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Abstract

Nanoparticles of AgBr were prepared by precipitating AgBr in the water pools of microemulsions con-
sisting of CTAB, n-butanol, isooctane and water. An aqueous solution of AgNO; added to the micro-
emulsion was the source of Ag" ions. The formation of AgBr nanoparticles in microemulsions through
direct reaction with the surfactant counterion is a novel approach aimed at decreasing the role of inter-
micellar nucleation on nanoparticle formation for rapid reactions. The availability of the surfactant
counterion in every reverse micelle and the rapidity of the reaction with the counterion trigger nucleation
within individual reverse micelles. The effect of the following variables on the particle size and size dis-
tribution was investigated: the surfactant and cosurfactant concentrations, moles of AgNO; added, and
water to surfactant mole ratio, R. High concentration of the surfactant or cosurfactant, or high water
content of the microemulsion favored intermicellar nucleation and resulted in the formation of large
particles with broad size distribution, while high amounts of AgNO; favored nucleation within individual
micelles and resulted in small nanoparticles with narrow size distribution. A blue shift in the UV absorption
threshold corresponding to a decrease in the particle size was generally observed. Notably, the variation of
the absorption peak size with the nanoparticle size was opposite to those reported by us in previous studies
using different surfactants.

Introduction indirect gap semiconductors (Johansson et al.,

1992; Chen et al., 1994, Zhang & Mostafavi,

Silver bromide is used for high-speed photographic
materials, X-ray films and instant photography
(Sugimoto & Shiba, 2000). The sensitivity of
photographic materials is dependant on their grain
size and crystal structure, and improves as the
grain size decreases (Belloni et al., 1991; Zhang &
Mostafavi, 1997). Nanoparticles of silver bromide
have also attracted attention as a model material
to study the quantum confinement effects of

1997). More recently, silver bromide supported on
silica was used as a photocatalyst for hydrogen
generation from a solution of methanol and water
(Kakuta et al., 1999). Interfacial reaction rates per
gram of catalyst increase significantly as the size of
the catalyst particles decreases.

Water-in-oil microemulsions, or reverse micelles,
serve as suitable reaction medium for the prepara-
tion of a wide variety of nanoparticles. This is due to
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their ability to solubilize reactants in their nanosize
reactor water pools, and to stabilize the resulting
nanoparticle by the protective surfactant layer.
Most of the work on nanoparticle formation using
microemulsions employed mixing of two identical
microemulsions each solubilizes one of the reactants
forming the particles in its water pools (Monnoyer
et al., 1995; Pillai et al., 1995; Bagwe & Khilar,
1997). Upon mixing the two microemulsions,
reverse micelles containing the different reactants
diffuse, collide, their surfactant layer opens allowing
the two reactants to mix and the reaction to take
place. For rapid reactions, the surfactant surface
layer opening is the rate determining step (Bom-
marius et al., 1990). A rigid surfactant surface layer
tends to resist opening, thus slowing down the
reaction and causing simultaneous nucleation and
growth. This, in turn, results in the formation of
large nanoparticles with broad size distribution
(Chew et al., 1990).

In previous studies, we have presented a novel
method for the preparation of precipitates of
nanoparticles in microemulsions aimed at mini-
mizing the impact of the surfactant surface layer
opening on nanoparticle formation for rapid
reactions (Husein et al., 2003, 2004). The method
is based on a direct reaction of an added salt
solution with the surfactant counterion while
incorporating the salt solution into the reverse
micelles. Reactions with surfactant counterions are
characterized by rapid kinetics, due to the com-
partmentalization effect (Husein et al., 2001), and
the availability of, at least, one of the reactants in
each reverse micelle. Combined together, these two
factors contribute towards nuclei formation within
individual reverse micelles. Nucleation takes place
within reverse micelles containing monomer con-
centration that exceeds the minimum nucleation
concentration. Hence, nucleation becomes less
dependant on the intermicellar exchange of solu-
bilizate and the surfactant surface layer opening.
Our previous studies involved the formation of
silver chloride and silver bromide nanoparticles
through addition of aqueous solutions of AgNO;
to microemulsions formed with dioctyldimethy-
lammonium chloride and bromide, respectively. In
the current study, we present the formation of
AgBr in single microemulsions formed with hex-
adecyltrimethylammonium bromide, CTAB. Mi-
croemulsions formed with CTAB are favored as
reaction media since they allow for high reactant

loading. Water-in-oil microemulsions of CTAB
form stable microemulsions at high water to sur-
factant mole ratios and high salt concentrations
(Fang & Yang, 1999).

Experimental work

The microemulsions were prepared by mixing
certain amounts of hexadecyltrimethylammonium
bromide, CTAB 99% pure (Sigma, Oakville, ON),
n-butanol, 99.4% pure (Fisher Scientific, Mon-
treal, QC), isooctane, 99% pure (Fisher Scientific,
Montreal, QC) and deionized water in a volu-
metric flask until a clear phase was obtained. A
specified volume of 12% (w/v) AgNO; aqueous
solution (A&C, Montreal, QC) was added to a
15 ml volume of the microemulsion to achieve the
required moles of AgNO3; and water to surfactant
mole ratio. Upon addition of AgNOs;, the solution
turned to milky yellow. A clear solution was
obtained after mixing for 3 min in a vortex mixer
and then placing the solution for 10 min in an
ultrasonic bath. The sample was then left to stand
at room temperature for 12 h. The UV absorption
of the colloidal AgBr nanoparticles was measured
using Cary Varian 1/3 UV/visible spectropho-
tometer (Varian Techtron Pty Ltd., Victoria,
Australia). A range of wavelengths between 190
and 500 nm was covered. Reference solutions of
microemulsions identical to the ones used to pre-
pare the experimental samples were used for the
UV measurements.

The AgBr nanoparticles were collected for par-
ticle size analysis by adding thiophenol capping
agent (Aldrich, Milwaukee, WI); 10 pl thiophenol/
1 ml microemulsion. The sample was vigorously
mixed for 1 min, placed in an ultrasonic bath for
1 h and left to stand at room temperature for 24 h.
This treatment resulted in the formation of a yel-
low precipitate of thiophenol-AgBr. It should be
noted that the addition of the capping agent to a
nanoparticle-free microemulsion did not result in
any precipitation or any observable change in the
microemulsion. The sample was then centrifuged
for 5 min at 1000 rpm to separate the precipitate.
A 10 ml of methanol, 99.8% pure (Fisher Scien-
tific, Montreal, QC) was added to the precipitate
followed by vigorous mixing for 2 min. The
methanol system was placed in the ultrasonic bath
for 2 h. One drop of the resulting suspension was
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Figure 1. TEM photographs and the corresponding particle size distribution histograms for
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1.6 M n-butanol,

nagno, = 0.07 mmol, R=9, and different concentrations of CTAB. (a) 0.1 M; (b) 0.2 M; (c) 0.3 M.

placed on a copper grid covered with Formvar,
and left to evaporate for 24 h. In order to mini-
mize possible coagulation during evaporation, the
copper grid was manually shaken for few seconds
to ensure that only a thin layer of the methanol
suspension remains on the grid. Photographs of
the nanoparticles were taken at different degrees of
magnification from different locations on the grid
using a JEOL 2000FX Transmission Electron
Microscope, TEM (JEOL USA Inc, MA),
equipped with a Gatan 792 Bioscan lkx1k wide
angle multiscan CCD camera. Histograms show-
ing the particle size distribution were constructed
based on the different photographs. An average of
2500 particles was used per histogram.

Results and discussion
Incorporating the added salt

Upon addition of the AgNO; aqueous solution,
the microemulsion turned milky yellow. The

turbidity disappeared after mixing indicating a
complete incorporation of the AgNO; solution
and the AgBr precipitate into the microemulsion
water pools. It is believed that most of the AgBr
precipitate formed after incorporating the AgNO;
solution into the water pools by virtue of the large
surface the microemulsion provides for the reac-
tion. Similar observations were reported in our
previous studies (Husein et al., 2003, 2004).

Effect of CTAB concentration

The effect of increasing the concentration of
CTAB from 0.1 to 0.3 M, at constant moles of
AgNOs3, nagno,, of 0.07 mmol, constant concen-
tration of n-butanol of 1.6 M and constant water-
to-surfactant mole ratio, R, of 9 is depicted in
Figures la—¢ and 2. Figure la—c show typical
TEM photographs and the corresponding particle
size distribution histograms, and Figure 2 shows
the UV absorption of the colloidal AgBr nano-
particles.
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Figure 2. Absorption spectra of the colloidal AgBr nano-
particles for 1.6 M n-butanol, nagno, = 0.070 mmol, R=9,
and different concentrations of CTAB. (a) 0.1 M; (b)
0.2 M; (c) 0.3 M. Reference cell: 1.6 M n-butanol, R=9, (a)
0.1 M; (b) 0.2 M; (c) 0.3 M CTAB.

The TEM results indicate that the nanoparticle
size increased and the particle size distribution
became broader as CTAB concentration increased.
These trends agree with our previous results (Hu-
sein et al., 2003, 2004). The increase in the particle
size and the particle size distribution in response to
increasing the surfactant concentration suggest a
growth process which took place on a smaller
number of nuclei and proceeded in parallel to
nucleation. This is a characteristic of intermicellar
nucleation governed by slow surfactant surface
layer opening. Higher surfactant concentration, at
fixed values of all other variables, contributes
towards increasing the number of reverse micelles
(Fang & Yang, 1999). Larger number of reverse
micelles reduces the Ag" ion occupancy number,
i.e. the number of Ag" ions per reverse micelle.
Consequently, once incorporating the AgNO;
solution, the number of reverse micelles containing
AgBr monomers with concentration exceeding the
critical nucleation concentration drops. Nucle-
ation becomes mainly dependent on intermicellar
exchange of solubilizate, which for rigid surfactant
layer results in the formation of larger particles
with broader size distribution.

Figure 2 shows that the UV absorption of the
colloidal AgBr nanoparticles occurred in a range
of wavelengths between 250 and 290 nm. Similar

absorption range was reported for colloidal AgBr
nanoparticles obtained using the mixing of two
microemulsions method (Correa et al.,, 2000;
Zhang et al., 2000; Husein et al., 2004). No UV
peaks were detected in the 400 nm region, sug-
gesting that the reduction of Ag” to Ag as a result
of exposure to light was limited (Kakuta et al.,
1999; Husein et al., 2004). Figure 2 portrays a red
shift in the absorption threshold associated with
the increase in the mean nanoparticle size. This
trend had been reported by other researchers
(Weller et al., 1986; Towey et al., 1990; Bagwe &
Khilar, 2000). The shift in the absorption thresh-
old was not pronounced for the silver halide
nanoparticles prepared in microemulsions of
dioctyldimethylammonium chloride and bromide
(Husein et al., 2003; 2004). Instead, these systems
depicted an increase in the absorption peak
accompanying a decrease in the particle size. The
increase in the peak size with the decrease in the
particle size was also inferred from other studies in
the literature (Hirai et al., 1993, 1994; Vossmeyer
et al., 1994; Bagwe & Khilar, 2000). In the current
work, however, a decrease in the peak size
accompanied the decrease in the particle size. This
result was confirmed by repeating the experiments
several times. In addition to the particle size and
concentration, the size and location of the UV
absorption peaks and shoulders are function of
excess lattice ion, surfactant species and surfactant
concentration (Tanaka et al.,, 1979). Since the
potential excess lattice ion, Br™, was also present in
our previous study (Husein et al., 2004), it is
concluded that a possible interaction between
CTAB and AgBr nanoparticles might have resul-
ted in this opposite trend. This hypothesis was
tested by studying the effect of reducing the
interaction between the CTAB layer and the
AgBr nanoparticles upon increasing the water to
surfactant mole ratio, R.

Effect of water to surfactant mole ratio, R

The amount of water in w/o microemulsions dic-
tates the degree of interaction between the sur-
factant head groups and the nanoparticles, and the
rigidity of the surfactant protective layer. Less
interaction between the surfactant head groups
and the nanoparticles and less surface rigidity
induces nanoparticle aggregation. The effect of the
water content was studied by increasing R from 9



to 29 at nagno, = 0.070 mmol, and concentra-
tions of CTAB and n-butanol of 0.2 and 1.6 M,
respectively. The results are shown in Figure 3a—
as typical TEM photographs and the correspond-
ing particle size distribution histograms, and in
Figure 4 as the UV absorption of the colloidal
AgBr nanoparticles.

The TEM photographs and the particle size
distribution histograms show a dramatic increase
in the particle size and the particle size distribution
as R increased. The increase in the particle size and
the particle size distribution is attributed to slow
nucleation accompanied by particle growth and
aggregation. Increasing the water content of the
microemulsion at constant values of all the other
variables promotes intermicellar nucleation in the
following manner. High water content introduces
a dilution effect and reduces nucleation within
individual reverse micelles as a result of decreasing
the Ag" ion occupancy number. Hence, nucleation
becomes dependant on the intermicellar exchange
of solubilizate. In addition, high water content
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reduces the rigidity of the surfactant protective
layer. Less rigid surface has two opposite effects on
the particle size and particle size distribution. On
one hand, less rigid surface increases the rate of
nucleation, which in turn, provides more seeds for
growth and results in smaller particles (Chew
et al., 1990). This factor might have been, how-
ever, overshadowed by the reduction in the rate of
nucleation associated with the dilution effect. On
the other hand, less rigid surface promotes particle
aggregation as a result of reducing the interaction
between the surfactant head group and the parti-
cles (Chew et al., 1990), and subsequently larger
particles with larger size distribution form.

Figure 4 shows no significant shift in the UV
absorption threshold. The UV absorption peaks in
Figure 4 are smaller for larger nanoparticle size.
This trend is consistent with the one obtained in
our previous studies (Husein et al., 2003, 2004),
and supports the hypothesis that the larger
absorption peaks associated with the larger
nanoparticles obtained in the effect of CTAB
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Figure 3. TEM photographs and the corresponding particle size distribution histograms for 0.2 M CTAB, 1.6 M n-butanol,
nagno, = 0.070 mmol, and different values of R. (a) 9; (b) 20; (c) 29.
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Figure 4. Absorption spectra of the colloidal AgBr nano-
particles for 02M CTAB, 1.6 M n-butanol,
nagno, = 0.070 mmol, and different values of R. (a) 9; (b)
20; (c) 29. Reference cell: 0.2 M CTAB, 1.6 M n-butanol,
(a) 9; (b) 20; (c) 29 R.

experiment might have resulted from an interac-
tion between the surfactant head groups and the
nanoparticles.

Effect of moles of AgNO3, nagno,

The TEM photographs and the corresponding
particle size distribution histograms which capture
the effect of increasing the number of moles of
AgNOs3, nagno,, are shown in Figure 5a—c. The
UV absorption of the colloidal AgBr nanoparticles
is shown in Figure 6. The number of moles of
AgNO; was increased from 0.035 to 0.07 mmol at
constant CTAB and n-butanol concentrations of
0.2 and 1.6 M, respectively, and a constant R of 9.

Figure 5a—c show a decrease in the particle size
as nagNo, increased. This decrease in the particle
size is captured by the blue shift in the absorption
threshold of the UV spectra in Figure 6. Smaller
particle size suggests particle growth commencing
on larger number of nuclei. Increasing the number
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Figure 5. TEM photographs and the corresponding particle size distribution histograms for 0.2 M CTAB, 1.6 M n-butanol,
R=9, and different moles of AgNOs3, nagno,- (a) 0.035 mmol; (b) 0.053 mmol; (c) 0.070 mmol.
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Figure 6. Absorption spectra of the colloidal AgBr nano-
particles for 0.2 M CTAB, 1.6 M n-butanol, R=9, and
different moles of AgNOj;, nagno,. (a) 0.035 mmol; (b)
0.053 mmol; (c) 0.070 mmol. Reference cell: 0.2 M CTAB,
1.6 M n-butanol, R=9.

of moles of AgNOs, at constant values of the other
variables, increases Ag’ ion occupancy number
and breeds more reverse micelles with AgBr
monomer concentration exceeding the minimum
nucleation concentration. Consequently, nucle-
ation proceeds primarily within individual reverse
micelles and intermicellar exchange of solubilizate
contributes to the growth process. Combined
together these factors result in the formation of
smaller particles with narrower size distribution.

Figure 6 shows that the peak size decreased as
the nanoparticle size decreased. This trend agrees
with the trend pertaining to the effect of CTAB
experiment. Smaller particle size allows for more
interaction with CTAB molecules.

Effect of n-butanol concentration

The main role of the cosurfactant is to stabilize a
microemulsion system by participating at the
water/oil interface and screening the repulsion
forces among the surfactant head groups (Wang
et al., 1994). A stable microemulsion provides a
rigid surfactant layer which protects its nanopar-
ticle content from aggregation. A rigid surfactant
layer, on the other hand, slows down nucleation
and promotes simultaneous growth when nucle-
ation is governed by the intermicellar exchange of
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solubilizate (Chew et al., 1990; Bagwe & Kahilar,
1997). In this experiment the concentration of
n-butanol was increased from 1.6 to 3.5 M at
CTAB concentration of 02 M, nagno, of
0.070 mmol and R of 9. The resulting TEM pho-
tographs and the corresponding particle size dis-
tribution histograms are given in Figure 7a—c, and
the UV absorption of the colloidal nanoparticles is
given in Figure 8.

The TEM results show a slight decrease fol-
lowed by a slight increase in the particle size as
n-butanol concentration increased. This trend can
be explained as follows. By screening the repulsion
forces among the surfactant head groups, the
cosurfactant increases the compactness of mole-
cules at the interface, and subsequently the cur-
vature and the rigidity of the surfactant layer
increase (Wang et al.,, 1994; Curri et al., 2000).
Rigid surfactant layer resists opening upon colli-
sion of reverse micelles, slows down intermicellar
nucleation and prevents aggregation of the
resulting nanoparticles. If Ag" ion occupancy
number is high enough, nucleation proceeds within
individual reverse micelles once accommodating
the AgNOs solution, and intermicellar exchange of
solubilizate contributes to the growth process.
Consequently, smaller size nanoparticles with
narrower size distribution form. Very high con-
centration of the cosurfactant, on the other hand,
increases the polarity of the oil phase and makes it
more accommodating to the non-dissociated sur-
factant molecules (Curri et al., 2000). Lower
population of surfactant molecules in the surfac-
tant protective layer promotes simultaneous
nucleation and growth, in addition to aggregation
of the nanoparticles.

Figure 8 shows no shift in the absorption
threshold and a general decrease in the size of the
UV absorption peaks as n-butanol concentration
increased. This decrease was not as pronounce as
that caused by the other variables considered in
this study, since the particle size did not vary much
with n-butanol concentration.

Conclusions

Silver bromide nanoparticles were prepared by
addition of measured volumes of AgNO; aqueous
solution to w/o microemulsions consisting of
CTAB, n-butanol and water in isooctane. The vol-
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Figure 7. TEM photographs and the corresponding particle size distribution histograms for 0.2 M CTAB,
nagno, = 0.070 mmol, R=9, and different concentrations of n-butanol. (a) 1.6 M; (b) 2.5 M; (c) 3.5 M.

ume of AgNOs; solution was in the range that could
be incorporated in the system without causing col-
lapse of the microemulsion. The precipitate of AgBr
nanoparticles formed in the water pools of the mi-
croemulsion as a result of a reaction between Ag"
and the Br™ counterion. The formation of nano-
particles in w/o microemulsion through direct
reaction with the surfactant counterion is a novel
approach aimed at promoting precipitation within
individual micelles. This method decreases the role
of surfactant layer opening and intermicellar
exchange of solubilizate on the particle size distri-
bution for rapid reactions. When the concentration
of Ag" ion was high enough, nucleation within
individual reverse micelles commenced once incor-
porating the AgNO; solution, and nucleation
became less dependent of the intermicellar exchange
of solubilizate. The reaction occurs almost instantly
within individual reverse micelles by virtue of the
very rapid nature of reactions with the surfactant
counterion, and the existence of the counterion in

every reverse micelle. For fast reactions, such as
precipitation reactions, intermicellar nucleation is
limited by the surfactant surface layer opening.
Slow surfactant layer opening limits the number of
nuclei and promotes simultaneous growth, which
results in the formation of large particles with broad
size distribution. Small particles with narrow size
distribution formed in response to the variables that
increased the Ag’ ion occupancy number once
incorporating the AgNO; solution added to the
microemulsions. The amount of AgNO3 added was
the only variable in this study that promoted
nucleation within individual reverse micelles.
Increasing the CTAB concentration and the water
to surfactant mole ratio, R, resulted in a dilution
effect, which limited nucleation within individual
reverse micelles, and a nucleation process governed
by the intermicellar exchange of solubilizate.
Aggregation, which also results in the formation of
large particles with broad size distribution, was
induced by variables which decreased the interac-
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Figure 8. Absorption spectra of the colloidal AgBr nano-
particles for 0.2 M CTAB, nagno, = 0.070 mmol, R=9,
and different concentrations of n-butanol. (a) 1.6 M; (b)
2.5 M; (c) 3.5 M. Reference cell: 0.2 M CTAB, R=9, (a)
1.6 M; (b) 2.5 M; (c) 3.5 M n-butanol.

tion between the surfactant protective layer and the
nanoparticles; including increasing R value and
high n-butanol concentration.

A red shift in the UV absorption threshold was
associated with larger nanoparticles. The size of
the absorption peak, however, decreased as the
nanoparticle size decreased. This trend is attrib-
uted to an interaction between the surfactant head
groups and the nanoparticles.
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