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FTIR and UV-vis techniques were used to investigate the effect of ultrasound on the microenvironment of
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) reverse micelles in iso-octane. The studies revealed that
ultrasound resulted in re-aggregation of the reverse micelles and thus enlarged the water core of the micelles. On
the basis of these investigations, ZnS nanorods and nanofibers were synthesized in the reverse micelles by the
ultrasound-induced method. A possible mechanism for ultrasound-induced formation of nanorods and
nanofibers in reverse micelles is discussed.

1 Introduction

The synthesis of nano-sized materials of specific size and shape
has attracted much attention in various fields such as modern
materials,1–4 catalysis,5–7 electronics,8–10 biotechnology11–13

and so on. Particularly, nanoparticles with high order struc-
tures (e.g., nanorods, nanofibers and nanowires) have received
more and more interest due to their potential applications in
nanodevices.14–16 The template method is very effective for
the fabrication of nanostructures of desired materials. It can
be classified into hard and soft template methods. The former,
involves the use of carbon nanotubes,17–20 porous alumina,21–23

and nanochannel glass,24,25 through which the size, shape and
alignment of nanoparticles can be controlled. The latter,
involves the use of various kinds of microemulsions and
micelles. As the reaction is restricted in the micellar core, the
growth of the nanoparticles can be controlled by the size and
shape of the polar core.26,27 In most cases, spherical nanopar-
ticles are formed within the polar cores of reverse micelles.
However, under some conditions, further growth and aggrega-
tion of the initially formed nanoparticles results in the forma-
tion of higher order structures such as needles,28 fibers,29 and
wires.30–32 This principle has been exemplified through a num-
ber of studies involving inorganic precipitation in bicontinuous
microemulsions,33–35 block copolymer micelles,36–39 and other
methods.40,41

In recent years, sonochemistry has become a rapidly grow-
ing research area. It is well known that ultrasonic radiation
in liquids has a variety of physical and chemical effects deriving
from acoustic cavitation, which can provide a unique method
for driving chemical reactions under extreme conditions.42

Some of the most important aspects of sonochemistry recently,
are its applications in material chemistry. Diverse applications
of ultrasound have been exploited in inorganic nanostructured
materials synthesis,43–45 biomaterials preparation (protein
microspheres)46,47 and sonochemical synthesis of poly-
mers.48–50 Some nanorods or nanowires of inorganic materials
have been synthesized using sonochemical methods.51–54

Recently, we discovered that spherical silver nanoparticles in
sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/iso-octane
reverse micelles could form nanofibers with the aid of ultra-
sound.55 We also studied the effect of ultrasound on the micro-
structure of reverse micelles by SAXS, which showed that the

micellar shape transformed from spherical to ellipsoidal with
ultrasound.55 In the present work, we continue the fundamen-
tal and application studies of this interesting topic. The effects
of ultrasound on the microenvironment inside reverse micelles
are investigated by FTIR and UV-vis techniques, and the pos-
sible induced formation of ZnS (a semiconductor) nanorods
and nanofibers by ultrasound is explored. It is revealed that
ultrasound results in the re-aggregation of the reverse micelles
and thus enlarges the water core of the micelles. Spherical ZnS
nanoparticles can also transform into nanorods and nanofibers
in the reverse micelles with the aid of ultrasound, and their
length can be controlled by ultrasound time.

2 Experimental

Materials

CO2 (> 99.995% purity) was provided by Beijing Analysis
Instrument Factory. The surfactant AOT was purchased from
Sigma with a purity of 99%. Methyl orange, iso-octane, Na2S,
ZnSO4 , and ethanol supplied by the Beijing Chemical Plant
were all A. R. grade. Doubly-distilled water was used.

FTIR spectra of reverse micelles

The reverse micellar solution ([AOT] ¼ 50 mmol L�1) was pre-
pared by dissolving AOT into iso-octane in a flask. The
required amount of water was added to the surfactant solution
to reach the desired w (molar ratio of water to AOT). The flask
was shaken until a clear solution was obtained. The reverse
micellar solution was treated in an ultrasonic cleaning bath
(20 kHz) filled with water at 298.2 K for the desired time.
FTIR spectra of the reverse micelles were recorded by a BRU-
KER spectrophotometer (Model TENSOR-27). Each sample
was recorded with 32 scans at an effective resolution of 2 cm�1.

UV-vis spectra of methyl orange in reverse micelles

The required amount of an aqueous solution of methyl orange
was added to the AOT/iso-octane solution (50 mmol L�1).
The flask was shaken until a clear solution was obtained.
The reverse micellar solution was treated in an ultrasonic
cleaning bath (20 kHz) filled with water at 298.2 K for the
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desired time. UV-vis adsorption spectra were recorded using a
TU-1201 Model spectrophotometer.

UV-vis spectra of ZnS nanoparticles in reverse micelles

The synthesis of zinc sulfide in reverse micelles was similar to
that reported in the literature.56 Briefly, reverse micellar solu-
tions containing Na2S (0.6 mol L�1) and ZnSO4 (0.6 mol
L�1) were first prepared by adding the corresponding salt solu-
tion to 50 mmol L�1 AOT/iso-octane solution to give the
required w value. The two micellar solutions containing the
reactants, respectively, were mixed and ZnS nanoparticles were
formed in the reverse micelles. After the reverse micelles con-
taining ZnS nanoparticles had been irradiated by ultrasound
for a certain time (as discussed above), UV spectra were
recorded using a TU-1201 Model spectrophotometer.

Recovery and characterization of ZnS nanoparticles

The reverse micellar solution with ZnS nanoparticles was
loaded into a sealed flask and treated in an ultrasonic cleaning
bath (20 kHz) filled with water at 298.2 K for the desired time.
The solvent iso-octane was evaporated, and the deposits were
washed repeatedly by ethanol and water to remove the surfac-
tant and by-products. The morphologies of the obtained ZnS
were determined by transmission electron microscopy (TEM)
with an HITACHI H-600A electron microscope. Particles
were dispersed in ethanol and then directly deposited on the
copper grid. The X-ray diffractogram (XRD) was recorded
by an X-ray diffractometer (XRD, Model D/MAX2500,
Rigaka) with Cu Ka radiation.

3 Results and discussion

FTIR spectra of reverse micelles

The broad band of hydroxyl stretching [n(O–H)] is usually
used in detailed investigations of reverse micelles.57–61 Fig. 1
shows the hydroxyl stretching vibration of the reverse micelles
after different ultrasound times, and the C–H contribution to
the O–H band has been removed by subtracting the spectrum
of iso-octane. A large increase in the absorbance with increas-
ing ultrasound time is observed. The total peak area of the O–
H stretching band of water increases with the size of the water
core.57,59 Thus, the increased absorbance shown in Fig. 1 is an
indication of the enlarged water core caused by ultrasound.
The asymmetrical hydroxyl stretching band can be fitted to 4
Gaussion functions.59 As examples, Fig. 2 shows the results
with an ultrasound time of 0.5 h. The four peaks centered at
3610� 20, 3540� 20, 3420� 20, and 3230� 20 cm�1 are
ascribed to four different states of the molecules, i.e. trapped

water in the palisade layer of the reverse micelles, bound water
with the sulfo group of AOT, free water, and bound water with
sodium counterion, respectively.59 Since the total peak area
corresponding to the water band is the sum of the peak area
of the different states of water, the mole fraction of each state
of water can be calculated from the ratio of each subpeak area
to the total peak area, and the results are shown in Fig. 3. It
reveals that the mole fraction of the free water and the bound
water with sodium counterion increases with increasing ultra-
sound time, while the mole fractions for the other two bands
decrease. The increased mole fraction of free water also indi-
cates the enlargement of water core in the micelles. With the
enlarged water core, the dissociation degree of the polar
head-group of AOT molecules increases, which makes the
mole ratio of bound water with sodium counterion increase.59

The changes of the carbonyl stretching vibration [n(C=O)]
also provide information on the microenvironment change of
reverse micelles caused by ultrasound, which is shown in Fig.
4. As shown in the figure the intensity is enhanced by ultra-
sound. The broad peak with an asymmetric shape shown in
Fig. 4 suggests that the band is a fusion of the peaks corre-
sponding to carbonyl groups in different microenviron-
ments.57,62 The Gaussian curve fitting program was also used
to treat the peaks, by which two peaks centered at 1740� 2
cm�1 and 1721� 2 cm�1 were obtained. Their intensity ratio
(Ir ¼ I1740/I1721) is closely related to the polarity of the water
core, i.e. the ratio decreases in a more polar environment
because more conformations change from gauche to trans.62,63

The intensity ratios (Ir ¼ I1740/I1721) as a function of ultra-
sound time are given in the inset of Fig. 4. As can be seen,
the ratio decreases gradually with increasing ultrasound time.
Thus, the decreased ratio of the trans and gauche configurations

Fig. 1 IR spectra of the hydroxyl stretching vibration of water in
AOT reverse micelles ([AOT] ¼ 50 mmol L�1, w ¼ 10) at 298.2 K
after different ultrasound times (t).

Fig. 2 Deconvoluted hydroxyl stretching vibration of water in
reverse micelles ([AOT] ¼ 50 mmol L�1, w ¼ 10) at 298.2 K after
ultrasound for 0.5 h.

Fig. 3 Variation of molar ratio of four states of water in reverse
micelles with ultrasound time (L the free water, S the bound water
with sodium counterion, / the bound water with the sulfo group of
AOT, ; trapped water in the palisade layer of reverse micelles).
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with ultrasound time also provides information on the
enlarged polar region of micellar cores. The enhanced polarity
causes more polar groups directed towards the polar side of
the interface, i.e. the configurations transfer from trans to
gauche.

UV-vis spectra of methyl orange in reverse micelles

Methyl orange (MO) can be used as a solvatochromic micro-
polarity probe since its absorption spectrum is sensitive to

medium effects.64–66 The long wavelength absorption band of
MO shifts to shorter wavelengths upon decreasing the polarity
of the medium in which the probe exists. This property also
makes MO useful for reporting the ultrasound-induced envir-
onmental changes in the reverse micelles. The variation in the
absorption spectra of MO with ultrasound time is shown in
Fig. 5. It is obvious that the absorbance of MO red shifts gra-
dually with increasing ultrasound time, which indicates that
the water in micellar cores is more like bulk water. This is con-
sistent with the enlarged water core of micelles induced by
ultrasound. The results obtained from UV-vis spectra agreed
well with those obtained from FTIR spectra.

Fig. 4 IR spectra of the carbonyl stretching vibration of reverse
micelles (AOT ¼ 50 mmol L�1, w ¼ 10) at 298.2 K after different
ultrasound times (t). The inset shows the variation of intensity ratio
(Ir ¼ I1740/I1721) as a function of ultrasound time.

Fig. 5 UV absorption of methyl orange in reverse micelles
([AOT] ¼ 50 mmol L�1, w ¼ 10) after different ultrasound times (t).
The inset shows the variation of lmax as a function of ultrasound time.

Fig. 6 UV spectra of reverse micelles ([AOT] ¼ 50 mmol L�1,
w ¼ 10, [ZnS] ¼ 1.2 mmol L�1) containing ZnS for various ultrasound
times (t).

Fig. 7 TEM photographs of ZnS particles with different ultrasound
times (t). (a) t ¼ 0; (b) t ¼ 0.5 h; (c) t ¼ 2 h; (d) t ¼ 4 h.

Fig. 8 XRD patterns of ZnS obtained by ultrasound for 0.5 h (a) and
without ultrasound (b). The vertical lines at the bottom indicate the
standard position and relative intensities of cubic ZnS.
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UV-vis spectra of ZnS nanoparticles in reverse micelles

UV-vis spectrum is a useful technique for in-situ characteriza-
tion of semiconductor nanoparticles in reverse micelles.67–70

Fig. 6 illustrates some representative UV-vis adsorption
spectra of ZnS nanoparticles dispersed in reverse micelles
(w ¼ 10, [AOT] ¼ 50 mmol L�1) as a function of ultrasound
time. The bands at about 275 nm and 225 nm are attributed
to the absorption of ZnS nanoparticles and the surfactant
AOT, respectively. It is observed that with ultrasound
irradiation, the absorption band of ZnS is largely red-shifted
with increased intensity. It is well known that, as a conse-
quence of quantum confinement of the photogenerated elec-
tron-hole pair, the UV-vis absorption spectrum of
semiconductor nanoparticles depends on their size, i.e., the
wavelength at the maximum absorption (lmax) increases as
the nanoparticle size increases.56,71 The large red shift of lmax

by ultrasound suggests an increased size of ZnS nanoparticles
in the reverse micelles. In addition, as we know, the maximum
and the bandwidth of the absorption band depend on the sur-
rounding medium of the particles. The microstructure of the
reverse micelles should change with the aggregation of ZnS
nanoparticles because the nanoparticles are confined in the
micellar cores. This may contribute partially to the change of
the ZnS adsorption band.

Formation of ZnS nanorods and nanofibers

All of the above spectroscopic investigations show that the
microenvironment of the reverse micelles are enlarged by ultra-
sound. We applied this concept to the synthesis of ZnS nano-
particles, and the morphologies of the obtained ZnS are shown
in Fig. 7. Without ultrasonic treatment, only spherical nano-
particles with diameters of 10–25 nm were obtained (see Fig.
7a). However, ZnS nanorods or nanofibers were formed after
the micellar solution was treated with ultrasonic radiation,
which are shown in Fig. 7b–d. It is evident that the length of
the nanorod is increased with increasing ultrasound time.
Given enough time for ultrasonic radiation (t ¼ 4 h), wire-like
nanoparticles of ZnS with diameters of about 50 nm and
lengths of 10 mm were obtained (Fig. 7d). The XRD patterns
of the ZnS prepared with and without ultrasound irradiation
are shown in Fig. 8a and 8b, respectively. Fig. 8a shows the
presence of broad peaks corresponding to nanocrystals, of
which the three strong diffraction peaks correspond to 111,
220, and 311 planes of the cubic crystalline ZnS (JCPDS No.
5-566). On comparison with Fig. 8b, it is evident that the
degree of dispersion of the peaks after ultrasound treatment
is lower, indicating the larger size of ZnS particles, which is
consistent with the TEM results. From Fig. 8, it is also known
that ultrasound cannot change the crystal phase of ZnS nano-
particles synthesized in reverse micelles.

Proposed mechanism for the formation of nanofibers

In previous work, we have studied the effect of ultrasound on
the microstructure of reverse micelles using small-angle X-ray

scattering.55 It is revealed that the shape of the micelles change
from spherical to ellipsoidal after treatment by ultrasound. In
conjunction with the results obtained from this work, it can be
deduced that ultrasound induces the shape change accompa-
nied by re-aggregation of the micelles. Based on the above
investigations, we propose a possible mechanism for the for-
mation of nanorods and nanofibers induced by ultrasound,
which is schematically shown in Fig. 9. Introduction of ultra-
sound to the micellar solution can result in re-assembly of
reverse micelles, the original spherical micelles fusing end-to-
end to form cylindrical structures, which is coupled with aggre-
gation of nanoparticles dispersed in reverse micelles. It is
expected that, the re-assembly of the surfactants caused by
ultrasound induces the aggregation of ZnS particles in reverse
micelles, which in turn affects the re-assembly of the surfac-
tants. Namely, the re-assembly of the surfactants and the
aggregation of ZnS particles confined in the micellar cores
can promote each other.

4 Conclusion

FTIR and UV-vis spectra provide direct information on the
microenvironmental changes of AOT reverse micelles induced
by ultrasound. It is revealed that ultrasound can enlarge the
water core and polar region of the reverse micelles, which
result from re-assembly of the reverse micelles. Using this con-
cept, ZnS nanorods and nanofibers have been successfully pre-
pared in the reverse micelles by the ultrasound-induced
method. This method is simple and versatile, and can be easily
applied to the synthesis of nanorods and nanofibers of many
other materials.
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