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Abstract

Chain shuttling copolymerization (CSP) is a modern polymerization technique that allows
in a one-step procedure the access to multiblock microstructures of statistical copolymer blocks
of different composition, providing notably new thermoplastic elastomers. The process involves
the shuttle of a growing copolymeric chain between two catalysts showing different reactivity
ratio vs. the comonomers. The complexity of the active species formed in the presence of two
catalysts and a chain transfer agent can give rise to unexpected reactivities. They are presented
and discussed in this contribution, including their possible origin when provided and the

consequences regarding the design of catalytic systems for CSP.



Introduction

The discovery of Ziegler Natta catalysis has led to a tremendous development of
polyolefins and synthetic polydienes in the last 50 years. The advent of homogeneous catalysis
has led to new concepts™™ for the design of the microstructure and architecture of these polymers.
Among them, significant interest has risen on chain shuttling copolymerization (CSP) since its
discovery in 2006.% The process based on coordinative chain transfer polymerization (CCTP*®)
involves a shuttle of growing copolymeric chains via a chain transfer agent between two catalysts
exhibiting different reactivity ratio towards the two monomers. This leads, under favorable
conditions, to unique materials exhibiting a multiblock microstructure of statistical copolymeric

blocks of different composition.
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Scheme 1. Ethylene/1-octene chain shuttling copolymerization.® M; represent transition metals
allowing propagation, L; ligands and CTA the chain transfer or chain shuttling agent.



The studies reported in this field until now were devoted to the search for and
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development of new catalytic combinations,” ™" to modeling studies on the reaction kinetics and

15-20 21-23

microstructure formation and to the study of the properties of the resulting materials.

Several highlight articles were also proposed to the community.?*?®

Although highly promising, a spectacular development of the field is probably hampered
by the difficulty encountered in finding a good match between catalysts and chain shuttling
agents. For instance, more than 1600 polymerization experiments were realized by high
throughput screening before finding an appropriate catalytic combination and optimized
conditions.®> If some trends have been provided for finding a good match between a

polymerization catalyst and a chain transfer agent,?*%

much less is known about more specific
factors enabling chain shuttling copolymerization. This is probably to ascribe to an even more
complex nature of the active species and the interactions occurring in the presence of two
catalysts. This can lead in some cases to substantial deviations from the behavior than can be
expected considering the two catalysts separately and to unexpected reactivities.

The objective of this contribution is to highlight these unusual effects by providing a
report of the systems where they were observed and when possible an explanation of their origin.

We hope that this discussion will help scientists interested in the quest for new catalytic systems

and comonomers combinations for CSP.
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Scheme 2. Precatalysts used for chain shuttling copolymerization
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Experimental observations of deviations from average behavior in CSP.

Chain shuttling copolymerizations were realized so far starting from ethylene / 1-alkene
as well as styrene / conjugated diene comonomers combinations. Two catalytic systems
comprising diethylzinc as the chain shuttling agent were reported considering the former
comonomers: (i) a bis(phenoxyimine)-Zr 1 / pyridylamide—Hf 2 association and (ii) a Hf based
precatalyst 3 in combination with two different co-catalysts, a borate [PnNHMe;][B(C¢Fs)4] and a
borane B(CgFs)s. If both systems leads to a behavior in CSP that can be predicted from that of the
catalysts taken separately, deviations from the expected average behavior were reported in early
studies® using the zirconocenes 4 and 5 combined to methylaluminoxane (MAQ). The activity of
the ethylene / 1-hexene copolymerization mediated by Cp*,ZrCl, (5 — low 1-hexene
incorporation, Cp* = pentamethylcyclopentadienyl) is ca. 6 times lower than that mediated by
(1,2,4-MesCp)2ZrCl, (4 — high 1-hexene incorporation — Cp = cyclopentadienyl). This lower
activity is explained by the accumulation of Me,Al-Polymer moieties in the reactor that
coordinate on the catalyst, leading to its deactivation. This lower activity is explained by the
accumulation of Me,Al-Polymer moieties in the reactor leading to a deactivation of the catalyst.
When both catalysts are mixed together, the Me,Al-Polymer moieties do not accumulate as they
are removed via chain transfer to 4. The deactivation of Cp*,ZrCl; 5 is thus significantly reduced
in the dual catalytic system, leading to an enhancement in activity. This results in a copolymer
with a 1-hexene incorporation ca. 30% lower than the average determined considered the 6-fold
higher activity of 4 vs. 5.

The scandium half-sandwiches based catalytic systems developed for isoprene-styrene
CSP* provides another example. Indeed, if the (CsMesSiMes)Sc(CH,SiMes),(THF) precatalyst
(6 — THF = tetrahydrofuran) combined to 1 equiv. of [PhsC][B(CsFs)4] leads to the statistical

copolymerization of isoprene and styrene,® its combination to 7 or 8 and AlI'Bus as chain



shuttling agent for the CSP of the same comonomers leads to a multiblock microstructure of
polyisoprene and polystyrene homopolymers.*? In other words, there is a critical change of the
copolymerization reactivity ratio of the comonomers as compared to the behavior of the single
catalysts. Similar but less impressive changes in reactivity ratio were also observed in the course
of the isoprene-styrene CSP mediated by Cp*La(BH,)2(THF), (9 — low styrene incorporation) /
[(CsH4sCMe),Nd(BH4)2]:Mg(THF); (10 - high styrene incorporation) associated to
butylethylmagnesium.** The resulting multiblock microstructure of amorphous statistical
copolymer was composed of soft and hard blocks, with a glass transition temperature of -15°C
for the former and 40°C for the latter. The individual catalysts taken separately leads to statistical
copolymers exhibiting glass transition temperatures around -50°C for 9 and +2°C for 10 starting
from the same feed. This implies that the incorporation of styrene is significantly higher both in
the hard and in the soft blocks under CSP conditions. Modelling studies have led to unexpected
and sometimes surprising trends, and may bring some highlights toward reactivity changes in

CSP.

Theoretical modeling of CSP
Modeling studies reported so far were devoted to the analysis of copolymer

1518 molecular weight distribution,’® length of the blocks,*” distribution of the

composition,
number of blocks per chain'® and to more fine microstructure analysis and its evolution during
the polymerization.**? It has notably been shown that the Mayo-Lewis equation®** may no longer
be able to describe the composition of the copolymers formed instantaneously by each catalysts
in CSP systems operating in a continuous stirring tank reactor (CSTR).™ This may arise when the

chain transfer rate is substantially higher than the propagation rate, and may not be the case when

a single catalyst is used in the presence of a chain transfer agent. As a consequence, the



composition of the blocks in a multiblock microstructure resulting from CSP may differ from
those of the statistical copolymers obtained using the catalysts separately. From this finding, and
considering the aforementioned similar experimental results obtained under batch conditions, it
can be concluded that it is difficult to predict / foresee the microstructure and resulting properties
of a multiblock copolymer made by CSP from the composition of the blocks formed by the two
catalysts separately.

The influence of the relative amount of catalysts in the reactive medium shows also some
particular effects.’® Considering the system developed by Dow, the Hf based catalyst 2 inserts
more 1-octene in the copolymer than 1. From modeling studies,™® the increase of the ratio of 2 in
the feed leads to an increase of the overall octene content, but to a decrease of the octene content
in the soft block. This is due to a decrease of the octene concentration in the reactor due to a
higher consummation in the presence of more 2. The weight fraction of soft blocks does in turn
increase. The influence of the catalyst concentration on the composition of the blocks can thus be
counter-intuitive, as also observed experimentally.** Finally, even if not predicted theoretically,
changes in apparent copolymerization reactivity ratio are also observed for single catalyst / chain

transfer agent combinations, as discussed in the next section.

Unexpected reactivities observed in coordinative chain transfer copolymerizations
(CCTcoP)

Changes in reactivity ratio upon introducing aluminum alkyls chain transfer agents in the
course of the statistical copolymerization of ethylene and norbornene mediated by the Zr based
catalyst 11 combined to MAO were reported.®® Significant entries are reported in Table 1.
Adding 200 equiv. AIR; (R=Me, Et) to 11 / MAO leads to an important increase of norbornene in

the copolymer, which reduces upon increasing quantitites (400 and 600 eq.). Using 12 instead of



11, the addition of AIR; as chain transfer agent did not induce substantial changes of the
composition. Rare earth borohydrides associated to magnesium dialkyls were also widely used
in CCTP,***! and notably neodymium precatalysts for isoprene-styrene CCTcoP. Representative
examples are given in Table 1. It can be seen that in the presence of 1 equiv. dialkylmagnesium,
the more the bulkiness of the ligand, the highest the reactivity ratio of styrene in the course of the
statistical copolymerization. When the reaction is conducted in the presence of excess chain
transfer agent in CCTP conditions, substantial changes of the reactivity ratio are observed. For
instance, the amount of styrene inserted in the copolymer using 13 and 14 associated to 10 equiv.
chain transfer agent is higher by a factor close to 3 to that observed in the presence of 1 equiv.
magnesium dialkyl. This CCTP induced changes in reactivity ratio becomes less important as the
bulkiness of the ligand increases (see 15), with no changes observed using the ansaneodymocene
10. Steric hindrance as well as chain growth on the magnesium atom have been advanced to
explain these effects. It should finally be noted that (i) several studies dealing with CCTcoP did
not report significant changes on the copolymerization reactivity ratio,® and (ii) theoretical
modeling in a CSTR™ does not predict such changes in the case of a single catalyst / chain

transfer agent mediated statistical copolymerization (CCTcoP).



CTA? Feed” M, Copolymer

Precatalyst Type | Eq. | M1 | M2 By | M17 | M2°
(g/mol) (%) | (%)
- 0 87200 | 31 | 83 | 7
200 33600 | 7.2 | 77 | 23
— 35
Zr—Cl+ MAO 11 400 29200 | 6.8 | 89 | 11
Cl (2000 eq.) AlEt;
600 | £t | Nor | 27200 | 65 | 91 | 9
R= 'BuMe,SiO-
- 0 | 9% | 91% | 24900 | 2 | 58 | 42
200 11400 | 1.7 | 57 | 43
Zr—Cl + MAO 15%
Cl (2000eq) AlEt; | 400 8900 | 16 | 55 | 45
600 7900 | 1.6 | 54 | 46
BH, 1 47300 | 1.7 | 87 | 13
THF, /
~Nd- i THF 37
(BHg)~ N 13 10 3100 | 1.8 | 68 | 32
THF  (BH,)
: 1 54600 | 1.4 | 89 | 11
147 5 15800 | 2.1 | 81 | 19
(BHg)~Nd - THF 10 7100 | 20 | 71 | 29
THF  (BH,) "BuMgEt Ip | St
tBu 1 8000 | 36 | 70 | 30
50% | 50%
tBu
36
15 5 3000 | 1.8 | 61 | 39
tBu
. 1 45300 | 1.6 | 50 | 50
\ «BH4
A Nd 10%
Yy vBH4 Mg(THF), 10 10700 | 1.8 | 48 | 52

2

Table 1. Zirconocenes and neodymium borohydrides based catalytic systems reported for
CCTcoP.2 CTA is the chain transfer agent, eq. = equivalent per Zr or Nd; ® Et = ethylene, Nor =
norbornene, Ip = isoprene; St = styrene; ¢ determined by size exclusion chromatography; ¢

determined by NMR spectroscopy



Conclusion

Unexpected reactivities can be observed in the course of chain shuttling
copolymerizations. Substantial increase in the activity of the polymerization was observed and
attributed to the scavenging of deactivating metal-polymer moieties via transmetallation between
the two catalysts. Copolymerization reactivity ratio in chain shuttling copolymerization can also
differ from those observed considering the catalysts individually. An important consequence is
that the microstructure and thus the resulting properties of a multiblock copolymer made by CSP
can not necessarily be predicted from the composition of the statistical copolymers formed by the
two catalysts separately. In addition to experimental evidences of this phenomenon, theoretical
modeling of CSP in a CSTR predicts such deviations when the transfer rate becomes higher than
the propagation rate. Finally, changes in reactivity ratio can also be observed in the course of a
statistical copolymerization conducted in the presence of a single catalyst and a chain transfer.
These latter are not predicted by theoretical modeling in a CSTR, and steric effects and growth of
the polymer on the chain transfer agent have been proposed to explain their origin. The unusual
reactivities observed in chain transfer copolymerizations may finally also find their origin in a
complex nature of the active species in multicomponent catalytic systems. The application of
theoretical chemistry approaches such as DFT may certainly bring an additional view angle

beneficial for the further development of the field.
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