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Synthesis and Investigation of the Properties of Polymer-immobilized
Silver- and Gold Nanoparticles

Metal-polymer composites (MPC) based on copolymers of polypropylene glycol maleate phthalate with
acrylic acid and metallic gold and silver were synthesized for the first time. The structure of nanocomposites
is characterized with the help of microscopy and spectroscopy. Antimicrobial activity of novel metal-
polymeric complexes on the basis of silver and gold was studied. Metal-polymeric complexes were stabilized
for the first time with polymeric matrix based on the copolymers of polypropyleneglycolmaleatephthalate
with acrylic acid (p-PGMPh/AA:Ag, p-PGMPh/AA:Au). Obtained nanocomposites contain the nanoparticles
of silver and gold of rhomboidal and cylindrical shapes with the sizes of 40-50 and 35-50 nm corresponding-
ly. The size of more than 80 % of the nanoparticles are from 20 to 50 nm and has a spherical and rhombic
shape. For determination of antimicrobial activity of the MPC the reference test-microorganisms such as fac-
ultative-anaerobe gram-positive Staphylococcus aureus, aerobic gram-positive spore-forming Bacillus
subtilis, gram-negative facultative anaerobe of Escherichia coli, aerobic Pseudomonas aeruginosa and yeast
fungi Candida albicans have been used. The resulting nanocomposites are stable and promising for the crea-
tion of new photochromic and nonlinear optical materials, as well as for using in medicine in the development
of antiseptic and antimicrobial materials that are needed during a pandemic.

Keywords: nanocomposites, nanoparticles, silver, gold, copolymer, polypropylene glycol maleate phthalate
with acrylic acid, metal-polymer complex, antimicrobial activity.

Introduction

Nanocomposite materials containing nanoparticles of silver and gold possess unique properties and are
promising for medicine, optoelectronics, nanophotonics and catalytic systems. The study of the processes of
self-organization of hybrid nanocomposites, the regularities of constructing zero-valency metals’ nanoparti-
cles, the problems of their stabilization and accomplishment of narrow-disperse distribution are the funda-
mental tasks of modern chemistry of nanomaterials [1-4].

The nature of nano-stabilizing matrix is substantially significant at designing the metal-containing
nanocomposites. The synthetic polymers shown previously in [5] are extensively studied as such matrices.
The investigations on the development of methods of synthesizing “smart”-polymers based on UPS (unsatu-
rated polyester resins) with unsaturated carboxylic acids have been done. Polymeric materials obtained on
their basis possess unique properties which provide using them in a wide range of field such as agricultural
industry, medicine, oil chemistry and chemical synthesis. The possibility of using the copolymers of p-
PGMPh/AA as a matrix for obtaining effective catalysts for hydrogenization has been shown in [5]. Ob-
tained metal-polymer complexes (MPC) contain isolated metal nanoparticles with the diameters of 100—
112 nm; they are mainly of spherical shape which are evenly distributed within a polymer matrix. In terms of
the abovesaid it is evident, that the synthesis of smart-copolymers with high water-absorbing volume on the
basis of available and rather cheap raw material (UPR cured with ionogenic vinyl monomers) and their study
are of great importance [6-10]. The stability of nanoparticles in polymer matrices is maintained for a long
time. Large-scale fundamental and applied research to develop innovative materials and technologies, espe-
cially nanocomposites, is an urgent task and of great scientific and practical interest. Using metal nanoparti-
cles immobilized in polymers with bactericidal properties, it is possible to obtain medical materials for a
wide range of applications: implants, drug delivery systems, antibacterial coatings for biomedical devices,
and antimicrobial packaging.
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The aim of this work is to synthesize new hybrid nanocomposites with a uniform stable distribution of
silver and gold nanoparticles based on copolymers of polypropylene glycol maleate phthalate with acrylic
acid (p-PGMP/AA) and evaluate their antibacterial properties.

Experimental

Synthesis of polypropylene glycol maleate phthalate. For obtaining the nanoparticles of metal silver
and gold a chemical way of dispersing these metals by reduction of argentum nitrate and aurichlorohydric
acid with sodium bohrhydride in aqueous medium in the presence of polypropylene glycolmaleate phthalate
with the acrylic acid (p-PGMPh:AA) has been used [5].

Polypropylene glycol maleate phthalate (p-PGMPh) has been obtained by condensation polymerization
of propyleneglycol with maleic, phthalic anhydride at a temperature of 423-433 K in four-neck flask sup-
plied with reverse condenser, stirrer (from the top), thermometer, Din-Stark trap in a nitrogen air. Polycon-
densation has been carried out according to standard procedure [11] at a constant stirring in the presence of
catalyst zinc chloride in nitrogen air with the aim of avoiding the processes of gelation (Fig. 1).
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(1) the formation of an acidic ester of maleic anhydride; (2) the formation of acidic ester of phthalic anhydride;
(3) obtaining polypropylene glycol maleate phthalate

Figure 1. Synthesis of polypropylene glycol maleate phthalate

Synthesis of hanocomposites of silver and gold. Immobilization of silver particles in p-PGMP:AA
copolymer substrates (1 g) was added 2 ml of an aqueous solution containing 0.034 g — 0.340 g of AgNOs
and containing 0.510 g — 1.019 g of HAuCI4. The reduction was carried out for 5 h at room temperature.
Then 0.012 g — 0.120 g of Na(PH0_) was added in small portions and 0.8 ml of NH,OH was continued to be
vigorously stirred for 12 h at room temperature. Dark gray powders (60-87 % yield) with 20-22 % silver
content and dark purple powder (65-80 % yield) with 12—-15 % gold content were obtained.

Schematic structure of p-PGMPh/AA:ALC is given in Fig. 2.

Physicochemical methods of investigation of MPC. The samples for the IR-spectroscopy were pre-
pared by long-termed triturating 2+0.1 mg sample with 200+0.1 mg anhydrous KBr (KBr was a background
sample). The samples were pressed under the pressure of 200 atm. IR spectra of obtained materials were rec-
orded on a device FSM1201 (RF, OOO “Infraspec™) in the range of 450-4000 cm™ with the best possible
resolution in a regimen of measuring a relative emission. The number of repeated scanning was increased to
maximum — 100 (Fig. 3).

The content of metals in the nanocomposites was determined on an Agilent 4210 atomic emission spec-
trometer with microwave plasma, in which the flame was acetylene-air, a lamp with a full cathode, a wave-
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length of 328 nm, and a slit width of 0.5 nm Agilent 4210 (MP-AES). The study of the structure of samples’
surfaces was made on a SEM MIRA3 (TESCAN, Czech Republic). Before the study the samples were cov-
ered with carbon layer on a sputtering apparatus Quorum Q150R ES (Quorum Technology, Great Britain).
The images (Fig. 4) were obtained by using the detector of secondary electrons (SE detector) at an accelerat-
ing tension of (HV) 20 kV. Thermal stability of the composites was studied thermogravimetrically on a syn-
chronic TGA/DTA/DC analyzer LabSYSEvo (2014) within the temperature interval of 30-1000 °C in the
aluminum oxide crucibles at a heating rate 5 °C/min in an air with the expense of 30 ml/min by putting the
weighing of 20 mg (Fig. 5).
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Figure 2. Schematic structure of p-PGMPh/AA:AU°

Antimicrobial activity. For determination of antimicrobial activity of the metal-polymer complexes of
p-PGMPh/AA:Au and p-PGMPh/AA:Ag the reference test-microorganisms such as facultative-anaerobe
gram-positive Staphylococcus aureus ATCC 6538, aerobic gram-positive spore-forming Bacillus subtilis
ATCC 6633, gram-negative facultative anaerobe of Escherichia coli ATCC 25922, aerobic Pseudomonas
aeruginosa ATCC 27853 and yeast fungi Candida albicans ATCC 10231 have been used. Test-bacteria of
microorganisms used in this study have been obtained from the American collection of type culture. For the
antimicrobial studies of complexes of the polymers the suspensions of test-bacteria of concentrations
10® CFU/ml were used. Standard bacterial suspensions have been prepared from daily cultures which were
grown on an agar slant at a temperature of 37 °C within 24 hours by breeding the culture 1:1000 in a sterile
isotonic 0.9 % solution of sodium chloride. 1 mkg of particles’ complexes of the polymers p-PGMPh/AA:Au
and p-PGMPh/AA:Ag were added to the testing tubes separately. The test-tubes were incubated within
1 hour at room temperature [12]. Then the content of the test-tubes was poured into the Petri dish with Mul-
ler-Khilton agar and they were incubated 24 hours at a temperature of 37 °C. The results have been estimated
by defining the presence or absence of growth of microorganisms in the Petri dish which contain testing pol-
ymeric complexes in comparison with control.

Results and Discussion

For gold and silver nanoparticles showing a plasma resonance (PR) is characteristic and occurs when
the frequency of the incident radiation coincides with the frequency of the collective vibration of excited
electrons in metal nanoparticles. As a result, an absorption band appears in the visible region of the spec-
trum, its position significantly depends on the size, shape, and state of the surface of the nanoparticles, as
well as on the presence of stabilizing substances and other compounds. The resistance of gold to oxidation,
high sensitivity of plasma resonance peak to the state of the surface of nanoparticles allow using them in cre-
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ation of sensors for selective determination of individual substances solving a wide range of analytical prob-
lems.
The structure of synthesized monometallic polymeric complexes has been confirmed by IR-
spectroscopy (Fig. 3) (cm™).
— Polypropylene glycole maleate phthalate /AA, white powder: 3449 (O-H); 2936 (C—Hy);
2361 (C—Hs, CH>—Ns); 1724 [C=0 bond with OH(COOH)]; 1269 (CH & ); 1169 (CHjs 5);
— Polypropylene glycole maleate phthalate /AA:Au®, dark purple powder: 3425 (O-H); 2939 (C—Hy);
2365 (C—Hst, CH2—Ns); 1610 [C=0 bond with OH(COOH)]; 1624 (CH. d); 1277 (CHs d); 659 (Au);
— Polypropylene glycole maleate phthalate /AA:AgP, dark gray powder: 3429 (O-H ); 2928 (C—Hs);
2372 (C—Hg, CH>—Ns;); 1604 [C=0 bond with OH(COOH)]; 1454 (CH; & ); 1161 (CHs 3); 817 (AQ).
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Figure 3. IR-spectra of the samples

In the IR-spectra of obtained composites, the corresponding PR bands appear with maxima in the region
of 648-659 and 806-817 nm respectively which is characteristic for gold and silver of nano-sized zero-
valency state; consequently, the original properties of polymer matrix were not changed.

IR-spectra of the samples of p-PGMPh:AA/Au and p-PGMPh: AA/Ag are rather close according to their
place to maximums of absorption and they are characterized with low contrast which is due to non-selective
absorption of emission of metal particles. In comparison with the spectra of initial polymer there are no sig-
nificant shifts of absorption frequencies in the spectra.

The composition and the structure of synthesized samples, also the sizes of metal-NPs are presented in
Figure 4. The images are obtained using the SE detector at an accelerating voltage (HV) 5 kV. From all sides
of the pictures there are observed the porous; the layer (porous) structure is mostly dominated. It has been
established that the pore sizes are 0.9—1.1 um in these samples, which is characteristic for three-dimensional
network polymers.

In electron microscopy images (Fig. 4), obtained metal-polymer composites consist of the nanoparticles
of silver and gold of rhomboidal and cylindrical shapes with the sizes of 40-50 and 35-50 nm correspond-

ingly.
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Figure 4. Electron microscopic images

According to data of atomic-adsorption spectroscopy the content of the particles in nanocomposites is
around 20-22 % for Ag and 12-15 % for Au. Dioxane was used as a solvent during sample preparation.
Copolymers were dissolved in dioxane for 60-90 min. The solution is filtered with autosampler and
introduced into the column of the gas analyzer.

The nature of functional groups in polymer structure, the molecular mass and in case of copolymers —
their composition and distribution in a polymer matrix effect on the size of forming particles (Tablel).

Comparing to the results of previous studies [5], with metal nanoparticles of spherical (silver) and
rhomboidal (nickel) forms distributed in the matrix of gel, the particle sizes are smaller. The main part of
nanoparticles (about 80 % from total mass) are the particles with the size within 20-60 nm and the less part
is much bigger formations with the sizes 80-90 nm. The aggregates with the sizes more than 200 nm
(=10 %) formed during the process of coalescence of nanoparticles which can be seen on the surface of the
polymer. The content of Ag and Ni in nanocomplexes of p-PGMPh/AA:AQ®, p-PGMPh/AA:NI® is ~
23,21 mass. % from total mass of the complex correspondingly.

Table 1

Morphology of metal-containing copolymers

Sample Content of metal, % (mass.) | Particle size, nm Morphology of NPs, nm
Ag 20-22 40+10 sphere
Au 12-15 35+10 Rhomb

There is given a thermogram of the copolymers of p-PGMPh:AA with constant heating rate 10 °C/min
within the temperature interval in Figure 5.

The thermograms of metal-polymer complexes of the composition of p-PGMPh/AA-Au and
p-PGMPh/AA-Ag are presented in Figure 5. The first thermogram (a) showes that the metal-polymer com-
plex p-PGMPh/AA-Au is stable till 800.0 °C; 10 % mass loss at 200.0 °C with the maximum value of endo-
thermal effect at 297.0 °C on DTG curve is observed. When thermal decomposition of metal-polymer com-
plex of p-PGMPh/AA-Au the DTG curve (Fig. 5b) with three peaks at maximums Tmax = 134.0, 292.5 and
410.0 °C was obtained. Low-temperature peak is due to the elimination of crystalline water, whereas the sec-
ond and third peaks are explained by the destruction of the main chains which takes place as zipping. Metal-
polymer complex p-PGMPh/AA-Ag (Fig. 5c) is stable till 800.0 °C; there is 12 % mass loss at 190.0 °C and
the residual mass is 58 %. As can be seen from Figure 5b, the process of thermal decomposition of the p-
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PGMPh/AA-Ag metal-polymer complex is a multiple-stage and, for many studied compounds, includes four
stages of thermal decomposition, in which the bends on the curves correspond to the mass loss point.
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Figure 5 Temperature dependences of change of the mass (TG curve) (a) and the rate of change of the mass
(DTG curve) for metal-polymer complexes: p-PGMPh/AA-Au (b) and p-PGMPh/AA-Ag (c)
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As the thermal analysis of the studied p-PGMPh/AA-Ag and p-PGMPh/AA-Au metal-polymer com-
plexes containing the elements Ag and Au showed (Fig. 5b, ¢), the complexes are stable up to 800.0 °C and
gradually decompose in the range from 0.0 °C to 800.0 °C. In all cases there is an exothermal effect Toegin-
ning = 350.0£0.1 °C (at 410.0 °C) for p-PGMPh/AA-Au and Thegining = 400.0+0.1 °C (at 445.0 °C) which is
absent in initial polymeric matrix which confirms the presence of the elements Ag and Au in the network of
the polymer complex.

Antimicrobial activity. On the next step of the work the antimicrobial activity of metal-polymer com-
posites of the samples of p-PGMPh/AA:Au, p-PGMPh/AA:Ag to the strains of gram-positive bacteria of
Staphylococcus aureus, Bacillus subtilis, gram-negative bacteria of Escherichia coli, Pseudomonas
aeruginosa and yeast fungi of Candida albicans was studied. With the aim of determination of antimicrobial
effect of metal-polymer complexes of p-PGMPh/AA:Au and p-PGMPh/AA:Ag a comparative experiment
using several pharmacopeia testing bacteria done. Results of the study of antimicrobial activity metal-
polymer complexes of PGMPh/AA:Au and p-PGMPh/AA:Ag are given in Table 2.

Table 2
Antimicrobial activity of the samples
Bacteria/Sample Staphylococcus Bacillus subtilis Escherichia coli Pseudo_monas Candida albicans
aureus aeruginosa
MPC Au + + + + +
MPC Ag — — — + -
Control + + + + +
Conventional signs: “—” — no growth, “+” — significant growth.

As a result of antimicrobial analysis, it was found that in the sample of MPC-Ag there was no growth of
presented testing bacteria except Pseudomonas aeruginosa. This points on the antimicrobial effect of the
sample — MPC Ag; in this case the activity is higher than in the other testing samples. The sample of
MPC-Au did not show an antimicrobial effect related to presented test-microorganisms.

Conclusions

Thus, the use of the polymer as a stabilizing matrix allowed obtaining hybrid nanocomposites with
equally stable distribution of nanoparticles of silver and gold. Synthesized nanoparticles were characterized
(size and particle size distribution) with the help of electron microscopy and showed that the nanocomposites
contain nanoparticles of silver and gold of rhomboidal and cylindrical shapes with the sizes 40-50 and 35—
50 nm accordingly. Metal-polymer composites based on copolymers of polypropylene glycolmaleate-
phthalate with acrylic acid and metallic gold and silver were synthesized for the first time. The results have
shown an equal distribution of nano-sized particles in the volume of polymeric matrix; the sizes of more than
80% of metal nanoparticles are in the range from 20 to 50 nm and have the shape of a sphere and rhomboidal
shape.

Obtained nanocomposites are stable and promising for the creation of novel photochromic and non-
linear-optical materials, and the use in medicine in the creation of antiseptic and antimicrobial materials
which are necessary during pandemic.
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KymMmic meH ajaThiH mHoJMMep-UMMOOWIH3ANUATIAHFAH
HAHOOO/IIEeKTEePiHiH CHHTE3I sKIHe 0JIapAbIH KACHETTEPiH 3epTTey

TToNUMPONMICHITMKONIBMAICHHAT(TANATTBIH, ~ aKPHJI ~ KBIIKBUIBIMEH JKOHE alThlH MEH  KyMICIeH
COTONIMeEpIIepi HETi31HAeTi METaUI-TIOIMMEPITi KOMIIO3UTTEp AJIFall peT CuHTe3e . HaHokoMIo3uTTepain
KYPBUIBIMBI MHUKPOCKOIIHSI MEH CIIEKTPOCKOIMSHBIH KOMeTiMeH cunarTananbl. Kymic meH anTeiH HeriiHzmeri
JKaHa METAJUT-TIOJIUMEPITi  KeIICHICPIiH MHKPOOKa Kapchl OCNCeHIUTr 3epTTenai. MeTami-moaumepii
KEIICHAEP aJFall PeT aKpHi KBIIIKBUIBIMEH MHOJIUIIPOIICHITHKOIbMAICHHAT()TAIaTTEIH COIOJIMMEpIIepiHe
Heri3/ienred nonuMmepii MarpuiaMer TypakTanaslpbuiasl (n-IIFTM®O/AK:Ag, n-IITM®/AK:Au). AnbiHFaH
HAaHOKOMIIO3HUTTEPAIH KypaMbiHAa coiikecinme 40-50 xone 35-50 HM emmemperi pomM0 Topi3mi koHE
OWIMHAPTIK MIIIHAErT KyMic TIeH aiThIHHBIH HaHoOemmektepi Oap. HamoOemmekrepmin 80 %-maH
actaMbIHBIH exmeMi 20-1aH 50 HM-Te AeHiHTi apalbIKTa KaThIp JKOHE CepalTbIK KoHE POoMO TOpi3/i MmimIiHre
ne. Meramn-moauMepili KOMITO3UTTEPAIH MUKPOOKa Kapchl OCJICEHIUTNITIH aHBIKTay YIIIH (aKyJIbTaTHUBTI-
aHa’poOTHl TpaM-Tmo3uTHBTI Staphylococcus aureus, a’po6Tel rpam-oH cropa Ttyserin Bacillus subtilis,
Escherichia coli-idaa-ra kapcel rpam-tepic  (haKy/iIbTaTHBTI aHadpoOTap KOJJAAHBUIFAH. AJIBIHFaH
HAHOKOMITIO3UTTEP TYPAKTHl JKOHE JKaHa (DOTOXPOMIBI XKSHE CBHI3BIKTHI €MEC ONTHKAIBIK MaTephajiapasl
yKacay YLIIH, COHJai-aK MaHAeMHs Ke3iHe KaXKeT aHTHCENTHKAJIBIK jKOHe MUKPOOKa KapChl MaTepHasAapIbl
J3ipreyae MequnrHaIa KOJIaHy YIIiH MepCIeKTUBTI OO TaObIIaIbl.

Kinm ce30ep: HaHOKOMIO3MTTEp, HAHOOOJLIEKTEpP, KYMIC, alThlH, CONOJUMEp, AKPWJ KBIIKbUIBIMEH
MOJMITPOTHIICHTIINKOIbMAJIEMHATTAIAT, METAJUI-TIOJIMMEDP KeUIeHi, MUKPOOKa KapChl OEICEHITLTIK.

M.X. Bypkees, C.P. [llu6aesa, T.O. Xamurtona, Upxu [Lnornek,
M.T. Hypmaran6eroBa, A.T. Kaxwmyparoa, T.C. Xymaranuesa

CuHTe3 U ncciieJ0BaHNE CBOWCTB MOJIMMEP-UMMOOMIN30BAHHBIX
HAHOYACTHI cepeOpa M 30710TA

BrepBble CHHTE3UPOBAHBI METAILI-IIOIMMEPHBIC KOMIIO3HTEl HA OCHOBE COIOJIMMEPOB IIOIUIIPONUICHIIIH-
KoJIpManenHaTadTanara ¢ akpuioBOi KHCIOTON M METaIMYECKOTo 30J10Ta 1 cepedpa. CTpyKTypa HAHOKOM-
TIO3UTOB 0XapaKTEPU30BaHA C MOMOIIBI0 MUKPOCKOIIUM U CIIEKTPOCKONUH. M3yueHa aHTUMUKPOOHAS aKTHB-
HOCTh HOBBIX METaJUI-TIOJIMMEPHBIX KOMIUIEKCOB Ha OCHOBE cepebpa M 3050Ta. MeTalIonoiuMepHble KOM-
IJIEKCHI BIIEPBbIE CTAOMIN3MPOBAHbI IOJIMMEPHONH MaTpHULEH Ha OCHOBE COMOJIMMEPOB INOJIUIPONHIECHIIIN-
KosnpManienHatadranata ¢ akpuiaoBoi kucinoroi (m-IIMMD/AK:Ag, n-IITMD/AK:Au). Iony4enHble HaHO-
KOMIIO3HTEI COJEPKAT HAHOYACTUIBI cepedpa U 30JI0Ta pOMOOBHIHON U IMIMHAPUIECKON (OpMBI pasMepa-
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Synthesis and Investigation of the Properties of Polymer-immobilized ...

mu 40-50 u 35-50 M cooTBeTcTBEHHO. Pazmep Oonee 80 % HaHOuUacTHIl NEXKHUT B mpenenax oT 20 1o 50 M
U umeeT chepudeckyro u pomouueckyo ¢popmy. s onpenenenus anTUMUKpoOHO# aktiBHOCTH MIIK pe-
(bepeHc-TeCT-MUKPOOPTaHU3MbBI,  Takue  Kak  (aKyJbTaTHBHO-aHAdPOOHBIE  IPAMITONOKHTENbHBIC
Staphylococcus aureus, aspoOHbIe TpaMIIOIIOKUTENBHBIE criopoobpasyromue Bacillus subtilis, rpamorpumna-
TelbHbBIC (haKyiIpTaTHBHBIE aHa’poOsl Escherichia coli, aspobubie Pseudomonas aeruginosa u apoxiKeBbie
rpubsl Candida albicans 6b11 uconb30BaH. [loyYeHHBIE HAHOKOMITO3HUTHI CTAaOMIIBHBI M IEPCIICKTUBHEI IS
CO3/1aHUsI HOBBIX (DOTOXPOMHBIX U HEJIMHEHHO-ONTHYECKHX MATEPHAIIOB, a TAKXKE JJIsl HCIIOJIb30BaHHUS B Me-
JMLAHE IpU pa3paboTKe aHTUCENTUYECKUX M AaHTUMHUKPOOHBIX MaTepHAIOB, HEOOXOIMMBIX B YCIOBHSX TaH-
JIEMHH.

Kniouesvie cnoea: HAaHOKOMIIO3UTHI, HAHOYACTHUIIBI, CepPedpO, 3070TO, COMOIMMED, MOIHIPONUICHITHKOIb-
MajienHaT(Tanar ¢ akpHUIoOBOH KUCIOTOH, METAIONONINMEPHBIH KOMIIIEKC, aHTHMUKPOOHAs! aKTUBHOCTb.
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