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Abstract

Objectives. To synthesize phosphorus-containing oligoestermethacrylates spatially separated 
by spacers of aliphatic or aromatic structure and evaluate their effect on photocuring kinetics.
Methods. For determining the qualitative and quantitative composition of the synthesized 
compounds, the following methods were used: thin layer chromatography; chromatographic and 
mass spectrometry; infrared spectroscopy; 1H, 13C, 31P  nuclear magnetic resonance spectroscopy; 
differential scanning calorimetry. The dielectric loss tangent was determined on a specially 
designed optical cell with an ultraviolet (UV) light source to an immittance meter. Elemental 
analysis was performed on an energy dispersive X-ray fluorescence spectrometer. 
Results. Spatially separated oligoestermethacrylates based on phosphorus trichloride containing 
aliphatic or aromatic spacers in the structure were synthesized. During the interaction of glycidyl 
methacrylate with phosphorus trichloride in the mass of the latter, reaction products were shown 
to be formed both according to the Krasusky rule from the side of the α-carbon atom, as well as 
against this rule with the formation of isomeric products. Obtaining these compounds in bulk 
is possible only in the presence of a homopolymerization inhibitor. The influence of the spacer 
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НАУЧНАЯ СТАТЬЯ

structure on the curing rate of oligoestermethacrylates under the action of UV radiation has been 
established. It has been shown that the introduction of a spacer into the oligomer structure is 
accompanied by an increase in the induction period by a factor of 39 compared to a sample 
without a spacer.
Conclusions. The results obtained indicate the possibility of obtaining new oligoester-
methacrylates with aliphatic and aromatic spacers in the structure. The influence of the structure 
of the spacer on the kinetics of photocuring is determined.

Keywords: synthesis, oligoestermethacrylates, polymerization, phosphorus-containing flame 
retardants, kinetics, photocuring, DSC
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Аннотация 

Цели. Синтез фосфорсодержащих олигоэфирметакрилатов, пространственно- 
разделенных спейсерами алифатического или ароматического строения, и оценка их 
влияния на кинетику фотоотверждения. 
Методы. Для определения качественного и количественного состава синтезирован-
ных соединений использованы: тонкослойная хроматография; хромато-масс-спектро- 
метрия; инфракрасная спектроскопия; 1H, 13C, 31P спектроскопия ядерного магнит-
ного резонанса; дифференциальная сканирующая калориметрия. Тангенс диэлек-
трических потерь определяли на специально разработанной оптической ячейке с 
УФ-источником света к измерителю иммитанса. Элементный анализ проводили на 
энергодисперсионном рентгенофлуоресцентном спектрометре.
Результаты. Синтезированы пространственно разделенные олигоэфирметакрила-
ты на основе трихлорида фосфора, содержащие в структуре алифатический или 
ароматический спейсеры. Установлено, что при взаимодействии глицидилметакри-
лата с трихлоридом фосфора в массе последнего, образуются продукты реакции 
как по правилу Красуского со стороны α-углеродного атома, так и против правила с  
образованием изомерных продуктов. Получение данных соединений в массе возмож-
но только в присутствии ингибитора гомополимеризации. Установлено влияние  
структуры спейсера на скорость отверждения олигоэфирметакрилатов под дей-
ствием УФ-излучения. Показано, что введение спейсера в структуру олигомера со-
провождается увеличением индукционного периода в 39 раз по сравнению с образцом, 
не содержащим спейсера.
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Выводы. Достигнутые результаты свидетельствуют о возможности получения 
новых олигоэфирметакрилатов со спейсерами алифатического и ароматического 
строения в структуре. Установлено влияние строения спейсера на кинетику фото-
отверждения.

Ключевые слова: синтез, олигоэфирметакрилаты, полимеризация, фосфорсодержащие 
антипирены, кинетика, фотоотверждение, ДСК
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INTRODUCTION

To solve the problem of combustibility of  
composite materials based on oligomeric binders, 
fire retardants of various nature are added to them. 
Some of these do not react with the main polymer 
during processing and operation, while others act  
as a reactive additive, for example, integrating into  
the structure of the cured binder [1, 2]. However,  
it should be noted that it is not always possible to  
balance the set of required performance characteristics 
necessary to obtain desired final products. For example, 
some flame retardants are able to transfer materials  
to the class of low combustibility, while worsening 
the physical-mechanical, dielectric, technological  
and operational properties [3]. The production of 
polymeric binders that reduce flammability while 
simultaneously improving physical and mechanical 
properties solves a number of the above problems,  
which are related, among other things, to the 
thermodynamic incompatibility of the binder and  
flame retardant.

In order to ensure the required level of  
properties in terms of resistance to combustion, 
phosphorus-containing polymeric materials and  
fillers based on organophosphorus, organophosphorus-
element compounds are widely used. A promising 
method involves the synthesis and use of  
reactive compounds containing fragments of  
different sizes and structures (spacers) between  
reactive centers in a single molecule. However, 
the works describing such methods either present  
spacers that are located in the side chain of the resulting 

polymer, or compounds having different spacer  
structures as co-reagents in the preparation of the cured 
material [4–6].

From our point of view, a more promising  
approach sets out to obtain bi, tri-, and tetra-functional 
compounds of the (meth)acrylate series in which  
the spacer is located between the functional  
polymerizable centers. For obtaining compounds  
with spacers, three reagents of different functionalities 
can be used. As a result of their sequential  
interaction, it is possible to obtain an oligomeric  
structure (Scheme 1).

Subsequently, in the process of polymerization  
at double bonds, the structures of a rigid-chain  
polymer are formed, in the mass of which there is a 
movable or limitedly movable spacer.

It is known that chemically bound phosphorus  
in the structure of (meth)acrylate compounds makes  
it possible to obtain polymers with reduced  
flammability. For example, the use of phosphorus-
containing monomers and oligomers of the (meth)

Scheme 1. Structure of oligoestermethacrylate  
with spacers of various structures;  

A is a spacer of different structure and molecular weight.
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acrylate series [7, 8] or phosphorus-containing epoxy 
resins [9] makes it possible to obtain materials with  
a satisfactory balance of physico-mechanical and  
heat-resistant properties with reduced flammability.

EXPERIMENTAL

For the synthesis of phosphorus-containing 
compounds capable of polymerization under the  
action of ultraviolet (UV) radiation, we used freshly 
distilled phosphorus trichloride (98%, analytical  
grade, TU 2152-380-0763441-2002), glycidyl 
methacrylate (GMA) (no less than 97%, purity,  
analytical grade, Sigma-Aldrich, USA), active  
diluent for epoxy resins grade E-181 (mass fraction  
of epoxy groups ≥25%, Chimex Limited, Russia,  
TU 2225-606-11131395-2003) and epoxy resin grade 
ED-20 (mass fraction of epoxy groups, 20.0–22.5%, 
Chimex Limited, GOST 10587-842). Prior to synthesis, 
the exact content of epoxy groups in epoxy resins  
was analytically determined. To obtain the polymers,  
a photoinitiator comprising bis(2,4,6-trimethylbenzoyl)-
phenylphosphine oxide (BAPhO) (no more than  
100%, chemically pure, Sigma-Aldrich, USA) was  
used. For thin layer chromatography (TLC), benzene 
(99.8%, chemically pure, Ekos-1, Russia) and freshly 
distilled ethanol (96.3%, Ferein, Russia) were used  
as the eluent. 

Chromatographic and mass spectrometry were 
carried out on a GC/MS Saturn 2100T instrument 
(Varian, USA) with a VF-1ms quartz capillary  
column (100% methylpolysiloxane, 30 M × 0.25 mm, 
ID = 0.25 mm, DF = 0.25 µm, helium was used 
as a carrier gas) using a prepared 0.2% solution of  
the substance in acetone (99.8%, chemically pure,  
Ekos-1, Russia). Nuclear magnetic resonance (NMR)  
1H, 13C, and 31P spectroscopy was performed on a  
Mercury 300 plus instrument (Varian, USA) 
with operating frequencies of 300, 75, and 
121 MHz, respectively; here, CDCl3 was  
used as a solvent. Chemical shifts are given on a scale 
of δ (ppm) relative to tetramethylsilane (TMS) as an 
internal standard. Spin-spin coupling constants (J)  
are given in Hz. Differential scanning calorimetry  
(DSC) was performed on a NETZSCH DSC 204 F1 
instrument with a compressor cooling system and  
an OmniCure S2000 UV irradiation unit in an  
inert gas flow (argon, 90 mL/min) (Netzsch, 
Germany). The sample was placed in a standard  
open aluminum crucible. Controlled irradiation 
was carried out according to a temperature program  

(20 ℃, 4 min) comprising two identical isothermal 
segments using the full spectrum of the radiation  
source (power 1 W/cm2). The resulting curve was 
obtained by subtracting the second segment from  
the first in the NETZSCH Proteus software  
environment3. To determine the dielectric loss  
tangent, we used a specially designed optical cell  
with a UV light source connected to an E7-25  
immittance meter (MNIPI, Belarus). Infrared (IR)  
spectra were recorded on an FT-801 spectrometer 
(SIMEX, Russia). Elemental analysis was performed 
on an EDX-8000 energy dispersive X-ray fluorescence 
spectrometer (Shimadzu, Japan).

For the study, several phosphorus-containing 
polymerizable compounds (PPC) were synthesized:

– (PPC-1) is the reactive monomer without spacer;
– (PPC-2) is the spacer is introduced with E-181 epoxy 

resin;
– (PPC-3) is the spacer is inserted with epoxy  

resin ED-20.
The synthesis of phosphorus-containing 

polymerizable compounds was carried out in two  
stages. At the first stage, the reaction was carried out  
in a molar ratio of 1:2 according to the scheme:

PCl3 + 2A → (A′)2-PCl,

where A is one of unsaturated alpha oxides; A' is the 
structure of addition of unsaturated alpha oxides. At the 
second stage, the interaction of the bifunctional epoxide 
with residual chlorine in a ratio of 2:1 was carried out, 
leading to the preparation of a compound with a spacer, 
according to the scheme:

2(A′)2-PCl + B → (A′)2-P-B′-P-(A′)2,

where B is one of diepoxy oligomers, B' is the structure 
formed as a result of addition of diepoxy oligomers.

As an object of comparison, a PPC-1 product  
was synthesized that did not contain a spacer. The 
reaction was carried out in excess of PCl3 in one stage  
in a ratio of 1:3 with GMA (Scheme 2).

The synthesis of substances with spacers 
was carried out in two stages. At the first stage, a  
disubstituted intermediate was obtained (Scheme 3).

At the second stage, the disubstituted intermediate 
was added to epoxy resins (epoxy resin E-181 was  
used for PPC-2, ED-20 was used for PPC-3), the  
reactions were carried out in bulk (Schemes 4 and 5).

  2 GOST 10587-84. USSR State Standard. Uncured 
epoxy resins. Specifications. Moscow: Izd. Standartov; 1989.

3 https://analyzing-testing.netzsch.com/ru/pribory-
resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-
dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-
phoenix, accessed April 15, 2022.

https://analyzing-testing.netzsch.com/ru/pribory-resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-phoenix
https://analyzing-testing.netzsch.com/ru/pribory-resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-phoenix
https://analyzing-testing.netzsch.com/ru/pribory-resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-phoenix
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The composition and structure of the synthesized 
products were confirmed by IR and NMR spectral 
studies.

PPC-1, PPC-2, and PPC-3 products were used  
to prepare photocurable compositions in order to 
evaluate the effect of the spacer on the properties  
of the cured material.

PPC-1. Tris-[(1-chloromethyl-2-methacryloxy)-
ethoxy]phosphine (RF Pat. No. 2697721 [10])

A four-necked reactor equipped with a stirrer, a  
dropping funnel, a reflux condenser, and a thermometer, 

which had been preliminarily purged with dry argon  
for 30 min (purging with argon was subsequently  
carried out throughout the entire process), was  
loaded with 5 g (0.036 mol) of phosphorus trichloride. 
A mixture of 15.49 g (0.11 mol) of glycidyl  
methacrylate (GMA) and 0.155 g (1 wt % of the mass  
of GMA) N-nitrosodiphenylamine was fed to it with 
constant stirring through a dropping funnel at such  
a rate that the temperature of the reaction mass did  
not exceed 15 °C, the reactor cooled with a mixture 
of salt and ice. After the addition of the mixture, the  
resulting reaction mass was kept for 2 h at 45 °C. Then, 
following evacuation for 60 min at a residual pressure  

Scheme 2. Reaction of glycidyl methacrylate with phosphorus trichloride to produce the PPC-1 product.

Scheme 3. Reaction of phosphorus trichloride with glycidyl methacrylate to produce an intermediate.

Scheme 4. Reaction of the intermediate with epoxy resin E-181 to obtain the product PPC-2.
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of 5 mm Hg, the reaction mass was filtered on 
a Schott filter from the precipitated crystalline 
N-nitrosodiphenylamine. The yield of PPC-1 was  
20.49 g (99.0%).

The product is a mobile liquid of light-yellow color,  
readily soluble in acetone and chloroform. Analysis  
for the content of epoxy groups showed their  
almost complete absence. Epoxy value (E.V.) = 0.066%, 

 = 1.4935; acid number (A.N.) = 11.58 mg KОН/g; 
bromine number (B.N.) = 85.3 g/100 g of organic  
substance.

The identification of the obtained product was 
carried out using NMR spectroscopy:

1H NMR spectrum (300 MHz, СDCl3) δ, ppm:  
1.85 (s, 9H), 3.51 (m, 6H), 3.72 (m, 6 H), 4.20 (m, 6 H), 
4.42 (m, 6 H), 5.55 (s, 6 H), 6.6 (s, 6 H), 4.62 (m, 3 Н) 
(d, J = 1.7 Hz, 1 H).

13С NMR spectrum (75 MHz, CDCl3, ТМС) δ, ppm: 
17.9 (3С); 41.5; 62.4; 69.9; 124.3; 134.5; 164.5.

31Р NMR spectrum (121 MHz, СDCl3) δ, ppm: 
140.54 Р(ОR)3. 

In order to determine the elemental composition, 
a sample of the test material was placed in a  
cuvette for measuring liquid samples equipped with  
a thin film window. The material of the cuvette  
bottom was polypropylene; the medium was 
vacuum. The study was conducted according to the 
standard procedure for the energy dispersive X-ray  
fluorescence spectrometer EDX-8000. Detection  
limits of P and Cl ~10 ppm. Found (%): Р 6.14;  
Cl 18.44. Calculated (%): Р 5.49; Cl 18.86.

Scheme 5. Reaction of the intermediate with the epoxy resin ED-20 to obtain the product PPC-3.

PPC-2. ((((4-((1-(2-((bis((1-chloro-3-
(methacryloyloxy)propan-2-yl)oxy)phosphine)oxy)- 
3-chlorophenoxy)-3-chloropropan-2-yl)oxy)- 

1-chlorobutan-2-yl)oxy)phosphindiyl)bis(oxy))- 
bis(3-chloropropan-2,1-diyl)bis(2-methacrylate)

(RF Pat. No. 2712107 [11])

A four-necked reactor equipped with a stirrer,  
a dropping funnel, a reflux condenser, and a  
thermometer, preliminarily purged with dry argon  
for 30 min (purging with argon was subsequently  
carried out throughout the entire process), was loaded 
with 5 g (0.036 mol) of phosphorus trichloride.  
A mixture of 10.33 g (0.073 mol) of HMA and 0.1 g  
(1 wt % of the mass of HMA) N-nitrosodiphenylamine 
was added to it, with constant stirring, from a  
dropping funnel at such a rate that the temperature  
of the reaction mass did not exceed 15 °C, the reactor  
was cooled a mixture of salt and ice. After the mixture 
was added, the resulting reaction mass was kept for  
2 h at 45 °C. Then, the resulting intermediate was  
loaded into a dropping funnel and dosed into another  
four-necked reactor equipped with a stirrer, a 
thermometer, and a reflux condenser with E-181 
diepoxide in the amount of 5.73 g (0.033 mol, based  
on the actual amount of epoxy groups). Upon  
completion of the addition of the mixture, the  
resulting reaction mass was kept for 2 h at 45 °C.

The reaction mass was additionally evacuated  
for 60 min at a residual pressure of 5 mm Hg  
and filtered on a Schott filter from the precipitated 
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crystalline N-nitrosodiphenylamine. The yield of PPC-2 
was 21.06 g (99.0%).

The product is a mobile liquid of light-yellow  
color, readily soluble in acetone and chloroform. 
Analysis for the content of epoxy groups showed  
their almost complete absence. E.V. = 0.04%;  

= 1.4951; A.N. = 12.19 mg KОН/g; B.N. = 72.6 g/100 g 
of organic substance.

The product obtained was identified by NMR 
spectroscopy:

1H NMR spectrum (300 MHz, СDCl3) δ, ppm:  
1.66, 3.63, 3.65, 4.42 (17 СН2), 3.48, 3.53, 3.86, 4.13  
(7 СН), 2.01 (4 СН3), 6.40, 6.48 (8 Н).

13С NMR spectrum (75 MHz, CDCl3, ТМС) δ, ppm: 
43.7, 46.9, 47, 50.7 (7 СН2), 167.2 (4 С); 70.6, 71.6, 
67.2, 86.2 (7 СН); 62.7, 67.9, 74.8, 73.4 (7 СН2), 136  
(4 С), 34.3, 125.2 (6 СН2), 17.9 (4 СН3).

31Р NMR spectrum (121 MHz, СDCl3) δ, ppm:  
141 Р(ОR)3.

Found (%): Р 5.02; Cl 22.41. Calculated (%):  
Р 5.74; Cl 22.98.

PPC-3. ((((((((((2-hydroxypropane-1,3-diyl)-
bis(oxy))bis(4,1-phenylene))bis(propan-2,2-diyl))-

bis(4.1-phenylene))bis(hydroxy))- 
bis(1-chloropropane-3,2-diyl))bis(oxy))- 

bis(phosphintriyl))tetrakis(oxy))tetrakis- 
(3-chloropropane-2,1-diyl)tetrakis(2-methyl acrylate) 

(RF Pat. No. 2712116 [12])

A four-necked reactor equipped with a stirrer,  
a dropping funnel, a reflux condenser, and a  
thermometer, which had been preliminarily purged 
with dry argon for 30 min (purging with argon 
was subsequently carried out throughout the entire  
process), was loaded with 5 g (0.036 mol) of  
phosphorus trichloride. With constant stirring, a  
mixture of 10.33 g (0.073 mol) of HMA and 0.1 g  
(1 wt % of the mass of HMA) N-nitrosodiphenylamine 
was added from a dropping funnel at a rate such  
that the temperature of the reaction mixture did  
not exceed 15 °C; the reactor was cooled with a  
mixture of salt and ice. After the mixture was  
added, the resulting reaction mass was kept for 2 h 
at 45 °C. Then, the resulting intermediate product  
was loaded into a dropping funnel and dosed into 
another four-necked reactor equipped with a stirrer,  
a thermometer, and a reflux condenser with ED-20  
epoxy resin in the amount of 7.66 g (0.035 mol, based  
on the actual amount of epoxy groups). Upon  
completion of the addition of the mixture, the  
reaction mixture was kept for 2 h at 45 °C.

Before unloading the product, the reaction mass  
was evacuated for 60 min at a residual pressure of  
5 mm Hg, filtered on a Schott filter from the  

precipitated crystalline N-nitrosodiphenylamine. The 
yield of PPC-3 was 22.99 g (99.0%).

The product is a mobile liquid of light-yellow  
color, readily soluble in acetone and chloroform. 
Analysis carried out to identify the content of  
epoxy groups revealed their almost complete absence. 
E.V. = 0.09%;  = 1.5210; A.N. = 13.46 mg KОН/g; 
B.N. = 74.62 g/100 g of organic substance.

The IR spectra of the synthesized compounds 
PPC-1, PPC-2, PPC-3 contain characteristic  
absorption bands of stretching vibrations of the С=О  
(1720 cm−1), С=С (1640 cm−1), C-Hal (760–770 cm−1). 
There are no absorption bands corresponding to 
vibrations of the epoxy cycle (860 and 910 cm−1) and 
P=O (1280–1300 cm−1). Chemical analysis for the 
content of epoxy groups also showed their absence.

The product obtained was identified by NMR 
spectroscopy:

1H NMR spectrum (300 MHz, СDCl3) δ, ppm:  
1.66, 3.63, 3.65, 4.09, 4.21, 4.42 (14 СН2); 4.04, 4.23, 
4.13, 6.91, 7,19 (22 СН); 1.72, 2.01 (8 СН3), 6.40, 6.48 
(8 Н); 3.58 (ОН).

13С NMR spectrum (75 MHz, CDCl3, ТМС) δ, ppm: 
46.9, 47, 67.9, 70.1, 125.2 (7 СН2); 69, 70.6, 71.2, 86.2, 
114.9, 127.7 (23 СН); 42.4, 136, 146.3, 156.9, 167.2  
(18 С); 17.9, 30.9 (8 СН3).

31Р NMR spectrum (121 MHz, СDCl3) δ, ppm:  
141 Р(ОR)3.

Found (%): Р 4.98; Cl 14.71. Calculated (%):  
Р 5.23; Cl 17.97.

The obtained samples were studied by TLC  
(GOST 28366-894) with subsequent determination 
of retention factor Rf values according to  
formula (1), sorbent: Sorbfil TLCP-AF-A plates 
(SORBFIL, Russia), eluents—benzene and ethanol  
in a ratio of 95:5, respectively. A chamber filled  
with iodine vapor was used to detect substances.

 ,                                                                       (1)

where a is the distance from the center of the spot  
to the starting line, mm; b is the distance from the  
solvent front to the starting line, mm.

RESULTS AND DISCUSSION

While it was not possible to obtain any  
monomeric products of the addition of GMA to  
PCl3 in the absence of an inhibitor of GMA  
polymerization, whether in excess or in deficiency  

 4 GOST 28366-89. Interstate Standard. Reagents. Method 
of thin-layer chromatography. Moscow: Standartinform; 2008.
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of phosphorus trichloride, the stabilizer (hydroquinone 
monomethyl ether) contained in the original  
monomer in the amount of 150 ppm did not prevent  
the polymerization process, which led to crosslinking  
of the product in the reactor.

Taking into account the data of [13–15], we used 
N-nitrosodiphenylamine dissolved in the monomer  
to prevent the polymerization of GMA in the reaction 
with phosphorus trichloride. The resulting product, 
according to the data of the authors of [16], can be a 
mixture of isomers a, b, and c (Fig. 1).

Characteristic peaks in the 1H NMR spectra of 
PPC-1 were present in the following regions, ppm:  
1.85 (s, 9H, (H3C–C=); 3.51 and 3.72 (m, 6H, –СН2–Cl); 
4.20 and 4.42 (m, 6 H, =СН–СН2–О–С(О)–); 5.55 and 
6.6 (s, 6 H, –CH=CH2); 4,62 (m, 3Н, >Р–О–СН). 

The 13С NMR spectra of PPC-1 contain the  
following peaks: at 17.9 ppm—assigned to the CH3 
groups at the carbon atom at the double bond; at  
41.5 ppm—assigned to the groups (–CH2–Cl)  
formed during the opening of the epoxy ring; at  
62.4 ppm—referred to ester acrylate groups (–CH2–O–); 
line at 69.9 ppm—assigned to groups (>CH–O–P<); 
at 124.3 ppm—referred to the disubstituted carbon  
atom groups at the double bond (–CH=CH2); at  
134.5 ppm—referred to the trisubstituted carbon atom  
of the double bond (–CH=CH2); at 164.5 ppm—referred 
to the carbon of the ether group (–O–C(O)–).

The 31Р NMR spectra of PPC-1 contain  
characteristic peaks at 140.54 ppm assigned to the  
P(OR)3 group; the absence of peaks at 3.3 ppm 
characteristic of P=O groups also indicates the absence 
of pentavalent phosphorus in the products.

The IR spectrum of PPC-1 contains characteristic 
absorption bands in the range of C=O (1720 cm−1), 
C=C (1640 cm−1), and C–Hal (760–770 cm−1)  

stretching vibrations. The bands at 1340 cm−1 and  
1500 cm−1 are attributed to the vibrations of NO 
groups and the aromatic ring of the stabilizer 
N-nitrosodiphenylamine, respectively. The absorption 
band in the region of 1160 cm−1 is assigned to 
bending vibrations of the С=О group. The absence  
of characteristic bands at 860 and 910 cm−1  
corresponding to vibrations of the epoxy cycle  
indicates their complete opening upon interaction  
with phosphorus trichloride. The absence of epoxy 
groups in the reaction product was also confirmed  
by chemical analysis. The absence of bands in the 
region of 1100–1200 cm−1 characteristic of P=O groups 
indicates that pentavalent phosphorus is not formed 
during the synthesis of PPC-1.

The route of interaction is also confirmed by  
a decrease in the acid number of the synthesized  
products from 335.7 to 9.75 mg KOH/g and the  
absence of epoxy groups in them (see above), which  
is in agreement with the results of earlier studies [17].

Thus, the performed spectral studies confirm  
the formation of products of addition of GMA 
to phosphorus trichloride in the presence of 
nitrosodiphenylamine at three chlorine atoms.

The Rf value for PPC-1 was determined as the  
ratio of the distance from the spot center to the start to 
the distance from the mobile phase front to the start.  
The following results were obtained: Rf (A) = 0.124;  
Rf (B) = 0.299; Rf (C) = 0.39.

According to the results of TLC studies, the  
PPC-1 product is characterized by three separating 
spots, which were assigned to isomeric products 
a, b, and c (Fig. 1) formed during the synthesis of  
PPC-1. This is confirmed by studies [16, 18], which 
describe the possibility of forming compounds both 
according to the Krasusky rule and against this rule.  

Fig. 1. Structures of PPC-1 isomers.

а b c
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Any violation of the Krasusky rule as a result of an  
excess of PCl3 can subsequently lead to the formation 
of a mixture of products. The rule can be violated  
under the influence of functional groups at the oxirane 
ring [19]. In view of the above, the formation of  
three spots during TLC studies is determined by the 
presence of three compounds in the mixture: a product  
in which the addition of the GMA oxirane ring  
occurs only according to the Krasusky rule; only  
against Krasusky rule; the simultaneous presence of 
the attached GMA, both under the rule and against  
the Krasusky rule. This can occur during the  
interaction of phosphorus trichloride at different  
depths of its transformation.

Chromatographic and mass spectral studies  
have shown that PPC-1 isomers are capable of  
producing several fragment ions (Figs. 2 and 3).

Along with the results of IR and NMR analyses 
of the primary TLC data, chromatographic and  
mass spectral studies confirmed that a mixture of  
isomers was formed during the synthesis. Thus, the 
obtained results confirm the formation of putative  
PPC-1 isomeric compounds a, b, and c (Fig. 1).

The synthesis of spatially separated bis- 
[phosphorus-di-etheracrylates] with spacers of 
various structures was carried out using intermediate 
products by partial replacement of chlorine atoms in  
phosphorus trichloride with glycidyl methacrylate.  
The resulting reaction mass was added to a  
bifunctional epoxide, for example, E-181 or ED-20  
taken in a ratio of 2:1, respectively. Under such  
conditions, the diepoxide is inserted between two 
phosphorus atoms along the chlorine atoms. The  

basis for the conditions for the synthesis of  
substances with spacers (PPC-2 and PPC-3) was  
the experimental data obtained during the synthesis  
of PPC-1.

The ultimate goal of the research was to  
evaluate the effect of the spacer structure on the 
properties of crosslinked polymeric materials,  
which were determined by the structure of the  
bifunctional epoxide. Products of total chlorine 
substitution obtained by the interaction of phosphorus 
trichloride with GMA in a ratio of 1:3 were used  
as the basic object of comparison.

Figure 4 shows the IR spectra of GMA and end 
products that do not contain (PPC-1) and contain  
spacers (PPC-2, PPC-3). The insignificant difference 
seen in the spectra of the presented data is associated  
with the similar structure in the structure of the 
compounds.

The oxirane ring in glycidyl methacrylate has  
two transmission bands. The first band in the  
middle range of deformation of the C–O bond  
of the terminal oxirane group is centered at 906 cm−1, 
while the second band observed at 3052 cm−1 is  
related to the C–H vibration of the methylene group  
of the epoxy ring. As well as being quite low, the  
intensity of this band is also very close to the  
transmission of the hydroxyl group; however, in  
epoxy monomers possessing a low degree of 
polymerization, it can be used to assess the qualitative 
presence of epoxy groups [20]. Here, it can be seen 
that a similar band is present in glycidyl methacrylate 
and absent in samples PPC-1, PPC-2, and PPC-3.  
The absence of vibrations of the C–O–C bonds  

Fig. 2. PPC-1b fragment ion formation scheme (3-chloropropyl methacrylate fragment  
and 2-chloro-3-oxypropyl methacrylate fragment).
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of the oxirane group in the region of 810–840 cm−1 
and –CH2 in the region of 760–770 cm−1 in the  
samples indicates the complete opening of oxirane rings.

Phosphorus containing samples contain bands 
corresponding to the carbonyl group >C=O in the  
region of 1719 cm−1, >C=CH2 in the region of  
880–900 cm−1, ether bond in the region of  
1100–1200 cm−1, C=C vibrations in the region of  
1635 cm−1, Р–OR in the region of 940–945 cm−1,  
R–CI in the region of 760–770 cm−1. The addition 

Fig. 3. Fragment of the chromatogram of a 0.2% solution of PPC-1 in acetone.

Fig. 4. IR spectra of PPC-1, PPC-2, PPC-3, and GMA products.

of a spacer between two reaction centers binding  
the phosphorus atoms is not accompanied by a  
significant difference in the spectra of PPC-2 and  
PPC-1. The band in the region of about 1500 cm−1  
in the IR spectrum of PPC-3 is assigned to vibrations  
of the aromatic ring; the band in the region of about  
3000 cm−1 can be attributed to the hydroxyl group 
contained in the structure of ED-20.

Synthesized products PPC-1, PPC-2, and PPC-3 
were used to obtain photocurable compositions.
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Investigation of the processes  
of curing synthesized compounds 

The curing of the compositions with peroxide 
initiators (benzoyl peroxide, dicumyl peroxide)  
did not lead to a positive result, which is probably  
due to the presence of trivalent phosphorus in the 
structure of the oligoether methacrylate, which 
deactivates peroxides. In this regard, curing was  
carried out under the action of UV radiation in the 
presence of a photoinitiator.

Phenyl bis(2,4,6-trimethylbenzoyl)phosphine 
oxide (BAPhO), which is effective in a wide  
range of the UV spectrum with acceptable initiation 
parameters, was chosen as the initiator of the  
UV curing process, as recommended by a number  
of authors [21–23].

Determination of the degree of completion  
of the processes of photocuring of the  
synthesized products was carried out using DSC.

 The presented data (Fig. 5 and Table) demonstrates 
the influence of the spacer on the thermal effects  
of the photocuring process. Although the introduction 
of an aliphatic spacer (PPC-2) has little effect  
on both the maximum heat release and the time  
taken to achieve it, an aromatic moiety (PPC-3) has  
a greater effect on photocuring processes, increasing  
the time taken to reach maximum heat release to  
0.6 min, probably as a result of steric hindrances.

The introduction of a spacer with an increase  
in the overall functionality of the resulting  
compound reduces the number of polymerizable  
groups due to the steric factor, which is also 
accompanied by a decrease in the thermal effect  
of photocuring. According to DSC data, the  
contribution of one methacrylic group to the total 
thermal effect of the gross curing process of the 

synthesized products was estimated, which was  
0.09376, 0.03113, 0.01822 J/(mol·eq) for PPC-1,  
PPC-2, PPC-3, respectively. In the case of the  
PPC-3 sample, which has a more massive rigid  
spacer as compared to PPC-2, a lower density of  
the spatial structure is formed. This is probably due  
to the steric factor, which limits polymerization to a 
greater extent to groups in the side chain.

This fact was substantiated in [24] when  
calculating the quadratic critical conversion, whose 
physical meaning is the necessity to carried out  
at least two reactions of functional groups  
sequentially in order to ensure the formation of  
a crosslink. As a result of the first reaction, the 
polyfunctional oligomer must be integrated into  
the polymer chain and, therefore, suspended  
functional groups X must appear. Due to the second 
reaction of the interaction of the X group, the  
crosslink itself is formed. The authors conclude  
that the main reason for the deviation of the  
experimental gel point from the calculated one  
is the cyclization reaction, which limits the mobility 
of the polymerizing units, ultimately leading to a  
decrease in the thermal effect, which is also observed  
in our case.

Of additional interest was the determination  
of the degree of completion of the mass photocuring 
processes. For this purpose, an E7-25 immittance  
meter was used as part of a device with a  
photocell equipped with LEDs with a total  
luminous flux of 0.0172 mW/cm2 and a wavelength  
of 397 nm, which made it possible to evaluate the  
change in the dielectric properties of the material  
with time. The use of the developed measuring  
system was based on the well-known fact [24]  
that cured polymers have increased dielectric  

Fig. 5. Time dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.
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Fig. 6. Integral dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.

properties due to the limitation of molecular  
mobility as a result of the formation of intermolecular 
chemical bonds.

For oligomers, the inductive effect turned out  
to be significant, the influence of which quickly  
leveled off as the chain length increased, and the 
reactivity of the group depended on the number of  

atoms located next to it [25]. In molecules with  
spacers, steric hindrances become of great importance, 
which determine the decrease in the reactivity of  
side functional groups.

The obtained measurement results were processed 
mathematically using the calculation method given 
below according to formula (2) [26].

Table. Experimental data of the photo-curing process

Method Parameters PPC-1 PPC-2 PPC-3

DSC

Qmax, mW/mg 16.36 15.99 14.43

Qsum, J/g 158.5 147.8 93.4

Qsum, J/mol 0.2813 0.1245 0.0729

Qsum, J/(mol·eq) 0.09376 0.03113 0.01822

Time at Qmax, min 0.2 0.1 0.6

DEA

τind 50 1650 150

τ0.9 1100 2050 1430

a = τ0.9 − τind 1050 400 1280

1/а, s−1 9.52·10−4 2.5·10−3 7.81·10−4

Note: DEA is dielectric analysis. Qmax is the maximum heat flow; Qsum is the sum heat effect; τind is the induction period;  
τ0.9 is 90% process completion time; a is the time of the initiated photo-curing process; 1/a is the photo-curing process rate.
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,                                                       (2)

where is the current value of the cell dielectric property 
index; and   are the maximum and minimum  
value of the dielectric property index of the cell.  
The results are presented in Fig. 7. 

The presented results indicate the effect of the  
spacer in the synthesized compounds on the curing 
process.

Fig. 7. Conversion degree of the photo-curing process 
PPC-1, PPC-2, and PPC-3 in the presence  

of the photoinitiator BAPhO 0.5 wt %.

Phosphorus-containing oligoether methacrylates 
cure relatively quickly without a spacer (PPC-1,  
Fig. 7). The pronounced inflection of the change curve of 
the dielectric properties of the studied oligomer can be 
used to characterize the time interval for the end of the 
gelation process, following which the rate of change in 
the dielectric properties increases and the polymerization 
process passes into the final phase of formation of 
the crosslinked polymer structure. The dynamics of 
photocuring of oligoether methacrylates with a spacer 
of different structure differs significantly from the one 
under consideration, including due to the absence of a  
pronounced gel formation area.The formation of a cross-
linked PPC-2 polymer matrix proceeds with a significant 
induction period, which can be explained by the  
relatively higher mobility of ions not only of the 
oligomer, but also of the forming linear polymer, due to 
the presence of a flexible aliphatic space in its hinged part.

CONCLUSIONS

The possibility of obtaining new oligoether 
methacrylates with spacers in the chemical structure 
based on phosphorus trichloride, glycidyl methacrylate, 
and E-181 and ED-20 epoxy resins is confirmed.  
It is shown that the process of addition of the oxirane 

ring to phosphorus trichloride occurs both according to 
the Krasusky rule from the side of the α-carbon atom, and 
against this rule, with the formation of isomeric products.

The influence of the structure of the spacer on 
the rate of curing of oligomers under the action of UV 
radiation is determined.

According to dielectric analysis, photocuring in the 
bulk of oligoether methacrylates containing an aliphatic 
spacer is accompanied by an increase in the induction 
period of curing by a factor of 39, and an aromatic spacer 
by a factor of 4 compared to a sample without a spacer.

DSC studies established that the maximum  
thermal effect of UV curing (158.5 J/g) has an 
oligomer that does not contain a spacer. Meanwhile, 
the introduction of aliphatic and aromatic spacers  
leads to a decrease in the total thermal effect of the  
curing process to 147.8 and 93.4 J/g, respectively.
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