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Abstract Dispersed Ag nanoparticles were prepared
in aqueous solutions in the presence of pure poly[2-
(dimethylamino)ethyl methacrylate] (poly-DMAEMA),
poly[2-deoxy-2-methacrylamido-p-glucose] (poly-MA
G), and their copolymers of polylMAG-DMAEMA]
with different mole fractions. Polymers contributed to
the silver reduction, formation of nanoparticles, and
stabilization of suspensions. No agglomerations of
nanoparticles are formed. For each sample, more than
one thousand silver particles were measured by trans-
mission and scanning transmission electron microscopy
to determine their number vs diameter and volume
versus diameter distributions. The samples with the
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smallest nanoparticle mode diameter of 2.3 nm were
formed in DMAEMA homopolymer suspension, while
the mode diameter increased up to 13.3 nm in copoly-
mers depending on the mole fraction of DMAEMA. A
model of Ag nanoparticles’ growth taking into account
the structure of the copolymers and the amount of
reducing centers per monomer is proposed. The volume
fraction of large Ag particles (>15-20 nm) in the tail of
distributions was determined to estimate the part of less
efficient nanoparticles assuming that only surface atoms
are active. The largest volume occupied by big particles
is measured in the solution with pure poly-MAG.
Figures of merit, as the ratio of particle area to total
volume of particles, were compared for five systems of
Ag NPs/polymer. They can be understood from an
economical point of view as the total silver investment
compared to efficiency.

Keywords Silver nanoparticles - Dispersion of
sizes - 2-Deoxy-2-methacrylamido-p-glucose
(MAG) - [2-(Dimethylamino)ethyl methacrylate]
(DMAEMA) - Activity - Transmission electron
microscopy

Introduction
The main challenge to manufacture silver nanoparti-

cles for applications in catalysis, medicine, and
pharmaceuticals is a mass production of stable
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nanoparticles with a narrow size distribution to target-
and control-specific effects. It is widely accepted that
biological and chemical activities of particles are
directly linked to their surface, i.e., for spherical or
spheroidal particles; the smaller the diameter, the
larger the surface to volume ratio, and the better the
particle’s biological and chemical activity for a given
mass. Green chemistry using polymer-assisted syn-
thesis of Ag nanoparticles and their stabilization is
attractive because of biocompatible and ecological
technology. Such method lowers the environmental
impact by replacing the need of strong and hazardous
reductants like sodium borohydride and hydrazine
hydrate in particular in the field of biomaterials
applications (Vigneshwaran et al. 2006; Medina-
Ramireza et al. 2009; Chevirona et al. 2014; Sharma
et al. 2009).

Among the great number of possible polymers and
copolymers, poly[2-(dimethylamino)ethyl methacry-
late] (DMAEMA) was reported (Sun et al. 2011;
Nekrasova et al. 2013; Wang and Yamauchi 2010;
Wang et al. 2012; Li and Yamauchi 2013) to be an
effective stabilizing and reducing agent in metal
nanoparticles manufacturing, possessing bactericide
properties, biocompatibility, and therefore valuable
for biomedical purposes (Yasuda 1975; Klomp et al.
1979; Korzhikov et al. 2008). To reduce its cytotox-
icity and still further improve its biocompatibility,
usually several strategies were pursued such as
reduction of the molecular weight or introduction of
shielding component in the copolymerization process.
Therefore, copolymerization with 2-deoxy-2-
methacrylamido-p-glucose (MAG), which is nontoxic
(Korzhikov et al. 2008; Nazarova et al. 2009), was
expected to provide good results in reduction process
and preparation of effective antiseptic materials.

The following factors are mainly considered in
order to determine the process of reduction in aqueous
solutions of polymers: (i) concentration of silver ions,
(ii) concentration of polymers or the [monomer units in
polymer]/[Ag™] ratio, (iii) molecular weight of the
polymer or length of the molecular chain, (iv) temper-
ature, (v) duration of reaction, (vi) pH, and (vii) solvent
(Wuetal. 2010; Voronov et al. 2008; Khan et al. 2012;
Wang et al. 2005; Sun et al. 2010; Donati et al. 2009;
Tangeysh et al. 2012; Wang and Tseng 2009).

It was found using the experimental data of UV—Vis
spectroscopy that higher molecular weight polymers
have greater reducing capabilities compared to the

@ Springer

ones observed from lighter polymers (Wu et al. 2010).
Authors explained this by the longer molecular chains
providing more reducing sites for Ag™. However, they
could not decide if an increased reducing capability
leads to larger size or higher particle concentration.

In the present work, we used poly[DMAEMA],
poly[MAG] homopolymers, and DMAEMA-MAG
copolymers with various mole fractions to create and
stabilize the Ag nanoparticles in aqueous solutions.
Copolymers with different structures can provide the
different amounts of reducing sites and maintain the
size of nanoparticles and their dispersions. We aim to
suggest a model of systematic change of the particle
sizes depending on structure of copolymers that can
allow predicting nanoparticle size dispersion in such a
system.

Establishing the relationships between nanoparti-
cles sizes and polymers has both the fundamental
scientific and practical interests. The narrow single-
modal nanosize distributions are typically preferred
for many applications since on the one side, broad
particle size can reduce the expected positive chemical
or bioeffects, and on the other side may result in
overconsumption of expensive materials.

Usually, particle number (or frequency in distribu-
tions) versus diameter relationship is proposed for
evaluation of the different preparation methods,
biological/chemical activities of nanoparticles, and
the total economic effects. However, considering
volume (or mass) distribution of particles to our
opinion is a more actual way to estimate the efficiency
of reagents, synthesis route, and conditions in order to
allow the way to minimize the fraction of large
ineffective Ag particles in the final product. Since
large particles have a low surface/volume ratio
compared to the small ones, in other words a poor
efficiency compared to silver cost, hence, develop-
ment efforts should aim to reduce the large particle
tails in size distributions than to lowering the average
size in distribution. To our knowledge, such approach
was not developed before.

For this goal, the volume distribution of particles
was investigated by transmission, high-resolution
transmission, and scanning transmission electron
microscopy (TEM-HRTEM-STEM) to estimate
which part of the total amount of silver contains the
smallest, useful particles. Imaging by transmission
electron microscopy (TEM) and sizing the particles
allowed us to obtain their diameter probability density
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function and therefore calculate the volume fraction of
particles for a given diameter. One should mention
that, though often used, X-ray diffraction (XRD) using
the width of broaden peaks to deduce the particle size
according to the Scherrer equation would have been
simply wrong because it is only valid for randomly
orientated particles of unique size and shape (Guinier
1994), which is obviously not the case here. For
instance, the size distribution shape may easily intro-
duce a shift in the apparent average particle size up to
50 % for lognormal distributions as it can be deduced
from Rao and Houska (1986) or even more for bimodal
distributions and distributions with a long tail. There-
fore, TEM is the only accurate method able to cover a
broad range of sizes extending from 100 nm down to
the nanometer though it is more time consuming.

Figures of merit, defined as the ratio of the
cumulative distribution of the particle surface area to
the total mass of silver, are reported for five samples of
Ag NPs/polymer. These data might provide a novel
approach and help choose the best path for the
manufacturing of the Ag nanoparticles for specific
bioapplications.

Materials and methods

Allinitial reagents for polymerization and Ag nanopar-
ticles preparation are as follows: 2-(dimethyl ami-
no)ethyl methacrylate (DMAEMA), (4)—ob-
glucosamine hydrochloride, methacryloyl chloride,
triethylamine, 2,2'-azobisisobutyronitrile  (AIBN),
dimethylformamide (DMFA), and AgNO5; were pur-
chased from Aldrich (Germany). Before use, triethy-
lamine, DMAEMA, methacryloyl chloride, and
DMFA were distilled under ambient conditions.

The synthesis of MAG was performed according to
the process of Korzhikov et al. (2008) using (+)—b-
glucosamine hydrochloride, triethylamine, and
methacryloyl chloride amine at —5° and afterward
brought to room temperature during ca. 6 h. The
product was filtered and washed with chloroform, dried
under vacuum, and finally recrystallized in ethanol.

Polymerization
The copolymers were obtained by radical copolymer-

ization under argon in sealed ampoules at 60 °C
during 24 h of a solution of MAG and DMAEMA in

dimethylformamide in the presence of AIBN as an
initiator (Nazarova et al. 2009). Copolymers were
dialyzed through a 1000-molecular-weight cutoff
dialysis tubing (Spectra/Por 7, USA) against 2 %
NaCl water solution for 24 h and then against water
for 24 h, and afterward, copolymers were lyophilized.
The composition of MAG/DMAEMA copolymers
was determined by 'H NMR spectroscopy (Bruker
Avance 400 spectrometer, Germany; D20 solution)
and potentiometric titration of DMAEMA units with
HCI solution (pH-410 pH-meter, Akvilon, Russia).
Both methods gave the same estimation of DMAEMA
in the corresponding copolymers.

Synthesis of the Ag nanoparticles

Silver nanoparticles were synthesized by the chemical
reduction of 0.3 M silver nitrate in aqueous solutions
of 2 wt% MAG/DMAEMA copolymers or pure
DMAEMA and MAG homopolymers at room tem-
perature and pressure. The homopolymer/copolymer
concentrations were varied from 10 to 30 mg/mL, the
[monomer]: [AgNO;] molar ratio was 7:9, and pH was
kept in the range of 7.0-7.5. More synthesis details are
given in (Nekrasova et al. 2013).

The final Ag NP suspensions were kept at room
temperature during 24 h and then dialyzed against
water for 24 h and lyophilized. The dry samples could
be again dissolved in water for use.

UV-Vis monitoring

The progress of the chemical process was monitored
by following UV-Vis absorbance spectra of the silver
nanoparticles/polymer suspensions with a Specord
M40 spectrometer (Carl Zeiss, JENA). Spectra exhib-
ited plasmon bands in the range of 405420 nm which
corresponds to the presence of Ag nanoparticles. The
absence of Ag™ ions was controlled using the reaction
with NaCl solutions.

TEM-HRTEM-STEM investigation

Samples of Ag nanoparticle—polymer water suspen-
sions (1.0-2.0-pl droplets) lying on carbon films/Cu
grids after drying were investigated by transmission
(TEM), high-resolution transmission (HRTEM) elec-
tron microscopy, and scanning transmission electron
microscopy (STEM) in a FEI Tecnai Osiris
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microscope (200 kV X-FEG field-emission gun, first
condenser aperture diameter 2000 um, second con-
denser aperture 70 um, objective aperture 10-20 pm,
4 k x 2.6 k pixels Gatan Orius CCD camera and FEI
Smart CAM CCD camera instead of conventional
fluorescent screen).

Results and discussion
Duration of reactions and latent periods

Homopolymers DMAEMA, MAG, and copolymers
MAG-DMAEMA progressively reduce the silver ions
to form Ag nanoparticles. Latent periods of 12 h for
pure poly-MAG and 1 h for pure poly-DMAEMA
were observed before the silver plasmon band
appeared in UV-Vis spectra indicating that the
formation of Ag NPs had started. The progress of the
redox process was followed until the complete disap-
pearance of Ag™ ions in the solution was observed for
pure poly-MAG (24 h) and poly-DMAEMA (12 h). In
contrast, MAG-DMAEMA copolymers (Table 1) do
not exhibit any latent periods and the full reaction
duration was about 3 h.

The absence of latent period and relatively short
duration of reaction to complete the reduction of silver
ions makes copolymers very attractive in different
applications.

We attribute the shortening of the latent periods up
to zero and the decrease of the duration of reactions for
copolymers to the stronger intramolecular interactions
in their chains compared to the homopolymers. The
relaxation times determined by Andreeva et al. (2014)
(Table SM-1 in Supplementary Materials) character-
ize the nanosecond intramolecular mobility of poly-
mer chains and show that the mobility of MAG chain
fragments is higher than the mobility of DMAEMA
fragments. Hydrophobic interactions between CHj
groups govern the strong rigidity of poly[DMAEMA]
chains. The incorporation of DMAEMA units into

Table 1 Latent periods and duration of reaction

copolymers results in the formation of more rigid and
compact chain configuration with higher local density
of units and optimized spatial distribution of reducing
groups in comparison with homopolymers.

Particle/volume distributions derived from TEM/
STEM

TEM-HRTEM-STEM images show that silver
nanoparticles are well-dispersed, single-crystalline
spheroids. The larger particles (more than ca. 15 nm)
take often a more ellipsoid-like shape while still single
crystalline. Several crystals are twinned or even
multiple twinned (Figure SM-1 in Supplementary
Materials).

Size distributions gather the diameters of about
1000 nanoparticles for each sample. Particle diameters
were estimated on bright-field TEM or STEM images.
Standard methods for automatic size measurement
based on gray level thresholding—possibly with some
filtering or averaging of noise—fail to precisely size
the particles of a very few nanometers diameter where
contrast is similar to the grainy structure of the
supporting carbon film. Therefore, their size was
manually estimated by fitting the area of a circular ring
mask to that of the projection of spheroidal particles.
In spite of time-consuming procedure and possible
subjective choices, we concluded for sample series
with particles <5 nm in diameter such manual mea-
surements in Digital Micrograph or Image J bring—at
present at least—more reliable results than using the
automatic particle analysis suggested by the two
programs above or some other algorithms. Compar-
ison of size distributions measured on the same
micrographs by three analysts show that the effect of
the personal subjective estimation of the particle
projection edge does not significantly change the
result.

Peak (or mode) and average diameters, and stan-
dard deviations were determined as well as the
distributions of particles area and volume that are

Polymer DMAEMA molar fraction o (%) Latent period (h) Duration of reaction (h)
Homopolymer MAG 0 12 24
Homopolymer DMAEMA 100 12
Copolymer MAG-DMAEMA Any ratio studied here 0 3
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relevant for chemical economic
considerations.

The smallest Ag NPs with a mode diameter of
23 nm and a very narrow standard deviation of
0.9 nm were obtained in DMAEMA homopolymer
solution (Fig. 1a). All particles observed in this
sample are <10 nm in diameter, and the corresponding
histogram does not have a tail at coarse sizes. This
result can be ascribed to the conformational status of
copolymer molecules in neutral solutions. Zhou et al.
(2009) showed that compact conformation of poly-
DMAEMA brushes due to strong polymer chain—
chain interactions may hinder or even prevent diffu-
sion of atoms or clusters particles. In opposite, quite

broad size distribution with a large amount of big
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particles (more than 20 nm in diameter) and therefore
containing a large part of silver mass was obtained in
poly[MAG] solution (Fig. 1b).

Copolymerization of MAG and DMAEMA with
several molar ratios between the monomers leads to a
general increase of the sizes of Ag NPs as well as the
standard deviation and an appearance of the tails in the
size distributions (Fig. 2a—d). The largest average
particle diameter was observed for the copolymer
MAG-DMAEMA with the molar ratio of o = 47 %
(Fig. 2b). In this case, the mode diameter increased by
a factor of 4 compared to the smallest one observed for
poly[DMAEMA] sample.

The volume fractions of large particles with diam-
eters located at the tails of distributions are increasing

B Number
1 Volume
M
i
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@ Volume

10 18 26 34 42
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Fig. 1 Bright-field STEM image of AgNPs synthesized with DMAEMA and particle/volume diameter distribution (a), bright-field
STEM image of AgNPs synthesized with MAG and particle/volume diameter distribution (b)
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«Fig. 2 TEM micrographs of AgNP synthesized in the MAG-
DMAEMA copolymer solution with different DMAEMA molar
ratio o and the corresponding particle/volume diameter distri-
butions. (a) o« = 75.0 %, (b) o« = 70.7 %, (¢) o« = 47.0 %,
(d)a=18.0%

with a change of DMAEMA mole fraction « down to
70.7 % in copolymers (Fig. 2b—d) reaching the max-
imum 33 % in MAG-70.7 DMAEMA copolymer and
finally 94 % in pure poly[MAG]. Further reduction of a
volume fraction a = 18.0 % leads to bimodal size
distribution with a relatively small tail after the second
peak at large diameters in the histogram. The corre-
sponding results are summarized in Table 2.

Only the MAG-DMAEMA with the 82:18 % ratio
samples exhibit bimodal particle distributions. Max-
ima around 5 and 15 nm for the copolymer are very
distinct on the TEM images (Fig. 2d). The broad
single-peaked size distribution is found for Ag NPs
formed in pure poly[MAG] solution with small mode
diameter of 4 nm. However, this sample gave the
bimodal volume distribution and the largest part (up to
94 % of the total volume) of coarse particles among all
samples investigated in this work.

Mechanism of formation of Ag nanoparticles

In order to explain the change in particle mode
diameters depending on the polymer structure, we
consider that MAG-DMAEMA copolymers are able
to provide a suitable environment for reduction of
silver ion through the presence of functional carbonyl
and amine groups and creation of the local

supersaturation of Ag atoms and constitute a favorable
configuration of polymer chains.

Our results show that the Ag particle mode diameter
is increasing with the increase of the MAG monomer
amount in copolymers (Tables 2, 3). Evaluation of
length of polymer molecules in function of monomers
concentrations, their molecular weights, and volumes
indicates that these parameters have similar order of
magnitudes for all samples (Table 3). Therefore, we
conclude that MAG and DMAEMA monomers have
unequal reducing capabilities and possess the different
number of reducing sites.

Each DMAEMA monomer with tertiary amine
group provides only one reducing site ippapma = 1,
while the MAG monomer possesses several potential
centers for reduction (Fig. 3). The first one is the
carbonyl group linked to ring oxygen (Darroudi et al.
2010). Second, alcohol OH groups in glucose residue
can also be oxidized to carboxylic or/and ketone
(Vassilyev et al. 1985a, b, Part I and Part IT). Third, the
oxidative cleavage of the C—C bond in the ring can
occur with the formation of aldehyde-bearing copoly-
mers (Korzhikov et al. 2008). All together, MAG
monomer is able to provide up to iyag = 4 potentially
reducing sites (Fig. 3).

We suggest a model which explains the dependence
of Ag particle mode diameter with MAG-DMAEMA
molar ratio in the copolymer molecule based on
proportionality of the particle mode diameter to the
average number of reducing sites per monomer.

The average number of reducing sites per
monomer in copolymer can be written as (i) =

Table 2 Diameter (mode and average) of Ag particles and volume fractions

Polymer DMAEMA Mode Average Standard Volume fraction  Volume fraction
molar ratio «  diameter particle deviation (nm)  of NP diameter of Ag NPs from tail
(%) (nm) diameter (nm) d < 10 nm (%) of distribution (%)*

DMAEMA 100.0 34 2.34 0.89 100 0

MAG 0 4.0 5.99 5.81 6 94

MAG-DMAEMA 75.0 8.4 8.62 248 42 1

MAG-DMAEMA 70.7 8.4 7.04 333 48 33

MAG-DMAEMA 47.0 13.4 13.27 3.68 2 29

Bimodal distribution

MAG-DMAEMA  18.0 5and 15 7.57 4.88 8 4

# Tail of distribution at coarse sizes

° 4 %-volume fraction of Ag NP from the tail after the second peak in the bimodal size distribution
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Table 3 Molecular mass (MM), polymer molecule length, and number of polymer molecules required for the given mode diameter
of the nanoparticle and assumed numbers of reducing sites in MAG monomers

o (%) MM Mode
(kDa) diameter,

Polymer
molecule

The number of polymer molecules for the corresponding mode diameter and
assumed reducing sites number

d (nm) length (nm) - - - -

1 Reducing 2 Reducing 3 Reducing 4 Reducing
site sites sites sites

100.0 22 34 21 8 8 8 8

75.2 46 8.4 38 65 52 44 37

70.7 37 8.4 30 83 64 52 44

47.0 19 13.4 14 739 483 359 285

18.0 77 15.0 50 286 157 108 83

0 73 4.0 44 6 3 2 2

Fig. 3 Structural formula of MAG-DMAEMA copolymer
with potentially reducing sites (pointed out by arrows)

Lo+ 4(1 — o) = 4 — 30, where « is the mole fraction
of DMAEMA in copolymers.
In this case, the mode diameter

dinode < (i) = (4 — 30).

In order to find the proportionality factor between
dinode and (i), we suggest that stabilization of a particle
is carried out by the polymer molecules which
contributed to reduction of the corresponding silver
ions, that is, a silver particle with the mode diameter
needs Ny, of Ag atoms which were created by means
of (i) reducing sites from Ny, monomers:

Nag = (i) - Nam-

@ Springer

For the given Ag particle diameter d (unit cell of Ag
contains 4 atoms and the lattice parameter is 0.42 nm),

N a4 Y
Ae—"6\042nm)/

We consider that polymer molecules cover the
particle, and the distance between coil turns is
comparable with the C—C bond length (C-C bond
length is about 0.15 nm). The number of monomers
Nmm on the particle surface is estimated as

d 2
Nmm = e B
7I<0.15 nm)

Finally, the equality of number of reducing centers
in copolymer molecules covered the particle, and the
amount of Ag atoms in the particle

Dl N (4
0.15nm/ 6 \0.42nm

gives us the expression of the mode diameter depend-
ing on o

The calculated dependence and superimposed
experimental points are shown in Fig. 4 together with
theoretical curves assuming that MAG possesses 1, 2,
3, or 4 reducing sites. We see that the best agreement
can be for the amount of reducing sites between 3
and 4.
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dmode, NM

o, %

Fig. 4 Experimental points and theoretical dependence of
particle mode diameter on DMAEMA mole fraction with
different amounts of reducing sites in MAG monomer

The driving idea of the particle formation considers
that reduced silver atoms stay close to their reducing
centers, and that when a particle formation is com-
pleted, the polymer chains used for silver reduction
form a tight shell around it preventing its further
growth. Eventually, the balance between the polymer
shell surface to give the right number of reducing
centers and the volume containing the same amount of
atoms defines the particle size, and diffusion in or out
of this volume accounts for size distribution.

The corresponding sequence of ion reduction and
particle formation is presented in Fig. 5 for the MAG—
DMAEMA copolymer. About 44 MAG-DMAEMA
polymer molecules have to participate in reduction of
silver ions in order to create Ag particle with the
characteristic mode diameter of 8.4 nm (Table 3).
Polymeric molecules and silver ions in the solution
start their interaction (Fig. 5a) through nitrogen and
oxygen reducing sites. One reducing site reduces one
silver ion (Fig. 5b). Clusters of Ag® form in the
vicinity of copolymer chains (Fig. 5¢) due to random
collisions with atoms. The Ag particle grows by
accretion of more atoms or clusters (Fig. 5d). At the
end of the reducing/accretion process, the modified
polymer chains entirely cover the particle forming
tight monolayer and shield it from further accretion of
Ag atoms or clusters (Fig. 5e). For the simplicity of
the graphical model, a regular packing of polymer
chains around the Ag particle is considered. However,
some more irregular stacking of the chains may not be
excluded from this simple model.

This model is in a good agreement with the
experimental results for o in the range of 15-100 %.
However, the model possesses some limitations close
to o extreme values. Approximately, fourfold deviation

Fig. 5 Schematic presentation of the formation mechanism of
an Ag nanoparticle with 8.4 nm mode diameter in the solution
containing MAG-70.7 % DMAEMA copolymer molecules of
~30 nm in length: copolymer molecules and Ag & ions (a),
one reducing site can reduce only one Ag ion @ and produce Ag

atom blue circle (b), atoms and clusters Ag blue circle in the
vicinity of copolymer chains (c), the growth of the Ag
nanoparticle by means of accession Ag atoms/clusters (d), and
the nanoparticle of mode diameter capped by polymer
molecules modified after reaction (e). (Color figure online)

@ Springer
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T, hour n, %
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b 50

- 25

0 50 100
o, %

Fig. 6 Efficiency of reducing centers of homo- and copolymers
(filled circle), latent periods (filled triangle), and duration h of
the reactions depending on the DMAEMA molar fraction o

of the experimental dj,oq from the theoretical one
(Fig. 4) was observed in pure poly[MAG] sample, and
the experimental d,,q. for the pure poly[DMAEMA]
sample is slightly out of the calculated values well. We
remind that the reduction process of Ag ions in
solutions of pure MAG or DMAEMA polymers has
latent periods and long duration in opposite to copoly-
mer solutions. Therefore, such deviations can be
explained by different types of kinetics.

Thus it is worth to update the model and introduce
depending on « probability #(«) of the ion reducing by
polymers. We can write

Nag =n() x (i) X Nmm.

In this case, the expression for mode diameter will
be written as

dinode(2) =5 x n(a) x (4 —30)[nm].

The experimental results allow us to calculate
probability, and the curves in Fig. 6 show variations in
the reduction probability when

’7(0() = dmodeexp(’x)/{S X (4 - 30()}

Theoretical and experimental results agreed well.
We see from the graphics in Fig. 6 that efficiency to
reduce Ag ions reaches 100 % for copolymer with
o & 50 % and lowers at « — 0 or & — 100 % which
corresponds to pure homopolymers MAG and

@ Springer

DMAEMA as well correlates with the higher reaction
rate for copolymers. Therefore, the n(x) dependence
can be a representative of numerical characteristics for
optimization of the reduction process.

One can wonder if the reducing efficiency and
formation of Ag particles depends only on the quantity
of MAG and DMAEMA molecules or if the grouping
of these polymers in copolymer chains has a specific
effect, therefore, we compared the size/volume distri-
bution of particles prepared from solutions of MAG—
DMAEMA copolymers to physical mixtures of the
corresponding amount of homopolymers. The sizes of
particles and volume fractions of Ag particles formed
in the solutions of 50 % DMAEMA—50 % MAG and
20 % DMAEMA—S80 % MAG are summarized in
Table SM-2 (Supplementary materials). The corre-
sponding STEM images and the size/volume his-
tograms are given in Figures SM-2—SM-5 in
(Supplementary Materials).

A comparison was performed for solutions with
pure DMAEMA polymers, pure MAG polymers,
physical mixtures of 50 % DMAEMA: 50 % MAG
and 20 % DMAEMA: 80 % MAG homopolymers,
and the copolymers 47 % DMAEMA: 53 % MAG and
82 % MAG: 18 % DMAEMA (Supplementary Mate-
rials: Figure SM-6 and Figure SM-7). We observed
that the mode diameters of Ag particles in both
mixtures do not exceed 10 nm (4.0 nm for 50 %
poly[DMAEMA]—50 % poly[MAG] mixture and
8.0 nm for 20 % poly[DMAEMA]—80 % poly[-
MAGT] mixture), while the increase of molar fraction
of MAG from 25 to 85 % in copolymers results in the
gradual increase of mode diameters up to 15 nm. All
size distributions of AgNPs formed in the mixtures
and MAG homopolymer exhibit similar coarse parti-
cle tails which amount to 95 % of their total volume
fraction. However, the latent period characteristic for
the mixture is the same (about 1 h) as for the pure
DMAEMA polymer solution. Therefore, we can
consider that homopolymers being in the mixture
reduce the silver ions and participate in the formation
of particles rather independently that suggests the
importance of the structure and configuration of
polymers on the reducing mechanism.

Bimodal size distribution

We have seen that bimodal size distributions may exist
in the MAG-18 % DMAEMA sample (x = 18 %)
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with maxima at 5 and 15 nm. Bimodality indicates
that several mechanisms of particle formation should
be considered, for instance, multiple sources of
particles or variable growth mechanisms in the system.
The following explanation is suggested for the system
investigated here. Particles smaller than ~5 nm in
diameter can be formed due to random collisions of
metallic clusters and thus create some kind of
background. When « is relatively large, the position
of maxima is in the range of small diameters, and
therefore this background is hidden. While o is
decreasing to 18 %, the main maximum is located in
the range of large diameters (about 15 nm) allowing
the background of smallest particles to become
perceptible which leads to the formation of bimodal
size distribution.

Estimation of copolymers figure of merit for creating
small (<10 nm) particles

Assuming that the catalytic or bactericide activity
depends only on the area of active material, in
particular ignoring that the radius of curvature of the
particle surface may bring extra activity, the relevant
parameter becomes the particle surface s = nd”. The
figure of merit F of the sample is its silver specific area
(mz/g)—i.e., the cumulative surface S(co) of the n(d)
particles of diameter d over the whole size distribution
from d = 0 up to the largest D, (d - o0)—com-
pared to the total mass M of silver (density p) in that
sample:

F(o0) = S(00)/M(0)

with
S(o0) = Zn(d) x nd*
d=0
and
M(co)=p > n(d) x Zd.
=0 6

The global figures of merit compare the total area of
all particles to their total volume and measure the
efficiency of the silver investment assuming that all
silver surfaces are bioactive. Considering that only
particles smaller than a critical diameter may be
active, it is worth to use an effective figure of merit
F(D) = S(D)/M(o0) that compares the total area

F, m2/g
DMAEMA
homopolymer
2.0
1.5
1.0
MAG - 75%DMAEMA
0.5 ’/‘:. —— = T T MAG -70.7 %DMAEMA
T T T T BT
/, Feaeneees MAG - 15%DMAEMA
4
s £
- 0
0 1 rid
0 10 20 30 40 50
D, nm

Fig. 7 Figures of merit, m%/g, for the DMAEMA homopolymer
and the 4 copolymers MAG-DMAEMA

S(D) of the particles smaller than this critical diameter
to the mass M(co) of all particles in the sample
(Fig. 7). The most striking difference between sam-
ples is the high figure of merit of DMAEMA
homopolymer, about 5 times higher than for copoly-
mers, which is still retained down to some 7 nm due to
the small particle diameters together with the absence
of a tail on the larger size side. This ratio exceeds even
20 times for the effective figure of merit if one
considers that only particles smaller than D = 10 nm
are active.

Conclusions

Agnanoparticles were synthesized and stabilized using
hydrophilic polymethylmethacrilates (DMAEMA)
and polysaccharide (MAG) homopolymers, and
MAG-DMAEMA copolymers with different molar
fractions of DMAEMA at room temperature, atmo-
spheric pressure, and natural light. Ag NPs in all
systems were well-dispersed single crystal or some-
times twined (multiple-twinned) crystals.

The formation of Ag NPs in pure DMAEMA
homopolymer started within 1 h and proceeded during
12 h. It leads to the narrowest size distribution, the
smallest mode diameter of 3.4 nm with the narrowest
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standard deviation of 0.89 nm, and a small maximum
particle size <10 nm. In comparison, particles formed
in pure MAG homopolymer have a larger mode
diameter 4.0 nm with 5.81 nm standard deviation and
the large particle tail extends up to 50 nm. It corre-
sponds also to the largest volume fraction of big
particles, and the reaction has the longest latent period
and duration among all samples investigated in this
work.

Mixtures of MAG and DMAEMA homopolymers
start reducing silver ions after 1 h latent period like
does the DMAEMA homopolymer but their large
crystal tail amounts some 95 % of the volume fraction
like in MAG homopolymer. The mode diameters of
Ag particles formed in the MAG/DMAEMA
homopolymers mixtures are 4.0 and 8.0 nm for
50:50 % and 20:80 %, respectively.

The synthesis of Ag NPs using copolymers MAG-
DMAEMA with different molar fractions of
DMAEMA 75.0, 70.7, 47.0, and 15.0 % started after
solutions mixing without a latent period and was
already completed after 3 h. Compared to the
DMAEMA homopolymer, copolymers MAG-
DMAEMA promote the formation of larger Ag
particles with distinct size distribution tails extending
to diameters where Ag NPs are only weakly con-
tributing to activity. The synthesis of Ag NPs in
solutions of MAG-DMAEMA copolymer with 18 %
mole fraction of DMAEMA produces a bimodal size
distribution with two peaks of diameter maxima at 5
and 15-16 nm.

A mechanism of the formation of nanoparticles
using MAG-DMAEMA polymers is proposed. One
observes that the ratio of the number of reducing
MAG/DMAEMA centers in a copolymer chain has a
major influence on the particle size and size distribu-
tion. It can be interpreted as a fast Ag cluster formation
and particle growth by subsequent atom or cluster
accretion in the vicinity of the reducing chains that
rapidly caps the particle and prevents further growth.
Long-distance diffusion of bare particles or incom-
pletely capped ones may lead to further accretion of
larger and irregularly twinned particles. Mixtures of
the same homopolymers have a mode diameter
slightly larger than those of both constituents and
exhibit always a tail toward the largest sizes.

A figure of merit F = S/M was defined as the ratio
of the total particle surface S to their total mass M. It
represents the particle activity—assuming that it is a

@ Springer

property of surface—to the investment cost of silver.
In that sense, the DMAEMA homopolymer is the best
with 2 m%*/g, while the figure of merit is only
0.31 m*/g for the MAG homopolymer and 0.61 m?/g
for the best copolymer considered 25 %MAG:75 %
DMAEMA. But if one considers that the particle
curvature or dispersion is also important and that only
particles smaller than a critical diameter D participate
to activity, one define an effective figure of merit
F(D) = S(D)/M, where S(D) is the total surface of
particles of diameter D or smaller. For instance,
assuming that D = 10 nm, the DMAEMA would have
the best figure of merit still with 2 m*/g, while it falls
to 0.09m*g for MAG and 039 m%g for
25 %MAG:75 %DMAEMA.
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