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Summary: In the present work we have synthesized two-component block- and graft

copolymers MOPEO-b-PAAm, PAAm-b-PEO-b-PAAm and PVA-g-PAAm comprised

methoxypoly(ethylene oxide), poly(ethylene oxide) or poly(vinyl alcohol) and chemi-

cally complementary polyacrylamide and also the grafted polymer-inorganic hybrid

SiO2-g-PAAm based on monodispersed silica nanoparticles. These copolymers we

used as special matrices in the process of borohydride reduction of Agþ ions. It was

established the influence of chemical nature, molecular architecture and concen-

tration of the matrices and the content of silver nitrate on some reaction parameters,

size and stability of Ag-nanoparticles in aqueous solutions.
Keywords: matrix; nanoparticles; self-assembly; small-angle X-ray scattering (SAXS);

supramolecular structures
Introduction

The study of formation processes and

physicochemical characteristics of metal

nanoparticles creates the basis for their

using in catalysis, optics, optoelectronics

and other areas. In particular, silver nano-

particles are capable of forming complexes

with drugs and delivering them in certain

cells.[1] Due to antimicrobial activity, such

nanoparticles are widely used as biocide

agents in lacquers and paints, cosmetics,

sewage filters and bandaging materials.[1–3]

Polymer-metal nanocomposites with fractal

aggregates of silver nanoparticles are pro-

spective for creation of the optical record-

ing systems and sensors.[4]

One of the actual aspects of modern

nanotechnologies is development of the
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controlled methods of silver nanoparticle

synthesis. The chemical reduction of silver

ions has a great advantage among other

methods due to high reproducibility of its

results and possibility of generation a large

amount of nanoparticles with narrow dis-

tribution in size. The type of reducing agent

essentially influences on the nanoparticle

formation. Stronger reducer stimulated the

formation of less ‘‘cores’’ in ‘‘embryos’’.[5,6]

During ‘‘maturation’’ process, which

depended on foreign conditions, these

‘‘cores’’ were growing up to corresponding

nanoparticles. Silver reduction is autocata-

lytic process, which consists in the adsorp-

tion of metal ions and their reduction on a

surface of zero-valent particles.[7,8]

The second important aspect is stabiliza-

tion of growing silver nanoparticles in

solutions. At present, polymers are widely

used for this purpose. Among stabilizers of

silver nanoparticles there are homopoly-

mers such as poly(ethylene glycol),[9]

poly(vinyl pyrrolidon),[1] poly(pyridyl acet-

ylene) etc.,[10] amphiphilic block copoly-

mers,[11] graft copolymers,[12] and poly-

meric-inorganic hybrids.[13,14] Amphiphilic
, Weinheim wileyonlinelibrary.com
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block and graft copolymers, which formed

micellar structures, were used as stabilizers

of silver nanodispersions mainly in organic

mediums. But in many cases, especially at

the application of Ag nanoparticles in

medicine, biology, fragrance industry and

catalysis of chemical reactions, theywould be

obtained and stabilized in aqueous medium.

The purpose of the present work was to

study kinetic regularities and products of
chemical (borohydride) reduction of Agþ

ions from silver nitrate in aqueous solutions

of polymer matrices with different chemical

nature. We used as polymeric matrices: i)

the block copolymers MOPEO-b-PAAm

and PAAm-b-PEO-b-PAAm based on

methoxypoly (ethylene oxide) or poly-

(ethylene oxide) and polyacrilamide,

ii) the graft copolymer PVA-g-PAAm

contained poly(vinyl alcohol) and iii) the

grafted polymer-inorganic hybrid SiO2-g-

PAAm comprised silica nanoparticles. The

main peculiarity of said matrices consisted

in the cooperative interaction of both their

components that stipulated specific proper-

ties in aqueous solution. Indeed, the block

and graft copolymers formed the intramo-

lecular polycomplexes (IntraPCs) by means

of hydrogen bonds between chemically

complementary chains of MOPEO (PEO)

and PAAm or PVA and PAAm.[15] This

resulted in a self-assembly of the copolymer

macromolecules into special micellar struc-

tures in dilute aqueous solutions. Also, due

to existence of the hydrogen bond system

between the grafted chains of PAAm and

SiO2 surface, the polymer-inorganic hybrid

constituted the polymer-colloidal complex

(PPC) in aqueous solutions.[16]
Synthesis and Characterization
of Polymer Matrices

We carried out syntheses of MOPEO-b-

PAAm diblock copolymer (DBC), PAAm-
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
b-PEO-b-PAAm triblock copolymer

(TBC) and PVA-g-PAAm graft copolymer

and also the direct grafting PAAm chains

onto SiO2 surface using the template

radical block and graft copolymerization,

which was initiated by the Red/Ox reaction

of cerium ammonium nitrate with hydroxyl

groups of MOPEG, PEG and PVA

(Scheme 1) or silanol groups of SiO2

surface.[15–17]
We used in the syntheses the samples of

MOPEG from ‘‘Fluka’’ (Germany), PEG

and PVA from ‘‘Aldrich’’ (USA) with

Mv¼ 5, 6 and 90 kDa, consequently, and

also SiO2 sol with the Rg¼ 7.7 nm particle

size,[16] which was prepared from Aerosol

A-175 (‘‘Oriana’’, Ukraine),. The molecu-

lar weights of PAAm blocks in DBC and

TBC (MnPAAm¼ 29.8 and 117.0 kDa, respec-

tively) were determined by NMR spectro-

scopy.[18,19] More complicate characteriza-

tion of PVA-g-PAAm and SiO2-g-PAAm

was described earlier.[15,16] The molecular

weight and the average number of PAAm

grafts in PVA-g-PAAm and SiO2-g-PAAm

were found to be MvPAAm¼ 147 and

156 kDa,N¼ 10 and 23, consequently.

The state of DBC, TBC, PVA-g-PAAm

and SiO2-g-PAAm in aqueous solutions

was considered in our previous publica-

tions.[15,16,18,20,21] It was shown that asym-

metric macromolecules of DBC and TBC

formed the ‘‘hairy-type’’ micelles in aqu-

eous medium due to interaction of

MOPEO (PEO) and PAAm blocks fol-

lowed by segregation (self-assembly) of

non-polar bound parts. Stability of DBC

and TBC micelles, which was evaluated by

both the critical micellization concentration

and the Gibbs free micellization energy

(CMC¼ 1.3 � 10�5 and 0.37 � 10�5 mol � dm�3;

-DG8¼ 32.98 and 36.15, kJmol�1, conse-

quently), turned out to be higher for TBC.

Relatively small ‘‘core’’ of these micelles

contained non-polar bound parts of both

the blocks but the developed ‘‘corona’’
, Weinheim www.ms-journal.de
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comprised the segments of longer PAAm

chains, which were unbound with PEO.

Macromolecules of PVA-g-PAAm with

chemically complementary components

also formed the micelle-like associates,[15]

which ‘‘corona’’ included the surplus PAAm

segments unbound with PVA. Unlike this,

‘‘macromolecules’’ of SiO2-g-PAAm formed

a stable polymer-colloidal complex (PCC) in

water because of adsorption of the grafts on

SiO2 surface.[21] Thus, free segments of

PAAm stabilized the micelles of the block

and graft copolymers and also the particles

of PCC in water medium.
Kinetics and Products of
Borohydride Reduction of Silver Ions

The reduction of silver ions was carried out

in aqueous polymer solutions with the

eightfold molar excess of NaBH4 that

allowed achieving practically complete

conversion of Agþ ions to zero-valent

state in a selected region of AgNO3

concentrations (CAgNO3¼ 0.91 � 10�2 and

1.82 � 10�2 kg �m�3).[22] According to the

studies,[23–25] the process of Agþ -ion

reduction can be represented by the total

stochiometric equation (2):

8Agþ þ BH�
4 þ 8OH� ¼ 8Ag

þH2BO
�
3 þ 5H2O

(2)

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.[22–25]

Polymeric solutions was mixed with

AgNO3 and kept for 30min in a dark

box; then the reducing agent was added.We

varied concentrations of the polymeric

matrices (Cm¼ 0.5, 1.0 and 2.0 kg �m�3)

and silver salt (see above). In 3–5 minutes

after addition of the reducing agent to the

mixtures of DBC, TBC, PVA-g-PAAm or

SiO2-g-PAAmwith AgNO3, a yellow color-

ing, which corresponded to the color of the

diluted silver nanodispersions in

water,[22,26] was appeared. The coloring

intensity increased for 1–3 h at CAgNO3¼
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
1.82 � 10�2 kg �m�3. But at lower concentra-

tions of silver ions (CAgNO3¼
0.91 � 10�2 kg �m�3) and at Cm¼ 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 Agþ -ion reduction in polymer-free

solutions with low concentration of AgNO3.

The process of nanoparticle formation

was controlled by the changes in the

position (lmax) and the integral intensity

(S) of the surface plasmon resonance band

(SPRB), which was displayed in a visible

region of spectrum.[22,26] The time evolu-

tion 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

spectrometer from ‘‘Varian’’ (USA). The

results for 90min, which were obtained at

the maximum concentrations of the matrices

and AgNO3, are shown in Figure 1.

In order to interpret these data, we used

well-known optical properties of Ag

nanoclusters/nanoparticles and theoretical

approaches,[27–34] which allow connecting

the position, intensity and shape of SPRB in

the extinction spectra with the size, shape,

polydispersity and aggregation of Ag nano-

particles in a solution. In particular, accord-

ing to the Mie theory,[28] the total extinc-

tion coefficient of SPRB is determined by

two contributions such as the resonant

absorbance and scattering. But if the size of

spherical Ag particles is <30 nm, the

resonant absorbance introduces an over-

whelming contribution to the extinction.[30]

For said Ag particles, which size is much

smaller than the wavelength of incident

light, the absorbance A of a colloidal

solution containing N particles in an optical

cell with a path length L is: A¼ (k � L)/ln10,
where the extinction coefficient k for N

particles of volume V is given by the

(3) equation (the dipole term in the Mie

formula):[29]

ê ¼ 18p�N �V �"3=2m

l

"2

½"1 þ 2�"m�2 þ "22
(3)

Here l is the wavelength of absorbing

light, em is the dielectric constant of
, Weinheim www.ms-journal.de
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Figure 1.

The time evolution of the absorption spectra in aqueous blends of (a) MEPEO-b-PAAm, (b) PAAm-b-PEO-b-PAAm,

(c) PVA-g-PAAm, (d) SiO2-g-PAAm with AgNO3 in 5 -1, 15 -2, 21 -3, 36 -4, 60–5 and 90min –6 after NaBH4

introduction.
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surrounding medium (assumed to be fre-

quency-independent), e1 and e2 are the real

and imaginary parts of the material dielec-

tric function e(v)¼ e1(v)þ i � e2(v), where v

is the angular frequency of the light. The

width of SPRB mainly depends on the

imaginary part of the dielectric function,

which is responsible for dissipation of the

electric field energy. But for silver unlike to

other metals, e2(v) value is insignificant and
only weakly frequency-dependent.[31] Thus,

in the pointed range of nano-sized Ag
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
particles, the intensity of SPRB mainly

depends on the particle concentration but

not on the particle size.[27–29,31] Such

property of SPRB is used (including the

present work) to study kinetic regularities

of the process of Ag nanoparticle formation

in different conditions and time intervals,

especially in the first minutes after begin-

ning of the reduction reaction.

The formation of spherical Ag nanopar-

ticles much smaller than the wavelength of

light results in the appearance of a single
, Weinheim www.ms-journal.de
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narrow SPRBwith lmax¼ 380–425 nm in the

extinction spectra.[26,27,30,31,33] Exactly such

Ag nanoparticles formed in the studied

reaction blends that was confirmed by a

unimodal narrow SPRB (lmax¼ 379–

400 nm), which was observed in all the

spectra (Figure 1a-d). At the same time, in

DBC and SiO2-g-PAAm solutions and also

in polymer-free solutions, such effects as

SPRB widening in time and a red shift of

lmax were also revealed (Figure 1a, d, e). In

principal, there are some reasons, which

could initiate the last effects:[27–31,33,34] 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. But taking into account

the presence in the spectra (Figure 1a,

d, e) only a single SPRB, we achieved

the important conclusion about a small

value of all proposed alterations in the

above-mentioned systems. Indeed, in the

case of a large increase in the Ag nano-

particle size, an additional (quadrupole)

SPRB would appear in the spectrum.

Analogous picture would observe, when

strongly stretched Ag nanoparticles with a

large aspect ratio or the developed aggre-

gates of nanoparticles appear. It is seen,

that Ag nanoparticles formed in PVA-g-

PAAm solutions were the most stable in

time (Figure 1c).

Note, that the Agþ-ion reduction was

also occurred at the pointed CAgNO3 in

polymer-free solutions (Figure 1e) but the

yield of nanoparticles, which could be

evaluated by the integral intensity S of

SPRB (see discussion above), was less as

compared to that in polymeric solutions.

Similar results were obtained in the

study[35] and explained by a small stabiliz-

ing action of Agþ ions adsorbed on the

surface of growing nanoparticles. But at

lower CAgNO3, the formation of stable

enough Ag nanoparticles was not observed.

The spectra of all the reaction blends in

Figure 1 demonstrated additionally a weak

band in the region of l � 270–290 nm. This

absorption band is known to reflect the

presence of the charged Ag2þ4 nanoclus-
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
ters,[27] which arise at the initial stage of

silver reduction. The maximum intensity of

the band was observed in DBC solutions

(Figure 1a).

Detail analysis of the results was carried

out using the time dependences of the

position (lmax) and the integral intensity (S)

of SPRB, which were derived from the data

of Figure 1. The examples of such depen-

dences for the process of Ag nanoparticle

formation in PVA-g-PAAm and SiO2-g-

PAAm solutions are shown in Figures 2, 3.

Analysis of these kinetic curves showed

some common phenomena and allowed

determining the region of polymeric and

AgNO3 concentrations, in which the poly-

meric matrices controlled the process of Ag

nanoparticle formation. Really, when the

matrix influence was insignificant or absent,

a steady increase in lmax in time took place

(as in two curves of Figure 2a and all curves

of Figure 3a). Simultaneously, a small

constant S value or its reduction in time

(in any cases up to zero) was achieved due

to decrease in the integral intensity or full

disappearance of SPRB (Figures 2, 3c). In

these cases the reduction reaction was

developed too quickly and finished by the

formation of the disordered aggregates of

‘‘black’’ silver. Significant influence of the

polymeric matrices on the process of Ag

nanoparticle formation consisted in a sharp

increase in S value (Figure 2, 3d). More-

over, an interesting effect of simultaneous

reduction in lmax in 16–19 nm (Figure 2, 3b)

was observed. One could be assumed that in

these cases besides the increase in the yield

of Ag nanoparticles due to their higher

stabilization in a solution, the particle

regulation (possibly crystallization)

occurred. Invariable values of lmax in a

certain time region after their reduction

pointed out the stability of nanoparticle

parameters in this region.

In order to compare the activity of

polymeric matrices in the reduction pro-

cess, let’s consider the kinetic parameters of

the curves S¼ f(t), which are represented in

Table 1. A high rate of the nanoparticle

accumulation (vmax) correlated as a rule

with a small breakdown time (t0) and a high
, Weinheim www.ms-journal.de
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Figure 2.

Time dependences of (a, b) the position and (c, d) the integral intensity of SPRB in UV-Vis spectra, which were

determined in PVA-g-PAAm aqueous solutions; Cm¼ 0.5 (&), 1.0 (*) and 2.0 kg �m�3 (~), CAgNO3¼ 0.91 � 10�2

(a, c) and 1.82 � 10�2 kg �m�3 (b, d).

Macromol. Symp. 2012, 317-318, 103–116108
yield of Ag nanoparticles in a certain time

(we selected 60min) after reaction begin-

ning (S60). The parameter vmax corre-

sponded to the slope of linear part of the

curve S¼ f(t), while the parameter t0 was

determined by the intersection of this linear

part with the abscissa axis. The building and

state of the polymeric matrices played a key

role in the reduction process. Actually, in

spite of the same chemical nature of both

the blocks in DBC and TBC macromole-

cules and a comparable length of PEO

blocks in them, more stable TBC micelles

(according to their thermodynamic para-

meters represented above) provided more

quick increase in the amount of Ag

nanoparticles even at small values of Cm

and CAgNO3 (Table 1).

One could be assumed, that at the initial

introduction of AgNO3 into the block

copolymer solutions, Agþ ions interacted

with amide groups of PAAm[36] and
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
possibly with oxygen atoms of PEO, thus

penetrating and concentrating not only in

the ‘‘corona’’ of micelles but also in their

‘‘core’’. Then after addition of the reducer,

the formation of Ag nanoparticles occurred

under influence of the micelles. In this case,

more stable micelles of TBC probably

ensured a stronger protection from aggre-

gation for the growing nanoparticles.

Some lesser values of vmax and S were

fixed in PVA-g-PAAm solutions though

exactly in this matrix at the large concentra-

tion of AgNO3 silver nanoparticles demon-

strated the highest stability (Figure 1c),

which one remained during all time period

unlike to the situation in DBC and SiO2-g-

PAAm solutions (Figure 1a, d).

The highest rate and nanoparticle yield

for the first 60 minutes were observed in

solutions of the polymer-inorganic hybrid

(Table 1). The reason for this effect

consisted to our opinion in a stronger
, Weinheim www.ms-journal.de



20 40 60 80

340

360

380

400

420

440

λλ λλ m
ax

 / 
n

m

t / min

a)

20 40 60 80

340

360

380

400

420

440

t / min

λλ λλ m
ax

 / 
n

m

b)

20 40 60 80

20

40

60

80

S

t / min

c)

20 40 60 80

20

40

60

80

S

t / min

d)

Figure 3.

Time dependences of (a, b) the position and (c, d) the integral intensity of SPRB in UV-Vis spectra recorded in

SiO2-g-PAAm aqueous solutions; Cm¼ 0.5 (&), 1.0 (*) and 2.0 kg �m�3 (~), CAgNO3¼ 0.91 � 10�2 (a, c) and

1.82 � 10�2 kg �m�3 (b, d).
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interaction of Agþ ions, nanoclusters and

growing nanoparticles with the polymer-

inorganic matrix as at the stage of AgNO3

introduction in the system as in the reduc-

tion process. Indeed, on the one hand, pH

values in SiO2-g-PAAm solutions with

Cm¼ 0.5, 1.0 and 2.0 kg �m�3 were found

to be 5.2, 6.4 and 6.8, consequently. At

these pH values, SiO2 particles of the

polymer-inorganic hybrid were negatively

charged because the point of zero charge for

SiO2 sol particles in aqueous solutions was

equal to pH¼ 3.0–3.5. On the other hand,

Agþ ions are capable of connecting with

negatively charged SiO2 surface by strong

electrostatic interactions unlike to their

weaker complexation with oxygen atoms

of PEO, hydroxyl groups of PVA and

PAAm amide groups.[36] Therefore, in this

case the reduction reaction will be proceed-

ing mainly on SiO2 surface, which will be a

strong stabilizing factor also for the growing

nanoparticles coated with Agþ ions.[37]
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
Long-Term Stabilization of Silver
Nanoparticles

In order to compare stabilizing effect of the

polymeric matrices over a longer time, UV-

Vis spectroscopic studies of the reduction

reactions in PVA-g-PAAm and SiO2-g-

PAAm solutions and also in pure water

were performed for 10 days. In these

researchers, the same matrix concentra-

tions, the largest concentration of silver salt

(CAgNO3¼ 1.82 � 10�2 kg �m�3) and the

eightfold excess of NaBH4 relatively to

silver salt were used. It should be noted that

in all spectra only a single SPRB was

observed. This band had symmetric char-

acter in the studied polymeric solutions but

kept some asymmetry (as in Figure 1e) in

the polymer-free solution. Based on these

results, the dependences of lmax and S

versus time were constructed (Figure 4).

It is seen, that in PVA-g-PAAm solu-

tions the accumulation of Ag nanoparticles
, Weinheim www.ms-journal.de



Table 1.
Kinetic parameters of the process of silver nanoparticle formation

Polymeric matrix Cm CAgNO3 � 102 t0
a) vmax � 102 b) S60

c)

kg �m�3 kg �m�3 min s�1

– – 1.82 11.8 7.4 43.7
DBC 0.5 0.91 8.3 1.6 1.3

1.82 2.3 4.9 39.9
1.0 0.91 11.4 2.2 3.5

1.82 3.0 6.8 44.5
2.0 0.91 7.7 1.5 3.6

1.82 3.6 5.2 40.7
TBC 0.5 0.91 7.3 9.8 23.7

1.82 9.5 18.9 75.5
1.0 0.91 17.5 4.3 10.0

1.82 5.1 9.3 80.6
2.0 0.91 10. 8 18.0 46.8

1.82 0 4,83 64.2
PVA-g-PAAm 0.5 0.91 36.8 3.9 4.7

1.82 5.9 10.3 70.5
1.0 0.91 10.8 5.2 0

1.82 4.3 5.2 57.5
2.0 0.91 3.9 5.0 57.6

1.82 3.0 5.2 57.0
SiO2-g-PAAm 0.5 0.91 4. 8 12.3 30.3

1.82 1.7 13.9 89.2
1.0 0.91 2.4 9.7 11.1

1.82 2.6 32.7 83.2
2.0 0.91 2.4 7.6 15.8

1.82 1.7 24.5 79.5

a)The breakdown time.b)The rate of the fastest stage of the process.c)The silver nanoparticles yield in 60min after
the reduction beginning.

Macromol. Symp. 2012, 317-318, 103–116110
with practically fixed size (this was con-

firmed by practically unchanged lmax)
proceeded for 2 h. Then, their size sharply

increased in a sufficiently narrow time

interval (� 1 h) that was reflected in such

alterations of SPRB parameters: increase in

lmax in 30–33 nm (Figure 4a) and decrease

in S value (Figure 4c). The last alteration

could be explained by the change in the

extinction coefficient of SPRB with growth

of Ag particle size.[27–33] Some increase in

lmax and decrease in S value were continued

up to � 24 h and then both the parameters

were practically unchanged up to 10 days,

thus implying the completion of Ag nano-

particle formation in PVA-g-PAAm solu-

tions. The lower PVA-g-PAAm concentra-

tion, the higher yield of stabilized Ag

nanoparticles (the larger S in Figure 4c).

A similar picture was observed in SiO2-

g-PAAm solutions (Figure 4b, d) but the

process of a considerable enlargement of
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
the primary Ag particles began earlier

(after � 30min); moreover, it was not so

sharp as compared to PVA-g-PAAm solu-

tions. The nanoparticle formation was

finished after 24 h and further Ag nano-

particles were in fully stabilized state in the

whole time region under study (up to

10 days). In SiO2-g-PAAm solutions, we

also observed higher yield of the stabilized

nanoparticles (higher S value in Figure 4d)

at the less matrix concentration; however,

this effect was not so significant as in PVA-

g-PAAm solutions.

A secondary growth of the Ag nano-

particle size (or possibly alteration in their

shape) we observed also in the polymer-

free solution in 50min after reduction

beginning (Figure 4) but the effect was

essentially weaker. Moreover, the yield

of nanoparticles was lower and the

changes in their size (or shape) continued

after 24 h.
, Weinheim www.ms-journal.de
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Figure 4.

Time dependences of (a, c) the integral intensity and (b, d) the position of SPRB in UV-Vis spectra, which were

recorded in solutions of (a, c) PVA-g-PAAm, (b, d) SiO2-g-PAAm and (a–d) in pure water; Cm¼ 0 (&), 0.5 (&), 1.0

(*) and 2.0 kg �m�3 (D), CAgNO3¼ 1.82 � 10�2 kg �m�3.
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Structure of Polymeric
Compositions with Silver
Nanoparticles

The bulk structure of some polymer-metal

compositions was characterized and the

size of Ag nanoparticles was determined

using wide-angle and small-angle X-ray

scattering (WAXS and SAXS). Two sys-

tems with PVA-g-PAAm and SiO2-g-

PAAm matrices, in which the high yield

and time stability of silver nanoparticles

were achieved (Table 1, Figure 4), were

selected for this purpose. The polymer-

metal compositions were cast from

aqueous solutions (Cm¼ 2.0 and CAgNO3¼
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.

WAXS profiles for the dried composi-

tions were obtained in a cell with a

thickness of 2mm using a DRON-2.0

X-ray difractometer with Ni-filter in a

primary beam. The monochromatic Cu-
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
Ka radiation with l¼ 0.154 nm, filtered by

Ni, was provided by an IRIS M7 generator

(at operating voltage of 30 kV and a current

of 30mA). The scattered intensities were

measured by a scintillation detector scan-

ning in 0.28 steps over the range of the

u¼ 3–458 scattering angles (corresponding

to q¼ 2.13–31.21 nm�1, where q¼ 4p � sin(u/
2)/l 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 volume.[38] Also, the normal-

ization of experimental scattered intensities

was carried out according to the (4)

formula:

InðiÞðuÞ ¼ ½IexpðuÞ � IbðuÞ� � ðI=I0Þ; (4)

where Iexp(u) and In(i)(u) are the experi-

mental and normalized intensities in

WAXS profile as a function of u, Ib(u) is

the intensity of the background for every u

value, I0 and I are the intensities of incident

and scattered beams at u¼ 08 (the coeffi-

cient of the beam weakening). The results
, Weinheim www.ms-journal.de
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Figure 5.

WAXS difractograms for the compositions: (a) PVA-g-PAAmþ Ag and (b) SiO2-g-PAAmþ Ag. T¼ 20 8C.
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(Figure 5) showed that the bulk structure of

the compositions contained a polymeric

amorphous phase, that was displayed in

WAXS profiles by two diffusive overlapped

maxima at u � 158 and 218, and crystalline

Ag nanoparticles, that was confirmed by

characteristic crystalline peaks of silver

(111) at u � 388.[6] The appearance of these
peaks indicated the formation of crystalline

Ag nanoparticles with tetragonal facet-

centered cubic lattice.[6] An amorphous

character of polymeric phases in the

compositions was completely correlated

with the data of DSC studies,[16,21,19,39]

which demonstrated the loss of PVA

crystalline properties in the graft copoly-

mer structure because of the interaction of

the main and grafted chains and also the

existence of only glass transitions in PVA-

g-PAAm and SiO2-g-PAAm structures at

their heating.

As to the presence of two diffusive

overlapped maxima in WAXS profiles in

Figure 5, they could be attributed (as in the

study[39]) to the presence of two systems of

planes of the paracrystalline lattice[38] in

the amorphous regions of PVA-g-PAAm
Table 2.
Parameters of diffraction maxima in WAXS profiles

Polymer Position of the diffraction max

matrix u1 u2

degrees degrees

PVA-g-PAAm �15.2 21.0
SiO2-g-PAAm �14.3 21.2

Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
and SiO2-g-PAAm structures, which con-

tain mainly PAAm chains. The first max-

imum with smaller intensity at u � 158char-
acterizes the lateral periodicity in an

arrangement of PAAm chains but the

second one with greater intensity at u �
218 reflects the periodic arrangement of the

flat hydrogen-bonded cis-dimers of amide

groups in the structures of cis-trans-multi-

mers.[15] More exact positions of these

maxima and the average interplane dis-

tances (d) in the paracrystalline lattice of

amorphous polymeric phase and the crys-

talline lattice of silver nanoparticles (the

last ones were calculated by the Bragg ratio

(5)) are represented in Table 2.

d ¼ l

2 � sinðu=2Þ ; (5)

SAXS profiles for the compositions and

SiO2-g-PAAm sample were obtained in an

automated Kratky slit-collimated camera.

Here copper anode emission monochro-

mated by total internal reflection and nickel

filter was used. The intensity curves were

recorded in the step-scanning mode of the
imum The average interplane distance

u3 d1 d2 d3

degrees nm nm nm

37.7 0.582 0.423 0.238
37.8 0.619 0.419 0.238
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scintillation detector in a region of the

u¼ 0.03–4.08 scattering angles (the wave-

vector q¼ 0.022–2.86 nm�1). Thus, the study

of the micro-scale heterogeneous domains

with characteristic dimensions (evaluated as

2p/q) from 2 to 280nm was possible.

Normalization of SAXS profiles was carried

out using the FFSAXS-3 program[38] and a

standard sample from the laboratory of

professor Kratky. The scattered intensities

were normalized to the sample thickness and

the scattered intensity of a standard. Addi-

tionally, the raw intensity curves were

smoothed, corrected for parasitic scattering

and desmeared. The results in a form of the

dependences of the scattered intensities

versus q are shown in Figure 6.

All the profiles demonstrated a sharp fall

in the scattered intensities with q growth

(without any diffraction maxima) that

pointed out the absence of any periodicity

in the arrangement of structural elements

of the compositions and polymer-inorganic

hybrid at the supramolecular level. The

same profiles in two logarithmic coordi-

nates are exhibited in Figure 6 in a lesser

scale. Let’s carry out their analysis from the

point of view the fractal-cluster organiza-

tion of the composition structure.[40]

The double logarithmic SAXS profiles

for both the compositions and SiO2-g-

PAAm demonstrated two linear parts with

different slopes, which corresponded to two

power scattering regimes by Porod (I� q�Df,
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The intensity of small-angle X-ray scattering vs the wave

(b) SiO2-g-PAAmþ Ag. SAXS profile for a pure SiO2-g-PAAm

are shown in a lesser scale; & (a)¼ PVA-g-PAAmþ Ag,
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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

conformed to the exponential scattering

regime by Guinier.[40] Such form of SAXS

profiles in the double logarithmic coordi-

nates pointed out the two-level fractal

organization of a bulk structure of the

compositions and polymer-inorganic hybrid.

The character of separate 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 esti-

mated by the relation dmax � 2p/q�.[38,40]

Finding the last parameter is possible in the

case, when the straight line corresponding

to the power scattering regime by Porod is

ended (or ‘‘cuts’’) by the scattering 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 (Figure 6),[40] is considered as

‘‘the cutting border’’. All said parameters

(Df, q
� and dmax) were established only for

the 1-st lower level of structural organiza-

tion of the compositions and SiO2-g-

PAAm, which was displayed at higher q.

For the 2-nd higher structural level, which

was revealed at less q, onlyDf numbers were

found (Table 3) because corresponding

straight lines of the Porod’s scattering in
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Table 3.
Parameters of separate elements of the 1-st and 2-nd structural levels

System PVA-g-PAAm þAg SiO2-g-PAAm SiO2-g-PAAm þAg

Value 1-st 2-nd 1-st 2-nd 1-st 2-nd

Df 4.0 2.6 3.8 2.1 4.0 2.5
q� � 102/A�1 6.1 – 2.7 – 4.2 –
dmax/nm 10.3 – 23.3 – 15.0 –
Rg/nm 4.0 – 9.0 – 5.8 –
Rg (calc)/nm 3.5 – 8.0 – 5.5 –
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Figure 6 were not restricted from above by

the Guinier’s scattering regimes.

It is well known,[40] that the Df¼ 4 value

characterizes 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

corresponded to the 1-st structural level of

the compositions (Table 3). 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:

[Rg¼ dmax/2(5/3)
1/2].[40] It turns out to be

essentially less in the composition with

PVA-g-PAAm (Table 3). Thus, the dense

crystalline Ag nanoparticles constituted the

1-st level of the fractal-organized structure

of the polymer-metal composites.

A near value ofDf¼ 3.8 was found for an

analogous linear part of SAXS profile of a

pure SiO2-g-PAAm (Table 3). This fact

indicated the existence of the surface-

fractal clusters with the fractal size

Ds¼ 6–Df¼ 2.2,[40] which ones constituted

the 1-st fractal-organized structural level of

the polymer-inorganic hybrid. This result

was the direct proof for the presence of

SiO2 nanoparticles with the grafted poly-

mer chains in the hybrid structure. Note,

that the radius of a gyration for these

surface-fractal clusters (9.0 nm) that was

found from SAXS data fully correlated with

the Rg¼ 7.7 value, which was established

for SiO2 sol particles before PAAm graft-

ing.

The mass-fractal clusters composed of

the fragments of polymeric chains (mainly

of PAAm segments) could be considered as
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
separate elements of the 2-nd higher level

in a structural organization of the polymer-

metal composites and SiO2-g-PAAm. Such

conclusion was based on the Df< 3 num-

bers, which were determined for this

structural level from Figure 6

(Table 3).[40] The found numbers were

fully coordinated with the values of Df¼ 2.7

and Df¼ 2.2�2.4 characterized the mass-

fractal clusters in the structure of pure

PAAm and PAAm-b-PEO-b-PAAm tri-

block copolymers, consequently.[39]

The computer modeling of SAXS pro-

files by the method of global unified

exponential-power functions, which was

designed by Beaucage with co-workers,[41]

is actively used in the studies of fractal-

organized polymeric and composition

materials.[40,41] These authors showed that

the double logarithmic SAXS profiles for

fractal-organized materials could contain

two or more power regimes. Their

approach consisted in the separation of

several structural levels (in accordance with

the number of the power scattering

regimes), which were limited from above

by the exponential scattering regimes by

Guinier, and consideration of separate

contributions from each structured level

to the total scattering function. The

equation (6) describes the arbitrary number

of interrelated structural levels:[40,41]

IðqÞ ¼
Xn
i¼1

ðGi expð�q2R2
gi
=3Þ

þ Bi expð�q2R2
gðiþ1Þ

=3Þ

� erf ðqRgi=6
1=2Þ

h i3
=q

� �Pi

Þ

(6)

Here Gi is the coefficient of Guinier’s

relation for i-level; Bi is the coefficient of
, Weinheim www.ms-journal.de
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Porod’s term for the same level; Df is the

slope ratio for the power dependence of log

I versus log q, which one defines the fractal

dimension of the aggregates by i-level (for

the surface fractals �4<Df< -3 while for

themass fractalsDf>�3);Rg is the radius of

a gyration for the fractal aggregates by

i-level.

Using Beaucage’s method, we modeled

SAXS profiles for both the compositions

and SiO2-g-PAAm (solid curves in

Figure 6) taking into consideration two

levels of their structural organization,

which were discussed above. The Rg(calc)

values, which were calculated by Beau-

cage’s approach for: i) Ag nanoparticles in

the composition structure and ii) the sur-

face-fractal clusters with ‘‘cores’’ of SiO2

particles in a bulk structure of the polymer-

inorganic hybrid (Table 3), turned out to be

in well agreement with those found from

experimental SAXS profiles.
Conclusion

Thus, the block- and graft copolymers

PAAm-b-PEO-b-PAAm and PVA-g-

PAAm, which form IntraPCs and self-

assemble in micellar structures in aqueous

solutions, and also the grafted polymer-

inorganic hybrid SiO2-g-PAAm forming a

stable PCC could be considered as efficient

nanoreactors. They are capable of ensuring

the high rate and efficacy of the borohy-

dride reduction of silver ions up to the

stable crystalline Ag nanoparticles with Rg

� 3-6 nm. Four stages of Ag nanoparticle

formation in the presence of these poly-

meric matrices (in the region of polymer

and AgNO3 concentrations, where stabiliz-

ing effect was displayed) could be selected.

At the first stage (� 3–12min), the

appearance of Ag nanoclusters and unre-

gulated Ag particles occurred. The nano-

particle regulation (possibly crystallization)

developed in a very narrow time interval

(� 6min) at the second stage, when the

quantity of the unregulated Ag particles in

the system became a large enough. This

process resulted in the appearance of the
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
primary regulated Ag nanoparticles. A

state of these particles was not practically

changed at the third stage, which duration

was dependent on the nature and concen-

tration of a polymeric matrix. At the end

stage, an intense secondary growth of

nanoparticle size or possibly alteration in

their shape took place.

The compositions of PVA-g-PAAm and

SiO2-g-PAAm with Ag nanoparticles

showed the two-level fractal organization

of their structure. The dense crystalline

silver nanoparticles were the separate

elements of the 1-st lower level, while the

mass-fractal clusters of the polymeric

matrices constituted the 2-nd higher struc-

tural level.
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