Jlexmus 20
Tema: Peanvnuie cazvl. Ypasuenue
Ban-oep-Banvca. @a3zoewvie nepexoonl.



Monens uaeanbHOTO ra3a, UCIojab3yeMasi B MOJICKYJIIPHO-KUHETUYECKON TEOPUU
ra3oB, ITO3BOJISIET OMNHUCHIBATh IMOBEJACHHUE PA3PEKEHHBIX PEAJbHBIX Ta30B NPHU
JOCTaTOYHO BBICOKHX TEMIIEparypax M HU3KHX JOaBiIeurxkx. lIpu BwiBOAE
YpPaBHEHHUS COCTOSIHWSI HMJEAJIBHOIO Ta3a pa3MepaMu MOJIEKYd H  HUX
B3aUMOJICICTBUEM JIpyT C JApyrom npeHeOperatoT. I[loBblllieHHME JaBiIeHUA
MPUBOJIUT K YMEHBIICHUIO CPETHETO PACCTOSIHUSI MEXKIY MOJICKYJIAMU, MO3TOMY
HEOOXOAUMO YUYUTHIBATh 00BEM MOJIEKYJI i B3aUMOJICCTBUE MEXTY HUMU. Tak, B 1
M> Taza TpM HOPMAIBHBIX YCJIOBHAX coaepxkuTcs 2,68 10%  monexymn,
3aHUMAaronMX o0beM mpumepno 1074 m° (pagmyc monexynsl mpumepHo 10710 m),
KOTOPBIM II0 CpaBHEHHIO ¢ o0beMoM rasza (1 m°) MoxHO mnpene6Gpeus. Ilpn
nasieHuu 500 Mlla (1 arm = 101,3 kIla) 00beM MONEKYT COCTAaBUT y>KE MTOJOBUHY
BCcero ooObema ra3za. Takum o00pa3oMm, OpU BBICOKMX JABICHUSAX W HUBKHUX
TEMIIEpaTypax yKa3aHHasi MOJIEIIb UCATBHOTO ra3a HEMPUTOdHA.

[Ipr paccMOTpeHUN peajibHBIX ra30B — Ta30B, CBOMCTBA KOTOPBIX 3aBHUCAT OT
B3aUMOJICICTBUA MOJIEKYJI, HAJ0 YYUTHIBATh CHJIbI MEKMOJIEKYJISIPHOTO

B3aumoneiicTBusi. OHM TPOSBIAIOTCA Ha paccTosHHAX < 107 M u GBICTPO
yOBIBAIOT TIPU YBEIWYCHUM PACCTOSIHAS MEXKAY MOJIEKyJIaMH. Takue CHJIIbI
Ha3bIBAIOTCS KOPOTKOAEHCTBYOIIMMH.

B XX B., 10 Mepe pa3BUTHUA MPEACTABICHUN O CTPOCHUM aroMa U KBAHTOBOU
MEXaHUKH, ObUIO BBIACHEHO, YTO MEXJY MOJICKYJIAaMH BEIIECTBA OJHOBPEMEHHO
JEUCTBYIOT CHJIbI IPUTSKEHUA U CIJIbI OTTAJIKUBAHUS.
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Pucynok 1

Ha puc. 1, a npuBeneHa KadyeCTBEHHAs 3aBUCUMOCTb CHII
MCKMOJICKYIIAPHOTO BSaHMOﬂCﬁCTBHH OT PpacCTOAHUA 7 MCKAY
MOJICKYJIaMHU, TIC F o uF — COOTBCTCTBCHHO CHJIBI OTTAJIKMBAHUA U
NpUTSDKEHUS, a F — wux pesyaprupyromas. CHIbl OTTAIKWBAHUSA
CUUTAKOTCA nojostcumelbrbimMu, a CWUJIbl B3dMMHOTO NPHUTKCHHUA —
ompuyamejlbHblMU.

Ha paccrosinuu r=r, pesyapTupytomas cuina F' = 0, T.e. CHJIbI
MPUTSKCHUST U OTTAJIKMBAaHWS YPABHOBEIIMBAKOT APYT Apyra.
Takum 00pa3om, paccTosiHHE 7, COOTBETCTBYET PABHOBECHOMY
PACCTOSTHUIO MEXJy MOJIEKYJIaMH, Ha KOTOpOM Obl OHH
HAXOJIMJIUCh B OTCYTCTBHE TEIUIOBOTO IBHKEHUs. Ilpu r < r

0
npeo0aanaroT Cuiabl oTTankuBaHusg (F>0), npu r > r, — CHJIBI

nputsikenua  (F<0). Ha  paccrosHusix r > " 107 ™
MEXMOJICKYJISIPHBIC  CHJIBI ~ B3aMMOJCUCTBUA  NPAKTUYECKH
OTCYTCTBYIOT (F—0).

DnemMeHTapHas pabora oA cuiibl [ Ipy YBEIWYEHUH PACCTOSHUS

MEXIy MOJIEKyJlaMH Ha dr COBEpIIaeTCs 3a CYET YMEHBIICHUS

"# B3aMMHOMW MOTECHLUHUAJIbHOWU YHEPTUU MOJIEKYIL, T. €.

0A=Fdr= —dIl.



N3 ananr3a Ka4eCTBEHHOW 3aBUCUMOCTHU MOTEHIIUAILHON SHEPTUN B3aUMOJECUCTBUS
MOJIEKYJI OT PacCTOSHHUS MEXIy HUMHU (puc. 1, 6) claeayeT, 4To €CIu MOJICKYJIbI
HaxXoJATCsA JIPYyT OT Jipyra Ha PacCTOSIHUM, HA KOTOPOM MEXMOJICKYJISIPHBIE CHJIbI
B3aUMOACUCTBUS HE NEHCTBYIOT (r—0), To II=0. IIpn mocreneHHOM COIMKECHUHU
MOJICKYJI MY, HUMH HOSBIISIOTCS CHIIBI NPUTOKEHUS (£<0), KOTOpbIe COBEPIIAIOT
MOJI0XKUTENbHYIO padoty (0A=Fdr > 0). Torga, cormmacuo (60.1), moTeHIMaIbHAS
SHEPIUsl B3aUMOJICHCTBHUS yMEHBIIACTCS, JOCTHTAst MUHUMYMa TIpH 1= 1. [Ipu r <r,
C ymMeHvuileHuem v CUIbl OTTankuBaHus (F>(0) pe3ko BO3pacTalOT U COBEpIIaeMast
IpOTUB HUX paboTa oTpurnareiabHa (04=Fdr<0). [loreHunanbHas SHEPrUsi HAYMHACT
TOXKE PE3KO BO3PACTATh U CTAHOBUTCS MOJOXKUTEIbHOM. 13 NaHHOM MTOTEHIIMATIBHOU
KPUBOM CJIEYET, YTO CUCTEMA U3 JIBYX B3aMMOCHCTBYIOIIMX MOJIEKYJ B COCTOSIHUHN
YCTOMYHMBOTO paBHOBeCHs (r = 7,) obnadaem MUHUMATBHOU NOMEHYUANLHOU

dHepauell.

Kpumepuem  pasznuunelx  acpecamuvix  COCMOAHUU — 8ewjecmea  AGJIAemcs
coomuowenue medxcoy eenudunamu Il u kT. 11 = — naumenvuias nomenyuaibHas
SHepaUs B3AUMOOEUCMBUST MONEeK)Yl — onpeoesiem padoomy, KOmMOpyr HYHCHO
cogepuiums NPOMu8 CUll NPUMANCEHUSL O MO20, YMoObl Pa3beOUHUMb MOJEK)IIbl,
Haxooswuecs ¢ pagrnosecuu (1= r,); kT ONPEACIACT yABOCHHYIO CPEIHIOI0 SHEPTHIO,
NPUXOJIAIIYIOCS Ha OJHY CTENEHb CBOOOJbI XaOTUYECKOIO (TEIUIOBOTO) JBMKCHUS
MOJIEKYII.



Ecmu I . <<kT, TO BemiecTBO HAXOAUTCSA B ra3000pa3HOM COCTOSHHH, TaK Kak
MHTEHCUBHOE TEIUJIOBOE ABUKEHUE MOJICKYJ IPEISITCTBYET COSIUHEHUIO MOJIEKYII,
CONMM3MBIINXCS IO PACCTOSHUSA 7y, T. €. BEPOSITHOCTH O0OPAa30BaHUs arperaroB W3
MOJIEKYJI JIOCTATOYHO Maja. Eciu Hmin>>kT , TO BEIIECTBO HAXOAUTCSA B TBEPIAOM
COCTOSIHUH, TaK KaK MOJICKYJIbI, IPUTATHUBASICh APYT K JPYTy, HE MOTYT YAAJIUTHCS
Ha 3HAYUTEIBHBIC PACCTOSHUS M KOJICONIOTCS OKOJIO IOJIOKCHUH pPaBHOBECHS,
OTIPE/IEISIEMOTO paccTosiHieM 7. Eciu I1 . =kT, TO BElIeCTBO HAXOMUTCS B KUIKOM
COCTOSIHAM, TAK KaK B PE3YJIbTATE TEIJIOBOTO JBMKEHUS MOJIEKYJIBI TIEPEMEIAKOTCS
B IIPOCTPAHCTBE, OOMEHMBASICh MECTaMH, HO HE pacxosCh Ha PACCTOSHHUE,
MPEBBILIAIOIIEE 7,,.

Takum o0Opa3zom, 1r000€ BEIIECTBO B 3aBUCUMOCTH OT TEMIEPATypbl MOXKET
HaXOAUTHCS B Ta3000pa3HOM, >KMIKOM HWJIM TBEPJIOM arperarTHoM COCTOSTHHH,
[IpUYEM TEMIIEpaTypa IIEPEXOoAa U3 OJHOIO arperarHoro COCTOSIHUS B JPYyroe
3aBHCHUT OT 3Ha4eHus Il . , juis TaHHOrO BeliecTsa. Hampumep, y MHEpPTHBIX ra30B
Il . Mamo, a y METaaIoB BEIUKO, MOITOMY TMpPU OOBIYHBIX (KOMHATHBIX)
TeMIIEparypax OHM HaXOMATCS COOTBETCTBEHHO B Ta3000pa3HOM W TBEPIAOM
COCTOSIHUSIX.



Kak yke yKa3bIBAJIOCH BBIIIE, /I PEAIbHBIX T'a30B HEOOXOJUMO YUYUTHIBATH Pa3Mephl
MOJIEKYJI U UX B3aUMOJICUCTBUE JIPYT C APYroM, MOITOMY MOJIENb WJI€aIbHOTO ra3a u
ypaBuenne Kianeiipona — Menneneesa (pV_ =RT -nist Monis rasa), ONUCHIBAIOIIEE
UJICATBHBIN Ta3, ISl pEIbHBIX Ta30B HEPUTOHBI.

YuuteiBass  COOCTBEHHBIM O00BEM  MOJIEKYJI M CHJBl  MEXMOJIEKYJISIPHOTO
B3auMOAEHCTBUA, ToiutaHjackuil ¢usuk WM. Ban-gep-Baansc (1837—1923) BriBen
YPAaBHEHHUE COCTOSIHUA peajibHOro rasza. BaH-ngep-Baanscom B ypaBHeHue KianenpoHa
— MeHperneeBa BBEACHBI JIBE IOIIPABKMU.

1. Yder coOCTBeHHOro o0bemMa MoJieKyJd. Hamnuue cun oTrankuBaHWs, KOTOPBIE
IPOTUBOACHCTBYIOT IPOHUKHOBEHUIO B 3aHATHIA MOJIEKYJION 00BbEM APYTrUX MOJIEKYI,

CBOJUTCS K TOMY, YTO (PAaKTUYECKHUI CBOOOJHBI 00bEM, B KOTOPOM MOTYT JIBHUTaThCs
MOJIEKYJIbI peajbHOro rasa, Oymer e V., a V. — b, tne b — 0o0beM, 3aHUMACMBbIii
CaMUMH MOJICKYJIaMHU.

OOBeMm b paBeH yuemeepeHHOMY coOCmBeHHOM)Y 00vemy monekyn. Eciau, Hanpumep, B
COCYJI€ HaXOJATCS JIB€ MOJIEKYJIbI, TO LICHTP JFOOOH M3 HUX HE MOXKET NPUOIU3UTHCS K
[IEHTPY APYroil MOJIEKYJIbl Ha pPACCTOSTHUE, MEHbIIEE auamMeTrpa d MOJIEKYJbl. ITO

O3HAYaeT, 4TO ISl IECHTPOB 00EHX MOJIEKYJ OKa3bIBACTCS HEAOCTYITHBIM C(HEPUUYECKUI
o0beM paauyca d, T. €. 00beM, paBHBIH BOCBMHU OObEMaM MOJICKYJIbl WU

YYETBEPEHHOMY 00BbEMY MOJIEKYJIBI B PACUETE HAa OJIHY MOJICKYILY.

2. Yder npursKeHUs MoJeKkyJ. JIeWCTBHE CUJI TPUTSHKEHUS Tas3a IPUBOIUT K
MNOSIBJICHUIO  JIONIOJHUTEILHOTO JABJICHUWS Ha Ta3, Ha3blBAEMOTO0 BHYTPEHHUM
TABJICHUEM.



ITo BeruncnenusMm Ban-aep-Baanbsca, BHyTpeHHEee naBjieHHE 00paTHO
MPOMOPIHUOHAIBHO KBAAPATY MOJISIPHOTO 00bEMA, T. €.
(p+a/Vy) (Vyb) = RT.
rme a — nocrosHHas — Ban-mep-Baanbca,  xapakrepusyromias — CHIIbI
MEKMOJIEKYIISIPHOTO NPUTSDKEHUS, V  — MOJISIPHBIA 00BEM.
BBoas »TH momnpaBku, MOJy4yuM ypaBHeHue Ban-mep-Baanbca o mona easa
(YypaBHEHUE COCTOSHUS PeajibHbIX ra30B):
P =3V,
JI711 MpOM3BOJIBHOTO KOJIMYECTBA BellleCTBa v raza (v=m/M) ¢ y4eToM TOro, 4To

V=vV_, ypaBHeHue BaZH-IleI')/-Baaﬂbca IIpUMET BUA
v'a

(p 3 _) (— - b) = RT, wma (p + v2a/V*(V — vb) = vRT,
V2 \v |

IJIC TIONPABKUA @ U b — MOCTOSTHHBIC JJIsl KaXJOTO ra3a BEJIUYWHbI, ONPEACIISIEMbIE
ONBITHBIM MyTEM (3amuChIBAlOTCA ypaBHeHHs Ban-gep-Baambca g AByx
M3BECTHBIX M3 OMbITA COCTOSTHUM T'a3a U PEIIAOTCS OTHOCUTEIBHO a U b).

[Ipu BBIBOIE ypaBHeHUss BaHn-nep-Baanbca caeman nensld psg  yIPOILICHUH,
MOATOMY OHO TaK»X€ BEChbMa MNPUOIMIKEHHOE, XOTS M Jydile (OCOOEHHO s
HECUJIBHO CXaThIX Ta30B) COMIACYETCS C OINBITOM, YEM YPABHEHUE COCTOSHUS
UJICAIIBHOTO Ta3a.

YpaBHenue BaHn-nep-Baansca HE €IMHCTBEHHOE YPAaBHEHHUE, OIMCHIBAIOIICE
pEaTbHBIC Ta3bl.



CyIIEeCTBYIOT U APYTHE YPABHEHUS, HEKOTOPHIE M3 HUX HAXKE€ TOYHEE ONMHUCHIBAIOT
peanbHBIC ra3bl, HO HE PACCMATPUBAKOTCS N3-3a UX CIIOKHOCTH.

@Da30M HA3BIBACTCA TEPMOJNMHAMUYECCKA PABHOBECHOE COCTOSIHUE BEIIECTBA,
oTiryaromeecs mo GU3N4YEeCKUM CBOMCTBAM OT APYTHMX BO3MOKHBIX PABHOBECHBIX
COCTOSIHAM TOTO € BEIIECCTBA. ECIM, HAIpUMEP, B 3aKPBITOM COCYIE HAXOIUTCS
BOJIa, TO 3Ta CUCTEMa SIBJISICTCA 08yxgha3zHou. *Kuakas (aza — BoJa; razoo0pazHas
(aza — cMech BO3/yXa C BOASHBIMU napamu. Eciy B Bogy OpOCUTh KYCOUKH JIbJIA,
TO 3Ta CUCTEMa CTaHET Tpex(pa3HOM, B KOTOPOH JieJ SABISETCS TBEPIOU (ha3omu.
YacTto noHsTHe «(ha3a» yrnoTpeOsIeTCs B CMBICIIEC arperaTHOr0 COCTOSTHHS, OJTHAKO
HAJ0 YYHUThIBaTh, YTO OHO WIAPE, YEM IMOHATHUE «ATrPETaTHOE COCTOSTHUE». B
MpeAeiiax OJHOI0 arperarHoro COCTOSHHUS BEUIECTBO MOXET HAXOIUTHCS B
HECKOJIBKHX (ha3ax, OTIMYAIOIIUXCS MO0 CBOMM CBOMCTBaM, COCTaBy M CTPOECHHIO
(Jien, HampuMeEp, BCTpPEYaeTCsd B IATH PA3IUYHBIX MOAU(GUKAIUIX — (da3ax).
IIepexon BemiecTBa M3 OAHOW (ha3bl B JIpyryro — (pa30BbIA Mepexo] — Bceraa
CBSI3aH C KQYECTBEHHBIMH M3MEHEHUSIMH CBOMCTB BemlecTBa. IIpumepoM (hazoBoro
epexojla MOTYT CIYKUTh W3MCHEHHUS arperaTHOr0 COCTOSTHUS BEIIECTBA WIIH
MEPEXO/IbI, CBA3AHHBIEC C U3MEHEHUAMHU B COCTABE, CTPOCHUU U CBOMCTBAX BEIIECCTBA
(HarpuMep, MEPEXOo] KPUCTAIJIMYECKOro BEIIECTBA M3 OJHOW MOAU(UKAIINU B
JPYTYI0).

Paznuyaror ¢azoBbie Mepexoabl JBYyX poaoB. dasoBbid mepexox I pona

(HarpuMep, IJIaBJICHUE, KPUCTAIUIM3AIMS U T. JI.) COIPOBOXKAAETCS MOIVIOLICHUEM
WJIM BBIJICJICHUEM TEIUIOTHI, HA3bIBAEMOM TEMJIOTOM (PA30BOI0 Mepexoaa.



da3zoBpic mepexonbl | poma XapakTepU3yHOTCA MOCTOSIHCTBOM TEMIIEPATYPHI,
U3MEHECHUSAMU DSHTponUM U o0beMa. OOBACHEHHME OSTOMY MOXKHO JaTh
cieayromuM oodpazoM. Hampumep, npu TUIaBI€HUU TEJIy HYXXKHO COOOIIUTH
HEKOTOPOE  KOJIMYECTBO  TEIUIOThI,  4TOOBl  BBI3BaTh  pa3pyllcHUE
KPUCTAJUIMYECKOM pemeTku. [logsoanMas npu niaBjI€HUU TEIJIOTA UIET HE HA
HArpeB TeJla, 4 HA PA3PbIB MEKATOMHBIX CBSI3EU, IIOITOMY IUIABICHUE MPOTEKACT
Opyu TOCTOSIHHOW TeMmreparype. B mMomoOHBIX Tiepexomax — U3 Ooliee
VIOPSIIOYEHHOTO  KPUCTAJUIMYECKOTO COCTOSIHUS B MEHEE YHOPAJNOYEHHOE
KHUJIKO€ COCTOSIHUE — CTENEHb OeCHopsijika yBEJIMYMBACTCS, T. €., COITIACHO
BTOPOMY HAudajay TEPMOJIMHAMUKH, OBTOT TMPOLECC CBS3aH C BO3PACTAHUEM
SHTPONHUHU CUCTEMBI. Eciu mepexoj mpoucxoguT B OOpaTHOM HalpaBlICHUU
(KpUCTaJIM3alKs ), TO CUCTEMA TEIJIOTY BBIACISET.

da30BbIE MEPEXO/IbI, HE CB3aHHBIC C MOMIOMIEHUEM WJIA BBIJICIICHUEM TEILIOTHI
U U3MEHEHHEM o0beMa, Ha3biBaroTCs (pazoBbiMu nmepexogamu II poma. Otu
NEePEXOJbl  XapaKTEPU3YIOTCS IOCTOSHCTBOM OO0ObEMa U DHTPOIUM, HO
CKaYKOOOpa3HbIM HM3MEHEHHMEM TeIloeMKOCTH. OOmiass TpakToBKa (Pa3oBBIX
nepexonoB Il pona nmpemnoxena akagemuxkoMm JI. JI. Jlangay (1908—1968).
CornacHo 3ToM TpakToBKe, (hazoBbie mepexoan! II poja cBsizaHbl C U3BMEHEHUEM
CUMMETPHUM: BBIIIE TOYKH TMEPEXOoAa CUCTEMA, Kak MpaBuiio, objamaeT OoJjee
BBICOKOW CUMMETPUEH, YEM HUIKE TOUKHU TIEPEX0/IA.



[Ipumepamu ¢azoBbix nepexoqoB Il poaa sBistoTCS: Tepexon (heppOMarHUTHBIX
BeIIECTB (PKeJie3a, HUKENIs) IPU ONPEACICHHBIX JaBJIICHUM B TEMIIEpaType B
MapaMarHUTHOE COCTOSHHUE; TMEPEXO0J] METAJJIOB W HEKOTOPBIX CIUIAaBOB MpPH
Temiieparype, oimskoit kK 0 K, B cCBepXnpoBOsilee COCTOSTHUE, XapaKTepU3yeMoe
CKaQUKOOOpPA3HBIM YMEHBIIICHUEM JJIEKTPUUYECKOTO COIMPOTUBIICHUS 10 HYIIS;
MpeBpalleHre OOBIKHOBEHHOTO KuAkoro renus (reaust 1) mpu 7=2,9 K B apyryro
KUAKYI0 Moaudukamnuio (reauit I1), odmamaaronryo CBOMCTBAMHM CBEPXTEKYUECTH.






