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Thermal Behavior of Novel Aromatic Oligoesters and Oligoesteramides

Liquid crystalline polymers, depending on their structure and macromolecular architecture, are found in a
number of commercial applications, ranging from state-of-the-art engineering plastics to soft matter artificial
muscles and microrobots. Rigid chain liquid crystalline polymers are known as indispensable materials for
high technology industries. However, their relatively high costs provoke the search for novel cost-effective
mesogenic monomers. In this regard, a series of aromatic oligoesters and oligoesteramides were synthesized
via high-temperature polycondensation of aromatic dicarboxylic acids with 4-hydroxybenzoic acid (or
4-aminobenzoic acid) and 1,5-naphthalene diol. The structure of the synthesized compounds was identified
using FTIR spectra analysis. According to polarizing microscopy observations, novel oligoester based on
4-hydroxybenzoic acid, 1,5-naptalene diol and terephthalic acid demonstrated liquid crystallinity with nemat-
ic texture, whereas other samples occurred in amorphous state in case of oligoester or in crystalline state in
case of oligoesteramides. A relatively wide range of mesophase existence from 120 to 290 °C was found for
the thermotropic oligoester using differential scanning calorimetry. While aromatic oligoesters at the begin-
ning of the degradation processes were highly stable towards heat with comparable values of T10, which
were equal to 372-378 °C, aromatic oligoesteramides started to decompose at the temperatures lower by
more than 50 °C than those for oligoesters.

Keywords: liquid crystalline polymers, phase transitions, polarizing microscopy, thermal stability, solubility,
high-temperature polycondensation.

Introduction

Liquid crystals (LCs) are substances that exhibit some degree of order along with fluidity all at once.
Depending on the conditions of liquid crystal formation, those substances can be subdivided into
thermotropic and lyotropic [1-3]. The first ones undergo a transition from a crystal phase to a mesophase
under heating, while the lyotropic LCs are formed in a solution in a certain concentration range. According
to the arrangement of molecules in space, the following types of LCs may be differentiated, namely nematic
phase, smectic phase, cholesteric phase, and discoid column phase [4].

High-molecular compounds can also demonstrate liquid crystallinity in case of rigid-rod macromole-
cules. Most examples reported in the literature vary in the position of the liquid crystalline unit and can be
divided into the main chain type, side chain type, composite main side chain type, bowl type, star shape, net
shape, and shell type. The main-chain thermotropic polymers are advanced materials, which have recently
gained considerable attention for high-tech products, such as high-precision, thin-walled electronic compo-
nents [5-10].

It is necessary to mention that despite their extraordinary properties, e.g., high thermal stability, low
thermal expansion, outstanding mechanical properties, chemical resistance and so on, the first representatives
of liquid crystalline polymers (poly-4-hydroxybenzoate, poly(1,4-phenylene terephthalamide) faced chal-
lenges of intractability and poor processability [11].

Several approaches have been developed to improve the processability of LC polymers (LCP). One im-
plied disruption of chains’ regularity by inserting bulky groups of spacers into the macromolecules. Another
method is to combine various mesogenic monomers with different length (p-phenyl, p-biphenyl, p-triphenyl,
naphthalene moieties) along the chain direction thereof partially excluding intermolecular interactions be-
tween the polar linking groups [12]. As such, industrially produced thermotropic LCPs consist of para-linked
aromatic monomers and one mesogenic monomer with enlarged length. Vectra A950, which is copolyester
composed of HBA and 2,6-hydroxynaphthoic acid, is a striking example of the aforementioned approach.
Addition of 6-hydroxy-2-naphthoic acid into the regular chain of poly-4-hydroxybenzoate makes the poly-
mer tractable and processable [12]. Copolymerization of 4-hydroxybenzoic acid with p-phenylene-2,6-
dicarboxylate reduces the melting point to 325 °C [12].
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On the other hand, incorporation of the amide group into the polymer chain results in enhanced inter-
molecular interaction and, therefore, makes such polymers preferably lyotropic. In some cases, aromatic
polyesteramides maintain their thermotropicity and are molded by traditional methods of plastic processing.
Commercially available thermotropic polyesteramide Vectra B950 is made of 2,6-hydroxynaphthoic acid,
p-hydroxyl acetanilide, and terephthalic acid [13].

Preceding commercialization, scientific research has established that among other isomers, it is
2,6-substituted naphthalene derivatives ensure the stability of the mesophase in a wide temperature range and
an acceptable processing temperature [14]. However, it should be mentioned that the cost of this monomer is
high and enlarges the cost of the final product.

1,5-substituted naphthalene based LC compounds are also capable to form a mesophase, but in a nar-
rower temperature range than those based on the 2,6-substituted monomer [14]. According to [14], aromatic
polyester composed of 4-hydroxybenzoic acid (HBA), terephthalic acid and 1,5-dihydroxynaphthalene resi-
dues at any molar ratio of the initial components melts at temperatures above 290 °C, and its mesomorphic
properties are poorly researched.

It is worth noting that incorporation of this monomer into the LCPs reduces the cost of the final product
by 30-50 % compared to the case of 6-hydroxy-2-naphthoic acid.

Herein, 1,5-naptalene diol-based aromatic oligoesters and oligoesteramides were selected as possible
objects, being able to form a mesophase; their thermal and optical properties were investigated to reveal the
liquid crystallinity.

Experimental

4-Hydroxybenzoic acid (4-HBA, 99 %), 4-aminobenzoic acid (4-ABA, 99 %), terephthalic acid (TA,
98 %), isophthalic acid (1A, 99 %), 1,5-dihydroxynaphthalene (DHN, 97 %) were purchased from Sigma-
Aldrich. Ditolylmethane (reagent grade) and titanium tetrabutoxide (97 %) were supplied from Angara-
reaktiv. Isopropyl alcohol (98 %) was obtained from LLC Chimmed.

The phenyl esters (PE) of corresponding carboxylic acids were synthesized by the reaction of equimolar
amount of phenol and carboxylic acid (TA, 1A, 4-ABA, 4-HBA). The copolyester was obtained in one stage:
a calculated amount of raw materials (the molar ratio of [4-HBA]:[PE of dicarboxylic acid]:[aromatic diol] =
=1:1:1) and the catalyst (1 wt%) were added to the 500 mL three-necked round-bottom flask and mixed with
300 ml of ditolylmethane (Table 1, Figurel). The reaction mixture was heated rapidly up to 200-250 °C with
stirring under the nitrogen steam, following the evolution of the calculated amount of phenol+water mixture.
The reaction was quenched after reaching the desired amount of side-products.
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Figure 1. Synthetic route of the aromatic oligoesters and oligoesteramides

CHEMISTRY Series. No. 3(107)/2022 181



T.R. Deberdeev, A.l. Akhmetshina et al.

Table 1
General properties of the aromatic oligoesters
LCP The ratio of monomers T4[°C] Tm [°C] T; [°C] LC Phase
S-1 [4-HBA]:[IA]:[DHN] = 1:1:1 104 - - -
S-2 [4-HBA]:[TAL:[DHN] = 1:1:1 — 120 290 Nematic
S-3 [4-ABA]:JIA]:[DHN] =1:1:1 - - - -
S-4 [4-ABA]L:[TAL:[DHN] = 1:1:1 — 307 — -

The FTIR spectra of the products were recorded on an InfraLUM FT 08 Fourier transform spectrometer
using the attenuated total reflection technique. The spectral resolution was 4 cm*, and the number of scans
was 60.

Differential scanning calorimetry (DSC) measurements and thermogravimetric analysis were performed
using thermal analyzer TGA/DSC 3+ (Mettler Toledo). The samples (0.1 g) were loaded in alumina pans and
ramped to 773 K at a heating rate of 5 K/min in a nitrogen atmosphere.

Optical observation was carried out using the Polam P-312 polarizing microscope equipped with a heat-
ing stage in the temperature range of 25-300 °C.

Results and Discussion

Aromatic polyesters and polyesteramides were synthesized via a two-step condensation procedure as
described previously. All polymers were obtained in high yields after the precipitation in non-solvent.

Since all used carboxylic acids exhibit approximately equal pKa values, we expected their similar reac-
tivity and, therefore, the incorporation of these monomers into macromolecules. Indeed, the results of FTIR
spectroscopy revealed this assumption and the IR spectra demonstrated embedding of all raw materials into
the polymeric chains.

Figure 2 depicts the FTIR graph of the polymeric samples and their characteristic bands. Ones (ve—c)
for the C=C stretching vibrations of aromatic (benzene and naphthalene) rings were found at 1450-—
1624 cm ™. The peak located at 1740 cm™' is assigned to the C=0O group stretching. Besides, the OH in-plane
bending vibrations for end-groups may be found as low-intensity band at 1455 cm™. The IR band with a mild
intensity at 1257 cm™' is originated by the C(Ar)-O bond presence. Moreover, the peaks that appeared at
1257 and 1057 cm ™' are attributed to asymmetrical and symmetrical stretching of the C-O-C group. The C-H
bending vibrations in oligoesters were observed at 750-900 cm .

For the synthesized polyesteramides, the amide | band was resolved into two bands at about 1681 cm™
(a “free” carbonyl group) and 1651 cm™' (a hydrogen-bonded carbonyl group). The intensive shoulder at
1530-1550 cm ™" is attributed to NH deformation vibrations, as well as the peak at 1507 is assigned to N-H
bending vibrations. The C-C stretching vibrations in the aromatic ring remain unchanged compared to aro-
matic polyesters. The stretching vibrations of the C-O-C group in S-3 and S-4 is observed at 1250 cm ™' and
1270 cm™!, respectively.
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Figure 2. FTIR spectra of aromatic polyesters and polyesteramides

Hot-stage polarized optical microscopy (POM) was performed to observe the LC behavior of the poly-
meric samples. Among the synthesized compounds, the oligoester S-2 solely demonstrated the presence of a
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nematic texture in a temperature range from 120 to 290 °C. Whereas the recent reports have claimed about
instability of mesophase, which is formed by low-molecular LCs containing the residue of 1,5-naphtalene
diol. The present work shows the opposite trend. Aromatic polyester S-2 tends to form a stable nematic
phase with a wide processing window. When a linear configuration of TA is completely replaced by a bent-
core geometry of 1A, the polyester S-1 loses the ability to form a LC phase. Therefore, the images of POM
show only the isotropic melt, appearing after the glass transition temperature. In case of polyesteramides, S-3
and S-4, those samples were intractable up to 290 °C, limited by an upper temperature bound of the micro-
scope.

The phase transitions in the samples were confirmed using differential scanning calorimetry. From DSC
data, it was evident that introduction of IA into the linear aromatic chain resulted in an absence of a
mesophase. No endothermic peaks for this sample attributed to melting of the crystalline phase or
isotropization were found on the thermograms (Figure 3).

Heat flow, mW

S5=3

Figure 3. DSC scans of the samples

Figure 3 illustrates that the polymer S-2 clearly undergoes a phase transition and forms a mesophase at
120 °C with subsequent melting at 270 °C. Those data are consistent with results obtained from the optical
microscopy. Upon introducing of 4-ABA instead of 4-HBA, polyesteramides have no accessible melting
point and maintain intractability up to thermal decomposition temperatures. However, in case of S-4, one
endopeak at 307 °C probably corresponding to the melting process was detected.

Some representatives of aromatic polyesteramides are recognized as thermotropic LCs; others are struc-
tured in an ordered state, only being dissolved in harsh conditions of aggressive solvents. To estimate the
processability of the samples through solution casting, we have calculated the solubility parameter of the
polymers using a group contribution method [15].

Solubility parameter 6 is closely related to the cohesive energy according to the following equation:

1/2
5—(Ea
V 1
where E

. is the cohesive energy (cal/mol), V is the molar volume (A®).

Group contributions to E_, and V are represented in the aforementioned reference. As can be conclud-
ed from the solubility parameter calculations, aromatic oligoesters and oligoesteramides dissolve presumably
in amide solvents (8pmso = 12.93, dpmr = 12.14) (Table 2).

Qualitative tests of the solubility in DMSO and DMF revealed that both oligoesters were completely
soluble, whereas the close packing through hydrogen bonds between amide groups resulted in reduced solu-
bility of S-3 and S-4. Oligoesteramides were soluble in concentrated H,SO,4 and it made possible to form a
lyotropic phase only under harsh conditions.
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Table 2

Cohesive energy and solubility parameters of the samples

Samples Econ, kcal/mol v, A® 3, (callcm®)®?
S-1 24.351 357.0 10.61
S-2 24.351 357.0 10.61
S-3 29.343 360.9 11.58
S-4 29.393 352.5 11.72
DMSO — — 12.93
DMF — — 12.14
120 +
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Figure 4. TGA and DTG curves of the samples

To study the thermal decomposition of the polymers, thermogravimetric analysis was performed be-
tween 25-600 °C in flowing N, at a heating rate of 10 °C/min. Figure 4a depicts the TGA curves for experi-
ments with oligoesters and oligoesteramides. Figure 4b represents the curves plotting the first derivative of
TGA thermograms. Noteworthy is that the thermal stability of oligoesters exceeded that for
oligoesteramides. The weight loss percentages are close at different heating rates for S-1 and S-2. The tem-
perature for 10 % gravimetric loss (T104), Which is the key indicator for thermal stability, was in the range of
372-378 °C for oligoesters and 291-326 °C for oligoesteramides, respectively. The temperatures at 10 %
weight loss percentages and the temperature of maximal rate of the weight loss Ty, are listed in Table 3,
from which it can be seen that the order of thermal stability is S-1 > S-2 > S-3 > S-4 in N,. Most probably,
the lowering of thermal stability in case of oligoesteramides is closely related to the fact that the average
bond dissociation energy of C-N (about 73 kcal/mol) is smaller than that of C-O (approximately 85
kcal/mol). Therefore, the introduction of amide bonds into the structure makes S-3 and S-4 less thermally
stable than S-1 and S-2.

It was established (Figure 4b) that the major decomposition of the oligoesters occurred in the tempera-
ture range from 250 to 350 °C. The highest rates of thermal decomposition for oligoesteramides were
achieved in a range of 420-500 °C. Therefore, the kinetic parameters of thermal decomposition were evalu-
ated only for the major decomposition range. The kinetic parameters were calculated using Coats-Redfern

method [16]:
-In(l-a AR E
In ( 5 )| In—-—=%
T BE, RT
where a is fraction of decomposition, E, is the activation energy, A is the pre-exponential factor, R is the
universal gas constant, f3 is the heating rate.

2

—In(1-
Plotting In{%} against 1/T should give a straight line with a slope proportional to the activa-

tion energy (—E,/R). Figure 5 demonstrates the Coats-Redfern plots of the decomposition step for the sam-
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—In(1-
ples. The coefficient of correlation (R?) is obtained by plotting In {%} versus (1/T) using a linear

approximation function. The relatively high values of R? offer an ability of the proposed model to fit the ex-

perimental TGA data.
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Figure 5. Coats-Redfern plots for the samples
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Table 3 presents the results of the calculated activation energies for each sample. It is clear that the re-
sults highly correlated with the Coats-Redfern model since R? values exceeded 0.9. The activation energy of
thermal decomposition of oligoester S-2 was 161.10 kJ mol™, slightly less than that (168.35 kJ mol™") of
oligoester S-1. The E, was found to be 142.20 kJ mol ™" and 134.25 kJ mol ' for oligoesteramides S-3 and S-
4. In general, the findings of a Kinetic study were in consistent with the thermal behavior of the samples giv-
en above. A relatively weak bond dissociation energy of oligoesteramides contributed to loosening of stabil-

ity.

Results of TGA analysis of the samples

Table 3

Samples T1o, °C Tam: °C | Residue, % | E,, kd/mol
S-1 378 464 52.5 168.35
S-2 372 494 46.6 161.10
S-3 326 325 48.8 142.20
S-4 291 323 31.3 134.25
Vectra A950 [19] 503 - - 232.04
Vectra B950 [19] 502 - - 196.71

The TGA results are different from the ones for the commercially available polyesters Vectra A650 and
Vectra B950, as shown in Table 3. The explanation given for this large variance is related to a molecular
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weight of the samples. The synthesized samples are noticeably inferior in terms of thermal stability, which
can depend both on the chemical structure of oligoesters or oligoesteramides and on the content of end
groups. Faster degradation of oligomers, most probably, is associated with the relatively low molecular
weight of the samples [17] and the increased content of end groups, which are the first to be involved in the
thermal degradation process [18]. However, due to the samples contain reactive end groups, the heat treat-
ment of the samples, accompanied by post-polycondensation, is expected to improve their thermal stability.

Conclusions

In this work, we synthesized and characterized the mesomorphic and thermal behavior of aromatic
oligoesters and oligoesteramides containing the 1,5-naptalene moiety. DSC experiments revealed the exist-
ence of a phase transition in the temperature range of 120-290 °C in case of oligoester based on
4-hydroxybenzoic acid, 1,5-naptalene diol, and terephthalic acid. Study of phase transitions using polarized
light microscopy evidenced an optical activity of the sample and formation of a mesophase with a nematic
texture. Replacement of linear terephthalic acid with kinked isophthalic acid resulted in an amorphous nature
of the synthesized oligoester. Oligoesteramides showed no phase transitions associated with existing of a
mesophase. Since those samples had been slightly soluble in amide solvents, but completely dissolved in
sulfuric acid, they were presumptively capable of ordering in a lyotropic liquid crystalline phase. Aromatic
oligoesters possessed higher thermal stability among polymeric samples and similar values of the 10 %
weight loss temperature at 372-378 °C.
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Kana apoMatThl 0J1Uuro3¢upJiep MeH 0JMroTepaMuATEPAiH
JKBLIYJIBIK KacueTTepi

XUMHSUIBIK ~ KYPBUIBIMBI MEH MAaKpOMOJICKYJSPJIBIK ~KYPBUIBICHIHA ~OaifTaHBICTBI  CYHBIK ~KPHCTAJIBI
HonuMepiep Cymep KYpPBUIBIMIBI HIDKCHEpIIiK IUIACTHKTEH Oacram kacaHAbl OYIMIBIKETTEp MeH
MHKpOpPOOOTTapra JeHiH SpTYpIIi JKOFaphl TEXHOJIOTHSUIBIK cananapaa KOJIJaHBUTybl MYMKiH. KaTTeITi30ekTi
CYHMBIK-KPHUCTANBI TOJIUMEpIIEp JKOFaphl OSpiKTiK KacueTTepi 0ap BICTBHIKKA TO3IMII MaTepHalaap peTiHue
KEHiHeH Tapajabl. Auaiiia, onapiablH aiTapiblKTail JKOFapbl KYHBI OJapIbl CHHTE3Jey YIIiH JKaHa
SKOHOMHUKAJIBIK THIMJII ME30TeH I MOHOMEPIEPi 13/ieyre oKeleTiHiH aTal oTKeH 'koH. OchiFaH OaiaHBICTHI
OCBI J)KYMBICTa )KOFapbl TEMIIEpaTypajia KaTaIUTUKAIBIK HOJMKOHACHCAIMIIAY apKbLIbl apOMATThl AUKAPOOH
KBIIIKBULAPBI, 4-THAPOKCUOEH30# KBIIKBUIBI (HeMece 4-aMHHOCH30M KbILIKBUIBI) XkoHe 1,5-HadTanenanon
HeriziHaeri Oipkartap apoMaTThl oXurodpupiep MEH OJHroTepaMuArep CcuHTe3nenni. CHHTEe3AeNreH
KOCBUIBICTAPbIH KYpbUTbIMBI MIK-CIIEKTPOCKOIIHST KOMETIMEH aHBIKTANABL. [l0Nspu3alysiiaHFaH ONTHKAJIBIK
MHKPOCKOIIHSI apKbUIBI ANBIHFAH HOTIDKENEpre colkec, 4-TMApPOKCHOEH30i KBIIKBUIEL, 1,5-HadTaneHamomn
JKoHe Tepe(Taa KBIIKBUIBI HETi3iHAeri jkaHa OJMrod(up HEMaTHKAaNbIK KYPBUIBIMIBI CYHBIK KPHCTAJIBI
(hazaHbIH OOMYBIH KOpCeTTi, an Oacka yarizep aMmopdThl Kyiime (onmrodadup) HeMece KPHCTAIABIK KYHIe
(omurostepamuarep) 6onapl. TepMOTponTH ONUroddup yurid nuddepeHnranasp cCKaHepiey KalopuMeTpHs-
CBIH KOJZIaHAa OTHIPbIN, TemmepaTypa wuHTepBansl 120-man 290 °C-xka geifinri Gosbll  TaOBLIATHIH
Me3o(dazaHplH Oap 0oy aMama3oHbl CHMATTANABL. ApPOMATTHl OJMTO3(HPIED BIABIpAY TNPOIECTEPiHIH
6acerma 372-378 °C-xa ter T10 cambsICcTRIpMalbl MOHJIEPIHIE TEMIIEpaTypa dcepiHe aiTapibIKTal >KOFaphl
TYPaKTBUIBIK KOPCETTi. ApOMAaTThl OJMrodTepamuarep onuroddupiepre Kaparanma 50 °C  TeMmeH
TeMIlepaTypaja bIIbIpail GacTamubl.

Kinm ce30ep: cyWbIK KpHUCTAIABl TOJHMeEpiep, (Gas3aliblK aybiCylap, MOJISIPH3ANUSIIBIK MUKPOCKOIHS,
TEPMHUSUIBIK TYPAKTBUIBIK, ePIrillITiK, )KOFapbl TEMIIEpaTypaaarsl MOJTHKOHICHC IS

T.P. lebepnees, A.M. Axmermuna, JI.K. Kapumona, C.B. I'pumun, [1.B. Kouemacosa

Tepmuyeckne CBOICTBA HOBBIX APOMATHYECKHUX
0JIUT03()MPOB U 0JIUT03(PHPaAMH/I0B

B 3aBHCHMOCTH OT CBOEro XMMHYECKOTO CTPOEHHS M MaKPOMOJEKYJSIPHOH apXUTEKTYpPBI )KUIAKOKPHCTAIIIH-
YEeCKHE IOJIMMEPHI MOTYT OBITH MPUMEHHUMBI B PAa3IMYHBIX BEICOKOTEXHOJIOTHYHBIX OTPACIIsIX, HAUMHAS C Cy-
HNEePKOHCTPYKIMOHHBIX WHXEHEPHBIX IUIACTUKOB M 3aBepIlias HCKYCCTBEHHBIMH MBIIIIIAMU M MHKPOpOOOTa-
MU. JXKecTKolenHbIe KUIKOKPUCTAUINUECKHE MOIMMEphl MOIYYWIM PACHPOCTPAaHEHUE B KauecTBE TEPMO-
CTOMKHUX MaTe€pruagoB C BBICOKMMHU IMMPOYHOCTHBIMH CBOMCTBaMHU. O}lHaKO CTOUT OTMETHUTh, UTO UX TOCTATOY-
HO BBICOKAasA CTOMMOCTb O6yCJ’lOBJ’lHBaCT TIOMCK HOBBIX DKOHOMHYCCKHU 60.]'[66 peHTaGeanmx MEC30I'€HHBIX MO-
HOMEpOB JUISl HX CHHTE3a. B CBsI3U ¢ 3TUM B JaHHOW CTAaTbhe CHHTE3MPOBAH PSJ ApOMATHYECKUX OJIIUT03(HUPOB
1 OJMUrod(pHpPaMHUIOB HA OCHOBE apOMATHYECKHX AWKAPOOHOBBIX KUCIOT: 4-THIPOKCHOCH30MHOW KHCIOTOM
(v 4-aMHHOOEH30IHOM KHCIoTol) 1 1,5-HadTamuHIMoNa METOIOM BBICOKOTEMITEPAaTYPHOH KaTaIHTHICe-
cKo# monukoHAeHcanuu. CTPyKTypy CHHTE3HPOBAaHHBIX COSIUHEHUH MJICHTH(OUINPOBAIN C MCIOJIB30BAHH-
em HK-cnekrpockonuu. CorinacHo pesyibTaTaM, MOIYYEHHBIM METOAOM MHOJSPU3ALMOHHON ONTHYECKOH
MHKPOCKOIIMH, HOBBII 0JTMroddup Ha ocHOBE 4-THApOKCHOEH30HON KUCNOTHI, 1,5-Hadranuuanona u teped-
TaJIeBOW KHUCIIOTHI MPOSBIISIT HAJIMYHUE KUIAKOKPUCTAIUTNUECKOH (ha3bl ¢ HEMAaTHUECKOH TEKCTYPOH, TOraa Kak
apyrue o0pasibl HAXOAWIUCH B aMOP(GHOM COCTOSHHUHU (ONUrod(up) WM B KPUCTAIUIMYECKOM COCTOSHHHU
(omuroadupamuasr). C momomsio quddepeHInanbHON CKaHUPYIOUIed KaJOPUMETPHH U TEPMOTPOITHOTO
onurodupa oxapaKTepH30BaH AWAINA30H CYIIECTBOBAHUS Me30(a3bl, COCTABIMIONINI TEeMIEPAaTyPHBINH HH-
tepBai ot 120 1o 290 °C. ApomaTHdecKue OIUTroI(HUpPEl B HaYae IPOIECCOB AECTPYKIMHU MIPOSBIISIM 10CTa-
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T.R. Deberdeev, A.l. Akhmetshina et al.

TOYHO BBICOKYIO CTaOMJIBHOCTb K BO3JCHCTBHIO TEMIIEPATYphl IIPU COMOCTABUMbIX 3HaueHHsAX T10, paBHbIX
372-378 °C, apomarmyeckue oiaurodhupaMuIbsl HauMHAIK pas3iiarathCs IPH TeMIepaTypax Ooiee 4eM Ha
50°C HIDKE, 9eM Y OITUT03(PHUPOB.

Kniouesvie cnosa: »XUAKOKPUCTAIUINUECKHE MONUMEPHI, (ha30BbIC MEPEXOBI, HOJIPU3ANUOHHAST MHKPOCKO-
U, TepMHUIECKast CTaOMIBHOCTD, PACTBOPUMOCTb, BBICOKOTEMIIEPATypHAsI ITIOJIHKOHIECHCATIHS.
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