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Abstract

This review gives an overview of approaches and techniques used for the assessment of active
sites count in homogeneous group 4 metal single-site a-olefin polymerization. The main
advantages and limitations of these methods, in particular their ability to selectively and
quantitatively discern the catalytic sites effectively at work, leaving aside dormant sites and other
metal species not directly involved in propagation, as well as the results of their application onto
some important single-site olefin polymerization catalyst systems are exemplified. The
associated mechanistic information is of interest for engineering more efficient catalytic systems

reluctant towards side reactions.
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Abbreviations

Bn: benzyl

BHT: butyl hydroxylated toluene
C”: catalytically active site

CGC: constrained geometry catalyst

Chrom: chromophore



Cp: cyclopentadienyl

dMAQO: dried methylalumoxane

EBI: 1,2-ethylene-1,1"-bis(indenyl)
EBTHI: 1,2-ethylene-1,1'-bis(tetrahydroindenyl)
FI: phenoxy-imine

Flu: fluorenyl

Ind: indenyl

M: monomer

Mwm: monomer molecular weight

Mhn: number average molecular weight
Mw: weight average molecular weight
MAO: methylalumoxane

MMAO: modified methylalumoxane
MPS: metal—-polymeryl species
MWD: molecular weight distribution
Pol: polymer

Pn: polymerization degree

rac: racemic

SBI: dimethylsilylene-bis(indenyl)
SEC: size exclusion chromatography
TCC: thiophenylcarbonyl chloride

Y: Yield

y": fraction of active sites



Introduction

Single-site catalysis, especially that based on group 4 metals, has brought considerable
possibilities in the field of a-olefin polymerization, providing a fine control over the molecular
weight and microstructure of the polymers. The high tunability of these molecular catalysts
allows for the production of quite different materials, ranging from polyethylene to stereoregular
poly(a-olefins) and sophisticated copolymers. As reported in a number of review articles [for a
selection, see: 1-10], a considerable diversity of group 4 metal catalyst structures has been
designed and synthesized in the past decades. Ubiquitous examples involve the simplest
metallocene complexes Cp2TiCl2 [11,12] and Cp2ZrCl2 [11,13] to the most elaborated ones, such
as those derived from {EBI}- [14], {SBI}- [15,16], {Cp/Flu}- [17-20], half-sandwich {CGC}-
based [21-24] platforms and more recent post-metallocene systems such as bisphenolate [25,26],
Mitsui’s phenoxy-imine [27-29] and Dow’s pyridyl-amido [30,31] systems (Figure 1), each of

them displaying its own behavior and peculiarities in polymerization.
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Figure 1. Examples of ubiquitous families of “single-site” group 4 metal precatalysts used for a-

Most of the studies conducted on these single-site catalysts usually focused on their
productivities and on the properties of the resulting polymers. While these parameters are
certainly important to assess industrial relevance, they are not enough to fully apprehend the
potential of a catalyst. Maybe surprisingly, studies addressing a deeper understanding of the
catalyst behavior through detailed kinetic studies are rather scarce. These investigations were
usually aimed at finding kinetic models that can accurately describe the polymerization
processes. The related kinetic constants for initiation, propagation, transfer and termination rates

can be extracted from a successful fitting of the experimental data to the theoretical model. The



propagation rate quantifies the rate at which an active catalyst site (presumed to be solely or
majorly generated from the precatalyst) is able to incorporate monomer molecules in growing
polymer chains. Although this value depends on the monomer concentration, temperature and
other experimental parameters, it is also essential to remind that it is dependent on the quantity of
active catalyst actually involved in chain growth; this one is not necessarily equal, and is actually
often significantly lower, to the amount of catalyst precursor introduced. Some studies
hypothesize that all (pre)catalyst is active; see e.g. [32—34]. However, even though metallocene,
hemi-metallocene and post-metallocene complexes provide in principle the same global catalytic
environment to all propagating centers (hence the “single-site” nomenclature), it is not
guaranteed that they all undergo evenly and entirely the transformation into the active species
and that the latter species remain active throughout the polymerization process. In fact, the
fragile equilibrium set after the activation step between the catalytically active metal alkyl cation
and its counter-ion, issued from the corresponding activator (MAO, B(CeFs)s,
[PhaC][B(CeFs)4]...), can be easily perturbed by side-reactions with the precatalyst itself or other
organometallic species, impurities, solvent or remaining activator, forming adducts and hetero-
bimetallic species that are considered dormant toward polymerization (Scheme 1). In addition,
the fraction of catalyst successfully activated can still be deactivated later on, because of other
side-reactions (e.g. monomer misinsertions, formation of stable allylic species, etc) during the

polymerization, thus altering its overall efficiency.
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Scheme 1. Some of the main active and dormant species found in “single-site” group 4 metal-

catalyzed a-olefin polymerization (L = Cp-type or equivalent ligand).

Deciphering the exact nature and extent of all these side-species and side-reactions by
spectroscopic techniques is often quite complicated, not to say impossible, if one wants to
operate under real polymerization conditions. On the other hand, quantifying the number of
active sites helps understanding the catalyst behavior during polymerization. Also, having this
number of active sites quantified, combined with propagation rate values, offers the possibility of
more accurate comparison between catalytic performances of systems, provided that the same

conditions and methods were applied to determine these values.



The assessment of active sites count in single-site olefin polymerization requires specific
methods and sometimes also specially designed experimental apparatus. This review aims at
giving an overview of these techniques, their main advantages and limitations, as well as the
results of their application onto some important single-site olefin polymerization catalyst
systems. Noteworthy, most of the methods described within this review assess the concentration
of active sites [C"] or their fraction (%~ = [C"]/[C]o) that is set off against the concentration [C]o

of initially introduced precatalyst.

1. Kinetic modelling

Kinetic modelling aims at predicting the behavior of a chemical reaction based on experimental
or common knowledge of the system properties. It is by far the most complete method to assess

all relevant kinetic parameters of a particular chemical process.
1.1. First-principles kinetic modelling

Numerous efforts have been paid to build a “universal” kinetic model for olefin polymerization
processes. A typical approach in these studies is to consider a mechanism with the minimal
number of elementary steps that is able to rationalize the experimental data. From these steps,
based on first-principles rate law equations, the concentration of species (monomer, active
catalyst...) involved in the reaction can be predicted as well as the associated essential kinetic
rate constants (ki, kp, ki...). When the model fails to fit the experimental data to a satisfactory
extent, additional mechanistic steps must be considered. Typical steps that can be embedded into
such a model are chain transfer (to monomer, Hz, AlRs...), B-H elimination with differentiation
between vinyl and vinylidene chain-ends formation, misinsertions (i.e., regioirregular insertions)
of the a-olefin monomer, restitution after these misinsertions (i.e., reactivation of a dormant
chain), etc. An example of a comprehensive model involving up to 12 elementary processes is

delineated in Scheme 2 [35].
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Scheme 2. Mechanistic steps for the polymerization of a-olefins by single-site catalysts

implemented in the model of Caruthers [35].

The systems of differential equations derived for such comprehensive models usually do
not have a straightforward analytical solution and thus, numerical integration methods are widely
employed. Therefore, simplified models considering exclusively the propagation and termination
steps are more often utilized. In a few cases, for polymerization systems exhibiting induction
periods, the initiation step is explicitly embedded into a model as well. Some of the most
common simplified models are illustrated below.
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A most important but difficult value to determine is the number of active catalyst sites
(concentration of propagating species [C”], or fraction of active sites ¥~ = [C*)/[C]o). This
quantity appears in the rate law of polymerization (1):

R, =-d[M]/dt = ky[C*][M]“ €Y)
where Ry is the polymerization (propagation) rate, kp is the propagation rate constant, [M] is the
monomer concentration and o is the elementary order on monomer.

To simplify the system of equations in their kinetic model, some authors assume arbitrarily
an activation efficiency of 100% (i.e., [C] = [Clo). This is for instance the case of the study
conducted by Estrada and Hamielec for the polymerization of ethylene with the Cp2ZrClo2/MAO
system [34].

The actual concentration of active species [C] (or [C*J/[C]o) is most usually determined
via an independent experimental method (e.g. initial labelling or quench-labelling of propagating
species; see Part 2). For this purpose, equation (1) is usually transformed to a simplified
representation of the dependence of the polymer yield (Y, in g) as a function of time:

Y = kp[C*][M]t (2)

This model, which assumes o = 1 as most often encountered, is valid only in the early
stages of the polymerization, at low monomer conversion (<10-20%) when [M]: = [M]o, and
where the molecular weight of the polymer increases linearly with time. This regime of “quasi-
living” polymerization does not exceed a few seconds in the case of ethylene and propylene
whereas it is a matter of minutes, even hours, for higher a-olefins. On the other hand, this
situation is most always respected in continuous flow experiments where the monomer is fed
continuously into the reactor (see Part 1.4). Also, in this simplified model, the concentration of
active sites [C] is speculated to remain constant throughout the considered period of time, an
assumption which validity is difficult to assess.

In order to determine [C”], the value of k, in (2) has to be determined independently via

another way. This can be done thanks to a relation of 1/Pn as a function of time firstly devised by
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Natta [36] for heterogeneous Ziegler-Natta catalysts and later expressed (3) by Busico et al. for a
homogeneous (e.g. metallocene) catalyst [37]:

L_My _<fi>, 1
P My  kp[M]  ky[M]

(1/t) (3)

where Py is the polymerization degree (acquired through SEC measurements), <fe> (s™) is the
frequency of chain termination, and kp (L-mol-s™) is the average propagation rate constant
(involving both 1,2- and 2,1- insertion modes for a-olefins). It gives an estimation of the kp value
related to the number of metal centers directly involved in growth of polymer chains. As a
consequence, the resulting kp value is associated to all catalyst molecules bearing a polymer
chain independently of their length or the nature of the active site. The [C"] value determined in
the end is thus the concentration of the metal-polymeryl species at any time during the time
scale of the study. Therefore, in this particular case, the method does not discriminate between
species resulting from primary (1,2-) and secondary (2,1-) insertion, the latter ones being
possible dormant species.

Considering equation (3), the plot of 1/P, vs. 1/t must return a linear trace with a slope of
1/kp[M] from which k, can be extracted. On the other hand, from equation (2), the plot of Y vs. t
must give a linear trace passing through the origin with a slope = k, [C"][M]:. Hence, the value of
[C™] can be retrieved by replacing k, with its value found from equation (3) and [M]: by [M]o.
The result is often expressed as a fraction of active catalyst, y~ = [C)/[C]o.

In a situation where an induction period is observed (slower generation of active species, ki
< or = kp), the initiation step has to be included in the model, which further complicates the
equations [37-40]. Bochmann and coworkers applied this methodology to the study of propylene
polymerization by rac-{Me:Si(2-Me-4-Ph-1-Ind)2}ZrCl./MAO and rac-{Me:Si(2-Me-4-Ph-1-
Ind)2}ZrMez/boron activators (B(CsFs)s, [PhsC][CN{B(CsFs)s}2], [PhsC][B(CsFs)s]). The
equations were modified to include the initiation step in the model, leading to the intricate

equation (4):

12



<P, >

kt + kp[M]O kp[M]O + kt — ki[M]O —k;i[M]ot ki[M]o + kp [M]O (—kgt)
( B )t MO — kD) (P ) ey (o9 1) “
= 4

1 o —kiMlot
t+ AP (exp ot — 1)

The experimental values of P, fitted using equation (4) returned the values of k, and ki. The
model constructed by Bochmann also requires to work at low conversions (or under continuous
flow) in order to keep [M]o constant. This equation was established under the approximation of
steady-state conditions (i.e., all catalytic sites released by chain-transfer undergo fast re-initiation
without loss). The ki value was estimated on an average of several kinetic plots; yet, the authors
showed that this parameter had minimal influence on the fitting, as changing ki by two orders of
magnitude induced a change of less than 10% in the values of kp [39]. The fraction of active
catalytic sites, x* = [C")/[C]o, is finally given by the ratio ky/kp, where k¢° is the apparent
propagation rate determined on the whole amount of precatalyst introduced and considering that
[M]: = [M]o. Noteworthy again, in these studies, the apparent order in equation (1) is set at a = 1,

even if the subject is currently open to debate.

1.2. Data acquisition: quench-flow techniques

In the early 70s, the Fink [41] and Keii [42] groups introduced a quench-flow technique to study
propylene polymerization by traditional heterogeneous Ziegler-Natta catalysts. The approach
was later adapted by Busico and coworkers [37] for homogeneous catalysts and used under the
name of “stopped-flow” for kinetic studies of ethylene and propylene polymerization with rac-
{MeSi(2-Me-4-Ph-1-Ind)2}ZrCl./MAO [37,43] or {bis(phenoxy-imine)}TiClo,/MAO [43]
catalytic systems. Later, Bochmann and coworkers studied by this technique propylene
polymerization using rac-{MezSi(1-Ind)2}ZrCl. or rac-{Me:Si(1-Ind).}ZrMe; in combination
with MAO or molecular activators, respectively [39,44,45]. An active sites count was also

reported by the same group for the post-metallocene CGC system {Me>Si(CsMes)NtBu}TiCly/
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[PhaC][B(CeFs)s] [44]. Landis and coworkers also used such technique for studying the
polymerization of 1-hexene with the rac-{EBI}ZrCl, system [46].

As mentioned above, the “quasi-living state” condition required by the model approach can
be achieved only in the very first stages of the polymerization for ethylene and propylene (ca.
0.1-10 s). This justifies the use of quench-flow techniques that allow measurements of polymer
yield and molecular weight on a very short time scale [37,42,47]. The experimental quench-flow
setup involves preparation of the different reaction components in separated tanks; these
components are mixed under turbulent regime at the entrance (a) of the tube-like flow “micro-
reactor” and react through their course between points a and b (Scheme 3). If needed, it is
possible to implement several merging points in the apparatus, for example to premix the catalyst
and the activator. The monomer and catalyst are thus reacted for a known period of time t
depending on the dimensions of the tubular “micro-reactor” section (between a and b) and the
flow-rate applied in the apparatus [43]. By adjusting the length and inner diameter of the reactor,
very short (0.1-5 s) polymerization times can be gained. The polymerization is then quenched at
b by a solution of acidified methanol (ethanol) and the polymer is collected. Increases of the
polymer yield (Y) and Mn (Pn) of the polymer as a function of time are analyzed to afford rate

constants and [C"].

14
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Scheme 3. Typical setup for quench-flow monitoring studies [37,39,42,43,47,48].

1.3.Modification for batch conditions

The principles of quench-flow techniques have later been adapted for batch [40,46] or semi-
batch conditions [34]. Typically, 1-hexene polymerizations proceeded much more slowly than
those with ethylene and propylene and can be hence conducted under batch conditions. Thus,
Bochmann and coworkers studied the polymerization of 1-hexene with the rac-{Me,Si(2-Me-
Benz[e]Ind).}ZrCl./MAO system [40]. Consumption of the monomer was monitored by 'H
NMR with respect to an internal standard [46,35,49-57] via analysis of aliquots sampled from
the reaction mixture [40].

A peculiar study of a batch propylene polymerization with rac-[{Me2Si(2-Me-Ind)2}ZrCl>
in combination with different co-activators was reported by Naga and coworkers in the late 90s
[58]. The polymerization was studied following the principle of quench-flow methods, providing
information about polymer yield at different time intervals (assuming no formation of low MW
oligomers) and of the corresponding M» and Mw/M, values. In order to estimate the fraction of
active sites, a different model as compared with Bochmann’s and Busico’s studies was used,
which is expressed as follows:

15
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where Y is the polymer yield, [C"] is the concentration of active (propagating) species, ki the
chain-transfer rate constant via B-elimination, kv the chain-transfer rate constant to monomer,
kira the chain-transfer rate constant to AIRs, and [Al] concentration of AIRs (chain-transfer
agent). Parameter N as described in (5a) and (5b) links together the average number molecular
weight, the polymer yield and the active sites concentration. Its expression differs whether it is
used before (5a) the maximum polymerization rate where the maximum amount of active site is
not yet reached or after (5b) the maximum polymerization rate where [C"]; = [C"]max. Depending
on the co-catalyst used, one of the two forms was used. Plotting in both cases N vs. Y returned a
linear plot with the intercept at Y = 0 giving the amount [C"]t or [C*]max. This method returned a
fraction of active catalyst of 8% with MAO and 54% with AIEts/[PhsC][B(CsFs)4] using (5a). On
the other hand, using (5b), only 24% of the initial catalyst concentration with
AliBus/[PhsC][B(CsFs)4] was found to be active. The authors outlined that these values are a

rough estimation (see Part 4).

2. Precatalyst labelling

2.1. General considerations
Instead of carrying out tedious kinetic analysis following complex calculations, requiring often
many approximations, an alternative way to access the concentration of active sites [C] is to
implement a chemical label on propagating metal-polymeryl species (MPS). Such label has to be
quantifiable by usual analytical techniques. Two main approaches have been reported: tagging
the (pre)catalyst to deliver the label onto the growing polymer chain during the initiation step, or

directly tagging the active growing MPS with different quenching reagents.
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Only a few examples of precatalyst labelling for the quantification of active sites have been
reported in the literature. This technique provides an estimate of the number of catalytic centers
that were able to participate at least once in the polymerization catalytic cycle (Scheme 4). When
the tagged-precatalyst molecule has been successfully activated (with a suitable activator,
typically a molecular boron activator) and has undergone the very first insertion step (initiation),
the tagged group is transferred onto the terminus of the growing polymeryl chain. This active
catalyst propagates and can even initiate new chains upon chain-transfer processes, yet without
transferring the label. As a consequence, only the polymer chains resulting from the very first

initiation step bear the tag (I-tag, Scheme 4).

reaction times

R
L _ MeOH
activation ® . n —/ ® Itag - - I-tag
MM —— T g T LM > H
ltag . me® Y quenc L
R |,  atdifferent n

L= Cp-type or isoelectronic ligand Quantification of I-tag
I-tag = tagged-initiating group

Scheme 4. Principle of the evaluation of the initiation efficiency by precatalyst labelling [46,49].

This technique is valid only if the tagged initiating group on the catalyst can be transferred
quantitatively onto the polymer and is not lost upon activation, or by irreversible transfer to the
co-catalyst or chain-transfer reagents. Consequently, it is not applicable in the presence of chain-
transfer activators/agents such as MAO or alkyl-aluminum compounds for example.

This labelling method has been developed by the group of Landis for two different types of

tags installed on precatalysts (see Part 4).
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2.2. Deuterated tag

The first method of precatalyst labelling consists in the synthesis of a CDs-tagged zirconocene
complex (Figure 2) that is then used as precatalyst for the polymerization of 1-hexene [46,59].
After activation with 1 equiv of B(CeFs)s, the polymerization was quenched at regular time
intervals and the amount of deuterium in the bulk polymer recovered was then quantified by 2H
NMR (against an internal standard). Such quantification can become tedious, necessitating
significant time for correct sample preparation and spectra acquisition. With this approach,
Landis and coworkers found that 90% of the labelled catalyst was involved into the initiation

step (first insertion) after a period of ca. 70 s.

{EBI}Zr(CD,),

Figure 2. Structure of the modified EBI precatalyst incorporating CD3 groups as tag [46,59].

2.3.UV chromophore tag

The second method involves SEC analysis of chromophore-tagged polymers using UV detection
[49]. A chromophore label implemented at the reactive site of the (pre)catalyst (Cat-Chrom,
Scheme 5) is thus transferred into the first growing polymer chain. The polymers obtained at
different quenching times are analyzed by SEC equipped with two detectors: the UV detector
provides a trace of mass concentration of the chromophore-bound polymer (Pol-Chrom) as a
function of the molecular weight, while the second detector, a universal refractive index cell,
gives the molar concentration of the bulk polymer chains (i.e., (Pol-Chrom) + (Pol)) against

molecular weight.

18
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Scheme 5. Principle of the UV chromophore-labelling of the catalyst for active sites count [49].

The UV-detection provides significantly enhanced sensitivity as compared to that in the
previous study with 2H labelling (vide supra). For example, for a polymer sample prepared at a
concentration of 1 mg-mL1, the method proved competent to detect up to 0.1nM of the Chrom-
cat species, which corresponds to active site-to-monomer ratios up to 1:10,000 [49]. The
sensitivity can be further enhanced by tuning the nature of the chromophore. In comparison, the
former 2H labelling study conducted by the same authors was estimated to be only sensitive at

best to samples containing more than one active site for 3,000 inserted monomer units [46,59].

This UV chromophore-labelling technique affords differen

polymerization process: 1) the molecular weight distribution for the very first chain grown at the
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active centers, 2) the molecular weight distribution for bulk polymer, and 3) the fraction of
initiated catalyst, i.e. the initiation efficiency.

This UV chromophore-labelling technique was implemented in the study of the industrially
relevant catalytic system rac-{SBI1}ZrMe(Chrom)/B(CsFs)3 in 1-hexene polymerization [49]. In
order to compare the results provided by the chromophore label with another quantification
method, the authors conducted a parallel 2H labelling/2H NMR quantification. The
polymerization reactions were quenched over the same time intervals with MeOD and the
resulting 2H-labeled polymer chains were analyzed by 2H NMR spectroscopy. The results
obtained by both methods were found to be in perfect accordance, revealing a fraction of
initiated catalyst ranging between 12 and 25% of its initial concentration, depending on the
conditions used (see Part 4).

One of the limitations of this method discussed by the authors is the possible influence of
the chromophore group on the polymerization kinetics. Indeed, the chromophore holds an
electron-donating group, possibly leading to the formation of dormant species through
interactions with the cationic center of the active catalyst. This fact was evidenced by °F NMR
analysis where the [MeB(CsFs)3]~ anion was found to be displaced from the cationic metal center
by the aniline group of the chromophore (Scheme 6). Having a different substituent on the ligand
backbone in the close environment to coordination site strongly modifies the initiation rates. On
the other hand, as the chromophore group is rejected from the metal center at the terminus of the

propagating chain, the propagation rate may remain essentially unaffected.

NMe
2 Me,N

\:%\/ 1.1 eq B(C4Fs) \/% Q
i . . 6F5)3 . \ F

/S|E%§\/S|Me2 — "% Si %Zr\/SiMez
\

CeDe/CeDsCl 7
o O
-33°C MeB(C6F5)3

Scheme 6. Possible deactivation pathway for the chromophore-labelled catalyst [49,50].
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3. Quench-labelling of metal-polymeryl species

3.1.Quench *H-labelling with MeOT

Radio-labelling techniques using tritiated methanol for active sites count have been pioneered in
the mid-80s for traditional heterogeneous Ziegler-Natta type catalysts [60—63]. In early attempts
to quantify the number of active species for a metallocene-based system, Chien et al. made use
of MeO®H (MeOT) to quench the metal-polymeryl species (MPS) in ethylene polymerization
with a homogeneous combination of Cp,ZrCl, and a mixture (99:1)" of AlMes and MAO [64]
(Scheme 7). The radioactivity of the polymer recovered was then measured, providing the
amount of MPS that was monitored this way over the whole polymerization process by
quenching at different reaction times. Yet, since tritiated methanol did not quench selectively
only the propagating zirconium centers but also reacted with Al-polymeryl species (eventually
resulting from transfer reactions), the amount of MPS thus determined rendered an overestimated
count of “active species”. On the other hand, extrapolating the evolution of these MPS to the
start of the reaction (t = 0) gave an estimation of active centers that have entered the propagation
step, i.e. that were initiated at the beginning of the polymerization. A similar MeO3H-
quenching/radio-tagging protocol was applied to other catalytic systems such as CpZrCls/MAO
[65], Cp2ZrCl; [65] and (;7°-neomenthyl-Cp).ZrCl./MAO [66]. Typical values for active sites

count in these systems ranged from 21% to 95% (see Part 4).

* The low amount of MAO used here was justified as a way to reduce the amount of MAO in the polymerization,
replacing most of it with AlMes. MAO was at that time considered dangerous and not worth the risk to use it,
considering its low synthetic yield. With this idea in mind, investigating the possibilities to keep a decent
polymerization activity while lowering the amount of MAO was of primary interest.
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Scheme 7. Principle of polymer chain radio-labelling with MeO3H [64-69].

Chien and coworkers also investigated propylene polymerization with other catalyst
precursors such as rac-{EBTHI}ZrX, (X = Cl, Me) [67], rac-{EBI}ZrX, (X = Cl, Me) [68] and
rac-{1,2-ethylidene(1-CpMes)(1’-Ind)} TiX2 [69].

This quenching/radio-tagging method with MeO®H, despite being quite tedious
(calculation of Kkinetic isotope effect or specific activity of MeO3H) and hazardous
(manipulations of radioactive material), gave the first insights in the quantification of activation
for a single-site catalyst. Yet, it has to be reminded that the values were obtained from an
extrapolation to t = 0 and the actual evolution of the polymerization between that time and the
very first measurement point, is not clearly known; this could tend to over- or underestimate the
number of active sites. More problematic, the method is not selective toward MPS and leads to
overestimation as the chain-transfer agents are also reactive toward the labelled quenching

reactant.

3.2.Quench 2H-labelling with MeOD

Deuterium quenching is probably the most utilized labelling reagent for active sites count. It was
applied by the groups of Landis [46,49,50,59], Abu-Omar [56] and Caruthers [35,51-55,57]. The
deuterium label is introduced concomitantly with the quenching reagent; most of the time,
MeOD is used, providing both effects at once. The 2H content in the recovered polymer is

quantified by 2H NMR spectroscopy with respect to an internal standard or using the standard
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addition method (vide supra, 2.2.). The amount of 2H found is directly linked to the amount of
MPS, including active/propagating catalyst but also possibly to other inactive/dormant species.
Hence, this technique also cannot be used with metal-alkyl chain-transfer reagents like ZnEt, or
AlMez. For that reason, the studies relying on this method often used scavenger-free conditions

and activation with a molecular activator.

3.3.Quench-labelling with **CO

The CO radio-tagging method was first applied for heterogeneous Ziegler-Natta catalysts [70—
75] and later extended to homogeneous a-olefin polymerization catalyst systems [38,65,76,77].
The method was developed at the same time as the radio-tagging with MeOT discussed above
and relies on the insertion of “C-labelled carbon monoxide into MPS. The polymerization
reaction mixtures are allowed to react with an excess of 1*CO and the resulting mixture is then

subsequently quenched with MeOH (Scheme 8).

:\M\{i‘co g\M @MC,/O MeOH H. ool
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Scheme 8. CO radio-tagging of polyethylene obtained with the Cp2ZrCl2/MAO system [64,65].

Despite the ability of *CO to insert into the Zr-polymeryl species, the method revealed
many limitations. One of them is that CO is not a fully effective quenching reagent: while the
polymerization is considerably slowed down after CO insertion, further monomer insertions are
likely to happen into the M-acyl bond. Also, the CO insertion process was found reversible

[72,78,79], which does not guarantee definitive implementation of the label onto the polymer
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chain. More, side reactions have been already identified with Ziegler-Natta catalyst systems with
this technique [74,77,78,80]. In addition, CO can insert under a fast regime into the Zr-
polymeryl bond but can also further react under a slower regime to give multiple insertion
products or copolymerization [38,65,76,77]. Hence, in the case of MAO-activated systems, the
successive reaction of two molecules of CO with Cp2ZrMe, can lead to an ene-diolate type
compound (Figure 3) [65]. It cannot be excluded that a similar side-reaction happens between
propagating Zr-polymeryl species and CO. For instance, the group of Busico in an attempt to
probe this technique to quantify the number of active sites for the rac-[MezSi(2-Me-4-Ph-1-
Ind)2]ZrCl2/MAQO system, unexpectedly ended up at copolymerizing ethylene and CO [77]. Also,
the outcome of this method is dependent on the contact time between the propagating species
and CO; shorter reaction times (2-4 min) seemed to afford comparable active sites count results
with the *H-labelling (see 3.1.) for the Cp.ZrCl/MAO system [78]. However, for the same
catalyst system studied under the same conditions, very different results in active sites count
were sometimes reported. Thus, Tait et al. claimed that 100% of Zr centers were active in the
polymerization of ethylene with the Cp2ZrClo2/MAO system [78], but Chien et al. found only
10% of catalyst active [65]. For all these reasons, quantification of active propagating centers by

14CO radio-tagging is a difficult method to rely on.

= o
Q%gﬂ‘oj(

Figure 3. Formation of ene-diolate type compounds upon multiple reaction of Cp.ZrMe> with

CO [65].
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3.4.Chromophore quench-labelling

During the years preceding their initial study on chromophore-labelling of the initiating catalyst
sites [49] (see 2.3.) and following the quench-labelling scheme used in the 2H labelling of metal-
polymeryl species, the group of Landis developed new UV-chromophore pyrene derivatives as
quenching reagents (Scheme 9) [81]. The number of active sites is recovered through integration

of the molecular weight distribution obtained through UV detection at different quenching times.

&G

quench at
different intervals

MeOH/HCI

UV detection

Scheme 9. Chromophore-labelling of propagating species with an isocyanato-pyrene derivative

developed by Landis and co-workers [81].

Three pyrene derivatives were studied as potential candidates for 1-hexene
polymerization with the rac-{EBI}ZrMe./B(CsFs)s System: an isocyanate derivative, an
aldehyde analogue and a nitrile-capped one. While with this catalyst system, the latter nitrile
reagent revealed no quenching efficiency, both the isocyanate and aldehyde derivatives offered
similar capping efficiencies. The fraction of active sites thus determined was found to lie in the
range 60-90% of the initially added Zr precatalyst, depending on the conditions used (monomer
and catalyst concentrations; see Part 4) [81].

This chromophore quench-labelling method required only a short series of data points
(minimum of six experiments) to assess the most important kinetic parameters: active sites

count, main rate constants (initiation, propagation, termination, etc.), and molecular weight
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distribution (MWD). This method provides also the “live” evolution of MWD at the different
times of quench-labelling.

Most importantly, the method proved selective towards Hf-polymeryl [82—84] species in
the presence of ZnMe> and ZnEt; as chain-transfer agents upon using the isocyanato-pyrene as
the quench reagent [83]. In a similar way, a selective count of Hf-polymeryl species in the
presence of trisalkylaluminum compounds was achieved with the nitrile-pyrene as the quench
reagent [84] (although it was ineffective with the rac-{EBI}ZrMe>/B(CsFs)3 system; vide supra).
This quench-labelling method was used for studying 1-octene polymerization with a Dow’s
hafnium pyridine-amidinate catalyst; it returned quite variable fractions of active sites in the
range 3-70%, depending on the conditions, especially the nature of the activator [82] (see 4.3).

Yet, to our knowledge, the method has not been evaluated using MAO as co-activator.

3.5.Quench-labelling with O,

Cipullo and Busico reported a simple method for quench-labelling of Zr—polymeryl chains with
pure O yielding, after an acidic work up, macromolecules capped with single hydroxyl groups
[85] (Scheme 10). Yet, the O2 quench-labelling efficiency was about 80%; the remaining 20% of
propagating species are quenched by the acidic work-up, affording saturated chain-ends. This
evaluation of the molar fractions of different types of chain-ends (including those resulting from
1,2- and 2,1-propagating species) with respect to total precatalyst was made by comparison

between experimental *C NMR data and simulated spectra.

26



Ho)wﬁ/:?/B”

secondary alcohol (B)
Bn
oY

L - n'
r@ % 80% primary alcohol (A)
Cum 1) O,
)

13 .
N CI)/Bn n 2,1-insertion product (0.5 atm, 10 min QNMR analysis
- R
Zr
7| “Bn toluene 25°C 2) MeOH/HCI -
N" O c 4 min J\/ Bn
o 20% H
L n
1,2-insertion product Propyl chain-end product
Cum (Prop
Cum = cumyl ),
Bn = benzyl /\(

iButyl chain- end product
(iBu)

Scheme 10. The O quench-labelling method used by Busico and co-workers [85].

The fraction of active sites, %~ = [C"]/[C]o, Was here determined by the following relation:
¥ = mol (chains)/mol(Zr) (6)
where mol (chains) = mol (primary alcohol A) + mol (secondary alcohol B) + mol (iBu) + mol
(terminated “dead” chains) (Scheme 10). The content of n-propyl chain-ends was not
considered in the calculation of %~ as they can result from other processes (vide supra). Another
approximation is involvement of the content of terminated “dead” chains (formed by p-H
elimination) but this one remains low considering the quasi-living state condition of the study.
The fraction of dormant chains, 4 (i.e., those resulting from the 2,1- last inserted monomer

unit) at the time of the quench was calculated as follows:

Xa = X" X x(B)/[x(A) + x(B)]) (7)
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where y (B) is the fraction of the secondary (2,1-) alcohol chain-ends, y (A) is the fraction of the
primary (1,2-) alcohol chain-ends, and y" is the total fraction of active sites (corrected by taking
into account the 80% quenching efficiency).

This O2 quench-labelling technique was applied to the propylene polymerization catalyzed
by a Zr{ONNO®“™CMBn,/MAO catalyst system (Scheme 10), and returned a fraction of active
sites of ca. 40% of the initial precatalyst concentration. The number of polymer chains where the
last propylene unit was inserted in a 2,1-fashion accounted for 8% of the total number of active
sites. These values are in agreement with those determined using quenched-flow kinetics [86]

(see Part 4).

3.6.Quench-labelling with Br;

A similar process of quench-labelling was developed by Baird and coworkers involving Brz as
the quenching reagent (Scheme 11) [87]. This technique also allows the differentiation between
2,1- and 1,2- propagating species that are eventually quantified by *H NMR spectroscopy. This
method was probed on the Cp.ZrMe2/B(CeFs)3 system in ethylene and propylene polymerization
and with (Ind)2ZrMe2/B(CsFs)s in propylene polymerization. The bromination reaction of the
Zr—polymeryl species was quantitative, and allowed an accurate and efficient counting. As
quenching with Br» also yielded simultaneously the brominated catalyst, which is then trapped in
the polymer, the authors used its *H NMR resonances as an internal standard in the spectroscopic

analysis to estimate the amount of propagating species.
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Scheme 11. Quench-labelling of propagating species with Br> reported by Baird and co-workers

[87].

The use of harmful Br; as a quenching reagent is one of the method’s limitation. Another
possible limitation already discussed above is that all propagating species are not trapped by the
quenching reagent, yielding underestimated sites counts; this seems unlikely considering the

high reactivity of Br but this was not probed independently by the authors.

3.7. Quench-labelling with thiophenylcarbonyl chloride (TCC)

Incorporation into MPS of CS, [75] or SO [73] as a labelling reagent was achieved with a
limited success. On the other hand, Fan and coworkers developed an effective quench-labelling
methodology  with  heterogeneous  Ziegler-Natta catalysts [88-90] that involves

thiophenylcarbonyl chloride (TCC). Thus, the polymer chain-ends were capped with sulfur-
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containing moieties that were later quantified by microcoulometry (Scheme 12). This method

provided a number of informative data on active sites count and propagation rate constants.

Cat Quantified by
0 microcoulometry
n n
—\ 2,1- insertion product  Cl | S l
/ /

O
Toluene Cat/\(/\( 2eq, 5min MeOH/HCI .
50°C Pr |
1,2- |nsert|on product Y
n pr— _ _
C t/\//\/ \\Cl
° : - - - » catalyst degradation
In

MeB(CGF5)3

Scheme 12. TCC quench-labelling of active species developed by Fan and coworkers for

ethylene [91,92] and propylene [92] polymerization with rac-{EBI}ZrCl..

The same authors adapted their methodology to homogeneous single-site catalysts with the
ubiquitous rac-{EBI}ZrCl, (Scheme 12) [91,92] to observe the influence of different reaction
parameters on the proportion of active sites such as the type of alumoxane coactivator (MAO
incorporating different amounts of AlMes, dried MAO (dMAO), modified MAO containing

AliBus instead of AlMez (MMAO)) or the nature of monomer (see Part 4).

4. Benchmarking of methods and Molecular catalytic systems

This section outlines the main results obtained in active sites count with the above
described approaches under a wide range of conditions. It specifically aims at emphasizing the
relationship between the nature of catalyst systems, both regarding the catalyst precursor and its
co-activator, and the resulting fraction of active sites, %~ (activation efficiency). The results are

classified by differentiating several families of homogeneous catalysts that have received special
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attention: ansa-bis(indenyl)-type metallocenes, unbridged metallocenes and half-metallocenes,
and post-metallocenes.

It is important to remind that direct comparison of these data must be conducted with care,
because of the intrinsic limitations of the techniques (vide supra and section 5) and also because
operating parameters (activation protocol, polymerization conditions) and Kkinetic/labelling
methods have a significant influence on the determined fraction of active sites. This is quite
apparent for different catalysts systems, and even so for a given catalytic system probed under
variable conditions. Of note, unless otherwise mentioned, all the polymerization results reported
hereunder were carried out in toluene.

4.1. Ansa-bis(indenyl) metallocene catalysts and related systems

Within the series of ansa-bis(indenyl) metallocene precatalysts (Chart 1), the unsubstituted
rac-{SBI}-zirconocene 1 was studied essentially in propylene and to a lesser extent in 1-hexene
polymerization (Table 1, entries 1-5). While activation of the dichloro-metallocene l1a with
MAO (2,600 equiv) resulted only in 8% of active sites at 40 °C [39], slightly better results (13—
22%) were obtained upon activation with 1-3 equiv of [Ph3C][B(CeFs)4] in the presence of
AliBuz at room temperature (entries 1 and 2) [44]. Similar fractions of active sites were
determined for combinations of the dimethyl-zirconocene 1b with [PhsC][B(CsFs)4] (entry 4).
On the other hand, the use of [PhaC][CN{B(CeFs)3}2] proved less effective than the two latter

boron activators and returned a similar fraction of active sites as with MAO (entry 3).
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Chart 1. Structures of ansa-bis(indenyl)-zirconocenes and related precatalysts investigated in

active sites count studies (Table 1).

The series of 2-Me-indenyl substituted zirconocene precatalysts 2 yielded more
contrasted results (entries 6-8). The nature of the trisalkylaluminium cocatalyst/scavenger
influences significantly the activation efficiency. Thus, the combination of [PhsC][B(CsFs)4]
with AIEts afforded a higher fraction of active sites (y° = 54%) as compared to the more
“common” combination [Ph3C][B(CsFs)s]/AliBus that provided only 24% of active sites under
otherwise identical reaction conditions [58]. MAO proved less effective (8%, entry 6) but to a
similar extent than for 1a (entry 1).

Busico and co-workers carried out a more extensive study using quench-flow techniques
for the bulkier metallocene catalyst 3 in combination with MAO for ethylene and propylene
polymerizations (entries 9-12 and 14) [37,43]. Depending on the polymerization temperature
and amount of MAO used, from 4% to 23% of active catalyst formed with ethylene. Under
similar conditions, Ranieri and coworkers found a fraction of active site of 8% with ethylene at
20 °C [48], thus endorsing the %~ value of 10% activation found by Busico. Typically, somewhat
higher fractions of active species (16-58%) were determined in the polymerization of propylene

(entries 14-16).
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The influence of different MAO activators was probed by the group of Fan with the rac-
{EBI} precatalyst 5a using the TCC quench-labelling technique (entries 19-24). Note that the
[CV/[Clo (1) values reported in Table 1 are those determined at 2.5 min; higher fractions of
active sites were apparently noted within the same experiment at longer reaction times. However,
one must take into account the know ability of TCC to react with AlEts at reaction times longer
than 10 min [90]. In this regard, it is highly probable here that TCC also quenched AlEtz and the
Al-polymeryl species issued of transfer reactions at higher reaction time. Thus, it is safer to
consider the [C")/[C]o values determined at 2.5 min. Changing from regular MAO to dry MAO
(dMAO) did not affect significantly the activation efficiency (34% on average); on the other
hand, the use of modified MAO (MMAO) induced a slight decrease in the fraction of active sites
to 25%. In contrast to the aforementioned Busico’s studies on the related Si-bridged catalyst 3, a
significantly lower activation efficiency of this catalyst system was obtained with propylene
(8%). Even more striking, Chien and co-workers determined high fractions of active sites for
5a/[PhsC](B(CsFs)a] (3= 94%) and 5a/B(CsFs)s (x = 77%) for propylene polymerization in
combination with AlEtz at 0 °C (entries 25-26) [68]. A very poor activation efficiency was found
for 5b/[PhsC](B(CsFs)4] (%"= 2%) and 5b/B(CsFs)s ("= 4%) but in the absence of AlEts (entries
35, 36). The authors came to the conclusion that, in the absence of AlEts, almost 90% of their
precatalyst was lost due to impurities.

Chien and coworkers have investigated the related rac-{EBTHI} dichloro-zirconocene
(6a)/MAO system (entry 37) [67]. At 30 °C, at a low [Al]/[Zr] ratio of 350, a modest activation
efficiency was observed (13%). However, when higher [Al}/[Zr] ratios were used (3,500-
75,000), the fraction of active sites significantly increased up to 65%. Precatalyst 6b was also
studied for propylene polymerization by the same authors in combination with two different
boron activators, [PhsC][B(CesFs)s] and B(CsFs)s (entries 38, 39). In both cases, the overall

activation efficiency remained very low (2-4%) compared to the 6a/MAO system.
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The more sterically congested titanocene catalysts 7a and 7b upon activation with MAO
yielded modest activation efficiencies in the range 4-12% in the polymerization of ethylene at -
20 — +20 °C (entries 40, 41).

Several catalyst systems were investigated in 1-hexene polymerization. The combination
4/MAOQ afforded a broad range of active sites fractions (13-46%) depending on the AlMes
content of the MAO used; the more AlMesz, the more active sites produced (entry 17).
Combinations of precatalyst 4 pre-activated with MAO and a variety of trisalkylaluminum
afforded fractions of active sites that were somehow lower (9-18%, entry 18).

With rac-{EBI)ZrMe; (5b), activation protocols involving borane and borate-based
compounds provided high fractions of active sites (57-90%), as convincingly demonstrated by
different techniques (entries 27-34). Of note, in sharp contrast with B(CeFs)3, “activation” of 5b
with Al(CeFs)s resulted in a minimal (1%) efficiency (entry 33). Using the 5b/B(CsFs)s system,
Caruthers reported a relatively lower " value of 57% (entry 27) [35], as compared to the value
of 90% obtained by Landis and coworkers on the same system (entries 30, 31) [46]. Despite
extensive verifications of their solvents, pre-catalysts and monomer purities, they were not able
to explain this discrepancy. Yet, it is noteworthy that the active sites count by Caruthers was
conducted at higher conversion (90%) than Landis (8%), which may account for the observed
difference.

The Landis group also reported low fractions of active sites (1-21%) for 1-hexene
polymerization performed by the combination of pre-catalyst 1-Chrom with B(CeFs)3 (entry 5)
[49]. However, the same authors highlighted in a complementary study an interaction between
the chromophore group attached to the pre-catalyst and the cationic center of the active species
(Scheme 6) [50]. In fact, they estimated that 60% of their catalyst was dormant due to this
interaction. This illustrates the possible detrimental effects intrinsic to the method in active sites

count.
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Concerning 1-hexene polymerization, it must be noted that all high values of fractions of

active sites count were conducted at low (0 °C) or very low temperature (-33 °C).
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Table 1. Overview of active sites count results obtained for ansa-bis(indenyl)zirconocene precatalysts (Chart 1).2

Entry Catalyst Monortr)]er Activgtor Tsmp Active sites [C*1/[C]o Ref
(uLM) (M) (equiv) (°C) count method (%)
1 1a (146) P (0.42) MAO (2,600) 40 Quench-flow 8 [39]
2 1a (48) P (0.60) [PhsC][B(CsFs)]/AliBus (1 or 3:10) 25 “ 13;22  [44]
3 1b (95) P (0.59) [PhsC][CN{B(CsFs)3}.]/AliBus (1:100) 25 R 8 [39]
4 1b (48) P (0.59) [PhaC][B(CeFs)s]/AliBus (1 or 3:10) 25 “ 15; 16 [44]
5 (1115‘%]2’580) H (0.8-0.4) B(CeFs)s (1) -33 UV catalyst labelling ~ 1.5-21  [49]
6 2 (nd) P (0.51) MAO (nd) 40 Quench-flow 8 [58]
7 2 (nd) « [PhsC][B(CsFs)4]/AlEts (nd) « « 54 [58]
8 2 (nd) « [PhsC][B(CeFs)a]/AliBus (nd) « « 24 [58]
9 3 (30) E (0.081) MAO (2,200) 20 Quench-flow 4 [37]
10 3(30) “ MAO (2,200) 20 “ 10 [43]
11 3(2.8) E (0.059) MAO (12,500) 40 “ 10 [37]
12 3(1.5) E (0.045) MAO (23,300) 60 “ 23 [37]
13 3(2.5) E (0.16) MAO (1,000) 25 “ 7 [48]
14 3 (31) P (0.34) MAO (3,000) 40 “ 58 [37]
15 3(3.6) P (0.8; 0.34) MAO (14,000) 15 ;40 “ 26,26  [43]
16 3(3.6) P (0.8; 0.34) MAO/BHT (14,400:4,720) 15 ;40 “ 23:16  [43]
17 4 (200) H (1.6) MAO (1,000) (different TMA grades) 30 “ 13-46 [40]
18 4 (200) H (1.6) dMAO + AIR; (1,000) (R=Me, iBu, nOct) 30 « 9-18° [40]
19 5a (10) E (1 atm) dMAO (1,000) 50 TCC quench-labelling 32 [91]
20 5a (25) “ dMAO (1,000) “ “ 36 [91]
21 « 5 MAO (1,000) “ “ 33 [91]
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

5a (10)
5a (25)
5b (2,490)
5b (2,170)
5b (580-2,910)
5b (800)
5b (800)

5b (350)
5b (450)
6a (10)
6b (27)
6b (27)
7a(27)
7b (27)

13

P (1 atm)
E/P (latm 1:1)
P (nd)

P (nd)

H (1.0)

H (0.5-1.5)
H (1.0)

H (1.0)

H (1.0)

H (1.5)

(13

13

P (nd)
P (nd)
P (0.47)
P(2.2)

(13

E (1.1-2.7)

(13

MMAO (1,000)

13

13

[PhsC](B(CeFs)a/AlEts (nd:125)
B(CsFs)s/AlEts (nd:80)
B(CeFs)s (1)
B(CéFs)s (1)
B(CéFs)s (1)
B(CeFs)s (1)
B(CsFs)s (1)
B(CéFs)s (1)
Al(CoFs)3 (1)
[PhNMe2H][B(CsFs)4] (1)
[PhsC](B(CsFs)s (nd)
B(CsFs)3 (nd)

MAO (350 or 3,500 or 75,000)
[PhsC](B(CeFs)a] (1)
B(CeFs)s (1)

MAO (2,000)

(13

O O O O O O o o o o o o

w w
o O

30
-20; 20

(13

H quench-labelling

2H quench-labelling
UV-Chrom quench-label

[13

CDs catalyst labelling
2H quench-labelling

3H quench-labelling

3H quench-labelling

25

38
94
77
57
84
70-84
90
90
90

76
2.2
4.4
13-65
4
2
3.8-45
4-12

[91]
[92]
[92]
[68]
[68]
[35]
[81]
[81]
[46]
[46]
[59]
[59]
[59]
[68]
[68]
[67]
[67]
[67]
[69]
[69]

2 polymerizations conducted in toluene; nd: not defined or not determined ; ® E = ethylene, P = propylene, H = 1-hexene ; concentration in mol-L,
unless specified in atm; © Polymerization conducted in heptane.
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4.2.Unbridged metallocene and half-metallocene catalysts

Unbridged metallocene complexes such as 8-11 (Chart 2) with large bite angles feature
sterically and electronically quite different coordination spheres as compared to the previous
family of ansa-bis(indenyl) complexes. This is known to influence significantly their reactivity
and may as well affect their activation efficiency. However, establishing clear structure-
activation efficiency trends appeared to be tough in that case, due to a limited number of data

available and a broad range of reaction conditions used in these studies (Table 2).

=2 A=

\
v X AN zr”
\ Zr~ /7 e - TIV
Mex L *Cl sl AN Sy el
(N S k%}_ @ e B

M=2Zr, X'=X?=Cl(8a) R =neomenthyl
M = Zr, X' = X? = Me (8b) 9 10 1
M =Ti, X" = CI, X? = Et (8c)

Chart 2. Structures of unbridged bis(cyclopentadienyl) and related metallocene and half-

metallocene precatalysts investigated in active sites count studies (Table 2).

In the polymerization of ethylene, the 8a/MAQO system apparently featured a nearly
quantitative activation efficiency at 70 °C (entries 1-3) [34,64,65]. Addition of AlMe; resulted
in a significant drop in active site concentration (entry 4). Strikingly enough, the related
molecular system 8b/B(CeFs)s provided a much lower fraction of active sites, both with ethylene
(0.5-5%, entry 5) and with propylene (10%, entries 6-7). The low content of active sites in the
latter cases was accounted for by the authors by the possible “encapsulation” of Zr—polymeryl
species inside the precipitating polymer during the polymerization course; hence, a significant
amount of propagating centers could have escaped the Bro-quench-labelling process, thus

rendering a lower amount of active sites as compared to its real value. Although indeed different
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methods were used in these studies, this complete opposition in active sites count points out at
major differences between MAO- and molecularly-activated systems.

The more open coordination spheres in half-sandwich complexes 12 and 13 than those
typically found in both bridged and unbridged bis(cyclopentadienyl) and related congeners may
induce a larger propensity for deactivation of the active species. For the 12/MAO system (entry
13), the fraction of active sites is apparently highly dependent on the temperature: lowering the
temperature from 70 °C to 50 °C induced a drastic drop of the "~ value from 74% to 21% [65].
Increasing the [Al]/[Zr] ratio from 1,100 to 5,500 did not affect the fraction of active sites (75%);
however, at [Al]/[Zr] =10,000, the activation appeared to be nearly quantitative (95%, entry 12).

To our knowledge, 13 is the only CGC complex whose activation efficiency was
reported; Bochmann and coworkers studied it under quenched-flow kinetics in propylene
polymerization [44]. Though no direct comparison can be made with other catalysts, it is clearly
highlighted that for [PhsC][B(CsFs)4]/[Ti] = 3:1, the fraction of active sites is doubled as

compared to a more traditional ratio of 1:1.

39



Table 2. Overview of active sites count results for unbridged metallocene and half- metallocene catalyst systems (Chart 2).2

Catalyst Monomer Activator Temp Active sites [C*1/[C]o

Entry (uM) (M)° (equiv) (°C) count method (%) Ref
1 8a (13.1) E (0.162) MAO (1,600-3,200) 70 Kinetic modelling 100 [34]
2 8a (3.8) E (1.5 atm) MAO (10,000) 70 H quench-labelling 100 [65]
3 8a (48) « MAO (1,000) 70 « 84 [65]
4 8a (51.3) E (0.118) AlMes/MAO (99:1) (1,070) 70 « 40 [64]
5 8b (nd) E (1 atm) B(CsFs)3 (nd) 50 Br, quench-labelling 0.5-5 [87]
6° « « « « « 4-10° [87]
7 “ P (1 atm) “ “ “ 10 [87]
8 8c (10,000) E (0.22) Et2AICI (2 or 4) 10 Quench-flow 5;9 [93]
9 9 (1.5) E (0.5 atm) MAO (30,000) 50 “ 51 [66]
10 10 (2.2) E (0.1) MAO (1,000) 25 Quench-flow 14 [48]

11° 11 (nd) P (1.0 atm) B(CsFs)3 (nd) 21 Br> quench-labelling 84° [87]
12 12 (4) E (0.162) MAO (10,000) 70 3H quench-labelling 95 [65]
13 12 (48) E (0.162-0.204) MAO (5,500) 70 : 50 « 74:21  [65]
14 13 (47.5) P (0.6) [PhsC][B(CsFs)a]/AliBus (1 or 3:10) 25 Quench-flow 15:34  [44]

2 Polymerizations conducted in toluene; nd: not defined or not determined. ® E = ethylene, P = propylene, H = 1-hexene ; concentration in mol-L™?,
unless specified in atm. ¢ Polymerization conducted in chlorobenzene.
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4.3. Post-metallocenes catalysts
Among the large number of reported post-metallocene catalysts, only a few structures (Chart
3) were involved in extensive kinetic investigations and active sites count, mostly in the

polymerization of 1-hexene (Table 3).

Bn N N
O/,' l \\\Bn o\‘\
NS 0—2Zr—0
X" | Yo R R’
/N R2 Bn Bn R2
M-X =
1= 2 _
14-Ti Ti-THF 142Zr  Zr-THF NE TR =Et
15-Ti Ti-Pyridyl 15a-Zr Zr-Pyridyl 20 R'=1Bu, R"=/Pr
16-Ti Ti-NMe, 15b-Zr Zr-Pyridyl-p-CF5 21 R'=tBu, R>=1Bu
15¢c-Zr Zr-Pyridyl-p-CH4 22 R'=R?=Cumyl
14-Hf Hf-THF 15d-Zr Zr-Pyridyl-p-OMe
15-Hf Hf-Pyridyl 16-Zr Zr-NMe,
16-Hf Hf-NMe, 17-Zr  Zr-Furyl
18-Zr Zr-SMe
F
F F
F F
N--X - TiCl,
/ /
o'z
R'I R2
R'=H, R? = tBu (23) 25

R?=R'= tBu (24)

Chart 3. Structures of post-metallocene precatalysts investigated in active sites count studies

(Table 3).

A set of studies was reported by Caruthers and coworkers on bis(phenolate)amino-type
precatalysts 14-18 upon activation with B(CeFs)s in 1-hexene polymerization (entries 1-18).
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Using comparable conditions, the authors probed the influence of several parameters (nature of
the metal center [52,55], ligand [53], temperature [57], etc). From this comprehensive work,
several conclusions can be drawn concerning the fractions of active sites generated. Noteworthy,
these experiments were conducted under scavenger-free conditions that make the active species
highly sensitive to impurities.

In general, for all the substitution patterns in this family of zirconium precatalysts, the
average fraction of active sites determined at 25 °C was about 50%. The influence of
temperature on the active sites count was probed for three substitution patterns in 14-Zr, 16-Zr
and 18-Zr (entries 2, 11 and 18). While the temperature did not influence much the behavior of
16-Zr, the fraction of active sites for 14-Zr decreased from 83% to 50% along with increase of
the temperature (entry 2). The trend for 18-Zr featured a gradual increase of active sites up to a
maximum of 70% at 22 °C and then partial deactivation at higher temperatures (44% at 35 °C)
[57].

The influence of electronic factors in the ligand backbone on the production of active
sites was probed within a series of differently substituted ligands incorporating a pyridine side-
arm bearing electron-withdrawing or -donating groups (entries 5-8). When a simple pyridyl
group was used, a y~ value of 52% was determined (entry 5). Slightly better activation efficiency
(58%) was observed for a pyridyl moiety substituted by the electron-withdrawing -CFz group. In
the same manner, a slightly lower fraction of active sites (47%) was found with the electron-
donating -OMe group (entry 8).

Concerning the nature of the metal center, for an identical substitution pattern on the
ligand backbone (same X substituent), the THF-coordinated 14-Ti and pyridyl-substituted 15-Ti
titanium pre-catalysts systematically yielded lower fractions of active sites as compared to their
Zr- and Hf-based counterparts (entries 1, 4 vs. 2, 3, 5). This phenomenon was directly linked by
the authors to a change of ionic radius between Ti and Zr/Hf; it was proposed that activation
could be hindered by the smaller catalytic pocket obtained with the Ti precatalysts. An exception
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was observed for the less crowed precatalyst 16-Ti with X = NMe; for which closer activation
efficiency, as compared to its Hf and Zr analogues, was observed (entry 10). Within the series of
Hf-based catalysts, the different substituents probed had a limited influence on the fraction of
active sites; the corresponding y~ values were found in a narrow 40-50% range. The slightly
lower activation for Hf compared to Zr precatalysts was attributed to electronic differences of the
metal centers.

Precatalysts 19, 20 and 21, similar to precatalyst 16-Zr, were studied by the group of
Abu-Ohmar and Caruthers in 1-hexene polymerization upon activation with B(CsFs)s. Both
families featured similar fractions of active sites, ranging from 45% to 60% (entries 19-24) as in
16-Zr (entry 14). Some polymerizations were conducted in bromobenzene (entries 19, 21 and
24) but did not change significantly the fraction of active sites for 20 and 21; only 19 reached a
maximum " value of 83% instead of 60% in toluene. In this series of compounds 19-21, a
reversible isomerization process from an active cis-form (referred to as CAPS) to an inactive
trans-form (TIPS) (Scheme 13) was evidenced [94]. In addition to a global active sites count, the
authors sought to determine in the fraction of these Zr—polymeryl species the proportion of the
active form (CAPS). For all catalysts 19-21, in toluene, less than 20% of the participating
catalyst was converted into the isomerized dormant TIPS form. In bromobenzene, however, the
effect was more pronounced, affording 90% and 55% of the inactive TIPS form for 19 and 20,
respectively. The catalytic system 21/B(CeFs)s appeared to be reluctant to this isomerization with
72% and 99% of active form in toluene and bromobenzene, respectively. This was rationalized
by the fact that, when the catalyst undergoes isomerization to the inactive form (TIPS), the tert-
butyl R? substituents face each other. This steric repulsion shifts the equilibrium back toward the

active CAPS form.
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Scheme 13. Isomerization between the active (CAPS) and dormant form (TIPS) observed for

catalysts derived from 17-19 [94].

Compound 22, which belongs to the same family as 19-21, was evaluated by two-
different methods to be activated at 40% of its initial concentration. The results reported by
Busico (entry 26) further indicate that the fraction of active sites in propylene polymerization
depends on the operating temperature, with a better activation (3~ = 39%) at 12 °C than at -6 °C

(16%) [86].
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Table 3. Overview of active sites count results obtained for post-metallocenes precatalysts (Chart 3).2

Entry Catalyst Monomer® Activgtor Tgmp Active sites [C*1/[C]o Ref
(uLM) (M) (equiv) (°C) Count method (%)
1 14-Ti (900) H (0.9) B(CeFs)s (1.1) 25 2H quench-labelling 16 [55]
2 14-Zr (300) H (0.6) “ —20;0;25 “ 83:;70;50  [57]
3 14-Hf (300) “ . 25 “ 40 [52]
4 15-Ti (900) “ . R “ 20 [55]
5 15a-Zr (300) “« « 25 « 52 [54]
6 15b-Zr (300) “ . “ “ 58 [54]
7 15¢-Zr (300) “ “ “ “ 58 [54]
8 15d-Zr (300) “« « “« « 47 [54]
9 15-Hf (300) “« « “« « 40 [52]
10 16-Ti (900) “ “ “ “ 67 [55]
11 16-Zr (300) “ “ —20;0;25 “ 50;50;45  [57]
12 16-Zr (500) H (1.0) ” “ “ 22-45 [51]
13 “ H (0.03) “ “ “ 70 [51]
14 “ H (0.5) “ “ “ 43-67 [51]
15 16-Zr (250) “ ” “ “ 39 [51]
16 16-Hf (300) “« « “« “« 50 [52]
17 17-Zr (300) H (0.6) ” “ “ 50 [53]
18 18-Zr (300) \ “ -17:22: 35 “ 54;70;44  [57]
19 19 (300) H (0.09) ” “ 83 [56]
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

19 (900)
20 (300)
20 (900)
21 (900)
21 (900)
22 (120)
22 (120)
23 (2.0-10.6)
24 (4.8)
25 (83)

13

13
13
13
13

13

P (1.3)
P (2.5,2.2;1.7)
E (0.5)
E (0.07;0.09;0.07)
0 (0.5)

13
13
(13
(13
13
13

13

MAO/BHT (200:270)
MAO/BHT (1,300:1,235)
MAO (2,000)
MAO/BHT (2,800:2,000)
[HNMe(C1sH37)2][B(CsFs)4] (1.1)
B(CsFs)s (1.1)
[PhsC][B(CsFs)4] (1.1)
[PhsC][B(CsFs)4] (1.1)
[PhsC][B(CsFs)4]/ZnMe2 (1.1:20)
[PhsC][B(CeFs)a]/ZnEt; (1.1:20)
[Ph3C][B(CsFs)4]/AlEts (1.1:20)
[PhsC][B(CsFs)s]/AlMes (1.1:20)

13
(13
(13
13

(13

25
—6,0;12
60
10;25; 40
60

(13
(13

13

50
50
50

13

13
(13
(13
13

(13

02 quench-labelling
Quench-Flow
Quench-flow
Quench-flow

UV-Chrom quench-label

(13
(13
13
13
(13
13

13

60
50¢
60
~45
66°
40
16; 28 ; 39
24
96 ;75,78
3
29
20
50-60
50
50
16 or 40°
5 or 30¢

[56]
[56]
[56]
[56]
[56]
[85]
[86]
[48]
[86]
[82]
[82]
[82]
[82]
[83]
[83]
[84]
[84]

2 Polymerizations conducted in toluene. ® E = ethylene, P = propylene, H = 1-hexene, O = 1-octene. ¢ Polymerization conducted in bromobenzene; ¢
Different introduction protocols of AIR3z were used; see text.
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The kinetic behavior of phenoxy-imino systems derived from precatalysts 23 and 24 in
combination with MAO was investigated in ethylene polymerization by quench-flow kinetics.
The 24/MAO system provided a high fraction of active sites (y° = 96%) at relatively low
temperature (10 °C) but raising the temperature to 25-40 °C induced a drop in %" to ca. 75%
(entry 28). Though compound 23 is closely related to 24, it exhibited only 24% of activation
efficiency at 60 °C as determined by the same count methods and under similar conditions (entry
27).

Dow’s catalytic system incorporating the pyridine-amido hafnium precursor 25 in
combination with different molecular activators was recently studied in 1-octene polymerization
by Landis and co-workers using the UV chromophore quench-labelling technique (entries 29—
36) [82-84]. While activation with the Brgnsted acid [HNMe(C1gH37)2][B(CsFs)4] appeared to be
ineffective for the generation of active sites (entry 29), activation with B(CeFs)3 provided 45% of
active sites after an induction period of ca. 45 s. [PhsC][B(CeFs)4] afforded only 20% of active
sites when used without pre-activation step (entry 31). However, if the precatalyst is pre-
activated with [PhsC][B(CsFs)4] prior to addition of the monomer, a ca. 50-60% fraction of
active sites was obtained without any induction period. This activator and activation protocol
was used in subsequent studies aimed at investigating the influence of a chain-transfer agent
(entries 33-36). The addition of ZnMe> or ZnEt, even at different temperatures for the latter
one, did not have any significant influence on the fraction of active sites. On the other hand, with
AlEts or AlMes, the fraction of active sites was affected by the polymerizations conditions.
When AlEts was introduced in the reaction medium from the very beginning, the polymerization
was strongly inhibited and the fraction of active sites reached only 16% (entry 35). However,
when AlEts was added 10 s after the polymerization start (i.e. at ca. 25% monomer conversion),
no significant change in the fraction of active sites was observed as compared to the ‘alkyl-
aluminum free’ conditions (40%, entry 32). The authors then concluded that AlEts affects only

the formation of active sites in the initiation phase but not during the propagation steps. On
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another hand, when AlMeswas added at the beginning of the polymerization, an induction period
(ca. 40 s) was observed for the formation of active sites. The y~ value finally reached 50% at
longer reaction times (2 min), which is similar to experiments conducted without any CTA.
However, if AlMes was added after 10 s of polymerization, then the fraction of active sites
dropped to 5% instead of 50% under the ‘alkylaluminum-free’ conditions. At longer
polymerization time (2 min), the %" value only reached 30%, which is significantly below the 50—
60% values obtained without any CTA. Hence, compared to AlEts, AlMezs is likely to affect both
the initiation and the propagation phases. Noteworthy, when AliBuz was used under the same

conditions, neither the polymerization nor the formation of active sites was altered [84].

5. Critical analysis of methods implemented and application studies
The large variety of techniques presented in this review translates the longstanding will of
different research groups to establish a method, as generically applicable as possible, to quantify
the fraction of active catalyst as well as to determine the different kinetic parameters related to a
catalytic system. Despite all these efforts, the methods developed so far always bear some
disadvantages that make them inappropriate for some polymerization conditions.

While kinetic modelling provides a more exhaustive set of data for catalytic systems
(namely, the fraction of active sites %, the rate constant of propagation, and sometimes those of
initiation, termination and transfer) [34,35,37,39-44,46,48,50-57, 9], this approach seems to be
the most demanding technique; it requires especially designed equipment (i.e. quench-flow
apparatus), optimized operational protocols, and highly skilled manpower. In addition, the use of
complex comprehensive kinetic models requires resolution of large systems of differential
equations, whereas implementation of approximations or simplifications in those models may
bring large uncertainties in the determination of rates; the relevance of the values thus

determined may hence be questioned.
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The protocols of chemical labelling of precatalyst or of the propagating metal—-polymeryl
species (quench-labelling) offer an alternative way to access the concentration of active sites [C”]
in a more direct manner. They rely on the high inertness of the installed tagging group with
respect to the active centers and on the high chemical selectivity of these reactions. However,
both criterions are not always met. In the first case, the presence of the tagging group (e.g. an
aromatic chromophore group [49]) in the close proximity to the active center may be detrimental
to its regular performance, thus negatively influencing the kinetics of propagation. For the
guench-labelling methods, the limited or sometimes poor selectivity of the reactions between the
propagating metal-polymeryl species and the labeling reagent (CO [38,65,76—-79], O2 [85], Br2
[87], TCC [91,92], etc) also results in errors in determination of active sites count. For example,
all propagating species may not be systematically trapped by the quenching reagent, thus
yielding underestimated sites counts. In contrast, in other cases, especially in alcoholysis
protocols with MeO?H [35,46,49-57,59] or MeO®H [64-69], uncontrolled reactivity of the
qguench-labelling reagents with different types of metal-polymeryl species present in the
polymerization mixture, notably those derived from transfer reactions (with Al, Zn, etc), can
return significantly overestimated [C™] values.

As evidenced from the investigations summarized in Part 4 of this review, a
comprehensive critical analysis of the results presented here is largely hampered by the different
conditions used. Also, as it is often difficult to apply strictly the same conditions with one
technique of active sites count to another one, direct comparison of the same catalytic systems
studied by different methods cannot be straightforwardly undertaken.

Nonetheless, several general comments can be made:

- In the cases where the quantity [C"] could not be assessed via an independent method,
the rate parameters were extracted with an activation efficiency value set arbitrarily (in most
cases to 100%) [33,34]. The rate parameters thus determined are then obviously quite

questionable.
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- Many models can efficiently reproduce only the initial part of the polymerization, when
the molecular weight M, grows linearly with time. Therefore, the values of activation efficiency
and propagation rate constants are valid only for these early stages of the polymerization. Note,
however, that this restriction is anyway valid for all systems, independently of the investigation
method used, since intrinsic parameters (i.e., activation efficiency, speciation, etc) may well not
remain constant over the polymerization course. As a consequence of a simplified model, the
values returned may be less informative. For instance, the method used by Bochmann [39,40,44]
and Busico [37,43] only returns an average value of k, for active sites derived from both 1,2- and
2,1- olefin insertions. Also, these techniques are preferentially reserved for extremely productive
catalyst systems that can generate over the time scale of the study a mass of polymer consequent
enough for analysis.

- For a given catalyst system studied under the same or closely related conditions, but
with different techniques, very different results in active sites count were reported. For example,
Tait et al. claimed that 100% of Zr centers were active in the polymerization of ethylene with the
Cp2ZrCl2/MAO system [78], but Chien et al. found only 10% of catalyst active [65]. Similar
discrepancies were identified for other metallocene based systems (e.g. 5a [58,92]). On the other
hand, with the 5b/B(CsFs)s system, very similar [C”] values were obtained for polymerization of
1-hexene with different techniques [46,59,81]. This highlights the difficulties met in such
studies, which depend not only on the efficiency of the counting and analytical techniques

employed, but also of the sensitivity/complexity of the catalyst systems investigated.

6. Conclusions

The aim of this review is to highlight a common shortcoming often, not to say systematically,
overlooked in modern homogeneous catalysis and, in particular, for Ziegler-Natta-type

polymerization processes. While the activity of a catalytic system involved in a complex, multi-
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step process is mainly determined by the rate-determining step, that is in most cases
d[substrate]/dt = —k[substrate][C"], where [C] is the concentration of catalyst in its active form,
it is generally assumed or accepted a quantitative transformation of the catalyst precursor into an
active form (i.e., 100% activation efficiency); this is in particular applied for calculation of
turnover number (TON) and turnover frequency (TOF) values.

As outlined in this review, it has been established by different, sometimes complementary,
experimental techniques that for Ziegler-Natta-type polymerization processes, the typical
concentration of active catalyst, [C"], is often much inferior (<<50% of the concentration of
precatalyst, [C]o). Assessment of the fraction of active sites, ¥~ = [C")/[C]o, is obviously a
challenging task. An important issue that appears from this review is the identification of
techniques, ready to implement, that selectively and quantitatively discern the catalytic sites
effectively at work, leaving aside dormant sites and other metal species not directly involved in
propagation. Hence, although significant progress has been achieved in recent years thanks to the
awareness and ingeniousness of scientists regarding these issues, many "~ values reported to date
must still be considered with care, because of the intrinsic limitations of some methods. Yet, it
appears clearly that the " values depend very much on the nature of both precatalyst and
cocatalyst/coactivator, as well as on experimental parameters, essentially intensive ones
(temperature, solvent, etc).

The rational development of novel, more productive and selective polymerization catalytic
systems requires a better understanding of their behavior. Therefore, a comprehensive kinetic
analysis is required for an entire polymerization system (precatalyst + coactivator), to determine
the rate constants relative to each step of the polymerization process: initiation, polymer chain
growth (propagation) and termination/transfer. Besides, insight on possible deactivation
processes resulting in decay of active sites is another mandatory information, which could be

reasonably used for engineering more efficient catalytic systems reluctant towards side reactions.
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