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Abstract: Fourier transform ion mobility spectrometry is used to determine the branching in mass-selected,
chemically trapped oligomers produced in the polymerization of ethylene by a metallocene catalyst activated
by methylalumoxane. The measured branching is included in a kinetic analysis to extract the activation
energies for the elementary steps in polyethylene formation. Propagation, chain transfer, and chain walking
have activation energies of 4.1, 11, and 11 kcal/mol.

Introduction experimental techniques are less extensive. GPC with carefully

The assessment of catalyst performance or material propertiec@librated reference polymers adéC NMR are the usual

in polymer chemistry presents technical challenges which have Méthods, but they produce only a branching index for the entire
been increasingly addressed by various forms of physical ensemble of oligomers and polymers. Given that the kinetic

measurement. Polymer analysis, in particular, is complicated Modeling of a polymerization process at the level of elementary
by the polydispersity of the material itself. Polymer samples PrOCESSes requires a measure of thg chain branching as a function
are ensembles of closely related molecules which are often©f €hain length, new methodology is needed. We propose here

difficult to separate and nearly impossible to characterize within € application of high-resolution, Fourier transform ion mobility

the mixture. The polymerization process is usually studied by SPectrometry (FT-IMS) as a solution to the size-selected
examining the macroscopic kinetitbut there can be difficulties determination of chain branching in methylalumoxane (MAO)-

associated with this procedure. We recently reported a kinetic 2¢tivated, metallocene-catalyzed Ziegibfatta polymerizatior.
approach to ZieglerNatta polymerization of olefins based on  Whilé the present study shows overall plausibility of the method
trapping of the intermediate chains and detection of the metal- @"d furthermore yields activation energies for key reactions,
bound oligomers, or their trapped products, and subsequent'nCIUd'ng the _branchlng_ process, tk_\e ultimate proo_luct of the line
analysis by means of electrospray ionization tandem mass©f research is a predictive kinetic model for Ziegiatta

spectrometry Pseudefirst-order rates for elementary reactions POlymerization usable in the rational optimization of catalyst
are entered as fit parameters into a set of coupled differential StrUcture and process conditions.

equations describing the polymerization process and then variedgyperimental Section

to reproduce experimentally observed oligomer distributions in
short-time quenched polymerizations. The kinetic method

extracts the elementary initiation, propagation, and chain-transfer o : T

. was the addition of cooling for the electrospray ionization (ESI) source
rat(_e constants f'md morgover their temperatgre dependence%tself. A schematic diagram of the ion mobility stage added between
which, when relr!serteq mto .the rate expressions, .repmducesthe ESI source and the heated capillary is shown in Figure 1. The ions
the molecular weight distribution of polymer synthesized under produced in the ESI source are injected into the countercurrent,
conditions other than those under which the kinetic measure- atmospheric pressure;NMow (800—1000 mL/min N flow rate with
ments were done, even though original polymerization itself N, at 180°C to facilitate desolvation) and fall through a potential of
was interrupted at a very early stage. While the polymer 5—6 kV before entering the mass spectrometer itself. The drift tube is
molecular weight distribution is one of the decisive metrics for equipped with two BradburyNielson gates separated by 12 cm. The
materials properties, it is not the only one. The extent of chain 9ates are driven with a square wave potential86 V pp) with
branching, for which several possible mechanisms exist, is a frequency from a few hertz to a few kilohertz. The convolution of the

further, major determinant of bulk polymer properties for which two square waves on the gates is a sawtooth transmlssmr_\ function for
the drift tube as a whole. A sweep of the frequency of this sawtooth

The design was adapted from that of Milhd required modifications
in the Finnigan MAT TSQ-700 mass spectrometer, chief among which

(1) Schnell, D.; Fink, GAngew. Makromol. Cheni974 39, 131. Fink, G.;

Zoller, W. Angew. Makromol. Cheni981, 182 3265. Fink, G.; Schnell, (4) Kaminsky, W.; Miri, M.; Sinn, H. J.; Woldt, RMakromol. Chem. Rapid

D. Angew. Makromol. Cheni982 105 31. Mynott, R.; Fink, G.; Fenzl, Communl983 4, 417.

W. Angew. Makromol. Cheni987, 154, 1. (5) Knorr, F. J.; Eatherton, R. L.; Siems, W. F.; Hill, H. Ainal. Chem1985
(2) Hinderling, C.; Chen, PAngew. Chem., Int. EA.999 38, 2253. 57, 402. Wu, C.; Siemens, W. F.; Asbury, G. R.; H. H. Hill H. Anal.
(3) DiLena, F.; Quintanilla, E.; Chen, Ehem. Commur2005 5757. Chem.1998 70, 4929.
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Figure 1. Schematic of the Fourier transform ion mobility stage built between the electrospray source and the Finnigan-MAT TSQ-700 triple-quadrupole
mass spectrometer.

]

produces for a single species a sinusoidal modulation of the ion current,of 2.0 bar (MKS Baratron capacitance manometer) and held at 0, 60,
which upon Fourier transform recovers the mobility spectrum. To or 120°C in a constant-temperature bath. The solution was stirred
correlate the structure of the metal-bound oligomers, trapped in situ magnetically at 10061500 rpm wih a 4 cmstirring bar oriented
with N,N'-dicyclohexylcarbodiimide (DCC; and an electrophilic co- vertically and undergoing precessional motion, which has the effect of
valent trap), with the ion mobility, reference structures with well-defined moving the reaction solution up the walls of the reactor in a rapidly
molecular weight and chain branching were prepared by reaction of moving, thin annulus of liquid. The arrangement served to improve
the appropriate Grignard reagent with DCC, followed by protic workup. both heat and mass transport and is a prerequisite for reliable kinetic
As representative structures, the trapping products corresponding tomeasurements. The reaction was quenched after a short time interval,
four of the G chains and two of the £chains were synthesized. usually either 300 or 90 s, by rapid injection of 35 equiv, relative to

The geometries of the amidinium cations derived from sixiains, the metallocene, of DCC. Two drops of the quenched solution were
eighteen Gamidiniums, and five €chains were computed with PM3.  diluted in 30 mL of CHCI; and electrosprayed. The quench time was
Most of the structures were also optimized at the B3LYP/6-31G level set early enough so that neither precipitation of polymer nor a significant
with Gaussian 08on a Linux workstation cluster. Unsurprisingly, the  increase in viscosity appears. Moreover, variation of the time interval
two quantum mechanical methods gave very similar geometries. separating addition of DCC and dilution and analysis from 1 to 30
Collision cross-sections or, equivalently, ion mobilities for all of the min produced no discernible change in the mass spectrum, indicating
computed structures were computed with MOBCAL, made available that quenching was complete even at the shortest times. Subsequent
as a source code or Windows executable by Jarrold and co-wdrkers. addition of excess Brgnsted acid did not affect the intensities of the
Computational studies were conducted on DCC-trappedh@ins (6 amidinium cations in the ESI-MS. The procedure and conditions for
compounds), shown in Figure 3¢ Chains (18 compounds), shown in  analysis by electrospray ionization mass spectrometry have been
Figure 4, and €chains (5 compounds), shown in Figure 5, using three previously described in our work on ethylene polymerization by the
different physical models for ion mobility. much less problematic late-transition-metal catal¥sfhe odd and

To demonstrate the plausibility of the ion mobility as a means to €ven oligomer chain distributions, described in that earlier work, and
measure chain walking rates, data were taken for samples produced irobserved here as a series of amidinium cations, were fit to a modified
a limited number of well-characterized polymerization runs as reported Cossee-Arlmann mechanis#t for Ziegler—Natta polymerization,
in our previous papetA toluene solution of CgZrCl, (4 mg, 13.7 implemented as a set of coupled differential equations in PowerSim
umol) was activated by adding 1Q0. of MAO in toluene (Aldrich, 2.5c?? The equations were integrated numerically and fit to the
10% (w/w) solution in toluene, 166mol) in a tubular glass pressure experimental distributions by means of a genetic algorithm in which
reactor (20x 2.5 cm¥ to make a total liquid volume of 6.0 mL. The  the elementary rates enter as variable optimization parameters. The
reactor was designed to circumvent the technical problems in performing @midinium cations show excellent detection characteristics in ESI-MS.
kinetics on highly active polyolefin catalysts outlined by Busicthe For the purpose of method development, the sampled distributions of

reaction was kept saturated with ethylene at a constant total pressuredmidinium cations with different lengths and differently branched alkyl
chains were deemed sulfficient. It should be noted that analysis of the

(6) Frisch, M. J.; et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford, ~ Short-time quenched oligomer distributions successfully predicted the

. f\:AT' |2?104|\'/| E Hunter J. M. Shvartsbura. A. A+ Schatz. G. C.« Jarrold final molecular weight of the polymer in the earlier case with palladium

) e M e a0 Lom o i a: G G nareald, catalyst&* and that the measurements gave quantitatively reproducible
M. F. Chem. Phys. Lett1996 86, 261. Meslah, M. F.; Hunter, J. M.; results in a different laboratory.
Shvartsburg, A. A.; Schatz, G. C.; Jarrold, M. F. MOBCAL, http://
nano.chem.indiana.edu/Software/mobcal.tar.gz, 1996.

(8) The reactor is the same as used in our earlier studies on catalytic (10) Hinderling, C.; Chen, Ant. J. Mass Spectrom. lon Proces80Q 195

hydrogenation, which shares the problems of heat and mass transport. 196, 377.
Hartmann, R.; Chen, RAdv. Synth. Catal2003 345, 1353. (11) Cossee, PTetrahedron Lett196Q 1 (38), 12.
(9) Busico, V.; Cipullo, R.; Cutillo, F.; Vacatello, MMacromolecule002 (12) Powersim A.S., P.O. Box 206, N-5100 Isdalstg, Norway.
, 349. (13) Santos, L. S.; Metzger, J. @ngew. Chem., Int. EQR006 45, 977.
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drift time (ms) Figure 3. Mass-selected FT mobility spectrum of four methanol-
Figure 2. Mass-selected FT mobility spectrum of two electrosprayed equilibrated amidinium cations prepared from structurally well-defined
quaternary ammonium salts, showing clean baseline separation of theGrignard reagents. The four isomerig @lkyl chains, 1-pentyl (black),
isomeric ions. 2-pentyl (red), 2-methyl-2-butyl (green), and 2-methyl-1-butyl (blue), differ
by the amount and position of branching.

Scheme 1
isomer on the basis of calculations (PM3, DFT) on the three
amidinium cations with R= n-propyl. One could speculate that
methanol selectively stabilizes tleggexoisomer by virtue of
H\N H " better hydrogen bonding. Last, methanol equilibration shifts the

SN ion mobility to lower drift times (higher mobility, lower cross-

N
@
H\N)\R %\N@)\R @\ section) in the control experiment. The mobility spectra,
E; N R

normalized to the same intensity, of several methanol-

H ,l_‘ equilibrated, Grignard-derived amidiniums with predefined C
reference chains are shown overlaid in Figure 3. Although the
€X0,ex0 endo,endo exo,endo peaks overlap, the differences are real and reproducible. The
peaks are slightly asymmetric with a broadened base relative
Results to a Gaussian. This peak shape has been discussed previously

by Hill and can be attributed to the Fourier transform of an
interferogram produced with a sawtooth transmission fundfion.
The maximum of the peak can be extracted by a fit to up to
three Gaussians, which can distinguish between species whose
cross-section differs by 0.5% when the data are of sufficient

Control studies and validation of the FT ion mobility stage
in the triple-quadrupole mass spectrometer were done for
representative isomeric ions before actual data for oligomer
samples were taken. Isomeric quaternary ammonium cations
were baseline separated, as seen in Figure 2. Moreover, ; ;
protonated phthalic and terephthalic acid cations could also bequallty for a good fit

An examination of Figure 4 shows that, for the DCC-

cleanly distinguished. While the differences between the two hed unb hed @hain. th d endoend
quaternary ammonium salts, or phthalic versus terephthalic acid,duenched unbrancheds twhain, Ihe€exaexo and endgendo

may be expected to be large, one might wonder whether the iSOMers are computed to have similar cross-sections (within 1%
subtle differences between the various branched amidinium ©f ach other), both of which are significantly smaller than that
cations would be detectable. Relative cross-sections differing " the éxaendoisomer. Accordingly, the computational and
by 6% are resolvable to baseline in the FT mobility spectrum. experimental results indicate that the methanol-equilibrated ion
Even smaller differences o£2% can be reliably resolved. is very likely theexgexoisomer. Given that the quenching of
Interestingly, experimental investigation of the amidinium the Ziegler-Natta polymerization was followed by a methanolic

cations produced from DCC quenching of Grignard reagents m()a”;urgi’ dsirlmlizsr‘r?guirs“ izn:\l,){dS'eSnﬁffnTZﬂﬁﬁgiﬁtu{fagnm
revealed that they had a mobility different from that of ’ P

S . . results and the experimental spot-checks, Figure$,4the
amidinium cations produced from quenching and workup of . . I .
. . . . " branched oligomers show higher mobility than the linear
alkylmetalloceniums. We attribute the difference in mobility to . . L
. - ; isomers, regardless of the extent and type of branching. This is
different configurations, e.gexgexo versusexgendoversus o . : . .
. the principal basis on which the experimental design for
endgendo(Scheme 1), which can appear even for cases where L . : L .
. . N - -~ determination of branching parameters in the kinetic model will
the alkyl chain, R, is the same. Equilibration of the amidines in . .
. be based. Having computed the cross-sections of the reference
CH3OH for a few minutes at room temperature brought all of

the amidines with a given alkyl chain (length and branching) amidinium cations and checked them against representative

to the same structure, as could be monitored by changes in themOdeI compgunds synthesized inde.pendently, samples of DCC-
mobility spectrum of the €reference chains. It is not clear quenched oligomers from MAO-activated, £ZpCl;-catalyzed

why the amidinium cations produced from the trapped alkyl- Ziegler—Natta polymerization of ethylene were analyzed by the

. . . FT ion mobility. Representative mobility spectra are shown in
metallocenium cations should be different from those produced _. L .
S . .. " Figure 7 for a mass-selected @midinium cation produced at
by the synthesis via Grignard reagents, but equilibration in

methanol produces the most stable isomer, regardless of th€;,) g | guis R. H. Siems, W. F.. Hill, H. Hanal. Chem.1992 64, 171.
source of the molecule, which is presumed to be @ékgexo Chen, Y. H.; Siems, W. F.; Hill, H. HAnal. Chim. Actal996 334, 75.
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Figure 4. Comparison of the computed and measured (normalized) cross- Figure 6. Comparison of the computed and measured (normalized) cross-
sections for DCC-trapped, isomerio €hains. The cross-sections were  sections for DCC-trapped, isomeric; €hains. The cross-sections were
computed using three different methods. The three amidinium isomers are computed using two different methods. All of the amidinium ions were
shown for the unbranched chain. For the branched chains, the computedcomputed as thexaexoisomers. The experimental drift times, in ms, are
values are for thexaexoisomer. The experimental drift times, ms, are indicated for two of the isomers. Note that the vertical scale has been
indicated for four of the isomers. Note that the vertical scale has been truncated to magnify the differences in mobility.

truncated to magnify the differences in mobility.
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® Figure 7. Comparison of the mobility spectra for mass-selected, DCC-
92 trapped, isomeric §chains from an MAO-activated, metallocene-catalyzed
Ziegler—Natta polymerization at two temperatures. The experimental drift
00 times, in ms, are indicated. The main peak is the due to the linear chains.
e i e The higher temperature polymerization shows a partially resolved peak at
Tz EETETEEEERD higher mobility which is assigned to branched isomers.
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Figure 5. Comparison of the computed (normalized) cross-sections for Of the many factors influencing the bulk properties of a

DCC-trapped, isomeric4Zhains. The cross-sections were computed using 15 ; .
three different methods. All of the amidinium ions were computed as the polymer;> the most commonly cited are the molecular weight

exgexoisomers. Note that the vertical scale has been truncated to magnify and the polydispersity. More recently, the importance of the
the differences in mobility. microstructure has been increasingly recognized, with the extent
and type of branching in polyolefins now being recognized as

two different polymerization temperatures. A complete mass Playing decisive roles in the glass temperature, melting tem-
spectrum, with fit, is shown in Figure 8. The extent of branching Perature, rheological properties, and crystalliffty’® Chain

is known to increase with the polymerization temperature, and Walking has even been exploited as a deliberate strategy to
the observed differences in the ion mobility spectrum for the Produce highly branched polyethylene with specific propefties.
different temperatures are reproducible, so given the computa-EXISting physical methods for measuring branching assay the

tions and control experiments, it is reasonable to attribute the (15) Tuchbreiter, A.: Mihaupt, R.Macromol. Symp2001, 173 1.

higher mobility components to branched structures. The relative (16) Suhm, J.; Heinemann, J.; Thomann, Y.; Thomann, R.; Maier, R. -D.; Schleis,
T.; Okuda, J.; Kressler, J.; Nhaupt, R.J. Mater. Chem1998 8, 553.

amounts of unbranched versus branched amidinium cations for(17) Méder, D.; Heinemann, J.; Walter, P Haupt, R.Macromolecule€00q
a given mass can be extracted by deconvoluting the somewhat__ 33 1254.
9 y 9 18) Chum, P. S.; Kruper, W. J.; Guest, M.Aldv. Mater.200Q 12, 1759.

overlapping peaks using one or more Gaussians for the main(19) mMaimberg, A.; Kokko, E.; Lehmus, P.: fgren, B.. Seppd, J. V.
peak (the unbranched isomer) and one or two Gaussians for,, Macromoleculed998 s1. 8418 -~ S Stiencel699 283

the overlapping peaks due to the branched isomers. The results ~ 2059.
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Figure 8. Electrospray ionization mass spectrum of the MAO-activated,

CpZrCly-catalyzed polymerization of ethylene at 120, quenched after

90 s with DCC, worked up, and sprayed from methanol. Fits to the kinetic
scheme depicted in Scheme 2 produce pseudo-first-order rates for initiation
propagation, chain transfer, and chain walking. The fits to the odd

mers28 but not for branching in ZieglerNatta polymerization,
especially with mass selection. Isomeric peptides, differing from
each other in their sequence, but not their composition, have
been separated by ESI-IMS Significantly, ion mobility has
been used to distinguish between configurational isomers
produced in the early stages of polymerizafi®mhich suggests
that the present application may be reasonable. The feasibility
of such a study requires better resolution than is usually afforded
in ion mobility spectrometers. The introduction of FT-IMS by
Hill > potentially provides a method of sufficient resolution.
Several, increasingly sophisticated, physical models were
implemented within MOBCAL and tested against selected,
structurally defined ions to test whether it would be likely that
FT-IMS can distinguish between linear and branched polyolefin
chains. The three physical models in this study that convert
molecular structures to cross-sections are the projection ap-
proximation (PA)3! exact hard sphere scattering (EHS%and

'the trajectory method (TM3 The PA and EHSS methods model

distribution (centers that have never undergone chain transfer) and the everth® molecule as a collection of overlapping hard spheres with
distribution (centers that have undergone chain transfer at least once) areradii equal to hard sphere collision distances. The PA method

superimposed on the distributions in blue and green, respectively.

Table 1. Measured Extent of Branching in Mass-Selected,
DCC-Quenched Oligomer Chains Produced by MAO-Activated,
Metallocene-Catalyzed Ziegler—Natta Polymerization of Ethylene

reaction DCC-quenched % branched chains % branched chains
temp (°C) oligomer (exptl) (kinetic model)
0 G <2 <1l.4
60 G 8.5 9.2
60 G 7.3 6.9
120 G 23 23

bulk polymer, which provides only a slim experimental basis
for the parametrization of microscopic kinetic models that are

defines the cross-section as the integral of the summed cross-
sections of the collection of hard spheres over all possible
directions. In the EHSS method, the orientationally averaged
momentum-transfer cross-section is calculated by determining
the scattering angles between the incoming and outgoing
trajectories of a buffer gas atom on the hard sphere model
surface. The more sophisticated TM calculation treats the ion
as a collection of atoms, each represented by a6t
potential. An effective potential obtained by summing over the
individual atomic contributions is then used for classical
trajectories from which one obtains the scattering angles, and
ultimately, the cross-section. Although TM calculations require
a large number of trajectories, typically t0L0’, to achieve

beginning to provide predictive guidance to process control and statistically significant results, the method treats-omolecule

design?}22 The microscopic kinetic models work by direct
numerical integration of the (usually) nonlinear differential

interactions well enough that it usually suffices as a predictor
of drift times in ion mobility experiments. More sophisticated

equations representing elementary processes in the polymerimethods, e.g., scattering on electron density isosurfaces (SEDIS)
zation reaction, for which rates or rate constants must somehowor jsodensity trajectory hybrid methods (SEDI-TC), incorporate
be obtained. Rytter has discussed the difficulties of Using ratesinhomogenous repu|sive interactions and molecular orbital
derived from batch experiments, which, of necessity, representmixing effects, but their predictions and those of the simpler
time averages over the entire reaction and which are generallyTnm method approach each other as the ions get ldfger.

poorly suited for use in microscopic modéfsOur previous
work concentrated on determining the pseudo-first-order rates

Accordingly, the PA, EHSS, and TM methods were checked

vin this study.

and consequently rate constants, for initiation, propagation, and gyen a cursory comparison of the computed relative cross-
chain transfer at defined time points for kinetic modeling. The ggctions to the experimental spot-checks shows that the TM
present work is motivated largely by the desire to develop @ method produces, as expected, the best predictions for the
method for assaying branching at a defined time point for a 5midinium cations produced by DCC quenching of the polym-

given oligomer selected according to molecular weight from
within an ensemble of oligomers. The chosen method, ion
mobility, has been implemented in a variety of applicatigf?s,
including the conformations of biomolecu#éand semiconduc-
tor clusters’” and conformational studies on synthetic poly-

(21) Wang, W. J.; Yan, D.; Zhu, S.; Hamielec, A. Bacromoleculesl998
31, 8677. Beigzadeh, D.; Soares, J. B. P.; Hamielec, Al.. Bppl. Polym.
Sci. 1999 71, 1753.

(22) Lo, D. P.; Ray, W. HInd. Eng. Chem. Re2005 44, 5932.

(23) Thorshaug, K.; Stavneng, J. A.; Rytter, E.; YstenesMdcromolecules
1998 31, 7149.

(24) Clemmer, D. E.; Jarrold, M. H. Mass Spectronl997, 32, 577.

(25) Wyttenbach, T.; Bowers, M. TTop. Curr. Chem.2003 225 207.
Wyttenbach, T.; Baker, E. S.; Bernstein, S. L.; Ferzoco, A.; Gidden, J.;
Liu, D.; Bowers, M. T.Adv. Mass Spectron2004 16, 189.

(26) Hudgins, R. R.; Woenckhaus, J.; Jarrold, MIrft. J. Mass Spectroni997,
165 497.

2800 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007

(27) Shvartsburg, A. A.; Hudgins, R. R.; Dugourd, P.; Jarrold, MCRem.
Soc. Re. 2001, 30, 26.

(28) Gidden, J.; Kemper, P. R.; Shammel, E.; Fee, D. P.; Anderson, S.; Bowers,
M. T. Int. J. Mass Spectron2003 222 63 and references therein.

(29) Wu, C.; Siems, W. F.; Klasmeier, J.; Hill, H. Anal. Chem200Q 72,
391

(30) Alsharaeh, E. H.; Ibrahim, Y. M.; EI-Shall, M. $. Am. Chem. So2005
127, 6164. Momoh, P. O.; Abrash, S. A.; Mabrouki, R.; El-Shall, MJS.
Am. Chem. So006 128 12408.

(31) von Helden, G.; Hsu, M. T.; Gotts, N. G.; Bowers, M.JI.Phys. Chem.
1993 97, 8182. von Helden, G.; Hsu, M. T.; Gotts, N. G.; Kemper, P. R;
Bowers, M. T.Chem. Phys. Lett1l993 204, 15.

(32) Shvartsburg, A. A.; Jarrold, M. Ehem. Phys. Lettl996 86, 261.

(33) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.; Jarrold,
M. F. J. Phys. Chem1996 100, 16082. Mesleh, M. F.; Hunter, J. M.;
Shvartsburg, A. A.; Schatz, G. C.; Jarrold, M.F.Phys. Chem. A997,
101, 968.

(34) Shvartsburg, A. A,; Liu, B.; Jarrold, M. F.; Ho, K. M. Chem. Phys.
200Q 112 4517.
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erization reactions. Consulting the MOBCAL calculations, itis propagation, chain transfer, and chain walking are treated in
evident that the linear chain amidinium cation always has the the present model as fit parameters independent of the chain
lowest mobility for all chain lengths, regardless of the physical length and extracted from experimental distributions. The
model used for the calculation of the cross-section. The assumption that the rates are independent of the chain length
proposition that all branched-chain amidines show a lower cross-should be acceptable once the chain length exceeds three
section, and hence higher mobility, compared to the unbranchedcarbons. More contentious is the assumption that the rates are
isomer is furthermore borne out by spot-checks on independentlylargely independent of branching. Supporting the assumption
synthesized model compounds. Even one branch increases thés the observation by Busiédthat, while subsequent insertion
mobility by several percent, and the effect seems to be larger of another propylene after a 2,1-(mis)insertion of propylene in
for the longer chains. Given that differences 2% are a metallocene catalyst is slowed 00000-fold, insertion of
resolvable in the spectrometer, and differences of 0.5% can bean ethylene unit subsequent to propylene is largely independent
deconvoluted, branched and unbranched chains can be distinof whether the propylene inserted 1,2 or 2,1. Consequently, it
guished, but not different degrees or locations of branching. should be reasonable in the present reduced kinetic model to
This level of resolution leads directly to a reduced kinetic model assume a uniform propagation rate constant (for ethylene
for Ziegler—Natta polymerization, including chain walking. The insertion) for catalyst centers carrying both branched and
model is based on the Cossetriman mechanism! which is unbranched chains. A more refined model to account for any
generally accepted for metallocene-catalyzed polymerizations. remaining difference would require a greatly expanded data set.
The reduced kinetic model for ZiegteNatta polymerization The limited set of samples was used because pseudo-first-order
is represented in Scheme 2. It resembles the stochastic modefates for initiation, propagation, and associative chain transfer
for branched polyethylene formation reported by Ziegler and had already been extracted for a body of samples with the
co-workers® In that work, relative rates for the different steps  reduced model for which the polymerization conditions were
were obtained computationally by DFT and then used in a well-characterized and well-controlled. Within Scheme 2, the
forward simulation of the overall branching index of polymer branching data in Table 1 should then produce pseudo-first-
produced by polymerization of ethylene with late-transition- order chain-walking rates for three temperatures, which is the

metal catalysts. In contrast to Ziegler's work, where the rates minimum needed for an Arrhenius analysis. The object, the
were entered as fixed parameters, the rates for initiation, chain

(36) Busico, V.; Cipullo, R.; Talarico, G.; Caporaso,Macromolecule4998
(35) Michalak, A.; Ziegler, TJ. Am. Chem. So@002 124, 7519. Michalak, 31, 2387. Busico, V.; Cipullo, R.; Ronca, $acromolecule2002 35,
A.; Ziegler, T.Macromolecule2003 36, 928. 1537.
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important for the present topic, however, is the result for chain
2+ walking. The origin of branches in polyethylene has been
attibuted to several possible mechanisms. Reincorporation of
vinyl-terminated macromonomers produced by a prior chain
transfer, proposed for long-chain branchifigan be ruled out

in the present experiment because the concentration of mac-
6+ romonomers at the time of quenching is too low. Chain walking,
first reported by Fink for a nickel-based catal§’stwas
extensively characterized by Brookhart for nickel and palladium

47 systems'2 The mechanism involves a 1,2-elimination, followed
by a 2,1-insertion, which suggests a close relationship to chain-
-10 Y . r . : ; . transfer mechanisms. In analogy to chain transfer, chain walking
0.0025 0.0030 0.0035 0.0040 could proceed by eithgi-hydride transfer to metal @-hydride
T transfer to monomer, in principle. The reversible transfer-to-

Figure 9. Arrhenius plots of the temperature-dependent pseudo-first-order metal mechanism is established for chain walking in the late-
rates for pro_pagation (blue), chain transfer (re(_j), qnd chain walking (black) transition-metal catalysf@, and it has been presumed for
in MAO-activated, CpZrCl,-catalyzed polymerization of ethylene. . . . . .
biscyclopentadienylzirconocenium alkyl complexes, for which
a DFT calculation produced an activation energy of 10 kcal/
mol.23 Unfortunately, this is essentially indistinguishable ener-
getically fromg-hydride transfer to monomer, which if revers-
ible for an alkylzirconocenium cation (with coordinated ethylene),
would also give an activation energy around-12 kcal/mol
for chain walking. Accordingly, these latter two mechanisms
for branch formation in the MAO-activated, ¢4yCl,-catalyzed

activation energy for chain walking, is a quantity that can be
compared to computational results.

Numerical integration of Scheme 2, with variation lgf,
Korop. Kirans @andkwaik, produces the pseudo-first-order rates for
initiation, propagation, (associative) chain transfer, and chain
walking. Initiation showed non-Arrhenius behavior, but the three
more relevant kinetic phenomena produced the Arrhenius plots S e .
shown in Figure 9, from whose slopes one derives the activation polymer|zat|on of ethylene cannc_>t yet be _dlstlngwshed with
energies for the three kinetic events. The apparent non-Arrheniusconf'dence' A much more extensive study is under way to try
behavior in the initiation step could be a consequence of the [© resolve the ambiguity.
reduced kinetic model in which the several steps of methylation conclusions

and ionization are treated as a single kinetic event. Alternatively, ) ) N o )
it could be due to relative insensitivity of the fit to variations  Fourier transform ion mobility spectrometry distinguishes

in the initiation rate for the higher temperature data sets. In any between linear and branched alkyl chains produced in DCC-

case. the data do not allow a distinction between these dueénched polymerizations. The method generates size-selected

alternatives at present. branch contents for the oligomers present in the early stages of
With the caveat that the numerical results depend on the polyethylene production. The size-selected branch contents can

adequacy of the minimalistic model, one obtaigop= 4.1 be analyzed in a minimalistic kinetic model which extracts
kcal/mol, Exyans= 11 kcal/mol and’analk =11 kc?al/mol. Arrhenius activation energies from the oligomer distributions

Comparison to activation energies derived from batch experi- and branch contents. These activation parameters agree well

ments is problematic, as pointed out by Rytter eéd&terhaps with literature values, where available. Methodologically, ion
more appropriate is a comparison to computed results for the mob.ility. should help proviple the kinetip parameters required
isolated elementary reaction. Computational predictions of the fOr kinetic models that predict polymer microstucture and, hence,
activation energies with DFT, as well as ab initio methods, give PClymer properties as a function of catalyst and process
for biscyclopentadienylzirconocenium catalysts, or close ana- conditions.

logues, values o, popin the range of 2.86.4 kcal/mol”3* Acknowledgment. We acknowledge support from the ETH
DFT calculations predict an activation barrier for associative ziyich and the Swiss Nationalfonds.

chain transfer, predicted to be the preferred mecharisiuns _ _ _ _

around 5-10 kcal/mol2337:38in acceptable agreement with the Supporting Information Available: A short guide to the
measurement in the present work. Although other groups hadfitting of the rate constants, as well as the full citation for ref 6.
suggestegs-hydride transfer to metdP, a dissociative chain- ~ This material is available free of charge via the Internet at
transfer mechanism, recent experimental work indicates clearly http:/pubs.acs.org.

that.biscyclopentadieny[zirconocenium systems operate pre-jang5482E

dominantly by ap-hydride transfer to monomé?. More
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