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The reaction process of the production of CrOBHE)," was studied in connection with the ethylene
polymerization on a silica-supported chromium oxide catalyst (the Phillips catalyst). Cluster ions CrOH-
(CoHy)2™ and CrOH(GHg)™ were produced by the reactions of CrOMith C,H, (ethylene) and @Hg (1-
butene), respectively, and were allowed to collide with a Xe atom under single collision conditions. The
cross section for dissociation of each parent cluster ion was measured as a function of the collision energy
(collision-induced dissociation, or CID). It was found that (i) the CID cross section for the production of
CrOH' from CrOH(GHy,)," increases sharply at the threshold energy of 3:16.22 eV and (ii) the CID

cross section for the production of CrOldnd GHg from CrOH(CHs)™ also increases sharply at the threshold
energy of 3.26+ 0.21 eV. In comparison with the calculations based on a B3LYP hybrid density functional
method, it is concluded that two ethylene molecules in CrQH" are polymerized to become 1-butene.
The calculation also shows that the dimerization proceeds via Crgi(C(ethylene complex) and CrOH-
(CoHy)2" (ethylene complex), in which the ethylene molecules bind with Ct@ttough az-bonding.

1. Introduction He C2Has (e) Xe (i)

Ethylene molecules are catalytically polymerized on a silica-
supported chromium oxide catalyst that is known as the Phillips
catalysth2 which is used for the production of polyethylene;
this method provides more than one-third of the world poly-
ethylene demandl.Because of its practical importance, the
reaction mechanism of the polymerization on the catalyst has
been investigated intensively;” leaving several unsettled
issues; for instance, there are the pros and cons on whether the

active center for the polymerization is a monatoffior a _ ® © @ ® @ ®
diatomi@ 10 site, etc. In this regard, we have studied reactions Figure 1. Schematic drawing of the apparatus used in the present study.
of ethylene molecules with cluster ions,C(n = 1—4), C,O* Legend is as follows: (a) argon-ion beam, (b) chromium targets, (c)

(n = 1-4), and CFOH* (n = 1, 2) in the gas phase and have cooling cell, (d) octopole ion guides, (e) first quadrupole mass filter,

(f) collision cell, (g) second quadrupole mass filter, (h) ion conversion
revealed that only Cr© and QrOH adsorb two ethylene  gynode, and (i) secondary electron multiplier.
molecules on them, under multiple collision conditidhThis

finding suggests that a Cr atom bonded to an O atom or an OH ¢5icyjated by a density functional method. We conclude that

group on the silica substrate of the Phillips catalyst behaves asia two ethylene molecules in CroH{d.),* are dimerized to
the active center for the ethylene polymerization. This inference pacome one 1-butene molecule. This result implies that the

is verified if one proves that (i), bonded to CrO and active center of the Phillips catalyst is actually a Cr atom bonded
CrOH" is essentially the same as reaction intermediates thaty a1 O atom or an OH group of the silica substrate.

emerge during the course of the polymerization reaction.

In the present experiment, we have measured the dissociation, Experimental Section
energies of CrOH(&H,),™ and CrOH(GHg)" produced in the _ _ _
reaction of CrOH with C;H, (ethylene) and §Hsg (1-butene), . Figure 1 shows a schematic drawmg of the apparatus u.sed
respectively, by the collision-induced dissociation (CID) method, N thE} measurements of cross sections fqr QID. A brief
and we have compared the dissociation energies with thosedescription is given here, except for the modification made for
the present study, because the detailed description has been
* Corresponding author. E-mail: kondow@clusterlab.jp. reported previously?13The apparatus consists of a cluster ion
! East Tokyo Laboratory, Genesis Research Institute, Inc. source, a cooling cell, quadrupole mass filters, a collision cell
* Cluster Research Laboratory, Toyota Technological Institute. ' ] ’ '
$ Research and Development Center, Japan Polyethylene Corporation.?md a _detector, which are connected to each other by octopole
#KM Techno Research. ion guides.
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An argon-ion beam from a plasma ion source (CORDIS Ar25/ (a) ® ©
35c, Rokion lonenstahl-Technologie) at an acceleration energy  p,c =cH, | s H
of 15 keV was separated into four ion beams, each of which HC\\ H_ ,C=CH
was allowed to bombard one out of four separate chromium Clr Cr le
targets mounted circularly around the center axis of the plasma 0 (') 0
ion source. Oxide and hydroxide ions of chromium were H e H

produced without the introduction of any additional gas; these
ions were likely to be produced by reactions with a trace amount
of residual gases such as water. All the ions thus produced were

admitted into an octopole ion guide that was mounted inside a ¢ he | H Hz(l3| H,
cooling cell surrounded with a jacket. The cooling cell was filled Wy //CHz /.. ,CCHs C_ C_ H
with a mixture of helium and ethylene gases with a 20:1 molar H2C C|r CH, HoC Clr e e
ratio at a total pressure ¢f1072 Torr. In the cooling cell, the 0 0 H, cl)
ions were cooled to 77 and 300 K with and without liquid H H “H
nitrogen in the jacket, respectively. The collision frequency of

CrOH™ with He atoms is much higher than that withHG, so ) @

that CrOH(GH,);" attains a thermal equilibrium with the helium CHs CH, HaC

gas. Only CrOH(@H4);" produced in the cooling cell was (|:H | “CH,
allowed to pass through the first quadrupole mass filter for the H,C” 2 H3C\C ALCx Cr C'H
measurement of the CID in an octopole ion guide that was é Hy | H.C 7
surrounded by a collision cell containing xenon gas at a pressure H"Scr N 2 e

of ~6 x 107 Torr. At this pressure, a single collision condition c|> H cl)
was fulfilled. The pressure in the collision cell was monitored ne “H
by a spinning rotor gauge (MKS, model SRk The collision

energy was varied by changing a DC voltage that was applied 0 H ©® H, H 0 H

to the octopole ion guide. The product and the intact parent 2 é—c 2 _C /CH3
ions from the collision cell were mass-analyzed in the second ;" “cy_cp, nd \CH H,C” 3 chH
quadrupole mass filter and were detected by an ion conversion o 2 c 2 CrH
dynode, followed by a secondary electron multiplier (Murata ('3 |r $

Ceratron, model EM$081B). The spread of the translational W 0 “H
energy of CrOH(GH,4)>" was measured by applying a retarding

voltage to the octopole ion guide that was mounted in the Figure 2. Initial geometries of CrOH(gH,)* and CrOH(GH,)* used
collision cell, and the energy spread was determined to bein the present calculation with the spin multiplicity off = 5.
typically 2 eV in the laboratory frame. In the collision of CrOH-  Geometries in Figure 2ec show the geometries of CroH{)": (a)

o . an ethylene complex, (b) an ethylidene complex, and (c) a vinyl
(CoHa)2™ with a xenon atom, this energy spread amountsQcb complex. Geometries in Figure 2 show the geometries of CrOH-

eV in the center-of-mass frame. This collision energy spread (c,H,),*: (d) an ethylene complex, (¢) an ethylerahylidene

was taken into account in determining the dissociation energy complex, (f) a butenyl complex, (g and h) butylidene complexes, (i) a

(see Section 4.A). In addition, CrOH{8s)* was produced in 1-butene complex, (j and k) metallacycle complexes, and ghadly!

the reaction of CrOH with 1-butene in the presence of the complex.

helium gas in the cooling cell for the measurement of the CID

cross sections. Note that the temperature of the cooling cell and

the gas inlet was maintained at 300 K, to prevent the 1-butene

gas from condensing inside the cooling cell and the inlet tube.
The total CID cross sectioryy) is calculated as

collection efficiency and in determining the pressBrand the
effective path length, and (ii) statistical errors that result from
the fluctuation of the ion intensity. The systematic and statistical
errors are typically 30% and 20%, respectively. The systematic
errors can be ruled out from the argument in cases when the
collision-energy dependence of the CID cross sections is
kT [T le discussed in a relative manner.

o, =— In|——— Q) _
3. Computational Procedure

All the optimized geometries with given spin multiplicities

wherel; and} I, represent the intensity of the intact parention \ere computed with the Gaussian 98W progidrasing the
and the sum of the intensities of the product ions, respectively; g3| yp hybrid density functional method, namely, Becke’s

PandT are the pressure and the temperature of the xenon gasyagient-corrected exchange-correlation density functidfals,
respectively] is the effective path length of the collision region  -ombined with Lee Yang, and Parr’s nonlocal correlatfon.
(I =120 mm), andk is the Boltzmann constant. The partial  |hiially, a geometry optimization was performed using LANL2DZ
cross sectiondy) for the formation of a given product ion is (| o5 Alamos National Laboratory second Double-Zeta) basis

given as setd” for Cr, 6-31G(d) for C and O, 6-31G for H in the ethylene
molecule, and 6-31(d,p) for H in the OH group, respectively.

_ lp The initial geometries for the optimization were constructed
Op =0 ©) from plausible structures of the reaction products and intermedi-

zlp ates shown in Figure 2 (see Section 4.B) with varying bond

lengths and bond angles. After the geometry optimization, a
wherely/Y |, represents the branching fraction for the product single-point calculation was made for energy estimation of the
ion. The uncertainties in the cross sections consist of (i) optimized geometry using larger basis sets, that is, LANL2DZ
systematic errors that result from the uncertainties in the ion basis sets with an option of an f-polarization functfaimat has



Ethylene Molecules Chemisorbed on CroH J. Phys. Chem. A, Vol. 109, No. 29, 2006467

1.0 30

X <
s 520
§ 0.5 §
g 2
5 <4

© 4o

0 1 | I 1 I
0 2 4 6
Ecol * Evip/ €V Ecol * Eyip/ €V

Figure 3. Cross sections for the collision-induced dissociation (CID) Figure 4. Cross sections for the CID of CrOH{Bs)* (1-butene
of CrOH(GHa4).* to CrOH, as a function of the total energy, which  complex) with an internal temperature of 300 K to Croahd GHs,
is the sum of the collision energlo, and the initial vibrational energy,  as a function of the total energy, which is the sum of the collision
Evib, of CrOH(GH4),*. The open and closed circles represent the cross energye., and the initial vibrational energii, of CrOH(C4Hg)™. The

sections for CrOH(@HJ)." with internal temperatures of 77 and 300  solid line shows the best-fit cross sections with the threshold energy
K, respectively. The solid line shows the best-fit cross sections with a of 3.26 eV (see text).

threshold energy of 3.16 eV (see text).
in Figure 3, the measured CID cross sections agree with the
calculated cross sections, with the threshold energy lgjrg
3.16+ 0.22 eV.

4.A.3. Threshold Energy for Dissociation of CrOHg)™".
As described in Section 2, a parent ion adsorbed with one
4.A. Collision-Induced Dissociation. 4.A.1. Dissociation 1-butene molecule, CrOH(Eg)*, was prepared and dissociated

an exponent of 1.941 for Cr, 6-311G(d) for C, 6-31G(d) for
O, and 6-311G(d,p) for H.

4. Results

Processes Induced by Collisiom. the CID of CrOH(GHy),", in collision with a Xe atom. The mass spectrum of the product
which was prepared via the reaction of CrOmith CyH,, ion shows that the CID proceeds as follows:

CrOH(GH4)™ and CrOH were produced as the fragment ions.

The counter neutral product to CrOH#)* should be GHa, CrOH(CHg)" — CrOH" + C,Hjg (6)

based on the energetics, whereas the counter neutral product to

CrOH" is either 2GH, (ethylene) or GHsg (probably 1-butene).  Figure 4 shows the CID cross section for reaction 6, plotted
Therefore, the following reaction processes are conceivable: againstE,, + Eco. The threshold energy for the production of
. N CrOH" from CrOH(CHg)™ was determined to be 3.26 0.21
CrOH(CH,),” — CrOH(GH,)" + C,H, (3) eV by following the same procedure used in the analysis of
" CrOH(GHy)2". The presence of the large offset in the energy
CrOH(CH,), — CroH" + 2CH,/C,Hg (4) region lower than the threshold energy implies that there is a

o . . o significant amount of CrOH(gHg)™ in which GHg is weakly
4.A.2. Determination of Threshold Energies for Dissociation. 5,nd to CrOH.

Figure 3 shows the cross sections for the dissociation of CrOH- 4 B structures and Energies of Reaction Intermediates
(CzHa)2" that has internal temperatures of 77 and 300 K into 4nq products.4.B.1. Reliability of the Present Calculatiofhe
CrOH" in collision with a Xe atom, as a function of the total reliability of the present calculation was examined by comparing
energy, which is the sum of the collision energ&d) and the  he optimized geometry of CrOHfor different spin multiplici-
initial w_bra'qonal energy Euib) of the parent ion. The vibration  jag (given a = 2S+ 1), and the bond energy of G CoHa
energy is given aByp = 3(m — 6)ksT, wheremrepresents the  phtained in the present calculation with those obtained by other
number of atoms in the parent ids, is the Boltzmann constant, groups. The ground state of CrOkvas found to havé = 5
andT is the internal temperature of the incoming parent ion. \vith cr—O and O-H bond lengths of 1.77 and 0.97 A
The threshold energyE() was derived from thg cgllision- respectively, and a GfO—H bond angle of 138% In the ab
energy Eco) dependence of the CID cross secti@) (0 the  jnitio molecular orbital calculation of an MP2 (full) level by
vicinity of the threshold energy region, using the semiempirical Glusker and co-worke®,CrOH* has theA’ ground state with

equatior® Cr—0 and O-H bond lengths of 1.745 and 0.964 A, respec-
N tively, and a C+O—H bond angle of 13473 As described
=0 (Bvip + Eca — B ) previously, the present calculation reproduces the results of the
0 Ecol ab initio calculation reasonably well.

On the other hand, the present calculation showed that the
whereoy is an energy-independent scaling factor. The exponent ground state of Cr(g,)™ hasM = 6 and the bond energy of
(N) was treated as an adjustable parameter, although it is givenCr*—C,H, is 1.22 eV, whereas Bauschlichter et al. have shown
theoretically for particular types of reactiotfs?3 In the present by their ab initio calculation that the €+C;H, bond energy
analysis, eq 5 was modified to introduce the effects of the of Cr(C;Hs)™ in the 6A; ground state is 1.13 e¥. The two
thermal motion of the Xe atom and the energy spread in the different calculations give almost the same bond energy, which
translational energy of the parent ion, as given by Chahtry is slightly higher than the CGr-C,H4 bond energy of 0.99%
and Lifshitz et al25 respectively. The solid curve in Figure 3 0.11 eV measured experimentally by Armentrout and co-
shows the best-fit one obtained by the least-squares fitting, workers?8
leavingEy, 0o, andN as the adjustable parameters. In the fitting ~ 4.B.2. CrOH(GH,4)*. By considering the spin conservation,
procedure, a constant offset was introduced by considering thethe optimized geometries of CrOH{d,)™ with the spin
fact that a small portion of the parent ions is represented by multiplicity of M = 5 were computed because CrOlh the
ions with more weakly bound ethylene molecules. As shown ground state hasl = 5, as described previously, andHz in
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Figure 5. Optimized geometries of CrOH{H,)": (a) the ethylene . e . N
complex, (b) the ethylidene complex, and (c) the vinyl complex. Figure 6. Optimized geometries of CrOHgH,),™: (_a) the 1-butene
Energies are shown with respect to Crokt C,H,. complex, (b) the ethylene complex, (c) teecbutylidene complex,

(d) thes-allyl complex, (e) the butylidene complex, (f) the ethylene

o . hyli | h | lex. E i h
the ground state had = 1. The initial geometries used for the \?vtitr)ll Liiggéi?%?éﬁaidz(g;f butenyl complex. Energies are shown

geometry optimization are shown in Figure 2a, b, and ¢, which

are called an “ethylene complex”, an “ethylidene complex”, and 5| complex”. These geometries are selected because they are

a “vinyl complex”, respectively: an ethylene molecule is bonded i to the reaction intermediates emerging in the ethylene

molecularly to the Cr atom throughsabond in the ethylene 4 merization on silica-supported chromium oxide cata-
complex, bonded assCHCH; (ethylidene) by forming a G lysts2:8.30

C double bond in the ethylidene complex, and dissociatively
bonded as-CH=CH, (vinyl group) and H on the Cr atom in
the vinyl complex. These geometries were chosen becaus
similar species are said to be formed in the initiation step of
the ethylene polymerization on supported chromium oxide
catalystsh29

Figure 5 shows the optimized geometries and their energies
with respect to the energy of CrOH+ CyHy; these energies
are equal to the bond energies oHz on CrOH'. The ethylene

Figure 6 shows the geometries optimized from these initial
geometries. The energy value given below each geometry is
€the total energy, with respect to that of CrOH 2C;H,. The
geometry shown in Figure 6a illustrates the 1-butene complex,
in which one 1-butene molecule is bound to the Cr atom by a
sw-bond. This 1-butene complex is energetically the most stable.
'The ethylene complex (the geometry shown in Figure 6b), in
which two ethylene molecules attach separately to CrChds
i a total energy that is 0.37 eV higher than that of the 1-butene
complex (the geometry shown in Figure 5a) was found to be ., njex The butylidene complexes (the geometries shown in
the most stable, whereas the ethylidene complex (the geometryl:igure 6c and e), tha-allyl complex (the geometry shown in
shown in Figure 5b) is 1.35 eV less stable than the ethylene Figure 6d), the ethyleneethylidene complex (the geometry
com_plex. The vinyl complex (the geometry shown in I_:igure shown in Figure 6f), and the butenyl complex (the geometry
5¢) is less stable than CrOH+ CpHa, and, therefore, it IS ghown in Figure 6g) are less stable. Both of the initial geometries
unI|ker.that the ethylene molecule is dissociatively bound on given by the geometries exhibited in Figure 2e and | were
CrOH" in CrOH(GH,)™ o converged to the same ethylerethylidene complex with the

4.B.3. CrOH(GH4),". The geometry optimization for CrOH-  geometry shown in Figure 6f. No optimized geometry was
(CoHa)2" was performed forM = 5 by taking the spin  gptained from the metallacycle complex with the geometry
conservation into consideration. Initial ‘geometries for the ghown in Figure 2k. In summary, the 1-butene complex and
optimization of CrOH(GHa)2" are shown in Figure 2dl. In the ethylene complex were obtained to be the most plausible
Figure 2, the geometry shown in Figure 2d shows an ethylene products in the reaction of CrOHwith 2C,Ha.
complex, in which two ethylene. molecules are separately = g gissociation energies of the two most stable species, the
attached to the Cr atom by forming-bonds; the geometry 1y sene complex (see Figure 6a) and the ethylene complex

shown in Figure 2e shows an “ethylenethylidene complex”, (qee Figure 6h), were calculated to be 3.19 and 3.83 eV, with
in which one molecular ethylene and one ethylidene moiety are respect to CrOH + CsHg and CrOH + 2C,Ha, respectively.
attached to the Cr atom; the geometry shown in Figure 2f shows '

a “butenyl complex”; the geometries shown in Figure 2g and h
show two conformers of “butylidene complexes”; and the
geometry shown in Figure 2i shows a “butene complex”. The  5.A. Dissociation Energy of the 1-Butene ComplexThe
geometries shown in Figure 2j and k exhibit “metallacycle dissociation energy of CrOH(Elg)", produced by the reaction
complexes”, and the geometry shown in Figure 2| shows-a“ of CrOH" with C4Hg (1-butene), was determined to be 326

5. Discussion
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0.21 eV by the CID measurement, as described in Section 4.A. The depletion of the 4s electron in the CrOHoes not matter

On the other hand, the density functional calculation gives the much when one compares catalytic reactions of ethylene
dissociation energy of 3.19 eV for the 1-butene complex. The molecules on the CrOHwith those on the Cr/SiQsystems,
agreement between the experimental and the theoretical dis-because their 3d electrons have a central role in the catalytic
sociation energies leads us to conclude that CrQH{C reactions, and it has been found that the diffuse 4s electron in
produced from CrOH and 1-butene is the 1-butene complex. the Cr site of the Cr/Si@system is used for bonding formation

5.B. Identification of Ethylene-Adsorbed Parent lon. As with the Si sites (3s orbital) of the S Actually, the present
described previously, the dissociation energy of the 1-butene calculation shows that the €ethylene bonding orbitals in the
complex CrOH(GHg)™ into CrOH" + C,Hg was obtained  ethylene complexes (see Figures 5a and 6b) are mainly
experimentally and theoretically to be 3.260.21 and 3.19  composed of 3d orbitals of Cr and 2p orbitals of C.
eV, respectively. These values agree well with the measured In addition to the issue of the electronic structure, one should
dissociation energy of 3.16 0.22 eV for CrOH(GHJ)." to consider the difference in the geometric constraints when the
produce CrOH. The agreement supports the belief that the reaction intermediates (such as the-€thylene complexes) are
parent ion, CrOH(@H.),™, produced by the reaction of CroH  formed on CrOH and on the Cr/Si@ systems. The Ct
with 2C,H, is indeed the 1-butene complex, in which the two €thylene complexes have been proved to be formed readily,
ethylene molecules react to become one 1-butene moleculeregardiess of the geometries the Cr/gigystems také'®
Otherwise, the parent ion should be the ethylene complex with Similar Cr—ethylene complexes are formed readily on the
an energy of 3.83 eV for dissociation into Crond 2GHs. CrOH" without any argument. In conclusion, the isolated
However, the measured dissociation energy (3:16.22 evy) ~ CrOH"is an appropriate model representing the CrSigstem,
is much lower than that of the ethylene complex calculated. that is, the surface of the Phillips catalyst.

Therefore, it is concluded that the two adsorbed ethylene The arguments given previously lead us to conclude that the

molecules on CrOH are polymerized to become 1-butene. initial step of the ethylene polymerization on the Phillips catalyst
5.C. Intermediate Species in Dimerizationlt is conceivable can be mimicked by the dimerization of the ethylene molecules

that ethylene molecules react consecutively with CrOtd on CrOH" and, he.n.ce, a Cr atom bonded to an O atom or an
become CrOH(@Ha)," via CrOH(GH.)*, which is likely to OH group of the silica substrate works as an active center for

be the most stable ethylene complex (see Figure 5). The freshlythe ethylene polymerization.
prepared CrOH(€H4)," should be the ethylene complex,
because the intermediate species, CrOfHiI", also is the

ethylene complex. It follows that the two ethylene molecules  |n the present study, we measured and calculated the
attached to CrOH (the freshly prepared ethylene complex, dissociation energies of the ionic species produced by the
CrOH(GHy)2") are polymerized to become 1-butene attached reaction of CrOH with ethylene and 1-butene, and revealed
to CrOH" as the final product, which was determined to be the that the ionic species produced by the reaction of Ct®lith
1-butene complex. The carbene complexes (the geometrieswo ethylene molecules is the 1-butene complex, in which one
shown in Figure 6c, e, and f) are proved to be the reaction 1-butene molecule is bound to CrOHThis finding leads us to
intermediates by the present calculation, on the premise thatconclude that two ethylene molecules are polymerized to
there is no appreciable energy barrier among the reactionbecome 1-butene on CrOH Applying this finding to the
intermediates on the reaction potential, where the energy barriercatalytic polymerization on the Phillips catalyst (silica-supported
was not calculated because the present calculation is not goocthromium oxide catalyst), one concludes that the active center
enough to address the transition state along the reaction potentiafor the ethylene polymerization on the Phillips catalyst is a Cr
from the ethylene complex to the 1-butene complex. Note that atom bound to an O atom or an OH group on the silica substrate.
the reaction intermediates of the ethylene polymerization on the

Phillips catalyst are proposed to be the carbene and the Acknowledgment. The authors are grateful to Professor
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