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H I G H L I G H T S

• Cyclophosphazene, containing beta-
diketo groups in organic radicals, were
synthesized and study.

• The polymers based on these com-
pounds and various amines were re-
ceived.

• Obtained polymers are polyimines
(Schiff base polymers).

• Polymers were tested for water re-
pellency, heat resistance and adhesion
to the glass.
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A B S T R A C T

The aim of the work was to prepare the films on base of β-diketophosphazene and amines and to study their
properties. The diketo-function-containing aryloxycyclotriphosphazene was synthesized by reaction of hexakis
(4-chloromethylphenoxy)cyclotriphosphazene with sodium acetylacetonate. It has been established that the
optimal solvent for this reaction is dimethylformamide. The chemical structure of the synthesized diketopho-
sphazene was characterized by Fourier transform infrared spectroscopy (FTIR), 1H, 13C and 31P nuclear magnetic
resonance (NMR) and MALDI-TOF mass-spectrometry. The synthesized diketophosphazene was used to obtain
polymers, which were characterized by infrared spectroscopy. In addition, all these polymers were used for films
preparing, which were tested for hydrophobicity, heat resistance (TGA) and adhesion to glass. It was found that
the obtained film, which were made using diketophosphazene and α,ω-bis(3-aminopropyl)oligodimethylsi-
loxane, demonstrates the best operational properties. This film is quite flexible, its decomposition temperature is
320 °C, adhesion value to glass is 1 by ISO 2409: 2007, and the contact angle is 101°. The obtained films can be
used in the form of metal complexes in the OLED technology.

1. Introduction

Phosphazene compounds represent a significant scientific and
practical interest, especially for obtaining and modification of poly-
mers. Introduction of phosphazene fragments into polymer structures is
able to enhance their useful properties. Thus, addition of appropriate

phosphazenes to epoxy resin [1–3], polylactides [4], poly(oxyalkylene)
monoamines [5], polyethyleneterephtalate [6], poly-
methylmethacrylate [7], cotton [8] increases heat setting and decreases
combustibility of the obtained polymers. However, the properties of
phosphazenes is highly dependent on side substituents of the phos-
phorus atoms. For example, fluorinated phosphazenes are excellent
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lubricants, but they are hydrolytically unstable [9], and cyclopho-
sphazenes included to polylactides undergo rapid biodegradation [10].
Meanwhile, carboxyl-function-containing phosphazenes are able to
improve mechanical properties and adhesion of stomatological mate-
rials to dental tissue and metals [11,12]. Phenoxyphosphazenes based
dendrimers increase heat resistance and luminescence properties [13].
However, it's impossible to regulate the intensity and wavelength in this
case. Regulation of fluorescence in phosphazene compounds can be

provided by addition of different kinds of metals if there is a ligand in
the structure that may form complexes. It is more efficient to use β-
diketones as this kind of ligand that may form chelate complexes
[14–16] with almost all metals. The introduction of diketo groups into
the phosphazene ring will produce a polydentate chelating ligand. It is
known that europium complexes with such kind of ligands have higher
quantum fluorescence yields [17]. Introduction this complexes into
polymer will expand the scope of their application. Wherein, it's needed

Scheme 1. Synthesis of diketophosphazene.
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that complex or ligand formed a homogeneous structure with a polymer
for stability of composition and to improve properties. For this purposes
we can use ligand or complex as a monomer. It is well-known, that β-
diketones are able to react with amines to form polymers [18]. The
resulting ketoamino groups are also capable of complexing, i.e the
functionality of a polydentante ligand based on β-diketo groups does
not change after the reaction with amines. The aim of this study was the
synthesis of β-diketo phosphazene, its reaction with various amines and
the study of the properties of the resulting polymers.

2. Experimental

2.1. Materials

4-hydroxybenzaldehyde, 1,6-hexanediamine, acetylacetone, m-
phenylenediamine, sodium iodide and thionyl chloride were purchased
from Acros Organics. Sodium borohydride was purchased from Sigma-
Aldrich Corporation. α,ω-bis(3-aminopropyl)oligodimethylsiloxane
(DAS) and 3-aminopropyltriethoxysilane (APTES) were purchased from
Penta 91. Tetrahydrofuran (THF), dimethylsulfoxide (DMSO) and
chloroform were purified by distillation and dried with molecular
sieves type 10Ȧ before use. Ethanol was dried with aluminium
amalgam. Hexachlorocyclotriphosphazene (HCP) was prepared as de-
scribed in literature [19] and purified by recrystallization from dry
hexane.

2.2. Measurements

31P and 1H NMR spectra were obtained on a Bruker AV400 NMR
spectrometer using CDCl3 as the solvent. MALDI mass spectra were
recorded using Bruker autoflex speed instrument operated in the posi-
tive reflectron mode. The analyte (2 mg/mL, THF) was mixed with
matrix solution (2,5-dihydroxybenzoic acid; 20 mg/mL, THF) in 1:2 v/v
ratio. The mixture was dripped on a steel target (MTP 384 ground steel;
Bruker Daltonics Inc., Germany) and air dried. The IR spectra were
recorded on a FTIR spectrometer Nicolet 380 with the FTIR prefix
spectrometer in the transmission mode in the range 4000–400 cm−1.
The thermogravimetric studies were conducted on a Derivatograph_C
instrument (MOM, Hungary) in argon with the use of ∼10mg samples.
The heating rate was 10 °C/min. Differential scanning calorimetry
measurements were made using a DSC-822e calorimeter (Mettler-
Toledo, Switzerland) (20 °C/min). Adhesion was measured in ac-
cordance with GOST R 54563–2011 (ISO 2409:2007). Water contact

angles were measured using the Goniometer LK-1and «Drop
Shape» software.

2.3. Synthesis of compounds I-III

Compounds I and II was prepared as described in Ref. [20]. Com-
pound III was prepared as described in literature [21].

2.4. Synthesis of diketophosphazene (IV)

Sodium acetylacetonate (7.32 g, 0.06mol) and sodium iodide
(0.1 g) was dissolved in DMF (100mL). Then the solution of hexakis(4-
chloromethylphenoxy)cyclotriphosphazene (III) (4.92 g, 0.005mol) in
DMF (50mL) was added to the first solution at room temperature. The
reaction mixture was stirred with magnetic stirrer for 24 h at room
temperature. Then solution was poured into 500mL of water with
vigorously stirring. The precipitate was filtered and purified by re-
crystallization from chloroform-ethanol mixture. Final product was
dried under vacuum for 2 h at 50 °C.

Yield: 70%. 31P NMR δ 9.1 (s). MS (MALDI-TOF) m/z 1366 [M +
H]+; 1388 [M + Na]+ (calc. m/z 1365). Found % C 63.12; H 5.84; P
6.92; N 3.01 (calc. % C 63.30; H 5.71; P 6.81; N 3.03).

2.5. Preparation of solutions for the production of films based on amines

(IV) (0.5 g, 0.366mmol) and 0.366mmol amine (0.0425 g 1,6-
hexanediamine or 0.0395 g m-phenylenediamine or 0.838 g DAS or
0.243 g APTES) were dissolved in chloroform (5mL) and then 0.1 g
MgSO4 was added. The reaction mixture was stirred at room tempera-
ture for 12 h.

2.6. Film preparation

Two types of films were prepared. For the study of films on the
hydrophobicity and adhesion the solutions, which were obtained in
paragraphs 2.5, pre-separating from the desiccant. The reaction mixture
was poured on a glass surface (Polymer 4) or glass surface coated by
APTES (Polymers 1–3). Chloroform was evaporated at room tempera-
ture, and the sample was then heated in a muffle oven at 50 °C to
constant weight. The thickness of the obtained film varied from 45 to
125 μm (determined by ISO2808).

To determine the glass transition temperature and heat resistance of
polymers, filtered solutions (described in paragraphs 2.5) poured on

Fig. 1. 1H (A) and 31P (B) NMR spectrum of compound IV.
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cellophane film, dried in a muffle oven at 50 °C to constant weight.
Then the film was separated from cellophane and carried out TGA and
DSC analysis.

3. Results and discussion

The direct attachment of β-diketones to the phosphazene ring lead
to O-acylation and the resulting ester is not capable of forming com-
plexes [22]. Therefore, the more efficient method to obtain diketo-
function-containing cyclotriphosphazene could be provided through
organic fragment in several stages as shown on Scheme 1.

The attachment of diketones to a carbon atom may occur in case of
using an alkyl halides in aprotonic media. However, the introduction of
alkyl halides into phosphazenes in one step is impossible due to side
reactions. At the first stage it was decided to substitute chlorine atoms
in the HCP for 4-formylphenoxy group. The 4-hydroxybenzaldehyde
was used because the aldehyde group is inert to HCP, also in that case p-
position is sterically available. Furthermore, aryloxy radical is

thermally stable and not prone to phosphazene-phosphazane re-
arrangement. The second step was the reduction of the aldehyde group
to alcohol group. The reaction was carried out with sodium borohy-
dride that is well known reduction agent.

Then, the compound II was treated with thionyl chloride, thus ob-
taining a benzyl chloride group capable of reacting with diketones by a
carbon atom to form IV.

Sodium acetylacetonate, obtained from the reaction of sodium
metal with a slight excess of acetylacetone in ethanol, was used for C-
alkylation. The excess of acetylacetone could be easily removed by
evaporation with ethanol.

The reaction between III and a large excess of Na acetylacetonate
(AcAcNa) was provided at room temperature (to avoid the side reaction
of O-alkylation) in DMF. A small amount of sodium iodide was used as a
catalyst. The substitution of chlorine atoms in compound III was pro-
vided completely and without any side reactions, which can be con-
firmed by 1H NMR spectrum (Fig. 1A). Due to keto-enol tautomerism in
the spectrum are observed two forms: keto-form and eno-form.

Scheme 2. Synthesis of polymers based on the IV and various amines.
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Tautomerism makes a significant difference in the chemical shifts of the
protons signals methyl and methylene groups. Also for the enol form,
the presence of the proton signal of the OH group in the weak field area
of 16.7 ppm is characteristic.

In 31P NMR spectrum (Fig. 1B) is a singlet in the area 9.8 ppm. It
indicates that the reaction between compound III and AcAcNa proceeds
without affecting the phosphazene cycle.

Since diketones are capable of forming a Schiff base, we have se-
lected several amines to obtain the polymers. In order to achieve a
broader variety of properties of the resulting polymers we used amines

of different types. The organic-aliphatic (hexamethylenediamine for
polymer 1 preparation) and the aromatic amines (m-phenylendiamine
for polymer 2 preparation) were used. Also we used silicones with low
molecular weight (APTES for polymer 4 preparation) and with high
molecular weight (DAS for polymer 3 preparation). The formation of
the respective polymers proceeded according to Scheme 2.

The reaction between amines and IV was carried out in chloroform
using magnesium sulfate to get rid of released water. Films were cast
from the resulting solution. IR spectra of the obtained polymers are
shown in Fig. 2. The presence of the stretching vibrations of C=N bonds
in 1560 cm−1 confirms that azomethine groups were formed while in
the original compound this type of vibration is absent.

The obtained polymers have cross-linked structure. The content of
gel fraction was determined by extraction, the data are listed in Table 1.

Films of polymers 1, 2 and 4 were brittle, and the film of polymer 3
turned out to be flexible. This fact is consistent to DSC measurements
(Fig. 3) – glass transition temperature for polymers 1, 2 and 4 is 320,
335 and 340 °C respectively. In while, polymer 3 has glass transition
temperature equal 115 °C. The only explanation of this fact is a the
siloxane long chain flexibility of polymer 3. In other cases, polymers
were formed from short sterically obstructed links.

The decomposition of compound IV in air proceeds in several
stages. The first decomposition stage is occurs in the area of 350 °C
(Fig. 3). The sample loses up to 10% of its initial weight at this step.
Then, the weight remains unchanged, up to 420 °C. The rise in the
temperature leads to the development of further destructive processes
which ends near 1000 °C. According to TGA, the temperature of the
synthesized polymers decomposition is practically the same and lies in
the region of 400 °C, which is slightly higher than the temperature of
initial stage of diketophosphazenes IV destruction. It should be noted
that the weight loss for polymer 3 at this decomposition step is close to
70%, while polymers 1, 2 and 4 lose only about 10 wt%. The last three
samples are characterized by a plateau at higher temperatures on the
TGA curves, in a manner analogous to that for the compound IV. The
presence of a plateau suggests the occurrence of diketo groups con-
densation, accompanied by the release of water. Such reactions is de-
scribed in Ref. [23]. High condensation temperature for polymers 1, 2
and 4 compared to compound IV is due to the rigidity of their chains,
which makes it more difficult for diketo groups to access each other. In
the case of polymer 3, the plateau is absent and as noted above, weight
loss at this stage of decomposition reaches 70%. As a result, degrada-
tion of polymer 3 occurs with the formation of volatile cyclosiloxanes,
which leads to a rapid loss of sample mass. The thermal transformations
in the investigated polymers end in the region of 800–1000°С and the
mass of the solid residue lies in the row 4 > 2>3 > 1.

As can be seen from Table 1, polymer 4 demonstrates the best ad-
hesion to glass. High adhesion is probably observed due to the inter-
action between the silanol groups existing on the glass and polymer 4
surfaces. Also, polymer 3 has high adhesion, which is supposedly
achieved due to the high flexibility of the polymer chains (internal
plasticization), and hence easy access of diketo group of polymer to the
amino groups of the coating deposited on a glass surface. The dried
films of polymers 1 and 2 are partially cracked and deformed, thus it
have poor adhesion.

Measurement of the water contact angles of the films showed
(Fig. 4) that polymers 3 and 4 demonstrate the highest hydrophobicity.
This fact can be explained by the high water-repellent ability of long
fragments of dimethylsiloxane (polymer 3) and nonpolar silsesquioxane
structure of polymer 4. Short aliphatic and aromatic chains in polymers
1 and 2 are not capable of giving films with water repellency properties,
so hydrophobicity of these polymers is relatively low.

4. Conclusion

The diketo-function-containing aryloxycyclotriphosphazene IV was
synthesized for the first time, it was characterized by 1H and 31P NMR

Fig. 2. FTIR spectra of the synthesized polymers.

Table 1
Content of gel fraction, water contact angles and adhesion to glass for synthe-
sized films.

Polymer 1 Polymer 2 Polymer 3 Polymer 4

Gel fraction, % mass 93 93 94 98
Contact angle, deg. 70 67 101 99
Adhesion 2 3 1 0

Fig. 3. TGA and DSC curves of compound IV and synthesized polymers.
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and IR spectroscopy. Polymer films were obtained by interaction of IV
with various amines. It is determined that polymer based on IV and (3-
aminopropyl) triethoxysilane has the best adhesion to glass, but its heat
resistance is slightly less than that of other synthesized polymers.
Polymer 3 ranks below polymer 4 in adhesive characteristic, but in-
significantly surpasses it and other polymers in hydrophobic properties
and heat resistance. Hence, polymer 3 has the most appropriate ex-
ploitative properties, that can be used under quite extreme conditions.
On the basis of this polymer, metal-containing films can be produced by
forming complexes of diketo groups with metals. These metal com-
plexes can be applied in OLED technology [24–26] as luminesensitive,
moisture-resistant and heat-resistant materials [27].

Acknowledgment

The work was supported by Mendeleev University of Chemical
Technology of Russia. Project Number 019-2018.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.matchemphys.2018.11.008.

References

[1] L. Qian, L. Ye, Y. Qiu, S. Qu, Thermal degradation behavior of the compound
containing phosphaphenanthrene and phosphazene groups and its flame retardant
mechanism on epoxy resin, Polymer 52 (24) (2011) 5486–5493 https://doi.org/10.
1016/j.polymer.2011.09.053.

[2] H. Liu, X. Wang, D. Wu, Preparation, isothermal kinetics, and performance of a
novel epoxy thermosetting system based on phosphazene-cyclomatrix network for
halogen-free flame retardancy and high thermal stability, Thermochim. Acta 607
(2015) 60–73 https://doi.org/10.1016/j.tca.2015.04.002.

[3] L. Qian, L. Ye, G. Xu, J. Liu, J. Guo, The non-halogen flame retardant epoxy resin
based on a novel compound with phosphaphenanthrene and cyclotriphosphazene
double functional groups[J], Polym. Degrad. Stabil. 96 (6) (2011) 1118–1124
https://doi.org/10.1016/j.polymdegradstab.2011.03.001.

[4] K. Tao, J. Li, L. Xu, X. Zhao, L. Xue, X. Fan, Q. Yan, A novel phosphazene cyclo-
matrix network polymer: design, synthesis and application in flame retardant
polylactide, Polym degrad stab 96 (7) (2011) 1248–1254 https://doi.org/10.1016/
j.polymdegradstab.2011.04.011.

[5] T.K. Huang, Y.C. Wang, K.H. Hsieh, J.J. Lin, Molecular-level dispersion of phos-
phazene–clay hybrids in polyurethane and synergistic influences on thermal and UV

resistance, Polymer 53 (19) (2012) 4060–4068 https://doi.org/10.1016/j.polymer.
2012.07.049.

[6] J. Wang, X. Su, Z. Mao, The flame retardancy and thermal property of poly
(ethylene terephthalate)/cyclotriphosphazene modified by montmorillonite system,
Polym. Degrad. Stabil. 109 (2014) 154–161 https://doi.org/10.1016/j.
polymdegradstab.2014.07.010.

[7] T. Muraki, M. Ueta, E. Ihara, K. Inoue, Enhancement of thermal stability of poly-
styrene and poly (methyl methacrylate) by cyclotriphosphazene derivatives, Polym
degrad stab 84 (1) (2004) 87–93 https://doi.org/10.1016/j.polymdegradstab.2003.
09.015.

[8] K.R. Fontenot, M.M. Nguyen, M.S. Al-Abdul-Wahid, M.W. Easson, S. Chang,
G.A. Lorigan, B.D. Condon, The thermal degradation pathway studies of a phos-
phazene derivative on cotton fabric, Polym. Degrad. Stabil. 120 (2015) 32–41
https://doi.org/10.1016/j.polymdegradstab.2015.04.032.

[9] J. Zhu, W. Liu, R. Chu, X. Meng, Tribological properties of linear phosphazene
oligomers as lubricants, Tribol. Int. 40 (1) (2007) 10–14 https://doi.org/10.1016/j.
triboint.2006.01.014.

[10] J.H. Crommen, E.H. Schacht, E.H. Mense, Biodegradable polymers: II. Degradation
characteristics of hydrolysis-sensitive poly [(organo) phosphazenes], Biomaterials
13 (9) (1992) 601–611 https://doi.org/10.1016/0142-9612(92)90102-T.

[11] E.M. Chistyakov, S.N. Filatov, V.V. Kireev, B.M. Prudskov, A.I. Chetverikova,
V.P. Chuev, R.S. Borisov, Methacrylate composites containing maleic derivatives of
cyclotriphosphazene, Polym. Sci. B 55 (5–6) (2013) 355–359 https://doi.org/10.
1134/S156009041306002X.

[12] V.V. Kireev, E.M. Chistyakov, S.N. Filatov, A.S. Tupikov, D.V. Panfilova,
A.I. Chetverikova, Polymeric dental composites modified with carboxy phospha-
zene methacrylates, Russ. J. Appl. Chem. 88 (5) (2015) 866–870 https://doi.org/
10.1134/S1070427215050225.

[13] B. Çoşut, F. Hacıvelioğlu, M. Durmuş, A. Kılıç, S. Yeşilot, The synthesis, thermal and
photophysical properties of phenoxycyclotriphosphazenyl-substituted cyclic and
polymeric phosphazenes, Polyhedron 28 (12) (2009) 2510–2516 https://doi.org/
10.1016/j.poly.2009.05.027.

[14] M. Grünebaum, A. Buchheit, C. Günther, H.D. Wiemhöfer, New efficient synthetic
routes to trifluoromethyl substituted pyrazoles and corresponding β-diketones,
Tetrahedron Lett. 57 (14) (2016) 1555–1559 https://doi.org/10.1016/j.tetlet.
2016.02.092.

[15] S. Veeraswamy, K.I. Reddy, R.V. Ragavan, K.T. Reddy, S. Yennam, A. Jayashree, An
efficient one-step chemoselective reduction of alkyl ketones over aryl ketones in β-
diketones using LiHMDS and lithium aluminium hydride, Tetrahedron Lett. 53 (35)
(2012) 4651–4653 https://doi.org/10.1016/j.tetlet.2012.06.057.

[16] J. Conradie, E.E. rasmus, XPS Fe 2p peaks from iron tris (β-diketonates): electronic
effect of the β-diketonato ligand, Polyhedron 119 (2016) 142–150 https://doi.org/
10.1016/j.poly.2016.08.042.

[17] C. Yang, J. Luo, J. Ma, M. Lu, L. Liang, B. Tong, Synthesis and photoluminescent
properties of four novel trinuclear europium complexes based on two tris-β-dike-
tones ligands, Dyes Pigments 92 (1) (2012) 696–704 https://doi.org/10.1016/j.
dyepig.2011.06.022.

[18] N.V. Zolotareva, V.V. Semenov, β-Diketones and their derivatives in sol± gel
processes, Russ. Chem. Rev. 82 (10) (2013) 964–987 https://doi.org/10.1070/
RC2013v082n10ABEH004364.

Fig. 4. Photos of water droplets deposited on films of synthesized polymers.

E.M. Chistyakov et al. Materials Chemistry and Physics 223 (2019) 353–359

358

https://doi.org/10.1016/j.matchemphys.2018.11.008
https://doi.org/10.1016/j.matchemphys.2018.11.008
https://doi.org/10.1016/j.polymer.2011.09.053
https://doi.org/10.1016/j.polymer.2011.09.053
https://doi.org/10.1016/j.tca.2015.04.002
https://doi.org/10.1016/j.polymdegradstab.2011.03.001
https://doi.org/10.1016/j.polymdegradstab.2011.04.011
https://doi.org/10.1016/j.polymdegradstab.2011.04.011
https://doi.org/10.1016/j.polymer.2012.07.049
https://doi.org/10.1016/j.polymer.2012.07.049
https://doi.org/10.1016/j.polymdegradstab.2014.07.010
https://doi.org/10.1016/j.polymdegradstab.2014.07.010
https://doi.org/10.1016/j.polymdegradstab.2003.09.015
https://doi.org/10.1016/j.polymdegradstab.2003.09.015
https://doi.org/10.1016/j.polymdegradstab.2015.04.032
https://doi.org/10.1016/j.triboint.2006.01.014
https://doi.org/10.1016/j.triboint.2006.01.014
https://doi.org/10.1016/0142-9612(92)90102-T
https://doi.org/10.1134/S156009041306002X
https://doi.org/10.1134/S156009041306002X
https://doi.org/10.1134/S1070427215050225
https://doi.org/10.1134/S1070427215050225
https://doi.org/10.1016/j.poly.2009.05.027
https://doi.org/10.1016/j.poly.2009.05.027
https://doi.org/10.1016/j.tetlet.2016.02.092
https://doi.org/10.1016/j.tetlet.2016.02.092
https://doi.org/10.1016/j.tetlet.2012.06.057
https://doi.org/10.1016/j.poly.2016.08.042
https://doi.org/10.1016/j.poly.2016.08.042
https://doi.org/10.1016/j.dyepig.2011.06.022
https://doi.org/10.1016/j.dyepig.2011.06.022
https://doi.org/%2010.1070/RC2013v082n10ABEH004364
https://doi.org/%2010.1070/RC2013v082n10ABEH004364


[19] I.S. Sirotin, Y.V. Bilichenko, O.V. Suraeva, A.N. Solodukhin, V.V. Kireev, Synthesis
of oligomeric chlorophosphazenes in the presence of ZnCl2, Polym. Sci. B 55 (1–2)
(2013) 63–68 https://doi.org/10.1134/S1560090413020048.

[20] E.M. Chistyakov, V.V. Kireev, S.N. Filatov, I.V. Terekhov, M.I. Buzin, L.I. Komarova,
Thermal polycondensation of hexa-p-hydroxymethylphenoxycyclotriphosphazene,
Polym. Sci. B 54 (7–8) (2012) 407–412 https://doi.org/10.1134/
S1560090412080015.

[21] K. Inoue, S. Negayama, T. Itaya, M. Sugiyama, Synthesis of well‐defined polystyrene
with multi‐functional end groups utilizing cyclotriphosphazene, Macromol. Rapid
Commun. 18 (3) (1997) 225–231 https://doi.org/10.1002/marc.1997.030180303.

[22] J. Drozd, K. Brandt, T. Kupka, New heterofunctional cyclophosphazenes with car-
bonyl and double bond functions, Inorg. Chem. 33 (16) (1994) 3602–3604 https://
doi.org/10.1021/ic00094a026.

[23] J.L. Arias, A. Cabrera, P. Sharma, N. Rosas, J.L. García, S. Hernandez, Catalytic
auto-condensation of 2,4-pentanedione promoted by Sm(III) acetylacetonate: the X-
ray structure of a novel complex [Sm(CH3COO)3(H2O)2](H2O)2, Inorg. Chim. Acta.

310 (2) (2000) 261–264 https://doi.org/10.1016/S0020-1693(00)00257-7.
[24] W. Quirino, R. Reyes, C. Legnani, P.C. Nobrega, P.A. Santa-Cruz, M. Cremona, Eu-β-

diketonate complex OLED as UV portable dosimeter, Synth. Met. 161 (11–12)
(2011) 964–968 https://doi.org/10.1016/j.synthmet.2011.03.001.

[25] W.G. Quirino, R.D. Adati, S.A.M. Lima, C. Legnani, M. Jafelicci Jr., M.R. Davolos,
M. Cremona, Electroluminescence of a device based on europium β-diketonate with
phosphine oxide complex, Thin Solid Films 515 (3) (2006) 927–931 https://doi.
org/10.1016/j.tsf.2006.07.066.

[26] D. Wang, Y. Pi, H. Liu, X. Wei, Y. Hu, J. Zheng, Synthesis and spectroscopic be-
havior of highly luminescent trinuclear europium complexes with tris-β-diketone
ligand, J. Alloy. Comp. 613 (2014) 13–17 https://doi.org/10.1016/j.jallcom.2014.
05.222.

[27] X. Huang, W. Wei, H. Wei, Y. Li, X. Gu, X. Tang, Preparation of heat‐moisture
resistant epoxy resin based on phosphazene, J. Appl. Polym. Sci. 130 (1) (2013)
248–255 https://doi.org/10.1002/app.39050.

E.M. Chistyakov et al. Materials Chemistry and Physics 223 (2019) 353–359

359

https://doi.org/10.1134/S1560090413020048
https://doi.org/10.1134/S1560090412080015
https://doi.org/10.1134/S1560090412080015
https://doi.org/10.1002/marc.1997.030180303
https://doi.org/10.1021/ic00094a026
https://doi.org/10.1021/ic00094a026
https://doi.org/10.1016/S0020-1693(00)00257-7
https://doi.org/10.1016/j.synthmet.2011.03.001
https://doi.org/10.1016/j.tsf.2006.07.066
https://doi.org/10.1016/j.tsf.2006.07.066
https://doi.org/10.1016/j.jallcom.2014.05.222
https://doi.org/10.1016/j.jallcom.2014.05.222
https://doi.org/10.1002/app.39050

	Preparation of films based on β-diketophosphazene and different amines and study their properties
	Introduction
	Experimental
	Materials
	Measurements
	Synthesis of compounds I-III
	Synthesis of diketophosphazene (IV)
	Preparation of solutions for the production of films based on amines
	Film preparation

	Results and discussion
	Conclusion
	Acknowledgment
	Supplementary data
	References




