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Abstract

End-functionalized polymers and copolymers (block and graft) are of interest due to
their potential applications in several areas. More specifically, end-functionalized polymers
are useful as building blocks for synthesis of block, graft and star copolymers. These
polymers also have potential applications in areas such as surface modification, coatings,
adhesives, as well as compatibilization of polymer blends. Block and graft copolymers are
promising materials because of their ambivalent properties and find many applications in
areas such as thermoplastics, associative polymers containing hydrophilic and hydrophobic
segments, etc. One of the most important applications of block copolymers at the industrial
scale is their use as surfactants in pharmaceutical, oil, agriculture, paper and detergent
industries.

For the synthesis of these polymers, living polymerization methods such as anionic,
cationic, group transfer and controlled radical polymerization have been developed and
demonstrated to provide a high degree of control. Amongst the controlled radical
polymerization methods, Atom Transfer Radical Polymerization (ATRP) is a powerful
technique to prepare polymers with predictable molecular weight and narrow molecular
weight distribution. The increasing interest in ATRP technique is due to relatively mild
reaction conditions compared to ionic polymerizations and a broad choice of monomers,
initiators, catalysts, etc. Using ATRP technique, a variety of polymer architectures and
compositions is accessible, e.g., block copolymers, graft copolymers, and hyperbranched
polymers.®>’ Functional groups can also be introduced easily at the chain ends either through
functionalized ATRP initiators or halogen displacement through nucleophilic substituion.

The main objective of the present research was to synthesize atom transfer radical
polymerization (ATRP) initiators containing functional groups and utilize them for the
synthesis of end-functionalized polymers. Another objective of the work was to synthesize
block and graft copolymers by ATRP and combination of ATRP and ring opening
polymerization (ROP) of caprolactone.

Thus, efforts were made to design and synthesize ATRP initiators containing

functional groups such as hydroxyl, carboxyl, lactone, carbonate and sulfonic acid and utilize
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pw molecular weight end-functionalized polymers and

macromonomers by polymerization of styrene, methyl methacrylate and lauryl methacrylate.
ATREP initiators synthesized in the present work are listed below.

1 4-(Hydroxymethyl)benzyl-2-bromo-2-methylpropanoate (HMBMP)
4-(2-Bromo-2-methylpropanoyloxy) benzenesulfonic acid (BMPBSA)
4-[(4°-Nitro) phenoxymethyl] benzyl bromide (NPMBB)

A w0

5-Ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl-2-bromo-2-methylpropanoate)
(EDMBMP)

2,2-Bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate (BHMBMP)
3,5-Bis(hydroxymethyl)phenyl-2-bromo-2-methylpropanoate (BHMPBMP)
5-(2-Bromo-2-methylpropanoyloxy)isophthalicacid (BMPIPA)
5-(2-Bromo-2-methylpropanamido)isophthalicacid (BMPAIPA)

© 00 N o O

4-[2-(7-Oxooxepan-3-yl)  propan-2-yl]  cyclohexyl  2-bromo-2-methyl
propanoate (OPCBMP)
10 2-0x0-1,3-dioxolan-4-yl-(methyl-2-bromo-2-methylpropanoate) (ODMBMP)

Of these, nine ATRP initiators have been synthesized for the first time. All the ATRP
initiators and intermediates involved in the their synthesis were characterized by FTIR, *H-
NMR and *C-NMR spectroscopy.

Hydroxyl-terminated polystyrenes were synthesized by ATRP using 4
(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate as initiator in the presence of
CuBr/bipyridine as a catalyst. Hydroxyl-terminated polystyrenes were obtained with narrow
MWD (Mu/M, = 1.07 - 1.33) and initiator efficiency was in the range 0.65 to 0.88.

Dihydroxyl-terminated PLMAs were synthesized by ATRP using 5-ethyl-2,2-dimethyl
1,3-dioxan-5-yl-(methyl  2-bromo-2-methylpropanoate) as initiator  catalyzed by
CuBr/PMDETA. The polymers were obtained with narrow MWD (1.23-1.29) and initiator
efficiency was in the range 0.80 to 1.05.

Bismethylol-terminated poly(methyl methacrylate) and poly(lauryl methacrylate) were
synthesized using 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate as the
initiator. The MWD of bismethylol-terminated PMMA was narrow (M,/M, - 1.18-1.24) and
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nge 0.41 to 0.88. The MWD of bismethylol-terminated of

PLMA was narrow (My/M, - 1.12-1.19) and initiator efficiency was in the range 0.35 to 1.03.

Lactone-terminated polystyrene was synthesized by ATRP using 4-(2-(7-oxooxepan-
3-yl) propan-2-yl) cyclohexyl 2-bromo-2-methyl propanoate as ATRP initiator with narrow
MWD (Mu/M, - 1.07 and 1.15) and initiator efficiency was in the range 0.80 and 0.84.

Cyclic carbonate-terminated PMMA was successfully synthesized by ATRP using 2-
ox0-1,3-dioxolan-4-yl) methyl 2-bromo-2-methylpropanoate as initiator in the presence of
CuCI/PMDETA as a catalyst. Cyclic carbonate-terminated PMMA were obtained with narrow
MWD (My/M, — 1.16-1.24) and initiator efficiency was in the range 0.72 to 0.99. The
reactivity of cyclic carbonate-terminated PMMA towards amine was evaluated by a model
reaction using n-propyl amine and the results showed quantitative conversion to hydroxy
urethane group.

Thus, ATRP initiators synthesized in the present work were found to be useful for
synthesis of low molecular weight polystyrene and poly(alkyl methacrylate)s possessing
functional end groups.

Well-defined diblock (PEO-b-PLMA) copolymers were synthesized using
monofunctional PEO macroinitiators by ATRP using halide exchange technique. Diblock
copolymers (PEO-b-PLMA) were synthesized with various M, of PEO (350, 700, 2000 and
5000) and PLMA. PLMA-H-PEO-b-PLMA triblock copolymer was synthesized using
difunctional PEO macroinitiator (M,"™* = 12650) using CUCI/PMDETA as catalyst.

PS-b-PCL was synthesized by ring opening polymerization of e-caprolactone using
hydroxyl-terminated polystyrene as macroinitiator in the presence of stannous octanoate as
catalyst. Good agreement between the experimental (M,"“R
(M,™ were obtained and the MWD were in the range 1.26 to 1.44.

) and theoretical molecular weight

A novel mikto arm star cpolymer PMMA-b-(PCL), was synthesized by ring opening
polymerization of g-caprolactone using dihydroxyl-terminated PMMA as macroinitiator in
presence of stannous octanoate as catalyst. The formation of mikto arm star copolymer by
successful ring opening polymerization was revealed from GPC and *H-NMR spectroscopy.
However, control over molecular weight was poor and MWD obtained was relatively high
(Mw/M; = 1.39 to 1.49).
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O copolymer was synthesized via grafting through approach

by conventional free radical copolymerization of PEO macromonomer and lauryl
methacrylate using AIBN as the initiator. Incorporation of PEO macromonomer in the
resulting copolymer was low.

Polycaprolactone containing ATRP initiating sites was synthesized by ring opening
copolymerization of e-caprolactone and 4-[2-(7-Oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-
bromo-2-methyl propanoate using stannous octanoate as catalyst. PCL macroinitiator was
successfully utilized for the synthesis of PCL-g-PMMA in presence of CuCIl/CuBr complex
with PMDETA as catalyst. The graft copolymers exhibited MWD in the range 1.36 to 1.71.

Two new polyurethane macroinitiators were synthesized by reaction of commercially
available diol namely, ethylene glycol or poly(propylene glycol) (PPG) and a newly
synthesized diol namely, 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate with
diisocyanates. PUM, macroinitiator was successfully demonstrated as ATRP macroinitiator in
synthesis of PU-g-PLMA copolymer.

The efficacy of PEO-b-PLMA, PLMA-g-PEO and dihydroxyl-terminated PLMA as
steric stabilizers in preparation of PU microsphere was examined in the dispersion
polymerization of 2-ethyl-1,3-hexane diol and 2,4-toluene diisocyanate. Diblock copolymer
(PEO-bh-PLMA) with anchor moiety (PEO — 350 and 700) did not produce PU microspheres.
On the other hand, PEO-bh-PLMA with anchor moiety (PEO — 2000 and 5000) produced PU
microspheres in sizes ranging from 1 to 20 micrometers. The balance between PEO and
PLMA segments was crucial for the formation of PU microspheres.

Graft copolymers (PLMA-g-PEQO) with anchor moiety (PEO - 1100) were successfully
utilized to produce spherical and smaller PU microspheres at 10 wt % and 15 wt % ( based on
total weight of monomers) stabilizer concentration. Graft copolymers having anchor moiety
(PEO - 2000 and 5000) were found to be effective steric stabilizers even at lower stabilizer
concentration (1 wt %). Graft copolymer stabilizer with PEO of Mn — 2000, produced PU
microspheres with narrow particle size distribution ranging from 0.31 to 1.44 micrometers.

Dihydroxyl-terminated PLMA and bismethylol-terminated PLMA were employed as
reactive steric stabilizers in dispersion polymerization and were found to be good reactive

stabilizers for preparation of PU microspheres.
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ftionalized ATRP initiators were designed and synthesized.

These initiators were demonstrated to be useful in the synthesis of functionalized polystyrene
and poly(alkyl methacrylate)s. Diblock, triblock and graft copolymers were synthesized
utilizing  ATRP or combination of ATRP and ROP. Dihydroxy-terminated PLMA,
bismethylol-terminated PLMA, PEO-b-PLMA and PLMA-g-PEO were demonstrated as
useful steric stabilizers in preparation of PU micrspheres.
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nd Literature Survey: Controlled Synthesis of End-

Functionalized Polymers and Copolymers (Block and Graft)

1.1 Introduction

It is only in the last few decades of the past millennium that polymers have been
recognized as materials that can truly form unique and intelligent materials, applicable to
areas where metals and ceramics would not be usable. The reason behind this was the shift
from research for new exotic monomers or combination of monomers and new fashionable
initiators to research for gaining control over the microscopic structure of the polymer.
Due to this, efforts have been put forward to develop living/controlled polymerization
techniques by which control over chain-length distribution, monomer sequence
distribution (for copolymers), tacticity, functionality distribution, architectures and the
degree of branching for cross-linked materials can be gained. The development of
functional polymers with predetermined, well-defined structures allows manufacturers to
improve the properties of materials currently in the marketplace and create new markets
for materials whose manufacture and processing conditions uniquely meet the targeted
properties.

Until a little more than a decade ago, controlled/living radical polymerization
(CRP) would have been an oxymoron.' Full control over all aspects of radical
polymerization was deemed well-nigh impossible because radical termination reactions
occur at diffusion-controlled rates. However, there are now several procedures for
controlling radical polymerization, and companies are introducing products based on CRP
into numerous high-value markets.*

A number of CRP methods have been developed and the three most promising are:
stable free radical polymerization (SFRP), most commonly known as nitroxide mediated
polymerization (NMP)>® (Figure 1.1, Scheme 1); transition-metal-catalyzed atom transfer

radical polymerization (ATRP)"*°

(Figure 1.1, Scheme 2); and reversible addition
fragmentation chain transfer (RAFT) polymerization™ (Figure 1.1, Scheme 3). In order to
extend the lifetime of the propagating chains, each of these methods relies on establishing
a dynamic equilibrium between a low concentration of active propagating chains and a
predominant amount of dormant chains that are unable to propagate or terminate. In the

case of SFRP or ATRP, the equilibrium is pushed to the left-hand side (deactivated,

1 Introduction and Literature Survey


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Click Here to up

Unlimited Pages a

Your complimentary

- use period has ended.
Thank you for using

t CO m p I ete PDF Complete.

prmant species as a result of the persistent radical effect.™

In all radical polymerizations, radical termination occurs at a rate, Rt, which is dependent
on the concentration of radicals, [P*], where Rt = kt[P*]."*® Therefore, at the same
polymerization rate (the same [P*]), essentially the same number of chains terminate
regardless of being in conventional or CRP systems. However, in the conventional process
all chains are terminated, whereas in CRP, as a result of the greater number of growing
chains, the terminated chains constitute a small fraction of all the chains (~1-10%). The
remaining chains are dormant species, capable of reactivation, functionalization, and chain
extension to form block copolymers, etc. Thus, CRP behaves as a ‘living’ system.'**
Additionally, relatively fast initiation, at least as fast as propagation, gives control over
molecular weight (the degree of polymerization is defined by the ratio of concentrations of
the consumed monomer to the introduced initiator, DPn = A[M]/[I]o) and a narrow

molecular weight distribution.

1. SFRP or NMP Kact
. . — = m + T
Thermal dissociation of PRl K Pn “ T
deact B
dormant species (Kact) provides Kp %
“b
a low concentration of radicals aRmer Kt
2. ATRP K
.. . . n al:t'- 3 n+1
Transition metal activation B X+ Mt L - Pn + X-Mt" " IL
. deact s
(Kac) of a dormant species @ . Kt
with a radically transferable Monmer ~a
atom
3.  Degenerative Kact
transfer or RAFT En X T\ EO-%% Pm
L . Fog deact Kt £
Majority of chains are dormant Kp ~ Kt >\ Kp
Monmer R VJ Monmer

species that participate in
transfer reactions (Kexen) With a
low concentration of active
radicals

Figure 1.1: The three main CRP methods
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synthesis of end-functionalized polymers, block and graft

copolymers by atom transfer radical polymerization (ATRP) and combination of ATRP
and ring opening polymerization (ROP), this review will deal with the brief survey of
functionalized ATRP initiators and end-functionalized polymers synthesized via ATRP.
Literature on synthesis of block copolymers specifically synthesized by ATRP or

combination of ATRP and ROP is also presented.

1.2 Atom Transfer Radical Polymerization

Matyjazewski et al® and Sawamoto et al’ introduced ATRP in 1995
simultaneously. The principle is based on the Kharasch reaction, the Atom Transfer
Radical Addition (ATRA), which is widely used by organic chemists for carbon-carbon
bond formation (Scheme 1.1)."

The control in an ATRP system is induced by the presence of an organic halide
initiator and a transition metal complex. The reversible exchange of the halogen atom
between the growing polymer chain and the transition metal complex (in its higher

oxidation state) ensures the control over the polymerization (Scheme 1.2).

Overall reaction

Scheme 1.1: Atom transfer radical addition chain reaction
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Scheme 1.2: Mechanism of ATRP

ATRP has been demonstrated as a tool for synthesis of various polymers,
which are useful in different fields. Apart from the academic interest in applications,
ATRP has gained interest by commercial corporations to drive focused application
research. Target applications, based on an analysis of patent applications, include the
components of coatings, adhesives, nonionic surfactants, dispersants, polar thermoplastic
elastomers, bulk performance materials, membranes, personal care products, detergents,
double hydrophilic block copolymers for crystal engineering and drug delivery systems,
gels and hydrogels, lubricants and additives, surface modifiers, hybrids with natural and
inorganic polymers, various bio- and electronic materials, etc.

Ciba Specialty Chemicals, Degussa, PPG, and Kaneka have all been members of
the ATRP and CRP Consortia at CMU* which provide access to CMU intellectual
property. The companies discussed the status of their research on CRP based preparation
of products at the 227" ACS National Meeting in 2004.%*? Ciba has focused on the
preparation of amphiphilic graft copolymers by copolymerization of macromonomers with
other monomers using both ATRP and NMP to give well-defined comb-copolymers.® Its
first CRP based products are acrylic block copolymers, commercialized in 2004 through
EFKA, which offer superior rheological performance and improved stabilization of
pigment dispersions in coating applications.?* This effort received the Ciba Specialty
Chemicals R&D Award for 2004.

RohMax Oil Additives, a subsidiary of Degussa, discussed commercially feasible
and economically acceptable conditions for ATRP preparation of additives based on long
chain poly(alkyl methacrylates) that are suitable for use as components of lubricating oils.
PPG indicated that materials prepared by ATRP offer many benefits over those prepared
by other polymerization processes, including the ability to control the polymer molecular
weight and achieve a narrow molecular weight distribution.*® PPG also noted that another

substantial benefit of ATRP is the ability to manipulate the composition, functionality, and
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his permits the formation of complicated structures, such as

block, gradient, comb, and star copolymers, which are being evaluated as components of
various coating materials.

Kaneka announced that it currently has a large pilot unit producing commercial
samples and is constructing a full-scale plant to produce reactive telechelic materials using
ATRP. Products include a range of moisture-curable and addition-curable polyacrylates
directed at sealant and adhesive markets. The main advantages over current products are
high heat, oil, and ultraviolet resistance. One of the advantages that accrue from use of
environmentally stable materials is their nonstaining characteristics. The benefits are seen
in the lack of surface contamination on artificial marble attached to the exterior of
buildings by sealants prepared using ATRP. The noncontamination properties of similar
products also allow retention of the self-cleaning properties of TiO,-treated glass currently
being introduced by PPG for use in offices and residential buildings.*® The heat and oil
resistance of the materials prepared by ATRP also provide ideal materials for the
formation of liquid-based gaskets for use in various engines.

1.2.1 Components in ATRP
a) Catalysts

The most important component of ATRP is the catalyst. It is the key to ATRP since
it determines the position of the atom transfer equilibrium and the dynamics of the
exchange between the dormant and active species.>*3" There are several prerequisites for
an efficient transition metal catalyst.

1. Metal center must have at least two readily accessible oxidation states by one
electron
2. Metal center should have reasonable affinity towards halogen

Coordination sphere around the metal should be expandable on oxidation

4. Eventually, the position and dynamics of ATRP equilibrium should be
appropriate for the particular system. To differentiate ATRP from the
conventional redox-initiated polymerization and induce a controlled process,
the oxidized transition metal should rapidly deactivate the propagating polymer
chains to form the dormant species.

A variety of transition metal complexes with various ligands have been studied as

8,16 7,17,18

ATRP catalysts. Transition metals such as copper™, ruthenium molybdenum®®,

20-22

manganese, rhenium, iron’®?, cobalt, nickel?°, rhodium® and palladium have been
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control the polymerization. This is achieved using nitrogen-containing ligands, e.g.
(substituted) 2,2’-bipyridines®?? Schiff bases?”?® multidentate tertiary amines®, etc.

Copper catalysts are superior in ATRP in terms of versatility and cost.

b) Ligands
The main role of the ligand in ATRP is to solubilize the transition metal salt in the
organic media and to adjust the redox potential and halogenophilicity of the metal center
forming a complex with an appropriate reactivity and dynamics for the atom transfer. 343
The ligands should complex strongly with the transition metal. It should also allow
expansion of the coordination sphere and should allow selective atom transfer without
promoting other reactions.
Nitrogen containing ligands are most extensively used and work well. Figure 1.2

shows nitrogen-containing ligands (L1 to 12) used in copper-mediated ATRP.

R R O - r!l
oo S )

_ _ ] n=12,3
R=H, 5-nonyl, n-heptyl, etc  _ _ n-propyl, n-butyl

L1 L2 L3
\N[—\N/ (|38H17
N
Cy @QN@ Qo
L4 L5 L6
CF; F3C R
F3C CF;3
C F3;C
S Y@j\ﬁ
CF3  FsC N
F3C CF;3 ,N N
CF;  FsC CgHy7 CgHi7
Or—O
N
L7 L8 L9
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Figure 1.2: Selected nitrogen containing ligands used in ATRP

¢) Monomers
A variety of monomers have been successfully polymerized using ATRP such as
styrenes, acrylates, methacrylates, acrylamides, methacrylamides, acrylonitrile, vinyl
acetate, etc.”*3"%
MMA is one of the most studied monomer by ATRP using catalytic systems based
on copper, ruthenium, nickel, iron, palladium and rhodium. Other methacrylate esters that
have been successfully polymerized include 2-(dimethylamino)ethyl methacrylate
(DMAEMA), 2-hydroxy ethyl methacrylate (HEMA), glycidyl methacrylate, silyl
protected HEMA, methacrylic acid in its alkyl protected form or as its sodium sal,
methacrylates with a long oligo(ethylene oxide) substituent and fluorinated methacrylic

esters.

d) Initiators

Initiator plays important role in ATRP. Initiator forms an initiating radical species
via homolytic cleavage of C-halogen labile bond with the help of metal catalysts. Initiator
is chosen such that it should initiate fast in comparison with propagation, quantitative
initiation and the probability of side reaction should be minimum,3#3%

Most of the successful initiators employed in ATRP are organic halides with a
potentially active carbon-halogen bond, which can easily generate a radical species
through electronic and steric effects of their substituents. An organic halide, the structure
of which is similar to that of the dormant chain end of the polymer, is preferentially used
so that the activity of the carbon-halogen bond in the initiator is similar to that of the
dormant polymer terminal. The general order of bond strength in the alkyl halides is R-ClI
> R-Br > R-I. Thus, alkyl chlorides should be the least efficient initiators and alkyl iodides
the most efficient. However, the use of alkyl iodides requires special precautions. They are
light sensitive, can form metal iodide complexes with an unusual reactivity (e.g., Culz is

thermodynamically unstable and cannot be isolated), the R-I bond may possibly be
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ere are potential complications of the ATRP process by

degenerative transfer. The alkyl chlorides and bromides have been widely employed
initiators in the ATRP. Haloalkanes, allyl halides, (haloalkyl) benzenes, haloketones,
haloesters, haloamides, halonitriles, sulfonyl halides, etc. are utilized in ATRP.

i) Initiator efficiency

In general, the same halogen is used in the initiator and the metal salt (e.g.,
RBr/CuBr), however, the halogen exchange can sometimes be used to obtain better
polymerization control.*" In a mixed halide initiating system, R-Br/Mt-Cl, the polymer
chains are terminated by chlorine due to the stronger alkyl-chloride bond. Thus, the rate of
initiation is increased relative to propagation e.g. ethyl 2-bromoisobutyrate/CuCl leads to a
better controlled polymerization of MMA in comparison to using ethyl 2-
bromoisobutyrate/CuBr.

In spite of choosing good initiating system based on the requirements, there are
several reports where the initiator efficiencies were lower than 100 %. The initiator
efficiency is especially important for the formation of block copolymers, functionalized
polymers and telechelic polymers.®’

The lowering of initiator efficiency for a particular initiating system is caused due
to the factors like the functionality of initiator, concentration of initiator in reaction and
temperature of the reaction. For example, Lu et al’’ showed that 5-chloromethyl-2-
hydroxy-benzaldehyde (Figure 1.3, a) as initiator in ATRP of styrene in presence of
CuCI/PMDETA as catalyst resulted with initiator efficiency in the range 0.08 to 1.02.

With decreasing mole ratio of monomer to initiator, efficiencies of the initiator
reduced and the MWD of polystyrene expanded. The explanation provided was that at the
lower mole ratio there are active species at the early stage of polymerization, and thus
bimolecular termination becomes more significant. Due to the higher concentration of
initiator, the inhibition of phenol group led to the wide polydispersity index and low
efficiencies.”’

Hadleton et al*®
(Figure 1.3, b) initiator in ATRP of MMA wusing CuBr/ N-(n-pentyl)-2-
pyridylmethanimine as catalyst was lower ( 0.46) as the M, is increased.

reported that the initiator efficiency of unprotected uridine derived

Matyjazewski et al*® observed the lower initiator efficiency in ATRP of styrene

using alpha halocarboxylic acids (Figure 1.3, ¢) as initiator in presence of
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hich was attributed to intramolecular cyclization reaction

forming gamma-butyrolactone.
Liu et al®’ studied the ATRP of styrene in presence of CuBr/bipyridine as catalyst
using coumarin functonalized (Figure 1.3, d) initiator. The initiator efficiency was found

to decrease with increasing monomer to initiator ratio and temperature.

cl NH. o) CH,3
N N Br
HO o 10O HO o]
e Br% NKOJN " 0o oL _ci
(o]

OH OH

a) b) ¢) d)
Figure 1.3: Structures of a) 5-chloromethyl-2-hydroxy-benzaldehyde b)
unprotected uridine derived initiator c) alpha halocarboxylic acid and d)

coumarin functonalized initiator

e) Solvents
ATRP can be carried out either in bulk, in solution, or in a heterogeneous system
(emulsion, suspension, dispersion). Many solvents were utilized to carry out ATRP such
as, toluene, benzene, anisole, diphenyl ether, ethyl acetate, acetone, N,N-dimethyl
formamide, ethylene carbonate, alcohols, water, supercritical carbon dioxide, etc.>>*
Several factors affect solvent choice. Chain transfer to solvent should be minimal.
In addition, potential interactions between solvent and the catalytic system should be
considered. Catalyst poisoning by the solvent such as carboxylic acid and solvent assisted
side reactions, such as elimination of HX from polystyryl halide, which is more
pronounced in a polar solvent, should be minimized. The possibility that the structure of

the catalyst may change in different solvents should also be considered.

f)  Additives

Occasionally, polymerizations are slow in most cases due to low concentration of the
radical species, as required by the general principle. Use of additive is unique solution for
this problem. Some additives are needed for acceleration and/ or better control of the
polymerizations. Additives most probably can effectively reduce the metal species in

higher oxidation states or form more efficient catalysts via coordination.?
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it metals such as Cu(0) and Fe(0) can effectively reduce

CuBr; and FeBrs; into active CuBr and FeBry, respectively, to dramatically increase the
polymerization rate.** This allows the controlled radical polymerization even in the
presence of oxygen or without purification of the monomer, where Cu(0) and Fe(0) can
reduce the generated Cu(ll) and Fe- (Ill) species into active Cu(l) and Fe(ll),
respectively.*!

Phenols usually serve as radical inhibitors in conventional radical polymerization
but can enhance the polymerizations of MMA.* Similar effects were observed for 4-
methoxyphenol, phenol, and 2,6-di-terz-butylphenol.****

There are several examples in the literature where additives were utilized in ATRP
to enhance the reaction rate or for better control over molecular weight and molecular

weight distribution.

1.3 End-functionalized polymers

End-functionalized polymers are important class of polymers due to their potential
applications as building blocks for block copolymers, surfactants, macromonomers.3%#48
A polymer can be considered to be telechelic if it contains end groups that react selectively
to give a bond with another molecule.”” Telechelic polymers are of great interest due to
their ability to be used as cross-linkers, chain extenders, and precursors for block and graft
copolymers. Moreover, star and dendritic polymers are obtained by coupling reactions of

monofunctional and multifunctional telechelics with appropriate reagents.

1.3.1 Synthesis of end-functionalized polymers by CRP
1.3.1.1 End-functionalized polymers by NMP

NMP was reported as a successful method to obtain end-functional polymers. The
utilization of functional alkoxyamine during polymerization generally gives functional
polymers. For example, the use of TEMPO with a hydroxyl-functional initiator (Scheme

1.3) gives hydroxyl-terminated polymers.*®

O-N
H o-N __NMP__ _  HO R )y;>
Styrene @ @

Scheme 1.3: Synthesis of hydroxyl-terminated polystyrene using NMP
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lymers by RAFT polymerization

RAFT polymerization is an extremely versatile process and has been utilized in
preparation of narrow MWD polymers or copolymers from most monomers amenable to
radical polymerization already discussed above. There is compatibility with a wide range
of functionality in monomers, solvents and initiators. Due to its compatibility with
functional groups, it is also known for the synthesis of end-functionalized polymers via
functional RAFT agent. In RAFT polymerization, an easy way to synthesize end-
functionalized polymers is the polymerization in the presence of functionalized RAFT
agents. Figure 1.4 shows selected functionalized RAFT agents utilized in preparation of
end-functional polymers through RAFT polymerization.>*>?

There are certain reported difficulties with RAFT polymerization such as
retardation and poor control which is frequently attributable to inappropriate choice of
RAFT agent for the monomers and reaction conditions. RAFT agents that perform well

under a given set of circumstances are not necessarily optimal for all circumstances.

s CH; S R
R-s—-s—{-cooH 2-5—1-5—1-COOCH,CH,0H ® S‘KOH
CHs R’
R =R:;N, RO
R1 R2 R3

: : N
C12H25_SJLS>(COOH S SMLO\JNa S SMLO @

R4 RS Ré6

Figure 1.4: Selected functionalized RAFT agents*®>

1.3.1.3 End-functionalized polymers by ATRP

As in other living polymerizations, ATRP process can be effectively employed for
the synthesis of end-functionalized polymers. Compared to NMP and RAFT
polymerization, ATRP is known to be the most promising polymerization technique for
synthesis of end-functionalized polymers on the basis of the present vast amount of

literature. To this end, there are two general methods in ATRP, i.e., functional initiator
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it method. In the former, polymerization is initiated with a

functionalized organic halide initiator coupled with a metal catalyst to form polymers with
an R-end (head) functionality.>® In the latter, end-functionalization is achieved through
transformation of a stable carbon-halogen terminal bond. Examples of these approaches

will be discussed below.

1.3.1.3.1 End-functionalized polymers via functional ATRP initiators

Taking advantage of the tolerance of ATRP for functional groups, a variety of
functionalized initiators have been designed. A general way is to attach a functional group
to a halogen compound such as haloester, (haloalkyl)benzene, haloalkane, or sulfonyl
halide.>* Most of the functional groups therein are insulated from the initiation moiety via
a spacer to avoid possible side reactions.

Table 1.1 gives list of functionalized ATRP initiators employed for the synthesis

of end-functionalized polymers.

Table 1.1: Functionalized ATRP initiators

S. No. Functionalized initiator Monomers
1 (0]
HO\/\OJ\(Br MMA, styrene™

2 HO
L<C:>>_\ Stryene®®
Cl
3 Cl
HO Styrene®’

CHO
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initiators..... continued.
S. No. Functionalized initiator Monomers
4 0]
O\/\ Br
OJ\( Styrene®®
HO
(0]
5 Br
Styrene™
HOOC
6 o 8] (o)
Br >L
HOJ\ﬁ o Br
Bi HO
o} Styrene®
Hooc©—( HO)KK\
Br Br
7 o) o
e
Al styrene®
'
8 = 4] !/D\R\Br
/‘\m\/\hq Q MMA,
>r / styrene®
) 0 g
\f/\
9 (0]
Br
oK
MMA®2
H
o
10 (0]
OHC@OJJ—QH—Br Styrene®6*
CHj
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0 one(Oy-o L)
2= Styrene®3®*

11 g
° 65
CH,Br Styrene
o

12

(o]
Br
(o]

fj@\ 0 Styrene®
(oo o ci

0]
14 /\O—U—@CHZCI Styrene®*

15 CgF17C3HgO

: o)
CgF17C3HgO @ s
yrene,
C8F17C3H60 Br -
@0 MMA
CgF17C3Hs0O
16 CgF17C3HgO
(o]
CgF17C3HgO @_\ o Styrene,
68
C o7 o e MMA
CgF7,C3HgO

17 o Q
69

H,C
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18 AN 2 Br
OJH/ MMA, styrene™

19 0 Styrene, MMA, t-
| BMA
o
Q CH
Wmmwﬂ_é_& MMA"
Ly,
20 P P .
Br})(o/;/\o%( t-BA
Br

21 2-(Dimethylamino)
Br ethyl methacrylate
(DMAEMA)™
2 o s MMA, stryene™
D~ 0)‘\( r , stryene
23 {-D

ND Stryene’®
Br

o
0\/\0J7(
25 éi;\/o ECIcu
g
O O

24
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26 P 5
o
HyN
27 CH3
@c —CH,— B@NHZ Styreneso
28
Styrene®!
H2N—
29
H
CH,—J‘—CH —C—Br
@ @ Styrene®
N{CH);
30 o
@mkﬁm Styrene®
31 {
B, o
@«Nﬂﬁr Styrene®
e]
[0} o)
32 /[( >_‘Br
(j\{N/\O Styrene®
0
33 o o
=2 84
O:?N%O%Br Styrene
0
34 o
BOC—NH\/\NH&Br MMAS
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initiators

continued.

35 H 0
Boc/N\o’}((o\/gon/ - HEMA and
4
. PEGMA?®
36 H /ﬁ({o\/g 0 . HEMA and
Boc” O 0
o I A J\f PEGMA®®
37 (o}
Boc—NH/\/\O)§<Br Styrene®
38 P 5
o A
O,N
39 0
0, NA@S\/\O)‘\ﬁBr M MA88
NO,
40 @
o Br MMA®
>_/
of
41 )
42 (o)
N3/\/O\/\o)§<8r 2-(Dimethylamino)
ethyl methacrylate
(DMAEMA)*
43
Br ~ 92
T n-BMA
\—/
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44 Br
@cmsr Styrene®
Br
45 . B
94
s Stryene
J
SiMe;
46 /\/0\"><
~NON Br MMA®
) (o)
PFg
47 NH; .
élf" MMA
N H"J
Ur
H DH
o ] 97
MEG\H/’\M%/EF t-BA, styrene
H
o
49 OCH3;
O _N_oO
@ @ Styrene®™
NH\L
(o)
ch A
(o)
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50
Styrene, MMA,
BrHO MA, BMA, ODA
o]
51 S
/ S
(phen)Ni
N&/o MMA®
0._0
PN
CH,
52 6 H,0—C—CH-B 101
O O I Styrene
-
53
Styrene™®
CHy

1.3.1.3.2 End-functionalized polymers via halide displacement

This is another important method for the synthesis of end-functionalized polymers
by ATRP.® Polymers obtained by ATRP contain a halogen atom as end group, if
termination and transfer reactions are essentially absent. The halogen atom can be replaced
through a variety of reactions leading to end functional polymers. A common method of

dehalogenation of organic compound is reaction of polymer synthesized by ATRP with
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substitutions are often desirable for high-temperature

applications where some evidence for halogen loss has been described.’*>'% By replacing
tributyltin hydride with allyl tri-n-butylstannane, polymers with allyl end groups were
produced.*®*

The terminal halogen can also be displaced by other methods such as nucleophilic
substitution, cyclo-addition, free-radical chemistry, or electrophilic addition catalyzed by
Lewis acids. Scheme 1.4 illustrates the reactions used to replace halogen with azide
leading to, in turn, amine groups.

The nucleophilic substitution reaction with trimethylsilyl azide yielded the azide
terminal polymer. This was followed by a primary amino-functionalized chain end. This
method of transformation was later expanded to include the transformation of halo-
terminated acrylates to azide- and amine-terminal polymers.’®® The nucleophilic
displacement can be carried out also with NaN3z in DMF solution also.

The azide-terminated polymers can undergo cycloaddition reaction with azide end
group of polymer with Cg to result into Ceo-terminated polymers.108b

Allyl and epoxide-terminated polymers are prepared using radical addition
reactions. Addition of 1,2-epoxy-5-hexene at the end of reaction of ATRP, results into
epoxy-terminated polymers and addition of allyl alcohol results into hydroxyl-terminated
polymers.'%’

Hydroxyl-terminated polymer was resulted from nucleophilic substitution reaction
between bromine-terminated polymer and amino ethanol. %084

PBM
JBr

H N Cgo
PECPVY
BusSnH
in Situt p["'B"' ha
SnBu;
F
e NaiNs, DM _ N=ppn,
- SIMey TIC, \\\ )
iAIH, O, THF
O-SiM H.N 4 2
~ ;/ o \ /
R o~ -OH .
i P " 0H
ey R Br
e OH

Scheme 1.4: End-functionalized polymers synthesized by displacement of terminal
halogen atom using electrophilic substitution, nucleophilic substitution, cyclo

addition and radical addition reactions >
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Block copolymers represent a valuable class of polymeric materials with a wide
range of applications. The properties of block copolymers can be tailored through
combination of monomers that form the blocks, and the length of polymeric sequences.'®"
112 polymeric blocks are covalently bonded and in most cases are thermodynamically
incompatible giving rise to microphase separation. The microphase separated structure
formed depends on the copolymer architecture and composition.

In the solid and rubbery states they are used as thermoplastic elastomers with
applications such as impact modification, compatibilization and pressure sensitive
adhesives. In solution, their solution properties are exploited in foams, oil additives,
solubilizers, thickners and dispersion agents.'%%**

Linear block copolymers comprise of two or more polymer chains in sequence,
whereas a starblock copolymers comprise more than two linear block copolymers attached
at a common branch point. Figure 1.5 shows selected architecture of block copolymers.

There are several specialized books appeared on synthesis, characterization, physical
properties, thin film-morphology and nanoscience and technology applications of block
copolymers. Goodman'**** edited books in 1980s and 1990s in two volumes,
“Developments in Block Copolymers” and Hamley™™ edited book entitled “The Physics of
Block Copolymers” dealing with block copolymers. A review by Riess et al,**® discusses

about block copolymers, their properties and applications.'*’
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Figure 1.5: Selected architectures of block copolymers

1.4.1 Synthesis of block copolymers
The most widely used techniques for synthesis of block copolymers are anionic

polymerization, cationic polymerization and controlled radical polymerization

methOdS 111,118a

The older technique of anionic polymerization is still used widely in the industrial

118b

manufacture of block copolymers. Since its discovery by Szwarc in 1956 a large

variety of block copolymers were prepared from styrene, dienes, methacrylates, oxiranes,
thiiranes, lactones, cyclic siloxanes, etc.'® 8¢
Cationic polymerization is also finding an extensive application in the preparation

of block copolymers. Dreyfuss and Dreyfuss'!®

reported the first example of block
copolymer based on styrene derivative and 3,3-bis-chloromethyl oxetane, after that a large
variety of block copolymers were reported based on styrene derivative, isobutene, vinyl
ethers, etc, 181180

A summary of block copolymer synthesis techniques has been provided by
Hadjichristidis et al."** Undoubtedly, the main advance in block copolymer synthesis in the
last two decades has been the development of techniques of living radical polymerization.

The principle of controlled radical polymerization methods is already discussed in earlier
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ization methods, ATRP has been used most extensively to

synthesize block copolymers. The ATRP method, and its application to the synthesis of
block copolymers, has been reviewed by several authors.****217 ATRP has been used
to prepare AB diblock, ABA triblock''® and most recently ABC triblock copolymers,'?°
The technique has been used to create block copolymers based on polystyrene and various

2,34,

polyacrylates. However, it is possible to synthesize a macroinitiator by other

polymerization (anionic, cationic, etc.), and use it in the ATRP of vinyl monomers.

1.4.1.1 Amphiphilic PEO-based block copolymers

Among the block copolymers synthesized by ATRP, PEO-based hydrophilic
segment with other types of hydrophobic segments have attracted considerable interest due
to the remarkable properties of PEO segment. The properties of PEO include solubility in
water and various polar and non-polar organic solvents, the ability to complex metal
cations and non-ionic nature.’?*?* These copolymers have attracted special attention in
fundamental and applied research due to their unique solution and associative properties.
On the basis of their amphiphilic nature, PEO-based block copolymers have found

numerous applications as surfactants,'****

phase-transfer catalysts, solid polymer
elctrolyte, etc. Their surfactive and self-associative characteristics lead to micellization in
block selective solvent. Micellization is a well known property of these block copolymers.
In block selective solvent, these polymers can reversibly assemble into micelles or
aggregates. The covalent bond between the blocks prevents macrophase separation.***>
125126 However, in comparison with micellization of low-molar mass surfactants, these
block copolymers have reduced mobility, slower diffusion rates, narrower solubility
windows and much lower critical micelle concentration (CMC). The micellization of
block copolymers can lead to more than 30 different morphologies, such as spheres,
hexagons, rods, lamellaes, vesicles, etc.?” The morphology is controlled by structural
factors such as polarity of each block, relative length of block and overall molar mass of

the copolymer.

a) Linear PEQO-based block copolymers
Block copolymers are considered to be a combination of two or more
macromolecules joined covalently at its one or both ends in a linear arrangement e.g. a

diblock copolymer AB composed of two different homopolymers linked end to end. An
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to ABA or BAB triblocks and to (AB), linear multiblocks,

whereas ABC copolymers are obtained by the incorporation of a polymer segment having
a third composition.***

Generally, block copolymers can be synthesized in a traditional sequential fashion
by the polymerization of one monomer, followed by a second monomer. This is also true
for controlled radical polymerization, which permits the synthesis of a wide variety of
block copolymers. Most of the block copolymers consist of methacrylate and / or acrylates
and / or styrene and can be synthesized both via sequential controlled radical
polymerizations or via controlled radical polymerization using macroinitiators.*2*33

Kops et al** reported synthesis of PS-b-PEO-b-PS triblock copolymer by ATRP
using PEO macroinitiator obtained by functionalizing HO-PEO-OH with 2-
bromopropionyl or 2- chloropropionyl ester end group. The polymerization proceeded in a
living manner to yield well-defined block copolymers, which are difficult to synthesize by
the sequential anionic polymerization technique. The difficulties involved in synthesis
block copolymer of PEO and alkyl methacrylate via anionic polymerizations are side
reactions, low solubility of PEO in THF below 20°C and at elevated temperatures transfer
and termination reactions cannot be prevented.*®*¥"® Thus, esterification of a hydroxyl
group of preformed polymeric segments with halogenated acyl halide proved to be an
excellent method for producing macroinitiators suitable for ATRP. With this approach, a
number of block copolymers were synthesized from PEO macroinitiator. For example,

Hocker and coworkers'®™

synthesized poly(ethylene oxide)-b-poly(hydroxyethyl
methacrylate) (PEO-b-PHEMA) and PEO-b-PS block copolymers. Figure 1.6 shows
selected block copolymers containing PEO in combination with vinyl based monomers

(BC-1 to BC-31).
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b) Non linear PEO-based copolymers

Distinct from linear block copolymers, such as AB diblock, ABA triblocks, etc.,
nonlinear block copolymer, such as star block copolymers, miktoarm star copolymers, etc.
are formed by linking of a block copolymer chains by one of their ends to a
multifunctional moiety."** Even more complex architectures have been reported, such as
cyclic, heteroarm, “‘palm tree’’, H-shaped, dumb-bell structures, etc.**” Nonlinear block
copolymers have attracted a great deal of attention due to their potential applications as
thermoplastic elastomers, tough plastics, compatibilizing agents for polymer blends,
polymer micelles, etc., Their segregation of incompatible blocks on molecular scale (5 -
100 nm) can produce amazingly complex nanostructures. Compared to linear block
copolymers, subtle variation in the composition or architecture of nonlinear block
copolymers can lead to pronounced changes in morphology, as well as material properties,
which is one of the driving forces for the synthesis of new nonlinear block copolymers.
Also, the micellization behavior of such sophisticated structures has recently come under
examination.'®*

In the literature these copolymers were synthesized by combining ATRP and other
techniques like click chemistry in some of the examples. Figure 1.7 shows selected
structure of nonlinear block copolymers containing PEO as hydrophilic block with
references (BC-1 to BC-10).
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1.4.2 Synthesis of block copolymers based on PCL and other vinyl monomers

Since the number of monomers, and thus the resulting polymer structures are
limited by any of the specific living polymerization techniques, appropriate combination
of different polymerization mechanisms can lead to a variety of new and useful polymeric
materials."**"**> Therefore, combinations of controlled radical polymerizations with other
polymerizations such as ROP applied to synthesize block copolymers have been
developed '*! (Figure 1.8 and 1.9). In most of the cases, polymers with active sites, such
as carbon-halogen or nitroxide or dithioesters terminal groups, are synthesized by other
living polymerizations and the product is further used to initiate the controlled radical
polymerization.!”®*"* The combination of controlled radical polymerizations with other
living polymerizations can be realized by mechanism transformation. The transformation
of an active chain end into another type of initiating site has been extensively used in the
synthesis of block copolymers.'” Recent advances in the synthesis of linear diblock,
triblock and star copolymers via combination of controlled radical polymerizations with

ROP are described herein.

1.4.2.1 PCL-based linear block copolymers

Synthesis of block copolymers using ROP of ¢-CL with other living radical
polymerizations has been described. Recently, the concept of using a single initiator
(bifunctional, dual or double headed initiator) in order to perform two mechanically
distinct polymerization, without the need of intermediate transformation or activation steps
has been introduced.***"**" The potential of this synthetic approach is to produce block
copolymers consisting of monomers that are polymerized by different polymerization

mechanisms in a simple and efficient way.
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ROP, CRP techniques like NMP and RAFT are also utilized

for synthesis of these copolymers. Click chemistry also serves its important role in
synthesis of these types of copolymers. Figure 1.8 shows selected structures of linear
block copolymers consisting of PCL as one of the segment and other segment made from
vinyl monomer (BC-1 to BC-10).

Figure 1.8: Selected structures of PCL based linear block copolymers
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'mers along with vinyl monomers

Star-block copolymers are actually star-shaped macromolecules where each arm is
a block copolymer. The number of branches can be from a few to several tens. The
topological difference of this kind of macromolecules with respect to linear block
copolymers is focused on the existence of a central branching point, which, by itself,
brings certain symmetry in the macromolecules and sometimes defines a certain amount of
intramolecular ordering. ™+

Miktoarm star copolymer is another example of interesting nonlinear block
copolymers. In the miktoarm star copolymer, arms of different chemical nature and/or
composition are linked to the same branch point.**"*34*8” These types of copolymers are
generally synthesized by anionic polymerization methods. Recently some examples are
reported using controlled radical polymerizations combining with other living
polymerization methods for the synthesis of mikto arm star copolymers.’*®*®1% The
number of different kind of arms can be varied as well as the total number of arms, giving
rise to a variety of miktoarm star like A,B, AsB, AsB (or generally A,B), A.B,, ABC or
even ABCD. Several approaches have been reported for the synthesis of miktoarm star
copolymers, with each one of them having specific advantages and disadvantages. Special

reviews or book chapters have appeared on miktoarm copolymers.*8>*

Figure 1.9 shows
selected structures of PCL based star copolymers (BC-1 to BC-12) reported in the
literature.

Figure 1.9: Selected structures of PCL based star copolymers
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A graft copolymer can be defined as a chemically linked set of homopolymers, for
example backbone of a parent polymer A is attached to (or grafted) with segments of B. A
representative structure of a graft copolymer is shown in Figure 1.10.% Graft copolymers
represent valuable polymeric materials, since a variety of molecular parameters can be
varied like backbone and branch polymer type, degree of polymerization of backbone and
branches, graft density and distribution of the grafts.**®?%

1
1
1
1
]

. v Backbone (A)

Branches (B)

Figure 1.10: Architecture of graft copolymer

Grafted chains generally possess molecular weights less than that of the main
chain. With the help of these parameters, various materials such as thermoplastic
elastomers and amphiphilic copolymers can be obtained. Using appropriate backbone and
branches of graft copolymer one can assume applications as hydrogels, stabilizers,
surfactants, surface-modifying agents, dispersants, emulsifiers and compatibilizers in
polymers blends.?’*?** Compatibilization represents a major area of application for graft
copolymers because the grafted chains can be used to solubilize a polymer blend system
containing two immiscible polymers.?%>?% Additionally, graft copolymers offer unique
solution, mechanical and morphological properties that make them ideal for utilization as
viscosity modifiers and thermoplastic elastomers. The unique molecular architecture of
graft copolymers leads to peculiar morphological properties. The chain lengths of the
grafted arms and backbone block dictate the morphology that arises in the polymer. The
changes in composition of graft copolymer alter the resulting polymer morphology. A
variety of morphologies is possible ranging from lamellar to cylindrical to spherical. 2’

Typical synthesis of the grafts occurs by polymerization initiated at some reactive
point along the backbone or by copolymerization of a macromonomer with other
comonomer. Polymerization from the polymer backbone is possible via anionic, cationic,

and radical techniques, but all require some functional unit capable of further reaction.?®
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plymers by combination of ATRP and other techniques

General methods for synthesis of graft copolymer are, 1) grafting onto 2) grafting
through, and 3) grafting from, 209111116
1.5.1.1 Grafting onto approach

Grafting onto approach requires the presence of complimentary functionalities on
the branches and the backbone (Figure 1.11). A coupling reaction is carried out between
the branches and backbone with desired proportion and under the appropriate experimental
conditions to obtain desired graft copolymer. Before grafting onto approach, using
controlled polymerization, molecular weight, molecular weight distribution and the
chemical composition of the backbone and branches can be controlled. Additionally, both
backbone and branches can be isolated before coupling reaction and characterized

separately, 209111116

Figure 1.11: Graft copolymer by grafting onto approach
1.5.1.2 Grafting through approach
Grafting through approach utilizes macromonomers and their homo- or co
polymerization with another monomer to produce graft copolymer (Figure 1.12).*° Here,
the obtained graft copolymer consists of branch of the copolymer and the backbone is
formed in-situ. The number of branches per backbone depends on ratio of the molar

concentration of macromonomer and comonomer and their reactivity ratio,2°%! 116

initiator + (comonomer) + /Lﬁym » /M
<
g
:

Figure 1.12: Graft copolymer by grafting through approach

1.5.1.3 Grafting from approach

In the grafting from approach, backbones containing reactive sites that are capable
of initiating a polymerization are synthesized and further polymerization of another
monomer gives graft copolymer. Figure 1.13 illustrates synthesis of graft copolymers by
grafting from approach. The number of branches can be controlled by the concentration of

active sites generated along the backbone, assuming that each one of them participates in
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polymerization techniques led to the preparation of several well-defined graft copolymers.
mlmmlwwmlmlm + monomer —— - mlwlwlmﬂmlw

X X X X X X

Figure 1.13: Graft copolymers by grafting from approach
Each method suffers from its own particular disadvantages, but steric hindrance of
the reactive center is common to all the graft copolymer routes, affecting the grafting
efficiency.
Matyjaszewski et al*’° demonstrated that the grafting of styrene and MMA using
polyisobutylene (PIB) backbone is better controlled by applying the halogen exchange
technique, as shown schematically in Figure 1.14.

With halogen exchange Without halogen exchange
teclmique (using CuCl) technique (Using CuBr)

T —— L . e i Bt e —

High conversion

Low conversion

Figure 1.14: Graft copolymers synthesized from functionalized PIB

By using CRP methods graft copolymers can be synthesized by one of three
approaches: “grafting from”, “grafting through”, and “grafting onto”. The first two
approaches have been extensively studied for synthesis of various kinds of graft
(co)polymers with different chemical compositions.

In “Grafting from” approach a backbone macroinitiator is used and further CRP
resulted in the preparation of well-defined graft copolymers. The controlled synthesis of

1

graft copolymers was described for styrene,® MMA?*? butyl acrylate, glycidyl

methacrylate,?** etc.
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approach was adapted for synthesis of numerous graft

copolymers by homopolymerization of macromonomers or copolymerization of a
macromonomer (MM) with a low molecular weight comonomer (e.g., polystyrene-MM/
N-vinylpyrrolidinone,?® PMMA macromonomer with nBA,*®® etc). Macromonomers with
hydrophilic poly(ethylene oxide) (PEO) segments have been used to prepare
biocompatible materials, which find applications in aqueous-based systems.?'421

In the present thesis, synthesis of graft copolymers was carried out using
combination of ATRP and other polymerization techniques. Hence, only the graft
copolymers obtained from ATRP and other polymerization techniques are cited (Figure

1.15, GP-1 to GP-39).

Figure 1.15: Selected structures of graft copolymers obtained through combination of

ATRP and other polymerization techniques
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Since its discovery in 1994, great progress has been made in various aspects of

ATRP. The main advantages of ATRP include versatility toward a variety of monomers,

feasibility in a wide range of reaction conditions and relatively easy access to the

materials. This permits many researchers to use the system for precision synthesis of

various polymers with controlled architectures.

The coming years will undoubtedly be devoted to not only further developments in

fundamental research but also to industrial applications of ATRP.
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Controlled synthesis of polymers with well-defined end groups and various
architectures continues to be a synthetic challenge in polymer chemistry. End-
functionalized polymers are of interest due to their utility as building blocks for synthesis
of block copolymers, graft copolymers, star-branched and networked structures. ** These
polymers have potential applications in areas such as surface modification, coatings,
adhesives, as well as compatibilization of polymer blends.>®

Copolymers such as block and graft are very promising materials for widespread
applications due to their self-assembly properties,” either in the solid state or in a selective
solvent of one block,® which provides a great variety of morphologies in the nanometer
size range.”™ The multifaceted role played by these materials make them useful as
compatibilizers, viscosity modifiers, dispersants to stabilize colloidal suspensions,

14-15

nanocarriers for the encapsulation and controlled release of drugs and templates for

mineralization and supports for catalysis.'®*® These polymers also find many applications

in areas such as thermoplastics,*?°

associative polymers containing a hydrophilic and a
hydrophobic segments, etc.'®*? One of the most important applications of block
copolymers at the industrial scale is their use as surfactants in pharmaceutical, oil,
agriculture, paper and detergent industries.?

A wide range of controlled polymerization techniques are available for synthesis
end-functionalized polymers.'®?2* During the past decade, ATRP has been developed as
one of the most successful controlled polymerization techniques to polymerize styrene or
substituted styrenes, (meth)acrylates and a variety of other monomers, yielding polymers
with predetermined molecular weight and narrow molecular weight distribution.???” There
are several advantages of ATRP over other controlled polymerization methods such
reversible-addition fragmentation termination (RAFT),?® nitroxide mediated (NMP), %3

31-%8 cationic® and group  transfer polymerization (GTP).* One of the most

anionic,
important advantages of ATRP is tolerance of functionality on monomer leading to
polymers with functionalities along the chains. By using functionalized initiators,
polymers with functionalities such as carboxyl,®*3® hydroxyl,*® nitro,** phenol,*
epoxide,*® etc., at one chain end and halide at the other chain end have been synthesized.

The halide end group of polymers obtained via ATRP can be transformed to other
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The overall goal of the present research was to design and synthesize
functionalized ATRP initiators, end-functionalized polymers and copolymers (block and
graft copolymers).

The following specific work was undertaken for the present thesis.

1. To design and synthesize new ATRP initiators containing various functional
groups such as hydroxyl, carboxyl, lactone, cyclic carbonate, nitro and
sulphonic acid.

2. To utilize functionalized ATRP initiators for the synthesis of end-
functionalized polymers viz., hydroxyl-terminated polystyrene, dihydroxyl-
terminated poly(lauryl methacrylate) (PLMA), bismethylol-terminated
poly(methyl methacrylate) (PMMA), bismethylol-terminated poly(lauryl
methacrylate) (PLMA), lactone-terminated polystyrene and cyclic carbonate-
terminated PMMA.

3. Utilization of synthesized end-functionalized polymers for the synthesis of
poly(styrene-block-poly(e-caprolactone))  (PS-b-PCL) and  poly(methyl
methacrylate)-block-[poly(e-caprolactone)], [PMMA-b-(PCL),] AB, type
mikto arm star copolymer starting from hydroxyl-terminated polystyrene and
bismethylol-terminated PMMA, respectively via ring opening polymerizations
of e-caprolactone.

4. Synthesis and characterization of poly(ethylene oxide)-block-poly(lauryl
methacrylate) (PEO-b-PLMA) utilizing macroinitiators derived from
commercially available monomethoxy poly(ethylene glycol)s of varying
molecular weight (M,- 350, 700, 2000 and 5000).

5. Synthesis and  characterization of poly(lauryl —methacrylate)-block-
poly(ethylene  oxide)-block-poly(lauryl  methacrylate) (PLMA-b-PEO-b-
PLMA) copolymer utilizing difunctional macroinitiator derived from
poly(ethylene glycol).

6. Synthesis and characterization of graft copolymers namely, poly(lauryl
methacrylate)-grafi-poly(ethylene oxide) (PLMA-g-PEO), poly(e-
caprolactone)-graft-poly(methyl methacrylate) (PCL-g-PMMA) and
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combination of polymerization techniques.
7. Utilization of PEO-b-PLMA, PLMA-g-PEO, dihydroxyl-terminated PLMA
and bismethylol-terminated PLMA as steric stabilizers in preparation of

polyurethane microspheres.
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i Characterization of Functionalized Initiators for

Atom Transfer Radical Polymerization

3.1 Introduction

Atom transfer radical polymerization (ATRP) has emerged as one of the most
powerful synthetic techniques in polymer science. Similar to well established living
polymerization methods such anionic, cationic, etc, ATRP allows synthesis of
(co)polymers with predetermined molecular weight, narrow molecular weight distribution
and desired composition.'? Moreover, with the help of functional ATRP initiators it is

possible to obtain polymers with well-defined end groups.®

The initiator is a very important component in ATRP due to its key role in
controlling the molecular weight as well as rate of initiation. The amount of initiator
determines molecular weight of the polymer and its efficiency determines the number of
chains initiated. In the initiation step, the transition metal complex abstracts halogen from
the organic halide (RX), creating a radical R" that adds to double bond of the monomer and
the sequence continues.* Structural adjustment of the alkyl part R and the leaving group X
in order to make the R-X bond more labile than the propagating polymer-X bond provides
a handle to fine-tune the rate of initiation in ATRP system. Also, incorporation of the alkyl
group R at one chain end and halogen at the other chain end provides a route to synthesize

end-functional polymers using initiators containing functional groups (Scheme 1).

A variety of initiators such as haloesters, haloalkyl benzenes, haloalkanes,
sulphonyl halides, etc. have been used successfully for ATRP.%? Benzyl substituted
halides are useful initiators for polymerization of styrene and styrene derivatives due to
their structural resemblance, while, haloesters are useful for acrylates, methacrylates as

well as for styrenes, 2

CuX/Ligand
Y—(|:—X ST > Y—C——CH,—CH7X
R | R
(o] fo) o
,o/>/\oJ\ \/\OJ\ >LOJ\ etc
X. Br cl

Scheme 3.1: Approach to synthesize end-functionalized polymers by ATRP
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functionalized initiators containing hydroxyl®, adenosine®, carboxyl’, amine®, allyl®,
thiophene'®, oxazoline™, pyrene™, bipyridine®®*** aldehyde® N,N-dimethylaniline®
norbornenyl*®, epoxy*’, anhydride, lactone®, etc., have been synthesized and used for
preparation of end functionalized polymers. Selected functionalized ATRP initiators

employed for synthesis of end-functionalized polymers are presented in Table 3.1.

Table 3.1: Selected functionalized ATRP initiators

13:;‘ Functionalized initiator Monomers polymerized
0
HO B
1 V\OJ\( ' MMA, styrene®
0
0 B
2 D> O)H/ ' MMA, stryene'’
0
B
3 \/\0)‘\( ' MMA, styrene®
)
o B
4 \/\O)H/ ' Styrene’
H
)
)
B
5 HO)* ' Styrene’
Br
6 Styrene’
HOOC
(\ (o]
7 NQ\@\ 0 Stryene®
OJH/Br
0
8 Oi;@vm Styrene®®
0
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(o) 18
10 Q MMA

11 Br7<‘(o o N MMAG

OH OH

fo) (o]
12 >Lgf:;©M o B MMA, styrene?®
Za
— /\N/\/O\H>LB'. 21

13 N@PF X MMA

6

o
14 02N@S\/\o)‘j<3' t-BA, MPEGMA*
NO,
(0]
15 ﬁbﬂoﬁao)ﬁ@’ Styrene, MMA, t-BMA™®

16 Styrene?®
17 MMA?S
18 MMA?S
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o]
Br
O,N
Br
20 CH,Br Styrene®*
Br
CHy  Ph ®
21 E_CHz_gr NHz Styrene®?
CH;
22 0 Styrene?
0o o_ci
O pBr
HO—@CHZ 27
23 CH3 Styrene
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functionalized ATRP initiators (Table 3.2).
Table 3.2: Functionalized ATRP initiators synthesized

1 | 4-(Hydroxymethyl)benzyl-2-bromo-2- HO
: o

methylpropanoate (HMBMP) T Br

2 4-(2-Bromo-2-methylpropanoloxy) o)
o Hoas@oJ——Br
benzenesulfonic acid (BMPBSA))

3 4-[(4’-Nitro) phenoxymethyl] benzyl O,N @o Br
bromide (NPMBB) @4
4 5-Ethyl-2,2-dimethyl-1,3-dioxan-5-yl-

o
(methyl-2-bromo-2-methylpropanoate) >< X >

(EDMBMP)

5 2,2-Bis(hydroxymethyl)butyl ~ 2-bromo-2-

o
HO o—“—’—m
methyl propanoate (BHMBMP) X

HO
6 3,5-Bis(hydroxymethyl)phenyl-2-bromo-2- | Ho
methylpropanoate (BHMPBMP) }@*0—?%&
HO
7 5-(2-Bromo-2-methylpropanoyloxy) HoOC o
isophthalicacid (BMPIPA) oLl +8r
HooC
8 5-(2-Bromo-2-methylpropanamido) HoOC Ho
isophthalicacid (BMPAIPA) N By
HooC
9 4-[2-(7-Oxooxepan-3-yl) propan-2-yl] o o
cyclohexyl 2-bromo-2-methyl propanoate D—\_O’O_“—*‘B’

(OPCBMP)
10 2-0Oxo-1,3-dioxolan-4-yl-(methyl-2-bromo-

2-methylpropanoate) (ODMBMP) o/A/ooj\/oﬁBr
0]
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3.2.1 Materials

1,4-Bis(bromomethyl) benzene, sodium 4-hydroxybenzenesulfonate, 1,4-benzene
dimethanol, 5-hydroxy isophthalic acid, 5-amino isophthalic acid, trimethylol propane
(TMP), 2,2-dimethoxy propane, 2,2-bis-(4-hydroxycyclohexyl) propane (HBPA), N,N-
dimethylamino pyridine (DMAP 99%), benzyl triethyl ammonium chloride (BTEAC
99%), 2-bromoisobutyryl bromide (98%) and lithium aluminum hydride (LAH) were
purchased from Aldrich and were used as received. Triethyl amine (TEA),
dichloromethane (DCM), 18-crown-6, 4-nitrobenzoyl chloride, p-toluene sulfonic acid
(PTSA), p-chloronitrobenzene, tetrahydrofuran (THF), ammonia, ethanol, anhydrous
sodium sulphate, potassium hydroxide, sodium hydrogen carbonate, sodium hydroxide,
methanol and chloroform, all received from S.D. Fine-Chem. Ltd., India were used as

received.

Pyridinium chlorochromate (PCC) was prepared according to the reported
procedure.”®

3.2.2 Purifications

Tetrahydrofuran was stirred over calcium hydride for 12 h, filtered and distilled.
Further it was refluxed over sodium-benzophenone complex for 2-3 days, then distilled
and used. Dichloromethane was stirred over calcium hydride and distilled before use.
Triethyl amine was stirred over calcium hydride, distilled and stored over potassium
hydroxide.

3.2.3 Measurements

Melting points were determined by open capillary method and are uncorrected.

FTIR spectra were recorded on a Perkin-Elmer Spectrum GX spectrophotometer in
nujol or in chloroform.

NMR spectra were recorded on a Bruker 200 MHz spectrometer at resonance
frequencies of 200 MHz for *H-NMR and 50 MHz for *C-NMR measurements using
CDCl; or DMSO-dg as a solvent.

33 Synthesis

3.3.1 Synthesis of 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate
(HMBMP)
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pottom flask equipped with a magnetic stirring bar and a

nitrogen inlet were taken 1,4-benzene dimethanol (2.0 g, 0.014 mol), triethyl amine (1.6
ml, 0.012 mol) and dry tetrahydrofuran (40 mL). The mixture was cooled to 5°C in an ice
water bath and 2-bromoisobutyryl bromide (2.75 g, 0.012 mol) was added dropwise. The
reaction mixture was allowed to stir for 1h at 5°C and then for 5 h at room temperature.
The reaction mixture was filtered and tetrahydrofuran was removed under vacuum. The
crude product was chromatographed using silica gel with hexane/ethyl acetate (75:25, v/v)
as eluent and further purified by distillation under vacuum to obtain a colorless liquid.

BP- 123°C/0.014 mm Hg

Yield: 1.50 g. (37%)

3.3.2 Synthesis of 4-(2-bromo-2-methylpropanoyloxy) benzenesulfonic acid
(BMPBSA)

Into a 100 ml round bottom flask equipped with a magnetic stirring bar and an
addition funnel, were placed sodium 4-hydroxybenzenesulfonate (10.0 g, 0.05 mol),
sodium hydroxide (2.0 g, 0.05 mol), benzyltriethylammonium chloride (10 mg) and water
(20 mL). The reaction mixture was cooled to 10°C. The solution of 2-bromoisobutyryl
bromide (7.5 mL, 0.06 mol) in dichloromethane (10 mL) was added over a period of 1h to
the reaction mixture. The reaction mixture was stirred for 3 h after which the mixture was

neutralized with dilute hydrochloric acid and solid obtained was recrystallized from water.

Yield: 7.52 g. (51 %)

3.3.3 Synthesis of 4-[(4’-nitro) phenoxymethyl] benzyl bromide (NPMBB)

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and a
reflux condenser were charged 1,4-bis (bromomethyl) benzene (3.50 g, 0.013 mol), p-
nitrophenol (1.82 g, 0.013 mol), potassium carbonate (4.96 g, 0.035 mol), 18-crown-6
(0.15 g, 0.0005 mol) and dry acetone (100 mL). The reaction mixture was refluxed for 24
h under a nitrogen atmosphere. The reaction mixture was cooled to room temperature,
filtered and solvent was evaporated under reduced pressure. The product was purified by
column chromatography using hexane/ethyl acetate (97:3, v/v %) as eluent to obtain 4-
[(4’-nitro) phenoxymethyl] benzyl bromide as a solid.

Yield: 1.60 g (27%)
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3.3.4 Synthesis of 5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl (methyl 2-bromo-2-
methylpropanoate)
3.3.4.1 Synthesis of 5-ethyl 5-hydroxy methyl-2,2-dimethyl-1,3-dioxane

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and a
nitrogen inlet were added trimethylol propane (20 g, 0.149 mol), 2,2-dimethoxy propane
(23.2 g, 0.22 mol), p-toluene sulfonic acid (1.40 g, 0.0074 mol) and acetone (100 mL).
The reaction mixture was stirred for 5 h at room temperature. The acid catalyst was then
neutralized by adding 2 ml of ammonia/ethanol (50:50, v/v) solution. The solvent was
evaporated off and the residue was dissolved in chloroform (500 ml) and washed with
water (2 x 100 mL). The organic phase was dried over anhydrous sodium sulphate, filtered
and solvent was evaporated off to obtain a colourless liquid, which was purified by
vacuum distillation to yield 5-ethyl 5-hydroxy methyl-2,2-dimethyl-1,3-dioxane.

B.P.: 78°C/0.014 mm Hg

Yield — 23.0 g. (89 %)

3.3.4.2 Synthesis of  5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl  2-bromo-2-
methylpropanoate) (EDMBMP)

Into a 250 ml round bottom flask equipped with a magnetic stirring bar and an
addition funnel were charged 5-ethyl 5-hydroxy methyl-2,2-dimethyl-1,3-dioxane (5.0 g,
0.0287 mol), triethyl amine (4.34 g, 0.043 mol) and chloroform (50 mL). The reaction
mixture was cooled to 0°C in an ice bath and 2-bromoisobutyryl bromide (9.85 g, 0.043
mol) was added dropwise under nitrogen atmosphere. The reaction mixture was stirred
overnight at room temperature. The solid that separated out from the reaction mixture was
removed by filtration and organic layer was washed with 5 % aqueous sodium hydroxide
(2 x 20 mL) followed by water (2 x 20 ml). The organic phase was dried over anhydrous
sodium sulphate, filtered and solvent was removed to obtain product as a brown viscous
liquid. Further, EDMBMP was purified by passing through a neutral alumina column
using dichloromethane as eluent.

Yield - 8.30 g. (90 %)
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(hydroxymethyl)butyl 2-bromo-2-methyl propanoate

(BHMBMP)

Into a 100 ml round bottom flask equipped with a magnetic stirring bar and a
nitrogen inlet were charged 5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl 2-bromo-2-
methylpropanoate) (2.0 g. 3.53 x 10° mol) and a mixture of tetrahydrofuran/ dilute
hydrochloric acid ( 10 mL, 80:20, v/v). The reaction mixture was stirred overnight at room
temperature after which the solvent was removed and the residue was dissolved in
dichloromethane (70 mL). The dichloromethane solution was washed with brine (2 x 20
mL), water (2 x 20 mL), dried over anhydrous sodium sulphate, filtered and solvent was
removed to afford a product. Further, BHMBMP was purified by passing through a neutral
alumina column using dichloromethane as eluent
Yield-1.56 g. (90 %)

3.3.6 Synthesis of 3,5-bis(hydroxymethyl)phenyl 2-bromeo-2-methylpropanoate
(BHMPBMP)

3.3.6.1 Preparation of 5-hydroxy dimethyl isophthalate

Into a 250 ml one neck round bottom flask equipped with a magnetic stirring bar
and a reflux condenser were placed 5-hydroxy isophthalic acid (25 g, 0.13 mol), methanol
(125 ml) and sulfuric acid (1 mL). The reaction mixture was refluxed for 8 h and excess
methanol was removed on a rotary evaporator. The resulting product was dissolved in
chloroform (125 ml) and washed with water (2 x 70 ml). The organic layer was dried over
anhydrous sodium sulphate, filtered and solvent was removed to obtain the crude product,

which was recrystallized from methanol to afford pure dimethyl-5-hydroxyisophthalate.
Yield- 26.0 g. (91%)

M. P. 161 °C (Lit. M. P.: 160 °C)®

3.3.6.2 Preparation of 3,5-bis(hydroxymethyl) phenol (BHMP)

Into a flame dried three-necked 500 mL round bottom flask equipped with a
magnetic stirring bar, an addition funnel, a reflux condenser and a nitrogen inlet were
charged lithium aluminum hydride (5.7 g, 0.15 mol) and dry tetrahydrofuran (120 mL).
Dimethyl 5-hydroxy isophthalate (10.0 g, 0.047 mol) in 120 ml of dry tetrahydrofuran was
added dropwise over a period of 1h at room temperature. The reaction mixture was

refluxed for 12 h and then cooled to room temperature. Aqueous sulphuric acid (10 %)
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with vigorous stirring at room temperature to the reaction

mixture until no more hydrogen was evolved. The reaction mixture was filtered and

solvent was evaporated off to obtain a crude product, which was purified by column

chromatography using dichloromethane/methanol (95:5%, v/v) as eluent to obtain pure

3,5-bis(hydroxymethyl) phenol.

Yield = 6.10 g (82 %)

M. P.: 72-73°C, (Lit. M. P.: 71-73°C)*

3.3.6.3 Synthesis of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate
(BHMPBMP)

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and an
addition funnel were placed 3,5-bis(hydroxymethyl) phenol (3.1 g, 0.02 mol), triethyl
amine (3.88 mL, 0.028 mol) and dry tetrahydrofuran (135 mL). The reaction mixture was
cooled to 10°C and 2-bromoisobutyryl bromide (2.41 mL, 0.02 mol) was added dropwise.
The reaction mixture was stirred at 10°C for 1 h and then at room temperature for 12 h.
The reaction mixture was filtered and solvent was evaporated off to obtain a viscous
liquid, which was purified by column chromatography using hexane/ethyl acetate (75:25
%, v/v) as eluent to obtain pure 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-
methylpropanoate as a white solid.

Yield- 1.66 g (28 %)
M. P.: 96-97°C.

3.3.7 Synthesis of 5-(2-bromo-2-methylpropanoyloxy)isophthalic acid (BMPIPA)

Into a 100 ml round bottom flask equipped with a magnetic stirring bar and an
addition funnel were placed 5-hydroxy isophthalic acid (3.0 g, 0.016 mol), 0.2 M sodium
hydroxide (10 mL) and benzyltriethylammonium chloride (10 mg). The reaction mixture
was cooled to 10°C. A solution of 2-bromoisobutyryl bromide (3.0 mL, 0.025 mol)
dissolved in dichloromethane (10 mL) was added over a period of 30 minutes to the
reaction mixture and stirred for 1 h. The reaction mixture was neutralized with dilute
hydrochloric acid and the solvent was distilled off to obtain a crude solid product, which
was purified by recrystallization from water/methanol mixture to obtain 5-(2-bromo-2-
methylpropanoyloxy)isophthalic acid.

Yield: 3.90 g (72 %)
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3.3.8 Synthesis of 5-(2-bromo-2-methylpropanamido)isophthalic acid (BMPAIPA)

Into a 100 ml round bottom flask equipped with a magnetic stirring bar and an
addition funnel were placed 5-amino isophthalic acid (3.0 g, 0.016 mol), sodium carbonate
(5.4 g, 0.05 mol) and water (30 mL) and the reaction mixture was cooled to 10°C. A
solution of 2-bromoisobutyryl bromide (5.0 mL, 0.025 mol) in dichloromethane (15 mL)
was added over a period of 30 minutes to the reaction mixture and stirred for 1 h. The
reaction mixture was neutralized with dilute hydrochloric acid and solvent was removed to
obtain a solid, which was purified by recrystallization from water/methanol mixture to

afford pure 5-(2-bromo-2-methylpropanamido)isophthalic acid.
Yield: 3.17 g (60 %)
M.P.: 297-298°C.

3.3.9 Synthesis of 4-[2-(7-oxooxepan-3-yl) propan-2-yl]cyclohexyl 2-bromo-2-
methyl propanoate (OPCBMP)
3.3.9.1 Synthesis of 4-[2-(4-hydroxycyclohexyl)propan-2-yljcyclohexyl 2-bromo-2-
methyl propanoate
Into a 250 ml two necked-round bottom flask equipped with a magnetic stirring bar
and an addition funnel were placed 2,2-bis-(4-hydroxycyclohexyl) propane (10.0 g, 0.04
mol), triethyl amine (3.78 g, 0.037 mol) and dry tetrahydrofuran (100 mL). The reaction
mixture was cooled to 10°C and 2-bromoisobutyryl bromide (8.56 g, 0.037 mol) was
added dropwise over a period of 1h. The reaction mixture was stirred for 1h at 10°C and
then for 12 h at room temperature. The reaction mixture was filtered and tetrahydrofuran
was removed to obtain crude product. The crude product was dissolved in
dichloromethane (300 mL), washed with dilute hydrochloric acid (3 x 70 mL) and water (3
X 70 mL). The organic layer was dried over anhydrous sodium sulphate, filtered and
dichloromethane was removed to obtain a solid product, which was chromatographed
using hexane/ethyl acetate (955 %, v/v) as eluent to obtain 4-[2-(4-
hydroxycyclohexyl)propan-2-yl]cyclohexyl 2-bromo-2-methyl propanoate as a white
solid.
Yield: 6.48 g. (40 %)
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3.3.9.2 Synthesis of  4-[2-(4-oxocyclohexyl)propan-2-yl]cyclohexyl 2-bromo-2-
methylpropanoate

Into a 100 ml round bottom flask equipped with a magnetic stirring bar and an
addition funnel were charged finely ground mixture of pyridinium chlorochromate (2.80 g,
0.013 mol), silica gel (3.0 g, 100-200 mesh) and dichloromethane (50 mL). The
suspension was stirred and 4-[2-(4-hydroxycyclohexyl) propan-2-yl]cyclohexyl 2-bromo-
2-methyl propanoate (3.38 g, 0.008 mol) in 50 mL dichloromethane was added dropwise
at room temperature. The reaction mixture was stirred for 4 h and then filtered through a
short silica gel column. The solution obtained was washed with saturated brine (2 x 50
mL) and water (2x 50 mL). The organic layer was dried over anhydrous sodium sulfate,
filtered and solvent was evaporated off to obtain a crude product, which was recrystallized
from hexane/toluene mixture (75:25 %, v/v) to afford pure 4-[2-(4-oxocyclohexyl)propan-
2-yl]cyclohexyl 2-bromo-2-methylpropanoate as a white solid.

Yield: 3.0 g (90 %)

M.P.: 90-91°C

3.3.9.3 Synthesis of 4-[2-(7-oxooxepan-3-yl) propan-2-yl]cyclohexyl 2-bromo-2-
methyl propanoate (OPCBMP)

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and an
addition funnel were placed m-chloroperbenzoic acid (3.30 g, 0.02 mol) and chloroform
(30 mL). To the reaction mixture, 4-[2-(4-oxocyclohexyl) propan-2-yl]cyclohexyl 2-
bromo-2-methyl propanoate (3.30 g, 0.008 mol) in chloroform (50 mL) was added
dropwise. The reaction mixture was stirred for 24 h and then filtered through celite
column. The organic layer was washed with saturated sodium bicarbonate (3 x 20 mL),
brine (20 mL) and water (3 x 20 mL). The organic layer was dried over sodium sulfate,
filtered and solvent was removed. The crude product thus obtained was purified by
column chromatography using hexane/ethyl acetate (90:10, v/v %) as eluent to afford pure
4-[2-(7-oxooxepan-3-yl) propan-2-yl]cyclohexyl 2-bromo-2-methyl propanoate as white
solid.

Yield: 2.38 g (70 %)
M.P.: 109-110°C
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3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate)
(ODMBMP)

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and an
addition funnel were charged 4-(hydroxymethyl)-1,3- dioxolan-2-one (4.0 g, 0.033 mol),
triethyl amine (4.89 g, 0.05 mol) and chloroform (50 mL). The reaction mixture was
cooled to 0°C and 2-bromoisobutyryl bromide (11.64 g, 0.05 mol) was added dropwise
over a period of 1h. The reaction mixture was stirred overnight at room temperature and
then filtered. The organic layer was washed with sodium bicarbonate solution (3 x 20 mL)
followed by water (2 x 20 mL), dried over anhydrous sodium sulfate, filtered and the
solvent was removed to obtain a crude product. The product thus obtained was purified by
recrystallization from hexane/toluene mixture (75:25 %, v/v) to afford pure 2-oxo-1,3-
dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate).

Yield-7.0 g (77 %)
M.P.: 44-45°C

34 Results and Discussion

3.4.1 Synthesis and characterization of 4-(hydroxymethyl)benzyl 2-bromo-2-
methylpropanoate (HMBMP)

Hydroxyl-terminated polymers are valuable intermediates for the preparation of
polyurethanes and polyesters and hence of high importance in polymer science.®"*
Hydroxyl functionality facilitates ring opening polymerization of lactones® and lactides.
Acrylic end groups can be introduced by modification of hydroxyl groups to obtain
macromonomers.

The preparation of 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate was
undertaken with a view to synthesize hydroxyl-terminated polymers by ATRP. Scheme
3.2 depicts route for synthesis of 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate.
Subsequent to completion of synthesis of HMBMP in our laboratory, Heise et al** reported

synthesis of HMBMP and its utility in the synthesis of PMMA-b-PCL.
The reaction of 1,4-benzene dimethanol and 2-bromoisobutyryl bromide in the
presence of triethyl amine was carried out in tetrahydrofuran at room temperature. The

target product, monoester was separated by column chromatography using hexane/ethyl
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reduced pressure.
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Scheme 3.2: Synthesis of 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate
The characterization of HMBMP was carried out by FTIR, 'H and *C-NMR
spectroscopy.

FTIR spectrum of HMBMP is depicted in Figure 3.1. The absorption bands
observed at 3370 cm™ and 1734 cm™ correspond to hydroxyl group and ester carbonyl

group, respectively.

G0 -
%T
30 3370 ’“)
1734 \\_,
0 - - : - . ; . .
4000 3000 2000 1000

M

Figure 3.1: IR spectrum of 4-(hydroxymethyl) benzyl 2-bromo-2-methylpropanoate

'H-NMR spectrum of HMBMP along with assignments is presented in Figure 3.2.
The singlets at 7.34 and 5.18 6 ppm arise due to the four aromatic protons (Hb) and
benzylic protons (Hc) attached to ester group, respectively. The benzylic protons (Ha)
attached to hydroxyl group appeared as a singlet at 4.65 & ppm and the protons (Hd) from
the two methyl groups appeared as a singlet at 1.93 & ppm.
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Figure 3.2: "H-NMR spectrum of 4-(hydroxymethyl)benzyl 2-bromo-2-
methylpropanoate in CDCl;

B3C-NMR spectrum of HMBMP along with assignments is presented in Figure 3.3.
The peak corresponding to ester carbonyl carbon (C7) appeared at 171.37 6 ppm. The
peak for quaternary aromatic carbon C5 was observed at 140.97 & ppm. The peak at
134.44 & ppm was attributed to C2 quaternary aromatic carbon and peaks observed at
127.91 and 126.96 & ppm correspond to aromatic carbons C4 and C3, respectively. The
peaks observed at 67.20 and 64.43 6 ppm are due to carbon C6 (CH; group attached to
ester) and C1 (CH, attached to hydroxyl group), respectively. The peaks at 55.58 and
30.58 & ppm correspond to quaternary carbon (C8) and methyl carbon (C9), respectively.
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Figure 3.3: "C-NMR spectrum of 4-(hydroxymethyl)benzyl 2-bromo-2-
methylpropanoate in CDCl3
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racterization of 4-(2-bromo-2-methylpropanoyloxy)

benzenesulfonic acid (BMPBSA)

Polymers containing sulfonic acid group are important as they find potential
application as water-soluble polymers,®® polymeric membranes,®® ion exchange resins®

and proton ion conductors.

The synthesis of 4-(2-bromo-2-methylpropaoyloxy) benzenesulfonic acid was
carried out by reaction of sodium 4-hydroxybenzenesulfonate with 2-bromoisobutyryl
bromide in the presence of aqueous sodium hydroxide as a base and catalytic amount of
phase transfer catalyst, viz., benzyltriethylammonium chloride (Scheme 3.3).¥" The
product obtained was neutralized with dilute hydrochloric acid and recrystallized from

water.

(o}

Br)‘\’(Br (0]
H03S@OH > H03SA@*O—“—*~Br
aq.NaOH, DCM

51%

Scheme 3.3: Synthesis of 4-(2-bromo-2-methylpropanoyloxy) benzenesulfonic acid

The structure of 4-(2-bromo-2-methylpropaoyloxy) benzenesulfonic acid was
confirmed by FTIR, *H and *3*C-NMR spectroscopy.

FTIR spectrum of BMPBSA is shown in Figure 3.4. IR spectrum of BMPBSA
exhibited a band at 1752 cm™ which corresponds to phenolic ester group.38 The bands at
1210 cm™ and 1069 cm™ are attributed to S=O symmetric and asymmetric stretching

vibrations, respectively.
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Figure 3.4: IR spectrum of 4-(2-bromo-2-methylpropanoyloxy) benzenesulfonic acid
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NMR spectrum of BMPBSA along with assignments. The

doublets at 7.70 and 7.13 & ppm correspond to aromatic protons ortho and meta to sulfonic

acid group, respectively, whereas the singlet at 2.04 & ppm correspond to methyl protons
(Hd).

—2.04

0
H0384©704“—)—Br
a b c

o EE o DMSIO—UE
o g i fm]
B | $
J JL A X
1.98 1.98 580
T T T | P T T T T T T T T | GRS PR | T T T T T T T T T T T T 1
8.0 T 7.0 6.5 6.0 5.8 5.0 4.8 4.0 3.8 30 2Lt 2.0 148 1.0

Figure 3.5: "H-NMR spectrum of 4-(2-bromo-2-methylpropanoyloxy)
benzenesulfonic acid in DMSO-dg

In *C-NMR spectrum of BMPBSA (Figure 3.6), the peak corresponding to ester
carbonyl carbon (C3) appeared at 170.0 6 ppm. The peaks at 150.75 and 146.16 & ppm
were assigned to quaternary carbon (C7) to which sulfonic acid group is attached and
carbon (C4) to which ester group is attached, respectively. The peaks of aromatic carbons
ortho (C6) and meta (C5) to sulphonic acid group were observed at 127.48 and 120.86 &
ppm, respectively. The peak for quaternary carbon (C2) to which bromine is attached
appeared at 57.30 6 ppm, whereas the peak for methyl carbons (C1) appeared at 30.34 &
ppm.
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Figure 3.6: "C-NMR spectrum of 4-(2-bromo-2-methylpropanoyloxy)

benzenesulfonic acid in DMSO-d¢

3.4.3 Synthesis and characterization of 4-[(4’-nitro)phenoxymethyl] benzyl bromide

(NPMBB)

Nitro functionalized ATRP initiators are important as they are precursors of amino-
terminated polymers which finds application as reactive compatibilizers. Nitro group can
be converted into amino group via simple reduction step using various regents such as H;
Pd/C¥*# hydrazine hydrate Pd/C*!, SnCl,%, etc.

NPMBB was synthesized by nucleophilic displacement of bromo atom in 1,4-bis
(bromomethyl) benzene with 4-nitrophenol in the presence of potassium carbonate and 18-
crown-6 (Scheme 3.4).42 The reaction was carried out in dry acetone at reflux temperature

for 24 h. The product was purified by column chromatography.

Acetone
O;N o
KZCQ 18-crown-6
27% : : : \
Br

Scheme 3.4: Synthesis of 4-[(4’-nitro)phenoxymethyl] benzyl bromide

The structure of 4-[(4’-nitro)phenoxymethyl] benzyl bromide was confirmed by
FTIR, *H and **C-NMR spectroscopy.

IR spectrum of NPMBB exhibited bands at 1520 and 1345 cm™ which correspond

to asymmetric and symmetric stretching vibration of nitro group, respectively (Figure
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Figure 3.7: IR spectrum of 4-[(4’-nitro)phenoxymethyl] benzyl bromide
Figure 3.8 shows 'H-NMR spectrum of NPMBB along with assignments. The

doublets at 8.21 6 ppm (Ha) and 7.03 & ppm (Hb) are due to aromatic protons ortho and

meta t0 nitro group, respectively. The peak at 7.43 6 ppm arises due to four aromatic
protons (Hd and He). The methylene protons (Hc) appeared as a singlet at 5.16 & ppm,

whereas methylene protons (Hf) to which bromine is attached appeared as a singlet at 4.51

S ppm.
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Figure 3.8: "H-NMR spectrum of 4-[(4’-nitro)phenoxymethyl] benzyl bromide in
CDCl;
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NPMBB along with assignments is presented in Figure 3.9.

The peak at 163.42 6 ppm was ascribed to carbon (C4) to which oxygen is attached. The
peak observed at 141.59 6 ppm corresponds to quaternary aromatic carbon (C1) to which
nitro group is attached, whereas the peaks observed at 129.39 and 114.74 & ppm
correspond to carbon (C2) ortho to nitro group and (C3) meta to nitro group, respectively.
The quaternary carbon (C9) to which bromomethyl group is attached appeared at 135.675
ppm and carbon (C6) para to bromomethyl group appeared at 138.0 6 ppm. The peaks
observed at 70.07 & ppm and 32.36 6 ppm correspond to carbon (C5) and bromomethyl
carbon (C10), respectively.
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Figure 3.9: "C-NMR spectrum of 4-[(4’-nitro)phenoxymethyl] benzyl bromide in
CDCl;

3.4.4 Synthesis and characterization S5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl
2-bromo-2- methylpropionate) (EDMBMP)

Dihydroxyl and dicarboxylic acid functionalized condensation macromonomers
have shown to be important in preparation of graft copolymers (having condensation
polymer backbone), branched polymers.”* and reactive stabilizers in preparation of
polyurethane particles.***®

ATRP initiator containing protected dihydroxyl groups namely, 5-ethyl-2,2-
dimethyl-1,3-dioxan-5-yl-(methyl 2-bromo-2-methylpropionate) was synthesized in two
steps. Scheme 3.5 depicts the route for synthesis of EDMBMP.
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Scheme 3. 5: Synthesis of 5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl 2-bromo-2-
methylpropanoate)

Cyclic ketal and acetal groups are formed after protection of bis-hydroxyl groups
utilizing ketones or aldehydes.‘”*48 The quantitative deprotection of the cyclic ketal group
after polymerization to regenerate the hydroxyl group can be carried out using dilute
hydrochloric acid.

In the first step, protection of trimethylol propane (1) using 2,2-dimethoxy propane
in presence of p-toluene sulphonic acid as catalyst was carried out.*

The protection of trimethylol propane yielded a cyclic ketal intermediate (2) viz.,
3-ethyl 5-hydroxy methyl-2,2-dimethyl-1,3-dioxane containing one free hydroxyl group,
which was purified by vacuum distillation to afford a colorless liquid.

The structural characterization of the cyclic ketal intermediate, 5-ethyl 5-hydroxy
methyl-2,2-dimethyl-1,3-dioxane was carried out by FTIR and *H-NMR spectroscopy.

FTIR spectrum of 5-ethyl 5-hydroxy methyl-2,2-dimethyl-1,3-dioxane (Figure
3.10) showed bands at 3450 cm™ and 1210 cm™ for hydroxyl and ether group (C-O-C)

stretching vibrations, respectively.
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Figure 3.10: IR spectrum of 5-ethyl 5-hydroxy methyl-2, 2-dimethyl-1,3-dioxane

Figure 3.11 shows "H-NMR spectrum of 5-ethyl 5-hydroxy methyl-2, 2-dimethyl-
1,3-dioxane along with assignments. The methylene protons (Hc) adjacent to hydroxyl
group exhibited a peak at 3.75 & ppm and a singlet for methylene protons (Hd) adjacent to
ether linkage appeared at 3.67 & ppm. The two methyl group protons (He) appeared at 1.42
d ppm as a doublet and methylene protons (Hb) appeared as a triplet at 1.29 & ppm. The
methyl protons (Ha) appeared as a triplet at 0.85 6 ppm.
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e
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Figure 3.11: '"H-NMR spectrum of 5-ethyl 5-hydroxy methyl-2, 2-dimethyl-1,3-
dioxane in CDCl;
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methylpropanoate) was obtained by the reaction of 5-ethyl 5-hydroxy methyl-2, 2-
dimethyl-1,3-dioxane with slight excess of 2-bromoisobutyryl bromide in the presence of
triethyl amine.

The product obtained, EDMBMP was characterized by IR, *H-NMR and *C-NMR
spectroscopy.

FTIR spectrum of EDMBMP exhibited a band for ester carbonyl at 1732 cm?,

while ether stretching vibration band was observed at 1210 cm™ (Figure 3.12).
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Figure 3.12 IR spectrum of S5-ethyl 2,2-dimethyl-1,3-dioxan-5-yl-(methyl 2-bromo-2-
methylpropanoate)

'H-NMR spectrum of EDMBMP along with assignments is shown in Figure 3.13.
The singlet at 4.30 6 ppm was attributed to methylene protons (Hc), the downfield shift
was observed due to electron withdrawing ester group. The peaks at 3.69 and 1.94 5 ppm
correspond to methylene protons attached to ester group and methyl protons (Hf). The
multiplets in region 1.50 to 1.25 & ppm was observed due to methylene protons (Hb) and

methyl protons (He) whereas the methyl protons (Ha) appeared as a triplet at 0.86 & ppm.
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Figure 3.13 "H-NMR spectrum of 5-ethyl 2,2-dimethyl-1,3-dioxan-5-yl-(methyl 2-
bromo-2- methylpropanoate) in CDCl;

B3C-NMR spectrum of EDMBMP along with assignments is presented in Figure

3.14. The presence of ester carbonyl carbon (C8) was confirmed by the appearance of a
peak at 171.36 & ppm. The signals for quaternary carbons C1, C9 and C4 appeared at
98.22, 55.69 and 36.26 & ppm, respectively. The peaks at 65.38 and 64.91 & ppm
correspond to methylene carbon (C5) attached to ester group and two methylene carbons
(C3), respectively. The signals for two methyl group carbons (C10) and methyl carbon
(C7) appeared at 30.69 and 6.92 & ppm, respectively. The peaks at 26.75 and 20.49 & ppm

correspond to two methyl carbons C2 and C2’, respectively.
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Figure 3.14 *C-NMR spectrum of 5-ethyl 2,2-dimethyl 1,3-dioxan-5-yl-(methyl 2-
bromo-2-methylpropanoate) in CDCl;
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cterization of 2,2-bis(hydroxymethyl)butyl 2-bromo-2

methyl propanoate (BHMBMP)

The synthesis of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate was
carried out as shown in Scheme 3.6. The ketal deprotection of 5-ethyl-2,2-dimethyl-1,3-
dioxan-5-yl-(methyl 2-bromo-2-methylpropanoate) was carried out using catalytic amount

of dilute hydrochloric acid in tetrahydrofuran as solvent.

fo) o)
0—“—*~Br dil HCI, RT H(;:><;0—“—}—Br
XX o zn M

Scheme 3.6: Synthesis of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate

The

propanoate was carried out using FTIR and "H-NMR spectroscopy.

characterization of  2,2-bis(hydroxymethyl)butyl  2-bromo-2-methyl
FTIR spectrum of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate is
shown in Figure 3.15. The broad band at 3393 cm™ arises due to hydroxyl stretching

vibration and ester carbonyl band appeared at 1733 cm™.

S0 |

an

: A\/VWWWR/"

1733

40000 3500 erli] 2800 24000 2000 La0a 1600 Lamd L2200 10ao 300 500 amo

cme-l

Figure 3.15: FTIR spectrum of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-

methyl propanoate
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p,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate

along with assignments is shown in Figure 3.16. The peaks at 4.24 and 3.61 & ppm
correspond to methylene protons (Hd) and (Ha) attached to ester group and hydroxyl
group, respectively. The singlet at 1.93 & ppm was attributed to six methyl protons (He),
while other methyl protons (Hc) appeared as a triplet at 0.88 5 ppm. The peak at 1.32

ppm corresponds to methylene protons (Hb).

1.93

0 e
1
HO 2 b c
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Figure 3.16: "H-NMR spectrum of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-

methyl propanoate

BC-NMR spectrum of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate
along with assignments is shown in Figure 3.17. The peak at 172.14 & ppm corresponds
to the ester carbonyl carbon (C6). The peak for methylene carbon (C5) to which ester
group is attached appeared at 65.43 6 ppm and peak at 64.66 & ppm corresspond to
methylene carbon (C1) to which hydroxyl group is attached. The tertiary carbons C7 and
C2 appeared at 55.72 and 42.98 & ppm, respectively. The peaks at 30.56 and 7.26 & ppm
correspond to the methyl carbons C8 and C4, respectively. The methylene carbon C3

appeared at 22.21 & ppm.
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Figure 3.17: *C-NMR spectrum of 2,2-bis(hydroxymethyl)butyl 2-bromo-2-

methyl propanoate

3.4.6 Synthesis and characterization 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-
methylpropanoate (BHMPBMP)
Synthesis of bismethylol functionalized ATRP initiator namely, 3,5-
bis(hydroxymethyl)phenyl 2-bromo-2 methylpropanoate was carried out using
commercially available 5-hydroxy isophthalic acid as the starting material (Scheme 3.7).

HOOC COOH MeOOC COOMe HO OH
MeOH, H2304 LAH, THF /\©/\
—_—
Reflux 12h Reflux
3

H OH
91% o 82%

(o]
1 2 Br)l\’( THF, TEA
Br | dc 28%

HO/\@OH
o)
re
Br

4
Scheme 3.7: Synthesis of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2 methylpropanoate
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roxy isophthalic acid (1) was converted into dimethyl-5-

hydroxyisophthalate (2) by esterification with methanol in the presence of sulphuric acid
as catalyst.?®

The product obtained dimethyl-5-hydroxyisophthalate (2), was characterized by
IR, *H-NMR and **C-NMR spectroscopy.

Methyl ester formation was confirmed by IR spectroscopy, where the spectrum
showed band at 1760 cm™ characteristic of ester carbonyl group and the phenolic hydroxyl
group appeared at 3350 cm™.

'H-NMR spectrum of dimethyl-5-hydroxyisophthalate (2) along with assignments
is shown in Figure 3.18. The singlet at 8.03 & ppm was assigned to aromatic proton (Hc)
flanked by two electron withdrawing ester groups and the singlet at 7.59  ppm correspond
to protons ortho to hydroxyl group. The singlet at 3.80 & ppm is due to the six methyl

protons of the methyl ester group.

a

—3a0

H-COOC._ 5. COOCH;
\©/I}
OH
a
b
|-I-'
[
i
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|
g g 7 B 5 4 3 2 1 0

Figure 3.18: "H-NMR spectrum of dimethyl-5-hydroxyisophthalate (2) in CDCl3

In the second step, reduction of dimethyl-5-hydroxyisophthalate (2) using lithium
aluminium hydride (LAH) was carried out in dry tetrahydrofuran to obtain 3,5-
bis(hydroxymethyl) phenol (3) following the protocol by Inouye et al.* The other reagents
generally used for the reduction of methyl ester to hydroxy methyl group are sodium

bis(2-methoxyethoxy) aluminum hydride®" and borane-dimethyl sulfide complex activated
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53 The efficiency of lithium aluminium hydride in the

reduction of methyl ester made it the reagent of choice.
The product obtained 3,5-bis(hydroxymethyl) phenol (3), was characterized by
FTIR, *H-NMR and **C-NMR spectroscopy.

In FTIR spectrum, absence of band at 1760 cm™ corresponding to ester group and
the presence of a broad band at 3400 cm™ corresponding to both hydroxy methyl group

and phenolic hydroxyl group confirmed the reduction of methyl ester group.

'"H-NMR spectrum of 3,5-bis(hydroxymethyl) phenol (3) along with assignments
is shown in Figure 3.19. The peak at 6.66 d ppm corresponds to aromatic proton (Hb)
flanked by two hydroxy methyl groups and the peak at 6.59 & ppm corresponds to two
aromatic protons (Hc) ortho to the phenolic hydroxyl group. The singlet at 4.38 4 ppm was
attributed to the four methylene protons (Ha).
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Figure 3.19: '"H-NMR spectrum of 3,5-bis(hydroxymethyl) phenol (3) in DMSO-d,

Figure 3.20 shows *C-NMR spectrum of BHMP along with assignments. The
peak at 157.44 d ppm was ascribed to quaternary carbon (C5) to which phenolic hydroxyl
group is attached. The peak of aromatic carbon C3 appeared at 115.57 6 ppm and the peak
for two aromatic carbons (C4) that are ortho to phenolic hydroxyl group was observed at
112.06 6 ppm. The peaks at 63.35 and 143.95 & ppm were assigned to two bis-hydroxy
methyl carbons (C1) and quaternary carbon (C2) to which hydroxy methyl group is
attached, respectively.
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Figure 3.20: BC-NMR spectrum of 3,5-bis(hydroxymethyl) phenol (3) in DMSO-dg

In the third step, equivalent quantities of BHMP (3) and 2-bromoisobutyryl
bromide were reacted in the presence of triethyl amine as an acid chloride acceptor to
afford 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate (4). The yield of the
desired product i.e. phenolic ester was low due to the formation of multiple products as
BHMP contains two aliphatic hydroxyl and one phenolic hydroxyl groups. The target
compound viz., 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate (4) was
separated from the product mixture by column chromatography.

The structure of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate (4)
was confirmed by FTIR, *H-NMR and **C-NMR spectroscopy.

FTIR spectrum of BHMPBMP (4) is shown in Figure 3.21. The spectrum
exhibited hydroxyl absorption band at 3402 cm™ and band for phenolic ester was observed
at 1750 cm™
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Figure 3.21: IR spectrum of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-

methylpropanoate (4)

Figure 3.22 shows "H-NMR spectrum of BHMPBMP along with the assignments.

The singlet at 7.14 6 ppm was assigned to aromatic proton (Hb) flanked by hydroxymethyl

groups and the singlet at 6.95 & ppm was ascribed to two aromatic protons (Hc) ortho to

phenolic ester group. The singlet at 4.55 & ppm was attributed to methylene protons (Ha)

to which hydroxyl group is attached and the singlet at 1.96 & ppm was assigned to Six

protons (Hd) of two methyl groups.
HO
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Figure 3.22: '"H-NMR spectrum of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-

methylpropanoate (4) in CDCl;
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C-NMR spectrum of BHMPBMP along with assignments.

The phenolic ester carbonyl carbon (C6) appeared at 169.34 & ppm. The quaternary
aromatic carbon (C5) to which the ester group is attached and C2 to which hydroxy methyl
group is attached appeared at 149.96 and 143.16 & ppm, respectively. The peaks at 121.55
and 116.81 & ppm correspond to tertiary aromatic carbons C3 and C4, respectively. The
peak at 62.59 6 ppm corressponds to two hydroxy methyl group carbons (C1). The signals
due to quaternary carbon (C7) and two methyl group carbons (C8) appeared at 54.95 and
29.73 b ppm, respectively.
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Figure 3.23: *C-NMR spectrum of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-
methylpropanoate (4) in a mixture of CDCl; and DMSO-d,

3.47 Synthesis and characterization of 5-(2-bromo-2-methylpropanoyloxy)
isophthalic acid (BMPIPA)

Dicarboxylic acids have been utilized for the synthesis of high performance
condensation polymers like polyesters, polyamides, etc.”***> Carboxylic acid functionality
can be easily converted to other functional groups such as aldehyde, amino, isocyanate, etc
by simple organic transformations.”®*’ Therefore, dicarboxylic acids are important in
polymer chemistry.

Scheme 3.8 depicts synthesis of dicarboxylic acid containing ATRP functionality
namely, 5-(2-bromo-2-methylpropanoyloxy) isophthalic acid. 5-Hydroxy isophthalic acid

(A) was reacted with of 2-bromoisobutyryl bromide in the presence of aqueous sodium
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Scheme 3.8: Synthesis of 5-(2-bromo-2-methylpropanoyloxy) isophthalic acid (B)

5-(2-Bromo-2-methylpropanoyloxy) isophthalic acid (B) was characterized by
FTIR, *H-NMR and *C-NMR spectroscopy.

Figure 3.24 shows FTIR spectrum of 5-hydroxy isophthalic acid (A) and BMPIPA
(B) for ease of comparison. The spectrum B shows absorption bands at 1763 cm™ and
1725 cm™ corresponding to phenolic ester carbonyl and acid carbonyl stretching,

respectively confirming the formation of desired product.
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Figure 3.24: IR spectra of 5-(2-bromo-2-methylpropanoyloxy) isophthalic acid (B)
and S-hydroxy isophthalic acid (A)
'"H-NMR spectrum along with assignments of BMPIPA is shown in Figure 3.25.

The singlet at 8.62 6 ppm was assigned to aromatic proton (Hb) flanked by two carboxylic
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ester group. The singlet for six protons of two methyl groups appeared at 2.08 & ppm.
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Figure 3.25: '"H NMR spectrum of 5-(2-bromo-2-methylpropanoyloxy) isophthalic
acid in mixture of DMSO-dgand CDCl;

Figure 3.26 shows *C-NMR spectrum of BMPIPA along with assignments. The
peaks at 169.79 & ppm and 165.96 6 ppm arise due to ester carbonyl carbon (C6) and two
carboxylic acid carbons (C1), respectively. The quaternary aromatic carbon (C5) appeared
at 150.75 6 ppm and two aromatic quaternary carbons (C2) appeared at 133.26 6 ppm. The
tertiary carbon (C7) to which bromine is attached appeared at 57.14 & ppm and methyl

carbon (C8) appeared at 30.15 6 ppm.
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Figure 3.26: >C-NMR spectrum of 5-(2-bromo-2-methylpropanoyloxy) isophthalic
acid in DMSO-dg

3.4.8 Synthesis and characterization of 5-(2-bromo-2-methylpropanamido)
isophthalic acid (BMPAIPA)
Scheme 3.9 depicts synthesis of 5-(2-bromo-2-methylpropanamido) isophthalic
acid by condensation reaction between 5-amino isophthalic acid and 2-bromoisobutyryl
bromide in the presence of sodium carbonate. The product was purified by

recrystallization from a mixture of water and methanol.

NH, — >
Aq N82C03, DCM

HOOC 60% HOOC
A B

HOOC 0 HOOC
Br)‘\KBI' O
NHJ—FBr

Scheme 3.9: Synthesis of 5-(2-bromo-2-methylpropanamido) isophthalic acid

The structure of 5-(2-bromo-2-methylpropanamido) isophthalic acid was
confirmed by FTIR, *H and *C-NMR spectroscopy.

Figure 3.27 shows FTIR spectra of BMPAIPA (B) and 5-amino isophthalic acid
(A). The spectrum of BMPAIPA exhibited a band for amide carbonyl at 1696 cm™ and an

acid carbony! stretching vibration at 1720 cm™,
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Figure 3.27: IR spectra of 5-(2-bromo-2-methylpropanamido) isophthalic acid (B)
and 5-amino isophthalic acid (A)

Figure 3.28 shows 'H-NMR spectrum along with the assignments of BMPAIPA.
The singlet at 9.55 6 ppm was designated to the amide proton (Hc). The two aromatic
protons (Hb) ortho to the amide group and one proton (Ha) flanked by carboxylic acid
groups appeared as singlets at 8.53 and 8.44 & ppm, respectively. The singlet at 2.06 &

ppm correspond to six protons (Hd) of two methyl groups.
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Figure 3.28: "H-NMR spectrum of 5-(2-bromo-2-methylpropanamido) isophthalic
acid in a mixture of DMSO-d¢ and CDCl;

3C-NMR spectrum along with assignments of BMPAIPA is shown in Figure 3.29.
The amide carbonyl carbon (C6) appeared at 170.17 6 ppm while acid carbonyl carbon
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m. The quaternary carbon (C5) to which amide group is

attached appeared at 139.64 & ppm and the quaternary aromatic carbon (C2) to which
carboxylic acid group is attached appeared at 131.91 6 ppm. The signals for carbon C3 and
C4 appeared at 125.56 and 125.25 & ppm, respectively. The quaternary carbon (C7) to
which bromine is attached appeared at 60.56 6 ppm. The peak at 30.83 6 ppm correspond
to two methyl group carbons (C8).
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Figure 3.29: BC-NMR spectrum of 5-(2-bromo-2-methylpropanamido) isophthalic
acid in DMSO-dg

3.49 Synthesis and characterization of 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (OPCBMP)

Lactone, a reactive functional group, can undergo ring opening in the presence of
nucleophiles such as alcohol, amine, etc.”® Lactone containing compounds are important
as monomers in the preparation of polymers for biomedical applications and can be used
as coupling reagents.*®

Lactone containing ATRP initiator namely, 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (OPCBMP) was synthesized starting from
hydrogenated bis-phenol A (HBPA). HBPA is commonly used in industries for the
preparation of aliphatic polyesters, polycarbonates and epoxies. It is prepared by catalytic
hydrogenation of bisphenol-A (BPA) which typically provides HBPA as a mixture of
three isomers: cis, cis (Figure 3.30, I); cis, trans (Figure 3.30, II); and trans, trans (Figure
3.30, 111).%%%*
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Figure 3.30: Isomers of HBPA (A) obtained from hydrogenation of BPA

Scheme 3.10 depicts route for the synthesis of 4-[2-(7-oxooxepan-3-yl) propan-2-
yl] cyclohexyl 2-bromo-2-methyl propanoate (D).'*®*

In the first step, HBPA (A) and 2-bromoisobutyryl bromide were reacted in the
presence of triethyl amine as an acid acceptor to yield the intermediate, 4-[2-(7-
oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate (B) which was

purified by column chromatography.

A PCC | CHCI3, RT
90%
(o)
0=< >—~_< FO—“—"Br C
MCPBA| CHCI3, RT
70%
(0]

(o]
(0] OJ—’~Br D

Scheme 3.10: Synthesis of 4-[2-(7-0xo0xepan-3-yl) propan-2-yl| cyclohexyl 2-bromo-
2-methyl propanoate (D)

The structure of 4-[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-
methyl propanoate was confirmed by FTIR, *H-NMR and **C-NMR spectroscopy.

Figure 3.31A shows IR spectrum of 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (B). The band at 3453 cm™ corresponds to

98 ATRP initiators


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

: Your complimentary
— use period has ended.
B 3 CO m p I ete Thank you for using
PDF Complete.

Click Here to upg
Unlimited Pages & e band observed at 1724 cm™ corresponds to ester carbony!

stretching vibration.

Figure 3.36 shows "H-NMR spectra of HBPA, 4-[2-(7-oxooxepan-3-yl) propan-2-
yl] cyclohexyl 2-bromo-2-methyl propanoate (B), intermediate ketone 4-[2-(4-
oxocyclohexyl) propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate (C) and 4-[2-(7-
oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate (D). The two
isomeric forms of HBPA can be distinguished from *H-NMR spectrum (Figure 3.36 A)
as axial and equatorial protons were observed at 3.52 6 ppm (Ha’) and 4.04 6 ppm (Ha),
respectively. Similarly, the axial and equatorial protons were present in intermediate B,
as seen from 'H-NMR spectrum (Figure 3.36 B). The new peak at 4.68 & ppm
corresponds to the proton attached to ester group (Hi) and the singlet at 1.91 & ppm is

due to six protons of the two-methyl groups.

140

120
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20 1724 L1114
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Figure 3.31: IR spectra of 4-[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromeo-
2-methyl propanoate (B) and 4-[2-(4-oxocyclohexyl) propan-2-yl] cyclohexyl 2-
bromo-2-methyl propanoate (C)

B3C-NMR spectrum along with assignments of intermediate B is shown in Figure
3.32. The spectrum indicates the presence of cis/trans isomers, where signals for the
carbons C1 and C1’ appeared at 71.12 and 65.83 & ppm, respectively. The peak at 171.08
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yl carbon (C11), while secondary carbons (C1) and (C10)

appeared at 71.12 and 75.35 & ppm, respectively.

No efforts were made to separate the isomers of intermediate B as it was beyond

the scope of work.
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Figure 3.32: *C-NMR spectrum of 4-[2-(7-oxooxepan-3-yl) propan-2-yl| cyclohexyl
2-bromo-2-methyl propanoate (B) in CDCl3

In the second step, oxidation of intermediate alcohol B was carried out using
pyridinium chlorochromate (PCC) as oxidizing agent to give intermediate ketone C. In the
literature a variety of reagents have been reported for the oxidation of alcohols of which
the most common are chromic acid (H,Cr,07) and pyridinium chlorochromate (PCC).%

The characterization of intermediate C was carried out by IR, *H-NMR and *C-
NMR spectroscopy.

IR spectrum confirms the formation of ketone, which shows carbonyl (C=0)
stretch at 1714 cm™ as an intense absorption band. The band at 1724 cm™ confirms
presence of ester group (Figure 3.31B and 3.35).

'"H-NMR spectrum of the intermediate C shows absence of the both axial and
equatorial protons (4.05 6 and 3.53 & pm), which were attached to the secondary carbon to
which hydroxyl group is attached (Figure 3.36C and B). The other peaks corresponding
to protons are similar to intermediate B.

Further, the formation of intermediate ketone C was confirmed by “*C-NMR

spectroscopy, where carbonyl carbon appeared at 212.16 6 ppm (Figure 3.33).
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Figure 3.33: *C-NMR spectrum of 4-[2-(4-oxocyclohexyl) propan-2-yl| cyclohexyl 2-

In

bromo-2-methyl propanoate (C) in CDCl;

the third step the lactone functionalized ATRP initiator, namely 4-[2-(7-

oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate (D) was obtained

by Bayer-Villiger oxidation of intermediate C using m-chloroperbenzoic acid as a reagent.

The structure of 4-[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-

methyl propanoate (D) was confirmed by FTIR, *H-NMR and BC-NMR spectroscopy.

Figure 3.34 and Figure 3.35 shows IR spectrum of D and partial IR spectra

(overlayed) of the intermediates, respectively. The disappearance of the band of ketone

(1714 cm’

1y and appearance of a strong carbonyl absorption signal due to both lactone as

well as linear ester carbonyl at 1726 cm™ confirmed the conversion of ketone to lactone.

1726~

4008.6 2000 1800 1400 500 600

|

3600 3200 2800 2400 1600 1200 1000 375.5

M

Figure 3.34: IR spectrum of 4-[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-

bromo-2-methyl propanoate (D)
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Figure 3.35: Selecch;ed region of IR spectra of 4[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (B), 4-[2-(4-oxocyclohexyl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (C) and 4-[2-(7-oxo0xepan-3-yl) propan-2-
yl] cyclohexyl 2-bromo-2-methyl propanoate (D)

'H-NMR spectrum of lactone-functionalized initiator, D along with assignments is
shown in Figure 3.36D. The new peaks appeared at 4.34 & ppm and 4.16 & ppm due to
two protons (Hb”) of methylene group from the lactone ring. Another new peaks appeared
at 2.56-2.72 & ppm (Hd’), which corresponds to the two protons of methylene group from
lactone ring. The peaks due to the dimethyl protons (Hj) and (He) appeared at 1.91 and

0.78 & ppm, respectively.
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Figure 3.36: "H-NMR spectra of HBPA (A), 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (B), 4-[2-(4-oxocyclohexyl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate (C) and 4-[2-(7-oxooxepan-3-yl) propan-2-
yl] cyclohexyl 2-bromo-2-methyl propanoate (D) in CDCl;
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L-NMR spectrum of 4-[2-(7-oxooxepan-3-yl) propan-2-yl]

cyclohexyl 2-bromo-2-methyl propanoate (D) along with the assignments. The spectrum
showed peaks at 176.14 & ppm for the lactone carbonyl carbon (C6) and at 170.99 6 ppm
for ester carbonyl carbon (C13). Quaternary carbons C7 and C14 ( to which bromine is
attached) exhibited peaks at 37.25 and 56.22 & ppm, respectively. The carbons of lactone
ring C5, C4, C3, C2 and C1 appeared at 23.07, 29.71, 46.47, 33.37 and 68.53 & ppm,
respectively, whereas the carbons in cyclohexane ring C9, C10, C11 and C12 appeared at
4257, 31.37, 24.61 and 74.87 & ppm, respectively. The peaks at 20.47 and 30.54 & ppm
were attributed to methyl group carbons (C8) and (C15), respectively.
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Figure 3.37: BC-NMR spectrum of 4-[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl
2-bromo-2-methyl propanoate (D) in CDCl;

3.4.10 Synthesis and characterization of 2-0x0-1,3-dioxolan-4-yl-(methyl 2-bromo-2-
methylpropanoate)

Cyclic carbonate functionality has both

academically and industrially due to its polar nature and high reactivity towards aliphatic

attracted considerable interest

and aromatic amines, alcohols, thiols and carboxylic acids.®*® Cyclic carbonate groups
are known to react with amino groups in proteins under mild conditions, resulting in stable
urethane structures.®® Using the advantage of reaction of carbonate and amino group,

cellulose derivatives containing cyclic carbonate groups and copolymers of vinylene
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ported as matrices for immobilization of enzymes, antigens,

00-0Y

etc.
Cyclic carbonate functionalized ATRP initiator namely, 2-oxo-1,3-dioxolan-4-yl-(
methyl 2-bromo-2-methylpropanoate) (B) was synthesized from glycerol carbonate (A) as
the starting material. Glycerol carbonate is a commercially available chemical and there
are many routes for its synthesis starting from glycerol.”
Scheme 3.11 shows route for synthesis of ODMBMP (B). The reaction of glycerol
carbonate and 2-bromoisobutyryl bromide in the presence of triethyl amine as hydrogen

bromide acceptor afforded the product which was purified by recrystallization.

o o o
YO TEA, THF,0°C }'0 Br
0\)\/ OH BrJ\KBr 7% 0\)\/ O\’H<
o)
A B

Scheme 3.11: Synthesis of 2-0x0-1,3-dioxolan-4-yl-(methyl 2-bromo-2-
methylpropanoate)

2-Oxo0-1,3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate) was characterized
using FTIR, *H-NMR and **C-NMR spectroscopy.

Figure 3.38 shows FTIR spectra of ODMBMP (B) and glycerol carbonate (A).
The hydroxy! stretching absorption band of glycerol carbonate at 3405 cm™ disappeared in
the IR spectrum of ODMBMP, while a new band appeared at 1744 cm™ corresponding to
ester carbonyl group. The broad band at 1820 cm™ indicates the presence of carbonate
group in ODMBMP.
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Figure 3.38: IR spectrum of 2-0x0-1,3-dioxolan-4-yl-(methyl 2-bromo-2-
methylpropanoate) (B) and glycerol carbonate (A)
'H-NMR spectrum of ODMBMP along with assignments is shown in Figure 3.39.
The methine proton (Hb) of cyclic carbonate ring exhibited a multiplet centered at 5.0 &
ppm. The four protons of two methylene group; one attached to ester group (Hc) and other
in the cyclic carbonate ring (Ha) appeared as multiplets in the region 4.30 to 4.65 & ppm.
The six protons (Hd) of two-methyl groups appeared as a singlet at 1.95 & ppm,
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Figure 3.39: "H-NMR spectrum of 2-oxo-1,3-dioxolan-4-yl-(methyl 2-bromo-2-
methylpropanoate) in CDCl;
B3C-NMR spectrum of ODMBMP along with assignments is shown in Figure 3.40.
The peak due to ester carbon (C5) appeared at 171.04 & ppm, while the peak due to
carbonate carbon (C1) appeared at 154.34 6 ppm. The peaks of methylene carbons (C4)
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ppm correspond to tertiary carbon (C6) and methyl carbon (C7), respectively.

65.82 o ppm, respectively. The peaks at 54.87 and 30.37 &
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Figure 3.40: *C-NMR spectrum of 2-0xo-1,3-dioxolan-4-yl-(methyl 2-bromo-2-
methylpropanoate) (B) in CDCl;
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A hydroxyl-functionalized ATRP initiator namely, 4-(hydroxymethyl)benzyl 2-
bromo-2-methylpropanoate was prepared by reaction of 1,4-benzene dimethanol
with 2-bromoisobutyryl bromide.

A new sulfonic acid functionalized ATRP initiator namely, 4-(2-bromo-2-
methylpropanoyloxy) benzenesulfonic acid was synthesized by reaction of 4-
hydroxy benzene sulfonic acid with 2-bromoisobutyryl bromide.

A new nitro-functionalized ATRP initiator namely, 4-[(4’-nitro) phenoxymethyl]
benzyl bromide was synthesized by reaction of 4-nitrophenol and 1,4-
bis(bromomethyl) benzene.

A new protected dihydroxyl-functionalized ATRP initiator namely, 5-ethyl-2,2-
dimethyl-1,3-dioxan-5-yl-(methyl 2-bromo-2-methylpropanoate) was synthesized
starting from trimethylol propane.

A new dihydroxyl functionalized ATRP initiator namely, 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate was synthesized by
deprotection of 5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl-(methyl-2-bromo-2-
methylpropanoate) in the presence of dilute hydrochloric acid.

A novel bismethylol functionalized ATRP initiator namely, 3,5-
bis(hydroxymethyl)phenyl  2-bromo-2-methylpropanoate ~ was  successfully
synthesized starting from commercially available 5-hydroxy isophthalic acid.

Two new dicarboxylic acids containing ATRP functionality viz., 5-(2-bromo-2-
methylpropanoyloxy) isophthalic acid and 5-(2-bromo-2-methylpropanamido)
isophthalic acid were synthesized starting from 5-hydroxy isophthalic acid and 5-
amino isophthalic acid, respectively.

A new lactone functionalized ATRP initiator namely, 4-[2-(7-oxooxepan-3-yl)
propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate was synthesized starting
from hydrogenated bisphenol-A.

A new cyclic carbonate functionalized ATRP initiator namely, 2-oxo0-1,3-dioxolan-
4-yl-(methyl 2-bromo-2-methylpropanoate) was synthesized by reaction of

commercially available glycerol carbonate with 2-bromoisobutyryl bromide.
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Unlimitce Characterization of End-Functionalized Polymers by

Atom Transfer Radical Polymerization

4.1 Introduction

End-functionalized polymers are useful as building blocks for synthesis of block,
graft and star copolymers.”® These polymers also have potential applications in several
areas like surface modification, catalysis, coatings, adhesives, as well as compatibilization

of polymer blends.*

6

Living polymerization methods like anionic,>® cationic,” group transfer® and

controlled radical polymerization®*°

(CRP) techniques are being used for synthesis of end-
functionalized polymers either by using functional initiators or by an approach involving
functionalization of living chain ends. Synthesis of end-functionalized polymers by
termination reaction of a living polymer requires careful optimization of the reaction
conditions to ensure quantitative functionalization. The use of functional initiators ensures

that each polymer chain contains functional group at one chain end.

Of late, ATRP technique has been widely studied and has been demonstrated to be
a promising method for the synthesis of functionalized polymers.”** ATRP is generally
tolerant of various functional groups and this route has been successfully used in synthesis
of polymers from functional monomers and for the synthesis of end-functionalized

polymers.**

This chapter deals with synthesis of polystyrene, polymethyl methacrylate, and
polylauryl methacrylate terminated with functional groups such as hydroxyl, bismethylol,
lactone and carbonate using corresponding functionalized ATRP initiators. The synthesis
of low molecular weight (M, - 1500 to 10000) end-functionalized polymers was targeted
in the present study. End-functionalized polymers were characterized by FTIR and NMR
spectroscopy. The molecular weight and molecular weight distribution of end-

functionalized polymers was determined by gel permeation chromoatography (GPC).
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4.2.1 Materials

ATRP initiators, viz., 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate
(HMBMP), 5-ethyl-2,2-dimethyl 1,3-dioxan-5-yl-(methyl 2-bromo-2-methylpropanoate)
(EDMBMP), 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate (HMPBMP), 4-
[2-(7-oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate (OPCBMP)
and 2-oxo-1,3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate) (ODMBMP) were
synthesized as described in Chapter 3. Lauryl methacrylate (LMA 98%), methyl
methacrylate (MMA 98%), styrene (98%), copper bromide (CuBr 99.9%), copper chloride
(CuCl 98%), 2,2’-bipyridine (By 99%), N,N’,N’,N’*,N”-penta methyl diethylene triamine
(PMDETA 99%), calcium hydride and 4-nitro benzoyl chloride (99%) were purchased
from Aldrich. Tetrahydrofuron, potassium hydroxide, acetic acid, sodium hydrogen
carbonate, sodium hydroxide, methanol, ethanol and chloroform were purchased from

S.D. Fine-Chem. Ltd., India and were used as received.

4.2.2 Purifications of reagents and solvents

Tetrahydrofuron, methanol, ethanol and chloroform were purified according to the
reported procedures.”

Purification of copper bromide or copper chloride: Into a 100 mL round bottom
flask equipped with a nitrogen inlet and a magnetic stirring bar were taken CuBr/CuCl (2.0
g) and glacial acetic acid (60 mL). The mixture was stirred for 12 h, filtered, washed
repeatedly with ethanol and dried at room temperature under vacuum for 24 h.*®

Anisole and toluene were stirred over CaH, for 12 h and fractionally distilled. The
fractionated solvent was further refluxed over sodium-benzophenone complex for 2-3
days, then distilled and used.

Triethyl amine was stirred over calcium hydride, distilled and stored over
potassium hydroxide until use.
4.2.3 Characterization
4.2.3.1 FTIR spectroscopy

FTIR spectra of end-functionalized polymers were recorded on a Perkin-Elmer

Spectrum GX spectrophotometer.
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NMR spectra were recorded on a Bruker 200 or 500 MHz spectrometer at
resonance frequencies of 200 or 500 MHz for *H-NMR and 50 or 125 MHz for *C-NMR

measurements using CDCl; as a solvent. M,"R

of end-functionalized polymers were
calculated by comparing integrals of repeating unit protons and end group protons
wherever possible.

4.2.3.3 Gel permeation chromatography (GPC)

Molecular weight and molecular weight distribution of polymers were determined
using GPC (Thermo separation products) equipped with spectra series UV 100 and spectra
system RI 150 detectors. Two 60 cm PSS SDV-gel columns (10* - 10° A° and 1 x 100 A°)
were used at 25°C. The sample concentration was 2 to 3 mg /mL and the injection volume
was 50 uL. HPLC grade tetrahydrofuran was used as eluent at room temperature with a

flow rate of 1 mL / min. Polystyrene was used as the calibration standard.

4.3 Synthesis
4.3.1 Synthesis of hydroxyl-terminated polystyrene using 4-(hydroxymethyl)benzyl
2-bromo-2-methylpropanoate as the initiator
Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar,
a nitrogen inlet and a vacuum adaptor were charged copper bromide (0.31g, 0.002 mol),
2,2 bipyridine (0.70 g, 4.4 x 10”° mol) and deoxygenated styrene (4.54 g, 0.04 mol). The
reaction mixture was carefully degassed via three freeze-pump-thaw cycles to remove
dissolved oxygen. 4-(Hydroxymethyl)benzyl 2-bromo-2-methylpropanoate (0.62 g, 0.002
mol) was added under a stream of nitrogen and the flask was sealed with a stopper. The
reaction mixture was heated in an oil bath maintained at a temperature at 110°C for 1.5 h.
The polymerization was quenched by cooling reaction mixture in liquid nitrogen bath. The
reaction mixture was diluted with tetrahydrofuran (50 mL) and solution was passed
through neutral alumina column to remove copper. The solution was concentrated and
poured into excess methanol to precipitate out the polymer. The polymer was dried under
high vacuum for 24 h and weighed.
Yield- 3.60 g. (80%)

115 End-functionalized Polymers


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Cllck Here to upc

: Your complimentary

— use period has ended.
Thank you for using

t CO m p | ete PDF Complete.

Kyl-terminated PLMA using 5-ethyl-2,2-dimethyl 1,3-

dioxan-5-yl(methyl 2-bromo-2-methylpropanoate) as the initiator
4.3.2.1 Synthesis of protected dihydroxyl-terminated PLMA using 5-ethyl-2,2-

dimethyl 1,3-dioxan-5-yl(methyl 2-bromo-2-methylpropanoate) as the

initiator

Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar,
a nitrogen inlet and a vacuum adaptor were charged copper bromide (0.06 g, 4.19 x 10
mol), N,N’,N’,N’*,N"-pentamethyldiethylenetriamine (0.07 g, 4.19 x 10® mol),
deoxygenated lauryl methacrylate (4.54 g, 0.017 mol) and anisole (5 mL). The reaction
mixture was carefully degassed via three freeze-pump-thaw cycles to remove dissolved
oxygen. 5-Ethyl-2,2-dimethyl 1,3-dioxan-5-yl(methyl 2-bromo-2-methylpropanoate) (0.14
g, 4.19 x 10" mol) was added under a stream of nitrogen and the flask was sealed with a
stopper. The reaction mixture was heated in an oil bath maintained at 60°C for 12 h. The
polymerization was quenched by cooling the reaction mixture in liquid nitrogen bath. The
reaction mixture was diluted with tetrahydrofuran (50 mL) and solution was passed
through neutral alumina column to remove copper. The solution was concentrated and
poured into excess methanol to precipitate out the polymer. The polymer was dried under
high vacuum for 24 h and weighed.
Yield- 4.0 g (90 %)
4.3.2.2  Deprotection of ketal protected PLMA to dihydroxyl-terminated PLMA

Into a 250 ml round bottom flask equipped with a magnetic stirring bar and a
nitrogen inlet were charged ketal protected PLMA (3.0 g Mn"™?-3640 / PDI-1.23) and a
mixture of THF/ 7 % hydrochloric acid (37 mL, 80/20, v/v). The reaction mixture was
stirred overnight at room temperature. The formed product was recovered by precipitation
into excess methanol, separated, washed repeatedly with methanol and dried at room
temperature.
Yield-2.60 g. (86 %)

4.3.3 Synthesis of bismethylol-terminated poly(alkyl methacrylate)s using 3,5-
bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate as the initiator
A representative procedure for synthesis of bismethylol-terminated PLMA is

described below.
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i round bottom flask equipped with a magnetic stirring bar,

a nitrogen inlet and a vacuum adaptor were charged copper bromide (0.047g, 3.34 x 10™
mol), N,N’,N’,N”’,N”-pentamethyldiethylenetriamine (0.057 g, 3.34 x 10* mol),
deoxygenated lauryl methacrylate (2.80 g, 0.011 mol) and anisole (3.0 mL). The reaction
mixture was carefully degassed via three freeze-pump-thaw cycles to remove dissolved
oxygen. 3,5-Bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate (0.10 g, 3.34 x 10™
mol) was added under a stream of nitrogen and the flask was sealed with a stopper. The
reaction mixture was heated in an oil bath at 60°C for 12 h. The polymerization was
quenched by cooling reaction flask in liquid nitrogen bath. The reaction mixture was
diluted with tetrahydrofuran (50 mL) and solution was passed through neutral alumina
column to remove copper. The solution was concentrated and poured into excess methanol
to precipitate out the polymer. The polymer was dried under high vacuum for 24 h and
weighed.

Yield- 2.52 g. (90 %)

4.3.4 Synthesis of lactone-terminated polystyrene using 4-[2-(7-oxooxepan-3-yl)

propan-2-yl] cyclohexyl 2-bromo-2-methyl propanoate as the initiator

Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar,
a nitrogen inlet and a vacuum adaptor were charged copper bromide (0.06 g, 3.84 x 10™
mol), 2,2’-bipyridine (0.18 g, 1.15 x 10 mol) and deoxygenated styrene (1.98 g, 0.019
mol). The reaction mixture was carefully degassed via three freeze-pump-thaw cycles to
remove dissolved oxygen. 4-(2-(7-Oxooxepan-3-yl) propan-2-yl) cyclohexyl 2-bromo-2-
methyl propanoate (0.15 g, 3.84 x 10 mol) was added under a stream of nitrogen and the
flask was sealed with a stopper. The reaction mixture was heated in an oil bath at 90°C for
17 h. The polymerization was quenched by cooling reaction mixture in liquid nitrogen
bath. The reaction mixture was diluted with tetrahydrofuran (50 mL) and the solution was
passed through neutral alumina column to remove copper. The solution was concentrated
and poured into excess methanol to precipitate out the polymer. The polymer was dried
under high vacuum for 24 h and weighed.
Yield- 1.70 g (80 %)
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Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar,
a nitrogen inlet and a vacuum adaptor were charged copper chloride (0.09 g, 9 x 10 mol),
N,N’,N’,N"*,N"-pentamethyldiethylenetriamine (0.15 g, 9 x 10™* mol) and deoxygenated
methyl methacrylate (4.50 g, 0.045 mol). The reaction mixture was carefully degassed via
three freeze-pump-thaw cycles to remove dissolved oxygen. 2-Oxo-1,3-dioxolan-4-
yl(methyl 2-bromo-2-methylpropanoate) (0.24 g, 9 x 10™* mol) was added under a stream
of nitrogen and flask was sealed with a stopper. The reaction mixture was kept in an oil
bath at 60°C for 1 h. The polymerization was quenched by cooling reaction mixture in
liquid nitrogen bath. The reaction mixture was diluted with tetrahydrofuran (50 mL) and
solution was passed through neutral alumina column to remove copper. The solution was
concentrated and poured into excess hexane to precipitate out the polymer. The polymer
was dried under high vacuum for 24 h and weighed.
Yield- 2.34 g. (52 %)

4.4  Results and Discussion
4.4.1 Synthesis and characterization of hydroxyl-terminated polystyrene
4.4.1.1 Synthesis of hydroxyl-terminated polystyrene

ATRP of styrene in bulk was performed using HMBMP as the initiator, CuBr as

the catalyst and 2,2’-bipyridine as the complexing ligand (Scheme 4.1).*"%

O e O
LB ~cumusy o—ﬂ—~—<CH2—CH9n—CH2—CH—Br
e

Scheme 4.1: Synthesis of hydroxyl-terminated polystyrene

110°C

The reaction conditions and results of synthesis of hydroxyl-terminated
polystyrene are presented in Table 4.1. The conversions were determined gravimetrically.
As expected, polymers with increasing molecular weights were obtained upon increase in

ratio of molar concentration of monomer to initiator. The molecular weight determined by

118 End-functionalized Polymers


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Your complimentary
- use period has ended.
- CO m p I ete Thank you for using
PDF Complete.

Click Here to upgr:
Unlimited Pages a ith the theoretical values except for Run 4. The theoretical

molecular weight was calculated according to the following equation:

o Mo
M“th = [ ]

X 104 x (conversion) /100 + Mn.initiator

where M, and |, are the initial molar concentrations of the monomer and initiator,
respectively.

The MWD of the hydroxyl-terminated polystyrenes were narrow (MM, = 1.13 -
1.33) which is characteristic of a living/controlled radical polymerization. A typical GPC

trace of hydroxyl-terminated polystyrene is shown in Figure 4.1.

Table 4.1 Reaction conditions and results of synthesis of hydroxyl-terminated

polystyrene
Run  [M][Il:[Cul:[By]? Time Conv.® °M," GPC? It
(h) (%) M, MyM.
1 [20J:[1:[143] 15 8 1700 1980 133 085
2 2514431 35 93 2550 3000 113 085
3 67):[1:103] 6 78 5240 5900 124 088
4 7R85 76 6300 9670 119 065

a = [M][I]:[Cu]:[By] = Styrene/HMBIB/CuBr/2,2’-bipyridine, b = gravimetry, ¢ =
[St]o/[1]o X 104 x conv./100 + 187, d = PS calibration, e = M,"/M,°
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Figure 4.1: GPC trace of hydroxyl-terminated polystyrene (Run 2, Table 4.1)

4.4.1.2 Characterization of hydroxyl-terminated polystyrene

The structure of hydroxyl-terminated polystyrene was characterized by IR, *H-

NMR and **C-NMR spectroscopy.

FTIR spectrum of hydroxyl-terminated polystyrene exhibited bands at 3427 cm™

and 1714 cm™ which correspond to hydroxyl and ester carbonyl stretching absorptions,

respectively (Figure 4.2). The band observed at 1601 cm™ is characteristic of C=C

stretching vibration of aromatic ring.
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Figure 4.2: IR spectrum of hydroxyl-terminated polystyrene

'H-NMR spectrum of hydroxyl-terminated polystyrene along with assignments is

shown in Figure 4.3. The peaks in region 6.25 to 7.25 & ppm correspond to aromatic
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l aromatic protons (Hb) of initiator fragment. The peaks in

the range 4.33 to 4.57 & ppm appeared due to the methylene protons (Ha) to which
hydroxyl group is attached (CH,OH), methine proton (CH-Br, Hg) to which bromine is
attached and methylene protons (Hc) attached to ester group. The peaks in the region 1.45
to 2.39 & ppm were due to methylene and methine (He) protons of the polystyrene
backbone.

b+f

HO ¢ d .
o o CH.—~CH-3;—CH;~CH-Br
= b o]
z
f

Figure 4.3: "H-NMR spectrum of hydroxyl-terminated polystyrene in CDCl;

B3C-NMR spectrum of hydroxyl-terminated polystyrene along with assignments is
shown in Figure 4.4. In addition to peaks characteristic of polystyrene chain,? the peak of
ester carbonyl carbon (C7) was observed at 176.99 & ppm. The signal for benzylic carbons
C6 and C1 were observed at 65.23 and 64.82 & ppm, respectively. The benzylic carbon
(C11) to which bromine is attached appeared at 52.40 & ppm.
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Figure 4.4: C-NMR spectrum of hydroxyl-terminated polystyrene in CDCl;

Further, the presence of hydroxyl end group in polystyrene was confirmed by
derivatization using 4-nitrobenzoyl chloride. The reaction of hydroxyl-terminated
polystyrene with 4-nitrobenzoyl chloride was carried out in the presence of triethyl amine
(Scheme 4.2). The formed product was purified by repeated precipitation in methanol and
the structure was confirmed by *H-NMR spectroscopy.

NO,

HO
O o
O—H—%crlfcﬁn—crlfcwsr om@—(
(o] cocl
—_—
O © o
0—”+€CH2*CH9n—CH2*CH*Br

RT

Scheme 4.2: Reaction of hydroxyl-terminated polystyrene with 4-nitro benzoyl

chloride

Figure 4.5 shows "H-NMR spectrum of the product of reaction between hydroxyl-
terminated polystyrene and 4-nitrobenzoyl chloride. The peaks observed in region 8.20 to
8.40 & ppm correspond to aromatic protons (Ha + Ha’) ortho and meta to nitro group. The
peak at 5.40 & ppm corresponds to methylene protons (Hb) attached to ester group. The
peaks in the region 4.30 to 4.70 & ppm correspond to the benzylic protons Hd and Hg.
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Figure 4.5: "H-NMR spectrum of the product of reaction between hydroxyl-

terminated polystyrene and 4-nitrobenzoyl chloride in CDCl;

4.4.2 Synthesis and characterization of dihydroxyl-terminated PLMA using 5-ethyl-
2,2-dimethyl-1,3-dioxan-5-yl(methyl 2-bromo-2-methylpropanoate) as the
initiator

4.4.2.1 Synthesis of protected dihydroxyl-terminated PLMA
Cramail et al®* have demonstrated ATRP of butyl acrylate using 5-ethyl 5-(2-

methyl 2-bromopropionate) methyl-2,2-dimethyl-1,3-dioxane (Figure 4.6) as the initiator

in presence of CuBr complex with PMDETA as catalyst. The obtained poly(butyl

acrylate)s exhibited narrowv MWD (Mw/M, - 1.10 to 1.40).

XOC

Figure 4.6: Structure of 5-ethyl 5-(2-methyl 2-bromopropionate) methyl-2,2-
dimethyl-1,3-dioxane
Similarly, in the present work 5-ethyl-2,2-dimethyl-1,3-dioxan-5-yl(methyl 2-
bromo-2-methylpropanoate) as initiator was designed for alkyl methacrylate
polymerization. The solution ATRP of LMA using EDMBMP as an initiator was carried
out in the presence of CuBr/PMDETA as catalyst complex (Scheme 4.3).
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Scheme 4.3: Synthesis of protected dihydroxyl-terminated PLMA

The polymerization conditions and results are presented in Table 4.2. The
polymerization reactions were carried out at 60°C in anisole as the solvent for 12 h.
Anisole has been shown to be a good solvent for ATRP of various monomers due to its
relatively high polarity compared to toluene and it allows formation of a homogeneous
solution with CuBr/PMDETA catalyst.?®

The conversions were determined gravimetrically and were in the range 90 to 94

NMR

%. The experimental molecular weight (Mn™"") agreed reasonably well with theoretical

molecular weight (Mn™) showing good initiator efficiency.

Table 4.2: Reaction conditions and results of synthesis of protected dihydroxyl-
terminated PLMA

Run  3[MII][Cul:[L] °PConv. ‘M  MNMR ‘GPC epeff
(%) Man  Mu/My

1 [12]:11] [1]:[1] 90 3040 3810 7070 123 080
2 [28]:[1] [1]:[1] 94 6990 6600 9430 127 105

3 [40]:[1] [11:[1] 90 9440 11170 11790 129 084

Reaction temperature - 60°C, reaction time - 12 h, Solvent — anisole (50%, w/v w.r.t.
monomer), a - [M]:[I] [Cu]:[L] = [LMA]:[1]o:[CuBr],:[PMDETA],, b - gravimetry, c -
[LMA]/[1]o X 254 X conv./100 + 325, d - PS calibration, 1" - M,"/M,"MR

As expected, polymers with increasing molecular weights were obtained upon
increasing the ratio of initial concentration of monomer to initiator. The molecular weight
distributions of PLMA were relatively narrow (Mw/M, - 1.23 to 1.29). Figure 4.7 shows
GPC trace of protected dihydroxyl-terminated PLMA (Run- 3, Table 4.2). Xu et al®
obtained similar results for LMA polymerization using ethyl-2-bromoisobutyrate as
initiator in presence of CUCI/PMDET A as the catalytic system in anisole.
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Figure 4.7: GPC trace of protected dihydroxyl-terminated
PLMA (Run- 3, Table 4.2)

4.4.2.2 Structural characterization of protected dihydroxyl-terminated PLMA

The structure of protected dihydroxyl-terminated PLMA was confirmed by 'H-
NMR spectroscopy.

Figure 4.8 shows 'H-NMR spectrum of protected dihydroxyl-terminated PLMA
along with assignments. The peak at 3.57 & ppm (Hb) was attributed to methylene protons
(-OCH,) attached to ether group of the initiator fragment.?*?® The peaks observed at 3.86
and 0.82 & ppm correspond to methylene protons (Hf) (COOCHS) attached to ester group
and terminal methyl group protons (Hh) of alkyl chain, respectively. The peak at 1.20 6
ppm is due to the alkyl chain protons (Hg).
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Figure 4.8: "H-NMR spectrum of protected dihydroxyl-terminated PLMA in CDCl;

4.4.2.3 Synthesis of dihydroxyl-terminated PLMA (Deprotection of ketal group)

Scheme 4.4 shows synthesis of dihydroxyl-terminated PLMA. The deprotection of
ketal group of PLMA was carried out using dilute hydrochloric acid in THF/water mixture

at room temperature. The product was purified by dissolving in dichloromethane and

precipitating into excess methanol. ?#%
o} (|:H3 (|3H3
O_“_kcm_?%"ic Hy—C—Br
>< ¢=o c=o0
0_(CH2)11CH3 O—(CH2)11CH;
HCl, THFNVater‘ RT 24 h
o} (|:H3 (|3H3
H o_“_kcm—(l:%nicm—(l:—sr
-0 ¢-o
H O—(CH2)411CH3 O—(CH)11CH;

Scheme 4.4: Synthesis of dihydroxyl-terminated PLMA
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rization of dihydroxyl-terminated PLMA (after

deprotection of ketal group)

The structure of dihydroxyl-terminated PLMA was confirmed by FTIR and 'H-
NMR spectroscopy.

FTIR spectrum of dihydroxyl-terminated PLMA is given in Figure 4.9. A broad
band observed at 3411 cm™ corresponds to hydroxyl group, which confirmed the
deprotection of ketal group by dilute hydrochloric acid, while the band observed at 1719
cm! is due to ester carbonyl group of the PLMA segment and initiator fragment.

100

20
20
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T 30

38852 3800 3200 2800 2400 2000 1800 1800 1400 1200 1000 200 ] 3582
om-1

Figure 4.9: FTIR spectrum of dihydroxyl-terminated PLMA (after deprotection of
ketal group)

Figure 4.10 shows "H-NMR spectrum of dihydroxyl-terminated PLMA along with
assignments. The peaks observed at 3.63 and 3.91 6 ppm correspond to methylene protons
(Ha) attached to hydroxyl group (CH,OH) and methylene protons (He) attached to ester
group (COO-CHy_), respectively. The peak at 1.27 d ppm and triplet at 0.89 ppm appeared
due to methylene protons (Hf) (-(CHz2)10-) and methyl protons (Hg) (-CHs) of the alkyl
chains of PLMA, respectively.
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Figure 4.10: "H-NMR spectrum of dihydroxyl-terminated PLMA in CDCl;

4.4.3 Synthesis and characterization of bismethylol-terminated PMMA and PLMA
using 3,5-bis(hydroxymethyl) phenyl 2-bromo-2-methylpropanoate
(HMPBMP)

4.4.3.1 Synthesis and characterization of bismethylol-terminated PMMA

4.4.3.1.1 Synthesis of bismethylol-terminated PMMA
The bulk ATRP of MMA was carried out at 60°C using 3,5-bis(hydroxymethyl)

phenyl 2-bromo-2-methylpropanoate as the initiator, CuBr as the catalyst and PMDETA

as the complexing ligand. Scheme 4.5 depicts synthesis of bismethylol-terminated

PMMA.
H CHZ—C
o COOCH CHs; CHs
3@041_*‘3 ok OJ‘—’—{CHZ c}—CH2 C—Br
CuBr/PNDETA C o
H 60'C o(;|.|3

OCHs
Scheme 4.5: Synthesis of bismethylol-terminated PMMA

The polymerization conditions and results are presented in Table 4.3. The

conversions were determined gravimetrically. As expected, polymers with increasing
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ed upon increasing the initial concentration of monomer to

the initiator.
Table 4.3: Reaction conditions and results of synthesis of bismethylol-terminated

PMMA

(h) (%) M, M,/M, lett
1 [32]:[11:[1]:[1] 3 78 2570 3320 3620 1.24 0.77
2 [60]:[1]:[1]:[1] 3 58 3790 4300 5190 1.18 0.88
3 [100]:[1]:[1]:[1] 5 80 8240 20000 13620  1.14 0.41

Reaction temperature = 60°C, a — [M] - MMA, b - gravimetry, ¢ = [MMA]y/[I], X 100 x
conv./100 + 303, d = PS calibration, e = M,"/M,"M®

In case of Run 1 and 2, the experimental molecular weight (Mn"MR

) agreed
reasonably well with theoretical molecular weight (Mn"™) indicating good initiator
efficiency. Muller et al*’ also showed good initiator efficiency using 2-hydroxy ethyl 2-
bromo isobutyrate as the hydroxyl-functionalized ATRP initiator in MMA polymerization
in presence of CuBr/PMDETA as the catalyst.

NMR

However, the experimental molecular weight (Mn™") was higher than theoretical

molecular weight (Mn™) in Run 3 indicating lower initiator efficiency (0.41), which may
be attributed to the some side reactions (radical coupling) during polymerization.?*°

A typical GPC trace of bis-methylol-terminated PMMA is shown in Figure 4.11.
The obtained molecular weight distributions of the polymers were narrow, which indicates

a living/controlled polymerization using HMPBMP as the initiator.
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Figure 4.11: GPC trace of bismethylol-terminated PMMA, (Run 3, Table 4.3)

4.4.3.1.2 Structural characterization of bismethylol-terminated PMMA

The structural characterization of bismethylol-terminated PMMA was carried out
using FTIR and *H-NMR spectroscopy.

FTIR spectrum of bismethylol-terminated PMMA is shown in Figure 4.12. FTIR
spectrum exhibited a broad band of hydroxyl group absorption at 3340 cm™ from initiator
fragment. The band observed at 1730 cm™ corresponds to ester carbonyl of PMMA and

are

1043

ester carbonyl of initiator fragment.
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Figure 4.12: FTIR spectrum of bismethylol-terminated PMMA
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pbismethylol-terminated PMMA along with assignments is

shown in Figure 4.13. The aromatic proton (Hb) from the initiator fragment appeared as a
singlet at 7.36 & ppm, while the two aromatic protons (Hc) ortho to the ester group
appeared as a singlet at 7.02 & ppm. The singlet at 4.73 & ppm was attributed to methylene
protons (Ha) to which hydroxyl group is attached, while the singlet at 3.60 & ppm
correspond to methyl protons (Hf) (COOCHj;) of the PMMA chain. The peaks in the range
0.50 to 2.0 & ppm (Hd, He) correspond to protons of PMMA backbone.

CH3 CH; T
J—)—(CHQ c},,—cHzc Br o
a CDC|3 OCH3 0CH3
i f e TMS
d o =
1 o =
b c ) S| e
5
AN AL a
102 2,53 o
RS s e £
75 0 Tr
f
452 159,76 14886 4502  89.11
SAE: R RSE BERFER 3R RN RRNGT SARRE TR0 S S0 REREH SN LERRS BIREE SRS E3 R0 RERAR AT RN Tl RS S TRy SR TN 15N R B v A M A RS R GRS AR Ry
6.5 6.0 55 5.0 45 40 35 30 25 20 15 1.0 05 0.0

Figure 4.13: "H-NMR spectrum of bismethylol-terminated PMMA in CDCl;

4.4.3.2 Synthesis and characterization of bismethylol-terminated PLMA
4.4.3.2.1 Synthesis of bismethylol-terminated PLMA
Scheme 4.6 depicts the synthesis of bismethylol-terminated PLMA. ATRP of

lauryl methacrylate using BHMPBMP as an initiator was carried out using copper bromide
complex with PMDTA as the catalyst system. The polymerizations were carried out in
toluene and anisole as solvents at 60°C.

CH,

H (o] CHz-gocv(c;Hz)"c;H3 (I:Ha
Ei :>—0—“—**Br P — E: :>—o—“—QCH2 —————CH,—C—Br
CuBr/PMDETA
H 60°c COOCHz(CHz)ﬂ)CHg,
COOCH,(CH3)1oCH3

Scheme 4.6: Synthesis of bismethylol-terminated PLMA

131 End-functionalized Polymers


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

CI)'ck Here to up,

Unlimited Pages ¢

: Your complimentary

— use period has ended.
Thank you for using

t CO m p I ete PDF Complete.

erization conditions and results of synthesis of bismethylol-

terminated PLMA. The conversions were determined gravimetrically. The polymers with
increasing molecular weights were obtained upon increasing initial monomer to initiator
ratio.

Table 4.4: Polymerization conditions and results of synthesis of bismethylol-

terminated PLMA

Run *[M]:[I]: [CuBr]: P"Conv.  °M,"  M,"“R ‘GPC epeff
[PMDETA] (%) M., Mu/M,

1 [OJ[ML[]’ 78 4200 4060 5160 119 103

> [BEIMAJMAL]S 90 7540 14220 14060 116 053

3 [AOL[AJ[A]C 92 9940 27940 20670 112 035

Reaction temperature - 60°C, Reaction time- 12 h a — [M] - LMA, b - gravimetry, ¢ -
[LMA]J/[1]o X 254 x conv./100 + 303, d - PS calibration, e - M,"/M,"M?_f - Toluene as

solvent (50 %, w/v w.r.t. monomer), g - anisole as solvent (50 %, w/v w.r.t. monomer)

When toluene was utilized as a solvent (Run 1, Table 4.4), there was obtained
good agreement between theoretical molecular weight (M,™) and experimental molecular
weight (M,"™%), which indicates good initiator efficiency. The MWD was narrow (M./M,
-1.19) indicating living/controlled polymerization of LMA using BHMPBMP as an
initiator.

In case of ATRP in anisole as the solvent, (Run 2 and 3, Table 4.4) the PLMAS
with narrov MWD were obtained. However, the theoretical molecular weight (Mn‘h) was

higher than experimental molecular weight (M,""*

) indicating lower initiator efficiency.
The observed lower initiator efficiency may be due to high percentage of initiator
deactivation at the beginning of the polymerization by bimolecular termination combined
with high activity of the catalyst in anisole as a solvent.** Figure 4.14 shows GPC trace of

bismethylol-terminated PLMA.
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Figure 4.14: GPC trace of bismethylol-terminated PLMA
(Run 3, Table 4.4)

4.4.3.2.2 Structural characterization of bismethylol-terminated PLMA

FTIR, and *H-NMR spectroscopy was used for the characterization of bis-methylol
terminated PLMA.

Figure 4.15 shows FTIR spectrum of bismethylol-terminated PLMA. A broad
absorption band observed at 3422 cm™ corresponds to hydroxyl stretching of initiator
fragment of PLMA. The band at 1722 cm™ was ascribed to ester carbonyl group of PLMA

segment and initiator fragment.

100
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&0 |
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Figure 4.15: IR spectrum of bismethylol-terminated PLMA
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bismethylol-terminated PLMA along with assignment is

shown in Figure 4.16. The aromatic proton (Hb) and two protons (Hc) ortho to ester
group from initiator fragment appeared at 7.23 and 7.02 & ppm, respectively. The singlet
for the benzylic protons (Ha) originating from initiator fragment appeared at 4.71 & ppm.
The singlet at 3.93 & ppm corresponds to methylene protons (Hg) attached to ester group
of PLMA chain. The peak at 1.27 d ppm and the triplet at 0.89 & ppm (Hg) were due to
methylene protons (Hh) (-(CHy2)10-) and methyl protons (Hi) (-CHs) of the of PLMA

segment, respectively.

f
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S CHs CHa
b oL {{ch,—¢) CHy—C—Br I
‘\k 2 l}“ 2 |l
| CDOCHQ{CthgCHg THS
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Figure 4.16: "H-NMR spectrum of bismethylol-terminated PLMA in CDCl;

4.4.4 Synthesis and characterization of lactone-terminated polystyrene using 4-[2-
(7-oxooxepan-3-yl) propan-2-yljcyclohexyl 2-bromo-2-methyl propanoate as
the initiator

4.4.4.1 Synthesis of lactone-terminated polystyrene
ATRP of styrene was carried out using OPCBMP as initiator in the presence of

CuBr complex with two different ligands viz., 2,2’-bipyridine and PMDETA (Scheme

4.7). The polymerization reactions were carried out in bulk and in anisole as solvent. The

bulk polymerization was carried out in presence of CuBr as catalyst and 2,2’-bipyridine as

ligand at 90°C, while solution polymerization in anisole was carried out using CuBr as
catalyst and PMDETA as ligand at 90°C.
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Scheme 4.7: Synthesis of lactone-terminated polystyrene

Table 4.5 shows reaction conditions and results of synthesis of lactone-terminated
polystyrene. The conversions were calculated gravimetrically. The obtained experimental

molecular weight determined by 'H-NMR spectroscopy (Mn"M®

) and theoretical
molecular weight (Mn"™ were in good agreement, which indicates good initiator
efficiency. Similar results were obtained by Hedrick et al for ATRP of MMA using
lactone-functionalized initiator. 333

The molecular weight distributions were narrow indicating living/controlled
polymerization of styrene using OPCBMP as the initiator. It was also noted that use of
anisole as solvent and CuBr/PMDETA as a catalyst gave polymer with narrower MWD
than bulk polymerization, which was expected due to homogeneity of the reaction

medium. Figure 4.17 shows GPC trace of lactone-terminated polystyrene.

Table 4.5: Reaction conditions and results of synthesis of lactone-terminated

polystyrene
Run  [MI[L[Cul:[L]  “Conv M,  M,"MR *GPC fjeft
(%)
M, Mw/Mpy,
1*  [BOL[LLLE] 80 4160 3500 4410 115  0.84
2 [SOJ[AL[AJ[ 41 2130 2400 2640 107  0.80

a - [ML:[]:[Cul:[L] = [St]:[1]:[CuBr]:[By] bulk 15 h, b - [St]:[I]:[CuBr]:[PMDETA]
anisole (50%, w/v w.r.t. monomer) 8 h, ¢ - gravimetry, d = [St]/[l]o x 104 x conv./100 +
403, e - PS calibration, f - M,"/M,"MR Reaction temperature - 90°C
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(Table 4.6, Run 2)

4.4.4.2 Structural characterization of lactone-terminated polystyrene
Lactone-terminated polystyrene was characterized by IR, *H-NMR and *C-NMR
spectroscopy.
FTIR spectrum of lactone-terminated polystyrene is presented in Figure 4.18. The

band of ester and lactone group from initiator fragment was observed at 1724 cm™.

60 -
or T
40 - 23
3040 1724
2918
20 -
3000 c M 1 2000 1 1000

Figure 4.18: IR spectrum of lactone-terminated polystyrene

'"H-NMR spectrum of lactone-terminated polystyrene along with assignments is
presented in Figure 4.19. In addition to peaks characteristic of polystyrene chain,®* the
characteristic peaks of the protons of initiator fragment Ha (CH,-COO-) at the end of
polystyrene chain could be pointed out at 2.69 and 2.55 & ppm, while peaks at centered
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d to Hb (-COO-CHjy-) protons. Two-geminal methyl group

protons (Hd) from initiator fragment appeared at 0.75 & ppm.
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Figure 4.19: "H-NMR spectrum of lactone-terminated polystyrene in CDCl;

Figure 4.20 shows *C-NMR spectrum of lactone-terminated polystyrene along
with assignments. In addition to peaks characteristic of polystyrene chain, *® the signal at
176.04 4 ppm is assigned to lactone and ester carbonyl carbon (C1) of initiator fragment
and the signal at 46.59 & ppm is assigned to secondary carbon (C7) of initiator fragment to
which ester group is attached. The peaks at 33.50, 64.06, 46.59, 20.55 and 37.30 & ppm

were assigned to carbon number C2, C3, C4, C5 and C6, respectively of the initiator

fragment.
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Figure 4.20: BC-NMR spectrum of lactone-terminated polystyrene in CDCl3

137 End-functionalized Polymers


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Cllck Here to upt

: Your complimentary

— use period has ended.
Thank you for using

t CO m p | ete PDF Complete.

erization of cyclic carbonate-terminated PMMA

4.4.5.1 Synthesis of cyclic carbonate-terminated PMMA

Cyclic carbonate is a polar and highly reactive functional group and reacts with
aliphatic and aromatic amines, alcohols, thiols and carboxylic acids which is advantageous
for the synthesis of new polymeric materials. >

Cyclic carbonate-terminated PMMA was obtained by ATRP of MMA using 2-0xo-
1,3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate) as the initiator in the presence of
copper chloride complex with PMDETA as catalyst system. Scheme 4.8 shows route for
synthesis of carbonate-terminated PMMA. The “halide exchange technique” was used for
controlled ATRP of MMA.

(o}

)I\ 0
MMA
7 9 P CuCIPMDETA O/U\O O CH; CH;3 CHs
—CH,—0—C—C—Br —— > | ! !
(I:H Bulk,60°C Hz—O—C—ﬁ:‘GCHZ—cI: nCHz—CI:—CI
: CHj COOCH;  COOCH;

Scheme 4.8: Synthesis of cyclic carbonate-terminated PMMA

Table 4.6 summarizes the reaction conditions and results for synthesis of cyclic
carbonate-terminated PMMA. The conversions were determined by gravimetric analysis.
Polymerization reactions were carried out in bulk as well as in solvent (anisole and
acetone).

The bulk polymerization reactions were carried out at 60°C. The experimental

molecular weights obtained by *H-NMR spectroscopy (M, "R

) were in reasonably good
agreement with theoretical molecular weight (M,"), indicating good initiator efficiency.
The molecular weight distributions were narrow indicating living/controlled
polymerization.

In case of acetone (50 %) as the solvent, ATRP of MMA using CuCI/PMDETA as
the catalyst was carried out at 60°C for 4 h (Table 4.6, Run 3). The polymer obtained
showed reasonably good agreement between theoretical molecular weight (M,") and
experimental molecular weight (M,"M%).

In case of ATRP in anisole (50 %) as the solvent, polymerization reactions were
conducted using CUCI/PMDETA as catalyst at 40°C. There was observed good agreement

between theoretical molecular weight (M) and experimental molecular weight (M,"™F)
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GPC trace of cyclic carbonate-terminated PMMA (Table 4.6, run 1).

Table 4.6: Reaction conditions and results of synthesis of cyclic carbonate-terminated

PMMA

M][I:[Cul:[L Time bConv. o R IGPC
n n

Run e eff
(h) (%) M Mw/M, 1

1" [BOJAL[AI[l] 05 42 2400 3330 3570 117 0.72

2 [BOR[ALMIML] 1 52 2950 3500 7560 124 0.84
39 [74L[ALMAI[] 4 63 4810 6260 12040 1.16 0.7
4" [40)MLIAF[] 3 36 1730 1740 1750 120 0.9

a- [M]:[1}:[Cu]:[L] = [MMA].:[1]o:[CuCI]:[PMDETA], b - gravimetry, ¢ - [MMA]/[1], X
100 x conv./100 + 267, d - PS calibration, e - 1™ - M,"/M,N\MR f — (60 °C, bulk), g — (60

°C, acetone, 50 % w/v w.r.t. monomer), h — (40 °C, anisole, 50 % w/v w.r.t. monomer)

0.0006
Mn- 3570
0.0005 Mw- 4500
Mw/Mn- 1.17

0.0004

0.0003

Rl responce

0.0002

0.0001

22 24 2 2 30
Retention time (min)
Figure 4.21: GPC trace of cyclic carbonate-terminated PMMA
(Table 4.7, Run 1)

4.4.5.2 Characterization of cyclic carbonate-terminated PMMA

Cyclic carbonate-terminated PMMA was characterized by FTIR, 'H-NMR and
3C-NMR spectroscopy.

FTIR spectrum of cyclic carbonate-terminated PMMA showed an absorption band

at 1817 cm™ corresponding to carbonate group stretching arising from the initiator
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polymer chain as well as that of initiator fragment (Figure 4.22).

m™ corresponds to both ester carbonyl group of PMMA
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Figure 4.22: IR spectra of ATRP initiator ODBMP and cyclic carbonate-terminated

PMMA

'H-NMR spectrum of cyclic carbonate-terminated PMMA along with assignments
in shown in Figure 4.23(2). The broad signal at 4.96 & ppm and multiplets in the range

4.25-4.75 6 ppm correspond to methine proton (Ha) and methylene protons (Hb and Hc)

of the initiator fragment, respectively. The peak at 3.60 & ppm was assigned to methyl
ester protons (Hg) (-COOCHj3) of the PMMA segment. The peaks in the region 0.83 to

1.27 & ppm were assigned to methylene (He) and methyl protons (Hf ) of PMMA chain.
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Figure 4.23: '"H-NMR spectra of ODBMP (1) and cyclic carbonate-terminated
PMMA (2) in CDCL;

3C-NMR spectroscopy also proved the presence of cyclic carbonate end group in
PMMA. In addition to peaks characteristic of PMMA chain,***® the peak of carbonate
carbon was observed at 154.41 & ppm and the peak corresponding to methine carbon from
the initiator fragment appeared at 64.14 5 ppm.
4.4.5.3 Reaction between cyclic carbonate-terminated PMMA and n-propyl amine

As the reaction of cyclic carbonate with amino group finds various applications

such as crosslinking reaction in coatings ***

and for enzyme immobilization® it was of
interest to examine the reactivity of cyclic carbonate-terminated PMMA with a model
amine namely, n-propyl amine. The reaction between cyclic carbonate-terminated PMMA
and n-propyl amine was performed in dimethyl sulfoxide as a solvent at 50°C for 48 h
(Scheme 4.9). It is known from earlier reports that reaction of cyclic carbonate with
amine, gives hydroxyl-urethane via ring opening by nucleophilic attack of amine group
onto the carbonyl group of cyclic carbonate.*® Endo et al reported that addition reaction of

cyclic carbonate with benzyl amine gave two isomers of hydroxy urethane.** The same
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reaction of cyclic carbonate-terminated PMMA with »-

propyl amine (Isomers A and B, Scheme 4.9).
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Scheme 4.9: Reaction of cyclic carbonate-terminated PMMA with n-propyl amine

The ring opening reaction of cyclic carbonate-terminated PMMA with n-propyl
amine to form urethane group was confirmed by IR and *H-NMR spectroscopy (Figure
4.24 and 4.25).

Figure 4.24 shows FTIR spectrum of product of reaction between cyclic
carbonate-terminated PMMA and n-propyl amine. The spectrum shows absorption band at
3432 cm™ due to hydroxyl and N-H stretching, the band at 1731 cm™ was attributed to
carbonyl group stretching from both urethane group as well as PMMA ester groups. The
band due to NH deformation from urethane group appeared at 1524 cm™.
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Figure 4.24: IR spectrum of product obtained by reaction of cyclic carbonate-

terminated PMMA with n-propyl amine (A/B)
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cyélic carbonate-terminated PMMA with n-propyl amine alongwith assignments. Owing

to the complexity of NMR spectrum, the regioselectivity of the product of reaction

between cyclic carbonate-terminated PMMA and n-propyl amine could not be determined.
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Figure 4.25: '"H-NMR spectrum of product (A/B) obtained from reaction of cyclic

carbonate-terminated PMMA with n-propyl amine in CDCl;
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Hydroxyl-terminated polystyrenes were successfully synthesized by ATRP of
styrene using 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate as the
initiator. The molecular weight of hydroxyl-terminated polystyrene was in the
range 1980 to 9670 with narrov MWD (M/M, -1.13 -1.33) and initiator
efficiency was in the range 0.65 to 0.88.

Dihydroxyl-terminated  poly(lauryl  methacrylate)s were  successfully
synthesized by ATRP of LMA using 5-ethyl-2,2-dimethyl 1,3-dioxan-5-yl-
(methyl 2-bromo-2-methylpropanoate) as the initiator. The molecular weight of
dihydroxyl-terminated poly(lauryl methacrylate) was in the range 3810 to
11170 with narrow MWD (Myw/M, - 1.23 - 1.29) and the initiator efficiency
was in the range 0.80 to 1.05.

Bismethylol-terminated  poly(methyl — methacrylate) and  poly(lauryl
methacrylate) were synthesized using 3,5-bis(hydroxymethyl)phenyl 2-bromo-
2-methylpropanoate as the initiator. The molecular weight of bismethylol-
terminated poly(methyl methacrylate) was in the range 3320 to 20000 with
narrov MWD (MW/M, - 1.18 -1.24) and the initiator efficiency was in the
range 0.41 to 0.88. The molecular weight of bismethylol-terminated poly(lauryl
methacrylate) was in the range 4060 to 27940 with narrow MWD (Mw/M, -
1.12-1.19) and the initiator efficiency was in the range 0.35 to 1.03.
Lactone-terminated polystyrenes were synthesized by ATRP of styrene using
4-[2-(7-oxooxepan-3-yl) propan-2-yl]  cyclohexyl 2-bromo-2-methyl
propanoate as the ATRP initiator. The molecular weight of lactone-terminated
polystyrenes were 3500 and 2130 with narrow MWD (Mw/M;, - 1.07 and 1.15)
and the initiator efficiency was 0.80 and 0.84.

Cyclic carbonate-terminated PMMAS were successfully synthesized by ATRP
of MMA using 2-oxo-1,3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate)
as the initiator. The molecular weight of cyclic carbonate-terminated PMMA
was in the range 3330 to 6260 with narrow MWD (My/M, - 1.16-1.24) and the
initiator efficiency was in the range 0.72 to 0.99. The reactivity of cyclic
carbonate group in cyclic carbonate-terminated PMMA with n-propyl amine

was demonstrated.
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initiators were successfully utilized for the synthesis of polystyrene, PMMA
and PLMA possessing corresponding functional groups.
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)d Characterization of Block Copolymers by

Combination of Atom Transfer Radical Polymerization and Ring

Opening Polymerization

5.1 Introduction

Block copolymers are attractive class of polymeric materials which consist of
different polymeric segments covalently linked together to yield a material with hybrid
properties.’® Block copolymers find various applications as surfactants, thermoplastic
elastomers, structure directing agents, etc. As shown in Figure 5.1, nearly unlimited
number of molecular architectures can be engineered using two, three or more different

monomers.

AB diblock Cyelic AB diblock - /U\ g

ri . ABC triblock Mixed arm

J "-—/U\ ! : \% star block

SR =i e
(AB), star (AB),, multiblock

Figure 5.1: Selected block copolymer architectures

Block copolymers can be divided into two categories from the point of view of
topology; linear and nonlinear. A linear AB diblock copolymer consists of a chain of
monomers of type A attached at the end to a chain of type B monomers. Similarly, the
chains of monomers A, B and C or more monomer types are joined together to form ABC
triblock copolymer or multiblock copolymers. When three or more different polymer
chains are connected at one point a nonlinear block copolymer namely, miktoarm star
copolymer is formed.

The most important properties of block copolymers are microphase separation
(which is possible due to the covalent linkage between incompatible polymer segments)
and micellization in selective solvent.' 2

Among the block copolymers, amphiphilic block copolymers which consist of

hydrophilic polymer segment and hydrophobic polymer segment in the same molecule are
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ymers have attracted special attention in fundamental and

applied research due to their unique chain architectures and physical properties. In
particular, block copolymers composed of a hydrophilic poly(ethylene oxide) (PEO)
segment have been extensively studied and have a wide variety of potential applications as
polysoaps, polymeric surfactants, solution modifiers, emulsifiers, wetting agents, foam
stabilizers and drug carriers.>* Micellization of block copolymers can lead to different
morphologies, such as spheres, hexagons, rods, lamellae, vesicles®*, etc. The morphology
is controlled by structural factors such as polarity of each block, relative length of block

and overall molar mass of the copolymer.*®

Recently, the combination of various living polymerization techniques such as
ATRP and ring opening polymerization (ROP) to synthesize novel diblock and star shaped
block copolymers has attracted much interest since these combinatorial methods not only
enrich the types of polymerizable monomers but also enable variable compositions,
properties and architectures into one polymeric structure.>” Combining ATRP and ROP of
e-caprolactone, complex architectures like mikto arm star copolymer is possible. Interest
in poly(e-caprolactone) (PCL) is mainly due to its miscibility with different commercial
polymers such as SAN, ABS, PVC, nitrocellulose, etc. Furthermore, PCL possesses
properties such as permeability, biodegradability and ability to disperse pigments which

makes it potentially useful as a biomaterial. ®*

This chapter deals with synthesis of block copolymers using ATRP as well as a
combination of ATRP and ROP. The copolymers synthesized are listed below.

1) Poly(ethylene oxide)-block-poly(lauryl methacrylate) (PEO-b-PLMA) copolymers
were synthesized by ATRP of lauryl methacrylate using PEO macroinitiators of

varying number-average molecular weights.

2) Poly(styrene)-block-poly(e-caprolactone) (PS-b-PCL) copolymers  were
synthesized by ROP of e-caprolactone using hydroxyl-terminated polystyrene as
the macroinitiator. Hydroxyl-terminated polystyrenes were in turn prepared by
ATRP using 4-(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate as the
initiator.

3) Poly(lauryl methacrylate)-block-poly(ethylene oxide)-block-poly(lauryl
methacrylate) (PLMA-b-PEO-b-PLMA) copolymers were synthesized by ATRP in

two steps. In the first step, difunctional Br-PEO-Br macroinitiator was prepared
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lable polyethylene glycol of M, — 20,000 by reaction with

2-bromoisobutyryl bromide. In the second step, ATRP of lauryl methacrylate using
Br-PEO-Br macroinitiator was carried out to obtain PLMA-b-PEO-b-PLMA

copolyner.

4) Poly(methyl methacrylate)-block-[poly(e-caprolactone)], [PMMA-b-(PCL),] mikto
arm star copolymers were synthesized by ROP of e-caprolactone using
bismethylol-terminated polymethyl methacrylate as macroinitiator (M, "~ — 4300)
which in turn was synthesized by ATRP.

5)
5.2  Experimental

5.2.1 Materials

Poly(ethylene glycol) mono methyl ether (mPEO, Mpy-350, 700, 2000, 5000),
poly(ethylene glycol) (PEO, M,- 20000), stannous 2-ethylhexanoate (Sn(Oct),, 99%), &-
caprolactone (CL, 99%) lauryl methacrylate (LMA, 98%), copper bromide (CuBr, 99.9%),
copper chloride (CuCl, 98%), 2,2’-bipyridine (By, 99%), N,N-dimethyl amino pyridine
(DMAP, 99%), N,N,N’,N’,N”-penta methyl diethylene triamine (PMDETA, 99%) and 2-
bromoisobutyryl bromide (98%) were purchased from Aldrich. Triethyl amine (TEA),
toluene, dichloromethane (DCM), and tetrahydrofuron (THF) were purchased from S. D.
Fine Chem., India and were dried and distilled according to the reported procedures.™
Potassium hydroxide, sodium hydrogen carbonate, sodium hydroxide, methanol and
chloroform, all received from S.D. Fine-Chem. Ltd. India were used as received.

5.2.2 Purification of reagents

Poly(ethylene glycol) mono methyl ether and poly(ethylene glycol) were dried by
azeotropic distillation with toluene.

Purification of CuBr/CuCl : Into a 100 mL round bottom flask equipped with a
nitrogen inlet and a magnetic stirring bar, CuBr/CuCl (2.0 g) and glacial acetic acid (60
mL) were added. The mixture was stirred for 12 h, filtered, washed with ethanol several
times and dried at room temperature under vacuum for 24 h.**

e-Caprolactone was dried over calcium hydride, distilled and stored under

nitrogen.
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calcium hydride, distilled under reduced pressure and was

stored under nitrogen.

5.2.3 Measurements

FTIR spectra of polymers were recorded on a Perkin-Elmer Spectrum GX
spectrophotometer in chloroform.

NMR spectra were recorded on a Bruker 200 or 400 MHz spectrometer at
resonance frequencies of 200 or 400 MHz for *H-NMR and 50 or 100 MHz for *C-NMR
measurements using CDCls as a solvent.

Molecular weight and molecular weight distribution of the polymers were
determined using GPC (Thermo separation products) equipped with spectra series UV 100
and spectra system RI 150 detectors. Two 60 cm PSS SDV-gel columns (10% - 10° A° and
1 x 100 A° were used at 25°C. The sample concentration was 2 to 3 mg /mL and the
injection volume was 50 puL. HPLC grade tetrahydrofuran was used as eluent at room
temperature with a flow rate of 1 mL / min. Polystyrene was used as the calibration

standard.

5.3  Synthesis
5.3.1 Synthesis of PEO-b-PLMA diblock copolymer
5.3.1.1 Preparation of poly(ethylene glycol) mono methyl ether macroinitiator

(mPEOBY)

Into a 250 ml three-necked round bottom flask equipped with an addition funnel, a
nitrogen inlet and a magnetic stirring bar were charged N,N-dimethylamino pyridine (0.45
g, 3 x 10™ mol), triethyl amine (0.64 g, 6 x 10" mol) and dichloromethane (10 mL). The
reaction mixture was cooled to 0°C. 2-Bromoisobutyryl bromide (1.44 g, 6 x 10 mol) in
dichloromethane (10 mL) was added over a period of 10 minutes into the reaction mixture
which was followed by dropwise addition of poly(ethylene glycol) monomethyl ether
(15.0 g, 3.0 x 10 mol) in dichloromethane (100 mL) over a period of 1.5 h under nitrogen
atmosphere. Subsequently, the reaction mixture was allowed to attain room temperature.
The reaction mixture was stirred overnight at room temperature and filtered, washed with
saturated sodium bicarbonate solution (3 x 100 mL) and water (3 x 100 mL). The solution
was dried over anhydrous sodium sulphate, filtered and dichloromethane was removed

under vacuum to obtain mPEOBr macroinitiator which was purified by dissolution in
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precipitation into excess hexane. The purification procedure

was repeated three times and mPEOBr macroinitiator was dried under high vacuum for 24
h and weighed.
Yield- 13.50 g. (87 %)
5.3.1.2 Synthesis of PEO-b-PLMA diblock copolymer by ATRP

Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar,
a nitrogen inlet and a vacuum adaptor were charged PEO macroinitiator (1.38 g, 5.6 x 10™
mol, M,"YR = 2450, My/M, = 1.09), lauryl methacrylate (4.54 g, 0.017 mol),
N,N,N’,N’,N”-pentamethyldiethylenetriamine (0.10 g, 5.6 x 10™* mol) and toluene (5 mL).
The reaction mixture was carefully degassed via three freeze-pump-thaw cycles to remove
dissolved oxygen. Copper bromide (0.08 g, 5.6 x 10™ mol) was added under a stream of
nitrogen and flask was sealed with a stopper. The reaction mixture was degassed and then
heated at 80°C under nitrogen for 3 h and subsequently quenched by cooling in liquid
nitrogen bath. The reaction mixture was diluted with tetrahydrofuran (50 mL) and the
solution was passed through neutral alumina column to remove catalyst. The solution was
concentrated and precipitated in excess methanol. Further, polymer was purified by
dissolution in dichloromethane (10 mL) and precipitation into excess methanol. The
purification procedure was repeated three times and polymer was dried under high vacuum
for 24 h and weighed.
Yield- 4.72 g. (80 %)

5.3.2 Synthesis of PS-b-PCL diblock copolymer by ROP

Into a 50 ml two necked round bottom flask equipped with a magnetic stirring bar
and a nitrogen inlet were charged stannous 2-ethylhexanoate (0.010 g, 2.46 x 107 mol) &-
caprolactone (5.0 g, 0.043 mol) and hydroxyl-terminated polystyrene (PS-OH, 0.30 g, 5.0
x 10 mol, M,"™R- 5900). The reaction was carried out under nitrogen atmosphere at
140°C for 12 h. The flask was cooled to room temperature, diluted with dichloromethane
(20 mL) and precipitated into excess cyclohexane to obtain a white polymer. Further,
polymer was purified by dissolution in dichloromethane (10 mL) and precipitation into
excess cyclohexane. The purification procedure was repeated three times and polymer was
dried under vacuum at room temperature for 24 h.
Yield- 4.77 g. (94 %)
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PEO-b-PLMA triblock copolymer by ATRP

5.3.3.1 Preparation of difunctional poly(ethylene glycol) macroinitiator (Br-PEQO-Br)

Into a 250 ml round bottom flask equipped with an addition funnel and a magnetic
stirring bar were charged N,N-dimethylamino pyridine (0.22 g, 1.8 x 10 mol), triethyl
amine (0.22 g 2.5 x 10 mol) and dichloromethane (10 mL). The reaction mixture was
cooled to 0°C. 2-Bromoisobutyryl bromide (0.51 g, 2.5 x 10 mol) in dichloromethane (10
mL) was added over a period of 10 minutes to the reaction mixture, followed by dropwise
addition of poly(ethylene glycol) (15 g, 7.5 x 10™ mol) in dichloromethane (100 mL) over
a period of 1.5 h under inert atmosphere. Subsequently, the reaction mixture was allowed
to attain room temperature. The reaction mixture was stirred overnight at room
temperature and filtered, washed with saturated sodium bicarbonate solution (3 x 100 mL)
and water (3 x 100 mL). The solution was dried over anhydrous sodium sulphate, filtered
and dichloromethane was removed under vacuum to obtain Br-PEO-Br macroinitiator.
Further, macroinitiator was purified by dissolution in dichloromethane (10 mL) and
precipitation into excess hexane. The purification procedure was repeated three times and
macroinitiator was dried under vacuum at room temperature for 24 h.
Yield- 14.0 g. (93 %)
5.3.3.2 Synthesis of PLMA-b-PEO-b-PLMA triblock copolymer

Into a 50 ml two necked round bottom flask equipped with a stirring bar and a
nitrogen inlet were charged Br-PEO-Br macroinitiator (1.05 g, 8.3 x 10™ mol) and
dimethyl formamide (3 mL). The macroinitiator was dissolved by heating the reaction
mixture at 50°C. Lauryl methacrylate (4.54 g, 0.017 mol), copper chloride (0.023 g, 1.61 x
10" mol) and N,N,N’,N’,N”-penta methyl diethylene triamine (0.028 g, 1.61 x 10™* mol)
were added to the reaction mixture under nitrogen atmosphere and the reaction mixture
was degassed by three freeze-pump-thaw cycles. The reaction mixture was heated at 60°C
under nitrogen for 2.5 h. Reaction was quenched by cooling the reaction mixture in liquid
nitrogen bath. The reaction mixture was dissolved in tetrahydrofuran (30 mL) and filtered
through neutral alumina column. The solution was concentrated and polymer was
precipitated into excess methanol. The precipitated product was dried under vacuum at
room temperature for 24 h.
Yield- 5.13 g. (92 %)
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L(PCL); mikto arm star copolymers by ROP

Into a 50 mL two necked round bottom flask equipped with a magnetic stirring bar
and a nitrogen inlet were charged bismethylol-terminated PMMA (Mn"“R- 4300, M,/M, -
1.19) (0.20 g, 4.65 x10™ mol), stannous 2-ethylhexanoate (0.015 g, 3.70 x 10 ) and &-
caprolactone (0.50 g, 4.38 x 10 mol). The reaction was carried out under nitrogen
atmosphere at 140°C for 8 h. The reaction mixture was cooled to room temperature,
diluted with dichloromethane (10 mL) and precipitated into excess hexane to obtain a
white polymer. Further, polymer was purified by dissolution in dichloromethane (10 mL)
and precipitation into excess cyclohexane. The purification procedure was repeated three
times and polymer was dried under vacuum at room temperature for 24 h.

Yield- 0.58 g. (85 %)

5.4  Results ad Discussion
5.4.1 Synthesis and characterization of PEO-b-PLMA diblock copolymers
5.4.1.1 Preparation and characterization of mPEOBr macroinitiator
Kops et al' functionalized poly(ethylene glycol)s by transforming hydroxyl groups
into 2-bromo propionate or 2-chloropropionate groups to obtain mono or difunctional PEG
macroinitiators. They found PEO macroinitiators to be efficient initiators for ATRP of
styrene and obtained PEO-b-PS and PS-h-PEO-bH-PS copolymers with predetermined
molecular weight with narrow MWD. Krishnan et al'"*® utilized difunctional PEO
macroinitiators and synthesized PMMA-b-PEO-b6-PMMA utilizing halide exhange
technique. Later, Hocker et al utilized PEO macroinitiators for synthesis of methacrylic
block copolymers such as poly(ethylene oxide)-5-poly(hydroxy ethyl methacrylate).*?
mPEOBTr macroinitiators were synthesized by reacting poly(ethylene glycol) mono
methyl ether of different molecular weight with 2-bromoisobutyryl bromide in the
presence of triethyl amine and N,N-dimethyl amino pyridine in dry dichloromethane

(Scheme 5.1)

Q CHs

Br-C-C-Br o CH3
CH. o
CH30CH;—CH;~0——CH,—CH,—OH CH30CH;~CH;—0——CH,—CH,-0-C-C-Br
n TEA DMAP DCM n C|2H3

RT

Scheme 5.1: Synthesis of mPEOBr macrointiators
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mPEOBr macroinitiators were calculated for each macroinitiator by comparing the
integral ratio of peak b to peak a (Figure 5.3).

Table 5.1: Characterization of mPEOBr macroinitiators

Macroinitiator code "M, M,"MR °GPC
mPEO-OH mPEOBr M, M,y Mw/Mp,
MPEOBI g 350 470 - - -
MPEOBI5 700 790 990 1060 1.07
MPEOBIs5 2000 2450 3350 3700 1.09
MPEOBIr39 5000 6120 11900 13000 1.09

a- data provided by supplier (Aldrich), b - PS calibration, c- not determined

mPEOBr macroinitiators were characterized by FTIR, 'H and BC-NMR
spectroscopy.

Figure 5.2 shows a representative FTIR spectrum of mPEO macroinitiator. The
appearance of ester carbonyl peak at 1736 cm™ confirmed the formation mPEO

macroinitiator.*?

1736 (‘\
;
1110 H

3poo # 000 1000
CoM

% T
|

Figure 5.2: FTIR spectrum of mPEOBr macroinitiator
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assignments is shown in Figure 5.3. The peaks at 1.94 & ppm was assigned to six protons
(Hd) of two methyl groups (-OCO-C(CH3); and the triplet at 4.33 & ppm (Hc) is due to
methylene protons (CH.) alpha to ester group.12 The singlets for poly(oxyethylene)
(CH,CH;0) protons and methoxy group protons (OCH3) were observed at 3.64 (Hb) and

3.38 & ppm (Ha), respectively.

d

i a b c 0 CHg
 CHa0-4CHzCH2-0—-CHz-CH2—0-E-C-Br
@ CHs
o
|
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Figure 5.3: "H-NMR spectrum of mPEOBr macroinitiator
B3C-NMR spectrum of mPEOBr macroinitiator along with assignments is shown in
Figure 5.4. The peak at 170.77 & ppm correspond to the ester carbonyl carbon (C5) while
methylene carbon (C4) attached to ester group appeared at 71.23 6 ppm. The peaks at
68.29 & ppm and 55.09 & ppm were ascribed to methoxy carbon (C1) and quarternary

carbon (C6) attached to bromine, respectively.
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Figure 5.4: "C-NMR spectrum of mPEOBr macroinitiator

5.4.1.2 Synthesis and characterization of PEOQ-b-PLMA diblock copolymer

Synthesis of PEO containing block copolymers with alkyl methacrylates via
sequential anionic polymerization is difficult owing to side reaction between living PEO
and the alkyl ester group of poly(alkyl methacrylate) causing the formation of
inhomogeneous copolymers. The other obstacle encountered in the synthesis of block
copolymers through addition of alkyl methacrylate to living PEO is the low solubility of
PEO in THF (soluble above 20°C) whereas classical anionic polymerization of
methacrylates proceeds well only below —75°C. Elevated temperatures lead to transfer and
termination reactions in methacrylate polymerization.?+%%

ATRP of lauryl methacrylate was initiated by mPEOBr macroinitiator to obtain
PEO-b-PLMA diblock copolymer (Scheme 5.2). Polymerizations were carried out in the
presence of CuBr or CuCl as catalysts with 2,2°-bipyridine or PMDETA as complexing
ligands. The polymerization reactions were performed with various monomer to
macroinitiator concentration ratios to obtain copolymers with different molecular weights.

The polymerization reactions were carried out in bulk as well as in toluene as a solvent.
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Scheme 5.2: Synthesis of PEO-b-PLMA diblock copolymer

Table 5.2 shows reaction conditions and results of synthesis of PEOss-b-PLMA
diblock copolymers. The diblock copolymers were purified by repeated precipitation in
methanol/water mixture (75:25, v/v) at room temperature. The purified copolymers were

dried in vacuo at room temperature.

Table 5.2: Reaction conditions and results of synthesis of PEQss-b-PLMA in bulk and

in toluene
o [él'\J/'E],rﬂL] Time aC((;:)v. by NMR ‘GPC
: M Lma) Mo My MJM,
1 30:1:1:3¢ 5) 93 9630 11350 12,000 14500 1.18
2 30:1:1:1° 3 73 8010 10150 10000 12,900 1.25
3 54:1:1:1° 3 78 12300 12450 13300 17,000 1.28
4 55:1:1:1° 12 90 14040 21850 19500 25100 1.28

[M] = LMA, [I] = (MPEOssBr macroinitiator, M,""*— 2450), [L]= bipyridine/PMDETA, a
— NMR spectroscopy, b- [LMA]d/[l]o X 254 x conversion/100 + M,(mPEOssBr), ¢ — PS
calibration, d - Bulk ATRP at 130°C and [L]= 2,2’-Bipyridine, e - Solution ATRP in
toluene at 80°C and [L]= PMDETA

In the synthesis of PEO-b-PLMA, the conversion of lauryl methacrylate was
determined from 'H-NMR spectroscopy by recording NMR spectrum of the reaction

mixture (Figure 5.5). The peak at 4.49 & ppm corresponds to the methylene protons (Hc)

159 Block Copolymers


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

* C

CI)'ck Here to upgi

Unlimited Pages}i

Your complimentary
use period has ended.

om p I e‘te Thank you for using

PDF Complete.

FO macrointiator. A triplet at 4.13 & ppm correspond to

methylene protons (HI) attached to ester group of lauryl methacrylate and a broad peak at

3.92 & ppm correspond to methylene protons (Hh) attached to ester group of PLMA

segment from block copolymer. The peak at 3.63 6 ppm corresponds to methylene protons

(Hb) of PEO macroinitiator and PEO segment from block copolymer.

Using *H-NMR spectroscopy the composition and number average molecular
weight (M,"™?) of the PEO-b-PLMA diblock copolymers were determined, which are

iven in Tables 5.2 to 5.5. M,"* of PLMA segment was determined by comparing the
g

integral ratio of the signals originating from PLMA segment at 3.93 & ppm due to protons
of CH; group (Hh) with that of PEO segment (of known M,) (CH,CH,O) protons (Hb)

appearing at 3.65 & ppm.

PEO-h-PLMA

b e 0 Br
Meo\/\gﬂ/\%‘)\/\.g*
a n m
h
0% “C00—CHz+CHy2-CHg

a b 5 0
mPEQ macroinitiator  MeO 1] Br
e g A T %/\0)7&

Lauryl methacrylate

T

o
w
o
] COO—CHQ—{-CHQ-};OCHS
; -
o
Tr b
e
h
[ o 4
3 &
< I e
| |
0.02 2.00 1.87 436 0.03
| | ] | | [
e R R T E T T T T
445 4.0 3.4

Figure 5.5: Partial "H-NMR spectrum of reaction mixture during synthesis of

PEO-b-PLMA

Initially, mPEOssBr macroinitiator in the presence of CuBr/2,2’-bipyridine as

catalyst at 130°C was used for bulk ATRP of LMA. The polymerizations in toluene were
carried out using CuBr/PMDETA at 60°C.

Figure 5.6 shows GPC traces of mPEOssBr macroinitiator as well as PEOss-b-

PLMA diblock copolymers. GPC curve shifts from higher elution volume to lower elution
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pase in molecular weight from mPEO macroinitiator to

diblock copolymer. As seen from data in Table 5.2 the molecular weight distributions

were narrow (1.18 to 1.28) indicating a living/controlled polymerization. Except for Run

4, the obtained molecular weights (Mn"F) agreed reasonably well with theoretical values

(Mn™). The theoretical molecular weight values (Mn") were calculated according to the
following equation.
M, = [LMA] o/[I]o x 254 x conversion/100 + M,(mPEOBr)

where [LMA], and [l,] are the initial molar concentrations of the lauryl methacrylate and

PEO macroinitiator, respectively.

The polymerizations using mPEO;,Br macroinitiator were carried out in bulk at
60°C using CuCI/PMDETA and CuBr/PMDETA as catalysts. “Halide exchange”
technique was utilized to improve the control over molecular weight as reported by

Matyjaszewski et al,? as the mixed halide system R-Br/CuCl would give faster initiation,

slower propagation and therefore better control over molecular weight and MWD.

E b a)
2123 PEO-h-PLMA ,3 A PEO macrointiator
3|am-19500 |/ {1 |vn-3350
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Figure 5.6: GPC traces of a PEOQ macroinitiator and PEO-b-PLMA copolymer
(Run 4, Table 5.2)
The reaction conditions and results of synthesis of PEO;p-b-PLMA diblock

copolymer are presented in Table 5.3.
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s and results of synthesis of PEO¢-b-PLMA in bulk

Run  [MII]: Time “Conv. ‘M,™ M,"™ ‘GPC
[CuX]:[L] (h) (%)
(LMA) Mi My MoM,
1 8100:1:1:1 15 75 19350 23660 25570 30420 1.19
2 160:1:2:2 2 94 31900 36940 42970 50700 1.18
3 8160:1:2:2 3 88 36370 44710 45180 53760 1.19

Reaction temperature - 60°C, [M] = LMA, [I] = mPEO1,Br macroinitiator, M,"™- 470),
[L] = PMDETA, a - [CuX] = CuCl, b - NMR spectroscopy, ¢ - [LMA]J/[l]o X 254 X
conversion/100 + M,(mPEO1(Br), d - PS calibration, e - CuBr

Experimental molecular weights determined by *H-NMR spectroscopy (M,"M%)

were slightly higher than the theoretical molecular weights as was observed for PEOss-b-
PLMA using mPEOssBr macroinitiator. PEO;o-b-PLMA diblock copolymers showed
narrow MWD in range 1.18 to 1.19. Zhang et al** observed similar results where PEOBr
macroinitiator was used in conjunction with CuCl/2,2’-bipyridine as mixed halide catalyst
for the ATRP of MMA, which resulted in PEO-5-PMMA with narrow MWD (1.05 to
1.10).

The polymerizations using mPEO;gBr macroinitiator were carried out in bulk at
60°C using CuCI/PMDETA and CuBr/PMDETA as catalysts. Table 5.4 shows reaction
conditions and results of synthesis of PEOis-b-PLMA copolymers. PEOis-6-PLMA
diblock copolymers obtained using halide exchange technique were found to have slightly
higher molecular weight (M,"M?
range 1.17 to 1.36.

) than theoretical molecular weight with MWD in the
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s and results of synthesis of PEO3-b-PLMA in bulk

Run  [MI[I]: Time P"Conv. °M" M,"™ ‘GPC
[CuX]:[L]  (h) ( |_(|(5|))A) M, Mw  Mu/M,
1 475:1:1:1 1 32 6930 8460 21490 29220 1.36
2 €120:1:1:1 15 77 24370 34650 38100 44960 1.18
3 8120:1:1:1 15 68 26510 36120 63720 74550 1.17
4 2150:1:2:2 2 91 35540 39490 68040 87770 1.29

Reaction temperature - 60°C, [M] = LMA, [I] = (mPEO1gBr macroinitiator, M,"™- 790),
[L] = PMDETA, a - [CuX] = CuCl, b -NMR spectroscopy, ¢ - [LMA]J/[l]o X 254 X
conversion/100 + M,(mPEOBr , d - PS calibration, e - [CuX] = CuBr

For the synthesis of PEO;3-b-PLMA diblock copolymer, mPEOQO;39Br
macroinitiator was used. ATRP of LMA was carried out in bulk at 60°C in presence of
CuCI/PMDETA and CuBr/PMDETA as catalysts.

Table 5.5 shows reaction conditions and results of synthesis of PEO;39-b-PLMA
diblock copolymers. The obtained molecular weights of the diblock copolymers agreed
reasonably well with theoretical molecular weights and MWD was narrow (My/M, -1.14
and 1.22).

Table 5.5: Reaction conditions and results of synthesis of PEO39-b-PLMA in bulk

Run  [MII]:  Time %onv  °M,"  M,™™ ‘GPC
[CuXlL]  (h) (|_(|3|))A) M M. MM
1 9150:1:1:1 1 75 37760 39000 39650 45480 1.14
2 ¢150:1:1:1 1 41 22920 26870 19880 24430 1.22

Reaction temperature - 60°C, [M] = LMA, [I] = (MPEO139Br macroinitiator, M,"™-6120),
[L] = PMDETA, a - 'H-NMR spectroscopy, b - [LMA]o/[1]o X 254 x conversion/100 +
Mn(mPEO134Br), ¢ - PS calibration, d - [CuX] = CuBr, e - [CuX] = CuCl
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PEO-b-PLMA diblock copolymers were characterized by FTIR and 'H-NMR

spectroscopy.

A representative IR spectrum of PEO-b-PLMA diblock copolymer is shown in
Figure 5.7. The bands at 1728 cm™ and 1112 cm™ correspond to ester carbonyl group of

PLMA segment and ether group of PEO segment, respectively.

404

i 1112
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Figure 5.7: IR spectrum of PEO-b-PLMA copolymer

'H-NMR spectrum of PEO-b-PLMA diblock copolymer along with assignments is
shown in Figure 5.8. The signals from PEO segment i.e. singlets for oxyethylene protons
(CH2CH0) (Hb) and methoxy protons (OCH3) (Ha) were observed at 3.65 & ppm and
3.38 & ppm, respectively. PLMA segment showed characteristic signals for methyl protons
(CH3) (HK) at 0.89 & ppm and methylene protons attached to ester group (COOCH,) (Hh)
at 3.92 & ppm. The signal for methylene group protons (Hj) of PLMA segment was
observed at 1.27 & ppm.
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Figure 5.8: "H-NMR spectrum of PEO-b-PLMA copolymer in CDCl;

5.4.2 Synthesis and characterization of PS-b-PCL diblock copolymer
5.4.2.1 Synthesis of PS-b-PCL diblock copolymers

PS-b-PCL copolymer was synthesized using the concept of dual living
polymerization techniques namely, ATRP and ROP. Using this concept, Jerome et al used
hydroxy B-functionalized alkoxyamine as dual functionalized molecule for living free
radical copolymerization of styrene and ROP of ¢-CL in two steps for synthesis of PS-b-
PCL.? Enzymatic polymerization and ATRP were also applied as dual polymerization
techniques using dual functionalized initiator for synthesis of diblock copolymers.?® *The
advantage of this route lies in possibility of synthesis of a block copolymer with
monomers that are polymerized by different polymerization mechanisms in a simple and
efficient way.

4-(Hydroxymethyl)benzyl 2-bromo-2-methylpropanoate (Figure 5.9, reported in
Chapter 3) provided access to hydroxyl-functionalized polystyrene by ATRP which was
utilized for ROP of e-caprolactone (CL) sequentially.

HO C
0—“—|~Br

o

Figure 5.9: Structrue of 4-(hydroxymethyl)benzyl 2-bromo-2 methylpropanoate

Scheme 5.3 shows synthesis of PS-5-PCL diblock copolymers. Hydroxyl-

terminated polystyrene with three different molecular weights (synthesized in Chapter 4)
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for ROP of ¢-CL in the presence of stannous octanoate at

140°C.

o
I
Br—CH—CHo‘,—éCH—CHz}—"C—O—CHZ@CHZ-OH ) 0

Sn(Oct)
140°C

o o
I
Br—cn—CHQ—{cn—CHz}—Fn 'c':—o—CHz@—cnz—o{c—CHZ{CHza—CHZ—o}—H

Scheme 5.3: Synthesis of PS-5-PCL diblock copolymer

Table 5.6 shows reaction conditions and results of synthesis of PS-b-PCL
copolymers. The conversions were determined gravimetrically. The molecular weight of
block copolymer could be controlled by varying molar ratio of &-CL to polystyrene

macroinitiator.

Table 5.6: Reaction conditions and results of synthesis of PS-b-PCL copolymer

Run *PS-OH [eCLL:[PS]e °Conv. °Mn™ Mn"MR  3GPC total
My MM, (%) My MMy
1 5900 1.24 826 89" 89700 92690 11660  1.44
2 3000 1.3 206 92° 28620 27070 8890  1.26
3 3000 1.13 157 41" 15380 14320 4470 127
4 6200 114 25 83° 8990 8240 9550  1.26

Catalyst: stannous octanoate - 0.085 mol %, a- PS calibration, b- gravimetry, c- [e-
CL]J/[PS-OH], x 114 x conversion/100 + M, (PS-OH), Reaction temperature - 140°C,
Reactiontimed=15h,e=12h, f=9h.

GPC analysis showed an increase in molecular weight after macro-initiation of -

caprolactone (Figure 5.10). The molecular weights of PS-b-PCL copolymer determined
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NMR) agreed well with theoretical molecular weight (Table

5.6). The obtained PS-5-PCL copolymers showed MWD in range 1.26 to 1.44.
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Figure 5.10: GPC traces of a) PS-OH macroinitiator and b) PS-b-PCL copolymer
(run-3, Table 5.6)

5.4.2.2 Structural characterization of PS-b-PCL copolymers
The structural characterization of PS-5-PCL copolymer was carried out by FTIR,

'"H-NMR and **C-NMR spectroscopy.

Figure 5.11 shows representative FTIR spectrum of PS-b-PCL diblock copolymer.
The band at 1728 cm™ corresponds to ester carbonyl group of PCL segment. Polystyrene
block exhibits band at 1602 cm™ due to aromatic C=C stretching and the weak band at

3441 cm™ corresponds to the hydroxyl end group.
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Figure 5.11: IR spectrum of PS-b-PCL copolymer
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PS-b-PCL diblock copolymer along with assignments is

shown in Figure 5.12. The characteristic peaks for both polystyrene and poly(e-
caprolactone) blocks are present in the spectrum. The peak in the region 7.10 to 6.50 &
ppm arises due to the aromatic protons (Ha) of PS block, while the triplet at 4.06 & ppm
arises due to methylene protons (Hf) of PCL block.

b 0 c 0 4 e
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Figure 5.12: '"H-NMR spectrum of PS-b-PCL diblock copolymer

The peak corresponding to benzylic protons (Hc) shifted from 4.60 to 5.08 & ppm
confirming the macroinitiation of &-CL by PS-OH*' M,"MR was calculated from
integration ratios of aromatic protons of polystyrene block (known M,) and methylene
protons (Hd) of PCL block, while the contribution due to aromatic protons from initiator

fragment was neglected.

5.4.3 Synthesis and characterization of PLMA-b-PEO-b-PLMA copolymer

5.4.3.1 Synthesis and characterization of difunctional Br-PEO-Br macroinitiator
Difunctional Br-PEO-Br macroinitiator was synthesized according the procedure

reported by Kops et al.'? Reaction of poly(ethylene glycol) with excess of 2-

bromoisobutyryl bromide was carried out in the presence of N,N-dimethylamino pyridine

and triethyl amine as hydrogen bromide acceptors (Scheme 5.4).
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Scheme 5.4: Synthesis of Br-PEO-Br macroinitiator

The characterization of Br-PEO-Br macroinitiator was carried out by FTIR and *H-

NMR spectroscopy.

Table 5.7 shows characterization data of Br-PEO-Br macroinitiator. The M,""* of
macroinitiator was calculated by comparing the integral ratio of peak c to peak a (Figure
5.14).

Table 5.7: Characterization of Br-PEO-Br macroinitiator

bGPC
Macroinitiator M, NMR
M n MW Mw/Mn
Br-PEO-Br 12650 24590 25570 1.04

a - polystyrene calibration

Figure 5.13 shows FTIR spectrum of Br-PEO-Br macroinitiator. The band at 1733
cm’* corresponds to ester carbonyl group of difunctional macroinitiator. The band at 1110

cm™ corresponds to the ether group (C-O-C).
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Figure 5.13: FTIR spectrum of Br-PEO-Br macroinitiator

'"H-NMR spectrum of Br-PEO-Br macroinitiator along with assignments is shown

in Figure 5.14. The peak at 1.94 6 ppm (Ha) was attributed to twelve protons from four

methyl groups (-OCO-C(CHs), and the multiplet at 4.33 & ppm was assigned to methylene

protons (Hb) attached to ester group. The peak at 3.65 & ppm corresponded to oxyethylene

protons (Hc) of Br-PEO-Br macroinitiator. From the intensity ratio of peak c to a, M,

NMR

was calculated.
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Figure 5.14: "H-NMR spectrum of Br-PEO-Br macroinitiator

5.4.3.2 Synthesis of PLMA-b-PEO-b-PLMA copolymer

Synthesis of symmetric linear ABA triblock copolymers by living radical

polymerization could be achieved either by the use of difunctional macroinitiator or by
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12
|

ethod. Kops et al™* reported synthesis of amphiphilic PS-b-

PEO-6-PS by ATRP using PEO macroinitiator. Busse et al® utilized difunctional
macroinitiator for synthesis of triblock copolymer, poly(perfluorohexylethyl
methacrylate)-b-PEO-b-Poly(perfluorohexylethyl methacrylate) in the presence of
CuBr/PMDETA. Using this approach, various triblock copolymers with PEO as the
middle block and (meth)acrylate or styrene as outer blocks have been synthesized which
are otherwise difficult to synthesize by classical anionic polymerization method.'%%%
PLMA-b-PEO-b-PLMA triblock copolymer was synthesized (Scheme 5.5) by
ATRP of LMA with Br-PEO-Br macroinitiator at 60°C in presence of CuCl /PMDETA as
catalyst (halide exchange technique) in DMF as solvent.®
Br—gH—3g-o—c|-|2—cHz—oeCHz—CHz—o%ECHz—CHz—og—ng;r
CH; CH;

CuCI/PMDETA| DMF
LMA 60°C

CHs CH; O O CHs CHs
Br—ecI:—Cstm—q—c-o—GCHz—CHz—oﬁ]—cHZ—CHz—o—c—g—&CHz—q:am—Br
HSC_(HZC)10_H2C-O-C~‘O CH3 CH3 00C'O‘CH2—(CH2)10CH3

Scheme 5.5: Synthesis of PLMA-b-PEO-b-PLMA copolymer

Table 5.8 gives reaction conditions and results of synthesis of PLMA-5-PEO-b-
PLMA copolymer. The triblock copolymer was purified by dissolving in dichloromethane
and precipitation into excess methanol at room temperature. The purified copolymer was
dried in vacuo at room temperature and the conversion was determined gravimetrically.

GPC trace of triblock copolymer is shown in Figure 5.15. PLMA-H-PEO-b-
PLMA copolymer was obtained with narrov MWD (My/M, — 1.26).
Table 5.8: Reaction conditions and results of synthesis of PLMA-b-PEO-b-PLMA

copolymer

[LMA]:[1] Time "Conv. “Ma"  MNMR IGPC
[CuCI:[PMDETA]l () (%)

Run
M, Mw/Mj

1 [0SL[AJ[2L[2] 25 90 59510 60640 40400 126
a - [I] = (Br-PEO-Br macroinitiator, M,"""- 12650, My/M, — 1.04),b - gravimetry, ¢ -
[LMA]/[1]o X 254 x conversion/100 + M, (Br-PEO-Br), d - PS calibration
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Figure 5.15: GPC trace of PLMA-b-PEO-b-PLMA copolymer
(Run 1, Table 5.8)

5.4.3.3 Structural characterization of PLMA-b-PEO-b-PLMA triblock copolymer
The structure of PLMA-b-PEO-b-PLMA copolymer was confirmed by FTIR and
'H-NMR spectroscopy.
Figure 5.16 shows FTIR spectrum of PLMA-b-PEO-b-PLMA copolymer. The
band at 1720 cm™ arises due to stretching vibration of ester carbonyl group of PLMA

segments and the band corresponding to ether group of the PEO block appeared at 1115
1

cm—.
a0
7§
50 ]
Ll 1720 1115
T 40
a0 |
20
10
a0 3600 3200 2800 2400 2000 1800 1800 La00 1200 1000 200 5409

cr-1

Figure 5.16: FTIR spectrum of PLMA-b-PEO-b-PLMA copolymer

'"H-NMR spectrum of PLMA-b-PEO-h-PLMA copolymer along with assignments
is shown in Figure 5.17. The singlet observed at 3.65 & ppm corresponds to oxyethylene
protons (Hf) of PEO segment. The signal for protons from PLMA segment appeared at
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esponding to methyl protons (Ha), methylene protons (Hb)

and methylene protons (Hc) attached to ester group (COO-CHj>-), respectively.

cH: & cHy 0 0 CHy CH;
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Figure 5.17: '"H-NMR spectrum of PLMA-b-PEO-b-PLMA copolymer in CDCl3

5.4.4 Synthesis of AB; mikto arm star copolymers by ROP

The special topology of mikto arm star copolymers and chemical incompatibility
of the arms leads to special behavior which is unobtainable from their linear
counterparts.’’ They have the potential to create new nanostructures through phase
separation or supramolecular assembly in bulk and in solution, exhibiting possible
applications such as multifunctional sensors, multiselective catalysts for sequential or
simultaneous chemical reactions, multicomponent drug carriers, etc®*

Mikto functional initiators are used to grow chains from a central core resulting in
macromolecules with well-defined structures in terms of both the number and length of the
arms. For example, Deng et al** used modified dimethylolpropanoic acid as a mikto
functional initiator for the synthesis of ABC type mikto star copolymer. The use of 2-
hydroxyethyl 3-[(2-bromopropanoyl)oxy]-2-{[(2-bromopropanoyl)oxy]methyl}-2-methyl-
propanoate as mikto functional initiator for synthesis of AB, mikto star copolymer was
|.44

reported by Erdogan et a
5.4.4.1 Synthesis of PMMA-b-(PCL), mikto arm star copolymers

A novel mikto functional initiator was used for synthesis of AB, mikto arm star

copolymer (Figure 5.18).
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Figure 5.18: Structure of 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-

methylpropanoate

AB; type PMMA-b-(PCL); mikto arm star copolymer was synthesized
sequentially. In the first step, bismethylol-teminated PMMA was synthesized by ATRP
using 3,5-bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate as the initiator.
(Chapter 4).

In the second step, ROP of CL using a bismethylol-teminated PMMA as
macroinitiator was carried out in the presence of stannous octanoate as catalyst in bulk at
140°C (Scheme 5.6).

CH3 CH3 CHZ_OH O

| [ 0
Br—(lt—CHz—Gclt—CHz}ﬂ—LO—@ : do

COOCH; COOCH3 CH,—OH

Sn(Oct), I 140°C

o

I
CH; CHs CHz—O%C—CHz{CHZ)S—CHZ—oi;H

| | 0
ort-oncb-omf Lo 0)

]
COOCH;  COOCH, CHz—O{C—CHZ{CHﬁ—CHz—O>—H
m

Scheme 5.6: Synthesis of mikto arm star copolymer PMMA-b-(PCL),

Table 5.9 shows reaction conditions and results of synthesis of PMMA-b-(PCL);
copolymer. The conversions of &-CL were determined by gravimetry. The number-

average molecular weights determined by 'H-NMR spectroscopy (Mn"™R

) agreed
reasonably well with theoretical molecular weights. Although the polymerizations were
successful, the control in MWD was compromised as evidenced by broad distribution
(MW/M, = 1.39 to 1.42). GPC traces of PMMA macroinitiator and PMMA-b-(PCL),

copolymer are shown in Figure 5.19.
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ns and results of synthesis of PMMA-b-(PCL), mikto

arm star copolymers
Run [M]J/[Mac] Time “Conv  °M," M,"™ GPC total
(h) (%) Mn My  Mu/Ms
1 3010 12 89 309220 345430 18950 26900  1.42
2 1508 5 90 158590 132970 19440 27430 141
3 94 8 76 12760 16360 12800 17280  1.39

Catalyst: stannous octanoate - 0.085 mol %, [M] = e-caprolactone, [Mac] = (bismethylol-
terminated PMMA, M,"™ — 4300, Mu/M- 1.18), a — gravimetry, b- M,"" = [M]o/[1]o x 114
x conversion/100 + M,"™ of PMMA, c- PS calibration

by a)
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Figure 5.19: GPC traces of a) PMMA macroinitiator and b) PMMA-b-(PCL), mikto

arm star copolymer (run-2, Table 5.9)

5.4.4.2 Structural characterization of PMMA-b-(PCL), mikto arm star copolymers

The structure of PMMA-b-(PCL), mikto arm star copolymer was confirmed by

FTIR and *H-NMR spectroscopy.
FTIR spectrum of mikto arm star copolymer is shown in Figure 5.20. Ester
carbonyl group stretching band from PCL as well as PMMA appeared together at 1728

cm™. The band observed at 3433 cm™ was attributed to the hydroxyl group at the chain

end PCL block.
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Figure 5.20: FTIR spectrum of PMMA-b-(PCL); mikto star copolymer

Figure 5.21 shows 'H-NMR spectrum of mikto arm star copolymer PMMA-b-
(PCL), along with assignments. The signals from aromatic protons (Hc) and (Hd) of core
appeared at 7.0 and 7.20 & ppm, respectively. PMMA segment showed a characteristic
signal for the methoxy (CO-OCHj3;) group protons (Ha) at 3.60 6 ppm. The two peaks for
methyl protons (Hb) of PMMA backbone appeared at 1.02 and 0.84 & ppm. The triplet at
2.31 & ppm was ascribed to methylene protons (Hf) attached to ester group (OCOCH_) and
and the triplet at 4.06 & ppm was due to methylene protons (Hh) (-CH,OCO-) from PCL
segments. The peak at 3.65 & ppm (Hh’) corresponds to methylene protons (CH,OH)
attached to hydroxyl end group of PCL block. The peak at 4.60 & ppm of dihydroxyl-
terminated PMMA (Ph-CH,OH, in the shaded region in Figure 5.21) shifted downfield to
5.10 & ppm (He) after ROP of lactone (Ph-CH20-CO-).

b o ¥ g h

L9 Il
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Figure 5.21: "H-NMR spectrum of PMM A-b-(PCL), mikto arm star block copolymer
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Thus, it was demonstrated that bismethylol-terminated PMMA could be
successfully used as macroinitiator for ROP of ¢-CL in the presence of stannous octanoate

as catalyst for synthesis of PMMA-b-(PCL), mikto arm star copolymers.
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1)

2)

3)

4)

PEO-b-PLMA diblock copolymers were synthesized by ATRP using PEO
macroinitiators of different chain length. The chain length of PLMA block was
also varied. The experimental molecular weights (M, M*
than theoretical molecular weights. The MWD of PEO-b-PLMA diblock

copolymer was inrange 1.17 to 1.36.

) were slightly higher

PS-b-PCL diblock copolymers were synthesized by stannous octanoate
catalyzed ROP of &-CL wusing hydroxyl-terminated polystyrene as

macroinitiator. The experimental molecular weights (M,"""*

) agreed well with
theoretical molecular weights and MWD of PS-b-PCL was in the range 1.26 to
1.44.

PLMA-bH-PEO-bh-PLMA tiblock copolymer was synthesized by ATRP of LMA
using difunctional Br-PEO-Br macroinitiator in the presence of
CuCIl/PMDETA as catalyst. Difunctional Br-PEO-Br macroinitiator was
derived from commercially available polyethylene glycol of M, — 20000. The
experimental molecular weight of PLMA-b-PEO-b-PLMA (M,"F) agreed
well with theoretical molecular weight and MWD was narrow (Mw/M, -1.26).
A new mikto arm star PMMA-b-(PCL), copolymer was synthesized using
bismethylol-terminated PMMA as macroinitiator for ROP of &-CL in the
presence of stannous octanoate as catalyst. The experimental molecular

NMR

weights (M, ") agreed well with theoretical molecular weights and MWD

was in the range 1.39 to 1.42.
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tharacterization of Graft Copolymers by Combination

of Atom Transfer Radical Polymerization and Ring Opening

Polymerization

6.1 Introduction

Graft copolymers consist of a main polymer chain (backbone) having one or more side
polymer chains attached to it through covalent bonds (branches) (Figure 6.1)." Graft
copolymers represent valuable polymeric materials since molecular parameters such as
backbone and branch polymer type, degree of polymerization of backbone and branches, graft
density and distribution of the grafts can be varied producing thermoplastic elastomers and
amphiphilic copolymers.? By selecting appropriate polymers for backbone and branches they
find applications as hydrogels?, stabilizers, surfactants,® surface-modifying agents,
dispersants, emulsifiers and compatibilizers in polymers blends.*

Backbone

Y
|
|
|
|
|
|

Branches
Figure 6.1: Architecture of graft copolymer

Interest in branched arrangements of hydrophilic and hydrophobic components arose
with the discovery that the latter structures exhibit a quite different behavior from that
observed for linear homologues: for instance, linear amphiphilic polymers tend to aggregate
via intermolecular interaction and are known to form micelles of lesser stability than
monomolecular micelles that could be obtained with certain branched homologues.>® It is also
well established that branched systems give better surface activity for applications such as the

stabilization of dispersions because of their peculiar topology. >°
General methods for synthesis of graft copolymer are, 1) “grafting onto” 2) “grafting
through”, and 3) “grafting from”. Grafting onto approach requires the presence of
complimentary functionalities on the graft unit and the backbone. “Grafting through”

approach utilizes macromonomers and their homo or copolymerization with another monomer
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Unlimited Pages ai In the “grafting from” technique, backbones containing

reactive sites that are capable of initiating polymerization are synthesized and further
polymerization of another monomer gives graft copolymer. Each method suffers from its own
particular disadvantages, the major one being steric hindrance of the reactive center affecting
the grafting efficiency. Figure 6.2 illustrates the three approaches for synthesis of graft
copolymers.

Grafting onto

.r.l'.-lr.n.-':.n.-' ['N:.'\.-'.Il.'\r_'r\nl.'\u'\:- + 1 Yesssamaesas T -l'-'\llIl'-\.-'\ll’\ﬂ-'\ll'I‘lﬂl'- ‘I-'\lﬂll\.-'m '\.-'\l-‘II-'\I-‘I“

A s X b X b X
Y Y Y Y
Grafting from
.-..n_Ia-w..-m.-_p-..-I ..... nn I:_p\.n.-ml.-.n.- + MONOMEr - B ,;:n,,]-\,-.tnul.r..rl-v-uuur\r'E¢mv-|_-v-|,-u\,..
¥ W W W X X X X
Grafting through

i
initiator + (comonomer) + ﬂh — M

1

WU

Py i W

Figure 6.2: Synthetic approaches for graft copolymers

Recently dual living controlled polymerization processes have been established with
ATRP, ring opening polymerization (ROP), nitroxide mediated polymerization (NMP) and
reversible addition fragmentation chain transfer termination (RAFT) polymerization to obtain
well-defined graft and block copolymers.”®*% Graft copolymers, prepared with a combination
of radical polymerization and ROP, have already been used as surfactants for the synthesis of
microspheres with controlled diameters and size distributions using dispersion
polymerization.'® Careful control of the stabilizer properties has been shown to greatly affect
steric stabilizing properties, and the optimum balance must be achieved for effective
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c copolymers are preferred because they are less sensitive to

the ionic interactions and hence give more stable systems in the presence of salts.
The present chapter deals with synthesis and characterization of following three graft
copolymers

1. Poly(lauryl methcrylate)-graft-poly(ethylene oxide) (PLMA-g-PEO) was synthesized
via *“grafting through” approach using conventional free radical polymerization of
PEO macromonomer with lauryl methacrylate.

2. Poly(e-caprolactone)-graft-poly(methyl methacrylate) (PCL-g-PMMA)  was
synthesized via “grafting from” approach. First PCL macroinitiator was synthesized
using ROP of &-CL and 4-[2-(7-Oxooxepan-3-yl) propan-2-yl] cyclohexyl 2-bromo-2-
methyl propanoate and later ATRP of methyl methacrylate was carried out using PCL
macroinitiator to obtain PCL-g-PMMA copolymer.

3. Poly(urethane)-graft-poly(lauryl methacrylate) (PU-g-PLMA) was synthesized via
“grafting from” approach. First PU macroinitiator was synthesized from commercially
available diols viz., ethylene glycol, poly(prolylene glycol) and a newly synthesized
diol namely, 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate with 2,4-
diisocyanate or isophorone diisocyanate and later ATRP of lauryl methacrylate was
carried out to obtained PU-g-PLMA copolymer.

6.2  Experimental
6.2.1 Materials

Poly(ethylene glycol) mono methyl ether (PEO, M,- 2000), poly(ethylene glycol)
mono methyl ether methacrylate (PEOMA, M;,-1100), lauryl methacrylate (LMA), 2,4-
toluene diisocyanate (TDI), isophorone diisocyanate (IPDI), copper bromide (CuBr), copper
chloride (CuCl), azobisisobutyronitrile (AIBN), 2,2’-bipyridine (By), N,N-dimethylamino
pyridine (DMAP), N,N,N’,N’,N”-penta methyldiethylenetriamine (PMDETA), 2-
bromoisobutyryl bromide, e-caprolactone (e-CL) and stannous octanoate were purchased
from Aldrich. Triethyl amine, toluene, methanol, dichloromethane, chloroform,
tetrahydrofuran, potassium hydroxide, sodium hydrogen carbonate and sodium hydroxide

were purchased from S. D. Fine Chem., India.
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I ATRP initiator namely, 4-[2-(7-oxooxepan-3-yl) propan-2-

yl] cyclohexyl 2-bromo-2-methyl propanoate (OPCBMP) was synthesized as described in
Chapter 3. Methacryloyl chloride was prepared according to the reported procedure.'
6.2.2 Purification of reagents

e-Caprolactone, methyl methacrylate and lauryl methacrylate were stirred over
calcium hydride, vacuum distilled and stored under nitrogen.

Poly(ethylene glycol) mono methyl ether was dried by azeotropic distillation with
toluene and dried under vacuum overnight.

Triethyl amine, cyclohexane, toluene, dichloromethane and tetrahydrofuron were dried
and distilled according to reported procedure.’® 2,4-Toluene diisocyanate and isophorone
diisocyanate were used as received.

Purification of CuBr/CuCl: Into a 100 mL round bottom flask equipped with a
nitrogen inlet and a magnetic stirring bar were charged CuBr/CuCl (2.0 g) and glacial acetic
acid (60 mL). The mixture was stirred for 12 h, filtered, washed with ethanol several times
and dried at room temperature under vacuum for 24 h.23

6.2.3 Characterization

FTIR spectra of polymers were recorded on a Perkin-Elmer Spectrum GX
spectrophotometer in chloroform.

NMR spectra were recorded on a Bruker 200 or 400 MHz spectrometer at resonance
frequencies of 200 or 400 MHz for *H-NMR and 50 or 100 MHz for **C-NMR measurements
using CDCl; as a solvent.

Molecular weight and molecular weight distribution of the polymers were determined
using GPC (Thermo separation products) equipped with spectra series UV 100 and spectra
system RI 150 detectors. Two 60 cm PSS SDV-gel columns (10? — 10° A° and 1 x 100 A°)
were used at 25°C. The sample concentration was 2 to 3 mg /mL and the injection volume
was 50 uL. HPLC grade tetrahydrofuran was used as eluent at room temperature with a flow

rate of 1 mL / min. Polystyrene was used as the calibration standard.
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6.3.1 Synthesis of PLMA-g-PEO copolymer
6.3.1.1 Preparation of mPEQO methacrylate macromonomer (mPEOMA)

Into a 250 ml two-necked round bottom flask equipped with an addition funnel, a
nitrogen inlet and a magnetic stirring bar were charged N, N-dimethylamino pyridine (0.22 g,
1.85 x 10 mol), triethyl amine (1.50 g, 0.015 mol), poly(ethylene gycol) methyl ether (Mn-
5000, 10.0 g, 5 x 10° mol) and toluene (100 mL). The reaction mixture was cooled to 10°C.
Methacryloyl chloride (1.56 g, 0.015 mol) in dry toluene (25 mL) was added over a period of
30 minutes to the reaction mixture. Subsequently, the reaction mixture was allowed to attain
room temperature and stirred overnight. Solvent was removed and the crude product obtained
was dissolved in dichloromethane, washed with sodium bicarbonate solution (3 x 70 mL),
brine (2 x 70 mL), water (2 x 70 mL), dried over anhydrous sodium sulphate and filtered.
Dichloromethane was evaporated off to obtain mMPEOMA macromonomer which was purified
by repeated precipitation by dissolving in dichloromethane (10 mL) and pouring into excess
hexane.

Yield: 9.0 g, (90 %)
6.3.1.2 Synthesis of PLMA-g-PEO copolymer by conventional free radical
polymerization

Into a 50 ml two-necked round bottom flask equipped with a magnetic stirring bar and
a nitrogen inlet were charged mPEOMA macromonomer (2.0 g, 9.60 x 10 mol), lauryl
methacrylate (8.0 g, 0.031 mol), azobisisobutyronitrile (0.05 g, 3 x 10 mol) and toluene
(100 mL). The reaction mixture was carefully degassed by bubbling nitrogen into the reaction
mixture and heated at 70°C under nitrogen atmosphere for 24 h. The reaction mixture was
concentrated and precipitated into excess methanol. The obtained polymer was separated and
purified by repeated precipitation by dissolving in dichloromethane (10 mL) and pouring into
excess methanol. The polymer was dried under high vacuum for 24 h and weighed.

Yield: 8.50 g. (85 %)
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MA copolymer by combination of ROP and ATRP

6.3.2.1 Synthesis of PCL macroinitiator (PCLM) by ROP

Into a 25 mL two-necked round bottom flask equipped with a magnetic stirring bar
and a nitrogen inlet were charged stannous octanoate (0.015 g, 3.70 x 107 mol), &-
caprolactone (5.0 g, 0.043 mol) and 4-(2-(7-oxooxepan-3-yl) propan-2-yl) cyclohexyl 2-
bromo-2-methyl propanoate (0.36 g, 8.90 x 10 mol). The reaction was carried out under
nitrogen atmosphere at 140°C for 8 h. The reaction mixture was cooled to room temperature,
diluted with dichloromethane (30 mL) and precipitated into excess hexane. The polymer was
dried under vacuum at room temperature for 24 h.
Yield- 4.66 g. (87 %)
6.3.2.2 Synthesis of PCL-g-PMMA copolymer

Into a 50 ml two-necked round bottom flask equipped with a magnetic stirring bar, a
nitrogen inlet and a vacuum adapter were charged PCL macroinitiator (0.52 g, 9 x 107,
Mn®F¢- 5760), methyl methacrylate (1.80 g, 0.018 mol) and N,N,N’,N’,N"-
pentamethyldiethylenetriamine (0.043 g, 2.52 x 10 mol). The reaction mixture was carefully
degassed via three freeze-pump-thaw cycles to remove dissolved oxygen. Copper chloride
(0.025 g, 2.52 x 10™ mol) was added under a stream of nitrogen and the flask was sealed with
a stopper. The reaction mixture was degassed and then heated at 60°C under nitrogen for 7 h
and subsequently quenched by cooling the mixture in liquid nitrogen bath. The reaction
mixture was diluted with tetrahydrofuran (50 mL) and solution was passed through neutral
alumina column to remove copper. The solution was concentrated and poured into excess
hexane to precipitate out the polymer. The polymer was dried under high vacuum for 24 h and
weighed.
Yield- 1.0 g. (43 %)
6.3.3 Synthesis of PU-g-PLMA copolymer
6.3.3.1 Synthesis of PU macroinitiator based on ethylene glycol, 2,2-

bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate and isophorone

diisocyanate (PUM;)

Into a 50 mL two-necked round bottom flask equipped with a magnetic stirring bar, a

nitrogen inlet and a reflux condenser were charged dibutyl tin dilaurate (0.07 g, 1.11 x 10
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77 x 10° mol), 2,2-bis(hydroxymethyl)butyl 2-bromo-2-

methyl propanoate (0.5 g, 1.76 x 10 mol), isophorone diisocyanate (0.77g, 3.46 x 10 mol)
and dry acetone (20 mL). The reaction was carried out under nitrogen atmosphere at 60°C for
7 h. The crude product was purified by dissolution in acetone (10 mL) and precipitation into
excess water/methanol mixture (50:50, v/v). The purification procedure was carried out three
times. The polymer was separated and dried under vacuum at room temperature for 24 h.
Yield: 1.10 g. (80 %)
6.3.3.2 Synthesis of PU macroinitiator based on poly(propylene glycol), 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate and 2,4-toluene
diisocyanate (PUM,)

Into a 50 mL two-necked round bottom flask equipped with a magnetic stir bar, a
nitrogen inlet and a reflux condenser were charged poly(propylene glycol) (6.0 g, 3 x 107
mol), 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate (1.06 g, 3.75 x 10 mol)
and 2,4-toluene diisocyanate (1.12 g, 3.24 x10° mol). The reaction was carried out under
nitrogen atmosphere at 60°C for 60 h. The reaction mixture was diluted with acetone and
methanol was added to quench the isocyanate. The crude product was dissolved in acetone
(10 mL) and precipitated into excess methanol/water mixture (50:50, v/v). The polymer was
separated and dried under vacuum at room temperature for 24 h.

Yield: 7.52 g. (92 %)
6.3.3.3 Synthesis of PU-g-PLMA copolymer

Into a 50 ml two-necked round bottom flask equipped with a magnetic stirring bar, a
nitrogen inlet and a vacuum adaptor were charged PUM, macroinitiator (0.25 @),
N,N,N’,N’,N”-pentamethyldiethylenetriamine (0.043 g, 2.5 x 10 mol), lauryl methacrylate
(2.7 g, 0.01 mol) and acetone (3 mL). The reaction mixture was carefully degassed via three
freeze-pump-thaw cycles to remove dissolved oxygen. Copper chloride (0.024, 2.5 x 10™
mol) was added under a stream of nitrogen and flask was sealed with a stopper. The reaction
mixture was again degassed and then heated at 60°C under nitrogen for 4 h. Subsequently, the
reaction mixture was quenched by cooling in liquid nitrogen bath. The mixture was diluted
with tetrahydrofuran (30 mL) and solution was passed through neutral alumina column to
remove catalyst. The solution was concentrated and precipitated into excess methanol. The
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Uniim e olved in dicholoromethane (10 mL) and precipitated into

excess methanol. The polymer was dried under high vacuum for 24 h and weighed.
Yield: 1.40 g. (51 %)

6.4 Results and Discussion
6.4.1 Synthesis and characterization of PLMA-g-PEO copolymer

PLMA-g-PEO copolymer was designed to ensure an efficient stabilization process of
polyurethane microspheres prepared by dispersion polymerization in organic media. PEO
segment was chosen as an anchor moiety of the surfactant, while PLMA segment was chosen
as stabilizing moiety due to its organophilicity.
6.4.1.1 Preparation and characterization of PEOMA macromonomer

Poly(ethylene glycol) methacrylate macromonomer (PEOMA) was prepared by reacting
dried poly(ethylene glycol) mono methyl ether with methacryloyl chloride in the presence of
triethyl amine as hydrogen chloride acceptor and N,N-dimethylamino pyridine.** The complete
functionalization of hydroxyl end group of poly(ethylene glycol) mono methyl ether was
achieved by taking an excess of methacryloyl chloride. The purification of poly(ethylene
glycol) macromonomer was carried out by dissolving in dichloromethane and precipitating into
excess hexane.

The characterization of PEOMA macromonomer was carried out by FTIR, *H and **C-
NMR spectroscopy. Table 6.1 shows characterization data of PEOMA macromonomer
analyzed by *H-NMR spectroscopy and GPC.

Table 6.1: Characterization of PEOMA macromonomers

oA "Degree of
a n H H H C
Macromonomer M, PEO PEOMA functlor;allzatlon My/M;,
(%)
PEO,sMA* 1100 1125 98 1.06
PEOgMA* 2000 3060 99 1.07

* _ PEO4MA and PEOgMA values obtained from 'H-NMR spectroscopy, a- values
commercially obtained, b = *H-NMR spectroscopy, ¢ = GPC with PS calibration
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pectrum of PEOMA macromonomer. The band at 1715 cm™

appeared due the presence of ester carbonyl and double bond appeared at 1641 cm™.
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Figure 6.3: IR spectrum of PEOMA macromonomer

'H-NMR spectrum of PEOMA macromonomer along with assignments is shown in
Figure 6.4. The peaks at 3.65 and 3.38 & ppm were assigned to oxyethylene protons (He) and
methoxy (OCH3) protons (Hf) of PEO. The peaks at 5.58 (Ha) and 6.14 6 ppm (Hb) correspond
to the vinyl protons, while methyl protons (Hc) appeared at 1.95 & ppm. The degree of
functionalization of PEOMA macromonomers was calculated from *H-NMR spectroscopy by
comparing the integration of methyl protons (Hc) from end group with methylene protons (He)
of repeating unit of PEO and the values were found to be almost quantitative (Table 6.1).
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Figure 6.4: "H-NMR spectrum of PEOMA macromonomer in CDCl;
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polymerization

PLMA-g-PEO copolymers were synthesized by free radical solution copolymerization
using the “grafting through” approach. Scheme 6.1 shows route for synthesis of PLMA-g-
PEO copolymer via free radical polymerization. PEOMA macomonomer and lauryl

methacrylate (LMA) were copolymerized using AIBN as initiator in toluene.™

G G
CH,=C + CH,=C
COO—CH,CH,0C HZCHZ)HOC Hs COO—CHZCHZ—GCHﬁéCHg

AIBN | Toluene
600C

iy G
—CH,—C )x £CH, CI:‘)T,
coo—CHZCHZ—GCHﬁéc Hs COO-CH,CH,0CH,C HZ)FOCHg

Scheme 6.1: Synthesis of PLMA-g-PEO copolymer via conventional free radical

polymerization

Table 6.2 presents reaction conditions and characterization data of PLMA-g-PEO
copolymers. The broad MWD for graft copolymers GP1 and GP2 was ascribed to higher
number of chain transfer reactions in conventional free radical polymerization used for the

synthesis.'®*’
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and results of synthesis of PLMA-g-PEO copolymers by

conventional free radical polymerization

M. PEO (mol %) "GPC
Copolymer
EOMA Feed *Experimental Mh Mw Mw/M,
GP1la 1125 5.42 1.55 68,300 2,32,000 2.90
GP1b 1125 5.42 2.20 94910 3,50,000 3.68
GP2a 3060 2.95 1.64 34170 96,560 2.82
GP2b 3060 2.95 1.50 45670 120350 2.63

AIBN - 0.05 g, 3 x 10™ mol, toluene (50 %, w/v), reaction temp - 70°C, reaction time - 24 h, a
— determined by *H-NMR spectroscopy, ¢ — PS calibration

Using PEO,sMA macromonomer, graft copolymers (GP1a and GP1b) were obtained
along with trace amount of gel indicating homopolymerization of PEOMA macromonomer
with the degree of polymerization exceeding limit of gel formation.’® In case of graft
copolymerization using PEOgsMA macromonomer no gel formation was observed.

In PLMA-g-PEO copolymer, PEO segment is hydrophilic and PLMA segment is
hydrophobic. The purification of this type of graft copolymer is very difficult because there is
very small difference in solubility between homopolymer of LMA and graft copolymer, in
most of the solvents.*® The graft copolymer rich in PLMA segment can be precipitated in
methanol, as it is non-solvent of PLMA. The methanol soluble fraction may contain unreacted
MPEO macromonomer, mMPEOMA homopolymer and the methanol soluble graft copolymer.
6.4.1.3 Structural characterization of PLMA-g-PEO copolymer

The characterization of PLMA-g-PEO copolymer was carried out by FTIR and 'H-
NMR spectroscopy.

FTIR spectrum of PLMA-g-PEO copolymer IS shown in
Figure 6.5. The bands at 1723 cm™ and 1125 cm™ correspond to ester carbonyl group of

PLMA segment and ether bond of the PEO segment, respectively.
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Figure 6.5: IR spectrum of PLMA-g-PEO copolymer

'H-NMR spectrum of PLMA-g-PEO along with assignments is shown in Figure 6.6.
The peaks at 0.89 and 1.27 & ppm were assigned to methyl protons (He) and methylene
protons (Hd) of PLMA segment. The peak at 3.92 & ppm was ascribed to methylene protons
(Hc) adjacent to ester group of PLMA segment. The oxyethylene protons (Hf) (OCH,CH,) of
PEO appeared at 3.65 & ppm and the singlet at 3.38 & ppm was attributed to methoxy protons
(Hg) from PEO segment. The molar ratio of PLMA/PEOMA in graft copolymer was
calculated from relative integration of the peaks at 0.89 (He) and 3.38 6 ppm (Hg).

The PEO content of the copolymers were calculated from *H-NMR spectra and the
values are given in Table 6.2. The values of experimentally determined PEO content were
lower than feed which could be attributed to homopolymerization of PEOMA methacrylate

macromonomer and / or presence of unreacted macromonomer.
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Figure 6.6: "H-NMR spectrum of PLMA-g-PEO graft copolymer in CDCl,

6.4.2 Synthesis and characterization of PCL-g-PMMA by combination of ROP and

ATRP

Copolymers containing PCL segments are interesting because they are miscible with a
variety of polymers such as PVC, ABS, SAN and PC.? Another interesting characteristic of
PCL is the ability of the ester linkage to undergo exchange reactions with other polyesters and
polycarbonates.?*?* PCL combined with other polymeric segments can be utilized as a
compatibilizer in polymeric blends.

PCL-g-PMMA copolymer was synthesized by “grafting from” approach in two
steps.”® In the first step, PCL macroinitiator was synthesized by ring opening
copolymerization of e-caprolactone and 4-(2-(7-oxooxepan-3-yl) propan-2-yl) cyclohexyl 2-
bromo-2-methyl propanoate. In the second step, ATRP of MMA was carried out using PCL
macroinitiator.
6.4.2.1 Synthesis of PCL macroinitiator via ROP

In ROP of lactones and lactides, tin complexes are generally used as catalyst. Amongst
the tin complexes, tin(ll) 2-ethyl hexanoate [Sn(Oct)2] is the most widely used catalyst due to
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solvents and cyclic ester monomers.?

Scheme 6.2 depicts route for synthesis of PCL-g-PMMA by “grafting from” approach.
PCL macrointiator was obtained by ring opening copolymerization of e-caprolactone and a
new lactone containing ATRP initiator namely, 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate using benzyl alcohol as initiator in the presence of
stannous octanoate as catalyst. ROP were carried out in bulk at 140°C for 12 h.

o

D IO
O

Sn(OCT)2

@-CHIOH
0 \ /0
@CHZ—O%“—CHZQCHZEICHZ—G T C L —cH,-cH,- H—CHz—CH2—0>;.H

l 140C/12h

o
s
Br
Scheme 6.2: Synthesis of PCL macroinitiator by ROP
It has already been demonstrated that 2-bromo isobutyric ester of lactone-
functionalized ATRP initiator does not interfere with ROP reaction under the given

conditions.?28

Table 6.3 present reaction conditions and results of synthesis of PCL
macroinitiators. The conversions were determined by gravimetry. The composition of PCL
macroinitiator was determined by *H-NMR spectroscopy and found to be in reasonably good
agreement with feed ratio. Molecular weight distribution of two PCL macroinitiators utilized

in the present study was 1.15 and 1.47.
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synthesized by ROP

Composition (Mol %)
v “GPC
Yield. Feed IMeasured
(%)
CL OPCBMP CL OPCBMP M, Mw My/M;,,
PCLM-1 74 99 1 99.2 0.80 5760 6660 1.15
bPCLM-2 87 95 5 95.7 4.30 4240 6240 1.47

Catalyst conc. (Stannous octanoate) — 1.28 x 10™* mol, Initiator conc. (Benzyl alcohol) - 1.8 x
10 mol, reaction temperature 140°C, Reaction time -12 h, a- [CL] = 0.026 mol, b - [CL] -
0.017 mol, ¢ - gravimetry, d - *H-NMR spectroscopy, e - PS calibration,

6.4.2.2 Structural characterization of PCL macroinitiator

PCL macroinitiators were characterized by FTIR, 'H-NMR and **C-NMR
spectroscopy.

Figure 6.7 shows FTIR spectrum of PCL macroinitiator. The bands at 1723 cm™ and

3440 cm™ correspond to ester carbonyl and hydroxyl end group.

20

70 )

&0 |

50

rell 3440

wT
30 )
20 |

10 ]

0

1723

-18.2
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Figure 6.7: FTIR spectrum of PCL macroinitiator
'H-NMR spectrum along with assignments of PCL macroinitiator is shown in Figure

6.8. The peaks at 7.35 and 5.12 & ppm correspond to five aromatic protons (Ha) and two
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triplets observed at 4.06 ppm (Hd) and 2.31 & ppm (Hc) corresspond to methylene protons
from PCL segment. The peak appearing at 3.65 & ppm (He) was attributed to methylene
protons to which hydroxyl end group is attached. The peak due to methyl protons (Hg)
appeared at 1.91 & ppm and the peak at 0.78 & ppm correspond to geminal dimethyl protons
(Hf) of comonomer segment (OPCBMP). The peaks in the region 1.25 to 1.75 & ppm were
ascribed to methylene protons (c’) of PCL, methylene protons (c’) and protons from
cyclohexane ring of comonomer segment (OPCBMP).
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Figure 6.8: "H-NMR spectrum of PCLM-2 macroinitiator in CDCl;

Figure 6.9 shows “*C-NMR spectrum along with assignments of PCL macroinitiator.
Aromatic carbons from initiator fragment (benzyl alcohol) C1, C2, C3 and C4 appeared at
128.34, 127.96 and 135.81 & ppm, respectively. The peaks at 173.36 and 170.89 & ppm were
due to the ester carbonyl carbons (C6, C10) of PCL and comonomer segment carbons (C19)
(OPCBMP), respectively. The peaks at 65.93 and 74.91 & ppm confirmed the presence of
benzylic carbon (C5) and secondary carbon (C18), respectively. The tertiary carbons (C16)
attached to geminal dimethyl group and the quarternary carbon (C21) attached to bromine

appeared at 38.02 and 56.14 & ppm, respectively.
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Figure 6.9: *C-NMR spectrum of PCLM-2 macroinitiator in CDCl3

6.4.2.3 Synthesis and characterization of PCL-g-PMMA copolymer by ATRP
The reaction pathway for synthesis of PCL-g-PMMA is shown in Scheme 6.3. The

“grafting from” approach was utilized for synthesis of PCL-g-PMMA using PCLM as
macrointiator.

(o}
<C:)>—C|-|2—o<—LLC|-|ZQC|-|2}3C|-|2 C|-|2 CH,—CH-CH,>— CH2—0>—

CuBr/PMDETA| MMA
60°C

Br

0 o)
@—CH2—0—6“—CHZQCH2}3CH2—O>—WWM-H—CH2—CH2— H-CHZ—CHZ—O>—'H
n n

o CH3
>—’—GCH2 ca—Br
o

COOCH;

Scheme 6.3: Synthesis of PCL-g-PMMA via “grafting from” approach
ATRP of MMA was carried out at 60°C in the presence of CuBr or CuCl as catalyst
and PMDETA as ligand for 3 h.*3* Table 6.4 shows reaction conditions and results for
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Unitm i i Ne monomer conversion was determined gravimetrically.

Figure 6.10 shows GPC traces of PCL macroinitiator (PCLM-2) and PCL-g-PMMA
copolymer (Run 3, Table 6.4).

Use of CuCI/PMDETA as catalyst (halide exchange technique) showed improvement
in MWD (My/M, - 1.36) of PCL-g-PMMA copolymers compared with ATRP using
CuBr/PMDETA as catalyst where graft copolymer exhibited relatively broader MWD
(Mu/M, - 1.712).

When CuCl was used as a catalyst with bromine initiating group in PCL, the halogen
exchange reaction occurred, leading to chlorine as initiating groups.® The shift of the atom
transfer equilibrium to PCL-CI originates in the differences in bond energies between the C-
Cl and C-Br. The stronger C-Cl bond in the PCL leads to the lower concentration of the free
radical propagating chains during ATRP than that with PCL-Br/CuBr initiated
polymerization, resulting in lower polymerization rates.

Matyjaszewski et al had demonstrated that using CuCl complexed with simple linear
amine ligands in conjunction with bromo-terminated macroinitiators leads to graft copolymers
of narrow MWD with uniform graft chains.*® Similar observation was made in the present
work when halogen exchange technique was utilized for synthesis of PCL-g-PMMA
copolymer, which gave a MWD of 1.36 (Table 6.4). This is due to the fact that replacement
of bromine atom by chlorine atom suppresses undesirable secondary reactions by decreasing

the radical concentration, while the initiation remains fast compared to propagation.
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using PCLM macroinitiators
Run  [MMA]:[PCLM]: *Conversion. Composition by "GPC
[CuX]:[PMDETA] 'H-NMR spectroscopy
(%) (mol %)
N PMMA
PCL (feed) (feed)* M, My /M,
1 [775):[1):[1):[1] 28 4.0 (5.5) 96 (94.5) 88640 1.71
2 9356]:[1]:[1]:[1] 17 14.0 (13.50) 86 (86.50) 44500  1.52
3 *[200]:[1]:[1]:[1] 27 19.0 (22.40) 81.0(77.60) 70800  1.36
catalyst conc. - 1 x 10™ mol, reaction temperature - 60°C, ( )* - values in parentheses

represent feed values, a - gravimetry, b - PS calibration, ¢ — {[PCLM] = PCLM-2, [CuX] =
CuBr}, d - {[PCLM] = PCLM-1, [CuX] = CuBr}, e — {{[PCLM] = PCLM-1, [CuX] = CuCI}
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Figure 6.10: GPC traces of a) PCLM-2 macroinitiator and b) PCL-g-PMMA copolymer
(Run 3, Table 6.5)

6.4.2.4 Structural characterization of PCL-g-PMMA copolymer
The structure of PCL-g-PMMA copolymer was confirmed by FTIR, *H and **C-NMR

spectroscopy.
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cm™ corresponds to the ester carbonyl group of PCL and PMMA. The broad band at 3540 cm™

! was attributed to hydroxyl end group of PCL backbone.
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Figure 6.11: IR spectrum of PCL-g-PMMA copolymer

Figure 6.12 shows *H-NMR spectrum along with assignments of PCL-g-PMMA. The
peaks at 7.35 and 5.11 & ppm arise from five aromatic protons (Ha) of initiator fragment and
benzylic methylene protons (Hb), respectively. The peaks from methylene protons (He) (-
CH,0CO-) and (Hc) (-COO-CH;-) of PCL backbone appeared at 4.06 and 2.31 & ppm,
respectively. The peaks from PMMA branches appeared at 3.60 and at 1.02 and 0.84 & ppm
which correspond to OCHj3 protons (Hh) and methyl protons (Hg), respectively.

The composition of PCL-g-PMMA copolymers were determined from *H-NMR
spectra by comparing the integral ratios of the peak at 4.06 & ppm of PCL segment and the
peak at 3.60 & ppm of PMMA segment (Table 6.4). The composition was found to be in

reasonably good agreement with feed values.
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Figure 6.12: '"H-NMR spectrum of PCL-g-PMMA copolymer in CDCl;

6.4.3 Synthesis and characterization of PU-g-PLMA copolymer

Polyurethanes find wide applications in industries like automotive, footwear,
cosmetics, biomedical, etc. due to the ease of synthesis and versatile properties.®’® The
properties such as tensile strength and elongation at break are tailorable by adjustment of the
chain length of the polyol segment, the crosslinking agent and the curative used. Branching of
the main polyol chain introduces free volume in the cured network preventing close packing
of the chains when temperature is lowered.*® This helps in improving the low temperature
flexibility and related mechanical performance. One method of introducing pendant chain in
the main backbone is by grafting. Introduction of uniform size graft chains can be
|41

conveniently achieved by the well-known “grafting from” approach. Papon et al** synthesized

and studied adhesive properties of comb-like PU-g-PBA and demonstrated that these types of
architecture have a special influence on the adhesive property.

The synthesis of PU-g-PLMA copolymer was carried out in two steps. The first step
involved the synthesis of PU macroinitiator containing pendent ATRP initiator sites while in
the second step ATRP of lauryl methacrylate was carried out using PU macroinitiator to

obtain PU-g-PLMA copolymer.
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zation of PU macroinitiators

PU macroinitiators based on two commercially available diols namely, ethylene
glycol, polypropylene glycol and a newly synthesized diol namely, 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate were synthesized using isophorone
diisocyanate / 2,4-toluene diisocyanate.
6.4.3.1.1 PU macroinitiator based on ethylene glycol, 2,2-bis(hydroxymethyl)butyl 2-

bromo-2-methyl propanoate and isophorone diisocyanate (PUM;)

Scheme 6.4 shows route for synthesis of PUM; macroinitiator. PUM; was
synthesized by copolymerization of ethylene glycol and 2,2-bis(hydroxymethyl)butyl 2-
bromo-2-methyl propanoate with isophorone diisocyanate in presence of dibutyl tin dilaurate
as catalyst.**® The polymerization was carried out in acetone at 60°C for 7 h. A viscous
polymer was obtained, which was purified by dissolving in acetone and precipitated into
excess methanol/water mixture (75:25, v/v) repeatedly.

HOOH,VQ )Q

DBTDL, Acetone
Br 60°C
H

OJJ_N ) (0]

ol

Scheme 6.4: Synthesis of PUM; macroinitiator
Table 6.5 shows reaction conditions and results for synthesis of PUM; macroinitiator.
The composition of the copolymer was calculated by 'H-NMR spectroscopy and 2,2-

bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate content was found to be 33 mol %.
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Feed (mol %) 'H-NMR (mol %) "GPC
Ml %Yield
(%)
EG BHMBMP EG BHMBMP M My Mw/Mp
PUM; 80 50 50 67 33 1030 1460 1.42

catalyst conc. (0.1 wt %) - [DBTDL], reaction temp - 60°C, reaction time - 7 h, a -
gravimetry, b — PS calibration

The structural characterization of PUM; was carried out using FTIR and *H-NMR
spectroscopy.

FTIR spectrum of PUMy; is shown in Figure 6.13. The band observed at 1732 cm™ is
due to urethane carbonyl and ester carbonyl from 2,2-bis(hydroxymethyl)butyl 2-bromo-2-
methyl propanoate fragment, while the band at 3409 cm™ corresponds to N-H group
stretching vibration.

4000.0 3600 3200 2800 2400 2000 1200 1600 1400 1200 1000 =00 i) 450.
am-1

Figure 6.13: IR spectrum of PUM; macroinitiator

'H-NMR spectrum of PUM; along with assignments is shown in Figure 6.14. The
peaks for ethylene glycol unit appeared in the range 4.02 to 4.28 5 ppm. The presence of 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate unit in PU macroinitiators was
confirmed from the peak at 1.94 5 ppm corresponding to dimethyl protons (Ha). The protons

(Hg, Hf) from isophorone unit appeared in the range from 0.93 to 1.75 & ppm. Three protons
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Figure 6.14: '"H-NMR spectrum of PUM; macroinitiator in acetone-ds

6.4.3.1.2 PU macroinitiator based on poly(propylene glycol), 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate and 2,4-toluene
diisocyanate (PUM,)

Scheme 6.5 depicts synthesis of PU macroinitiator based on poly(propylene glycol).

PUM, was synthesized by copolymerization of poly(propylene glycol) and 2,2-

bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate with 2,4-toluene diisocyanate at

60°C.>*° The polymer was purified by dissolving in acetone and precipitated into excess
methanol/water mixture (50:50, v/v).
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Table 6.6 shows reaction conditions and results of synthesis of PUM, macroinitiator.
The composition of copolymer was calculated by *'H-NMR spectroscopy. 2,2-
Bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate content was found to be 2.30 mol %
in PUM; macroinitiator.

Table 6.6: Reaction conditions and results of synthesis of PUM, macroinitiator

Feed (mol %) 'H-NMR (mol %) "GPC
Ml %Yield
(%)
PPG BHMBMP PPG BHMBMP M, Moe  Mu/M,
PUM, 92 90 10 97.70 2.30 7630 13300 1.75

catalyst conc. [DBTDL] - (0.1 wt %), reaction temp - 60°C, reaction time - 60 h, a-
gravimetry, b - PS calibration

The structural characterization of PUM3; macroinitiator was carried out by FTIR,
'H-NMR and *C-NMR spectroscopy.

FTIR spectrum of PUM; macroinitiator is presented in Figure 6.15. The band at
1719 cm™ corresponds carbonyl group from urethane and bromoester of BHMBMP segment
in the PUM; macroinitiator. The band observed at 1598 cm™ was assigned to stretching
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Figure 6.15: IR spectrum of PUM; macroinitiator

Figure 6.16 shows 'H-NMR spectrum of the PUM, macroinitiator along with the

assignments. The peaks for aromatic protons appeared at 7.78, 7.06 and 6.53 & ppm protons

(Hd), (He) and (Hf), respectively and the peak for methyl protons (Hg) on aromatic ring

appeared at 2.19 & ppm. The peaks for poly(propylene glycol) segement appeared at 1.14 (Ha)
and in the range 3.25 to 3.75 & ppm (Hb and Hc). The peaks at 4.20 (Hh), 3.92 (Hh’), 1.94
(Hi) and 0.79 & ppm (Hj) were attributed to BHMBMP segment.

{,golbg;o“d HH%LW@\/J{L ;%

Eir

Figure 6.16: '"H-NMR spectrum of PUM, macroinitiator
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6.4.3.2.1 Synthesis and characterization of PU-g-PLMA copolymer using PUM,
macroinitiator

The grafting from approach was utilized for ATRP of LMA using PU macroinitiator to
provide a PU-g-PLMA graft copolymer with a PU backbone and PLMA as side chains.
Scheme 6.6 shows the synthesis of PU-g-PLMA copolymer.

PU-g-PLMA copolymer was obtained by ATRP of LMA using PUM, as
macroinitiator in presence of CUCI/PMDETA as catalyst in acetone (50%, w/v) as the solvent
at 60°C for 4 h. Table 6.7 shows reaction conditions and results for synthesis of PU-g-PLMA.
The graft copolymer was purified by dissolving in dichloromethane and precipitated into
excess of methanol repeatedly. GPC analysis of the purified PU-g-PLMA copolymer showed
increase of molecular weight from 7630 to 24090 (Figure 6.17, Run 1, Table 6.7).

(o)
CuCI/PMDETA CH,
Acetone | CH,={
60°c COOCH,(CH;)10CH;
0 o}
o (o)
o3 1 IO or
{& Yoy N%o o' N NJ\:L
H H X H H y
(o)

COOCH(CH2)1oCH3

Scheme 6.6: Synthesis of PU-g-PLMA copolymer using PUM, macroinitiator
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and results of synthesis of PU-g-PLMA copolymer using

PUM, macroinitiator

f
Feed ; ®Composition GPC
0 Conv. mol %
RUN (Wt %) ( 0)
‘PUM, LMA PPG PLMA
1 8.50 91.50 53 5 95 24090 35850 1.48

a — PUM, = My 7630 , My/M, — 1.75, b - [LMA]:[PUM,]:[CuCI:[PMDETA] =
[324]:[1]:[1]:[1], Catalyst conc. = 2.5 x 10 mol, d - gravimetry, e - *H-NMR spectroscopy, f

- PS calibration, acetone (50 %), reaction temperature - 60°C, reaction time - 4 h,

onnEs o
] K
e P PU.g-PLMA
= I A
; Mn - 24090
B ] Y .
00033 \ Mw/Mn - 1.48
3 )
3 |
3 1
ooz 3 |
3 /
= I
-] E
o nuuzs_: .'I \
- = | :
= 3 /
= E I Y
E UEI]II_: | ".._
- 3 i
- E / "
= ooms 3
'.5' = '|l ,
g g /
@ E | M
fa QERLERL ) DS ! .
= ¢ R
4
E ,_:' \\
ono0s i -
E P Ry
. -
E - g .
00000 e '““_“—-—_._._,—‘_‘_
00005 3
3 T N LN R R N N R L e R N R R A RN RN LR R
| ey a5 26 a i | = = 3l 3= az X

Elution velume

Figure 6.17: GPC trace of PU-g-PLMA copolymer (Run 1, Table 6.12)

The characterization of PU-g-PLMA copolymer was carried out by FTIR and ‘H-
NMR spectroscopy.

FTIR spectrum of PU-g-PLMA copolymer using PUM; is shown in Figure 6.18. The
band for carbonyl group from ester as well as urethane appeared at 1719 cm ™. The bands at
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Figure 6.18: IR spectrum of PU-g-PLMA copolymer using PUM, macroinitiator
'H-NMR spectrum of PU-g-PLMA copolymer using PUM, as a macroinitiator along
with assignments is shown in Figure 6.19. The peak for methylene protons (Hc) and methine
proton (Hb) appeared at 3.53 & ppm. The peak appearing at 3.91 & ppm corresponds to
methylene protons (HI) attached to ester group of PLMA branches. The peak at 2.17 & ppm
was ascribed to methyl protons (Hg) attached to the aromatic ring of PU backbone. The peaks

appearing in the range 0.50 to 2.0 & ppm were assigned to protons Hj, Hk, Hm, Hn and Ha.
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Figure 6.19: "H-NMR spectrum of PU-g-PLMA copolymer using PUM, macroinitiator
in CDCl;
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Unfimited Be g studies indicated that PU macroinitiators containing ATRP

functionality could be successfully utilized for the synthesis of PU-g-PLMA. However,

additional studies such as determination of molecular weight, MWD and graft density of

branches are required to fully validate the potential of this synthetic approach.
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PLMA-g-PEO copolymer was synthesized via “grafting through” approach using
conventional free radical copolymerization of PEO macromonomer with lauryl
methacrylate.

A new PCL macroinitiator containing pendent ATRP initiator functionality was
synthesized by ROP of g-caprolactone and 4-[2-(7-oxooxepan-3-yl) propan-2-yl]
cyclohexyl 2-bromo-2-methyl propanoate using stannous octanoate as catalyst. PCL
containing ATRP initiating sites was successfully utilized as the macroinitiator for
ATRP of MMA to obtain PCL-g-PMMA copolymer.

Two new polyurethane macroinitiators were synthesized from commercially available
diols viz., ethylene glycol and PPG and a newly synthesized diol namely, 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate by reaction with diisocyanate.
The utility of PUM, macroinitiator in synthesis of PU-g-PLMA copolymer was
demonstrated.
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Polyurethane Microspheres Utilizing PEO-b-PLMA,

PLMA-g-PEO and Dihydroxyl-Terminated PLMA Macromonomers as

Steric Stabilizers

7.1 Introduction

Polymer microspherges show great potential in several applications in both chemical
and life sciences.? Efforts to prepare polymer microspheres with uniform size have been
continuing for a long time due to their applications in paint industry and so on.?

Polymer microspheres are prepared by either in situ polymerization of respective
monomer(s) or physicochemical or mechanical processes using preformed polymer.
Microspheres prepared by polymerization processes from vinyl monomers are well known.
However, polycondensation processes for preparation of microspheres in non-aqueous
medium are far less developed.® Generally, steric stabilizers which play an important role in
stabilizing the particles formed during polymerization include homopolymers, amphiphilic
block or graft polymers and polymerizable stabilizers.*®

Polyurethane (PU) microspheres have applications in the field of coatings, paints,
powder molding and in controlled release systems. Preparation of polyurethane microspheres
in non-aqueous medium was described from our laboratory for the first time using
polybutadiene-b-polyethylene oxide as a steric stabilizer.®” It was demonstrated that the
process developed can be employed for the preparation of polyurethane microcapsules
containing highly reactive water soluble active agent.®® Further, it was shown that the
polymerizable stabilizer synthesized by conventional radical polymerization, namely
poly(lauryl methacrylate) having two hydroxyl groups (PLMA macrodiol) can be effectively
used for the preparation of polyurethane microspheres.’®*! Recently, Cramail et al**™®
reported the usefulness of w-(hydroxy), (n = 1 or 2) polymers such as poly(n-butyl acrylate),
polystyrene, polybutadiene, polydimethyl siloxane as good steric stabilizes in preparation of
PU particles.

This chapter deals with the preparation of polyurethane microspheres by dispersion
polymerization of 2,4-toluene diisocyanate and 2-ethyl 1,3-hexane diol using newly
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terminated PLMAs. For both PEO-b-PLMA diblock copolymer and PLMA-g-PEO graft

copolymer, the effect of stabilizer concentration and molar mass of PEO as an anchor moiety

were studied. The effect of concentration and molar mass of reactive steric stabilizer having
PLMA as a stabilizing moiety on PU particle size was examined.

7.2  Experimental
7.2.1 Materials and purifications

2-Ethyl 1,3-hexane diol (99%, EHG), dibutyl tin dilaurate (DBTDL) and 2,4-toluene
diisocyanate (99%, TDI) were purchased from Sigma-Aldrich, Inc., USA and were used as
received.

Paraffin oil and n-hexane were purchased from s.d fine-Chem. India Ltd. n-Hexane
was stirred over calcium hydride for 12 h and distilled.

Polymeric stabilizers namely, PEO-h-PLMA and hydroxyl-terminated PLMA of
different molecular weights were synthesized by ATRP as described in Chapters 4 and 5.
PLMA-g-PEO was synthesized by conventional free radical polymerization as described in
Chapter 6.

7.2.2 Characterization

FTIR spectra of samples were recorded on a Perkin-Elmer Spectrum GX
spectrophotometer.

NMR spectra were recorded on a Bruker 200 MHz spectrometer at resonance
frequencies of 200 MHz for *H-NMR measurements using acetone-ds or chloroform-d as
solvent.

Scanning electron microscopy images were obtained using Leica (stereoscan 440)
scanning electron microscope (Cambridge, UK) at an accelerating voltage 20Kv.

7.2.3 Particle size analysis

PU particles were dispersed in paraffin oil and particle size was measured using an

optical microscope.
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N range was measured using Malvern Photon Spectrometer,

model 4700 with a vertically polarized 25 mW He-Ne laser as light source.

7.3 Preparation of polyurethane microspheres

7.3.1 Preparation of polyurethane microspheres using PEO-5-PLMA or PLMA-g-PEO
copolymers as steric stabilizers
A representative protocol followed in the preparation of PU microspheres is given

below.

Into a three necked round bottom flask equipped with an addition funnel, a nitrogen
inlet and an overhead stirrer were placed polymeric stabilizer, PLMA-g-PEO (0.24 g, 5 wt %
(Wstabilizer/ Wmnonomers)), dibutyl tin dilaurate (0.003 g, 4.7 x 10 mol), 2-ethyl 1,3-hexane diol
(2.0 g, 0.02 mol) and paraffin oil (25 g). The reaction mixture was heated to 65°C at a
constant stirring speed of 1000 rpm under an atmosphere of nitrogen. 2,4-Toluene
diisocyanate (2.86 g, 0.024 mol) was added dropwise through an addition funnel over a period
of 30 min. The reaction was stopped after 4 h and the obtained polyurethane particles were
washed repeatedly with n-hexane, centrifuged and dried under vacuum at room temperature
for 12 h.

7.3.2 Preparation of polyurethane microspheres using dihydroxyl-terminated
poly(lauryl methacrylate) or bismethylol-terminated poly(lauryl methacrylate) as
reactive stabilizers
A representative protocol followed in the preparation of PU microspheres is given

below.

Into a three necked round bottom flask equipped with an addition funnel, a nitrogen
inlet and an overhead stirrer were placed dihydroxyl-terminated PLMA (0.43 g, 10 wt %
(Wstabilizer/ Winonomers)), MN"MR = 3640, M,/M,, = 1.23), dibutyl tin dilaurate (0.003 g, 4.7 x 10°
mol) and paraffin oil (25 g). Toluene-2,4-diisocynate (2 equivalent w.r.t. dihydroxyl-
terminated PLMA) was added and the reaction mixture was stirred at 65°C for 5 h. 2-Ethyl
1,3-hexane diol (2. g, 0.02 mol) was then added in one lot and the reaction mixture was stirred
at 500 rpm for 30 min. Toluene-2, 4-diisocynate (2.86 g, 0.024 mol) was added dropwise
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period of 30 min. The reaction was stopped after 5 h and the

obtained polyurethane particles were washed repeatedly with hexane, centrifuged and dried

under vacuum at room temperature for 12 h.

7.4 Results and Discussion
7.4.1 Prepration of polyurethane microspheres using block and graft copolymers

The most utilized surfactants in preparation of polymeric particles reported in the
literature are block copolymer, graft copolymer and reactive polymers. These surfactants were
designed according to the principle given by Barrett®, which states that surfactant having
anchor moiety should have poor solubility in the dispersion medium, while the stabilizing
moiety should have good solubility in the dispersion medium.

The published literature suggests that commercially available surfactants such as AOT
(RO,CCH,CH(SO3Na)-CO;R; R= 2-ethylhexyl), Emerest 2622 (PEG 200 dilaurate),
pluronics L 70 poly(ethylene oxide-b-propylene oxide) and di-n-hexadecyl phosphate failed
to produce polyurethane particles. It was concluded that poor solubility and less number of
anchoring moieties were responsible for the results. These surfactants were unable to provide
adequate steric barrier to prevent agglomeration during polymerization.* Therefore, it was
essential to use well-defined steric stabilizers to prepare polyurethane microspheres.

11
I

Later, Sivaram et al~ designed and synthesized well defined poly(isoprene-b-ethylene

oxide) copolymers and used them successfully as steric stabilizer in the preparation of PU

microspheres. Cramail et al®

utilized PS-b-PEO as steric stabilizer and elegantly
demonstrated that the appropriate balance of PS and PEO blocks was essential to get PU
microspheres.

In the present study, amphiphilic block and graft copolymers were designed and
synthesized for preparation of PU mcrospheres.

A model reaction for preparation of polyurethane microspheres was carried out by
reacting 2-ethyl, 1,3-hexane diol and 2,4-toluene diisocynate in the presence of DBTDL as a

catalyst (Scheme 7.1).
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Scheme 7.1: Preparation of PU microspheres
Paraffin oil was utilized as a dispersion medium for synthesis of polyurethane
microspheres as earlier studies showed it to be a good dispersion medium for preparation of
PU microsphere.! The choice of dispersion medium is based on the following parameters,
reported in the book review by Barrett.?
)} Dispersion medium should be non-solvent for polymer microspheres
i) All the reaction components such as monomers, catalyst and stabilizer should be

soluble in dispersion medium.

7.4.1.1 Preparation of PU microspheres by dispersion polymerization using PEO-b-

PLMA copolymer as steric stabilizer

Dispersion polymerization is a type of precipitation polymerization where once the
oligomeric chains reach a critical chain length they precipitate to form nuclei, either by self or
aggregative mechanism. These nuclei are unstable and aggregate with each other leading to
coagulation. This may be prevented by employing appropriate stabilizer in the dispersion
medium. These stabilizers adsorb on the surfaces of nuclei, prevent their coagulation thereby
forming stable (mature) particles. It has demonstrated that increase in stabilizer concentration
leads to smaller particles.’

There exists an equilibrium between the adsorbed stabilizer, free stabilizer molecules
and the stabilizer micelles when the stabilizer concentration in the dispersion medium exceeds
that of critical micelle concentration (cmc).®> The dissociation rate of micelles into free
stabilizer molecules will dictate the equilibrium. Adsorption of stabilizer on polymer surface
will be favored if the equilibrium shifts to free stabilizer. Thus, to achieve a better
stabilization micelle formation should be avoided. Equilibrium of polymeric stabilizers in

non-aqueous media will be less dynamic because of its high molecular weight and
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expected. Adsorption efficiency of free stabilizer on polymer surface will depend on size of
the anchoring group and its specific interaction within the dispersed polymer.
PEO-b-PLMA (Figure 7.1) diblock copolymer was used as a steric stabilizer in

preparation of polyurethane microspheres.

Q CHs CHs
CH30-CH,~CH;~0—)—CH;~CH;~0-C-C———CHy~C-Br
CH; ,C-0-CH,—(CHy)1CH;
0

Figure 7.1: Structure of PEO-b-PLMA diblock copolymer stabilizer

In block copolymer, PLMA acts as the stabilizing moiety, which is soluble in the
dispersion medium (paraffin oil), while PEO acts as the anchoring moiety due to its poor
solubility in the dispersion medium. Table 7.1 shows characteristics of PEO-b-PLMA

copolymers.

Table 7.1: Characteristics of PEO-b-PLMA diblock copolymer stabilizers

Stabilizer M, M, "M,/M,
PEO PLMA
S1 350 23660 1.19
S2 700 34650 1.18
S3 2000 21850 1.28
S4 5000 26870 1.22

a=NMR, b = GPC with PS calibration

The results of preparation of polyurethane microspheres using PEO-b-PLMA as a

steric stabilizer are compiled in Table 7.2. It is known that in dispersion polymerization
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speed, monomer to solvent ratio and surfactant concentration.
Table 7.2: Results of preparation of polyurethane microspheres using PEO-b-PLMA as

a steric stabilizer

. “Stabilizer M *Particle size .
Stabilizer conc. Observations
(W %) PEO block range ()
3 350 - Coagulation
S1 5 350 - Coagulation
10 350 - Coagulation
3 700 - Coagulation
S2 5 700 - Coagulation
10 700 - Coagulation
0.5 2000 4to0 20 Spherical particles
1 2000 2t0 16 Spherical particles
> 3 2000 2t0 12 Spherical particles
5 2000 2to0 10 Spherical particles
1 5000 1to 20 Spherical particles
S4 3 5000 1to 18 Spherical particles
5 5000 1to 10 Spherical particles

a = based on monomer weight., b = measured by optical microscope, TDI addition time = 10
min, monomer to solvent ratio = 1:5 (w/w), stirring speed = 300 rpm

During evaluation of diblock copolymers as a steric stabilizer, initially, the parameters
like TDI adiition time (10 min), stirring speed (300 rpm) and monomer to solvent ratio (1:5,

v/v) were kept constant while varying the stabilizer concentration.
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ed out without stabilizer (S0), which obviously resulted in

coagulation of PU due to absence of steric stabilizer.

PEO-b-PLMA (S1) diblock copolymer stabilizer having PEO (M,- 350) and PLMA
(Mp- 25570) was inefficient to stabilize polyurethane microspheres at 3 wt %, 5 wt % and 10
wt % stabilizer concentration resulting in coagulation of PU (Table 7.2).

PEO-b-PLMA (S2) copolymer when used as the steric stabilizer having anchor moiety
PEO (Mn- 700) and stabilizing moiety PLMA (Mn- 26850) at 3 wt %, 5 wt % and 10 wt %
concentration, did not produce polyurethane particles due to its inefficient participation in
stabilization process. Similar results were also obtained by Cramail et al,?® when PSyz-b-
PEO,45 was utilized as a steric stabilizer in preparation of PU particles.

It was concluded that the formation of stable micelles of block copolymer in reaction
medium, results in the poor PU particle stabilization. This may be attributed to the low
dissociation rate of diblock copolymer micelles to free polymer in organic solvents and the
unavailability of free stabilizers results in coagulation of PU.>%*

PEO-b-PLMA (S3) copolymer when used as the stabilizer with anchor moiety, PEO
(Mp- 2000) and stabilizing moiety PLMA (M,- 21300), it produced polyurethane
microspheres with spherical sizes at 0.5 wt %, 1 wt %, and 5 wt % stabilizer concentrations
(Table 7.2). The formation of PU particles was successful when PEO-bH-PLMA (S4)
copolymer stabilizer with anchor moiety, PEO (Mn- 5000) and stabilizing moiety PLMA
(Mn- 20760) was utilized at 0.5 wt %, 1 wt % and 3 wt % stabilizer concentrations. The
formation of spherical PU particles using these stabilizers may be due to their low
concentrations in dispersion medium (conc. < CMC) or due to fast dissociation rate of
micelles to single molecules.

From the above study, it was concluded that PEO-5-PLMA diblock copolymers could
act as steric stabilizers depending on the hydrophile (anchor, PEO) lipophile (stabilizing
moiety, PLMA) balance (Table 7.2).
7.4.1.2 Structural characterization of PU microspheres

The structural characterization of the PU microsphere was carried out by FTIR and

'H-NMR spectroscopy.
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Unlimited Pages & ntative FTIR spectrum of PU microspheres synthesized using

PEO-b-PLMA as steric stabilizer. The N-H vibration band appeared at 3303 cm™ and
urethane carbonyl vibration band was observed at 1702 cm™.
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Figure 7.2: A representative IR spectrum of PU microspheres

'H-NMR spectrum along with assignments for PU microspheres synthesized using
PEO-b-PLMA as steric stabilizer is shown in Figure 7.3. The signal for aromatic proton (Ha)
flanked by urethane groups appeared at 7.89 & ppm, the other two aromatic protons (Hb,Hc)
appeared at 7.30 and 7.11 & ppm, respectively. The singlet at 2.89 6 ppm correspond to methyl
protons (Hd) present on aromatic ring. The methylene protons (Hf) and methine protons (Hi)
appeared as a multiplet centered at 4.17 & ppm. The remaining methylene (Hj,Hk,Hg) and
methyl protons (Hh and HI) appeared in the range 0.80 to 2.20 & ppm.
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Figure 7.3: A representative 'H-NMR spectrum of PU microspheres in acetone-dg

7.4.1.3 Preparation of PU microspheres by dispersion polymerization using PLMA-g-
PEO copolymer as steric stabilizer
Graft copolymers are known to be good steric stabilizers due to the availability of
more number of anchoring moieties as compared to diblock copolymers. PLMA-g-PEO
copolymer prepared by *“grafting through” approach by conventional free radical
polymerization was evaluated as steric stabilizer in preparation of polyurethane microspheres.
. Figure 7.4 shows structure of PLMA-g-PEO copolymer stabilizer. Table 7.3 shows

characteristics of PLMA-g-PEO copolymer stabilizer.

Hj;

OOCHZCHZO{CHZCH20>~CHZCHZOCH3
n

O—0—0

COO_CHZ_(CH2)1 0'CH3

Figure 7.4: Structure of PLMA-g-PEO copolymer stabilizer
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Stabilizer "M, Mh *Mu/M,
PLMA-g-PEO PEO
S5 68300 1100 2.90
S6 34170 2000 2.82

a = GPC with PS calibration

The dispersion polymerization of 2-ethyl 1,3-hexane diol and 2,4-toluene diisocyanate
was carried out in the presence of PLMA-g-PEO copolymers as steric stabilizers. In this
study, two graft copolymer stabilizers were utilized, S5 and S6 having M, - 1100 and 2000 as
anchor (PEO) moieties, respectively. Evaluation of graft copolymers as steric stabilizer in
preparation of PU microspheres was studied by keeping stirring rate constant (1000 rpm),
monomer to dispersion medium ratio (1:7, w/w) and TDI addition time (30 min).

Table 7.4 shows the particle size data obtained from optical microscope of PU
microspheres prepared using graft copolymer stabilizer S5 having anchor moiety (PEO, M, —
1100) and total M,- 68300.

Table 7.4 Effect of stabilizer S5 (PEO = 1100) concentration on PU particle size

Run #Conc of stabilizer bParticle size range ®Observations
(Wt %) (1m)
1 1 - Most of particles were needle
and egg shaped
2 3 - Spherical with few needles
and irregular shaped particles
3 5 210 20 Spherical with some needles
and egg shaped particles
4 10 1to 10 Spherical particles
5 15 1t0 8 Spherical particles

a — based on monomer weight, b = particle size was analyzed by optical microscope, stirring
speed = 1000 rpm, Monomer to solvent ratio = 1:7 (w/w), TDI addtition time = 30 min
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entration of S5, the obtained PU particles were irregular, egg

and needle shaped. This irregularity in the shape of PU particles was due to the insufficient
stabilizer concentration.

As the stabilizer concentration was increased the particle size decreased. The
minimum stabilizer concentration (for S5) needed to get stable spherical particles was found
to be 10 wt % where only spherical particles were obtained (Table 7.4).

It was concluded that stabilizer concentrations of 1, 3 and 5 wt % was not enough for
the stabilization of particles in nucleation stage, which resulted in irregular shapes (Figure
7.5). However, at higher concentrations of Ss (10 and 15 wt %) (Run 4 and 5, Table 7.4))

resulted in spherical PU micropsheres with smaller size (1-10 um).

$Ne! A 0 Z

Ol A % 3
- %‘Eﬂ\ o
" - Q %"c

PEO =1100, Conc.=1 wt % PEO =1100, Conc.= 3 wt %
Figure 7.5: SEM micrographs of PU microspheres synthesized using stabilizer S5

On the other hand, when graft copolymer (S6) with anchor moiety (PEO of M,- 2000)
was used as a steric stabilizer, it was found to be an efficient steric stabilizer. Spherical
polyurethane particles with narrow particle size distribution were obtained even at low
concentration (1 wt %). Table 7.5 shows results of the effect of stabilizer (S6) concentration
on PU particles.
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(PEO = 2000) concentration on PU particle size

Run “Conc. of stabilizer bAverage particle size (um) ~ "Observation
(wt %)

6 1 1.45 Monomodal

7 3 0.54 Monomodal

8 15 0.31 monomodal

a = based on monomer weight, b = particle size was analyzed by light scattering particle size
analyzer, stirring speed = 1000 rpm, monomer to solvent ratio = 1:7 (w/w), TDI addtition time

=30 min

As reported in the literature,'* increase in stabilizer concentration decreases particle
size (Table 7.5). Figure 7.6 shows a graphical presentation of the effect of stabilizer
concentration (S6, PEO of M;-2000) on size of PU microspheres.
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Figure 7.6: Effect of stabilizer concentration S6 (PEO = 2000) on particle size of
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PEO (S6) as steric stabilizer. SEM micrograph reveals that the particles are nearly

monodisperse.

a) Lower magnification b) Higher magnification
Figure 7.7: SEM micrographs of PU microspheres synthesized using stabilizer S6 at

3 wt % concentration

7.4.2 Synthesis of polyurethane microspheres using dihydroxyl-terminated poly(lauryl

methacrylate) as reactive stabilizer

The major disadvantage of steric stabilizers such as block and graft copolymers which
stabilize the PU particles by physical adsorption is that high shear stress may lead to their
desorption from the surfaces leading to destabilization. To overcome this drawback reactive
type steric stabilizers were developed. Reactive stabilizers covalently link to polyurethane
particles by forming block or graft copolymers leading to increased stability.*

In this study, dihydroxyl-terminated PLMA (Figure 7.8) and bismethylol-terminated
PLMA (Figure 7.9) were utilized as reactive steric stabilizers in preparation of PU

microspheres.

o CHs CH;
HO o—“—)—{cuz—cl:%ni CH;—C—Br
>< (|2=O (I2=O
HO O—(CH2)11CHs O—(CH2)11CHs

Figure 7.8: Structure of dihydroxyl-terminated PLMA (S7 to S10)
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Figure 7.9: Structure of bismethylol-terminated PLMA (S11)

Table 7.6 shows characteristics of dihydroxyl-terminated and bismethylol-terminated
PLMA.

Table 7.6: Characteristics of dihydroxyl-terminated PLMA

a
A Mn b
Stabilizer My/Mp,
PLMA
S7 3640 1.23
S8 5080 1.41
S9 6040 1.27
S10 8070 1.29
S11 14700 1.19

a=H-NMR, b = GPC with PS calibration

Dispersion polymerization of 2-ethyl-1,3-hexane diol and 2,4-toluene diisocyanate
using dihydroxyl-terminated PLMA as steric stabilizer in presence of dibutyl tin dilaurate as
the catalyst was carried out in paraffin oil as a dispersion medium.

Sivaram et al'®™ and Cramail et al****® have independently reported that the
reactivity of hydroxyl-terminated PLMA, PS and PBA is less, hence dihydroxyl-terminated
PLMA has to be first converted to isocyanate-terminated PLMA in situ using a slight excess
(with respect to OH functionality) of TDI in presence of DBTDL as a catalyst to form the
reactive stabilizer."*?° Scheme 7.2 depicts synthesis of isocyanate-terminated PLMA.
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Scheme 7.2: Synthesis of isocyanate-terminated PLMA

Once the isocyanate-terminated PLMA was formed, further dispersion polymerization
was carried out by adding 2-ethyl-1,3-hexane diol in one lot and allowed to react for 30 min.
2,4-Toluene diisocyanate was then added dropwise over a period of 30 min and after 4 h the
formed polyurethane microspheres were separated and washed with n-hexane. Polyurethane

microspheres were characterized by optical microscopy.

7.4.2.1 Effect of stabilizer PLMA-(OH) ; concentration

Dihydroxyl-terminated PLMA (S9, M,-6000) was utilized as a reactive stabilizer to
study of the effect of stabilizer concentration on PU microspheres. The polymerizations were
carried out in paraffin oil as dispersion medium at 65°C. In this study, stirring rate (500 rpm),
monomer to paraffin oil ratio (1:5, w/w) and TDI addition rate (30 min) were kept constant
(Table 7.7). Stabilizer concentration was varied from 2 wt % to 15 wt % with respect to
monomers.

From the results in Table 7.7, it was observed that an increase in stabilizer
concentration leads to a decrease in average particle diameter, and these results are in good

agreement with the results reported in literature.?
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Table 7.7: Effect of stabilizer (S9) concentration on size of PU microspheres

Run “Stabilizer conc.  Particle size range (um) "Observations
(wt %)
1 2 - Coagulation
2 5 10to 50 Spherical particles
3 10 5to0 35 Spherical particles
4 15 5to 30 Spherical particles

a = based on monomer weight, b = particle size was analyzed by optical microscope, stirring

speed = 500 rpm, monomer to solvent ratio = 1:5 (w/w), TDI addition time = 30 min

7.4.2.2 Effect of PLM A molar mass

To study the effect of chain length of dihydroxyl-terminated PLMA on polyurethane
microspheres, dihydroxyl-terminated PLMA of different molecular weight were utilized
(Table 7.6).
polymerization was carried out. From the results presented in Table 7.8 it could be concluded

Isocyanate-terminated PLMA was synthesized

in situ and dispersion

that the size of polyurethane microspheres is dependent on the molar mass of PLMA
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0 of PLMA on size of PU microspheres

Run Mh ® Particle size range (um) % Observations
PLMA
1 3640 10to 50 Spherical particles
2 5080 5to 50 Spherical particles
3 6040 5to 45 Spherical particles
4 8070 3to0 30 Spherical particles

a = particle size was analyzed by optical microscope, stabilizer concentration 10 wt %,
stirring speed =500 rpm, monomer to solvent ratio = 1:5 (w/w), TDI addition time = 30
min
It was found that at constant stabilizer concentration of 10 wt %, the particle size of
the polyurethane microspheres decreased with increase in molar mass of PLMA. Similar
observations has been made previously by Sivaram et al*® using dihydroxyl-terminated

poly(lauryl methacrylate) as reactive steric stabilizer in preparation of polyurethane particles.

7.4.3 Synthesis of polyurethane microspheres using bis-methylol-terminated PLMA as
reactive stabilizer (S11)

Bismethylol-terminated PLMA (S11, M,"™R-14700) was utilized as a reactive
stabilizer in preparation of PU microspheres. Isocyanate-terminated PLMA was synthesized
in same manner as described in Section 7.4.2.2. The polymerization was carried out in
paraffin oil as dispersion medium at 65°C. In this study, stabilizer concentration was 5 wt %
and TDI was added over a period 30 minutes. Monomer to paraffin oil ratio was (1:5, w/w),
while stirring rate was 500 rpm (Table 7.9). The particle size of obtained PU microspheres at
5 wt % stabilizer concentration was in the range 4 to 18 um (Table 7.9). The optical
micrograph of PU microspheres is depicted in Figure 7.10, which showed spheres with

narrow particle size distribution.
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reactive steric stabilizer (S11)

Run “Stabilizer conc  Particle size range (um) "Observations
(wt %)
1 5 41018 Spherical particles

a- based on monomer weight, b = particle size was analyzed by optical microscope, stirring
speed = 500 rpm, monomer to solvent ratio = 1:5 (w/w), TDI addition time = 30 min

Figure 7.10: Optical micrograph of PU microspheres synthesized using stabilizer

S11 at 5 wt % concentration

Thus, utility of PEO-b-PLMA, PLMA-g-PEO, dihydroxyl-terminated PLMA and
bismethylol-terminated PLMA as steric stabilizers in the preparation of polyurethane

microspheres was demonstrated.
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. The utility of PEO-b-PLMA, PLMA-g-PEO, diydroxyl-terminated PLMA and

bismethyol-terminated PLMA as steric stabilizers was studied in the preparation of
polyurethane microspheres by dispersion polymerization of 2-ethyl 1,3-hexane diol
and 2,4-toluene diisocyanate in paraffin oil as a dispersion medium.

PEO-b-PLMA diblock copolymer (PEO of M;-350 and 700) was found to be
ineffective as steric stabilizer due the coagulation of PU during polymerization.
PEO-b-PLMA diblock copolymer (PEO of M;-2000 and 5000) was found to be
effective stabilizer resulting in the formation of polyurethane microspheres.

Graft copolymer (PLMA-g-PEQO) with anchor moiety (PEO of M,- 1100) produced
spherical polyurethane microspheres at 10 wt % and 15 wt % stabilizer concentration,
while, graft copolymer having anchor moiety (PEO - 2000) was found to be effective
even at lower stabilizer concentration (1 wt %) and it afforded polyurethane
microspheres with a narrow particle size distribution.

Dihydroxyl-terminated PLMA and bismethylol-terminated PLMA were shown to be
efficient reactive stabilizers in preparation of polyurethane microspheres. The effect
molar mass of dihydroxyl-terminated PLMA on polyurethane microspheres was
studied; the increase of molar mass of PLMA chain resulted in decrease in the
polyurethane particle size at constant stabilizer concentration.
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Chapter 8.  Summary and Conclusions

The synthesis of chain-end-functionalized polymers is of great importance due to the
fact that they have various practical and potential applications such adhesives, sealants,
reactive compatibilizers, etc. One of the important applications of end-functionalized
polymers is their demonstrated utility as building blocks for synthesis of block, graft and star
copolymers.

The main objective of the research work was to design and synthesize functionalized
ATRP initiators and utilize these initiators for synthesis of functionally-terminated polymers
and macromonomers. The second objective was to synthesize block and graft copolymers
using ATRP or combination ATRP and ROP techniques. The third objective was to study the
utility of dihydroxyl-terminated macromonomers, PEO-b-PLMA and PLMA-g-PEO
copolymers as steric stabilizers in preparation PU microspheres.

A hydroxyl functionalized ATRP initiator namely, 4-(hydroxymethyl)benzyl 2-bromo-
2-methylpropanoate was prepared by reaction of commercially available 1,4-benzene
dimethanol with 2-bromoisobutytryl bromide.

Protected dihydroxyl functionalized initiator namely, 5-ethyl-2,2-dimethyl-1,3-dioxan-
5-yl-(methyl-2-bromo-2-methylpropanoate) was synthesized starting from trimethylol
propane.

A new dihydroxyl functionalized ATRP initiator namely, 2,2-bis(hydroxymethyl)butyl
2-bromo-2-methyl propanoate was obtained by deprotection of 5-ethyl-2,2-dimethyl-1,3-
dioxan-5-yl-(methyl-2-bromo-2-methylpropanoate) in presence of dilute hydrochloric acid.

A novel bismethylol  functionalized ATRP initiator  namely, 3,5-
bis(hydroxymethyl)phenyl 2-bromo-2-methylpropanoate was successfully synthesized
starting from commercially available 5-hydroxy isophthalic acid.

A new nitro functionalized ATRP initiator namely, 4-[(4’-nitro)phenoxymethyl]
benzyl bromide was synthesized by reaction of 4-nitrophenol with 1,4-bis(bromomethyl)

benzene.
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containing dicarboxylic acid functionality viz., 5-(2-bromo-

2-methylpropanoyloxy) isophthalic acid and 5-(2-bromo-2-methylpropanamido) isophthalic
acid were synthesized by reaction of 2-bromoisobutyryl bromide with 5-hydroxyisophthalic
acid and 5-aminoisophthalic acid, respectively.

A new lactone functionalized ATRP initiator namely, 4-[2-(7-oxooxepan-3-yl)
propan-2-yljcyclohexyl 2-bromo-2-methyl propanoate was synthesized starting from
hydrogenated bisphenol A (HBPA).

A new cyclic carbonate functionalized ATRP initiator namely, 2-oxo-1,3-dioxolan-4-
yl-(methyl 2-bromo-2-methylpropanoate) was synthesized by reaction of commercially
available glycerol carbonate with 2-bromoisobutyryl bromide.

A new sulfonic acid functionalized ATRP initiator namely, 4-(2-bromo-2-
methylpropanoloxy) benzenesulfonic acid was synthesized by reaction of commercially
available 4-hydroxy sulphonic acid with 2-bromoisobutyryl bromide.

Thus, a total of ten functionalized ATRP initiators were designed and synthesized
starting from commercially available chemicals. ATRP initiators and the intermediates
involved in their synthesis were characterized by spectroscopic techniques such as FTIR, *H-
NMR and *C-NMR spectroscopy.

These functionalized ATRP initiators were utilized in the synthesis of low molecular
weight end-functionalized polymers and macromonomers.

Hydroxyl-terminated polystyrene was synthesized by ATRP using 4-
(hydroxymethyl)benzyl 2-bromo-2-methylpropanoate as initiator in presence of CuBr/2,2’-
bipyridine as a catalyst. Low molecular weight (M,¢" - 1980 to 9670) hydroxyl-terminated
polystyrenes were obtained with narrow MWD (M./M, = 1.07 - 1.33) and initiator efficiency
was in the range 0.65 to 0.88.

Dihydroxyl-terminated PLMAs were successfully synthesized by ATRP using 5-ethyl-
2,2-dimethyl 1,3-dioxan-5-yl-(methyl 2-bromo-2-methylpropanoate) as initiator in presence
of CuBr/PMDETA as the catalyst. The low molecular weight dihydroxyl-terminated PLMASs
(M"MR — 3810 to 11170) were obtained with narrow MWD (M./M, = 1.23-1.29) and initiator
efficiency was in the range 0.80 to 1.05.
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nenyl 2-bromo-2-methylpropanoate was demonstrated as a

useful initiator for synthesis of novel bismethylol-terminated poly(methyl methacrylate) and
poly(lauryl methacrylate). The molecular weight of bismethylol-terminated poly(methyl
methacrylate) was in the range 3320 to 20000 (M,"“) and the MWD was narrow (My/M, -
1.18-1.24). The M,"MR of bismethylol-terminated of PLMAs were in the range 4060 to 27940
with narrow MWD (My/M,, - 1.12-1.19).

NMR

Low molecular weight (M,
narrow MWD (M/M;, - 1.07 and 1.15) were synthesized by ATRP using 4-[2-(7-0xooxepan-

— 2400 and 3500) lactone-terminated polystyrenes with

3-yl) propan-2-yl]cyclohexyl 2-bromo-2-methyl propanoate as ATRP initiator and initiator
efficiencies were 0.80 and 0.84, respectively.

Cyclic carbonate-terminated PMMASs were successfully synthesized by ATRP using
2-0x0-1,3-dioxolan-4-yl-(methyl 2-bromo-2-methylpropanoate) as initiator in presence of
CuCIl/PMDETA as a catalyst. The molecular weight of cyclic carbonate-terminated PMMASs
were in the range 1740 to 6260 (M,"™*) with narrow MWD (M./M;, — 1.16-1.24) and initiator
efficiency was in the range 0.72 to 0.99. The reactivity of cyclic carbonate-terminated PMMA
towards amine was evaluated by a model reaction using n-propyl amine and the results
showed quantitative conversion to hydroxy urethane group.

Thus, new functionalized ATRP initiators were successfully demonstrated in the
synthesis of end-functionalized polymers such as polystyrene, PMMA and PLMA.

Well-defined diblock (PEO-b-PLMA) copolymers were synthesized using
monofunctional PEO macroinitiators of varying number average molecular weight (M,"M% -
470, 790, 2450 and 6120) for polymerization of lauryl methacrylate by ATRP using copper
IPMDETA as catalyst. GPC and ‘H-NMR analysis confirmed the formation of block
copolymers. Molecular weight of the block copolymer, determined by *H-NMR spectroscopy,
was slightly higher than theoretical molecular weight. The molecular weight distribution was
in the range 1.18 to 1.36.

PLMA-b-PEO-b-PLMA triblock copolymer was synthesized using difunctional PEO
macroinitiator using CuCI/PMDETA as catalyst. The difunctional Br-PEO-Br macroinitiator

was derived from commercially available poly(ethylene glycol) of M, — 20,000. The
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(M"MR) of PLMA-b-PEO-b-PLMA agreed well with

theoretical molecular weight and MWD was narrow (My/M, - 1.26).
PS-b-PCL was synthesized by ring opening polymerization of e-caprolactone using
hydroxyl-terminated polystyrene as macroinitiator in the presence of stannous octanoate as

catalyst. Good agreement between the experimental (M,"“?

) and theoretical molecular weight
(M) was observed and the MWD was in the range 1.26 to 1.44.

A novel AB; mikto arm star cpolymer PMMA-b-(PCL), was synthesized by ring
opening polymerization of e-caprolactone using bismethylol-terminated PMMA as
macroinitiator in presence of stannous octanoate as catalyst. The formation of mikto arm star
copolymer was confirmed from GPC and 'H-NMR spectroscopy. However, control over
molecular weight was poor and the molecular weight distributions obtained were relatively
broad (MWD = 1.39 to 1.49).

Amphiphilic PLMA-g-PEO copolymer was synthesized via *“grafting through”
approach by conventional free radical copolymerization of PEO methacrylate macromonomer
and lauryl methacrylate using AIBN as an initiator. Incorporation of PEO macromonomer in
the resulting copolymer was low.

Polycaprolactone containing ATRP initiating sites was synthesized by ring opening
copolymerization of e-caprolactone and 4-[2-(7-oxooxepan-3-yl) propan-2-yl]cyclohexyl 2-
bromo-2-methyl propanoate using stannous octanoate as catalyst. PCL macroinitiator
containing pendent ATRP initiator functionality was successfully utilized for the synthesis of
PCL-g-PMMA in presence of CuCI/PMDETA as catalyst. The graft copolymers exhibited
MWD in the range 1.36 to 1.71.

Two new polyurethane macroinitiators were synthesized from commercially available
doils viz., ethylene glycol, poly(prolylene glycol) and a newly synthesized diol namely, 2,2-
bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate by reaction with diisocyanate. PUM,
macroinitiator was demonstrated as useful ATRP macroinitiator for the synthesis of PU-g-
PLMA copolymer.

The efficacy of PEO-b-PLMA, PLMA-g-PEO and hydroxyl-terminated PLMA as
steric stabilizers in preparation of PU microspheres by dispersion polymerization of 2-ethyl-
1,3-hexane diol and 2,4-toluene diisocyanate was examined. PU microspheres were
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did not produce PU microspheres, on the other hand, PEO-b-PLMA with anchor moiety (PEO

— 2000 and 5000) did produce PU microspheres in sizes ranging from 1 to 20 micrometers.
The balance between the PEO and PLMA segments was crucial for the formation of PU
microspheres.

Graft copolymers (PLMA-g-PEQO) with anchor moiety (PEO - 1100) were successfully
utilized to produce spherical and smaller PU microspheres at 10% and 15% stabilizer
concentration, while, graft copolymer having anchor moiety (PEO - 2000 and 5000) were
found to be an effective steric stabilizer even at lower stabilizer concentration (1 wt %). Graft
copolymer stabilizer with PEO of Mn — 2000, produced PU microspheres with narrow particle
size distribution ranging from 0.31 to 1.45 micrometers.

Dihydroxyl-terminated PLMAs and bismethylol-terminated PLMA were employed as
reactive steric stabilizers in dispersion polymerization. Hydroxyl group of PLMA macrodiol
being less reactive as compared to 2-ethyl-1,3-hexane diol necessitated the conversion of
hydroxyl group to isocyanate. Dihydroxyl-terminated PLMA and bismethylol-terminated
PLMA were shown to be efficient reactive stabilizers in preparation of polyurethane
microspheres. The effect of molar mass of dihydroxyl-terminated PLMA on polyurethane
microspheres was studied; the increase in molar mass of PLMA chain resulted in decrease in
the polyurethane particle size at constant stabilizer concentration.
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The present work on design and synthesis of new functionalized ATRP initiators, end-

fuctionalized polymers and copolymers (block and graft) has opened up many new prospects

for the future work.

>

The present work on synthesis of new ATRP initiators has expanded the range of
functionalized ATRP initiators available for the synthesis of end-functionalized
polymers and macromonomers.

ATRP initiators containing dicarboxylic acid functionality viz., 5-(2-bromo-2-
methylpropanoyloxy) isophthalic acid and 5-(2-bromo-2-methylpropanamido)
isophthalic acid are potentially useful for synthesis of a host of high performance
polymers such as (co)polyamides, and (co)polyesters by polycondensation with
commercially available aromatic diamines and diphenols, respectively. Polyamides and
polyesters containing pendant ATRP initiator functionality could be further utilized for
initiation of controlled radical polymerization of styrene or alkyl methacrylates to obtain
corresponding graft copolymers

Dihydroxyl-terminated polymers synthesized using 5-ethyl-2,2-dimethyl 1,3-dioxan-5-
yl-(methyl 2-bromo-2-methylpropanoate) as initiator could be modified into ATRP
macroinitiator by reaction with 2-bromoisobutyryl bromide and resulting macroinitiator
could subsequently be utilized for the synthesis of AB;, type mikto arm star copolymers.
Mikto arm star AB; type copolymer [PMMA-b-(PCL),] is potentially useful as a
compatibilizer for blend of PMMA and polycarbonate.

A newly synthesized copolymer of g-caprolactone and 4-[2-(7-oxooxepan-3-yl) propan-
2-yl] cyclohexyl 2-bromo-2-methyl propanoate could be utilized in synthesis of graft
copolymers with different polymeric branches such as polystyrene, PBA, PLMA, etc.
These graft copolymers are potentially useful as compatibilizers for polymeric blends as

well as in the modification of properties of polycaprolactone.
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[nopsis of the Thesis Entitled

“Controlled Synthesis of End-Functionalized Polymers and Block Copolymers”

Introduction
One of the main goals in modern synthetic polymer chemistry is to synthesize
polymers with predetermined molecular weight, narrow molecular weight distribution and
well-defined architecture. For this purpose, living polymerization methods which include
anionic, cationic, group transfer and controlled radical polymerization have been developed
and demonstrated to provide high degree of control for the synthesis of polymers.!”’
End-functionalized polymers and copolymers, in particular, block and graft
copolymers are some of the most important materials due to their potential applications in
several areas.®> More specifically, end-functionalized polymers are useful as building blocks
for synthesis of block, graft and star copolymers. These polymers also have potential
applications in areas such as surface modification, coatings, adhesives, as well as
compatibilization of polymer blends.® ® Block and graft copolymers are very promising
materials because of their ambivalent properties.’® They find many applications in areas such
as thermoplastics, associative polymers containing a hydrophilic and a hydrophobic segments,
etc."* One of the most important applications of block copolymers at the industrial scale is
their use as surfactants in pharmaceutical, oil, agriculture, paper and detergent industries.*?
Amongst the controlled radical polymerization methods, Atom Transfer Radical
Polymerization (ATRP) is a powerful technique to prepare polymers with predictable
molecular weight and low polydispersity. The increasing interest in ATRP technique is due to
relatively mild reaction conditions and a broad choice of monomers, initiators, catalysts, etc.*
" With this controlled radical polymerization method, a variety of polymer architectures and
compositions is accessible, e.g., block copolymers, graft copolymers, and hyperbranched
polymers.®>’ Functional groups can also be introduced easily at the chain ends either through
functionalized ATRP initiators or halogen replacement through nucleophilic substituion.*®
The aim of the present work was to design and synthesize functionalized ATRP
initiators, end-functionalized polymers and copolymers (block and graft) via combination of
suitable polymerization techniques.
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aining various functional groups such as hydroxyl, carboxyl,

lactone, carbonate, nitro and sulphonic acid were designed and synthesized. These

functionalized ATRP initiators were utilized for synthesis of end-functionalized polymers.

The synthesized end-functionalized polymers were used in chain extension reactions to obtain

block copolymers using appropriate polymerization techniques.

By keeping the above objectives in mind, the following specific work was selected for the

present thesis.

1.

Synthesis and characterization of ATRP initiators containing functional groups viz.,
hydroxyl, carboxyl, lactone, cyclic carbonate, nitro and sulphonic acid.

Synthesis and characterization of poly(lauryl methacrylate) (PLMA) and poly(styrene)
(PS) containing hydroxyl groups at one end of the chain.

Synthesis and characterization of hydroxyl-terminated poly(methyl methacrylate)
(PMMA) and PLMA macromonomers.

Synthesis and characterization of lactone and carbonate-terminated PMMA.

Synthesis and characterization of poly(ethylene  oxide)-block-poly(lauryl
methacrylate) (PEO-b-PLMA), poly(lauryl methacrylate)-block-poly(ethylene oxide)-
block-poly(lauryl methacrylate) (PLMA-b-PEO-b-PLMA), poly(styrene)-block-
poly(e-caprolactone) (PS-b-PCL) and poly(methyl methacrylate)-block-[poly(e-
caprolactone)], [PMMA-b-(PCL),].

Synthesis and characterization of poly(lauryl methacrylate)-graft-poly(ethylene oxide)
(PLMA-g-PEO), poly(e-caprolactone)-graft-poly(methyl methacrylate) (PCL-g-
PMMA) and polyurethane-graft-poly(lauryl methacrylate) (PU-g-PLMA) using a
combination of different polymerization techniques.

Synthesis and characterization of polyurethane microspheres utilizing PLMA-g-PEO,
PEO-b-PLMA and hydroxyl-terminated PLMA as steric stabilizers.
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Chapter 1: Introduction and Literature Survey: Controlled Synthesis of End-
Functionalized Polymers and Copolymers (Block and Graft)

A comprehensive review of literature on living radical polymerization methods, viz.,
ATRP, Reversible Addition Fragmentation chain Transfer Polymerization (RAFT) and
Nitroxide Mediated Polymerization (NMP) is presented. Furthermore, a brief introduction to
the synthesis of end-functionalized polymers and block copolymers by ATRP, RAFT and
NMP is provided. An introduction to synthesis of block copolymers via combination of ATRP
and ROP is also presented.

Chapter 2:  Scope and Objectives

This chapter discusses scope and objectives of the thesis.

Chapter 3:  Synthesis and Characterization of Functionalized Atom Transfer Radical
Polymerization Initiators

This chapter describes synthesis of functionalized ATRP initiators (Table 1). Nine
new ATRP initiators were synthesized.
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[nitiators Synthesized

1 4-(Hydroxymethyl)benzyl-2-bromo-2- HO C
methylpropanoate (HMBMP) O—g——Br
2 4-(2-Bromo-2-methylpropanoloxy) 0
benzenesulfonic acid (BMPBSA)) H°3S@°_L_Br
3 4-[(4°-Nitro) phenoxymethyl] benzyl O,N @ o Br
bromide (NPMBB) @4
4 5-Ethyl-2,2-dimethyl-1,3-dioxan-5-yl- o]
(methyl-2-bromo-2-methylpropanoate) ><::><:O_L*‘Br
(EDMBMP)
5 2,2-Bis(hydroxymethyl)butyl ~ 2-bromo-2- o]
methyl propanoate (BHMBMP) " >< O_L*‘Br
H
6 3,5-Bis(hydroxymethyl)phenyl-2-bromo-2- | Ho
methylpropanoate (BHMPBMP) }@—o i Br
HO
7 5-(2-Bromo-2-methylpropanoyloxy) HoOC o
isophthalicacid (BMPIPA) @o—‘%sr
HoOC
8 5-(2-Bromo-2-methylpropanamido) HOOC Ho
isophthalicacid (BMPAIPA) lI\IAM—*~Br
HoOOC
9 4-[2-(7-Oxooxepan-3-yl) propan-2-yl] o) o
cyclohexyl 2-bromo-2-methyl propanoate D—\—Qﬁo—“—%sr
(OPCBMP)
10 2-0x0-1,3-dioxolan-4-yl-(methyl-2-bromo- o
2-methylpropanoate) (ODMBM P) o%;\/oﬁm
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Chapter 4. Synthesis and Characterization of End-functionalized Polymers by Atom
Transfer Radical Polymerization

This chapter discusses synthesis of end-functionalized polymers, viz., PMMA, PLMA
and PS using the synthesized ATRP initiators (Scheme 1 to 4). End-functionalized polymers
were characterized by fourier transform infrared (FTIR) spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy and size exclusion chromatography (SEC).

HoL@ﬁo_"_FBr

Ejj HO C
CuBr/By o—,(,)—l—ecmg)jwn—cm&—sr
Scheme 1: Synthesis of hydroxyl-terminated polystyrene

0/ © 0
o
M Br ~comvowDETA MQ_H_{CHZ—CH}CHTCH—Br
o Anisole 90C O i n i

Scheme 2: Synthesis of lactone-terminated polystyrene

X ?
o
I s W T 3 e I T
COQ@H;
—CH,—0—C—C—Br ————= o _ B
z | CuBfPMDETA H;—0—C ? CHy ?%;CHZ (II Br
CHs CHy COOCH;  COOCH;

Scheme 3: Synthesis of carbonate-terminated polymethyl methacrylate

CH; CH;
COCCH
Q_“_*‘ O—“—’—{CH Cﬁ—CH C—B
CuBrIPNDETA 2 2 r
60’C OCH3

OCH3

Scheme 4: Synthesis of hydroxyl-terminated PMMA macromonmer

Chapter 5:  Synthesis and Characterization of Block Copolymers by Combination of
Atom Transfer Radical Polymerization and Ring Opening Polymerization

This chapter describes:
A) Synthesis of PEO-»-PLMA and PLMA-b-PEO-b-PLMA by ATRP using

poly(ethylene oxide) (PEO) macroinitiators of different molecular weights (Scheme 5
and 6).
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CH CH,—CH,— CH,—CH,—OH CH3;0-CH,—CH CH,—CH GC C Br
30{ 2 20 )n 2 2 DMAR, DCM0T 3! f 2 20 ) 2 2 CH3

CuBr/PMDETA ‘

O CH; CH3
CH30(CH,—CH,~ HCHZ CH,~0-C- c—%cn2 ca—Br
CH, c O-CH,—(CHy)1¢CH3
o

Scheme 5: Synthesis of PEO-b-PLMA diblock copolymer

HO—CHz—cHz—O-QCHz—CHz—Oﬁ:CHz—CHz—OH

BI_[C) gr‘ér DMAP
CH, DCM
0c
CH; O 0 CH;
Br—C—C O-CH,—CHz—O-CH,—CHy— o%—cm—cm—o—c c Br
CHs CHs
CuBr/PMDET, °
LMA 60 C
CH; CH 0 CH; CH;
Br+c—CH29—c—c O—QCHZ—CHZ—O%—CHZ CH,-0-C- c—&CHz—ca—Br

H3C—(H,C)40—H2C- O—C 0 CH; CHs o C O-CH;—(CH2)10CH3

Scheme 6: Synthesis of PLMA-b-PEO-b-PLMA triblock copolymer
B) PS-b-PCL is a diblock copolymer potentially useful as a compatibilizer for
SAN/ABS/PVC/PC/PS/PCL blends.** It was synthesized by ROP of ¢-caprolactone
using hydroxyl-terminated PS which in turn was synthesized by ATRP (Scheme 7).

o

I
Br—CH—CH2—€CH—CHZ>—’~C—O—CH2—©—CH2-OH . 0
@ @ do

Tin (II) ethyl hexonaote\ 140°C

o) o
Br—CH—CHZ—(cH—CHZ)—’—Q:—O—CHZ—@CHZ—-—o-@‘-cuff CHz)-CH;—O)—H

Scheme 7: Synthesis of PS-b-PCL diblock copolymer
C) Miktoarm star copolymers are a special class of nonlinear block copolymers where
arms of the different polymer segment are linked to the same branch point.**
Miktoarm star copolymer [PMMA-b-(PCL),] was synthesized using bismethylol-
terminated PMMA as a macroinitiator for ROP of e-caprolactone in presence of

stannous octanoate as a catalyst (Scheme 8) .

Vi
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P
(|:H3 (|:H3 o CHZ—O%C—CHZ{CHZ}E—CHz}:OH
" I
COOCH; COOCH; CH2—0€C—CHZ{CHZ)—CHZ>~0H
m

Scheme 8: Synthesis of PMMA-b-(PCL), star copolymer

Chapter 6:  Synthesis and Characterization of Graft Copolymers by Combination of

Atom Transfer Radical Polymerization and Ring Opening Polymerization

A)

B)

This chapter describes:

Synthesis of PLMA-g-PEO via macromonomer approach, in which PEO methacrylate
macromonomer was copolymerized with lauryl methacrylate by conventional free
radical polymerization using azobisisbutyronitrile as a radical initiator (Scheme 9).

e CHs
CH,=C + CH,=C
COO*CHZCHQ%OCHQCHzanCHg COO*CHchz%CHf)éCHg

AIBN Toluene
600C

fHe CHa
fCHzf? % € CHzf?‘Fy
CO(}CHchﬁCHz%éCHg CO(}CHQCHﬂLOCHzCHzrnOCHg

Scheme 9: Synthesis of PLMA-g-PEQO via “grafting through” approach
PCL and its copolymers possess excellent biocompatibility and permeability and
hence find application as biomaterials.”® To modify the properties of PCL,
introduction of functional groups and grafting of other polymers onto PCL is
utilized.’**® Lactone containing ATRP initiator was copolymerized with ¢-
caprolactone to achieve PCL macroinitiator for ATRP. Using PCL macroinitiator,

PCL-g-PMMA was synthesized by ATRP (Scheme 10).

Vil
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90°%

o o e
@CHZ—O—e‘—CHZGCHZ}CHZ—O%MWM—@‘—CHZ—CHz—CH—CHz—CHz—O%H
3 n $ nu
CHs
FHenme)—s
COOCH

Scheme 10: Synthesis of PCL-g-PMMA via “grafting from” approach
C) Polyurethane-graft-poly(alkyl (meth)acrylate) (PU-g-PAM) was synthesized in two
steps. In the first step, PU macroinitiators were synthesized from commercially
available doils viz., ethylene glycol, poly(prolylene glycol) and a newly synthesized
diol namely, 2,2-bis(hydroxymethyl)butyl 2-bromo-2-methyl propanoate with
isophorone diisocyanate or toluene diisocyanate. In the second step, ATRP of alkyl
methacrylate using PU macroinitiator was carried out to obtain PU-g-PAM (Scheme

11).
\{o@@;oiu@(uﬂ\{oj@oh@@\}
H Ho . i noJy

2

(o)
Br
CuCIPMDETA CHy
Acetone | CH~
60°C COOCH(CH;)1oCH3

(o] fo) o
ferk Syt no
H Hoy i noJy
o
oﬁ—{cm—%@i—sr

COOCH,(CH2)1oCH3

Scheme 11: Synthesis of PU-g-PLMA via “grafting from” approach

Chapter 7:  Preparation of Polyurethane Microspheres Utilizing PEO-g-PLMA, PEO-
b-PLMA and Hydroxyl-Terminated PLMA as Steric Stabilizers

This chapter describes applications of PLMA-g-PEO, PEO-b-PLMA, and hydroxyl-
terminated PLMA as a steric stabilizer in the preparation of polyurethane microspheres.

viii


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Your complimentary
use period has ended.
. 3 CO m p I ete Thank you for using
PDF Complete.
Click Here to upgrade to
Unlimited Pages and Expa

Chapter 8: Summary and Conclusions

This chapter summarizes the results, salient conclusions and future prospects of the
work reported in the thesis.
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