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Micellization and morphological
characterization of Ag-micelles prepared
by poly(vinyl acetate)-silver nitrate

in solvent/nonsolvent system

Abstract The inducing method for
preparing Ag-micelle solution with
the use of mixed solvent/nonsolvent,
and the morphological character-
ization of the generated metal-mi-
celles were investigated and reported
in this paper. In this method, an Ag
containing metal chelate polymer
(MCP) raw solution was prepre-
pared by dissolving poly(vinyl ace-
tate) (PVAc)-silver nitrate (AgNO3)
MCP in conc. formic acid, and a
mixed solvent of HCOOH/H,O with
specific water composition was then
added to induce the micellization of
the MCP chain. The critical water
concentration (CWC) that was nee-
ded for inducing the formation of
the Ag-micelles, and the water con-
centration at which the flocculation
of the Ag-micelles occurred in
micellar solution, were studied by
measuring the transmittance of the

dilute MCP solution; the results
showed that a long-lasting MCP
solution with stable micelles might
be prepared by using a H,O/
HCOOH solvent of specific weight
ratio 1:1.2. The effect of the AgNO;
concentration on the morphology of
the Ag-micelles was also investigated
by transmission electron microscopy
(TEM). At AgNOj; concentration
below 0.5 wt%, the Ag-micelles dis-
played a variety of core-shell struc-
ture; but as the AgNO;3
concentration was increased to 1.0—
2.0 wt%, micelles that had Ag-solid
embedded in the micellar core were
observed.
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Introduction

Amphiphilic co-polymer, a surface-active macromole-
cule, with its polymer backbone consisting of hydropho-
bic and hydrophilic segments and with an ability to
undergo micellization in a selective solvent, is of impor-
tance in preparing metal-containing micelles [1-11]. Many
techniques developed for synthesizing metal-micelles
have been reported in literature, and amongst them two
typical methods that utilize the amphiphilic property of
co-polymer are mostly adopted. One common method is
to disperse the amphiphilic co-polymer into a nonpolar
organic solvent and it starts micellization when the critical

micelle concentration (CMC) is reached. The micelles
generated are classified as the reverse type, i.e., the
hydrophobic segment of the co-polymer aligns toward the
organic solvent to form the micellar corona, whereas the
hydrophilic segment of the co-polymer concaves inward
to get away from the organic solvent and becomes the
micellar core. If a chosen metal salt is added into the mi-
celle solution, the metal ions can diffuse into the micellar
core to form a complex with the hydrophilic groups, and
after in situ reduction by adding an adequate reducing
agent, these metal ions can be reduced to a metal which is
embedded in micellar core to form the metal-containing
micelles. Mayer et al. [10] used this method to prepare
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small metal-containing micelles of poly(styrene)-b-
poly(ethylene oxide)-noble metal, which displayed vari-
ant morphologies described as cherry (one central parti-
cle), raspberry (multiple internal particles) and strawberry
(small metal particles surrounding hydrophobic micelle
core). This method was also used to prepare stable colloid
in organic medium [2, 3, 12, 13].

Another method is to induce micellization of co-
polymer via reduction of its solubility. A presynthesized
metal containing amphiphilic co-polymer is first dis-
solved in a good solvent, then a nonsolvent, usually
H,O0, is added to reduce the solubility of the copolymer’s
hydrophobic segment, so that the metal-containing co-
polymer is induced to undergo micellization for ridding
of water molecules. The nonsolvent concentration or the
water content that was needed to induce the micelliza-
tion is called the critical water concentration (CWCQC) [4,
14-16]. Micelles of pure amphiphilic co-polymer (with-
out metal existing) prepared by this method have been
studied, for example, Eisenberg [15] described the mor-
phologies of crew-cut micelles formed by poly(styrene)-
b-poly(acrylic acid) in aqueous solution as spheres, rods,
lamella, vesicles, and complex aggregates. The inducing
method has an advantage of using less amount of or-
ganic solvent compared to the aforementioned one, and
the micelles that generated are of normal type bound
with metal, i.e., the hydrophobic segment aligns inward
and the metal-attached hydrophilic segment arranges
outward. This structure has a drawback of exposing the
attached metal outside the region of micellar corona,
and the metal-micelles so formed are less stable and
prone to aggregation in aqueous environment. Never-
theless, this shortcoming can be effectively overcome by
dissolving the presynthesized metal-amphiphilic poly-
mer with a mixed solvent/nonsolvent [6, 17-19].

The underlying principle for these two methods is
summarized as follows: if a polymer has both hydro-
philic and lipophilic parts in its structure, such as the
amphiphilic co-polymer, then it may possess the surface-
active properties, so that by self-orientation it can ex-
pose its hydrophilic moieties into the water phase and
turn its hydrophobic regions into the lipophilic envi-
ronment; therefore it may undergo micellization in a
selective medium, and it may be used to prepare a stable
metal-micelle solution [20].

In our previous studies [21], we synthesized Ag-
PVOH/PVAc, denoted as MCP (metal chelate polymer),
by adding silver nitrate (AgNOj) to a solution of
homogeneous polyvinyl acetate (PVAc) that predis-
solved in formic acid (HCOOH). The added Ag " ions
were reduced by HCOOH to Ag(0) metal that formed
complex with the PVAc, and at the same time some ester
groups of the homo-PVAc backbone were hydrolyzed to
hydroxyl groups (OH) so that the MCP (Ag-PVOH/
PVAc) were obtained. Since the amphiphilicity of the
PVOH/PVAc structure was higher than that of the

homo-PVAc, one would expect a ready micellization of
MCP by the inducing method of adding a mixed solvent/
nonsolvent. In the present study, we thus extended our
investigation on the micellization ability of the MCP by
dissolving it in HCOOH, a good solvent for PVOH/
PVAc, to form the MCP raw solution, a mixed solvent
of HCOOH/H,O (solvent/nonsolvent) was then added
to induce the micellization. The CWC was determined
by measuring the UV transmittance of the micellar
solution, and the surface-active properties were com-
pared with between the homo-PVAc and the MCP. The
morphological characterization of the Ag-micelles gen-
erated by varying the AgNO; concentration in the MCP
raw solution was also investigated with the transmission
electron microscopy (TEM).

Experimental

Preparation of MCP raw solutions with variant
AgNO; concentration for MCP micelle solutions

To investigate the effect of AgNO; concentration on the
morphology of the Ag-micelles, five MCP raw solutions
having AgNO3/PVAc weight ratios (wt%) of 0.1, 0.3,
0.5, 1.0, and 2.0 were prepared, respectively. To prepare
these raw solutions, MCP products containing the spe-
cific weight ratio of AgNO; were obtained beforehand
by dissolving PVAc (Kanto Chemical Co., Japan) in
concentrated formic acid (>90.0%, Nacalai Tesque
Inc., Japan) to form a 25 wt% PVAc/HCOOH solution,
and a calculated amount of silver nitrate (Merck-
Schuchardt Chemical Co., USA) that met the required
AgNO;/PVAc weight ratio was added to this solution.
The resultant mixture was stirred at 45°C in air for
several hours and then poured into a large amount of
distilled water (1,000 ml) to precipitate out the MCP.
The MCP precipitate was filtered out and dried to form
the required MCP product. It is to be noted that the
MCP product which contained 0.5 wt% AgNO;, de-
noted MCP0.5, was also used in the preparation of di-
lute MCP0.5/HCOOH sample solution for the CWC
measurement described in the next section.

The five MCP raw solutions of different AgNOs
concentrations were prepared, respectively, by re-dis-
solving 3 g of the specific MCP product in 7 g formic
acid, the good solvent, so that the composition of each
MCP raw solution was 30 wt% MCP/70 wt% HCOOH.
All the prepared MCP raw solutions were sealed in
different sample vases for later use in the preparation of
MCP micelle solutions.

The pH value of these MCP raw solutions was less
than 0.01 and their compositions are listed in Table 1.
The MCP product character; FTIR frequency (cm™'):
1,738 [vs, C=0], 1,241 [v,, C-O-C], 1,022 [v, CH-O]
and weak band near 3,500 [OH bonding]; *C-NMR
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in DMSO-d6,5(ppm):169.7 [carbonyl,C = 0],
67.9 [methine,C(mm)-OCOCHj3], 67.0/66.6/66.3
[methine,C(mr)-OCOCHs;], 65.9 [methine,C(rr)-OCOCHj3],
63.5 [methine, CH-OH], 42.6/42.3/42.1/42.0 [methy-
lene, CH,—~CH-OH], 38.7/38.5/38.3/38.0 [methy-
lene, CH,-CHOCOCH;], 20.7 [methyl,CH;]; XRD,
difference angles (20) and plane distance (d): 38.10/2.36
[Ag(111)], 44.27/2.04 [Ag(200)], 64.41/1.44 [Ag(220)],
and 77.45/1.23 [Ag(311)].

Preparation of dilute PVAc/HCOOH and
MCP/HCOOH solutions for CWC measurement

For CWC measurement, a set (A) of three dilute PVAc/
HCOOH solutions, denoted 1.0 wt% PVAc/99.0 wt%
HCOOH, 2.0 wt% PVAc/98.0 wt% HCOOH, and
3.0 wt% PVACc/97.0 wt% HCOOH, were prepared by
dissolving 1, 2, and 3 g of the pure PVAc into conc.
formic acids of 99, 98, and 97 g, respectively. Another
set (B) of three dilute MCP0.5/HCOOH solutions, de-
noted 1.0 wt% MCP0.5/99.0 wt% HCOOH, 2.0 wt%
MCP0.5/98.0 wt% HCOOH, and 3.0 wt% MCPO0.5/
97.0 wt% HCOOH, were also prepared by dissolving 1,
2, and 3 g of the MCPO0.5 product into conc. HCOOH
acids of 99, 98, and 97 g, respectively. The transmittance
of these six solutions was measured with a UV/VIS
Spectronic 20D Series Spectrophotometer at a wave-
length of 450 nm according to the standard procedure:
(1) Take 10 g of the dilute solution as the testing sample.
(2) Add 0.1 ml distilled water to the testing sample and
record the water content. (3) Stir the resultant sample
solution and then settle for 10 min to establish a stable
turbidity. (4) Measure the transmittance of turbid sam-
ple solution three times and take the averaged value. (5)
Repeat from step (2) until the transmittance of the
sample solution presented two reflection points. At the
first reflection point, the values of the measured trans-
mittance will change pattern from acute descending to
slow leveling, and the second reflection point is a point
at which the measured values starts ascending again. (6)
Then plot in a graph the measured transmittance (%)
against the recorded water content (ml) for CWC anal-
ysis.

Preparation of the MCP micelle solutions

The MCP micelle solutions with variant contents of
PVAc, AgNO; and water used for this study are sum-
marized in Table 1. To prepare these MCP micelle
solutions, a mixed solvent of HCOOH/H,O was added
to the afore-prepared MCP raw solutions, and followed
with a 1-h vigorous stirring for complete micellization.
The weight ratio of water to formic acid in the mixed
solvent was specified as 1:1.2 (w/w, H,O 45.45 wt% and

Table 1 Composition of MCP raw solution and MCP micelle
solution

MCP micelle solution
PVAc¢/HCOOH/H,O

MCP raw solution
(30 wt% MCP/70 wt% HCOOH)

Sample AgNO; content® [x wt%/y wt%/z wt%]b
(Wt%)

MCPO.1 0.1 3.8/50.0/46.2

MCPO0.3 0.3 3.6/50.0/46.4

MCPO0.5 0.5 2.7/50.0/47.3

MCP1.0 1.0 1.8/50.0/48.2

MCP2.0 2.0 1.0/50.0/49.0

“The weight percentage (wWt%) of AgNO; with respect to 30 g
PVAc in the MCP product
®x, y, and z represent the composition of PVAc, HCOOH and H,0,
respectively, in the micelle solution. The specific gravity is 1.2 for
HCOOH and 1.0 for water

HCOOH 54.55 wt%) to ensure that the water content
added was greater than the CWC value needed to induce
micellization. Also, the added amount of mixed solvent
was calculated such that the polymer concentration in
the resultant MCP micelle solution was attenuated from
30 wt% to about 1.0-3.0 wt%.

Before performing the TEM analysis, the MCP mi-
celle solution was vibrated for 20 s by an ultrasonic
vibrator. A drop of this solution was then taken and
placed on a formval/carbon-coated copper grid for
complete vaporization of solvent. The dried specimens
of all MCP micelle solutions were examined by a Zeiss
ME 902A TEM operated at 80 kV.

Discussion
The CWC and the water concentration range (WCR)

As described in the Introduction of this paper, an
addition of water into the dilute MCP/HCOOH system
would induce the micellization of MCP to form micelles
in the system. Before the CWC, a white cloudy flocculus
was observed the instant when water was added into the
dilute MCP/HCOOH solution, but the flocculus entirely
disappeared after stirring or standing. This demon-
strated that the micelles generated from MCP chains
would be re-dissolved to free polymer chains when the
added water content was less than the CWC values.
However, when the added water content reached the
CWC value, an acute increase in the turbidity happened
and this turbidity phenomenon remained despite stirring
or still standing. To obtain reliable data of the trans-
mittance, we waited about 10 min until the solution
reached a stable turbidity or fluctuation of transmittance
data reached equilibrium, then measured the transmit-
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Fig. 1 Effect of water content (ml) on the transmittance of the
dilute PVAc/HCOOH solution: filled triangle for 1.0 wt% PVAc/
99.0 wt% HCOOH, filled circle for 2.0 wt% PVAc/98.0 wt%
HCOOH, and filled square for 3.0 wt% PVAc/97.0 wt% HCOOH
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Fig. 2 Effect of water content (ml) on the transmittance of the
dilute MCP/HCOOH solution: filled triangle for 1.0 wt% MCPO0.5/
99.0 wt% HCOOH, filled circle for 2.0 wt% MCP0.5/98.0 wt%
HCOOH, and filled square for 3.0 wt% MCP0.5/97.0 wt%
HCOOH

tance data three times and took the average as the
experimental value.

The CWC values, determined from Fig. 1 at the
points showing abrupt decrease in transmittance, were
5.2, 5.0, and 4.6 ml for the 1.0, 2.0, and 3.0 wt% PVAc/
HCOOH solutions, respectively. The results for dilute
MCPO0.5/HCOOH solutions show a similar pattern in
Fig. 2, and from which the determined CWC values
were 6.5, 5.5, and 5.2 ml for the 1.0, 2.0, and 3.0 wt%
MCPO0.5/HCOOH solutions, respectively. These CWC
values indicate that the higher the concentration of
polymer in the system, the lower the H,O content
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Fig. 3 A plot of water concentration range (WCR) versus polymer
composition: broken line for PVAc/HCOOH and solid line for
MCP0.5/HCOOH

required to induce micellization. An interpretation for
this is: the polymer chains would have weaker inter-
molecular forces at low polymer concentration, which
needed more H,O molecules to induce their hydropho-
bic parts to keep closer for micellization.

The transmittance curves, as shown in Figs. 1 and 2,
illustrate an acute descending when the water reached
the CWC. According to the Flory-Huggins theory [1], in
this initial stage the micelles would be mainly formed by
polymer chains of larger molecular weight, but with a
continuous increase in water content, small polymer
chains were also induced to start micellization, and this
increasing number of micelles made the transmittance
descending. After all polymer chains had eventually
transformed to micelles (i.e., the micelles’ number or
concentration reached the maximum), further addition
of water merely attenuated the concentration of the
micelles in the system solution, and this made the
transmittance slightly ascended to reach the first reflec-
tion point. The first reflection points were at 7.0, 6.4, and
5.2 ml for the 1.0, 2.0, and 3.0 wt% PVAc/HCOOH
systems; and were at 10.4, 7.6, and 6.0 ml for the 1.0,
2.0, and 3.0 wt% MCP0.5/HCOOH systems, respec-
tively. If the water content corresponding to the
descending range of transmittance, that is, the amount
of water added between the CWC point to the first
reflection point is plotted against the polymer compo-
sition of these system solutions, then the curves of water
concentration range (WCR) are obtained, as shown in
Fig. 3. Since the MCP chains contained hydroxyl groups
in their PVOH/PVAc structure, which enables them to
have a higher water affinity compared to the homo-
PVAc chains, therefore, at the same polymer concen-
tration, the CWC value of the MCP/HCOOH system
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Table 2 The water concentration range (WCR) and the composition of the dilute PVAc/HCOOH and MCP0.5/HCOOH solutions

H,O composition PVAc/HCOOH composition (wt%) pH®
(ml) (Wt%)
PVAc/HCOOH" (wt%)
PVACc(1.0)/HCOOH(99.0) 5.2-7.0 34.21-41.18 (0.66-0.59)/(65.13-58.23) 0.08-0.23
PVACc(2.0)/HCOOH(98.0) 5.0-6.4 33.33-39.02 (1.33-1.22)/(65.33-59.76) 0.06-0.18
PVACc(3.0)/HCOOH(97.0) 4.6-5.2 31.51-34.21 (2.05-1.97)/(66.43-63.82) 0.05-0.08
MCP0.5/HCOOH® (wt%)
PVACc(1.0)/HCOOH(99.0) 6.5-10.4 39.39-50.98 (0.61-0.49)/(60.00-48.53) 0.20-0.60
PVACc(2.0)/HCOOH(98.0) 5.5-7.6 35.48-43.18 (1.29-1.14)/(63.23-55.68) 0.09-0.36
PVACc(3.0)/HCOOH(97.0) 5.2-6.0 34.21-37.50 (1.97-1.88)/(63.82-60.62) 0.08-0.12

410 g of dilute solutions were used. The pH values of all the sample solutions are below 0.01
®The pH values of the dilute solutions in the water concentration range

Fig. 4 TEM images of dried
specimens of homo-PVAc raw
solution added with HCOOH/
H>O mixed solvent, cast on a
formval/carbon-coated copper
grid. a 3.0 wt% PVAc/75 wt%
HCOOH/22 wt% H,0 with
water content below the CWC
range; b 3.0 wt% PVAc/

50 wt% HCOOH/47 wt% H,O
with water content exceeded the
WCR; ¢ Magnified image of (b);
and d the particle size distribu-
tion of (b)

was higher than that of the homo-PVAc/HCOOH sys-
tem, as shown in Fig. 3. This indicates that higher water
content was needed to induce micellization in the MCP/
HCOOH than the homo-PVAc/HCOOH. The WCR for
both systems are listed in Table 2.

These micelle solutions were stable and the large
associated aggregates of micelles would not occur until
the water content reached the second reflection point. As
shown in Figs.1 and 2, the water content at the second
reflection point is near 7.0 ml (41.18 wt%) for the

50 100 150 200 250 300 350 400
Diameter (nm)

PVAc/HCOOH system, and is about 11.0 ml
(52.38 wt%) for the MCP/HCOOH system. When the
added water content exceeded the second reflection
point, the solvent quality became poorer for the
hydrophobic segment, and an increase in the interfacial
tension resulted [15]. The micelles of the system tend to
associate together so as to diminish the total interfacial
area. The fusion of micelles led to a reduction of their
total numbers and an increase in the micellar radius; this
not only destroyed the stability of the system, but also
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Fig. 5 TEM images of dried

specimens of MCP micelle .
solutions, cast on a formval/ a
carbon-coated copper grid, and

the particle size distribution.

a MCPO.1; b MCPO0.5; and

¢ MCP2.0 - \d

caused the precipitation of large-sized micellar aggre-
gates. Thus, it is apparent that the transmittance of these
solutions was raised after the water content exceeded the
second reflection point.

Based on the above analysis, we can then prepare
long-lasting and stable micelle solutions by controlling
the proportion of water to the formic acid in the mixed
solvent. In this study, the mixed solvent of H,O/
HCOOH used to induce the MCP raw solutions was
kept in a ratio of 1:1.2 (45.45 wt% H,0O and 54.54 wt%
HCOOH), so that the water compositions of the
MCP0.1, MCP0.3, MCP0.5, MCP1.0, and MCP2.0
micelle solutions were maintained at 46.2, 46.4, 47.5,
48.2, and 49.0 wt%, respectively, that is, between their
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first and second reflection points, to ensure a complete
micellization and high stability of the resultant micelle
solutions.

The morphological features of Ag-micelles

A study on the microstructure of homo-PVAc is nee-
ded for comparing the effect of AgNO; on the mor-
phology of MCP micelles. Figure 4 shows the TEM
micrographs of dried specimens prepared from homo-
PVAc raw solution induced with mixed HCOOH/H,0O
solvent. Figure 4a is the TEM image of the specimen
prepared from a solution of 3.0 wt% PVAc/75.0 wt%
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Fig. 6 TEM images of dried
specimens of MCP micelle
solutions, cast on a formval/
carbon-coated copper grid.
MCPO.1: a vesicle micelle;
MCPO0.3: b vesicle micelle and
¢ ring-like micelle; MCPO0.5:

d ring-like micelles, e ring-like
micelle, f star-like micelle and
g the SAD pattern of the
polycrystalline Ag (0) in

(f); MCP1.0: h sphere micelle,
and i spherical micelle defor-
mation; MCP2.0: j sphere mi-
celle and k solid-core micelle

HCOOH/22.0 wt% H,0O, the water content added was
less than the CWC value. It can be seen that the PVAc
polymer displayed the image of an interconnected
network. In Fig. 4b, the water adding exceeded the
CWC, a solution of 3.0wt% PVAc/50.0 wt%
HCOOH/47.0 wt% H,O was formed and the PVAc
polymer became aggregated. Being affected by their
hydrophobic properties and the absence of any sur-
factant, the molecules of the homo-PVAc were difficult
to disperse uniformly in the aqueous solution. They
were liable to form droplet aggregates with irregular
shapes and broad size distribution. The size of these

aggregates ranged from smaller than 25 nm to larger
than 400 nm, as shown in Fig. 4d. An enlargement of
these aggregates displaying grainy structure is shown in
Fig. 4c.

Figure 5 shows the microstructure of Ag-micelles,
generated in an MCP raw solution induced with a mixed
solvent of H,O/HCOOH in weight ratio of 1:1.2 and
seem to have a spherical shape under this low magnifi-
cation. These MCP micelles have a narrower particle
size distribution compared to the micelles of PVAc sys-
tem shown in Fig. 4b. Figure 6a is an enlarged TEM
showing the microstructure of Ag-micelles prepared
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Fig. 6 (Contd.)

kAg solid core

\

from sample MCPO.1. It is clear that these Ag-micelles
were in a vesicular structure, and the lighter part of this
is likely a trace of hydrocarbon constituent swollen by
the formic acid. The Ag-micelles prepared from the
sample MCP0.3 displayed two morphological types: the
vesicle and the ring-like, as identified in Fig. 6b.c,
respectively. In Fig. 6c, a dense crystalline Ag-shell is
seen enclosing the micelle and no aggregate of Ag par-
ticles was found in the corona region.

The Ag-micelles in Fig. 5b were prepared from sam-
ple MCPO0.5 and their enlarged TEM images are shown
in Fig. 6d—f. Some were ring-like with aggregates of Ag
particles, and most were the more commonly found star-
like as shown in Fig. 6f. The extrusions of this star-like
micelle were crystalline Ag particles as identified by the

30 nm

result of electron diffraction shown in Fig. 6g. By com-
paring Fig. 6e with f, it can be seen that the ring-like
micelle has a large core with a relatively short corona,
but vice versa for the star-like micelle. All these micelles
with vesicle-like, ring-like and star-like shapes displayed
the same morphologies of the Ag-shell structure.

In the specimen prepared from the MCP1.0 micelle
solution, most of the micelles were observed to have the
Ag-shell structure with Ag particles surrounding the
polymer-core, as shown in Fig. 6h. The isolated Ag
particles, as shown in Fig. 6i, which were very likely
detached from the polymer-core due to specimen prep-
aration were also observed. Figure 5c is the TEM image
of Ag-micelles prepared from the sample MCP2.0, and
an enlarged one is given in Fig. 6j. It can be seen that the



200

- L
= - B
. &
< 400 nm
F . - —
b, = .

PNELS ¥ :
o 4;"‘
ke - r - 00 nm
-
c -
400 nm

Fig. 7 TEM images of dried specimens of AgNO;/HCOOH/H,O
systems, cast on a formval/carbon-coated copper grid. a
0.1 wt%AgNO3; b 0.5 wt% AgNO3; and ¢ 1.0 wt% AgNO;

micelle has a polymer-core surrounded by Ag particles, a
structure similar to that shown in Fig. 6h of the MCPO0.1
micelle. In this MCP2.0 system, the Ag-shell micelle was
rarely observed. However, the individual Ag particles, as
shown in Fig. 6k, which had a Ag-core structure sur-
rounded by a “cotton-like” polymer were usually ob-
served.

Figure 7 shows the TEM images of Ag particles
formed in AgNO;/HCOOH/H,O systems with the ab-
sence of PVAc, and it can be seen that the size and shape
of these Ag particles varied with the added concentra-
tion of AgNOs. As shown in Fig. 7a, most of the Ag
particles that generated in the 0.1 wt% AgNO; system
were spherical in shape and some aggregated to form
short chains; but in Fig. 7b, the Ag particles formed in

MCP raw solution

# Ag(0)
@ polymer functional group

HCOOH/H,0

mixed solvent

Ag-micelle

or

Ag-shell structure Ag-core structure

Fig. 8 Schematic illustration for the model of the MCP micelle
formation

this 0.5 wt% AgNO; system displayed irregular shape
and flocculation occurred, and in Fig. 7c the aggregated
Ag particles of this 1.0 wt% AgNO; system even folded
to form large crystals of polygonal shape.

By comparing the TEM results of both the MCP/
HCOOH/H,0 and AgNO;/HCOOH/H,O systems, the
Ag particles generated in MCP condition had regular
shape and narrower size distribution, but the Ag parti-
cles formed in the absence of polymer became irregular
in shape and even flocculated to form large crystals.
Therefore, the result reveals that the PVAc polymer
played an important role in controlling the morphology
and also prevented the flocculation of Ag particles re-
duced by the HCOOH solvent.

Model for micelle formation
Figure 8 depicts the micellization of MCP raw solution

after the introduction of HCOOH/H,O mixed solvent.
In this model the micelle has its core formed by the
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Table 3 The mean diameter of Ag-shell micelle and Ag-core micelle prepared from MCP micelle solution

Sample Ag-shell micelle Ag-core micelle Ag particle Average
Average size (nm) (SD) Average size (nm) (SD) size (nm) (SD)

Pure PVAc 58.88(79.72)* - -

MCPO.1 64.71(30.11) - b

MCP0.3 74.28(16.35) - b

MCPO.5 88.29(25.80) - 24.99(8.43)°
MCP1.0 121.24(25.41) 67.50(14.35) 16.87(8.17)°
MCP2.0 155.62(49.14) 75.90(18.16) 41.25(9.93)¢

“The PVAc micelles with irregular shape and broad size distribution

®All the MCP micelles have a Ag-shell morphology, in the shell range the metal nanoparticles are not agglomerated
In the shell range of Ag-shell micelle, the size of agglomerated Ag nanoparticle

9The size of solid core of Ag-core micelle

polymer’s hydrocarbon backbone and its corona con-
tributed by the polymer’s hydrophilic groups. The
hydrophilic groups are the hydrolyzed hydroxyl groups
of the polymer chain that have oxygen species capable of
binding with the Ag constituent. Therefore the micelle
generated in this HCOOH/H,O medium will be enclosed
by an Ag-shell unless excessive Ag crystals or particles
have aggregated to change the hydrophilic area to a
hydrophobic one.

Interaction of polymer-Ag particles in the MCP micelle

The results of TEM investigation demonstrated that
Ag-micelles, when prepared from MCP raw solutions
with different AgNO; concentrations, could exhibit
variant morphological features. These results also
suggest that two important factors, the Ag(0) content
and the water affinity of the polymer chain, were
dominant in affecting the variant morphology of these
Ag-micelles. From the mean diameters of micelles and
Ag particles that are summarized in Table 3, the effect
of the Ag(0) content is apparent; the higher the
AgNO; concentration in the MCP raw solution, the
more the reduced Ag(0) constituent that were gener-
ated, and the formed Ag-micelles displayed variant
morphology in the resultant micelle solution. It shows
that micelles of Ag-shell structure were the main spe-
cies generated in MCP raw solution of AgNO; con-
centration within 0.1-0.5 wt%. These Ag-shell micelles
had their Ag(0) constituent attached at the corona
region in the form of crystals or aggregate of particles,
and their average size increased with the increasing
AgNOs concentration. When the AgNO; concentra-
tion was increased above 0.5 wt%, the water affinity
of the corona region began to decrease due to over-
aggregation of Ag(0) particles, and thus the corona
region became insoluble in the aqueous medium of the
HCOOH/H,O solvent. The decrease in solubility

forced the MCP chains to transform themselves into
micelles of Ag-core structure, and the polymer chain
was then swollen by formic acid to form the micellar
corona. Ag-core micelles were usually found in MCP
micelle solution prepared from a MCP raw solution
with AgNO; concentration of 1.0-2.0 wt%, and the
average size of Ag particles generated was smaller
than 50 nm.

Conclusions

The use of MCP raw solutions, simply prepared from
PVAc polymer and silver nitrate, to generate Ag(0)-mi-
celles of regular shape and narrow size distribution has
been demonstrated in this study. The MCP micelle
solutions induced by the right composition of HCOOH/
H,O mixed solvent were thermodynamically stable and
could stand at least for several months without precip-
itation. The morphology of the Ag-micelles was affected
by the AgNO; concentration of the MCP raw solution.
In the TEM investigation, the micelles with Ag-shell
structure were usually found in MCP micelle solutions
prepared from MCP raw solutions of AgNO; concen-
tration within 0.1-0.5 wt%. There were variants in this
Ag-shell structure, namely the vesicular, the ring-like,
the star-like and the spherical. The size of these Ag-shell
micelles was increased with the increasing concentration
of AgNO;. But when the AgINOj; content was increased
to 1.0-2.0 wt%, the micelles generated were transformed
to Ag-core structure, which had the Ag solid particles
enclosed within the polymer chains, and the size of these
Ag particles was also increased with the increasing
concentration of AgNOj;. The results of the TEM
analysis also demonstrated that the polymer matrix of
the MCP system, which functioned as a protecting
agent, was effective in limiting the growth of the Ag
particle size so that the flocculation of Ag particles was
inhibited.
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