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Abstract: A model is presented that employs a stochastic approach to the simulation of polyolefin chain
growth and isomerization. The model is applied to propylene polymerization catalyzed by Pd-based diimine
catalysts. The stochastic approach links the microscopic (quantum chemical) approach with modeling of
the macroscopic systems. The DFT calculated energies of the elementary reactions and their barriers have
been used as input parameters for the simulations. The influence of the catalyst’s steric bulk, as well as
polymerization temperature and olefin pressure on the polymer branching and its microstructure, is
discussed. The results are in good agreement with available experimental data. In the propylene
polymerization catalyzed by Pd(ll) complexes with methyl backbone- and -Ph-Pr, imine substituents a
number of branches of 238 branches/1000 C have been obtained. An increase in polymerization temperature
leads to a decrease in the number of branches. Change in olefin pressure does not affect the global number
of branches, while it strongly affects the polymer microstructure, leading to hyperbranched structures at
low pressures. Further, the simulations confirm the experimental interpretation of the mechanistic details
for this process: (1) both 1,2- and 2,1-insertion happen with the ratio of ca. 7:3; (2) there are no insertions
at the secondary carbons; and (3) most of the 2,1-insertions are followed by a chain straightening
isomerization. Thus, for this catalyst the total number of branches is controlled exclusively by the 1,2-/2,1-
insertion ratio. For the catalysts with different substituents the branching can be controlled by a 1,2-/2,1-
insertion ratio as well as the fraction of the insertions at the secondary carbons. The results of the present
studies demonstrate that a stochastic approach can be successfully used to model the polyolefin
microstructures and their catalyst, temperature, and pressure dependence. Further, it can also facilitate
interpretation of the experimental results, and can be used to draw general conclusions about the influence
of the specific elementary reaction barriers on the polymer structures; this can be helpful for a rational
design of the catalysts producing a desired microstructure.

Introduction have been obtained with Ni- and Pd-based diimine catafysts
in polymerization processes under low olefin pressure, as a result

A new challenge in polymerization chemistry is the controlled o e - o i
of fast chain isomerization reactions in this system. Interesting

generation of polymer materials with a specific microstructure.
This challenge is driven by the need to create polymers with
unusual properties. Of special interest are the dendritic and (4) Hawker, C. J.; Frechet, J. M. J. Chem. Soc., Perkin. Tran$992 19,
hyperbranched polymers: structures in which the complex (s) kim, Y. H.; Webster, O. WJ. Am. Chem. Sod.99q 112, 4592.

branch-on-branch patterns are present, i.e., not all branching (6) Hawker, C. J;Lee, J. M.; Frechet, J. MJAm. Chem. Sod991, 113
points can be crossed in a single “walk” along the cHdlim. (7) Frechet, J. M. J.; et aSciencel995 269, 1080.

most of the studies, the branches in such polymers have been (®) 1”;‘9";“?27(3'1896':3@0“9“ J. M. J.; Grubbs, R. B.; Dad, Am. Chem. Soc.
introduced by the structure of the monomer, e.g. in the (9) Gouagn Z.; Cotts, P. M.; McCord, E. F.; McLain, S.Sktiencel999 283

: « 2
_Condensatlon of the ABtype monomers, or the “self-condens- (10) Cotts, P. M.; Guan, Z.; McCord, E. F.; McLain, SMiacromoleculef00Q
ing” approacht—8 Recently?~12 the hyperbranched polymers 33, 6945.
(11) Gates, D. P.; Svejda, S. A.; Onate, E.; Killian, C. M.; Johnson, L. K.; White,

: . : : P. S.; Brookhart, MMacromolecule200Q 33, 2320.
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Chain Growth and Isomerization Reactions in the Propylene Polymerization Catalyzed by Diimine Catalysts
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is also the fact that, unlike its Ni analogue, the Pd-based catalyst2,1-insertion RB). Both insertion paths introduce one methyl
produce polymers characterized by a pressure-independenbranch. Thus, if they were the only reactions in the polymeri-
number of branche.’® The microstructure of the polymer,  zation, a polypropylene chain would have a regular number of
however, is strongly affected by the olefin pressure: hyper- 333 mehyl branches per 1000 carbon atoms. It has been found
branched structures are obtained under low pressure, andexperimentally3~17 that in the propylene polymerization cata-
structures with linear side chains under high olefin presufe. lyzed by Ni- and Pd-based diimine complexes the number of
The low molecular weight, hyperbranched polymers were also branches is much lower, and varies between 150 and 300. The
obtained in ethylene polymerization catalyzed by other early “chain straightening” reactionRC) is responsible for the
and late transition-metal-based systéfiid.However, a mech- removal of a branch; this isomerization reaction may follow
anism of formation of these structures remains to be investigated;the 2,1-propylene insertion. However, the isomerization reac-
it may be different than that in diimine systems. Methods for tions may also elongate branches, when they proceed in the
the preparation of macromolecules with hyperbranched struc- opposite direction RD, RE, etc.). Another isomerization
tures have been reviewed in a recent article by Frey &t al. reaction that may follow the 1,2-insertion introduces an ad-
Quantum chemistry has been proven to be a valuable tool in ditional methyl branch, and also may proceed furttdf,(RG,
the studies of polymerization proces3gs! However, direct etc.). Thus, in the polymerization cycle, many different alkyl
guantum chemical studies on the relationship between thespecies are preserB{F), in which the metal atom forms a
catalyst structure and the microstructure of a polymer, as well bond with primary, secondary, or tertiary carbon atoms; each
as the influence of the reaction conditions, are not practical of them can capture the next monomer and give rise to a
without the aid of statistical methods. One such approach is asubsequent insertion. It is thus clear that one must consider all
“mesoscopic” scheme, in which the results of the DFT calcula- these elementary reactions to understand the influence of the
tions performed for the reaction intermediates are used as inputcatalyst and the reaction conditions on the polymer micro-
parameters for a stochastic modeling of a polymer growth. In structure.
the present investigation we present an example of such a |nrecent papefd23we reported the results of computational

procedure.

(DFT) studies on the elementary reactions in ethylene and

Scheme 1 presents the mechanism of the propylene poly-propylene polymerization catalyzed by Pd-based diimine cata-

merization catalyzed by diimine catalydts17.2223 In this
process, the resting state of the catalyst is an olefaomplex,
A, from which the polymer chain may grow via 1,RA) or

(16) Svejda, S. A.; Johnson, L. K.; Brookhart, Nl. Am. Chem. Sod 999
121, 10634.

(17) Tempel, D. J.; Johnson, L. K.; Huff, R. L.; White, P. S.; Brookhart,JM.
Am. Chem. So00Q 122 6686.

(18) Kim, J. S.; Pawlow; J. H.; Wojcinski, L. M.; Martuza, S.; Kacker, S.; Sen,
A. J. Am. Chem. S0d.998 120, 1932.

(19) Martuza, S.; Harkins, S. B.; Long, G. S.; SenJAAm. Chem. So2000
122 1867.

(20) Rappe, A. K.; Skiff, W. M.; Casewit, C. £hem. Re. 200Q 100, 1435
and references therein.

(21) Angermund, K.; Fink, G.; Jensen, V. R.; KleinschmidtdRem. Re. 200Q
100, 1457 and references therein.

7520 J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002

lysts with different substituents. These studies explained many
details of the substituent effects in the polymerization process
and gave the energetics of the elementary reactions. However,
no attempt was made to relate these results to the polyolefin
microstructure.

In this article we present a simple model for performing
stochastic simulations of the polymer growth. With the DFT-
calculated energetics of the elementary reactions as an input, a
stochastic model is applied in the propylene polymerization

(22) Michalak, A.; Ziegler, TOrganometallics1999 18, 3998.
(23) Michalak, A.; Ziegler, TOrganometallic200Q 19, 1850.
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atom of different character being attached to a metal. For
example, the 1,2-insertion starting from a primary carbon is not
equivalent to the 1,2-insertion starting from the secondary
carbon. Similarly, the isomerizations starting from a primary,

€g., secondary, and tertiary carbon are not equivalent in general,
chosen [,2-ins. and also the two isomerizations starting from a secondary carbon
B ) 1 2-ins may be inequivalent, e.qg. if one_of them leads to a primary and
3) o another to a secondary or tertiary carbon at the metal (as at
o 2,1-ins. stageC andE). In other words, we take into account in this
D, 1Som Ry model three different 1,2- insertions, three different 2,1-

@)

insertions, three different terminations (each starting frém 1
2°-, and 3-carbon), and nine different isomerizations (starting
from and leading to %, 2°-, and 3-carbon).

It should be emphasized here as well that at different stages
theabsoluteprobabilities of equivalent events may be different,
since they depend on the probablitities of all the other events
(because of the probablility normalization). For example, at
stage<C andD in Figure 1, the secondary carbon is attached to
the metal, and five reactive events are possible. However, at
stageC the isomerization reactions are inequivalent (one leads

is attached to the catalyst; only two events are possible: propylene ca\ptureto the primary carbon and another to the secondary carbon),

followed by the 1,2- or 2,1-insertion. For structBdour events are taken ~ While at stageD they are equivalent. As a result, tabsolute
into account: isomerization to the tertiary carbon, 1,2- and 2,1-insertions, probabilities ofall the eventsat stageC will differ from those
and a termination. For structur€; D, andE five events are considered: at stageD.

two isomerizations, two insertions, and a termination. The probabilities of . . e
these events are equal for structu@sndE (in both cases two different In Scheme 2 we summarize a way to O_btam prOb"’_‘b'“t'eS Of
isomerizations lead to a primary or secondary carbon at the metal), andthe events applied in this study. The basic assumption here is

different for structured (for which both isomerizations lead to the structure  that therelative probabilities of elementary reactions at the
with a secondary carbon attached to the metal). For clarity, the numbers _ . icl . | to theirelati fi t
[(1), (2), and (3)] labeling different atom types (primary, secondary, and MICroscopic levelmiim, are equal 1o themelative reacion rates

tertiary, respectively) are shown. (macroscopic)ri/rj. Thus, therelative reaction rates (eq 1) for

all pairs of the considered reactive events together with the
catalyzed by the Pd-based diimine catalysts. The effect of the probability normalization condition (eq 2) constitute the system
catalyst substituents and the reaction conditions (temperature 0f equations that can be solved for tesoluteprobabilities of
olefin pressure) on the number of branches and the polymerall the events at a given stage. With this assumption, one can

e.g.,

chosen 2,1-ins. e.g.,

e.g., chosen
isom. (2).

Figure 1. Stochastic simulations. In the starting structuk¢ ¢ne C atom

microstructure will be discussed.

Model for Stochastic Simulations

In the present studies the polymer growth and branching has
been modeled by a number of stochastic simulations, from which
a set of polymer structures was obtained. A few initial steps in
a typical simulation are presented in Figure 1. Initially, one

use the experimentally determined reaction rates or the theoreti-
cally calculated relative rate constants, obtained from the
energetics of the elementary reactions with the standard Eyring
exponential equation. The Eyring equation introduces as well a
temperature dependence of all the relative probablilities (as in
eq 3)

Let us now have a closer look at the three basic types of

carbon atom (a methyl group) is attached to the metal of the relative probabilities appearing in the model: an isomerization
catalyst A in Figure 1). In the first step, it will capture and VS another isomerization, the 1,2-insertion vs 2,1-insertion, and
insert a propylene molecule via either the 1,2- or 2,1-insertion an isomerization vs an insertion. The right-hand part of the
route. Thus, one of these insertion events is stochastically Scheme 2 summarizes the equations for the macroscopic
chosen; this choice, however, is not totally random but weighted reaction rates for the alternative reactive events starting from
by the probabilities of the two reactions. Now, let us assume an alkyl complexBo; let us assume that the secondary carbon
that the 1,2-insertion has happened in the first step, i.e., theatom is attached to the metal, so that two isomerization reactions
isobutyl group is attached to the catalyB) @fter insertion. At~ have to be considered.

this stage four different elementary events are possible: two The isomerization reactions are first order in concentration
alternative insertion routes (1,2- and 2,1-insertion) proceeded of the initial alkyl complex, o] (egs 6 and 7). Thus, the relative
by the capture of olefin, the termination reaction, and the probablility for the two isomerizations (eq 3) is given by the
isomerization reaction that would lead totert-butyl group ratio of their rate constantgiso /kiso.2 (&s equal to the relative
attached to the metal center. If, for instance, the 2,1-insertion rate, riso #/Tiso,2, and at given temperature it can be calculated
happened, a heptyl group would be attached to the catalyst byfrom the isomerization barrietAGs1 and AG¥so 1, @s in eq

its secondary carbon ator@); thus, five reactive events would
be possible (two insertions, a termination, and two isomeriza-
tions), one of them would be stochastically chosen in the next
step, etc.

In this model we assign different probabilities for similar
events starting from or/and leading to structures with a carbon

3.

From alkyl complex3, , the olefin can be captured to form
the m-complexmp , and inserted via the 1,2- or 2,1-insertion
route. In the model applied here we consider the olefin capture
and its insertion as one reactive event, i.e., we assume a
preequilibrium between the alkyl and olefin complexes, de-
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Scheme 2. Basic Equations Used in the Stochastic Model

Basic assumption: iso,1 1s0,2
relative probabilities (microscopic) BI <-k_ Bg _k_> BZ
= relative rates (macroscopic): iso.1 is0,2
TCi Vi
_ == (1) 5 Z =1 (2) Kcompl. +olefin
T ¥y i
. 1,2-1ns. 2,1-ins.
e.g. isomerization vs. isomerization: Bl,Z‘T 750 ’TN> BZ,I
Tiso _ Yison _ ki N (3)
TTiso2 Tiso2 kion
Foon = Kiso i Fo] (6)
~ eXp( AG #im 22— A G #iw 1 ) ool e
RT riso,Z = kisa,Z[ﬂO] (7)
isomerization vs. insertion (1,2- or 2,1-):
Thsor _ Tisor Kiso (4) Fins. = kins.[ﬂ-o] = (8)
TTins Lins. Kins Keon. Potetin = k,m_chmpz,[/Bo]poleﬁn
1,2-insertion vs. 2,1-insertion:
where k. €k k }
nl,Z—ins. _ rl,2-ins. _ k1,2—ins. (5) s { 12 2 7.2
- - .

T, v .
L., 4—ins. L, 1-1418, Z,1-ins. BO , BI , BZ , [31’2 , B:Y‘ _ 6-ag()stic COmpleXeS;
ete. 7y - olefin © complex
scribed by an equilibrium constarfcomp= [70)/[fd] = contribution either. However, the entropic contribution to the

expAGeompt/RT). This corresponds to neglecting the barrier for olefin complexation free energy is known to be strongly
the monomer capture. Such an approach is valid for the late destabilizing ¢ TAS= 9—13 kcal/mol, at 300 K, for different
transition metal complexes, e.g. the diimine catalysts studied systems¥* Thus, it strongly influences the complexation
in the present work, where the resting state of the catalyst is aequilibrium constant&compi, Used in the expressions for the
very stable olefinz-complex and the olefin capture barrier and isomerization vs insertion relative probabilities (eq 4). However,
the relatedr-complex dissociation barrier are much lower than the relative probability of eq 4 depends on the product
the insertion barriers. This assumption allows one to speed upKcompiPoletin, and the error irkcompl. can be counterbalanced by
the simulation: otherwise many olefin capture/dissociation steps,the change in the olefin pressumesin. AS a consequence, in
not important for the final result of the simulation, would be this study the olefin pressure is expressed in arbitrary units,
happening before insertion takes place. It follows from the above and the values afiyiein Cannot be related to the absolute values
considerations that the insertion rate is given by eq 8, and theof the real olefin pressure in the polymerization process. Only
equation for the isomerization vs insertion relative probability the productKcompipolein Can be related to the corresponding
(eq 4) includes the isomerization and insertion rate constants,experimental value. Further, since d{fmp| is overestimated,
the equilibrium constan¥compl, and the olefin pressurgefin. it can be expected that the experimental conditions correspond
Finally, the relative probability for the two alternative insertions to a low value of ouIpgiefin pParameterpoesin < 1. It should be
is given by eq 4, which depends on the ratio of the two rate emphasized, however, that this still allows one to qualitatively
constants only. investigate the pressure influence on the polymer microstructure,
We would like to emphasize here that the model in such a since the physical meaning of tipgesin parameter remains the
form allows one to simulate the influence of the reaction same, regardless of its absolute value.
conditions. The temperature dependence of all the relative |n the following we shall present the results for the propylene
probabilities appears in the exponential expressions for the ratepolymerization catalyzed by the Brookhart Pd-based diimine
constants and the equilibrium constants. The olefin pressurecatalysts with different substituents. The seven models for the
influences the isomerizatierinsertion relative probabilities. As  catalysts considered are presented in Scheme 3. As we have
a result, both temperature and olefin pressure influence thealready mentioned, three values for the barriers for each of two
values of theabsoluteprobabilities forall the reactive events  alternative insertions and nine isomerization barriers are required
considered. as model parameters for the simulations. All these values were
In this study, we use the energies of the elementary reactionscomputed for thgeneric catalyst modelnly, in which the bulky
and their barriers obtained from our previous DFT calculatiéns. diimine substituents were replaced by hydrogen atoms=(R
Thus, we neglect the entropic contributions to the correspondingH, Ar = H).22 The results of these studies show thatomplex
free energies. We would like to briefly discuss possible stabilization energies are very small for the system involving
implications of this approximation now. The entropic contribu- tertiary alkyl, and the corresponding insertion barriers are much
tion to the insertion barriers is small and comparable for 1,2- higher than those for the systems with primary and secondary
and 2,1-insertion, so it is canceled in the expression for the 1,2-alkyl. Thus, it seems reasonable to assume that the insertion
vs 2,1-insertiorrelative probabilities (eq 5). Similarly, it can  into the Pd-C bond involving tertiary carbon does not happen
be expected that the isomerization vs isomerization relative
probabilities (eq 3) will not be affected by the entropic (24) Woo, T. K.; Blochl, P.; Ziegler, TJ. Phys. Chem. 200Q 104 121.

7522 J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002



Stochastic Simulations of Polymer Growth and Isomerization ARTICLES

Scheme 3. Pd-Based Diimine Catalysts Considered in the

the main chain), secondary branches (starting from the primary
Present Work

branches), tertiary branches (starting from secondary branches),

R R
H etc. All the branches were measured and the average lengths
Ar=N_ N-Ar were calculated for all different types of branches.
Pd
+ Results and Discussion
;}:g’ iing In the following we will first discuss the results of the
3 R-H; Ar=C:H§(CH3)z propylene polymeriza.t'ior) simulations pgrformed with the
4:R=H; Ar=CgHy(i-Pr), Brookhart Pd-based diimine catalyst for different substituents
5: R = CHjy; Ar = CH5(CHy), and at the same reaction conditiofis=€ 298 K, p = 1); the
6: R = CHy; Ar = CHy(i-Pr), results are summarized in Figure 2. Later, the effect of the

temperature (Figure 3) and the olefin pressure (Figure8)4
will be discussed.

Influence of the Catalyst Substituents.In Figure 2 the
examples of the polymer structures together with the values
characterizing the structure (number of branches/1000 C; percent
of atoms in the main chain; percent of atoms in primary
branches; average ratio of isomerization and insertion events)
are listed for catalysts—7 (for numbering see Scheme 3), while
Table 1 collects the values of probabilities of the reactive events
at the selected stages of polymer growth. Let us first discuss
the results of the simulations for the propylene polymerization
catalyzed by the Pd-based diimine catalyst witekRCH3 , Ar
= CeHs(i-Pr), (6), as for this system there exist experimental
datal?1* At T = 298 K and forp = 1 (arbitrary units) the
simulations lead to the structure characterized by an average
number of 238 branches/1000 C atom in the chain. The
experimentally determined value for this catalyst is 213
branches/1000 &' Thus, the agreement between the two values
seems to be quite good, especially when one takes into account
the simplicity of the model, and notices that the “ideal”
olymerization without isomerizations would produce 333.3
ranches/1000 C.

In the structures obtained from the simulations ca. 61.7% of
the carbon atoms belong to the main chain and ca. 36.5% to
generic catalys{AH* = 5.8 kcal/mol,AG# = 6.8 kcal/mol)22 the primary branches, i.e., less than 2% appears in the branches
Further, we neglect termination in the present studies, since it Of higher order. The lengths of the longest observed primary,
does not affect the polymer branching and microstructure, but Secondary, and tertiary branches are 28, 11, and 7, respectively.
only their molecular weights. However, the average lengths of those branches are much

For each system under a given set of reaction conditions shorter: 16 23 and 03 Only one quaternary methyl branch
(temperature and pressure) 500 independent simulations werdVas obtained "t] al! the S|mulat|_ons. ]
performed. All the simulations were carried out until the polymer 1€ polymerization process is characterized by an average
chain reached 1000 carbon atoms. We would like to point out Probability ratio of isomerization vs insertion steps of 2.6. A
here, however, that the structure obtained from the single clos.er quk at the smula’uon results shows that for this catalyst
simulation already represents an ensemble averaged structuréh® insertions practically occur only at the primary carbon, the
because of the basic assumption of the model and the use ofnSertion from the secondary carbon happening very rarely. To
the macroscopic parametef§, ). Thus, the average values illustrate this point, the values of the probablllt_les of alternative
from 500 simulations, that each produces a chains of 1000 C,&vents may be helpful. If the primary carbon is attached to the
correspond to the result of a simulation that produces a chain Metal, the probabilities of the 1,2-insertion, 2,1-insertion, and
of 500000 C. Since the analysis of branched high-mass the isomerization (to secgndary or tertiary carbon) are 0.7.00,
polymers is computationally expensive, it is more efficient to 0-286, and 0.014, respectively. If the secondary carbon, neigh-
perform many simulations producing shorter chains. boring with the two se_condary carbon atoms, is attac_hed to the

The resulting structures were analyzed by calculating the metal, the corresponding values are 0.002 (1,2-insertion), 0.001

average number of branches. For each structure the main Chair{z,l-insertion), and 0.499 (t"\_’o equ_ivaler?t isomeriz_ations). And
was identified as the longest chain in the structure; after that, ' the secondary carbon, neighboring with one primary C and

the branches were classified as primary branches (starting fromC"€ Secondary C, is at the Pd center, the probablilities are:0.002
(1,2-insertion), 0.001 (2,1-insertion), 0.265 (isomerization to

00

Ar—N\ /N =Ar
Pd
+

7: Ar = C¢H;(i-Pr),

at all. Further, the recent DFT calculatidffor all the remaining
“real” catalysts (with the diimine substituents considered) were
performed for the alkyl complexes and thecomplexes with

the primary and secondary alkyl, but the 1,2- and 2,1-insertion
barriers were evaluated only for the systems with the primary
alkyl. Therefore, in the present simulations we use all the
available results from the DFT studig&?3and we assume that
the insertion barriers into the P& bond with secondary
carbons are 1 kcal/mol higher that those with primary carbon,
as they are for the generic catalystn all the simulations we
use the isomerization barriers calculated for the generic catalyst,
since the corresponding barriers for the real catalyst have not
been computed. This seems reasonable, since the isomerizatioﬁ
barriers are not much affected by the steric bulk: the experi-
mental data for theeal catalysts(AH# = 6.1 kcal/mol,AG#

= 7.2 kcal/mol§’ are close to the barriers computed for the

(25) Rix, F. C.; Brookhart, M.; White, R1. Am. Chem. S0d.996 118 4746.

(26) Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, 31.Am. Chem. Soc
1998 120, 888.

(27) Shultz, L. H.; Brookhart, MOrganometallics2001, 20, 3975-3982.

primary C), and 0.731 (isomerization to secondary C).
Thus, the isomerization is not likely to happen after 1,2-
insertion (when the primary carbon is attached to the catalyst),
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R=H; ArH: 3316 br; 66.7% 33.3%; 0 R=CH,: Ar=Ph(CHL),
7Y VYT 251.0 br.: 59.7%: 38.7%: 0.93

rYYy
R=H; Ar=Ph: 122.5br.;51.7%; 40.1%; 142 . L 4 4

5 4 &

VUUUUSUUUVIVE SUUUUUIN ¢ £ S9N R=CHj; Ar=Ph(i-Pr),:
R | 238.2 br.;61.7%; 36.5%; 2.6

R=H; Ar=Ph(CH;),:
269.6 br.;60.9%; 38.1%; 0.89

R=An; Ar=Ph(i-Pr),:
255.6 br.; 59.9%; 38.5%; 1.35
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Figure 2. Examples of the polymer structures obtained with different catalffsts 298 K, p = 1). The values above the plots denote the average number
of branches/1000 C, % of atoms in the main chain, % of atoms in the primary branches, and the ratio between the number of isomerization and insertion
steps. Different atom shadings are used to mark different types of branches (primary, secondary, etc.).

Table 1. The Probabilities of the Reactive Events at Selected Stages of the Polymer Chain Growth

probabilities
Pd-CH,-...2 CH3-CH(Pd)-CH,-...> ..-CH,-CH(Pd)-CH,-...
catalyst 1,2-insert. 2,1-insert. isomer. 1,2-insert. 2,1-insert. isom.to 1° C isom.t0 2° C 1,2-insert. 2,1-insert. both isom.
1 0.003 0.969 0.001 0.001 0.994 0.001 0.003 0.992 0.001 0.006
2 0.301 0.582 0.117 0.001 0.002 0.266 0.731 0.001 0.002 0.998
3 0.102 0.898 0.001 0.050 0.445 0.134 0.369 0.041 0.360 0.600
4 0.046 0.954 0.000 0.019 0.403 0.154 0.424 0.015 0.317 0.666
5 0.057 0.943 0.000 0.017 0.502 0.128 0.352 0.014 0.410 0.574
6 0.700 0.286 0.014 0.002 0.001 0.265 0.731 0.002 0.001 0.998
7 0.272 0.727 0.001 0.090 0.238 0.179 0.493 0.068 0.181 0.750

aPrimary carbon attached to the catalysBecondary carbon neighboring with a primary and secondary carbon attached to the ¢a&alyshdary
carbon neighboring with two secondary carbons attached to the catalyst.

and usually occurs after 2,1-insertion (when the secondary branches is 238, as observed from the simulations. The results
carbon is at the catalyst). In any case, when the alternative presented here are in very good qualitative agreement with the
isomerizations are considered, the one going along the chain isexperimental data: it has been concluded from the NMR
always preferred, compared to the isomerization leading to the analysis of the polpropylenes that for this catalyst insertion
primary carbon. However, the latter isomerization occurs often, happens only at the primary carbons, all the 2,1-insertions lead
since there is no insertion at the secondary carbon and itsto the removal of a branch, and 1,2-insertion is the main route
probability is quite high (0.265). This explains the relatively for polymer growth!?
large ratio for isomerization/insertion steps of 2.6. Let us now discuss the influence of the catalyst substituents
The above results lead to the conclusion that for this catalyst on the polymer branching and its microstructure. To understand
the overall number of branches is exclusively controlled by the the influence of the steric bulk, the simulations have been
relative ratio of 1,2- and 2,1-insertions; the first one always performed for all the remaining catalysts of Scheme 3. It should
produces the branch, and the second one is always followed bybe mentioned here, however, that the less bulky catal{sts,
chain running, eventually leading to a removal of one of the and2,28 are not capable of polymerizing olefins. The termination
existing branches. Thus, from the probabilities of 1,2- and 2,1- barriers for these systems are very low, due to the lack of steric
insertions one can expect a removal of 28.6% of the branches
(95.3 branches/1000 C), i.e., the expected overall number of (28) Svejda, S. A.; Brookhart, MOrganometallics1999 18, 65.
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bulk. Thus, the results obtained for catalydtsnd 2 are of difference in the number of branches is more pronounced (251.0
purely theoretical character. They are useful, however, for branches/1000 C fds, and 238.3 branches/1000 C f@y.
understanding how the steric bulk can control the polyolefin  The observed trerda decrease in the number of branches
branching. They also demonstrate how the microstructures canwith increased steric butkis quite surprising. One could expect
change with small modifications in the energetics of the the opposite trend, since the steric effects increase the ratio
polymerization cycle. between 1,2- and 2,1-insertions, and intuitively, this should lead
The results presented in Figure 2 demonstrate that for theto an increase in the number of branches (fewer 2,1-inseftions
generic catalyst moddl (R = H, Ar = H) the chain grows by  fewer removed branches). However, for systéng, 5, and7
a regular sequence of 2,1-insertions. There is practically no the insertions at the secondary carbons happen with relatively
isomerization, the average number of branches is 331.6 branchegarge frequencies: for syster8s4, and5 the probabilities of
1000 C, and 66.7% of C belongs to the main chain and the restthe insertion starting from the secondary carbon are ca- 0.4
to the methyl branches. This comes from the fact that for the 0.5, and for systerif ca. 0.25-0.33. Since every insertion into
generic catalyst the 2,1-insertion is strongly preferred and the the secondary carbon by definition adds a branch, the global
insertion barriers (calculated with respect to the separatednumber of branches for systeris5 and7 is larger than that
reactants) are low compared to the isomerization: the proba-for the more bulky catalys, for which there are practically

blilities of the 2,1-insertion at the primary and secondary C are NO insertions from the secondary carbons. An increase in the
0.969 and 0.9920.994, respectively. steric bulk leads to a decrease in the secondary-insertion

probability, and eventually to a deacrease in a number of
granches, despite the larger fraction of 1,2-insertions. Thus, the
results show that for systen®-5 and 7 the branching is

Catalyst2 is located on the opposite side of the range of
branching patterns. Here, the lowest average number of branche
f1225b hes./1000 C is obtained. Only 51.7% of at ; ; . .
© ranches 1S obraine ny o of atoms controlled by both the 1,2-/2,1-insertion ratio and the ratio

belong to the main chain, and 40.1% to the primary branches, . o . . .
g 0 P y between the isomerization and insertions starting from the

i.e., 8% of the carbon atoms are located in the branches of higher : . .
. I secondary carbon. This leads to the surprising results mentioned
order. As in the example structure shown in Figure 2, the

. above. We would like to point out here again that, due to the
branches produced here are relatively long and are often . . . .

. lack of experimental/theoretical results, the secondary insertion
separated by a few methylene units. The longest observed

. . . barriers for the real catalysts weassumedo be 1 kcal/mol
primary, secondary, tertiary, and quaternary branches are built

. higher than the primary insertion barriers ¢a@dculatedfor the
of 75, 28, 13, and 8 carbon atoms, while the average lengths of . - R
P ! eneric system). For catalyStthis is a posteriori validated b
the primary, secondary, and tertiary branches are 4, 4, and 2.5g y ) ¥ P y

! . . . the good agreement with experimental results. Unfortunately,
respectively. Thus, the structure obtained for catadyistquite g g P y

. ; there are no clear experimental data for propylene polymeri-
d|f_ferent f_“’”_‘ those_ for syste ndl. Alsq, the average ratio zation with the Pd-based catalyst for different substituents. For
of isomerization vs insertion steps of 14.2 is the largest observed

o ; - "““'the related Ni-based systems, the reversed trend has been
and distinctly larger than those obtained for the remaining observed experimentalf#: an increase in the number of
systems. _ . branches with an increase in the steric bulk, as could be expected

A comparison of the probabilities of the events (Table 1) for from the increased 1,2-insertion fraction. However, the Ni- and
catalyst2 and6 reveals that the basic difference between them pd-based systems are known to be very different concerning
is the reversed insertion regioselectivity: the 2,1-insertion is the branching and the polymer microstructute’$. Therefore,
preferred for2, and the 1,2-insertion foB. In both cases the  no conclusions can be drawn from those experimental data about
insertions happen only at the primary carbons, and in both caseshe validity of our assumption.

the isomerization starting from the primary carbon has much  Temperature Effect. The temperature effect in the propylene
Iower. probability than any insertion. Therefore, it COMES as N0 polymerization was investigated by performing a set of simula-
surprise that the observed number of branches is that low for jons in the temperature range of-4898 K, with increments
system2, since it is controlled only by the 1,2-/2,1-insertion  of 50 K, for catalys®6. Obviously, from the experimental point
ratio, as in systené. However, it is quite surprising and hard  of view only a narrow range of temperatures in the vicinity of
to predict without simulations that the average isomerization/ 300 K are interesting. However, to clearly see and understand

insertion ratio and especially the resulting microstructures of the trends we performed the simulations for a much wider range
the polymers are so different for the two systems, just becauseof temperatures.

of the reversed insertion regioselectivity! The average number of branches as a function of temperature
A comparison of the results for catalydt7 (see Figure 2)  together with examples of the polymer structures are plotted in
shows that the increased steric bulk leads to a slight decreaserigure 3. The trend is clear, the number of branches decreases
in the global number of branches, and the increase in the with an increase in temperature, going from the “ideal” number
insertion/isomerization ratio. For systef@sand 4 (with R = of 333 branches/1000 @ & K down to 229 branches/1000 C
H) the average number of branches and the structural charac-at 498 K. This trend is easy to understand:0aK only 1,2-
teristics are almost identical. This arises from the fact that the insertions happen, as the preferred insertion path, so no branches
energetics of the polymerization cycle is quite similar. This can can be removed in any way. With an increase in temperature,
be understood by observing that hydrogens as the backbonehe fraction of the 2,1-insertion increases and the branches
substituent give the aryl rings flexibility to adjust their orienta- introduced by the 2,1-insertions are removed. Since in the
tion and minimize a steric repulsion, when their substituents studied range of temperatures there are practically no insertions
are increased in siZ8. For the two systems with methyl into the Pd-C bonds involving secondary carbon, the branching
backbone and different aryl substituents (catalsasnd6) the is controlled by the ratio between the 1,2- and 2,1-insertion. At
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Figure 3. Effect of temperature on the average number of branches/1000 C in the propylene polymerization catalyzed by the catalystGiithaRd
Ar = Ph(-Pr). Examples of the structures obtained at selected temperatures are shown in the right-hand part of the figure. Different atom shadings are used
to mark different types of branches (primary, secondary, etc.).
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Figure 4. Effect of the olefin pressure on the average number of branches/
1000 C.

length of the longest

infinite temperature, however, the probabilities of all the events
must become equal, and therefore the asymptotic number of
branches is 211.1 branches/1000 C (one-third of the branches 0.001 0-01[ " 'tOil !
. . . arpitra umnits
removed). The trend observed here is in good agreement with P Y
; _Figure 5. Effect of the olefin pressure on the polymer microstructure,
the experimentally observed temperature dependence of poly characterized by the percentage of the atoms in the main chain and different

propy]ene branching .for the analqgous Ni-based catédyst. pranches (panel a) and the number of carbons in the longest branches of
Certainly, the change in polymerization temperature affects not different types (panel b).

only the number of branches, but also the polymer microstruc-
ture. As shown by the structures of Figure 3, the increase in results presented in Figure 5 indicate that at lowssin the
temperature results in an increase in the length of branches andranches are elongated, and the formation of higher order
formation of higher order branches. However, the effect is not branches becomes common. The percentage of the atoms in the
dramatic. In the experimentally available range of temperatures main chain decreases from 62%pksin = 1 down to 23% at
it can hardly be observed. Poleiin = 0.001, while the percentage of atoms in branches
Effect of Olefin Pressure.Let us finally discuss the influence  increases: apolefin = 0.001 25% of the atoms are located in
of olefin pressure on the polypropylene microstructure. Sets of secondary and 8% in tertiary branches. The lengths of the
simulations at different olefin pressures were performed for the longest observed primary, secondary, tertiary, and quaternary
real catalyst6. The results presented in Figure 4 clearly branches are 76, 28, 19, an 10, respectively. In Figure 6 we
demonstrate that a decrease in olefin pressure does not affecshow examples of the polymer structures obtained for different
the number of branches: withitf; a branch the value stays olefin pressure. They clearly support the results of Figure 5 and
close to 238 even fop = 0.0001. The microstructure of the demonstrate a tendency for forming hyperbranched structures
polymer, however, is strongly affected by changeg.igin. The at low olefin pressure.
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Figure 6. Examples of the structures obtained from simulations with different olefin pressures in the propylene polymerization catalyzed by the catalyst
with R = CHz and Ar= Ph(-Pr), [T = 298 K]. All the structures are characterized by the same global number of 238 branches/1000 C. Different atom
shadings are used to mark different types of branches (primary, secondary, etc.).

The origin of the results obtained here for the polypropylene temperature and olefin pressure, on the polymer branching and
polymerization catalyzed b is quite clear. As we have already its microstructure.
discussed, for this SyStem the branChing number is determined The results are in very good agreement with available

by the 1,2-/2,1-insertion ratio, which is pressure independent experimental dat®:4 In the propylene polymerization catalyzed
(see Scheme 2). A decrease in olefin pressure leads to amy 6 the number of branches of 238 branches/1000 C obtained
increase in the isomerization/insertion ratio. For low pressures pere is slightly larger than the experimental value of 213
the number of isomerization steps between two insertions pranches/1000 ¢ However, the temperature and pressure
becomes large; as a result of extensive chain running everydependence of the number of branches and the polymer
random branch can grow and this leads to the formation of microstructure are in-line with experimental observatiéria:
hyperbranched polymers. (1) anincrease in polymerization temperature leads to a decrease
The results of the present simulations are in perfect qualitative in the number of branches and (2) changes in olefin pressure
agreement with the experimental findings: it is know that with - do not affect the global number of branches, but strongly affect
Pd-based diimine catalyst changes in olefin pressure stronglythe polymer microstructure, leading to hyperbranched structures
affect the polymer microstructures, while the global branching at low pressures. Further, the simulations confirm the experi-
numbers practically remain constént3 mental interpretation of the mechanistic details of the process
with catalyst6:1? (1) both 1,2- and 2,1-insertion happen with
the ratio of ca. 7:3; (2) there are no insertions at the secondary
In the present article we have presented the model and thecarbons; and (3) most of the 2,1-insertions are followed by a
result of stochastic simulations of the polymer growth and chain straightening isomerization. Thus, for this catalyst the total
isomerization in the propylene polymerization catalyzed by Pd- number of branches is controlled exclusively by the 1,2-/2,1-
based diimine catalysts. The DFT calculated energies of the INSertion ratio.
elementary reactions and their barr®@® have been used as For the catalysts with different substituents the branching can
input parameters for the simulations. The simulations for a be controlled by the 1,2-/2,1-insertion ratio as well as the fraction
variety of catalysts with different substituents and for different of the insertions at the secondary carbons. We have demon-
reaction conditions have been performed in order to understandstrated that the reversed preference of the insertion regio-
the influence of the catalyst steric bulk, as well as polymerization selectivity (as observed for catalys?sand 6) can lead to a

Concluding Remarks
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dramatic change in the polymer branching and microstructure. tion of the experimental results, and to draw general conclusions
Further, due to a significant fraction of secondary insertions, about the influence of the specific elementary reaction barriers
with an increase of the catalyst steric bulk, the number of on the polymer structures; this can be helpful for a rational

branches slightly decreases. This trend is opposite to thedesign of the catalyst producing a desired microstructure. In
experimentally determined trend for the analogous Ni-based future simulations we will address these aspects in connection
catalystst2 it is known that the mechanistic details for Ni- and  with ethylene polymerization.

Pd-based systems are quite different. .
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