. The comparison of all th
data reported inTable 1and the results discussed earlier s
gest that the first polymeric chains growing on sampleT are
characterized by a high conformational order, so the ave
local environment of an individual PE chain is very similar
that existing in the bulk crystalline PE. This suggests tha
sampleT, long polyethylene chains formed on the fastest CII

B
sites interact in a manner similar to the interaction occurrin
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the solid polyethylene. This explains both the narrowness
the low frequency values of theν(CH2) bands. Conversely, o
sampleS, the slower C2H4 insertion ability of a greater numbe
of Cr sites (CrIIA) is responsible for the presence of a great nu
ber of shorter chains characterized by higher conformati
disorder, so that the average local environment appears si
to that of liquid PE. This explains the broader character of
ν(CH2) bands and the higherν(CH2) values of the polymeric
chains in the first stages of polymerization.

We have attempted to represent these concepts inFig. 6,
which reports a model of the Cr/SiO2 surface carrying som
polymeric chains. The average distance between Cr sites o
silica surface was set at about 10 Å, as would be expecte
a loading of 1 wt% on a standard silica with a surface are
about 400 m2 g−1. Not all of the Cr sites are carrying a pol
meric chain, because only a fraction of the sites are activ
C2H4 polymerization. For catalystS (seeFig. 6a), the major-
ity of the Cr sites are represented as carrying short, disord
chains. For catalystT (seeFig. 6b), most of the Cr sites carr
long chains, which interact with one another as in solid po
ethylene. This property is evident when comparing the ch
contained in the gray boxes inFig. 6b with Fig. 6c, which
reports two chains of crystalline polyethylene[70]. Note, how-
ever, that the picture has only qualitative value; that is, no at
tion has been given to the oxidation state of the Cr sites carr
the polymeric chains or to the nature of the first oligome
products. In addition, the fraction of active Cr sites has b
greatly increased for graphical reasons.

4. Conclusions

The present work shows that it is possible to determin
relationship between the structure of the Cr(II) precursors o
active sites, the catalytic performance of Phillips type cataly
and the properties of the obtained polymers. In particular,
note the following conclusions:

1. The CrIIB sites show a higher tendency to insert a third liga
into their coordination sphere with respect to the CrII

A sites.
This has been demonstrated in the case of CO, but we
reasonably imagine that it also could occur in the cas
C2H4, the two molecules having a comparable strength
interaction with Cr(II).

2. The catalyst activation procedure has an important effec
varying the relative distribution of the Cr sites on the sil
surface and their local environment. In particular, on th
mal treatment after reduction, a complex CrII → CrIIB →
A
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onnect
,

Fig. 6. Qualitative representation of the surface of catalystsS andT (parts a and b, respectively) carrying some polymeric chains. Red and yellow sticks c
together silicon and oxygen atoms respectively; the big blue balls represent Cr(II) ions, while the little gray and white balls represent carbon and hydrogen atoms
respectively. Gray rectangles in part (b) highlight the regions in which the polymeric chains are interacting at a distance (average C–C distance of 4.0 Å) in the same
order of that characterizing crystal polyethylene (part c)[70].
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CrIIC transformation is obtained. Overall, a great fraction
the CrIIA sites is converted into more shielded CrII

C sites, in-
active in ethylene polymerization, and less abundantly
CrIIB sites.

3. In the first stages of the polymerization reaction, cata
T inserts the C2H4 molecules faster than catalystS. From
points 1 and 2, we can infer that the higher activity p
sented by catalystT in the first stages of the polymerizatio
is due to the presence of an increased number of CrII

B sites.
The B family sites present on theT sample have slightly
different structures than those present onS sample. There
fore, the rate in the ethylene insertion seems strongly
lated to the ability of the Cr sites to insert a third ligand in
their coordination sphere (i.e., to displace a weaker liga

4. The higher polymerization rate demonstrated by catalyT
in the first stages of the reaction accounts for the growt
longer and more ordered polymeric chains with respec
the standard case, as demonstrated by the FTIR spec
the growing polymers.

5. The CrIIA sites are active in ethylene polymerization; ho
ever, they are characterized by slower insertion rates.
explains why after about 120 s, catalystS becomes more
active than catalystT.
t

-

).

f
o
of

is

Points 1–5 confirm some of the phenomenological obse
tions stated previously, such as the ability of the Phillips c
lyst to produce PE characterized by a broad molecular we
(MW) distribution and the disactivating effect, in the industr
time scale, of thermal treatment after reduction. The novelt
this work is that it links different observations from differe
techniques to explain the origin of well-known phenomena
particular:

(a) It has been shown that on the Phillips catalyst, a distr
tion of Cr(II) sites, all active in ethylene polymerization b
characterized by different polymerization rates, is pres
These sites are responsible for the production of poly
chains of differing chain lengths and thus differing MW
and this is basically the origin of the broad MW distributi
that characterizes the PE obtained with the Phillips cata
Toward this end, it is useful to recall that several current
search activities involve the design of new ligands to red
the complexity of the Cr/SiO2 surface[71–74]. In general,
Cr(III) complexes are involved, which, in combination wi
methylalumoxane (MAO), give extremely active catalys
This approach leads to a reduction in the active site di
bution and in some cases to the appearance of a single
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catalytic behavior[74], which is uncommon for a hetero
geneous system. The drastic reduction in the diversit
the active Cr sites generally existing on the silica surf
is responsible of the production of a polymer characteri
by a narrow MW distribution, thus confirming our previo
statements.

(b) Furthermore, it has been confirmed that the lower ac
ity of catalystT on an industrial time scale is due to t
absence of CrII

A sites, as has been suggested previou
However, the CrIIA sites do not provide the fastest ethyle
polymerization, contrary to what has been believed up
now, and this fact has been related to the scarce tenden
insert a third ligand into the coordination sphere. To cha
the population of Cr(II) sites, an alternative strategy to
variation of the activation procedure, discussed herein,
be to insert suitable dopant ions inside the silica supp
a method that has already been adopted in industry. In
regard, the results reported herein demonstrate that IR s
troscopy of probe molecules can be a useful tool for ch
acterizing the distribution and structure of the Cr sites
thus for predicting the catalytic activity of the system.

Finally, the results illustrated in this work provide some n
perspective regarding the solution of the problem of the
tiation mechanism on the Phillips catalyst. The CrII

A sites, be-

ing slower in ethylene insertion compared with CrII
B sites, are

also the most suitable for the spectroscopic investigatio
the precursor species present in the very initial stages o
polymerization reaction. Therefore, all efforts in identifying t
initiation mechanism should pass through the maximizatio
the fraction of CrIIA sites.
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