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Abstract. Silica-carbon with zinc (SiO2:C:Zn) nanocomposites obtained via infiltration 

with aged luminescent zinc acetylacetonate (Zn(acac)2) ethanol solution of two 

concentrations (1 or 4%) into the fumed silica (SiO2) matrix have been studied using EPR 

within the temperature range 6…296 K before and after thermal annealing. The EPR 

spectrum of SiO2:C:Zn nanocomposites consists of three signals with the Lorentzian 

lineshape corresponding to paramagnetic centers with S = 1/2, which are related to carbon 

dangling bonds (CDB) (g = 2.0029(3)), silicon dangling bonds (g = 2.0062(3)) and oxygen-

centered carbon-related radicals (CRR) (g = 2.0042(3)). A small EPR linewidth (<1 mT) 

observed for CDB and oxygen-centered CRR allows us to conclude that they are in the sp
3
-

hybridized state. It was found that the temperature dependence of the EPR signal integrated 

intensity of the CDB and oxygen-centered CRR follows the Curie–Weiss law with a small 

positive value of the Curie–Weiss constant, which indicates that the weak ferromagnetic 

exchange interaction takes place in the spin system of CDB and oxygen-centered CRR. It 

was supposed that the carbon-related centers are clustered in SiO2:C:Zn nanocomposites. 

We assume that the oxygen-centered CRR in the sp
3
-hybridized state are associated with 

luminescent centers in previously reported aged Zn(acac)2/C2H5OH solution. 
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1. Introduction 

Nanostructured composites are known as perspective 

materials for nanosized devices with multifunctional and 

high operational characteristics. The development of 

effective approaches to formation of the nanostructured 

systems allows realizing principally new technological 

solutions to the development of materials for nanosized 

devices, ultra-compact sensors, catalyst carriers, 

sorbents, and modern energy sources. 

In recent decades, the synthesis of inorganic 

nanocomposites  is intensively developed,  owing to their  

special physicochemical properties and the prospect of 

developing new effective adsorbents, catalysts, energy 

sources, sensors, and composite materials on its basis. 

The practical application of the nanocomposites 

based on fumed silica (SiO2) and transition or rare-earth 

metal oxides is defined both by their composition and 

structure, including the particle size of metal-containing 

phases and their bonding to the silica matrix [1]. The use 

of the metal-organic salts, especially their hydrates, in the 

chemical modification of fumed silica allows obtaining 

the nanocomposites containing nanosized particles of 

metal oxides distributed over the silica matrix [2].  
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Chemical modification of the silica surface with 

metal compounds is one of the synthesis stages of the 

carbon-oxide nanocomposites С/МxOy/SiO2, where M is 

the metal atom of modifying reagent [3]. During 

pyrolysis of the organic compounds in the inert 

atmosphere, the carbon structures are formed both inside 

the pores and on the outer surface of silica particles. The 

hybrid carbon-oxide adsorbents have essential 

differences from the mechanical mixture of individual 

materials defined by formation conditions and 

distribution of carbon components in nanocomposites 

[4, 5]. As a rule, the resulting carbon reveals high 

density, low volume of micropores, and low specific 

surface. The carbon, which was obtained by pyrolysis of 

high-molecular compounds adsorbed on the silica matrix, 

forms the structures determined by precursor structure 

and synthesis conditions allowing variation of the struc-

tural properties inherent to the resulting materials [3]. 

The silica-carbon composites with the carbon 

content of 6.5% and zinc concentration of 10.98% were 

obtained by impregnation of silica gel by zinc 

acetylacetonate (Zn(acac)2) in [6]. It turned out that 

during the Zn(acac)2 pyrolysis, the zinc silicate (Zn2SiO4) 

along with carbon precipitate is formed. The zinc silicate 

is formed on the silica gel surface, and carbon precipitate 

is non-uniformly distributed over the surface. 

As was found in [7], during the high-temperature 

pyrolysis of Zn(acac)2 into the silica gel pores, the 

hydrophilic properties of the surface suddenly disappear. 

At the same time, the heterogeneous carbon layer is 

located on the adsorbent surface, where the carbonized 

fragments mainly consist of individual hydroxyl groups. 

In the case of carbonization of Zn(acac)2 into the silica 

gel pores, the hydration properties of the obtained silica-

carbon nanocomposites and initial silica are very similar. 

This effect was explained by formation of the Zn2SiO4 

layer on the surface. It was suggested that the carbon 

component of the surface is mainly localized in the 

narrowest pores of adsorbent that are unavailable for the 

Zn(acac)2 molecules because of their geometrical sizes.  

Recently, the clustering process of ZnO and 

formation of nanoparticles in an ethanol solution of 

Zn(acac)2 by the “natural aging” process at room 

temperature without specific heating was reported in 

[8, 9]. The ethanol solutions of Zn(acac)2 of various 

concentrations (0.4…10%) aged for three months were 

investigated using the photoluminescence (PL) method. 

During aging, the initial colorless solution gradually 

changed its color to yellow. It should be noted that at a 

high concentration of Zn(acac)2 (10%), this effect was 

not observed. These changes were accompanied by 

intense visible broadband PL within the spectral range 

375…600 nm. The detailed study of PL 

emission/excitation showed that the emission band 

consists of two bands centered at 420…450 nm and 

500 nm with corresponding excitation bands at 365 nm 

and 420 nm. The infrared spectroscopy and PL analysis 

allowed authors to assume that PL in aged 

Zn(acac)2/C2H5OH is related to the sub-nanometer 

Zn:O:C clusters/agglomerates. 

In this work, the electron paramagnetic resonance 

(EPR) technique was applied to study the paramagnetic 

centers present in SiO2:C:Zn nanocomposites with the 

aim to find out the type of defect, which can be 

responsible for the PL properties previously observed in 

SiO2:C:Zn nanocomposites. To this end, we have 

investigated the EPR spectra in the aged luminescent 

Zn(acac)2 solution of various concentrations, which was 

infiltrated into the fumed silica matrix. 

2. Materials and methods 

The initial fumed silica with a specific surface close to 

295 m
2
/g and average particle size of 10…12 nm was 

obtained from the State Enterprise “Kalush Test 

Experimental Plant of Institute of Surface Chemistry, 

National Academy of Sciences of Ukraine”. The silica-

carbon nanocomposites with zinc (SiO2:C:Zn) were 

obtained using infiltration of aged luminescent zinc 

acetylacetonate (Zn(acac)2) ethanol solution of two 

concentrations (1 and 4%) into the fumed silica matrix. 

As a result, the silica-carbon SiO2:C:Zn samples with 

Zn2SiO4 on their surface were prepared. The thermal 

annealing of the samples was carried out at 600 °С in 

air. 

The EPR measurements were performed using the 

Bruker ELEXSYS EPR E580 spectrometer with ER 4122 

SHQE SuperX High-Q cavity in the X-band frequency 

range (9.4 GHz). For the measurements within the 

temperature range from 6 up to 296 K, the ER 4112HV 

variable temperature helium-flow cryostat was applied. 

The EPR experiments were carried out using the 

following parameters: microwave power – 1.5 mW, 

modulation frequency – 100 kHz, modulation amplitude 

– 0.1…0.4 mT (depending on the EPR linewidth), 

conversion time – 60…120 ms (depending on the signal-

to-noise ratio), and spectral resolution – 1024 points. We 

have used 1.1-diphenyl-2-picrylhydrazyl (DPPH) 

(g = 2.0036) as a standard sample. The investigated 

samples were placed into the tube with an outside 

diameter of 4 mm made from synthetic silica to eliminate 

E' center defects and other paramagnetic contaminations. 

The EPR spectra were simulated using the EasySpin 

5.2.28 software package [10]. 

3. Experimental results 

No EPR spectra were detected in the initial fumed silica. 

The EPR spectra were detected in SiO2:C:Zn samples 

obtained with Zn(acac)2 solution of various 

concentrations shown in Fig. 1. However, in SiO2:C:Zn 

samples obtained with 1% Zn(acac)2 the EPR spectra 

were not detected before thermal annealing due to the 

low spin concentration of paramagnetic centers 

(NS < 10
9
 spins/mm

3
). After thermal annealing at 600 °С, 

these samples revealed a weak EPR signal with an 

overall spin concentration of about 

NS ~ 5.410
9
 spins/mm

3
 at T = 296 K. 
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Fig. 1. The EPR spectra measured in SiO2:C:Zn samples at 

Т = 296 K obtained with 1% Zn(acac)2 after thermal annealing 

at 600 °С (а) and 4% (Zn(acac)2) before (b) and after thermal 

annealing at 600 °С (c). 

 

 

As can be seen from Fig. 1, in the SiO2:C:Zn 

samples obtained with 4% Zn(acac)2, the EPR spectra 

were recorded both before and after thermal annealing 

with an overall spin concentration estimated as 

NS ~ 3.110
11

 spins/mm
3
 before annealing and 

NS ~ 6.710
11

 spins/mm
3
 after thermal treatment at 

T = 296 K. Since the maximum spin concentration of 

paramagnetic centers was found in SiO2:C:Zn samples 

obtained with 4% Zn(acac)2, the detailed analysis of EPR 

spectra will be further focused on these samples. 

The temperature behavior of EPR spectra measured 

in SiO2:C:Zn samples obtained with 4% Zn(acac)2 

annealed at 600°С shown in Fig. 2 indicates that the EPR 

spectra intensity increases with the temperature decrease. 

The simulation of the EPR spectra measured at different 

temperatures allowed us to distinguish three overlapping 

signals in the EPR spectrum of annealed SiO2:C:Zn 

samples obtained with 4% Zn(acac)2 as shown in Fig. 3. 

Three EPR lines have Lorentzian lineshape and are 

related to the paramagnetic centers with S = 1/2. The first 

EPR signal labeled as I1 has g = 2.0029(3), the second 

EPR signal labeled as I2 has g = 2.0042(3), and the third 

EPR signal with the lowest intensity labeled as I3 has 

g = 2.0062(3). The I1 and I2 EPR signals have 

temperature-dependent linewidth and intensity in the 

temperature interval from 296 down to 10 K, whereas the 

I3 EPR signal has temperature-independent parameters.  

The EPR signal I1 with g = 2.0029(3) was 

attributed to the carbon dangling bonds (CDB), which are 

known to have the g-values within the range of 

2.0022…2.0035 [11]. The g-value of the I2 EPR signal 

(g = 2.0042(3)) fits well with the g-values of the carbon-

related radicals (CRR), which may vary between 2.0030 

and 2.0042 depending on the presence of oxygen in the 

nearest environment of CRD [12]. Therefore, I2 EPR 

signal with g = 2.0042(3) was assigned to the oxygen-

centered CRR (single electron “centered” on the oxygen:  

 
 

Fig. 2. The temperature dependence of EPR spectra measured 

in the annealed SiO2:C:Zn samples obtained with 4% 

Zn(acac)2. 
 

 

 

RO• or ROO•, where R – hydrocarbon radical), which was 

previously observed in SiO2:C nanocomposites [13, 14].  

Following the conclusion made in [15–17], the EPR 

signals from CRR with sp
2
- and sp

3
-hybridization exhibit 

different EPR linewidth. For sp
2
-hybridized carbon 

atoms, the EPR linewidth should be broader than 1 mT, 

while for sp
3
-hybridized carbon bonds, the EPR 

linewidth is usually narrower than 1 mT. Therefore, since 

the CDB and oxygen-centered CRR centers have the 

EPR linewidth narrower than 1 mT, we have attributed 

them to the centers in a sp
3
-hybridized carbon state.  

The weak I3 EPR signal with g = 2.0062(3) and the 

linewidth close to 0.5 mT was attributed to the threefold-

coordinated silicon (Si) dangling bonds that can be 

formed due to the oxygen presence and formation of 

oxidized Si on the surface of the nanocomposites [18–

20]. We should note that no EPR signals corresponding 

to paramagnetic centers generally observed in ZnO were 

detected.  

Fig. 4 represents the temperature dependence of the 

integrated intensity of CDB and oxygen-centered CRR 

signals was obtained by simulation of the EPR spectra, 

which can be described theoretically by the following 

equation: 
 

   I T C T  ,      (1) 

 

where С is the temperature-independent constant,  is the 

Curie–Weiss constant (in K) related to the interaction 

between paramagnetic centers (generally exchange 

interaction). 

From the fitting of Eq. (1) to the experimental data 

shown in Fig. 4, we have obtained the following values 

of Curie–Weiss constant for CDB and oxygen-centered 

CRR:  = 0.5 K and  = 2.4 K, respectively. The positive 

and small value of the Curie–Weiss constant hints at the 

weak ferromagnetic interaction that occurred in the 

system of CDB and oxygen-centered CRR. 
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Fig. 5 shows the temperature dependence inherent 

to the EPR linewidth for CDB and oxygen-centered CRR 

obtained from the EPR spectra simulation. The observed 

increase of the EPR linewidth for CDB and oxygen-

centered CRR with the temperature decrease can be 

explained by the influence of exchange interaction 

between the spins in the system of carbon-related 

paramagnetic centers [21–23].  

Considering the low spin concentration of the 

observed paramagnetic centers, the distance between 

them in the case of homogeneous distribution should be 

too large (R = 0.55NS
–1/3

 [24]), and the exchange 

interaction can be questioned in our system. However, in 

the case of clusterization of paramagnetic centers, the 

exchange interactions between paramagnetic species 

become increasingly effective [25]. Therefore, we may 

suggest that the carbon-related centers are clustered in 

SiO2:C:Zn nanocomposites confirming the assumption 

about the sub-nanometer Zn:O:C clusters/agglomerates 

in aged Zn(acac)2/C2H5OH [8, 9]. 
 

 
 

 
 

Fig. 4. Temperature dependence of the EPR signal integrated 
intensity for CDB and oxygen-centered CRR obtained from the 
simulation of EPR spectra in the annealed SiO2:C:Zn samples 
obtained with 4% Zn(acac)2. Dots – experimental data, lines – 
fitting with Eq. (1). 

 
 

 

 
 

 

Fig. 3. Experimental (black lines), simulated components of EPR spectra (blue, green and magenta lines) and the sum of 

simulated components (red lines) of EPR signals in the annealed SiO2:C:Zn samples obtained with 4% Zn(acac)2. (а) – Т = 235 K, 

(b) –100 K, (c) – 30 K, (d) –10 K. (Color online.) 
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Fig. 5. The temperature dependence of EPR linewidth for CDB 

and oxygen-centered CRR obtained from the simulation of EPR 

spectra in the annealed SiO2:C:Zn samples obtained with 4% 

Zn(acac)2. 

 

 

Taking into account that the carbon dangling bonds 

act as nonradiative recombination centers in carbon-

containing materials [26], we may suggest that the 

presence of the oxygen-centered CRR in the sp
3
-

hybridized state is responsible for the previously 

observed PL in the aged Zn(acac)2/C2H5OH solution. 

4. Conclusions 

Using the EPR technique, we have studied the SiO2:C:Zn 

nanocomposites prepared using infiltration of fumed 

silica with luminescent aged Zn(acac)2 ethanol solution 

of various concentrations before and after thermal 

annealing at 600 °С. We have found that the increase in 

the concentration of Zn(acac)2 solution and thermal 

annealing give rise to the increase in the spin 

concentration of the paramagnetic centers in SiO2:C:Zn 

nanocomposites. Using EPR spectra simulation, we have 

distinguished three overlapping EPR lines in the 

SiO2:C/Zn nanocomposites, which were attributed to the 

carbon dangling bonds, silicon dangling bonds and 

oxygen-centered carbon radicals. Weak ferromagnetic 

exchange interaction in the system of carbon-related 

centers was found. It was supposed that the carbon-

related centers are clustered in SiO2:C:Zn 

nanocomposites. The analysis of obtained results allows 

us to conclude that the oxygen-centered carbon radicals 

in the sp
3
-hybridized state should be related to light 

emission centers in the Zn(acac)2/C2H5OH solution.  
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Дослідження методом ЕПР парамагнітних центрів у нанокомпозитах SiO2:C:Zn, отриманих 

інфільтрацією люмінесцентним розчином Zn(acac)2  
 

Д.В. Савченко, В.С. Мемон, A.В. Васін, Д.В. Кисіль, A.В. Русавський, О.П. Кузь, Ф.M. Гарєєва,  

К.М. Калабухова 
 

Анотація. Кремнезем-вуглецеві нанокомпозити з цинком (SiO2:C:Zn), отримані шляхом інфільтрації 
витриманим етаноловим розчином ацетилацетонату цинку (Zn(acac)2) різної концентрації (1% та 4%) до 
матриці пірогенного кремнезему (SiO2), вивчались методом ЕПР у температурному інтервалі від 6 до 296 K до 
та після термічного відпалу. Спектр ЕПР SiO2:C:Zn нанокомпозитів складається з трьох смуг Лоренцевої 
форми, пов’язаних із парамагнітними центрами з S = ½, які було віднесено до обірваних зв’язків вуглецю 
(CDB) (g = 2.0029(3)), обірваних зв’язків кремнію (g = 2.0062(3)) та киснево-центрованих вуглецевмісних 
радикалів (CRR) (g = 2.0042(3)). Мала ширина лінії ЕПР (<1 мТ), що спостерігалась для CDB та киснево-
центрованих CRR, дозволила віднести ці центри до sp

3
-гібридизованого стану. Виявлено, що температурна 

залежність інтегральної інтенсивності сигналів ЕПР від CDB та киснево-центрованих CRR описується законом 
Кюрі–Вейса з додатним значенням константи Кюрі–Вейса малої величини, що вказує на те, що у спіновій 
системі CDB та киснево-центрованих CRR існує слабка феромагнітна обмінна взаємодія. Висунуто 
припущення, що у SiO2:C:Zn нанокомпозитах здійснюється кластеризація вуглецевмісних центрів. Зроблено 
висновок, що киснево-центровані CRR у sp

3
-гібридизованому стані відповідають за попередньо спостережену 

інтенсивну фотолюмінесценцію розчину Zn(acac)2/C2H5OH. 
 

Ключові слова: кремнезем-вуглецеві нанокомпозити, вуглецевмісні центри, обірвані зв’язки, обмінна 
взаємодія, електронний парамагнітний резонанс. 


