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ITpoBegeHO HCCEROBAHIE HATMONEKYMAPHOM CTPYKTYPBI BOJIOKOH NOJTHIMAPOKCHOYTUPATA, ITONYY€HHBIX
METOROM renb-popMoBaHHA. [/ H3y4E€HHbIX BOIOKOH XapaKTepHa BLICOKAsA CTENEeHb BOCCTAHABIMBAEMO-
CTH pa3MepoB mocne fedOopMalMK NPH 3HAYHTEIBHOI CTENeHH KPUCTAINIHYHOCTH, YTO TUMKHYHO [/ TaK
Ha3bIBAEMbIX XapR-2JacTHKOB. [Ipu ynpyrom pacrsaxennu o6pasia Hapany ¢ peuiekcaMu poMOHYECKO
AYSHKH MONMUIUIPOKCHOYTUpPATa OOHAPYXKEHO MOABJICHUE JOMOTHUTENTBHOTO pediekca HA 3IKBATOpPE

pEHTreHOrpaMMbl, HOCAIIEE 0GPATHMbII XapakKTep.

BBEJIEHHE

Buoperpagupyoie noauMepbl o6GnagaioT pd-
[IOM CYIIECTBEHHBIX MPEHMYILECTB MO CPaBHEHHUIO C
TPafULMOHHBIMU MOMMMEPAMH, YTO [EJACT HX Nep-
CMIEKTUBHBIMU JJIS1 PUMEHEHUST BO MHOTHMX OOaCTSIX.
OpuyM 43 HauGonee OGEIUAOIINX MOTUMEPOB 3TOTO
Kiacca smistercs nonu-3-ruppokcudytupar (IIIB), a
TaKKe €0 COMOMUMEPBI C APYTHUMH MOTUTUAPOKCHA -
kaHoatamu. ITouMepEI 3TOro Knacca, CHHTE3 KOTO-
PbIX OCYLUECTBISETCS Pa3NTUYHBIMU MUKPOOPraHH3-
MaMH, MPEACTABISIOT CO0OIl CTEepeoperyspHbie
anmudaTHyecKkue nonuagupel. B ycaosusax HagBura-
IOLIErOCs HE(TAHOrO KPU3UCAa OHU SBISIOTCA allb-
TEPHATHBHBIMH AHAJIOLAMH COBPEMEHHBIX TEpPMO-
nnacroB. [Ipin 3TOM NPHBIEKAET BHUMAHUE TAaKOM
KOMIUIEKC MX Ka4eCTB, KaK 3aMeyaTe/lbHas OHOCOB-
MECTHMOCTb, THAPOJPOOHOCTD, OCOOBIE ONTHYECKHE,
MeMOpaHHBIE U IbE303NEKTPHUECKHE XaPAKTEPHUC-
THKU. TeM He MeHee, HECMOTPS Ha OGIIMPHOE KO-
YyeCTBO paboT, noceseHHbIX n3ydermo I[1I'b, uccrne-
HOBaHUI, OTPAXKAIOIMX OCOOEHHOCTH OpPHUEHTHPO-
BAHHT'O COCTOSTHUST AAHHOT'O NOJIMMEPA, ONMY6IHKOBAHO

! PaGora BemonHeHa npu HHAHCOBOW nopaepxkke Poccuiicko-
ro ¢oHga (yHOAMEHTANbHbIX HCCIENOBAaHHE (KON MpOEKTa
00-03-33094a).

E-mail: arebrov@ips.ac.ru (Pe6poB Anexkcanap Bacunbesuy).

HEMHOTO. JTO CBA3aHO CO CHeLM(pIYECKUME TPYAHOC-
TAMH NMONYYEHHs BbICOKOOpueHTupoBauHoro I1I'B,
NOCKOJIbKY GIM30CTh TEMIIEPATYP IIaBJAEHUSA U TEP-
MOJIECTPYKLIUM HE AAET BO3MOXKHOCTH BOCHOJB30-
BaThCs TPAJHLIMOHHBIMHE MeTOaMuU (POPMOBAHUS BO-
JIOKOH.

3KCINIEPUMEHTAIJIBHASA YACTb

B paGote uccnenoBanu oGpasipbl, MPUrOTOBIEH-
Hole u3 [II'B, cunresupoBannoro B UucTuTyTE 6MO-
xumud uM. A. H. Baxa PAH ¢ ucnonb3oBaHueM
KynbTypbl Azotobacter chroococcum 75 [1]. ITpouecc
3KCTPAKLUUM NOoJuMepa U3 GUOMACCHI BKITIOYAN 3Ta-
bl MHOrOKPAaTHOIO PacTBOPEHUs B XJOpodopMe,
¢unbTpauuy IS OTHEICHUS OT KJIETOUYHBIX OCTAT-
KOB H nocnenyrouero sbigeneHus III'b u3 pacreopa
nyTeM ocaxfcHus u3onponaHonoM. Cpepusas MM
CHHTE3MPOBAHHBIX 00pPA3LOB, ONpeAeNeHHas BIUCKO-
3UMETPHYECKIM METOOM, paeHa 3.3 X 10°, creneHs
KpUCTANIMYHOCTH, no mauHbiM PCA, cocraBnser
~70%.

Hnsa nonyyenus o6pasuos III'B B opueHTHPOBAH-
HOM COCTOSTHUMM MCTIONb30BAIM METON relib-(hopMOBa-
HUA [2], MPUMEHEHHE KOTOPOro Jaio BO3MOXKHOCTD
CHH3UTb TeMIiepaTypy (OpMOBaHMA O O€30MacHOM
AN TEPMUYECKHM [ECTPYKTHPYIOLIETO MOIMMEPa U
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Mexanudeckue xapakTepucTHKE Bonokox I
O6bpa3en E,ITla [o,MIla| € %
1 3.2 85 25
2 25 165 32
3 3.9 172 33
4 21 135 65
BricoxockopocTHOE
npsAfeHHe U3 paciiaBa
(4] 5.8 228 72.2
7.6 250 359
[5] 22 109 160
5.6 190 54
BoiTsxxka u3 pacmana [4] 52 178 70.6
7.7 330 37.2

OCTaBJISIO 3aMac BPEMEHH /il OPHEHTALMOHHOM BbI-
TSDKKH MaKpOMOJIEKY/T IO Hayajla HHTEHCHMBHOM KPHC-
tanmmsauuu. IIpoBeneHo uccnepopanue cepuv U3 ye-
ThIPEX BOJIOKOH, Pa3IHYaBIINXCS MEX]Y OG0 yCno-
BUAMH (pOPMOBaHHUS.

PuU3MKO-MEXAHHYECKUE XAPAKTEPUCTHUKU TIOJNY-
YaJii Ha YHHBEPCANbHOMN pa3pbIBHOI MatmHe “Zwick
Z010” (I'epmanus) Ha oOpasuax piauHoi 200 mm.
CKOpOCTh pacTsKEHHS MPH U3MEPEHHH 3aBHCHMOC-
TH KpuBoii AedopMauuu coctasiina 100 Mm/mMuH;
AU U3yYEHHS! PeIaKCALMOHHOTO MoBeAcHUs Aeop-
MALYIO MPOBOAKIU CO CKOPOCTHIO 200 MM/MUH.

PeHTTeHOCTPYKTYpHBIE HCCIECAOBAHHSA OCYLIECTB-
JSUTHM € UCTonb3oBaHueM 18 kBT-reHeparopos ¢ Bpa-
uatoummMcs MegHbiM aHogoM (“Rigaku Denki”, SIno-
Hust). [na nonyyeHus AByMepHOM KapTuHbI Ju(pak-
UMM [PUMEHANHA [BYXKOOPJAMHATHBIA MO3HIMOHHO-
qyBcTBUTE/BHBIH AeTekTOp GADDS (“Bruker”, 'epma-
HUS) C IVIOCKMM rpayuTOBBIM MOHOXPOMATOPOM (A =
= 0.154 um). OGpaser] 3aKperuisiny mub0 B CTaHJAPT-
HOM jepxkartene upMbl “Bruker”, mubo (ana o6pas-
LOB [IOJ Harpy3KoH) B CMELHANILHO CIIPOECKTHPOBAH-
HOM M H3rOTOBJICHHOM J[EpXKATEIE C 3aXKHMaMU,
¢ukcupyomuMy ANUHY BoMOKHa. [nda Gonee Tou-
HbIX HU3MEPEHMil B 3KBATOPHANIbHOM HAINpPAaBICHUU
HCMOMB30BATH CTAHAAPTHBIA FOHUOMETP (PHPME!
“Rigaku” co uienepoét kosutumaumeit u Ni-punbt-
poM.

BBICOKOMOJEKYJISAPHBIE COENTUHEHHUSA  Cepusa b

PEBPOB u pp.

PE3YJIbTATHI 1 UX OBCYXOEHUE

MexaHH4YeCKHE CBOMCTBA H3Y4YEHHBIX BOJIOKOH
3HAYUTENBHO OTJIMYAIOTCS OT CBOHCTB HEOPHEHTH-
poBanHbIx mieHok III'b. Cornacuo pa6ore [3], mis
u3otponxoro III'b npeaenbHo gomyctuMas aedopma-
1S COCTaBIAET 5%, Mogyab IOura 5 I'Tla, a npounocrs
He npesocxogut 40 MITa. Te ke aBTOpBI OTMEYAIOT
BO3pACTaHUE MPEAEAbHOU AOMyCTHMOM pAedopMaLm
(m0 ~25%) mpu OTXKHUTE, COMPOBOXKAAIOLICECST YMEHb-
uieHueM Moy FOHra.

Pe3ynbTaThl MEXaHWYECKUX HCTILITAHUI AJA relb-
¢hopMOBaHHBIX BOJIOKOH, IpuBeAcHbl B Tabmuue. [To
CPaBHEHMIO C H3OTPOIHbIMU 00pa3LaMu HabofaeT-
¢ 3HAYMTEJbHOE YBEIMYEHHE NPOYHOCTH H Ipe-
meabHoit gedopmauuu. CrefyeT OTMETHTD, YTO HO-
Ay4€HHbIE 3HAYEHUS HE ABISAIOTCA K HACTOALICMY
BpeMEHU NpefenbHbiMU Ang BonokoH IIIB. [Tas
CpaBHEHHs B TaOMHUlLE NMPEACTaBIEHbI HEABHUE Pe-
3yJlbTAThI APYTHX HCCAEOOBATENEH.

Kak u B ony6aukoBanHoit panee padore [5], n3y-
YEeHHbIE IeNib-C(POPMOBAHHBIC BOJOKHA MNONOOHKI
Xap/-3JIaCTHKAM, T. €. 00J1aJal0T BbICOKOYU CTENEHBIO
BOCCTaHAB/IUBAEMOCTH Pa3MEPOB MOCIE NPOAONbHOMH
pedopManuy MPU HAMTMYHU BBICOKOI CTEMEHM KpUC-
TammuuHocTH (~40% no gaudeiM [ICK). O6 atoMm
CBUJETENBCTBYIOT KPUBBIE YNPYroro BOCCTaHOBIE-
HUsSL pasMEpOB NOcie CHATUA Harpy3ku (puc. 1). ITo-
cne 20%-nou nedopMaLii BOJIOKOH OCTaTOYHAs fic-
¢opmaums cocrarnser 1-2.5%.

KapTunbl pEeHTTeHOBCKOrO paccesiHus Mis U30-
TPOMHBIX OOPA3LOB U NOAYYEHHOrO U3 HUX BOJOKHA
npHBeAeHsl Ha puc. 2a u 26. HabGaropaeMble Kpuc-
Tannuyeckue pediieKcbl HAeHTHPUUUPOBaHbI [6]
Kak peduiekchbl poMOHdeckoil peuietku. IIpu npo-
AOJIbHOH fedopMaLHK BOJOKHA HaMH OOHapy:KEHbI
[iBa HETPHBHANbHLIX 3¢dekTa. Bo-nepsoix, npu ae-
¢dopmatu 40% cTeneHb OpUEHTALMH KPUCTAIIUTOB
KaK i MepUfHOHANBHOrO peduekca (002), Tak u
ans 3keaTopuanbHbix peduiexcos (020) u (110) ne-
CKOJMBLKO CHIDKAETCA U COCTaBasieT B cpegHeM 0.80
(B HCXOTHOM BOJIOKHE CTENEHb OPHEHTALMH PAaBHA
0.85).

AHaNOrH4yHOE MOBEACHUE MNPHCYLUE, HaNpUMeEp,
xappa-anacrudeckomy I1II [7]. YMeHblIeHHE CTENEHH
OpUEHTALMN KPHCTAIIATOB MNpH MPOMOJBHOH [e-
¢opmanuu aBTOPbI OOBACHAIOT UCXOfA U3 MOpPdO-
JIOTHYECKO Mofienn xapa-anactuyeckoro ITIT: kpu-
CTAJUTMYECKHE JIAMEITH, PaCTIONIOKEHHBIE HOPMANBHO K
OCH BOJIOKHA U ““CLLITBIC” MEXKTY COOO0M Hanogo6ue Ku-
Taiickoro O6ymaxHoro ¢oHapuKa, pa3gBUTAIOTCA H
UCKPHBJIMIOTCS MPH PACTSKEHHU BONOKHA. VckpuB-
JIeHHe JlaMeNel BiaeYeT 3a cO60H OTKIIOHEHHE Ocel
OpHEHTAIMN OTACNbHBIX KPUCTALIUTOB B NMPOTHYB-
LIEMCSI JTAMEJIIPHOM CIIOE OT OCH BOJIOKHA.
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Puc. 1. Boccranosnenue pasmepos BosokoH I1I'B nocne gedopmanuu € = 10 (a) u 20% (6). Homepa Touek cooT-

BETCTBYIOT HOMEpaM 00pa310B B TaOIHLE.

(@)

B-daza

(6)

(020)

(110)

Puc. 2. KapTuas! peHTreHoBcKO# gudpakuuu ang u3orponHoro I1I'B (a) u ero BonokHa B Hege(OpMUPOBAHHOM
cocrosianu (6) pu € = 50% (B) 1 nociie CHATHA Harpy3ku (r). Ock BOJIOKHA HaNpaBJIeHa BEPTUKAJIBHO.

Kaxk u B ciayyqae ¢ I1I1, o6Hapyke€HHOE yMEHbLIIE-
HUE CTENEeHH OPHEHTAIMH IPH MPOROJILHONU Aedop-
Manyu BosiokHa I1I'B saBnsieTcst o6patumbiM. ITocne
CHSITUSI PACTATUBAIOLIETO HANPSDKEHHS CTENIEHb OPH-
€HTAalMM MPUHHUMAET MCXOJHOE 3HAYEHHUE, 4TO yKa-
3bIBA€T Ha BO3BpAllICHHUE JIaMeJNeld K M3HA4aJIbHOU
KOH(UTypaLyH.

BBICOKOMOIIEKYIISIPHBIE COETUHEHHUA  Cepus b

BTOpBIM CylIECTBEHHBIM MOMEHTOM OKa3bIBaET-
sl MOSIBJIEHUE NP AePOpMaLiy BOJIOKHA JOMOJHH-
TEJILHOIO pediekca Ha 3KBAaTOPE PEHTTeHOrPaMMbI
B obmactu 20 = 18.7° (0.47 HM), FHTEHCUBHOCTb KO-
TOPOrO YBEJIHUUBAETCS C POCTOM CTENeHH JedopMa-
uuH (puc. 2B 1 3). Kak u B ciiyyae co CTENEeHbI0 OpH-
€HTauuH, 3TOT 3(P(PEKT HOCUT OOpPATHMBIN Xapak-
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Puc. 3. 3xBaTOpHANBHBIE KADTUHRI PACCESTHUS He-
necgopmupoBannoro BonokHa III'B (/), a Takke
BONOKOH, AecopmMupoBaHHbIX Ha 50 (2) u 60% (3);
4 — BOIIOKHO IOCJIE CHATHA HArPy3KH.

Tep, T.€. pedpieke Ha PEHTTEHOrPaMMe MPOMNagaeT co
CHATHEM Harpy3k# (puc. 2r u 3). HanoMHuM, 4TO nipn
3TOM O0pasel] MPaKTHYECKH BOCCTAHABIUBAET MEp-
BOHa4albHBIE pa3Mepsl. [171s1 00 BsiCHEHN OOpaTUM-
Csl K MMEIOLIMMCS B JTUTEPATYPE JaHHBIM U HX TPaK-
TOBKE.

H3BecTHO, YTO 0OpaTUMBIi MEPEXON CNHPANLHBIX
MAaKpPOMOJIEKYJ B KOH(pOpMALMIO MIIAHAPHOLO Mparc-
3Mr3ara MOXeT NMPOXOAUTh B CUCTEMaX OPHEHTHPOBaH-
HbIX KPUCTANIMYECKUX BOJIOKOH. Knaccuyeckuit nmpu-
Mep — BBITSTHBaHHE IIEPCTH B MApOBOil aTMOC(hepe:
[OpH YIMMHEHUM HA HECKOJBKO COTEH MPOLEHTOB [8]
crupaibHas (-KoH(opMauusi 3TOro MOJMIIEIITHIA Te-
PEXOAUT B BbIIpsAMIICHHbIE et (-cnoeB. B ciyuae ¢
CHHTETHYECKMM TOMIMBAIONIAKTOHOM O—f3-nepexop
ObLI NPEAIOXKEH B KAYECTBE IIPUYUHBI 3TACTHYHOCTH
npyu He6GonbiIHX AePOpPMALUAX OPHEHTUPOBAHHBIX
BOJIOKOH (2-5%) [9]. B npoTHBOBEC BEPCHUHU NEPEXO-
aa o-¢paser Clark [10] BeICKa3an npeanoaoXeHHe o
TOM, 4TO KOH(OpMALUs MOJIEKYJ C BBINPAMIICHHbI-
MH LIeNSIMH 00pa3yeTcst MPU XOJOAHOM BBITSIKKE U3
HEKPUCTAILIHYECKUX 00/1aCTEN.

HedopMaunOHHO-HHOYUMpPOBaHHas [-¢aza Tak-
ke Habmoganace s APYruxX XUMHYECKH POJCTBEH-
HBIX MOJHIIHBANONAKTOHY MnomumepoB [11]. K ux
yucny otHocurcs 1 [1I'B. 1151 BOJOKOH CTaTUCTH4E-
ckoro cononumepa III'B ¢ noauruapokcusanepua-
TOM Ha PEHTTEHOrpaMME OPHEHTHPOBAHHOIO 006pas-
a aBTOphl paboTel [12] 06HaApyKMUIH HE MPUHATIE-
Kalllde HH BaNepUaTy, HH POMOHMYECKON DELIETKE
6yTHpAaTa CIOERYIO JIMHUIO ([TONOKEHHE COOTBETCT-
ByeT 0.460 HM) U LLIMPOKMUI IKBATOpHAIbHBII pednekc

BblCOKOMOJIEKYJIS[PHBIE COEIJUHEHHA Cepusa b

PEBPOB n gp.

(0.480 sM). OHM TPaKTOBAIM HATMYKME 3THX 3JIEMEH-
TOB, KaK CIIEICTRHE 00pa30BaHUS NICEBIOKPUCTAILITIYE-
ckoil B-tha3bl U3 3HAYHTENBHO PACTIPAMIICHHBIX ¢par-
MEHTOB LiEMed COMOJMMEpa, JIOKAJIM30BAHHBIX B
aMop¢HbIX 00macTIxX Mexy kpucramnaramu. Ee se-
COBEPILEHCTBO (C KPACTALTOTPauIECKON TOUKH 3pe-
HISI) 3aKJIOYAETCs B OTCYTCTBHHM JAIBLHETO MOpPSAKA
BIOJNb TOJMMEPHOW LEMHM B HaNpaBIECHWH BOJOKHA.
AHanOrnyHbi IKBATOPUANBHBINA pedieKC B pailoHe
20 = 19° HaGmoganu y BBICOKOOPHEHTHPOBAHHBIX
BOJIOKOH [1I'D [4], nony4eHHBIX METOJAMH BHICOKO-
CKOPOCTHOrO NpsAg€HHsA W BBITSDKKH H3 paclulaBa.
3drdekT 6bT TaKKE CBI3aH ABTOPAMU C BOZHUKHO-
BEHHEM |3-¢a3bl. 3aMeTHM, 4TO B 060X OMMCaHHBIX
cnyyasix $-¢aza npucyTCTByeT B HetepOpMHUPOBAH-
HBIX BBICOKOOPHEHTHPOBAHHbIX O0pa3Lax.

B cBere aTux ny6aukanuii 1 KOCBEHHO Habmroga-
eMoro Hamu (akTa pa3IBUraHUsI KPHCTAJIMIECKUX
namenei IITB npm gedopmanmn ¢ obpasoBaHHEM
“nycTOT” JOTMYHO NPEACTABUTH, YTO KOH(GOpMaLH-
OHHbBIE U3MEHEHHSI POUCXOISAT UMEHHO B aMOp(HOIi
¢aze. MexaHn3M 3THX M3MEHEHHMH TaKOB: CBEPHY-
ThI€ B KJIyOOK OTPE3KH MaKpOMOJIEKYI B aMOp¢HOI
IPOCNOHKE NPU PA3ABUTAHUM JAMENEH YACTUYHO
pacnpsimisiiorca. KOHIBI KaXkIOro Takoro oTpeska
3aKpEMUIEHb! B KPUCTANIHMYECKON JlaMEH, OJHAKO
€ro MOHOMEpPHBIE 3BE€Hbs1 061aal0T BpalllaTeIbHOI
¢cBOOOMIOi BOKPYr OAHMHAPHBIX XUMUYECKUX CBS3CH.
Takum o06pasomM, GopMupyeTcst 001aCTh, 3aNOHEH-
Has “TeJJaMH BpALICHHs” C OCEBOil CHMMETPHEIA, ONTH-
MAJIBHOH YTIAKOBKOM AJISI KOTOPOI SBISIETCA TE€KCaro-
HanbHasl. [Ipu 3TOM OTCYTCTBYET TPaHCIALMOHHbIN MO-
PSIOK B YNAKOBKE MaKpOMONEKYJ B HampaBJIeHHU
PACTSKEHHS, COOMIONACTCS UL BYMEPHBIi MOPs-
MOK B 0a30BO# INTOCKOCTH.

Hanuune pediekca, otsevarowero 3a B-¢gasy,
ONIpENENACTCA MEXaHTIECKUM BO3).'[CIZICTBP[CM TOJBKO
ania xapa-anacrudeckoro I1I'B, yro mo3ponseT npef-
TIOJIOXKUTE CBSI3b MEXKAY YIOPAAOYCHUEM MOJIEKYT B
MEKJIaMeNIIPHOM NMPOCTPAHCTBE MpHU AcOopMaLHH H
HECTAHJAPTHBIM MEXAHWYECKHUM MOBEICHHEM BOJIOKHA.

Takum o6pa3oM, nepexop aMOpgHblil NOJIUMEpP—
Me30caza MOXET HIpaTh ONPEAENCHHYIO pOJb B
¢OopMHPOBaHUY CBONCTB NOJIUMEPOB B XapA-3JIaCTH-
YECKOM COCTOSHHH.
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Structural Phenomena during Elastic Deformation
of Highly Oriented Poly(hydroxybutyrate)
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Abstract—The supramolecular structure of poly(hydroxybutyrate) fibers prepared by gel spinning was stud-
ied. Even though the as-prepared polymers are characterized by a high degree of crystallinity, the deformed
fibers show a high strain recovery which is known to be typical of the so-called hard elastic materials. Upon
elastic deformation, the corresponding X-ray diffraction patterns show X-ray reflections related to an orthor-
hombic lattice and an additional equatorial X-ray reflection which shows a reversible character.
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