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A novel method for preparing silver/poly(siloxane-b-methyl methacrylate) (Ag/(PDMS-b-PMMA)) hybrid nanocomposites
was proposed by using the siloxane-containing block copolymers as stabilizer. The reduction of silver nitrate (AgNO3)
was performed in the mixture solvent of dimethyl formamide (DMF) and toluene, which was used to dissolve double-
hydrophobic copolymer, as well as served as the powerful reductant. The presence of the PMMA block in the copolymer
indeed exerted as capping ligands for nanoparticles. The resultant nanocomposites exhibited super hydrophobicity with
water contact angle of 123.3" and the thermogravimetry analysis (TGA) revealed that the resultant nanocomposites with
more PDMS were more heat-resisting. Besides, the antimicrobial efficiency of the most desirable nanocomposite (Ag/
PDMSs5-b-PMMAj, loaded with 7.3% silver nanoparticle) could reach up to 99.4% when contacting with escherichia
coli within 120 min. As a whole, the resultant nanocomposites by the integration of excellent properties of silver nano-
particles as well as siloxane-block copolymers can be a promising for the development of materials with hydrophobic,
heat-resisting and outstanding antibacterial properties from the chemical product engineering viewpoint. © 2013 Ameri-
can Institute of Chemical Engineers AIChE J, 59: 4780-4793, 2013
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Generally, the polymer matrix plays an important role in
the nanocomposites for stabilizing AgNPs and preventing
them from aggregation. In the last few decades, there are
abundant reports on the successful synthesis of AgNPs-
polymer nanocomposites. Typical examples of polymer sil-
ver nanocomposites include, but are not limited to, polymers
bearing hydroxyl, amino or carboxyl functional groups such

Introduction

The increasing demands for multifunctional materials have
stimulated new studies leading to the development of inorganic—
organic nanocomposites from the chemical product Viewpoint.l_4
In this field, the metal/polymer nanocomposites have received
increasing attention due to the combinational advantages of easy

processing of macromolecules as well as the novel physical
properties of metal nanoparticles.”'® Among them, silver nano-
particles (AgNPs) regarded as one of the noble metals with high
biocompatibility have always attracted much more attention due
to their unique optical, electronic as well as antibacterial proper-
ties which are different from those of bulk metals.”*

Additional Supporting Information may be found in the online version of this
article.
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as poly(vinyl alcohol), poly(vinyl pyrolidone) (PVP) and poly-
urethane’>™® and conducting polymers like polyaniline,'®'
polypyrrole,22 etc. In addition, although these polymers
could be used as stabilizers, an extra reducing agent is still
necessary for reducing AgNPs from their presomas, which
leads to the separation difficulty of following products.ls_22
Accordingly, it is not feasible technology from the chemical
product engineering viewpoint. A possible approach for solv-
ing this problem is the in sifu generation of the silver nano-
particles during polymerization through a reduction process
of a precursor silver salt, such as simultaneously reduction
and polymerization by light photoinduced,11 composited and
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Table 1. Different Samples for Preparing Nanocomposites

Weight of

Number Polymer polymer (mg) Toluene (mL) DMF (mL) AgNOj; (mg) T (°C) Conversion
1# PDMSgs-b-PMMAg; 10 4 6 10 10

2% PDMS5-b-PMMA; 10 4 6 10 30

3 PDMSes-h-PMMAg; 10 4 6 10 50

4# PDMS¢s- b-PMMAg 100 4 6 10 30 19%

5# PDMSg5-b-PMMA 5 100 4 6 10 30 22%

o# PDMS¢5-b-PMMA 3 100 4 6 10 30 33.6%
TH# PDMSgs-b-PMMA; 100 4 6 10 30 39.7%
8# PDMS¢5-b-PMMA 3 100 4 6 25 30 31.5%
o# PDMSgs-b-PMMA+ 100 4 6 50 30 28.9%
10# PDMSg5-b-PMMA s 100 4 6 100 30 24%

reduction by cationic polymers containing amine groups13 as Silver-based  materials have excellent properties

well as using the solvent with reducibility.23

On the other hand, the incorporation of AgNPs into poly-
mers can greatly improve properties and application potential
of the resultant nanocomposites, which not only combines the
advantageous properties of silver and polymers but also exhib-
its many new properties and thus creates new perspective for
the development of multifunctional materials. For instance,
Shankar et al.** used branched polysilanes as reducing agents
for Ag(l) ions as well as their affinity to function as the scaf-
folds for in situ generation of metal nanoparticles, the result-
ant  polymer-silver = nanocomposites  exhibited  room
temperature fluorescence. Singh et al.”> have employed in situ
reduction of silver in aniline by mild photolysis to prepare sil-
ver/polyaniline (Ag-PANi) nanocomposites which are not
only a promising candidate for electrocatalytic hydrazine oxi-
dation but also can be used in other biosensing applications.
For the first time, Marty et al. used hyperbranched PEI (poly-
ethylenimine) or functionalized PEI with glycidol (PEI-GLY),
gluconolactone (PEI-GLU), or lactobionic acid (PEI-LAC)
molecules as support materials for metal nanoparticles and
investigated their catalytic activity in water. Furthermore, con-
sidering that AgNPs are well-known broad-spectrum antimi-
crobial agents, an improvement of antimicrobial activity using
polymer/Ag nanocomposites could be expected.z&33 Stevens
et al.?® reported the use of various hydrophilic polymers
loaded with silver nanoparticles to assess both the antimicro-
bial efficacy as well as the impact of silver on the coagulation
of contacting blood. Dai et al.*’ showed that a film based on
the alternated deposition of PEI and PAA, including AgNPs,
was effective in inhibiting the growth of Escherichia coli.
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Figure 1. The UV-vis absorption spectra of AgNPs with
PDMSg;5-b-PMMAg; at different temperatures.
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mentioned previously, nonetheless, there are still room for
further improvement with the additional benefits of better
functionality and thermal stability. In addition, as described
earlier, a novel preparation technology without extra reduc-
ing agent for them still needs to be developed from the
chemical product engineering viewpoint. Polyorganosilox-
anes is of a novel polymer with biocompatibility as well as
low-surface tension, low-surface energy, excellent thermal
stability and high opilic and hydrophobic characters.***" In
this study, a novel polymer, poly(dimethylsiloxane-b-methyl
methacrylate) (PDMS-b-PMMA), is introduced to prepare
silver-polymer nanocomposites in a mixture solvent of tolu-
ene and dimethyl formamide (DMF). Moreover, some factors
that affect the stabilization of AgNPs were first investigated
and the corresponding stabilization mechanism for prepara-
tion of AgNPs was described. By integration of both excel-
lent properties of polyorganosiloxanes and  silver
nanoparticles, the resultant nanocomposites would attract
attention from a more broad market especially serving as
hydrophobic/heat-resisting/antibacterial multifunctional coat-
ings or chemical products.

Experimental
Preparation of Ag/(PDMS-b-PMMA) hybrid
nanocomposites

The (PDMS-b-PMMA) polymers with different block
lengths and PMMA-Br were synthesized by atom transfer
radical polymerization (ATRP).*'* The detailed synthetic
strategy and materials were listed online in additional Sup-
plementary Information.

The Ag/(PDMS-b-PMMA) hybrid nanocomposites were
prepared by reducing AgNO; with DMF using the PDMS-b-
PMMA diblock copolymers as stabilizers. The details for
preparing the nanocomposites are described in the following:
the predetermined amount of polymer was dissolved in tolu-
ene and stirred for 3 h to ensure complete dissolution fol-
lowed by the slowly addition of DMF. After that, AgNO;
was mixed into the solution and the reaction was preceded
under room temperature for 12 hours, while stirring were not
necessary after an initial shaking to homogenize the solution.
A handful of water involved in DMF (99%) was enough for
reducing silver ions in this experiment and thus no additional
water was needed. The formation of AgNPs could be mani-
fested by a gradual yellowish coloration of the solution.
After 12 h, the reaction was terminated by evacuating tolu-
ene and DMF through rotary evaporation, and then the prod-
uct was precipitated by methanol and H,O (20 mL, 1:1 v/v)
and seperataed via centrifugation for 15 min (rotation rate at
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Figure 2. The UV-vis absorption spectra of AgNPs with and without PDMSg5-b-PMMAg; with different reaction
time (The inset shows the sample after reduction for 12 h).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

12,000 r/min). The supernatant was used to measure the
reduction rate of silver ions by atomic absorption spectropho-
tometer (AAS). The obtained solid was washed by deionized
water five times and finally dried in vacuo at 40 C for 24 h.
In order to investigate the effects of temperature, the block
length as well as the mass ratio of polymer/AgNQO;, different
experiments were performed according to Table 1.

A contrast experiment was performed under the same con-
dition without polymer for better understanding the advant-
age of polymer in the reaction. To further determine which
block of PDMS-b-PMMA does work in the stabilization pro-
cess, 5 mg PDMS—Br (Mngpc = 5140 g/mol, PDI = 1.05)
and 5 mg PMMA-Br (Mngpc = 6628 g/mol, PDI=1.16)
were added to the mixed solution discussed earlier, respec-
tively (see online in Supporting Information for synthesis
and characterization). Then 6 mg AgNO; was added to each
system and leave reaction for 12 h at room temperature.

Test of the antibaterial property

Preparation of Nanocomposite Solution. The samples
from 4#-10# in Table 1 were used. 25 mg of each sample
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Figure 3. The UV-vis absorption spectra of AgNPs after
reducing for 12 h (inset A and curve a stabi-
lized by PDMS—Br; inset B and curve b stabi-
lized by PMMA).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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was added to 0.5 mL THF to generate 7 different nanocom-
posite solutions. Then each solution was transferred on a
clean filter (diameter =25 mm) and evaporated at ambient
atmosphere to remove residual solvent. The seven filters
stained with nanocomposites were used for subsequent anti-
bacterial experiment. To make a comparison of the antibac-
terial efficiency of nanocomposite and pure polymer, 25 mg
neat polymer PDMS¢s-b-PMMA 3, was also dissolved in 0.5
mL THF and placed on the filter with the same method as
discussed earlier.

Media and Cultivation Conditions. 10 g of Luria-
Broth(LB) medium contained (per liter) tryptone, 5 g of
yeast extract and 10 g of NaCl were used to prepared the
media. The initial pH of the media was adjusted to 7.4-7.6
with NaOH (1 M) and HCI (1 M). All the media were pre-
pared with distilled water and sterilized at 121°C for 20 min.
All cultivations were done at 37 C.

Isolation and Culture of Escherichia Coli. Escherichia
coli strains were selected and inoculated in 50-mL flasks
containing 20 mL fermentation medium. The strains were
incubated for 48 h at 37 C with shaking at 200 rpm. The
activities of the culture broths were monitored until they
became turbid, which can be stored on slant medium at 4 C
for further research.

Inhibition Zone Experiment. Stepwise dilute the suspen-
sion of escherichia coli to 103—f01d, and 8 LB plates were
inoculated with 0.1 mL diluted solution using a rotary inocu-
lator, respectively. Then the 8 filters discussed earlier were
placed centrally on each plate. After incubation at 37°C for
24 h, the diameters of inhibition zones (including filter) were
recorded. The inhibition zone could be used to estimate the
qualitative antibacterial activity.

Antimicrobial Property Test. The nanocomposite con-
sisted of Ag/PDMSgs-b-PMMA;, with the polymer/AgNO;
mass ratio of 4:1 was considered to be the optimal sample. 25
mg nanocomposite was crushed and mixed with 1 mL result-
ant suspension of bacteria, and then the mixture was put into
the rocking device. During the contact process of nanocompo-
sites with the bacteria, 0.1 mL suspension was extracted and
diluted to 107-fold at the interval of 0 min, 5 min, 30 min, 60
min, 120 min; then 0.1 mL of the diluted solution was trans-
ferred to LB medium. Finally each specimen was inoculated
with 0.1 mL of the diluted bacterial suspension and was incu-
bated for 24 h at 37 C. Hence, the antimicrobial efficiency of
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Scheme 1. The stabilization mechanism of AgNPs by the PDMS-b-PMMA block copolymer.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

nanocomposite in contact with escherichia coli was calculated
from the number of colonies.**

Results and Discussion

The pure PDMS polymer cannot serve as a stabilizer for
the preparation of silver-polymer nanocomposites which will
discuss below, hence, the novel copolymer PDMS-b-PMMA
containing the PMMA block was designed and a novel
method for preparing the designed silver-polymer nanocom-
posites was also suggested in this study for the sake of fully
exploiting the advantages of polyorganosiloxanes (low-sur-
face energy, excellent thermal stability, biocompatibility,
etc.) and based on the chemical product engineering view-
point. It is worth noting that the in situ generation of the sil-
ver nanoparticles by introducing mixed organic solvents
which not only dissolve polymer matrix, but also exert as
powerful reductant for silver salts in this system is a facile
method for producing Ag/polymer nanocoposite and no need
of additional reducing agents.
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The investigated copolymers PDMS-b-PMMA with differ-
ent block lengths were synthesized by atom transfer radical
polymerization (PDMSgs-b-PMMAg, Mngpc = 6020 g/mol,

polydispersity index (PDI)=1.20; PDMSgs-b-PMMA i3,
Mngpc = 7035 g/mol, PDI=1.15; PDMS¢s5-b-PMMA;,
Mngpc = 8191 g/mol, PDI=1.25; PDMS¢s-b-PMMAg7,

Mngpc = 12240 g/mol, PDI = 1.18 (see Supporting Informa-
tion online for synthesis and characterization). The narrow
molecular weight distribution of the resulting copolymers
also suggests that the reaction proceeds in a controlled man-
ner. Besides, the corresponding stabilization mechanism and
the affecting factors on preparation of AgNPs were described
followed by systematic characterizations of nanocomposites.

Influence factors for preparing AgNPs and its
stabilization mechanism
According to Pastoriza-Santos et al.’s work,43 the reduc-

tion of Ag™ by DMF can be described according to the fol-
lowing process
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Figure 4. The UV-vis absorption spectra of AgNPs stabilized by polymers with different PMMA block lengths.
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Figure 5. The UV-vis absorption spectra of AgNPs with different mass ratios of polymer/AgNOs.

measuring the UV-vis spectra of aliquots extracted from the
samples after the reaction had proceeded for 12 h as shown

in Figure 1, different intensity and locations of the absorp-

0 0
H)tl\l’cHa +2Ag" +H,0 o v o
“CH, g 0 — 2Ag" +2H+ HO N\CHg (1)
i
CH CH
HO” N P —— CO,+ HN:CHS (2)

Where, the formation of AgNPs was manifested by a
gradual yellowish coloration of the solution which deep-
ened as a function of time. The surface plasma resonance
(SPR) absorption peak of AgNPs was depondent on the
morphology, size as well as the size distribution of the
nanoparticles, and could be recorded by the UV-vis

spectrophotometer.

The Effect of Temperature on the Preparation of AgNPs.
According to the recipes 1#—3# in Table 1, the preparation

3

tion peaks were obtained. By comparison, the peak for the
sample at 30°'C was the narrowest and there was a slight
blueshift of the absorption, which revealed that AgNPs with
small and narrow size distribution. However, for the sample
at 50 C, the high temperature could result in a high-
reduction rate which would lead to much quicker growth of
the silver atom, and thus the silver atoms would cluster
together before complexing with polymer matrix to form

nanocomposites. This may lead to the formation of the

AgNPs with large size and wide size distribution. In sum-
mary, the lower the temperature, the slower the reduction
the following experiments
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Figure 6. The XPS spetra of Ag/PDMS-b-PMMA nanocomposite: (A) Survey spectrum of the nanocomposite; (B)
Ag 3d spectrum; (C) O 1 s spectrum.
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Figure 7. The TEM images of AgNPs stabilized by polymers with different PMMA block lengths (Samples 4#-7# in

Table 1 correspond to A-D).

performated at 30°C based on the above results in order to
obtain the AgNPs with narrow-size distribution and small
size as well as appropriate reaction rate.

The Effect of Polymer on the Preparation of AgNPs. The
advantage of using PDMS-b-PMMA as stabilizers during
the preparation of AgNPs was demonstrated by UV absorp-
tion spectra as shown in Figure 2. From Figure 2A, the
SPR absorption band at about 400-450 nm attributed to the
surface plasmon resonance (SPR) of nanosilver was
observed within the initial 2 h (curve a—c); however, it
became broad and redshifted with time proceeding, which
implied the increase of size and the broaden of size distri-
bution of AgNPs. Finally, the intensity decreased until the
peak disappeared (curve e), which indicated the disappear-
ance of nanoparticles in the solution system. Furthermore,
the reduction of silver salts by DMF could be monitored by
the color evolution of the solution from light yellow to
light gray. In experiments, we found the glass surface of
vial was covered with silver particles. This process is prob-
ably driven by electrostatic attraction between the particles
with excess positive charges from adsorption of unreacted
silver ions and the negatively charged SiO, surface.**** In
the inset of Figure 2A, the black solid particles at the bot-
tom of the container should be the aggregation of nanopar-
ticles. However, by contrasting Figure 2A and B, a
symmetrical SPR absorption band referred to the existence

AIChE Journal December 2013 Vol. 59, No. 12
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of spherical silver nanoparticles and the yellow solution
confirmed the successful preparation of silver colloid as
shown in the inset of Figure 2B.

Stabilization by PDMS block or PMMA block. In further
to distinguish which block did play a role in stabilizing the
AgNPs, the influences of PDMS and PMMA blocks on the
stabilization process were investigated separately. PDMS—Br
was added to the reaction flask as shown in Figure 3A, and
the sample including PMMA-Br was shown in Figure 3B.
Both of them photographed after the reaction had proceeded
for 12 h. By comparison of those two pictures and the UV
spectra, only PMMA could exert as the stabilizer certified by
the yellow silver colloid (inset B) and the characteristic SPR
band for AgNPs centered at 430 nm (curve b), but no
absorption peak was detected in curve a.

Stabilization Mechanism. Based on the aforementioned
investigation, the proposed stabilization mechanism was
described as followed: the stabilizing agent PDMS-b-PMMA
was present in the mixture previous to silver salt addtion,
after the silver precursor was introduced, the reduction of
Ag" by DMF would get under way to form silver atom.
Subsequently, those silver atoms trended to form silver
nuclei and grow in the solution. However, with the existence
of the stabilizing agent, the silver cluster would not grow up
without limitation. Both oxygen and nitrogen atoms in the
stabilizer can facilitate the adsorption of stabilizer onto the

DOI 10.1002/aic 4785
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Figure 8. The Size distribution histograms of AgNPs stabilized by polymers with different PMMA block lengths

(Samples 4#-74# in Table 1 correspond to A-D).

surface of metal nanostructures to fulfil the protection of the
nanopar‘[icles.46 Likewise, the —-C=O groups in PMMA block
can readily complex to silver atoms through its ester func-
tionality and PDMS-b-PMMA could adsorb on the AgNPs
via the steric hinerance of the polymer chains to prevent
AgNPs from aggregating. As a result, stable silver colloids
can be yielded. The aforementioned mechanism can be sum-
marized in Scheme 1.

The Effect of the Block Length of PMMA on the Resultant
AgNPs. Since the PMMA block of PDMS-b-PMMA can
play a role in stabilizing the AgNPs, the influence of the block
length of PMMA on the stabilization process was investigated
by measuring the UV-vis absorption spectra of aliquots
extracted from the samples at interval time. As shown in UV
spectra in Figure 4A-D corresponding to Samples 4#7# in
Table 1, respectively, the characteristic SPR band of silver
nanoparticles displayed blueshift from 410 nm to 440 nm,
which revealed the decrease in the particle size of AgNPs with
the increasing of the PMMA block length. On the other hand,
one can also obtain that the longer the block length of
PMMA, the narrower the size distribution of the AgNPs would
be. Since the increment of the number of complexation posi-
tion in PDMS-b-PMMA as the length of PMMA block
increased, it allows the strong adsorption ability of the copoly-
mer onto the particle surface and could restrict the aggregation
behavior effectively. Furthermore, the more different com-
plexation positions favor the disperation of AgNPs, and thus
yield AgNPs with narrow-size distribution.

The Effect of Mass Ratio of Polymer/AgNO;. The sam-
ples with different mass ratios of polymer/AgNO; were

4786 DOI 10.1002/aic
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investigated. Similar to the aforementioned discussion, the
UV spectra of samples at interval time were recorded. Figure
5A-D correspond to samples 6#, 8#-10# in Table 1, respec-
tively. As can be seen from Figure 5, the characteristic SPR
band of silver nanoparticles displayed redshift and broad
absorption spectra were obtained when decreasing the mass
ratios of polymer/AgNO; The fact is that there are not
enough complexed positions supplying for the excess silver
cluster due to the amount of polymer was fixed. At this
time, the AgNPs would collide with each other and grow
randomly, which will result in the formation of AgNPs with
big size and wide size distribution.

Characterization of AgNPs/(PDMS-b-PMMA) hybrid
nanocomposites

XPS Analysis. To further confirm the possible physico-
chemical interaction between AgNPs and polymer matrix,
XPS spectra of Ag/PDMS—PMMA nanocomposite were
recorded as shown in Figure 6A. The binding energy peaks
of elements of carbon, oxygen, silicon and silver were
clearly labeled. Furthermore, Figure 6B presented the peaks
of Ag 3d region of the silver, in which the peak positioned
at 374.4 eV corresponded to Ag 3d3/2 increased by 1.4 eV
comparing with the standard energy spectrum peak of pure
silver (373.0 eV).***7 The binding energy within the elec-
tronic shell increased because of the decrease of valence
electron density and the shielding effects of domestic elec-
tronic shell. Additionally, the curve of XPS spectrum for O
1 s which pertained to the nano Ag/PDMS—PMMA compos-
ite was illustrated in Figure 6C. The peak positioned at

December 2013 Vol. 59, No. 12 AIChE Journal



Figure 9. The TEM images of AgNPs with different mass ratios of polymer/AgNO; (Samples 6#, 8#-10# pound; in

Table 1 correspond to A-D).

531.62 eV originated from carboxyl (C=0) shifted to lower
region by 1.0 eV comparing with the standard data of car-
boxyl (C=0) (532.62 eV).*® This might be explained by that
the carbonyl oxygen atom who can accept electronic cloud
from silver atom. The XPS curves proved that there did exist
interaction between silver and carboxyl (C=O) oxygen, as
has been previously observed.*=' The above results indi-
cated that the chemical environment around Ag atoms has
changed and the Ag was complexed into PDMS-b-PMMA.

TEM Analysis. The morphologies and size distribution
histograms of the AgNPs stabilized by PDMS-b-PMMA
with different PMMA block lengths are shown in Figures 7
and 8, respectively. The nanostructures with irregular con-
tours were observed in Figure 7A-B. However, spherical
AgNPs with narrow size distribution existed (see Figure
7C-D. It can be easily figured out from Figure 7 that incre-
ment of PMMA block length was responsible for the forma-
tion of spherical nanoparticles with small size. According
to size distribution of AgNPs shown in Figure 8, the parti-
cle sizes in Figure 7A-B were larger than those in Figure
7C-D. The average particle sizes of two samples stabled by
PDMSgs-b-PMMA ;3 and PDMS¢s-b-PMMAg; have no sig-
nificantly difference. Consequently, there is no need to
infinitely increase PMMA block length for the system with
a certain amount of metal precusor, and PDMS¢s-b-
PMMA;, was considered to be the optimal stabilizer (mean
diameter = 9.40 nm).
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The TEM images for the samples prepared under different
mass ratios of polymer/AgNO; are shown in Figure 9 and
the histograms of size distribution of silver nanoparticles are
shown in Figure 10. Both the mean diameter and its particle
size distribution width of the AgNPs increases with the
decrease of the mass ratios of polymer/AgNO; The mor-
phology of the nanoparticles transformed from spherical one
to ellipse and finally to irrugular ones. All those variation
trends were in consistent with the UV results discussed ear-
lier. Herein, some agglomerations of silver cluster existed in
the polymer (Figure 9D), which resulted from the collision
of silver clusters before being complexed by copolymer.

SEM and EDX Elemental Analysis. The SEM pictures
(Figure 11A-G) were assigned to the samples 4#-10# in
Table 1. From the images, the aggregations of AgNPs dis-
persed on the surface of the copolymer(A,B.E,F,G), while
the small AgNPs with narrow size distribution were not
appeared on it (C,D). Moreover, the composition of the
nanocomposites was measured by EDX as shown in Figure
11H. It is worth noting that we have removed the influence
of Au element introduced by the gold sputtering treatment of
sample, and thereby get energy dispersive X-ray spectrum
during the data analysis procedure. The EDX profile showed
the presence of C, O, Si and Ag which was in consistent
with the composition of nanocomposites.

AAS Analysis. In order to evaluate the conversion of sil-
ver ions after reaction, the supernatant after centrifugation
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Figure 10. The Size distribution histograms of AgNPs with different mass ratios of polymer/AgNO; (Samples

6#, 8#-10# in Table 1 correspond to A-D).

was used to detect the remaining content of silver ions by
atomic absorption spectrophotometer (AAS). Since the detec-
tion range of silver ions on AAS located from 0.25 to 2.0
ug/mL, the supernatant was diluted to 10%, 10° and 10*-fold
via 5% HNOj; The average statistic results are shown in
Table 1. By comparison of different block length, the con-
version of silver ions increased as PMMA block became lon-
ger. On the one hand, the increment of PMMA block could
strengthen the adsorption ability of PDMS-b-PMMA on the
resultant AgNPs. On the other hand, Ag™ might be bound to
the acrylate polymer through chemical binding before reduc-
tion, which helped the Ag" convert into Ag”.*’ By compar-
ing the samples under different mass ratios of polymer/
AgNOs, it seemed that the conversion became lower as the
mass ratio decreased, but the yield of AgNPs actually
increased due to the initial feeding amout of silver ions. The
theoretic loading ratios of AgNPs in the nanocomposites
were calculated from the conversions for each sample listed
in Table 1, and they were 1.86, 2.15, 3.25, 3.82, 7.30, 12.63
and 19.35%, respectively.

Thermal properties of AgNPs/(PDMS-b-PMMA)
hybrid nanocomposites

The thermal stability of the neat polymer was investigated
by thernogravimetic analysis prior to that of the nanocompo-
sites. As shown in Figure 12, PMMA bagan to lose weight
at approximately 200°C and thermal degradation completed
at about 433°C. However, the degradation onset temperatures
of copolymer did improve attributed to the strong chemical
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bond between PDMS and PMMA.>> Above 426'C, the
PDMS segment in copolymer starts to degrade53 and the ter-
minal temperature of decomposition for the copolymer
reached up to 600°C. It was notable that the block copoly-
mers (PDMS-b-PMMA) were more thermally stable than
PMMA homopolymer. The effect of the composition on the
thermal stabilities of various block copolymers showed that
increasing the relative content of PDMS was advantageous
to reduce the decomposition rate. Consequently, the higher
relative content of PDMS in the copolymer was desireable to
yield heat-resisting materials. In the following discussions,
Figure 13A-D illustrated the thermal stability of both nano-
composites and neat polymers. The nanocomposites showed
similar degradation to that of the neat copolymer. To the
four samples, theoretic loading ratios of AgNPs in the nano-
composites could be no more than 10% by the AAS results,
so it indicated that with less content of silver in the nano-
composites, the loading of AgNPs did not alter the thermal
stability of the copolymer obviously. All in all, so as to
obtain the nanocomposites with good thermostability, the
stabilizer which contained more content of PDMS was a
preferential one during the preparation of silver
nanoparticles.

Surface wettability of AgNPs/(PDMS-b-PMMA)
hybrid nanocomposites
The surface wettability of the nanocomposites was investi-

gated by static water contact angle measurement and the
results are shown in Figure 14. The contact angle for every
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Figure 11. The SEM images and EDX spectrum of the nanocomposites (Samples 4#-10# in Table 1 correspond to
A-G, only one EDX profile showed in H due to the similar element information).

sample exceeded 90 implying all the surfaces were hydro-
phobic.** Comparing the wetting behavior among samples
stabilized by PDMS-b-PMMA with different block length,
the water contact angle increased from 101.5 to 123.3" with
the increasing content of PMMA, which gave rise to a higher
degree of phase separation that led to the accumulation of
PDMS at air-side surface. Such accumulation resulted in an
increase of water contact angle, i.e., the corresponding sam-
ple was more hydrophobic.

Antibacterial property of AgNPs/(PDMS-b-PMMA)
hybrid nanocomposites

Detection of Inhibition Zone. Escherichia coli was used
as a test organism to check the antimicrobial activity of pure
and silver-containing polymer. Zone of inhibition was intro-
duced to investigate the antibacterial property of these materi-
als qualitatively. The formation of clear zone just originated
from the transparent part around the sample owing to the inhi-
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bition of bacterial growth after cultivation process.” The
diameters of inhibition zone (including filter) were recorded
for every sample. The blank test was carried out to evaluate
the antibacterial activity of pure polymer. The diameter of
inhibition zone with PDMSgs-b-PMMA;, (shown in Figure
151) was still 25 mm, which indicated that the polymer itself
did not have any antibacterial property. However, in the case
of nanocomposites containing copolymer with different block
length, zones of inhibition increased in every sample, which
implied that the nanocompocites indeed showed antimicrobial
activity (shown in Figure 15II). The inhibition zone increased
from a mean diameter of 28, 30, 33 to 34 mm as the PMMA
block length gradually increased. Based on the aforemen-
tioned discussions, it was clear that more PMMA in the
copolymer was beneficial to yield AgNPs with smaller size.
Meanwhile, these AgNPs with smaller size showed more
excellent antibacterial activity.’® Accordingly, Ag/PDMSgs-b-
PMMA30 and Ag/PDMS65-b- PMMA67 exhibited the blgger

DOI 10.1002/aic 4789



——PMMaA (a)
100+ e PDMS ,-b-PMMA, , (b)
- - -PDMS_-b-PMMA,, (c)
80 - . —-=-PDMS_-b-PMMA , (d)
5 - PDMS,-b-PMMA, (e)
. 60 '
s
E
o 404
Q
=
201
ol N e

Y T ¥ T ¥ T ¥ T X T ¥ T by T L] 1
0 100 200 300 400 500 600 700 80O
Temperature (°C)

Figure 12. The TGA curves of neat polymer at the heating
rate of 10 C/min under nitrogen atmosphere.

inhibition zone than that for Ag/PDMSgs-b-PMMAg and Ag/
PDMSgs-b-PMMA |3 When dealing with nanocomposites
which prepared under different mass ratios of polymer/
AgNO;, one can find that as the mass ratio decreased, their
antibacterial activity could be distinguished by the obvious
inhibition zones which were 33, 36, 36 and 35 mm, respec-
tively (shown in Figure 15III). Interestingly, the antibacterial
properties for samples corresponding to Figure 15 IIIB-C
were much better than that of Figure 15 IIID, although the
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load of AgNPs in the latter was more than that in the former.
It might result from the large particles which could not per-
form antibacterial property effectively. For the considerations
of antibacterial effect and cost of material, the sample that
consisted of Ag/PDMS¢s-b-PMMA;, and 7.3% (theoretic
loading ratio) AgNPs with an average diameter of about 9.40
nm (corresponding to Figure 15IIIB) was regarded as the
most optimum one.

Antimicrobial Efficiency. The antimicrobial efficiency of
nanocomposite (Ag/PDMSgs-b-PMMA;,) was investigated
by contacting samples with suspension of bacteria at differ-
ent time intervals. Five specimens were recorded after culti-
vation in the incubator for 24 h as shown in Figure 16. As
the contact time increased from 0, 5, 30, 60 to 120 min,
there were 525, 380, 324, 11 and 3 single colonies, respec-
tively. It was clear that within 30 min, sterilization effect
was not obvious, but in 30—60 min, the antimicrobial effi-
ciency significantly increased and it could kill about 97.9%
of escherichia coli; when it came to 120 min, the steriliza-
tion efficiency can amount to 99.4%. It can be explained by
such mechanism in the following: on the surface of nano-
composites, the exposed AgNPs needed to contact with esch-
erichia coli in the suspension gradually. When they
encountered with each other, the silver nanoparticles would
form coordination compounds with sulfur, oxygen, or
nitrogen-containing functional groups in the bacteria and
undermine the synthesis of enzyme, upset the bacteria
metabolism, make them lose biological activity and eventu-
ally lead them to die.”’
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Figure 13. The TGA curves of nanocomposites at the heating rate of 10 C /min under nitrogen atmosphere (A) Ag/
PDMSgs5-b-PMMAg, (B) Ag/PDMSgs- b-PMMA,g, (C) Ag/PDMSgs- b-PMMAj3,, and (D) Ag/PDMSgs-b-

PMMAG;.
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Figure 14. The Static water contact angles of nanocomposites (A) Ag/PDMSgs-b-PMMAg, (B) Ag/PDMSgs-b-
PMMA,s, (C) Ag/PDMSgs5-b-PMMA;,, and (D) Ag/PDMSgs-b-PMMAg;.

Conclusions

From the chemical product engineering viewpoint, the
siloxane/AgNPs nanocomposites with multiple properties
were designed and prepared by using PDMS-b-PMMA as
stabilizer in a mixture solvent of toluene and dimethyl
formamide (DMF) without the addition of extra reductant.
Control experiments showed that PMMA block in the
copolymer indeed exerted as capping ligands for nanopar-
ticles. When the PMMA block length increased in the
copolymer, it was benefical to yield spherical AgNPs with
smaller size, but when performed by decreasing the mass
ratio of polymer/AgNOs;, it would lead to the formation of
AgNPs with irregular shape and larger size. XPS results
certified that oxygen atoms derived from —C=0 did have
an interaction with silver nanoparticles. The static water

contanct angle tests showed that the resultant nanocompo-
sites have good hydrophobic property; the thermogravime-
try analysis revealed that they could be more heat-resisting
as the relative content of PDMS increased. The pure copol-
ymer and the nanocomposites were investigated to test their
antibacterial property. However, the results indicated that
the neat copolymer did not show antibacterial property but
the nanocomposites were demonstrated to display strong
antibacterial effect. The most desirable nanocomposite was
the one consisted of Ag/PDMS¢s-b-PMMA;, that was
loaded with 7.3% (theoretic loading ratio) silver nanopar-
ticle of which the average diameter was about 9.40 nm.
The antimicrobial efficiency of this sample could reach up
to 99.4% when contacting with escherichia coli within
120 min.

Figure 15. (I) The antibacterial effect photograph of neat polymer, (ll) The antibacterial effect photographs of nano-
composites with different block lengths of PMMA, and (lll) the antibacterial effect photographs of nano-
composites with different molar ratios of polymer/AgNO;.
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Figure 16. The antibacterial effect photographs of Ag/
PDMSgs5-b-PMMA3;, nanocomposite under
different contact time with colibacillus (A) O
min, (B) 5 min, (C) 30 min, (D) 60 min, (E) 120
min (Data in bracket represent the number
of bacteria).

As a whole, for the preparation of silver nanocomposites,
we have used the combination of DMF and toluene as the
medium for the first time, which is unusual for AgNO;
reduction. Due to the easy Ag particle aggregation, the novel
stabilizer consisted of PDMS-b-PMMA has also been intro-
duced and it did protect the silver nanoperticles from aggre-
gating effectively. The method promises itself as a
convenient alternative to the synthesis of silver nanocompo-
sites. Owning to the integration of excellent properties of sil-
ver nanoparticles as well as siloxane-block copolymers, the
resultant nanocomposites were found to be a promising
material, which could be applied into a broad market since
they have shown hydrophobic, heat-resisting and outstanding
antibacterial properties.
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