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Abstract A polysoap poly(sodium 11-acrylamidoundeca-
noate) was synthesized from sodium 11-acrylamidoundeca-
noate in water. The molecular weight of the polymer was
determined by gel permeation chromatography and static
light scattering techniques. Fluorescence probe studies in
water have suggested the formation of hydrophobic
domains within the same polymer chain. The microenvi-
ronment of the hydrophobic domains is highly ordered. The
packing of the hydrocarbon chains in the hydrophobic
domains formed by intra-chain association increases upon
decrease of pH. The transmission electron micrograph
revealed large vesicular aggregates in dilute aqueous
solution. Temperature-dependent fluorescence anisotropy
of the 1,6-diphenyl-1,3,5-hexatriene probe demonstrated
stability of the vesicles.
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Introduction

In aqueous solution, above a critical concentration, amphi-
philic molecules self-assemble to form a variety of micro-
structures such as micelles, vesicles, tubules, and rods etc.
The microstructures formed by the amphiphiles are in
dynamic equilibrium with the surfactant monomer in
solution. One way to obtain structural stabilization of
molecular self-assemblies is chemically tethering the
surfactant monomers through polymerization. To be able
to do so, surfactant monomers that incorporate a polymer-
izable group such as vinyl moiety are required. The short
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chain surfactant monomers can then be incorporated into
the polymer backbone through polymerization of the vinyl
group. Interests in micellar polymerization arise from the
expectation that stable micelles may be produced for some
technological applications. Synthesis of various cationic
and anionic polymerized micelles has been reported in the
literature. Polymeric soaps with a number average molec-
ular weight of about 2000 Da are referred to as ‘polymeric
micelles” and those with high molecular weight (10°-10°
Da) are called “polysoaps’ [1]. Polymeric soaps are capable
of forming both intra-chain and inter-chain aggregates of a
variety of morphologies. Several studies on polymerizable
anionic and cationic surfactants have been recently
reviewed [2]. Some strong surface-active polymerizable
monomers (e.g. 10-p-styrylundecanoate, 9-acrylamidostea-
rate, sodium sulfodecylstyryl ether and styryloxydecyltri-
methylammonium bromide) have been reported [3].
Polymerization of surfactants such as sodium acrylamido-
stearate [4] sodium acrylamidoundecanoate [5], quaternary
alkyl salts of dimethylaminomethyl methacrylate with
different alkyl chain length [6, 7] have also been reported.
Most of these surfactants were polymerized in normal
micelles [5, 7]. However, surface tension studies of these
polymers suggested that they do not form micelles. That is,
the poly(sodium acrylamidoalkanoate)s, in fact, act as
anionic polyelectrolytes in water. The performances of
these anionic polyelectrolytes as coagulant aids in conjunc-
tion with alum in water treatment have been assessed. All
these polyelectrolytes tested in water treatment [8] are as
effective as that of commercially available cationic poly-
amine organic coagulants. Poly(sodium acrylamidoalka-
noate)s have also utilities as water-soluble viscosifiers and
displacement fluids in enhanced oil recovery.

Recently, we have shown that the vesicle structure
formed by sodium N-(11-acrylamidoundecanoyl)-L-alani-
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nate in water [9] is retained even after polymerization to
form poly[sodium N-(11-acrylamidoundecanoyl)-L-alani-
nate] [10]. Our studies have also shown that sodium
acrylamidoundecanoate (SAU) forms bilayer vesicles in
aqueous solution [11]. For the present study, the
corresponding polysoap, poly(sodium acrylamidoundeca-
noate), PSAU (see Fig. 2 for chemical structure), was
chosen in order to understand the aggregation behavior of
poly(sodium acrylamidoalkanoate)s in water. The major
objective of this study is to examine if the polysoap in
aqueous solution retains the vesicular structure of the
monomeric surfactant.

Experimental section
Materials

Acryloyl chloride, and 1l-aminoundecanoic acid were
used as obtained from Aldrich. Uranyl acetate was
obtained from MERK, Germany. The fluorescence probes
pyrene, 1,6-diphenyl-1,3,5-hexatriene (DPH), and N-phe-
nyl-1-naphthylamine (NPN) were purchased from Aldrich
and were used after recrystallization at least three times
from ethanol or acetone—ethanol mixture. Purity of all the
probes was tested by the fluorescence emission and
excitation spectra. Analytical grade sodium hydroxide,
sodium bicarbonate, sodium dihydrogen phosphate, diso-
dium hydrogen phosphate, sodium acetate, sodium chlo-
ride, hydrochloric acid were procured from SRL and were
used directly from the bottle. Milli-Q water (18.2 M)
obtained from Millipore water purification system was used
for all the experiments.

Synthesis of polysoaps

The synthesis and purification of SAU has been reported
in our earlier paper [11]. PSAU was obtained by free-
radical polymerization of SAU well above its critical
vesicle concentration (3.45 mM) [11] in water using
K5,S,0g as radical initiator under N, atmosphere at 60 °C
according to the procedure reported elsewhere [5]. The
polymer solution was dialyzed for 72 h using 12 kDa
molecular weight cut off dialysis bag against alkaline
water (pH=10) with frequent change of water and then
lyophilized to get dry PSAU. The polymerization was
confirmed by the disappearance of the vinyl proton peaks
between & values 5.0 and 7.0 in the '"H NMR spectrum of
PSAU in D,O. Also the broadness of the peaks suggested
a polymeric structure of PSAU. Further, the FT-IR
spectrum of the polymer showed no C=C stretching
frequency around 1620 ¢cm™' confirming the polymeric
structure.
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Measurements
Gel permeation chromatography

For molecular weight determination by GPC the protonated
form of the polysoap, PSAU 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
pum 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 (0.033%) prepared in
DMF was injected into the 20 uL sample loop. The calculation
of molecular weight and polydispersity index was done by
Waters Millennium software (version 4.0).

Static light scattering measurements

Static light scattering (SLS) 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 vari-
able angle detection system. The instrument was calibrated
with toluene for which the Rayleigh ratio is well-known
(40x107° cm ™" at 488 nm) [12]. For SLS measurements, a
stock solution of the polysoap was prepared in Milli-Q
water. Then it was diluted to the desired concentrations. The
solutions were filtered through a micro-syringe filter (0.22
pum) to the scattering cell. The refractive index increments of
the sample solutions were determined by use of a double
beam differential refractometer (DRM-1021, Photal, Otsuka
Electronics). Measurements were made at 10 different angles
from 45 ° to 135 © for each of the polymer solutions.

In the static light scattering experiment, laser light is
scattered by macromolecules or particles such as colloids in
solution. The intensity of the scattered light is a function of
the nature of the molecules, their size, molecular weight,
shape, concentration, and possible additional parameters.
When the molecule become larger, approximately 1/20 the
wavelength of the incident light, the scattered intensity
becomes also a function of the scattering angle, the angle
between the incident and scattered light, due to intermo-
lecular interference. The reciprocal of the scattered intensity
can be expressed by the Zimm equation [13]:

KC/Ry = 1/M,(1+1/3 <R} >.¢%) +24,C (1)

where K is an optical constant, expressed as K=27°n* (dn/
dCY?/(NaXY), and g=(4n/)\) sin (8/2) with N, dn/dC, n, and
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A being Avogadro’s number, the specific refractive index
increment, the solvent refractive index, and the wavelength
of light in vacuum, respectively. Ry known as the excess
Rayleigh ratio, is the angular dependence of the excess
absolute time-averaged scattered intensity. C is the polymer
concentration (grams per milliliter). < Rz, >. 12 is the
root—-mean—square z-average radius of gyration. A
corresponding Zimm plot yields for the appropriate extrap-
olation the weight average of the molecular weight A/,. On
the basis of the SLS theory, for a relatively dilute polymer
solution or strongly interacting particles (for example,
polyelectrolytes) Eq. (1) can be expressed as

KC/Ry = 1/M,, +1/(3M,) <R} >. ¢° (2)

In the present study, because of very dilute polymer
solutions, the apparent radius of gyration was calculated
after measuring Ry at a set of 6 using Eq. (2). The weight
average molecular weight was obtained as the inverse of the
intercept of the plot (not shown) of reciprocal scattering
intensity (KC/Rg) vs sin’6/2 for 0.025 g L™' polymer
solution.

Steady-state fluorescence spectra

The steady-state fluorescence spectra were recorded in a
SPEX Fluorolog-3 spectrophotometer. The solutions con-
taining pyrene were excited at 335 nm and emission intensity
was measured in the wavelength range of 350 nm to 500 nm.
On the other hand, the fluorescence spectra of NPN were
obtained by excitation at 350 nm. Each spectrum was blank
subtracted and was corrected for lamp intensity variation
during measurement. The excitation and emission slit widths
were both set at 1 nm for pyrene and 2.5 nm for NPN. The
fluorescence anisotropy measurements were performed with
a Perkin Elmer LS-55 spectrophotometer equipped with a
thermostating, magnetically stirred cell housing that allowed
temperature control of £0.1 °C using a Thermo Neslab RTE-
7 circulating water bath. 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 nm and
2.5-5.0 nm, respectively. The steady-state fluorescence
anisotropy values () were calculated employing the
equation:

r= (Iyy — Gly)/(Iyv + 2Glyz) (3)

where, Iyv and Iyy are the fluorescence intensities
polarized parallel and perpendicular to the excitation light,
and G (=Iyvy/lyy) is the instrumental grating factor. The
software supplied by the manufacturer automatically deter-
mined the correction factor and anisotropy value. In all
cases, the anisotropy values were averaged over an
integration time of 10 s and a maximum number of six
measurements for each sample. A 2 mM solution of the

probe was prepared in 20% methanol-water mixture. The
final concentration of the probe was adjusted to 2 uM by
addition of an appropriate amount of the stock solution. The
anisotropy measurements were carried out at different poly-
mer concentrations in the temperature range 20-60 °C.
Before measurement started the solution was equilibrated
10 min at a particular temperature.

Transmission electron microscopy (TEM)

The electron micrographs of the specimens were examined
on an electron microscope (Phillips CM 200) operating at
an accelerating voltage of 200 kV at room temperature
(~25 °C). The specimen for TEM measurements was pre-
pared after equilibration of the polymer solution for 2-3 h.
A carbon-coated copper grid was immersed in a drop of
aqueous solution of the polymer for 1 min, blotted with
filter paper, air-dried, and negatively stained with freshly
prepared 1.0% aqueous uranyl acetate. The specimens were
air-dried for an hour and then examined under the
microscope.

Results and discussion
Molecular weight of PSAU

Since the surfactant monomer forms bilayer vesicles in
water [11], polymerization can either take place among
surfactant monomers in the same layer (i.e. linear polymer-
ization) or by zipping-up of the monomers of both layers of
the bilayer assembly (see Fig. 1). In the latter case, the
molecular weight is expected to be higher. The molecular
weight of the polysoap was obtained by gel permeation
chromatography (GPC). The weight average and number
average molecular weights thus obtained are 6.30x10° and
5.85%10°, respectively. The polydispersity index (PDI) is
about 1.08. Low PDI value suggests narrow molecular
weight distribution. This is because polymerization oc-
curred in the aggregate form of the monomers. Also
dialysis of the sample ensured low PDI value. The
molecular weight was also determined by SLS method
using polymer solutions in the concentration range of
0.025-0.1 g L™". The Zimm analysis resulted in a weight
average molecular weight of 1.57x107 with an error of
32%. This might be due to inter-chain aggregation at higher
concentrations of the polymer. Therefore, we constructed
the Berry plot (not shown) using the scattering data of the
dilute (0.025 g L™") aqueous solution of PSAU to ensure
absence of any aggregates. This gave a weight average
molecular weight of 6.93x10°. The molecular weight
values obtained by GPC and SLS methods are very close
to each other. Similar values are also reported in the
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Fig. 1 Mechanism of polymer-
ization of SAU by (a) linear and
(b) zipping-up process

Sodium

11-acrylamidoundecanoate

Vesicle

literature [13, 14]. The high molecular weight of the
polysoap may be taken as an evidence of zipping-up rather
than linear polymerization of bilayer vesicles.

Hydrophobic domain formation

In aqueous solution, the surfactant units in the polymer
chain can assemble in a way to form unimolecular micelles.
This process is expected to be concentration-independent.
On the other hand, the polymer chains can also undergo
concentration-dependent self-organization to form inter-
chain aggregates. In order to examine the formation of
hydrophobic domains, fluorescence probe studies were
performed using NPN as a probe molecule. Though NPN
is weakly fluorescent in aqueous solution, its fluorescence
spectrum in the presence of PSAU shows a huge increase in
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Fig. 2 Plot of shift of fluorescence emission maximum (AM) of NPN
against polymer concentration; inset: chemical structure of PSAU
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intensity accompanied by a large spectral shift toward
shorter wavelengths relative to that in water. This suggests
that the probe molecules are solubilized in nonpolar
environments [15, 16]. The shift (AN = Aygrer — Agp))
of the emission maximum is plotted as a function of
polymer concentration in Fig. 2. Absence of any concen-
tration-independent region at low polymer concentrations
suggests formation of hydrophobic domains within the
same polymer chain. This is possible only if self-associa-
tion of the pendent amphiphilic groups of the polymer
chain takes place. The plot shows that the onset of inter-
chain aggregation occurs at a polymer concentration of
~0.05 g L™, which can be taken as the critical aggregation
concentration (CAC) of the polysoap.

Transmission electron microscopy

The TEM picture (Fig. 3) of the dilute aqueous solution
containing 0.02 g L™ PSAU reveals closed spherical vesicles

Fig. 3 Negatively stained (with 1% uranyl acetate) TEM micrograph
of 0.02 g L™ 'aqueous solution (pH=6.0) of PSAU
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Fig. 4 pH dependence of polarity ratio (/;/15) in 0.02 g L' PSAU;
inset: pH dependence of anisotropy () in 0.02 g L™' PSAU

of different sizes (inner diameter=300 nm-1.2 um). Howev-
er, no identifiable structure was observed in the micrograph
(not shown) of the concentrated (0.25 g L™ ") solution of
PSAU.

pH and temperature dependence of aggregation

Since the polysoap has carboxylate groups, there might be
an influence of pH on microstructure formation. The
micropolarity of the hydrophobic domains depends upon
the microstructure of the self-assemblies. It has been
reported that the change of /,/I5 ratio of pyrene fluores-
cence can be used to study hydrophobic domain formation
[17, 18]. Therefore, the polarity ratio /,/l; was measured
in the presence of the polysoap at different pH. In dilute
solution (0.02 g L™") of the polysoap, the ratio (1.57),
which is much lower than in pure water (1.81) decreased
at pH <8 (Fig. 4). This means that the probe molecule is
solubilized in a less polar environment and the microen-
vironment around the probe molecule becomes more
hydrophobic at low pH. Similar observation was also
made with the monomeric surfactants and can be attribut-
ed to the change in the ionization state of the carboxylate
group. The decrease of ionization at lower pH results in a
decrease of charge repulsion and hence tighter packing of
the hydrocarbon chains thereby preventing water penetra-
tion. That is, the intra-chain aggregate has a more compact
structure at lower pH. The pH corresponding to the
inflection point can therefore be taken as the pK, (6.7) of
the carboxylic acid group. The pK, value thus obtained is
very close to the corresponding value of the monomeric
surfactant [11], which means that the pendent surfactant
units are not free. They are part of aggregate structures
that have high negative charge density. This implies
formation of closed bilayer structures in aqueous solution.

This has been further demonstrated by fluorescence
anisotropy studies described below.

The enhanced chain packing in the hydrophobic domains
formed by the polysoaps is also manifested by the
fluorescence anisotropy of the DPH probe. The steady-
state fluorescence anisotropy (») of DPH was measured in
polymer solution (0.02 g L™ ") at different pH. The variation
of » with pH is shown as an inset of Fig. 4. It is important to
note that the fluorescence anisotropy of the DPH probe
increases with the decrease of pH of the polymer solution.
This is consistent with the decrease in micropolarity of
the hydrophobic domains as discussed in the preceding
paragraph. The protonation of the carboxylate groups
reduces the charge at the surface that strengthens the
amide hydrogen-bonding interaction between two surfac-
tant units making the packing of the hydrocarbon chains
tighter. The pK, (6.5) value obtained from the inflection
point of the plot, within the experimental error limit, is
equal to the value obtained from the fluorescence titration
of pyrene. The r value was found to be closely equal to
those of liposomes [19]. The relatively high value of r in
dilute polymer solution suggests an ordered environment
around the DPH probe in the assemblies. That is the
hydrocarbon chains of the surfactant units are tightly
packed in the intra-chain aggregates. It should also be
noted here that the » value in the presence of polysoap is
higher compared to that found for the monomeric
counterpart [11]. This suggests that the bilayer structures
are retained after polymerization of the surfactant mono-
mers. Others have also reported a decrease of membrane
fluidity in polymerized vesicles [20]. Low fluidity of the
membrane also provides evidence of zipping-up rather
than linear polymerization of bilayer vesicles.

The plot in Fig. 5 shows that there is a very little decrease
of » value with the rise of temperature. It is interesting to
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Fig. 5 Plot of anisotropy (r) of DPH vs temperature in aqueous
solution (pH 6.0) of PSAU (0.02 g L™ ")
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note that even at high temperature, the anisotropy value is
above 0.25, which suggests that the bilayer structure of the
vesicles is retained. That is, the vesicles are very stable. The
small change of » is due to hydrocarbon chain mobility.
Thus the temperature corresponding to the inflection point
of the sigmoid curve can be taken as the transition
temperature, T, (45 °C) between the two states.

Conclusion

We have synthesized a polysoap from the surfactant
monomer SAU that forms bilayer vesicles in water. High
molecular weight of the polysoap suggests that the polymer-
ization occurs by zipping-up of the monomers in both layers
of the bilayer vesicles. The bilayer structure is retained after
polymerization. As in the case of SAU the vesicle formation
of the polysoap is favored below neutral pH. The pK, of the
carboxylic groups was found to be almost two orders of
magnitude higher than that of corresponding free alkanoic
acid. The vesicles formed by the polysoap are very stable
against the rise of temperature. Therefore, the polysoap may
have potential uses as drug delivery vehicle.
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