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ABSTRACT

Introduction. The aim of this study is to examine the properties of a synthesized epoxy resin hardener based on dicyclopentadiene
and maleic anhydride. Materials and methods. The following chemical reagents were used for synthesis: dicyclopentadiene 98%,
maleic anhydride (technical), trichloromethane (C.P). The research was carried out with the Sintecor IR 10 FTIR spectrometer, the
STA 449 F1 Jupiter thermogravimetric analyzer. Results and discussion. Studying the initial substances allowed the calculated and
experimental data to be correlated. Subsequent operations then revealed the structure and thermal properties of the obtained
adduct. Conclusion. As a result of this research, an epoxy resin hardener has been obtained that can withstand a wide range of
temperature variations. The synthesized substance is expected to find practical application in self-healing polymer composites.
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AHHOTALUMA

BBepeHwme. ViccnepoBaHune HanpaBneHo Ha n3y4vyeHne CBOWCTB CUHTE3NPOBAHHOIO OTBEPAUTENA ANA 3MOKCMAHON CMOJIbl Ha OCHOBE
AnunkKnoneHTagneHa n MaJieMHOBOTO aHrnapuaa. MaTeplnanbl 1 meToAbl nccnegoBaHua. na OCyLleCTBJIEHNA CMHTE3a NpUMe-
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HANNCb CneayioLme XMMMYeCcKne peakTuBbl: AuuuknoneHTagmeH 98%, ManenHoBbIv aHrngpua (TeXHUYeckumi), TpuxnopmetaH (XY).
Wceneposanua nposogunmuck ¢ nomoubto VIK-Oypbe cnektpomeTtpa Sintecor IR 10, TepmorpaBrmeTpuyeckoro aHanmsatopa STA 449
F1 Jupiter. PacueTbl Bennch ¢ nomoLbto nakeTa nporpamm QChem n IQmol. Pesynbratbl u 06cyaeHue. iccnegoBaHne UCXOAHbIX
BELLIECTB MO3BOJINIO COOTHECTU pacyeTHble 1 IKCMepUMeHTasibHble AaHHble. [ocneaytowye onepayumn NO3BONUIN ONpefennTb
CTPYKTYpPY NMOJTyYE€HHOTO aAfyKTa 1 €ro TepMUYecKme XxapakTepucTukiy. 3akaiueHue. B pesynstate paboTbl nonyyeH oTBepauTenb
[ONA SMOKCMAHBIX CMOJI, BblAEPXKMBAOLLMI LWPOKNI CNEKTP TeMnepaTypHoro Bo3gencrensa. CMHTe3npoBaHHOE BelecTBO HalaeT
NpakTUYeckoe NpUMeHeHne B Camo3aeyrBaloLLNXCA MOMMEPHbIX KOMMNO3MTax.
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INTRODUCTION

Modern autonomous self-healing systems represent a key
approach to improving the durability of polymer com-
posites, which are widely used in construction, aviation,
energy, medicine, and the space industry. Under operat-
ing conditions, minor mechanical damage occurs, leading
to a decrease in the material’s performance properties and
durability [1—4]. Microencapsulated active substances
released locally upon damage initiate polymerization re-
actions, restoring the integrity of structures and part of
the strength characteristics [5—10].

Self-healing (self-restoration) of synthetic material is
a partial or complete reduction of the damage area due
to mass transfer and consolidation of crack boundaries,
which leads to partial or complete restoration of the func-
tional properties of the material. In such systems, damage
consolidation (self-healing) occurs after crack consoli-
dation provided by mass transfer [11, 12]. Processes can
occur autonomously (for example, through the flow of
matter within the material) or non-autonomously, where
healing is triggered by external stimuli such as elevated
temperature or ultraviolet radiation. [13, 14]. Self-healing
mechanisms are divided into external and internal types
according to their organization. External mechanisms
depend on embedded healing agents (e.g., microcapsules
with healing substances), while internal mechanisms need
no additional repair compounds [15—22].

This research aims at the synthesis of an active sub-
stance based on the Diels-Alder reaction between dicy-
clopentadiene (DCPD) and maleic anhydride (MA). As
a result of the reaction, cracks in the polymer composite
heal. This interaction is a classic (4+2)-cycloaddition, in
which maleic anhydride acts as a highly effective dieno-
phile. Due to its two electron-acceptor carbonyl groups,
which reduce the energy of HCMO (LUMO) (lowest
unoccupied molecular orbital), it is able to react with

a wide range of conjugated dienes to form the correspond-
ing anhydrides.

In particular, maleic anhydride readily reacts with
both acyclic dienes (butadiene, isoprene) and cyclic struc-
tures, including cyclopentadiene and polycyclic aromatic
compounds such as anthracene [23, 24]. It is this high
reactivity that makes it an ideal candidate for the design
of molecular building blocks needed to create advanced
functional materials with self-healing properties.

The need for such syntheses is dictated by the practi-
cal challenges of materials science. When external factors
(temperature, humidity) make it difficult to produce stable
two-component epoxy plastics, pre-synthesized stable
hardeners are required.

MATERIALS, EQUIPMENT, RESEARCH METHODS
Materials

The following reagents were used in the course of the
research: dicyclopentadiene (C H ) 98% produced by
ACMEC biomechanical Co.ltd Shanghai; trichlorometh-
ane (CHCI,) C.P. produced by «ECOS-1» JSC, Moscow;
maleic anhydride (C,H,0,) technical.

Equipment and research methods

DFT calculations were carried out using the QChem
6.4 program and interpreted in the IQmol 3.1.5 program.

Imaging of FT-IR spectra of compounds was car-
ried out with Sintecor IR 10 in the wavenumber range of
470—4000cm".

Thermogravimetric analysis of the compounds
was performed on the STA 449 F1 Jupiter instrument.
The samples were heated from 20 to 400 °C at a rate of
10 deg/min in the following atmosphere: 21% O,, 79%
Ar.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
210-231

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

1SSN 2075-8545 (online)

Nanobuli

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

RESULTS AND DISCUSSION
1. Experimental part

In [25], which focuses on developing capsules contain-
ing a healing agent for composites, insufficient attention
was paid to the compound that acts as the active species
for initiating the chemical reaction.

Dicyclopentadiene (Fig. 1a) is a high-tension mol-
ecule with a norbornene base and an adjacent cyclopen-
tene ring. Under normal conditions, it is a viscous liquid
with a pungent odor. In general, organic anhydrides and
amines are used as hardeners for two-component epoxy
systems. In our research we have chosen the anhydride
terminus of the molecule as the reaction radical. Maleic
anhydride was used as a precursor (Fig. 1b).

In the reaction, it is important to observe the tempera-
ture regime (not exceeding 80 °C), since at high tempera-
tures dicyclopentadiene breaks down into 2 molecules of
cyclopentadiene. However, the Diels-Alder reaction does
not require high temperatures.

In the early studies, high temperatures (160—200 °C)
were mostly used for the Diels-Alder reaction using di-
cyclopentadiene [21].

The Diels-Alder reaction is based on the ability of
dienophiles to attach to dienes with low molecular or-
bital density. Molecular densities were calculated using
the QChem program. The calculations were carried out
using the Hartree-Fock (HF) method, which is an ap-
proximate solution of the Schrodinger equation. Fig. 2
shows a model of molecular orbitals of maleic anhydride.

The parameters of the molecule are specified in the
FChk format. The spatial coordinates of the molecule are
presented in the Table 1.

The basis for quantum chemical calculations is 6-31G,
as this basis is excellent for the calculations of medium-
complex systems that do not contain heavy atoms.

The Hartree—Fock model does not provide the most
accurate description of molecular structure and its behav-

Fig. 2. Model of a maleic anhydride molecule with
isolated molecular orbitals

ior, as it reduces the system to the outer shells of the con-
stituent atoms while neglecting the contribution of inner
electrons. Nevertheless, a quantum system obtained via
the HF method can be correlated with experimental data.

Molecular orbitals of dicyclopentadiene were also
modeled. The result is presented in Fig. 3.

The spatial coordinates of the dicyclopentadiene mol-
ecule are presented in the Table 2.

The reaction between dicyclopentadiene and maleic
anhydride was carried out in dried chloroform in a ni-
trogen medium. As the Diels-Alder mechanism (Fig. 4)
provides, the reaction takes place without transition states
with the breaking of double bonds at low activation en-
ergy.

The peculiarity of the Diels-Alder reaction is that it
takes place mainly with aromatic cycles. The calculated

Fig. 1. Structural formula: a) DCPD; b) MA
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Table 1. Spatial coordinates of the MA molecule

01*
Atom X y z
C 0.6623095 -1.2489674 0.0000000
C -0.6623106 -1.2489670 0.0000000
C -1.1376593 0.1599721 0.0000000
C 1.1376590 0.1599714 0.0000000
0] 0.0000001 0.9570981 0.0000000
) 2.2470393 0.5977750 0.0000000
0] -2.2470392 0.5977764 0.0000000
H 1.3356524 -2.0762104 0.0000000
H -1.3356540 -2.0762096 0.0000000

1SSN 2075-8545 (online)

Nanob%

* Indication of the number of objects in the coordinate area (0 - free space, 1T — molecule)

Fig. 3. A model of a dicyclopentadiene molecule with
isolated molecular orbitals.

NMR spectrum of dicyclopentadiene (Fig. 5) indicates
the aromaticity of this compound. The results of the cal-
culation are presented in the Table 3.

The results of the calculation indicate a spectrum shift
in the region of ~8 and ~7 ppm, which meets the aroma-
ticity conditions of the compound.

The reaction was monitored using FT-IR spectros-
copy. The analysis was performed with a Sintecor IR10
spectrometer in potassium bromide tablets.

In the FT-IR spectra of maleic anhydride (Fig. 6, Ta-
ble 4), the modes characteristic of aromatic heterocycles
(~1240 and ~ 1059 cm-1) is traced, and it is also worth

emphasizing that the obtained spectra are identical to
those specified in the literature [26].

In the FT-IR spectra of dicyclopentadiene (Fig. 7,
Table 5), vibrational modes characteristic of cyclic com-
pounds with the presence of double bonds are traced.

The FT-IR spectrum of the dicyclopentadiene and
maleic anhydride adduct (Fig. 8, Table 6) has few modes
in common with the initial compounds. This is due to
the complex three-dimensional geometry of the adduct
in conjunction with the variety of conformations of the
compound.

Figure 9 clearly shows the discrepancy between the
vibrational modes of the adduct and the initial compounds
(DCPD and MA), which directly indicates the formation
of a new compound.

2. Calculation part

To confirm the results of the synthesis, calculations
were made of the frequencies of oscillations of molecular
bonds. It is known that each frequency of bond oscilla-
tion has its own shear tensor, which depends on the den-
sity of bonds and shifts the frequency of radiation. The
shear tensor was selected on the basis of the selection of
real and calculated FTIR data of the spectra of the initial
substances. The resulting scale factor was 0.905 for both
dicyclopentadiene (Fig. 10, Table 7) and maleic anhydride
(Fig. 11, Table 8) and was set for the most intense modes.

Fig. 11. Visual correlation of experimental (top) and
calculated (bottom) oscillatory modes of MA

Referring to the design of the experiment, the for-
mula of the resulting compound should contain two com-
bined norbornenoric rings with an anhydride appendage
(Fig. 12).

However, the obtained FT-IR spectroscopy data
(Fig. 13) do not fully coincide with the calculated data
(Tables 9—12), which indicates that a mixture of substances
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Table 2. Spatial coordinates of the DCPD molecule

01
Atom X y z
C 2.4796350 0.1410729 -0.0683041
C 1.6804108 1.1941252 0.1057580
C 1.7488112 -1.1630978 0.0926355
C 0.3643315 -0.7244309 0.4318390
C 0.3472054 0.7291123 0.4609470
C -0.8958314 1.0722448 -0.2545958
C -0.8628465 -1.0467290 -0.3273888
C -2.0541842 -0.7067548 0.4813796
C -2.0739739 0.6378653 0.5295530
C -0.8910027 0.0509215 -1.3260295
H 3.4853189 0.2129811 -0.2884243
H 1.9620733 2.1817942 0.0047628
H 2.1725093 -1.7477525 0.8822929
H 1.7956651 -1.7857229 -0.7762965
H 0.2584193 -1.3209837 1.3137729
H 0.2439873 1.2754131 1.3751688
H -0.9388543 2.1120129 -0.5034561
H -0.8677873 -2.0639699 -0.6591968
H -2.7252416 -1.3599432 0.9150281
H -2.7627270 1.2376484 1.0100771
H -0.0244552 0.0867506 -1.9526967
H -1.6542394 0.0657942 -2.0757952
o) )
J Y,
+ o —= 0
( CHC <
O
O
=0
\T—0O
O

Fig. 4. Mechanism of the Diels-Alder reaction for DCPD and MA
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Table 3. Magnetic Resonance Values of Hydrogen Atoms in DCPD

Atom

Chemical shift, m.d.

H

693 | 701 | 330 | 282 | 299 | 340 | 296 | 287 | 806 | 800 | 200 | 241

has been obtained. Namely, the presence of a fraction of
anhydride hydrolyzed to carboxylic acid in the mixture,
together with the incomplete convergence, was affected by
the various conformations of the compounds.

The acid-type adduct molecule (Fig. 11) is a nonlinear
molecule, which means that the number of permissible
modes satisfies the formula 3N-6 (where N is the number
of atoms in the molecule).

According to the models presented in Fig. 14 and 15
trace the complex spatial structure of acid-type and anhy-
dride adduct molecules, which in the future will increase

Table 4. Interpretation of MA oscillatory modes

Absorption area, cm™ Characteristics

T 1853

v C=0 (in cyclic anhydrides)

9

8

7

6

5 4

Chemical shift

3

2 1782
1632 C=C (conjugate with C=0)

v C=0 (in cyclic anhydrides)

Fig. 5. Calculated NMR spectrum of DCPD

1240 aromatic and vinyl (=C-0-C-)

1059 aromatic and vinyl (=C-0-C-)
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Fig. 6. FT-IR spectrum of maleic anhydride
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Fig. 7. FT-IR spectrum of dicyclopentadiene

Table 5. Deciphering the oscillatory modes of DCPD

Absorption area, cm™’ Characteristics
3048 v as HRC=CH?
2962 -CH>-
2924 -CH*-
2844 ~CH2-
1439 -CH>-
1336 =CH
1250 (in-p?a(r?{a?/i_l:'rl\lgons)
912 6 C=C
H
815,750, 728, 680 >:<
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Intencity, c.u.

1 v 1 " I = I K
4000 3000 2000 1000 0

Wave-number, cm™!

Fig. 8. FT-IR spectrum of DCPD and MA adduct

Table 6. Interpretation of the vibrational modes of the DCPD and MA adduct

Absorption area, cm™’ Characteristics
3062 vas HRC=CH,
1708 Aromatic aldehydes
1585 var
1429 CH-C=0
1265 Aromatic Acid Ester
1215 vC-Ost
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Table 7. Estimated FT-IR spectroscopy values for CPDD

1SSN 2075-8545 (online)

Nanob

Frequency, cm™' Intensity, km/mol Frequency, GHz
428.05 1.538 12832.61616
443.84 0.256 13305.98846
514.62 4.706 15427.91947
634.13 0.337 19010.73914
691.25 0.952 20723.15366
745.55 39.513 22351.02671
754.86 29.19 22630.13348
763.49 15.155 22888.85438
788.49 5915 23638.33552
834.86 2.925 25028.47315
871.33 131 26121.81624
881.14 3.061 26415.91264
892.25 0.095 26748.98207
915.66 2.874 27450.79621
929.45 2451 27864.21001
949.67 0.896 28470.39036
975.62 0.096 29248.35179
1004.6 3.812 30117.15033
1008.56 1.351 30235.86814
1023.96 4.053 30697.54853
1034.88 1.31 31024.92189
1037.16 1.296 31093.27457
1058.63 4.365 31736.92898
1118.38 0.705 33528.18892
1125.83 0.311 33751.5343

1138 0.547 34116.38172
1173.75 0.63 35188.13976
1180.26 2.096 35383.30465
1207.66 0.27 36204.73598
1261.29 3.746 37812.52294
127411 1.019 38196.85687
1282.7 0.536 38454.37859
1299.4 2922 38955.03199
1304.4 0.133 39104.92822
1327.05 4.215 39783.95814
1337.37 1.656 40093.34396
1339.31 0.27 40151.50369
1350.23 11.368 40478.87706
1377.01 3.887 41281.72126
1495.96 2.045 44847.75255
1502.75 6.502 45051.31163
1623.81 0.939 48680.59912
1667.57 0.3 49992.49092
2876.06 49.931 86222.10968
2900.43 28.764 86952.7039
2911.82 26.492 87294.16751
2930.43 29431 87852.08127
2944.63 60.856 88277.78656
2963.09 77.664 88831.20344
2970.26 11.14 89046.15463
2979.99 35.781 89337.85269
3037.22 9.784 91053.56493
3058.85 8.456 91702.01602
3065.99 40.144 91916.06783
3087.53 26.654 92561.82078
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Fig. 11. Visual correlation of experimental (top) and calculated (bottom) oscillatory modes of MA
Table 8. Calculated FT-IR spectroscopy values for MA
Frequency, cm™' Intensity, km/mol Frequency, GHz
389.58 20.435 11679.31458
541.85 2.723 16244.25434
624.48 1.143 18721.43942
634.17 8.008 19011.93831
715.12 25.234 21438.75826
848.37 12.421 25433.49276
873.53 148.693 26187.77058
916.46 104.567 27474.77961
1069.96 80.398 32076.59384
1078.17 43.965 32322.72344
1225.12 165.313 36728.17361
1336.65 1.2 40071.7589
1634.12 0.78 48989.68515
1781.76 824.756 53415.821
1860.36 75.998 55772.18972
3132.14 5.095 93899.19494
3153.54 2.576 94540.7508
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Fig. 12. Structural Formula of Adduct
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Fig. 13. Visual Ratio of Experimental (Top) and Calculated (Bottom) Oscillatory Modes of Adduct
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Table 9. Spatial coordinates of acid-type adduct

1SSN 2075-8545 (online)

Nanob%

01
Atom X y z
C 2.9315102 -0.4174406 1.6091419
C 3.0254627 0.9295588 1.3136708
C 2.5569832 1.0810698 -0.1118783
C 24354607 -1.0829987 0.3549941
C 1.0075778 0.8395233 -0.0474390
C 0.9366974 -0.6749013 0.1934086
C 3.1804623 -0.2181038 -0.6485449
C 0.0885279 1.0442277 -1.2931481
C 0.1326389 -1.1619874 -1.0557912
C 0.4111278 -0.1415290 -2.1722666
C -1.3729620 -0.8532875 -0.8165288
C -1.3983933 0.7122421 -0.9406452
C -1.9957753 -1.6446249 0.3355181
C -2.0030276 1.5651346 0.1580316
0] -1.7881948 -2.8468094 0.3722530
(o) -2.9465504 2.2957288 -0.1068009
H 3.2705296 -0.8883887 2.5219852
H 3.4448724 1.6890988 1.9595683
H 2.8475685 2.0572784 -0.5530969
H 2.6120350 -2.1790877 0.3454574
H 0.6533427 1.4831682 0.7777780
H 0.4022466 -0.9818845 1.1194377
H 4.2915592 -0.2513373 -0.5230865
H 3.0402717 -0.5105674 -1.6868551
H 0.1937191 2.0531199 -1.7463991
H 0.2912302 -2.2359798 -1.2932265
H 1.3958228 -0.0862649 -2.6267948
H -0.2666615 -0.2484397 -3.0524763
H -1.8902733 -1.2555622 -1.7204702
H -1.9918819 0.9341792 -1.8604735
0] -1.5394470 1.5213264 1.4257724
0] -2.8230620 -1.1274285 1.2703571
H -1.9304899 2.0635870 2.1254570
H -3.2036012 -0.2467562 1.2494032
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Table 10. Calculated FT-IR spectroscopy values for acid-type adduct

1SSN 2075-8545 (online)

Nanob

Frequency, cm™ Intensity, km/mol Frequency, GHz
422.57 20.269 12668.3299
44717 11.099 13405.81934
450.67 16.077 13510.7467
512.86 7.682 15375.156
549.09 5.115 16461.30408
623.69 4113 18697.75581
624.58 15.528 18724.43734
648.84 29.641 19451.73384
659.62 121.386 1977491011
705.31 3.605 21144.66186
728.38 2.813 21836.28306
736.44 11.004 22077.91578
758.08 8.117 22726.66666
776.43 16.301 23276.78582
797.25 12.662 23900.95371
803.67 20.553 24093.42047
820.49 4.897 24597.67139
839.18 1.083 25157.98349
860.86 22.029 25807.93354

881.8 6.678 26435.69895
891.52 12.292 26727.09722
918.94 2.097 27549.12814
930.99 5.779 27910.37805
941.31 8.886 28219.76386
957.17 9.116 28695.2347
964.13 0.214 28903.89025
972.71 0.519 29161.11218
978.42 0.533 29332.29368
986.96 9.955 29588.31643
1007.62 2311 30207.68765
1017.83 6.729 30513.77575
1029.65 0.059 30868.13044
1041.28 3.848 31216.78907
1047.66 10.789 31408.05665
1075.43 7.279 32240.58031
1096.16 90.5 32862.05008
1100.02 38.732 32977.76996
1104.11 170.566 33100.38508
1124.34 48.975 33706.86522
1160.94 1.009 34804.10562
1173.06 0.653 35167.45408
1223.67 1.858 36684.70371
1235.77 250.109 37047.45258
1248.66 27.666 37433.88506
1252.76 34.813 37556.79997
1266.45 36.227 37967.21584
1295.06 55.499 38824.92207
1304.86 11.617 39118.71867
1308.39 72373 39224.54541
1323.08 0.9 39664.94053
1327.07 1.115 39784.55772
1344.79 0.713 40315.78996
1348.62 1.393 40430.61047
1356.6 1.303 40669.84485

http://nanobuild.ru 223 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

1SSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2):
HaHoTexHonornn B cTtponTenbcTee 210-231 NanOb

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

Continuation of the table 10

Frequency, cm™' Intensity, km/mol Frequency, GHz
1366.65 6.555 40971.13627
1382.97 0.399 41460.39756
1385.78 14.103 41544.63924

1396.3 4.341 41860.02091
1408.07 8.986 42212.87663
1414.65 26.854 42410.14007
1419.76 8.025 42563.33402

14419 1.849 43227.07452
1472.23 0.511 44136.34504
1548.59 7.743 46425.56025
1576.03 12.235 47248.19076
1658.89 351.456 49732.27107
1674.47 318.638 50199.34771
2641.04 4.868 79176.38733
2641.32 52.917 79184.78152
2652.92 31.788 79532.54077
2665.56 33.243 79911.47843
2687.34 18.641 80564.42641
2705.95 14.62 81122.34017
2712.14 103.301 81307.9117
2715.66 11.926 81413.43865
2721.45 23.145 81587.01848
2765.65 5.958 82912.10115
2893.39 42332 86741.65001
2946.02 37.782 88319.45771
2979.68 3.343 89328.55913
3001.52 17.068 89983.30585
3447.18 179.288 103343.85654

3553 110.917 106516.26033

Table 11. Spatial coordinates of anhydride adduct

01
Atom X y z

C 1.3141048 -0.8258545 0.7555059
C 1.8636569 0.5797013 1.1233108
C 13136704 -0.8260783 -0.7556297
C 0.9459339 1.6700943 0.6886091

C 0.9453752 1.6699677 -0.6888182
C 1.8627855 0.5794921 -1.1241021
C 2.9091976 0.7381951 -0.0008188
C -0.0067794 -1.5607134 1.1291011

C -0.0072583 -1.5613396 -1.1282846
C 0.0056923 -2.6205850 0.0007008
C -1.3502770 -0.8831259 -0.7584379
C -1.3499481 -0.8826069 0.7593555

C -1.6585750 0.5329433 -1.0952327
C -1.6581462 0.5337199 1.0952492
(0] -1.8547783 1.2974647 -0.0002341
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Continuation of the table 11

01
Atom X y z
6} -1.7655017 0.9622375 -2.2325926
0} -1.7646851 0.9638282 2.2323242
H 2.1217957 -1.5260150 1.0874806
H 2.1868443 0.6667752 2.1819437
H 2.1212860 -1.5262038 -1.0878534
H 0.4548516 24031158 1.3144979
H 0.4537700 2.4029058 -1.3143913
H 2.1851463 0.6664242 -2.1829953
H 3.7010840 -0.0469545 -0.0010657
H 3.4147047 1.7347850 -0.0011056
H 0.0020068 -1.9061375 2.1848889
H 0.0011191 -1.9073439 -2.1838870
H -0.8832067 -3.2961578 0.0010851
H 0.9121854 -3.2713050 0.0006845
H -2.1844541 -1.5229043 -1.1293408
H -2.1840079 -1.5220869 1.1310275
Table 12. Calculated FT-IR spectroscopy values for anhydride adduct
Frequency, cm™ Intensity, km/mol Frequency, GHz
410.34 20.798 12301.68372
447.04 0.108 13401.92204
452.81 0.34 13574.90229
512.65 0.083 15368.86036
540.11 2.66 16192.09045
583.31 11.284 17487.19387
603.5 2.094 18092.47484
623.11 7.605 18680.36785
634.16 5.53 19011.63852
649.2 2.209 19462.52637
704.06 0.195 21107.1878
7223 8.026 21654.00924
7434 7.966 2228657133
803.65 6.472 24092.82089
812.01 71.561 24343.44738
822.12 5.752 24646.53756
836.74 4914 25084.83413
850.63 1.196 25501.24585
866.8 23.662 25986.01026
888.17 0.285 26626.66674
900.77 27.931 27004.40524
924.88 3.645 27727.20486
93061 7.682 27898.98593
943.97 0.001 28299.50866
977.26 3.81 29297.51775
978.09 0.077 29322.40052
1001.16 3.327 30014.02173
1006.85 4.062 30184.60363
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Continuation of the table 12

1SSN 2075-8545 (online)

Nanob

Frequency, cm™' Intensity, km/mol Frequency, GHz
1030.99 35.867 30908.30263
1050.49 1.817 31492.89792
1059.63 8.584 31766.90823
1060.77 1.805 31801.08457
1082.62 7.888 32456.13109
1086.62 2614 32576.04807
1116.28 0.009 33465.2325
1140.17 9.58 34181.43668
1190.55 2941 35691.79109
1190.79 5.585 35698.98611
1207.73 11.332 36206.83453
1221.86 170.62 36630.44127
1232.36 30.557 36945.22335
1247.26 0.763 37391.91412
1252.95 0.017 37562.49603
1277.51 6.069 38298.7863
1297.27 26.617 38891.1762
1304.24 160.98 39100.13154
1319.25 2.267 39550.12002
1323.33 9.511 39672.43534
1348.88 0.154 40438.40507
1353.42 0.543 40574.51085
1358.26 4.683 40719.6104
1359.97 6.721 40770.87491
1376.71 0.099 41272.72749
1378.17 0.068 41316.49718
1388.08 20.313 41613.59151
1399.99 16.719 41970.64433

1410 14.426 42270.73658
1428.49 0.831 42825.05283

1449 3.392 43439.92716
1450.76 3.7 43492.69064
1490.06 0.136 44670.875
1538.8 3.651 46132.06344
1542.11 9.08 46231.29474
1659.2 538.551 49741.56463
1757.81 122.141 52697.81806
2585.12 16.98 77499.9479
2612.64 32.105 78324.97675
2650.31 62.449 79454.29494
2655.43 38.88 79607.78867
2659.4 3.407 79726.80628
2674.23 46.842 80171.3985
2676.19 3.902 80230.15782
2683.17 53.369 80439.41295
2711.71 1.28 81295.02063
27141 120.37 81366.67103
2717.61 29.596 81471.89818
2721.58 24.989 81590.91578
2986.73 0.033 89539.91281
3006.64 2433 90136.79959
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Fig. 14. Model of an acid-type adduct molecule with isolated molecular orbitals

Fig. 15. Model of an anhydride adduct molecule with isolated molecular orbitals

the tensile strength and compression strength of the final
epoxy structures due to the twisting of polymer chains.
The possibility of obtaining other conformations of the
compounds is also explored.

One of the major performance properties of the mate-
rial is resistance to high temperatures. As follows from the
data of Fig. 16, MA has low temperature resistance and is
subject to structural transformations. Noticeable destruction
begins at 100—110 °C. The study was conducted on a solid
crystal of maleic anhydride (MA), indicating that the rate
of degradation increases as the particle size decreases.

The results of the TGM adduct (Fig. 17), on the con-
trary, demonstrate an increase in resistance to tempera-
tures relative to DCPD (evaporates at 40—60 °C, does not
reach the operating temperature of the measuring equip-
ment) and MA, destruction begins at 150 °C. Noticeable
structural changes also begin to occur at 140—150 °C,
which meets the requirements for polymer composites
for space applications.

Differentiation of TGM indicators (DTGM) (Fig. 18)
shows a smoother change in the course of adduct de-
struction relative to maleic anhydride, which, from an
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Fig. 17. Thermogravimetric Adduct Analysis
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Fig. 18. DTGM adduct and MA curves

engineering point of view, facilitates the subsequent pre-
diction of the mechanical parameters of the composite
when calculating loads on composites.

CONCLUSION
The use of two-component functional epoxy resins is
the most promising approach for producing self-healing

materials. Their broad, tunable temperature range and
branched structure, combined with high reactivity, yield
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suitable for use as a hardener for epoxy resins in self-heal-
ing polymer composites.
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