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Abstract. The mechanism of diepoxide and adipic acid
(AA) reaction in the presence of benzyltriethylammonium
chloride and 1,4-diazobicyclo[2,2,2] octane has been
proposed. The thermal stability of the oligoester obtained
via chemical modification of the dioxydiphenylpropane
diglycidyl ether with AA and epoxy-oligoesteric mixtures
with its participation has been studied. The viscoelastic
properties of films based on epoxy-oligoesteric mixtures
containing Epidian5 epoxy resin, TGM-3 oligo-
esteracrylate, AA modified Epidian-5 and polyethyl-
polyamine have been determined.

Keywords: epoxy resin, adipic acid, catalyst, reaction
mechanism, thermal stability, viscoelastic properties.

1. Introduction

The development of modern material science today
is difficult to imagine without creating new materials.
When cregting new polymer materials, there are two
possible approaches. The first one is a method, according
to which the high-molecular compounds with desired
properties are produced by combining monomers of
various nature [1]. In accordance with the second
approach, oligomers with functional groups in their
structure are synthesized [2]. This makesit possible to use
such compounds as binding agents between polymers of
different nature to form a product with three-dimensional
network [3]. The main requirement for such functional
oligomers is the low molecular weight, the ability to be
combined with the mixture components, and the presence

! Lviv Polytechnic National University

12, S.Bandery ., 79013 Lviv, Ukraine

2 Charles University, Ovocny trh 560/5, Prague 1, 11636,

Czech Republic

~ mbratychak@gmail .com

O Bratychak M., Bashta B., Astakhova O., Shyshchak O., Zubal O., 2019

of functional groups capable to react with the polymer
reactive groups in the polymeric mixture.

Modern chemical industry produces a sufficiently
large range of oligomers, which are used independently,
and may be a binder for the creation of various polymeric
products. Epoxy oligomers are of special attention;
products based on them are characterized by high
adhesion strength, good physico-mechanical characte-
ristics and resistance to aggressive environments [4, 5].
Moreover, epoxy oligomers are able to combine with most
polymers, alowing to vary the properties of polymer
products; the presence of epoxy groups in their structure
makes it possible to modify them by low- and high-
molecular compounds [6]. Modification of epoxy
oligomers improves their properties and expands the areas
of their practical application. Alcohols [5, 7], phenals [5,
8], acids [5, 9, 10], acid anhydrides [11] and others [12,
13]) are among low-molecular compounds for epoxy
oligomers modification.

When epoxides are modified with dibasic acids of
aliphatic and aromatic types, the products with free epoxy
and carboxy groups are obtained [14-16]. The structure of
the synthesized oligomers is confirmed by a spectra
analysis[17], and they may be used as binders to produce
products based on epoxy-oligoesteric mixtures [15]. The
cataysts proposed for the reaction between epoxide
oligomer and dibasic acid are benzyltriethylammonium
chloride  (BTEACh),  1,4-diazobicyclo[2,2,2]octane
(DABCO), N,N-dimethylaminopyridine (DMAP), 18
Crown-6, potassium hydroxide (KOH), triethylamine
(TEA), zinc chloride (ZnCl;) and a catalytic system
consisting of 18-Crown-6 + ZnCl, [14, 16]. But the
reaction mechanism is not described.

S0, the aims of the present work are to propose the
reaction mechanism of the diane epoxy oligomer with
dibasic acid, to study the thermal stability of modified
products and to investigate the thermal d<ability and
viscoelastic properties of epoxy-oligomeric mixtures
prepared on the basis of the modified products.
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2. Experimental

2.1. Materials

The materials used for the experiments were:
Dioxydiphenylpropane diglycidyl ether (DPPDE)
of the formula

YA Oo/\z

with the epoxy groups content (e.n.) of 24.0 %.

Epoxy resin Epidian-5 (Sarzyna-Ciech, Poland),
with a molecular weight M, of 430 g/mol and e.n. of
20.0%.

Adipic acid (AA) (purchased from Dupont, USA).

Catalysts  benzyltriethylammonium  chloride
(BTEACh) and 1,4-diazobicyclo[2,2,2]octane (DABCO)
purchased from Sigma Aldrich, USA.

Isopropyl alcohal of chemically pure grade (as a
solvent).

TGM-3 dligoesteracrylate of the formula

O

CH3
3

CH,

with M, 280 g/mol (without additional purification).
Polyethylenepolyamine (PEPA) of the formula
NH.

n=1-5
(without additional purification).

2.2. Study of Kinetics

The kinetics of the reaction between DPPDE and
AA was studied in a three-necked reactor equipped with a
mechanical stirrer, thermometer and backflow condenser
using the BTEACh or DABCO catalyst. The reactor was
loaded with DPPDE and AA in a solution of isopropyl
alcohol. The reaction mixture was heated to a
predetermined temperature and a catalyst was added.
Samples of 1 ml were taken from the reaction medium
and the concentration of carboxyl groups (mol/l) was
determined in them according to the formula (1)
, L VN K
v B, (1)
S

where V; is the quantity of KOH 0.1N solution spent on
titration of acid groups in the sample, ml; Vs is the volume
of the sample equal to 1.0 ml; N is a normality of alkaline
solution, 0.1N; K isa correction factor of 0.1N solution.

The obtained results were used to plot graphic
dependencies, from which the effective rate constants of
the reactions between DPPDE and AA were determined.

2.3. Synthesis of Oligoesters

Synthesis of epoxy resins modified with adipic acid
(oligoesters) was carried out in a three-necked reactor
equipped with a mechanical stirrer, backflow condenser,
drop funnel and thermometer. The reactor was loaded
with a toluene solution of the epoxy component and
BTEACHh, dissolved in H,O. The mixture was heated to
343 K under constant stirring and thermostatically kept for
25h. At the same time the adipic acid dissolved in
isopropyl alcohol was dropped from the drop funnel. After
the addition of AA, the reaction mass was kept for 0.5—
1.0 h under stirring at the above mentioned temperature.
After completion of the process, the resulting mixture was
cooled to room temperature and transferred to a separating
funnel. Benzene was added for clear separation. The lower
layer with the catalyst agueous solution was poured out
and the top layer was washed with water. The organic
layer was vaccumized at 323K till the mass became
constant. In the synthesized oligoester the molecular
weight and the content of epoxy and carboxy groups were
determined.

Oligoester | was synthesized using 90 g of DPPDE
dissolved in 300ml of toluene, 17.1g of BTEACh
dissolved in 15 ml of H,O and 36.6 g of AA dissolved in
300 ml of isopropyl acohol. 107.7g of the resulted
product were obtained. Found: M, 450 g/mal, content of
carboxy and epoxy groups 8.8 and 8.1 %, respectively.

Oligoester Il was synthesized using 90g of
Epidian-5 epoxy resin dissolved in 300 ml of toluene,
14.4 g of BTEACH, dissolved in 15 ml of H,0O, and 30.8 g
of AA dissolved in 230 ml of isopropyl alcohol. 112.0g
of the resulted product were obtained. Found: M,
570 g/mol, content of carboxy and epoxy groups 7.9 and
7.8 %, respectively.

2.4. Preparation of Epoxy-Oligoesteric
Films

Epoxy-oligoesteric  films were prepared by
applying a mixture over the standard glass plates. The
mixture was prepared as a result of al components
mechanical mixing with PEPA hardener. Films were
formed stepwise: at first at room temperature for 24 h, and
then at 423K for 75 min.

2.5. Thermal Stability

Thermal stability was studied using Thermo-
gravimetric Analyzer TGA-7 in an atmosphere of nitrogen
or air with O, content of 8 %. The samples were heated to
973-1173K for 45 min [18§].
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2.6. Viscoelastic Properties

The viscoelastic properties were determined using
CSM Instrument Micro Combi Tester a room
temperature. Film thickness was 3 mm.

3. Results and Discussion

3.1. The Mechanism of Reaction
between the Epoxy Compound and AA

Bashta et al. [16] described some kinetic
regularities of the epoxy oligomer reaction with dibasic
carboxylic acids. It was established [16] that both
BTEACh and DABCO may be the catalysts for this
reaction. On the other hand, Paken [5] showed that acids
themselves can act as a catalyst. So, the reaction between
epoxy oligomer and dicarboxylic acid may proceed
according to Scheme 1.

HOOCRCOOH + R

HOOCRCOCHZCHR‘—W —_—
(@] (@] ‘ (0]
OH

+ W—R‘—v
+HOOCRCOOH ” ﬂ o o
———— > HOOCRCOCH,CHR'CHCH,OCRCOOH

OH OH W

O 0
|

HOOCRCOCH,CHR" CHCHZOJJRCOCHZCHR'—W

OH C‘)H OH ©

where R is the dtructura fragment of adipic acid; R' is a
structural fragment of epoxy oligomer

Scheme 1

It was shown [16] that the reaction does not
proceed with 5mol % of BTEACh per g-eq. of AA
carboxyl group at 353K for 75 min. The increase in the
catalyst amount to 10 mol % provides the reaction
occurrence  with an effective rate constant of
0.48+0.1310"l/mol's. The amount of 30mol % of
BETAC provides the reaction rate sufficient for the
chemical modification of epoxides with the dibasic acid.
But Bashta et al. [16] used BTEACh as a catalyst in a
pure form. Therefore, it was necessary to determine the
effect of water on the reaction proceeded according to
Scheme 1. For this, the reaction was studied using
BTEACh in the form of 20, 40 60% agueous solution
(Fig. 1, Table 1) in the amount of 30 mol % per g-eq. of
AA carboxy group.

1[C], Vol
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Fig. 1. Kinetic anamorphoses in coordinates 1/[Ceypg ] -7
for the reaction of DPPDE with AA at 343 K in isopropyl
al cohol medium in the presence of 20% (1), 40% (2) and 60 %
(3) agueous solution of BTEACh catalyst in the amount
of 30 mol % per 1 g-eq. of AA carboxy group. The content
of AA is1 mol per 1 g-eq. of DPPDE epoxy group

Table 1

Effectiverate constants of thereaction
between DPPDE and AA

BTEACh

concentrationin | Kg-10% 1/(mol-s) Cg;;{g;ﬂ'to%z
water, % '
20 0.90+0.16 0.9859
40 1.10+0.16 0.9795
60 1.00+0.17 0.9353

Notes: reaction temperature 343 K, reaction medium is
isopropyl acohol, BTEACh ™~ amount of 30 mol % per 1 g-
eq. of AA carboxy group

Cdculated on the basis of Fig. 1, the effective
reaction rate constants (Table 1) indicate that water
practically does not affect the occurrence of such reaction.
Thus, it can be assumed that in the isopropyl alcohol
medium, the reaction between dibasic carboxylic acid and
the epoxide occurs via the formation of the complex
(Scheme 2):

R
5+ : ;
5 &t 5,/H»--O ]
O—H O R N
HOOCR— + R — R« ——
o) \/ o)
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PR
H(|D &
Sb/\,l OH
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R’\[/\O /H\R +RNT
o) o)

Scheme 2

In accordance with the proposed scheme, the
reaction of epoxy with AA in the presence of BTEACh as
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a catalyst takes place in two stages. At the first stage a
complex is formed with the participation of epoxy and
acid. This stage proceeds fast enough. At the second stage,
which is much slower, the formed complex transforms
into a reaction product involving the catalyst, which is
further recovered in its pure form. According to Scheme
2, the "NR, ion catal yzes the reaction of epoxide with acid
due to the formation of an equilibrium complex [acid-
epoxide-catalyst]. The most probable is the formation of
the final product due to the electrophilic cation "NR,
attack on epoxide by oxygen atom, which has a high
electron density.

On the other hand, analyzing the results presented
in [16], we find that apart from BTEACHh, the catalyst for
such a reaction may also be DABCO, but its amount
cannot exceed 20 mol % per g-eg. of AA carboxy group.
The increase in DABCO amount to 30 mol % and higher
leads to the polymerization of the reaction products and
their precipitation from the reaction medium. In this
connection, it was assumed that DABCO, on the one
hand, proves itself as a reaction catalyst (Scheme 1), and,
on the other hand, serves as a caalyst for the
polymerization reaction of epoxide with epoxy groups. In
order to verify the possibility of a polymerization reaction
proceeding in the presence of such catalyst, we studied the
reaction involving DPPDE and DABCO in the absence of
acid (Fig. 2).
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Fig. 2. Kinetic anamorphaoses in coordinates
V[Cerbg ]-7 for thereaction of DPPDE with DABCO at 343K
inisopropyl acohol medium. The amount of DABCO
is20 mol % per 1 g-eq. of DPPDE epoxy group

It is observed (Fig. 2) that the concentration of
epoxy groups decreases already at 323K, which may
indicate their exhaustion as a result of polymerization.
However, the results given in [16] show that with a small
amount of DABCO (up to 20 mol %) there is a decrease
in the concentration of carboxy groups in the reaction
medium. Therefore, it can be concluded that such a
catalyst can catalyze the reaction of epoxide with acid
according to the following mechanism:
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Scheme 3

In accordance with Scheme 3, the acid and
DABCO form salt, which further forms an intermediate
six-member transition complex in the presence of an
epoxide. During complex decomposition a catalyst is
released and the resulted product is formed. In addition,
DABCO (as a basic type catalyst) causes polymerization
of the epoxide by epoxy groups. So, with a sufficiently
large amount of the catalyst (30 mol % and more), two
pardlel reactions can occur, i.e., the actual formation of
the oligoesters and polymerization of the epoxide with the
formation of a high-molecular compound, which is
insoluble in isopropyl alcohol, and therefore precipitates
from the reaction medium.

3.2. Thermal Stability

3.2.1. Thermal stability of oligoesters

Thermal gtability of the synthesized oligoesters was
studied to evaluate their possible use in various polymer
mixtures. Oligoester | was used for the study. The
procedure is described in Subsection 2.5. The result is
shownin Fig. 3.

The product begins to decompose slowly only at
433 K. The rapid change in a mass loss takes place in the
temperature range of 633-773 K and achieves 78 % at
773 K. Then thereis a dight loss of mass and at 950K it
reaches 88 %. This alows to predicate that oligoester | is
asufficiently stable product up to 633 K.

3.2.2. Thermal stability of the films

The literature data [15, 19] describe the possibility
of using oligomers with functional groups based on epoxy
resins as active additives during products formation. Such
products are used as protective coatings for various solid
materials, in particular metal, glass, etc., and are resistant
to atmaospheric and environmental conditions. But in some
cases, such coatings are exposed to high temperatures and
it isimportant to know their thermal stability.
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Thermal stability of the films based on the
synthesized oligoesters was studied according to the
method described in Subsection 2.5. Mixtures containing
Epidian-5 epoxy resin, oligoester | and TGM-3
oligoesteracrylate were prepared. Polyethylenepolyamine
(PEPA) served as a hardening agent. The compoasition of
epoxy-oligoesteric mixturesis given in Table 2.

Films were formed according to the procedure
described in Subsection 2.4. The results are represented in
Fig. 4 and their interpretation —in Table 3.

Table 3 shows that all investigated films are
characterized by practically the same beginning of mass
loss. At the same time, films containing synthesized
oligoester | have a dightly higher end of the first stage of
mass loss. The addition of TGM-3 oligoesteracrylate in
the case of using Epidian-5 alone leads to the increase in
the decomposition temperature of such films (mixture I1),
and in the case of oligoester | presence— to the decreasein
the mass loss temperature at the first stage (mixture 1V).

Michael Bratychak et al.

The complete decomposition of the films takes place at
the temperature of 873 K and above.

A

—

Mass loss, %

Peak =425 K
50 1 Area =-0,383 %
40 4
30 1
20 1
10 +
Peak X =682 K
0 t + + t + } -
292 373 473 573 673 773 873

Temperature, K

Fig. 3. TGA curves of oligoester I

Table 2
Composition of epoxy-oligoesteric mixtures
Component amount, wt parts
Component
1 11 111 v \% VI
Epidian-5 100 91 60 55 60 55
Oligoester - - 40 36 — —
Oligoester 1 - - - - 40 36
TGM-3 — 9 - 9 — 9
PEPA 14 14 10.6 9 10 9
3 A
105 4 Area =-0,395 % 105 +
100 100
% S %0 +
80 Peak=815K 80 +
S p S g0+
£ o & 60
% s 2 50
é 3¢ Area =-1959 % g
40 40
30 Peak X = 618K T
20 2 4+
Area=-0,46 %
107 Peak = 640 K 101 Peak = 632K
+ + + + + + + + +— 0 + + +— + + + + +
0 287 373 473 573 673 773 873 973 1073 1155 287 373 473 573 673 773 873 973 1073 1155
Temperature, K Temperature, K
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) A
105 105 +
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90 T 9% 4+
80 T 80 4+
B & o~ R og 4 >
o Peak =811 K 3 Peak = 833K
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Fig. 4. TGA curves of the films based on epoxy-oligoesteric mixtures I (a), II (b), 111 (c) and IV (d).
The mixture compositionsaregivenin Table 2
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Table 3
Thermal stability of the films
. . Temperature, under which the mass loss is observed, K/mass |ass amount, %
Mixture according to -
Table? First stage Second stage
beginning end beginning end
I 603 713/80 713 873/100
11 603 733/85 733 1073/100
11 593 753/80 753 873/100
% 593 743/83 743 873/100
2 \y ) o ,
“! ' o -'I NP s by P
Fn, H m by by o Aﬂ Pd,u Rd, % Fn H (i Pd,
0,03 G x v & 60 100 0,03 -400
4,02 Rd 40 80 4,02 4 <+ -200
8,02 =+ - 60 60 8,02 4 Rd 40
12,01 4+ =+ 120 40 12,01 <+ =+ 200
Pd Pd
16,01 4+ =+ 180 20 16,01 4 =+ 400
20,00 } t } t 240 0 20,00 } } } $ 600
Fn,H 003 402 802 1201 16,01 20,00 Fn,H 003 402 802 1201 16,01 20,00
L,mm 000 200 400 600 800 10,00 L,mm 0,00 200 400 600 800 10,00
Rd,% Fn H Pd, u
100 0,03 -150
4,02 Rd + 0 80 402 4 Rd +0
802 < =+ 50 60 8,02 <+ 150
12,01 4 =+ 100 40 12,01 < <+ 300
Pd Pd
16,01 <+ + 150 20 16,01 F + 450
20,00 } } $ } 200 0 20,00 } } } } 600
Fn,H 0,03 402 802 1201 16,01 20,00 Fn,H 0,03 402 802 1201 1601 20,00
L,mm 0,00 200 400 600 800 10,00 L,mm 0,00 200 400 600 800 10,00
0) d)

Fig. 5. Viscodlastic properties of polymer films based on epoxy-oligoesteric mixtures| (a), 11 (b), V (c) and V1 (d)

3.3. The Viscoelastic
Epoxy-Oligoesteric Films

To study the viscoelastic properties of the films,
epoxy-oligoesteric mixtures |, I, V and VI (Table 2) were
used. The films were formed according to the method

Properties of

described in section 2.6, and the results obtained are
shownin Fig. 5.

The most homogeneous is a film based on mixture
VI, containing oligoester I1; this film is characterized by
the best restorability (Fig. 5d). The films only with
Epidian-5 (mixtures | and I1) are non-uniform and their
surface is rough. All of the films under investigation
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withstand a full load of 20 N. The film based on mixture |
is characterized by a penetration of 200 um. When
introducing TGM-3 oligoesteracrylate (mixture 11), the
film becomes more elastic and the penetration vaue
reaches 500 um. The introduction of oligoester Il into
epoxy-oligoesteric mixture leads to the increase in the
film hardness (Fig. 5c), as evidenced by the penetration
value equa to 170 um. The paralle introduction of
oligoester 1l and TGM-3 into the mixture (mixture V1)
significantly improves the viscodlastic properties of the
coating. Penetration for thisfilmis 590 um.

The above results indicate that the introduction of
the synthesized oligoester Il into epoxy-oligoesteric
mixture improves the viscoelastic properties of the films
based on Epidian-5.

4. Conclusions

On the basis of the conducted researches and taking
into account the literature data, a probable mechanism of
chemical reaction between DPPDE and AA in the
presence of BTEACh or DABKO was proposed. When
using BTEACh as a catalyst, the most probable is the
formation of the final product due to the eectrophilic
cation "NR, attack on epoxide by oxygen atom. DABKO,
as the catalyst, and adipic acid form salt, which further
forms an intermediate six-member transition complex in
the presence of an epoxidee During complex
decomposition the catalyst is released and the resulted
oligoester is formed.

By means of TGA analysis it was established that
oligoester | is a sufficiently stable product up to the
temperature of 433 K. Epidian5 based films with
oligoester | in their composition are completely decom-
posed at 873K. Films containing oligoester Il, in
comparison with Epidian-5-based films without oligoester
I, are characterized by better homogeneity and
restorahility; thier penetration was 590 pm.
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MEXAHI3M PEAKIIII CHHTE3Y
TA BJIACTUBOCTI EITIOKCUJJTHUX CMO.JI,
MOJUPIKOBAHUX ATUITTHOBOIO KUCJIOTOIO

Anomauyin. 3anpononosano mexamizmu peaxyiv midxc Oi-
€NnoKCUOHOIO CROTYKOIO Ma aouninogoio kucromoio (AA) é npucym-
Hocmi  Oensunmpuemuiamoniu  xaopudy — ma  1,4-0iazo-
biyukno[ 2,2,2) okmany. Bueueno mepmiuny cmabinoHicms oni2o-
ecmepy, OMPUMAHO20 GHACHIOOK  XIMIYHO20 —MOOUPIKysaHHs
oueniyuodinoeozo emepy Oiokcudugeninnponany AA ma enoxcu-
onicoecmepHux cymiweli 3a tio2o yyacmi. Busnaueno @ s3xo-
eacCmUu4Hi 61acCMU6OCmi NAi6OK HA OCHOBL eNOKCU-O1i20eCepHUX
cymiwetl, IKi Micmsims y ceoemy ckaadi enokcuony cvony Epidian-
5, onizcoecmepaxpunam TI'M-3 ma noniemunnoniamin.

Kniouoei cnoea:. enoxcuona cmona, aouniHoéa Kuciomd,
Kamanizamop, Mexamizm peakyii, mepmivna cmabiibhicmo, 6 s13K0-
eacmudHti 81acmu8ocmi.



