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Abstract

In this work, an industrial calcined Phillips Cy€5iO, catalyst engaged in the induction period through interaction with
ethene at ambient conditions was characterized by temperature-programmed desorption (TPD) equipped with a quadrupole
mass spectrometer (MS). It was unprecedented to find that the first hydrocarbon species had already been formed and was
observed to be propene instead of the expected butene. In fact, butene is the second hydrocarbon species formed after propen
during the induction period. This evidence strongly implied that the initiation in terms of Cr—carbon bond formation on the
Phillips catalyst occurs through an ethene metathesis mechanism during the induction period. Three most possible routes
regarding the ethene metathesis initiation and formation of the first hydrocarbon species propene during the induction period
on the Phillips catalyst were proposed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction propagation is poorly understof@i 5]. Within the past
five decades, various initiation mechanisms have been
As an important catalyst for olefin polymerization, proposed based on either pure speculation or contro-
Phillips CrQ./SiO, catalyst has achieved spectacular versial evidence (as shown Bcheme 1[2,3,6-17]
success in the industrial field since early 1950s. How- The key to achieving a solution to this critical prob-
ever, its main academic aspects concerning the activelem is to obtain specific information about the first hy-
sites and polymerization mechanism still remain mys- drocarbon chain formed in the initial stage of ethene
terious in spite of half century of great eff¢ft5]. In polymerization[3,5].
particular, the initiation mechanism of the first chain Phillips CrQ,/SiO, catalyst can be used either in
pre-reduced form (defined as Cr(I)i0,) [6—19]
"+ Corresponding author. Tel+81-761-51-1620: or in calcined form (non-pre-reduced, defined as
fax: +81-761-51-1625. CI’(Vl)OX/SiOZ) [3] When a CI’(”)Q/SiOZ catalyst
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Scheme 1. Various initiation mechanisms of ethene polymerization over the pre-reduced Phillips,£3{@)Cratalyst proposed in the

literature.

in Scheme ) as the initial active precursor is used,

models concerned with Cr-alkylidene speciés T,

polymerization begins immediately after the introduc- 8, 10, 11 shown in Scheme }[9-11,13,16,17]un-

tion of ethene monomeid,3,20] However, when a
Cr(VDO,/SiO;, catalyst with surface-stabilized Cr(VI)

der a supposed modified Ivin—Rooney—Green chain
propagatiorj13,21,23]are still waiting for conclusive

(including monochromate, dichromate and/or poly- evidence. The low IR detectability of any possible
chromate) as the initial active precursor is used, an methyl end groups in the initial growing polymer

induction period (also called “dormant period” with-

chains[17,24-26] attached on the active sites also

out measurable activity through a mass flow meter) shed great doubts on those proposed active site mod-
is usually observed after the introduction of ethene els relating to metallacyclic specied, ©, 12 shown
monomer at usual operating temperature (lower than in Scheme }1[10,13-15,17] Therefore, those active

150°C) [3]. The most critical problem is that the

site models %, 3, 6 shown in Scheme 1} [2,6,11]

conventional spectroscopic investigations of the early involving a proposed Cossee—Ariman chain propaga-
stage of ethene polymerization (mostly by IR method) tion [27], with either Cr—C or Cr-H as active sites

were performed exclusively on Cr(l1)@5i0O, cata-
lysts, mostly CO-pre-reduceé—17]. Measurements

similar to conventional Ziegler—Natta catalysts, still
hold the most popularity3,5], although the problem

based on this catalyst system were somewhat lim- related to the origin of the first hydride scrambling is
ited by the short lifetime of the initial species, rapid sometimes still confronted (e.g. for active site model
encapsulation of the catalytic species by polymer 2) [3]. These models are mainly speculated from the

layer and low temporal resolution of traditional IR

chain configuration of Phillips polyethene featured

instruments. This leads to various discrepancies in with one vinyl and one methyl group on each chain
those traditionally proposed initiation mechanisms end. The vinyl chain end is supposed to be derived

shown in Scheme 1 [2,3,6-17]For example, ar-

from chain transfer througtg-hydride elimination

guments concerning the existence or absence of aduring a Cossee—Arlman chain propagation. More

Cr-alkylidene species (also called Cr-carbei€)21]

recently, approaches have also been performed on

and contradictory IR band assignments of the C—H homogeneous models of the Phillips cata[g8—31}
bond vibration in a possible Cr-alkylidene species planar CrQ/SiO,/Si(100) model systeri82,33]and
[9,22] are still in dispute. Therefore, the active site molecular simulatiorf34,35], without much success
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regarding the initiation mechanism of ethene poly-
merization up to now.

The unique feature in this study is to adopt a
non-pre-reduced Phillips catalyst and to probe its in-
duction period prior to ethene polymerization. Any
possible reactions during the induction period should

191

Wako Pure Chemical Industries Ltd., were used as
moisture scavenger for gas purification. Q-5 reactant
catalyst (13wt.% of copper(ll) oxide on alumina),

which was purchased from Aldrich, was used as
oxygen scavenger for gas purification. An industrial
calcined Phillips catalyst, which was used in our

proceed in a more controllable manner and have never previous repor{36—40] was prepared from impreg-

been dealt with before. In our recent woj&6,37],

an industrial calcined Phillips catalyst engaged in
the induction period through interaction with ethene
at room temperature (RT) was found to be already
partially reduced by ethene accompanied with the
formation of formaldehyde as well as possible for-
mation of short olefin chains. Proceeded with this
preliminary study, an effort in this work was try
to directly capture the first hydrocarbon chain, i.e.
the most important fingerprint of the active sites of
Phillips catalyst initially formed during the induc-
tion period. We successfully got the direct evidence

nation of Davison 952 silica gel (BET surface area ca.
280 nt/g) with aqueous solution of CrDfollowed

by calcination in dry air up to 800C for 20 h. The
catalyst sample was distributed and stored in small
glass ampoule bottles sealed under nitrogen atmo-
sphere. The chromium content on the catalysts was
ca. 1wt.% (i.e. 0.4 Cr/nR).

2.2. Treatment of the catalyst

The time-scale of the induction period for the cal-
cined Phillips catalyst for ethene polymerization is

that the first and second hydrocarbon species formedusually depending on the operating conditions espe-

from ethene over the Phillips catalyst during the in-
duction period prior to polymerization were propene
and butene, respectively. This evidence strongly im-

cially temperaturd3]. The lower the polymerization
temperature and/or the lower monomer pressure, the
longer the induction period. When the polymerization

plicates an ethene metathesis initiation during the temperature goes below ca. 50-&Y) the induction

induction period on the Phillips catalyst for ethene
polymerization.

2. Experimental
2.1. Raw materials

Nitrogen of B-grade (total impurity<5ppm, in
which O, <0.5 ppm, CO<1 ppm, CQ <1ppm, CH
<1lppm, dew point of HO less than—70°C), ni-
trogen of A-grade (total impurity<2 ppm, in which
O, <0.3ppm, CO<0.3ppm, CQ <0.3ppm, CH
<0.1ppm, NQ <0.1ppm, SQ <0.1 ppm, dew point
of HoO less than—80°C) and high purity helium
gas (total impurity<1 ppm, in which @ <0.05 ppm,
N2 <0.1ppm, CO<0.02 ppm, CQ <0.02 ppm, CH
<0.01ppm, dew point of LD less than—80°C)

were purchased from Uno Sanso Co. Ethene of re-

search grade (fH4 >99.9%, air<0.03%, methane
<0.01%, ethane:0.05%, propane:0.01%, analyzed

period will become infinitely lond20]. In order to
make the reaction process more controllable during
the induction period, RT and atmospheric pressure
of ethene gas were chosen as the reaction conditions
for the interaction between the catalyst and ethene
under this preliminary stage of our series studies on
the induction period.

The treatment to the catalyst with ethene gas at am-
bient conditions for 2 h and the subsequent setting of
the ethene-treated sample into a quartz micro-reactor
for the TPD measurement were carried out in a glove
box under the following procedure (s€&g. 1). Af-
ter putting all the clean and dry experimental parts
including the quartz reactor, an ampoule bottle of the
catalyst sample, a glass sample bottle, etc. into the
glove box, the glove box was purged under nitrogen
(B-grade) flow overnight. Then the B-grade nitrogen
was switched to A-grade nitrogen for six times of
purging and vacuum cycle. The latter was passed
through two glass columns filled with Q-5 reactant
catalyst and molecular sieves A 3respectively, for

by gas chromatography method) was donated by further refinement before entering the glove box. Af-

Mitsubishi Chemical Co. Molecular sieves 4A and
molecular sieves 138, which were purchased from

ter breaking the ampoule bottle of the catalyst sample
(with ca. 200 mg of catalyst), the catalyst sample was
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Fig. 1. Schematic diagram of the experimental system for ethene-treatment of PhillipéS@Ocatalyst: 1, ethene gas cylinder; 2 N
gas cylinder (A-grade); 3 and 4, gas flow meter; 5, 4 A molecular sieves column; 6 and 7, Q-5 catalyst column; 8 andn®)etRilar
sieves column; 10, vacuum pump; 11, liquig Map; 12, glove box; 13, paraffin liquid seal; 14, Mas cylinder (B-grade); V, valve.

introduced into the glass sample bottle. Then, ethene type of atmosphere under dynamic vacuum, fixed bed
gas was introduced into the glove box with three times type of reactor with helium gas flowing through the
of purging and vacuum cycle. The ethene gas was sample and partial pressure monitoring of the whole
passed through three stainless steel columns filled with desorption process by mass spectrometry. In a typical
molecular sieves 4 A, Q-5 reactant catalyst and molec- measuring procedure, at first the TPD vacuum system
ular sieves 13, respectively, for further purification  was setup with a stable vacuum at ca. 20-30 Torr for
before entering the glove box. In order to prevent pos- ca. 30 min to remove the residual air and moisture
sible destruction of active surface chromium species after connecting the quartz micro-reactor with the
and possible loss of newly-formed surface hydro- TPD system. Then helium gas was introduced into
carbon species during a milling-promoted mixing as the quartz micro-reactor through the sample for 1 h at
implemented in our previous wofRB6], carefully and RT to remove the physically adsorbed species on the
continuously shaking of the glass sample bottle with catalyst surface. Subsequently, the helium gas flows
the catalyst sample was applied to promote the mixing through the thermal conductivity detector (TCD), MS
and interaction between the catalyst and ethene gassampling systems (vacuum ca52 108 Torr) and
during the treatment. After 2 h treatment, the ethene finally vent to the TPD glass vacuum line. Simulta-
gas was pumped out and nitrogen of A-grade was neously, the computer system multi-complexed to the
introduced into the glove box again with six times of MS and furnace temperature controller-programmer
purging and vacuum cycle. Finally, about 100 mg of was setup for initializing all the controlling param-
ethene-treated catalyst sample was set into the TPDeters including helium gas flow rate (50 ml/min),
quartz micro-reactor with two closed vacuum valves. temperature controlling program, MS sampling time
The sample was dispersed homogeneously in-betweeninterval (15s), bridge current (2mA), number of
two pieces of fine quartz wool at the bottom part of mass spectroscopy channels in use and corresponding

the micro-reactor. mass to charge ratio numbers (restricted below 100
for this mass spectroscopic instrument), etc. In this
2.3. TPD-MS characterization work, the temperature was ramped at a linear rate of

2°C/min from RT to 500 C. The gaseous components
The temperature-programmed desorption (TPD)- of ethene f:1/e = 28), formaldehyden/e = 30),
mass spectrometer (MS) characterization of the propene f1/e = 42), butene /e = 56), pentene
ethene-treated catalyst sample was carried out on a(m/e = 70), hexenerz/e = 84) and heptenern/e =
multi-task TPD instrument produced by Bel Japan, 98) were continuously monitored using the MS. The
Inc. equipped with a quadrupole MS. The experi- original catalyst sample was also characterized as a
mental arrangements is described as following: open background.
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3. Results and discussions

According to the TPD-MS characterization of the
calcined Phillips catalyst before and after the treat-
ment within ethene atmosphere for 2h under ambi-
ent conditions, the evolution of three new species,

Relative intensity (a.u.)

i.e. propene fi/e = 42), butene fr/e = 56) and %
formaldehyde #:/¢ = 30) besides ethenen(e = A4
28) was confirmed without detection of any other 0 100200 300 400500 600

higher olefins. The TPD-MS desorption spectrum Temperature (°C)
f)f monom.er ?thene from the ethene-treateq C.atalySt Fig. 3. TPD-MS evolution curves of three new species including
I,S shown inFig. 1 reflecting a very b“?ad dISt.nbu' formaldehyde and two new short olefins from the Phillips catalyst
tion states of surface chromium species during the treated in ethene at ambient conditions for 2h. Curve 1: propene
induction period. Similar phenomenon also can be (m/e = 42); curve 2: formaldehyden/e = 30); curve 3: butene
seen from the TPD-MS desorption spectra of those (m/¢ = 56); curve 4: pentenen(/e = 70). TPD conditions:
newly formed species namely propene, butene and :Z?;pSe(r)ar:]l:/rﬁqiilevanon rate’€/min, RT~500°C, helium gas flow
formaldehyde from the ethene-treated catalyst as '
shown inFig. 2The relative ratios of the integration
area of the four evolution curves shown Fkigs. 2 small amount of ethene fragment (e = 28) gener-
and 3for ethene /e = 28), propener/e = 42), ated from butene should be reduced from the whole
butene /e = 56) and formaldehyden{/e = 30) evolved ethene species. Therefore, the relative ratios
were calculated to be 66, 25, 3 and 6%, respectively. of the four evolved species namely ethene, propene,
In order to get more precise relative ratios of all butene and formaldehyde from the ethene-treated cat-
the desorbed species from the ethene-treated catalysglyst sample were calculated to be 56, 32, 7 and 5%,
sample, the fragmentation phenomenon of olefins respectively, supposing that the mass spectrum of the
during a typical quadrupole mass spectroscopic mea- fragment with the strongest relative intensity for each
surement should be taken into considerat{di]. olefin is proportional to its whole concentration des-
The mass spectra of fragments of ethene, propeneorbed from the surface of the ethene-treated catalyst
and butene during a typical quadrupole mass spec-sample. Moreover, the possible loss of newly formed
troscopic measurement were shownTiable 1 [41] species including propene, butene and formaldehyde
The formation of propene fragment: (e = 42) from from the catalyst surface during the ethene-treatment
butene can be completely ruled out. Whereas, a very

Table 1

The mass spectra of fragments of ethene, propene and butene
during a typical quadrupole mass spectroscopic measurement

Olefin  Typical mass spectra of fragments

Ethene
m/e? 28 27 26 25 14 1 24 13 29 12
R.IP 1000 648 623 117 63 41 37 35 22 21

Propene
m/e? 41 39 42 27 40 38 37 26 15 1
I S N B R.P 1000 711 677 383 289 193 136 105 54 37
0 100200 300400500600 Butene

Temperature (°C) met 41 56 39 27 28 55 29 26 40 53
RID 1000 370 345 300 295 176 131 101 64 52

Relative intensity (a.u.)

Fig. 2. TPD-MS evolution curve of ethene:(e = 28) from the
Phillips catalyst treated in ethene at ambient conditions for 2 h. 2m/e indicates the mass to charge ratio of each fragment.
TPD conditions: temperature elevation rateCZmin, RT ~500°C, bR.I. indicates the relative intensity of the mass spectrum of
helium gas flow rate 50 ml/min. each fragment.
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can be approximately eliminated due to the mild polymerization on Phillips catalyst®,3,6—17] and
conditions implemented in this experiment. Accord- for ethene metathesis over various transition metal
ing to the literature[42,43] and our previous re- catalyst§44-52] Based on the experimental evidence
port [36,37] ethene firstly reduces the hexavalent that propene is the first hydrocarbon species formed
chromate species into divalent chromium species during the induction period, an ethene metathesis
accompanied with the formation of a by-product initiation mechanism on the Cr(VI)3@SiO, cata-
formaldehyde. Subsequently, the divalent chromium lyst is proposed inrScheme 2including three most
species coordinatively-adsorbed with formaldehyde plausible mechanistic routes ((I), (Il) and (lll)) of
molecules, which cannot be desorbed under the mild the formation of Cr-alkylidene species and the first
conditions, might act as the active precursor to pro- hydrocarbon species propene. As a common initial
duce the two new short olefins. Judging from the rela- reaction stage for routes (1), (II) and (Ill), surface
tive ratios of ethene (56%), propene (32%) and butene chromate specie&3 is reduced by ethene resulting

(7%) in the desorbed gases from the ethene-treatedin the formation of14, which is surface-stabilized

catalyst sample, it can be concluded that the first
hydrocarbon species formed on the Phillips catalyst
during the induction period is propene instead of the

divalent chromium specie& coordinately-adsorbed
with formaldehyde molecule due to the high co-
ordination unsaturation ofl as well as the mild

expected dimer of ethene:butene. Butene is in fact the conditions [36,37,42,43] The surface-stabilized di-

second hydrocarbon species formed after propene.

This new experimental evidence obtained from the in-
duction period of ethene polymerization cannot be ra-
tionalized by the Cossee—Arliman mechanism, which
is still the most generally accepted mechanisms for
Phillips catalyst up to now. According to McDaniel
[3] and Weckhuysen and Schoonheysl}, the first
hydrocarbon species is the most important fingerprint
of the Phillips catalyst and can be utilized as a cru-
cial criterion for an indispensable reconsideration of
those traditional initiation mechanisms proposed in
the literature shown ischeme 1

The conversion of ethene into higher olefins
with both odd and even numbers of carbon atoms
is a well-established phenomenon which is be-
lieved to proceed by ethene metathe$igl-48]
This indicates that coordination of formaldehyde on
surface-stabilized divalent chromium species most
probably results in the formation of a new kind of
active precursor for olefin metathesis, rather than
polymerization active precursor. The active sites
in heterogeneous transition metal catalyzed olefin
metathesis are generally thought to be a transition
metal alkylidene species like their well-defined ho-
mogeneous analogug¢d49-52] The specific forma-
tion mechanism of the transition metal alkylidene

valent chromium specied is believed to be the
final active precursor of Phillips catalyst for ethene
polymerization by most researchdf5,6—17] This
indicates that coordination of formaldehyde on the
surface-stabilized Cr(Il) species may result in14,
which demonstrates as an ethene metathesis precur-
sor rather than polymerization active precursor. In
route (I) as shown irScheme 2the first coordina-
tion of ethene orl4 with a subsequent 1,2-hydrogen
shift leads to a Cr(IV)-ethylidend5 [11,16] Fur-
ther reaction of the Cr(IV)-ethylidentb with ethene
gives rise to a Cr(IV)-methyliden&9 and the first
hydrocarbon species propene through a metallacy-
clobutane intermediat&7 [53-55] Route (II) shows
the formation of the Cr(IV)-methyliden&9 through
direct splitting of the double bond of ethene over two
neighboring14 [17], and propene is made through
the reductive decomposition of a metallacyclobutane
intermediate21 [47]. The simultaneous formation
of Cr(IV)-methylidene19 and Cr(IV)-ethylidenel5

is depicted in route (lll) showing that the-allyl
Cr(I1)-hydride specie®5, formed through the metal-
lacyclopentane intermedia®d, is converted into met-
allacyclobutane specie¥ [11]. The metallacyclobu-
tane specied? is subsequently subject to metathesis
generating either Cr(IV)-methylideri® and the first

sites on the heterogeneous counterparts is still openhydrocarbon species propene or Cr(IV)-ethylidene

to discussion[49-52] Nevertheless, this new evi-

dence can be used for a novel mechanistic specu-

lation on the initiation process taking into account
of various traditional mechanisms both for ethene

15 and a new ethene monomfg2]. The subsequent
metathesis of the first hydrocarbon species propene
on Cr(IV)-ethylidene15 and/or Cr(IV)-methylidene
19 in either route will lead to the formation of the
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Scheme 2. Three most plausible mechanistic routes (1), (11) and (l11) of the ethene metathesis initiation and formation of the first hydrocarbon

species propene during the induction period over the calcined Phillips Cr{}8}O; catalyst through interaction with ethene at ambient

conditions.

second hydrocarbon species butene through mech-transition metal catalystpt9-52,63,64] which still

anisms similar toScheme 2during the induction
period[44,47,53-55]So far, it can be speculated that
the initiation mechanisms through 6, 10 and 11
in Scheme lare most plausible ones, whereas those
mechanisms through, 3, 5, 7-9 and 12, which can-
not rationalize well the formation of propene as the
first hydrocarbon species, own much less possibility.
Another important implication from the new evi-
dence obtained in this work is that a transformation of

remains a mystery worth further exploring. Further in-
vestigation of the induction period of Phillips catalyst
under various reaction conditions is still in progress
in order to completely elucidate which route within
routes (1), (1) and (lll) inScheme 3s really in func-
tion during the induction period. More recently, spe-
cific evidence regarding the dynamic inter-conversion
between those Cr-metallacyclic and Cr-alkylidene
intermediates during the induction period had been

ethene metathesis active sites into ethene polymeriza-obtained, and the transformation of ethene metathe-

tion active sites should proceed when the formalde-
hyde is desorbed from the Cr-alkylidene species at

sis into ethene polymerization from the induction
period to normal polymerization period at elevated

higher temperature. This speculation is supported by temperature on the calcined Phillips catalyst had also

the reports of Schrock and coworkefs6,57] and
Scott and coworkelf8-62] The former reported that

a homogeneous Ta-alkylidene catalyst could be active

for ethene polymerizatiolf56,57] While the latter
recently have shown a Spsupported Cr-alkylidene
catalyst to be highly active for ethene polymerization
producing high density polyethene (HDPE) with chain
configuration and properties similar to the HDPE pro-
duced by Phillips catalyg8-62] Another support
for our mechanistic consideration comes from pre-
vious reports of the inter-conversion between olefin
metathesis and olefin polymerization using various

been successfully observed. These new results will be
reported in a forthcoming publication soon.

4. Conclusions

In this work, we adopted an industrial calcined
Phillips catalyst and probed its induction period prior
to ethene polymerization by TPD method. The evi-
dence demonstrated that the first hydrocarbon species
had already been formed during the induction period
and was found to be propene instead of the expected



196

dimer of ethene:butene. Butene is actually the sec-

ond hydrocarbon species formed after propene during

the induction period. The simultaneous formation

of propene and butene from ethene indicates that

the initiation with respect to Cr—carbon bond forma-
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