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FORMATION OF NICKEL NANOPARTICLES 
IN SOLUTIONS OF A HYDROPHILIC GRAFT COPOLYMER

A graft  copolymer of poly(vinyl alcohol) and polyacrylamide (PVA-g-PAAm) with interacting main and graft ed chains was 
synthesized by radical matrix polymerization of PAAm from the PVA backbone in an aqueous medium. Its basic molecular 
parameters including the number and length (molecular weight) of graft s were determined using elemental analysis, DTGA 
and viscometry. Th e copolymer macromolecules formed special monomolecular micelles of elipsoidal shape and length ~18-
64 nm in aqueous solutions due to the formation of intramolecular polycomplexes between the main and graft ed chains. Th is 
copolymer was used as a hydrophilic matrix for the in situ synthesis of nickel nanoparticles (NiNPs) in aqueous solutions.
On the basis of UV-Vis spectroscopy, an original and simple method for monitoring the kinetics of the formation and yield 
of metal nanoparticles in systems in which a surface plasmon resonance band does not appear has been proposed and 
implemented. Using this approach, the kinetics of borohydride reduction of Ni-salt to NiNPs in pure water and PVA-g-
PAAm solutions was studied depending on the concentrations of Ni-salt and copolymer matrices. An increase in the initial 
rate of accumulation and yield of NiNPs with an increase in the concentration of Ni-salt and a decrease in both parameters 
in copolymer solutions in comparison with pure water was established. At the same time, the accumulation rate and NiNP 
yield in a complex way was depended on the matrix concentration that was determined by the ratio of such factors as a 
decrease in the diff usion rate of NaBH

4
 molecules in copolymer solutions and the accumulation of Ni2+-ions in matrix 

particles due to complexation with active chemical groups at the fi rst stage of reduction process.
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Th e morphology and main structural elements of the NiNPs/PVA-g-PAAm composition were revealed using TEM. It was 
shown that the in situ synthesis of NiNPs in copolymer matrices was accompanied by the “detachment” of PAAm graft s from 
the main PVA chains and led to the appearance of two new structures, such as “hairy coils” and “hairy rods”, containing 
small spherical NiNPs (d~0,5–12,0 nm) in isolated and chain states, respectively. Th e appearance of the latter structures was 
explained by the formation of coordination complexes of Ni2+-ions with active groups of both PVA and PAAm chains at the 
fi rst stage of the reduction reaction.

Key words: graft  copolymer, nickel nanoparticles, reduction process, kinetics, morphology.

Introduction

In recent years, nickel nanoparticles (NiNPs) have 
become one of the most interesting and relatively 
cheap metallic nanomaterials due to their prom-
ising applications in chemical catalysis and elec-
trocatalysis [1–4], in nanoelectronics as magnet-
ic fl uids [5, 6], magnetic sensors [7] and storage 
devices [8]. Possessing a wide range of magnetic, 
catalytic, biocidal, absorption, anti-infl ammatory 
and anti-cancer properties, nickel nanoparticles 
are also of interest for magnetic resonance imaging 
[9], drug delivery, infl ammatory and cancer ther-
apy [10–13], for magnetic purifi cation of proteins 
[14] and removal of toxic organic and inorganic 
substances from wastewater [15, 16]. 

Like the production of many other metal nan-
oparticles, there are two fundamentally diff erent 
groups of methods for the synthesis of NiNPs, 
called “top-down” and “bottom-up” [17]. Top-
down methods involve the breaking down bulk 
metal to nanoparticles by mechanical milling, 
laser ablation, nanolithography, thermal decom-
position, and sputtering [18]. In the bottom-up 
methods, Ni-salts and Ni-oxides are used as pre-
cursors in various reactions leading to the forma-
tion of NiNPs. Th ese are sol-gel techniques, meth-
ods of spatting, gas evaporation, co-precipitation, 
chemical and biochemical reduction and some 
other methods [19–21]. Currently, among the 
many ways for the formation of NiNPs, the chemi-
cal reduction of Ni-salts with sodium borohydride 
in solutions of polymer matrices remains one of 
the most popular [22]. Polymer matrices with ac-
tive chemical groups fi rst bind Ni2+-ions and then 
prevent the aggregation of emerging NiNPs due to 
adsorption interaction with their surface. In addi-
tion, the polymer-assisted processes contribute to 
the control of the size, shape, crystallinity, oxidiz-
ability, magnetic and catalytic properties of NiNPs 
[23–25]. Th e borohydride reduction method is 
simple to implement; it provides fast nucleation 
of nanoparticles and can be carried out in various 

solvents at low temperatures with a good yield of 
metal nanoparticles. 

To date, various polymers have been tested as 
matrices in the synthesis of NiNPs with sodium 
borohydride: i) synthetic homopolymers such as 
poly(vinyl alcohol) [22, 24], poly(vinyl pyrroli-
done) [20, 23, 26, 27], poly(ethylene glycol) [28] 
and poly(acrylic acid) [23], ii) synthetic cross-
linked polymers, for example, cation exchanged 
resins based on divinyl benzene with strong and 
weak acidic groups [29], iii) natural polymers, in 
particular cellulose [30] and starch [28], and iv) 
dendrimers and dendrimer-like hyperbranched 
polymers [31–34]. Th e main focus of these stud-
ies was on the preparation of NiNPs, identifi cation 
and demonstration of their functional properties. 
However, such important aspects as the kinetics 
and detailed mechanism of these processes de-
pending on the molecular and structural parame-
ters of polymer matrices, the nature of the solvent 
and Ni-salt, temperature and relative concentra-
tions of all components remained poorly under-
stood. 

Previously, we actively used borohydride syn-
thesis to produce small and well stabilized silver 
nanoparticles (AgNPs) in aqueous solutions of 
some block copolymers [35–37], graft  copoly-
mers [36, 38, 39] and polymer/inorganic hybrids 
[36, 40, 41] containing two hydrophilic chemically 
complementary components, such as poly(ethyl-
ene oxide)/polyacrylamide, poly(ethylene oxide)/
poly(acrylic acid), poly(vinyl alcohol)/polyacryla-
mide, and silica/ polyacrylamide. Due to the for-
mation of a system of hydrogen bonds between 
the blocks, the backbone and graft s or between 
the surface of inorganic nanoparticles and graft -
ed chains, these copolymers and hybrids formed 
interesting micellar and micelle-like structures 
that showed high stabilizing activity with respect 
to the emerging metal nanoparticles. It was found 
that the smallest AgNPs with the narrowest size 
distribution (2–8 nm) were formed in graft  copol-
ymer solutions [38, 39] and the resulting aqueous 
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dispersions of AgNPs/PVA-g-PAAm remained 
stable in the light for over a year. Th erefore, it was 
interesting to test this hydrophilic matrix in simi-
lar in situ synthesis of NiNPs.

Th e aim of this work was to synthesize the PVA-
g-PAAm graft  copolymer, to determine its molec-
ular parameters, particle size and morphology in 
an aqueous solution, and also to study in detail the 
process of reduction of Ni-salt with sodium boro-
hydride depending on the concentration of salt 
and copolymer matrix, as well as the structure of 
NiNPs/PVA-g-PAAm nanocompositions. 

Experimental section

Synthesis and characterization of poly(vinyl alco-
hol)/polyacrylamide graft  copolymer
Th e PVA-g-PAAm graft  copolymer was synthe-
sized using the well-known radical matrix polym-
erization of PAAm from PVA chains in aqueous 
medium, which was initiated by the Red/Ox reac-
tion between CeIV ions and PVA hydroxyl groups 
[42]. Th e scheme of the polymerization reaction 
is shown in Figure 1. Matrix eff ects were caused 
by the interaction of growing (“daughter”) PAAm 
chains with the main PVA chain as a matrix 
through the formation of a system of hydrogen 
bonds [43].

To synthesize the graft  copolymer, we used 
PVA with a weight-average molecular weight 
M

w
=90 kDa, cerium ammonium nitrate (CAN) 

from Aldrich (USA), and acrylamide (AAm) from 
Merck (Germany) re-crystallized from chloro-
form. Th e concentrations of PVA, CAN and ААm 
were 1.6, 0.548 and 71 kg·m-3, respectively. Th e 

reaction was carried out in deionized water and an 
inert atmosphere (argon) at Т=20 °С and stirring 
during 24 hours. Th e gelled product was diluted 
with deionized water, re-precipitated with acetone, 
re-dissolved in water and freeze-dried. 

Determining the number and length of graft ed 
chains in graft  copolymers obtained by the “graft -
ing from” method presents a signifi cant problem. 
To determine these important parameters in the 
case of a PVA-g-PAAm copolymer, we used a pre-
viously developed technique [44]. First, elemental 
analysis was carried out for the content of С, N and 
Н and the weight fraction of graft s (w

PAAm
) in the 

graft  copolymer sample was established. Th en, ac-
cording to the data of dynamic thermogravimetric 
analysis (DTGA), the weight fraction of immobi-
lized and adsorbed water (w

H2O
) was found. Th e 

next three steps were: oxidation of PVA chains in a 
graft  copolymer of concentrated HNO

3
,
 
separation 

of low-molecular-weight products of chemical de-
struction of the main chains by prolonged dialysis 
of the reaction mixture against deionized water, 
and determination of the viscosity-average mo-
lecular weight (M

v
) of the separated and partial-

ly hydrolyzed PAAm graft s using the well-known 
viscometry method. Th e fi nal step was to calculate 
the number (N) of graft s in PVA-g-PAAm macro-
molecules using the formula (1):

.

Th e weight composition and main molecular 
parameters of the graft  copolymer are represented 
in Table 1.

Morphology and size of PVA-g-PAAm macro-
molecules in aqueous solutions were established 
using transmission electron microscopy (TEM). For 
this, a JEM-I230 device (JEOL, Japan) was used, op-
erating at an accelerating voltage of V=80 kV. Small 
drops (~1·10-4 cm3) of the copolymer solution in 

Fig. 1. Schematic representation of the graft  

copolymerization of PAAm from the PVA backbone

Copolymer M
wPVA

1), kDa w
PAAm

2), w % w
H2O

3), w % w
PVA

4), w % M
vPAAm

5), kDa N 6)

PVA-g-PAAm 90 85,9 13,4 0,69 366 31
1) Th e weight-average molecular weight of the PVA backbone. 2) Th e weight fraction of PAAm in the graft  copolymer 

(according to elemental analysis for N and С). 3) Th e weight fraction of water (according to DTGA data). 4) Th e weight 

fraction of PVA (calculated): w
PVA

=1–w
PAAm

–w
H2O

. 5) Th e viscosity-average molecular weight of the graft s. 6) Th e number 

of graft ed PAAm chains per PVA macromolecule.

Table 1. Main molecular parameters of the graft  copolymer

(1)
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deionized water were applied to copper grids coat-
ed with Formvar films and carbon. Th en they were 
dried in air for ~1–2 min and in a vacuum desic-
cator for 24 hours. 

Methodology of the reduction of nickel ions in 
copolymer solutions and pure water

Th e reduction of nickel ions from the 
Ni(NO

3
)

2
·6H

2
0 salt was carried out both in deion-

ized water and in copolymer solutions to show the 
eff ect of the PVA-g-PAAm matrix on the synthesis 
and stabilization of NiNPs. In all cases, a signif-
icant (twenty-fold) molar excess of NаВН

4
 with 

respect to Ni2+-ions was used to promote their 
complete conversion to zero valence state. Nickel 
nitrate hexahydrate from Merck (Germany) and 
sodium borohydride from Aldrich (USA) were 
used. Th ree concentrations of the copolymer ma-
trix (С

m
=0,5; 1,0 and 2,0 kg·m-3) and four concen-

trations of the Ni-salt (С
Ni(NO3)2

=0,98·10-2, 1,96·10-2, 
3,92·10-2 and 7,84·10-2 kg·m-3) were used in these 
experiments. 

According to a typical protocol, solutions of co-
polymers in deionized water were mixed with solu-
tions of Ni-salt at T=20 °C and stored in a dark box 
for 1 hour; then a reducing agent was added. Th e 
reduction of solutions of Ni-salt in pure water was 
carried out at the same concentrations and tem-
peratures. A few minutes aft er the addition of the 
reducing agent, the reaction mixtures turned pale 
gray or black depending on the concentration of 
the reagents, indicating the appearance of NiNPs. 

Study of the formation of nickel nanoparticle 
by UV-Vis spectroscopy and TEM

Th e formation of NiNPs was monitored over 
time by the change in the extinction (turbidity) 
of each reaction mixture at =500 nm. At this 
wavelength, the Ni-salt, NiNPs and the copolymer 
matrix did not have absorption bands in the spec-
trum, and the main contribution to the extinction 
value was made by light scattering by the appear-
ing metal nanoparticles. Extinction spectra were 
recorded every 2 minutes for 1.5 hours in the 200-
1000 nm region using a Cary 50 Scan UV-Visible 
spectrometer from Varian (USA). Th en, the values 
of extinction (optical density D) at =500 nm were 
used to calculate the turbidity ( ) of each reaction 
mixture as a function of time (t) in accordance 
with the well-known formula (2):

,

where l = 1 cm is the length of the quartz cell used 
in the experiments.

Th e morphology, size and shape of individual 
metal nanoparticles and their compositions with 
copolymer matrices in an aqueous medium was es-
tablished by TEM. Th e corresponding TEM images 
were obtained using a JEM-I230 (JEOL, Japan) op-
erating at an accelerating voltage of V=90 kV and 
the experimental technique described above. Th e 
NiNPs dispersions obtained in copolymer-free 
solutions were investigated as prepared using 
TEM. To perform similar investigations in the case 
of NiNPs/PVA-g-PAAm compositions, the reac-
tion by-products were separated by re-precipita-
tion of the reaction mixtures with acetone and their 
re-dissolution in deionized water.

Results and discussion

Morphology and size of graft  copolymer nanostruc-
tures in aqueous solution
Previously, it was shown that graft  copolymers 
PVA-g-PAAm form intramolecular polycomplexes 
(IntraPCs) within individual macromolecules in 

Fig. 2. Nanostructures of PVA-g-PAAm macromolecules 

in aqueous solutions shown in TЕМ micrographs with (a, 

b) lower and (c, d) higher magnifi cation and (e) in the 

form of a schematic image. T=20 °C

a b

c d

e

(2)
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dilute solutions when the number and length (mo-
lecular weight) of the graft ed PAAm chains does 
not exceed certain critical values [43]. If the num-
ber (density) of graft s in their macromolecules ex-
ceeds a certain critical value (N>N

cr
), the interac-

tion of PVA and PAAm by hydrogen bonds cannot 
be fully realized due to steric hindrances. However, 
in the case of too long graft s (M

PAAm
>M

cr
), the ef-

fect of “detaching” the graft s from the main chain 
is manifested [43]. Th e synthesized and character-
ized PVA-g-PAAm sample had such parameters N 
and M

PAAm
 (Table 1), which allowed the graft s to 

interact with the main chain [43]. Due to this, the 
copolymer macromolecules formed interesting el-
lipsoidal nanostructures in diluted aqueous solu-
tions, which were detected using TEM (Figure 2). 
Th e PAAm chains were “pinned” to PVA backbone 
in these individual nanostructures by intramolec-
ular complex formation. Th ese nanostructures can 
be considered as PVA-g-PAAm monomolecular 
micelles [43].

In addition, TEM images demonstrate bizarre 
fractal aggregates of ellipsoidal macromolecules of 
the copolymer (Figure 2 a, c). Th e reason for their 
formation, apparently, lies in the surface interac-
tion of PAAm chains (due to hydrogen bonds), 

which form the “coronas” of monomolecular mi-
celles. Th e sizes of individual copolymer macro-
molecules (monomolecular micelles) and their 
fractal aggregates found from TEM micrographs 
using the image and fax viewer are represented in 
Table 2. It is these PVA-g-PAAm nanostructures 
that were subsequently used as matrices for the in 
situ synthesis of NiNPs in aqueous solutions.

Monitoring the synthesis of metal nanoparti-
cles in the absence of surface plasmon resonance 
eff ect

Th e formation of metal nanoparticles such as 
silver and gold by chemical reduction of metal 
ions in various media can be easily monitored us-
ing UV-Vis spectroscopy due to the appearance of 
intense surface plasmon resonance bands (SPRBs) 
with 

max
~400 nm and ~520 nm, respectively [45, 

46]. Th is method we used to characterize the ki-
netics of the formation of silver nanoparticles and 
their yield in the processes of borohydride reduc-
tion of Ag+-ions in aqueous solutions of double 
hydrophilic block and graft  copolymers and pol-
ymer/inorganic hybrids. [36, 39–41]. For this, 
changes in time of the position and integrated in-
tensity of SPRB of silver nanoparticles in the UV-
Vis spectra of the corresponding reaction mixtures 
were monitored. For some other metal nanopar-
ticles, for example NiNPs in aqueous dispersions, 
SPRB is poorly expressed in the UV-Vis spectrum 
[47], which is explained by the less free state of 
surface electrons. At the same time, this band was 
found for NiNPs in the region of ~300–400 nm in 
some other media [21, 48, 49], but its position and 

Copolymer
l, nm 

Ellipsoidal particles Fractal aggregates

PVA-g-PAAm 19–64 65–320

Table 2. Length of structural elements of the graft  

copolymer in aqueous solutions
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Fig. 3. Time evolution (within 90 minutes) of the extinction spectra of: (a) the Ni-salt aqueous solution and (b) its 

mixture with SiO
2
-g-PААm aft er adding NaBH

4
. Т=20 °С

a b
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intensity strongly depended on the size and shape 
of nanoparticles, as well as on the dielectric prop-
erties of the medium. 

We also did not observe the appearance of SPRB 
in the UV-Vis spectra during the preparation of 
NiNPs by reduction of the Ni-salt with sodium 
borohydride in pure water and aqueous solutions 
of PVA-g-PAAm (in the selected range of reagent 
concentrations). Th erefore, we looked for another 
way to characterize the kinetics and effi  ciency of 
the reduction process. For this, such a parameter 
was chosen as the turbidity of the reaction mixture 
at =500 nm. At this wavelength, aqueous solu-
tions of Ni-salt and Ni-salt/copolymer composi-
tions (as well as reducing agent) had no absorption 
bands in the spectra (Figure 3).

Th is meant that the extinction values at =500 
nm in all reaction mixtures were determined only 
by the scattering of light on the formed metal na-
noparticles. It is known that the turbidity of col-
loidal dispersions, which characterizes their light 
scattering, can be expressed for small (< /20 of 
incident light) spherical particles by the relation 
(3) [50]:

,

where: I
0
 and I

t 
are the intensities of the incident 

and transmitted light, N/V is the number of par-
ticles per unit volume of dispersion, a is the ra-
dius of spherical particles, n=n

1
/n

2
 is the relative 

refractive index or the ratio of refractive indices of 
particles and medium. Th us, the turbidity of dis-
persions containing fi ne nanoparticles (a<30 nm) 
is determined by the size and number of scatter-
ing particles. In this case, in the considered reac-
tion systems with formed metal nanoparticles, the 
change of turbidity with time (at =500 nm) can 
characterize the rate and effi  ciency of the reduc-
tion process. Given the formation of very small 
spherical NiNPs in all our reduction processes, 
this parameter was used to control the appearance 
of nanoparticles in the reaction mixtures.

Application of this approach to the synthesis of 
nickel nanoparticles in pure water

Th e reduction of Ni-salt with sodium borohy-
dride in aqueous solutions in air can be represent-
ed by several chemical reactions [51]:
2Ni2+ + 4BH

4
- + 9H

2
O = Ni

2
B + 3B(OH)

3
 + 12,5H

2

4Ni
2
B + 3O

2
 = 8Ni + 2B

2
O

3
; B

2
O

3
 + 3H

2
O = 

2B(OH)
3

Excess NaBH
4
 is hydrolyzed in water according 

to the equation [51]:
BH

4
- + 2H

2
O = BO

2
- + 4H

2

Four Ni-salt/NaBH
4 

reaction mixtures with in-
creasing С

Ni(NO3)2
 are shown in Figure 4 (a).

Th e fi rst three mixtures contained a less amount 
of NiNPs formed within 10 minutes, so they had 
a pale gray tint. But the latter mixture was black 
in color, refl ecting the appearance of a large num-
ber of these nanoparticles. Extinction spectra of all 
mixtures recorded within 90 minutes aft er the start 
of reduction are shown in Figure 5. A bright eff ect 
of the shift  of the entire spectrum along the ex-
tinction axis is seen, which was caused only by the 
scattering of light from the emerging NiNPs. Th e 
higher the concentration of reagents, the greater 
the number (or size) of the formed nanoparticles, 
and the greater this shift  (Figure 5).

At the same time, the time dependences of tur-
bidity obtained from these data were not mono-
tonic in all reaction mixtures (Figure 6). Complex 
dependences in a number of cases can be ex-
plained by the presence of dynamic processes of 
aggregation/disaggregation and even partial pre-
cipitation of growing NiNPs in the measuring cell, 
which refl ect real stochastic processes in reaction 
mixtures during the formation of metal nanopar-
ticles. Th e kinetic curves in Figure 6 contain the 
induction period (the time of nucleation of nan-
oparticles), the length of which decreases with an 
increase in the concentration of Ni-salt from 28 

a

b

Fig. 4. Photographs of: (a) aqueous solutions of Ni-salt with 

increasing concentration and (b) mixtures of Ni2+/PVA-g-

PAAm with similar concentrations of Ni-salt 10 minutes 

aft er adding NaBH
4
. С

Ni(NO3)2
=0,98·10-2 (1); 1,96·10-2 (2); 

3,92·10-2 (3) and 7,84·10-2 kg·m-3 (4); C
m

=2,0 kg·m-3; 

Т=20 °С

(3)
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Fig. 5. Time evolution (within 90 minutes) of the extinction spectra of Ni-salt aqueous solutions aft er adding NaBH
4
. Spectra 

are shown at interval of 4 minutes. С
Ni(NO3)2

=0,98·10-2 (a); 1,96·10-2 (b); 3,92·10-2 (c) and 7,84·10-2 kg·m-3 (d); Т=20 °С
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1,96·10-2 (b); 3,92·10-2 (c) and 7,84·10-2 kg·m-3 (d); Т=20 °С
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minutes at С
Ni(NO3)2

=0,98·10-2 kg·m-3 (a) to zero at 
С

Ni(NO3)2
=7,84·10-2 kg·m-3 (d). In these curves, one 

should also note an increase in the slope of the in-
itial portions of the time dependences of t, which 
indicates an increase in the initial rate of NiNP 
formation with an increase in the concentration of 
Ni-salt (and NaBH

4
).

Th e formation of small spherical NiNPs even at 
a minimal concentration of reagents was detected 
by TEM (Figure 7 a, b). Th eir diameter varied with-
in d=1–12 nm. Th ese nanoparticles were in both 
isolated (Figure 7 a) and aggregated (Figure 7 b) 
states. Similar picture was observed at the highest 
concentration of reagents (Figure 7 c, d). But the 
size and size distribution of nanoparticles in this 
case were slightly lesser: d = 0,5–7,0 nm (Figure 7 
c, d). Such result was natural given the higher rate 
of formation of nanoparticles at a higher concen-
tration of reagents (Figure 6 a, d).

Analysis of the formation of nickel nanoparti-
cles in the presence of copolymer matrices

Th e reduction of Ni2+-ions with borohydride 
in PVA-g-PAAm solutions was carried out in two 
separate stages in accordance with the previously 
developed procedure for the in situ synthesis of 
silver nanoparticles [40,41]. At the fi rst stage, Ni2+-
ions could interact with copolymer matrices due 
to coordination (ion-dipole) bonds with amide 
groups of PAAm and, probably, hydroxyl groups of 
the main chain of PVA. Th e formation of coordi-
nation complexes of Ni2+-ions with PAAm chains 
is well known [52] (Figure 8).

At the second step, a reducing agent was added, 
and the reduction was monitored over time using 
UV-Vis spectroscopy and the same approach as 
for the reduction of Ni2+-ions in pure water. As an 
example, a photograph of Ni-salt/PVA-g-PAAm/
NaBH

4 
reaction mixtures with constant matrix 

concentration and an increasing Ni-salt concen-
tration is shown in Figure 4 (b). Here, the eff ect 

of an increase in the amount of NiNPs in the re-
action mixtures with an increase in C

Ni(NO3)2
 (and 

reducing agent) was clearly observed. Th e com-
plete series of extinction spectra recorded with 3 
concentrations of copolymer matrix and 4 concen-
trations of Ni-salt is shown in Figure 9. In these 
spectra, the surface plasmon resonance bands for 
NiNPs also did not appear. In all reaction mix-
tures, only the eff ects of a smaller or larger shift  of 
the extinction spectra due to light scattering by the 
resulting NiNPs were found. Th e most signifi cant 
shift s along the extinction axis took place at high 
concentrations of Ni-salt/NaBH

4
 and copolymer 

matrix (Figure 9 j-l), which meant the appearance 
of NiNPs in these mixtures with a large amount or 
size.

Based on the data in Figure 9, the time depend-
ences of the turbidity of the reaction mixtures 
were calculated. For this, the values of extinction 
(optical density) at =500 nm were taken from 
the spectra and recalculated to the values of  us-
ing formula (2). Th e resulting kinetic curves are 
shown in Figure 10. First of all, it should be not-
ed that there are several factors that can aff ect the 
form of kinetic curves in the reaction system: Me-
ions/polymer matrix/reducing agent. On the one 
hand, the presence of matrix particles in the reac-
tion mixture can increase its viscosity (the higher 
the matrix concentration, the greater the eff ect) 

a b c d

Fig. 7. TEM images of NiNPs obtained at (a, b) lowest and (c, d) highest concentrations of Ni-salt and reducing agent. 

С
Ni(NO3)2

=0,98·10-2 (a, b) and 7,84·10-2 kg·m-3 (c, d); Т=20 °С

Fig. 8. Octahedral coordinative complex of Ni2+-ions with 

PAAm chains [52]
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and impede the diff usion of reducing agent mole-
cules to metal ions. On the other hand, strong lo-
cal accumulation of metal ions in matrix particles 
due to complexation with active chemical groups 
at the fi rst stage of the process can facilitate the 

reduction reaction. Finally, there can be real com-
petition between the complexation of metal ions 
with matrices and the reaction of their reduction. 
Consider the kinetic curves in Figure 10 from this 
point of view.
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Fig. 9. Time evolution (within 90 minutes) of the extinction spectra of aqueous mixtures of Ni2+/PVA-g-PAAm with 

diff erent concentrations of Ni-salt and matrix aft er adding NaBH
4
. Spectra are represented at interval of 4 minutes. 

С
Ni(NO3)2

=0,98·10-2 (a–c); 1,96·10-2 (d–f); 3,92·10-2 (g–i) and 7,84·10-2 kg·m-3 (j–l); С
m

=0,5 (a, d, g, j), 1,0 (b, e, h, k) and 2,0 

kg·m-3 (c, f, i, l); Т=20 °С
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At low concentrations of Ni-salt (С
Ni(NO3)2

= 
0,98·10-2 and 1,96·10-2 kg·m-3), the reduction reac-
tion developed more or less actively only at the low-
est concentration of the copolymer matrix (Figure 

1

2

3

4

0 20 40 60

, c
m

-1

a

80

t, min

100

1

2

3

4

0 20 40 60

b

80 100

1

2

3

4

0 20 40 60

c

80 100

1

2

3

4

0 20 40 60

, c
m

-1

d

80 100

1

2

3

4

0 20 40 60

e

80 100

1

2

3

4

0 20 40 60

f

80 100

1

2

3

4

0 20 40 60

, c
m

-1

g

80 100

1

2

3

4

0 20 40 60

h

80 100

1

2

3

4

0 20 40 60

i

80 100

1

2

3

4

0 20 40 60

, c
m

-1

j

80 100

1

2

3

4

0 20 40 60

k

80 100

1

2

3

4

0 20 40 60

l

80 100

t, min t, min

Fig. 10. Time dependences of the turbidity of Ni2+/PVA-g-PAAm mixtures with diff erent concentrations of Ni-salt and 

matrix aft er adding NaBH
4
. С

Ni(NO3)2
=0,98·10-2 (a–c); 1,96·10-2 (d–f); 3,92·10-2 (g–i) and 7,84·10-2 kg·m-3 (j–l); С

m
=0,5 (a, 

d, g, j); 1,0 (b, e, h, k) and 2,0 kg·m-3 (c, f, i, l); Т=20 °С

10 a, d). Obviously, under such conditions, the 
availability of Ni2+-ions bound to copolymer mac-
romolecules at the fi rst stage was the highest for 
reducing agent molecules. In this range of Ni-salt 
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concentrations, an increase in copolymer concen-
tration (and, accordingly, solution viscosity) played 
a negative role and reduced the rate of reduction. 
An active reduction reaction with a clear eff ect of 
NiNPs stabilization by PVA-g-PAAm macromole-
cules was detected in this system only at the max-
imum concentration of Ni-salt, С

Ni(NO3)2
=7,84·10-2 

kg·m-3 (Figure 10 j-l). Here, in contrast to the re-
gion of low concentrations of Ni-salt, the initial 
reaction rate (determined as the slope of the initial 
linear portion of the corresponding kinetic curve) 

increased with an increase in the matrix concen-
tration. In this case, another competitive factor 
from those considered above, namely: a strong 
accumulation of Ni2+-ions by macromolecules of 
the copolymer and its growth with an increase in 
the matrix concentration, apparently played the 
main role in the development of the reduction re-
action. But regardless of the matrix concentration, 
almost the same fi nal NiNP yield was achieved 
(Figure 10 j-l). Th e latter conclusion was based on 
almost constant high values of =1,13–1,18 cm-1 
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Fig. 11. Th e accumulation rate of NiNPs in PVA-g-PAAm solutions depending on: (a) the concentration of the Ni-salt 

at a constant concentration of matrix and (b) the concentration of the matrix at a constant concentration of the Ni-salt. 

С
m

=0 – 1; 0,5 – 2; 1,0 – 3 and 2,0 kg·m-3 – 4; С
Ni(NO3)2

=0,98·10-2 – 5; 1,96·10-2 – 6; 3,92·10-2 – 7 and 7,84·10-2 kg·m-3 – 8

a b c

d e f

Fig. 12. TEM images of NiNPs/PVA-g-PAAm compositions formed in water at various concentrations of the copolymer 

matrix and constant concentration of the Ni-salt. C
m

=0,5 (a, b); 1,0 (c, d) and 2,0 kg·m-3 (e, f); С
Ni(NO3)2

=7,84·10-2 kg·m-3; 

T=20 °C
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on all kinetic curves aft er a certain constant time 
(80 minutes). Here, the highly stabilizing role of 
the copolymer matrix with respect to NiNPs was 
fully manifested. It should be noted that the term 
“yield” of NiNPs should only be understood as the 
accumulation of the total mass of nanoparticles, 
since in these cases it was impossible to separate 
the contributions to turbidity from the number of 
particles and their size.

Figure 11 compares the initial rates of NiNPs 
accumulation in diff erent reaction mixtures in 
the absence and in the presence of stabilizing co-
polymer matrices. As can be seen, an increase in 
the concentration of Ni-salt (and NaBH

4
) in the 

reaction mixture led to an increase in the rate of 
formation of NiNPs (Figure 11 a). Th is picture 
was retained both in pure water (curve 1) and in 
copolymer solutions at all studied concentrations 
(curves 2–4). Attention should also be paid to 
the more intensive development of the reduction 
process in pure water in comparison to copoly-
mer solutions (curve 1 in comparison with curves 
2–4). Th is fact can be explained by the action of 
the above factors, such as a decrease in the diff u-
sion rate of NaBH

4
 molecules in copolymer solu-

tions and strong complexation of Ni2+-ions with 
PAAm (and PVA) chains in PVA-g-PAAm mac-
romolecules (monomicelles), which competes 
with reduction. An increase in the matrix con-
centration (at a constant concentration of Ni-salt 
and a reducing agent) had diff erent eff ects on the 
accumulation rate of nanoparticles (Figure 11 b) 
depending on the salt concentration. Th is can be 
seen as a result of the predominant action of one 
or the other of the previously noted factors, as dis-
cussed above. 

Th e morphology of NiNPs/PVA-g-PAAm com-
positions with diff erent concentrations of copol-
ymer matrices and the highest concentration of 
Ni-salt is shown in the TEM images in Figure 12. 
For these studies, each reaction mixture was pu-

rifi ed from the reduction by-products 90 minutes 
aft er the start of the reaction by reprecipitation 
with ethanol and redissolution in deionized wa-
ter. Th ese images showed, fi rstly, the presence of 
very small dark NiNPs in the PVA-g-PAAm mac-
rocoils, and, secondly, changes in the state of the 
macromolecules themselves caused by the forma-
tion of NiNPs. Indeed, individual copolymer mac-
romolecules no longer resembled well-defi ned 
elongated (ellipsoidal) structures, as it was before 
the synthesis of NiNPs in them (Figure 2). In the 
fi nal compositions, two morphological forms of 
copolymer macromolecules were observed. Th ey 
can be called “hairy coils” and “hairy rods”. In the 
fi rst structure, many small NiNPs were located 
mainly in the center of the coil, which had a shape 
close to spherical (Figure 12 a, b), while the cen-
tral place of the other structure was occupied by 
NiNPs chains (rods) (dark lines in Figure 12 c-e). 
Th e appearance of such “hairy” structures indicat-
ed the detachment of PAAm graft s from the main 
PVA chains during the in situ synthesis of NiNPs. 
Th e relative content and sizes of these structures 
in the compositions depended on the ratio of the 
concentrations of the Ni-salt and copolymer ma-
trices. When this ratio was high (С

Ni(NO3)2
/C

m
=0,16 

w/w), the composition mainly contained “hairy 
coils” (Figure 12 a, b). But if the relative content 
of Ni-salt in the compositions decreased (С

Ni(NO3)2
/

C
m

=0,08 and 0,04 w/w), “hairy rods” also appeared 
(Figure 12 c-e). Th e appearance of the latter struc-
tures in the compositions made it possible to con-
clude that, at the fi rst stage of the reduction re-
action, a certain fraction of Ni2+-ions penetrated 
deeper into the matrix particles and formed coor-
dinative complexes with both the main and graft ed 
chains. As a result, when the reducing agent was 
added, small NiNPs could form right along the 
main chain, creating a kind of rods. In addition, all 
TEM images also contained various aggregates of 
point structures.

Composition
C

m
, 

kg·m-3

С
Ni(NO3)2

·102, 

kg·m-3

d 1), nm l 2), nm

“hairy coils” NiNPs “hairy rods”

NiNPs/PVA-g-PAAm

0,5

7,84

11–70 0,5–3,0 – 

1,0 12–77 1–8 14–66

2,0 11–59 1–12 10–36

Table 3. Sizes of separate structural elements of the compositions

1) Diameters of “hairy coils” and nickel nanoparticles included in them. 2) Length of “hairy rods” containing NiNP chains.
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Th e sizes of individual structures, estimated 
from the images in Figure 12, are presented in 
Table 3. 

Concluding remarks

Th e graft  copolymer PVA-g-PAAm was synthe-
sized using the radical matrix polymerization of 
PAAm from the PVA backbone in an aqueous me-
dium. Its chemical composition and basic molec-
ular parameters including the number and molec-
ular weight (length) of graft ed chains (N=31 and 
M

vPAAm
=366 kDa) were determined using elemen-

tal analysis, DTGA and viscometry. Individual 
macromolecules of the copolymer, which can be 
attributed to monomolecular micelles, had an 
elongated (elipsoidal) shape in aqueous solutions 
with a length of ~18–64 nm due to the formation 
of intramolecular polycomplexes between the 
main and graft ed chains. Th ese macromolecules 
(or monomicelles) also formed bizarre fractal ag-
gregates of various sizes and shapes. 

An original method for monitoring the kinetics 
of the formation of metal nanoparticles in systems 
in which a surface plasmon resonance band does 
not appear in UV-Vis spectra has been proposed, 
physically substantiated, and implemented. Based 
on this approach, the kinetics of borohydride re-
duction of Ni2+-ions in deionized water and aque-
ous solutions of PVA-g-PAAm was studied and 
analyzed depending on the concentrations of Ni-
salt and copolymer matrices. Th e eff ects of an in-
crease in the initial accumulation rate and yield 
of NiNPs with an increase in the concentration of 
Ni-salt and a deceleration of the reduction of met-

al ions in copolymer solutions in comparison with 
pure water (due to the complexation of Ni2+-ions 
with amide and hydroxyl groups of PAAm and 
PVA) were established. At the same time, the ac-
cumulation rate and NiNPs yield in a complex way 
was depended on the matrix concentration that 
was determined by the ratio of such factors as a 
decrease in the diff usion rate of NaBH

4
 molecules 

in copolymer solutions and the accumulation of 
Ni2+-ions in matrix particles due to complexation 
with active chemical groups at the fi rst stage of re-
duction process.

Th e morphology and main structural elements 
of the NiNPs/PVA-g-PAAm composition were re-
vealed. It was shown that the in situ synthesis of 
NiNPs in copolymer matrices was accompanied 
by the “detachment” of PAAm graft s from the 
main PVA chains and led to the appearance of two 
new structures, such as “hairy coils” and “hairy 
rods”, containing small spherical NiNPs (d~0,5–
12,0 nm) in isolated and chain states, respectively. 
Th e design and size of these structures depended 
on the relative content of the Ni-salt in the com-
position. Structures of the “hairy coil”-type with a 
diameter of ~10–77 nm and small NiNPs, located 
mainly in the centers of the coils, prevailed in the 
composition at a high relative content of Ni-salt 
(0,16 w/w), while the structures of “hairy rods” 
having a length of ~10–66 nm and containing 
NiNP chains, appeared at a lower relative content 
of Ni-salt (0,08 and 0,04 w/w). Th e appearance of 
the latter structures was attributed to the forma-
tion of coordination complexes of Ni2+-ions with 
active groups of both PVA and PAAm chains at the 
fi rst stage of the reduction reaction.
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УТВОРЕННЯ НАНОЧАСТИНОК НІКЕЛЮ В РОЗЧИНАХ ГІДРОФІЛЬНОГО ПРИЩЕПЛЕНОГО 

КОПОЛІМЕРУ

Прищеплений кополімер полівінілового спирту та поліакриламіду (ПВС-g-ПАА) із взаємодіючими основним 

і прищепленими ланцюгами синтезовано методом радикальної матричної полімеризації ПАА від основного 

ланцюга ПВС у водному середовищі. Методами елементного аналізу, ДТГА та віскозиметрії визначено його 

основні молекулярні параметри, включаючи кількість та довжину (молекулярну масу) щеплень. Макромо-

лекули кополімеру у водних розчинах утворювали особливі мономолекулярні міцели еліпсоїдальної форми 

довжиною ~18–64 нм за рахунок утворення інтрамолекулярних полікомплексів між основним і прищепленими 

ланцюгами. Цей кополімер було використано як гідрофільну матрицю для in situ синтезу наночастинок нікелю 

(NiНЧ) у водних розчинах. На основі UV-Vis спектроскопії запропоновано й реалізовано оригінальний і простий 

метод моніторінгу кінетики утворення та виходу наночастинок металів у системах, де не проявляється смуга 

поверхневого плазмонного резонансу. З використанням цього підходу досліджено кінетику борогідридного 

відновлення солі Ni в чистій воді та в розчинах ПВС-g-ПАА залежно від концентрацій солі та кополімерних 

матриць. Встановлено ефекти підвищення початкової швидкості накопичення та виходу NiНЧ зі збільшенням 

концентрації солі Ni, а також зменшення обох параметрів у розчинах кополімеру порівняно з чистою водою. 

Водночас, швидкість акумуляції та вихід NiНЧ складним чином залежали від концентрації матриць, що 

визначалось співвідношенням таких факторів як зменшення швидкості дифузії молекул NaBH
4
 в розчинах 

кополімеру та накопичення Ni2+-іонів у частинках матриці завдяки комплексоутворенню з активними 

хімічними групами на першій стадії процесу відновлення. З використанням методу ТЕМ визначено морфоло-

гію та основні структурні елементи композиції NiНЧ/ПВС-g-ПАА. Показано, що in situ синтез NiНЧ у розчинах 

кополімеру супроводжується “від’єднанням” ПАА щеплень від основних ланцюгів ПВС і це призводить до 

появи нових структур, таких як “волохаті клубки” і “волохаті стержні”, які містять малі сферичні NiНЧ (d~0,5–

12,0 нм) в ізольованому та ланцюжковому стані відповідно. Виникнення останніх структур інтерпретовано з 

погляду утворення координаційних комплексів Ni2+-іонів з активними групами обох ланцюгів ПВС і ПАА на 

першій стадії реакції відновлення.

Ключові слова:  щеплений сополімер, наночастинки нікелю, процес відновлення, кінетика, морфологія.




