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
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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.



32 2 Control of Thermoresponsive Properties of Urea End-Functionalized

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.



2.3 Results and Discussion 39

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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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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