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Abstract. Crosdinking of epoxy-oligoesteric mixtures
composed of ED-20 dianic epoxy resin and TGM-3
oligoesteracrylate has been studied in the presence of
dioxydiphenylpropane diglycidyl ether modified with
adipic acid (DCDER). Crosslinking was carried out at
room temperature and while heating at 383, 403 or 423 K
using polyethylene polyamine as a hardener. The
procedure of DCDER synthesis has been developed. The
structural changes were controlled by determining film
hardness and gel-fraction content. The chemistry of films
formation was confirmed by |R-spectroscopy.

Keywords: crosdinking, polymer films, epoxy resin,
oligoesteracrylate, hardness, gel-fraction, [R-spectro-
scopy.

1. Introduction

Epoxy resins and mixtures based on them are
widely used as protective coatings, glues, compounds, etc.
[1]. Despite high hardness, mechanical strength, thermal
stability, good protective and dielectric properties, the
wares based on epoxy resins have a low adhesion to color
metals and easticity [2]. To diminate the mentioned
defects the epoxy resins are chemically modified with
various low- and high-molecular compounds [3, 4]. The
resins are modified at the stage of functional oligomer
obtaining, as well as at the stage of resulting product
forming due to the adding different functional groups

[3-3].
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Recently the researches of the Department of
Petroleum Chemistry and Technology (Lviv Polytechnic
National University, Lviv Ukraine) carried out chemical
modification of epoxy resns by unsaturated [6] and
saturated acids [7], glycols [8, 9], hydroperoxides [10].
The modified epoxy compounds contain free epoxy and
other functional groups, namely carboxy, primary
hydroxy, peroxy, acrylate fragment. The modified resins
can be used as additives to ED-20 industrial epoxy resin
(1030wt %) when producing protective coatings. The
result of modified resins addition is the increase in
adhesion to the metal surface and chemical resistance to
aggressive media. The increase in adhesion is explained
by esteric groups formation during polymer crosslinking;
and high chemical resistance occurs due to the high
content of gel-fraction in the crosslinked product.

In the present work we synthesize the additive with
two carboxy groups as distinct from the known compound
[6] and study its properties during epoxy-oligoesteric
mixtures crosslinking.

2. Experimental

2.1. Materials

For DCDER synthesis we used Bisphenol A
diglycidyl ether (DGEBA, Sigma Aldrich, USA) and
adipic acid (AA, Dupont, USA). Benzyltriethyl-
ammonium chloride (BTEACh), used as a catalyst, was
purchased from Sigma Aldrich, USA. The molecular mass
of ED-20 epoxy dianic resin was 390 g/mal and epoxy
groups content was 20.0%. TGM-3 oligoesteracrylate
used as a pladicizer was used as receved without
additional purification; its molecular mass was 280 g/mal.
Polyethylene polyamine (PEPA) was a hardener. It was
used asreceived, without additional purification.

2.2. Methods of Analysis

Molecular mass (M) of the initial and synthesized
products was determined using cryoscopy in dioxane [11].
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The content of epoxy and carboxy groups (%) was
determined using a back titration method [12].
The concentration of epoxy groups was determined
according to Eq. (2):
[C]e'g' — (Vblank - Vsampl;a/_ Vacid) N XK

(D

where [Cleg — concentration of epoxy groups in the
reaction medium, mol/l; Vyank — quantity of 0.1IN KOH
solution for the titration of blank sample, Ml; Venple —
guantity of 0.IN KOH solution for the titration of the
sample withdrawn from the reaction medium, ml; Vagq —
guantity of 0.IN KOH solution for the titration of acid
groups in the sample withdrawn from the reaction
medium, ml; N —normality of KOH solution equal to 0.1
K — correction coefficient for 0.1IN KOH solution; Vs —
sample volume equal to 0.5 ml.

The film hardness (H, rd.units) was determined
using M-3 pendulum device according to the standard
procedure [12]. The gel-fraction content (G, %) was
determined by extraction of grinded samples with acetone
in Soxhlet apparatus for 12 h[13].

For IR-spectroscopic investigations we used
Nicolet 8700 spectrophotometer (Thermal  Electron
Corporation) equipped with Specac Golden Gate adapter
with ATR diamond crystal. The samples were prepared as
thin films placed between two plates with KBr and spectra
were recorded. Then the plates were placed into a
desiccator, kept at room temperature for 24 h and again
spectra were recorded. The next spectra were recorded
while film heating at 383, 403 ot 423 K every 15 min.

2.3. Crosslinking of Epoxy-Oligoesteric
Mixtures

All components and PEPA were mixed under
vacuum to prepare epoxy-oligoesteric mixtures. The
obtained mixture was poured over standard glass plates.
Films formation was studied using two methods. With
accordance to the first method the films were kept at room
temperature for 1-10 days. According to the second
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method the mixture crosslinking was carried out stepwise:
first at room temperature for 24 h and then while heating
at different temperatures for 75 min. The process was
controlled by film hardness and gel-fraction content
values.

3. Results and Discussion

3.1. DCDER Synthesis

DCDER was synthesized according to Eq. (2). For
the development of DCDER synthesis procedure we used
our previous results about chemical modification of
epoxides by carbonic acids [6]. BTEACh was used as a
catayst of Eq. (2). The mixture composed of toluene and
isopropyl alcohol was a reaction medium. The process
temperature was 353 K. The change of epoxy groups
concentration depending on time during interaction of
DGEBA and AA isrepresented inFig. 1.

One can see from Fig. 1 that after 25h the
concentration of epoxy groups in the reaction mixture
decreases twice and after 4 h amost all epoxy groups are
used.

Procedure of DCDER synthesis

DCDER synthesis according to Eg. (2) was carried
out in a three-necked reactor equipped with a mechanical
stirrer, back condenser, drop tunnel and thermometer.
120 g of DGEBA dissolved in 400 ml of toluene was
loaded into the reactor together with 22.8 g of BTEAX
dissolved in 10 ml of H>O. The mixture was heated to
353 K under constant stirring and 48.8 g of AA dissolved
in 400 ml of isopropyl alcohol was added dropwise for
1.5 h. Then the mixture was stirred for another 3 h, cooled
to room temperature and transferred to the separating
tunnel. 200 ml of benzene was added to the tunnel, mixed
and products were separated. The bottom layer was
poured off and upper (organic) layer was washed by water
to separate the catalyst. To control this process the
solution pH was determined.
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Fig. 1. The change of epoxy groups concentration vs. reaction time at 353 K.
Catalyst quantity is 30 mol % per 1 g-eqg. of AA carboxy groups.
Molar ratio DGEBA:AA = 1:2

The organic layer was distilled under vacuum
(temperature is 323 K, residual pressure is 133-266 Pa).
DCDER vyield was 90.1% (152g). The product is
dissolved in acetone, dioxane, alcohols and other organic
solvents. It was found for DCDER: M,, 720 g/moal; content
of carboxy groups 8.6 %. The presence of carboxy groups
and formation of hydroxy groups according to Eq. (2) is
confirmed by absorption band at 3456 cm'™; esteric bond —
by absorption bands at 1732 (vc=0), 1256 (vc_o-ca) @nd
1048 (vc-o-ceym) cm™. Such bonds can be formed only due
to the chemical interaction of DGEBA epoxy ring and AA
carboxy group followed by —C(O)O-CH, fragment
origination. The presence of DGEBA fragments in the
synthesized product is confirmed by absorption bands at
1384 and 1360 cm™ corresponding to the stretch
vibrations of —C(CH3)s— group. The presence of benzene
rings is confirmed by the bands at 1608 and 1512 cm'™.

3.2. Crosslinking of Epoxy-Oligoesteric
Mixtures in the Presence of DCDER

The synthesized DCDER contains the fragment of
dianic epoxy resin, free carboxy and secondary hydroxy
groups. To our mind, it is possible to use the synthesized
product as an active additive to epoxy-oligoesteric
mixtures, the crosslinking of which is carried out in the
presence of PEPA, instead of TGM-3 oligoesteracrylate,
usually used inindustry.

The crosdinking of epoxy-oligoesteric mixtures
was studied at room temperature, as well as at heating. In
the case of heating the crosdinking was carried out
stepwise: first at room temperature for 24 h and then at
383, 403 or 423K for 75min. The standard industrial
mixture with TGM-3 (mixture |) was taken for the
comparison. The composition of epoxy-oligoesteric
mixtures, which were crosdinked at room temperature
according to the procedure described in Subsection 2, is
given in Table 1; the results concerning hardness and gel-
fraction content —in Fig. 2.

It is obvious from Fig. 2 that after 24 h the films
are hard and contain sufficiently high amount of insoluble
products. After 7 days the hardness and gel-fraction
content of the mixture Il increases dightly, whereas for
the mixture | both values continue to increase even after 7
days. This fact points that for the mixture | the three-
dimensional polymerization of TGM-3 molecules takes
place by double unsaturated bonds under the influence of
air oxygen in addition to interaction between epoxy
groups of ED-20 resin and amine groups of PEPA.. For the
mixture 11, apart from the main interaction between ED-20
and PEPA molecules, the epoxy groups of ED-20 react
with the carboxy groups of DCDER. These carboxy
groups catalyze the reaction. The process is finished after
7 days (Fig. 2).

When comparing the experimental results for both
mixtures we observe the higher values of hardness and
gel-fraction content for the mixture 1l. So, DCDER may
be used as an active additive for epoxy-oligoesteric
mixtures, the crosdinking of which takes place in the
presence of PEPA, and asa plasticizer instead of TGM-3.

The next step was investigation of crosslinking of
epoxy-oligoesteric mixtures which contain both TGM-3
oligoesteracrylate and DCDER at heating (Table 2). The
mixtures with DCDER only (mixture VI, Table Il) and
standard industrial mixture with TGM-3 (mixture |, Table
1) were taken for the comparison.

The results regarding hardness and gel-fraction
content are represented in Tables 3-5. These results
confirm that both values depend on epoxy-oligoesteric
mixtures compoasition, as well as crosslinking temperature
and time.

With the increase in DCDER amount to 40 wt %
(mixture V) the films remain soft at 383K for 75 min
(Table 3). The same results were obtained at 403 for 45
min (Table 4) and 423 K for 30 min (Table 5). However,
the gel-fraction content of the mixture V is sufficiently
high within all investigated intervals (Tables 3-5).
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Composition of epoxy-oligoesteric mixtures

Table1

Component content, wt %

a)

Component i
ED-20 epoxy resin 90 90
DCDER - 10
TGM-3 10 -
PEPA 12.6 12.6
085 92,5
91,5
£ 0,75 3\: 90,5
'E ’ =
= 2 895
3 5
£ 0,65 S 885
§ £ 875
goss g
=0, £ 865
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= T 855
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83,5
0,35
1 2 3 4 5 6 7 8 9 10 11
1 .2 3 ' 4 5 6 71 8 9 18 11 Time,days _o 1 _g>
Time,days : .

b)

Fig. 2. Dependence of film hardness (a) and gd -fraction content (b) on crosslinking time for the mixtures| (1) and 11 (2)

Composition of epoxy-oligoesteric mixtures

Table2

Components content, wt %

Component i v Vv Vi
ED-20 epoxy resin 90 80 60 60
DCDER 10 20 40 40
TGM-3 10 20 10 -
PEPA 126 11.0 90 90

Note: PEPA amount was cal culated according to the content of epoxy groups in the mixture. 14 wt % PEPA was used

for 100 g of ED-20

Table 3
Dependence of film har dness (H) and gel-fraction (G) on the mixture composition
and crosslinking time at 383 K
Number Index values for crosslinking time, min
of mixture
according Index 24 h, room 15 30 45 60 75
to Table 2 temperature
i H 0.11 0.50 0.67 0.75 0.79 0.85
G 74.8 87.3 89.1 89.9 90.4 91.1
vV H 0.03 0.23 0.29 0.43 0.45 0.59
G 70.1 87.0 88.9 89.9 91.6 92.2
v H 0.0 0.0 0.0 0.0 0.0 0.0
G 49.6 574 63.3 714 71.8 72.0
Vi H 0.0 0.43 0.54 0.55 0.66 0.71
G 45.7 68.2 74.8 80.2 82.6 86.6
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Table 4
Dependence of film har dness (H) and gel-fraction (G) on the mixture composition
and crosslinking time at 403 K
Number Index values for crosslinking time, min
of mixture
according Index 24 h, room 15 30 45 60 75
to Table 2 temperature
i H 0.11 0.70 0.76 0.81 0.84 0.92
G 74.8 88.5 90.0 90.6 914 91.5
vV H 0.03 043 0.46 0.56 0.57 0.66
G 70.1 86.1 86.5 89.6 89.9 90.2
v H 0.0 0.0 0.0 0.06 0.19 0.27
G 49.6 65.5 68.3 734 75.6 77.3
Vi H 0.0 0.47 0.58 0.62 0.67 0.72
G 45.7 76.6 88.1 89.0 914 94.0
| H 0.36 0.39 0.46 0.62 0.72 0.75
G 83.7 94.4 94.7 97.2 99.1 99.4
Note: the mixturel is given here for the comparison
Table5
Dependence of film har dness (H) and gel-fraction (G) on the mixture composition
and crosslinking time at 423 K
Number Index values for crosslinking time, min
of mixture
according Index 24 h, room 15 30 45 60 75
to Table 2 temperature
i H 0.11 0.75 0.78 0.86 0.89 0.93
G 74.8 89.4 91.2 92.4 92.9 934
vV H 0.03 0.44 0.50 0.57 0.68 0.76
G 70.1 88.7 90.1 91.0 92.3 934
v H 0.0 0.0 0.0 0.42 043 0.46
G 49.6 68.2 75.0 75.1 78.7 79.8
Vi H 0.0 0.52 0.58 0.63 0.72 0.78
G 45.7 90.9 91.8 94.1 95.8 97.0

For the mixture VI, which contains the same
amount of DCDER but does not contain TGM-3, the films
remain soft only in the case of crosslinking at room
temperature for 24 h and at initial heating. It means that
while forming polymeric films under mentioned
conditions only PEPA participates in the crosslinking of
ED-20 molecules. TGM-3 and DCDER molecules
actually do not participate in the formation of crosslinked
structure. The increase in temperature and crosslinking
time results in the reaction of free carboxy groups of
DCDER with free epoxy and hydroxy groups of ED-20
resn. Such interaction leads to the increase in film
hardness and gel-fraction content. At the same time the
increase in temperature and crosslinking time makes
possible the three-dimensional polymerization of TGM-3
molecules, also leading to the increase of above
mentioned values.

The decrease in DCDER amount (mixture I11)
dightly influences the hardness and gel-fraction content.

In such a case the crosdinking takes place due to the
reaction between ED-20 and PEPA. When comparing the
results for the mixture 111 (with DCDER) and standard
industrial mixture | (Table 4) we observe that DCDER
decreases the film hardness while crosslinking at room
temperature but considerably increases it at heating.
Moreover, gel-fraction content for the mixture I11 is lower
compared with that for the mixture I. This fact reveals that
under mentioned conditions the DCDER molecules only
partially participate in a crosslinking process. If we
compare the results for the mixture 111 at 403K (Table 4)
and 423K (Table 5), we observe that the increase in
temperature does not affect the values of hardness and
gel-fraction content. Thus, the temperature of 403K and
time of 60—75 min were found to be the optimal values for
crosslinking. The resulting films have hardness of 0.84—
0.92 rel.units and gel-fraction content of 91.4-91.5%. It
should be noted that adhesion of the films is equal to
“one” (cross-cut method was used).
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To confirm the above-mentioned statement about
the chemistry of films formation at different temperatures
we used |IR-spectroscopy. The structural changes were
controlled for the mixture 111 according to the absorption
bands at 918 cm™*, corresponding to stretching vibrations
of epoxy ring; at 3320 cm™ — stretching vibrations of hyd-
roxy group; at 1608 cm* — stretching vibrations of double
bond; at 1720 cm™ — stretching vibrations of carbonyl

Fig. 3. IR-spectra of epoxy-oligoesteric mixture 11
after its preparing (1) and after crosdinking
at 423 K for 75 min (2)

Absorbance

T T T T T T T
340 820 500 880
Wavenumber (cm-1)

a)

group and at 1720 cm* — stretching vibrations of C-O-C
@)

V4
group in ~¢-0-C- egteric fragment (Fig. 3).

It is observed from Figs. 4-5 that spectra recorded
after preparing the mixture and its heating are different.
Moreover, the intensity of absorption bands of definite
functional groups depends not only on the process
temperature but on crosslinking time as well.
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Fig. 4. Absorption band at 918 cm™ (a) and change of itsintensity (b) after preparing the mixture 11 (1),
after keeping at room temperature for 24 h (2) and after heating at 383 K for 15 (3); 30 (4); 45 (5); 60 (6) and 75 (7) min
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Fig. 5. Absorption band at 3320 cm™ () and change of itsintensity (b) after preparing the mixture 11 (1), after keeping at room
temperature for 24 h (2) and after heating at 383 K for 15 (3); 30 (4); 45 (5); 60 (6) and 75 (7) min
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Fig. 6. Absorption band of carbonyl group at 1720 cm™ (a) and -C—-O—-C— group in esteric fragment at 1290 cm™ (b)
after preparing the mixturelll (1), after keeping at room temperature for 24 h (2) and after heating at 403 K
for 15 (3); 30 (4); 45 (5); 60 (6) and 75 (7) min

While forming films a room temperature for
24 h(curve 2, Fig. 4) the decrease in band intensity is evi-
dent; after heating the band disappears. It means that under
the experimental conditions the epoxy groups of ED-20
react with PEPA molecules. As a result, the epoxy ring is
opened and hydroxy groups are formed (see Fig. 5).

The participation of DCDER molecules in a
crosslinking process is confirmed by the results presented
in Fig. 6. At room temperature we observe the decreasein
intensity of absorption band at 1720 cm™ corresponding to
a carbonyl group (Fig. 6a) and the increase in intensity of
the band at 1290 cm~ corresponding to —C-O—C group in
an esteric fragment (Fig. 6b). After heating the absorption
band shifts from 1720 to 1735 cm™ (Fig. 6a) indicating
the transfer of carbonyl bond from carboxy group to the
bond in esters. It points to the chemical reaction between
carboxy groups of the synthesized DCDER and epoxy
groups of ED-20 epoxy resin according to Eq. (3):

(o]

s +  HC—CHWN —— \\rC—0—CHy,—CHww WA
\OH o) oH (3)

The possible formation of esteric fragment
according to Eqg. (3) is confirmed by the increase in
intensity of absorption band at 1290 cmi* (Fig. 6b).

The participation of TGM-3 molecules in the
crosslinking process is confirmed by the results presented
inFig. 7.

It is observed from Fig. 7 that a partia poly-
merization of double bonds in TGM-3 occurs aready at
room temperature due to the exothermic reaction between
ED-20 and PEPA molecules. Further heating of the
mixture to 423 K decreases the intensity of absorption
band at 1608cm™. This fact indicates further three-
dimensional polymerization of TGM-3 molecules in the

matrix formed by ED-20 and DCDER molecules due to

their reaction with PEPA and between each other.

1,1 -~
1 <

0,9 -

Absorbance

0,8 -

0;7 T T 1 1 T 1

1 24h* 15 30 45 60 75
Time, min

Fig. 7. Change of absorption band intensity at 1608 cm™
after preparing the mixture 11 (1 min), after keeping a room
temperature (24 h*) and after heating at 423 K
(15, 30, 45, 60, 75 min)

Thus, at room temperature the crosslinking of
epoxy-oligoesteric mixtures occurs due to the reaction
between ED-20, DCDER and PEPA molecules. Under
these conditions the partia polymerization of TGM-3
molecules also takes place. TGM-3 is not chemically
bounded with the main matrix formed by ED-20 and
DCDER molecules. Hegting of the mixtures results in
further formation of crosslinked molecules due to the
reaction between free carboxy groups of DCDER and
epoxy or hydroxy groups of the initial ED-20 and already
crosslinked ED-20 aswell. Moreover, at heating the three-
dimensional polymerization of TGM-3 molecules takes
place, that is confirmed by IR-spectroscopy (Fig. 7,
Table 4).
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4. Conclusions

New oligomeric compound (DCDER) has been
synthesized in accordance with the reaction between the
dioxydiphenylpropane diglycidyl ether and adipic acid.
The synthesized compound does not contain epoxy groups
but has free carboxy groups at the ends of its chain. The
structure of DCDER was confirmed by the chemical
analysis and IR-spectroscopy. The presence of hydroxy
groups was confirmed by the absorption band at 3320 cm’
! esteric bond — by the bands at 1720 and 1290 cmi™.

The synthesized DCDER has been studied as an
active additive to epoxy-oligoesteric mixtures composed
of ED-20 dianic epoxy resn and TGM-3
oligoesteracrylate, the crosslinking of which was carried
out in the presence of PEPA as the hardener. The films
with DCDER (10 wt %) which were crosslinked at room
temperature have improved characteristics compared with
the films containing TGM-3. At depwise crosslinking
(first at room temperature for 24 h; then at heating to 383,
403 or 423K for 75 min) the films hardness and gel-
fraction content depend on DCDER amount in the
mixture, temperature and crosslinking time.

IR-spectroscopy confirms the participation of all
components in the formation of polymeric films based on
epoxy-oligoesteric mixtures with DCDER.
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CTPYKTYPYBAHHSI ENIOKCH-OJIITOECTEPHUX
CYMIIIEH B TPUCYTHOCTI
MOJIUPIKOBAHOT' O AJJUIITHOBOIO
KHCJIOTOIO JUT JIUILIOBOrO ETEPY
JIOKCUAPEHLIMPONIAHY

Anomauyia. Bugueno cmpykmypyeamms — enoKcu-onieo-
ecmepHux cymiuteil, Wo CcKiaoaromscs i3 OiaHO80I enoKCUoHol
cmonu ED-20 i onicoecmepaxpunamy TGM-3 @ npucymmuocmi
MOOUGIKOBAHO20 AOUNIHOBOIO KUCIOMOIO OUZIIYUOLIOB8020 emepy
Oiokcudugpeninnponarny (AEL®II). Cmpyxmypysanns nposoouiu
SK 30 KIMHAMHOT memnepamypu, max i 3a naepisanns npu 383, 403
abo 423 K 3 6uKopucmanHsm siK 3ameepOHU NOILeMUIEeHNONIAMINY .
Haseoena memoouxa cunmesy JEJDII. Konmpone 3a cmpykmyp-
HUMU  3MIHAMU @ npoyeci (popmyeanHsi NONIMEPHUX — WIIBOK
nposoOUNU 3a BUSHAYEHHAM X meepdocmi ma emicmy 2elb-
@paxyiii. 3a donomozoro I49-cnekmpockoniunux docnioxicens ecma-
HOGILEHO XIMIZM (DOPMYBAHHS NONIMEPHUX NILIBOK.

Knwuosi cnosa. cmpyxmypysamus, noniMepHi NuieKu,
ENOKCUOHA CMONA, ONlizoecmepakpunam, meepoicmo, 2enb-Qpaxyis,
IY9-cnexmpockonis.



