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Supervisor’s Foreword

Thermoresponsive polymers have been the focus of attention as intelligent mate-
rial that are capable of reversibly and drastically changing their solubility in cer-
tain solvents, such as water and alcohols, depending on the solution temperature.
Polyacrylamides are representative thermoresponsive polymers that show a revers-
ible solubility change in water and have been intensively investigated in the past
decades. The following are the two key tasks to utilize polyacrylamides as intelli-
gent materials with the desired properties: (1) the development of precise synthesis
methods for polyacrylamides with a well-defined primary structure; and (2) elu-
cidation of the relationship between the primary structure and the thermorespon-
sive properties. Thus, this thesis focused on developing easy and versatile methods
to control the thermoresponsive properties of polyacrylamides through designing
their primary structure and developing novel precise synthetic methods.

Chapter 1 comprehensively reviews the synthetic methods and thermorespon-
sive properties of polyacrylamides. Chapter 2 describes the control of the ther-
moresponsive properties of poly(N-isopropylacrylamide) by the introduction of
various urea groups with a hydrogen bonding ability to the chain end of the poly-
mer. The precise synthesis of the urea end-functionalized PNIPAMs were achieved
by combining the atom transfer radical polymerization (ATRP) and the click reac-
tion. The thermoresponsive properties of the PNIPAM were controlled by tun-
ing the hydrogen-bonding ability of the terminal urea group; the phase-transition
temperature decreased with the increasing hydrogen-bonding ability of the ter-
minal urea groups. Chapter 3 describes the development of a novel living polym-
erization method for acrylamide monomers by the group transfer polymerization
(GTP) using a strong Brgnsted acid as a precatalyst and an amino silyl enolate
as an initiator. The living nature of the GTP of N,N-dimethylacrylamide (DMAA)
was thoroughly investigated. This polymerization was applied to the polymeriza-
tion of N,N-diethylacrylamide (DEAA) in Chapter 4 in order to develop a novel
and precise synthetic method for poly(V,N-diethylacrylamide) (PDEAA) with the
thermoresponsive properties and its block copolymers, namely thermoresponsive
amphiphilic block copolymers and double-hydrophilic block copolymers. The
easy and versatile synthesis of various block copolymers bearing a PDEAA seg-
ment was achieved by the sequential polymerization of DEAA and DMAA as well
as the anionic ring-opening polymerization of epoxides initiated from a hydroxyl
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viii Supervisor’s Foreword

end-functionalized PDEAA synthesized by the Tf,NH-promoted GTP using a
functional amino silyl enolate. The thermoresponsive properties of the resultant
block copolymers were controlled by the hydrophilicity/hydrophobicity of the
introduced polymer.

In summary, the author developed new methods for the precise synthesis of
polyacrylamides using the ATRP, the click reaction, and the GTP in order to con-
trol the thermoresponsive properties of the polyacrylamides through the design of
their primary structure. The result of this research is expected to contribute to the
further development of the methodology for designing and synthesizing intelligent
materials including thermoresponsive polymers.

Sapporo, September 2013 Prof. Toyoji Kakuchi
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Chapter 1
General Introduction

1.1 Thermoresponsive Polymers

Thermoresponsive polymers have been attracting much attention over the past
few decades as a promising component of intelligent materials for applications
in various fields, such as bioengineering [1—4] and nanotechnology [5-8]. Such
polymers exhibit a volume phase transition by a sudden change in the solvation
state observed as a coil-to-globule transition of the polymer structure at a critical
temperature, such as the lower critical solution temperature (LCST) and the upper
critical solution temperature (UCST). The LCST is defined as the temperature at
which a thermoresponsive polymer reversibly changes its properties from water-
soluble to water-insoluble upon heating, whereas the UCST is when the polymer
goes from hydrophobic to hydrophilic, as depicted in Fig. 1.1.

Scheme 1.1 shows the representative thermoresponsive polymers with an LCST
or an UCST. Various polyacrylamides [9, 10], poly[oligo(ethylene glycol) meth-
acrylate]s [11-13], poly(vinyl ether)s [14-17], poly(glycidyl ether)s [18-20],
poly(2-oxazoline)s [21], and poly(N-vinyllactam)s [22—-24] have been revealed to
have an LCST. Poly(sulfobetaine)s are the representative thermoresponsive poly-
mers with an UCST [25].

In addition to the homopolymer of thermoresponsive polymers, block copol-
ymers consisting of a thermoresponsive polymer and another polymer have
attracted much attention because they can reversibly form a micellar assembly
in an aqueous solution, of which the behavior is expected to be applied to the
non-covalent encapsulation and controlled release of guest molecules for a drug
delivery system and other applications [26-32]. A thermoresponsive amphi-
philic copolymer, namely a block copolymer consisting of a thermoresponsive
polymer and a water-insoluble polymer, forms micellar assemblies, such as pol-
ymeric micelles and vesicles, in an aqueous solution when the thermoresponsive
segment is water-soluble, while it precipitates or forms larger aggregates upon a
temperature change. A double-hydrophilic polymer, such as a block copolymer
consisting of a thermoresponsive polymer and a water-soluble polymer, is known

K. Fuchise, Design and Precise Synthesis of Thermoresponsive Polyacrylamides, 1
Springer Theses, DOI: 10.1007/978-4-431-55046-4_1, © Springer Japan 2014



2 1 General Introduction

Lower Critical Solution
!’empnrmn'l.- (LCST)
11|em1oresponslve I i ° * .
Polvmer
Heating - .
ﬁ-’ L
0= H,o A R -
random coil """f“"’" globule
water soluble -
Low temperature I High temperature
° _’ WL I
Rl - T
e ® 3 —
globule Cooling  random coil
er in water soluble
Upper Critical Solution

Temperature (UCST)
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Scheme 1.1 Representative thermoresponsive polymers with an LCST and an UCST

to reversibly form a micellar assembly in an aqueous solution depending on the
solution temperature. Figure 1.2 depicts the reversible aggregation behavior of a
thermoresponsive amphiphilic block copolymer and a double-hydrophilic block
copolymer bearing a thermoresponsive segment with an LCST. The aggregation
behavior is inverted when the utilized thermoresponsive polymer is with an UCST.
Furthermore, thermoresponsive block copolymers with a more complicating struc-
ture, such as a double-hydrophilic block copolymer consisting of a thermorespon-
sive segment with an LCST and another thermoresponsive segment with an UCST
[25] and a triblock copolymer bearing one or two thermoresponsive segment(s)
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Fig. 1.2 Schematic representation of the reversible formation of micellar assemblies from a
thermoresponsive amphiphilic block copolymer and a double-hydrophilic block copolymer

[33, 34], were also synthesized to reversibly control not only the formation of the
assembly, but also the size and shape of the resultant assembly. The rational design
and the precise synthesis are required to obtain thermoresponsive block copoly-
mers with the desired properties.

1.2 Properties of Polyacrylamides

Among the thermoresponsive polymers, the polyacrylamides have been inten-
sively investigated due to their ease of synthesis and molecular design. The solu-
bility and thermoresponsive properties of polyacrylamides in water vary depending
on the hydrophobicity of the substituent groups on their amide groups, as shown
in Scheme 1.2. For example, poly(acrylamide) (PAA), poly(N-methylacrylamide)
(PMAA), and poly(N,N-dimethylacrylamide) (PDMAA) are water-soluble, while
polyacrylamides bearing hydrophobic substituents, such as poly(N-tert-butyl-
acrylamide) (PrBAA), poly(N-n-butyl-N-methylacrylamide) (PnBMAA), and
poly(N-phenylacrylamide) (PPhAA), are water-insoluble. Polyacrylamides bearing
moderately hydrophobic substituents, such as poly(N-isopropylacrylamide)
(PNIPAM), poly(N,N-diethylacrylamide) (PDEAA), poly(/N-n-propylacrylamide)
(PnPAA), poly(N-ethyl-N-methylacrylamide) (PEMAA), and poly(N-acryloylpyrro-
lidine) (PAPy), have a thermoresponsive properties and show LCSTs at 32, 32, 25,
70, and 50 °C, respectively. Thus, the design of the substituent groups has enabled
to control the solubility and thermoresponsive properties of the polyacrylamides.
The primary structure of the polyacrylamides, such as molecular weight [35,
36], stereoregularity [37—48], chain-end structure [36, 49-51], branching struc-
ture [52, 53], and topology [54-57], is also known to affect the solubility and the
LCST in water. Thus, the precise synthesis of polyacrylamides with predeter-
mined molecular weights, narrow molecular weight distributions, and well-defined
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structures has been an important subject not only for elucidating the relationship
between the structure and the properties of the polyacrylamides, but also for pre-
paring intelligent materials with the desired properties.

1.3 Historical Aspect of Precise Synthesis
for Polyacrylamides

The rapid development of controlled/living polymerizations, such as anionic
polymerization, coordination polymerization, nitroxide-mediated polymerization
(NMP) [58], atom transfer radical polymerization (ATRP) [59, 60], and reversible
addition-fragmentation chain transfer (RAFT) polymerization [61, 62], for acryla-
mide monomers was the breakthrough in the chemistry of polyacrylamides, which
came in the late-1990s to early-2000s and provided methods to control the molec-
ular weight and chain-end structure of the resulting polyacrylamides.

In 1996, Hogen-Esch and Xie first achieved the living polymerization of
an acrylamide monomer [37]; the polymerization of N,N-dimethylacrylamide
(DMAA) was carried out using triphenylmethylcesium as the initiator in tet-
rahydrofuran (THF) at —78 °C to obtain PDMAA having a predetermined
molecular weight and narrow molecular weight distribution. Nakahama et al. suc-
ceeded in the living anionic polymerization of DMAA, N,N-diethylacrylamide
(DEAA), N-acryloylpyrrolidine (APy), N-acryloylpiperidine (APi), N,N-di-
n-propylacrylamide (DPAA), N-ethyl-N-methylacrylamide (EMAA), and
N-acryloylmorpholine (AMO) using diphenyllithium or diphenylpotassium deriva-
tives as initiators in the presence of a Lewis acidic additive, such as diethylzinc(II)
and triethylborane, which expanded the scope of the acrylamide monomers that
can be polymerized in a living fashion by the anionic polymerization [38, 39]. In
addition, Ishizone et al. achieved the precise synthesis of PNIPAM by the polym-
erization of N-isopropyl-N-methoxymethylacrylamide (MOM-NIPAM), a NIPAM
protected by a methoxymethyl group, in THF at =78 °C using diphenylpotassium
and diethylzinc(Il) [40, 41]. Scheme 1.3 summarizes the living anionic polymeri-
zation of the acrylamides.
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Chen and Mariott achieved the coordination polymerization of acrylamide
monomers initiated and catalyzed by zirconocenium enolate, as shown in
Scheme 1.4 [42], which produced the PDMAA [42, 43] and poly(N,N-diphe-
nylacrylamide) [44] with predetermined molecular weights, extremely narrow
molecular weight distributions, and very high isotacticity.

Both the anionic polymerization and the coordination polymerization required
strict removal of impurities from the polymerization system and a special appara-
tus for the polymerization, though they were capable of providing excellent control
of the polymerization. Thus, the controlled/living radical polymerizations [63] for
acrylamides have been intensively investigated since the discovery of the NMP, the
ATRP, and the RAFT polymerization because the ease of polymerization and the
tolerance to the presence of impurities. Hawker et al. reported the first success-
ful controlled/living radical polymerization of an acrylamide monomer in 1999,
which was achieved by the NMP of DMAA using the specially designed nitroxide,
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2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO), and the corresponding
alkoxyamine under bulk condition at 120 °C, as shown in Scheme 1.5 [64]. Binder
et al. reported the precise synthesis of the end-functionalized PNIPAM using the
functionalized alkoxyamine having a TIPNO skeleton in 2007 [65].

ATRP is more advantageous than the other controlled/living radical polymeriza-
tions in terms of the ease of designing an initiator, though the complete removal
of the utilized metallic catalyst from the product is cumbersome. The most versa-
tile system for the ATRP of acrylamide monomers is that using 2-chloropropionate
or 2-chloropropionamide derivatives as the initiator and the complex of copper(I)
chloride (CuCl) and tris[2-(dimethylamino)ethylJamine (MegTREN) as the catalyst,
as shown in Scheme 1.6. Matyjaszewski et al. reported the first controlled polym-
erization of DMAA by ATRP using a complex of CuCl and Me¢TREN in toluene
at 20 °C in 2000 [66, 67]. Various polymer architectures consisting of thermore-
sponsive polyacrylamides, especially PNIPAM, have been synthesized using ATRP
since Masci et al. [68] and Xia et al. [35, 49] independently reported the controlled
polymerization of NIPAM by the ATRP using the complex of CuCl and MecTREN.

The RAFT polymerization is currently considered to be the most versatile con-
trolled/living radical polymerization method due to its broad scope of polymeriz-
able monomers and its metal-free nature. The controlled polymerizations of various
acrylamide monomers were achieved by the RAFT polymerization using dithioben-
zoate and trithiocarbonate derivatives as the chain transfer agent (CTA) in various
solvents, such as water, dimethylsulfoxide (DMSO), and 1,4-dioxane, as shown in
Scheme 1.7 [69-72]. Gilbert et al. reported the polymerization of NIPAM using
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benzyl dithiobenzoate as the CTA in benzene at 60 °C to produce PNIPAM with a
polydispersity index (M,/M,) in the range of 1.1-1.5, which was the first controlled
polymerization of acrylamide monomers by the RAFT polymerization [73].
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Not only the controlled/living polymerization methods but also the rapid
development of the click reactions, which features high reaction efficiency and
chemo-selectivity, have provided the efficient synthetic method for polyacryla-
mides with well-defined structure including end-functionalized polymers, block
copolymers, star-shaped polymers, macrocyclic polymers, graft copolymers, etc.,
as shown in Fig. 1.3 [74-78]. Nowadays, many reactions, such as the copper cata-
lyzed azide-alkyne cycloaddition (CuAAC) and thiol-ene reaction, are categorized
as the click reaction and utilized for the post-modifications of polymers, even
though some of the reactions do not meet the requirements for the click reaction
originally defined by Sharpless et al.

1.4 Properties of Well-Defined Thermoresponsive
Polyacrylamides and Their Block Copolymers

The precisely synthesized polyacrylamides have begun to provide insights into
the influence of the primary structure of polyacrylamides on the solubility and
thermoresponsive properties. Winnik et al., Stover et al., and Kakuchi et al. have
intensively investigated the effect of the molecular weight and chain end structure
on the thermoresponsive properties of the well-defined PNIPAM synthesized by
the ATRP or the RAFT polymerization. Winnik et al. synthesized o,w-dioctadecyl-
PNIPAM with the number-average molecular weight (M;) that ranged from
12.0 to 49.0 kg mol~! and My/M, lower than 1.20 by the RAFT polymerization
using a CTA bearing two octadecyl groups, as shown in Scheme 1.8a. The criti-
cal temperature of the synthesized PNIPAM increased from 25 to 31 °C with the
increasing molecular weight when the polymer concentration in an aqueous solu-
tion was 1.0 g L=! [36]. Stover et al. synthesized PNIPAM bearing five different
chain-end structures with varying hydrophobicities by the ATRP using designed ini-
tiators, as shown in Scheme 1.8b [49]. Kakuchi et al. synthesized a series of well-
defined PNIPAMs bearing different chain-end groups with varying hydrophobicities
by the ATRP, as shown in Scheme 1.8c [50, 51]. In all the results, the hydrophilic
end groups led to an increase in the critical temperature, while the hydrophobic end
groups decreased it. The influence of the chain end structure on the critical tempera-
ture decreased as the molecular weight of the polymer increased.

Star-shaped and hyperbranched polyacrylamides have been synthesized to
elucidate the effect of the branching structure on the thermoresponsive proper-
ties. Whittaker et al. synthesized the 4-armed star-shaped PNIPAM by the RAFT
polymerization of NIPAM using a star-shaped CTA, pentaerythritol tetrakis(3-
(benzylthiothiocarbonylthio)propionate (PTBTP), bearing four trithiocarbonate
groups, as shown in Scheme 1.9a [56]. The critical temperature of the resultant pol-
ymer was lower than the linear PNIPAMs cleaved from the star-shaped PNIPAM
most likely due to the hydrophobicity of the core unit and the terminal benzyl
groups. The critical temperature increased with the increasing molecular weight
of the star-shaped PNIPAM because the influence of the terminal structure on the
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thermoresponsive properties decreases as the polymer chain becomes longer. Liu
et al. synthesized 7-armed and 21-armed star-shaped PNIPAMs by the CuAAC
between the ethynyl end-functionalized PNIPAM and the B-cyclodextrin functional-
ized with 7 or 21 azido groups, as shown in Scheme 1.9b [79]. The critical tempera-
ture of the resultant star-shaped PNIPAM increased with the increasing molecular
weight and increasing number of arm polymers. Both Whittaker et al. and Liu et
al. attributed the decrease in the critical temperature of the star-shaped PNIPAM
with a low molecular weight to the ease of cluster formation by the monomeric
units located adjacent to the core unit due to the high density of the grafting chains.
Sumerlin et al. synthesized the hyperbranched PNIPAM by the RAFT polymeriza-
tion of NIPAM using a CTA bearing a trithiocarbonate group and an acryloyl group,
as shown in Scheme 1.10 [57]. The critical temperature of the resultant PNIPAM
significantly decreased as compared to a linear PNIPAM because the contribution of
the hydrophobic chain-end groups, namely the n-dodecyl groups, on the thermore-
sponsive properties increased as the number of chain-ends increased.

Macrocyclic polyacrylamides have been synthesized with PNIPAM. Winnik
et al. synthesized the macrocyclic PNIPAM through the synthesis of a-azido-w-
ethynyl PNIPAM by the RAFT polymerization and the macrocyclization reaction
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using the CuAAC, as shown in Scheme 1.11a [52, 55]. The critical temperature of
the obtained cyclic PNIPAM was higher than that of the linear precursor regard-
less of the molecular weight and decreased with the increasing molecular weight
as with the linear precursors. However, the aggregation process of the cyclic
PNIPAM was slower than the linear precursors presumably because the absence
of chain-ends hindered the packing of the polymer chains upon the coli-to-glob-
ule transition. Liu et al. synthesized the macrocyclic PNIPAM by the combination
of the ATRP and the CuAAC, as shown in Scheme 1.11b [53, 54]. In their case,
the critical temperature of the resultant cyclic PNIPAM was lower than the linear
precursor, though those for both of them decreased with the increasing molecu-
lar weight. As a result of laser light scattering and stopped-flow temperature-jump
measurements, they revealed that the cyclic PNIPAM tends to form smaller and
stable mesoglobules with a relatively lower chain density presumably due to the
lack of any interchain entanglement and penetration.
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The precise synthesis of polyacrylamides has applied to the synthesis of
thermoresponsive amphiphilic block copolymers and double-hydrophilic block
copolymers bearing one or multiple thermoresponsive polyacrylamide segment(s)
with following synthetic strategies: (1) sequential polymerization of multiple mon-
omers, (2) a polymerization using a macroinitiator or a macro chain transfer agent
(macro-CTA), and (3) the polymer-polymer conjugation reaction.

The first approach requires that the polymerization can be continued until
the monomer is quantitatively consumed; the addition of the second monomer
before the completion of the first polymerization causes the formation of the par-
tially gradient structure in the sequence of monomer units. Thus, only the anionic
polymerization has been utilized to synthesize block copolymers of thermore-
sponsive polyacrylamides with this approach because the controlled/living radical
polymerizations should be quenched before the quantitative consumption of the
monomer in order to avoid any side reactions, such as the radical-radical cou-
pling reaction. For example, Miiller et al. reported the synthesis of poly(acrylic
acid)-block-PDEAA (PAA-b-PDEAA) by the sequential anionic polymerization
of tert-butyl acrylate and DEAA followed by the deprotection of the fert-butyl
group from the resultant block copolymer, as shown in Scheme 1.12a [80]. The
ability of PAA-b-PDEAA to reversibly form micellar aggregates was proved by
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dynamic light scattering measurements in acidic and alkaline aqueous solutions at
different temperatures. Adler et al. reported the synthesis of poly(2-vinylpyridine)-
block-PDEAA (P2VP-b-PDEAA) by the sequential anionic polymerization of
2-vinylpyridine (2VP) and DEAA using the alkyllithium derived from sec-butyl-
lithium, styrene, and diphenyl ethylene as the initiator and lithium chloride and
diethylzinc as the additives, as shown in Scheme 1.12b [81]. The resultant P2VP-
b-PDEAA reversibly formed a micellar assembly in an acidic aqueous solution at
pH 2 upon heating most likely due to the formation of the hydrophobic core from
the dehydrated PDEAA segment.

The second approach, namely the polymerization using a macroinitiator or a
macro-CTA, has been applied to the synthesis of various thermoresponsive block
copolymers bearing polyacrylamide segments. Shi et al. synthesized PNIPAM-
block-poly(4-vinylpyridine) (PNIPAM-b-P4VP) by the ATRP of 4-vinylpyridine
using a macroinitiator composed of PNIPAM, as shown in Scheme 1.13a [82].
The resultant polymer was capable of reversibly forming a micellar assembly
in an aqueous solution depending on the temperature and pH. McCormick et al.
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synthesized double-hydrophilic block copolymers, such as PDMAA-b-PNIPAM
and PDMAA-b-PNIPAM-b-PDMAA, by the RAFT polymerization of NIPAM
using a PDMAA with one or two trithiocarbonate group(s) as the macro-CTA, as
shown in Scheme 1.13b [72]. Both of the obtained polymers have an ability to
reversibly form a micellar assembly in an aqueous solution. The size of the micel-
lar assembly increased and the critical temperature for the micelle formation
decreased as the PNIPAM segment became longer.

The third approach, the polymer-polymer conjugation reaction, has also
been utilized to synthesize amphiphilic thermoresponsive block copolymers
possessing a polyacrylamide segment. Thayumanavan et al. reported the syn-
thesis of PNIPAM-block-poly(2-(tetrahydropyranyloxy)ethyl — methacrylate)
(PNIPAM-b-PTHP) by the pyridyl disulfide exchange reaction between a 2-pyri-
dyldithio end-functionalized PNIPAM and a thiol end-functionalized poly(2-
(tetrahydropyranyloxy)ethyl methacrylate), as shown in Scheme 1.14 [83]. The
resultant PNIPAM-b-PTHP was capable of forming a micellar structure in an aque-
ous solution and encapsulating hydrophobic guests. The micelle structure can be
degraded by heating or acidifying the solution as well as adding reductants to the
solution, which was utilized for the controlled release of the encapsulated guests.
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Scheme 1.15 General scheme of the group transfer polymerization (GTP)

1.5 Potential of Group Transfer Polymerization for the
Synthesis of Well-Defined Polyacrylamides

Group transfer polymerization (GTP) discovered by Webster et al. in 1983 is one
of the living polymerization methods for methacrylates and acrylates, which pro-
ceeds through the repetitive Mukaiyama-Michael reaction catalyzed by a Lewis
base or a Lewis acid, as shown in Scheme 1.15 [84-86]. A silyl enolate, such as
I-methoxy- 1-trimethylsiloxy-2-methyl-1-propene (MTS), is generally used as
the initiator. Lewis bases, such as the tris(dialkylamino)sulfonium salts and the
tetraalkylammonium salts of SiMesF,™ [84, 87, 88], HF,~ [84, 85, 87, 88], F~
[85, 87, 89], CN~ [84, 85, 87, 89], N3~ [84, 85], oxyanions [90], and hydrogen
bioxyanions [90, 91], have been recognized as suitable catalysts only for the meth-
acrylates. Their catalytic activities are too high to control the polymerization of
acrylates that have a higher reactivity than the methacrylates. Lewis acids, such as
zinc halides [85, 92], organoaluminiums [85, 92], and mercury(Il) iodide [93-96],
have been reported to be effective only for acrylates because of their low catalytic
activity.

Advantages of the GTP in comparison to other controlled/living polymeriza-
tions are as follows: (1) the polymerization is principally free from termination
reactions thus realizing excellent control of the polymerization as with anionic
polymerization; (2) the initiator can be easily designed for the synthesis of an end-
functionalized polymer as with the ATRP; and (3) the polymerization can be car-
ried out at room temperature without using metallic reagents as with the RAFT
polymerization. However, the GTP of acrylamide monomers has not been well
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developed, though there have been some attempts to apply the GTP to acrylamide
monomers, as shown in Scheme 1.16. For example, Sogah et al. obtained PDMAA
with a 2 kg mol~! number average molecular weight (M,) and a relatively broad
My/M; (=1.62) as a result of the GTP of DMAA using MTS as the initiator and
tris(dimethylamino)sulfonium hydrogen bifluoride (TAS-HF,) as the catalyst
[85]. Freitag et al. attempted the GTP of DEAA using MTS as the initiator and
tetra-n-butylammonium acetate (TBA-AcO), chlorodiethylaluminium (Et;AlCI),
or zinc(Il) iodide (Znl,) as the catalyst. The polymerization using TBA-AcO pro-
duced PDEAA with smaller than 3 kg mol~! of M, of and 1.14-1.19 of M/M,,
while those using Et;AlCI or Znl; did not proceed [97-99].

Recently, a new class of catalysts, so-called organocatalysts, has been applied
to the GTP to produce polymers with a controlled molecular weight and narrow
My/My. In 2008, Raynaud et al. [100] and Scholten et al. [101] independently
reported that N-heterocyclic carbene (NHC) efficiently catalyzed the GTP of
methyl methacrylate (MMA) and tert-butyl acrylate, as shown in Scheme 1.17a.
In addition, Chen and Zang reported that the triphenylmethyl cation oxida-
tively activated MTS to promote the GTP of MMA, as shown in Scheme 1.17b
[102]. Moreover, Kakuchi et al. reported that bis(trifluoromethanesulfonyl)
imide (Tf,NH) [103-107], a very strong Brgnsted acid, was capable of promot-
ing the GTP of MMA using MTS as the initiator to afford the narrow dispersed
and highly syndiotactic poly(methyl methacrylate) without any side reactions, as
shown in Scheme 1.17¢ [108]. The use of these new catalysts was considered to be
the key to realize the GTP of acrylamide monomers proceeding in a living fashion
and provide an easy and versatile method to synthesize thermoresponsive poly-
acrylamides with well-defined structure.
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1.6 Objects and Outline of the Thesis

As described in the previous sections, the thermoresponsive polymers have
attracted much attention due to their potential applications as intelligent materi-
als. Among the various thermoresponsive polymers, polyacrylamides have been
intensively investigated over the past few decades due to their ease of molecular
design and synthesis. In order to design intelligent materials with the desired prop-
erties, the relationship between the structure and the thermoresponsive properties
of the polyacrylamides must be elucidated through developing sophisticated meth-
ods to precisely synthesize polyacrylamides with a well-defined primary struc-
ture. Thus, this thesis focused on developing easy and versatile methods for the
precise synthesis of polyacrylamides with novel primary structures as well as the
evaluation of their thermoresponsive properties. The synthesis of azido end-func-
tionalized PNIPAM by the ATRP and the postpolymerization modification using
the click reaction was considered to provide a versatile method to synthesize a
PNIPAM with a well-defined terminal structure. The group transfer polymeriza-
tion (GTP) for acrylamide monomers was expected to provide excellent control of
the polymerization in comparison to the existing controlled/living polymerizations
and become a robust method to precisely synthesize thermoresponsive polyacryla-
mides and their block copolymers, namely thermoresponsive amphiphilic block
copolymers and double-hydrophilic block copolymers.

The outline of this thesis is as follows.

Chapter 2 describes the precise synthesis of urea end-functionalized PNIPAMs
and the control of the thermoresponsive properties of PNIPAM by changing the
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hydrogen bonding ability of the terminal urea groups, as depicted in Fig. 1.4. A
series of PNIPAMs with different diphenylurea groups at the chain end (X-Ph-
NH-CO-NH-Ph-trz-PNIPAM: X = H, OCHj3, CH3, NO,, CI, and CF3) were syn-
thesized by the ATRP and the CuAAC. The critical temperature of the obtained
polymers varied depending on the hydrogen bonding ability of the introduced
urea group. The '"H NMR measurement suggested that the urea end-functionalized
PNIPAM was already forming aggregates in water even at a temperature below
the critical temperature due to the intermolecular hydrogen bonding of the termi-
nal urea group. The aggregated particles of the resulting polymer were directly
characterized by dynamic light scattering and transmission electron microscopy in
water at a temperature below its critical temperature. The hydrogen bonding prop-
erties of the chain end urea group was concluded to be involved in the aggregation
of the PNIPAM in water, leading to the variation in its critical temperature.

Chapter 3 describes the GTP of DMAA promoted by TfoNH, one of the strong
Brgnsted acids, proceeding in a living fashion for the synthesis of polyacryla-
mides with well-defined structures, as depicted in Fig. 1.5. The combined use of
(Z)-1-dimethylamino-1-trimethylsiloxy-1-propene [(Z)-DATP], an amino silyl
enolate, and Tf,NH realized a highly efficient GTP initiating system for DMAA.
The Tf,NH-promoted GTP of DMAA initiated by (Z)-DATP at 0 °C homogene-
ously proceeded to produce PDMAA with a predetermined molecular weight and
a narrow molecular weight distribution. The living nature of the polymerization
was confirmed by the matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) analysis, kinetic measurements, and a post
polymerization experiment.

Chapter 4 describes the development of the easy and versatile method to syn-
thesize thermoresponsive amphiphilic block copolymers and double-hydrophilic
block copolymers having a PDEAA segment through the GTP of DEAA, as
depicted in Fig. 1.6. The precise synthesis of PDEAA and hydroxyl end-func-
tionalized PDEAA (PDEAA-OH) was achieved by the Tf,NH-promoted GTP of
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DEAA using an amino silyl enolate, such as (Z)-DATP or (Z)-1-(N-methyl-N-(2-
trimethylsiloxyethyl)amino)-1-trimethylsiloxy-1-propene [(Z)-HDATP], as the
initiator in a similar manner to the GTP of DMAA. The synthesis of the double-
hydrophilic block copolymer consisting of PDEAA and PDMAA segments was
achieved by the sequential polymerization of DEAA and DMAA. The anionic
ring-opening polymerization of epoxides, such as ethylene oxide (EO), propyl-
ene oxide (PO), 1,2-butene oxide (BO), and 1-ethoxyethyl glycidyl ether (EEGE),
using PDEAA-OH as the macroinitiator and a phosphazene base, 1-tert-butyl-
4,4 ,4-tris(dimethylamino)-2,2-bis-[tris(dimethylamino)-phosphoranylidenamino]-
2A% 4 AS-catenadi(phosphazene) (-Bu-Py), as the catalyst provided a versatile
method to synthesize thermoresponsive amphiphilic block polymers and double-
hydrophilic block copolymers consisting of a PDEAA segment and a polyether
segment. The turbidimetric analysis proved that the thermoresponsive properties
of the obtained PDEAA-b-polyethers were successfully controlled as originally
expected from the molecular design.
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Chapter 2

Control of Thermoresponsive
Properties of Urea End-Functionalized
Poly(N-isopropylacrylamide)

Based on the Hydrogen Bond Assisted
Self-Assembly in Water

2.1 Introduction

The hydrogen bond has been recognized as one of the representative non-covalent
interactions for realizing a three-dimensionally organized molecular architecture.
In fact, biological macromolecular systems ingeniously construct specific higher-
order structures that are stable in an aqueous medium, in which multiple hydrogen
bonds are indispensable for stabilizing the structures. Although there are a num-
ber of artificial molecular architectures fabricated through hydrogen bonding in
organic solvents, the realization of a supramolecular assembly based on hydrogen
bonding in water has still remained an interesting issue because the intermolecular
hydrogen bonds are easily disrupted in protic and polar solvents, such as water.
For the supramolecular assembly based on hydrogen bonding in water, the
hydrophobic microenvironment approach that is inspired by a biological system
have been developed for protecting the hydrogen bonding capability from disrup-
tive solvation by water molecules, thus making it possible to construct a well-
ordered self-assembly from synthetic molecules in water [1-3]. For example,
Meijer et al. revealed that bifunctional ureidotriazines can self-assemble to form a
helical supramolecular polymer in water through cooperative hydrogen bonds that
are shielded by the hydrophobic microenvironment [4]. Kimizuka et al. achieved
fabrication of a hierarchically self-assembled bilayer membrane in water through
complementary hydrogen-bond pairs [5]. Sijbesma et al. further succeeded in the
formation of the self-assembly from an amphiphilic triblock copolymer in water,
in which urea groups that are placed at the center of a nonpolar segment contribute
to the strong intermolecular hydrogen bonding [6]. Despite the definite validity of
these approaches, the construction of stable intermolecular hydrogen bonding in
water has still been a challenging task because an accurate and strict molecular
design is required for the functional groups involved in the intermolecular hydro-
gen bonding, hydrophilic chains for water-solubility, and a hydrophobic microen-
vironment for realization of the hydrogen bonding properties. Additionally, only
the construction of the self-assembly with a specific structure and morphology

K. Fuchise, Design and Precise Synthesis of Thermoresponsive Polyacrylamides, 27
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Scheme 2.1 Synthesis of various urea end-functionalized PNIPAMs (4a—g) by a combination of
the ATRP and the copper(l) catalyzed azide-alkyne cycloaddition (CuAAC)

has been achieved by the hydrogen bonding in water. Therefore, the control of the
characteristic feature and function of the self-assembled polymer by adjusting its
hydrogen bonding ability in water will be significant.

As one of the demonstrations of the macromolecular assembly based on the
hydrogen bonding in water, the author now focuses on controlling the thermore-
sponsive properties of the urea end-functionalized poly(N-isopropylacrylamide)
(PNIPAM) by adjusting the hydrogen bond formation between the chain end urea
groups. PNIPAM is a representative thermoresponsive polymer and exhibits a coil
to globule transition of the polymer structure in water at a temperature known as
the lower critical solution temperature (LCST), which is generally around 32 °C
[7]. Due to its versatility, many applications are expected in the diverse fields of
material science including bioengineering [8—11] and nanotechnology [12-15].
Currently, it has been clarified that the cloud point of PNIPAM varies depending
on its primary structure, such as molecular weight [16—18], stereoregularity [19—
22], and chain end structure [17, 18, 23-26]. However, there is no report about the
influence of the intermolecular hydrogen bonding of the end-functional group in
PNIPAM on its cloud point.

In this chapter, the author describes the control of the cloud point of
PNIPAM using the hydrogen bonding of urea groups in the polymer chain end.
The well-defined PNIPAMs with urea groups as the end-functionality were pre-
pared using a combination of the atom transfer radical polymerization (ATRP)
and the copper(I) catalyzed azide-alkyne cycloaddition (CuAAC), as illustrated
in Scheme 2.1. First, the azido end-functionalized PNIPAM (2) was synthesized
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by the ATRP of NIPAM using N-(2-azidoethyl)-2-chloropropionamide (1). The
CuAAC between 2 and the diphenylurea derivatives (3a—f) was subsequently
conducted for conjugating the various urea groups, producing PNIPAMs bear-
ing a series of chain end urea groups (4a—f). The urea groups to be introduced
at the chain end of the PNIPAM were expected to impart a hydrogen bond-
ing ability to the polymer, leading to its hierarchical self-assembly [6, 27].
Additionally, the diphenylurea derivatives were designed for facilitating the
efficient formation of intermolecular hydrogen bonds between the urea groups
in water. The relationship between the changes in the cloud point of the result-
ing polymers and the hydrogen bonding ability of the various urea groups was
clarified by a turbidimetric analysis. In addition, in order to clarify the influence
of the hydrogen bond on the cloud point, PNIPAMs bearing N-methylated urea
(4g) and triazolyl groups (4i) were also synthesized, as shown in Schemes 2.1,
and their cloud points were compared to those of 4a—f. Dynamic light scatter-
ing (DLS) and transmission electron microscopy (TEM) measurements were
performed for the direct observation of the polymer assembly in water, provid-
ing an insight into the variation of the cloud point based on the supramolecular
assembly.

2.2 Experimental Section

2.2.1 Materials

N-Isopropylacrylamide (NIPAM) was kindly supplied from the Kohjin Co.,
Japan, and recrystallized twice from hexane/toluene (10/1, v/v) prior to use.
N-(2-Azidoethyl)-2-chloropropionamide (1) was prepared according to our pre-
vious report [18]. Tris[2-(dimethylamino)ethyl]amine (MesTREN) was donated
by the Mitsubishi Chemical Co., Japan, and distilled over CaH, under reduced
pressure. 2-Propanol (HPLC Grade), tetrahydrofuran (THF), phenyl isocy-
anate (98 %), dichloromethane, ethyl acetate, and acetone were purchased from
Kanto Chemicals Co., Inc., and used as received. Acetonitrile was purchased
from Kanto Chemicals, and dried over activated molecular sieves 4A for one day,
and then distilled over CaH,. 4-Ethynylaniline was purchased from Wako Pure
Chemical Industries, Ltd., and used without further purification. N-Methyl-4-
ethynylaniline was prepared according to the literature [28]. 4-(Trifluoromethyl)
phenyl isocyanate (98 %), 4-methoxyphenyl isocyanate (98 %), 4-nitrophe-
nyl isocyanate (98 %), trimethylsilylacetylene (98 %), and N,N,N’.N”N”-
pentamethyldiethylenetriamine (PMDETA, 98 %) were purchased from Tokyo
Kasei Kogyo Co., Ltd., and used as received. 4-Methylphenyl isocyanate (98 %),
4-chlorophenyl isocyanate (98 %), tetra-n-butylammonium fluoride (TBAF) in
THF (1.0 mol L~"), and copper(I) chloride (CuCl, 99.999 %) were obtained from
Aldrich Chemicals Co., Inc., and used as received.
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2.2.2 Instruments

The 'H (400 MHz) and '3C NMR (100 MHz) spectra were recorded using a JEOL
JNM-A4001I instrument. The IR spectra were recorded using a Perkin-Elmer Paragon
1000 FT-IR instrument. Size exclusion chromatography (SEC) was performed at
40 °C using a Jasco high performance liquid chromatography (HPLC) system (PU-
980 Intelligent HPLC pump, CO-965 column oven, RI-930 Intelligent RI detector, and
Shodex DEGAS KT-16) equipped with a Shodex Asahipak GF-310 HQ column (lin-
ear, 7.6 mm x 300 mm; pore size, 20 nm; bead size, 5 wm; exclusion limit, 4 x 104)
and a Shodex Asahipak GF-7M HQ column (linear, 7.6 mm x 300 mm; pore size,
20 nm; bead size, 9 um; exclusion limit, 4 x 107) in N,N-dimethylformamide (DMF)
containing lithium chloride (0.01 mol L) at the flow rate of 0.4 mL min~!. The
number-average molecular weight (My,sgc) and polydispersity index (M/My) of the
synthesized polymers were determined on the basis of a polystyrene calibration. The
ultraviolet-visible (UV-vis) spectra were measured using a 10-mm path length cell by
a Jasco V-550 spectrophotometer equipped with an EYELA NCB-1200 temperature
controller and a Jasco ETC-505T temperature controller. Dynamic light scattering
(DLS) was measured by an Otsuka Electronics FDLS-3000 light scattering spectrom-
eter with an Otsuka Electronics NM-454L temperature controller. Transmission elec-
tron microscopy (TEM) was performed on a JEOL JEM-1230.

2.2.3 Synthesis of 1-(4-Ethynylphenyl)-3-phenylurea (3a)

Phenyl isocyanate (2.30 mL, 21.2 mmol) was added to a solution of 4-ethynylaniline
(2.61 g, 22.3 mmol) in dry acetonitrile (47.5 mL) at room temperature under an N>
atmosphere. The reaction mixture was refluxed for 5 h. After removal of the solvent,
the residue was purified by column chromatography on silica gel with acetone/dichlo-
romethane (1/14, v/v) to give 3a as a solid. Yield = 4.48 g (90 %). '"H NMR (400 MHz,
DMSO-dg, 8): 4.04 (s, 1H, HC = C-), 698 (t, J = 7.3 Hz, 1H, aromatic), 7.29 (t,
J = 7.3 Hz, 2H, aromatic), 7.39 (d, J = 8.8 Hz, 2H, aromatic), 7.45 (d, J = 8.4 Hz,
2H, aromatic), 7.48 (d, J = 8.8 Hz, 2H, aromatic), 8.72 (s, 1H, -NH-C0O-),8.87 (s, 1H,
~NH-CO-). 3C NMR (100 MHz, DMSO-ds, 8): 79.34, 83.74, 114.53, 117.87, 118.30,
122.01, 128.78, 132.43, 139.42, 140.38, 152.24. Anal. Calcd for C1sH2N2O (236.27):
C,76.25; H, 5.12; N, 11.86. Found: C, 76.19; H, 5.12; N, 11.91.

2.2.4 Synthesis of 1-(4-Ethynylphenyl)-3-(4-methoxyphenyl)
urea (3b)

A solution of 4-ethynylaniline (1.85 g, 15.8 mmol) in dry THF (15 mL) was
added to a solution of 4-methoxyphenyl isocyanate (1.94 mL, 15.1 mmol) in dry
THF (35 mL) at room temperature under an N, atmosphere. The reaction mixture
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was stirred for 18 h. After removal of the solvent, 3b was obtained as a solid.
Yield = 2.79 g (69 %). '"H NMR (400 MHz, DMSO-dg, 5): 3.72 (s, 3H, —OCH3),
4.02 (s, 1H, HC = C-), 6.86 (d, 2H, J = 8.9 Hz, aromatic), 7.35 (d, J = 8.9 Hz,
2H, aromatic), 7.38 (d, J = 8.4 Hz, 2H, aromatic), 7.47 (d, J = 8.4 Hz, 2H, aro-
matic), 8.52 (s, 1H, -NH-CO-), 8.79 (s, 1H, -NH-CO-). 13C NMR (100 MHz,
DMSO-dg, 8): 55.13, 79.21, 83.77, 113.97, 114.29, 117.74, 120.16, 132.38,
140.57, 152.41, 154.49. Anal. Calcd for C;gH4N>O7 (266.29): C, 72.16; H, 5.30;
N, 10.52. Found: C, 71.90; H, 5.36; N, 10.50.

2.2.5 Synthesis of 1-(4-Ethynylphenyl)-3-(4-methylphenyl)
urea (3c)

A solution of 4-ethynylaniline (1.97 g, 16.8 mmol) in dry THF (23 mL) was
added to a solution of 4-methylphenyl isocyanate (2.01 mL, 16.0 mmol) in dry
THF (30 mL) at room temperature under an Np atmosphere. The reaction mix-
ture was stirred for 18 h. After removal of the solvent, 3¢ was obtained as a solid.
Yield = 3.64 g (91 %). '"H NMR (400 MHz, DMSO-ds, 8): 2.24 (s, 3H, —CH3),
4.02 (s, 1H, HC = C-), 7.08 (d, J = 8.4 Hz, 2H, aromatic), 7.33 (d, J = 8.4 Hz,
2H, aromatic), 7.38 (d, J = 8.9 Hz, 2H, aromatic), 7.46 (d, J = 8.9 Hz, 2H, aro-
matic), 8.61 (s, 1H, -NH-CO-), 8.82 (s, 1H, -NH-CO-). 13C NMR (100 MHz,
DMSO-ds, 8): 20.29, 79.25, 83.74, 114.39, 117.79, 118.39, 129.14, 130.85,
132.39, 136.82, 140.46, 152.27. Anal. Calcd for C16H14N20 (250.29): C, 76.78;
H, 5.64; N, 11.19. Found: C, 76.83; H, 5.78; N, 11.16.

2.2.6 Synthesis of 1-(4-Ethynylphenyl)-3-(4-nitrophenyl)
urea (3d)

A solution of 4-ethynylaniline (2.30 g, 19.6 mmol) in dry THF (15 mL) was added
to a solution of 4-nitrophenyl isocyanate (2.92 g, 17.8 mmol) in dry THF (35 mL)
at room temperature under an N, atmosphere. The reaction mixture was stirred for
43 h. After removal of the solvent, dichloromethane was added to the residue. The
soluble part was filtered and washed with 1 mol L~! HCI. The organic layer was
dried over anhydrous NaySO4 and evaporated to dryness. The residue was purified
by recrystallization from acetonitrile to give 3d as a yellow solid. Yield = 2.67 g
(54 %). '"H NMR (400 MHz, DMSO-ds, 3): 4.07 (s, 1H, HC = C—), 7.42
(d, J = 8.8 Hz, 2H, aromatic), 7.50 (d, J = 8.8 Hz, 2H, aromatic), 7.69 (d,
J = 9.3 Hz, 2H, aromatic), 8.20 (d, J = 9.3 Hz, 2H, aromatic), 9.12 (s, 1H, -NH-
CO-), 9.48 (s, 1H, -NH-CO-). 13C NMR (100 MHz, DMSO-dg, 3): 79.65, 83.58,
115.30, 117.51, 118.34, 125.13, 132.47, 139.67, 141.15, 146.12, 151.75. Anal.
Calcd for C15H11N303 (281.27): C, 64.05; H, 3.94; N, 14.94. Found: C, 63.76; H,
4.01; N, 14.93.
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2.2.7 Synthesis of 1-(4-Ethynylphenyl)-3-(4-chlorophenyl)
urea (3e)

A solution of 4-ethynylaniline (1.82 g, 15.5 mmol) in dry THF (20 mL) was
added to a solution of 4-chlorophenyl isocyanate (2.27 g, 14.8 mmol) in dry
THF (35 mL) at room temperature under an Ny atmosphere. The reaction mix-
ture was stirred overnight. After removal of the solvent, the residue was stirred
in 1 mol L~! HCI, and then filtered. The filtrate was dried in vacuo to give 3e
as a solid. Yield = 3.52 g (87 %). 'H NMR (400 MHz, DMSO-ds, 8): 4.02
(s, 1H, HC = C—), 7.33 (d, J = 8.9 Hz, 2H, aromatic), 7.40 (d, J = 8.8 Hz, 2H,
aromatic), 7.48 (d, J = 8.8 Hz, 2H, aromatic), 7.49 (d, J = 9.1 Hz, 2H, aro-
matic), 8.88 (s, 1H, -NH-CO-), 8.93 (s, 1H, -NH-CO-). '3C NMR (100 MHz,
DMSO-dg, 8): 79.32, 83.71, 114.73, 118.00, 119.83, 125.58, 128.60, 132.43,
138.45, 140.21, 152.17. Anal. Calcd for C;sH{iN,OCI (270.71): C, 66.55; H,
4.10; N, 10.35; Cl, 13.10. Found: C, 66.54; H, 4.13; N, 10.28; Cl, 13.13.

2.2.8 Synthesis of 1-(4-Ethynylphenyl)-3-[4-(trifluoromethyl)
phenyl]Jurea (3f)

A solution of 4-ethynylaniline (1.55 g, 17.2 mmol, 1.05 eq) in dry THF (20 mL) was
added to a solution of 4-(trifluoromethyl)phenyl isocyanate (2.45 mL, 16.4 mmol) in
dry THF (35 mL) at room temperature under an N, atmosphere. The reaction mixture
was stirred for 14 h. After removal of the solvent, the residue was dissolved in ethyl
acetate and washed with 1 mol L~ NaOH, followed by water. The organic layer was
dried over anhydrous MgSOy, and evaporated to dryness. The residue was purified
by recrystallization from acetonitrile to give 3f as a solid. Yield = 3.26 g (65 %). 'H
NMR (400 MHz, DMSO-dg, 3): 4.06 (s, 1H, HC = C—), 7.41 (d, J = 8.8 Hz, 2H,
aromatic), 7.49 (d, J = 8.8 Hz, 2H, aromatic), 7.64 (d, J = 9.4 Hz, 2H, aromatic),
7.67 (d, J = 9.0 Hz, 2H, aromatic), 9.01 (s, 1H, -NH-CO-), 9.16 (s, 1H, -NH-
CO-). 3C NMR (100 MHz, DMSO-dg, 8): 79.40, 83.64, 114.99, 117.95, 118.15,
121.97 (q, J = 32 Hz), 124.49 (q, J = 270 Hz), 126.02 (q, / = 3.5 Hz), 132.43,
139.98, 143.21, 152.04. Anal. Calcd for C16H11N20OF;3 (304.27): C, 63.16; H, 3.64;
N, 9.21. Found: C, 62.96; H, 3.76; N, 9.06.

2.2.9 Synthesis of 1-(4-Ethynylphenyl)-1-methyl-3-
[4-(trifluoromethyl)phenyl]urea (3g)

4-(Trifluoromethyl)phenyl isocyanate (0.69 mL, 4.91 mmol) was added to a solu-
tion of N-methyl-4-ethynylaniline (0.57 g, 4.35 mmol) in dry THF (20 mL) at
room temperature under an N, atmosphere. The reaction mixture was then stirred
for 5 h. After removal of the solvent, the residue was dissolved in ethyl acetate and
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washed with 1 mol L=! HCI, followed by water. The organic layer was dried over
anhydrous NaySO4 and evaporated to dryness. The residue was purified by col-
umn chromatography on silica gel with dichloromethane to provide 3g as a solid.
Yield = 0.86 g (63 %). 'H NMR (DMSO-ds, 400 MHz, 8): 3.30 (s, 3H, -N-CH3),
4.20 (s, 1H, HC = C-), 7.34 (d, J = 8.6 Hz, 2H, aromatic), 7.50 (d, J = 8.5 Hz,
2H, aromatic), 7.58 (d, J = 8.8 Hz, 2H, aromatic), 7.67 (d, J = 8.8 Hz, 2H, aro-
matic), 8.80 (s, 1H, -NH-CO-). 13C NMR (100 MHz, DMSO-dg, 8): 37.25, 80.67,
83.16, 118.75, 119.29, 122.01 (q, J = 32 Hz), 124.54 (q, J = 270 Hz), 125.99
(q, J = 4.1 Hz), 132.57, 143.87, 144.18, 154.20. Anal. Calcd for C;7H13N2OF3
(318.29): C, 64.15; H, 4.12; N, 8.80; Found: C, 64.23; H, 4.13; N, 8.84.

2.2.10 Synthesis of Azido End-Functionalized PNIPAM (2)
by the ATRP

NIPAM (50.0 g, 442 mmol) and CuCl (1.75 g, 17.7 mmol) were added to a
round bottom flask. The flask was capped with a septum, and purged with argon.
Degassed 2-propanol (116 mL), MegTREN in degassed 2-propanol (6.00 mL,
17.7 mmol, 2.95 mol L~1), and 1 in degassed 2-propanol (6.00 mL, 17.7 mmol,
2.95 mol L~!) were then sequentially added. The reaction mixture was stirred
for 4 h at room temperature. The polymerization was quenched by exposure
to air. Aliquots were removed from the reaction mixture to determine the con-
version of NIPAM from the '"H NMR spectrum (97.1 %). The reaction mix-
ture was diluted with THF and passed through a short column of silica gel to
remove the copper complex. The obtained solution was dialyzed using a cello-
phane tube (Spectra/Por® 6 Membrane; MWCO: 1000) in methanol and finally
reprecipitated from THF into hexane to provide the azido end-functionalized
PNIPAM (2) as a white solid. Yield = 23.8 g (45 %). MyNnMr = 3.3 kg mol !,
My skc = 5.7 kg mol !, My/M, = 1.19.

2.2.11 The CuAAC of 2 and Alkyne Compounds for the
Synthesis of End-Functionalized PNIPAMs (4a-h)

A typical procedure for the CuAAC is as follows, a solution of CuCl (70.2 mg,
0.708 mmol) and PMDETA (296 pL, 1.42 mmol) in degassed THF (0.50 mL) was
added to a solution of 2 (600 mg, 0.182 mmol) and 3f (215 mg, 0.708 mmol) in
degassed THF (7.00 mL) under an argon atmosphere. After stirring for 7 h at room
temperature, the reaction mixture was diluted with THF and then passed through
a short column of silica gel to remove the copper complex. The obtained solution
was dialyzed using a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1000)
in methanol and finally freeze-dried from water to give the 4-(trifluoromethyl)
phenyl urea end-functionalized PNIPAM (4f) as a white solid. Yield = 322 mg
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(54 %). My sec = 8.9 kg mol—!, M /M, = 1.17. The reactions using other alkynes
were carried out with the same procedures.

2.2.12 Synthesis of Triazolyl End-Functionalized PNIPAM
(4i) from 4h

TBAF in THF (1.50 mL, 1.50 mmol, 1.0 mol L~!) was added to a solution of tri-
methylsilyl end-functionalized PNIPAM (4h) (182 mg, 55.2 pmol) in dry THF
(1.25 mL) and methanol (1.00 mL) at room temperature under an N, atmosphere
[29]. After stirring overnight, the reaction mixture was diluted with THF then
passed through a short column of silica gel. The obtained solution was dialyzed
using a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1000) in methanol
followed by water and finally freeze-dried to give the polymer 4i as a white solid.
Yield = 51.4 mg (29 %). My sgc = 5.9 kg mol ™!, My /M, = 1.22.

2.2.13 Turbidimetric Analysis

A typical procedure for the turbidimetric analysis is as follows: an aqueous solution of
a polymer sample (2.0 mg mL~!) was prepared and cooled in an ice bath for 2 min.
The resulting clear solution was then transferred to a poly(methyl methacrylate) cell
with a 1-cm path length. The transmittance at 500 nm of the aqueous solution was
recorded by a UV-vis spectrophotometer equipped with a temperature controller. The
solution temperature was gradually increased at the heating rate of 1.0 °C min~".

2.2.14 Dynamic Light Scattering Measurement

The hydrodynamic diameter (Dy) and size distribution for the polymer aggregated
in an aqueous solution were determined by dynamic light scattering (DLS) at the
fixed scattering angle of 90°. The polymer sample for the measurement was dis-
solved in deionized water at room temperature to prepare an aqueous solution
(0.20 mg mL~1). All samples were first filtered through a 0.45 jum membrane filter.
The measurement was carried out after the sample stood for at least 1 h at 25 °C.
The Dy, and particle size distribution were calculated by the CONTIN analysis.

2.2.15 Transmission Electron Microscopy Measurement

To prepare a sample for the TEM measurement, an aqueous solution of 4f
(0.20 mg mL~") was stirred for 72 h at room temperature in order to reach ther-
modynamic equilibrium. A drop of the polymer solution was then deposited onto a
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200-mesh carbon-coated copper grid and dried overnight in a desiccator to achieve
dryness. The TEM measurement was performed on the obtained polymer sample
at the acceleration voltage of 100 kV.

2.3 Results and Discussion

2.3.1 Synthesis of Diphenylurea End-Functionalized PNIPAMs

In this study, the author attempted to compare the thermoresponsive properties
of a series of urea end-functionalized PNIPAMs with the same number-average
degree of polymerization in order to accurately evaluate the effect of the termi-
nal urea groups on the thermoresponsive properties of PNIPAM by excluding
interference from other factors. Thus, the synthesis of the urea end-functionalized
PNIPAMs was carried out by following the synthetic strategy for end-functional-
ized PNIPAMs previously demonstrated by Kakuchi et al., which is based on (i)
the synthesis of azido end-functionalized PNIPAM by the atom transfer radical
polymerization (ATRP) of NIPAM using an initiator bearing an azido group, and
(i) the CuAAC reaction between the resultant azido end-functionalized PNIPAM
and an alkyne compound, as shown in Scheme 2.1 [18]. In principle, a variety of
end-functionalized PNIPAMs with the same number-average degree of polym-
erization is obtained when the same azido end-functionalized PNIPAM is used
as the starting material. First, the ATRP of NIPAM was carried out using N-(2-
azidoethyl)-2-chloropropionamide (1) as the initiator and CuCl/MegTREN as the
catalyst system to afford the azido end-functionalized PNIPAM (2), which was
a precursor polymer for further urea conjugation. The number-average molecu-
lar weight determined by a 'H NMR measurement (My,nmr) of the resulting
product was 3.3 kg mol~! and in good agreement with the theoretical value of
2.9 kg mol~!. The number-average degree of polymerization for the obtained 2
was determined to be 27.6 from the My,nmr. The polydispersity index (My,/My)
of the obtained 2 was estimated to be 1.19 as the result of the SEC measurement
in DMF containing 0.01 mol L™! of LiCl using narrow-dispersed polystyrene as
the calibration standard. Subsequently, the CuAAC between 2 and various diphe-
nylurea derivatives (3a—f) was carried out in THF at room temperature using the
CuCl/PMDETA complex as the catalyst system. 3a—f were synthesized from
4-ethynylaniline and various isocyanates. Completion of the reaction was con-
firmed by the '"H NMR and IR analyses. Figures 2.1 and 2.2 show the change in
the NMR and IR spectra of 2 and 3f as an example. The signal due to the two
methylene groups at the chain end of 2 at 3.49 ppm, signals g and f, was not
observed in the 'H NMR spectrum of 4f, as shown in Fig. 2.1. Instead, those of the
methylene group adjacent to the triazolyl group, signal h, as well as the aromatic
groups, signal aromatic, were observed at 4.6 ppm and 7.4-8.2 ppm, respectively.
The absorption of the azido group originally observed at 2,102 cm~! in the IR
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Fig. 2.2 1R spectra of a 2 and b 4f

spectrum of 2 disappeared in the spectrum of 4f, as shown in Fig. 2.2. The same
change was observed for the obtained 3a—e. Thus, the precise synthesis of 3a—f
was achieved by the combination of the ATRP and the CuAAC.

Moreover, the CuAAC of 2 and 3g, namely, the N-methylated analogue of 3f,
was carried out to produce 4g in order to elucidate the contribution of the hydrogen
bonding ability of the terminal urea groups to the change in the thermoresponsive
properties of PNIPAM. The hydrogen bonding ability of the terminal urea group
in 4g was expected to be weaker than that of 4f. Completion of the reactions was
confirmed by the "H NMR and IR analyses. Furthermore, the triazolyl end-func-
tionalized PNIPAM (4i) as the control polymer was synthesized by the CuAAC
between 2 and trimethylsilylacetylene followed by desilylation with TBAF in
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Fig. 2.3 'H NMR spectra of 2 (a), 4h (b), and 4i ¢ in CDCl3

order to evaluate the effect of the diphenylurea moiety on the thermoresponsive
properties of the urea end-functionalized PNIPAMs. Completion of the two reac-
tions was confirmed by the 'H NMR analyses, as shown in Fig. 2.3. The signal
due to the two methylene groups at the chain end of 2 disappeared in the 'H NMR
spectrum of 4h. Instead, the signal due to the triazolyl group, signal triazolyl, and
the trimethylsilyl group, signal i, were observed at 7.6 and 0.3 ppm, respectively.
The signal due to the trimethylsilyl group disappeared in the spectrum of 4i. In
summary, urea end-functionalized PNIPAMs (4a—i) with the same number-average
degree of polymerization were successfully synthesized by the CuAAC between
the PNIPAM precursor 2 and various urea derivatives.

2.3.2 Effect of the Terminal Urea Group on the
Thermoresponsive Properties of PNIPAM

The thermoresponsive properties of a series of PNIPAMs with different terminal
structures were characterized by a turbidimetric analysis, as shown in Fig. 2.4.
Every end-functionalized PNIPAM showed the characteristic phase transition
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Fig. 2.4 Transmittance
(A = 500 nm) versus
temperature for aqueous
solutions of 4a—-g and i
(2.0 mg mL~")
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phenomenon at a temperature specific to each polymer sample. The cloud point
was defined as the temperature at which the transmittance of the sample solution
reached 50 %. Table 2.1 summarizes the cloud points of all the polymers. The
cloud points of 4a—f ranged from 29.5 to 36.5 °C, whereas 4i, the control polymer,
had a cloud point at 56.3 °C. Thus, the introduction of the diphenylurea group to
the chain end of PNIPAM caused more than a 20 °C change in the drastic decrease

of the cloud point.
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A significant variation in the cloud point was observed for 4a—f, though only
the substituent group in the terminal diphenylurea group is the difference among
the polymer structures. 4d, 4e, and 4f bearing an electron withdrawing group,
namely a nitro group, a chlorine atom, and a trifluoromethyl group, in the urea
group showed cloud points at 32.4, 30.6, and 29.5 °C, respectively. In contrast,
higher cloud points of 34.8 and 34.3 °C were observed for 4b and ¢ bearing an
electron donating group, namely a methoxy group and a methyl group, in the urea
group. Therefore, the variation in the cloud point was found to obviously corre-
late with the substituent effect, though the exceptionally high cloud point of 4a,
36.5 °C, cannot be explained only by such an effect. Given that the substituent
effect of the aromatic ring directly influences the electronic properties of the
neighboring urea group, these results suggest that such variations in the cloud
point should be ascribable to the hydrogen bonding ability of the terminal urea
functionality.

In order to provide further insight into the relationship between the hydro-
gen bonding ability and the cloud point, the thermoresponsive behavior of 4g,
of which the hydrogen bonding ability was essentially inhibited, was examined.
Despite the very small difference in the structure, the cloud point of 4g was 5 °C
higher than that of 4f. The cloud point of 4g should be lower than that of 4f or at
least unchanged if the cloud point varies only by the hydrophobicity of the poly-
mer structure [17, 18]. Thus, this comparison well demonstrated the importance
of the hydrogen bonding ability on the variation in the cloud point. Based on all
the results regarding the thermoresponsive properties, the hydrogen bonds derived
from the terminal urea groups can be concluded to efficiently work even in water,
leading to a decrease in the cloud point.

2.3.3 Aggregation State of Urea End-Functionalized
PNIPAM in Water

In the previous section, the robust and efficient hydrogen bonding was revealed
to be actually present even in water for the series of urea end-functionalized
PNIPAMs. Given that hydrogen bonding of the urea groups realizes a continuous
and hierarchical intermolecular interaction, the polymers should self-assemble
in water even at a temperature below the cloud point. Thus, the 'H NMR meas-
urements of 4f and g were carried out in D,O at 25 °C to elucidate the aggre-
gation behavior of the polymers, as shown in Fig. 2.5. No significant difference
was observed in the signals originated from the main chain protons of 4f and g.
Moreover, a direct investigation of the urea protons was unavailable because of
the rapid exchange with the deuterium atoms of D,O. An obvious difference
was observed in the signals due to the aromatic protons at the chain end, which
appeared between 6.8 and 8.0 ppm. The signals due to the aromatic protons of 4f
were broad, while those of 4g were observed as sharp peaks. Therefore, the peak
broadening was found to closely correlate with the hydrogen bonding ability of the
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Fig. 2.5 "H NMR spectra (a)af
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urea moiety. These results indicate that the mobility of the chain ends for 4f was
probably restricted due to the strong hydrogen bonding ability of terminal urea
group, implying that the polymer chains assemble via intermolecular hydrogen
bonding even at a temperature below the cloud point.

In order to prove the existence of the polymer assemblies in water, DLS and
TEM measurements were carried out for 4f in water, which was considered to
have the highest hydrogen bonding ability in the series of urea end-functionalized
PNIPAMs. The DLS measurement was conducted using aqueous solutions of 4f
(0.20 mg mL~") at 25 °C. The result was analyzed using the CONTIN method,
and Fig. 2.6 depicts the obtained particle size distribution. From the DLS analysis,
4f was found to actually form the aggregation under this condition, of which the
average hydrodynamic diameter ((Dy)) was determined to be 254 nm. It should
be noted that the thermoresponsive behavior of PNIPAM itself is excluded from
the driving force for such an aggregation process because the measurement was
carried out at a temperature below the cloud point of 4f. Thus, this result indicates
that the strong hydrogen bonding ability of the terminal urea group on 4f enabled
the formation of the aggregates in water. However, the broad size distribution sug-
gested a multiplicity of the aggregation morphology.
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Fig. 2.7 TEM micrograph
of aggregates in the
aqueous solution of 4f
(0.20 mg mL~!) at room
temperature

For the direct observation of the aggregate of 4f in water, the TEM measure-
ment was carried out, in which the sample was prepared from an aqueous solu-
tion of 4f (0.20 mg mL~") at room temperature. The resulting TEM image showed
spherical nanoparticles distributed over the entire area, as shown in Fig. 2.7. Each
particle was considered to be an aggregate of 4f, of which the diameter ranged
from 35 to 45 nm. Interestingly, part of the nanoparticles seemed to further assem-
ble and form larger aggregates with diameters greater than 100 nm, which should
correspond to the bigger scatterers observed in the DLS measurement. These
results substantiated that 4f supramolecularly assembled in water through the
intermolecular hydrogen bonding of the chain end urea groups.

2.4 Conclusions

The author has demonstrated an adjustment of the thermoresponsive properties of
PNIPAM through the hydrogen bonding in water by introducing a series of diphe-
nylurea groups to the chain end. The combination of the ATRP and the CuAAC
was employed for preparing the urea end-functionalized PNIPAMs with the same
number-average degree of polymerization and different substituent groups in the
urea group, which allowed evaluating the effect of the introduction of the urea
group on the thermoresponsive properties of PNIPAM while excluding all other
factors that influence the thermoresponsive properties. For the series of urea end-
functionalized PNIPAMs, the intermolecular hydrogen bonding of the chain end
urea group was revealed to work even in water, leading to the self-assembly of the
polymer chains at a temperature below the cloud point. Such an antecedent aggre-
gation made it possible to facilitate the phase transition process, resulting in the
drastic decrease of the cloud point. Thus, the present study realized the control of
the macromolecular function by the hydrogen bonding formation in water for the
first time.
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Chapter 3

Precise Synthesis of Poly(N,N-
Dimethylacrylamide) by Group Transfer
Polymerization Using a Strong Brgnsted
Acid and an Amino Silyl Enolate

3.1 Introduction

The controlled/living polymerization has been expanding its use involving a
monomer, an initiator, a terminator, and polymerization mechanisms due to
increasing demand for the precise synthesis of well-defined macromolecular
architectures since the discovery of the living anionic polymerization of styrene
by Szwarc in 1956. For polar vinyl monomers, such as the (meth)acrylates and
(meth)acrylamides, the applicable scope of the controlled/living radical polym-
erization is generally broader than that of the anionic one. The controlled/liv-
ing polymerizations of acrylamide monomers have been achieved by both of the
polymerizations, which have realized the synthesis of thermoresponsive poly-
acrylamides with well-defined structures. However, the unavoidable side reac-
tions in the controlled/living radical polymerizations, such as the radical-radical
coupling and the disproportionation, can cause defects in the polymer structure
and broadening of the molecular weight distribution. The anionic polymeriza-
tion required extensive purification of the reagents and special apparatus for the
polymerization, though it provides excellent molecular weight control. Thus, the
author focused on the development of the group transfer polymerization (GTP),
which is one of the important methods of the living anionic polymerization [1-3].
GTP is principally free from any termination reactions to provide a well-defined
polymer and can be conducted under milder condition than the anionic polym-
erization. However, the GTP has been unsuitable for the polymerization of
N,N-dialkyl(meth)acrylamides though Ishizone and Nakahama et al. reported
the living anionic polymerization of a series of N,N-dialkyl(meth)acrylamides
[4-10]. For example, Sogah and Webster et al. [11] reported that the GTP of N,N-
dimethylacrylamide (DMAA) afforded low molecular weight polymers with a
relatively broad polydispersity index (>1.62). Freitag et al. [12—14] reported that
the GTP of N,N-diethylacrylamide produced the poly(XN,N-diethylacrylamide)
with less than a 3 kg mol~! molecular weight, though its polydispersity index was
as low as 1.12-1.19. Hence, the GTP of N,N-dialkyl(meth)acrylamide leading to
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Scheme 3.1 GTP of N,N-dimethylacrylamide (DMAA) promoted by TfoNH using an amino
silyl enolate as the initiator (Adapted with permission from Ref. [26]. Copyright 2010 American
Chemical Society)

well-defined polymers, especially the thermoresponsive polyacrylamides, still
remains a challenging task.

Recently, organocatalytic polymerization has turned into one of the common
methods for preparing well-defined polymers, which began not only to improve
well-established polymerization systems, but also to provide polymer chemistry
with new concepts and polymerization systems. For example, Hedrick et al. reported
that the N-heterocyclic carbene (NHC) mediated ring-expansion polymerization of
cyclic esters led to the spontaneous formation of cyclic polyesters with predictable
molecular weights and narrow polydispersity indices [15]. Furthermore, Taton and
co-workers reported a smart synthetic strategy for the o,w-hetero-end-functionalized
poly(ethylene oxide) using the zwitterionic ring-opening polymerization of ethylene
oxide with NHC as the organocatalyst [16]. In the growing field of organocatalytic
polymerizations, the organocatalyst was also found to be a new and versatile cata-
lyst for the GTP of (meth)acrylates; Taton et al. and Hedrick et al. independently
reported that NHC successfully catalyzed the GTP of (meth)acrylates using 1-meth-
oxy-1-trimethylsiloxy-2-methyl-1-propene (MTS) as the initiator to produce well-
defined homo- and block polymers [17—-19]. In addition, Kakuchi et al. [20] recently
reported that bis(trifluoromethanesulfonyl)imide (Tf,NH) [21-25], a very strong
Brgnsted acid, is capable of promoting the GTP of methyl methacrylate (MMA)
using MTS as the initiator to afford the highly syndiotactic poly(methyl meth-
acrylate) without any obvious side reactions. Of significant importance, the catalytic
activity of Tf,NH in the GTP process was significantly higher than the conventional
Lewis acids, which suggested that the Tf,NH has the potential to realize the GTP of
N,N-dialkyl(meth)acrylamides proceeding in a living fashion by the appropriate tun-
ing of the polymerization conditions.

In this chapter, the author describes the GTP of DMAA using Tf,NH, as shown
in Scheme 3.1. (Z)-1-Dimethylamino-1-trimethylsiloxy-1-propene ((Z2)-DATP) was
synthesized as an initiator for the polymerization to compare its initiating perfor-
mance to that of MTS. The living nature of the Tf,NH-promoted GTP of DMAA
was assessed by the molecular weight control of the resultant poly(N,N-dimethyl-
acrylamide) (PDMAA), kinetic study, postpolymerization experiment, and mass
spectral analysis of the obtained PDMAA. The mechanism of the polymerization
was briefly investigated. Lastly, the stereoregularity and the thermal properties of the
obtained PDMAA were analyzed in detail.
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3.2 Experimental Section

3.2.1 Materials

N,N-Dimethylacrylamide (DMAA), n-butyl lithium (1.6 mol L~! in n-hexane),
dry dichloromethane (CH,Cly, >99.5 %; water content, <0.001 %), dry ace-
tonitrile (MeCN, >99.5 %; water content, <0.002 %), tetrahydrofuran (THF),
toluene, 2-propanol, and pyridine were purchased from Kanto Chemicals Co.,
Inc. DMAA was dried over CaH, and distilled two times under reduced pres-
sure. CH,Cl, was distilled from CaH, and degassed by three freeze-pump-
thaw cycles. THF and toluene were distilled from sodium benzophenone ketyl.
1-Methoxy-1-trimethylsiloxy-2-methyl-1-propene (MTS), N-(trimethylsilyl)
bis(trifluoromethanesulfonyl)imide (Tf,NSiMes), diisopropylamine, N,N-
dimethylpropionamide, chlorotrimethylsilane, and trans-3-indoleacrylic acid
were purchased from Tokyo Kasei Kogyo Co., Ltd. MTS was purified by frac-
tional distillation under argon. Diisopropylamine, N,N-dimethylpropionamide,
and chlorotrimethylsilane were dried over CaH; followed by distillation.
Tf,NH, tris(dimethylamino)sulfonium difluorotrimethylsilicate (TAS-SiMe3F,),
tetra-n-butylammonium acetate (TBA-AcO), and sodium trifluoroacetate were
available from the Sigma-Aldrich Chemicals Co. and used as received. Zinc
iodide (Znl;) was purchased from Junsei Chemical Co., Ltd., and used as
received. Insulin (bovine) was purchased from TAKARA BIO, Inc. and used
as received. Tris(dimethylamino)sulfonium bifluoride (TAS-HF,) was prepared
from TAS-SiMesF; according to the method reported by Webster and co-work-
ers [11]. All other chemicals were purchased from various suppliers and used
without purification.

3.2.2 Measurements

The 'H (400 MHz) and '3C NMR (100 MHz) spectra were recorded using a
JEOL JNM-A400II and JEOL-ECP400. The preparation of the polymerization
solution was carried out in an MBRAUN stainless steel glovebox equipped with
a gas purification system (molecular sieves and copper catalyst) in a dry argon
atmosphere (H>O, O <1 ppm). The moisture and oxygen contents in the glove-
box were monitored by an MB-MO-SE 1 and an MB-OX-SE 1, respectively.
The characterizations for the molecular weights of PDMAA were performed by
size exclusion chromatography (SEC) (pump: Jasco PU-2080 Plus, degasser:
Jasco 2080-53, column oven: Jasco CO-2065 Plus, temperature of the column
oven: 40 °C) using DMF containing 10 mmol L~=! LiBr as the eluent and at the
flow rate of 1.0 mL min~! at room temperature (25 °C). The SEC was equipped
with three columns (Shodex KD806 M x 2; size: 8 mm x 300 mm, average
bead size: 5 wm, exclusion limit: 2 x 107 and Shodex OHpak SB-8025HQ;
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size: 8 mm x 300 mm, particle size: 6 pwm, exclusion limit: 1 x 104), an
refractive index detector (RI: Shodex RI-71), and a multiangle laser light
scattering detector (MALS; Wyatt Technology DAWN-DSP, wavelength
L = 632.8 nm). The weight averaged-molecular weight (M,,) of PDMAA was
determined by the MALS. The polydispersity index (M/M;) was determined
by the RI based on polystyrene standards with the My(My/My)s of 2.18 x 103 g
mol~! (1.08), 476 x 10° g mol~! (1.08), 8.00 x 10° g mol~! (1.05),
1.58 x 10* g mol~! (1.05), 4.12 x 10* g mol~! (1.07), 1.10 x 10> g mol~!
(1.04), and 2.28 x 10° g mol~! (1.02). The number averaged-molecular weight
(My) of PDMAA was calculated from My, / (M,/M,). The Rayleigh ratio R(90)
at a scattered angle of 90° was based on that of pure toluene at a wavelength
of 632.8 nm at 25 °C. The corrections for the sensitivity of 17 detectors at
angles of other than 90° and the dead volume of each detector were performed
using the scattering intensities of 0.30 wt% DMF containing 10 mmol L~!
LiBr solution of a polystyrene standard with My, = 4.41 x 10* g mol~! and
My/My = 1.07. The polymer sample solutions with a mass concentration (Cp)
of about 5 x 10~* g mL~! were injected using a sample loop of 100 L to the
SEC columns and diluted 10-10° times lower than the original Cp in the col-
umns during the separation. Thus, the concentration effect on the My, value can
be ignored.

The specific refractive index increment (dn/dc) was measured using a differen-
tial refractometer (Otsuka Electronics DRM-1021, wavelength A = 632.8 nm) at
25 °C. The solutions of PDMAA (My, = 1.12 x 10* g mol~") in DMF containing
10 mmol L~ LiBr with the Cp, of 1.0-5.0 mg mL~! were prepared by a gravimet-
ric method according to the literature [27]. The measured values were plotted as
a function of the sample concentrations and the least-square method was applied,
providing the dn/dc of 0.0786 mL mg~! and this value was used for the M, deter-
minations of all the PDMAA samples.

The matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) measurements were performed using an Applied
Biosystems Voyager-DE STR-H mass spectrometer with a 25 kV acceleration
voltage. The positive ions were detected in the reflector mode (25 kV). A nitrogen
laser (337 nm, 3 ns pulse width, 106-107 W cm~2) operating at 3 Hz was used to
produce the laser desorption, and 200 shots were summed. The spectra were exter-
nally calibrated using insulin (bovine) with a linear calibration. Samples for the
MALDI-TOF MS were prepared by mixing the polymer (1.5 mg mL~!, 10 pL),
the matrix (trans-3-indoleacrylic acid, 10 mg mL~!, 90 pL), and the cationizing
agent (sodium trifluoroacetate, 10 mg mL~!, 10 wL) in THF.

The glass transition temperature () of the polymers was measured by differ-
ential scanning calorimetry (DSC) on a Bruker AXS TG-DTA 3100SA equipped
with a Bruker AXS CU9440. The samples were first heated to 180 °C at the heat-
ing rate of 20 °C min~!, equilibrated at this temperature for 4 min, and then cooled
to 0 °C at the cooling rate of 10 °C min~!. After being held at this temperature for
4 min, the samples were reheated to 360 °C at the heating late of 10 °C min~!.
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All the T values were obtained from the second scan after removing the ther-
mal history.

3.2.3 Synthesis of (Z)-DATP

To a solution of diisopropylamine (26.7 mL, 190 mmol) in THF (170 mL) was
dropwise added n-butyllithium (121 mL, 1.57 mol L' in hexane, 190 mmol) at
0 °C under an argon atmosphere, and the mixture was stirred for 30 min at 0 °C.
N,N-Dimethylpropionamide (18.8 mL, 173 mmol) was added to the solution of lith-
ium diisopropylamide at O °C and the reaction mixture was stirred for 1 h at 0 °C.
Trimethylsilylchloride (32.8 mL, 260 mmol) was then added to the reaction mixture
at 0 °C. After stirring for 1 h at 0 °C, the entire mixture was filtered and the filtrate
was distilled under reduced pressure. The reaction was repeated once again because
the purity of the product was 85 %. The product of the first reaction (10.4 mL) was
added to a solution of lithium diisopropylamide prepared from diisopropylamine
(1.71 mL, 12.2 mmol) and n-butyllithium (7.77 mL, 1.57 mol L~! in n-hexane,
12.2 mmol) in THF (54 mL). After stirring for 1 h at O °C, trimethylsilylchloride
(2.05 mL, 16.2 mmol) was added. The reaction mixture was directly distilled from
the reaction container under reduced pressure to give (2)-DATP as a colorless lig-
uid with a purity of 99 %. The stereochemistry of the product was determined by a
NOESY measurement as the Z-isomer and Fig. 3.1 shows the measured spectrum.
Yield, 6.86 g (22.9 %). b.p., 68-70 °C / 54 mmHg. 'H NMR (400 MHz, CDCl3):
3 0.19 (s, 9H, -Si(CH3)3), 1.52 (d, J = 6.59 Hz, 3H, = CH-CH3), 2.46 (s, 6H,
-N(CH3)), 3.65 (g, J = 6.59 Hz, 1H, = CH-CH3). 13C NMR (100 MHz, CDCl3): §
0.2, 10.9, 40.5, 80.5, 154.7.

3.2.4 Polymerization of DMAA

A typical procedure for the polymerization is as follows: to a solution of DMAA
(0.991 g, 10.0 mmol) and (Z)-DATP (20.5 pnL, 0.10 mmol) in toluene (18.91 mL)
was added a stock solution (20 wL, 2.0 pmol) of Tf,NH in CH,Cl, (0.10 mol L)
at 0 °C. The polymerization was quenched after 3 h by the addition of a small
amount of 2-propanol and pyridine. Aliquots were removed from the reaction mix-
ture to determine the conversion of DMAA from the '"H NMR spectrum. The reac-
tion mixture was dialyzed using a cellophane tube (Spectra/Por® 6 Membrane;
MWCO: 1 000) in methanol and freeze-dried from water to provide the polymer
as a white solid. When the molecular weight of the obtained polymer was pre-
dicted to be near the cutoff molecular weight of the cellophane tube, reprecipita-
tion from ethanol into hexane was carried out instead of dialysis as an intermediate
procedure for the purification of the obtained polymer. Yield, 953 mg (96.2 %);
M, = 11.9 kg mol~!, My/M, = 1.11. The polymerization using TBA-AcO as a
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Fig. 3.1 NOESY spectrum of (Z)-DATP measured in CDCl3. (Adapted with permission from
Ref. [26]. Copyright 2010 American Chemical Society)

catalyst was carried out using the same procedure. In the polymerizations using
TAS-HF; or Znl, as the catalyst, DMAA was added to a solution of (Z)-DATP and
a catalyst in toluene to start the polymerization.

3.2.5 Post-polymerization of DMAA

The polymerization of DMAA in toluene at 0 °C was carried out with [M]o/[I]o/
[TfNH]p = 50/1/0.05 using the typical procedure for 3 h. Subsequently, the post-
polymerization was started by adding 50 equivalents of DMAA to the reaction
mixture after aliquots were removed from the reaction mixture for determining the
conversion of DMAA and the M), value of the product. After 4 h, the post-polymeri-
zation was quenched by adding a small amount of 2-propanol and pyridine. Following
purification, the products were same as the typical polymerization of DMAA.
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Table 3.1 Group transfer polymerization (GTP) of N,N-dimethylacryamide (DMAA) using
Tf,NH at 0 °C ¢ (Adapted with permission from Ref. [26]. Copyright 2010 American Chemical
Society)

Run Initiator Solvent  [M]o/[I]o/ Time (h) Conv. (%)b M, (kg mol™Y) My /M
[TENH]o Calcd® Obsd.4
1 MTS CH,Cl,  100/1/0.02 2 >99 102 202 1.24
2 MTS Toluene  100/1/0.05 3 34.3 3.68 23.7 1.76
3 (Z)-DATP CH,Cl,  100/1/0.02 1 >99 10.2 12.7 1.08
4 (Z2)-DATP  Toluene  100/1/0.05 3 >99 10.5 11.9 1.11
5 (Z)-DATP  Toluene 25/1/0.05 3 >99 2.71 324 1.16
6 (Z)-DATP  Toluene 50/1/0.05 3 >99 5.32 6.10 1.12
7 (Z)-DATP Toluene  200/1/0.05 5 >99 21.0 235 1.06
88  (Z)-DATP Toluene 400/1/0.05 9 >99 41.8 53.9 1.07
9 (Z)-DATP  Toluene 50/1/0.05 3 >99 5.32 5.63 1.20
10"  (Z)-DATP Toluene 50/1/0.05 4 >99 10.5 11.0 1.14

4M]o = 0.50 mol L~!. ’Determined by 'H NMR in CDCl3. “Calculated from the equation
described in Note 1. Determined by SEC in DMF containing 0.01 mol L=! LiBr using a multi-
angle laser light scattering detector. “Determined by SEC in DMF containing 0.01 mol L=! LiBr
using polystyrene standards with an RI detector. /[M]o = 0.80 mol L=!. §{M]g = 2.0 mol L=,
"Post polymerization after run 9

3.3 Results and Discussion

3.3.1 Initiator for Tf>NH-Promoted GTP of DMAA

First, the author carried out the polymerization of DMAA using 1-methoxy-1-tri-
methylsiloxy-2-methyl-1-propene (MTS), the conventional GTP initiator, in
CH,Cl; and toluene (Table 3.1, runs 1 and 2). Unexpectedly, the number-average
molecular weights (M,) of the obtained polymers were 20.2 and 23.7 kg mol~!,
which were extremely higher than those previously prepared by the GTP method
[1, 11-14]. In particular, for the polymerization in CH,Cl,, the monomer was
quantitatively consumed after 2 h and the molecular weight distribution (M,/My;)
value of the obtained polymer was relatively low as 1.23, though the M, of the pol-
ymer was twice of the predicted value (M, calcd.) calculated from the monomer con-
version and the initial concentration of the monomer, initiator, and Tf,NH ([M]o,
[I]o, and [Tf,NH]g).! These results obviously indicated that Tf,NH was an effec-
tive catalyst for the polymerization of DMAA even using MTS as the initiator.

I The theoretical molecular weight (M calcd) of PDMAA obtained from Tf,NH-promoted GTP
was calculated by the following equation: Mp,caicd = [M]o/([Ilo—[Tfo2NH]o) x conv. x (MW of
DMAA = 99.13) + (MW of initiator residue = 101.15). According to the proposed mechanism
of polymerization described in Ref. [25] the silyl enolate for the initiator must be consumed by
the reaction with Tf,NH to produce the actual catalyst, Tf,NSiMes. Thus, [Tf,NH]g was sub-
tracted from [I]o in the equation to obtain the effective concentration of the initiator for the
polymerization
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Table 3.2 GTP of DMAA using (Z)-DATP and conventional catalysts or TfNH in toluene at
0 °C for 6 h* (Adapted with permission from Ref. [26]. Copyright 2010 American Chemical
Society)

Run Catalyst Conv. (%)” M, (kg mol~")
Caled.© Obsd.4 M /M
11 TAS-HF, 0 - - -
12 TBA-AcO 57.0 5.75 340 1.63
13 Znl, 0 - - -
14 Tf,NH >99 10.2f 12.1 1.09

3[M]p = 0.50 mol L™1; [M]o/[I]o/[cat.]o = 100/1/0.02. ®Determined by 'H NMR in CDCls. °Cal-
culated from [M]o/[I]o x conv. x (MW of DMAA) + (MW of (Z)-DATP). 9Determined by SEC
in DMF containing 0.01 mol L~! LiBr using a multiangle laser light scattering detector. *Deter-
mined by SEC in DMF containing 0.01 mol L~" LiBr using polystyrene standards with an RI
detector. fCalculated from the equation described in Note 1

Thus, the author designed and synthesized (Z)-1-dimethylamino-1-
trimethylsiloxy-1-propene ((Z)-DATP) as the new initiator for the GTP of acrylamide
monomers. In principle, the rate of initiation should be greater or equal to the rate of
propagation to realize living polymerization. As expected from the structural homol-
ogy of the initiating species and growing species, the polymerization using (Z)-DATP
smoothly proceeded in CH,Cl, and toluene to afford well-defined PDMAAs with the
low polydispersities of 1.08 and 1.11 (Table 3.1, runs 3 and 4). In addition, the Mys
were well-controlled as 12.7 kg mol~! for CH,Cl, and 11.9 kg mol™! for toluene,
which agreed with the My, cqicq. of 10.2 and 10.5 kg mol~1, respectively. These results
strongly suggested that the structure of the initiator significantly affects the initiation
character of the Tf,NH-promoted GTP of DMAA.

In order to directly prove that the combination of (Z)-DATP and Tf>NH is
exceptionally effective for the GTP of DMAA, the author next evaluated the com-
binations of (Z)-DATP and conventional catalysts, such as zinc iodide (Znly) as
the Lewis acid and tris(dimethylamino)sulfonium bifluoride (TAS-HF,) and tetra-
n-butylammonium acetate (TBA-AcO) as the Lewis bases. All the polymerizations
were carried out with [DMAA]y/[(Z)-DATP]y/[catalyst]p = 100/1/0.02 in toluene
at 0 °C for 6 h. Table 3.2 summarizes the polymerization results. In clear contrast
to the GTP of MMA [11], the Lewis basic catalyst of TAS-HF, showed almost
no catalytic activity toward the GTP of DMAA (conv. ~0 %, Table 3.2, run 11).
Although TBA-AcO, another Lewis basic catalyst, showed a fairly high mono-
mer conversion of 57.0 % (Table 3.2, run 12), the M, of the obtained PDMAA
(340 kg mol~!) was extremely higher than that of My calea. (5.75 kg mol~!) and
the My,/M, was as broad as 1.63, showing that conventional Lewis basic catalysts
were unsuitable for the GTP of DMAA. Znl,, an active catalyst for the GTP of
acrylates, also showed almost no catalytic activity (conv. ~0 %, Table 3.2, run 13).
In clear contrast to these conventional catalysts, DMAA was quantitatively con-
sumed in the Tf,NH-promoted GTP, obviously indicating that the new GTP initiat-
ing system consisting of (Z)-DATP and Tf,NH was exceptionally effective for the
GTP of DMAA as the representative acrylamide monomer.
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3.3.2 Living Characteristics of Tf>xNH-Promoted GTP
of DMAA

In order to characterize the living nature of the GTP of DMAA, the author
first carried out the polymerizations using various ratios of [DMAA]o/[(Z)-
DATP]y from 25 to 400 (Table 3.1, runs 4-8). Figure 3.2 shows the SEC traces
of the obtained PDMAAs. Their Mys increased from 3.24 to 53.9 kg mol~!,
which agreed with the Mpcaicd values predicted from the [DMAA]/[(2)-
DATP]y. Furthermore, all the M/M, values were as low as 1.06—1.16, which
strongly indicated that the Tf,NH-promoted GTP of DMAA proceeded in a liv-
ing manner. In addition, the living nature was confirmed from the kinetic study.
As shown in Fig. 3.3a, the molecular weight of the obtained PDMAA linearly
increased from 2.82 to 8.88 kg mol~! with the increasing monomer conversion
while the My/M, values of the obtained PDMAASs retained low values in the
range of 1.09-1.16. The first-order kinetic plots shown in Fig. 3.3b proved the
distinct first-order relationship between the reaction time and the monomer con-
version. In order to provide a detailed insight into the polymerization reaction, a
MALDI-TOF MS measurement for the obtained PDMAA was carried out. The
results were summarized in Fig. 3.4. Only one series of peaks was observed as
shown in Fig. 3.4a, b. The difference in the m/z values among each molecular ion
peak was just 99.1, which corresponded to the molecular weight of DMAA as a
monomer unit. An expanded molecular ion peak in the obtained MS spectrum
was shown in Fig. 3.4c. The pattern of the observed isotopic distribution of the
molecular ion peak was in a good agreement with the theoretical isotopic distri-
bution of PDMAA consisting of 39 repeating units, a residue of (Z)-DATP, and
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Fig. 3.3 (a) Dependence of molecular weight (M,) and polydispersity index (My/My)
on the monomer conversion, and (b) kinetic plots for the polymerization of DMAA
([IDMAA]y = 0.50 mol L~!; [DMAA]o/[(Z)-DATP]y/[Tf,NH]y = 100/1/0.02; solvent, tolu-
ene; temperature, 0 °C). (Adapted with permission from Ref. [26]. Copyright 2010 American
Chemical Society)
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Fig. 3.4 MALDI-TOF MS spectra measured in reflector mode of the obtained PDMAA ([M]o/
[I]o/[TH,NH]g = 100/1/0.02, conversion = 44.5 %, My = 4.97 kg mol~!, My /M, = 1.13).
(Adapted with permission from Ref. [26]. Copyright 2010 American Chemical Society)

the desilylated propagating end cationized by sodium ions (molecular formula:
Ca00H362040N40Na). These results indicated that Tf,NH-promoted GTP proceeded
in a living fashion without any side reactions, such as a back biting reaction [19,
28]. Finally, the chain extension experiment also proved the living nature of the
TfoNH-promoted GTP of DMAA. Figure 3.5 shows SEC traces for the chain
extension experiment. A PDMAA with M;, = 5.63 kg mol~! and M/M, = 1.20
was first prepared by the perfect conversion of 50 equivalents of DMAA under
the conditions of [(Z)-DATP]o/[TfoNH]y = 1/0.05 in toluene at O °C. The polym-
erization was further continued by adding 50 equivalents of DMAA to afford a
PDMAA with M;, = 11.1 kg mol~! and My /M, = 1.14 (run 10), indicating that
the propagating end of the growing PDMAA possessed a truly living nature. Thus,
the author for the first time achieved the living polymerization of acrylamide
through the GTP process by using the strong Brgnsted acid, Tf,NH, as a good pro-
moter of the polymerization.
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Fig. 3.5 SEC traces of the PDMAA obtained by the first polymerization (run 9) and follow-
ing post-polymerization (run 10) (eluent, DMF containing 0.01 mol L~' of LiBr; flow rate,
1.0 mL min~"). (Adapted with permission from Ref. [26]. Copyright 2010 American Chemical
Society)
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Scheme 3.2 Presumed mechanism of Tf,NH-promoted GTP of DMAA
3.3.3 Mechanism of the Tf,NH-Promoted GTP of DMAA

The mechanism of the Tf,NH-promoted GTP of DMAA GTP was presumed
based on the strong Brgnsted acid-promoted Mukaiyama aldol reaction [29-31], as
shown in Scheme 3.2. Five elementary reactions were defined: (a) the generation of
N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (Tf,NSiMes) as the actual cat-
alyst from the irreversible reaction between Tf,NH and (Z)-DATP; (b) the reversi-
ble coordination of Tf;SiMe3; to DMAA for the formation of an activated monomer
(DMAA¥); (c and d) the initiation/propagation reaction between DMAA®* and the
silyl enolate in (Z)-DATP or the propagating polymer; and (e) the decomposition
of Tf,NSiMes with protic impurities (Nu-H) accompanied by the regeneration of
Tf,NH. Thus, the polymerization was considered to proceed through the activated
monomer mechanism as with the Lewis acid catalyzed-GTP [32].

In order to confirm the occurrence of reaction b, the 'H NMR spectra of
DMAA, Tf;NSiMes, as well as an equimolar mixture of DMAA and Tf,NSiMes
were measured in CDCl3 as shown in Fig. 3.6 ((DMAA] = [Tf,NSiMes3] = 0.16
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Fig. 3.6 'H NMR spectra of (a) DMAA, (b) Tf,NSiMes, and (¢) equimolar mixture of DMAA
and TfHNSiMes, in CDClj3 at room temperature. ((DMAA] = [Tf,NSiMes] = 0.167 mol L b

7 mol L~1). The resonance due to the a-proton, the methyl group, and the B-cis
proton of the DMAA underwent 0.40, 0.27, and 0.05 ppm low-field shifts after
mixing with Tf,NSiMes. The B-trans proton showed a 0.07 ppm upfield shift.
The resonance due to the trimethylsilyl group of Tf,NSiMes moved from 0.60 to
0.44 ppm and had a 0.16 ppm upfield shift after mixing with DMAA. Moreover,
no new peaks emerged after mixing DMAA and Tf,NSiMe3 Thus, these results
proved that the coordination of Tf,NSiMes to DMAA actually occurs [33].

3.3.4 Stereoregularity and Thermal Properties of PDMAA

The stereoregularity of a polymer, one of the important structural factors, affects
the properties of a polymer, such as the melting temperature, glass transition tem-
perature, and mechanical strength. It is interesting to compare the stereoregularity
of PDMAAs synthesized by the Tf,NH-promoted GTP with those prepared using
other polymerization methods because the activated monomer mechanism of the
TfoNH-promoted GTP has the possibility to induce a high stereoregularity to the
resultant PDMAA. Figure 3.7 shows the 'H and 'C NMR spectra of PDMAAs
synthesized using (Z)-DATP as the initiator and Tf,NH as the catalyst. The diad
contents (m/r) of PDMAA were determined from the resonances of the main-
chain methylene protons appearing between 1 and 2 ppm in the 'H NMR spectra
measured in DMSO-dg at 150 °C [4-6, 34, 35]. The m/r values of the PDMAAs
polymerized at O °C in CH,Cl; and toluene (Table 3.1, runs 3 and 4) were 35/65
and 44/56, respectively, and those polymerized at —78 °C in CH,Cl, and toluene
were 27/73 and 38/62, respectively. The triad contents (mm/mr/rr) of PDMAA
were analyzed from the carbonyl carbon appearing around 175 ppm in the 13C
NMR spectra measured in CDCl3 at 50 °C. The contents of the mm and mr triad
decreased and that of the rr triad increased when the polymerization was carried
out in CH,Cl, or at a low temperature. These results indicated that the Tf,NH-
promoted GTP of DMAA in a polar solvent or at a lower temperature produced
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the r diad rich PDMAA. The dependence of the tacticity on the polymerization
temperature was different from that for the conventional radical polymerization,
in which the content of the m diad of the resultant PDMAA increased with the
decreasing polymerization temperature [35, 36].

Despite the importance of the glass transition temperature (7,) in polymer sci-
ence, detailed characterization of the Ty of PDMAA has been scarcely reported
[37-41]. The author takes into account that PDMAA synthesized by Tf,NH-
promoted GTP of DMAA was able to produce an ideal model polymer; in other
words, PDMAA synthesized by TfoNH-promoted GTP of DMAA possessed no
initiator and terminator residues. Hence, the author finally focused on the char-
acterization of the T, for PDMAAs with various molecular weights. Figure 3.8
shows a typical DSC trace for PDMAA. The step in the baseline is assignable to
a glass transition. The glass transition temperature was defined as the inflection
point in the step and was determined from the minimum of the first derivative of
the curve. Basically, the T, of PDMAA has been known to be around 120 °C [38,
39]. Fig. 3.9 shows the plots of the T,s as a function of the M, indicating that the
Tys increased with the increasing M, values. Importantly, the 7, for the PDMAA
possessed a molecular weight dependence below 20 kg mol~!. Thus, precise char-
acterization of the glass transition temperature for PDMAA was successfully
achieved using Tf,NH-promoted GTP of DMAA.

3.4 Conclusions

Tf,NH, a strong Brgnsted acid, was revealed to promote the GTP of DMAA.
The initiating system comprised of (Z)-DATP and Tf,NH was able to produce a
PDMAA with a higher molecular weight than that of any previously synthesized
polyacrylamides by the GTP using other initiating systems. As a direct conse-
quence of the homology in the structure of an initiator and the chain end of the
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propagating polymer (Z)-DATP, an amino silyl enolate, showed an excellent initi-
ating efficiency and polymerization control as the GTP initiator in comparison to
the conventional initiator of MTS. In addition, the living character of the GTP of
DMAA using (Z)-DATP and Tf,NH was strongly confirmed by the kinetic study,
the MALDI-TOF MS measurement, and the post-polymerization experiment. To
the best of the author’s knowledge, this study was the first demonstration of the
living polymerization of acrylamide monomers by the GTP. This newly developed
GTP was considered to be valuable for the precise synthesis of thermoresponsive
polyacrylamides because the polymerization produced a polymer with a predeter-
mined molecular weight, an extremely narrow polydispersity, and a well-defined
chain-end structure.
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Chapter 4

Facile Synthesis of Thermoresponsive
Block Copolymers Bearing Poly
(N,N-diethylacrylamide) Segment
Through Group Transfer Polymerization

4.1 Introduction

Living polymerizations have enabled the precise synthesis of well-defined polymers
including end-functionalized polymers, block copolymers, star-shaped polymers,
macrocyclic polymers, etc., which have allowed controlling the properties of the
polymers through designing the polymer structure. The precise synthesis of not only
thermoresponsive polymers, but also their block copolymers, namely the thermore-
sponsive amphiphilic block copolymers and double-hydrophilic block copolymers,
has also been achieved through the development of controlled/living polymerizations,
as described in Chap. 1 [1-7]. The following synthetic strategies have been applied
to the precise synthesis of thermoresponsive block copolymers including those bear-
ing one or multiple polyacrylamide segments: (1) sequential polymerization of mul-
tiple monomers (2) a polymerization using a macroinitiator or a macro chain transfer
agent (macro-CTA), and (3) the polymer-polymer conjugation reaction. The first
approach requires that the polymerization can be continued until the monomer is
quantitatively consumed and the propagating end retains reactivity even after comple-
tion of the polymerization. Thus, only the anionic polymerization has been suitable
for the synthesis of block copolymers bearing thermoreponsive polyacrylamides by
the first approach. For example, Ishizone et al. reported the sequential polymeriza-
tion of styrene or isoprene and N-isopropyl-N-methoxymethylacrylamide, namely the
N-isopropylacrylamide (NIPAM) protected by a methoxymethyl group, to synthesize
the block copolymers bearing poly(/N-isopropylacrylamide) (PNIPAM) segments [8].
Miiller et al. [9, 10] Adler et al. [11] and Tsitsilianis et al. [12] independently
reported the sequential anionic polymerization of fert-butyl acrylate (fBA), tert-butyl
methacrylate (fBMA), and 2-vinylpyridine (2VP) as the first monomer and N,N-
diethylacrylamide (DEAA) as the second monomer. The second approach is widely
applied to the synthesis of block copolymers by controlled/living radical polymeri-
zations, such as the nitroxide-mediated polymerization (NMP) [13, 14], atom trans-
fer radical polymerization (ATRP) [15-19], and reversible addition-fragmentation
chain transfer (RAFT) polymerization [4, 20-31], and a ring-opening polymerization
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(ROP) [32] using a macroinitiator or a macro-CTA. Various click reactions have been
utilized for the third approach; for example, Thayumanavan et al. reported the synthe-
sis of an amphiphilic thermoresponsive block copolymer possessing a PNIPAM seg-
ment by the pyridyl disulfide exchange reaction [33].

The author has discovered that the GTP of N,N-dimethylacrylamide (DMAA)
using trifluoromethanesulfoimide (Tf,NH) and an amino silyl enolate proceeded
in a living fashion to produce poly(N,N-dimethylacrylamide) (PDMAA) with a
high molecular weight and a narrow polydispersity, as described in Chap. 3 [34].
This polymerization was expected to become a robust method to precisely synthe-
size other poly(N,N-dialkylacrylamide)s with thermoresponsive properties and their
block copolymers. Poly(N,N-diethylacrylamide) (PDEAA) is one of the representa-
tive thermoreponsive polyacrylamides, and its lower critical solution temperature
(LCST) is around 32 °C as with PNIPAM. Several groups have reported the syn-
thesis of amphiphilic thermoresponsive block copolymers and double-hydrophilic
block copolymers bearing a PDEAA segment by the sequential anionic polymeri-
zation [9-12] and the RAFT polymerization using a macro-CTA [23-27, 29, 30,
32]. The Tf,NH-promoted GTP has shown that the polymerization can be contin-
ued until the monomer is quantitatively consumed unlike the controlled/living radi-
cal polymerizations, which was considered to allow synthesizing a block copolymer
just by the sequential polymerization as with the anionic polymerization. The syn-
thesis of a block copolymer using a macroinitiator was also considered to be achiev-
able through the synthesis of end-functionalized polyacrylamides by the GTP using
a functional amino silyl enolate. The author focused on the block copolymers of
PDEAA and the polyethers derived from epoxides because the polyethers have dif-
ferent solubilities in water depending on the side-chain structure and the molecular
weight; for example, poly(ethylene oxide) (PEO) is water-soluble, poly(propylene
oxide) (PPO) varies from water-soluble to water-insoluble as the molecular weight
increases, and poly(1,2-butene oxide) (PBO) is water-insoluble. The controlled/liv-
ing polymerization of various epoxides has been developed using an alcohol as the
initiator and a phosphazene base, 1-fert-butyl-4,4,4-tris(dimethylamino)-2,2-bis-
[tris(dimethylamino)-phosphoranylidenamino]-2 A% 4 A3-catenadi(phosphazene)
(-Bu-Py), as the catalyst [35—40]. Furthermore, the synthesis of the block copoly-
mers having a polyether segment has been achieved by the -BuP4-catalyzed ROP
of ethylene oxide (EO) using hydroxyl end-functionalized poly(butadiene) [37]
and poly(isobutene) [38]. Thus, the precise synthesis of PDEAA-b-polyether
was expected to be achieved by the #-Bu-Py-catalyzed ROP of epoxides using the
hydroxyl end-functionalized PDEAA (PDEAA-OH), which was considered to pro-
vide a robust and facile method for the synthesis of thermoresponsive block copoly-
mers with various properties.

In this study, the author aimed to develop a versatile method to prepare amphiphilic
thermoresponsive polymers and double-hydrophilic polymers possessing a PDEAA
segment through the sequential GTP of two acrylamide monomers as well as the syn-
thesis of the macroinitiator by the GTP. First, the author describes the precise synthesis
of PDEAA and PDEAA-OH by the Tf,NH-promoted GTP using amino silyl enolates,
namely (Z)-1-dimethylamino- 1-trimethylsiloxy-1-propene ((Z)-DATP) and (Z)-1-(V-
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methyl-N-(2-trimethylsiloxyethyl)amino)-1-trimethylsiloxy- 1-propene ((Z)-HDATP).
The synthesis of PDEAA-b-PDMAA was achieved by the sequential polymerization
of DEAA and DMAA. The synthesis of the PDEAA-block-polyethers was achieved
by the #-Bu-P4-catalyzed ROP of epoxides using PDEAA-OH as the macroinitiator.
The thermoresponsive properties of the resultant PDEAA-block-polyethers in an aque-
ous solution were investigated to clarify the effect of the introduced polyether seg-
ments on the thermoresponsive properties of PDEA A-block-polyether.

4.2 Experimental Section

4.2.1 Materials

2-(Methylamino)ethanol (97.0 %), bis(trifluoromethanesulfonyl)imide (Tf>NH,
>95 %), dichloromethane (CHyCly, >99.5 %; water content, <0.001 %), toluene
(>99.5 %; water content, <0.001 %), tetrahydrofuran (THF, >99.5 %; water content,
<0.001 %), propionyl chloride, n-butyllithium (1.6 mol L~! in n-hexane), N,N,N’,N"-
tetramethylethylenediamine (TMEDA), potassium carbonate (K»CO3), methanol,
2-propanol (>99.5 %), tert-butyl alcohol (fBuOH) (>98.0 %), acetonitrile (>99.5 %),
pyridine (>99.0 %), and dimethylsulfoxide-ds (DMSO-dp) were purchased from Kanto
Chemicals Co., Inc. 1,2-Butene oxide (BO), ethylene oxide (EO, 1.2 mol L~ 1in THEF),
N,N-diethylacrylamide (DEAA), N,N-dimethylacrylamide (DMAA), 1-methylimi-
dazole, diisopropylamine, chlorotrimethylsilane, and frans-3-indoleacrylic acid were
purchased from Tokyo Kasei Kogyo Co., Ltd. 1-tert-Butyl-4,4,4-tris(dimethylamino)-
2,2-bis[tris(dimethylamino)phosphoranylidenamino]-2 A>,4 A>-catenadi(phosphazene)
(+-Bu-P4) (1.0 mol L~! in n-hexane), sodium trifluoroacetate, DowEX® marathon®
MSC (H) ion-exchange resin were purchased from Sigma-Aldrich Chemicals Co.
BO, DEAA, DMAA, diisopropylamine, chlorotrimethylsilane, and CH,Cl, were dis-
tilled from CaH, and degassed by three freeze-pump-thaw cycles prior to use. Toluene
and THF were distilled from sodium benzophenone ketyl. (Z)-1-Dimethylamino-1-
trimethylsiloxy-1-propene ((Z)-DATP) [34], 1-ethoxyethyl glycidyl ether (EEGE)
[41], N-(2-hydroxyethyl)-N-methylpropionamide [42], and (Z)-1-(N-methyl-N-(2-
trimethylsiloxyethyl)amino)- 1-trimethylsiloxy-1-propene ((Z2)-HDATP) [42] were syn-
thesized based on previous reports. Spectra/Por® 6 Membrane (MWCO: 1 000) was
used for the dialysis. All other chemicals were purchased from available suppliers and
used without purification.

4.2.2 Measurements

The 'H (400 MHz) and '3C NMR (100 MHz) spectra were recorded using a
JEOL JNM-A400II and a JEOL-ECP400. The polymerization solution was pre-
pared in an MBRAUN stainless steel glovebox equipped with a gas purification



64 4 Facile Synthesis of Thermoresponsive Block Copolymers

system (molecular sieves and copper catalyst) in a dry argon atmosphere (H,O,
O; < 1 ppm). The moisture and oxygen contents in the glovebox were moni-
tored by an MB-MO-SE 1 and an MB-OX-SE 1, respectively. The degree
of polymerization of each segment in the synthesized PDEAA-b-polyether
(DPppEAA/DPpolyether) Was determined by the '"H NMR measurement.

Size exclusion chromatography (SEC) was performed at 40 °C using a Jasco
high performance liquid chromatography (HPLC) system (PU-980 Intelligent
HPLC pump, CO-965 column oven, RI-930 Intelligent RI detector, and Shodex
DEGAS KT-16) equipped with a Shodex Asahipak GF-310 HQ column (linear,
7.6 mm x 300 mm; pore size, 20 nm; bead size, 5 wm; exclusion limit, 4 x 104)
and a Shodex Asahipak GF-7 M HQ column (linear, 7.6 mm x 300 mm; pore
size, 20 nm; bead size, 9 pwm; exclusion limit, 4 x 107) in DMF containing
lithium chloride (0.01 mol L~!) at the flow rate of 0.4 mL min~!. The number-
average molecular weight (M;) and polydispersity index (M,/M,) of the obtained
polymers were determined by the RI based on PDMAA synthesized in our previ-
ous study [34] with the My, (My/My)s of 5.77 x 10* g mol~! (1.07), 2.54 x 10*
g mol~! (1.08), 1.32 x 10* g mol~! (1.11), 9.60 x 103 g mol~" (1.09), 7.10 x 103
g mol~! (1.12), 5.10 x 10% g mol~! (1.12), and 3.30 x 103 g mol~! (1.16). The
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) measurements were performed using an Applied Biosystems
Voyager-DE STR-H mass spectrometer with a 25 kV acceleration voltage.
The positive ions were detected in the reflector mode (25 kV). A nitrogen laser
(337 nm, 3 ns pulse width, 106107 W cm~2) operating at 3 Hz was used to pro-
duce the laser desorption, and 200 shots were summed. The spectra were exter-
nally calibrated using insulin (bovine) with a linear calibration. Samples for the
MALDI-TOF MS were prepared by mixing the polymer (1.5 mg mL~!, 10 pL),
the matrix (trans-3-indoleacrylic acid, 10 mg mL~!, 90 L), and the cationizing
agent (sodium trifluoroacetate, 10 mg mL~!, 10 wL) in THF. The ultraviolet-vis-
ible (UV-vis) spectra were measured using a 10-mm path length cell by a Jasco
V-550 spectrophotometer equipped with an EYELA NCB-1200 temperature con-
troller and a Jasco ETC-505T temperature controller.

4.2.3 GTP of N,N-Diethylacrylamide (DEAA)

A typical procedure for the polymerization is as follows: to a solution of DEAA
(0.513 g, 4.03 mmol) and (Z)-HDATP (12.3 nL, 40.0 pmol) in CH,Cl; (7.40 mL),
a stock solution of TH,NH in CHoCly (40 wL, 0.8 pmol, 0.020 mol L~!) was
added at 20 °C to initiate the polymerization. After 2 h, the polymerization was
quenched by adding a small amount of fBuOH/pyridine. The reaction mix-
ture was stirred with the DowEX® marathon® MSC (H) ion-exchange resin in
water and then dialyzed against methanol. The solvent was evaporated from the
dialyzed solution to give a transparent solid. The solid was dissolved in water,
then freeze-dried to give PDEAA-OH as a white solid. Yield, 496 mg (96 %).
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M, = 13.7 kg mol~!, My/M, = 1.05. The GTP of DEAA using (Z)-DATP was
carried out by a similar procedure without treating the product with the ion-
exchange resin.

4.2.4 Block Copolymerization of DEAA
and N,N-Dimethylacrylamide (DMAA)

The first polymerization of DEAA in CH,Cl, at 20 °C was carried out with
[DEAA]/[(Z2)-DATP]o/[Tf,NH]p = 50/1/0.02 for 1 h using the same procedure
as the homopolymerization of DEAA. After an aliquot was taken from the reac-
tion mixture to determine the conversion of DEAA and the M,, and M/M, of the
product, the block polymerization was carried out by adding 35 equivalents of
DMAA. After 1 h, the polymerization was quenched by adding a small amount of
tBuOH/pyridine. The product was purified by dialysis against methanol followed
by freeze-drying from the aqueous solution to give poly(N,N-diethylacrylamide)-
block-poly(N,N-dimethylacrylamide) (PDEAA-b-PDMAA) as a white solid.
Yield = 520 mg (86 %). M, = 8.05 kg mol~!, My/M, = 1.05 (PDEAA);
M, = 10.6 kg mol~!, My/M,, = 1.06 (block copolymer). The block copolymeriza-
tion using (Z)-HDATP was carried out using a similar procedure.

4.2.5 Synthesis of PDEAA-block-poly(ethylene oxide)
(PDEAA43-b-PEQO y4y)

EO in THF (1.20 mol L~%, 500 pL, 600 wmol) was added to a solution of
PDEAAg;-OH (74.1 mg, 9.08 pwmol, M, = 8.16 kg mol~!, My/M, = 1.04,
<DP> = 63) and -Bu-P4 (9.1 pL, 9.1 wmol, 1.0 mol~! in n-hexane) in dry
THF (87.9 nL) under an argon atmosphere. The reaction mixture was heated
to 45 °C and stirred for 48 h. An excess amount of benzoic acid was added to
the reaction mixture to quench the polymerization. The crude product was puri-
fied by dialysis against methanol followed by freeze-drying from the aqueous
solution to give PDEAAg3-b-PEO44 as a white solid. Yield = 89.7 mg (90 %).
DPPDEAA/DPPEO = 63/44.

4.2.6 Synthesis of PDEAA-block-poly(propylene oxide)
(PDEAA43-b-PPO4y), PDEAA-block-poly(1,2-butene
oxide) (PDEAA43-b-PBQOy;), and PDEAA-block-poly
(1-ethoxyethyl glycidyl ether) (PDEAA3-b-PEEGE 4)

All the polymerizations were carried out using a similar procedure for the synthe-
sis of PDEA Ag3-b-PEQy44 at 50 °C for 48 h.
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The synthesis of the PDEAAg3-b-PPO44 was carried out with PDEAAg3-OH
(54.3 mg, 6.72 pmol), PO (19.7 pnL, 282 pwmol), THF (275 L), and #-Bu-P4 in
n-hexane (1.0 mol L™!, 6.72 wL, 6.72 wmol). The product was obtained as a white
solid. Yield = 62.6 mg (92 %). DPppgaa/DPppo = 63/44.

The synthesis of the PDEAAg3-b-PBO4; was carried out with PDEAAg3-OH
(63.9 mg, 7.83 wmol), BO (43.6 pnL, 501 wmol), THF (450 pL), and #-Bu-P4 in
n-hexane (1.0 mol L™!, 7.83 WL, 7.83 wmol). The product was obtained as a pale
yellow solid. Yield = 83.2 mg (83 %). DPppeaa/DPppo = 63/41.

The synthesis of the PDEAAg3-b-PEEGE4 was carried out with PDEAAg3-OH
(82.7 mg, 10.1 wmol), EEGE (96.8 nL, 649 pmol), THF (582 L), and #-Bu-P4 in
n-hexane (1.0 mol L™!, 10.1 kL, 10.1 wmol). The product was obtained as a pale
brown solid. Yield = 145 mg (82 %). DPPDEAA/DPPEEGE = 63/40.

4.2.7 Synthesis of PDEAA-block-poly(glycidol)
(PDEAA43-b-PGD 4)

Conc. HCI (250 pL) was added to a solution of PDEAAg3-b-PEEGE4g (85 mg)
in THF (1 mL). After stirring for 4.5 h at room temperature, a small amount of
Amberlyst A21 was added to the reaction mixture for neutralization. After stirring
for 1 h at room temperature, the crude product was purified by dialysis against
methanol followed by freeze-drying from an aqueous solution to give PDMAA-b-
PGD as a white solid. Yield = 47.3 mg (70 %). DPpeaa/DPgp = 63/40.

4.2.8 Turbidimetric Analysis

An aqueous solution of a polymer sample (2.0 mg mL~!) was prepared and trans-
ferred to a poly(methyl methacrylate) cell with a 1-cm path length. The cell was
cooled to 8 °C under flowing nitrogen for 1 h. The absorbance at 500 nm of the
aqueous solutions was recorded by a UV-vis spectrophotometer equipped with a
temperature controller. The solution temperature was gradually increased at the

heating rate of 1.0 °C min~!.

4.3 Results and Discussion

4.3.1 Group Transfer Polymerization (GTP) of N,N-
Diethylacrylamide (DEAA)

In order to synthesize PDEAA and PDEAA-OH, the Tf,NH-promoted GTP of DEAA
was carried out using (Z)-1-dimethylamino-1-trimethylsiloxy-1-propene ((Z2)-DATP)
and  (Z)-1-(N-methyl-N-(2-trimethylsiloxyethyl)amino)- 1 -trimethylsiloxy- 1 -propene
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Table 4.1 Results of TfoNH-promoted GTPs of DEAA using (Z)-DATP and (Z)-HDATP in
CH,Cl; at 20 °C?

Run Initiator [DEAA]p / [initiator]g Time (h) M, (kg mol~!) My IM§
Calcd.”  Obsd.c
1 (2)-DATP 50 3 6.62 8.33 1.04
2 (2)-DATP 100 3 13.1 14.6 1.05
3 (2)-DATP 200 3 27.1 32.0 1.09
4 (Z)-HDATP 50 2 6.62 8.16 1.04
5 (Z)-HDATP 100 2 13.1 13.7 1.05
6 (Z)-HDATP 200 3 26.1 26.0 1.07

Y[DEAA]y = 0.50 mol L~'; [initiator]o/[TfaNH]y = 1/0.02. “Calculated from [DEAA]y/
([initiator]y — [Tf;NH]o) x (MW of DEAA = 127.18) + (MW of the initiator residue: (Z)-
DATP = 101.13 (2)-HDATP = 131.17). “Determined by SEC in DMF containing 0.01 mol L-!
of LiCl calibrated by the poly(V,N-dimethylacrylamide) (PDMAA) synthesized in our previous
report [34]

[DEAA]T(Z)-HDATP],
i -= 50 (run 4)
L | 100 (run 5)
L |—— 200 {run 6)

[DEAALI(Z)DATF],
-~ 50 (run

[ i i Lal 1 1 | S badisaliaal
26 28 30 32 34 36 38 26 28 30 32 34 36 38
Elution time (min) Elution time (min)

Fig. 4.1 The SEC traces of (a) the obtained PDEAAS (runs 1-3), and (b) the obtained PDEAA-OHs
(runs 4-6) measured in DMF containing 0.01 mol L~! of LiCl at 0.4 mL min~"! of the flow rate

((Z)-HDATP), amino silyl enolates, as the initiators. The design of (Z)-HDATP fol-
lowed the structure of the silyl enolate used for the synthesis of hydroxyl end-func-
tionalized poly(methyl methacrylate) by GTP [43, 44]. The GTP using (Z)-DATP was
carried out in CHCl, at 20 °C for 3 h under the condition of [DEAA]/[(Z)-DATP]o/
[TH,NH]o = 50/1/0.02, 100/1/0.02 and 200/1/0.02 (Table 4.1, runs 1-3). All the
polymerizations homogeneously proceeded. The perfect conversion of DEAA was
confirmed from the "H NMR spectra of the crude products. The SEC traces of the
products showed a monomodal molecular weight distribution, as shown in Fig. 4.1a.
The number-average molecular weight (M,) and the polydispersity index (My/M,)
of the products were in a range of 8.33-32.0 and 1.05-1.09, which well agreed with
their molecular weight (My,calcd.) calculated from the polymerization conditions. The
GTP using (Z)-HDATP was carried out in CH»Cl, at 20 °C for 2-3 h under the con-
ditions of [DEAA]/[(Z)-HDATP]/[Tf2NH]o = 50/1/0.02, 100/1/0.02, and 200/1/0.02
(Table 4.1, runs 4-6). All the polymerizations homogenously proceeded and DEAA
was completely consumed. After the polymerization was quenched by adding fBuOH/
pyridine, the crude product was stirred with a strong acid cation exchange resin in
water to remove the trimethylsilyl group from the initiator residue. The M, and M,/My
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Fig. 42 MALDI-TOF MS spectra of (a) the obtained PDEAA ([DEAA]y/[(Z)-DATP]y/
[Tf£2NH]p = 25/1/0.02, conversion >99.9 %, M, = 4.90 kg mol~!, My/M, = 1.04), and
(b) PDEAA-OH ([DEAA]o/[(2)-HDATP]y/[TfNH]g = 20/1/0.02, conversion >99.9 %,
M, = 3.72 kg mol~!, My/M, = 1.04)

of the products were in the range of 8.16-26.0 kg mol~! and 1.04-1.07, which well
agreed with their M,ca1cq. In addition, the SEC traces of all the products showed sharp
and monomodal molecular weight distributions, as shown in Fig. 4.1b. Thus, the GTP
of DEAA initiated by (Z)-DATP and (Z)-HDATP certainly proceeded and produced
the products with predetermined M,, values and narrow My,/M,,.

In order to confirm that an initiator residue was truly introduced into the
obtained polymers, MALDI-TOF MS measurements were carried out for the
products of the polymerization using (Z)-DATP and (Z)-HDATP. Only a series
of molecular ion peaks was observed in the spectra of both products, as shown
in Fig. 4.2. The difference in the m/z values among each molecular ion peak was
just 127.1, which corresponded to the molecular weight of DEAA as a monomer
unit. The m/z values of the molecular ion peaks in the spectra well agreed with the
theoretical values for the adduct of the sodium ion and PDEAA bearing a hydro-
gen atom and 1-(N,N-dimethylcarbamoyl)ethyl group at each chain end (molecular
formula: C7,,4-5H13,+110,+1N,+1Na) or that of the sodium ion and PDEAA bear-
ing a hydrogen atom and 1-(N-(2-hydroxyethyl)-N-methylaminocarbamoyl)ethyl
group at each chain end (molecular formula: C7,416H13,+130,+2N,+1Na). Thus,
the Tf,NH-promoted GTP of DEAA was revealed to proceed without any side
reactions, such as a back biting reaction [45, 46], to produce the desired PDEAA
and PDEAA-OH. Importantly, the protected hydroxyl group of (Z)-HDATP was
stable even under the conditions of the Tf,NH-promoted GTP to realize the pre-
cise synthesis of PDEAA-OH by the GTP.
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Table 4.2 Results of the sequential polymerization of DEAA and DMAA by Tf,NH-promoted
GTP using (2)-DATP and (Z)-HDATP in CH,Cl, at 20 °C“

Run Initiator Monomer [Mlo/[T]o Time (h) M, (kg mol 1) My /M
Caled”  Obsd.©
7 (Z)-DATP DEAA 50 1 6.59 8.05 1.05
DMAA 35 1 10.1 10.6 1.06
8 (Z)-HDATP DEAA 50 1 6.62 8.91 1.05
DMAA 35 1 10.1 12.1 1.05

4IDEAA]y = 0.50 mol L~; [initiator]o/[TfNH]o = 1/0.02; monomer conversion >99.9 %. *Cal-
culated from [M]o/([I]o — [TfoNH]p) x (MW of DEAA = 127.18 or DMAA = 99.13) + (MW
of the initiator residue: (2)-DATP = 101.13 (2)-HDATP = 131.17; or My calca. for the first poly-
mer). “Determined by SEC in DMF containing 0.01 mol L™! of LiCl calibrated by the PDMAA
synthesized in our previous report [34]
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Fig. 4.3 The SEC traces of (a) the PDEAA and PDEAA-b-PDMAA obtained in run, and (b)
the PDEAA-OH and HO-PDEAA-b-PDMAA obtained in run 8§ measured in DMF containing
0.01 mol L™! of LiCl at 0.4 mL min~" of the flow rate

4.3.2 Synthesis of PDEAA-block-PDMAA by Sequential GTP

The block copolymerization of DEAA and DMAA was successful for the polym-
erizations using (Z)-DATP (Table 4.2, run 7). The first polymerization was car-
ried out in CH,Cl, at 20 °C under the conditions of [DEAA]q/[initiator]y/
[Tf2NH]o = 50/1/0.02 for 1 h. The DEAA was completely consumed to produce
PDEAA with 8.05 kg mol~! of M, and 1.05 of My/M,. The second polymeri-
zation was carried out for 1 h by adding 35 equivalents of DMAA just after the
completion of the first polymerization. The M, and M/M, of the product were
10.6 kg mol~! and 1.06, respectively. Both products had monomodal molecular
weight distributions. The SEC traces of the PDEAA obtained from the first polym-
erization shifted to the region of high molecular weight after the second polym-
erization, as shown in Fig. 4.3a. Both segments of PDEAA and PDMAA were
observed in the 'H NMR spectrum of the product, as shown in Fig. 4.4, which
indicated that the product is certainly PDEAA-b-PDMAA. This result proved that
the silyl enolate at the chain end of the propagating PDEAA possessed a living
nature in the Tf,NH-promoted GTP. The block copolymerization of DEAA and
DMAA was also successful even when (Z)-HDATP was used instead of (Z)-DATP
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(run 8). Both of the products obtained after the first and second polymeriza-
tions had monomodal molecular weight distributions and the SEC traces of the
PDEAA-OH obtained from the first polymerizations completely shifted to the
region of high molecular weight after the second polymerization, as shown in
Fig. 4.2d. Thus, it was proved that the sequential GTP using Tf,NH and an amino
silyl enolate is capable of synthesizing block copolymers consisting of a PDEAA
segment and another polyacrylamide segment.

4.3.3 Synthesis of PDEAA-block-Polyethers

In order to demonstrate that the synthesized PDEAA-OH is applica-
ble for the block copolymerization with various epoxides, PDEAAg3-OH
(M, = 8.16 kg mol~!, My/M, = 1.04, DP = 63, run 4) was employed as a mac-
roinitiator for the #-Bu-P4-catalyzed ROP of epoxides, as shown in Scheme 4.1.
t-Bu-P4 has been employed for the anionic ROP of epoxides, such as ethylene
oxide (EO), propylene oxide (PO), and styrene oxide, initiated by various alco-
hols [47, 48]. EO and I-ethoxyethyl glycidyl ether (EEGE), a protected gly-
cidol, were chosen as monomers for the synthesis of the double-hydrophilic
block copolymers [49, 50] based on the hydrophilicity of poly(ethylene oxide)
(PEO) and poly(glycidol) (PGD). PO and 1,2-butene oxide (BO) were chosen
for the synthesis of amphiphilic thermoresponsive block copolymers due to the
hydrophobicity of the poly(propylene oxide) (PPO) and poly(1,2-butene oxide)
(PBO). The polymerization was carried out under the conditions of [PO or BO]Jy/
[PDEAAg3-OH]o/[-Bu-Ps]lo = 42/1/1 and [EO or EEGE]y/[PDEAAg3-OH]o/
[-Bu-P4]o = 64/1/1 in THF at 45 or 50 °C for 48 h under an argon atmos-
phere. The polymerizations homogeneously proceeded and were quenched
by adding an excess amount of benzoic acid to the reaction mixture. The epox-
ides were completely consumed in all the polymerizations as determined by 'H
NMR measurements. The signals due to the segments of PEO, PPO, PBO, and
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Scheme 4.1 Precise syntheses of PDEAA, PDEAA-OH, PDEAA-b-PDMAA, and PDEAA-b-
polyether by Tf,NH-promoted GTP and subsequent ring-opening polymerization (ROP) of epox-
ides using PDEAA-OH as the macroinitiator and -BuPy as the catalyst

poly(1-ethoxyethyl glycidyl ether) (PEEGE) were observed in the "H NMR spec-
tra of each product measured in CDCl3, as shown in Figs. 4.5, 4.6, 4.7, and 4.8.
The degree of polymerization of each segment (DPppeaa/DPpolyether) in the syn-
thesized PDEAA-block-polyethers was determined from their 'H NMR spec-
tra as follows: 63/44 for PDEAAg3-b-PEO44 and PDEAAg3-b-PPOy4, 63/41 for
PDEAAg3-b-PBOy4;, and 63/40 for PDEAAg3-b-PEEGE4). PDEAAg3-b-PEEGE,
was treated with HCI in THF for 4.5 h at room temperature in order to convert
the PEEGE segment into the PGD segment by deprotection of the 1-ethoxyethyl
group. The successful deprotection was confirmed from the '"H NMR spectrum of
the product shown in Fig. 4.8b because the signal /# due to the methine group of
PEEGE originally observed at 4.7 ppm in Fig. 4.8a disappeared after the reaction.
The value of DPppraa/DPpgp was 63/40 for PDEAAg3-b-PGDy4o. These results
proved that PDEAA-OH effectively acted as the macroinitiator for the polymeriza-
tions of epoxides to produce the various PDEAA-block-polyethers.
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Fig. 4.5 "H NMR of the
obtained PDEAAg3-b-PEOy4
measured in CDCl3

Fig. 4.6 'H NMR of the
obtained PDEAAg3-b-PPOyy
measured in CDCl3

Fig. 4.7 'H NMR of the
obtained PDEAAg3-b-PBOy;
measured in CDCl3
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4.3.4 Thermoresponsive Properties of PDEAA-block-
Polyethers

The thermoresponsive properties of the synthesized PDEAA-polyethers with dif-
ferent polyether segments were characterized by a turbidimetric analysis, as shown
in Fig. 4.9. Every polymer showed the characteristic phase transition at a specific
temperature depending on the properties of the polyether segment. The critical tem-
perature of the phase transition (7¢) was defined as the temperature at which the
absorbance of the aqueous solution of the sample begins increasing. Table 4.3 sum-
marizes the determined 7¢cs for each block copolymer. PDEAAg3-OH showed a T¢
at 43.8 °C. The Tcs of PDEAAg3-b-PPO44 and PDEAAg3-b-PBOy4;, which have
a hydrophobic polyether segment, were 37.4 and 30.0 °C, respectively, and lower
than the 7T¢c of PDEAAg3-OH. The aqueous solution of PDEAAg3-b-PBO4; was
translucent even below its 7¢ probably due to the aggregation based on the hydro-
phobicity of the PBO segment, though that of PDEAAg3-b-PPO4; was transparent
below its T¢c. On the other hand, the Tcs of PDEAAg3-b-PGD4g, which has hydro-
philic polyether segment, was 49.0 °C and higher than the 7c of PDEAAg3-OH.
The aqueous solution of PDEAAg3-b-PGDy4 was transparent at room temperature
based on the water-soluble PGD segment. Interestingly, PDEA Ag3-b-PEO44 showed
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Table 4.3 Thermoresponsive Polymer Tc (°C)*

properties of the synthesized PDEAA—-OH 138

PDEAA-block-polyethers 63 :
PDEAAg3-b-PEOy4 48.4,74.2
PDEAAGg3-b-PPO44 37.4
PDEAAGg3-b-PBO4; 30.0
PDEAAg3-b-PGDyg 49.0

“Determined from the turbidimetric analysis

a two-stage phase transition at 48.4 and 74.2 °C. The solution became translucent
after the first phase transition due to the solubility change in the PDEAA segment
and eventual aggregation. The solution became turbid after the second phase tran-
sition plausibly due to the solubility change in the PEO segment. Thus, the T¢ of
the synthesized block copolymer was revealed to increase with the increasing hydro-
philicity of the introduced polyether segment. In addition, the thermoresponsive
properties and aggregation behavior of PDEAA in water was controllable by block
copolymerization with epoxides. These results proved that the combination of the
TfoNH-promoted GTP using (Z)-HDATP and the -Bu-P4-catalyzed anionic ROP of
epoxides is a robust and versatile method for the preparation of various PDEAA-
block-polyethers with different thermoresponsive properties.

4.4 Conclusions

The TfhNH-promoted GTP of DEAA has been achieved using (Z)-DATP, an
amino silyl enolate, to produce the well-defined PDEAA. The hydroxyl end-
functionalized PDEAA, i.e., PDEAA-OH, with the desired molecular weight and
narrow My /M, has been successfully synthesized from the same GTP using the
amino silyl enolate bearing a protected hydroxyl group (Z)-HDATP, as the initi-
ator. The sequential GTP using Tf,NH and an amino silyl enolate is capable of
synthesizing block copolymers consisting of a PDEAA segment and another
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polyacrylamide segment. In addition, the PDEAA-block-polyethers with different
thermoresponsive properties were successfully produced by the polymerization
of epoxides using PDEAA-OH as the macroinitiator. This study has provided a
robust and versatile method for the design and precise synthesis of amphiphilic
thermoresponsive block copolymers and double-hydrophilic block copolymers
bearing a PDEAA segment.
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Chapter 5
Conclusions

In this thesis, the author described the design and the precise synthesis of
thermoresponsive polyacrylamides with novel primary structures. The effect of
a hydrogen bonding unit on the thermoresponsive properties of poly(N-isopro-
pylacrylamide) (PNIPAM) was clearly elucidated based on the precise synthesis
of the polymer using the atom transfer radical polymerization (ATRP) and the
copper-catalyzed azide-alkyne cycloaddition (CuAAC). In addition, the author
achieved for the first time the precise synthesis of polyacrylamides by the group
transfer polymerization (GTP). The GTP using bis(trifluoromethanesulfonyl)imide
(Tf,NH), a strong Brgnsted acid, as the precatalyst and an amino silyl enolate as
the initiator realized the precise synthesis of representative polyacrylamides, such
as poly(N,N-dimethylacrylamide) (PDMAA) and poly(N,N-diethylacrylamide)
(PDEAA), with well-defined structures including end-functionalized polymers and
block copolymers, which provided a robust method to control the thermorespon-
sive properties of the polyacrylamides. Therefore, it is believed that the findings
of this study should contribute to the development of the precise synthesis and
rational macromolecular design for intelligent materials in the field of nanotech-
nology and bioengineering.

A summary of this thesis is as follows.

The ATRP and the CuAAC realized the precise synthesis of the PNIPAMs with
the same number-average degree of polymerization and different urea groups at
the chain end, which allowed comparing the effect of the introduced urea groups
on the thermoresponsive properties of PNIPAM without effects from other struc-
tural factors. For the series of urea end-functionalized PNIPAMs, the intermolecu-
lar hydrogen bonding of the chain end urea group was revealed to work even in
water, leading to the self-assembly of the polymer chains at a temperature below
the cloud point. Such an antecedent aggregation made it possible to facilitate the
phase transition process, resulting in a drastic decrease in the cloud point.

Tf,NH, a strong Brgnsted acid, was revealed to promote the GTP of DMAA.
The initiating system consisting of (Z)-DATP and Tf,NH was able to produce
a PDMAA with a higher molecular weight than that of any polyacrylamides
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previously synthesized by the GTP using other initiating systems. As a direct
consequence of the homology in the structure of an initiator and the chain end
of the propagating polymer, (2)-DATP showed an excellent initiating efficiency
and polymerization control as the initiator in comparison to MTS, the conven-
tional initiator for the GTP. In addition, the living character of the GTP of DMAA
using (Z)-DATP and Tf,NH was strongly confirmed by a kinetic study, MALDI-
TOF MS measurements, and a postpolymerization experiment. To the best of the
author’s knowledge, this result was the first demonstration of the living polymeri-
zation of an acrylamide monomer by GTP.

A facile and versatile method to synthesize thermoresponsive amphiphilic
block copolymers and double-hydrophilic block copolymers bearing a PDEAA
segment was developed using the GTP of DEAA using Tf,NH and amino silyl
enolates. The precise synthesis of the well-defined PDEAA was achieved by the
Tf,NH-promoted GTP using (Z)-DATP in a manner similar to the GTP of DMAA.
The hydroxyl end-functionalized PDEAA, i.e., PDEAA-OH with a narrow molec-
ular weight distribution, was successfully synthesized by the Tf,NH-promoted
GTP using (Z)-HDATP, the functional initiator with a protected hydroxyl group.
The sequential GTP using Tf,NH and an amino silyl enolate is capable of synthe-
sizing block copolymers consisting of a PDEAA segment and another polyacryla-
mide segment. In addition, the anionic ring-opening polymerization of epoxides
using PDEAA-OH as the macroinitiator and -Bu-P4 as the catalyst successfully
produced various block copolymers of the PDEAA-block-polyethers with different
thermoresponsive properties. The turbidimetric analysis proved that the thermore-
sponsive properties of the PDEAA-b-polyethers were successfully controlled as
originally expected from the molecular design.
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