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Abstract

Objectives. The study set out to investigate the effect of ureas and their sulfur- and selenium-containing analogs on the vulcanization
of elastomeric materials based on nitrile butadiene rubber and their resistance to thermo-oxidative aging.

Methods. The properties of the molecules of ureas under study were calculated by the MM+ quantum chemical method of molecular
mechanics and PM3 semiempirical method using the HyperChem 8.0 software. Vulcanization of rubbers and total crosslink density
were studied using the rotorless vulcanization method with a MonTech MDR 3000 Professional rheometer. The dynamic characteristics
of vulcanized rubbers were investigated in accordance with ASTM D6601-02 and D5992-96 standards. The efficiency of the studied
antioxidants against thermo-oxidative aging was evaluated in accordance with GOST 9.024-74. Infrared (IR) spectra of samples were
recorded with an FT-801 Fourier-transform IR spectrometer (Russia) according to the attenuated total reflection method.

Results. For the first time, a study was conducted on the efficiency of 1-(3-chlorophenyl)-3-phenylurea, 1-(3-chlorophenyl)-3-
phenylthiourea, and 1-(3-fluorophenyl)-3-phenylselenourea as antioxidants for elastomers under conditions of thermo-oxidative aging.
The effect of these substances on the vulcanization characteristics and total crosslink density of materials based on nitrile butadiene
rubber was investigated.

Conclusions. The values of electron affinity energy and its sign were shown to accurately predict the possibility of using individual
molecules as accelerators of the vulcanization process or antioxidants. With a change in the electron affinity energy from 0.051 (urea)
to —1.115 (thiourea) and —1.365 eV (selenourea), the time to the start of vulcanization was shown to change from 15 to 3 and
2 min, respectively. As a result of thermo-oxidative aging of rubbers based on BNKS-28 AN rubber without a stabilizer and with
1-(3-chlorophenyl)-3-phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and 1-(3-fluorophenyl)-3-phenylselenourea, the total crosslink
density changes by 33%, 23%, 25%, and 29%, respectively. In this connection, the use of 1-(3-chlorophenyl)-3-phenylurea somewhat
improves the stability of rubbers to thermo-oxidative aging, whereas 1-(3-chlorophenyl)-3-phenylthiourea and 1-(3-fluorophenyl)-3-
phenylselenourea do not worsen this property when introduced into the rubber compound.
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HAYYHAA CTATbA

UccnepoBaHue BINAHNA MOYEBUH

M UX CEPO- U CeNlIeHCOoAepXallinx aHanoros

Ha BYJIKAHN3aLMIO U TEPMOOKUNCIINTEJIbHYIO CTOMKOCTb
3/1aCTOMEPOB Ha OCHOBEe OyTaANEeH-HUTPUJIbLHOIO
KayJyka

E.C. Boukapés, JI.M. 3anpasauna, SL.I1. Kysuenos, FO.M. Mkprusin, B.B. Bypmucrpos *, M.A. Banues
Boneoepadckuii cocyoapcmeennviii mexuuveckuti ynueepcumem, Boneoepao, 400005 Poccus
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AHHOTaUuS

HeJIll. HccnenoBanue BIMSHUS MOYEBHH M UX CEPO- U CCICHCOACPIKAIUX aHAJIOTOB Ha BYJIKaHU3AIUIO 3JIACTOMEPHBIX MaTe€puajioB
Ha OCHOBC 6yTaI[I/ICH-HI/ITpI/IJ'H>HOFO Kay4dyKa 1 Ha UX CTOMKOCTH TEPMOOKHUCIIUTECIIBHOMY CTAPCHUIO.

MeTtoabl. KBaHTOBO-XMMHUYECKUMH METOJAMU MOJICKY/IIpHON MexaHukn MM+ u ¢ nomomisto noaysmnupudeckoro merona PM3 mpo-
BEJICH pacdeT MCCIIeLyeMbIX MOJIEKYJ MOYEBHHBI M €€ aHaJoros B mporpaMmMHoM kominiekce HyperChem 8.0. Bynmkanusaruro pes3un
1 OLICHKY OOIIEeH INIOTHOCTH CIIMBKY M3ydalll METOJIOM 0e3poTopHOi Bynkanomerpun Ha peomerpe MonTech MDR 3000 Professional.
Hccnenopanue JMHAMUYECKUX XapaKTEPUCTUK BYJIKaHU30BAHHBIX PE3UH IpoBoamwiu B coorBeTcTBud ¢ ASTM D6601-02 u D5992-96.
D¢ deKkTHBHOCTD UCCIISyeMbIX IPOTHBOCTAPUTEINICH K TEPMOOKUCIHTEIbHOMY cTapenuto nposoamy 1o F'OCT 9.024-74. Uundpakpac-
usle (MK) criekrps! 06pa3nos nomydenst Ha MK-®ypre criekrpomerpe @T-801 (Poccust) MeTo10M HapyIIEHHOTO MOIHOTO BHYTPEHHETO
OTpaKCHUSL.

PesyabTarsl. BriepBeie npoBeneHo uccnenoBanue 3pQekTuBHOCTH AeicTBhs 1-(3-xmopdennn)-3-pennn modeBuHsI, 1-(3-xmopheHmn)-
3-¢ernn THoMo4deBHHBI U 1-(3-GTOpdeHn)-3-QpeHnT ceTeHOMOYEeBUHBI B KaYe€CTBE aHTHOKCHIAHTOB JUIS TACTOMEPOB B YCIOBHSAX
TEPMOOKHCIUTENIBHOTO cTapeHust. FI3y4eHo BIHMSHNE YKa3aHHBIX COCIMHEHHUI Ha BYJIKQHU3AIL[MOHHBIC XapaKTEPUCTHKU U OOIILYIO IIOT-
HOCTBb CIIMBKH MaTEpHaIOB HAa OCHOBE OyTa/IMEeH-HUTPUIIBHOTO KaydyKa.

BbIBOABI. YCTQHOBIICHO, YTO 3HAYCHUS SHEPTUM CPOJICTBA K HJIEKTPOHY U €€ 3HAK MO3BOJISAIOT IIPOrHO3UPOBATH BOZMOXKHOCTh HCIIOJb-
30BaHUs OTIENBHBIX MOJIEKYJI B Ka4eCTBE YCKOPHUTEIEH Mpolecca ByJIKaHU3ALMU WK aHTHOKCUIAaHTOB. [Toka3aHo, 4TO Ipu H3MEHEHUH
9HEPTUH CPOICTBA K 31eKTpoHy OT 0.051 (MoueBuna) 1o —1.115 (THOMoueBuHa) 1 —1.365 3B (cenenomouyeBrnHa) BpeMs 10 Hadaja ByI-
KaHU3ALMU U3MEHSeTCs OT 15 10 3 ¥ 2 MUH COOTBETCTBEHHO. B pesysbrare TepMOOKHMCIMTEIFHOTO CTAPEHHS PE3UH Ha OCHOBE Kay4yyKa
BHKC-28 AH 6e3 crabunm3zaropa ¢ 1-(3-xnopdenun)-3-pernn moueBuHoi, 1-(3-xmopdennn)-3-penun tnomoueBuHoi u 1-(3-¢prop-
(ennn)-3-peHnn ceaeHOMOYEBUHON 3HaUCHUE 001Iel IITOTHOCTH CIIMBKY U3MeHsieTcs B pany 33%, 23%, 25% 1 29% cooTBETCTBEHHO.
B oroii cBsA3U cienaH BRIBOJ, uTO mpuMeHeHue 1-(3-xmopdenun)-3-heHnn MOYeBHHBI HECKOIBKO YAYYIIaeT CTAOMIBHOCTh PE3UH NPU
TEPMOOKHUCIUTEIBHOM CTapeHuu, a 1-(3-xmopdenmn)-3-hennn tnomoueBuna u 1-(3-gpropdennn)-3-penun ceneHOMOUEBIHA HE yXYA-
LIAIOT JaHHBIH T0KA3aTeNb MPH BBEACHUH B PE3HHOBYIO CMECh.

Kniouesble cnosa MocTtynuna: 21.10.2024
2IIACTOMEPHI, MOUYCBIHA, THOMOYCBHHA, CEJICHOMOYEBUHA, Oy TaINCH-HUTPIIIHHBIH Aopa6oTaHa: 16.12.2024
KaydyK, ByJIKAHH3AIIUsI, TCPMOOKUCIIUTENIbHAS CTOMKOCTh MNpuHsaTa B neyatsb: 08.04.2025
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INTRODUCTION

Exposure to high temperatures and oxygen changes
the initial properties of elastomers depending on the
composition of their ingredients [1, 2]. Aromatic amines,
substituted phenols, phosphorous acid esters, and
organosilicon compounds are widely used in industry as
antioxidants for elastomeric materials [3—-6]. However,
the above-mentioned groups of antioxidants have
fairly high values of saturated vapor pressure and are
poorly soluble in rubber, which limits their use in the
food and medical industries. As a rubber stabilizer for
the food industry, 2,2-methylene-bis(4-methyl-6-tert-
butylphenol), better known as Agidol 2!, is commonly
used. The use of D,L-camphor anils as heat stabilizers
was studied in [7]. Other potentially interesting options
for use as heat stabilizers may include compounds of
sulfur- or selenium-containing carboxyalkylphenols
based on selenium-containing analogs of phenozan
(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionic
acid) [8] and compounds based on 2,3-camphorquinone.

Modern computational systems allow one to
evaluate compatibility and predict interactions between
polymer macromolecules under the action of various
aggressive factors [9]. A method was developed for
selecting components of elastomer compositions based
on quantum-chemical modeling [10]. The relationship
of the total energy of the system, which was determined
by quantum-chemical calculation methods, including
dynamic testing methods, with relaxation parameters
allows the effect of additives on the properties of whole
elastomer compositions to be predicted.

The aim of this work was to investigate the influence
of ureas and their sulfur- and selenium-containing
analogs on the vulcanization of elastomeric materials
based on nitrile butadiene rubber and on their resistance
to thermo-oxidative aging.

EXPERIMENTAL

Figure 1 presents the structural formulas of the studied
compounds obtained by the syntheses described in the
literature [11-13], as well as their notation.
The objects of the study comprised two groups of
samples:
(1) Samplesofrubbercompoundsbased on BNKS-28 AN
synthetic nitrile butadiene rubber (Specification
TU 38.30313-2006) that was obtained by suspension
polymerization atlow temperatures (A) and contained

a noncoloring antioxidant (N), without additives of

the compounds shown in Fig. 1. Such objects have the

letter K in the notation. Rubber samples containing

4 parts by weight (pbw) of 1-(3-chlorophenyl)-3-

phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea,

or  1-(3-fluorophenyl)-3-phenylselenourea  per
100 pbw of rubber are designated as KO, KS, and

KSe, respectively.

(2) Samples of rubber compounds based on BNKS-28 AN
commercial rubber that do not contain a filler. They
were produced on laboratory rollers 320 160/160
(Yarpolimermash, USSR) by sequential introduction
of the recipe ingredients. The vulcanization activator
was a combination of zinc oxide (4 pbw) and
stearic acid (2 pbw). The crosslinking agent was
sulfur (2 pbw). The vulcanization accelerator was
N-cyclohexyl-2-benzothiazole sulfenamide (1.5 pbw).
Such samples have the letter P in their notation.
In turn, elastomers containing 1-(3-chlorophenyl)-
3-phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea,
or 1-(3-fluorophenyl)-3-phenylselenourea in an
amount of 4 pbw per 100 pbw of rubber are assigned
the notation PO, PS, and PSe, respectively. The
objects of comparison were rubbers containing the
standard antiaging agent N-isopropyl-N'-phenyl-1,4-
phenylenediamine (4 pbw) and the vulcanization
accelerator N-cyclohexyl-2-benzothiazole sulfenamide
(1.5 pbw) with the notation IPPD and CBS,
respectively. The dosage of the studied compounds
was selected in such a way as to obtain differences
in the exhibited properties of rubbers while taking
into account the fact that JPPD has a low saturated
vapor pressure (0.00046 kPa at 90°C) and a boiling
point (166°C) close to the vulcanization temperature
(150°C). Further increase is impractical since it leads
to migration of the antiaging agent from the rubber
matrix [14]. For better dispersion, the antiaging
agents were introduced first, and then the remaining
ingredients of the rubber mixture were added in the
order they are mentioned in the text.

The preliminarily obtained chemical compounds
were characterized using quantum-chemical methods
for calculating the properties of molecules in the
HyperChem 8.0 software? (Hypercube Inc, USA).
The geometry of the molecules was optimized using
the MM+ molecular mechanics method, and then the
PM3 (Parameterized Model, revision 3) semiempirical
method was used to calculate the diagrams of energy
levels, the lowest unoccupied molecular orbital (LUMO),

1" Technical Information. Vulkanox BKF / Lanxess. 2004. http://www.symtake.com/tw/uploads/filelist/1000/2/1382580948 c0a80afd82d4d906.pdf.

Accessed April 10, 2024.
2

HyperChem Professional 8.0. http://www.hypercubeusa.com/. Accessed February 25, 2025.
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1-(3-Chlorophenyl)-3-phenylurea (0) [12]
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1-(3-Chlorophenyl)-3-phenylthiourea (.S) [13]
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Zz

1-(3-Fluorophenyl)-3-phenylselenourea (Se) [14]
(a)

Fig. 1. (a) Structures, and (b) charge distributions and electronic densities of the studied molecules

and the highest occupied molecular orbital (HOMO), as
well as the thermodynamic parameters: enthalpy, entropy,
and heat capacity of the compounds. By comparing the
shapes and excitation energies AE, = of these frontier
molecular orbitals, a conclusion can be drawn about
the nucleophilicity or electrophilicity of the molecules
under study. Characteristics were also calculated for the

system of the molecules under study together with nitrile
butadiene rubber to assess their compatibility from the
changes in the total energies of the system and individual
substances.

The vulcanization of rubbers was investigated
by the rotorless vulcanization method with
a MonTech MDR 3000 Professional rheometer

240 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(3):237-252
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(MonTech, Germany) at a temperature of 150°C
in accordance with GOST R 54547-20113. Using
this rheometer, the total crosslink density v, . of
vulcanized rubber samples was found under shear
deformation conditions at 100°C from the change
in the storage modulus depending on the shear
strain in accordance with the ASTM D6601-024
standard and the described procedure [15]. In this
case, the relationship between the parameter v,
and the equilibrium dynamic modulus is determined
in accordance with the kinetic theory of rubber
elasticity [16] using the equation

G
Viot = ﬁ’ (1)
where v, is the total crosslink density, mol/cm3; G isthe
equilibrium dynamic modulus, Pa; R is the universal gas
constant (R = 8.314 J/(mol-K)); T is the test temperature
(373.15 K).

The dynamic characteristics of vulcanized rubbers
were studied in accordance with ASTM D6601-02
and ASTM D5992-96° using a MonTech MDR 3000
Professional rheometer in dynamic moving die rheometer
mode. The conditions for conducting dynamic tests were
selected from those recommended by the standard:
temperature 100°C and oscillation frequency 10 Hz. The
change in dynamic moduli after thermal-oxidative aging
at 90°C for 72 h in an oven was also assessed. In this
case, the corresponding temperature was added to the
notation, e.g., PO90.

The physical and mechanical characteristics of
vulcanized rubbers were evaluated in accordance
with GOST 270-75%. The efficiency of the studied
antioxidants to thermo-oxidative aging was determined
at a temperature of 100°C for 72 h according to
GOST 9.024-747.

IR spectra of the samples were recorded with
an FT-801 Fourier transform infrared (FTIR)
spectrometer (NPF SIMEKS, Russia) by the attenuated
total reflection method on a ZnSe crystal in the
wavelength range A = 5504000 cm ™! with a resolution

of 4 em™1,

rotorless cure meters. Moscow: Standartinform; 2018.

RESULTS AND DISCUSSION

Tables 1 and 2 present the results of calculations of the
properties of ureas and their S- and Se-containing analogs
by the PM3 semiempirical method in comparison with
standard compounds used as vulcanization accelerators
and antioxidants.

The obtained values of the energies of the
LUMO molecular orbital were used to find the electron
affinity energies, which are related by density functional
theory, as well as to determine such parameters as the
dipole moment and the charge distribution and electron
density on the amine groups. The presence of reaction
sites of the synthesized compounds can be assumed
based on these parameter values. These parameters
are also of interest due to the vulcanization of nitrile
butadiene rubber during thermos-oxidative aging
due to the lone pair of electrons on the nitrogen atom.
At the same time, by varying the functional groups in
the urea molecule to obtain S- and Se-containing analogs
with the same number of electrons on the outer energy
levels (ns2, np*) and different energies of the levels, it
is possible to influence the mobility of hydrogen atoms
at the amino group. Note that, for antiaging agents and
antiozonants (Agidol-2 and IPPD), the electron affinity
energy is positive; i.e., the addition of an electron is
accompanied by the release of energy, whereas the
vulcanization accelerator CBS demonstrates a negative
value. It can be assumed that the S and Se compounds,
for which the energies are —1.115 and —1.365 eV,
respectively, will accelerate vulcanization, with the latter
acting to a greater extent. In addition, these compounds
can have canonical mesomeric thio- and selenoamide
forms, carrying a negative charge on the sulfur atom and
a positive charge on the nitrogen atoms of the amidine
fragment. In turn, the sulfur/selenium atom is a strong
nucleophilic site, which allows these compounds
to act as sulfur/selenium donors and consequently
as a crosslinking agent [17]. At the same time, the
compound O has an electron affinity energy of 0.051 eV
and does not exhibit nucleophile properties; therefore,
it will not react with the nitrile group. The electronic

GOST R 54547-2011. National Standard of the Russian Federation. Rubber compounds. Measurement of vulcanization characteristics using

4 ASTM D6601-02. Standard Test Method for Rubber Properties—Measurement of Cure and After-Cure Dynamic Properties Using a Rotorless
Shear Rheometer. https://www.astm.org/d6601-02.html. DOI: 10.1520/D6601-02. Accessed February 25, 2025.

5 ASTM D5992-96(2018). Standard Guide for Dynamic Testing of Vulcanized Rubber and Rubber-Like Materials Using Vibratory Methods.
https://www.astm.org/d5992-96r18.html. DOI: 10.1520/D5992-96R18. Accessed February 25, 2025.

6 GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: IPK Izdatelstvo

standartov; 1978.

7 GOST 9.024-74. State Standard of the USSR. Unified system of corrosion and ageing protection. Rubbers. Methods of heat ageing stability

determination. Moscow: Izdatelstvo standartov; 1986.
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structure shows (Fig. 1) that this compound has a lone
pair of electrons, which prevents any reaction with the
nitrile group. However, during heating with sulfur, such
an electron-pair donor can react with it to form thiourea,
which will affect the vulcanization rate.

Calculation of the properties of the model of the
rubber—molecule system begins with finding the state
with the minimum potential energy, which usually
corresponds to the equilibrium geometry of the atoms.
Figure 2 presents the results of calculating the minimum
energies of the compounds under study in comparison
with the standard antioxidant IPPD using molecular
dynamics methods.

Various physicochemical parameters of the rubber—
molecule system can be calculated on the basis of the
determination of the electron density distribution in

the molecules together with the bond force constants.
From Fig. 2, which depicts the change in the kinetic
and potential energy with time for the compounds under
study in the BNKS rubber environment, it can be seen
that the values of the change in the potential energy of
the O compound are similar to those of the standard
antiaging agent IPPD. Replacing the heteroatom with
sulfur and selenium in the compounds leads to a decrease
in this parameter. First of all, we note that high-
molecular-weight compounds have limited molecular
mobility. The formation of a transition complex is
accompanied by rehybridization of the carbon atoms of
the rubber backbone from sp? to sp? hybridization state,
which is limited by structural relaxation. Higher values
of the potential energy show that an activated complex
having an optimal energetically favorable structure does

Table 1. Results of quantum-chemical calculation of the enthalpy H, entropy S, heat capacity C - and energies of molecular orbitals

HOMO and LUMO of molecules*

Compound H, 298 C, LUMO, HOMO, AE .oV Dipole Nitrogen
kJ/mol kJ/(mol-K) | kJ/(mol-K) eV eV e moment D atom charge

BNKS-28 AN 284.8 0.9823 0.4959 0.664 —9.657 10.32 - —0.077
Urea -171.7 0.2724 0.0586 1.061 -9.618 10.68 4.071 -0.017
o 67.2 0.4676 0.2026 0.051 —8.921 8.97 2.512 0.045

S 3443 0.5526 0.2872 —-1.115 —8.614 7.49 4.376 0.189
Se 158.0 0.4631 0.2095 —-1.365 —8.234 6.86 4.493 0.277
IPPD 148.9 0.5122 0.2473 0.224 —8.179 8.40 2.116 0.031
Agidol-2 —278.0 0.4945 0.2583 0.397 —8.723 9.12 1.425 -

CBS 143.5 0.5152 0.2440 —0.878 —8.911 8.03 2.025 —0.105

* HOMO is the highest occupied molecular orbital, LUMO is the lowest unoccupied molecular orbital, and AE_, = E| ;0 ~ Egomo 18 the
difference of the energies of the orbitals.

Table 2. Estimation of changes in the total energy of rubber—compound systems

Compound E, \J/mol EyggokV/mol | E . kl/mol | AE, kl/mol S"lubﬂii;yr‘l’ig‘;inp"und
0 ~226352 385474 ~643961 ~32134.8 Soluble
s 244968 385474 633457 -3014.7 Soluble
Se 257781 385474 646345 ~3089.71 Soluble
IPPD ~229879 385474 618360 ~3006.74 Soluble

Note: E are the calculated energies of individual compounds under study, £y are the calculated energies of nitrile butadiene rubber,
are the calculated energies of mixtures of nitrile butadiene rubber with compounds under study in a box simulating the volume of

E s%stem
rubber, and AE = E + Eyzp — E

system’

242
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not have time to form during the oxidation reaction
with oxygen at high temperatures. In this connection,
the O compound can be expected to exhibit antioxidant
properties that prevent the thermo-oxidative destruction
of macromolecules, but do not prevent the structuring of
rubber at nitrile groups.

Changes in the energies of the system and
individual substances showed that negative energy

E KIN

150 A‘ ;I.W""W""?M.NJ 1(2)2

.
5 80
22 100 | al"'
&= ) 60
© o
8~ 50 40
Q
& 20
0 0
0 0.5 1
Time, ps
(a)

120
. 150
S - 100
5 80
2 2100
<3 60
B~ 50 40
Q
ks 20

0 -0
0 0.5 1
Time, ps
()

values suggest that the polymer—substance system may
exhibit self-organization capabilities and consequent
compatibility.

Figure 3 illustrates the effect of ureas and their S- and
Se-containing analogs at a temperature of 150°C on the
structuring of BNKS-28 AN rubber without a vulcanizing
group and for rubber compounds vulcanized with
a standard sulfur-containing system.
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Fig. 2. Calculated minimum values of kinetic energy £y and potential energy £}, of (a) the standard antioxidant IPPD, (b) urea O,

and (c) S-containing and (d) Se-containing analogs in rubber

K ceeeeees KS KO - = = KSe

0.8

0.7

0.6

0.5

Torque, dN'm

0.4

0.3

0.2
0 20 40 60

Time, min

(@

P oceeeennn PS PO — — =PSe

Torque, dN'm

0 20 40 60
Time, min

(b)

Fig. 3. Torque versus time for BNKS-28 AN rubber with the urea analogs under study (a) without a vulcanizing system

and (b) with the CBS—sulfur vulcanizing system
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The dependencies in Fig. 3a show that the
Se compound causes structuring of nitrile butadiene
rubber (KSe sample) even in the absence of a crosslinking
agent. To a somewhat lesser extent, an increase in torque
is also observed upon the introduction of a sulfur-
containing analog of urea into the rubber.

Since the presence of the vulcanization
accelerator CBS can lead to side reactions during
the vulcanization of rubbers containing oligomeric
unsaturated polyketone [18], we assessed the effect of
urea and its sulfur- and selenium-containing analogs
on vulcanization. Upon the introduction of the
synthesized products into rubber compounds containing
avulcanizing system (Fig. 3b), it was noted that the S- and
Se-containing analogs of urea (in the composition of the
PS and PSe samples) caused a decrease in the parameter
“time to the onset of vulcanization” from 6 to 3 and
2 min, respectively. In addition, the maximum torques of
the vulcanizates increased from 8 to 10 daN-m for both
additives. In this regard, we note that these compounds
act as vulcanization coagents during the formation of the
elastomer structure.

For the O compound, we noted the opposite effect.
The use of this compound together with the CBS—sulfur
vulcanizing system led to an increase in the
prevulcanization time of rubbers from 6 to 15 min
and a subsequent decrease in the torque and total
vulcanization rate. The experimental vulcanization data
confirm the assumptions based on the results of the
quantum-chemical calculation in HyperChem 8.0.

Figure 4 shows the physical and mechanical
characteristics of vulcanized rubbers and their change
after aging at 100°C for 72 h.

The results of the assessment of the parameters
“engineering tensile strength” and “relative elongation
at break” (Figs. 4a and 4b) and their changes after aging

—_ = N
[« ]

Tensile strength, MPa

-12

N

PS
B Tensile strength

L
=)

L
9

K Change in parameter

(@

show that the introduction of the S- and Se-containing
analogs of urea increases the tensile strength of rubbers.
The introduction of the O compound has an insignificant
effect on this parameter. However, in all cases, the
sign of the change in the engineering tensile strength
was reversed, and in the case of rubbers containing the
O compound, this parameter changed to a lesser extent.
Here it is likely that the introduced additives shift the
process toward the destruction of macromolecules, thus
preventing crosslinking along the nitrile groups of the
rubber. The change in the relative elongation at break
after aging somewhat decreased for rubbers containing
the compounds under study.

For the obtained mixtures of rubber with urea and
its §- and Se-containing analogs, as well as rubbers
based on them, the changes in storage modulus G' and
loss modulus G"” were estimated. Figure 5 demonstrates
the effect of urea and its S- and Se-containing analogs
on the change in the storage and loss moduli of rubber
(assessed in accordance with ASTM D6601-02) after
its exposure in rheometer molds at a temperature of
150°C for 4 h.

It can be seen from Fig. 5 that prolonged exposure
of BNKS-28 AN rubber to an elevated temperature
(150°C for 4 h) results in a significant increase in the
storage modulus and loss modulus due to crosslinking
along the nitrile groups of the rubber (see Fig. 6).
However, as seen from the slightly reduced values of
the storage and loss moduli, the presence of S, Se, or
O in the rubber slows down this process. At the same
time, the total crosslink density after exposure to the
above temperature changes by 18% for BNKS-28 AN
and 8% in the case of using the O compound (Table 3).
Here, it is important to note that the total crosslink
density v, . is the sum of the physical crosslink
density Voh and the chemical crosslink density v, and
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Fig. 4. Effect of the studied urea analogs on (a) engineering tensile strength and (b) relative elongation at break

and their changes after thermo-oxidative aging at 100°C for 72 h
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Table 3. Effect of the studied compounds on the total crosslink density v, in rubbers and elastomers before and after exposure
to elevated temperatures

Exposure of rubber compounds to 150°C for 4 h

Rubber compound K150 KO150 KS150 KSel50
Vior' 1073, mol/em? 0.33 0.30 0.30 0.32
Rubber P PO PS PSe
Vior' 1073, mol/em? 0.87 0.81 0.95 0.94

Aging of rubbers at 90°C for 72 h

Rubber P90 POY0 PS90 PSe90

Vi 1073, mol/cm? 1.16 1.02 120 122

Note: the total crosslink density of rolled BNKS-28 AN rubber is 0.28-107> mol/cm?.
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Fig. 6. FTIR spectra before (1, black) and after (2, red) aging of rubbers containing (a) 1-(3-chlorophenyl)-3-phenylurea (KO and KO150),
(b) 1-(3-chlorophenyl)-3-phenylthiourea (KS and KS150), and (c) 1-(3-fluorophenyl)-3-phenylselenourea (KSe and KSel50)
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Fig. 6. FTIR spectra before (1, black) and after (2, red) aging of rubbers containing (a) 1-(3-chlorophenyl)-3-phenylurea (KO and KO150),
(b) 1-(3-chlorophenyl)-3-phenylthiourea (KS and KS150), and (c) 1-(3-fluorophenyl)-3-phenylselenourea (KSe and KSel50)

the primary v, , value estimated for noncrosslinked
rubber is determined by the physical intertwining of
macromolecules. Exposure of BNKS-28 AN rubber
to a temperature of 150°C leads to the processes
of destruction of the rubber macromolecules and
their crosslinking by nitrile groups, with the latter
being predominant. As a result of the structuring
of the macromolecules, the rubber lost its ability to
dissolve in toluene and chloroform, thus preventing
an assessment of the change in the characteristic
viscosity. At the same time, the FTIR spectra (Fig. 6)
show a significant increase in the spectral band in the
region of 1575-1590 c¢cm™!, which characterizes the
formation of a C=N-C crosslink.

Despite the insignificant change in the degree of
crosslinking for the rubber with urea after exposure
to an elevated temperature (KO150), the passband at
1592 cm™! (C=N-C group) demonstrated a significant
increase. At the same time, there was a decrease in the
band of the nitrile group of the rubber at 2250 cm™!.
For the S-containing analog of urea, the increase in the
passband at 1592 cm™! (C=N-C group) and decrease in
the band of the nitrile group of the rubber at 2250 cm™!
were exhibited to a lesser extent. In the case of using
the Se-analog of urea in the rubbers based on nitrile
butadiene rubber, the chemical crosslinking of its
macromolecules is probably due to the ability of the
above compound to act as a donor of crosslinking agents,
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Fig. 8. Loss moduli G" (a) before and (b) after aging at 90°C for 72 h of the unfilled rubbers (P and P90)
and the rubbers containing 1-(3-chlorophenyl)-3-phenylurea (PO and PO90), 1-(3-chlorophenyl)-3-phenylthiourea (PS and PC90),

and 1-(3-fluorophenyl)-3-phenylselenourea (PSe and PSe90)

rather than to the formation of C=N—C crosslinking at
nitrile groups.

Similarly, the change in dynamic properties before
and after aging at 90°C for 72 h was carried out in
rubbers containing the CBS—sulfur vulcanizing group
(Figs. 7 and 8).

The rubbers containing the §- and Se-containing
analogs of ureas demonstrate a significant increase in
the storage modulus in comparison with the unfilled
rubbers (Fig. 7). For the PO rubber, the modulus value
remained virtually unchanged. After thermo-oxidative
aging of the rubbers, an increase in the storage modulus

was noted for all rubbers (Fig. 7b). In the presence of
the vulcanizing group, the storage moduli of the S- and
Se-containing urea analogs significantly increase. The
change in the loss modulus due to shear deformation is
shown in Fig. 8.

The dependencies in Fig. 8a indicate that the
dissipation of mechanical energy into thermal energy
is due to an increase in the component of the complex
modulus. The introduction of urea and its S- and
Se-containing analogs leads to a decrease in the
dissipation of mechanical energy into thermal energy
due to a higher total crosslink density, which increases
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Fig. 9. FTIR spectra of rubber based on BNKS-28 AN after thermo-oxidative aging

from 0.87-1073 mol/cm? for BNKS-28 rubbers
without additives to 0.94-1073 mol/cm? for the S- and
Se-containing analogs. The loss modulus after thermo-
oxidative aging (Fig. 8b) also increases to a greater
extent for the POY0 rubbers. In this case, the total
crosslink density after thermo-oxidative aging of
rubbers changes from 33%, 23%, 25%, and 29% for
the rubbers P90, PO, PS90, and PSe90, respectively.
This demonstrates a certain stabilizing effect of the
used urea compounds. However, as indicated by the
FTIR spectra, the protective action mechanisms are of
a different nature (Fig. 9).

As in the case with rubber, the FTIR spectra
show an increase in the transmission band in the
region of 1590-1595 cm™!. However, for the rubbers
containing selenium (PSe90), no peak in this region is
observed after aging, while for the analog containing
sulfur, this peak is characterized by a less significant
increase.

Comparing the obtained calculated data on
the electron affinity energy for urea and its S- and
Se-containing analogs (Table 1) with the total crosslink
densities of the corresponding rubbers (Table 3), we
note their similar trend. Namely, the decrease in the

electron affinity energy in the series of the studied
compounds from 0.051 and —1.115 to —1.365 eV (for
0, S, and Se, respectively) leads to an increase in the
total crosslink density of the corresponding rubber
samples PO, PS, and PSe from 23% and 25% to 29%,
respectively.

CONCLUSIONS

The study has shown that 1-(3-chlorophenyl)-3-
phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and
1-(3-fluorophenyl)-3-phenylselenoureaexhibitactivity
as vulcanization accelerators and heat stabilizers
of rubbers. The values and sign of electron affinity
energy obtained by quantum chemical calculations can
be used to predict the possibility of using individual
molecules as vulcanization accelerators. At the same
time, with increasing magnitude of negative electron
affinity energy, the vulcanization rate in the main period
increases along with a decrease in the time before the
onset of vulcanization. For example, with a change
in the electron affinity energy from 0.051 (urea)
to —1.115 (thiourea) and —1.365 eV (selenourea),
the time before the onset of vulcanization changes
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from 15 to 3 and 2 min, respectively. In the case
of using selenourea, according to the results of
IR spectroscopy, no cyclization of nitrile groups of
rubber is observed either. As a result of thermo-oxidative
aging of rubbers based on BNKS-28 AN rubber
without a stabilizer and with 1-(3-chlorophenyl)-3-
phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and
1-(3-fluorophenyl)-3-phenylselenourea, the total crosslink
density changes in the series 33%, 23%, 25%, and 29%,
respectively. In turn, the change in tensile strength after
thermo-oxidative aging is +13%, —9%, —12%, and
—11.3% for the rubber samples P, PO, PS, and PSe,
respectively. In this regard, we note that the use of
1-(3-chlorophenyl)-3-phenylurea somewhat improves
the stability of rubbers during thermal-oxidative
aging, whereas 1-(3-chlorophenyl)-3-phenylthiourea
and 1-(3-fluorophenyl)-3-phenylselenourea do not
worsen this parameter when introduced into the rubber
compound.
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