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ABSTRACT: Two novel two-tail surfactants, dicetyldimethylammonium 4-vinyl benzo-
ate (DDVB) and dicetyldimethylammonium 3,5-divinyl benzoate (DDDB), were synthe-
sized by neutralizing the corresponding quaternary ammonium hydroxide with the
appropriate benzoic acid. As expected, these surfactants formed both homo and mixed-
vesicles, which were readily polymerized with a suitable radical photo-initiator. The
polymerization process was followed by UV–vis spectroscopy and also reconfirmed by
NMR and IR spectroscopy. Polymerization of vesicles prepared from DDVB, unlike the
more commonly polymerized vesicles, in which the polymerizable group forms an
integral part of the surfactant, leads to the formation of a linear polyelectrolyte chain
that is only electrostatically bound to the lipid bilayer. On the other hand, polymeriza-
tion of DDDB vesicles leads to the formation of a crosslinked shell (or net) that encases
the vesicle bilayer. Such counterion crosslinked vesicles were shown to be resistant to
destabilization both by lysis as well as in the presence of a fairly high volume fraction
of an organic solvent, such as ethanol. However, although the simple polymerized
(linearly) vesicles, formed from DDVB, exhibit enhanced stability toward lysis when
compared to their unpolymerized counterparts, they are readily destabilized in the
presence of ethanol, leading to precipitation. This sharp contrast in the behavior of
linearly polymerized and crosslinked systems suggests that crosslinking is essential to
arrest conformational reorganization of the polyelectrolyte chains induced by a change
in the solvent medium, which in turn leads to precipitation. Such counterion
crosslinked vesicular systems also have an added advantage; they may retain the
fluidityof the lipid bilayer while at the same time possess enhanced stability. © 2004
Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 42: 5271–5283, 2004
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INTRODUCTION

Vesicles/liposomes are potential candidates for
controlled drug delivery,1–3 photochemical solar
energy conversion,4,5 and as micro-reactors and

as models for biological membranes.6,7 Synthetic
vesicles, unlike naturally occurring systems, are
metastable structures and tend to revert back to
the lamellar phase by vesicle fusion or they pre-
cipitate out from an aqueous dispersion.6 One of
the best approaches to overcome this instability is
to lock in these structures by use of polymerizable
surfactants.6–12 Since the first report of a poly-
merizable vesicle-forming surfactant by Regen et
al.7 in 1980, considerable progress has been made
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by the use of different types of polymerizable
groups placed at different locations within the
bilayer. Several excellent reviews provide an in-
sightful overview of the early as well as more
recent studies.6,8–13

The properties of the polymerized vesicles
can be controlled by various parameters, such
as the method of polymerization, the degree of
polymerization, the extent of conversion, and
the extent of crosslinking. Linear polymeriza-
tion causes only modest changes in the bilayer
properties, whereas crosslinking can signifi-
cantly affect the stability, fluidity, permeabil-
ity, and lateral diffusion of the vesicular com-
ponents within the bilayer.14 –21 Other impor-
tant factors that affect the vesicular stability
are the type and location of the polymerizable
group within the lipid molecule.22,23 Polymer-
ization of a lipid via the single polymerizable
moiety present in either the hydrophobic tail or
the lipid head group yields linear polymers.14

On the other hand, a bifunctional lipid with
polymerizable moieties present in both the hy-
drocarbon tails could yield crosslinked poly-
mers.15,16,24,25 Interestingly, if both the poly-
merizable moieties are on a single tail, one can
generate polymers which are either
crosslinked16 or ladder type,26,27 depending on
the length and the flexibility of the spacer be-
tween the two polymerizable groups. Thus, by
copolymerization of bifunctional lipids with
monofunctional ones in mixed vesicular sys-
tems, the crosslink density within the bilayer
can be varied, which in turn provides a conve-
nient route to tailor the physical properties of
the lipo–polymer vesicle.

Polymerizable surfactants, most frequently used
in earlier investigations, contained polymerizable
groups that formed an integral part of either their
tail or their head groups. There have been only a
few reports on vesicles with the polymerizable
group as a counterion,28–30 and only one by Regen
and coworkers31 that describes a potentially
crosslinkable diallylammonium group as the
counter-ion. One unique feature of using a polymer-
izable counterion is the possibility of generating a
coated vesicle or liposome in a net, in which the
polymer network acts as a membrane that is not
covalently linked but is electrostatically encasing
the bilayers; the components of the lipid bilayer
therefore retain their monomeric state.12 This type
of encased vesicle has a greater resemblance to a
naturally occurring membrane structure, wherein
the polysaccharides and polypeptides act as a type

of stabilizing anchor. Thus, the enhanced stability
is gained without a significant loss of fluidity of the
bilayer components. One potential drawback with
the Regen systems is that the diallylammonium
counterions are known to undergo cyclopolymeriza-
tion to produce linear rather than crosslinked sys-
tems,32 and, hence, the extent of crosslinking in
their vesicles, if any, might have been rather
limited.

In this report, we describe the synthesis and
vesicular polymerization of two novel two-tailed
surfactants, dicetyldimethylammonium 4-vinyl
benzoate (DDVB) and dicetyldimethylammonium
3,5-divinyl benzoate (DDDB), that contain a vinyl
benzoate or divinyl benzoate counterion, respec-
tively, as shown in Scheme 1; the former would
lead to the formation of a linear polymer, while
the latter would lead to a crosslinked network
encasing the vesicular bilayer. Vesicles prepared
from these surfactants, both independently and
also as mixed vesicles, were polymerized and the
role of crosslink density on the stability of the
polymerized vesicular assemblies has been inves-
tigated.

EXPERIMENTAL

Materials

Cetyltrimethylammonium bromide (CTAB), di-
methyl amine (40% aqueous solution), mesity-
lene, triphenylphosphine, and 2,2-dimethoxy-2-
phenyl acetophenone (DMPA) were purchased
from Aldrich and used as received. Cetyl alcohol
and N-bromosuccinimide were purchased from
S.D. Fine Chemicals. Whenever required, the
solvents were dried according to standard
procedures.33

Methods
1H NMR spectra of all the compounds were re-
corded on a Bruker 400 MHz spectrometer. UV–
vis absorption spectra were recorded with a
PerkinElmer Lambda 35 spectrophotometer. Fou-
rier transform infrared (FTIR) spectra of the
monomers and the lyophilized polymerized sam-
ples were recorded as KBr pellets with a Bruker
Equinox 55 spectrometer. Scattered light inten-
sity at 90° was measured with an Ocean Optics,
Inc. spectrometer (having a spectral resolution of
3 nm) and a standard deuterium–tungsten light
source (Model DT 1000 CE, Analytical Instru-
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ment Systems, Inc.) and/or a Hitachi F-2000 flu-
orescence spectrometer.

3,5-Divinyl Benzoic Acid

Methyl 3,5-divinyl benzoate was synthesized
from mesitylene according to a literature proce-
dure.35 Mesitylene was oxidized to 3,5-dimethyl
benzoic acid with N-hydroxyphthallimide and co-
balt (II) acetate. Esterification of 3,5-dimethyl
benzoic acid, followed by benzylic bromination
with NBS/benzoyl peroxide yielded methyl 3,5-
bis(bromomethyl) benzoate. The bis(bromo-
methyl) derivative was further transformed to the
bis(triphenylphosphonium) salt by treatment
with triphenyl phosphine followed by Wittig cou-
pling with formaldehyde in the presence of aque-
ous NaOH.35 The product, methyl 3,5-divinyl ben-
zoate, was hydrolyzed with 3 equiv NaOH in 50%
MeOHOH2O at room temperature for 8 h, to pro-
duce 3,5-divinyl benzoic acid.

M. p.: 143 °C. 1H NMR (CDCl3, � ppm): 8.05 (d,
2H, Ar, J � 1.6 Hz); 7.65 (s, 1H, Ar), 6.77 (q, 2H,
CHACH2), 5.86 (d, trans-CH2ACH, J � 17.6
Hz), 5.36 (d, cis-CH2ACH, J � 10.8 Hz).

4-Vinyl Benzoic Acid

4-Vinyl benzoic acid was synthesized, starting
from p-toluic acid, following a series of conver-

sions, as in the case of 3,5-divinyl benzoic acid.
The overall yield was 65%.

M. p.: 143–144 °C (lit: 144 °C). 1H NMR
(CDCl3, � ppm): 8.07 (d, 2H, Ar, J � 6.8 Hz), 7.50
(d, 2H, Ar, J � 8.4 Hz), 6.77 (q, 1H, CHACH2, J
� 28.4 Hz), 5.89 (d, 1H, trans-CH2ACH, J
� 17.6 Hz), 5.42 (d, 1H, cis-CH2ACH, J
� 10.8 Hz).

Dicetyldimethylammonium Bromide (DDAB)

Cetyl alcohol was brominated with P/Br2 to give
cetyl bromide.36 Dimethyl amine, 0.886 g
(19.6 mM, 1 equiv, evolved by heating a 40 wt %
aqueous solution) was absorbed in ice-cooled dry
ethanol (12 mL) after drying over CaCl2 and KOH
columns. To this was added cetyl bromide (13.8 g,
2.3 equiv, 45 mM) in 12 mL of ethanol, followed by
NaHCO3 (2 g); the mixture was stirred in a Parr
reactor at 80 °C for 24 h. The solvent was removed
with a rotary evaporator, to produce a solid which
was recrystallized from acetone six times to pro-
duce a white crystalline solid that was dried at
reduced pressure for 5 h at 60 °C. M.p: 159–
162 °C. Yield: 75%.

Dicetyldimethylammonium Hydroxide (DDAH)

DDAB (3 g, 5.21 mM) was added to freshly pre-
pared Ag2O (9 g, 38.7 mM) in 25 mL of methanol

Scheme 1. Synthesis of DDDB and DDVB.
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and stirred for 1 h in a closed centrifuge tube. The
solution was then centrifuged and the superna-
tant was filtered through a sintered glass funnel.
The funnel was rinsed with methanol and the
solution was stored under nitrogen. The exact
concentration of the solution was determined
each time before use by volumetric titration
against standard potassium hydrogen phthalate
with phenolphthalein as an indicator.

Synthesis of DDDB

Equivalent amounts 75 mL (typically 0.048 M) of
freshly titrated DDAH was added to 630 mg
(equivalent amount) of divinyl benzoic acid were
taken in 5 mL of methanol and stirred for 1 h. The
solvent was removed under reduced pressure to
produce white crystals of DDDB.

1H NMR (CDCl3, � ppm): 0.86 (t, 6H, CH3CH2),
1.22–1.24 (broad, 52H, CH3(CH2)13CH2), 1.61
(broad, 4H, CH2CH2N�), 3.34 (broad, 10H,
CH3N� and CH2N�), 5.19 (d, 2H, cis-CH2ACH, J
� 10.8 Hz), 5.8 (d, 2H, trans- CH2ACH, J
� 17.6 Hz), 6.69–6.76 (q, CHACH2, J � 28.8 Hz),
7.4 (s, 1H, Ar), 8.05 (s, 2H, Ar). 13C NMR (CDCl3,
� ppm): 14.1–31.9, 51.3, 63.6, 113.5, 124.9, 126.9,
137–137.1, 140.5, 171.4.

Synthesis of DDVB

DDVB was made following the same procedure as
that of DDDB, with 1 equiv of 4-vinyl benzoic acid
(714 mg) and 1 equiv of DDAH (100 mL,
0.0482 M). 1H NMR (CDCl3, � ppm): 0.86 (t, 6H,
CH3CH2), 1.21–1.29 (broad, 52H, CH3(CH2)13
CH2), 1.59 (broad, 4H, CH2CH2N�), 3.28–3.32
(broad, 10H, CH3N� and CH2N�), 5.21(d, 1H,
cis-CH2ACH, J � 10.8 Hz), 5.74 (d, 1H, trans-
CH2ACH, J � 17.6 Hz), 6.67–6.74 (q, CHACH2,
J � 28.8 Hz), 7.34 (d, 2H, Ar, J � 8 Hz), 8.0 (s, 2H,
Ar, J � 8 Hz). 13C NMR (CDCl3, � ppm): 13.9–
31.9, 51.5, 62.9, 113.9, 125.5, 129.7, 136.7, 138.5,
138.7, 171.4.

Vesicle Preparation

Vesicle dispersions were prepared at 5 mM concen-
tration by a sonication method. In a typical prepa-
ration, the lipid DDVB (96 mg) was dissolved in
15 mL of chloroform and the solvent was removed
with a rotary evaporator to form a thin film of the
lipid on the walls of the round-bottom flask. The
flask was stored in a vacuum desiccator overnight,
to remove any remaining trace solvent. To this,

30 mL of Millipore water was added and was left for
4 h for hydration. DDVB formed a turbid suspen-
sion that was further warmed at 60 °C for 5 min,
vortexed, and then cooled in an ice-water mixture
(5 min). This freeze–thaw cycle was repeated four
times (to ensure optimal hydration) to produce a
turbid suspension that was further dispersed in a
bath-type sonicator for 10 min at 65 °C to produce
an optically clear dispersion. Although the sonica-
tion was done in air, thin-layer chromatography
(TLC) studies after sonication confirmed that no
degradation of the surfactant had occurred. For
DDDB, which had poorer solubility, hydration for
24 h was required to ensure the complete release of
the lipid film from the walls of the flask. In this case,
the four warming–vortexing cycles alone (no freez-
ing) were performed to produce a turbid suspension
that was further dispersed in a sonicator for 20 min
to produce slightly turbid dispersions. In the case of
surfactant mixtures, hydration was performed for
24 h, followed by four warming–vortexing cycles,
after which the mixtures were dispersed for 10 min
in a bath-type sonicator, to produce very slightly
turbid dispersions. The phase-transition tempera-
tures (Tgs) of the samples were determined to be in
the range of 50–55 °C and, hence, the sonication
was performed at 65 °C.

Polymerization

Photopolymerizations were carried out in a 20 mL
scale in tightly stoppered quartz tubes with
5 mol % of DMPA, an oil-soluble initiator. The
initiator was added to the vesicle dispersion after
the freeze–thaw cycles, before sonication at 65 °C.
The UV-source, a 125 W Philips mercury-vapor
lamp, was kept at a distance of 10 cm from the
sample. Samples were deoxygenated in the dark
before polymerization. The polymerization tem-
perature was 35 °C in all cases. To follow the
polymerization process, 100–150 �L of the vesic-
ular solution was syringed out at regular inter-
vals and their UV–vis absorption spectra were
recorded after appropriate dilution.

Polymerization Kinetics

UV–vis absorption measurements were per-
formed at room temperature with a PerkinElmer
UV–vis spectrophotometer with a standard
quartz cuvette of 1 cm path length. Aliquots of the
vesicular samples were diluted with water (30
times in the case of DDVB and 60 times in the
case of DDDB) before recording their spectra. The
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conversion of DDDB and DDVB could be followed
by changes in absorbance at the appropriate
wavelength. In the case of DDDB and DDVB, the
decrease in the absorbances at 240 nm and
260 nm, respectively, were followed. The conver-
sion x at any time was then calculated according
to the equation

x�t� � �A0 � At�/�A0 � Ap�,

where At is the absorbance at any time t, whereas
A0 and Ap represent the absorbances of the unpo-
lymerized and completely polymerized samples
(after attaining saturation), respectively.

Lysis Studies

For the lysis experiment, 1 mL of a dispersion of
5 mM vesicle solution was taken in a stoppered
quartz cuvette of 1 cm optical length and heated
to 50 °C in a thermostated cuvette holder. After
thermal equilibration, the titration was per-
formed, with stirring, by repeated injection of a
2 �L aliquot of a 50 mM aqueous solution of
CTAB. The vesicle breakdown was monitored by
measuring the simple 90° scattering intensity at
575 nm with an Ocean Optics Fiber Optic spec-
trometer, 4 min after each addition. A stable
value was generally obtained in 2 min. The 90°
scattering was measured in a single scan with an
integration time of 16.4 s.

Ethanol Destabilization

Stability of the vesicles to ethanol was investi-
gated by adding ethanol in 10 �L steps to 1 mL of
the aqueous vesicle dispersion under stirring. The
intensity of scattered light (at 90°) was measured
and corrected for the dilution factor.

Temporal Stability of Vesicles

The stability of the vesicles as a function of time
was studied by measuring the scattered light in-
tensity at 90° on a fluorescence spectrometer,
where both the excitation and emission wave-
lengths were kept at 575 nm. To ensure that the
fluctuation in lamp intensity did not affect the
measurements, the fluorescence intensity of a
standard quinine sulfate solution (10�6 M in
0.1 N H2SO4) was measured before each scatter-
ing measurement, and was seen to be invariant
during the entire duration of the experiment.

Transmission Electron Microscopy (TEM)

Of the vesicle dispersion 10 mL of the vesicle
dispersion was taken on a Formavar coated 200
mesh, copper grid. After 1 min, excess fluid was
blotted off the grid with a filter paper. 10 �L of 1%
uranyl acetate was then applied on the grid and
after 1 min, the excess liquid was similarly blot-
ted off. The grid was air-dried for 5 h and ob-
served under a bright-field TEM (JEOL 100 CX
II) operating at an acceleration voltage of 80 kV.

Dynamic Light Scattering (DLS)

Mean hydrodynamic diameters of the vesicular
dispersions were determined at 25 °C by laser
light scattering with a Zetasizer 3000 (Malvern
Instrument, Ltd., UK). The instrument employed
an incident He–Ne laser source at a wavelength of
633 nm, with the detector angle at 90°. A Malvern
7132 digital (16-bit) autocorrelator was used to
generate the full autocorrelation of the scattered
intensity. The time-correlated function was ana-
lyzed by a method of cumulants and the calcula-
tion imposed a virtually unimodal distribution of
particle size populations. The data were analyzed
with software supplied by the manufacturers. A
220 nm latex standard was used for calibration.

RESULTS AND DISCUSSION

Surfactant Synthesis

Two novel two-tail surfactants were synthesized
from a standard two-tail surfactant, DDAB, as
shown in Scheme 1. DDAB was in turn synthe-
sized in a single step from the dimethylamine and
slightly over 2 equiv of cetylbromide, along with
solid bicarbonate as a base. This improved single-
step approach gave the required product in good
yields and purity.37 The bromide counterion was
exchanged for a hydroxide ion with Ag2O to yield
DDAH, which was then neutralized with 1 equiv
of the appropriate benzoic acid–vinyl benzoic acid
to get DDVB, and 3,5-divinylbenzoic acid to get
DDDB. 3,5-Divinyl benzoic acid (DVBA) and 4-vi-
nylbenzoic acid (VBA) were in turn synthesized
with a slightly modified/extended literature ap-
proach,35 details of which are provided in the
Experimental section. The 1H NMR spectra of
the two new surfactant-monomers, shown in
Figure 1, exhibited the expected peaks due to the
aromatic, vinylic, and aliphatic protons—all in
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the expected intensity ratios, confirming their
structure.

Vesicle Preparation and Polymerization

Single-lamellar vesicles (SLV) were readily
formed with both DDVB and DDDB via the stan-
dard ultrasonication method. Typically, the vesi-
cles were made in 5 mM concentration by four
freeze–thaw cycles to produce turbid dispersions
of multilamellar vesicles (MLV)38 that were fur-
ther dispersed in a round-bottom flask by sonica-
tion for 10 min at 65 °C (along with the initiator)
to produce optically clear solutions for pure
DDVB, the monofunctional amphiphile. The
crosslinkable surfactant DDDB had poorer solu-
bility in water and, hence, even after freeze–thaw
cycles, the dispersions were highly turbid. How-
ever, after extended (20 min) sonication, homoge-
neous but lightly turbid dispersions were ob-
tained.39 Mixed vesicles containing the two sur-
factants DDDB and DDVB in the molar ratios of
1:3, 2:3, and 7:3 were also similarly prepared to
produce homogeneous dispersions. Attempts by
earlier researchers to prepare vesicles from am-
monium surfactants containing a styryl group in
each of its tails24 and from a glycerol–phospho-

lipid that contained two styryl groups had
failed.40

Photoinitiated polymerizations of the vesicle
dispersions were carried out in a quartz tube by
exposing the sample to UV-radiation from an Hg-
vapor lamp. A common oil-soluble photoinitiator,
DMPA, was chosen to initiate the polymerization.
A partition coefficient of Kp � 2.3 � 104 was
reported by Candau and coworkers41 for the par-
titioning of DMPA between hexadecyldimethyl–
(phenylethyl)ammonium chloride micelles and
water, suggesting that it dissolves very preferen-
tially in the amphiphilic aggregate. Because our
surfactants are chemically similar to the afore-
mentioned surfactant, but have two tails instead
of one, we expect the partitioning would be at
least as good or possibly better. Furthermore, in
micellar aggregates of cetyltrimethyl ammonium,
4-vinylbenzoate (an analogous single-tail surfac-
tant), DMPA, was also shown to be a more effi-
cient photoinitiator than a water-soluble one,
such as azobis–cyanovaleric acid.42

The polymerization process was followed by
measurement of the UV–vis absorption spectra of
aliquots (0.1 mL was syringed out and diluted as
required) taken after periodic intervals during
the polymerization. Figure 2(a) shows the change

Figure 1. 1H NMR spectra (CDCl3, 400 MHz) of poly(DDDB), DDDB, poly(DDVB),
and DDVB.
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in the absorption spectra of DDVB vesicles with
increasing polymerization time. The intensity of
the peak at 260 nm, because of the 4-vinylbenzo-
ate unit of the monomer, decreases while that of
the peak at 234 nm, because of the corresponding
saturated analogue—the 4-alkyl benzoate unit

formed upon polymerization—increases. The de-
crease in the absorbance at 260 nm was used to
quantitatively follow the polymerization process,
as described in the Experimental section.
Figure 2(b) shows the variation of the absorption
spectra in the case of DDDB vesicles; here again
the polymerization was followed by monitoring
the decrease in the absorbance of the peak at
240 nm. A plot of conversion versus time for both
these polymerizations indicates that the rate is
initially high but levels off at longer times (Fig. 3).
It is also seen that the initial rapid increase in the
case of the DDDB vesicles continues until a fairly
high conversion (�80%) is achieved, whereas in
the linear case the rate begins to slow down at
significantly lower conversions (�65%). Earlier
researchers have implicated the slower lateral
diffusion coefficient of both the monomer and the
growing polymer chain for the decrease in the
polymerization rates at longer times.20,43 If this
indeed is the prime reason, one may expect such
an effect will be more drastic in the case of
crosslinking systems than in linear cases—quite
the opposite of what we observed. It may be im-
portant to recognize here that the extent of double
conversion may not reach 100%, even after pro-
longed polymerization times, because of the fact
that during a statistically random growth process
vinyl units are likely be to trapped with no poly-
merizable neighbors. This effect would be more
exaggerated in the case of the crosslinkable
DDDB. Further independent measurements of
conversion may be required to resolve this issue.

Completely polymerized vesicular systems
were lyophilized and independently characterized

Figure 2. UV–vis absorption spectra of (a) DDVB
and (b) DDDB as a function of conversion, upon poly-
merization.

Figure 3. Conversion as a function of time of poly-
merization of DDDB (Œ) (DMPA-initiator), DDVB (�)
(DMPA-initiator) and DDVB (■)(without initiator).

Figure 4. FTIR spectra of unpolymerized and poly-
merized vesicular dispersions: (a) DDVB, (b) poly-
(DDVB), (c) DDDB, and (d) poly(DDDB).
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by 1H NMR [Fig. 1(b,d)] and FTIR (Fig. 4) to
confirm complete conversion. Disappearance of
the peaks at 1631 (due the CAC stretching) and
at 989 cm�1 (because of vinyl COH out-of-plane
bending) corresponding to the vinyl groups was
taken as an indication of near complete conver-
sion. The 1H NMR spectra (recorded in CDCl3)
also showed a complete disappearance of the vinyl
protons, although it must be mentioned here that
the peaks because of the aromatic protons were
also not seen. This is probably because of a sig-
nificant loss of mobility upon polymerization, re-
sulting in extensive broadening of the peaks.
Thus, although NMR spectra suggest the forma-
tion of polymers, it does not permit the quantifi-
cation of the extent of conversion. In the absence
of an initiator, the polymerization is much slower
and the conversion increases almost linearly with
time. Attempts to polymerize both DDVB and
DDDB with azobisisobutyronitrile (AIBN) and po-
tassium persulfate (KPS) as thermal initiators at
60 °C also afforded very low conversions. Similar
observations were also made by Regen et al.
based on their attempts to thermally polymerize

vesicles with methacrylate units as the counter-
ion.29 In simple single-tail surfactants, it has
been postulated by earlier researchers that or-
ganic aromatic counterions, such as salicylate
and tosylate, bury themselves within the periph-
ery of the michelle, which triggers the formation
of worm-like micelles.44 The fact that the oil-sol-
uble initiator works most effectively in our sys-
tems suggests that the vinyl (divinyl) benzoate
counterions in all probability are similarly buried.

In most cases, polymerization does not visibly
change the opacity of the vesicular solutions. In
fact, the sizes of the vesicles underwent a small
reduction after polymerization as confirmed by
both dynamic light scattering (DLS) as well as
TEM measurements. Figures 5 and 6 show the
TEM pictures of the vesicular aggregates before
and after polymerization. The reduction in size of
the vesicles probably reflects the loss of transla-
tional freedom because of enchainment of the
counterions upon polymerization. A similar obser-
vation was made earlier in the case of vesicles
with methacrylate counterions.29 Table 1 lists the
sizes of the vesicles before and after polymeriza-
tions, as measured by DLS. The presence of a few

Figure 5. TEM photographs of DDVB (a) before and
(b) after polymerization. The scale bar corresponds to
250 nm.

Figure 6. TEM photographs of DDDB (a) before and
(b) after polymerization. The scale bar corresponds to
250 nm.
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significantly larger aggregate structures in some
postpolymerization TEM pictures is in concur-
rence with a bimodal distribution suggested by
DLS studies. This probably suggests the occa-
sional intervesicular crosspolymerization leading
to the formation of multivesicular aggregate
structures.

As mentioned earlier, polymerization DDVB ves-
icles would lead to the formation of linear polymer
chains that are electrostatically bound to either side
of the vesicle bilayer, whereas in DDDB vesicles a
permanently crosslinked macromolecular net that
would encase the vesicle bilayer will be formed.
Such a net may be expected to be more robust and
less susceptible to disruption than the linear poly-
mer. In an effort to understand the role of crosslink
density, mixed vesicles with DDVB with varying
amounts of DDDB, that is, 25, 40, and 70 mol %,
were similarly photopolymerized with DMPA as the
photo-initiator. The absorption spectra of the mixed
vesicles are much broader and, expectedly, resem-
ble the mole-fraction weighted summation of the
two individual component spectra. Polymerization
causes a similar depletion of the peak at 245 nm
upon complete polymerization, whereas a peak at
228 nm because of the 4-alkylbenzoate-type unit
formed from the DDVB component remains
(slightly blueshifted because of the presence of a
band at a lower wavelength). As expected, the in-
tensity of this shoulder falls with decreasing DDVB
content in the mixed vesicle.

Vesicle Stability to Lysis

Vesicle to mixed-micelle transition can be induced
by the addition of single-tail surfactants to vesic-
ular dispersions of typical two-tail surfactants.

The mechanism of lysis of vesicles involves the
initial incorporation of the single-tail surfactant
into the vesicular bilayer, and when its concen-
tration exceeds a certain critical value, the aggre-
gates can no longer exist as vesicles and, hence,
spontaneously break up to form mixed micelles.
The concentration of the surfactant at which this
breakdown occurs is called the critical breakdown
concentration, (c.b.c). Because our vesicle disper-
sions had very low turbidities, we chose simply to
monitor the 90° scattering intensity, which can be
taken as being related to the size of the aggre-
gates. Figure 7 depicts the variation of the nor-
malized scattered intensity (at 575 nm) as a func-
tion of the equivalents of cetyl trimethylammo-
nium bromide (CTAB) added to effect lysis. In all
cases, an initial increase in scattering intensity
was observed until a certain amount of CTAB (ca.
1 equiv) is added, beyond which a drastic drop is
seen. This is explained by the initial swelling of
the vesicles because of incorporation of CTAB fol-
lowed by the breakdown of vesicles to mixed mi-
celles that are of a significantly smaller size. For
the unpolymerized and linearly polymerized ves-
icles, with the addition of just 2 equiv of CTAB,
the scattered light intensity decreased very
sharply. However, for crosslinked ones, the de-
crease was significantly smaller—the extent of
decrease being inversely proportional to the ex-
tent of crosslinking (i.e., molar fraction of DDDB).
In the case of 100% crosslinked DDDB vesicles,
the final scattered intensity decreased by only
about 10% when compared to the original value.
Thus, although the stability of vesicles toward
lysis is clearly seen to increase as a result of
polymerization, a more drastic effect is seen only
in the case of crosslinked vesicles: the relative
stability apparently increases with increasing
crosslink density. Although earlier estimates by
O’Brien and coworkers16 suggested that about
30 mol % of the crosslinkable amphiphile is re-
quired for generating a crosslinked network that
can effectively stabilize the vesicles, a more re-
cent study suggested this value could be a lot
lower when the polymerizable group is located
near the head group of the phosphatidyl choline
because of the intrinsically greater crosslinking
efficiency.24 In our systems, it may be expected
that the crosslinking efficiency could be fairly
high as the polymerizable groups form a rela-
tively mobile counterion shell.

The temporal stability of the unpolymerized, lin-
early polymerized, and crosslinked vesicles was
similarly monitored over a period of several weeks.

Table 1. Sizes of the Various Vesicle Dispersions
Before and After Polymerization (from Zetasizer)a

Before
Polymerization

(nm)b

After
Polymerization

(nm)b

DDVB 98 70
DDDB-25 115 80
DDDB-40 102 83
DDDB-70 101 79
DDDB-100 97 76

a The numbers adjacent to the sample abbreviations refer
to the mol % of DDDB in the mixed vesicles.

b The average value is determined utilizing the entire bi-
modal distribution.
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Although both the linearly polymerized and
crosslinked vesicles were fairly stable over a 5-week
period, as seen by a near constant value in the
scattered light intensity, in the case of the unpoly-
merized vesicles, a steady decrease in the scattered
light intensity was observed with time. In two
weeks, the intensity had dropped by about 40% in
the case of the unpolymerized vesicles, as seen from
Figure 8.

One important aspect of vesicular structures is
their ability to encapsulate aqueous solutions
within the bilayer, and this is often probed by
dye-encapsulation and release experiments. In
our counterion polymerizable (crosslinkable) sur-
factants systems, encapsulation of standard dyes
such as eosin-yellow or carboxy-fluorescene
proved to be difficult because these acidic (an-
ionic) dyes lead to precipitation of the surfactants,
possibly because of the exchange (or neutraliza-
tion) of the vinyl benzoate (or divinyl benzoate) by
the dye molecules. Hence, encapsulation–release
studies could not be done, and therefore we have
relied on lysis studies as primary evidence for
vesicular structure formation and disruption.

Vesicle Stability to Ethanol Addition

Lysis experiments are one way to study the effect
of polymerization and crosslinking on the relative

stability of the vesicles. Another way to investi-
gate this would be to examine the stability of the
vesicles to the presence of increasing amounts of
an organic solvent, such as ethanol. Because eth-
anol is a very good solvent for the surfactants, it
would readily destabilize vesicular assemblies to
form homogeneous solutions.45 Figure 9 shows
the variation of the scattered light intensities
(90 °) of the vesicular dispersions of poly(DDVB),
poly(DDDB), and unpolymerized DDVB with in-
creasing amounts of added ethanol. As expected,
in the case of unpolymerized vesicles, the scat-
tered intensity continuously decreased (see inset
in Figure 9) because of dissolution of the vesicles.
However, in the case of the linearly polymerized
vesicles from DDVB, the scattered intensity in-
creased sharply with increasing amounts of eth-
anol—a dramatic increase in the turbidity was
also visibly noticeable and it often led to the even-
tual precipitation of the polymerized material.
Interestingly, in the case of the highly crosslinked
vesicles from DDDB, only a small increase in the
scattered intensity with increasing amounts of
ethanol was seen, and importantly, no visible pre-
cipitation was noticed. This experiment helps
highlight two important points: one is that a dia-
metrically opposite behavior is observed in the
unpolymerized and linearly polymerized vesicu-
lar assemblies when ethanol is added—in the po-

Figure 7. Scattered light intensity versus equivalents of CTAB for poly(100% DDDB)
(ƒ), poly(40% DDDB) (‚), poly(25% DDDB) (�), poly(0% DDDB) (E), 40% DDDB (Œ),
and 0% DDDB (F).
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lymerized systems destabilization occurs by pre-
cipitation, whereas in the unpolymerized assem-
blies it occurs by dissolution. The second is the
dramatic difference in the behavior of linear and
crosslinked vesicles toward added ethanol;
whereas in the former case precipitation occurs
possibly because of the ability of the linear chains
to reorganize, leading to a collapse of the polymer
chain, in the latter case crosslinking appears to
impede such a reorganization and prevents pre-
cipitation. The system thus behaves as a collec-
tion of semirigid nanoparticles20 that do not ag-
gregate and, hence, remain dispersed in solution.

Isolation of Polyvinyl(divinyl)benzoic Acids

The freeze-dried samples of poly(DDDB) vesicles
and poly(DDVB) vesicles were treated with eth-
anolic–HCl to release the surfactant tails as the
chloride salts. The ethanolic–HCl was then re-

moved under reduced pressure and the residue
was treated with chloroform to selectively precip-
itate the acid polymer while retaining the surfac-
tants in solution. The yields of the isolated poly-
mers were about 85% with respect to the expected
poly(acids). FTIR spectra of the isolated polymers
were identical to that of pure poly(DVBA) and
poly(VBA), prepared independently by solution
polymerization of DVBA and VBA (see Fig. 10). A
clear shift in the peak because of the carboxylate
ion (at 1556 cm�1) upon acidification (to
1697 cm�1) confirms the occurrence of a complete
exchange. Similar observations were made by
Wakita et al.,46 who prepared poly(cetyltri-
methylammonium acrylate) by complexing poly-
(acrylic acid) with cetyl trimethylammonium hy-
droxide (CTAH). Attempt to redisperse these
striped-off polymerized vesicles (without the hy-
drocarbon tail) in water failed, suggesting that
formation of swollen polymeric balloon-like sys-

Figure 8. Stability of (a) polymerized and (b) monomer vesicles with time: (a)
poly(100% DDDB) (ƒ), poly(40% DDDB) (‚), poly(25% DDDB) (�), poly(0% DDDB) (E)
(b) 100% DDDB (�), 40% DDDB (Œ), 25% DDDB (■), 0% DDDB (F).
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tems (ghost vesicles31) are rather difficult to real-
ize via this appraoch. Alternate approaches that
do not involve freeze-drying of the samples but
rely on retaining these in aqueous dispersion,
during the acidification and surfactant removal
process, could yield the desired nanoballoon type
structures although their mechanical stability
could still pose a serious potential problem.

CONCLUSIONS

Two novel vesicle-forming surfactants wherein a
polymerizable/crosslinkable unit functions as a
counterion were synthesized. Polymerization of ve-
sicular aggregates formed from these surfactants
led to the generation of encased vesicles, in which
the vesicular bilayer is jacketed on both sides by
either linear polymer chains, or by a crosslinked
network. Polymerized vesicles formed with the
crosslinkable surfactant, namely DDDB, were
shown to exhibit greatly enhanced stability toward
lysis as well as toward disruption in the presence of
ethanol. In contrast, linearly polymerized vesicles
formed from DDVB were not stable to disruption by
ethanol, although they exhibited slightly improved
stability toward lysis when compared to their unpo-
lymerized counterparts. This drastic difference in
behavior toward disruption by ethanol is attributed
to the precipitation of the polymer induced by a
conformational collapse in simple linear polymer-
ization. In the case of counterion crosslinked sys-
tems, the conformational flexibility is greatly ar-

rested, thereby preventing the precipitation. An im-
portant advantage of such counterion crosslinked
vesicles is that the vesicular bilayer is only electro-
statically bound to the crosslinked network and is
therefore likely to maintain its fluid nature, unlike
the case of most reported polymerized vesicles. One
important difference between our counterion
crosslinkable vesicles and those reported by Regen
and coworkers31 is that our system is truly
crosslinkable, whereas Regen’s systems used diallyl
ammonium counterions, which are known to un-
dergo cyclopolymerization,32 possibly leading to the
formation of linear rather than crosslinked poly-
mers. Thus, our system might well represent a
truer example of a vesicular assembly with a
crosslinked polymeric net encasing it. In such sys-
tems, polymerization of cast multibilayer assem-
blies47 could lead to the generation of permanently
crosslinked two-dimensional polymers, similar to
the ones reported by Stupp and coworkers based on
thermotropic liquid-crystalline assemblies.48 Simi-
lar single tail surfactants based on vinyl benzoic
acid and divinyl benzoic acid have also been pre-
pared and their polymerization both in the dilute
micellar regime as well as in the more concentrated
lyotropic phases are currently underway and will be
reported shortly. Later investigations open up the
possibility of generating highly porous functional-
ized organic substrates that could be potentially
useful for catalysis applications.

We would like to thank 3M-India, Ltd. for their gener-
ous support provided through a research award to the
group and also Ministry of Human Resource Develop-
ment (MHRD), New Delhi, for their partial support.

Figure 9. Scattered light intensity versus the
amount of ethanol added; poly(100% DDDB) (ƒ),
poly(0% DDDB) (E), 0% DDDB (F). Inset showing a
plot for 0%DDDB in expanded scales.

Figure 10. FTIR spectra (KBr pellets) of (a) DDDB,
(b) poly(DDDB), (c) poly(DDDB) after treatment with
HCl, and (d) poly(DVBA).
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