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Abstract: The kinetics of propylene polymerization in toluene solution by bis(2-phenylindenyl)zirconium
dichloride/methylaluminoxane at 20C were investigated. As the structure and properties of elastomeric
polypropylenes produced by these catalysts depend sensitively on the reaction conditions, a detailed study of
the kinetics was carried out to evaluate the influence of these parameters on the polymerization behavior.
Studies of the solubilities and mass-transfer rates reveal that dissolved atactic polypropylene has little effect
on propylene solubility but influences the mass-transfer rate of propylene into solution. The rates of propylene
polymerization reach a maximum after-120 min and then decrease. The decrease in rate over time is faster
at higher monomer concentrations. Catalyst activity was negligible at [Al]J4&Zr1000 but constant from
[Al)/[Zr] = 2500 to [Al)/[Zr] = 10 000. Analysis of molecular weights as a function of monomer concentration
revealS-hydride elimination to be the primary chain-transfer mechanism. Narrow molecular weight distributions
(Mw/M, = 2.0—2.6) were obtained. The increase of the isotactic dyads and pentads ([m] and [mmmm]) with
increasing monomer concentration reveals an additional kinetic event which competes with the stereodiffer-
entiating olefin insertion step. Modeling studies are more consistent with a mechanism involving interconversion
of the catalyst between isospecific and aspecific states than a mechanism involving epimerization of the
stereogenic centers of the growing polymer chain.

Introduction dependence of the polymerization rate on time (i.e., the rate is
initially fast and then decreases gradually to a steady-state value)
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Figure 1. Proposed mechanism for the formation of stereoblock PP
by (2-Phind)ZrCl,/MAO.

forwarded to explain the decrease in polymerization rate with
time2312The complex time dependence of the rate has com-
plicated attempts to establish the reaction order in dléff11.17
and has led to some debate on the molecularity of the olefin
insertion step:'8

Previous investigations of the mechanism of propylene poly-
merization by unbridged bis(2-arylindenyl)zirconium dichloride
((2-ArInd),ZrCly) activated with methylaluminoxane (MAO)
have led to the proposal of a kinetic model (Figure 1) where
the rate of monomer enchainment is competitive with isomer-
ization of the catalyst between two states which exhibit different
stereoselectivitie®3° The differences in catalyst productivity
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and molecular weight (MW) and the microstructure of the
polypropylenes (PPs) formed by (2-ArladjCl, with variations

in ligand structur@®21.26.28.24netal22 and polymerization condi-
tions'922 have been investigated but are difficult to predict in
the absence of a more complete kinetic model. An understanding
of the kinetic behavior of the parent system bis(2-phenyl-
indenyl)zirconium dichloride ((2-PhingijrCl,) would assist in

the interpretation of past work and aid in designing new
catalysts.

A common method of measuring the kinetics of olefin
polymerization is to monitor monomer consumption during
solution polymerization. The concentration of monomer in the
liquid phase is dependent upon not only the solubility of the
gas in the solvent but also the rate of mass transfer across the
gas-liquid interface relative to the rate of the polymerizatrf2
Accurate knowledge of the propylene concentration is necessary
to evaluate the kinetics of the polymerization reaction. Presented
here are rate versus time profiles for (2-PhidL|,/MAO at
varying monomer, catalyst, and aluminum concentrations.
Propylene solubilities and diffusion rates into toluene solution
were measured such that monomer concentrations during the
polymerization could be determined. The polymers produced
in this study were analyzed to determine the role of monomer
concentration in affecting MW and polymer tacticity.

Results

The rates of propylene polymerization were measured by
monitoring propylene consumption from reservoirs of known
volume at room temperature (see the Experimental Section).
Precautions were taken to ensure that the monomer concentration
in the toluene solution during the polymerization was constant
and approximately equal to the saturation concentration of
propylene in toluene at a given partial pressure of propylene.
The metallocene dichloride was introduced to a toluene solution
of MAO saturated with propylene and the amount of metallo-
cene adjusted such that the maximum rate of polymerization
was approximately an order of magnitude less than the gas
diffusion rates measured for 100 mL of toluene (initial volume)
at 20°C (no polymer in the solvent) to ensure that the rate of
the reaction did not influence the propylene concentration
through mass-transfer effed&Accordingly, the solubility of
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Figure 2. (a) Propylene solubility versus the partial pressure of
propylene in toluene at 293 K. (b) Comparison of propylene solubility
in toluene, toluene with isotactic PP, and toluene with atactic PP.
propylene in toluene and the mass-transfer rates of the monome
into solution were measured prior to the polymerization experi-
ments being conducted.

Solubility and Mass-Transfer Rates of Propylene in
Toluene at 20°C. The solubility of propylene gas in toluene
at 20°C was measured using a method described by Deifiling
in the range of 6-3.8 atm of propylene partial pressure by
incrementally increasing the pressure over the toluene solution

by ~0.68 atm and measuring the pressure drop in a propylene
reservoir (see the Experimental Section). The increase in volume

of toluene was measured by conducting the solubility experiment
in a calibrated glass pressure bottle and noting the volume of

solution when propylene consumption had ceased. The correla-

tion between the increase in solvent volume and propylene
pressure was plotted and approximated by a polynomial
equation.

The relationship of solubility to propylene partial pressure
for toluene at 20°C is shown in Figure 2a. The solubility is
linear with respect to pressure in the range measured for all
three temperatures and decreases with increasing temperatur
At 20 °C and a pressure range of8.8 atm, the concentration
of propylene varies from 0 to 4.34 0.09 mol/L. These values
are in good agreement with the mole fractions of propylene in
toluene calculated by Collifdand the solubilities reported by
Busico @-2%)4546

Figure 2b compares the relationship between propylene
pressure and solubility for three solutions: toluene, toluene with

(43) Deimling, A.; Karadikar, B. M.; Shah, Y. TThem. Eng. J1984
29, 127-140.

(44) Bravakis, A.; Bailey, L.; Pigeon, M.; Collins, $1acromolecules
1998 31, 1000-1009.

(45) Busico, V.; Brita, D.; Caporaso, L.; Cipullo, R.; Vacatello, M.
Macromoleculesl 997, 30, 3971-3977.
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Figure 3. Representative kinetic profile for propylene polymerization
using (2-PhindZrCl,/MAO.

4 g of isotactic PP ([mmmm¥ 90%, M, = 35 700, M,
71 300), and toluene wit4 g ofatactic PP ([mmmmj 10%,
M, = 233 000,M,, = 486 000). The solubility of propylene in
toluene does not change with up4 g of polymer suspended
or dissolved in the solution.

The mass-transfer coefficients of propylene into toluene at
the three temperatures were calculated according to*8q 1,

P,—P, P,—P,
p,—p, P —p, &

1)

whereP; = initial pressure in the reservoiP, = final pressure

in the reservoirPy, = presaturation pressurB; = pressure at
time t, and k@' = Vk.a, wherek_a is the mass transport
coefficient anaV is the volume of the solution. The change in
propylene concentration with time (diffusion rate) is then defined
as
r d[propylene]/d = k _a(C* — C,) )
where C* is the equilibrium concentration of propylene at a
given pressure an@_ is the actual concentration. All mass-
transfer coefficients were measured for a difference-6f68

atm increase in propylene overpressure in the reactor. This step
in pressure was chosen since it was a pressure differential large
enough to result in a substantial differenceCh— C_ (0.5 M

at 20°C) but not so large as to cause gas absorption by the
solution before the stirring is commenced (see the Experimental
Section).

The average values &fa found for propylene dissolving in
100 mL of toluene (initial volume) in a 300 mL stainless steel
reactor equipped with a mechanical stirrer (1460 rpm) &0
ranged from 1.4 to 1073 (see the Supporting Information). As
the volume of toluene solution increased with increasing
propylene pressurég a decreased. Thk a values decreased
by 3—4-fold in the presencefal g of atactic PP. In contrast,

values fork_a are insensitive to the presence of wup4 g of
Ssotactic PP (Supporting Information). The lower valuekcd

in the presence of atactic PP is likely a consequence of the
greater viscosity of toluene solutions containing dissolved atactic
PP.

Kinetic Behavior of (2-Phind),ZrCl,. A representative
kinetic profile for propylene polymerization by (2-Phlad)Cl,
is shown in Figure 3. The plot reveals that there is a complex
rate dependence on time where the rate decreases with increasing

time after reaching a maximum at-2@0 min. A decrease in

(46) As pointed out by a reviewer, calculated values for the solubility

of propylene in toluene can depend on the type of equation of state used.

See: Atiqullah, M., Hassan, H., Hamid, Bur. Polym. J1998§ 34, 1511~
1520.
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Table 1. Propylene Polymerization at Four Monomer Concentrations

amt of amt of productivity
pressure pressure [propylene] propylene polymer I'max [(kg of PP/
entry (atm) (psig) (mol/L) consumed (g) recovered (g) (mmol/min)  mol of Zr)/h] Mpd My¢ Mw/Mp,
1° 1.68 10 1.16 1.14 1.07 0.442 4 652 29 000 59 300 2.0
2¢ 1.68 10 1.16 1.28 1.22 0.546 5304 30 000 61 600 2.0
3P 3.04 30 2.22 2.21 2.14 0.672 8295 43 300 87 900 2.0
4° 3.04 30 2.22 2.70 2.53 0.831 9 806 43100 90 000 21
5P 3.72 40 2.75 2.70 251 0.746 9 094 55400 117 000 21
6° 3.72 40 2.75 3.09 2.70 0.921 9782 59600 125000 21
7° 5.08 60 3.81 4.17 4.08 1.65 12216 66 700 143 000 21
8° 5.08 60 3.81 5.08 5.01 1.83 15 000 72500 164 000 2.3
9 bulk bulk ~11 2.92 19 467 96 600 236 000 2.4

aConditions: [Zr]=1.0x 1075 M; [Al] =3.16 ¥ 102 M; T = 293 K; tx, = 120 min.” Same catalyst solution used over 2 d&ySame catalyst
solution (different from that in footnotb) used over 2 days$.Determined by high-temperature GPC versus PP standargds= 90 min.

Table 2. Propylene Polymerization at 3.04 atm of Propylene (30 psig) with Four Catalyst Concentrations

[Zr] amt of amt of productivity
(mol/L) propylene polymer I max [(kg of PP/ [m]e [mmmmF
entry (x10") [AlJ/[Zr] consumed (g) recovered (g) (mmol/ min) mol of Zr)/h] Mpd M4 Mw/Mn (%) (%)
1° 5 63 200 1.45 1.32 0.501 10232 44700 94500 21 62 20
2¢ 5 63 200 0.87 0.73 0.368 5659 40300 88200 2.2 62 21
3P 10 31600 2.08 1.82 0.815 7054 52900 109 000 2.1 63 21
4L 10 31600 2.43 2.23 0.787 8643 45600 100000 2.2 61 19
5p 15 21100 3.48 3.14 1.19 8113 56 100 124 000 22 62 20
6° 15 21100 2.76 2.55 0.776 6 589 51200 110000 2.2 60 19
7° 20 15800 381 3.54 1.36 6 860 62500 130000 21 61 20
8 20 15800 3.53 3.34 1.18 6472 48600 107 000 2.2 61 19

aConditions: [propylener 2.22 M; [Al] = 3.16 x 1072 M; T = 293 K; tin = 120 min.P Same catalyst solution used over 2 d&ySame
catalyst solution (different from that in footnot® used over 2 days.Determined by high-temperature GPC versus PP standabisermined by
C NMR.

polymerization rate over time is seen for all the experiments

reported. Propylene polymerizations were conducted at four 0-0012 F
monomer concentrations at 2G. The polymerization at each = o.001tp
monomer concentration was repeated twice to test reproduc- E ¢,0p0s |
ibility. The concentrations of zirconocene and MAO were kept ° . 7r=2 uM
, : - £ 0.0006 [ [Zr)=2 p
constant by correcting for the volume increase in the toluene <=
solution with addition of propylene. The ratio of MAO to % 0.0004 [
catalyst was high ([Al)/[Zr]= 31 600) because a minimum of = : _
200 mg of MAO was necessary to remove impurities from the 0.0002 3 wo's M
reactor and obtain a reasonable activity. ) S EP P S P WP
The results from the two sets of polymerizations conducted 0 20 40 60 80 100 120

for a range of propylene concentrations (:B581 M) are
shown in Table 1. Entries 1 and 2, 3 and 4, 5 and 6, and 7 and
8 were duplicate polymerizations of each other. The amount of
polymer obtained from each one differed by 01150 g.
However, entries 1, 3, 5, and 7 and entries 2, 4, 6, and 8 were
conducted with two different catalyst stock solutions, and it is
likely that the discrepancy in the amount of polymer obtained
arises from the ability to accurately measure out such small
guantities of metallocen.

The rates of polymerization for entries-8 were calculated
by determining the number of moles consumed betweentime
min andt — 10 min from the drop in the pressure of the reservoir

time (min)

Figure 4. Rate versus time profiles for propylene polymerizations at
varying catalyst concentrations (entries 5 and 8 of Table 2).

concentrations. The concentration of Al was kept constant for
all polymerizations ([Al]= 3.16 x 1072 M). The initial [Zr]

was varied from 5.0< 1077 to 2.0 x 106 M. Table 2 contains

the data from eight polymerizations. Figure 4 shows the kinetic
profile of entries 2 and 8 in Table 2. The maximum activity is
reached within 1620 min of catalyst injection and then
decreases over the rest of the polymerization. The rate at which

used and dividing that number by 10 min. The maximum rate polymerization activity decreases is independent of the initial

of polymerization and the productivity for each polymerization [21] _ _

are reported in Table 1. The maximum rate occurreet 2@ The dependence of the rate on [Al] was investigated by
min after injection of the catalyst, and this rate increased with conducting propylene polymerizations at 3.04 atm (30 psig) with
increasing monomer concentration. The decrease in rate withfour different MAO concentrations. The amount of metallocene

time was also dependent on monomer concentration. The rateVas kept constant at 1.4% 10-> M. For these experiments,
of deactivation at 3.8 M is faster than at 1.2 M. the [Zr] was increased by an order of magnitude from the
Propylene polymerizations at 2.22 M propylene (3.04 atm  concentrations used in the other polymerizations to keep the
30 psig) were conducted at four different initial zirconjum @mount of MAO being used greater than 100 mg. Table 3
anE Toodn — — o contains the data for the four polymerizations conducted. To
or example, a 1.0 g difference in the amount of polymer made for i
two different polymerizations at 5.08 atm (60 psig) over 120 min could keep the amount of polymer being made close to 4 g, the

arise from as little as a2g difference in the amount of catalyst used (based POlymerizations with [Al}/[Zr] = 2500 and 5000 were run for
on the productivity calculated from entry 7). 90 min and the polymerization with [Al}/[Zr}E= 10 000 was
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Table 3. Propylene Polymerization at 3.04 atm of Propylene (30 psig) with Three MAO Concentfations

amt of amt of productivity
trxn [Al] propylene polymer I'max [(kg of PP/ [m]¢ [mmmm}F
entry (min) (mM) J[AIl/[Zr] consumed (g) recovered (g) (mmol/ min) mol of Zr)/h] M4 My¢ Mw/ Mn (%) (%)
1v 120 14 1000 0.54 0.34 0.462 93.5 31300 78900 25 66 27
2° 90 35 2500 5.94 6.30 35 2309 63200 155000 2.4 64 24
3P 90 70 5000 5.93 6.26 3.88 2294 63900 162000 25 65 24
4b 60 140 10 000 5.09 5.27 4.57 2897 53100 138000 2.6 64 25

a Conditions: [propylene¥ 2.22 M; [Zr] = 1.41x 1075 M; T = 293 K.

b Same catalyst solution used over 2 d&yBifferent catalyst solution

from that in footnoteb. 9 Determined by high-temperature GPC versus PP standabatermined by=C NMR.

Table 4. Pentad Distribution and\H; for Propylene Polymerizations at Various Monomer Concentrations

[propylene] [mmrm] + AH¢¢

entry? (mol/ L) [m] [mmmm]  [mmmr]  [rmmr]  [mmrr] [rmrr] [mrmr]  [rrerl [mrrr] [mrrm]) J/9)
1 1.16 0.57 0.15 0.15 0.06 0.13 0.20 0.11 0.05 0.09 0.07 2.6
2 1.16 0.58 0.15 0.14 0.06 0.15 0.19 0.10 0.05 0.09 0.06 ¢ nd
3 2.22 0.61 0.19 0.15 0.06 0.13 0.18 0.11 0.04 0.08 0.07 5.3
4 2.22 0.62 0.21 0.15 0.05 0.14 0.18 0.10 0.03 0.07 0.06 nd
5 2.75 0.63 0.22 0.16 0.06 0.14 0.17 0.09 0.03 0.07 0.06 nd
6 2.75 0.64 0.23 0.16 0.05 0.14 0.18 0.09 0.03 0.07 0.06 nd
7 3.81 0.65 0.24 0.15 0.06 0.13 0.17 0.09 0.03 0.07 0.06 nd
8 3.81 0.65 0.25 0.15 0.05 0.13 0.17 0.09 0.03 0.07 0.05 8.5
9P 11 0.69 0.30 0.16 0.05 0.11 0.17 0.08 0.03 0.05 0.04 219

2 Entry numbers correspond to the entry numbers in TabteSynthesized in liquid propylene, 2C, [Zr] = 1.0 x 107 M; [Al] =3.16x 102

M, tn = 95 min. ¢ Determined by DSCY Not determined.

°'°°5;‘ o [All=14 mM
= .- 4 [Al]=35 mM
£ 0.004°L »  [All=70 mM
£ ¥ o [Al]=140 mM
ey b
S "

g 0.003:_
@ C
= 0.002[
s r
0.001 [
0 __‘_b-_
0 20 40 60 80 100 120
time (min)

Figure 5. Rate of polymerization versus time at various [Al)/[Zr] ratios.

run for 60 min, instead of 120 min. There is little difference in
activity among [Al)/[Zr] = 2500, [Al}/[Zr] = 5000, and [Al}/
[Zr] = 10000 (Table 3 and Figure 5). However, the rate of
polymerization is very slow at [Al]/[Zr]= 1000 ([Al] = 14
mM = 100 mg of MAO). The low activity observed is likely
due to the amount of MAO being insufficient to remove all the
impurities from the reactor system.

Influence of Polymerization Conditions on Polymer Struc-
ture. The MWs of polymers synthesized with (2-PhlgighCly/
MAO increased with increasing monomer concentratidvis,
= 30 000-72 000 andM,, = 60 000-164 000 (Table 1). In
contrast,M, and M,, increased with increasing [Zr] but only
over a small range (Table 2). There is no clear trend in MW as
a function of aluminum concentration (Table 3).

The MW distributions are characterized by polydispersity
valuesM,/M, that range from 2 to 2.6. From Tables-3, a
trend can be seen in which polydispersity increases slightly with
increasing rate of polymerization (bothax and productivity).
Polymerizations in which the maximum rate is less than 1.6
mmol/min have polydispersities from 2 to 2.2. Broader distribu-
tions (Mw/Mp = 2.5-2.6) are seen for entries 2 and 3 in Table
3 where the maximum rates of polymerization are-31%
mmol/min.

The tacticity of PPs synthesized with (2-Phlsg)Cl./MAO

depends on monomer concentration. As seen in Table 4,

[mMmmm] increases (£530%) and [mmrmH- [rmrr] ([xmrx])

—— {mmmm]

—a—— [mmmr)
—m— [rmmr,
—— [mmrr]
0.40 —o— mmrr?]+[rmrr]
—a— [mrm]
0.35 -—a—[rrrr]]
—a— [mrrT]
0.30 —o— [mrrm]
g 0.25
§ 0.20
& 0.15 bl
0.10
It —
0.050
0'0| Allulul 1 ‘llLllIl‘:‘ll
0 2 4 6 8 10 12

[propylene] (mol/L)

Figure 6. Pentad distribution versus monomer concentration for entries
1-9 of Table 4.

decreases as the monomer concentration increases from 1.2 to
11 M. A plot of the stereochemical pentad fractions versus
monomer concentration is shown in Figure 6. There is little
effect on polymer microstructure from changing the zirconium
and aluminum concentrations.

Given the dependence of the polymer microstructure on
monomer concentration, we also investigated the effect of
monomer concentration on the thermal properties of the PP
synthesized. Differential scanning calorimetry (DSC) measure-
ments on samples synthesized with [propylerel.16-11 M
show a broad, multimodal melting transition from 40 to 150
°C with increasing crystallinityAH¢) with increasing monomer
concentration (Table 4). Figure 7 shows the DSC curves for
two PPs synthesized at 2.2 and 11 M propylene (entries 3 and
9 of Table 4). Entry 3, a polymer with [mmmmj 19%, exhibits
a broad melting transition from 40 to 14C andAH; = 5.3
J/g. Entry 9, with an [mmmmi 30%, has a similarly broad
melting transition and\H; = 21.9 J/g.

Discussion

Rate of Propylene Polymerization.The polymerization rates
of metallocene catalysts are typically high; at2 bar of
propylene pressure at room temperature, the turnover frequencies
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Figure 7. Comparison of DSC heating curves for entries 3 and 9 of Table 4.

for some of the more active metallocenes have been estimatedzy P k

at 1600 monomer insertions per secdadror reactions in a =\

gas-liquid system with large rates, the rate of gdigiuid mass ARy

transfer can be competitive with the reaction rate. Blackmond Ky w
. — A [ZF—R + P

and co-worker® have shown how mass-transfer rates relative AlRs

to the rate of reaction can influence the stereochemical outcome

of hydrogenation reactions. As we had previously observed a [Zrl/\wp ez o+ wp

dependence of polymer stereochemistry on monomer concentra-
tion with the (2-PhindZrCl,/MAOQO catalyst, it was especially on___ )_/—+ P
important to employ experimental conditions such that the rate ‘—;\_'[ g w
of mass transfer would not interfere with interpretations of the _ i i .

influence of monomer concentration on the stereospecificity of Figure 8. Mechanisms of chain transfer in (2-PhlggiCl/MAO.

these polymerization systems. The solubilities and mass-transfer . - .
rate of propylene in toluene at 2@ were measured, and an Another characteristic of the activity of this catalyst system

experimental protocol was designed such that (1) the rate of is that the rate profile decreases faster with increasing monomer
propylene consumption measured is due only to polymerization, cOncentration. The source of the monomer-concentration-
(2) the monomer concentration during polymerization is ap- erendent deactlvat|on pathway is not obylous. A possible cause
proximately equal to the saturation concentration at a given IS the formation of a stable allyl species, as proposed by
pressure, and (3) propylene conversiorsié g such that the Resconp?
solubility of the monomer in the polymerization solution does ~ Due to the complex time dependence on the rate of poly-
not change significantly from the solubility in a toluene solution merization, it is impossible to write a rate law for the
without polymer (conditions at the beginning of the polymer- polymerization that is a simple function of [Zr] and [propylene],
ization). and therefore the results of the polymerizations conducted do
With these criteria, we were able to conduct propylene MOt provide any |nd|ca}t|on of the molepulanty of the insertion
polymerizations in toluene solution using a variety of conditions €vent* Previous studies on the kinetics of metallocene poly-

and obtain rate versus time profit&For all the polymerizations m_erization have tried to cqrrelate maximum polymerization rate
conducted, the rate was not constant over the entire time of theWith monomer concentratiot however, in the absence of any
reaction but decreased from a maximum after~20 min. A measurement of the number of active sites, care must be taken

decreasing rate profile is not uncommon for olefin polymeri- N interpreting these results.

zation catalysts, including metallocerdg$§ Several factors have Influence of [Propylene] and [Zr] on MW . In addition to
been implicated as sources of deactivation for these catalystsproviding information about the rate of polymerization, these
including regioirregular propylene insertiéh?9-52 z-allyl spe- experiments revealed the influence of monomer concentration
cies?® and zirconocene dimefsRegioirregular propylene inser-  on MW. The three most common chain-transfer mechanisms
tions have been observed for (2-PhyrtCl,/MAO and have in metallocene polymerizations are chain transfer to mgtal (
been implicated as a source of reversible inhibition for unbridged hydride elimination), chain transfer to monomer, and chain
2-arylindenyl catalyst&° transfer to aluminum (Figure 88 If chain transfer to metal

and/or chain transfer to aluminum are the dominant mechanisms,
(48) These plots (Figure 3) show slight fluctuations in rate over a period there will be a dependence of MW on monomer concentration.

of 5 min, likely due to small changes in temperature inside the reactor and/ |f chain transfer to monomer is favored. the MW will be
or nonconstant propylene flow through the pressure regulator used due to. . ’
the small magnitude of propylene consumption. These fluctuations are lessindependent of monomer concentration.
evident for faster rates; cf. Figure 5.

(49) Busico, V.; Cipullo, R.; Corradini, PMakromol. Chem., Rapid (54) Nevertheless, we could approximate the rate law by examining the
Commun.1993 14, 97-103. relationship between catalyst productivity and monomer or initial zirconium
(50) Busico, V.; Cipullo, R.; Corradini, fMakromol. Chem1993 194, concentration. The average productivif§,, can be expressed &% =
1079-1093. ko[propylenelzirconium[, where [Zr] is the initial zirconium concentration.
(51) Busico, V.; Cipullo, R.; Chadwick, J. C.; Modder, J. F.; Sudmeijer, The slopes of the plots of ldg, versus log [propylene] and log [Zr] should
O. Macromoleculedl994 27, 7538-43. provide a crude estimate of the apparent order in monaonmeerd the order
(52) Carvill, A.; Tritto, I.; Locatelli, P.; Sacchi, M. QVlacromolecules in zirconiumn. The plots reveal than = 1.1 andn = 0.8—1.1. These data
1997, 30, 7056-7062. indicate that the productivity of this catalyst is approximately first-order in

(53) Resconi, LJ. Mol. Catal., A1999 146, 167—178. monomer and initial Zr concentration.
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0.0016 ey = 0.0003 + 0.0013x R% 0.9757 4.6 mmol/min,MW/Mn =2.5-2.6, respectively). Whether this
C trend is general for these catalysts is not clear.
°'°°14:' Effect of Monomer Concentration on Polymer Micro-
0.0012 L structure and Properties. The influence of monomer concen-
c r tration on polymer microstructure was also examined. The
?\: 0.001 [ isotactic pentad content ((mmmm]) increased from 15% to 30%
C as monomer concentration increased from 1 to 11 M (Table 4),
0.0008 - while the dyad content [m] increased from 57% to 69%. The
o.oooe:- intensity of the remaining pentads decreased or remained
C relatively constant. A change in the stereospecificity of the
0.0004 ¥\ polymerization reaction with monomer concentration is a
0 0.2 0.4 0.6 0.8 1

signature for a mechanism involving a kinetic step that competes
with the stereodifferentiating monomer insertion stegf We

have previously proposed a Coleman and Fox 3peP’two-

state mechanism where the catalyst interconverts between two
states exhibiting different stereospecificities (Figure 1). Ac-
cording to a kinetic model recently developgdthe pentad
Bistribution at any particular monomer concentration will depend

1/[propylene] (mol/L)
Figure 9. 1/P, versus 1/[propylene] for entries—B of Table 1.

The degree of polymerizatioR, (defined asM/(MW of
propylene)), can be related to the three chain-transfer processe

by eq 3, on three fundamental quantities: the enantiomorphic stereo-
selectivity o. of the isospecific state, the stereoselectiyitpf
p = kol ZMIM] ©) the aspecific state (either site or chain-end control for the
" KomonlZIM] + K edZr] + kA [ZMTA]] aspecific state can be invoked), and the relative reactivity/
stability of the two states given by the paramegé¢ (if g/K >
1 Kvon  [KalAll +Kyvel 1 1, the isospecific state is the more reactive/stable).
En= k, + K, M 4 The response of the pentad distribution to changes in

monomer concentration, for any particular valueswpff, and
g/K, can be described b&, which is defined as the (average)
ratio of the rates of propagation relative to the rates of
interconversion (eq 5%

a2

Ky

where the rate of propagation is assumed to be first-order in
both [Zr] and [propylene]. A plot of B, versus 1/[propylene]
will yield a line from which the relative contributions of the
various chain-transfer processésme: + kial[Al]) and kimon
can be estimate®®

Figure 9 shows the plot of eq 4 using the data from Table 1.
The ratio of the slope to thgintercept reveals thg-hydride

elimination and/or chain transfer to aluminum is 4 times faster Changes in the observed pentad distributions reported in Table
than chain transfer to monomer in the monomer concentration 4 payve peen previously modeled and shown to be consistent
range studied. The emall variation M, as a functlor! of with values of A ranging from~1 to 10 as the propylene
aluminum concentration (Table 3) suggests tfahydride concentration increases from 1.2 to 11308 Values of the
elimination is the principle chain-transfer mechanfsm. other three parameters that best fit the model to the experimental
The narrow polydispersitied/f,/Mn = 2.0-2.6) for the PPs 4515 weren = 0.97,8 = P, = 0.56 (i.e., chain-end control for
synthesized here are in contrast to the values previously re-ihe agpecific state, displaying a slight tendency for the formation
ported which ranged from 2.6 to 5.0 for this class of ¢ syndiotactic PP), ang/K = 0.6 (SSQ= 1.7 x 1073).
catalystsi®212326282% rom comparing previous experimental — \yhile the two-state kinetic model provides an adequate fit
protocols with the one used for this study, we conclude that ; he gata, this analysis does not rule out other mechanisms
the polydispersity of polymers synthesized by (2-PRBIJl 3¢ might lead to the observed change in stereospecificity with
MAQ is sensitive to variations in monomer concentration during onomer concentration. Another interpretation is that epimer-
the polymerization. Previous procedures used by this research4iion of the last inserted stereocenter of the growing polymer
group led to conditions where the initial toluene solution (75 ¢p4irp45 competes with olefin insertion. This has been observed
mL) was partially saturated with monomer prior to injection of - ¢4 stereorigid isospecifiansametallocenes and leads to a
a large volume of solvent (25 mL) containing the activated change in stereospecificity with monomer concentration, par-
catalyst, which was not saturated in monomer. This method of (jc,jarly at low monomer concentratio4S In the present case,
polymerization would lead to a monomer concentration during gjnce in the limit of high monomer concentration the stereo-
polymerization which was far from the saturation concentration specificity is relatively modest ((mmmmi 0.30 at 11 M

at the given pressure; the concentration would then increase a%ropylene), one could propose that the (2-ArbdEl,/MAO
the rate of polymerization decreased. Further changes incaajyst system behaves as a single-state catalyst that adopts a
monomer concentration may have been caused by the synthesigonormation during insertion that leads to the formation of

of more tha 4 g of polymer during a polymerization which 54y isotactic PP. Alternatively, owing to the low barrier to
would decrease the mass-transfer rates and possibly change thg,q interconversion process observed in model stdie9.60
solubility of propylene in the solution. ’

K"\ M1

)2 ®)

In addition to the dependence on the experimental protocol,

there appears to be a correlation between the rate of polymer-

ization and the MW distribution, with slightly broader poly-
dispersities at higher polymerization rates (Tablg3x= 3.9~

(55) This result is consistent with the vinylidene end group being the
only unsaturated end group observed in these polymers.

(56) Landis, C. R.; Halpern, J. Am. Chem. S0d.987 109, 1746.

(57) Cheng, H. N.; Babu, G. N.; Newmark, R. A.; Chien, J. C. W.
Macromoleculesl 992 25, 6980-6987.

(58) The two-state model also predicted thgf/M, = 2.0 and constant
over this range ofA values. This is consistent with the observed MW
distributions.

(59) Erker, G.; Aulbach, M.; Knickmeier, M.; Wingbeiihle, D.; Kriger,
C.; Nolte, M.; Werner, SJ. Am. Chem. Sod.993 115 4590-4601.
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Table 5. Calculated Pentad Distributions from the Chain Epimerization Model with Deviations from ObserveédEDatanumbers
correspond to entries in Tables 1 and 4

[mmrm] +
entry W [mmmm] [mmmr] [rmmr] [mmrr] [rmrr] [mrmr] [rrrr] [mrrr] [mrrm] SSQ
1 0.68 0.15 0.15 0.05 0.15 0.19 0.10 0.05 0.10 0.08 SBE
2 0.67 0.14 0.15 0.05 0.15 0.20 0.10 0.05 0.10 0.07 SBE
3 0.70 0.17 0.16 0.04 0.16 0.17 0.09 0.04 0.09 0.08 1OE
4 0.72 0.19 0.16 0.04 0.16 0.16 0.08 0.04 0.08 0.08 20E
5 0.73 0.21 0.16 0.04 0.16 0.16 0.08 0.04 0.08 0.08 1OE
6 0.73 0.21 0.16 0.04 0.16 0.15 0.08 0.04 0.08 0.08 2BE
7 0.74 0.22 0.16 0.04 0.16 0.15 0.07 0.04 0.07 0.08 3BE
8 0.74 0.23 0.16 0.04 0.16 0.15 0.07 0.04 0.07 0.08 30E
9 0.77 0.27 0.17 0.03 0.17 0.12 0.06 0.03 0.06 0.08 8BE

2 Entry numbers correspond to entries in Tables 1 antiGhlculated stereoselectivity.

the catalyst might isomerize between several states, but at a e [mmmm] (obs)  ——— [mmmm] {calc)
. . . . . A [mmmr] {obs) = = [mmmr}+{mmrr] (calc)

rate faster than that of monomer insertion, leading to kinetic 0.40 _ ® (mmm(obs)  =m=ae jxmix] (calc)
behavior similar to that of a single-state catalf/$t::62In either oasf * B
case, chain epimerizatidf® would lead to a decrease in 0'30
stereoregularity of the polymer with decreasing monomer g )
concentration. Busico had derived an equation for the response 5 0.25
of [m] to changes in [propylene] for isospecific cataly4ts. g 020

To address the possible role of chain epimerization, the same 0.15
mass-balance kinetic approach previously devel®pedhs 0.10
adopted, and it was found that the pentad expressions for a 0.05
single-state catalyst that polymerizes propene by a site control 0.0 Pt s s b

; e ; it ; 0o 2 4 6 8 10 12
mechanism with interfering epimerization are given by the
modified stereoselectivity parameter [propylene] (mol/L)
Figure 10. Experimental and calculated pentad distributions obtained
(k[M] ko + 1 for a single-state catalyst with interfering epimerization reactigfi
V= W (6) =25M71 o= 0.79,n = 1.0).

increase in the residual sums of squares (Table 5). Even

where k, and ke are the propagation and epimerization rate neglecting the experiment in liquid propylene, the fit of a site-
constants, respectively, [M] is the monomer concentration,  control model to the data is, on average, 5 times worse at 3.8
is the enantiomorphic-site stereoselectivity, arnslthe insertion M vs 1.2 M in propylene. Nevertheless, the absolute magnitude
reaction order of the insertion process £1n < 2)4° The of these deviations is comparable to the errors expected in
expressions for the various pentads are then expanded in theneasuring experimental pentad distributions. It is therefore
normal way?® with v replacing the enantiomorphic-site instructive to examine the predicted versus observed response
parameten. (for example, [nmmm}= v® + (1 — v)). of some of the individual pentad intensities at differeaHg

It is instructive to analyze how the catalyst stereoselectivity concentrations. The calculated intensities for the more intense
(v) responds to limiting conditions. Whég[M] becomes large pentads (i.e., mmmm, mmmr, mmrr, and xmrx) are shown in
compared tdk (e.9., at higher monomer concentrations); Figure 10 along with the (averaged) experimental data from
o, providedkp[M]/ ke > 2. Converselyy — 0.5 asky[M]/ ke Table 4. The calculated parameters corresponding to the best
approaches zerd{> kj[M]), and perfectly atactic PP would fit of this model over all pentads ame = 0.79, kyke = 2.45
be produced. Therefore, the epimerization process is a valid,M—1, andn = 1.0.
alternative explanation for the response of the pentad distribution  As noted previously, the overall fit degrades as the monomer
to a change in monomer concentration, assuming that the catalystoncentration increases. The calculated value of the mmmm
behaves as a single-state catalyst (vide supra). According to thispentad is systematically lower than the experimental value,
analysis, the expressions for the individual pentad intensities atexcept for the polymerization at the lowest monomer concentra-
any monomer concentration correspond to those expected for aion. More importantly, a site-control mechanism which includes
site-control mechanism. Thus, the overall pentad distribution epimerization predicts the same response for, e.g., the mmmr
should conform to that predicted by a site-control mechanism, and mmrr pentads to changes ingfG] (i.e., they both have
regardless of experimental conditions, if epimerization is the one stereoerror and are unsymmetrical), but as indicated in
sole factor responsible for degradation of polymer stereoregu- Figure 6, while the former pentad does change in the expected
larity at lower monomer concentrations. manner, the latter actuallyecreaseslightly in intensity with

If the calculated data are compared with the experimental increasing [GHe]. Furthermore, they do not have the same
data, it can be seen that, at higher monomer concentration, thenumerical value, as predicted by the model. This analysis
observed pentad distribution deviates from that predicted from indicates that epimerization alone does not adequately account
a site-control/epimerization mechanism, as shown by the for the observed changes to the pentad distribution, regardless

(60) Erker, G.. Nolte, R.. Kiger, C.. Schiund, R.. Benn, R.; Grondey, of the overall fit of the model to the data or the particular
H.; Mynott, R.J. Organomet. Cheni989 364, 119-132. parameters employed.

(g%) ggﬂm::; V\\//V JJ Cocll(l)nr?I 2\r/]lachon'1:olle$geliL?9§ 253, §7C7CS)IFHE2. < As indicated above, a two-state model does account for the
Ma(cro)moleculesiggé 26, 3771_%_ oo B daylon NSy » > observed changes in the pentad dlstrlbuuo_n (.|n. terms of both

(63) Odian, G.Principles of Polymerization3rd ed.; John Wiley and  the overall fit to the data and the trends for individual pentads)
Sons: New York, 1991. with one state isospecifia(= 0.97), the other aspecific with
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0'00' ' 2| — ;J ' é ' ; - '1‘6 ' ‘112 Figure 12. Schematic of the kinetics apparatus.

[propylene] (mollL) provides indirect support for a blocky microstructure, although

Figure 11. Experimental and calculated pentad distributions obtained thijg interpretation is complicated by the compositional hetero-
for a two-state catalyst with enantiomorphic-site control on both states geneity observed in related sampfésse

and interfering epimerization reactioa & 0.96,3 = 0.5,g/K = 0.9,
AM = 2.7, k/ke = 5.1 M71). .
Conclusions
a slight tendency to form syndiotactic PP by a chain-end control
mechanism Rr,c = 0.56), and each state contributing signifi-
cantly to the PP microstructurg/K = 0.6).

It is worth investigating whether the effects of competing
epimerization, in combination with the basic features of a two-
state model, provide a better fit to the observed data than a
two-state model alone. The epimerization reaction involves
reversibles-H elimination, and thus one would expect ttgt
ke would vary in the same manner &gk, et With catalyst
structure/polymerization conditions. In connection with this, we
note thatansametallocene analogueac- and meseMe,Si(2-
Phind}ZrCl, have been studied in connection with modeling
the behavior of unbridged catalyst 1, and it is evident from this
work that these two complexes differ significantly in thijf
ki met Characteristics. We assumed that the absolute vallie of
was the same for both states, while allowikg and k. to

The kinetics of propylene polymerization by (2-PhisgfCl,/
MAO metallocene catalysts were investigated in toluene at 20
°C. Polymerization rates increased with increasing monomer
and zirconium concentrations. In addition, polymerization rates
were found to reach a maximum 4+@0 min after injection of
metallocene and decrease over time. The activity decreased
faster at higher monomer concentrations. Analysis of polymers
synthesized at well-known monomer concentrations showed
B-hydride elimination to be the dominant chain-transfer mech-
anism. Polymer polydispersities of 2:Q.6 were obtained under
these experimental conditions and indicate that the MW
distributions of polymers made by (2-Phlad)Cl,/MAO
increase with increasing rate of polymerization. The polymer
microstructure was found to be dependent on monomer con-
centration. This dependence was consistent with a two-state
. . . mechanism for stereoblock PP formation (Figure 1). These
vary, which sh(_)uld approximate the_ expected behavior, and differences in microstructure also influenced the overall crystal-
incorporated this additional feature into the two-state model. linity of the polymers as determined by DSC. Further studies
~As shown in Figure 11, a two-state model assuming enan- yj|| focus on the temperature dependence on the rate of
tiomorphic-site control for both states and including the effect polymerization and polymer microstructure as well as compari-
of epimerization yields a better fit to the experimental data (  g5on of other unbridged (2-AringdrCl,/MAO catalysts to the
= 0.96, = Prac = 0.5,9/K = 0.9, A/[M] = 2.7, ky/ke = 5.1 parent system.
M~1) than a model that invokes epimerization and a single-
state catalyst. However, the fit of this model to the data (SSQ
= 9 x 1074 is not much better than that obtained using a two-

state model where epimerization is not invoked (SSQ.7 x All manipulations involving the metallocene and cocatalyst were
1073), despite having one additional adjustable parameter. Fromcarried out using standard Schienk techniques or a nitrogen drybox.The
a modeling perspective, it is questionable whether one needsmetallocene (2-PhingrCl, was made according to literature proce-
to invoke epimerization to account for the response of the pentaddures?? Polymerization grade propylene was obtained from Praxair,

distributions to changes in [propylene], and independent evi- Matheson, or BP-Amoco and was purified through alumina/copper
dence for this process is needéd. oxide columns. Modified methylaluminoxane (type 1V) was purchased

As the physical properties of PPs depend strongly on the from Akzo Nobel as a solution in toluene; before use, the volatile
microstructure, the crystallinity and thermal properties of the materials were removed in vacuo to yield a powdery slldution

. - should be taken in handling MAO as it is pyrophorimoluene was
PPs produced also vary with monomer concentration. DSC Scans‘purchased from Aldrich and purified through alumina/copper oxide

of the polymers synthesized at various propylene concentrationscagalyst. A 300 mL 316 stainless steel reactor or a glass Fisher-Porter
revealed broad melting ranges for the polymgy & 40—160 bottle was used for the experiments. The maximum rate of the
°C).55The data in Table 4 indicate that the heat of fusithl, mechanical stirrer was determined using a stroboscope.
increases as [mmmm] increases with increasing monomer A schematic of the kinetics apparatus is shown in Figure 12. The
concentration. As seen in Figure 7, mostly low-melting crystals apparatus consists of three stainless steel reservoirs of various volumes
(Tm = 40 °C) are formed at lower monomer concentrations, Which feed into a manifold with an in-line step-down pressure regulator
whereas at high monomer concentrations (e.g., liquid propylene)WhiCh controls_thg pressure qf pro'pylene'being fed into the reactor.
high-melting crystalsT, = 150°C) predominate. The fact that The pressure inside the manifold is monitored by a pressure gauge
high melting points are observed for such low-tacticity PPs also  (66) Hu, Y.; Carlson, E. D.; Fuller, G. G.; Waymouth, R. Macro-
molecules1999 32, 3334-3340.

(64) The response of the pentad distribution to using 2D-propene might  (67) Carlson, E. D.; Fuller, G. G.; Waymouth, R. Macromolecules
prove instructive. 1999 32, 8100-8106.

(65) Hu, Y.; Krejchi, M. T.; Shah, C. D.; Myers, C. L.; Waymouth, R. (68) Carlson, E. D.; Fuller, G. G.; Waymouth, R. Macromolecules
M. Macromolecules998 31, 6908-6916. 1999 32, 8094-8099.

Experimental Section
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connected to a computer. Gas reservoirs were calibrated using heliumthe reactor before the regulator pressure was increased and the
and a reservoir of known volume. The reservoir pressure was logged headspace of the reactor was pressurized (i.e., when calculating the
during a solubility or polymerization experiment using the Strawberry k.a on going from 60 to 70 psigPo = 60 psig). The mass-transfer
Tree Data Acquisition Program. Data were evaluated using Kaleida- coefficient,k a, is determined from the slope of the line obtained by
graph. plotting the left-hand side of the equation verdufor data points
Measurement of Propylene SolubilitiesA 100 mL toluene solution collected in the first 510 min of propylene uptake.
was charged into a 300 mL stainless steel reactor, the headspace above Error Analysis. Errors for propylene solubility were calculated by
the solution was flushed with dry Ar and left under 1 atm of Ar, and determining the linear fit to the solubilities measured for each different
the stirred solution was brought to the desired temperature using a heatesolubility run (five for toluene at 20C). Those equations were then
and/or cooling loop. Then, (1) the regulator on the kinetics apparatus used to solve for the solubility at propylene partial pressures of-0.68
was set to the desired pressure (typically starting at 10 psig) and the5.58 atm. The standard deviations of those solubilities are the errors
stirrer was turned off, (2) the headspace of the reactor was pressurizedreported.
which caused a decrease in the pressure in the reservoir, and (3) after A second method for estimating the error is propagation of
waiting 1 min for the pressure to stabilize, the stirrer was started and uncertainties. In the calculation of the number of moles dissolved, the
propylene consumption by the solution was monitored by watching uncertainties in pressuk of +1 psig, reservoir volum¥ of +0.005
the pressure drop in the reservoir. Once propylene consumption hadL, and temperatur@ of +£1 K were used. The uncertainty in the number
ceased, the stirrer was stopped and the regulator set to a higher presef moles could then be calculated as
sure (typically a 10 psig step (0.68 atm)). Then steps 2 and 3 were

repeated. an oP\2 | [9T\2 aV\2]1/2

The amount of propylene dissolved in the solution was calculated ﬁ = [(F) + (T-I) + (TV)?I ®)
from the pressure of the reservoir when the stirrer was started and the
pressure of the reservoir when gas was no longer being consumed. Thg-, p — 79 psig,T = 295 K,V = 0.450 L, anch = 0.088 mol,on =
number of moles was calculated using the van der Waals eqéfation 4 002 mol. The error in the toluene volumedi€.005 L. Therefore,

(eq 7), the error in the solubility (as calculated V) is 0.05 M at 5 M.
2 This is in reasonable agreement with the value estimated from the first
(P +a(mV))((V — nb)) = nRT Q) method.

The uncertainty in the rate of polymerization from propagation of
error is also4+0.002 mol from the calculation above. However, the
mass balance between the amount of monomer consumed and the
amount of polymer isolated is in general greater than thi3.Q1 mol),
and that is the error that is considered in polymerizations.

General Procedure for Propylene PolymerizationsPrior to the
beginning of the polymerizations each day, the drybox was purged with
nitrogen for 5 min; [Q] ~ 0—2 ppm. A 300 mL stainless steel reactor
Bottom and stirrer were baked in a 110 glassware oven, and the
assembled reactor was then pumped dowr®0 mTorr on a vacuum
Sine and refilled with dry N. The reactor was then purged with
propylene. The metallocene and MAO were weighed using a Mettler
Toledo AB204 balance. Metallocene solutions were measured using a
1000uL Pipetman.

MAO was dissolved in 18 mL of toluene and stirred for-6{b
min. This solution was added to 80 mL of toluene in a 150 mL stainless
steel injection tube and placed into the reactor under propylene pressure
at the pressure of the polymerization to be performed. The MAO/toluene
solution was equilibrated at the polymerization pressure fer@min
with stirring at maximum speed (1460 rpm). Propylene uptake was
fnonitored using the reservoir on the kinetics apparatus. When propylene
uptake was complete, the reactor stirrer was turned off and the hose
from the kinetics apparatus was detached and used as described below.

Catalyst solutions were prepared and used for a set of four
polymerizations. Between polymerizations, the solutions were kept in
the drybox freezer to prevent decomposition. Approximately 15 min
prior to loading of the metallocene solution into the injection tube, the
solutions were stirred and warmed to the box temperature. An aliquot
of the solution was placed in an 8 mL stainless steel injection tube,

wherea = 123.1373 E psi/(mol K); b = 0.0827 L/mol;R = 1.206 282
L psi/(mol K).”® The number of moles in solution at any given pressure
is the sum of the number of moles absorbed by the solution in each 10
psig pressure step (the total number of moles in solution at 30 psig is
equal to (number of moles absorbed on going from 0 to 10 psig)
(number of moles absorbed on going from 10 to 20 psighumber
of moles absorbed on going from 20 to 30 psig). The volume of the
solution at any given pressure is then calculated using the measurement;
described below. The solubility of propylene is plotted versus the partial
pressure of propylene inside the reactor, subtracting the partial pressur
of Ar (1 atm) and the toluene vapor presstifeom the total pressure.
Measurement of Solvent VolumeA 50 mL portion of toluene was
placed in a glass Fisher-Porter bottle equipped with a large magnetic
stir bar and placed in a water bath at the desired temperature. The
headspace above the solution was flushed using dry Ar and left under
1 atm of Ar. The regulator on the kinetics apparatus was set to the
desired pressure (typically starting at 10 psig) and the bottle pressurized
with stirring. The pressure in the reservoir was monitored until
propylene consumption ceased. The volume of the solvent was then
recorded. The regulator was then increased by 10 psig and the propylen
consumption monitored again. A plot of solvent volume versus
propylene pressure (taking into account the 1 atm of Ar initially inside
the Fisher-Porter bottle) yielded a curve which was fitted using
Kaleidagraph and used to determine volume at any pressure.
Calculation of k a. The mass-transfer coefficient was determined
by logging the pressure in the propylene reservoir every3Ms after
the stirrer had been turned on; the stirrer speed was 1460 rpm. The
mass-transfer coefficients were calculated according to eq 1,

P.—P. P.—P and toluene was added to this to make the total volume of the solution
MEREL Y Z- k at (1) equal to 2 mL. This 2 mL solution was saturated with propylene at the
Pi—PFy P =P polymerization pressure by connecting the tube to the propylene source
o . ) ) and shaking vigorously until propylene uptake from the reservoir ceased.
whereP, = initial pressure in the reservoiP, = final pressure in the To inject the metallocene, all three reservoirs (see Figure 12) were

reservoir,Po = presaturation pressure, aRg= pressure in the reservoir  fijjled to maximum propylene pressure and then isolated from the
attimet. The presaturation pressuPgwas taken to be the pressure in - propylene source. The stirrer of the reactor was turned off, and the
(69) The pressure of propylene in the reservoirs was close to the vapordata log was started. The reactor he_ads_pace was vented down to 0.34
pressure of liquid propylene. At such high pressures, the van der Waals &tm (5-6 psig) less than the polymerization pressure, and the catalyst
equation is the more appropriate equation of state to use in the calculationinjection tube (at the polymerization pressure from the reservoirs) was
of the number of moles rather than the ideal gas law. The solubilities connected to the reactor liquid injection port. The stirrer was then started
calculated using the van der Waals equation were also more consistent withand maintained at 1460 rpm. During the first minute of polymerization,
the(;’g)“ées({eﬁg;tggo'gkrg; éf]'e mistry and Physi6srd ed. Weast, R. C the catalyst injection tube was removed from the reactor. After 1 min
Ed.: CRC Press Inc: Boca Raton, FL, 1983: Vol. 63. v T the 2 L reservoir and either the 300 mkt b L reservoir were closed

(71) Munday, E. B.; Mullins, J. C.; Edie, D. DI. Chem. Eng. Data off such that only one reservoir was providing propylene to the
198Q 25, 191-194. polymerization. The pressure inside this reservoir was recorded every
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30 s for the duration of the polymerization. The metallocene concentra- the oven and the sample carriage that will be placed into the Waters
tion was adjusted such that the maximum rate of polymerization was 150C injector compartment for autosampling. A 300 injection
approximately an order of magnitude less than the diffusion rates volume is used. The TCB mobile phase is not stabilized. A broad MW
measured for 100 mL of toluene (initial volume) at 20 with no standard calibration based on a well-characterized commercial grade
polymer in the solvent. In addition, the amount of polymer isolated PP is used. The established cumulative weight percent distribution for
was compared to the amount of propylene consumed, and agreementhe calibration standard was fitted with average elution times for a series
in these values was taken as another indication that the rate of of standards associated with a GPC run. The resulting elution time vs
polymerization was less than the measured rate of diffusion (vide log MW distribution equates the current calibration standard data to
supra)’2 The amount of polymer isolated was within 200 mg or 15% the established standard values. It is then fitted with a fifth-order
of the amount of monomer consumed in all cases. polynomial that describes the calibration curve (cc). A low-MW
The polymerization was quenched using 10 mL of methanol material, n-tetracontane, is measured to establish a point at the PP
delivered under Ar pressure. The reactor was vented down to equivalent MW of 851, and both ends of the cc are fixed by linear
atmospheric pressure, and the resulting toluene/methanol solution wasextrapolation for consistency. Statistical data for the PP calibration
added to 500 mL of acidic methanol to precipitate the polymer. After standard follow. They represent the average of more than 800
the resulting solution was stirred overnight, the polymer was recovered measurements eadi,, = 95 700+ 2480,M,, = 537 000+ 4910,M,
via filtration and dried in a 40C vacuum oven for several hours. = 1605 000+ 32 100,M,4; = 3114 000+ 129 000, andMw/M,, =
Polymer Characterization. *C NMR spectra of the polymers  5.614 0.14.
synthesized were collected using a 75 MHz Varian Inova spectrometer. DSC measurements were obtained using the Perkin-Elmer DSC 7
Samples were prepared usingHaCls/C,D.Cl,, and data were collected  instrument. Samples of polymer<{® mg) were annealed at 18C
at 100°C. for 10 min, cooled to 25°C at 10°C/min, and then aged at room
Polymer MWs were measured using a Waters 150-C ALC/GPC at temperature for 5 weeks; the rate of heating was@0nin.

139°C equipped with two Polymer Laboratories PLgel 4@ mixed
B-(AM) columns. Sample solutions of 0.067% (wt/vol) are typically Acknowledgment. We acknowledge BPAmoco and the NSF
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