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Transition Metal Mediated Controlled Polymerizations of 1,3-Dienes, and Main Chain

Fluorinated Monomers; Towards the Synthesis of Complex Macromolecular Structures.

Christopher P. Simpson, Ph.D.

University of Connecticut, 2014

Abstract

This thesis focuses on the advancement and development of new polymerization
methodologies for the controlled radical polymerizations of 1,3-dienes, (2-methyl-1,3-butadiene,
1,3-butadiene, 2,3-dimethyl-1,3-butadiene) and main chain fluorinated monomers, as well as
the ability to synthesize well defined block copolymers thereof.

The effect of the reaction variables in the Cp,TiCl-Mediated controlled radical isoprene (2-
methyl-1,3-butadiene) polymerizations initiated by epoxide radical ring opening (RRO), was
investigated over a wide range of conditions ([Cp,TiCl,]/[epoxide] = 1/1-6/1, [Cp,TiCl,]/[Zn] =
1/0.5-1/8, [isoprene]/[epoxide] = 20/1-1000/1, T = 70-130 °C in THF and dioxane), to reveal a
linear dependence of molecular weight on conversion, linear first-order kinetics and moderate
polydispersities up to high conversions, with an optimum in initiator efficiency, rate and
polydispersity for [epoxide]/[Cp,TiCl,]/[Zn] = 1/3/6-1/4/8 at 90 - 110 °C. NMR studies
demonstrated the epoxide initiation and the stereoselectivity of a conventional radical
polymerization. Furthermore, random and block copolymers with styrene could also be
obtained. This methodology was then expanded, using the optimum conditions, to initiation via
single electron transfer (SET) reduction of aldehydes as well as halide abstraction. Subsequently,
the three initiating systems were shown to work with both 1,3-butadiene and 2,3-dimethyl-1,3-
butadiene. This system was then examined with the main chain fluorinated monomer vinylidene

fluoride (VDF), and a series of epoxides, aldehydes, halides and peroxides, known to initiate
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both styrene and diene polymerizations in the presence of Cp,TiCI®, were tested as potential
room temperature VDF initiators. However, regardless of reaction conditions, no polymer was
obtained. This is most likely due to the incompatibility of solvents appropriate for Cp,TiCl,
reductions with those conducive of VDF polymerizations. Thus, polar solvents appropriate for
Cp,TiCl, are strong chain transfer agents towards VDF (dioxane, THF, diglyme, acetone), while
solvents that limit chain transfer to PVDF®, react with Cp,TiCI®.

Finally a series of transition metal carbonyl complexes (Re,(CO)i5, Mny(CO)1o, Cp,W,(CO)s,
Cp,Mo0,(CO)¢, Fe(CO)s, Cp,Fe,(CO),, Cp*ZCrz(CO)4, Co,(CO)s Mo(CO)e, Cr(CO)g) in conjunction with
alkyl or perfluoroalkyl halides (CHs(CH,)sCl, CH3(CH,)sBr, CH3(CH,)sl, CHsl, CCly, CCl3Br, CF3(CF,)sl
CI(CF,)sCl, Br(CF;)¢Br, and I(CF,)¢l) were evaluated in the initiation and respectively control of
vinylidene fluoride (VDF) polymerization. Perfluoroalkyl iodides (Rgl = CF3(CF;)sl, [(CF,)gl)
mediated the VDF controlled radical polymerization (CRP) via iodine degenerative transfer (IDT).
The fastest rates were observed with Rl used in conjunction with Re,;(CO);p and Mn,(CO)qo. A
selection of the metal complexes were then evaluated in the PVDF-I activation, where Re,(CO)4q
Mn;(CO)1, Cp,W,(CO)s, Cp,Mo0,(CO)s, and Cp,Fe,(CO), provided complete activation of both
PVDF-CH,-CF,-1 and PVDF-CF,-CH,-lI chain ends and were subsequently used towards the
synthesis of well-defined block copolymers with vinyl acetate, t-butyl acrylate, methyl

methacrylate, isoprene, styrene, and acrylonitrile, from their respective metal carbonyls.
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Chapter 1. Introduction: Transition Metal Mediated Controlled Radical
Polymerizations of 1,3-Dienes, and Main Chain Fluorinated Monomers:
Towards the Synthesis of Complex Macromolecular Structures.

1.1 General Background on Polymers and Polymerization.

A polymer can be described as “a molecule of high relative molecular mass, the structure of
which comprises the multiple repetitions of units derived, actually or conceptually, from
molecules of low relative molecular mass”* or macromolecules, with small repeat units bonded
to each other with covalent bonds.> These smallest subunits are referred to a monomers.
Typically, this number of repeat units range from a small number (2 = dimer, 3 = trimer, 4 =
tetramer >4 = oligomer) up in to the hundred thousands, yet there seems to be no standard
accepted number of units where a material crosses from a oligomer into a polymer. The
reactions by which covalent bonds are formed between monomers is referred to as
polymerization. These materials can be a product of nature (i.e. rubber, protein, DNA) or
synthetic (polystyrene, polyurethanes, polyesters), and have been studied as early as the
nineteenth century, although commercial availability did not begin until the early twentieth
century.? It wasn’t until the 1920’s-30’s that acceptance was garnered of what polymers in fact
were, allowing for progress in their synthesis and development. During this time, development
of methodologies and catalysts, which allowed for greater control of the materials generated
was accomplished. As such, currently, the structure-property relationship and advances in
processing and applications,” has led to tremendous growths in production of polymeric
materials, and propelled the industry to one of the fastest growing and largest in the world.

There are two typical classification of polymers, although sometimes the terms in each are

seen being used interchangeably. The first is based on the structure of the polymer while the



other, on the mechanism of polymerization.2 Wallace Hume Carothers in 1929°, devised the first
differentiation of polymers by structure, into condensation and addition polymers, and this was
based on the “compositional difference between the polymer and the monomer(s)”.
Condensation polymers are formed from difunctional(polyfunctional) monomers (e.g. diol,
diacid) through a condensation reaction, coupled with the elimination of a small molecule with
each addition.(e.g. water) Prototypical examples of condensation polymers are the polyamides

and polyesters, that are formed from the reactions of diamines or diols with a diacids,

eliminating water (eq. 1-2).

nHo,N—R—NH, + nHOClil—R'—C|ZOH — H{—H—R—H—?—R—C%OH + (2n-)H,O (1)
| n
o O o (@]

nHO—R-OH + nHOClll—R'—C|:OH — H{—O—R—o—ﬁ—R—ﬁ%OH + @n)H0 ()
| n
O O O O

Scheme 1.1. Typical Examples of Polycondensations Reactions.

Addition polymers, are those formed without the loss of small molecule, where the repeat unit
has the same composition as the monomer, generally formed by the polymerization of vinyl

monomers. (e.g. polystyrene)

nCH,=CH ——> %CHZ-CH%
< 0"

Figure 1.1. Example of Addition Polymerization with Styrene



The second classification, via mechanism of polymerization, can be divided in to two types;
step-growth and chain polymerizations. While these two classifications are often confused with
one another, (i.e. condensation with step and addition with chain), it should be noted that
condensation-addition classification is based solely on the composition or polymer structure.?
This more recent terminology being based on the mechanism of polymerization describes how
the materials are made. The distinguishing features between these two polymerization types
lies in the dependence of the polymer molecular weight with respect to conversion. (Figure 1.2)
In step growth, the difunctional monomers couple with each other to form a dimer, and then
with another monomer unit to form a trimer then tetramer, etc. This mechanism of
polymerization yields very low molecular weight materials through the entire process until a
very high conversion is reached. This relationship is governed by the equation relating the
degree of polymerization (DP) to 1/(1-C), i.e. at 90% conversion there is only a DP of 10 or at
99% there is a DP of 100. For typical chain growth mechanisms where the monomer unit is
added sequentially to the growing polymer chain, there is an immediate production of high
molecular weight polymer, and for typical free radical polymerization this molecular weight
stays constant throughout the reaction until all monomer is consumed. This is because of
unavoidable chain terminating processes (mainly irreversible bimolecular coupling), occurring
during the polymerization. In addition, both step-growth and chain polymerization exhibits
broad polydispersity indices (PDI), (Figure 1.2) which is a measure of uniformity in the polymer
chain

Although these types account for most industrially synthesized polymers, the poor control
of the highly reactive species in step-growth polymerization and the irreversible bimolecular
termination or chain transfer reactions in chain polymerization typically lead to uncontrolled

molecular weights and broader polydispersity (PDI >2).
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| Chain =
Mw | Mw/Mn
Living | \ T2
/ wg Step/
/ — =
;"I _,——/é—_-—-—_—'""__ L1
b4
/ Step Growth .~
0o 1 0 1
Conversion Conversion

Figure 1.2 Dependence of Molecular Weight (left), and Mw/Mn (right) on conversion of step,
chain and controlled polymerizations.

A unique type of chain growth polymerization was developed by Szwarc in 1956° known as
living anionic polymerization. lengths for a given system. Living polymerizations proceed via fast
initiation of all polymer chains followed by propagation without termination reactions. Thus the
molecular weight increases linearly with conversion and polydispersity (PDI) remains low (Figure
1.2). The development of living polymerization was very desirable as the “living” nature of the
growing polymer chains allows for the generation of highly functionalized materials used
towards block copolymer synthesis. However, extremely stringent experimental conditions were
necessary for ionic polymerizations to prevent unwanted side reactions, thus limiting its

industrial applications.

1.2 Controlled Radical Polymerizations

Typically in radical polymerizations there are various reactions taking place in addition to
the initiation and propagation (chain growth) of the polymer. These other irreversible reactions
are bimolecular termination and chain transfer. Their effect on the polymerization is a decrease
in the lifetime of the propagating radicals species and an uncontrolled system. As discussed,
polymerizations without the usual termination reactions would be highly worthwhile, as they
lengthen the lifetime of the propagating radicals, and allow for the synthesis of block

copolymers.?



The contribution of Szwarc to the field of polymer chemistry with the living anionic
polymerization of styrene and other vinyl monomers®™ provided a unique methodology for the
synthesis of an array of polymers in a controlled fashion.” This proved effective in synthesis of
star, telechelic, block and graft copolymers.’ As such it inevitable led to a renaissance of the field
of radical polymerizations,’** and in 1990s new methods for controlled radical polymerizations

were developed.'*"’

These techniques can be divided into a few distinct groups; atom transfer
radical polymerization (ATRP), stable free-radical polymerization (SFRP) and reversible addition-
fragmentation chain transfer (RAFT).>' Which are based on atom transfer, dissociation-
combination and respectively degenerative transfer mechanisms (scheme 1.2) and are known
11,18

as reversible-deactivation radical polymerizations (RDRPs).

1. Atom Transfer Mechanism
Pi—X + A" e2—>= I:)n. +  AMIX

Q/I)(Propagation)

2. Dissociation-Combination Mechanism

PP~X «—>_ P, + X'
M /(Propagation)

3. Degenerative Transfer Mechanism

Po-X + Py =——= P’ + P,-X

Scheme 1.2. Mechanisms of RDRPs.

ATRP typically involves the use of a metal halide catalyst in a lower oxidation state (Mt") in
conjunction with an alkyl halide initiator to generate an initiating species and the metal halide in
a higher oxidation state. The metal halide catalyst can actively undergo redox reactions with the
propagating polymer chain ends thus reversibly trapping the growing chains.”® The limitations to
this technique, include toxicity of some metal catalyst, required purification, an intolerance to
oxygen, have led to development of variations on the original ATRP. These include, initiator for

continuous activator generation (ICAR), activators generated by electron transfer (AGET), and



activators regenerated by electron transfer (ARGET).”> SFRP comprises the use of a stable
radical, typically nitroxides such as the 2,2,6,6-tetramethyl-1-piperidinoxyl radical (TEMPO) as a

deactivator.”>**%

One method in SFRP uses the thermal decomposition of alkoxyamine into a
reactive radical and a stable radical, while the other employs a conventional radical initiator
such as AIBN in conjunction with TEMPO.? Finally, RAFT polymerization functions via
degenerative transfer using dithioesters ( xanthates, trithiocarbonates) and other derivatives as
a transfer agent in addition to conventional free radical initiators.>***® In a RAFT polymerization

the polymer molecular weight is controlled by the ratio of the monomer to RAFT agent and

thermal initiator used.

1.3 Cp,TiCl mediated CRP of dienes

While the applications of early transition metals (ETM) in [-olefin coordination
polymerizations®® and organometallic reactions * have long been established, the unique
advantages offered by the radical chemistry of Ti have only recently been recognized, ** and this
area of research has since witnessed a sustained growth,** currently emerging as a powerful
new strategy in organic synthesis. Thus, a representative example, the soluble, lime-green
paramagnetic Cp,Ti(Il)CI** complex, inexpensively synthesized in situ by the Zn reduction of
Cp,Ti(IV)Cl,>* is a very mild one electron transfer agent and catalyzes a variety of radical
reactions™ including the radical ring opening (RRO) of epoxides.*

We have recently extended the use of Cp,TiCl to polymer chemistry and introduced both
epoxides® and aldehydes®” as novel classes of initiators for radical polymerizations. The first
examples of an ETM-catalyzed LRPs were demonstrated for styrene with initiation®® from
epoxide RRO,* aldehyde SET reduction,®” redox reactions with peroxides37b as well as halide
abstraction.® This methodology was also applied in the synthesis of branched and graft

copolymers.*



While the ligand effect was thoroughly investigated in ETM-catalyzed coordination
polymerizations, it is less documented for radical processes. Thus, in our efforts to optimize Ti-

f

LRP, the effect of Iigands,%b’d reducing agents,*®® solvents and additives,*® as well as reagent

%6ef was also investigated. This study revealed the superiority of

ratios and temperature
sandwich metallocenes over alkoxide and half-sandwich ligands, as well as the relatively weak
influence of the substituents on the Cp ligands. Gratifyingly, the most promising catalyst
(Cp,TiCl,) was also the least expensive one.>®®

Polymers derived from 1,3-dienes, such as isoprene, butadiene, and chloroprene are
industrially relevant.* However, their controlled synthesis is typically accomplished only by
anionic* or coordination®” methods which require stringent conditions and limit the range of
initiator functionalities. While ATRP works exceptionally well with styrene and (meth)acrylates

* or VCI* has proven troublesome and, with the notable

its extension to dienes,44 VAc,
exception of nitroxide®” and RAFT reagents*, metal catalyzed LRP methods have failed to
control isoprene polymerizations. Thus, as transition metal catalysts appear to be conspicuously

absent from the available isoprene LRP methods, we decided to investigate the potential of the

Cp,TiCl/epoxide system in this application.*

1.4 Metal mediated CRP of fluorinated monomers

The typical used well established CRP methodologies were applied to the polymerization of
vinylidene fluoride. However, all attempts for this CRP were unsuccessful. While CRP was
claimed with boranes/oxygen initiator in the terpolymerization of VDF, TrFE and CTFE,* several
efforts to duplicate the method for the homopolymerization of VDF have proved fruitless.
Although other monomers like styrenes and (meth)acrylates containing (pendant) fluorinated

groups>*>* have been successfully polymerized using ATRP, NMP and RAFT methodologies,



extension of this to main chain fluorinated monomers such as VDF has been troublesome and
futile.

Considering the Cp,TiCI>>, a mild one electron transfer agent, is available in situ by Zn
reduction of Cp,TiCl,>® and catalyzes a variety of radical reactions®, including epoxide radical
ring opening RRO,>® aldehyde SET reduction and halide abstraction, our group have perfected its

use in the CRP of styrene and dienes®**"%

initiated by epoxides, aldehydes, halides , and
peroxides.
We extended the same chemistry to VDF®® with a series of epoxides, aldehydes, halides and

peroxides (scheme 1.3), known to initiate both styrene and diene polymerizations in the

presence of Cp,TiCl®, as potential room temperature initiators for VDF.

' k ®
2Cp,Ti(IV)ICl, +  Zn —4 > 2cp,Ti(lNCl + 2ZnCl, e
1 2 3 4
VAN '
Cp,CITi(IV)-OCH,CHR (2
R z Krro p2CITi( )6 2 (2
[ )
Cp,CITi(IV)-OCHRCH,  (3)
(o] 6'
Vi
R ‘ .
7 SET o Cp,CITi(IV)-OCHR @
[ ] &
Cp,Ti(cl R—X N
3 8 ab Cp,TiIVICl, + R (5)
1 6"
A k . [ ] [ ]
R—R 3 cpTigmcl + 2R (6)
9 3 6"
Kk [ ]
[ ed% Cp,CITIV)-R + R (7)
10 6"
kP [ )
6,6,6", 6" + NCH=CF, —— ~P, ®)
11 12
° ° Kd ' 9)
~Pn +  Cp,Ti(lNCl —~‘—k ~P,-Ti(IV)Cp,Cl
kva 3 a 13

® kex ._p.
~Pn + ~Pp-Ti(IV)Cp,Cl =—===~P,-Ti(IV)Cp,CI * ™ ) (10)
Ko, M 14' Kex 14 K M

Scheme 1.3. Cp,TiCl-mediated VDF polymerization mechanism.



As the most effective methodology to CRP of fluorinated monomers,* is based on iodine
degenerative transfer®™® (IDT: P,® + Py-l == P,-l + P,®), on one of the oldest reported CRP
methods.?® Typically involving the use of a free radical initiator in conjunction with polyhalides
especially (per)fluorinated iodine chain transfer (CT) agents at high temperatures(T = 100-250
°C).5”7*  Unfortunately this technique lacks the capability to synthesize well defined block
copolymers, as it leads to ill-defined mixtures of homo and block (co)polymers upon sequential
addition of other monomer(s).

Therefore the need for a more effective chemistry is necessary not only for the controlled
homopolymerization of fluorinated monomers (VDF), but also one that can garner the synthesis
well-defined of block copolymers. Presented is thus the recently demonstrated use of

photolyzable Mt,(CO)1o/Re-1”? (chapter 4) as well as copper assisted photo-iniferter (chapter 5)

systems are indeed very successful for VDF-CRP and synthesis of block copolymers.
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Chapter 2: Cp,TiCl-Mediated Controlled Radical Polymerization of Dienes Initiated by Epoxide
Radical Ring Opening, Single Electron Transfer-Reduction of Aldehydes, and Halide
Abstraction.

The effect of reaction variables in the Cp,TiCl-Mediated controlled radical isoprene (2-
methyl-1,3-butadiene) polymerizations initiated by epoxide radical ring opening (RRO), was
investigated over a wide range of conditions ([Cp,TiCl,]/[epoxide] = 1/1 to 6/1, [Cp,TiCl,]/[Zn] =
1/0.5 to 1/8, [isoprene]/[epoxide] = 20/1 to 1000/1, T = 70 to 130 °C in THF and dioxane), to
reveal a linear dependence of molecular weight on conversion, linear first-order kinetics and
moderate polydispersities up to high conversions, with an optimum in initiator efficiency, rate
and polydispersity for [epoxide]/[Cp,TiCl,]/[Zn] = 1/3/6 to 1/4/8 at 90 - 110 °C. NMR studies
demonstrated the epoxide initiation and the stereoselectivity of a conventional radical
polymerization. Furthermore, random and block copolymers with styrene could also be obtained.
This methodology was then expanded, using the optimum conditions, to initiation via single
electron transfer (SET) reduction of aldehydes in addition to halide abstraction. Subsequently
each of the three initiating systems, RRO, SET-reduction, and halide abstraction, were shown to

work with both 1,3-butadiene and 2,3-dimethyl-1,3-butadiene.
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2.1. Introduction

Natural rubber has been processed and used as far back as 1600 BC by ancient
Mesoamerican peoples.' Their source of this natural rubber was an emulsion secreted from
certain plants such as the Castilla elastica tree. From this point in history the processing and use
of natural rubber (cis-1,4-polyisoprene) has expanded greatly, but had limitations. In 1839 when
Charles Goodyear discovered the vulcanization process, the use of natural rubber increased
dramatically. Up to this point all or most the rubber used was harvested from various plants
(hevea brasiliensis). It was not until the early to mid-20" century did the necessity for the
production of synthetic rubber come into play. It was around this time that the world was
engaged in the two world wars, cutting off the supply of natural rubber from many of the
industrialized nations. It was here when the importance of developing synthetic means of
producing polyisoprene became prevalent. Even more so was the need to develop synthetic
methods for the controlled polymerization of 1,3-dienes. This came about in the 1930’s in
Germany with the advent of the Buna-S styrene butadiene copolymer via anionic methods. The
research into controlled polymerization of 1,3-dienes was furthered when the Zeigler-Natta type
coordination catalysts were developed in the 1950’s and later by metallocene complexes® which
provided great stereo control and living character and allowed for the synthesis of the various
types of polydienes.

This polymerization of 1,3-dienes, is an important process in both academia and industrial
settings® today. Products such as cis-1,4-polyisoprene, a synthetic version of natural rubber,
trans-1,4-polyisoprene as well as styrene, isoprene, butadiene, and isobutylene copolymers are
widely produced commercially. Two billion pounds of the cis-1,4-polyisoprene are used each
year in the United States alone® and it is present in items such as gloves, molded objects,

adhesives, rubber bands, tires, footwear, and sporting good just to name a few. Trans-1,4-
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polyisoprene a crystalline polymer used as a thermoplastic due to its relatively high Tg, and T,
can be found in use in golf balls and orthopedic devices.* There are also the various copolymers
specifically synthesized depending on the physical requirements of the final product, typically
synthesized via anionic or coordination methods. However, as research into controlled radical
processes has surged due to the higher flexibility and lower cost, one can see the importance of
developing a catalytic system that can produce these immensely valuable polymers effectively
and cost efficiently.

Polymerization of conjugated dienes such as isoprene, 1,3-butadiene, and 2,3-dimethyl-1,3-
butadiene has been performed traditionally using various synthetic methods such as radical,
anionic®, and coordination® polymerizations. More important is the controlled polymerization of
these materials. This is typically accomplished by anionic polymerizations using organolithium
reagents or via coordination methods employing Ziegler-Natta® or metallocene® catalysts. These
systems have been widely used as they can produce regioregular polymers. This is one of the
great advantages of these methods as the physical properties of the material depend greatly on
the microstructure. The use of TiCl,, VCl;, or titanium alkoxides, in conjunction with alkyl
aluminum produce respectively cis-1,4-, trans-1,4-, and 3,4-polyisoprene® while organolithium
reagents produce highly cis-1,4-polyisoprene (anionic).” However, there is an inherent problem
with these types of reactions, as they require very stringent synthetic conditions, and on
intolerant of additional functionalities on the monomers/polymer. Thus, the solvents,
monomers, and other reagents must be of the highest purity, and the reactions must be
performed in an inert atmosphere usually at very low temperatures to afford any control and
narrow molecular weight distributions. Moreover, the transition metal catalysts used in these

reactions are either specially synthesized requiring multi-step reactions or extremely expensive
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when available commercially. To avoid these issues, and give a more robust means of
polymerizing conjugated dienes, radical methods can be employed.

Since their inception in the mid-90s, controlled radical polymerizations (CRP) have
undergone a remarkable development and have become one of the most useful and dynamic
synthetic methods in modern polymer chemistry.” The ability of CRP to control molecular
weight (M,) and polydispersity (M./M,) while requiring considerably more user-friendly
reaction conditions vs. water sensitive ionic and coordination polymerizations has greatly
benefited the polymer synthesis toolbox and has enabled its wide use in the synthesis of
complex macromolecular structures. Accordingly, such CRP applications have motivated
extensive efforts in the development of novel catalytic systems. These systems are generally
more tolerant of initiator functionality, solvent polarity, temperature, and of trace impurities.
The ability of CRP to control molecular weight and polydispersity via a reversible termination of
propagating chains has enabled its wide application in the synthesis of complex macromolecular
structures.®

It is currently accepted that the polymerization livingness/control is afforded by the
reversible termination of the growing chains with persistent radicals’ or degenerative transfer
agents and that mechanistically™®, CRP occurs by atom transfer (ATRP), dissociation-combination
(DC) or degenerative transfer (DT) processes. Catalyst-wise, organic derivatives such as
nitroxide™ and iodine™ or sulfur-based transfer agents™ mediate CRP via DC and respectively
DT, while organometallic complexes ** of Co™, Te'®, Sb*®, Bi**, Mo*"?, and Cr*’® may favor both
DC and DT pathways. Finally, late transition metal halide persistent radicals® (Cu, Ni, Fe, Ru,
etc)”***® have proven very successful in ATRP.

As such these paramagnetic metal systems utilizing the persistent radical effect have proven

very successful in controlled radical polymerizations mediated by atom transfer (ATRP) or

17



dissociation-combination (DC). These systems typically employ only activated halides or thermal
initiators. The radical methods will generally give a mixture of the various modes of addition
(1,2-, 3,4-, 1,4-cis and trans). As the properties correlate with the microstructure, this is one
drawback to this synthetic approach. While atom transfer radical polymerization works
extremely well with styrene and (meth)acrylates etc., its use with dienes® has been
problematic, yielding little to no conversion. This has been attributed to the poor solubility of
the typical CuBr/amine catalyst/ligand system, low concentration of active radical species, and
the chelation of the copper catalysts by the diene monomers®. These monomers can however
be polymerized by degenerative transfer (DT) or the dissociation combination (DC) mechanisms.
Thus, reversible addition fragmentation transfer (RAFT)*' can produce relatively narrow
molecular weight distributions (1.2-1.4); however they generally fail to achieve high conversions
with typical values < 20% and molecular weights < 5,000%°, although there were some reports of
higher conversions and molecular weights, the molecular weight distribution was considerably
broader.”> By contrast, nitroxide mediated polymerizations®®> have been shown to give
conversions as high as 80% with molecular weights up to 25,000, narrow molecular weight
distributions (1.1-1.3) and the ability to produce various block copolymers. However, these
systems generally require multistep synthesis of the nitroxides and often times the

polymerization rate slows and eventually stops.23b

This is attributed to the persistent radical
effect (PRE)*“ and the irreversible generation of persistent radicals. The typical microstructure
composition is generally 80-90% 1,4-polyisoprene (both cis and trans). While this does not
compete with the anionic and coordinative methods in regioselectivity, this material has been

show to exhibit similar physical properties20 (T, = -61°C) with cis1,4-polyisoprene (T = -73°C).

Therefore the need for a controlled radical process with which we can use inexpensive
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commercially available reagents, tolerate a wide variety of functionalities and reactions
conditions, and proceed with minimal irreversible termination is demonstrated.

However, current CRP systems are still somewhat limited by the restrictive choice of only
activated halide or thermal initiators, which may restrict chain end functionality and by the
range of monomers polymerizable by a given method. Thus, a broader initiator and catalyst
selection would further enhance the usefulness of CRP in macromolecular synthesis. Epoxides
and carbonyls are fundamental motifs in organic and polymer chemistry, and are commercially
available with a wide structural variation. Moreover, they could provide alcohol terminal units of
the polymer chains, and be very useful in block or graft copolymer synthesis. Yet, none of the
current late transition metal mediated radical polymerizations has taken advantage of these
possibilities.

While the applications of early transition metals (ETM) in «-olefin coordination
polymerizations** and organometallic reactions®> have long been established, the unique
advantages offered by the radical chemistry of Ti have only recently been recognized,?® and this
area of research has since witnessed an effervescent and sustained growth,” currently
emerging as a powerful new strategy in organic synthesis. Thus, a representative example, the
soluble, lime-green paramagnetic Cp,Ti(Ill)CI*® complex, inexpensively synthesized in situ by the
Zn reduction of Cp,Ti(IV)Cl,*° is a very mild one electron transfer agent and catalyzes a variety of
radical reactions® including the radical ring opening (RRO) of epoxides.*®

We have recently extended the use of Cp,TiCl to polymer chemistry and introduced both
epoxides®® and aldehyde® as novel classes of initiators for radical polymerizations. The first
examples of an ETM-catalyzed CRPs were demonstrated for styrene with initiation®* from

epoxide RRO,*" aldehyde SET reduction,®? redox reactions with peroxides3:lID as well as halide
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abstraction. This methodology was also applied in the synthesis of branched and graft
copolymers.

While the ligand effect was thoroughly investigated in ETM-catalyzed coordination
polymerizations, it is less documented for radical processes. Thus, in our efforts to optimize Ti-
CRP, the effects of Iigands,glb'd reducing agents,*'® solvents and additives,*™ as well as reagent

ratios and temperature®®’

were also investigated. This study revealed the superiority of
sandwich metallocenes over alkoxide and half-sandwich ligands, as well as the relatively weak
influence of the substituents on the Cp ligands. Gratifyingly, the most promising catalyst
(Cp,TiCl,) was also the least expensive one.>'8

Interestingly, the Cp,CITi-OR alkoxides generated in-situ by epoxide RRO** or aldehyde SET
reduction®*® were also found to mediate the living ring opening polymerization of cyclic esters
such as caprolactone. Moreover, these novel initiating methodologies were applied in the
Cp,ClTi-mediated synthesis of graft or mixed arm brush copolymers where epoxide groups along
polymer chains® were used as an initiating site for graft copolymerizations of both olefins and
cyclic esters.

As such, diene polymers are indeed industrially relevant®® and their controlled synthesis
with a wide range of initiator functionalities is not easily accomplished via the typical anionic®’
or coordination® methods. Although ATRP works exceptionally well with styrene and
(meth)acrylates7, its extension to dienes,* VAc,” or VCI*! has proven troublesome and, with the
notable exception of nitroxide®? and RAFT reagents®, up until now metal catalyzed CRP methods
have failed to control isoprene polymerizations. Thus, as transition metal catalysts appear to be
conspicuously absent from the available diene CRP methods, we herein investigate the potential
of the Cp,TiCl chemistry in conjunction with epoxides, aldehydes, and halides in this

application.”
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2.2 Experimental.

2.2.1 Materials.

Activated Zn powder (Zn, 99+ %), a,a’-dibromo-p-xylene (DBPX, 97%) benzaldehyde (BA
99 %), benzyloxybenzaldehyde (BBA, 99 %) %), (1-bromoethyl)benzene (BEB, 97%) glycidyl 4-
methoxyphenyl ether (MPEG, 99%), 2,2-bis[4-(glycidyloxy)phenyl]propane (DGEBA, 97%), and
1,3-Butadiene (BD, 99+%) all from Aldrich and bis(cyclopentadienyl)titanium dichloride (Cp,TiCl,,
Acros, 97 %), Styrene oxide (SO, Acros, 98%) were used as received. 2,3-dimethyl-1,3-butadiene
(DMBD, ChemSampCo, 99+%), was dried over CaH, and passed through a basic Al,0; column.,
1,4-dioxane (99.7 %) and tetrahydrofuran (THF, 99.9%) both from Fisher were distilled from a
blue Na/benzophenone solution. Isoprene (Acros, 99%) was dried over CaH, and passed through

a basic Al,03 column.

2.2.2 Techniques.

'H-NMR (500 MHz) spectra were recorded on a Bruker DRX-500 at 24 °C in CDCl; (Aldrich;
0.03% v/v TMS as internal standard). GPC analyses were performed on a Waters 150-C Plus gel
permeation chromatograph equipped with a Waters 410 differential refractometer, a Waters
2487 dual wavelength absorbance UV-VIS detector set at 254 nm, a Polymer Laboratories PL-ELS
1000 evaporative light scattering (ELS) detector and with a Jordi Flash Gel (1x10° A, 2 x 104 A,
1x10° A) column setup with THF as eluent at 2 mL/min at 40 °C. Number-average (M,) and

weight-average molecular weights (M,,) were determined from polystyrene calibration plots.

2.2.3 Polymerizations.
A 35-mL Ace Glass 8648 # 15 Ace-Thread pressure tube equipped with bushing and a

plunger valve and containing Cp,TiCl, (49 mg, 0.20 mmol), Zn (26 mg, 0.40 mmol) CaH, (< 10 mg
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as trace moisture scavenger) and dioxane (1.0 mL) was degassed, and the Ti reduction was
carried out at rt. The tube was then cooled, opened under Ar, charged with MPEG (9 mg, 0.05
mmol) and isoprene (1 mL, 9.98 mmol), re-degassed and heated at 110 °C for 24 h. Conversion
and molecular weights were determined by NMR and GPC respectively. The reported M, and
M./M, values correspond to unprecipitated samples, since MeOH precipitation seemed to
artificially affect the linearity of the M, vs. conversion plots and reduce M,,/M,, especially at low
molecular weights (e.g. M, < 5,000), via fractionation. Kinetic plots were constructed from one

data point experiments

2.3 Results and Discussion

The proposed polymerization mechanism is outlined in Scheme 2.1. The Zn reduction of
Cp,TiCl, occurs readily in dioxane to generate Cp,Ti(lll)Cl (eq. 1). Subsequent epoxide RRO,
aldehyde SET reduction or halide abstraction (eq. 2) provides the initiating radicals for the
polymerization (eq. 3), which is mediated by the reversible termination of the growing chains
with a second equivalent of Cp,Ti(lll)Cl via a combination of DC and DT mechanisms (eqs.4,5) .
The initiation from epoxides, aldehydes, and halides has been evidenced via *H-NMR chain end
analysis.

2.3.1 Cp,TiCI®-Mediated CRP of Isoprene Initiated by Epoxide Radical Ring Opening

The mechanism of Ti-mediated isoprene CRP is presented in Scheme 2.1. Zn reduction of
Cp,Ti(IV)Cl, to the Cp,Ti(lll)Cl metalloradical (eq. 1) is carried out in situ and proceeds readily in
THF or dioxane at room temperature, as indicated by a typical red to green color change. While
the reduction occurs even with stoichiometric Zn, a small excess was typically employed to

accelerate the process. The strong affinity of the Ti radical towards epoxides is evidenced by the
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rapid color change to yellow-orange upon injection of excess initiator into the green Cp,TiCl

solutions, indicating the occurrence of the corresponding SET process.

[ J
2Cp,Ti(IV)Cl, +  Zn M» 2Cp,Ti(NCl  +  ZnCly (1)
1 2 3 4
[ ,
Cp,Ti(IV)-OCH,CHR
fof R Krro 6
5 Cp,Ti(IV)-OCHR CH,
v 6
® k . ®
Cp,Ti(lNCI + - R—C — Cp,Ti(IV)CI-0-CH-R )
3 5\ 6"
H
Kabst ° .
— R—X " R + Cp,Ti(IV)CIX
5" 6lll
k °
6,6',6"6"+ n )\/ — Py ~P, ©)
7 8
° o Ky .
~p, * Cp,Ti(lINCI —_— ~P,-Ti(IV)Cp,Cl 4
3 Ka 9
Ko, M

P 4 ~PuTI(V)CPCl ——== P Ti(IV)Cp,Cl + . ~B-  (5)

" 10 k 9 "
ex

Scheme 2.1. Ti-mediated Diene CRP Initiated by Epoxide RRO, Aldehyde SET, and Halide
Abstraction.

Epoxides are unique initiators as their Ti-mediated RRO* occurs with the formation of a pair
of very reactive primary and secondary, constitutionally isomeric Atitanoxy radicals derived
from RRO regioselectivity (Scheme 2.1, eq. 2), where typically the secondary radical is favored,
but both have the same thermodynamic stabilization as the corresponding alkyl radicals.”’ The
interaction of such radicals with double bonds is well documented,?”® and their addition to

isoprene initiates the polymerization (eq. 3) which proceeds in a controlled fashion, mediated by
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the reversible end-capping of the propagating chain end with a second equivalent of Cp,TiCl.
The reversible C-Ti bond homolysis most likely occurs via a combination of the DC and DT
mechanisms (egs. 4, 5)*" and is possibly catalyzed by Zn.*! Thus, one Ti equivalent is required for
epoxide RRO and a minimum of one more for polymerization control.

2.3.2 Demonstration of Initiation from Epoxides: "H-NMR Discussion.

Several aromatic epoxides (SO, MPEG, DGEBA) were selected as models. The demonstration
of the epoxide initiation is available from the analysis of the spectra of the corresponding
polymers in Figure 2.1 where, for simplicity, only the most preferred mode of epoxide RRO is
depicted. The first observation is that the polyisoprene (Pl) spectrum is comparable in terms of
stereospecificity (peaks a-f ) to that of polyisoprene synthesized by free radical as well as
nitroxide or RAFT polymerizations at similar temperature“z’43 (ie. ~85% 1,4, ~8 % 1,2; ~8 %
3,4), suggesting that no special coordination mediated Ti chain end control is occurring.
Moreover, specific initiator resonances such as the ones derived from the aromatic regions of
SO (g, 6 = 7.15 ppm), MPEG (k, 6 = 6.85 ppm), and DGEBA (ry, r,, 8 = 6.85 and 7.15 ppm) are
present. In addition, -CH,-O- alcohol or ether resonances corresponding to a combination of the
primary and secondary alcohols derived from the two modes of epoxide RRO and to the original
ether linkages in the initiator are observed as follows: SO (i, 8 = 3.5-3.8 ppm), MPEG (CHs-0O-, j,
0~3.75 ppm; I, n, 5 = 3.8 - 4 ppm) and DGEBA (s, u, d = 3.6 - 4 ppm). Additional signals such as
the small peaks at 6.3-6.6 ppm in the MPEG and DGEBA spectra correspond to a small amount
of vinyl ether formed via alcohol dehydration during workup. In all cases, the connection of the
initiator with polyisoprene is evidenced by a broad series of multiplets (a’, & = ~2.3-3 ppm)
corresponding to one of the diastereotopic protons of the first -CH,- isoprene unit located next

to the —CH (h, m, t) stereocenter derived from both modes of epoxide RRO.
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Figure 2.1. 500 MHz 'H-NMR spectra of polyisoprene initiated from epoxides (Table 2.1, exp 23-25): (a) SO, M,""® = 4,400, (b) MPEG, M,"™®
3,800. (c) DGEBA, M,,"™* = 3,200.



Finally, the integration of the initiator peaks vs. the polymer chain also enables the

NMR GPC

calculation of M, ", which in each case is reasonably similar to M,

2.3.3 Effect of [Isoprene]/[MPEG]/[Cp,TiCl,]/[Zn], Temperature, and Solvent on the
Epoxide Initiated Isoprene CRP.

Several variables such as the target degree of polymerization (DP = [Iso]/[MPEG]), the
[Zn]/[Cp,TiCl,] and [Cp,TiCl,]/[MPEG] ratios, as well as the solvent and temperature were tested
to optimize the polymerization. The results are presented in Figures 2.2 and 2.3, and
summarized in Table 2.1. In all cases, a linear dependence of M, on conversion, moderate
polydispersities and linear 1** order kinetics, indicative of the controlled nature of the
polymerization were observed up to high conversions. However, the reaction conditions do
affect the rate, polydispersity (PDI) as well as initiator efficiency (IE).

As seen below, the effects of the [MPEG]/[Cp,TiCl,]/[Zn] ratios are closely intertwined and
are detailed in Table 2.1, exp. 1-14 and in Figure 2.2, where progressively higher
[Cp,TiCl,]/[MPEG] ratios were explored at various [Cp,TiCl,]/[Zn] levels, while maintaining
[1so]/[MPEG] = 200/1. According to the proposed mechanism, a minimum [Cp,TiCl,]/[MPEG] =
2/1 ratio (one Ti equiv. for radical generation, the other for control) should be enough to control
the polymerization. However, excess Cp,TiCl has a beneficial effect.

Figure 2.2a presents selected examples of the dependence of molecular weight and
polydispersity on conversion for various reagent ratios and shows that controlled
polymerizations are obtained in all cases. The effect of reagent stoichiometry on initiator
efficiency (IE), rate (k,”*") and polydispersity (PDI) are further detailed in Figure 2.2b-d.

Consistent with the proposed mechanism, a low [Cp,TiCl,]/[MPEG] ratio (exp 1) does not
provide enough Ti for end-capping of the growing chain and the IE is very low but it increases

with increasing [Cp,TiCl,]/[MPEG] from IE ~ 0.03 at [Cp,TiCl,]/[MPEG] = 1/1 to almost
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quantitative at [Cp,TiCl,]/[MPEG] = 6/1. However, even larger Ti excess may contribute to side
reactions such as epoxide deoxygenation. Reasonable polymerizations are already observed at
[Cp,TiCl,]/[MPEG] =3/1-4/1.

The trends in IE are paralleled by those in the apparent rate constant of propagation (k,"*,
Figure 2.2c) which is largest (~0.038 h) at [Cp,TiCl,]/[MPEG] = 4/1 and in PDI, (Figure 2.2d)
which decreases with increasing [Cp,TiCl,]/[MPEG] and [Zn]/[Cp,TiCl,], leveling off at about 1.4.

The overall effect of Zn on the polymerization is complex and may be explained by its
involvement in the catalysis of both initiation and propagation steps. Since Zn is an insoluble
reagent, a slight excess accelerates Cp,TiCl formation, while the resulting Lewis acidic ZnCl,
coordinates the epoxide and assists the Cp,TiCl mediated RRO process.”” In addition, organozinc
species may be involved in the catalysis of the reversible termination step. Thus, Zn
transmetalation/reduction of the Ti end capped dormant chains (~P,-Cp,TiCl) generates Cp,TiCl
and transient diallyl organozinc species, (~P,,Zn) which thermally homolyze liberating Zn(0) and
the propagating radical which adds more monomers until trapped again by Cp,TiCl.*** The
effect of the amount of Zn is more significant at low [Cp,TiCl,]/[MPEG] ratios (2/1) where Zn
excess lowers IE, but it decreases in importance at higher Cp,TiCl concentrations. Thus,
polymerizations can be conducted even with stoichiometric Zn ([Zn]/[Cp,TiCl,] = 0.5/1), provided
that enough [Cp,TiCl,]/[MPEG] excess (e. g. 6/1) is present (Table 2.1, exp 13). Nonetheless, for
large [Cp,TiCl,]/[MPEG] values, too much Zn may increase polydispersity. Overall, an optimum in
terms of IE and PDI is seen for [I]/[Ti]/[Zn] = 1/4/8 but acceptable polymerizations can also be
run with [I1/[Ti]/[Zn] = 1/3/6 and even 1/2/4. Finally, extra Zn and Cp,TiCl may also contribute to
scavenging traces of oxygen from the polymerization.

By comparison with styrene, (where in fairness, optimization experiments were carried out

at a lower DP of 50)3le’f’ 3 Jarger [Cp,TiCl,]/[epoxide] ratios are required for isoprene, and excess
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Zn does not seem to provide the same continuous decrease in PDI. Nonetheless, while
polydispersities are still large by comparison, the do converge to about 1.4 at high conversions.
This may also indicate that the side reactions associated with Ti-mediated isoprene
polymerizations are harder to suppress than in the case of styrene. Interestingly, while the three
modes of monomer enchainment (1,2, 1,4 and 3,4) lead to 3 different allyl titanium propagating
chain ends, with different populations, steric effects and dissociation energy of the ~P,-TiCp,Cl
bond, the dominant 1,4-addition mode does not allow for a possible #-hydride elimination side

reaction.
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Table 2.1 Epoxide Initiated Isoprene Polymerizations Mediated by Cp,TiCl

Ex {'CS‘:Z]T/I[C'Y:/E[(Z;I]‘/] Mn PDI k™Y LES T,°C [zn)/[Ti] [é:._-],{( :
1 200/1/1/2 237,000 1.77  0.005 003 110 2 1
2 200/1/2/4 15,000 1.4 0013 045 110 2 2
3 200/1/2/6 60,300 1.9 0011 011 110 3 2
4 200/1/2/8 53,500 1.65 0016 013 110 4 2
5 200/1/2/16 51,200 1.86  0.009 012 110 8 2
6 200/1/3/6 9,300 152 0019 074 110 2 3
7 200/1/3/9 12,400 139 0017 053 110 3 3
8 200/1/3/12 12,700 1.4 0013 053 110 4 3
9 200/1/4/4 8,500  1.35 002 084 110 1 4
10 200/1/4/8 7300 141 0038 093 110 2 4
11 200/1/4/12 8900 1.4 0035 09 110 3 4
12 200/1/4/16 7,300 1.6 0018 094 110 4 4
13 200/1/6/3 14500 1.45 0023 046 110 0.5 6
14 200/1/6/12 6,200 142 0041  1.08 110 2 6
15 50/1/3/6 3,400 132 0051 05 110 2 3
16 100/1/3/6 8,100 137 0033 042 110 2 3
17 400/1/3/6 24,600 138  0.009 055 110 2 3
18 1000/1/8/12 45000 1.6 0005 076 110 15 8
19 200/1/4/8 12,100 135 0016 056 90 2 4
20 200/1/4/8 7800 1.61 0045 087 130 2 4
21 200/1/4/8° 7,400 1.3 0011 093 70 2 4
22 200/1/4/8° 7,900 141 0036 085 110 2 4
23 20/1/3/12 2,900 1.34 n/a nfa 110 4 3
24 20/1/3/12° 3,200  1.45 n/a nfa 110 4 3
25 20/1/5/15° 2,500  1.31 n/a nfa 110 3 5
26 200/400/1/3/6' 17,000 1.39 n/a nfa 110 2 3
27 75/75/1/3/6' 16,000 1.47 n/a nfa 110 2 3
28 100/100/1/3/6° 15,000 1.46 n/a nfa 110 2 3

%) Calculated as the slope of the kinetic plot. ” Calculated as M,"°/M,". “All exp. in dioxane,
except exp. 21 and 22 in THF. 9SO, ®DGEBA. Exp 23-28 M, and PDI not at 50%. "Styrene
copolymers.

29



Ti/lZn
2/4
3/6
3/9
3/12
4/4
4/8
4/12
4/16

P> DEDOO

T T T

PR

odvwr oo
PDI

00 02 04 06 08 1.0
Conversion

‘g

A

v/

AN

\
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The effect of the [monomer]/[initiator] ratio is presented in Table 2.1 exp. 6, 15-18 and
Figure 2.3a. A linear dependence of molecular weight on conversion and linear kinetics are
observed for a wide range of DP = [Iso]/[MPEG] ratios from 50/1 to 1000/1. The polydispersity
values are about 1.4 but increase at higher conversions or for larger degrees of polymerizations.
The IE is about 0.4-0.5 at low DP (50, 100) but increases to about 0.75 at DP = 200. The lower IE
at low DPs can be explained by the increase in the rate of possible epoxide deoxygenation®
brought about by the high Cp,TiCl concentrations. Conversely, IE decreases again at DP = 400 as
the lower Cp,TiCl concentration cannot suppress epoxide related side reactions such as
coupling. However, this may be corrected by increasing the amount of Cp,TiCl (e. g. at DP =
1,000) which brings back the IE to about 0.75. Thus, IE seems to be sensitive to the Ti
concentration and it is likely that an optimization should be performed for each target DP.

The combined effect of temperature and solvent is presented in Figure 2.3b and in Table
2.1, exp. 10, 19-22. A linear dependence of M, on conversion occurs in dioxane and THF at all
temperatures in the 90-130 °C range. In both solvents, the IE is large (~0.8-0.9) and relatively
independent of temperature, indicating that epoxide RRO and initiation are fast relative to
initiator related side reactions. Due to the thermal suppression of termination, transfer and
epoxide deoxygenation the PDIs decrease with temperature to about 1.35 at 70-90 °C. As
previously described, dipolar aprotic coordinating solvents are favored in the Ti-CRP of
styrene®’. Thus, while both are reasonably good solvents for polyisoprene, the more polar THF
may allow for a faster Cp,TiCl, reduction and higher reactivity of Cp,TiCl via a better solvation

and dissociation of the (Cp,TiCl), dimer®”?°.
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temperature conditions ([Iso]/[MPEG]/[ Cp,TiCl,]/[Zn] = 2001/1/4/8).




Finally, as a further demonstration of the control of the polymerization, both random
and block copolymers were successfully synthesized by chain extension from polyisoprene and
polystyrene which was verified by a combination of GPC and NMR (Figure 2.4) analyses. Thus,
the GPC traces of the copolymers are monomodal while the resonances associated with
polystyrene, polyisoprene and MPEG are clearly visible (e.g. aromatic, and vinyl regions as well
as the methoxy at & = 3.75 ppm). The copolymer type is identifiable by the broadness vs.

sharpness of the corresponding signals in the random and respectively blocks copolymers.
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2.3.4 Cp,TiCI®-Mediated CRP of Isoprene Initiated by SET-Reduction of Aldehydes.

As seen with RRO of epoxides, the aldehyde single electro transfer (SET) reduction (Scheme
2.1 eq. 2) provides the initiating radicals for the isoprene polymerization (eq. 3), which is
mediated by the reversible termination of the growing chains with a second equivalent of
Cp,Ti(I)Cl via a combination of DC and DT mechanisms (egs. 4, 5).

The aldehyde initiation from TMBA and BBA is demonstrated by the NMR analysis of the
chain termini (Figure 2.5a-b). Thus, in addition to the characteristic resonances corresponding to
a typical free radical polymerization of isoprene such as the aliphatic a, b, d, e, h k, j, j/ (0.95 -
2.00 ppm), and vinylic (c, f, g, i) protons (4.70, 4.91, 5.12, 5.72 ppm) specific, aldehyde derived
peaks such as the aromatic n (6.35 ppm), benzylic m (5.5 ppm) and methoxy p (3.75 ppm) of
TMBA as well as the aromatic s, g, g’ (6.92 -7.38 ppm) and benzyloxy f (5.75 ppm) of BBA are
present. Their integration vs. the Pl main chain also allows the determination of the M,""*

which is in good agreement with M,°*“. In addition, the peak k (~2.7 ppm) corresponds to the

first isoprene unit connected to the aldehyde derived benzyl alcohol.
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Figure 2.5. 500 MHz 'H-NMR spectrum of PIP initiated by TMBA (a) and BBA (b).
[IP1:[TMBAJ:[Cp,TiCl,):[Zn] = 15:1:2:3 at 110 °C. M,""" = 3,900; M,*° = 3,600; PDI = 1.5;
[IP]:[BBA]:[Cp,TiCl,]:[Zn] = 50:1:3:6 at 110°C M,""® = 6,800; M,*"“=5,700; PDI = 1.4

Two examples demonstrating the controlled radical polymerization kinetics in the Cp,TiCl-
mediated isoprene polymerizations using benzaldehyde as initiator are presented below (Figure
2.6). Two different ratios and temperatures [Iso]/[BA]/[Cp,TiCl,]/[Zn] = 200/1/3/10 at 100 °C
and respectively 100/1/4/12 at 110 °C were examined. Consistent with the proposed
mechanism, a minimum initiator/ Cp,TiCl = 1/2 ratio should be necessary to bring the
polymerization under control while excess Cp,TiCl as well as of Zn decreases PDI and increases
the initiator efficiency. In both cases, a linear dependence of molecular weight on conversion
indicative of a controlled process, as well as linear kinetics were observed, with a faster
polymerization occurring as expected for larger M/I ratios and higher temperatures. While

polydispersities converge to ~ 1.5 in both cases at larger conversions (> 70 %) lower values of

the PDI are obtained at lower temperature.
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Figure 2.6 The dependence of M,, M./M, and [Mg]/[M] in Cp,TiCl Mediated Isoprene Polymerizations in Dioxane, [Iso]/[BA]/[Cp,TiCl,]/[Zn] as
Indicated in the Figure.



2.3.5 Cp,TiCI®-Mediated CRP of Isoprene Initiated by Halide Abstraction.

The proposed polymerization mechanism is outlined in Scheme 2.1. The Zn reduction of
Cp,TiCl, occurs readily in dioxane to generate Cp,Ti(lll)Cl (eq. 1). Subsequent halide abstraction
(eq. 2) provides the initiating radicals for the isoprene polymerization (eq. 3), which is mediated
by the reversible termination of the growing chains with a second equivalent of Cp,Ti(lll)Cl via a
combination of DC and DT mechanisms (egs. 4, 5). While Zn insertion into the C-X or S-X bond of
the initiator is possible, the soluble and homogenous Cp,TiCl is probably faster in abstracting the
halide via a radical pathway.

The polymerization from each initiator is supported by NMR investigations of the chain
ends, Fig 2.7a-c. Thus, in addition to the characteristic resonances corresponding to a typical
free radical polymerization of isoprene such as the aliphatica, b, d, e, h k, j, j (0.95 - 2.00 ppm),
and vinylic (c, f, g, i) protons (4.70, 4.91, 5.12, 5.72 ppm) specific, initiator derived peaks are
clearly observed. The integration of the initiator resonances vs. the Pl main chain also allows the

determination of the M,"™® which is in good agreement with M,*"¢
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Figure 2.7. 500 MHz 'H-NMR spectra of halide initiated PIP. (a) [IP]/[DBPX]/[Cp,TiCl,)/[Zn] =
100/1/6/20 at 70 °C. M,"M* = 2,200; M,°" = 1,800; PDI = 1.08. (b) [IP]/[MBB]/[Cp,TiCl,]/[Zn] =
15/1/1/2 at 90 °C. M,""® 4,000; M,°* = 3,900; PDI = 1.20. (c) [IP]/[MBSC]/[Cp,TiCl,]/[Zn] =
10/1/1/0.6 at 90 °C. M,""® = 4,700; M, °*"“ = 3,600; PDI = 1.25.

Figure 2.7a presents the initiation from DBPX which is demonstrated by the aromatic

resonance at 6 ~ 7.15 ppm. Interestingly, as indicated by the di-bezylic resonance m at 6 ~ 2.9



ppm and the absence of the possible benzyl halide (Ph-CH,-Br, ~4.5 ppm), initiator dimerization
seems to occur before addition to isoprene. Similarly, for MBB (Figure 2.7b), the aromatic
fragment is visible at 6.8 and 7.2 ppm with the CHs3-O group at 3.75 ppm while the benzyl
initiating group is seen at ~ 2.6 ppm for both DBPX and MBB.

A more interesting case is presented by MBSC (Figure 2.7c) where the aromatic region
displays two sets of resonances t and u (7.75 and 6.75 ppm) and respectively t" and u’ (7.35 and
6.63 pm). This is a consequence of the partial reduction of the -SO,- group to —SO- and
ultimately to —S- by Cp,TiCl.¥ The effect is also observed for the methoxy v and v’ (3.85 ppm
and 3.75 ppm) as well as for the first -CH,- unit of the polyisoprene, k” and k” (3.5-3.6 ppm).
Interestingly, this effect is observed even though a stoichiometric amount of Zn was used. Thus,
while according to the proposed mechanism a typical I/Ti ratio of 1/2 or even 1/1 (due to the
possible Zn re-reduction of the Cp,TiCl, formed in situ after the halide abstraction from the
initiator) is required, in the case of sulfonyl halides, some of the catalyst is consumed in the
reduction of the SO, group, and consequently, larger amounts of catalyst will be required for a
controlled polymerization. Moreover, resonances associated with allyl halide chain ends are
absent, indicating that the polymerization does not proceed via an ATRP mechanism.

As seen in figure 2.8, a linear dependence of M, on conversion occurs in all cases. Consistent
with the proposed mechanism, a minimum initiator/ Cp,TiCl = 1/2 ratio is necessary to bring the
polymerization under control. In addition, a very interesting temperature effect is observed
(Table 2.2-2.3). Thus, regardless of initiator or reagent ratios, at T > 90 °C M, increases with
conversion but the polydispersity is relatively broad (M,/M, = 1.3-1.5) and the dependence has
a relatively high M, intercept at zero conversion. This indicates that the growing chain is not
captured immediately after initiation, while the broad PDI may be a consequence of a weaker C-

Ti bond at higher temperature and thus a larger concentration of active vs. dormant chains. By
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contrast, at T < 90 °C the dependence of M, on conversion is much weaker (lower slope) but

M./M, is as low as 1.1-1.2.
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Figure 2.8 The Dependence of M, and M,/M, in Cp,TiCl-Mediated Polymerization of Isoprene
Initiated from DBPX.

Table 2.2 [M]/[1] and Temperature Effects DBPX Initiated Pl in Dioxane

Exp [M1/D11/[Ti)/[Zn] T(°C) M, at 50% PDI at 50% k, (h™)
1 300/1/6/20 110 13,384 1.32 0.0101
2 400/1/6/20 90 7,874 1.32 0.0069
3 800/1/6/20 90 12,194 1.40 0.0039
4 300/1/6/20 75 4,383 1.40 0.0014
5 100/1/6/20 70 2,656 1.25 0.0029

Table 2.3 Temperature Effects DBPX/DCPX Initiated Pl in Dioxane

Exp # |Initiator (1) [Iso)/[1)/[Til/[Zn] Temp (°C) Time (h) Mn PDI Conv IE

1 DBPX 100/1/6/20 60 72.0 1,975 1.09 22%  0.76
2 DBPX 100/1/6/20 70 24.0 2,032 1.07 19% 0.64
3 DBPX 100/1/6/20 80 48.0 2,092 1.18 30% 0.98
4 DBPX 100/1/6/20 90 17.5 2,452 1.16 35% 0.97
5 DBPX 100/1/6/20 100 15.3 2,398 1.21 30%  0.85
6 DBPX 100/1/6/20 110 16.0 3,062 134  48%  1.07
7 DBPX 100/1/6/20 120 16.0 3,339 1.40 66%  1.35
8 DBPX 100/1/6/20 130 16.0 3,896 1.48 71%  1.24
9 DCPX 100/1/6/20 150 12.0 4,961 1.57 73%  1.00
10 DCPX 100/1/6/20 160 7.0 4,736 1.43 68%  0.98
11 DCPX 100/1/6/20 180 4.0 3,146 136 49% 1.06
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These trends may be explained via the effect of temperature on the relative contributions of
the different modes of isoprene enchainment and on the C-Ti bond dissociation energy. Thus,
while the microstructure of these polymers is identical to that of polyisoprene synthesized via
free radical polymerization, the temperature dependent propagation regioselectivity (1-4, 1-2,
3-4) may affect the C-Ti bond dissociation energy (BDE) in the chain end not only through the
steric effects of each different connectivity but also via the different coordination modes of
Cp,TiCl with the double bond of the last repeat unit in addition to the possible coordination of
Cp,TiCl with the isoprene monomer. Hence, while the polymerization has nice controlled
features at lower temperature, we speculate that the 1,2 and 3,4 modes may act as
temperature-controlled “defects” with higher BDE which, similarly to chain transfer to monomer
for vinyl chloride, terminate the polymerization at a predetermined M, which is more sensitive
to temperature than to reagent ratios. In addition the 1,2 and 3,4 are also more likely to support
B-hydride elimination which cannot occur with 1,4. At higher temperatures the chain can
propagate over these “defects” but the control is weaker. Additionally demonstrated (Table 2.4-
2.6) was the ability to initiate from polyhalides, allyl halides, and sulfonyl halides with similar
results as obtained from DBPX. Finally, the effect of reagent stoichiometry
([DBPX]/[Cp,TiCl,]/[Zn]) on initiator efficiency (IE), rate (k,"™) and polydispersity (PDI) were
examined and are further detailed in Figure 2.9a-c. Consistent with the proposed mechanism, a
low [Cp,TiCl,]/[DBPX] ratio was not used as it does not provide enough Ti for end-capping of the
growing chain. IE is very low but it increases with increasing [Cp,TiCl,]/[DBPX]. However, unlike
epoxides using larger Ti excess cannot contribute to the deoxygenation side reaction. The trends

in IE are paralleled by those in the apparent rate constant (k,*", Figure 2.9b) which is largest
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(~0.03 h") at [Cp,TiCl,]/[DPBX] = 6/1 and in PDI, (Figure 2.2c) which decreases with increasing

[Cp,TiCl,]/[MPEG] and [Zn]/[Cp,TiCl,].

Table 2.4 Isoprene Initiation from Polyhalides

Exp # Initiator (1) [1so]/[11/[Ti)/[Zn] Temp (°C) Time(h) ™Mn PDI Conv IE
1 CHCI5? 100/1/6/20 110 24.0 4,433 1.29 37% 0.57
2 CHBr;* 100/1/6/20 110 24.0 3,811 1.29 57% 1.02
3 CHI5? 100/1/6/20 110 25.0 3,700 1.34 52% 0.96
4 CHsl® 100/1/3/10 110 24.0 4,008 1.30 32% 0.54
5 CHI5® 100/1/6/20 90 24.0 2,700 1.15 29% 0.73
6 CHI5? 500/1/6/20 90 48.5 6,012 1.35 39% 2.21
7 CHI5? 100/1/1.5/5 110 22.5 5,965 1.52 44% 0.50
8 CH|3b 100/1/3/6 110 6.0 7,782 1.81 18% 0.16
9 Cngb 100/1/3/6 110 24.0 9,735 1.50 37% 0.26
10 CHI5® 100/1/3/10 110 24.0 4,731 1.28 46% 0.66
11 CH|3b 100/1/6/12 110 6.0 2,573 1.20 33% 0.87
12 CH|3b 100/1/6/12 110 24.0 4,194 1.32 52% 0.84

a) 100 mesh Zn b) nano-Zn
Table 2.5 Isoprene Initiation from Allyl Halides

Exp Initiator (1) [1sol/[1)/[Til/[Zn] Temp°C Time(h) M, PDI Conv IE
1 Allyl bromide® 100/1/3/10 70 27.0 1,584 1.13 40% 1.72
2 Allyl bromide® 100/1/3/6 110 22.5 4599 130 42% 0.62
3 Dichlorobutene® 100/1/6/20 90 22.0 2,530 1.20 17% 0.46

4  Dichlorobutene® 100/1/6/20 110 23.5 3,645 131 60% 1.12
Table 2.6 Isoprene Initiation from Sulfonyl Halides

Exp Initiator (1) [Iso]l/[1)/[Til/[Zn] Temp°C Time (h) Mn PDI  Conv IE
1 PTSC? 100/1/3/10 90 17.0 2,812 1.14 10% 0.24
2 PTSC? 200/1/3/10 100 48.0 8,244 1.35 46% 0.76
3 MBSC® 100/1/2/4 110 5.5 12,087 1.78 10% 0.06
4 MBSC® 100/1/2/4 110 24.0 27,395 1.89 22%  0.05

a) 100 mesh Zn b) nano-Zn
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Table 2.7 Effect of [DBPC]/[Cp,TiCl,]/[Zn] ratios on Isoprene Polymerization

Exp # Initiator (1) [Iso]/[1)/[Til/[Zn] Temp°C Time(h) Mn PDI  Conv IE

1 DBPX® 100/1/2/2 90 26.5 4,027 125 25% 042
2 DBPX® 100/1/2/9 90 43.0 4,870 132 35% 0.49
3 DBPX® 100/1/4/2 90 48.0 3,506 136 43% 0.84
4 DBPX® 100/1/4/3 90 18.0 3,906 131 20% 0.35
5 DBPX® 100/1/4/3 90 26.5 3,200 1.20 25% 0.53
6 DBPX® 100/1/4/16 90 18.0 3,200 118 21% 045
7 DBPX® 100/1/6/3 90 18.0 2,966 1.20 14% 0.32
8 DBPX® 100/1/6/20 90 17.5 2,452 116 35% 0.97

a) 100 mesh Zn b) nano-Zn

Table 2.8 Effect of [DBPC]/[Cp,TiCl,]/[Zn] ratios on Isoprene Polymerization
Exp Initiator (1) [Iso]/[1)/[Til/[Zn] Temp°C Time(h) Mn PDI  Conv IE

1 DBPX® 100/1/0.5/0.3 70 23.0 trace N/A <5% N/A
2 DBPX® 100/1/0.5/2 70 23.0 trace N/A <5% N/A
3 DBPX® 100/1/1/0.5 70 23.0 trace N/A <5% N/A
4 DBPX® 100/1/1/1 70 24.0 2,828 1.30 17% 041
5 DBPX® 100/1/2/1 70 22.0 2,746 1.36 13% 0.10
6 DCPX® 100/1/2/4 70 23.0 2,104 121 26% 0.84
7 DBPX® 150/1/4/13 70 48.0 2,655 1.19 19% 0.73
8 DBPX® 100/1/6/20 70 24.0 2,032 1.07 19% 0.64

2.3.6 Cp,TiCl®-Mediated CRP of Dimethyl Butadiene Initiated by Epoxide RRO

The MPEG epoxide initiation is demonstrated by the NMR analysis of the chain ends (Figure
2.10). First, characteristic resonances corresponding to a typical free radical DMBD
polymerization,*® such as the methylene and methyl of the 1,4-cis and trans units (-[CH,-
C(CHs)=C(CH3)-CH,]-, a, a’, = 2.03 ppm and -[CH,-C(CH3)=C(CH;)-CH,]-, b, b’, & ~ 1.6-1.75 ppm)
as well as the methylene (-[CH,C(CHs)-(C(CHs)=CH,)]-, ¢, 6~ 1.6-1.75 ppm), methyls (-
[CH,C(CHs)(C(CH3)=CH;)]-, d, & ~ 1.0 ppm; -[CH,C(CH3)(C(CHs)=CH,)]-, e, & ~1.25 ppm) and double
bond (-[CH,C(CH3)-(C(CH3)=CH,)]-, f, f, 6~4.6-4.8 ppm) of the 1,2-unit indicate a ratio of [cis-
1,4]/[trans-1,4]/[1,2] of about 47/46/7. The smaller resonances at ~5 ppm are probably due to a

combination of short 1,2-sequences and their tacticity.
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Additionally, specific initiator derived peaks such as the aromatic (j, 5 = 6.82 ppm), methoxy
(i, d =3.74 ppm) as well as the benzylic ether (h, h’, 5 = 3.82-3.98 ppm) and the mixture of two
alcohols derived from the two modes of epoxide RRO (g, g’ & ~ 3.25-3.5 ppm) are observed in
the polymer spectrum. Moreover, the methylenes of the first DMBD unit (k, 6 = 2.25- 2.75 ppm)
demonstrate the polymer/initiator connectivity. The possible chain ends derived from the
hydrolysis of the Ti-endcapped propagating chain (such as —-CH=CCHs;-CH; or —CH,-
CH(CHs)(CCH3=CH,) are overlapping with the polymer resonances and could not be observed.

An example demonstrating 1* order kinetics and control of the Cp,TiCl-mediated DMBD
polymerization using MPEG as initiator are presented in Figure 2.11. According to the proposed
mechanism, one Ti equivalent is required for the RRO process, whereas the second equivalent is
involved in the reversible endcapping of the growing chain. Larger amounts of Ti and Zn are
typically beneficial for the control of styrene and isoprene and most likely for DMBD as well. As
seen from Figure 2.11, a linear dependence of molecular weight on conversion is observed up to
about 80 % conversion, with initiator efficiency of about 0.3. The polydispersity is initially high
but quickly decreases to below 1.5. In addition, Figure 2.11b illustrates the linearity of the
polymerization kinetics (k, = 0.019 s™') indicating a constant concentration of the growing chains.
Together, these data support a controlled polymerization process. Additionally, the effect of
temperature on the polymerization was examined. As such, it was demonstrated that
temperatures below 110°C yield better control over the polymerizations. This is likely attributed
to the allylic nature of the monomer and polymer, generating considerable more irreversible
chain transfer as the temperature in increased. This is very evident in the experiments

performed at 130°C where no control is observed at all.
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Figure 2.10 400 MHz 'H-NMR spectrum of poly(DMBD) initiated from MPEG.
[DMBD]/[MPEG]/[Cp,TiCl,1/[Zn] = 20/1/3/6, 110°C. M,*" = 3,700; PDI =1.26. M,""* = 5,330
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Figure 2.11 The dependence of (a) M,, M,,/M, and (b) In(1/(1-c)) in the Cp,TiCl mediated DMBD
polymerizations: [DMDB]/[MPEG]/[Cp,TiCl,]/[Zn] = 100/1/3/6, dioxane, 110°C.
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Figure 2.12 Effect of temperature on DMBD polymerization initiated from MPEG.
[DMDB]/[MPEG]/[Cp,TiCl,]/[Zn] = 100/1/3/6, dioxane.

2.3.7 Cp,TiCl®-Mediated CRP of Dimethyl Butadiene via Aldehyde SET Reduction

The DMBD initiation from BBA is demonstrated by the NMR analysis of the chain ends
(Figure 2.13). First, characteristic resonances corresponding to a typical free radical DMBD
polymerization,*® such as those of the methylene and methyl of the 1,4-cis and trans units (-
[CH,-C(CH3)=C(CH3)-CH,]-, a, a’ & = 2.03 ppm, and -[CH,-C(CH;)=C(CH3)-CH;]-, b, b’, 6 = 1.6-1.75
ppm) as well as the methylene (-[CH,C(CHs)-(C(CHs)=CH,)]-, ¢, 6~1.6-1.75 ppm), methyls (-
[CH,C(CHs)(C(CH3)=CH;)]-, d, 6 ~ 1.0 ppm, and -[CH,C(CHs)(C(CH3)=CH,)]-, e 6~1.25 ppm) and
double bond (-[CH,C(CH3)-(C(CH3)=CH,)]-, f, f, & ~ 4.6-4.8 ppm) of the 1,2-unit indicate a ratio of
[cis-1,4]/[trans-1,4]/[1,2] of about 47/46/7.

Furthermore, specific initiator derived peaks such as the aromatic (g, 6 = 7.3-7.5 ppm, j,
i’, 6 =6.75-7.15 ppm), benzyl alcohol and ether (h, k, 6 ~ 4.9-5.1 ppm) fragments are observed in
the polymer spectrum, with the methylenes of the first DMBD unit (m, n & = 2.2, 2.75 ppm)
demonstrating the polymer/initiator connectivity. Moreover, the original aldehyde -CHO

resonance (6 ~ 10 ppm) is absent, indicating complete initiator consumption.
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An example of the kinetics of the Cp,TiCl-mediated DMBD polymerization with BA as
initiator is presented in Figure 2.14. According to the proposed mechanism, one Ti equivalent is
required for the initiation, whereas the second equivalent is involved in the reversible
endcapping of the growing chain As seen from Figure 2.14, a linear dependence of molecular
weight on conversion is observed up to about 70 % conversion, with an initiator efficiency =0.2.
In addition, the polydispersity decreases with conversion towards about 1.4. Figure 2b illustrates
the linearity of the polymerization kinetics (k, = 0.016 s!) indicating a constant concentration of
the growing chains. Together, these data support a controlled polymerization process.
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Figure 2.13 400 MHz 'H-NMR spectrum of poly(DMBD) initiated from BBA.
[DMBD]/[BBA]/[Cp,TiCl,)/[Zn] = 10/1/2/4, 110 °C. Mn®" = 3,870; PDI =1.27. M,""® = 4,590

49



1.50
32000 -
{(a) 1(0)
28000 - 1.25
24000 - .
s 20000 - A
16000 -]
12000 -
8000 -
4000 -]
o} A 3.0 100
[ 2.6 L 0.75 ©
s 3 w
- 22 = [ 050 5
18 0 ] >
- Ca [ 025 £
[ 1.4 [ 8
. — — " . [ 10 1111171 0.00
000 025 050 075 100 0 10 20 30 40 50 60 70 80 90100
Conversion Time (h)

Figure 2.14 The dependence of (a) M,, My/M, and (b) In(1/(1-c)) in the Cp,TiCl mediated 2,3-
dimethylbutadiene polymerizations: [DMDB]/ [BA]/[Cp,TiCl,]/[Zn] = 100/1/3/6, dioxane, 110°C.

2.3.8 Cp,TiCl®-Mediated CRP of Dimethyl Butadiene by Halide Abstraction

The DMBD initiation from DBPX is demonstrated by the NMR analysis of the chain ends
(Figure 2.15). As such, characteristic resonances corresponding to a typical free radical DMBD
polymerization,*® such as those of the methylene and methyl of the 1,4-cis and trans units (-
[CH,-C(CH3)=C(CHs)-CH,]-, a, a’ & = 2.03 ppm, and -[CH,-C(CH3)=C(CH3)-CH;]-, b, b’, & =1.6-1.75
ppm) as well as the methylene (-[CH,C(CHs)-(C(CHs)=CH;)]-, ¢, 6~1.6-1.75 ppm), methyl (-
[CH,C(CHs)(C(CH3)=CH;)]-, d, & ~1.0 ppm, and -[CH,C(CH3)(C(CH3)=CH,)]-, e 6~1.25 ppm) and the
double bond (-[CH,C(CHs)-(C(CH3)=CH,)]-, f, f, 6~4.6-4.8 ppm) of the 1,2-unit. These resonances
indicate a ratio of [cis-1,4]/[trans-1,4]/[1,2] of about 47/46/7. The smaller resonances at ~5 ppm
are likely attributed to a combination of short 1,2 sequences and their tacticity. The possible
chain ends derived from the hydrolysis of the Ti-endcapped propagating chain (such as -
CH=CCH3-CH; or —CH,-CH(CH3)(CCH3=CH,) are overlapping with the polymer resonances and

could not be observed.
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Moreover, specific initiator derived peaks such as the aromatic (g, d = 7.1 ppm) and benzylic
(h, i & = 2.9 and 2.6 ppm) resonances are observed in the spectrum, as well as that of the
methylene corresponding to the first DMBD unit (j, k, 0 = 2.2 - 2.3 ppm) all assist in further
demonstrating the polymer/initiator connectivity. Interestingly, as seen with isoprene and
butadiene, DBPX appears to dimerize before initiating, as indicated by peak h.

An example showing the 1 order kinetics for the Cp,TiCl-mediated DMBD
polymerization with BEB as initiator is presented in Figure 2.15. According to the proposed
mechanism, one Ti equivalent is required for the initiation, whereas the second equivalent is
involved in the reversible endcapping of the growing chain. Larger amounts of Ti and Zn are
typically beneficial for the control of styrene and isoprene polymerizations and most likely for
DMBD as well. In addition, the Cp,TiCIBr formed in the initiation step can get reduced again by
Zn this generating more of the active metalloradical. As seen from Figure 2.15 a linear
dependence of molecular weight on conversion is observed up to about 80 % conversion, with
an initiator efficiency of about 0.3. In addition, the polydispersity decreases at higher
conversions to approximately 1.3. Figure 2.15b illustrates the linear dependence of In(1/(1-c))
on time (k,= 0.018 s'!) indicating a 1*" order kinetics and constant concentration of the growing

chains. Together these data support a controlled polymerization process.
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Figure 2.15 400 MHz 'H-NMR spectrum of poly (dimethylbutadiene) initiated from

DBPX.[DMBD]/[DBPX]/[Cp,TiCl,)/[Zn] = 25/1/4/8, 110 °C. Mn"™® = 3,280 Mn® = 4135; PDI
=1.31.
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Figure 2.16 The dependence of (a) M,, M,/M, and (b) In(1/(1-c)) in the Cp,TiCl mediated 2,3-
dimethyl,1,3-butadiene polymerizations: [DMDB]/ [BEB]/[Cp,TiCl,]/[Zn] = 100/1/3/6, dioxane,
110°C.
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2.3.9 Cp,TiCI®-Mediated CRP of Butadiene Initiated by Epoxide RRO

The butadiene initiation from MPEG is demonstrated via the NMR analysis of the chain ends
(Figure 2.17). Thus, in addition to the characteristic resonances corresponding to a typical free
radical butadiene polymerization, such as those corresponding to the 1,2-unit (-[CH,-CH]-, a, &
=2.03 ppm, -[CH,-CH]-, b, 6 = 1.25-1.45 ppm, -CH=CH,, ¢, d = 5.56 ppm, and -CH=CH,, d, 6 =4.94
ppm) as well as to the cis and trans 1,4-enchainement (-[CH,-CH=CH-CH,]-, f, & = 5.35-5.55 ppm
and -[CH,-CH=CH-CH,]-, e, & = 2.05 ppm) in an approximate 1,2/1,4 = 20/80 ratio, specific,
epoxide derived peaks such as the aromatic (i, 6 = 6.83 ppm), methoxy (Ph-O-CH,, j, & = 3.76
ppm) and methyleneoxy (Ph-O-CH,-, h’, 8 ~ 3.95 ppm) signals are observed in the polymer

spectrum.
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Figure 2.17 500 MHz 'H-NMR spectrum of PBD initiated by MPEG.
[BD]/[MPEG]/[Cp,TiCl,]/[Zn]=100/1/2.5/2. M,*"= 7,700; PDI = 1.40 .

Interestingly, the absence of peaks k (~ 3.4-3.6 ppm) indicates that the initiation is
preferentially performed by the least stable, but more sterically accessible epoxide derived

radical. The possible chain ends derived from the hydrolysis of the Ti-endcapped propagating



chain (such as —CH=CH-CH,-H or —CH,-CH(CH=CH,)-H are overlapping with the polymer
resonances and could not be observed.

An example demonstrating the 1% order kinetics of the Cp,TiCl-mediated butadiene
polymerization using MPEG as initiator are presented in Figure 2.18 wusing a
[BD]/[MPEG]/[Cp,TiCl,][Zn] = 100/1/2.5/2 ratio at 130°C. According to the proposed mechanism,
one Ti equivalent is required for the RRO process, whereas the second equivalent is involved in
the reversible endcapping of the growing chain, while having a larger amount of Ti and Zn are
typically beneficial as seen with other monomers, and most likely for butadiene polymerization
as well. As seen from Figure 2.18 a linear dependence of molecular weight on conversion is
observed up to about 70 % conversion, with an initiator efficiency of about 0.5. The
polydispersity increases with conversion but remains below 1.6. In addition, Figure 2.18b

demonstrates the linearity dependence of In(1/1-c) on time, indicative of 1** order kinetics.
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Figure 2.18 The dependence of (a) M,, M,/M, and (b) In(1/(1-c)) in Cp,TiCl-mediated butadiene
polymerizations: [BD]/[MPEG]/[Cp,TiCl,]/[Zn] = 100/1/2.5/2, dioxane, 130 °C.
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2.3.10 Cp,TiCl®-Mediated CRP of Butadiene via Aldehyde SET Reduction

The proposed polymerization mechanism is defined in Scheme 2.1. Following the Zn
reduction of Cp,TiCl, in dioxane the Cp,Ti(lll)Cl species id generated (eq. 1). Subsequent SET
reduction of the aldehyde (eq. 2) provides an a-titanoxybenzylic initiating radical for the
butadiene polymerization (eq. 3), which is mediated by the reversible termination of the
growing chains with a second equivalent of Cp,Ti(lll)Cl via a combination of DC and DT
mechanisms (egs. 4, 5). The aldehyde initiation from BBA is demonstrated by the NMR analysis
of the chain ends (Figure 2.19). Thus, in addition to the characteristic resonances corresponding
to a typical free radical butadiene polymerization, such as those corresponding to the 1,2-unit (-
[CH,-CH]-, a, 6 =2.03 ppm, -[CH,-CH]-, b, 6 = 1.25-1.45 ppm, -CH=CH,, ¢, 6 = 5.56 ppm, and —
CH=CH,, d, = 4.94 ppm) as well as to the cis and trans 1,4-enchainement (-[CH,-CH=CH-CH,]-, f,
d = 5.35-5.55 ppm and —[CH,-CH=CH-CH,]-, e, 6 = 2.05 ppm) in an approximate 1,2/1,4 = 20/80
ratio. The specific initiator derived peaks such as the aromatic k (6 = 7.4 ppm) and /, i’ (0= 6.75-
7.15 ppm) as well as benzylic alcohol and ether g and j (3~ 5.05 ppm) are observed in the
polymer spectrum. Moreover, the original aldehyde —CHO resonance (6 ~ 10 ppm) is absent,
indicating complete initiator consumption. Possible chain ends derived from the hydrolysis of
the Ti-endcapped propagating species (such as —CH=CH-CH,-H or —CH,-CH(CH=CH,)-H are

overlapping with the polymer resonances and could not be observed.
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Figure 2.19 500 MHz 'H-NMR spectrum of polybutadiene initiated by BBA.

[BD]/[BBA]/[Cp,TiCl,]/[Zn] = 200/1/3/3, 130 °C. M,*"“= 6,990; PDI = 1.58.

An example demonstrating the Cp,TiCl-mediated butadiene polymerization using BA as
initiator is presented in Figure 2.20 using a [BD]/[BA]/[Cp,TiCl,]/[Zn] = 200/1/3/3 ratio at 130°C.
In accordance with the proposed mechanism, one Ti equivalent is required for the aldehyde
reduction and another one for the reversible endcapping of the growing chains. As expected
based on previous results larger amounts of Ti and Zn are typically beneficial. As seen from
Figure 2.20a, a linear dependence of molecular weight on conversion is observed up to about 40
% conversion, with an initiator efficiency of about 0.6. The polydispersity increases with
conversion but remains below 1.8. In addition, Figure 2.20b demonstrates the linearity of the
kinetics of the polymerization indicating a constant concentration of the growing chains. The

increased molecular weight distribution may be attributed to the higher temperature used in
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the butadiene polymerizations. However, being that butadiene has one of the lowest
propagation rates, compared to other vinylic monomers (acrylates, styrene, methacrylates)
compensation needed to be made in order to perform the experiments on a reasonable time
scale. Therefore, while lowering the temperature may indeed give much narrower molecular

weight distributions, it would also increase the time needed for an experiment to unreasonable

lengths.
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Figure 2.20 The dependence of (a) M,, M,,/M, and (b) Ln(1/(1-c)) in the Cp,TiCl mediated
butadiene polymerizations: [BD]/[BA]/[Cp,TiCl,]/[Zn] = 200/1/3/3, dioxane, 130 °C.

2.3.11 Cp,TiCl®-Mediated CRP of Butadiene by Halide Abstraction

The polybutadiene initiation from DBPX is demonstrated by the NMR analysis of the chain
ends (Figure 2.21). Thus, the characteristic resonances corresponding to a typical free radical
butadiene polymerization, such as those corresponding to the 1,2-unit (-[CH,-CH]-, a, & =2.03
ppm, -[CH,-CH]-, b, 6 = 1.25-1.45 ppm, -CH=CH,, ¢, 8 = 5.56 ppm, and -CH=CH,, d, 8 = 4.94 ppm)

as well as to the cis and trans 1,4-enchainement (-[CH,-CH=CH-CH,]-, f, d = 5.35-5.55 ppm and -



[CH,-CH=CH-CH,]-, e, 6 = 2.05 ppm) are present in the spectrum. With there being an
approximate 1,2/1,4 = 20/80 ratio present and typical for a radical butadiene polymerization.
Additionally, specific initiator derived peaks such as the aromatic h, & = 7.15 ppm are observed
in the polymer spectrum. Interestingly, as indicated by the di-bezylic resonance i at & ~ 2.9 ppm
and the absence of the possible benzyl halide group (Ph-CH,-Br, ~4.5 ppm), initiator
dimerization seems to occur before addition to butadiene, similarly to previous experiments
using DBPX. The connectivity between the DBPX fragment and BD is shown by the peaks g, 6 =
2.73 ppm and e’, 8 = 2.63 ppm which represent the benzylic linkage to the methylene of the first
BD unit. Possible chain ends derived from the hydrolysis of the Ti-endcapped propagating
species (such as —CH=CH-CH,-H or —CH,-CH(CH=CH,)-H are overlapping with the polymer
resonances and could not be observed. Moreover, resonances associated with allyl bromide
chain ends (~4 ppm) are absent, indicating that the polymerization do not proceed via an ATRP
mechanism.

The demonstration of Cp,TiCl-mediated butadiene polymerization using DBPX as initiator
are presented in Figure 2.22 using a [BD]/[DBPX]/[Cp,TiCl,]/[Zn] = 200/1/6/20 ratio at 130°C.
According to our mechanism, two Ti equivalents are required for halide abstraction from the
difunctional initiator and consequently, two more for the reversible endcapping of the growing
chains. As seen from Figure 2.22, there is indeed a linear dependence of molecular weight on
conversion, which is observed up to about 50 % conversion, with initiator efficiency 0.7. The
polydispersity increases with conversion but remains below 1.6. In addition, Figure 2.22b
demonstrates the 1* order kinetics of the polymerization indicating a constant concentration of

the growing chains and a rate of 0.0059 h™.
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Figure 2.21 500 MHz 'H-NMR spectrum of polybutadiene initiated by DBPX.
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Figure 2.22 The dependence of (a) M,, M,,/M, and (b) Ln(1/(1-c)) in Cp,TiCl mediated butadiene
polymerizations: [BD]/[DBPX]/[Cp,TiCl,]/[Zn] = 200/1/6/20, dioxane, 130 °C.

2.4 Conclusions

The first examples of transition metal mediated controlled radical polymerizations of
isoprene were demonstrated and optimized using the epoxide/Cp,TiCl initiator/catalyst system.

The initiation was supported by NMR investigations, which indicated the presence of epoxide

fragments on the chain end and the stereoselectivity of a conventional radical polymerization.
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The effect of the reaction variables was studied over a wide range of conditions
([Cp,TiCl,])/[epoxide] = 1/1-1/6, ([Cp,TiCl,]/[Zn] = 1/0.5-1/8 , [Iso]/[epoxide] = 20/1-1000/1, T =
70-130 °C in THF and dioxane) to reveal a linear dependence of molecular weight on conversion,
linear 1* order kinetics as well as moderate polydispersities up to high conversions. The initiator
efficiency (IE) and the rate increase, while polydispersity decreases with increasing the
[Cp,TiCl,])/[epoxide] ratios, with an optimum at [epoxide]/[Cp,TiCl,]/[Zn] = 1/3/6-1/4/8 at 90 -
110 °C. While IE is independent of temperature, lower polydispersities (1.3-1.4) were obtained
at lower temperatures ~ 90 °C. Furthermore, random and block copolymers with styrene could
also be obtained.

The Cp,TiCl,/epoxide methodology uses off-the-shelf reagents, and mediates isoprene CRP
at lower temperatures (70-110 °C vs. 120-130 °C) than the more expensive nitroxide and
dithioester CRP methods, to which it offers a convenient and inexpensive alternative. Moreover,
refinement of the ligand systems using examples already available in Ti-coordination
polymerization is likely to optimize the polymerization further.

This methodology was expanded further through the use of Cp,TiCl set-reduction of
aldehydes, in addition to halide abstraction to generate initiating radical species for isoprene. All
three initiating systems showed promising results, generating a controlled polymerization as
well as reasonable rates of polymerization.

This procedure was applied to CRP of butadiene and dimethyl butadiene, each of which was
demonstrated for all three classes of initiators. A controlled radical polymerization was observed
for all cases with DMBD below 130C. At higher temperatures, it was noted that the
polymerization was free radical, most likely attributed to the allylic nature of the monomer and
polymer allowing for more significant chain transfer at elevated temperatures. Butadiene

exhibited some control over molecular weight, but was the worst among the three monomers
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examined. Unfortunately the increased molecular weight distribution may be credited to the
higher temperatures used for these polymerizations. However, butadiene has one of the lowest
propagation rates, compared to other vinylic monomers and this had to be compensated with a
higher temperature in order to perform the experiments on a reasonable time scale. Therefore,
while lowering the reaction temperature may indeed give much narrower molecular weight
distributions, it drastically increase the time needed for an experiment to unreasonable lengths.

It is also possible this system need further optimization to obtain better polymerization control.
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Chapter 3: Towards Cp,TiCI® Mediated Radical Polymerization of Vinylidene Fluoride

As a prelude to metal mediated systems, a series of typical free radical initiators were first
evaluated in the thermal or UV-mediated VDF polymerization in glass tubes, at room
temperature (rt) in a variety of solvents. Better polymerization results were obtained with
initiators which generate the most reactive radicals (TBPO), in solvents that minimize chain
transfer (ACN). The effect of UV irradiation was subsequently investigated to reveal a
photocontrolled free radical polymerization. Finally, a series of epoxides, aldehydes, halides and
peroxides, known to initiate both styrene and diene polymerizations in the presence of Cp,TiCl®,
were tested as potential rt VDF initiators. However, regardless of reaction conditions, no
polymer was obtained. This is most likely due to the incompatibility of solvents appropriate for
Cp,TiCl, reductions with those conducive of VDF polymerizations. Thus, polar solvents
appropriate for Cp,TiCl, are strong chain transfer agents towards VDF (dioxane, THF, diglyme,

acetone), while solvents that limit chain transfer to PVDF®, react with Cp,TiCl.
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3.1 Introduction

Fluorinated (co)polymers are fundamental specialty materials endowed with wide
morphological versatility, high thermal, chemical, ageing and weather resistance, as well as low
surface energy, dielectric constant, flammability, refractive index, and moisture absorption. As
such, their applications range anywhere from paints and coatings, pipe liners, transmission
fluids, O-rings for extreme temperatures, fuel cell membranes and antifouling layers to optical
fibers and high power capacitors . A well know example is poly(vinylidene fluoride) (PVDF)?
which due to its excellent chemical inertness, acid resistance, low water absorptivity,

weatherability, low dielectric constant and piezoelectric properties®**

, is a widely used high-
performance material for coatings, membranes for fuel cells and Li ion batteries, ® as well as
semiconductor and nuclear applications. To overcome the PVDF high crystallinity and low
solubility, various copolymers, especially with non homopolymerizable # hexafluoropropene ®°
(HFP) are also used. PVDF is obtained by the high pressure (bpypr = -86 °C, bpuee = -29.6 °C)
peroxide initiated VDF radical polymerization in metal reactors at 50-100°C.***

As such, controlled radical polymerizations (CRPs) which limit termination and other side
reactions via atom transfer (ATRP) **** dissociation-combination (DC) or degenerative transfer
(DT) mechanisms and enable control over molecular weight and polydispersity, have been
widely applied in the synthesis of complex macromolecular structures *3. However, while they
have recently seen remarkable developments *2, and ATRP, nitroxide or addition-fragmentation
methods were successful with acrylates or styrenes, their applicability towards very reactive
monomers such as main chain fluorinated alkenes, still awaits demonstration. Moreover, all

metal based systems employ only late transition metals and provide initiation only from

activated halides or thermal initiators. Thus, a broader selection of initiators and catalysts
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would be desirable, especially since they might provide access to novel chain ends derived
either from the initiator or catalyst or both.

Thus, as (co)polymers of main chain fluorinated monomers (e.g. VDF) are important, the
study of their CRPs and the synthesis of the complex polymer architectures thereby derived, is a

worthy undertaking'**>

. Conversely, such polymerizations are quite challenging, especially on a
laboratory scale, in view of the low bp of the monomers and the high-pressure metal reactor
requirement. As such, while styrene or acrylate CRPs can be conveniently sampled repeatedly
from the side arm of a Schlenk tube on a 1 g scale, kinetic studies of VDF polymerizations involve
many one-data-point experiments. This is a very time-consuming and expensive process due to
the typical lab unavailability of a large number of costly metal reactors, which moreover still
require 10-100 g of monomer. Thus, development of methods that would allow few grams-
scale polymerizations to proceed at room temperature (rt) in inexpensive, low-pressure glass
tubes, would be highly desirable, especially since such procedures would easily lend themselves
to the fast screening of a wide range of catalysts and reaction conditions.

VDF polymerization can proceed at rt under organic free radical initiation®®, but only very
low molecular weight VDF telomers (DP < 1-3) may be obtained, and only at high temperatures
(> 100 °C) from transition metal salts and polyhalides by redox catalysis.">*’ Moreover, while
the 1:1 metal catalyzed addition of Re-I derived perfluoroalkyl radicals to alkenes using Cu'®,
Zn*, Pd*®, SnCl,/CH;COOAg**, Cp,TiCl*? occurs readily at high temperatures, the metal catalyzed
addition of such electrophilic radicals to electrophilic fluorinated alkene substrates (FMs) at T <
100 °C, and especially at ambient temperatures is to the best of our knowledge, conspicuously
absent from the literature. Moreover, there are no reports on metal-mediated VDF

polymerizations, let alone VDF-CRP. Consequently, the ability to initiate and control VDF using a

transition metal system under mild conditions would be of great synthetic value.
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The paramagnetic Cp,TiCI*® available in situ by Zn reduction of Cp,TiCl, ** is a mild one
electron transfer agent which catalyzes a variety of radical reactions **, including epoxide radical
ring opening (RRO)*, aldehyde single electron transfer reduction and halide abstraction. We
have demonstrated the Cp,TiCl-catalyzed LRP of styrene *’ initiated by epoxides, aldehydes %,

30

halides %, and peroxides >, as well as that of dienes 31

initiated from halides **¢""3

epoxides,32"'b'g and aldehydes3zc'd. The effect of ligands, reducing agents, solvents, additives,
reagent ratios and temperature was investigated?”’. This methodology was applied in the
synthesis of branched and graft copolymers **, and Ti alkoxides generated in-situ from epoxides
and aldehydes were also shown to catalyze the living ring opening polymerization of cyclic
esters®®, epoxides and anhydrides *°.

Encouraged by these results, we decided to evaluate such alternative methods of

36
|

polymerization initiation and control®, and explore the scope and limitations of transition metal

catalysts in the rt VDF radical polymerization.

3.2 Experimental

3.2.1 Materials.

Vinylidene Fluoride (VDF, 98% min.) and hexafluoropropene (HFP, 99% min.), 1-
iodononafluorobutane (PFBI, 98%) and heptafluoro-2-iodopropane (PFipl, 97%), 1, 8-
dichloroperfluorooctane (DCPfO, 99%) (all from Synquest Laboratories). Activated Zn powder
(Zn, 99+%), glycidyl 4-methoxyphenyl ether (MPEG, 99%), 1,2,7,8-Diepoxyoctane (DEO, 97%),
1,4-butanediol diglycidyl ether (BDE, 95%), Benzaldehyde (BA, 99.5%), 1,10-Dibromodecane
(DBD, 97%), methyl iodide (CHsl, 99.5%), 1-(bromoethyl)benzene (BEB, 95%),
azobisisobutyronitrile (AIBN, 98%), H,0, (50% in H,0), benzoyl peroxide (BPO, 97%), tert-
butylperoxy benzoate (TBPB, 95%), t-butyl peroxide (TBPO, 98%), 2,5-bis-(tert-butylperoxy)-2,5—

dimethylhexane (BTBDMH, 90%), dicumyl peroxide (DCPO, 99%), and dimethyl carbonate (DMC,
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> 99%, anhydrous) (all from Aldrich), dilauryl peroxide (DLPO, 99%) methoxybenzene sulfonyl
chloride  (MBSC, 99%), bis(cyclopentadienyl)titanium  dichloride  (Cp,TiCl,, 97%),
bromotrichloromethane (BrCCls;, 99%), ethylene carbonate (EC, 99%) (all from Acros) and carbon
tetrachloride (CCls, 99%, Fisher) were used as received. Methanol (MeOH, 99%) acetonitrile
(ACN, 99%), anisole (99.7%), a,a,a-trifluorotoluene (TFT, 99%), pyridine (Pry, 99%), N-methyl-2-
pyrrolidinone (NMP, 99%) (all from Aldrich), N,N’-dimethylacetamide (DMAC, 99%), dioxane
(99.7, %), dimethyl sulfoxide (DMSO, 99.8%), benzonitrile (BzN, 99%), and e-caprolactone (CL,
99%) (all from Acros), diglyme (99.5%, Fluka), N,N’-dimethylformamide (DMF, 99.9%), toluene
(Tol, 99.8%) (both from Fisher), and tetrahydrofuran (THF, 99%, J. T. Baker), were dried over

CaH, overnight. Acetone (99.9%, J. T. Baker) was dried over anhydrous MgSQ,.

3.2.2 Techniques.

'H NMR (500 MHz) spectra were recorded on a Bruker DRX-500 at 24°C in acetone-ds. GPC
analyses were performed on a Waters gel permeation chromatograph equipped with a Waters
2414 differential refractometer and a Jordi 2 mixed bed columns setup at 80°C. DMAc (Fisher,
99.9% HPLC grade) was used as eluent at a flow rate of 1 mL/min. Number-average (M,) and
weight-average molecular weights (M,,) were determined from calibration plots constructed
with polymethylmethacrylate standards. All reported polydispersities are those of water

precipitated samples.

3.2.3 Polymerizations.

A 35-mL Ace Glass 8648 # 15 Ace-Thread pressure tube equipped with bushing and a
plunger valve was charged with TBPO (0.16 mL, 0.85 mmol), ACN (3 mL) and degassed. The tube
was then cooled, opened under He and charged with VDF (1.1g, 17.18 mmol), re-degassed and

the reaction mixture was warmed up to room temperature on a stir plate under UV irradiation

69



at about 15-20 cm from a UV lamp (Fisher, model B-100AP with a spot bulb, 100W) behind a
protective shield. After required amount of time, the tube was cooled in liquid nitrogen,
opened and the excess VDF and HFP was allowed to boil off in the hood under maximum air
flow. The reaction mixture was precipitated into deionized water. The polymer was centrifuged
and dried.

A 35-mL Ace Glass 8648 # 15 Ace-Thread pressure tube equipped with bushing and a
plunger valve containing Cp,TiCl, (21.4 mg, 0.09 mmol), Zn (4.2 mg, 0.07 mmol) and dioxane (3.0
mL) was degassed and the Ti reduction was carried out at rt. The tube was then cooled in liquid
nitrogen, opened under He and charged with MPEG (15.5 mg, 0.09 mmol) and VDF (1.10g, 17.18

mmol), re-degassed and held at 2 °C. Conversions were determined gravimetrically.

3.3 Results and Discussion

Before evaluating the metal catalyzed systems, we decided to first verify our ability to
perform the reactions in glass tubes at rt by carrying out conventional free radical VDF
polymerizations. Thus, it is known that UV radiation mediates VDF 2 telomerization with
(perfluoro)alkyl iodides ¥ or H,0, *, but there are very few reports on the use of conventional
free radical initiators either at mild temperatures or under UV irradiation or on the solvent
effect in VDF polymerizations. Thus, we started *° by exploring VDF polymerizations under such
conditions.

Previous investigations of solution properties’®*! indicated that the best PVDF solvents are

40d A common

polar aprotic and H-bonding capable, and that HH sequences decrease solubility
structural motif is a favorable interaction of the polar Y=0 bond (Y = C, S, P) of the solvent, with
the mildly acidic Hs in -CF,-CH,-CF,-. Accordingly, 2-pentanone, propionitrile, BN, nitrobenzene,

(MeO);P, (NEt,)SO,, sulfolane [-(CH,)4-]SO, and metylpyridines were classified as bad solvents.

(BuO)3P=0 only swells PVDF, whereas y-butyrolactone, propylenecarbonate, cyclohexanone,
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CH3COPh and Ph,C=0 solutions gel on annealing at rt. Short chain phosphates ((RO);P=0; R =
Me, Et, and (CHs)(MeO),P=0) are good solvents, whereas tertiary amides (HCONR;,; R = Me
(DMF), Et, DMAC, N-formylmorpholine, NMP) and DMSO are very good solvents. Finally,
cyclopentanone, N-alkyl cyclic urethanes as well as linear and cyclic ureas ((Me;N),C=0, [-
N(CHs)-(CH,),.3-N(CH3)-]C=0, DMEU and DMPU) dissolve PVDF even at rt, with [(CH3),N]sP=0
(HMPA) and (CHs)[(CH3),N],P=0 considered excellent solvents.

However, while VDF “solution” polymerizations are typically carried out in ACN, ** a non-

44,4546 5n the solvent

solvent weak chain transfer (CT) agent, *® there is in fact very little data
effect in VDF polymerizations. Thus, we decided to scan a few common solvents, using typical
free radical initiators, noting that while good monomer/polymer solubilization would be
desirable, minimization of solvent CT outweighs solubility considerations. Thus, the trends
discussed below are the combined result of the solvent CT transfer and swelling ability.

As seen from Table 3.1, no polymer was obtained from AIBN, dilauryl peroxide or TBPB
under either thermal (< 90 °C) or irradiation conditions. However, while BPO was also
unsuccessful thermally, some polymer was obtained under UV. Dicumyl peroxide was the only
initiator which provided polymer at ~ 60 °C. While H,0, can initiate under UV*® it generated no
polymer at 25 °C. Finally, TBPO decomposes thermally or under UV with the formation of
methyl radicals which are reactive enough to add to VDF even at ambient temperatures, and
was the most efficient of the series. Dialkyl peroxides have quite a long half lifetime (e.g.

tl/leBpogooc =543 h)3°, and thus their rt thermal dissociation is negligible. Therefore, any possible

rt initiation can only be due to the UV-induced decomposition.
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Table 3.1 Free Radical VDF Polymerizations and Solvent Effect.

. [VDF]/ Temp Time  Conv

Ex # Initiator 1] Solvent () M, PDI (Hrs) 9%
1 AIBN 100/1 ACN 60 - - 15 0
2 AIBN 100/1 ACN 60 - - 19 0
3 AIBN 20/1 ACN 60 - - 72 0
4 AIBN 40/1 Diox 60 - - 18 0
52 AIBN 25/1 ACN 25 - - 40 0
6° AIBN 20/1 Diox 25 - - 20 0
7 BPO 20/1 ACN 60 - - 72 0
8 BPO 100/1 ACN 80 - - 14 0
9 BPO 100/1 ACN 80 - - 24 0
10 BPO 100/1 ACN 90 - - 27 0
11 BPO 10/1 ACN 90 - - 24 0
12 BPO 100/1 ACN 90 - - 14 0
13 BPO 20/1 ACN 90 - - 20 0
14 BPO 100/1 ACN 90 - - 3 0
15 BPO 50/1 ACN 90 - - 4 0
16 BPO 100/1 ACN 90 - - 14 0
17° BPO 20/1 ACN 25 3,265 1.57 20 15
18 DCPO 50/1 ACN 60 3,092 1.14 16 7
19 DLPO 20/1 ACN 90 - 20 0
20° DLPO 20/1 ACN 25 - 20 3
21 H,0, 25/1 ACN 25 - 14 0
22 H,0, 100/1 ACN 25 - 27 0
23 TBPB 20/1 ACN 90 - 20 0
24° TBPB 20/1 ACN 25 - 20 3
257 TBPO 25/1 BzN 25 - 48 0
26° TBPO 20/1 ACN 25 17,187  1.55 15 37
27° TBPO 25/1 DMAC 25 1,002 1.42 40 10
28? TBPO 25/1 DMF 25 804 1.31 40 17
29° TBPO 25/1 NMP 25 517 1.74 40 17
30° TBPO 25/1 Py 25 - - 38 0
31° TBPO 25/1 ACN 25 6,300 1.91 22 33
32° TBPO 10/1 ACN 25 - - 23 47
33° TBPO 20/1 ACN 25 7,074 2.31 20 34
34° TBPO 20/1 BzN 25 - - 15 0
35° TBPO 20/1 Diox 25 - - 17 0
36° TBPO 25/1 DMSO 25 - - 48 0
37° TBPO 25/1 TET 25 - - 48 0
38° TBPO 25/1 THE 25 - - 48 0
39° TBPO 25/1 Tol 25 - - 48 0

2 Oriel Xenon arc lamp  High Intensity UV Lamp 365 nm.
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The rest of the experiments evaluated the solvent effect and indicated that unfortunately,
the good PVDF solvents (DMF, DMAC) are not necessarily satisfactory for polymerizations, due
to their high chain transfer ability. As such, ACN reactions are in fact heterogeneous,
precipitation polymerizations. Thus, the prospect of VDF homogeneous solution polymerization
without chain transfer under radical conditions appears unlikely.

The effect of UV irradiation on the polymerization kinetics was investigated previously. It
was determined that indeed no polymerizations occurs when the UV lamps were switched off,
and would continue when turned back on thus under continuous UV irradiation (TBPO),
conversion increases with reaction time. Similarly, for the same total reaction time, conversion
increases with UV exposure time Thus, as expected, an uninterrupted increase in conversion is
observed under continuous irradiation. By contrast, no conversion increase occurs at longer
reaction times in the absence of UV irradiation. This indicates that UV irradiation is necessary
for the continuous generation of peroxide derived radicals, which support the polymerization.

Having evaluated the conventional VDF-FRP in glass tubes at rt, we then attempted a
transition metal mediated radical initiation approach. Similarly to the results we have

previously observed with styrene and dienes,*”>*

we expected the VDF polymerization to follow
the mechanism outlined in Scheme 3.1. As such, the Zn reduction of Cp,TiCl, occurs readily in
dioxane and in many polar solvents to generate Cp,Ti(lll)Cl (eq. 1). Subsequent radical ring
opening of epoxides (RRO, eq. 2,3), single electron transfer reduction of aldehydes (eq. 4),
halide abstraction (eq. 5) or redox reactions with peroxides (eq. 6, 7) provide radical species
which add to alkenes, thereby initiating radical polymerizations. Additionally, polymerization

control (eq. 8), can be afforded by the reversible termination of the growing chains with a

second equivalent of Cp,Ti(lll)Cl via a combination of DC and DT mechanisms (egs. 9, 10).
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Scheme 3.1. Cp,TiCl-mediated VDF polymerization mechanism.



Table 3.2. Cp,TiCl-Mediated Initiating Systems

Exp [ Cfi‘z/ﬁgz/][}][én ] [1] Solvent Temp °C  Time (h)
1 7.25/0/1/1 - DMC 50 24
2 0/0/1/0.75 - DMC 25 24
3 3/0/1/0.6 - Diox 25 24
4> 5/0/1/0 - DMC 40 42
5 100/1/2/4 BPO ACN 60 14
6 100/1/1/1 BPO ACN 90 24
7 20/1/.05/.25 TBPB anisole 25 40
8° 100/1/.25/.25 TBPO Diox 25 21
9° 100/1/1/1 TBPO Diox 25 27
10° 100/1/1.5/1.5 TBPO Diox 25 99
11 100/1/2/4 TBPO DMF 110 40
12 100/1/1.9/0.95 DEO Diox 25 18
13 100/1/2/2 BDE DMF 130 62
14 50/1/2/1.1 BDE Acetone 40 60
15 200/1/1/0.75 MPEG Diox 60 48
16 100/1/1/2 BA DMF 150 62
17 100/1/1/0.6 BA ACN 90 48
18 50/1/1/0.6 MBSC ACN 60 12
19 50/1/0.1/1 MBSC Anisole 25 164
20 100/1/2/1 DBD ACN 25 20
21 25/1/1/0.6 ccl, DMC 25 43
22 100/1/3/6 ccl, DMC 40 21
23 50/1/0.3/5 ccl, DMC 40 48
24 10/1/0.015/0.05 ccl, DMC 50 43
25 50/1/3/1.6 ccl, DMC 60 46
26 50/1/3/1.5 ccl, DMC 60 62
27 25/1/0.02/1 CCl3Br Acetone 40 60
281 50/1/1/0 CHsl ACN 25 24
29 50/1/0.1/2 BEB Diox 25 25
30 50/1/2/1.1 DCPfO DMC 50 24
31 50/1/0.05/0.6 PFBI DMF 25 24
32 50/1/1/0.6 PFBI Diox 25 24
33 25/1/0.2/0.4 PFBI MeOH 25 24
34 25/1/0.1/1 PFBI H20 40 44
35 25/1/0.1/1 PFBI CcL 40 44
36 50/1/2/1.1 PFBI Acetone 40 60
37° 50/1/0.2/1 PFBI DMC 40 72
38 50/1/0.2/0.1 PFBI DMC 40 48

o reducing reagent, ®30W CFL® High Intensity UV Lamp 365nm, 9 Oriel Xe Arc Lamp.




Table 3.2. Cp,TiCl-Mediated Initiating Systems, continued.

Exp [ Cfi‘z/ﬁgz/][}][én ] [1] Solvent Temp °C  Time (h)
39 75/1/3/6 PFBI DMC 40 14
40° 50/1/0.4/0.21 PFBI Diglyme 40 18
41° 25/1/0.2/0.4 PFBI Anisole 40 72
42 25/1/0.5/0.6 PFBI DMC 45 48
43 25/1/0.2/0.4 PFBI EC 45 48
44 25/1/1.1/2 PFBI EC 45 48
45 50/1/3/1.6 PFBI DMC 60 46
46 50/1/3/1.5 PFBI DMC 60 62
47*° 50/1/0.1/0 PBFI DMC 40 42
48 50/1/0.1/0.1 PFipl DMAC 25 120
49° 50/1/0.1/0.6 PFipl DMAC 25 96
50 25/1/0.1/1 PFipl ACN/Diox 25 63

o reducing reagent, ®I30W CFL® High Intensity UV Lamp 365nm, 9 Oriel Xe Arc Lamp.

Selected examples of the attempts at Cp,TiCl-mediated radical initiation of VDF from four
different classes of initiators (epoxides, aldehydes, halides and peroxides) are presented in Table
3.2. However, in none of these experiments was polymer obtained. Nonetheless, the
corresponding radicals can clearly be produced even at r, as evidenced by the green to red color
change upon the injection of their precursor into a Cp,TiCl solution, and by their initiation of the
polymerization of styrene and dienes. > Additionally, the radical polymerization of VDF can
proceed at rt as seen above with UV or with other radial generation systems.***

Hence, what are the reasons for the lack of polymerization? Possible explanations include
the absence of a solvent compatible with both VDF polymerizations and Cp,TiCl, the inability of
the initiator radicals to add to VDF at rt, as well as potential organometallic side reactions such
as Zn insertion into the carbon halide bond of the initiator”” or the irreversible deactivation of
the chain ends and of the catalyst via either f—H (Cp,TiCIH) or SF (Cp,TiCIF) elimination,

assuming initiation does occur. Indeed, in the presence of Zn, perfluoroalkyl iodides may add to

the carbonyls of alkyl carbonates such as DMC via the intermediary formation of a Grignard-like
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Re-Zn-l species.47 However, Cp,TiCl does not abstract F from Re-X, but mediates the addition R¢®
to regular alkenes such as isoprene.?

While one can argue that perhaps the radicals derived from aldehydes and sulfonyl or
benzyl halides may not be reactive enough for rt initiation, the primary radicals derived from
epoxide RRO and those obtained from CHs-l, CCl, and Rl are definitely capable of initiation.*
Thus, the dominant reason is most likely, the solvent effect.

In solution, Cp,TiCl consist of an equilibrium mixture of the monomer with the dominating
Cp,Ti(4-Cl),TiCp, chloride-bridged dimer,” and the relative reactivity of these two species is
solvent dependent. While polar, coordinating solvents readily dissociate the dimer,**® aromatic,
less polar solvents have a lower ability to promote reduction and dimer dissociation. However,
too strong of a solvent coordination may also translate in a poor polymerization performance
due to blocking of the Ti active site. Amide-based solvents such as DMF, DMAC and NMP and
strong nitrogen donors like pyridine and ACN may act as ligands that coordinate Cp,TiCI® too
strongly and irreversibly, or similarly to the single electron transfer reduction of aldehydes and
ketones, could directly deactivate the catalyst via the single electron transfer reduction and
addition of Cp,TiCI® to the C=0, %28 5.0, % or CN,*® groups. Additionally, Cp,TiCI® can transfer H
from water and alcohols and would thus act as CT agents in a polymerization in such -OH
solvents. >

274 the best results were obtained with

Under these conditions, for styrene polymerizations,
aliphatic ethers such as THF, dioxane and diglyme which coordinate reversibly, and easily
stabilize Cp,Ti(lll)CI*:. The solvent suitability in terms of PDI was: dioxane > THF > diglyme >
PhOMe > Ph,0 > bulk > toluene >> pyridine > DMF > NMP, DMAC > ethylene carbonate,

acetonitrile. One can already see that the best solvents for VDF polymerizations are actually at

the bottom of this list.
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Thus, in retrospect the above VDF/Cp,TiCl requirements practically disqualify all the
experiments, such as those carried out in anisole, dioxane, and diglyme for VDF, and those in
acetone, ACN, BN, DMC, EC, CL, TMP, H,0 and MeOH for Cp,TiCl, with DMF, DMAC, being
unsuitable for both. It appears therefore, that unfortunately, the preferred solvents for the

polymerization are incompatible with the ones for the catalyst.

3.4 Conclusions

A series of typical free radical initiators such AIBN, BPO, TBPB, TBPO, DCPO, DLPO, and H,0,
were evaluated in the thermal or UV-mediated VDF polymerization in TFT, Py, NMP, DMAC,
dioxane, THF, DMSO, BN, DMF, and toluene. Better polymerization results were obtained with
initiators which generate the most reactive radicals (TBPO) in solvents that minimize chain
transfer (ACN), which however, are not necessarily good PVDF solvent as well. Finally, a series
of epoxides, aldehydes, halides and peroxides, known to initiate both styrene and diene
polymerizations in the presence of Cp,TiCl®, were tested as potential rt VDF initiators. However,
regardless of reaction conditions, no polymer was obtained. This is most likely the combined
outcome of a series of factors including lower reactivity of the initiating radicals by comparison
with the propagating chain, transfer to the solvent or catalyst, low reaction temperature and of
several possible organometallic side reactions. The key reason for the failure of these
polymerizations is most likely the solvent effect, i.e. the incompatibility of solvents appropriate
for Cp,TiCl, reductions with those conducive of VDF polymerizations. Thus, the polar solvents
that promote a fast and efficient reduction of Cp,TiCl, are strong chain transfer agents towards
VDF (dioxane, THF, diglyme, acetone), while solvents that limit chain transfer to PVDF®, will

react with Cp,TiCI®.
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Chapter 4: Metal Carbonyl Photomediated lodine Degenerative Transfer Controlled Radical
Polymerization of Vinylidene Fluoride and Synthesis of Well Defined Block Copolymers.

A series of transition metal carbonyl complexes (Rey(CO)io, Mny(CO)1o, Cp,W,(CO)s,
Cp,Mo0,(CO)s, Fe(CO)s, CpyFes(CO),, Cp*ZCrz(CO)4, Co,(C0)s Mo(CO)s, Cr(CO)s) in conjunction with
alkyl or perfluoroalkyl halides (CH3(CH,)sCl, CH3(CH,)sBr, CH3(CH,)sl, CHsl, CCl,;, CClsBr, CF3(CF5)sl
CI(CF,)sCl, Br(CF,)sBr, and I(CF,)sl) were evaluated in the initiation and respectively control of
vinylidene fluoride (VDF) polymerization. A free radical polymerization (FRP) process was
observed for alkyl halides (CH3(CH,)sBr, CH3(CH,)sl, CHsl, CCl,, CClsBr, Br(CF,)sBr), with Br(CF,)sBr
exhibiting a decrease in molecular weight with respect to conversion, while perfluoroalkyl iodides
(Rel = CF3(CF5)sl, I(CF,)sl) mediated the VDF controlled radical polymerization (CRP) via iodine
degenerative transfer (IDT). The fastest rates were observed with R¢l used in conjunction with
Re,(CO);p and Mny(CO)1. The effect of various [VDF]/[PFBI]/[Mn,(CO):], [VDF]/[solvent], and
[PFBI]/[Mn,(CO);,] ratios were evaluated and confirmed DMC was indeed the superior solvent,
while the [VDF]/[solvent] ratio had little effect on the polymerization rate. A selection of the
metal complexes were then evaluated in the PVDF-I activation, where Re,(CO)q, Mn,(CO)0,
Cp,W,(CO)s, Cp,Mo,(CO)s, and Cp,Fe,(CO), provided complete activation of both PVDF-CH,-CF,-1
and PVDF-CF,-CH,-l chain ends and were subsequently used towards the synthesis of well-
defined block copolymers with vinyl acetate, t-butyl acrylate, methyl methacrylate, isoprene,

styrene, and acrylonitrile, from their respective metal carbonyls.
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4.1 Introduction

Fluorinated (co)polymers constitute a fundamental class of specialty materials endowed
with a wide range of high-end applications' demanding their precise synthesis. However, while
controlled radical polymerizations (CRPs) have undergone remarkable developments for typical
vinyl monomers such as (meth)acrylates or styrene,”* they remain ineffective for highly reactive,
gaseous main chain fluorinated monomers (FMs: CH,=CF,, vinylidene fluoride, (VDF),
CF,=CF(CF3), CF,=CF,, etc.). As such, due to the current lack of suitable chemistry, the synthesis
and fundamental understanding of the properties and applications of well-defined complex
fluoropolymer architectures, lag considerably behind those associated with conventional
alkenes. Moreover, since metal mediated alkyl halide radical initiation and FM-CRP was not
available until very recently,” industrial FM-CRP is still accomplished at high temperatures and

1,3,6,7

pressures with the oldest CRP method,” the iodine degenerative transfer using

1)*** chain transfer agents (CTAs),® and peroxide free radical

perfluorinated alkyl iodides (Rg-
initiators.™®?

However, IDT always demands a free radical source (e.g. "butyl peroxide)', as direct metal
catalyzed initiation from Rg-l or any other R-X is not available. Indeed, while electrophilic R¢®
radicals add readily to alkenes with metal catalysis,™* their addition to electrophilic, fluorinated
substrates (FMs) at room temperature (rt) is absent. Thus, even though VDF polymerizes at rt,*
only low VDF oligomers result even at T > 100 °C from transition metal complexes and

1,7,14

polyhalides. Moreover, by contrast to the CRP of acrylates or styrene, VDF-IDT produces

two different halide chain ends, P,-CH,-CF,-I and P,,-CF,-CH,-I having dissimilar reactivity.“’10

Consequently, surpassing the limitations of the current chemistry by providing the ability to

initiate directly from halides, mediate rt FM-CRP and activate both PVDF-I termini, is an essential
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requirement towards the synthesis of well-defined, architecturally rich fluoropolymers, which
are otherwise unavailable or inevitably end up as inseparable mixtures.
Accordingly, the development of FM-CRP, the synthesis of elaborate architectures and the

1,5,6-10,15,16

mapping the resulting fluoromaterials remain worthy endeavors. Such polymerizations

are quite challenging, as all FMs are gases (b},@’DF = -83 °C) and typical reactions are performed at

T ~ 100-200 °C,' in expensive, high-pressure metal reactors. Moreover, by contrast with
conventional CRPs which can be sampled even on a 1g scale, FM polymerizations kinetics
involve many time-consuming, large scale, one-data-point experiments. Thus, the development
of mild temperature protocols for low pressure, small-scale polymerizations in inexpensive glass
tubes, would be very appropriate for fast catalyst and reaction conditions screening and
amenable to photochemistry.*

74 However, none of the

To address the above concerns, we started to examine rt VDF-CRP.
conventional CRP methods proved effective in glass tubes at moderate temperatures (25-60 °C),
most likely due to the inability to generate radicals reactive enough to add to VDF, or to
reactivate the potentially dormant PVDF-Y chain end, as well as catalyst/polymer solvent

incompatibility.*®

We thus subsequently considered alternative means of radical photo-
generation and set out to investigate® a mild, photomediated metalloradical formation,™ using
low power (< 30 W) white light compact fluorescent bulbs.

182021 prior to our work,* there were

As such, while high power UV VDF telomerizations exist,
are no reports on VDF polymerizations under visible light. As VDF is a very reactive monomer, it
is expected that successful rt initiators should provide highly reactive, destabilized alkyl,
semifluorinated, or perfluoroalkyl radicals. Additionally, the visible light generated L,Mt* metal

radical species should be a very good halide abstractor, and, for possible catalyzed CRP, L,Mt-X

should also be a very good halide donor (X = most likely iodine).

84



Suitable examples'® of radically photolyzable transition metal complexes are based on
(CO),Mt-Mt(CO), type dimers. Out of the many know examples, the following Re(CO)s >
Mn(CO); > CpW(CO); >CpMo(CO); > CpFe(CO), > Co(CO), order is available in terms of their
ability to abstract halides.”” Although Re(CO)s® (Amax = 535-550 nm) abstracts Cl from CCl, ~65

*3 the stronger bond dissociation energy (BDE) of Re-Re®* and the

times faster than Mn(CO)s
higher cost, make the relatively inexpensive Mn,(CO)1>> dimer?® the most popular reagent in
the series. At room temperature, in the dark, the dimer?’ is stable, (Keg< 2.4 x 10™),% but as the

293031 (3nd further decreased by extra

Mn-Mn linkage is relatively weak (20-40 kcal/mol),
ligands),** Mn,(CO),, undergoes facile thermolysis at T > 80 °C and rt photolysis. UV irradiation
promotes CO loss forming Mn,(CO)q and Mn(CO)s®, but near-UV and rt visible longer wavelength
(A= 366-400 NM, Amax" "2 = 324 nm)* provide the Mn(CO)s® 17" metalloradical (A" " =
780-830 nm)*® with good quantum efficiency.>**°

Mn(CO)s® cleanly effects both hydride and halide abstraction from good RH donors >’ and
respectively, from halides with moderate BDE (< 310 kJ/mol)*® such as polyhalides®® (CCl,)** allyl
and benzyl halides,ag'39b CH3l,*° 1,,* and, by contrast with other reagents, reacts faster with
primary rather than with secondary or tertiary ones.®® Phosphine ligands (PPh;) depress the
rates of such reactions.”* While Mn-alkyls photolyze, they are not effective in radical

reactions.*3°

In addition, to the best of our knowledge, there is no examples of the use
Mn,(CO)4, for the radical activation of perfluoroalkyl halides.

Early reports have described the photo/thermal Mn,(CO),q or Re,(CO),; mediated
polymerizations initiated via either H abstraction from monomer,* or Mn(CO)s® addition of the
metalloradical to tetrafluoroethylene to initiate its polymerization,® MMA* block

5

copolymerization,” or addition to 1,2-disubstituted acetyls and alkenes.*® However, while

preliminary polymerizations with Mn,(CO)1o or Re;(CO)1 and CCl,*" as well as grafting from N-
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halogenated polyamides*® were carried out in the 1960s, Mn,(CO);, was only recently employed
in the thermal (60-90 °C)* free radical polymerization of MMA or photografting of PMMA form
side-chain CCl; groups on chitosan® or polystyrene-Br.>> While the addition of Mn or Re to the
VDF monomer may be possible,> this was deemed unlikely to occur for any of the other weaker
activators, and was examined with some® control experiments to reveal that with Mn no
polymerization occurs in the presence of the metal carbonyl without initiator. Additionally,*?
these metal carbonyls only appear to have the possibility of addition to the vinyl substrate in the
absence of an easily activated halide, such as the typical examples used within this work (e.g.
perfluoroalkyl halides, and CCl4), making addition of the metal carbonyls to VDF even more
unlikely.

Very recently, Mn,(CO),, was used as a photo-coinitiator for activated alkyl iodides,”*** I,>*
or RAFT reagents,” in the photo IDT-CRP" 7 of VAc, and acrylates, styrene and alkenes where
Mn(CO)s® irreversibly activates iodine terminated chains,>where the in-situ generated Mn(CO)s-
I*° (i.e. Q-1) was not involved in IDT.>* Therefore, since prior to our work,* there were no
examples of the use Mt,(CO), for the radical activation of perfluoroalkyl iodides or in VDF
polymerizations, we decided to investigate its suitability we decided to assess their scope and
limitations as photo-coinitiators and to demonstrate such L,Mt-MtL, photolyzable transition
metal complexes afford the initiation of VDF polymerization directly from a variety of regular
and (per)fluorinated alkyl halides (Cl, Br, 1) even at rt to 40 °C, thus opening up novel synthetic
avenues for the photomediated synthesis of block and graft copolymers based on VDF and other
fluorinated monomers. Second, we also set to kinetically explore such polymerization and
investigate the possibility of L,Mt-MtL, mediated IDT-VDF-LRP.

This system indeed enabled our recent demonstation® of the first examples of metal

mediated, controlled (IDT-CRP), and respectively free radical (FRP) VDF polymerizations, carried
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out at 40 °C, in low pressure glass tubes, and using Mn,(C0):,*>® as a visible light photoactivator
in conjunction with R¢ls and respectively, with a wide variety of alkyl halides. Moreover,
Mn,(CO)4, afforded the complete activation of both -CH,-CF,-I and -CF,-CH,-I PVDF chain ends,
towards the synthesis of the first examples of well-defined PVDF block copolymers with a variety
of monomers.*

An especially notable result was the Mn,(CO),q activation of the models of the “bad” PVDF-I
chain ends (i.e. Ry/ak-CH,-1 and H-CF,-CF,-CH,-1) which concurred with the demonstration of the
guantitative activation of the corresponding macromolecular PVDF-CH,-CF,-1 and PVDF-CF,-CH,-I
chain ends towards the synthesis of well-defined block copolymers.

While inactivated R,-| alkyl iodides could successfully generate initiating radicals in the
presence of Mn,(CO)4, only traces of polymer were obtained with similar Br and Cl substrates.
Moreover, Mn(CO)s-I was not involved in the catalysis of IDT, and except for direct halide
activation, the polymerization mechanism was essentially the same as conventional IDT.
However, availability of initiation from even the least activated halides and IDT catalysis would
be of great value in the synthesis of block or other complex fluoropolymer architectures.

Out of many formally zero valet or (+1) metal carbonyls that photolyze (visible light, laser
flash, or high intensity Xe arc lamps) to metalloradicals, the following; Re(CO)s > Mn(CO)s >
CpW(CO); >CpMo(CO); > CpFe(CO), > Co(CO), order is available in terms of halide abstraction
ability in flash photolysis.>”*® While some of these complexes have previously been investigated

98 the metal

in the redox or high power UV photoinitiation of radical polymerizations,
carbonyls Mo(COg), Cr(CO)s, Mn,(CO)1%, and Fe(CO)s*®® have been shown to mediate radical
addition of CCl, and CCl;Br to alkenes and subsequent polymerization of vinyl monomers (ie,

Methyl methacrylate (MMA), Styrene (STY), acrylonitrile (ACyN)) via UV photolysis or thermally

above 80°C while Co,(C0)s** instead acts as an effective inhibitor preventing its use in radical
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polymerizations. Mn,(CO);q or Re,(CO); have also been shown to mediate polymerizations
initiated by H abstraction®®, addition to tetrafluoroethylene7°, styrene, acrylonitrile, MMA’%7
block copolymerization,’” and alkenes.” Additionally, Mn,(CO)io, Co,(CO)s, Fe(CO)s, Mo(CO),
Cr(CO)s, Re,(CO)1o have been used as catalysts for the carbonylation of alkyl iodides with high
power UV irradiation.”* The accepted mechanism is an activation of the metal carbonyl by
either homolysis of a metal-metal bond or loss of a carbonyl, which gives rise to a radical with
the ability to abstract a halide from the initiator. To the best of our knowledge, aside from
an(CO)1075, there is no available information on the radical activation under continuous low
power (< 30W) visible light irradiation of CH3(CH,)sCl, CH3(CH;)sBr, CHs(CH,)sl, CHal, CCl,, CCl3Br,
CF3(CF,)sl  CI(CF,)sCl, Br(CF,)sBr, and I(CF,)¢l in conjunction with Re,(CO);9, Cp,W,(CO)s,
Cp,M0,(CO)s, Fe(CO)s, Cp,Fe;(CO)s, Cp 2Cra(CO)4, Co5(CO)s, Mo(CO)g, or Cr(CO).

Being that very little is known about the radical reactions of such Mt,(CO), under continuous
low power (<30 W) visible light irradiation, we thus wondered, in addition to possible initiation
and polymerization of fluorinated monomers via halide abstraction, if these compounds are also

capable of quantitative activation of both PVDF chain ends and useful in the synthesis of more

complex macromolecular structures (i.e. block, star, and graft copolymers).
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Initiation and Propagation

L Mt,(CO), <<= 21 Mt(CO),, (1)
R-X + LMt(CO),, =—s—= R+ + LM{(CO),;,X (2)
R* k. VDF R.vpf*® nVDFky P;., (3)

Pm-CHz-'CFZVTDﬂ Pn-CH,-CF,-CH,-CF+ Ppy-CH,-CF»-CF,-CH,  (4)

®  Chain Transfer to Initiator
P,-CH,-CF, + R-X Kitr P,-CH,-CF,-X + R (5)
Pm-CF5-CH, + R-X —20+ P_.CF,-CH,-X + R: (6)

lodine Degenerative Transfer
P, -CHy-CF,+ P,-CH,-CF,-l X&x=1 p__CH..CF,-l + P -CH,-CF, (7)
<<1

. K °
Pm -CH2-0F2+ Pn-CFz-CHz-l —= Pm-CHz-CFz-l + Pn-CFz-CHz (8)

Pm'CFz'éHz + Pn'CFz'CHz'I = Pm-CFz-CHZ'l + Pn'CFz'C.HZ (9)
. Bimqlecular termination
Pm-CHz-CF2+ Pn-CHZ-CFZ Pm-CHz-CFz-CFz-CHz-Pn (1 0)
. H Transfer
Pm'CFz'CHZ + S-H Pm'CFz-CHzH (11)
P, -CH,-CF, + S-H P,, -CH,-CF,H (12)

Scheme 4.1. Mt,(CO),-Photomediated VDF-CRP

The proposed reaction mechanism is outlined in Scheme 4.1. Following photolysis of
LWMt,(CO), (eq. 1), irreversible®® halide abstraction from R-X (driven by the formation of high BDE
Mt-X, X = Cl, Br, |, eq. 2)"® affords LMt(CO),-X and R®, which, if reactive enough, initiates VDF
polymerization (eq. 3). As VDF is asymmetrical, both 1,2- and 2,1-modes of propagation (eq. 4,
head to tail HT, ~95 %"“*”” and respectively head to head, HH) are possible in free radical
polymerizations. Thus, the polymerization is controlled by the carbon-halide bond strength,
which determines the RX chain transfer (CT) ability (egs. 5, 6).

Thus, initiators with high BDEs (alkyl iodides, CHCls, R¢-Cl), do not undergo chain transfer
with PVDF®, require stoichiometric activation and yield PVDF with no halide chain ends. By
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contrast, substrates with weak R-X bonds (e.g. R-CCl3, Re-X, X = Br, I) do undergo CT to the
initiator (egs. 5, 6), require reduced amounts of metal carbonyl and afford halide functionalized
PVDF-X (X = Br, 1).* As such, high CT Rl initiators suitable for IDT-CRPs,” are converted early in
the process into macromolecular PVDF-I CT agents,'® where the terminal P,,-CF,-CH,-I"*" 2-1
unit is about 25 times less reactive towards IDT than the P,-CH,-CF,-I 1,2—unit.10

Once all the Rg-l initiator is consumed via chain transfer, no new PVDF-I chains are
generated, and the thermodynamically neutral (degenerative), reversible iodine exchange (IDT,
Kequi = 1), between equally reactive, propagating and dormant P,-CH,-CF,® and P,-CH,-CF,-I
terminal 1,2-units (eq. 7), is in operation. While IDT catalysis would lead to lower PDI,*®
experiments revealed® that similarly to PVAc-IDT,”® Mn(CO)s-l is incapable of reversibly
transferring iodine. Additionally, although R-Mn(CO)s (R = CH,F, CF,H)?® are known,
organometallic controlled radical polymerization mediated by PVDF-Mn(CO)s can be discounted
based on the observed -l not -H or -Mn(CO)s chain ends. That the successful controlled radical
polymerization was performed with catalytic not stoichiometric Mn,(CO)yq vs. Rg-l and
considering the BDE order (Re-Mn(CO)s < (CO)sMn-Mn(CO)s < Re-I < I-Mn(CO)s, i.e. 34,2 38,7

3037765 o ntrol

48,7 547° kcal/mol), consistent with the instability of Mn alkyls under irradiation.
experiments already available for VAc polymerizations.>® As such, in IDT, potential HH defects
become dramatically suppressed”, being trapped as P.,-CF,-CH,-1. I-Re-I initiators are particularly
suitable for such FM-CRPs, as bidirectional growth from difunctional propagating species,’ in
conjunction with initiator or chain end halide activation by the continuously photogenerated
LMt(CO),.*,”” (eq. 2) help compensate for termination by radical coupling,> and maintain a
steady state radical concentration.

Nonetheless, due to the much stronger -CH,-I bond, the cross-IDT between the 1,2- and 2,1-

units (eq. 8) is shifted towards the irreversible buildup of P,-CF,-CH,-I chain ends, whereas the
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1% We had previously shown* that the

IDT of the 2,1- terminal units is virtually inexistent (eq. 9).
-CH,-CF,-I termini decreases and unreactive -CF,-CH,-I species accumulate with conversion and
contribute to PDI broadening,®***® although the total (-CH,-CF,-l + -CF,-CH,-l) iodine
functionality remains >90%, which is satisfactory for block copolymer synthesis, if both halide
chain ends can be activated completely. Furthermore to expand the list of viable metal carbonyl
compounds suitable for this type of chemistry, a series various carbonyl compounds were
examined in their ability to initiate polymerization from various R-X (Cl,Br,l) substrates.
Additionally each representative metal carbonyl was examined for its ability to activate the
PVDF-I terminal units. As such, any catalyst that was shown to completely and cleanly activate

both -CH,-CF,-I and -CF,-CH,-l iodine terminated polymer chain ends was subsequently used in

the synthesis of block copolymers.

4.2 Experimental

4.2.1 Materials.
Manganese carbonyl (Mn,(CO)y), rhenium carbonyl (Re,(CO)y), cyclopentadienyl

molybdenum tricarbonyl dimer (Cp,Mo0,(CO)¢), iron pentacarbonyl (Fe(CO)s), cyclopentadienyl
iron dicarbonyl dimer (Cp,Fe,(CO),), pentamethylcyclopentadienyl chromium dicarbonyl dimer
(Cp*ZCrZ(CO)4), molybdenum hexacarbonyl (Mo(CO)s), chromium hexacarbonyl (Cr(CO)s) (all
from Strem Chemicals, >98%). 1,8-dichloroperfluorooctane (DCPFO, CI(CF,)sCl), 1,6-
dibromododecafluoro hexane (DBPFH, Br(CF,)¢Br), vinylidene fluoride (VDF,99.9%), 1-
iodononafluorobutane (perfluorobutyl iodide, PFBI, 98%), 1,6-diiodododecafluorohexane
(DIPFH, I(CF,)¢l 98%), methyl 2-(trifluoromethyl)acrylate (MTFMA, 97%) and 2,2,2-trifluoroethyl
methacrylate (TFEMA, 99%) (all from Synquest Laboratories), 4-methoxybenzenesulfonyl

chloride (MBSC, 99%), iodoform (CHI; 99+%), N,N’-dimethylacetamide, (DMAc, 99%), vinyl
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acetate (VAc, 99+%), acrylonitrile (AN, 99+%), styrene (Sty, 99%), methyl acrylate (MA, 99%),
cyclopentadienyl tungsten tricarbonyl dimer (Cp,W,(CO)s, 97%) (all from Acros Organics);
iodomethane (CHsl, ReagentPlus, 99.5%), bromotrichloromethane (BrCCls;, 99%), 1-lodohexane
(CH3(CH,)sl, 98+), acetonitrile (ACN, 99%), 1H,1H,7H-dodecafluoroheptyl acrylate (95%),
dimethyl carbonate (DMC, > 99% anhydrous), methanol (MeOH, 99%), 2-Methyl-1,3-butadiene
(Isoprene, Iso, >99%) cobalt carbonyl (Co,(CO)s, >90%), 1-chlorohexane (CHs(CH,)sCl, 99%) 1-
bromohexane (CHs3(CH;)sBr, 98%) (all from Sigma-Aldrich); vinyl chloride (299.5%) (all from
Fluka); 1,10-diiododecane (97%), carbon tetrachloride (CCl,), N,N’-Dimethylformamide (DMF,
99.9%), diethylether (anhydrous, 99%), (all from Fisher Scientific); DMSO-ds, acetone-dg
(Cambridge lIsotope Laboratories, Inc., D, 99.9%), all were used as received. Mn(CO)-lI was
synthesized by reaction of Mn,(CO),q with 12 in DMC, at 75C for 24hours, followed by

purification via successive sublimations.

4.2.2 Techniques.
'H NMR (500 MHz) and *°F-NMR (400 MHz) spectra were recorded on a Bruker DRX-500 and

respectively on a Bruker DRX-400 at 24 °C in acetone-dg typically between 32-128 scans. 2D-
9£{H},-Heteronuclear correlation (HETCOR) spectra were recorded on a Bruker DRX-400 at 24
°C with a scan set of 16x256 using typical Bruker pulse sequences for HETCOR. GPC analyses
were performed on a Waters gel permeation chromatograph equipped with a Waters 2414
differential refractometer and a Jordi 2 mixed bed columns setup at 80°C. DMAc (Fisher, 99.9%
HPLC grade) was used as eluent at a flow rate of 1 mL/min. Number-average (M,) and weight-
average molecular weights (M,) were determined from calibration plots constructed with
polymethylmethacrylate standards. All reported polydispersities are those of water precipitated
samples. While narrower PDIs could be obtained by MeOH precipitation, this may also lead to

partial fractionation, especially for lower molecular weight samples.
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4.2.3 Polymerization.

In a typical reaction, a 35-mL Ace Glass 8648 # 15 Ace-Thread pressure tube equipped with a
bushing, and plunger valve with two O-rings and containing a magnetic stir bar, Mn,(CO)4q, (53.6
mg, 0.14 mmol) and solvent (e.g. DMC, 3 mL) was degassed with He and placed in a liquid
nitrogen bath. Note that it is important to use He for degassing, as N, or Ar would actually
condense in the tube in a liquid nitrogen bath. The tube was subsequently opened, and the
initiator (e.g. CF3-(CF;)s-1 (PFBI), 0.12 mL, 0.69 mmol) was added, followed by the condensation
of VDF (1.1 g, 17.2 mmol), directly into the tube, which was then re-degassed with He. The
amount of condensed VDF was determined by weighing the closed tube before and after the
addition of the monomer. The tube was then placed in behind a plastic shield, in a
thermostated oil bath illuminated with a commercial GE Helical 26 W fluorescent white light Hg
spiral bulb, from about 2-4 cm. For polymerization kinetics, identical reactions were set up
simultaneously and stopped at different polymerization times. At the end of the reaction, the
tube was carefully placed in liquid nitrogen, slowly opened behind the shield, and allowed to
thaw to room temperature in the hood, with the concomitant release of unreacted VDF. The
contents were poured in water, filtered and dried. The polymer was than dissolved in DMAC,
and the residual inorganics (which may interfere with the NMR signals) were removed by flash
column chromatography. The polymer was finally precipitated in water, filtered and dried. While
precipitation in MeOH is feasible, it will also lead to fractionation and narrowing of the
polydispersity by about 0.2, especially on lower molecular weight samples. Thus, all reported
GPC results are from water precipitation. The monomer conversion was determined as the ratio
of the differences of the tube weight before and after the reaction and respectively before and

after VDF Charging (Ie c= (Wtafter VDF condensation ~ Wtafter VDF release)/(Wtafter VDF condensation _Wtbefore VDF
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addition), @s well as the ratio of the dry polymer to the condensed VDF. Both procedures gave

conversions within < 5% of each other.

4.2.4 Synthesis of PVDF Block Copolymers.
A Schlenk tube containing a DMAC solution of I-PVDF-I (I-PVDF-I, M,, = 2,500, PDI = 1.34,

with a total halide chain end functionality of F = 95% (F1,pn-cHa-cr21 = 0.64 and F; pcra2-chzt = 0.31,
100 mg, 0.05 mmol in 2 mL of DMAC), a second monomer (e.g. styrene, 215 mg, 2.1 mmol) and
Mn,(CO)1o (36 mg, 0.1 mmol) was degassed under Ar then heated to 110 °C under visible light
irradiation for 5 h. The solution was precipitated in MeOH, filtered and dried. M,, = 14,500, PDI =
2.25 conv. = 67%, and composition, VDF/St = 30/70.

PVDF-b-TFEMA: A Schlenk tube containing a DMAC solution of CFs-PVDF-I (M, = 1,400, PDI =
1.81, with a total halide chain end functionality of F = 96% (F1,pn-chz-cr21 = 0.38 and F; pr-cra-ch2-1 =
0.58, 33 mg, 0.02 mmol in 2 mL of DMAC), 2,2,2-trifluoroethyl methacrylate (TFEMA, 296 mg,
1.8 mmol) and Mn(CO)yo (9.2 mg, 0.02 mmol) was degassed under Ar then heated to 60 °Cin a
thermostated oil bath, illuminated with a commercial GE Helical 26 W fluorescent white light Hg
spiral bulb, from about 2-4 cm for 18h. The solution was precipitated in MeOH, filtered and
dried to provide PVDF-b-PTFEMA, M, = 6,500 PDI = 2.02, conversion = 65%, composition,
VDF/TFEMA = 60/40.

PVDF-b-MTFMA: A Schlenk tube containing a DMAC solution of CF3-PVDF-I (M,, = 1,400, PDI
=1.81, with a total halide chain end functionality of F = 96% (F1,pn-ch2-cr2-1 = 0.38 and Fy pr-cra-ch2-1 =
0.58, 15 mg, 0.01 mmol in 2 mL of DMAC), methyl 2-(trifluoromethyl)acrylate (MTFMA, 126 mg,
0.8 mmol) and Mn,(CO)4, (4.3 mg, 0.01 mmol) was degassed under Ar then heated to 60 °Cin a
thermostated oil bath, illuminated with a commercial GE Helical 26 W fluorescent white light Hg

spiral bulb, from about 2-4 cm for 18h. The solution was precipitated in MeOH, filtered and

94



dried to provide PBDF-b-PMTFMA, M, = 2,500, PDI = 1.5 conversion = 30%, and composition,
VDF/MTFMA = 75/25.
4.3 Results and Discussion

4.3.1 Effect of catalyst and initiator on the photo-IDT VDF-CRP.

During the course of our work® with Mn,(CO);o we investigated over 40 solvents while
highlighting dimethyl carbonate (DMC) as a particularly suitable VDF-CRP media,” with a
polymerization temperature of 40°C as a reasonable balance between reaction rate and
pressure. Additionally evaluated were a wide variety of over 50 halide structures, in order to
determine the ones capable of affording VDF initiation at or around rt.* As such, no initiation
occurred from I,, ‘Bu-l, CH3-SO,Cl, CH30-Ph-SO,Cl, CH,Cl,, CH,l,, CHCl,-CHCl,, CHBr3, CHIs, CBr,,
CH,=CH-CH,-Cl/Br/1, Ph-CH,-Cl/Br/l, Ph-CH(CH3)-Br, Ph(CH,-Br/I),, CH3-CH(CN)-Br, CH,(CN)-I,
(CH;),C(COOEt)-Br/I, NBS and I-Ph-O-CH;. As Mn(CO)s® has a very high halide affinity,*®
abstraction is available in all cases. Thus, the lack of initiation resulted from the higher relative
stability of the corresponding radicals by comparison with that of the propagating PVDF®
radicals, which impeded their addition to VDF at moderate temperatures.

By contrast, reactive alkyl, polyhalide, as well as semi- and perfluorinated halide
counterparts of the above structures i.e. CHCl;, CCl,, CCl5-CCls, CF3(CF,),CO-Cl, CF5-SO,-Cl, CI-CF,-
CCIF-Cl, CI-(CF;)s-Cl, -(CF,-CFCl),-, CCl3-Br, EtOOC-CF,-Br, Br-(CH;):0-Br, Br-CF,-CH,-CF,-Br, Br-
(CF;)4-Br, CHs-I, CH3(CHy)s-I, 1-(CH;)4,10-1, CeFs-CFy-l, H-CF,-CF,-CH,-l, EtOOC-CF,-I, CI-CF,-CFCI-,
CF3-1, CF3CFy-1, (CF3),CF-I, (CF3)3C-1, CF3(CF;)s-1 and I-(CF;)46-1, all led to polymer formation, where
Re-l also afforded VDF-IDT-CRP.*

While the known trends are based on high power laser flash photolysis, little is known about
the radical reactions of Mt,(CO), under continuous low power (<30W) visible light irradiation.

Thus, in addition to Mn,(CO),, evaluated were an extended set of commercially available
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monomeric and dimeric metal carbonyls such as Re,(CO);9, Cp,W,(CO)s, Mo(CO)s, Cp,M0,(CO)s,
Fe(CO)s, Cp,yFe,(CO),, Cr(CO)s, Cp*ZCrz(CO)4 and Co,(CO)g, in conjunction with a representative
set of alkyl or perfluoroalkyl halides (CH3(CH,)sCl, CH3(CH,)sBr, CH5(CH,)sl, CHsl, CCl,, CCl3Br,
CF3(CF,)s-1, CI-(CF,)g-Cl, Br-(CF,)¢-Br, I-(CF,)s-1) as VDF initiators. While Mo(CO)s, Fe(CO)s, Cr(CO)¢

are monomeric in the dark, irradiation leads to CO expulsion’®®

and can also yield
rearrangement in to carbonyl bridged dimers which then photolyze to generate radical species.
The results are summarized in Table 4.1 and Chart 4.1. An initial scan of all catalysts was
performed using primarily C4Fs-1 (PFBI) as a low C-I BDE initiator standard already proven
successful with Mn,(CO)10* As expected, no reaction was observed in the dark at 40 °C for over
> 24 h with either catalytic or stoichiometric amounts of any of the complexes investigated.
Moreover, no polymer was obtained under visible light in the presence of Co,(CO)s, Cr(CO),
Cp*ZCrz(CO)4, Mo(CO)e, Fe(CO)s, or Cp,Fe,(CO)4, regardless of reaction conditions or reagent
ratios. This was likely due to the inability of the radical generated to abstract halides at an
appreciable rate, or in fact no radicals were generated from the low power irradiation used.
Historically, these photolysis were conducted with high power/intensity light sources (>200W)”°
(Cr(CO)s, Mo(CO)s, Fe(CO)s).(Table 4.1 Exp. 1-30). Additionally, there is the possibility of
oxidative insertion to the Rl initiators, thus consuming the metal carbonyl activator.®

Therefore, with the exception of CCl,, other higher BDE halides were not explored further with

these compounds.

Table 4.1 Effect of Mt,(CO), Photoactivator and Initiator on the VDF Polymerization.

i ; [VOFI/1Il/ Time APP
Exp Initiator Activator [Mt,(C0),] Mn P.D.l (Hrs) Conv. Kp L.E.
1 CH,l; Co,(CO)s 20/1/0.1 - - 90.0 0.0%  0.0000 -
2 CH;sl Co,(CO)g 50/1/0.15 - - 94.0 0.0%  0.0000 -
3 MBSC Co,(CO)s 20/1/0.1 - - 90.0 0.0%  0.0000 -
4 (CH,);CoCl Co,(CO)s 20/1/0.1 - - 90.0 0.0%  0.0000 -
5 C4Fol Co,(CO)g 50/1/0.15 - - 26.0 0.0%  0.0000 -
6 C4Fl Co,(CO)s 25/1/0.15 - - 100.0 0.0%  0.0000 -
7 C4Fol Co,(CO)s 25/1/0.1 - - 115.0 0.0%  0.0000 -




Table 4.1 Effect of Mt,(CO), Photoactivator and Initiator on the VDF Polymerization.

. . [VDF]/[1}/ Time APP

Exp Initiator Activator [Mt,(CO),] Mn P.D.I. (Hrs) Conv. Ky I.E.
8 I-(CF,)¢-I CpCo(CO), 25/1/0.2 - - 90.0 0.0% 0.0000  --
9 CaFol Cr(CO)s 50/1/0.2 - - 220 0.0% 0.0000  --
10 CaFol Cr(CO)s 25/1/0.2 - - 67.5 0.0% 0.0000  --
11 CaFol Cr(CO)s 50/1/0.2 . - 220 0.0% 0.0000  --
12 CH;l Mo(CO)¢ 50/1/0.15 - - 940 0.0% 0.0000  --
13 CaFol Mo(CO)s 25/1/0.2 - - 67.5 0.0% 0.0000  --
14 CaFol Mo(CO)s 50/1/0.3 - - 260 0.0% 0.0000  --
15 CaFol Mo(CO)s 25/1/0.15 - - 100.0 0.0% 0.0000  --
16 ccl, Cp*,Cry(CO),  25/1/0.4 - - 240 0.0% 0.0000  --
17 CaFol Cp*,Cry(CO),  50/1/0.2 . - 145  0.0% 0.0000 -
18 CaFol Cp*,Cr,(CO),  25/1/0.15 - - 455  0.0% 0.0000  --
19 CaFol Cp*,Cry(CO),  50/1/0.2 - - 145  0.0% 0.0000 -
20 CaFol Cp*,Cry(CO),  25/1/0.4 - - 16,5 0.0% 0.0000 -
21 ccl, Fe(CO)s 25/1/0.6 - - 205  0.0% 0.0000  --
22 CaFol Fe(CO)s 50/1/0.2 - - 61.0 0.0% 0.0000  --
23 CaFol Fe(CO)s 25/1/0.2 . - 1400 0.0% 0.0000  --
24 CaFol Fe(CO)s 50/1/0.2 - - 700  0.0% 0.0000  --
25 I-PVDF-I Fe(CO)s 500/1/0.6 - - 90.0 0.0% 0.0000  --
26 ccl, Cp,Fe,(CO),  25/1/0.4 . - 240 0.0% 0.0000  --
27 CaFol Cp,Fe,(CO),  50/1/0.25 - - 650  0.0% 0.0000  --
28 CaFol Cp,Fe,(CO),  25/1/0.15 - - 455  0.0% 0.0000  --
29 CaFol Cp,Fe,(CO),  50/1/.15 . - 48.0 0.0% 0.0000  --
30 CaFol Cp,Fe,(CO),  25/1/0.15 - - 100.0 0.0%  0.0000  --
31 CI-(CF,)g-Cl Cp,W,(CO)s  50/1/0.4 - - 385  0.0% 0.0000 -
32 CClBr Cp,W,(CO)s  25/1/0.2 - - 385  0.0% 0.0000  --
33 CClBr Cp,W,(CO)s  25/1/0.2 - - 66.5  0.0%  0.0000  --
34 ccl, Cp,W,(CO)s  25/1/0.2 - - 385  0.0% 0.0000 -
35 Br-(CF,)s-Br Cp,W,(CO)s  50/1/0.4 4,700 337 385 250% 0.0075 0.27
36 CaFol Cp,W,(CO)s  25/1/0.2 - - 19.5  0.0% 0.0000 -
37 CyFql et Cp,W,(CO)s  25/1/0.1 700 135 165 8.0% 0.0051 0.68
38 CaFol Cp,W,(CO)s  50/1/0.4 1,750 1.98  40.0 25.0% 0.0072 0.65
39 I-(CF,)¢-I Cp,W,(CO)s  50/1/0.4 1,700 1.28 643  25.0% 0.0045 0.79
40 CeH15Cl Cp,Mo0,(CO)s  50/1/0.5 - - 60.0 0.0% 0.0000  --
41 CeHq3Br Cp,Mo0,(CO)s  50/1/0.5 - - 60.0 0.0% 0.0000  --
42 CeHusl Cp,Mo,(CO)s  50/1/0.5 - - 60.0 0.0% 0.0000  --
43 CH;l Cp,M0,(CO)s  25/1/0.2 - - 225  0.0% 0.0000  --
44 CCl3Br Cp,Mo0,(CO)s  25/1/0.2 - - 19.0 0.0% 0.0000 -
45 CClBr Cp,Mo0,(CO)s  25/1/0.2 - - 66.5  0.0%  0.0000  --
46 Cl-(CF,)g-Cl Cp,M0,(CO)s  50/1/0.4 - - 240 0.0% 0.0000  --
47 CyFgl MO TEN 5 Cp,M0,(CO)s  50/1/0.5 - - 200 0.0% 0.0000  --
48 CaFgl Mo 140 Cp,M0,(CO)s  25/1/0.2 - - 91.0 0.0% 0.0000  --
49 H(CRy)el "M Cp,Mo,(CO)s  50/1/0.1 - - 23.0 0.0% 0.0000 --
50 H(CF)el "™ Cp,Moy(CO)s  50/1/0.1 - - 945  0.0%  0.0000 -
51 I-(CFy)e-I " ™% Cp,M0,(CO)s  50/1/0.2 - - 945  0.0%  0.0000 -
52 ccl, Cp,Mo,(CO)s  25/1/0.2 3,400 1.16 17.8  5.0% 0.0029 0.02
53 Br-(CF,)s-Br Cp,Mo,(CO)s  50/1/0.4 1,500 3.03 20.8 183% 0.0097 0.39
54 CaFol Cp,Mo,(CO)s  25/1/0.2 800 1.28 150 20.0% 0.0192 0.44
55 CaFol Cp,Mo,(CO)s  25/1/0.2 600 134 233  252% 0.0097 0.65
56 CaFel Cp,Mo0,(CO)s  100/1/1 2,000 2.08 233 20.0% 0.0096 0.64
57 CaFol Cp,Mo0,(CO)s  100/1/1 2,000 1.89 495 21.0% 0.0048 0.67
58 CaFol Cp,Mo,(CO)s  100/1/1 1,900 192 67.0 21.0% 0.0035 0.71




Table 4.1 Effect of Mt,(CO), Photoactivator and Initiator on the VDF Polymerization.

. . [VDF]/[1}/ Time APP

Exp Initiator Activator [Mt,(CO),] Mn P.D.I. (Hrs) Conv. Ky I.E.

59 I-(CF,)e-! Cp,M0,(CO)s  50/1/0.2 700 1.42 155 14.0% 0.0097 0.64
60 I-(CFy)e-l Cp,M0,(CO)s  50/1/0.2 750 134 285 16.0% 0.0061 0.68
61 I-(CF,)¢-I Cp,Mo0,(CO)s  50/1/0.2 800 133 510 19.5% 0.0043 0.78
62 I-(CF,)e-! Cp,Mo0,(CO)s  50/1/0.2 1,000 138 750 23.0% 0.0040 0.83
63 I-(CFy)e-l Cp,Mo,(CO)s  50/1/0.5 900 1.19 945 12.0% 0.0014 0.3
64 I-(CF,)¢-I Cp,Mo,(CO)s  100/1/1 3,100 1.82 208 21.0% 0.0114 0.43
65 I-(CF,)e-! Cp,Mo0,(CO)s  100/1/1 3,900 1.85 465 24.0% 0.0059 0.39
66 I-(CFy)e-l Cp,Mo,(CO)s  100/1/1 3,800 179 67.0 30.0% 0.0053 0.1
67 CeH15Cl Mn,(CO)so 50/1/0.5 - - 50.0 0.0% 0.0000  --

68 CeHq3Br Mn,(CO)so 50/1/0.5 3,100 181  50.0 153% 0.0033 0.16
69 CeHasl Mn,(CO)5o 50/1/0.5 5,700 189  50.0 26.7% 0.0062 0.15
70 CH;l Mn,(CO)so 50/1/0.2 4,900 1.8 13 11.0% 0.0090 0.07
71 CClBr Mn,(CO)so 25/1/0.2 2,500 170 225 350% 0.0191 0.28
72 Cl-(CF,)g-Cl Mn,(CO)so 50/1/0.4 4,800 3.04 240 5.0% 0.0021 0.14
73 ccl, Mn,(CO)so 25/1/0.2 3,600 222 225 43.0% 0.0250 0.19
74 Br-(CF,)s-Br Mn,(CO)so 50/1/0.4 3,500 2.33  20.8 69.3% 0.0569 0.63
75 C " 8t 40 Mn,(CO)so 25/1/0.2 - - 93.0 0.0% 0.0000 --

76 CyFql™ M 73¢ Mn,(CO)s0 25/1/0.2 - - 93.0 0.0% 0.0000  --

77 CaFol Mn,(CO)so 50/1/0.2 4,200 156 185 60.9% 0.0508 0.46
78 C,Fyl Mn,(CO)so 25/1/0.2 950 131 100 22.7% 0.0250 0.52
79 CaFol Mn,(CO)so 25/1/0.2 1,200 156 233  72.4% 0.0554 0.97
80 CaFol Mn,(CO);,  25/1/0.25 1,550  1.62 3.0 50.0% 02310 0.47
81 C,Fyl Mn,(CO);,  25/1/0.25 1,700  1.85 6.0 64.0% 0.1700 0.60
82 CaFol Mn,(CO);,  25/1/0.25 1,900  1.85 9.0  75.0% 0.1540 0.67
83 I-(CF,)¢-I Mn,(CO)so 50/1/0.2 1,200  1.48 3.0 340% 01387 0.91
84 I-(CF,)e-! Mn,(CO)so 50/1/0.2 1,700 139 70  50.0% 0.0990 0.94
85 I-(CF,)¢-I Mn,(CO)1o 50/1/0.2 2,200 140 110 63.0% 0.0910 0.92
86 I-(CF,)¢-I Mn,(CO);,  200/1/0.4 6,800  1.55 1.0  28.0% 0.3285 0.53
87 I-(CF,)e-! Mn,(CO);, ~ 200/1/0.4 8200  1.56 40  350% 0.1077 0.55
88 I-(CF,)¢-I Mn,(CO);,  200/1/0.4 9,400 167 150 47.0% 0.0423 0.64
89 I-(CF,),-I Mn,(CO)so 50/1/0.2 1,500  1.63 6.5  44.0% 0.0892 0.94
90 I-(CF,),-I Mn,(CO)so 50/1/0.2 1,800 146 220 64.0% 0.0464 1.14
91 I-(CF,),-1 Mn,(CO)so 50/1/0.2 2,300 151  30.0 80.0% 0.0536 1.11
92 CeH15Cl Re,(CO)yo 50/1/0.5 - - 48.0 0.0% 0.0000  --

93 CeHq3Br Re,(CO)yo 50/1/0.5 5,700 2.03 887 26.0% 0.0034 0.17
94 CeHasl Re,(CO)1o 50/1/0.5 7,500 162 480 42.0% 0.0113 0.09
95 CH;l Re,(CO)yo 50/1/0.2 15000 1.82  22.0 26.0% 0.0137 0.07
9% CCl3Br Re,(CO)yo 25/1/0.2 3,000 137 200 37.0% 0.0231 0.4
97 CI-(CF,)g-Cl Re,(CO)yo 50/1/0.5 9,300 2.01 887 17.0% 0.0021 0.10
98 ccl, Re,(CO)yo 25/1/0.2 6,400 160 20.0 43.9% 0.0289 0.24
99 Br-(CF,)s-Br Re,(CO)1o 50/1/0.4 8200 169  20.8 685% 0.0557 0.27
100 C,F,I"° Nt 40 Re,(CO)1o 25/1/0.2 - - 91.0 0.0% 0.0000  --

101 CyFol™ 8N 40 Re,(CO)yo 50/1/0.5 - - 200 0.0% 0.0000  --

102 |-(CF)e-I" "8 Re,(CO)yo 50/1/0.1 - - 23.0 0.0% 0.0000 -

103 CaFol Re,(CO)yo 25/1/0.2 800 1.27 1.7  23.0% 0.1537 0.46
104 CaFol Re,(CO)yo 25/1/0.2 1,250  1.38 30 58.0% 02892 0.71
105 CaFol Re,(CO)yo 25/1/0.2 1,400 155 6.0 78.0% 02524 0.89
106 I-(CF,)¢-I Re,(CO)yo 50/1/0.2 1,000 131 20  22.0% 01242 0.70
107 I-(CF,)¢-I Re,(CO)yo 50/1/0.2 2,900  1.37 40 56.0% 0.2052 0.62
108 I-(CF,)¢-I Re,(CO)yo 50/1/0.2 4,100  1.50 80  77.0% 0.1837 0.60
109 I-(CF,)e-1%¢ Re,(CO)1o 50/1/0.1 700 1.35 2.5 12.0% 0.0511 0.85




Table 4.1 Effect of Mt,(CO), Photoactivator and Initiator on the VDF Polymerization.

. . [VDF]/[1}/ Time APP
Exp Initiator Activator [Mt,(CO),] Mn P.D.I. (Hrs) Conv. Ky I.E.
110 I-(CF,)-1%¢ Re,(CO)1o 50/1/0.1 1,800 136 85  38.0% 0.0562 0.86
111 I-(CF,)e-1%>C Re,(CO)1o 50/1/0.1 2,500 139 165 65.0% 0.0636 0.96
112 -(CF,)e-I Re,(CO)10 200/1/0.4 3,000  1.43 20  13.0% 0.0696 0.55
113 I-(CF,)¢-I Re,(CO)10 200/1/0.4 6,100  1.61 40 30.0% 0.0892 0.63
114 I-(CF,)e-l Re,(CO)1o 200/1/0.4 7,200 163 150 41.0% 0.0352 0.73
115 -(CF,),-1 Re,(CO)10 50/1/0.2 1,100 156 33  41.0% 0.1584 1.19
116 I-(CF,),-1 Re,(CO)10 50/1/0.2 1,300  1.57 50 58.0% 0.1735 1.43
117 I-(CFy) -l Re,(CO)1o 50/1/0.2 2,100 1.60 70 840% 0.2618 1.28

*All in dimethyl carbonate at 40°C under low power (< 30W) visible light irradiation with a compact fluorescent
bulb unless otherwise stated
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Rates Nonjnalized to 25/1/0.2/with 50/1/0.2
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Chart 4.1. Effect of catalyst initiator system on the rate of VDF polymerization at 40C in dimethyl carbonate. [monomer]/[initiator]/[catalyst]
ratios are given for each initiator, *[50]/[1]/[0.4]



Cp,W,(CO)¢: Cp,W,(CO)s did not afford polymer with medium BDE halides (CCls-Cl, CCls-Br,
and Cl-(CF2)s-Cl) (Table 4.1 Exp. 31-34), but only with Br-(CF,)s-Br, CF3(CF,)s-l, and I-(CF,)e-l
(Table 4.1 Exp. 35, 37-39) while requiring at least twice the amount vs. a typical Mn,(CO),q ratio.
(i.e. [R-IN\[Cp,W,(CO)g] = [11\[0.4] vs. [Re-11\[Mt,(CO),] = [1]\[0.1-0.2]). This was attributed to the
poor solubility of the catalyst in DMC, where no polymer is obtained in DMC with 20 mole %
Cp,W,(CO)s. However in acetone 10 mole % Cp,W,(CO)s affords PVDF, although still with very
low conversion. (Table 4.1 Exp. 36-37). While it was expected the Cp,W,(CO)s would fall
between Mn,(CO);p and Cp,Mo0,(CO)s in the ability to abstract halides and thus initiate
polymerization, the poor solubility in the our best polymerization solvent likely inhibited this.

Cp,Mo0,(CO)s: While UV irradiation (A < 400 nm) forces CO loss without Mo-Mo bond
scission,® visible light (A > 400 nm), readily promotes Cp,Mo,(CO)s homolysis88 to CpMo(CO),®.
The resulting 17e” metalloradical can then undergo recombination and hydride or halide
abstraction. By contrast to Mn(CO)s® which reacts faster with primary over secondary or tertiary
halides,* the Mo abstraction rates follow the expected Rl > RBr > RCl and benzyl > allyl > 3° > 2° >
1° > CH,® trend. However, as for Mn, no previous examples of abstraction from fluorinated or
semi fluorinated halides are available. Additionally the CoMo(CO);® recombination rate constant
(k = 3.1x10°) is larger than for Mn(CO)s® (k = 1.9x10°) ?* *° thus upon irradiation the lifetime of
Mn(CO)s® is nearly twice that of CoMo(CO);® allowing for a decreased ability to react with a
halide.”® Moreover the quantum yield of Mo-X bond homolysis is negligible (® = 9 x 10™*).* Thus,
it is very unlikely that Mo can mediate a reversible iodine transfer. While Cp,Mo,(CO)s is

225738 it may compensate in rate via the

considered a weaker halide abstractor than Cp,W,(CO)s
better solubility in DMC. However, under visible light, even with up to stoichiometric amounts of

Cp;Mo0,(CO)s no polymer was obtained from the higher BDE halides (CH3(CH,)sCl, CH3(CH,)sBr,

CH3(CH,)sl, CHasl, CCl3Br, and CICgF1Cl) (Table 4.1 Exp. 40-46) or in the dark, at 40°C - 80°C, from
101



Re-I (Table 4.1 Exp. 47-51). As such, Cp,Mo,(CO)¢ generated PVDF from Br-(CF,)s-Br, CF3(CF;)s-1, I-
(CF,)¢-1, and also activated CCl,, although very poorly (Table 4.1 Exp. 52-66), confirming that
Cp,Mo,(CO)gis indeed a weak abstractor and no thermal homolysis is present.

Interestingly, fluxionally active Cp,Mo0,(CO)s presents itself with both trans and gauche
conformers possessing different reactivity.” The dominant trans conformation is the major
species in the dimer and in solution. However, upon recombination following visible light
irradiation, and due to in-cage recombination, ~30 % of the trans conformer is instantly
converted to the higher energy gauche conformation. This also results in a shift to a higher
energy (UV region) absorption wavelength, which significantly depresses its homolysis under
visible light. Moreover, the thermal rotation about the Mo-Mo bond back to the trans
conformer (k = 2 x 10% s),°* is 7 orders of magnitude slower than trans dissociation and
recombination (k = 3 x 10° M s™). Thus, under continuous visible light irradiation, a buildup of
the gauche conformer occurs, causing a rapid decrease in the ability of Cp,Mo,(CO)¢ to
homolyze and abstract halides. Unfortunately, while UV irradiation could promote the gauche
homolysis, this would also cause CO loss. This is consistent with the observed trends using
Cp2Mo0,(CO)g, i.e. a fast increase in initial conversion of monomer to polymer (higher initial k,**")
followed by a rapid decrease in polymerization rate (Table 4.1 Exp. 59-62, 64-66; Figure 4.1 a-b)
yielding non-linear 1** order kinetic, although there is a linear dependence of M, on conversion

indicating that the IDT-CRP is functioning.
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Figure 4.1: Dependence of (a) M, and M,,/M, on conversion and (b) In(1/1-c) vs. Time for
[VDF]/[DIPFH]/[Cp,M0,(CO)s] = [50]/[1]/[0.2] (@ O); [VDF]/[DIPFH]/[Cp,M0,(CO)¢] =
[100]/[1]/[1] (M L)

Mn,(CO).: Mn,(CO), afforded polymer with all initiators except the inactivated C¢HqsCl
(Table 4.1 exp. 67). While, C¢H13Br, CgH1sl, CH3l, CClI3Br, CI-(CF,)s-Cl, and CCl,, yielded polymer,
they were much slower than the lower BDE initiators, had poor initiator efficiency (<30%), and
for the alkyl halides, required stoichiometric Mn,(CO),o (Table 4.1 Exp. 69-73). The Br-(CF,)¢-Br,
generated polymer with a faster rate and higher initiator efficiency then the polyhalides, alkyl
halides, and CI-(CF,)s-Cl (Table 4.1 exp. 74). Control experiments (Table 4.1 Exp. 75-76) revealed
that at both 40°C and 75°C in the absence of light there is no polymerization, thus
photoactivation of the Mn,(CO),, is required. The fastest rates and highest initiator efficiencies
were obtained with the use of the lowest BDE strongest chain transfer agents, the
perfluoroalkyliodides (Table 4.1 Exp. 77-91). The use of the monofunctional initiator PFBI yielded
a free radical polymerization, while the difunctional DIPFH initiator exhibits trends of a CRP
(Figure 4.2-4.3). This is likely due to a few reasons, first are the inherent defects which exist in

VDF polymerizations (i.e. the reverse 2,1-addition) which are shown® to build up during the
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course of a VDF-IDT polymerization. Regardless of the [VDF]/[Initiator]/[Mn,(CO)4,] ratio, in all
cases the 1,2-terminus decreases, 2,1-terminus increases, and with higher
[Initiator]/[Mn,(CO)4,] ratios the total functionality rapidly drops with conversion. These ~CH,-
CF,-CF,-CH,-I terminal units have a considerably higher BDE, thus rendering them unable to
participate in the DT (Scheme 4.1 eq, 7-9) process, and are in effect “dead” chains, thus
increasing termination. Although It is known that Mn,(CO)4, can activate the ~CH,-CF,-CF,-CH,-I
terminal units of the polymer this requires a larger amount of Mn,(CO),, present at the start of
the reaction thus leading to a FRP as can be seen in a M, which does not increase with
conversion, as well as their low % of iodo-chain ends®. Additionally, the unavailability of iodine
on the Mn(CO)s-I generated in (scheme 4.1, eq. 2) is further evidenced by these reactions in
which higher amounts of Mn,(CO),, do not yield a CRP, supported by the demonstration that
additional Mn(CO)s-l added to a FRP of VDF generates no iodine chain ends of any type.*
(appendix 4.A, Figure 4.A4, 4.A5) Thus, the only means by which to obtain a CRP while
maintaining a high total functionality is to use difunctional initiators. This can be reasoned, in
that all difunctional initiators have a means of maintaining a functional chain end even following
typical termination events which occur throughout the polymerization. As represented in
Scheme 4.2 eq. 1, 3, 5 monofunctional initiators that undergo termination, no longer maintain
any functionality, while Scheme 4.2. eq. 2, 4, 6 difunctional initiators have the ability to maintain

a functional chain end.
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Bimolecular termination
RP, + RP, P,-P, DEAD 8y

I-P,RP, + I-P,RP, I-P Pyl DORMANT  (2)

Disproportionation

2RP, RP,= + RP,-H DEAD 3)

2 1-P,RP, I-P,RP,= + I-P,RP,-H DORMANT  (4)
H Transfer

RP, + Y-H P,-H DEAD 5)

I-P,RP, + Y-H

I-P,RP,-H DORMANT  (6)

Scheme 4.2: Termination in the presence of monofunctional vs. difunctional initiators.

Re,(CO)1o: Similar to Mn,(CO),o, Re,(CO),o afforded polymer with all initiators except the
inactivated CgH3Cl (Table 4.1 exp. 92). C¢Hq3Br, C¢Hysl, CHsl, Cl-(CF,)s-Cl, Br-(CF,)¢-Br, and CCl,,
yielded polymer, but with poor initiator efficiency (<25%), and for the alkyl halides, required
stoichiometric Re,(CO),q (Table 4.1 exp 93-95, 97-99). Interestingly the CCl;Br generated
polymer with a faster rate and higher initiator efficiency then other initiators aside from the
perfluoroalkyliodides, (Table 4.1 exp 96). Control experiments (Table 4.1 exp 100-102) revealed
that at both 40C and 80C in the absence of light there is no polymerization, thus similarly to
Mn,(CO)4o, photoactivation is required. The fastest rates and highest initiator efficiencies were
obtained with the use of the lowest BDE strongest chain transfer agents, the
perfluoroalkyliodides (Table 4.1 exp 103-117). As observed with Mn2(CO)10 the use of the
monofunctional initiator PFBI yielded a free radical polymerization, while the difunctional DIPFH
initiator exhibits results typical of a CRP (Figure 4.2-4.3), for the same reasons as previously

discussed.
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Comparison of Mn,(CO); and Re,(CO)10 in the IDT-CRP of VDF: Figure 4.2 and 4.3
demonstrate the linear dependence of molecular weight of the polymers on conversion (i.e. IDT-
CRP) for both manganese and rhenium carbonyls, in conjunction with DIPFH, a difunctional
initiator over a range of [Monomer]/[Initiator] ratios, with the rhenium carbonyl yielding the

fastest overall rates. In addition to revealing the monofunctional PFBI trends more towards a

FRP.
10,000
9,000 1 B 200/1/0.2 40C DIPFH Re
8,000 200/1/0.2 40C DIPFH Mn
7,000 [ | @ 50/1/0.2 40C DIPFH Re
6,000 ] [ 50/1/0.2 40C DIPFH Mn
=5,000 ] A 25/1/0.2 40C PFBIRe
4,000] ° 25/1/0.25 40C PFBI Mn
3,000 PY
2,000
1,000
0] 2.0
[ 1.8
- L 1.6 —
o L1482
[ 1.2
—+10
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Figure 4.2 Dependence of M and MW/Mn on conversion. Comparison of Mn,(CO), (M ® A) and
Re,(CO)1o (H @ A) for [VDF]/[Initiator] = 200/1 (M, H); 50/1 (@ @); 25/1 (A A)
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Figure 4.3 Dependence of In(1/1-c) vs. Time. Comparison of Mn,(CO),o (M @ A) and Re,(CO)y
(H @ A) for [VDF]/[Initiator] = 200/1 (M, H); 50/1 (®®); 25/1 (A A)
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Mn,(CO),, Mediated VDF Polymerization Initiated from Br-(CF,)4-Br or CCl,:
By contrast to the difunctional perfluoroalkyl iodide IDT-CRP of VDF, no increase of
molecular weight is observed as a function of conversion for CCl, or Br-(CF,),-Br. It was expected
these would lead to a typical free radical polymerization, exhibiting a constant molecular weight

with increasing conversion. This result is indeed observed for the initiation from CCl, (Figure.

4.4)
7000 I
] @) )
6000 - .
5000 ® oo °© s '
4 =
= 4000 - 0.9
3000 | 5 o6
- : W0 =
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1000 0.3
0 3.0 0.0 a 100
[ 25 — - 80 E
2.0 E - 60 g
[ 15 40 2
r L 20 S
— T T T 1.0 " o o
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. 5.
Conversion Time (hrs)

Figure 4.4: (a) Mn and PDI vs conversion (b) Kinetics of free Radical polymerization-
[VDF]/[1)/[cat], using CCI4 (30/1/0.5 ®,50/1/0.2 @).

However, this was not the case for Br-(CF,)s-Br, and in fact a decrease in molecular weight was
observed. This behavior is in fact consistent with typical telomerization reactions where the
chain transfer to initiator leads to an unreactive polymer chain ends (i.e. the Br terminated PVDF
cannot be reactivated either by degenerative transfer to another chain or by the initiating
radical) and the rate of consumption of monomer is greater than that of the initiator. Thus in
Figure 4.5 we can clearly see a decreasing molecular weight with respect to conversion for both
a high ([VDF]/[Br-(CF,)s-Br]= 200/1) and low ([VDF]/[Br-(CF,)s-Br] = 50/1) DP reaction. In both
cases the M,/M, is increasing with conversion as expected due to the shorter chains being

produced as the reaction proceeds.”®
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Figure 4.5: (a)Dependence of M,, and M,,/M, on conversion and (b) dependence of In(1/(1-C)) and conversion on time for (@) [VDF]/[Br-
(CF,)4-Br]/[Mn,(CO)40] = 200/1/0.2 and () [VDF]/[Br-(CF,)4-Br]/[Mn,(CO)10] = 50/1/0.1 in dimethyl carbonate at 40C with visible light
irradiation (30W Compact fluorescent light bulb) .



4.3.2 Effect of [VDF]/[PFBI]/[Mn,(CO)4,] ratio and solvent on the VDF Polymerization.

As discussed previously* the most suitable solvent for the metal carbonyl mediated VDF
polymerization was dimethyl carbonate. Therefore this was the chosen solvent to perform a
series of kinetic experiments in order to explore the effects of various [VDF]/[PFBI]/[Mn,(CO)1c]
ratios on the polymerizations.(Figure 4.6 and Table 4.2) Examining the [PFBI]/[Mn,(CO)4(] ratio it

can be seen that, as expected, the k,**"

indeed increases with higher amounts of manganese,
(Figure 4.7) however no increase of molecular weight as a function of conversion is observed,
(Figure 4.8) demonstrating simply a free radical polymerization (FRP) is present under these
conditions. This FRP is also seen when increasing the [VDF]/[PFBI] ratio (i.e. for higher degree of
polymerization DP) in conjunction with larger amounts of activator [PFBI]/[Mn,(CO),o] =1/0.25
.(Figure 4.9) As such these results were not typical of a controlled radical polymerization (CRP)
(i.e. linear dependence of Mn on conversion) for reasons discussed previously. For experiments
where both the DP ([VDF]/[PFBI]) was increased and [Initiator]/[Mn,(CO)yo] ratio decreased, the
polymerizations trend towards CRP, by beginning to show an increase of molecular weight with
conversion(Figure 4.10) in fact only these experiments with less activator and higher DP appear
to show any increase of molecular weight with conversion in conjunction with a monofunctional
initiator. The inherent defects which exist in VDF polymerizations (i.e. the reverse 2,1-addition)
which has been shown” to build up during the course of an VDF-IDT polymerization. These ~CH,-
CF,-CF,-CH,-I terminal units have a considerably higher BDE, thus rendering them unable to
participate in the DT (Scheme 4.1) process, and are in effect “dead” chains, thus increasing
termination. It is known that Mn,(CO)4 can in fact activate the ~CH,-CF,-CF,-CH,-I terminal units
of the polymer, however this requires a larger amount of Mn,(CO)4, present at the start of the

reaction thus leading to a typical FRP, as such, the experiments with higher amounts of

Mn,(CO)4, proceed via FRP, as can be seen in an initially high Mn which does not increase with
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conversion, as well as their low % of iodo- chain ends®. The unavailability of iodine on the

Mn(CO)s-l generated in (scheme 4.1, eq. 2) is further evidenced by these reactions in which

higher amounts of Mn,(CO),, do not yield a CRP, supported by the demonstration that

additional Mn(CO)s-l1 added to a FRP of VDF generates no iodine chain ends of any type.

(appendix 4.A, Figure 4.A4, 4.A5).

Table 4.2 Mn,(C0O),, Mediated VDF Polymerizations:

[VDF]/[PFBI] Time Conv kPP
Exp# Temp°C Solvent P Mn PDI
P P /IMny(CO)] (Hrs) (%) (b
1 40 25/1/0.05 DMC 26.00 38% 0.0184 760 1.21
2 40 25/1/0.1 DMC 8.33 27% 0.0378 720 1.25
3 40 25/1/0.1 ACN 6.00 8% 0.0139 2,300 1.10
4 40 25/1/0.25 DMC 7.00 64% 0.1460 1,700 1.85
5 40 25/1/1 ACN 6.00 40% 0.0851 2,180 1.10
6 40 50/1/0.1 DMC 15.75 42% 0.0346 1,500 1.34
7 40 50/1/0.25 DMC 767 58% 0.1131 2,600 1.43
8 75 50/1/0.2 DMC 1.00 49% 0.6733 2,600 1.45
9 40 50/1/0.5 DMC 7.00 75% 0.1980 2,500 1.52
10 40 100/1/0.2 DMC 24.00 28% 0.0137 3,800 1.68
] V| 25/1/0.05 DMC 40C
5000 €| 25/1/0.1 DMC 40C
1 W | 25/1/0.1 ACN 40C
4000 — | 25/1/0.25 DMC 40C
= 1 @®| 25/1/1 ACN 40C
=, 3000 fij’* 50/1/0.1 DMC 40C
. % | 50/1/0.25 DMC 40C
2000 "m0 @ @/ 50/1/0.2 DMC 75C
] o Bl o 100/1/0.2 DMC 40C
1000 o
]l w
0 - 2.0
ﬁq - 1.8
1.6 _
L 1.4 2
1.2 &
L 1.0
L L
000 025 050 075 1.00
Conversion

Figure 4.6 Dependence of M, and M,/M, on conversion of VDF polymerizations at various
[VDF]/[PBFI]/[Mn,(CO)40] ratios. Polymerizations were carried out in acetonitrile or dimethyl

carbonate.
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Figure 4.8 Effect of [PFBI]/[MnZ(CO)m] ratio on the M and PDI dependence on conversion in
VDF-FRP : [VDF]/[PFBI]/[MnZ(CO)m] = 25/1/0.05 (®), 25/1/0.1 (/.), 25/1/0.25 (®), 25/1/1 (@).

111



7,000

6,000 -
5,000 - O
4,000 - o ®

3,000

Mn

2,000 H * P 'S

1,000

2.28 ]

— 1.90 |
0 160 | >
1.30 | Ohm 00— ©

1 -00 T T U T
0 20 40 60 80 100

Conversion

P

Figure 4.9 Effect of [VDF]/[PFBI] ratio on the M and PDI dependence on conversion in VDF-FRP :
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Figure 4.10: Demonstration of CRP at low activator amount for monofunctional initiators; Mn
and PDI dependence on conversion in VDF-CRP: [VDF]/[PFBI]/[MnZ(CO)lo] = 50/1/0.25 (@)
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4.3.3 Effect of [PFBI]/[Mn,(CO)4,] ratio on k,*** In Acetonitrile

The effect of [PFBI]/[Mny(CO)i0] on the rates of polymerization was also examined in
acetonitrile. (Table 4.3) The results observed here corroborate those found in DMC. As the

P increases as expected. Interestingly we see a

amount of Mn,(CO)yois increased in turn the k,
lower limit at [PFBI]/[Mn,(CO)ig] = 1/0.05. Lowering the manganese further resulted in no
polymer formation. Conversely, above [PFBI]/[Mn,(CO),] = 1/0.5 there appears to be a
maximum reached with the k,”” of polymerization, thus subsequent increases in the amount of
manganese used affected the rate very little. Although in (exp. 5) [PFBI]/[Mn,(CO)] = 1/0.75,
the k,°*" appears to decrease, this example had a lower initiator efficiency, leading to an
effective higher [VDF]/[PFBI] ratio. Ultimately, although the polymerizations do proceed in
acetonitrile, and similar trends are observed, DMC is by far the superior polymerization solvent

for VDF. This can be explained as previously discussed, DMC minimizes chain transfer, and both

the monomer, polymer, and likely Mn,(CO),o are more soluble in DMC than acetonitrile.

Table 4.3 Effect of [PFBI]/[Mn,(CO)4,] ratio on the VDF polymerization in acetonitrile:

.~ [VDF]/[PFBI] Time Conv k.
Exp# Temp °C /IMN(CO)so] Solvent (Hrs) (%) (;_1) Mn PDI IE

1 40 50/1/0.0015 ACN 120 - 0

2 40 50/1/0.015 ACN 120 - 0

3 40 50/1/0.25 ACN 20 15% 0.0081 2,200 1.23 0.38
4 40 50/1/0.5 ACN 24 56% 0.0350 2,200 1.48 0.84
5 40 50/1/0.75 ACN 20 42% 0.0272 4,200 1.76 0.41
6 40 50/1/1 ACN 24 53% 0.0310 2,200 1.54 0.79
7 40 50/1/1.5 ACN 23 50% 0.0301 2,400 1.71 0.69
8 40 25/1/0.05 ACN 70 12% 0.0018 2,900 1.04 0.19
9 40 25/1/0.15 ACN 90 16% 0.0019 1,900 1.06 0.32
10 40 25/1/0.2 ACN 70 22% 0.0035 2,600 1.04 0.28
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4.3.4 Effect of [VDF]/[Solvent] ratios on k,***

Upon investigation of the effect of [VDF]/[Solvent] ratios on the rates of polymerization,
(Table 4.4, Figure 4.11) it can be seen that contrary to typical liquid monomers, increasing the
amount of solvent while maintaining a constant VDF mass has little to no effect on the k,*.
(Table 4.4, exp 1-6, ®) In fact a very slight increase of rate is observed when additional solvent is
present and likely due to the decrease in volume of the head space above the reaction mixture
in the pressure tube. Furthermore, while maintaining a constant ratio ([VDF]/[Solvent] = 0.34)
with increasing scale (1.1g to 4.4g VDF) a 100-fold rate increase is observed.(Table 4.4, exp. 7, 9,
11, 13 W) Additionally, these rates are similar to their analogous experiments in which the
solvent is kept constant with increasing scale.(Table 4.4, exp. 8, 10, 12, W, Figure 4.11,) This can
be attributed to the monomer being gaseous, therefore the only effective means of increasing
the concentration of the monomer in solution is to increase the internal pressure of the reaction
vessel. (i.e. the addition of larger quantities of monomer). Attempts were carried out to further
increase the rate of the polymerization with 6.6g and 8.8g levels; however the resulting

pressures were above the rating of our equipment and caused a failure in the seals and bushing

of the reaction vessels, as such subsequent reactions were limited to a maximum of 4.4g of VDF.
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VDF/PFBI/Mn,,(CO),, M= 50/1/0.05 VDF/PFBI/Mn,(CO),, ®=25/1/0.2
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Figure 4.11 Dependence of k,” on the [VDF]/[DMC] ratio at 40°C under visible light irradiation.

Table 4.4 Effect of [VDF]/[DMC]

ratio on the VDF polymerization:

VDF]/[PFBI Time Conv  k,* Solvent
Exp# Temp°C }[MnIZ/(EZO)m} Solvent (h) (%) (;.1) Mn PDI VDF(g) ()
1 40 25/1/0.2 DMC 18.0 80% 0.089 1,270 1.8 1.1 1.1
2 40 25/1/0.2 DMC 220 81% 0.074 1,700 1.41 1.1 1.1
3 40 25/1/0.2 DMC 18.0 80% 0.089 1,220 1.58 1.1 6.4
4 40 25/1/0.2 DMC 220 87% 0.094 2,300 1.49 1.1 6.4
5 40 25/1/0.2 DMC 18.0 83% 0.098 1,670 1.47 1.1 12.8
6 40 25/1/0.2 DMC 220 87% 0.092 2,500 1.41 1.1 12.8
7 40 50/1/0.05 DMC 69.5 30% 0.005 870 1.33 1.1 3.2
8 40 50/1/0.05 DMC 7.0 33% 0.057 1,110 1.48 2.2 3.2
9 40 50/1/0.05 DMC 7.3 36% 0.062 1,100 1.44 2.2 6.4
10 40 50/1/0.05 DMC 4.0 38% 0.120 N/A  N/A 3.3 3.2
11 40 50/1/0.05 DMC 4.0 38% 0.123 N/A  N/A 3.3 9.6
12 40 50/1/0.05 DMC 2.3 50% 0.308 1,840 1.63 4.4 3.2
13 40 50/1/0.05 DMC 2.3 60% 0.407 2,100 1.68 4.4 12.8
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4.3.5 Chain end Activation of ~CH,-CF,-l and ~CF,-CH,-I

While ethyleneation,’ azidation,” and block copolymer synthesis via ATRP*® or IDT* have
been attempted previously with iodine terminated PVDF, all such undertakings were essentially
flawed due to the failure of the respective chemistries to activate the stronger and dominant -
CF,-CH,-I termini. Thus, the products were always inseparable, ill-defined mixtures of PVDF-CF,-
CH,-1 homopolymer, and PVDF-CH,-CF,-b-P,, block copolymer. We have recently demonstrated
the Mn,(CO),, quantitative activation of both -CH,-CF,-I and -CF,-CH,-I chain ends, and the
subsequent synthesis of well-defined block copolymers.* In an attempt to expand this
methodology further, the metal carbonyl compounds; Co,(CO)s, Mo(CO)e, Fe(CO)s, Cp*,Cr(CO),,
Mn;(CO)10, Re;(CO)1g, Cp2Mo0,(CO)s , Cp,W,(CO)g, and Cp,Fe,(CO)4 were evaluated as -CH,-CF,-l
and -CF,-CH,-l activators. The screening was done by monitoring the disappearance of the
resonances associated with the PVDF-CF,-CH,-l and PVDF-CH,-CF,-I chain ends (Figure 4.12a; c &
=3.66 and ¢’ 0= 3.87 ppm) while looking for the appearance of -CH,-CF,H and -CF,-CHs, d, d’.
(Figure 4.12g)

A typical PVDF-I sample is presented in (Figure 4.12a). In addition to acetone (J = 2.05
ppm),97 the head-to-tail (HT) -CF,-[CH,-CF,],-CH,-, a and head to head (HH), -CF,-CH,-CH,-CF,- a’
resonances >*® are observed at § = 2.8-3.1 ppm and respectively § = 2.2-2.3. Resonance b (5=

3.25 ppm) verifies the Rg-CH,-CF,- connectivity with the first polymer unit. The PVDF-CH,-CF,-l ¢

and PVDF-CF,-CH,-I ¢’, iodine chain ends are seen at 6 = 3.62 ppm and respectively J = 3.87

ppm4.
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Figure 4.12. 500-MHz 'H-NMR spectra in de-acetone. Effect of metal carbonyls on the photo-activation of polyvinylidene fluoride iodine

terminated chain ends. (a) PVDF-I (b) No Metal Carbonyl (c) Co,(CO)s (d) Mo(CO)s (e) Fe(CO)s (f) Cp*,Cr(CO)4 (g) Mny(CO)1o (h) Re,(CO)yp (i)
Cp2Mo0,(CO)s (j) Cp2W,(CO)s (k) Cp,Fe,(CO), * = acetone.



While VDF-FRP terminates primarily by the recombination of the 1,2-units (eq. 10),"" "% in VDF-
IDT, trace termination by H transfer (eq. 11, 12), (i.e. -CH,-CF,-H and -CF,-CHs, peaks d, d’) can
be seen at & = 6.30 ppm and 1.80 ppm.**(Figure 4.12a)

As such, in the absence of another monomer, complete iodine chain end activation, upon
treatment with stoichiometric metal carbonyl, followed by H transfer to the solvent should
result in the disappearance of the resonances c¢ and ¢’ and their conversion into d and
respectively d’ and a resolved —CH,-CF,-CH,-CF»-H d”, 8 = 2.77 ppm.”® A control experiment
(Figure 4.12b) establishes that at 40°C, and for t > 24 h, there is no photoinduced homolysis of
the iodine chain ends in the absence of a metal carbonyl. Spectra Figure 4.12c-k detail the effect
of each individual compound examined.

Interestingly, while some of the metal carbonyl compounds, (Fe(CO)s, Cp,Fe,(CO)s, or
Cp*,Cr,(C0O),) failed to generate polymer in conjunction with Rq-I initiators at substoichiometric
levels, at stoichiometric amounts with respect to PVDF-I, complete activation was observed in
(Fe(CO)s, Cp"5Cra(CO)s, Mny(CO)10, Rex(CO)10, CP2M05(CO)s, CpW,(CO)s, and Cp,Fe,(CO),). Partial
activation of PVDF-CH,-CF,-I with no activation of the stronger PVDF-CF,-CH,-I was exhibited by
Mo(CO)s while no activation at all was seen with Co,(CO)s. In an effort to be thorough some
metal (0) and other compounds were tested as well(Figure 4.A9-10) but not examined further.

As experiments (Table 4.1 exp. 5-7, 17-20, 22-25, 27-30) show that no polymerization is
obtained from any R¢l source with Fe(CO)s, Cp,Fe,(CO)s, Cp*,Cry(CO)s, or Co,(CO)s it was
expected that these results would simply correlate with the chain end activation experiments
(i.e. no polymer-I| activation), this was indeed observed with Co,(CO)s. However, it was not the
case with Fe(CO)s, Cp,Fe,(CO)e, or Cp*,Cr,(CO),, as all three of these materials indeed were able
to activate completely the PVDF-I halide chain ends. This apparent contradiction can be

explained via the stoichiometry of the reagents, i.e. under polymerization conditions a typical
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[11/[Mt,(CO),L,] ratio of [1]/[0.1-0.2] was employed, while [1]/[1] was used in the activation of
the polymer halide chain ends. Therefore the inability to initiate VDF polymerization was
attributed to these catalysts having much lower activity. Additionally, in the Rg-I initiated
polymerizations; there is a critical radical concentration or rate of | abstraction that must be met
in order for polymerization to occur. This critical rate is one which is greater than the rate of
photolysis of R«-I under constant low power visible light irradiation. If the radical generation via
metal carbonyl is slower than that of the Ri-I homolysis, there will be a consumption of the
activator resulting in an iodine concentration greater than that of the metal carbonyl activator in
solution leading to the persistent radical effect, thus inhibiting the polymerization. This presence
of 1, in solution is the likely explanation for the lack of polymerization in the Cp,Fe,(CO)¢ or
Cp*,Cr,(C0O), experiments (Table 4.1, exp. 17-20, 27-30), as well as the rapid decrease in
polymerization rate discussed previously for Cp,Mo,(CO)s as the transformation of trans to
gauche isomers subsequently decreases the rate of radical generation. While, although there is
not a complete stop in the formation of radicals, but rather a drastic decrease in their
generation, to which we end up with a higher concentration of free iodine in the polymerization.
Unfortunately in all our reactions the highly colored solutions do not allow us to easily verify
whether there was in fact free iodine present visually. We know from control experiments that
irradiation of PVDF-I solutions yields no observable photoinduced PVDF-I hemolytic cleavage.
(Figure 4.12b) As such, the slowly generated radicals can still continue to consume quantitatively
all the iodine from the chain ends.

Additionally the resonance assigned d’”’ 6 = 5.2 ppm has an interesting origin and helps to
explain one of the more puzzling aspect of the chain end activation and subsequent block
copolymerization initiated from PVDF-I. The origins of resonance d’”’, enabled the ability to

develop an explanation for this phenomenon. It is know that Fe(CO)s, will in fact react directly
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with R¢-l compounds via an oxidative insertion of the metal carbonyl into the CF,-I bond to yield
R+-Fe(CO)s-1 which are relatively stable compounds, and would indeed prevent the formation of
the required metalloradical needed to start the initiation process.®*® It is evidenced previously
that PVDF-I has two distinct chain ends, ~CF,-CH,-I and ~CH,.CF,-I, thus it is very likely we are in
fact obtaining the oxidative insertion product with Cp*,Cr,(CO), and Fe(CO)s. However, due to
the relative stability of the oxidative insertion products (Ri-Mt(CO),-l > ~CH,-CF,-Mt(CO),-| >>
~CF,-CH,-Mt(CO),-I ) it is very likely the ~CF,-CH,-Mt(CO),-I can quickly decompose by B-fluoride
elimination yielding a metal fluoride and ~CF=CH, (d’”’ = 5.20 ppm). Upon aqueous workup of
the reaction, hydrolysis of the more stable ~CH,-CF,-Mt(CO),-I would then yield -CH,-CF,-CH,-
CF,-H d” & = 2.77 ppm. This is supported by the NMR spectra (Figure 4.12 e-f,) where we indeed
see the resonances associated with the elimination and in the **F{*H} HETCOR spectra.(Figure
4.13) This allows us to pinpoint the resonances in the F-NMR which correspond to the
unsaturated chain ends derived from the elimination. Additionally, while insertion to R,-1 and
Re-l exist, these represent the first examples of Fe(CO)s insertion into semifluorinated alkyl
iodides, which can be envisioned as means of addition reactions to other substrates, such as

aldehydes.'®(Barbier type addition to electrophilic substrates)
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4.3.6 Synthesis of Well-Defined PVDF Block Copolymers

Block Copolymers from Alkenes: Subsequently, carrying out the chain end activation
reactions in the presence of a radically polymerizable alkene (styrene, isoprene, vinyl acetate,
methyl methacrylate, methyl acrylate, t-butyl acrylate, and acrylonitrile) and the metal
carbonyls shown, to quantitatively activate both ~CF,-CH,-I1 and ~CH,CF,-I, (Mn,(CO),
Re,(CO)1, Cp:M0,(CO)s, Cp,W,(CO)s and, Cp,Fe,(CO)4), leads to further examples of well-
defined, ABA-type PVDF block copolymers. (Figure 4.14 a-f) Evidence of block copolymer
synthesis is presented, and in addition to molecular weight increases via seen via GPC there is
no longer the tell-tale sign of PVDF homopolymer in the refractive index signal (i.e. negative
trace). The DSC thermographs (Figure 4.A7) of selected examples show typical glass transitions
associated with each polymer. However, due to the connectivity and relatively low molecular
weights (needed in order to accurately examine NMR spectra), PVDF is slightly higher than for
typical bulk homopolymer, while the other blocks are lower than for their typical
homopolymers. The resonances associated with each alkene, styrene (f, f), isoprene (g, g’, g”),
vinyl acetate (h, h’, h”), methyl methacrylate (i, V'yu, I’’), t-butyl acrylate (j, j’, j”’), and
acrylonitrile (k, k’) initiated from both PVDF halide chain ends are presented (Figure 4.14 a-f).
Additionally, hydrolysis of the PtBA-b-PVDF-b-PtBA block copolymer was demonstrated (Figure
4.A8) by the disappearance of resonance j”’ associated with the tertiary butyl group, yielding the
first example of the amphiphilic block copolymer PAA-b-PVDF-b-PAA copolymer. While here the
metal carbonyls simply act as a photoactivator and there is no IDT, control of the block
copolymerization can be envisioned by other CRP methods.

E{'H} Heteronuclear Correlation Spectra Analysis of PVDF Block Copolymers.

Having PVDF block copolymers with a nonfluorinated or semi-fluorinated second block

afford us the unique situation and first examples, demonstrating very clearly, via **F and *F{*H}
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HETCOR analysis, the exact connectivity between the two blocks by NMR.(Figure 4.15-4.20,
4.24-4.25) Examining the available and known chemical shifts for various PVDF structures in
fluorine NMR allowed for the development of this method.' As such, F-NMR demonstrates
the block copolymerization by the disappearance and conversion of the PVDF-CH,-CF,-l ¢, ¢;, ¢,
and PVDF-CF,-CH,-1 ¢’ and ¢’; iodine chain ends into the a’s, d =-90 - 93 ppm and respectively a’s,

= -114.0 ppm and a’s 0 = -116.22 ppm resonances associated specifically with the block
connectivity. Upon examination of the cross peak in the 2D spectra it can be seen that all the
unique protons that would normally be associated with the connectivity resonances in fact
overlap with either polymer main chain resonances. Thus, although proton NMR does not allow
the ability to demonstrate the connectivity, in conjunction with fluorine NMR we have provided
a valuable tool in the understanding and characterization of these block copolymers. While the
results were similar in all HETCOR figures, there are some slight variations in where some of the
chemical shift appear and whether a cross peak is highly visible or more pronounced. For
instance, polyisoprene (Figure 4.16) has six possible modes of addition from the PVDF-I starting
material, thus broadening the possible chemical shifts, the use of starting material with a low
content of CF,-CH,-l can make it difficult to see a’; and a’s resonances and subsequent cross
peaks. Finally the deuterated solvent used will have an effect on these chemical shifts as well, as
seen in Figure 4.20, where DMSO was required to dissolve the PAN-b-PVDF-b-PAN block

copolymer completely; there is a shift present vs what is typically seen in dg-acetone.
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Table 4.5 Characterization of Metal Carbonyl Photomediated Synthesis of PVDF Block Copolymers

PVDF-I [M]/[PVDFI]/ Conv Composition Temp
EXp. Monomer M, PDI  [Mn,(CO)] (%) M/VDF M. PDL )
1 Styrene 1,500 1.38  100/1/1 56 58/42 5900 149 90
2 Isoprene 2,100 1.28 200/1/1 12 62/38 4,300 1.48 100
3 Vinyl acetate 2,100 1.28 100/1/1 58 56/44 5,400 1.52 40
Methy| 2100 1.28  100/1/1 28 67/33 7800 1.65 90
methacrylate

5 t-Butyl acrylate 2,100 1.28 50/1/1 40 64/36 8,400 1.75 60
6 Acrylonitrile 2100 1.28  175/1/1 30 66/34 5200 1.85 40

All in DMAC from I-PVDF-I samples.

The NMR assignments corresponding to the copolymers from Figure 4.14 are as follows:

Polystyrene:

f, 0=6.4-7.4 ppm, -CH,-CH(CgH;)-,

f 0=1.94 ppm, 'CHz'CH(CGHS)'I

7 8 =1.63 ppm , -CH,-CH(CgHs)-,

Polyisoprene:

g 0=>5.44 ppm -CH,-CH=CH-CH,- 1,4-cis and -trans;
g 6=5.6 ppm, 1,2 -CH,-CH(CH=CH,)- and & = 4.99 ppm, -CH,-CH(CH=CH,)-;
g’ 86 =2.1 ppm -CH,-CH=CH-CH,- and -CH,-CH(CH=CH,)-

g” 8=1.3-1.5 ppm, -CH,-CH(CH=CH,)-

Poly(vinyl acetate):

h &=4.92 ppm, -CH,-CH(OCOCHs)-
h’ § = 1.98 ppm, -CH,-CH(OCOCH;)-
h’ § = 1.83 ppm, -CH,-CH(OCOCH)-,

Poly(methyl methacrylate):

i 0=3.67 ppm, -CH,-C(CH3)(COOCH3)-,

" 8= 1.8-1.9 ppm, -CH,-C(CH3)(COOCH;)-,
i” 8 = 0.8-1.4 ppm, -CH,-C(CH;)(COOCHs)-,

Poly(t-butyl acrylate):

j 8=2.3 ppm, -CH,-CH(COOC(CH;)s)-,
i’ &= 1.8 ppm, -CH,-CH(COOC(CH;)s)-,

j" S=1.4 ppm, -CHz'CH(COOC(CH3)3)-’

Polyacrylonitrile:
k &=3.0-3.2 ppm, -CH,-CH(CN)-
k’ =1.9-2.2 ppm, -CH,-CH(CN)-
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Block Copolymers from Fluorinated Side Chain Alkenes: Two CFs;-containing monomers
(CH,=C(CHs)(CO0-CH,-CF3), TFEMA and CH,=C(CF3)(COO-CHs) MTFMA) were selected for this
example. The block copolymerization is demonstrated first by the increase in molecular weight
from M, = 1,400 for CFs-PVDF-I to M, = 6,500 for PVDF-b-PTFEMA and respectively M, = 2,500
for PVDF-b-PMTFMA, and second, by the presence of the resonances associated with the new
polymer structures, but most importantly, by the disappearance of the PVDF-I chain end
resonances and their replacement with resonances associated with the VDF-TFEMA and VDF-
MTFMA connectivity, as follows:

'H-NMR: In addition to typical PVDF resonances, the block copolymerization is first
demonstrated (Figure 4.21) by the disappearance of the PVDF-CH,-CF»-I ¢ (8 = 3.62 ppm, g, *Jue =
16 Hz) and PVDF-CF,-CH,-l ¢’ (0 = 3.87 ppm, t, *Jur = 18.2 H2) peaks, and by the presence of new
resonances associated with the PTFEMA block i.e. f, & = 4.5-4.75 ppm, -CH,-C(CH;)(COO-CH,-
CF3)-, fur, ©=1.96-2.25 ppm and f’uu, 6 = 1.65-1.78 ppm, -CH,-C(CH3)(COO-CH,-CFs)-, and f”, 6 =
0.86-1.43 ppm, -CH,-C(CH3)(COO-CH,-CF;)-, and respectively with MTFMA block, such as g, 0 =
3.62-3.90 ppm -CH,-C(CF3)(COO-CH3)- and g’, & = 2.63 ppm, -CH,-C(CF3)(COO-CHs)-.

YE_NMR: Additionally, *F-NMR (Figure 4.22-4.23) demonstrates the block copolymerization
by the disappearance and conversion of the PVDF-CH,-CF,-I ¢, ¢, ¢; and PVDF-CF,-CH,-I ¢’ and ¢’;
iodine chain ends into the a’;, 6 = -94.93 ppm and a”; 6 = -92.5 ppm and respectively a’s, d = -
116.0 ppm and @’s 0 = -116.22 ppm resonances associated with the block connectivity, and by
the resonances corresponding to the PTFEMA and PMTFMA CF; group, i.e. f, & =-72.2 to -73.71
ppm, -CH,-C(CH5)(COO-CH,-CF;)-, and guy, 6 = -64.2 to -66.9 ppm and gur, 0 = -67.01 to -69.4
ppm, -CH,-C(CF;)(COO-CH3;)-. Also included, are the 2D-HETCOR NMR spectra further showing

the connectivity and correlations between the both blocks.
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4.4 Conclusions

To summarize, we have demonstrated that the photoinduced initiation of vinylidene fluoride
can easily be obtained using vinylidene fluoride, at relatively mild temperatures, directly from
alkyl or perfluoroalkyl halides (CH3(CH,)sBr, CH3(CH,)sl, CHsl, CCls, CCl3Br, CF3(CF,)sl CI(CF,)sCl,
Br(CF,)¢Br, and I(CF,)¢l) using low power visible light irradiation (<30W) in conjunction with the
transition metal carbonyl complexes (Rey(CO)ig, Mn,(CO)19, Cp,W,(CO)s, Cp,Mo0,(CO)¢). The
perfluoroalkyl iodides CF3(CF,)sl and especially I(CF,)¢l) with Mn,(CO),, or Re,(CO),, mediated
the VDF controlled radical polymerization (CRP) via iodine degenerative transfer (IDT)
mechanism, while all other combinations yielded either FRP, telomerization, or no reaction at
all. The effect of various [VDF]/[PFBI]/[Mn,(CO),o] ratios demonstrated again that poor or no
control was obtained with PBFI in either ACN or DMC, with only the higher [VDF]/[PFBI] and
lower [PFBI]/[Mn,(CO)40] ratios beginning to show slight IDT-CRP character, and confirming DMC
as the superior solvent. The effect of [PFBI]/[Mn,(CO),] revealed a lower limit of [1]/[0.05]
below which no polymerization occurs, and an upper limit of [1]/[0.5] above which no further

P were observed. The [VDF]/[solvent] ratio had little effect on the polymerization

increases in kj
rate i.e. maintaining a constant amount of VDF while increasing the solvent twelve-fold yielded
similar k,°"® While, maintaining a constant [VDF]/[solvent] ratio with increasing amounts of VDF,
brought forth a significant increase in k,*". This was attributed to the monomer being gaseous,
therefore the only effective means of increasing (decreasing) the concentration of the monomer
in solution is to increase (decrease) the internal pressure of the reaction vessel. (i.e. the addition
of larger(smaller) quantities of monomer). Subsequently, a selection of the metal carbonyl
complexes were evaluated in the PVDF-CH,-CF,-1 and PVDF-CF,-CH,-I activation, where

Re;(C0O)19, Mny(CO)4q, Cp,W,(CO)g, Cp,M0,(CO)s, and Cp,Fe,(CO), provided complete activation

of both halide polymer chain ends, while Fe(CO)s and Cp*,Cr,(CO), generated [B-elimination
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products following the oxidative insertion into PVDF-CH,-CF,-I and PVDF-CF,-CH,-l. Finally,
Re;(C0O)19, MN,(CO)4q, CpaW,(CO)s, Cp,Mo0,(CO)e, and Cp,Fe,(CO), provided the synthesis of well-
defined block copolymers with vinyl acetate, t-butyl acrylate (and subsequent acrylic acid),
methyl methacrylate, isoprene, styrene, and acrylonitrile. In addition, evidenced here were the
first examples to demonstrate block copolymer connectivity via a combination of *°F and “*F{*H}
HETCOR NMR spectroscopy. The ability to not only see connectivity but to distinguish between
the connection from both -CH,-CF,-l and -CF,-CH,-l is unique to these
fluorinate/non(semi)fluorinated block copolymer architectures, and opens up a pathway to

further develop complex polymer architecture characterization.

4.5 Chapter 4: Appendix

4.A: General NMR Discussion for the Structural Assignments of Typical *H and *°F PVDF

NMR Spectra and Previously Demonstrated Block Copolymers.
Examples of the dg-acetone comparison of the *H and **F-NMR of I-PVDF-I is presented in Figure
4.Ala-b and Table 4.A1, while a comparison of the *’F-NMR spectra of PVDF-I vs. PVDF-H is
shown in Figure 4.A2-4.A3 and Table 4.A1.

1H-NMR: In addition to known PVDF H-NMR resonances, % acetone is seen at & = 2.05
ppm and H,0 at & = 2.84 ppm.'®”” The other sets of signals are associated with PVDF propagation
and termination events and initiator used.

PVDF Typical Main Chain Resonances: Two dominant, propagation derived PVDF main chain
signals are observed: First, the head to tail (HT), -CF,-[CH,-CF,],-CH,-, broad multiplet a, appears
at 8 = 2.8 - 3.1 ppm. Second, the head to head (HH) -(CH,-CF,),-CF,-CH,-CH5-CF,-(CH,-CF;) m-

104,105,108,109,110,111

linkage (typically HH = 5-10 % in free radical VDF polymerizations) a’is observed

at & = 2.3 - 2.4 ppm. The resonances derived from typical PVDF termination by the
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recombination*?

of terminal HT or HH units cannot be easily identified due to overlap, as
follows: HT/HT (-CH,-CF,-CH,-CF,-CF,-CH,-CF,-CH,-, overlap with the HT main chain), HT/HH (-
CH,-CF,-CH,-CF,-CH,-CF,-CF,-CH,-, identical to HT propagation), or HH/HH (-CH,-CF,-CF,-CH,-
CH,-CF,-CF,-CH,-, identical to HH propagation). Interestingly, such termination is dramatically

103,113-115

suppressed in the presence of active perfluoroiodo CT agents, and is visualized by the

114

disappearance of the HH peak @’ which becomes -CF,-CH,-1 (¢’ vide infra).

Initiator Derived Chain Ends: The signal, b corresponds to the first VDF unit connected with

Re (Re-CH,-CF»-) and confirm the predominantly regiospecific**>*’

1,2-connectivity (Re-CH,-CF5-).
lodine Chain Ends: The ¢ and ¢’ resonances represent the corresponding PVDF halide chain
ends (i.e. HT: ¢, -CH,-CF,-CH,-CF,-1 and HH: ¢’, -CH,-CF,-CF,-CH,-I). Since Mn(CO)s-I is not a halide

118

donor ™ the concentration of ¢ and ¢’ may decrease with increasing the amount of Mn,(CO)4

118 it does

employed, and their ratio will also depend on conversion. However, similarly to VAc,
change in the favor of the less reactive -CH,-CF,-CF,-CH,-I for pefluoroiodo derivatives.*

Hydrogen Chain Ends: While dramatically suppressed in IDT, termination may also occur by
H transfer to the “good” ~CH,-CF,® or to a smaller extent to the “bad” ~CF,-CH,® propagating
units to form -CH,-CF,-H (peak d, triplet of triplets at d = 6.3 ppm 3Jun = 4.6 Hz %Jyr = 54.7 Hz) and
respectively, -CH,-CF»-H (peak d’, triplet at & = 1.80 ppm, /4 = 19.2 Hz)."®*™° Such H-transfers
may arise from either the solvent, the main chain (inter or intramolecular), or by
disproportionation with the terminal HT unit, to also give a -CH,-CF,-CH=CF, unsaturation,
observed in a few cases as a trace multiplet at d’” at ~ 5.2 ppm.

Solvent-derived chain ends: Chain transfer to an Rs-H solvent may occur by H abstraction
leading to the -CH,-CF,-H and -CF,-CH,-H chain ends described above. This will happen especially

when the C-X bond of the initiator or the chain end is very strong, i.e. for very weak CT agents

(Cl, Br). For most typical Rs-H solvents, the resulting Rs® radicals are not reactive enough to
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reinitiate VDF and are consumed by dimerization. Thus, the solvent fragment will not be
observed in NMR. This is the case of ACN (NC-CH,-H). Indeed, while Mn,(CO),, clearly activates
the corresponding iodide NC-CH,-I* no polymer is obtained, as the resulting CN-stabilized radical
dimerizes without addition to VDF (i.e. chain breaking and transfer without reinitiating) and is
thus absent from the NMR of the polymer. By contrast, a more reactive CH;-O-CO-O-CH,-*
radical is generated by H abstraction from DMC. Thus, DMC provides chain transfer with
reinitiation, (i.e. without breaking the radical chain) and this can be seen as trace signals as CHs-
0-CO-0-CH,-CH,-CF,- at & = 3.74 s, 3H and respectively at & = 4.33 ppm, t, 2H. However, this
transfer is not observed for the linear perfluoroalkyl iodides suitable for VDF-CRP.

ELNMR Characterization of I-PVDF-I, PVDF-I and PVDF-H: A comparison of 'H- and *°F-
NMR proton decoupled spectra of I-PVDF-I is provided in Figure Al, while a comparison of the
BE.NMR spectra of PVDF-I initiated from CF;-CF,-CF,-CF,-1 with the corresponding PVDF-H
(obtained by reacting PVDF-I with excess Mn,(CO),o and corresponding to the top of Figure 4.2,
chain end activation discussion) is shown in Figure 4.A1-A3. The corresponding assignments are
presented in Table 4.A1. The same notation was used as with the "H-NMR spectra. The *°F
assignments are discussed below.

The main chain polyvinylidene fluoride head to tail -CF,-[CH,-CF;],,-CH,- unit a is observed at
8 =-91.3 ppm. While the head to head units are greatly minimized in VDF-IDT, trace internal HH
are seen as a set of 3 resonances -CH,-CF,-CH,-CF,-CF,-CH,-CH,-CF,-CH,-CF,-, -CH,-CF,-CH,-CF,-
CF,-CH,-CH,-CF,-CH,-CF,- and -CH,-CF,-CH,-CF,-CF,-CH,-CH,-CF,-CH,-CF,-, peaks a’, a’; and a’, at
0 =-113.5 ppm, 6 =-115.9 ppm and respectively, 6 = - 95.1 ppm. Interestingly, penultimate -
CH,-CF,-CF,-CH,-CH,-CF,-I and respectively -CH,-CF,-CF,-CH,-CH,-CF,-H units can also be

distinguished as a’; and a’; at 6 =-115.2 ppm and 6 = -115.8 ppm.
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The connectivity of the R initiators with the main chain is demonstrated by the resonance b,
PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF and respectively CF3-CF,-CF,-CF,-CH,-CF,-
PVDF associated with the first VDF unit. The R; initiator resonances are clearly distinguished as
PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF, PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH5-
CF,-PVDF and PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF peaks b;, b, and bz at o = -
111.7 ppm, & = -121.2 ppm and & = -123.1 ppm for |I-PVDF-I and respectively as CF;-CF,-CF,-CF,-
CH,-CF,-PVDF, CF3-CF,-CF,-CF,-CH,-CF,-PVDF, CF3-CF,-CF,-CF,-CH,-CF,-PVDF and CF3-CF,-CF,-CF5-
CH,-CF,-PVDF peaks by, bs, bg and b, at = -80.9 ppm & = -125.5 ppm, 6 =-123.9 ppm and é = -
111.9 ppm for PVDF-I The more reactive 1,2- iodide chain ends (“good”) are seen as -CH,-CF,-
CH,-CF,-CH,-CF,-1 and -CH,-CF,-CH,-CF,-CH,-CF.-I, peaks ¢ and ¢; at & = -38.5 ppm and
respectively 8 =-92.5 ppm, as well as a weaker, penultimate -CH,-CF,-CF,-CH,-CH,-CF,-I reversed
addition unit, ¢, at 8 = -39.3 ppm. The less reactive 2,1- iodide chain ends (“bad”) are observed
as -CH,-CF,-CF,-CH,-l and -CH,-CF,-CF,-CH,-l peaks ¢’ and ¢’; at 8 = -108.3 ppm and respectively o
=-112.0 ppm.

Finally, the complete activation of both iodine chain ends by metal carbonyl activator and
subsequent H transfer to solvent figure 4.A2-A3, enables the definitive verification of all “c”
peaks associated with iodine, via their disappearance, as well as the comparative increase in
intensity in PVDF-H, that of the -CH,-CF,-CH,-CF,-H, -CH,-CF,-CF,-CH,-CH,-CF,-H, -CH,-CF,-CF,-
CH; and -CH,-CF,-CF,-CH3 H chain ends, peaks d, d,, d’ and d’; at  =-114.7 ppm, 6 =-116.8 ppm,
0 = -108.2 ppm and respectively & = -114.1 ppm. Interestingly, as seen in Figure 4.2 and 4.4,
there is also the presence of the resonances d’”’, and d’”’; associated with the B-elimination,

following the oxidative insertion of the complexes Fe(CO)s and Cp*,Cr,(CO)¢ vyielding the
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subsequent unsaturated polymer chain ends -CH,-CF,-CF=CH,, & = -118.9 ppm and -CH,-CF-

CF=CH, 06 =-99.7 ppm.

Functionality and Mn calculations.

Comparative integrations of the resonances a, @’ b, ¢, ¢/, d and d’ allow for the determination of

NMR

the halide and hydride chain end functionality, as well as that of M, ", as outlined below and

reported in Table Al:

(DMYMR = Ry + N {64.04 [f‘”f“’”b”C”CU’%”’] +1.008 <2f“+2/3f‘1'> +Y (ff+fc’)}

[b Ib [b
(2)% total Iodine Functionality = fc}:{ “ = TerT C,{r;;;;;,ﬂm
I fe

(3)% CH»-CF3-1 Functionality = 5= TorT YN Py

. . Jer fecr
(4) % CF»-CHz-1 Functionality = f—z =TT cl+2/;fd’+2fd

N 2f3)a’ *fzla
(5) % CF,-CH-H Functionality = 3fb = [ot] cr+23/3fd’+2fd
2fd _ 2/d

(6) % CH2-CF,-H Functionality = b T Terterifsfaeala
Where 1.008 and 64.04, represent the molar masses of H and VDF while Y is the atomic
weight of the halide chain end (e.g. Y = 126.9 for iodine chain ends); N = 1, 2 (initiator
functionality); and R is the molecular weight of the initiator fragment (without the halides). All

integrals are normalized to 2 protons.
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Figure 4.A1. Comparison of the 'H and "’F-NMR spectra of I-PVDF-I initiated from I-(CF,)s-I. VDF/I-(CF,)-1/Mn,y(CO);o = 50/1/0.1.
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Table 4.A1. PVDF typical structural assignments of *H and "°F NMR resonances. The § values correspond to red italics.

Signal Structure '"H-NMR YF-NMR
a -CF,-[CH,-CF,],-CH,- HT m, =2.9 ppm m, d=-91.3 ppm
a’ —CHz-CFz-CHz—CFz-CFz-CHz-CHz-CFz-CHz—CFz— HH m, 0=2.35 ppm m, 6=-113.5 ppm
a’ -CH,-CF,-CH,-CF,-CF,-CH,-CH,-CF,-CH,-CF,- HH <0.5% m, §=-115.9 ppm
a’, -CH,-CF,-CH,-CF,-CF,-CH,-CH,-CF,-CH,-CF,- HH m, o= -95.1 ppm < 0.4 %
3,3 —CHZ-CFz-CFz-CHz—CHz-CFz-I m, o= -115.2 ppm
a’, -CH,-CF,-CF,-CH,-CH,-CF,-H m, 5= -115.8 ppm
b PVDEF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF q, §=3.22 ppm m, §=-91.8 ppm
b CF3-CF,-CF,-CF,-CH,-CF~PVDF q,8=324ppm  m,5=-91.8 ppm
b, PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, §=-111.7 ppm
b, PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, §=-121.2 ppm
bs PVDF-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, §=-123.1 ppm
b, CF;-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, & =-80.9 ppm
bs CF;-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, 8 =-125.5 ppm
be CF;-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, § =-123.9 ppm
b, CF;-CF,-CF,-CF,-CH,-CF,-PVDF N/A m, §=-111.9 ppm
c -CH,-CF,-CH,-CF,-CH,-CF,-1 q, =3.62 ppm t, 5 =-38.5 ppm
¢ -CH,-CF,-CH,-CF,-CH,-CF,-1 epa=70 % q, 8=-92.5 ppm, ffcr = 68 %
Cy -CHz-CFz-CFz-CHz-CHz-CFQ-I m, 0=-393 ppm,
% -CH,-CF,-CF,-CH,-1 t,5=3.87 ppm m, §=-108.3 ppm f ¢y = 24 %
¢’y -CH,-CF,-CF,-CH,-1 o= 25 % m, 8=-112.0 ppm,
d -CH,-CF,-CH,-CF,-H tt, = 6.3 ppm dt, =-114.7 ppm
fHCFZ-H: 4% fFCFZ-H =6%
d, -CH,-CF,-CH,-CF,-H N/A q 8=-92.6 ppm
d, -CH,-CF,-CF,-CH,-CH,-CF,-H dt, 8=-116.8 ppm
@ -CH,-CF,-CF,-CH; t, =1.80 ppm dd, §=-108.2 ppm, f crmcrz3 = 2%
a’ -CH,-CF,-CF,-CHj lercm= 1% 8=-114.1 ppm
d” -CH,-CF,-CH,-CF,-H m,8=2.77ppm  N/A
d” -CH,-CF,-CF=CH, m, § =5.3 ppm m, d=-118.9 ppm
d’’;  -CH,-CF,-CF=CH, N/A d, =-99.7 ppm
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Figure 4.A4. Comparison of IR spectra of DMC, PVDF-I, Mn;(CO)1y, Mn(CO)s-I and of a typical polymerization mixture (VDF/PFBI/ Mn,(CO)q, =
25/1/0.2, after evaporation of VDF, ~ 80 % conversion).
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Figure 4.A5. Effect of excess Mn(CO)s-I: Comparison of the 500 MHz "H-NMR dg-acetone spectra
of (a) PVDF-I obtained from VDF/PFBI/Mn,(CO),, = 50/1/0.1 with (b) PVDF obtained from
VDF/CHCl5/Mn,(C0O)10/Mn(CO)s-1 = 50/1/0.2/1, 4 = H,0, * = acetone.

Discussion: Figure 4.A4-A5: Mn,(CO)s-I Yields no lodine Chain Ends

Figures A4 and A5 addresses the issue of whether or not Mn,(CO)s-I can donate | back to the
propagating chain. In fact, this is not possible under the reaction conditions, since the BDE of
Mn,(CO)s-1 (54 kcal/mol)*® is larger than that of typical Re-I (e.g. for CF;CF,CF,CF,-I, BDE = 48.4

21 |n addition, R-I compounds are most likely already in a photoexcited state,

kcal/mol).
activated towards homolysis,122 prior to their interaction Mn,(CO)s®. By contrast, the Mn-I bond
of Mn(CO)s-I does not photolyze homolytically under visible irradiation.'*

Thus, in Figure 4.A4 the characteristic IR frequencies of Mn,(CO)s-I (2130, 2046, 2012 cm-

139124 3re clearly observed in both the Mn,(CO)s-I pure sample and in the reaction mixture.
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As such, Figure 4.A5 is the comparison of a typical PVDF-I sample with PVDF synthesized
from CHCls, (a poor chain transfer agent and cannot generate any PVDF-CI chain ends) in the
presence of a large excess of Mn;,(CO)s-I. Thus, if any iodine abstraction by the propagating
chain from Mn,(CO)s-I would be possible, the corresponding PVDF-I chain ends PVDF-CH,-CF,-I
and PVDF-CF,-CH,-l (c and ¢’ 8 = 3.62 ppm 0 = 3.87 ppm) would be visible. This is clearly not the
case. Together, these control experiments indicate that similarly to the IDT of vinyl acetate,’®

the reversible iodine transfer is not mediated by Mn,(CO)s-I.

PVDF Block Copolymers Initiated by Mn,(CO);, Activation:

Shown previously* AB or ABA-type PVDF block copolymers with styrene (e, e”), butadiene
(f, £, £,£7), vinyl chloride (g, g’), vinyl acetate (h, h’), methyl acrylate (i, i’, i”), and
acrylonitrile (j, j’), initiated from both PVDF halide chain ends (Table 4.A2 and Figure 4.A6 c-h).
Again Mn,(CO);4 only role here is photoactivator and no IDT is considered. Although, control of
the block copolymerization can be anticipated with other typical CRP methodologies, such as

ATRP, RAFT, and TEMPO (nitroxide mediated).
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Table 4.A2 Characterization of Mn,(CO);o Photomediated Synthesis of PVDF Block

Copolymers
PVDF-I [M]/[PVDFI]/ Conv Composition
Exp. Monomer M, PDI [MN,(CO):o] (%) M/VDF M, PDI
1 Styrenea’b) 2,500 1.34 60/1/2 67 70/30 14,500 2.25
2 Butadiene” 1,400 1.48 200/1/1 25 62/38 4,700 2.00
Vinyl
3 Chloride 1,800 1.29 100/1/1 35 77/23 20,100 1.52
4 Vinyl Acetate 1,500 1.49 100/1/0.2 30 65/35 11,000 1.70
Methyl
Acrylate 2,300 1.52 75/1/4 40 72/28 9,000 2.46
6 Acrylonitrilea) 2,100 1.31 50/1/1 25 74/26 25,800 2.33

T = 40 °C and solvent = DMAC except where noted. “Block copolymers from I-PVDF-I
samples. ”Polymerization was carried out at 110 °C, © in dioxane

The NMR assignments corresponding to the copolymers from Figure 2 are as follows:

Polystyrene:

e, 0=6.4-7.4 ppm, -CH,-CH(C¢H5)-,
e’ 0=1.94 ppm , -CH,-CH(C4Hs)-,
e” 0= 1.63 ppm , -CH,-CH(C¢Hs)-,

Polybutadiene:

f, &=5.44 ppm -CH,-CH=CH-CH,- 1,4-cis and -trans,

£ 8=5.6ppm, 1,2 -CH,-CH(CH=CH,)- and & = 4.99 ppm, -CH,-CH(CH=CH,)-;

> & =2.1 ppm -CH,-CH=CH-CH,- and -CH,-CH(CH=CHy,)-

£ §=1.3-1.5 ppm, -CH,-CH(CH=CH,)-

Polyvinyl chloride:
g 0=4.35-4.71 ppm, -CH,-CHCI-
g’ 0=2.11-2.52 ppm, -CH,-CHCI-

Poly(vinyl acetate):

h &=4.92 ppm, -CH,-CH(OCOCH3)-
h’ = 1.98 ppm, -CH,-CH(OCOCH )-
h’ & = 1.83 ppm, -CH,-CH(OCOCH3)-,

Poly(methyl acrylate):

i 6=3.67 ppm, -CH,-CH(COOCH};)-,

i’ 8 =2.42 ppm, -CH,-CH(COOCHj)-,

i’ 0=1.51-1.97 ppm, -CH,-CH(COOCHj3)-,

Polyacrylonitrile:
j 0=4.35-4.71 ppm, -CH,-CH(CN)-
j’ 6=12.2-2.28 ppm, -CH,-CH(CN)-
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Figure 4.A7. DSC Thermographs of selected PVDF block copolymers. *Impurity likely due to Re(CO)s-I that was difficult to remove.
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Chapter 5. Evaluation of Cu-Mediated Room Temperature Radical Polymerization of
Vinylidene Fluoride: from Atom Transfer Radical Polymerization to lodine Degenerative
Transfer.

A series of various alkyl, fluoro, and sulfonyl halides were evaluated as room temperature
initiators for vinylidene fluoride controlled radical polymerization. The polymerizations were
attempted in a number of ways; direct ATRP, ARGET-like, as well as a Cu-initiated iodine
degenerative chain transfer, including activation by irradiation. However, in none of these
experiments was polymer obtained. There are a few explanations which are likely. First, it is
possible that the rate of radical generation is just too, not all alkyl radicals may be reactive
enough to add to VDF at rt, and copper failing to activate Fluoroalky! halides or side reactions
with the amine ligands. Additionally, strong chain transfer to solvent, ligand etc. may stop the
polymerization in its incipient phase. Ultimately a new methodology was developed with a
photo-IDT system, and thus enabled PVDF-I synthesis which make use of perfluoroalkyl iodides as
photo-iniferters in conjunction with Cu(0) as a iodine “sink”. The role of copper is solely there to
inhibit the persistent radical effect that would otherwise normally prevent these materials from
initiating polymerizations. Under irradiation it was demonstrated that in the absence of an
iodine “sink” such as copper these alkyl iodides had extremely low decomposition rates, which
was nearly 100 times faster in the presence of metal zero. This system was then utilized to
produce I-PVDF-I. These preliminary experiments showed typical CRP properties, having a linear
dependence of molecular weight on conversion, and most importantly generated the highest
total %-functionality of any system previously studied, yielding > 99%. This system can surely be
envisioned as applicable and tailored to use with other monomers and various polymerizations
and being CRP process is very tolerant of functional groups and solvent, even allowing for the use

of emulsion polymerizations.
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5.1 Introduction

Controlled radical polymerization (CRP) has been widely applied in the synthesis of complex
macromolecular structures." While catalytic systems based on late transition metals were
successful in CRP mediated by atom transfer radical polymerization (ATRP)“* dissociation-
combination (DC) and degenerative transfer (DT) and initiated from activated halides or thermal
initiators, a broader selection of initiators and catalysts is still needed for the controlled
polymerization of fluorinated monomers.

Fluorinated (co)polymers are specialty materials with wide morphological versatility, high
thermal, chemical, ageing and weather resistance, as well as low surface energy, dielectric
constant, flammability, refractive index, and moisture absorption. As such, their applications
range anywhere from paints and coatings, pipe liners, transmission fluids, O-rings for extreme
temperatures (rocket engines), fuel cell membranes, antifouling layers etc., to optical fibers and
high power capacitors.> Therefore, their precise synthesis is very relevant. However, while
controlled/living radical polymerizations (C/LRPs) have recently seen remarkable
developments,” and classic ATRP, nitroxide or addition-fragmentation methods are successful
with acrylates or styrenes, their applicability in the CRP of very reactive monomers such as main
chain fluorinated alkenes, still awaits demonstration.

The paramagnetic Cp,TiCl,* available in situ by Zn reduction of Cp,TiCl,> is a mild one
electron transfer agent which catalyzes a variety of radical reactions® including epoxide radical
ring opening (RRO)’, aldehyde SET reduction and halide abstraction. We have demonstrated the
Cp,TiCl-catalyzed CRP of styrene® initiated by epoxides, aldehydes,’ halides™ and peroxides,™" as
well as that of dienes? initiated from halides,**""** epoxides,***€ and aldehydes.’** The effect
of all reaction variables was also investigated.® This methodology was also applied in the

synthesis of branched and graft copolymers.’ Ti alkoxides generated in-situ from epoxides and
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aldehydes also catalyze the living ring opening polymerization of cyclic esters,'® epoxides and
anhydrides.’® Unfortunately, as discussed previously, this system fails when being used for the
polymerization of fluorinated monomers.

Thus, as (co)polymers based on main chain fluorinated monomers (e.g. vinylidene fluoride
(VDF), are industrially significant, the study of their CRPs and the synthesis of the complex

polymer architectures derived thereby is a worthy endeavor.'”*®

However, such
polymerizations are quite challenging on a laboratory scale, in view of the fact that e.g. VDF
boils at -83 °C. Since typical telo/polymerizations are carried out at 80-100 °C or more,’ they
require specialized, high-pressure metal reactors.

Accordingly, and by contrast to styrene or acrylate CRPs which can be conveniently sampled
repeatedly from the side arm of a Schlenk tube on e.g. a 1 g scale, kinetic studies of VDF
polymerizations involve many one-data-point experiments. This is very time-consuming and
expensive due to the typical lab unavailability of a large number of costly metal reactors, which
moreover still require tens of grams of monomer. Thus, development of methods that would
allow small, gram-scale polymerizations to proceed at room temperature (rt) in inexpensive,
low-pressure, glass tubes, would be highly desirable, especially since they could easily be
adapted for the fast screening of a wide range of catalysts and reaction conditions.

Interestingly, VDF polymerization was shown to proceed in the presence of alkylboron/0O,, in
a poorly controlled radical manner at ambient temperature.’® Nonetheless, bock copolymers
could be synthesized. We have also described the room temperature UV free radical
polymerization of VDF initiated from TBPO.”® However, only very low molecular weight VDF
telomers (DP < 1-3) may be obtained, and only at high temperatures (> 100 °C) from transition

metal salts and polyhalides by redox catalysis.'®*!
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Moreover, while the 1:1 thermal and or metal catalyzed addition of Rl derived
perfluoroalkyl radicals to alkenes using cu,? zn,2 Pd,* SnCIz/CH3COOAg,25 szTiCI,26 PPhs, %’
AIBN,?®?° (NH,),S,0s/HCOONa* or of the corresponding Grignard-like Zn*"*? or Zn/Cu® derived
organometallics to carbonyls and amides occurs under a wide range of conditions, and
especially at high temperatures, the metal catalyzed addition of such electrophilic radicals to
electrophilic fluorinated alkene substrates such as FMs at T < 100 °C, and especially at ambient
temperatures is to the best of our knowledge, conspicuously absent from the literature.

Therefore, the ability to carry out such reactions under mild conditions, would be of great
synthetic value, especially in the initiation of the CRP of FMs. Thus, since to the best of our
knowledge, while copper complexes have proven extremely successful in ATRP, there are no
reports on metal-mediated VDF polymerizations let alone Cu-Mediated/assisted VDF-CRP. As
such we decided to explore the scope and limitations of late-transition metal catalysts in the
initiation of room temperature radical VDF polymerizations via typical ATRP protocols, making
use of the persistent radical effect (PRE).

The persistent radical effect (PRE)** states that if two radicals with widely different stability
(i.e. a conventional unstable Xe and a persistent Ye ; where the lifetimes of which are orders of

magnitude different) are formed in a homolysis (X-Y X + Y) reaction, or produced

N
independently and allowed to react, then their cross-coupling X-Y product will dominate over X-
X and of course over Y-Y which is unstable and negligible. Such features have been widely
exploited in both organic chemistry as well as controlled radical polymerizations (CRPs) by the
dissociation-combination (DC) or atom-transfer (ATRP) mechanisms, where the bimolecular

termination of the growing chains is dramatically suppressed by their cross coupling with a

persistent radical (nitroxide or a halide radical supported by a transition metal complex)**
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Alternatively, CRPs based on degenerative transfer (RAFT, IDT, titanium,®®® tellurium,®
mediated polymerizations do not require PRE, and irreversible bimolecular termination is
suppressed via reversible exchange of a transferable group (I, RAFT, Ti, Te) between propagating
and dormant chains. Indeed, IDT***” may in fact be the oldest CRP method,*® Moreover, since
metal mediated alkyl halide radical initiation and VDF-CRP was not available until very

39

recently,” industrial VDF-CRP is still accomplished at high temperatures and pressures using

I )40-43

perfluorinated alkyl iodides (Rg- chain transfer agents (CTAs),*® and peroxide free radical

initiators.>**!

lodine degenerative transfer (IDT) involves the reversible exchange of iodine between
dormant and propagating chains and is typically set-up either by a free radical initiator in the
presence of an iodine chain transfer agent (R-1), by direct transition metal irreversible activation
of an alkyl iodide (Mn,(CO)10),*° or by the in-situ generation of the alkyl iodide via trapping of the
growing chains with iodine. However, to the best of our knowledge, (except for Mn,(CO)4o)
there are no reports of photo mediated IDT or Cu(0) photo IDT in the absence of a ligand.
Moreover, the concept of PRE of iodine has not been recognized by the organic or polymer
community.

While 1, is not a radical, and I® is clearly not a persistent species, the |- bond is extremely
weak and, moreover, |, is known to intercept radicals at diffusion controlled rates. Thus, while I,
does not add to VDF,* it traps radicals at diffusion controlled rates,* by intercepting®® CXs® and
PVDF®. In fact the cross coupling of radicals with iodine is higher than with CuX, or nitroxides.
Indeed, |, is considered a very strong inhibitor of radical reactions, including polymerizations.

However, to the best of our knowledge, the occurrence of the PRE was never considered to

explain the outcome of iodine radical reactions. We thus theorize that while indeed |, is not a

radical, but for all intents and purposes it behave like one, and in fact does support the PRE. This
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was demonstrate using the well-known photodecomposition/homolysis of alkyl and
perfluoroalkyl iodides.

Indeed, due to the very weak C-I BDE, most conventional alkyl iodides will easily photolyze
on standing and the orange/pink iodine color is easily identifiable upon exposure to lab light
overnight. Accordingly, all suppliers of alkyl iodides (Sigma-Aldrich, Strem, etc.) ship such
compounds in brown glass containers. Moreover, they also ship it allegedly “stabilized” with
copper pellets or turnings. However, there is no literature evidence or understanding in what
way copper may “stabilize” against such photodecomposition. We believe that such statements
are in fact wrong and misleading. It is known that at room temperature and in the absence of
ligands Cu(0) does not insert into the C-1 bond. What we believe is happening, is that if fact
copper merely serves as a “sponge” to trap iodine generated via dissociation and thus give the
perception of a “pure”, “clean” sample.

In reality, no inhibitor that can chemically prevent photolysis. However, one can push the
dissociation equilibrium back to the R-1 starting material. This is indeed where the iodine PRE
(IPRE) comes into play. Thus, after R-1 homolysis, a few couplings of R into R-R quickly leads to
the accumulation of the corresponding amount of I,, which will suppress any subsequent R
dimerization by trapping it back into R-l. Thus we believe that the addition of copper is not
necessary, and that while iodine colored, the samples are more stable than in the presence of
copper. Before use, as demonstrated herein, the iodine color can be easily removed by stirring
with Cu(0).

It is known from our control experiments with VDF/RFI under visible light irradiation for over
a week produced no polymer, but rather turned orange, which is the color of I, in DMC.
Therefore adding copper should inhibit the PRE and allow polymerization to occur. Finally the

most illustrative experiments are based on the kinetics of the photolysis of a variety of alkyl and
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perfluoroalkyl iodides in the presence of copper. Thus also introduced below is the Cu(0)
inhibition of the persistent radical effect of iodine in the photolysis of (fluoro)alkyl iodides as a
universal and chemically simple (VDF) IDT-CRP method.

5.2 Experimental

5.2.1 Materials.

1-(bromoethyl)benzene (BEB, 95%), bromoform (CHBrs, 99%), tin(ll)-2-ethylhexanoate(
Sn(Oct),, 95%), tris(2-aminoethyl) amine (TREN, 96%), pentamethyldiethylene triamine
(PMDETA, 99%), sodium dodecyl sulfate (SDS, 99%), copper(l) bromide (CuBr, 98%), copper(0)
(Cu(0) 99%), a,a,a-trifluorotoluene (TFT, 99%), acetonitrile (ACN, 99%) and anisole (99.7%) (all
from Aldrich), lodoform (CHIs, 98%), copper(ll) bromide (CuBr,, 99%), copper(ll) chloride (CuCl,,
98%), dioxane (99.7, %) 99%), 4-methoxybenzene sulfonyl chloride (MBSC, 99%) (all from
Acros),vinylidene fluoride (VDF, 99%), 1-iodononafluorobutane (PFBI, 98%) (all from Synquest),
and N,N’-dimethylformamide (DMF, 99.9%, Fisher), bipyridyl (BiPy, 98%, Alfa Aesar), were used
as received. Ethyl-2-iodoisobutyrate (ElIB) and a,a-diiodo-p-xylene (DIPX) were prepared from
ethyl-2-bromoisobutyrate (EBIB, 98%, Acros), a,a-dibromo-p-xylene, (DBPX, 98%, Fluka) and Nal
(99%, Fisher) respectively.

5.2.2 Techniques.

'H NMR (500 MHz) and *°F-NMR (400 MHz) spectra were recorded on a Bruker DRX-500 and
respectively on a Bruker DRX-400 at 24 °C in acetone-ds typically between 32-128 scans. 2D-
9E{H},-Heteronuclear correlation (HETCOR) spectra were recorded on a Bruker DRX-400 at 24
°C with a scan set of 16x256 using typical Bruker pulse sequences for HETCOR. GPC analyses
were performed on a Waters gel permeation chromatograph equipped with a Waters 2414
differential refractometer and a Jordi 2 mixed bed columns setup at 80°C. DMAc (Fisher, 99.9%

HPLC grade) was used as eluent at a flow rate of 1 mL/min. Number-average (M,) and weight-
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average molecular weights (M,) were determined from calibration plots constructed with
polymethylmethacrylate standards. All reported polydispersities are those of water precipitated
samples. While narrower PDIs could be obtained by MeOH precipitation, this may also lead to
partial fractionation, especially for lower molecular weight samples.

5.2.3 Polymerizations.

A 35-mL Ace Glass 8648 # 15 Ace-Thread pressure tube equipped with bushing and a
plunger valve containing CuBr (4.9 mg, 0.04 mmol), BiPy (16.1 mg, 0.12 mmol) and ACN (3.0 mL)
was degassed then cooled, opened under Ar and charged with PFBI (0.06 mL, 0.34 mmol) and
vinylidene fluoride (1.10g, 17.18 mmol), re-degassed and placed in an oil bath at 25 C.
Conversions were determined gravimetrically. 150W Oriel Xenon Arc lamp model 66060 (with
PTI Lamp power supply model Ips200).

5.3 Results and Discussion

The selected examples of the attempts at radical initiation of VDF at various temperatures
from all initiators are presented in Table 5.1. The polymerization was attempted in many
different ways, either as a direct ATRP, ARGET-like, as well as a Cu-initiated iodine degenerative
chain transfer, including extra activation by low (BLB), medium (UV), or high intensity UV lamps
(oriel), and visible light irradiation. However, in none of these experiments was polymer
obtained for which there are several likely explanations (also depicted in scheme 5.1). First, it is
possible that the rate of radical generation is just too slow under these conditions. However,
sulfonyl chlorides are known to be easily activated by Cu even at rt.*” However, the carbon-
halide bond in the -CH,-CF,-X terminal dormant unit may also be too hard to homolyze at low
temperatures leading to irreversible deactivation. Second, not all of the possible resulting alkyl
radicals may be reactive enough to add to VDF at rt. Nevertheless, perfluoro alkyl iodides do add

to VDF, but here there was again no polymer formed which can be attributed to either copper
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not activating or a side reaction with the amine ligands.?® Third, strong chain transfer to solvent,
ligand etc. may stop the polymerization in its incipient phase. Thus, DMF may be a good PVDF
solvent, but also is a good chain transfer agent, especially for a reactive propagating chain.
Similarly, dioxane and anisole may also be conducive to chain transfer. Lastly, while the high
temperature Cu-catalyzed grafting from PVDF was previously reported,”® we believe that the

activation of C-F bond and formation of unreactive CuF,, is extremely unlikely at rt.
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Table 5.1: Cu Mediated Redox Initiating Systems (25°C)

Exp Initiator Cat. Co-Cat. Ligand Ratio Solvent Temp.(°C) Light Source
1 BEB nCu Sn(Oct), PMEDTA 50/1/0.1/2/4 ACN/Diox 25 N/A
2 CCla CuBr BiPy 25/1/0.5/1.5 DMC 25 uv
3 CCla CuBr Me6TREN 50/1/1/1 DMC 25 uv
4 CCl4 CuBr Me6TREN 50/1/0.25/0.25 DMC 40 N/A
5 CCla CuBrPhenPPh3 50/1/0.25 DMC 40 Vis
6 CCla CuClI2 Zn(0)/Cu(0) Me6TREN 1/2/0.001/2/2/0.001 CCla 40 N/A
7 CCla nCu CuBr Me6TREN 25/1/1/1/2 DMC 40 Vis
8 CCla nCu Me6TREN 50/1/1/1 DMC/DMSO 50 N/A
9 CCla nCu PMDETA 25/10/2/2 DMC 40 Vis
10 CH3I CuBr2 SnOct PMDETA 50/1/0.05/0.1/0.1 ACN 25 N/A
11 CHBr3 nCu SnOct TREN 10/1/1/1/1 ACN 25 N/A
12 CHBr3 nCu SnOct TREN 40/1/1/1/1 ACN 25 N/A
13 CHBr3 nCu SnOct TREN 40/1/1/1/1 DMSO 25 N/A
14 CHCI3 nCu CuBr BiPy 25/1/1/1/3 DMC 40 Vis
15 DBPFH CuBr BiPy 50/1/5/15 DMC 40 N/A
16 DBPFH CuBr Cu(0) TREN 50/1/0.2/0.2 DMSO 50 N/A
17 DBPFH CuBr2 Vit C PMDETA 50/1/0.1/1/0.1 ACN 40 N/A
18 DBPFH CuBr2 TREN 50/1/0.05/0.3 ACN 40 Blb
19 DBPFH CuCI2 Vit C PMDETA 50/1/0.075/5/0.075 ACN 40 N/A
20 DBTFP CuBr2 SnOct PMDETA 50/2/0.005/0.1/0.1 ACN 25 uv
21 DCPFH CuBr Me4Cyclam 25/1/0.3/0.3 DMC 50 N/A
22 DCPFH CuBr Me6TREN 25/1/0.3/0.3 DMC 50 N/A
23 DCPFH CuBr PMDETA 25/1/0.3/0.3 DMC 50 N/A
24 DIPFH CuBr Me6TREN 50/1/0.1/0.1 H20 40 N/A
25 DIPFH CuBr CuWire methoxy Bipy 100/1/0.1/xs/0.3 DMC 40 Vis
26 DIPFH CuBr2 SnOct BiPy 75/1/.2/1.35/3 anisole 25 N/A
27 DIPFH CuBr2 SnOct BiPy 75/1/.2/1.35/2 DMF 25 N/A
28 DIPX nCu SDS TREN 50/1/2/2/2 ACN/H20 25 N/A
29 EBDFA CuBr TREN 40/1/.5/.5 ACN 25 N/A
30 EIDFA CuBr BiPy 25/1/0.1/0.3 ACN 60 N/A
31 ElIB CuBr2 Vit C BiPy 50/1/.1/2/.3 ACN 25 N/A
32 MBSC CuBr BiPy 75/1/1/3 DMF 25 N/A
33 MBSC CuBr SnOct BiPy 75/1/.1/1/2 DMF 25 N/A
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Table 5.1: Cu Mediated Redox Initiating Systems (25°C)

Exp Initiator Cat. Co-Cat. Ligand Ratio Solvent Temp.(°C) Light Source
34 MBSC CuBr SnOct BiPy 75/1/.1/1/2 Dioxane 25 N/A
35 MBSC CuBr SnOct BiPy 75/1/.1/1/2 Trifluoro Toluene 25 N/A
36 MBSC CuBr2 TBPB BiPy 20/1/.1/1/2 anisole 25 uv
37 MBSC CuBr2 SnOct BiPy 20/1/.1/1/2 anisole 25 N/A
38 MBSC CuBr2 SnOct BiPy 20/1/.1/1/2 DMF 25 N/A
39 MBSC CuBr2 SnOct BiPy 20/1/1/1/3 anisole 25 N/A
40 PFBI CICu(PPh3)3 nZn PPh3 50/1/0.05/0.5/0.5 ACN 25 Vis
41 PFBI CICu(PPh3)3 25/1/0.05 Anisole 25 Oriel
42 PFBI CICu(PPh3)3 25/1/0.05 Ethylene Carb 45 N/A
43 PFBI Cu(OAc)2 Hydrazine 25/1/0.1/1 ACN 25 N/A
44 PFBI CuBr BiPy 25/1/0.1/0.3 DMC 25 Dark
45 PFBI CuBr BiPy 50/1/0.1/0.3 ACN 25 Oriel
46 PFBI CuBr Bu3Snl BiPy 25/1/0.1/0.2/0.3 ACN 25 N/A
47 PFBI CuBr BiPy 25/1/0.5/1.5 Ethylene Carb 45 N/A
48 PFBI CuBr Na2S203 BiPy 25/1/0.3/1/0.9 DMC/H20 50 N/A
49 PFBI CuBr Bu3Snl BiPy 50/1/0.1/0.1/0.3 DMC 25 N/A
50 PFBI CuBr dinonyl Bipy 50/1/0.25/0.75 DMC 40 N/A
51 PFBI CuBr Hexadecyl Ammonium Br PMDETA 50/1/1/0.05/1 DMC/H20 25 N/A
52 PFBI CuBr TetraMethylCyclam 25/1/0.1/0.1 DMC 25 N/A
53 PFBI CuBr TPMA 20/1/0.01/0.01 Propylene Carb 25 uv
54 PFBI CuBr TPMA 25/1/0.05/0.05 DMC 45 N/A
55 PFBI CuBr TPMED 25/1/0.1/0.1 DMC 50 N/A
56 PFBI CuBr/Cu(0) Bu3Snl BiPy 50/1/0.1/0.1/0.2/0.6 DMC 40 Vis
57 PFBI CuBr2 SnOct BiPy 50/1/0.05/0.1/0.1 ACN 25 uv
58 PFBI CuBr2 BiPy 25/1/0.4/1.2 MeOH 25 uv
59 PFBI CuBr2 SnOct BiPy 20/1/0.01/0.1/0.1 DMC 50 N/A
60 PFBI CuBr2 SnOct Me6TREN 50/1/0.05/0.1/0.1 ACN 25 N/A
61 PFBI CuBr2 SnOct PMDETA 500/1/0.005/0.1/0.1 ACN 25 uv
62 PFBI CuBr2 SnOct PMDETA 50/1/0.05/0.1/0.1 Acetonitril 25 uv
63 PFBI CuBr2 SnOct PMDETA 25/1/0.005/0.1/0.1 DMF 25 uv
64 PFBI CuBr2 TBPO PMDETA 50/1/0.005/0.1/0.1 ACN 25 uv
65 PFBI CuBr2 PMDETA 25/1/0.2/0.2 MeOH 25 uv
66 PFBI CuBr2 SnOct PMDETA 50/1/0.005/0.1/0.1 ACN 100 Vis
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Table 5.1: Cu Mediated Redox Initiating Systems (25°C)

Exp Initiator Cat. Co-Cat. Ligand Ratio Solvent Temp.(°C) Light Source
67 PFBI CuBr2 SnOct PMDETA 50/1/0.005/0.1/0.1 ACN 40 N/A
68 PFBI CuBr2 SnOct TPMA 50/1/0.05/0.1/0.1 ACN 25 uv
69 PFBI CuBr2 Sn(Oct) TPMA 50/1/0.1/0.1/2 Ethylene carbonate 40 Vis
70 PFBI CuBr2 SnOct PMDETA 50/1/0.005/1/1 ACN 25 uv
71 PFBI CuBrPhen nZn PPh3 50/1/0.05/0.5/0.5 ACN 25 Vis
72 PFBI CuBrPhenPPh3 50/1/0.05 ACN 25 Oriel
73 PFBI nCu BiPy 50/1/1/3 ACN 25 N/A
74 PFBI nCu Na2S203 BiPy 25/1/1/1/3 DMC/H20 50 N/A
75 PFBI nCu TetraMethylCyclam 25/1/0.1/0.1 DMC 25 N/A
76 PFBI nCu SDS TREN 50/1/2/2/2 ACN/H20 25 N/A
77 PFBI nCu TREN 25/1/0.1/0.1 DMSO 25 N/A
78 PFBI nCu TREN 50/1/1/1 ACN/H20 25 N/A
79 PFBI nCu TREN 25/1/0.25/0.25 H20/Propylene Carb 25 N/A
80 PFBI nCu 50/1/0.5 DMC 25 uv
81 PFlpl CuBr BiPy 50/1/0.1/0.3 DMSO 25 uv
82 PFlpl CuBr BiPy 50/1/0.1/0.3 DMSO 25 N/A
83 PFlpl CuBr2 SnOct BiPy 50/1/0.005/0.1/0.1 ACN 70 uv
84 PFlpl CuBr2 SnOct BiPy 50/1/0.1/0.1/0.3 ACN 70 uv
85 PFlpl CuBr2 SnOct PMDETA 50/1/0.005/0.1/0.1 ACN 25 uv
86 PFlpl nCu TREN 25/1/1/1 ACN 60 N/A
87 PFtBI CuBr2 SnOct BiPy 50/1/0.1/0.1/0.3 ACN 70 uv
88 TBPO CuBr2 BiPy 20/1/1/3 anisole 25 uv
89 TBPO CuBr2 SnOct BiPy 20/1/1/1/3 anisole 25 uv
90 TBPO CuBr2 SnOct BiPy 20/1/.1/1/1 anisole 25 uv
91 TBPO CuBr2 SnOct BiPy 10/1/.05/.05/.2 ACN 25 uv
92 TBPO CuBr2 BiPy 10/1/.05/.2 ACN 25 uv
93 TBPO CuBr2 SnOct TREN 20/1/.1/1/1 Toluene 25 uv
94 TBPO CuBr2 SnOct TREN 20/1/.1/1/1 DMSO 25 uv
95 TBPO CuBr2 SnOct TREN 10/1/.1/.1/.1 ACN 25 uv

Bipyridyl(BiPy), Oriel; xenon arc lamp, UV; high intensity UV lamp 365 nm, Dark; foil wrapped, Blb; black light compact fluorescent bulb, vis; 30W compact fluorescent bulb

177



e R-X + CuX R® + CuX, ()
R" + VWDF ——/—— P, )
Initiation <
X+ CuX —— + CuX, 3
L ¥+ VDF —— P, )
Propagation { P, + VDF 5 Pyt )]
kl Abs (I:D“
P,-CH,-CF,-X + CuX —=——= P,-CH,- + CuX, (6)
Irreversible L2-HT unit K_1, Abs
Deactivation ’ D
by CuX Ky, Abs oYM
2 P, -CF,-CH,-X CuX P,-CF,-CH, + CuX, (7)
2,1-HH unit K2, Abs

Scheme 5.1 Faults in the Cu-mediated ATRP of VDF with fluorinated/nonfluorinated initiators.

While the typical copper mediated experiments yielded no polymer in any attempt, we were
able to develop a new unique methodology for this to succeed with a photo-IDT system, and
thus enabled PVDF-I synthesis. In previous control experiments® with perfluoroalkyl iodides,
upon irradiation of the reaction mixture containing solvent, monomer, and initiator (Rg-l) it was
always observed that indeed these mixtures eventually became colored with a faint shade of
orange/pink, typical of |, present in solution. This led us to believe that if in fact we were
generating |, then the initiator itself, under visible light irradiation undergoes photo-induced
homolytic cleavage. Which is in fact typical with alkyl iodides, as their syntheses and storage
generally always state to protect from light sources and store in the dark. This was a puzzling
result, as the presence of |, would indicate that we were generating radicals, yet no
polymerization was ever observed, and this seemed counterintuitive. To explain this we realized
that |, is in fact a persistent species, such that any radical generated in the presence of I, will

immediately be trapped. In the control experiments as the perfluoroalkyl iodides start to cleave
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slowly under irradiation, even a few of the typical primary radical termination events will quickly
lead to an excess of |, in solution (PRE), thus inhibiting any further degradation of the initiator,
and if it does add to monomer, propagation. The relatively small amount of photo-degradation
that takes place, even if it were to add to monomer, would not be measurable as a conversion
gravimetrically on the scale of our experiments. Interestingly, often times commercially
available alkyl and perfluoroalkyl iodides come stabilized with copper turnings or beads. As such,
it occurred to us to try adding some copper(0) to the reaction (copper wire, figure 5.1) to see
whether a noticeable reaction would occur. As seen below, after just a few minutes the copper

has scavenged all the free iodine in solution, thus allowing us a clear means of removing iodine.

Figure 5.1 Two identical solutions of |, in DMC, left; no copper, right; 5 min. after Cu addition

A series of kinetic experiments for a set of alkyl and perfluoroalkyl iodides are shown in
Figure 5.2) and indeed, under irradiation, and without the presence of copper wire, the

photodecomposition is extremely slow. There was less than 10% loss (decomposition) of CF,-I
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(based on *°F-NMR) after nearly 300 hour (Figure 5.2 A). This indicates, that while initially some
of the material is decomposed, the |, generated is self-inhibiting and prevents further
degradation, and this mixture indeed exhibited the typical orange/pink color of free I, in
solution. The same experiment in the presence of copper wire gave vastly different results.
When comparing the analogous experiment (Figure 5.2 @) for PFBI under irradiation with
copper there is a 65x increase in the rate of decomposition of PFBI. We then proceeded to
examine further various other alkyl iodides.(Figure 5.2) in every case there was relatively fast
decomposition in the presence of copper wire, with iodoform and perfluoroisopropyl iodide
being the fastest with the most stable compound, iodohexane, being the slowest. For
polymerization applications the proposed mechanism is presented in scheme 5.2. First we see
the photo-induced bond homolysis of the R¢I (eq 1) followed by irreversible Cu(0) trapping of
the initial excess iodine formed (eq 2). Once this occurs the remainder of the mechanism is
consistent with typical VDF IDT-CRP.

Initiation and Propagation

Ryl .. R+ I° (1)
1° + CU(O) —— CU|(S) (2)
Ri + VDF —Xi~ P, VDE, pr'k )M 3)

P,-CH,-CF, VTDF> Pn-CHz-CFz-CHz-éFz + P-CH,-CF,-CF-CH, (4)
P

Chain Transfer to Initiator

P,-CH,-CF, + R-X —Kitt . P _CH,-CF,-X + Re (5)
P,-CF,-CH, + R-X —K2' . p__CF,-CH,-X + R (6)

lodine Degenerative Transfer
Kex =1

P, -CH,-CF, + Pp,-CHy-CF-l P, -CH,-CF,-l 4+ P-CH,-CF, (7)

Kex << 1

P, -CHy-CF, + Ppy-CF»-CH,l =*== P, -CH,-CF,-l + Py,-CF,-CH, (8)

Pm-CFz-éHz + P,- CF,-CHy-l === P,,-CF,-CHy-l + P,- CFz-sz (9)
Scheme 5.2 Photoinitiated IDT of Vinylidene Fluoride Mediated by Cu (0) as an lodine trap
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Figure 5.2 Decomposition kinetics of various alkyl and fluoroalkyl iodides demonstrating copper as an iodine trap.
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Upon addition of copper wire to the reaction containing only monomer, initiator, and
solvent, we were able to generate PVDF-I.(Figure 5.4) The typical PVDF-I sample is shown and
addition to acetone (J= 2.05 ppm),® the head-to-tail (HT) -CF-[CH,-CF,],-CH,-, a at J = 2.8-3.1
ppm and noteworthy is the lack of head to head (HH), -CF,-CH,-CH,-CF,- a’.>*?Resonance b (5=
3.25 ppm) verifies the Re-CH,-CF,- connectivity with the first polymer unit. The PVDF-CH,-CF,-l ¢
and PVDF-CF,-CH,-I ¢, iodine chain ends are seen at 6 = 3.62 ppm and respectively ¢ = 3.87
ppm*. Amazingly, this system generated the highest total % chain end functionality of any that
we have studied, producing >99%. Finally to be certain that this still indeed proceeds via IDT-
CRP, a kinetic study was performed.(Figure 5.4-5.5) Gratifyingly it exhibits all the typical

properties associated with VDF IDT-CRP, indeed confirming our theory correct.

b a a' a'
R—CHZ—CFZ—<CH2—CF2>— —CF,—CH,—CH,—CF,—
Initiator "
c '
—CH,—CF—1 —CF,—CH,—1 Acetone
d d'
—CH,—CF,-H —CH,—CF,—CHj
c b
e H,0
a
d uAd'
AA A —
6.4 6.0 5.6 5.2 48 44 40 36 3.2 2.8 2.4 2.0 1.6 1.2 0.8
(ppm)

Figure 5.3 PVDF-I sample initiated via photolysis of PBFI in the presence of Cu(0) a 40°C
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Figure 5.4 Dependence of M, and M,,/M,, on conversion of the VDF polymerization initiated from DIPFH with Cu(0)
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Figure 5.5 Dependence of In(1/1-c) vs. Time of the VDF polymerization initiated from DIPFH with Cu(0)

Conversion
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5.4 Conclusions

A series of alkyl, perfluoro alkyl and sulfonyl halides, well known to initiate the
polymerization of conventional monomers such as styrene and acrylates, were tested as
potential initiators for the copper mediated radical polymerization of vinylidene fluoride (VDF)
at room temperature (rt) under a variety of conditions (solvents, ligands, reagent ratios,
irradiation etc). However, regardless of the reaction conditions, no polymer was obtained. This
is most likely the outcome of a series of factors including low rate of initiator or halide chain end
activation by Cu at rt, lower reactivity of the potential initiating radicals by comparison with the
propagating chain, as well as chain transfer to the solvent, catalyst or ligand.

Finally, we were able to develop a unique methodology utilizing a photo-IDT system, and
thus enabled PVDF-I synthesis. This new methodology makes use of perfluoroalkyl iodides as
photo-iniferters in conjunction with Cu(0) as a iodine “sink” there to inhibit the persistent
radical effect that would otherwise normally prevent these materials from initiating
polymerizations. Under irradiation it was demonstrated that in the absence of an iodine “sink”
such as copper these alkyl iodides had extremely low decomposition rates (<10% decomposition
in 300 hours for PFBI). However, in the presence of Cu(0) this same material was completely
decomposed in <72 hours (~65 times faster) at 40°C, and the decomposition kinetics of a set of
various alkyl and fluoroalkyl iodides was examined. With iodoform and perfluoroisopropyl
iodide having the fastest decomposition rate with iodohexane exhibiting the slowest.
Interestingly, while most commercially available alkyl iodide compounds come shipped with
copper pellets or turnings as a “stabilizer”, this is wrong. Copper is acting as a “sponge” for free
iodine that due to dissociations, and preventing self-inhibition via the iodine persistent radical
effect. Copper wire was easily able to prevent a build-up of |, in solution and thus the PRE and

this system was utilized to produce I-PVDF-I. These preliminary experiments showed typical CRP
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properties, having a linear dependence of molecular weight on conversion, and most
importantly generated the highest total %-functionality of any system previously studied,
yielding > 99% iodine on the polymer chain ends. This was by far the simplest system, which
show extremely promising results. This system can surely be envisioned as applicable and
tailored to use with other monomers and various polymerizations and being CRP process is very
tolerant of functional groups and solvent, even allowing for the use of emulsion

polymerizations.
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Chapter 6. Conclusions

The first examples of transition metal mediated controlled radical polymerizations of
isoprene were demonstrated using the epoxide/Cp,TiCl initiator/catalyst system. The initiation
was supported by NMR investigations, which indicated the presence of epoxide fragments on
the chain end and the stereoselectivity of a conventional radical polymerization. The effect of
the reaction variables was studied over a wide range of conditions ([Cp,TiCl,]/[epoxide] = 1/1-
1/6, ([Cp,TiCl,)/[Zn] = 1/0.5-1/8 , [Iso]/[epoxide] = 20/1-1000/1, T = 70-130 °C in THF and
dioxane) to reveal a linear dependence of molecular weight on conversion, linear kinetics as well
as moderate polydispersities up to high conversions. The initiator efficiency (IE) and the rate
increase, while polydispersity decreases with increasing the [Cp,TiCl,]/[epoxide] ratios, with an
optimum at [epoxide]/[Cp,TiCl,]/[Zn] = 1/3/6-1/4/8 at 90 - 110 °C. While IE is independent of
temperature, lower polydispersities (1.3-1.4) were obtained at lower temperatures ~ 90 °C.
Furthermore, random and block copolymers with styrene could also be obtained.

The Cp,TiCl,/epoxide methodology uses off-the-shelf reagents, and mediates isoprene LRP
at lower temperatures (70-110 °C vs. 120-130 °C) than the more expensive nitroxide and
dithioester LRP methods, to which it offers a convenient and inexpensive alternative. Moreover,
refinement of the ligand systems using examples already available in Ti-coordination
polymerization is likely to optimize the polymerization further.

This methodology was applied to CRP of butadiene, and dimethyl butadiene, each of which
was demonstrated for all three classes of initiators. A controlled radical polymerization was
observed for all cases with DMBD below 130C. At higher temperatures, it was noted that the
polymerizations was free radical, most likely attributed to the allylic nature of the monomer and
polymer allowing for more significant chain transfer at elevated temperatures. Butadiene

exhibited some control over molecular weight, but was the worst among the three monomers
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examined. Likely this system needs to be individually optimized to obtain better polymerization
control.

Then examined was a set of typical free radical initiators such AIBN, BPO, TBPB, TBPO,
DCPO, DLPO, and H,0, were evaluated in the thermal or UV-mediated VDF polymerization in
TFT, Py, NMP, DMAC, dioxane, THF, DMSO, BN, DMF, and toluene. Better polymerization results
were obtained with initiators which generate the most reactive radicals (TBPO) in solvents that
minimize chain transfer (ACN), which however, are not necessarily good PVDF solvent as well.

To determine the viability of Cp,TiCl,, chemistry for the polymerization of vinylidene fluoride
a series of epoxides, aldehydes, halides and peroxides, known to initiate both styrene and diene
polymerizations were tested as potential rt VDF initiators. However, regardless of reaction
conditions, no polymer was obtained. This is most likely the combined outcome of a series of
factors including lower reactivity of the initiating radicals by comparison with the propagating
chain, transfer to the solvent or catalyst, low reaction temperature and of several possible
organometallic side reactions. The key reason for the failure of these polymerizations is most
likely the solvent effect, i.e. the incompatibility of solvents appropriate for Cp,TiCl, reductions
with those conducive of VDF polymerizations. Thus, the polar solvents that promote a fast and
efficient reduction of Cp,TiCl, are strong chain transfer agents towards VDF (dioxane, THF,
diglyme, acetone), while solvents that limit chain transfer to PVDF®, will react with Cp,TiCl®.

Once it was realized that the metalloradical from Cp,TiCl, was incompatible with the
fluorinated monomer systems, a new source of easily in-situ generated, metalloradical was
sought. Thus, we were able to demonstrated that the photoinduced initiation of polymerization
can easily be obtained using vinylidene fluoride, at relatively mild temperatures, directly from
alkyl or perfluoroalkyl halides (CH3(CH,)sBr, CH3(CH,)sl, CHsl, CCls, CClsBr, CF3(CF,)sl CI(CF,)sCl,

Br(CF,)¢Br, and I(CF,)gl) using low power visible light irradiation (<30W) in conjunction with the
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transition metal carbonyl complexes (Rey(CO)ig, Mny(CO)19, CprW,(CO)s, Cp,Mo0,(CO)¢). The
perfluoroalkyl iodides CFs(CF;)sl and especially 1(CF,)¢l) with Mn,(CO); or Re,(CO);p mediated
the VDF controlled radical polymerization (CRP) via iodine degenerative transfer (IDT)
mechanism, while all other combinations yielded either FRP, telomerization, or no reaction at
all. The effect of various [VDF]/[PFBI]/[Mn,(CO),o] ratios demonstrated again that poor or no
control was obtained with PBFI in either ACN or DMC, with only the higher [VDF]/[PFBI] and
lower [PFBI]/[Mn,(CO)40] ratios beginning to show slight IDT-CRP character, confirming DMC as
the superior solvent. The effect of [PFBI]/[Mn,(CO)4o] revealed a lower limit of [1]/[0.05] below
which no polymerization occurs, and an upper limit of [1]/[0.5] above which no further increases
in k""" were observed. The [VDF]/[solvent] ratio had little effect on the polymerization rate i.e.
maintaining a constant amount of VDF while increasing the solvent twelve-fold yielded similar
k. While, maintaining a constant [VDF]/[solvent] ratio with increasing amounts of VDF,
brought forth a significant increase in k,*". This was attributed to the monomer being gaseous,
therefore the only effective means of increasing (decreasing) the concentration of the monomer
in solution is to increase (decrease) the internal pressure of the reaction vessel. (i.e. the addition
of larger(smaller) quantities of monomer). Subsequently, a selection of the metal carbonyl
complexes were evaluated in the PVDF-CH,-CF,-1 and PVDF-CF,-CH,-I activation, where
Re,(CO)10, MN,(CO)10, Cp2W,(CO)s, CpaM0,(CO)s, and Cp,Fe,(CO), provided complete activation
of both halide polymer chain ends, while Fe(CO)s and Cp*,Cr,(CO), generated B-elimination
products following the oxidative insertion into PVDF-CH,-CF,-1 and PVDF-CF,-CH,-I. Finally,
Re;(C0O)19, MN,(CO)4g, Cp,W,(CO)s, Cp,Mo0,(CO)e, and Cp,Fe,(CO), provided the synthesis of well-
defined block copolymers with vinyl acetate, t-butyl acrylate, methyl methacrylate, isoprene,

styrene, and acrylonitrile.
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An effort was made to expand the controlled radical polymerizations of fluorinated
monomers to use with ATRP. A series of alkyl, perfluoro alkyl and sulfonyl halides, well known to
initiate the polymerization of conventional monomers such as styrene and acrylates, were
tested as potential initiators for the copper mediated radical polymerization of vinylidene
fluoride (VDF) at room temperature (rt) under a variety of conditions (solvents, ligands, reagent
ratios, irradiation etc). However, regardless of the reaction conditions, no polymer was
obtained. This is most likely the consequence of a series of factors including low rate of initiator
or halide polymer chain end activation by Cu at rt. Lower reactivity of the potential initiating
radicals by comparison with the propagating chain, inability of copper to activate perfluoroalkyl
halides, side reactions of perfluoroalkyl iodides with amine ligands, as well as chain transfer to
the solvent, catalyst or ligand. Consequently, do to these incompatibilities it was determined
that Cu-mediated VDF CRP was not viable.

Finally, we were able to develop a new and unique methodology for this to succeed with a
photo-IDT system, and thus enabled PVDF-I synthesis. This new methodology makes use of
perfluoroalkyl iodides as photo-iniferters in conjunction with Cu(0) as a iodine “sink” there to
inhibit the persistent radical effect that would otherwise normally prevent these materials from
initiating polymerizations. Under irradiation it was demonstrated that in the absence of an
iodine “sink” such as copper these alkyl iodides had extremely low decomposition rates (<10%
decomposition in 300 hours for PFBI). However, in the presence of Cu(0) this same material was
completely decomposed in <72 hours (~65 times faster) at 40°C, and the decomposition kinetics
of a set of various alkyl and fluoroalkyl iodides was examined. With iodoform and
perfluoroisopropyl iodide having the fastest decomposition rate with iodohexane exhibiting the
slowest. Interestingly, while most commercially available alkyl iodide compounds come shipped

with copper pellets or turnings as a “stabilizer”, it is very apparent that this incorrect. Copper is
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simply acting as a “sponge” for any iodine that may get formed due to dissociations, and
preventing the inherent self-inhibition via the iodine persistent radical effect. Once it was
apparent that copper wire was easily able to prevent a build-up of I, in solution and thus the
PRE, this system was utilized to produce I-PVDF-I. These preliminary experiments showed typical
CRP properties, having a linear dependence of molecular weight on conversion, and most
importantly generated the highest total %-functionality of any system previously studied,
yielding > 99% iodine on the polymer chain ends. This was by far the simplest system, which
show extremely promising results. This system can surely be envisioned as applicable and
tailored to use with other monomers and various polymerizations and being CRP process is very
tolerant of functional groups and solvent, even allowing for the use of emulsion

polymerizations.
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