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This review gives an overview of approaches and techniques used for the assessment of active sites count in homogeneous group 4 metal single-site α-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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Introduction

Single-site catalysis, especially that based on group 4 metals, has brought considerable possibilities in the field of α-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(α-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 [START_REF] Kaminsky | Bis(cyclopentadienyl)zirkon-verbindungen und aluminoxan als Ziegler-Katalysatoren für die polymerisation und copolymerisation von olefinen[END_REF][START_REF] Ewen | Mechanisms of stereochemical control in propylene polymerizations with soluble Group 4B metallocene/methylalumoxane catalysts[END_REF] and Cp2ZrCl2 [START_REF] Kaminsky | Bis(cyclopentadienyl)zirkon-verbindungen und aluminoxan als Ziegler-Katalysatoren für die polymerisation und copolymerisation von olefinen[END_REF][START_REF] Sinn | Living Polymers" on Polymerization with Extremely Productive Ziegler Catalysts[END_REF] to the most elaborated ones, such as those derived from {EBI}- [START_REF] Wild | ansa-Metallocene derivatives: VII. Synthesis and crystal structure of a chiral ansa-zirconocene derivative with ethylene-bridged tetrahydroindenyl ligands[END_REF], {SBI}- [START_REF] Spaleck | The Influence of Aromatic Substituents on the Polymerization Behavior of Bridged Zirconocene Catalysts[END_REF][START_REF] Spaleck | Stereospecific metallocene catalysts: Scope and limits of rational catalyst design[END_REF], {Cp/Flu}- [START_REF] Ewen | Syndiospecific propylene polymerizations with Group IVB metallocenes[END_REF][START_REF] Razavi | Preparation and crystal structures of the complexes (η 5 -C5H3Me-CMe2-η 5 -C13H8)MCl2 (M = Zr or Hf): mechanistic aspects of the catalytic formation of a syndiotactic-isotactic stereoblock-type polypropylene[END_REF][START_REF] Kirillov | New C1-Symmetric Ph2C-Bridged Multisubstituted ansa-Zirconocenes for Highly Isospecific Propylene Polymerization: Synthetic Approach via Activated Fulvenes[END_REF][START_REF] Miller | Mechanism of Isotactic Polypropylene Formation with C1-Symmetric Metallocene Catalysts[END_REF], half-sandwich {CGC}based [START_REF] Okuda | Bifunctional Cyclopentadienyl Ligands in Organotransition Metal Chemistry[END_REF][START_REF] Jutzi | Cyclopentadienyl compounds with nitrogen donors in the side-chain[END_REF][START_REF] Shapiro | Scandium complex [{(η 5 -C5Me4)Me2Si(η 1 -NCMe3)}(PMe3)ScH]2: a unique example of a single-component α-olefin polymerization catalyst[END_REF][START_REF] Carpenetti | Application of Amine Elimination for the Efficient Preparation of Electrophilic ansa-Monocyclopentadienyl Group 4 Complexes Containing an Appended Amido Functionality. Structural Characterization of [(C5H4)SiMe2(N-t-Bu)]ZrCl2(NMe2H)[END_REF] platforms and more recent post-metallocene systems such as bisphenolate [START_REF] Tshuva | Zirconium Complexes of Amine-Bis(phenolate) Ligands as Catalysts for 1-Hexene Polymerization: Peripheral Structural Parameters Strongly Affect Reactivity[END_REF][START_REF] Tshuva | ONXO]-Type Amine Bis(phenolate) Zirconium and Hafnium Complexes as Extremely Active 1-Hexene Polymerization Catalysts[END_REF],

Mitsui's phenoxy-imine [START_REF] Makio | FI Catalysts: A New Family of High Performance Catalysts for Olefin Polymerization[END_REF][START_REF] Matsui | A Family of Zirconium Complexes Having Two Phenoxy-Imine Chelate Ligands for Olefin Polymerization[END_REF][START_REF] Matsugi | High-performance olefin polymerization catalysts discovered on the basis of a new catalyst design concept[END_REF] and Dow's pyridyl-amido [START_REF] Boussie | Nonconventional Catalysts for Isotactic Propene Polymerization in Solution Developed by Using High-Throughput-Screening Technologies[END_REF][START_REF] Domski | Polymerization of α-Olefins with Pyridylamidohafnium Catalysts: Living Behavior and Unexpected Isoselectivity from a Cs-Symmetric Catalyst Precursor[END_REF] systems (Figure 1), each of them displaying its own behavior and peculiarities in polymerization. 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. [START_REF] Mehdiabadi | Ethylene Polymerization and Ethylene/1-Octene Copolymerization with rac-Dimethylsilylbis(indenyl)hafnium Dimethyl Using Trioctyl Aluminum and Borate: A Polymerization Kinetics Investigation[END_REF][START_REF] Chen | In Situ Determination of Tacticity, Deactivation, and Kinetics in[END_REF][START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF]. 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(C6F5)3,

[Ph3C][B(C6F5)4]…), can be easily perturbed by side-reactions with the precatalyst itself or other organometallic species, impurities, solvent or remaining activator, forming adducts and heterobimetallic 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.

A c c e p t e d m a n u s c r i p t Scheme 1. Some of the main active and dormant species found in "single-site" group 4 metalcatalyzed α-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.

A c c e p t e d m a n u s c r i p t

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]0) that is set off against the concentration [C]0 of initially introduced precatalyst.

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.

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, kt…). 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, H2, AlR3…), β-H elimination with differentiation between vinyl and vinylidene chain-ends formation, misinsertions (i.e., regioirregular insertions) of the -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 [START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF].

A c c e p t e d m a n u s c r i p t Scheme 2. Mechanistic steps for the polymerization of α-olefins by single-site catalysts implemented in the model of Caruthers [START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF].

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. 

𝑅 p = -𝑑[M]/𝑑𝑡 = 𝑘 p [C * ][M] 𝛼 ( 1 
)
where Rp is the polymerization (propagation) rate, kp is the propagation rate constant, [M] is the monomer concentration and α 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 * ] = [C]0). This is for instance the case of the study conducted by Estrada and Hamielec for the polymerization of ethylene with the Cp2ZrCl2/MAO system [START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF].

The Natta [START_REF] Natta | The Kinetics of the Stereospecific Polymerization of α-Olefins[END_REF] for heterogeneous Ziegler-Natta catalysts and later expressed (3) by Busico et al. for a homogeneous (e.g. metallocene) catalyst [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF]:

1 𝑃 𝑛 = 𝑀 M 𝑀 n ̅̅̅̅ = < 𝑓 𝑡 > 𝑘 p [M] + 1 𝑘 p [M] (1/𝑡) ( 3 
)
where Pn is the polymerization degree (acquired through SEC measurements), <ft> (s -1 ) is the frequency of chain termination, and kp (L•mol -1 •s -1 ) is the average propagation rate constant (involving both 1,2-and 2,1-insertion modes for -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/Pn vs. 1/t must return a linear trace with a slope of A c c e p t e d m a n u s c r i p t

< 𝑃 𝑛 > = ( 𝑘 t + 𝑘 p [M] 0 𝑘 t ) 𝑡 + 𝑘 p [M] 0 + 𝑘 t -k 𝑖 [M] 0 𝑘 i [M] 0 (𝑘 t -𝑘 i [M] 0 ) (exp -𝑘 i [M] 0 𝑡 -1) - 𝑘 i [M] 0 + k 𝑝 [M] 0 𝑘 t 2(𝑘 t -𝑘 i [M] 0 ) (exp (-𝑘 t 𝑡) -1) 𝑡 + 1 𝑘 i [M] 0 (exp -𝑘 i [M] 0 𝑡 -1) (4) 
The experimental values of Pn fitted using equation ( 4) returned the values of kp and kt. The model constructed by Bochmann also requires to work at low conversions (or under continuous flow) in order to keep [M]0 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 [START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF]. The fraction of active catalytic sites,  * = [C * ]/[C]0, is finally given by the ratio kp 0 /kp, where kp 0 is the apparent propagation rate determined on the whole amount of precatalyst introduced and considering that

[M]t ≈ [M]0. Noteworthy again, in these studies, the apparent order in equation ( 1) is set at α = 1, even if the subject is currently open to debate.

Data acquisition: quench-flow techniques

In the early 70s, the Fink [START_REF] Schnell | Elementarprozesse der Ziegler-Natta-Katalyse. I. Oligomerenkinetik im Strömungsrohr[END_REF] and Keii [START_REF] Keii | A kinetic argument for a quasi-living polymerization of propene with a MgCl2-supported catalyst[END_REF] 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 [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF] for homogeneous catalysts and used under the name of "stopped-flow" for kinetic studies of ethylene and propylene polymerization with rac-{Me2Si(2-Me-4-Ph-1-Ind)2}ZrCl2/MAO [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF] or {bis(phenoxy-imine)}TiCl2/MAO [START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF] catalytic systems. Later, Bochmann and coworkers studied by this technique propylene polymerization using rac-{Me2Si(1-Ind)2}ZrCl2 or rac-{Me2Si(1-Ind)2}ZrMe2 in combination with MAO or molecular activators, respectively [START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF][START_REF] Song | Activator effects in metallocenebased alkene polymerisations: unexpectedly strong dependence of catalyst activity on trityl concentration[END_REF][START_REF] Bochmann | Role of B(C6F5)3 in catalyst activation, anion formation, and as C6F5 transfer agent[END_REF]]. An active sites count was also reported by the same group for the post-metallocene CGC system {Me2Si(C5Me4)NtBu}TiCl2/ 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 [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Keii | A kinetic argument for a quasi-living polymerization of propene with a MgCl2-supported catalyst[END_REF][START_REF] White | A rapid quenched-flow device for the study of homogeneous polymerization kinetics[END_REF]. 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 "microreactor" 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 [START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF]. By adjusting the length and inner diameter of the reactor, A c c e p t e d m a n u s c r i p t Scheme 3. Typical setup for quench-flow monitoring studies [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF][START_REF] Keii | A kinetic argument for a quasi-living polymerization of propene with a MgCl2-supported catalyst[END_REF][START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF][START_REF] White | A rapid quenched-flow device for the study of homogeneous polymerization kinetics[END_REF][START_REF] Ranieri | Site count: is a highpressure quenched-flow reactor suitable for kinetic studies of molecular catalysts in ethylene polymerization?[END_REF].

Modification for batch conditions

The principles of quench-flow techniques have later been adapted for batch [START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF]46] or semibatch conditions [START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF]. 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-{Me2Si(2-Me-

Benz[e]Ind)2}ZrCl2/MAO system [START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF]. Consumption of the monomer was monitored by 1 H NMR with respect to an internal standard [46,[START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF][START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF][START_REF] Moscato | Mechanistic Investigations into the Behavior of a Labeled Zirconocene Polymerization Catalyst[END_REF][START_REF] Switzer | Kinetic Modeling of 1-Hexene Polymerization Catalyzed by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3[END_REF][START_REF] Steelman | Comparison of Selected Zirconium and Hafnium Amine Bis(phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Steelman | Effects of Pendant Ligand Binding Affinity on Chain Transfer for 1-Hexene Polymerization Catalyzed by Single-Site Zirconium Amine Bis-Phenolate Complexes[END_REF][START_REF] Steelman | Effects of Electronic Perturbations on 1-Hexene Polymerization Catalyzed by Zirconium Amine Bisphenolate Complexes[END_REF][START_REF] Pletcher | Quantitative Comparative Kinetics of 1-Hexene Polymerization across Group IV Bis-Phenolate Catalysts[END_REF][START_REF] Preston | Steric and Solvation Effects on Polymerization Kinetics, Dormancy, and Tacticity of Zr-Salan Catalysts[END_REF][START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF] via analysis of aliquots sampled from the reaction mixture [START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF].

A peculiar study of a batch propylene polymerization with rac-[{Me2Si(2-Me-Ind)2}ZrCl2

in combination with different co-activators was reported by Naga and coworkers in the late 90s [START_REF] Naga | Polymerization behavior of α-olefins with rac-and meso-type ansa-metallocene catalysts: Effects of cocatalyst and metallocene ligand[END_REF]. The polymerization was studied following the principle of quench-flow methods, providing 

Precatalyst labelling

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. 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 chaintransfer 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).

A c c e p t e d m a n u s c r i p t

Deuterated tag

The first method of precatalyst labelling consists in the synthesis of a CD3-tagged zirconocene complex (Figure 2) that is then used as precatalyst for the polymerization of 1-hexene [46,[START_REF] Liu | A 2 H-Labeling Scheme for Active-Site Counts in Metallocene-Catalyzed Alkene Polymerization[END_REF].

After activation with 1 equiv of B(C6F5)3, the polymerization was quenched at regular time intervals and the amount of deuterium in the bulk polymer recovered was then quantified by 2 H 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. 

UV chromophore tag

The second method involves SEC analysis of chromophore-tagged polymers using UV detection 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•mL 1 , the method proved competent to detect up to 0.1nM of the Chromcat species, which corresponds to active site-to-monomer ratios up to 1:10,000 [START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF]. 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,[START_REF] Liu | A 2 H-Labeling Scheme for Active-Site Counts in Metallocene-Catalyzed Alkene Polymerization[END_REF].

This UV chromophore-labelling technique affords different pieces of information about the polymerization process: 1) the molecular weight distribution for the very first chain grown at the This UV chromophore-labelling technique was implemented in the study of the industrially relevant catalytic system rac-{SBI}ZrMe(Chrom)/B(C6F5)3 in 1-hexene polymerization [START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF]. In order to compare the results provided by the chromophore label with another quantification method, the authors conducted a parallel 2 H labelling/²H NMR quantification. The polymerization reactions were quenched over the same time intervals with MeOD and the resulting 2 H-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 19 F NMR analysis where the [MeB(C5F6)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. Scheme 6. Possible deactivation pathway for the chromophore-labelled catalyst [START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF][START_REF] Moscato | Mechanistic Investigations into the Behavior of a Labeled Zirconocene Polymerization Catalyst[END_REF]. (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 MeO 3 Hquenching/radio-tagging protocol was applied to other catalytic systems such as CpZrCl3/MAO [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF], Cp2ZrCl2 [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF] and (η 5 -neomenthyl-Cp)2ZrCl2/MAO [START_REF] Chien | Metallocene-methylaluminoxane catalyst for olefin polymerization. II. Bis-η 5 -(neomenthyl cyclopentadienyl)zirconium dichloride[END_REF]. 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 AlMe3. 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. Chien and coworkers also investigated propylene polymerization with other catalyst precursors such as rac-{EBTHI}ZrX2 (X = Cl, Me) [START_REF] Chien | Kinetics and stereochemical control of propylene polymerization initiated by ethylene bis(4,5,6,7-tetrahydro-1-indenyl) zirconium dichloride/methyl aluminoxane catalyst[END_REF], rac-{EBI}ZrX2 (X = Cl, Me) [START_REF] Chien | Effect of counterion structure on zirconocenium catalysis of olefin polymerization[END_REF] and

rac-{1,2-ethylidene(1-CpMe4)(1'-Ind)}TiX2 [69].
This quenching/radio-tagging method with MeO 3 H, despite being quite tedious (calculation of kinetic isotope effect or specific activity of MeO 3 H) 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. 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.

Quench ²H-labelling with MeOD

Hence, this technique also cannot be used with metal-alkyl chain-transfer reagents like ZnEt2 or AlMe3. For that reason, the studies relying on this method often used scavenger-free conditions and activation with a molecular activator.

Quench-labelling with 14 CO

The 14 CO radio-tagging method was first applied for heterogeneous Ziegler-Natta catalysts [START_REF] Warzelhan | Über die bestimmung der zahl polymerisationsaktiver zentren von ziegler-natta-katalysatoren. Eine modifizierte methode mit 14 C-markierten kohlenstoffoxiden[END_REF][START_REF] Shiono | Reaction between carbon monoxide and a Tipolyethylene bond with a MgCl2-supported TiCl4 catalyst system[END_REF][START_REF] Mejzlík | Determination of active centers in heterogeneous Ziegler-Natta catalytic systems using carbon oxides[END_REF][START_REF] Mejzlík | Comparison of methods for determination of the number of active centers in Ziegler-Natta polymerizations[END_REF][START_REF] Bukatov | Interaction of 14 CO with Ziegler-type heterogeneous catalysts and effect of interaction products on the determination of the A c c e p t e d m a n u s c r i p t amount of active centers[END_REF][START_REF] Marques | Polymerization of ethylene using highactivity Ziegler-type catalysts: Active center determination[END_REF] and later extended to homogeneous α-olefin polymerization catalyst systems [START_REF] Shiono | Reaction of the Ti-polyethylene bond with carbon monoxide over the bis(cyclopentadienyl)titanium dichloride-methylaluminoxane catalyst system[END_REF][START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF][START_REF] Han | Determination of the Number of Active Sites for Olefin Polymerization Catalyzed over Metallocene/MAO Using the CO Inhibition Method[END_REF][START_REF] Busico | Insertion of Carbon Monoxide into Zr-Polymeryl Bonds: "Snapshots" of a Running Catalyst[END_REF].

The method was developed at the same time as the radio-tagging with MeOT discussed above and relies on the insertion of 14 C-labelled carbon monoxide into MPS. The polymerization reaction mixtures are allowed to react with an excess of 14 CO and the resulting mixture is then subsequently quenched with MeOH (Scheme 8).

Scheme 8. 14 CO radio-tagging of polyethylene obtained with the Cp2ZrCl2/MAO system [64,65].

Despite the ability of 14 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 [START_REF] Mejzlík | Determination of active centers in heterogeneous Ziegler-Natta catalytic systems using carbon oxides[END_REF][START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF][START_REF] Tait | Rate of Ethylene Polymerization with the Catalyst System (η 5 -RC5H4)2ZrCl2-Methylaluminoxane[END_REF], which does not guarantee definitive implementation of the label onto the polymer this technique [START_REF] Bukatov | Interaction of 14 CO with Ziegler-type heterogeneous catalysts and effect of interaction products on the determination of the A c c e p t e d m a n u s c r i p t amount of active centers[END_REF][START_REF] Busico | Insertion of Carbon Monoxide into Zr-Polymeryl Bonds: "Snapshots" of a Running Catalyst[END_REF][START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF][START_REF] Mejzlík | Determination of the number of active centers in Ziegler-Natta polymerizations of olefins[END_REF]. In addition, CO can insert under a fast regime into the Zrpolymeryl bond but can also further react under a slower regime to give multiple insertion products or copolymerization [START_REF] Shiono | Reaction of the Ti-polyethylene bond with carbon monoxide over the bis(cyclopentadienyl)titanium dichloride-methylaluminoxane catalyst system[END_REF][START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF][START_REF] Han | Determination of the Number of Active Sites for Olefin Polymerization Catalyzed over Metallocene/MAO Using the CO Inhibition Method[END_REF][START_REF] Busico | Insertion of Carbon Monoxide into Zr-Polymeryl Bonds: "Snapshots" of a Running Catalyst[END_REF]. Hence, in the case of MAO-activated systems, the successive reaction of two molecules of CO with Cp2ZrMe2 can lead to an ene-diolate type compound (Figure 3) [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF]. 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-[Me2Si(2-Me-4-Ph-1-Ind)2]ZrCl2/MAO system, unexpectedly ended up at copolymerizing ethylene and CO [START_REF] Busico | Insertion of Carbon Monoxide into Zr-Polymeryl Bonds: "Snapshots" of a Running Catalyst[END_REF]. 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 3 H-labelling (see 3.1.) for the Cp2ZrCl2/MAO system [START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF]. 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 Cp2ZrCl2/MAO system [START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF], but Chien et al. found only 10% of catalyst active [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF]. For all these reasons, quantification of active propagating centers by 14 CO radio-tagging is a difficult method to rely on. . 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 [START_REF] Cueny | Mechanistic Studies of Hafnium-Pyridyl Amido-Catalyzed 1-Octene Polymerization and Chain Transfer Using Quench-Labeling Methods[END_REF][START_REF] Johnson | Chain Transfer with Dialkyl Zinc During Hafnium-Pyridyl Amido-Catalyzed Polymerization of 1-Octene: Relative Rates, Reversibility, and Kinetic Models[END_REF][START_REF] Cueny | Selective Quench-Labeling of the Hafnium-Pyridyl Amido-Catalyzed Polymerization of 1-Octene in the Presence of Trialkyl-Aluminum Chain-Transfer Reagents[END_REF] species in the presence of ZnMe2 and ZnEt2 as chain-transfer agents upon using the isocyanato-pyrene as the quench reagent [START_REF] Johnson | Chain Transfer with Dialkyl Zinc During Hafnium-Pyridyl Amido-Catalyzed Polymerization of 1-Octene: Relative Rates, Reversibility, and Kinetic Models[END_REF]. 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 [START_REF] Cueny | Selective Quench-Labeling of the Hafnium-Pyridyl Amido-Catalyzed Polymerization of 1-Octene in the Presence of Trialkyl-Aluminum Chain-Transfer Reagents[END_REF] (although it was ineffective with the rac-{EBI}ZrMe2/B(C6F5)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 [START_REF] Cueny | Mechanistic Studies of Hafnium-Pyridyl Amido-Catalyzed 1-Octene Polymerization and Chain Transfer Using Quench-Labeling Methods[END_REF] (see 4. 3).

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

Quench-labelling with O 2

Cipullo and Busico reported a simple method for quench-labelling of Zr-polymeryl chains with pure O2 yielding, after an acidic work up, macromolecules capped with single hydroxyl groups 

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 β-H elimination) but this one remains low considering the quasi-living state condition of the study.

The fraction of dormant chains, d (i.e., those resulting from the 2,1-last inserted monomer unit) at the time of the quench was calculated as follows:

𝜒 𝑑 = 𝜒 * × (B)/[(A) + (B)]) (7) 
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where  (B) is the fraction of the secondary (2,1-) alcohol chain-ends,  (A) is the fraction of the primary (1,2-) alcohol chain-ends, and  * 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 Cum,Cum }Bn2/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 [START_REF] Ciancaleoni | Structure-Activity Relationship in Olefin Polymerization Catalysis: Is Entropy the Key?[END_REF] (see Part 4).

Quench-labelling with Br 2

A similar process of quench-labelling was developed by Baird and coworkers involving Br2 as the quenching reagent (Scheme 11) [START_REF] Vatamanu | An Investigation into the Identities and the Relative Concentrations of the Zr-Polymeryl Species Present during Ethylene and Propylene Polymerizations by Zirconocene-Based Ziegler Catalysts[END_REF]. This technique also allows the differentiation between 2,1-and 1,2-propagating species that are eventually quantified by 1 H NMR spectroscopy. This method was probed on the Cp2ZrMe2/B(C6F5)3 system in ethylene and propylene polymerization and with (Ind)2ZrMe2/B(C6F5)3 in propylene polymerization. The bromination reaction of the Zr-polymeryl species was quantitative, and allowed an accurate and efficient counting. As quenching with Br2 also yielded simultaneously the brominated catalyst, which is then trapped in the polymer, the authors used its 1 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 Br2 reported by Baird and co-workers [START_REF] Vatamanu | An Investigation into the Identities and the Relative Concentrations of the Zr-Polymeryl Species Present during Ethylene and Propylene Polymerizations by Zirconocene-Based Ziegler Catalysts[END_REF].

The use of harmful Br2 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 Br2 but this was not probed independently by the authors.

Quench-labelling with thiophenylcarbonyl chloride (TCC)

Incorporation into MPS of CS2 [START_REF] Marques | Polymerization of ethylene using highactivity Ziegler-type catalysts: Active center determination[END_REF] or SO2 [START_REF] Mejzlík | Comparison of methods for determination of the number of active centers in Ziegler-Natta polymerizations[END_REF] 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 [START_REF] Shen | Counting the number of active centers in MgCl2supported Ziegler-Natta catalysts by quenching with 2-thiophenecarbonyl chloride and study on the initial kinetics of propylene polymerization[END_REF][START_REF] Hu | Probing the roles of diethylaluminum chloride in propylene polymerization with MgCl2-supported ziegler-natta catalysts[END_REF][START_REF] Shen | Mechanism of Propylene Polymerization with MgCl2-Supported Ziegler-Natta Catalysts Based on Counting of Active Centers: The Role of External Electron Donor[END_REF] that involves thiophenylcarbonyl chloride (TCC). Thus, the polymer chain-ends were capped with sulfur-A c c e p t e d m a n u s c r i p t 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.

Scheme 12. TCC quench-labelling of active species developed by Fan and coworkers for ethylene [START_REF] Guo | Influence of trimethylaluminum on kinetics of rac-Et(Ind)2ZrCl2/aluminoxane catalyzed ethylene polymerization[END_REF][START_REF] Guo | Kinetics and mechanism of metallocene-catalyzed olefin polymerization: Comparison of ethylene, propylene homopolymerizations, and their copolymerization[END_REF] and propylene [START_REF] Guo | Kinetics and mechanism of metallocene-catalyzed olefin polymerization: Comparison of ethylene, propylene homopolymerizations, and their copolymerization[END_REF] polymerization with rac-{EBI}ZrCl2.

The same authors adapted their methodology to homogeneous single-site catalysts with the ubiquitous rac-{EBI}ZrCl2 (Scheme 12) [START_REF] Guo | Influence of trimethylaluminum on kinetics of rac-Et(Ind)2ZrCl2/aluminoxane catalyzed ethylene polymerization[END_REF][START_REF] Guo | Kinetics and mechanism of metallocene-catalyzed olefin polymerization: Comparison of ethylene, propylene homopolymerizations, and their copolymerization[END_REF] 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 AlMe3, dried MAO (dMAO), modified MAO containing AliBu3 instead of AlMe3 (MMAO)) or the nature of monomer (see Part 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 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 kinetic/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.

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 1a with MAO (2,600 equiv) resulted only in 8% of active sites at 40 °C [START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF], slightly better results (13-22%) were obtained upon activation with 1-3 equiv of [Ph3C][B(C6F5)4] in the presence of AliBu3 at room temperature (entries 1 and 2) [START_REF] Song | Activator effects in metallocenebased alkene polymerisations: unexpectedly strong dependence of catalyst activity on trityl concentration[END_REF]. Similar fractions of active sites were determined for combinations of the dimethyl-zirconocene 1b with [Ph3C][B(C6F5)4] (entry 4).

On the other hand, the use of [Ph3C][CN{B(C6F5)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 [Ph3C][B(C6F5)4] with AlEt3 afforded a higher fraction of active sites ( * = 54%) as compared to the more "common" combination [Ph3C][B(C6F5)4]/AliBu3 that provided only 24% of active sites under otherwise identical reaction conditions [START_REF] Naga | Polymerization behavior of α-olefins with rac-and meso-type ansa-metallocene catalysts: Effects of cocatalyst and metallocene ligand[END_REF]. 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) [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF]. 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 [START_REF] Ranieri | Site count: is a highpressure quenched-flow reactor suitable for kinetic studies of molecular catalysts in ethylene polymerization?[END_REF], 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 [START_REF] Wild | ansa-Metallocene derivatives: VII. Synthesis and crystal structure of a chiral ansa-zirconocene derivative with ethylene-bridged tetrahydroindenyl ligands[END_REF][START_REF] Spaleck | The Influence of Aromatic Substituents on the Polymerization Behavior of Bridged Zirconocene Catalysts[END_REF][START_REF] Spaleck | Stereospecific metallocene catalysts: Scope and limits of rational catalyst design[END_REF].

A c c e p t e d m a n u s c r i p t

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 [START_REF] Kirillov | New C1-Symmetric Ph2C-Bridged Multisubstituted ansa-Zirconocenes for Highly Isospecific Propylene Polymerization: Synthetic Approach via Activated Fulvenes[END_REF][START_REF] Miller | Mechanism of Isotactic Polypropylene Formation with C1-Symmetric Metallocene Catalysts[END_REF][START_REF] Okuda | Bifunctional Cyclopentadienyl Ligands in Organotransition Metal Chemistry[END_REF][START_REF] Jutzi | Cyclopentadienyl compounds with nitrogen donors in the side-chain[END_REF][START_REF] Shapiro | Scandium complex [{(η 5 -C5Me4)Me2Si(η 1 -NCMe3)}(PMe3)ScH]2: a unique example of a single-component α-olefin polymerization catalyst[END_REF][START_REF] Carpenetti | Application of Amine Elimination for the Efficient Preparation of Electrophilic ansa-Monocyclopentadienyl Group 4 Complexes Containing an Appended Amido Functionality. Structural Characterization of [(C5H4)SiMe2(N-t-Bu)]ZrCl2(NMe2H)[END_REF]. Note that the [C * ]/[C]0 ( * ) 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 AlEt3 at reaction times longer than 10 min [START_REF] Shen | Mechanism of Propylene Polymerization with MgCl2-Supported Ziegler-Natta Catalysts Based on Counting of Active Centers: The Role of External Electron Donor[END_REF]. In this regard, it is highly probable here that TCC also quenched AlEt3 and the Al-polymeryl species issued of transfer reactions at higher reaction time. Thus, it is safer to with Al(C6F5)3 resulted in a minimal (1%) efficiency (entry 33). Using the 5b/B(C6F5)3 system, Caruthers reported a relatively lower  * value of 57% (entry 27) [START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF], as compared to the value of 90% obtained by Landis and coworkers on the same system (entries [START_REF] Boussie | Nonconventional Catalysts for Isotactic Propene Polymerization in Solution Developed by Using High-Throughput-Screening Technologies[END_REF][START_REF] Domski | Polymerization of α-Olefins with Pyridylamidohafnium Catalysts: Living Behavior and Unexpected Isoselectivity from a Cs-Symmetric Catalyst Precursor[END_REF] [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(C6F5)3 (entry 5) [START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF]. 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) [START_REF] Moscato | Mechanistic Investigations into the Behavior of a Labeled Zirconocene Polymerization Catalyst[END_REF]. 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.

A c c e p t e d m a n u s c r i p t a Polymerizations conducted in toluene; nd: not defined or not determined ; b E = ethylene, P = propylene, H = 1-hexene ; concentration in mol•L 1 , unless specified in atm; c Polymerization conducted in heptane.
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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 structureactivation 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).

Chart 2. Structures of unbridged bis(cyclopentadienyl) and related metallocene and halfmetallocene precatalysts investigated in active sites count studies (Table 2).

In the polymerization of ethylene, the 8a/MAO system apparently featured a nearly quantitative activation efficiency at 70 °C (entries 1-3) [START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF][START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerization. I. Trimethylaluminum as coactivator[END_REF][START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF]. Addition of AlMe3 resulted in a significant drop in active site concentration (entry 4). Strikingly enough, the related molecular system 8b/B(C6F5)3 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 Br2-quench-labelling process, thus rendering a lower amount of active sites as compared to its real value. Although indeed different 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% [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF].

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 [START_REF] Song | Activator effects in metallocenebased alkene polymerisations: unexpectedly strong dependence of catalyst activity on trityl concentration[END_REF]. Though no direct comparison can be made with other catalysts, it is clearly 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).

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(C6F5)3 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 [START_REF] Steelman | Comparison of Selected Zirconium and Hafnium Amine Bis(phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Pletcher | Quantitative Comparative Kinetics of 1-Hexene Polymerization across Group IV Bis-Phenolate Catalysts[END_REF], ligand [START_REF] Steelman | Effects of Pendant Ligand Binding Affinity on Chain Transfer for 1-Hexene Polymerization Catalyzed by Single-Site Zirconium Amine Bis-Phenolate Complexes[END_REF], temperature [START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF], 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) [START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF].

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 sidearm bearing electron-withdrawing or -donating groups (entries 5-8). When a simple pyridyl group was used, a  * value of 52% was determined (entry 5). Slightly better activation efficiency (58%) was observed for a pyridyl moiety substituted by the electron-withdrawing -CF3 group. In the same manner, a slightly lower fraction of active sites (47%) was found with the electrondonating -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 reversible isomerization process from an active cis-form (referred to as CAPS) to an inactive trans-form (TIPS) (Scheme 13) was evidenced [START_REF] Ciancaleoni | Activation of a bis(phenoxy-amine) precatalyst for olefin polymerisation: first evidence for an outer sphere ion pair with the methylborate counterion[END_REF]. 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(C6F5)3 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 tertbutyl R 2 substituents face each other. This steric repulsion shifts the equilibrium back toward the active CAPS form.

A c c e p t e d m a n u s c r i p t was used in subsequent studies aimed at investigating the influence of a chain-transfer agent (entries [START_REF] Chen | In Situ Determination of Tacticity, Deactivation, and Kinetics in[END_REF][START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF][START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF][START_REF] Natta | The Kinetics of the Stereospecific Polymerization of α-Olefins[END_REF]. The addition of ZnMe2 or ZnEt2, 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 AlEt3 or AlMe3, the fraction of active sites was affected by the polymerizations conditions.

When AlEt3 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 AlEt3 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 'alkylaluminum free' conditions (40%, entry 32). The authors then concluded that AlEt3 affects only the formation of active sites in the initiation phase but not during the propagation steps. On However, if AlMe3 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 χ * value only reached 30%, which is significantly below the 50-60% values obtained without any CTA. Hence, compared to AlEt3, AlMe3 is likely to affect both the initiation and the propagation phases. Noteworthy, when AliBu3 was used under the same conditions, neither the polymerization nor the formation of active sites was altered [START_REF] Cueny | Selective Quench-Labeling of the Hafnium-Pyridyl Amido-Catalyzed Polymerization of 1-Octene in the Presence of Trialkyl-Aluminum Chain-Transfer Reagents[END_REF].

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) [START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF][START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF][START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF][START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF][START_REF] Schnell | Elementarprozesse der Ziegler-Natta-Katalyse. I. Oligomerenkinetik im Strömungsrohr[END_REF][START_REF] Keii | A kinetic argument for a quasi-living polymerization of propene with a MgCl2-supported catalyst[END_REF][START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF][START_REF] Song | Activator effects in metallocenebased alkene polymerisations: unexpectedly strong dependence of catalyst activity on trityl concentration[END_REF]46,[START_REF] Ranieri | Site count: is a highpressure quenched-flow reactor suitable for kinetic studies of molecular catalysts in ethylene polymerization?[END_REF][START_REF] Moscato | Mechanistic Investigations into the Behavior of a Labeled Zirconocene Polymerization Catalyst[END_REF][START_REF] Switzer | Kinetic Modeling of 1-Hexene Polymerization Catalyzed by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3[END_REF][START_REF] Steelman | Comparison of Selected Zirconium and Hafnium Amine Bis(phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Steelman | Effects of Pendant Ligand Binding Affinity on Chain Transfer for 1-Hexene Polymerization Catalyzed by Single-Site Zirconium Amine Bis-Phenolate Complexes[END_REF][START_REF] Steelman | Effects of Electronic Perturbations on 1-Hexene Polymerization Catalyzed by Zirconium Amine Bisphenolate Complexes[END_REF][START_REF] Pletcher | Quantitative Comparative Kinetics of 1-Hexene Polymerization across Group IV Bis-Phenolate Catalysts[END_REF][START_REF] Preston | Steric and Solvation Effects on Polymerization Kinetics, Dormancy, and Tacticity of Zr-Salan Catalysts[END_REF][START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Baier | Post-Metallocenes in the Industrial Production of Polyolefins[END_REF], 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. 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 [START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF]) in the close proximity to the active center may be detrimental to its regular performance, thus negatively influencing the kinetics of propagation. For the quench-labelling methods, the limited or sometimes poor selectivity of the reactions between the propagating metal-polymeryl species and the labeling reagent (CO [START_REF] Shiono | Reaction of the Ti-polyethylene bond with carbon monoxide over the bis(cyclopentadienyl)titanium dichloride-methylaluminoxane catalyst system[END_REF][START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF][START_REF] Han | Determination of the Number of Active Sites for Olefin Polymerization Catalyzed over Metallocene/MAO Using the CO Inhibition Method[END_REF][START_REF] Busico | Insertion of Carbon Monoxide into Zr-Polymeryl Bonds: "Snapshots" of a Running Catalyst[END_REF][START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF][START_REF] Tait | Rate of Ethylene Polymerization with the Catalyst System (η 5 -RC5H4)2ZrCl2-Methylaluminoxane[END_REF], O2 [START_REF] Cipullo | Identification and Count of the Active Sites in Olefin Polymerization Catalysis by Oxygen Quench[END_REF], Br2 [START_REF] Vatamanu | An Investigation into the Identities and the Relative Concentrations of the Zr-Polymeryl Species Present during Ethylene and Propylene Polymerizations by Zirconocene-Based Ziegler Catalysts[END_REF], TCC [START_REF] Guo | Influence of trimethylaluminum on kinetics of rac-Et(Ind)2ZrCl2/aluminoxane catalyzed ethylene polymerization[END_REF][START_REF] Guo | Kinetics and mechanism of metallocene-catalyzed olefin polymerization: Comparison of ethylene, propylene homopolymerizations, and their copolymerization[END_REF], 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 2 H [START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF]46,[START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF][START_REF] Moscato | Mechanistic Investigations into the Behavior of a Labeled Zirconocene Polymerization Catalyst[END_REF][START_REF] Switzer | Kinetic Modeling of 1-Hexene Polymerization Catalyzed by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3[END_REF][START_REF] Steelman | Comparison of Selected Zirconium and Hafnium Amine Bis(phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Steelman | Effects of Pendant Ligand Binding Affinity on Chain Transfer for 1-Hexene Polymerization Catalyzed by Single-Site Zirconium Amine Bis-Phenolate Complexes[END_REF][START_REF] Steelman | Effects of Electronic Perturbations on 1-Hexene Polymerization Catalyzed by Zirconium Amine Bisphenolate Complexes[END_REF][START_REF] Pletcher | Quantitative Comparative Kinetics of 1-Hexene Polymerization across Group IV Bis-Phenolate Catalysts[END_REF][START_REF] Preston | Steric and Solvation Effects on Polymerization Kinetics, Dormancy, and Tacticity of Zr-Salan Catalysts[END_REF][START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Liu | A 2 H-Labeling Scheme for Active-Site Counts in Metallocene-Catalyzed Alkene Polymerization[END_REF] or MeO 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%) [START_REF] Chen | In Situ Determination of Tacticity, Deactivation, and Kinetics in[END_REF][START_REF] Estrada | Modelling of ethylene polymerization with Cp2ZrCl2/MAO catalyst[END_REF]. The rate parameters thus determined are then obviously quite questionable.

A c c e p t e d m a n u s c r i p t -Many models can efficiently reproduce only the initial part of the polymerization, when the molecular weight Mn 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 [START_REF] Song | Zirconocene-Catalyzed Propene Polymerization: A Quenched-Flow Kinetic Study[END_REF][START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF][START_REF] Song | Activator effects in metallocenebased alkene polymerisations: unexpectedly strong dependence of catalyst activity on trityl concentration[END_REF] and Busico [START_REF] Busico | Stopped-flow polymerizations of ethene and propene in the presence of the catalyst system rac-Me2Si(2-methyl-4-phenyl-1indenyl)2ZrCl2/methylaluminoxane[END_REF][START_REF] Cipullo | Olefin polymerisation catalysts: when perfection is not enough[END_REF] only returns an average value of kp 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 [START_REF] Tait | The effect of 14 CO contact times on active centre determinations for the polymerization of ethylene catalysed by bis(ηcyclopentadienyl)zirconium(IV) dichloride/methylaluminoxane[END_REF], but Chien et al. found only 10% of catalyst active [START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerizations. IV. Active site determinations and limitation of the 14 CO radiolabeling technique[END_REF]. Similar discrepancies were identified for other metallocene based systems (e.g. 5a [START_REF] Naga | Polymerization behavior of α-olefins with rac-and meso-type ansa-metallocene catalysts: Effects of cocatalyst and metallocene ligand[END_REF][START_REF] Guo | Kinetics and mechanism of metallocene-catalyzed olefin polymerization: Comparison of ethylene, propylene homopolymerizations, and their copolymerization[END_REF]). On the other hand, with the 5b/B(C6F5)3 system, very similar [C * ] values were obtained for polymerization of 1-hexene with different techniques [46,[START_REF] Liu | A 2 H-Labeling Scheme for Active-Site Counts in Metallocene-Catalyzed Alkene Polymerization[END_REF][START_REF] Nelsen | Chromophore Quench-Labeling: An Approach to Quantifying Catalyst Speciation As Demonstrated for (EBI)ZrMe2/B(C6F5)3-Catalyzed Polymerization of 1-Hexene[END_REF]. 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.

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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 1 Figure 1. Examples of ubiquitous families of "single-site" group 4 metal precatalysts used for α-

A

  c c e p t e d m a n u s c r i p t 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]0). This quantity appears in the rate law of polymerization (1):

2 )

 2 actual concentration of active species [C * ] (or [C * ]/[C]0) 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 = 𝑘 p [C * ][M]𝑡 (This model, which assumes α = 1 as most often encountered, is valid only in the early stages of the polymerization, at low monomer conversion (<1020%) when [M]t ≈ [M]0, and where the molecular weight of the polymer increases linearly with time. This regime of "quasiliving" 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-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 kp 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 A c c e p t e d m a n u s c r i p t

A c c e p t e d m a n u s c r i p t [

 t Ph3C][B(C6F5)4] [44]. Landis and coworkers also used such technique for studying the polymerization of 1-hexene with the rac-{EBI}ZrCl2 system [46].

  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 * ].

  * ] 𝑡 + (𝑘 tr + 𝑘 trA [Al] + 𝑘 trM [M]* ] 𝑚𝑎𝑥 + (𝑘 tr + 𝑘 trA [Al] + 𝑘 trM [M]) × Y 𝑘 p [M] (5b) where Y is the polymer yield, [C * ] is the concentration of active (propagating) species, ktr the chain-transfer rate constant via β-elimination, ktrM the chain-transfer rate constant to monomer, ktrA the chain-transfer rate constant to AlR3, and [Al] concentration of AlR3 (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 * ]t = [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 AlEt3/[Ph3C][B(C6F5)4] using (5a). On the other hand, using (5b), only 24% of the initial catalyst concentration with AliBu3/[Ph3C][B(C6F5)4] was found to be active. The authors outlined that these values are a rough estimation (see Part 4).
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 4 Scheme 4. Principle of the evaluation of the initiation efficiency by precatalyst labelling [46,49].
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 2 Figure 2. Structure of the modified EBI precatalyst incorporating CD3 groups as tag [46,59].
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 49 Scheme 5) is thus transferred into the first growing polymer chain. The polymers obtained at
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 5 Scheme 5. Principle of the UV chromophore-labelling of the catalyst for active sites count[START_REF] Moscato | GPC and ESI-MS Analysis of Labeled Poly(1-Hexene): Rapid Determination of Initiated Site Counts during Catalytic Alkene Polymerization Reactions[END_REF].

A c c e p t e d m a n u s c r i p t active centers, 2 )

 2 the molecular weight distribution for bulk polymer, and 3) the fraction of initiated catalyst, i.e. the initiation efficiency.

A c c e p t e d m a n u s c r i p t 3 .

 3 Quench-labelling of metal-polymeryl speciesQuench 3 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[START_REF] Chien | Magnesium chloride supported high mileage catalyst for olefin polymerization. VII. Determinations of concentrations of titanium-polymer and aluminumpolymer bonds[END_REF][START_REF] Chien | Magnesium chloride supported high mileage catalyst for olefin polymerization. VIII. Decay and transformation of active sites[END_REF][START_REF] Chien | Magnesium chloride supported high-mileage catalysts for olefin polymerization. XVII. Effect of lewis base on propylene polymerization[END_REF][START_REF] Chien | Magnesium chloride supported high-mileage catalysts for olefin polymerizations. XVIII. Effect of hydrogen and lewis bases[END_REF]. In early attempts to quantify the number of active species for a metallocene-based system, Chien et al. made use of MeO 3 H (MeOT) to quench the metal-polymeryl species (MPS) in ethylene polymerization with a homogeneous combination of Cp2ZrCl2 and a mixture (99:1) * of AlMe3 and MAO[START_REF] Chien | Metallocene-methylaluminoxane catalysts for olefin polymerization. I. Trimethylaluminum as coactivator[END_REF] 

A c c e p t e d m a n u s c r i p t Scheme 7 .

 7 Scheme 7. Principle of polymer chain radio-labelling with MeO 3 H [64-69].

  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[START_REF] Preston | Steric and Solvation Effects on Polymerization Kinetics, Dormancy, and Tacticity of Zr-Salan Catalysts[END_REF] and Caruthers[START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF][START_REF] Switzer | Kinetic Modeling of 1-Hexene Polymerization Catalyzed by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3[END_REF][START_REF] Steelman | Comparison of Selected Zirconium and Hafnium Amine Bis(phenolate) Catalysts for 1-Hexene Polymerization[END_REF][START_REF] Steelman | Effects of Pendant Ligand Binding Affinity on Chain Transfer for 1-Hexene Polymerization Catalyzed by Single-Site Zirconium Amine Bis-Phenolate Complexes[END_REF][START_REF] Steelman | Effects of Electronic Perturbations on 1-Hexene Polymerization Catalyzed by Zirconium Amine Bisphenolate Complexes[END_REF][START_REF] Pletcher | Quantitative Comparative Kinetics of 1-Hexene Polymerization across Group IV Bis-Phenolate Catalysts[END_REF][START_REF] Switzer | Quantitative Modeling of the Temperature Dependence of the Kinetic Parameters for Zirconium Amine Bis(Phenolate) Catalysts for 1-Hexene Polymerization[END_REF]. 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 A c c e p t e d m a n u s c r i p t
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  s c r i p t chain. More, side reactions have been already identified with Ziegler-Natta catalyst systems with
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 39 Figure 3. Formation of ene-diolate type compounds upon multiple reaction of Cp2ZrMe2 with
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 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 experimental13 C NMR data and simulated spectra.

A c c e p t e d m a n u s c r i p t Scheme 10 .

 10 Scheme 10. The O2 quench-labelling method used by Busico and co-workers[START_REF] Cipullo | Identification and Count of the Active Sites in Olefin Polymerization Catalysis by Oxygen Quench[END_REF].

A c c e p t e d m a n u

  s c r i p t attention: ansa-bis(indenyl)-type metallocenes, unbridged metallocenes and half-metallocenes, and post-metallocenes.

  consider the [C * ]/[C]0 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/[Ph3C](B(C6F5)4] ( * = 94%) and 5a/B(C6F5)3 ( * = 77%) for propylene polymerization in combination with AlEt3 at 0 °C (entries 25-26) [68]. A very poor activation efficiency was found for 5b/[Ph3C](B(C6F5)4] ( * = 2%) and 5b/B(C6F5)3 ( * = 4%) but in the absence of AlEt3 (entries[START_REF] Novstrup | Mechanistic Detail Revealed via Comprehensive Kinetic Modeling of [rac-C2H4(1-indenyl)2ZrMe2]-Catalyzed 1-Hexene Polymerization[END_REF][START_REF] Natta | The Kinetics of the Stereospecific Polymerization of α-Olefins[END_REF]. The authors came to the conclusion that, in the absence of AlEt3, 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)[START_REF] Chien | Kinetics and stereochemical control of propylene polymerization initiated by ethylene bis(4,5,6,7-tetrahydro-1-indenyl) zirconium dichloride/methyl aluminoxane catalyst[END_REF]. 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, [Ph3C][B(C6F5)4] and B(C6F5)3 (entries 38, 39). In both cases, the overall activation efficiency remained very low (2-4%) compared to the 6a/MAO system.

A c c e p t e d m a n u s c r i p t

  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[START_REF] Ghiotto | Rapid evaluation of catalysts and MAO activators by kinetics: what controls polymer molecular weight and activity in metallocene/MAO catalysts?[END_REF][START_REF] Schnell | Elementarprozesse der Ziegler-Natta-Katalyse. I. Oligomerenkinetik im Strömungsrohr[END_REF].Several catalyst systems were investigated in 1-hexene polymerization. The combination 4/MAO afforded a broad range of active sites fractions (13-46%) depending on the AlMe3 content of the MAO used; the more AlMe3, 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)ZrMe2 (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(C6F5)3, "activation" of 5b

A c c e p t e d m a n u

  s c r i p t methods were used in these studies, this complete opposition in active sites count points out at major differences between MAO-and molecularly-activated systems.

  highlighted that for [Ph3C][B(C6F5)4]/[Ti] = 3:1, the fraction of active sites is doubled as compared to a more traditional ratio of 1:1.
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A c c e p t e d m a n u s c r i p t was observed for the less crowed precatalyst 16 -

 16 Ti with X = NMe2 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  * 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(C6F5)3. 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
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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 ( * = 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 Brønsted acid [HNMe(C18H37)2][B(C6F5)4] appeared to be ineffective for the generation of active sites (entry 29), activation with B(C6F5)3 provided 45% of active sites after an induction period of ca. 45 s. [Ph3C][B(C6F5)4] afforded only 20% of active sites when used without pre-activation step (entry 31). However, if the precatalyst is preactivated with [Ph3C][B(C6F5)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

A c c e p t e d m a n u

  s c r i p t another hand, when AlMe3was added at the beginning of the polymerization, an induction period (ca. 40 s) was observed for the formation of active sites. The χ * value finally reached 50% at longer reaction times (2 min), which is similar to experiments conducted without any CTA.

A c c e p t e d m a n u s c r i p t

  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 * ]

  3 H [64-69], uncontrolled reactivity of the quench-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.

A c c e p t e d m a n u s c r i p t A c c e p t e d m a n u s c r i p t

  

Table 1 .

 1 Overview of active sites count results obtained for ansa-bis(indenyl)zirconocene precatalysts (Chart 1). a

	Entry	Catalyst (μM)	Monomer (M) b	Activator (equiv)	Temp (°C)	Active sites count method	[C*]/[C]0 (%)	Ref
	1	1a (146)	P (0.42)	MAO (2,600)	40	Quench-flow	8	[39]
	2	1a (48)	P (0.60)	[Ph3C][B(C6F5)4]/AliBu3 (1 or 3:10)	25	"	13 ; 22	[44]
	3	1b (95)	P (0.59)	[Ph3C][CN{B(C6F5)3}2]/AliBu3 (1:100)	25	"	8	[39]
	4	1b (48)	P (0.59)	[Ph3C][B(C6F5)4]/AliBu3 (1 or 3:10)	25	"	15 ; 16	[44]
	5	1-Chrom (1,500-6,000)	H (0.8-0.4)	B(C6F5)3 (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)	"	[Ph3C][B(C6F5)4]/AlEt3 (nd)	"	"	54	[58]
	8	2 (nd)	"	[Ph3C][B(C6F5)4]/AliBu3 (nd)	"	"	24	[58]
	9	3						

Table 2 .

 2 Overview of active sites count results for unbridged metallocene and half-metallocene catalyst systems (Chart 2). a Polymerizations conducted in toluene; nd: not defined or not determined. b E = ethylene, P = propylene, H = 1-hexene ; concentration in mol•L 1 , unless specified in atm. c Polymerization conducted in chlorobenzene.

	Entry	Catalyst (μM)	Monomer (M) b	Activator (equiv)	Temp (°C)	Active sites count method	[C*]/[C]0 (%)	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	3 H quench-labelling	100	[65]
	3	8a (48)	"	MAO (1,000)	70	"	84	[65]
	4	8a (51.3)	E (0.118)	AlMe3/MAO (99:1) (1,070)	70	"	40	[64]
	5	8b (nd)	E (1 atm)	B(C6F5)3 (nd)	50	Br2 quench-labelling	0.5-5	[87]
	6 c	"	"	"	"	"	4-10 c	[87]
	7	"	P (1 atm)	"	"	"	10	[87]
	8	8c (10,000)	E (0.22)	Et2AlCl (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 c	11 (nd)	P (1.0 atm)	B(C6F5)3 (nd)	21	Br2 quench-labelling	84 c	[87]
	12	12 (4)	E (0.162)	MAO (10,000)	70	3 H 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)	[Ph3C][B(C6F5)4]/AliBu3 (1 or 3:10)	25	Quench-flow	15; 34	[44]

a

Table 3 .

 3 Overview of active sites count results obtained for post-metallocenes precatalysts (Chart 3). a

	Entry 1 2 3 4 5 6 7 8 9	Catalyst (μM) 14-Ti (900) 14-Zr (300) 14-Hf (300) 15-Ti (900) 15a-Zr (300) 15b-Zr (300) 15c-Zr (300) 15d-Zr (300) 15-Hf (300) 16-Ti (900)	Monomer b (M) H (0.9) H (0.6) " " " " " " " "	Activator (equiv) B(C6F5)3 (1.1) " " " " " " " " " m a n u s c r i p t Temp (°C) Active sites Count method 25 2 H quench-labelling 20 ; 0 ; 25 " 25 " " " 25 " " " " " " " " " " "	[C*]/[C]0 (%) 16 83 ; 70 ; 50 40 20 52 58 58 47 40 67	Ref [55] [57] [52] [55] [54] [54] [54] [52] [55] [54]
		16-Zr (300) 16-Zr (500) " " 16-Zr (250) 16-Hf (300) 17-Zr (300) 18-Zr (300) 19 (300)	" H (1.0) H (0.03) H (0.5) " " H (0.6) " H (0.09) A c c e p t e d " " " " " " " " "	20 ; 0 ; 25 " " " " " " 17 ; 22 ; 35	" " " " " " " " "	50 ; 50 ; 45 22-45 70 43-67 39 50 50 54 ; 70 ; 44 83 c	[57] [51] [51] [51] [51] [52] [53] [57] [56]

a Polymerizations conducted in toluene. b E = ethylene, P = propylene, H = 1-hexene, O = 1-octene. c Polymerization conducted in bromobenzene; d Different introduction protocols of AlR3 were used; see text.

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).

A c c e p t e d m a n u s c r i p t Scheme 13. Isomerization between the active (CAPS) and dormant form (TIPS) observed for catalysts derived from 17-19 [START_REF] Ciancaleoni | Activation of a bis(phenoxy-amine) precatalyst for olefin polymerisation: first evidence for an outer sphere ion pair with the methylborate counterion[END_REF].

Compound 22, which belongs to the same family as 19-21, was evaluated by twodifferent 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 ( * = 39%) at 12 °C than at 6 °C (16%) [START_REF] Ciancaleoni | Structure-Activity Relationship in Olefin Polymerization Catalysis: Is Entropy the Key?[END_REF]. 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.