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ABSTRACT

Atom transfer radical polymerization (ATRP), a transition metal-mediated living
radical polymerization, has been developed as a powerful tool for synthesizing polymers
of controlled structure, but its catalyst residue remains challenging. Described in this
thesis is a comprehensive study on the ATRP applications in macromonomer preparation
and the solutions to its catalyst residue problem by catalyst supporting. A novel
continuous process for the production of polymers and block copolymers with controlled

molecular weights has also been developed using packed column reactor technologies.

New versatile vinyl-containing initiators, 2'-vinyloxyethyl 2-bromoisobutyrate
(VBIB) and 3'-vinyloxylpropyl trichloroacetamide (VTCA), were screened for the
macromonomer synthesis of different vinyl monomer types by ATRP. Polymethacrylate
and polystyrene macromonomers of well-controlled molecular weights were obtained
without consumption of the initiators’ vinyl moieties at monomer conversions lower than
80%. However, the ATRP of acrylates started to consume the vinyl moieties at medium

conversions. Therefore, the polymerization of acrylates must be terminated at an early

stage in order to obtain their macromonomers.

Three catalyst supporting systems have been developed to solve the catalyst
contamination problem for batch ATRP. Firstly, the CuBi/HMTETA complex was
supported onto silica gel by physical adsorption for ATRP of MMA in toluene. The
supported complex mediated a living polymerization of MMA. The recycled catalysts

had a high retention of catalyst activity and improved control over the polymer molecular

v



weights. Secondly the catalyst was immobilized on silica gel by covalent bonding for
polar solvent/monomer systems. In this supporting method, the supporting spacer length
was found to strongly affect the catalyst activity and control of the polymerization. The
catalyst supported via three-unit PEG had highest activity and regulated the
polymerization best. Longer or shorter spacer deteriorated catalyst activity and control of
polymerization. Thirdly, the catalyst was grafted onto soluble and recoverable PE and
PE-b- PEG supports to overcome the adverse effects of insoluble support. Catalyst
d1rect1y grafted on the long PE chains had low activities, poor control over
polymerization and low retention of the catalyst activity upon recycling. Using PEG as
spacer to graft the catalyst onto the PE support minimized these adverse effects of the PE
support. PE;s-PEG4-TEDETA-CuBr effectively mediated the ATRP of MMA, and
retained 90% activity of the fresh catalyst upon recycling with good polymer molecular

weight control.

Catalyst recycling for batch ATRP was found laborious and time-demanding. A
continuous ATRP using column reactors packed with silica gel supported
CuBr/HMTETA was developed for homo- and block-copolymerization of MMA. The
reactor showed good stability in both catalyst activity and molecular weight control of
resulting PMMA. The polymerization in the reactor was still a living process. Thus,
adjusting the MMA flow rate, which determined the monomer conversion, readily
cﬁanged the molecular weight of PMMA. The block copolymerization of MMA with n-
butyl methacrylate (nBMA) was carried out using two reactors in series. The produced
block copolymers had little contamination of PMMA prepolymer. The chain length of

nBMA block could be adjusted by the flow rate of nBMA in the second reactor.
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Chapter 1

Introduction to Atom Transfer Radical Polymerization

1.1 Background of Living Radical Polymerization

The control of macromolecular structure has recently been attracting both
academic and industrial attention. It can lead to the development of new polymer
products with improved and/or new materials properties. The only viable technique that
offers appreciable control over macromolecular structure is living polymerization.
Living polymerization is defined as a chain growth process without permanent chain
termination and transfer reactions, and thus the polymer chains are always ready for
further monomer propagation. -Such polymerization provides end-group control and
therefore enables synthesis of polymers of controlled molecular weights, various

functionalities, and block copolymers by successive monomer addition.’

Living ionic polymerizations have been extensively studied and used.> Under
optimal conditions, they can produce nearly mono-dispersed polymers with well-
controlled molecular weights. However, living ionic polymerizations require very strict
reaction conditions. They are very sensitive to moisture and other protonic chemicals.
Therefore much effort must be made to dry the reaction systems and to purify the
monomers and solvents. The versatility of living ionic polymerizations is also limited by

incompatibility of their propagating centers with many functional groups. They are

1



successful only in a limited number of monomers. For example, living anionic
polymerization is successful in styrene, diene, methacrylates and some special acrylates
(e.g. tert-butyl acrylate). The polymerizations of methacrylates and some acrylates by
living anionic polymerization has to be at —78 °C or lower temperature to suppress the
reaction of the anion with carbonyl groups. Therefore living ionic polymerizations are

difficult for industrial applications.

Radical polymerization is the most important commercial process for the
production of commodity polymers. It works for most vinyl monomers under mild
conditions. Copolymerizations of different monomers provide an infinite number of
copolymer products with properties depending on the comonomer types and
compositions. Radical polymerization is not sensitive to water, and actually it is often
carried out in aqueous media.> Therefore a living radical polymerization process is

greatly desirable in terms of above advantages.

Living radical polymerization has been found very challenging compared with
ionic polymerization. The free radical is a highly active, electrically neutral intermediate.
It can thus undergoes various reactions (Scheme 1.1).3 It can terminate with another
radical by coupling or disproportionation or transfer reaction to monomer, polymer or
solvent. The termination reactions are very rapid. The termination rate constant by
recombination and/or disproportionation is about &; »~ 108! (L/mol s), which is much

higher than the
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P,
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S —— P + S Radical transfer to solvent

Scheme 1.1 Possible radical reactions



corresponding propagating rate constant, k, ~ 10%! (L/mol s), Therefore the lifetime of a

free radical in a polymerization system is very short, usually less than 1 second.

Consequently the conventional free radical polymerization can not be living and
only produces ill-defined polymer chains with uncontrolled molecular weight, broad
molecular weight distribution and uncontrolled structure. It is also not possible for the
conventional free radical polymerization to produce pure block copolymers and other

functional polymers.

In a radical polymerization, transfer reactions to polymer and monomer are
usually not significant and transfer reaction to solvent can be suppressed by selecting a
proper solvent type. Therefore bimolecular radical recombination and disproportionation
reactions are the main causes of the chain termination. In the polymerization kinetics, the
propagation is first order, while the radical termination is second order with respect to
radical concentration. Eq.1.1 expresses the ratio of radical termination to propagation
rates. It shows that reducing the stationary radical concentration can suppress the

contribution of radical termination.

Ri k[F]° k[P ] (Eq.1.1)

Rp  kp[PIM koM



1.2 The Concept of Reversible Activation/Deactivation in Living Radical

Polymerization

The approach to reduce the stationary radical concentration and to protect the
polymer chains is based on a reversible activation/deactivation process, which was firstly
applied to living cationic polymerization. Equation 1.2 illustrates the concept. In a
radical polymerization system, while a polymer radical propagates monomers, it can also
react with “deactivator”, D°, to form an adduct (deactivation). The adduct, P-D, does not
react with other radicals but can either thermally or chemically disassociate into a
polymer radical for chain growth and a deactivator D* (activation). This concept was first
attempted to realize a living radical polymerization by using “iniferter” (initiator-transfer-
terminator) ° to reversibly protect the polymer chain ends. However, this “iniferter”
strategy suffered high polydispersity and poor control over molecular weight. This
process was greatly improved when stable nitroxide radicals, such as 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO),® were introduced to reversibly cap the
propagating radicals, demonstrating a well-controlled polymerization of styrene (so

called nitroxide-mediated living radical polymerization). Other persistent radials were

P + D —~—— P'_'D

F -Polymer radical
(Eq. 1.2)

D -Deactivator



also reported.7

1.3 Atom Transfer Radical Polymerization (ATRP)

The reversible activation/deactivation process was further achieved by catalysis of
metal complex, i.e. the metal complex-mediated living radical polymerization. It uses
halogen atoms (mainly bromine or chlorine atoms) to protect the dormant polymer chains
(Eq. 1.3).% This scheme was developed from atom transfer radical addition (ATRA) ° in
organic synthesis and thus was named atom transfer radical polymerization (ATRP).}
Metal complex, MXy/Ly, (e.g. copper(I) bromide), undergoes an one-electron oxidation
with simultaneous abstraction of a halogen atom from the carbon-halide bond to generate
a radical (P°) to propagate monomers. The radical, however, can also react with
produced MX.1/Ly at the higher oxidation state (e.g. copper(l) dibromide) to resume the
dormant state, P-X (the polymer chain end-capped with halogen atom). This process has

8’

been successfully used for a wide range monomers, including styrenic,*'* acrylates,'!
y g

methacrylates,8 acrylamides'? and acrylni\:rile13 in bulk, in solution using organic or water

1415 a5 solvent, in suspension16 and in supercritical carbon dioxide.'’

MX L, + P—X ~—— MXul, + P (Eq. 1.3)
kp
M - Metal atom Momomer
X - Br, Cl

L - Ligand



Table 1.1 The ATRP Systems

Metal Ligand Initiator
CuBr, Cu(l 2,2"-Bipyridine X
Multidentate amine

RuBr, PPh, + Al(OiPr),

FeBr, PPh, 0o

NiBr, PPh, \O’U_é X

PdBr, PPh, o
\O/U—<x




A typical ATRP system consists of an initiator, a metal halide (at low oxidation state)
complexed with ligand(s), and a monomer. Various catalysts (Table 1.1) have been
developed based on Cu(I),'*** Ni(II),2*?' Ru(II),*** Fe(II),?* Rh(I)* elements, but Cu(I)
and Ru(Il) systems have been mostly studied. The ligands for copper-based catalysts are
usually bipyridine or multidentate amines and ligands for other catalysts are usually PPh;.
The type of a ligand system (i.e. electronic, steric and solubility characters) greatly
affects the catalyst activity and control of the polymer molecular weight. The initiator
must match the monomer type to be polymerized. This issue will be discussed later. The
initiators used in ATRP, structurally different from those used in the conventional free
radical polymerization, are alkyl halides with activating groups such as aryl, carbonyl or
nitrile groups on the a-position, e.g. 1-phenylethyl bromide, CCls, 2-chlorobutyrate or 2-

bromobutyrate, methyl a-bromophenyl acetate and arenesulfonyl chloride.

1.4. ATRP Applications
1.4.1 Synthesis of Polymers with Controlled Molecular Weights

The first application of ATRP is the synthesis of various polymers with controlled
molecular weights with very low polydispersity. For example, the molecular weight
distribution of polystyrene (PS) prepared by ATRP could be as narrow as that of PS
standard synthesized by living anionic polymerization.”® The molecular weights of PS

also agreed with the theoretical values calculated by the [M]o/[I]o ratio.



In an ATRP process, fast initiation and fast deactivation of living chains are
essential for synthesizing low-polydispersed polymers. The fast initiation requires that
the initiation reaction must be much faster than propagation so that all the polymer chains
grow simultaneously. A slow initiation yields a mixture of long chains (those starting to
propagate early) and short chains (those starting to propagate later) and thus the
polydispersity cannot be low. Therefore, the initiator used has to match the monomer
type. The criterion is that the carbon-halide bond in the initiator (R-X) must be equal to
or more active than that in the dormant propagating chain (P-X). A practical way to
select an initiator for a given monomer type is to have an initiator that contains similar
alkyl group as the dormant propagating chain. For example, 1-phenylethyl halide is good
for styrene polymerization,8 and a-halopropionate is good for acrylates, while they are

poor initiators for methacrylates.

Equation 1.4 "2 relates the polydispersity to the factors in an ATRP system.
As we can see that fast deactivation rate (kg) results in a low dispersity. Firstly, a fast
deactivation decreases the stationary radical concentration and thus decreases radical
terminations. Secondly, radical propagation is very fast. It usually takes less than 0.1
second for a free radical to propagate 1000 units. Therefore a slow deactivation will
allow a radical to propagate with too many monomer units at each activation/deactivation
cycle and thus some polymer chains may have very high molecular weights while others
may have low molecular weight. Ideally the fewer units a radical propagates during one

activation/deactivation cycle, the narrower the polydispersity becomes.
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Mw Kp[R-X] 2 1 Rp[R-X] 2 1
Mn Kd[CuXs] / \Conv Rd [M] /| Conv
(Eq. 1.4)

Kp-Propagation rate constant
Kd-Deactivation rate constant
[R-X]-Initiator concentration
[CuX;]-Deactivator concentration

Conv-Conversion

Eq. 1.4 also shows that high polymerization rate will lead high polydispersity.
Therefore, as long as the polymerization rate is within an acceptable range, a lower
temperature is preferred in order to have low polydispersity of the polymers.

1.4.2 Synthesis of Block Copolymers 232

Various block copolymers among different monomers have been synthesized by
ATRP. One of the methods is “macroinitiator method”, in which the first monomer is
po‘lymerized by an initiator with proper R-X, yielding polymer chains with end carbon-
halide bonds (P-X) (macroinitiator). The P-X then initiates the second monomer to
produce AB block copolymers. If a di-functional initiator is used, an ABA triblock

copolymer can be prepared.
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The strategy of synthesizing well-defined block copolymers is to use a proper
order of monomer additions or to use a halide-exchange method. The former is related to
the fast-initiation requirement discussed above. For example, PMMA-macroinitiator can
initiate MA or St polymerization and yields well-defined block copolymers, while the
reverse order, that is to use PMA or PS macroinitiator to initiate MMA polymerization,
yields highly polydispersed block copolymers contaminated with unreacted
macroinitiators. The halide-exchange method,? which uses alkyl-bromide as initiator
and uses copper chloride as catalyst, can break this order. For example, catalyzed with
CuCl, bromo-ended PMA (PMA-Br) can initiate MMA polymerization, producing PMA-
PMMA block copolymers with low polydispersity.

1.4.3 Synthesis of Star Polymers 3334

The third application of ATRP is to synthesize star polymers. When a compound
having several initiator moieties (carbon-halide bonds) is used as an initiator, the ATRP
yields multi-armed star polymers. For example, Compounds A and B (Scheme 1.2) can
be used to prepare 3- or 4- armed star polymers, respectively. Different from linear
polymers, the measured molecular weights of star polymers by GPC are lower than their
calculated values because the molecular hydrodynamic volumes are smaller than their

corresponding linear polymers with the same molecular weights.
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1.4.4 Synthesis of Hyperbranched Polymers

Hyperbranched polymers have the similar branching structure as dendrimers, but
are much easier to synthesize. ATRP provides a new efficient approach to synthesize
hyperbranched polymers from vinyl monomers. When a monomer having carbon-halide
group (Scheme 1.3) is polymerized by ATRP, every unit incorporated into the polymer
chains also introduces a new branching site, as shown in Scheme 1.3. Finally such a
polymerization will produce three-dimensional structure without crosslinking. Because
of their highly condensed chain structure, hyperbranched polymers have much smaller
gyration volumes than linear polymers of the same molecular weight.

1.4.5 Synthesis of End-Functionalized Polymers *%

When an alkyl halide compound contains a functional group such as hydroxyl,
amino or vinyl group as initiator, the functional group will be attached to the polymer
chain end. These end-functionalized polymers are useful for supermolecular
construction. There were also two reports for the synthesis of end-unsaturated-

functionalized polystyrene by ATRP in literature.*%%

Vinyl chloroacetate and allyl
bromide were used as initiators to prepare polystyrene macromonomers. The vinyl

terminated polystyrene copolymerized with N-vinylpyrrolidinone and yielded hydrogels

of poly(N -vinylpyrrolidinone-g-s’tyrene).3 8
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Scheme 1.2. The initiators for synthesizing star polymers



D

4 -

A—>W A—A—A .

l A* \*/ \'
/

) s %

*

xA@7~

t

/

*

Scheme 1.3. The monomers and polymerization for hyperbranched polymers

B* B* B

*. initiation sites

14



15

1.5 Challenges of ATRP

ATRP is a new powerful tool to synthesize specialty polymers of low molecular
weights, usually less than 10°. A challenging problem for ATRP is its low catalyst
efficiency and thus high catalyst concentration is often required. In a typical ATRP
recipe, the initiator to catalyst ratio is usually 1. The metal halide is about 0.1~1%
(molar) of the monomer. This catalyst finally goes to the product, resulting in a high
concentration of catalyst residue in the product. This residual catalyst not only deeply
colors the product but also may make the product toxic. Therefore, post-purification is
required to remove the catalyst from the product prepared by ATRP, usually by passing
the polymer/catalyst mixture through silica or alumina gel or resins.*’ The catalyst is
thus wasted and this post-treatment is time-consuming and costly. Therefore a great
challenge of ATRP is to develop processes to directly reduce the concentration of the

catalyst residue in the final product to avoid the post purification.

Catalyst supporting has been developed to solve this problem. The idea is that the
catalyst immobilized on insoluble particles can be easily removed from the polymer
solution, and ideally can be recycled. ATRP catalysts were immobilized onto particles
by complexation with their ligands grafted on particles (Scheme 1.4).** However, the
catalysts supported on particles were found not effectively to mediate the ATRP process.
The molecular weights of polystyrene and PMMA prepared by ATRP with CuBr
supported on silica gel or crosslinked polystyrene particles via Schiff-base were much

higher than predicted with high polydispersities (Figure 1.1).4 Copper bromide
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immobilized on multidentate amine-functionalized silica gel was found not to mediate the
living polymerizations of MMA, MA and styrene.*” The reason for this adverse effect of
catalyst support is that the catalyst diffusivity was substantially reduced after the catalyst
was immobilized on large particles (relatively to a molecule). Consequently the
generated radicals could not be deactivated quickly enough and thus propagated with
monomers as in a conventional free radical polymerization. Therefore, catalyst

supporting for ATRP is a good concept, but it remains unsuccessful until now.
1.6 Objectives of This Thesis

Macromonomers are polymers having terminal unsaturated groups for further
polymerization.  They are important intermediates for supermolecular-structure
construction including comb-branched graft copolymers, star-shaped copolymers. For
example, well-defined comb-branched graft copolymers can be synthesized by
macromonomer copolymerization with chain length and density of the pendant side
chains easily adjustable by varying the molecular weight of the macromonomer and the
comonomer composition.43 Though ATRP has been developed as a powerful tool for
‘synthesizing polymers of well-controlled chain structure, its application in
macromonomer preparation has not been well studied. Therefore, the first objective of

this thesis is to explore the applications of ATRP in the synthesis of macromonomers.

ATRP is a promising process for industrial applications because of its mild
reaction conditions, but one of the major challenges that impede the applications is the

catalyst residue problem. As discussed in Section 1.5, the high concentration of catalyst
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residue not only deeply colors the product and affects polymer properties, but also may
leach out gradually from the product and thus make the product toxic. Therefore, the
catalyst residue must be lowered to a certain level. Purification by passing the product
solution through a column packed with silica gel, alumina or resins is currently used in
lab scale. This purification is time-consuming and costly, and wastes catalyst. The
catalyst supporting is a possible solution to this problem. Catalysts immobilized on
insoluble particles can be readily separated from the product and be recovered for second
use. Even though there were two reports about catalyst support of CuBr for ATRP, these
attempts were unsuccessful. The supported catalysts did not effectively mediate the
polymerization and could not control the polymer molecular weight satisfactorily.
Accordingly, the second objective of this thesis is to develop new catalyst supporting
systems for ATRP to solve the catalyst residue problem and investigate the major factors

that affect catalytic performance.

Batch processes for supported catalyst system, which involve laborious catalyst
recycling, are not efficient and cost-effective for industry uses due to a large amount of
solvents required. Continuous processes are often desirable in industry because of their
high efficiency, low cost and good quality control. Therefore the third objective of this

thesis is to develop a continuous process for ATRP for industry applications.
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Chapter 2

Macromonomer Synthesis by Atom Transfer Radical Polymerization

2.1 Introduction to Macromonomer Synthesis

Macromonomers are polymers that have unsaturated terminal groups for further
polymerization or copolymerization. They are important precursors for supermolecular
construction including the syntheses of well-defined graft copolymers, polymer brushes

and star polymers.!

Even though the conventional free radical pblymerization is sometimes used to
synthesize macromonomers,’ living polymerization is preferred for macromonomer
synthesis since it can well control the polymer molecular weight with low polydispersity.
The macromonomer synthesis strategies by living polymerization can be classified as
end-functionalization methods that use vinyl-containing capping agents and initiation
methods that use functional initiators. The end-functionalization method involves either
coupling living polymer chains with a termination reagent,>” or reacting functional
poiymers with an unsaturated compound, e.g. w-hydroxyl polymer with acryloyl
chloride.® The main challenge for this approach is that usually not all end groups can be
capped. For the living chain coupling, the active centers of polymer chains must be

stable to avoid side reactions. Therefore, this method is only applicable for limited

24
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systems. The initiation method using vinyl-containing initiators is preferred for
macromonomer synthesis since it can guarantee that each polymer chain has one terminal
vinyl group. The challenge for this method is to select a proper vinyl-containing initiator

so that the vinyl moiety will not be consumed during the macromonomer preparation.

Living anionic polymerization has been widely used for synthesizing
macromonomers.’ It is capable of producing polymers with well-controlled polymer
chains with low polydispersity. However, the main drawback of living anionic
polymerization is its high sensitivity to moisture and other protonic agents and low

reaction temperature.

Recently, atom transfer radical polymerization (ATRP) mediated by metal
complex has succeeded in polymerizing various types of monomers in a “living”
manner.>!* ATRP was also found useful in synthesizing functionalized polymers, such
as polymers with terminal hydroxyl group.’s'17 However there has been little study on
the macromonomer synthesis by ATRP. Matyjaszewski et. al. reported the synthesis of
polystyrene macromonomers using vinyl chloroacetate '8 and allyl bromide '° as
initiators, but these initiators were lack of activity for methacrylates. In this work, a new
set of vinyl-containing initiators was evaluated for the ATRP of methacrylates, acrylates
and styrene, producing polymers with terminal vinyl groups, as shown in Scheme 2.1. 2’'-
Vinyloxyethyl 2-bromoisobutyrate (VBIB) polymerized styrene, methyl methacrylate
(MMA), 2-(N, N-dimethylamino)ethyl methacrylate (DMAEMA), methyl acrylate (MA),

and butyl acrylate (BA) and yielded macromonomers with controlled molecular weights
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and narrow molecular weight distributions. 3’'-Vinyloxypropyl trichloroacetamide
(VTCA) also initiated well-controlled polymerizations of DMAEMA and MMA. VTCA

initiator is particularly useful for preparing hydrophilic DMAEMA macromonomers

because the initiator moiety attached to the polymer end is stable in water.

2.2 Experimental Section

2.2.1 Materials

Styrene (St), methyl acrylate (MA), n-butyl acrylate (BA), methyl methacrylate
(MMA) and 2-(N, N-dimethylamino)ethyl methacrylate (DMAEMA) from Aldrich were
distilled under vacuum and stored at —15 °C before use. y-Butyrolactone (YBL),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), CuBr, ethylene glycol vinyl
ether (EGVE), 3-aminopropanol vinyl ether (APVE), 2-bromoisobutyryl bromide,
trichloroacetyl chloride, 2-bromopropionyl bromide also from Aldrich were used as

received. THF was distilled over CaHs,.
2.2.2 Initiator Syntheses
2.2.2.1 2'-Vinyloxyethyl 2-Bromoisobutyrate (VBIB)

Ethylene glycol vinyl ether (EGVE) (10 g, 0.113 mol) and triethylamine (19 ml,
0.136 mol) were dissolved in THF (250 ml). The solution was cooled in an ice-water
bath. 2-Bromoisobutyryl bromide (BIBB) (14.0 ml, 0.113mol) in 50 mL of THF was

added dropwise to this solution with stirring. The mixture was further stirred for 2h at
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room temperature (EGVE reacted with BIBB to yield VBIB and HBr, and HBr was
absorbed by triethylamine). Triethylamine hydrogen bromide salt was filtered. THF in
the filtrate was removed under vacuum at room temperature. The residual was dissolved
in CHCl; and washed with water (50 mL) for three times. The aqueous parts were
combined and shaken with fresh CHCl; (50 mL). The CHCIl; solution was dried over
anhydrous CaCl, overnight. After filtering off the drying agent, CHCl; was distilled out
under vacuum. A brown liquid was obtained. Further distillation under high vacuum
gave a colorless liquid. Yield 20.8 g. 'H-NMR(in ppm): 6.40-6.51 (q, =CH-, 1H), 4.00-
423 (m, CHy=, 2H), 4.36-4.41 (t, -OCH,CH,-OC(O)-, 2H), 3.88-3.93 (t, =CH-O-

CH,CH,;, 2H), 1.92 ppm (s, -CH3, 6H).
2.2.2.2 2'-Vinyloxyethyl 2-Bromopropionate (VBP)

EGVE (5 g, 0.0567 mol) reacted with 2-bromopropionyl bromide (5.94 mL,
0.0567 mol) in the presence of triethylamine (9.5 mL) following a procedure similar to
the VBIB synthesis. The final product was a colorless liquid. Yield: 9.7g. 'H-NMR:
6.40-6.51 (m, =CH, 1H), 4.5~4.25 (m, -CH,OC(0O)-, and —-OC(O)CH(Br)CHj3, 3H),

4.00-4.23 (m, CH,=, 2H), 1.80 -1.84 (d, -CHj3, 3H).
2.2.2.3 3'-Vinyloxypropyl 2-Bromoisobutyramide (VBIBA)

3-Aminopropanol vinyl ether (10.1g, 0.1 mol) and triethylamine (17 mL) mixture
in THF (250 mL) reacted with 2-bromoisobutyryl bromide (12.36 mL, 0.1 mol).

Following the same procedure as in the VBIB synthesis yielded a brown solid. The solid
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was purified by dissolving in THF and passing silicon gel. After removing THF by
vacuum at room temperature, a yellowish viscous liquid was obtained. Yield: 13.0g. 'H
NMR (in ppm): 6.37-6.47 (q, =CH-O-, 1H), 3.96-4.20 (m, CH,=, 2H), 3.71-3.77 (t, -
OCHy-, 2H), 3.31-3.40 (g, -CH,NHC(0)-), 1.89~1.8 (m, -CH,CH,CH,- and ~CH3, 8H),

7.08 (broad, -NHC(O), 1H).

2.2.2.4 3'-Vinyloxypropyl Trichloroacetamide (VTCA)

3-Aminopropanol vinyl ether (10.1 g, 0.1 mol) and triethylamine (17 mL) mixture
in THF (250mL) reacted with (11.2 mL, 0.1 mol) trichloroacetyl chloride by the same
procedure as of the VBIB synthesis. A brown solid was obtained. The solid was purified
by dissolving it in THF and passing it through silicon gel. After removing THF by
vacuum at room temperature, a yellowish viscous liquid was obtained. Yield: 12.8g. 'H-
NMR (in ppm): 6.37-6.47 (g, =CH-O-, 1H), 4.01-4.24 (m, CH,=, 2H), 3.78-3.84 (t, -
OCHo,-, 2H), 3.45-3.54 (q, -CH,NHC(O)-), 2.0~1.9 ppm (m, -CH,CH,CH>-, 2H), 7.32
ppm (broad, -NHC(O)- ).

The molecular structures of the initiators and the ligand HMTETA are shown in

Scheme 2.2.
2.2.3 Polymerization

Required amounts of monomer, CuBr, HMTETA and yBL (added only in solution
polymerization) were added to a clean tube. The tube was sealed with rubber septum and
cooled in ice water. The solution was bubbled with ultra high purity nitrogen for 10 min.

Then the initiator previously purged with nitrogen was added with syringe. The tube was
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immersed into an oil bath at a set temperature. The polymerization was stopped by
cooling the tube in ice. The mixture was diluted with THF immediately. The contents in
the tube were divided in two parts — one used for determining conversion by weight and
the other for determining molecular weight and polydispersity. For conversion
measurements the solution was poured into petroleum ether (for MMA, DMAEMA and
St polymerization). The polymer was precipitated and dried in a vacuum, and then
weighted to measure conversion. In the BA and MA cases, the polymer solution was
dried directly without adding petroleum ether. The other portion of solution was passed
through the silic@n gel to remove the catalyst. The polymer was also precipitated in

petroleum ether and dried for characterization.
2.2.4 Measurements

Nuclear Magnetic Resonance (NMR) Spectroscopy: Proton (‘H) NMR spectra
were recorded on a Bruker ARX-200 spectrometer at 200 MHz. 'H NMR chemical shifts
in CDCl; were reported downfield from 0.00 ppm using trace of CHCIl; signal at 7.23

ppm as an internal reference.

Molecular Weight Measurements: Number and weight average molecular
weights (M, and M,,, respectively) were determined by gel permeation chromatography
(GPC) using THF-2% (v/v) triethylamine as solvent at 25 °C with RI detector. Narrow
polystyrene standards (Polysciences) were used to generate a calibration curve. Data
were recorded and manipulated using the Windows based Millennium 2.0 software

package.
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Scheme 2.2 The molecular structures of the initiators and ligand used in this work



32

2.3 Results and Discussion
2.3.1. Evaluation of Initiators

The four initiators bearing vinyloxyl group were first evaluated for the
polymerizations of DMAEMA and MMA by using CuBr combined with
hexamethyltrimethylenetetramine (CuBr/HMTETA) as catalyst.  The results are

summarized in Table 2.1.

All of the four initiators initiated the polymerizations of DMAEMA and MMA.
However, VBP and VBIBA had poor control over the polymer molecular weight. The
molecular weights of the resulting polymers were much higher than the calculated values,
suggesting low initiator efficiencies. By contrast, VBIB and VTCA produced polymers
with molecular weights close to their theoretical values. The polydispersities of the
polymers prepared with VBIB and VTCA were also very low. The high polydispersity of
polymers prepared with VBP and VBIBA was due to their slow initiation reactions. It
was observed that upon adding VBIB or VTCA, the polymerization solution immediately
turned bright green, suggesting the rapid formation of Cu®*. However, when VBIBA or
VBP was added to the polymerization solution, the solution gradually turned green after
being heated to 60 °C. Therefore, VBIB and VTCA were selected as initiators for the

further macromonomer synthesis studies.
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Table 2.1. MMA and DMAEMA polymerization with different initiators catalyzed by

CuBr/HMTETA at 60 °C
Initiator Monomer Time Conv. Mn Mn Mw/Mn
(min) (Theor.)  (exp.)

VBIB MMA? 30 0.77 7700 7482 1.23

VBP MMA? 50 0.83 8300 19300 1.62
VBIBA MMA? 60 0.82 8200 22300 1.67
VTCA MMA? 210 0.71 7100 8400 1.12
VBIB DMAEMA® 40 0.66 10362 9485 1.12

VBP DMAEMA® 60 0.67 10520 38400 1.59
VBIBA DMAEMA® 60 trace - - .

VICA DMAEMA® 120 0.63 9891 9100 1.09

a: in yBL, yYBL/MMA = 0.5 (w/w); b: bulk

Monomer/initiator/CuBr/HMTETA=100/1/1/1 (molar).
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2.3.2 Polymerizations of Methacrylates

The kinetics of DMAEMA and MMA polymerizations with VBIB and VTCA as
initiators were investigated to examine whether the vinyl groups in the initiators were
consumed during the macromonomer preparation. With both initiators, the bulk
DMAEMA polymerization proceeded smoothly at 60 °C up to 80% conversion. The
linear plots of In([M]o/[M]) versus time indicate the first order kinetics and constant
radical concentrations during the polymerization (Figure 2.1). The polymerization rate
with VCTA was slower than that of VBIB. The apparent propagation rate constant, k*?,
was 0.0252 min™' for VBIB, compared to 0.0107 min” for VTCA. This was due to a low

radical concentration in the VTCA system because of the formed stronger C-Cl bond.

The molecular weights of polyDMAEMA, measured by GPC and NMR (Mynmr
= MmonomerXI, I is the intensity ratio of polymer backbone to terminal vinyl group, see
discussion below), increased linearly with monomer conversion up to 80% and were very
close to their theoretical values with both initiators (Figure 2.2). The molecular weight
distributions of the polymers prepared with VBIB were below 1.2, even lower with

VTCA as initiator.
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Figure 2.1. Bulk polymerization of DMAEMA initiated by VBIB and VTCA at 60 °C

with CuBr/HMTETA/Initiator/DMAEMA = 1/1/1/100 in molar.
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Figure 2.2 PolyDMAEMA molecular weight and molecular weight distribution versus

DMAEMA conversion. See Figure 2.1 for conditions.
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Figure 2.3. GPC traces of polyDMAEMA at different conversions prepared with (A)

VBIB or (B) VTCA as initiator. See Figure 2.1 for conditions.
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Figure 2.3 shows the GPC traces of polyDMAEMA prepared with the two
initiators. The GPC traces of all the samples at different conversions were a typical
Gaussian distribution without any shoulder peak, which was observed in the MA
polymerization (see Section 2.3.3). This observation suggested that the vinyl group of

the initiator moiety was not polymerized during the ATRP of DMAEMA mediated by

CuBr/HMTETA.

The results for the MMA polymerization are shown in Figure 2.4. Because the T,
of PMMA is higher than 60 °C, the MMA polymerization was carried out either in THF
or in y-butyrolactone (yBL). The polymerization in THF was heterogeneous. The
catalyst was only partially dissolved. Upon heating, some bright green crystals were
precipitated from the solution. In contrast, when yBL (an inert S-membered cyclic ester

with high polarity) was used as solvent, the polymerization mixture was homogenous

with a persistent green color throughout the polymerization.

With VBIB or VTCA as initiator, the MMA polymerization in both THF and yBL
proceeded smoothly up to 80 % conversion at 60 °C in first order kinetics (Figures 2.4
and 2.5). The MMA polymerization rate in YBL was much faster than that in THF. This
may be due to the high catalyst concentration in YBL because of the good solubility of
copper bromide in yBL. The polymerization in yBL with VTCA was slower than with

VBIB due to the formation of C-Cl bond, which is more difficult to be abstracted by

CuBr than the C-Br bond.
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Figure 2.4. Solution polymerization of MMA initiated by VBIB and VTCA in yBL or in
THF at 60 °C. CuBr/HMTETA/Initiator/MMA = 1/1/1/100 in molar, THF(or

yBL)YMMA = 0.5(w/w).
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Figure 2.5. Kinetic plots for ATRP of MMA initiated by VBIB and VTCA in THF or

vBL. See Figure 2.4 for the experimental conditions.
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Figure 2.6. PMMA molecular weight and molecular weight distribution versus MMA
conversion with VBIB and VTCA as initiators in THF or yBL. See Figure 2.4 for the

experimental conditions.
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Figure 2.7. GPC traces of PMMA prepared in (A) yBL and (B) THF with VBIB as

initiator. See Figure 2.4 for the experimental conditions.
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The molecular weights of PMMA were very close to the calculated values and
increased linearly with the conversion up to 70% in THF and 80% in yBL (Figure 2.6).
When the conversion was higher than ca. 70% in THF, both the molecular weight and
molecular weight distribution of PMMA increased sharply. Figure 2.7 shows the GPC
traces of PMMA prepared in YBL and THF with VBIB as initiator. In THF, there
appeared a shoulder peak at the high molecular weight region at high monomer
conversions. The molecular weight corresponding to the shoulder peak was about twice
of the major peak. This high molecular weight polymer population may be produced by
coupling reactions of propagating radicals with terminal vinyl moieties, which yield
polymer chains with doubled molecular weight. The detail of the reaction will be
discussed below. With yBL as solvent, no shoulder peak was observed up to 80%

conversion.

2.3.3 Polymerizations of Acrylates

The ATRP of MA initiated by VBIB at 60 °C and 80 °C are shown in Figure 2.8.
At the early stage, the In([M],/[M]) vs. time plots were linear. However, the
polymerization began to bend down from the first order kinetics at about 60% conversion
at 80 °C and about 40% at 60 °C, indicating a decrease in radical concentration at higher
m conversion. The molecular weights of PMA prepared at both temperatures increased
linearly at low conversions, but increased sharply at the conversions where the

polymerizations began to deviate from the first order reaction (Figure 2.9). The BA
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polymerization at 80 °C was very similar to the MA polymerization at the same

temperature with a comparable polymerization rate (Figures 2.10 and 2.11).

Figure 2.12 shows the GPC traces of PMA prepared at 60 and 80 °C. At low
conversions, the GPC traces did not have any shoulder peak. The molecular weight
distributions were relatively narrow with polydispersities about 1.2. With the reaction
proceeding, a shoulder peak appeared at the high molecular weight region and its
intensity increased with conversion. The Mn of the shoulder peak was about twice of that
of the low molecular weight region. Similar GPC traces were also found in the BA
polymerization. This shoulder peak appearing at high MA or BA conversion was
generated by the reaction of acrylate radical with terminal vinyl group (Scheme 2.3),
which produced polymers with doubled molecular weights relative to the original
polymer chains. At the same times, the produced radicals (-CH,-CH-O) could react with
CuBr; to form carbon-bromine (CH,-CH(Br)-O) bonds. This kind of C-Br was too stable
to be re-activated by Cu()Br to become a propagating radical (Scheme 2.3). This
conclusion was tested by the ATRP of vinyl 2-hydroxyl ether with the same catalyst.zo
As a result, such a reaction became radical termination. The radical concentration thus
decreased, as observed in Figures 2.8 and 2.10. Therefore, in order to obtain well-
defined acrylate macromonomers, the polymerization should be stopped at low

conversions before the reaction of the vinyl moieties becomes significant.
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Figure 2.8. MA polymerization initiated by VBIB at 60 and 80 °C in yBL.

CuBr/HMTETA/VBIB/MA = 1/1/1/100 in molar and YBL/MA = 0.5 (w/w)
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Figure 2.10 BA polymerization initiated by VBIB at 80 °C with

CuBr/HMTETA/VBIB/BA = 1/1/1/100 in molar and YBL/BA = 0.5 (w/w).
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Figure 2.11. PBA molecular weight and molecular weight distribution versus BA

conversion initiated by VBIB at 80 °C. See Figure 2.10 for conditions.
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Figure 2.12. GPC traces PMA obtained from the ATRP of MA at (A) 80 and (B) 60 °C

initiated by VBIB in yBL. See Figure 2.8 for the experimental conditions.
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2.3.4 Styrene polymerization

The styrene ATRP mediated by CuBr/HMTETA with VBIB
(StYCuBr/HMTETA/VBIB = 100/1/1/1, yBL/St = 0.5(w/w)) is shown in Figure 2.13.
yYBL was also used as solvent to obtain a homogenous media and to lower reaction
temperature. The solution was homogenous throughout the polymerization with a
persistent green color. The polymerization also proceeded in first order kinetics and gave
78% conversion in four hours at 100 °C. The polystyrene molecular weights increased
linearly with conversion and were comparable to their calculated values (Figure 2.14).
The molecular weight distributions were about 1.1. The GPC traces (Figure 2.15)
showed no sign of shoulder peak even up to 80% conversion. These observations
indicated that during the ATRP process of styrene, the vinyl end groups were not
consumed. Well-defined polystyrene macromonomers with terminal vinyloxyl group

were thus prepared.
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Figure 2.13. ATRP of styrene initiated by VBIB in yBL at 100 °C with

CuBr/HMTETA/VBIB/St = 1/1/1/100 in molar and yBL/St = 0.5 (w/w).
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Figure 2.14. PS molecular weight and molecular weight distribution versus St conversion

initiated by VBIB. See Figure 2.13 for the experimental conditions.
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2.3.5 Characterization of the Macromonomers

The macromonomers were characterized with NMR and the typical spectra are
shown in Figures 2.16 A-D. Besides the polymer backbone signals assigned in the
figures, there were signals ascribed to the terminal groups. For each of the polymers
except for polystyrene, there was a same tetrad signal at 6.50~6.30 ppm attributed to the
methine proton of the vinyl group (=CH-). The methylene proton signals of the vinyl
group (CH,=CH-) were overlapped by those of ester group (-COOCH,-) in
polyDMAEMA and PBA. In polystyrene, the methine signal was overlapped by the
benzene ring signals, but the tetrad signal of methylene proton (CH>=) in the vinyl group
appeared clearly at 3.9-4.2 ppm. These signals were also found in PMMA and PMA.
These observations proved that the prepared polymers contained the vinyl groups from

the initiators.

The molecular weights of the polymers could also be estimated from the NMR
measurements. The molecular weights were calculated by the intensity ratio of signal -
COOCHo:- (for polyDMAEMA, PBA) or -COOCH; (for PMMA and PMA) to the vinyl
methine proton (=CH) or the intensity ratio of the benzene ring signal to the vinyl
methylene proton (CH,=) signal (for polystyrene). The calculated molecular weights by
NMR of polyDMAEMA prepared by the VBIB-initiated ATRP of DMAEMA were also
shown in Figure 2.2. The NMR measured molecular weights were slightly higher than

the theoretical values and those by GPC. The PMMA and PS molecular weights by
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Figure 16 'H-NMR spectra of prepared macromonomer.

A: Poly(DMAEMA): (1)CuBr/HMTETA/VBIB/DMAEMA=1/1/1/100; 60 °C, 40 min;
(2) CuBr/ HMTETA /VTCA/DMAEMA = 1/1/1/100; 60 °C, 120 min;

B: PMMA: (1) CuBr/ HMTETA /VBIB/MMA = 1/1/1/100; 60 °C in THF, 45 min; (2)
CuBr/ HMTETA /VTCA/DMAEMA = 1/1/1/100; 60 °C in yBL, 180 min;

C: (1) PMA, CuBr/ HMTETA/VBIB/MA = 1/1/1/100; 80 °C, 20 min; (2) PBA, CuBr/
HMTETA /VBIB/BA = 1/1/1/100, 60 °C, 20 min;

D: Polystyrene, CuBr/ HMTETA /VBIB/St = 1/1/1/100, 100 °C in yBL, 120 min.

NMR were also agreeable with those by GPC. The PMA and PBA molecular weights
obtained at low conversions were also comparable with the GPC results, suggesting that

at this stage the vinyl groups in the initiator moieties were not consumed.

2.4 Conclusion

With CuBr/HMTETA as catalyst/ligand, VBIB was an effective ATRP initiator
for preparation of vinyl-terminated macromonomers of PMMA, polyDMAEMA, PMA,
PBA and PS. In the MMA, DMAEMA and St polymerization, the vinyl group in the

initiator moiety was stable until very high conversion. However, in the polymerization of
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acrylates, the initiator vinyl group was consumed at low conversions. The ATRP of

acrylates needed to be terminated in its early stage in order to prepare the acrylate

macromonomers. VTCA also initiated the MMA and DMAEMA polymerization and

yielded narrow macromonomer samples.
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The polymerization of 2-dimethylaminoethyl vinyl ether was tried with the same

catalyst system. 19.8 mg CuBr, 31.6 mg HMTETA, 2 ml dimethylaminoethyl vinyl

- ether, 1 ml y-BL and 20 pl ethyl 2-bromoisobutyrate were charged to tube and

degassed by nitrogen. The mixture was heated at 60 °C for 24 h. No polymer was

isolated. Then 1.5 degassed MA was injected to the polymerization media. Also no
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polymerization was found. The same result was obtained using 2-hydroxylethyl vinyl

ether as monomer.



Chapter 3

Supported Atom Transfer Radical Polymerization

by Catalyst Adsorption

3.1 Introduction to Catalyst Supporting for ATRP

Atom transfer radical polymerization (ATRP) has made significant progress

since it was first developed in 1995.%° Various systems based on Cu,"*™® Ru,*® Fe,!
Ni,''" and Rh™ have been developed for ATRP of styrenic, acrylic, and methacrylic

monomers in organic and aqueous media.'!® ATRP is very useful for synthesizing

functional polymers of low molecular weight. For example, polymers with allyl,'”'®
vinyl,lg’20 and hydroxyl groups 212 were readily prepared with molecular weights less
than 10°.

The major disadvantage of ATRP is its low catalyst efficiency and thus the high
catalyst concentration used. In a typical ATRP recipe, the initiator to catalyst ratio is
usually 1/1, which is one catalyst molecule mediating one polymer chain. The metal
halide usually is about 0.1~1% (molar) of the monomer and it finally goes to the
products. This residual catalyst not only deeply colors the product, but also it may make
the product toxic. Therefore, an additional'puriﬁcation is required to remove the catalyst

from the product, usually by passing the mixture solution through a column of silica or
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alumina gel or adsorbing with resins.** This post-treatment is not only time-demanding

but also costly due to catalyst waste.

A possible solution to this problem is to support catalyst onto a solid that can be
readily removed from the product, and ideally be reused. Recently, ruthenium(II)
catalyst supported onto amine-functionalized silica gel was successfully used for the
heterogeneous ATRP of methyl methacrylate (MMA), which displayed typical living

polymerization characteristics.?

Cu-based catalysts are most versatile for ATRP of various monomers. However,
supporting CuBr for heterogeneous ATRP is not very successful. CuBr was supported by
a Schiff base ligand to amino-functionalized silica gel and crosslinked polystyrene for
styrene and MMA polymerizations. The polymerizations by these catalysts showed
limited living characters.?® The polymer molecular weights were significantly higher
than predicted and the polydispersities were high (>1.5).26 Copper bromide immobilized
by multidentate amine-functionalized silica gel did not mediate living polymerizations of

MMA, MA and styrene.”’

Chapter 2 shows that copper bromide-hexamethyltriethylenetetramine
(HMTETA) complex was an excellent catalyst for the ATRP of MMA, 2-(N,N-
dimethylamino)ethyl methacrylate (DMAEMA), styrene (St) and methyl acrylate (MA).
When we purified the products prepared by ATRP in Chapter 2 by passing the polymer-
catalyst mixture solutions through a column of silica gel, we noticed that the blue color

from the catalyst complex was retained at the very top layer of the silica gel in the
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column. This suggests that copper halide-HMTETA complex has a strong affinity to
silica gel. We therefore supported the catalyst complex onto silica gel by physical
adsorption for ATRP. Compared to grafting methods, this adsorption approach is much

simpler and does not require special chemicals or tedious procedures.

This chapter reports the use of the silica gel supported copper bromide-HMTETA
complex for the living polymerization of MMA. The supported catalysts were recycled
twice with good retention of the catalyst activities. The controllability of the catalyst

systems over the polymer molecular weight was even better after recycling.

3.2 Experimental Section

3.2.1 Materials

MMA (Aldrich, 99.9%) was distilled under vacuum and stored at ~15 °C before
use. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA, 99%), CuBr (99.999%),
methyl (£) o-bromophenylacetate (MBP, 97%) were used as received from Aldrich.
Toluene was distilled from CaH,. Silica gel was supplied by SiliCycle Inc (230-400
mesh, average pore diameter of 60 A). It was boiled in deionized water for 5 h, air dried

and then dried in vacuum.

3.2.2 Measurements

Nuclear Magnetic Resonance (NMR) Spectroscopy: 'H-NMR spectra were

recorded on a Bruker ARX-200 spectrometer at 200 MHz. '"H-NMR chemical shifts in
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CDCl; were reported downfield from 0.00 ppm using residual CHCl; signal at 7.23 ppm

as an internal reference.

Molecular Weight Measurements: Number and weight average molecular
weights (M, and My, respectively) were determined by gel permeation chromatography
at the flow rate of 1.0 mL/min relative to polystyrene using THF-2% (v/v) triethylamine

as solvent at 25 °C with RI detector. Data were recorded and manipulated using the

Waters Millennium software package.

3.2.3 Polymerization

A typical polymerization process was as follows: CuBr and silica gel were added
to a Schlenk flask. The flask was degassed by five vacuum-nitrogen cycles. Degassed
MMA, toluene and HMTETA were added to the flask and the mixture was bubbled with
nitrogen for 5 min with stirring. The mixture became blue upon the ligand addition. The
blue silica particles quickly settled down to the bottom of the flask once the stirring
stopped and the upper solution layer became colorless. Degassed initiator (MBP) was
dropwise introduced to the flask with stirring. The blue particles turned green. The flask
was then immersed in an oil bath at 90 °C with sufficient stirring. At different time
intervals, solution mixture (~0.05 mL) was withdrawn from the flask with a nitrogen-
purged syringe. The mixture was diluted with CDCl;. The conversion was estimated
from the 'H-NMR intensity ratio of OCHj3 signals from the polymer (3.60 ppm) and
monomer (3.75 ppm). A small amount of this solution was injected to GPC to measure

the polymer molecular weight and polydispersity.

3.2.4 Catalyst Recycle
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After the polymerization is complete, the flask was lifted from the oil bath and
left still for an hour. The upper layer solution was carefully removed via cannula with
nitrogen pressure. The remaining solid in the flask was washed twice with degassed
toluene (total 20 mL) under nitrogen. Then the same amount of the degassed MMA,
toluene, and initiator, as in the first polymerization run, were charged to the flask. The

polymerization procedure was repeated.

3.3 Results and Discussion

3.3.1 Atom Transfer Radical Polymerization of Methyl Methacrylate by Silica Gel

Supported Copper Bromide/Multidentate Amine
3.3.1.1 Catalyst Adsorption onto Silica Gel Surface

The adsorption of the catalyst on silica gel surface was studied by using CuBr;-
HMTETA as a model because the complex has an adsorption band at 740 nm that can be
used to determine the concentration of the complex. Figure 3.1 shows the UV-Vis
spectra of the CuBr,-HMTETA solution in toluene-MMA (1:1) in the presence of silica
gel at different times. The absorbency of the peak at 740 nm decreased very quickly
upon addition of silica gel. Figure 3.2 shows the fraction of CuBr,-HMTETA in solution
as a function of time. The concentration of CuBr,-HMTETA in solution decreased
sharply once the silica gel was added. About 3% of the complex originally charged
remained in the solution after 5 min of addition of silica gel and less than 0.1% of CuBr,-
HMTETA was in solution after 25 min. This result indicates that the catalyst complex

has a strong affinity to the silica gel surface.
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Figure 3.1 UV-Vis spectra of CuBr,-HMTETA solution in the presence of silica gel at different time
Solution: toluene (50 mL)-MMA (50 mL), CuBr (10 mg), HMTETA (16 mg), y-butyrolactone (2 mL)

Silica gel: 200 mg
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Figure 3.2. The fraction of CuBr,-HMTETA in solution at different time after adding silica gel

See Figure 3.1 for experimental conditions
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3.3.1.2 Effects of Silica Gel on the MMA Polymerization

When silica gel was added to the copper-HMTETA complex MMA-toluene
solution, it immediately became blue. The blue particles immediately turned green upon
addition of the initiator. The mixture gradually became viscous at 90 °C. Figure 3.3
shows the MMA polymerizations with and without silica gel. The polymerizations
proceeded at almost the same polymerization rate with and without silica gel. Both the
In(IM]/[M]) vs. time plots are linear, indicating first order kinetics in monomer and the
constant radical concentrations throughout the polymerizations. This demonstrates that
the MMA polymerizations proceeded without detectable chain termination. The
HMTETA/CuBr molar ratio had a minor effect on the polymerization. Doubling the

ligand content slightly accelerated the polymerization.

Figure 3.4 shows the molecular weight and molecular weight distribution as a
function of conversion. With or without silica gel, the molecular weight distributions of
the resulting PMMA were all very narrow with polydispersities below 1.1 at the early
stage. The polydispersities increased slightly with conversion, but most remained lower
than 1.3. These polydispersities were much lower than those with ruthenium catalysts
supported on amine-modified silica gel”> The better controllability of silica gel
supported CuBr-HMTETA may result from more effective deactivation ability of CuBr..
The PMMA molecular weights in Figure 3.4 increased linearly with conversion. This
clearly confirms that the polymerization mediated by silica gel supported CuBr-

HMTETA preceded without detectable terminations.
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The PMMA molecular weights, however, were much higher than predicted. The
calculated initiator efficiencies (Mnca/Mngpc) were about 0.5 throughout the
polymerization. Since the initiator efficiencies were also low in the unsupported
polymerization of the same system, the low initiator efficiency was evidently not caused
by the silica gel support. Increasing the ligand/CuBr ratio to 2 did not improve the
initiator efficiency. Since plots of In([M]s/[M]) vs. time in Figure 3.3 are linear, i.e.
constant radical concentration throughout the polymerization, the low initiator
efficiencies must be caused by the consumption of some initiators at the very beginning
by side radical reactions because of high radical concentration at the beginning of

polymerization.

P—Br + CuBrHMTET ~— — P + CuBryHMTETA

Eq. 3.1

Eq. 3.1 indicates that reducing CuBr concentration can reduce the radical
concentration and thus may minimize initiator side reactions, and thereby increase the
initiator efficiency. The polymerization was thus carried out at reduced level of catalyst.
Figure 3.5 shows the MMA polymerizations with [CuBr]/[I] ratios of 0.5 and 1,

respectively. The polymerization rate with [CuBr)/[I]=0.5 was lower than that with
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Figure 3.3 MMA Polymerization catalyzed by CuBr-HMTETA with or without silica gel.
90 °C, toluene/MMA = 2 (w/w) and [MMA]/[CuBr]/[Initiator] = 100:1:1:1(molar).
[HMTETAJ/[CuBr]=1, no silica gel (A, A); [HMTETA)/[CuBr]=1, silica gel/CuBr

=2(wiw) (@, <); [HMTETA)/[CuBr]=2, silica gel/CuBr=2 (w/w) (®, O).
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Figure 3.4. PMMA molecular weight and polydispersity as a function of conversion in
the MMA polymerization with and without silica gel. Same experimental conditions as

in Figure 3.3.

[HMTETA)/[CuBr]=1, no silica gel (A, A); [HMTETA]}/[CuBr]=1(molar), silica
gel/CuBr =2(w/w) (@, <); [HMTETA)/[CuBr](molar)=2, silica gel/CuBr=2 (w/w)

(0,0).
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Figure 3.5 Polymerization of MMA with different CuBr/MBP ratios catalyzed by CuBr-

HMTETA/2-silica gel

90 °C, toluene/MMA=2 (w/w), [MMA}/[Initiator] = 100:1(molar), and silica gel/CuBr=2

(w/iw); [HMTETA}/[CuBr]=1, [CuBr)/[I]=1:1(molar)(A, A); 0.5:1 (@, <).
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Figure 3.6 PMMA molecular weight and polydispersity as a function of conversion in the
MMA polymerization with different CuBr/initiator ratios catalyzed by CuBr-

HMTETA/2-silica gel. See Figure 3.5 for experimental conditions.

[CuBr)/[I]= 1:1 (molar) (@, O), 0.5:1 (W,0).



77

[CuBr)/[I] = 1. The concentration of propagation species in the [CuBr]/[[]=0.5 system
calculated from the slope of In([M]¢/[M]) vs time plot in Figure 3.5 was about 0.69 of that
of [CuBr)/[I]=1 system. Figure 3.6 shows PMMA molecular weight and polydispersity
vs. MMA conversion at different copper bromide concentrations. Clearly reducing the
CuBr level by half produced PMMA with molecular weights close to predicted. The
initiator efficiencies approached to 1 and the polydispersities of PMMA were about 1.1.
This comparison indicates that lowering the catalyst concentration reduced radical

concentration at the early stage and thus minimized the radical side reactions.

3.3.1.3 Effect of Silica Gel/CuBr Ratio

The MMA polymerizations with silica gel to CuBr ratios (w/w) of 2, 5, and 10 are
shown in Figure 3.7. All of the polymerizations were in the first order reaction with
respect to the monomer. The polymerization rate increased as the silica gel/CuBr ratio
increased from 2 to 5, but remained constant when it was further increased to 10. The
increase in the polymerization rate at high silica gel levels might be caused by slower
deactivation reaction by CuBr; due to lower CuBr; concentration on the silica gel surface

in the presence of a large amount of silica gel.

Figure 3.8 shows the dependence of molecular weight and polydispersity of
PMMA on the MMA conversion with different silica gel levels. The PMMA molecular
weights increased linearly with the conversion in all the polymerization runs. With silica
gel/CuBr = 2 (w/w), the molecular weights agreed well with the theoretical values, but

the molecular weights were higher than predicted at silica gel/CuBr ratios of 5 and 10.
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Figure 3.7 MMA polymerizations catalyzed by CuBr-HMTETA with different amounts

of silica gel.

90 °C, [MMA]/[HMTETA}/[CuBr)/[Initiator] =100:0.5:0.5:1 (molar); toluene/MMA=2

(w/w); Silica gel/CuBr (w/w)=2 (l,0); 5 (A, A); and 10 (@, O).
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Figure 3.8 PMMA molecular weight and polydispersity as a function of conversion in
the MMA polymerization catalyzed by CuBr-HMTETA in the presence of different

amount of silica gel. See Figure 3.7 for the experimental conditions.

Silica gel/CuBr (w/w) =2 (A, A); 5(®, O); 10(1,0O).
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The polydispersities of PMMA were all lower than 1.15 at the conversions less than 70%.
With silica gel/CuBr = 5 and 10 (w/w), the PMMA polydispersities increased at higher
conversions, corresponding to the molecular weight increase. This was probably caused
by slowed deactivation of the radicals by CuBr, due to limited diffusion of polymer

radicals and silica gel supported catalyst in the viscous media at high MMA conversions.

3.3.1.4 Effect of MMA Concentration

In order to further understand the effect of viscosity on the polymerization, MMA
was also polymerized using CuBr-HMTETA/2-silica gel at a high monomer
concentration, while the monomer/catalyst molar ratio remained the same. Figure 3.9
shows the MMA polymerizations at two monomer concentrations. Using 33% MMA
concentration (toluene/MMA = 2 (w/w)), the polymerization proceeded in a typical first
order monomer kinetics throughout the polymerization, but at 50% MMA concentration
(toluene/MMA = 1(w/w)), the polymerization followed the first order kinetics only at the
early stage of the reaction, but deviated rapidly from the first order kinetics when the
conversion was higher than 30%, indicating a rapid increase in the radical concentration
based on In([M]/[M]) = k;[R]t equation. Correspondingly, the PMMA molecular
weight quickly deviated from predicted, and the polydispersity increased (Figure 3.10).
The viscosity of 50% MMA polymerization media was found very high after about 30%
conversion. This observation suggested that viscosity had an adverse effect and low
monomer concentrations should be used for ATRP mediated by a supported catalyst

system.

3.3.1.5 Catalyst Reuse

After the polymerization was complete, the catalyst was recovered for a second
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Figure 3.9 MMA polymerizations catalyzed by CuBr-HMTETA/2-silica gel with

different monomer concentrations.

90°C, Silica gel/CuBr=2(w/w); [MMAY}/[CuBr])/[HMTETA]/[Initiator] =100:0.5:0.5:1;

toluene/MMA (w/w) =1 (l,00); 2 (A, A).
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Figure 3.10 PMMA molecular weight and polydispersity as a function of conversion in
the MMA polymerization catalyzed by CuBr-HMTETA/2-silica gel with different

monomer concentrations. See Figure 3.9 for other experimental conditions.

Toluene/MMA (w/w)=1 (l,0); 2 (@, O).
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use. Figures 3.11, 3.12 and 3.13 show the MMA polymerization with the recycled
catalysts. All the MMA polymerizations were still in a first order kinetics with respect to
monomer concentration. All of the first recycled catalysts retained about 80% of their
initial activities (k® ratios). The reduction in activity was caused by a loss of some
supported catalysts during the removal of polymer and by the presence of CuBr; that was
produced in the previous polymerization run to equilibrate with CuBr. (Eq. 3.1). CuBr,
can significantly decrease the polymerization rate even in the presence of small amount

by driving the equilibrium (Eq. 3.1) to the dormant state of the polymer chains.’

After the second use for MMA polymerization, some CuBr-HMTETA/2-silica gel
catalyst stuck on the surface of the flask, and thus it could not be recycled again. While
CuBr-HMTETA/5-silica gel and CuBr-HMTETA/10-silica gel catalysts still readily
settled down to the bottom for recycling. Therefore these catalysts could be re-used for a
third time. Figure 3.13 shows that twice recycled CuBr-HMTETA/10-silica gel catalyst

still had about 65% activity of the second used catalyst and 50% of the fresh catalyst.

The Mn of PMMA produced by recycled catalysts also increased linearly with
conversion (Figures 3.14 and 3.15). The molecular weights of PMMA obtained from the
re-used catalysts were actually much closer to the theoretical values than those by fresh
catalysts (Figures 3.14 and 3.15). The polydispersities of PMMA prepared by the reused
catalysts remained very low. These results clearly indicated that the recycled catalysts
still effectively mediated the polymerizations in a living manner. The improvement in
th;: molecular weight control of the recycled catalysts was benefited from CuBr,, which
produced in the first polymerization run to equilibrate with CuBr. It decreased the radical
concentration, resulting in a lower polymerization rate but suppressed radical side

reactions.
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Figure 3.11. Reuse of CuBr-HMTETA/2-silica gel for the MMA polymerization.

90°C, toluene/MMA=2(w/w), silica gel/CuBr = 2(w/w), [MMA]/[CuBr}/[HMTETA}/

[Initiator]=100:0.5:0.5:1. First use (A, A); second use (H,0).
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Figure 3.12. Reuse of CuBr-HMTETA/5-silica gel for the MMA polymerization.

90 °C, toluene/MMA=2 (w/w), silica gel/CuBr = 5(w/w),
[MMA]/[CuBr})/[HMTETA]/[Initiator] = 100:0.5:0.5:1. First use (®, O); second use

(-,D).
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Figure 3.13. Reuse of CuBr-HMTETA/10-silica gel for the MMA polymerization.

90°C, toluene/MMA = 2 (w/w), silica gel/CuBr = 10(w/w),
[MMAY/[CuBr]/[HMTETA]/[Initiator] = 100:0.5:0.5:1. First use (A, A); second use

(I,0) and third use (®, O).
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the MMA polymerization catalyzed by CuBr-HMTETA/2-silica gel and CuBr-

HMTETA/5-silica gel.

CuBr-HMTETA/2-silica gel: first use (A, A), second use (@, <>); CuBr-HMTETA/5-

silica gel: first use (IM,0J), second use (@, O). Same conditions as in Figures 3.11 and

3.12, respectively.
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Figure 3.15. PMMA molecular weight and polydispersity as a function of conversion in

the MMA polymerization catalyzed by CuBr-HMTETA/10-silica gel. Same conditions

as in Figure 3.13.

First use (A, A), second use (l,00); and third use (@, O).
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3.3.2 Macromonomer Synthesis by Supported Catalyst

3.3.2.1 MMA Polymerization

The synthesis of macromonomers by ATRP of MMA and DMAEMA mediated
by the silica gel supported CuBr-HMTETA was assessed by using 2’-vinyloxyethyl 2-
bromoisobutyrate (VBIB) or allyl 2-bromoisobutyrate (ABIB) as initiators used in
Chapter 2. Figure 3.16 shows the MMA polymerizations using the two initiators at 70
and 90 °C. There was no difference in the polymerization rate with ABIB or VBIB as
initiator respectively, which agreed with the fact that the initiating moieties of the two
initiators were the same in their molecular structure. At 90 °C, the polymerization with
VBIB as initiator proceeded much faster and achieved higher conversion than that at 70
°C. The MMA polymerizations proceeded in a first order kinetics with respect to
monomer up to 60 % conversion. After this stage, the polymerization slowed down and
deviated from the first order kinetics, suggesting that the radical concentration decreased
after this conversion. This observation is very different from the MMA polymerization
catalyzed by the same supported catalyst but with methyl a-bromophenylacetate (MBP)
as 1initiator (Section 3.3.1), which was a first order reaction throughout the

po.lymerization. This comparison suggests that the deviation from the first order kinetics
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Figure 3.16. The MMA polymerization catalyzed by silica gel supported CuBr-

HMTETA.

Toluene/MMA = 3 (w/w); Silica gel/CuBr=2/1(w/w), MMA/CuBr/HMTETA/Initiator =

100/1/1/1; Initiator: VBIB (@, O), 70 °C; VBIB (4, <>), 90 °C; ABIB (A, A), 70 °C.
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Figure 3.17. GPC traces of PMMA at different conversions polymerized at 70 °C with

VBIB as initiator. See Figure 3.16 for the experimental conditions
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Figure 3.18. GPC traces of PMMA at different conversions polymerized at 90 °C with

VBIB as initiator. See Figure 3.16 for the experimental conditions
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of MMA polymerizations with the vinyl-containing initiators at high conversions was

caused by the initiator type.

The GPC traces of resulting PMMA are shown in Figures 3.17 and 3.18. At the
early stage, the GPC traces were typical Gaussian distribution without any shoulder peak.
When the conversion reached around 70%, a shoulder peak appeared at the high
molecular region. The intensity of the shoulder peak increased with conversion. The
shoulder peak was more significant when the polymerization was carried out at 90 °C as
shown in Figure 3.18. This phenomenon is very similar to the polymerization of
acrylates initiated with VBIB (Section 2.3.3). This population of high molecular weight
chains corresponding to the shoulder peak may be produced by reactions of propagating
radicals with terminal vinyl moieties (Scheme 3.1), which yielded polymer chains with
doubled molecular weights. Because it is very difficult to abstract the bromide atom in

the produced C-Br (Section 2.3.3), the radical concentration subsequently decreased.

Figure 3.19 shows the dependence of molecular weight and polydispersity of
PMMA on the MMA conversion. Before the conversion reached 60%, the molecular
weights of PMMA for polymerization runs increased linearly with conversion and were
very close to the theoretical values. The polydispersities at this stage were narrow, lower
than 1.2. The molecular weight and polydispersity increased sharply at conversions

higher than 70%. This was particularly true for the polymerization at 90 °C. It coincided
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with the observation of GPC traces that a shoulder peak appeared and became more

significant at higher conversions.

Comparison of this supported ATRP with its homogeneous counterpart with the
same catalyst and initiator in Chapter 2 indicates that the supported catalysts mediated the
polymerization less effectively. In a homogenous ATRP catalyzed by CuBr-HMTETA
with VBIB as initiator, there was no reaction of vinyl moiety with polymer radical even
at 80% conversion. However, in the heterogeneous ATRP catalyzed with the same
catalyst and initiator, the polymer radical began to react with vinyl moieties even at 60%
conversion. This was caused by a slowed deactivation of the radicals, leaving the
polymer chain in its radical state for a relatively longer time and thus increasing the

chance for the radical to react with vinyl moieties in the polymer ends.
3.3.2.2 DMAEMA Polymerization

The polymerization of DMAEMA with VBIB as initiator is shown in Figure 3.20.
Different from the MMA polymerization, the DMAEMA polymerization catalyzed by the
supported catalyst proceeded smoothly up to 80 % in a first order kinetics, indicating a
constant radical concentration. The GPC traces of the resulting polyDMAEMA gradually
moved to the high molecular weight region and only showed sign of shoulder peak at

about 80 % conversion. The molecular weights of polyDMAEMA increased with
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Figure 3.20. The DMAEMA polymerization catalyzed by silica gel supported CuBr-

HMTETA.

Toluene/DMAEMA=3 (w/w); Silica gel/CuBr=2:1(w/w),

DMAEMA/CuBr/HMTETA/VBIB = 100/1/1/1, 70 °C.
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Figure 3.21. The polyDMAEMA molecular weight and polydispersity dependence on

the DMAEMA conversion. See Figure 3.20 for the experimental conditions.
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DMAEMA conversion and were very close to the theoretical values (Figure 3.21). The
deviation of the experimental molecular weights of polyDMAEMA at high conversions
may be due to the different hydrodynamic volumes of polystyrene standard in the GPC

measurements and polyDMAEMA.

It was observed that the polymerization solution of DMAEMA was slightly green,
suggesting that not all the catalyst was adsorbed on the silica gel. DMAEMA has a
nitrogen atom that can coordinate with the catalyst like a ligand. Therefore, in the
presence of DMAEMA monomer, silica gel could not adsorb all the catalyst from the
solution. The improvement of the DMAEMA polymerization compared to the MMA
polymerization with the same catalyst system thus derived from the catalyst that was not
adsorbed onto the silica gel. The catalyst in solution lowered the radical concentration
and thus reduced the chance for radicals to attack terminal vinyl groups of polymer

chains.
3.3.2.2 Catalyst Reuse

After the polymerization was complete, the upper layer polymer solution was
removed and green silica gel particles were recovered for the second run polymerization.
Figure 3.22 shows the MMA polymerization catalyzed by the fresh and reused catalysts.
The recycled catalyst retained some activity, about 15% of its original activity (the ratio
of in the curve slopes). This is very different from the MMA polymerization with the
same catalyst but using MBP as initiator. With MBP as initiator, the recycled CuBr-

HMTETA supported on silica gel retained 80% original activity. The significant loss of
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Figure 3.22. Reuse of CuBr-HMTETA/silica gel system for the MMA polymerization.

Toluene/MMA = 3 (w/w); Silica gel/CuBr=2/1(w/w), MMA/CuBr/HMTETA/Initiator =

100/1/1/1; VBIB as initiator, 70 °C. First use (l,0J) and second use (A, A).
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Figure 3.23. Reuse of CuBr-HMTETA/silica gel system for the DMAEMA

polymerization.

Toluene/DMAEMA = 3 (w/w); Silica gel/CuBr=2/1(w/w),

MMA/CuBr/HMTETA/Initiator = 100/1/1/1, 70 °C. First use (l,0), second use (A, A)

and third use (@, O).
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activity of the recycled catalyst with VBIB may be caused by the radical side reactions
(Eq. 3.1), which produced extra CuBr,. It was reported that small amount CuBr; could
substantially decrease the polymerization rate by driving back the equilibrium (Eq. 3.1)

and thus reducing the radical concentration.!

The DMAEMA polymerization catalyzed by the recycled catalyst from the
DMAEMA polymerization is shown in Figure 3.23. Similar to the first run
polymerization, the second and third runs were also in first order kinetics. However, the
activity of the recycled catalyst substantially decreased. Each recycle catalyst retained
only 25% of its original activity. This activity loss in the DMAEMA polymerization was
caused by the loss of catalyst in recycling. Because only some catalysts were adsorbed
on the silica gel in the presence of DMAEMA, the others were removed with the polymer

when the solid was recovered from the polymer solution after the each run.

The dependence of molecular weight of PMMA and polyDMAEMA obtained by
the recycled catalysts is shown in Figures 3.24 and 3.25 respectively. The molecular
weights of PMMA or polyDMAEMA increased with the conversion. The molecular
weight distributions of the resulting polymers were around 1.2. The GPC traces showed
no shoulder peak in the polymer samples prepared by the recycled catalysts. These
results indicate that the recycled catalysts still mediated living polymerization of MMA

or DMAEMA, even though the activity of the recycled catalysts was low.
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Figure 3.24. The PMMA molecular weight and polydispersity dependence on the MMA

conversion catalyzed by fresh and recycled CuBr-HMTETA/silica gel catalysts.

First use (H,0), second use (A, A), theoretical Mn (...... ). See Figure 3.22 for the

experimental conditions.
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Figure 3.25. The polyDMAEMA molecular weight and polydispersity dependence on

the DMAEMA conversion catalyzed by fresh and recycled CuBr-HMTETA/silica gel
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See Figure 3.23 for the experimental conditions.
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3.3.2.3 Macromonomer Characterization

The PMMA and polyDMAEMA prepared with VBIB and ABIB as initiators were
characterized by NMR. Figure 3.26 shows that in addition to the polymer backbone
signals assigned in the figures, there were signals ascribed to the terminal groups. For
both PMMA and polyDMAEMA prepared with VBIB, there was a same tetrad signal at
6.50~6.30 ppm attributed to the methine proton of the vinyl group (=CH-). The
methylene proton signals of the vinyl group (CH,=CH-) were also found at around 4.0
ppm in PMMA polymer, but were overlapped by those of the ester group (-COOCH>-) in
polyDMAEMA. For PMMA prepared by ABIB as initiator, the signals of allyl group
were appeared at 5.8 ppm (m, CH,=CH-CH,-), 5.2 ppm (t, CH,=CH-CH>-) and 4.45 ppm
(d, CH;=CH-CH,-). These observations proved that the prepared polymers contained the

vinyl or allyl group from the initiator moieties.

The molecular weights of the polymers can also be calculated from the signal
intensity ratio of polymer backbone to terminal unsaturated group. When the
polymerization was terminated at relatively low conversions, the calculated Mn values by
NMR were agreeable to the theoretical. For example, with VBIB as initiator, Mn of
PMMA from one hour polymerization (yield, 38.6%) was 4,200 (Figure 4.26, A (1)),
close to theoretical value of 3,860 (Mnrneor = MMA/Initiator x 100 x yield). But if the
polymerization was pushed to a high monomer conversion, the calculated Mn values
from NMR were much higher than the theoretical, which is consistent with the GPC

results.



. 0
a [
(2) cnpcn—cnz—o—g—

e g
a b c d 0 CHJ 3
(1) cu,=cn—o~cuz-cnz—&%—¢—{cﬁ,-fc:}ﬂ—n

CH, g-o
o Y

7.5 7.0 6.5 6.0 5.5 5.0 4.5

901



2.5 2.0 1.5 1.0

3.0

3.5

4.5

7.0 6.5 6.0 5.8 5.0

7.5

107



108
Figure 3.26. The 'H-NMR spectra of PMMA and polyDMAEMA.

(A): PMMA: (1) VBIB and (2) ABIB as initiator, 70 °C, 60min; See Figure 3.16 for the
experimental conditions.
(B) polyDMAEMA: VBIB as initiator, 70 °C, 70 min, See Figure 3.17 for the

experimental conditions.

3.4 Conclusion

This chapter presents a simple but very efficient method to prepare supported
catalyst for ATRP of MMA. CuBr-HMTETA adsorbed on silica gel was an efficient
catalyst for ATRP of MMA, yielding polymers with well-controlled molecular weight
and very low polydispersity. The supported catalyst was recycled for subsequent MMA
polymerizations. It retained 80% activity in the second use and 50% activity in the third
use. The recycled catalysts had improved control over the molecular weight of PMMA.
The molecular weights of PMMA prepared by the recycled catalysts were closer to the

theoretical values with narrower polydispersities.

Silica gel supported CuBr-HMTETA can also be used to the ATRP of MMA and
DMAEMA for the synthesis of PMMA and polyDMAEMA macromonomers using allyl-
(ABIB) and vinyl (VBIB)-containing initiators. In the MMA polymerization, the vinyl or
aliyl group survived when the conversion was less than 60 %. The recycled catalysts still
showed catalytic activity and mediated a living polymerization of MMA or DMAEMA,
but the activities of the recycled catalysts were relatively low because of the radical side

reaction and catalyst loss.
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Chapter 4

Supported Atom Transfer Radical Polymerization Mediated by CuBr-

Grafted on Silica Gel Surface

4.1 Introduction to Catalyst Immobilization by Grafting

Chapter 3 has demonstrated that CuBr/HMTETA supported on silica gel by
adsorption effectively mediated the MMA polymerization, allowed us to reuse the
catalyst, and gave products with reduced concentration of catalyst residue. However, the
catalyst has no covalent bond to silica gel particle. In a high polar solvent or in the
presence of high polar monomer such as DMAEMA, only a part of the catalyst can be
adsorbed onto particles. This caused significant catalyst loss during recycling and the

polymer products were not free of catalyst residue.

Catalysts immobilized onto particles by covalent bonds have been widely used in
small molecular reactions.'® The same concept has been attempted for ATRP but was
not very successful. Haddleton et al® supported copper halide via
alkylpyridylmethanimine onto silica gel/crosslinked polystyrene particles.  This
supported catalyst was used to polymerize methyl methacrylate with ethyl-2-

bromoisobutyrate as the initiator, but could not control the molecular weight
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satisfactorily. Matyjaszewski et al.’ immobilized CuBr onto multidentate amine-
functionalized silica gel and cross-linked polystyrene particles for the polymerizations of
styrene, methyl acrylates and methacrylates, but did not obtain a living polymerization.
The molecular weights of the resulting polymers were significantly higher than predicted,

and the polydispersities were over 1.5.

In this chapter, we grafted multidentate amine (N,N,N’,N’-tetraethyl
diethylenetriamine (TEDETA), di(2-picolyl)amine (DiPA)) onto silica gel to immobilize
copper bromide to mediate ATRP of various monomers. In contrast to the non-living
process mediated by CuBr on diethylentriamine-functionalized silica gel,” the MMA
polymerization by CuBr on TEDETA-functionalized-silica gel demonstrated a feature of
living polymerization, yielding PMMA with controlled molecular weight and narrow
molecular weight distribution. Further study shows that the supporting spacer, through
which the catalyst was immobilized onto the silica gel surface, had a very strong
influence on the catalyst activity and the control of polymerization. Too short or too long

spacer would deteriorate catalytic activity and control of the polymerization.

42  Atom Transfer Radical Polymerization of Methyl Methacrylate

Mediated by CuBr-TEDETA Grafted on Silica Gel

4.2.1 Experimental Section

4.2.1.1 Materials
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Methyl methacrylate (MMA) from Aldrich was distilled under vacuum and stored
at =15 °C. N,N,N’ N’-tetraethyldiethylenetriamine (TEDETA, 90%), CuBr, methyl a-
bromophenylacetate (MBP, 99%), 3-(trimethoxylsilyl)propyl acrylate (92%) and phenyl
ether also from Aldrich were used as received. Silica gel with 230-400 mesh and an

average pore diameter of 60 angstroms was supplied by SiliCycle Inc.
4.2.1.2 Grafting Tetraethyldiethylenetriamine onto Silica Gel

TEDETA was grafted onto silica gel as shown in Scheme 4.1. TEDETA was first
coupled with trimethoxysilylpropyl acrylate to synthesize N,N,N’N’-tetraethyl-N"-[3-
(trimethoxysilylpropoxycarbonyl)ethyl]-diethylenetriamine (1). 3-(Trimethoxysilyl
propyl) acrylate (20 g) was charged to a flask and cooled to 0 °C. TEDETA (22.6 g) was
added dropwise to the flask with stirring for 10 h. The mixture was further stirred at
room temperature until no vinyl signal of the acrylate was detected by NMR. The liquid
was then subject to high vacuum to remove possible volatile species. A viscous liquid
was finally obtained. IR: 2970 cm™, 2808 cm™, 1738 cm™ (C=0), 1202 em™, 1109 cm™;
'H-NMR: 3.80 ppm (t, 2H, COOCH,), 3.35 ppm (s, 9H, SiOCH;), 2.60 ppm (t, 2H,
CH>CO0O0), 2.30 ppm (m, 18H, NCH>), 1.50 ppm (m, 2H, SiCH,CH,), 0.80 ppm (t, 12H,
NCH,CH;). *C-NMR: 172.3ppm (C=0), 66.0 ppm (COOCHS,), 51.0 ppm (Si-OCH3),
47.4 ppm (NCHy), 32.3 ppm (CH>C=0), 21.8 ppm (CH,CH>CH>), 11.54 ppm (CHs3),

6.43 ppm (SiCH,).



GHs
o
C|3H3 N-CH,-CHj
i Q
CHg-O"?i-CHzCHzCHz—O—C—CH:CHz + HN
?
CH;
’?I'CHz‘CH:g
G
CHj;
GHs
s
C|;H3 N-CH,-CHj
(|) 11
CHg—O“?FCHZCH2CH2-O—C—CH2-—-CH2——N
7
CHs rlq-CHZ-CH3
o
CH
OH 3
OH | OH
oo Y~ o
THF
A HO \ OH
HO OH OH
GH
&
N-CH,-CH3
e)
N (i
O;SI—CHchZCHz—O—C——CHz—CHz—N
0]
?J-CHZ'CH;;
ot
CHj;

Scheme 4.1. Grafting TEDETA onto silica gel surface

114



115

The attachment of TEDETA ligand onto silica gel surface was via a reaction of
silicon alkoxide with silanol group on the particle surface. Hydrophilic silica gel was
dried in vacuum at 100 °C for 3 days. Dried silica gel (10 g), synthesized product (1) (5
g) and THF (50 mL) were charged to a flask. The mixture was refluxed for 48 h. Silica
gel was separated from the solution by centrifugation and washed 6 times with THF. The
silica gel was finally dried at 50 °C under vacuum for 24h. IR: 3440 cm™ (Si-OH); 2959
cm’, 2923 cm™, 2877 cm’, 2841 em™, 1736 cm™ (C=0), 1457 cm™, 1377 cm™, 1109
cm’? (Si-O-Si). The amount of ligand grafted onto silica gel was determined by
thermogravimetric analysis (TGA) and elemental analysis. The calculated values from

the two methods agreed very well. TEDETA concentration was 14.87%(w/w).
4.2.1.3 Polymerization

A typical polymerization process was as follows: CuBr (13.3 mg) and silica (133
mg) gel and phenyl ether (4g) were added to a Schlenk flask and was degassed by 5
vacuum-nitrogen cycles. Degassed monomer (1.84 g) was added to the flask with
nitrogen-purged syringe and the mixture was bubbled with nitrogen for 1 min. The
mixture was stirred at room temperature for 60 min. Degassed initiator (MBP) (9.7 uL)
was then introduced dropwise to the flask with stirring. The flask was subsequently
heated to 80 °C in an oil bath. At different time intervals, solution/catalyst mixture (0.05
mL) was withdrawn with nitrogen-purged syringe. The solution was diluted with CDCl;.
The conversion was measured with 'H-NMR by calculating the intensity ratio of OCHj

signals in polymer (3.60 ppm) and in monomer (3.75 ppm). 50 pL of this solution was
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injected to gel permeation chromatography (GPC) to measure the molecular weight and

polydispersity of the polymer.

4.2.1.4 Catalyst Reuse

When the polymerization was complete, the flask was lifted from the oil bath and
centrifuged. The supernatant was carefully removed from cannula with nitrogen. The
remaining solid in the flask was washed twice with 20 mL (total) degassed phenyl ether
under nitrogen. The same amounts of degassed MMA, phenyl ether, and initiator, as in
the first run, were added to the flask and reheated to 80 °C. The same procedure as that

for the first run was repeated.

4.2.1.5 Catalyst Regeneration

After the polymerization was complete, the catalyst was recovered as described
above. Phenyl ether and copper turnings (not powder) were charged to the flask under

nitrogen. The mixture was stirred for 24 h at 35 °C. The catalyst suspension was
transferred using a syringe with a B-D 22G1)2 needle (copper turnings are thin copper

foil slices, which can not pass this kind of needles) to a second degassed flask with 13.3
mg TEDETA-modified silica gel (10% of the first used modified silica gel). To this flask
were charged the same amounts of degassed MMA and initiator. The flask was reheated

to 80 °C. The same procedure as for the first run was repeated.
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4.2.2 Results and Discussion

CuBr was immobilized to silica gel particles via TEDETA attached to the particle
surface, as shown in Scheme 4.1. TEDETA firstly reacted with 3-
(trimethoxylsilyl)propyl acrylate to introduce a trimethoxysilyl group. Excess amount of
TEDETA was used to have a high conversion of the acrylate since TEDETA was easy to
be removed under vacuum. Subsequent condensation reaction between trimethoxylsilyl
group with silanol group on the silica gel surface attached TEDETA ligand onto the
particle. In contrast to an almost instant complexation of unbound TEDETA with CuBr,
the reaction of CuBr with immobilized TEDETA was very slow. The silica gel particles
became blue after sufficient stirring. The blue particles turned to green upon the addition
of the initiator MBP, but the color was much lighter than that of free TEDETA with CuBr

under the exactly same conditions without silica gel.
4.2.2.1 Effect of Catalyst/Initiator Ratio

In a homogenous ATRP, the typical initiator/CuBr ratio is 1/1. Therefore, an
equimolar initiator with respect to CuBr was first evaluated for MMA polymerization
(Figure 4.1). The polymerization was fast at the beginning but slowed down quickly.
The In([M]o/[M]) vs. time plot was linear, but did not pass the zero point, indicating that
the concentration of the propagating radical decreased (based on In([M]o/[M]) =ky[R*]t)
after an initial period. This result suggests that some initiator molecules were consumed
by side reactions because of the high radical concentration at the early stage of
polymerization. We thus reduced the initiator concentration to CuBr/initiator = 3/2 to

decrease the radical concentration to minimize these side reactions. Figure 4.1 shows
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that with higher catalyst/initiator ratios, the polymerization proceeded smoothly to 80%
conversion. The In([M]o/[M]) vs. time plot was linear throughout the polymerization,
demonstrating a typical first-order kinetics. It became clear that a high level of catalyst
concentration was required for this silica gel-supported TEDETA/CuBr system to
mediate a living polymerization. This is because that the heterogeneous reaction between
the immobilized catalyst and polymer halide and polymer radical (Scheme 4.2) in the
supported system mainly depended on the diffusions of the polymer species, in contrast

to a molecular level homogeneity in a homogeneous system.

Figure 4.2 shows the molecular weight of PMMA as a function of conversion.
The molecular weight of PMMA increased linearly with conversion for both
CuBr/initiator ratios at 1 and 1.5. The molecular weights were higher than the predicted
at the low conversions, but approached the theoretical values at the high conversions.
The initiator efficiency at 80% was about 0.9. This result indicated that the MMA
polymerization mediated by the silica gel-supported TEDETA/CuBr was a living process.
The polydispersities of the resulting PMMA decreased with conversion and were about
1.4-1.5 for CuBr/initiator = 1.5 and about 1.6-1.7 for initiator/CuBr = 1. The values were
higher than those from homogenous ATRP,® but much lower than multidentate amine-
silica gel supported ATRP.> Figure 4.3 shows the GPC traces of PMMA prepared by
CuBr/initiator = 3/2. The peak gradually moved to high molecular weight region with
increase in conversion. In contrast to the symmetrical distribution of the GPC traces

from the homogenous ATRP (Chapter 2), the GPC traces from the supported system had
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Figure 4.1. MMA polymerization in phenyl ether with different CuBr/initiator ratios

catalyzed by CuBr-TEDETA supported on silica gel.

[CuBr] = 0.0158mol/L; MMA/CuBr (molar) = 300, Silica gel/CuBr = 10 (w/w)

(TEDETA/CuBr = 1); CuBr/initiator (molar) = 1.5 (A, A); 1.0 (M, O); 80 °C.
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Figure 4.2. PMMA molecular weight and molecular weight distribution as a function of

conversion for the polymerization of MMA in phenyl ether with different CuBr/initiator

ratios catalyzed by CuBr-TEDETA supported on silica gel.

CuBr/initiator =1.5 (A, A); 1(H, O); 80 °C. See Figure 4.1 for other experimental

conditions.

