FROM CHEMISTRY TOWARDS TECHNOLOGY R1lad:A e |4y VOL. 3, ISSUE 4, 2022

Scientific article
UDC 678.7:544.3
DOI: 10.52957/27821900_2022_04_71

THE CALCULATION OF SOLUBILITY PARAMETERS FOR
NITRILE-BUTADIENE RUBBERS BY THE GROUP ADDITIVITY METHOD

M. E. Solovyov', V. F. Kablov?, O. Yu. Solovyova', S. N. Shulmin’, E. N. Orlova*

Mikhail E. Solovyev, Doctor of Physics and Mathematics, Professor; Viktor F. Kablov, Doctor of Technical Sci-
ences, Professor; Olga Yu. Solovyeva, Candidate of Technical Sciences, Associate Professor; Sergey N. Shulmin,
Student; Elizaveta N. Orlova, Student

'Yaroslavl State Technical University, Yaroslavl, Russia, soloviev56@gmail.com, solovevaoy@gystu.ru, 1shul-
min.sergey(@gmail.com

*Volzhsky Polytechnic Institute (branch) of Federal State Budget Educational Institution of Higher Education Vol-
gograd State Technical University, Volzhsky, Volgograd region, Russia, kablov@volpi.ru, elizavetkabk@gmail.com

Keywords: Abstract. Butadiene Nitrile Rubber (BNR) is a special purpose elastomer with an increased
butadiene nitrile resistance to aliphatic hydrocarbon solvents, oils, and fuels. Depending on the monomer
rubbers, solubility ratio of the butadiene-nitrile copolymers, their compatibility with different types of sol-
parameters, group vents and plasticisers varies considerably. In additional, BNRs with carboxyl, hydroxyl

additivity method and hydrogenated BNRs are industrially available.

The purpose of the study was to calculate the solubility parameters of different composi-
tions of BNRs copolymers, hydrogenated BNRs, and rubbers with hydroxyl and carboxyl
groups. We calculated the increments of the functional groups of copolymers under study
and the molecular attraction by the Small constants. The calculations based on the pro-
cessing of reference data on the enthalpies of evaporation and molar volume of aliphatic
and aromatic hydrocarbons, nitriles, acids, alcohols, and esters. Also we used the incre-
ments obtained to calculate three dimensional solubility parameters of the copolymers as
well as the dependencies of the change in Gibbs free energy at mixing on the solvent volume
fraction for the two types of solvents.
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Introduction

Butadiene-nitrile copolymers are one of the oldest special purpose rubbers [1, 2]. Nowa-
days the most important area of their application is the production of rubber products with
improved resistance to aliphatic hydrocarbons, including oils and various fuels. The integration
of the additional links containing carboxylic and hydroxyl groups into the copolymer compo-
sition extends the range of special properties of the rubbers and improves the adhesion to met-
als, providing the possibility of their vulcanisation with metal oxides [3-7]. Depending on the
synthesis method, the functional groups can be distributed statistically along the polymer chain

© M. E. Solovyov, V. F. Kablov, O. Yu. Solovyova, S. N. Shulmin, E. N. Orlova, 2022
71


mailto:soloviev56@gmail.com
mailto:solovevaoy@ystu.ru
mailto:1shulmin.sergey@gmail.com
mailto:1shulmin.sergey@gmail.com
mailto:kablov@volpi.ru
mailto:elizavetkabk@gmail.com
http://chemintech.ru/index.php/tor/2022-3-4

&&ROM CHEMISTRY TOWARDS TECHNOLOGY El3: e 143 VOL. 3, ISSUE 4, 2022

or arranged at its ends (butadiene nitrile copolymers with end carboxyl groups - CTBN and
end hydroxyl groups - HTBN) [8-11]. Nowadays, hydrogenated butadiene nitrile rubbers con-
taining no double bonds and with improved resistance to heat aging are industrially pro-
duced [12, 13].

In order to predict the solvent compatibility of the chemically complex copolymers, it is
necessary to have techniques to calculate two- and three-dimensional parameters of their solu-
bility. The classical method used to calculate the solubility parameters of polymers and low mo-
lecular weight solvents is the group additivity method [14]. Organic chemistry traditionally uses
this method to calculate the physical and physicochemical properties of compounds. This
method is still actual one [17], although there are the other ones based on more complex mo-
lecular structure descriptors [15, 16]. In our study we use this particular method because the
calculation of enthalpies of evaporation and compounds molar volumes of individual func-
tional groups have a definite physical meaning that allows their use at interpretation of data
related to intermolecular interactions of different classes of organic compounds [18-20].

The purpose of this study was to calculate the increments of the functional groups, copol-
ymers, and solvents considered in the enthalpy of evaporation, molar volume, and molecular
attraction of the Small constants in order to calculate the solubility parameters of the com-
pounds under study.

Main body

The monograph [14] contains the increments of many functional groups in thermody-
namic functions calculated by different authors, which are used not only to define the solubility
parameters of polymers and low molecular weight fluids, but also to evaluate their compatibil-
ity. The numerical values of the increments of the same functional groups given in the works of
different authors are quite different. The reason is the rare presence of the strict additivity in
the influence of individual functional groups [17]. Therefore, increasing of the chemical com-
pounds quantity for calculating the increments of functional groups causes decreasing of the
thermodynamic functions predictions accuracy, based on the additive approach. In this study
we calculated increments of compounds functional groups with the relative chemical structure
of copolymers and plasticizers under study. We used the experimental data on enthalpy of evap-
oration and molar volume of compounds [21, 22] as well as NIST databases on thermodynamic
properties of compounds [23] as an initial set for compiling the training sample.

The group additivity method can be applied for isolation of the individual atomic groups
common to compounds of different classes, and show the physical property of a compound Y as
a linear function of the number of groups, relative to the number of moles:

N
Y =ZBini, (1)
i=i

where B; is the increment of the corresponding group, n;is the number of groups of each type
in a particular chemical structure, N is the number of group types.

The use of the atomic groups, rather than the individual atoms, as descriptors of the mo-
lecular structure is based on the structural classification of the organic compounds, according
to which compounds with the same types of the atomic groups (aldehydes, ketones, alcohols,
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acids, etc.) are characterised by common features of the chemical and physicochemical proper-
ties. As the different atomic groups and spatial isomerism influence each other, therefore the
simple linear model (1) is a good initial approximation.

The advantage of the linear model is also the simplicity of parameter assessment B;. In
terms of experimental-statistical methods [24], equation (1) is a linear regression equation n;
containing the independent variables and the regression parameters.

We consider the training sample including M compounds with the experimentally deter-
mined value of the property y;j = 1... M to calculate the coefficients of the B; regression equa-
tion (1). For each j-th connection we know the parameters of its structure x;; ,i = 1... N , the
whole set of which we will denote by the matrix X. To find the vector of regression equation
coefficients, it is necessary to minimise a function of the type

W= (y-XB)'(y— XB) @
for the variables B;.

By the necessary condition of extremum
ow
5=

it is easy to obtain the well-known formula of regression analysis to calculate the least-squares

0 (3)

estimates of the regression coefficients:
B=XTX)"1xTy. (4)

Calculation by this formula can be performed using automation software that supports
the linear algebra operations [24]. We use the function that implements this formula as the
integrated one for the Libre Office Calc Programme.

Based on a sample of enthalpies of evaporation under standard conditions (dH’) and mo-
lar volumes (V) of compounds from classes of alkanes, alkenes, arenes, nitriles, acids, alcohols,
esters, and chloroalkanes using formula (4), we calculate the increments of atomic groups in
these physical properties as well as increments in molecular attraction by the Small constant
[25] (Table 1):

F= (Ecthm)l/zl (5)
where E,,;, = dH® — RT is the cohesion energy.

Table 1. Atomic group increments calculated from a sample of 142 compounds

Atomic group dH®, kJ/mol V., m*/mol-10° F, (MJ/mol*)"?/mol
-C=C- 10.24 26.69 504.08
-OH 30.49 9.23 866.27
-CN 22.12 22.27 786.45
-COOH 44.64 28.14 1323.24
—COOCH; 17.13 21.72 676.62
—CeHs 35.67 93.88 1771.68
—Cl 12.17 24.05 533.91
—-CH; 5.54 27.71 376.45
—CH,- 4.98 17.28 290.9
>CH- 3.29 10.15 178.56
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We assessed the statistical validity of the regression models w using the value of the de-
termination coefficient

Z(Yi _3}1)2
RP=1—="—— 6
2y —W)? ©

where y, - is the response value calculated by the regression equation, Y, - is the average of the
sample response values.

A value close R? to unity indicates the high reliability of the linear approximation.

Also we assessed the accuracy of the property prediction by the confidence interval value
of the predicted response value

Ay = /sngmv(o.os,M —N), (7)

where S2, = ﬁZ(yi — 9,)%is the variance of the model adequacy, T;y,,(0.05,M — N) is the
quantile of the Student distribution.

The relative error of the property prediction was estimated by dividing the confidence
interval of the response prediction by its sample mean.

The statistical analysis of the regression models indicates a high reliability of the approx-
imation for all properties studied (Table 2). The relative error in the prediction of F is smaller
than for dH® and V.. Therefore, we can conclude that the calculation of the solubility § param-
eters by the Small molecular attraction constants

_ F
6= E (8)
is more accurate than the cohesion energy density calculation
1
5= (Ecoh>§. (9)
Vin
Table 2. The results of the statistical analysis of linear models (1)
Statistical parameter dH® Vo F Fedors, dH° Fedors, V,,
R? 0.993 0.986 0.994 0.929 0.909
Confidence interval 2.81 12.96 135.68 9.10 33.55
Relative error 3.01% 4.41% 2.70% 9.74% 11.42%

The last two columns of Table 2 show the results of the statistical analysis of the evapora-
tion enthalpy and free volume models calculated by the increments obtained in Fedors [26] and
in [14]. These increments are calculated by a sample including a much larger number of classes
of compounds, and therefore containing a larger number of the different atomic groups. We
can assume that expanding of the set of atomic groups in the sample increases its representa-
tiveness. However, by Table 2, this expanding actually causes the predictive accuracy degrada-
tion of the model compared to a model with fewer parameters. It is a consequence of the inter-
action of different types of atomic groups, appearing in samples with a large number of com-
pound classes. We can obtain the same result by analysing the incremental values obtained by
Fedors. In particular, the molar volume increments for some atomic groups in the Fedors data-
base have negative values. This contradicts their physical values and indicates that the estimates
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of these coefficients are correlated with the other coefficients in the equation. Under these con-
ditions, it is not appropriate to use the linear model (1) and the equation should be firstly sup-
plemented with terms considering the interaction of the variables. Also, the increment of the
carboxylic group in the cohesion energy density of Fedors is smaller than that of the hydroxyl
group, and almost equal to the increment of the nitrile group. All above contradicts our data
based on samples with a small set of compound types [27, 28] as well as the quantum-chemical
estimates of the intermolecular interaction energy of these atomic groups [28].

Since the relative error in calculating the molecular attraction of the Small constants is
smaller than in calculating the enthalpy of evaporation, the solubility parameters of polymers
and plasticisers were calculated by the increments of the molecular attraction constants F;

1
1) :KZF‘%‘.' (10)

When calculating the two- and three-dimensional solubility parameters the increments
F; were divided, respectively, into two or three groups, relating the increments of -CHjs, -CH,,
>CH-, -C=C- groups to dispersion interactions; the increments of -CN, -C¢Hs, -Cl, -COOCH3
groups to polar interactions; the increments of -OH, -COOH groups to hydrogen bonding in-
teractions.

We tested the models for solubility parameters using a sample of the experimental data
given in [14]. This sample contains the experimental data on the solubility parameters of the
most common types of polymers from various sources. The authors give the minimum and
maximum solubility parameters of the polymers. According to these data, we calculate the re-
producibility dispersions of the experimental data. The solubility parameter estimates were cal-
culated using the increments F; (see Table 1) for polymers with the corresponding atomic
groups in the link composition by formula (10). The value of the variance of the model validity
(10) with the parameters from Table 1 for a sample of 25 polymers is 3.78 with an error variance
of 3.77. The value of statistics is S2;/S2.. = 1.001 . The quantile value of the Fisher distribution
with a significance level of 0.05 is 2.11, which indicates the adequacy of the mathematical model
used, and consequently its applicability for calculating the solubility parameters of new poly-
mers.

The following formulas were used to calculate the solubility parameters of butadiene ni-
trile copolymers containing different types of monomer links:

— 1 d
Sd = —Z Fi nl-xl-j, (11)
Vi =
_IN
51’ = v ZFL nixij, (12)
™
6p = iz Ff nyxij, (13)
Vi =

where 6,4,8,,,0), are the components of the vector solubility parameter, responsible for the con-
tributions of dispersion, polar, and hydrogen bonding interactions; F,F?,F/* are the incre-
ments of molecular attraction constants of the i-th atomic group, respectively, related to each
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of the above groups of intermolecular interactions, x;; is the relative proportion of the i-th
atomic group in the j-th type copolymer link.

The total solubility parameter was calculated as the sum of the contributions of three (or
in the special case two, if the copolymer has not units containing atomic groups capable to form
the hydrogen bonds)

Since different manufacturers of butadiene-nitrile copolymers use their own trade names
of industrial rubber grades, the following symbols for copolymers have been adopted in the
present work: BNR-20, BNR-30, BNR-40 for copolymers having respectively 20, 30 and 40 per
cent of acrylic acid nitrile links in their composition; for hydrogenated copolymers in which the
atomic groups of the double bond -CH=CHN- are replaced by atomic groups -CH,-CH,-, the
first letter "H" was added to the copolymer name; the carboxylated copolymers containing
acrylic acid units had symbols like "-5C" added to the end of the copolymer name, where the
number indicates the percentage of acrylic acid units; hydroxylated copolymers had symbols
like "-5H" added to the end of the copolymer name, where the number indicates the percentage
of vinyl alcohol units in the copolymer (Table 3).

Table 3. Calculated solubility parameters for different types of butadiene nitrile copolymers

Copolymer type 6 84 6, Sp
BNR-20 19.00 16.33 2.67 0.00
BNR-30 19.67 15.59 4.08 0.00
BNR-40 20.38 14.82 5.55 0.00

HBNR-20 18.12 15.71 241 0.00
HBNR-30 18.82 15.10 3.73 0.00
HBNR-40 19.57 14.44 5.13 0.00
BNR-20-5C 19.65 15.95 2.61 1.10
BNR-30-5C 20.32 15.22 3.99 1.12
BNR-40-5C 21.02 14.46 542 1.14
BNR-20-5H 19.58 16.20 2.65 0.73
BNR-30-5H 20.26 15.47 4.05 0.74
BNR-40-5H 20.97 14.70 5.51 0.76

The free energy change during mixing was calculated within the framework of the Flory-
Huggins lattice model [29].

AGy = AHy — TASy = nRT lNﬂ Ing + (1 —@)in(1— @) + yp(1 — (p)l, (15)
Yo

AHy = nRTyp(1 — @), (16)

TASy = nRT lNﬂ Inp+ (1 —¢@)n(1 - go)l, (17)
D
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where 7 is the number of moles of the lattice; ¢ is the polymer volume fraction; N,, is the degree
of polymerisation; y is the Flory-Huggins index of the polymer-solvent interaction.

The Flory-Huggins index was calculated through the solubility parameters of the polymer
and 6, the solvent §, using the formula

V.
X = ﬁ(é‘l - 52)2» (18)

where V is the molar volume of the solvent.

Dibutyl phthalate, which is used as a plasticizer for butadiene nitrile rubbers, and isooc-
tane were regarded as "good" and "bad" solvents in the thermodynamic sense, respectively. In
the first case for all types of butadiene nitrile rubbers under study the change of free energy at
mixing is negative within the whole range of solvent concentration, which indicates complete
compatibility of all rubbers with plasticizer (Fig. 1 shows the dependencies for rubbers contain-
ing 30% of acrylic acid nitrile units). In the second case (Fig. 2) there is a phase separation and
the area of partial solubility is only a small fraction of the concentration range. For both sol-
vents, the best compatibility occurs for hydrogenated BNRs. Indeed, although the hydrogena-
tion process improves the useful properties of butadiene nitrile rubbers (primarily their heat
resistance), their resistance to non-polar solvents will reduced.

@
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2 4w — HBNR-30
= BNR-30-5H
=
. 0 — BNR-30-5C
= -600 ~— BNR-30
O -700
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Fig. 1. The dependence of change in free mixing energy of butadiene nitrile rubbers with dibutyl phthalate on the
solvent volume fraction, n = 1, N, = 1000
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Fig. 2. The dependence of change in free mixing energy of butadiene nitrile rubbers with isooctane on the solvent
volume fraction, n =1, N, = 1000
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According to the study, hydroxylated butadiene nitrile rubbers with 30% acrylonitrile
units are the most resistant to non-polar solvents. They are followed by carboxylated rubbers,
and rubbers containing no carboxyl or hydroxyl groups occupy an intermediate position be-
tween BNR-30-5C and HBNR-30.

Conclusions

Calculation of atomic group increments by the group additivity method on the samples
containing only compounds with types of functional groups corresponds to the target com-
pounds and increases the accuracy of prediction their physico-chemical properties. It was
demonstrated on the example of enthalpy of evaporation, molar volume, and solubility param-
eters of butadiene nitrile rubbers with functional groups.

When solubility parameters are calculated by increments of the Small molecular attrac-
tion constants, the relative error of the predicted values is smaller compared to calculating these
parameters from the cohesion energy density through the enthalpy of evaporation and the mo-
lar volume.

According to the study, the butadiene nitrile rubbers with hydroxyl groups have the great-
est resistance to non-polar solvents compared with other types of modified butadiene nitrile
rubbers. Hydrogenated butadiene nitrile rubbers are less resistant to non-polar solvents than
conventional rubbers.
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