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LOW-TEMPERATURE PHASE TRANSITIONS IN DNA FILMS 

Young's dynamical modulus E and the logarithmic decrement 

of damping of amorphous films of DNA are studied in the tem­

perature range from 100 to 300°K. A phase transition of an 

order-disorder type is discovered in the temperature range 

from 240 to 160°K which is accompanied by a several orders of 

magnitude increase in the Young's modulus. The logarithmic 

decrement of damping has several maxima in the range of phase 

transition, which testifies to relaxation processes like glass 

transition. The dependence of this transition on the hydration 

level and conformation state of DNA are studied. 
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c.r.rEBOPKffH 

ID13KOTEMIIEPATYPHHE i[>A3JlliE IIEPEXO,ml 

B II.JIERKAX .IUIK 

llsMepeH1i1 .n;KHa.M1Pi:ec1<IDl MO.ICYJl:& K!J:ra ( E) K Jiorapli(pMl'I'!ecm 

.n:eRpeMeHT 3aTyxa.HWI {) a.MOJ.X.P!iIDc IIJleHOR .llHK B TeMIIepaTypHOM 

mrTepBaJie I00-300°K. 06Hapy~eH qasoBlilli rrepexo.n: TIDia IIOpiI,ll;OR-

6ecrropiI,ll;oR B 06JlaCTK TeMIIepaTyp 240-160°K, ROTOp!lii corrpoBo~­

.n:aeTCSI yBeJIHtJ:eHHeM MO.ICYJlfI K!J:ra Ha HeCROJl:&RO IIOpiI.!l;KOB. JiorapHq)­

MH'!eCRHi1: .n:eRpeMeHT saTyxaHIDI B o6JlacTK qasoBoro rrepexo.n;a. HMe­

eT HeCROJl:&RO Ma.RCHMJMOB, 'ITO CB~eTeJI:&CTByeT 0 CJlOlKHl:l:X peJiaR­

C8.U!iOHHl:lX rrpou;eccax THIIa CTeRJlOBa.HIDI, rrpoKCXO,nlilllHX B IIJleHRaX 

.IUIK. MsytJ:eHa 3aBHCHMOCT:& 3TOro rrepexo.n:a OT co,neplK8.HRil BO.ll:bl B 

IIJleHRax H OT KOHclxJPM8.U!iOHHOro COCTOmntH: MOJieeyJl .IIBK. 

EpeBaHcmrli <lM3H'leC!d!H KHCTIITyT 

EpcBaH 1988 
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MeXaHKtiecKHe CBOttCTBa. MoryT .n;a.T:& HHclxJPMaIJ;llD He TOJlbRO 06 

yrrpyrwc cBJia.X BHYTPH o6pa3$, HO .K o rrpou;eccax, CB.fI3aHHblX c 

MOJleeyJlfipmiM .IrSIDK6HKeM npK peJlaRcau;HK Mexa.HPI'!eCRKX HaIIpmtteHKtt 

B TBep,noM o6pasu;e. Xopowo K3B6CTHO, 'ITO KCCJle,noBa.HKe MexaHK­

qecKKX CBO:i!:CTB piI,ll;a llOJIKMepoB B 111Kp0KOM TeMITepaTypHOM H 1iaCTO­

THOM .KHTepBa.Jla.X II03BOJIHJ10 06BapylKHT:& nmpom cneRTP peJJa.Kca­

IJ;llOHHl:llC .IrSIDKeHKtt RaR OCHOBHOtt IIOJIHMepHoli u;eIIH, TaR K 60ROBHX 

rpynn [1-3]. HcCJie,noBaHHe 'JB.CTOTHHX H TeMIIepaTypHHx aaBHCHMOc­

Tett Mexa.HK'!eCKHlC CBOttCTB 6eJlROB 06HapylKHJ!O JIBJieHHe HK3ROTeMIIe­

paTyPHOro CT6RJ10Ba.HIDI B IIOBepXHOCTHblX CJlOSDC MOJ16lcy'Jl 6eJIKOB[4,5] 

l1cCJ1e,noBa.HKe PeJiaRCaIJ;llOHHhlX npou;eccoB B 6HonoJIHMepax KMeeT 

oco6oe 3Ha'leHHe [8] , TaJ< RaR ®'HRIJ;llOHaJll>Hble cnoco6aocTK STHX 

MOJ16lcy'Jl TeCHO CB.fI3aHI:l c ,l~Ha.Mli'IeCKHMH CBORCTBa.MH·, T.e. co cno­

C06HOCT:&D ,ItBKraT:&CJI, cflJI!OKTyHpoBa.T:& OROJlO llOJlOllteHWI paBHOBe­

CKJI (6,7). 

Pa3HHMII cIMalPl:ecKl!Mll MeTo.n;a.MH pewaJIH STY npo6JleMY AllR JlHK: 

,w.l~paKIJ;llett TeIIJlOBhlX HettTpoHOB Ha opKeHTHpoBa.HHblX BOJlOKHa.X [9), 

HK3KO"m.CTOTHO! pa.Ma.H-cneRTpoCROIIKett [I0,11], 6pHJIJIIOeHOBCIQDI 

paccemmeM U2,I3] , .n:enOJ.LJip.K38IJ;lle:l!: qmoopecu;eHu;KK c cy6HaHo-
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!cyll,IJ)IUM pa3peme.HKeM[I4] .3TJrl MeTO~ Jrl3Ylla.IOT .IlHK, mutll ,mma.MJrl­

uy '10p03 onpe.n;e.n.eHHoe 'lla.CTOTHOe 110KHO".Pa.MaH-Cll0KTpoCKOIIWI -

llLL 'lll.OTOTrut ±50 CM-I (cOTHH l'K!'arepn;). 6pWIJI.OOHOBCK00 pacceR-

)\OOil'fl{I{ rnrarepn; • paccemme TeWIOBWC He~TpoHOB - HeCKOJlll­

l'OJ)l(. llp.::uwl, B pa6oTe (9] .n;eJiaeTCJI IlOIIHTI<B. a.mtpoKCHMJrl­

llOJl,Y'IOl!llNO MHH!ie x HYJieBHM 'lB.CTOTa.M, HO npa.BOMepHOCT:b 

co.1uoui;m He oqeBH,ItHa. B pa6oTe [I5] .n;e.n.aJIOCI> npe~o­

iw.cToTax H3y'ieHHIO pea,m,Hoii .n;HHa.MmGI .IlHK 

OTOJITO.lll>CTDO, 'ITO BSI3KOynpyme CBOitCT:ea .IlHK 

"'YUICllKH, T.e. OTBeT CKCTeMI:l Ha BHennrne 

llIIBC.KT o·r lJaCTOTH B03MYilleHWI. 3To no.n;-

• l'J(O l101Ul3alta. 'IB.CTOT.HaJi 3aBHCHMOCTl> 

'· 
• tlOJtI.kl llllOTOJl11t01\ J)U00'l'U SIDJlSI()TC.fl UOCJIO,T{ODamrn Bfl3Koynpyr.wc 

(}llQ1\CTll 1Ul0HOK JUiK B WKp<lKOM TOMilepaTypHOM HHTep.aaJie ( I00-300°K~ 

Ha tJaCTOTax, HIDtte co6cTBeHHl:lX (50-20000 I'n;). H3y'IBJ1 Mexa.HH'iec­

ime CBOitCTBa. .IlHK Ha HH3KHX 'IB.CTOTax MOlKHO .D;OCTOBepHO CKa.3a.T:b, 

'iTO y BO~ He 6y]IyT CBOitCTBa. TBep.n;oro Te.Ila, a HHSKOTeMilepaTYp­

Hlie sxcnepHMeHTli noMoryT o6Ha.pyl![Jr1Tl> oco6eHHocTH cneKTpa peJI.aK­

~ Ha HH3KWC lJaCTOTax. 

MaTCpHll.IIH K MOTO,nll 
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poraToro CKOTa. Mo­

.D;O 2 % no Bacy. Co­

roTOBHJIJrlCb Ha Tecli.nOHO­

MeMeHHO 

CYWWICR Ha IlOMOlltKe npH TeMilepa.TYpe 10°c. .UeHB.TYpl'!po:ea.HHYe 06-

paau;u roTOBWIHCI> MHOroxpa.TH!iM KJrl!IJI'ieHJrleM pacTBopa .IlHK. 

Onpe,IJ;eJieHHaJI OTHOCl'!TeJII>Ha.11 BJialltHOCTI> B Ka.Mepe C03,Ji;aBaJlaCL : 

OT 9?-32 % OTHOCHTeJll>HO~ BJJa!tHOCTJrl (OB) - pa.CTBOpaMJrl pa3HoA 

KO}{UeHTpru:nm cacel!' 15 H 'ro % OB - Ha.CUI116HHHMJrl pacTBOpeu.m 

Znce e Jrl .li. ce ' COOTB6TCTBeHHo. 

JJ.7In H3MepeHHR .n;HHaMl'!'lecKoro MOJJYM Kl!ra (E) H Jiorap.1r11fMl'!­

-qecxoro .n;expeMeHTa aaTY.xaHWI ( ~ ) 6WI KCilOJII>30BaH MJrIKpoMeTo.n; 

MopoaoBa. B.H. CI?] • MeTo.n; OCHOBaH Ha aHaJIH3e BOa6ylK.I(aeMHX 

SJ1eKTPl'!'l6Cltl'! nonej>e'IHUX peaoHaHCHIDC KOJie6aHJrla KOHCOJII>HO saRpen. 

Jiemmx IIJIB.CTJrlHOK. Mo~ MeTo.n;a, KOTOpa.R ll03BOJIJl0T 1'!3Me­

p.lr1Tl> E Jrl {} B lllHJ>OKOM TeMIIepa.TYPHOM l'!HTepBaJie,oIIHcaHa B (5' IS] • 

MeTo.n; HaMepeHHR I'H)ijle.TaI.{HK MWtpoo6paan;oB BecoM .n;o O,OI Mr 

OIIHCaH B [I9] • 

PeayJII>Ta.TH l'! o6cyllf,lteHHe 

IlJieHKJrl .IlHK MOZHO pacCMOTpeTL K8.K KOMlIOSmi;HOimmt MaTepza.71, 

COCTOJIIItd HS MOJI6lcy'Jl ){HK H I'U,IU)aTHO~ BOmi c H060JII>lllKM co.n;epm­

HHeM CO.mt ( - 2 % Naef). Ilosrorq' HCCJ16]IySI HHSKOTeMIIepa.TYpHYe 

MexaHH'leCKl'!e CBOitCTBa ILlleHOK , ~o SHB.'l'I> B KaKOM KOJIH'lecTBe 

H20 l'!MeeTCJI B KaJl,ll;OM OT,ll;eJII>IU»d axcnepKMeHTe. 13HJrH HCCJle,ll;OBBHli 

1'!3°0TepMl:l I'l'!JU)aTa.D;ml JJl{K B pa3HOM COCTosnmK: HaTHBHoA, .n;e.HaTYIM ... 

poBa.HHoa B TB0P.ItOA <Iase H ,ll;6HB.TYPJrlPDBaHHOit B pacTBope. Ha .IBC.l 

IIpHBe,D;eHli H30TepMl:l I'HJUlQTauD ( 0 HKX 60Jiee IlO.lij>OOHO CM (a::l] ) . 

B aToA pa.6oTe aTH .n;aHHYe H;yaHll xax KOHTpoJlLHiie. HsBecTHo, 'ITO 

B aa.BHCJrlMOC'l'll OT co.n;e,PllaHHSI I'B,1ij)aTHOit BO,n:Ji B WleHRaX BJD[ BOJlOK.., 
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MOllteT Ha.XO'AHT:&CS B pa3HHX xompop~OHHl:DC COCTORHWDC. 

6pa30M, H3MeHeinte co,n;epllt8.HHS! HzO B IIJieHKa.X - y,n;o6HI:llt 

MOIIT }1,JIH. axcnepRMeHTaJll>HliX HCCJie.n;o:aa.mti!. 

pHC.2 npHBe,n;eHH 3'.aBKCll!MOCTH MO,Il;YJ!.R: Kla:ia.(E)oT TeMIIepa.ory­

DJOOC IIJ18HOK JUiK. Ilpe;!03ElpllTeJU.HO npH t = 25°C ( 298°K) B 

m<ax co,D;eplll8.HHe BO,IJJ:l h 6wio: h = 0,8 r H20/r.cyx.B.JUiK 

(A_; 91 % OB). h = 0,5 r H20/r.cyx.B • .IUIK (A= 85 % OB) H h = 
0,2 r H20/r.cyx.B.JUiK (A= 32 % OB). KaK BH,D;HO, npH CO,D;epira.HHH 

1JtH h ~ 0,5 r H
2
0/r.cyx.B.JUiK B o6JiacTR TeMIIepa.oryp 240-160°~ 

Ha6Ju:Wl8TCl'I CHJll>HOe yBeJUNeHHe MO]Jy.Jl.R: KHra. Ilpn TaKOM CO,D;epata­

mm H
2
0 MOJieicyJIH JUiK HaXO,wITCl'I B TaK HB.3blBaeMoit A-{{>opMe (cM. 

Ha1IP • .L2l).YMeH:&I11eHHe co,n;epzB.HWI BO,IJJ:l npHBO.JtltT K TOMY,qTO 3TOT 

nepexo,n; nocTeneHHo ucqeaaeT,npH HH3KRX h npeB~CD B npl'l­

MYI> (cM.pnc.2) .IlpH yMeHI>melmH h BCJI RPZl!SK CMe~eTCl'I B 06-

GaCTl> mcoKHX TeMIIepa.TYP·AHaJ.lorn1lHble HHSltOTeMIIepa.TYpmie nepexo .. 

Ha6Jt~l>TCJl1JB. KpKCTaJIJJB.X H IIJ18HRAX OeJIKOB [5], TOJIDKO no 

TeMIIepaTYpe nepexo.wi OHR 6Jlwlte K BHCOKHM TeMIIepa.TYpa.Mo ilp!II co­

,D;e,llll[B.HHH BO,IJJ:l h = 0,2 r. H20/r cyx.a • .IUIK aTOT nepexo,n; ucqeaa~ 

eT, XOTl'I B 6e.mca.x npH Ta.ROM co,D;epittaHD BO,IJJ:l nepexo,n; Ha6JI~-

eTM. 
~orapwpMHqecR.Klt ,D;eKpeMeHT aaoryx.aHWI nponop~oHaJieH BHYTpeH­

HeMY TpeHHll B TBep,D;OM o6paaue (cM.pnc.3). y o6pa.3UOB c 

BliCOKHM co,n;epmum:eM · BO,IJJ:l B o6Jiacm nepexo,n;a " BMeeT apitO 

BHpa.ll8HBli8 IIHKH: O.ltltH - npH TeMIIepa.'eype 235°K, .JUJYrofr!: -

2rs°K. TaKWI 3aBKCHMOCTl> MO,I!;YJJH. K:Hra (E) H Jlorap~ecKoro 

v;expeMeH'l'.a aaoryxa.HWI iJ xapa.KTepHa }1,JIH. npouecca cTeRJio:ea­

HHH [5,I]. JlOCTOBePHO MOllHO cI<aSaTl>, qTO B o6JiacTH TeMIIep:l.TYP 

6 

240-I60°K B IIJleHKa.X .1lllK npOHCXO.n;Il!T npouecc CTeKJIOBaJlliH. Cy,wi: 

no TOMY' qTO-Y ,, Ka.It MrumMYM ,D;Ba mma, CT9KJ!OBa.Hlie npoHCXO­

'AHT OT,D;eJll>HO B lI>3YX KOMIIOHeHTax (3TO He o6R3aTe~bHO COCTa.BJlii~ 

IUKe qacTH CHCTeMH - OT,ne~HO. !'10.D:a H JlllK). Ha p;rn.3 ITOKa.38.RO, 

qTO yMel:IhweHHe co.n;eplK8.lllUI BO,TI;l:i npHBO'AHT K HCqe3HOBeHHID O,nHOrO 

H3 IIKKOB ( npH T= 235°1\). B TO npeMl'I RaK .n;pyroi-i cpaKTHqecrur He 

MeHReTCJI H Hcqe3aeT npH Ma1llDC h • l1H:TepeCHO, qTQ 3aMep33.HHe 

(HJlli n.na.BJ18HH8 npH Harpe:samm:) CB060,nHOii BO,TI;l:i npH TeMIIepaTJ'pa.x 

OKO~O 273°K • KOTOpoe Ha6JIIQil.aBJT KaJIOpHMeTpHl.!8CKli [22,23] ,nJlfI 

CHCT8Mll JlllK+HzO ' B ,ll,aHHOM 3KCIIepRM8JITe B~a,na B 3Ha'feHHe MO­

]JyJJH. He ,naeT. .Ii TOJl.hKO irn6Mbill08 H3MeHeIDie -tJ CBlf.neTe.JlbCTBY8T 

0 Ha.JIH'Ilili fiOqTli CB060,n;HOa BO.D;hl. 3TO ronopHT 0 TOM, 'fTO CB060~­

Ha.R oo.wi B Me~ J.UiK npn 3aMep3aHID-i He o6pasye1' e.rr;HH.yIO, ueJl.h­

HYIO c.acmewiy' Kero~ yBe~'~ 6ll llt8CTJCOC1'b n.neHKli. 1iTO OTHO­

CliTCfi ;: illIBY ~rpH T· - 2rn° i\ , ro ,n.JIB BmrclleflW! c:;.•o npmra.wteJKHoc­

TH 6!LIIH npOBC,L.eHH 3KCnerHMeHTll 0 ;;;eEdrytJHPCBa.HHC)~i ,k:IK. :JTO nos-

preTa~:ect~or1' coc ' 

v 

:RI-I BO. 1me1IBEJ, no-· 

e.n;n.·: 3-'l.BHC'HMOCTH 

pa3HOM 

-.;~b TalO!te Ha6-

itcrooor 

KO.Ti 

,;, 1>a3a C'IOJl.h:~" 

£0,0l 

JM 

(, l;"l""lt 



II~{ OTHOCHTCfI He TO.JffiKO K I'HJij)l3.THOH BO'A0, HO H K MOJ10K,YJiaM 

)UIK. Ha aTO yRa3HBB.0T Ta.IQ!te 3a.BHCHMOCT:b 7'J 'A0miTYPI!I>OB9.HHl:DC 

l'IJleHOK OT TeMIIepa.TYPll (pHc.5). Ha.JlH'IHe 'ABYX IIHKOB CBH'A0Te.JffiCT­

BY0T 0 TOM, ~TO npH 60Jl:bmOM CO'A0paa.Hl(H BO,Il;H npouecc CTeKJIO­

B8.HWI npoHCXO'AHT. B 'ABYX OT'AeJI:bH!lX KOMilOHeHTax. Ihm npH TeMile­

pa.TYpe T= 235°K y. 'AeHa:rypHpoBaHH!:DC Ta.KJKe Hcqe38.eT c yMeHI>me­

HHeM CO'AeplK8.HHS! BO,Il;H B o6pa.3u,a.x, H BepoJITHO npH 3TOH TeMilepa­

Type CTeKJIYeTCR rH,l(pa.THafl BO'Aa. llpyroli I1HK TYT CMemeH no TeM­

nepa.Type Ha 6° B CTOPOHY HH3KHX TeMilepa.TYP (no Cpa.BHeHHIO c Ha­

THBHOK IlJleHKOK). OTOT IlHK HCq638.6T npH MaJlHX CO'Ae.PJK8.HIDIX BO,Il;H 

( h < O,I r H20/ r cyx . B.JUIK), ROr 'Aa MOJieRyJlll 'A6HaTYpHpoBaHHOH 

,Ill{J{, KOTOp!le HaxO'AflTCR B COCTORHHH rJio6yJlll ( 23] ,CHJI:bHO 3aJKa­

Tll coce'AHHMH MOJieKYJiaMH. 

• ~a30BuK nepeXO'A, ROTOpuK Ha6JIIO,lJ,8.6TCR B .IUIK npH HH3KIDC TeM­

nepaTYpax c noMom:& IO pa.MaH-cneKTpoCKOilliH (II] ' CMemeH B CTOpo­

HY B!lCOKHX TeMilepaTYP Ha ,., 30°. OTO TOJKe YKa3UBa6T Ha TO ' qTO 

MU HMeeM 'AeJio c npoueccoM cTeKJioBaHHR, Tait KaK pa.MaH- cneRTpo­

CROilHR CJ16'AHT 3a "BH6pa.uHeK" CIIHPaJIH .IUIK Ha qaCTOTax B COTHH 

rHrarepu, qTO Ha MHoro nopll,l(KOB B!lme, qeM B 'AaHHOM MeTO'Ae. 

Ta.Koe CMemeHHe TeMilepaTyp!l cTeKJIOBaIDU! B 38.BHCHMOCTH OT '!a.CTO­

Tll HaMIQIJ;aJIOC:b B noJIHMepax (I '2] H B 6eJIKaX [ 5] • 

TaKHM o6pa.30M, MOlKHO CKa3aT:&, qTO B IIJleHKaX .IUIK npH HH3KHX 

TeMilepa.TYpax rrpoHCXO'AHT npouecc CT6KJ10BaHHR, KOTOpllfi B!lpallta6T­

CR B MHOrOKpa.THOM yBeJIHqeHHK MO;DYJIR IOHra nneHOK c yMeH:bmeHHeM 

TeMnepa.TYpli ( s -o6pa.3HaR KpKBa.R ) H B noRBJieHHH flPKO B!lpa.­

lltSHHIDC ~CHMYMOB t1 ' qTO THIIH'IHO ,ItJ1R CT0KJIYKJUWCCR noJIHMe-

8 

poB [IJ • Pa3HeCeHHOCT:b no TeMilepa.Type IIHKOB '!? H Hcqe3HOBe­

HHe O.nEIOrO H3 HIDC. c yMeH:bmeHHeM CO'AeplKaHIDI BO,ICl:i YKa3!lBaeT Ha 

TO, qTO O'AHH H3 HHX ( npH T= 235°K) COOTBeTCTByeT rH,l(pa.THOH BO­

'Ae. CMemeHHe no TeMnepa.TYpe 'APYroro IIHKa y 'AeHaTYPHI>OBa.HHIDC 

IlJleHOK YKa3liBaeT Ha TO, qTO 3TOT IIHK COOTBeTCTByeT npoueccy 

CT6KJ10BaHHR .IUIK (MOJKeT 6!lT:b BM6CTe c xopomo CBH38.HHOK BO'AOH). 
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300 

IIO,IUMC:vl K B1CYHK.AM 

PKc.I ll3oTepMH r~Ta.IU!H .IUiK ceJie3eHRH KpyrJHoro poraTOro 

CKOTa npK t = 25°c 

• • 
~ 

~ 

HaTKBHrui 

'A6HaTYpRpoBa.HHaJI B TB6P'AO~ cpa3e 

'A6HaTYPKp0Ba.HHafl B pacTBOpe 

PKc.2 3a.BKCKMOCTl> MO;rI;YJIR KHra(E)oT TeMnepaTYPH: Ha.TKBHBR 

.IUIK, pa.3HHe ypo:mm rK'ApB.Ta.IU!li 
-0--0- A= 91 %, =0,Br H2D/r.cyx.B.}JllK 

A A A= 85 %1 =D,5r H20/r.cyx.B.}JllK 

~ Q-- A= 32 %, = O,CX>r H2D/r.cyx.B • .IUiK 

PKc.3 3a.BRCKMOCTl> MOJJYJIR IOKra (E) OT TeMnepa.TYp!l : 'A6HaTYPKpo-

BaHHaJI B pacTBope ,IUiK, 

-0--0- A= 97 %, 
.ll. :A A= 85%, 

~ ~ B= 32 %. 

pa3m10 ypoB7'1! rn,m>aTB.IU!H 

=D,38r H20/r.cyx.B • .IUiK 

=D , 22r ,H20/r.cyx.B • .IUiK 

=0,06r H20/r.cyx.B • .IUiK 

PKc.4 3a.BKcRMOCTl> ~orap~~ecKoro 'AeKpeMeHTa 3aTyxa.HKSI OT 

TeMnepaTYpH :Ha.TKBHM ,IlllK (o6o3Ha~emm KaK Ha pKc.2) 

PKc.5 3a.BKcKMOCTl> ~.orap~~ecKoro 'AeKpeMeHTa 3aTyxamm OT 

T6Mil6pa.TYpll: 'A6HaTYpl'Ip0Ba.HHaJl B pa.CTBOpe .IUiK (o603Ha­

~emm KaK Ha pnc.3) 
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