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The present paper reports on the syntheses and association behavior of two random copolymers of
sodium N-acryloyl-L-valinate and N-dodecylacrylamide in buffered (pH 8.0) aqueous solution containing
0.1 M NaCl. Surface tension and viscosity results showed pronounced amphiphilic nature of the copol-
ymers in aqueous solution at pH 8.0. Steady-state fluorescence studies using pyrene and N-phenyl-1-
naphthylamine as probe molecules suggested microdomain formation through interpolymer association
above a critical concentration called ‘critical aggregation concentration’ (CAC) as low as ca. 10�3 g L�1. The
local polarity of the hydrophobic domain formed in aqueous solution was estimated from steady-state
fluorescence spectra of pyrene. The microviscosity of the domains was evaluated using 1,6-diphenyl-
1,3,5-hexatriene as a fluorescent probe using steady-sate fluorescence depolarization and time-resolved
fluorescence method. Dynamic light scattering technique was performed over a wide range of concen-
tration to determine hydrodynamic size of the aggregates. It was observed that both copolymers retain
rather open conformation in dilute solutions having polymer concentrations less than CAC. However,
with increase in concentration the intermolecular association becomes favorable towards the formation
of more compact aggregates. The transmission electron microscopic images of both copolymers at
a concentration above CAC revealed spherical aggregates of uniform diameter (w50 nm).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Current research has drawn interest for synthetic polymers
including polypeptides, and related poly(amino acids) owing to
their biocompatibility, biodegradability and various biological
activities [1]. They form a variety of aggregated structures in solu-
tion through the intra- and intermolecular interactions [2,3]. The
self-association is driven by the hydrogen-bonding, electrostatic,
and hydrophobic interactions. Since these synthetic polymers serve
as model systems for biopolymers, a thorough investigation of the
mechanism and the factors influencing these interactions is
important. To mimic biopolymers, poly(N-acryloyl-L-amino acid)
has emerged as a promising biomaterial. Consequently, a variety of
poly(acrylamide)s and poly(methacrylamide)s of different amino
acids have been synthesized to study their characteristic poly-
merization behavior, structures, and properties [4]. Because of their
unique properties, these polymers are not only of fundamental
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interest but also have many potential applications, such as optically
active adsorbents [5], photochromic materials [6], chiral recogni-
tion stationary phases, and metal ion absorbents [7]. These can
serve even as a vehicle for chiral purification media and controlled
release system [8,9]. Casolaro et al. have studied the conformational
behavior of poly(N-acryloyl-L-amino acid) with L-valine and
L-leucine residues in view of their application in chemical valve
system [10,11]. These homopolymers are typical polyelectrolyte in
nature. They contain isopropyl and amido groups which provide
improved temperature sensitivity as in the case of uncharged
p(NIPAAm). Also the ionizable carboxyl groups make them
responsive to pH [12,13]. Domb et al. [14] have reported that
poly(N-acryloyl amino acid)s bearing tyrosine, leucine, phenylala-
nine, tert-leucine, and proline residues are active as heparanase
inhibitors and release of basic fibroblast growth factor from the
extracellular matrix, whereas trans-hydroxyproline, glycine, and
serine containing polymers were active only as heparanase inhib-
itors. It was found that a net anionic charge (i.e. carboxylate group)
is essential for biological activity of these systems.

More recently, hydrophobically modified amino acid-based
water-soluble polymers have become a subject of interest [15,16].

mailto:joydey@chem.iitkgp.ernet.in
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


P. Dutta et al. / Polymer 50 (2009) 1516–1525 1517
This is because these amphiphilic polymers undergo intra- or
interpolymeric hydrophobic associations or at the same time both
types of associations to form micelle-like clusters, which may find
applications in different fields [17], such as personal care formu-
lations, protein solubilization, and drug delivery. Continuing
emergence of advanced applications motivated us to study the
aggregation behavior of hydrophobically modified poly(N-acryloyl-
L-amino acid), which is supposed to be promising biomaterial. It is
anticipated that hydrophobically modified poly(N-acryloyl-L-amino
acid) will self-assemble to form secondary structures with a better
compatibility with biological system and interact favorably with
protein, enzymes, or lipids. This prospective property may result in
hydrophobically modified amino acid-based chiral polyelctrolyte
with some innovative applications. With this in mind, we have
synthesized random copolymers of sodium N-acryloyl-L-valinate
(SAVal) and N-dodecylacrylamide (DA) with different copolymer
compositions (see Fig. 1). In a preliminary report [15], we have
demonstrated hydrophobic domain formation by these copolymers
in dilute aqueous solutions. Sato and coworkers [16] have also
reported the aggregation behavior of similar copolymers having
different hydrophobe contents. These authors have shown that the
amphiphilic copolymers form flower-like unimer micelles and
multipolymer unicore micelles, with the hydrophobic core pro-
tected by the hydrophilic loops in aqueous solution through intra-
and interpolymer interactions, respectively. They have concluded
that the copolymer with hydrophobe content less than 10% forms
multipolymer unicore micelles through interpolymer hydrophobic
association. On the other hand, the copolymer with hydrophobe
content greater than 10% forms both unimer micelles and multi-
polymer unicore micelles. The molecular weights of these poly-
mers, however, were relatively lower with shorter chain lengths. It
is quite obvious that association behavior of such polymers should
also be a strong function of chain length. Therefore, we have
undertaken the present study to shed some light on the self-
assembly and conformational behavior of this novel class of
amphiphilic chiral copolymers in aqueous media. We focus here on
the influence of polymer structural parameter like polymer
molecular weight. Aiming at investigating how chain length affects
the formation and size and microenvironment of micelle-like
clusters of polymer chains, we report in this paper the synthesis
and characterization of this new class of amphiphilic polymers
using surface tension, viscometry, fluorescence, dynamic light
scattering, and microscopic techniques.
2. Experimental section

2.1. Materials

Dodecylamine (SRL), L-valine, acryloyl chloride, (Aldrich), CDCl3,
D2O, and CD3OD (Aldrich) were used without further purification.
2,20-azobis(isobutyronitrile) (AIBN) was recrystallized from meth-
anol. The fluorescence probes like pyrene, 1,6-diphenyl-1,3,5-hex-
atriene (DPH), and N-phenyl-1-naphthylamine (NPN) (Aldrich)
were recrystallized from ethanol or acetone–ethanol mixture at
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Fig. 1. Chemical structure of the copolymers.
least three times before use. Purity of all the probes was tested by
the fluorescence emission and excitation spectra. All the reagents
and solvents specially dimethylformamide (DMF), ethanol, meth-
anol, tetrahydrofuran (THF), acetone, dichloromethane were of
good quality commercially available and were dried and distilled
fresh before use. Analytical grade sodium chloride, potassium
chloride, sodium dihydrogen phosphate, and sodium hydroxide
were procured from SRL, Mumbai. Double distilled water was used
for preparation of all solutions.

2.2. Synthesis of monomers

N-Acryloyl-L-valine (AVal) was prepared by the procedure
similar to one previously reported [16,18]. Briefly, to a well-stirred
aqueous solution of L-valine (3.1 g, 0.02 mol) and sodium bicar-
bonate (1.6 g, 0.04 mol) in twice distilled water (20 mL) was added
dropwise acryloyl chloride (1.79 g, 0.020 mol) over a 30 min period.
The temperature of the reaction mixture was maintained at about
5–10 �C throughout addition. The reaction mixture was stirred at
room temperature for additional 2 h. Finally the pH of the reaction
mixture was dropped down to 2 with 1 M HCl. Aqueous solution
was then extracted with ethylacetate. The organic phase was dried
over magnesium sulphate and the solvent was evaporated in vacuo
at 30 �C. The white powder thus obtained was recrystallized in
ethylacetate/ether (1:1 v/v) mixture. The compound was charac-
terized by 1H NMR and FT-IR spectroscopies. Yield 70%; M.P
110–112 �C; [a]D

25 (1%, CH3OH)¼�13.34� FT-IR (KBr, cm�1): 3341
(N–H stretching); 2972 and 2940 (C–H stretching); 1734 (COOH);
1651 (amide-I band); 1611 (–C]C– stretching); 1546 (amide-II
band); 1468, 1418, 1326, 1216, 1162, 1070, 993, 968, 934, 811, 741,
636. 1H NMR (200 MHz, CDCl3): d (d in ppm, J in Hz): 7.46 (br s, 1H,
NH), 6.45 (dd, 1H, Jtrans¼ 17.5, Jcis¼ 8.108, H2C]CH), 6.20 (dd, 1H,
Jgem¼ 1.502, Jtrans¼ 17.5, HHC]CH–), 5.73 (dd, 1H, Jgem¼ 1.502,
Jcis¼ 8.108, HHC]CH–), 4.65 (t, 1H, J¼ 5.82, NH–CH–COOH), 2.25
(m, 1H, CH(CH3)2), 0.97 (d, 6H, CH(CH3)2).

Sodium N-acryloyl-L-valinate (SAVal) was prepared by stirring
with equimolar amounts of sodium bicarbonate in water–THF
mixture (1:1 v/v) for 24 h. The product obtained as solid mass after
solvent evaporation and freeze-drying was purified from ethanol–
acetone mixture (1:5 v/v) to remove the unreacted acid.

N-Dodecylacrylamide (DA) was prepared by acylation of the
dodecylamine with acryloyl chloride in THF using triethylamine as
base according to the method reported by Morishima et al. [19]. The
compound was recrystallized in ethanol/water mixture. Finally the
compound was chemically identified by 1H NMR and FT-IR spec-
troscopies. Yield 86%; M.P 53–55 �C; FT-IR (KBr, cm�1): 3271 cm�1

(N–H stretch); (1652 cm�1) C]O stretch, amide-I; (1551 cm�1)
N–H bend, amide-II; 1620 (–C]C– stretching), 1474, 1407, 1243,
993, 964, 809, 721, 698; 1H NMR (200 MHz, CDCl3), d (d in ppm, J in
Hz): 6.23 (dd, 1H, Jtrans¼ 15.144, Jcis¼ 8.236, H2C]CH), 6.08 (dd, 1H,
Jgem¼ 1.828, Jtrans¼ 15.144, HHC]CH–), 5.63 (dd, 1H, Jgem¼ 1.828,
Jcis¼ 8.236, HHC]CH–), 3.3 (q, 2H, NH–CH2–CH2–), 1.52 (m, 2H,
NH–CH2–CH2–(CH2)9–CH3), 1.24 (m, 18H, NH–CH2–CH2–
(CH2)9–CH3), 0.86 (t, 3H, NH–CH2–CH2–(CH2)9–CH3).

2.3. Synthesis of copolymer

Copolymers were prepared at two different mole ratios of
monomers (Fig. 1, Table 1) in DMF solvent at 60 �C using AIBN as
a radical initiator with slight modification of the procedure
described by Sato and coworkers [16]. A representative polymeri-
zation procedure (SAVal/DA(0.09), Table 1) is as follows: sodium
N-acryloyl-L-valinate (SAVal) (3.0 g, 0.021 mol) and N-dodecyla-
crylamide (DA) (1 g, 0.0042 mol) were dissolved in 20 mL of DMF in
a 100 mL three-neck round bottom flask equipped with a magnetic



Table 1
Copolymer composition, specific rotation, molecular weights, and polydispersity
index (PDI) of SAVal–DA(0.09) and SAVal–DA (0.16) copolymers.

Copolymer DA(x) in feed [a]D
25 Mw (g/mol) Mn (g/mol) Mw/Mn

SAVal–DA(0.09) 0.09 �8.25� 396,400 225,822 1.76
SAVal–DA (0.16) 0.16 �9.88� 1,355,507 1,173,739 1.15
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stirrer, a thermometer and, a condenser connected to a long gas
delivery needle to serve as a gas escape valve. The solution was
purged with dry, oxygen free nitrogen for 45 min at 333 K. AIBN
(1 mol% of the total monomer concentration) dissolved in DMF was
added via syringe. The resulting copolymers come out as precipi-
tate from the solution as polymerization continued. However, the
reaction was carried out for 24 h for achieving full conversion of the
monomers. For complete precipitation, the mixture was poured
into large excess of acetone. The polymer was purified by repreci-
pitation from methanol with acetone three times and, dissolved in
pure water. After complete dissolution the solution was dialyzed
against alkaline water (pH 9–10) for one weak using cellulose tube
(12,000–14,000 g mol�1 molecular weight cut-off) to remove low
molecular weight oligomers. Finally the purified polymer was
recovered by freeze-drying.

2.4. Gel permeation chromatography

Gel permeation chromatography (GPC) was performed for
determination of molecular weight and molecular weight distri-
bution for the copolymers in their acid form in DMF, with a Spectra
Physics Instruments equipped with a Shodex RI-101 refractometer
detector and two 300 mm columns thermostated at 343 K
(columns mixed-D PL-gel 5 mm from Polymer Laboratories). The
flow rate was set at 0.8 mL min�1 using DMF as the mobile phase
and the elution of the sample was monitored with RI (refractive
index) detector. The elution times were converted to molecular
weights with a calibration curve constructed from narrow poly-
dispersity polystyrene standards (5�102–4�106 g mol�1) from
Polymer Laboratories. The calculation of molecular weight and
polydispersity index was done by Millenium software (version 4.0).

2.5. General instrumentation

1H NMR spectra were recorded on a Bruker SEM 200 instrument
using TMS (trimethyl silane) as standard. In case of D2O as a solvent
acetonitrile was used as a reference. The UV–vis spectra were
recorded in a Shimadzu (model 1601) spectrophotometer. The
optical rotation was measured with Jasco P-1020 digital polarim-
eter. Melting points were determined with an Instind (Kolkata)
melting point apparatus in open capillaries. Solid samples were
weighed with a semi-micro-analytical balance (model: CP225D,
Sartorious). The pH measurements were done with a digital pH
meter Model pH 5652 (EC India Ltd., Kolkata) using a glass elec-
trode. All the measurements were carried out at room temperature
(w303 K) and in phosphate buffer (20 mM) at pH 8 unless other-
wise mentioned.

2.6. Solution preparation

A stock solution containing 3 g L�1 polymer was prepared by
dissolving the appropriate amount of polymer in 20 mM phosphate
buffer (pH 8.0) containing 0.1 M NaCl. Solutions for analysis were
prepared by dilution of the stock solutions using the same buffer
solution and were allowed to equilibrate for at least 24 h at room
temperature. For fluorescence measurements, the polymer stock
solution (3 g L�1) was made by using phosphate buffer either
containing a known concentration of fluorescent probe or saturated
with the probe. Dilutions were made using the same buffer solution
containing the probe molecule. All measurements started after 24 h
of sample preparation.

2.7. Surface tension measurement

The surface tension (g) of the copolymers was measured using
Du Nuoy ring detachment method with a ‘Torsion Balance’ surface
tensiometer (Hurdson & Co., Kolkata) at w303 K. Ethanol–HCl
solution was often used for cleaning the platinum ring and it was
burnt in oxidizing flame by use of a Bunsen burner. The instrument
was calibrated through loading proper weight (for 600 mg the g

shows 49 mN m�1) and checked by measuring the surface tension
of distilled water before each experiment. A stock solution of
copolymer was made in alkaline phosphate buffer solution (pH 8).
Aliquot of this solution was transferred to a beaker containing
known volume of same buffer solution. Magnetic stirring for 30 s
followed by each addition of aliquot and allowed to stand for about
30 min at room temperature (w303 K) to achieve equilibrium
before surface tension was measured. For each concentration, three
measurements for g were performed and their mean was taken as
the value of the equilibrium surface tension.

2.8. Viscosity measurement

Viscosities of aqueous polymer solutions were measured by use
of a glass Ubbelohde viscometer (ASTM-D-446) with a flow time of
180 s for pure water immersed in water bath maintained at 303 K.
The density measurement was performed by use of portable digital
density meter (Densito 30 PX, Mettler-Toledo, GmbH). All
measurements were carried out at room temperature (w303 K)
unless otherwise mentioned. Sample solutions were prepared
following the same protocol as described above. Flow-through
times of copolymer solutions at various concentrations
(0.2–2.5 g L�1) were determined at least five times for each
concentration. Specific viscosities were determined by comparison
with flow-through times of phosphate buffer of pH 8.

2.9. Steady-state fluorescence spectra

The steady-state fluorescence spectra of pyrene were measured
with a SPEX Fluorolog-3 spectrofluorometer. The pyrene solutions
were excited at 335 nm and the emission was recorded in the
wavelength range 350–500 nm. The samples containing NPN were
excited at 340 nm and emission was collected in the range
360–550 nm. The excitation and emission slit with band-pass equal
to 1 nm was used for fluorescence measurements. In all experi-
ments, background spectra, either of the buffer alone or of the
buffer containing polymers were subtracted from the correspond-
ing sample spectra. Stock solutions of pyrene and NPN were
prepared by adding the compound to buffer solution and
magnetically stirred for 24 h. The excess compound was removed
by centrifugation followed by filtration through Millipore syringe
filter (0.22 mm).

Steady-state fluorescence anisotropy (r) measurements of DPH
probe were performed on a Perkin–Elmer LS-55 spectrophotom-
eter equipped with an automated polarization accessory, which
uses the L-format instrumental configuration according to the
procedure described elsewhere [20]. The temperature of the
samples was controlled using the water jacketed magnetically
stirred cell holder in the spectrometer connected to Thermo Neslab
RTE-7 circulating water bath that enables the temperature control
of �0.1 �C.
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2.10. Fluorescence lifetime measurements

Fluorescence lifetimes were determined from time-resolved
intensity decays by the method of time-correlated single-photon
counting using a picosecond diode laser at l¼ 370 nm (IBH, UK,
nanoLED-07) as the light source for excitation. The decay kinetics of
DPH was recorded at the emission wavelength of 460 nm. The
typical response time of this excitation source was 70 ps. The
decays were analyzed using IBH DAS-6 decay analysis software. For
all the lifetime measurements, the fluorescence decay curves were
analyzed by a fitting program provided by IBH. Goodness of fits was
evaluated by the c2 value (0.9–1.3) criterion and visual inspection
of the residuals of the fitted function to the data.
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2.11. Light scattering measurements

The dynamic light scattering (DLS) measurements were carried
out using a home-built light scattering spectrophotometer equip-
ped with a 100 mW He–Ne laser source (l¼ 532 nm) at one arm of
a goniometer, at varying scattering angles (q¼ 40�, 60�, 80�, 90�,
100�, and 120�). The scattered beam was collected by a photo-
multiplier tube (PMT) detector, mounted on other arm of the
goniometer, and fed to a 256-channel digital correlator (7132
Malvern, UK) with 50 ns initial delay time. The temperature was set
at 298 K, unless changed to set other values. Prior to the
measurements, each solution was cleaned by centrifuging at
a speed of 5000 rpm for 15 min and then loaded into an optical
quality cylindrical quartz sample cell. The sample cell was placed in
a borosilicate glass cuvette containing an index matching liquid
(trans-decalene) at 298 K for 30 min prior to measurement.

In a DLS measurement the observed normalized intensity
autocorrelation functions g(2) (t) recorded with a multiple-tau
digital correlator are related to the normalized field autocorrelation
function g(1) (q, t) via Siegert relation.

gð2Þðq; tÞ ¼ Aþ b
���gð1Þðq; tÞ

���2 (1)

where b is the spatial coherence factor for the detector. To obtain
the size distribution the inverse Laplace transform (ILT) analysis for
g(1) (t) was performed by using the CONTIN regularization algo-
rithm, provided by Malvern, according to the equation.

gð1ÞðtÞ ¼
Z

sAðsÞexpð�t=sÞdt (2)

where s is the relaxation time. The translational diffusion coeffi-
cient was obtained from the fitting of g(1) (t) and is defined as,
D¼ (G/q2)q/0, where G¼ 1/s is the relaxation rate and q represents
magnitude of scattering wave vector, q¼ (4pn/l) sin(q/2) (where q

is the scattering angle and ‘n’ is the refractive index of the solvent).
The corresponding hydrodynamic radius (Rh) of the polymer
aggregate was obtained using the Stokes–Einstein equation,
D¼ kBT/(6phRh), where kB is the Boltzmann constant and h is the
solvent viscosity at temperature T.
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Fig. 2. Surface tension (g) versus concentration (g L�1) plots: (C) SAVal–DA(0.09) and
(:) SAVal–DA(0.16) at 303 K.
2.12. Transmission electron microscopy

Transmission electron micrographs were obtained with
a JEOL-JEM 2100 (Japan) electron microscope operating at an
accelerating voltage of 200 kV at room temperature. A 5 mL volume
of solution (0.1 and 0.5 g L�1) was placed on a 400 mesh size
carbon-coated copper grid, allowed to stand for 1 min. The excess
liquid was blotted with filter paper, air-dried. The specimens were
kept in desiccators overnight for drying before measurement.
3. Results and discussion

3.1. Molecular characterization of the copolymers

The polymeric structure of the compounds was suggested by the
observation of disappearance of the C]C bond stretching
frequency (1600 cm�1) of the acrylamide monomers in the FT-IR
spectrum. Further, the disappearance of the vinylic proton signal
and broad peaks in the 1H NMR spectra (see Fig. 1S of ‘‘Supporting
Information’’) the copolymers confirmed polymerization of the
monomers. Normally 1H NMR spectrum is used to determine
copolymer composition. But unfortunately, the broad bands in the
1H NMR spectra did not allow us to extract any fruitful information
regarding the copolymer composition. However, for structurally
similar copolymers, Kawata et al. reported that the copolymer
composition was virtually same as the composition in the mono-
mer feed used for polymerization [16] These authors have also
demonstrated that the effect of polydispersity on the copolymer
composition is not significant. Therefore, in this work, the copol-
ymer compositions of the polymers were assumed to be equal to
the monomer feed composition of the polymerization reaction.
Thus assuming a degree of polymerization of about 100 there are on
average, 9 and 16 dodecyl groups in copolymers SAVal–DA(0.09)
and SAVal–DA(0.16), respectively. Specific rotation values (Table 1)
show that the polymer possesses chirality and it is not much
different from the amino acid monomer.

The weight average molar mass (Mw) of the copolymers,
SAVal–DA(0.09) and SAVal–DA(0.16) was determined by GPC. The
chromatograms shown in Fig. 2S of ‘‘Supporting Information’’
exhibit two well-separated molecular weight distributions for both
copolymers. In both polymers, the peak at higher elution volume
was found to be sharp and weaker in intensity. However, a broad
peak was observed at low elution volume range which was used for
the analysis. The results of the analysis are summarized in Table 1. It
can be observed that Mw of SAVal–DA(0.16) is almost four times
higher than that of SAVal–DA(0.09). Also the former copolymer has
relatively lower PDI suggesting narrower molecular weight distri-
bution. It should be noted that the molar masses of both copoly-
mers are quite high compared to the copolymer synthesized by
Sato and coworkers [16].
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3.2. Surface activity of the copolymers

Fig. 2 illustrates the equilibrium surface tension (g) for
SAVal–DA(0.09), and SAVal–DA(0.16) as a function of polymer
concentration in aqueous buffer solution of pH 8 at 303 K. The plots
show surface tension of water gradually decreases as polymer
concentration increases. It appears from the plots that
SAVal–DA(0.09) with 9 mol% hydrophobic group is sufficiently
hydrophilic to hinder the hydrophobic collapse of the polymer
chain and packing at the air–water interface. However, as the
hydrophobe content increases to 16 mol%, the packing at the
surface is favored, thus causing the surface tension to decease to an
equilibrium value of w56 mN m�1. Small decrease of surface
tension of water suggests that the amphiphilic copolymers are less
surface active compared to fatty acid soaps.

3.3. Solution viscosity

To further study the solution behavior of the copolymers,
viscosity experiments were performed in aqueous buffer solution
of pH 8. Fig. 3 illustrates the plot of reduced viscosity as a function
of copolymer concentration. The Huggins plot obtained for the
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Fig. 4. Plot of (a) emission maximum shift (Dl¼ lwater� lsample), (b) relative fluorescence in
(:) SAVal–DA(0.16); [Inset: NPN spectra in presence of water and 0.1 g L�1 copolymer solu
copolymers was found to be non-linear in the studied concentra-
tion range, showing decrease of reduced viscosity with the increase
of polymer concentration. This might be due to the formation of
charged spherical aggregates. Similar results have also been
reported for hydrophobically modified cationic polymers [21].

3.4. Fluorescence probe studies

To examine formation of hydrophobic domains, the fluores-
cence probe studies were performed using NPN as a probe mole-
cule. Fluorescence properties of NPN are frequently used in biology
[22,23] for measurements of membrane permeability induced by
different biological events as well as in the characterization of the
aggregates formed by synthetic surfactants [24] or amphiphilic
polymers [25]. In aqueous medium, NPN exhibits a very weak
fluorescence with emission maximum (lmax) at 460 nm. The posi-
tion of the emission maximum of NPN exhibits a blue shift in going
from water to less polar solvent. While emission maximum is
sensitive to polarity change the intensity rise is a function of
viscosity of the medium. The NPN probe being hydrophobic in
nature normally gets solubilized in the hydrophobic core of
micelles, which is indicated by the large blue shift of the lmax

accompanied by a huge enhancement of fluorescence intensity.
Thus the nature of the hydrophobic domains and the onset of
hydrophobic association of aqueous polymer solutions for the
copolymers can be probed by measuring the change in wavelength
shift, Dl (¼lwater� lsample) and intensity ratio at different polymer
concentrations relative to that in water. The representative emis-
sion spectra of NPN in presence of water as well as in 0.1 g L�1

copolymer solution are presented in the inset of Fig. 4(b). The plots
of variation of Dl and relative fluorescence intensity (I/I0) with
polymer concentration have been depicted in Fig. 4(a) and (b),
respectively. It is observed that for both copolymers the Dl and I/I0
increased substantially as the polymer concentration is increased
reaching plateau at a concentration above ca. 1.0 g L�1. This suggests
the incorporation of NPN in the hydrophobic domain of the
aggregate. The existence of concentration-independent region in
dilute solutions in both types of plots is an indication of inter-chain
polymer association which might be a consequence of the hydro-
phobic interaction among the dodecyl chains of interacting poly-
mer chains. The critical association concentrations (CACs) of the
copolymers are 9�10�4 and 4.5�10�3 g L�1 for SAVal–DA(0.16)
and SAVal–DA(0.09), respectively. The CAC value of SAVal–DA(0.09)
is five times that of SAVal–DA(0.16). This is perhaps due to the
higher hydrophobe content of the copolymer compared to SAVal–
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DA(0.09). This is further indicated by the spectral shift values
(39 nm versus 33 nm) corresponding to the plateau region of the
plots in Fig. 4(a). Similarly the intensity rise is also much higher in
the case of SAVal–DA(0.16). These observations clearly suggest
stronger inter-chain hydrophobic interactions in the copolymer
with higher hydrophobe content. As the probability of finding two-
alkyl chain next to one another becomes greater hydrophobic
association becomes stronger in SAVal–DA(0.16). Thus the micro-
environment of NPN probe is much less polar in the aggregate
formed by SAVal–DA(0.16) copolymer compared to that of SAVal–
DA(0.09). Also as discussed above relatively larger I/I0 value of NPN
fluorescence in the presence of SAVal–DA(0.16) is indicative of
higher viscosity of the microenvironment. However, the different
behavior of the copolymers might also be partly due to molecular
weight difference. The molecular weight of SAVal–DA(0.16) poly-
mer being about 3 times higher than that of SAVal–DA(0.09) the
polymer chain is more flexible and thus facilitates hydrophobic
interactions and entanglement with other polymer chains.
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3.5. Micropolarity of copolymer aggregates

The micropolarity of the microdomains was estimated using
pyrene as a fluorescent probe. The intensity of the vibronic bands of
pyrene fluorescence spectrum strongly depends upon the polarity
of the environment. Therefore, intensity ratio of the first (I1,
372 nm) to the third (I3, 384 nm) vibronic bands of the pyrene
fluorescence spectrum is commonly used as an indicator of the
apparent micropolarity [26,27]. The I1/I3 ratios measured in pres-
ence of different polymer concentrations are plotted in Fig. 5. The
CAC values obtained from the inflection point of these plots are
closely equal to those obtained from fluorescence titration using
NPN probe. The value of I1/I3 is very low compared to water (1.82),
which indicates that the microenvironment of the probe is highly
non-polar. The highly non-polar microenvironment of the self-
assemblies is also indicated by the large blue shift in the emission
maximum (Dl) of NPN spectrum. The value of I1/I3 is lower for
SAVal–DA(0.16) compared to that of SAVal–DA(0.09), which
suggests that the polarity of the microenvironment of the probe
decreases with the increase of hydrophobe content.

3.6. Microviscosity of copolymer aggregates

The huge rise of fluorescence intensity in Fig. 4(b) upon incor-
poration of NPN probe in the copolymer aggregates of SAVal–
DA(0.16) and SAVal–DA(0.09) as mentioned earlier suggests that
the microenvironment of the probe is not only hydrophobic but
also viscous in nature. The plots show that the intensity rise is much
higher in the case of SAVal–DA(0.16) which means that the
microenvironment is more rigid compared to that in the copolymer
aggregates of SAVal–DA(0.09). In order to investigate the rigidity of
the microenvironments of the copolymer aggregates, we have
employed DPH as a fluorescent probe. The DPH molecule is a well-
known membrane fluidity probe and has been used for studying
many lipid bilayer membranes [28–30]. The molecule is almost
insoluble in water and thus weakly fluorescent. Upon its solubili-
zation in the hydrophobic microdomains of micelles its fluores-
cence intensity is enhanced. The DPH molecules preferably
intercalate between the alkyl chains in the hydrophobic interior
core of the micelles [31]. The steady-state fluorescence anisotropy
(r) of DPH probe reflects the microviscosity (more appropriately
microfluidity) of surfactant and polymer aggregates. Therefore, we
have measured r of DPH in presence of the copolymers. The
intensity of DPH fluorescence was observed to increase with the
increase of polymer concentration. Fig. 6 depicts the plots of I/I0 of
DPH fluorescence as a function of copolymer concentration. Both
plots in the figure show an inflection with concentration-inde-
pendent region suggesting interpolymer aggregation and thus
substantiate the results obtained from the studies with NPN probe.

Like fluorescence intensity, only the probe molecules already
solubilized inside the microdomains give the r-value of DPH. The r-
values of the probe measured in the presence of the copolymers
(1 g L�1) have been included in Table 2. The r-values (z0.15) for the
copolymers are higher than that of micelles of ionic surfactants,
Table 2
Fluorescence lifetime (sf), pre-exponential factors (a), c2, fluorescence anisotropy (r)
and microviscosity (hm) of DPH probe in the aggregate of 1 g L�1 SAVal–DA(0.09),
and SAVal–DA(0.16) in buffer solution (pH 8) at 303 K.

Copolymer sf (ns) a c2 r sR
a (ns) hm

a (mPa s)

SAVal–DA(0.09) 1.95 0.46 1.18 0.140 3.22 44.36
5.27 0.53

SAVal–DA(0.16) 2.03 0.32 1.11 0.151 6.57 87.80
9.83 0.67

a Values were calculated using longer lifetime component of DPH fluorescence.
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such as SDS (r¼ 0.054) [20], or CTAB (r¼ 0.058) [20]. This suggests
that the microenvironments of the hydrophobic domains of the
copolymers are more viscous compared to surfactant micelles. The
increased microviscosity might be due to lower mobility of the
dodecyl chains which are covalently bound to the polymer back-
bone. It should be noted that r-value is slightly higher in the case of
SAVal–DA(0.16) copolymer which means that r-value increases
with the increase of hydrophobe content of the copolymer.
However, as shown in Fig. 6 (inset), the r-value remains indepen-
dent of concentration above CAC value of the copolymers. This
might be indicative of the absence of any further aggregation or
conformational change of the copolymers.
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In order to estimate the microviscosity of the microdomains
formed by the copolymers in aqueous solutions, we have per-
formed time-resolved fluorescence measurements with the DPH
probe. The fluorescence lifetime (sf) value serves as a sensitive
parameter for exploring the local environment around a fluo-
rophore [32,33], and it is sensitive to excited state interactions.
The fluorescence lifetime of the DPH probe was measured in the
presence of 1 g L�1 copolymer. In both the cases, the experi-
mental intensity decay profile fits better to two exponential
decay functions with c2 values in the range 1.1–1.2. The fluo-
rescence lifetime values along with the corresponding ampli-
tudes (a) are listed in Table 2. The existence of a large lifetime
component indicates that the DPH molecules are partitioned into
the viscous hydrophobic environment of the copolymer aggre-
gates. Microviscosity (hm) of the aggregates was calculated from
the r- and sf-values of DPH using the method reported in the
literature [20]. As can be observed, the microviscosity values of
the hydrophobic domains are in the range 40–80 mPa s. These
values are larger compared to the micelle forming DTAB, and SDS
surfactants. The low mobility of the hydrophobe chains in the
microdomains is due to the fact that they unlike surfactant
monomers, which are in dynamic equilibrium with micelles, are
covalently linked to the polymer backbone. The higher value of
hm in the case of the copolymer containing higher hydrophobe
content suggests that the polymer chains are more compact
compared to that in the copolymer with lower hydrophobe
content. The hm values are thus consistent with the higher
hydrophobicity of the microdomains of the two types of
copolymers aggregates.

3.7. Size of copolymer aggregates

The hydrodynamic diameters of the copolymer aggregates were
calculated using relaxation rates (G) obtained from DLS measure-
ments. The relaxation rates were first measured at various scat-
tering angles in the range of 40–120� for a given concentration of
both copolymers. Fig. 7 shows the plots of G as a function of the
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Chart 1. Conceptual representation of aggregates formed by the copolymers, SAVal–DA(0.16) and SAVal–DA(0.09) in aqueous solution.
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square of the scattering vector (q). The linearity of the plots that
pass through the origin clearly suggests translational diffusion of
the scattering particles. The DLS measurements were performed at
different concentrations of the copolymers. The size distributions
thus obtained for both copolymers have been depicted in Fig. 8. It
can be observed that both polymers exhibit bimodal size distri-
butions at lower concentrations and unimodal distributions at
higher concentrations. At concentrations below CAC the hydrody-
namic diameter of the smaller particles is about 80 nm. On the
other hand, the size of the larger particles is about 500 nm for
C

A

Fig. 9. TEM pictures of the copolymer solutions: (A) 0.1 g L�1 SAVal–DA(0
SAVal–DA(0.16) and 200 nm for SAVal–DA(0.09) copolymer. This
probably suggests that the polymer molecules have two well-
separated molecular weight distributions as shown by the GPC
chromatograms (see Fig. 2S of ‘‘Supporting Information’’). Both
shorter and longer chain polymers distribute mostly in open
conformation with excess surface charge density at concentrations
below the CAC value. However, with the increase of polymer
concentration the average size of both types of polymer chains
decreases. The size of the shorter and longer chain polymers is
reduced to about 20 nm and 100 nm, respectively. In fact, at a much
B1 10 100 1000
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higher concentration above CAC the smaller particles disappear and
the distributions become very broad. This can be attributed to the
inter-chain aggregation of the copolymers. Thus the hydrophobic
association of the copolymers is confirmed by the DLS measure-
ments. Since the sizes of the aggregates are much higher than 5 nm,
the formation of intra-chain aggregate (unimer micelles) can be
eliminated. This can be assumed rather as an aggregate of shorter
chain with few polymer units forming a single micellar core.
However, the average diameter is around 80–100 nm correspond-
ing to the inter-chain aggregate of several polymer units, called as
multiple polymeric micelles which usually grow in numbers as well
as in size with increase in polymer concentration due to the
stronger hydrophobic interaction resulting in an increase of
hydrodynamic diameter with broad distribution, as reported by
others [16]. This is indicated by the concentration-independent
fluorescence anisotropy change of DPH probe at higher polymer
concentrations (inset of Fig. 6). The aggregation behavior of the
copolymers can thus be presented as shown in Chart 1.

3.8. Transmission electron microscopy

To visualize the shape of the copolymer aggregates we have
taken TEM pictures of the polymer solutions at two different
concentrations (0.1, and 0.5 g L�1). The micrographs have been
depicted in Fig. 9. The micrographs at lower concentration reveal
existence of isolated spherical aggregates of individual micelles in
the range of 50–200 nm for SAVal–DA(0.16) (micrograph A).
However, at this low concentration very few structures were
detected over a large number of grid holes and owing to weak
hydrophobic interaction some also appear to have some kind of
irregular shape. Surprisingly, as the polymer concentration is
increased from 0.1 to 0.5 g L�1, the hydrophobic interaction greatly
enhanced and smaller spherical particles with almost uniform sizes
were observed for both the SAVal–DA(0.16), and SAVal–DA(0.09)
copolymers with homogeneous inner density and a well-defined
darker contour. These are found to interconnect with each other by
forming branched structures. The network of interconnected
micelles thus observed looks like a string of beads which might
form with evaporation of the solvent, leading to an increase in
density of the micelles and a corresponding decrease in their
distance. However, the aggregates of SAVal–DA(0.09) (micrograph
C) seem to have broader size distribution compared to those of
SAVal–DA(0.16) in agreement with the corresponding PDI values
(Table 1). The higher hydrophobe content of the SAVal–DA(0.16)
copolymer with stronger hydrophobic interaction makes the
aggregate more compact thus reducing the aggregate size.
Furthermore, it can be argued that the aggregates observed from
the TEM picture are obviously not formed through hydrophobic
interaction of a single polymer chain (unimer micelles), which
usually appears at w5–7 nm, rather different polymer chains
forming a single micellar core (shown by black arrow). Closer
observation suggests that even some of the micelles in the range of
100 nm diameter appear for SAVal–DA(0.16) (micrograph B) are
group of several individual micelles (as shown by white arrow).
These apparently reveal stronger hydrophobic interaction of
dangling chain, which forces the individual micelles to fuse in
bigger compound micelles. This is also substantiated by the higher
value of hydrodynamic diameter with comparatively broad size
distribution obtained by DLS measurement (shown in the inset).

4. Conclusions

The results described above suggest that the copolymer chains
of SAVal–DA(0.09) and SAVal–DA(0.16) undergo intermolecular
association with the increase of concentration to form large
multipolymer unicore micelles. Unlike the results reported by
others for structurally similar copolymers we have not observed
very small aggregates having hydrodynamic diameters in the range
3–10 nm corresponding to the formation of unimer micelles. This is
perhaps due to the large size of the polymers compared to those
already reported in the literature. The micropolarity and micro-
viscosity of the hydrophobic domains of the micellar aggregates are
much lower and higher, respectively, than that of surfactant
micelles. Thus if an encapsulated drug requires increased solubility
but longer retention profile, the hydrophobic domain of the SAVal–
DA(0.09), and SAVal–DA(0.16) copolymers may be more useful than
the micellar aggregate of synthetic surfactants. Moreover, the
surface charge of the spherical aggregates can prevent fusion thus
increasing their stability in aqueous environment. The study of
drug solubilization and release properties of these copolymers is
underway and will be reported in a future paper.
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