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In the present work, we used two-component graft copolymers PVA-g-PААm based on poly(vinyl alco-

hol) and chemically complementary polyacrylamide as special templates in the process of borohydride re-

duction of Ag+ ions. It was established the influence of molecular architecture and concentration of the 

matrices and the content of silver nitrate on some reaction parameters, size, stability and morphology of 

Ag-nanoparticles in aqueous solutions. 
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1. INTRODUCTION 
 

Metallic nanoparticles have fascinated scientists 
because of their colorful colloidal solutions long before 

semiconductors and their applications became an inte-

gral part of modern technology. Although the synthesis 
and the physical characterization of metal nanocrystals 

have been generally investigated, considerably less 

attention has been devoted to the fabrication of novel 
nanostructured materials [1-5]. However, the high 

chemical activity of zero-valent metals can cause the 

irreversible aggregation of the nanoparticles that cre-

ates the problem of their storage stability. In order to 
solve this problem, the development of the nanoparticle 

synthesis methods in polymer matrices, which will en-

sure the control of nanoparticle sizes, forms and stabi-
lization in a solution, is necessary. Last time, the graft 

copolymers, which form micellar structures, are used to 

obtain the Ag-containing nanosystems mainly in organ-

ic medium [6,7]. However, in separate cases (for exam-
ple, at the use of silver nanoparticles in medicine and 

catalysis of chemical reactions) the nanoparticles 

should be obtained and stabilized in a hydrophilic envi-
ronment.  

In the present work, was investigation products of 

the Ag+ ions chemical (borohidryde) reduction from sil-
ver nitrate in aqueous solutions of the IntraPC-forming 

graft copolymers with hydrophilic biocompatible and 

partially biodegradable blocks of a variable length and 

there morphology. 
 

2. EXPERIMENTAL 
 

2.1 Materials and syntheses 
 

We carried out syntheses of PVA-g-PААm using the 

template radical graft copolymerization, which was 
initiated by the Red/Ox reaction of cerium ammonium 

nitrate with hydroxyl groups of PVA [8, 9].  

The reagents were mixed in the deionized water 

and inert atmosphere at 25 C for 24 h. The СеIV com-

plex salt (cerium ammonium nitrate) was used as an 

oxidant but hydroxyl groups of PVA were as reducing 
agents [10].  

 

C OH + CeIV complex C OH C O + CeIII + H+

 

The template character of the graft copolymeriza-

tion in the cases of chemically complementary PVA and 

PAAm was proved in the study [9]. Gel-like graft copol-

ymers were diluted by water, re-precipitated by ace-
tone, dissolved again in water and freeze-dried. The 

samples of PVA with Mv  90 kDa and cerium ammoni-

um nitrate from “Aldrich” (USA) and acrylamide (AAm) 
from “Reanal” (Hungary) were used in the syntheses.  

The following molar ratios of the reagents: 

[CeIV]/[PVA]  25 and the monomer concentration 

equaled to 1 molm-3 were used in the syntheses. The 

reagents blends in deionized water were stirred in an 
inert atmosphere at 20  25 °C for 24 h. Characteriza-

tion of PVA-g-PAAm was performed first by an ele-

mental analysis on С, Н, N. Further, the dialysis of the 

reaction blend against deionized water were performed 

and the molecular weight of PAAm was found by vis-

cometry (MvPAAm  147 (PVA-g-PААm1) and 65 kDa 

(PVA-g-PААm2)). The average number of the grafts per 

PVA-g-PAAm macromolecule (PVA-g-PААm1 N  10 

and PVA-g-PААm2 N  22) was calculated from these 

data [11]. Macromolecules of PVA-g-PAAm with chemi-
cally complementary components and a low density of 

the grafts formed the micelle-like associates [11], which 

“corona” included the PAAm surplus segments unbond-

ed with PVA. 
The reduction of silver ions was carried out in aque-
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ous polymer solutions with the eightfold molar excess 
of NаВН4 that allowed achieving practically complete 

conversion of Ag+ ions to zero-valent state in a selected 

region of AgNO3 concentrations (СAgNO3  0.91·10-2 and 

1.82·10-2 kgm-3) [12], according to the studies [13].  

At the same time, borohydride anions participate 
also in some side reactions, due to which their essential 

excess is used to enhance the yield of Ag nanoparticles 

[12]. 

Polymeric solutions was mixed with AgNO3 and 
kept for 30 min in a dark box; then the reducing agent 

was added. We varied concentrations of the polymeric 

matrices (Сm  0.5, 1.0 and 2.0 kgm-3) and silver salt 
(see above). 

 

2.2 Characterization  
 

The process of nanoparticle formation was controlled 
by the changes in the position (max) and the integral 

intensity (S) of the surface plasmon resonance band 

(SPRB), which was displayed in a visible region of spec-
trum [4,6]. The time evolution of the extinction spectra 
was recorded in a three-minute interval in a region of 
200 ÷ 1000 nm using a Cary 50 Scan UV-Vis spectrome-

ter from “Varian” (USA).  
WAXS profiles for the dried compositions were ob-

tained in a cell with a thickness of 2 mm using a DRON-
2.0 X-ray difractometer with Ni-filter in a primary 
beam. The monochromatic Cu-Kα radiation with 
λ  0.154 nm, filtered by Ni, was provided by an IRIS 

М7 generator (at operating voltage of 30 kV and a cur-

rent of 30 mA). The scattered intensities were measured 
by a scintillation detector scanning in 0.2 steps over 

the range of the   3-45 scattering angles (correspond-

ing to q  2.13-31.21 nm-1, where q  4sin(θ/2)/ is 

the wavevector or the scattering vector). The diffraction 
curves obtained were reduced to equal intensities of the 
primary beam and equal values of the scattering vol-
ume [14]. Also, the normalization of experimental scat-
tered intensities was carried out according to the formu-
la: 

 

)()]()([)( 0exp)( IIIII bin  
 

 

where Іexp(θ) and Іn(i)(θ) are the experimental and nor-
malized intensities in WAXS profile as a function of θ, 
Іb(θ) is the intensity of the background for every θ value, 
І0 and І are the intensities of incident and scattered 
beams at θ  0° (the coefficient of the beam weakening).  

SAXS profiles for the compositions were obtained in 
an automated Kratky slit-collimated camera. Here cop-

per anode emission monochromated by total internal 
reflection and nickel filter was used. The intensity 
curves were recorded in the step-scanning mode of the 
scintillation detector in a region of the θ  0.03 ÷ 4.0° 

scattering angles (the wavevector q  0.022-2.86 nm-1). 

Thus, the study of the micro-scale heterogeneous do-

mains with characteristic dimensions (evaluated as 
2π/q) from 2 to 280 nm was possible. Normalization of 
SAXS profiles was carried out using the FFSAXS-3 pro-
gram [14] and a standard sample from the laboratory of 
professor Kratky. The scattered intensities were nor-
malized to the sample thickness and the scattered in-
tensity of a standard. Additionally, the raw intensity 

curves were smoothed, corrected for parasitic scattering 

and desmeared.  
TEM images of polymer/silver compositions were ob-

tained with an electron microscope JEM-I23O from 
"JEOL" (Japan) at a voltage of 90 kV. Small drops 
(~1·10-4 cm3) of the compositions were placed on copper 
grids covered with Formvar film and carbon, and then 
quickly dried for 0.5  1 min at a room temperature. 

 

3. RESULTS AND DISCUSSION  
 

The state of PVA-g-PAAm in aqueous solutions was 
considered in our previous publications It was shown 
[15] that asymmetric macromolecules graft copolymerrs 

formed the “hairy-type” micelles in aqueous medium due 
to interaction of PVA and PAAm blocks followed by seg-
regation (self-assembly) of non-polar bound parts. Rela-
tively small “core” of these micelles contained non-polar 
bound parts of both the blocks but the developed “coro-
na” comprised the segments of longer PAAm chains, 
which were unbound with PVA. 

 

3.1 Kinetics and Products of Borohydride  
Reduction of Silver Ions 

 

In 3-5 minutes after addition of the reducing agent 
to the mixtures of PVA-g-PAAm, with AgNO3, a yellow 
coloring, which corresponded to the color of the diluted 
silver nanodispersions in water [12,16], was appeared. 
The coloring intensity increased for 1-3 h at 
СAgNO3  1.82·10-2 kgm-3. But at lower concentrations of 

silver ions (СAgNO3  0.91·10-2 kg·m-3) and at Сm  0.5 

and 1.0 kg·m-3, a yellow color was quickly disappeared 
and a black precipitate arose. The same picture was 

observed in the case of Ag+-ion reduction in polymer-
free solutions with low concentration of AgNO3. The 
results for 90 min, which were obtained at the maxi-
mum concentrations of the matrices and AgNO3, are 
shown in Fig 1. 

The formation of spherical Ag nanoparticles much 
smaller than the wavelength of light results in the ap-

pearance of a single narrow SPRB with λmax  380 ÷ 425 

nm in the extinction spectra [16, 17]. Exactly such Ag 
nanoparticles formed in the studied reaction blends that 
was confirmed by a unimodal narrow SPRB 
(λmax  379  400 nm), which was observed in all the 

spectra. 
 

300 400 500 600

0.4

0.8

1.2

1.6

nm

D

1

2
3

4
5

300 400 500

0.2

0.4

0.6

0.8

1.0

1.2

1.4

nm

D

1

2

3

4

5

400 500 600

0.4

0.8

1.2

1.6

nm

D

 

6

5
4

3
2
1

 
 

 a b c 
 

Fig. 1 – The time evolution of the absorption spectra in aque-

ous blends of (а) PVA-g-PAAm1, (b) PVA-g-PAAm2 and (c) 

refers to the same reaction in the polymer-free solution with 

AgNO3 in 5 -1, 15 -2, 21 -3, 36 -4, 60 –5 and 90 min –6 after 

NaBH4 introduction. Сm = 2.0 kgm-3, СAgNO3 = 1.82·10-2 kgm-3 

 

At the same time, in polymer-free solutions, such ef-

fects as SPRB widening in time and a red shift of max 
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were also revealed (Fig. 1c). In principal, there are 

some reasons, which could initiate the last effects [17]: 

i) increase in a size (or polydispersity) of spherical Ag 

nanoparticles, ii) formation more stretched Ag particles 

(spheroids, ellipsoids etc.), and iii) aggregation of Ag 

nanoparticles.  
The spectra of all the reaction blends in Fig. 1 

demonstrated additionally a weak band in the region of 
  270  290 nm. This absorption band is known to 

reflect the presence of the charged Ag4
2+ nanoclusters 

[17], which arise at the initial stage of silver reduction. 

PVA-g-PAAm1 showed better results, which can be ex-
plained by a branched structure, therefore, had been 
made available for further research. 

 

3.2 Structure of Polymeric Compositions with 
Silver Nanoparticles 

 

The bulk structure of some polymer-metal composi-
tions was characterized and the size of Ag nanoparticles 
was determined using wide-angle and small-angle X-ray 
scattering (WAXS and SAXS). The polymer-metal com-

positions were cast from aqueous solutions (Сm  2.0 and 

СAgNO3  3.64 kg·m-3) into special Teflon forms placed in 

a dark box and then were dried on air and in a vacuum 
desiccator for 10 days. The results (Fig. 2) showed that 
the bulk structure of the compositions contained a poly-
meric amorphous phase, that was displayed in WAXS 
profiles by two diffusive overlapped maxima at θ ~ 15 

and 21°, and crystalline Ag nanoparticles, that was con-
firmed by characteristic crystalline peaks of silver (111) 
at θ ~ 38 [18]. The appearance of these peaks indicated 

the formation of crystalline Ag nanoparticles with te-
tragonal facet-centered cubic lattice [18]. An amorphous 

character of polymeric phases in the compositions was 
completely correlated with the data of DSC studies [15], 
which demonstrated the loss of PVA crystalline proper-
ties in the block copolymer structure because of the in-
teraction of the main and grafted chains. 

As to the presence of two diffusive overlapped max-
ima in WAXS profiles in Fig. 2a, they could be attribut-

ed (as in the study [19]) to the presence of two systems 
of planes of the paracrystalline lattice in the amor-
phous regions of PVA-g-PAAm1 structures, which con-
tain mainly PАAm chains. The first maximum with 
smaller intensity at  ~ 15.2° characterizes the lateral 

periodicity in an arrangement of PАAm chains but the 
second one with greater intensity at  ~ 21° reflects the 

periodic arrangement of the flat hydrogen-bonded cis-
dimers of amide groups in the structures of cis-trans-

multimers [8]. 
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Fig. 2 – WAXS difractogram for the compositions PVA-g-

PAAm1/Ag (a). The intensity of SAXS vs the wavevector for 

the composition PVA-g-PAAm1/Ag (b). The double logarithmic 

SAXS profiles are shown in a lesser scale.T  20 C 

The results in a form of the dependences of the scat-

tered intensities versus q are shown in Fig. 2b. 

All the profiles demonstrated a sharp fall in the scat-

tered intensities with q growth (without any diffraction 

maxima) that pointed out the absence of any periodici-

ty in the arrangement of structural elements of the 

compositions and polymer-inorganic hybrid at the su-

pramolecular level. The same profiles in two logarith-

mic coordinates are exhibited in Fig. 2 b in a lesser 

scale. Let’s carry out their analysis from the point of 

view the fractal-cluster organization of the composition 

structure [19].  

The double logarithmic SAXS profile for the compo-

sition demonstrated two linear parts with different 

slopes, which corresponded to two power scattering 

regimes by Porod (I  qDf, where Df is the slope ratio 

for corresponding straight line of log I vs log q). These 

linear parts were connected by the curve, which con-

formed to the exponential scattering regime by Guinier 

[19]. Such form of SAXS profiles in the double loga-

rithmic coordinates pointed out the two-level fractal 

organization of a bulk structure of the compositions 

and polymer-inorganic hybrid. The character of sepa-

rate elements of each level (the mass-fractal clusters, 

the surface-fractal clusters or solid particles with a 

smooth surface) could be determined by analysis of Df 

value but the maximum diameter of these elements 

could be estimated by the relation dmax ~ 2/q*[14,19]. 

Finding the last parameter is possible in the case, 

when the straight line corresponding to the power scat-

tering regime by Porod is ended (or “cuts”) by the scat-

tering regime by Guinier in the region of small q that is 

when a separate structural level is clearly displayed. A 

definite q* value, which is determined in the region of 

the Guinier’s scattering (Fig. 2b) [19], is considered as 

“the cutting border”. All said parameters (Df, q* and 

dmax) were established only for the 1-st lower level of 

structural organization of the compositions, which was 

displayed at higher q. For the 2-nd higher structural 

level, which was revealed at less q, only Df numbers 

were found (Table 1) because corresponding straight 

lines of the Porod’s scattering in Fig. 2b were not re-

stricted from above by the Guinier’s scattering regimes. 

It is well known [19], that the Df = 4 value charac-

terizes the power scattering regime by Porod in the 

case of the dense solid scattering particles with a 

smooth surface. Exactly such values were determined 

for the linear parts of SAXS profiles, which correspond-

ed to the 1-st structural level of the compositions (Table 

1). This fact additionally confirmed the formation of the 

dense Ag nanoparticles in both the polymeric matrices. 

The maximum radius of a gyration for these particles 

was calculated using dmax value and the relation: 

[Rg  dmax/2(5/3)1/2] [19]. Thus, the dense crystalline Ag 

nanoparticles constituted the 1-st level of the fractal-

organized structure of the polymer-metal composites. 

Using Beaucage’s method of global unified exponential-

power functions, [15, 19], we modelled SAXS profiles 

for both compositions taking into consideration two 

levels of their structural organization, which were dis-

cussed above. As a result, the value Rg (calc) for Ag-

nanoparticles in the structure of compositions (Table 3) 

was obtained, which are well consistent with those that 

were found from the experimental profiles of SAXS, 
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and was represented virtually the revised values of 

maximum hydrodynamic radius of the particles. 
 

Table 1 – Parameters of structural elements of the 1-st and 2-

nd structural level 
 

               System 

Value 

PVA-g-PAAm1/Ag 

1-st 2-nd 

Df 4.0 2.6 

q*·102 / A-1 6.1 – 

dmax / nm 10.3 – 

Rg / nm 4.0 – 

Rg (calc) / nm 3.5 – 
 

    
 

 a b 
 

Fig. 3 – Electron micrograph of micellar structures PVA-g-

PAAm1/Ag (a) and test system without of polymer (b) 
 

 

 

TEM image for the composition clearly demonstrat-

ed the presence of two types of Ag-nanoparticles in the 

polymer matrices (Fig. 3). It was found that the aver-

age size of Ag-nanoparticles obtained in PVA-g-PAAm1 

micellar solution (~4 nm) (Fig. 3a). This fact fully corre-

lated with data of SAXS measurements and calcula-

tions represented in Table 1. The formation of essen-

tially larger Ag-nanoparticles (~ 30 nm) was observed 

in the test system that is in pure water (Fig. 3b). Thus, 

the high stabilizing activity of the graft copolymers 

with respect to small Ag-nanoparticles was fully 

proved. 

 

CONCLUSION 
 

Graft copolymers PVA-g-PAAm, which form Intra 

PCs and self-assemble in micellar structures in aqueous 

solutions, could be considered as efficient nanoreactors. 

They are capable of ensuring the high rate and efficacy 

of the borohydride reduction of silver ions up to the sta-

ble crystalline Ag nanoparticles with Rg ~ 4 nm. The 

composition of PVA-g-PAAm1 with Ag nanoparticles 

showed the two-level fractal organization of their struc-

ture. The dense crystalline silver nanoparticles were the 

separate elements of the 1-st lower level, while the 

mass-fractal clusters of the polymeric matrices consti-

tuted the 2-nd higher structural level. The formation of 

smaller silver nanoparticles under the influence PVA-g-

PAAm1 (Rg  4 nm) was found. 
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