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ABSTRACT: Novel amphiphilic ABA-type poly(p-gluconamidoethyl methacrylate)-b-polyurethane-b-poly(p-gluconamidoethyl methacry-
late) (PGAMA-b-PU-b-PGAMA) tri-block copolymers were successfully synthesized via the combination of the step-growth and copper-
catalyzed atom transfer radical polymerization (ATRP). Dihydroxy polyurethane (HO-PU-OH) was synthesized by the step-growth poly-
merization of hexamethylene diisocyanate with poly(tetramethylene glycol). PGAMA-b-PU-b-PGAMA block copolymers were synthe-
sized via copper-catalyzed ATRP of GAMA in N, N-dimethyl formamide at 20°C in the presence of 2, 2’-bipyridyl using Br-PU-Br as
macroinitiator and characterized by "H-NMR spectroscopy and GPC. The resulting block copolymer forms spherical micelles in water
as observed in TEM study, and also supported by 'H NMR spectroscopy and light scattering. Miceller size increases with increase in
hydrophilic PGAMA chain length as revealed by DLS study. The critical micellar concentration values of the resulting block copolymers
increased with the increase of the chain length of the PGAMA block. Thermal properties of these block copolymers were studied by
thermo-gravimetric analysis, and differential scanning calorimetric study. Spherical Ag-nanoparticles were successfully synthesized using
these block copolymers as stabilizer. The dimension of Ag nanoparticle was tailored by altering the chain length of the hydrophilic block
of the copolymer. A mechanism has been proposed for the formation of stable and regulated Ag nanoparticle using various chain length
of hydrophilic PGAMA block of the tri-block copolymer. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION fer radical polymerization (ATRP), reversible addition-fragmenta-
tion chain-transfer polymerization (RAFT) methods
reported for the controlled synthesis of glycopolymers from both
protected and unprotected glycomonomers.*>> On the other
hand, amphiphilic block copolymer containing a hydrophobic
polyurethane (PU) segment will be very interesting from the
point of its pharmaceutical and biomedical applications owing to
its biocompatibility”®** and biodegradability.*® PU can be synthe-

sized using step-growth polymerization method. Reports of the

Synthesis of amphiphilic block copolymers using controlled radi- were

cal polymerization (CRP) technique? has recently received
extensive impetus owing to the prospective application of these
block copolymers in drug delivery,” coatings,”™ nanoparticle syn-
thesis,* colloidal stabilization,''™ and as compatibliser'*™"® for
polymer blends. In this respect, amphiphilic block copolymers
containing a hydrophilic biocompatible segment made from gly-

comonomer (sugar containing vinyl monomer) will be of
immense interest from the biomedical application point of view
owing to its high water solubility, low toxicity,'” biocompatibil-
ity,' and bio-conjugation'®'® properties. Such glycomonomers
generally undergo uncontrolled polymerization using conven-
tional radical polymerization. CRP methods such as atom trans-

synthesis of tri-block copolymers using different polyurethane-
based macroinitiators by CRP techniques were very few in the lit-
erature.”* Verma and Kannan reported the synthesis and char-
acterization of polystyrene-b-PU-b-polystyrene triblock copoly-
mers using step-growth and ATRP polymerization methods.”!
They also reported the synthesis and characterization of

Additional Supporting Information may be found in the online version of this article.
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Scheme 1. Synthesis of HO-PU-OH by condensation polymerization
method.

poly(methyl methacrylate)-b-PU-b- poly(methyl methacrylate)
triblock copolymers using similar methods.”” They also reported
the synthesis and characterization of poly(methyl methacrylate)-
b-PU-b-poly(methyl methacrylate) triblock copolymers using
reverse ATRP method.”® Schacht et al. reported the synthesis and
characterization amphiphilic thermoplastic polyurethane prepared
from Pluronic type polyether diols.>* Recently, Kannan et al.
reported the synthesis and characterization of amphiphilic ABA
type block copolymer poly(2-(dimethylamino)ethylmethacrylate)-

o]

Applied Polymer

SCIENCE

b-PU-b-poly(2-(dimethylamino)ethylmethacrylate) via the combi-
nation of step-growth and ATRP polymerization methods.”® So
far, to our knowledge, the report of the synthesis of amphiphilic
block copolymers containing hydrophobic PU segment and
hydrophilic glycomonomer segment is not known. Such type of
block copolymers may find applications in biomedical field,
nanoparticle synthesis fields etc. Here, we report for the first
time the synthesis of novel amphiphilic ABA-type tri-block co-
polymer poly (D-Gluconamidoethyl methacrylate)-b-PU-b-poly
(D-Gluconamidoethyl methacrylate) (PGAMA-b-PU-b-PGAMA)
by combining the step-growth and ATRP polymerization meth-
ods. First, dihydroxy PU (HO-PU-OH) was synthesized by the
step-growth polymerization of hexamethylene diisocyanate
(HMDI) with poly (tetramethylene glycol) (PTMG) (Scheme 1).
Then, the -OH end groups were converted into the correspond-
ing —Br end groups (Br-PU-Br) through the reaction with 2-
bromo isobutyryl bromide (Scheme 2). Copper-catalyzed ATRP
of GAMA in the presence of 2, 2'-bipyridyl (bpy) ligand in N,
N-dimethyl formamide (DMF) at 20°C was performed to synthe-
size amphiphilic ABA-type tri-block copolymers PGAMA-b-PU-
b-PGAMA using Br-PU-Br as macroinitiator. The self-assembly
behaviors of the resulted block copolymers were studied using
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Scheme 2. Synthesis of PGAMA-b-PU-b-PGAMA block copolymer by copper catalyzed atom transfer radical polymerization method.
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=S |0 c % & copolymers as colloidal stabilizer.
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= < = o s £Z5 residual vinylic signals at 5.0-6.0 ppm (2H) of the monomer
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molecular weight of the Br-PU-Br macroinitiator determined
from its '"H-NMR. The UV-visible absorption spectra of as-pre-
pared Ag nanoparticle solutions were recorded using a JASCO
V-670 UV-Visible spectrophotometer at room temperature.
TEM images were obtained using JEOL, JEM, 2100 transmission
electron microscopes operating at an acceleration voltage of 200
kV. For TEM measurement of the aqueous block copolymer so-
lution (0.5 mg/mL), samples were prepared by casting a drop of
it on the carbon coated copper grid followed by the removal of
extra solution with a filter paper and dried under vacuum at
room temperature. For TEM measurement of Ag colloids, sam-
ples were prepared by casting a drop of the appropriately
diluted dispersion on to the carbon coated copper grid followed
by the soaking of the excess solvent using a wet blotting paper,
and dried under vacuum at room temperature.

Fluorescence Experiments

Fluorescence measurements were carried out on a Varian Cary
Eclipse Fluorescence Spectrometer using a series of aqueous
PGAMA-b-PU-b-PGAMA triblock copolymer solutions with
concentrations ranging from 1 x 10~* to 1 mg/mL having py-
rene concentration of 6 x 10~’M. Details of the experimental
procedure were given elsewhere.””

Light Scattering Experiments

DLS experiments of block copolymers and silver nanoparticles
were carried out by a Brookhaven laser scattering system®’
equipped with a BI-200SM research goniometer, a TurboCorr
digital corrector (BI-9000AT) with a maximum number of 522
channels, and a He-Ne laser of a wavelength 632.8 nm was
used. Solutions were filtered by a nylon 6,6 filter paper of 0.45
pUm pour diameter to remove dust particle. The particle size dis-
tributions were performed at 25°C at a fixed scattering angle of
90°. Details of the experimental procedure were given
elsewhere.””

Thermal Study

Thermo gravimetric analysis (TGA) was performed using Met-
tler TGA thermo gravimetric analyzer in the temperature range
from 40 to 600°C with a heating rate of 20°C/min under N,
atmosphere. Differential Scanning Calorimeter (DSC) measure-
ment was performed using Mettler 832 DSC instrument under
N, atmosphere. The instrument is calibrated with indium before
use. The samples were first heated to 200°C at 20°C/min heat-
ing rate and held at this temperature for 5 min to remove the
thermal history, followed by quenching to —120°C. A heating
rate of 10°C/min was used for second heating run. Results were
reported from the second heating run. The glass transition tem-
perature (T,) was taken as the midpoint of the heat capacity
change. The melting temperature (7T,,) was taken as the temper-
ature of maximum of endothermic peak.

Synthesis of Hydroxyl-Terminated Polyurethanes
(HO-PU-OH) (Scheme 1) (Run 1, Table I)

In a 150 mL dried and nitrogen purged round-bottom flask,
polytetramethylene glycol (PTMG, M, = 1400 g mol™") (5 g,
3.57 mmol) was taken and melted at 70°C. To it, 1, 6-hexam-
ethylene diisocyanate (HMDI) (0.3004 g, 1.79 mmol) was added
with stirring under nitrogen atmosphere at 70°C, and stirring was
continued for 3h at 70°C. A paste-like white product, which was
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solid at room temperature, was formed. Yield (gravimetric) =
96%. 'H-NMR (CDCl;, 300 MHz) [Figure 1(a)]: 6 = 1.31 (b,
4H)), 1.45 (b, 4Hy), 1.62 (s, 4Hy, + 8H, + 4H,), 2.55 (t, 2H)), 3.18
(t, 4H,), 3.41 (s, 16H), 3.62 (t, 4H,), 4.05 (t, 4H). M, (NMR) =
2680 g mol ', M,, (GPC) = 3300 g mol ', M,,/M,, = 1.39.

Synthesis of Polyurethanes Dibromide (Br-PU-Br) (Scheme 2)
(Run 2, Table I)

In a 100 mL dried and nitrogen purged round-bottomed flask,
polyurethane dihydroxy [M, (NMR) = 2680 g mol ', 2 g, 7.46
x 107* mol] was dissolved in dry THF (40 mL) with triethyl-
amine (0.73 mL, 5.25 mmol) with stirring under N, atmos-
phere. Then, 2-bromoisobutyryl bromide (0.35 mL, 2.83 mmol)
was added dropwise to the above-mentioned reaction mixture
that was cooled in an ice bath. The reaction mixture was then
stirred overnight at room temperature. The precipitated by-
product (i.e., Et;N.HBr) was removed by filtration and the fil-
trate was evaporated to dryness. The resulting yellow oil was
dissolved in dichloromethane (40 mL) and washed thoroughly
with saturated aqueous sodium hydrogen carbonate solution (3
x 50 mL). The organic layer was further washed with water (3
x 100 mL), dried over anhydrous magnesium sulfate, filtered.
The filtrate was evaporated and dried under vacuum at room
temperature to get the yellow paste product. Yield (gravimetric)
= ~100%. 'H-NMR (300 MHz, CDCl;) [Figure 1(b)]: 6 = 1.31
(b, 4Hj), 1.45 (b, 4H,), 1.62 (s, 4H, + 8H. + 4H.), 1.85 (s,
12H,), 3.18 (t, 4Hy), 3.41 (s, 16Hy), 4.05 (t, 4Hy), 4.2 (t, 4H,).
M, (NMR) = 2900 g mol™", M, (GPC) = 4900 g mol™', M,/
M, = 1.37.

Typical Synthesis of PGAMA4-b-PU-b-PGAMA4 Triblock
Copolymer (Scheme 2) (Run 3, Table I)

In a dried and nitrogen purged Schlenk tube, 0.1 g [3.45 X
107> mol, calculated on the basis of molecular weight (2900
g mol™!) obtained from 'H NMR] Br-PU-Br was dissolved
in 1 mL of DME To it, 125 mg (4.07 x 10~* mol) GAMA
and 5.9 mg (4.1 X 107> mol) CuBr were added. A homoge-
neous solution was obtained after stirring and degassed under
nitrogen for 30 min. A stock solution of 2, 2’ bipyridyl in
DMF was prepared beforehand having concentration of 16.4
x 1072 mol/L and purged with nitrogen for 30 min. Totally,
0.5 mL (containing 12.8 mg, 8.2 x 10> mol) of this nitro-
gen-purged bipyridyl solution was added under nitrogen
atmosphere to the above-mentioned reaction mixture that
was maintained at 20°C. The reaction was continued at 20°C
for 24 h. The reaction was stopped by freezing the reaction
mixture with liquid nitrogen, and exposed to the air. A small
portion of the polymerization mixture was used to determine
the monomer conversion by 'H-NMR. Observed monomer
conversion by 'H-NMR was 100%. The rest of the polymer-
ization mixture was passed through a basic alumina column
using DMF/water mixture (1:1, v/v) as eluent to remove
ATRP catalyst. The filtrate was concentrated, and precipitated
into 75 mL methanol, and dried under vacuum at room tem-
perature for 24 h.

"H-NMR (300 MHz, DMSO-dy): & (ppm) = 0.5-1.2 (b, 6H,,),
1.21 (s, 4H; + 12Hy), 1.46 (s, 16H. + 4H. + 4H), 1.76 (b,
4Hy, + 4H)), 3.19 (t, 4H,), 3.43-3.69 (b, 16H4 + 2H, + 2H, +
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Figure 1. (a) "H NMR spectrum of HO-PU-OH in d-chloroform at ambient temperature. (b) "H-NMR spectrum of Br-PU-Br in d-chloroform at ambi-

ent temperature.

4H,), 3.75-4.23 (b, 4H, + 4H,), 4.3-4.75 (b, 4H; + 4H, +
2H, + 2H,), 5.38 (s, 2H,,).

M,(GPC) = 31,700 g mol™', M,,/M,, = 1.18.

Synthesis of Silver Nanoparticles

The block copolymer PGAMA;q-b-PU-b-PGAMA;, (32 mg,
2.09 x 107> mol/L) (run 5, Table I) was dissolved in 12 mL
deionized water/DMF (9:1, v/v) mixture. The solution was soni-
cated for 1 h. To it, under stirring, 0.3 mL of 0.03M aqueous
AgNOj; solution was added followed by the addition of 0.3 mL
0.03M NaBH, solution. Stirring of the reaction mixture was
continued for 1 h at 30°C. A reddish brown colored transparent
solution was finally formed, which was stable even after 1 year.
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A blank reaction was also carried out simultaneously without
using block copolymer.

RESULTS AND DISCUSSION

Synthesis of PGAMA-b-PU-b-PGAMA Triblock Copolymers

A new amphiphilic triblock copolymer PGAMA-b-PU-b-
PGAMA was synthesized via the combination of condensation
polymerization and copper-catalyzed atom transfer radical poly-
merization. In the first step, HO-PU-OH was synthesized via
condensation polymerization of PTMG and HMDI (2.1:1 molar
ratio) in molten condition at 70°C (Scheme 1). Figure 1(a)
shows the "H-NMR of the resulting polymer. The characteristics
peaks at ~3.41 ppm (d) and ~1.63 ppm (b, ¢, e) correspond to
the aliphatic methylene protons of the backbone PU chain and

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38279
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Figure 2. Gel permeation chromatograms of HO-PU-OH, Br-PU-Br, and PGAMAg-b-PU-b-PGAMAg at 40°C in DME [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

the peak at ~2.55 ppm corresponds to the hydroxyl proton (j)
of the polymer chain-end.

The number average molecular weight of this polymer calcu-
lated from its 'H-NMR, [M, (NMR)] [vide Figure 1(a)] by
comparing the peak area of the aliphatic methylene protons of
the backbone PU chain at ~3.41 ppm (d) to that of the
hydroxyl proton (j) of the polymer chain-end at ~2.55 ppm
was found to be 2680 g mol~'. The corresponding observed
number average molecular weight [M,, (GPC)] and its distribu-
tion (PDI) determined by GPC were 3300 g mol~', and 1.39,
respectively (run 1, Table I and Figure 2). The observed differ-
ence in molecular weights determined by 'H-NMR [M,
(NMR)] and GPC [M, (GPC)] is due to the use of PMMA
standards for calibration in the analysis of the GPC method.
The presence of a hump at the lower molecular weight part of
the corresponding chromatogram indicates the presence of
PTMG as an impurity of 7-8% calculated by the deconvolution
of the chromatogram. HO-PU-OH was reacted with 2-bromoi-
sobutyryl bromide in the presence of triethylamine to prepare
2- bromoisobutyryl-terminated PU (Br-PU-Br) (Scheme 2) (run
2, Table I). Figure 1(b) shows the '"H-NMR of the correspond-
ing polymer. The incorporation of the 2-bromoisobutyryl
groups at the polymer chain-end was confirmed from the
appearance of methyl (k) protons of 2-bromopisobutyryl end-
group of the resulting polymer at around 1.85 ppm. The
observed conversion (%) of the —OH into its corresponding 2-
bromoisobutyryl end-group calculated using 'H NMR by com-
paring the peak area of the hydroxyl proton at ~2.55 ppm with
that of the methyl protons of 2-bromoisobutyryl end-group at
~1.85 ppm was around 88%. The observed M, (NMR) of this
polymer calculated from its "H-NMR [Figure 1(b)] by compar-
ing the peak area of the aliphatic methylene protons of the
backbone PU chain at ~3.41 ppm (d) to that of the methylene
protons (a) of the polymer chain-end at ~4.2 ppm was 2900
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g mol ™. The corresponding observed M, (GPC) and PDI were
4900 g mol~' and 1.37, respectively (run 2, Table I and Figure
2). The observed higher value of M, (GPC) of Br-PU-Br with
respect to that of HO-PU-OH is due to change in the hydrody-
namic volume owing to the incorporation of 2-bromoisobutyryl
end-group.

The Br-PU-Br was then used as macroinitiator for the copper-
catalyzed ATRP of GAMA in DMF using [Br-PU-Br]: [CuBr]:
[bpy] = 1: 2: 4 at 20°C (Table I). Runs 3, 4, and 5 (Table I)
correspond to 12, 30, and 60 equivalent of GAMA monomer
loading with respect to the Br-PU-Br macroinitiator, respec-
tively. The corresponding monomer conversions were about
100%. Molecular weight of the corresponding block copolymers
increased with increase in the monomer loading as expected.
Typical GPC chromatograms of run 3 (Figure 2) show the shift
of the polymer peak toward higher molecular weight. Moreover,
typical 'H-NMR spectrum of the block copolymer (run 5) in
DMSO-d [Figure 3(a)] shows, in addition to the characteristic
peaks of the PU block, the presence of the characteristic peaks
of the backbone methylene protons (1) at ~ 1.55-2.15 ppm, and
the backbone methyl protons (m) of the PGAMA block at
~0.5-1.2 ppm apart from other methylene and methine protons
of the PGAMA block overlapped at ~3.75-4.23 and ~4.3-4.75
ppm. The observed mole-fraction of PGAMA block in these
block copolymers calculated on the basis of "H-NMR and GPC
molecular weights were within the range of 0.83-0.97. The
observed difference in different molecular weights is (1) due to
the change in the hydrodynamic volume owing to the incorpo-
ration of PGAMA block in the corresponding block copolymer,
and (2) due to the use of standard PMMA polymers for calibra-
tion in GPC method.

Therefore, the synthesis of these block copolymers confirms the
successful occurrence of the chain extensions.
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Figure 3. "H-NMR spectra of triblock copolymer of PGAMAs(-b-PU-b-PGAMA;, in DMSO-ds (a) and D,O (b) at ambient temperature.

FTIR Studies

Figure 4 shows the FTIR spectra of (a) HO-PU-OH, (b) Br-PU-
Br, and (c) triblock copolymer PGAMA ;o-b-PU-b-PGAMA;(. In
all spectra, the band at 2850-2940 cm™' corresponds to both
the symmetric and asymmetric C—H stretching vibrations. The
single stretching vibration of the polyurethane carbonyl (C=0)
group was observed at around 1717 and 1733 cm ™' in HO-PU-
OH and Br-PU-Br, respectively; but, in the block copolymer,
two stretching vibrations of the carbonyl (C=0) groups were
observed at 1725 and 1657 cm ™" : first one was due to the ure-
thane (NH(C=O0)O) linkage in polyurethane chain as well as
due to the ester linkage in PGAMA chain and second one was
due to the amide (NHC=O) linkage in PGAMA chain. The
C=O0 stretching frequency of PGAMA was observed at 1719
and 1652 cm ™' (Supporting Information).

The shifting of peak positions clearly indicates block copolymer
formation and change in interaction. Moreover, the broad band
at 3466 cm™~' in HO-PU-OH was due to the presence of the
N—H and the O—H stretching vibrations, while the low inten-
sity band at 3346 cm™' in Br-PU-Br was due to the N—H
stretching vibrations alone. The observed low intensity of this
band supports the formation of bromo substituted PU. On the
other hand, a high intensity broad band was observed at 3415
cm™' in the block copolymer due to the combined N—H
stretching vibrations in PU chain and the O—H stretching
vibrations in PGAMA chain. Observation of all these bands
clearly supports the formation of triblock copolymer. In addi-
tion to these, the C—H bending vibrations of methylene groups
were observed at 1446, 1460, and 1444 cm ' in HO-PU-OH,
Br-PU-Br, and the block copolymer, respectively; stretching

Mah\‘rlfu’s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

vibrations of the O—C bond adjacent to the ester linkages were
observed at 1112, 1162, and 1160 cm™~" in HO-PU-OH, Br-PU-
Br, and block copolymer, respectively. The presence of a new
peak at 642 cm™' in Br-PU-Br corresponds to C—Br bond.
Presence of all these FTIR bands supports the formation of Br-
PU-Br and PGAMA-b-PU-b-PGAMA from HO-PU-OH.

PGAMA 3-b-PU-b-PGAMA,,
(c)

Br-PU-Br
(b)

HO-PU-OH
(a)

4000 3500 3000 2500 2000

Wavenumber (cm™")

1500 1000 500

Figure 4. FTIR spectra of (a) HO-PU-OH (b) Br-PU-Br, and (c)
PGAMA 3-b-PU-b-PGAMAs.
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Figure 5. (a) TEM image of the micelles obtained from aqueous solution
of PGAMA;o-b-PU-b-PGAMA;, (run 5, Table I) (0.5 mg/mL). (b) Hydro-
dynamic diameter (quadratic) distribution/plot of scattering intensity vs.
effective hydrodynamic diameter (quadratic) of PGAMA4-b-PU-b-
PGAMAg and PGAMA;(-b-PU-b-PGAMA;, at 0.5 mg/mL concentration
in water at 90° scattering angle. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Self-Assembly of Amphiphilic Triblock Copolymer

The 'H-NMR of PGAMA ;,-b-PU-b-PGAMA;, block copolymer
in D,O [Figure 3(b)] clearly shows the suppression of all char-
acteristic peaks of the PU block in contrary to the presence of
all characteristic peaks of the PU and the PGAMA blocks in the
'"H-NMR of the same in DMSO-dj [Figure 3(a)]. This observa-
tion indicated the possible formation of micellar aggregates in
D,0 with PU-block as the core and PGAMA-block as the shell
which was confirmed from the TEM image [Figure 5(a)] of the
uniform spherical micelles formed in water with an average
micellar dimension of ~35.2 nm. The corresponding observed
average miceller diameter obtained from DLS measurement at
90° scattering angle was higher (~50.2 nm) [Figure 5(b) and
Supporting Information Figure Sla]. This is presumably due to
the collapse of the micellar structure on TEM grids during dry-
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ing up process.”” Moreover, Figure 5(b) also shows that miceller
diameter decreases with the increase in the hydrophilic PGAMA
block length as expected.

To study the critical micellar concentration (CMC) of these
block copolymers in water, fluorescence spectroscopy technique
was employed with pyrene as probe.”®**° Figure 6(a) shows the
typical fluorescence excitation spectra (300-360 nm) of pyrene
(6 x 107’M) at different PGAMA ;,-b-PU-b-PGAMA;, concen-
tration recorded at an emission wavelength of 394 nm. Figure
6(b) shows the corresponding plot of the ratio of the peak
intensities of the excitation spectra of pyrene at 337.07 nm
(I337.07) and 333.07 nm (L333;) vs. the logarithmic concentra-
tion (mg/mL) of the block copolymer in water. The sharp
inflection point of two straight lines at lower concentration was
considered as the CMC of the block copolymer. The observed
CMC was ~0.09 mg/mL (run 5, Table I). CMC values of the
block copolymers have increased with the increase of the chain
length of the hydrophilic PGAMA block as expected, e.g., 0.012
mg/mL for PGAMA4-b-PU-b-PGAMA4 and 0.039 mg/mL for
PGAMA 5-b-PU-b-PGAMA 5 (runs 3 and 4, Table I, Supporting

(a)
— Cone. (mg/mL)
E] a=0.0001
&) b =0.00075
&= ¢= 001
Z d=0.1
Z e=04
2 f=0.5
| g=06
T T T T T - 1
300 310 320 330 340 350 360
Wavelength (nm)
1.34
1.2
1.1
5
g 107
8
=
2
_ 209+
0.8
0.7+ 0.09 mg/ml
'—v—rrrvmmr—r—r"mmf—ﬁwmq—r—rm
1E-5 1E-4 1E-3 0.01 0.1 1 10

log C

Figure 6. (a) Fluorescence excitation spectra (300-360 nm) (monitored at
Jem = 394 nm) of pyrene (6 x 10 ’M) in the presence of increasing con-
centration (mg/mL) of the block copolymer PGAMA ;-b-PU-b-PGAMA;,
(run 5, Table I) solution in water. (b) Semi-logarithmic plot of the fluo-
rescence excitation intensity ratio (Iss7.07/I333.07) of pyrene (6 x 107 7M)
(monitored at A, = 394 nm) vs. the concentration (mg/mL) of the block
copolymer PGAMA ;-b-PU-b-PGAMA;, in water.
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Figure 7. TGA curves of HO-PU-OH, PGAMA, and the triblock copoly-
mer PGAMAg4-b-PU-b-PGAMA,.

Information Figures S2 and S3). Similar types of results for A-
B-A type hydrophilic-end amphiphilic triblock copolymer were
also reported in the literature.’® All these observations con-
firmed the amphiphilic character of the formed PGAMA-b-PU-
b-PGAMA block copolymers.

Thermal Analysis

Figure 7 shows the TGA curves of HO-PU-OH, PGAMA, and
the block copolymer PGAMAg4-b-PU-b-PGAMA4 (run 3, Table
I). The decomposition of PU occurred through the initial grad-
ual loss in the region ~250-400°C due to the decomposition of
urethane linkage followed by the greater mass loss in the region
~ 400—470°C due to the decomposition of PTMG block.*!
Thermal stability of PGAMA was lower than that of PU.
PGAMA;-b-PU-b-PGAMA,4 block copolymer undergo initial
slight weight loss in the region ~90-120°C owing to the evapo-
ration of adsorbed moisture followed by two stage broad mass
losses: one at ~200-250°C region was due to the decomposition
of PGAMA and another one at ~250—550°C region was due to
the decomposition of PU chains. Profiles of the TGA curves of
the block copolymers were close to that of PGAMA due to the
presence of two blocks of PGAMA in the block copolymer. The
thermal stability of the block copolymer was lower than that of
PU mainly due to the higher content of temperature susceptible
PGAMA block in the block copolymer.

DSC thermograms of the HO-PU-OH, PGAMA and two block
copolymers PGAMA-b-PU-b-PGAMA, and PGAMA 39-b-PU-b-
PGAMA;, are shown in Figure 8. The glass transition tempera-
ture (T,) of HO-PU-OH was observed at approximately —
40.9°C, while the melting temperatures (7,,) were observed at
~17.7°C with the corresponding heat of fusion (AH,,) of 32.5
J/g due to the melting of soft segment consisting of PTMG and
at ~97.2°C with the corresponding AH,, of 1.2 J/g due to the
hard segment consisting of HMDI from PU. The low intensity
higher temperature peak is due to low abundance of hard seg-
ment content in the PU chain. It is worthy to mention that the
T, of PGAMA was observed at ~85.5°C. For the block copoly-
mer PGAMAg-b-PU-b-PGAMAg, a very weak T,, of the semi-
crystalline soft PTMG segment of the PU block was observed at
~9.6°C, while the T,, of the crystalline hard segment of the PU
block was observed at ~88.3°C. This suppression of the T, of
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the PU segment and the T,, of the PTMG block of the PU seg-
ment may be due to the miscibility of the melt PU segments
with longer amorphous PGAMA segment through the forma-
tion of PU micro-domain in PGAMA macro-domain. There
may be another possibility that the T, of the amorphous
PGAMA block may merge with the melting temperature of hard
segment ~88°C. Similar DSC thermograms were also observed
with the block copolymers PGAMA;(-b-PU-b-PGAMA;, having
longer PGAMA segments. So, all these observations supported
the successful formation of PGAMA-b-PU-b-PGAMA block
copolymers.

Controlled Synthesis of Ag-Nanoparticles

The usefulness of the typical amphiphilic block copolymers has
been demonstrated for synthesizing nanoparticle with varying
size. The change of color of the homogeneous mixture of
AgNO; and PGAMA;-b-PU-b-PGAMA;, block copolymer in
deionized water/DMF (9:1, v/v) mixture from colorless to red-
dish brown upon addition of the reducing agent NaBH, was in-
dicative of the formation of silver nanoparticles. The appearance
of a distinct characteristic absorption peak at ~421 nm in the
UV-Vis spectrum [Figure 9(a)] confirms the existence of Ag
nanoparticle."> Moreover, a strong absorbance peak at ~248 nm
of pure block copolymer solution indicate its micellar structure
while its disappearance/very diffused peak strongly suggest the
breakage of micelles in presence of Ag ion. However, the Ag-
nanoparticle colloids are stable in dispersion even after 1 year as
evidenced by the absence of any precipitated/aggregated silver
nanoparticles. Silver ion reduction was conducted with similar
ion and polymer concentration but with varying block length of
PGAMA. The red shifting of the distinct characteristic peak cor-
responds to silver nanoparticles has been observed in the UV-
Vis spectra with increasing chain length of the PGAMA segment
of the PGAMA-b-PU-b-PGAMA block copolymers [Figure 9(b)]
clearly indicating the formation of larger Ag-nanoparticles using
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——— PGAMA-b-PU-b-PGAMA,

- T - - - T - T T T T 1
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Figure 8. DSC thermograms of the HO-PU-OH, PGAMA, and two block

PGAMA-b-PU-b-PGAMA,, and ~ PGAMAo-b-PU-b-
PGAMA;. [Color figure can be viewed in the online issue, which is avail-

copolymers

able at wileyonlinelibrary.com.]
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Figure 9. (a) UV-Vis spectra of Ag-nano-particles formed using
PGAMA;,-b-PU-b-PGAMA;, triblock copolymer and of the only block
copolymer PGAMA;y-b-PU-b-PGAMA;, in DMF/water (1:9, v/v). (b)
UV-Vis spectra of Ag-nano particles formed using of PGAMAg-b-PU-b-
PGAMA¢ and PGAMA;o-b-PU-b-PGAMA;, triblock copolymers in DMF/
water (1:9, v/v). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

longer hydrophilic PGAMA chain. Further, the prominent peak
at 248 nm, characteristics of micellar structure, gradually van-
ishes with larger block length of PGAMA in the presence of Ag
ion suggesting the existence of some micellar environment for
smaller PGAMA block presumably due to poor complex form-
ing ability of Ag ion with very few PGAMA segment. On the
contrary, large PGAMA block can form complex with Ag ion
and, thereby, can destroy the micellar organization as evidenced
from the diffuse to disappearance of peak. However, the size
and shape of the resulted nanoparticles have been examined by
using TEM. Figure 10 shows the spherical morphology of nano-
particles with average particle diameter of 15 nm for larger
PGAMA block (PGAMA;y-b-PU-b-PGAMA;,). The average di-
ameter of the nanoparticles is 7 nm for smaller PGAMA block
(PGAMAg-b-PU-b-PGAMAg). Hence, fine tuning of nanopar-
ticle dimension is made possible through varying PGAMA block
length. It is noteworthy to mention that the corresponding con-
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trol reaction without using block copolymer showed the forma-
tion of the unstable aggregated black color Ag particles. In addi-
tion, there was a formation of unstable Ag particle flocculation
using the same block copolymer at the concentration below its
CMC value. This clearly suggests that the minimum polymer
concentration is the precondition of metal nanoparticles synthe-
sis as stable complexation can only be formed in presence of
sufficiently lengthy chain through coordinate bonding. Further,
the high resolution

TEM image distinctly show the planner spacing of 0.25 nm in-
dicative of Ag crystal of (100) plane (inset image Figure 10).
Moreover, the relative particle dimensions were confirmed by
the DLS study of the corresponding Ag-nanoparticles (Support-
ing Information Table S1, Figures S1b and S1d). The absolute
value of particle dimension differ in DLS presumably due to
hydrodynamic volume of particles embedded in polymer chain
in solution phase while TEM measurements have been per-
formed after removing the solvent. Similar type of result was

(b)

Figure 10. TEM images of Ag-nano particle obtained using (a) PGAMA-
b-PU-b-PGAMAg4 and (b) PGAMA;y-b-PU-b-PGAMA;, (high resolution
TEM of single particle as inset in both images).
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also reported for the synthesis of gold naoparticles using poly(-
ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
amphiphilic PEO-PPO-PEO block copolymers.”> Therefore,
these triblock copolymers are very useful for the synthesis of
regulated Ag-nanoparticles. More importantly, one can regulate
the size of metal nanoparticles by varying the size of hydrophilic
PGAMA chain length. Now, it is important to know the mecha-
nism of nanoparticle synthesis and its controlled dimension by
changing the block length. A scheme for the Ag-nanoparticle
synthesis has been proposed: double hydrophilic PGAMA-b-PU-
b-PGAMA block copolymers form micelles through the aggrega-
tion with the hydrophobic PU segments as the core and the
hydrophilic PGAMA as the shell. Ag" ions can form complex
preferably with the pendent hydroxyl group of PGAMA result-
ing the breakage of micellar structure in presence of Ag ions.
Then, the reduction of Ag" to Ag takes place after addition of
NaBH, and the metal gets stabilized within the hydrophilic
pendant PGAMA cage through complexation followed by its
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growth to bigger size of Ag nanoparticles [Scheme 3(a)]. For a
specific Ag” and NaBH, concentration, complexation of Ag"
with the pendent hydroxyl group of the PGAMA chain is more
efficient and high in number density for longer block size of
hydrophilic PGAMA chain and during growth process few of
those nuclei may merge forming larger nanoparticle [Scheme
3(b)]. On the contrary, for smaller block length like in
PGAMA;-b-PU-b-PGAMA, only few complexes can form lead-
ing to very few nucleation site and small particle can be stable
in smaller dimension hydrophilic cage. Further, the size distri-
bution of nanoparticles has also been explained in a similar
manner with stabilization of nanoparticle point of view. In this
regard, the formation of Ag nanoparticles within the medium
cannot be ruled out and such Ag nanoparticles may get stabi-
lized through the adsorption at the hydrophilic PGAMA region
restricting their precipitation. However, the dimension of the
Ag nanoparticle can be varied using different length of amphi-
philic block of the copolymer.
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CONCLUSIONS

In conclusion, novel amphiphilic ABA-type PGAMA-b-PU-b-
PGAMA triblock copolymers were successfully synthesized by
combining the step-growth and copper-catalyzed ATRP poly-
merizations. The resulting block copolymers formed spherical
micelles in water as revealed by TEM, supported by '"H-NMR
spectroscopy, and light scattering. Miceller size increases with
increase in hydrophilic PGAMA chain length as revealed by DLS
study. The CMC value of the resulting block copolymers
increased with the increase of the chain length of the PGAMA
block. Thermal studies by TGA and DSC supported the block
copolymer formation and their relative thermal stability and
interaction. Spherical Ag-nanoparticles were successfully synthe-
sized using these block copolymers as stabilizer and size of the
Ag nanoparticles can be tailored by altering the length of
amphiphilic chain length (PGAMA). Higher is the PGAMA
length larger is the Ag nanoparticle. A complexation mechanism
has been proposed for the formation of stable and regulated Ag
nanoparticle using various chain length of hydrophilic PGAMA
block of the tri-block copolymer. Synthesis of such amphiphilic
block copolymers will find extensive applications in drug deliv-
ery and metal nanoparticle synthesis. Moreover, the Ag-nano-
composite of such block copolymer may find applications in
antimicrobial coating and wound healing applications.
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