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Abstract

A vesicle-forming amino acid derivatized surfactant, sodium N-(11-acrylamidoundecanoyl)-L-alaninate was polymerized to obtain a polysoap.
The average molecular weight of the polysoap was determined by gel permeation chromatography. Rheological measurements suggested that the
aqueous solution of the polysoap behaves as a non-Newtonian fluid. Fluorescence probe studies using pyrene as probe molecule indicated
hydrophobic domain(s) (intra-chain aggregate) formation within a polymer chain. It has been found that the vesicular structure formed by
surfactant monomers are retained after polymerization. The polymer forms inter-chain aggregates in concentrated solution. The dependence of
fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene on temperature, pH, and urea concentration suggested strong inter-chain interactions of
the polysoap. The pK, of the surfactant units of the polymer chain and the phase transition temperature were determined. Dynamic light scattering
measurements were performed to determine the mean size of the aggregates. The size of the aggregates was found to increase with the increase in
polymer concentration also suggesting formation of inter-chain aggregates. The transmission electron micrographs revealed closed vesicular

structures in water.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphiphilic molecules in aqueous solution self-assemble to
form a variety of microstructures, for example micelles,
vesicles, tubules, and rods, etc. above a certain concentration
and have been a subject of intensive research during the past 4
decades [1-3]. The microstructures formed by the amphiphiles
are in dynamic equilibrium with the surfactant monomer in
solution. The equilibrium morphology of the self-assembled
system depends on the geometric factors such as the ratio of the
sizes of ‘head group’ and hydrocarbon ‘tail’ of the amphiphile.
For example, vesicular structures are usually formed by
double-tailed amphiphiles [4]. However, in recent literature,
single-tailed amphiphiles have also been reported to form
bilayer vesicles [5—7]. The vesicles have two distinct domains:
the lipophilic membrane and the interior aqueous cavity. They
can entrap large quantities of reagents either in the lipophilic
membrane or in the aqueous cavity. Therefore, vesicles formed
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by synthetic surfactants have attracted tremendous attention
because of their potential uses as agents for encapsulation and
eventual release of drugs, flavors, and fragrances, and also as
microreactors for the synthesis of monodispersed nano-sized
semiconductor particles [8]. Recently, vesicles have been also
proved to be very useful in chromatographic separations of
various molecules including biomolecules [9]. Normally, the
vesicles are formed by disruption of bilayer phases by
sonication. However, these metastable vesicles ultimately
transform into the more stable bilayer lamellar structures
from which they were formed. This limits their use in
applications mentioned above [10]. Therefore, generation of
stable vesicles in aqueous solutions of synthetic surfactants
have received much attention. One way to obtain structural
stabilization of vesicles is chemically tethering of the
surfactant monomers through polymerization. To be able to
do so surfactant monomers that incorporate a polymerizable
group such as vinyl moiety are required. The short chain
surfactant monomers can then be incorporated into the polymer
backbone through polymerization of the vinyl group. The
resulting polymeric soaps are capable of forming both intra-
chain and inter-chain aggregates of a variety of morphologies.
The polymeric soaps with number average molecular weight of
about 2000 Da are referred to as ‘polymeric micelles’ and those
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with high molecular weight (10°-10° Da) are called as
‘polysoaps’ [11]. Recognizing the need for stable vesicles,
many authors have synthesized both cationic as well as anionic
polymerized surfactant vesicles [12—-14]. The vesicles formed
by polysoaps are reported to be more stable than those formed
by monomeric ones, and therefore, expected to act as better
encapsulants of cosmetic substances and pharmaceutical drugs.
One of the interesting properties of polysoaps is that they
exhibit secondary structure due to the intra-chain micellization.
Therefore, polysoaps can be viewed as a primitive model
system for proteins. Both systems undergo configurational
changes upon addition of free surfactants.

It has been shown that single-chain N-acylamino acid
surfactants (NAAS) spontaneously form vesicles, tubules and
helical ribbons suggesting ordered bilayer membranes in dilute
aqueous solution [7,15-17]. Recently, we also have shown that
sodium salt of N-(1l-acrylamidoundecanoyl)-L-alanine
(SAUA) spontaneously forms bilayer aggregates including
vesicles and helical ribbons in aqueous solutions [18]. The
NAAS have attracted considerable attention mainly because of
their chirality, which is an important phenomenon in nature
[16]. The sodium salts of long-chain NAAS have wide
applications in detergents, foaming agents, and shampoos, as
they are mild, non-irritating to human skin, and easily
biodegradable [17]. One of the most important properties of
these supramolecular assemblies formed by NAAS is chiral
recognition. The chiral recognition properties of the mono-
layers of NAAS have recently been reported [16]. On the other
hand, chiral discrimination by these surfactants in solution has
been exploited by separation scientists [19]. Several mono-
meric as well as polymerized NAAS have been synthesized and
used as stationary and pseudo-stationary phases in liquid
chromatography for enantiomeric separation of pharmaceutical
drugs, pesticides, and insecticides [20]. It has been found that
in most of the cases, the chiral polymeric micelles act as better
chiral selectors than their monomeric counterparts. However,
no appropriate explanation has been offered for this obser-
vation. We believe that this behavior must be related to the
morphological changes of the aggregates that are formed in
solution. In order to shed light on this, we have synthesized a
novel polysoap, poly[sodium N-(11-acrylamidoundecanoyl)-L-
alaninate], PSAUA (see inset of Fig. 1 for structure) to (i)
characterize it in aqueous solution, (ii) investigate its self-
organization in water, (iii) study the microenvironment of the
self assemblies, (iv) determine the mean size of the self
assemblies and (v) investigate the microstructure of the self
assemblies in aqueous solution.

2. Experimental section
2.1. Materials

The fluorescence probes pyrene, and 1,6-diphenyl-1,3,5-
hexatriene (DPH) (Aldrich) were recrystallized from acetone—
ethanol mixture at least three times. Purity of these probes was
tested by the fluorescence emission and excitation spectra.
Acryloyl chloride (Aldrich) and 11-aminoundecanoic acid
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Fig. 1. Surface tension () versus [PSAUA] plot; inset: chemical structure of
poly[sodium N-(11-acrylamidoundecanoyl)-L-alaninate].

(Aldrich), N-hydroxysuccinimide (SRL), dicyclo-hexylcarbo-
diimide, (SRL) and L-alanine (SRL), were used without further
purification. Potassium persulfate K,S,Og (MERCK) was
recrystallized from water. Analytical grade sodium acetate,
sodium dihydrogen phosphate, disodium hydrogen phosphate,
sodium hydroxide, sodium bicarbonate, hydrochloric acid were
procured locally and were used directly from the bottle. All
solvents used were of good quality commercially available
and whenever necessary purified, dried, and distilled fresh
before use.

2.1.1. Synthesis of polysoap

The N-(11-acrylamidoundecanoyl)-L-alanine (AUA) was
synthesized from N-hydroxysuccinimide ester of 11-acrylami-
doundecanoic acid (AU) and r-alanine by slight modification
of the method reported in the literature [21]. The AU was
synthesized and purified according to the procedure described
elsewhere [22]. SAUA (2 gm, 60 mM) was dissolved in
100 mL of water in a three-neck polymerizing vessel equipped
with condenser and gas inlet—outlet tube. The solution was
degassed for about an hour to remove dissolved oxygen and the
polymerization was then initiated by the addition of 15 mg
(0.6 mM) of solid K,S,0g through a small port. Mixture was
stirred for 2 h under a positive pressure of N, at 60 °C. The
resulting viscous solution indicated formation of polymer. The
polymer solution was dialyzed for 72 h using 12 kDa molecular
weight cut off dialysis bag against alkaline water (pH=9) with
frequent change of water and then lyophilized to get
poly[sodium  N-(11-acrylamidoundecanoyl)-L-alaninate]
(PSAUA). The polymerization was confirmed by the disap-
pearance of the vinyl proton peaks between ¢ values 5.0 and 7.0
in the '"H NMR spectrum of PSAUA in D,0O. Also the
broadness of the peaks suggested polymeric structure of
PSAUA. Further, the FT-IR spectrum of the polymer showed
no olefinic C-H, C=C stretching frequency around 3050 and
1624 cm ™', respectively, confirming the polymeric structure.
The specific rotation [oz]zD5 (H,O, ¢ 0.20)= —14° confirmed
optical activity of the polymer.



R.R. Nayak et al. / Polymer 46 (2005) 12401-12409

2.2. Methods

2.2.1. General instrumentation

'"H NMR spectra were recorded on a Bruker SEM 200
instrument in CDCl; or D,O solvents using TMS as standard.
The FT-IR spectrum was measured with a Thermo Nicolet
Nexus 870 spectrometer. The UV-visible spectra were
recorded in a Shimadzu (model 1601) spectrophotometer.
The optical rotation of PSAUA was measured with a Jasco
P-1020 digital polarimeter. The differential scanning calori-
metric measurements were performed with a Perkin Elmer
model Pyris Diamond DSC instrument. Melting points were
determined with Instind (Kolkata) melting point apparatus in
open capillaries. The pH measurements were done with
Thermo Orion model 710A + digital pH meter.

2.2.2. Gel permeation chromatography

For molecular weight determination by GPC the protonated
form of the polysoap, PSAUA was employed. GPC was
performed at 40 °C with a setup consisting of a Waters 515
HPLC pump and High MW column: Polymer Labs-Plgel 5 pm.
Mixed C (300X 7.5 mm?). The isocratic flow rate was set at
1.0 mL/min using uninhibited 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
polydispersity polymethylmethacrylate (PMMA) standards
(High MW standards: Polymer Labs-(M-M-10 Kit:1000-
1.5 m range)). A dilute polymer solution (0.037%) prepared
in DMF was injected into the 20 puL sample loop. The
calculation of molecular weight and polydispersity index
were done by Waters Millennium software (version 4.0).

2.2.3. Surface tension

The surface tension measurements were performed with a
Torsion Balance (Hardson & Co., Kolkata, India) using Du
Nuoy ring detachment method. The platinum—iridium ring was
carefully cleaned with 50% ethanol-HCI solution and finally
with distilled water. The ring was carefully flamed before
measurement. The glassware was thoroughly cleaned with
sulfochromic acid and water. The instrument was calibrated
and checked by measuring the surface tension of distilled
water. A stock solution of PSAUA was made in Milli-Q water
(18.2 MQ). Aliquot of this solution was transferred to a beaker
containing known volume water. The solution was gently
stirred magnetically and allowed to stand for about 5 min at
room temperature (~30°C) and then surface tension was
measured. For each measurement at least three readings were
taken and the mean <y value was recorded.

2.2.4. Light scattering

The dynamic light scattering (DLS) measurements were
performed with a Photal DLS-7000 (Otsuka Electronics CO.
Ltd., Osaka, Japan) optical system equipped with an Ar™ ion
laser (75 mW) operated at 16 mW at A,=488 nm, a digital
correlator, and a computer-controlled and stepping-motor-
driven variable angle detection system. The solutions were
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filtered through a micro syringe filter (0.22 um) to the
scattering cell. Before measurement, the scattering cell was
rinsed several times with the filtered solution. The DLS
measurements started 5—10 min after the sample solutions were
placed in the DLS optical system to allow the sample to
equilibrate at the bath temperature. The data acquisition was
carried out for 10 min and each experiment was repeated two
or three times. The data were analyzed using cumulant method.
For all light scattering measurements, the temperature was
25+0.5°C.

2.2.5. Rheology

A stress-control type rheometer (AR.1000 Rheometer, TA
instruments, USA) was used to measure the flow properties of
the polymer solutions. A parallel plate with a diameter of 4 cm
was employed. In the flow properties measurements, the flow
curves were obtained after the sample was kept under stress for
1 min, which then reduced to zero within 1 min. All
measurements were done at room temperature (~ 30 °C) after
24 h of sample preparation.

2.2.6. Steady-state fluorescence spectra

The steady-state fluorescence spectra were measured on a
SPEX Fluorolog-3 spectrofluorometer. Stock solutions of
pyrene was prepared by adding the compound to Milli-Q
(182 MQ cm ™ ') water and magnetically stirred at 40 °C for
24 h. After equilibrating at room temperature the excess
compound was removed by filtration through Millipore syringe
filter (0.22 um). A weighed amount (2 g L™") of the polymer
was added to the saturated probe solution. This was used as
polymer stock solution. Appropriate volume of probe stock
solution was used to make various dilutions of the polymer
stock solution. The pyrene solutions were excited at 335 nm
and the emission was recorded in the wavelength range 350-
500 nm. The excitation and emission slit with band-pass equal
to 1 nm was used for fluorescence measurements. All
fluorescence measurements started after 24 h of sample
preparation.

2.2.7. Fluorescence depolarization measurements

Steady-state fluorescence anisotropy (r) of DPH was
measured on a Perkin Elmer LS-55 luminescence spectrometer
equipped with filter polarizers that uses the L-format
configuration. The temperature of the water-jacketed cell
holder was controlled by use of a Thermo Neslab RTE 7
circulating bath. Since DPH is insoluble in water, a 1 mM stock
solution of the probe in 20% (v/v) methanol-water mixture was
prepared. The final concentration of the probe was adjusted to
5 uM by addition of an appropriate amount of the stock
solution. The sample was excited at 350 nm and the emission
intensity was followed at 450 nm using excitation and emission
slits with band-pass of 2.5 and 5 nm, respectively. The r-value
was calculated employing equation:

IVV _GIVH

y =
Iyy + 2Glyy

(D
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where Iyy and Iyy are the fluorescence intensities polarized
parallel and perpendicular to the excitation light, and G is the
instrumental correction factor (G =Iyv/Iyvy).

2.2.8. Transmission electron microscopy (TEM)

For TEM measurements, the polymer solution was filtered
by use of a one-way syringe membrane filter (0.22 pm). A drop
of the aqueous polymer solution (0.02 or 0.25 gL™") was
placed on the 400 mesh carbon-coated copper grid, blotted with
filter paper, and negatively stained with a freshly prepared 2%
aqueous solution of phosphotungstic acid the pH of which was
adjusted to sample solution pH (7.5) by adding 1 M KOH. The
specimens were examined on a Hitachi H-600 electron
microscope operating at 50 kV at room temperature.

3. Results and discussion
3.1. Molecular weight of PSAUA

The weight average molecular weight (M,,) of the
polysoap was obtained by GPC. The chromatogram (not
shown) exhibited two peaks, a major peak (80%) with
narrow molecular weight distribution (polydispersity index,
PDI=1.06) resulted a M,, value of 6.42X10° and a second
peak (20%), which is relatively broad (PDI=1.26) gave M,,
equal to 2.88X10°. The weight average molecular weights
thus obtained are very high. Similar value of M,, has also
been reported by others for structurally similar polysoap
poly(sodium 11-acrylamidoundecanoate), PSAU [23]. Since
the surfactant monomer forms bilayer vesicles in water [18],
polymerization can either take place among surfactant
monomers in the same layer (i.e. linear polymerization) or
by zipping-up of the monomers of both layers of the bilayer
assembly. In the later case, the molecular weight is expected
to be higher. The large M, value suggests that perhaps the
latter mechanism may be true with the SAUA vesicles. Since
the vesicles of SAUA have been reported to have broad size
distribution [18], the low molecular weight polymers might
have formed from smaller vesicles. However, the PDI values
as obtained from GPC are very low. That is PSAUA has a
narrow molecular weight distribution as expected. This is
because the polymerization was carried out in aqueous
solution in a state of aggregation.

3.2. Surface activity of PSAUA

In order to examine the surface activity of the polysoap,
surface tensions were measured in water at different
concentrations of the polysoaps. The plot of surface tension
() versus concentration of the polysoap is shown in Fig. 1. The
plot shows a moderate decrease of surface tension of water
suggesting that the surface activity of the polysoap is as good as
the monomer [18]. The breakpoint (~0.1 g L™") in the plot
may be taken as critical aggregation concentration (cac) of the
polymer for reasons described below.
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3.3. Flow behavior of PSAUA

From its application point of view the study of rheological
properties of synthetic polymers is very important. The
rheological properties of aggregating polymer solutions are
reported to be strongly dependent on their morphologies and
phase behavior. To examine whether the PSAUA really forms
any aggregate we have investigated the flow behavior of its
aqueous solutions at different concentrations. Fig. 2 shows the
representative flow curves of aqueous solutions of PSAUA at
two concentrations at room temperature. The plots indicate a
non-Newtonian flow behavior of the polymer. The feature of
the plots clearly indicates that the flow behavior of the polymer
solution is shear thinning with yield stress, which means
decrease of apparent viscosity with increasing shear rate. The
flow behavior (inset Fig. 2) of the solutions containing 0.5 and
2.0gL~" PSAUA suggests that there exists some hetero-
geneous structure, such as micelles [24]. This substantiates the
observation of aggregation of the polysoap and is consistent
with the results obtained from surface tension studies.

3.4. Hydrophobic domain formation

If there is any formation of hydrophobic domain in the
polymer chain, then it should be reflected by the micropolarity
of the domain. Pyrene is a well-known fluorescence probe for
the micropolarity studies of its solubilization site in micellar
interior [25]. The intensity ratio I,/I3 of the first and the third
vibronic peaks of the pyrene fluorescence spectrum has been
widely used as a measure of the polarity of the microenviron-
ment of the probe [26,27]. Normally, high 7,/I5 ratio indicates
polar environment and low [,/I3 value suggests less polar or
non-polar environment. The /,/I5 ratio was determined in the
concentration range 0-1.0 g L™ " at pH 8.0. The plot in Fig. 3
shows that the polarity ratio decreased to a value equal to 1.38,
which is much less than that in water (1.84). The concentration
corresponding to the inflection point can be taken as the cac
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Fig. 2. Plot of viscosity versus shear rate for (a) 0.5gL ™', and (b) 2gL ™!

PSAUA; inset: flow behavior of (a) 0.5 g L~ and (b) 2 g L~ ! PSAUA in
water.
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value (0.137 gL~ "). The cac value thus obtained is closely
similar to that obtained from surface tension measurements.
The absence of any concentration-independent region below
cac suggests that hydrophobic domains are also present within
a polymer chain. The low I,/I5 value above cac indicates that
the probe is solubilized in a less polar environment of the inter-
chain aggregate compared to that in intra-chain aggregate. The
low polarity of the local environment of the probe in inter-
chain aggregate suggests that the fluorophore is solubilized in
the interior of the aggregate and the aggregate surface is highly
ordered. The ordering of the aggregate interface is a result of
reduced degree of water penetration in the hydrocarbon layer,
in accordance with the reduction observed in micropolarity
sensed by the probe molecules. It should be noted that the
polarity ratio in 0.25 g L' PSAUA solution is less than that in
the bilayer self-assemblies formed by monomeric SAUA (1.42)
[18]. This means that the pyrene probe experiences more
hydrophobic environment in inter-chain aggregates as
compared to unpolymerized vesicles.

In order to investigate the ordering of the hydrocarbon
chains in the aggregate interior, we have measured steady-state
fluorescence anisotropy (r) of DPH probe in the presence of
PSAUA. DPH is a well-known membrane fluidity probe and
has been used for studying many lipid bilayer membranes [28,
29]. The fluorescence spectrum of DPH shows enhancement of
intensity (not shown here) accompanied by a small blue shift in
the presence of polymer relative to that in water indicating
solubilization of the probe molecule in non-polar environ-
ments. The plot of concentration dependence of r is shown as
inset of Fig. 3. The r-value can be found to increase with
polymer concentration and labels off above 0.25gL ™!
PSAUA solution at pH 8. The breakpoint of the plot suggests
formation of inter-chain aggregates above the cac as already
established by rheology and surface tension studies, and also by
fluorescence titration using pyrene as probe molecule. The cac
value (0.12 g L™"') obtained from the breakpoint is exactly
equal to that obtained from pyrene fluorescence measurements.
The relatively high value of r suggests an ordered environment
around the DPH probe in the assemblies. That is the
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Fig. 3. Plot of I,/I; ratio against polymer concentration at pH 8.0; inset: plot of
fluorescence anisotropy of DPH versus polymer concentration at pH 8.0.
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hydrocarbon chains of the surfactant units are tightly packed
in the inter-chain aggregates. This might be due to the amide
hydrogen bonding between two adjacent surfactant units in the
polymer chain. The high anisotropy value perhaps indicates the
presence of three-dimensional lamellar structure formed
through inter-chain association. It should be noted that the
anisotropy value in PSAUA at pH 8.0 (0.220) is large
compared to that in SAUA (0.180) [18] at the same pH. This
is consistent with the results suggested by the respective
polarity ratio. This indicates that the probe experiences a more
rigid environment in the polymerized vesicles compared to
unpolymerized vesicles. That is in the case of inter-chain
aggregates the hydrocarbon chains are more tightly packed
than in unpolymerized vesicles. This might be due to the
rigidity of the polymer chain. The stability of the intra- and
inter-chain aggregates is further confirmed by the temperature
dependence of fluorescence anisotropy in dilute and concen-
trated polymer solutions as discussed below.

3.5. Dynamic light scattering (DLS) studies

The DLS experiments were aimed at elucidating the
structure of the polymer at various concentrations. The DLS
measurements provide evidence of the structural evolution of
the system as the concentration is increased. Therefore, we
have measured the translational diffusion coefficient (D) of the
polymer at two concentrations, one below cac and the other at
above cac by use of DLS technique. The scattering intensity
was measured in the angular range of 20°<6<120°
corresponding to 4.47X107° nm~'<¢<2.23X10"*nm~'
to check the angular dependence of the decay rate (I'). The
slope of the plot (Fig. 4) of decay rates versus square of the
scattering vector (¢7) gave the apparent translational diffusion
coefficient. From the diffusion coefficient, hydrodynamic
radius (Ry) of the polymer was calculated using Stokes—
Einstein equation. It has been found that the R}, value increases
in going from dilute (17 nm) to concentrated (60 nm) solution.
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Fig. 5. Negatively stained transmission electron micrographs of (A) 0.02 gL~ ' (B) 0.25 g L™ PSAUA in water at 30 °C.

3.6. Transmission electron microscopy

The TEM studies were carried out to investigate the
morphologies of the intra- and inter-chain aggregates of
the polysoap in water. Fig. 5 shows the TEM images of the
aqueous solutions of PSAUA. It can be found that poly-
dispersed and slightly distorted spherical shaped vesicles
(Fig. 5(A)), are formed at low concentrations. The internal
diameter of the vesicles ranges between 30 and 85 nm, which
are close to the sizes obtained from DLS measurements. The
micrograph (Fig. 5(B)) for higher concentration also shows
large spherical as well as elongated vesicles of length about
250 nm and width of 62 nm. The bilayer vesicles of similar
sizes were also observed in aqueous solution of the surfactant
monomer, SAUA [18]. However, at concentration higher than
0.25gL™" only lumpy masses were observed (not shown)
suggesting the presence of globular type inter-chain aggregates
in solution. The results of the above studies suggest that
vesicular polymerization of the surfactant monomers produces
polymer chains of various chain lengths. The long polymer
chains themselves through intra-chain association can form
small unilamellar vesicles. On the other hand the small chains
by association with other polymer chains form either

1/
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\Inter—chain

PSAU aggregation

Intra-chain
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Fig. 6. Schematic representation of the formation of polymeric vesicles.

unilamellar or multilamellar vesicles. The schematic presen-
tation of formation of polymeric vesicles is shown in Fig. 6.

3.7. pH Dependence of aggregation

Since the polysoap is a polycarboxylate salt, its aggregation
is expected to be pH dependent. In order to study the pH
dependence we have measured pyrene fluorescence in the
presence of PSAUA at different pH in the range 4.0-8.0. The
plots of pH dependence of the I,/I; value for two concen-
trations (above and below cac) of PSAUA are shown in Fig. 7.
It can be observed that in both cases, the I;/I5 ratio increases
with the increase in pH reaching the limiting value at pH 8.0.
That is the pyrene probe in aqueous solutions of PSAUA
experiences a more polar environment at higher pH compared
to that at low pH. However, in the case of concentrated
solution, the effect is less as compared to the dilute solution.
Similar changes were also observed with the surfactant
monomer [18]. This can be attributed to the protonation of
the -COO™ group, which results in a decrease in electrostatic
repulsion among head groups of the surfactant units attached to
the polymer chain and hence compact packing of the
hydrophobic chains. Consequently, water penetration into the
aggregate core is reduced which means reduction in polarity of
the solubilization site of the pyrene probe. Thus the pH (6.3)
corresponding to the inflection point in the plot can be taken as
the pK, of the carboxylic group. Similar value of pK, was also
obtained for SAUA monomer. In concentrated polymer
solution, the relatively small change of I,/I; ratio with the
increase of pH may suggest only a small structural perturbation
of the large inter-chain aggregates. Also the pK, value (5.5)
obtained from the plot is less than that obtained for dilute
polymer solution. This may be due to the higher negative
charge density of the membrane surface in concentrated
solution.

The pH-induced tightening of hydrocarbon chain packing is
further confirmed by the increase of fluorescence anisotropy of
DPH with the decrease of pH of the solution. The plots in the
inset of Fig. 7 show the variation of r as a function of pH. The
increase of r-value with the decrease in pH can be observed for
both dilute and concentrated solutions. However, the magni-
tude of change in r is less in concentrated solution in
consistence with the small change in /,/I; ratio. The transition
pH (5.85) however, is slightly less than that obtained by use of
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pyrene as probe molecule. This difference can be attributed to
the inherent sensitivity of the probes. Similar transition was
also observed for the surfactant monomer, SAUA [18].
Therefore, as discussed in the previous paragraph this can be
associated to the protonation of the carboxylate group. The
partial protonation of the carboxylic acid group also
results in promotion of intermolecular hydrogen bonding
between —COOH and —CONH- groups of adjacent surfactant
units further increasing the order at the interface.

3.8. Phase transitions of the polymeric membranes

Phospholipid vesicles when heated or cooled undergo
distinct structural changes at a certain temperature called
phase transition temperature. The phase transition temperature
of PSAUA vesicles was also determined by following changes
in fluorescence anisotropy of DPH probe. The variation of r as
a function of temperature is shown in Fig. 8. In the case of
concentrated solution, the anisotropy changes very little with

0.275 ~
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0.260—-

0.255 @)

Anisotropy (r)

0.250

0.245 + (b)

0.240 T T T T T T T T T
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Fig. 8. Plot of fluorescence anisotropy of DPH as a function of temperature in
the presence of (a) 0.01 gL ™", and (b) 0.25 g L™ ' PSAUA.
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Fig. 9. DSC thermogram of 0.25 g L™ ' PSAUA in aqueous solution; scanning
1

rate: 0.5 °C min~ .
temperature. The inflection point (24.3 °C) of the sigmoid
curve gives the phase transition temperature 7., which
involves change in hydrocarbon chain mobility. Similar
transition temperature (25 °C) was also found in the thermo-
gram (Fig. 9) obtained by differential scanning calorimetry.
However, in the case of dilute solution, the magnitude of the
change in r-value is large in comparison to the concentrated
solution. The corresponding phase transition temperature is
35.2°C. This indicates relative stability of the polymeric
membrane structures produced by inter-chain and intra-chain
aggregation. Below the phase transition temperature the lipid
chains in the bilayer are highly ordered gel states. Above the
phase transition temperature lipid chains become fluid as a
consequence of gauche rotations and kink formation. The
observation of distinct phase transition temperature for the
polysoap confirms the similarity between liposomes and
completely synthetic surfactant vesicles. The relatively high
transition temperature and large change in r-value relative to
that of concentrated solution suggests that the intra-chain
vesicles are more stable compared to the inter-polymer
aggregates. This as discussed above is due to the strong
intermolecular amide hydrogen bonding between pendant
surfactant units in the intra-chain bilayer aggregates.

3.9. Effect of urea concentration on the vesicle structures

In order to determine stability of the polymeric vesicles and
to examine the nature of interactions involved in the formation
of polymeric vesicles we have investigated the influence of
urea concentration on the fluorescence anisotropy value
of DPH probe. Urea has been used in the past for denaturation
of protein structure, which has been attributed to water
structure breaking properties of urea molecules. Similar effect
could be expected for the polysoap also. The dependence of
anisotropy on urea concentration is plotted in Fig. 10. For
dilute solution (0.01 gL~") there is a large change in
anisotropy value that approaches the value obtained in the
absence of polymer. This means that urea molecules destroy



12408

0.26
0.24
0.22

0.20 A

Anisotropy (r)

0.18 -

0.16

0.14 -

[Urea] /I M

Fig. 10. Plot of fluorescence anisotropy of DPH as a function of urea
concentration in the presence of (a) 0.01 gL~ ! and (b) 0.25 g L~ !'PSAUA in
water.

the linear array of surfactant units attached to the polymer
chain. This means that the surfactant units can dangle more
freely in the presence of urea molecules. However, the
surfactant units can assemble themselves to form micellar
structures within the polymer chain. The sigmoid change of
anisotropy value clearly indicates a two-state transition from
bilayer vesicles to denatured polymer chain. At higher polymer
concentration (0.25 g L™ "), however, the change in anisotropy
is very small, which may be due to partial denaturation of the
large three-dimensional lamellar aggregates. It also suggests
that inter-chain interaction of the polysoap in the aggregate is
very strong and non-hydrophobic in nature.

4. Conclusions

The aqueous solution of SAUA upon polymerization at
concentrations above critical vesicle concentration of the
surfactant produces polysoap, PSAUA with a narrow molecu-
lar weight distribution. The polysoap is equally surface active
as its monomer. The polymer exhibits a non-Newtonian flow
behavior in water. In dilute solutions (pH=28.0) the polymer
remains as an intra-chain compact monolayer vesicle. Above
critical aggregation concentration, however, PSAUA forms
large multilayer vesicular structures. Each inter-chain aggre-
gate is formed by entanglement of small polymer chains under
the influence of some non-hydrophobic interactions. Both
intra-chain and inter-chain vesicles are stable to change in pH,
temperature, and addition of urea. The surfactant units in the
polymer chain have higher pK, value compared to free
surfactant monomers in water.
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