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ABSTRACT: The connection between microstructure and kinetics in the case of irreversible growth of
long (pseudo)copolymers has been discussed, extended and established. The theoretical results have been
cast in simple matrix equations which enable one to compute the probability to find any given sequence
in terms of ratios of kinetic constants, rather than in terms of stochastic parameters. As an application,
the case of regioregular polymerization of vinyl monomers by C1-symmetric coordination catalysts has
been considered. In addition to propagation, first order in monomer concentration, chain and site
epimerization, both zeroth-order in monomer concentration, have been taken into account. The resulting
equations have been tested against a set of literature data obtained by five different catalysts, each
operated at five different concentrations, resulting in the evaluation of ratios of kinetic constants. For all
catalysts the quantitative analysis of the kinetics confirms that the contribution of chain epimerization
is small or negligible in the concentration range examined.

Introduction
Microstructure is the result of the balance of all the

processes occurring during the growth of the polymer
chain and thus its analysis can give precious informa-
tion about (pseudo)copolymerization1 mechanisms.3 How-
ever, general connections between microstructure and
kinetics of (pseudo)copolymerization are often cast in
terms of rather complicated mathematical expres-
sions,4,5 and as a matter of fact, the analysis of micro-
structural data is more often based on pure statistics
rather than kinetics.6-9

The continuous development of new pseudo-copoly-
merization catalysts,10-12 the increase of quality and
quantity of microstructural data, mainly due to the
adoption of 13C NMR spectroscopy,13,14 and the present
possibility to investigate by computational approaches
rather complicated kinetic models15 call for an assess-
ment of this topic. It is the purpose of this paper to
discuss, establish, and extend the connection between
microstructure and kinetics of (pseudo)copolymerization
in the case of irreversible growth of long polymer chains.

The theoretical solutions, which will be discussed,
present the advantage to be cast in matrix equations,
thus enabling fast computations of microstructural data.

As an application, the general theory will be special-
ized to regioregular polymerization of vinyl monomers
by a C1-symmetric coordination catalyst allowing chain
and site epimerization. The resulting equations will
then be applied to a set of microstructural data obtained
from Cs and C1 zirconocene catalysts.16

Theory
Basic Notation and Preliminary Considerations.

A linear (pseudo)copolymer can be described by a string
of M symbols identifying different units U1, U2, ..., UM,
which derive from one or more monomers, depending
on if we deal with a pseudo-copolymer or a true
copolymer.1 The microstructure of linear (pseudo)-

copolymers is often analyzed in terms of Markov models
Mm,17 which assume that the probability to find a given
unit Uj in a long chain depends on the kinds of no more
than m preceding units.18 A sequence of m units can be
found in Mm microstructural states s1, s2, ..., sMm. Then
the key quantities of a Markov model Mm are the Mm

× Mm conditional probabilities T(si f sj) of finding the
microstructural state sj after the microstructural state
si. These probabilities define the transition matrix T.19

Using an Mm model of sufficiently high order, it is
always possible to reproduce the microstructure of a
single (pseudo)copolymer.3 On the other hand, it is well-
known that the microstructure of copolymers depends
on the ratio(s) of monomer concentrations in the feed.20

Moreover microstructural dependence on monomer con-
centration can also be found for pseudo-copolymerization
catalysts.16,21-23 In these cases the parameters of an Mm
model are not of great use in that they are not reason-
ably tranferable to polymers produced with the same
catalytic system but with different monomer concentra-
tion(s). Transferable parameters could only be obtained
if one succeeded in interpreting the microstructure in
terms of the kinetic model of the pseudo-copolymeriza-
tion in exam.

It must be noted that microstructural analyses are
not standard kinetic studies; indeed, they are not based
on measurements of any time-dependent observable
quantity. Therefore, they cannot lead to the evaluation
of the absolute velocity of any process. A more relevant
problem is found when the information carried by the
microstructural states is incomplete in the framework
of a kinetic model of polymerization. As an example, if
we consider a catalyst oscillating between two distin-
guishable forms, the observation of unit Uj does not bear
information on the form of the catalyst which was
responsible of its polymerization. In similar cases, it has
been proposed to interpret the microstructure in terms
of Markov chains built over the states which are
relevant to the kinetic model in exam, rather than over
the microstructural states.15,24,25 Hereafter, these “ki-
netic states” and their transition matrix will be labeled
by over barred symbols: sji and Th .

† A preliminary account of this paper was presented at the third
workshop on “Advances on Insertion Polymerization”, Ischia (NA),
Italy, 11-13 Sept, 2000.

4406 Macromolecules 2001, 34, 4406-4415

10.1021/ma002044y CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/23/2001



The development of Markov models in the space of
kinetic states can be rather successful; but it should be
recognized that the stochastic parameters needed to set
up the transition matrix cannot be interpreted in terms
of kinetic constants until their parent kinetic scheme
is solved. This has been done long ago26,27 in the case of
a well-known reference model for copolymerization.20

Aiming at generalizing the latter model, we will restate
its main assumptions as follows.

(1) There is a large number of growing chains in an
homogeneous environment with constant pressure, tem-
perature, and monomer concentrations in the feed. Each
chain grows independently of the other chains.

Therefore, the kinetics is defined by the evolution of
a single chain averaged over the ensemble.

(2) Depolymerization is forbidden.
This implies that one can consider the (pseudo)co-

polymerization process as a sequence of growth events

where sjj
n indicates that the chain is found in state j

immediately after the insertion of the nth monomer.
The conditional probabilities Th ij

(n) to obtain state sjj
n

starting from state sji
n-1 define the transition matrix

Th (n).
(3) All the kinetic constants are assumed to be

independent of chain length, namely the transition
matrix Th is independent of n.

Therefore, after averaging over the ensemble, all the
steps of chain lengthening will be equal and we can
focus on the general step of chain lengthening from n
to n + 1 units.

We will have 2N accessible states

where the vectors sjn, sjn+1, and sj are formed by symbols
of states.

(4) All states are completely defined after identifica-
tion of the last m inserted unit(s).

This means that the states of the kinetic model are
in a one-to-one correspondence with the states of an mth
order Markov model.

(5) Any transformation of short states (sji
n f sjj

n) is
forbidden.

According to this model, the transition matrices Th and
T coincide, with

where w(sji
n f sjj

n+1) is the transition probability per
unit time from state sji

n to state sjj
n+1 and can be

expressed in terms of monomer concentrations and
kinetic constants.20 In this case experimental evidences
in favor of an mth order Markovian model Mm are an
indication that the kinetic constants of propagation are
sensitive to the nature of m preceding units.

However, as will be discussed in the next paragraph,
such a nice correspondence is no longer found when
assumption 4 and/or assumption 5 break down.

(b4) Given a sequence of last inserted units, the
catalyst can be present in several thermally accessible
states with distinguishable catalytic properties, leading
to more “kinetic states” than “microstructural states”;

(b5) One is faced with oscillating catalysts and/or with
rearrangement of the growing chain.28

If only assumption 4 breaks down, the observed
microstructure is a weighted average of different mi-
crostructures,9,29 while if both assumptions 4 and 5
break down, the interpretation of the microstructure is
not so straightforward.

Coleman and Fox were the first to consider from a
kinetic point of view a case of breakdown of assumptions
4 and 5 in the analysis of polymerization of vinyl
monomers.30 They derived expressions for the micro-
structure obtained by oscillating catalysts in terms of
monomer concentration and ratios of the kinetic con-
stants of the model; moreover they also derived a useful
matrix multiplication technique enabling fast computa-
tion of the microstructure.

In their model, the kinetic states were dyads rather
than units. This choice turns out to be correct as far as
a Bovey or chain-end propagation model31 is assumeds
as they did. However it also constitutes a limitation in
the analysis of more involved stereochemical models,
where an explicit indication of the units is manda-
tory.15,24,25 Moreover they did not consider the case of
chain rearrangements, which are found in many situ-
ations such as the polymerization of ethylene, where the
growing chain can undergo several reactions leading to
the formation of side branches,32 or the coordination
polymerization of R-olefins, where considerable re-
arrangements of the last units of the chain are pos-
sible.11,23 In these cases the rearrangements cancel out
a piece of microstructure already “written” by previous
propagation reactions.

In the following paragraph, we will tackle the problem
of establishing the general connection between kinetics
and microstructure for a kinetic model which has no
requirements beyond assumptions 1-3.

General Formulation. Assumption 1 implies that,
according to the standard chemical approach to the
kinetics, the general step of growth sjn f sjn+1 can be
described in terms of a set of linear differential equa-
tions describing the velocity of variation of the 2N
concentrations Ci of chains in the states {sjn,sjn+1}.
However absolute concentrations of the kinetic states
are inaccessible and irrelevant in microstructural in-
vestigations and the standard kinetic equations should
be normalized in order to get the 2N probabilities pi )
Ci/∑j)1

2N Cj, which will be grouped in the row vector p )
[pn pn+1].

Thus, one gets the master equation19,33

where the elements of the evolution matrix W are given
by Wi*j ) wij and Wii ) -∑jwij and wij is the transition
probability per unit time from state sji to sjj.

The solution of the master equation enables to
compute at any time t > 0 the probability pi(t) to find
the system in any state sji.

According to assumption 2 of irreversible growth, the
evolution matrix W has the following structure:

where the apices int and gr remind one that the
extradiagonal elements of the submatrices Wint and Wgr

...sji
n-1 f sjj

n, sjj
n f sjk

n+1...

{sj1
n, sj2

n...sjN
n , sj1

n+1, sj2
n+1...sjN

n+1} ≡ {sjn, sjn+1} ≡ sj

Tij ) w(sji
n f sjj

n+1)∑
k

w(sji
n f sjk

n+1) (1)
dp/dt ) pW (2)
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describe interconversion of n-unit states (sji
n f sjj

n) and
growth (sji

n f sjj
n+1), respectively.

With such a peculiar structure of the evolution matrix
(eq 3), the master equation can be reduced to the
following two equations:

The solution of eq 4 is

The stationary evolution of the system rests well-defined
if one knows the probabilities pk

n+1(∞) to be in state sjk
n+1

starting from a system in state sji
n, i.e. pi

n(0) ) 1. The
probabilities pk

n+1(∞) will be the probabilities pk
n+1(0) in

the computation of the successive insertion (sji
n+1 f

sjj
n+2). It will be convenient to introduce the matrices

Th -(t) and Th +(t), whose ijth elements are the solutions
pj

n(t) and pj
n+1(t) obtained when the system was ini-

tially in state sji
n+1 (Th -(0) is the identity matrix). Sub-

stituting eq 6 into eq 5, one gets

Under hypothesis 2 of an irreversible growth (which
translates into the mathematical condition limtf∞
exp(Wintt) ) 0), one gets the elegant result

Equation 8 reveals that the matrix Th is unchanged by
a change of speed of all the processes, which can be
described by the transformations Wint f τWint, Wgr f
τWgr, where τ is an arbitrarily chosen diagonal matrix.
This corresponds to the impossibility of retrieving
absolute velocities from microstructural analyses. From
an operational point of view, it can be convenient to
chose a τ matrix which renders each diagonal element
Wint equal to -1, i.e. τij ) δij/∑kw(sji

n+1 f sjk
n+1). It can be

checked that, upon validity of assumptions 4-5, eq 8
gives the familiar result 1.

The matrix Th is stochastic and computation of the row
vector p∞ of its stationary probabilities can be performed
in the usual manner.19 The probability to have any
sequence of kinetic states can be computed in a straight-
forward manner; e.g., the probability to have the
sequence sji

n+1 sjj
n+2 sjk

n+3 will be

On the other hand, to compute the probability of any
sequence of units, we need to sum over all sequences of
kinetic states which correspond to that sequence of
units. To this end it is convenient to define a matrix Φ
of dimensions N × N, such that all of its rows are equal
to p∞, or a row vector J of length N composed by all
ones. According to this notation and when the order m
of the Markov chain over the kinetic states exceeds the
number L of last inserted units allowed to rearrange,28

the probability of obtaining any sequence of units can
be obtained by a matrix generalization of eq 9; e.g., for

the microstructural sequence UiUjUk, we get

where the apex T indicates transposition and the
subscript i ∈ [1,M] indicates that only the columns
referring to the kinetic states in correspondence to the
microstructural state Ui are retained, while the remain-
ing columns are set to zero.

To have a computed microstructure which follows an
mth order Markov chain, for any sequence UiUj ... UpUq
composed by more than m + 1 units the ratio Tr(ΦiTh j
... Th pTh q)/Tr(ΦiTh j ... Th p) should be independent of the
length of the sequence.30 This strict condition turns out
to be verified when all of the nonzero elements of the
ΦiTh j ... Th p matrix are equal. Apart from exceptional
cases, this condition is met only when there is a single
nonzero element in the quoted matrix, which happens
when there is a one-to-one correspondence between
microstructural and kinetic states. In the more general
case of failure of assumption 4, the above ratio is
generally dependent on the nature of the preceding
units, whichever value of m is chosen: the chain is non-
Markovian.18,20,30,34 This is just a chemical example of
a hidden Markov chain,35 a chain which satisfies the
Markov property when described in a proper space (that
of the states of the kinetic model) but loses this property
when projected on a different space (that of observable
microstructural states).

In this situation, one should agree with Price:6 a
description of the microstructure in terms of Markov
chains (built over microstructural states) does not bear
any information on kinetics.

Nevertheless, when a kinetic model following as-
sumptions 1-3 is defined, eqs 8 and 10 form a sound
bridge between kinetics and microstructure, thus al-
lowing the determination of ratios of kinetic constants
starting from microstructural data.

From an operational point of view, if one has deter-
mined a set of independent fractional abundances pi

exp

of sequences obtained under well-defined experimental
conditions together with reasonable statistical estimates
σi of the uncertainty on their values, the best values of
the parameters of a given kinetic model can be obtained
by minimization of the goodness of fit indicator

where the computed probabilities pi are given by eq 10
and the number ν of degrees of freedom is given by the
difference between independent data and adjustable
parameters. We remind that, when one compares a set
of different kinetic models, the one with ør

2 closer to one
is statistically more likely.

The Case of Regioregular Vinyl Polymerization
by C1-Symmetric Catalysts. For a regioregular vinyl
polymer growing on an active site, its tertiary carbon
atoms will be chiral and can be safely labeled as R or
S, according to the standard stereochemical nomencla-
ture.36 Thus, a growing polymer chain can be depicted
as a string of R and S letters.

However, from a kinetic point of view, the situation
is not so simple. Indeed, a coordination catalyst needs
at least two coordination positions, one for the incoming
monomer and one for the growing chain, and if the two

dpn/dt ) pnWint (4)

dpn+1/dt ) pnWgr (5)

pn(t) ) pn(0) exp(Wintt) (6)

Th ) lim
tf∞

Th +(t) ) lim
tf∞

∫0

t
Th -Wgr dt′ )

(lim
tf∞

∫0

t
exp(Wintt′) dt′) Wgr (7)

Th ) -(Wint)-1Wgr (8)

p(sji
n+1 sjj

n+2 sjk
n+3) ) pi

∞Th ijTh jk (9)

p(UiUjUk) ) Tr(ΦiTh jTh k) ) pi
∞Th jTh kJ

T (10)

ør
2 ) ∑

i

(pi
exp - pi)

2

νσi
2

(11)
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coordination positions are not homotopic and can be
occupied by both chain and monomer, the specification
of the type of the last (or last few) inserted units is
insufficient to characterize the kinetic states. In this
situation for a chain of x units (x ) n, n + 1), one
should use at least four kinetic states {R1

x, S1
x, R2

x, S2
x} ≡

{{1x}, {2x}}, where the symbol R1
x (S1

x) indicates a state
with a chain coordinated in position i with the last
inserted unit of chirality R (S).

Available experimental and computational results37-40

confirm Cossee’s hypothesis41 that upon insertion of a
vinyl monomer the chain changes the position of coor-
dination. In effect, it is this mechanism of chain migra-
tory insertion which allows one to produce syndiotactic
polymers by catalysts with enantiotopic coordination
positions.21

For coordination catalysts, beside insertion, two other
reactions have been proposed, which occur in the
absence of the monomer. The first one (site epimeriza-
tion, also named back skip) consists in the jump of the
chain form position 1 to position 2 (and vice versa), while
the second (chain epimerization) consists in the change
of chirality of the last inserted unit.11

We will assume that all the kinetic constants of the
above reactions do not depend on the chirality of the
last inserted unit, although more general cases9,42 can
be considered rather easily. As far as the insertion
reaction is concerned, such an assumption is usually
referred in the field of polymer science as “enantio-
morphic sites” model, a reference starting point for the
description of the polymer produced by a chiral active
site.43 Moreover, the insertion reaction will be assumed
to be first order in monomer concentration, which
corresponds11 to the predominance of one insertion path
out of the different paths, which can arise for different
conformations of the growing chain.37

The possibility of chain epimerization implies that the
chirality of the last inserted tertiary carbon is not
definitely established until a new monomer is inserted,
and thus, for a kinetic model to have a correspondence
with observed microstructure, the kinetic states should
specify also the next to the last inserted unit.28 Thus,
for a chain of x units (x ) n, n + 1), one should use eight
states:

The resulting kinetic model is sketched in Scheme 1,
where R and S chiralities are distinguished by up and
down triangles and the apices p, c.ep., and s.ep. indicate
propagation and chain and site epimerizations, respec-
tively.

Because of the competition between reactions of
different order in monomer concentration, the micro-
structure obtained according to Scheme 1 is expected
to depend significantly upon monomer concentration, a
fact which has been verified in several cases.16,21-23,44

In the presence of significant chain epimerization, the
tacticity of the polymer is expected to decrease with
monomer concentration.

This situation has been unambiguously verified in the
case of enantioselective C2-symmetric catalysts.23

On the other hand the decrease of tacticity with
monomer concentration observed in Cs-symmetric sys-
tems could arise from both site and chain epimerization.
The main role of site epimerization has been demon-
strated by use of deuterated monomers in the case of a
doubly bridged Cs-symmetric catalyst.16

Still a different situation is observed for some C1-
symmetric systems, which show a significant increase
of isotacticity when decreasing monomer concentra-

Scheme 1

{RR1
x, RS1

x, RR2
x, RS2

x, SR1
x, SS1

x, SR2
x, SS2

x} ≡
{{R1x}, {R2x}, {S1x}, {S2x}} ≡ {{R•x}, {S•x}}

Macromolecules, Vol. 34, No. 13, 2001 (Pseudo)copolymerization 4409



tion.22,44 This behavior, ascribed to chain back skip to
the lower energy more enantioselective position,45 in-
dicates that the chain epimerization reaction should be
of negligible importance.

Nevertheless, it cannot be excluded that chain epimer-
ization can be relevant in different systems, particularly
in C1-symmetric systems which do not show a consider-
able increase of tacticity when lowering the concentra-
tion. Therefore, not only a general solution of Scheme 1
is a complete example of the kinetic scheme described
above (because it considers both an “oscillating” catalyst
and chain rearrangements), but it can also be expected
to help in the analysis of microstructural data obtained
from known and future catalysts.

The complete setup of the evolution matrices is given
in the Appendix. At a given monomer concentration, the
microstructure rests defined by the six ratios of kinetic
constants:

where the subscript x ) 1,2 indicates the position
occupied by the chain before the epimerization or the
insertion and kx

p ) kx
p(R) + kx

p(S).
For C2-symmetric catalysts, the parameters of posi-

tion 1 should be equal to those of position 2. This should
also be the case for Cs-symmetric catalysts, except that
σ1 is expected to be equal to 1 - σ2, due to the
enantiotopicity of the two coordination positions.

It should be considered that NMR data give informa-
tion about dyads (usually indicated according to the
Bovey m/r notation20,46) and not units (R/S). This implies
that the same microstructural data are obtained chang-
ing σx with (1 - σx) for both positions.43 Although this
indetermination prevents one from getting information
on the absolute chirality preferred at a given position,
for a C1-symmetric system it is still possible to have
information about the relative chirality preferred at the
two sites; depending on if the signs of (σ1 - 0.5) and (σ2
- 0.5) are different or equal, one has the point that
opposite or identical chiralities are preferred at the two
positions.

In the Appendix, the general solution has also been
specialized in the case of absence of chain epimerization
reaction, and the stochastic parameters needed for the
interpretation of the microstructure have been ex-
pressed in terms of kinetic constants and monomer
concentration. The probabilities Pxx ) 1 - Pxy that two

consecutive insertions occur on the same position of the
catalyst turn out to be

Equations 13 can be easily recast in order to obtain the
following linear relationships

It can be easily seen, either from eq 13 or from eqs 14
and 15 that as [M] f ∞, i.e. when the site epimerization
cannot disturb the regular alternation of the chain
migratory mechanism, one correctly obtains P12 ) P21
) 1.

On the other hand when [M] f 0, one gets the result
obtainable by imposing a preequilibrium between the
two positions of coordination of the chain:

Results and Discussion
Experimental tests of the above kinetic scheme on the

basis of microstructural data face with many chemical
and analytical problems. Indeed in order to analyze a
simple kinetic scheme, the catalytic system should be

Table 1. Results Obtained from the Least-Squares Analysis of Pentad Percentages of Polypropylenes Obtained by
Cs-Symmetric Catalysts 1a-c Operated at Room Temperature and in Toluene Solution at Five Different Monomer
Concentrations: [C3H6] ) 0.8, 1.5, 2.1, 2.8, 3.4 M for Catalysts 1a and 1c and [C3H6] ) 0.8, 1.5, 2.1, 2.9, and 3.4 M for

Catalyst 1ba

best-fit parameters

exptl information from ref 16 kh1
c.ep. (M) khs.ep. (M) σR goodness of fit

R ) H (catalyst 1a) 0.013 ( 0.002 0.068 ( 0.002 0.9952 ( 0.0011 0.6 < ør
2 < 2.5

3 × 104 < Mw < 1 × 105 0 (fixed) 0.0713 ( 0.0015 0.9893 ( 0.0012 0.7 < ør
2 < 2.7

0.906 < r < 0.971
21 independent data

R ) CH(Me2) (catalyst 1b) 0.014 ( 0.007 0.151 ( 0.009 0.993 ( 0.002 2.8 < ør
2 < 11.3

3 × 104 < Mw < 2 × 105 0 (fixed) 0.186 ( 0.004 1.000 ( 0.003 2.4 < ør
2 < 9.5

0.802 < r < 0.971
23 independent data

R ) SiMe3 (catalyst 1c) 0.017 ( 0.002 0.196 ( 0.003 1.0000 ( 0.0011 0.5 < ør
2 < 1.9

4 × 104 < Mw < 1 × 105 0 (fixed) 0.204 ( 0.002 0.9939 ( 0.0012 0.5 < ør
2 < 2.0

0.815 < r < 0.965
27 independent data

a Errors correspond to the 95% confidence interval for each parameter.

Chart 1

1 - Px*y )
khx

s.ep.

kh1
s.ep. + kh2

s.ep. + [M]
(13)

P12

1 - P12
)

k2
s.ep. k1

p

k2
p k1

s.ep.
+

k1
p

k1
s.ep.

[M] (14)

P21

1 - P21
)

k1
s.ep. k2

p

k1
p k2

s.ep.
+

k2
p

k2
s.ep.

[M] (15)

P12

1 - P12
)

1 - P21

P21
)

k2
s.ep. k1

p

k2
p k1

s.ep.

khx
c.ep. ) kx

c.ep./kx
p, khx

s.ep. ) kx
s.ep./kx

p, σx ) kx
p(R)/kx

p (12)
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as single-sited as possible and this is not always a
simple matter, even for metallocene catalysts.11 More-
over in order to quantitatively test a kinetic scheme
according to eq 11, one should evaluate a sufficient
number of percentages pi

exp and their errors σi, which,
despite well established spectroscopic procedures, re-
mains a subtle point. As a matter of fact, microstruc-
tural studies which report error estimates σi can be
safely considered to be the exception rather than the
rule.47

Taking these warnings into account, we will now
proceed to analyze the microstructural data obtained
by five doubly silylene-bridged zirconocene catalysts
reported in ref 16. The basic structure of the catalysts,
shown in Chart 1, is (1,2-SiMe2)2{η5-C5H2-4-R}{η5-C5H-
3,5-(CHMe2)2}ZrCl2. The five catalysts differ by the
nature of the substituent: R ) H (catalyst 1a), rac-

CHMe2 (catalyst 1b), SiMe3 (catalyst 1c), CHMe(CMe)3
(catalyst 1d), (1R,2S,5R)-menthyl (catalyst 1e). Accord-
ing to the nature of the R group the catalysts have been
classified as Cs- (1a-c) and C1-symmetric (1d,e).

For each catalyst, we analyzed the five sets of pentad
fractional abundances reported for polymerizations car-
ried out at room temperature in toluene solution. Some
additional experimental details can be found in Tables
1 and 2, while more complete information can be found
in ref 16. Pentad fractional abundances pi

exp lower than
0.010 were not reported, but we still had a considerable
number of independent data ranging from 21 to 40
(Tables 1 and 2).

On the other hand the estimation of errors was
lacking; only the reproducibility of the percentage p(r)
of the r dyad was studied and declared as (0.02. Thus,
any straightforward use of eq 11 was prevented, and

Table 2. Results Obtained from the Least-Squares Analysis of Pentad Percentages of Polypropylenes Obtained by
C1-Symmetric Catalysts 1d-e Operated at Room Temperature and in Toluene Solution at Five Different Monomer

Concentrations: [C3H6] ) 0.5, 0.8, 2.1, 3.4, 4.6 Ma

best-fit parameters

exptl information from ref 16 kh1
c.ep. (M) kh1

s.ep. (M) σ1
R kh2

c.ep. (M) kh2
s.ep. (M) σ2

R goodness of fit

R ) rac-CH(Me)(CMe3) (cat. 1d) 0.003 ( 0.004 0.00( ( 0.04 1.000 ( 0.004 0.000 ( 0.004 6.8 ( 0.8 0.0 ( 0.2 2.8 < ør
2 < 11.1

2 × 104 < Mw < 5 × 104 0.003 ( 0.004 0 (fixed) 1 (fixed) 0 (fixed) 6.8 ( 0.4 0.01 ( 0.19 2.5 < ør
2 < 10.0

0.115 < r < 0.633 0 (fixed) 0 (fixed) 1 (fixed) 0 (fixed) 6.2 ( 0.4 0.05 ( 0.05 2.4 < ør
2 < 9.7

32 independent data
R ) (1R,2S,5R)-menthyl (cat. 1e) 0.0635 ( 0.0016 0.00 ( 0.02 1.000 ( 0.003 0.0000 ( 0.0009 1.53 ( 0.04 0.150 ( 0.006 0.7 < ør

2 < 2.9
4 × 104 < Mw < 1 × 105 0.0636 ( 0.0014 0 (fixed) 1 (fixed) 0 (fixed) 1.54 ( 0.04 0.149 ( 0.004 0.7 < ør

2 < 2.7
0.403 < r < 0.745 0 (fixed) 0 (fixed) 1 (fixed) 0 (fixed) 1.17 ( 0.03 0.192 ( 0.004 1.0 < ør

2 < 4.1
40 independent data

a Errors correspond to the 95% confidence interval for each parameter.

Figure 1. Top: plots of the theoretical dependence of the percentage of the r dyad upon monomer concentration. The lines have
been obtained with the parameters reported in Table 1 for catalysts 1a and 1c. The continuous and dotted lines correspond,
respectively, to zero and nonzero rate constant of chain epimerization kc.ep.. The experimental points and the error bars48 have
been derived from ref 16. Bottom: plots of residuals obtained by fitting with two kinetic parameters the experimental percentages
of pentads retrieved by the 13C NMR analysis of five polypropylene samples produced by the Cs-symmetric catalysts 1a and 1c
operated at five different monomer concentrations.16
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we were forced to a standard least squares refinement
of the parameters of the models chosen to analyze the
five sets of data.

Nevertheless a rough estimate of a lower and an
upper bound for ør

2 can still be made, assuming equal
errors 0.010 < σ < 0.02 for all the data.48

Cs-Symmetric Systems. To investigate in a quan-
titative manner the relevance of chain epimerization,
the data of catalysts 1a-c have been fitted either
leaving the khc.ep. parameter free or constraining it to
zero. The similar ør

2 ranges (Table 1) obtained in the
two cases prevent one from assessing the presence of
the chain epimerization reaction. In effect, the best fit
value of the khc.ep. parameter turns out to be rather small
(khc.ep. < 0.02), and the profile [r] vs [M] is very similar
to that obtainable constraining khc.ep. to zero (top of
Figures 1 and 2).

The fitting results indicate that the enantioselectivity
is paractically independent from the substituent R (σ
= 0.99), while this is not the case for the ratio khs.ep.

between site epimerization and propagation constant.
In the case of the two-parameter fit, the residuals of

the computation of pentads at all five concentrations
have been reported against pentads (bottom of Figures
1 and 2). In our opinion, this graphical visualization of
errors gives a more direct insight into the fit quality
respect to crowded numerical tables.

In effect, by inspection of the figures and from the
numerical values reported in Table 1, it can be said that
the quality of the fits is good for catalysts 1a and 1c,
and considerably worse for catalyst 1b. Figure 2 reveals
that the disagreement can be ascribed to the rrrr pentad
alone.

The misfit could be caused by a more complicated
catalytic mechanism (more than one kind of active site
or a different kinetic scheme due to the prochirality of

Figure 2. Top: plots of the theoretical dependence of the
percentage of the r dyad upon monomer concentration. The
lines have been obtained with the parameters reported in
Table 1 for catalyst 1b. The continuous and dotted line
correspond, respectively, to zero and nonzero rate constant of
chain epimerization kc.ep.. The experimental points and the
error bars48 have been derived from ref 16. Bottom: plots of
residuals obtained by fitting with two kinetic parameters the
experimental percentages of pentads retrieved by the 13C NMR
analysis of five polypropylene samples produced by the Cs-
symmetric catalyst 1b operated at five different monomer
concentrations.16

Figure 3. Top: plots of the theoretical dependence of the percentage of the r dyad upon monomer concentration for catalysts
1d,e. The continuous and dotted line correspond, respectively, to zero and nonzero rate constant of chain epimerization k1

c.ep. (last
and next to last row of parameters in Table 2). The experimental points and the error bars48 have been derived from ref 16.
Bottom: plots of residuals obtained by fitting with two-parameter models the experimental percentages of pentads retrieved by
the 13C NMR analysis of five polypropylene samples produced by the C1-symmetric catalysts 1d,e operated at five different monomer
concentrations16 (see Table 2). Two and three-parameter fits were considered for catalysts 1d and 1e, respectively.
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the R group of catalyst 1b). However an analysis of this
point is out of the scope of this paper.

C1-Symmetric Systems. The main fitting results
obtained for the two C1-symmetric catalysts are reported
in Table 2.

Leaving as adjustable parameters all the six ratios
of kinetic constants, the dissymmetry of both catalysts
1d and 1e becomes apparent. Indeed, for a concentra-
tion of propene of 1 mol L-1, when the chain occupies
position 1, the propagation reaction is preferred with
respect to site epimerization (kh1

s.ep. < 1), while when the
chain occupies position 2, the reverse occurs (kh2

s.ep. > 1).
Moreover, the two positions have opposite enantio-
selectivities.

The numerical values of the best-fit parameters
suggest some simplification of the kinetic model. Indeed,
within experimental accuracy, kh1

s.ep. and kh2
s.ep. are found

to be 0 and σ1 is found to be 1. Thus, we fit the data
according to a three-parameter model resulting in
roughly the same ør

2 value.
Moreover, for catalyst 1d, even the value of kh1

c.ep. was
found to be zero within experimental accuracy. We thus
considered a model with only two parameters. As for
Cs-symmetric systems, the complete neglect of chain
epimerization does not lead to great changes in the fit
(Figure 3). However, in the case of catalyst 1e, the best
fit value of the khc.ep. turns out to be well-defined, and it
seems probable that when the chain is coordinated in
the more frequently occupied and less hindered position
1, some events of chain epimerization can occur. More-
over the value determined here for kh1

c.ep. at 25 °C for
catalyst 1e compares well with the value first obtained
for khc.ep. in the case of a C2-symmetric catalyst: khc.ep. )
0.05 M at 30 °C.23

The quality of the fits of the final models is rather
good in the case of catalyst 1e and considerably worse
in the case of catalyst 1d, as can be seen from Figure 2
and from the estimated ør

2 ranges.
Although the kinetic scheme discussed is nowadays

a standard one in organometallic chemistry, it is
important to recognize that the connection between
microstructure and kinetics developed here has allowed
us to test the model and to determine the ratios of its
kinetic constants, thus leading to a quantitative de-
scription of the mechanism.

Conclusions

We think that the above general connection between
microstructure and kinetics in the case of stationary
irreversible polymerizations can help considerably in
kinetic studies of rather complicated (co)polymerization
reactions.

In practice, when one is looking for an experimental
confirmation of a kinetic model, is trying to select a
model among a finite set of models, or is interested in
the quantitative determination of some ratios of kinetic
constants, the following method can be adopted.

1. Clear definition of the kinetic models and their
translation in terms of the evolution matrix W, eq 3.

2. Computation of the transition matrix Th )
-(Wint)-1Wgr in the space of kinetic states, starting from
a trial set of kinetic parameters.

3. Computation of the percentages expected for the
observed sequences according to the model investigated,
eq 10.

4. Determination of the best-fit kinetic parameters by
minimization of the reduced chi-squared test (eq 11),
and comparison of the models investigated.

The application of this protocol to a set of pentad data
obtained from Cs and C1-symmetric doubly bridged
metallocenes has offered a quantitative insight in the
kinetic mechanism, allowing to determine ratios of
kinetic constants (khx

s.ep. and khx
c.ep.) which were inacces-

sible to the stochastic treatment16,24,25 used so far.
Indeed it was possible to express a couple of known
stochastic parameters in terms of kinetic constants and
monomer concentration, eqs 13-15.

The accessibility of new ratios of kinetic constants
opens the way to the evaluation of differences of
activation energies and preexponential factors. This
topic will be addressed in future works.
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Appendix

The use of a convenient τ matrix, as described in the
second section of the paper and the definitions in eq 12,
allow us to translate the scheme of Figure 1 in the
following submatrices of the evolution matrix 3:

with

where px
c.ep. ) khx

c.ep./δx, px
s.ep. ) khx

s.ep./δx, px
p ) [M]/δx, and

δx ) khx
c.ep. + khx

s.ep. + [M], with x,y ) 1, 2.
The stochastic matrix on the kinetic states turns out

to be
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The inversion is easily performed numerically. However
its analytical expression is readily obtained as

where ∆ ) [W1
int W2

int - p1
s.ep. p2

s.ep.I].
Once the row vector p∞ ) limnf∞

1/8JTh n of stationary
probabilities has been obtained, the fractional abun-
dance of any given sequence (expressed as usual in the
Bovey m/r notation20,46) can be readily computed, using
the matrices

Thus, as a generalization of the method published in
ref 25, the fractional abundance of the mrrm sequence
will be given by p∞Th mTh rTh rTh mJT.

The preceding expressions can be easily simplified in
less complicated cases.

If the reaction of epimerization can be neglected, the
kinetic states can be reduced to {R1

x, S1
x, R2

x, S2
x} and

W1
int ) W2

int ) -I. The transition matrix can be ob-
tained from the more general one, eq 16, summing over
the R and S states, yielding

where

∆-1 ) (1 - p1
s.ep. p2

s.ep.)-1I and the stochastic parameters
P12 (P21) give the probability that monomer insertion
occurs at site 2 (1) after a previous insertion at site 1
(2).

The last form of the stochastic matrix 19 has been
first introduced in ref 25. The advantage of the present
kinetic treatment consists in the possibility of giving a
kinetic interpretation of the stochastic parameters P12
and P21. Indeed introducing the expressions of ∆-1 and
Wxfy

gr in the last two expressions of eq 19, one gets eq
13:
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