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Foreword

\The scienti�c theorist is not to be envied, for Nature, or more precisely
experiment, is an inexorable and not very friendly judge of his work. It
never says \yes" to a theory. In the most favorable cases it says \maybe",
and in the great majority of cases simply \no"... probably every theory
will some day experience its \no" - Most theories, soon afterconception."

Albert Einstein, Nov 11, 1922

\When you leave out the impossible, the remaining, althoughimprob-
able, must be the truth"

Sherlock Holmes

\Experience is what you get when you don't get what you want"

Tori Filler

I can't say I haven't learnt many things during these years doing my Ph.D.
One of them is that science, and probably research in general, is an excellent
way of getting experience, in a�llerian way. Mostly experience on what does
not work, but hopefully also in why it doesn't work.

I would have given my reign for a... well, not a horse, but the understanding
of what was going wrong with the many dead ends I have stumbledupon during
the last years. And this is what I think research is really for: �nding out why
things don't work.

Scienti�c knowledge is, indeed, of a negative nature. The renowned philoso-
pher Sir Karl Popper, when pondering about what is and what isnot science,
pointed out that any hypothesis, aimed at being scienti�c, had to be able to
become subject of denial. In other words, the proposal that all the swans are
white is scienti�c, in the sense that if one would �nd a single black swan, then
that \swan-whiteness law" would be found false. On the otherhand, most of
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the contents of religious dogmas and pseudo-scienti�c theories is non-scienti�c
by nature, since there is no conceivable way of ever �nding any counter evi-
dence. It is not only that no counter evidence has been found so far, but that
it is not possibleto imagine any.

The way science looks for the \truth", then, is similar to the way an artisan
produces a wooden �gure by carving the \excess" wood out of the log.

From my point of view, a scientist is someone who can cope withignorance.
Her9 own ignorance, to be precise. Both ufologists and scientists seek the truth
out there, scientists just don't make it up when they can't �n d it by rigorous
ways10. Management of what is not known, and trying to understand why it
is not, is half of the task in taking bold steps into the unknown. Or at least
trying not to embarrass ourselves more than strictly necessary in the process.

If an ufologist comes across some mysterious lights in the dark sky, while
getting back home after a long party night, she might start thinking what the
lights could be. A scientist will think of what she could not say it is, and also
what she could say it isnot.

This negative nature of the scienti�c knowledge is, without doubt, its
strongest point, for its robustness is built upon that principle. But it is also
a source for considerable shock among the scientists-to-beas myself while I
write these lines. It is also a force that drives the academicand layman com-
munities apart, since a medium telling you that your late grandpa is �ne in
Heaven is far more comforting than a scienti�c physician saying that we still
can't really say whether there is an afterlife or not, much less communicate
with the dead.

All this ravings have the sole purpose of asking forgivenessfrom the reader,
would she �nish the reading of this book with a sense of incompleteness. After
all it's supposed to be scienti�c. The actual answers belongin Nostradamus'
Prophecies, or some 806 phone number.

9 I �nd it ridicule to keep using \his/her" every time a pronoun is used in neutral context.
Since using the masculine form alone is accepted practice, Isee no reason not to use the
feminine alone for the same purpose. I just wish I had found a more feminist context to
begin using it.

10 At least, not as a general rule.
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2 Chapter 1. General Introduction

1.1 From natural rubber to polyole�ns

\Begin at the beginning,", the King said, very gravely, \andgo on till
you come to the end: then stop"

Lewis Carroll

The UPV/EHU Chemistry Faculty at Ibaeta, Donostia, is a lead ing center
in Polymer Science research and teaching. I studied there Macromolecular
Chemistry, learning many fascinating facts about this versatile and complex
group of molecules.

Polymers1 are very large molecules that occur in nature (proteins, polysac-
charides, DNA, natural rubber, silk, cotton, wool) or may be synthesized in
the laboratory (plastics, synthetic �bers, synthetic rubb er). Natural rubber
samples were introduced in Europe by XVI century Spanish explorers, who
brought them from South America.

But the real �rst step in polymer science was made by Hermann Staudinger
(Worms, Germany, 1881-1965), who in 1920 suggested that some of the plastic
materials that had been recently developed where actually huge molecules,
and not aggregates of smaller ones. He coined the word \macromolecule" to
describe them. His postulate generated a terrible controversy, but his merit
was �nally acknowledged with the 1953 Nobel Prize in Chemistry.

Let us skip the tremendous, and meritable, avalanche of new polymeric
material discovered and invented until and during the World Wars, mostly the
second one, and fast-forward to the �fties. In 1953, the German chemist Karl
Waldemar Ziegler (Helsa, Germany, 1898-1973) developed the polyethylene
(PE), and one year later the Italian Giulio Natta (Imperia, I taly, 1903-1979)
developed the polypropylene (PP). The discovery of these two polymers (PE
and PP), turned out to be a mayor breakthrough. Not only they are the
paradigm of an important family of polymers (the polyole�ns ) but even today
they are the most used plastics altogether, growing from a market share of 20%
in the 1960s, to around 60% in the beginning of this century. Not surprisingly,
they shared the Nobel Prize in Chemistry in 1963.

Ziegler and Natta not only discovered these new molecules, but they also
developed a catalytic system to produce them[6, 7, 8, 9, 10].The titanium
trichloride and triethylaluminium mixture Ziegler used fo r the �rst time in the
early 1950s is still calledZiegler-Natta catalyst . In 1980, Walter Kaminsky
(Hamburg, Germany, 1941) and coworkers discovered a catalytic system based
on metallocenes of Group 4 transition metals and methylaluminoxane (MAO).

1A big deal of information in this Thesis, and particularly in this Section,
has been gathered from di�erent sites on the Internet, parti cularly the Wikipedia
(http://en.wikipedia.org/), but also too many others to be credited.
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The �rst metallocene (ferrocene, see Figure 1.1) had been discovered back
in the very early 50s by T.J. Kealy and P.J. Pauson[11] and S.A. Miller et
al.[12], and Natta and Breslow were the �rst ones to use them as catalyst in
the late 50s[13, 14, 15, 16]. However, it was Kaminsky who �rst obtained high
activities for such systems. It is worth noting, however, that metallocenes have
a variety of uses, besides ole�n polymerization catalysis.In the ESPA2006
congress I learned from Prof. Judit E. �Sponer (Czech Republic), that some
titanocene derivatives are being developed as possible substitutes for cisplatin
as anticancer drugs[17, 18].

These metallocenic catalysts are similar to the Ziegler-Natta ones, but
they o�er two very valuable properties: they are soluble in the polymerization
medium (they are homogeneous catalysts) and they are single-site catalysts
(all the simultaneous growing polymer chains in the medium are in the same
reactive environment, thus giving polymers with more homogeneous proper-
ties).

Fe

Figure 1.1: Structure of a ferrocene

But this catalyst dependency lead me to one of the surprisingfacts I men-
tion above, and it is that many polymers are extremely stablecompounds, and
even though the reactants themselves are not unstable at all, the polymeriza-
tion reactions are usually very exothermic. Why is, then, a catalyst required
to obtain the polymer from the monomer? It is, of course, a na•�ve question
from a chemical point of view, and the answer is quite obvious: the two stable
states (reactants and products) are connected through a reaction path which
involves intermediate geometries that have a much higher energy than either
of them. The highest of such points is called transition state (TS), and this
is where catalysts act. A catalyst is merely a molecule that interacts with
the reactant through the reaction path, creating a di�erent TS with a lower
barrier (See Figure 1.2).

It is of vital importance to rationalize the mechanism by which a catalyst
lowers the barrier for the reaction, since this knowledge will help us discover
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Figure 1.2: Fictional 2-dimensional Potential Energy Surface (PES) (left),
where the molecule travels from the reactant state (light green point) to the
product state (dark green point), along the path (red line) t hat crosses a TS
(red point). On the right side, the PES has been modi�ed by inclusion of a
catalyst, opening a new reactive channel (orange path), that goes through a
lower TS (orange point).

better catalysts, and new ways of manipulating the outcome and the rate of
the reaction.

In the 1960s[19, 20, 21, 22, 23] Piet Coss�ee and E.J. Arlman proposed
a molecular mechanism by which they inferred the Ziegler-Natta catalysts
worked. Later on, after the metallocenic catalysts were discovered by Kamin-
sky, the Coss�ee{Arlman mechanism (CAM) was translated to them with
little, if any, fundamental change, by Walter Kaminsky hims elf and Paolo
Corradini (Rome, 1930)[24, 25]. Figure 1.3 features the reaction as proposed
in the CAM, applied to a metallocenic catalyst. Figure 1.3 assumes a total dis-
sociation between the active catalyst cation and its anionic counterpart (which
is omitted in the picture). The �rst step would be the approac h and com-
plexation of a monomer unit (ethylene in this picture), followed, through the
corresponding TS, by aninsertion into the Zr{R bond. The resulting product
happens to be a new R, two carbon atoms longer, and placed at the \other"
coordination site of the zirconium (the one that was empty in the reactant).

The CAM, so happily and widely accepted for these metallocenic cata-
lysts, has been virtually unchanged since its proposal, butmany questions
still remain unanswered, as covered in Chapter 3. As a Theoretical Chemist,
the most natural procedure would be, of course, to use Theoretical Chemistry
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Figure 1.3: Coss�ee{Arlman mechanism. From left to right: bare cationic
reactant, monomer � {complex, insertion TS and product.

(TC) to bring light upon the subject.
The next Section of the Introduction, thus, elaborates on what we mean

by TC and QC (Quantum Chemistry).

1.2 Theoretical introduction

\There is no subject, however complex, which, if studied with patience
and intelligence will not become more complex"

Gordon Rohman

Almost all of the material in this Thesis has been generated by means
of Quantum Chemistry (QC). QC is the hard core of Theoretical Chemistry
(TC), a set of methods aimed at discerning chemical (and physical) properties
of gas phase atoms and molecules (in vacuo) and condensed phases (solutions
and bulk solids) by means of pen and paper (or a PC connected toan array
of hundreds of parallelized state-of-the-art ultra-powerful computers), rather
than performing an experiment with the actual atoms involved.

One can argue endlessly about the many scienti�c advantagesof theoretical
investigation, but most of us are working there because we are either too lazy
to actually do the hand-work, or too clumsy to be allowed to do so.

However, one can't help but point out that there are advantages lead-
ing to a knowledge that is sometimes more profound than, and usually just
complementary to, experimental work. One pro is that all the evidence ex-
perimentalists gather is indirect. If we make use of TC, we can pick by hand
the molecules involved in the reaction we are studying. We can add, at will,
solvent molecules, and see their e�ect. We can do whatever wewant, and see
how the system reacts directly.

But experiments are still necessary, and the reason is very simple: accuracy.
Whenever one carries out a reaction in a test tube, she knows that whatever
comes out, is what \really" comes out. One might not know how or why it
happened, but it certainly happened, and the experiment will be reproduce-
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able, unless errors have been made in the measurements or reactant/product
manipulation, or reaction conditions change.

When dealing with TC, the results will typically be quite rep roduceable,
but not necessarily correct (realist). The sources of inaccuracy are fundamen-
tally two: realism of the model and limitations of the theory. It is evident
that, even though dramatic performance developments have been made in
computational resources in the last decades, whatever \real" chemical system
we would like to study has to be reduced to a relatively small model that we
can stu� into the CPU and not burn it out or wait endlessly unti l our friend
digests it and spits the answer out.

And not only the size of the model determines its realism, but also how
we describe the interactions of the parts we include in the model, or how
signi�cant the omitted parts are.

The other side of the accuracy/realism coin are the limitations of the theory
used. The complexity and size of the molecular model evidently determines
the degree of simpli�cations done to the theory describing it. At the very top
of what has sometimes been called thisJacob's ladder, is Quantum Chemistry,
that is, Quantum Theory applied to chemistry.

Quantum Theory is a relatively modern branch of science, andundoubtedly
one that has been much heard of, even among laymen. It is well beyond the
scope of this Thesis to even summarize its fundamentals. Su�ce it to say that,
applied to an arrangement of atoms (protons in nuclei, plus some neutrons
adding their masses, and some electrons dancing around), QTboils down to
saying that such arrangement can be described with a mathematical function
called wavefunction. The wavefunction of a system is often denoted by the
Greek letter 	, and it is obtained from the Schr•odinger equa tion (Eq. 1.1)
corresponding to that system.

Ĥ 	 = E 	 (1.1)

In equation 1.1, the symbol Ĥ denotes the Hamiltonian operator, which,
when applied to the wavefunction, outputs the energy of the system, times the
wavefunction itself. For an Ne electron and NN nuclei system, the Hamiltonian
would have the form in Eq. 1.2, aside from relativistic e�ects and spin-orbit
coupling.

Ĥ = T̂e + T̂N + V̂e� e + V̂e� N + V̂N � N

= �
NeX

i

r 2
i

2
�

NNX

A

1
2M A

r 2
A

2
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�
NNX

A

NeX

i

ZA

r iA
+

NeX

i>j

1
r ij

+
NNX

A>B

ZA ZB

RAB
(1.2)

Equation 1.2 can be simpli�ed supposing that, since nuclei are so heavy
with respect to electrons, their movement will be much slower, and hence the
T̂N , nuclear kinetic term, can be neglected, and theV̂N � N nucleus-nucleus
potential energy term can be regarded as constant (because it depends on
internuclear distances only, which are �xed in the approximation). This is
referred to as the Born-Oppenheimer approximation , and gives the ap-
proximate Hamiltonian in Eq. 1.3.

Ĥe = T̂e + V̂e� e + V̂e� N

= �
NeX

i

r 2
i

2
�

NNX

A

NeX

i

ZA

r iA
+

NeX

i>j

1
r ij

(1.3)

By means of Ĥe we would �nd 	 e and Ee from Schr•odinger's equation
(Eq. 1.1). Ee would then be the electronic energy. The wavefunction 	 e thus
depends explicitly on the electronic coordinates, and parametrically on the
positions of the nuclei.

If we want to solve the other half of the problem, we need to solve the
nuclear Schr•odinger equation, and to do so we need the nuclear Hamilto-
nian. This Hamiltonian must include the nuclear kinetic energy (T̂N ), plus
the nucleus-nucleus interaction potential (V̂N � N ), but also the potential en-
ergy the nuclei see, caused by being immersed in an electronic cloud. This
potential is the electronic energy obtained above, which depends parametri-
cally on the position of the nuclei. The nuclear Hamiltonian is then written
down in Eq. 1.4.

ĤN = T̂N + V̂N � N + E(f RA g) (1.4)

The solution wavefunction 	 N to the nuclear Schr•odinger equation de-
scribes the movement of the nuclei, and hence the translation, rotation and
vibration of the molecule.

It is worth mentioning that for any RA arrangement of nuclei (that is,
each molecular geometry), one obtains an electronic energyEe(f RA g), and
also a nucleus-nucleus interaction given byVN � N . This builds up an e�ective
3NN -dimensional energy potential (for NN nuclei), the topology of which will
provide us with the energies of di�erent conformations, andthe paths through
which two energetically local minima structures are connected. This e�ective
potential is often called Potential Energy Surface (PES). The PES of a
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set of atoms is a vital feature that provides the much needed information to
discern the mechanisms of chemical transformations, and their energetics.

Many (mathematical) methods have been devised to provide a way of �nd-
ing the electronic wavefunction for any given atomic arrangement: Hartree-
Fock (HF), n th order M�ller-Plesset (MPn), Coupled-Cluster methods (CC) ,
Con�guration Interaction methods (CI), Complete Active Sp ace Self Consis-
tent Field (CASSCF), Multi-Referential Con�guration Inte raction (MRCI)...
This methods are calledab initio methods, because they calculate the wave-
function from �rst principles, according to the raw QT.

A more modern approach, and highly promising, is theDensity Func-
tional Theory (DFT). Although not strictly ab initio , it is nonetheless very
closely related to the HF method above (simplest ofab initio methods), but
modi�ed in such a way that its accuracy is substantially impr oved. Since most,
if not all, of the work the reader will �nd in this book has been carried out
making use of one of the many DFT methods, I feel it deserves a section by
its own.

1.2.1 DFT methods

I will not cut corners
" " " "
" " " "

Bart Simpson

The Density Functional Theory is a formalism that tries to be an alter-
native to the wavefunction one. As mentioned above, the Quantum Theory
proposes that all the properties of an N-electron system canbe calculated
from a mathematical entity called wavefunction, which is obtained solving the
famous Schr•odinger equation for that given system.

The wavefunction formalism, thus, tries to �nd (approximat e) solutions
to that equation. The problem here is that the sought wavefunction 	 e is
3Ne-dimensional, being Ne the number of electrons in the system, and the
mathematical complexity increases exponentially with the number of dimen-
sions.

Wouldn't it be much nicer to have an, at most, 3-dimensional wavefunc-
tion? Pierre C. Hohenberg (born 1934) and Walter Kohn (Vienna 1923, Chem-
istry Nobel Laureate in 1998) asked themselves the same question, and con-
cluded that such \wavefunction" could well be the total electronic density,
� (r ). In 1964 they published the later famousHohenberg-Kohn theorem ,
stating that there is a one-to-one mapping between the ground state of a
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system (the electronic wavefunction 	 0 which gives the lowestE0 electronic
energy among all the possible 	i that are a solution to Ĥe	 i = E i 	 i ), and its
total electronic density � (r ).

Such a mapping might in principle allow us to calculate the ground state
energy provided that we have the ground-state electronic density, and also
the mathematical functional E[� (r )] that gives the electronic energy from the
density function. Pity we don't have either.

In a second theorem, Hohenberg and Kohn postulate that if E[� (r )] is
known, then a variational principle will hold for any trial f unction ~� (r ), as
long as

R
~� (r )dr = N . The variational principle states that E0 � E [~� (r )], so

that if we �nd the ~� (r ) trial density that minimizes the energy functional, then
~� (r ) = � 0(r ). So now we have a recipe for obtaining the density, and we only
need the functional, which is still unknown.

Later Kohn, together with Lu Jeu Sham (Hong Kong, 1938), devised an
indirect method to make an approach to this functional. The Kohn-Sham
method takes advantage of the fact that the exact ground-state electronic
energyE0 of an N-electron system is given by Eq. 1.5

E0 = �
1
2

NX

i =1

D
 i (1) j r 2

1 j  i (1)
E

+
Z

v(r )� (1)dr 1

+
1
2

Z Z
� (1)� (2)

r12
dr 1dr 2 + Exc[� (r )] (1.5)

In Eq. 1.5, v(r ) =
X

�

Z �

r1�
is the external potential exerted by the nuclei,

 i are the Kohn-Sham orbitals, and Exc [� ] is the exchange-correlation energy.
The ground-state density � (r ) can be constructed from the Kohn-Sham or-
bitals according to Eq. 1.6.

� (r ) =
NX

i =1

j  i j2 (1.6)

The Kohn-Sham orbitals, in turn, are obtained from the set of one-electron
equations 1.7.

F̂KS (1) i (1) = � i  i (1) (1.7)

The F̂KS in Eq. 1.7 is the Kohn-Sham operator, and in turn depends on a
term called the exchange-correlation potential, Vxc . This Vxc is the functional
derivative of the exchange-correlation energy with respect to the electronic
density, namely Vxc = �E xc [� (r )]

�� (r ) .
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The procedure for �nding out � (r ) is rather similar to the self-consistent
�eld (SCF) employed in the Hartree-Fock method. Here one proposes a trial
density ~� 0(r ), and uses it to construct aF̂KS , which has two terms that depend
on the density. The �rst one is a term called Coulomb operator, and the
second one is the aforementionedVxc . The latter is obtained from functional
derivation of Exc, which in turn is de�ned to depend on � (r ) as given by Eq.
1.8. We can then obtain a set of Kohn-Sham orbitals from Eq. 1.7, and
consequently a new density from Eq. 1.6. This new density canbe fed into a
new F̂KS , and rinse and repeat until self-consistency is found, i.e., the input
density is equal to the output one.

Exc [� ] =
Z

� (r )� xc [� (r )]dr (1.8)

In Eq. 1.8, the � xc function corresponds to the exchange-correlation energy
per electron, and is an unknown functional of � . The last bastion of the
unknown is, thus, the form of the � xc functional.

One approach can be made assuming that, if the electronic density 
uc-
tuates slowly from one point of the space to another one, thelocal exchange-
correlation energy per electron (its value at a given point)is given by the same
equation that would rule a constant density (homogeneous) electron gas. This
approximation is named Local Density Approximation (LDA), and an ac-
curate � xc is given by an expression by Vosko, Wilk and Nussair[26]. When
the LDA is applied taking into account di�erent functions fo r the � and � spin
electrons, then it is called Local Spin Density Approximation (LSDA).

Since the true molecular electronic densities are far from smoothly-varying,
as the LDA assumes, many more sophisticated formulations of� xc have been
proposed and tested. One route to increasing the accuracy ofthe functional
is to add to it terms including not only the value of the density in a given
point of space, but also the value of its gradient. Since including a gradient
gives a touch of non-locality, these modi�cations are namednon-local gradient
corrections.

A parallel route would be to add a part of the HF exchange (E HF
x ), the

formula of which is exactly known. This gives rise tohybrid methods. These
hybrid methods give astonishingly good results, provided that they have been
�ne-tuned by hand previously. This, however, is a serious drawback, since
it breaks the ab initio compliance, and makes these methodssemiempirical,
strictly speaking.

Nevertheless, the most used DFT functional by far, and main responsible
of the success of DFT, is the one using Axel D. Becke's (Esslingen, Ger-
many, 1953) corrections[27] for the exchange, and ChengtehLee, Weitao Yang
(Chaozhou, China, 1961) and Robert Ghormley Parr's (Chicago, USA, 1921)
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correlation formula[28]. The expression for this functional is shown in Eq. 1.9,
and, since it depends on three parameters, it is known as Becke's 3-parameter
functional, with Lee, Yang and Parr's corrections for correlation (B3LYP).

Exc = (1 � a0)E LSDA
x + a0E HF

x + axE B 88
x + acE LY P

c + (1 � a0)E V W N
c (1.9)

The DFT methods are close to HF when it comes to computationalcost,
but since they include some sort of corrections for taking into account the
exchange and correlation, the accuracy of their results is comparable to MP2,
and sometimes better. As the reader will �nd out later on, most of the results
in this Thesis have been obtained by DFT calculations, speci�cally B3LYP
ones.

1.2.2 But there are other methods!

I have to say that I have been kind of unlucky with some aspectsof my
subject of choice. As I will say ahead in the corresponding Section, I tried
to reduce my system to a bare cation, which about halved the size of the
system (and consequently much more than halved the computational expense).
Unfortunately the anion also happened to be necessarily taken into account.

When it comes to theoretical methods, less expensive ones than DFT do
exist. I have mentioned above HF, for example. Descending the accuracy
ladder, we can �nd Semiempirical methods, much faster than anyab initio
or DFT calculation, but less rigorous in their treatment of t he underlying
physics. At the bottom of the physical slack pit we have the Molecular
Mechanics (MM), intended for giving insight into molecular systems with
thousands of atoms.

The Semiempirical methods are a simpli�cation of the HF method, to
beef up its performance. Most or all of them make use of the Neglect of
Di�erential Diatomic Overlap (NDDO), a sub-class of the Zer o Di�erential
Overlap (ZDO) method, in which all two-electron integrals involving two-
center charge distributions are neglected. The \Semiempirical" name comes
from the fact that all of these methods make use of parameters�tted from
experimental results, or higher level calculations.

Molecular Mechanics is a method suited for systems with thousands of
atoms, in which the precise electronic interactions are cumbersome to com-
pute2. Its fundaments[29] consist on describing just theinteratomic interac-
tions, through some properly �tted functions, instead of th e electronic struc-

2 In this context, cumbersome means \you have to screw down the top of your head to
prevent it from 
ying away if such a thought even sets foot in t he portal of your brain".
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ture. The energy is de�ned by an ad hoc analytic potential surface, where dif-
ferent terms appear for atom{atom distances, 3-atom angles, 4-atom dihedral
angles, �rst-to-third atom distances, improper angles andso on. Evidently, the
input consists in prede�ned constants for these expressions, and the variables
are just the atomic positions.

With MM, one can perform Molecular Dynamics calculations to calculate
averages of dynamic properties of molecules, but also predict molecular ge-
ometries, minimizing the expression of the potential energy with respect to
the variables (atomic positions). The main limitation of MM is its inability
to describe chemical bond formation and destruction. This is quite under-
standable, because the electrons of the system, which are responsible for the
chemical reactivity, are not explicitly treated.

Although appealing because of their low computational cost, MM methods
have an important drawback: the accuracy is very poor for systems not sim-
ilar to the ones used to parametrize the aforementioned atomic interactions.
Metallocenes fall in this category. In these catalysts the central metal has
12 atoms in its coordination sphere, and, as an example, MM methods are
parametrized to give Zr up to four covalent bonds, being unable to represent
the � -Zr{Cp bonds properly.

Figure 1.4 shows the �nal geometries for a DFT optimization (B3LYP with
the LanL2DZ basis set) and a MM one (UFF force �eld). It is apparent that
the UFF geometry is qualitatively incorrect.

Figure 1.4: Cp2ZrCl2 molecule optimized at the B3LYP/LanL2DZ ab initio
quantum level (left) and with the UFF molecular mechanic force �eld (right).
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The failure to describe the � -Zr{Cp bonds can be seen quite clearly if we
plot the Zr{C distance for all the carbon atoms in both cyclopentadienyls, as
depicted in Figure 1.5: the Zr{C distances are quite small and constant in
the DFT geometry, while in the MM case, not only they are much longer on
average, but they also vary over a tremendously wide range (3.15{3.97 �A).
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Figure 1.5: Zr{C distances in the Cp2ZrCl2 molecule, for the atoms in the
\upper" (circles) and \bottom" (squares) Cp rings, for geom etries optimized
at the B3LYP/LanL2DZ level of theory (green points) and with the UFF MM
force �eld (red points)
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On the other hand, although Semiempirical methods as PM3 canallegedly
treat Zr and its coordination in a zirconocene, at least in the Spartan pro-
gram, I have found that at least the Gaussian implementation is highly un-
reliable for this system. For a start, the VSTO-3G basis set that PM3 uses
assigns 4 basis functions (12 primitives) to the 4 \valence"electrons of Zr, and
a calculation on the Zr(0) atom requires at least (accordingto the Gaussian
98 output), 9 basis functions to create a simple H•uckel guess wavefunction.
This could be overcome generating a guess with another method, and then
reading it, instead of asking Gaussian to generate it with the H•uckel method,
but one has to wonder how reliable a method unable to perform asimple single
point of an atom in gas phase is.

There is, however, an interesting composite method I tried to make use of:
ONIOM [30, 31]. Within this method, the user divides the subject molecular
system into di�erent zones or shells (much like an... onion), and applies a
di�erent theory level to each one of them. Figure 1.6 shows anONIOM system,
in which the \interesting" reactive part (Part I) is calcula ted at a high quantum
level (e.g. DFT with high quality basis set), the cyclopentadienyl ligands (Part
II) at an intermediate level (e.g. DFT with an small basis set), and a big part
of the counterion (Part III) with the cheapest method availa ble (e.g. MM).
The problem with this setup is that the highest level will be applied only to
Part I, but the intermediate one will be applied to both Parts I and II, and
the lowest theory level to the whole molecule. From this, it follows that the
intermediate and lowest levels of theory must be able to describe the � -Zr{Cp
bonds, which leaves the search for a low-cost method capableof handling the
whole system correctly unanswered.

1.2.3 What about the building bricks?

OK, all this chatter about \methods" and \theories" to solve the Schr•odinger
equations sounds reasonable and �ne, but how exactly does one represent the
wavefunctions and densities mathematically? It turns out that only the sim-
plest of atoms, the hydrogen-like ones (H, He+ , Li 2+ , etc.), can have their
Schr•odinger equation analytically solved, because they have a single electron
under the in
uence of a central external potential (the nuclear charge). The
resulting hydrogen-like wavefunctions all consist on a spherical harmonic an-
gular part and a radial part of the Slater type. Slater type functions are of
the kind f Slater = Ar l e� � (r � R ) , where r is the position of the electron, R the
position of the nucleus,� a constant that depends on the nuclear charge,l an
integer number accounting for the angular momentum, andA a normalization
constant, which makes

R
f 2dr = 1. Each such Slater type function that de-

scribes the state of an electron, is said to describe anorbital . Electrons were
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Figure 1.6: Example of ONIOM system. Green atoms would belong to Part
I (described with the highest level of accuracy), light blue ones to Part II
(intermediate accuracy), and red ones to Part III (most modest accuracy).

thought to describe orbits around the nucleus, much like planets around stars.
Now we know they more closely resemble (huge) atmospheres around (tiny)
planets, and the term \orbit" was dumped for\orbital" .

Making the optimistic guess that in multi-electronic systems, each electron
will dwell an orbital that will resemble one of those hydrogen-like wavefunc-
tions, we could use discrete sets of di�erent hydrogen-likewavefunctions as
basis sets , that is, elements whose proper combination gives rise to a good
approximation of the actual total wavefunction. Such basis sets are called
STOs (Slater-Type Orbitals).

In practice, the mathematical operations required to �nd th e coe�cients
of this \proper" combination are much more e�ciently carrie d out if instead
of STOs one makes use of GTOs (Gaussian-Type Orbitals). These func-
tions are similar to Slater-type functions, except their exponents are squared:
f Gauss = Ar l e� � (r � R )2

.

Since a single GTO is a much worse �t to a hydrogen-like wavefunction
(and hence, also to a multi-electron wavefunction orbital), modern basis sets
consist of functions that are formed, each of them, by Gaussian-type function
combinations (typically 3-6 of them) that resemble single STOs (See Eq. 1.10).

f GT O =
NX

i

ci f Gauss (� i ) (1.10)
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All-electron basis sets and Pseudopotentials

All-electron basis sets are de�ned as basis sets in which allthe electrons of
our system have their orbital described by one or more GTO of the set. As an
example, the 3-21G all-electron basis set for carbon follows, as obtained form
the EMSL Basis Set Library[32]:

f 1(S) ! ci = (0 :0617669; 0:358794; 0:700713)
� i = (172:256; 25:9109; 5:53335)

f 2(S) ! ci = ( � 0:395897; 1:21584)
� i = (3 :66498; 0:770545)

f 3(S) ! c1 = 1 :0
� 1 = 0 :195857

f 1(P) ! ci = (0 :23646; 0:860619)
� i = (3 :66498; 0:770545)

f 2(P) ! c1 = 1 :0
� 1 = 0 :195857

Since each P function consists actually of three functions (Px , Py and Pz),
the 3-21G basis set (as the name implies in a cryptic nomenclature), devotes
3 Gaussian-type functions for the orbitals in the core of theatom (just the
1s orbital in the case of carbon), that is f 1(S), which is built by the linear
combination of three Gaussians.

The valence orbitals are described by two functions each:f 2(S) and f 3(S)
for the 2s, a f 1(P) and a f 2(P) for each of the 2p. The accuracy loss caused
by the construction of the GTOs with less than three Gaussians is more than
compensated by the fact that each orbital in the valence can be described by
the arbitrary linear combination of two GTOs.

In the case ofpseudopotentials , the core electrons are replaced by model
potentials, and the valence electrons are treated by regular GTOs. Because
of this, they are also called E�ective Core Potentials (ECPs). This way, the
chemically active valence electrons are considered to movein the potential
caused by the chemically inactive core electrons. The fact that a whole lot
of electrons is not considered into the wavefunction coe�cient optimization
makes that much less GTOs are required into the basis set, andthus the
calculations are sped up a big deal.

These advantages of the basis sets that include ECPs made me use two of
them across this Thesis. They will be described in the corresponding sections.
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\Everything should be made as simple as possible, but not simpler"

Albert Einstein
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2.1 Know thy enemy. Then strawman her

In rhetoric and philosophic discussions it is, sadly, common practice to use
the \straw man argument" (SMA, no text is scienti�c without a cronyms) in
more than a healthy dose. Politicians, in particular, (ab)use it in more than
a deadly dose.

Simply put, the SMA consists in building up a (preferably laughable) fake
representation of our adversary or her line of thought, and then direct our
attacks to that straw man. These attacks will, of course, �nd a much easier
target on the mock up construction we made ourselves, and ouradversary will
hopefully be blown away along with the bits of the shattered straw man1.

The reader might be asking herself where in the world I am heading with
this chatter, and probably not for the last time in this Thesi s. Patience is the
mother of science2.

I realize the above is not a very kind introduction to a scienti�c technique,
but unfortunately I haven't read Shun Tzu's Art of War , and could not come
up with a witty parallelism from therein. For the �rst part of this work, I
might say I have tried to strawman my problem away, although in a hopefully
rigorous way.

2.1.1 Dances with MAOs

They say stating your problem clearly is half of its solution, and this is one of
the biggest truths the reader will �nd in this book.

As I have said in the Introduction, my most basic motivation was to un-
derstand how a two-step reaction, of the kind I thought the propagation step
of the ole�n polymerization was, could follow the reaction rate order I thought
it did.

For me, of course, it meant opening upMolden [33], creating some sort
of ball-and-stick construction out of atoms in a Z-matrix, and then feeding it
to Gaussian [34, 35]3, to minimize its geometry and calculate its energy. In
other words: I was eager to give it a go with Quantum Chemical methods.

The �rst problem I encountered was the chemical species known as me-
thylaluminoxane (MAO). It gave me some bad headaches, or would have,

1So, watch out for this trick, kids. It is usually paired with ad hominem attacks (AHA).
Needless to say, whoever is using SMA or AHA in an argument is trying to fool you, don't
fall for it!

2A quotation sometimes attributed to W. Shakespeare, but whi ch I think belongs to
Spanish popular sayings, chie
y because in Spanish it rhymes, and in English it doesn't.

3Note for my grandchildren: I have known this program as far ba ck as Gaussian 94 .
Back then mice where not USB, the DVDs where read-only, and Slackware did not have a
graphical installer. Wait, it still hasn't!
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had I not quickly decided to dump it for good.
It might be pertinent, at this point, to outline the activity and structure

of MAO. In the beginning of the metallocenic ole�n polymerization develop-
ment, it was seen that the active center, quite logically, was the transition
metal cation. When dealing with Group 4 transition metals (t itanium, zir-
conium and hafnium), their active form is the IV oxidation st ate, that is, a
tetracoordinated metal, with a pyramidal ligand arrangement. Two vertices
would be occupied by the cyclopentadienyl (Cp) ligands, andthe other two by
chloride or methyl substituents in the \inactive" metalloc ene (the one \that
comes in the jar").

The way to activate the metallocene consisted, and still does, in adding
some \co-catalyst" to the reaction medium, so that it would deprive the metal
of one of its methyl groups, or rather from amethide group, leaving a +1 cation
behind. An example of such a reaction is displayed in Figure 2.1, where a
triethylaluminum abstracts a methide group from a zirconocenic pre-catalyst.

CH2CH3

CH2CH3

CH2CH3
CH2CH3

CH2CH3

CH2CH3
CH3

CH3 CH3
CH3

Zr Al Zr
+

+ +
Al

-

Cp

Cp

Cp

Cp

Figure 2.1: Example of Lewis acid attack unto metallocenic pre-catalyst.

In the mid-1970s Kaminsky discovered that the aforementioned MAO per-
formed the co-catalyst task remarkably well. Adding MAO in t he orders of
hundreds or even thousands of aluminum atoms per zirconium atom (in zir-
conated metallocenes. Similarly for other transition metals), would increase
immensely the reaction rate, with respect to more primitive activation tech-
niques as the addition of triethylaluminum.

So, for the industry, everything was �ne... but, how about th e academic
chemists? I have mentioned that MAO is added in so and so Al/Zrratio, and
this may make the reader suspicious: why not say \in such and such molar
ratios" or \such and such times the stoichiometry"? Well, fact is the molecular
structure of MAO is not known[36, 37, 38]. MAO is de�ned as some sort of
reactant by the general formula ({Al na (CH3)nm Ono{) n , where usuallyna = 1,
nm = 2, no = 1[39, 40, 41].

Also unknown is the exact mechanism by which the activation of the met-
allocenes is performed by MAO, beyond the aforementioned methide abstrac-
tion.

The academic study of the chemical systems created in the polymeriza-
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tion media cried for a suitable species to lay its hands on, and so di�er-
ent molecularly well-de�ned Lewis acids were tried. Among the successful
ones, the tri(per
uorophenyl)borate (TFPB) became one of the most popular
ones[42, 43].

TFPB was seen to be able to abstract a methide from the metallocene
dimethyl (see Figure 2.2), and thus activate it for ole�n pol ymerization, in
a very convenient and e�cient way. Replacing MAO with TFPB as ole�n
polymerization co-catalyst �nally provided experimental ists a straw man they
could cope with.

CH3

CH3 CH3

C6F5

C6F5

C6F5

CH3

C6F5

C6F5
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Figure 2.2: Methide abstraction by TFPB on a metallocenic pre-catalyst.

2.1.2 Users of a lesser CPU

Literature on the subject would, then, provide me with a properly de�ned
chemical system I could �ll my Gaussian inputs with. Unfortunately, as is
well known among the Theoretical Chemists, the size of the system fed to a
Quantum Calculation dramatically determines the time (and RAM, and hard
disk space) needed by a given computer to carry it out.

In order to cut down the \weight" of my calculations, I decide d to use
as small a basis set as possible, and reduce the number of active electrons
by making use of ECPs. I also decided to go for DFT calculations, which
have exceptionally low memory and disk requirements, and have a very good
accuracy/CPU load ratio. The bare fundamentals of DFT and ECP basis sets
are described in the Introduction.

However, one always ends up stumbling upon the same obstacle: the num-
ber of atoms in the system to be calculated. Being a humble group in a humble
University of a humble... well, the reader gets the picture. Our computational
resources have always been limited, and so I boldly proceeded to mangle my
molecules as much as possible.

My �rst move consisted in considering only the cationic part of the catalyst,
plus a monomer unit. After all, if the TFPB simply abstracts a methide group,
the TFPB-Me � counterion should be safely dismissable. But, after getting a
severe warning from one referee of a paper for such a sacrilege, I saw the light,
and realized the counterion (CI) should be included.
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Stubborn is as stubborn does, as Forrest Gump would say, so I did not
settle for the inclusion of the full CI. A minimal metallocen e by the formula
[Cp2MCH3]+ accounts for 25 atoms and 78 electrons, plus the ones on the
metal (Ti: 22, Zr: 40, Hf: 72). The TFPB counterion, [CH 3B(C6F5)3]� , would
add 38 atoms and 258 electrons! The use of ECPs instead of all-electron basis
sets would cut these �gures down by quite a bit, since not all of the electrons
in the atoms are treated explicitly, but they would still be t oo many.

Now, if TFPB was the straw man of the experimentalists, I decided to
build my own straw man of the straw man. And here is where the knowledge
of my enemy would make me some good. If my straw man was to be of any
use, it had to mimic as closely as possible the properties of the original CI.

2.1.3 Beautiful models

Some time ago, Prof. Xabier L�opez ordered online a book by the same title
as this section. I distinctly remember my disappointment when I perused the
�rst few pages, only to discover that it dealt with some mathematical models
to describe Quantum phenomena.

But models (besides those skinny hangers for the weird creations of sadistic
fashion tailors), in the context of that book, are beautiful things, indeed.

In general a model is some sort of theory or idea, that, being much more
simple and easy to handle than the original subject of study,still retains
enough of its complexity as to enable one to use it to discoverits features.
Since a model is not the modeled thing itself, some characteristics will be
di�erent, some missing, and some will even be new, and pertain only to the
model, not the modeled (artifacts). One has to make sure thatthe missing
characteristics are not vital for the study one is making, and that the artifacts
do not generate anomalous results. A sphere of constant density can be a
good model for the Earth, in astronomical matters. However,when it comes
to topography, the perfect sphere model crumbles down, as itdoes the constant
density assumption when dealing with seismography.

I once attended a symposium4 where I heard Odile Eisenstein (Montpelier,
France), complain about the tendency to overdo models. She regretted that
sometimes models could miss critical features of the modeled, and hence be
utterly useless.

In the same symposium, Christopher J. Cramer (Minnesota, USA) talked
about the limitations of \lesser" Quantum Mechanical methods such as HF,
MP2, and probably to Axel Becke's dismay, who was in the audience, DFT
methods such as B3LYP.

4ESPA2004 at Valladolid, Spain
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So, to be a purist, one should perform high level coupled cluster calcula-
tions on the full system under study, be it a methane moleculein gas phase,
or a fully solvated protein. To be a purist, then, one would have to either have
access to exorbitant CPU power or refrain from working on the Quantum
Chemistry �eld at all.

In order to follow as much as possible Prof. Eissestein's directives on
model suitability 5, I took my �rst step towards a smaller model for my system:
feature de�nition.

The borate I was trying to model consisted, put bluntly, in a t ricoordi-
nated boron atom whose electron de�ciency (Lewis acidity) would allow it to
abstract a methide group from a transition metal cation such as zirconium
in a zirconocene. The anion thus generated would stay loosely bound to the
metallocenic cation left behind, through a methyl-bridge.

It was, thus, apparent to me that the main \backbone" of my met hyl-
borate model should consist on a CH3B structure; that had to stay unchanged.
However, the three per
uorophenyl groups could, and should, be substituted.
I was under the impression that their main function would be to stabilize the
charge excess of the anion, so I decided to build my model as a [CH3BZ3]�

anion such that some of its properties would be as close as possible to the
TFPB.

At this point I should recognize that the per
uorophenyl gro ups could play
some steric role as well, but this role can not be taken into account with any
model that, by de�nition, tries to reduce the size of the moiety included in
the calculation. To include the full system I would be forcedto use lower-level
methods, and this has already been discussed in Section 1.2.2.

5although decided to pay little attention to the sensible, bu t de�nitely wing-cutting re-
marks by Prof. Cramer
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2.1.4 If the shoe �ts

\Social psychology shows that, whatever their own good or bad choices,
most people believe that others would do whatever they personally chose
to do, a phenomenon termedfalse consensus."

Susan T. Fiske et al. in Science [44]

The �rst task for �nding appropriate groups Z for my BZ 3 model Lewis
acid, consisted in de�ning what kind of Z groups I would deal with. Recall that
I am trying to mimic TFPB (see Figure 2.3), in which Z = C 6F5. For my trial,
apart from Z = methyl (which is a ubiquitous �rst choice, even if it has nothing
to do with the original group to be substituted), I decided to test the following
species: Z = X, CXnY3� n and CXCXm Y2� m , where X, Y = F and Cl, and
n = 0-3, m = 0-2. In other words, 
uorine, chlorine and per
uor o/perchloro
derivatives of the methyl and vinyl groups. Example compounds are depicted
in Figure 2.4.

Figure 2.3: Molecule I try to modelize (TFPB).

The second step would be to choose the properties of the original com-
pound, that we would like the model to mimic. The choice had tohave some
level of arbitrariness, so I opted for making it as broad as possible. With this
aim, I chose to take into account atomic charges, because these are somehow
connected to the shape of the electronic cloud around a molecule. A word or
two should be spared on the subject of atomic charges. There are di�erent
ways of de�ning the amount of electronic density assignableto each of the
atoms in a molecular system. The choice really depends on what we are look-
ing for. Since my only concern at this point consisted in comparing numbers,
I decided to take the simplest of methods, i.e. the Mulliken charges.
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Figure 2.4: Example compounds for the proposed CI models, where X,Y =
Cl. From left to right, top to bottom: Z = {CH 3, {Cl, {CCl 3 and {C2Cl3.

I also included some interatomic distances, to have some re
ection of the
geometry of the original molecule(s). Finally, I added a binding energy, as
de�ned by the reaction in Eq. 2.1, because this tells us how strongly our
model CI binds to the cationic metallocene, and this is an important measure
indeed.

[Cp2ZrCH3]+ + CI � �! [Cp2ZrCH3]+ /CI � (2.1)

The atoms having their charges and interatomic distances measured are de-
picted in Figure 2.5. Notice that not only properties of [CH3B(C6F5)3]� have
been mimicked, but also those of the [CH3Cp2Zr]+ /[CH 3B(C6F5)3]� complex.

The values of the aforementioned properties for each and every considered
model have been summarized in Table 2.1, along with the number of electrons
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Figure 2.5: General forms of CI� (left) and [Cp 2ZrCH3]+ /CI � (right). Atoms
in green have had their electronic charges taken into account for the CI choice.
The interatomic distances taken into account are also green-colored.

of each fragment Z, to give an idea of their relative computational \weight".
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[CH3BZ3]� [CH3Cp2Zr]+ /[CH 3BZ3]�

Z ne qB qC hqH i dB � C hdC� H i qZr dZr � C dB � C BE
{C 6F5 81 0.147 -0.434 0.109 1.647 1.099 0.590 2.528 1.689 -81.208
{Cl 17 0.172 -0.312 0.094 1.599 1.104 0.670 2.535 1.639 -86.824
{F 9 0.716 -0.482 0.069 1.615 1.103 0.751 2.519 1.675 -97.456
{CH 3 9 0.285 -0.446 0.041 1.661 1.108 1.273 2.292 4.451 -125.885
{CCl 3 57 0.816 -0.358 0.118 1.628 1.098 0.536 2.563 1.660 -81.020
{CCl 2F 49 0.587 -0.413 0.125 1.635 1.098 0.621 2.550 1.667 -81.487
{CClF 2 41 0.333 -0.440 0.121 1.644 1.100 0.602 2.533 1.650 -84.418
{CF 3 33 0.142 -0.469 0.111 1.632 1.100 0.615 2.532 1.657 -85.220
{C 2Cl3 63 0.384 -0.473 0.128 1.656 1.098 0.541 2.530 1.702 -83.293
{C 2Cl2F 55 0.360 -0.477 0.120 1.647 1.099 0.582 2.512 1.691 -85.319
{C 2ClFCl 55 0.319 -0.456 0.124 1.653 1.099 0.549 2.518 1.698 -85.489
{C 2FCl2 55 0.057 -0.450 0.117 1.659 1.099 0.619 2.518 1.702 -84.639
{C 2ClF2 47 0.340 -0.461 0.114 1.645 1.100 0.572 2.508 1.691 -87.630
{C 2FClF 47 0.042 -0.473 0.111 1.651 1.100 0.643 2.513 1.696 -86.058
{C 2F2Cl 47 0.014 -0.446 0.112 1.657 1.100 0.623 2.511 1.702 -87.157
{C 2F3 39 0.037 -0.468 0.104 1.651 1.101 0.639 2.509 1.698 -88.865

Table 2.1: Selected properties of some [CH3BZ3]� models for the [CH3B(C6F5)3]� counterion, at the
B3LYP/LanL2DZdp level. Charges are given in electron units, distances in�A and energies in kcal/mol. ne stands for
number of electrons in fragment Z. qi stands for Mulliken atomic charge for atom i, where i = H, B, C and Zr. d i � j

stands for interatomic distance between atoms i and j, wherei, j = H, C, B and Zr. BE stands for Binding Energy,
as de�ned by BE = E complex {E cation {E anion . hqH i and hdC� H i stand for the average values of both properties for
the three quasi-equivalent hydrogen atoms in the methyl group of the CH3B core.
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Z ne � q � d � BE

{CCl 3 57 0.302 0.025 0.188
{CCl 2F 49 0.197 0.017 0.279
{C 2Cl3 63 0.110 0.008 2.084
{CClF 2 41 0.083 0.020 3.210
{C 2FCl2 55 0.043 0.010 3.431
{CF 3 33 0.019 0.018 4.012
{C 2Cl2F 55 0.097 0.008 4.110
{C 2ClFCl 55 0.080 0.007 4.281
{C 2FClF 47 0.056 0.008 4.849
{Cl 17 0.067 0.035 5.615
{C 2F2Cl 47 0.062 0.012 5.949
{C 2ClF2 47 0.087 0.010 6.422
{C 2F3 39 0.056 0.010 7.656
{F 9 0.266 0.018 16.247
{CH 3 9 0.313 1.386 44.677

Table 2.2: Relative errors for the di�erent models of counterion, according to
data from Table 2.1 and formulae at Eqs. 2.2, 2.3 and 2.4. Entries have been
ordered by increasing� BE for convenience.

In order to be able to make a clear comparison, some errors� have been
de�ned in Eqs. 2.2, 2.3 and 2.4, and tabulated in Table 2.2. Each �x there
refers to the di�erence, for property x, between the given model and the mod-
eled species. As can be seen, charge, distance and energy errors have been
grouped each in a bundle.

5� 2
q = (� qB )2 + (� qC CI )2 + (� qC � )2 + (� qH )2 + (� qZr )2 (2.2)

4� 2
d = (� dB � C;anion )2 + (� hdC� H i )2 + (� dZr � C )2 + (� dB � C;complex )2 (2.3)

� BE = j� BE j (2.4)

A glance at Table 2.2 quickly reveals that there is noperfect model, and
the �nal choice must de�nitely depend on what properties we regard most
important, and how much so.
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The �rst step to trim the list was to look at the � BE
6. I discarded all but

the �ve models with smallest � BE , all of them below 3.5 kcal/mol.
I then rejected Z = {CCl 3 and {CCl 2F, despite their very good binding

energies (� BE = 0.188 and 0.279, respectively), on account of their slightly too
high discrepancies in atomic charge:� q = 0.302 and 0.197, respectively.

Finally, from the remaining Z = {C 2Cl3, {C 2FCl2 and {CF 2Cl, I chose the
latter. Although the � values of the former two were quite good, they would
not justify their increased size, and associated higher computational expense
(61 and 55 electrons versus 41, respectively).

All in all, Z = {CF 2Cl was regarded as su�ciently accurate, and conve-
niently small. It is depicted in Figure 2.6. Nevertheless, it would not be fair
to not to stress the fact that there always is some degree of arbitrariness in
such selections. In this case, Z = {CF3 could have been selected, for example,
on account of its tiny � q and � d, had it not been eliminated in the �rst cut
because of its� BE . When all is said and done, though, its� BE is only about
0.8 kcal/mol higher than my �nal choice.

Figure 2.6: Final choice on CI model.

6Which might come as a huge surprise, given that I have ordered the errors in Table 2.2
by � BE
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3.1 Introduction

\He was determined to discover the underlying logic behind the universe.
Which was going to be hard, because there wasn't one. The Creator had a
lot of remarkably good ideas when He put the world together, but making
it understandable hadn't been one of them"

Mort , Terry Pratchett

More than 45 years after the �rst ole�n polymerizations by Zi egler-Natta
type catalysts[6, 7], and 40 after Coss�ee and Arlman formulated their widely-
accepted two-step mechanism (see Figure 3.1) for the propagation step of
this kind of reactions[19, 20, 21, 22, 23], there still remain some unanswered
questions.
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Figure 3.1: Coss�ee-Arlman mechanism

A very important one is whether the � -complex exists, i.e. whether the
complexation of the vinyl monomer to the catalyst fragment is a true minimum
in the reaction potential energy surface (PES). Related to this, the presence
of an complexation barrier is also under debate.

Early work by Morokuma (who has been very active on the �eld[45, 46,
47, 48, 49, 50])et al. on the ethylene + [Cl2TiCH 3]+ system[45] predicted
a � -complex optimized at Hartree-Fock (HF) level of theory. Single point
energy calculations at second order M�ller-Plesset (MP2) theory level on the
HF geometry gave a binding energy of 56.6 kcal/mol.

They also studied the silylene-bridged [H2SiCp2ZrCH3]+ + ethylene
system[46], and predicted a� -complex with a restricted Hartree-Fock (RHF)
binding energy of 19.1 kcal/mol and 33.5 kcal/mol at the restricted MP2
(RMP2) level of theory. An insertion transition state (TS) w as also found, giv-
ing rise to an insertion barrier of 16.7 kcal/mol at RHF level and 6.0 kcal/mol
at RMP2 level.

Similar results were obtained by Ziegleret al.[51], using DFT methods.
They came up with a � -complex with a 23 kcal/mol binding energy for ethylene
+ [Cp 2TiCH 3]+ and around 26 kcal/mol for ethylene + [H2SiCp2ZrCH3]+ .
However their insertion barriers were tiny, namely less than 1 kcal/mol for
both of them.
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Later work by Ahlrichs et al.[52] on both ethylene + [Cp2TiCH 3]+ and
ethylene + [Cl2TiCH 3]+ stressed the importance of including electron cor-
relation even in the geometry optimization step, lest qualitatively incorrect
results be obtained. They claimed having avoided this problem by optimiz-
ing the geometries with the MP2 method, at which level they predicted a
strictly downhill insertion of ethylene in the Ti{C bond (i. e., no � -complex
nor insertion TS) for the ethylene + [Cp 2TiCH 3]+ system. This result was
rationalized by stressing how e�ciently � -H agostic interactions reduce the
steric hindrance to ethylene approach. For [Cl2TiCH 3]+ agostic interactions
seemed to be weaker (or absent), and thus a� -complex and an insertion TS
were indeed found.

In a pioneering paper, Buda et al.[53] treated the insertion of ethylene
into [H 2SiCp2ZrCH3]+ (same system as in one of the articles by Morokuma
et al.[45]), by Car-Parrinello ab-initio molecular dynamics (AIMD). This ap-
proach has the interesting advantage that it is not the electronic energy space
that is analyzed, but the free energy one, that is, the actualhypersurface in
which chemical reactions take place. The remarkably short reaction time span
they obtained (� 150 fs) led them to conclude that a very low or no energy bar-
rier at all was present in the monomer insertion. A second study on the same
system[54], but at di�erent temperatures, further support ed this idea, since
the reaction time span turned out to be quite independent of the temperature.

Nevertheless, another paper by Morokumaet al.[47] questioned the afore-
mentioned ones. Although RMP2//RHF (RMP2 single point ener gy at RHF-
optimized geometries) made Ahlrichset al.[52] consider a downhill PES, simi-
lar calculations with the much more sophisticated restricted singlets and dou-
blets con�guration interaction with correction for quarte ts (RQCISD) level of
theory for calculating the energy of geometries optimized at the RHF level
(that is, RQCISD//RHF energies), applied to [H 2SiCp2MCH3]+ (M=Ti, Zr,
Hf) led Morokuma et al. to conclude that there actually exists a � -complex
(with a RQCISD//RHF binding energy of 29.1 kcal/mol for M=Zr ), and also a
subsequent insertion TS, although with a low activation energy (9.4 kcal/mol
in the case of M=Zr, at RCISD//RHF level). They regarded the M P2 results
by Ahlrichs et al. as \an artifact", and blamed the absence of barrier in the
AIMD simulations by Buda et al. on an overestimation of the correlation
energy by the LDA method, thus (they hypothesized) the TS disappeared be-
cause it was unrealistically stabilized at that theory level. While this arti�cial
stabilization e�ect may well be present, I would like to emphasize that the
AIMD calculations explore the reaction free energy, not theelectronic energy.
Thus there would be no contradiction in the prediction of the existence of an
electronic energy insertion barrier and none in the free energy surface.
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Some questions related to the Coss�ee-Arlman mechanism have been ad-
dressed by Martin Ystenes. He proposed an alternative mechanism referred
to as Trigger mechanism (TM)[55, 56], and references therein, although in
more recent papers Ystenes seems to get back to giving creditto the model
by Coss�ee and Arlman[57].

The main change theTrigger model introduces in the CAM is to propose
the catalytic action of a second monomer unit for the insertion of a given
monomer in the growing chain attached to the metallic center (see Figure
3.2). The idea is not new, as Ystenes himself makes clear (seerefs [21-24] in
ref [55]), but it is in his papers where the idea has been properly placed into
perspective for the �rst time.
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Figure 3.2: Trigger mechanism

I would like to emphasize that both the model by Coss�ee and Arlman and
that by Ystenes were developed for Ziegler-Natta catalysts. Both Kaminsky[24,
36] and Corradini[25, 36] have translated the CAM to metallocenic catalysts,
with little, if any, fundamental change. While some details may vary, the prob-
lems I will discuss here are essentially equivalent for boththe heterogeneous
and the homogeneous branch of these metallic catalyst family. Moreover,
many more recently discovered post-metallocenic catalysts[48, 58, 59] possibly
follow similar reaction steps.

The calculations presented in the �rst section have been carried out for
the \bare" metallocene cation, without any explicit e�ect o f the counterion
(e.g. methylaluminoxane anion, MAO� ), beyond the implicit activation of
the metallocene itself. The hypothesis that the primary e�ect of the MAO
is to activate a metallocene precursor (usually a dichloride), giving rise to a
cationic molecule, which is the active species, is assumed in many papers, and
was experimentally con�rmed by Yang et al.[60] for zirconocenes and Eishet
al.[61] for titanocenes.

Nevertheless the e�ect of the counterion is still under debate, thus while
some authors[62, 63] suggest that the e�ect of the complexation of the cocat-
alyst anion to the metal is not negligible, and should be included explicitly
in the calculations (for example in the form of boron compounds), others[64]
justify the neglect of counterions in simulations. Consequently, I have de-
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voted a second part of this chapter to include a model for [CH3B(C6F5)3]� , a
moiety that has been widely used as molecularly well-de�nedcounterion (as
opposed to the structurally unknown MAO) in ole�n polymeriz ation, both
experimentally[60, 65, 66, 67] and theoretically[62, 68, 69, 70].

It is also worth noting that there are many side reactions relevant for the
propagation reaction (e.g. production of \dormant" bimole cular species[71],
and, of course chain termination by � -hydrogen transfer to the monomer[72,
73] or � -hydrogen elimination[74]), and that the whole polymerization process
is much more complex than what I outline here. My concern, though, is to
model the propagation reaction of active catalytic centers.

3.2 Selected characteristics of metallocene catalyzed
� -ole�ns

I will refer here only to the three issues I consider most important about the
reactions under consideration. These issues have already been put forward
by Ystenes in his papers[55, 56], among a couple of others, being regarded as
con
ictive points for the CAM for Ziegler-Natta catalysts, and I extend them
to metallocenic catalysts.

3.2.1 The reaction rate order of the monomer predicted by
theory does not match experiment

It is widely accepted that most metallocene-catalyzed polymerizations have re-
action rates proportional to the monomer and catalyst concentrations, i.e. are
of �rst order with respect to both the monomer and the catalyst[71, 75, 76],
even though non-integer pseudo reaction orders have been reported[55, 74].
The problem here is that the CAM suggests that the propagation reaction
takes place in two steps (complexation and insertion of the monomer), and
chemical intuition indicates that the second one is most likely the slowest
one, if the �rst one has no barrier and so it is expected to be very fast. If
it were the case, then a comparison with a typicalMichaelis-Menten reac-
tion mechanism (Eq. 3.1) would show that the reaction rate would be of �rst
order with respect to the catalysts, but of zeroth order (i.e., independent)
with respect to monomer. This is illustrated in the Michaelis-Menten kinetic
equation (Eq. 3.2), where v = k2[Catalyst ] if k1 >>> k 2. Linear propor-
tionality for monomer seems to be reasonable only if the �rststep (complex-
ation) is much slower than the second one (insertion). Following Eq. 3.2,
v = k[Catalyst ][Substrate] if k1 <<< k 2. The latter is highly counterintu-
itive.



34 Chapter 3. Mechanism Elucidation

Catalyst + Substrate
k1

*)
k� 1

Complex
k2

*)
k� 2

Product (3.1)

v =
k2[Catalyst ]

1 + k � 1+ k2
k1 [Substrate ]

(3.2)

3.2.2 The e�ect of Lewis bases (including MAO � counterion)
is controversial

It is quite straightforward that Lewis bases that may be present in the medium
(one of them being the MAO� counterion for the catalyst cation), should com-
pete for the empty site in the coordination sphere of the metal formed in vari-
ous steps of the CAM. Vanka and Ziegler[68] studied this scenario by computa-
tional means (DFT calculations). They calculated the formation enthalpies of
the complexes formed by the bare catalyst cation and some other Lewis bases,
namely zirconocenic precatalyst itself (Cp2Zr(CH 3)2), solvent (toluene), co-
catalyst (B(C 6F5)3) and Al(CH 3)3. Although all of them produced stable
complexes, none would bind stronger than the counterion [B(C6F5)3CH3]� ,
so they also studied the possibility of forming \sandwich" species, that is, the
Lewis base inserted between the aforementioned cation and counterion.

Comparing the results with the ones obtained with the monomer (ethylene)
for Lewis base, they concluded that dormant species formed by complexation
of these Lewis bases with the catalyst could compete successfully with ethy-
lene complexes, but for longer growing polymer chains (modeled by a propyl
instead of a methyl attached to the zirconium atom), the complexation of the
monomer was deemed closer in energy (probably due to steric e�ects) to that
of Lewis bases. It should be noted that this would agree with the experimen-
tal results, where usually the propagation rate is smaller at the beginning of
the polymerization (presumably due to greater abundance ofdormant species.
Increasing the growing polymer chain length would make the monomer more
and more favored over other Lewis bases). In the case of sandwiched species,
ethylene seemed to bind more strongly in its corresponding sandwich than the
solvent, but not more than Al(CH 3)3, therefore the latter could well inhibit the
catalysis process (anyway its concentration, when used as scavenging agent,
should be signi�cantly lower than that of the monomer).

3.2.3 The growing chain 
ipping behavior is still unexplain ed

It is widely accepted that in metallocenic catalytic systems each metallic center
has two coordination positions active for the polymerization reaction. Every
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insertion step, the growing polymer chain is attached to oneof them, and
the incoming monomer binds to the other one. The possibilityof obtaining
isotactic or syndiotactic polymer is explained by how the monomers tend to
bind to these coordination sites. Given that these two coordination sites will
favor the complexation (and subsequent insertion) of the monomer with either
equivalent or opposite side group (e.g. methyl group in propylene) arrange-
ment, one can assume that the �rst case will produce an isotactic polymer
(Figure 3.3), and the second one a syndiotactic one (Figure 3.4), provided
that the monomer complexations happen in a coordination-site alternating
fashion[77, 78]. Of course, if neither of them favors a givenorientation of the
monomer, the product will be atactic.
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Figure 3.3: Isotactic growth

It is important to note that the growing chain has to 
ip once ( or an odd
number of times) per monomer insertion. A successful theoretical mechanism
has to be able to account for this fact, and explain not only how the 
ip hap-
pens when the monomer inserts itself, but also why the chain stays in place
between two successive insertions (or 
ips exactly an even number of times).
If the growing chain stays in the same coordination site all the time, then
both isotactic and atactic products can be rationalized, but no easy expla-
nation can be given to the formation of syndiotactic polymers with a static
growing chain, nor with an uncontrolled 
ipping of the chain . Anyway, some
authors[79] have taken into account the possibility of chain 
ipping between
successive insertions, and have come up with the conclusionthat for some
catalytic systems the inversion (
ip) rate can even be much higher than the
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Figure 3.4: Syndiotactic growth

monomer insertion rate.

3.3 Methods

My �rst step is to use quantum calculations to sketch a potential energy curve
(PEC) for the approach of the monomer to the metal. Then more accurate
calculations will be done on the stationary points, so that I can compare the
heights of the energetic barriers for the propagation reaction.

For my calculations I have chosen [Cp2ZrCH3]+ as the active catalyst, and
ethylene as the monomer, provided that they are the simplestspecies that can
model the reaction, and thus the less computationally demandant. The coun-
terion [CH3B(C6F5)3]� , when used, has been modelled by a [CH3B(CF 2Cl)3]�

unit. The suitability of such a model was discussed in Chapter 2.
All the calculations have been carried out using the Gaussian 98

package[34] and the B3LYP density functional (DFT) method therein.
I have used 4 basis sets throughout this work. Firstly, for the relaxed

PEC scans I chose SKBJ e�ective core potential (ECP) basis set[80, 81, 82],
as de�ned in the Extensible Computational Chemistry Enviro nment Basis Set
Database[32]. I chose such basis set for performance considerations, since it
has all of the core electrons described by pseudopotential functions, and only
the valence shell of each element is described with Gaussianbasis functions,
thus reducing the computational expense considerably.
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Secondly, for the geometry optimizations and subsequent frequency calcu-
lations I have made use of the LanL2DZdp basis set, which is anextension of
the LanL2DZ basis set[83, 84, 85], supplemented with di�useand polarization
functions[86]. Unfortunately there is no such extension for beryllium or zirco-
nium, so I have used the bare LanL2DZ basis set for these elements. However,
the di�use functions are expected to be of little importance for both boron and
zirconium, because they have a substantial cationic naturein the compounds
under study. The LanL2DZ basis set is a pseudopotential one,as it is SKBJ,
but with a smaller core described with ECPs, so that an expected increase
in accuracy is achieved at the expense of an actual increase in computational
cost.

Thirdly, for the single point energy calculations I used the widely known 6-
311++G(3df,3pd) basis set, as implemented in Gaussian, forall the elements
except for the zirconium, for which the SDD basis set was used, as implemented
in Gaussian. I have called this basis set TZ basis set throughout this paper.

Lastly, when testing for the relevance of di�use functions for the description
of a potential � -agostic interaction on the zirconium atom, I used both the
LanL2DZ basis set and an extension to it consisting in the inclusion of a
di�use function in the � carbon and its three hydrogens (a total of four extra
s functions). I will refer to the latter as LanL2DZ � . Additionally, SKBJ and
LanL2DZdp basis sets have also been used, the latter only in the simplest of
the two cases studied in this test.

These computational details and the species taken into account are not so
di�erent from those studied by Thorsaug et al.[57], but additionally I have
performed frequency calculations in order to obtain reaction Gibbs free ener-
gies, something they did not do due to computational limitations. Of course,
temperature is a factor in the entropic part of �G. The number s I give here
are calculated at 298K, which is a reasonable temperature for this kind of
polymerizations.

It is also noteworthy that I have performed such frequency calculations on
all the stationary points, coming up successfully with real frequencies for all
the normal modes in the case of local minima, and one and only one imaginary
frequency for the transition states. I have also con�rmed that in every case
the imaginary frequency corresponded to the desired normalmode.

With regard to the 
ipping of the growing chain, I have modell ed it with
a typical bridged zirconocene, namely ansa-ethylene-bis(indenil) methyl zirco-
nium cation, whilst the oscillating chain has been reduced to a simple methyl
group.

For the ball-and-stick graphical representation of molecules, the Raster3D
software[3] has been extensively used throughout this chapter. The schematic
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molecular representations have been produced with ChemTool[87]. Various
graphs and schematic �gures have been produced with Grace[88] and X�g[89].

3.4 Results and discussion

3.4.1 Description of the � -agostic interaction

It has been argued that an agostic interaction between the� -hydrogen and
the zirconium is formed, and that its description is crucial. Although my
calculations with ethyl chains in bare cations suggest thatthis agostic interac-
tion does exist, when introducing the counterion in the system its importance
seems to decrease drastically (see Figure 3.6).

The underlying question is not only whether the length of the growing
polymer chain a�ects the insertion of subsequent monomers (which sounds
reasonable for very short chains, and is probably irrelevant for longer chains),
but also whether one should add di�use functions in order to properly describe
the possible agostic interactions by means of theoretical calculations, even in
a qualitative way.

I have tested for the stability of these� -agostic interactions by performing a
relaxed potential energy scan along the H{C{C{Zr dihedral angle, D, giving to
it values from 0� to 60� . The two limiting structures are depicted in Figure 3.5.
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Figure 3.5: Two limit structures in the � -agostic interaction test scan. Atoms
de�ning dihedral angle D highlighted.

This PEC scan was carried out on the bare catalyst cation and on the
catalyst/counterion system, using three basis sets, namely SKBJ, LanL2DZ
and LanL2DZ� , plus also the bigger LanL2DZdp basis set for the bare catalyst.
Figure 3.6 shows the result of the seven scans.

Although the inclusion of di�use functions on the subject atoms
(LanL2DZ� basis set) increases very slightly the relative stability of the ge-
ometry with a planar H{C{C{Zr dihedral angle (either for the cation and the
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neutral system), it is clear that all basis sets regard the D=60� moiety as the
most stable one for the neutral system, and the D=0� geometry for the cation.
When the bigger LanL2DZdp basis set is used the� -agostic geometry seems
to be even more favored, and it seems reasonable to think thatwhen including
the counterion the D=0 � and D=60 � geometries will be closer in energy. The
basis set I use in the bulk of the thesis to calculate the di�erent relaxed scans,
that is the small SKBJ, gives �gures very close to the bigger LanL2DZdp.

I can therefore conclude that the PEC is quite 
at for the rota tion of
the methyl end of the ethyl group, so that the possible� -agostic interaction
cannot be considered too tightly-binding for the cation, and much less so for
the neutral system. It is also apparent that the SKBJ basis set is suitable for
a qualitative sketch of the PEC along the monomer approach.
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Figure 3.6: PEC along the H{C{C{Zr dihedral angle for the bar e catalyst
cation (circles) and catalyst/counterion (squares) systems. LanL2DZ basis set
results are represented by solid symbols, and SKBJ results by white ones. The
dashed lines below each continuous line draw the corresponding LanL2DZ�
results. The dotted line corresponds to LanL2DZdp values for bare catalyst.
�Es are given with respect to the D = 60 � moiety.

3.4.2 Bare cation

Monomer approach PEC scan

I have performed some fully relaxed PEC scans in the ethylene+ [ZrCp 2CH3]+

system, that is, some internal variables (interatomic distances) were �xed at



40 Chapter 3. Mechanism Elucidation

selected values, while all the remaining variables were freely optimized. The
distances that were �xed in each scan are henceforth labeledas pseudo-reaction
coordinates.

Firstly, I wanted to check whether a � -complex exists, that is, if there is a
minimum in the PEC corresponding to the approach of the monomer to the
cation, before it inserts into the Zr{C � bond. I chose the Zr{C1C2 distance
as the pseudo-reaction coordinate to scan, where C1 and C2 are the carbon
atoms of the ethylene. The X{YZ notation is used to indicate that both X{Y
and X{Z are �xed and equal. I made this variable evolve from a far away
distance (6 �A), where the binding energy (de�ned as the electronic energy of
the complex minus the sum of those of the monomer and cation evaluated
separately) is small (around 2.0 kcal/mol), and up to a littl e closer than the
minimum energy point, d(Zr{C 1C2) = 2.4 �A (see r.h.s. of Figure 3.7).

Secondly, once the monomer is close to the metallic center, one would
expect to observe a maximum in the PEC corresponding to the approach of
one of the carbon atoms of the monomer to the carbon of the methyl group of
the cation (� carbon of the growing polymer chain). In this case I have selected
the C2{C � distance as pseudo-reaction coordinate, and calculated the resulting
PEC ranging from carbon{carbon distances closer than the equilibrium C{C
single bond (around 1.54�A), up to where the energy starts decreasing after a
maximum, namely the insertion TS (see l.h.s. of Figure 3.7).

Inspection of Figure 3.7 con�rms that there exists a � -complex when the
ole�n is at around 2.9 �A from the zirconium atom. It is also evident, that an
insertion TS must exist somewhere near d(C2{C � ) = 2.2 �A, and of course the
product appears close to d(C2{C � ) = 1.55 �A.
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Figure 3.7: PEC corresponding to varying the C2{C � (left) and Zr{C 1C2

(right) distances for the bare zirconocene cation + ethylene system. Distances
in �A and energies in kcal/mol.
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In the case of the TM, I did not perform such a PEC scan, but rather
directly optimize the corresponding stationary points.

3.4.3 Relevant stationary structures along the PEC

I picked the relevant points of the PEC scans in Section 3.4.2, and optimized
their geometries with the LanL2DZdp basis set. I regarded as\relevant" the
minimum of the d(Zr{C 1C2) scan (� -complex, CAMcomp) and the maximum
(insertion TS, CAM T S) and minimum (product, CAM prod) of the d(C2{C � )
scan, as well as the ethylene and zirconocene moieties in�nitely separated
(reactants, Et and CAM reac), and their energies were re�ned by means of
single point energy calculations with the TZ basis set. These geometriesand
the Coss�ee-Arlman mechanism energy pro�le are depicted inFigure 3.8. The
energies are summarized in Table 3.1.

A summary of the geometrical features of the CAM reaction path follows.
The nomenclature can be readily made clear by inspection of Figure 3.16 of the
following Section, which depicts one of the optimized geometries that include
the counterion.

An ethylene monomer unit approaches the CAMreac catalyst cation, form-
ing the CAM comp � -complex without any intermediate TS to be found. In the
� -complex the Zr{C distances for the monomer carbons are 2.862 and 2.855�A,
which means that both carbon atoms are similarly bound to thecentral metal.
At this stage the C1{C 2 double bond is only slightly a�ected, with a C 1{C 2

distance of 1.353�A, whereas d(C1{C 2) = 1.340 �A in the isolated monomer.
It is noteworthy that in the complex the three C � {H � distances are in the
1.100{1.101�A range, while in the case of the CAMreac reactant one of the hy-
drogen atoms displays a clear� -agostic interaction with the zirconium metal,
having its C� {H � distance elongated to 1.133�A, and a Zr{H � distance of
merely 2.394�A, only 0.18 �A further from the metal than the � carbon itself
(Zr{C � {H � angle of 84.6� ).

The � -complex evolves to the insertion product through the TS labeled
CAM T S. In this TS the Zr{C � bond breaks, the C1{C 2 double bond turns into
a single bond and simultaneously two new bonds are formed: the Zr{C1 one,
and the C2{C � one. The corresponding distances are: d(Zr{C� ) = 2.315 �A,
d(Zr{C 1) = 2.405 �A, d(C 1{C 2) = 1.417 �A and d(C2{C � ) = 2.175 �A. In this
TS, one of the hydrogens on the� carbon interacts again with the metallic
center through an agostic e�ect, showing an elongation to 1.139 �A, and a
Zr{H � distance of only 2.167�A (Zr{C � {H � angle of 68.2� ).

The �nal product of this reaction features single Zr{C 1 (2.235 �A), C 1{C 2
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(1.566 �A) and C2{C �
1 (1.561 �A) bonds, with a 
 -H agostic interaction ac-

counting for an elongation of the C� {H � distance up to 1.127�A, and a Zr{H �

distance of only 2.262�A.
For the TM, the reactants consist on an ethylene molecule plus the

CAM comp � -complex already calculated for the CAM reaction path, and the
corresponding TS (TMT S) and product (TM prod). These two species were also
fully optimized at the B3LYP/LanL2DZdp theory level, and th e corresponding
geometries used forsingle point calculations at the B3LYP/TZ level.

These geometries and theTrigger mechanism energy pro�le are depicted
in Figure 3.9. The energies are displayed in Table 3.2.

A summary of the geometrical features of the TM reaction path follows.
An ethylene monomer unit approaches the CAMcomp � -complex to form the in-
sertion TS, without any intermediate complex to be found. In this TS, labeled
TM T S, the same bonds as in the CAMT S case are broken and formed. Here
the corresponding distances are: d(Zr{C� ) = 2.317 �A, d(Zr{C 1) = 2.405 �A,
d(C1{C 2) = 1.417 �A, and d(C2{C � ) = 2.174 �A. In this TS, one of the hy-
drogens on the� carbon interacts again with the metallic center through an
agostic interaction, showing an elongation to 1.139�A, and a Zr{H � distance of
only 2.167 �A(Zr{C � {H � angle of 68.1� ). As a matter of fact, the � hydrogen
is 0.15 �Acloser to the zirconium cation than the � carbon itself.

The �nal product of this reaction features single Zr{C 1 (2.239 �A), C 1{C 2

(1.564 �A), and C2{C � (1.559 �A) bonds, with a 
 -H agostic interaction ac-
counting for an elongation of the C� {H � distance up to 1.125�A, and a Zr{H �

distance of 2.272�A.
The reaction energetics in tables 3.1 and 3.2 are given with respect to the

CAM comp+Et reactants in the TM, but with respect to the CAM comp complex
in the CAM (and not the CAM reac+Et reactants) for I want to compare barrier
heights in both mechanisms. All energies are given in kcal/mol units.

1Recall that I keep calling C � to the carbon atom that now occupies a 
 position
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Figure 3.8: Stationary points along the Et + [CH 3ZrCp2]+ Coss�ee-Arlman reaction PEC. Solid lines cor-
respond to electronic energies, and dashed lines to Gibbs free energies, both values in kcal/mol at the
B3LYP/TZ//B3LYP/LanL2DZdp level. The arrows in CAM T S correspond to the motion of the atoms accord-
ing to the normal mode with an imaginary frequency. The scaleis arbitrary, but the relative moduli of the vectors
match those of the Gaussian output.
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LanL2DZdp TZ
Species �E �G �E �G
CAM reac + Et 17.59 5.32 16.73 4.46
CAM comp 0.00 0.00 0.00 0.00
CAM T S 7.12 10.55 8.01 11.44
CAM prod -8.44 -4.03 -5.77 -1.36

Table 3.1: Energy di�erences and Gibbs free energy di�erences (in kcal/mol)
at selected stationary points along the Coss�ee-Arlman reaction path. Values
obtained by single point calculations with the basis sets shown, on geometries
optimized at the B3LYP/LanL2DZdp theory level.

The values for �E and �G are conveniently plotted in Figure 3. 10.
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Figure 3.10: CAM (squares) and TM (circles) energy (continuous line) and
Gibbs free energy (dashed lines) pro�les.

Even if the TM is favored from an enthalpic point of view, the entropic
e�ects of having a second monomer present in the transition state structure,
instead of only one, make the system pay a high entropic toll. It is so high
that the CAM turns out to be the mechanism with a lower Gibbs fr ee energy
barrier in gas phase (4 kcal/mol lower).

Since the entropic contribution has been calculatedvia a harmonic ap-
proximation for the vibrational modes, doubt rises whether it has been over-
estimated, particularly due to many low frequency normal modes present in
the species of such a 
oppy system. These modes can hardly be well described
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LanL2DZdp TZ
Species �E �G gas �E �G gas

CAM comp + Et 0.00 0.00 0.00 0.00
T MT S 4.97 14.52 6.19 15.75
T Mprod -10.63 1.30 -7.70 4.23

Table 3.2: Energy di�erences and Gibbs free energy di�erences (in kcal/mol)
at selected stationary points along theTrigger reaction path. Values obtained
by single point calculations with the basis sets shown, on geometries optimized
at the B3LYP/LanL2DZdp theory level.

under the harmonic approximation used in the present investigation. Regard-
less of it, the numbers are solid enough to make the point clear that there
is some kind of trade o� between the positive catalytic e�ect of the second
monomer, and the negative e�ect of the increased order of placing a second
monomer molecule in the coordination sphere of the metal, orat least weakly
bound to it.

3.4.4 Chain 
ipping

This issue has been recently addressed from an experimentalpoint of
view[90, 91], as well as theoretically [77, 79]. In my case, Ihave found a
transition state ind-ZcT S between two equivalent ind-Zc1 minima, as depicted
in Figure 3.11. This TS had a single imaginary frequency of 71i cm� 1. The
low inversion barrier (vide infra ), gives an idea of the 
atness of the PEC
for the inversion. Visual inspection of the corresponding normal mode con-
�rmed that it corresponds to the motion of the methyl group in the expected
pseudo-equatorial plane.

The calculated energetic barrier turned out to be 3.0 kcal/mol in electronic
energy, and 2.3 kcal/mol in Gibbs free energy, so with this model I would
predict a very facile oscillation of the growing chain, if there is no other factor
preventing it. The results in the paper by Goddard et al.[77] basically agree
with mine: the geometrical minima are tetrahedral, not tria ngular planar (it
would be a TS according to my calculations), but the energy di�erence is
almost negligible.

Solvent e�ects are not expected to be important, since the charge arrange-
ment is not signi�cantly altered in the process, and the shape of the whole
molecule is not drastically changed. Regarding this, one could think that, for
the long alkyl chain that is formed in the polymerization a huge volume of
solvent is displaced by this 
ipping. But the important poin t is the move-
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ind-Zc1ind-Zc1

ind-ZcTS

Figure 3.11: PEC scheme for methyl 
ipping in ansa-ethylene-bis(indenil)
methyl zirconium.

ment of the chain \body" relative to the catalyst \head", so e quivalently one
could say that it is the zirconocene that is moving. The latter requires only
minor solvent cavity distortion to occur, hence the relative energies within the
solvent are expected to be similar to the vacuum.

3.4.5 Inclusion of the counterion

In Chapter 2 it has been extensively discussed the choice of amodel CI to
represent the tri(per
uorophenyl)borate, and, hence, I will proceed to use
that model, namely B(CF2Cl)3.

3.4.6 Et+[CH 3ZrCp 2]+ /[CH 3B(CF 2Cl) 3]� scan results

I have followed the same procedure as in Section 3.4.2, now including an
explicit counterion, in the form of a [CH3B(CF 2Cl)3]� anion. The resulting
PEC scans, at the B3LYP/SKBJ level, are displayed in Figure 3.12.

The �rst di�erence with respect to the bare cation case is that, for Zr{C 1C2

distances ranging from 6.0�A to 3.55 �A (see right side of Figure 3.12, the poten-
tial energy increases monotonically. Although there seemsto be a � -complex
formation at around d(Zr{C 1C2) = 2.9 �A (as in the bare cation case), the
monomer has to overcome an energetic barrier in order to reach it.
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Figure 3.12: PEC corresponding to varying the C2{C � (left) and Zr{C 1C2

(right) distances for the ethylene + [CH3ZrCp2]+ /[CH 3B(CF 2Cl)3]� system.
In each plot white and solid black circles have been used to distinguish the
two surfaces (see text), and the corresponding �tted functions are represented
by dashed lines. Distances in�A and energies in kcal/mol.

This energy maximum seems to be the crossing point of two di�erent energy
surfaces, namely the one corresponding to the� -complex basin from 2.50�A
to 3.50 �A, and the monomer approach basin, from 3.55�A on. The di�erent
nature of the two surfaces is evident upon inspection of the Zr{C CI distance,
where CCI refers to the carbon atom in the methyl group of the counterion.
The evolution of such distance is depicted in Figure 3.13. Inthe complex basin,
d(Zr{C CI ) has a moderated decrease, from 4.57�A at d(Zr{C 1C2) = 2.50 �A, to
4.24�A at d(Zr{C 1C2) = 3.50 �A. However, at d(Zr{C 1C2) = 3.55 �A, d(Zr{C CI )
jumps to a much shorter value of 3.22�A, which quickly evolves, as d(Zr{C1C2)
increases, to a constant d(Zr{CCI ) = 2.58 �A from d(Zr{C 1C2) = 4.80 �A on.

Recall that Figure 3.13 displays the Fermi-Dirac function that best �ts the
calculated points. The general form of a Fermi-Dirac function is displayed in
Eq. 3.3.

f F ermi � Dirac = Y0 +
Y1

1 + e
x � x 0

�

(3.3)

It is not the author's aim to �nd any fundamental relationshi p between the
calculated values and the function, but rather extract the information from
the similarities and dissimilarities the calculated points and the �tted function
may have. A Fermi-Dirac function is best suited to describe aproperty, f(x),
that is almost constant at f(x) = Y 0 for large values of variable x, and also
constant at f(x) = Y 0 + Y 1 for very small values of x, but with a rapid
transition from Y 0 + Y 1 to Y 0 at precisely x = x0. The parameter � gives an
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Figure 3.13: Transition between a zone where the ethylene monomer is merely
approaching the metallic center of the [Cp2ZrCH3]+ /[CH 3B(CF 2Cl)3]� com-
plex, and the region where it is already complexated. The dots correspond to
calculated points, and the dashed line is a �t to a Fermi-Dirac function (see
Eq. 3.3). The �tting parameters are given in Table 3.3, with t he label FD-1M
in Table 3.3.

idea of the width of the transition. A little algebra can show that the �x (or
-�x) displacement from x 0 required to have f(x) di�er from Y 0 (or Y 0 + Y 1)
by only � Y1 (or -� Y1) would be �x = - � ln ( � ). This means that one would
have a value over 99% close to the asymptotic one (� = 0.01), by displacing
merely 4.6� distance units from x0.

The values for the constants in the Fermi-Dirac �t in Figure 3 .13 are given
in Table 3.3. Recall the good overall quality of the �t (R close to unity),
despite the fact that some points consistently deviate fromthe �t. This tells us
that the \general" shape of the calculated curve is, at leastqualitatively, well
grasped by the function. The �t is not quantitative (this was not expected),
and, for example, for x < x0 (x0 = 3.53 �A), the calculated points do not lie



50 Chapter 3. Mechanism Elucidation

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

f(
x)

Y0

Y0+Y1

x0

4.6l

f(x) = Y0 + (x-x0)/l

Y1

1+e

Figure 3.14: Plot of the Fermi-Dirac function (see Eq. 3.3),for parameters Y0

= 0.1, Y 1 = 0.8, x0 = 0.5, � = 0.02.

on a horizontal line.
A second di�erence would be that, for x > x0, the increase in d(Zr{C1C2)

as x decreases (that is, how displaced the CI is as the monomerapproaches
the metal), is not nearly as abrupt as it would have been had itobeyed the
Fermi-Dirac function. In fact, the CI starts to move away fro m the metal
when the monomer is still 4.2 �A apart, although the transition point where
its bond to the metal is completely broken is at around x = x0 (3.53 �A).

However, the Fermi-Dirac �t gives us an interesting summary of the fea-
tures of the evolution of d(Zr{C CI ) with d(Zr{C 1C2): it jumps from around
4.54�A (Y 0 + Y 1 in �rst column of Table 3.3), to around 2.62 �A (Y 0), within a
region of approximate width 0.1 �A (4.6� ) around d(Zr{C 1C2) ' 3.53 �A (x 0).

Once accepted that these two curve fragments are of di�erentnature, each
half can be �tted to a relatively simple equation: a Morse-type potential for
the � -complex basin and a Gaussian-type one for the approach channel, as
displayed in Eqs. 3.4 and 3.5. The values of the constants forsuch equations
are given in Table 3.4.

VMorse = A + B (1 � e� C(x� D ))2 (3.4)
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FD-1 FD-2 FD-3
Y0 2.6622 Y0 2.3272 Y0 4.4799
Y1 1.9158 Y1 2.3347 Y1 -1.8983
x0 3.5344 x0 1.7299 x0 1.7454
� 0.021723 � 0.017434 � 0.0059523
R 0.99817 R 0.99349 R 0.99275

Table 3.3: Constants for the Fermi-Dirac �ts to d(Zr{C CI ) vs. d(Zr{C 1C2)
(�rst column) and d(Zr{C � ) and d(Zr{C CI ) vs. d(C2{C � ) (second and third
columns). The last value, labeled R, gives the correlation coe�cient between
the �t and the calculated points.

ZrCC Basin ZrCC Approach CC Basin CC Approach
A 7.2714 � -1.66246 A -21.0658 c0 -532.441
B 16.4908 � 18.2988 B 391.384 c1 644.126
C 1.30715 
 0.944548 C 0.9823 c2 -251.314
D 2.90584 � 2.9915 D 1.5535 c3 32.2016
R 0.99968 R 0.99990 R 0.99883 R 0.99785

Table 3.4: Fitted constants for the Morse (�rst and third col umns), Gau-
ssian (second column), and third order polynomial (fourth column) �ts cor-
responding, respectively, to the� -complex basin, monomer approach to Zr,
C1{C � binding and C1{C � approach before binding, for the case of Et +
[CH3ZrCp2]+ /[CH 3B(CF 2Cl)3]� . The last value, labeled R, gives the correla-
tion coe�cient between the �t and the calculated points.

VGauss = � + �e � 
 (x � � )2
(3.5)

Some constants in the �tted functions bear a special meaning, which I will
summarize next. In the case of the Morse �t to the complex basin, the param-
eter D stands for the distance where the minimum of the function is located
(2.906 �A), and thus corresponds to the Zr{C1C2 distance for the � -complex.
Its energy is given by the value of parameter A (� 7.3 kcal/mol). In the case
of the Gaussian �t to the monomer approach, the most remarkable param-
eter would be � , which gives us an idea of the basis set superposition error
(� 1.7 kcal/mol), for this parameter should be exactly zero in its absence.

The electron de�ciency that the zirconium atom had in the bare cationic
species is now o�set by the contribution of the counterion, so that the electron
excess provided by the ethylene monomer, through its� -bond, is not required
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anymore. This fact generates a competition between nucleophiles (ethylene
monomer vs. [CH3B(CF 2Cl)3]� counterion), and thus the monomer has to
overcome an e�ective \complexation barrier" before it can be inserted into
the alkyl-metal bond.

The d(C2{C � ) scan, on the other hand, suggests that once the monomer is
complexated, the insertion reaction crosses an energeticplateau, with a very
low relative barrier for the cleavage of the methyl group and the formation
of the new C2{C � and Zr{C 1 bonds. Two PECs can also be distinguished
in this plot: a binding zone at d(C2{C � ) = 1.30{1.70 �A and a C2{C � bond
formation TS zone, from d(C2{C � ) = 1.75 �A on. The former has been �tted
to a Morse-type function of the kind displayed in Eq. 3.4, andthe latter to a
third degree polynomial, and the values of the parameters ofsuch �ts are also
given in Table 3.4.

As in the case of the d(Zr{C1C2) plot, some of the parameters have a
special meaning. In the case of the binding basin, parameterD gives us the
C2{C � equilibrium distance of the reaction product (1.55 �A), and parameter
A corresponds to its energy (-21.1 kcal/mol).

The key property here to tell one zone from the other is the Zr{C�

distance. This property bears a constant value of 2.26 �A for dis-
tances d(C2{C � ) > 2.55 �A, but then it starts to elongate up to 2.72 �A at
d(C2{C � ) = 1.75 �A. At d(C 2{C � ) = 1.70 �A the � carbon completely breaks
its bond with the zirconium atom, jumping to a distance of 4.05 �A from it, and
staying always further than 4.5 �A at smaller C2{C � distances. This transition
is depicted in Figure 3.15, also �tted to a Fermi-Dirac-type function, labeled
FD-2 (See the Zr{C1C2 case above).

Once more, the �t parameters tell us a summary of the whole story: the
Zr{C � distance switches from a nearly constant distance of around2.32 �A
(Y 0) at large values of d(C2{C � ), to distances around 4.66�A (Y 0 + Y 1)
for small values of d(C2{C � ). This transition happens in a thin region
(0.08 �A, 4.6� ) around d(C2{C � ) = 1.73 �A (x 0). The \dirty stu�" the Fermi-
Dirac function does not tell us is that d(Zr{C � ) already starts to elongate at
d(C2{C � ) = 2.2 �A. It is also untrue that it stays constant at small d(C 2{C � );
it shortens noticeably.

It is worth noting that, from the insertion TS on, the counter ion takes
its place back, provided that the coordination of the zirconium cation would
otherwise drop formally to 3 again. While the Zr{C CI distance stays at around
4.5 �A for d(C 2{C � ) larger than 2.1 �A, it drops to 2.58 �A for d(C 2{C � ) smaller
than 1.70 �A, with a rapid transition in between. The Zr{C CI vs. d(C2{C � )
plot is also given in Figure 3.15, and also �tted to a Fermi-Dirac function
(labeled FD-3).



3.4. Results and discussion 53

The �tting parameters would say that d(Zr{C CI ) stays at around 4.5 �A
for large d(C2{C � ) values (Y0), and then jumps to a much closer 2.58�A
(Y 0 + Y 1) within 0.03 �A (4.6� ) of d(C2{C � ) = 1.75 (x 0). It is worth noting
that x 0 is very close to the value it has in FD-2. It makes clear that the
rupture of the Zr{C � bond and the regeneration of the metal/CI bond happen
simultaneously.

As in the FD-2 case, FD-3 also fails to predict the shorteningof d(Zr{C � )
from d(C2{C � ) = 2.1 �A to x 0. However the values of d(Zr{C� ) at both large
and small d(C2{C � ) are fairly constant, as described by FD-3.
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Figure 3.15: Transition between a zone where the C2 carbon of the ethylene
monomer is approaching the� carbon of the [Cp2ZrCH3]+ /[CH 3B(CF 2Cl)3]�

complex, and the region where the C2{C � bond is already formed. In the
latter the C � has broken its bond with the metal, namely d(Zr{C � ) abruptly
increases to over 4.5�A. This curve has been �tted to a Fermi-Dirac function
(see text), and labeled FD-2 in Table 3.3. In that same regionthe Zr{C CI

bond is also regenerated, with a fast approach to a d(Zr{CCI ) equivalent to
that of the MET reac reactant. This curve has been also �tted to another
Fermi-Dirac function, labeled FD-3 in Table 3.3. The valuesof both axes are
given in �A.
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Stationary points

As in the case of the bare cation, I have performed full geometry opti-
mizations at the B3LYP/LanL2DZdp level at the relevant stat ionary points,
namely reactants, � -complex, complexation and insertion TSs and product.
Single point energies have also been obtained, for the LanL2DZdp geometries,
at the B3LYP/TZ level.

A summary of the geometrical features of these stationary points fol-
lows. The nomenclature used to designate the atoms should bequite straight-
forward; however, the atoms mentioned are speci�ed in Figure 3.16 (using
MET T S2 as an example). The distances and angles mentioned below aresum-
marized in Table 3.5.

Figure 3.16: Scheme of the nomenclature used to designate relevant atoms in
the Et + [Cp 2ZrCH3]+ /[CH 3B(CF 2Cl)3]� system.

In the MET reac reactant only the � carbon seems to be directly bound
to the metal, with a Zr{C � distance of 2.278�A, although the carbon in the
methyl group of the counterion is actually very close to the zirconium atom,
that is d(Zr{C CI ) = 2.533 �A. Unlike in the case of the counterionless CAMreac

reactant, here the longest C� {H � distance is only 1.101�A, which points to an
absence of agostic interaction with the metal center. Nevertheless the hydrogen
atoms closest to the zirconium are those of the methyl group in the counterion.
Two of them show a regular d(CCI {H CI ) = 1.10 �A distance, and are 2.540 and
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Parameter MET reac MET T S1 MET comp MET T S2 MET prod

d(Zr{C � ) 2.278 2.264 2.258 2.305 4.717
d(Zr{C CI ) 2.533 3.407 4.471 4.327 2.540
d(C2{C � ) { 3.125 3.161 2.229 1.539
d(Zr{C 1) { 3.394 2.896 2.442 2.299
d(Zr{C 2) { 3.344 2.921 2.689 3.340
d(C1{C 2) 1.340 1.344 1.350 1.408 1.542

d(CCI {H CI ) 1.116 1.115 1.099 1.100 1.116
d(C � {H � ) 1.100 1.103 1.105 1.136 1.099

a(Zr{C � {H � ) 115.8 104.6 106.4 69.8 {

Table 3.5: Selected geometric features of the stationary points of the Et +
[Cp2ZrCH3]+ /[CH 3B(CF 2Cl)3]� PEC. d(X{Y) denotes distance between X
and Y, in �A. a(X{Y{Z) denotes the corresponding angle, with corner at Y, in
degrees.

2.560 �A apart from the metal. The third hydrogen, however, is only 2.285 �A
away from it, and shows a noticeable d(CCI {H CI ) elongation to 1.116 �A. In
Table 3.5, d(C1{C 2) is also given for METreac , but it refers to the C{C distance
of the free ethylene double bond, namely 1.340�A.

The monomer complexation occurs when an ethylene unit approaches
the MET reac catalyst ion pair, after crossing a complexation TS labeled
MET T S1. In this TS both carbons in the monomer and the one in the methyl
group of the counterion are placed at similar distances fromthe Zr center,
namely d(Zr{C 1) = 3.394 �A, d(Zr{C 2) = 3.344 �A and d(Zr{C CI ) = 3.407 �A.
No � -agostic interaction is noticeable, with a longest C� {H � distance of
1.103 �A.

In the MET comp � -complex the Zr{C distances for the monomer carbons
are 2.896 and 2.921�A, and the d(Zr{C � ) distance actually shortens from
2.278 �A in the reactant, to 2.258 �A in the complex. At this stage the C1{C 2

double bond is only slightly (albeit noticeably) a�ected, w ith a C1{C 2 distance
of 1.350�A, whereas d(C1{C 2) = 1.340 �A in the isolated monomer. The coun-
terion has left its place completely to the incoming monomer, with a Zr{C CI

distance of 4.471�A.
The � -complex evolves to the insertion product through the TS labeled

MET T S2. In this TS the Zr{C � bond breaks, a C1{C 2 double bond turns into
a single bond and simultaneously two new bonds are formed: the Zr{C1 one,
and the C� {C 2 one. The corresponding distances are: d(Zr{C� ) = 2.305 �A,
d(Zr{C 1) = 2.442 �A, d(C 1{C 2) = 1.408 �A and d(C2{C � ) = 2.229 �A. In this
TS, one of the hydrogens on the� carbon interacts again with the metallic
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LanL2DZdp TZ
Species �E �G �E �G
MET reac + Et 0.00 0.00 0.00 0.00
MET T S1 16.45 27.07 18.06 28.68
MET comp 13.52 22.80 15.04 24.32
MET T S2 16.78 28.87 19.51 31.59
MET prod -20.38 -6.24 -16.40 -2.26

Table 3.6: Energy di�erences (in kcal/mol) at selected stationary points for the
insertion of ethylene into [CH3ZrCp2]+ /[CH 3B(CF 2Cl)3]� . Values obtained at
the theory level shown, on the B3LYP/LanL2DZdp geometries.

center through an agostic interaction, and its d(C� {H � ) shows an elongation
to 1.136 �A, with a Zr{H � distance of only 2.189�A, which gives rise to an acute
Zr{C � {H � angle, even below 70 degrees. The counterion stays far from the
metal, namely d(Zr{C CI ) = 4.327 �A.

The �nal product of this reaction, MET prod features single Zr{C1 (2.299�A),
C1{C 2 (1.542 �A) and C2{C � (1.539 �A) bonds, with no 
 -H agostic interaction
in this case, because the propyl chain is oriented away from the metal.

The geometries, energy di�erences and potential energy pro�le correspond-
ing to the commented PEC are shown in Figure 3.17, and the energies are given
in Table 3.6.
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Et+[CH 3CH 2ZrCp 2]+ /[CH 3B(CF 2Cl) 3]� results

In this case I have followed the same procedure as in the case of the methylated
catalyst. Firstly a relaxed PEC scan has been performed, andfour regions
have been di�erentiated, �tting them to four distinct funct ions. The results
are depicted in �gure 3.18

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

d(C2-Ca) (Å)

-30

-25

-20

-15

-10

-5

0

5

10

15

D
E

 (
kc

al
/m

ol
)

2.4 2.8 3.2 3.6 4.0 4.4 4.8 5.2 5.6 6.0

d(Zr-C1C2) (Å)

-2

0

2

4

6

8

10

12

14

D
E

 (
kc

al
/m

ol
)

Figure 3.18: PEC corresponding to varying the C2{C � (left) and Zr{C 1C2

(right) distances for the ethylene + [CH3CH2ZrCp2]+ /[CH 3B(CF 2Cl)3]� sys-
tem. In each plot white and solid black circles have been usedto distinguish
the two surfaces (see text), and the corresponding �tted functions are repre-
sented by dashed lines. Distances in�A and energies in kcal/mol.

It is evident from Figure 3.18 that the di�erences with the methylated case
are quantitative, rather than qualitative. The four region s have been �tted to
homologous functions, with the optimized parameters shownin Table 3.8.

Stationary points

As in the case of the methylated zirconocene, the geometry optimiza-
tions have been performed at the B3LYP/LanL2DZdp level at the reactants,
� -complex, complexation and insertion transition states and product. Single
point energies have also been obtained, for the LanL2DZdp geometries, at the
B3LYP/TZ level.

A summary of the geometrical features of these stationary points follows.
The nomenclature for labeling the atoms is identical to that of the methylated
zirconocene case (see Fig. 3.16), except that the (new) carbon atom bound
to C � has been tagged C� . The distances and angles mentioned below are
summarized in Table 3.7.

In the ET reac reactant only the � carbon seems to be directly bound to the
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Parameter ETreac ET T S1 ET comp ET T S2 ET prod

d(Zr{C � ) 2.284 2.273 2.243 2.310 4.725
d(Zr{C CI ) 2.550 3.433 4.368 4.380 2.534
d(C2{C � ) { 3.199 2.831 2.319 1.546
d(Zr{C 1) { 3.346 2.766 2.475 2.297
d(Zr{C 2) { 3.320 2.827 2.677 3.332
d(C1{C 2) 1.340 1.344 1.359 1.399 1.542

d(CCI {H CI ) 1.116 1.113 1.099 1.099 1.116
d(C � {H � ) 1.105 1.106 1.142 1.144 1.101

a(Zr{C � {H � ) 101.5 98.0 74.3 66.4 {

Table 3.7: Selected geometric features of the stationary points of the Et +
[Cp2ZrCH3]+ /[CH 3B(CF 2Cl)3]� PEC. d(X{Y) denotes distance between X
and Y, in �A. a(X{Y{Z) denotes the corresponding angle, with corner at Y, in
degrees.

metal, with a Zr{C � distance of 2.284�A, although the carbon in the methyl
group of the counterion is actually very close to the zirconium atom, that is
d(Zr{C CI ) = 2.550 �A. As in the case of the methylated METreac reactant, the
hydrogen atoms closest to the zirconium are those of the methyl group in the
counterion. One of them is only 2.275�A away from it, and shows a noticeable
d(CCI {H CI ) elongation to 1.116 �A.

The monomer complexation occurs when an ethylene unit approaches
the ET reac catalyst ion pair, after crossing a complexation TS labeled
ET T S1. In this TS both carbons in the monomer and the one in the methyl
group of the counterion are placed at similar distances fromthe Zr center,
namely d(Zr{C 1) = 3.346 �A, d(Zr{C 2) = 3.320 �A and d(Zr{C CI ) = 3.433 �A.
No � -agostic interaction is noticeable, with both � hydrogens at a C� {H dis-
tance of 1.104 and 1.106�A.

In the � -complex, ETcomp, the Zr{C distances for the monomer carbons
are 2.766 and 2.827�A, and the d(Zr{C � ) distance actually shortens from
2.284 �A in the reactant, to 2.243 �A in the complex. At this stage the C1{C 2

double bond is slightly elongated, with a C1{C 2 distance of 1.359�A, whereas
d(C1{C 2) = 1.340 �A in the isolated monomer. The counterion has left its
place completely to the incoming monomer, with a Zr{CCI distance of 4.368�A.
The presence of an� -agostic interaction is remarkable, because it contrasts
with its absence in the METcomp case. In ETcomp the C� {H � is elongated
to 1.142 �A (3.7 pm longer than in MET comp), and the Zr{C � {H � angle is as
acute as 74.3� (32.1� more acute than that of MET comp).

The � -complex evolves to the insertion product through the TS labeled
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ZrCC Basin ZrCC Approach CC Basin CC Approach
A 7.68114 � -1.37113 A -23.8808 c0 -563.395
B 25.4299 � 28.14398 B 72.7367 c1 666.88
C 0.90796 
 0.669329 C 1.89426 c2 -257.534
D 2.87488 � 2.54886 D 1.56691 c3 32.9195
R 0.99879 R 0.99991 R 1.00000 R 0.99834

Table 3.8: Fitted constants for the Morse (�rst and third col umns), Gau-
ssian (second column), and third order polynomial (fourth column) �ts cor-
responding, respectively, to the� -complex basin, monomer approach to Zr,
C1{C � binding and C1{C � approach before binding, for the case of Et +
[CH3CH2ZrCp2]+ /[CH 3B(CF 2Cl)3]� . The last value, labeled R, gives the cor-
relation coe�cient between the �t and the calculated points .

ET T S2. In this TS the Zr{C � bond breaks, the C1{C 2 double bond turns into
a single bond and simultaneously two new bonds are formed: the Zr{C1 one
and the C� {C 2 one. The corresponding distances are: d(Zr{C� ) = 2.310 �A,
d(Zr{C 1) = 2.475 �A, d(C 1{C 2) = 1.399 �A and d(C2{C � ) = 2.319 �A. In this
TS, one of the hydrogens on the� carbon interacts again with the metallic
center through an agostic interaction, showing an elongation of the C� {H �

distance to 1.144�A, a Zr{C � {H � angle of merely 66.4� , and a Zr{H � distance
of only 2.127 �A. The counterion stays far from the metal, namely d(Zr{C CI )
= 4.380 �A.

The �nal product of this reaction, ET prod , features single Zr{C1 (2.297 �A),
C1{C 2 (1.542 �A), C 2{C � (1.546 �A) and C � {C � (1.534 �A) bonds, with no 
 -H
agostic interaction in this case, because the butyl chain isoriented away from
the metal.

The geometries, energy di�erences, and potential energy pro�le so obtained
are depicted in Figure 3.19, and the energy di�erences are summarized in
Table 3.9.
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LanL2DZdp TZ
Species �E �G �E �G
ETreac + Et 0.00 0.00 0.00 0.00
ETT S1 16.72 28.30 18.33 29.91
ETcomp 12.93 23.08 14.78 24.93
ETT S2 12.98 25.46 15.36 27.84
ETprod -23.30 -9.06 -19.98 -5.74

Table 3.9: Energy di�erences (in kcal/mol) at selected stationary points for
the insertion of ethylene into [CH3CH2ZrCp2]+ /[CH 3B(CF 2Cl)3]� . Values
obtained at the theory level shown, on the B3LYP/LanL2DZdp geometries.



3.4.
R

esults
and

discussion
63

0.00

18.33

29.91

24.93

14.78

27.84

15.36

-5.74

-19.98

ET reac

ET comp

ET prod

ET TS2ET TS1

Figure 3.19: Stationary points along the Et + [CH 3CH2ZrCp2]+ /[CH 3B(CF 2Cl)3]� reaction PEC. Solid lines
correspond to electronic energies, and dashed lines to Gibbs free energies, both values in kcal/mol at the
B3LYP/TZ//B3LYP/LanL2DZdp level. The arrows in ET T S1 and ETT S2 correspond to the motion of the atoms
according to the normal mode with an imaginary frequency. The scale is arbitrary, but the relative moduli of the
vectors match those of the Gaussian output.



64 Chapter 3. Mechanism Elucidation

3.5 Conclusions

3.5.1 Bare cation

Our quantum chemical results entitle us to shed some light over the questions
posed previously. As we will see, the TM gives straightforward and simple
answers to the three of them, but with the CAM, they are not so obvious.

The �rst question deals with the reaction rate order with respect to the
monomer. Of course, all the considerations have to be made taking into ac-
count the free energy surface, for that is the surface traveled in any chemical
reaction, as mentioned above.

Inspection of the mechanism proposed by Ystenes (see Figure3.9) leads
directly to a kinetic equation in close agreement with what is experimentally
known. The reaction has only one step, and it is bimolecular.

In the case of the CAM, the closeness in free energy of the reactants and
the complex (speciesCAM reac + Et and CAM comp), and the absence of a
classic transition state between them, suggests that a veryfast preequilibrium
exists. In that case, bimolecularity of the whole reaction (i.e., �rst order of
reaction rate with respect to both catalyst and monomer) could be derived.
Recall that our electronic energy barrier for ethylene insertion (8 kcal/mol) and
reaction exotermicity (22 kcal/mol), are in good agreementwith the values by
Morokuma et al.[47] for a silylene bridged zirconocene (less than 10 kcal/mol
barrier, and around 30 kcal/mol exotermicity), but I go one step further,
calculating �G, which gives us a di�erent picture of the reac tion. Firstly,
the free energy barrier is di�erent (higher), and secondly the � -complex is
relatively close to the reactants' free energy.

In the case of the chain 
ipping, the energy barrier I get for the system
considered is so low that the position of the growing chain should be expected
to be random, equally distributed between both coordination sites. If ex-
perimental results make it unacceptable, then either any model that leaves a
coordination site empty in some reaction step (e.g. CAM) must be discarded,
or our model is too simple to account for some important subtleties that �x
the growing chain in place (even when the other coordinationsite is empty).
It is important to note, though, that, as mentioned in Section 2, there are
some known metallocenic catalytic systems for which a facile chain inversion
is indeed deduced from experiment[79]. Thus, Mohammedet al. mention two
limit cases. When the chain inversion (
ipping) rate is much higher than the
monomer insertion one, Curtin-Hammet (CH) conditions are invoked. In this
case, both states are fully equilibrated. When the oppositeis true (insertion
much faster than inversion), they use the term kinetic quenching (KQ). Our
calculations predict CH conditions for the case under study, but KQ catalytic
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systems must exist in order to obtain syndiotactic polymers. In the latter
case, the mechanistical explanation Mohammedet al. give is that the e�ect
of the counterion is to bind more or less strongly to the metallocene cation,
and consequently to obstruct such inversion. In the case where the binding is
stronger, the tacticity will increase (KQ conditions), but the polymerization
rate will decrease (it will be harder for the incoming monomer to take the
counterion's place).

Regarding the e�ect of other Lewis bases, I can conclude thattheir e�ect
must be similar to the one of the counterion I mention above. Small amounts
of Lewis bases present will increase tacticity and decreasepropagation rate,
although their e�ect will only be signi�cant when the counte rion is loosely
bound to the metallocene cation (CH conditions), and will bemasked by the
counterion itself when it binds more strongly (closer to KQ conditions). These
ideas do not collide with the ones by Vanka and Ziegler[68].

3.5.2 Inclusion of counterion

As mentioned in Section 3.4.5, the binding energy of the counterion is around
81 kcal/mol (in gas phase), which makes it rather unlikely that immersed
in such an apolar solvent as n-heptane or other typical ole�npolymerization
medium the bare cation could be regarded as the active species. Experimental
results[43] con�rm that [CH 3B(C6F5]� forms a contact ion pair with a similar
metallocene (bisindenyl-dimethyl-zirconium), at least at moderate tempera-
tures and in an apolar solvent. The results presented in the second part of the
chapter are thus more representative of the reaction medium.

Having found two TSs in either PECs is quite revealing, and further clar-
i�cation is obtained by the fact that both TSs are really clos e in energy. In
fact, in the ethylated case the insertion barrier has an absolute height three
kcal/mol lower than the complexation one. This data can help us understand
why the reaction kinetics obey a �rst order law with respect to both catalyst
and monomer (overall second order kinetics). It is so because the complexa-
tion step has a higher barrier than the one from the complex tothe products,
or, in other words, the complexation is the limiting step, not the insertion.
Our results concur with similar propositions by other authors[72].

The picture we get when including the counterion is thus a hybrid of both
CAM and TM. On one hand, the reaction proceeds in a two-step fashion,
through a complexation and subsequent insertion, as hypothesized by Coss�ee
and Arlman. On the other hand, the insertion TS is a�ected by t he presence
of a second electron donor, as Ystenes proposed in histrigger mechanism,
albeit this electron donor would be the counterion itself, and not a second
monomeric unit.
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The e�ect of the Lewis bases is also evident within this framework: the
complexation step can and will be traversed by other (not themonomer) Lewis
bases, but it will be reversible, since only the monomer willproceed to inser-
tion. That is why Lewis bases can reduce slightly the polymerization rate
(they \occupy" a fraction of the catalyst), but do not inhibi t the catalyst
action.

With regard to the side-chain 
ipping, I have to admit that th e reac-
tion path presented here would lead, apparently, to a polymer growth where
the chain would always remain in the same coordination site of the metal.
This would �t into a \chain stationary" insertion type descr ibed by some
authors[59]. However further study needs to be done on chaininversion mech-
anisms and barriers.

In summary, I have pointed out the importance of calculating Gibbs free
energy pro�les, in addition to the usual electronic energy ones, to give insight
into the reaction path followed by the system under study, aswell as including
the counterion into the calculations.

I conclude that detailed energetic calculations are imperative in such sys-
tems, provided that there are two TSs apparently very close in energy.
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4.1 Introduction

\En las vias, las mismas 
ores se agitaban por distintos vientos.1"

Melocotones helados , Espido Freire

The elucidation at a molecular level of the mechanism of ole�n polymeriza-
tion by Group 4 transition metal complexes such as metallocenes[46, 53, 92, 51,
74, 93, 94, 95], \Constrained Geometry Catalyst" (CGC)[51,93, 59, 96, 97, 98]
or other post-metallocenes[99, 72, 100] has attracted great interest. Despite
the over 40 years since the proposal of the most widely accepted mechanism by
Coss�ee and Arlman[19, 20, 21, 22, 23] some questions remain, and theoretical
calculations on the reactive species should still be helpful to shed light on the
reaction mechanism.

In order to model the molecular structures playing an active role in the
reaction site, one would like to include in the calculationsnot only the catalyst
cation (which bears the transition metal active site), the incoming monomer
and the growing polymer chain, but also the anionic counterpart for the metal,
that is, the counterion (CI). The experimentally, and indus trially, most used
counterion is the methyl aluminoxane (MAO), which, not only activates the
metallocenic catalyst making it a cation, but also regulates its a�nity towards
the monomer complexation, through a higher or lower degree of binding to the
metal.

Unfortunately, MAO is not a molecularly well-de�ned species, and the sub-
stance employed in the industry is probably a mixture of di�erent moieties[92].
A common workaround for this situation consists in substituting the MAO
with a well-de�ned molecule that plays the same role. Such a molecule can be
found among a family of boron compounds, one of which is B(C6F5)3.

In Chapter 3 I stated that the inclusion of the full counterio n species
[CH3B(C6F5)3]� , would increase the computational workload considerably,
and thus I chose to use a smaller model for it, namely [CH3B(CF 2Cl)3]� .
However, an increase of computing power has enabled me to extend the cal-
culations to include the actual [CH3B(C6F5)3]� counterion, and so I am able
to compare the results with both CIs.

The aim of the present chapter is to take advantage of this model to an-
alyze the e�ect of the substitution of zirconium by its �rst- and third-row
transition metal counterparts, namely titanium and hafniu m, in view of the
long standing apparent controversy raised by various interpretations of experi-
ments and theoretical calculations. On this regard, some authors[92, 101, 102]
consider Zr as the most active metallic center for a number ofmetallocenic or

1On the railway, the same 
owers were shaken by di�erent winds .
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post-metallocenic ole�n polymerization catalysts, while others[103, 104] have
found a similar activity for Zr and Ti, and yet others[105, 106, 107] reckon Ti
as the most active, at least at low temperatures.

Besides the metallic center comparison, the feasibility ofthree di�erent
monomer approach paths will be discussed, namely those depicted in Figure 4.1.
Ziegler and Yang[95] have very recently studied a system identical to ours, lim-
ited to M = Zr, and CI = CI R , and they take into account the Endo and Exo
paths (which they call cis and trans, respectively).

C H 3C I 
-

Zr

Cp Cp

+

Exo

Endo

Anti

Figure 4.1: Three possible monomer approach paths for the considered met-
allocenic catalyst.

As a side e�ect, I gather further evidence of the suitability of my CI model
as a convenient theoretical substitute for the real one.

4.2 Methods

My �rst step is to use relatively low, although reliable enough, level quantum
calculations to sketch a potential energy curve (PEC) for the approach of the
monomer to the metal, and then to perform more accurate calculations on the
stationary points.

My active catalyst consisted in a [Cp2MCH3]+ /CI �
X complex, where M = Ti,

Zr and Hf, and CI stands for counterion: CI�R = [CH 3B(C6F5)3]� and CI�M
= [CH 3B(CF 2Cl)3]� . The monomer was ethylene in all the calculations. I
will refer to the moieties containing M = Ti as titanocenes (T c), and similarly
zirconocenes (Zc) and hafnocenes (Hc) for M = Zr and Hf, respectively.

I have performed three types of calculations throughout this work. First,
relaxed PEC scans have been performed for the approach and insertion of a
monomer unit into the growing chain attached to the zirconocenic catalyst. For
these scans I chose SKBJ e�ective core potential (ECP) basisset[80, 81, 82],
as de�ned in the Extensible Computational Chemistry Enviro nment Basis Set
Database[32]. I chose such basis set for performance considerations, since it
has all of the core electrons described by pseudopotential functions, and only
the valence shell of each element is described with Gaussianbasis functions,
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thus reducing the computational expense considerably. In order to better
describe the anions, I have extended the SKBJ basis set by adding a set of
di�use functions, consisting of a S-type function with an exponent 1/3 that of
the previously most di�use one for each element. I have called such basis set
SKBJ+.

With regard to the theoretical method used, it is worth notin g that the
lack of a pruned grid for the Zr element for the computation of the spatial in-
tegrals in the DFT method leads to a enormous performance loss (through
the use of unpruned grids). I have tried to overcome this by optimizing
the [Cp2ZrCH3]+ /CI �

R species along the PEC at HF/SKBJ level, then re-
�ning the �nal energy through a B3LYP/SKBJ single point calculation. Thus
B3LYP/SKBJ//HF/SKBJ energies have been used to build up a PE C for
[Cp2ZrCH3]+ /CI �

X , where X = real and model, in order to compare the CIM
to CI R , and then B3LYP/SKBJ energies for [Cp2ZrCH3]+ /CI �

M have also been
taken from Chapter 3, to compare B3LYP//HF and full B3LYP PEC s.

Second, geometry optimizations and subsequent frequency calculations
have been carried out for the stationary points found in thiszirconocene PEC,
and the titanocene and hafnocene counterparts (for the latter two, PEC cal-
culations have not been performed). For these optimizations I have made
use of the LanL2DZdp basis set, which is an extension of the LanL2DZ ba-
sis set[83, 84, 85], supplemented with di�use and polarization functions[86].
Unfortunately there is no such extension for boron, titanium, zirconium or
hafnium, so I have used the bare LanL2DZ basis set for these elements. The
LanL2DZ basis set is a pseudopotential one, as it is SKBJ, butwith a smaller
core described with ECPs, so that an increase in accuracy is expected, at the
expense of an actual increase in computational cost.

The LanL2DZdp optimizations and frequency calculations have all been
performed at the B3LYP level, for reactant, complexation TS, monomer
� -complex, insertion TS and inserted product, for CIM (and all three metals).
All the frequency calculations have come up with real frequencies for all the
normal modes of the local minima, and one and only one imaginary frequency
(negative force constant) for the transition states. I havealso con�rmed that
in every case the negative force constant corresponded to the desired normal
mode.

Due to computational limitations, transition states have n ot been opti-
mized for CIR , and only two optimized geometries incorporating CIR have
had their frequencies calculated. Although the LanL2DZdp optimizations
could have been performed, the subsequent frequency calculations (in order
to make sure that one and only one vibrational mode with a negative force
constant (imaginary frequency) and appropriate atomic motions was present),
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would have been too expensive, and their lack would render the optimized TSs
virtually useless. Minima have been accepted without frequency test, but I
would not feel con�dent doing so with the TSs. The frequency calculations
indeed performed, namely for Zcreal

reac and Zcreal
comp (zirconocene with CI = CI R ,

reactant and � -complex, respectively) in theExo path, were carried out (at a
great expense) in order to have at least one model vs. real �G.

Third, single point energy calculations have been done (on all
the geometries previously optimized at the LanL2DZdp level) at the
B3LYP/6-311++G(3df,3pd) level. This basis set is widely kn own, and was
used as implemented in Gaussian, for all the elements exceptfor the titanium,
zirconium and hafnium, for which the SDD basis set was used, as implemented
in Gaussian. I have called this basis set TZ throughout this thesis.

All the calculations have been carried out using theGaussian 98 [34] and
Gaussian 03 [35] packages, and the Hartree-Fock (HF) and B3LYP density
functional (DFT) methods, as implemented therein.

For the ball-and-stick graphical representation of molecules, the Raster3D
software[3] has been extensively used throughout this article. Various graphs
and schematic �gures have been produced with Grace[88], X�g[89] and
ChemTool[87].

4.3 Results and discussion

4.3.1 PEC scan

Relaxed potential energy surface scans were performed for [Cp2ZrCH3]+ /CI �
X ,

X = R (real) or M (model). These scans are equivalent to those performed
in the previous chapter, but with a less expensive HF/SKBJ+ optimiza-
tion, followed by a B3LYP/SKBJ+ single point on each optimized geome-
try. As in that chapter, I have scanned the Zr{C 1C2 distance, meaning a
�xed (and equal) Zr{C distance for both carbon atoms of the incoming ethy-
lene monomer. All other variables were relaxed (optimized)at each Zr{C1C2

point. The C2{C � distance has also been used as pseudo-reaction coordinate
in an additional PEC scan. C� designates the carbon atom of the methyl
group bound to the metal cation in the reactant. Similarly, C 1 designates the
carbon, belonging to the incoming monomer, that will bind to the zirconium
cation in the product and C2 designates the carbon atom of the monomer that
will bind to C � . Recall that the reference energy for calculating the �Es (t he
Y-axis values of the PECs) has been taken as the sum of those ofin�nitely
separated ethylene and [Cp2ZrCH3]+ /CI �

X (X = R and M).
The present chapter, however, considers another two possible monomer

approach paths, which the previous chapter did not. A careful inspection
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of the catalyst geometry shows that there are three possiblesuch paths, as
depicted in Figure 4.1, in Section 4.1. The previous chapterfeatured the
\Exo" path, and here I consider all three of them.

Two regions have been distinguished in each scan. Figure 4.2depicts them
for the Exo approach to [Cp2ZrCH3]+ /CI �

M (circles) and [Cp2ZrCH3]+ /CI �
R

(squares). Notice that the qualitative features of the CIM curves are identical
to those of the CIR ones. A more quantitative comparison of model/real PECs
will be done further on in this section.
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Figure 4.2: PEC corresponding to varying the C2{C � (left) and Zr{
C1C2 (right) distances for the Et + [Cp 2ZrCH3]+ /CI �

M (circles) and Et +
[Cp2ZrCH3]+ /CI �

R (squares) systems at the B3LYP//HF level. In each plot
white and solid black symbols have been used to distinguish the two surfaces
(see text), and the corresponding �tted functions are represented by solid
(CI R ) and dashed (CIM ) lines. Distances in �A and energies in kcal/mol.

A description of these scans follows. In the Zr{C1C2 scan (right hand
side of Figure 4.2), as the monomer approaches the metal fromd(Zr{C 1C2) =
6.0 to 3.7 �A, a monotonically increasing energy pro�le is found. This region
has been �tted to a Gaussian function (Eq. 4.1), and the corresponding pa-
rameters are given in Tables 4.1 and 4.2. In the same scan, as the monomer
gets still closer, a complexation basin is observed for d(Zr{C 1C2) = 3.6 to
2.5 �A. Here the monomer has displaced the counterion in the coordination
sphere of the metal. Such region has been �tted to a Morse-type function (Eq.
4.2), and corresponds to the� -complex intermediate (parameters also given
in Tables 4.1 and 4.2). These two regions are di�erentiated because, whereas
in the monomer approach curve, the CI is still closely bound to the metal
cation, in the complexation basin the CI has been displaced.The d(Zr{C CI )
vs. d(Zr{C 1C2) curves are depicted in Figure 4.3 for both CIM and CIR .

The rapid transition from a metal-bound counterion and a displaced one
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can be given a mathematical treatment, �tting the d(Zr{C CI ) vs. d(Zr{C 1C2)
curves to Fermi-Dirac type functions (Eq. 3.3). The corresponding parameters
can be found at Tables 4.3 (model CI) and 4.4 (real CI), under the headers
FD-1M and FD-1R, respectively. These parameters can be given a physical
meaning, as follows. Y0 represents the d(Zr{CCI ) value (in �A) for in�nitely
large d(Zr{C 1C2). Y 0 + Y 1 represents the Zr{CCI distance when d(Zr{C1C2)
is small; in other words, when the monomer is already complexated to the
metal. The Zr{C 1C2 distance for which the transition happens is precisely x0,
and the width of the transition zone can be considered to be proportional to
the value of � (see Section 3.4.6).



74
C

hapter
4.

E
xtension

to
T

iand
H

f

Path ZrCC Basin ZrCC Approach CC Basin CC Approach
Exo A 7.61116 � -1.84646 A -18.6701 c0 -492.446

B 11.2054 � 26.4354 B 88.5348 c1 587.591
C 1.60645 
 0.727531 C 1.7958 c2 -225.017
D 2.89697 � 2.73705 D 1.55696 c3 28.248 5
R 0.999173 R 0.999295 R 0.999998 R 0.997892

Anti A 5.47548 � -2.5875 A -18.6701 c0 -
B 21.7581 � 18.8088 B 88.5348 c1 -
C 1.27002 
 0.704715 C 1.7958 c2 -
D 2.86108 � 2.6367 D 1.55696 c3 -
R 0.999997 R 0.999827 R 0.999998 R -

Endo A 0.194255 � -2.70287 A -18.670100 c0 -541.215
B 17.1952 � 8.63988 B 88.534800 c1 675.678
C 1.45306 
 0.774687 C 1.795800 c2 -270.025
D 2.83936 � 3.38002 D 1.55696 c3 35.1313
R 0.999979 R 0.99997 R 0.999998 R 0.998769

Table 4.1: Fitted constants for the Morse (�rst and third col umns), Gaussian (second column), and third or-
der polynomial (fourth column) �ts corresponding (from lef t to right) to the � -complex basin, monomer ap-
proach to Zr, C2{C � binding and C2{C � approach before binding, for the case of Et + [CH3ZrCp2]+ /CI �

M at
the B3LYP/SKBJ+//HF/SKBJ+ level. The last value, labelled R, gives the correlation coe�cient between the �t
and the calculated points.
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Path ZrCC Basin ZrCC Approach CC Basin CC Approach
Exo A 8.96127 � -1.10395 A -18.5028 c0 -457.767

B 14.6738 � 38.9636 B 83.0258 c1 546.276
C 1.46163 
 0.561594 C 1.84231 c2 -208.025
D 2.82998 � 2.30872 D 1.55655 c3 25.981
R 0.996723 R 0.998912 R 0.999948 R 0.996426

Anti A 5.76332 � -2.3905 A -18.5028 c0 -764.249
B 8.60001 � 16.5933 B 83.0258 c1 921.72
C 1.85174 
 1.02316 C 1.84231 c2 -359.82
D 2.86627 � 2.83559 D 1.55655 c3 46.0947
R 0.999654 R 0.999328 R 0.999948 R 0.996733

Endo A 0.371691 � -2.72463 A -18.5028 c0 -505.645
B 21.9267 � 14.1854 B 83.0258 c1 634.704
C 1.31276 
 0.782209 C 1.84231 c2 -254.02
D 2.83141 � 3.12753 D 1.55655 c3 32.974
R 0.999988 R 0.999474 R 0.999948 R 0.998576

Table 4.2: Fitted constants for the Morse (�rst and third col umns), Gaussian (second column), and third order
polynomial (fourth column) �ts corresponding, respectively, to the � -complex basin, monomer approach to Zr, C2{
C� binding and C2{C � approach before binding, for the case of Et + [CH3ZrCp2]+ /CI �

R at the B3LYP//HF level.
The last value, labelled R, gives the correlation coe�cient between the �t and the calculated points.
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Figure 4.3: From right to left, transition between a zone where the ethylene
monomer is merely approaching the metallic center of the [Cp2ZrCH3]+ /CI �

X
complex, and the region where it is already complexated, where X = M (left)
and R (right). The dots correspond to the calculated values,and the dashed
line represents a �t to a Fermi-Dirac function. The �tting pa rameters are
given in Tables 4.3 and 4.4 with labels FD-1M and FD-1R, respectively. All
values in �A.

FD-1M FD-2M FD-3M
Y0 2.73305 Y0 2.34944 Y0 4.71964
Y1 2.06638 Y1 1.65931 Y1 -1.99655
x0 3.72776 x0 1.79632 x0 1.77672
� 0.04213 � 0.003995 � 0.01607
R 0.994973 R 0.990925 R 0.999004

Table 4.3: Constants for the Fermi-Dirac �ts to the d(Zr{C CI ) vs. d(Zr{C 1C2)
(FD-1M), and d(Zr{C � ) and d(Zr{C CI ) vs. d(C2{C � ) (FD-2M and FD-3M,
respectively) plots. They all refer to the case of CI = CIM .

It is apparent that, when the monomer approaches the metallic center, the
counterion is displaced (be it CIR or CIM ) from its equilibrium distance of
2.73 �A from the zirconium, to almost 4.80 �A away from it, and this happens
when the monomer/Zr distance is around x0 = 3.73 �A (3.65 �A for CI R). This
transition happens in around 4.6� = 0.19 �A of monomer displacement (0.13�A
for CIR).

The next step of this reaction consists on the formation of the C2{C � bond.
The corresponding scan is depicted in the left hand side of Figure 4.2. In that
scan a transition region can be assigned to d(C2{C � ) = 3.0 to 1.8 �A, which
has been �tted to a third-order polynomial. This region is characterized by a
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FD-1R FD-2R FD-3R
Y0 2.73376 Y0 2.35855 Y0 4.65755
Y1 2.06299 Y1 1.67770 Y1 -1.94717
x0 3.64982 x0 1.79670 x0 1.79535
� 0.02797 � 0.00294 � 0.003159
R 0.994828 R 0.99168 R 0.991175

Table 4.4: Constants for the Fermi-Dirac �ts to the d(Zr{C CI ) vs. d(Zr{
C1C2) (FD-1R), and d(Zr{C � ) and d(Zr{C CI ) vs. d(C2{C � ) (FD-2R and
FD-3R, respectively) plots. They all refer to the case of CI = CIR .

long Zr{C CI distance (displaced counterion), and a short Zr{C� distance (�
carbon still bound to the metal).

For closer C2{C � distances a C{C bond-formation region is found (which
corresponds to the insertion product). This region is characterized by a short
Zr{C CI distance (the counterion takes its place back in the Zr coordination
sphere), and a long Zr{C� distance (� carbon jumps to a 
 position, once the
monomer has inserted its two carbons between it and the metal). The d(Zr{
CCI ) and d(Zr{C � ) vs. d(C2{C � ) plots are depicted in Figure 4.4. These
plots can also be �tted to Fermi-Dirac equations, and the �tt ing parameters
are given in Table 4.3, under the FD-2M and FD-3M headings (for CI = CI M ),
and Table 4.4, under the FD-2R and FD3R headings (for CI = CIM ).

The PECs of the left hand side of Figure 4.2 have been also �tted to a
Morse-type potential. The parameters for these �ts are given in Tables 4.1
and 4.2.

VGauss = � + �e � 
 (x � � )2
(4.1)

VMorse = A + B (1 � e� C(x� D ) )2 (4.2)

For CI R , the four regions are quite similar to those of the CIM ones
(Figure 4.2). The curves can be �tted to the corresponding model functions,
and the �tted parameters are provided in Table 4.2.

In order to be able to assess the reliability of my CIM compared to CIR ,
the �tted functions have been used. With each one of them I have de�ned a
di�erence � as the square root of the averaged square of the di�erence between
the �tted function for CI R , and the one for CIM (see Eq. 4.3). The values of
the di�erences so de�ned are given in Table 4.5.

� 2
� j� =

1
x2 � x1

Z x2

x1

(V� (x) � V� (x))2 dx (4.3)
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Figure 4.4: From right to left, transition between a zone where a carbon atom
of the ethylene monomer is approaching the� carbon of the metallic center of
the [Cp2ZrCH3]+ /CI �

X complex, and the region where they are already bound,
where X = M (left) and R (right). The dots correspond to the cal culated
values for d(Zr{C � ) (black circles) and d(Zr{C CI ) (white circles). The dashed
lines represent the �ts to a Fermi-Dirac function. The �ttin g parameters are
given in Tables 4.3 and 4.4 with labels FD-2M, FD-3M, FD-2R and FC-3R,
respectively. All values in �A.

Region Exo Anti Endo
ZrCC basin 1.84 0.86 0.51
ZrCC approach 1.74 0.48 0.43
CC basin 0.11 0.11 0.11
CC approach 2.14 - 0.73

Table 4.5: Energetic di�erences de�ned in Eq. 4.3 for the model/real CI PEC
comparisons. Values in kcal/mol.

It is apparent from Table 4.5 that the discrepancy between the results
obtained with the model CI and the real one (both at the same level of theory,
namely B3LYP/SKBJ+//HF/SKBJ+) is close to, and in some case s even
within, chemical accuracy (less than 1 kcal/mol).

Additionally, approximate stationary points have been extracted from the
�tted functions, in the following manner: the complexation TS (TS1) has been
taken as the calculated crossing point of the VGauss of the ZrCC approach
zone and the VMorse of the ZrCC basin; the � -complex corresponds to the
minimum of the V Morse of the ZrCC basin; the insertion TS (TS2) is the
maximum in the 3rd grade polynomial of the CC approach zone; and the
product is identi�ed with the minimum in the V Morse of the CC basin. The
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values obtained for the energies are given in Table 4.6, and the geometrical
parameters in Table 4.7. The potential energy values can be brie
y compared
to those by Yang and Ziegler[95], who also calculate them forthe cis and
trans paths (my Endo and Exo , respectively). Although they perform Car-
Parrinello/AMBER95 QM/MM molecular dynamics, some simila rities can be
found. They �nd a lower TS1 for the Endo approach (6.0vs. 15.9 kcal/mol),
as I do (9.2 vs. 15.2 kcal/mol), whereas the ordering is reversed for TS2
(16.2 vs. 15.3 kcal/mol), which is not true with my results, but still t hey give
much closer TS2 energies for both approaches, than TS1 did (12.5 vs. 14.4
kcal/mol). Intriguingly, our CI M energetic results are much closer to their
CIR ones than our (aforementioned) CIR results. Regarding the geometries,
Yang and Ziegler come up with a d(Zr{X) value (where X denotesthe center
of masses of C1 and C2) of 3.38 �A for the Endo approach, and ours would be
around 3.54~�A. However, their Exo TS1 would feature a signi�cantly shorter
Zr{X distance (3.22 �A), while ours has it only slightly shorter (3.49 �A). The
� -complexes show a similar trend: theirEndo d(Zr{X) is longer than their
Exo one (2.87vs. 2.74 �A), whereas ours are equal (2.75�A). For the TS2s they
obtain almost equal C2{C � distances for the Endo and Exo paths (2.12 and
2.11 �A, respectively). My results agree for theEndo path (2.15 �A), but are
signi�cantly di�erent for the Endo one (2.33�A).

The energetic and geometric values for theAnti and Endo products are
not given in Tables 4.6 and 4.7 because the C{C bond formationbasin has
been taken as identical for all three paths (see below). The values for theAnti
TS2 could not be obtained for CI = CI M , due to technical limitations. This
TS has a particularly long Zr{C CI distance, and my model tended to turn
around and bind through a 
uorine atom.

It is worth noting the fact that I have considered the CC basins (and
thus the reaction products) to be one and the same for all three paths. The
rationale behind this is as follows: the counterion is quiteseparated from the
central metal in the insertion TSs (TS2), and it takes back its position in the
coordination sphere of the metal quite easily after the C{C bond has been
formed[95]. Upon visual inspection of the geometries of theEndo and Anti
TS2 structures, it is apparent that in both cases the CI will go to the same
place in the product. In addition to that, the Exo product is also equivalent
to the Endo / Anti one, because what separates them is a rotation of the
growing chain around the Zr{C � bond. The energetic pro�le for that rotation
is given in Figure 4.5. Inspection of that �gure shows that, although the
three maxima (and minima) do not have the same height and are not exactly
equally spaced, they are close to indeed being. It is also evident that transition
from any minimum to any other one requires a single jump over abarrier of
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around 3.5 kcal/mol. This rotation barrier is not negligibl e, but, since the
propagation reaction barrier is much higher (of the order of20-30 kcal/mol),
and the three rotation minima are close to degeneracy, it canbe assumed that
the product will distribute equally among the three states much faster than
the next polymerization reaction step.
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Figure 4.5: Energy pro�le for the rotation, along the Zr{C � bond, of the grow-
ing chain R in [Cp2ZrR]+ /CI �

M , where R = propyl. The solid line corresponds
to a cubic spline, and the dashed line to a simple period-three cosine �t.

CIM CIR

Exo Anti Endo Exo Anti Endo
TS1 13.0 10.9 5.9 15.2 9.2 9.2
� -complex 7.6 5.5 0.2 9.0 5.8 0.4
TS2 12.4 - 12.5 14.4 13.1 12.5
Product -18.7 - - -18.5 - -

Table 4.6: �E values for the reaction stationary points, as o btained from the
Exo PEC scans for [Cp2ZrCH3]+ /CI �

X , X = M and R. All energies in kcal/mol.

Reaction rate order from the PECs

The previous section makes it evident that I face a two-step reaction, with a
high barrier for the (forward) �rst step, and a low one for bot h the forward
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CIM CIR

Parameter Exo Anti Endo Exo Anti Endo
TS1 d(Zr{C 1C2) 3.63 3.41 3.43 3.55 3.42 3.60
� -complex d(Zr{C 1C2) 2.90 2.86 2.84 2.83 2.87 2.83
TS2 d(C2{C � ) 2.31 - 2.17 2.33 2.28 2.15
Product d(C 2{C � ) 1.56 - - 1.56 - -

Table 4.7: Geometric parameters for the reaction stationary points, as ob-
tained from the PEC scans for [Cp2ZrCH3]+ /CI �

X , X = M and R. All distances
in �A.

second step and the backward �rst step. The backward second step will be re-
garded as negligibly slow. This reaction, hence, can be given in short chemical
notation as Eq. 4.4.

Et + Catalyst
k1
*)
k� 1

Complex
k2

�! P roduct (4.4)

According to Eq. 4.4, and applying the stationary-state approximation,
one obtains Eq. 4.5:

0 �
d[Complex]

dt
= k1[Et ][Catalyst ] � k� 1[Complex] � k2[Complex] (4.5)

Since, by de�nition, k 2[Complex] = d[Product]/dt, minimal algebra gives
Eq. 4.6.

d[P roduct]
dt

=
k1k2

k� 1 + k2
[Et ][Catalyst ] (4.6)

Equation 4.6 shows that, under the proposed conditions, thepropagation
reaction rate is a bimolecular one, and that a global kT = k1k2

k � 1+ k2
can be cal-

culated from the individual ones. If one assumes that kx = A exp(-�G x /RT),
and for pre-exponential factors that cancel out, it turns out that one can cal-
culate a global reaction Gibbs free energy from the individual �Gs of each
step, as given by Eq. 4.7.

� GT = � G1 + � G2 + RT ln
�
e� � G� 1=RT + e� � G2=RT

�
(4.7)

I will use Eq. 4.7 in the following section, where I calculateGibbs free
energies. However, up to this point, I have only calculated potential energy
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pro�les. Substituting Gibbs free energies for electronic energies in that equa-
tion, I could �nd an estimate of the global �Es that these scan s predict for
the three monomer approach paths, in the cases of CIM and CIR , for the zir-
conocene. These \global" �Es are given in Table 4.8, using a RT value of
0.596 kcal/mol (T = 300K).

Path CI M CIR

Exo 12.4 14.4
Anti - 13.1
Endo 12.5 12.5

Table 4.8: Global reaction energy barriers for the propagation step of ethylene
polymerization through an Exo monomer approach path, as calculated from
Eq. 4.7 with values taken from PEC scans. Recall that I am using potential
energies, and not free energies. All values in kcal/mol.

4.3.2 Stationary points

I picked the stationary points of the PEC scans, and optimized their geome-
tries with the LanL2DZdp basis set: the maximum (complexation TS) and
minimum ( � -complex) of the d(Zr{C 1C2) scans, and the maximum (insertion
TS) and minimum (product) of the d(C 2{C � ) scans, as well as the ethylene
and metallocene moieties in�nitely separated (reactants), and their energies
were re�ned by means ofsingle point energy calculations with the TZ basis
set. This procedure was followed for the three monomer approach paths, and
similar starting point geometries were used for M = Ti and Hf ( for which
PEC scans were not performed). All the stationary points were calculated for
CI = CI M , but only local minima for CI = CI R .

Figure 4.6 depicts the potential energy (PEC) and free energy (FEC)
curves for each path of the zirconocenic catalyst. Titanocenic and hafnocenic
catalyst curves are given in Appendix I. The optimized geometries for the
reactant, complexation TS (TS1), � -complex, insertion TS (TS2) and prod-
uct, are given in Figures 4.7{4.12, for the Exo , Anti and Endo monomer
approach paths to zirconocene. Geometries for the titanocenic and hafnocenic
counterparts is also available in Appendix I.
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Figure 4.6: Stationary points along the Et + [Cp 2ZrCH3]+ /CI �
M reaction PECs (solid line) and FECs (dashed line),

for the Exo (left), Anti (middle) and Endo (right) monomer approach paths. The values for CI = CIR are given in
parentheses, where calculated. All values in kcal/mol at the B3LYP/TZ//B3LYP/LanL2DZdp level.
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Reactant Product

Figure 4.7: Geometries for the reactant and product of the insertion reaction
of the �rst ethylene monomer into the [Cp 2ZrCH3]+ /CI �

M catalyst. These
two geometries are common for the three di�erent approach paths to the zir-
conocene catalyst.

Reactant Product

Figure 4.8: Geometries for the reactant and product of the insertion reaction of
the �rst ethylene monomer into the [Cp 2ZrCH3]+ /CI �

R catalyst. These two ge-
ometries are common for the three di�erent approach paths tothe zirconocene
catalyst.

The model/real counterion energetic discrepancies are depicted in Fig-
ure 4.13. As can be seen, the di�erences are small in general,only seldom
rising slightly over chemical accuracy values (1 kcal/mol). Additionally the
one ��G calculated, namely ��G = �G(Zc M

comp)-�G(Zc R
comp), gives a dis-

crepancy of only 0.32 kcal/mol.
All the electronic energies are summarized in Table 4.9, andthe Gibbs free

energies in Table 4.10. The potential energy values can be brie
y compared



4.3. Results and discussion 85

TS1 Exo TS1 Anti TS1 Endo

Figure 4.9: Geometries for the TS1 transition states for thethree di�erent
monomer approach paths to the [Cp2ZrCH3]+ /CI �

M catalyst. The black ar-
rows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.

� -complex Exo � -complex Anti � -complex Endo

Figure 4.10: Geometries for the monomer/metal� -complex geometries for the
three di�erent approach paths to the [Cp 2ZrCH3]+ /CI �

M catalyst.

to those by Yang and Ziegler[95], who also calculate them forthe cis and
trans paths (my Endo and Exo , respectively). Although they perform Car-
Parrinello/AMBER95 QM/MM molecular dynamics, some simila rities can be
found. They �nd a lower TS1 for the Endo approach (6.0vs. 15.9 kcal/mol),
as I do (9.53vs. 18.06 kcal/mol), whereas the ordering is reversed for TS2 (16.2
vs. 15.3 kcal/mol), in agreement with my results (20.96 vs. 19.51 kcal/mol).
Bear in mind that I am comparing their CI R results with my CI M ones, because
I did not calculate TSs for CIR .
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� -complex Exo � -complex Anti � -complex Endo

Figure 4.11: Geometries for the monomer/metal� -complex geometries for the
three di�erent approach paths to the [Cp 2ZrCH3]+ /CI �

R catalyst.

TS2 Exo TS2 Anti TS2 Endo

Figure 4.12: Geometries for the TS2 transition states for the three di�erent
monomer approach paths to the [Cp2ZrCH3]+ /CI �

M catalyst. The black ar-
rows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.

It is worth mentioning that the TS1 is slightly lower than � -complex in
the Exo FEC for [Cp2TiCH 3]+ /CI �

M . This is no paradox, of course, because
it is indeed higher in the electronic energy surface, and that is the space
where the geometry optimization calculations take place. However, the energy
corrections obtained from the frequency calculations raise the � -complex more
than they do the TS, and hence it looks like the structure that is a TS in the
PEC is not so in the in the Gibbs free energy curve (FEC). Unfortunately, it
is not presently feasible to optimize directly in the FEC.
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Figure 4.13: Energy di�erences between species calculatedwith real and model
counterions. Values in kcal/mol.

In order to have more compact numbers to quantify di�erences, one can
resort to Eq. 4.7. Assuming an example RT of 0.576 kcal/mol (T= 300K), I
come up with the global �G values tabulated in Table 4.11.

One can compare the energies in the right hand side of Table 4.11 with
those in Table 4.8, as well as geometrical parameters in Table 4.12 with those in
Table 4.7, in order to assess the accuracy of the B3LYP/SKBJ+//HF/SKBJ+
scans, with respect to the B3LYP/TZ//B3LYP/LanL2DZdp opti mizations.
All one can conclude is that the SKBJ+ energies seem to be underestimated
by around 7 kcal/mol. However, when it comes to geometry, theconcordance
is not that bad, at least for local minima. SKBJ+ scans correctly predict a
longer Exo TS1 d(Zr{C 1C2) and TS2 d(C2{C � ), but greatly overestimating
the d(Zr{C 1C2) of all TS1s. For the � -complex, the SKBJ+ Zr{C 1C2 dis-
tances seem to be quite accurate, if only a bit underestimated for CI = CI R .
The product C2{C � distances do not change much from the scans to the op-
timizations.

Regarding a prediction of a preferred path for each metal, looking at Ta-
ble 4.11 it seems that bothExo and Anti approach paths have almost the same
free energy barrier for each metal, whereas theEndo approach path is always
unfavorable. Take into account that for my achiral catalyst , and ethylene as
monomer, all the paths lead to equivalent products. This might not be the
case for other polymerizing systems, where one path might begreatly favored
over the others. Particularly, when an alternating monomer complexation site
(growing chain swinging) is required to explain the experimentally obtained
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CIM CIR

Metal Path TS1 � -comp TS2 Product � -comp Product
Ti Exo 13.39 11.59 14.42 -16.24 11.77 -15.78

Anti 18.10 11.42 14.89 -16.24 11.68 -15.78
Endo 13.80 7.63 17.12 -16.24 7.52 -15.78

Zr Exo 18.06 15.04 19.51 -16.40 15.99 -16.31
Anti 16.21 12.67 18.84 -16.40 13.97 -16.31
Endo 9.53 7.46 20.96 -16.40 8.23 -16.31

Hf Exo 18.51 15.40 21.15 -16.23 16.99 -16.07
Anti 18.20 13.10 21.33 -16.23 14.42 -16.07
Endo 11.33 8.03 22.60 -16.23 8.52 -16.07

Table 4.9: Summary of electronic energies of stationary points in the
[Cp2MCH3]+ /CI �

X + ethylene reaction potential energy curves (PECs),
M = Ti, Zr and Hf, and X = M and R.

tacticity, it seems intuitive that the Exo path should be the preferential one,
as it seems the only one including such a swing.

On the other hand, if one compares the metals among them, it isobserved
that the heavier metals have higher overall reaction barriers. This can be
tracked back to the binding energies (BE) of the counterions(Eq. 4.8).

[Cp2MCH 3]+ =[CH3B (CF2Cl)3]� �! [Cp2MCH 3]+ + [ CH3B (CF2Cl)3]�

(4.8)
The values of these BEs (see Table 4.13) indicate a clearly less tightly

bound CI for M = Ti (by around 10 kcal/mol), and similar tightn ess for M = Zr
and Hf (within 1 kcal/mol). This seems to imply that, as expect, the stronger
the metal/CI bond, the harder for the monomer to displace the latter and
form the � -complex; moreover, my data also shows a similar correlation for the
insertion barrier, for reasons still unclear. This resultsagree with experimental
results[108] that observe a greater catalytic activity when a greater cationic
character is induced into the metal (presumably this means greater charge
separation, which is expected for weaker binding).

It may come as a surprise that for this system the activity of the M = Ti
case would be higher than that of Zr and Hf (because the complexation and in-
sertion barriers are lower). There is, indeed, literature regarding zirconium as
the most active metal of the three, followed by hafnium, and titanium at a far
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Metal Path TS1 � -complex TS2 Product
Ti Exo 20.55 21.52 26.46 0.16

Anti 27.65 21.29 26.07 0.16
Endo 23.89 19.57 29.91 0.16

Zr Exo 28.68 24.32 31.59 -2.26
Anti 29.57 21.84 31.82 -2.26
Endo 22.81 18.59 33.91 -2.26

Hf Exo 29.08 25.27 32.96 -2.49
Anti 31.67 22.40 32.45 -2.49
Endo 24.61 18.97 35.49 -2.49

Table 4.10: Summary of Gibbs free energies of stationary points in the
[Cp2MCH3]+ /CI �

M + ethylene reaction potential energy curves (PECs),
M = Ti, Zr and Hf, and X = m. The � -complex �G value the Exo approach
to [Cp2ZrCH3]+ /CI �

R is 24.00 kcal/mol. All values in kcal/mol.

�G �E
Exo Anti Endo Exo Anti Endo

Ti 26.46 27.69 29.91 14.52 18.10 17.12
Zr 31.60 31.84 33.91 19.56 18.85 20.96
Hf 32.96 32.60 35.49 21.85 21.33 22.60

Table 4.11: Global propagation reaction Gibbs free energy barriers (left), as
obtained from data in Table 4.10 and Eq. 4.7. Global electronic energy barriers
also tabulated (right), for comparison purposes with data in Table 4.8. All
values in kcal/mol.

third position[92]. Other comparisons between Ti and Zr germanium-bridged
ansa-metallocenes[101] regard Zr as around double as active as Ti towards
ethylene and propylene polymerization. Beckerleet al.[102] studied some post-
metallocenic bisphenolic compounds of the type [f S(CH2)2Sg(OC6H2-t Bu2-
4,6)2MX 2], and found that for M = Ti and Hf the activity towards styrene
polymerization was similar (with Hf slightly more active) a nd M = Zr was
clearly more active than any of the former two. Theoretical studies by Vanka
et al. on a nitrogenated post-metallocene[72], also come up with alower bar-
rier for the polymerization by zirconium, than by titanium.

However, the data on the subject is far from uncontroversial, since recent
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CIM CIR

Parameter Exo Anti Endo Exo Anti Endo
TS1 d(Zr{C 1C2) 3.394 3.080 3.296 - - -
� -complex d(Zr{C 1C2) 2.896 2.841 2.857 2.924 2.981 2.845
TS2 d(C2{C � ) 2.229 2.215 2.117 - - -
Product d(C 2{C � ) 1.539 - - 1.539 - -

Table 4.12: Geometric parameters for the reaction stationary points, as opti-
mized for [Cp2ZrCH3]+ /CI �

X , X = M and R. All distances in �A.

M BE (CI M ) BE (CI R )
Ti -74.33 -71.47
Zr -83.55 -81.21
Hf -84.48 -82.08

Table 4.13: Counterion Binding Energies for M = Ti, Zr and Hf. Electronic
energies calculated at the B3LYP/TZ//B3LYP/LanL2DZdp the ory level.

works by Bott et al.[103] report similar activities for Ti{ and Zr{bearing mono -
cyclopentadienyl phenoxy-imines and -amines, as well as for Cp2MCl 2/MAO,
M = Ti and Zr. Even more recent studies by Gil and Casagrande[104] on ex-
otic hydrotris(pyrazolyl)borateMCl 3 derivatives conclude that, depending on
some substituents, Ti can have slightly more or slightly less activity than Zr
towards ethylene polymerization.

However, some metallocenic catalysts show outright higheractivity for
the titanated system than for the zirconated one, e.g. some� -diketiminato
complexes[105]. Early work by Kaminsky [106] regards Ti as more active than
Zr, but reckon a decrease in titanium activity caused by its reduction from
Ti(IV) to Ti(III)[109], which is believed to be more active f or polystyrene (PS)
polymerization, whereas Ti(IV) is more active towards ethylene[110]. This
deactivation through reduction is observed to increase as the reaction temper-
ature increases[74]. Kaminsky also discusses a propylene polymerization case
where hafnium is approximately three times less active thanzirconium. The
decrease in polymerization activity as temperature increases, for Ti(IV) com-
pounds, is also observed by Leeet al.[111]. Kim et al. are also \surprised"[107]
that for their silacycloalkane-bridged ansa-metallocenes the activity of the ti-
tanated complexes is indeed higher than that of the zirconated ones, by almost
an order of magnitude in some cases.

It is of great interest the fact that titanium complexes have been reported
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to have their activity reduced when increasing the reactiontemperature. This
means that there are competitive deactivating processes, e.g. the reduction to
Ti(III) mentioned above, but also that these processes are more sensitive to
temperature changes than the propagation step itself is, becauseboth polymer
chain growth and deactivation must a priori be accelerated when increasing
the temperature, but the latter accelerates more, resulting in an overall activity
decrease.

My results so far predict a lower barrier for the titanated metallocene,
which rationalizes fairly well the experimentally observed[106, 107, 74, 111]
high activity at low temperatures, and small temperature sensitivity of the
base reaction rate constant. The latter is inferred from theobserved decrease
of the overall reaction rate at higher temperatures, where the thermal deacti-
vation of Ti(IV) to Ti(III) takes over.

4.4 Conclusions

The substitution of Zr by group 4 Ti and Hf transition metals h as been an-
alyzed. The monomer complexation and insertion barriers are found to be
lower for titanium than for its heavier counterparts. This, although not an
ubiquitous trend in metallocenic and post-metallocenic catalysts, is in good
agreement with the superior activity for Ti at lower tempera tures, found at
least in some titanocenes.

It is also apparent from the results obtained that [CH3B(CF 2Cl)3]� is
indeed a convenient and accurate replacement for [CH3B(C6F5)3]� in quantum
mechanical calculations of metallocene-catalyzed ole�n polymerizations.

The energetic di�erences when sketching a PES at the
B3LYP/SKBJ//HF/SKBJ theory level are close to chemical acc uracy.
Although the error introduced by not considering correlation in the optimiza-
tion (see Table 4.5), is small in general, in the C{C bond formation zone it
seems to go above 2.5 kcal/mol. On the other hand, the error introduced by
substituting CI R by CIM is consistently small, and below 1.5 kcal/mol for the
four regions depicted in Figure 4.2.

The model/real CI energetic discrepancies are even smallerin the case
of the B3LYP/LanL2DZdp stationary points, where they are al l around the
chemical accuracy threshold.
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\Scully: Did you �nd what you were looking for?
Mulder: No, but I found something I thought I'd lost:

the faith to keep looking."
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Appendix I

PECs

I.a Titanocene PECs and FECs
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(-15.78)

-16.24

Figure I.1: PEC (dotted line) and FEC (dashed line) for the Exo monomer
approach path to [Cp2TiCH 3]+ /CI �

M .
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Figure I.2: PEC (dotted line) and FEC (dashed line) for the Anti monomer
approach path to [Cp2TiCH 3]+ /CI �

M .
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Figure I.3: PEC (dotted line) and FEC (dashed line) for the Endo monomer
approach path to [Cp2TiCH 3]+ /CI �

M .
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I.b Zirconocene PECs and FECs
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Figure I.4: PEC (dotted line) and FEC (dashed line) for the Exo monomer
approach path to [Cp2ZrCH3]+ /CI �

M .
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Figure I.5: PEC (dotted line) and FEC (dashed line) for the Anti monomer
approach path to [Cp2ZrCH3]+ /CI �

M .
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Figure I.6: PEC (dotted line) and FEC (dashed line) for the Endo monomer
approach path to [Cp2ZrCH3]+ /CI �

M .
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I.c Hafniocene PECs and FECs
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Figure I.7: PEC (dotted line) and FEC (dashed line) for the Exo monomer
approach path to [Cp2HfCH3]+ /CI �

M .
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Figure I.8: PEC (dotted line) and FEC (dashed line) for the Anti monomer
approach path to [Cp2HfCH3]+ /CI �

M .
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Figure I.9: PEC (dotted line) and FEC (dashed line) for the Endo monomer
approach path to [Cp2HfCH3]+ /CI �

M .



Appendix II

Geometries

II.a Titanocene geometries

Reactant Product

Figure II.1: Geometries for the reactant and product of the insertion reaction
of the �rst ethylene monomer into the [Cp 2TiCH 3]+ /CI �

M catalyst. These
two geometries are common for the three di�erent approach paths to the zir-
conocene catalyst.
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Reactant Product

Figure II.2: Geometries for the reactant and product of the insertion reac-
tion of the �rst ethylene monomer into the [Cp 2TiCH 3]+ /CI �

R catalyst. These
two geometries are common for the three di�erent approach paths to the zir-
conocene catalyst.

TS1 Exo (82.97i) TS1 Anti (53.45i) TS1 Endo (74.09i)

Figure II.3: Geometries for the TS1 transition states for the three di�erent
monomer approach paths to the [Cp2TiCH 3]+ /CI �

M catalyst. The black ar-
rows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.
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� -complex Exo � -complex Anti � -complex Endo

Figure II.4: Geometries for the monomer/metal � -complex geometries for the
three di�erent approach paths to the [Cp 2TiCH 3]+ /CI �

M catalyst.

� -complex Exo � -complex Anti � -complex Endo

Figure II.5: Geometries for the monomer/metal � -complex geometries for the
three di�erent approach paths to the [Cp 2TiCH 3]+ /CI �

R catalyst.
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TS2 Exo (223.2i) TS2 Anti (252.2i) TS2 (323.5i) Endo

Figure II.6: Geometries for the TS2 transition states for the three di�erent
monomer approach paths to the [Cp2TiCH 3]+ /CI �

M catalyst. The black ar-
rows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.
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Ti{C 1 Ti{C 2 Ti{C � Ti{C CI C1{C 2 C2{C �

CIM Reactant - - 2.160 2.459 - -

Exo TS1 3.798 3.786 2.102 4.033 1.342 3.367
� -complex 2.864 2.858 2.139 4.546 1.349 2.997
TS2 2.429 2.604 2.144 4.647 1.388 2.302

Anti TS1 3.713 3.845 2.140 4.040 1.344 4.921
� -complex 2.731 2.827 2.145 5.006 1.352 3.082
TS2 2.371 2.570 2.141 6.342 1.395 2.257

Endo TS1 3.724 3.737 2.168 3.553 1.343 3.506
� -complex 2.796 2.814 2.163 4.303 1.351 3.326
TS2 2.335 2.557 2.191 4.602 1.403 2.182

Product 2.194 3.270 4.627 2.467 1.537 1.540
CIR Reactant - - 2.159 2.453 - -

Exo � -complex 2.874 2.846 2.138 4.973 1.349 3.026

Anti � -complex 2.846 2.749 2.140 5.134 1.351 3.101

Endo � -complex 2.818 2.813 2.159 4.655 1.351 3.320

Product 2.197 3.295 4.641 2.507 1.535 1.540

Table II.1: Selected interatomic distances for the stationary points in the
titanocenic catalyst reaction paths. All values in �A.
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II.b Zirconocene geometries

Reactant Product

Figure II.7: Geometries for the reactant and product of the insertion reaction
of the �rst ethylene monomer into the [Cp 2ZrCH3]+ /CI �

M catalyst. These
two geometries are common for the three di�erent approach paths to the zir-
conocene catalyst.

Reactant Product

Figure II.8: Geometries for the reactant and product of the insertion reac-
tion of the �rst ethylene monomer into the [Cp 2ZrCH3]+ /CI �

R catalyst. These
two geometries are common for the three di�erent approach paths to the zir-
conocene catalyst.
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TS1 Exo (82.4i) TS1 Anti (26.4i) TS1 Endo (28.7i)

Figure II.9: Geometries for the TS1 transition states for the three di�erent
monomer approach paths to the [Cp2ZrCH3]+ /CI �

M catalyst. The black ar-
rows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.

� -complex Exo � -complex Anti � -complex Endo

Figure II.10: Geometries for the monomer/metal � -complex geometries for
the three di�erent approach paths to the [Cp 2ZrCH3]+ /CI �

M catalyst.
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� -complex Exo � -complex Anti � -complex Endo

Figure II.11: Geometries for the monomer/metal � -complex geometries for
the three di�erent approach paths to the [Cp 2ZrCH3]+ /CI �

R catalyst.

TS2 Exo (236.1i) TS2 Anti (262.5i) TS2 Endo (334.4i)

Figure II.12: Geometries for the TS2 transition states for the three di�er-
ent monomer approach paths to the [Cp2ZrCH3]+ /CI �

M catalyst. The black
arrows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.
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Zr{C 1 Zr{C 2 Zr{C � Zr{C CI C1{C 2 C2{C �

CIM Reactant - - 2.278 2.533 - -

Exo TS1 3.394 3.344 2.264 3.407 1.344 3.125
� -complex 2.896 2.921 2.258 4.471 1.350 3.161
TS2 2.442 2.689 2.305 4.327 1.408 2.229

Anti TS1 3.080 3.252 2.289 3.419 1.348 4.880
� -complex 2.841 2.906 2.256 4.757 1.352 3.538
TS2 2.413 2.673 2.285 6.350 1.412 2.215

Endo TS1 3.296 3.296 2.318 2.871 1.347 3.332
� -complex 2.857 2.861 2.291 3.939 1.352 3.424
TS2 2.374 2.665 2.345 4.452 1.423 2.117

Product 2.299 3.340 4.717 2.540 1.542 1.539
CIR Reactant - - 2.274 2.528 - -

Exo � -complex 2.925 2.889 2.254 5.008 1.350 3.237

Anti � -complex 2.981 2.717 2.254 5.036 1.351 3.513

Endo � -complex 2.849 2.845 2.281 4.769 1.353 3.531

Product 2.303 3.366 4.737 2.557 1.540 1.539

Table II.2: Selected interatomic distances for the stationary points in the
zirconocenic catalyst reaction paths. All values in�A.
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II.c Hafnocene geometries

Reactant Product

Figure II.13: Geometries for the reactant and product of theinsertion reaction
of the �rst ethylene monomer into the [Cp 2HfCH3]+ /CI �

M catalyst. These two
geometries are common for the three di�erent approach pathsto the hafnocene
catalyst.

Reactant Product

Figure II.14: Geometries for the reactant and product of theinsertion reaction
of the �rst ethylene monomer into the [Cp 2HfCH3]+ /CI �

R catalyst. These two
geometries are common for the three di�erent approach pathsto the hafnocene
catalyst.
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TS1 Exo (74.4i) TS1 Anti (33.3i) TS1 Endo (44.9i)

Figure II.15: Geometries for the TS1 transition states for the three di�er-
ent monomer approach paths to the [Cp2HfCH3]+ /CI �

R catalyst. The black
arrows depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the
vibrational mode corresponding to the imaginary frequencythat characterizes
the transition state.

� -complex Exo � -complex Anti � -complex Endo

Figure II.16: Geometries for the monomer/metal � -complex geometries for
the three di�erent approach paths to the [Cp 2HfCH3]+ /CI �

M catalyst.
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� -complex Exo � -complex Anti � -complex Endo

Figure II.17: Geometries for the monomer/metal � -complex geometries for
the three di�erent approach paths to the [Cp 2HfCH3]+ /CI �

R catalyst.

TS2 Exo (230.8i) TS2 Anti (234.2i) TS2 Endo (334.8i)

Figure II.18: Geometries for the TS2 transition states for the three di�er-
ent monomer approach paths to the zirconocene catalyst. Theblack arrows
depict the movement of the relevant atoms (C1,C2,Zr,C � ,CCI ) in the vibra-
tional mode corresponding to the imaginary frequency that characterizes the
transition state.
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Hf{C 1 Zr{C 2 Hf{C � Hf{C CI C1{C 2 C2{C �

CIM Reactant - - 2.252 2.487 - -

Exo TS1 3.390 3.324 2.235 3.488 1.344 3.135
� -complex 2.874 2.879 2.231 4.472 1.351 3.101
TS2 2.422 2.668 2.270 4.368 1.408 2.245

Anti TS1 3.122 3.320 2.260 3.404 1.348 4.900
� -complex 2.777 2.865 2.233 4.901 1.352 3.318
TS2 2.403 2.660 2.252 5.801 1.411 2.236

Endo TS1 3.250 3.254 2.288 2.904 1.348 3.305
� -complex 2.798 2.810 2.256 4.184 1.354 3.450
TS2 2.349 2.643 2.313 4.459 1.424 2.124

Product 2.270 3.340 4.713 2.492 1.545 1.538
CIR Reactant - - 2.249 2.481 - -

Exo � -complex 2.870 2.865 2.228 4.556 1.351 3.142

Anti � -complex 2.937 2.709 2.227 3.975 1.352 3.342

Endo � -complex 2.805 2.802 2.252 4.726 1.354 3.472

Product 2.275 3.367 4.732 2.510 1.543 1.538

Table II.3: Selected interatomic distances for the stationary points in the
hafnocenic catalyst reaction paths. All values in�A.
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