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Thermoplastic Analysis of Cluster
Crystallization of Cryoprotective Solutions

Pedbepat: Breplue posrnsHyTa MOXMUBICTb BUKOPUCTaHHA TEPMOMEXaHIYHOro aHanisy Ans nobynosu dparMeHTiB giarpam cTaHy
KpPiOMPOTEKTOPHUX PO3YMHIB Y 30HI TemMneparyp ckryBaHHSA. Po3pobneHo MeToamKy BUBHEHHS KNacTepHOI KpucTarnisaLii KpionpoTEKTOPHUX
PO34MHIB Ha OCHOBI TEPMOMEXaHI4YHNX KpuBKX. MNpoBeaeHo aHani3 napameTpiB TEPMOMEXaHIYHMX KPUBMX 3aMOPOXEHNX BOOHUX PO3YUHIB
anmvetuncynegokemay (AMCO), nonietuneHokengy 1500 (MEO-1500), rmiLepuHy Ta BCTAHOBEHO 3B’A30K MK BKa3aHUMK napameTpamu
i KIHETMKOIO KNaCTepHOI KpycTanisauii Lyx po3ynHiB. Ha OCHOBI ekcneprvMeHTanbHO OTPUMaHNX TEPMOMEXaHIYHUX KPUBUX 3aMOPOXEHUX
posunHis AMCO i MEO-1500 nokasaHo MOXIUBICTb YTBOPEHHS KracTepiB ABOX TWMIB: HA OCHOBI MiKpOKpUCTaniB NboAy i MiKpOKpUCTarniB
KpionpoTeKTOpHOI pevoBuHN. OTpYMaHO AOAATKOBI eKCnepuMeHTanbHi AaHi Ans noby[oBu MOBHUX Aiarpam CTaHy KpionpOTEKTOPHMX pO3-
UYMHIB, SKi BKIKOYAIOTb iNsSHKN iCHYBaHHSA KnacTepHoi hasu.

Knto4yoBi crnosa: TepmonnactuyHa Aedopmallis, giarpaMa CtaHy, KrnactepHa Kpuctanisaisi, poO3CKiyBaHHS, KpionpoTeKTopU.

Abstract: For the first time the possibility of using thermomechanical analysis to construct the fragments of state diagrams
of cryoprotective solutions in the zone of glass transition temperatures has been considered. A method for studying cluster crystalli-
zation of cryoprotective solutions based on thermomechanical curves has been developed. The parameters of thermomechanical
curves of frozen aqueous solutions of dimethyl sulfoxide (DMSO), polyethylene oxide 1500 (PEO-1500), glycerol were analyzed and
the relationship between these parameters and the cluster crystallization kinetics for these solutions was established. On the basis
of experimentally obtained thermomechanical curves for the frozen solutions of DMSO and PEO-1500 the possibility of formation
of clusters of two types has been shown: on the basis of ice and cryoprotective substance microcrystals. Additional experimental data

were obtained to construct a complete state diagrams of cryoprotective solutions, which include the existing cluster phase areas.
Key words: thermoplastic deformation, state diagram, cluster crystallization, splitting, cryoprotectants.

Pesynbrat qocmimkeHs gesikux aBropis [8, 9, 23]
SIBUINA KIACTEPHOI KpHUCTami3arii yCyBarOThb CyTie-
PEYHOCTI, SIKi BUHUKAIOTh y CIP0o0ax MOSICHUTH eKC-
MIePUMEHTATTFHO CIIOCTEPE)KYBaHI 3aKOHOMIPHOCTI
(ha30BUX TEPETBOPCHD y KPIOMPOTEKTOPHUX PO3UH-
HaX B MeXaxX KJIACHYHHX JiarpaM CTaHy €BTCKTHY-
Horo tumy [3, 12, 14-16, 24, 26]. ChopmynsoBaHi
O.1. Ocenpkum Ta cr1iBaBT. [8, 9] ysBICHHS PO CTPYK-
Typy YaCTHHOK KJacTepHoi (asu B miarepmke-
HO CKCIIEpUMEHTAJIbHUMH JaHUMH LIOA0 00’ €MHOI
CKaHyIouOi TEH30AMIATOMETPil BOASHUX PO3YMHIB
mumetuncynbhoreuny (JAMCO) i rminepuny. [losic-
HEHO TPUPOAY MEXaHi3MIB IOIIKOKEHHS KPiOKOH-
cepBOBaHUX 01000’ €KTIB 3 TEMITEPATYPOIO, OITH3HKOIO
JI0 TEMINEPaTypH CKIYBAHHS 3aXHCHUX po3unHiB T,.
3 omiAay Ha BULIEBUKIIA/IEHE BaXKIMBUMHU € I10/1aJb-
1 TOCHIDKEHHS SBUINA KJIACTEPHOI KpHCTaTi3arii
SIK JUISL IPAaKTHYHOI KPi0O10JIOTii, TaK 1 /Uil PO3BUTKY
Teopii (azoBUX HepeTBOpeHb Yy PO3uMHAax 3i ciad-
KOI0 MIDKMOJICKYJISIPHOKO B3a€MOJIIEI0 KOMITOHEHTIB.
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Research results provided by many authors on
cluster crystallization [16—18] retract discrepancies,
appeared in attempts to experimentally explain
the observed regularities of phase transitions in
cryoprotective solutions within the limits of classic
diagrams of states of eutectic type [1, 3-5, 19, 25,
26]. The own coined notions [17, 18] on the structure
of cluster phase B particles are experimentally
confirmed by the data of volumetric scanning ten-
sodilatometry of aqueous solutions of dimethyl
sulfoxide (DMSO) and glycerol. The origin of the
mechanisms of damage of cryopreserved biological
objects with the temperature close to that of vitri-
fication of protective solutions T_has been explained.
Assuming the mentioned above the further stu-
dies of cluster crystallization both for practical
cryobiology and development of theory of phase
transformations in solutions with weak cell-to-cell
interaction of components are crucial. The laying
down of the principles of building the diagrams
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OcobnuBoro 3HaueHHs HaOyBae (opMyTIOBaHHS
MPUHOMIIB MMOOYIOBH JiarpaM CTaHy KpioHpOTeK-
TOPHHX PO3UYMHIB, SIKi BKIIOYAIOTh IUISIHKHA 1CHYBaH-
Hs kiactepHoi ¢as3u. [y BcTaHOBIEHHSI ONMUCAHUX
BHIIE MPHUHIIMITB HEOOXiTHO BUBYUTH OCOOIMBOCTI
KJIACTepHOI KpUCTAaIi3aIii y3/I0BXK YyCi€l 0ci KOHIEH-
Tpauii KpionporekTopHoi pedoBunn C . OmHak ms
BHPIMICHHS ITi€] MPoOIeMU HEOOXITHO TTOIONIaTH JIe-
SKi eKCTICPUMEHTANIbHI TpymHOImi. Tpamgumiiiai mms
TaKUX JOCTIDKCHb METOIU AM(EPEHIIaIbHOTO Tep-
MIYHOTO aHaji3y [24] ta nudepeHiiagbHOl CKaHYo-
4oi Kajopumerpii [3, 12, 26] He D03BOJSIOTH YiTKO
PO3IUINTH TIPOLECH 3BUYAHHOI W KiacTepHOi Kpu-
cTaji3anii, sika MpoTiKae 3a TeMmeparypH, OJU3bKOi
no T, 6e3 po3puBy BOAHEBHX 3B’A3KiB MiK MOJIEKY-
JlaMH BOAM Ta KpiolpoTeKTopHOi pedoBuHH [23]. 3a
3HAU€Hb, MEHILUX JIESIKOT XapaKTEepHOI KOHLIEHTpawii
C_, Takuii moain ¢ikcye 00’eMHa CKaHylO4a TEH30/IH-
narometpis [9]. Ile nos’s3ano 3 Tum, mo npu C, < Cg
YTBOPEHHS KJIaCTEPiB BiIOyBa€THCS HA OCHOBI MIKPO-
KPHUCTAIIB JIbOAy & [23] 1 CynpOBOMIKYETHCS BUPAKe-
HuMu 00’ emuumu epexramu [9]. Onnak npu C, > Cg
e(eKTHBHICTh 00’ €MHOI CKaHyI04O0i TEH30/HIaToMe-
Tpii 3HMKY€EThCsI. TaKUM YMHOM, 3 YpaxyBaHHSM sIBU-
a KJIacTepHOi KpHcTaji3alii iHTepBall KOHIICHTpa-
uiii C, > C, 3a1MIIaeThCs MPAKTHIHO HEBHBICHIM. Y
3B’S13Ky 3 UMM Yy JAaHiil poOOTi A aHalizy npouecy
KJIACTepHOI KPUCTAITi3aIlii y3/I0BXK YCi€l 0Ci KOHICH-
tpauii C, BUKOPMCTaHMH METOJ TEPMOMEXaHIYHOI
nedopmalrii monepeTHLO 3aMOPOKEHUX KPIOTIPOTEK-
TOPHUX PO3YHHIB.

Mera pobOTH — PO3pOOKa METOINWKH BHBUCHHS
KJIacTepHOI KpHCcTalizamii KpiOoMpOTEeKTOPHHUX PO3-
YUHIB 32 TEPMOMEXAHIYHUMHU KPUBHUMH 1 OTPUMaHHS
JaHUX JJIsl TTOOY/IOBH iX MOBHUX Jiarpam CTaHy.

Marepiaiau Ta MeToIHn

O0’exTtamMu JOCHIKEHHST Oyid 3aMOPOXKEHI BO-
nsai posunan [IMCO  («JlyOHudapm», Ykpaina),
rinepuny 4.a.a. («Makpoxim», YkpaiHa), mosieTu-
neHokeuay 1500 (ITEO-1500) («bapBa», YkpaiHa) B
Mexax MacoBux koHneHtpamii 0...100% 3 iHTepBa-
oM 5%, a s koHrentparii 50...70% 3 iHTepBaioM
1%.

Jis BuBYeHHs (a30BUX NEPETBOPEHb Yy BKaza-
HUX BHIIE PO3YMHAX 3aCTOCOBYBAIN METOX TEPMO-
MEXaHITHOTO aHaJli3y, CXeMa peai3allii sSIKOro TOCHTh
JOKJTHO OTMcaHa B Oarathox poborax [7, 10, 11, 22].

3pazok 06’emom 0,5 x 10°° M* momiranu B aedop-
MYBaJILHHUI TIPUCTPIl, OXOIO/PKYBAIIH JI0 TEMIIEpaTypu
—150°C 13 3a1aHOFO TOCTIHHOKO IBUAKICTIO 8 X 102°C/c
1 BUTpEMYBaIM HOTO 3a Ii€i TeMIepaTypu MpOTs-
rom 10 xB. [loTiM 10 HBOTO MPHKIAAAIN MOCTIHHY
30BHIIIHIO Jedopmyrody Hampyry o (1,5 x 105 —
—4 x 10° H/M?), BenuunHa AKOi 3aje)kana BiJ KOH-

of state of cryoprotective solutions, including the
sites of existing cluster phase is of a special value.
To determine the described above principles it is
necessary to examine the features of cluster crys-
tallization along the whole axis of concentrations
of cryoprotective substance C,. However to solve
this task it is necessary to overcome some experi-
mental difficulties. Traditional for such investiga-
tions methods of differential thermal analysis [19]
and differential scanning calorimetry [1, 25, 26] do
not allow the distinction of the processes of usual
and cluster crystallizations, occurring at the tempera-
ture close to T, with no breaking aqueous bonds
between molecules of water and cryoprotective
substance [16]. At the values less that certain cha-
racteristic concentration C, this division is fixed by
volumetric scanning tensodilatometry [18]. This is
related to the fact that at C, < C, the clusters are for-
med on the basis of ice microcrystals a_[16] and
this is accompanied by the manifested volumetric
effects [18]. But if C, > C, the effectiveness of vo-
lumetric scanning tensodiiatometry reduces. Thus
with accounting the cluster crystallization the
interval of concentrations C_ > C remains virtually
B g
unstudied. Thereby in this research to analyze the
cluster crystallization along the whole axis of con-
centration C the method of thermomechanical de-
formation of pre-frozen cryoprotective solutions was
used.

The research was aimed to develop the methods
of studying the cluster crystallization of cryopro-
tective solutions using thermomechanical curves
and obtaining the data to build their complete
diagrams of state.

Materials and methods

Frozen aqueous solutions of DMSO (Lubny-farm,
Ukraine), glycerol of pure for analysis grade (JSC
Macrochem, Ukraine), polyethylenoxide 1500 (PEO-
1500) (JSC Barva, Ukraine) within mass concentra-
tions of 0..100% with 5% interval, and with that of
1% for concentrations of 50...70%. were the research.

To study the phase transitions in the mentioned
above solutions the method of thermomechanical
analysis, the scheme of implementation of which was
described in details in many reports [14, 15, 20, 21]
was used.

The sample of 0.5 x 10°¢ m? volume was placed
into deforming device, cooled down to —150°C with
the set constant rate of 8 x 102 °C/s and maintained
it at this temperature for 10 minutes. Then it was
subjected to a constant external deformation load
o (1,5 x 10° — 4 x 10° N/m?), the value of which
depended on the concentration of solution and tasks
of certain experiment. Herewith it did not exceed
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LeHTpauii po34uHy 1 3a7a4 KOHKPETHOTO eKCIepu-
MeHTy. llpn mpoMy BOHa He mepeBHIIyBaja MEXI
TEKY4OCTi JOCHIKYBaHOTO 3pa3Ka B iHTepBalli TeM-
neparyp Big —150°C no T . Jlami 3pa3ok Harpisajiu
3 mocTiiHo mBHUAKICTIO 1,5 X 102 °C/c i B pexumi
YHCTOTO 3CYBY PEECTPYBAIN TEPMOMEXaHIUHI KPUBIi B
KoOpAWHATAX «Iedopmaris—teMiieparypa». 3a ofgep-
YKaHUMU KPUBUMH BH3HAYATN XapaKTepHI TOUKH abo
TEeMITepaTypHi 1HTEpBaJH, SKi BiAMOBINAIOTh TUM YU
TUM ($a30BUM TIEPETBOPEHHSIM Y JOCIIJHKYBaHUX
3pasKax.

OcoOnuBy yBary B JlaHiil cepii eKCIIEPUMEHTIB
MpUIIEHO 30UTBIICHHIO TUTACTHYHOT Aedopmartii
3paska Ae Bigpasy HiCls PO3CKIyBaHHs aMOP(HUX
¢dpakuiii 3a Temieparypu T,, mo MICTATBCSI B HBOMY.
[Ipu mpomy dikcyBanocst 30imblneHHs aedopmartii
Ag , sixe BiJIMIOBI/Ia€ IMiIBUIICHHIO TEMITEpaTypH 3pa3-
Ka npu Tg + AT. Benuunna AT B naHomy BUIIAIKY
BapitoBayiacs B miama3oHi 5...—15°C 3amexHO Bif
BH/y KPIOTIPOTEKTOPHOI PEYOBHHHU.

Pe3yabTaTn Ta 06roBOpeHHs

Tumnosi Tepmomexaniuni xpusi ¢ = ¢ (T) gocmiz-
XKyBaHMX BoasHuX pozunHiB JAMCO, riinepuny i
MMEO-1500 xapakTepu3yrOThcst 0OaraToCTaaiifHiCTIO
(puc. 1). Tak, Ha nepriit cranii (—150°C...Tg) crio-
CTepiraeThcsl He3HAYHe JiHiiHe 30inbieHHs nedop-
Mallii € 3 TEMIEPATyporo, KE B MOAIBLIMX EKCIIe-
pUMeHTax npuiManocs 3a 6a3oBy JiHit0. s nqpyroi
cramii (Tg. ..T',) BIacTuBe piske 30UIBIIEHHS TEPMO-
IJIACTUYHOI AcdopMartii. 3a BIAXWICHHIM 3adiKco-
Banux Kpusux € (T) Bixg 6a30BOi JiHIT MOXKHA JOCUTH
TOYHO BH3HAYUTH TEMIIEpaTypH TIOYaTKy HpoIecy
PpO3cKiTyBaHHs aMOp(HUX PpakIiit y ToCTiIKyBaHHX
3aMOpokeHuX poszunHax [7]. Tpers cramis (T',.. .TBa)
XapaKTepU3yEThCS 3MEHIICHHSIM MOXiaHO1 0e/0T, sika
MOTiM 3HOBY PI3KO 3pOCTa€ B MOMEHT IEepEeXomy J0
yetBepToi crafii mpu T > TBa.

JJist IOSICHEHHST TaKoro CKJIaJHOTIO BUAY TEpMO-
ractiaHux KpuBux € (T) HeoOXinHo npoananizysaTn
CTPYKTYPY 3pa3KiB, siKi A€(OPMYIOThCS, 1 3aKOHOMIp-
HOCTI iX MIacTH4YHOI Tedii B yMOBax Oe3repepBHOTO
HarpiBy Ta IOCTIHHOTO 30BHIITHHOTO HABAHTAXCHHS
6 = ol = const. [IpupogHo, 1110 CTPYKTypa 3aMOpo-
JKEHUX KPIOMPOTEKTOPHUX PO3UMHIB BHU3HAYAETHCS
iX miarpamamul CTaHy Ha eTari OXOJo/pkeHHS. Cxe-
MaTHYHO Taka Jilarpama Ioka3aHa Ha puc. 2. 3TigHO
3 Jliarpamoro B OXOJIOJDKYBaHUX BOJHMX PO3UMHAX i3
KOHIEHTPALI€I0 KPIONPOTEKTOPHOI PEYOBUHU B Jlia-
nasoni C, < C_ KpuCTasu oy A_yTBOPIOKOTBCS JI0
nocsaruenns po3unnoM konuenrpauii C . [lonansmie
OXOIIO/KCHHS 3aJIMIICHOT pifkoi ¢pakiii 3 KOHIIeH-
tpaniero C, = C NPUBOJATE JIO Ti CKITYBAHHS MPH
T = Tg L13, 25]. Amamnoriuni NpOIEeCH CrocTepi-
raroThCs 1 B OXOJIO/KYBAaHOMY PO3UMHI 3 KOHIIEHT-
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Puc. 1. TepmonnactuyHi kpusi € (T) 3aMOpOXeHNX BOASA-
HUX posumnis AMCO (o = 3 x 10° H/m? C_ = 0,55), rni-
uepuHy (o = 2 x 10° H/m?;, C_ = 0,6), MEO-1500 (0 = 7
x 10°H/m?; C_ = 0,3).
Fig. 1. Thermoplastic curves ¢_(T) of frozen aqueous solu-
tions of DMSO (0 =3 x 10°N/m?; C_= 0.55), glycerol (0 =2 x
x106N/m? C_=0.6), PEO-1500 (0 =7 x 10°N/m? C_=0.3).

the fluidity limit of the investigated specimen
within the temperature interval from —150°C to Tg.
Later the sample was heated with the constant rate
of 1,5 x 102 °C/s and in the regimen of pure shift
the thermomechanical curves were recorded in
'deformation-temperature' coordinates. Due to the
resulted curves there were determined characteris-
tic points or temperature intervals, corresponding
to phase transitions in the studied specimens.

A special attention in these series of experi-
ments was paid to an increase in plastic deforma-
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KoHueHTpaLis KpionpoTeKTOPHOI pevoBuHU, %
Cryoprotective substance concentration, %

Puc. 2. Bug giarpamu cTaHiB nonepegHbO 3aMOPOXEHMUX
BOASHMX PO34MHIB KPIiONPOTEKTOPHOI pevyoBUHN B Ha eTani
HarpiBaHH4.

Fig. 2. Appearance of diagram of state for pre-frozen
aqueous solutions of cryoprotective substance B at heating
stage.
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pauiero C > C_ 3 Ti€l0 Pi3HULEIO, 10 YTBOPEHHS
KPUCTAJIiB KPIONPOTEKTOPHOI peuoBMHU B B HbO-
My BiJIOyBa€ThCS JI0 JOCATHEHHS KOHIICHTpAIlil C..
Oco0nMBy yBary ciijJ 3BEpHYTH Ha CTPYKTYpy Ppil-
koi ¢a3u L. [Ipu Temneparypax BHIlle JesSKOi TeMIIe-
parypu acouiauii T  ¢dasza L e cymimmio mosexys
BomM A, MOJIEKYN KpiONMPOTEKTOPHOI peuoBWHU B
1 TiapaToBaHKUX MOJIEKYN Kpiomporekropa A B (n —
KUTBKICTE MOJIEKYJT BOIH, TIOB’SI3aHUX BOTHEBUMH
3B’SI3KaMH 3 MOJICKYJ010 B).

O4eBH/IHO, IO CITIBBIJIHOIICHHS IUX MOJICKYJ Y
po3unHi L 3MIHIOETHCS 3aJIS)KHO BiJi KOHIICHTpPAILIil
C,. Huxue temneparypu T , sika BU3HAYA€TbCS 3Mi-
HOIO SHTpOIIii [8], MOUYMHAETHCS acolliallis rijparosa-
Hux Mostekyn A By kommeken (A B) [5, 6, 18, 21].
Janwmii iporiec He € (Ha30BUM IEPEXOIOM, OCKITTBKU
B JlaHOMY BUTAJKY (ha30Bi Mexi He (OpPMYIOThCS I
HE peati3yeThcs IPUHITUI TIOCTIHHOCTI CKITay ppak-
uii L, sika yTBOPHOETHCA. 3aIeKHICTh MacH (ppakuii
L Bin xonnenrpanii C, mokaszana Ha puc. 3, A. Ha
puc. 3, B mpexncrasieno ¢parmMeHTH CTPYKTyp 3a-
MOPOKEHHX PO3YMHIB, SIKi YTBOPIOIOTHCS Y3J0BXK
oci konuenrtpauid C, BiINOBIAHO 1O AiarpamMu Ha
puc. 2. Ha miacraBi mpencraBieHuX (parMeHTIB
MOXXHA TIPHUITYCTUTH, 110 TUIACTUYHA Tedisl 3pa3KiB
BHIlA 32 Temneparypy T,y JianazoHi KOHLIEHTpaLii
C.<C <C, Oyzie MOBHICTIO MiIKOPSITUCS 3aKOHY
Tedii HBIOTOHIBCHKOI pinHU [4].

E=rom, (1)
ne r — Koe(ilieHT, IKUil BpaxoBy€ TEOMETPHYHI Ta-
pameTpu mporiecy nedopmaiii; 6 — MpUKIAICHE Ha-
BAaHTAKCHHS; 1| — JAWHAMiYHa B’S3KICTh
pinxoi ¢asu, sika BU3HAYAETHCS 3a Gop-
MYJIOHO: m

n=newl 2.

KT N

tion of the sample Ae_just after devitrification of
amorphous fractions at T, which are the part of
it. Herewith there was registered a rise in deforma-
tion Ae, which corresponds to an increased tem-
perature in the sample at T,+AT. The AT value in this
case varied within the range of 5...—15°C depending
on cryoprotectant type.

Results and discussion

Typical thermomechanical curves ¢, = &, (T) of
the studied aqueous solutions of DMSO, glycerol
and PEO-1500 are of multistage character (Fig. 1).
Thus, at the first stage (—150°C...Tg) there is a slight
linear increase in the deformation & with tempera-
ture, which in subsequent experiments was assu-
med as the baseline. The second stage (Tg...T'R) is
characterized by a sharp increase in thermoplastic
deformation. By the deviation of the fixed curves
€,(T) from the baseline, it is possible to determine
quite accurately the temperatures when the process
of devitrification of amorphous fractions in the
investigated frozen solutions starts [14]. The third
stage (T';...T,) is characterized by a decrease in
the derivative 0e/OT, which then again increases
sharply at the time of transition to the fourth stage
at T> TBa.

To explain such a complex type of thermo-
plastic curves & (T) it is necessary to analyze the
structure of deformed samples and their plastic
fluidity regularities under conditions of continuous
heating and constant external load ¢ = ol = const.
Naturally, the structure of frozen cryoprotective
solutions is described by their state diagrams at

zie 1, — HOpMyBaJIbHUA KoedimieHT; Q —
SHeprisl aKTHBAaIlil B’SI3K01 Tevii; K — cTa-
sa bonbumana; T — Temneparypa.

[lpu oTpuMaHHI TepMOMEXaHIYHUX
KPUBHX Yy PEKUMI MOBIIBHOTO PiBHO- B
MIipHOTO HarpiBaHHs 3 JOCTaTHBOIO TOY-

HICTIO MOXKHa pO3paxyBaTd IIBHAKICTh
TEPMOIUTACTUYHOT Teii

e =Ae /At,

ne Ae_— npupict aedopmarii,
Ta 9ac 3MIHU TeMIIepaTypy Ha BEJIHUNHY
AT:

B Cos Ce—

CB—> Cr]b

Puc. 3. KoHueHTpaLinHi 3anexHocTi Benuuman L (cyuinbHa Kpusa)
M Macu KrnactepHux ¢as Mg, im
TU CTPYKTYP KPIOMPOTEKTOPHMX PO3YMHIB, LLO PO3CKIyBanucs, siki Bia-
MNoBiAatoTh Pi3HUM 3HAYEHHAM BUXiAHOI KoHUeHTpalii C_ (B).

Fig. 3. Concentration dependences of L _ value (solid curve) and m,, and
m,_ cluster phases mass (dotted curve) (A); fragments of structures of

6o (nyHkTMpHa kpuBa) (A); dparmen-

devitrified cryoprotective solutions, which correspond to different values

At = QAT,

of initial concentration of C_ (B).
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ne @ — koedimieHT po3mipHocTi; AT — 3MiHA TeM-
nepaTypu.

Y upoMy BUNAAKy Al OPUPOCTY Jedopmarii
spaska Ae AT B iHTepBani Temmeparyp T, + AT
MOYKHA 3aIIHCaTH SIK

Q

(T, +a) Y

Ae = r6QAT sexp| — /7.

3rigHo 3 cl)gpMyHO}o (3) BenmnuuHa Ag 3a ymo-
B ¢ = const i AT = AT, = const noBuHHa 3au-
IaTHCs HE3MIHHOI a00 MOHOTOHHO 3MEHIITYBa-
TUCSL 31 30UIBIICHHSM KOHIICHTpAIll KpPiONpPOTEK-
TopHOi peyoBnHH. OcTaHHA yMOBa OOyMOBIEHA
MOXIIUBUM 301JBbIICHHSM B’SI3KOCTI PO3YMHY, KU
PO3CKJIyBaBCsl, IO BPaxXOBYEThCS KOEQIlIEHTOM
N
ExcniepuMeHTanbHo OTpuUMaHi Al pi3HUX Kpio-
MIPOTEKTOPHUX PO34MHIB 3ajexkHocTi Ae = Ag (C)
T T B
npu AT = const HaBeAeHO Ha puc. 4.
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MpupicT TepmonnactmyHoi gedopmaltii
Thermoplastic deformation growth
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KoHueHTpauia rmiuepuny, %
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Puc. 4. KoHueHTpauinHi 3anexHocTi NpMpocTy Tepmonrna-
CTM4HOI AecpopmalLii Ae_ans BoaaHux posqmHis: A — [IMCO
(o = 3 x 108 H/m?); B — miuepuHy (o0 = 2 x 108 H/m?); C —
MEO-1500 (o =7 x 10° H/m?).

Fig. 4. Concentration dependences of increase of thermo-
plastic deformation Ae_for aqueous solutions: A — DMSO
(0 = 3 x 10° N/m?); B — glycerol (o = 2 x 10° N/m?);
C — PEO-1500 (o = 7 x 10° N/m?).

the cooling stage. Fig. 2 schematically shows such
a diagram. According to it in cooled aqueous solu-
tions with a concentration of cryoprotective substance
within the range of C < C_ the ice crystals A_
are formed until the solution reaches the concentra-
tion of C_. Further cooling of the remaining liquid
fraction with a concentration of C, = C_ leads to
its vitrification at T = T_[2, 22]. Similar processes
are observed in a cooled solution with a concentra-
tion of C, > C_ with the difference that the for-
mation of crystals of cryoprotective substance B_ in
it occurs before reaching the concentration of C_.
Particular attention should be paid to the structure
of the liquid phase L. At temperatures above a cer-
tain association temperature T  the phase L is a mix-
ture of water molecules A, the ones of cryoprotec-
tive substance B and hydrated molecules of cryo-
protectant A B (n is the number of water molecules
bound by hydrogen bonds to the molecule B).

The ratio of these molecules in the solution L
obviously varies depending on the concentration of
C,. Below the temperature of T, which is determined
by the change in entropy [17], the association of
hydrated A B molecules in complexes (A B)_ begins
[7, 10, 11, 13]. This process is not a phase transi-
tion, because here the phase boundaries are not
formed and the principle of the composition cons-
tancy for the L  fraction is not implemented. The
dependence of the mass of the L fraction on the
concentration of C_ is shown in Fig. 3, A. Fig. 3,




CxeMy BU3HAQYEHHS BEJIMYMHU A€ HaBEIEHO Ha
puc. 1. @akTnuno Ae — He mpupicT aedopmaii
3pa3ka 3a yMOB HOTrO HarpiBaHHS BiJl TeMIIeparypu
TOYaTKy MpoLecy posckiyBarHs T, 10 aeskol TeM-
neparypu T, = Tg + AT. Ilpu upomy BenmuuuHa AT
s JIMCO cranoBuina 15°C, mminepury — 10°C i
ITEO-1500 — 5°C, ToOTO BOHA 3MEHIITyBajacs 3 IIiJI-
BUIIEHHSIM TEMIEpaTypy PO3CKIyBaHHS aMOp(HuX
(bpakmiii y BIAMOBIAHOMY KPiOIPOTEKTOPHOMY DPO3-
ynHi. Taki 3MiHM TOB’S3aHI 31 CHOCTEPEKYBAHUM
3MEHIICHHSIM B’SI3KOCTI HMX (pakiiiii i miJBUIICH-
HSM iX TUIMHHOCTI B BIAINOBIJHHUX TEMIIEPATYPHUX
iHTepBaax.

Bun mnpencraBnennx Ha puc. 4 3anexHocTel
MPUHIUIIOBO BiIPI3HSETHCS BiJg 3MiHH BEIUYUHH
Ae (C), mo miarBepkye Qopmyna (3). OueBun-
HO, IO TeH (paKT € HaCHIAKOM IPOIECiB, SKi Big0y-
BalOTHCS B JIOCIIPKYBaHIM CHCTEMI Ta CyIpPOBOIKY-
FOTBCSI €K30- 1 CHIOTepMIYHUMU edekTamMu. B TakoMmy
BHIIAJIKy BEIMYMHA AE BU3HAYAETHCSH KOHKYPEHIIIEO
JIBOX TIPOIIECIB: HATPIBAaHHSIM 3pa3Ka 3a paXyHOK 30B-
HIITHBOTO Teruia Q', sKke HaJIXOMUTh BiJ| HArpiBadiB
CHCTEMH CKaHyBaHHS TEeMIIEpaTypH, Ta HOro OXOJIo-
JUKEHHSM/HArpiBaHHSIM BHACHIIOK BHYTPIIIHIX €K30-
(Q,") abo enmorepmiunux (Q ) mpouecis.

[IpuponHo, SKIIO U1 3araibHOI KiTbKOCTI eHepril
Q, BUKOHYETBCS yMOBa

Q,=Q+Q., “4)

TO MMIBUIKICTH IUIACTUYHOI Teuii éT 1, BIAMIOBIIHO,
BennuKHa Ag OynyTh 3pOCTaTd B KOHIEHTPALIHHAX
IHTEepBaNIAX, y SKAX PEAT3yeThCS EK30TePMITHHI
npouec.

SIKI110 7K BUKOHY€TBCS yMOBa

Q,=Q+Q,, )

TO BENUYHMHH € 1 A€_Oy/IyTh 3MCHIILYBATHCS.
HepiBHicTb

Q,=Q +Q, <0, (6)

sIKa BUKOHYETBCS IPU

Q<11 (7

Oyne Bianosigaru ymosam £ = 0; Ae = 0.

3 ypaxyBaHHsM criBBigHOmeHb (4)—(7) MoxkHa
MOSICHUTH BUJI TEPMOMEXaHIYHUX KPUBUX Ha puc. |
Ta 3anexHocti Ae (C) na puc. 4. 3rigno 3 puc. 4
MIBUJKICTh TUIACTHYHOI Tedil PO3YMHY, SKUH pO3-
CKJIyBaBCs, 3pOCTa€ 3 IMiJBHIICHHAM TEMIIEpary-
pu OLITBIN IHTEHCHBHO, HIXK Il BUIUIMBAE 3 (HOPMYI
(1)—(3). Hanuii dakT BKazye Ha JOAATKOBHIA PO3IrpiB
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B demonstrates the structural fragments of frozen
solutions, which are formed along the axis of
concentrations of C according to the diagram of
Fig. 2. Based on the presented fragments, we
can assume that the plastic fluidity of samples is
higher than the temperature T, within the range of
concentrations C < C, < CnB will completely obey
the law of flow of Newtonian fluid [8].

e=ro/m, (1)

where r is coefficient that takes into account the
deformation geometric parameters; ¢ — applied load;
n is dynamic viscosity of liquid phase, which is
determined by the formula:

1= 1,€Xp (%j ; @)

where n, is normalization factor; Q is activation
energy of viscous fluidity; K — Boltzmann constant;
T — temperature.

When obtaining thermomechanical curves in
the mode of slow uniform heating with sufficient
accuracy, you can calculate the speed of thermo-
plastic fluidity:

€= Ae /At,

where Ag_is the increment in deformation
and time of temperature change by the value
of AT:

At = @AT,

where @ is dimensionality factor; AT —temperature
change.

In this case, for the increment in deformation
Ae AT within the temperature range T, + AT can
be written as

_Q
k(T, +AT)

According to formula (3), the value of Ae, if
o = const and AT = AT, = const must remain
unchanged or decrease monotonically with a rise
in concentration of cryoprotective substance. The
latter condition is explained by a possible increase
in the viscosity of the solution that has devit-
rified, which is taken into account by the n, coeffi-
cient.

The dependences Ae, = Ae (C)) at AT = const
obtained experimentally for different cryoprotective
solutions are shown in Fig. 4.

The scheme for determining the value of Ae_ is
presented in Fig. 1. Actually, Ae is the increment

Ag = 16QAT *exp| — /1. 3)
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JOCHIUKYBaHUX 3pa3KiB 3a paxyHOK eK30TepMiu-
HUX TIPOLECIB, SKI B HUX MPOTiKalOTh. TakuM mpo-
ecoM Moxe OyTH yTBOPEHHS KJIaCTEpHHX YaCTOK
B,, Ha OCHOBI MiKpOKpucTanliB sbofay a. OcCKiib-
K1 yTBOpeHHs (asu B BinOysaeTbes B amopdHii
(dpakmii G, To BoHa (AKTUIHO € IHTETPAIILHUM Te-
IJIOBUM JaTYHUKOM, SIKUH BOYIOBAaHO B 3aMOPOKEHUH
3pa3ok. [Ipu 1ipoMy ommcaHe sIBUIIIE Ma€ JIBi 0COOIH-
BoCTi: 1 — MpOTiKaHHS B MMEBHOMY IHTEpBai TeMIIe-
paryp T ... T (auB. puc. 4); 2 — 3aJIeKHICTh 1HTEH-
CHUBHOCTI sBMILA BiJ KoHueHrtpauii C, Ta HasgBHICTH
makeumymy mpu C = Cp* (auB. puc. 3, A).

Omnucadl 0COOJMBOCTI JIETKO IOSICHUTH ISt

LIBUJKO OXOJOKYBaHHX PO3YHMHIB 33 JOTIOMOIOIO
KJIACTepHOI KpHCTali3allii, sKa IOYUHAETHCS Bij-
pasy micias pO3CKiIyBaHHS aMophHHX (pakmiid i
301MBLICHHS  PYXJIMBOCTI KOMIUIEKCiB (A B) ,
m — KUTBKICTh TiIpaTOBaHMX MOJIEKyn B y xowmm-
nekci. [lpn mpoMy KiacTepHa KpHUCTATI3allis BU3-
HA4Ya€eThCsl PO3MIPOM KPUTHYHOIO 3apOfKa KpHCTa-
JIIYHOTO JTHOTY 635, SIKAW 3MEHITY€E€ThCS 31 3HUKCHHIM
Temreparypu (quB. puc. 4). Tomy OIU3bKi 10 T, rem-
neparypu € ONTHMaJbHUMH JUIs YTBOPEHHS Kiac-
TepHOi (azu. 3 MiIBUILEHHSIM TEMIIEPaTypH PO3MIp
KPUTUYHOTO 3apojika 9§  301MbLIYETHCS, IO YCK-
JaHIOE YTBOPEHHS KJIACTEPHUX YaCTOK, sIKe BinOy-
Ba€eTbcsi 0€3 PO3pUBY BOMHEBHX 3B’SI3KIB Yy KOMII-
nexcax (A B) . Habmmwxenns no temneparypu T,
BUKJIMKA€ YacTKOBE IUIABJICHHs KiacTepHoi ¢asmy,
sIKE CYHNPOBOIKYETHCS MODIMHAHHAM TeIUla Ta pi3-
KMM 3MEHLICHHAM IBHAKOCTI &. Ilel mpouec Ha-
OYHO BiIOOpakaroTh TEPMOMEXaHIUHI KpuBi (IUB.
puc. 1), 3a SIKUMH MOXKHA YiTKO BU3HAYUTH TEMIIC-
parypHHid 1HTEpBal ICHYBaHHS KJIAacTepHOI (a3u
T,. T

Kle TOTO, WIBHIKICTh YTBOPEHHS KIacTEPHOL
(ha3u 3aJCKUTH BiJ HASBHOCTI B PO3YMHI KOMILJICK-
ciB (A B)_, KiIbKICTb SKMX 30LIBLIYETHCS 3 INiJIBH-
mennsaM konuentpanii C, B inTepam C, < C <
< C, 3a mux yMmOB crocrepiraetbes 3 b IIeH s
I_HBI/I,Z[KOCTI KJIacTepHOi KpHcTaiizauii Ta iHTEHCHB-
HOCTI TEIUIOBKALIEHHS. B pesynbrari Benmuunna Ae,
sKa BioOpakae TIPOIeC TETUIOBUIIICHHS, 3pOCTa€e
J10 IIEBHMX 3Ha4eHb KoHuentpauiii C = Cp" (mms.
puc. 3, A).

HananinpuC = Cj;" kinbkicTskommekcis(A B) ,
3[aTHUX YTBOPIOBATH KJIACTEpHI YAaCTKH HA OCHOBI
MIKPOKPHCTATIB JIbOAY, 3MEHIIYEThCSI uYepe3 Hec-
Tayy MOJeKya Bomu. Lle mpuBOAWTH 0 yTBOpEHHS
XapaKTepHOTro MakcuMyMy Ha 3anexsocTi Ae (C))
npu C, = Cp" . Maca yTBOpIOBaHOI KJIaCTepHOI
(a3u yMOBHO IMOKa3aHa MyHKTUPHOIO KPUBOIO Ha
puc. 3, A.

Crin 3a3Ha4UnTH, O TEMIEPAaTypHI Ta KOHLIEHT-
parmiiiHi iHTepBaJIM YTBOPEHHS KiacTepHOi (Hasu
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in the sample deformation if it is heated from the
temperature of the beginning of the glass transition
T, to some temperature T, = T+ AT. The value
of AT for DMSO was 15°C glycerol — 10°C and
PEO-1500 — 5°C, 1. e. it decreased with increasing
glass transition temperature of amorphous fractions in
the corresponding cryoprotective solution. Such chan-
ges are associated with the observed decrease in
the viscosity of these fractions and an increase
in their fluidity within the corresponding temperature
ranges.

The type presented in Fig. 4 dependences are
fundamentally different from the change in the value
of Ae_(C ), which is confirmed by formula (3). This
fact is obviously a consequence of the processes
that occur in the studied system and are accom-
panied by exothermic and endothermic effects. In
this case, the value of Ae is determined by two
competitive processes: heating of the sample due to
external heat Q ¥, which comes from the heaters of
the temperature scanning system, and its cooling /
heating due to internal exo- (Q,") or endothermic (Q,")
processes.

Naturally, if the condition is satisfied for the total
amount of energy Q,

Q,=Q +Q., 4)

then the velocity of plastic fluidity € _and, accordingly,
the value of Ae.  will increase in the concentra-
tion intervals in which the exothermic process is
implemented.

If the condition is met

Q.=Q +Q., 5)

then the values of ¢ and Ae_will decrease.
Inequality

Q,=Q +Q, <0, (6)

which is performed when

Q,=Q +Q, <0, (7

will meet the conditions & .= 0; Ae, = 0.

Taking into account the relations (4)—~(7), we
can explain the type of thermomechanical curves
in Fig. 1 and dependence of Ae_ (C)) in Fig. 4. Fig.
4 shows the velocity of the plastic flow of the devit-
rified solution increases with rising temperature
more intensively than it follows from formulas (1)—
(3). This fact indicates the additional heating of the
studied samples due to the exothermic processes that
take place in them. This process can be the formation

209




MOBHICTIO 30iraloThCs 3 LUMH I1HTEpBaJaMu JUIs
siBUINa «aesiTpudikamii» [1, 2, 12, 17, 19, 20]. Lei
TEpMiH 4YacTO BUKOPHUCTOBYIOTH y KpioOioJOriuHii
JTEpaTypi Al BU3HAYCHHS MPOIECiB KpUCTaTi3aIllil,
SIKi TIOYMHAIOTHCS BiJlpa3y IiCisl HAarpiBaHHSA J[OC-
JKYBaHUX CHCTEM BHILE TEMIIEpaTyp pPO3CKIYy-
BaHHS Tg. OmHak Tpupona IHOTO SBHINA 1 CTPYK-
Typa ¢a3, sKi yTBOPIOIOTHCS IIiJ] YaC HOTO PO3BUTKY,
BUYCHUMHU HE 00roBOproeThcs. KpiMm Toro, Ha Hamry
IYMKY, TEpMiH «JIeBITpUQIKalis» B JaHOMY BUIIA]I-
Ky BBa)Ka€ThCS HEKOPEKTHWUM, OCKUIBKU BiH JIOped-
HUH JUIg OMHKCY MpOIeciB KpUcTaiizamii y TBepmii
amopdHili ¢pakiii, a crHocTepeKyBaHa KpUCTai-
3allisi OpoTiKae y pigkid ¢asi, sika BXKe PO3CKIY-
Banacsi. O4YEBUIHO, IO SIBUILE «JIEBITPUQIKAII» €
KJIACTEPHOIO KPHCTaNi3ali€l0 B IMONEPEIHBO 3aMO-
POXKEHHX KPIOMPOTEKTOPHUX po3uMHax abo Oiocwuc-
TeMax, sIKi KPIOKOHCEPBYIOTbCS 3 iX BUKOPUCTAH-
HSIM.

Oco0nmuBoO CImiJl pO3NISIHYTH JAPYTHi MK Ha 3a-
aexnocTax Ae (C) mist posunnis IMCO 1 ITEO-
1500 mpu C, > Cgb. OueBHUIHO, IO BiH OB’ sI3aHUM
13 YTBOPCHHSIM YaCTHHOK KJIACTEPHOT a3y Ha OCHOBI
MiKPOKPHUCTAIIB b KpiONPOTEKTOPHOi pedoBrHU B.
VY 1poMy BUNAAKy 3Ha4e€HHS A IMOYMHAKOTH ITijl-
BHIILYBaTUCA 3 KOoHueHTpauid C, > Cgb 1 TpUBAIOThH
y Mipy 30UIbLICHHS TigparoBaHUX MOJeKya B mo
C, = C;:X. [Tomanpiie 3HMKEHHS 3HAYEHb AE TI0B 5I-
3aHe 31 3MEHILUCHHSAM KIJIbKOCTI KJarpariB Ha oOc-
HOBI MOJIEKYJ KpiompoTekTopa B.

[IpaBoMipHICTh KOHIIEHIIIi IMOAO MPHPOIU APY-
roro miky Ha sanexsHocTax Ag (C) s posduHiB
JAMCO 1 [IEO-1500 minTBepmxye BiACYTHICTH Ta-
KOTO JUIsl po3urHiB miinepuny. Lle moxe Oytu mo-
B’S13aHO 3 HE3JATHICTIO DIIIEPUHY KpHCTasi3yBa-
TUCSI B TIPOLIECI TPaTUIIHHO BUKOPUCTOBYBAHUX Y
KpioOionorii  peXuMiB  OXOJIOKEHHSI-HATPiBaHHS
HOTO BOASIHUX PO3YUHIB.

VY3aragpbHUTH OTpUMaHi NpH HarpiBaHHI 3amo-
POKEHUX PO3UMHIB PE3YyNbTaTH MOCITIIKEHHS MOXK-
Ha 3a JIOIOMOTOI0 JiarpaMH CTaHiB, Ha SIKIHIOKa-
3aHO JUISHKM iICHYBaHHs KiacTepHoi dasu P (1us.
puc. 2). 3rimHO 3 miarpaMoro TICIS HarpiBaHHS
MIONIEPETHRO 3aMOPOKCHUX PO3UMHIB TIPH Tg...TB
y HuX (opmyeTbes KnactepHa (asa B, npupona i
KIHETHKa yTBOPEHHS SIKOi 3aJIeKHTh BiJi KOHICHT-
parii po3unHy, 110 HArPiBa€ThCS. 3a KOHIICHTpPALiH
C, < C, < C,, xnacrepna asa Ha OCHOBI MiK-
POKpHCTANIB JIbOy as BUHUKA€E Ha TIi BKE HAsBHUX
KpucTaiis 1oy a. [lpu Cp < C, <C, y posun-
Hi, 10 PO3CKIyBaBcs, icHye Tiibku 1Bi ¢dasu: (L +
+ B, Ilpu C, > Cgp KJ'I.aCTepHi YACTHHKH yTBO-
PIOIOTbCS Ha OCHOBI MIKPOKPHUCTAJIB Kpiompo-
TEKTOPHOI peuoBMHu b. Ilpu npomy B Jiamasoni
KOHIICHTpAIIiit Cgb <C, < Cﬁb icHYIOTh ABI (hazu
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of cluster particles B on the basis of ice micro-
crystals a . Since the formation of the B_ phase occurs
in the amorphous fraction G, it is in fact an integ-
rated thermal sensor, which is built into the frozen
sample. The described phenomenon has two features:
1 — proceeding in a certain temperature range T,...T,
(see Fig. 4); 2 — the dependence of intensity of the
phenomenon on the concentration of C and the
presence of a maximum at C, = Cp* (see Fig. 3A).

The described features can be easily explained
for rapidly cooled solutions by cluster crystalli-
zation, which begins immediately after devitrifica-
tion of amorphous fractions and increasing the
mobility of complexes (A B) , where m is the num-
ber of hydrated molecules B in the complex. The
cluster crystallization is determined by the size of
the critical nucleus of crystalline ice _, which re-
duces with decreasing temperature (Fig. 4). The-
refore, temperatures close to Tg are optimal for
the cluster phase formation. The temperature in-
creases, the size of the critical nucleus §_ increases,
that complicates the formation of cluster particles,
which occurs without breaking the hydrogen bonds
in the complexes (A B) . Approximation to the tem-
perature T, causes partial melting of the cluster
phase, which is accompanied by heat absorption
and a sharp decrease in the velocity & .. This process
is clearly reflected in thermomechanical curves
(see Fig. 1), which can clearly determine the tem-
perature interval of the cluster phase T ... T .

In addition, the rate of the cluster phase forma-
tion depends on the presence in the solution of
complexes (A B) , the number of which increases
with a rise in concentration of C, within the range
of CBa <C, < Cga. Under these conditions, there is
an increase in the rate of cluster crystallization and
heat intensity. As a result, the value of Ae, which
reflects the process of heat release, increases to cer-
tain values of concentrations C, = CJ*(see Fig. 3A).

In future, at C, = CE:", the number of complexes
(A B)_ capable of forming cluster particles based
on ice microcrystals decreases due to the lack
of water molecules. This leads to the formation
of a characteristic maximum on the dependence
Ae(C)) at C = C". The mass of the formed cluster
phase is conditionally shown by the dotted curve in
Fig. 3A.

It should be noted that the temperature and
concentration intervals of cluster phase formation
completely coincide with these intervals for the
phenomenon of 'devitrification' [1, 6, 9, 12, 23,
24]. This term is often used in reported cryobiolo-
gical studies to describe the crystallization processes
that begin immediately after heating the studied
systems above the devitrification temperatures T,
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(L +B,,), a B mianasoni C > C, —1pu (L + B+ ).
Bapro Brokpemnty niamason xoHueHtpauii C, - <
< C, <C,, B AKOMY MOXHA CIIOCTEpirat# Tpu (hasu
(L + B.. + B,,). Bcranoenenuii (Gakr cynepeunthb
MpaBUITy po3MipHOCTI Mex (pa3oBoi miarpamu [9],
3TiAHO 3 SIKUM y Lif OUISHLII MOXE iCHyBaTH TiNbKH
omHa ¢asza L. Takomy craHy BiaIOBiAa€ i BHIT 3aJICXK-
nocrei Ae (C)) (muB. puc. 3). 3 ypaxyBaHHsSM 3Ha-
YEHHS AsT y JiamasoHi Cga...Cgb MOJXKHA BBa)KaTH,
mo KiacTepHi (asu TyT NPaKTHYHO HE YTBOP-
I0I0ThCA. VIMOBipHO, omucaHmii (akT € HaCIigKoM
BHCOKHMX 3HAa4CHb Temneparypu ckiaysanus T, ams
JOCHIKYBaHAX KPIONPOTEKTOPHUX po34MHiB. [Ipu
T,—T, iHTEepBal Cpr--Cy Oyzne MaTu BUIIISL TOY-
ku (quB. puc. 2) [9]. Baxxnupo 3ayBaxuTu, 10 Tpe-
CTaBJieHa Ha puUC. 2 JAiarpama € y3arajbHEHOIo, a
il mapaMeTpu MOXYTh 3MIHIOBATHUCS 3aJIEKHO BiJ
BUAY KPiOIMPOTEKTOPHOI pedyoBHHU. THIOBUI NpHK-
Jaa Takoi 3MiHM J€MOHCTPYIOTh BOJSHI PO3YH-
HU TIiLepuHy, B skux npu C > Cgb aHi KJlacTepHa
dasza B, agi KpHCTaH B, He yrtBOprooThes, 1o
MOSICHIOE  BIJICYTHICTh TIpAaBOi YacTUHM Ha Jiia-
rpami CTaHiB BOASHUX PO3YUHIB DIILEPUHY TIPH
T>T,

TepMoMexaHiuyHHMI aHadi3 3aMOPOXKEHUX Kpio-
MPOTEKTOPHUX PO3YMHIB iCTOTHO PO3MIUPIOE YSIB-
JIGHHS TPO TPHUPOAY IX KIAaCTepHOI KpucTasiza-
uii. TepMomiacTH4Hi KpUBi 103BOJIAIOTH (PiKCyBaTH
SIK TeMIIepaTypHHUH 1HTepBaJl iCHYBaHHSI KJIACTEPHOT
(a3u, Tak 1 KOHUEHTpALilHy 3aJIeKHICTb KiHETHKH
KJIacTepHOI KpHrcTami3auii.

B pe3ymbrari 3’SBIAE€THCS MOXKIHUBICTH KJIacH-
(hikarii KpioMpPOTEKTOPHUX PO3UMHIB 3a IapameT-
pamMu iX KjactepHoi kpucramizamii. Taka kmacudi-
Kariss HeoOXigHa Ul BCTAHOBJICHHS MEXaHI3MIB
TOIITKO/KEHHS KPIOKOHCEPBOBAHUX 01000’ EKTIB B 1H-
TepBai TEMIIEPaTyp CKIIyBaHHSI.

BucHoBku

Takum unMHOM, pO3pOOIIEHO METOAUKY BHBUYCH-
HSl KJIACTEPHOI KpHcTaiizauii BOASHUX KPiOMpOTEK-
TOPHHUX PO3UMHIB WIISIXOM peecTpauii ix Tepmo-
Im1acTU4Hoi Jaedopmariii B mporeci BigTaBaHHS B
iHTepBaii remneparyp —150...-30°C.

BusnaueHo TtemrieparypHi Ta KOHIEHTpaIliiiHi
IHTepBaJ M PO3BUTKY KIIACTEPHOI KpHCTaji3amii Ha
eTari BiATaBaHHI 3aMOPOXKCHHX KPiO3aXHCHHUX PO3-
YUHIB.

Brepiie BctaHoBiIeHO (akT yTBOPEHHS KiacTep-
HO1 (ha3u Ha OCHOBI MIKPOKPHCTAIIB KpPIOMPOTEK-
TOPHO1 PEYOBUHH.

ChopMynb0BaHO TPUHIUI TOOYIOBH TOBHUX
JiarpaM CTaHy KpiO3aXMCHHMX PO3YMHIB 1 INpoOBe-
JICHO aHaJi3 X 0COOIMBOCTEH IS PiI3HUX BUJIB KPio-
MPOTEKTOPHUX PEUOBHUH.
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However, the nature of this phenomenon and
structure of the phases that are formed during
its development, scientists do not discuss. In ad-
dition, we believe the term 'devitrification' in this
case is considered as incorrect, because it is appro-
priate to describe the crystallization processes in the
solid amorphous fraction, and the observed crys-
tallization occurs in liquid phase, which has al-
ready devitrified. It is obvious that the phenomenon
of 'devitrification' is cluster crystallization in pre-
frozen cryoprotective solutions or biosystems that
are cryopreserved with their use.

In particular, we should consider the second
peak on the dependences Ae_ (C,)) for solutions of
DMSO and PEO-1500 at C_ > Cgb. Obviously, it is
associated with the formation of particles of the
cluster phase based on microcrystals b_ of cryopro-
tective substance B. In this case, the values of Ae,
begin to increase with concentrations C, > C and
continue as hydrated molecules B to C = CyF
A further decrease in the values of A, is associated
with a decrease in the number of clathrates based
on cryoprotectant B molecules.

The legitimacy of the concept regarding the na-
ture of the second peak on the dependences Ae (C))
for DMSO and PEO-1500 solutions confirms the
absence of such for solutions of glycerol. This may
be due to the inability of glycerol to crystallize du-
ring the traditionally used in cryobiology cooling-
heating modes of its aqueous solutions.

To summarize the findings obtained by heating
the frozen solutions a state diagram, which shows
the areas of existence of the cluster phase B (see
Fig. 2) can be used. According to the diagram, after
heating the pre-frozen solutions at T ...T,, a cluster
phase B, is formed in them, the nature and kinetics
of the formation of which depend on the concentration
of the heated solution. At concentrations C; <C <Cg,
a cluster phase based on microcrystals of ice a
arises when A_ crystals already exist. At G <C,<C,
in the devitrified solution, there are only two phases
(L +B,). When C > C_ cluster particles are for-
med on the basis of microcrystals of cryoprotec-
tive substance b. In the range of concentrations
Cp<C,<C, there are two phases: (L + B_), and
in the range C > Cy three: (L + B, + B_). It is
necessary to distinguish the range of concentra-
tions C,<C <C, in which three phases can be
observed: (L + B.. £ B .)- the established fact contra-
dicts the rule of dimension of the boundaries of
the phase diagram [18], according to which in this
section there can be only one phase L. This state
corresponds to the type of dependences Ae (C))
(see Fig. 3). Given the value of Ae_ in the range

Cga. . .Cgb, we can assume that cluster phases are prac-
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tically not formed here. Probably, the described fact
is a consequence of high values of glass transition
temperature T, for the studied -cryoprotective
solutions. For T — T the interval C ...C

will have the form of a p01nt (Fig. 2) [18] It 1s
important to note that diagram in Fig. 2 is gene-
ralized, and its parameters may vary depending
on the type of cryoprotective substance. A typical
example of such a change is shown by aque-
ous solutions of glycerol, in which at C > Cgb neither
cluster phase B, nor B_ crystals are formed, which
explains the absence of the right part on the state
diagram of aqueous solutions of glycerol at T>T,.

Thermomechanical analysis of frozen cryoprotec-
tive solutions significantly expands the understan-
ding of the nature of their cluster crystallization.
Thermoplastic curves make it possible to record
both the temperature interval of the cluster phase and
concentration dependence of the kinetics of cluster
crystallization.

As aresult, it is possible to classify cryoprotective
solutions according to their cluster crystallization
parameters. This classification is necessary to estab-
lish the mechanisms of damage to cryopreserved
biological systems within the range of glass transition
temperatures.

Conclusions

Thus, a method for studying the cluster crystal-
lization of aqueous cryoprotective solutions by recor-
ding their thermoplastic deformation during thawing
within the temperature range of —150...—30°C has
been developed.

Temperature and concentration intervals of clus-
ter crystallization development at the stage of tha-
wing of frozen cryoprotective solutions have been
determined.

For the first time the fact of formation of a cluster
phase on the basis of microcrystals of cryoprotective
substance has been established.

The principle of building of complete diagrams
of the state of cryoprotective solutions has been
coined and their features for different types of cryo-
protective substances have been analyzed.
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