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A large number of DFT approaches, including classical GGA approximations, hybrid HF/DFT approaches,
and more recent-dependent functionals, have been tested for olefin polymerization reactions at a cationic
aluminum system, and their results have been compared with refined post-HF methods. The results show that
hybrid density functional methods always outperform classical GGA approaches, and more-ceetident
functionals are not yet competitive, providing nonsystematic errors in the energy evaluations. The effect of
the lengthening of the polymer chain from the “standard” ethyl group to a butyl group was found to be
significant and hence has to be taken into account when predicting the molecular weight of polymers. A
computational strategy to study olefin polymerization at Al systems is proposed.

1. Introduction SCHEME 1

In the last 25 years, the polymerizationaPlefins promoted R2
by single-site homogeneous catalysts has become a field of ]
extraordinary interest from both experimental and theoretical N e
points of view. In practice, every metal from the group 3 to the R1%C/A'_R
group 13 elements has been extensively investigated in olefin ’V
polymerization processé£.During the polymerization process, R2
a complex equilibrium between different species associated with
the precursor catalyst, the cocatalyst, the solvent, and the R' =H, R’ = iso-propyl or
monomer, is present in solutiénin this context, quantum R! = tert-butyl, R? = iso-propyl

chemical computational methods have played a very useful role,

elucidating the fascinating puzzle represented by the different methods, since it couples a real chemical problem with several
steps involved in polymerization mechanisfridowever, due  computational challenges, such as the size of the systems
to the size of the system needed to reproduce a “realistic” involved, the presence of significant electron correlation effects,
chemical environment, standard post-Hartr€eck (post-HF)  and the transfer of light particles. In the particular case of
calculations have so far been prohibitively expensive for most g-olefin polymerization, the principal termination reactions
of the catalytic systems of practical interest. Luckily, the jnvolve the transfer of hydrogen atoms, which represent a
development of computational methods based on the density“classic” DFT problenf
functional theory (DFT) is allowing the study of large systems  Following these lines, we report a detailed analysis on the
without an unacceptable loss of accurdcy. ethylene reactions at aluminuramidinate systems{RlC-

At the same time, the performaﬂce of different DFT models (NRZ)z}AlR] (See Scheme 1), which were recenﬂy reported to
is strongly related to the functional form chosen for the polymerize ethylen& 15
exchange-correlation patThis field is, therefore, in rapid The finding that these three-coordinated aluminum systems
evolution, and a number of functionals have been developed inact as ethylene polymerization catalysts led to an explosion of
the past few years (see, for instance, ref 7 for a review). As a jnterest in cationic aluminum alkyl compountdn our previous
matter of fact, the last generation of functionals, including, e.g., studies on the unsubstituted system with-=RR2 = H and R
VSXC2 B98” or HCTH! models, represents a significant = C,Hs, we found remarkable discrepancies between DFT (e.g.,
improvement over more conventional approximations. Further- Bp86 and B3LYP) and post-HF methods in the prediction of
more, we have found that hybrid HF/DFT models, such as activation energies for the ethylene insertion and chain transfer
B1LYP™ or PBEO}?fix a number of problems, such as proton-  steps involving the transfer of H atorifsl” Furthermore, these
transfer energy barriers o3 thermochemistry? 13 discrepancies were different for the ethylene insertion and for

In this context, homogeneous catalysis is, in our opinion, an the main chain termination step@-hydrogen transfer to the
ideal playground to verify the reliability of new theoretical monomer (BHT) 8-hydrogen transfer to the metal (BHE), and
hydrogen transfer from the monomer to the alkyl chain by+C

:Sgir\;gfg?;ég”% ""S‘t‘ltjg(i’r(-ﬁ'fl\]?a(i)'ﬁ “"I":‘é"z‘j’:ﬁgﬁl’f,t-jUSSie“'f’- activation (CHT). These findings could indicate that DFT
* University ongijmegen. P ' methods are of_Iimited use for the study of ethylene reactions
8 ENSCP. promoted by this class of compounds.
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To rationalize these points, we have now tested a large set. For the MP2 calculations, all electrons were included in
number of DFT approaches and compared their results to eachexcitation lists, and the results were compared with the frozen
other and to post-HF data. The small size of the system with core approximation, leading to the conclusion that the frozen
R! = R? = H makes the latter task easier, allowing the use of core increases the activation energies of-@3 kcal/mol for
sophisticated post-HF methods and of saturated basis sets. all the reaction channels considered in the present study. We

Our goal is to find a trend for the differences or a systematic checked that the 6-31G(d) basis set is adequate for geometry
route to use DFT for olefin polymerization at aluminum systems, optimizations comparing some structures with those obtained
hoping that the errors can be corrected systematically or thatwith 6-311G(d,p) basis set at the B1LYP level. Next, energy
new functionals can be developed. In addition, a study of the convergence was checked by adding step-by-step different sets
effects of several combinations of exchange and correlation of polarization and diffuse functions on all the atoms, up to the
functionals might provide additional insight into the DFT extended 6-31+G(3df, 2pd) level. This last basis set provides
methods itself. converged energies at both DFT and MP2 levels for several

Since we have already shown that&hd R substituents on reactions, including proton transf&¥2*Please note that the basis
the amidinate ligand do not play a crucial role in the ethylene set for Al referred to as 6-311G in the Gaussian package
reactionsi8 we have focused our attention on the representation corresponds to the MacLeaChandler basis set, contracted to
of the growing polymer chain, which has been modeled either a (631111/4211) pattef.
by an ethyl or by a butyl fragment. In fact, as far as we know,  All the stationary points located either at the MP2 or at the
the effect of lengthening of the polymer chain in the compu- BI1LYP levels have been characterized (as minima or first-order
tational modeling has only be checked in the context-afjostic saddle points) by computing harmonic frequencies.
interactions and BHE terminati&hand for the ethylene insertion Single-point energy evaluations were performed also by the
at group 4 metallocene cataly3fdn the last part of the present  coupled cluster (CC) approach with single excitation, double
paper, we propose an effective computational scheme for theexcitation, and a perturbative estimate of triple excitation
study of Al systems, which incorporates corrections for known (CCSD(T))??

deficiencies in methods and model systems. Counterpoise corrections (CP) for the basis set superposition
error (BSSE) were evaluated for olefin complexes according to
2. Computational Details the Boys-Bernardi method?

Both post-HF and DFT calculations were performed using a
development version of the Gaussian packédge.

A large set of exchange and correlation functionals was tested Two different molecular models have been used for the
in the present study: some of them can be classified assimulation of the growing polymer chain: in the small model,
“conventional” functionals and some others as “hybrid” func- the chain is modeled as an ethyl moiety, while a butyl fragment
tionals. The first class includes the BP and BLYP models, is used in the large system. Several reaction paths have been
obtained by combining the Becke exchange with the Perdew considered for the small system (see Figure 1): starting from
or the Lee-Yang—Parr (LYP) correlation (a comprehensive list the bare aluminum-amidinate systen{$IC(NH)2} Al CHs]*
of conventional DFT approaches is given in ref 22). Next, the (R1), two reactive channels are possible, namely, the ethylene
hybrid functionals known as B3LYP and B3PW91 have been coordination with the formation of a-complex z-C2) and the
tested, both use an empirical linear combination of Becke and 3-hydride elimination (BHE), leading to the-C8 complex.

HF exchange with the PW91 or the LYP correlation functidlal. ~ Next, three paths are open framC2: the ethylene insertion
The B98 functional is the Becke 98 exchange-correlation (TS3), the H-transfer from the monomer to the growing chain
functional in which just one parameter rules the HF/DFT (CHT, structure TS6), and thg-H transfer to the monomer
exchange rati§.We have also considered the so-called “pa- (BHT, TS5). The first two paths lead to the P4 and P6 products,
rameter-free” model, in which the quantity of the HF exchange respectively.

is fixed a priori to be 0.232 In particular, the BILYP variant In Figure 2 are reported the corresponding reaction channels
is derived from BLYP:! while the mPWO model is obtained  for the large model: analogous to R1, from the P4 product,
using our modification of the PW exchange with the corre- two reactive channels are possible, fhaydride elimination
sponding PW correlatidA?4and the PBEO model is generated (BHE,, TS11, and P11) and the coordination of an ethylene
from the exchange-correlation functional of Perdew, Burke, and monomer leading to the-C12 complex. Next, two paths have
Ernzerhof® Finally, two differentz-functionals (i.e., functionals ~ been analyzed, one corresponding to the insertion mechanisms
containing an explicit dependence upon the kinetic energy (TS13 and P14 structures) and the second to thefgk¢Rction
density) have been considered: the Scuseria’s functional (TS15 andnz-C16). This scheme allows us to verify the
(VSXC)'® and the B1Bc95 functional of Becke, in which the  approximation in modeling the growing polymer chain on the
dependence is in the correlation part ofily. two main termination steps reported for homogeneous catalysis

It must be pointed out that the PW exchange is derived from of olefin polymerization.
the B form, while the B98, PBE, and VSXC exchanges use a The discussion of the results is divided into three main
rational function of the reduced density. The difference between sections: the first part is devoted to the comparison of different
the different correlation forms is more drastic (see refs 5 and 7 computational models, with a particular attention to the per-
for a discussion on this point), even if the PBE correlation is formances of a representative collection of exchange-correlation
derived from the PW on®. All these functionals were already  functionals. In the second part, the chemical model is analyzed,
available in the Gaussian package or have been implementedand in particular, the effects of the lengthening of the polymer
by two of us, in a development versiéh. chain are discussed in detail. Finally, a combined DFT/MP2/

Different Pople’s basis sets have been consid&&gkometry CC approach is proposed and validated on the chosen systems.
optimizations have been carried out at the MP2 and B1LYP  3.1. Computational Model.3.1.1. GeometriedVe have fully
levels, using the 6-31G(d) basis sets, while single-point energy optimized all the molecular structures corresponding to the
evaluations have been performed using the 6-311G(d,p) basisdifferent steps of Figure 1, at both the MP2 and B1LYP levels.

3. Results
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Figure 1. Schematic drawing and atom labeling for the molecular structures involved in the ethylene coordination, insertion, and transfer reactions.
In the drawing, the growing chain is represented by an ethyl residue.
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Figure 2. Schematic drawing and atom labeling for the molecular structures involved in the ethylene coordination, insertion, and transfer reactions.
In the drawing, the growing chain is represented by a butyl residue.

It is well-known for organometallic systems that the B3LYP (%-C2 structure) and, in particular, for the ethylerd distance.
method provides better geometrical parameters than those ofin fact, the A-C; length is 2.45 A at the MP2 level, whereas
conventional functionals, like BP or BLYP (see for instance BI1LYP gives 2.52 A.
ref 5, 29, and 30). We have shown that the geometrical Since these geometrical differences might play a relevant role
parameters provided by B1LYP, PBEO, and B3LYP are practi- in the assessment of the coordination step, and, hence, for the
cally indistinguishablé. So, to avoid spurious effects in the energetics of the whole reaction, we have investigated this point
successive energy comparisons, we prefer to consider only theby a comparison of single-point CCSD(T) energies obtained
geometries obtained by B1LYP computations. Anyway, we with MP2 and B1LYP structures.
further assess the quality of these structures by some compari- The results collected in Table 2 clearly show that the two
sons with MP2 results. data sets are close to each other, the difference being never larger
The geometrical parameters computed at the BILYP and MP2than 0.2 kcal/mol. These results point out how the discrepancies
levels, reported in Table 1, are rather similar. Here we focus found in the geometry of the-complexes do not affect energetic
on the slight discrepancies found for the coordination complexes parameters, due to the flatness of the potential energy surface
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TABLE 1: Selected Geometrical Parameters (A and
Degrees) Calculated at the MP2 and B1LYP Levels for the
Structures Reported in Figure 1, Using the 6-31G(d) Basis
Sef

geometrical
parameters MP2 BILYP MP2 B1LYP
R1 TS7
Co—Cy 1.541 1.546 1.422 1.431
Al—C, 1.929 1.937 2.020 2.023
Al—Hg 3.145 3.183 1.655 1.661
Al—C,—Cy 114.1 115.4 62.5 79.8
7-C8 P6
Co—Cp 1.357 1.352 1.353 1.347
Al—-C, 2.432 2.468 1.897 1.897
Al—Hg 1.560 1.559 2.958 3.019
Al—C,—Cy 79.0 74.2 118.6 121.3
w-C2 TS3
Al—-C,; 2.452 2.519 1.984 1.975
Al—C; 2.452 2.515 2.205 2.247
Ci—C 1.352 1.350 1.439 1.453
Al—C, 1.935 1.943 2.062 2.095
Cu—Cs 1.541 1.546 1.530 1.534
Cui—C 3.561 3.614 2.213 2.210
Al—C,—Cp 112.3 113.9 78.4 80.3
Al—C,—C; 74.0 74.3 78.4 80.3
TS5 TS6
Al—C; 2.037 2.042 2.015 2.013
Al—-C, 2.037 2.042 2.055 2.078
Ci—C 1.443 1.452 1.356 1.356
Co—Cp 1.443 1.452 1541 1.543
C,—H 1.291 1.312 2.200 2.258
Cs—H 1.291 1.312 2.652 2.607
Al—H 2.803 2.816 1.675 1.687
Cs—C, 2.568 2.600 4.057 4.125
Ci—AlI-C, 103.4 104.3 92.1 92.6
Co—H-Cy 168.3 167.4 112.5 115.8
P4
Al—C, 1.929 1.940
Co—Cp 1.543 1.549
Cs—C, 1.529 1.536
,—H, 1.124 1.129
Al—H, 2.127 2.218
Al—C,—Cy 101.2 104.4
C,—Cs—C, 110.5 111.2
Al—C,—Cs—C, 324.5 3235

a Atom numbering scheme: J8*=CH,? for the olefin and A+C,—
Cs—C, for the growing chain.

TABLE 2: Total CCSD(T) Energies (Hartrees) and Energy
Differences (kcal/mol) Computed Using the 6-31G(d) Basis
Set and the MP2 or B1ILYP Geometries

B1LYP geometry MP2 geometry AE2
7-C8 —469.71006267 —469.71000867 —0.03
TS7 —469.67042619 —469.67026373 —0.10
R1 —469.72974229 —469.72968171 —0.04
7-C2 —548.08752902 —548.08756822 0.02
TS3 —548.03785059 —548.03741168 —0.28
P4 —548.09968376 548.09954261 —0.09
TS5 —548.04736900 —548.04701675 —0.22
TS6 —547.99893147 —547.99913447 0.13
P6 —468.52430639 —468.5244676 0.10

a2 CCSD(T)/B1LYP-CCSD(T)/MP2.

(PES) governing ethylene coordination. Similar results (within
0.1 kcal/mol) were obtained by CCSD(T) energy evaluations
at B1LYP/6-311G(d,p) geometries.

J. Phys. Chem. A, Vol. 105, No. 39, 2004017

3.1.2. EnergeticsAs mentioned above, CC computations give
reliable energy results, provided that a saturated basis set is used.
This is, of course, not an easy task, due to the great resource
demand of the method. As a matter of fact, mixed methods that
combine low-level geometries with CC single-point energy
evaluations and basis set extrapolations like the Gn family (i.e.,
G1, G23132 and, more recently, G% reach the so-called
“chemical accuracy” for molecular energies. Of course, the
consistency of the method rests on the soundness of the
extrapolations used and, in particular, on the availability of basis-
set converged results.

In the same spirit, we thought that reliable results can be
obtained by combining CCSD(T)/6-31G(d) energies with basis
set extension effects computed at the MP2 level. To find the
smallest basis set providing converged results, we have analyzed
the basis set dependence of the MP2 results for all the reactive
steps of the small model. In particular, we have considered a
large set of basis sets, ranging from 6-31G(d) to 6-3G&{3df,-
2pd). The results, reported in Table 3, have been next compared
with the G3large basi¥,that is, 6-313-G(2df,2p) on first-row
atoms and 6-31:£G(3d2f) on Al.

We note that for all the cases considered, convergence is
reached at the 6-31#1G(2df,2pd) level. This basis set is slightly
larger than that used in the G3 approach. In particular, we have
found that all the steps involving a hydrogen transfer are
sensitive to a supplementasifunction on hydrogen atom, while
the effect of the thirdl as polarization function on Al is always
negligible.

Our best estimates for the whole reaction energetics were next
obtained by adding to the CCSD(T)/6-31G(d) values the MP2
basis set extrapolation, that is, the difference between MP2/6-
311+G(2df,2pd) and MP2/6-31G(d) results. These values are
reported in the last column of Table 4 and will be our reference
values (“best value”). It is worth noting that we tested the
validity of basis set extrapolation at the MP2 level by comparing
actual CCSD(T)/6-311G(d,p) values with extrapolated results
obtained adding to CCSD(T)/6-31G(d) values the difference
between the MP2/6-311G(d,p) and the MP2/6-31G(d) results.
The differences are never larger than 0.3 kcal/mol.

In Table 4 are reported the reaction and activation energies
for all the steps of Figure 1. Among the functionals considered,
we have reported in the table only the results obtained with the
BP86, the BILYP, and the VSXC approaches. These functionals
have been chosen as the most representative of the family of
conventional (BP86), hybrid (B1LYP), anddependent (VSXC)
functionals. To cover the full range of the basis sets considered,
we have collected in the table the results obtained with the
smallest (6-31G(d)) and the largest (6-333(2df,2pd)) ones.

A complete list of energies, referring to all the considered
functionals, is available as Supporting Information (table S-I).

Let us start from the BHE, which is the reaction leading from
R1 to 7-C8, through TS7. The reaction energiesEgqg) do
not show a strong dependence on the functional, and the values
(12—16 kcal/mol) agree well with the CCSD(T) value of 13.8
kcal/mol. The only exception is the VSXC functional, which
predict an endothermicity of only 8.1 kcal/mol.

A clear trend is present, instead, for the corresponding
activation energiesN\E”snE). Here, the conventional functionals
(BP86 and BLYP) give almost the same barrier (about 32 kcal/
mol), with the BP86 result marginally lower than the BLYP

Even if both geometry sets give close CC energies, post-HF one. The inclusion of some HF exchange increases the barrier
energy evaluations have been carried out employing MP2 height, irrespective of the specific form of the exchange and

structures, while B1LYP geometries will be used in the
following for all the DFT computations.

correlation functionals. The B1LYP value is slightly higher than
the others, and it is the closest to the post HF results (about 35
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TABLE 3: Basis Set Influence at the MP2 Level on the Energies of Different Reactions Relative to the-Complex z-C22

N° basis

method function AE#BHEb AEBHEb AEcoor AE#inS AEinS AE#BHT AE#CHT AE(;HT
6-31G (d) 148 39.2 14.0 24.0 30.6 —-9.3 24.7 54.1 18.8
6-31G (d,p) 184 39.8 15.3 23.8 30.2 -—10.0 23.0 52.0 18.7
6-31+G(d) 180 38.9 135 23.2 313 —8.7 24.9 54.0 19.2
6-31+G(d,p) 216 39.2 14.8 22.8 31.0 —-9.0 23.1 52.0 18.9
6-311G (d,p) 224 38.7 16.1 22.6 289 -10.9 21.4 49.1 18.3
6-311G (2d,p) 264 38.7 15.8 23.1 28.5 —9.8 21.2 48.3 18.7
6-3114+-G (2d,2p) 332 38.3 15.6 23.9 28.4 —-9.6 20.9 48.2 18.9
6-311+G (2df,2pd) 448 374 15.4 23.3 27.5 —10.2 20.6 47.2 19.7
mixed basis sét 344 38.5 15.9 22.6 28.4 —10.6 20.8 47.9 19.1
G3largée 400 37.4 15.9 23.2 27.5 —-9.7 21.1 47.6 19.6

a All the values are in kcal/mol and are not corrected for BSSRelative to R1° 6-314+-G(d) on Al and on the amidinate ligand (HC(N#)
6-31H-G (2df,2pd) on the olefin and the growing chafrG3large-like basis set.

TABLE 4: Calculated Energies (kcal/mol) for Reactions of A-Et Species &-C2): f-H Transfer to the Metal (AE*gpe and
AEgue), Ethylene Coordination (AEceor), Insertion (AE#,s and AEj,s), p-H Transfer to the Monomer (AE#gyt), and H Transfer

to the Chain (AE#CHT and AECHT)

basis set: a a

A = 6-31G(d) BP86 B1LYP VSXC MP20 CCSD(TY

B = 6-311+G(2df,2pd) A B A B A B A B A best value¢
AE#gd 317 30.7 35.4 34.0 26.8 26.5 39.4 37.4 37.3 35.3
AEgpe? 15.9 16.5 14.8 15.0 8.1 7.9 14.0 154 12.4 13.8
AEcoor® 15.9 17.5 17.4 15.7 25.6 25.8 18.9 21.4 17.6 20.1

(2.9) (0.5) (2.6) (0.5) (3.2) (0.8) (5.1) (1.8) (5.0 1.7

AE#ins 22.5 22.1 28.6 28.3 21.0 21.8 30.6 27.3 315 28.2
AEins —-9.7 —-9.0 —8.0 —6.9 —4.4 —-2.9 —-9.0 —10.2 —-7.5 —8.7
AE# gyt 9.7 9.3 17.9 17.7 15.4 16.3 25.0 20.6 25.4 21.0
AE*cur 435 40.3 50.6 47.1 46.4 44.3 54.2 47.5 55.5 48.8
AEcut 16.9 19.4 14.7 12.8 235 23.4 18.8 19.7 18.1 19.0

a Computed using B1LYP/6-31G(d) geometrie€omputed using MP2/6-31G(d) geometrieBest value= AE(CCSD(T)/6-31G(d)}+ AE(MP2/
6-31G(d))— AE(MP2/6-311-G(2df,2pd)).¢ Relative to reactant 1 (R1y.The values are corrected for the BSSE; correction given in parentheses.

best est.
MP4(SDTQ) BRE
MP2 |
vsxc |
B1Bco5 B
PBED

functional

AE

BHE

25 30 ' 35
AE (kcal/mol)

45

The coordination of an ethylene monomer to R1 leads to the
7-C2 complex AEqo). The striking feature of the data reported
in Table 4 is the VSXC result for the coordination energy (25.8
kcal/mol), which is about 6 kcal/mol higher than the reference
CC value (20.1 kcal/mol). As concerns the other functionals, a
slight effect of the exchange and correlation can be inferred
from the collected data. In particular, functionals including the
LYP correlation underestimate the coordination energy, and even
inclusion of some HF exchange does not cause a significant
improvement (16.0 and 18.0 kcal/mol for the BLYP and the
B3LYP methods, respectively). A better agreement is found if
the PW correlation or more recent functionals are considered.
So, for instance, the mPWO functional gives 21.2 kcal/mol, while
the PBEDO result is slightly higher (22.2 kcal/mol; see table S-I).

Next, we can examine the three reactive channels, which lead
from 7-C2 to TS3, TS5, and TS6. As explained above, these
last three channels correspond to the chain propagation (TS3)

Figure 3. Histogram representation of the activation energy for the and to two termination reactions (TS5 and TS6). Let us begin

pB-hydrogen elimination (BHE) reaction. All the DFT and MP2 values

have been computed with the 6-311G(d,p) basis set.

the discussion with propagation, whose representative energies
are reported in Table 4. In Figure 4 are reported the activation

kcal/mol). The histogram representation of Figure 3, collecting energies for TS3 obtained with different methods and the
the results obtained with the 6-311G(d,p) basis set, underlines6-311G(d,p) basis set.

this trend and illustrates two further points. First, it is interesting  The results for both activation and reaction energies are spread
to note that the MP2/6-311G(d,p) computational model over- over a wide range, without any systematic dependence on the

estimates the barrierH3.1 kcal/mol). The inclusion of higher
excitations (MP4(SDTQ)) leads to a lower value, even if still

nature of the functional (conventional, hybrid edependent).
For the reaction energy\Eins), the VSXC provides the worste

higher than the CC estimation (35.3 kcal/mol). Concerning values (4.1 kcal/mol,), compared to the best estimatie (7
7-functionals, the B1Bc95 model has a behavior intermediate kcal/mol).

between pure and hybrid functionals, probably due to the In a similar manner, the activation energiesEfins) range
inclusion of some HF exchange, while the prediction of the from 22 kcal/mol at the BP86 and VSXC levels to 28 kcal/mol
VSXC variant is very low (26.5 kcal/mol), possibly as a obtained with the BILYP functional. This last value matches
consequence of the less endothermic reaction energy.

the CC results. The role of the correlation functional in
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Figure 4. Histogram representation of the activation energy for the _hydrogen transfer to the monomer (BHT) reaction. All the DFT and

insertion step. All the DFT and MP2 values have been computed with MP2 values have been computed with the 6-311G(d,p) basis set.
the 6-311G(d,p) basis set.

determining the barrier height is evident from a comparison of P86 correlation funcUoan performing better than Its LYpP
BP86 and BLYP results (22.4 and 26.6 kcal/mol, respectively; counterpart. At the same time, HF exchange plays a minor role
see Table 4). At the same time, the B3LYP estimate is about 3" determining the absolute energy values.
kcal/mol higher than the B3PW91 one (27.6 vs 24.4 kcal/mol,  All the termination processes (BHE, CHT, and BHT) cor-
respectively). In this last case, the increase of HF exchangeespond to hydrogen transfer (HT) reactions. Actually, itis well-
contribution has a relatively small effect on the computed known thatactivation energies for proton and hydrogen transfer
energy, BLYP, B3LYP, and BILYP values being 26.6, 27.6, are significantly underestimated by DFT meth8# Hybrid
and 28.5 kcal/mol, respectively. approaches, such as B1LYP, can partially solve this problem,
The second termination reaction corresponds to the CHT providing results S|gn|_f|ca_ntly close_r to those obtained by post
channel (TS6). Here all the conventional DFT methods under- HF methods?® The activation energies computed for the three
estimate the barrier height, with respect to the CC reference "éactions confirm this trend, all the DFT results being (to
value (48.8 kcal/mol). Hybrid methods provide a significant dn‘ferent. extents) lower than the reference CC computations.
improvement so that the BILYP value (47.8 kcal/mol) is the These differences between post-HF and DFT results depend on
very close to the CC estimate. It must be noted that except for the nature of the hydrogen being transferred. So a strong
the BP result, all the methods give results within a small interval dependence upon both the exchange and the correlation
around 44 kcal/mol (see also Figure S1). functional is found for the CHT and BHE steps, where the short

A different behavior is found for the thermodynamics of the Metat-hydrogen distance suggests HT assisted by the heavy
reaction (\Ecnr, see Table 4). Here, as it found for the atom. Here the LYP correlation performs better than its P86
coordination step, the VSXC functional provides the highest @nd PW counterparts, and the inclusion of some HF exchange
value (23.4 kcal/mol), about 4 kcal/mol higher than the best Significantly improves the final results (B1LYP B3LYP >
estimation (19.0 kcal/mol). Next, BILYP slightly stabilizes the BLYP). For the BHT, which can be considered a “true” HT,
products & 13 kcal/mol), while the BP86 result is in good all the _hybrld methods provide _S|m|Iar _results, while the
agreement (19.4 kcal/mol; see Table 4). conventional BLYP and BP functionals give results close to

The B-hydrogen transfer from the growing chain to the €ach other. In short, all the considered DFT approaches
monomer represents the last termination channel. In the smallégardless of their origin give barriers that are too low, the
model, this step involves a symmetric transition-state structure BILYP model being the most accurate in the three cases.
(TS5), which joins two equivalent metablefin complexes#- Finally, the poor performances of the VSXC functional in
C2). All the DFT methods provide barrierdE#syr; see Figure ~ describing the CHT, insertion, and the BHT paths can be
5) lower than the reference CC value of 21.0 kcal/mol. In this rationalized in terms of excessive stabilizationieéomplexes.
context, the BILYP model, thanks to the relevant HF contribu-  As a last point concerning the small systems, we have checked
tion, partially corrects the faults of the parent BLYP and B3LYP the effect of the basis set on the computed DFT energies. To
functionals, its value being about 3 kcal/mol lower than the MP2 this end, we compared the 6-31G(d) and 6-8Gi(2df,2pd)
and CC estimations. results of Table 4. All DFT computations are only marginally

The BP86 functional gives the lowest valuel0 kcal/mol), affected by the basis set extension, and converged results, within
while all the other functionals provide results ranging between 0.7 kcal/mol, have been obtained with the 6-311G(d,p) basis
14 kcal/mol (B3PW91) and 15 kcal/mol (VSXC). It must be set. This is in striking contrast with the MP2 computations
noticed that BHT is the only channel for which none of the discussed in a previous section (see Table 3).

DFT methods used is able to produce an accurate result. BLLYP, In summary, our computations suggest that the choice of the
which for the other reactions matches the CC extrapolated resultscorrelation functional is crucial for an accurate description of
within 1 kcal/mol, can only partially correct this fault. the insertion step, the LYP functional providing the most

Some trends can be inferred from our results. In particular, accurate results. In all the cases where the transfer of a proton
the BHE and the insertion reactions present some commonis the key step, inclusion of some HF exchange is essential to
aspects. In fact, the results show a similar pattern, with the correct the problems shown by exchange functionals. Further-
VSXC functional strongly underestimating the insertion and the more, our results stress that conventional density functionals
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TABLE 5: Selected Geometrical Parameters (A and deg)
Calculated at the MP2 and B1LYP Levels for the Structures
Reported in Figure 2, Using the 6-31G(d) Basis S&t

Talarico et al.

These results clearly show that the nature of the growing chain
has only a slight effect on the molecular rearrangements. So all
the trends observed for the small systems are preserved in the

geometrical large model, including the differences between post-HF and
parameters MP2 BILYP ~ MP2 BILYP  BI1LYP results. Small differences are found for only few
7-C12 7-C16 geometrical parameters, like AC, in TS3 and in the corre-
Al—C, 2.449 2.508 2.317 2.285  sponding TS13 or the agostic AH, interaction in the products
é':gz igg i-ggg i-g% igig P4 and P14. More significant variations are observed for the
= : : : : BHT transition states (TS5 and TS15). First of all, we remark
Al-C, 1.937 1.946 1.938 1.950
Al _CZ_Cﬁ 1125 115.2 823 928 that the ethyl-to-ethylene transition state (TS5) is symmetrical,
7513 P14 with the transferred H atom equidistant from two-ethylene
Al—C, 2044 2086 2774 2788 m0|_et|es, whereas this is not the case for the transfer to a butyl
Al—C, 1.992 1.997 1.940 1940 chain. As a consequence, after the H-transfer, a new product
Al—-C, 2.203 2.247 2.742 2.749  (P16) is obtained, in which a 1-butene is coordinated to an
Ci—C; 1.435 1.453 1.550 1550  amidinate Al-ethyl chain (see Figure 2). This reaction has an
ga:gﬂ %ggg %gfg iggg iggg earlier transition state, with a larger;€C, distance and the
o« 2 ‘ ‘ ) ) moving hydrogen atom closer tg;@han to G. Accordingly, a
Al-C,;—C; 78.2 80.3 103.0 103.4 S . .
C,—Al—-C, 102.2 100.5 62.4 62.0 decrease of all the activation energies is observed when
extending the growing chain (see Table 6).
P11 TS11 . . L
Al—C, 2294 2953 1.995 1.991 Both DFT and post-HF methods predict an olefin coordination
Co—Cs 1.361 1.365 1.438 1.455 energy which is about 2 kcal/mol lower than that for the ethyl
Cs—C, 1.495 1.491 1.494 1.498  chain. For instance, the coordination energy is 15.2 kcal/mol at
»—H, 3.539 3.768 1.095 1096 the BILYP level 2.2 kcal/mol with respect to ethyl) and 16.0
Al—H, 1.562 1562 3.292 3373 Lcallmol at the CCSD(T) level 1.6 kcal/mol). Smaller
Al—C,—Cy 81.8 92.7 81.2 82.6 iati 1 keal/mol f dfor the i ti ¢ A
Ca—Cs—C, 125 3 126.2 123.0 123.4 variations 1 kcal/mol) are ound for the insertion step. As a
Al-C,~C;—C, —90.8 —91.4 108.2 109.6 consequence, the CCSD(T) estimate for the coordination and
TS 15 insertion steps obtained for the large system (and including the
Al—C, 2079 2084 effect of the basis set extension) are close to the values obtained
Al—C, 1.997 2.002 at the B1LYP level with the small basis set. In particular, the
C—C; 1.415 1.423 coordination energy is 17.4 kcal/mol at the B1LYP/6-31G(d)
Co—Cy 1477 1.490 level for the ethyl system (see Table 4), while the best value
gZ:: 1‘2‘% 1‘2‘2‘13 for the butyl model is 17.3 kcal/mol (see Table 6). In a similar
A/Ii—H 2774 57098 manner, the activation energy and the exothermicity for insertion
Ci—C, 2.604 2.662 are 28.6 and-8.0 kcal/mol at the B1LYP level for the small
Ci—Al-C, 104.3 105.5 complex and 28.9 anet7.5 kcal/mol for the large complex at
CoH-C 168.6 167.8 the CC level.

A larger variation is found, instead, for the BEEand BHTyy
steps. In the former case, using a butyl chain in place of an
ethyl chain decreases the activation energy by Xcal/mol
for all computational methods (see Figure S2); in the latter case,
this decrease is between 3 and 4 kcal/mol.

The effects of the lengthening of the polymeric chain on the
termination steps together with the marginal effect reported on
the propagation step are definitely not negligible. This means
that one should be careful in the selection of computational tools
able to predict a correct balance between propagation and
termination steps. We recall that this balance is responsible for
the molecular weight of the resulting polymers, which is one
of the most important experimental parameters.

a Atom numbering scheme: J8'=CH,? for the olefin and A+C,—
Cs—C, for the growing chain.

(here BP86 and BLYP) are not reliable enough for studying
olefin reactions involving aluminum species. Similar results have
been already obtained for selected functionals for a number of
Al complexes’’=3® Among all the functionals, the B1LYP
variant provides “on average” the best performance.

3.2. Chemical Model.As mentioned in the Introduction, DFT
computations have become invaluable tools in the study of the
mechanism of ethylene polymerization at different catalytic
sites? Unfortunately, the large size of the systems under
investigations dictates the use of simplified models of the active

centers (see for instance refs-44R). In particular, the growing ;
polymer chain is commonly modeled by an ethyl unit, the All the other trends founq for the ethyl chain (e.g.,.the effect
smallest system capable g@f-agostic interactiof942 The of the basis set or the .dlfference betvyeen fu.nctlonals) are
relatively small size of our systems allows the removal of this Preserved upon lengthening of the growing chain.

constraint and a further investigation of this point. Specifically, ~ The agreement between the final BILYP result for the BHT
we have considered insertion and transfer reactions involving on the small system and the small basis set (17.7 kcal/mol) and
a butyl chain as model chain. For the transfer reactions, we the best value obtained by CCSD(T) for the large system (18.2
focused our attention on the intramolecular reaction involving kcal/mol) is only due to an accidental compensation of the
the p-transfer to the metal (BHf) and the intermolecular ~ various effects. Nevertheless, this accidental compensation can
reaction involving thes-H transfer to the monomer (BHJ), be useful as a cheap way to estimate the balance between
which are the main chain transfer reactions occurring with insertion and termination steps for new Al-systems.
homogeneous catalysts (depending on the experimental condi- 3.3. Effective Computational Model.The results discussed
tions like monomer concentration and reaction temperature). Thein the previous sections show on one hand that that BILYP
fully optimized geometrical parameters of the structures sketchedgeometries are at least as good as MP2 ones (but these latter
in Figure 2 are reported in Table 1 for P4 and in Table 5 for sometimes exhibit a very slow convergef@nd on the other

the other stationary points. hand that MP2 basis set extension provides reliable energy
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TABLE 6: Calculated Energies (kcal/mol) for Reaction of the A-Bu Species £-C12): f-H Transfer to the Metal (AE*gyepy
and AEgneny), Ethylene Coordination (AEc), Insertion (AE#spy @and AEnssy), and f-H Transfer to the Monomer (AE*gytoy
and AEgpThy)

basis set: a a
A = 6-31G(d) BP86 B1LYP VSXC MP2» CCSD(TY
B = 6-311+G(2df,2pd) A B A B A B A B A best valué¢
AE"gep 26.4 25.8 28.7 26.7 23.1 24.3 34.0 33.3 31.7 31.0
AEgpen ! 10.3 11.0 8.6 8.9 3.6 4.0 9.5 11.8 8.1 104
AEcoof 15.6 14.0 15.2 13.5 26.0 23.7 17.1 18.4 16.0 17.3
(2.3) (0.4) (2.6) 0.4) (2.9) (0.9) (4.8) (1.8) 4.7) 1.7)
AE#insbu 22.9 22.6 28.9 28.7 23.2 23.9 30.8 28.1 32.1 28.9
AEnsby -9.5 -8.8 -7.9 —6.9 -0.7 -1.2 -8.1 -9.0 —6.6 -7.5
AE*grtou 6.7 6.4 14.2 141 14.3 15.8 20.5 17.0 21.7 17.9
AEgytn —-8.1 7.7 —-7.5 -7.3 —-8.0 -8.1 —-5.5 —5.7 —5.2 —5.4
(2.5) (0.6) (2.3) (0.5) (2.6) 0.7) (2.5) 0.9) (0.8) —0.9)

a Computed using B1LYP/6-31G(d) geometrigGomputed using MP2/6-31G(d) geometritgest value= AE(CCSD(T)/6-31G(d)) AE(MP2/
6-31G(d))— AE(MP2/6-31H-G(2df,2pd)).Relative to product 4 (P4§The values are corrected for the BSSE; correction given in parentheses.

corrections to CC computations. So we have thought it useful TABLE 7: Energy Components of the Multilayer Approach
to investigate a “composite model”, analogous to the G2- for the Ethylene Polymerization at Al (See Text for Details}

(B3LYP/MP2/CC) method proposed by Bauschlicher and cc

Partridgé® or to the more recent G3(B3LYP) variafit,for small  MP2 DFTe best best best

combining DFT and post-HF results. The efficacy of such a system A (basis) A (system)extrapolatioA DFT® valué

method rests on the more or less favored balance betweemg,,. 123 1.9(1.9) -6.2 8.0 (8.0) 89 104

“numerical performance” and computer requirement. The largest AE#%e 37.2 —0.7 (-1.8) —5.6 30.9(29.8) 28.4 31.0
basis set considered here (6-313(2df,2pd)) is quite large, and ~ AEcor  17.6 —1.4(-0.7) —22  14.0(14.7) 135 17.3
some reduction is in order for larger systems. One possibility 2Ens 57-5 —ég (—g-g) 8-0 —2%7 (—2%-‘2 —2-89 _72-2 o
is to use different basis sets for different atomic centers. Some‘; 2, 15 —22(=33) +04 -7(28.6) ! :

. A : AE 25.4 —3.9(4.3) —36 17.9(175) 14.1 17.9
hints on this point come from an analysis of the MP2 energy _
results of Table 3. In fact, these data show a first gap of about  *In parentheses are reported the values for the MP2 extrapolation
2 kcal/mol in going from the 6-31G(d,p) to the 6'311G(d,p) obtained with the Iargest basis set (6-3ﬂ(2df,2pd)). MP2 geom-

basis set and a second aap. of about 1 kcal/mol. upon theetries, mixed basis sétB1LYP, small basis sef. Obtained as sum of
gap, » up the values reported in the three previous coluniiBLLYP large basis

inclusion of f polarization functions on heavy atoms and of d  get  Best value= AE(CCSD(T)/6-31G(d))+ AE(MP2/6-31G(d))—
functions on hydrogens (from 6-315(2d,2p) to 6-311G- AE(MP2/6-31H-G(2df,2pd)).

(2df,2pd)). To verify the origin of these effects, we have carried
out some MP2 computations using mixed basis sets on the two
structures relevant for the activation energy of the BHT (see corrections by hybrid HF/DFT models, (e.g., BALYP, B3LYP,
Table S-lIl of Supporting Information). In particular, the or PBEO) with 6-31G(d) or, when possible, 6-8%&(d) basis
computations carried out with the 6-31G(d,p) basis set for the sets. Note that the ZPE corrections correction is small anyway
Al and the 6-311G(d,p) for all the other atoms are practically and its evaluation at the HF or MP2 level would also be
identical to those obtained with the 6-311G(d,p) on all the atoms. acceptable (see refs 16 and18). Nevertheless, the correction is
This shows that the 6631/631 basis set of P8pldready necessary for prediction of the molecular weight since it is
provides an accurate description of the Al atom, while this is different for insertion reaction and BHT (see refs 16 and 18).
not the case for the organic moiety, which requires at least a (b) CC energies obtained on the small system (growing chain
triple-§ description. A similar behavior is found for the CHT = ethyl) with the 6-31G(d) basis set.
reaction. At the same time, the amidinate ligand can be treated(c) Extrapolation to large basis set at the MP2 level. We tested
at a lower level, since the 6-31&d) basis set already provides the validity of this extrapolation by comparing CCSD(T)/6-
converged results. 311G(d,p) values with the extrapolated results obtained adding
In short, nearly converged results are obtained using the to CCSD(T)/6-31G(d) values the difference between the MP2/
631+G(d) basis set for Al and the amidinate ligand and the 6-311G(d,p) and the MP2/6-31G(d) results. In addition, this
6-311+G(2df,2pd) basis on the growing chain, as well as on extrapolation was shown earlier to give theoretical results in
the incoming monomer. The resulting basis set (labeled “mix” good agreement with the experimental ones for the neutral model
in Table 3, 344 functions) is significantly smaller than both the system MeAIEt (see ref 18).
G3 large (400 functions) and the 6-3tG(2df,pd) (448 (d) Possible use of mixed basis set (6-30Q(2df,2pd) for the
functions) basis sets. A further reduction of the basis set shouldreactive part (e.g., olefin and chain) and 6+33(d,p) for the
be possible if long-range interactions are not present betweenrest (e.g., metal and ligand)).
the catalytic center and the growing chain (e.g-agostic (e) Correction for longer polymer chains using hybrid DFT
interactions). In this case, the atoms belonging to the more energy differences between the small (growing chaiathyl)
distant chain units can also be represented by the smal§531  and the large (growing chais butyl) system.

(d) basis set. Since our systems are rather small, we have no(f) BSSE corrections at the MP2 level. BSSE corrections to the
checked this hypothesis. olefin complexion energy are important in particular for post-
Combining all the above results, a viable way to obtain HF calculations (MP2, CCSD(TJf.Obviously, this correction
reliable energy estimates at a relatively low cost can be is not necessary if only the relative barriers for propagation and

envisaged. It is represented by a multilayer approach in which chain transfers (BHT or CHT) are needed.
different post-HF and DFT methods are employed: Some of the important energy components of this model are
(@) DFT geometry optimizations and evaluations of ZPE reported in Table 7.
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The resulting energies are in close agreement with our bestbasis set and chemical model) in other catalytic reactions,
estimates and are significantly better than those provided directly involving different metal centers.
by the “best” DFT model (here B1LYP).

Although in this paper we focused our attention to the simple ~ Acknowledgment. The authors thank the CASPUR for
Al—amidinate system with R= R? = H, it is worth nothing computational time and technical assistance, the Italian and
that analogous conclusions can be reached when bullan& French Research Councils (CNR and CNRS) and Gaussian Inc.
R2 amidinate substituents are considered, as well as for severaffor financial support
other Al systemd8
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4. Conclusion energies (Table S-1) and of the MP2 computations using mixed

In the present work, we have reported a detailed comparative basis sets (Table S-II); histogram representations of the activa-
study of DFT and post-HF approaches on ethylene insertion tion energy for the hydrogen transfer to the chain (CHT) reaction
and chain transfer steps at a model cationic aluminum species(Figure S1) and for thg-hydrogen elimination reaction using
The size of the model and the high barriers involved make this a butyl chain (BHE,) (Figure S2). This material is available
system a suitable model for comparing the performances of free of charge via the Internet at http://pubs.acs.org.
different DFT models with refined post-HF methods.
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