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The production of polyethylene by zirconocene catalysis is a multistep
process that includes initiation, propagation, and termination. Each of
these steps has a number of associated equilibrium and transition state
structures. These structures have been studied in the gas-phase
environment using density functional and integrated methods. We have
also examined the effects of solvation upon the energetics of the various
polymerization steps employing continuum and explicit representations
of the solvent (toluene). The reaction steps we have studied are
initiation, propagation, propylene and hexene incorporation, termination
by hydrogenolysis, termination by f-H transfer to the metal,
termination by B-H transfer to the monomer, and reactivation. The
solvation effect of toluene takes on special significance for the
initiation, termination by hydrogenolysis and by f-H transfer to the
metal, and reactivation steps.

Owing to their high commercial interest as catalysts for olefin polymerization, the
group IVA metallocenes have been the subject of many recent quantum-chemical
studies (7-29). For the most part, these studies have focused on the insertion of
ethylene into metallocenium cations (considered to be the active catalyst species).
Attention has also been given to termination steps in the polymerization scheme,
namely, those involving B-hydride transfer from the growing polymer chain to the
metal center and to the monomer in the monomer/metallocenium-cation complex. To
the best of our knowledge, hydrogenolysis has not been investigated as a termination
step in previous work, although hydrogen is a commonly used chain terminating agent
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for molecular weight control. In addition, all of the previous computational work deals
with the gas phase; the role of a solvent on the energetics of the various steps in the
polymerization scheme is addressed here for the first time.

In this paper, we present results from our computational studies of various
relevant reaction steps involving two zirconocene catalyst systems, namely, Cp,ZrR*
(System I) and [CpCH,Cp]ZrR" (System II) where R denotes H or an alkyl group. The
reaction steps considered in this study are shown in Scheme A. While most of the
results came from the application of full high level (full-HL) density functional
methodology, in one case we have tested an integrated method (IMOMO) that uses
high-level MO calculations for the reaction part and lower-level MO calculations for
the spectator part of a molecule. Moreover, using two recently developed solvation
models, we have computed the effect of toluene as a solvent on the reaction steps of
Scheme A, as mediated by the two zirconocene catalysts.

Computation Methodologies

All full-HL computations (energetics, optimized geometries and analytical second
derivatives) were performed using the B3LYP hybrid density functional theory method
(30) that incorporates Becke’s 3-parameter hybrid exchange (3/) and Lee-Yang-Parr
correlation functionals (32,33). The full-HL calculations were carried out with the
following basis sets (34): LANL2DZ with a relativistic effective core potential (RECP)
for Zr, LANL2DZ for the other atoms involved in the reaction center (H or alkyl
groups bonded to Zr and coordinated olefins), and 3-21G for C and H atoms of the
auxiliary ligands (L, and L,, see Scheme A). Optimized equilibrium geometries and
transition states (TSs) were obtained using non-redundant internal coordinates starting
with Hessians calculated at the restricted Hartree-Fock (RHF) level. Analytical second
derivatives (35) were used to obtain the frequencies for the enthalpies and free energies
(scale factor = 1.0) and to verify minima and TSs.

The integrated method (36-39), IMOMO, is similar to that of the integrated
molecular orbital molecular mechanics (IMOMM) method that has been described
earlier in the literature (40,41), the difference being that the force-field treatment of the
spectator portion of the molecule is replaced by a lower-level molecular orbital method.
The notation IMOMO(HL:LL) will be used to designate an IMOMO calculation, where
HL and LL.denote the high-level and iow-level MO methods, respectively. IMOMO
HL energies and optimized geometries were calculated using the B3LYP method with
the basis set described above; whereas the LL energies and geometries were obtained
using the RHF method with the following basis sets (34d-g): LANLIMB with RECP
for Zr and LANLIMB for the other atoms. No frequencies were calculated at the
IMOMO level. All full-HL and IMOMO calculations were performed using either
GAUSSIAN 94 or the developmental version GAUSSIAN 95 (42,43).

The two solvation models used in this work, namely, SM5.2R/MNDO/d and
SM5.42R/BPW91/MIDIY(6D), are implemented in the codes, AMPAC5.4m1 (44) and
DGAUSS4.0m1 (45), respectively. They are based on extensions of the SM5 suite of
solvation models (46-49) to organometallic complexes of zirconium. The SM5 suite is
an extension of earlier SMx models (50-52) that were originally implemented in the
AMSOL (53) program.



210

Scheme A: Polymerization Reaction Steps
Reaction steps 2-5 involving the catalyst systems Cp,ZrR™ (System I) and [CpCH,Cp]ZrR"
(System II), with R = H or an alky! group, were studied.
1: Catalyst Activation (Not investigated in this study)
[L1,L2]ZrCly + Cocatalyst — [L1,L2]ZrCH3 " + Cocatalyst
2: Initiation
[L1,L2]ZrCH3™ + CH2=CH2 —> n-complex — TS —
[L1,L2]ZrCH2CHCH3™

3a, 3a': Propagation
[L1.L2]ZrCH2CHCH3 + CH2=CH2 — n-complex =TS —
[L1,L2)ZrCH2CH2CH2CHoCH3 ™'
3a: Ethylene approaching from the front side of the alkyl chain.
3a': Ethylene approaching from the back side of the alky! chain.
3b: Comonomer incorporation
[L1,L2)ZrCHyCH2CH3* + CH2=CHR' — n-complex - TS —
[L1,L2)ZrCH2CH(R')CH2CH7CH3 +
R' = CH3 for propylene incorporation
R' =C4Hg for 1-hexene incorporation
4a, 4a2' & 4a'": Termination by hydrogenolysis
{L1,L2]ZrRT + Hy— m-complex — TS — [L},L2]ZrH(RH)* —
[L1,L2)ZrH" + RH
4a: R=CH3
4a': R = CH2CH2CH3, H2 approaching from the front side of the alkyl chain
4a'": R = CH2CH2CH3, H7 approaching from the back side of the alkyl chain
4b: Termination by B-H transfer to metal center
(L}.L2]ZrCH2CH2CH3t — TS — [L1,L2]ZrH(CH=CHCH3)* —»
{L1,L2]ZrH* + CH2=CHCHj3
4c: Termination by B-H transfer to monomer in the complex
[L}.L2)ZrCH2CH2CH3 ' + CHp=CH2 — n-complex — TS —
{L1.L2]ZrCHyCH3(CH2=CHCH3)*— [L1,L2}ZrCHCH3* + CHp=CHCH3
5: Reactivation
{L}.L2)ZrH' + CHp=CHj — n-complex — TS — [L{,L2]ZrCH2CH3*

Notations and Definitions

AE", AH', and AG" Energy. enthalpy, and free energy change for the complexation substep
(applicable to all reaction steps above, except 4b).

AE', AH, and AG Energy. enthalpy, and free energy change for the reaction substep,
measured from the complex except for 4b where it is measured from the reactant cation.

AE’, AH'.and AG™ Actnation energy, activation enthalpy, and activation free energy for the
reaction substep. referenced from the n-complex except for 4b where it is referenced from the
reactant cation.

AE®, AFF, and MG Energy. enthalpy, and free energy change for the separation substep
(applicable to termination steps, 4a-a", b, ¢, above)

Born-Oppenheimer energies without ZPE will be denoted as E, and enthalpies and free
energies for gas-phase processes at temperature, T, will be denoted as H,-and G, respectively.
All solution-phase free energies correspond to a concentration of 1 mol L™ and a temperature
of 298 K and are denoted as Gs. Except for 4b, each reaction step includes a reaction substep,
r, that usually starts at the n-complex and ends at the product complex; the reaction substep for
reaction step 4b starts at the reactant cation and ends with the product complex. Also, each
reaction step except for 4b includes a complexation substep, ¢, preceding the reaction substep.
All termination reaction steps, 4a-a", b, and ¢, include a separation substep, s, in which the
product of the reaction substep separates.
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The standard-state solvation energy, A GS, of a solute molecule is computed as
the sum of three terms, namely: (1) the gain, Gp, in electric polarization energy due to
the polarization of the solvent; (2) the energy cost, AEgyn, for distorting the
electronic/nuclear structure of the solute to be self-consistent with the polarized
solvent; and (3) the contribution, Gcpsg, to the free energy of solvation due to cavity
formation, dispersion interactions, solvent structural changes, and other effects of the
first solvation shell that differ from those included in Gp . Thus,

AGY=AEgn+Gp+Geps. 1)

The sum of Gpand A Egy is determined by a self-consistent reaction field calculation
(49, 54) and depends on the solvent dielectric constant. In the present work the nuclear
relaxation part of A Epy is not included explicitly, but rather it is included implicitly in
the parameterization of the CDS terms. Gcps is calculated from empirical atomic
surface tension coefficients and the solvent-accessible surface area (SASA) of the
solute. In particular Gepg is a sum of atomic contributions of the form o, 4;, where
o, is the surface tension of atom & and A4, is the exposed area of atom k.

Two models, SM5.2R/MNDO/d (48) and SM5.42R/BPW91/MIDI!(6D) (49),
that were originally parameterized and tested against 2,135 experimental solvation free
energy data for 275 neutral solutes, 49 ions, and 91 solvents (48,49) were adapted here
to specifically treat zirconium compounds in toluene at room temperature. Since no
experimental data were available for the free energy of solvation of any zirconium
solute, an indirect route was used to develop the atomic surface tension coefficient
(o zr ) needed for computing the contribution of the Zr atom to Gps in toluene. First, a
free energy cycle was constructed as shown in Figure 1. In this cycle, M is a Zr-
containing cation, T is a toluene molecule, C is a complex of M with a single toluene
molecule, g stands for gas-phase, and s stands for toluene solution. A GZ(M), AG3(T),
and AGY(C) are the solvation free energies in toluene for M, T, and C, respectively;
and A G% and A G§ are the complexation free energies in the gas phase and in solution,

respectively. The key to the method is that AG§ should be zero because it simply
corresponds to labeling the first-solvation-shell of toluene in two different ways, first as
part of the solvent, then as part of the solute. This gives the following equation:

AGYM)+AGYUT) = AGS+AGY(C). ©)

In principle, both AG$(M) and A GY(C) contain the contributions to the CDS energies
from Zr. An examination of three-dimensional space-filling models of the complexes
as well as an estimate of the solvent-accessible surface area of Zr in the complexes
indicate that the zirconium atom in the complex is totally buried, i.e., the Zr
contribution to CDS should be zero for the complex; therefore, we chose the solvent
radius large enough (1.7 A) to insure that 42, is zero for four complexes of interest.
(Note that a solvent radius of zero is used for computing 4, for a non-metallic
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atom £ in SM5.2R.) The atomic surface tension, oz, , for Zr thus can be determined in
the following way:

62 Az (M) = AGE+AGY(O) -~ AGS (M) - AG(T), 3

where 47, (M) is the exposed surface area of Zr in M, and AG%(M) is the solvation

free energy for M without a first-solvation shell contribution from Zr. The Zr atomic
surface tensions for two specific solvation models described below were obtained using

AG%
Mg + T —m——p C@
lAG%(M) lAG‘s’(T) lAGg(C)
AG§ '

M) + T() ——p Cs)

Figure 1. Free energy cycle used in developing the solvation models

Equation 3 and the gas-phase free energies for Cp,ZrCH," and Cp,ZrCH,(C,H,CH,)
(Figure 2A and Table I). These parameterizations were then tested using Equation 2
and the gas-phase free energies for the three zirconocenium cations, Cp,ZrR” and the
cation-toluene complexes, Cp2ZrR(CH,CH,)", with R = H, Cl, and CH,CH,CH,.

Some important features of the two specific solvation models for Zr compounds
in toluene (henceforth referred to as zirconium solvation models, ZSM1 and ZSM2) are
given below.

ZSMI: Semiempirical method implemented with the MNDO/d parameters of Thiel et
al. (55-38) except for the Zr o parameter that was optimized to 1.4 A™'.
Fixed (Rigid) solute geometries: We used optimized gas-phase geometries for
the solute geometries. The contribution to Eg, from nuclear relaxation
was absorbed in the CDS term.
Charge model: We used Mulliken charges (Class II charges) to compute Gp.
First-solvation-shell term: We used SM5-type surface tension functional
forms (46-49) to compute Gcps. For toluene, the surface tension
coefficients were determined by the solvent properties, namely, index of
refraction of 1.4961, hydrogen-bond acidity of 0.0, hydrogen-bond
basicity of 0.14, and macroscopic surface tension of 40.2 cal mol™ A~

ZSM2: DFT method implemented with the BPW91 (59) exchange-correlation
functional; for Zr, DGAUSS-built-in valence basis sets PPC (atomic)
and AP1 (fitting) were used with pseudopotentials. For the other atoms,
the MIDI! basis set (60) was used with the original five-function
spherical harmonic d set replaced by a six-function Cartesian d set.
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Fixed (Rigid) solute geometries: We used the same geometries as for ZSM1.

Charge model: We used Class IV CM2 charges (67), mapped from Lowdin
population analysis, to compute G,. In previous validation studies (67),
the mapping was found to decrease the errors in dipole moments,
typically by a factor of 3. Special attention was paid to obtaining
realistic charges for aromatics.

First-solvation-shell term: We used parameters similar to those in ZSMI1.

For the free energies of activation, adding the solvation energies at the gas-
phase stationary points corresponds to the assumption of separable equilibrium
solvation (62).

Results and Discussion

a. Specific Binding of Toluene to Zirconocenium Cations. In general, toluene may
coordinate to the transition metal center of the zirconocenium cations in several
different ways, i.e., via n)'(one C atom), 1’ (two C atoms), n° (three C atoms), n° (six C
atoms), or its methyl-group. Two zirconocenium cation-toluene conformers, n' and
pseudo-n’, are shown in Figures 2A and 2B, respectively. We note also, although not

E=-742.847535 a.u. E=-742.843921 a.u.

Figure 2. Structures of stable complexes of toluene with Cp,ZrCH,"

shown in the figure, that the ethylene molecule is coordinated to the zirconocenium
cations in a slightly asymmetric-n? manner. The difference between the coordination of
the toluene and that of ethylene may be due to the relatively strong repulsive steric
interactions of a toluene molecule with the auxiliary ligands. In Figure 2A, we show the

lowest-energy conformer, having values of -22.1 and -10.3 kcal/mol for A HS¢g and

AGSgg, respectively. These numbers are only slightly larger (1-2 kcal/mol) than
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the corresponding values for ethylene coordination to the zirconocenium cations.
Table1 gives the complexation energies for Cp,ZrR* with R= H, Cl, CH,, and
CH,CH,CH, and shows that toluene does bond strongly to zirconocenium cations. All
of the energies listed in Table I correspond to those of the most stable conformers with

structures similar to Figure 2A.

b. Gas-Phase Full-HL Calculations Ethylene Insertion. For the reaction steps in
Scheme A, full-HL computations have been performed for the gas-phase stationary
points on the potential energy surface. The classical energetics, i.c., the electronic
contributions (including nuclear repulsion) without zero point energies (ZPE), are

summarized in Table II. Overall, there are significant differences in energetics between

Table I. Full-HL gas-phase energetics (kcal/mol) of the complexation of toluene with

zirconocenium cations.

Zirconocenium cation AES A H59g A G5og
Cp,ZtH" -27.8 -25.5 -14.9
Cp,ZrCI" -25.0 -22.0 -12.0
Cp,ZrCH;" -24.7 -22.1 -10.3
Cp,ZrCH,CH,CH;’

B-agostic -14.1 -11.4 0.1
almost non-agostic =242 -21.6 -9.6

Table II. Energetics (kcal/mol) for the reaction steps involving [CpCH,Cp]ZrR" and

Cp,ZIR*

Reaction [CpCH,Cp]ZrR* Cp,Z1rR*

step?  AEC  AET AE* AES AES  AET AE* AL
2 216 77 71 198 81 63
3a 147 97 60 95 99 35
3a’ 147 88 64 108 -100 7.2
3b 169 25 96 138 40 72
4a 78 -140 53 125 | -78  -147 44 146
4a' 66 =95 103 161 | -39 -125 78 162
4a" -85 -103 55 188 | -60- -115 34 175
4b 109 120 269 125 123 250
de 147 -44 114 164 | 95 49 123 118
5 2475 1568 10b 255 1775 160

9For numbering of steps and notation for energetics, see Scheme A.
Ethylene is in a broad-side-on orientation.

the bridged and non-bridged zirconocene systems for the reaction steps under
consideration. The reaction activation barriers (AE™) for propagation, hexene
incorporation, and hydrogenolysis reaction steps are lower for the non-bridged system.
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Since the zero point, thermal energetic, entropic, and solvation contributions to free
energy changes play an important role in determining the energetics of the reaction
steps, further examination of the reaction energetics will be deferred until solvent
effects are discussed.

¢. IMOMOHL:LL) Calculations for Propylene Incorporation. IMOMO
calculations were performed to test the adequacy of this method for modeling higher
olefin insertion by using ethylene as a subsystem for the higher olefin homologues. The
energies (AE ) and geometries were calculated by IMOMO method for reaction step
3b, where propylene was used as the comonomer. For the HL systems, we chose the
homologous complexes Cp,Zr(C,H;)" and Cp,Zr(C,H,)" in which one methyl group in
both the Cp,Zr(C;H,)" and the propylene and two methyl groups in the n-complex,
transition state, and products were replaced by hydrogen atoms. The reactants,
intermediates, transition states, and products were calculated for a front side, 2,1-
insertion, i.e., insertion by the addition of the metal alkyl to the coordinated propylene
to give a secondary alkyl group attached to the metal. The potential energy surfaces and
optimized geometries for this reaction, calculated at both the IMOMO and full-HL
levels of theory, are presented in Figures 3 and 4, respectively.

Most of the IMOMO bond distances presented in Figure 4 are within 1% of
those calculated using the full-HL method. In particular, the agostic interaction
distances and carbon-zirconium bond distances shown in the figure are in good
agreement with those optimized at full-HL level. The advantage of the IMOMO
method is that it provides, at a lower cost, geometries comparable to those obtained
from full-HL calculations. However, as Figure 3 shows, the differences in the
energetics between the full-HL and the IMOMO calculations are as large as 3 kcal/mol.
This suggests that caution should be used when applying this IMOMO approach to the
calculation of energetics.

d. Solvation Effects. The modification of the gas-phase free energy changes by the
solvent effect has been computed for all applicable substeps of the reaction steps in
Scheme A, except step 1. The data for the two zirconocene catalyst systems I and II are
compiled in Table III, where we use the notation

AAG*=AGE-AG3gg, x=¢, 1,5, or #. 6]

The definitions of AG§ , AG3gg, and the reaction substeps are given in Scheme A.
Generally, the solvation models, ZSM1 and ZSM2, predict very similar solvation
effects (to within ~1 kcal/mol) for the free energy changes of all reaction substeps,

except for the hydrogenolysis reaction, where the unsigned differences in the AAG*s
between the two models for a given zirconium complex range from 1 to 4 kcal/mol.

Table IV shows enthalpy (A H3gg) and free energy (A G3og, AG¥) changes for
the reactions substeps involving systems I and II, respectively. To illustrate how the
energetics change at the various stages of a reaction, energy diagrams for reaction steps
2, 3a, 42", and 4b involving {CpCH,Cp]ZrR" are given in Figures 5-8. At this point in
our gas-phase computational work, we have only identified saddle points for the
reaction substep; the nature of the transition states (if any) for the complexation and
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Figure 3. Energetics calculated at the IMOMO and full-HL levels for the
propylene incorporation step, 3b: Cp,ZrCH,CH,CH," + CH,=CHCH; -
Cp,ZrCH,CH(CH,)CH,CH,CH;".

Distances in A
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IMOMO Plain
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Figure 4. Optimized geometries of the reactants, intermediate, transition state,
and product of the propylene incorporation reaction step, 3b.



Table HI. Solvent effects (kcal/mol) on free energy changes, upper
entry computed by ZSM1 and lower entry computed by ZSM2.

Zirconocenium Reaction  AAGE MG AAGF  AAG®
Cation Step?
Cp,ZIR” 2 6.1 -0.1 -0.1
54 -0.4 0.5
3a 14 -0.6 -1.3
1.1 -0.5 -0.0
3a’ 1.1 -0.4 0.1
1.1 -0.7 0.0
3b 1.7 0.6 0.9
22 0.5 0.9
4a 2.0 3.0 0.3 -9.6
33 -0.4 0.3 -8.5
4a’ 2.3 1.8 -1.0 -11.1
-0.8 -1.6 -0.6 -10.0
4a" -3.3 3.1 1.1 -11.6
-0.7 -1.0 0.1 -10.7
4b 1.4 0.9 -11.3
0.1 0.9 -10.5
4c 1.4 0.2 0.0 -2.8
1.1 0.1 0.2 2.7
5 10.1 -14 03
8.8 0.1 04
[CpCH.Cp]ZrR* 2 9.9 -0.3 0.1
9.1 -0.4 0.6
3a 3.5 -0.5 -1.2
3.0 -0.6 -0.1
3a’ 3.0 0.2 0.1
2.8 -0.2 0.1
3b 53 -0.6 -0.5
4.9 0.1 -0.1
4a 5.1 34 0.9 -14.9
6.2 0.4 0.7 -13.7
4a’ -0.3 2.1 -1.1 -17.0
12 -12 -1.0 -15.8
4a" -1.1 29 1.3 -17.0
1.0 -1.2 0.4 -15.7
4b 32 1.4 -16.7
23 1.8 -16.7
4c 3.5 04 -0.1 -4.9
3.0 0.2 0.1 -4.5
5 15.4 -3.1 0.4
13.9 -2.0 0.8

aFor numbering of steps and notation for energetics, see Scheme A

and Equation 4.
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Table IV. Enthalpy and free energy changes in the gas phase and free energy changes in toluene for
reaction steps involving Cp,ZrR’ (upper entry) and [CpCH,Cp]ZtR" (lower entry).

Rsetzcgi‘i" AHSs AGSss AG§ AHhg AGlog AGE AHis AGlog AGE AHgg AGSgg AGS

2 -18.1 -6.7 -0.6 -6.2 -3.4 -3.5 6.6 7.9 7.8
-20.2 -9.9 0.0 -5.8 -3.1 -3.4 7.1 10.1 10.2
3a -7.1 44 5.8 90 79 -8.5 29 4.5 32
-12.6 -1.2 2.3 -7.1 -5.3 -5.8 53 6.9 5.7

3a’ -8.5 5.8 6.9 -89 -9.0 -94 7.7 9.6 9.7
-12.8 -1.0 1.0 -1.5 -6.8 -6.6 6.7 9.2 9.3
3b -11.3 0.8 25 -3.1 -2.4 -1.9 6.9 9.4 103

-15.0 -33 2.0 -1.3 0.5 -0.1 9.2 1.7 11.2
4a -5.9 1.4 34 -120 -115 -8.5 42 5.9 6.2 10.8 0.8 -8.9
-6.2 1.1 62 -113 -116 -8.2 5.0 6.5 74 115 2.1 -128
4a' -1.4 7.7 54 -103  -109 9.1 6.9 73 6.3 14,9 3.8 -13

-4.6 32 2.9 -7.0 -9.5 -1.5 9.4 9.7 8.6 15.0 62 -10.8
4a" 233 57 24 93  -105 -14 2.7 33 44 16.0 44 <12

-6.4 23 1.2 -8.0 9.1 -6.2 49 5.1 6.4 17.7 6.6 -104
4b 10.9 1.5 12.9 9.6 10.5 114 233 10.7 -0.6
92 84 11.6 9.4 9.5 109 255 13.9 -2.8
4c -7.1 4.4 5.8 -4.9 -4.9 -4.7 9.9 12.6 12.6 9.5 -3.3 -6.1
-12.6 -12 2.3 -4.5 =53 -4.9 8.9 11.4 113 142 35 -1.4

5 -208 -105 04 -159 -15.1  -165 7.2 2.0 23

-233  -13.1 23 -13.8 -120 -I5.1 13 2.5 29

“Calculated by ZSM1. All data are in kcal/mol.
®For numbering of the steps and notation for energetics, see Scheme A.
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Figure 5. Relative enthalpies and free energies for the initiation reaction step, 2.
involving [CpCH,Cp]ZrCH," + C,H,.
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Figure 6. Relative enthalpies and free energies for the propagation reaction step,
3a, involving [CpCH,Cp]ZrCH,CH,CH," + C,H,.
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Figure 8. Relative enthalpies and free energies for the termination by B-H transfer
to the metal center reaction step, 4b, involving [CpCH,Cp]ZrCH,CH,CH,".
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separation substeps is not clear. It is evident from the data in Table IV, as well as from
Figures 5-8, that the greatest effect of the solvent is manifested in those substeps
involving tri-coordinated zirconocenium cations, i.e., the complexation and separation
substeps. The free energy changes and the activation free energies for the reaction
substeps are changed to lesser extents in going from the gas phase to the solution
phase. Also, we note that there is a significant difference in what is observed when one
examines free energy changes rather than enthalpy changes.

The solvation effects are important in developing an understanding of the
mechanisms involved in zirconcene-catalyzed ethylene polymerization. Specifically,
solvation effects are pronounced in the initiation reaction step 2 (see Figure 5), the
reactivation reaction step 5, and the termination reaction steps 4a-a" and 4b, see
Table I1I. Considering the case of the initiation reaction for [CpCH,Cp]ZrR" without
solvation, the transition state free energy is nearly the same (within 0.2 kcal/mol) as the
free energy of the reactants, both referenced to the same energy level; but with
solvation the former is 10 kcal/mol higher. For the termination reaction steps, solvation
reduces the free energy changes for the separation into products by approximately 16
kcal/mol for reactions 4a-a" and 4b. Thus, predictions involving the energetics of
polymerization mechanisms including these reactions are likely to depend significantly
on solvation effects.

Solvation plays quite a different role in the free energies of activation for the
two insertion steps, i.c., initiation and propagation. (Note that the free energy of

activation for these reaction steps is AG®+AG* if the reactants are in chemical
equilibrium with the reactant complex.) The present gas-phase calculations (Figures 5
and 6) yield free energies of activation of 0.2 and 5.7 kcal/mol, respectively, for the
initiation and propagation steps, referenced to separate reactants, implying that the
latter provides a higher dynamical bottleneck. However, for a toluene solvent the
calculations (also in Figures 5 and 6) yield 10.2 and 8.0 kcal/mol for corresponding
free energies of activation for initiation and propagation, implying that the former
provides a higher bottleneck and that the overall activation energy is about 10
kcal/mol. Thus the resuits of the condensed-phase calculations change our qualitative
understanding of the polymer chain growth mechanism.

Summary and Conclusions

We have performed electronic structure and free energy of solvation calculations on
two structurally distinct zirconocene catalyst systems. Comparing the two systems,
significant differences are observed in the energetics at stationary points along the
reaction paths for the various reaction steps involved in ethylene polymerization and
hexene incorporation. Moreover, considering each zirconocene system separately, the
changes in the gas-phase free energies and the solution-phase free energies differ
significantly from each other. Two notable consequences for the catalyst systems
studied are that the insertion reaction step is most likely the dynamical bottleneck for
the polymer chain growth and that termination by B-H transfer to the metal center may
indeed be a viable polymer chain termination process.

For large metallocene systems, the integrated method, IMOMO, shows promise
for obtaining optimized geometries and possibly energies.
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