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ABSTRACT: The present study pioneers the investigation of mechanochemical synthesis based on 
polyphenylsilsesquioxane and β-diketonate complexes of scandium, yttrium, and lanthanum. It has been 
demonstrated that the degree of metal incorporation into the polymer chain increases with the growth of 
the ionic radius and with the decrease in the stability of the initial acetylacetonate complex. The resulting 
polymers exhibit high thermal stability, comparable to that of the parent organosilicon polymer. 
Moreover, owing to their developed surface area and light-transforming properties, the synthesized 
compounds hold promise for applications in catalysis, production of electronic materials, and fabrication 
of nanoelectronic components. 

Keywords: Mechanochemistry; Siloxane; Rare-earth elements; Metal-containing polymers; Polyphenylsiloxane; 
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1. Introduction 

Polyorganosiloxanes form cross-linked networks with a large specific surface area, exhibiting 
operational capability over a wide temperature range, including harsh climatic, radiation, and highly 
aggressive environments [1]. Due to these properties, they possess immense potential as building blocks 
for various advanced materials. They can be used to create protective coatings, selective membranes, and 
high-capacity sorbents, and find applications in coordination chemistry, materials science, and catalysis 
[2,3]. Polyorganosiloxanes are hydrophobic materials, yet they also exhibit oleophobic and silylophilic 
properties, which makes them valuable in the cosmetics industry [4]. When these polymers incorporate ions 
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of noble and rare-earth metals, highly active catalytic systems are formed, serving as catalyst supports. 
Combined with their large surface area, this makes them highly sought-after in this field [5–7]. 

Currently, siloxane polymers containing rare-earth metals in their structure are of great interest. For 
example, the incorporation of lanthanum into tris(hydroxymethyl)aminomethane polysiloxane has yielded 
a novel surfactant. This compound exhibits a critical micelle concentration that is 2–15 times lower than 
that of common soap-like surfactants and also demonstrates a high ability to reduce surface tension [8]. 
Siloxanes containing terbium and europium ions can be used in optoelectronic devices. They exhibit 
enhanced stability and thermal stability, display catalytic properties, and, when iron oxides are introduced, 
acquire magnetic properties [9]. Interesting properties are also exhibited by the complex formed through 
cross-linking of polydibenzoylmethane siloxane and europium phenylsiloxane. These compounds display 
intense red luminescence in the visible region, with the intensity increasing as the number of ligands rises. 
Thanks to the “antenna effect”, these ligands absorb light and transfer energy to the europium ion, 
drastically enhancing the emission brightness. At temperatures up to 150 °C and under prolonged heating, 
the polymers exhibit thermally stimulated self-healing, with the healing rate increasing as temperature rises. 
The materials are sensitive to ammonia vapors, opening up possibilities for their use as sensors [10]. Some 
oligomeric europium siloxanes efficiently absorb ultraviolet radiation while maintaining transparency 
below 15% [11]. Using polyphenylsilsesquioxanes as a matrix for Eu3+ ions allows the fabrication of robust 
and thermally stable optical waveguides and microresonators that enhance spontaneous emission [12,13]. 
Composites of polyphenylsilsesquioxanes with niobium exhibit high resistance to atomic oxygen. Their 
films do not crack and maintain integrity even at high atomic oxygen fluences. Moreover, they demonstrate 
high thermal and radiation stability [14]. 

As a relatively new branch of chemistry, mechanochemistry is gaining increasing attention and has 
become a fast-growing research field. Its use as a synthetic approach is expanding, which is reflected in the 
steady rise of publications and the formation of new research teams. The key driver of growing interest in 
mechanochemistry is its versatility: it enables solvent-free chemical reactions, substantially reducing waste, 
environmental impact, and production costs. Moreover, mechanochemical syntheses yield significantly 
higher product outputs than comparable solution reactions. Mechanochemical activation also shortens 
reaction times, improves stoichiometric control, and increases product selectivity [15]. A range of 
compounds can be prepared by mechanochemical synthesis, including peptides and organic polymers 
[16,17], pharmaceutical agents [18–22], and organic metal complexes [23–26]. 

Although numerous well-established methods for synthesizing organosilicon compounds exist, e.g., 
[27], they rely on organic solvents and typically take from several hours to several days to complete. In 
addition, solution-phase syntheses can give rise to unwanted side processes, such as reagent–solvent 
interactions and product decomposition during isolation. Developing and investigating solid-state methods 
for synthesizing both low- and high-molecular-weight organosilicon compounds, notably mechanochemical 
synthesis, remains a highly relevant challenge. In addition, mechanochemistry involving high-molecular-
weight organoelement compounds, especially organosilicon polymers, is still poorly understood. There is 
only scant information on the activation and mechanical degradation of such polymers [28]. 

A novel synthesis of metalophenylsiloxanes bearing scandium, yttrium, and lanthanum atoms in the 
polymer chain has been achieved under mechanochemical activation, as demonstrated in this work. 

2. Materials and Methods 

2.1. General Procedures 

The work employed commercial solvents, which were purified and dehydrated using standard methods. 
The resulting physical constants agreed with the literature values. The salts of metals used in the syntheses 
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(grade “chemically pure”) were used without additional purification. In some syntheses, the salts were pre-
dried to remove associated water. 

2.2. Synthesis Procedures for Parent Compounds 

2.2.1. Synthesis of Polyphenylsilsesquioxane (PPSSO) 

PPSSO was prepared according to the procedure described in [29]. A high-molecular-weight 
compound of the composition [(C6H5)SiO1.5ꞏ0.17H2O]n was obtained with a yield of 93.7%. Foundalytical 
data (found/calculated, %): Si: 21.2/21.2; C: 54.5/54.5; [H2O]: 2.3/2.3. The molecular weight was 
determined to be M ≥ 7000, and the dispersion coefficient was Kd = 1.89. 

2.2.2. Synthesis of Metal Acetylacetonate Complexes 

Tris-acetylacetonate of scandium was prepared according to the procedure described in [30]. A colourless 
crystalline substance with a melting point of 187–188 °C was isolated. For the compound of composition 
Sc(acac)3, the following analytical data were obtained (found/calculated, %): Sc: 13.1/13.1; C: 53.0/52.6. The 
IR spectrum of the compound is presented in Table S1 and Figure S1 in the Supplementary materials. 

Tris-acetylacetonate of yttrium was prepared according to the procedure described in [31]. A white 
crystalline substance with a melting point of 131 °C was isolated. For the compound of composition 
Y(acac)3ꞏ3H2O, the following analytical data were obtained (found/calculated, %): Y: 20.2/20.2; C: 
41.0/40.9; [H2O] 12.2/12.3. The IR spectrum of the compound is presented in Table S1 and Figure S2 in 
the Supplementary materials. 

Tris-acetylacetonate of lanthanum was prepared according to the procedure described in [32]. A 
colourless crystalline substance was isolated. For the compound of composition La(acac)3ꞏ3H2O, the 
following analytical data were obtained (found/calculated, %): La: 28.3/28.3; C: 36.7/36.7; [H2O] 11.0/11.0. 
The IR spectrum of the compound is presented in Table S1 and Figure S3 in the Supplementary materials. 

2.3. General Procedure for the Mechanochemical Synthesis of Metal Phenylsiloxanes 

All syntheses were carried out in a planetary ball mill “Pulverisette 6” at 600 rpm for 3 min. The ratio 
of the grinding media mass to the mass of the useful load was 1.8–2.0. Steel balls with a diameter of 0.8 
cm and a mass of 4.05 g were used as grinding media. The initial molar ratio of Si/M in all syntheses was 
1:1. 0.05 mol of PPSSO and an equal amount of the scandium complex (synthesis 1), yttrium (synthesis 2), 
and lanthanum (synthesis 3) complexes were loaded into the reactor. The elemental analysis data for the 
compounds obtained in syntheses 1–3 are presented in Table 1. 

Table 1. Results of elemental analysis of the products obtained in syntheses 1–3. 

№ 
М 

wfr, 
% 

Found/Calculated, % Yield, % 
Si M C [H2O] Si/M C/Si Si M 

1 
Sc 

1 
35.95 

17.65Sc2O3ꞏ(PhSiO1.5)0.7(SiO2)0.3ꞏ81.23H2O 
1.97 69.73 

0.7/0.7 39.6/39.6 1.3/1.3 - 1:35.3 4.3 
2 

64.05 
[(PhSiO1.5)3(ScO1.5)0.9(ScOL)0.1ꞏ0.43H2O]n 

88.92 29.81 
17.7/17.8 9.5/9.5 47.0/46.9 1.6/1.7 3.0 6.5 

2 
Y 

1 
61.31 

YL3ꞏ2H2O 
2.03 67.16 

0.2/- 21.0/21.0 42.7/42.5 - - - 
2 

24.78 
[(PhSiO1.5)2.5(YO1.5)0.52(YOL)0.48ꞏ0.94H2O]n 

57.92 23.01 
14.1/14.1 17.8/17.9 42.1/42.1 3.4/3.4 2.5 6.96 

3 
13.91 

[(PhSiO1.5)4(YO1.5)0.44(YOL)0.56ꞏ1.4H2O]n 
36.44 9.14 

15.8/15.9 12.6/12.6 45.3/45.6 3.6/3.7 4.0 6.7 
3 1 LaL3ꞏ3.68H2O - 47.21 
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La 47.32 - 27.6/27.6 35.4/35.8 - - - 
2 

52.68 
[(PhSiO1.5)1.92(LaOL)ꞏ2.55H2O]n 

92.57 48.36 
9.8/9.8 25.3/25.4 36.0/36.2 8.4/8.4 1.92 10.28 

2.4. Methods for Separating Reaction Mixtures into Fractions 

2.4.1. Work-Up of the Reaction Mixtures from Syntheses 1 and 2 

After activation, the reaction mixtures were treated with warm water (35 °C) to dissolve the unreacted 
complex into solution. Once the mixture had been washed free of the complex, the residue was dissolved 
in chloroform and precipitated with hexane. The resulting compounds were dried in a vacuum oven at 75 °C 
until constant weight was achieved. 

2.4.2. Work-Up of the Reaction Mixtures from Synthesis 3 

After activation, the reaction mixtures were treated with ethanol to dissolve the unreacted complex into 
solution. Once the mixture had been washed free of the lanthanum complex, the residue was dissolved in 
chloroform and precipitated with hexane. The resulting compounds were dried in a vacuum oven at 75 °C 
until constant weight was achieved. 

2.5. Methods of Analysis 

2.5.1. Elemental and Functional Analysis 

Decomposition of the compounds was carried out using the Kjeldahl and Schöniger methods (for 
carbon determination). Carbon was determined by the Terentiev–Luskina method, as well as using a Flash 
EA 1112CHN/MAS200 carbon, hydrogen, and nitrogen analyser (ThermoFinnigan MAT GmbH, San Jose, 
CA, USA). Silicon was determined by gravimetric analysis. Rare-earth metals were determined using an 
ICPE-9000 inductively coupled plasma atomic emission spectrometer (Shimadzu Corporation, Kyoto, 
Japan). Hydroxyl groups and water were determined by Karl Fischer titration. 

2.5.2. Physical and Physicochemical Methods of Analysis 

Gel Permeation Chromatography 

Gel permeation chromatography (GPC) was performed on a 980 mm long column with a diameter of 
12 mm, filled with a copolymer of polystyrene and 4% divinylbenzene. The diameter of the grains is 0.08–
1 mm. The eluent was toluene, and the flow rate was 1 mL/min. The size of the sample was ~0.2 g. The 
detection was carried out by a gravimetric method according to the content of dry residue in the fractions. A 
portion of the substance was dissolved in 2 mL of toluene and passed through a column. Fractions of the 
solution were collected in 3 mL, and the solvent was removed in a drying cabinet. The column was 
preliminarily calibrated with substances with different molecular masses: polydimethylsiloxane 
H[Me2SiO]30OH (M = 2238), octaphenylcyclotetrasiloxane [Ph2SiO]4 (M = 792), hexaphenylcyclotrisiloxane 
[Ph2SiO]3 (M = 594), and benzoic acid (M = 122). 

IR Spectroscopy 

IR spectra were recorded on a Spectrum BX 400 FTIR spectrometer (Perkin Elmer, Waltham, MA, 
USA) in potassium bromide. 
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X-ray Phase Analysis 

X-ray phase analysis was performed on a Bruker AXS D8 Advance X-ray diffractometer (Bruker, 
Ettlingen, Germany). Bregg-Brentano survey geometry, monochromator, Fe Kα-radiation, wavelength = 
0.19373. 

Scanning Electron Microscopy 

The surface morphology, structure, and composition of the obtained compounds were studied using a 
Carl Zeiss Ultra 55+ scanning electron microscope (Carl Zeiss, Oberkochen, Germany). The spatial 
resolution was 1.0–4.0 nm at 15–0.1 kV. The magnification range was 12–900,000× in secondary electron 
mode and 100–900,000× in backscattered electron mode. The electron source was a field-emission type. 
The accelerating voltage range was 100–30,000 V. The operating current range was 4 pA–20 nA. Elemental 
surface analysis was performed using an Oxford Instruments X-MAX 80 energy-dispersive detector 
(Oxford Instruments, Abingdon, UK). 

Thermogravimetric Analysis 

The thermal effects and thermal characteristics of the studied substances and materials were determined 
using a DTG-60AH thermogravimetric/differential thermal analyser (Shimadzu, Kyoto, Japan). Air was 
used as the atmosphere in the applied methods. 

Gas Chromatography 

The determination of volatile substances and degradation products of the initial metal complexes was 
carried out using an Agilent 6890/5975B gas chromatograph with a quadrupole mass-selective detector 
(Agilent, Santa Clara, CA, USA). 

3. Results and Discussion 

Previously [33], we demonstrated that activation of PPSSO for 3 min leads to the formation of products 
with a range of molecular weights from 250 Da to 1500 Da. In contrast, activation of the initial boron 
difluoride acetylacetonate was primarily determined by air humidity and resulted in the degradation of 27% 
of the complex. The formation of low-molecular-weight degradation products of the starting compounds 
was confirmed by GC-MS, GPC, and MALDI-TOF methods. It was assumed that the interaction of rare-
earth element acetylacetonates with PPSSO would also proceed via partial degradation of the complexes, 
followed by condensation of the resulting intermediate active species. 

After activation of scandium tris-acetylacetonate with PPSSO (synthesis 1) and opening the reactor, a 
persistent odor of acetic acid was detected. After the reaction mixture had been treated with ethanol and the 
appropriate sample preparation steps completed, the solution was analysed via gas chromatography. Acetic 
acid, acetone, and acetylacetone were detected in the mixture (See Table S2, Figures S4–S15 in the 
supplementary materials). Upon treatment of the reaction mixture with warm water, the initial scandium 
acetylacetonate was not found. Treatment of the reaction mixture with chloroform resulted in the separation 
of two fractions: one insoluble in chloroform (fraction 1) and one soluble (fraction 2). Precipitation of 
fraction 2 with hexane did not lead to the formation of additional compounds. According to elemental 
analysis data (Table 1), fraction 1, with a mass fraction of 35.95%, is hydrated scandium oxide with a minor 
content of degradation products from the initial organosilicon polymer. Fraction 2 of the synthesis, 
according to elemental analysis and GPC data, is a high-molecular-weight compound (M ≥ 7000, see Figure 
S16 in the supplementary materials) with a Si/Sc ratio differing from the target value and equal to 3:1. The 
scandium conversion rate was 29.81%. GPC has revealed that the synthesis product contains no low-
molecular-weight compounds, including the initial scandium complex (see Figure S17 in the supplementary 
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materials). However, there is a low-intensity peak corresponding to a molecular weight of 4000, which 
indicates the formation of smaller macromolecules. Since the content of this fraction in the polymer is 
negligible, it was not isolated or analysed separately. 

In the IR spectrum of fraction 2 (Figure 1), absorption bands characteristic of phenylsiloxanes are 
present (3013, 3051, 3074, 1595, 1431, 1134, 1028 cm−1). The spectrum also clearly shows absorption 
bands characteristic of vibrations of bonds in free silanol groups (3616 and 902 cm−1) and associated water 
(3408 and 1618 cm−1). Vibrations of Sc–O–Si bonds are overlapped by an intense absorption band of the 
siloxane bond. Of note is the splitting of the siloxane bond into two components at 1028 and 1066 cm−1, 
which may indicate an alternation of Si–O–Si and Si–O–Sc bonds, as well as an increase in the ring size. 

 

Figure 1. IR spectrum of fraction 2 from synthesis 1. 

In contrast to the initial PPSSO, the X-ray diffraction pattern of the high-molecular-weight fraction 
exhibits a reflection indicative of a crystalline phase. Compared to the initial PPSSO (d1 = 11.605 Å, 2θ = 
7.61°; d2 = 4.609 Å, 2θ = 19.24°), the interplanar spacing increases significantly (d1 = 12.620 Å, 2θ = 6.99°), 
which is attributed not only to the incorporation of a scandium atom into the polymer chain but also to the 
formation of larger cycles. At the same time, the intrachain distances remain virtually unchanged (d2 = 
4.612 Å, 2θ = 19.23°). The appearance in the diffraction pattern of a high-molecular-weight fraction of a 
reflection characteristic of the crystalline phase (d3 = 6.707 Å, 2θ = 13.19°) is associated with the formation 
of a more ordered structure. This reflection is not characteristic of the initial scandium complex or its oxide, 
which rules out the formation of a mixture. 

In the micrographs of scandium phenylsiloxanes (Figure 2a,b), it is evident that the polymer surface is 
homogeneous, with no globule’s characteristic of the initial PPSSO, as well as no cracks or chips. 
According to energy-dispersive analysis carried out at eight points, scandium is virtually absent on the 
surface (its content ranges from 0% to 0.03%), which appears to be due to the heteroatom being located inside 
the polymer chains. At the same time, the silicon content on the surface varies from 8.68% to 10.63%. The 
X-ray diffraction analysis data are in good agreement with the elemental analysis of the polymer surface. 
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Figure 2. Micrographs of fraction 2 from synthesis 1, 100 nm (a) and 1 μm (b). 

The high-molecular-weight product obtained in synthesis 1 is nearly identical to the initial PPSSO in 
terms of thermal stability (Figure 3). However, unlike phenylsiloxane, the DTA curve shows two 
exothermic peaks corresponding to the combustion of the organic portion of the molecules. The first 
exothermic effect occurs at a peak temperature of 650.74 °C, and the second, less intense one, at 687.38 °C. 
For the initial PPSSO, the organic portion burns off at 676.91 °C. 

 

Figure 3. DTA and TGA curves of polyscandiumphenylsiloxane. 

Based on the synthesis performed, it can be concluded that the scandium atom incorporated into the 
polymer chain exhibited catalytic activity toward the acetylacetone released during the activation process. 
The hydroxyl radical generated during activation (as demonstrated in our works [33–35]) attacks the 
molecule of the released acetylacetone. The rate of this process is very high due to diffusion as well as the 
catalytic properties of the scandium atom. This leads to the formation of acetone and acetic acid during the 
activation process: 
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According to the data from elemental analysis, IR spectroscopy, and X-ray diffraction analysis, the 
formula of the elementary unit of the resulting scandium phenylsiloxane is as follows: 

Si

O

O
Sc

Si

O

O
Si

Ph Ph

Ph
O

Si

O

O
Sc

Si

O

O
Si

Ph Ph

Ph

OO
 

 

 

O
 

 

In synthesis 2, yttrium acetylacetonate was used as the initial complex. After activation and separation 
of the mixture, three fractions were isolated. The first fraction, soluble in warm water, was the original 
yttrium complex, with a yield of 61.31% (Table 1). The second and third fractions were high-molecular-
weight products with Si/Y ratios differing from the target value: 2.5:1 for fraction 2 and 4:1 for fraction 3. 
Both fractions retained a considerable number of acetylacetonate groups. GPC has revealed that the 
synthesis product contains no low-molecular-weight compounds, including the initial yttrium complex (see 
Figure S18 in the supplementary materials). The IR spectra of fractions 2 and 3 are virtually identical 
(Figure 4, shown for fraction 2). 

 

Figure 4. IR spectrum of fraction 2 from synthesis 2. 

The spectra show absorption bands characteristic of bond vibrations in phenylsiloxanes (3007, 3051, 
3074, 1431, 1134, 1020 cm−1), as well as in the acetylacetonate fragment (1608, 1520, 1394, 1359, 1263 
cm−1). There are also low-intensity absorption bands characteristic of vibrations of silanol groups and 
associated water (3630, 850, and 3412 cm−1). 

According to the X-ray diffraction analysis data, fraction 2 is an amorphous compound. It is worth 
noting that the maximum of the first reflection—which characterizes interchain distances—coincides in 
value with that of scandium phenylsiloxanes and exceeds the corresponding value for the initial PPSSO by 
more than 1 Å (d1 = 12.620 Å, 2θ = 6.99o). The second reflection (unlike that of scandiumphenylsiloxane) 
has a lower value than in the original organosilicon compound (d2 = 4.594 Å, 2θ = 19.30o). The compression 
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of intrachain distances appears to be associated with the formation of coordination bonds between siloxane 
oxygen atoms and yttrium atoms. 

Polyyttriumphenylsiloxane (fraction 2) differs from scandiumphenylsiloxane in terms of surface 
morphology (Figure 5a–d). The polymer has a rather developed surface featuring spheres of various sizes. 
Both intact and fractured globules are present on the surface (Figure 5d). The yttrium content on the surface 
ranges from 0.57% to 8.86%, while the silicon content varies from 3.07% to 7.46%. 

 

Figure 5. Micrographs of fraction 2 from synthesis 2 at 200 nm (a), 1 μm (b), 2 μm (c), and 10 μm (d). 

The surface of fraction 3 from synthesis 2 (Figure 6) differs from that of fraction 2. The surface of 
fraction 3 exhibits a layered structure (Figure 6b). When the magnification is increased to 200 nm, surface 
relief becomes visible (Figure 6a). Notably, there are no spheres characteristic of the original PPSSO that 
were partially retained in fraction 2. 

 

Figure 6. Micrographs of the surface of fraction 3 from synthesis 2: 200 nm (a), 10 μm (b). 
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The elemental composition of the polymer surface also differs significantly. Specifically: yttrium 
content ranges from 0.11% to 0.45%; silicon content ranges from 4.04% to 6.63%. The main elements 
constituting the surface of the fraction are: carbon (≥64.4%); oxygen (≥21.6%). 

The DTA curves also reveal differences between fractions 2 and 3. Specifically, the DTA curve of 
fraction 3 (Figure 7, 1) shows three distinct maxima corresponding to exothermic effects. Each effect is 
accompanied by mass loss, which we attribute to the following processes: 

1. At the peak corresponding to 199.4 °C, polymer dehydration occurs—i.e., the release of water 
molecules associated with the metal. 

2. The effects at 363.8 °C and 630.2 °C correspond to the combustion of: acetylacetonate groups bonded 
to the metal atom; phenyl substituents attached to silicon atoms. The thermal stability of the resulting 
polymer is slightly lower than that of the initial PPSSO (676.9 °C). 

 

Figure 7. DTA curves of fraction 3 (1) and fraction 2 (2) from synthesis 2. 

The data obtained by DTA-TGA are consistent with the results of elemental analysis as well as with 
surface analysis. In contrast to fraction 3, the DTA curve of fraction 2 (Figure 7, 2) shows only one clearly 
defined exothermic effect, which occurs at a peak temperature of 516.4 °C and corresponds to the 
combustion of the organic part of the polymer. The thermal stability of the resulting compound is noticeably 
lower than that of fraction 3 and significantly lower than that of the initial PPSSO. This difference appears 
to be related to: the catalytic properties of the yttrium atom; the maximally developed surface area of the 
resulting polymer (Figure 5a–d). 

According to the data from chemical and instrumental analysis methods, Fraction 2 is a polymer 
product containing structural units 1, and Fraction 3 is a polymer product containing structural units 2: 

Si
O

O

Si

Si

O

O

Si

PhPh

Ph

O
 

 
Ph

O

O
Y

Y
O Si

O

O

Si

Si

O

O

Si

PhPh
O

 

Ph
 

Ph
O

acac

O

 

Si
O

O

Si

Si

O

O

Y
O

Si
O

O

Si

Si

O

O

Y

O

acac

PhPhPhPh

Ph

O
 

 

O
 

Ph

(1) (2)  

200 400 600 800 1000
-50

0

50

100

150

200

Temp (C)

D
T

A
 (

uV
)

-50

0

50

100

150

200

250

 D
T

A
 (

uV
)

(1)

(2)

199.4

363.8

630.2
516.4



Sustain. Polym. Energy 2026, 4(2), 10009. doi:10.70322/spe.2026.10009 11 of 15 

 

The separation of the reaction mixture obtained via mechanochemical activation of PFSCO with 
lanthanum acetylacetonate (synthesis 3) yielded two fractions. According to elemental analysis and IR 
spectroscopy data, fraction 1 from synthesis 3 is the unreacted hydrated lanthanum complex. 

Fraction 2, according to elemental analysis (Table 1) and GPC, is a high-molecular-weight 
lanthaniumphenylsiloxane with a relative molecular mass of M ≥ 7000. GPC has revealed that the synthesis 
product contains no low-molecular-weight compounds, including the initial lanthanum complex (see Figure 
S19 in the supplementary materials). The yield of the high-molecular-weight fraction was 52.68%, and the 
degree of lanthanum incorporation into the polymer chain was 48.36%. The resulting Si/La ratio differs 
almost twofold from the intended ratio (1.92:1). Precipitation of the toluene solution of the resulting 
compound with heptane did not lead to the formation of additional fractions. 

In the IR spectrum of fraction 2 (Figure 8), absorption bands characteristic of phenylsiloxanes are 
present at 3007, 3051, 3074, 1595, 1431, 1134, and 1028 cm−1, as well as bands corresponding to 
acetylacetonate fragments at 1520, 1385, and 1261 cm−1. 

 

Figure 8. IR spectrum of fraction 2 from synthesis 3. 

In the IR spectrum of fraction 2, apart from the absorption bands characteristic of phenylsiloxanes and 
acetylacetonate groups, minor absorption bands are also present. These correspond to: vibrations of free 
silanol group bonds (at 3620 and 854 cm−1) and associated water (at 3422 cm−1). The elemental analysis 
and IR spectroscopy data are in good agreement with each other. 

Compared to the initial PPSSO, the first reflection maximum in the diffraction pattern shifts to 2θ = 
6.92°, with an increase in the interplanar spacing from 11.605 to 12.756 Å. In contrast, the intrachain 
distance slightly decreases (from 4.609 to 4.491 Å). X-ray diffraction data indicate that the lanthanum atom 
has entered the interchain space. The decrease in intrachain distances is attributed to the “pulling” of 
siloxane oxygen atoms toward the lanthanum atom. 

The surface of the obtained polymer is rather developed, yet it lacks pores and globules (Figure 9). 
According to EDX data, the lanthanum content on the polymer surface ranges from 0.11% to 0.45%, while 
the silicon content varies from 4.04% to 6.63%. The main component of the surface is the organic 
framework, with carbon content ranging from 64.4% to 66.2%. 
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Figure 9. Micrograph of fraction 2 from synthesis 3 at 200 nm. 

Thermogravimetric analysis also confirms that all the carbon is concentrated on the polymer surface. 
The thermal stability of the polymer is only slightly different from that of the initial PPSSO, and the sole 
exothermic process maximum is observed at 665.12 °C. 

Based on the synthesis performed, we can hypothesize that the structural unit of the polymer obtained 
in synthesis 3 is represented by the following formula: 

 
Si

O

O

Si

Ph

Ph

O

O
La

La
O Si

O

O

Si

Si

O

O

Si

PhPh
O

La

Ph
O

Ph
O

acac

acac 

La

acac 

acac 

O
 

  

 

4. Conclusions 

Thus, we have for the first time carried out mechanochemical syntheses based on 
polyphenylsilsesquioxane and acetylacetonates of certain rare-earth metals. 

The fundamental possibility of synthesizing element-phenylsiloxanes containing scandium, yttrium, 
and lanthanum atoms in the chain has been demonstrated. Based on the syntheses performed, a certain 
pattern can be observed in the incorporation of rare-earth elements into the siloxane polymer chain: 

 As the ionic radius increases, the ability of the acetylacetonate complex surface to donate an electron 
pair to the adsorbed acid (i.e., the silsesquioxane surface) also increases. 

 The stability of acetylacetonate complexes decreases in the series Sc–Y–La, which also facilitates more 
complete incorporation of the heteroatom into the polymer chain under mechanical action. 

 The degree of heteroatom conversion increases in the series Sc–Y–La. 

None of the syntheses based on rare-earth metal acetylacetonates yielded polymers with the target silicon-
to-metal ratio. However, a tendency was observed for the organic ligand to be retained at the metal atom. 

A specific feature of the synthesis based on scandium acetylacetonate is that the insoluble fraction did 
not contain the initial metal complex. Instead, a complete detachment of the organic group from the 
scandium atom occurred, resulting in the formation of an insoluble oxide. 
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The presence of partially preserved silanol groups in the resulting scandium-, yttrium-, and lanthanum-
containing phenylsiloxanes, as well as water molecules within the polymers, suggests that the metal incorporation 
process predominantly proceeded via a radical mechanism involving the cleavage of siloxane bonds. 
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The following supporting information can be found at: https://www.sciepublish.com/article/pii/1073, 
Table S1: Assignment of absorption bands in the IR spectra of acetylacetonate complexes of scandium, 
yttrium and lanthanum; Figure S1: IR spectrum of scandium tris-acetylacetonate; Figure S2: IR spectrum 
of yttrium tris-acetylacetonate; Figure S3: IR spectrum of lanthanum tris-acetylacetonate; Table S2: 
Composition of the ethanol-extracted reaction mixture; Figure S4: Gas chromatogram of the ethanol-extracted 
reaction mixture; Figure S5: Mass spectrum of Carbon dioxide; Figure S6: Mass spectrum of Acetone; Figure 
S7: Mass spectrum of Ethanol; Figure S8: Mass spectrum of 2,3-Butanedione; Figure S9: Mass spectrum of 
Ethyl Acetate; Figure S10: Mass spectrum of Acetic acid; Figure S11: Mass spectrum of Toluene; Figure S12: 
Mass spectrum of 2,4-Pentanedione; Figure S13: Mass spectrum of 2-oxo-ethyl ester of Propanoic acid; 
Figure S14: Mass spectrum of 1-(acetyloxy)-2-Propanone; Figure S15: Mass spectrum of Ethyl 2-acetoxy-
2methylacetoacetate; Figure S16: Chromatograms of the initial PPSSO and the products of syntheses 1–3; 
Figure S17: Chromatogram of the products from synthesis 1 based on scandium acetylacetonate; Figure S18: 
Chromatogram of the products from synthesis 1 based on yttrium acetylacetonate; Figure S19: Chromatogram 
of the products from synthesis 1 based on lanthanum acetylacetonate. 
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