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Effect of Hydrogen Bonds on Crystallization Kinetics of Aqueous
Solutions of Cryoprotective Agents

Pecpepar: B paboTe n3yyeHbl TeMnepaTtypHble 3aBUCUMOCTY 06bemMa BoaHbIx pacTBopoB OMCO u rnvuepuHa pasHbiX KOHLEHTpa-
umn B npouecce mnx oxnaxaeHna Ao —150°C n nocnegytowero otorpesa o 25°C. [Noka3aHo, 4TO B Avana3oHe BECOBbIX KOHLEHTpaummn
KpronpoTekTopHbIx BewecTB 30—-70% AaHHble 3aBMCUMOCTU CYLLECTBEHHO OTNMYAalOTCS Ha aTanax oxnaxaeHus 1 nocregyloLllero
oTorpeBa. YCTaHOBMEHO, YTO B UCCNEAYyeMOM WMHTepBane KOHUEHTpauui npoucxoauT peskoe yBenuveHue obbema pacTBoO-
pOB rMuLepuHa npu Ux Harpese Bbille TeMnepaTypbl CTEKMOBaHWUS U, HA0BOPOT, pe3koe yMeHblUueHne obbema OoTorpeBaeMbIxX
pactBopoB AMCO. OTMeyeHo, 4To Habnwaaemble 06beMHble 3PPEKTHI XOPOLLO yKNaAblBalOTCA B paMKu NpeacTaBleHuid o
KIaCcTePHOW KpUCTanmnmaauum KpUonpoTEKTOPHbIX PacTBOPOB, yvuTbiBawowWmux cnaboe HB-B3aumopencTene mexay KOMMOHEHTaMU.
Ha ocHoBe nony4veHHbIX pe3ynbTaToB NPOBEAEH aHanu3 CTPYKTYpbl 06pasyrolmnxcs knacTepHbix YacTtuy. [NokasaHo, 4To
NOBEPXHOCTHbIE CIOU M3 MOJEKYN KPUOMPOTEKTOPHOIO BELLECTBA, OKpYXalline MUKPOKpUCTanmbl nbha, MOryT UMEeTb Kak
KpUCTanmuyeckyto, Tak U aMopdHyto CTPYKTYpy. PaccMOTpeHO BRUsIHME 3TUX pPasnuyuiA Ha 3allUMTHblE CBOMCTBA KPMOMPOTEKTOPOB.

KnioueBble cnoBa: KpvOMPOTEKTOPHbLIA PacTBOp, KnacTepHas KpucTannusauumsi, KnacTepHas vacTuua, guarpaMMa COCTOSIHUM,
CTekrnoBaHue, CTPYKTypa, BOAOPOAHbIE CBS3W.

PedpepaTt: Y poboTi BUBYEHO 3amnexHocTi 06'eMy BoAaHux po3umHie AMCO Ta rniuepuHy pisHUX KOHLEHTpauii y npoueci ix
oxonopxeHHs o —150°C i noganbLuoro BigirpiBaHHs go 25°C. Noka3aHo, Lo B Aiana3oHi BaroBMX KOHLEHTPALIN KPionpOTEKTOPHUX
peyvoBnH 30—70% BKasaHi 3aneXHOCTi ICTOTHO BiApPI3HAOTLCA Ha eTanax OXOMOMKEHHs i noganbLloro BigirpiBaHHA. BctaHoBneHo,
Lo B AOCHiAXKyBaHOMY iHTepBani KOHLEHTpaLil BigOyBaeTbCs piske 306inbLUEHHst 06'EMy PO34YMHIB MMiLEpuHy Npu iX HarpiBaHHi BuULLe
TemnepaTypu CKIyBaHHS i, HaBMaku, piske 3MeHLIeHHst 06'emy po3uuHis JMCO. BigsHaueHo, wo ui 06'emHi edpekTn fobpe BknagarTbest
B paMKu ysiBNEHb NpO KNacTepHy KpucTanisauilo KpionpoTEKTOPHMX PO34MHIB, siKi BpaxoByTb cnabky HB-B3aemogio mix
KOMMOHeHTaMn. Ha OCHOBI OTpuMaHWX pe3ynbTaTiB NPOBEAEHO aHamni3 CTPYKTYPU KNaCcTepHMX YacToK, sKi yTBOpoTbCS. [okasaHo,
Lo MOBEPXHEBI LIapn 3 MOreKkyn KpionpoTEKTOPHOI PEYOBUHM, SKi OTOYYIOTb MIKPOKPUCTanu nbody, MOXYyTb MaTu SIK KpucTarniyHy,
Tak i amopdHy CTPYKTypy. Po3rnsHyTo BNAMB UMX BiAMIHHOCTEW Ha 3axWMCHi BMACTUBOCTI KPiONpOTEKTOpIB.

KntoyoBi cnoBa: KpionpoTEKTOPHMI PO34MH, KNacTepHa KpucTanisauis, KnactepHa 4YacTka, diarpama CTaHiB, CKIyBaHHS, CTPYKTypa,
BOOHEBI 3B’A3KM.

Abstract: The temperature dependences of volume for aqueous solutions of DMSO and glycerol under various concentrations
during their cooling down to —150°C and subsequent heating up to 25°C were studied in details in this paper. It was shown that within
the range of 30—70% weight concentrations of cryoprotective substances these dependences differed greatly at cooling stages and
during subsequent thawing. It has been also found that within the studied concentration range there was a sharp increase in volume
for glycerol solutions when heated above the glass transition temperature, and vice versa, a sharp reduction in DMSO solution
volume. It has been noted that the observed volume effects fit well within the concept of cluster crystallization of cryoprotective
solutions, taking into account a weak HB-interaction between the components. On the basis of the findings the structure of the
formed cluster particles was analyzed. It has been shown that the surface layers from the molecules of cryoprotective agent
surrounding ice microcrystals can be of either crystalline or amorphous structure. The effect of these differences on protective
properties of cryoprotectants was examined.

Key words: cryoprotective solution, cluster crystallization, cluster particle, diagram of states, glass structure, hydrogen bonds.

CriocoOHOCTh KPUOITPOTEKTOPHBIX BEIIECTB CBSI3bI-
BaTh C IMOMOIIBIO0 BOJAOPOAHBIX cBa3eil (HB-cazeir)
MOJICKYJIBI BOJBI JISKUT B OCHOBE WX KPHUO3AITUTHBIX
CBOMCTB. [Ipn 5TOM /17151 GOTBITIMHCTBA HCTIOTH3YEMBIX
B PAKTHUYECKON KPHOOHOIOTHU PACTBOPOB KPHUOTIPO-
TEKTOPOB 3HaueHus sHepruu HB-cBszeil nHaxoasiTcs
B npefienax 3—7 KKkan/Moinb [ 8], T. €. cpe/iHee 3HaYCHHe
OHEPTHHU CBA3BIBAHUA <E€,> OTHOCHUTEIBHO HEBEJIUKO
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Ability of cryoprotective agents (CPA) to bind the
water molecules by means of hydrogen bonds (HB-
bonds) underlies their cryoprotective properties. More-
over, for most widely applied cryoprotectant solutions
the energy values of HB-bonds are within 7.3 kcal/mol
[1], i. e. an average value of the binding energy <€, >
is relatively small (2.5%10° K). The effect of HB-bonds
on the structure of a solution at room temperature could
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OCHOBHble 0603Ha4YeHusA

T Temnepartypa

T CKOpOCTb U3MEHEHUsI TemnepaTypbl
. CKopoCTb OxnaxaeHns
T* CkopocTb Harpesa
T

T

HayanbHas TemnepaTtypa oxnaxzgaemoro pacteopa
TemnepaTypa NnaBneHnst YNCTOro KOMMoHeHTa A unu B

o

T, Temnepatypa KpucTannusauum YMCcToro KOMMoHeHTa A
vwnm B

T, Temnepatypa Kpuctannmsaumm pactsopa

T, Temnepatypa CTeKnoBaHus (paccTeknoBaHus)
BbICOKOKOHLIEHTPUPOBAHHbIX XWUAKUX ddpaKLuii

T TemnepaTypHble napameTpbl NMHUM NUKBUAYCA NpU
oxnaxaeHun pacTesopa

T TemnepaTypHble napameTpbl NMHUM NUKBUAYCA NpU

Harpese 3aMOPOXEHHOro pacteopa
TemnepaTypa 3BTEKTUKMN

T. Temnepatypa Hayana KnacTepHOW KpucTannusauum npu
oxraxaeHuu pacteopa

T; TemnepaTypa OKOHYaHWS NMaBfieHUst KNacTepoB npu
HarpeBe 3aMOpPOXEHHOro pacTBopa

C, BecoBasi KOHLEHTpaLMsi KPMOMPOTEKTOPHOTO BellecTsa B

C,, C., KoHUeHTpaLMoHHble nMapaMeTpbl AuarpamMmm COCTOAHUSA

G, C

A KpucTannel nega

ag HaHokpuctannel nbga

b HaHokpucTannel BellectBa B B obonouke knacrepa

b, AmopdHasa dpakumsa BellecTBa B B obonoyke knacrepa

By Kpuctannbl KpMonpoTeKTOpHOro BellecTsa B

L XXupkas casa

B KnactepHasi ¢asa

mg Macca obpasytoLLeiics knactepHon gasbl

G Teepaas amopdHas dpakums

AC, M3veHeHne KOHLUEeHTpaummn xugkon dasbl npu
KNacTepHOM KpucTannusaumu

AC, M3veHeHne KOHLUEeHTpaummn xugkon dasbl npu
obpa3oBaHUM KpUCTanmoB nbaa

v, HavanbHbin 06bem n3yyaemoro pactsopa

AV, WsmeHeHve obbema cuUCTEMbI MPU KIAacTepHOM
KpucTannusauum

AV, M3meHeHne obbema cuctembl npu obpasoBaHum
Kpuctannos nbaa

AV, WsmeHeHue ob6bema cucTembl Npu o6pasoBaHun Unm
nna.feHun KnacTepHblx obonoyek

AQ,, Tennosble adeKThl, conpoBoxaarLe obpaso-

AQ, ~ BaHVe KpUCTanmoB NbAa W KNacTepHbIX YacTuy
CpenHsas aHeprusi BoAopoaHbix cBsidert A-B B komnnekce

\Y L‘I?ac%Ta TennosbIX konebaHunn monekyn B komnnekce A-B

k MocTosiHHas BonbuMaHa

(0] Crepuyeckuin paktop

w YacToTa paspbiBa HB-cBsizen

B KoadhdumumeHT TennoBoro o6bEMHOr0 pacLLMpeHms
pacTBopa

(2,5%10° K), B pe3ynbrare Biausaue HB-cBsizeili Ha
CTPYKTYpPY pacTBoOpa MpHU KOMHATHOH TeMIieparype
HE3HAYUTEIBHO. DTO CJIENYeT U3 OIEHKH YacTOTHI
paspbiBa OTUX CBA3ed B A B_-KOMIUIEKcax, e n u
M — KOJIMYECTBO MOJEKYI BOJbL A U KPUOIPOTEKTOP-
HOT'O BEILECTBA B COOTBETCTBEHHO.
ComnacHo ypaBHeHHIO Appenuyca [5, 6]:
— _ < &y >

W=V g léxp(-——-0), (1)
e V — 9acToTa TEIIOBBIX KoJeOaHmit MoJIeKys B AB-
KoMIutekce; ¢ — crepudeckuii haxrop; 7—TeMreparypa;
k — mocrostanas Bomsrvana (k = 1,38%x107'¢ spr/rpan).
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1
Main legends

Temperature

Temperature change rate

Cooling rate

Heating rate

Initial temperature of solution to be cooled

" Melting temperature of pure component either A or B

T, Crystallization temperature of pure component either Aor B
T, Crystallization temperature of solution

T, Vitrification (devitrification) temperature of highly
concentrated liquid fractions

T, Temperature parameters of liquidus line when cooling
solution

T} Temperature parameters of liquidus line when heating
frozen solution

» Eutectics temperature

T, Temperature of cluster crystallization onset when cooling
the solution

T; Temperature of ceasing the melting of clusters when
heating

C, Mass concentration of cryoprotective substance B

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

C,

Ai l Ice crystals

ag Ice nanocrystals

by Nanocrystals of substance B in cluster covers

b, Amorphous fraction of substance in cluster covers

B Crystals of cryoprotective substances B

L Liquid phase

B. Cluster phase

mg Mass of forming cluster phase

G Solid amoprphous fraction

AC,  Change of liquid phase concentration during cluster

crystallization
AC Change of liquid phase concentration during ice crystal
formation
v Initial volume of the studied solution
AV~ Change of system volume during cluster crystallization
Change of system volume during ice crystal formation
AV, Change of system volume during formation or melting of
cluster membranes
Heating effect accompanying formation of ice
AQ,. ~ crystals and cluster particles
Average energy of hydrogen A-B bonds in associate A B,
Frequency of thermal vibrations of molecules in A-B associate
Boltzmann constant
Steric factor
Frequency of HB bonds breakage
Coefficient of heat volume extension of the solution

e e x<

be considered as negligible. This follows from the esti-
mated frequency of breaking these bonds in A B associa-
tes, where n and m are the quantities of water molecu-
les A and cryoprotective substance B, respectively.
According to Arrhenius equation [9, 10]:

<g, >
kT ), M

where v is frequency of thermal vibrations of mole-
cules in AB associates; ¢ — steric factor; 7' — tempe-
rature; k — Boltzmann constant (k = 1.38%107° erg/ deg).

The equation (1) demonstrates that at room tempe-
ratures w = 10° s7' | i. e. the most time the water

w=V [@ [éxp(—
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U3 ypaBHenus (1) cnemyert, 4To Mpu KOMHATHBIX
temmeparypax w = 10° ¢!, T. e. GonblIy0 4acTh
BPEMEHH MOJIEKYJIBI BOABI M KPHOIPOTEKTOPHOTO Be-
LIECTBA B paCTBOPE HAXOAATCS B CBOOOIHOM COCTOSI-
Hun. [103TOMY TIpOIIeCChI KPHUCTAITH3AIMN KPHOTIPOTEK-
TOPHBIX PACTBOPOB TBITAIOTCS TPAKTOBATH B paMKax
KJIACCUYECKHUX JIMarpaMm COCTOsIHUS, B KOTOpbix HB-
cBsi3M He yuuThiBatored [11, 14, 20, 21].

C moHW)XEHHeM TeMIlepaTypbl CUTyalus Kapau-
HanbHO U3MeHseTcs. Tak, yxe mpu T < —50...—70°C
BEITMYMHA () YMEHBILACTCS 10 3Ha4eHui nopsyika 10 ¢!
U HUXKE, T. €. CTAOMIBHOCTh AB-KOMIUIEKCOB pe3Ko
MOBBIIIAETCS, YTO MOATBEPKAAETCS pe3yiabTaTaMu
IKCHEPUMEHTOB 110 MH(PAKpaCHOM crieKTpocKonu [ 16]
U u(paKuuy MeIEHHBIX HeUTpoHoB [ 19, 22-24]. D10
MIPAKTUYECKH MCKII0YAeT 00pa3oBaHue B OXJIaXKaae-
MOM pacTBOPE OTAEIBHBIX KPUCTAJUIOB JIbJIA H KPHO-
MPOTEKTOPHOTO BEIIECTBA HHXE OMpPEAEICHHOU
temneparypsl I . Kak cnencrsue, crabunbnbie AB-
KOMIUIEKCBI TIEPEXO/IAT B TBEpI0(a3HOe COCTOSIHUE B
Buzie amopduoii ppakuuu [10—13, 21] unu rumpaTHO#
daser B, [1, 17, 25], 4T0 NPOTUBOPEUUT 3aKOHOMED-
HOCTSIM 9BTEKTHYECKOM KpUCTAITN3aLUH.

115t 00BbsICHEHUS TPOTUBOPEUYNH MEKAY TEOPETHU-
YEeCKUMH M DKCHEPUMEHTAIBHBIMUA JTaHHBIMU Oblia
MIpeUI0KEHa MOIENb KJIACTEPHOMN KPUCTAIUIN3ALNH |2,
17, 18] 1 copMyarpoBaHbl MPUHIHIIBI TOCTPOCHUS
JUarpaMM COCTOSIHHSI, BKJIIOYAIOIIMX OOJacTH Cy-
1ecTBOBaHMs KinactepHoi dasel B [2]. OnHaxo Ha
CETOJHSIIHUH IeHb OTCYTCTBYET YE€TKOE SKCIIEPUMEH-
TaJbHOE MOITBEPKICHIE peaTn3aliy 3TOW MOJIETH B
HanOoJee BOCTPEOOBAHHBIX KPHOTIPOTEKTOPHBIX PacT-
Bopax. Bo MHOTOM 3T0 00yCIIOBIEHO TEM, UTO B TIPAK-
THYECKOW KPHOOHOJIOTUU COXPAHHOCTH OMO000OBEKTOB
CBSI3BIBAETCS C KWHETUKON KPUCTAJUTU3ALH PACTBOPOB
npu 7> T 1 GONBIIMHCTBO paboT MOCBANIEHO U3YYe-
HUIO UMEHHO 3TOT0 MHTEpBaja Temneparyp. B To xe
BpeMs npoTekaromas npu 7' < T KiacTepHas Kpuc-
TajuM3anus, oodyciaosneHHas HB-cBsa3siMu mMexnay
MOJIEKYJIaMH BOJABI M KPHOTIPOTEKTOPHOTO BEIIECTBA,
MOJKET OKa3bIBaTh CYIIECTBEHHOE BIMSIHNE HA Ka4eCT-
BO KOHCEPBUPYEMOTO OHoMarepuaia.

B cBs3u ¢ 3TUM 1enbl0 MaHHON pabOTHI OBLIO
M3y4YeHNE KPUCTAJUTM3AINH-TUTaBIICHHS PACTBOPOB CO
cabbIM MEXMOJIEKYJISIPHBIM B3aUMOJIEHCTBUEM
KOMIIOHEHTOB C TMOMOIIBIO CIEUaIbHO pa3zpado-
TaHHOTO MeToaa AuddepeHunanbHOl 00beMHOMI
CKaHUPYIOLIEH TEH30AMIaTOMETPHN.

MatepuaJjbl 1 MeTOABI

OKCNEepUMEHTAIBHOE H3y4YE€HUE 3aKOHOMEPHOCTEH
00pa3oBaHus K1acTepHoi 3 -(hasbl mpu oXJ1axAeHUH-
OTOI'PEBE BOAHBIX PACTBOPOB KPUOIIPOTEKTOPHBIX BE-
IIECTB MPOBOJIMIOCH C MOMOIIBIO AU(PEepeHInaTb-
HOI'0 MHUKPOOOBEMHOI'0 CKaHHPYIOLIEr0 TE€H30uJIa-
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molecules and cryoprotective substances are free in a
solution, and due to this fact the crystallization of
cryoprotective solutions usually is interpreted using the
traditional state diagrams where the HB-bonds are not
considered [2, 6, 19, 20].

With a decrease in temperature the situation chan-
ges dramatically. In particular, even at 7<-50...—70°C
the value w is reduced down to the values of about
10 s! and lower, i. e. the stability of AB associates
increases sharply, as evidenced by the results of
infrared spectroscopy [11] and diffraction of slow
neutrons [18, 21-23]. This eliminates virtually the
formation of single crystals of ice and cryoprotective
substances in a cooled solution below a certain tempe-
rature 7. As a result, stable AB associates transform
into a solid-phase state either as an amorphous fraction
[1-4,19,20] or hydrate phase B_[12, 24, 25], which is
contrary to the eutectic crystallization regularities.

To explain the contradictions between theoretical
and experimental data a model of cluster crystallization
was proposed [12—14] as well as the principles of
obtaining the phase diagrams, including the areas of
the cluster phase B, existence [14]. However, to date
there is no clear experimental evidence of this model
applicability in the widely applied cryoprotective
solutions. This is largely due to the fact that practical
cryobiology considers the survival of biological objects
associated with the kinetics of crystallization of the
solutions at 7> T and the majority of researches is
devoted to the study of this particular temperature
range. At the same time the cluster crystallization
proceeding at 7< T and caused by HB-bonds between
the water molecules and cryoprotective agents can
have a significant impact on the quality of the
crypreserved biomaterial.

In this regard, the aim of this work was to study
the crystallization and melting of the solutions with a
weak molecule-to-molecule relationship of the compo-
nents using a specially developed method of differential
volume scanning tensodilatometry.

Materials and methods

The regularities of forming the cluster B phase
during cooling-warming of aqueous solutions of cryo-
protective agents were experimentally studied using a
differential microvolume scanning tensodilatometer, the
concept of which was previously described in details
[12]. The device main part consists of a differentially
mounted main and reference measuring units
containing the combined bellows inserts transforming
the volume changes of the tested solutions into linear
transitions of drawing power.

This device is useful when studying quite a large
amount of solution (¥, > 2 cm?), cooled or thawed at a
relatively low rate (7" < 10 deg/min).
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TOMETpa, IPUHITUITHATIBHAS CXeMa KOTOPOTO MOJPOOHO
onucana panee [17]. [maBHas yacTp 3TOro ycTpoiicTBa
COCTOUT M3 CMOHTHPOBAHHBIX AU depeHuaIbruo
OCHOBHOU U 3TaJIOHHOM U3MEPUTEIBHBIX STUEEK, COAEP-
JKaIuX KOMOWHUPOBAHHBIE CHIIHL()OHHBIC BCTABKH,
KOTOpbIe TPaHCHOPMUPYIOT 0ObEMHBIC M3MEHEHMSI
HCCIIelyeMBIX PACTBOPOB B JINHEHHBIE TIEPEMEIICHNUS
CHJIOBBIX THT.

Jannayto cxemy npubdopa ymoOHO UCTIOIB30BATh ITPH
M3y4eHUH JOCTATOYHO OOJBIINX KOJTMYECTB PACTBOpA
(V,> 2 cM*), 0Xak1aeMOro MJTM HarpeBaeMoro ¢ OTHO-
cUTENbHO HeOoNbIMMU ckopocTamu (1 < 10 rpaymun).

Jlis n3ydeHust KHHETUKU KPUCTAILTH3AIAN PACTBO-
POB ¢ HayanbHBIM 00beMoM V< 1 cM® uiu ¢ HeGOoIb-
LIUMU KOHIEHTPALUSIMU KPUOIPOTEKTOPHBIX BELIECTB
(C, < 10%) ucnonb3yercs MUKPOOObEMHBIA BADHAHT
CKaHHUpYIolIero TeH3oaunaTomerpa. OH TaKxke cozep-
KUT T depeHIIuaTbHO CMOHTHPOBAHHBIC OCHOBHYIO
1 9TaJOHHYIO M3MEPHUTEIbHBIEC SUEHKH, OTHAKO 3TH
STYEHKN IMEIOT 00JIee CIIOKHYIO KOHCTpYKIHto [4, 9].

DKCIIEpUMEHTHI IPOBOAMIIN Ha BOJHBIX PACTBOpax
MIIMIEPUHA, MOJIBEPTHYTOr0 JBOMHON NEperoHke B
Bakyyme, 1 IMCO (Kopnopanust «Aprepuym», Yk-
pauHa). PacTBOpHI TOTOBHITM HA OCHOBE OMTUCTHILITH-
pOBaHHOW BOABI C BBIAEPKKON He MeHee 20 4 mpu
temneparype 40°C u MHOTOKpaTHOM NEpeMelIn-
BaHUU. 3alpaBKa HCCIEAYEMbIX PACTBOPOB MPOBO-
JIUjIach C MOMOMIBIO CIICHUAIbHON BaKyyMHOM mpuc-
TaBKH, 00€CIIeunBarONIci 00e3raKNBaHIE PaCTBOPOB
U si9eeK Tepes IKCIEPUMEHTOM.

Hcnonb3yemblii 1uana3oH BECOBBIX KOHIIEHTpalui
KPHOIIPOTEKTOPHOTO BEIIECTBA HAXOIMIICS B ITPEAeax
ot 5 10 100%. Macca ucciaexyeMoro pactBopa ompe-
JeJsuIach ¢ TOYHOCThIO = 1073 1

3aBUCUMOCTH 00BEMa KPHOMPOTEKTOPHBIX PacT-
BOPOB OT TEMIIEPATYPhI B PEKUME €€ CKAHUPOBAHUS
B uHTepBaie 25...—150°C uccaenoBany npu OQUHAKO-
BBIX CKOPOCTSAX OXJaKJIEHUS U MOCIEAYIOLIEr0 0TO-
rpeBa, paBHbIX | rpan/muH. [Ipu sToM nmns yuera
BIIMSTHYSI HA BHJT TEH30MIIATOTPAMM TPAIUCHTA TEM-
repaTyp B H3MEPUTENIBHBIX sTMEUKaX dKCIIEPUMEHTHI
HPOBOJMIIM HA SYCHKaxX JIBYX BUJIOB: ¢ V| = 10 em® n
V, =1 c™’. 3aTeM BBINOJIHANM CPaBHUTENbHBIH aHa-
JIU3 TIOJTyYE€HHBIX PE3yIbTaTOB.

Pe3yabTarsl m o0cyxaeHune

OcHoBHasl ujesl NPUMEHEHUSI MeTo1a 00BEMHOM
CKaHUPYIOIEel TEH30AMJIATOMETPUH K U3YUEHUIO
SIBJIEHUS] KJIACTEPHOW KPUCTAJUIM3AIIMH BOJHBIX
pactBopoB, o0ycioBneHHoW HB-B3aumoselicTBueM
KOMITIOHEHTOB, COCTOHT B HAJIMYNH Pa3HBIX 00bEMHBIX
3G HEKTOB NIPU KPUCTATUTU3AIMN BOJIBI U KPHOTIPOTEK-
TOPHBIX BemecTB. M3BecTHO, uTO IpH (pasoBoM mepe-
X0Jle «BOJa-JIea» 00beM TaHHOW CHCTEMBI yBEITNYH-
Baercs Ha 8,2%. B To e BpeMs KpuCTauIH3aIus
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To study the crystallization kinetics of solutions with
an initial volume of ¥, < 1 cm’ or with low concen-
trations of cryoprotective agents (C, < 10%) there
was used a microvolume option of scanning tensodilato-
meter. It also comprises the differentially mounted
measuring basic and reference units but with more
complicated structure [15, 17].

Experiments were performed in aqueous solutions
of glycerol, double distilled under vacuum, and DMSO
(Arterium, Ukraine). The solutions were prepared on
the base of a bidistilled water with a delay for at least
20 hrs at 40°C and multiple mixing. The tested solutions
were loaded with a special vacuum adjustment,
providing outgassing of the fluids and units prior to the
experiment.

The used weight concentrations for cryoprotective
agent was within the range from 5 to 100%. The mass
of the tested solution was determined with £ 1023 g
accuracy.

Dependences of the volume of cryoprotective
solutions vs. temperature within the range of 25..—150°C
were investigated under the same rates of cooling and
subsequent warming, i. e. 1 deg/min. Herewith, the
estimation of the effect of temperature gradient in
measuring units on the appearance of tensodilatograms
was performed in two types of units: with V=10 cm’
and ¥, =1 cm’. Then the results were comparatively
analyzed.

Results and discussion

The basic idea of applying the method of volume
scanning tensodilatometry when studying the pheno-
menon of cluster crystallization of aqueous solutions
resulting from HB-interactions of the components
consists in the presence of different volume effects
during crystallization of water and cryoprotective
substances. It is known that during the water-ice phase
transition the volume of the system is increased by
8.2%. At the same time the crystallization of most
cryoprotective substances occurs with a decrease in
the volume of the system within the range from 2 to
5% depending on the type of substance. In case if a
cryoprotective agent does not crystallize under the
experimental conditions and transits into an amorphous
state, its volume reduces also by 0.1-0.3%. These facts
could provide an information about the structure of
the formed cluster phase particles, which essentially
depends on the type of AB associates, appearing in a
cooled aqueous solution due to hydrogen bonds.

Typical tensodilatograms V' = V(T), reflecting the
volume changes in the investigated aqueous solutions
of various weight concentrations of DMSO or glycerol
during their cooling and subsequent thawing within a
temperature range of 20...—150°C with the rates of
T~=T"*=1 deg/min are shown in Figs. 1 and 2.
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OOJIBIITMHCTBA KPHOTIPOTEKTOPHBIX BEIIECTB MMPOUCXO-
JUT C YMEHbBIIIEHUEM 00beMa CUCTEMBI B JHAIIa30HE
OoT 2 10 5% B 3aBUCHMOCTH OT BHJa BEILECTBA.
B Tom ciydae, eciii KpHONPOTEKTOPHOE BELIECTBO B
YCIIOBHUSIX SKCIIEPUMEHTA HE KPUCTAJUTN3YETCS, a Tiepe-
XOJIUT B aMOP(pHOE COCTOSHHE, €r0 00BEM TaKkKe
yMmenbmaetrcs B npenenax 0,1-0,3%. Otu paxTo
CIIOCOOHBI TaTh HHPOPMAIIHIO O CTPYKType 00pa3yro-
LIMXCS YaCTHI] KIIACTEPHOH (a3bl, KOTOpas CyIIecT-
BEHHBIM 00pa30M 3aBHCHT OT Bua AB-KOMITIEKCOB,
BO3HHUKAIOIIKX B OXJIAX1a€MOM BOJHOM PacTBOpE 3a
CYET BOJOPOAHBIX CBA3EH.

Tunuunsie Tenzoannarorpammsel V = V(T), otpa-
JKAIOIINEe H3MEHEHHE 00beMa HCCIIEeIyeMbIX BOJIHBIX
pPacTBOPOB ¢ pa3HOi BecoBoi koHLeHTpauueit J[MCO
WU TIULEPUHA B MPOLECCE UX OXJAXKICHUS U
MTOCJIEYIONIEr0 OTOTPeBa B MHTEpBAJIE TEMIEPATyP
20...-150°C co ckopoctamu I =T"= 1 rpaa/mun,
MIpUBEACHBI Ha puc. 1 u 2.

IIpencrapieHHblil AMana30H KOHIIEHTPAIUH KPHO-
nporekTopHeiXx BemecTts C, = 30-70% saBnsgercs
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4

-8

120 -80 40 T T 0 40

AV, X10°

e 1| 2

140 T, -100

34, 5

7T 2 0 20
Temnepatypa, °C  Temperature, °C

The presented concentration range of cryoprotec-
tive substances C, = 30-70% is the most interesting
when studying the kinetics of crystallization and melting
of the cluster phase 3, [13, 14]. These particular
concentrations are characteristic for liquid microphases
forming in the solutions with typical for practical
cryobiology initial concentrations of C, = 5-15% to
the moment they reach the temperature interval of the
cluster crystallization 7...T, . [2-4,6,12,19,20,24,25].

The analysis of curves V' = V(T) showed a signi-
ficant dependence of the shape of the obtained
tensodilatograms vs. the initial concentration of cryo-
protective solution as well as a prominent difference
of tensodilatograms obtained during cooling and
subsequent warming.

Thus, in tensodilatograms obtained during cooling
of the solutions with an initial concentration C, < 60%
we have found only the stages of thermal contraction
of the solutions within the temperature range of
20°C...T,, as well as the stages of samples’ volume
increasing at the temperatures below the crystallization

24
44
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Puc. 1. TeHsogmnatorpammel BOgHbIX pacTBOpOB C KoHueHTpaumen OMCO: A — 30%; B — 40%; C — 55%; D — 65%;
OXNaxaeHne — ChroLLHas NIMHWSA, OTOTPEB — MYHKTUPHAst NINHKS.

Fig. 1. Tensodilatograms of aqueous solutions with DMSO concentrations: A — 30%; B — 40%; C — 55%; D — 65%;
cooling is represented by solid line, dashed line denotes thawing.
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Puc. 2. TeH3ogmnaTorpaMmmbl BOAHbIX paCTBOPOB C KOHLUeHTpaunen muuepuHa: A —30%; B —57%; C—-62,5%; D — 70%;
OXNaXAeHne — CMroLHas NUHKSA, OTOTPEeB — MYHKTUPHas NUHKS.

Fig. 2. Tensodilatograms of aqueous solutions with glycerol concentrations: A — 30%; B — 57%; C — 62.5; D — 70%;
cooling is represented by solid line, dashed line denotes thawing.

HanOoJiee UHTEPECHBIM C TOYKH 3PCHUS U3YUCHUS
KHHETUKHU KPUCTAIITN3AIIUH U TUIABJICHUS KIIACTePHON
dasp1 3_[2, 18]. IMeHHO Takue KOHIEHTPALHH Xapak-
TEPHBI IS )KUJAKUX MHKpodas, o0pa3yromuxcs B
pacTBOpax ¢ THIIMYHBIMU JJIs [IPAKTUYIECKOM KPHOOHO-
JIOTHH UCXOIHBIMU KOHIEHTpanusamu C, = 5-15%, k
MOMEHTY JOCTHKEHUS UMH TeMIIEpaTypPHOTO0 HHTEP-
BaJia KjaacrepHon kpucramsauu 1 ... T . [1, 11-14,
17,20,21,25].

[Ipusenennsie kpuBble V' = V(T) CBUAETENBCTBYIOT
0 CYLIECTBEHHOM 3aBHCHUMOCTH BHUA MOJYYEHHBIX
TEH30JUJIATOTPAMM OT MCXOJHOW KOHIEHTpPALUHU
KPHUOMPOTEKTOPHOIO PACTBOPA U PE3KOM PA3TUUUU
TEH30MJIaTOTPaMM, IOJYUYECHHBIX MPU OXJTKICHUU U
MOCJIEAYIOIEM Harpese.

Tax, Ha TeH304MIIaTOrpaMMaXx, COOTBETCTBYIOIINX
OXJIQXKJICHUIO PACTBOPOB C UCXOAHOM KOHIIEHTpallhen
C, < 60%, hUKCHPYFOTCS TOJBKO CTAIMHU TETUIOBOTO CiKa-
THsL PaCcTBOPOB B auanasone temmeparyp 20°C... 7T,
CTaJN¥ yBEIMYCHUS 00BeMa 00pa3IoB HIDKE TeMIIe-
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onset point and the stage of a weak dependence of
the samples’ volume vs. the temperature below the
vitrification point 7' v

Tensodilatograms of the cooled solutions with initial
mass concentrations of DMSO higher than 60% and
glycerol above 65% are of two-stage character: almost
linear decrease in volume as the temperature decrea-
ses, characteristic of the thermal fluid compression
within the temperature range of 20°C.. T, and approa-
ching the plateau below the vitrification temperature 7.

At the same time, the tensodilatograms of the
heated solutions within the concentration range of 30—
65% for DMSO and 45-65% for glycerol are of pro-
nounced multistage character (Figs. 1 and 2B, C;
vertical dashed lines). In particular, when heating from
—150°C the solution with an initial DMSO concentration
of 40% (Fig. 1B) five specific steps have been clearly
observed: 1 —corresponded to the slight smooth increa-
se in the system volume characteristic for solid state,
when the dependence V*(T) obtained upon heating
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paTyphl Havana KpUCTaIu3auuu 7, v CTauu cnaboi
3aBUCUMOCTH 00beMa 00pas3loB OT TeMIEpaTypsl
HHKE TEMIEPATyphbl CTeK10BaHus T .

TeH3onunarorpaMmbl OXJIaXk1a€MbIX PAaCTBOPOB C
HACXOIHBIMA MacCOBBIMH KOHIIeHTparusmu JJMCO
BoITIIe 60% 1 IIHTIepUHA BhIIIE 65% UMEIOT IBYCTAIHIA-
HBII XapakTep: NPaKTUYECKU JIMHEHHOE YMEHbILIECHUE
o0BbeMa C MOHMKEHHUEM TEMIIEPATyphl, XapaKTepHOE
JUTSI TETUTOBOTO CKATHS JKUIKOCTH, B HHTEPBAJIE TEM-
neparyp 20°C...T, i BBIXOJ Ha ITATO HUKE TEMIIepa-
Typbl CTeKIOBaHUS T,

B TO xe BpeMs TeH301MIaTOrpaMMbl HarpeBae-
MBIX pacTBOPOB B AMAaINa3oHe KoHLEeHTpaunui 30—-65%
st IMCO u 45-65% nis miMuepuHa UMEIoT sIPKO
BBIpQKEHHBIA MHOTOCTaIMIHBIN XapakTep (puc. 1 u
2, B, C; BepTUKanbHbIC yHKTUPHBIE TUHUH). Tak, mpu
Harpese otT Temmeparypsl —150°C pacTBopa ¢ ucxo-
Ho#t xoHmeHtpanueir JMCO 40% (puc. 1, B)
OTYETJINBO PETUCTPHUPYIOTCS MATh XapaKTePHBIX CTa-
Iuii: 1 — COOTBETCTBYET XapaKTepHOMY JUIsl TBEPIIO-
(ha3HOTO COCTOSIHUS TUIABHOMY HE3HAYUTEIHBHOMY
YBEJIMUEHUIO 00beMa CHCTEMBI, TIPH KOTOPOM TOJTY-
yaemas pu Harpese 3aBUcUMOCTh V*(T) MOTHOCTBIO
COBIIAJIAET C MOJYYEHHOH B 3TOM TeMIIEpaTypHOM
HMHTEPBAJIE Ha 3TaIle IPEIBAPUTEIBLHOTO OXJIAXKICHUS
3aBucuMocTbio V7 (7); 2 — COOTBETCTBYET OTKJIOHE-
uuto 3apucumoctr V*(T) ot 3aBucumoctu ¥V (T) B pe-
3ynbTaTe HEPaBHOMEPHOTO YMEHbIICHHUs oObeMa
CHUCTEMBI; 3 — XapaKTepU3yeTCsl Pe3KNM yBETNICHUEM
o0BpemMa crucreMbl; 4 — XapaKkTepu3yeTcsl yMEHbIIe-
HHEeM o0beMa CHCTEMBI B PE3yibTaTe IJIaBICHUS
00pa30BaBIINXCS B MPOIECCE OXJIAKICHUS KPUCTAII-
JIOB JIbJIa; 5 — COOTBETCTBYET MPAKTUYECKU JTMHEH-
HOMY YBEJIMUYCHHIO 00bEMa CHUCTEMBI, XapaKTEPHOTO
JUTSl TETUIOBOTO OOBEMHOT'0 PaCIIMPEHUS HATPEBAEMO
YKUJKOCTH U OITUCBIBAEMOTO BBIPAKEHHEM

AV =V -BAT, )

rae AV — u3aMeHeHne o0beMa HCCIIeAyeMOro pacTBo-
pa npu ero Harpee Ha Beauuuny AT, V, — oObem
pacTBOpa mpu temmneparype 7', T. €. B MOMEHT
OKOHYAHUsI IUIABJICHHS KPUCTAILIOB Jbaa; 3 — K03 du-
LMEHT TEIUIOBOTO 00 bEMHOT0 PACITUPEHNS pacTBOpa
B COOTBETCTBYIOIIEM HHTEpBaje TeMIIepaTyp.

Habnronaemoe Ha 5TOH CTaguM HE3HAYUTEIBHOE
HecoBnajenue 3apucumocteit V*(T) u V-(T) o0ycnos-
JIEHO Pa3HBIM pacHpeaesieHHeM TeMIepaTyp Mo
00beMy STUEHKH TeH30IMIIATOMETPA Ha 3Tarax OXJIax-
JICHUSI U Harpesa.

AHaJOTHYHbIE CTaJUHU MOKHO BBIJCIUTH M Ha
TEH30MJIaTOrpaMMaxX HarpeBaeMbIX BOJHBIX PacT-
BOPOB IIIUIIEPHUHA, OTHAKO TIoBeAeHue KpuBoi V*(T)
Ha cTagusix 2 u 3 (puc. 2) IpUHIMITHAIEHO OTINYAeTCS
OT €€ MOBEICHUS Ha 3TUX CTAAMSIX B CIy4yae BOJIHBIX
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coincided with the dependence V' (7T) obtained within
the same temperature range during preliminary cooling;
2 — corresponded to the deviation between dependen-
cies V*(T) and V' (T) due to uneven reduction of the
system volume; 3 — characterized by a sharp increase
in the system volume; 4 — characterized by a decrease
in the system volume resulted from the melting of the
ice crystals formed during cooling; 5 — corresponded
to the almost linear increase in the system volume,
characteristic of the thermal volume expansion of
heated liquid and is described by the expression

AV = VBT, )

where AV is the change in volume of the studied
solution during its heating by the value AT; ¥, —volume
of the solution at 7," temperature, i.e. at the end of
melting of'ice crystals; 3 — coefficient of thermal volu-
metric expansion of the solution within the correspon-
ding temperature range.

A slight mismatch between the dependencies V*(T)
and V(T) observed at this stage is caused by different
temperature distribution along the tensodilatometer unit
during cooling and heating.

Similar stages can be also found in tensodilatograms
of the heated aqueous solutions of glycerol, however,
the behavior of the curve V*(7) at the stages 2 and 3
(Fig. 2) is fundamentally different from its behavior
during these stages for DMSO aqueous solutions
(Fig. 1). In particular, a deviation between the depen-
dencies V*(T) and V+(T) is observed at the stage 2,
caused by a significant increase in the system volume.
This is the reverse to the appearance of V*(T)
dependence for DMSO solutions and does not corres-
pond to the processes occurred in the tested solutions
at the cooling stage as well. In turn, stage 3 is
characterized by the curve V*(7) approaching to the
plateau. In the heated solution this could be possible
only if there are deleloping the processes, which lead
to a decrease in the system volume, in such a way
compensating a normal thermal expansion.

Comparing the series of tensodilatograms obtained
for the solutions of DMSO (Fig. 1) and the ones of
glycerol (Fig. 2) clearly showed the dependence of
the shape of the dependences V*(T) within a particular
stage as well as the total number of stages on the initial
concentration of the solution. For example, the tenso-
dilatogram of heated solution with a DMSO concen-
tration C, = 65% had no stage 4 being typical for lower
concentrations (see Fig. 1D). It is very prominent in
the Fig. 2 tensodilatograms of the glycerol solutions
under heating. The tensodilatogram of the solution
containing 57% glycerol has five clearly distinguished
stages (Fig. 2B). At the same time, the tensodila-
tograms of the heated solutions with glycerol concen-
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pactBopoB JIMCO (puc. 1). Tak, Ha cTagmu 2 HaOIIO-
nmaetcst oTkiaoHeHnue 3asucumoctu V7(T) ot 3aBucu-
moctu V(T), 00ycinoBiIeHHOE 3HAYUTEIbHBIM YBEIIU-
YeHHeM 00beMa CHCTEMBl. JTO MPSMO MPOTUBOIIO-
JIO’)KHO TIoBeieHuto 3aBucumocTH V™ (T) mis pacto-
poB IMCO u Taxxe abCOIIOTHO HE COOTBETCTBYET
rporeccam, IPOTEKABIINM B HCCIEAYEMOM PacTBOpPE
Ha dTamne oxjaxiaeHus. B cBoro ouepens, craaus 3
XapakTepusyeTcsl BeIxonoM KpuBoil V'(T) Ha muaro.
B HarpeBaemMoM pacTBOpE 3TO BO3MOKHO TOJBKO TIPH
Pa3BUTHH B HEM TPOLIECCOB, MPUBOAIINX K YMEHBIIIE-
HUIO 00beMa CHCTEMBI, YTO KOMIIEHCHPYET OOBIYHOE
TEIUIOBOE PacHINpEHHeE.

[Ipu cpaBHEHNN TEH30IUITATOTPAMM, TIOTYYEHHBIX
kak g pactBopoB JIMCO (puc. 1), Tak u 1y pacrt-
BOPOB INIHLIEPHHA (PHC. 2), OTYETINBO BUIHO, YTO BUJ
3aBucumocteit V*(7) B mpenenax oAHOHN BBIICTICHHON
CTaauy U o0l1ee KOJMYECTBO CTaIUi 3aBUCAT OT UC-
XOZIHOM KOHIIEHTpaluy pacTBopa. Tak, Ha TEH301MIa-
TOTrpaMMe HarpeBaeMoro pacTBopa ¢ KOHLEHTpanuen
JAMCO C,= 65% NONHOCTBIO OTCYTCTBYET CTaaus 4
(cm. puc. 1, D), xapakTepHas mis 6ojiee HU3KUX
KOHIIEHTpanuid. OcoOOEHHO YETKO ATO MPOSBIIAETCS HA
MIPEICTAaBICHHBIX Ha PHC. 2 TEH30JMJIaATOTPaMMax Ha-
rpeBaeMbIX pacTBOPOB IuIeprHa. Ha Tenzonumiaro-
rpaMMe pacTBOpa ¢ KOHIEHTpaIuei rumnepuna 57%
OTYETIIMBO MPOCMATPUBAIOTCS IATH CTafuH (puc. 2, B).
B 1O *e BpeMs TeH30aMIIaTOrpaMMBbl HarpeBaeMbIX
pacTBOPOB ¢ KOHLEHTpanuen runepuHa 70% u Bbllie
(puc. 2, D) comepsxar TOIBKO J1BE CTaJUH, COOTBETCT-
BYIOLIME MPOLIECCY PACCTEKIOBaHUS aMOp(hHOH ppak-
LMY ¥ TEIUIOBOMY PACLIMPEHHIO KUAKON (Dasbl.

C IOMOILIBIO MTOTYYEHHBIX TEH30IUIaTOr PAMM JIETKO
[TOCTPOUTD TUATPAMMBI COCTOSHHUN HCCIIEAYEMBIX pacT-
BopoB. Takue nuarpaMmsI s cucteM «Boaa-{MCO»
1 «BOAA-TIUIIEPUH» TTOKa3aHbl Ha puc. 3, A, B. [Ipu
WX TIOCTPOEHUH UCTIONIb30BAJIA 3HAYECHHUS [TaPaMETPOB
TL‘ u TC‘, OTpaKarwInue Ha dKCIEPUMEHTAIbHBIX
3aBucUMOCTAX V(1) TpaHUIIbI CTAANH TP OXITAXKIEHIN
pacTBOpPOB, ¥ mapaMeTpoB 7, u T, OTpaxKarolue 9Tu
TPaHULBI IPU UX MTOCIEAYIONIEM HarpeBe.

HecoBnanenune Bua quarpamMm COCTOSIHUSL, TIOJTY-
YEHHBIX PU OXJIAKIEHUH U MOCIETYIOIEM OTOIPEBE
pacTBOpoB, TpeOyeT AeTanbHOro aHaiduza. Panee
CUHTAJIOCh, YTO TAKOE€ HECOBIAJIEHUE MOXKET BO3HHU-
KaTh TONBKO MpHu yciosuu 1~ >> T rne T°u T —
CKOPOCTH OXJaXJCHHUS M MOCJIEAYIOIIET0 Harpesna
HCCIIENYEeMBIX PAacTBOPOB COOTBETCTBEHHO [1, 25].
[IpuBenennsie Ha puc. 3, A, B III/IanaMMBI COCTOSIHUI
IOJIY4E€HBI IIPU YCIOBUU T~ = T ",9T0 CBHIETENBCT-
ByeT O TOM, YTO BO3HHUKAIOIIEE B 06JIaCTI/I KOHIICHT-
pauuit C C , Pa3/IBOCHHE JHarpamMm xapaKTepHo
T JHO6BIX COOTHOHIeHI/II/I ckopocteii T~ 1 T, ocKoIb-
Ky GU3UUECKUE COCTOSHUS, Yepe3 KOTOPBIE IPOXOIUT
OTOTPEBAEMBIN paCTBOP, OTIUYAIOTCS OT Habopa coc-
TOSIHUI, COOTBETCTBYIOIINX OXJIaXKAaEMOMY PacTBOPY.
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tration of 70% and above (Fig. 2D) contain only two
stages corresponding to devitrification of amorphous
fraction and a liquid phase thermal expansion.

Using the obtained tensodilatograms it is easy to
construct a state diagram of the tested solutions. These
diagrams for the water-DMSO and water-glycerol
systems are shown in Fig. 3A, B. The procedure
involved 7 and T~ parameters characterizing the
boundaries of stages when cooling the solutions, as
well as 7" and T parameters, reflecting these
boundaries during their subsequent heating.

The discrepancy between the shape of phase
diagrams, obtained when cooling and subsequent
heating the solutions, requires a detailed analysis.
Previously, there was a belief that such a mismatch
can arise only if 7~ >> T " where 7~ and T * were the
rates of cooling and subsequent heating of the inves-
tigated solutions, respectively [24, 25]. The presented
in Fig. 3A diagrams of states were obtained if
T~ = T", i e. the duality of diagrams occurring within
the range of C,...C, concentrationsis was characte-
ristic for any ratios of rates 7~ and 7'* since physical
states, passed during heating of the solution differed
from a set of states characteristic for cooling.

Thus, according to the diagrams (Fig. 3A, B; solid
lines), cooling the solution with an initial concentration
C; < C, was accompanied with the formation of ice
crystals 4 at the temperature 7, finished after rea-
ching temperature 7 and concentration C . Following
heating of the solution with the same absolute rate of
the temperature change is described with the state
diagram, based on the points 7"and T’ " (see Fig. 3A,
B; dotted lines). Therefore, a phase trajectory corres-
ponding to heating of the solution constructed in
T— C, coordinates, will deviate from that of cooling.

According to the trajectory of warming the particles
of the cluster phase 8 are formed and then melt in a
solution within the 7...T" temperature range. For-

. . £ c
mation of the maximal amount of the clustered phase
B. in this case corresponds to the deviation of the liquid
phase concentration from the values of 7,” diagram
by AC'.. This deviation causes a volume effect AV,
which affects the shape of the obtained tensodilato-
grams. In particular, in the tensodilatogram of the
solution with a concentration of 57% glycerol satisfying
the condition C;< C, (seeFig. 2, B), the stage 2 corres-
ponds to cluster crystalhzatlon which is accompanied
by an increase in the system volume, i. e.

AV, = AV + BV, 3
where AV/ — increase in the system volume due to
thermal expansion of liquid fractions arised in the
sample after devitrification.

Stage 3 in Fig. 2B depicts the cluster phase melting.
Stage 4 terminating at the temperature 7', corresponds
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Fig. 3. State diagrams of DMSO (A) and glycerol (B) solutions obtained during cooling with the rates T™=T%"=1 deg/min;
cooling is represented by solid line, dashed line denotes thawing.

Tax, cormacuo nuarpammam (puc. 3, A, B; crutomi-
HbIE JIMHUM) NIPH OXJIQXKIEHUU PacTBOpPa C UCXOAHON
KoH1eHTpanuen C;< Cg* B HEM Ipu Temreparype 7,
HaYMHAETCsA 00pa3oBaHUE KPUCTAIUIOB Jbaa A,
KOTOpPO€E 3aKaHYMBAETCs MPU JOCTHKEHUU TeMIIepa-
TypBI T;, 1 KoHeHTpauuu C " B cnyuae nocnenyromero
HarpeBa ¢ TOU k€ aOCOJIIOTHON CKOPOCTBIO M3MEHE-
HUSA TeMIEepaTypbl ’TOMY PacTBOPY COOTBETCTBYET
JiyarpaMMa COCTOSIHUM, MOCTPOEHHas 1o ToukaMm T L*
uf “(cm. puc. 3, A, B; nynkrupHsie aurun). [lostomy
COOTBETCTBYIOIIAss OTOTPEBY pacTBopa (azoBas
TPAeKTOpHUs, yKa3aHHas B koopauHarax «7 — Cp»,
OyJeT OTKIIOHATHCS OT TPACKTOPHH OXJIAXKICHUS.

CornacHo TpaeKTOpPHU OTOrPEBA B MHTEPBAJIE
TeMIlepaTyp T .T B pacTBOpe 00pa3yrOTCs U 3aTEM
IUTaBATCS qaCTHuH knacrepHoit dasel 3. OOpasosa-
HUE MaKCUMaJIbHOTO KOJIMYECTBa KJIAaCTepHOU (a3bl
3. mpy 5TOM COOTBETCTBYET OTKIOHEHUIO KOHLIEHTPA-
WU KUAKOH (a3bl OT 3HAYCHUU Tuarpammbl 7 . Ha
AC!.. DTO OTKIIOHEHHE BBI3BIBAET 00BEMHBIH S PeKT
AV, KOTOpBIH OTPaXaeTcs Ha BUJE TOTYYAEMBIX
TeH30AMIaTorpaMM. Tak, Ha TEH30JMJIaTOrpaMMe
pacTBOpa ¢ ymoBJieTBOpsromen ycnosuro C, < Cg*
KOHIIeHTpanuel rmnepuHa 57% (cm. puc. 2, B),
CcTaausl 2 COOTBETCTBYET KJIACTEPHOW KPHUCTAJIIH-
3alluu, KOTopas COMPOBOXKIAETCS yBEINUYEHUEM
00beMa CUCTEMBI, @ HIMEHHO:

AV o= BV, + AV, 3)

rue AVL’— yBeJIM4eHuEe 00beMa CUCTEeMBI 32 CUeT
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to the melting of 4, ice crystals formed during pre-
cooling. Stage 5 demonstrates thermal expansion of
the solution with concentration C; in accordance with
the expression (1).

In its turn, cooling the solution with concentration
c,> C,,as proceeds from diagrams (see. Fig. 3), will
lead to a complete vitrification at the temperature of
T, without any intermediate phase transitions. Further
heating of the solution is described by a curve charac-
teristic to a cluster crystallization with a maximal
volume effect AV”.. Melting processes of the formed
B, phase particles are completed at the temperature
T'. Tensodilatograms shown in Fig. 2C correspond to
the trajectories of cooling and heating. It is seen that
during the solution cooling, a thermal contraction with
subsequent vitrification is observed. During thawing a
sharp extra increase in the solution volume occurs due
to cluster crystallization (stage 2). In this case, stage 3
reflects the subsequent melting of cluster phase 3, and
there is no stage 4, corresponding the melting of
individual ice crystals 4.

With further rise in the initial solution concentration
the amount of B, phase formed during thawing and
the level of corresponding volume effects diminish
dramatically and become equal to zero at C, > C,.
The tensodilatograms shown in Figs. 1D and 2b
correspond to a behaviour of the solution with an initial
concentration of C'y > C/'.

The dependence of the mass mg of forming 3_phase
on the C, concentration passes through a maximum
within the G,---C, concentration range. Such an
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TEIJIOBOTO pacIIMpeHus 00pa3oBaBIINXCs B 0Opasie
MOCJIe PACCTEKIOBAHMS JKUAKHUX (PPaKLIUH.

Cranus 3 Ha puc. 2, B oroOpasaer nporecc mnias-
neHus kiaactepHoi ¢asel. Ctaans 4, 3aBepruaromasicst
npu temmeparype 7', , COOTBETCTBYET IUIABICHUIO
KPUCTAILIOB Jbaa A, 00pa30BaBIIKMXCs B IPOLECCE
peaBapuTeIbHOTO oxaxaeHus. Ctamus 5 oTobpa-
YKaeT TEIUIOBOE pacIIMpEeHHe pacTBOpa ¢ KOHIIEHTPA-
nuei C; B COOTBETCTBUM C BeIpakenueM (1).

B cBoto ouepens oxnaxkeHHE pacTBOpa KOHIICH-
tpauuu C > Cg* COIVIACHO AuarpaMmam (cM. puc. 3)
MIPUBEJIET K €70 MOJTHOMY CTEKIOBAaHHIO IIPU TEMIIEpa-
Type T, 0e3 Kakux-ITu00 MPOMEKYTOUHBIX (Da30BBIX
nepexonoB. [locnenyromemMy HarpeBy 3TOro pacTBopa
COOTBETCTBYET TPAEKTOPHS, COIIACHO KOTOPOI B HEM
MIPOUCXOIUT KIIACTEPHAs! KPUCTAJUTH3ALHS C MAKCHMAITb-
HbIM 00beMHBIM 3 dekTom AV TIporecch! IaBneHus
o0pa3zoBaBIIMXcs yacTll (asbl B, 3aBepiuaoTCs Mpu
temmneparype 7. JlaHHBIM TPAEKTOPHUSIM OXJIaXK ICHHUSI
Y HarpeBa COOTBETCTBYIOT TEH3OAMIATOT PAMMEI, TIPE/I-
cTaBJieHHbIe Ha prc. 2, C. BunmHo, 9T0 B Tporiecce oxJax-
JIEHHs pacTBOpa HAOJIONAETCS €ro TeIUIOBOE CyKaTne
¢ TocnenyommM cTekiaoBanueM. Ilpu otorpese mpo-
HCXOMUT PE3KOE JOMOIHUTEIBHOE YBEIMUCHNE 00beMa
pacTBopa, 00YCIOBICHHOE KIIACTEPHOM KPUCTAIITH3AIIUCH
(cramus 2). Ctaausa 3 B AaHHOM Cllydyae OTpakaetT
nocyeyolee IaBIeHue KnactepHoi ¢assl B, a cTa-
nus 4, COOTBETCTBYIOIIAs IJIABIEHHUIO OTAEIbHBIX
KPUCTAJIOB Jibja A, OTCYTCTBYET.

IIpu nanpHelieM yBeIMYEHMM KOHUEHTPALUU
HCXOIHOTO PAaCTBOPA KOJTMYECTBO 00pasyromeics mpu
ororpese (Gasbl B, U BeIMUMHA COOTBETCTBYIOIIMX
00beMHBIX 3(p(PEKTOB HAYMHAIOT PE3KO YMEHBINATHCS
U CTaHOBATCs paBHbIMH HyitO 1ipu C, > Cg*. [Tose-
JICHUIO PAaCTBOPA C UCXOTHOM KoHLeHTparmen C :;’ > Cg+
COOTBETCTBYIOT TEH30/IMIaTOTPAMMBI, TPEICTaBIEH-
Hble Ha puc. 1, Du 2, D.

YcTaHOBIEHO, YTO 3aBUCMMOCTB Macchl 00pasyto-
weiics B -daspr m, OT KOHUEHTparun C, B HHTEpBasIe
KOHIICHTpaIuit CO...Cg MIPOXOUT Yepe3 MAaKCHMYM.
Takolt xapakTep 3aBUCUMOCTH mB(C ;) B OTOM HHTEP-
BaJie¢ KOHIEHTPAIUH JIETKO OOBSICHUTH Ha OCHOBE
MOJIEJTH KJTACTEPHOM KpucTaymi3arui. CormacHo dToH
MOJIE/IH BEIMYNHA /71, B WHTEPBAJIC KOHICHTPALHiA
C,...C, Oyner HapacTaTh IO MEpe yBEIHUCHHS
KOJIMYECTBA MOJIEKYJI KPHOIIPOTEKTOPHOTO BELIECTBA
U KOMIUIEKCOB A B , ciocoOHBIX 00pa3oBbIBAThH
KnacTepel. B nanpHeiimem BenudunHa mg Oyzner
YMEHBIIATHCA O HYJs, MOCKOJIbKY B MHTEpBale
C,...C, HeOCTaTOYHO MOJIEKYN BOAbI A. B pesyis-
TaTe 3aBUCUMOCTE /my(Cy) MPOXOIUT YEpPe3 MAKCH-
MyM B quarna3one konuenrpauuii C, = C [18].

Monens knacTepHol Kpuctamumsannu [2, 17, 18]
OOBSICHSIET M CYIIECTBEHHOE Pa3ININe MEKY TEH30-
IUJIATOTPAaMMaMH, COOTBETCTBYIOIIMMHU OTOTPEBY
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appearance of dependence m,(C,) in the concentration
range is easily explained on the basis of the cluster
crystallization model. According to this model the index
my will enhance within the C,... .Cg concentration range
with the rise in the amount of cryoprotective agent
molecules and associates 4 B , capable of forming
clusters. Thereafter the m, value will be reduced to
zero, since there are not enough water molecules 4 in
the C ...C interval. Finally, the dependence m (C))
c g | B\TB
passes through a maximum at C, = C, [19].

Cluster crystallization model [ 12—14] explains also
a significant difference between tensodilatograms
corresponding to a heating of aqueous solutions of
glycerol (see Fig. 2) and DMSO (see Fig. 1). In the
first case, the envelope consisting of cluster particles
is entirely amorphous, since glycerol does not crystal-
lize inused in this research regimens of cooling-heating
(Fig. 4). In these solutions, no phase transitions occur
and there is only an usual thermal contraction or
expansion of the liquid phase in accordance with the
expression (2) and the reaching the plateau at 7< T,
which corresponds to the solution vitrification.

At the same time, the envelopes of cluster particles
formed during cooling-heating of DMSO aqueous
solutions may contain crystalline fragments. This is due
to the crystallization ability of DMSO and confirmed
by the tensodilatograms of its highly concentrated
solutions (Fig. 5). These tensodilatograms also demon-
strate that DMSO crystallization is accompanied with
a significant decrease in the system volume and vice
versa its melting results in an increase of the latter.
As aresult, the formation of cluster particles in DMSO
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Puc. 4. TeH3ognnaTorpaMmbl OTOrpeBaeMbIX BOAHbIX pacT-
BOPOB C KOHUeHTpaumen rnuuepuHa: 1 — 100%; 2 — 90%;
3 — 80%.

Fig. 4. Tensodilatograms of thawed aqueous solutions
with glycerol concentration of: 1 — 100%, 2 — 90%, 3 —
80%.
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BOJHBIX PacTBOPOB rimuepuna (cMm. puc. 2) u JJMCO
(cM. puc. 1). B mepBom ciiyyae 0605109Ka KI1acTepHBIX
YacCTHII OJIHOCTBIO aMOP(Hast, OCKOJIBKY MPH UCTIONb-
3yeMbIX B JaHHOH paboTe pekuMax OXJaKICHUS-
HarpeBa TIUIECPUH HE KpuUcTamaulyetrcs (puc. 4).
B »tux pactBopax He MpOUCXOANT (ha30BbIX IIEPEXOIOB
1 HalOironaercsi OOBIYHOE TEIIOBOE CXKATHUE HIIH
pacmmpenue )UKo (hazbl COrMacHO BEIPAKEHUIO (2)
1 BbIXOA Ha miaro npu I < Tg, 4TO COOTBETCTBYET
CTEKJIOBAaHHUIO PacTBOpA.

B 10 e BpeMmsi 000JI0YKH KJIACTEPHBIX YaCTHII,
00pa3yIoUINXCsl MPH OXJIKICHUN-HArPEBE BOJHBIX
pactBopos JJMCO, moryT conep:kaTh KpUCTAIUTHYEC-
ke pparmeHTH. DTO 00YCIOBICHO CHOCOOHOCTHIO
JAMCO k KpUCTALTU3ALMU, YTO MOATBEPKIAIOT TEH-
30MJIaATOTPaMMBbl €70 BBICOKOKOHIIEHTPHUPOBAHHBIX
pactBopoB (puc. 5). U3 3TUX TEeH30aUIaTOTpaMM
Takke cienyert, uro kKpuctammmu3amnus [JMCO co-
MIPOBOXK/IAETCS CYIIECTBEHHBIM YMEHBIIIEHHEM 00be-
Ma CHCTEMBI U, HA000POT, ero MJIABICHNE TPUBOIUT K
YBEJIMUEHUIO MocienHero. B pesymnsrare mpu o6paszo-
BaHWHU KJACTEPHBIX YACTHUIl B BOJAHBIX PacTBOpax
JAMCO o0beM cUCTeMBI MOKET YMEHBLIATHCS (CM.
puc. 1, cranus 2): yBenuueHre o0beMa CUCTEMBI IPU
00pa30BaHMHU s/Ipa YaCTULIBl U3 MHUKPOKPUCTAIIOB
JIbJIa @, KOMIIEHCUPYETCS yMEHbLIEHHEM 00beMa IIpU
00pa3oBaHNM KPUCTAIMYECKUX (PparMeHToB b B ee
o60mouke. COOTBETCTBEHHO, IIABICHUE YacTHIIL (Da3bl
B, mpoxomuT ¢ yBemuueHHEM oObema (cM. puc. I,
cragus 3). Cramusa 4 Ha 3THX PUCYHKaX COOTBETCT-
BYET ILIABIICHUIO KPUCTAIUIOB JIbJIa A ;, 00pa30BaBLINX-
Cs1 TIpU TIPE/IBAPUTEITHHOM OXJIAKICHUHU pacTBOpa. JTa
CTaaus OTCYTCTBYeT Ha puc. 1, D, mockombky mpen-
CTaBJICHHAsl TEH30AMJIaTOrpaMMa COOTBETCTBYET HC-
XOIHBIM KOHLEHTpaLUsIM B UHTEPBAJIE C;...Cgt pu
KOTOPBIX KPHUCTAJLIBL A, HE 00pasyroTCs.

J71st cpaBHEHHMS IOy Y€HHBIX PE3YJIbTATOB C IAHHBI-
MU auddepeHInaIbHOr0 TEPMUUECKOTO aHaIN3a |
i depeHIHaNbHON CKaHUPYIOLIEH KaIOpUMETPUH Ha
puc. 1, B npuBeena tepmorpaMma BOAHOIO pacTBOpa
JAMCO c xornenrparueit C = 40%, moTyIeHHAS TIPH
ero Harpese [21]. Ha TepmorpamMmMe sHIoTepmMudec-
KU MUK | COOTBETCTBYET IUIABJICHUIO KJIACTEPHBIX
yacTull, a sHaorepmuueckuil nuk Il — nnaBienuro
KPHUCTAJIOB Jbaa A . [I0CKOIbKY TerioBbie 3 deKThI
OT IUIABJICHUS s1Ipa KJIACTepa U €ro KpUCTAIUINIECKOM
000JI04YKH CyMMHUPYIOTCS, TO Ha ITOJTYYaeMBIX C IOMO-
mpio AudQepeHInanbHOr0 TEPMUYECKOTO aHaIN3a
i JuddepeHnnanbHON CKaHUPYOLIEeH KalopruMeT-
pHUH TepMOTrpaMMax IUIABJICHUE KJIACTEPHBIX YacTHUI]
OTpa)kaeTcs OAHUM MUKOM. DTO HE ITO3BOJIAET JIENATh
BBIBOJIBI O CTPYKTYpE KITaCTEPOB, KOTOPAst UTPAET OTpe-
JETSIONIYIO POJTb B (DOPMUPOBAHNHT BO3MOXKHBIX MEXa-
HU3MOB MTOBPEKICHUS OMOIOTHUYECKIX 00 BEKTOB IPH
KJIacTepHoil kpuctaumu3anun. OTHIM U3 OCHOBHBIX
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Puc. 5. TeH3ogunatorpaMmbl OTOrpeBaeMblX BOAHbIX pacT-
BOpoB C koHueHTpaunen OMCO: 1 — 100%; 2 — 90%; 3 —
80%.

Fig. 5. Tensodilatograms of thawed aqueous solutions
with DMSO concentration of: 1 — 100%, 2 — 90%, 3 — 80%.

aqueous solutions may be accompanied with the sys-
tem volume decrease (see Fig. 1, stage 2): an increase
in the system volume during the formation of particle’s
core from ice microcrystals a, is compensated by a
volume reduction when forming the crystalline
fragments b in its envelope. Accordingly, melting of
B, phase particles occurs with increasing the volume
(see Fig. 1, stage 3). Stage 4 in these Figures corres-
ponds to melting of ice crystals 4, formed during the
solution preliminary cooling. This stage is absent in
Fig. 1D, since the represented tensodilatogram corres-
ponds to initial concentrations within C:...Cg+ range,
whereat no formation of 4 crystals occurs.

The obtained results could be compared with the
data of differential thermal analysis and differential
scanning calorimetry, e. g. Fig. 1,B shows a thermo-
gram obtained during heating of DMSO aqueous
solution with concentration C,= 40% [19]. In the
thermogram an endothermic peak I corresponds to
melting of cluster particles and endothermic peak II
depicts the melting of ice crystals 4. Since thermal
effects resulting from melting of cluster core and its
crystalline envelope are summed, the thermograms
obtained by means of differential thermal analysis or
differential scanning calorimetry have only one peak
for the melting of particles. This does not enable to
draw conclusions about the structure of the clusters,
which plays a decisive role in the formation of possible
mechanisms of injury to biological objects in cluster
crystallization. One of the major factors in this case,
as well as during melting, is the structure of cluster
particle envelope. If during its formation the molecules
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(haxTOpPOB B 3TOM CITyyae, KaK 1 [Py IUIaBJICHUH, SIBJISICT-
CsI CTPYKTypa 000JIOUKH KIIACTEPHOU JacTuIlsl. Eciu
IIpH ee 00Pa30BAHUN MOJIEKYIIbI KPHOIIPOTEKTOPHOTO
BeIlIeCTBA EPEXOAT B KPUCTATNUECKOE COCTOSIHUE,
TO COITPOBOKAAIOILIIE ATOT MPOLEcC 00beMHbIE P PeK-
ThI OyyT OTPULATEIBHBIMHU 110 BEJIMYMHE U CKOMITCH-
CHPYIOT yBeJIMYeHHEe o0beMa OT 00pa3oBaHMs Sapa
4acTUIBl U3 MOJIEKYN Bobl. B pesynbrare cymmap-
HBI 00BbeMHBIN dQQeKT mpu 00pa3oBaHNH KiacTepa
OyzeT MUHIMAIJIbHBIM, 0COOEHHO €CJTH yUeCTh, UTO 3TO
TIPOUCXOIWT CIIOHTAHHO, TO €CTh SIIPO B 000I0UKa 00pa-
3YIOTCS MPaKTHYECKH OJIHOBpEeMEHHO. B cirydae amop-
HOM CTPYKTYpPBI 000JI0YKHN KITACTEPHON YaCTHUIIHI OHA
OyzmeT 00pa3oBBIBATHCS CO 3HAYUTEIHHBIM YBEIHUUE-
HUEM 00beMa, CPaBHUMBIM ¢ 00beMHBIMU 3 dekTa-
MU NIPH KPUCTAJUIN3ALUH BOABI. DTO MOKET BbI3BATh
CYLIECTBEHHBIC U3MEHEHHSI CTPYKTYPbI 3aMOPOKEH-
HBIX OMOCHCTEM, OCOOCHHO Ha 3Tanax KJIacTepHOM
KPHUCTAJUIM3aLUH KPUOIIPOTEKTOPHBIX PACTBOPOB.
AHaIN3 SKCTICPUMEHTAIIBHO IOy Y€HHBIX B JAHHOH
paboTe TEeH30JMIIaTOTPaMM MOATBEPIKIAET TUIIOTE3Y
KJTaCTEPHOU KpUCTAIITH3AIMH pacTBOpoB ¢ HB-B3anmo-
JNeHCTBYIOIMMHI KOMIOHeHTaMu. COrllacHO 3TOM
runotese [2, 17, 18], mpu HCXOAHBIX KOHIIEHTPAIHIX
C, < Cg KIIacTepHble 4acTuibl (asel B cocTosAT u3
MHUKPOKPHUCTAJIIOB JIbJIA i, OKPYKEHHBIX MOJIEKYJIAMH
KPHOIIPOTEKTOPHOT'O BELIECTBA B, HAXOIAIUMUCS B
aMOpQHOM b_HIIM KPUCTAIUIMYECKOM b COCTOSHHUSX
[2, 17]. BoaMoxHOCTB 00pa30BaHUs] MUKPOKPHCTAIIIOB
@ 371€Ch BO3HUKAET IIPU J0CTATOYHO HU3KUX TEMIIE-
parypax, Korjaa pa3mep KpUTHIECKUX 3apObIILel KpHc-
TAJJIOB JIbJIa MUHUMH3HPYETCSl HACTONBKO, YTO OHH
MOTYT 00pa30BbIBaThCS IIPU COSANHEHNHU KOMITJIEKCOB
A B, B xnactepsl 0€3 paspbiBa BOJOPOAHBIX AB-
cBszeil. [lpu 3ToM HEOOXOAMMO, YTOOBI KOJTHIECTBO
MOJIEKYJT BOJABI, HAXOAIINXCS B 00pasyeMoM Kiac-
Tepe, YIOBIETBOPSLIIO YCIOBUEO BOSHUKHOBEHHSI KPUTH-
YECKOTO 3apojiblilia B KOHKPETHOM TEMIEpaTypHOM
nnaTepBaie [7]. EcrecTBeHHO, 9TO B 3TOM ClTydac BHa-
qase KjacTtepbl OyayT o0pa3oBbIBaTbCS U3 KOMILICK-
COB C MAaKCHMaJIbHBIM KOJIMYECTBOM CBSI3aHHOM BOJIBL,
a TI0 Mepe MOHKEHUS TeMIIepaTypbl B ipoLecc OymyT
BKJIIOUATHCSl MEHEE TMIPaTUPOBAaHHBIE MOJICKYJIBL.
310 00BsACHSET TOT BakT, 4To 00Opa3oBaHMUE KiIacTe-
poB (asel 3, MPOUCXOAMT B IIMPOKOM JIMana3oHe
temmneparyp T ,.. T auenpu T'=T = const, Kak
31O TpedyeT BTEKTHHUECKAS KpMCTannmauH;I.
Kpowme Toro, crienanapie HaMu IPEATIONOKeHHS [2 ]
0 CTPYKType KIACTEPHBIX YacTUI[ OOBSICHSIOT MPH-
poay OONBIIMHCTBA PETHCTPHPYEMBIX 00BEMHBIX
3 PEeKTOB, COMPOBOKIAIOIINX (a30BbIC TTEPEXOJIbI B
HccIeIyeMbIX KPHOPOTEKTOPHBIX pacTBopax. Pa3uu-
Ly B KHHETHKE KPUCTAUTU3ALUKN U TOCIEIYIOUIETO
IJ1aBJIeHus: BOAHBIX pacTBopos JJMCO u munepuna
MOXXHO OOBSCHHUTH C IOMOIIBIO MPEACTABICHUI O
TOHKOW CTPYKType KJIacTepHbIX yacTull. OHM JaroT
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of cryoprotective substances transform into a crystal-
line state, then the accompanying this process volume
effects will be negative in value and will compensate
an increase in volume caused by the particle core
formation from water molecules. The resulting total
volume effect during cluster formation will be minimal,
especially if considering a spontaneous occurrence of
the latter, i. e., the core and envelope are formed almost
simultaneously. In the case of amorphous structure of
cluster particle envelope it is formed with a substantial
increase in volume, similar to volume effects during
water crystallization. This can cause drastic changes
in the structure of frozen biological systems, especially
at the stages of the cluster crystallization of cryopro-
tective solutions.

An analysis of the tensodilatograms experimentally
obtained in this study supports the hypothesis of cluster
crystallization of the solutions with HB-interacting
components. According to this hypothesis [12—14] at
initial C, < C, concentrations the cluster particles of
B, phase are composed of ice microcrystals a, surroun-
ded by the molecules of cryoprotective agent B, being
either in amorphous b, or crystalline b states [13, 14].
The possibility of microcrystals a, formation appears
at quite low temperatures, when the size of the critical
ice crystal nuclei are so small that they can be formed
by joining the 4 B associates into clusters without
breaking the hydrogen A-B bonds. Herewith the
number of water molecules in a cluster formed should
satisfy the conditions of a critical nucleus emergence
within a particular temperature range [5]. Naturally, in
this case the clusters will be formed primarily from
the associates with the maximum amount of bound
water and the process will involve the less hydrated
molecules with decrease of the temperature. This ex-
plains the fact that the formation of clusters of the [3,
phase occurs over a wide temperature range 7 ...7 ,
and not at 7= T, = const, as required by eutectic
crystallization.

In addition, our assumptions [14] on the structure
of the cluster particles explain the nature of the majority
of the recorded volume effects accompanying the
phase transitions in the studied cryoprotective solu-
tions. Difference in the kinetics of crystallization and
subsequent melting of DMSO and glycerol aqueous
solutions can be explained by the notions of a fine
structure of cluster particles. They provide an oppor-
tunity to formulate a new understanding of the mecha-
nisms of biological objects injury in the low temperature
range and explain the difference between protective
properties of these cryoprotectants with quite the same
ability to bind water molecules. The main role in this
explanation is played by experimentally discovered
effect of an abrupt increase in warmed glycerol
solutions near the devitrification temperature. In this
situation the structural features of these solutions at
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BO3MOXKHOCTB COPMYITHPOBATH HOBBIEC TIPE/ICTABIIE-
HHS O MEXaHHW3Max IMOBPEXIeHNs OMO0OBEKTOB B
00J1aCTH HU3KUX TEMIIEPaTyp U OOBSICHUTH pa3inniue
3aIIUTHBIX CBOWCTB ATUX KPUOIIPOTEKTOPOB, 00131210~
LIMX PAKTUYECKH OAMHAKOBOW CIIOCOOHOCTBIO CBS-
3bIBaTh MOJIEKYJBI BOABI. OCHOBHYIO pOJIb B 3TOM
00BSICHEHNH UTpaeT oOHAPYKEHHBIH SKCIIEPUMEH-
TanbHO 3(h(PEeKT pe3Koro yBennyeHus oobema oTorpe-
BaeMbIX PaCTBOPOB IIUIIEpHHA BOIHU3HM TEMIIEPATYPHI
paccTekioBaHus. B TaHHOW cUTyaluu cleayeT
YYUTBHIBaTh OCOOEHHOCTH CTPYKTYPBI THX PACTBOPOB
npu T ~ Tg. [Ipu 3THX TemmepaTypax OGOIBIINHCTBO
KHUJIKAX MEKpO(]a3 MpeICTaBISIIOT COO0W 3aMKHY ThIE
B TBepaoda3Hoi maTpuie BKIoueHus. [losTomy
MPUBOAALIAS K YBEIMUCHHUIO 00bEMa CUCTEMBbI KJlac-
TepHas KPUCTAJUIM3AalUsl BBI3BIBAET B HUX POCT
JaBJICHUS, M, KaK CIEACTBUE, INIACTHYECKHE CIIBUTH
B Matpuiie [24] 1 MOBpek)ACHNUE 3aMOPOKEHHBIX OHO-
00BEKTOB. ITO 00CTOATENILCTBO TPEOYET AETATBHOTO
H3yYEHUs! KJIACTEPHON KPHCTAIIM3AMN Pa3IMIHBIX
KpPUOTIPOTEKTOPHBIX PacTBOPOB. BrioiHe BO3MOXKHO,
YTO JUIsl IPABUIILHOTO 1MO00Pa KPHOTPOTEKTOPHBIX
KOMTIO3UIIMH M PEKUMOB OXJaXJICHHUS U OTOTpeBa
KPHUOKOHCEPBUPYEMBIX C UX IMOMOIIHI0 OMOO00HEKTOB
noTpeOyeTcst onpeieNieHHas KiiacCu(HKaIrs KPHOIPO-
TEKTOPOB IO MapamMeTpaMm KJIAaCTEPHOW KpHUCTaJI-
JIM3aLUH TOCIICTHUX.

BriBoabI

Taxum 00pa3zom, c1aboe B3aUMOACHCTBUE MEXKITY
MOJIEKyJIaMU BOZABI U KPUOIIPOTEKTOPHBIMH BEIIECT-
Bamu B pactBopax IMCO u mmuepuHa npu HU3KHX
TeMIlepaTypax MIPUBOIUT K 00Pa30BaHUIO KIACTEPHOM
(azb1. [Ipu 3 TOM CTpyKTypa 00pa3yromuxcs KiacTep-
HBIX YaCTHII 3aBUCHUT KaK OT BH1a KPHOIIPOTEKTOPHOTO
BEIIECTBa, TaK M OT KOHLEHTPAIMU HCCIEIyeMOro
pacTBOpa. DTO MOATBEPKAAETCS HAOIIOTaEMbIMU
00beMHBIMH P PEKTaMHU, KOTOPbIE COMPOBOKIAAIOT
OXJIAK/ICHNE W TOCJEAYIOIMHI HarpeB pacTBopa.
Hannbie 3¢(}eKxThl NpOXoAsT yepe3 MaKCUMyM B
HMHTEpBaje KOHIEHTpalUil KpUONPOTEKTOPHBIX Be-
mectB (30-70%): ux camxenune nipu C < 30% cBsi3aHO
C YMEHbILICHHEM 00Pa30BaHHbIX 32 CYET BOJIOPOIHBIX
CBsI3€i KOMIUIEKCOB A B, 13-32 HEOCTATOYHOTO KO-
JITYECTBA MOJIEKYJI KpHOIIPOTEKTOpa, a mpu C>70% —
U3-32 YMCHBUICHUS KOJIMYECTBA KOMIUIEKCOB 4 B —
B pacTBOpE, CBA3aHHOTO C HEXBATKON MOJIEKYII BOJIBI.

[TocTpoeHHbIE TIO PETHCTPUPYEMBIM 3aBUCHUMOC-
M V' = V(T) cnapeHHble AuarpaMMbl COCTOSTHHH 15t
BonHBIX pacTBopoB JIMCO u muneprHa, BKIIOYA0-
1pie 00aCTH CyIIeCTBOBAHUS KIIaCTePHOH (ha3bl, OJ-
HOCTBIO OOBSICHAIOT BCe HAaOogaeMble 0COOCHHOCTH
KpUCTAJUIM3alUU-TUIABIEHHS TAHHBIX PACTBOPOB.

[TonydeHnHsle nuarpaMMmbl COCTOSIHUN BIIEpBBIE
HCTOJIB3YIOTCS ISl ONMCAHUs PACTBOPOB CO CIaObIM
MEKMOJIEKYJIAPHBIM B3aUMO/IEHICTBHEM KOMIIOHEHTOB.
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T~T, should be taken into account. At these tempera-
tures, most liquid microphases are the inclusions, closed
into solid-phase matrix. Therefore, the cluster crystal-
lization, leading to an increase in the system volume,
causes therein a pressure rise, resulting in the plastic
shifts in the matrix [23] and, as a consequence, in an
injury of the frozen biological objects. This fact requires
a detailed study of the cluster crystallization of different
cryoprotective solutions. It is entirely possible, that the
proper selection of cryoprotective compositions as well
as cooling and warming modes of cryopreserved
biological objects requires a certain classification of
cryoprotectants by the parameters of the cluster
crystallization of the latter.

Conclusions

Thus, a weak interaction between water molecules
and cryoprotective substances in DMSO and glycerol
solutions at low temperatures leads to the formation
of a cluster phase. Herewith the structure of the
formed cluster particles depends on the type of cryo-
protective agent and concentration of the solution
tested. This is confirmed by the observed volume
effects that accompany cooling of the solution and
subsequent heating. These effects pass through a
maximum within the concentrations range of cryopro-
tective agents (30-70%). Their decrease at C < 30%
is related to reducing the formed by hydrogen binding
associates 4 B, due to small amount of cryoprotectant
molecules. Meanwhile at C > 70% this was due to a
reduction in the number of associates 4 B in the
solution related to a lack of water molecules.

The twin diagrams of state plotted by the recorded
dependencies V' = V(T) for DMSO and glycerol
aqueous solutions, including the region of the cluster
phase existence, fully explain all the observed features
of'the crystallization and melting of these solutions.

The obtained diagrams of state were for the first
time used to describe the solutions with weak molecule-
to-molecule relationship of the components.
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