
Introduction

The hydration of a solution of amphiphilic molecules in
an apolar solvent can lead to the formation of
three-dimensional structures known as reversed micelles

[1, 2, 3]. AOT is a widely used surfactant with a double
hydrophobic chain. It can form a microemulsion with-
out adding any cosurfactants, and the microemulsion
composed of AOT can accommodate a large amount of
water. In addition, the size of the droplet increases with
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Abstract. The interactions between
poly(vinylpyrrolidone) (PVP) and
the reversed micelles composed of
water, AOT, and n-heptane are
investigated with the aid of phase
diagram, measurements of conduc-
tivity and viscosity, Fourier trans-
form infrared (FTIR) spectrum, and
dynamic light scattering (DLS). The
phase diagrams of water/AOT/hep-
tane in the presence of and absence
of PVP are given. The conductivity
of the water/AOT/heptane reversed
micelle without PVP initially in-
creases and then decreases with the
increase of water content, x0 (the
molar ratio of water to AOT), while
the plots of conductivity (j) versus
x0 of the reversed micelle in the
presence of PVP depend on the PVP
concentrations. The plot of j versus
x0 with 2.0%wt PVP is similar to
that without PVP. Only the x0,max

(the water content that the maxi-
mum conductivity corresponds to) is
larger than that without PVP. Nev-
ertheless, the conductivity of the
reversed micelle containing more
than 4%wt PVP always rises with
the increase of the water content in
the measured range. The DLS

results indicate that the hydrody-
namic radius (Rh) in the presence
and absence of PVP rises with the
increase of x0. The plots with PVP
and without PVP have almost the
same value when x0<17; and after
that, it quickly increases with the
increase of x0. It is interesting to
find that there is almost no effect of
the PVP concentration on the vis-
cosity and Rh of the reversed micelle
at x0=15. The FTIR results suggest
that the contents of SO3

--bound
water and Na+-bound water both
decrease with PVP added, while the
content of the bulky-like water in-
creases. However, the trapped water
in the hydrophobic chain of the
surfactant is nearly unaffected by
PVP. It is also found from the FTIR
that the carbonyl group stretching
vibration of AOT is fitted into two
sub-peaks, which center at 1740 and
1729 cm-1, corresponding to the
trans and cis conformations of AOT,
respectively.
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the increase of water content [4, 5]. The microemulsions
formed by AOT are widely used as microreactors for
aqueous phase reactions [3, 6, 7]. It is also used in the
preparation of nanometer particles, in the emulsification
polymerization and biological catalysis [8]. According to
the accepted reviews [9, 10], the water in the reversed
micelles can be divided into at least two kinds: polar
head hydration water (‘‘bound’’ water) and bulk-like
water (‘‘free’’ water). The bound water has some unusual
properties, such as high microviscosity, no freezing
point, and blocking of the formation of hydrogen bonds
[1]. The water in a reversed micelle is similar to the water
in a biomembrane in many aspects [11], and hence much
attention has been paid to the state and structure of the
water in reversed micelles and microemulsions [12, 13,
14, 15, 16, 17]. People hope to mimic biomembranes and
to disclose the biological physics and biological chem-
istry phenomena by investigating the water state in the
reversed micelle and microemulsion. Much work has
been done on the study of interactions between the
water-soluble polymers and the reversed micelles, for
example, the effects of the polymer on the size, structure
and physical chemical properties of the reversed micelles
[18, 19, 20, 21, 22]. However, general features of the
interaction between PVP and AOT reversed micelles are
still unclear.

In our previous work, we have studied the interaction
between PVP and AOT in aqueous solution by means of
surface tension and computer simulation [23]. The
present paper aims to study the interactions between
PVP and AOT reversed micelles with the use of the
phase diagram, conductivity, viscosity, FTIR, and dy-
namic light scattering (DLS).

Experimental section

Materials

AOT was purchased from Fluka. n-Heptane was purchased from
Shanghai Chemical Company (China). The PVP (K30 and K90)
were bought from Beijing Chemical Reagent Company (China)
and dried in the vacuum drier before use. The purity of the
polymer was higher than 99% in weight. The content of the
monomer residue and the sulfate residue were both lower than
0.1%wt.The water used to prepare the solution in the experiment
was distilled three times.

Instruments

The conductivity instrument (model DDS-11A) used in our experi-
ment is the product of the Second Analysis Instrumental Corpora-
tion of Shanghai. The constant of the cell is 1.05. The Ubbelohde
viscometer was made in ShandongUniversity. FTIRwas carried out
with FTS-165 (Biorad) under 2 cm-1 resolutions and 64 scanning.
The measurements of DLS have been performed with a standard
multi-angle spectrometer (the product of Brookhaven Instruments,
USA); intensity correlations were processed through the BI-9000
correlator. An Argon-ion laser was used as the light source.

Experimental method

Phase diagram

The solutions of AOT and heptane with different ratios in weight
are prepared, and the water is gradually injected into the solution
under stirring. The solution is observed with the naked eye. The
lamellar liquid crystal and hexagonal liquid crystal are determined
with the polarimeter. The weight corresponding to the point that
the solution becomes turbid or clear is written down, and then the
ternary phase diagram is drawn by calculating the weight per-
centage of water in the total weight. According to the above
method, the pseudo-ternary phase diagram can be also drawn when
water is replaced by a 2.0%wt PVP-K30 solution.

Preparation of the microemulsion

AOT solution is obtained by dissolving AOT in the required
amount of heptane to give 0.1 mol L-1. The water or PVP-K30
aqueous solution is injected into the AOT solution to obtain the
required system.

Measurements of the viscosity and conductivity

The viscosities of the reversed micelles containing different contents
of water and different concentrations of PVP are measured with the
Ubbelohde viscometer. The required solutions are prepared as
described above and the measurement of conductivity is carried out
on a DDS-11A conductivity instrument. All the experiments are
performed at a temperature of 30.0±0.1 �C.

Dynamic light scattering measurements

DLS measurements are performed using a frequency-stabilizing
argon ion laser emitting vertically polarized light at 488 nm. The
scattering cells are immersed in a thermostated bath of index-
matching liquid (decalin) (to match the refractive index of glass).
The measurements are performed at a scattering angle of 90º and the
temperature is always controlled at 30.0±0.1 �C.

The data analysis is according to reference [24].

Measurements of FTIR

In order to quantify the components of the hydroxyl and carbonyl
stretching bands and their changes with polymer contents, the
spectra have been subjected to a deconvolution process in Gaussion
bands [17].

The measurements of FTIR are carried out as described in
reference [25].

Results and discussion

The phase diagram

A phase diagram can provide a clear picture regarding
the state of a system of certain composition [26, 27]. The
phase diagrams of water (or PVP-K30 aqueous solu-
tion)/AOT/n-heptane are shown in Fig. 1. In this
experiment the phase diagram with 2.0%wt PVP-K30 is
used as an example for studying the effect of PVP on the
phase diagram.
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The regions of I, II, III, and IV represent the reversed
micelle, the liquid crystal, the bicontinuous phase, and the
O/W microemulsion, respectively. The dashed line refers
to the 0.1 mol L-1AOT solution studied in this paperwith
thewater content increasing froma to c.The regions of the
reversed micelle and the liquid crystal in the presence of
PVP-K30 are both smaller than those in its absence, while
the bicontinuous region is larger in the presence of PVP
than in its absence. Only the reversed micelle region
without PVP is similar to that of the water/AOT/isooc-
tane system [19]. Also, it can be seen from the figure that
the region of O/W microemulsion is further from the
water acme in the presence of PVP.

Conductivities of the reversed micelles in the presence
of different concentrations of PVP-K30

The curves shown in Fig. 2 are variations of the con-
ductivity as a function of x0 for reversed micelles with
different PVP-K30 concentrations. The conductivity of
the reversed micelle without PVP initially increases and
then decreases with the increase of x0; at x0�15 the
conductivity reaches its maximum. This result is caused
by two effects. On the one hand, at small values of x0

(the reversed micelle region) an increase of water content
induces a better exchange of surfactant molecules be-
tween the micelles, and hence improves the conductivity
due to the better mobility of the charged surfactant
molecules. On the other hand, the addition of water
dilutes the systems, which results in a decrease of the
concentration of the conducting species [26]. The first
effect is dominant at x0<15, while the second effect is
decisive at x0>15. Thus, the conductivity initially in-
creases and then decreases with the increase of x0. It is
also observed that different concentrations of the poly-
mer have different effects on the conductivity of the
microemulsion. The plot of conductivity (j) against x0

in the presence of 2.0% PVP-K30 is similar to that of the
PVP-free system; only the value of x0,max becomes lar-
ger, x0,max�20. At the same time, the conductivities of
the reversed micelle at WPVP‡4.0% have no maximum
values in the investigated x0 range. It is found that
the reversed micelle becomes turbid when x0>30 for the
WPVP‡4.0% system during the experimental course. The
conductivity of reversed micelles is almost unaffected by
PVP-K30 when x0 is below 10; while the conductivity in
the presence of PVP-K30 is larger than that in its ab-
sence when x0>10. This indicates a strong interaction
between the polymer and the reversed micelles as de-
scribed in the literature [19]. The attracting interaction
between the reversed micelles increases with added wa-
ter-soluble polymer. Similar results were also found by
several groups [28, 29, 30] in the investigation of the
effect of PEO and cytochrome C on the microemulsion
composed of water, AOT, and isooctane.

Dynamic light scattering

Light scattering is a widely known experimental tool used
to investigate the interaction between polymers and

Fig. 1A–B Phase diagrams composed of H2O, AOT, and n-heptane
A with and B without PVP-K30

Fig. 2 Variation of conductivity with x0 of the reversed micelle
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surfactants because it is sensitive to the existence of large
complexes [24, 31, 32]. Figure 3 shows the dependence of
the hydrodynamic radius (Rh) of the reversed micelle on
x0 in the presence of different concentrations of PVP-
K30. It can be seen the Rh of the reversed micelle in the
presence of PVP-K30 has almost the same value as that in
the absence of PVP-K30 when x0<17; but with the in-
crease of x0, the Rh in the presence of PVP-K30 is larger
than that in the absence of it. This is because at small x0,
the headgroup of AOT seized part of the water molecules
in the PVP aqueous solution, which makes the PVP
molecules more compact.While at higherx0, the effective
hydrodynamic radius of the reversedmicelle rises with the
increase of PVP concentration. The AOT molecules ar-
range loosely with the increase of x0, so the hydrophobic
part of the polymer may insert into the hydrophobic
chains of the surfactant with the increase of the PVP
concentration. The plot of Rh versus x0 in the absence of
PVP-K30 is a straight line and agrees with the general
expression for the radius of AOT reversed micelle [28].

Viscosities of the AOT reversed micelles in
the presence of PVP-K30

The dependences of the specific viscosity (gsp) and Rh

of the reversed micelles on x0 are shown in Fig. 4. It is
observed that the gsp of the reversed micelle increases
with the increase of x0. This is attributed to the larger
size of the reversed micelle with the increase of x0,
which leads to greater friction between the reversed
micelles. Thus the viscosity of the system increases.
This result is in agreement with the dynamic light
scattering results (the plot inserted in Fig. 4).

Figure 5 shows the dependence of the reduced vis-
cosities of PVP-K30 and K90 aqueous solutions on their
concentrations. The reduced viscosity of PVP-K90
solution increases more noticeably than that of the PVP-
K30 solution. For example, the reduced viscosity of the
PVP-K30 aqueous solution increases from 0.21 to 0.34
when WP changes from 0.5%wt to 6.0%wt, while the
PVP-K90 solution increases from 1.48 to 2.40 when WP

changes from 0.1%wt to 1.2%wt. The reason is that the
larger molecules result in larger hydrodynamic volumes.
Thus the entanglement between the intra- and inter-
molecules is stronger, which leads to the higher viscosity.
Here, we also give the viscosities of the reversed micelles
in the presence of the corresponding PVP content to its
aqueous solution. The viscosity remains almost constant
with the increase of WPVP (shown in Fig. 6). This indi-
cates that the size of the reversed micelles is almost
unaffected by addition of PVP.

Table 1 shows the specific viscosity of the PVP
aqueous solution and the reversed micelle at x0=5 and
x0=15. It is shown that the specific viscosity of PVP-
K30 is almost the same as that of PVP-K90 in the re-
versed micelle, while the specific viscosity of PVP-K30 in
the aqueous solution is about one tenth of that of the
PVP-K90 in the aqueous solution. The viscosity mea-
sured is the friction between the reversed micelles. This is
in agreement with the DLS results that the effective ra-
dius of the reversed micelle remains almost constant at
x0=15. While the PVP molecules are stretched in the
aqueous solution, thus the viscosity of PVP in the re-
versed micelle is much smaller than that in the aqueous
solution.

According to Huggins equation,

gsp

.
WPVP ¼ ½g� þ k½g�2WPVP ð1ÞFig. 3 Dependence of hydrodynamic radius (Rh) on x0 in the

presence of different concentrations of PVP-K30

Fig. 4 Dependence of gsp and Rh of water/AOT/heptane reversed
micelles on x0
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The intrinsic viscosity of PVP-K30 and PVP-K90 are
obtained by extrapolating the plot of gsp/WPVP versus
WPVP to WPVP=0 (Fig. 5). The intrinsic viscosities, [g],
of PVP-K30 and PVP-K90 are 0.202 and 1.4 g-1 dL,
respectively. The molecular weight of PVP is obtained
according to the following equation:

½g� ¼ kgMa ð2Þ
The molecular weight of PVP-K30 and PVP-K90 ob-
tained are 3.0·104 and 5.2·105, respectively. The root-
mean square of the end-to-end distance ½< r2 >�1=2 of
PVP-K30 and PVP-K90 can be obtained from the fol-
lowing equation [33]:

½< r2 >�1=2 ¼ ðM � ½g�=/Þ1=3 ð3Þ
where the value of / is 2.1·1021 if the unit of [g] is g-1 dL.
½< r2 >�1=2 of PVP-K30 and PVP-K90 are 14.24 nm

and 70.25 nm, respectively.
The radius of the water core of the reversed micelle

can be obtained according to the equation suggested by
Kotlarchyk et al. [34]:

Rw ¼ ð3VH2O=ASÞ � x0 þ 3VH=AS ð4Þ
where VH2O is the volume of a single water molecule.
AS is the section area of the surfactant polar group.
VH is the hydration volume of the polar group.

The values of AS and VH obtained from reference [35]
are 0.687 nm2 and 0.311 nm3, respectively. The radius of
the water core of the reversed micelle at x0=5
and x0=15 are 2.01 nm and 3.32 nm, respectively.
Thus, the ½< r2 >�1=2 of these two PVP molecules is
larger than the radius of the water core. At this low water
content the polymer is too long to fit inside the
water pool. PVP is a flexible molecule and can be solu-
bilized in the reversed micelle as the structure shown in

Table 1 SpecificviscositiesofPVPaqueoussolutions(WPVP=1.0%)
and the AOT reverse micelles in the presence of PVP-K30 and
PVP-K90 (x0=5 andx0=15)

PVP Reversed micelles Aqueous solution

x0=5 x0=15

K30 0.127 0.199 22.2
K90 0.133 0.208 220

Fig. 6 Dependence of the specific viscosity of the reversed micelles
(x0=15) on WPVP

Fig. 5 Dependence of reduced
viscosities of PVP-K30 and K90
on their concentrations in
aqueous solutions
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Fig. 7. The AOT molecules array loosely due to the
repulsive interactions between the polar headgroups of
the surfactant. It is known that PVP is provided with
a weak positive charge in water. Thus, the polar part
of the PVP interacts with the headgroup of AOT
molecule through electrostatic interaction, while the
hydrophobic part of PVP can insert into the barrier
layer of the reversed micelle. The larger difference be-
tween the viscosities of the aqueous solution and the
reversed micelles suggests that the reversed micelles
have a ‘‘crimple’’ action on the chain of the water-
soluble polymer.

The effect of molecular weight on the Rh
of the reversed micelle

Figure 3 shows that the Rh of the reversed micelle re-
mains almost constant with the increase of WPVP-K30 at
x0=15. In this section, the effect of molecular weight
of PVP on the Rh of the AOT reversed micelle is
investigated. Figure 8 shows the dependence of the Rh

of the reversed micelle on the concentration of PVP-
K30 and PVP-K90 at x0=15. It is shown that the Rh

of the reversed micelle remains almost constant with
the increase of concentrations of both PVP-K30 and
PVP-K90 at x0=15. From the above calculation we
know that the root-mean square of the end-to-end
distance of PVP is larger than the size of the water
pool. So, the PVP molecules can only be solubilized in
the reversed micelle as shown in Fig. 7. It also can be
seen from Fig. 8 that the Rh of the reversed micelle in
the presence of PVP-K90 is a little larger than that in
the presence of PVP-K30.

Fig. 7 Schematic structure of PVP molecules solubilized in the
reversed micelle

Fig. 8 Dependence of Rh on WPVP in the AOT reversed micelle

Fig. 9A–B Deconvolution of OH stretching vibration band
of water contained in reversed micelles in the A absence and
B presence of PVP-K30
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The effect of PVP on the water state
of the reversed micelle

The hydroxyl of the water in the reversed micelle systems
can be resolved by the FTIR spectrum [12, 13, 36, 37].
Here we report the FTIR results of the water/AOT/
heptane reversed micelle. The four sub-peaks at
3230±10 cm-1, 3420±10 cm-1, 3530±10 cm-1, and
3600±10 cm-1 are shown in Fig. 9a. They are assigned
to Na+-bound water, bulk-like water, SO3

--bound wa-
ter, and trapped water, respectively. The bulk-like water
refers to water in the water pool. It is similar to the
bulky water and there are hydrogen bonds between the
water molecules. Na+-bound water and SO3

--bound

water refer to the water distributing around the polar
head of the surfactant, namely the water binding to the
sodium ion and the sulfonate ion. The trapped water
refers to the water dispersing among the long hydro-
carbon chains of surfactant molecules. These four kinds
of water coexist in the reversed micelles and change to
each other at nanosecond rates [38].

From Fig. 9b we can see that there are no obvious
changes in the sub-peak positions after adding PVP-K30
to the reversed micelle at x0=15. The contents of dif-
ferent water states are obtained according to reference
[39] and listed in Fig. 10. It is seen that the contents of
SO3

--bound water and Na+-bound water decrease, while
the content of the bulk-like water increases, and the

Fig. 10 Effect of PVP-K30 and
PVP-K90 on the content of
different kinds of water
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content of the trapped water remains almost constant
after adding PVP to the reversed micelle. Part of
the water molecules released by the sodium ion and the
sulfonate ion form a hydrogen bond with PVP,thus,
the contents of SO3

)-bound water and Na+-bound
water decrease. When the remaining part of the water
molecules come into the water pool, the content of the
bulk-like water consequently increases.

The effect of PVP on the carbonyl of AOT
in the reversed micelle

The carbonyl stretching of AOT is an antisymmetry
peak. Two sub-peaks centering at 1740 and 1729 cm-1 are
obtained by the deconvolution procedure, as shown in
Fig. 11. These two sub-peaks correspond to the rotating
isomers of the AOT molecules. The 1740 cm-1 and
1729 cm-1 sub-peaks correspond to the trans and the cis
conformation of AOT molecules, respectively. Accord-
ing to the area of each peak over the total area, the
content of each isomer can be obtained. The trans con-
formation of AOT is 85% of the total AOT, while the cis
conformation of AOT is 15% by calculation. The peak
position and the ratio of each peak area to their total area
remain almost constant after adding PVP.

Conclusions

The phase diagrams of AOT dissolved in heptane in the
presence and absence of PVP are investigated. Also, the

interactions between PVP and the AOT reversed mi-
celles are studied by means of measuring conductivity,
viscosity, FTIR, and DLS. The following results are
obtained:

1. The electrical conductivity of the reversed micelle
initially increases, then decreases with the increase of
x0; and the conductivity reaches its maximum value
at x0=15. The j versus x0 plot of the reversed mi-
celle in the presence of PVP is similar to that without
PVP at WPVP £ 2%, but x0,max becomes larger. The
conductivity of the reversed micelle increases with the
increase of x0 in the investigated range when WPVP is
over 4%.

2. The Rh of the reversed micelle both in the presence
and absence of PVP increases with the increase of x0.
The Rh versus x0 plot of the reversed micelle is a
straight line. While the Rh of the reversed micelle in
the presence of PVP initially increases slowly, it then
rises rapidly with the increase of x0. The Rh also rises
with the increase of PVP concentration when x0>17.
It is interesting to find that there is almost no effect of
the PVP concentration on the Rh of the reversed
micelle at x0=15.

3. The reduced viscosity of the aqueous solution in-
creases with the increase of PVP concentration, while
that of the reversed micelle changes little, indicating
that PVP is solubilized in the reversed micelle and
that the reversed micelle has a "crimple" action on
PVP molecules.

4. The content of different kinds of water is investi-
gated by FTIR in the presence and absence of
PVP. The results suggest that after adding PVP to
the reversed micelle the contents of SO3

--bound
water and Na+-bound water decrease, while the
content of the bulk-like water increases, and the
content of the trapped water remains almost con-
stant.

5. Fourier deconvolution of C=O stretching bands of
water/AOT/heptane reversed micelles shows two sub-
peaks centering at 1740 and 1729 cm-1, correspond-
ing to the trans and cis conformation of AOT. It is
observed that the carbonyl peak position, the trans
and the cis conformation of AOT are not affected by
PVP.
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Fig. 11 Deconvoluted carbonyl stretch peak for the water/AOT/
heptane system
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