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To Theory of Diagrams of State for Cryoprotective Solutions

PedepaTt: PaccmoTpeHbl npevmMyliecTsa Mogenu KnacTepHOW KpucTannusauuu npu onucaHnm gasoBbiXx NepexodoB B KpUo-
NpPOTEKTOPHbIX pacTBopax. ChopmMynmMpoBaHbl MPUHLMMLI MOCTPOEHUSI AnarpamMmM COCTOSIHUS, copepXalumx obnacTu cylecTBoBaHUs
KnacTtepHow dasbl. Ha ocHoBaHMM 3TUX AMarpamm MpoBeAEeH aHanu3 aKcnepuMMeHTanbHO HabnogaeMbiX TennoBbiX U 06bEMHbIX
3 eKTOB, CONPOBOXAAIOLLMX MPOLECCHI KpUCTaNM3aummn 1 NNaBneHns KPMONPOTEKTOPHBIX pacTBopoB. [Mpn aTom ocoboe BHUMaHWe
yaeneHo pasnuuuio as3oBblX TPAEKTOPWIA, COOTBETCTBYIOLIMX OXMaXAEHUo M NnocrneayolwemMy HarpeBy pacTBOPOB, U BBEAEHO
NOHATME COBMELLEHHbBIX AMarpaMM COCTOSIHMSA AN OMUCaHWSA NPOLECcCOB, BbI3BAHHbIX 3TUM pasnuyneM. C nomoLliblo mModenu
KnacTepHOW KpucTannusauuv onpeferieHbl PaBHOBECHbIE CTPYKTYPHbIE COCTOSIHWS 3aMOPOXEHHbLIX KPUOMPOTEKTOPHBIX PacTBOPOB
1 BO3MOXHble NPOLECChI, HanpaBlieHHble Ha WX OOCTUXEHMe.

KnioyeBble croBa: KpYOMPOTEKTOPHLIN PacTBOp, KNacTepHas KpucTannusauusi, aguarpamma COCTOSIHUS, CTeKNoBaHue, CTPyK-
Typa.

Pecdhepat: Po3rnsHyTo nepesarn mogeni kKnactepHoi KpucTanisauii npyu onnci asoBmnx nepexoqis y KpionpoTEKTOPHUX PO3YMHAX.
CdopMynboBaHO NpuHLUMNY NOGYyAOBK Aiarpam cTaHy, siki BKMNovatoTb obnacTi icHyBaHHS knacTepHoi ¢a3n. Ha ocHoBi umx giarpam
npoBeeHO aHani3 TennoBux i 06'eMHNUX edekTiB, SKi CynpoBOAXYHTb NPoLEeCcH KpucTanisauii Ta nrnaBneHHs KpionpoTEeKTOPHUX
po3uuHiB. [Mpy UbOMY 3HAYHY yBary NpuAaineHo po3pi3HEeHHI0 Pa30BUX TPAEKTOPIN, SKi BiANOBIAAOTb OXONOMXKEHHIO Ta NOAarnbLIOoMy
HarpiBy pO34uHIB, i BBEAEHO MOHATTS CYMICHMX AiarpamMm CTaHy AN ONWCY BUKIUKAHMX Uil pisHuueto npoueciB. 3a ONOMOrow
Moaeni KnacTtepHoi kpucTtaniszauii BU3Ha4Y€HO PiBHOBaXHi CTPYKTYPHI CTaHU 3aMOPOXEHUX KPiONPOTEKTOPHUX PO3YMHIB i MOXKIMBI
npouecu, CnpsiMoBaHi Ha IXHE OOCSATHEHHS.

KnroyoBi cnoBa: KpionpOTEKTOPHUIN PO34MH, KnacTepHa KpucTtanisauis, giarpama CTaHy, CKyBaHHS, CTPYKTypa.

Abstract: The paper considers the advantages of cluster crystallization model when describing phase transitions in cryoprotective
solutions. The principles of plotting the diagrams of state are described, with emphasis on the fields of existing cluster phase. Basing
on these diagrams the experimentally observed heat and volume effects are analyzed, which accompany the crystallization and
melting of cryoprotective solutions. Herewith a special attention is paid to the distinguishing of phase curves, corresponding to cooling
and following heating of the solutions and the definition of superposed diagrams of state was made to describe the processes
caused by appearing differences. Model of cluster crystallization was used to determine the balanced structure state of frozen

cryoprotective solutions and possible processes directed to their achieving.
Key words: cryoprotective solution, cluster crystallization, diagram of state, vitrification, structure.

1. BBenenue

JlmarpamMmbl COCTOSIHUSI, OMUCHIBaOIINE (Pa3oBbIe
TPACKTOPHUH KPUOTIPOTEKTOPHBIX PACTBOPOB B KOOPIU-
HaTax «COCTaB-TEMIIEpATypa», UCHOJB3YIOTCS MPHU
CO3JJaHUU HOBBIX M ONTUMHU3ALUH CYILIECTBYIOLINX TEX-
HOJIOTHi KPUOKOHCEPBHUPOBaHUS OM000BeKTOB. OHA-
KO CIIEyeT OTMETHUTh, YTO HECMOTPS Ha OOJBIIOE
KOJIMYECTBO padoT B 3Toi obnactu [1, 3-6, 8, 11-15],
JI0 CUX TIOp YETKO He KIacCH(PHUIIMPOBAHBI SKCIIEPH-
MEHTAJIbHO MOJIy4aeMble IUarpaMMbl U, COOTBETCT-
BEHHO, HE YCTAaHOBJIEH MX 00OOIICHHBIN THIT B paMKaxX
reoMEeTpUUECKON TepMOAMHAMUKUA. Bo MHOrom 310
CBSI3aHO C OCOOCHHOCTSMH KPUCTAJLTH3AIUN KPHOTIPO-
TEKTOPHBIX PACTBOPOB, OOYCIOBIEHHBIMH CIIOKHBIM
XapaKTepOM B3aMMOACHCTBUS MOJIEKYJI BOIBI A C MO-
JIEKyJlaMHi KpUOMPOTEKTOPHOTO BeniecTBa B. Bo3Hu-
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1. Introduction

Diagrams of state describing phase trajectories of
cryoprotective solutions in the coordinates of ‘compo-
sition vs. temperature’ are used to develop new and
optimize existing technologies used for cryopreserva-
tion of biological objects. However, it should be noted,
despite of numerous reports in this field [1-4, 6, 9, 10,
12—15] there is no accurate classification of experi-
mentally obtained diagrams yet and herewith these have
no established generalized type within the framework
of geometric thermodynamics. This is largely due to
the peculiarities of crystallization of cryoprotective solu-
tions stipulated by a complicated character of inter-
action between water molecules, 4, and molecules of
cryoprotective agent, B. Emerging hydrogen bonds be-
tween them have a wide energy range (1...10 kcal/mol)
1
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Temnepartypa

CKOpPOCTb M3MEHEHWs1 TeMnepaTypbl

CKOpPOCTb OXNnaxaeHus

CkopocTb HarpeBa

HavanbHas TemnepaTtypa oxnaxaaemoro pacTsBopa
TemnepaTypa nnaeneHust YUCTOro KOMMNoHeHTa A vunu B
TemnepaTtypa KpucTannmsaumm YANCTOrO KOMMOHeHTa A
wnm B

Temnepartypa CTEKNoBaHUSA (paccTeknoBaHus)
BbICOKOKOHLIEHTPMPOBAHHbIX XUOKMX bpakumn
TemnepatypHble napameTpbl fMMHUM NMKBMAYca npu
oxraxaeHuu pacteopa

TemnepatypHble napameTpbl MMHUW NUKBMAYCA Npu
HarpeBe 3aMOpPOXEHHOro pacTBopa

TemnepaTtypa 3BTEKTUKU

3BTeKTNYecKas KOHLEeHTpauus

TemnepaTypa Hayana KnacTepHoW Kpuctannusauuv npu
oxraxaeHuu pacteopa

TemnepaTypa OKOHYaHWS NMaBfieHUst KNacTepoB npu
HarpeBe 3aMOpPOXEHHOro pacTBopa

BecoBasi KOHLEHTpaLmsi KpMOMPOTEKTOPHOTO BellecTsa B
KoHueHTpaunoHHble napameTpbl Avarpamm
COCTOSIHUS

KpucTannel nega

HaHokpuctannel nbga

HaHokpucTannel BewectBa B B obonouke knactepa
AmopdHasa dpakumsa BellectBa B B obonoyke knactepa
Kpuctannbl KpMonpoTeKkTopHOro Bellectsa B

XXupgkas casa

KnactepHas dasa

Teepaas amopdHas dpakumsi

M3meHeHne cBoboaHoON aHepruv pacteopa npu
obpasoBaHuM NpocTpaHcTBEHHbIX AB-accouunaTtoB
N3meHeHre aHTanbnuu pacteopa npu obpasoBaHwuu
AB-accouuaTtoB

MN3meHeHne aHTponuu pactBopa npu obpasoBaHum
AB-accounaTtoB

KnacTtepHble 4YacTuubl Ha OCHOBE HaHOKpPUCTanmnoB fbaa
N KPUOMPOTEKTOPHOrO BELLECTBA COOTBETCTBEHHO
MameHeHWe KoHUeHTpaumm xuakon dassl npu
KrnacTepHOW KpucTannusauun

M3veHeHne KOHLUEeHTpaummn xugkon dasbl npu
obpa3oBaHUM KpUCTaNmoB nbaa

M3meHeHne obbema cuctembl Mpu KnacTepHoWn
KpucTannusauum

N3meHeHne obbema cuctembl npu obpasoBaHum
Kpuctannos nbaa

N3meHeHne obbema cuctembl Npu obpasoBaHUM Unu
nna.feHun KnacTepHblx obonoyek

TennoBble achdhekTbl, conpoBoxaatroLme obpaso-
BaHWe KPUCTasmoB fbAa W KNacTepHbIX YacTuly
CpegHsas aHeprusi BoAopoaHbix cBsidert A-B B komnnekce
AB.

Yuncno creneHelt cBOboAbI MHOrOhasHON PaBHOBECHOW
cucTemsl

Yuncno Haxopswmxcs B paBHoBecun has

Yncrno KOMMNOHEHTOB B cUCTEMe (pacTBoOpe)
Pa3mepHoCTb AnarpamMmmbl COCTOSIHUS

Pa3mepHoCTb rpaHuu, pasgensiowmx obnactu
CylLlecTBOBaHWS (ha3 Ha AuarpaMme COCTOSIHUSA

Yucrno obpasytomxcst U ucyesarowmx das npu nepexone
yepes MeXMasHytlo rpaHuLy pasmMepHocTn R,

Pa3wvep kpuTuuyeckoro sapofpilla nbAa, nexaliero

B OCHOBe 00pa3oBaHus KNacTepHOW YacTulbl Npu
Temneparype T

KoHLeHTpaLMOHHbIE NapaMeTpbl HOHBapUAHTHOM
ropM3oHTanu Ha guarpamme COCTOSIHUS

da3oBble KOMMNO3WLMK, XapaKTepHble Ans
oxnaxaaeMblX pacTBOpPOB

$a3oBble KOMMNO3NLMK, XapaKTepHble Ans
OTOrpeBaeMbIX PacTBOPOB

®dasoBble KOMMNO3ULMK, He Habnogaemble B
MCMomnb3yeMmblX KPUOMPOTEKTOPHBIX pacTBopax
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Temperature

Temperature change rate

Cooling rate

Heating rate

Initial temperature of solution to be cooled

Melting temperature of pure component either A or B
Crystallization temperature of pure component either Aor B
Vitrification (devitrification) temperature of highly
concentrated liquid fractions

Temperature parameters of liquidus line when cooling
solution

Temperature parameters of liquidus line when heating
frozen solution

Eutectics temperature

Eutectic concentration

Temperature of cluster crystallization onset when cooling
the solution

Temperature of ceasing the melting of clusters when
heating

Mass concentration of cryoprotective substance B

. C. C, C, Concentration parameters of diagram of states

Ice crystals

Ice nanocrystals

Nanocrystals of substance B in cluster covers
Amorphous fraction of substance in cluster covers
Crystals of cryoprotective substances B

Liquid phase

Cluster phase

Solid amoprphous fraction

Change of solution free energy when forming spatial
AB-associates

Change of solution enthalpy when forming spatial
AB-associates

Change of solution entropy when forming spatial
AB-associates

B, B,. Cluster particles based on nanocrystals of ice and

By + L +B)*

cryoprotective substance, respectively

AC,  Change of liquid phase concentration during cluster
crystallization
AC, Change of liquid phase concentration during ice crystal
formation
AV, Change of system volume during cluster crystallization
Ay, Change of system volume during ice crystal formation
AV, Change of system volume during formation or melting of
cluster membranes
AQ,, DO, Heating effect accompanying formation of ice
crystals and cluster particles
<g,> Average energy of hydrogen A-B bonds in associate A B
f Number of degrees of freedom in multiphase system in
equilibrium state
r Number of phases in equilibrium
q Number of components in system (solution)
R, Dimensionality of phase diagram
@*, @ Number of forming and disappearing phase when
transiting interphase boundary of dimension R,
Foe Size of ice critical nucleus being in the base of cluster
particle formation at temperature T
A, w  Concentration parameters of nonvariant horizontal in
diagram of state
(4, + Gy Phase compositions characteristic for cooled
solutions
(Ag+ L+ B Phase compositions characteristic for heated
solutions

Phase compositions not observed in the used
cryoprotective solutions

103



Karollue MEXJy HUMH BOJOPOIHBIC CBSI3U HMEIOT
HIMPOKHH SHepreTraeckrii quarna3oH (1.. .10 kkan/Monb)
1 MOTYT CYILIECTBEHHO OTJIMYATHCS 10 BETUUMHE JjaXKe
B IIpeJie]iax OJHOro KomIuiekca 4 B , tne n u m —
KOJINYECTBO MOJIEKYJ BOABI M KPUOMPOTEKTOPHOTO
BeIIeCTBa B KOMILIeKce. B pe3ynprare cmabo cBa3aH-
HBIE MOJIEKYJIBI MOTYT y4acTBOBaTh B 0Opa30BaHUH
OTJENBHBIX KPUCTAJLIOB JIbla A WM KPHONPOTEK-
TOPHOTO BEMIECTBA BS. B TO0 e BpeMsi CHUJIIbHO CBSI-
3aHHBIE ()PATMEHTBI KOMIUIEKCOB A B, TpH OXJIaK-
JIEHUU PacTBOpa HE AMCCOLMUPYIOT U NEPEXOAST B
TBepAoda3Hoe COCTOSHUE B BUAe aMopdHOH (pakium
G [5, 6] mim BTOpO# TBEpmO# (haswl [3, 11, 13]. Xapak-
TEepHO, 4TO 3Ta ¢asza, KaK MpaBuiio, odpazyercs He
P OXJIAKAEHUN KPHOTIPOTEKTOPHOT'O PACTBOPA, a TIPH
€ro MoCJIeAYIOIIEM HarpeBe BhIle TeMIepaTyphl pac-
CTEKJIOBaHHUA Tg [1, 4, 13-15]. dauuslii ¢pakt
MPOTHBOPEYHUT KIACCHUYECKHM MPEJICTABICHHUIM O
mpoueccax KpHCTaIM3allud BOJHBIX PACTBOPOB H
KpaiiHe 3aTpyIHsET BBIICHEHHE KaK MPHUPOABI ATOH
(ha3bl, TaK ¥ IPUHIIUIIOB €€ OTOOpaKEHHUS Ha Tuarpam-
Max cocToaHus. PaKTHYECKH H3y9eHIE 0COOEHHOCTEN
o0pa3zoBaHMsI BTOPOil (a3bl B JaHHOM clly4yae 3aTpa-
TUBAa€T HE TOJBKO CYry0o KpHOOHWOJIOTHYECKHE BO-
MIPOCHI, CBA3aHHBIE C 0OECTIEYEHHEM COXPaHHOCTHU
3aMOpaXMBaeMbIX OHOOOBEKTOB, HO M OIIpE/IeIeHHBIE
paszensl Teopur Ga3oBbIX npespaieHuil. [locnennee
00yCIIOBIIEHO T€M, YTO paHee MpoLecc 00pa3oBaHUs
Mofo0HBIX (a3 B CHCTEMaX C MEXKMOJIEKYISIPHBIM
B3aMMO/IEHICTBUEM KOMIIOHEHTOB, KOTOPOE MIPUBOUT
K 00pa30BaHUIO KOMITJIEKCOB, HE JUCCOLIMUPYIOIINX B
mporecce KpUCTaUIM3allii PacTBOpa, ACTAIbHO HE
M3yYancs.

B cBs13u C BBIIIEH3I0KEHHBIM B paboTe ObLT Ipo-
BEJCH aHalli3 TEPMOAMHAMUYECKHX aCIEKTOB BO3-
HUKHOBEHHS BTOPOH TBEPI0H (a3bl B KPHOIPOTEKTOP-
HBIX PaCTBOpaxX MPH UX OXJIAXKIEHUH U ITOCIIETYIOIIEM
HarpeBe, a TakXKe MPUHIMIIOB 0TOOpaKeHHsI 00acTen
€€ CyIIECTBOBAHMS HA COOTBETCTBYIOLIUX AUArpam-
Max cocTosHus ((pa3oBBIX ITuarpaMmax).

YcTaHOBIECHHBIN THUIT AMATPAMM MOXKET HCIIONb30-
BaTbCA ISt OOBSICHEHHUS SKCIIEPUMEHTAIBHO HA0II0-
JaeMBIX 3aKOHOMEPHOCTEH KpUCTAJUIN3AL[H-TIIaBIIe-
Husl HanbOonee BOCTPeOOBAaHHBIX B KPUOOHOIOTHH
KPHONPOTEKTOPHBIX PACTBOPOB.

2. Oco0eHHOCTH H300pakeHUsl KJIACTePHOI
(¢a3el Ha TMarpaMMax COCTOSIHUSI ABYXKOMIIO-
HEHTHBIX CHCTEM

N3BecTHO, 4TO OOJBITMHCTBO KPHOIIPOTEKTOPHBIX
BEIIECTB MOJHOCTHIO pACTBOPUMBI B BOJIE, @ KPUCTAI-
JIBI JIbJA TPAKTHYECKH HE COJEPkKAT IPUMECHBIX aTo-
MOB WJIA MOJIEKYJ. DTOT (haKT SBISAETCS BECKHM OCHO-
BaHWEM [ OMMCAaHUS AUAarpaMMaMH COCTOSHUS
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and can significantly differ in size even within the range
of one complex 4 B , where n and m are the numbers
of water molecules and cryoprotective agent in the
associate. As a result, loosely bound molecules may
participate in formation of single crystals of ice 4, or
cryoprotective agent B. However, strongly bound
fragments of 4 B associates during cooling of solution
do not dissociate and transit into a solid state as an
amorphous fraction G [2, 3] or the second solid state
[1,9, 12]. Specifically, this phase is usually not formed
during cooling of cryoprotective solution, but when
further heating up to devitrification temperature 7' (2,
12—15]. This fact contradicts the common ideas on
the crystallization of aqueous solutions and extremely
complicates revealing the nature of this phase as well
as the principles of its visualization in diagrams of state.
In fact, the study of peculiarities of the second phase
formation in this case affects not only very cryobio-
logical issues associated with providing preservation
of frozen biological objects, but also certain parts of
theory of phase transitions. The latter is stipulated by
the fact that to the moment there are no detailed studies
on formation of these phases in systems with intermo-
lecular interactions between components, resulting in
a formation of associates, which do not dissociate
during crystallization of solution.

In view of the aforesaid this study deals with
analysis of thermodynamic aspects which underlie the
appearance of the second solid state in cryoprotective
solutions during their cooling and following heating as
well as principles of visualizing the ranges of its
existence in the corresponding diagrams of state (phase
diagrams).

The type of diagrams set may be used to explain
experimentally observed regularities of crystallization,
i.e. melting of the most applicable cryoprotective
solutions in cryobiology.

2. Features of visualization of cluster phase in
diagrams of state for two-component systems

It is known that most of cryoprotective substances
completely dissolve in water, and ice crystals are
almost free of foreign atoms or molecules. This fact is
strong case to apply phase diagrams of an eutectic
type for describing the crystallization of both saline
and aqueous solutions of cryoprotective agents [1, 6,
12, 14]. It is also believed that these diagrams are also
suitable to describe the formation of crystal hydrates
as intermediate phases (a,b,). in aqueous solutions of
cryoprotective agents. Here the parameters k& and /
denote the ratio of water molecules 4 and cryoprotec-
tive agent B in elementary unit of a crystal hydrate. In
this case a whole diagram is divided into two or more
unified eutectic diagrams, and eutectic crystallization
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IBTEKTUYECKOTO THITA ITPOIECCOB KPHUCTAIIN3AIIH HE
TOJIBKO COJIEBBIX PACTBOPOB, HO M BOJHBIX PACTBOPOB
KpUOMPOTEKTOPHBIX BemecTs [ 1, 3, 8, 13]. Cuntaercs
TaKKe, YTO ATU AUATrPaMMBbl IPUTOIHBI U T ONMCAHUS
IIPOIIECCOB 00Pa30BaHMUS KPUCTAIUTOTHIPATOB KakK MPo-
MEXYTOUHBIX (a3 (@,h,) B BOJHBIX PaCTBOPAX KPHO-
MPOTEKTOPHBIX BELIECTB. 31ech MapaMeTpsl k u / orm-
PEAENAIOT COOTHOIIEHUE MOJIEKYN BOABI A U KpHUO-
MPOTEKTOPHOIO BEIIECTBA B B 2JIEMEHTAPHOM sTueiike
KpucTtamoryapara. B atom cinyuae obmas auarpam-
Ma pacrmajgaercs Ha JBe WM Oojee CIMTHBIE IBTEK-
TUYECKUE JUarpammsbl, a MoJ IBTEKTUUECKOW KpHC-
TaJNIM3anuel TMoJIpasyMeBaeTcs Mepexo KUJIKOU
(a3spl B cMECh MUKPOKPUCTAJIIIOB JIbJIA ¢ MJIA MHUKpPO-
KPHCTAILIOB KPUOTIPOTEKTOPHOTO BEIECTBA b € KPHC-
TaJJIOTHApPAaTaMH CTPOTO ONPENEIIEHHOr0 cocTaBa
(ab), [13].

OpHaKoO IpH IETaIbHOM aHAJIN3€ MPOIECCOB KpHC-
TaJNTN3aLlU 1 MTOCIEAYIOLIETO MIABIEHHS] pEATbHBIX
KpPHOIIPOTEKTOPHBIX pACTBOPOB BO3HUKAET P MPOTH-
BOPEUYUI MEXAY IKCIIEPUMEHTAIBHBIMHA JAHHBIMH U
3aKOHOMEPHO CTSIMH 9BTEKTHYECKOH KPUCTAILTH3AIIHH.
[Ipexxne Bcero, mpu dKCIEPUMEHTAILHOM U3y4YEHUU
KMHETUKN KPHUCTAIN3alUHd BOJHBIX PacTBOPOB Ha
OCHOBE INIUIIEPUHA, TUMETHICYIb(POKCUIA, ITUIICHTITH-
KOJISI, TOJMATHIICHOKCH/IA M LIEJIOTO Psijia APYTHX KPHUO-
MPOTEKTOPHBIX BEIIECTB HE YIAeTcs YETKO 3aduKCcu-
POBATh HE TOJIBKO IBTEKTHYECKY10 KOHIEHTpalwio C
HO M TeMIlepaTypy 0o0pa3oBaHUs IBTEKTUKU MPHU
oxnaxaennu T, . DaKTUYCCKH 3Ta TEMIIEpaTypa npH
KOHIEHTPAIMAX KPUONIPOTEKTOPHOTO pactBopa C, <
C , (C, ~— mpennonaraemasi 3BTEKTUYECKAs KOH-
LIEHTpAIHA) JOJDKHA OIPEAEIATHCS IO MOMEHTY KpHC-
TaJUIM3alUK BTOPOH TBepIoit ¢a3bl. OHAKO B peab-
HBIX CHCTeMax mpouecc oOpa3oBaHHs 3TOH (a3sl
HaOIr0qaeTcs He IpY KOHKPETHBIX 3HAUYCHHUAX TeMIIe-
parypel =T’ v koHuenrpauuu pacrsopa C,=C’_,
a B IIMPOKUX TEMIIEPATyPHBIX M KOHIIEHTPAITHOHHBIX
uHTepBanax. Kpome Toro, B OOJIBIIMHCTBE Cly4yaes
nporecc 00pa3oBaHus BTOPOii a3el BooOLIe HEe HAaO-
JIIO/IaeTCs TIPH OXJIKICHNH, a €€ 00pa3oBaHUE U TTOC-
JienyIolee rmiaBieHne GUKCUPYIOTCA IBYMS pa3ieib-
HBIMH IMKaMH Ha TEPMOTPAMMaXx IIPH MOCIENYIOIEM
otorpese. [Ipu 3TOM Kak BelIMYMHA IUIOIIAAH TOJ
TEIUIOBBIMH TUKAaMH, TaK ¥ PACCTOSTHUE MEXITYy HUMHU
a0COIOTHO HE COOTBETCTBYIOT 3BTEKTHIECKUM 3aK0-
HOMEPHOCTSIM. Tak, HarpuMep, II0IIAgb O MEPBBIM
9HAOTEPMHUUYECKAM MHUKOM, KOTOPBI OOBIYHO Tpak-
TyeTcs KakK MUK IJIaBIEHHUS «IBTEKTHKH», PE3KO
yMmenbInaercs npu yenosun C, » C°) [1,4,13, 14],
YTO SBHO IPOTHBOPEYUT KaHOHAM 3BTEKTUUYECKOU
Kpuctamnu3anuu. He cooTBETCTBYET MOJIOKEHUAM
TeopuH (Pa30BBIX MPEBPALMIEHUH U TOT SKCIIEPUMEH-
TaNBHBIA (aKT, YTO MPH JOCTKCHUN TEMIIEPaTyphI
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is supposed as the transition of liquid phase in the
mixture of ice microcrystals a_or the cryoprotective
agent microcrystals b with crystal hydrates of strongly
determined composition (a,b), [12].

However, the detailed analysis of crystallization and
following melting of real cryoprotective solutions re-
veals some contradictions between experimental data
and regularities of eutectic crystallization. First of all,
experimental study of crystallization kinetics in aqueous
solutions of glycerol, dimethyl sulfoxide, ethylene gly-
col, polyethylene oxide and the range of other cryopro-
tective agents do not allow to precisely locate either
eutectic concentration, C, , or temperature when an
eutectics forms during cooling, 7, . Actually, if con-
centrations of cryoprotective solution are C,< C°
(C,,1s estimated eutectic concentration) this tempera-
ture could be determined by the point of crystallization
of the second solid state. However, in real systems
this phase is formed within wide temperature range
and concentration intervals rather than at certain
values of temperature 7= 7", and concentration of
solution C,= C’ . Inaddition, most cases do not show
the appearance of the second phase during cooling,
and its appearance and following melting are visualized
by two separate peaks in thermograms only during
following heating. Herewith, both value of area under
thermal peaks and the distance between them are fully
not consistent with the eutectic regularities. For examp-
le, the area under the first endothermic peak usually
interpreted as peak of ‘eutectics’ melting decreases
dramatically if C, —» C° [3, 12-14], that obviously
contradicts the canons of eutectic crystallization. No
consistence with the regulations of theory of phase
transitions one could find with the fact that when
reaching the temperature 7°, , conventionally denoted
as eutectic one in the diagrams of state, the cooled
cryoprotectants are not crystallized entirely. The
remaining liquid fractions transit into solid amorphous
state only at more lower temperatures 7 JS (3.4,
14, 15].

It is also quite hard to explain a supposed preci-
pitation of eutectics, being a mechanical mixture of
single ice crystals a, cryoprotective agent b and crys-
tal hydrates (a,b))_ [12]. This process requires a suf-
ficient number of free molecules of water and cryo-
protective substance in a solution. However, the con-
centrations C°_ in the diagrams denote a liquid phase
solely of strongly bound associates 4 B, . Appearance
of pure crystals a_or b_in this solution could be
possible if substance B would lose its cryoprotective
properties stipulated by H-bonds, i. e. the following
conditions could be fulfilled: <¢,> - Oat 7T - 7" ,
where <€, > is the average energy of H-bonds in the
associate. Another case of this transition requires a
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T’ ,XoTopas yCJI0BHO 0003HAYaeTCs Ha MarpamMmax
COCTOSIHUS KaK 3BTEKTHUECKAs, OXJIaKAaeMble KPHUO-
MPOTEKTOPHBIE PACTBOPHI HE KPUCTAIUTM3YIOTCS MOJI-
HocThl0. OcTarnmecs KuAKHe Qpakuy MepexosT
B TBEp/0e aMOP(HOE COCTOSIHUE MpU OoJiee HU3KUX
Temneparypax I’ < r  [1,5,6,15].

HocraTouHo CIOMHBIM JUTSE OOBSICHEHUS SIBIISIETCS
W TIpeJIoyaraeMblid MPoIecC BHIMAJICHHUS YBTEKTHK,
COCTOSIIIIMX M3 MEXaHMYECKOH CMECH OTIEeIbHBIX
KPUCTAIUIOB JIbJIA 4, KPHOIIPOTEKTOPHOIO BELIECTBA
b wn xpucramnoruaparos (a,b))_[13]. dns peanuzanuu
3TOro Ipoliecca B pacTBOPE JOHKHO HAXOAUTHCA TOC-
TAaTOYHOE KOJIMYECTBO CBOOOIHBIX MOJIEKYJ BOABI H
KpHOIIPOTEKTOpHOTO BemecTtBa. OgHako o0o3Havae-
MBIM Ha auarpammax KoHuenrpamusm C, COOTBET-
CTBYeT Xuzkas (aza, CoCTOSIIasi UCKITIOYUTENBHO U3
CUJIBHO CBSI3aHHBIX KOMIUIEKCOB A B, . Jl1s BO3HUKHO-
BEHHUsI B TAKOM PACTBOPE OTJACIBHBIX KPUCTAJLIOB d
WM b BEIECTBO B JIOJKHO TEPSTH CBOW KPUOIPOTEK-
TOpHBIE CBOWCTBa, 00yclOBIcHHbIe H-cBsA3siMU, T. €.
HEOOXOIMMO BBITIONHEHHE YCIIOBHsA <€,> — Ompu 7" —
T ’M, e <€,> — cpennss sHeprust H-cBsaseit B acco-
uuare. [Ipyroil BapuaHT Takoro mepexoga Tpedyer
PE3KOT0 MOBBILICHHUS BEPOSITHOCTH (DITyKTyallnOHHBIX
paspeiBoB H-cBsaseid npu 7 —» T° . O4eBUIHO, YTO
00a ycioBus NpOTUBOpeYaT YU3NIECKOMY CMBICITY.

Oco0eHHO MPOOJEMAaTUYHO HCIIOIb30BAHUE
TEPMUHA «IBTEKTHUYECKas KPUCTAIIU3ALUA» A
CHCTEM, B KOTOPBIX OJIMH M3 KOMITOHEHTOB IIPU Pealib-
HO HCHOJB3YEMBIX PEKHUMAaX OXJIAXKIECHHUSI-OTOTPEBA
HE KPUCTAJUIN3YETCs BOOOIIEe, HAIpUMeEp JJIsl BOJIHO-
[JIHIEPUHOBBIX PACTBOPOB.

OueHb CITIOPHBIM MPEJICTABIISIETCS OMTUCAHUE KPUC-
TAJJTM3aLUHI KPUOIIPOTEKTOPHBIX PACTBOPOB HAOOPOM
CIUTHBIX 3BTEKTHYECKHX AUarpaMm, B KOTOPBIX
MPOMEKXYTOUHBIMU (pa3aMH BBICTYNAIOT KPUCTAILIO-
rugparel. Takumu ¢azaMu MOTYT SBISITHCSI TOJNBKO
KPUCTAJUIOTHAPATHL CTPOr0 MOCTOSIHHOTO COCTaBa C
PETYISPHON KPUCTAIUIMYECKON PELIeTKON, KOTOpPhIE
00pa3yroTcs Kak B MpoIecce MpeaBapUTEILHOTO
OXJIXKICHVSI, HHYKE JIMHUY JINKBHU]YCa, TAK U TPH 3B-
TEKTHYECKOM TMEPeXoie KHUIKOH (a3bl B CMECh KpHUC-
TAJUIOB JIbJIA @ ¥ KpUucTauoruaparos (a,b,) . Onnako
perynspHble KPUCTAIIMYECKHE PEIIeTKH Ha OCHOBE
MOJIEKYJI BOJIBI U TIEPEUHCIICHHBIX KPUOITPOTEKTOPHBIX
BEIIECTB 10 HACTOALIETO BPEMEHH HE OOHAPYKEHBI.
OcCO0EHHO CIIOKHO MPENCTaBUTh 00pa30BaHUE TAKUX
PEILIETOK B yCIOBHUSX, IPH KOTOPBIX B OXJIAXKIAEMOM
pacTBOpe BCIEJICTBUE POCTa KPUCTAIOB A win B
MOCTOSIHHO M3MEHSETCS] COOTHOILEHHE MOJNEKYN 4 H
B. B Takom citydae HeoOXOANMO HOCTYJINPOBATh BO3-
MOXHOCTb CYIIIeCTBOBAHHS BIOJb OCH KOHIICHTPAIIUii
C, Habopa KpUCTaIOTHAPATOB Pa3HOro cocrasa [13].
B TO Xe Bpemsi cMOmeIMpoBaTh COOTBETCTBYIOIINE
3TOMY MIPEANIOTIOKESHHIO PETYIISIPHbIE KPUCTAIITHIEC-
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sharp increase of probability of fluctuation breaks in
H-bondsat 7' —» 7", . Both conditions apparently have
no physical sense.

Using the term ‘eutectic crystallization’ is especially
questionable for systems wherein one of the compo-
nents do not crystallize at all under the used regimens
of freeze-thawing, for instance, aqueous-glycerol solu-
tions.

Quite controversial is also the visualization of crys-
tallization of cryoprotective solutions by the set of
superposed eutectic diagrams where crystal hydrates
serve as intermediate phases. These phases may be
only the crystal hydrates of strictly constant composition
with regular lattice formed both during precooling
below liquidus line and during eutectic transition of liquid
state into the mixture of ice crystals a_and crystal
hydrates (a,b) . However, no regular lattices based
on water molecules and mentioned cryoprotective
agents have been revealed so far. It is hard to imagine
the formation of these lattices under conditions when
the ratio of molecules 4 and B constantly change in a
cooled solution due to the growth of crystals 4 or B..
In this case one has to postulate the possible existence
of set of crystal hydrates of different composition along
the concentration axis C, [12]. At the same time, it is
impossible to model regular lattices corresponding to
this assumption. Such an inconsistency of experimental
data and parameters of eutectic crystallization rise the
issue concerning the nature of the second phase in
aqueous solutions of cryoprotective agents and peculia-
rities of its visualization in diagrams of state.

As one of the possible answers to this question is
previously investigated probability of formation of
microcrystals a_and b_without breaks in hydrogen
bonds in associates 4 B . [8-10]. In particular, for crys-
tals a_during coohng of cryoprotective solution such a
possibility appears at T < T, (Fig. 1) [9, 10] when of
ice crystal nuclei acquire such a critical size whereby
they can form the clusters without breaks of A—B bonds
due to combination of 4 B associates. Herewith, the
number of water molecules in the forming cluster should
be consistent with the condition of critical nucleus
within the specific temperature interval [11]. Naturally,
in this case the aggregates are primarily replenished
by the associates with maximum amount of bound wa-
ter, and then by less hydrated molecules as temperature
decreases. This means that cluster crystallization is
implemented within quite a wide temperature range
T..T, that is totally different to cluster crystallization,
occurring at constant temperature 7= T, . The model
of cluster particle formed of water molecules 4 and
cryoprotective agent B without break in existing be-
tween them H-bonds is presented in Fig. 2.

Typical structure of the forming particles of cluster
phase 3 is schematically shown in Fig. 3. The forming
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KM€ PEeIIETKH MPaKTUYeCKH HEBO3MOXHO. B pe3yinb-
TaTe TAKOI'0 HECOOTBETCTBUS MEXKTY IKCIIEPUMEHTAIb-
HBIMU pe3yJIbTaTaM1 U TapaMeTPaMU dBTEKTUUECKOI
KPUCTAJITN3ALMU BO3HUKAET BOIIPOC OTHOCUTEIBHO
MPUPOJIBI BTOPOH TBEPIO# (Pas3bl B BOJHBIX PACTBOPAX
KPHOMPOTEKTOPHBIX BEIIECTB U OCOOEHHOCTEH ee
O0TOOpaXeHHs Ha JUarpamMmax COCTOSHHSA.

Kax ogmn 13 BapmaHTOB OTBETa Ha 3TOT BOIPOC
paHee ObLTa pacCMOTPEHA BEPOSITHOCTh 00Pa30BaHUS
MUKPOKPHUCTAJIOB a ¥ b _0€3 paspbiBa BOIOPOIHBIX
cBsseil B kommiekcax 4 B [10-12]. B yactHocrty,
JUTSL KPUCTAILIOB @ TaKas BO3MOXKHOCTb B TIPOLECCE
OXJAXKIEHHSI KPHOIIPOTEKTOPHOTO PacTBOpa BO3HU-
kaet pu remneparypax I'< 7. (puc. 1) [11, 12], korna
KPUTHYECKHE 3apOBIIIN KPUCTAJUIOB JIbJla JOCTUTa-
0T TaKHX Pa3MepoB, PH KOTOPBIX OHU MOTYT 00pa3o-
BBIBAThCS BCJIEICTBUE COEIMHEHMS KOMILIEKCOB A B
B KJlactepsl 0e3 paspeiBa cBs3eil A—B. [lpu stom
HE00X0AnMO, YTOOBI KOJIMYECTBO MOJIEKYJ BOJIBI,
HaXOIAIINXCA B 00pa3yeMoM KJlacTepe, COOTBETCTBO-
BaJIO YCJIOBHIO JJISI KPUTUYECKOTO 3apOJIBIIIA B KOHK-
peTHOM TemIiepaTypHoM uHTepBaie [2]. EctecTBeH-
HO, 4TO B 3TOM CIIy4ae B arperarbl cCHaJgasa Iepexo-
OAT KOMIUIEKCHI ¢ MaKCHUMaJbHBIM KOJIMYECTBOM
CBSI3aHHOM BOJIBI, & TI0 MEPE MMOHMKEHUS TEMITEPATYPhI
MEHee THAPAaTUPOBAHHBIE MOJIEKYJIBl. DTO O3HAUAET,
YTO KJacTepHasi KpUCTANIN3aLUs PeaTu3yeTcs B J0-
CTAaTOYHO IIMPOKOM Auanasoxe temneparyp I...T,
YTO MPUHIUIHAIBHO OTINYAET €€ OT IBTEKTHIECKON
KPUCTAJUIM3alMK, POTEKAIOEH IPU MOCTOSHHOU
temmeparype =17, . MoJesb KIacTepHO# YaCTHIIBI,
00pa30BaHHON M3 MOJIEKYN BOIbI A M KPHOIPOTEK-
TOPHOTO BellecTBa B 0e3 pa3pbiBa CYIIECTBYIOIIUX
Mexay HuMHu H-cBs3eil, moka3ana Ha puc. 2.

Tunmgnas cTpykTypa 00pa3yIomUXcs YacTUII Kac-
TepHOH (a3pl B, cXxemMaTHYECKH IOKa3aHa Ha puc. 3.

Puc. 2. Mogenb nonepevyHoOro ceyvyeHus knacTepa,
obpasoBaHHOro u3 28 komnnekcos A B 1 cogepxallero
150 monekyn Bogbl A B cocTaBe MUKpOKpUcTanmna nbaa
a,. He sawTpuxoBaHbl CBA3aHHbIE MOJEKyIbl BOAbI,
nexawjue BHEe MIOCKOCTU CeYEeHUs.

Fig. 2. Model of cross-section of a cluster formed of 28
A"B complexes and containing 150 water molecules A as
a component of ice microcrystals a_. Bound water mole-
cules being beyond section plane are unshaded.

npo6nemMbl KpMOOGMONOrMM M KPUOMeEeAULMHbDI
problems of cryobiology and cryomedicine

Tom/volume 24, Ne/issue 2, 2014

T
Tma
L
As+L
Teo |2 Aco
Tt b e o . At
To b —————— —— — — A\ e
As+L+Be i’
LtBe\ g
Ts EE—
.
As+G+Be G| G
L |
Co Coo Ca Cg (g

Puc. 1. ®parmeHT gnarpammbl COCTOSIHUS, BKITHOYaKOLLEN
obnacTb CyLieCTBOBaHMA KnacTepHomn asbl B, 1 cooTBeT-
cTBylolet ycnosuio T > Tg, roe T; — nuHus nukeuayca
thasbl B, Npu oxnaxoeHun pacTeopa.

Fig. 1. Fragment of diagram of state which includes the
areas of cluster phase, B existence and meeting the

condition T;> T , where T is the liquidus line of phase 3,

during cooling the solution.

clusters are not crystal hydrates which possess a tight
ratio of water molecules and cryoprotective agent as
well as strictly regular distribution of spatial crystalline
lattice. Furthermore, this approach admits the formation
of cluster particles of two types: with amorphous
(Fig. 3A) or crystalline (Fig. 3B) membranes of cryo-
protective agent molecules. However, the principles
of plotting such phase diagrams with cluster phase
being the particles with stated structure require a
careful analysis based on the regularities of geometric
thermodynamics.

To begin with, these diagrams must meet the main
conditions resulting from Gibbs phase rule [11].

The first condition is the variance of system (the
number of its degree of freedom) f at constant pressure:

f=q-r+1, (M

where ¢ is the number of components, » — number of
equilibrium phases.

The second condition is the dimensionality of
boundaries between the phases in equilibrium:

R,=R,—® -, @)
where R, is the dimensionality of the boundary; R, is
the dimensionality of diagram; ®* and ®~ are the
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OO6pa3yromuecs: KJIacTephl He SBISIOTCS KPUCTAILIIO-
THApaTaMy, KOTOPBIE XapaKTEpU3YIOTCA 3aJaHHBIM
COOTHOIIEHHEM MOJIEKYJ BOZIBI U KPHOIPOTEKTOPHOTO
BEIIECTBA, & TAKXKE X CTPOTO PErYIIPHBIM PacIoNo-
JKEHUEM B INPOCTPAHCTBEHHON KPHUCTAJIHYECKOUN
pemrerke. bosnee TOro, JaHHBIN MTOJIXO/T 0Ty CKaeT 00-
pa3oBaHKeE KIACTEPHBIX YACTHUII ABYX THUIIOB: C aMOpQ-
HO# (puc. 3, A) wim Kpucramumueckoit (puc. 3, B)
000JI0YKaMH M3 MOJICKYJI KPUONPOTEKTOPHOIO Be-
IecTBa. O)IHaKO IIPUHIHUIIBI ITIOCTPOCHUA JUarpaMm
COCTOSIHUSI, COZIEpKAIMX KIAcTepHYyIo (a3y B BUAE
YaCTHII C TAKOH CTPYKTYpOii, TpeOyeT OYeHb TIATEIb-
HOTO aHaJIM3a Ha OCHOBE 3aKOHOMEPHOCTEH TreoMeT-
pUYECKON TEPMOANHAMUKU.

B mepBylo ouepenp, Takue AUArpamMMbl JOJIKHBI
YIOBJIETBOPSTH OCHOBHBIM YCJIOBHUSIM, BHITEKAIOLIIM
u3 npaswmia a3 [mdo6ca [2].

[lepBoe ycnoBue — BapuaHTHOCTH CUCTEMBI (UHCIIO
ee crerneHei cBo00abl) f Py MOCTOSHHOM JaBJICHUH:

f=q—-r+1, (D

IJIe ¢ — YMCIIO KOMIIOHEHTOB, 7' — YHCJIO PABHOBECHBIX
¢bas.

Bropoe ycioBue — pasMepHOCTb IPaHHI] MEXKITY
HaxOSAIIMMICS B paBHOBECHH (Da3aMu:

Rb:Rd_q)+_¢_’ (2)

rae R, — pa3MepHOCTh IPaHHMIIbI; R, — pasMEPHOCTh
nuarpammbl; @ u @ — yncnao 00pa3yomKXCs U Uc-
ye3aromux (a3 npu nepexose yepes MexdazHyo rpa-
HUITy COOTBETCTBEHHO.

AHaJn3 TIOKa3bIBAET, YTO (parMeHT Takol auar-
paMMBbI MOXKET UMETh BUJI, IPEICTABIECHHBIN Ha pHC. 1.
JaHHas quarpaMmma OIUCBIBAET CIEAYIOIINE 0COOeH-
HOCTH KJIACTEPHOM KPUCTAJUTN3AIINH:

— KJacTepsbl 3, 00pasyloTcs B IMPOKOM JHANa30He
temneparyp T CO...Tg, awenpu T'=T = const, KaK
3TOTO TpeOyeT 3BTEKTHUECKAs! KPUCTAJUIN3ALHUS;

— CYIIECTBYIOT KOHIIEHTPAIIMOHHbBIE WHTEPBAJIbI
C,> C_, B KOTOPBIX HE 00pa3ylOTCs OTJAEIbHBIE
KpHUCTAJUIBI JIbJ1a WM KPHOIIPOTEKTOPHOT O BELIECTBA,
YTO 0053aTEIBbHO B [UarpaMMax 3BTEKTHUECKOTO TUIIA
BIIOJIb BCE ocH KOHIIeHTpanuii C P

— CTPYKTYpa KJIacTepOB MPUHIUITHAIEHO OTIINYAET-
Csl OT CTPYKTYpPBI KPUCTAJUIOTHAPATOB, IJs1 KOTOPBIX
XapaKTEPHBI pETyIsPHbIE KPUCTAIITNYECKHIE PEILIETKN
13 MoJiekyn A u B;

— IPHM KCXOHBIX KOHIIEHTPAIMSX BOIHOTO PAaCcTBOpPA
C, < C, KxnacTep COCTOUT U3 KPUCTAILTHYECKOTO s1pa
a_, OKPY>KEHHOTO MOJIEKYJIaMH B, CO3IaI0IIMMU MEXK-
(hazHyI0 rpaHHIly, KOTOpast MOXKET HaXOIUTHCS KakK B
aMop(HOM, TaK ¥ B KPUCTAIUTNIECKOM COCTOSHUU;
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number of forming and disappearing phases when tran-
siting interphase boundary, respectively.

The analysis shows the appearance of fragment of
such diagram as in Fig. 1. The presented diagram could
describe the following peculiarities of cluster crystal-
lization:

— clusters (3, are formed within the wide tempe-
rature range T'...T, rather than 7= T = const as is
required during eutectic crystallization;

— there are the concentration ranges C,>C_,
wherein no single crystals of ice or cryoprotective
agent are formed, that is mandatory in eutectic diag-
rams along the whole axis of concentrations C,;

— structure of the cluster principally differs from
the structure of crystal hydrates with regular lattices
of molecules 4 and B;

—in case of initial concentrations C, < C, the cluster
consists of crystalline nucleus a_surrounded by mole-
cules B creating interphase boundary which may be
both in amorphous and crystal state;

— temperature decrease is accompanied with
changes in cluster phase composition changes, as less
and less hydrated molecules start to take part in cluster
formation, so the ratio of molecules 4 and B is not
constant.

The last peculiarity of cluster crystallization eli-
minates apparent disconformity with the condition of
variance (1) which could be found in diagram shown in
Fig. 1. According to this condition a three-phase binary
system is non-variant. Its geometric appearance in
diagram of state consists of three superposed figurative
points on horizontal line 7= 7(C,) = const correspon-
ding to composition of phases being at this temperature
in equilibrium with each other. Typical example of this
non-variant system is an eutectic horizontal 7', = const
describing the equilibrium of phases 4 , B and L. While

Puc. 3. Cxematnyeckoe nsobpaxxeHue KrnactepHbIX Yac-
TWU, BKIIOYAOWMX A4pa U3 MUKPOKPUCTaNSIoB fbaa a_ u
060M0YKkM N3 MOMEKyNn KPMOMPOTEKTOPHOro BeLlecTBa,
Haxogsilwmecs B aMopdgHOM bg (A) ¥ KpMCTanIM4eckom b,
(B) cocTosiHusAX.

Fig. 3. Schematic image of cluster particles including the
nuclei of ice microcrystals a, and cover of cryoprotective
substance molecules being in amorphous b, (A) and
crystalline b_ (B) states.
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— C MOHI)KEHUEM TEMIIEPATypbl U3MEHSETCS COC-
TaB KJIACTEPHOH (a3bl, TaK KaK B 00pa30BaHHUM KJIacTe-
POB IPUHUMAIOT y4acTHE BCE MEHEE THIpaTHpPOBaH-
HbIE€ MOJIEKYJIbl, © COOTHOIIEHHE MOJNEKY1 A U B B
KJIacTepe He ABISAETCS MTOCTOSHHBIM.

ITocnemusst 0COOEHHOCT KIACTEPHON KpHUCTa-
JMA3aIAN YCTPAaHSIET KaXKylleecs HEeCOOTBETCTBHUE
yCIOBUIO BapuaHTHOCTHU (1), mpeacTaBIeHHOW Ha
puc. 1 nuarpammel. COTITIacHO ATOMY YCIOBHIO, TPEX-
(haznas OuHapHas cucrema HOHBapHaHTHa. Ee reo-
MeTpUYecKuil 00pa3 Ha TuarpaMMe COCTOSIHAN — TpH
conpsbKeHHbIE (PUTypaTUBHbIE TOYKH HA TOPU30HTAITb-
Hoit unun T'= T(C,) = const, KOTOPbIE COOTBETCTBYIOT
cocTaBy ¢a3, HaXOAALIMXCS IPU JaHHOH Temreparype
B PaBHOBECUH JPYT C APYTroM. TUMHYHBIM IpUMEPOM
TakOW HOHBapHAaHTHOW CHCTEMBI SBISETCSA IBTEKTH-
4ecKasi FOpusoHTans I, = const, ONUCHIBAKOIIAS PAB-
Hosecue ¢az A, B u L. ITockonbKy COCTaBbI 9TUX
(ha3 cTporo onpeneneHsl, TO NX paBHOBECHE HE MOXKET
OosbIe peann30BaThCs HU PU KaKoH APyTOH TeMIie-
patype.

[MpuHIMNIHATBHO WHAS CUTYyalusi HaOIonaeTcs B
cllydae KJacTepHOU kpuctamumzanuu. Ee Hagano npu
OXJIXK/ICHUH PACTBOPA OIUCHIBACT FOPU3OHTAIb T\ =
const (cM. puc. 1). 3mech Touka () COOTBETCTBYET KPUC-
Tanmuueckoi ase 4 , Touka A IpeacTaBiseT coboi
ciuBIIMECs (GUTYypaTUBHBIE TOUKHU KUAKOHN L 1 Kitac-
TepHOH B, a3, cocTaB KOTOPBIX ONpPENENIeTCs KOH-
uenrpanueii C ¥ pasMEPOM 7, . KPUTHYECKOTO 3apO-
aelma spaa npu remnepatrype 7. C nanpHelmmum
HOHWKCHHEM TeMIIEpaTypbl, Harpumep ot 7, o 7.,
pa3Mep KpUTHIECKOTO 3apOIbIIIa JIbJja BHYTPH KJlac-
TEPHOU YaCTUIIBI YMEHBUIAETCS OT . 10 7', .. DTO IPH-
BEJET K UBMEHEHHUIO COOTHOILIEHUS YNCIIa MOJIEKyN 4
1 B B KITaCTEpHBIX YACTHIIAX, T. €. K BApHALUAM COCTa-
Ba kyactepHol asel. [losromy mipu remneparype 7T,
B PaBHOBECHM C KPUCTAIIaMHu Jbaa A B TOuke A
OymyT HaxomuThest (Basbl L 1 B, 1pyroro cocrasa, co-
OTBETCTBYIOWIETO KOHIEHTpaluu C ... ITO OTPaXKeHO
Ha puc. | paBHOBECHOM ropu3oHTanbio 7, = const.

Amnanornynbie ropusontanu 7, = constu T, e T e
const OTpaxkaroT Tpex(asHble paBHOBECHBIE COCTOSI-
HUS TIPU JajdbHEWIIEM MOHMXEHHH TEeMIIepaTyphl.
Taxum 006pazom, B OTIMYHE OT IBTEKTHUECKOH KpHC-
TaJUTN3all1, Y CUCTEMBI ¢ KITacTepHOU (a30if mosB-
JISieTCs IOTOIHUTENbHAst IepEMEeHHas — cocTaB (ha3bl
B, KOTOpas yBENMYMBAET YUCIIO CTEMEHEH CBOOOIBI
Tpexda3zHoil OuHapHOW cucteMbl. B pesynbrare
paBHOBeCHbIE cOCTOsiHUA (a3 A, L u B B uHTEpBaNe
temneparyp T... T, , COOTBETCTBOBYIOT JINHUH Ao
)\g (cm. puc.1). Crienyer oTMETUTBH, YTO COCTaBHI (ha3
L v B M3MEHSI0TCS KOPPENTMPOBAHHO, TIO3TOMY YHCIIO
creneneil cBoboabl B AByXx(haszHoi cucrteme L + 3
YIIOBJIETBOPSIET KiaccuueckoMmy ycioBuio (1) (cm.
puc.1).
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composition of these phase is strictly determined, their
equilibrium could not be implemented at any other tem-
perature.

Principally different situation is observed in case
of cluster crystallization. Its onset during cooling of
solution is described by a horizontal T, = const (Fig. 1).
Here the point w corresponds to a crystal phase 4,
A, represents the superposed figurative points of liquid
L and cluster 3, phase, which composition is determined
by concentration C and size r,. of critical ice nucleus
at temperature 7. The following fall of temperature,
e.g T, downto T, is accompanied with a decrease
of the size of critical ice nucleus inside the cluster
particle from  .down to 7, .. This causes the change
in ratio between 4 and B molecules number in cluster
particles, i. e. variations in composition of cluster phase.
Thus, at the temperature of 7, the ice crystals 4 in
the point A, would be in an equilibrium with the phases
L and B, of another composition corresponding to
concentration C_,. Fig. 1 represents this as a horizontal
T,, = const.

Similar horizontals 7, = constand T, = T = const

.02 g oLE
reflect three-phase equilibrium states during following
temperature decrease. Thus, unlike eutectic crystalliza-
tion a system with cluster phase has an additional
variable, i. e. the composition of phase (3, which
increases the number of degrees of freedom in three-
phase binary system. As a result the equilibrium states
of phases 4, L and 3 within the temperature range
Ty T, correspond to the curve A~ 7\g (Fig. 1). It
should be noted that compositions of phases L and {3,
change correlatively, so the number of degrees of
freedom in two-phase system L + 8 meets a classical
condition (1) (see Fig. 1).

3. Description of cooling-heating processes for
cryoprotective solutions with superposed state
diagrams

According to the experimental data [1, 2, 4, 12—
15], the second solid phase 3 in cryoprotective solutions
with an initial concentration C, < Cg in most cases is
formed not during cooling of solution, but during its
following heating from the temperature of amorphous
fractions devitrification. This enables suggesting the
phase B, to be formed in two stages. At the first stage
the spatial associates of hydrated molecules of a cryo-
protective agent appear in the solution during cooling,
and the single fragments of them are involved into
formation of the cluster phase particles at the second
stage. In this case one should consider the fact of a
decrease in the system entropy by AS as a result of
associate formation and solution structurization. If the
value AS is essential, the first phase implementation
is only possible at low temperatures 7' < T , when
T AS summand meets the following condition:
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3. OnucaHue NMPOIECCOB OXJAKIEHUA-0TO-
rpeBa KpUONPOTEKTOPHBIX PACTBOPOB COBMe-
IIEHHbIMU AHATPAMMAMH COCTOSIHUI

CornacHo 3KCIepUMEHTaNbHBIM NaHHbIM [1, 3, 4,
6, 13-15] Bropas TBepaas ¢asa 3, B KpHONpPOTEK-
TOPHBIX PACTBOPAX € HCXOAHOM KOHIEHTpanuen C,<
Cg B OOJBIIMHCTBE CIy4aeB o0Opa3yercs He IpH
OXJIQKJECHUH PACTBOPA, a IIPU €ro NOCIEAYIOLIEM OTO-
TPEeBE OT TEMIIEPATYPHI PACCTEKIOBAHUS aMOP(PHBIX
(dpaxiuii. OT0 MO3BONISIET NPEAIOI0KUTE, YTO (a3a
B, obpasyerca B 1Ba sTana. Ha nepsom sTane B 0x-
JIaK1aeMOM PAaCTBOPE BOZHUKAIOT IPOCTPAHCTBECHHBIE
ACCOIHMATHI THAPATHPOBAHHBIX MOJIEKYJI KPHOTIPOTEK-
TOPHOTO BEIIECTBA, U3 OTACIBHBIX (ParMeHTOB KOTO-
PBIX 00pa3yroTcs YacTULBI KiacTepHOU ¢a3bl Ha
BTOpOM 3Tamne. [Ipu 3ToM HE0OXOUMO YUYUTHIBATS,
YTO B pe3ysbTaTe 00pa30BaHUs aCCOIUATOB U CTPYK-
TYPHPOBAHUS PACTBOPA YMEHBIIIACTCS YHTPOIIHS CHC-
TEeMBI Ha ASaS. Ecnu Benuuuna ASaS CYLLECTBEHHA,
TO peanan3alus NepBOro ATarna BO3MOXKHA TOJIBKO MPU
HU3KMX Temneparypax 7' < T , KOrja ciaraemoe
T AS,  ynoBIETBOPSET CIEAYIOIEMY YCIOBUIO:

AG, =AH, —T AS <0, 3)

rne AG  — u3MeHeHue CBOOOIHOM HEPTUU CHCTEMBI
npu o0pa3oBaHUU accoumaros; 7 — Temreparypa
HaJaja MpOIECCOB acCOLMALUM MPHU OXJIaXKIECHUU
pacTtBopa.

OueBuHo, yto B pactBopaxc I’ = T , peanusarys
BTOPOTO 3Tarna MpH OXJIAXKIECHUN MAJIOBEPOSITHA B CUITY
PE3KOTO MOBBIILIEHHS BSI3KOCTH >KUAKUX (Dpakiuii B
mporecce crekiaoBanus. OIHAKO MPH MOCIETYIOIEM
HArpeBe BBIIIE Tg, [0 MEpEe YBEIUYECHUS TEIUIOBOU
MOJBMKHOCTH MOJIEKYJ B 00pa30BaBIIMXCS MPHU OX-
JIAXKJIEHUH accolaTax, CBOpaulBaHUE 3THX accolha-
TOB WK MX (parMeHTOB B KiacTephl B -pasbl MOKeET
MIPOMCXOIUTH IOCTATOYHO aKTUBHO.

EcTecTBeHHO, UTO B TaHHOM CUTyaLlUU AUArpaMMBbl
COCTOSIHUS1, OMCHIBAIOINE OXJIAXKICHHUE U TIOCIEIYIO-
LIV HarpeB, pacTBopa OyIyT UMEeTh pa3HbIi BUI. Tak,
HarpuMep, THITMIHBIA BUJI AXAr paMMBI, OTTMCHIBAIOIIEH
MOBE/ICHNE OXJIaXKJAEMBIX JBYXKOMIIOHEHTHBIX BOJ-
HBIX paCTBOPOB KPHOIPOTEKTOPHBIX BEILIECTB C UCXO-
HOM KOHUEHTpanuen C, < Cg, rmokasaH Ha puc. 4. B to
YK€ BPEMs, €CIIH IPH MOCIEIYIOIMEM OTOTPEBE ATHX
pPacTBOPOB B HUX MPOTEKAET KJIACTEPHAS KPUCTAIIIH-
3anus, ux (a3zoBble COCTOSHUS COOTBETCTBYIOT JUar-
pamMme, mpeacTaBieHHON Ha puc. 1. DakTudecKu
HarpeB IpeABapUTETHHO OXIAKASHHOTO HUKE TEMIIe-
patypsl T pacTBOpa CONPOBOKIACTCS NIEPEXONOM OT
JMarpaMMBl, IPEJICTaBICHHON Ha puC. 4, K TUarpamMmme,
NIpUBEICHHOM Ha puc. 1. AHaJIM3 IPOTEKAIIUX IPU
3TOM IIPOIECCOB YI0OHO POBOIUTD, HAJIOXKHUB TAHHBIE
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AG =AH —-T AS <0, 3)

where AG  is a change in the system free energy
during formation of associates; 7 is the temperature
of onset of association processes during cooling of the
solution.

It is evident that in the solutions with T’ = T . the
implementation of the second stage during cooling is
slightly probable due to a sharp increase in the viscosity
of liquid fractions during vitrification. However, during
subsequent heating above T 8 with a rise of thermal
mobility of molecules in the associates, formed during
cooling, the folding of these associates or their frag-
ments into 3, phase clusters may occur quite actively.

Of course, the state diagrams describing the cooling
and subsequent heating of the solution would appear
differently in this situation. For example, Fig. 4 shows
a typical appearance of diagram that describes the
behaviour of cooled two-component aqueous solutions
of cryoprotective agents with an initial concentration
of C, < Cg. Meanwhile, if during the subsequent
heating of these solutions the cluster crystallization
occurs, their phase states correspond to the diagram
shown in Fig. 1. Actually, the heating of the solution,
previously cooled below temperature 7' . is accompa-

|
As+G : G

CO Cg' CB

Puc. 4. dparmeHT gnarpammbl COCTOSHWUS, ONMCbIBaOLLEN
oXnaxaeHue KpuonpoTEKTOPHOro pacTeopa npu yCriosBumn
T;= Tg B MHTepBarne KOHUEeHTpauuii KpMonpoTeKTOPHOro
BewecTea C,... Cg‘.

Fig. 4. Fragment of diagram of state describing cooling of
cryoprotective solution under the condition T, = T_ within
the range of cryoprotective substance concentration
C,...C.

g
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auarpaMMmBbl IpyT Ha JApyra, Kak 3TO CHIeJlaHO Ha
puc. 5. Paccmotrpum (hparMeHTHI TaKMX COBMEIICH-
HBIX IMarpaMM COCTOSHUS B MHTEPBAJIE KOHLIEHTpaLUi
GG nonpobuee. CoriacHO MpencTaBICHHON Ha
puc. 5, A cxeme, IpH OXJIKACHUN pACTBOPA C UCXO-
HOM KoHUeHTpanued C,’ B HeM npu Temmneparype T,
HAYUHAETCS 00pa3soBaHKUE KPUCTAIUIOB Jibaa A, KO-
TOPOE 3aKaHYMBAETCS MTPU JOCTHXKEHUH TEMIIEPATYPBI
cTeK10BaHusA T, M KOHLEHTPALHH Cg‘. B ciyuae
MTOCJIETYIOIIEr0 HarpeBa 3TOr0 pacTBOpa C TOW ke
a0COJIIOTHOM CKOPOCTHIO M3MEHEHUSI TEMIIEPaTyphl
eMy OyZeT COOTBETCTBOBATh AMAarpamMma COCTOSHHA,
nocrpoennas o toukam I,"u TJ, (puc. 5, A, myHK-
TUpHBIE TMHUH). [lo3TOMY TpaekTopus oTorpeBa pacT-
BOpa, u3o0paxenHas B koopaunarax 7(C,), Oyner
OTKJIOHATBCS OT JUarpammbl 7,” W NPHOIMKATBCS K
nuarpamme 7. Takas Tpaekropus 1is pactsopa C,’
m300pakeHa Ha pUC. 5, A OTACIBHBIMU CTPEIIKaMH,
HalpaBJIEHHBIMH B CTOPOHY TOBBIIIEHHS TEMIIEPATYPBI,
u otMeueHa nugpoii 1. CornmacHo 3ToH TpaeKTOpUu B
UHTEpBaJie TEMIIEPATYP Tg...T ~ B pactBope OynyT
(hopMHpoBaThCA U 3aTeM IIABUTHCS YACTHIIBI KiIac-
TepHOH (asbi 3 . OOpasoBaHKe MaKCUMAIbHOTO KOJIH-
4eCTBA KJIACTEPHOM (askl 3, IIpH 3TOM COOTBETCTBYET
OTKJIOHEHHIO KOHLICHTPAIUH JKUIKOH (pasbl OT 3HAUSHHUS
C, ma AC). OTO OTKIIOHCHHE BBI3BIBACT COOTBET-
CTBYIOI_LII/IG 06T>GMHBIC AV’ wn temnoseie Q) ddek-
TbI, KOTOpPBIE OTan(aIOTCﬂ Ha 3KCIEPUMEHTAIBHO
MOJTyYaeMBbIX JWJIATO- WM TepMorpammax [1, 4 ,11,
13—15]. ®akTH4ecKn OTOrPEB TAKOTO pacTBOpa MpH-
BOJIMT K TIOSBJIEHUIO Tpex(aszHoi cuctemsl (4 +L+{3 )",
00J1acTh CyILECTBOBAaHUS KOTOPOil HAa TnarpaMMax Ha
puc. 5 orMeueHa WITpUXoBKOW. 1Ipu mpoxoxnenun
Yyepes 3Ty 001acTh OTOrPEBAEMOTO PacTBOPA C HAYaITh-
HOU KoHUEeHTpauue C S Cg’ B HEM MOXET 00Pa30BbI-
BaThbCs HE TOJIBKO KjacTepHas (asza, HO U JOIOJIHU-
TeNbHAs Macca KpUCTajuios yibaa 4 . Takoe sBieHue
MOYET BO3HHKATh TpH yciaoBun I >> T u ero Be-
POSITHOCTB CYIIECTBEHHO MOBBIIIAETCS MPH JUTUTENb-
HBIX BPEMEHHBIX OCTaHOBKaX B 00JIaCTH TeMIEpaTyp
Tg...TC*. COOTBETCTBYIOIINE 3TOMY TpoIeccy 3¢-
(exto! onmcanu panee V.L. Bronsteyn u P.L. Stepon-
kus [7].

B cBoro ouepens oxnaxkaeHue pacTBopa ¢ Hadallb-
Hoi konuenrpaunu C,”, (puc. 5, B) npuBoaut k ero
TIOJTHOMY CTEKJIOBAHHIO IpH Temneparype T, 6e3 ka-
KUX-TH0O MPOMEXKYTOUHBIX (Pa30BBIX MEPEXOAOB.
[TocnenyromeMy HarpeBy 3TOrO pacTBOpa COOTBET-
CTBYET TPAEKTOPHSI 2, COTIACHO KOTOPO B HEM IIPOHIC-
XONIUT KIIacTepHasi KPUCTAJUIN3ALNSA, COIIPOBOXKIAL0-
1asicsi MAaKCUMaJIbHBIM OTKJIOHEHHEM KOHLEHTPALUN
pacTBopa oT McxoaHoro 3Hadenus C,” ma AC,”.
Temneparypa, Ipu KOTOPOI GUKCHPYETCSI 3TO OTKIIO-
HEHHUE, COOTBETCTBYET MAKCUMYMY 9K30TEPMUIECKIX
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nied by the transition from the diagram shown in Fig. 4
to the one presented in Fig. 1. It is convenient to analyse
the processes proceeding at that by fitting these
diagrams, as in Fig. 5. Let us consider in details the
fragments of such superposed diagrams of state within
the concentration range of C,...C . According to the
diagram presented in Fig. 5A, cooling the solution with
an initial concentration C,’ is accompanied with the
formation of ice crystals 4_starting from the tempe-
rature of 7, and finishing upon reaching the vitrifi-
cation temperature 7 . and concentration Cgi In case
of following heating of this solution with the same
absolute rate of temperature changes it will conform
the diagram of state built through the points 7,"and 7
(Fig. 5A, dashed lines). So the curve of the solution
heating, shown in T vs. C, coordinates, will deviate
from the diagram 7, and approach the T, one. Such a
curve for C,” solution is represented in Fig. SA with
separate arrows pointing toward the temperature rise
and marked with number 1. According to this path,
within the temperature range of 7' ... 7" the particles
of cluster phase B, will be formed in the solution and
then melt. The formation of the maximum number of
cluster phase B, corresponds herein to the deviation
of liquid phase concentration from the value ¢, by
AC",. This deviation causes the corresponding volu-
metric AV and thermal Q’ effects, which are
reflected in experimentally obtained dilato- or
thermograms [2, 9, 12—15]. In fact, the heating of such
solution leads to occurence of a three-phase system
(AFL+B))", the area of existence of which is shaded
in diagrams shown in Fig. 5. When the solution with
an initial concentration C, < Cg' being heated passes
through this area not only a cluster phase in its volume
forms, but an additional mass of ice crystals 4 too.
Such a phenomenon may occur under condition
T~>> T and its probability is significantly increased
under longer time lags within temperature range of
T,..T. . The effects corresponding to this process
were descrlbed by Bronsteyn and Steponkus [5].

In its turn cooling the solution with an initial
concentration of C,” (Fig. 5B) leads to its full
vitrification at the temperature 7' . without any inter-
mediate phase transitions. The curve 2 corresponds to
a subsequent heating of this solution, according to which
there occurs a cluster crystallization, accompanied by
the maximum deviation of solution concentration from
the initial value C,” by AC,”. The temperature of this
deviation corresponds to either the maximum of
exothermic heat peaks in thermograms of the studied
solutions or the maximum volumetric effects AV * in
the dependences of heated solution vs. temperature.

With further increase in initial solution concentration
the amount of newly formed cluster phase and hence
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TEIJIOBBIX NMUKOB Ha TEPMOrpaMMax HCCIEIYyEMBIX
PacTBOPOB MJIM MaKCHUMAaJIbHBIM OOBEMHBIM 3 deK-
Tam AV Ha 3aBUCHMOCTAX 00beMa HAarpeBaeMbIX
pPacTBOpPOB OT TEMIIEpPaTypHI.

IIpu nanpHelieM yBEIMYEHUM KOHUEHTpPALUU
HCXOJHOTO pacTBOpa KOJWYECTBO BHOBH 00pasyro-
mieics KiacTepHon (passl, a 3HAYUT, U BETUINHA COOT-
BETCTBYIOIIUX OOBEMHBIX WM TEIIOBHIX 3(dekTon
Ha4MHAIOT PE3KO YMEHBIIATHCA M CTAHOBATCS paB-
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Puc. 5. dparmeHTbl HANOXEHHbIX APYr Ha Apyra gunarpamm
COCTOSIHUS, ONUCbIBAOLWMNX OXnaxgeHue (CnMoLHble
KpuBble) U HarpeB (NYHKTUPHbIE KPWBbLIE) BOOHOIO
pPacTBOpa KpUOMPOTEKTOPHOTO BelLecTsa Bc I/ICXO,EI,HOI7I
koHuUeHTpaumen C_ < C (A), C. > C (ByncC.” = C (C).
Onarpammbl COOTBeTCTByIOT paBeHCTBy CKOpOCTeI/I oxXnax-
AEHWS U Harpesa, a TaKke ycrosuwo T = T Nuuna T
onpeaenseT NMHUIO NUkBMayca casbl BC npw 0TorpeBe
pactBopa OT TemnepaTypbl T

Fig. 5. Fragments of superposed diagrams of state de-
scribing cooling (solid curves) and heating (dotted curves)
of aqueous solution of cryoprotective substance B with ini-
tial concentration of C; <C “(A),C;>C (B)u C”‘~C (C).
The diagrams are pIotted conS|der|ng the equallty of cool-
ing and heating rates, as well as the condition T = Tg
Curve T denotes the liquidus line for B, phase during
heating of the solution from the Tg temperature.

the value of corresponding volumetric or thermal
effects begin to decrease sharply and become equal
to zero at C, 2 Cg*. In the Fig. 5C the curve 3 demon-
strates it well by describing the behaviour of the solution
with concentration C,””.

It should be noted that exactly this behaviour of
thermal peaks in the thermograms is observed expe-
rimentally when the initial concentration of the solutions
approaches the imaginary eutectic concentration
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HbiMu Hymo ipu €, 2 C . Ha cxeme puc. 5, C 510 Ha-
[JISITHO IEMOHCTPUPYET TPAEKTOPHS 3, ONMUCHIBAIOILIAS
HOBEJICHUE PACTBOpA ¢ KOHIEeHTpauend C,°”.

Crenyer 0c000 OTMETHTbD, YTO IMEHHO TaKOE IOBe-
JIEHHE TEIJIOBBIX ITHKOB Ha TEPMOTpamMMax dKCIEpH-
MEHTAaJIbHO HaOMIONAETCS MPH MPUOITMKEHUN UCXOTHOM
KOHLEHTPAaLMU pacTBOPOB K MHUMOM 3BTEKTHYECKOMI
KOHIIEHTpaluu Cem’ = Cg [1, 4, 13—15] u HaxomuTCs B
[IOJITHOM TIPOTHBOPEUYNH C JTUarpaMMaMH COCTOSTHUU
IBTEKTUYECKOTO THMA. JTO MOTHOCTHIO COOTBETCT-
BYyeT 3aKOHOMEPHOCTSM KJIACTEPHOM KPUCTAIUIN3ALUH,
HOCKOJIBKY € yBeIM4YeHHEM KoHIeHTparuu C, B pacT-
BOPE YMEHBIIAETCS KOJIMYECTBO I'MAPATHPOBAHHBIX
MOJIEKYJI B, ClIOCOOHBIX y4acTBOBaTh B 00pa30BaHUH
4acTul KI1acTepHOU (hazbl.

HeobxonuMo yTOYHHTH, 4TO Ha cxemax puc. 5
WHTEPBaJIbl U3MEHEHU I KOHIIEHTPAIINH KHUIKOH (pa3sl
npu KnactepHon kpucrammsanuu Ha AC,’, AC,” n
AC B”’ OTMEUEHBI YCIIOBHO (J1J1s1 00JIBIIIEH HATIISTHOC-
TH). B cBsI31 ¢ Tem, 4T0 Iipu 00pa30BaHUH KJIACTEPHBIX
YaCTHII U3 PACTBOPA BHIOBIBAIOT KaK MOJIEKYJIbI BOJIBI,
TaK ¥ MOJIEKYJIBI KPHOMPOTEKTOPHOTO BEMIECTBA,
KOHLICHTPALHS OCTAIOMIEHCS XKHUIKOH (PpaKiny MOKET
HU3MEHATHCA MPHU 3TOM HE3HAYUTENIBHO.

4. AHATM3 PaBHOBECHBIX COCTOSTHHII 3aMOpo-
JKeHHBIX KPHONPOTEKTOPHBIX PacTBOPOB

CoBpeMeHHBIE TEXHOIOTHH KPHOKOHCEPBUPOBAHMUS
0M000BEKTOB HCIOIB3YIOT OTHOCHUTEIHHO BBICOKHE
CKOPOCTH OXJIAXKJICHHUS, TIPH KOTOPBIX CTPYKTYpa 3aMo-
pPaXMBAEMBbIX KUIKUX (PAKIHA (B TOM YHUCIIE KPUO-
MIPOTEKTOPHBIX PacTBOPOB), KaK MPABHUIIO, SIBISIETCS
MeTracTabmiIbHON. [locKoNbKYy mpakTHyeckast Kpuo-
Ouosorust paboTaeT IMEHHO C TAKMMHU HEPaBHOBEC-
HBIMM COCTOSIHUSIMHU, UX U3Y4EHHE SBISAETCS LIEIBIO
OonpmIMHCTBA paboOT B 00JaCTU CTPYKTYpHOTO aHa-
JN3a 3aMOPAXKUBAEMBIX KPHOIIPOTEKTOPHBIX PACTBO-
poB [5—7]. OnHako aHaIU3 BO3MOXKHBIX PABHOBECHBIX
COCTOSIHUI 3THUX PACTBOPOB TaKKe HEOOXOAUM, MPH-
YeM HE TOJBKO C TEOPETUYECKON TOUKH 3peHus. Ero
BaKHOCTD OTPEIENIETCS TeM 00CTOSITETECTBOM, YTO
[IpY JTTATETFHOM XpaHEHUH OO000BEKTOB HIKE TEMITE-
paTyp CTEKJIOBaHHS KPHOMIPOTEKTOPHBIX PACTBOPOB B
WX CTPYKType HEN30€KHO MPOTEKAIOT MPOIIECCHI, Ha-
TIpaBJICHHBIC HA TOCTIKEeHME paBHOBecHs [9]. Takue
CTPYKTYpHBIE TIEPECTPOUKH MOTYT MHHIIMMPOBATh
MEXaHHU3MBI TOBPEKICHUS ATUTENBHO XpaHsAIErocs
Oouomarepuana. THrHOMpoBaTh 3TH MEXaHU3MBI He-
BO3MOXKHO 0€3 OTIpeIeNICHHBIX IPEICTaBICHUH O pU-
POZE PABHOBECHBIX CTPYKTYPHBIX COCTOSHUI, KOTOpBIE
MOYKHO NOJTyYUTh, OCHOBBIBASICh TOJIBKO Ha pABHOBEC-
HBIX JMarpamMmax cocTosHHsA. B pasmene 2 cratbu
yKa3aHbl MPUYHHBI, TI0 KOTOPBIM ISl 3aMOpakHBae-
MBIX KPHOMTPOTEKTOPHBIX PACTBOPOB HEJB35 UCTIOb-
30BaTh 3BTEKTHUECKHE nuarpaMMbl. OTHON M3 HHUX
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diagrams of an eutectic type. This is completely
consistent with the regularities of cluster crystallization,
since with increasing the concentration C, in the
solution the number of hydrated molecules B, being
capable to participate in forming cluster phase particles
is decreased.

It should be specified that Fig. 5 shows only con-
ditionally marked intervals of changes in liquid phase
concentration during cluster crystallization by AC,’,
AC,” and AC,’” (for better visuability). Due to the
fact that both water molecules and those of cryopro-
tective agent are leaving the solution during cluster
particles formation, the concentration of the remaining
liquid fraction thereby may vary insignificantly.

C.. =C, 2, 12-15] and fully contradicts the state

4. Analysis of equilibrium states of frozen
cryoprotective solutions

Current techniques for biological object cryopreser-
vation apply relatively high cooling rates, when the
structure of frozen liquid fractions (including the cryo-
protective solutions) is usually metastable. Since ap-
plied cryobiology deals exactly with these non-
equilibrium states, their study is the aim of most resear-
ches in the field of structural analysis of frozen cryo-
protective solutions [3—5]. However, it is also essential
to analyse the possible equilibrium states of these
solutions, and this would be not only of theoretical
value. Its importance is determined by the fact that
during a long-term storage of biological objects at the
temperatures below vitrification points of cryoprotecti-
ve solutions, the processes targeted to achieve equilib-
rium occur in their structure inevitably [7]. Such a
structural re-arrangements could initiate the mecha-
nisms of injury in long-term stored biospecimens. It is
impossible to prevent these mechanisms without certain
hypotheses about the origin of equilibrium structural
states, which could be obtained only basing on the
equilibrium phase diagrams. The section 2 of this paper
contains the reasons, restricting the use of eutectic
diagrams for frozen cryoprotective solutions. One of
them is a need to break H-bonds between water mole-
cules and a cryoprotective agent. Without meeting this
requirement it is impossible to form the equilibrium
structures of eutectic type. At the same time, the diag-
rams of state which consider cluster phase allow to
simulate the equilibrium structures without meeting this
condition.

Fig. 6 shows a complete phase diagram of two-
component cryoprotective solution, including cluster
phase B, based on the ice nanocrystals a_and the
one 3 , based on nanocrystals of cryoprotective agents
b . According to this plot, there is some temperature
T, when the values of critical nuclei a ° and b ° are so
small that an entire liquid phase of concentration CB is

113



ABIISIETCS] HEOOXOAMMOCTH pa3pbiBa H-cBs3eit Mexay
MOJIEKyJIaMH BOZABI U KPHOTIPOTEKTOPHOTO BEIIECTBA.
be3 BemosiHEHUS 3TOr0 TpeOOBAaHUA HEBO3MOXKHO
chopMHpOBaTH PaBHOBECHBIE CTPYKTYPHI 3BTEKTHU-
YyecKoro Tuma. B 1o jxe Bpemst tuarpaMmbl COCTOSTHHA,
BKITIOYAIOIINE KIacTEpHYIO (asy, Mo3BONISIOT CMOIe-
JUPOBATh PABHOBECHBIE CTPYKTYPhI 0€3 BBITIOTHEHHSI
3TOTO yCIIOBHSL.

Ha puc. 6 nokazana nomnHas quarpaMma COCTOSHUS
JBYXKOMIIOHEHTHOTO KpHOIIPOTEKTOPHOTO PAcTBOPA,
BKJIIOYAlOIIas KjaacTepHbie (Gas3bl B Ha ocHOBE
HAHOKPHMCTAJLIOB JIbJa d_ U [3, HA OCHOBE HAHOKPHC-
TaJUIOB KPMOIPOTEKTOPHOTO BemecTsa b . ComacHo
MIpeNCTaBIEHHON JuarpaMMe CyIecTBYET HEKOTopas
Temneparypa I, o IPH KOTOPOM BEJIMYMHBI KPUTUUECKHUX
3apofbled a° u b ° Maibl HACTOIBKO, YTO BCS JKHJI-
Kas (paza KOHHeHTpaHI/II/I C, crIoCcOOHa IIepeiTH B TBEP-
no(hasHyro cMech KHaCTepOB B, upB,.Borom ciyuae
CTpPYKTypa pactBopa npu I < T 3 3ABUCHT OT €TO HC-
XOJIHOM KOHLIEHTpaluu. B nuamna3zoHe nCXOIHbIX KOH-
uentpauuii C,...C ., 3aMOPOKEHHBIH PACTBOP COCTOUT
W3 JIByX PaBHOBECHBIX a3z A u [3_, B auamasone
ucxoaubix koHuenrpauit Co,...C, n Cj...Cp, U3
OJIHOM K1acTepHOH (asbl 3, umm B ,, COOTBETCTBEHHO,
a B Iuamna3oHe KoHueHTpamuit C . .C | OTISATH U3 IBYX
da3 B u [ ,. Touka Yy Ha naHHOH AMarpamme cOOT-
BETCTBYeT paBHOBecHio Tpex da3 L, B u [3,. Bece
MIpeICTaBICHHbIE Ha AHarpaMMe CTPYKTYypHBIE KOM-
MTO3UI[MU HE COAePIKaT aMOPPHYIO (QPAKIHIO U MOJI-
HOCTBIO yIOBJIETBOPSIOT ycioBusMm (1) u (2), 1. e.
ABISIIOTCS paBHOBECHBIMU. OJHAKO TakHWe pPaBHO-
BECHBIE COCTOSTHUS MOTYT JJOCTUTaThCs IPU OXJIaXKIe-
HUH TOIBKO B CIly4ae BBIIONHEHHUs ycnosus I’ < T
Ecnu e Bemmonnsercs ycnosue T e T p» KOTOpOE, KaK
MIPaBUJIO, peaIN3yeTCs Ha MPAKTHKE, UX JOCTHKEHUIO
MPENATCTBYET CTEKJIOBaHUE KUIKUX (PpaKIHii, OCTaIO-
IIUXCA B CUCTEME K MOMEHTY JOCTH)KEHHUS TEMIIe-
patypbi creknoBanms T DTO0 yCIIOBHE CXEMATHYECKH
M300paKEeHO HA TUarpaMMe puc. 6 TBOWHOMN JTUHUEH C
BHYTpPEHHEH IITPUXOBKOM. B aToM cinyuae npu 7 < T .
CTPYKTYpHBIE KOMIIO3HUIIMHA BO BCEM MHTEpBaje KOH-
uentpanuii C,...C, OyayT coaepxarb aMOp(hHbIE
¢dpakuuu G, 1. €. IBIATHCS MeTacTabWIbHBIMU. bojee
TOTO, B JAHHOM Clly4ae Ha JUarpaMMe COCTOSHUMN
00s13aTeNbHO CYLIECTBYET MHTEPBAJ MUCXOAHBIX KOH-
LEHTpalui Cg A...CgB, B KOTOPOM OXJIQXKICHHBIN pacT-
BOp ITOJTHOCTBIO CTEKITYETCs] HE3aBUCHMO OT CKOPOCTH
ero oxnaxacHusA. CKOpOCTh OXJTaXACHUS 31ECh
BIIMSIET TOJIBKO Ha IIMPUHY 3TOT0 HHTepBana. M3 mpen-
CTaBJICHHOH Ha puc. 6 CXeMBI MOXKHO CHENaTh Clie-
IYIOIINE BBIBOJBI:

— METacTa0MIbHOCTh BOSHHUKAIOIINX B KPUOIIPO-
TEKTOPHBIX paCTBOpAX CTPYKTYp B OOJIbIIEH CTeeHn
CBSI3aHA HE CO CKOPOCTHIO X OXJIAXAEHHUS, a C COOT-
HoOIlleHHeM Temmnepatyp T 1 Ty
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capable of transforming into a solid phase mixture of
B., and B, clusters. In this case, the structure of the
solution at 7'< T}, depends on its initial concentration.
Within the range of initial concentrations C,...C,, a
frozen solution consists of two equilibrium phases 4
and B_, within the range of initial concentrations
C., C and Cp...C,, it contains only one cluster
phase B orf, respectlvely, and within the concentra-
tion range of C -+ C, 1t comprises again two phases
Bgand B,. The point yin this diagram corresponds to
the equilibrium of three phases L, B, and 3 ,. All the
structural compositions presented in the diagram
comprise no amorphous fraction and completely meet
the conditions (1) and (2), i. e. they are in equilibrium.
However, such equilibrium states can be achieved du-
ring cooling only if meeting the condition T, <TgIf
another case is realized, i. e. Tg > T, that is usually
observed in practice, achievement of the equilibrium
is prevented by vitrification of liquid fractions remaining

T
T L Tmﬂ
mA
+L
AL I._Bca_
[ Caa Cgs
Tea | ﬁz}Cg.h Berl,
As+ L+ Pea o ! Tg
Tg | == G L __Bsf (/] _Tcu
G+|3 ' 1 | (Bs+L+[5cﬂ
XTI < Tp
NG par]
ﬁca/ S
-/__ -11_/ / |cm_ Bs-l'BcB /
CO Cea Cﬂ Ce Ci

Cs

Puc. 6. lNonHaa anarpaMma COCTOAHMA ABYXKOMMOHEHT-
HOrO KPUOMPOTEKTOPHOTO pacTeopa, COOTBETCTBYlOLWaAs
yenosusim T -= T n T =T, tae T, n T, — nuHum
NUKBUAYCA KNacTepHbIX (ha3 Ha OCHOBE MUKPOKPUCTANSIOB
nbAa a, N KPMONPOTEKTOPHOrO BeLiecTBa b, COOTBETCT-
BEHHO. JTuHus T, Ha guarpamme 06o3HauaeT nuHMIo

conuagyca KJ'IaCTeprIX das B, U By,

Fig. 6. Complete diagram of state of two-component
solution forT =T rand T ;= T_ , where T_,and T _,are
liquidus lines of cluster phases based on mlcrocrystals
of ice a_and cryoprotective substance b_, correspondingly.
Line T, in the diagram denotes the solidus line of cluster

phases ., and B,
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— JIOCTMKEHHE PAaBHOBECHBIX CTPYKTYPHBIX COC-
TOSIHUH B 3THX pacTBOPaxX, OXJIAKACHHBIX HIKE TEMITE-
patypst T, COCTOUT B TpanchopManu aMopQHBIX
¢paxuii G B knactepubie dasel 3 1 B, (mokazaHo
CTpENKaMy, HaIpaBICHHBIMH B PaBHOBECHYIO 30HY,
YCJIIOBHO OTMEUEHHYIO Ha Aarpamme ABOMHON IITpuU-
XOBKOH).

[IpuBenennas Ha puc. 6 TeMneparypa CTEKJIOBaHUS
pactBopa T, yOB/IETBOPSICT YCIIOBHIO:

T,<T,<T, 4)

Ou4eBUIHO, YTO B ITOM CIIydae B JAHAINA30HE TEM-
neparyp T,...T, He OyeT NpONCXOAUTE 00pasoBaHue
KJIaCTEPOB Ha OCHOBE MUKPOKPHUCTAJUIOB KPHOIPO-
TEKTOPHOTO BEIIECTBA HETIOCPEACTBEHHO U3 KUIKOH
¢dazer L. IIpu Beimonnenun ycioBus (4) obmactu
paBHosecus $a3 B, + L u B + L + B, Ha nuarpamme
COCTOSTHHI OyIyT OTCYTCTBOBaTh. OTHAKO 3TO HE UCK-
JII0YaeT NpoTekanue npoueccos G — B, B oxyak/IeH-
HBIX HIDKE TemIepaTypsl T, pacTBopax B obmactu
MCXOMHBIX KOHIEeHTpaumii C; > C; (IOKa3aHO COOTBET-
CTBYIOILEH CTPEJIKOH Ha puc. 6).

5. 3akiloueHue

PaccmoTpenHas Mozienp KIacTepHON KpUCTAIIIM-
3allMu BIEPBbIEe 00BSICHAECT 00pa3oBaHHE BTOPOM
TBepAOH (Da3bl B OXJIAKIAAEMBIX KPHOMPOTEKTOPHBIX
pacTBopax, 6€3 HCIOIBb30BaHUs AUArPaMM 3BTEKTH-
yeckoro tumna. IIpu aTom ycTpaHseTcs Lenslid psaj
MIPOTUBOPEYNH, BOSHUKAIOIINX P MOIBITKaX 00BsIC-
HUTD 3KCIIEPUMEHTAIbHBIC PE3YIbTAThI, IOTYYEHHbIE
TIPY N3yYSHUN KHHETUKHU KPHUCTAIUTH3AIAY ¥ TUTaBICHUS
pPacTBOPOB, B pAMKaX KJIACCHYECKHUX 3BTEKTHYECKHUX
3aKOHOMEPHOCTEH. DT0 00YyCIIOBICHO OCOOEHHOCTAMH
CTPYKTYpPBI 4acTHI] KiacTepHoi (as3el. Mx oOpazo-
BaHHE He TpeOyeT pa3pbiBa H-cBs3eii MeXKTy MOJIEKY-
JJaMHM BOJIBI U KPHONPOTEKTOPHOI'O BELIECTBA, YTO
oOecrnevynBaeT MPOTEKAaHUE KIIACTEPHON KPHUCTAJLIN-
3aIlMH B OUYEHb IIUPOKOM TEMIIEPATypPHOM JTUaIa30He,
BIUIOTH JIO T€MIEpaTyp cTekyioBaHus T o Knacrepsi
MOTYT COIEPXKATh KAK KPUCTAJIIUYECKUE, TaK U
amop(HbIe QparMeHThl, YTO IOMyCKaeT UX 00pa3o-
BaHHE B BOJHBIX PACTBOPAX HEKPUCTAJUIUIYIOLIUXCS
KPHOIIPOTEKTOPOB. Takke MOJIENb IBYX3TAITHOTO 00-
pa30BaHuUs KIaCTEPOB IMMO3BOJISIET OOBSCHUTH HECOBIIA-
JIEHUs AUarpaMM COCTOSIHUS, ONKCHIBAIOIINX OXJIaXK-
J€HUE U TOCIEAYIONINI OTOTrpeB 3aMOPaKUBAEMBIX
PacTBOPOB MPH PABEHCTBE A0COTIOTHBIX 3HAYSHUH CKO-
pOCTEN OXJaXKIeHUs M HarpeBa. Takoe HeCOBIMAICHUE
MIPOTUBOPEUYUT KIACCHYECKHM YCJIOBHSM 00Opa3oBa-
HUSI BTEKTHUK.

[IpencraBnennsie B paboTe AHMArpaMMBI COCTOS-
HUS, BKITIOYAIOIIHE 00JIacTH CYIIIECTBOBAHMUS KIlacTep-
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in the system to the moment of reaching vitrification
temperature 7,. This condition is shown schematically
in Fig. 6 by double line with internal shading. In this
case all the structural compositions at 7' < T, within
the whole range of concentrations C,...C, would
contain amorphous fraction G, i.e. these would be met-
astable. Moreover, in this case a diagram of state would
definitely contain a range of initial concentrations
C,,--C, wherein the cooled solution would completely
vitrify independently on the rate of its cooling. Cooling
rate affects here only the width of this range. Proceed-
ing from the scheme presented in Fig. 6 the following
conclusions could be made:

— the metastability of the structures occurred in
cryoprotective solutions is associated with the ratio of
T, and T temperatures rather than with the rate of
their cooling;

—achieving the equilibrium structural states in these
solutions cooled below temperature 7, consists in
transforming the amorphous fractions G into cluster
phases B_ and B, (shown by arrows pointing to equi-
librium zone, conventionally marked with double sha-
ding in the diagram).

The temperature of vitrification 7' . of the solution
shown in Fig. 6 meets the condition:

T,<T,<T, )

Obviously, in this case no formation of clusters based
on microcrystals of cryoprotective agent directly from
a liquid phase L will occur within the temperature range
of T .T,. When meeting the condition (4) no areas of
equ111br1um phases B, + L and B + L + 3, would be
present in state dlagrams. However, thlS does not
exclude the occurence of G - Bcb processes in the
solutions cooled below 7, temperature within the range
of initial concentrations C,> CB (shown by correspon-
ding arrow in Fig. 6).

5. Conclusion

For the first time the presented model of cluster
crystallization explains the formation of the second solid
phase in cooled cryoprotective solutions without using
the eutectic type diagrams. This eliminates a number
of contradictions arising when trying to explain the
experimental results obtained when studying the
kinetics of solution crystallization and melting within
the framework of standard eutectic regularities. This
is stipulated by the structure peculiarities of cluster
phase particles. Their formation requires no rupture
of H-bonds between water and cryoprotective agent
molecules, that allows cluster crystallization within a
very wide temperature range including the temperature
of vitrification 7. Clusters may contain both crystalline
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HO (hazbl, JOMYCKAIOT HAJIMYHE BTOPOH TBEP0H (a3bl
Ha (oHe XHMAKHX uUIu aMopdHBIX (paxnuii, 4To
HaOII0IaeTcsl IKCIIEPUMEHTAIBHO U HE MOTJIO OBIThH
0OBSACHEHO C KJIACCHYECKOM TOUYKH 3peHHS. DTOT (aKT
[TOTYEPKHUBACT PA3ININE MEXK Y KJIaCTEPHOM 1 3BTEK-
TUYECKON KpUCcTaUIH3ausIMu. B mociennem cirydae
IIpA yCIOBUHU Tg < T,, HEBO3MOXKHO 00pa3oBaHUE
amopdHbIX dpakumid, a npu T’ e o0pa3zoBaHHe
BTOpOI TBepAOH (pas3wl B cucteme.

Kpome toro, nuarpaMMbl COCTOSIHHS, BKJIIOYAIO-
e 00JacTh CyLIeCTBOBAHUS KiIacTepHOH Qasbl,
MO3BOJISIIOT C(HOPMYIINPOBATh MPEACTABICHUS O PaB-
HOBECHBIX CTPYKTYPax 3aMOPOXKEHHBIX KPHOTIPOTEK-
TOPHBIX PacTBOPOB M IIpeAcKa3aTh MPUPOAY HpOIieC-
COB, HAIIPaBJIEHHBIX HA JOCTUKEHHUE 3TUX CTPYKTYD B
KPHOKOHCEPBHUPYEMBIX OMocucreMax. B wactHocTH,
COTJIACHO 3THM JuarpaMmam, BO3HUKAIOIIHE B 3a-
MOpaXMBa€MBIX PAacTBOpax MeTacTaOWIIbHBIE COC-
TOSIHUSI CBSI3aHBI HE C BBICOKMMM CKOPOCTSAMM HX
OXNax/ieHus, a ¢ ycnosueM T > T, onpesenseMeM
pUpPOI0i pacTBOpa. B qaHHOM citydae BapHalMsIMu
CKOPOCTEH OXJIaKICHHUS MOYKHO TOJIBKO U3MEHSTH KO-
JTU4ecTBO oOpa3yroretics aMmopdHo# hpakiuu.

AHanu3 KMHETUKU KPUCTAUTM3alUuU-TUIaBICHUS
KpPHOTIPOTEKTOPHBIX PACTBOPOB, IPOBEACHHBIN HA OC-
HOBE JUarpaMM COCTOSHUS, BKJIFIOYAIOIINX KJIaCTep-
HYIO0 a3y, ToOKa3bIBaeT HEOOXOAUMOCTD KilacCH(uKa-
UM UCTIONIB3YEMBIX B KPUOOHOJIOT MU KPUOTIPOTEKTOP-
HBIX PacTBOPOB IO IMapaMeTpaM HX KJIAaCTEPHOH KpHC-
taymmu3aruy. Oco0oro BHIMaHUS 3aCITy>KUBACT BOITPOC
0 CBSI3M 3THX MapaMETPOB C MEXAaHU3MaMHU MOBPEXK-
neHus 0M000BEKTOB, OOYCIOBICHHBIX KIaCTEpHOM
KpucTauim3amnuei. JletaabHoe H3ydeHUE dTUX MeXa-
HU3MOB, JICUCTBYIOIINX BOJIHM3U TEMIIEpaTyp CTEKIIO-
BaHMsI, TO3BOJIUT MOBBICUTH 3()(HEKTUBHOCTE PabOT 1O
CO3/IaHUIO MU ONTUMU3AIUHN TEXHOJIOTUI KPHOKOHCED-
BHPOBaHHS ONOOOHEKTOB.
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and amorphous fragments that allows their formation
in aqueous solutions of non-crystallizing cryoprotec-
tants. The model of a two-stage cluster formation
enables also to explain the discrepancy between
diagrams of state describing the cooling and subsequent
heating of frozen solutions in case of equal absolute
values of cooling and heating rates. Such a discrepancy
could not exist according to the classic conditions for
formation of eutectics.

State diagrams represented here, include the areas
of cluster phase existence, and admit the presence of
the second solid phase on the background of liquid or
amorphous fraction, that is observed experimentally
and could not be explained using the classic approaches.
This fact underlines the difference between the cluster
and eutectic crystallizations. In the latter case, if
T R T, no formation of amorphous fractions is possible
and if T,> T, no second solid phase could appear in
the system.

Moreover, the state diagrams which consider the
areas of cluster phase existence enable to hypothesize
the equilibrium structures of frozen cryoprotective
solutions and to predict the nature of the processes
targeted to form these structures in cryopreserved
biosystems. In particular, according to these diagrams,
the metastable states appearing in frozen solutions are
associated with the condition 7' 1 originated from
the solution nature rather than with high rates of their
cooling. In this case, the varying of cooling rates could
affect only the amount of resulting amorphous fraction.

The analysis of crystallization-melting kinetics in
cryoprotective solutions, performed on the basis of state
diagrams, which include cluster phase, shows the neces-
sity to classify the cryoprotective solutions applied in
cryobiology by the parameters of their cluster crystal-
lization. Of particular attention is the question of
relationship of these parameters with the mechanisms
of biological objects injury, stipulated by cluster crys-
tallization. Detailed study of these mechanisms acting
near vitrification temperatures would improve the
efficiency of efforts in developing and optimizing tech-
nologies to cryopreserve biological specimens.
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