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Twelve amphiphilic polymers were synthesized using poly(ethylene glycols) (PEGs) of different molecular weights, viz. 1000, 2000
and 4000 as hydrophilic block and linkers namely azelaic acid, sebacic acid, dimethyl isophthalate acid and dimethyl terephthalate as
hydrophobic block in the presence of catalyst Conc. H»SOj4. Synthesized polymers were characterized by using 'H-NMR, '3C-NMR
and IR spectroscopy. Micellar sizes of the polymers were determined using Dynamic Light Scattering (DLS) which ranged from
51.6-174 nm for aliphatic polymers and 135.5-371 nm for aromatic polymers. Transmission Electron Microscope (TEM) results
confirm the findings of DLS. Critical Micelle Concentrations (CMC) of the synthesized polymers were determined using electrical
conductivity meter which ranged from 95 to 130 mg L~ for aliphatic polymers and 420-1500 mg L~! for aromatic polymers.

Keywords: Amphiphilic polymers, poly(ethylene glycols), aliphatic diacids, aromatic diacids, '"H-NMR, *C-NMR, IR spectroscopy,

DLS, TEM, CMC

1 Introduction

Interest in the synthesis and characterization of am-
phiphilic block and graft copolymers has increased
enormously in recent years. This is owing to their unique
molecular structure, which consists of at least two parts
with different chemical natures, constituting an am-
phiphilic (amphi: of both kinds; philic: having an affin-
ity for) character. Amphiphilic block copolymers consist
of a hydrophobic block that is insoluble in water and a
water-soluble hydrophilic block (1). In fact, parallels can be
drawn between typical surfactants and amphiphilic copoly-
mers having both hydrophilic and hydrophobic blocks.
The presence of two antagonistic parts in the molecular
structure of amphiphilic molecules leads to particular char-
acteristic properties in solution, such as adsorption at inter-
faces and surfaces, self-assembly into micellar aggregates
with a wide variety of geometries (2). Such amphiphilic
copolymers find numerous applications as emulsifiers, dis-
persants, foamers, thickeners, rinse aids, and compatibiliz-
ers (3). Generally, in comparison to classical surfactants,

*Address correspondence to: Jitendra Kumar, Division of Agri-
cultural Chemicals, Indian Agricultural Research Institute, New
Delhi 110012, India; Email: jitendrakumar7@yahoo.com

amphiphilic diblock copolymers exhibit reduced mobility
and slower diffusion rates (4). Moreover, macro-surfactants
have much lower critical micelle concentrations (CMC)
than their low-molecular-mass counterparts (5, 6).

The micellar characteristics of amphiphilic block copoly-
mers depend on the nature of both blocks. It was observed
that surface properties of self-organized micelles are highly
dependent on the structures of the hydrophilic blocks (7-9).
The unique properties of poly(ethylene glycol) (PEG), in-
cluding a wide range of solubility, lack of toxicity and non-
interference with enzymatic activities, make them an ideal
carrier of drugs and other bioactive materials (10).

The synthesis and self assembly of copolymers derived
from PEGylated aromatic and aliphatic esters have been
reported earlier (11-16). The amphiphilic polymers used
in the self-assembly are based on poly(ethylene glycol) and
various diesters, synthesized by chemical and enzymatic
methods (13, 15).These copolymers were used in drug de-
livery systems as they were capable of encapsulating both
hydrophilic and hydrophobic drugs (17, 18). They found
that the design of the system and synthetic strategy is very
flexible and provides a high degree of control over the poly-
mer structures. This allowed the tuning of the properties
of the micelle disruption, the critical micelle concentration
and the size of micelles.
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Sch. 1. General method of polymerization of aliphatic di-acids (viz., azelaic acid and sebacic acid) and PEG (MW-1000, 2000 and

4000).

In the present investigation, polymers with PEG as back-
bone and different aliphatic diacids and aromatic diesters
as linker were synthesized and characterized for their fu-
ture use in pesticide delivery and also to study their self
assembling characters.

2 Experimental

2.1 Materials

Poly(ethylene glycols) (PEGs) of different molecular
weights viz. 1000, 2000 and 4000 were procured from Sigma
Aldrich, India. Diacids namely azelaic acid, sebacic acid,
dimethyl isophthalate and dimethyl terephthalate were sup-
plied by Sigma Aldrich, India. 98% conc. H,SO,4 and
silicon oil bath on temperature controlled hot plate fit-
ted with magnetic stirrer and vacuum pump were also
used for synthesis of amphiphilic nanopolymers. AR grade
solvents and chemicals were used for processing of the
products.

2.2 General Methods for the Synthesis of Nano-ranged
Amphiphilic Polymers

PEG-based amphiphilic polymers were synthesized with
different aliphatic diacids and aromatic diesters as linker
molecules (Schs. 1, 2 and 3). The numbers 1000, 2000
and 4000 represent the average molecular weights of
PEG blocks, respectively which were used to form the
main molecular chains of the copolymers. The monomers,
diacids or esters and poly(ethylene glycols) of different
molecular weights, viz. 1000, 2000 and 4000 were placed
(in equimolar amount) in a two-necked round bottom flask
and kept on a silicon oil bath at a constant temperature at
90°C for aliphatic and 65°C for aromatic diacids. The reac-
tion was performed under vacuum with constant stirring.
After proper mixing of both reagents, one drop of concen-
trated H,SOy4 (0.1% with respect to monomers) was added
in the round bottom flask. The reaction was allowed to
proceed for 24 h and was monitored at different intervals
by thin layer chromatography (TLC). After the comple-
tion of the reaction, the products were quenched by adding

0] 0]
0
MeO OMe  HO OH
n

Temperature- 65-70°C
Conc. H,80, ]

MeO” ONO\V\O)/ [Fant

m

Sch. 2. General method of polymerization of dimethyl isophthalate and PEG (MW-1000, 2000 and 4000).
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Sch. 3. General method of polymerization of dimethyl terephthalate and PEG (MW-1000, 2000 and 4000).

chloroform and unreacted H,SO,4 was neutralized using a
NaOH solution. The unreacted di-acids were removed by
filtration. The organic solvent was then evaporated under
vacuum and the residue was dialyzed using membrane fil-
tration (MWCO 10000). The product polymers were freeze-
dried and characterized with the help of Nuclear Magnetic
Resonance (NMR) (Bruker 400MHz) and IR (Alpha ATR-
Bruker) spectroscopy and the particle size was determined
by Particle size analyzer and Transmission Electron Mi-
croscopy (TEM).

2.3 'TH-NMR, 13C-NMR and IR Spectroscopy Data
2.3.1 Poly[poly-(oxyethylene-1000)-oxyazelaioyl] (A1)

Polymer 1. Al- Poly[poly (oxyethylene-1000)-oxy azelaoyl]
polymer

Polymer 2. A2- Poly[poly (oxyethylene-2000)-oxy aze-
laoyl] polymer

Polymer 3. A4- Poly[poly (oxyethylene-4000)-oxy aze-
laoyl] polymer

Structure of Azelaic Acid Based Polymers

'H -NMR Data (CDCl): § 3.61-3.79 (brs, methylene
PEG protons on C-12H and C-13H carbons of the repeat-
ing units and on C-11H), 4.21 (¢, 2H, C-10H), 2.30 (¢, 4H,
C-2H and C-8H), 1.61 (m, 4H, C-3H and 7H), 1.30 (m, 6H,
C-4H, 5H and 6H). PEG end OH group had shown peak
at varied § values.

I3C-NMR (CDCl3): § 24.75 (C-4, C-5 and C-6), 28.86 (C-
3 and C-7), 34.06 (C-2 and C-8), 61.55(C-a) 63.25 (C-B),
69.51 (C-11), 70.5 (C-12 and C-13 of PEG repeating units),
72.40 (C-10), 173.67 (C-9), 176.1 (C-1).

IR data: 3394 cm~! (OH stretching), 2862 cm~! (CH
stretching), 1732 cm™! (C = O stretching), 1092 cm™!
(Stretching vibration from C-O-C of PEG repeating unit).

2.3.2 Poly[poly-(oxyethylene-2000)-oxyazelaoyl] (A2)

TH-NMR Data (CDCl3): § 3.57-3.64 (brs, methylene PEG
protons on C-12H and C-13H carbons of the repeating
units and on C-11H), 4.21 (¢, 2H, C-10H), 2.29 (¢, 4H, C-
2H and C-8H), 1.60 (m, 4H, C-3H and 7H), 1.31 (m,6H,
C-4H, 5H and 6H). PEG end OH group had shown peak
at varied § values.

I3C-NMR (CDCl3): § 24.71 (C-4, C-5 and C-6), 28.81
(C-3 and C-7), 33.91 (C-2 and C-8), 61.49(C-«) 63.1 (C-
B), 68.92 (C-11), 70.32 (C-12 and C-13 of PEG repeating
units), 72.57(C-10), 173.61(C-9), 175.49 (C-1).

IR data: 3500 cm~! (OH stretching), 2883 cm~! (CH
stretching), 1732 cm™! (C = O stretching), 1097 cm™!
(Stretching vibration from C-O-C of PEG repeating unit)

2.3.3 Poly[poly-(oxyethylene-4000)-oxyazelaoyl] (A4)

'H-NMR Data (CDCls): § 3.53-3.64 (brs, methylene PEG
protons on C-12H and C-13H carbons of the repeating
units and on C-11H), 4.27 (¢, 2H, C-10H), 2.3 (¢, 4H, C-2H
and C-8H), 1.57 (m, 4H, 3H and 7H), 1.27 (m,6H, C-4H,
5H and 6H). PEG end OH group had shown peak at varied
8 values.

I3C-NMR (CDCl;): § 24.87 (C-4, C-5 and C-6), 27.40
(C-3 and C-7), 34.05 (C-2 and C-8), 61.38(C-a) 63.31 (C-
B), 68.94 (C-11), 70.30 (C-12 and C-13 of PEG repeating
units), 72.61(C-10), 173.66(C-9), 175.52 (C-1)
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IR data: 3554 cm~! (OH stretching), 2875 cm~! (CH
stretching), 1732 cm™! (C = O stretching), 1099 cm™!
(Stretching vibration from C-O-C of PEG repeating unit).

2.3.4 Poly[poly-( Oxyethylene-1000)-oxysebacoyl] (S1)

oy {14\ [p i
AN
O 12 \hs/\n.l 4
m

Polymer 4. S1- Poly [poly (oxyethylene-1000)-oxysebacoyl]
polymer

Polymer 5. S2- Poly [poly
oxysebacoyl] polymer

Polymer 6. S4 Poly [poly
oxysebacoyl] polymer

(oxyethylene-2000)-

(oxyethylene-4000)-

Structure of Sebacic Acid Based Polymers

TH-NMR Data (CDCl): § 3.63-3.71 (brs, methylene
PEG protons on C-13H and C-14H carbons of the re-
peating units and on C-12H, C-a and C-8), 4.21 (¢, 2H,
C-11H), 2.31 (¢, 4H, C-2H and C-9H), 1.62 (m, 4H, C-3H
and C-8H), 1.28 (m, 8H, C-4H, C-5H, C-6H and C-7H).
OH group at PEG end had shown peak at varied § values.

I3C.NMR (CDCls): § 24.75 (C-4, C-5, C-6 and C-7),
29.13 (C-3 and C-8), 34.00 (C-2 and C-9) 61.36 (C- ),
63.20 (C-B8), 69.09 (C-12),70.40 (C-13 and C-14 of PEG
repeating units), 72.55 (C-11), 173.63 (C-10), 176.58 (C-1).

IR data: 3560 cm~! (OH stretching), 2863 cm~! (CH
stretching), 1732 cm™! (C = O stretching), 1093 cm™!
(Stretching vibration from C-O-C of PEG repeating unit).

2.3.5 Poly[poly-(oxyethylene-2000)-oxysebacoyl] (S2)

'"H-NMR Data (CDCls): § 3.59-3.70 (brs, methylene PEG
protons on C-13H and C-14H carbons of the repeating
units and on C-12H, C-« and C-8), 4.19 (¢, 2H, C-11H),
2.29 (¢, 4H, C-2H and C-9H), 1.58 (m, 4H, C-3H and C-
8H), 1.27 (m, 8H, C-4H, C-5H, C-6H and C-7H). OH
group at PEG end had shown peaks at varied § values.
I3C.NMR (CDCl;): § 24.85 (C-4, C-5, C-6 and C-7),
28.96 (C-3 and C-8), 33.99 (C-2 and C-9) 61.47 (C- @),
63.12 (C-B), 68.93 (C-12),70.29 (C-13 and C-14 of PEG
repeating units), 72.6 (C-11), 173.67 (C-10), 176.62 (C-1).
IR data: 3566 cm~! (OH stretching), 2862 cm~! (CH
stretching), 1732 cm™! (C = O stretching), 1093 cm™!
(Stretching vibration from C-O-C of PEG repeating unit).

2.3.6 Poly[poly-(oxyethylene-4000)-oxysebacoyl] (S4)

'"H-NMR Data (CDCl3): § 3.57-3.71 (brs, methylene PEG
protons on C-13H and C-14H carbons of the repeating
units and on C-12H, C-a and C-8), 4.20 (¢, 2H, C-11H),
2.28 (¢, 4H, C-2H and C-9H), 1.62 (m, 4H, C-3H and C-
8H), 1.3 (m, 8H, C-4H, C-5H, C-6H and C-7H). OH group
at PEG end had shown peaks at varied § values.

Sarkar et al.

I3C.NMR (CDCl;): § 24.39 (C-4, C-5, C-6 and C-7),
29.52 (C-3 and C-8), 33.89 (C-2 and C-9) 61.34 (C- «),
63.05 (C-B), 68.87 (C-12),70.55 (C-13 and C-14 of PEG
repeating units), 72.57 (C-11), 173.60 (C-10), 176.26 (C-1).

IR data: 3584 cm~! (OH stretching), 2877 cm~! (CH
stretching), 1731 cm™! (C = O stretching), 1103 cm™!
(Stretching vibration from C-O-C of PEG repeating unit)

2.3.7 Poly[poly-(oxyethylene-1000)-oxyisophthaloyl] (11)

) )
3 1 /\/U\(/\ OH
MeO 0 . 5 9| “w
m
5

Polymer 7. I1 Poly[poly (oxyethylene-1000)-oxyisoph-
thaloyl] polymer

Polymer 8. 12 Poly[poly (oxyethylene-2000)-oxyisoph-
thaloyl] polymer

Polymer 9. 14 Poly[poly (oxyethylene-4000)-oxyisoph-
thaloyl] polymer

TH-NMR Data (CDCls): § 3.58-3.73(brs, methylene PEG
protons on C-9 and C-10 carbons of the repeating units
and on C-« and C-8), 3.82 (z, 2H, C-8H), 3.95 (s, 3H, -
COOCH3;), 4.46 (t, 2H, C-7H), 7.54(s, 1H, C-5H), 8.22 (m,
2H, C-4H and C-6H) and 8.67 (s, 1H, C-2H).

I3C.NMR Data (CDCls): § 52.29 (-OCHj3 end group)
61.42 (C-a), 62.93 (C-B), 68.80 (C-8), 70.47 (repeating PEG
units carbon), 72.59 (C-7), 128.59 (C-5), 130.55 (C-4 and
C-6) 133.71 (C-2), 161.97 (-COO-) and 166.12 (-COOMe).

IR-data: 3465 cm~' (OH stretching), 2865 cm~! (CH
stretching), 1725 cm™! (C = O stretching), 1093 cm™!
(Stretching vibration from C-O-C of PEG repeating unit),
734 cm~! (ring CH out-of-plane bending).

2.3.8 Poly[poly-(oxyethylene-2000)-oxyisophthaloyl] (12)

TH NMR Data (CDCl;): § 3.58-3.78 (brs, methylene PEG
protons on C-9 and C-10 carbons of the repeating units
and on C-¢ and C-8), 3.82 (¢, 2H, C-8H), 3.90 (s, 3H, -
COOCH3), 4.32 (¢, 2H, C-7H), and 7.54(s, 1H, C-5H), 8.23
(m, 2H, C-4H and C-6H) and 8.69 (s, 1H, C-2H).

I3C.NMR Data (CDCls): § 52.35 (-OCHj3 end group)
61.58 (C-), 63.00 (C-B), 68.80 (C-8), 70.41 (repeating PEG
units carbon), 72.65 (C-7), 128.60(C-5), 130.59 (C-4 and C-
6) 133.75 (C-2), 161.97 (-COO-) and 166.18 (-COOMe).

IR data: 3470 cm~! (OH stretching), 2867 cm~! (CH
stretching), 1725 cm™! (C = O stretching), 1095 cm™!
(Stretching vibration from C-O-C of PEG repeating unit),
734 cm~! (ring CH out-of-plane bending).

2.3.9 Poly[poly-(oxyethylene-4000)-oxyisophthaloyl] (14)

H-NMR Data (CDCl3): § 3.55-3.66 (brs, methylene PEG
protons on C-9 and C-10 carbons of the repeating units
and on C-a and C-8), 3.78 (¢, 2H, C-8H), 3.83(s, 3H,
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-COOCH3), 4.41 (¢, 2H, C-7TH), 7.52(s, 1H, C-5H), 8.19
—8.21(m, 2H, C-4H and C-6H) and 8.65 (s, 1H, C-2H).

I3C.NMR Data (CDCl;): § 52.30 (-OCHj3 end group)
61.46 (C-a), 62.80 (C-B), 66.83 (C-8), 70.40 (repeating PEG
units carbon), 72.59 (C-7), 128.59(C-5), 130.53 (C-4 and C-
6) 133.69 (C-2), 161.94 (-COO-) and 166.08 (-COOMe).

IR Data: 3470 cm~! (OH stretching), 2880 cm~! (CH
stretching), 1726 cm™! (C = O stretching), 1103 cm™!
(Stretching vibration from C-O-C of PEG repeating unit),
735 cm™! (ring CH out-of-plane bending).

2.3.10. Poly[poly-(oxyethylene-1000)-oxyterephthaloyl]
(T1)

7 10
/\\/0\(\/\ 8 OH
(8} 8 9 s n-1 a
m

(oxyethylene-1000)-

Polymer 10. TI1- Poly[poly
oxyterephthaloyl] polymer

Polymer 11. T2 Poly[poly
oxyterephthaloyl] polymer

Polymer 12. T4 Poly[poly (oxyethylene-4000)- oxytereph-
thaloyl] polymer

TH-NMR Data (CDCl;): § 3.61-3.75 (brs, methylene
PEG protons on C-9 and C-10 carbons of the repeating
units and on C-a and C-8), 3.81 (¢, 2H, C-8H), 3.96 (s,
3H, -COOCH3), 4.52 (¢, 2H, C-7H), and 7.96 (s, 4H, C-2H,
C-3H, C-5H, C-6H).

I3C.NMR Data (CDCls): § 52.33 (-OCHj3 end group)
61.32 (C-a), 64.36 (C-B), 69.92 (C-8), 70.30 (repeating PEG
units carbon), 72.45 (C-7), 129.49 (C-2, C-3, C-5 and C-
6), 133.74 (C-1 and C-4), 161.01 (-COO-) and 166.56 (-
COOMe).

IR data: 3446 cm~! (OH stretching), 2869 cm~! (CH
stretching), 1720 cm™! (C = O stretching), 1095 cm™!
(stretching vibration from C-O-C of PEG repeating unit),
734 cm~! (ring CH out-of-plane bending).

(oxyethylene-2000)-

2.3.11 Poly[poly-(oxyethylene-2000)-oxyterephthaloyl]
(12)

'TH-NMR Data (CDCls): § 3.57-3.74 (brs, methylene PEG

protons on C-9 and C-10 carbons of the repeating units

and on C-a and C-B), 3.79 (¢, 2H, C-8H), 3.92 (s, 3H,

-COOCH3), 4.5 (¢, 2H, C-7H), and 8.09 (s, 4H, C-2H, C-

3H, C-5H, C-6H).

I3C.NMR Data (CDCls): § 52.39 (-OCHj3 end group)
61.35 (C-a), 62.89 (C-8), 68.72 (C-8), 70.06 (repeating
PEG units carbon), 72.43 (C-7), 129.36 (C-2, C-3, C-5 and
C-6), 133.72 (C-1 and C-4), 161.00 (-COO-) and 166.00
(-COOMe).

IR Data: 3450 cm~! (OH stretching), 2868 cm~! (CH
stretching), 1721 cm™! (C = O stretching), 1097 cm™!

459

(Stretching vibration from C-O-C of PEG repeating unit),
735 cm~! (ring CH out-of-plane bending).

2.3.12 Poly[poly-(oxyethylene-4000)-oxyterephthaloyl]
(T4)

TH-NMR Data (CDCls): § 3.59-3.75 (brs, methylene PEG

protons on C-9 and C-10 carbons of the repeating units

and on C-o and C-B), 3.8 (¢, 2H, C-8H), 3.95 (s, 3H, -

COOCH3),4.49 (t,2H, C-7H), and 8.1 (s, 4H, C-2H, C-3H,

C-5H, C-6H).

I3C.NMR Data (CDCl3): § 52.42 (-OCHj3 end group)
61.45 (C-), 62.93 (C-B), 68.78 (C-8), 70.01 (repeating PEG
units carbon), 72.31 (C-7), 129.26 (C-2, C-3, C-5 and C-
6), 133.58 (C-1 and C-4), 161.73 (-COO-) and 165.93 (-
COOMe).

IR data: 3460 cm~! (OH stretching), 2866 cm~! (CH
stretching), 1721 cm™! (C = O stretching), 1094 cm™!
(stretching vibration from C-O-C of PEG repeating unit),
735 cm ™! (ring CH out-of-plane bending).

2.4 Determination of CMC of the Synthesized Polymers

CMC values of the polymers were calculated using electri-
cal conductance data measured using a digital conductivity
meter. The conductivity cell (dip-type with a cell constant
of 0.92) was calibrated with KCI solutions in the appro-
priate concentration range. Various concentrations of am-
phiphilic polymers were prepared in the range of 25 to 300
mg litre~! for aliphatic esters and 100-4000 mg litre~! for
aromatic esters. The conductivity of these solutions was
measured at 25°C. The conductance was measured after
thorough mixing and temperature equilibrium at each di-
lution. The measurement was started with a dilute solution
and the subsequent concentrated solutions were used.

2.5 Sample Preparation for Particle Size Analyzer

Particle size analyzer (Zetatrac™) is based on Dynamic
Light Scattering (DLS) which detects the fluctuation of the
scattering intensity due to the Brownian motion of macro-
molecules or particles in suspension. DLS measurements
were performed at 25°C and light scattering was detected at
a fixed angle. Dual optical probe technology was used for
particle size analysis. Optical light sources were dual solid-
state laser diodes in 780 nm (near-infrared) wavelength.

Solution of both the aliphatic and aromatic polymers
was prepared at their critical micelle concentration (CMC)
value. 5 ml of the sample solution was placed in a glass vial.
A minimum quantity (50uL) of chloroform was added to
the polymer solution and the vial was sonicated for 5 min to
form a proper emulsion. The resulting homogenized emul-
sions were then analyzed for the volume mean diameter
and particle size distribution using the software Microtrac
FLEX.
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Fig. 1. FT-IR spectral patterns of representative aliphatic polymers (Al and S1), aromatic polymers (T1land I1) and PEG. (Color
figure available online.)
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Fig. 2. Distribution of micelle sizes of differnet polymers as obtained from DLS. (Color figure available online.)
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Table 1. Micelle sizes, polydispersity index and CMC of different  Where D9, Do 5 and Dy are the particle diameters deter-
amphiphilic polymers mined at the 90th, 50th and 10th percentiles of undersized
particles, respectively. A PDI indicates the spread of size

Polymer Micelle size CMC values ( x e e

name (nm) + SD PDI 103 mgmL~") 41str11?utlop apd gmaller value is indicative of narrow par-
ticle size distributions

Al 104.1£44.9 0.667 104

A2 131.1£38.9 0.562 110 2.6 Sample Preparation for the Transmission Electron

A4 174.9 4 67.6 0.738 130 Microscopy (TEM) Analysis

2; gigi i;i’ g gggg 1(9)2 The diameter .of the pgrticles was determined using TEM.

S4 139.4 + 40 50 0887 132 Polymer solutions of different concentrations were made in

I 1856+ 51.1 0.632 420 water. Then a drop of the polymer solution was put into

2 206.7 + 64.8 0.498 475 the copper grid coated with a carbon film and stained with

14 371.0+£91.1 0.633 550 uranyl acetate. The excess water was dried gently using a

T1 135.5+£28.6 0.916 665 blotting paper. The samples were used for the TEM analysis

T2 155.9+554 0.881 975 at different magnification levels.

T4 165.7+42.8 0.776 1500

3 Results and Discussions

Polydispersity index (PDI) was calculated by the follow- 3.1 'H-NMR Characterizations
ing formula (19): ) .
The structures of all polymers were established from their
Polydispersity index = (Dy g — Do 1)/Dy 5 '"H-NMR spectrum. The protons of the repeating PEG

= (b)

(c)

Fig. 3. TEM images of the polymers a) A1 (x 120000) and b) S (x200000) c) I4 (x 120000).
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Fig. 4. Variation of specific conductivity vs. polymer concentration, for conductometric determination of the CMC of Azelaic acid
polymers (a) and Sebacic acid polymers (b) at 25°C. (Color figure available online.)

units appeared as a broad singlet in the range § 3.53-6 3.78 in
the case of both aliphatic and aromatic polymers. The two
protons of the methylene group of the PEG chain appeared
at § 4.19 to 6 4.29 as triplet in the case of aliphatic polymers
whereas, it ranged from § 4.32 to § 4.52 in the case of aro-
matic polymers. These methylene protons appear downfield
compared to the corresponding methylene protons of PEG
thereby confirming the formation of the ester linkage. It
has already been reported that 'TH-NMR of ester linkage of
block copolymers of dimethyl 5-hydroxyisophthalate with
polyethylene glycol (PEG) appeared at § 4.5 (20). 'H-NMR
spectrum of amphiphilic polymers based on glutaric acid,
adipic acid, pimelic acid and suberic acid with PEG had
similar characteristic peaks as reported (21). The end hy-

droxyl group of PEG chain had appeared at varied § values.
Therefore, we can say that the synthesized polymers were
open chain.

3.2 BC-NMR Characterizations

I3C-NMR values of all polymers had shown two carbonyl
groups at different § values. In aliphatic polymers, the
higher down fielded carbon at § values more than 175 was
the end carboxyl moiety of the polymer chain. The up field
carbonyl moiety (§173.61-§173.67) was the ester bonded
carbonyl group. In the case of aromatic polymers, the end
carboxyl moiety showed & values ranging from 165.93 to
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Fig. 5. Variation of specific conductivity vs. polymer concentration, for conductometric determination of the CMC of Terephthalate

polymers (a) and Isophthalate polymers (b) at 25°C. (Color figure

166.56 and the ester bonded carbonyl carbon ranges from
8161.00 - 68161.97. This lower down field shift of carboxylic
moiety in aromatic polymers may be due to electron with-
drawing capacity of aromatic moiety. In both the aliphatic
and aromatic polymers, the two protons of the methylene
group of the PEG chain adjacent to ester linkage appears at
8 72.31-72.65. These two peaks at different § values proved
that the synthesized amphiphilic polymers were open chain.
The other § values corresponded to different carbon atoms
in the macromolecules. 3C-NMR values of all polymers
confirm the studies reported in the literature (20, 21).

available online.)

3.3 IR Characterizations

The FT-IR spectra of the synthesized polymers are shown
in Figure 1. A distinguished peak of carbonyl moiety
around 1725 cm~! was shown by the polymers, whereas
no such peak was observed in poly(ethylene glycol). An in-
tense peak was observed at around 1090 cm~!. This peak
was identified as a C-O-C peak of PEG chain. The hydroxyl
peak at around 3500 was observed in both monomer and
polymer; however, in polymers, it was with much reduced
intensity. The characteristic peak of CH stretching was ob-
served for both polymers and PEGs. In the case of aromatic
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Fig. 6. Variation of critical micelle concentrations with respect to hydrophobic blocks of amphiphilic polymer. (Color figure available

online.)

polymer, a distinct peak at around 734-735 cm ™~ attributed
to the ring CH out-of-plane bending vibration.

3.4 Particle Size Analysis

The hydrodynamic diameters of the micelles of the syn-
thesized polymers are summarized in the following Table 1.
The hydrodynamic diameter of the polymers’ micelle varied
from 51.6 nm to 206.7 nm as analyzed by dynamic light scat-
tering (Fig. 2). There was a clear trend in the size of the mi-
celle with PEG’s molecular weight, as well as with different
linker molecules. With an increase in the molecular weight
of PEG, the size of the micelle of synthesized polymer also
increased. This was in agreement with the report where aro-
matic polymers based on dimethyl 5-hydroxyisophthalate
showed an increase of radius of gyration (Rg) with the in-
crease in the size of hydrophilic segment (PEG size) (15,
16).

TEM figures (Fig. 3) confirmed the data observed from
the dynamic light scattering. TEM figures also indicate that
the micelle of the polymer in water was spherical in shape.

3.5 Determination of CMC

The variation of specific conductivity with varied poly-
mer concentrations is shown in for aliphatic polymers
and for aromatic polymer Figures 4 and 5, respectively.
In the case of aliphatic polymers, it was seen that poly-
mers with higher molecular weight hydrophilic segments
showed higher electrical conductivity than polymers of
lower molecular weight hydrophilic segments. Whereas, in
the case of aromatic polymers, as the molecular weight of
hydrophilic segment increases, the electrical conductivity
showed a gradual decrease.

Critical Micelle Concentration (CMC) was recorded as
a point where a sudden change in any physical properties
(specific conductance) occurred. When the conductivity of
solutions with increasing concentration of polymers was
measured, the specific conductivity— surfactant concentra-
tion plots showed two straight lines with different slope.
The first one corresponded to the concentration range be-
low the CMC, when only single polymer units exist in solu-
tion. At higher concentrations, micelles start to form and
a change of slope appeared because the conductivity in-
creases in a different manner. The intersection of these two
straight lines was taken as the CMC value of the surfac-
tant (Figs. 4 and 5). The CMC values are presented in the
Table 1. CMC values of the synthesized polymers ranged
from 95 to 1500 mg L~'. It was seen that in both aliphatic
and aromatic polymers, as the molecular weight or chain
length of the hydrophilic segment i.e., PEG increased, the
CMC values also increased which was in agreement to the
studies reported earlier in the literature (22, 23) (Fig. 6).
The effect of molecular weight on CMC was much higher
in aromatic polymers, whereas it was not that pronounced
in the case of aliphatic polymers. It also was seen that the
aromatic polymerrs were having higher CMC values than
the aliphatic polymers. It was observed that S1 showed the
lowest CMC value whereas, polymer 12 showed narrow size
distribution in terms of PDI.

4 Conclusions

Synthesis and characterization of twelve amphiphilic poly-
mer molecules have been achieved and their self assembling
micelles were studied. The size of these polymeric micelles
showed size in the nano range. Their particle size and
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critical micelle concentration make them favorable to
be used in a delivery system. In a delivery system, they
can be used for encapsulating both hydrophilic and hy-
drophobic bioactive molecules. The novelty of amphiphilic
polymers through aliphatic and aromatic polymers can
also be extended from drug delivery to agrochemical
delivery.
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