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Abstract 
Two spectrophotometric approaches are suggested for the 

assessment of the concentration of gold(III) cations in an aqueous 

solution: direct recording of the optical density of gold cations 

and galvanic substitution of silver atoms in polymer-stabilized 

silver nanoparticles with gold cations. The sorption capacity of a 

maleic acid copolymer towards gold cations is estimated. A 

colloidal composite containing gold nanoparticles is obtained 

from the polymeric gold salt. The catalytic properties of the 

resulting polymer-stabilized nanogold are studied in the aerobic 

oxidation of glucose to gluconic acid. 
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Introduction 

In recent years, gold nanoparticles (GNPs) have attracted 

growing attention owing to a range of unique properties. The 

ability of the GNPs to exhibit localized surface plasmon 

resonances allows for creating the electronic and photonic 

devices, signal converters and amplifiers for different sensor 

platforms on their base [1–4]. The GNPs find application also in 

medicine. For example, owing to the biocompatibility, they can 

be used as drug and gene delivery vehicles, as well as agents for 

photothermal, photodynamic, and radiotherapy [5, 6]. 

Furthermore, they can be utilized in diagnostics, radiography, 

and computed tomography [7–12]. 

Gold nanoparticles and clusters are also known to serve as 

efficient catalysts for oxidation of CO, oxidative decomposition 

of organic compounds, selective oxidation of alcohols, 

hydrocarbons, saccharides, and other processes [13–18]. In most 

cases, the GNPs are introduced into solid substrates or porous 

materials to obtain heterogeneous catalysts. The main drawback 

of these composites is the lack of stability since these complexes 

are prone to decomposition during the reaction. Furthermore, 

special attention should be paid to the possibility of restricted 

diffusion of the substrates and reagents to the catalytically active 

centers [19–23]. 

The homogeneous catalysts containing the GNPs are 

deprived of these drawbacks [24]. The soluble, colloidal forms 

of gold nanoparticles represent the complexes of the latter with 

stabilizing agents used due to the high reactivity of the 

nanoparticles. The coating agents inhibit the growth of 

nanoparticles and prevent their aggregation/coagulation during 

synthesis, application, and storage. The synthesis of 

nanoparticles can be carried out using different types of 

stabilizing agents, including surfactants, polymers, dendrimers, 

cyclodextrins, polysaccharides, etc. Polymers are the most 

frequently used stabilizing agents that not only play a stabilizing 

role but also facilitate composite dissolution in different media. 

Moreover, a polymer should contain functional groups which 

can be used to introduce different auxiliary ligands, in particular, 

the catalytically active components [25–28]. 

Earlier we have prepared and explored the colloidal systems 

bearing silver nanoparticles where the stabilizing polymers were 

the copolymers of maleic acid [29–31]. The main advantages of 

the maleic acid (anhydride) copolymers are as follows: 

– commercial availability or the possibility of synthesis 

using the known procedures; 

– regular structures (strictly alternating comonomer units); 

– the possibility of controlling a hydrophobic-hydrophilic 

balance among a family of the maleic acid copolymers; 

– the water solubility in the form of the maleic acid 

copolymers; 

– the possibility of production of salts with different cations; 

– the possibility of modification of the copolymers with 

different amino- and hydroxy-containing ligands to produce 

ionic or covalent conjugates. 

The goal of this work was to develop convenient approaches 

for the assessment of the concentration of gold cations in an 

aqueous solution to study their sorption by a maleic acid 

copolymer for further nucleation of gold cations and application 

of the resulting nanocomposite in catalysis. 

Results and discussion 

The initial step of this work implied the investigation of the 

sorption of Au3+ ions by a maleic acid copolymer using the 

copolymer of maleic acid with ethylene (EMA) as an example 

and evaluate the sorption capacity of this copolymer towards 
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gold cations since the real binding degrees of metal cations by 

copolymers always differ from the calculated values, which is 

connected with the cation nature, ionization degree of the 

polyanion carboxy groups, and the polymer conformation in 

solution [32, 33]. 

Earlier the detection of gold cations in solution has been 

accomplished by the relatively laborious methods: using a gold-

specific sensor protein [34], an optical mesocaptor with an 

immobilized probe, namely, 6-hydroxy-5-(4-sulfophenylazo)-2-

napthtalenesulfonic acid disodium salt [35], a chemosensor for 

Au(III) bearing rhodamine B fluorophore on the chitosan 

nanoparticle surface [36] or a chelating agent, namely, 

hydroxypyridinone 3,4,3-LI(1,2-HOPO) [37]. 

In this work, the binding degree of gold cations (Au3+) by 

the chosen copolymer was estimated using the dialysis method. 

To follow the course of the sorption of gold cations by the 

copolymer, two simple spectrophotometric approaches were 

suggested: the direct detection of the changes in the absorbance 

of Au3+ at 290 nm (approach A) and registration of the changes 

in the absorbance of silver nanoparticles in the range of the 

surface plasmon resonance maximum at 410 nm during the 

galvanic oxidation of silver nanoparticles with gold cations from 

the taken samples (approach B). In the latter case, the working 

solution of the nanosilver was the ethylene–maleic acid 

copolymer bearing silver nanoparticles (EMA/Ag0) obtained and 

characterized by our research group earlier [29]. Figure 1 depicts 

the TEM micrograph of the EMA/Ag0 sample. The diameter of 

silver particles in this sample was 1.5 ± (0.2–0.3) nm. 

 

Figure 1. TEM micrograph of the EMA/Ag0 particles. 

The galvanic substitution of silver atoms in silver 

nanoparticles for the gold ones occurs owing to a difference in 

the standard electrode potentials of silver and gold (1.68 V for 

Au and 0.80 V for Ag) [38]. 

The calibration equations for the suggested approaches are 

presented in Figs. 2 and 3. Figure 3 includes the recalculation of 

the concentration of gold cations according to the molar ratios of 

the cations and atoms in the following equation: 3Ag0 +Au3+ = 

3Ag+ + Au0. It should also be noted that the first approach 

implies the direct measurement of the concentration of gold 

cations in the working solution, while in the second case, an 

aliquot of the working solution is taken and diluted with the 

nanosilver solution (see Experimental). 

 

Figure 2. Calibration line for the first approach (A). 

 

Figure 3. Calibration line for the second approach (B).  

The copolymer capacity towards gold cations was studied at 

pH = 6 and 10. Figure 4 shows typical changes in the optical 

density of the control solutions of gold (Fig. 4a) and nanosilver 

(Fig. 4b) cations for the EMA sample in time registered by two 

methods at рН = 6. In Fig. 4а, the concentration of gold cations 

in the external solution naturally reduces until the polymer 

saturation with gold cations in the internal solution. In Fig. 4b, 

the concentration of the nanosilver test solution in the samples 

grows with the migration of gold cations to the polymer 

solution, i.e., a lower number of gold cations enters the reaction 

with silver nanoparticles. 

 

Figure 4. Changes in the optical density of the test solutions during the 

determination of the EMA capacity towards gold cations in time: 

approach A (a), approach B (b). 
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The sorption almost comes to completion in 4 h. The degree 

of carboxy group substitution in the maleic acid copolymer at 

this pH was 18.4 mol % according to approach A and 19.0 mol 

% according to approach B. At рН = 10, this value composed 

30–36% for both of the methods (a confidence interval of the 

measurements was 20%). The direct registration of gold cations 

in an aqueous solution by measuring the optical density at the 

plasmon resonance maximum is simpler and does not require 

additional reagents and manipulations. However, in this case, 

some shift of the plasmon resonance peak with a change of the 

solution pH should be taken into account. 

The resulting copolymer–gold cation complex was 

converted to the copolymer/nanogold composite. It was found 

that an optimal ratio of auric acid to the copolymer 

(HAuCl4/EMA, mol/mol) during gold nucleation in the presence 

of an excess of sodium borohydride was 14–20/1, which did not 

exceed the above-mentioned capacity of the copolymer towards 

gold cations. This range of ratios provided for the colloidal 

solutions stable for a long time (no less than one month). 

According to the optical spectroscopic data, a peak of the 

surface plasmon resonance for the GNPs corresponds to 520 nm 

(Fig. 5). 

 

Figure 5. Optical spectrum of the EMA/Au0 sample. 

According to the TEM data, the shape of the GNPs in the sol 

samples was close to spherical. The particle diameter was 3.5 ± 

0.5 nm (Fig. 6). 

 

Figure 6. TEM micrograph of the EMA/Au0 particles. 

The catalytic properties of the resulting nanocomposite were 

studied in the aerobic oxidation of glucose to gluconic acid 

(GA). The latter represents a pharmaceutical product and food 

additive Е574. The glucose oxidation was monitored by 

measuring the amount of released hydrogen peroxide, which 

was defined by the reaction of the latter with the iodide anion in 

the presence of ammonium molybdate used as a catalyst [39]. 

C6H12O6 + O2+ H2O → C6H12O7+ H2O2 

I–1 + O–1 → I0 + O–2 

To evaluate the efficiency of glucose oxidation by this 

method, we used an alkaline medium since gold was shown to 

display the highest performance just in this medium [40]. The 

activity of the EMA/Au0 colloidal catalyst in the aerobic 

oxidation of glucose was found to be 32.5 mmol h–1 g–1 for the 

catalyst or 7.4 mmol h–1 g–1 for gold. The activity of this catalyst 

calculated per a weight fraction of the catalyst was about 2 times 

higher than that of Au/Al2O3 and Au/C also used in the aerobic 

glucose oxidation (T = 60 °C, pH = 9) [41]. 

The catalyst obtained can be precipitated after the reaction in 

the form of a calcium salt. In this case, the target product, 

calcium gluconate, remains in solution, while the catalyst can be 

separated by filtration, dissolved in an alkaline medium, and 

reused. 

Experimental 

Materials 

The copolymer of maleic acid and ethylene was obtained by 

the hydrolysis (via dissolution in deionized water followed by 

freeze drying) of an alternating copolymer of maleic anhydride 

and ethylene (Monsanto, USA, Мw = 2.5 × 104). NaBH4, 

AgNO3, NaCl, NaOH, KI, (NH4)2MoO4, anhydrous CaCl2 

(Reakhim, all of reagent grade), glucose, and HAuCl4·3H2O 

(Sigma-Aldrich) were purchased from commercial sources and 

used without purification. The colloidal solution of nanosized 

silver EMA/Ag0 was prepared according to the published 

procedure [29]. 

Methods 

Methods for the analysis of the samples. The medium pH 

was measured with a Fisher Scientific 300 403.1 pH meter 

(USA). The optical spectra were registered on a Hitachi U-5100 

spectrophotometer (Japan) in glassy cuvettes with 0.2 and 1 cm 

pathlengths. The TEM images of the resulting GNPs were 

obtained with a LEO 912 AB transmission electron microscope 

(OMEGA, Karl Zeiss, Germany) equipped with a magnetic 

omega spectrometer with an energy filter integrated directly into 

the optical system of the instrument. The accelerating voltage 

was 100 kV, the magnification ranged from 80× to 500000×, 

and the image resolution varied within 0.2–0.34 nm. For 

investigations, a drop of the solution under consideration was 

applied to a 3 mm copper network coated with formvar and 

dried under vacuum. The size distribution of the GNPs was 

calculated from the analysis of the resulting images using at 

least 100 particles. 

Investigation of the binding of Au3+ cations with the 

EMA copolymer. The binding of gold cations by the mentioned 

copolymer was studied by the dialysis method. A cell with a 

membrane (Spectrapor, M.W. 6000–8000) was charged with a 

solution of EMA (1.1 mL, 0.007 М) and placed into an external 

solution containing HAuCl4 (8.0 mL, 0.001 М). The system was 

stirred at room temperature; the sorption of metal cations was 
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controlled spectrophotometrically taking the samples of the 

external solution in certain time periods. 

Approach A. The spectrophotometric analysis of the samples 

(0.5 mL) was carried out using quartz cuvettes with l = 0.2 cm at 

the wavelength of 290 nm. 

Approach B. The galvanic substitution of silver atoms in 

silver nanoparticles with gold atoms was accomplished upon the 

addition of 30 μL samples of the external solution to a solution 

of EMA/Ag0 (470 μL, 0.05 М). The spectrophotometric analysis 

of the samples was performed after mixing the solutions using 

quartz cuvettes with l = 0.2 cm at the wavelength of 410 nm. 

Synthesis of the GNPs. The colloidal solutions of 

nanosized gold were obtained by the borohydride reduction of a 

metal salt at room temperature in the presence of the maleic acid 

copolymer according to the published procedure [29]. The 

required amount of the freshly prepared solution of 

HAuCl4·3H2O (0.1 М) (14 mol % of Au) was added to the 

freshly prepared solution of EMA in double distilled water 

(0.006 М, рН = 3) under vigorous stirring; in 0.5 h, the freshly 

prepared solution of NaBH4 (0.1 М) was added to the polymeric 

salt under vigorous stirring using a 7-fold excess relative to gold 

ions. The reaction mixture was stirred at room temperature for a 

day. The dried EMA/Au0 samples were obtained after the 

dialysis (or ultrafiltration) of the reaction mixture followed by 

freeze drying (–550 °С, 0.05 mbar). 

Catalytic experiments. A cell thermostated at 50 °С was 

charged with 2 mL of 0.05 М Tris-buffer (pH = 9) bearing 2 mg 

of the catalyst. Then, 0.1 mL of a solution of glucose (1.8 

mg/mL) was added. The reaction was performed by passing air 

through the mixture (500 mL min–1) for 4 h. 

The content of hydrogen peroxide resulting from the 

reaction was analyzed by the reaction of the samples with 0.04 

mL of 10% KI solution in the presence of the catalyst (0.02 mL 

of 0.02 М solution of (NH4)2MoO4) (released I2 was registered 

at 360 nm) according to the published procedure [39]. The 

glucose conversion over this period of time was 72%. 

Conclusions 

Hence, simple spectrophotometric approaches were 

suggested for the analysis of the content of Au3+ cations in 

aqueous solutions. The capacity of the maleic acid copolymer 

towards gold cation was evaluated. The suggested approaches 

can be further extended for analytical control of the content of 

this cation in different mixtures to study the binding of gold 

cations with a broad spectrum of sorbents and carriers. The 

polymeric gold salts obtained in this work were converted to 

composites bearing gold nanoparticles. The catalytic properties 

of the polymer-stabilized nanogold in the form of a colloidal 

solution were studied in the aerobic oxidation of glucose into 

gluconic acid. This catalyst appeared to be efficient and can be 

recycled. The resulting composites may find application in other 

catalytic transformations, biosensing, and medical diagnostics. 
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