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Abstract

The influence of ligand structure of hafnocenes on activation of the polymerization catalysts has been studied by quantum chemical
methods. Altogether 54 hafnocenes were included in the analysis, supplemented by four zirconocenes for comparison. The trends in
structural and electronic parameters relevant in the catalyst activation step were studied for the dichloride, dimethyl and cationic
monomethyl forms of the catalysts. The effects of ligand modifications were analyzed as functions of the metal, ancillary cyclopentadie-
nyl-based ligand, ligand substituent and the ligand bridge, making comparisons to experimental data. Generally, large aromatic ligands
together with electron donating ligand substituents stabilize the catalytically active species, thus facilitating the catalyst activation
process. The obtained trends are expected to aid in the development of new high-performance polymerization catalysts.
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1. Introduction

Hafnocenes belong to Group IV metallocenes, which are
frequently used as olefin polymerization catalysts. Metallo-
cenes can produce highly uniform polymer structure with
narrow molecular weight distributions. The polymerization
activities are particularly high in the case of zirconocenes,
which have been most widely studied by both experimental
and theoretical methods. Generally, the analogous hafnoc-
enes have lower polymerization activities, but have the
benefit of producing higher molecular weight than the cor-
responding zirconocenes [1].

Prior to the initiation of the polymerization process,
metallocene dichloride precursors need to be activated for
generation of the catalytically active species. The activation
is typically performed by methylaluminoxane (MAO)
cocatalyst, exact structure, and hence mechanism of func-
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tion, of which has remained unsolved [2]. The activation
process starts with methylation of the metallocene precur-
sor, which is followed by abstraction of either a methyl
group from the dimethylated species or chlorine from the
monomethylated species, to form the active cationic species
(Scheme 1) [3]. The polymerization reaction itself takes
place between the incoming monomers and the generated
active metal center. The catalytic performance is sensitive
for the conditions of polymerization, being influenced by
factors such as temperature, solvent, monomer concentra-
tion and catalyst/co-catalyst ratio.

Alongside with the reaction conditions, the polymeriza-
tion performance is strongly affected by the molecular
structure of the metallocene catalyst. The ligand structure
has a central role, correlations between the ligand structure
and polymerization activity having been reported for zirco-
nocenes [4]. The correlations have been interpreted to orig-
inate from differences in the accessibility of the active metal
center, which is contributed by both steric and electronic
effects [4]. Much less data is available for hafnocenes


mailto:tapani.pakkanen@joensuu.fi

156 V.A. Karttunen et al. | Journal of Organometallic Chemistry 693 (2008) 155-163

Methylation
Cl CH CH
CpZHf< MAO CpZHf< 3 MAO szHf< 3
cl al CH,
a b c
Activation cH
CH
— i S/AI‘ szHf+/ 3 )
CH, _Al
d e CH,

Scheme 1. Methylation and activation of a hafnocene dichloride with
methylaluminoxane.

[1,5]. Nevertheless, the knowledge on zirconocenes pro-
vides useful guidelines for the performance of hafnocenes
due to the similarity of the two metallocenes. From steric
point of view, they are practically equal due to a similar
ligand framework. Owing to the 4f lanthanide contraction
of Hf, zirconocenes and hafnocenes are isostructural with
practically same atomic radii [6]. Considering the dichlo-
ride precursor forms, the main structural difference
between the two metallocenes is the M—Cl distance, which
is about 0.02 A shorter in hafnocenes [7]. Moreover, haf-
nium complexes usually possess stronger M—C bonds [8].
Hence, the bonds between the metal and the leaving groups
(Cl, Me), i.e. the bonds which are broken during the activa-
tion step, are stronger in hafnocenes. Experimental mea-
surements suggest methide abstraction from hafnocenes
to be ca. 17 kJ/mol less exothermic than for zirconocenes.
The stronger M—Cl and M-C bonds in hafnocenes have
been interpreted to result in lower polymerization activity
but higher molecular weight of the polymer in comparison
to zirconocenes [2,9].

There are only a few previous quantum chemical studies
on hafnocenes as polymerization catalysts [10,11]. The
present theoretical study is motivated by the promise of
the hafnocenes: they produce high molecular weight poly-
mer but have room for improvement when it comes to
polymerization activities. To screen potential ways of
enhancing the activities of the hafnocenes, we study the
influence of the ligand structure with focus on steric and
electronic factors important in the catalyst activation step.
Altogether 54 hafnocenes are included in the study, to ana-
lyze the effect of various ancillary ligands, ligand substitu-
ents and bridges between the ancillary ligands.

2. Computational methods

All metallocenes were fully optimized without any con-
straints. Hybrid density functional B3LYP [12-14] method
with 6-31G* basis set was applied for all elements except
Hf and Zr. For Hf, Los Alamos ECP [15] (LANL2DZ)
was employed and for Zr the Huzinaga’s all-electron extra
basis (Zr, 433321/433/421) [16]. The applied combinations
of methods and basis sets have been previously shown to
provide reliable structures for hafnocenes [17] and zirco-
nocenes [18]. Optimizations were carried out with the
Gaussian03 program package [19].

3. Results and discussion
3.1. Choice of the hafnocenes

The base for the studied set of hafnocenes is formed by
experimentally characterized hafnocenes found from the
Cambridge structural database. The hafnocenes were
selected from the database with the following prerequisites:
(a) exactly one Hf atom, (b) two cyclopentadienyl rings (c)
two chlorines as leaving groups and (d) no other transition
metals than Hf. Altogether 39 hafnocenes were included in
the study. The crystallographically characterized hafnoc-
enes (C1-C39 in Fig. 1) were supplemented with additional
structures (HI-H15 in Fig. 1) to enable direct comparison
of the influence of a greater variety of structural modifica-
tions. Conformational analysis was carried out for the haf-
nocenes HI-HI5 to locate the global minimum
conformations. The hafnocenes C1-C39 were studied in
the conformation of the crystal structure.

3.2. Description of the steric and electronic effects

The ligand structures of the metallocenes give rise to
various steric and electronic effects contributing to the fea-
sibility of the activation step together with the subsequent
polymerization steps. Several parameters measuring the
steric and electronic environment of the hafnocenes were
considered. The studied parameters were taken from a pre-
vious study, in which their influence is analyzed more dee-
ply [4c].

The steric influence of the ligand framework is measured
by three structural parameters: Hf—Cp’ distance, Cp’-Hf-
Cp’ angle and Cp’-Cp’ plane angle (Cp’ = any cyclopenta-
dienyl-based ligand). Generally, the accessibility of the
metal center is improved by increasing the Hf-Cp’ dis-
tance, decreasing the Cp’-Hf-Cp’ angle and increasing
the Cp’'—Cp’ plane angle. It should be noted that the influ-
ence of the structural effect is actually less straightforward
due to the simultaneous electronic effects they give rise to.
This is best seen by considering the ring slippage angle
(RSA), i.e. displacement of the ring centroid from the nor-
mal to the ring plane, which is defined by a combination of
the Cp’-Hf-Cp’ angle and the Cp'-Cp’ plane angle
(RSA = 1/2(Cp'-Cp’ + Cp’-Hf-Cp’) —90). RSA affects
the electron donating nature of the Cp’ ligand, changing
the overlap between the metal and ligand orbitals [4c].

The electron donating nature of the Cp’ ligand signifi-
cantly affects the relative stability of the active cationic spe-
cies, thereby affecting the feasibility of the activation step
and thus the concentration of the active species in the sys-
tem. The stability of the active cationic form relative to the
dichloride precursor (AE,) can be calculated from

AEX = [Ee(LX) - Ea(LX)] - [Ee(LO) - Ea(LO)] (1)

Here one ligand structure is selected as the reference (L)
for the other ligand structures (L,) to be compared with.
E, is the total energy of the cationic monomethyl form
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Fig. 1. Schematic ligand structures of the studied hafnocenes.

(e in Scheme 1) and E,, is the total energy of the dichloride
precursor (a in Scheme 1). The relative stabilities of the
dimethylated species can be calculated from Eq. (1) by
changing E, to E., which is the total energy of the dimethy-
lated form (c in Scheme 1). The focus being on the ligand
structures, the effects of cocatalysts are omitted throughout
the paper.

Two metal-ligand bonds, Hf~Cl and Hf-CH3, break in
the activation process, and Hf~CH;" at the beginning of
the polymerization process. Since shorter bonds are usually
stronger, these structural parameters provide information
about the strengths of the relevant metal-ligand bonds.

The discussed parameters are listed in Table 1 for all
studied hafnocenes. In the following, the effects of ligand



Table 1
Energies and geometries of hafnocene dichloride, dimethyl and monomethylated form
Structure L,MCl, L,MMe, L,MMe"

Hf-Cl Hf-Cp Hf-Cp Cp-Hf- Cp- RSA AE (kJ/ Hf-C Hf-Cp Hf-Cp Cp-Hf- Cp- RSA AE (KJ/ Hf-C  Hf-Cp Hf- Cp-Hf- Cp- RSA

(A) (A)* (A) Cp (°) Cp(®) () mol (A) (A)* (A) Cp () Cp(®) () mol A @A Cp(®) Cp() Cp ()
Cl 2427  2.238 129.5 52.7 1.1 0 2259 2.262 133.2 49.2 1.2 0 2.210 2.189 138.7 40.7 -0.3
C2 2435 2.243 130.4 56.1 33 17 2259  2.279 131.5 54.9 32 =25 2232 2192 2.184  137.1 443 0.7
C3 2435  2.247 131.3 51.0 1.1 9 2263 2272 2274 1340 48.8 14 =30 2226 2174 2.198 1383 41.7 0.0
C4 2434 2255 129.3 54.1 1.7 7 2263  2.282 131.1 50.8 1.0 =57 2.235  2.186 2197 1374 43.7 0.5
C5 2421  2.245 129.3 53.0 1.2 =2 2259 2276 131.4 50.7 1.0 —104 2237 2222 2209 1355 437 -0.4
C6 2421 2241 125.2 60.3 2.8 8 2252 2.266 125.1 59.5 23 -1 2211 2.178 128.2 56.2 22
C7 2430  2.239 130.9 51.3 1.1 3 2261  2.264 1334 48.9 1.2 -24 2216 2.185 139.7 39.9 -0.2
C8 2414 2220 116.2 71.4 3.8 16 2250 2.246 115.7 71.1 34 16 2.208  2.169 118.4 68.1 3.2
C9 2424 2251 125.5 64.8 5.1 26 2255 2277 125.0 64.0 45 =22 2227 2174 128.3 58.9 3.6
C10 2434 2234 131.6 50.6 1.1 4 2267  2.260 134.5 479 1.2 =32 2213 2173 138.7 433 1.0
Cl1 2434  2.256 129.1 54.0 1.6 7 2262 2.284 131.7 50.1 09 —63 2239 2.203 129.6 433 -3.6
C12 2427 2252 2.247 126.8 59.9 34 18 2257  2.276 2272 1265 59.0 27 =21 2220 2.188 2.169 1299 54.6 23
C13 2415 2.207 2239 129.1 54.1 1.6 4 2263 2.268 134.6 47.2 09 -106 2245 2211 139.6 40.2 —0.1
Cl4 2427 2224 2.237 127.7 53.5 0.6 5 2.258  2.260 2246 1288 52.3 0.6 -19 2215 2177 2.162 1328 47.6 0.2
Cl15 2433  2.258 128.1 61.6 4.8 26 2.255  2.289 127.6 60.8 42 =31 2230 2177 2.180  131.1 54.9 3.0
Cl6 2429  2.266 128.3 62.1 5.2 27 2255 2.290 127.8 60.8 43 =32 2.230 2.176 131.3 54.6 29
C17 2429  2.263 128.1 61.8 5.0 26 2258  2.286 127.5 60.7 4.1 -33 2230 2.178 131.1 55.0 3.0
Cl18 2433 2261 128.6 60.1 4.4 27 2.256  2.289 128.1 59.2 37 =35 2.230  2.179 131.7 53.3 2.5
C19 2432 2234 129.8 50.0 —0.1 4 2264 2.254 131.7 49.3 05 -17 2212 2.180 137.5 40.5 -1.0
C20 2427 2237 2.251 130.6 56.2 34 11 2268  2.269 133.9 52.1 30 -39 2222 2.183 139.4 43.8 1.6
C21 2427 2247 2243 1294 53.6 1.5 8 2259 2278 2.275 131.6 50.9 1.3 —123 2238 2214 2211 132.6 49.4 1.0
C22 2426  2.251 2246 126.2 61.6 3.9 18 2254 2275 125.8 60.8 33 -16 2220 2.168 2.186 1292 56.3 2.7
C23 2416 2.224 2236  116.1 72.0 4.0 17 2253 2.250 2.263 115.6 72.5 4.1 0 2213 2.167 2.174 1184 68.7 3.5
C24 2415 2.238 2224 1161 72.0 4.1 17 2253 2.262 2.248 115.7 72.3 4.0 -3 2214 2174 2.167 118.5 68.6 3.6
C25 2.407  2.280 125.6 62.4 40 -4 2244 2294 125.1 61.2 3.1 —49 2237  2.204 2.180 128.5 52.0 0.2
C26 2431  2.249 125.2 61.2 3.2 24 2257  2.276 125.1 60.5 28 28 2223 2.168 2.178  128.9 54.2 1.6
C27 2.407  2.286 130.9 54.1 25 -14 2244  2.309 134.0 49.5 1.7 -9% 2232 2.199 2.166  139.1 40.3 -0.3
C28 2408  2.290 131.3 56.5 39 -16 2242 2.307 132.5 477 0.1 -102 2234  2.171 2.178  139.3 38.7 -1.0
C29 2399 2.287 2279  131.1 50.1 06 —13 2246 2310 2307 1326 47.4 0.0 =55 2238 2.171 2.175  140.7 37.7 -0.8
C30 2401  2.263 2.211 117.5 72.8 5.1 13 2.248  2.287 2236  116.8 72.4 46 =27 2225 2173 2.166  119.7 68.1 3.9
C31 2.401  2.290 118.1 78.1 8.1 14 2233 2.326 116.7 78.0 74  -38 2222 2197 2182 121.7 70.0 5.9
C32 2395 2262 116.9 73.3 5.1 3 2234  2.286 115.9 72.7 43 =21 2215 2151 2175  120.7 66.8 3.7
C33 2.408  2.287 131.0 54.2 26 -9 2.244 2311 132.5 51.4 1.9 -106 2233 2.233 2219 1375 439 0.7
C34 2401  2.329 2,192 1182 74.9 6.6 7 2241  2.346 2.215 117.7 74.1 59 =31 2236 2.225 2.155  120.6 69.7 5.1
C35 2402 2317 2.187 1175 75.4 6.4 7 2242 2334 2209 1170 74.5 57 -4 2225 2192 2.147  120.5 69.5 5.0
C36 2.404  2.340 2.196 1184 76.0 7.2 11 2.239  2.360 2227 1175 75.5 6.5 =51 2227 2214 2.135  120.6 68.3 4.5
C37 2408  2.501 2.228 134.9 62.6 8.7 9 2240 2.551 2.258 137.5 61.5 95 =75 2231 2210 2.188  141.5 42.1 1.8
C38 2402 2.395 2216 128.5 66.8 77 =2 2.239 2421 2.238 1284 66.2 73 =59 2.246  2.281 2.176  128.8 55.8 23
C39 2.403  2.327 2.195 118.6 75.4 7.0 11 2240  2.349 2.221 118.0 74.8 64 =35 2224 2225 2.152 1209 70.1 5.5
H1 2436  2.237 131.3 52.5 1.9 8 2261 2.266 133.7 51.8 28 =21 2223 2.183 2179  138.1 42.5 0.3
H2 2421  2.247 126.2 61.8 4.0 15 2255 2272 125.9 61.4 37 =20 2216 2.177 2173 1293 56.6 29
H3 2.408  2.309 2230 1268 63.6 5.2 3 2243 2.337 2.253 126.4 63.1 48  —40 2225  2.201 2.178  129.1 57.9 3.5
H4 2.433  2.287 2238 1323 453 -1.2 6 2.259 2.331 2264  134.0 437 -1.2  -64 2236 2.244 2.198  136.2 39.0 -2.4
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% Upper Cp’ in schematic ligand structure in Fig. 1.

modifications are analyzed in detail for each parameter.
For calculation of the relative energies, C1 (see Fig. 1) is
set as the reference. In unsymmetrical hafnocenes, the
two Hf-Cl and Hf-CHj; distances may have different val-
ues. Whenever this is the case, the shorter Hf-Cl and the
longer Hf~CHj distances are included in the comparisons,
because two Hf-Cl bonds are broken from the dichloride
precursor and one Hf-C from the dimethyl form. The
range of the parameters are listed in Table 2.

3.3. The effect of metal

Selection of the metal affects both polymerization activ-
ity and molecular weight of the polymer. The experimental
data available for zirconocenes will be utilized below in the
analysis of hafnocenes. Structural parameters of four anal-
ogous hafnocenes and zirconocenes are compared in Table
3 in dichloride, dimethyl and cationic monomoethyl forms.
In the dichloride form the structural parameters, excluding
the M-Cl distance, are practically equal. The M-CI
distance is 0.023-0.030 A shorter in hafnocenes, which is
about the same as observed experimentally.[7] The same
trends apply for the dimethylated form, M—-C distances
being 0.13-0.18 A shorter in hafnocenes. More differences
are seen in the cationic monomethyl form. For hafnocenes,
M-C distance is shorter by 0.011-0.019 A, the M-Cp’
shorter by 0.007-0.023 A and the Cp’-Cp’ plane angle
smaller by 0.5-7.0°. As noted in previous literature, the
apparent reason for the lower activity of hafnocenes in
comparison to zirconocenes is the stronger bonds between
the metal and the leaving groups [8]. The smaller Cp'-Cp’
angles in hafnocene cations increase steric hindrance,
thereby decreasing the accessibility of the active reaction
centers. This may contribute to the lower activity of

hafnocenes.

Table 2

The ranges of energetic and structural parameters of the hafnocenes
Maximum Minimum

Relative stability of L,HfMe™ (kJ/mol)* —123 16

Relative s}ability of LoHfMe,(kJ/mol)* —16 27

HECp' (A) Cly: 2.501 Cly: 2.187
Me,: 2.551 Me,: 2.209
Me": 2.281 Me™: 2.135

Cp/-Hf-Cp’ (°) Cly: 135 Cly: 116
Me,: 138 Me,: 116
Me™: 141 Me™: 118

Cp'-Cp’ (°) Cly: 78 Cly: 45
Me,: 78 Me,: 44
Me™: 70 Me™: 36

RSA (°) Cl,: 8.7 Cly: —1.2
Me,: 9.5 Me,: —1.1

. Me™: 5.9 Me™: —3.6

Hf-CI (A) 2.436 2.395

Hf-CH;(A) 2.268 2.233

Hf-CH;"(A) 2.269 2.208

# Negative values indicate higher relative stability.
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Table 3

Comparison of geometry parameters of analogous hafnocenes and zirconocenes

L,MMe"

Hf-C Hf-Cp HfCp Cp-Hf-Cp Cp-Cp RSA Hf-C Hf-Cp HfCp Cp-Hf-Cp Cp-Cp RSA

LzMMez

LzMClz
Hf-Cl
(A)

Metal

Structure

Hf-Cp HOfACp Cp-Hf-Cp Cp-Cp RSA (9

(A)a

A

(

(A
1.2 2210 2.189
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Hf
Zr

Ho6

3.4. The effect of Cp’ ligand

The studied hafnocenes contain either cyclopentadienyl
(Cp), indenyl (Ind), tetrahydroindenyl (Thind) or
fluorenyl (Flu) as Cp’ ligands. The differences between
Cp and Ind can be seen by comparing C1 with H14 and
C6 with H15 (see Fig. 1). By changing from Cp to Ind,
the relative stability of the cationic monomethyl form
increases by 46-67 kJ/mol, the relative stability of the
dimethylated from increasing by 11-16 kJ/mol. The
Hf-Cp’ distances get longer and the Cp’-Hf-Cp angles
and the Cp’-Cp’ plane angle generally larger, thus also
increasing the ring slippage angle. The Hf-Cl and
Hf-CHj; distances become somewhat shorter whereas the
Hf-CH;" distances are slightly elongated.

The differences between Cp and CpFlu can be seen by
comparing C8 with C34. CpFlu increases the relative sta-
bility of the cationic monomethyl form by 47 kJ/mol and
that of the dimethyl form by 8 kJ/mol. The Hf-Cp’ dis-
tances to Flu increase, and to Cp, decrease. Cp'~Hf-Cp
angles, Cp’-Cp’ plane angles and RSAs increase. The
Hf-C bond of the cationic methyl form becomes shortened
by about 0.03 A.

The differences between Ind and Thind can be seen by
comparing C25 with C26. Thind decreases the relative sta-
bilities of both the cationic monomethyl and the dimethyl
forms by 21 and 28 kJ/mol, respectively. The Hf~Cp bonds
become shortened, while the bond angles are only slightly
affected. The Hf-Cl and Hf-CH3 bonds become longer,
whereas Hf-CH;" bond of the cationic form becomes
shorter.

The limited number of reported experimental polymeri-
zation studies of hafnocenes carried out at identical condi-
tions [5], complicates the comparison between the
experiments and the theoretical work. More abundant data
is available for zirconocenes, polymerization behaviour of
which may provide useful guidelines. Considering ethene
polymerization by zirconocenes, the polymerization activi-
ties typically increase in the order Cp < Thind < Ind
[1,5d,5¢g]. This follows the order of the relative stabilities
of the cationic forms, suggesting increased polymerization
activity because of larger concentration of active reaction
centers in the polymerization system.

3.5. The effect of ligand substituent

The influences of methyl substituents can be figured out
by comparing C1 to C3, C6 to C22 and Cl15, CI12 to C18,
H6 to H4 and H7, and HI11 to H9 and H12. The methyl
substituents improve the relative stability of the cationic
monomethyl from, the stability further improving as a
function of the number of methyl substituents. On the
other hand, the methyl groups likewise destabilize the
dimethyl form. The Hf-Cp distances become longer for
the dichloride and dimethyl forms, whereas the cationic
monomethyl remains practically unaffected. In average,
the methyl groups slightly increase the Cp—Hf-Cp angles,
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Cp’—Cp planes angles and RSAs. The trends are not appar-
ent, however. Neither are they for the leaving groups. It is
notable however, that the Hf-CH3 " bond distances of the
non-methylated, benzyl-substituted CpInd hafnocenes (H6
and H11) are particularly long. The influences of larger
alkyl substituents can be figured out by comparing C1 to
C2, C4, C20 and H1, C32 to C31, C34 to C39, H6 to HS
and H11 to H13. Their effects are very similar to those of
the methyl substituents.

Next we study the influence of aromatic substituents, the
effects of which can be seen by comparing C1 to C11 and
C21 and H14 to C27, C28, H5, H10 and C33. Aromatic
substituents strongly stabilize the cationic monomethyl
form, while slightly destabilizing the dimethyl form. In
most cases, the effects on structural parameters are mar-
ginal. However, the Hf-CH;" distances are elongated, in
average by 0.02 A. The influence of the position of phenyl
substituents on indenyl ring can be seen by comparing C28
to HS and H10, H6 to H11, H4 to H9, H7 to H12, and HS8
to H13. The relative stabilities of the cationic monomethyl
forms generally increase in the order 4-phenyl < 3-phe-
nyl < 2-phenyl, while the relative stabilities of the dimethyl
forms increase in the order 3-phenyl <4-phenyl < 2-phe-
nyl. The major structural effects of the position of the sub-
stituent are longer Hf~CH;" distances for 1-phenyl than
for 2- and 4-phenyl, and nonsystematic changes in Cp’—
Hf-Cp’ angles, Cp’-Cp’ plane angles and RSAs. As most
extreme examples, the change from 3-benzyl in H5 to 4-
benzyl in H10 decreases the Cp’'~Cp’ plane angle by 12°,
whereas the change from 3-benzyl in H4 to 4-benzyl in
H9 increases the Cp’-Cp’ plane angle by 12°.

C1 and C5, together with C28 and C29, form the pairs
for studying the influences of electron withdrawing substit-
uents. The chlorine of C5 binds to hafnium in the cationic
monomethyl form. This results in a high relative stability of
the cation but is unlikely to increase the concentration of
active center accessible by the monomers due to blocking
the active reaction center. The typical of electron with-
drawing substituents can be seen in C28 versus C29 com-
parison, the fluorines destabilizing the active species. The
dimethylated form becomes destabilized, as well. The only
major structural changes are the decreases in Cp’-Cp’
plane angles and RSAs in the dichloride form.

Experimental polymerization studies on zirconocenes
have shown that the electron withdrawing substituents gen-
erally result in decreased polymerization activities, whereas
enhanced polymerization activities are attainable by the use
of electron donating substituents. [1,5d] This correlates
with the relative stability of the active species. In this par-
ticular case, the data includes a set of hafnocenes, namely
H3, H4, H7, H11 and H12, for which polymerization stud-
ies have been performed under the same conditions. [5r] The
polymerization activities increase in the order H11 < H3 <
H12 < H4 < H7. Addition of methyl substituents thus
results in enhanced activity (compare H4 versus H7 and
H11 versus H12) as well as changing the phenyl substituent
from position 3 to position 4 (H7 versus H12). It is notable

that the activity order is in a agreement with the relative
stabilities of the active species, which increase in the order
H3< H11 <HI2 < H4 <H7.

3.6. The effect of bridge

The influences of bridges can figured out by comparing
(a) Cl1 to C6, C7, C8, C10, C13, C14, C19, C23 and C24,
(b) H14 to H15, C25 and C32, (c) H1 to H2, and (d) H6
to H3. Variation in the bridges is large, this study contain-
ing the most common bridges [5q] together with a few less
common ones. The changes in the relative stabilities of the
cationic monomethyl forms are less pronounced than in the
case other ligand modifications. The one significant excep-
tion is C13, cationic form of which is strongly stabilized by
coordination of the bridge oxygen to the hafnium center.
Generally, the one-carbon bridges decrease the relative sta-
bility of the cation, whereas many-atom bridges increase
the stability. The dimethyl forms are systematically desta-
bilized due to introduction of bridges, the variation
between the different bridges being less significant.

The bridges have major influences on the structural
parameters, however, and in particular to the angular
parameters. Typically, introduction of a bridge decreases
the Cp’-Hf-Cp’ angles and increases the Cp’~Cp angles,
both by a same magnitude, thus leaving the RSA practi-
cally unaffected. The effect is clearly the strongest for
one-atom bridges, and stronger for carbon than for silicon.
The changes in Hf-Cl, Hf~CH; and Hf-CH;" bond
lengths are mostly small with no apparent trends.

Concerning experimental polymerization studies on zir-
conocenes, the addition of Si(CHj3), increases the activity,
producing higher activities than the corresponding carbon
bridge [5q]. Comparing C(CH3), and Si(CHj3), bridges,
the carbon bridge opens the Cp—Cp plane angle by about
10° more than the corresponding silicon bridge. At the
same time, the Cp—-M-Cp angle is about 10 degrees larger
for the Si-bridged metallocene. While large Cp—Cp plane
angle opens the reaction site for the monomer, it also opens
it for the counterion. Furthermore, the larger Cp-M-Cp
angle of the Si-bridged metallocene shields the metal center
and thereby increases the metal-counterion separation. As
a consequence, the beneficial effect of the Si(CH3), bridge
could be related to the weaker interaction between the
metal and the counterion.

3.7. Summary of ligand effects

The main effects of ligand modifications to the studied
parameters are summarized in Table 4. The relative stabil-
ity of the active species is mostly stabilized by large aro-
matic Cp’ ligand and electron donating substituents, and
destabilized by electron withdrawing substituents and short
bridges. Large aromatic Cp’ ligands stabilize the dimethyl
form, as well, whereas the electron donating substituents
destabilize it. The destabilization of the dimethyl form is
the strongest in the case of short bridges. The Hf~Cp’ bond
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Table 4
Summary of the effects of ligand modifications of hafnocenes on the studied parameters
Typically increased by: Typically decreased by: Highest Lowest
Rel. stability of L,HfMe™ Large aromatic Cp’ ligands, Electron withdrawing substituents, C21 C8
electron donating substituents short bridges
Rel. stability of L,HfMe, Large aromatic Cp’ ligands Short bridges H14 Cl18
Hf-Cp’ Large aromatic Cp’ ligands Short bridges C37 (Cl,, Mey); C35 (Cl,, Me,);
C38 (Me™) C36 (Me™")
Cp'-Hf-Cp’ Large aromatic Cp’ ligands Short bridges C37 C23 (Cl,, Me»);
C8 (Me™)
Cp'-Cp’ Short bridges Long bridges C31 (Cl,, Me»); H4 (Cl,, Me,);
C39 (Me™) H6 (Me™)
RSA Large aromatic Cp’ ligands Benzyl-substituents C37 (Cl,, Mey); H4 (Cl,, Me,);
C31 (Me") H11 (Me")
Hf-Cl Alkyl-substituted Cp Large aromatic Cp’ ligands H1 C32
Hf-CHj; Alkyl-substituted Cp Large aromatic Cp’ ligands C20 C31
Hf-CH;" Large aromatic Cp’ ligands Plain Cp H6 C8

distances and Cp’-Hf-Cp’ angles seem to linked to each
other, both being increased by large aromatic Cp’ ligands
and decreased by short bridges. The Cp’-Cp’ plane angles
are most dependent on the bridge, increasing with short,
and decreasing with large bridges. Simultaneously increas-
ing both Cp’-Hf-Cp’ angles and Cp’-Cp’ plane angles, the
large aromatic Cp’ ligands produce the largest ring slippage
angles. The effect is particularly strong in the case of fluore-
nyl ligands. Surprisingly, the benzyl-substituents systemat-
ically decrease the RSA.

The Hf-Cl and Hf-CHj3 distances usually follow the
same trends, the longest distances being obtained by the
alkyl-substituted Cp ligands. The large aromatic Cp’
ligands shorten the Hf-Cl and Hf-CH; distances, being
at shortest in the case of indenyl. The Hf-CH;" distances
appear to be linked to the relative stabilities of the cations
typically increasing with large aromatic Cp’ ligands.

4. Conclusions

The steric and electronic effects of the ligand framework
of hafnocene polymerization catalysts were analyzed for a
dataset of 54 complexes. The dichloride, dimethyl and cat-
ionic monomethyl forms of the catalysts were optimized by
hybrid density functional B3LYP method. Several struc-
tural and energetic parameters were examined as a function
of the ligand structure of the hafnocenes, including com-
parisons made to zirconocenes.

The hafnocenes possess shorter M—Cl and M-CHj dis-
tances than the corresponding zirconocenes, apparently
contributing to the lower polymerization activities but
higher molecular weight of the polymer produced by haf-
nocenes. Generally, large aromatic Cp’ ligands together
with electron donating and aromatic substituents increase
the relative stability of the active cationic species due to
donation of electrons to the electron-deficient metal. The
consequently increased concentration of active metal cen-
ters in the polymerization system should result in enhanced
polymerization activities, as previously shown for zirconoc-
enes. On the other hand, electron withdrawing substituents

destabilize the active species. The structural parameters,
having both steric and electronic effects, are mostly influ-
enced by large aromatic Cp’ ligands and the bridge struc-
ture between the Cp’ ligands. Overall, the obtained trends
in ligand modifications may turn out useful in the develop-
ment of new hafnocenes, combining high polymerization
activities with high molecular weight of the polymer.
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