MockoBcknil rocyJapcTBeHHbIN YHHBEPCHUTET
umenun M.B. JlomonocoBa

OCHOBBI
®U3NYECKOM
XUMHUH

TEOPHS U 3AJAYHA

Pexomenoosarno YMO no xnaccuueckomy
VHUBEPCUMEMCKOMY 06pa306aH o

6 kavecmee yuebHo20 nocobus Ons cnyoenmos,
obyuarowguxcs no cneyuansnocmu 011000 — Xumus
u no Hanpaenenuro 510500 — Xumus

H3oamenoscmeo
«IK3AMEH)»

MOCKBA
2005



VJIK 544(075.8)

BbK

0-75

24.5473
O-75

KosneKTHB aBTOpOB:

Epemun B.B. —~ JoueHT xumuueckoro dakynvrera MIY, noktop ¢usuko-
MaTeMaTH4eCKHX Hayk, haypeatT [Ipemuu [lpesunenra PO B
obnact obpa3osaHus;

Kapzoe C.H. — DOLEHT xumuyeckoro dakynbtera MI'Y, KaHanoar xumuue-
CKHX Hayk;

Yenenckaa HA. - poueHT xumuueckoro ¢axynprera MI'Y, xanaunat xuMude-
CKHX Hayk;

Kysomenko H.E. — npogeccop xumuueckoro gakynbrera MI'Y, noktop ¢pusmuko-
MaTeMaTH4YeCKMX Hayk, jgaypeat [lpemun Ilpesugenra PP B
obnactu obpa3oBaHus;

JIynun B.B. — akagemuk PAH, npodeccop xumuueckoro gaxynsreta MI'Y,
IOKTOp XMMH4YECKMX Hayk, naypeat [Ipemuu Ilpesunenra PO
B obnacty obpasoBaHus.

Peyenzenmer: npodeccop Kopo6oe M.B., npodeccop Cobsnun B.A.

OcHoBbl  (u3nueckoii xumuun. Teopus u 3amaun: Yuye6. nocoGue ans By3oB /
B.B. Epemun, C.H. Kapros, U.A. Ycnenckas, H.E. Ky3ssmenko, B.B. Jlynun. — M.: H3na-
TeNbCTBO «DK3aMen», 2005. — 480 c. (Cepus «Knaccuueckuit yHUBepcHTETCKUI YueOHHK?)

ISBN 5-472-00834-4

Knura npeacraenset co6oit kpatkui Kypc coBpeMeHHOH ¢u3nueckoit xumuu. OHa nocTpoe-
Ha 110 KIACCHYECKOMY NPUHLMNY: KOKIbIH naparpag HauHHAETCH C UIIOKCHHSA TEOPETHUECKOrO
MaTepHana, 3a KOTOPbIM CAEAYIOT NPUMEpPDI PElUCHUs 3aJay M 3adaqu [UI CaMOCTOATENILHOTO
pelenus. Beero B kHure coaepxurcs okono 800 3amau no ocHOBHBIM paszfienam (usMuecko
XuMHKH. Ko BCEM pacyeTHbIM 3aayamM JaHbl OTBETHI WM YKa3zaHHA K pewieHHio. B npHnoxkeHnH
npuBeacHa BCA HeoOXoanUMan JUlA pelleHna 3anad WHdopMauna: TabnuLbl TEPMOIUHAMHUYECKHX
M KMHETMYECKHX NaHHBIX, CTIHCOK OCHOBHBIX (H3UKO-XMMUYECKHX (OPMYJT H MATeMaTU4eCKHH
MUHHMYM.
Kuura npenHasHaueHa L1 CTYZEHTOB ¥ NMPENoaaBaTelieil YHMBEPCHTETOR, a TakKe XUMHue-
CKHX, OHONOrHYECKHX M METHLIHHCKUX BY30B.
YK 544(075.8)
BbK 24.5a73

Ioanuncano B nevars ¢ auanosutuees 20.05.2005.
®opmar 70x108/16. I'apunrypa «Tafimcr. bymara odcetnas. Yu.-irvr 1. 21.77.
Ven. nen. n. 42,0, Tupaw 5000 ak3. 3akaz M 578

ISBN 5-472-00834-4 © Konnektus aBTopos, 2005

© HspareasctBo « IKIAMEH», 2005



OrnaBneHue

HPEAHCJ]OBHE ........................................ L I R L T R T T T R PP 5

I'TABA 1. OCHOBbl XUMHYECKOH TEPMOJUHAMUKH

§ 1. OcHOBHbBIE NOHATHS TEPMOAWHAMUKHN. Y PaBHEHUA COCTOAHUSA .....eeeveennennee. 7
§ 2. [1epBblii 3aKOH TEPMOAMHAMHMKH ......covvireiiiinririirteicatesernensassareseirecnesesens 24
§ 3. TEPMOXHMHM.c..eeoevviieiiieieiiieitiiecitesirescs ettt seeestaassesneseeasaeesseaeanseeeasnaassrenanns 36
§ 4. BTopoii 3aKOH TEPMOAMHAMHUKH. THTPOMUA «.cveveerirennreearerneeeinneessareseeneenes 49
§ 5. TepMOAHHAMHUYECKHE MOTEHUHAIBI «.cveveinreeriieeeerrniesceceereerereesenraesensanneeses 65

IF'TABA 2. NIPUJIOXEHUA XUMUYECKOH

TEPMOAUHAMUKHU
§ 6. TepMoOMHAMKKA PACTBOPOB HEIMEKTPOIIUTOB ..ooevvvrrnrierircrrineeeaensns reeerrnens 83
§ 7. l'eteporeHnsie paBHosecus. [1paBuno ¢a3 I'nb66ca.

dazoBbie PABHOBECUS B OTHOKOMITOHEHTHBIX CHCTEMAX ...cc.verrernerseeranens 105
§ 8. ®a3oBbie paBHOBECHUS B IBYXKOMITOHEHTHBIX CHCTEMAX ...covvvrrrenunericarannns 123
§ 9. XTUMHUECKOE PABHOBECHE ....cveveemereiiireietereeeneernecareneaenennsiaensnenesssmacnsessanes 140
§ 10. ANCOPOIIMA ...ooovvieniieireeeicetent e eccen e ceene e se st s rerestenee e 158
F'TABA 3. 9JIJEKTPOXHMMHS
§ 11. TepMoauHaMuKa pacTBOPOB IMMEKTPOIHUTOB ....oovvmrrriiineeiiiiinsinneeieeinnennn 171
§ 12. DnexTponpoBOLHOCTb PACTBOPOB IMEKTPONIHTOB .covvevvniinenieverrecrnnaennnis 179
§ 13. DAEKTPOXUMHUECKHE LETH ...ovvivrviiniisnriieienneareraniessesiaeertessasensssesssnesnses 191

IFT'TABA 4. CTATHCTHYECKASI TEPMOJAMHAMHKA

§ 14. OCHOBHBIE NOHATHS CTATUCTHYECKOH TEPMOAHHAMUKK. AHcaMOnum ....... 206
§ 15. CyMMa 1o COCTOSHMAM ¥ CTATUCTHUECKHH HHTEIPAM ...voonnicennrecnicnnien 219
§ 16. CTaTHCTHYECKHH pacueT TEPMOAMHAMHUYECKHX CBONCTB

MIAEATTbHBIX M PEANTBHBIX CHCTEM ....oeveiiiiiciiinesnrivanesneenessessnceeinsssnseaes 240

ITABA 5. XUMHUYECKASI KHHETUKA

§ 17. OCHOBHbBIE NOHATHA XUMHUYECKON KHHETHKH ...ocvvininiiiininnniicninninnnnennen 258
§ 18. KHHeTHKA peakumii UEJIOTO MOPAIKA ...cccerrirereirrncreririnraasiesansasansesasenns 268
§ 19. MeTobl OMNMpeaeiCHHSA MOPAAKA PEAKLIMH ..ocvvvirviriirirericieiineeseeienieniennes 277
§ 20. Bavusnue TeMnepaTtypsl Ha CKOPOCTb XUMHYECKHX PEAKUHH .....ocovneeeee. 286
§ 21. KHHETHKA CHOMKHBIX PEAKLMMH ......coeeeereiceriiiiiiicnnitctiieiesserisrese et n 297
§ 22. IlprOnKEeHHbIE METOAB! XUMUUYECKOH KHHETHKH ...covvviiriieniriernrerieenne 310
§ 23 KATAMMS ..ottt en e cib b vebes e s n s s rrabas s sammne s esna b esannn 323
§ 24. DOTOXUMHYECKHME PEAKLIMH ...c.oooviiiiniiiiireereinisrenesse s asserassbessnesssannensas 346
§ 25. TeopuH XMMHUYECKONH KHHETHKH ...oovvvieiriniinniionnnensieines cererer et 356

§ 26. XHMHYECKAA AHHAMHUKA ....cvvreverrinininctinceeeeinnesenessnseessenes FOTRORRRORORRTIO 377



OrnaBnexuue

T'TABA 6. JJIEMEHTBI HEPABHOBECHOM

TEPMOJNHAMMHUKH
§ 27. JIuneiiHasn HEPABHOBECHAS TEPMOMHHAMHMEKA ......ccoeovvierurireerreesesseersarnans 393
§ 28. CHIIBHO HEPABHOBECHBIE CHCTEMBI ....ovcvecereeriineenareenseseeanreeaeeesesencassanns 403
IMPHAOXEHHUA
Hpunoxcenue I. EAMHALIBI W3MEPEHHA PH3HHECKUX BEMMUHH ..oveviieririiirireeeireennens 412
TTpunoxcenue I1.OyHAAMEHTANBHBIE PUIHUECKHE MOCTONHHDBIE «...ovvveveeeeriarinivenienne 412
TIpunoxcenue 111, TabnuLibl PUIMKO-XHMHUECKNX JAHHBIX ....ovvverrrcreenvinirenonneienss 413
Hpunoxcenue 1V, MareMaTHUECKMH MEHHMYM ....c.ocooomrerinirnenenienreniessesesreenansarnas 424
TTpunoscenue V. CuHCOK OCHOBHBIX HHIUKO-XUMHYECKMX QPOPMYIT coverriinrinrrinas 433
['naBa 1. OcHOBBI XHMHUECKOH TEPMOAMHAMHKH ...v..eoereenerrerereriarccrrareriesrenenenens 433
InaBa 2. ITpunokeHns XUMHYCCKOH TEPMOAMHAMMKHM ...o.vconvvireenrernierenencvenennene 436
["'12Ba 3. DNEKTPOXHMMS ..c..evneinririenreirciece e ssne e s e ssesnesse e s s vnenenene 439
I'naBa 4. CTATHCTHYECKAA TEPMOAHHAMUKA c..oereneirverierenreseeiasseeserarerersresennencres 441
I'naBa 5. XUMHUYECKAT KMHETHKA .....c.oovviririiiniirriiennearsetssssesnes e siesnssennesnenes 442
I'naBa 6. DneMEHTHI HEPABHOBECHOH TEPMORMHAMUKM ...ovvvvincrrncrnrccrieeinnnenn 445
OTBETDI ...t ta s s s e s anas 446
JIUTEPATYPA ..., brreraneeeeeaaan Cteseereeterer et e e reraaae s 468

NPEAMETHBIM YKABATEIID ..o eve s eneeeeeeneaene 471



NpeaucnoBue

[Mpeanaraemas BawieMy BHUMaHHIO KHHTA npeacTasiser coboil yuel-
HHUK 1O (M3M4ecKoi XWMMH, NpeAHa3HauyeHHbIH, TNaBHbIM 00pasom, s
CTYIEHTOB M npenonasarcieit yHuBepcuTeToB. Ona o6o0imaer MHOroeT-
HHH OMNBLIT MpenoaaBaHus (PUINYECKOH XUMHHM CTYACHTaAM €CTEeCTBEHHO-
HayuHbiX (aKkynbTeToB MOCKOBCKOrO roCyAapCTBEHHOr0 YHHBEpPCHUTETA
M. M. B. JlomoHocoBa. be3yciioBHOe BiiusiHUE Ha oTOOp MaTepuana v Xa-
paKTep ero M3/0XeHus oka3ano oOuleHHe aBTOPOB CO CTYAECHTAMHU H Tpe-
nogasatensmu  ¢akynbtetoB MI'Y. Ot xnaccuueckux yuyeOHHUKOB Mo
(GHU3MUECKOH XMMHUHM Halla KHUTa OTIHYaeTCs TeM, YTO, BO-NEPBbIX, Teope-
THUYECKHIl MaTepuan npeAcTaBlieH B CXKATOM WU BeChMa KOHIIEHTPHUPC3aH-
HOM BHJE, W, BO-BTOPbIX, OH NMOAKpenjeH 00JbUIHM KOJTHYeCTBOM NpuMe-
poB, 3a1a4 ¥ ynpaxsenuil. Jlng tex, kto xoueT 6ojiee TIIATENBHO U3YUYUTH
OTAEbHbIE TEOPETHHECKHE BOMPOCH], Mbl COCTABMIIM NMOAPOOHBIH CMUCOK
JIMTEPATYPbI K KAXA0M riase.

[peawecTBeHHUKOM JAaHHOW KHUTHM MOCAYXWJ Hawl cOOpHHK «3anauu
no ¢pusuyeckodi xuMuu» (M.: Dk3ameH, 2003). [TocToSHHO UCMONB3YS €ro
B paboTe, Mbl MPUUIIK K BBIBOAY, YTO W3JIOKEHHbIH B HEM TeOpETHYECKUI
MaTepuall HyXaaeTrcs B cepbe3HOll nepepaborke. YpoBeHb 3TO#l nepepa-
O0TKH OKa3ancs HacTONbKO riy0OKMM, YTO NosBUIAch (akTHYECKH HOBas
KHUra, B KOTOPOH OCHOBHOI1 aKLEHT C€NIaH Y)KEe HE Ha 3a]a4H, a Ha Teope-
THYECKHE MOJIOKeHUs ¢usnyeckod xumMuu. CuibHee BCEro W3MEHUJINCH
pazzienbl, MNOCBAILEHHBIE OCHOBHbBIM fIOIOXKEHUAM U NPHKIIAHBLIM acnekTam
XUMHYeckoil TepmoannaMuku. Kpome Toro, nobaeieHbl coBeplUeHHO HO-
BbIE pa3felibl, B KOTOPbIX PACCMOTPEHBI COBPEMEHHbBIE NOCTHIKEHHS HAyKH
B 00/1aCTH HEJMHEHHON NHHAMHKH M XMMWYeCKOW JHHaMuKH B demToce-
KyHAHOM adanasoHe. [IpH H3N0XKEHHMM TEOPEeTHUYECKOro MaTepuana Mbl
cTapaiuch ObITh IOTMUHBIMH H CTPEMUJIUCH TIOKa3aTh CBA3b J100OLIX du3n-
KO-XMMHYECKUX pe3yJbTaToB, NPUAOKEHUH 1 GOPMYI C OCHOBAMH, TO €CTh
¢ hyHIaMeHTaNIbHBIMHM 3aKOHAMHM XMMHYECKOH TepMOAMHAMHUKY M XUMHUYe-
CKOH KHHETHKH.

KHura coctoMt M3 wWeCcTH TrJaB, OXBaTbIBAIOLIMX OCHOBHbIE pa3Jieibl
Kypca HU3NYecKoil XuMUM, MOXHO JAXKeE CKa3aTh «KJIAaCCHYECKHUEY pa3lienbl,
KMesl B BUAY TO 06CTOATENBCTBO, UTO He ToNabko B MI'Y, Ho ¥ B 6OAbUIMHCT-
BE JIPYTHX YHUBEPCUTETOB DPsAJl pa3feNioB TpaauUMOHHOH (u3nyeckol Xu-
MHH, TaKWX KaK KOJUIOMAHAs XUMHS, CTPOEHHE MOJEKYJ, CMEKTPOCKOMUS,
MMEIOT CTaTYC CaMOCTOSTENbHbIX KYPCOB.



Npegucnosue

Mbl peilinnu npeacTaBUTL MaTEPUan Kaxaoro naparpada B cneaytolue
nocaeI0BaTENbHOCTH:

1) TeopeTHueckoe BBEJCHHE K KaXIOMy pasciy, COAepKallee OCHOBHbIC
onpeaeneHus U GopMyJibi;

2) npuMepsbl peuieHus 3a1ay;

3) 3amauu AJIA CaMOCTOATEABbHOIO pelleHHS.

Takas GopMa M3NOXKEHHA, 10 HALUEMY MHEHWIO, ABJIAETCH ONTUMANbLHOMN
JUIA TIPOBEICHU CEMHHAPCKUX 3aHATHI U MOJArOTOBKH K 3K3aMeHy 1o (u3u-
YECKOH XUMMHU.

K 6onpuminHcTBy Tem npuseigeHo no 20-30 3amay paszauyHOM cTeneHu
CNIOXKHOCTH M 110 HECKONIbKO TPUMEPOB WX pelueHus. Bo Bcex pasgenax Mbi
CTPEMHIINCH, FIO BO3MOXHOCTH, KOMOMHUPOBATL pacHeTHbie M CMbICTOBbLIE
3apauyu. MHorue 3afauu coaepxar «M3tOMHHKY», TO €CTb TpeOyOT rinyboko-
ro NOHUMaHHUs NpeaMeTa, MHTYHLMH U HEKOTOPOro BooOpaxeHus, a He Mpo-
CTO NOJCTAHOBKH uYMCeN B u3secTHyto dopmyny. Ko BceM pacueTHuIM 3aja-
Yam TPUBEIEHBl OTBETbl MAM YKa3zaHHs K pelienuto. Hekotopbic 3apauu
B3ATbl H3 U3BECTHbIX Y4EOHMKOB U 33Ja4HUKOB NO (PU3MUECKOH XUMUHU (CM.
CIIMCOK IUTEpaTypbi), MHOTHE 3aa4H — OPHUTHHAIbHbIE Pa3pabOTKH aBTOPOB.
PazHoniaHOBOCTE 3a7ay ¥ pa3jiiiue B YPOBHSX CIOXHOCTH MO3BOJIAIOT HaM
HaaesaThes, YTO 3TOT COOPHUK MOXKHO HCMOJIb30BaTh HE TONbKO B TPaAHLM-
OHHBIX Kypcax (pU3H4YEeCKOH XHMHM, HO U B ONU3KMX 110 COAEPNKAHHIO Kyp-
cax, Hanpumep ofuueii uan HeopraHUYECKoit XUMHH,

Msl cTpeMunuch k TOMy, 4TOOBI 3TOT y4eOHHK Obll, O BO3MOMXHOCTH,
CAMOJOCTATOUYHbLIM, H MO3ITOMY BKIHOYHIU B NPUIOXKEHHE Tabauubl pusmko-
XMMHYECKUX [aHHbIX ¥ CIHCOK Hanbonee 4acTo UCMONb3yeMbIX MaTeMarTu-
yeckux popmyn. IpunoxeHue cCoIepKUT TakKe CMUCOK OCHOBHBIX (PU3NKO-
XHMHUYECKNX OPMYJ, KOTOPBI NPUTOANTCA CTYACHTaM [Uif OKChpecc-
NOATOTOBKM K 3K3aMEHY.

Mbi BbipaxkaeM MckpeHHI00 GnaronapHocts npodeccopy M.B. Kopobo-
BY 3@ KPUTHYECKHE 3aMEUaHHsl, yUET KOTOPbIX MO3BOJIMI YAYUIIUTh KauyecT-
BO KHHUIH.

ABTOpBI Oyay NpU3HATENbHBI 32 M00bIe 3aMeuaHms, NoxenaHus u npea-
JIO’KEHHUSA, KOTOPbIE MOYKHO NMpUcLINaTh no aapecy: 119992, Mocksa, B-234,
JlennHckue ropsi, a. 1, crp. 3, xumMnueckuil paxyasrer MI'Y win no
3NEKTPOHHOM noure:
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naBa
OcHoOBbI

XUMUYECKOM
TepMOAUHAMUKH

§ 1. OcHOBHbBIE NOHATHS TEPMOAUHAMHKH.
YpaBHeHHS COCTOSHHS

OcHOBHBIC NOHATHSA

Tepmoannamuka — Hayka, U3yuarolilas B3aWMHbIE MEPEXOAbl TEMNOTHI U
paboTbl B paBHOBECHBIX CUCTEMaxX M MPU NEPeXoAe K paBHOBECHID. XHMUYe-
cKas TepMoJAMHaMHKa — pa3fen ¢usnueckoll XMMUH, B KOTOPOM TePMOJHHA-
MHYECKHE METOLbI NMPUMEHSIOTCH AJIS aHanu3a XMMHYECKUX U (PU3HKO-
XMMHUUCCKUX SBJICHUI: XMMHYecKHX peakuui, $a3oBbix MEpEexXoAoB U Npo-
11eCCOB B pacTBOpax.

OObeKkT M3y4eHHMA TEPMOIAMHAMMKH — MEPMOOUHAMUHECKAA CUCHe-
Ma — MaTepHasibHbiil OOBEKT, BbiJeNICHHbI U3 BHELUHER CPelibl C TOMOLLBIO
peasbHO CYILUECTBYHiLeH Wian BooOpaxaeMoil rpaHH4YHOH MOBEPXHOCTH U
cnocoOHbI 0OMEHMBATLCA C APYTUMHU TejlaMu 3Hepried U (Mau) BeulecTt-
BoM. JItoGas TepMoaHHAMUUECKas CUCTEMA ABJISAETCA MOJENbIO peasibHOro
00beKTa, NO3TOMY €€ COOTBETCTBME PEanbHOCTH 3aBUCHT OT TeX MpHOu-
KEeHHi, KoTopeie BbiOpaHbl B pamkax ucnosesyemod mogenu. CHCTEMBI
ObIBaIOT:
® omkpuimble, B KOTOPbIX CyiiecTByeT oOMeH 3Hepruei W BeleCTBOM C

OKpYXKaroLLeH cpenoif;

& 3aKpbimble, B KOTOPbIX CYLLECTBYET OOMEH 3HEPrueH ¢ OKPY>XEHHEM, HO

HeT 0OMeHa BeWecCTBOM,
®  U30UPOBAHHBIE, B KOTOPbIX HET OOMEHA C OKPY>XEHHEM HH 3Heprue, HU

BELLECTBOM.

CocTtosiHue n1000#i TepMOAMHAMUYECKOH CHCTEMBI MOXKET OBITH OXapak-
TEPU30BAHO KOJHMYECTBEHHO C MOMOLUBIO MEPMOOUHAMUHECKUX nepeMert-
Hbix. Bee OHM B3aMmocBaA3aHbl, U ANs ynoOCTBa NOCTPOEHHUST MaTemarHue-
CKOro amnnapata HMX YCJIOBHO JeST Ha He3aBHMCHMbIC HEPEMEHHBIE U



Mnasa 1. OCHOBbLI XMMUYECKOH TEPMOQUHAMMKN

TepMoanHaMuyeckue yHkuuu. [TepemeHHsle, koTopbie QUKCHPOBAHBI YC-
JIOBUAMM CYILECTBOBAHUSA CUCTEMbI, U, CJICA0BATENBHO, HE MOTYT H3MEHATh-
¢ B npejienax paccMarpuBaeMol 3aJ1a4u, Ha3bIBAIOT MEPMOOUHAMUUECKUMU
napamempamu. Pa3zninyaioT nepeMeHHble:

®  gHewHue, KOTOPbIC ONpPEENAOTCS CBOWCTBAMM M KOOpAMHATAMH TEl B

OKpYXXarolllefi cpele H 3aBHCAT OT KOHTAaKTOB CHUCTEMbI C OKPY>KEHHUEM,

HanpuMep, Macchl WIH KOJIWYECTBA KOMIOHEHTOB #, HaNpsH>KEHHOCTb

3NEKTPUYECKOTO NoAs E; YUCIIO TAKUX NEePeMEHHbBIX OrpPaHHUYEHHO;
®  @gHympeHHUe, KOTOPbIE€ 3aBHCAT TOJILKO OT CBOMCTB CamMOi CUCTEMBI, Ha-

NpUMEp, MIOTHOCTb P, BHYTPEeHHAs 3Heprus U; B OTNHUHE OT BHELUHUX

NepEeMEHHDIX, YHCIIO TAKHX CBONCTB HEOTPAHUUEHHO;
®  IKCMeHCUuBHble, KOTOPbIE NPIMO NPONOPUHOHANTLHBI MACCe CUCTEMbI UM

YUCNly 4acTvL, Harnpumep, obbeM V, aneprus U, sHtponus S, Tensoem-

KOcTb C;
®  unmencugHvle, KOTOPbIE HE 3aBUCAT OT MAacChl CHCTEMbI MJIM YUCNa Yac-

THL, Harpumep, TeMneparypa I, NIOTHOCTh P, faBneHue p. OTHOLIEHHE

NMoObIX ABYX 3KCTEHCHBHBIX NMEPEMEHHLIX ABJIAETCA WHTEHCHBHbLIM MNa-

paMeTpoM, HarpuMep, NapuManbHbIA MONBHBIH 06beM V' MM MONbHasA

Jons x.

Oco60e MeCcTo B XUMHUECKOH TEPMOAMHAMMUKE 3aHHUMAIOT IEPEMEHHBIE,
BbIPRXKAIOLME KOMUYECMEEHHbIU cOCmas CUCTEMbl. B rOMOreHHbIX OAHO-
POAHBIX CHCTEMAX peyb HAET O XHMHYECKOM COCTaBE, a B MeTePOreHHbIX — O
XHUMHUYECKOM M (a30oBOM cocTaBe. B 3aKpbIThIX CHCTEMAX COCTaB MOXKET U3-
MEHATBCA B pe3ynbTare XUMHYECKHX peakuuii W nepepacnpeneiieHus Be-
LIEeCTB MEXAY YaCTAMH CUCTEMbI, B OTKPBIThIX — 3 CUET TMepeHoca BelecTBa
yepe3 KOHTPONIbHYIO MOBEPXHOCTL. [ TOro uytoObl 0XapakTepu3oBaTh Ka-
4YeCTBEHHBIH U KOJIMUECTBEHHbIH COCTaB CUCTEMBbI, HEJOCTATOUHO YKa3aTh €e
3NIEMEHTHBIH COCTaB (aTOMbl KAKMX 3NIEMEHTOB U B KaKMX KOJIMYECTBAaX Ha-
xonatca B cucteme). Heobxonumo 3HaTh, U3 KaKUX peanbHbIX BELLECTB (MO-
JIEKyJl, HOHOB, KOMIUIEKCOB M T.N.) COCTOMT CHMCTeMa. JTH BELLECTBA Ha3bl-
BAKOT cocmasisioujumu. BoulbOp COCTaBIAIOWNUX CHCTEMBI MOXET ObITh He
eIMHCTBEHHBIM, OJHAKO He0OX0AUMO, UTOOBI:
¢ C X NMOMOLIBI0 MOXKHO ObIN0 onKcaTh JiloOble BO3IMOXKHBIE U3MEHEHUS B

XHMMHUYECKOM COCTaBe KX /0 U3 yactel CUCTEMBI;
® }MX KOJNMYeCTBA YOBJIETBOPSJIM ONpeAeneHHbIM TpeOoBaHUAM, HanpH-

MEp, YCAOBHUAM 3IEKTPOHEHTPANbHOCTH CHCTEMbI, MarepuaibHoro 6a-

naica # T.1.

CocraBnstowine U MX KOJIM4ECTBA MOTYT U3MEHATHCA MPH MPOTEKAHHH
XuMHUyeckoi peakuuu. OaHako Bceraa MOXHO BbIOpaTh HEKOTOPbi MUHH-
MaJibHbld Habop BellecTB, JOCTATOUYHBIH AJi1 ONHCAHUA COCTaBa CHUCTEMBIL.
Takue COCTaBNAIOIUE CUCTEMbI HA3bIBAIOT HE3AGUCUMBIMU COCMABNAIOUU-
Mu, WA KOMNOHEHMamu.

Cpeay TepMOAMHAMHYECKHX NEPEMEHHBIX BBIACTMIOT 0600WeHHble CUb]
U obobwennvie koopounampi. O600LIEHHbIE CUITBI XapPaKTEPH3YIOT COCTOSA-
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HHe paBHOBecHs. K HUM OTHOCAT AaBieHHe p, XMMHYECKHH noTeHUMan L,
3JIeKTpU4ECKUI NOTeHUHan ¢, NOBEPXHOCTHOE HaTskeHue . O600LueHHbIe
CHJIbl — HHTEHCHBHbIE NapaMeTphbl.

O60611eHHbIE KOOPAHHATHI — 3TO BETHYHHbI, KOTOPblE U3MEHAIOTCA MO
AeficTBHEM COOTBETCTBYIOLIMX 000011eHHbIX cui. K HUM OTHOCATCA 00beM
V, KonuuyecTBO BELLECTBA A, 3apal e, miouaas ). Bee ob6obiieHHble Koop-
JUHATHI — 3KCTEHCUBHbBIE MapaMeTphbl.

Habop WHTEHCHBHBIX TEpPMOAUHAMUYECKMX CBONACTB OMNpeAenser co-
CTOSIHUE CHUCTEMBI. PasnuualoT cliefylollue COCMOAHUA TEPpMOJHHAMHYe-
CKHX CHCTEM:
®  pasHoGeCHOe, KOTJa BCE XapaKTEPHUCTHKH CHCTEMbl MOCTOAHHLI U B HEi

HET NOTOKOB BELECTBA UK 3Hepruu. Ilpu 3TOM BhIOENSAIOT!

— ycmotiyugoe (CTabMNbHOE) COCTOSHUE, TIPU KOTOPOM BCAKOE Hecko-
HEYHO Manoe BO3JCiCTBHE BbI3BIBAET TONLKO GECKOHEUHO Malloe
M3MEHEHHE COCTOSHUA, a NMPH YCTPAHEHUH 3TOrO BO3AEHCTBHA CHC-
TE€Ma BO3BPALIAETCs B HCXOIHOE COCTOSHUE;

~  MemacmabunpbrHoe COCTOSHHE, KOTOPOE OTIIMYAETCH OT YCTOHUMBOro
TEM, YTO HEKOTOphI€ KOHEUYHbIE BO3JEHCTBHA BbI3bIBAIOT KOHEUYHBIC
M3MEHEHHS COCTOAHUSA, KOTOPbIE HE HCYE3AIOT NMPH YCTPAHEHHH 3TUX
BO3CUCTBHIT;

® Hepasrogecnoe (Heycmouyugoe, 1abunbHoe) COCTOSHHE, MPH KOTOPOM

BCAKOE HECKOHEYHO Manoe BO3JEHCTBHE BbI3bIBAET KOHEYHOE U3MEHEHHE

COCTOSHHUS CUCTEMBI;
® cmayuoHapHoe, KOTJa HE3aBUCHMbBIC NMEPEMEHHBIE MOCTOAHHBI BO Bpe-

MEHH, HO B CHCTEME HMEIOTCS TIOTOKH.

Ecnu cocTosiHue cHCTEMBbl H3MEHSAETCS, TO FOBOPAT, 4TO B CUCTEME IPO-
MCXOAUT TEpMOAUHAMHYECKHI npoyecc. Bee TepmoanHaMuyecKkHe CBOCTBa
CTPOTO OrpefesieHbl TOJNbKO B PaBHOBECHBIX COCTOAHUAX. OCOGEHHOCTBIO
ONUCAHHA TEPMOAMHAMHYECKUX MPOLIECCOB ABJIAETCA TO, YTO OHM paccMar-
pHBAIOTCS HE BO BPEMEHH, a B 000OLEHHOM MpPOCTPAaHCTBE HE3aBHCHMBbIX
TEPMOAMHAMHUYECKUX NMEPEMEHHBIX, T.€. XapaKTEPHU3YIOTCA HE CKOPOCTAMH
U3MEHEHHs CBOHCTB, a2 BelnuMHamMu u3MeHeHuil. [Ipoliecc B TepMoaUHaMu-
K€ — 3TO NMOC/NeJOBATEALHOCTb COCTOAHUH CHCTEMBI, BEAYUIHUX OT OJHOIO Ha-
yansHOro Habopa TepMOAMHAMHUYECKUX MEpPEMEHHBIX K JPYroMy — KOHeu-
HOMY.

PasnuyaloT npoueccsl:

*  CamMonpoussonibibie, U1 OCYIIECTBICHHS KOTOPBIX HE Haj0 3aTpauuBaTh
3HEPIHIO;

®  HecamonpousBoibHble, TPOUCXOMALINE TOJIBKO NPH 3aTpare JHEpPruy;

* obpamumble, KOT/a Nepexo/] CHCTEMbI U3 OJHOTO COCTOSIHHSA B ApYroe u
0o6paTHO MOXeT NMPOUCXOAUTh Yepe3 MOCIeA0BaTeIbBHOCT OAHHX H TEX

Ke COCTOSHHH, M Mocje BO3BpallleHUS B UCXOOHOE COCTOSHHUE B OKDY-

XaroleH cpeie He 0CTAETCA MaKPOCKONUYECKHX H3MEHEHMUIA;
®  Kxgazucmamuyeckue, Wi pagHoBecHble, KOTOpbie NPOUCXOAAT Noa Jeit-

cTBHEM OECKOHEUHO Manoi pasHOCTH 0000LUEHHBIX CUIT;
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®  Heobpamumble, WM HepaéHOBECHbIE, KOTTlA B pe3ysibTare npouecca He-

BO3MOXHO BO3BpPATUTH H CUCTEMY, H €€ OKPYXCHHEC K NCPBOHAYAIILHOMY
COCTOAHUIO.

B xone MpoUECCa HEKOTOpLIE TEPMOAHHAMHUUCCKHUE TICPEMEHHLIC MOI'YT

6bITh 3adukcupoBaHbl. B yacTHocTH, paznnyatoT uzotepmuueckuii (7 = const),

u3oxopHblii (¥ = const), nuzobapHeiii (p = const) u annabaruueckuii (Q = 0,
dQ = 0) npoueccenl.

Tepmoounamuueckue yHKUUU PAIASTAIOT HA:

*  yHxyuu cocmoanusn, KOTOPbIE 3ABUCAT TONLKO OT COCTOAHUS CUCTEMBI U

HE 3aBUCAT OT NMYTH, NO KOTOPOMY 3TO COCTOSHHE NONYYEHO;
®  yHkyuu nepexoda, 3HAYEHWE KOTOPBLIX 3aBHCUT OT NYTH, MO KOTOPOMY

MPOUCXOIUT HIMEHEHHUE CUCTEMBI.

IMpumeps! pyHkuuii coctosuus: sHeprus U, surtanbnus H, dHeprus
[Cenbmronsua F, sueprua T'ub6ca G, sntponus S. Tepmoaunamuueckue re-
pemenHble — 00beM V, nasnenue p, remneparypy I — TakKe MOXKHO CUMTATb
QYHKUUSIMH COCTOSIHMS, T.K. OHW OJIHO3HAYHO XAaPaKTEPU3YIOT COCTOSHME
cucremsl. [Tpumeps! QyHkumit nepexoaa: Temnora ¢ u padora W.

OYHKUUU COCTOAHNSA XapaKTEPU3YIOTCH CNEAYIOMUMY CBOWCTBAMMU:

e OeckoHeyHO Manoe M3MeHeHHEe (YHKUMMU f ABNAeTCA NONHbIM aAundde-
penuuaniom (oboznavaerca df);

*  u3MeHenue QyHKUUN NPU NEPexXoAe W3 cocTosHus 1 B cocTosxue 2 on-
2

pPEAENAETCH TONLKO ITUMH COCTOSHUAMMU: jdf =f5 - f13
1
e B pe3ynbTare Mo6Oro UMKIHYECKOro npouecca (GYHKUUSA COCTOAHUS He

U3MEHSETCS: f df =0.

CylecTByeT HECKOJIBKO Crocof0B akCMOMATHUYECKOTO NMOCTPOEHHUS Tep-
MOOuMHaMHuKH. B HacTosLLieM U3aHMH Mbl UCXOJUM U3 TOTO, YTO BBIBOJbI H
COOTHOUIEHUA TEPMOAMHAMHUKH MOXHO cOpPMYNUpOBaThH Ha OCHOBE JBYX
NOCTYNATOB (MCXOAHBIX MOJIOMKEHUH) 1 TpEX 3aKOHOB (Haua).

ITepBoe HCXOAHOE MONOXKEHHWE, WK OCHOBHOM MOCTynaT TepMOAUHA-
MHKH:

O JTwb6asa uzonuposannaa cucmema ¢ mevenuem 8peMeHu npuxooum

8 PAGHOBECHOE COCMOAHUE U CAMORDOUIBOSIBHO HE MOMCem U3 He20
ebliimu.

DTO MNONOXKEHHWE OFPaHHYMBACT pa3Mep CHCTEM, KOTOpbIE OMUCHLIBAET
TepMoaAHaMUKa. OHO He BBINONHAETCA AJIA CHCTEM AacTPOHOMHUYECKOrO
MacwiTaba ¥ MHKPOCKOITMUYECKUX CHCTEM C MabIM 4MCIOM yacTul. Cucre-
Mbl ranakTHYECKOro pasMepa CaMONpPOM3BOJLHO HE NPUXOAAT B COCTOSHHE
paBHoBecust Onarogaps JalbHOAEGHCTBYIOLUMM IPaBUTALMOHHBIM CHJIAM.
MHKPOCKONIMYECKHE CHCTEMBI MOTYT CaMOMPOM3BOJLHO BBIXOAWTH U3 CO-
CTOSIHUS PABHOBECHA; 3TO ABJEHUE Ha3bIBAIOT Qaykmyayusimu. B craTucTi-
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yeckoii u3nke noxkazaHo, YTO OTHOCUTENbHAS BenWuMHa PnykTyauuit Tep-
MOJAMHAMHMYECKUX BEJIMUUH UMeeT nopanok 1/v N, rae N — yucno yactuy B

cucTeme. Ecm cuuTaTh, 4TO OTHOCHTENbHBIE 3HAUYEHUS MeHbliue 107 HeBO3-
MOXHO OOHAPYKHUTb IKCNIEPHUMEHTAIBHO, TO HIDKHUI Npejesn 414 Yhcha yac-
THU B TePMOAMHAMUUECKOH cHeTeMe cocTaenser 10'°.

CaMonpou3BOITbHbBII NIEPEXO CHCTEMbI U3 HEPABHOBECHOI'O COCTOSIHUSA B
paBHOBECHOE HA3bIBAIOT peraxcayueti. OCHOBHOH MOCTYJAT TEPMOAMHAMHKY
HHYEro HE MOBOPHUT O BPEMEHH peslakcaluy, OH YTBEPIKAAET, YTO PaBHOBEC-
HOE COCTOSIHUE CUCTEMbl OyaeT 0043aTeNlbHO JOCTUIHYTO, HO JUIMTENLHOCTD
TaKOro NpoLlecca HUKak He onpeaeneHa. B knaccuyeckolf paBHOBECHOH Tep-
MOAMHAMHUKE 8006H{e Hem NOHAMUA peMeHU.

Jins Toro, 4To6bl HCMONL30BATH TEPMOIMHAMUKY AJIS aHANH3A peanbHbIX
npoueccoB, HeoBXoAUMO BhIPabOTATL HEKOTOPbIC NMPAKTHYECKHE KPHUTEPHH,
Mo KOTOPLIM MOXHO 6bUTO 6bl CYUTh O 3aBEPIUEHHOCTH MpoLiecca, T.e. J0C-
THKEHUH PAaBHOBECHOTO cocTOAHMA. COCTOSAHHE CHCTEMBI MOMHO CUMTaTh
PaBHOBECHBIM, €CJIM TEKYILEE 3HauYeHWe NepeMeHHOH OTIHYAETCs OT PaBHO-
BECHOTO HA BEIMYMHY, MEHBILYIO, YeM oLnbka, ¢ KOTOpPOH 3Ta NepeMeHHas
usMepsiercd. PenakcaiMoHHBIH MpoUecC MOXHO CUYMTATh 3aKOH4HMBUIMMCH,
ecni HabnogaeMoe CBOMCTBO CHCTEMBI OCTAaeTCs HEM3MEHHBIM B TeUeHHe
BpEMEHH, COMOCTABUMOr0O CO BPEMEHEM peJlakCaluy Mo 3TOH NnepeMeHHOM.
Tak kak B CUCTEME OAHOBPEMEHHO MOrYT MPOTEKaTh HECKOMBKO NPOLECCOB,
NpY pacCMOTPEHHH YCNOBMI NOCTHXKEHHS PABHOBECHS HANO0 COMOCTABJIATH
BpeMeHa pefakcaluu Mo pa3HbiM nepeMeHHbiM. OUeHb 4acTo HepaBHOBEC-
Has B LEJIOM CHCTEMA OKa3blBaeTCA PaBHOBECHOW MO OTHOLIEHMIO K MpoLec-
caM ¢ MaJbiIMH BpPEMEHaMM pelakCauuy, ¥ UX TepMOAMHAMHYECKOE Onuca-
HHE OKa3bIBAETCA BIOMHE KOPPEKTHBIM.

BTopoe HCXOAHOE TOJIOXKEHWE, WM HYJNEBOH 3aKOH TepMOAMHaMUKHU
OMHUCHIBAET CBOHCTBA CHCTEM, HAXOAAILMXCA B COCTOSHUM TEMJIOBOrO paBHO-
BECHS!

O Ecau cucmema A HaxX00UMCA 8 MeN1080M PABHOBECUN C CUCMEMOL
B, a ma, 6 ceoio ouepeds, naxooumca ¢ pagnogecuu ¢ cucmemoi C,
mo cucmemut A u C maKyce HAX00AMCA 8 MENJI06OM PABHOBECUU.

BTopoii mocTynaT roBOPUT O CYLECTBOBaHUM 0c000ii HHTEHCUBHOI me-
PEMEHHOM, XapakTepu3yHolLEH COCTOAHHE TEMJIOBONO PaBHOBECHS W Hasbl-
BaeMoil memnepamypoi. CuCTeMBbI, HAXOAALUECH B TEWIOBOM PaBHOBECHH,
MMEIOT OAMHAKOBYIO Temnepartypy. TakuM o6pasoM, Hy/neBO#H 3aKOH — 3TO
NOCTYNAaT O CYLUECTBOBAHUU TeMMepaTypsl. TPaH3UTUBHOCTBLIO 00/1aJ1aeT He
TOJILKO TENNOBOE, HO H M0b0e Apyroe paBHOBecHe (MexaHHueckoe, ubdy-
3MOHHOE U T.I1.), HO B TEPMOJMHAMMKE MOCTYIUPYETCA TONLKO TEPMUUECKOE
paBHOBeCHe, a BbHIPABHUBAHHE BCEX OCTATbHBIX HHTEHCHBHBIX MEPEMEHHBIX
Ha KOHTPOJIbHOI MOBEpXHOCTH ABIAAETCA CNEACTBHEM 3TOr0 NOCTYIATa M
BTOPOrO 3aKOHA TEPMOAMHAMUKH.

11
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(1.1)

(1.2)

(1.3)

YpaBHeHHS COCTOSTHHA

W3 noctynatoB TEpMOAUHAMUKH CNeAyeT, YTO NPH PABHOBECHH BHYT-
peHHHE MEPEMEHHbIE TEPMOAMHAMUYECKOH CHUCTEMBI ABIAIOTCA PyHKUMA-
MU BHEIIHUX NMEpeMEHHbIX U Temneparypbl. Hanpumep, ecnn cuctema co-
nepxuT K KOMINOHEHTOB, 3aHUMaeT 00beM V' U umeeT temneparypy 7, To
NpH paBHOBECHHM JIIOObIE TEPMOIMHAMUYECKHE XapaKTEPUCTHKU JTOH CHc-
TEMbl, TAKHE KaK KOJIMYECTBa W KOHUEHTpallH 00pa3oBaBLIMXCS COEAMHE-
Hu#l, yucno (a3, AaBieHUe, TEMIOEMKOCTb, KOIPPUUHEHT TEPMUUYECKOTO
pacLIUpeHUs U Apyrue ABaaTcA GyHkuuaMu He bonee, yem (K + 2) He3a-
BUCHMbIX NMepeMeHHbIX. EciiM ke cUcTema 3akphiTa, T.€. HE MOXeT oOMme-
HUBaTbCA BELIECTBOM C OKPYXXEHUEM, TO AN OMUCAHUA ee€ CBOICTB A0cTa-
TOYHO JABYX HE3aBUCHUMBIX nepeMeHHbiX. OTcloaa cneayer BbIBOA O
CYLIECTBOBAHHH VYPAGHEHUA COCMOAHUA TEPMOJAMHAMHUYECKOH CHCTEMBI,
CBA3bIBAIOUIETO BHYTPEHHHE NEPEMEHHBIC ¢ BHEUWIHUMH IMEPEMEHHbLIMU M
TEeMIepaTtypoil unaHv BHyTpeHHel 3Heprueil. B olweM ciyudae ypaBHeHHe
COCTOSIHUSA UMEEeT BUA:

f(a,b,Ty=0 uwm a=a(b,T),

rie @ — COBOKYITHOCTh BHYTPEHHHUX NMapamerpoB, b — COBOKYMHOCTb BHeLl-
HHX mapameTpos, T — Temneparypa.

Ecnn BHYTpeHHNUM napaMeTpoM SBISETCH AaBjieHHE, a BHELIHUM — 00b-
€M, TO ypaBHEHHE COCTOSHHUA

p=pV.,nT)

Ha3biBAlOT mepmuveckum. Ecny BHYTpEHHUM MapaMeTpoM SIBNSETCH 3Hep-
THS, @ BHELUHUM — 00beM, TO YpaBHEHUE COCTOSHMUA

U=U,nT)

Ha3bIBAIOT KAIOPUYECKUM.

KonuyecTBo HE3aBHCHMBIX YpaBHEHHIl COCTOSHUS paBHAETCA gapuanm-
HOCMYU CHCTEMBI, T.€. YHCIIY HE3aBHCHMbBIX NMEPEMEHHBIX, JOCTATOMHBIX 1A
ONHCAaHUs TEPMOJHMHAMHUYECKOrO COCTOAHUA PABHOBECHOH CHCTEMB! (OHO Ha
eauHULly 6ONbLIE YHCAA BHELIHWX TIEPEMEHHBIX).

B cnyuae 3akpbITOif CHCTEMBI B OTCYTCTBME BHEUIHUX TOJEH U NOBEPX-
HOCTHbBIX 3(deKkToB UUCIO BHEUIHHX nepeMeHHbIX paBHo | (V), coorsercT-
BEHHO, YHUCJI0 YpaBHEHHI COCTOAHUSA paBHO 2. Ecnu oTkphiTas cucrema co-
JepXUT K KOMIMOHEHTOB U MOXET U3MEHATH 00BEM, TO YHMCJIO BHELIHHX
nepeMeHHpIX cocraBiser K+ 1, a 4yHCNO YpaBHEHWH COCTOAHMA PABHO
K+2.

Eciu u3BECTHBI TEPMUUECKOE U KATOPUUECKOE YPABHEHHUA COCTOAHUSA, TO
annapar TepMOAMHAMMKH MO3BOJSET ONpeACNUTh BCE TEPpMOAHHAMHUECKHE
CBOWCTBA CHCTEMbI, T.€. NOJYYUTL €€ NMONHOE TEPMOAHHAMUYECKOE ONKca-



Fnaea 1. OCHOBbLI XMMUYECKOWH TEPMOAUHAMUKY 13

uie. CaMH ypaBHEHHs COCTOSIHUA HEIb3s BHIBECTH METOAAMH KJIaCCHHECKOM
TEPMOAWHAMHKH, HO UX MOXHO ONPEAENUTb IKCTIEPHMEHTANIBHO.

CaMbiM MPOCTHIM YPAaBHEHUEM COCTOSHHS OMMUCHIBAETCA WACAIBHBIN ra3 —~
COBOKYITHOCTb HEB3aUMOEHCTBYIOLMX YaCTHL] TOYEYHOTO pa3Mepa:

pV=nRT,

rie R — yHuBepcaspHas ra3oBas MOCTOSHHAsA, WIH

PV =RT,

rae Vi, = V/n — MonbHbIA 00beM rasa (cm. puc. 1.1).

Peanphble rasel Juwe npubnu-
HEHHO  OMHUCHIBAIOTCA  ypaBHEHHUEM
COCTOSIHMA HIeanbHoOro rasa. [Ipu Bbl-
COKHMX AABJICHUAX M HU3KHUX TeMmnepa-
Typax (ocobeHHo koraa raz Gau3zok k
KOHIEHCALlMU) OTKJIOHEHHMA OT ure-
anbHOrO MOBEIAEHHUSA CTAHOBATCA 3Ha-
YUTENIbHBIMHU.

YnobHoii Mepoil HeuaeanbHOCTH
ABAAeTCA  hakmop  cocumaemocmu
Z = pVy/RT, nockonpky Ong waeanb-
Horo rasa Z = | npu mo6bIX yCloBUsX.
Ha puc. 1.2 npencrasneHsl ¢akTopsl
C)KMMAEMOCTH HEKOTOPBIX peanbHbIX
ra’oB kak (yHKUHWH JaBIACHUA nNpU
298 K (NMyHKTMp COOTBETCTBYET Hje-
anbHoMy rasy). W3 pucyHka BugHoO,
YTO NPH BbLICOKMUX AABJICHUAX NS
Bcex rasoB Z> 1, T.e. MX TpyaHee
CKaTb, YeM HMJAcabHbIA ras, NMockoJib-
Ky B 3Toit obnactu npeobnanaior cumbl
MEXMONEKYJIAPHOrO  OTTaJIKUBAHHUA.
[1py HU3KHX HaBleHUSX A HEKOTO-
pbix razoB Z<1, 4to oObBACHAETCA
npeoGnafgaHueM  MEXMOJEKYASPHOro
nputkenus. Ilpu p — 0 sddext
MEXMOJIEKYIAPHOIO  B3auMOJeHCTBUA
UCYE3aeT, MOTOMY YTO AJiMHA cBOOOA-
Horo mnpobGera MOAeKyJl CTaHOBUTCH
MHOro OofblWEe PpACCTOAHHA MEXAY
YacTHUAMH, M AN BceX rasos Z — 1,
T.€. B 3TUX YCIOBHMSAX BCE raisbl BeAyT
cebs NOuTH WAELANBHO.

(1.4.a)
(1.4.6)
Q
v
Hzomepmot udeanvrozo 2asza Puc. 1.1
2.0
1.8
1.8
[
E 3
14
N
a !
n 12
N
1.0
0.8
0_6 1 N i i 1 " i s
0 200 400 600 800 1000
p, 6ap
3asucumocms paxmopa Puc. 1.2

CHCUMAEMOCMU HEKOMOPBIX
2az06 om oaenenus npu 298 K
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p, 6ap

F'naea 1. OCHOBLI XMMKUYECKON TEPMOAUHAMUKU
B otnnune or u3zorepM uaeanbHoro rasa (puc. 1.1), Ha usoTepMax pe-
anbHBIX ra3os (puc. 1.3.a) HabnOAAOTCA FOPU3OHTANLHBIE YYACTKH, COOT-
BETCTBYIOLHME MPOLECCY KOHACHCAUMH ra3a B XKUIAKOCTb. [laBieHue, coot-
BETCTBYIOIIEE TIOPU3OHTANLHBIM YyHacTKaM, KOTJa >XHAKOCTH M mnap
HaXOAATCH B PABHOBECHH, HA3LIBAIOT OasieHUeM HACLILYEHHO20 Napa XKW ]-
KOCTH npu AaHHOH TeMnepatype. Ilpy noBbllieHUM TeMnepaTypbt JIMHA
3THX YYacTKOB YMEHbUIAETCA, U NPH Kpumuueckou memnepamype T, Ha
H3oTepMe Habnroaaercs touka neperuba — xpumuyeckas mouxka. OHa Xa-
PaKTepU3YETCA Kpumuneckou memnepamypou 1, Kpumuyeckum 0asieHuem
DPc W Kpumuyeckum monvroim obvemom V. KpuTuueckde KOHCTAHTbl HEKO-
TOPbIX ra3oB MpUBeAeHbl B NpuaoxeHun (tabn. I1-2).
a) 6)
120 150
100 +
1.04°C(T

8o} smcr)

60+

40+

20 i 4 L —d N ).

0.0 0.1 0.2 0.3 04
-1 -
V, n-monb V, n-Monn !
Hzomepmor CO;: a) 3kCnepumMeHmMansHuie,

Puc. 1.3

6) paccuumannsie no ypaeuenuo Ban-oep-Baarwca

Jns onucaHus peansbHbIX ra3oB HUCNOJIB3YIOT 60s€e CAOXKHBbIE YpaBHe-
HUA COCTOSIHMS, B KOTOPbIX MEXMOJIEKYAsIPHbIE B3aUMOJAEHCTBUS YUHTbI-
BAIOT C MOMOLUBIO IMIHPUYECKUX NAPaMETPOB, HHANBUAYAJILHBIX A0S Ka-
*aoro rasa. HekoTopbie ypaBHEHUS COCTOAHHMA peasibHbIX Tra3oB
npuBedeHsl B Tabn. 1.1. M3secTHo Gonee cra nogoOHbIX ypaBHEHU, OTIH-
YAKOLLMXCA YHUCTIOM MapaMETPOB, CTENEHBIO TOUHOCTH U 0061acTbiO NpUMe-
HUMOCTH. BBISCHUIOCH, YTO HU OAHO U3 YpPaBHEHHUIl COCTOSHHA, COAEpKa-
IUX MeHee 5 MHAWBHAYANLHBIX MOCTOAHHBLIX, He SABJSETCA JOCTATOYHO
TOUHLIM JIIA ONUCAHWS PEANbHBIX Fa30B B WIWPOKOM fuanasone p, V, T, u
BCE 3TH YPaBHEHUS OKA3aiuCh HEIIPUTOJHbIMU B 001aCTH KOHJAEHCALMH ra-
30B. M3 mpocThiXx ypaBHeHMH ¢ ABYMs HMHAMBHAYalnbHLIMM napaMeTpamu
YJIOBJIETBOPHUTEbHBIE Pe3yNbTaThl AaOT ypaBHeHUs beprao u JuTepuun
(Tabn. 1.1).
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Tabnuua 1.1 YpaBHeHHS COCTORHHSA PeajibHbIX ra3oB (1Jst 01HOI'0 MOJIS)
YpasHenue Oo6btuynas dpopma IlpnBeaennas popma Pe T, V. Z,
Ban-nep-Baansca (1873) RT a 8T, 3 a 8u 3
P=—>"7% A Al ; 3| 5=0375
V-b V V-1 v 27b 27bR 8
Iurepuun (1898) RT ( a ) Te* ¥t a a 2 0971
= e QX —— e — e — =,
S Y7 P 2V 1 4¢* b* 4Rb I
Beprno (1900) RT a 8T 3 ] !
p-L 2 Pt | L(2aRY 2 (223 | 51 Sog7s
burmu-bpumpxmena (1927) (I_Y)RT(V_,_B)_Q
p= 3 )
V
' a
e o =4a, 1+? \
b c ‘
=b, | 1—=—|, y= =2
ﬁ 0 ( Vj y VT3
Bupuanshoe (1901) RT B, B,
(Kamepnuur-Ounec) p= 7(1 + V +‘I;'2“ R

Gl
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Mnaea 1. OCHOBbLI XUMUYECKOW TEPMOAUHAMMUKN

(1.5.a)

(1.5.6)

(1.6)

Haunbonee H3BECTHLIM ypaBHEHHEM, OMUCHIBAIOLUUM OAHOBPEMCHHO
CBOMCTBA U rasza, M XHIKOCTH, ABNAETCA YypaBHeHHe Ban-nep-Baansca:

RT a

HIIH

p3 —[mﬁzjyg +(£JV,,, _a_,
p p p

Ypasuenue (1.5) — kybuueckoe u, crneoBaTe/bHO, UMEET UK TPH Jei-
CTBUTENbHBIX KOPHS, UM OAMH AEHCTBUTENbHBLIA W ABa MHUMBbIX. [IpH Tem-
neparypax Bblll€ KpUTHUeCKOH ypaBHeHue (1.5) umeer oiMH aeHCTBUTEND-
HbIH KOpEeHb, U N0 Mepe MOBbILIEHUS TEMIEpPaTypbl KPUBbIE, BLIYHCAEHHBIE
no ypasHeuuio Ban-aep-Baanbca, npubnwxarores k runepbonam, cooTBeT-
CTBYIOUIMM YPaBHEHHUIO COCTOAHHUS uaeanbHoro rasa (puc. 1.3.0). [Ipu tem-
nepaTtypax HUXe KpUTH4eckol pacuer no ypaBHeHuto Ban-nep-Baansca na-
€T BOJHOOOpa3Hble KpUBBIE € TpeMs [CHCTBMTE/NbHBIMU KOPHAMU, W3
KOTOPbIX TOALKO ABa (ToukH | u 2) dusuyeckn ocyulecTBuMbl. TpeTHit ko-
peHb (Touka 3) ¢GM3MYECKM HepeasieH, MOCKOJBKY HAaXOAUTCH Ha yvacTke'

0

o P
KPHUBOH, COOTBETCTBYIOWEM YCIOBUIO (W >0 . CornacHo nocmpoenuio
.

Makceenna ans toro, utoObl pacyeTHas KpHBas COOTBETCTBOBAJA DKCHEpU-
MEHTaNbHOW PaBHOBECHOH M30TEpME, HY)KHO BMECTO BOJIHOOOpPAsHOH KpH-
BO# NpoBeCTH FOPHU3OHTANBHYIO TIPAMYIO TaK, UTOObI OTCEKaeMble €10 Mo-
LIaJAH MO KpUBOH ObUIH paBHbI.

B xpuTHueckoii Touke M30TEPMbI PeaNbHBIX Fa30B UMEIOT TOUKY ICperi-
0a, KOOpAHHATHI KOTOPOIt MOXKHO ONpeAenThb U3 YCIOBUH

' _p) -0
oV T=T,

r’azp
L ov?

I=7‘c

OTH ypaBHEHWs TMO3BOJIAIOT CBA3aTh WHAMBUAYANbHbIE MNOCTOAHHBIE
YpaBHEHHMA ¢ KPUTHYECKMMHU napameTpamu rasza (cM. npumep 1-3 u Tabnuiy
[1-1 B I'lpunoxenun).

BBoas Oe3pasMepHble mpusedennble nepemenuvle. NaBNEHUE pr = pip..
obvem V; = VIV, n temneparypy T, = T/T;, MOXHO HOy4HTb NPUBEAEHHOE
YpaBHEHUE COCTOSHHS PEalbHOrO rasa, KOTopoe HE COAECPKHT B ABHOM BUJIE
MHAMBUIYANbHbBIX NOCTOSHHLIX (cM. npuMep 1-3 u Tabnuuy T1-1).



Mnaea 1. OCHOBb! XUMUYECKONU TEPMOOUHAMMKN

CocToanus pasHbIX BELLUECTB, UMEIOUIHE OJVHAKOBbLIC 3HAYEHUA Npu-
BEICHHBIX NMEPEMEHHDbIX, Ha3bIBAlOT coomeemcemeentbimu. COrflacHo 3aKo-
HY COOMBEMCMBEHHbIX COCMOAHUN, €CJIM AN paccMaTpHBaeMbix 1a3oB
3HAUEHUS ABYX TPUBEACHHbLIX MEPEMCHHbIX OJIMHAKOBBI, NOJDKHBI COBIA-
JaTb W 3HAYEHMA TpeTbeil rnpuBeaeHHoN nepeMeHHod. Takum obpasowm,
YPaBHEHUA COCTOAHWA PA3IUYHBIX BEWECTB, 3aMUCAHHLIE B MPHUBEACHHbIX
IepeMEHHbIX, AOJDKHBl COBMNajaTb. JTO YTBEPKIEHHE OKBHBANEHTHO [10-
CTYNaTy O CYWECTBOBAHUHU OOLLEro YHUBEPCAILHOIO NPHUBEAEHHOIO ypaB-
HEHHS COCTOSIHUSA:

}qkyh LﬂE ?1):= O'

[Mockosibky 3TO  ypaBHEHUe

17

TR U —
He CONepXHUT B SBHOM BHAE
MHAHBUAYaIbHbIX  [IOCTOSHHBIX,
OHO JIOJKHO ObiTb NPUMEHUMO K
mobomy raszy. 3akOH COOTBETCT-
BEHHbIX COCTOAHMH  sBiAETCH
o0LIMM YTBEPXKAEHUEM, HE CBf-

0.9

0.7

BELIECTRB, YTO NO3BOAACT, HANpH- 0.3

~

&
338HHLIM € KOHKPETHBIM BHIOM S v
ypaBHeHHs cocTosHus. Ha npak- ,?‘ L 4
THKE 3aKOH COOTBETCTBEHHBIX N 05 ©
COCTOAHUI  MPUBIMKEHHO BbI- f
noAHsieTcs U1 OMHOTHNHBIX ®
a
v

Mep, MCIOoJb30BaTh ANA peanb- ; ;]

HplX ra3oB o0CoOLEHHbIE [Ha-

rpaMMbl CxHMaeMocTH (puc. 1.4). 0'10.0 10 20 30 40 50 60
C BbICOKOH TOYHOCTBIO MO- P,

BeJicHKe moboro pealIbHOIO raza

MOXKHO ONHCATb C [OMOLLIO Guu- 3asucuvocme hakmopa coxumaerocnu Puc.1.4
HEeKOMOPbLIX 2a308 OM NPUBEOCHHOCO EERE—
PUAIBHOCO  YPAGHECHUA  COCMOS- .
OasAeHUs NPU PAIHBIX NPUGCECOCHNBIX
Hug — OECKOHEHYHOro psaja Mo memnepamypax
cTenensM obpaTHoro obbema:
RT B, B
p= 142 =2+ (1.8.a)
Vi Vo Vo,
WY JaBACHUA
RT ; ¢
p:7—(1+82p+33p o), (1.8.6)
m

rae B,, B — i-bie gupuaubtble KO Guyuenmot, KOTOPbIE 3aBUCAT OT NIPUPO-
Abl Ta3a u oT TeMnepartypbl. [lepBbiii BUpuansublii koddduuueHT pasen .
Tak kak B 6oabLIMHCTBE chyyacB Bo./V >> By Vs> . MIPU ONMUCAHUHN DKC-
NEPUMEHTANBHBIX JAHHbIX OTPAHUYHBAIOTCA BTOPbIM BUpHANbHBIM KO3 du-
uvenToM. Tlpy HHM3KKX TeMmeparypax By < 0, ¢ poCTOM TeMmreparypsl €ro

RICAAN



Tnaea 1. OCHOBbI XUMUYECKOU TEPMOAUHAMUKMN

3HaY€HHE TPOXOAHT Yepe3 HOJb, 3aTEM CTAHOBHTCSH MMOJIOXKHTENbHBIM, A0C-
THraeT MakCUMyMa M Janee OYeHb MeaNeHHO yObiBaeT. [1pu BbICOKUX TeM-
nepatypax B; v Bce nocneayrolue BUpHanbHbie KO3PHHUHEHTbI CTPEMSTCA
k Hymo (puc. 1.5). Temneparypa, npu koropoii B; = 0, HasbiBaeTcsa memne-
pamypou boius. Tlpn stoii TeMiiepaTtype $akrop C:KUMaeMOCTH pealbHOro
raza 6nu3ok k 1 npu mobuix AaBAEeHUAX. 3HAUEHUS BTOPLIX BUPUAITbHBIX KO-
3¢ PUUUEHTOB HEKOTOPBIX ra3oB MpPH pa3HbIX TEMMEPaTypax (PHBEJEHb! B
npunoxeHuu (tabn. I1-3).

TepMuueckoe ypaBHEHHE CO-

T CTOSHMA  MOXHO  ONpEeAesiuTb
JKCMEPUMEHTANIBHO, H3yuas, Ha-
NMpUMEpP, 3aBHCUMOCTbL 0O0BEMA
¢da3bl OT TemnepaTypbl U JlaBie-
uus. [lpy 3TOM nonyuaioT Benu-
YHMHBbI, Ha3bIBaEMble mepMuye-
cKuMU KO uyuenmamu:

1.9. vy __
( 2 [Gplr Po.

rae B — u3oTepMuueckuit kodd-
(ULMEHT CKUMAEMOCTH,

oT

(1.9.6) (‘LV)F —al,,

18
50
" He
0
HZ
‘?.ﬂ 504
8
2
"s
S 00|
4]
150 L
-200
0
Puc. 1.5
(1.9.8)
(1.10)
(1.11)

) " H i 2 A
200 400 600 800 1000 1200

rae o — usobapubiii koddpduUUM-

LK €HT pacuupeHus, Vp — obbem
3aeucumocms 8mopozo GUPUANLHOZO npu I'=0K.
KOIpuyuenma Hekomopwix 2azo6 K Tepmuueckum koddpduun-
om memnepamype! eHTaM OTHOCHTCS TaKyKe YacTHas
npou3BOHas
2] -w.

rA€ Y — U30XOPHbLIH KO3hPUUHEHT AaBlleHU.

TNocneaHiowo BeAUYUHY A KOHACHCHPOBAHHOMK (a3bt HENb3S U3MEPUTH
IKCTIEPUMEHTAIbHO, TaK KAK HEBO3MOMKHO HarpeTk Teo, YToObl HE u3Me-
HUJICA ero 00beM Uu 06beM 000JI0UKH, B KOTOPYIO OHO noMelteHo. Kosd-
(UUMEHT Y MOXHO paccuyuTaThb, UCMONB3YS UEMOYEUHOE COOTHOIEHHE DH-
nepa (cm. Ipunoxenne IV):

2) (%) (Z),-
ov ). \er ) \op),

y=—
Bp

OTKyAa



Mnaea 1. OCHOBLI XUMUYECKON TEPMOAUHAMUKMN

Ecnu u3BecTHbl TepMUYecke KOIQPUUHEHTD, TO ypasneHue cOCmoanus
KOHOEHCUPOBAHHOUW (ha3bl MOXHO [10JY4UTb, HHTETpUPYS AuddepeHiinaib-
HOC YpaBHEHHE

oV oV
dV =|\— | dp+|—| dT.
op )y »

£

YpaBHeHHE COCTOSHUS MAEANbLHOTO ra3a U BUPHANILHOE YpaBHEHHUE CO-
CTOSHUS PEAlbHOTO ra3a MOXKHO BbIBECTH METOAAMU CTaTUCTHUecKoH Tep-
MOAMHAMHUKH (cM. § 16).

[_HPMMEPE

IIpumep 1-1. JlokaxuTte, uto npu Oonbiuux obbemax ypaBHeHue Ban-
nep-Baanbca nepexoauT B ypaBHeHue UACaNbHOTO rasa.
Pewenue. YpasHenue Ban-nep-Baansca ans 1 mons:

RT a

p e — o i 1.

Vb 2’

[Mpu Gonbiumx oObeMax BTOpPbLIM CllaraeMbiM B NIPaBO YacTH MOXKHO
npenebpeus: a/V * 5 0. B 3HameHarene NepBOro CJIaraeMoro MOXHO Mpe-
Hebpeub NocTosHHONA b: V — b — V. B npejene nonydacM ypaBHeHME cO-
CTOSIHMA UACATLHOrO rasa:

[ ) RT
% .

h 4

P

Mpumep 1-2. Haiigure BupHanbHble koddduuuenTsl B, ans rasa, noj-
yHHAOLerocs ypasHeHuo Ban-nep-Baansca.
Pewenue. B ypasuenuu Ban-nep-Baansca Bbiaenum comHoxutens R77V:

RT a RT| 1 a

Vb ¥ 1,;“RTV

p

Ecnan pasnoxuTh nepBoe cjiaraeMoe B ckobke B psa 1o creneHsm b/V,
NoNyYUM:

. RT Z( b } a
V | Z\V RTV
M3 310ro paznoxkeHus CAeayeT, UTO BTOPOi BUpHanbHbI KO3(pGULHEHT
raza Bau-gep-Baansca 3aBUcHT OT TeMnepatyphi:
a
B') = b ——
- RT

a OCTasIbHble NOCTOSIHHBL: B, = b1,

~ b

(1.12)

19
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Fnaea 1. OCHOBBI XMMU4YECKOWU TEPMOAUHAMMKM

IIpumep 1-3. Haiinurte kpuTHueckue napameTpsi ¥ NpUBEJCHHOE ypaB-
HEHHE COCTOAHMA 1 rasa Jlutepuun.
Pewenue. 3anuwem ypasHenue Jlutepuun B BUE:

a
V —b) = RT exp| ———
P( ) p( RTVJ

1 npoauddepeHLMpyeM JIEBYIO B PaBYIO YaCTH TOTO YpaBHEHUs JBa pasza
o o6beMy NpH NOCTOAHHON TeMIepaType:

~2 2
¢r (V—b)+2(2p—) =RTexp(— a J < 2"3
o), v ), RTV ) | R*T*v* RTV

M yUYTeM, YTO B KPUTHUECKOi TOYKe repBas W BTopast MPOU3BOAHbIe paBHbl 0:

,
a- 2a

RT2y*  RTVS

=0,

OTKYa HaxXOoquM:

Ecnu npoauddepeHunpoBats 00e 4acTH ypaBHEHHS COCTOSHHUS [0
o6beMy OAMH pa3 C yueTOM paBEHCTBA HYJIO MepBOH NpOU3BOAHOH, TO
MOKHO HaWTH BTOpOE COOTHOLUCHHE MEXIY KPUTHYECKMMH O0BLEMOM H
TEMIEpaTypoit:

a

5p)
+|—| (V-b)=
P (GV T RTV

a ]_ap(V—b)

~ RTV?

RT exp| —
2 p[ RTV

OTKyla
RT.V.? =aWV, -b).

lNoacTaBnsia ciofa nepBoe HaiGHHOE COOTHOLIEHME 1 KPUTHYECKUX
napameTpoB, NOJY4YHUM:

a

V,=2b, T,=——0!.
4Rb

I/{, HAKOHEL, MTOACTABJIAA 3TH NapaMeTpbl B YPABHEHHE COCTOAHNA, HAXO-

AUM KDUTHHECCKOC JaBACHUC!

_a
4b232.

Pe



F'naea 1. OCHOBbI XMMUYECKON TEPMOSUHAMMKMN

ﬂﬂﬂ BbIBO4A NpHBCACHHOIO YpaBHCHHUA COCTOAHMUA NOACTAaBHMM B ypan-
HECHHE ,U,HTCpI’l‘iH NPUBCACHHBIC NCPEMEHHLIC!

a

— v =2bV,, T=T -2
4b e~

“4Rb

p=pr

B pesyabTare nonyuaem npuBejieHHOe ypaBHenue Jlutepuun, He conep-
Kaiuee MHIAMBUAYAIbHbIX NapaMETPOB:

V.T,

2
p. 2V, -1)=T, ~exp(2 rraadl B
r-r
Ilpnmep 1-4. BoiBeguTe ypaBHEHME COCTOSHHA KPUCTAINUYECKOTrO
BEILECTBA, €CJIH M3BECTHO, YTO TepMuyeckhWe Kod(PPUUMEHTHI paBHbI
a+cp " B b—cT
Vo Vo
Pewenue. 3anuiieM ypaBHEHUE COCTOAHUS AaHHOH da3bl B AuddepcH-
HanbHON dopme:

, TAC q, b, ¢ — HEKOTOPbIC NNOCTOAHHBLIE BEJIHUYHWHBL

a+ch0dwa—-cT

0 0
=(a+cep)dT +(cT - b)dp .

dV = aV,dT ~BVdp = Vydp =

YTo0bl MPOMHTErpHpPOBaTh ITO BbIPAKEHWE, HAAO BbISCHUTH, ABAAETCS
mm dV uonHbiM AugdepeHiianoM, T.€. BbIMTOMHAETCS TH PaBCHCTBO CMe-
IIAHHBIX NPOU3BO/HbIX!

c(cT - b) _ S(a +cp) o
oT op

Cc=2cC.

Jlanee npoBOAMM HMHTErPUPOBaHWE M0 TEMMepaType ¢ MOCTOSHHOW HH-
TErPUPOBAHUSA P, 3aBUCSLLEH OT AABICHUA:

V=aTl+cTp+o(p).

JuddepeHuupys nonyyeHHOE ypaBHEHHE NO p U YUHTLIBAA BblpaXKeHUE And
dV, nonyuaem:

(&), meroer (52, =550, =
= ¢(p) = —-bp + const.
CnenoBaTtenbHo,
V=aT+ cIp - bp + const.

Mpu T, p=0, V, = const.
OKoHuaTeiLHO,

V=Vy+aT+cTp-bp.

21
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'naea 1. OCHOBbLI XMMUYECKON TEPMOAUHAMUKM

[___3_A11A‘Iﬂj

1-1. lpuseaure npuMep TEpMOAMHAMUYECKOIO Mpoliecca, KOTOPbIH MOXeT
COBepIUaTLCA Kak 06paTMMO, Tak M HeobpaTuMo. HazoBuTte ans 3Toro npo-
Lecca no oJHoH GyHKLHU COCTOAHUS U MEpexoa.

1-2. I'puseaunte npumep 06paTUMOro, HO HEPAaBHOBECHOTO TEPMOJAMHAMHUYE-
CKOro fpouecca.

1-3. IlpuBeaUTe NpHMepsl CUCTEM CO BpEMEHEM pellakcalMy nopsjaka:
a) CeKyHnI;
6) uacos;
B) AECATHJIETHIA.

1-4. H3meHenne TennoTsl B 3aBUCUMOCTH OT TeMnepaTypbl U oObema B He-
KOTOPOIii CHCTEME OMUCHIBAETCS YPaBHEHHEM:

8Q=C-dT +(RT/V)dV

(C u R — nocrosuubie). SABnseTcd au TensoTta GyHKiUHed COCTOSHUA B AaH-
Hom ciyuae? OTBeT obocHyiiTe.

1-5. 3aBHCHMOCTb TENJIOTHI HEKOTOPOro Npolecca OT TEMNEpaTypbl U as-
JIEHUSA OMMUCHIBAETCS BbIpaKeHUEM:

8Q =(RT/p)dp - RdT .

SAsnsgerca sm Tennota PpyHKUHER COCTOAHUS B JAHHOM ciyyae?

1-6. OTHOCHTENBHAA BIAXHOCTH BO3lyXa B KOMHate oObeMom 500 M npu
298 K paBHa 87%. [laBneHue HachILEHHOTO Mapa BOAbI NPU 3TOH Temrnepa-
Type pasHo 0.0313 arm. Paccuuraiite Maccy Boabl, Haxoaalecs B BO3yXe
B BUJIe Napa.

1-7. JlaBnenue wHacewitienHoro napa ptytd npu 300 K paeuo 0.002 Topp.
[AOTHOCTL BO3yXa NPH 3TOM Temnepatype pasua 1.18 r-1 '. Paccuuraiite:
a) KOHLUEHTPayMIo NapoB PTYTH B BO3AYXE B Monb-a
6) BecoBoe conepxaH1e PTYTH B BO3YX€ B MUJUTHOHHBIX JOJAX (Mnn™).

1-8. Jloxaxute, 4yro npu Oonpiux obbemax ypaBHeHue JlUTepuun nepexo-
JAMT B YPaBHEHHE UJI€allbHOrO rasa.

1-9. Haliqure yacTHbie MPOU3BOAHDIE (a_pJ U (fﬁ,} IS
v 7

oT oV
a) UJeabHOro rasa;
6) raza Ban-nep-Baansca;

B) rasa, NOAYMHSIOLIErocs ypaBHeHHo Jiutepuyn.
2

o™ p _ 62;)
oVoT orTov

Jlokaxure, yro



Mnaea 1. OCHOBbI XUMUYECKON TEPMOOUHAMMKMN

1-10. Ucnonw3ys BUpuanbHblie pasnoxerus (1.8), Halinute cBA3b Mexay Bu-
pHaTbHLIMH k03 puureHTamu B>, By u By, B;'.

1-11. Haiigure KpUTHUYECKHE napaMeTpbl M NPUBEACHHbLIC YPAaBHEHUA CO-
CTOSAHUA 118 ra30B:
a) Ban-nep-Baanbca;

0) beptno.
1-12. TIpennoxeHo cneayrollee ypaBHeHHe COCTOSHUA (U1 OAHOIO MOJIf):
p= RT B N C
vyt oyt

Bripa3ure kpuTHuCeCcKHe napameTpsbl yepes noctosHHbie B u C u Hallau-
Te pakTop coxuMaemocT p¥/RT B KpUTHHECKOH TOUKe.

1-13. [1pu 250 K n 15 atM MonbHbiit 06beM rasa Ha 12 nNpoLCHTOB MEHbLLE
BEIHUMHBI, pACCUMTAHHOH NO YPAaBHEHHIO COCTOAHUA WIeanbHoro rasa. Pac-
cyuTanTe:

a) paKTop CXKMMAEMOCTH NPYU ITHX YCJIOBHUAX;

0) monbHbI# 00beMm rasza. Kakue cuasl npeobiiafaloT B 3TOM ciyvae —
NPUTSKEHUS MY OTTATIKMBaHUA?

1-14. B HexOTOPOM NpOMBILLJIEHHOM Mpoyecce a30T HarpesatoT A0 TeMnepa-
Typbl 500 K B peaktope nocrosuHoro obwema 1.000 M’. Macca rasa paBHa
92.4 kr. Ucnonwiys ypaBHeHue Bau-nep-Baansca, onpenenurte npubnuzu-
TENbHOE JaBJICHUE rasa B peakrtope npu paboueil Temnepatype 500 K. [la-
pameTphl ypasHeHus Ban-nep-Baanbca oM. B Taba. I1-1.

1-15. [TnoTHOCTS BOAAHOrO mapa npy 327.6 at™ 1 776.4 K pasua 133.2 r-n™":
a) onpeRenuTe MoNbHbIM 00beM Boabl, Vi, U GakTop CKUMAEMOCTH, Z;
6) paccuuraiite Z u3 ypasHenus Bau-nep-Baansca. [Tapametpbr ypaBHe-
uug Ban-nep-Baanbca oM. B TaGa. [1-1.

1-16. lpeanonoxum, uro 10.0 mons C,H¢ nomectmsiv B cocyn o6bemom
4.860 n npu 27 °C. OueHvte BenUUUHY AABIICHUS, CO3AaBAEMOTO 3TAHOM,
MCXO/I U3 YPABHEHUS COCTOSHUA:

a) uaeanbHOro rasa;

0) raza Bau-aep-Baansca.

HMcnonb3ys pe3ynbTarbi pacueToB, onpeienuTe 3HayeHne ¢akTopa Cxu-
maemoctu. [1apameTpsl ypaBHeHus Ban-aep-Baansca cM. B Tabn. [1-1.

1-17. HekoTopblii ra3 noguuHseTCs YPaBHEHHUIO COCTOsHUS rasza Bau-aep-
Baansca ¢ a = 0.76 m*-ITa-monb 2. OGbem rasa paBeH 4.00-10"* m*-mons ™!
npu 288 K u 4.0 MI1a. Mcnonb3ys 3TH laHHbie, pacCuuTaiTe 3HauY€HHE na-
pameTpa b B ypaBHeHuH Ban-gep-Baansca. Yemy pasen ¢axrop cxumaemMo-
CTH 3TOro rasa npu temneparype 298 K u nasnennn 1 atm?

1-18. Kputuueckue oObeM U JaBieHHE HEKOTOPOTO ra3a paBHbl
160 cm”-monb™' 1 40 at™ cooTBeTcTBeHHO. OLEHHTE KPUTHUECKYIO TeMne-

23
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Fnaea 1. OCHOBbI XMMUYECKOW TEPMOAUHAMUKU

(2.1.a)
(2.1.6)

paTtypy., CYHMTas, 4YTO ra3 MOAYMHSETCA YpPaBHEHWIO cOCTOsHuA beptio.
OueHunre paanyc razoo6pa3Holi MONEKYbI, €C/IM OHA UMEET ChepUIecKyto
tdopmy. (Ilapametp b B ypaBHeHUM bepTno paBeH yueTBEpeHHOMY cobCT-
BEHHOMY 06beMYy MOJieKkyn).

1-19. Tlokaxure, uto ypaBHeHue Bau-aep-Baannca npusoaur x Z<1 u
Z> 1, u yKaXk1Te YCIOBUS, PH KOTOPBIX BHINOMHAIOTCA 3TH HEPABEHCTBA.

§ 2. IlepBbiii 3aK0H TEPMOAHHAMHMKH

ITepBriii 3akoH (MepBOe HaYan0) TEPMOAMHAMMKH — 3TO (PAKTUUECKH 3a-
KOH COXpaHeHHUs 3HepruH. OH yTBEPXKIAET, UTO!

O Cyuwecmeyem adoumusnas yHKyuUA cocmosHus mepmoouHamude-
CKOU cucmemsl, Haszvigaeman nepeuet, U. Iuepeua uzonupoeannoi
cucmemsl nocmosHna. B 3axkpsimoil cucmeme nepzus modxcem us3-
MEHAMBCA 3a cuem:

a) coeepwenua pabomet W nad oxpyxcaiowei cpeooii (unu cpeowl
Hao cucmemoil);
0) oomena mennomoii Q ¢ oxpyxcaiouien cpeooil.

dU =30 + dW (nnddepenunanshas popma),
AU = Q + W (unrerpanbHas popma).

BykBa & B ypasHeHuu (2.1.a) otpaxaer ToT ¢axT, uto O u W — dyHk-
LUK nepexoa ¥ ux 6ECKOHEUHO Majloe W3MEHEHUe He ABNAETCH TMONHbIM
nuddepennanom. B cucteme CH pasmepHocTb paboThl, TEMIOTH B IHED-
ruu — [JIx].

Cornacvo pexomeHaauusm HIOITAK, npuHaTOo cudTaTh NMONOXKUTENb-
HOMH TenaoTy, MOAYUYEHHYIO CUCTEMOM, M paboTy, coBepLieHHYI0 Hax Heill. To
€CTb ACHCTBYET «3rOUCTUHECKUI» MPUHUMN: MOJOXKHUTENBHO TO, YTO yeeau-
yugaem 6HYMPEHHIOW O3Hepeuio cucmemsl. Mbl OyaeM NpUAEepX UBATLCAH
HMEHHO 3TOH CHCTEMbI 3HAKOB.'

DKBHUBANEHTHOCTh TEIJIOTHI U pabOThl YCTAHOBJIEHA IKCNIEPUMEHTAITBHO.

IMepBbiit 3akoH cripaBeAnHB AJst JHOOBIX CUCTEM H NPOLECCOB, HO B ClIy-
yae OTKPBITBIX CHCTEM WCIMONIB30BaTh €ro B (popMe ypaBHeHus (2.1.a) Heb-
34, TaK KAaK B IPOLECCAX, CONPOBOXK/JAIOLIUXCS NIEPEHOCOM BEILECTBA OT CHUC-
TEMBl K OKPYXEHHUIO Miu 00paTHO, HAb/IIoJaeMble H3MEHEHHS JHEPruH He
ylaeTcs pa3z/ie/iuTh Ha Ternoty u paborty. [IpuuuHoil 3TOrO ABNFETCA TOT

' B HEKOTOPBIX W3INAHMAX MPHACPKMBAIOTCH APYro#l CHCTEMBI 3HaKOB: pabora
CUMTACTCA MNONOXKHUTENBHOH, €CIIH OHa COBEPLIACTCA cucmemMou Hall OKpYXatollei
cpenoi.



F'naea 1. OCHOBbI XMMUYECKON TEPMOANHAMMUKHN

¢aKT, 4TO NMpPHU BHECEHMH B CHCTEMY HEKOTOPOro KOJIMYECTBA BelleCTBa W3-
MeHsieTcs 00beM CHCTEMBI, T.€. coBepluaeTcs pabota paciuupeHus (CkaTus),
H IIPH 3TOM BMECTE C BELLECTBOM MOCTYNACT HEKOTOPOE KOJIMYECTBO CBSA3aH-
HOM C HUM 3HTPONMH.

Huorna 1ns OTKpLITBIX CHCTEM NEPBEIH 3aKOH 3aNKCHIBAIOT B BUAE:

dU=38Q +8W + Tu,dn, ,

rA€ NOCAENHAS CyMMa XapakTepu3yeT npolecc oOMeHa BELIeCTBOM MEKAY
CHCTEMOM M OKPYXEHUEM. DTY CYMMY YCIIOBHO Ha3bIBaIOT «XMMHUYECKOH pa-
botoii», umes B BUAY paboTy nepeHoca BelleCTBa U3 OKPYXKEHHA B CHCTEMY.
OyHkUMA | nonay4yuna HasBaHUE «xumuyeckuu nomenyuan» (MoApobHO o
XMMHYECKOM TOTCHUHMANE ¢M. § 5, 6).

OHeprua moboi cucteMbl onpeaensercs ¢ TOYHOCTHIO N0 NMOCTOSHHOM
BeiMuuHBL. OAHAKO NPakTHYECKOTro HeyA00CTBa 3TO HE BBLI3BIBAET, TAK Kak
pe3yJIbTaTOM TEPMOJAMHAMUYECKOrO MpOLEcca ABIAETCS M3MEHEHHE JHep-
THH, NOITOMY YPOBEHb OTCYETa MOXHO BblOpaTh ycinoBHO. B obwmem cinyyae
IHEPTUA CHCTEMbI CKNAAbIBAETCA U3:
¢ KHUHETHYECKOW SHEpPruH ABHKEHUS CUCTEMBI KaK LEJIoro;

e [OTEHUMANbHOI 3Hepruu, oOycNOBIEHHOH MOMOKEHUEM CHCTEMbI BO

BHEWHEM CHJIOBOM MOJIE;
® BHYTpEHHEH 3HEepruu.

OObIYHO B XHMHYECKOH TEPMOJMHAMHUKE PAacCMATPHBAIOTCS HETIOABHXK-
Hble CUCTEMbI B OTCYTCTBME BHEUWIHMX noneil. B 3Tom ciyvae nonHas sHep-
FMsi CHCTEMbI PaBHA €€ BHYTPEHHEH 3HEPTUH, KOTOpas ABIAECTCA CYMMOH
¢  KMHETHYECKOHN 3HEeprHU MOJIEKYNSIPHOro ABHKEHHS;
®  3HEPrMH MEXMOJEKY/IAPHbIX B3AUMOACHCTBUH (NPUTAXKEHUA U OTTAJIKH-

BaHUs COCTABSAIOUINX CUCTEMY YACTHLL);
® DHEPruH, JKBUBAJIECHTHOH Macce MOKOA BCeX YacTHil COMNIacHO ypaBHe-

Huwo DHHWTElHA;
®  DHEPrHH M3NY4YEeHUs.

[lpn TepMoaMHAMKUYECKOM ONUCAHHM CUCTEM pAcCMATpPHBAIOT HE BCE
BHAbI SHEPTHUH, & TONLKO HEKOTOPbIE U3 HUX. Tak, NpH XMMHUUYECKOI peakuuu
HE W3MEHsETCS JHEPrus B3aMMOJCHCTBUA HYKJIOHOB B aApax, O3TOMY B Ka-
4ECTBE KOMITOHEHTOB CUCTEMbl MOXXHO BbLIOMPATh aTOMblI XUMHYECKMX 3jle-
MEHTOB. ECIM e MPUXOAMUTCA YYMTHIBATL AACPHBIE NPEBPALUECHHs, TO B Ka-
YeCTBE KOMIOHEHTOB BbIOUPAIOT 3JIeMEHTapHble 4acTUlbl. BHYTpeHHsd
3HEPIrUs HEU3IMEHHBIX CTPYKTYPHBIX €AWHMLI NPUHHUMAETCd 3a YCIIOBHBIN
YPOBEHb OTCYETA BHYTPEHHEH IHEPrMH M BXOJAUT KaK KOHCTaHTa BO BCE TEp-
MOJMHAMHYECKHE COOTHOLIEHHS.

B otnuumne oT BHyTpeHHeH 3HEPruH, menioma u paboma He AGAOMCA
GyHKYyusIMU cCocmosnust, UX 3HaYeHUd 3aBHCAT OT TUma npouecca. Pabora —
3TO ynopsajaoyeHHas ¢gopma nepejaqu 3HEPruy, a TEmioTa — Heynops104eH-
Hasl, CBA3aHHAaA C XA0TUYECKUM JIBHKEHHUEM YacTull.

(2.2)
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Fnaea 1. OCHOBbI XMMUYECKON TEPMOAUHAMMKMN

(2.3)

(2.4)

(2.5)

(2.6.a)

PaborTa

Paboma W ~ $opma nepeaaud 3HEpruM OT OJHOrO TEAa K Apyromy, He
CBSI3aHHAA C NEPEHOCOM TEMIOThi U (MK) BeiecTBa. CyuwlecTBYIOT pasHbie
8UObl pabomvl: MEXaHUYECKas, 3JIEKTpUYecKkas, MarHuTHas, W3MEHEeHHUs To-
BEPXHOCTH U Ip. beckoneyHo manyto paboty noboro Buaa MOXHO NpeacTa-
BUTb Kak npousseeHne o0001eHHOH cllibl Ha u3MeHeHue 06001eHHON] KO-
OpJMHATBI, HaNpUMep:

OWyex =— pdV mexaHuueckas pabora (pabota pacunpenns);
OW,, = @dg paboTa nepeHoca 3apajaa;

W on = Gd QY paboTa u3MeHeHHUd NNOWAAH 1I0BEPXHOCTH;
OWarn = VHAM paboTa HAaMarHM4YMBaHMS BELIECTBA;

rae ¢ — MEeKTPUYeCKHi noTeHuna, g — 3apsai, o — MOBEPXHOCTHOE HATAXe-
Hue, Q — naowaaes NOBEPXHOCTH, H — HaNpPsHHKEHHOCTbL MArHUTHOFO MOV,
M — ynenbHas HAMArHU4EHHOCTD.

Iouarue «o60OIEHHBINY NOAPA3yMEBAET, YTO CHIIBI K KOOPAMHATHI MO-
I'YT UMEThH MPOW3BOJIbHBIE Pa3MEPHOCTH, HO WX NPOU3BEAECHHE UMEET pa3-
MEPHOCTb IHEPFHHU.

Cymmy Bcex BHAOB paboT 3a HCKIIOUCHHEM MEXaHuueckoil paboThi Ha-
3bIBAIOT HOE3HOoU (HeMEXaHUUeCcKoi) pabomoir:

OWaon= @dq + VHIM + Z p,dn, +....

C yuetom (2.3), nuddepeHunanbHOe BbIpAXEHHUE MEPBOTO 3aKOHA MOX-
HO NPEJICTaBHTh B BUJE:

du= 5Q"PdV+ Wron.

Mexanunueckyo paboTy, NPOU3BOAMMYIO MpH paCIIMPEHWUH TPOTHB
BHEIWHETO AaBNEHUS P, PACCUHTHIBAIOT MO GOpMYIe:

Ecnu npouecc paciuupedus oGpaTuM, TO BHELIHEE AaBNEHUE OTIHYAETCA
OT NIaBNEHUsA CUCTEMbl {Hanpumep, rasza) Ha OECKOHEUHO MANYIO BEJIMUHHY:
Pe = Pi — Op ¥ B dopmyny (2.5) MOXKHO NOACTaBAATL JaBNEHHE BHYTPH CHC-
TEMbl, KOTOPOE OIPEENAETCS N0 YPABHEHHIO COCTOAHMA.

B ajguabaruueckom npouecce OTCYTCTBYET TEMIOOOMEH ¢ OKpyXaroilei
cpenoit (Q = 0, 8Q = 0), mosTtomy paboTa MOXKET COBEPLIATLCS TOJILKO 32
cueT y6buin BHyTpeHHel sHeprun: W = AU. Ilpu obpatumom anuabaruye-
CKOM pacIiMPeHUH MACATBLHOrO ra3a AaBieHue 1 00beM CBA3aHbl COOTHOLIE-
HUeM (ypasHeHuem aouabamai):

pVT=const.

racy = Cn/ Cy, C, u C— n300apHas 1 M30X0pHAs TEIJIOEMKOCTH (CM. lasiee).



Mnaea 1. OCHOBLI XUMU4YECKON TEPMOAMHAMUKM

B ypaBHeHuu (2.6.a) BaxHbi JBa MOMEHTA: BO-TIEPBLIX, 3TO ypaBHEHHUE
mpouecca, a He ypaBHEHUE COCTOAHUS; BO-BTOPLIX, OHO CIIPaBESIMBO MOilb-
K0 045 obpamumo2o aanabarnyeckoro npouecca. JTO XKe YpaBHEHHE MOXKHO

' 3anmKcarh B IKBHBANEHTHbIX Popmax:

TV = const,
T" p'™ = const.

B 1abn. 2.1 npusenensl Gopmynsl 1ns pacdera paboTel, coBepuiaeMoi
HleabHbIM ra3oM B padIMyHbIX npoueccax. [1pu obpatumom npouecce co-
BepLiaeMas paboTa Bcerja 6onblue, YeM npu mobom HeoOpaTUMOM npolec-
€€ MCXKY TEMH KE COCTOAHUAMH.

PabGoTa uaeanbHOro raza B PA3JIHYHbIX Nponeccax

27
(2.6.6)
(2.6.B)
Tadbnuya 2.1

NMpouece I'papnueckoe ' W
H3oGpaxeHHe npolecca
PaciuupeHue B Bakyym 0
PaciumpeHue npoTHB NOCTOAHHO-
ro BHCLI:JHCI‘O ngsnenm PV2= 1)
Pe
W3oxoproe obpaTtrMoe 1
pacliupeHue
Q. : 0
P2t
v
Hsobaproe obpatumoe |
pacuiupeHue 1
al 1 2
i p(2=-1)
1
v
Usorepmuyeckoe 1
obpatuMoe pacuiMpeHue
s nRT In(Vs/Vy)
2
o e
Anmabaruueckoe obparumoe 1
paciuupenme
a piV - PV
-1
2 Y
i -
1%

' I'padpuky NpuUBESEHH TONLKO 1718 OBPATHMBIX NPOLECCOB.
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Fnaea 1. OCHOBb!I XMMHUYECKOU TEPMOANHAMMUKN

(2.7)

(2.8.a)

(2.8.6)

(2.8.8)

(2.8.r)

(2.8.n)

(2.8.e)

(2.9)

Tenuiora. Kasopuueckne ko3ppuneHTnI

Tennoma () — dopMma nepenayu sHepruu oT 6onee HarpeToro Tesna K Me-
Hee HarpeToOMY, He CBA3aHHas ¢ NEePeHOCOM BelllecTBa U coBeplueHHeM pado-
Tbl. 3aBUCUMOCTbL TEMJIOThi OT TEPMOJMHAMHYECKHUX TNEPEMEHHBIX MOXHO
BbIpa3suTb C [OMOWBIO YpaBHenusa (2.1.a), paccMaTpuBas BHYTPEHHIOK
SHEpPru Kak GyHKUHIO TeMnepaTypbl U ob6beMa:

80 = —5W + dU =
=pdV+(i(£] dT+(3£J dV:(éfi] ar + p+(-a—U.-) av .
or ), ), T ), v ),

Bxoastune B 310 YpaBHEHHE 4aCTHLIC NMPONU3BOLHBIC HA3BIBAIOT KAIODU-

YeCKUMU KOO PuyUeHMmamu CACTEMBI, OHH XapaKTepHU3yHOT:
®  TEMJOEMKOCTb CHCTEMbI MPH NOCTOSHHOM 00beMe (MIIH U30XOPHYVIO men-

AQEMKOCb)

(%), &)
('V =\ - E
T ), \aT ),

* U CKPLITYIO TENNOTY UWIOTCHMUUCCKOTO PAaCIpPEeHUR

3,5,
v ), ov ),

TTOMHUMO 3TUX YaCTHBIX NMPOU3BOAHBIX, K KalopuyeckuM koddduunen-
TaM CUCTCMbl OTHOCATCH:

C, = [—Q-] — u300apHas TeNnJo0eMKOCTh;
T
r
5Q
h=|—=1 — cKpbITas TEMJI0Ta H30TEPMUHECKOTO CKATHS,
ap ),
"y
¥ =| — | - CKpbiTas TCI10Ta H306apHOro paclupenys;
v,
dQ '
A= |~ CKPbiTas TCIUIOTa W30XOPHOFO CKATHS.
op
i/

Kpome 1300apHoii U M30XOpHOIl TEMNOEMKOCTENH B TEPMOAUHAMMKE HC-
MOJNIL3YIOT TAKKE UCTHHHYIO M CPeiHion TennoemkocTd. McTunHas tenno-

CMKOCTh!:

(o 80

dr -’



Fnaea 1. OCHOBbI XUMUYECKON TEPMOAUHAMUKN

CpeaHss TennoeMKoCTh YUCAEHHO paBHA KOJIMYECTBY TEMJIOTbI, KOTOPOE
HaJ0 coOoOLUTL BeLIECTBY, 4T0ObI HarpeTh ero Ha 1 K:

.9

T,-T,

Ecaun sennuuns C, C, Cy, C, OTHOCATCA K OJIHOMY MOJIIO BELIECTBA,
TO FOBOPAT O MOJILHbIX 3HAUYEHUAX TennoeMkocted Cp. PazMepHOCTb Te-
MJ0EMKOCTH [,I[)K-K'*], MOJTbHOH TEMJIOEMKOCTH [L['}K-MOHL“]-K"]. HcTun-
Has U CPEAHSS MOJbHBIE TEIJIOEMKOCTH CBsA3aHbl MexXAay coboii cooTHO-
WEHHAMHU:

T.

e - 1
Cr =(imCp)y, 7 500 Cop = [CondT .
T2 _T] T

Cootrowenne mexay C, u Cy MOXKHO BbIBECTH, HAalIPUMED, ¢ NOMOLIbLIO
ypaBHeHuAa (2.7). Ecnu pa3saenuTs NpaBylo M JIEBYK 4acTu ypaBHeHus (2.7)
Ha dT npu p = const U y4ecThb onpejeneHue n306apHoil 1 H30XOpHOH Terso-
€MKOCTH, TO MONYUYUM:

o0 ouY Jfav
c =%\ =c CA B i I
P [arjp v p+(8V)T (ar]p

Ha ocHoBanuu onbitos J[koyns 66IN0 YCTAHOBAEHO, YTO MPH H30TEPMHU-
YECKOM PAacUIMPEHUH HEANbHOIO ras3a ero BHYTPEHHSAS JHEPrus HE 3aBUCHT

ot 00BeMa, TO eCTh
(5_U) 0.
ov )r

B u30oTepMuuyeckux fipoueccax ¢ y4yacTHEM WIAEAbHOTO ra3a BHYTpeEH-
HAS DHEpPrus He U3MeHseTcs, U paboTa pacluMpeHUs MPOUCXOANT TOJBKO 32
cuert norsiowaeMoit TennoTel. Tak Kak A1 uaealbHOro ra3a

(&) _on
or), p

TO

oU oV
C,=C, + — — i =Cy +nR
p 4 P+(5V)T (BTL v th

U A5iA OAHOTI0O MO HACAIBHOTO ra3a

Cp,m =Cyn,+R.

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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Fnaea 1. OCHOBbI XMMUYECKOR TEPMOONHAMUKYN

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

JAns kouaeHcHpOBaHHON (aszbl Bropoe craraemoe B BbipaxeHuu (2.12)
00bIMHO MaJIO, MO3TOMY

C,z2Cp, Cpn=Cypy.

M3oxopHas Ten10eMKOCTb Ofpeaenserca yepes TemnioTy, nepeaaHHyo
CUCTCME NpH mnoctosHHOM obbeMe. Tak kak MpH NOCTOSHHOM oOObeMe
MeXaHuveckas paboTa He cOBEpLIAETCS, TEMNOTA PaBHA U3MEHEHWIO BHYT-
peuHeit aveprumn 80y = dU = CydT. Tlpn noCTOSHHOM JaBNeHHU TelioTa
paBHa U3MEHEHUIO ApYrod (PYHKIMU COCTOSAHMS, KOTOPYK Ha3bIBAIOT JH-
maibnuei:

80, =dU+pdV=d(U+plV)=dH,

rae H = U+ pV — sumanvnusn cuctemsi.
W3 nocnennero paseHctBa cneayer, 4To u3o0apHas Tennoemkocts C,
ONPEACHAET 3aBUCUMOCTb HTANBNUU OT TEMIIEPATYPbl.

C,= (G_H) ,
or),

3aBHCHMOCTD TEIMJIOEMKOCTH
OT JAaBJIeHHsI HJIK 00beMa

Jlns onpenenexus BUAA 3aBUCUMOCTH M30XOPHOH TETJIOEMKOCTH HEKOTO-
poro BeLIECTBa oT 0Obema HeoGxoAMMO HalTH Mpou3soaHyto Cy 1o 00beMy:

5,5, FHE
8v ), (8v\aer), ), \er\av),),

AHZUIOFH‘—IHO, 3aBUCHMOCTD H3068.pH0ﬁ TEMJIOEMKOCTH OT JaBJICHUA
MOJKHO BbIPa3HUThH HEpe3 NMPOU3IBOAHYIO!

Cp) _ _Q.(.‘?!j’_) =| 2|91
o ), \op\oT ), , or\ op ),

BHyTpeHHsAs 3Heprusa (JHTANbMUA) MACAILHOTO ra3a HE 3aBUCUT OT 00b-
eMa (JaBneHus ), No3ToMy

(8CVJ =0 u %y =0,
v )y ap .

T.€. TCNJIOEMKOCTb H/I€AJIbHOTO ra3za HE 3aBUCHT OT V' U D. I{ﬂﬂ pEalibHbIX I'a-
30B H KOHI[GHCI/IPOB&HHO?! (133.351 3Ta 3aBUCHMOCTb CTAHOBUTCHA 3aMETHOMH
TOJBKO [1pH OYCHDb 6onplINX AaBNEeHHUAX.



F'naeaa 1. OCHOBbI XMMU4YECKOM TEPMOAUHAMMKM

LEPHMEPE

IIpumep 2-1. Paccuntalite u3meHeHUe BHyTpeHHel aHepruu reaus (oa-
HOATOMHBIH HJleanbHbii ra3) npu nzodbapHoM pacuiupeduu ot 5 go 10 1 noxn
nasneHueM (96 klla.

Pewenue. py =p, =196 klla, V, =5 a, ¥V, = 10 n. HauansHas u koHeuHas
temneparypsl: Ty = p1 Vi / nR, T, = p;V5 / nR. VI3MeHeHue BHYTpeHHeH sHep-
THH WACANbHOrO rasza onpejaessieTcs TONbKO HaYalbHOM M KOHEYHOH TeMne-
parypamu (Cy = 3/2-nR — naeanbHblil OTHOATOMHBII ra3):

AU=Cy(Ty-T) =32 nR(T>-T)) =
=3/2 (poVa—p1 V1) = 3/2 - (196:10%) - (10 = 5)-107 = 1470 JIx.

Omsem. 1470 k.

Ipumep 2-2. OauH MONL KCEHOHA, Haxoasluiics mpu 25 °C u 2 aTwm,
pacuiupseTcs anuabaryyecku:

a) obpatumo 10 | atm,

6) nportuB AaBneHus | aT™.

Kaxoii Oyzet koHeuHas TeMneparypa B KaXAOM ciy4ae?

Pewenue. a) Ucxonnbiii 06bem kceHoHa (n = 1):

V] = nRT1 /Pl =(.082-298/2=12.2 n.

Koneunblit 06beM MOXHO HaWTU U3 ypaBHEHMs aauadatel (4N OJHO-
atoMHoro uaeansHoro rasay = C,/ Cy= 5/3).

piVi*? = pavy™

Vo=V, (pilp)° =122-2"° =185 1.

KoHeuHyo TemnepaTypy HaxoAuM M0 YPaBHEHHIO COCTOSHUS MAEATbHO-
ro raza (p, = 1 arm):

Try=p,V>/nR=18.5/0.082 =225 K.

6) Ilpu HeoOpaTMMOM paclIMpeHHH TPOTHB MNOCTOSHHOIO BHEILHErO
JlaBfieHUs ypaBHeHHe anuabaTbl HENPUMEHUMO, TO3TOMY HAJ0 BOCHOJIb30-
BAaThCA MEPBLIM 3aKOHOM TepMmoAMHaMWkH. Pabota coBepinaercs 3a cuyer
yObLNK BHYTpEeHHEH 3HEpruH:

-W=-AU= nCV(T| - Tz),

rae n=1, C;-= 3/2 R (0AHOATOMHBIH HUAeanbHbIH ras).
Pabota pactuypeHust MPOTHB MOCTOSHHOFO BHELLHENO IaBAEHUS Py paBHa:

—W=p2 (Vz— V]) =nRT2-—-p2V1.
HpnpaBHuBa'x NOCAEAHHE 1BA BbIPAXKEHUS, HAXOAMM TemnepaTypy 15:

Ta = (nCy Ty + paVy) | (nCy + nR) = 238 K.
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Mnaea 1. OCHOBblI XUMUYECKON TEPMOAUHAMMKMN

Temneparypa Bbille, YeM Npu 0OPaTUMOM paciiMPEHUH, T.K. B oOpaTH-
MOM cliyuae cosepluaeTcs 6dnbiuas pabota, pacxopyercs 6obilie BHYTpeH-
Hel SHEepruy U TemilepaTypa noHukaercs 1a 66nblIYIO BETUUHHY.

Omeem.a)225K;6)238 K.

Mpumep 2-3. OnuH MONb BOASHBIX NApoB 00paTHMO U HU30TEPMHUYECKH
ckoHaeHcupoBanu B xuakocth npu 100 °C. Paccuuraiite paboty, Tennory,
U3MEHEHHUC BHYTpEeHHEH SHEPrHH M SHTAILIMU B 3TOM npouecce. YaenbHas
Teninora ucnapeHus soasl npu 100 °C pasua 2260 ,Z[)KT_].

Pewenue. B npouecce

HQOU) -~ HzO()K)

Npou30LLI0 obpaTyuMoe CxaTHE raza NpU NOCTOAHHOM AaBieHuu p = | at™
oT o0beMa

Vi=nRT/p=0.082-373 =30.6 n

a0 ofbeMa OAHOro Moas xuakoit soael Vo = 0.018 n. Pabora cxxarusa npu
NOCTOSHHOM /1aBJICHWH PaBHa:

W=—p(Vo—-V))=pV,=101.3 kla- 30.6 n = 3100 Jix.
an HCTIAPCHUMW O4HOTO MOJIA BOAB! 3aTpA4YNBACTCA TCNAOTA
2260 JHx-r ' - 18 r= 40700 JIx,

MOJTOMY NPH KOHAEHCALIMKM OJIHOrO MOJS BOJbI 3Ta TEIJIOTa, HAPOTHUB, Bbi-
JCNSETCA B OKPYXKAIOWYIO Cpeay:

O =-40700 Ix.

M3Mmenenue BHyTpeHHed 3HepruM MOXHO PacCHUMTaTb MO NepBOMY 3a-
Kony:

AU = Q+ W =-40700 + 3100 = -37600 [Ix,
a UIMEHCHHWE JHTANBNHH — 4YEPE3 UBMCHECHHUE BHy‘TpEHHeﬁ JHEPIVK.
AH =AU+ A@pV) =AU+ pAV =AU~ W = 0 = -40700 JIx.

HUzmeneHnune sHTanbnuu PaBHO TEIJIOTE, T.K., NPOLECC MPOUCXOIHUT [1pH
NOCTOAHHOM HAaBNIEHHUH.

Omeem. W=73100 Ix, Q=AH =-40700 J[x, AU =-37600 JIx.

[_3A11A‘lﬂ—l

2-1. a3, pacwuupsasck ot 10 go 16 n npu nocrosHHoM aasaeHuu 101.3 klla,

nornouiaet 126 JHx remiotel. Onpeaennte U3MEHeHHe BHYTPEHHEH aHepruu
rasa.



Fnaea 1. OCHOBbLI XUMNYECKOW TEPMOANHAMUKMN

2-2. Onpepenute U3MEHEHWE BHYTPEHHEH 3HEpPruuy, KOJHYECTBO TEMIOTHI K
paboty, coBepluaemyio NMpu o6paTHMOM U3OTEPMHUYECKOM PACIIMPEHHU a30-
Ta oT 0.5 g0 4 M’ (HavanbHbie ycioBusa: Temneparypa 26.8 °C, namneHue
93.2 kl1a),

2-3. Onnu Monb naeanbHOro rasa, B3storo npu 25 °C u 100 arM, paciuups-
ercs obpaTMMO ¥ M3oTepMuueckH Ao 5 atMm. Paccuuraiite pabory, norno-
wennyto remwoty, AU v AH.

2-4. PaccunTaiiTe M3MEHEHHE DHTANBLIMU KMCAOpoAa (MAeanbHblid ras) npu
w3obapuoM pacwupenuy ot 80 ao 200 n npu HopMmanbHOM arMmocdepHoOM
JaBneHuH.

2-5. Kakoe KOAMYeCTBO TENNOThHI HEOOXOAUMO JUTA MOBbLILIEHUS TeMIepaTy-
pst 16 r kucnopona ot 300 no 500 K npu pasnenun | atm? Kak npu 3Tom
M3MEHUTCR BHYTPEHHSAS dHEepTrUs?

2-6. O6bsACHUTE, NOueMy Ans 1oboit TepmoarHamuyeckoi cuctemsr C, > Cy.

2-7. Yaiinuk, cogepxawiuii 1 Kr kunsuieil BOAbI, HarpeBatoT 10 MOJHOTO HC-

napeHus Nnpu HopMmanbHOM aasneHuu. Onpenenute W, Q, AU, AH nns atoro
-1

npouecca. MonsHas reruiora ucnapesus Boabl 40.6 kx-monp ™ .

2-8. Onpenenure KOHEUHYIO TemmepaTtypy M paboTy, HeoOXoouMYyIO Ans
aguabaTnueckoro cxkarus asora ot 10 1 go 1 5, ecu HavyanbHbE TeMnepa-
Typa u aasneHue pasHbl 26.8 °C v 101.3 klla, cooTBeTCTBEHHO.

2-9. Tpu Monsa uzeanbHoro oanoatroMHoro raza (Cy = 3.0 Kaﬂ-Monb"-K"'),
Haxoasuerocs npu 7; = 350 K u p; = 5 atm, obparumo u aguabaTniecku
paclMpAKOTCA J0 AaBieHus p, = | atM. PaccunTaiitTe koHeuHbIe TemMnepary-
py ¥ 0b6Bem, a Takxke COBEpIIEHHYIO paboTy U U3MEeHEeHHe BHYTpEHHeH 3Hep-
THY W SHTATBLITMK B 3TOM npoLiecce.

2-10. Cucrema copepxut 0.5 Monp HIeanbHOro OAHOATOMHOrO rasa
(Cy = 3.0 xan-monb -K™') npu p; = 10 atm n ¥, = 1 a. Ta3 pacwupsercs
obpatumo u apuabarvueckd 10 paBneHus pr = 1 atMm. Paccuuralite Ha-
YaNLHYI0 W KOHEYHYIO TeMMepatypbl, KOHeuYHblH 00beM, COBEPLUECHHYIO
paboTy, a Takke U3MEHEHHe BHYTPEHHEH 3HEepruu M SHTWILIHU B 3TOM
npouecce. PaccuytaliTe 3TH BETUYMHBI 1A COOTBETCTBYIOLIETO H30TEPMHU-
Yeckoro npouecca.

2-11. PaccuuTtaiiTe KONHYECTBO TEMOTHI, HEOOXOAMMOE AN HarpeBaHUs
BO31yXa B kBapTupe obuum obvemom 600 m® ot 20 °C 1o 25 °C. Ipumure,
YTO BO3/YX — 3TO UAeanbHblit ABYXaTOMHbIH ra3 (Cym,m = 5/2 R), a naBhenue
npx UCXoaHOH TeMnepatype HopManbHoe. Hailaure AU m AH nnst npouecca
HarpeBaHHs BO3AyXa.

. 4
2-12. Yenoeeueckuii opranusm B cpeHeM soiaensier 10 kJ[x B JeHs 6iaro-
naps metabonuueckum npoteccam. OCHOBHOH MEXaHU3M NOTEPH 3TOH 3HEP-
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Fnaea 1. OCHOBbLI XUMMYECKON TEPMOANHAMMKY

ruM — UcnapeHue BoAbl. Kakyio mMaccy BOJbl JOKEH €XKEJHEBHO MCNApAThH
OpraHu3M JUld nofaep:KaHus MoCTOAHHOW TeMneparypbl? YienbHas Tennora
UcnapeHus Bojbl paBHa 2260 Ib-r™. Ha ckonbko rpagycoB noBbicuaach 6bl
TeMriepatypa Teja, ecid Obl opraHu3m Oblnl M30MMPOBAHHONH CHCTEMOH?
[TpumuTe, YTO cpeaHsas mMacca YeNOBeKa COCTaBIAET 65 Kr, a TenI0eMKOCTb
paBHa TEMJIOEMKOCTH XMIKOH BObI.

2-13. Oauu Mone napoB OpoMa o6paTHMO ¥ M30TEPMHUUECKH CKOHIEHCHPO-
BaJM B XkuakocTh npu 59 °C. Paccuutaiite paboty, TemnoTy, M3MeHEeHHe
BHYTpeHHel SHeprUM ¥ SHTAIBIHH B 3TOM npolecce. YaeabHas Tennora ue-
napenus 6poma npu 59 °C pasHa 184.1 Toxr™.

2-14. OauH MoAb HIEAIbHOro
OZIHOATOMHOTO ra3sa BCTyNnaer B
CreAyIOLUA 3aMKHYTBIN LHKIIL:

ITpouecc 1 — 2 — usorep-
Muueckuif, 3 — 1 - agunabaru-
yeckuii. Paccuuraiite 00beEMbI
CHCTEMbI B COCTOAHUAX 2 M 3, a
TAKXKE TeMIepaTypbl COCTOs-
: Huit 1, 2 v 3, cunras craamu
1 > 2u3 — 1| obpaTuMbimy,
‘ Paccuuraiite AU u AH ans Ka-
KJON CTaAuH.

[lasnerue { atm

Obvem / n

2-15. TpuayMaiiTe UMKIHYECKHI NTPOLIECC C HAEANIbHBIM ra30M, COCTOSLIMNH
M3 YeThipex craguii. M3o6pa3ute atoT npouecc B koopauHarax p — V. Pac-
CUMTAiiTe MONHOE U3IMEHEHHE BHYTPEHHEH JHEPrUH, a TAKXe TEIIOTY W CO-
BEpLICHHYIO ra3om paboTy.

2-16. Oauu Moab ¢ropoyrnepona paciiupserca o6paTiMo H anuabaTHUeCKH
B/ABOe N0 06beMy, NpU ITOM TemiepaTtypa nazaet ot 298.15 no 248.44 K.
Yemy paBHo 3HaueHue C,?

2-17. JlokaxuTe COOTHOIUEHHE, NpuBejeHHoe B Tabn.2.1 ans pabothl obpa-
TAMOTO anuabaTH4eckoro npouecca.

2-18. OguH Molnb MeTaHa, B3ATbIA Npu 25 °C ¥ 1 at™m, HArpeT fnpH NocTosH-
HOM JaBJieHHH 0 YABOeHUs o6beMa. MosibHas TENIOEMKOCTh METaHa NaeT-
CAl BBIDDKEHHEM:

C,=5.34+0.0115-T (kan-mons -K™).

Paccuuraiite AU u AH pns storo mpouecca. MeraH MOXHO CHHTaTb
HACANTLHBIM Ta30M.

2-19. OguH Monb pudropMeraHa (uneanbHblif ras), Baathii npu 0°C u
1 aT™, Harper npH MOCTOAHHOM JABJIEHHH JI0 yTpoeHHs obnema. Paccuunraii-



Fnaea 1. OCHOBbI XMMNYECKON TEPMOAUHAMUKMN

TE€ U3MEHEHHE DHTANBLIIUHA U BHYTPEHHE 3HEprUH B 3TOM Npoliecce, eciiy 3a-
BHCHMOCTb TEMJIOEMKOCTH AM(TOPMETAHA OT TEMNIEPATyPhbl UMEET BHA!

C, =20.26 +7.59-10-T (Ix-monn K ™).

2-20. BoiBenuTe ypaBHeHue A obpaTiMoro aguabaTHYeckoro CxaTHus He-
HJeanbHOro ra3a, ecjii ypaBHeHHe COCTOSiHHA OJIHOIO MOJIA raza MMeeT BUA:

p(V-b)=RT.

2-21. Ucnonb3ys ypaBHEHHE COCTOAHHMS W MEPBbIH 3aKOH TEPMOAHHAMHKH,
BbiBE/IUTE ypaBHEHUe annabarsl Ans raza Ban-aep-Baannca.

2-22. YeThipe MOns KMCNOpOAa, HaxoAaswuecs B oobeMe 20 n npu temne-
patype 270 K, noaseprnu anuabatuyeckoMy paciliMpeHyt0 NPOTHB BHEL-
Hero aaefieHus 600 Topp mo ytpoenus obbeMma. PaccuuTtaiiTe KOHEYHYIO
TEMIepaTypy, CoBepllueHHylo paboTy, H3MEHEeHHe BHYTPEHHEH JHEPruu u
IHTASIBITHM.

2-23. Tpu MonsA upeabHOrO rasa, Haxoasiuecs npu temneparype 200 K u
nasnenun 2.0 at™m, obpatiMo M anuabarTvueckd cxand IO TeMIepaTypbl
250 K. PaccuuraiiTe koHeyHble JaBieHHe U 00beM, a Takxke paboTy, u3Me-
HeHUe BHYTpEHHeiH 3Hepruu W 3HTanbnuu. M30xopHas TennoeMkocTh rasa
paBHa 27.5 I.[)K-MOHL"-K"l.

2-24, OnpeaenuTe U3MEHEHHE BHYTPEHHEH JHEPruu OLHOrO MOJA renus
(uneanbHbIi ras) npu HarpeBaHuu ot 1 20 T5:

a) B M30XOPHOM npouecce;

6) B H306apHOM npouecce;

B) B anHabaTHueCcKOM npoLecce.

B kakoM ciiydae yBeluueHue BHyTpeHHe# sHepruu Oyaer HauGonpinm?

2-25. Kycouek uunka Maccoi 5.0 r 6pocusnn B crakad ¢ pa3basiieHHOH co-
nstHO# kucnoTol. Paccuuraiite paboTy, COBEPLUICHHYIO CUCTEMOH B pe3yib-
Tare peakiiu. AtmocdepHoe nasnenne cocrasaser .95 at™, a reMrneparypa
paBHa 23 °C.

2-26. PaccuuTtaiiTe U3MeHeHHE BHYTPEHHEH JHEPruu B peakuun obpasosa-
HHUS MOUEBHHbI, €CJIH M3BECTHO, UTO CTaHJAPTHAA SHTANLIMA 3TOH peakuuu
paBHa —333.51 kJlx-Monb .

2-27. U3obpa3ute npHBEACHHBIH Ha PUCYHKE LMKA ANS WACAIBHOrO rasa B
koopauHatax: p— T, V-T,AU-T,AH—-T, AU~ V, AH-p.

p|1 2
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Fnaea 1. OCHOBbLI XMMUYECKON TEPMOLAUHAMMKN

(3.1)

(3.2)

2-28. H3obpasure npuBeACHHBIH HA PUCYHKE LMKI I8 WAECAIBHOTO rasa B
koopauHatax: p— I, V-T,AU-T,AH-T,AU -V, AH —p.

Pl

§ 3. Tepmoxumus

Tepmoxumusa usydaer TemsoBble 3¢dekThl XUMMUYECKUX peakuuit. Bo
MHOTHX CJTy4asX 3TH peaKuuH MpoTeKaloT NPy NOCTOSHHOM ofbeme WM no-
CTOSIHHOM JaBJieHHH. Y3 nepBoro 3akoHa TEPMOAHHAMUKY CAEHYET, YTO NpH
3THX YCJIOBUSX TEMJIOTa COBMNAAAET C U3MEeHeHHeM GyHKUUH cocTosHus. [1pn
MOCTOSHHOM 00bEME TennoTa paBHa H3MEHEHHIO BHYTPEHHEHN Heprum:

SQV :dU, QV —“:AU,
a np” NMNOCTOAHHOM AABNCHHU — H3IMECHCHUIO JHTATLNHH:

8Q, =dH, Q, =AH.

OTH paBeHCTBA B NPUMEHEHMH K XMMHYECKMM pEaKUUsiM COCTaBISIOT
cyTb 3akona lecca:

O Tennoma xumuueckoii peakyuu npu nOCMoIHHOM 06veme unu 0as-
nenuu (mennoeoii IPdexm XumMuuecKou peaxyuu) He saeucum om
nymu npoeeoenun npoyecca, a Onpedesinemca moabKo COCMOAHUEM
peazeHmos u npooyKkmoe peaxkuyuu npu YCaoeuu, 4mo eOuHCmeeH-
Holl pabomoii, cosepuiaemoil cucmemoil, A61AeMCA MEXAHUYECKAA

paboma.

Tennoso# a¢pdext oTHOCAT K T = const.

Hdna obo3HavyeHus w3MmeHewna nobod TepMoaMHAMHUYECKO#H (YHKUMH
NpU MPOTEKAHUU XMMHUYECKOH peakuuy UCMONb3YIOT Onepamop XumMuieckou
peaxyuu A (r 03HauaeT «reactiony»), Hanpumep, AU, AH, AC, u T.21. Teno-
BOil. 3¢ (eKT XMMHUUYECKOH peakuuH 3anuckiBaioT Kak AU unu A H B 3aBuCH-
MOCTHU OT ycnoBuii nposeaenus (¥ = const unu p = const). Ternory xumuue-
CKOW peakuuMd npH MOCTOAHHOM JaBJIEHMM HHOIAA Ha3bIBAOT NPOCTO
«IHTANBIHER peakLUuH».

B TepMoxuMmuu, B OTAMYME OT APYruHXx NPHIOXKEHHH TEPMOAHHAMHUKH,
TEMI0Ta CYUTAETCA MOJIOKHUTENBHOM, €CNU OHA BbIAENAETCA B OKPYXKAIOUIYIO
cpeny, T.e. Ajid 3K30TepMuyeckoit peakuun A H <0 win AU < 0.



Fnaea 1. OCHOBbLI XUMHUYECKON TEPMOAUHAMMKY

Ecnn peakuus npoTekaeT B pacTBOpe WM B TBepAo# (aze, rae usMeHe-
Hue o0bemMa HE3HAUUTENLHO, TO

AH =AU+ ApV) = AU.

Ecau ke B peakunu y4yacTBYIOT WA€allbHbIE Tasbl, TO NMPH MOCTOSHHOM
Temneparype

AH = AU+ AdpV) = AU+ Av -RT,

rae Av — U3MCHEHHe uucia Mostell ra3oB B peakLu.

Tennoeble 3 dexTsl 3aBUCAT, B 06iLEeM crlyyae, OT TeMIeparypbl H JaBie-
HUS, T03TOMY /11 TEPMOXHMHYECKUX pacyeToB HEOOX0ANMO, YTOObI BCe Ter-
nosbie 3¢dexTsl ObIMK OTHECEHBI K OAWHAKOBLIM YCIIOBHAM, T.€. CTAHAAPTH30-
BaHbl. CTaHAApTHBIE COCTOAHMA ODO3HAYAIOT HAACTPOUHBIM HHAECKCOM «°».
B Hacrosuiee BpeMs IPUHATHI CHEAYIOLIUE CIMAHOAPMHbIE COCMOAHUA:
® 015l MHAWBUAYANIbHbIX KPUCMALIUYECKUX U JHCUOKUX BELLECTB — peaJibHOe

cocTtosHue (Haubosee ycToiuuBas moaudukauus) rnpu 3aJaHHOR TeM-

nepatype v aasneHuu | 6ap;
® U UHOUBUOYAILHLIX 2A3068 — THIOTETUYECKOE COCTOSHHE, BO3IHMKAIO-
ee TpyU U30TEPMHUUYECKOM pacluuMpeHuu rasa a0 OeCKOHeyHO malloro

JAaBAEHUA C nmocneayloluM coxkartiueMm no 1 6ap, HO yxe no u3oTepme

uaeabHOro rasa (cm. puc. 3.1).

OObIUHO nONpaBKa Ha
HEUleanbHOCTh TIpU  aT- p
MocepHOM JaBCHUH
Mana, u et npenebpera- p=1
1o1.  [lonpaBky MOXHO
y4yeCTb, €CAM M3BECTHO
YPaBHEHHUE COCTOSHUSA pe-
an1bHOTO rasa.

Tax xak B KOHJEHCH-
posaHHoOM (haze npoueccs
Anddy3uu 3aTOPMOKEHbI

NO CPaBHEHHIO C Tra30BOii y
da3oii, BOIMOXKHO CcyLle- K nonamuio
CTBOBAHUC TIpH OJAHUX U <<cmau()apmuoe COCMOAHUEe 2a3a»

Tex xe ycnosusx (p,7)
KaKk cTaOuabHBIX, Tak W
MeTacTabUNIbHbIX COCTOSHUI BelecTra (Hanpumep, rpadgura ¥ anmasa). Ka-
NOMETPUYECKHE METOAbI MMO3BOJISIIOT DKCHEPUMEHTANBLHO ONpPEAETUTEL CBOH-
cTBa M TeX u Apyrux (as. [ToaTomy B TEpMOXUMHUYECKHUX YPABHEHHUAX MpH-
HATO YKa3blBaTb HE€ TOJBKO (OpMynbl BeWECTB, HO W WX arperaTHble
COCTOSIHUA UJ1M KpUCTaNIMUeckue MoandrKaLyHm.

DHTANBIHIO Peaku iy MEXIy BeleCTBAMM, HAXOAALUMMHUCS B CTaHAApT-
HBIX COCTOSHUAX NPU Temneparype T, Ha3blBAKOT crmandapmuoil sumansnuel

peaxyuu v o6o3HavaoT A H7,

(3.3)

(3.4)

Puc. 3.1
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Mlnaea 1. OCHOBbI XUMUYECKON TEPMOQNHAMMUKN

(3.5)

(3.6)

Cmandapmnas sumanvhus obpazoeanus, AcHy («f» o3naqaer «forma-

tion») ~ u3obapHbiii TennoBoit 3¢ ekt peakuuu odpazoBaHus OAHOTO MONA
JAHHOr0 XMMHYECKOIO COENMHEHHA M3 NPOCThIX BEUIECTB B CTAHAAPTHLIX
COCTOSIHHUAX. JHTabNUA 00pa3oBaHHs MPOCTONO BELIECTBA B CTAHAAPTHOM
cocrosiunu pasHa 0 npu moboii remnepartype. [TousTie «auTaNLONA 0Opa3o-
BaHU» HCNOJbL3YIOT HE TONBKO AN OObIYHBLIX BEUIECTB, HO M AJA UOHOB B
pactsope. [1pu 3Tom 3a Touky oTcueTa npuHsT WoH H', nna kotoporo ctak-
JapTHas 3HTajlbNus 00pa3oBaHHA B BOJHOM PacTBOpe MOJaraercs paBHOH
Hymo: AcH (H ) =0.

Cmanoapmnas sumanenua czopanus A_H; («c» o3nauaeT «combus-

tion») — n3obapHbiii TennoBo# 3pdekT peakuUUn OKHUCIEHUS OJHOIO MOJIS
BELECTBA razoobpasHbiM kuciopoaom nipn p(0O;) = 1 6ap. Tennora cropa-
HHS, €CJid He oroBopeHo 0cobo, oTBeuaeT okHCaeHH0 yrnepoaa ao COy,
Boaopoaa a0 HyOx), And oCTalbHBIX BEWECTB B KAKAOM C/ly4ae NPHHATO
yKa3bIBaTh 00pa3yioluecs NMpoaYKThI.

M3 3akona I'ecca BLITEKAIOT BaXHble CICACTBUA, KOTOPbIE HO3BONAIOT
PacCUMTLIBATH IHTANBNUH XUMHYECKUX PeaKLKii.

Caeacreue 1. CrannapTHas JHTaNbUA XUMHYECKOH peakuvm

ZVIAI' = ZV.IBJ
! i

paBHa pa3HOCTH CTaHAAPTHBIX SHTANbLNKI 06pa3oBaHs NPOAYKTOB peakLHH
W peareHToB (C y4eTOM CTEXHMOMETpHYeCKHX K03 HUHEHTOB):

ArH; :ZV;AfH;(B,;)”ZViAfH;(A:)~
J !

CaencrBue 2. CTaHaapTHas SHTANbIIUA XHMHYECKOH peakuuu

ZviAi = ZV.;BJ
i i

paBHa pa3HOCTH CTAHJAPTHBIX JHTANbNUI CrOpaHHs peareHTOB ¥ NPOJYKTOB
peakuuu (C yHeTOM CTeXHOMETpUUECKHX ko3 duumreHToB):

AH7 =) v,AH7(A)- ZVJ-ACH;(BJ).
i J

O10 cneacrBue OOBIMHO UCMONB3YIOT JUISl pacyeTa TemioBbiX pdexToB
OpraHH4YeCKNX peaKLui.

OHTAILNHIO XHMHYECKOH peaklii¥ MOXKHO TAaloKE pacCUWTLIBAThL 10 pas-
HOCTHU DHEpruii paspbiBaeMblX H 00pa3yIOLIMXCA XUMHYECKHX CBsizeH. Dnep-
2ueil céasu A-B HasbiBalOT 3HEpPruio, HeoOXOAHMYIO s pa3pbiBa CBA3H H
pa3BeneHHs o0pas3yoLMXCs YacTHL Ha DeCKOHEUHOE paccTosiHHeE:

ABg) > Ap + Bey

9Hepmx CBA3H BCCria noJamKxuTeibHa.



Mnaeaa 1. OCHOBbLI XMMU4YECKOW TEPMOANHAMMKM

BoNbLIUMHCTBO TEPMOXMMUYECKUX JIAHHBIX B CIPABOYHHKAX MPUBENEHO
npu Temneparype 298 K. Jlna pacuera tennoBbix 3¢¢eKTOB npH Apyrux
TEeMINepaTypax HCNONL3YIOT ypasHerue Kupxeogpa:

dA H
—"d-;?"' =A,C, (auddepenunanchan popma),
Ty
AH T, = AH r, + fArC p ()dT (uHTerpanepHas gopma).
Ul

rae AC, ZZVij(Bj)‘“ZViCp(A;) —~ pa3sHOCTb H300apHbIX TenJo-
J i

eMKOCTEH NPOAYKTOB peakLMH U HCXOJHbIX BELLECTB.

Ecnu pasuuua T, — T; HeBenuka, TO MOXHO npunsiTh AL, = const. [Tpu
Gonbluoit pasHuUEe TemnepaTtyp HeoOXOJMMO YUHMTHIBAThL TEMMEPATYPHYIO
3aBucuMoCTb ACy(T). B oTnnune oT TerioeMKocTel y4aCTHHKOB peaKiuH,
pasHocTh A,Cp(T) MOXET ObITb U NMOJOXHUTENBHON, H oTpULLATENbHOMR. [1pu
3TOM M3MeHeHue AH ¢ Temnepartypoil omnpeaensercd BUAOM 3aBHCHMMOCTH
ACKAT) (em. puc. 3.2).

Co b Co &

MPOAYKTHI pPEarcHThi

peareHThi
NPOAYKTHI

] 1
§ a
] {
‘ |
: i
{ i
: T : T
AH)y E AH A ;
i
' ]
s |
i i
| z
: i
| H
: . | .
T T

Paznuunste guoet zasucumocmu N.C, v A H om memnepamypet

TennoeMKOCTb — 3KCNEPUMEHTATILHO H3MEpsieMas IKCTEHCUBHAs BEJIU-
ynHa. B TepmoauHamuyeckux Tabnuuax oObIYHO TaOYJNHPYIOT 3HAYEHMS
MobHOH TennoemkocTu ¢ warom B 100 K, nn6o npusomir BennuuHbl C),
npu 298 K u koadPpuuneHTb NOJHHOMA, ONHCHIBAIOLETO €€ 3aBUCHMOCTD OT

(3.7.a)

(3.7.6)

Puc. 3.2
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Cnaea 1. OCHOBbI XMMHYECKOW TEPVOAUHAMMNKM

(3.8.a)
(3.8.6)

(3.8.8)

KpHcTann

.
.
ot

g
.
»T

TeMneparypbl. B HacTosluee BpeMsi HET YHHBepcalbHOU HOpMYyIbl, KOTOpas
no3soJisijia Obl MONYYHTh aleKBaTHOE OMHCAHHE TEMIOEMKOCTH BO BCEM HH-
TepBane Temneparyp. [loaTomy ans annpoKCHMaUWH 3KCNEPHMEHTANbHBIX
J@HHBIX UCMOJIB3YKOT Pa3IMYyHbIe WHTEPHOASLUHOHHbIE MIIM 3KCTPANoNALH-
OHHbie GyHKLUH. [TpH KOPPEKTHOH SKCTPanoIALMY TEMIOEMKOCTH JOMKHbBI
BbIMOJIHATLCS NpPEAEIbHbIE YCIOBHS:

npu 7' — o0 limC, =3R,
%-)O

npu T — 0 C, =al’.

Jns cRoHCTBIX CTPYKTYP (IJIOCKMX KPHCTAlIOB) W UENHbIX (BOJIOKHH-
CThIX) CTPYKTYp 3aBucHMocTb Ci{T) BOAM3H aGCONOTHOrO Hys OMMChIBAETCA

crenenHbiMH GyHkumamu uaa C, = bT2 uau C, = kT, COOTBETCTBEHHO.

[lpn HEBLICOKMX TeMnepatypax MOJbHAs TENNOEMKOCTh OJHOATOMHbIX
HaeanbHbIX ra3oB pasHa Cym = 3/2 R, nns aByxatoMubix razos Cyy, = 5/2 R.
TernnoeMKoCTb HUAKOCTH OOBIMHO HECKOJBKO MPEBLILAET TEIIOEMKOCTb TBEP-
noro tena. O6bAcCHEHHE 3THX U HEKOTOPbIX APYIHX OCOOEHHOCTEH, NPUCYILMX
TEMNIOEMKOCTH, AAETCA B paMKaX CTAaTUCTUYECKOH TepMOAMHAMHKH (cM. § 16).

HuTepnonsuuoHHbie GOpMyIibl MO3BONAIOT KOPPEKTHO PacCYMUTaTh 3HA-
YyeHHe TeMJOEMKOCTH NpH JII00o#H TeMneparype ToJbKO BHYTPH YKA3aHHOIO
TeMNepaTypHoro uHTepBana. K TakuM BbID@KECHHUAM OTHOCATCS 4acTo HMC-
MoJib3yeMbl€ YpaBHEHHS:

C,=a+bT,
C,=a+bT+ (:T'z,
Cp=a+bT+cTInT.

Yucio BapbHpyEMBIX Na-

paMeTpoB 3aBUCHUT OT TOYHO-

ra3 CTH MMEWINUXCI OaHHLIX H
LUIUPHHBI HUCCNEIOBAHHOTO
TEMIIEPATYPHOI0 HHTEpBaa.
[TonbiTKa MCNMOABL3OBATL 3TH
YpaBHEHHUsl KaK 3KCTpanons-
HUOHHLIE, T.€. MNPEACKa3bi-
BaTh 3HAYEHUA TEIIOEMKO-
CTH OpH  TeMIepaTypax,
BBIXOAALIUX 3a Npeeibl yKa-
3aHHOr0 TeMepaTypHoro

KHUAKOCTh

- —

\

e

e i sy e e s i s o s e
o - g —— -~ -~ — -

Puc. 3.3

~
=

MHTepBasa 4acTo NPUBOIMT K
Temnepamypnas 3asucumocme ¢u3ruecku  HEKOPPEKTHBLIM
MENTOEMKOCIU 6EU{eCmEd BenuunHam Cy unu Cp,. 370
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YTBEPXKAEHHE NPOAEMOHCTPUPOBAHO Ha puUC. 3.3 (MYHKTHUpHaA JIMHUA), Fle
npuseneH rpaduk 3aBUCUMOCTH Cp(7) HEKOTOPOro BEILECTBA B Pa3/IMHHbIX
arperaTHbiX COCTOSHUSX.

Tlpy OTCYTCTBHM 3KCMEPUMEHTANbLHbIX AAaHHBIX O TEMJOEMKOCTAX Be-
LLecTB 0OBIYHO MCTIONBL3YIOT pa3fiHuHble COCOOBI OLIEHOK ITHX BENUYHUH!

s npaswio iononea—IImu: tennoeMkocts Cy TBEPABIX COCHHHEHUHN npu-
OAU3NTENBHO paBHA CyMME aTOMHbIX TEMJIOEMKOCTEH; NpH 3TOM MNpH-
HUMAIOT, 4YTO AN NPOCThIX BELIECTB OHM OJMHAKOBbI W PaBHBI
25 }Ixc-monb‘l-K"' =~ 3R (MCKJIIOYEHHWE COCTABNAIOT JIETKUE IJIEMEHTHI);

¢ npaswio Heiimana—Konna (NpaBuno anauTUBHOCTH): TETI0eMKOCTh C),
CIIOXXHOrO BellecTBa paBHAa CyMMe TenioeMKocTeil oOpa3ytommx coean-
HEHUE MPOCThIX BELIECTB;

® MONbHBIE TENNOEMKOCTH OPraHMYECKUX XUAKOCTEH pacCUMTBLIBAIOT CYM-
MHPOBaHHEM ATOMHO-TPYIIMOBbIX COCTABNSAIOMWIMX (MHKPEMEHTOB) TEILIO-
eMKOCTe. 3HaueHUs! HEKOTOPbIX MHKPEMEHTOB NpuBeeHbI B Tabs. 3.2;

e A BONBLIMHCTBA OPraHUYECKUX COCAUHEHNH B HEOOIBIIOM UHTEpBae
temneparyp C, = a + bT, npuuem b/a = 0.0022.

Tak Kak ¢ M3MEHEHUEM JaBNEHUA DHTANBIUA HAEANBHOrO ra3a He U3Me-
HEETCH, TO W SHTAILINA PeakUUy MeXay WACATbHLIMU ra3aMy OT JaBJIEHUS
He 3aBUCHT. B cnydae peanbHbIX ra3oB oTianune A OT COOTBETCTBYHOLUEH
BEJTMYMHBI, MONYYEHHON AN UIEANBLHBIX ra3oB, MOXHO BBIYMCIHTb, HANpU-
Mep, C IOMOLLbIO YPABHEHUH COCTOSHNA YHACTHUKOB PEAKLIHH :

oA H z_T(aA,v’) AV,
b ), or ),

Jns KoHAeHCHPOBaHHON (a3bl 3aBUCMMOCTL SHTANbIHKH peakUUH OT
JlaBlieHUs YYUTHIBAIOT C IOMOLLBIO H300apHOoro ko3 duLMeHTa pacluupeHus
BeujecTBa a (cM. § 1).

3HayeHHS HEKOTOPBIX rPYNNOBLIX BKJIA40B
n3o6apHbIX Temoemkocreit (7 =293 K)

ATom unu rpynna | C, Jix-moas K™ | ATom uam rpynna Cp Jox-mons K™
—CH; 41.32 —O- 35.02
—CH,— 26.45 -NH, 63.6
0]
—CN 58.16 —--c< 79.90
OH
O
—CsHs 127.61 “"C\/\ 60.75
o~
P 0]
~CH= 22.69 —c? 61.5
™~

' BeiBon dopmynsi (3.9) npusenen B § 5.

(3.9)

Tabnuuya 3.2
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L_l:I_PI/IMEPm

Ipumep 3-1. CranaapTHble 3HTaNbNKKY 00pa3oBaHus XUAKOH U ra3006-
pa3Hoit BoabI ipu 298 K pashb! —285.8 1 —241.8 kJ[-MOML ' COOTBETCTBEH-
Ho. Paccuunraiite sHTANBNMIO HCNIApEHUs BOZIBI IPH 3TOH TeMmneparype.

Pewenue. DHTANBNUN 00pa30BaHUS COOTBETCTBYIOT CJERYIOWMM peak-
LIMSM:

1
Hao + = Oz = HiO), AH;®=-285.8 kJh-Monb

HZ(r) + % 02(1-) = HgO(r), AHZO =-241.8 KII)K'MOJIB“].

Bropyio peakHi0 MOXXHO MPOBECTH B JBE€ CTaJMH: CHAYala CKeub BOJO-
poa ¢ 06pa3oBaHHEM JKUAKOH BOAbI MO NEPBOH peakuMy, a 3aTeM WUCNapuTh

BO4Y:
HZO()K) = HZO(r)a Anano =7?

Torna, cornacuo 3akony I'ecca,
AH\® + AyenH® = AHSY®,
OTKy/Ja
Ayen® = —241.8 — (-285.8) = 44.0 xJbi-mons '
Omeem.44.0 xlx-Mons .
IIpumep 3-2. Paccuuraiite SJHTAIBNMIO peakiiu
6C + 6H(y = CeHg

a) Mo HTANBNUAM 00pa3oBaHH;

6) no 3HeprusM CBA3M, B NPEANONOKEHNUH, YTO ABOIHbIC CBA3H B MOJe-
kyne C¢Hg dprikcupoBanbl.

Pewenue. a) Sutanbnuu obpazoBanus (B kJDk-Mone ') Haxomum B TTpu-
noxxexuu (tabn. I1-5, I1-6):

AdH°(CeHery)) = 82.93, AH(C()) =716.68,  AdH°(Hy) =217.97.
OHTanblius peakiHy paBHa:
AH® =82.93 - 6-716.68 — 6:217.97 = 5525 kJIK-MOab .

6) B navHO#t peakuyy XMMHYECKHE CBA3H HE pa3pbiBalOTCA, a TOJbLKO
obpasylorca. B npubsimokennd pukcHpoBaHHbIX ABOHHBIX CBA3eH MO/eKyna
CsHe conepxur 6 ceaseii C-H, 3 ceasu C-C u 3 cazu C=C. Duepruu cps-
3eit (B K,D,xc-Monb") (Tpunoxenue, Tabn. [1-4):

E(C-H)=412, E(C-C)=1348, E(C=C)=612.

OHTANBLIUA peakUUu paBHa:

AH® = —~6-412 + 3-348 + 3-612) = —5352 kJlxk-Monb .
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Pazuuua ¢ TouHbIM pedynbTatoM —5525 wJDK-Momb ! ofycrnosneHa TeMm,
yTo B MOJeKkyse GeH3ona HeT oauHapHbix cBaseit C—C u ABo#HBIX CBA3EH
C=C, a ectb 6 apoMaTuueckux cBazeit C+C.

Omeem.a)-5525 xk-Monb I 6) 5352 xﬂm-monb"'.

Mpumep 3-3. INonb3ysck CNPaBOYHbIMH JAHHBLIMH, paccduTaiite 3H-
TAIbIHIO PEaKLK
3CU(m) + 8HNO3(aq) = 3CU(NO3)2(aq) + 2NO(,~) + 4H20(,K)

npu 298 K.
Pewenue. Coxpamenﬂoe HOHHOC YPaBHCHUEC PEAKIIMK UMECT BUL

3Cugrs) + 8H ' (ag) + 2NO3 (g = 3Cu™ 1y + 2NO(yy + 4H,0 .
ﬂO BaKOHy Fecca, AHTANBIINA peaKunM paBHa:
AHP = 4-AcHP(H3000) + 2-AcHP(NO(ry) + 3-AHP(CU™ " (4)) — 2-AHP(NO53 o)

(HTanbnun obpasoBauus Meau ¥ MoHa H' pasubl, mo onpenenenmo, 0).
[Toacrasass 3HaueHua 3HTanbnui obpasosanus (Ilpunoxenue, Tabn. I1-5),
HAXOAHM:

AH® = 4.(-285.8) + 2.90.25 + 3-64.77 — 2-(-205.0) = ~358.4 xJIx

(B pacuere Ha TPU MOJIS MEAH).
Omsem.-358.4 xIx.

Tpumep 3-4. PaccuuTaiiTe 3HTanbnuio cropanus mertada npu 1000 K,
eCcli1 JaHbl SHTaNbLNUU 06pa3oBanus npu 298 K:

AfH°(CHy) =-17.9 Kxan-Monb",

AH °(CO,) = -94.1 kkan-mon b,

AH °(HyOy) = —57.8 kxan-monp’ h

TennoeMmkocty rasos (B xaﬂ-monb“lal(‘}) B HHTepBane otT 298 no 1000 K

paBHbL:
C(CHy) = 3.422 +0.0178-T, C,(O;) = 6.095 + 0.0033.,
CH(COy) = 6.396 + 0.0102-T, C,(H,0(0y) = 7.188 + 0.0024-T.

Pewenue. DHTANBIIMA PeakUMM CrOpaHUs MeTaHa
CHa(r) + 202(,—) = COg(r) + 2H20(r)
npu 298 K pasHa:
A Hyy =-94.1+2:(-57.8) - (-17.9) = ~191.8 kkanr-mom ™.

Haiinem pasHocTs TennoemxocTeii kak GpyHKLUIO TEMNIEPATYPhI:

AC, = C,(CO,) + 2C,(H;0(y) — CACHyg) — 2C(0y) =
=5.16 — 0.0094T (kan-mons ' -K™).
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Ouransnuto peaxuuu npu 1000 K paccunrtaem no ypasuenuto Kupxroda:

1000
A Hyoo = A Haog + [ (5.16-0.0094-T)dT =
298
=—191800 + 5.16-(1000 — 298) — 0.0094-(1000% — 298%)/2 = —192500 kan-Monb "

Omeem.—192.5 kkan-Monb .

IIpumep 3-5. Micrions3ys MHKPEMEHTHYIO CXEMY, PacCuHTaiiTe 3HauYeHHe
n306apHoii TenioemkoctH u3odyTHnauerara npu 293 K.

Pewenue. Hcxoas U3 CTPYKTYpPHbIX OAaHHBIX M BEIMYHMH aATOMHO-
rpynnoBeIX BKJIA0B, NPUBEAEHHBIX B Tabu. 3.2:

Cp=3C,(—CH3) + C—CO0") + C,(-CHy-) + Cp(—-CH=) =
=3.41.32 + 60.75 + 26.45 + 22.69 = 233.85 -Mons K.

OnbiTHOE 3HaueHue 222.88 lec-monb‘l-K", T.e. ownbka He npesbilaeT 5%.
Omeem.233.85 Ibk-MOJlb" K.

LEAAAHET

3-1. Ckonbko Tenna notpebyercs Ha neperoa 500r Al (r.nmn. 658 °C,
AnaH® = 92.4 kan-r"), B3sITOrO npu 25 °C, B pacnnasieHHOe COCTOsHUE, C-
1 Cp(Alrmy) = 0.183 + 1.096-107* T xan-r K ™'?

3-2. CranaapTHas SHTAILIKA PEAKLUH
CaCOB(TB) = CaO(TB} + Coz{r),

nporekaromieh B OTKpeITOM cocyae npu Temneparype 1000 K, pasHa
169 kJlxc-Mons . Yemy paBHa Tennora 3TOM peakLuu, MpOTEKAOWEd npu
TOMH e TeMIepaType, HO B 3aKpbITOM cocye?

3-3. PaccuuraiiTe CTaHAAPTHYIO BHYTPEHHIOIO 3HEPTUIO 00pa30oBaHUS XKHI-
koro 6ensona npu 298 K, ecnu cranpapTHas sHTanbnus ero obpasoBaHus
pasHa 49.0 KZI)K-MOJIB".

3-4. Paccuuraiite snTanbnmio obpasosanus NyOs(r) npu T = 298 K na ocho-
BaHHUH CNEAYIOLUX AAHHbIX!

2NO(r) + O,(r) = 2NOK(r), AH° = ~114.2 xJIx-MoAb ',
4NO(r) + Oy(r) = 2N,05(D), AH,® = ~110.2 kIlx-Monb ',
Ny(r) + Ox(r) = 2NO(r), AH;°=182.6 KI{)K-MOﬂb'].

3-5. DHTaNnbNUU CropaHus o-rnoKo3bl, B-PpykTo3sbl M caxaposb! npu 25 °C
pasubl —2802, 2810 u -5644 K}I}K-Monb" COOTBETCTBEHHO. PaccuuTaiite
SHTATLIUIO FTHAPOJIH3a Caxapo3bl.
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3-6. Onpepenute sHTaNLNMIO 06pa3oBanus aubopana B,He(r) npu 7= 298 K
U3 CNENYIOWMX NAHHbIX:
B,Hg(r) + 30,(r) = B,0s(18) + 3H,0(r), AH;°=-2035.6 Kllxc-MOﬂb"',
2B(7B) + 3/2 Oy(r) = B,0s(TB), AH,°=-1273.5 Kﬂ)K*MOJ’lb—l,
H,(r) + 1/2 O5(r) = HyO(r), AH® = -241.8 kJDbk-Monb ™.

3-7. Paccuuraiite dHTanbnuio obpa3oBaHus cynbdara LHUHKA W3 MPOCTHIX
BeulecTB npu 7 = 298 K Ha 0CHOBaHUH CACAYIOIMX NAHHBIX:

InS=7Zn+8, AH\° = 200.5 KH)K-MO}H;_I,
27ZnS + 30, = 2Zn0 + 2S0,, AH,® = -893.5 kJbk-Mons ',
280, + 0, = 2S0;, AH° =-198.2 k]lx-Monb ",
ZnSO, = ZnO + SO;, AHP = 235.0 kJIx-Monb ™.

3-8. Haiinnure A %298 A0S peakuun
CH, + C]z = CH3C1(,~) + HC}(,-),

€C/TH U3BECTHDBI TENNOTHI CTOPAHUSA!
metana (AJHP(CHy) = —890.6 kx-Mons ™),
xnopmeTana (AJP(CH;Cl) = —689.8 kJx-Monb ),
Bojopoaa (A H°(H,) =-285.8 K,I{)K-Monb'l)
u Tennota obpasosanus HCl (A(H°(HCl) =-92.3 KlI)K-Monb"]).

3-9. Paccuuraiite TennoBoil agdekT peakuuu
NH3 + 5/4 02 =NO +3/2 HQO(r)

npu 7 = 298 K, ecnu U3BECTHBI CASAYIOUUE JAHHDbIE:

H,0¢ = HaOp0» AH\° =44 xJlx-Mons
1/2N; + 3/2H, = NH;, AHy° = —46.2 kli-Monb ',
H, + 1/20; = HyO(, AH3° = -285.8 xJlx-mons ™,
NO = /2N, + 1/20,, AH® =-91.3 kJ[x-Moab ™.

3-10. Ilpu B3aumopeiicTeud 101 MeTaIHYECKOro HATpUs ¢ BOJOH
ArHyes =—79.91 kJIx, a npu B3aumojeicteun 20 r okcuaa HaTpUs ¢ BOAOH
AHiog ==76.76 k1. Bona 6eperca B 6oabluoM u3bbitke. PaccuuTaiite Ten-

noty ofpaszoBanus okcuna Hatpus A Hyos (N2;0), eciu A H 598 (H2O) =
= -285.8 xJX-Monb .

3-11. Dxeprus cBa3u B Mosekyie H, paBHa 432.1 kJh-Mons |, a 3HEprus cBA-

34 B Monekyne N, paBHa 945.3 K,lbk-monb“l. KakoBa 3HTanbnus aroMu3auuu
~}

aMMHuaxa, eciii JHTaIbNuA 0bpa3oBaHus aMMuaka pasia —46.2 khbx-mons *?

3-12. Paccuuraiite cTanaapTHblit TernnoBoi a¢dexT peakuuy HelTpanu3auuu
NaOH + HCI =NaCl + H,0,

npoTexatollel B BOAHOM pacTBope npu 298 K.
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3-13. PaccuuTaiiTe cTaHaapTHbIN TemoBoif 3¢dekT peakuuu

CaSOy) + Na;COsaq = CaCOj(gy + Na;804¢aq)
npu 298 K, ecint A; H 505 (CaSOy(ry)) = —1434 k]lx-Momb .

3-14. Hanuuiute ypaBHenue Kupxroda ans peakuuu, nporekarolleit npu
NOCTOAHHOM ob6beMe.

3-15. 3aBncuMOCTb TeMI0BOro 3 dexTa peakiuu
CH3OH(,~) +3/20,=CO, + ZHQO(‘-)

OT TEMAEPATYPbl BbIPOKAETCA YPaBHEHHEM:

A H7(JIx)=-684.7-10° +36.77T -38.56 - 10° T2 +
+821-107°7% +2.88-10° /T .

Paccuuraiite usmenenue tennoemkoctu AC, ang 3toil peakuuu np 500 K,

3-16. CranpaptHad sHtaubnus obpazoBaHus AlyOsq, npu 298 K pasna
-1675 Kﬂm-monb". PaccuwnrtaiiTe cTaHZapTHYIO JHTANLOMIO 0OpasoBaHus
A1;O3(5y npH 800 K, eciy gaHb! MONbHBIE TEMIOEMKOCTH (B Hm-monb']-K“):
C,(Al)=20.67 +12.39-107°T,
CA0,)=31.46+3.39-10°T-3.77-10°T 2,
CAALO3) = 114.56 + 12.89-107°T - 34.31-10°T 2,

3-17. Suranbnus guccoyuauuu kapboxara kanbuus npu 900 °C u gaBneHuy
1 atm paBHa 178 kJbk-Monb~'. Boiegure ypaBHEHHE 3aBUCUMOCTH IHTAIb-
MUY peakudd OT TemnepaTypbl M paccyuTaiTe KOJIHYECTBO TeNNOThI, No-
rMOouIeHHOe NpH pasnokeHud 1 kr kapbonata kaneuus npu 1000 °C u 1 aTw,
€CJIU J1aHbl MOJIbHBIE TENJIOEMKOCTH (B )_I)K-MOIIB_I-K_I)I

CH(CaCOyrpy) = 104.5 +21.92:107°T = 25.94-10°T 2,

C(CaOry) = 49.63 + 4.52-10°T - 6.95-10°T 2,

CACOypy) = 44.14 +9.04-10°T - 8.53-10°T 2.

3-18. 3aBucuMoOCTb TEMIOBOrO 3¢heKTa peakLmu

1
Haw + 2 Oan = HO)

OT TEMIIEPATYPbl BLIPDKAECTCH YPABHEHUEM!:
A H 7 (Jx-Monb ') ==237.65-10° —=13.01T +2.88-107°7? ~1.71-10° /T .

Paccuutaiite usMenenune tennoemkoctd AC, u ACy a5 3T0# peakuuu
npu 800 K.

3-19. Paccuyuraiite Ternnosoi a¢dext obpasoBaHHs rekcarmapara HUTpara
maruus Mg(NO;),-6HyO(7s), €CTTH U3BECTHBI CNIEAYIOLIHE AAHHBIE:
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Mges) + 2H o) = Mg aq) + Hagry — 465.8 Kbk
Hag + Nagry + 3059 = 2H ag) + 2NO3 (o) — 409.4 I
Mg(NO3),:6H;0y) — Mg2+(aq) + 2NOj3 (aq) T 6H0 + 21.3 i JIx

Hz(f) + % Og(r) = H_}O(K) —285.8 KIL)K.

3-20. UzpecTHbl TennoBble 3hPeKTh! CAEAYIOIHMX PeaKLMH:
CH3COOC2H5(,K) + OH_(aq) = CH_?,COO_(aq) + C2H5OH(3)
A, H g =—54.7 xJlk-Monb .

CH3COOH ) + OH (4 = CH3C00 4y + H200m
A, Hjs ==57.3 Jlx-MOnb '

,

CH3C00C2H5(*) + 2Hyry = 2C3HsOH
A H 5q =—76.4 xJlx-Monb

PaccuuTaiite TennoBoii ad ekt peakumnu:
CszOH(*) + OZ(r) = CH3COOH(*) + HgO(x),
eclu 3HTanbnus 00pazoBaHus XHUAKOR Bobl paBHa —285.8 K,lbl(-MOﬂb".

3-21. U3BecTHul TeroBbie 3pdexTs! CreayolnX peakyuii:

CyHgry = 2CHsp, A, H3g =376.1 kIlk-MOmb
CH;{,CI(T) + Cl(r) = CH;;(,-) + C]2(r), Anggg =106.0 KH)K'MOIIB—}

2CH;Cly) + 2Nagy = CiHgy + 2NaClyy, A, H 305 =—742.9 k]JIic-Monb !
PaccuuTaiiTe sHepruto cBa3u B Mosiexyne Cly, ecnu 3Htansnus obpaso-

BaHUA XJIOpKHAA HAaTpus paBHa —411.1 kJbK-Monb .

3-22. UzBecTHb! Temiossie 3¢ dekThl CeAYOWUX peakinii:

CHsy + Hiy= CHagrys A H3e =—438.5 kJlk-Mons "
CH3Brg) + Bryy = CHyy + Brageyy A, Hogg = 45.5 klic-Mons
CH;Br(y = CH;Br), A, H3ge =23.9 kIk-Momb '

PaccuuTtaliTe SHTANBLIHIO PEAKLUN
CH4(r) + Bl‘z(*) = CH3BI‘(,K) + HBI‘(F),
eciii SHeprus cea3u B monekyne HBr pasna 366.3 Klbk-monb“‘,

3-23. UzsecTHbl Temnossie 3hdekThl cneayolmux peakuui:
C3Hyry = 2Cp) + Happ, A Hjg ==226.7 xJk-Mob "'

3CHyr) = CeHopmps A, H3gg =-631.1 xJx-moms™
C()H{}(ﬁ(} = C()Hﬁ(r)s Ai’ Hzogs = 33.9 KL{)K‘MORBN‘
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Paccuuraiite SHTANBNMIO Pa3fioKEeHHWs MOJEKyJibi O€H30Na HAa aTOMbI B
rasoBoil ¢ase, ecnu dHeprua cBa3u B Monekyne H, paBHa 436.0 kJDx-monb
a SHTanbug ucnapeHus rpagura cocrasnsger 716.7 kJli-Monb .

3-24, CranaaprHas sHTanenus o6pa3oBaHus MerunaMmunHa npu 25 °C pasHa
~23.0 kIbx-mMop . Paccunraiirte CTAHAAPTHYHO 3HTANLNUIO 00pa3oBaHHs Me-
TunamuHa npu 150 °C, ecny U3BECTHBI TENNOEMKOCTH:

Bettectno Copagnr) Hy, Nz CHsNy,
Cp, H-mony™ K™ 8.53 28.82 29.13 53.10

3-25. CranpaprHas sHTanbnus obpazoBanus popmansaernaa npu 25 °C pas-
na —108.6 kbx-monb . Paccuuraiire CTaHAApTHYIO JHTANBIHIO 00pa3oBaHus
dbopmansaeruaa npu 150 °C, ecau U3BECTHBI TENIOEMKOCTH:

BeuiecrBo Corpsdr) Hy, Oyn CH,O0,
C,, Ix-monp™ K™ 8.53 28.82 29.36 35.40

3-26. Hcnonb3ys 3HauYeHUS DSHTANbLIIUIA HEKOTOPbIX OKHUCIMTENLHO-BOC-
CTAHOBUTENIbHBIX peakUHi ¢ y4acTHeM npHpoaHbix kogakTopos (T = 298 K,
docharnsiit 6ydep, pH = 8), paccuuTaiite sHTANBNIUM peakUUi HUKOTUHA-
MUJaIeHUHAHHYKIICOTH 1A (HA;T') ¢ pasiM4HbIMU BOCCTAHOBJICHHBIMH
dhopMaMy (p1aBHHMOHOHYKEOTUA:

OMH-H, + HAJT = ®MH + HAJ]I-H + H'
2 ®MH-H, + HAJ" = (dMH-H), + HAJJ-H + H"

Peakuun AH®, xﬂm-monb"’
HALQ + H,= HAJI-H + H" 279
2Fe(CN)¢™ + ®MH-H, = 2Fe(CN),"~ + ®MH + 2H’ ~164.0
Fe(CN)¢~ + ®MH-H, = Fe(CN)"™ + 1/2(dMH-H), + H' -98.7
Fe(CN)s™ + 1/2H, = Fe(CN)s™ + H” -110.9

3-27. HUcnoab3ysa aaHHbie Tabauubl, paccUuTaiTe SHTANBINU peakLui npe-
BpauieHus o,B-D-manno3sl B a,B-D-dpykTo3y U o-1akTO3bl B [3-MansTO3y
(BoaHbIi pacTeop, 298.15 K).

Peakuus AH°, xJx-monn™
o, B-D-ratoxo3a = o,B-D-ManHo3a 9.3
o,B-D-rnoko3a = o,B-D-bpykTo3za 9.3
o-MansTo3a = P-manbTos3a -0.5
OL-JIAKTO3a = Q-ManbTO3a -5.9
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3-28. Ha pucynxax npencrasneHsl rpaduxu sasucumocteit A.C, = AT).
HU3obpazute cooTBeTCTBYIOUME 3aBUCHMOCTH A = A T).

(a) (6} (6)
A,(,‘f, ‘ A'C‘i' 4 AGC ‘

\

§ 4. Bropoii 3aKoH TepMOAHHAMHUKH.
JHTpONNA

[lepBbiit 3akOH TEepMOAMHAMUKM OMpeJCNseT 3uepreTuvyeckuil Ganamc
pa3fiu4HbIX MPOLIECCOB, B TOM 4UC/Ie XUMHUYECKUX peakuuii. BTopoil 3akoH
No3BONAET MPEACKA3aTh, MPH KAKUX YCIOBUAX MPOLECC BOIMOXKEH U KAKUM
OyaeT ero pe3ynbTaT Npu 3afaHHbIX ycaoBusaX. CyUICCTBYIOT HECKOJBKO K-
BHBAJIEHTHBIX (POPMYJHPOBOK 3TOTO 3aKOHA; JJISi MPAKTUYECKOrO MCMONb30-
BaHHs yn00Ha creayioLas:

O Cywecmeyem sxcmeHcueHas (hyHKUUA COCMOAHUA MePMOOUHAMU-
yeckoii cucmemst — Inmponus (S). llpu npomexanuu 8 u3onuposean-
HOU cucmeme o0pamMuMslx npOYecco8 ma PYHKYUA ocmaemca He-
UIMEHHOH, a NpU HEOOPAMUMBbIX — YEeIUYU8aem A

dSipa>0".

N3 sToro CJEeAYET, YTO MOCAC 3aBEPLUCHHA pENAaKCaAllHOHHBIX NPOHECCOB
npy COCTOAHHU TCPMOAHHAMHYUCCKOIO pPABHOBECHAR BHTPOMNHA H30AUPOBAH-
HOH CHCTEMB! JOCTUraeT CBOCIro MakCuMyma:

2
dSiva=0, d-S<0.

~

PasMepHOCTb JHTPONHHU — [3Heprusi/Temneparypa = Jlx-K™'], B cnpasou-
HBIX W3JAHMSAX IPUBOAATCS MONbHbIE Benuumnbl [Iic-moms K '),

[Moustie 3HTponuy ObLUIO BBEAEHO B TepMoauMHaMuky P. Knaysuycom.
Hepasencmeo Knayzuyca CBA3bIBAET U3MEHEHUC BHTPONHHK C KOJMUYECTBOM

'n= (ny, ..., hy) — HAOOP KOJIHUECTB BELIECTB.

(4.1)

49



50

Fnaea 1. OCHOBLI XMMUYECKON TEPMOAUNAMUKN

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7.a)

TENNOTh 8(), KOTOPbIM cHCTEMa OOMEHUBAETCA C OKPYXXEHHEM NPH TeMrie-
parype T:

as z LY ,
T
r/ie 3HaK paBeHCTBAa UMEET MECTO NpH 00paTHMbIX, @ HEPABEHCTBA — NPU He-
obpaTUMbIX Npoueccax.

HcTounukom HeobpatuMoro npouecca moxeT 6bith nuddysus, pac-
IUpEHHE CHCTEMbI NIPH CYLLIECTBOBAHUM PAa3HOCTH NABNEHHI MEXIy Hell
okpyxatouieil cpeoif, Tennonepesaya NpH pa3HbIX TeMnepaTypax, camo-
NMPOU3BOJbHbIE XHMUYECKHE peaKkliu B 00bEME CUCTEMBI U APYTHE duccu-
namugnele npoyeccel, CBA3aHHbIC ¢ HEOOpaTUMbBIM NpeBpalleHueM paboThl
B Temnory. HepaBeHCTBO (4.2) BLINOAHAETCS HE3aBUCHMMO OT MPUHUHBL
BO3HHKHOBEHHs HeoOpartumoro npouecca, 6onee Toro, ero WTOr Bcerja
npeackas’yeM — 3TO BblAeNICEHUE BHYTPH CHCTEMBI AONONHUTENBHOTO KOJH-
yecra Tennotsl. P. Knaysuyc Hassan 3Ty TEnnoTy, BbI3BAHHYIO HEPABHO-
BECHBIMH MpPOLIECCAaMH B CUCTEME, HexoMnencuposantou mennomoi (6;0)
(cm. Taxxe § 27). Tak kak Bcerpa 8;0 > 0, U UMEHHO €€ BNHUAHUEM HA POCT
HTPONHUH OOBACHAETCA 3HAK HEPABEHCTBA B (4.2), TO NPH U3OTEPMUYECKUX
NpoLeccax MOXHO 3aMUcaTh 3TO BhIPAKEHUE B BUIE PABEHCTBA:

dS=6.0+80)/T,
unu
dS=d.S +ds,

rae d.S = 8.0/T — u3MeHeHUe IHTPOIHH, BbI3BAHHOE PABHOBECHLIM TeEMso-
06MeHOM c okpyxeHueM, d;S = 8,0/T > 0 — pocT 3HTPONUU H3-3a HeobparTH-
MbIX MPOLECCOB B CUCTEME, ECIH OHH IPOUCKOLAT .

[Moncraensas Buipakenune (4.3) B (2.2), nonyuaeM obobwennyro popmy
3anucu nepeoco u 6Mopo20 3aKOHO8 MEPMOOUHAMUKU:

dU=TdS - pdV + p dn,,

HIH

1 p 1
dS =—dU +=dV - — dn,.
7dU+ o TZ:,u, ",

D10 ynoamenmanvhvie ypasuenus I'ubbca (cM. § 5); n3 HUX crenyer,
YTO YaCTHble MPOH3BOAHBIE SHTPOMUHU MO IKCTEHCHBHBIM fiepeMenHbiM U, V
H 71; BBIPAXKAKOTCA Yepe3 UHTEHCUBHBIE CBONCTBA CHCTEMbI:

(Z) -1
)y, T’

' YiHaekchl «e» u «i» — cokpatlenue oT «externaly u «internaly.
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(5_3] _E (4.7.6)
)y T

95 _ B (4.7.8)
On, UV T

=)

Panee (cm. § 1) ykassiBanoch, 4To nNpu TEpMOAVMHAMHYECKOM paBHOBE-
CHH TNPOMCXOJMT BbIPABHHUBAHHE COOTBETCTBYIOLUMX HHTEHCHBHbLIX nepe-
MEHHbIX (TEPMOAMHAMHUYECKHX CHJI) KOHTaKTUPYIOWHUX cucTeM. Tlokaxkem,
YTO PABEHCTBO TEMIIEPATYP, AABJICHUHA U XUMHUYECKUX NOTEHLHATIOB KOMIIO-
HEHTOB NIPH PAaBHOBECUHN HEMOCPEJACTBEHHO BLITEKAET U3 BTOPOrO 3aKOHa
TEPMOANHAMUKH.

PaccMOTpUM M30JIMPOBAHHYIO CHCTEMY, COCTOALLYIO M3 ABYX NOACHC-
TeM «A» U «B», OTKpBITHIX MO OTHOLUEHHIO ApYr K ApYyry (cm. puc. 4.1).
ITH noacHcTeMbl cnocobHbl OOMEHUBATLCA 3HEPTHEH W BELECTBOM, HO
obonouka, OrpaHMYMBalOLas CUCTEMY B LIEIOM, OCTAETCA HECKUMAEMOil H
aguabaruueckoil. BHyTpeHHss 3Heprus, dHTponus, o6beM U KoJMuecTBa
KOMMOHEHTOB — (PyHKLIMHM DKCTeHCHBHbIC. [loaToMy Ans u30JMpOBaHHOWH
CHCTEMBI, CocTOALIEH M3 «A» M «B», cnpaBeyIUBLI ClieyrOulUe COOTHO-
HeHUA:

ds =ds"™ + ds®, (4.8.a)
dU=dU™ +dU®, (4.8.6)
dv=dv® + q®, (4.8.8)
dn; = dn™ + dn{®, (4.8.r)

M IOCKOJIbKY U, Vun-— NoCTOAHHBIE, TO
dUN = —dU®, dV® = v, w dn/® = ~dn®. (4.9)

OHTpONHUs — BHYTPEHHee CBOHCTBO
TePMOAMHAMHYECKOH CHCTEMBL; COIIAaCHO
NoCTyNaTaM TEPMOJAHHAMMUKH, TIPH PaBHO-
BecHu oHa sBnseTcs PpyHkuueit BHyTpenneh
3HEPruv U BHELIHUX NEPEMEHHBIX.

Ecnu B KavecTBe€ BHEUIHMX NEPEMEH-
HBIX [U18 KK/A0# W3 noacucTeM «A» u «B»
BhIOpaTh X OOBEM H KOJNIMYECTBA BEILECTB,
T0 nonHslii  auddepenuman  GyHkuuH
§=S8(U, V, n) ana kaxaoi U3 MOACUCTEM

Hzonupoeannan cucmema, Puc. 4.1
sanuueTcs B Buae (4.6), a yacTHbIE POU3- cocmosuas u3s dyx

BoAHble OyAyT BbIpaXKeHbl (OPMYyNIaMH noocucmem, OMKpsIMoIx
@A.7). no omuowenuio Opye k opyey

R -
AN\
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(4.10)

(4.11.a)

(4.11.6)

(4.11.8)

(4.12.a)
(4.12.6)

(4.12.8)

C yuderom 3TOro M cooTHoueHui (4.9) obuiee M3MeEHEHHE SHTPOIMUU
H30NUPOBAHHON CUCTEMBI

(A) (B)
dSU,V,n =dS(A) +dS(B} = ig-——— — o8

dUu®W &
aU(A) V(A}'n(l\) 6U(B) V‘“’,n(m

as W ) as®) J )
- av’® +
VA e gw VP ) o o

(A) (B)
N Z oS oS

~| | G, & on,®

4 U(M,V(M ‘nmj(/\)

dn i(A)

|) @ 8By
TR N

CornacHo BTOpOMY 3aKOHY TEPMOJMHAMHKH, TIDH PAaBHOBECHH JHTPOMNMA
H30JIMPOBAHHON CUCTEMBI IOCTUTAET MAKCUMYMa, TO eCTb dS;; yy = 0. M3me-
Henus dUYY, dV™ dn™ e caasanst Mexay coGOH, I09TOMY PaBEHCTBO Hy-
mo dSyvn MOXET GbITH TONBLKO B TOM CJIyyae, €C/iu PaBeH HYJIO KaXIblH U3
k03¢ dYUHMEHTOB, CTOALIMX B KBaIpaTHLIX ckoOKax, TO ecTh

[ as™ as® J
oUW Jvn au® Va

( as™® (2s® )

A B
ay( )) 5V()/

Un {/n

[%w} (as® )
® an®
on; UV

o) \on; JUY nixj

3anucbiBas YacTHbie Npou3BoaHble (4.11) B ABHOM BUE, NTOJTyYaeM yCao6us
DABHOGECUSL MEXY ABYMS OTKPBITbIMH NOJCHCTEMAMM:

T{A) = T(B) — TEPMHUYECKOE PABHOBECHE,

(A) — .(B)

p = p 7 — MEXaHHYECKOC PaBHOBECUE,

(A)

B
pd (B)

=W,  ,i=1,... — xumuuecrkoe pagnogecue.

Ecnu xoTq Obl HEKOTOPbIE U3 3TUX YCIOBUH HE BLINONHAIOTCS, TO CHCTeE-
Ma gBNsAeTCA HEPaBHOBECHOM, K B HEel MOTYT MPOUCXOJUTh PellaKCallMOHHbIE
MIPOLECChl, COMPOBOXKJAIOLIHECS BbIPABHHBAHHEM COOTBETCTBYIOLIMX TeEp-
MOIWHAMHYECKUX CUJL.

OcTaHoBuUMCs NOAPOOHEE HA FOMOTEHHBIX XUMHYECKHX peakuusax B 00b-
eMe CUCTeMbl. Takue peakl¥u ONMCBIBAIOTCA TMOCHEIHUM YIEHOM B NIPasoi
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yacTH paseHcTBa (4.6). AHanoruyHo 3anucu (4.4), M3MEHEHHA KOJIMYeCTs
KXJI0r0 U3 BeLecTB (dn;) B ciaraeMbix M0 3HAKOM CYMMbl MOXCHO pasie-
JIMTBH Ha JABE YaCTH,

dn: = deni + d,‘i?,,

OAHA U3 KOTOPBIX, di1,, OTHOCHTCS K MaccOOOMeHY MeX/ly CUCTEMOMN M OK-
pyXeHueM, a Japyrasi, din, — K U3BMEHEHUAM B KOJIHYECTBAX BEILUECTB M3-3a
NPOXoAsALUEH BHYTPH CHCTEMbl XMMHUECKO# peakuun. Ecau cuctema nsonu-
posauHas, (d.n, = 0) To, cornacHo (4.1) u (4.6):

Zu:dinl
! >

ds = -
RN | Y
T

1103TOMY

Zu;din, <0,

rie 3HaK paBeHCTBA OTHOCHTCA K 00paTHMbIM, a HEpaBEHCTBA — K HeobpaTu-
MbIM XUMMUECKUM peakuuaMm. Cneayer oOpaTuTh BHMMaHWe Ha TO, YTO M
npu HeoOpaTUMbIX XUMHUYECKMX peakuusx B (4.6) He MOABALETCA 3HAKA He-
PaBEHCTBA, MOCKOJbKY B JAHHOM ciyyae Y pdin, = —8;Q (cp. ¢ (4.3)).

B xoae xumuueckod peakUud B M30JMPOBAHHON CUCTEME 3JIEMEHTHbIN
COCTaB CUCTEMbl HE U3MEHSETCH, HO MPOUCXOAMT nepepacrpese/ieHue KoM-
MOHEHTOB MEXJY COCTaBIsIOIMMH BellfecTBamMH. Konudyecrsa cocrtapisio-
WHx, ding, B OTAMYHE OT KOJMMUECTB KOMITOHEHTOB, AB/SIOTCH 3aBUCUMbIMU
nepeMeHHbIMU. COrNACHO 3aKOHY KDAMHBIX OMHOUWEHUN, U3MEHEHUS KOJH-
YECTBa COCTABNANOLIMX B peakLWu JOJDKHbI ObITh NPONOPLHOHANBHbLI CTe-
XHOMETpHUeckuM koddduuuentam B ypaBHeHHH peakuuu. Koadduument
MPONOPUHOHANLHOCTU & Ha3bIBAOT xumuueckou nepemennou. Hanpumep,
LIS peakiuu

VAA + VBB = VcC

_drnA ___“dr’?s _dine

d}’;:

VA g:} Ve

C yueToM xuMHuecko# nepemenHoil BolpakeHHe (4.15) MOKHO 3anucarth
B BHJIE

Zu,v,d@SO.

Cymma
_z Wy, = A

Ha3bIBACTCH XUMUYCCKUM cpodcmeoM.

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)
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rnaea 1. OCHOBLI XUMHUYECKOW TEPMOAUHAMMUKH

(4.19)

Takum 06pa30M, BO3pacTaHue IHTPOINMNH KaK YCIIOBHEC CAMOINPOH3BOJIb-
HOTO NPOTCKaHHUA XUMHUYECKOH PE€aKLHH B n3onuposanuoﬁ CHUCTEME 3KBHBa-
JACHTHO!
¢  NOJNOXKHUTC/IBbHOMY 3HaAYCHUHIO XUMHUUYECKOro CpOACTBA. A>0,

*  OTPHLATE/ILHOMY 3Ha4eHmIo: » p,v,; <0.
i

[lpu paBHOBecHM XMMHYECKOE€ CpPOACTBO CTAHOBHUTCH pPaBHBIM HYJIO,
A=0.

AOconI0THasI SHTpONMS

AGCONIOTHOE 3HAUEHHE DHTPONMHU, NOJYYEHHOE NPH WHTErPHPOBAHWH
(4.2) nnsa oOpaTUMBIX NPOLECCOB, U3BECTHO € TOYHOCTBIO [0 NMOCTOSHHOI
UHTEerpuposanus (Sp):

T
S= 8_Q+Se.

0
3HauyeHHe ITOi MOCTOSHHOW YCTAHABNMBACTCS MpPembuM 3aKOHOM mep-
MOOUHAMUKU:

O IIpu nyneeoit aéconromnois memnepamype 3umponua 1106bix ge-
wiecms, HAXOOAUWUXCA 8 PAGHOGECHOM COCMOAHUU, UMeem OOHO U
mo Jice 3nayenue, ne lagucauiee om (Paioeozo COCMOAHUA Geuiecm-
6éa. B uzsomepmuuecxkux npoyeccax, npoucxoosuiux npu T = 0, 3H-
mponus He zaeucum Hu om 0606ueHHbIX CU, HU OMm 06061 eHHbIX
Koopounam.

Tak xak npu 0 K sHTponus Bcex BelIECTB OAMHAKOBA, TO KOHKPETHOE
3HauYeHue Sp HECYLIECTBEHHO U €r0 MOXCHO NPUHATH PaBHbIM HYMO (nocmy-
nam Inanka):

O IHpu abconomnom nyne ece udeansHoie KpUcmanisl umeom o0uHa-
KOYI0 JHMPONUIO, PAGHYIO HYIO.

[Toctynar I'lnanka no3BosifeT BBECTH MOHATHE AGCOMOMHOU IHMPONUU
BELUECTBA, T.€. JHTPOIMUH, OTCUUTAHHOW OT Hynesoro 3HaueHus npu T = 0.
Hcnonb3ys noHaTve abcomoOTHONH IHTPONMHU, CNEAYeT MOMHHUTL, YTO BbIBOJ
O MOCTOSHCTBE Sp OTHOCUTCH JIHLIL K NONHOCTbIO paBHOBECHbIM npu O K
cucTtemMaM. Ha camMom jene npu NOHMXKEHUHM TEMNEpPaTypbl YMEHbBILAIOTCA
CKOPOCTH pEeNakCaluMOHHBIX NPOLECCOB, H B BELIECTBE MOXET «3aMOPAXKHU-
BaThCA» HEKOTOpas OCTAaTO4HAs SHTponus (cM. 3aaavy 15-1).

Cnpaseanusocts nocrynara [Inanka noarBepxaaeTcs CTaTUCTHUECKUM
TOJIKOBAHMEM NOHATUA (3HTponusa». Cmamucmuueckoe onpedenenue SH-
mponuu OCHOBAHO Ha HJe€ O TOM, YTO HeoOpaTUMbiE MPOLIECCH! B TEPMOAH-
HAMHKe BbI3BaHbI NEPEXOAOM CHCTEMb! B GoJsiee BEpOSTHOE COCTOSHUE, MO-
3TOMY 3HTPOMUIO MOXHO CBA3aTh C BEPOATHOCTHIO:
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S=knW, (4.20)
rae k — nocrostinas bonbumaua (k= R / N,), W — Tak HaszbiBaeMas TEPMOAU-
HaMHYecKkas BEPOATHOCTH, T.e. YMCIO MHUKPOCOCTOSAHMIA, KOTOpbI€ COOTBET-

CTBYIOT JAHHOMY MaKpOCOCTOSHUIO CHCTEMBI.
®opmyny (4.20) nasbiBaoT gpopmynou bonvymana. bonee noapobuo
CTATHCTHYECKHI acreKkT MNOHATUA «IHTPOMUA» pacCMOTpeH B rnase 4
(§ 15). C yBenuyenueM KOAMHECTBA MOJIEKY] U YHCJIA OCTYNHbIX YPOBHEIA
3HEpruy TepMoAHHAMUYECKas BEPOATHOCTb PE3KO YBEJIMUMBAETCA, TaK UTO
I OOBbIYHBIX MOJIEKYJIAPHBIX CHCTEM NPH MOBLILIEHUW TEMIEpaTypsl U
pasynopsaa04EeHHOCTH IHTpONUA Bo3pacTaeT. BepHo u obparHoe.
Pacuer usmeHeHus JHTPOIINA
B pa3/IHYHbIX Npoueccax
PacueTbl M3MeHEHHA DHTPOMUHU B PA3NIMUHBIX MIPOLECCAX OCHOBaHBbI Ha
MCNOJIb30BAHUH COOTHOUIEHHA (4.2) M YaCTHBIX MPOU3BOJAHBIX SHTPONUHM 110
TEPMOANHAMHYECKUM NEPEMEHHbBIM:
(E.S_] S [éé\ S (4.21.2)
os oV )
(_.] =_,(__. , (4.21.6)
op ), orT ) »
(_a_s} =(6_P) _ (4.21.8)
ov ), \oT),
[Mocnennue nBa ToxaecTsa NpeACTaBASIOT coboil coomuowenus Mak-
ceena (BbiBOA cM. B § 5).
1. Hacpesanue wiu oxnaxcoenue npu nOCMosSHHOM 0agieHuy
Konuuectso TemioTsl, He06X0AUMOE ISt H3IMEHEHHS TEMIMIEPATYpPhl CHC-
TEMbl, BbIDKAIOT C NOMOLLBIO TENNOEMKOCTH: 8005, = Cp dT.
T T
280 2C
aS= [—2=] T (4.22)
h n
Ecnu TennoeMKoCTb He 3aBHCUT OT TEMNEpaTyph! B HHTepBale oT T Ao
T, To ypaBHeHue (4.22) MOXXHO PORHTErPHPOBATH:
& (4.23.a)

AS=C, In—,
N/
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(4.23.6)

(4.24)

(4.25)

(4.26)

Ilpn Gonee cnoxHol TemMnepaTypHOW 3aBUCHUMOCTH TEIJIOEMKOCTH B
BbipaXkeHUH (4.23.a) nosBAAOTCA AONONHUTENbHBIE craraembie. Hanpumep,
€CJIH TEMNOEMKOCTb ONKUCHIBAETCA PALOM

C =a+bT +cl/T,

P

TO COOTBETCTBYIOLLCE U3MEHCHHUC DHTPONTHH

T 1 1
AS =aln—2 + b(Ty - T)) ~—¢| — ——
Ty r, T
Ecnu u3MmeHeHue TemmepaTypbl MPOUCXOAUT MPU MOCTOSHHOM 0OBbEeMeE,
TO B hopmynax (4.22) u (4.23) C, Hano 3amenuth Ha Cy.

2. H30”1€DMU‘£€CKO€ pacwiupenue wiu caicamue

Hna pacucTa 3HTPONKHU B 3TOM Cl1yHae HaJ0 3HATh YPaBHCHHE COCTOSHUA
cucTeMbl. Pacuer oCHOBaH Ha MCMONL30BAHUKH COOTHOWIEHUS MakcBenna:

Vs
AS = [a_s) av = j(-aﬁ) av .
i v ), ; or J,

B wuyactHocTH, MNpyd H30TEPMHUYCCKOM pacCllVpeHud WAealbHOTO Trasa

(p=nRT!V)

V.
AS =nRIn—%.

Vl
DTOT K€ Pe3yNbTaT MOXHO MOJIYYUThb, €CJIH UCTONb30BAaTh BbIPAKEHHE

AJ1 TEMIOTHE H30TCPMUYMECCKOTO 06}3&THMOT‘0 pacliMpeHuda HacanpHOro rasa.
Qqﬁp =nRT ln( VQ/V] )

3. Da3zosvie nepexodwl

[Tpu obpatumom ¢dazoBoM nepexoae TeMmmnepaTypa OCTAETCs NOCTOAH-
HOM, TennoTa $a3oBOro NepexoAa NP NOCTOAHHOM JIaBJICHUN paBHa Ag, H,
NO3TOMY W3MEHEHUE SHTPOMKUU COCTABNSET:

AS T s 8 fownd PR ARG, .
T I Qq;.n. TQ),n,

[Tpu nnaBneHUM ¥ KUIIEHUH TETNOTA NOOW@ETCs, NOITOMY IHTPONYS B
3TUX MpoLEccax BO3PACTAET: Sy < Sy < S;. [Ipn 3TOM 3HTpONMS OKpyKaKo-
e cpelibl YMEHbBILAETCA Ha BETUUHUHY Ay, S, MOITOMY H3MEHEHHE SHTPO-
nuu BcenenHo#t pasHo 0, kak ¥ nonaraetcs jis oOpaTMMOro rnpouecca B
M30IMPOBAHHOMN CUCTEME.

Ecan ¢asoBbiif nepexon MpoOWCXOAMT MpH TeMNeparype, OTIMYHOH OT
TeMneparypbl o6parimoro ¢aszoBoro nepexona, To UCNONb30BaTh (BopMyy



Mnaea 1. OCHOBbI XUMUYECKON TEPMOAUHAMMKN

(4.26) Heab3n, TaK KAK COrIaCHO BTOPOMY Hauyany TEPMOAHWHAMHUKU NP He-
obpaTuMbIX npoueccax

as > 50 .
Td).n

(4.27)

B Taknx cnaywasx mjig pacyeTa 3HTPONHHM MCTIONbL3YIOT €€ CBOMCTBA Kak
$YHKUHHM COCTOSSHUA, paccMaTpuBas UMK (CM. npuMep 4-4):

BellecTBO AS -9 BeINECTBO
A(a) > A(B)
npy naHHon 7 npu gaHHo T

AS = | —ZdT AS, = | —2dT
' T A ‘ H Y;b.n. T

BEINECTBO
A
npu
Teﬁpqh,n-

BELIECTBO

AB)

npH
Toﬁp.&n

4. CMewenue udeaibhbix 2a308 NPU ROCMOSAHHbIX Memnepamype u 0ae-
ReHuu

Ecnn n; Mone#i ogHoro rasza, 3anumaroniero odbreM Vi, CMELINBAIOTCH C
n; MOJIAMH JPYroro rasa, 3asumatoluero oobem Vs, 1o o6wuid o6bvem Gyaer
paseH Vi + Vs, npuueM rasbl paciliupsAIOTCS HE3ABUCHMO APYT OT Apyra U 3a-
HUMAIOT BeCb 00beM, NO3TOMY O0LIEE M3MEHEHHE DHTPONUH PAaBHO CyMMeE
M3MEHEHUH JHTPONUN KDKAOro rasa:

V, +V. Vi +V.
AS=n]Rln——1-;};-—3—+n2i€]n-——‘;’+—2:—(sn1 +ny)R(x, Inx; +x, Inx,),
I 2

(4.28)

TAE x; — MOJIbHasA J10Jif /-0 ra3a B [OJIy4eHHOH ra3oBo# CMecH.

U3smenenne suTponuu (4.28) Bceraa nojloUTENbHO, T.K. Bee In x; < 0,
MO3TOMY MJi€aJIbHbIE r'a3bl BCErAa CMELIKUBAIOTCA HEOBpaTHMO.

Ecau npu Tex ke ycroBUAX CMEIIMBAIOTCA JBE NOPUUH OAHOTO H TOTO
Xe rasa, To ypaBHeHHue (4.28) yxe HernpuMeHUMO. HuUkakux M3MEHEeHWH B
CHCTeMe MpH CMeLIMBaHWM He Habmoaaercs, U AS = 0. Tem He MeHee, ¢op-
myna (4.28) He COHEPKHUT HHKAKMX MHAMBHUIYalbHBIX MMapaMeTpoB ra3os,
NO3TOMY, Ka3anoch Obl, JOKHA ObITh NPUMEHHMA U K CMELLIEHUIO OJHHAKO-
BBIX ra30B. DTO NPOTUBOpEUYHE Ha3bIBAIOT napaookcom ['ubbeca. Cratucru-
yeckas MpHpOJa IHTPONUU CMELLIEHUs paccMmoTpeHa B § 15.
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58 Mnaea 1. OCHOBLI XUMHMYECKOW TEPMOLOHUHAMMNKM

3. H3menenue snmponuu npu XuMu4eckou peaxyuu
Pa3HOCTb MOJIbHBIX SHTPOIHI NPOAYKTOB peakiWH U PeareHTOB, B3ATbIX
B CTaHJAPTHBIX COCTOSHHAX, HA3bIBACTCH CMAHOGPMHOU 3SHMPONUel peax-

yuu. Jlna peakuuu

”

ZVfAi = ZVJBJ
i J

CTaHJApTHas SHTPONMA peakluuy paBHa pa3sHOCTH abCOMMOTHLIX DHTPOMHMH
MPOJAYKTOB H PEAreHTOB € Y4€TOM CTEXHOMETPHYECKHX KO3 PHULHEHTOB:

(4.29) AS°= 2, v,87 =2 viS
npoxn pear

Jis pacuyeta aGCONMIOTHOM SHTPONMHK BELIECTB B CTAHAAPTHOM COCTOSA-
HHMMW HAJ0 3HAThb 3aBUCHMOCTH TenjoeMKocTH C, OT TeMNEepaTypbl s Kax-
o U3 ¢as, a Takke TeMNepaTypbl U dHTaNbNUHU ¢a30BbIX nepexonos. Tak,
Hanpumep, abCcooTHAs IHTPONKA ra3oo0pa3HOro BeLECTBA B CTAHAAPTHOM
COCTOAHMM NpH Temnepatype I CKIaAbIBAaETCA M3 CNEAYIOILUX COCTaBIIAIO-
wux (cM. puc. 4.2):

Tag C o Tvun o 7
Ay H C Ao H C .
(4-30) Sjo = J. p(rs) dT + m + I px) dT + —en + j' pir) dT
0 r T‘”‘ T r TKHII T T
nn Kun
C/T) ' (a) ‘ S A (6)

1 i ]

| ‘ HIAK : ' 2

.- ' i

KpHCT ?\: ‘ b AeS

i | | | |

| | el :

i !\' AwsS ( i

; : : ] i |

i ] 1

| : H ] i i

] ] ra3s 11 } { :

I L ,

i i ’ T i 1 i ."T

T Tan T Tw  Tom r

Puc. 4.2

(a) K pacwemy snmponuu no pesynemamam usmMepeHus menioemMKocmu,
(6) 3aeucumocms s3Hmponuu 6m memnepamyput

B TepmoanHamuueckux Tabnuuax oOblYHO NpUBOAAT 3HaueHus abco-
JIFOTHOI 3HTPOMUKM B CTAHAAPTHOM COCTOSHUM NpH Temnepartype 298 K nan
Tabynupytot 3Hauenus S° ¢ warom no temneparype 100 K.

AGCOMOTHbIE SHTPOMNH YHACTHUKOB PEAKLMH NPU NABNEHUH, OTIIHYHOM
OT CTaHAAPTHOTO, HAXOAAT, HHTErpupys cooTHoweHue (4.21.6):

ro(av,

(4.31) S, (T, P=S)(T,p° =~ [| == dp.
p°= p
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[_EMMEPE]

Ilpumep 4-1. Onpeaennte 3aBUCUMOCTb IHTPONUM OT o6bema i Tep-
MOJMHAMHUYECKOH CHCTEMBI, KOTOpPas OMMCHIBAETCA YPABHEHUEM COCTOSIHUSA
(A% OQHOTO MONA):

(;H— “)(V—b):RT.

VQ

&)-(8). -+
v ), \ar), V-b'

Hurerpupys 310 paBeHCTBO, HAXOAUM 3aBUCHMOCTh IHTPONUHK OT 0ObeMa:

Pewenue.

SW)= I—V—"%—b—dV = RIn(V — b) + const,

rae const 3aBUCHT OT TEMNEPATYPbl.

Ilpumep 4-2. Paccuurtaite w3MEHEHHWE IHTPONMM NPU HarpeBaHWUH
0.7 monb MoHOKIIMHHO# cepbl OT 25 Ao 200 °C npu masnenun 1 atm. Mons-
Hast TeTJI0EMKOCTb CEPbl paBHa:

Co(Serm)) = 23.64 iK' -moms ™,
CiSery) = 35.73 + 1.17-107-T JoxK " -mons ™.

Temneparypa nnaBsieHUss MOHOKJIMHHOM cepbl 119 °C, yaenbHas tenno-
Ta fJjiaBneHus 45.2 lbx-r'l.

Pewenue. Obuiee n3MeHeHNe 3HTPONUH CKIAAbIBAETCA U3 TPEX COCTaB-
AAIOWIHX:

1) narpesanue TBepAao# cepel oT 25 00 119 °C,

2) nnaBneHwue,

3) narpeBanue xukoi cepol ot 119 5o 200 °C.

7
" Cp(m) 392

AS = | dT =0.7-23.64:In—-2 = 4.54 oK.
7
as, Omfl_07:452:32 ) op
T T, 392
B C oo 473

AS; = |
Ton

AS = AS) + AS, + AS; = 11.88 Thi-K ™.
Omeem.11.88 iK™

dr=0.7-1.17-107 -(473«392)+0.7-35.73-!n5—2-=4.76 Tk - K"
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Mnaea 1. OCHOBbLI XUMUUYECKON TEPMOAMHAMUKU

Ilpumep 4-3. Haiiaure u3MeHeHUe SHTPOMNUK rasza U okpyxatoiueit cpe-
Ilbl, €CITH 1 MONEH KWACANBHOTO raza paclUpAOTCS U30TEPMHUYECKH OT 00be-
Ma V, no obbema V;:

a) obparumo;

0) NpOTUB BHELLHETrO JIaBAEHNA p.

Pewenue. a) 3meHeHue 3HTpoNKMH raza nput o6paTiMoM H30TEpMHYe-
CKOM paclIMpPeHHH MOXHO HaiTH C MOMOLUBLK TEPMOAMHAMHYECKOTO Ofpe-
JeJIEHHUS IHTPOINUU C PACUETOM TENNOThI PACIIUPEHHS 110 NEPBOMY 3aKOHY:

Vz 6 v
As, = | Qz‘jﬁ" .—.Q;?" =nR1n?2—.
v, 1

Tak kak paciuupenne obpartumoe, To obluee n3MeHerne aHTponuu Bee-
nenHo# pasHo 0. MOITOMY U3MEHEHHE DJHTPONIHHU OKpY’Xaloiueit cpelisl paBlo
H3MEHEHHIO IHTPOINMH ra3a ¢ 0OPaTHLIM 3HAKOM:

Vs
AS ~AS, =-nRIn—.
4

okp

6) DHTpPONUA — PYHKIIMA COCTOAHUA, NOITOMY H3MEHEHHE DHTPONUHU CHC-
TeMbl HE 3aBHCHT OT TOFO, KaK COBepLIANCs 11poliece — 0OpaTHMO Wit HeoOpa-
TUMO. HM3meHenue sHTpOIHKM rasza npu HeoOpaTUMOM PpacILMPEHUH [POTHB
BHEWIHETrO JaBieHns OYACT TaKHM 3Ke, KaKk U Npu o6paTHMOM paclMpeHHH.
Hpyroe feno — 3HTpONMs OKPYXKAOLEH Cpeibl, KOTOPYH) MOYHO HaiiTH, pac-
CYMTAB C [TOMOLLBIO NEPBOro 3aKOHA TETUIOTY, MEPeaHHYIO CUCTEME!

:Qoxp _____W_i:p(yi“Vz)

AS
woT T T

B 3TOoM BbIBOAE MBI HCTOAb30BaMH TOT (hakT, uto AU = 0 (Temneparypa
nocrosHHa). PaboTa, coBepliaeMas CUCTEMOI MPOTHB MOCTOAHHOrO BHELU-
HEro JaBACHHS, paBHa:

~W=p(V>— 1),

a TeruioTa, NpUHATas OKpyxatoulel cpejoil, paBHa paboTe, coBeplLicHHOM
CHCTEMOM, ¢ 0OpaTHbIM 3HAKOM.
Ob61uee U3IMEHEHHE IHTPOIKH ra3a u okpyxatoilel cpeap! 6oapuie 0:

AS=nRIn-++ 212750,
V, T

KaK H noparacrca nad He06pa’mmor0 npouecca.

Mpumep 4-4. Paccyuraiite usmenenue s3nTponuu 1000 r Boasl B pe-
3ynbTare ee 3aMepsauus npu —5 °C. Tennota nnasacuus npaa npu 0 °C
pasHa 6008 Jk-Moab™. TernoemMkocTH NbAa W BOAbl paBHbl 34.7 u
75.3 ﬂm-K'"‘-MOJIb'I, cootBeTcTBeHHO. OOBACHUTE, MOYEMY JHTPOMUSR 1IpH
3aMep3aiuyu YMEHBILIAETCA, XOTH MPOLECC — CAMONPOU3BOJIbHbILIA.



"'naea 1. OCHOBbI XUMUYECKOW TEPMOAUHAMMKM

Pewenue. HeoOpaTuMblii mpoLece KpUCcTaNNM3alni BOAbl MPY TEMNepa-
Type -5 °C MOXHO NpeicTaBUTh B BHIE NOCIENOBATE/ILHOCTH 0OpaTHMbIX
NpOLECCOB:

1) HarpeBakue Boabl 0T —5 °C g0 Temnepatypb! kpuctayuusauuu (0 °C);

2) kpuctanau3zauus Boas npu 0 °C;

3) oxnaxnenue npaa ot 0 go -5 °C:

273K )K-z—bTB

1]9 E

268K X —TB

H3MeHeHKe SHTPONIMK B MEPBOM M TPeTbEM Ipolieccax (TNpH U3MEHEHUH
TEMIIEPATYPbl) pacCuuThIBaeTcs no gpopmyie (4.22):

T

X C
AS; = | ro8) gp 21000 26 3 1023 - 773 i,
;T 18 268
7,
1000 268

LC
aSy = | ‘”;f“’ dT =

7}(?

347 . In=—2= -35.6 Ix-K .
18 "7 fx

H3MeHeHue 3HTPONMH BO BTOPOM MpPOLIECCE PACCUMTHLIBAETCA KaK Ans
obbryHOrO hazosoro nepexona (4.26). Heo6xoauMo ToJIbKO WUMETH B BUAY,
YTO TENAOTA MPH KPUCTA/UIM3ALMH BblaEASeTCA:

_ApH 1000/18-6008

AS, =
T 273

= —1223 K.

Tak xak 3HTpoNHUs — QYyHKLHA COCTOAHHA, obLlee H3IMEHEHHUE DHTPONHY
PaBHO CyMME 10 3THM TPEM NpoLeccam:

AS = AS; + AS, + AS; = -1181 iK™,

DHTPONMUA TIPU KpHCTamiu3auuu yObIBaeT, XOTH INpPOLECC CaMOIIPOU3-
BOJIbHBIH. DTO CBA33aHO C TEM, YTO B OKDPYKalOULYIO Cpely BblAENsAeTCA
TEMJOTa W JHTPONMA OKpYXAIOLUEed cpelibl YBE/HYHBACTCSA, [PHYEM 3TO
yBenuyeHnue 6Gonbiue, uyem 1181 Jix-K™', mostomy suTponus Bcenenuoii
Np¥ KPHUCTAUTM3aLHKU BOIBI BO3PACTaeT, KaK M nonaraetcs B HeoOpaTHMOM
npouecce.

Omeem.—1181 iK',

L_SLAJ_IA‘IEI_]

4-1. [lpuBeanTe nNpuMep TEPMOAHHAMHYECKOTO NpoLiEcca, KOTOPBIA MOXET
ObITH NpoBeeH kak obpaTHMo, Tak U HeobpaTumo. Paccuuraiite H3mMeHeHue
SHTPONHH CHCTEMbI H OKpYIKatolleli cpelibl B 060HX ciiy4asx.
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Mnaea 1. OCHOBBLI XUMUHECKON TEPMOAVHAMMWKNA

4-2. llposepbTe HepaBencrBo Knaysuyca ansg uukianuyeckoro mnpouecca,
npeAcTaBjieHHOrO B 3anaye 2.14.

4-3. PaccuuTaiite MonbHyt0 3uTponuto HeoHa npu 500 K, ecnu npu 298 K u

TOM %e 0Bbeme IHTPONHA HeoHa pasHa 146.2 Jhx-K™'-moms ™.

4-4. PaccuyuTtaiiTe U3MEHEHHE SHTPONKHM NpH Harpesanuu 11.2 n asora ot
1o 50 °C v onHOBpEeMEHHOM yMEHbLUCHHH JaBiekus ot | at™ a0 0.01 atm.

4-5. Onuu mons reaus npu 100 °C u | atm cMenBaoT ¢ 0.5 Mob HeoHa
npu 0 °C u 1 atM. Onpenenure W3MEHEHHE DHTPOIMUH, €CNIH KOHEYHOE [1aB-
Jieuue pasHo | arm.

4-6. PaccunraiiTe U3MeHEHHEe IHTPONHK Npu 0OpazoBanuy | M BO3/1yXa U3
asorta 1 kucjopona (20 00.%) npu remneparype 25 °C 4 faBneHus 1 atm.

4-7. Tpu Mons HaeansHoro oaHoatomHoro rasa (Cy = 3.0 kan-K™'-mom™),
Haxoaaweroca npu 7, = 350 K u p; = 5.0 at™, obpariimo n aanabatuyecku
pacLIMpsIOTCs 10 AaBieHud py = 1.0 atm. PaccuMraiite xoHeuHble TeMnepa-
TYpy ¥ 00beM, a Taloke COBEpLIeHHYI0 paboTy W M3MEHEHHE BHYTpeHHeH
SHEPrHH, FHTANBIHH H S3HTPONHHU B 3TOM fpoLecce.

4-8. PaccuuTaiiTe M3MEHEHHE DHTPONUU NPH HarpeBaHuu 0.4 Monb xjiopuaa
Hatpus oT 20 go 850 °C. MonbHas TeNNnOeMKOCThb XJIOpHa HATPHS paBHa:

Cp(NaCli)) = 45.94 +16.32:107.T iK' -moms™,
C,(NaClyy) = 66.53 oK' -mons ™.

Temneparypa nunasnenus xaopuaa Hatpus 800 °C, tenniota niabiaeHus
31.0 Klbwmonb“‘.

4-9. Paccuuraiite M3MEHEHHE BHTPONHH MPH CMELIEHHH 5 KI BOAbI MpH
80 °C c 10 kr Boasl npu 20 °C. YaenbHYIO TeNIOEMKOCTb BOIBI MPHHATD
pasuoii: Cy(H,0) = 4.184 hicK™' -1,

4-10. Paccuuraiite uaMeHenue 3HTponud npu aodbasnennu 200 r nbja, Ha-
xoasuierocs npu remneparype 0 °C, k 200 r Boas! (90 °C) B u30114pOBaHHOM
cocyne. Tennorta nnaeneHus gbaa pasia 6.0 kDk-Mon b,

4-11. Jina HeKOTOpOro TBEpAOro Tena HaiaeHa 3aBUCHMOCTb ko3(duuuneHTa
pacluMpeHus OT JaBlieHUs B HHTepBasle AaBNeHui ot p; o py:

ov 2
— | =a+bp+cp”.
(5) =areree

Hackonbko yMEHBLUHUTCS SHTPONMS 3TOrO TeNa NpH CKATHH OT Py 110 pr?

4-12. Halinute U3MEHEHHE DHTPONMUM raza M OKpYXKarowei Cpenbl, eClii n
monell WaeanbHOro rasa pacuMpAlOTCs W3OTEPMHUYECKH OT AABNEHUS py 10
JABIIECHUS Po:

a) obpaTtnmo;

6) NpOTHB BHELUHETO AABJIEHUA D < Ds.
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4-13. 3anuuiKuTe BbipaXEHHE ANA pacuyera abCoOMOTHON 3HTPOMHH OAHOrO
mons BoAbl npu Temnepatype 300 °C u paBnedun 2 at™.

4-14. Hapucyiite rpadHK 3aBUCHMMOCTH CTaHAApTHOHW 3HTPONHHM BOABI OT
Temieparypsl B uHTepsaie ot 0 1o 400 K.

4-15. 3anuluuTe 3HTPONHUIO OAHOTO MOJA HACANBHOrO ra3a Kak (yHKUHMIO
TEMIIepaTypbl ¥ AaBNEHHA (TENN0EMKOCTL CUNTATh NOCTOAHHOI).

4-16. Onpenenvre 3aBUCHMOCTH SHTPONHUH OT 00beMa U1 TEPMOJHHAMHYe-
CKO# CHCTEMBI, KOTOpas ONUCHIBAETCA YPABHEHHEM COCTOAHUSA (I/if OJHOrO
Mo ):

(p+T—;—é—J-(V—b)=RT.

4-17. Onpenenunte 3aBUCHMOCTb HTPOIHH OT 00bema AJ1% TEpMOJHHAMHYE-
CKOH CHUCTEMbI, KOTOpas ONMHCHLIBAETCS YPABHEHHEM COCTOSHHUSA (I OAHOrO
Mons):

b c
V=RT |l1+—+—1|.
d ( 4 sz

4-18. OauH MOJIb Ta3a ONKCLIBAETCSA YPABHEHHEM COCTOSHHA:
(p+f(M)(V -b)=RT,

rae V) — HekoTopas ¢yHKLHs, KOTOpad He 3aBUCHT OT TeMmnepaTypsl. Pac-
CYHMTAHTE H3MEHEHHE SHTPONHHU ra3a nMpH ero HeoOpaTHMOM H3OTEpMHYE-
CKOM pacluMpeHHH oT obbema V| o obwveMa V.

4-19. PaccunTaiite nameHeHue sutponuu 1000 r MeTaHona B pe3yabTaTe €ro
3amep3anus npu —105 °C. Tennora nnasneHus TBEPAOro MeTaHona MpH
—98 °C (r.nn.) pasxa 3160 Jhic-monb™'. TennoeMKkocTH TBEpAOTO U HKUJIKOTO
MmeTaHos1a paBHel 55.6 u 81.6 H)K-K"-Monb", cOOTBETCTBEHHO. OOBACHHUTE,
no4yeMy SHTPONUSA MPH 3aMEP3aHUW YMEHbLIUAETCHA, XOTA MpPOouEecc — caMo-
IPOU3BOJILHbIH.

4-20. TenoeMKOCTb HEKOTOPOrO BELIECTBAa B HHTEpBae Temneparyp ot 1
4o T, u3MeHseTcs cneayonuM obpazom:

8,
(S

€ * 1 d 1 X
T, 7

Hocmoi‘rne rpa(bm( 3aBHCHMOCTH JHTPOIIHH BCUICCTBA OT TCMIICpATypbl
B 3TOM HHTEPBAJIC TEMNCPATYP.

4-21. Tloas3ysach crnpaBOYHBIMH JAAHHBIMH, [TPHBEAHTE NPHMEpP CaMONpPOU3-
BOIIbHOH XHMHYECKOH peaKiuH, Aa KOTOPOH CTaHAapTHOE H3MEHEHHE JH-
Tponuu MeHblLue 0.
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IFnaea 1. OCHOBbI XUMUYECKOW TEPMOAUHAMMKN

4-22. Ionb3yacb cpaBOYHbIMH JAHHBIMH, PAaCCYHUTANHTE CTAHAAPTHOE H3IMeE-

HEHHE SHTPONMUH B peakunu Hyy + 1 Oy = HOpy
2

a) nipu 25 °C;
6) npu 300 °C.

4-23. PaccuuTaiite v3MeHeHUe BHYTPEHHEH JHEPruu, 3HTaNbNHU U DHTPO-
nuu npu HarpeBaduu 200 r Boawl oT 25 °C 10 HOpManbHOH TeMmnepaTtypbl
KHMEHHUS M NOJIHOM MCIIAPEHUH )KHUAKOCTH (NaBleHue HopManbHoe). [1pumu-
T€, YTO MOJIbHAA TEMIOEMKOCTb BO/Ibl HE 3aBMCHUT OT TEMIEPATypbl H paBHa:
C, =753 IxK ".mons™'. YaenvHas tennora MCIIAPEHHUS BOJbI NMPU MOCTO-
AHHOM JaBeHHH paBHa 2260 i1,

4-24. PaccuuTaiite M3MEHEHUE BHYTPEHHEH JHEpPrUM, DHTAJIbNWM U IHTPO-
nuu npu HarpesaHnu 200 r 6enzona ot 25 °C 10 HOpMallbHOI TeMIEpaTypsbl
kuneHus (80.1 °C) ¥ nonHOM HMCNApeHMH XHUAKOCTH (laBleHue HopMallb-
Hoe). [IpuMuTe, YTO MO/IbHAA TEMIOEMKOCTb OEH30M1a HE 3aBHCHT OT TemIie-
patypsl U pasHa: C, = 136.1 Dx-K '.moap™'. YaenbHas TensoTa HenapeHus
6eH301a NpY MOCTOAHHOM JIaBNeHHH paBHa 395 Tower™

4-25. 3.00 monb razoobpassoro CO; pacluupsoTcs H30TEpMHUECKH (B Ten-
JIOBOM KOHTaKTe C OKpy»atolueld cpenoit, umerowei temnepatypy 15.0 °C)
MPOTHB NMOCTOAHHOro BHeiwuHero AarieHus 1.00 6ap. HauanbHbili ¥ koHeu-
Hblil 06bembl rasa pasHbl 10.0 1 u 30.0 n, cooTBeTcTBeHHO. PaccyuTalite ns-
MEHCHHE DHTPOIHH:

a) cucrembl, cynutas CO, uaeanbHbLIM ra3om;

6) oKkpy:xaroLei cpeasbl;

B) Beenennol (cucrema nitoc okpyskaiowas cpeaa).

4-26. CtanaapTHas 3HTponus 3o01a npu 25 °C: Sy, = 47.40 Jok-mons™ K™
ﬂfm HarpeBaHuu 10 484 °C suTponus 3o0s0Ta yBenu4usaercs B 1.5 pasa. [lo
KaKoH TeMIeparypbl HaJI0 OXJIAJUTh 3010TO, YTOObI €ro CTaHJapTHas SHTPO-
nus Obia B 1Ba pa3a MeHblue, 4eM npu 298 K? TennoeMkocTs MOXHO cuH-
TaTh He 3aBHCALLEH OT TEeMNepaTypbl.

4-27. CrangapTHas sHTponua anMasa npu 25 °C: qug = 2.38 Ihx-mons K.
[Npu Harpesanuu fo 167 °C sHTponus anMasa yBenuuusaetcs pasoe. o ka-
KOif TemnepaTypbl Hajlo HAarpeTh ajiMa3s, 4ToObl €ro CTaHAapTHas 3HTPOMHS
Obuia B TpH paza Gonbuie, yem npu 298 K? TennoeMKOCTb MOXKHO CHUTaTh
HE 3aBUCALLEH OT TeMNepaTyphbl.

4-28. B xoae HexoToporo npouecca cucrema noayuuna 1.50 k[Dx Tennorsl
npu 350 K. Ilpu 3ToM SHTpOMHS cucTeMbl u3MeHHnach Ha +5.51 Ibc K.
MOKHO /1M CYHTaTh 3TOT Mpouecc TepMoaHHaMuyecku obpartumbiM? OTseT
obocuyiire.

4-29. lokaxuTe, YTO TEMNepaTypHas LUKana HAEAlbHOTO rasa U TEPMOJH-
HaMHUeckas llKana TeMrneparyp, 6a3upyriuascs Ha BTOPOM 3aKOHE TepMo-
JIHHAMMKH, COBNAJAIOT C TOYHOCTBIO 0 NOCTORHHOTO MHOXHTEN.



MNnaea 1. OCHOBbI XMMUUYECKON TePMOANHAMUKMN

4-30. TlokaxxuTe, YTO NPOLECC CMEUIEHHA ABYX XXHIAKOCTEH C TeMmrnepaTypa-
mu T 1 T B H30AMPOBAHHOM COCY.JI€ ABIAETCH HEOOPATHMBIM.

4-31. MOXHO 7 NMOCTaBUTb 3HAK PABEHCTBA MEXAY H30IHTPOMUHHBIM H
anuabaTHYECKHM TpoLeccom?

§ 5. TepmoanHaMuUUYeCKHe TOTEHIIUAIBI

BHyTpeHHsis SHeprus ¥ SHTPONHA OTHOCATCA K KJacCy xapakmepucmuye-
ckux ¢hynxyuii. OyHKUMS HA3BIBAETCA XapaKTEPHCTUYECKOH, eciiy BCe TEpMO-
AMHAMHYECKNE CBOWCTBA FOMONEHHOM CHCTEMBI MOTYT OBbITh BbIPXKEHBI HETIO-
CPEACTBEHHO Yepe3 Hee H €€ YacCTHble NMPOHM3BOJHbIE 110 COOTBETCTBYHOLIHM
nepemeﬂﬂbmi. OTH HE3aBHCHMbIC NepeMeHHbIC Ha3bIBAOT eCMeCcmEeHHbIMU.
XapakrepucTuueckue (YHKLHH, NO ONpeaeieHHio, coaepxkar B cebe BCIO
TepMOJAIMHaMUyeckylo WHpopmauuio o cucteme. Ho He Bce OHM OIMHAKOBO
yAoOHbBI U1 peLleHUs KOHKPETHbIX 3aAa4. TaK, HEKOTOPbIE U3 €CTECTBEHHBIX
MepeMeHHbIX, HAlPUMED, SHTPOMHIO, HEMb3S H3MEPATh (KOHTPONWpPOBaTh) B
X0Zie KaKoro-To npouecca. [loatomy Bcraer 3anaua nepexoja OT OJHMX nepe-
MEHHbIX K APYTHM — JKCIIEPUMEHTAIBLHO U3MEPHUMbIM, HO C YCIOBHEM COXpa-
HEHUS XapaKTEPUCTUHHOCTH camof ¢ynkuuu2. Takoii nepexoa ocyiecTBs-
0T ¢ TOMOWLIO npeobpazosanuil Jlexcandpa (cM. npumep 5-1).

C nomotibio 3THX NpeodpazoBaHMil BBOAATCS APYFHE XapaKTepHCTHYE-
CKue PyHKLMH:

* oHmanenua

H(S, p,n)=U+pV,
e ouepeus [ enbmzonoya
KT, V,n)=U-1TS§,
e onepeus 'ubbca
G pmy=U+pV-TS=H-TIS=F+pV.

B ckobkax ykazaHbl UX ecTecTBeHHble nepemeHnHbie. ®yHkuuu U, H, F, G
Ha3bIBAIOT TAKXKE mepMoouHamuieckumu nomenyuanramu. Bee noreHuHanbl
HEe HMEIOT M3BECTHOro abCONIIOTHOrO 3HAYEHHSA, MOCKOJBKY OMNpeAeNeHbl C
TOYHOCTBIO O MOCTOSHHOMH, KOTOpas paBHA BHYTPEHHEH 3HEpruu npu adbco-
JIIOTHOM Hyne. Bce OHHM HMEIOT pasMEpPHOCTL JHEPIrHH.

3aBHCHMOCTb TEPMOAMHAMHYECKHX MOTEHLHANOB OT HX €CTECTBEHHBIX
NEPEMEHHbBIX OMUCHIBACTCA OCHOBHBIMU YPABHEHUAMU MEPMOOUHAMUKU —

' TIoHATHE «XapaKTEPHCTHUHOCTLY CBA3AHO C OMNpENENeHHLIM HaGopoM mepe-
MeHHBIX. DYHKOUs, XapaKTepHCTHYecKas Ui OAHOTO HaGopa MepeMeHHBIX, nepe-
cTaeT GbITh TAKOBOI nipu Apyrom Habope.

* CoxpaHeHHe XapakTEPUCTHYHOCTH 03HAYAET, YTO M3 NAHHOMN XapaKTepHCTHUe-
ckoif QYHKIIHHM C MOMOLLUBLIO HEKOTOPBIX MPeoOpa3oBaHUil MbI NOJIyYaeM IPYFyl0, U3
KOTOPO# UCXoaHas (GyHKLHA BOCCTAHABIMBACTCA OAHO3HAYHO, T.€. IIPH 3TOM B Hedl
COXpaHAETCA BCA MCXOIHAs TEPMOJAHHAMHUECKAas HHPOPMALIHA O CHCTEME.

& feyen
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Mnaea 1. OCHOBbBI XUMMYECKOW TEPMOAUHAMMKIN

(5.1.a)

(5.1.6)

(5.1.8)

(5.1.n)

(5.2)

(5.3)

dynoamenmanvivimu ypasHenuamu 'ubbca. B anddepenunansHoii hopme
3TH YpaBHEHHUA UMEIOT BHA:

du = (au) ds + [au) vy =
38 Jya ' oV g, 7 )y s

i

=TdS~pdV+ > pdn;,
i

a= (2] ase (‘3“’) dp+Z[?‘{{‘J dn,=
08 ) pu P Jsn ~{ On; .

=TdS+ Vdp + Zpidni ,

dF=(9’i) o + [‘3”] 2D Ll B
aT Vn aV T.n : a’z'

t

=—SdT - pdV + Zp.,-dni :

o- () (5] +-3(2) o
or ap Tn p.T.n,,;

=-SdT+ Vdp + Zu,dn ,

rae XMMHYECKHil oTeHHal

u.:[éz} (aHJ (9_5) [éc_)
ani SV.n on S.pny., anf TV, 6’15 T.pn

127 12)

XapakTepu3yeT NpupauieHde COOTBETCTBYIOWIEro TEPMOJHHAMHHECKOTO M0~
TEHHana NpH M3MEHEHHH KONMYecTBa AAHHOrO BELECTBA M TNOCTOAHCTBE
€CTECTBEHHBIX NMEPEMEHHBIX H KOJIMYECTB OCTalbHbIX BellecTB. PaBeHCTBO
XHMHUYECKHX MOTEHLHAIOB BEILECTB ABAAECTCS MPU3HAKOM HX XHMHYECKOTO
PaBHOBECHS; Pa3HOCTh XUMHUYECKUX MOTEHL{HANIOB ABNACTCA JBHXKYLICH CH-
JIOH npH MacconepeHoce.

Ecnu B cucTeMe coBeplaeTcs HECKONLKO BUAOB paboT, CBA3aHHBIX C fe-
PEHOCOM BELLECTBa, TO AJIA ONMUCAHHA PaBHOBECHBIX COCTOSHHH BMECTO XH-
MHYECKOro NMOTEHLHaNa HCMoNb3YIOT NOHATHE «MOAHbBIU ROMEHYUAn», KOTo-
pblif MOMHMO XHMHYECKOr0 BKJIHOYAET AONOJHHUTENbHbIE BKJaAkl OT 3THX
Bua0B pabot. Hanpumep, npu H3MEHEHHH 3JIEKTPUHYECKOTO 3apsja CHCTEMBI
Ha dq ee BHYTpEHHAS 3HEPrUs H3MEHAETCH Ha @dg, re ¢ — SMeKTPHUYECKHI
noreHunan. Ho 3apsaa Henb3s nepemeiniat 06e3 MaTepHalibHONO HOCHTENA,
MO3TOMY, HCHOAB3YA YCJIOBHE COXpaHEeHus 3apsja g = F Z z;n; (F —uaucno

F

®apanen), ypasHenue (5.1.a) cnenyer nepenucaTh B BUJE:
dU =TdS - pdV+<pdq+Zp,dn =TdS - pdV+Zp,dn +(pFZz dn; =
=7dS - pdV +Qdg + Z(u, +z, F(p)dn



F'naea 1. OCHOBbLI XUMNUYECKOK TEPMOAUHAMMKI

B 3ToM ciyyae nonHblit (3neKTPOXHMHUYECKH ) NOTEHLUHAN i-I'0 BELUECT-

1
Ba U, HMEET BHI.

b-u +zFo=|2Y | oH
pi “t i (P an 6’1 ani an

t/8V.m,, LS. payy, TV.n,; t/T.pony

or) (26

AHanorn4Ho, ecnu Hekotopas (paza HaxOAMTCA B NOJNE TATOTEHHA H
HMeeT OONbILYI NPOTHKEHHOCTH BIO/bL TPalWEHTa Moids, TO MOJHBIH no-
TEHI{HAN i-r0 KOMMOHEHTa 3ToH (a3bl 3aNUCLIBAETCA B BHJE!

w* =+ Mgh,

rae M, — MonspHas Macca i-ro BelecTBa, g — MPaBHTallMOHHAA NMOCTOAHHAA,
h — BbICOTA.

3uas moboil M3 noTeHuHaNoB KakK (yHKUHIO €CTeCTBEHHbIX MNEpEeMeH-
HBIX, MOXCHO C MOMOLILBIO OCHOBHOTO YpaBHEHHS TEPMOJMHAMHKH HaliTH BCe
Apyrue TepMoAvHaMHueckue (QYHKLUHH W mapaMmeTpbl cucTemsl. s storo
HCTIONB3YIOT coomuowenun Maxceenna. PaccMOTpUM, HanpHMep, Bbipaxe-
nue (5.1.a) ans BHyTpeHHei sHeprun. Tak kak dU — nonubiil gudppeperum-
al, YacTHble NMPOU3BOAHbLIE BHYTPEHHEH 3HEPruH NO €CTECTBEHHBIM [Mepe-

MCHHbIM DAaBHbIL:
as ), v )

Ecnu npoanddepeHuuposats nepsoe TOXKIECTBO Mo o6beMy, a BTOpoe —
10 SHTPOIHH, TO NONYYATCA CMEIIaHHbIE BTOPbIC IPONU3BOAHBIE BHYTPEHHEH
3HEpruH, KOTOPLIE PaBHbI APYT APYTY:

)3
oV ) s ),

Ipu nepekpectHoM auddepeHUMPOBAHHN OCTaNbHBLIX ypaBHeHHH (5.1)
TIONy4aloTCe elile TPH COOTHOUIEHHS:

), -(%)
op)g \as),’

(3) -(2)
ov )y \er),’

)-8
ar ), op )r

: B nacroswee BpECMA B JICKTPOXHMHH NPUHHATO ofbo3Havarh INCKTPOXHUMBUEC-

il

CKHIt MOTEHUHANT YepToi cBepXy, M,. Caenyer ob6paTHTh BHUMaHHE, YTO 3TO HUKaAK
HE CBA3AHO C NOHATHEM NapLUHANBLHOro CBOHCTBA, KoTOpoe Gyner BeeaeHo B § 6.

(5.4)

(5.5)

(5.6)

(5.7.a)

(5.7.6)

(5.7.8)

(5.7.1)
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Fnaea 1. OCHOBL! XUMHUYECKON TEPMOANHAMHUKHN

Puc. 5.1

AHaNIOTHYHbIE PaBEHCTBA MOXHO 3aMUCaTh W IS JIIOOBIX APYrHx Tep-
MOAMHAMHYECKHUX TEPEMEHHbIX, €CIIH BOCMONb30BATECH YCJIIOBHAMH paBeH-
CTBa CMELUAHHBIX NPOU3BOAHBIX (DYHKLHIT COCTOSTHUA.

CBOHCTBO XapaKkTepUCTHYHOCTH TEPMOAHHAMU4eCKOH (PYHKUMM Npou-
JIOCTPHUPOBAHO Ha puc. 5.1, rie Moka3aHo, Kak ¢ NoMOLUbIO sHepruu ['n66ca
M €€ YaCTHBIX MPOU3BOAHBIX NO p,7 MOTYT ObITh BbIpaXKEHbI OCTAIBLHBIE TEP-
MOAHMHAMHYECKHE CBOUCTBA CHCTEMBI.

Hpyroii BaxxHblii CMbIC TEPMOAHHAMHUYECKHX TOTEHLHANIOB COCTOUT B
TOM, YTO € MX MOMOLILIO MOXHO YKa3biBaThb HanpaBJi€HUE TepMOAHMHAMHU-
yecKUX npoueccoB. Tak, HanpuMmep, €C/iM NPOLECC APOHCXOAHT NpH No-
CTOSHHLIX TEMIlepaType U AABNEHWH, TO HepaBeHCTBO (4.2), BhIpaxaollee
BTOpOW 3aKOH TEPMOAHHAMHUKH, 3KBHBAIEHTHO HepaBeHCTBY dG, ;< 0 (cM.
npumep 5-2), rae 3HaK paBeHCTBA OTHOCUTCA K 0OpaTHMMbIM mnpolieccam, a
HepaBeHCTBa — k HeoOpaTumbiM. [ToaToOMy npH HeoOpaTHMBIX Tpoueccax,
NPOTEKAOLMUX NPH NMOCTOAHHBIX TEMIIepaType W AaBieHWH, dHeprug ['ub-
6ca Bceraa ymesbuaetcs. MuHuMyMm aHepruu ['ub6ca cooTBeTCTBYET paB-
HOBECHOMY COCTOSHHIO CHCTEMBI.

V

os &’G &G
C =T(——) z—T(—-—J 1{oV ( Aral’)
»=Ner),, " \ar), ( )
A pa

“vler),,

v (%,

4
8 [ RS
\OT J,. or Jr, on, oI,
a(C F=G-pV=G6-p &
H=G+TS=G~T(§€J =T (—T—) G-» " ),

aT ). aT

.

\4  J

oG oG
U=G+TS-pV =G-T| == | -p| =
* p (aTJpa p[ ap )T,.

Caa3b MencOy xapakmepucmuyeckou yynkyuei — suepaueii [ ubbca —
U Opy2umu mepmMoOUHamMUuieCKUMY (DYRKYUAMU



I'naea 1. OCHOBbI XMMUYECKOU TEPMOQUHAMMUKU

AHanoruyHo, moboil TepMoaMHaMUUecKUi noTeHUMan B HeoOpaTHMbIX
MPOUECCaxX ApuU HOCMOSIHCMBE eCMeCMBEeHHbIX NePEeMEHHBIX YMEHBLLAETCS U
JOCTUIaeT MUHYMYMA NPH PaBHOBECHH:

Moresnunan EctecTBeHHbIe YcaoBue camo- Ycnosus
nepeMeHHbIe NMPOU3BOJIBHOCTH PaBHOBeCHS
U S = const, ¥ = const dU<0 dU=0,d*U>0
H S = const, p = const dH <0 dH=0,d"H>0
F T = const, V = const dF <0 dF=0,d°F>0
G T = const, p = const dG <0 dG=0,d*G>0

Haunbonbuiee 3HadeHne B NPaKTHYECKUX TEPMOJMHAMHYECKHX pacueTrax
WMEIOT /1Ba MOCNeHUe NnoTeHuuana — sHeprust ['enpMmrosbliia F' v sHeprus
['u66ca G, T.K. UX ecTecTBeHHbIe MepeMeHHble Hanbosee ya00HbI 1S U3Me-
peHus ¥ GUKCHPOBAHHA B XOJ€ XMMHUYECKUX npeBpauicHuil. @yHkuuu F v G
HMEIOT JOMOJIHUTENbHbIH PU3HKO-XHMiUeckuit cMbich. M3MeHeHue aHepruu
llenbMmronbua B kakoMm-nubo npouecce npu 7 = const, V' = const paBHO Mak-
CHMabHOH paboTe, KOTOPYIO MOXET COBEpILHTL CUCTeMa ApH obpaTuMom
npouecce:

Fl - FZ = _Wmax- (5‘83)

Takum obpa3zom, 3Heprus F paBHa TOW 4YacTH BHYTPEHHEH 3HEpPruu
(U= F+ TS), xoTopas MOXET npeBpaTuThca B paboTy.

AHasloruuHo, n3meHeHue sHepruu 'mbbca B kakom-i00 npouecce npu
T = const, p = const paBHO MaKCHMaNbHOI NMOJIe3HOH (T.€. HEMEXaHUYECKOM )
paboTe, KOTOPYIO MOKET COBEPLIMTL CHCTEMA B 3TOM TpoLiecce:

G -Gy = —Wion (5.8.6)

Pacuer usmenenus Heprun I'n66ca
H 3Hepruu [NeibMroJbia B pasjindHbIX Npoleccax

1. Hamenenue suepeun I'ubbca u Ienvmeonvuya npu usmenenuu memne-

pamypul
3aBucuMocTh 3nepruu ['u66ca v [NenbMmronsua ot Temneparypbt B 3a-

KPBITBIX CUCTEMAX MOKET ObITh ONpe/ieneHa ¢ NOMOLLbIO (PyHAAMEHTANIbHBIX
YpaBHEHHIA:

dF ==8dT — pdV , dG =-8dT +Vdp

HITH C IoMoLLbtO ypasuenus I ubbca — 'enbmeonvya:

(8(}7/7")) :_%, (5(61'7)) :___f_f_;_' (5.9)
or ), T or ), T
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70 F'naea 1. OcCHOBLI XHMNYECKON TEPMOAUHAMMKN

Dyuxuun F 1 G aBasioTes GyHKUUAMH COCTOSTHHSA, 115 HUX:

(5.10.a) oF

)
(5.10.6) ?9-] =-S5 .
P

Jns MHTErpHpOBaHHA OTHX ypaBHEHHit HAN0 3HATH TEMMEPATYPHYIO 3a-
BUCHMOCTb 3HTPOIHH, KOTOpas ONpPEAENseTCs TEIIOEMKOCTBIO CHCTEMBI
(popmyssl (4.21.a)). T'paduk 3aBucHMocTH sHeprun [n66ca’ ot Temnepary-
pbl B NIPEJNOIOXKEHUH THHEHHOH TeMNepaTypHO# 3aBUCHMOCTH TEMJIOEMKO-
CTH NpHUBEJEH Ha puc. 5.2.a.

(@) (6)
G-Hy A G-Hy b

ras

koHA. ¢a3a

_—

» >
T p

Puc. 5.2 3asucumocme snepeuu 'ubbca:
(a) om memnepamypet npu p = const, (6) om daenenua npu T = const

2. Hamenenue snepeun Iubbca u [ enomMeonbya npu u3omepmu4ecKkom
pAcUiUpe Uy Wik CHCAmuu

3aBucuMocTs 3Hepruu 'nb6ca u NenbMronblia OT napneHus U odbema
Npy NOCTOAHHON TeMIepaType MOXET ObITh onpejeNieHa HHTErPHPOBAHHEM
MPOU3BOHBIX!

(5.11.a) [G_F_] —p
v ), |

(5.11.6) [?ﬁ) v,
op )y

' Sueprus mb6ca BeulecTBA OTCUMTAHA OTHOCHTENLHO YCJIOBHO BbIGPAHHOIO
ypOBHA £,



Fnaea 1. OcHOBbLI XUMUYECKOW TEPMOQUHAMMNKN

I[J'lﬁ BOCCTAHOBJIEHHA BHMJA 3TOH 3aBUCUMOCTH HCO6X0,[[HMO 3HaThL_ypaB-

HEHUE COCTOAHUSA @aBl:l. Tak, ang naeabHoro rasza

Vy V.
Foy)-F) = "R gy - nrrin 2| (5.12.)
wV 2
P2
G(p)-Gip) =1 PR gy < nRTIn P2 (5.12.6)
Py p pl
Ecnu p; = p° = 1 6ap, To roBopAT 0 cmandapmuoi snepeuu I'ubbeca, G°
G(p)-G°(p°)=nRTInp. (5.12.8)
Ha puc. 5.2.6 npusenenst rpaduku 3aBMcUMOCTH 3Hepruu ['nbbca ot
JasieHus npu T = const 1ns KOHAEHCHMpOBaHHOM (a3bl U rasa.
3. Hamenenue snepeuti Iubbca u I eneMeonbya npu XumMuteckou peaKyuu
Pacuyer usMeHeHus ¢yHkuuid F u G B XMMHUYECKMX peakuuaX MOXHO
NPOBOAUTL Pa3HbIMU cnocoGaMu. PaccMOTpUM TpM M3 HUX Ha fpuMepe
suepruu ['nb66ca.
L. Ilo onpenenenmto, G = H — TS. Ecnn npolykThl peakuuu H HCXOAHbIE
BEILIECTBA HAXOANTCA TIPH OAMHAKOBO# TeMneparype, TO U3MEHEHHE SHEPrUH
'nb6ca B xumuueckoit peakuuu
2V,A =Yv,B;
i J
PaBHO
NGy =%v,G,(T)-Xv,G(T)=AH; —-TAS;. (5.13.a)
J i
B cranpapTHbIX ycnoBusx
AGr=Yv,G)(T)-Zv,G (T)=AHy -TAS;. (5.13.6)
J ' i
II. AHanornuHo TternnoBoMy 3¢dekTy peakun, U3MEHEHHE JHEPruH
I'n66ca MOXKHO paccuuTaTh, MCMOMb3YA CTaHAapTHbIe 3Hepruu I'nb66ca obpa-
30BaHUA PEareHTOB H NPOJYKTOB:
AGp = ZvjAfG? - Zv,Afo’ (T (5.14)
J i

Hin
5 ‘ i J i

HAnsa pacuera A/G nipu yCAOBHAX, OTIMYHBIX OT CTAHAAPTHBIX, UCIONb-
3y10T cooTHOLeHH e (5.11.6).
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Fnaea 1. OCHOBbI XUMUYECKOH TEPMOAUHAMMKMY

(5.15)

(5.16)

(5.17.a)

(5.17.6)

(5.18.a)

(5.18.6)

H3menenne sHeprumn [enbMronbua XUMHYECKOH peakuuu Mexay uie-
anbHbIMY razaMH CBA3aHO ¢ dHepruei ['ub6ca

A,G=AF+AVRT,

rae Av — U3MEHEHHe KOJIM4ecTBa Monel razoobpasHbIX BELLECTB B XOAe pe-
akuuu. J{ns peakuuii B KOHAEHCHPOBaHHOI (hase npu HeGONbLIMX JaBNEHUAX

AG=AF.

L CraupaprHag sHeprus ['m66ca peakuuu MoxxeT ObITh paccuHTaHa ¢
MOMOUIbIO CIMAHOGPMHBIX NPUBEOEHHBIX NOMEHYUANOE:

o G(T)-H"(0
®°(T) =~ ( )T ()’

oy =GO —TH (298)

raoe G°(T)— cranpapTHoe 3HauyeHue 3Hepruu ['ubbca npu Temneparype 7,
H°(0), H°(298) — cTaHaapTHbIe 3HAYEHUS JHTANBLIMYU NpU TemnepaTtypax 0 u
298 K.

Oyukuuu P°(T) u @'°(T) BbIMUCIAAIOTCA 4711 a30B M0 MOJIEKYJIAPHbIM
JaHHbIM, a AN KOHJAEHCUMPOBAHHBIX (pa3 — Ha OCHOBAHHUM IKCIEPHMEH-
TajqbHbIX JAHHbIX N0 TEMNOEMKOCTH. CBi3b MEXAY NPHUBEACHHBLIMHU MOTEH-
UuanamMu M cTaHzapHoii sHepruedl I'mb6ca peakuum BbipaxaeTcs COOTHO-
HIEHUSAMMU:

AG°(Ty=-TA,@°(T)+A H°(0) = —T{Zvjdi’f —ZV,Q"}A,H"(O) ,
Vi i

A,G°(T) =~TA,@"°(T)+A,H(298) =
= -T[Zvj@}p —Zvi¢;°}+A,H°(298) |
7 !

rae AH°(0), A H°(298) — cranaapTHble 3HTANBNXMKN peakuuu npu 0 u 298 K.

l_IIPI/IMEPm

Hpamep 5-1. Boinonuute npeobpasobanus Jiexanapa ans GyHkuuii:

a) OAHOM nepeMeHHoMi y = cos(x),

6) aByx nepemeHHblx U= U (S,V).

Pewenue. Tpeobpazosauus Jlexangpa aBAAOTCS NPUMEPOM TaK Hasbl-
BAEMbIX KOHTAKTHBIX NpeoOpa3oBaHui M UMEIOT BUA:

X=x"(x), Y(x) =xy'(x) - y(x), Y'(X) = x,
x =Y(X), p(x) =XY'(X) - X), y (x) = X.



Fnaea 1. OCHOBbI XUMUYECKOW TEPMOAUHAMUKMN

[peo6GpazoBanus Jlexxanapa nepeBoasT OaHY GYHKLHUIO B APYTYIO, B KO-
TOpOH OZ1HA NI HECKOJIBKO He3aBUCHMBIX NEepeMEHHbIX 3aMEeHeHbl Ha COOT-
BETCTBYIOILME YACTHbIE MPOM3BOAHBIE OT NEPBOHAYANLHON PyHKUMH.

a) y = cos(x), (dy/dx) = —sin(x);
€ TOYHOCTBIO 10 3Haka Y(x) = cos(x) + x-sin(x).

6) U=U(SV), dU=TdS ~ pdV.

YUto0Obl nepedTH K ApyrdM nepeMeHHbIM, Hanpumep (S, p), Haao K MC-
xoaHO# dyukunu npubasuts pV:

U+pV=H,
dH=dU+ d(pV)=dU + pdV + Vdp = TdS — pdV + pdV + Vdp = TdS + Vdp.

IIpumep S-2. MokaxuTe, YTO U3 BTOPOro 3aKOHA TEPMOANHAMHUKH Clie-
IvVeT yMmeHblleHue sHeprun 'nb6ca npy nporekaHud CaMONpPOU3BOJILHOTO
npouecca B 3akpbiToi cucteme npu p, T = const. [IpuMuTe, 4TO OTCYTCTBYIOT
Bce BUAB! paboT, kpoMe paboThl paclUMpEHHS.

Pewenue. Ina obecneyeHns M30TEPMUUHOCTH CHCTEMA JIOJDKHA Haxo-
JUTLCA B TENJOBOM KOHTAKTE C UCTOYHHUKOM TEMNOThl. DTOT UCTOUYHUK BME-
CTe ¢ MCTOYHUKOM paboThl, KOTOPBIH NOANEPIKUBAET NMOCTOSHHOE JaBieHUE
Ha BHELUHEH rpaHHUile CUCTEMBI, MOXHO BKJIIOYUTH B PACLUMPEHHYIO HU30/H-
poBaHHyl0 cucTeMy. [1py nporekanuu n306apHO-U30TEPMHUUECKOrO NPOLEC-
ca npu Wy = 0 U3MEHEHNE DSHTPONUU CHCTEMb! COCTaBUT AS,. B xone
npoLecca CUCTEMa NMojyvaeT (MM OTAAET) TEMIOUCTOYHUKY KOJIMYECTBO Te-
MNOThI:

Qcm:r = AH cuer Qucra

AH,
AS - CUCT .
HCT T

Obiee M3MEHEHHE 3HTPONUM BCEX YYACTHUKOB INpOLECCa B H30NHPO-
BaHHOM CHCTEME COCTABHUT
AH

St G4T=0, dp=0, Wuea=0.

ASoﬁm = AScucT - T

B cootBeTCTBUU CO BTOPBIM 38aKOHOM TCpMOJHHAMHUKH

AH,
ASoﬁm =AScncr ——y—iﬁ}:ﬂ.

[Mocnennee HEPaBCHCTBO PABHOCHUIIBLHO

AH, ~TAS.. <0, AH-TS)

CHCT —

wer 0, AG,,, £0.

Tipumep 5-3. BHyTpeHHAs 3HEPrus HEKOTOPOH CUCTEMbI M3BECTHA Kak
$yHkumus sHTpOonuU U obvema, U(S,V). Haiinure TeMnepatypy H TeraoeM-
KOCTb 3TOW CUCTEMBI.
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74 Fnaea 1. OCHOBLI XMMHUYECKOW TEPMOAUHAMUKIN

Pewenue. 3 ocCHOBHOTO ypaBHeHUsA TepMoAHHamukH (5.1.a) cneayerT, 4To
TemInepaTypa — 3To YacTHas NpOH3BOAHAA BHYTPEHHEH IHEPTHH 110 IHTPOIHH:

oU
r- [_ .
oS )y
H3oxopHas TensoeMKoCThb OnpenesseT CKOpOCTb H3MEHEHHUS DHTPOIUH €
TEMTepaTypoii:

Bocnons30BaBuIMCh CBOHCTBAMH YACTHBIX MPOM3BOJAHLIX, MOXHO BbIPa-
3UTH NPOU3BOAHYIO 3HTPOIHUH 10 TEMIIEPATYPE Yepe3 BTOPYIO NPOU3BOAHYIO

( )

C — — == .
Y (51“) (azU] [aqu
as 2 2
4 os° ), A
Ilpumep 5-4. Ucnosb3ys OCHOBHOE ypaBHEHUE TEPMOJHHaMUKH, HaH-
JUTE 3aBUCMMOCTB SHTAJIBNHY OT AaBJICHUA NPH MOCTOAHHON TeMmeparype:

a) JUIs IPOU3BOJILHOH CUCTEMBI;

6) ans uaeansHoOro rasa.

Pewenue. a) Ecnu ocHoBHoe ypaBHenue B popme (5.1.6) nozenuts Ha dp
MpU NOCTOSHHON TeMnepaType, Nnosy4uM:

) )
p )y op ),

[TpOM3BOAHYIO IHTPONHU MO AABJIEHUIO MOXHO BBIPA3HTL C MOMOLUBIO
cooTHoweHus Makcsenna (5.7.r):

o =—T(-a£) +V.
p ), ar J,

6) na uneanshoro raza V(T) = nRT / p. Tloacrasnss 3ty GyHKUHIO B
nocnefHee TOXKIAECTBO, NOJYyUHM: :

(.@_{{) T(..f.]_&zo
op ), p P

OHTANLINUA WAECANILHOrO ra3a He 3aBUCHT OT JaBJICHHA.

Ilpumep 5-5. JiBa Mond renust (waeanbHbii ras, MONbHas TENJIOEMKOCTh
C, = 5/2 R) narpesator ot 100 °C no 200 °C npu p = | ar™m. Buiuncsaure us-
MeHeHHe 3Hepruu 'u66ca B 3TOM npouecce, eciv W3BECTHO 3HAYEHUE IH-



F'naea 1. OCHOBbI XUMU4YECKOW TEPMOQUHAMMUKN

Tpornu remus, Sy, = 131.7 Jio-K ' -mons™. MoxHo nu cunrars 3T0T npo-

LECC CAMOIMPOH3BONbHBIM?
Pewenue. U3menenue 3uepruu M'i66ca npu Harpesanuu ot 373 no 473 K

MOKHO Haifl’m, npOHHTerpHPOBaB YaCTHYIO I]pOHBBO,{lHy}O o TeMHepaType
(5.10.6):
473
AG=G473 —G373 E J S(T)dT.
373
3aB“CHMOCTb SHTpOI“lMH oT TeMHepaTypbl Hp" MNOCTOAHHOM HAAaBNCHHH
Onpeﬂenﬁe’rc}] H306apH0ifl TEMITOEMKOCTBIO!

() S
or), T

Wnrerpuposaunue 3toro Beipaxkenus ot 373 K no T paer:

rC
S(:r)zn{s;f.,3 + | —MT): n(S3; +C, InT -C, In373).
wn T

[Toacrasnsag aTo BbIpXKCHHUE B HHTErpaj OT SJHTPONUU, HAXOOHM!

473
AG =— [ S(T)dT = -n [(s;,_,, ~C,In373)T +C,TInT - CFT] 173 - 26850 [k
373
[Tpouecc HarpeBanus He 06s3aH ObIThH CAMOMPOU3BOJILHBIM, T.K. YMEHb-
wenue Heprun [ud6ca CyKAT KPUTEPHEM CaMONPOU3BOJNBHOIO NpOTEKa-
HHS nipoliecca ToabKko npu T = const U p = const,
Omeem . AG =-26850 Ix.

IIpumep 5-6. Paccuuraitte uamenenue sHeprud I'n66ca B peakunu

co«*—%ofco2

npu Temneparype 500 K u napuuanpHbix gaBieHusx 3 6ap. Byner nu sta
peakiius CaMONnpOU3BONLHOM NPU NaHHbIX YCNoBUAX? ['a3bi CYUTATH HAEANb-
HbIMU. HeobxoauMble JaHHblE BO3BMUTE H3 CPABOYHHKA.

Pewenue. TepMmoauHamuyeckue AaHHble NpH TeMneparype 298 K wu
cTaHaapTHoM aasnenuu | 6ap cseneM B TabauLy:

75

DHTAALITHA
Surponus Tenno-

BeiecrBo obpazoBanust A Hzg,, S . JowK Mo
208 > AR

-1
K/x-MouIb

emkocTh G,

- K -monn™

CO -110.5 197.6 29.14

0O, 0 205.0 29.40

CO, -393.5 2137 34.57

. - q =
Peaxuus A_HS, kllbcmons™ | A S5oe , DK 'mons™ | AC, , Jo-K™ -monp

1 -283.0 -86.4 -9.27
CO+ 3 0, =CO,




76 Fnaea 1. OCHOBBLI XNMUYECKON TEPMORUHAMMUKN

Ipumem, yto A,C, = const. U3meHeHHs TepMoauHAMUYECKUX PYHKLMI
B pe3y/ibTare peakuuH PacCHMTaHbl KaK PasHOCTb (QYHKLMH peareHToB H
MpOJyKTOB:

Af=COz) — ACO) - -%- A0,

CranpaptHelil TerioBod >¢ipext peakuuu npu 500 K moxno paccun-
TaTth 1o ypasHeHuo Kupxroda B unrerpanbHoii ¢popme (3.7.6):

500
A Hgy=A Hypg + | A,C,dT =-283000 +(-9.27)- (500 - 298) = ~284.9 k[ - Mosb ™ .
298
CranpapTHoe u3MeHeHue aHTponuu B peakuuu npu 500 K moxHo pac-
c4yuTath no ¢opmyne (4.22):

500 AC
ASoo = A Sy + | %dr =—86.4 +(-9.27)-In(500/298) = —91.2 Jlx - mons ™" - K"
2698

CranaapTHoe uzMeHenue sHepruu 'nb66ca npu 500 K:
A,Gspo = A, Hgyy — S00A S5 = —284900 ~ 500 - (=91.2) = —239.3 «Jx - MoJtb ™.

Jns pacyera usmeHeHus sHepruu ['ub6ca npu napumanbHbIX JaBieHUAX
3 arM HeobxoauMo npouHTerpupoBath popMyny (5.11.6) u ucnonb3osath
yCNOBHE WAeaNbHOCTH ra3oB (AV = AvRT / p, Av — u3MeHeHHe yucia Mosiei
ra3oB B peakiuH):

m
AG(py)=A,G(p)+ [ AVdp=A,G(p)+AVRT In(p,/p)) =

M
= —240200+ (-0.5)-8.31-500-In(3) = -242.5 kJ{x - moss

3J1a peakuus MOXET NPOTEKaTh CAMONPOU3BOJILHO MPU AaHHBIX YCIOBUAX.
Omeem.AG=-242.5 KlI)K-MDJ!b".

LiAgAqﬁj

5-1. Beipa3ute BHYTPEHHIOK 3HEPrulo Kak GyHKLUMIO nepeMeHHbix G, 7, p.

§-2. HUcnonb3ys OCHOBHOE YpPaBHEHHME TEPMOJHMHAMHUKH, HalWJMUTE 3aBUCH-
MOCTb BHYTPEHHeH 3Hepruu oT 00bemMa npu NocTOSHHON TeMnepartype:

a) [Uid NIpOU3BOJLHOM CUCTEMBI;

6) Ans wacansHOro rasa.

5-3. U3BecTHO, 4TO BHYTPEHHAS IHEPrUsl HEKOTOPOro BEILECTBA HE 3aBUCHMT
otT ero o6beMa. Kak 3aBUCHT JaBiieHUE BellleCTBa OT Temmneparypbl? OTBeT
obocuyitTe.



Mnaea 1. OCHOBbL! XUMUYECKON TEPMOAUHAMUKNA

5-4. Buipazute npousBoaHbie (%—] ] (-@?—) Yyepe3 Jpyruve TepmMoaHHa-
T G

MHYECKHE NapaMeTphbl U QYHKLHH.

5-5. HanuwiuTe BblpaxkeHHe i OECKOHEYHO MAloro M3MEHEHHS JHTPOIIHU
Kak QyHKUUM BHYTpeHHeH 3Hepruu U obbvema. HaliauTe yacTHble Npon3soa-
Hble JHTPONHH MO 3TUM NEPEMEHHBIM U COCTABLTE COOTBETCTBYIOLIEE ypaB-
Henue Makcsenna.

5-6. [Ina HexkoTOpOro BellecTBa M3BECTHO ypaBHeHHe cocTtosHua p(V, T).
Kax usMmensercs rensioemkocts Cr ¢ H3MeHeHHeM obbeMa? Pewunre 3anady:
a) B o0O1LeM BUIE;
6) Ans Kakoro-iubo KOHKPETHOrO ypaBHEHHst COCTOSHUf (KpoMme uae-
aNnbLHOIO rasa).

5-7. JlokaxuTte TOXAECTBO:

oC otV

r o —_pl2r

p ), or?

P

5-8. Dueprus ['enbmrofislia OHOTO MO HEKOTOPOrQ BELECTBa 3anuchiBa-
eTcs cheayrolum odbpasom:

F=a+T(b-c-bInT-dIn}),

rae a, b, ¢, d — KOHCTaHTHI.
Haligure paBnexue, sHTponuio U TermoemkocTs Cy 3TOro BellecTBa.
Halite pu3uyecKyro MHTEPNIPETALMIO KOHCTaHTaM a, b, d.

5-9. Hapucyiite rpadgmk 3aBucumoctd 3Hepru I'n66ca WHAMBMAYaNILHOTO
BEUIECTBA OT TeMNiepaTypsl B uHTEepBane ot 0 1o 7> T,,.

5-10. [ins HekOTOpOM CUCTEMbI M3BecTHA JHeprus ['n6oca:
G(T.,p)=aT(1 —InT) + RT Inp — TS, + U,

rae a, R, Sy, Uy — nocTodHHbIE.
Haiinure ypaBHenue cocrosuus p(V,T) u 3aBucumocts U(V,T) nna 3t1o#
CHCTEMB!.

5-11. 3aBUCUMOCTb MOJIbBHOH 3HEPrUH ['eNbMrosbla HEKOTOPOH CUCTEMBI OT
TeMnepaTypsl U 06beMa HMeeT BHL:

F=—cT1nT+dT—§-RTln(V-b)+FO,

rae a, b, ¢, d — KOHCTAHTBI,

BeiBeaute ypasuenue cocrosuus p(V,T) ana 3toil cucremsl. Halinure
3aBHCHMOCTL BHYTpeHHeit 3Hepruu ot obbema u temneparypel U(V,T). Ka-
kOB (hPM3HYECKUH CMBICT NOCTOAHHBIX a, b, ¢?
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Fnaea 1. OCHOBL!I XUMHUMYECKOW TEPMOOUHAMMKMN

5-12. Haiinure 3aBUCHMOCTb MONBbHOM BHYTpeHHeH 3Hepriuu ot obbeMa s
TEPMOAMHAMHYECKOH CUCTEMBbI, KOTOpast ONMCHIBAETCA ypaBHEHUEM COCTOS-
HUsS (1% OJHOTO MOJIs)

_RT (. B
P== (H V )

rae B(T) — n3pecTHas QyHKLHA TEMIEpaTyphbl.

5-13. Jlns HeKOTOpOro BelIEeCTBA 3aBUCHMOCTb TEMNOEMKOCTH OT TeMriepa-
Typbi umeer ua: Cy = aT* npu temneparype 0 — 10 K. Haiiaure 3aBucu-
MOCTb JHEprHH ['enbMronblia, SHTPOITMY U BHYTPEHHEN dHEpruH OT TeMme-
paTypbl B 3TOM AHanasoHe.

5-14. JIns HEKOTOPOro BELUECTBA 3aBUCHMOCTb BHYTPEHHEH 3HEpruM OT
Temneparypbl umeet Bua: U= aTl Y+ U npu remneparype 0 — 10 K. Haligu-
T€ 3aBHCUMOCTb JHEpPrHM ['enbmronbua, 3HTPONUM H TersioemkoctH Cy OT
TeMIIepaTyphl B 3TOM JHana3oHe.

5-15. BeiBeguTe COOTHOILEHHE MEXAY TETUIOEMKOCTAMM:
2 2
C,-C=-T 6_C2; - Q_I;
oT or
P 4

5-16. Ucxonsa u3 ToxpecTna C,, -C, -_-T[%-j (%) , JJOKQXUTE TOX-
% T

2
"(ar)
oT

C,-Cy = ————=t,
()
op )r

5-17. Oauu Monb rasa Ban-pep-Baanbca usorepMuueckd pacluupsiercs ot
obbema V; no obbema V, npu temneparype T. Haiingure AU, AH, AS, AF u
AG nng 3Toro npouecca.

AECTBO!

5-18. Boiuucnure usmenenne H, U, F, G, S npu OJJHOBPEMEHHOM OXJIaXJie-
Huu ot 2000K no 200K wu pacwmpenun or 0.5 M 1o 1.35uM 0.7 mo-
neit azora (Cy = 5/2 R). DHTponus raza B MCXOJHOM COCTOSHHM paBHa
2134 H)K-K_I-MOHB—I, ra3 MOXXHO CUMTATh HAEAJIbHbIM.

5-19. Bpluncnure usMmeHeHue dHepruu I'mb6b6ca npu oxkartuu ot | atM 1o
3 arm pu 298 K:

a) OJHOIO MOJIS XKUJKOH BOALI;

6) OAHOTO MOJIS BOASAHOrO napa (MAeanbHblH ras).



Mnaeaea 1. OCHOBbL! XUMHYECKOW TEPMOANHAMMUKI

5-20. Usmenenue sHepruu ['nb6¢a B pesynbrare Ucnapenus Boasl npu 95 °C
¥ | atM paBHO 546 Jhk-moss™'. Paccuuraiite HTPONUIO NMAPOB BOAbI fIPH
100 °C, ecnu sHTponus uakoit Boas pasHa 87.0 Jix-K '-mons™. Tpu ka-
KOM JaBJCHUH W3MeHeHue sHepruu ['nb6ca B pelynbrate UcnapeHus BOAbI
Oyner pasHo 0 npu 95 °C?

5-21. Hsmenenue snepruu [ub6ca B pelynsTare ucnapeHus BOAbI NpU
104 °C u 1 at™ paBHo —437 Jlk-Monib ™. PaccuuTaiiTe SHTPOIMIO NAPOB BORbI
npu 100 °C, ecnu SHTponus xkuaKoi Boabi pasxa 87.0 Jii-K ™' -monb™. Tlpu
KaKoM JaBlIeHUH W3MeHeHHe 3Hepruu ['n66ca B pesynbTaTe cnapeHus BObl
Byner pasHo O npu 104 °C?

5-22. Paccyuraiite usmeHeHnne sHepruu ['ubbca B pesysibTare UCnMapeHHs
BoAb! npu 97 °C 1 | aT™, IHTpONHS KUAKOH U ra3oobpasHoil BOABI NpH 3TOH
temneparype paBHa 87.0 u 196.0 Jix-K™'-mons ™, cootBercTBEHHO. [Mpu xa-
KOM /1aBNIEHHWH M3MEHEHUe 3Hepruv I'nbbca B pedynbTare MCnapeHuUs BOAbI
6yaer pasHo 0 npu 97 °C?

5-23. JlaBneHue Han OAHUM MOJieM TBEpAOW Meau npu Temneparype 25 °C
yBeauunnn ot 1 po 1000 atMm. Haiitu AU, AH, AS, AF. Meab cuuTarb He-
CKUMaeMoH, nnoTHOCTb 8.96 rem™, u3o6apHbiit k03¢ dULHEHT TENNOBOroO

pacluupeHus l(?ﬂ) =5.01-10° K™
v\erj,

5-24. Boiuucnute cranmapTHyio dHeprito ['m66ca obpazoBanus (A;Glgg)
XKHIAKOH 1 ra3006pa3HOlN BO/bI, €C/IH U3BECTHbI CAEAYIOLLME JAHHBIE!

A¢ H g (H20y) = —241.8 kJIk-Momb™,

A ¢ H 55 (HyOp) = —285.6 kJk-Monb ™,

S2g (Ha) = 130.6 Iii-K '-moms ™,

S593(02) = 205.0 Jic-K ™' -mons”

S30s (H2Oy,y) = 188.5 Jok-K ' -moms ™,

853905 (HyOp) = 69.8 iK' -mons ™.
5-25. Paccuuraiite AG® npu 25 °C 11 XMMHYECKO# peakuuu:

4HCl ) + Oy = 2Clyy + 2H O,

CraHpapTHble 3HaY€HUA SHTANbNUK 00pa3oBaHuA U abCONMOTHON SHTPO-
nuu npu 25 °C paBHbl:

AHP(HCI) = -22.1 kkan-monb ', $°(0y) = 49.0 kan-K™ mons ™,

AdP(HyOpy) = —68.3 Kkan-mmb"; S°(Cl;) =533 Kan-K"I-Monb”l,

S°(HC)) = 44.6 kan-mons K™, S°(Hy00) = 16.7 kan-K'-monb™".

5-26. PaccuuTaiite AG® nipu 25 °C ana XUMHYECKO#H peakuyu:

COg(r) + 4H2(,—) = CH4(;~) + 2H20(,K).
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CrannapTHble 3HaYE€HUS SHTATLIUK 00pa3oBaHus U abCOMOTHOM 3HTpO-
nuu npu 25 °C paBHbI:
AHP(CO,) = —-94.1 kKan-monb ', $%(CO,) = 51.1 kan-K™'-moms™",
AdP(CHy) = —17.9 kxan-mons ™, $°(H,) = 31.2 kan-K ' -monp ',
AHP(H,000) = —68.3 kkan-monb ' S°(CHg) = 44.5 xan-K™-mons™',
S°(H300) = 16.7 kan-K '-mons .

5-27. Paccuuraiite cranpaptHbie sHepruu I'ub6ca u enbmronsua AG® u
AF® npu 300 °C nast XHMUYECKOH peaki1u:

CO(,—} + 3H2(r) = CH4([«) + HzG(r).
TennoeMkoCTH BELIECTB CYUTATH NNOCTOAHHBIMH.,

5-28. Haiinure 3nepruso 'ub6ca obpasosanus NH; npu temnepatypax 298
1 400 K, eciv u3BeCTHbI CNEAYIOLLHE AAHHbLE:
A H g (NH3) = —46.2 kJIx-mons ™,

BewectBo N, H, NH;
Cp 208 Joi- K -mons™ 29.1 28.8 35.7
S50g » Jox-K ' -monp™ 191.5 130.6 192.5

C‘{HTaTb, HTO TENAOEMKOCTH B YKAa3aHHOM HHTEpBAlE TeMmneparyp no-
CTOSIHHBI.

5-29. PaccunraliTe cranaapTHbie 3Heprun ['mbbca u TenbMmronsiia AG® u
AF® npu 60 °C nns xuMHYeCKoit peakunu:

CH;COOH(X) + 2H2(,—) = C3H5OH(}K) + HQO(X).
TernnoeMkocTH BELIECTB CUNTATL MOCTOAHHBIMHU.

5-30. Paccuuraiite ctaHpapTHble sHepruud ['M66ca u [eabmronsua AG® u
AF® npu 700 °C p1s XUMUYECKOH peakuuu:

C&CO:;(TB) = CaO(T,,) + COg(r).

ModxeT 1 3Ta peaklius MpoTeKaTh CAaMONPOU3ROJILHO MPH JAaHHON TeM-
neparype? TennoeMKOCTH BELLECTB CUUTATh HOCTOSHHBIMH.

5-31. Beiuucante u3MeHeHue sHeprum 'ub6ca npu H3MEHEHWH AaBJIEHUS OT
1 atm no 0.01 arm npu 298 K:

a) oAHOro Mo xuakoro 6eusona (naotHocts 0.89 rem” );

6) oaHoro Mons napoB 6eH3ona (MaeanbHbIH ras).

5-32. HanuiuuTe BoipaxeHue A1 6€CKOHEYHO MaJlOro U3MEHEHUs AaBNeHHUS
kak ¢dyHkuun 3Heprun ['u66ca u temneparypsl. Haitaure vacTuble npous-
BOAHbIE NABJIEHHUS O J3THM [EPEMEHHLIM M COCTABLTE COOTBETCTBYHOULICE
ypaBHeHue Makcaensna.
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5-33. Hanuuiure BoipaxkeHue 18 OECKOHEHYHO MAJIOrO H3MEHEHUs AaBlIeHHA
Kak YHKLWH BHTANLIUK U 3HTpONKHK. HalinnTte yacTHble Npon3BOAHbIE 1aB-
NEeHHUd 10 3THUM MNEPEMEHHbIM W COCTaBbTE COOTBETCTBYIOLIEE YPaBHEHHE
Makcsenna.

5-34. Hanuwute BoipaxkeHue A OECKOHEYHO MO0 U3MEHEHUS IHTPONUH
KaK QYHKLUHM 3HTANbLOMK U JaBiieHus. HaliauTe yacTHbie NpOM3BOJHbBIE JH-
TPONUHW 10 3THM MNEpeMeHHbIM U COCTaBbTE COOTBETCTBYIOLLICE YpaBHEHUE
Makcseana.

5-35. [lycTb n3secTHa craHaapTHas Heprus ['u66ca peakuuy npu teMnepa-
Type T. Haitaure ctanaaptayro 3uepruto 'n66ca npu remneparype 715, cun-
Tas, YTo:

a) 3HTaNbNUA PeakLHH He 3aBUCHT OT TCMMEepaTypht;

0) U3MEHEHHE TEMI0EMKOCTH B PCAKLIMK HE 3aBUCHT OT TEMNEpaTyphbl.

5-36. JIns peleTouHOro raza H3BeCTHO ypaBHEHHE COCTOSHUS:

p(V,T)z—Eln(l—lj
a vV

(a — nocrosuHan). Hallaure 3aBUCHMOCTB BHYTpeHHe# sHepruu oT odbeMa u
SHTAIBITUY OT JaBNEHUA U1 TAKOI'O rasa.
5-37. Jlns HekoTOpOro rasza U3BECTHO YPAaBHEHNE COCTOAHHA:
RT a b
pV,T)=—-"l+—+—
V V v
(a, b — noctosHHble). Haiiaute 3aBUCUMOCTL BHYTpeHHEH aHepruu ot obbe-

Ma AJ1% TaKOro rasa.

5-38. Ucnonbiyd naHHbie Tabnuubl, paccuuTaiTe BETHYMHbI CTAHAAPTHBIX
anepruii ['ub6ca cnenyolwmx peakumi:

o-D-T1160K038(aq) + O3y —> 2 [TupyBat (o) + 2H oy + 2H,0, (1)

L-acnaprat (,q) + 1/20;) = Oxcasnoatetar” + NH,", (2)

o-D-T110K038(5q) —> 2 J1aKTaT (39 + 2H  (aq)s (3)

IMupyBaTt (5q + H}aq} + Oy = 3CO5q + 2H0, 4)

Oxkcanoauerar’ + H,O — [TupyBar ,q + HCO3 (og) - (5)

Bewmecrso AG°(Boan. p-p), | Bemecrno AG°(BOAH. p-p),
KKaJI-MOaL™ KKa/J1-Moab '
a-D-I'moko3za -219.22 H’ 0

Mupysatr” ~113.44 HCO, —140.31
L-acnapratr -166.99 CO, -92.31
JlakTat --123.76 H,O -56.69
Oxcanoauerar ~190.53 NH," ~19.00
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5-39. PaccunTtaiite MakcCUManbHyt0 mONE3HYI0 paboTy, KOTOPYIO MOXHO To-
JIYYHUTL B TOTUIHBHOM 3JIEMEHTE B Pe3y/ibTaTe peakHH CropaHus MeTaHa fpu
298 K.

5-40. Paccunraiite (a) MakcumanbHy0 paboty U (6) MakCUMalLHYIO Mones-
HYIO paboTy, KOTOPYIO MOXHO MONYYHTb MPH KPUCTAJUTH3ALMHU TIepeoXnax-
JieHHoi Boab! npu =5 °C u 1.0 at™. [TnoTHocTH Boak! 1 sibaa npu —5 °C pas-
Hbt 0.999 r-cM™ 1 0.917 r-cM™ COOTBETCTBEHHO.

5-41. I'lpu 298 K crannpaprabie s3HTansnus u 3ueprus 'nb6ca cropanus ca-
Xapo3bl paBHbI —5645 K,Z[)K-M(mb’l u 5797 KlI)K-Momfl, COOTBETCTBEHHO.
OueHHTe KOJTMYECTBO 110/1€3HOH paboTsl, KOTOPOE MOXHO NONYYHUTH NPH NO-
BbILIEHWH Temnepatypsl 10 37 °C — TeMnepaTypbl KPOBH.

5-42. beuio HaliaeHo, 4To 06BEM HOBOTO MOJMMEPA IKCIOHEHUHATbHO 3aBH-
CHT OT jaBienus V = Voe ™7, rne p — u3bbITOuHOE AaBneHue, a p* — nocro-
SHHas BeJIMYHHA. BbiBeAUTE BHIpAOXKEHUE, ONMUCHIBAIOLLEE 3ABHCHMOCTD JHEp-
ruu ['u66c¢ca 3Toro nonumepa ot u3bpiToyHoro Aaenenus. Kakoit npouecc B
CKaTOM Marepuane npoTeKaeT CIIOHTAHHO NMPH CHATHHW JaBNEHHA?



naBa
NMpunoxeHus

XUMUYECKOM
TepMoaAUHAMMUKHU

§ 6. TepmoaunaMuka pacTBOpoB
HEJJIEKTPOJIMTOB

Pacmeop — ¢dasza nepeMeHHoro cocrtaBa. Pasnuualor raszooOpasHbie,
KHAKHEe u TBepAbie pacTBOpbl. OCHOBHBIMU XapaKTEPUCTHKAMH pacTBOpa
ABJIAIOTCS €ro COCTaB M XMMHUYECKHE NMOTEHIHaNbl KOMIIOHEHTOB PacTBOpa-

CocTaB pacTBOPOB OOBIYHO BBIPAXKAIOT B MOJIBHBIX AOJNAX, BECOBBIX NpPO-
LleHTaX, B MOJISIX PACTBOPEHHOIO BELIECTBA Ha JIMTP pacTBopa (MONSAPHOCTH)
MM Ha KUJOrPaMM pacTBOpUTENs (MOJsIbHOCTS). PopMynbl IS pacueTta
pa3NMUHbIX KOHUEHTpauuii npuBeeHb B Tabnuie.

Maccosan dons w; (g; — Macca i-ro BELIECTBa) w,=g,1%8&
Monovuas 0oas x; (n; — KOJIMUECTBO i-ro BEUIECTBA B MOJIAX) =n /3 n,
MonsneHocms m; — KONMYECTBO I-TO KOMMOHEHTA (B MO- 1000n;
nsx) 8 1000 r pactBopuTens m; = 2

1
Monsprocme ¢; — KONUYECTBO i-rO KOMIMOHEHTA (B MOJIAX) n,
B 1 n pacTBOpa ¢ = I

Jlns nepecuera KOHUEHTpALMH MOXHO BOCIHOJIb30BATLCA CIAEAYIOLIMMH
COOTHOLIEHHAMU (MHIEKC | OTHOCHTCA K pacTBOPUTENO, 2 — K pacTBOPEH-
HOMY BELLEeCTBY):

1000¢
MOJISPHOCTb —> MOJISIIBHOCTD: M = :
1000p —cM,
m;
MOJIJIBHOCTL — MOJIbHAA JONA: X; = ,
m; +1000/ M,

rae p — NAOTHOCTb pacTeopa, M, — MosispHas Macca i-ro KOMIIOHEHTa pac-
TBOpA.
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(6.1)

(6.2)

(6.3.a)

(6.3.6)

(6.3.8)

(6.3.r)

(6.4)

(6.5)

BHYTpeHHAs 3Heprus, 3HTanbnus, 3Heprus ['mb6ca u sveprus ['enbm-
ronbua npu GUKCUPOBAHHBIX WHTEHCUBHBIX NEPEMEHHbIX 00/1aAaioT Bax-
HbIM CBOWCTBOM OJHOPOIHOCTHU: €CJIM KOJHMYECTBA BCEX KOMIIOHEHTOB BO3-
pacTarOT B OAHO ¥ TO K€ 4YMCJIO pa3, TO W 3HA4YEHHS COOTBETCTBYIOLUEH
TEPMOJUHAMUYECKOH (YHKUMH Z YBENHYUBAIOTCA BO CTONBKO e pas.
(DYHKLUN HECKOJIBKUX MEPEMEHHBIX, YAOBIETBOPAIOLLHE YPABHEHHIO

Z(knl ,knz,-..knj) = kaZ(nk N T n;) »

Ha3bIBAKOT OAHOPOAHBLIMU PyHKUMAMU. [lapameTp o nonyYyun HazBaHWe HOKa-
3amena oonopodnocmu. TepmoanHamuyeckue noteHunansl G, F, H, U sBns-
FOTCSl OAHOPOAHBIMU (DYHKLUAMU NEPBO CTENEHU OT KONHUYECTB BELLECTB.

Jns ogHoponHo# (YHKLHMW NepBOi CTeneHHu BbINOIHAETCA Teopema Dii-
fepa:

0z
4 =Z ~ n,.
s on ),

B cootBeTcTBUM ¢ Heil, BHYTPEHHSIS 3HEprus, JHTANbIIUA, 3HEPrUM
["enpMronsiua v 'Mb66ca MoryT ObITh 3aNUCaHbl B BUJE

U*Z _‘_32 n
; 6”1'),7,7‘,.»;,,, a
H*Z f_fi n
i 6”: ' ’
p’?*nlw(
F-—Z(—a—ﬁ—‘-\ n
~\on, ) . "
Tl
oG
G = _— n; .
Z &’11 pvr»niz; ’

YacTHble NpOU3BOAHBIE TEPMOAHHAMUUeckuX QyHKUmid (Z) no xonude-
CTBY i-r0 KOMMOHEHTA NpH (PUKCHPOBAHHLIX AaBJAEHUH, TEMIIEPATYPE U KO-
JMYECTBAX OCTATbHBIX KOMITOHEHTOB TMOJIYYW/IM HA3BaHUE HNAPYUANLHBIX
MONLHBIX BENTUYUN:

-Z-iz"a_z':‘ ’
on

toptin,,,
Z=%Zmn,,
!

rae Z — moboe 3KCTEHCUBHOE CBOWMCTBO, Z; — COOTBETCTBYIOLUAA €MY nap-
LUMa/IbHAA MOJIbHAA BETHUYHMHA.
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Ecnn Bocrnonb3oBarbes ONpelesieHHEM XHMHYECKOoro noteHurania (5.2),
To A48 3Heprun ['ub0ca npu p, T = const MOXHO 3anucaTh

G=Zu‘ni .

Jns uuauBnAyanbHbIX BewecTs (i = 1)

Jins U, H, F paBeHcTBa (6.6) HE BBINONHAIOTCA, TaK KaK UX €CTECTBEH-
Hbl€ NEPEMEHHBIE TOMUMO #; BKJIKOHAIOT HE TOJIbKO HHTCHCUBHBIE, HO U €Lle
OJHY DKCTEHCHUBHYK nepeMeHHylo (S wiu V), no3ToMy mNpOU3BO/IHblE

ou oH oF
on, on, "\ on,

, TAKXKE paBHbIE XUMHUUYECKOMY
SVon.,, S.pn,, .,
MOTEHUUATY, HE ABNAIOTCA MAPUMAIbHBIMU BeIMYHHAMHU. DTO 03HAYAET, YTO
HapaluBaHWe KONMYeCTBA BellecTBA B cucteMe npu V = const (unu
S = const) npUBeIeT K U3MEHEHHIO HHTEHCUBHBIX TapaMeTPoB, B TO Bpems
KaK YBelliueHue KOIUYeCTBa BellleCTBa B CHCTEME NMpPH NOCTOSHCTBE JaBJie-
HUS U TEMMEPATYPb! HHTEHCHUBHBIX NMapameTpoB He M3MeHseT (ecau coxpa-
HAETCS HEW3MEHHBIM cOCTaB (a3zsl).

Cnenyer oOpaTUTh BHUMaHUE HA HEKOTOpble 0COOEHHOCTH Mapuvalib-
HbIX BEJIHYHH:
®  OHM XapaKTEPH3YHOT HE Camo CBOICTBO, @ CKOPOCTbL €r0 U3MEHEHHMs, No-

3TOMY B OTAMYUE OT MOJIbHBIX BENHUYUH (Zy, = Z/n) OHW MOIyT OpPUHH-

MaTh MOObIe 3HAYeHUA (MONIOKUTENbHbIE, OTpULIATENbHbIE, HYIEBbIE U

Jnaxe 6ecCKOHEUHbIE);

* napuMalbHbLIC MOJIbHBIE BEJIMYMHBI 3aBUCAT OT COCTaBa pacTBoOpa, Mo-
3TOMY NpPH ONpeJieNeHHH YHCAEHHOTO 3HA4YeHUs NnapuuanbHoit BEaUuU-

Hbl HEOOX0AUMO YKa3bIBaTh COCTAB.

[MapunanbHble MONbHBIE BETUYUHbLI JHOOBIX KOMMOHEHTOR MOMOreHHOH
CMECH — 3TO UHTEHCHUBHbIE BEIMUYMHDI, 3aBUCSLIHE OT TeMIIEPaTypsbl, AaBe-
HUA U KOHUEHTpauunit apyrux xoMnoHeHToB. COOTRETCTBYIOLIME 3aBHUCHMO-
CTH BLIPXAIOTCH YPAaBHEHWSAMH, aHANOTWYHBIMH YpaBHEHUAM Makcaenna,

Hanpumep:

(f?.*%.z.] _ 0|6 __5_.[5_@} "
or ), .

W)  _o(a&
ap ), dp \ On,

(6.6.a)

(6.6.6)

(6.7)

(6.8)
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[MapunanbHble BENMYMHBLI Pa3iIMYHBIX KOMMOHEHTOB PacTBOPa 3aBHCAT
apyr ot apyra. Cefi3b MeXIy HUMH MOXXHO YCTAHOBWTb, €CJIH CPaBHHUTb

nonxsle auddepenunansl ucxoaHoit dpyuxkuun Z(7, p,myu Z = zgm, :
i

dZ = (QEJ dr + (‘3—2—-) dp+. Zidn,
0T ] pn P J7n )

(6.9) dZ=ndZ,+y Zidn, .

W3 paBeHCTBa JIeBbIX 4acTeil ABYX NOCACAHUX YPABHEHHIA CleAyeT

oz oz =
(6.10) [-——] dr + (——] dp-Y ndZi=0.
T ), p )y, -

Ypasueuune (6.10) nonyuuno Hassauue ypasHenus [ubbca-iozema.
B npumeHeHun k sHepruu ['n66ca (Z = G) oHo uMmeet Haubonee pacnpo-
CTpaHeHHYIo dopMy:

(6.11.a) -SdT +Vdp -y n,dp,; =0.

Tpu p, T = const 3TO ypaBHeHHE NEPEXOAUT B

(6.11.6) S ndp, =0.

YpaBHeune I'n66ca—/lrorema nO3BOJAET MO H3BECTHOH 3aBHCUMOCTH
napusanbHON MOJILHOW BENMYHMHBE OOHOIO KOMIIOHEHTA OT COCTaBa PacCyM-
ThIBaTb MapLHAJIbHLIC BENIMYMHBI APYTUX KOMIIOHEHTOB M jAanee — ofuiue
(uHTErpanbHbie) cBOHCTBA (ha3bl (cM. npumep 6-1).

Cnenyer OTMETHTD, YTO NOHATHE (NApPLHAIBHOE MOJIBHOE CBOHCTBOY» B
paBHO#N Mepe OTHOCHTCH U K TOMOTe€HHBIM, U K NeTepOreHHbIM cMecaM. B no-
CleAHEM cllydyae XMMMUYECKHE MOTeHUHaTbl KOMIIOHEHTOB B COCYLUECTBYIO-
wux ¢aszax paBHbl, a NAPUHATBHBIE SHTPONIHH H 00BbEMbBI cKaukoobpasHo u3-
MEHSAIOTCA NpH Mepexone 4Yepe3 rpaHuuy pasugena ¢as. IlapunannHeie
MOJbHBIE PYHKUMH i-r0 KOMIOHEHTA reTepOreHHoi cMecu npuHATO 0603Ha-

yaTb ABYMS 4EPTaMH CBEPXY, Zim.

[Ipy TepMOANHAMHYECKOM OMUCAHHH CHCTEM OOBIYHO NPUXOAUTCS
MMETb JIeJI0 He ¢ aBCONMOTHLIMH 3HaYeHUAMH QYHKLMiA, a C HX U3MEHEHHEM
npu obpaszosaHuu (asbl U3 YUCTHIX komnoHeHToB. [TosTOoMy B TepMonuHa-

MUKEe 0C000e BHHMaHHE yIeNsi0T BLIOOPY YPOBHSA OTCHETa CBOMCTB H NMOHA-
THIO OTHOCHUTENILHBIX TepMOJMHaMuueckux ¢yHkunit. PasHocTs Mexay nap-

LManbHOH MONBHOH BETHYMHON B pacTBope, Z, U MOJIbHOIH BENHYMHON A0
YUCTOTO KOMIOHEHTa, Z ,° , Ha3bIBACTCA OMHOCUMENbHOU NAPYUATbHOU
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MonvHou eenuyunou, AZ;. BelUunHa omHOCUMENbHO20 UHMEZPATLHOZO
MONLHO2O cgolicmsa JN CUCTEMBI B UenoM (6.12.a) U 1ns ABYXKOMMOHEHT-
HOTO PacTBOpa, B YaCTHOCTH, 3aNHUCHIBACTCH CACAYIOLWIMM 00pa3oMm:

AZ=Z-Y xZ0=) xAZi,
i i

AZ =7 —(x,Z0 +x,23)=x,AZ} + x,AZ> .

B _ecazax 3a YPOBEHb OTCHETA CBOMCTB /-0 KOMIOHEHTA NpUHHMAIOT

CBOHCTBA i-ro MieanLHOro ra3a npu remneparype 7 1 eARHUYHOM AaBEeHUH.

B _xoudencuposannvix _ghazax NpHHATO HECKOJbKO pa3zIMuHbIX CHCTEM

OTCYETA CBOVICTB:

ecny peus naer o6 obpasoBaHuu gazel nocmosHKo2o cocmaea (Apyrue
Ha3BAHUA: MOYEYHAA URU JUHEUHAA (a3a, coeduHerue), TO ee CBOWCTBA
(Z) OTCYMTBHIBAIOT OTHOCHTENIBHO CBOWCTB YHCTHIX BELUECTB B CTPYKTV-
pax, Haubosee yCTOWYMBBIX MpH 3aJaHHOH Temmeparype W AaBjeHUH

| 6ap (Z>*,Z3%), 10 ecth, B cTannapTHOM cocTosHuR. Pyuxyuu obpa-

308anuA, AiZ, 3arTUCHIBAIOTCA KaK
_ 0,0 0,p
AZ=Z-(1-x)Z" -xZ,".

B xondencuposannbix (orcudkux wiu meepobix) pacmeopax NPHHATHI 1BE
CHCTEMbl OTCHETa CBOHCTB — cummempuunas U acummempuunas. B
CUMMETPUYHOH CHCTEME CPaBHEHUS 32 YPOBEHb OTCYETa NPHHUMAIOT
CBOICTBA YHUCTBIX KOMIIOHEHTOB NpH 3aJaHHON TeMmneparype W JaBie-
Huu | Gap, HO TMpH YCNIOBHMH, YTO KOMIIOHEHTbI HMEKOT TO Xe (pa3oBoe
COCTOSHME, YTO M PacTBOp'. B 3TOM Cilyuae roBOpAT, uto (yHKUMH 06-
Pa3OBaHHA COBMANAIOT C QYHKYuAMU cMeuwtenus® («MiX» OT aHrIL.
mixture — cMech):

ApnZ=AcZ=Z% —(1-x)Z>* —xZ3*.

mix
B acuMMeTpHUYHOH CHCTEME CPAaBHEHHS CBOHMCTBAa pacTBOPUTENS OTCHH-
ThIBAIOT OTHOCHTEJILHO YMCTOrO BELIECTBA, a CBOACTBA pPacTBOPEHHOrO
BELLECTBA — OTHOCHTENIBHO NMpeAebHO pa3baBIeHHOTO pacTBopa. ACUM-
METPHUYHAS CUCTEMA CPABHEHHA UCNOJIB3YETCA MPH PaCCMOTPEHUM pac-
TBOPOB TBEPAbIX BELIECTB B XKUAKUX pactBopurensx. [lpu onucanuun
TBEpAbIX PACTBOPOB €€ NPAKTUUYECKH HE HCITOJB3YIOT.

' Bonee noapobHO 3TOT BOMPOC PAacCMOTPEH aanee B . «Yposens omcuema

ceoticmé pacmeopar.

? MTpoucxoauT ot npeacTarieHuit 06 06pa3oBaHUM PAcCTBOPA B Pe3yNbTaTe CMe-

WECHHA KOMAOHEHTOR B OJJMHAKOBOM arperarHoM COCTORHHH.

(6.12.a)

(6.12.6)

(6.13)

(6.14)
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(6.15.a)

(6.15.6)

(6.16)

(6.17)

Puc. 6.1

HpeanbHbie H npeaebHO-pa3éaB/IeHHbIE PACTBOPLI

YV no6HO# cUCTEMOH CpaBHEHHS CBOICTB pacTBOpa ABJIAETCH UOeATbHbLU
pacmeop. Iloa uaeanbHbiM 0OBIYHO NOHHUMAIOT PacTBOP, IS KOMITOHEHTOB
KOTOPOro INpH BCEX COCTABAX M TEMIlepaTypax BBIMONHAETCA 3axkoH Payna.
CornacHo 3akoHy Payns,

O [Hdaenenue napa pacmeopumens p; Hao0 pacmeopom npPonOPYUOHATb-
HO MOJIbHOU 001e pacmeopumens X; 8 pacmeope:

.8
p; —pz‘xi’

rAc p, — AaBNCHUEC HACBLILLICHHOTIO Mapa KOMNOHCHTA Hal pacTBOpPOM, p: -

JIaBl€HUe HACBILIEHHOTO Napa Haj YUCTbIM KOMIIOHEHTOM (CHMBOJ «S» 03-
HavaeT «saturated» — HacbILUIEHHbIH), X; — MOJIbHAR J10JIs i-I0 KOMIIOHEHTA B

pacTBope.
Jina 6uHapHoro pactBopa 3akoH Payns MOXHO NpeAcTaBUTb B CReAylO-
ieM BUe:
X
Pr 7P __
R
14
TO €CTb OTHOCHTENILHOE MOHMXEHUE JlaBNIeHHUs Napa pacTBOpPUTENA HAl pac-
TBOPOM PaBHO MONBHO# loNne X; paCTBOPEHHONO BEILIECTBA.

OO6luee naBieHUe napa Haj pacTBOPOM PaBHO CYMMeE napyuaibHbulx 0as-
JeHull py n py:

P=pi+pr= pix, + pix, =p3 +(p} - p3 )%,

xl =x2,

TO €CTh JIJABJIEHWE Napa JHHEHHO 3aBHCUT OT COCTaBa PacTBOpA.
B peanvnvix npedenvno paszbagnennvix pacTBOpax AJIA PacTBOPUTENSA
BBINONHAETCA 3aKoH Payns, a Ans pacTBopeHHOTO BellecTBa — 3axon I'enpu:

p2= Krx,,
rae Kr — koHctanTta ["eHpu.

B upeanbHeiXx pac-
ofinacTts 3akona Payns r eHpH

Py TBOpax 3aKOH
/ an coBnajaeT ¢ 3aKOHOM

- -~ Payna (Kp = p;). B pe-
P -~ AJILHBIX PacTBOpax MOTyT
HabnoaaTbes pasmyHbIe
OTKIOHEHHWA OT 3aKOHa
Payns (puc. 6.1).
HUpeanbHOMY  mnose-
JIEHUIO  COOTBETCTBYIOT
cleayloude BbIpaXeHUs
JUTS XHMUYECKHX TIOTEH-
LWaJIOB  KOMITOHEHTOB
pacrtBopa:

obaacTs 3akona ['eHpu

Hzomepmul Oasrenus napa 8 cucmeme
¢ nonoxcumensHoimu (1) u snakonepemernnvmu (1)
omiaoneHuaAMu om 3axona Paynsa
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e auArasa’:
(o, N =p°(T)+RTInp, =p°(T)+RTInp+ RT Inx,
& [T KOHAEHCHPOBAHHBIX PACTBOPOB:

w,(p,T)=p,; (T, p)+RTInx,,

rae }l? -~ XUMHUYECKUH NOTEHUHA KOMITOHEHTA B CTAaHAApPTHOM COCTOMHHH,

p — obuiee 1aBNEHUE B CUCTEME.
MonbHas 3Heprus I'n66ca upeanbHoro OMHApPHOTrO pacTBOpa MOXKET
ObITL TPEACTaBNEHA B BUE CYMMbI

G, =nl—}:-z—«——3h=x, (p?+RT!nxl)+x2(p§ +RTlnx2)=
1+
=(1=x)pu +xp3 + RT[(1-x)in(1-x) +xInx].

H3MeHeHue MOnbiHbIX mepMmoounamueckux _QyHkyul npu_obpazosanuu
maxo20 OUHAPHO20 UOEeaIbHO20 pacmeopa

AG = RT[(] - x)in(l ~x)+xlnx] ,

0A:G,,
or

AcH, =-T? 0 (8:Gn =0,
or\ T
P
Asz[aAmeJ =0.
ap )y

HEH3H3KOM HACANBLHOCTY pACTBODAa ABJAACTCH aAAHTHBHOCTL nap-

UHAJIBHBLIX JaBjJeHHiH, NapUHaJbLHLIX 00LeMOB, TenjaoeMKocTeil W IH-
TaJbNHH KomMnoHeHToB. TenuoBoil ¢dexT npu 06pa3oBaHHH HAEAJIb-
HOTO PACTBOpPa PaBeH HYJI0, 06beM He U3IMEHSeTCH, a IHTPONHUSA PaBHA
HIeAJIbHOM JHTPONNHH CMEIeH NS,

AeS,, =—[ ] =—R{(1 — x)In(1 — x) + x-Inx},
jd

(6.18.a)

(6.18.6)

(6.19)

(6.20.a)

(6.20.6)

(6.20.8)

(6.20.r)

89

0 X > i 0 X >

Pyuxyuu obpazosanua udeanvHozo pacmeopa (I = const)

' Cwm. (5.12.8) u (6.6.6).

Puc. 6.2
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(6.21)

(6.22)

(6.23)

(6.24)

['azoBbie pacTBOpbl 00bLIYHO BeayT cebs HAeansHO MpH HeGOMBLIMX
NaBneHusXx (2o Heckoibkux armocdep). TlepeuncneHtble Bblllle YCIOBUS
(6.20) MOXXHO paccMaTpuBaTh M KakK ONpEAENIEHHE UOEATbHO20 HCUOKO20
unu maepoo20 pacmeopa. ITH YCIOBUS COONOAAIOTCS, €CIM KOMIIOHEHTHI
CXOXH N0 XMMHYECKOH MpHpOJE W UMEIOT DNH3KUE MOJIEKYIAPHBIE pa3Me-
pbl, HAPUMEP, B CMECAX ONTHYECKH AKTHBHBIX U30MEPOB MIIH KOMIIOHEH-
TOB, pa3lHYalOLIMXCA TOJbKO IO W30TOMHOMY cocTaBy, Hanpumep H,O
H 020

HpeansHelii ra3 v vaeanbHas KOHAeHCUpOBaHHas ¢aza — npeaenbHble
MOJ€eNH peanbHbiX 00BEKTOB.

PealibHblE PacTBOPbBI

Jlns onucaHus CBOMCTB peanbHBIX PACTBOPOB BBOAUTCA NOHATHE aKmus-
Hocmu. AKTMBHOCTh a; — Oe3pasmepHas Be/IMuMHA, ompejenseMas uepes
Pa3sHOCTb XMMUYECKHX MOTEHLHANIOB 3TOro BellecTBa B AaHHOW ¢dase u B
CTaHAAPTHOM COCTOSIHUM:

B 4

Ing, =
RT

Ecau nmap BeulectBa Bejer cebs kax uieaibHbld ra3, TO akKTHBHOCTb
MOJKHO OIIPEHEIUTb YEPE3 IKCTIEPUMEHTANILHO U3MEPACMbIE BENHYHHDI:
P
a‘ = —T M
P
rae p, — AaBJ€HHE HACBHILUEHHOTO Napa i-ro KOMIOHEHTa Haj pacTBOPOM,
p; — RaBNeHUE HaCbILIEHHOTO Napa YUCTOTO I-Fro BELECTBA NPH TO# ke TeM-

neparype 7 ¥ B TOM e $a30BOM COCTOSHHH, YTO H PACTBOP.
AKTHUBHOCTb @, BbIpaXaeTcst B BHIE NPOM3BEAEHHS MONbHOW J0MNH X,
KOMITOHEHTA Ha ero koagguyuenm axmugnocmu ;.

a, = Y.

Ecnu akTHBHOCTH BhIpAXKATL 4€PE3 pa3Hbi€ KOHLUEHTPALUUH, COOTBETCT-
BCHHO, 6)1}16'(‘ H3MCHATHLCA U 3HAUCHUC KO3¢¢HHHCHT& AKTHBHOCTH Y.

KoadduuneHnTsl akTMBHOCTH — Oe3pa3MepHble BeUUHHbI, XapakTepH-
3ytotue paboTy, KOTOPYIO Hal0 COBEPUIMTD HPH NepeMELLEHHH i-r0 KOMIOo-
HEHTa W3 WAEeaIbHOr0 pacTBOpa B peallbHblil PH NOCTORHHON TEMMEpaType,
JaBlAeHUH W KOHLUEHTpauuu. B 3aBUCUMOCTH OT BbIOpaHHON CHCTEMBI CPaB-
HeHHS, KO PULHEHTE! AKTHBHOCTH KOMITOHEHTOB OMPEAENAIOT HA OCHOBa-
HUM OTKJIOHEHHWH napuuanbHbIX [JaBACHUH NapoB KOMNOHEHTOB OT 3aKOHa
Payns vnn ot 3akoHa [enpu. B cuMMeTpHYHOl cUcTeMe cpaBHEHHS Kod¢-
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(MLHEHTBl aKTHBHOCTU PACTBOPEHHOrO BELIECTBA W PacTBOPHTENS pacCuy-
THIBAIOT N0 (opmyJie:

Pi

S v
XiPi

Yi T

Mpux;,—> 1,7,—> 1, To ectb @, — Xx,.

C nomounsio (6.25) TakkKe MOXKHO ONPEAE/IHTL 3HaUeHHE Y PaCTBOPHTENA
B aCUMMETPHYHOH cucTeme cpaBHeHHMA. KoadpduuneHT akTMBHOCTH pacTBoO-
PEHHOro BELUECTBA B JAHHOM Cly4ae pPacCUMTBIBAIOT € HCMNONb30BAHHEM
kOHCTaHT ['enpu:

Pi
YiTs ——.
x;Kr;

Mpux,— 0,7, > 1, To ecTb a; — x;.
XUMHYECKHH MOTEHLHAN i-r0 KOMNOHEHTa HIEaNbHOr0 pacTBopa ONM-
ceiBaeTcs BbipakerueM (6.18.6). B cnyyae peanbHoro pactesopa

W, =W, +RT Ina; =p;,, +RTIny,.

B obuiem cnyuyae monbHas sHeprus ['ub6ca HeudeanbHoro GUHapHOIO
pacTBopa MoXeT ObiTh NPEACTABNIEHA B BUAE CyMMbI

G=(1-x)u; +xp3 + RT((1-x)Ina, +xlna, )=
=(1-x)p7 +xpu3 + RT((1-x)In(1-x)+xInx)+G*.

Yposenv omcuema ceolicmg pacmeopa

IlepBbie aBa cnaraeMbix B (6.28) onpeaeisiorT ypoBeHb OTCUeTa CBOWCTB
pacTBOpPa OTHOCHTENILHO YHMCTbIX KOMIIOHEHTOB, UMEIOLMUX CTPYKTYpY pac-
TBopa. Takoii BbIGOp CTAHAAPTHOro COCTOSHUS ANA (PyHKUMH CMeLueHHs
obecrnedHBaeT UX HENpEPLIBHOCTL BO BCEM HHTepBaie cocTaBoB 0 <x <1
(x — MONbHAA JOJIA BTOPOTO KOMIOHEHTA), BKJIFOYas% ¥ COCTABb! YMCTBIX KOM-
noHeHToB. [Ipu pacyerax ¢a3osbix paBHOBeCHH XxapakrepucTHyeckue QpyHK-
MK pa3ivyHbIX (pa3 JOMKHBI UMETH eJH-
HbIi ypOBeHb OTCYeTa, HHaye JieBas
yacte paBeHcTBa (6.28) cTaHer pa3pbiB-
HOW ¢yHnkuueit coctaBa pacrBopa. Tak g ™
KaK peanbHOE COCTOAHHE KOMIIOHEHTOB
MOXET OTIMYaTbCA OT COCTOAHMA pac- o
TBOpa, AJif «BbIPABHMBAHHA» 3THX CO- 3
CTOAHWI  MCMONB3YIOTCA  napamempbl
cmabunvhocmu. lapameTpsl crabuibHo-

G-Hy4

1

é' G*P=0

(6.25)

(6.26)

(6.27)

(6.28)

1
1
i
]
]
A

o
Lt

CTH XapakTepu3yloT H3MEHEHUE TEpPMO-

AMHAMUYECKMX CBOWCTB BELIECTB MpPH T< Tospipn. T=Tospan

¢a30BOM nepexoje OT CTPYKTYpbl YHCTO-
ro KOMNOHEHTa K CTPYKType pacTBopa.
Ha puc. 6.3 cxemaTHYHO H300paXKeHBI

Hamocmpayua nonamusn
«napamemp cmaburoHOCMU»

T>T05p én T
Puc. 6.3
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kpusbie G(T) — Hy ans aByx ¢a3 o 1 B, a Takke OTMedeHbl 3HA4EHUA napa-
MeTpoB cTabunbHocTH G —GP npu pasnuyHbIX TEMNepaTypax.

3HayeHus napameTpoB CTaOMILHOCTH MOTYT ObITb PacCUMTaHbl MO H3-
BECTHBLIM 3HAYCHUSAM BHTAILNHNA, DHTPONUI M TENJIOEMKOCTEH BeleCTB npu
tazoBbix nepexonax. Ecnu B unteppane teMneparyp 7+ Ty, pa3HOCTb MOJTb-
HbIX TEIJIOEMKOCTEH KpUCTANNUUECKOH ¢a3bl U HKUAKOCTU MOXKHO CYMTATD
MOCTOSHHOMN, TO COOTBETCTBYIOLME NapaMeTpbi CTabUIBHOCTH KOMAIOHCHTOB
3anUCHIBAIOTCA CAEAYIOILMM 00pa3oM:

G\—}[ G’m 1 G;}] = A1) = T -8naSI(T) =

(6.29.a) .
= An.‘sHi(Tim,l) + Armcp,l(Tm,l - T) - T’(AmSl(Tlm.l) + An;xcp,l'ln(:ﬂm,l ’/7)) s

G"_H‘ Gm 2 Gm 2 An 1H2(7) T AI]‘TSZ(D -

(629.6) = Armf[?. (Tm.Z) + Am:C ,Z(T;m.z - 7) - T'(ArmSZ(Tnn,Z) + Aﬂ.ﬂC ,2'ln(Tn.1,2 /D)

OTH BbIpOKEHHS YNPOLUAIOTCH, €CNIM CUHTATh PA3HOCTH TEMIOeMKOCTel
xuaxoi v Tepaoi gas (An,Cp 1 M AyyCr2) paBHBIMH HYJTHO:

G‘—)f Gm 1 m, ] AmHl (Tn‘i ) An iSl(Tnfl I)(Trm | S T) -

(6.29-8) = AnnHI(Tnﬂl)(l - T/Tnn,i)s

(6.29.r) G =G,

H m,

2 = Gy = Aanf (T 2)(1 = T/ T2,

rae AyS: U Ay, H, — MONbHbBIE JHTPOIIMU M FHTALMNUY MJIABNAEHUS COOTBETCT-
BYHOILUMX KOMNOHEHTOB CUCTEMbL NPH TeMIiepatype naBiacHus Ty,.

Jns pactBopos ra3os craHgapTHOH CUCTCMON CpaBHEHHS CIIyKaT FMno-
TETHUYECKHE COCTOSHHS KOMITOHEHTOB HJeanbHbIX a30B NPH CTaHAApTHOM
AasaeHuu p° = | 6ap. Ecny nape! BelleCTB MOXHO CUHTATh HAEATbHBIMU O/~
HOATOMHbIMHM Ta3aMu, TO NapaMeTpbl CTaOHWABHOCTH ra3oB OTHOCHTENBHO
XHUAKOCTH BbIPAXKAIOTCA CEAYIOIIMM 00pa3oMm:

(6.30.3) Gg—)[ = an - G& A = RT"In p] Amnhrl - TAncnSl ’

m.l

(6.30.6) GES =Gl y ~GE 5= RTIn py = AuenH>® — TAuenS:°,

m,2

¥ .
rae p, — AaBjieHHe HACHILEHHOrO Napa YHCTOro XHUAKOro i-ro KOMITOHEHTA,
Apenfd® 1 A(nS,° — cTaHaPTHBIE SHTAILIUA U SHTPOIIUS UCTIAPEHHU.

H3bvimounas suepeus L ubbca

MNocnennee cnaraemoe 8 (6.28), G, onucbIBaeT pasHUIly B IHEPLUAX
I'n66c¢ca peanbHOro U HAEaNbHOIO PACTBOPOB. OTY (QYHKLMWIO HA3BIBAIOT U3-
bvimounou snepauei I ubbea pactsopa

G =G~ {(1 =x)uf+xpL} ~ RT{(1 —=x)In(l —x) +x Inx} =

(6.31) = RT{(1 - x)Iny, + xlny,}.
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TemnepaTypHO-KOHUEHTPAUHOHHYIO 3asucuMocTh G (7, x) uacto onu-
CBIBAIOT MOIMHOMAMH -

G*=(1-x)x(g@+gx+gX’+..), g =gotgulT+gnT +...,

rie g; — BapbUpyeMbie NnapameTpbl, KOTOpble NOADHPAIOT Tak, YTOOLI Hauyy-
wuM 00pa3oM OnucaTh IKCIEpUMEHTANbHbIE JaHHble. MuoxuTens (1 — x)-x
00eCnevrBaET BLINOAHEHHE MPaHNYHBIX yenoBui: G (x = 0) = G¥(x = 1) = 0.

PaBeHCTBO HYNHO BceX KO3(QHLHEHTOB g, COOTBETCTBYET UOCANbHOMY
pacTBOpYy, AAA PErynApHbIX PacTBOPOB goo # 0, xeasupezynapuvix — goo,
go1 # 0, cybpezynapueix — goo, £10 # 0, amepmansreix — gop # 0.

[lpn Takom npeacTaBieHdd W36bITOYHOM 3Heprun ['MbGOca nByxKOMMNO-
HEHTHOrO pacTBOPa XMMHUYECKHE MOTEHLHANIbl KOMITOHEHTOB!

Wy = G — x(8G/x), 1 =
= uP+ RT In(1 = x) +x*(go + g1(2x — 1) + gox(3x = 2) +..),

2 = G + (1 —x)@GIdx) =
= puf+ RT Inx + (1 - x)*(go + 2gix + 3gox” +...).

M3meHeHue Opyrux TepMoauHaMmuveckux GydHkiui npu obpa3oBaHWu
pacTBopa MOXHO HaliTh AuddepeHuupoBaHdeM 3Hepruu 'ubbca cmelieHus
10 COOTBETCTBYOLUMM NEPEMEHHBIM:

AninS = (0 AmiiGYOT) , = — R{(1 - X)In(1 —x) + xInx} — (BG™/T),,
AmixH = =T (8(AmixG/T)/OT),.

PerynapHeie ¥ atepManbHble PacTBOPbI TPAAWLHUOHHO MPHHSATO Bblae-
aaTh 0cob0 kak Haubonee NpocThie KNacchl HeuaealbHbIX pacTBopoBs. Jlns
PETYJSPHBIX PACTBOPOB SHTPONUA CMELIEHUS COBMAJAET C IHTpONHEH cMe-
LIEHUS MAEANbLHOrO pacTBoOpa, a €AMHCTBEHHOW NpPUYMHON OTKIOHEHUS OT
H/JEANBHOCTH SBAAETCS HaluWuke TenyioThl cMmeuieHua. KosgduuuenTs! ak-
THBHOCTH 3aBUCAT OT TEMNEPATYpPbL:

(1-x)’ ggo
RT

2
X oo
Iny, =—==, Iny, =
14 RT 12

Jins aTepManbHBIX PacTBOPOB TEMIOTA CMELIEHUA PaBHA HYNIO, HO HMe-
ercs U30bITOUHAs dHTponHA cMeleHus. KoapdHuuueHTh aKTUBHOCTH KOM-
TIOHEHTOB OT TEMMEPATYPbl HE 3aBUCAT:

2
X 8
Iny, = Rm , Iny,=

! CywectryioT u apyrue cnocobsl npencrasnenus pynkuun G™, B TOM yucne —
NONHHOMHANBHBIE.

1

(6.32)

(6.33.a)

(6.33.6)

(6.34)
(6.35)

(6.36)

(6.37)
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(6.38.a)

(6.38.6)

(6.39.a)

(6.39.6)

CaoiicTsa pa3faBiieHHbIX pacTBOPOB, 3aBHCALIHE TOJILKO OT KOJHYECTBA
pPacTBOPEHHOTO BeLLECTBa, Ha3bIBAIOT KoLUzamugHbimu ceoticmeamu. K Hum
OTHOCATCA: TIOHUKCHHE AABJICHUS Napa pacTBOPUTENSA HaA PacTBOPOM, MO-
BbILIEHHE TEMMEepaTypbl KUMEHHA U NOHHKEHHE TeMIepaTypsl 3amep3aHus
pacTBOpa, a TaKXe OCMOTHYECKOE [IaBJIeHHE.

[ToxuxeHne TeMneparypbl 3aMep3aHus U NMOBBILIEHHE TEMNEPATYPhbl KH-
MeHUs pacTBOpa MO CPaBHEHHID € YHUCTHIM PACTBOPUTENIEM OINUCHIBAETCH
dopMynamu:

_ RTix, RTZMm, _

AV
AH — ALH

Ky-my,

2 2
= RT;cunx2 = RT;manmZ =

AnH — AyH

Hen

ATKHII K3'm2a

A€ mM; — MOJIAUILHOCTL pacTBopa, Kx U K5 ~ KpHockonuueckas U 30ynnocko-
AHYECKasA NIOCTOAHHbBIC pacTBOPHTENA, X; — MOJIbHAA 011 paCTBOPEHHOIO Be-
uecTBa, A ¥ Ayend — 3HTANbINKM NMIABNEHUA U UCMApEHHUs pacTBOPUTENA,
Tan M Ty — TEMINEPATYPHI MJIABJEHUSA U KUNICHUA pacTBOpuUTens, M; — monsp-
Hasd Macca paCTBOPHTENS.

OcMoTHYeckoe naBieHHe T B pa3baBieHHbIX paCTBOPaX MOXHO paccyu-
TaTh M0 YPABHEHHUIO

RT RT
n= --—_—lnal = 7‘*3&?2 ,

7, 1

rie a; — akTUBHOCTb pacTBOpHTENs (= X;), X, — MOJIbHAA 0JId PacTBOPEHHO-
ro BewiecTsa, ¥, — MonbHblil 06beM pacTBopuTens. B pa3GasnenHbix pac-

TBOpAx 3TO BbipakeHUe npeobpasyercs B ypasunenue Banm—I opgha:
7t =cRT,

rae ¢ — MOJIAPHOCThb PacTBOpA.

[_I_I_PI/IMEP;I—]

Ilpumep 6-1. [Tokaxure, Kak ¢ nomoilblo Habopa 3HaueHHH KoapPuuH-
€HTOB aKTHBHOCTH TEPBOTO KOMIOHEHTA PAacCHUTaTb KOIPPHLHEHTH! ak-
THBHOCTH BTOPOro KOMNOHEHTA.

Pewenue. 3anuiieM )15 JBYXKOMINOHEHTHOH cHCTeMb! ypaBHenne ['H6-

6ca—/liorema:

xidiny, + xdlny, =0 wnu diny, = —i‘—dlnyI .
X2
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WurerpupyeM nocjieatee paBeHCTBO:
*3
X
Iny, =- f “Ldiny, .

npu x,=1 )

YucneHHoe 3HaueHWe MOMABIHTErPAIbHOTO BBIPAKEHHS MOXHO HaHTH
AHATHTHUYECKHM WJIH rpadHUECKUM CnocoboM.

B nepsoMm cnyuae noabupaercsa (yHKLHA, ONUCHIBAOIAA IKCTEPHUMEH~
TalIbHbIE JaHHbIE B Ipe/ieNax NorpelHocTed 9KCnepMMeHTa.

Bo Bropom unTerpan onpeaensioT rpaguuecku, COOTBETCTBYIOLLEE MMO-
CTPOEHHE NpHUBEACHO Ha pucyHke (a). [1pu x; = 1 (x; = 0) BenuuuHa Iny; umeer
KOHEYHOE 3HAauYeHHe W ABJIACTCA HWKHHUM NPEACIOM HHTErpupoBaHui. 3a-
WITPUXOBAHHAsA NJIOLAb COOTBETCTBYET MOABIHTErPAbHOMY BhIPAXEHUIO.

MOXHO Takke HCNOJB30BaTh BCMOMOraTeNbHylo (QyHkUMIO o (MeToa

HapkeHa),

]
@ = Iny, _ 1y,

(-x)? x?

Xa Xy
ln'}’z = —alxlX2 - I (xlde = _alxlxz + j aldr]

Xy=1 x;=1

HHTErpas onpeensioT rpadueckuM crnocobom (cm. pucyHok (6)):

;x‘!‘ Iny,
S RGN e BN

- - -
———n - - - -

pd

lny; 1 X 0

IIpumep 6-2. MonbHblie o06beMbi CCly u CgHg paBnet 0.09719 u
0.08927 n-Mons ! COOTBETCTBEHHO, a UX NMapLHaNbHbIE MOJIbHBIE OOBEMBI B
3KBUMOJIAPHOM pactBope paBHbi 0.10010 u 0.10640 n-monb . PaccunTaiite
MOJIBHbI 00beM 3KBUMOJIAPHOrO pacTBOpa M H3MEHeHHe obbeMa npH
CMELLEeHHH.

Pewenue. O6bem pacTBOpa paBeH

V=n, -I;: +n, V—zz 0.5-0.10010 + 0.5-0.10640 = 0.10325 (n-M(ms“).
O6muit 06beM 10 CMElIeHHS

Vo =0.5:0.09719 + 0.5-0.08927 = 0.09323 (n-monp").
AmixV. = V= V5 =0.10325 - 0.09323 = 0.01002 (-Mons ™).
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IIpumep 6-3. DHeprus 'nb66ca cmelileHus XUAKMX pacTBOPOB ONUCHIBA-
€TCH YpaBHEHHUEM!

AmixG = RT{(1 —x)In(1 —x) + xIn(x)} + (1 - x)-x-go.

[Monyuute BbipaxkeHUs AN XUMUUYECKHMX NOTEHUHATOB KOMMOHEHTOB
3TOTO pacTBoOpa.
Pewenue:

ApmixG = G — {(1 =)+ xp}=RT{(1 — x)In(1 —x) + xlnx} + (1 —x)-x-go
Tak kak p = G - x(0G/0x),r v pa =G + (1 —x)(OG/0x), 1, TO

A“i = AmixG - x(aAmixG/ax)p, =
= RT{(1 =x)In(1 —x) + xInx} + (1 = x)-x-go — x{RT(Inx — In(1 = x)) + go-(1 — 2x)} =
= RT‘n(I —x) +x2g0;

Aty = AyixG + (1 = X)(OA mixGIOX), =
= RT{(1 = x)In(1 = x) + xInx} + (1 = x)x-go + (1 =x){RT(Inx — In(1 = x)) + go-(1 = 2x)}=
= RT Inx + (1 —x)zgo,

ITpumep 6-4. U3OriTounas aneprus 'u66ca »uakux pactopos Ga — As
OTMUCBIBAETCS BbIPAKEHHEM:
G =x(1 - x)-(2597-R - 4.61-RT).

PaccunTaiite 3HaueHns KOIDPHLUHMEHTOB aKTHBHOCTH TAJTHA M MbllubsiKa
npu xa; = 0.45 u 7= 1600 K.

Pewenue. XuMuueckue noTeHUMaNbl KOMIOHEHTOR PAacTBOPA BbIpaa-
H0TCS Yepe3 MHTerpaibHbie CBOICTBA C TOMOILBIO YPABHEHUIA:

HGa = G —x(OG/0x), 1 Ras =G + (1 = x)(0G/0x),, 1
H%Ga = X*-(2597R ~ 4.61RT) 1 ae = (1 —x)’(2597R - 4.61RT)
C apyroii cTopoHsl,

17 Ga = (1 = X)RT Inyg,, U as = XRT Inyas,

=0.333,

x2(2597/T - 4.61) 0.45%(2597/1600 - 4.61)
YGa = €XPp = eXp
1-x 1-0.45
(1-x)%(2597/T -4.61) _  0.552(2597/1600 — 4.61)
exp =exp 0.45
X .

Yas =

=0.134.

IIpumep 6-5. Paccuuraiite coctaB pacTBopa 6€H30J — TOJYOJ, KOTOPbIH
npyY HOpMANbLHOM JAaBiieHuM KUnuT npu temneparype 100 °C, a Takxke co-
cras ofpasyowerocs napa. Pactsop cuuraiite uaeanbHbiM. JlaBienus napa
yucThix H6ensona u tonyona npu 100 °C pasubt 1350 Topp u 556 Topp coot-
BETCTBEHHO.
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Pewenue. MonbHyto pomo 6eH3osia B pacTBOpe HAxXOOMM MO 3aKOHY
Payns:

760 =556 + (1350 — 556)-x,,

orkyna x; = 0.257.
MonbHas nons ToNyona 8 pacTBOpe paBHa

Xy = 1 — Xt = 0.743.

MonsHas nons 6ex3ona B nape paBHa

(&)
yl=&:x1p; =0°257.I350=0.456.
J2 P 760

COOTBQTCTBBHHO, MOJibHasA 10J14 TOJ1yoJia B nape paBHa

W= 1 -n= 0.544.

IIpumep 6-6. PactBop 20 r remornobuHa B | n BoAbl UMEET OCMOTHYE-
ckoe faBneHue 7.52-107 atm npu 25 °C. Onpeaenurte MOJIPHYIO Maccy re-
morno6uHa.

Pewernue.

mRT 20-107 kr-0.08206 1 -atm-K™' - mons™" - 298.15 K

= 65 Kr-MOJb .
Vn 11-7.52-107° at™m

M =

IIpumep 6-7. U303nekTpuueckne pacTBOpbI CHIBOPOTOUHOrO aib0yMHHa
obika (CAB) npu 25 °C uMeloT OCMOTHYECKUE AaBliCHHsA, NMPUBEACHHbIC B
tabnuuax. B cnyyae pacteopa natuHoro CAb B 0.15 M NaCl:

Kouuentpauus CAB, r-cm™ 0.002 | 0.003 | 0.004 | 0.006
OcMoTHYECKOE AABIEHHUE, CM PacTBOPHUTENA 0.73 1.10 1.47 2.22

B cnyyae pactBopa aeHarypuposannoro CAb B cMecn 6 M xnopuctoro
ryanuauHa ¥ 0.1 M MepxanToaTaHosia nosyueHsl! CleAyIoLue AaHHbIE:

Kouuenrtpaums CAB, r-cm 0.002 | 0.003 | 0.004 | 0.006
OcMoTHYecKoe JaBNeHKe, CM pacTBOpUTENS 0.69 1.08 1.50 2.45

InotHocts 0.15 M pacteopa NaCl moxHo npunaTs pasHoii 1.0, a njot-
HOCTb cMecH 6 M xuyopuctoro ryanvauda u 0.1 M mepkantostaHona —
1.14 rem™. YeMy paBHa MOJsipHas Macca HaTUBHOTO U JAE€HAaTypPHPOBaHHOro
CAB?

Pewenue. B pazbaBieHHbIX pacTBOpax

n:RTnz _RT g, RT

— 4

v, ¥, My M,

Jnsa naeanpHbIX pacTBOpoB  T/c = const
JUISA HEUJEANTbHbIX n/(RTc) = A, + Axc +.... (4 = 1/M).
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103
1.8+ penar. CAb -
i W/RTc Y
G r o™ HATHBH. | /JeHarT,
1.7 CAbB CAB
. 0.002 1.451 1.564
1 6] 0.003 1.458 1.632
| 0.004 1.461 1.700
0.006 1.471 1.851
1 5_ //
/ -—.————."’"“_—__—_"‘
_;%”"Eﬂ HaTusHbik CAB
1 4 T ] 1 1 ] I T
0.000 0.002 0.004 0.006 c,rem™

Jns narusnoro CAbB:
n/RTc = 1.4421-107° + 4.829-107 ¢,
Te. | / My =1.4421-107,
M, = 69341 = 69000 r-Mofb .

Insa penarypuposanuoro CAb:
~/RTe = 1.4173-107 + 7.186:10 "¢,
Te. 1/ My =14173-107,
M; = 70557 =~ 71000 r-mom .

Ilpumep 6-8. IlpoGa HeneryueH >kupHO#H kucnoTsl o6uieid Gopmynsl
C,H;, ;COOH maccoit 1.263 r pactsopena B 500 r CCl,. Temneparypa ku-
neHus pactBopa coctaBuna 76.804 °C. Onpeaenute, kakas Kuciaora Obuia
UcciaeaoBana, ecnu 1, (CCly) = 76.76 °C, a monsnbHas 30y1MOCKONHYECKast
nocTosHHas paBHa 4.88 K-kr-Monb ™.

Pewenue.

oy - Ko 81000

2 3
ATKHH : gl

4.88-1.263-1000 A
= = 280.1 r-monb .
(349.954 - 349.91)- 500

2

Hnpeke n HaxoauM, peulast ypaBHeHHe:
12n+1-2n-3)+12+2.16 +1=280, n=17.

Bblia uccnenosana auHoneas kuciora Cy;H;COOH (ButamuH F).



naea 2. NpunoxeHus XUMUYECKOU TEPMOANHAMMUKN

I__EA}IA‘IITI

6-1. Eciiv oiMH KOMMOHEHT NMPOABIAET OTPULIATENLHOE OTKJIOHEHHE OT 3a-
KOHa Payns, 4TO MOXHO cka3aTb 00 OTKNOHEHUH OT 3akoHa Payns naBnexus
napa BTOPOro KOMnoHeHTa?

6-2. Ectb ¥ oaHO3HAuHas CBA3b MEXAY 3HAKOM OTKJIOHEHMA OT 3aKOHa
Payns H 3HaKOM DHTaNIbIUU CMELLEHUA?

6-3. [lokaxuTe, uTo ecnu 3axoH Payns cnpaBenuB 1 OHOIO KOMIIOHEHTA
pacTBOpa BO Bceil 06/1aCTH COCTABOB, TO OH TAKXe BBLIMOJHAETCS M 11 BTO-
pOro KOMMOHEHTA.

VYxazanue: Bocnonwzyiirecs ypaBHenuem I'ub6ca—/iorema.

6-4. JlaBnenus napa uucteix CHCl; u CCly npu 25°C paBHbl 26.54 u
15.27 kIla. Tlonaras, 4To oHu 00pa3ytOT WAeanbHbI pacTBOp, paccuuTaiiTe
JABJIEHHE Mapa ¥ cocTaB (B MOJIbHBIX AOJIAX) Napa Hajl pacTBOPOM, COCTOA-
wuM u3 1 mons CHCL; u 1 mones CCly.

6-5. [lubpoMatuneH u aubpoMnpofinied rnpu cMeLieHUun o6pa3yroT MOYTH
naeaneHble pacteopbl. [Ipu 80 °C paBneHue nmapa AuOpoOM3THIIEHA paBHO
22.9 lla, a aubpomnponunena 16.9 xlla. Paccuurtaiite coctaB napa, Haxo-
JALLETOCs B pAaBHOBECHM C PacTBOPOM, MOJIbHAA Aons AUGPOMITHIIEHA B KO-
Topom pasHa (.75. PaccuuTaiite coctaB pacTBOpa, HaXOAAILErocs B paBHO-
BECHU C NapoM, MONbHAA Aons JubpomaTuneHa B kotopoM pasHa 0.50.

6-6. JtaHon W MeTaHON MpU CMElleHUH o0Opa3yloT MOYTH MAealbHbie pac-
TBOpbl. [lpu 20 °C paBnenwe napa staHona pasHo 5.93 klla, a meraHona
11.83 klla. Paccuuraiite naBneHwe mapa pactBopa, cocrosuero u3 100r
sranona u 100 r metaHosa, a Takke cocTaB (B MOJIBHBIX AONAX) Mapa Haj
3TUM pacTsopoM nipy 20 °C,

6-7. JlaBnenus napa uucThix O6eHzona v Tonyona npu 60 °C paBubl 51.3 u
18.5 klla. ITpu kakom gaBneHunu 3akunut npu 60 °C pacteop, cocroauuii u3
1 Mmone Gensona v 2 monb Tonyona? KakoB 6yaer coctas napa?

6-8. TaBnenus napa yucThix CeHsCl u C¢HsBr npu 140 °C paBubt 1.237 6ap
1 0.658 6ap. PaccuuTaiite coctas pactsopa C¢HsCl — C¢HsBr, koTopsiit npn
nasneHun 1 6ap kunut npu temneparype 140 °C, a taike coctas obpasylo-
werocs napa. KakoBo 6yner naBnexue napa Hal pacTBOPOM, MOJIyYEHHBIM
KoHAeHcaueil obpasytouterocs napa?

6-9. Temneparypa kuneHWs cmecH Boja-HadTamuH (HecMelUMBalOLIUECH
uakocTH) npu AasneHun 97.7 xlla pasuna 98.0 °C. JlaBaeHHe napa BOAbI
npu 3Toiil Temneparype pasHo 94.3 klla. Paccuuratlite MaccoByro 1omo Had-
TajliHa B AUCTUILIATE.

6-10. Kouxcranra I'enpu ans CO, B Boae npu 25 °C pasHa 1.25-10° Topp.
Paccuuraiite pacTBopuMocTb (B eannuuax monsansHoct) CO; B Boae npu
25 °C, ecnu napumanbsHoe aasneHue CO; naa Bojoit pasHo 0.1 atm.
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6-11. Koncrautsl ['eHpn ana kucnopona M azora B Bofe npu 25 °C pasHbl
4.40-10° IMa u 8.68-10° IMa cooTBeTcTBeHHO. PaccuuTaiite cOCTaB (B %) BO3-
AyXa, pacTBOpeHHOro B Boje npH 25 °C, eciy Bo34yX Haa BOAOH COCTOMT U3
80% N n 20% O, no o6bemy, a ero nasneHue paBHo 1 6ap.

6-12. Koucrantel 'enpu a1 kucnopona 4 azota B Bose npu 0 °C paBHbi
2.54-10* 6ap u 5.45-10* Gap cooTBeTCTBeHHO. PaccunTaiite noHmkeHne TeM-
nepaTypbi 3aMep3aHus BOAbI, BbI3BAHHOE PACTBOPEHHEM BO3AYyXa, COCTOS-
wero u3 80% N, u 20% O, no obbemy npu aasnenun 1.0 6ap. Kpnockonu-
YyecKast KOHCTaHTa BO/bl paBHa 1.86 K-kr-Mob .

6-13. I'lpu 25 °C naBnenue napa XxJiopMeTaHa HaJ ero pacTBOPOM B YITieBO-
JOpOJIe NMPU pa3HbIX MONBHBIX AOJIAX CREAYIOLIee:

xcuya(p-p) - 0.005 0.009 0.019 0.024
Pcuc, Topp 205 363 756 946

IlokaxkuTe, 4TO B 3TOM MHTEPBANE MONbHBIX A0JNEH pacTBOP NMOAYHHAET-
cs 3akoHy I'enpu W paccuuTaiite KoHCTaHTY ['eHpH.

6-14. Ilpn 57.2 °C u naBnenun 1.00 aTM MonbHas A0S alUETOHA B Nape Haj
pacTBOpOM aLIETOH-METAHOJN ¢ MOJbHON JAoned auetroHa B pacTBope
xa = 0.400 paBHa ya = 0.516. PaccuuraiiTe akTUBHOCTH H KO3 HULHEHTbI
aKTUBHOCTH 000MX KOMMOHEHTOB B 3TOM pacTBOpe Ha OCHOBe 3akoHa Payns.
HaBnenys napa YUCTbIX auEeTOHa W METaHONIA NP 3TOH TeMINeparype paBHbI
786 n 551 Topp cOOTBETCTBEHHO.

6-15. Insa pactBopa 3TaHo — xnopodopm npu 35 °C nonyueHsl ciesyoume
JaHHble:

Xoramora (P-P) 0 0.2 04 0.6 0.8 1.0
Voranona (12P) 0 | 0.1382 | 0.1864 | 0.2554 | 0.4246 | 1.0000
Potuee, KI1a 39.345 | 40.559 | 38.690 | 34.387 | 25.357 | 13.703

Paccunraiite ko3dduumeHTs! akTHBHOCTH 00OUX KOMIIOHEHTOB B pac-
TBOpE Ha OCHOBe 3aKkoHa Payns.

6-16. [1ns pactBopa CS; — auetoH npu 35.2 °C nonyyeHs! Cneayoue JaHHbie:

xcs, (P-p) 0 0.2 0.4 0.6 0.8 1.0
Pcs,> klla 0 373 | 504 | 567 | 613 | 683
Paveronar K[12 45.9 387 | 340 | 307 | 253 0

Paccuuraiite k03GHUMEHT aKTUBHOCTH OOOMX KOMIIOHEHTOB B pac-
TBOpE Ha OCHOBE 3akoHa Payns.

6-17. Iins pactBopa Boza — w-mponadon npu 25 °C nonyuenb! cnegylolme
JaHHbIE:

x".nponamna (p‘p) 0 0;02 OcOS 0. 10 0-20 0.40 0.60 0-80 l .00
Peomws KI12 3.17 |3.13 |3.09 [3.03 |2.91 |2.89 [2.65 |1.79 |0.00
Pu-nponanonas K112 10.00 [0.67 [1.44 1.76 |1.81 |1.89 |2.07 |2.37 |2.90
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PaccuuTaiite akTHBHOCTH W K03 PHUMEHTH! aKTUBHOCTH 000OMX KOMNO-
HEHTOB B pacTBOpE C MOJBHON foneit x-nponanona 0.20, 0.40, 0.60 u 0.80
Ha OCHOBe 3aKOHOB Paynd U ['eHpu, cunTas Boay pacTBOpUTENEM.

6-18. [lapumnaneHble MONbHBIE 0O0BEMBI BOJBI M METAHONA B pacTBOpe C
MONbHO# floneit Metanona 0.4 pasHel 17.35 u 39.01 cM>-Monb™' cooTBeTcT-
BeHHO. Paccuuraiite o6beM pacteopa, coaepxainero 0.4 MoJib MeTaHONa U
0.6 Moab BOAbI, a Takke oObeM a0 cMmelenus. [TnoTHOCTH BOABI U MeTaHOIa
pasub 0.998 u 0.791 r-cM* COOTBETCTBEHHO.

6-19. MapuunanbHble MOJIbHBIE 06BEMBI BOABI M 3TAHONA B PaCTBOPE C MOJIb-
Ho# Joneit ataHona 0.2 paBustl 17.9 1 55.0 cM’-Monib™' cooTBeTcTBeHHO. Pac-
cuuTaiiTe 0OBEMBI BOALI M 3TaHONa, HeoOXOAMMble A/t MPUrOTOBNEHHS
1 n Ttakoro pactBopa. [lnoTHocTH BOABl W 23TaHona paeHbl 0.998 w
0.789 r-cM > COOTBETCTBEHHO.

6-20. [NapunanbHble MobHBIE 0OBEMbI alleTOHA H Xnopodopma B pacTBOpE C
MoJsibHOH nonedi xnopodopma 0.4693 paBubl 74.166 u 80.235 cM-Mos ! co-
oTBeTcTBEHHO. Paccuuraiite 00beM Takoro pacTBopa, MMEIOLIEro Maccy
1 xr.

6-21. [NnotHOCTL 50% (MO Macce) pacTBopa 3TaHona B Boae npu 25 °C paBHa
0.914 r-cm °. Paccunraiite rnapuudaibHeli MOIBHBIA 00BbEM 3TaHONA B 3TOM
pacTBOpE, €CITH NapLUUantbHbIA MONBHBIN 00beM BoAb paseH 17.4 cM-MoTb .

6-22. O6umii odbvem pacTBOpa 3TaHoNa, coaepxkaulero 1.000 kr Boabl, npu
25 °C onuchIBaeTCA BbIpOKEHUEM

V(M) = 1002.93 + 54.6664 m — 0.36394 m* + 0.028256 m”,

rae m — MOJISJILHOCTb PacTBoOpa.
PaccuuraiiTe nmapuuanbHble MosibHble 00bEMbBI BOAbLl M 3TaHONA B pac-
TBOpE, cocTosmeM u3 1.000 kr soapi u 0.500 kr 3Tanona.

6-23. Tapunanbhblif MONbHBIA 00beM K,SO4 B BOAHOM pacTBope npu 25 °C
OTIHCHIBAETCA BbIPAKEHUEM

V(iem*-momy ) =32.28 + 18216 m'",

rae m — MOJISUIBHOCTBL PacTBOpa.

Hcnonw3ys ypaBHenune ['mG6ca—Jliorema, MOnyuuTe BbIpaKEHUE s
NapUUaILHOr0 MOJILHOTO 00bema BOABl B 3TOM pactBope. MonbHblii 00beM
yucToii Boab! npu 25 °C pasen 18.079 eM’-momb ™

6-24. Tlpu 18 °C obwuii 06beM pacTBopa, 00pa3yioLerocs npu pacTBope-
nun MgSO, B | kr H,O, onucriBaeTca ypaBHeHHEM

Viem®) = 1001.21 + 34.69-(m — 0.07)".

PaccuuraiiTe napuualibHble MOJNbHblE 00BLEMbl KOMMOHEHTOB [pH
m=0.05.
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6-25. B kakoii nponopuui (@) no MonbHO fose, (6) Mo Macce cieayer cMe-
LaTh NeKCaH W renrtaH, yToObl AOCTHYL HAMOONbLLIEr0 3HAYECHHS DHTPOIHH
cMmeleHus?

6-26. 111 rasupoBaHis BOAbI B 1OMAUIHUX YCIOBHSX MCIOb3YIOT CH(POH, B
KOTOPOM CO3AaeTcs JaBieHue AByokucH yraepoga 5.0 atM. Ouenute Mo-
NAPHYIO KOHUEHTpauHIo obpasytoieiics cofoBOH BOAbL

6-27. benzon n Tonyon ofpasyloT NPaKTHYECKW HWAcanbHbIi pacTBop. Tem-
neparypa kuneHus uucroro 6enzona passa 80.1 °C. Paccunraiite pa3HOCTb
XUMHUECKUX NoTeHiManos 6eH3ona B pacTBOpe U B YMCTOM BHJE MPH TEM-
NepaType KUNEHUS M Xpewsona = 0.30. HeMmy Obno 6bl paBHO naBieHue napa,
ecnu Obl B AeHCTBUTENbHOCTH KOI(DPULUEHT aKTUBHOCTH O€H30Ma B 3TOM
pactBope 6b1 6bi paBeH 0.93, a e 1.00?

6-28. BoiBeuTe BbipaKeHUsS 1JI1 XMMUYECKOrO MOTeHUMana [, ¥ Koaddu-
LIMEHTA aKTHBHOCTH Y| NEPBOro KOMIOHEHTa cyOpery/spHOro pacTeopa.

6-29. BoiBeante BbipakeHUs ANSA XMMHYECKHUX NMOTeHUHaNoB U kod3pduuu-
€HTOB aKTHBHOCTH KOMITOHEHTOB aTepMajlbHOro pactaopa.

6-30. BriBeauTe BbIpaKeHHS A% XHMHUUYECKOrO NOTeHUuuana p; U Kospdu-
LIi€HTa aKTUBHOCTH Y2 BTOPOTO KOMIOHEHTA KBa3HPEryIIpHOro pacTeopa.

6-31. U36biTounyto aHepruio ['mb0ca pacteopa Metunuuknorekcana (MCH)
u tetparuapodypauna (THF) npu 303.15 K MoxHO annpokcMMupoBaTh Bbl-
paXKeHHeM:

G™ = RT:x(1 = x)-{0.4857 - 0.1077(2x — 1)+ 0.0191(2x — 1)},

rJe X — MOJIbHAA 10151 METHIILUKIIOreKcaHa.
Paccuuraiite aHepruto ['n66ca cmeweHus pacTBopa, obpasyioulierocs m3
1.00 mons MCH u 3.00 mons THF.

6-32. H30biToyHas sHeprus ['ub6ca Hekotopoil 61MHapHoOit cmecn onuchbiBa-
ercst BbipaxkeHnem gRTx(1 — x), rae g — nocTosiHHas BENWYUHA, x — MOJibHasA
nons pacTBopeHHoro BeuiectBa A. Hoayuure Bblpaxkenne A XMMHYECKHX
MOTEHLHANOB KOMIIOHEHTOB A u B B pacTBope 1 n3o0pa3ure X KOHUEHTpa-
LMOHHYIO 3aBUCHMOCTb.

6-33. KoadduumeHT akTUBHOCTH ¥y, BbIPOKEHHBIH B MOJIBHbLIX J0JsX pac-
TBOPEHHOIO BEILECTBA, B pa30aBNeHHOM pacTBOPE pPaBEH Y; = exp(axz), riae
a = const npu gaHHoi#l TeMnepartype. BoireanTe BhipakeHHe AN KO3 PuuH-
€HTa aKTUBHOCTH Y Yepe3 a H X).

6-34. OTHOCHUTENLHBIH XUMHYECKUH NMOTEHLMA Kalus B XKUIAKUX pacTBopax
K — Rb onucbiBaetcs ypaBHeHHEM

Apk = p — % = RT-In(1 —x) + x*-(=56.334 + 8.251x).

BbiBeauTe BbipaXeHWe 718 pacuyeTa KOHUECHTPAUMOHHOH 3aBHCHUMOCTH
XMMHUECKOro notexiyana sroporo komnoxeHnta (Rb) atoro pactsopa.
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6-35. PaccuutaliTe MUHUMANbHYIO OCMOTHYECKYlO paboTy, coBeplLuaemyio
MOYKaMH s BblAENEHUA MOUYEBHUHBI Nipy 36.6 °C, eCTH KOHLEHTpaUua Mo-
yeBHHbI B masme 0.005 Monb-1"', a B moue 0.333 Moab-n.

6-36. 10 r nonucTupona pacrsopeHo B | 1 6ensona. Beicora ctonbuka pac-
-3

tBopa (mnotHocTbio 0.88 r-cM ) B ocmometpe npu 25 °C paBHa 11.6 cMm.

PaccuuTaiiTe MONApHYIO Maccy NONUCTHPOIA.

6-37. benok CbIBOPOTOUHBIK anbOYMHH 4YeJIOBEKa HMEET MOJIAPHYIO Maccy
69 kr-Mofb . PaccudTaiiTe OCMOTHYECKOE [aBICHME pacteopa 2 r Oenka B
100 cM® Boabt npu 25 °C B I1a u B MM cTonbuka pacraopa. [Ipumure mior-
HOCTh pactBopa paBHoi 1.0 F-CM ™.

6-38. Tlpu 30°C pasneHue napa BOJHOINO pacTBOpa caxapo3bi PaBHO
31.207 Topp. Haenenue napa yuctoii soast npu 30 °C pasHo 31.824 Topp.
[lnotHocTh pacTBOpa pasHa 0.99564 r-eM . YeMy paBHO OCMOTHYECKOE AaB-
JieHHe 3TOro pacTBopa?

6-39. ITna3zma yenosedeckoit kpoBu 3amep3saer npu —0.56 °C. KakoBo ee oc-
MoTH4eckoe naBneHue npu 37 °C, u3MepeHHOE C IOMOLIbI0 MeMOpaHbl,
MPOHUILAEMOH TONLKO AJIA BOJBI?

6-40. Monspuyto maccy depMeHTa onpelensiii, pacTBOpAs ero B BoJE U U3-
Mepss BLICOTY cTonbuka pacteopa B ocMoMeTpe nipu 20 °C, a 3aTteM 3KcTpa-
MONUPYS JaHHbIe K HysleBoH koHueHTpauuH. [TonyveHs! cieayoue aaHyble:

c, Mr-cM™ 3.211 4.618 5.112 6.722

h, cMm 5.746 8.238 9.119 11.990

PaccunTaiiTe MoasapHyto maccy depMmenTa.

6-41. MonspHyo Maccy JHNIMAA ONPeACasOT O MOBBILICHHIO TEMIIEPATYPhI
KuneHnus. JIMMKUI MOXKHO pacTBOPHTH B METaHoNE Mad B xjopodopme. Tem-
nepatypa kunenus MeraHona 64.7 °C, tennora ucnapeHus 262.8 Kan-r '
Temnepatypa kuneuuss xnopodopma 61.5°C, Tennora HcnapeHus
59.0 kan-r”'. PaccumTaiite 20YJIMOCKONMYECKHUE TOCTOAHHbLIE METaHoJa |
xnopodopma. Kakoii pacTBopuTens nyuilie MCnosib3oBaTh, 4ToObl onpeae-
JINTh MOJIAPHYIO Maccy ¢ Gonbiei TOUHOCTHIO?

6-42. PaccuuTaiite Temneparypy 3amep3aHus BOAHOIO pacTBOpa, coaeprka-
wero 50.0 r atuneurnukons 8 500 r Boabl.

6-43. PactBop, cogepxwamuid 0.217r ceput v 19.18 1 CS;, kunur npu
319.304 K. Temnepatypa kunenus uuctoro CS, paena 319.2 K. 26ynuo-
cKonuveckas nocroannas CS; pasua 2.37 K-kr-Monb "', CKONBKO aTOMOB Ce-
pbl COAEPKUTCSH B MOJIEKYJIE cepbl, pacTBOpeHHOH B CS,?

6-44. 68.4 r caxapo3sl pactBopeHo B 1000 r Boapi. PaccuuTaiire:
a) laBneHue napa,
6) OCMOTHYECKOE AABJICHHE,
B) TeMnepaTypy 3amep3aHusi,
r) TeMnepaTtypy KUNeHnus pacTBopa.
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Jlasnenye napa uuctoii Bogsl npu 20 °C pasHo 2314.9 [1a. Kprockonuye-
ckast M 36yTHOCKONHYECKas NIOCTOSHHbIE BOJIbI paBHbl 1.86 1 0.52 K-kr-Monb ™
COOTBETCTBEHHO.

6-45. PactBop, copepxawmii 0.81 r yrnesonopoaa H(CH;),H un 190 r 6po-
MUCTOrO 3THNA, 3aMep3aeT npu 9.47 °C. Temnepatypa 3amep3anus OpoMu-
croro atuna 10.00 °C, kpuockonuueckas noctosiHHas 12.5 K-xr-Monb .
Paccuuraiite n.

6-46. I1lpn pactBopenun 1.4511 r anxnopykcycHoit kucaotsl B 56.87 r ue-
THIPEXXJIOPUCTOrO Yriiepoja ToYKa KuneHus nosblaercs Ha 0.518 rpan.
Temneparypa kunenus CCly 76.75 °C, Tennora ucnapenus 46.5 kan-r . Ka-
KOBa KaXylLascs MOJsApHas macca KucioTbi? UeM oObscHgeTcs pacxoxne-
HU€ C HCTHHHOH MOJISpHO# Maccoi?

6-47. Hekoropoe KONMM4YECTBO BellecTsa, pacTBopeHHoe B 100 r Oensona,
MOHMKaeT Touky ero 3amep3aHus Ha 1.28 °C. To ke KonuuecTBO BELIECTBA,
pacTBopenHoe B 100 r Boabl, MoHmxkaeT Touky ee 3amep3aHus Ha 1.395 °C.
BeinectBo umeer B 6eH3011€e HOPMAIBHYIO MONIAPHYIO Maccy, a B BOAE M0A-
HOCTbI) JMCCOUHMPOBaHO. Ha CKONBbKO MOHOB BELIECTBO AMCCOLUMHPYET B
BoAHOM pactBope? Kpuockonuueckne noctosHHblie ans GeH3zona U BOAb
paBHBI 5.12 1 1.86 K-kr-monb .

6-48. Onpenenurte MONAPHYIO Maccy y-rnobynuHa no pesyiabTaraM n3mepe-

HHUS OCMOTHYECKOrO AABJIEHHS H303J1EKTPUUECKHX PacTBOPOB y-rodyinHa B

0.15 M NaCl npu 37 °C. [TnoTHocTb pacTBOpuTEns paBHa 1000.2 KrM ™,

c(rah 12.6 23.5 36.2 58.1

h, cM pacTBOpHUTENS 7.10 21.00 46.00 112.20

6-49. MonspHyto maccy reMoriio0MHa onpeaensii, pacTBopsAs ero B BOAE H
U3Mepss BBICOTY cTonOKka pacTtBopa B ocmomerpe npu 20 °C. TlnotHocTh
pacTBopuTens pasHa 999.8 kr-M™. Paccuuraiite MOJIAPHYIO Maccy remMorno-
OMHa, ecny Nony4eHbl cneayouue pe3ynbTaThl

c, rr’ 0.5 1 2 35

h, cMm 0.270 0.690 2.030 5.160

6-50. bbino NoOKa3zaHo, 4YTO U303EKTPHYECKHE PACTBOPLI A€HATYPHPOBAHHOM
anbjonasbl B cMecH 6 M xnopucroro ryaunausa v 0.1 M mepkantoatadona
npu 25 °C uMeloT crieyollie OCMOTHYECKHE AABIICHUSA:

C anbaoNasbl, r-cM > 0.0012 | 0.0018 | 0.0027 | 0.0037 0.0051

h, cM pacTBOpHTENS 0.66 1.01 1.56 2.22 3.19

[TnotHocTh pacTBOpuUTENs paBHa 1.14 reM . Yemy paBHa MoOJisipHas
Macca JeHaTypupoBaHHOH aibgonasbl? Kak MOXHO NPOKOMMEHTHPOBATHL
MOJY4YEHHbIA pe3yNbTaT, ecil U3BECTHO, YTO MOJIEKY/Ja HAaTUBHON anblona-
3bl, COAEPIKALLAA HECKOJIBKO MOMUMNENTHAHBIX LEMeH, UMEET MOTAPHYIO Mac-
cy 158000 r-momb'?
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§ 7. 'eTreporennbi¢ paBHOBECHSI.
IIpaBuJio ¢as I'n66ca. @azoBbie paBHOBeCHS
B OJHOKOMIIOHEHTHBIX CHCTEeMAaX

Bewectpa, obpasyiouie TEpMOAHMHAMUYECKYIO CHCTEMY, MOTYT Haxo-
AWTLCH B Pa3jIMYHbIX arperaTHbiX COCTOAHUSAX — TBEPIAOM, XKHMIAKOM W raso-
obpasnom. CucTema, MeXy HYacTaMH KOTOpO# HET MOBEPXHOCTEl pa3nena, a
HHTEHCHUBHbIE CBOHCTBA OJAMHAKOBBI B NIOOBIX TOYKAX, HA3BIBAETCH 2OMO2EH-
nou. Ecnn 4acTH cucTeMbl pasrpaHHyeHb! NMOBEPXHOCTAMH pa3fienia, Ha Ko-
TOPBIX TIPOMCXOUT CKAUKOOOPAa3HOE U3MEHEHUE HEKOTOPBIX CBOHCTB, TO Ta-
KHE CHCTEMbI OTHOCAT K cemepozennbvim. Jlio6as rereporeHHas cucrema
COCTOMT M3 HECKOJIbKHX (pa3. Pa3a — roMOreHHas 4acTb FreTeporeHHoN cHc-
TeMbl, OTPaHMUYEHHAs FTOBEPXHOCTLIO pasaena’. dasa MoxeT GbITh 06Pa3o-
BaHAa OJHMM WIM HECKOJbKMMH COCTaBNAIOLIMMYU BelecTBaMu. Hanomuum
(eM. § 1), uto cocmasnsouyumu Ha3bLIBAIOT NKO0BIE CTPYKTYPHBIE €IHHMLIbL,
KOTOpble OTpaXKaloT KOJMYEeCTBEHHbIH M KauecTBeHHbIH cocTaB (asbl. Kom-
noHeHmoel ~ 3TO MUHMManNbHbIH Habop BewlecTB, NOCTATOUHBIA U nonyye-
HHA BCEX JPYTHX COCTaBIAIOLNX.

®asbl ¥ COCTABASAIOLINE BElLECTBA BbIOMPAIOT, Kak MPaBUIO, HA OCHOBA-
HUM Pe3ynbTaToB (Ja30BOr0 MIIM XMMHMHECKOTO aHaNu30B. [lfis onpefeneHus
KOMIMOHEHTOB M HE3aBUCMMBIX peakluil B CHOXHBIX cMCTEMax HeoOXoauMo
HOTIOJIHUTENILHO PacrofiaraTb CBEJCHHAMM O KHHETHKE B3aMMHBIX NpeBpa-
WEeHWi COCTABNAIOWIMX BewlecTB. Ecnyu kakue-nM60 U3 COCTABIAIOLIMX He
BCTYNAIOT B XMMUYECKHE pPeakllH! N0 KUHETHYECKUM NPUYUHAM WM Heroa-
BIKHBI (T.€. HE MOTYT nepeMeLlaTbCs U3 OAHOMH a3kl B Apyrylo), TO Takue
BEILECTBA BCEr4a CUMTAIOTCA KOMMOHEHTaMM. Eclin KMHETHYECKHE OrpaHHu-
YeHUS OTCYTCTBYIOT, TO NPOLEAYPY BbiOOpa KOMIIOHEHTOB MOXHO (opMani-
30BaTh C MCMONb30BaHUEM MeToJoB NMHeHHoW anrebpoi. Tak, B ciay4ae ro-
MOreHHOW CHCTEMbl UHCJO KOMIOHEHTOB PaBHO paHry opmynsHou
Mampuypi’, @ YHCO HEIABMCHMbIX PEAKIMH — PasHOCTH MEXJY YHCIOM CO-
CTAaBNAIOLUMX U KOMIOHEHTOB (CM. npumep 7-1).

B reteporeHHbIX cucTeEMax YUCNa KOMIOHEHTOB U (a3 CBA3aHbI MEXKIY
cob0oi COOTHOLIEHHEM, NOAYUMBLINM Ha3BaHue npaswia gaz ['ubbcea.

IIpaBnio ¢a3 I'u66ca

PaccMOTpHM 3aKpbITYIO CHCTEMY, COCTOALLYIO M3 K KOMIOHEHTOB, KaX-
Al U3 KOTOPBIX MOXET HaxXoAUThecA B @ dazax. Onpenenum yucno cmene-
Keti c60600u1 cucmemst, C, KaK YUCIO MEPEMEHHBIX, KOTOPLIE MOXHO BapbH-

' Cornacno [Ix.T'nu66cy «dasza ~ COCTOAHUE BEUIECTBA, HE 3aBUCALLECE OT pasMe-
poB H POPMbI CHCTEMBI.
GopMybHAs MATPHLia CHCTEMbI — MAaTpuula, Kaxaeii cronbeu koTopo# BhIpa-
XKAET NIEMEHTHBIH COCTAB OJAHOrO COCTaBAIOIErO BEUIECTBA.
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(7.1.)

(7.2)

poBath, HE U3MeHAS (Ja30BOTO COCTOAHMA CHCTEMbl. OHO PaBHO Pa3HOCTH
Mexay OOLUMM KOJMYECTBOM IEPEMEHHBIX, ONUCHIBAIOLIMX COCTOSHUE CHC-
TEMBbI, ¥ YHCJIOM YPABHEHH, CBA3BIBAIOIIMX ITH NEPEMEHHBIE.

CocTosHne CHCTEMBI ONPEAEIIEHO, €CNM 3alaHbl KOJHYECTBA KOMITOHEH-
TOB ¥ MAPAMETPbl, XapaKTEPH3YIOUIHE CUNOBbIC (TEPMUUECKUN, MEXaHHue-
CKMH W T.N.) KOHTaKTbl CHCTEMbl C OKpYXeHueM. YKcio TakuX KOHTAKTOB
(0003HaUMM HX uYepe3 m) PaBHO YMCNY charaemelx Pudx; B 1npaBod 4actu
ypaBHeHus

dU =Y Pdx, +) dn,.
g !

B kaxpoii (ase HezaBucuMbIMHU ABASIOTCA (K — 1) KOHUEHTpaUMii KOM-
TIOHEHTOB (MOCKOJILKY CYMMa MOJIbHBIX 10J1eii KOMIIOHEHTOB B Kaxc10i dase
paBHa eaunuue). Ecin uncno ¢as pasHo @, 1o oliuee 4UCNO NepeMeHHbIX,
HEOOXOAMMBIX ANIA TIONIHOTO ONUCAaHWA COCTOSHMA CHCTEMbI, COCTAaB/AET
{m + @K — 1)}. [lpy 3TOM cregyeT NpMHHUMATh BO BHUMAHHUE HAIH4YME
K(@ - 1) ypaBHeHU# CBA3M MEXAY ITUMH NEPEMEHHBIMH:

1-b1fi KOMNOHEHT! ([ i) = Hipyr My = Heys - Puay = Ry
2-0fi KOMITOHEHT: J Haay = Hapys H2ga) =Hae) s By = Hae)
K-b1il KOMNOHENT: | Pr@ THe@» Pr@) = HBrey-Prw =Hie)

Bcero  K(@ - 1) ypaBHeHuH

Ecnu uMeroTcs ¥ Apyrue ycnoBus CBA3M MeXIy nepeMeHHbIMH (0003Ha-
UMM HX 1), TO HX TaK)Ke HeoGXONMUMO YYMTHIBATL MPH ONpPEAeNeHHHU YHUCa
crenenedi cBoboab! cucTeMbl. Hanpumep, eciii B CHCTEME MPOTEKAIOT XUMU-
YECKHE peaKLHH, TO # PABHO YUCJTy HE3AaBUCHMBIX YPABHEHHH peakumii.

B ofuiem cnyyae 4UCIO HE3aBUCHMBIX NEPEMEHHBIX OYAET PaBHO:

C=m+DOK-1)-K(DP-1)-n=m-n+K-o.

IMonyuyeHnHoe BblpakeHHEe HA3BIBAIOT npaswiom Gas I ubbea’. Ecnnm =2
(TepMHYECKOE H MEXAHHYECKOE PaBHOBECHS) M OTCYTCTBYIOT AOMOMHHUTENb-
Hble ycnoBHa cBasu (n = 0), To npuxoauM k Haubosee pacnpoCTpaHEHHOH
¢opme 3anucu npasuna ¢as

C=K-@D+2
IpucyTcTBUE B CHCTEME HEMOABMMCHBIX KOMITOHEHTOB HHUKaK He OTpa-

)KaeTcsa Ha YHCie cTeneHel ¢cBo0oabl, TaK Kak Takhue KOMMOHEHTHI HE y4acT-
BYIOT B XHMHUYECKHX KOHTAKTaxX Mexay (pazamu.

' B HekoTOpbIX yueGHHKAX Npeanaraetcs HHOM BRIBOA Mpasunia ¢as (cM. Hanpu-
mep, [9] B cniMcke nuTepatyphl K rase 1).
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Pacuerbl paBHOBeCHH
B reTepoOreHHbIX ¥ TOMOIeHHbIX CHCTEMAaX

O6uiM ycnoBHMEM pPaBHOBECHS 3aKPHITOH CHUCTEMBI NIPH NOCTOSHCTBE
TEMIEpaTypbl U NaBIEHUS SABIAETCS MUHUMYM JHepruy I'mub6ca cucrems! mo
BHYTPEHHHMM nepeMeHHbIM. [TpH pacyeTax roMOreHHbIX (XMMHYECKHX) paBHO-
BECHI BHYTPEHHUMH MEPEMEHHBIMH ABJIAIOTCS KOIMYECTBA COCTaBJISIOLLUX
BEILECTB, METEPOreHHbIX — KojnuyecTsa ¢as M cocTaBbl KakaoH U3 HUX. Tak
KaK CUCTEMA 3aKpbITA, KOJTHYECTBA COCTABASIOLUINX HE MOTYT U3MEHATLCA He-
3aBUCHMO, OHH CBA3aHbl YPABHEHHEM MaTepuanbHoro 6anaHca (cM. tabin. 7.1).
[TosToMy peub MAET O HAXOXAEHUH YCIIOBHOTO dKcTpeMyMa pyHkuuu G.

[Ipp paccMOTpeHMM XUMHYECKMX pPAaBHOBECUH Ha KOHUEHTpAUHH CO-
CTaBJIAIOLLHX BELLECTB HAKNAABIBACTCA €CTECTBEHHOE YCAOBHE — OHU JIOSK-
Hbl OBITH NONOXUTENLHBIMU. B paBHOBeCHOH cMecH Bcerja NpUCyTCTBYIOT
BCE BO3MOXHbIE COCTABJIAIOLME, NYCTh JAXKE B HE3HAYMTENLHBIX KONHUECT-
Bax. KonnuecTBo kaxaoro u3s cocTaBisiOMUX BEUIECTB B YCIOBHAX AUHAMMU-
YECKOrO PABHOBECHA MOXKET U3MEHATHCA B J1I00YIO CTOPOHY (KaK yMeHblue-
HUA, TaK W YBENHYEHWA), T.e. BO3IMOXKHbI JBYXCTOPOHHME BapHuallly
KOHLEHTpauui coctasnsowux (cm. puc. 7.1.a). B stoM cnydae ycnosue
paBHOBECHs 3anuchiBaeTcs Kak 8Gp, 1 = 0.

(@) (6)
G
SE<0 5
P i O 1 <0
e 88>0 Sn >0
(8G18EY,r=0 & (8Giony,+> 0 (8G/ony, =0 "
SGP.T =0 SGp.T >0 SGp r=0
Heyxcmoponnuii (a) u epanuunsiii (6) akcmpemymot sHepeuu 'ubbca Puc. 7.1

npu pacuemax xumuyecxux (a) u ghazoeswix (6) pasnosecuii.

Ilpy paBHOBECHM B reTEpOTCHHON CHCTEME HEKOTODPbIE U3 BO3MOXHBIX
¢a3 MoryT npu 3aJaHHBIX yCIOBUAX OTCYTCTBOBaTh. COOTBETCTBEHHO, TPH
pacyerax rereporeHHbIX paBHOBECHIT pacCMaTPUBAIOT ABE CHTYAUMH,

1. Ecnu kakas-To ¢a3a npucyTcTBYeT B PaBHOBECHOH CMECH, TO BO3-
MOXHbI JBYXCTOPOHHUE BapHaluM €e KOJW4ecTBa, U yCJIOBUE paBHOBECHA
3aNUCHIBAETCA AHAJIOTHYHO XUMHUUECKOMY PABHOBECHIO, T.€. 0G, = 0; co-
OTBETCTBYIOLIEE YACTHOE YCJIOBUE PABHOBECH!

| — 1
i = Wi
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Tabnuuya 7.1

2. Ecnu xe ¢a3a B CMECH OTCYTCTBYET, TO €€ KOJNHUYECTBO MOXET TOJILKO
BO3pacTaTh, T.€. PEATH3YIOTCA O/IHOCTOPOHHHE BapHallMi COOTBETCTBYOLUEH
BHYTPEHHEH nepeMeHHo 81, > (0. 3HauuT, UMEET MECTO SPaHUYHbII IKCMpe-

Mmym (cM. puc. 7.1.6). Toraa ycnosue paBHOBECUS 3anuiueTcs B BUAE Hepa-
BeHCTBA 8 G, 1n > 0 M

H #?
Hi = |y

OrpanuyeHus Ha 3HAYEHHUS BHYTPEHHHX NEPEMEHHBIX MPUBOAAT K pas-
JMYHBLIM (OpPMYJIHPOBKaM YCIOBUH paBHOBECHA B FOMOrEHHBIX M TeTepo-
IeHHbIX CUCTEMAXx, YTO CXEMaTHUYECKH OTpaxeHO B Tabul. 7.1. DT pasnuuus
Heo6Xx0AMMO YYHTBIBATL AIPU NIOCTAHOBKE U PEIUEHUM 3a/la4 Ha pacyeT ¢aso-
BbIX ¥ XUMHYECKHUX PAaBHOBECHH.

Pacuyerbl paBHOBECHI B TOMONeHHBIX
H reTeporeHHbIX cucreMax (npH p, T, n = const)
(i — HyMepauus KOMIOHEHTOB, j — COCTABJAIOLIHX, k — (a3)

XumudeckHe (roMoreHHble) Pa3zoBbie (reTeporeHHble)

paBHOBeCUR paBHOBeCHUA

Hexoouwme danneie

Habop BCeX BO3MOXHBIX' HaBOp BO3MOXHBIX da3,
cocTapnsiowux sewects, G(p, T, x,) - G¥p, T, n®)

p. T, n, p. T, n,

Onpedensembie napamempoi

pPaBHOBECHBIH COCTAB X; (}ha30BbIi COCTAB CUCTEMBI n®,
FOMOTEHHOH CMECH BELUECTB XHMHYECKHIH COCTaB X; KaxA0H

M3 COCYLUECTBYIOLIMX (a3

Yenosue pasnosecus obwyee — min G npu p, T, n = const

SGP. Tn

0, G =ZNGufp.T, X)) 8G, 1020, G = 200G, ® (p, T,

Hononnumensueie ycnogust (ycnogus mamepuanbHozo bananca)

n=ZouN;, Zx; =1, Nj>0 n=5n® n®>0

Ycnosue pasnosecus wacmuoe

Zwv, =0, = Zo,u, TR TP

B Tabnuue npunatel cnenywouiue o6o3HaueHUA: N; — KOJHYECTBO j-TO COCTaB-
JIAKOUIEr0, X; — MOJbHAs JIONA j-r0 COCTaBAAIOLIETO, n*— xonuuectBo k-oii dpassl,
H; — KOJIUYECTBO /-0 KOMIOHEHTA, O, — YHCIIO MOJIEH /-0 KOMITOHEHTA B j-OM COCTaB-
nsionem’, V, — CTEXHOMETPHUYECKHH K03 GULUMEHT NEPell j-M COCTABJIAIOLMM B ypas-
HEHHU XUMHYECKOoi peakuuH, (), () — MHIEKCH! PAaBHOBECHO COCYLIECTBYIOLIMX (a3.

' BO3MOXHBIX BELIECTB, T.€. TAKHX BEIIECTB, KOTOPHIE B MPHUHIIMNE MOTYT 06pa-
30BbIBATHCA U3 3aJaHHBIX KOMIIOHEHTOB MpH 3aaHHBIX YCHAOBHAX (HeoOR3aTe/lbHO
npH paBHOBECHH)

HJIM CTEXHOMETPHYECKHIT K03 dULIMEHT NpH i-OM KOMIOHEHTE B Popmye j-ro

COCTABAIOUIETO BEUICCTBA (AQA B“a "”C“c )
i ] }
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YcnoBus paBHOBECHSE MOYKHO MPEACTABMATL KaK B aHATUTHYECKOM, TaK |
B rpaguueckoM Bue. [lparpammbi, BbIpakalolliue 3aBUCUMOCThE COCTOSIHHSA
CHCTEMB! OT BHEUIHMX YCJIOBUI, Ha3bIBAIOT duazpamMmamiy cocmosnui, Win
pazosvimu ouazpammamu cucmemsi. Jins 3KCEPUMEHTANBHOTO Olpenese-
HUSt AMarpamMM COCTOSHHUS HCIOJIB3YIOT Pa3jiMyHbie aHAIUTHYECKHE METO-
abl — auddepeHuranbHblii Tepmuyeckuid aHanuiz (JITA), nudpdepeHumans-
Hyo ckaHupytowyro xanopuMerpuio (ICK), tepmorpasumerpuro (TD),
pentreHodasoBblii aHanu3 (POA) u ap. PazoBbie qUarpaMMbl MOXKHO Takke
paccuMTaTh, UCMOJb3ys OOLLME WM YACTHBIE YCJIOBHS PAaBHOBECHS.

®dazoBble paBHOBECHS
B OJHOKOMIIOHEHTHOH CHCTEMeE

Pacuersl ¢a3oBbiX paBHOBECH B OJHOKOMITOHEHTHBIX CHCTEMax pac-
CMOTPUM Ha pUMeEpe CUCTeMbl, B KOTOpoi obpasytotcst 4 (asbl: ABe KpH-
cTaivueckne () U s3), xuakoctsb (1) U raz (g). MoxHO nNpeanoXuTh He-
CKOJIbKO C1IOCO00B pelieHUs 3TOH 3aJauH.

L_Pacuem gpazogeix pasrnogecuti uz obwezo ycnrosus pasnosecus (min G)

Oueprus ['n66ca reTeporeHHOW CHUCTEMBI, COCTOSILLEH U3 BHYTpEHHE
PaBHOBECHbIX (pa3z B CUNly SKCTEHCMBHOCTH QYHKUHH G, MOXeT ObITh 3anu-
caHa B BUJE: )

G=G"+G2+ G+ G =n"1G, + G2 + Gy + n*Grf,

yCI0BHE MaTepHanbHoro Ganauca: n = n°! + n®2 + n' + nf. TIpu 3amucu 3Toro
BLIPAXKEHUS MCMOJIL3YIOT BCe (pasbl, KOTOPhlE MOTYT CYLIECTBOBATh B CHUCTe-
me. Kakne u3 HUX pealbHO CYLUECTBYIOT NPH 33AHHBIX YCIIOBHAX, a Kakue —
HET, MOKAXKET pacueT paBHOBecHH. O4YEBHIHO, YTO MPH BbHINOIHEHUH PaBH-
na ¢a3 konuyecTsa HekoTOpbIX a3 B (7.3) OyAyT paBHATLCA HYJHO, TO €CTb,
no 3THM mnepeMeHHbIM (yHkuus G OyneT UMeTh IpaHUUYHBIH IKCTPEMYM.
MuHuMyM 3TOH PYHKUMHU MOXKHO HalTH, KCNONBL3YA CTAHAAPTHLIC MAKETbl
MporpaMM, NpefHa3HaueHHbIE ANS pelleHns 3aAay JIMHEHHOro nporpamMmu-
posanus. 'paduueckuii cnocob HaxoxaeHus MHHUMyma 3Hepruu ['nb6ca
NpeJICTABJIEH Ha pUC. 72",

[MycTh cucTeMa HaXOAWTCA MpU AaBleHHU p; u Temneparype 1. Kak
BUAHO W3 puc. 7.2.a, MUHUMaNIbHOMY 3HaueHKIo 3Hepruu I'ubbca cucreMsl
OTBEYAIOT HyNEeBble KonnuecTBa ¢a3 s;, | u g, T.e. npu 3Toit Temneparype
ycToituuBol O6yaer eauHcTBeHHas dasa S;, KOJIMYECTBO KOTOpPOH onpenesns-
eTCs ypaBHeHHWEeM MartepuanpHoro Oananca. [1py 1oCTHKEHHUN TeMIIEpPaTypbi
T¥7%2 (napneHue He U3MEHSETCH) MHHUMYM QyHkuun G mocTvraeTcd npu
HEHYJIEBBIX KONMYECTBAX S;, S» M HyheBblx — | u g. [Ipn 3TOM KONMHUECTBA

' OBpatuTe BHUMaHMe, YTO AN rasa mojoxeHue Kpueoi [G — ), 3aBucHT OT
UKCHPOBAHHOTO 3HAYEHHA p, B TO BPEMA KaK Il KOHRIEHCHPOBAHHBIX a3 npu He-
BOBUINX NABIEHHAX 3TOH 3aBUCHMOCTBIO MOXHO NpeHedpeub.

(7.3)
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¢as3 sy, s; IPOU3BOJILHBI NPH COBIFOAEHUM YCOBHA n = 1™ + n'2, Takum 06-
pasoM, npu temnepatype 7°'% paBHOBECHO COCYLLECTBYIOT ABE TBEpPAbIE
(asbi S| 1 S;. AHAIOTUYHBIE PACCYXKIEHUA MOXHO [OBTOPUTH A/is TeMIepa-
Typbl 7% KOTOpas COOTBETCTBYET PABHOBECHIO TBEPAOH S; H KMAKOH (a3

MpH JaBIEHHH p).
(a)

oy
.....
ve,
-,

.....

$1—»S2 5251 [y
T T T

>
T
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Py
s

7
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W SR

Prep——
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(6)

.
L

=

;I‘Sl ~»52

Tope T

Temnepamypnuie 3asucumocmu 3unepeuti ' ubbeca paznuunsix ghaz

OOHOKOMROHEHMHOU CUcmemsl

Ha puc. 7.2.6 npuseneHs! rpaduky 3aBucumocTH 3Hepruii ['mbbca ot
TEMIMepaTyphbl U1 BCeX ueTbipeX a3 npu ApyroM aaBineHuu (p;). Kak BuaHo
M3 PUCYHKa, NPH U3MEHEHHH JaBlieHus OT py 10 p; M3MEHAETCS Temnepary-
pa, NpH1 KOTOpOii paBHOBECHO COCYLUECTBYIOT iBe TBepAble ¢a3bl. [1pu aas-
NEHUH Py U Temnepatype 7o NEPeceKaroTcs AHHHUM, ONUCHIBAIOLIHE TeMIe-
patypHbie 3aBUCUMOCTH dHepruii ['mG6ca Tpex ¢a3; 310 O3HAUAET, UTO
OJIHOBPEMEHHO PaBHOBECHO COCYILECTBYIOT TpH ¢asbl sy, | u g. Ha dasosoit
JAuarpamme 310 COCTOAHHE M306paxkaeTcs TPOMHON TOUKOM.

P
53

S2

§

TP.T.

Tsz—bl
761—)52(1)2) Ts]-—asz(p')

T\

Puc. 7.3

T lag

Ppazmenm ghazoeoit ouazpammol
OOHOXOMROHEHMHOU CUCHEMbL

IosTopsis aHanoruyHble
paccyx/ieHus Aas APYrux Aas-
JIEHUH ¥ Temriepatyp, MOXKHO
noctpouts ¢a3oBylo Avarpam-
MY OJIHOKOMMOHEHTHOH CHCTeC-
Mbl, ()parMeHT KOTOpO# mnpej-
crapieH Ha puc. 7.3. Cneayer
obpaTuTh BHHUMaHHE Ha TOT
¢akT, uTo 4S8 pacyera (a3oBbIX
paBHOBeCHH HeOOXOAMMO 3HATb
3aBHCUMOCTH 3Hepruii ['nb6ca
KaXaoi 3 ¢a3 Bo Bced obnac-
TH U3MEHEHUs NMEePeMEeHHBIX p
T. I'panuupl yCTOHYUBOCTH TOH
unu uHol ¢asbl Kak pas 4 on-
pelensoTcs B Xo/ie Takux pac-
YETOB.
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[TpeuMyiiecTBOM npeAcTaBieHHOro cnocoba pellleHUs 3afa4yu pacueTa
PaBHOBECHI ABNAETCA OJHOBPEMEHHOE ONpeJe/ieHUE M YCIOBMil paBHOBe-
cud, ¥ ycnosuil cTabunbHOCTH ¢as.

. Pacyem hazoewbix pagnosecuti u3z yacmivix ycrogull pagHogecus
B cuily nocTosHCTBA COCTaBa B OAHOKOMIIOHEHTHOH CHCTEME XMMHYe-
CKHit moTeHLall KOMNIOHEHTA COBNa/aeT ¢ MOJIbHO# 3Heprueil 'nb6ca:
G

w=—=G_.
n

Il-a: Henonszosanue yenosutt pasnogecust 8 unme2panvhoi hopme
[pu pacuere ¢azoBoit nuarpaMMbl MOXHO MCXOJAMTb W3 paBeHCTBa
MOJIBHBIX 3Hepruii ['Mb6ca KOMNOKREHTA B COCYLUECTBYOWUX dasax ' u ”:

Gm’(p: 7) = Gm"(p» 7)9
Hy-TSyw=H' =TSy,

_Hp -Hp AH” (pT)

T = .
SL-s! ASI=(p,T)

Tak kak B paccmMaTpuBaeMOil CUCTEME MOTYT CYILIECTBOBATh YETbIPE pas-
nuuHbie ¢asel, TO LIS pacuera (a3oBoil AuarpaMMbl HEOOXOAMMO pelliuTb
WECTh ypaBHEHH:

Golip, ) =G (p.T), Gu'(p,T) = Gn(p.T),
Gl PN =G D,  Gu2(p,T) = Gip.T),
G\ 1) =Gl D Gn(pT) =Gl p.T)

Jlunuu, n3obpaxaroilide 3TH pelieRus, NpUBeAEHb! Ha puc. 7.4.

(a) (6)
rh PA

§i

T T
> >

Pazosas ouazpamMma 0OHOKOMHOHEHMHOU CUCMEMbIL.
(a) — pesyavmamer paciema paenosecuii (7.7), (6) - ycmotivugsie pagnosecus

(7.4)

(7.5.a)
(7.5.6)

(7.6)

(7.7)
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Mlnaea 2. NpunoxeHns XUMUYECKOW TepMOAUHAMUKN

(7.8.a)

(7.8.6)

(7.9)

(7.10.a)

(7.10.6)

Yrobb1 oT Habopa ymHuit, u306paxkatolMx paBHoBecHe (a3 Bo Bcel 00-
JJAaCTH CYLIECTBOBAHUS MEpPEMEHHBIX, NepelTH K paBHOBECHOH guarpamme
COCTOSSHUM, HAA0 OTAENUTH CTabuibHbIE PABHOBECHA OT METacTaOMIBbHBIX.
Kak BUAHO K3 pUCYyHKa, Y)Ke B ciydae yeTbipeX ¢a3 3To BbI3bIBAET HEKOTO-
pble 3aTpyAHEHUs, @ NPH YBEJUYEHUH Yucna (a3 UM KOMIIOHEHTHOCTH CHC-
TEMbl 3a/laya CTAHOBHMTCA APAKTHYeCKH Hepaspetuumoil. B Takoit curyauun
AN noctpoeHus $a3zoBod AuarpaMMbl y1o6Hee MCNONb30BaTh YCIOBHE MU-
HUMYyMa dHeprun 'nb6ca cuctemsl.

11-6: Henonvsosanue yeiogun pagrnogecus 6 Qugdepenyuarvroi hopme
B kaxaoit Touke kpuBOH ($a30BOro paBHOBECHUS BbIMOJIHAECTCA YCIIOBHE!

dGy' =dGy"
WK
=S, dl +V dp=~S,dT +V dp .
M3 nocnenHero paBeHcTBa nony4aeM ypasnenue Knanetipona

927__ S;, —S;n _ A(b.n.Hm
ar vy -V, TAQ,.,,‘V,“

s

rae Ay o Hy — MOJIbHAs SHTANBNUA PpaBHOBECHOTO (a3oBoro nepexoaa (nias-
neHus ApHy, ucnaperus Ayenfy, BO3TOHKY Agysnfly, MEpPEX0a MEXAY KpH-
CTAUTMYECKUMH MOAU(DUKAUMAMH), Ay, ¥y — Pa3sHOCTb MOJIBHBIX 00bEMOB
tha3, HAXOASUINXCS B PABHOBECHH.

JLns npolieccoB UCNIAPEHMS W BO3rOHKM ypaBHeHue (7.9) MOXHO Mpeol-
pa3oBaTh, CYKWTas, YTO MOJIbHBIM O0BEMOM KOHJEHCHUPOBaHHOH (ha3bl (kui-
KOCTH WJIM TBEPAOro Tena) Vioy, MOXKHO npeHeOpeyb No CPABHEHHIO € MOJIb-
HbIM oObemMoM napa Vi, a Nap MOAYUHAETCA YPABHEHUIO COCTOSAHMS
uaeansHoro rasa. [oacrapnss

(Vnap - VK(}H,{I) = Vnap = RT/P,
nonay4daem ypasnenue Knaysuyca—Knaneipona:

dp — ACyﬁJle - pAcyﬁnHm dp = Auanm — pAuanm

dTr TV RT? dT TV RT?

nap fap

WY TI0CJIE paseeHHa NCPEMCHHbBIX.

Acyﬁ.wsz . dar
R T2’

AHCH Hm . dT

dinp= 2

dinp=

HuterpupoBaiue nNOCNEAHUX YpaBHEHUH B MpEANONOKEHHUH, UTO

A Hy HE 3aBHCUT OT TEMNEPATYpPLI (YTO CNPABEAJIMBO B Y3KOM HHTEpBaC
TeMNneparyp), Aaer:
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Ay H
1np=— b1 m+C’
RT
In P2 _ A‘b-"-Hm L__l_
P R n T, ’

rae C — KOHCTaHTa HHTCIrPUPOBAHHA.

3aBucHMOCTb In p oT

I/T nuneiiHa, a HakIOH Inp 4
npamMoi paBeH —AgH/R
(cm. puc. 7.5).

1o ypaBHeHusMm (7.11) tg o =—AynHu/R

MOXHO pacCyWTaTb OH-
TANnbMUIO0 HUCTIAPEHHA HIU
BO3rOHKH, MCXOA8 M3 3Ha- | _____¥___.N
YeHuH AaBneHHd napa npu
HECKONBbKUX (MUHUMYM —
JBYX) TeMnepaTtypax.
MosabHple  3HTANBLINK > T
BO3IOHKH, TIUJIaBJIEHUA M Onpedeﬂende IHMANGNUY UCHADEHUS

uau 80320HKU {moukamu 0b03HaYeHbl
IKCHEPUMEHMAALHBIE OAHHbIE)

ucnapexus npu Qukcupo-
BaHHOH Temmeparype CBs-
3aHbi COOTHOLLIEHHEM:

AcyﬁnH = AlmH + Auan .

OHTAILIMUIO UCMAPEHUS JKUAKOCTH MOXHO NPUONNKEHHO OLEHUTDH M0
npasuny Tpymoua, cOrnacHO KOTOPOMY MOJIBHAst DHTPONUS MCMNApEHUs B
HOPMaNbHOW TOUKE KMNEHUs T, (ipy 1 at™M) NpUOIN3UTENLHO NOCTOSAHHA:

A H
AyenS = —20~ ~ 88 IIk-mons K™\

KHI¥
IpaBusio XOpoLo BeINONHAETCS AJ151 HENONAPHBIX XUAKOCTEN.
3aBHCHMOCTb 3HTAILIUU (A30BOro MEpexofa OT TEMNEePaTypbl MOXHO
1
paccuMTaTh, MHTEIPUPYSR BbIPAKEHHE !

=AC, + AV«—T(?-A—K) (ﬁ“'ﬁ
r

(o J
or AT ) s pasn

cT }d)a&paan

[Ipu paBHOBECHH KOHAEHCHPOBaHHOMN (ha3bl ¢ uaeanbHbIM ra3oM BTOpOE
crnaraemoe O6JIM3KO K HYJIO:

(8] e,
or tha3.pasu

' BuiBoa 3T0#t hopMynbl cM. B ipuMepe 7-2.

(7.11.a)

(7.11.6)

(7.12)

(7.13)

(7.14.a)

(7.14.6)
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Fnaea 2. MpUnoxeHust XuMUYECKONW TEPMOAUHAMUKY

(7.15.a)

(7.15.6)

(7.16)

(7.17.a)

(7.17.6)

HHTCI‘pHpOBaHHe nocnenHero Bblpa)KeHHﬂ ﬂpHBO,[lHT K
7
Apn H(T)) =Ay, H(T) + j AC,dT .
n

JAnsa HeOONbliMX HHTEPBANOB TEMIEpaTypsl MOXHO CYHTaTb, 4TO
AC, = const. B aTom ciiydae u3 ypasHeHus (7.15.a) nonyyaem:

AQ)IIH(T) = AHO +TAC s

rae AC, — pasHocTh TennoemkocTedl ¢a3, HaxOMSLIMXCH B PABHOBECHH,
AHj — KOHCTaHTa, onpejesnseMas U3 H3BECTHBIX 3HaueHuid Ay ./ n AC,.

[Moacrasnas ypasHenue (7.15.6) B ypaBHeHue (7.10.6) ¢ nocaeayionium
UHTErPUPOBAHUEM, NIPUXOJHM K BbIPAKCHUIO!

AH, AC
mp=-—-s—LinT+C,
RT R

B KOTOpOM C ONpeessioT U3 U3BECTHBIX 3HauYeHUi p, AHy n AC,,.

OnucaHHbie Bbille NMpeBpalieHus «KpUcTalnnyeckas $asa (s)) — Kpu-
crannuueckas ¢aza (Sy)», «kpuctamnuueckas aza — wugkocts (I)»,
«KpucTtananyeckas $paza — nap (g)», ©KHIAKOCTb —> 11ap» OTHOCATCH K pa-
308bIM nepexodam nepsozo pooda, T.e., K NEPEXoaam, NpH KOTOPbIX CKavyKo-
06pa3HO U3IMEHAIOTCA MepBbie NMPOU3BOHBIE OT XHMHUYECKOrO MOTeHUHana,
Sm U Vi (puc. 7.6). I1pu ghazoewvix nepexodax emopozo poda nepsble Npo-
M3BOJHBIE OT XMMMUYECKOrO MOTEHUHANa HENpPEpbIBHbI, a MpEeTeprneBaioT
pa3pbiB BTOPLIE NMPOH3BOJAHBIC: TEMNOEMKOCTh, KO3QGHULINEHT obbeMHOro
pacuiMpeHus o U kodpduuueHt uzorepMmuyeckoil cxumaemoctu B. K
($a30BbIM nepexoiaM BTOPOrO poja OTHOCATCS Mepexojibl, CBA3aHHbIE C
M3MEHCHHEM CUMMETPHH KPHCTALIMYECKOIl pelieTku, npeBpatueHue dep-
POMArHUTHBIX BELIECTB B MapaMarHUTHOE COCTOsSHHE, NEpPexol B cBepx-
NpoBoAsilee COCTOAHNE B OTCYTCTBUE Monsa'. CBS3b MeXy NaBieHHEM H
TeMnepatypoit ans $a3oBbIX NEpexoj0B BTOPOro poja AAeTCs ypaeHeHUs-
Mmu Dpenghecma:

@_jﬂcp

dT Ty, AV)’

dp _ AaV)
ar - APV)’

: B MarsuTHBIX noagx nepeEXoa 13 CBECPXNPoOBOAALIETO COCTOAHUSA B HCCBEPX-
fIpoBOAAIIEE CONPOBOXKAACTCH CK3‘IK006p33HblM HU3MCHCHHEM SHTPONHH H obbema,
T.€. 10 NPUHATOMH KﬂaCCHCbHKaHHH OTHOCHTCA K 4)33OBHM nepexonaM nepeoro

poxa.
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npu azosvix nepexooax nepeozo u emopo2o pood

LEPHMEPB_I]

Go k S A : [
l}"’/
I "
I o
11 o
o'. 1
O
Q.. ‘
!
o §
i
/
i
T 1 T
’_ ] —»
Vo 4 1 Crmb
I
i
.a: t ot
RO P 1
T I
H3menenue mepmoounamuveckux ¢pynkyu

IIpumep 7-1. OnpenennTe YUCIO KOMNOHEHTOB M YMCIIO HE3aBHCHMBIX
peakumit 118 cHeTeMbl, coctosauiel u3 Oy, Hz, NO, NyOy u HoOyy.

Pewenue: uncno cocrasnfrouMx pasHo 5. ing onpeaeseHus uucna
KOMMOHEHTOB U HE3ABUCUMBIX peakluii coctaBnsgeM GOpMYNbHYIO MAaTPULLY

0,

O 2
H 0
N O

H2
0
2
0

NO N,O, H,O

1 4 I
0 0 2
1 2 0

[A]l=

i olpefensieM ee panr' . OnpeaennTeNb 3-ro nopsaka

2 0
0 2
0 0

[ IS

1

o e B

(I O Y o

|
0
1

N O &

1
2
0

| o

HanomHHM, 4TO paHroM MaTpHLUbl Ha3bLIBAETCA HAMBBICIIHA MOPAAOK OTIHYHO-
TO OT HyAs ONpPEAENHTENd, PACCUHTAHHOIO CpeAH Habopa BCEBO3MOXKHBIX MAaTpul,
BIJTIOYAIOWIHX HCXOJHYO MaTpHULy M MaTpuuibsl, 06pa3oBaHHble M3 Hee Mocneaosa-

TEABHBIM HCK/IIOMCHHEM CTPOK K CTONOLOB.

Puc. 7.6
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Fnaea 2. NpunoxeHUs XMMHUYECKOW TEPMOOUHAMUKMN

OTJIMYEH OT HYJIA, CJIEOBATENIbHO, paHr MaTpuubl paseH 3. KoMnoHeHTamu
He MoxeT cnyxuTb Habop Oz, NO u N,O,, Tak kak UckOYeHHe U3 ¢op-
MynbHOH MaTpuubl 1-ro u 3-ro (1-ro ¥ 4-ro unu 3-ro u 4-ro cron6UOB) He
M3MEHSsEeT paHra ocTaBilieiics MaTpulibl. [103TOMY B kKauecTBe KOMIIOHEHTOB

" MOXHO B34Tb, HaripuMep, O,, H;, NO. Torna He3aBHCHMBIMH peakU{sIMH

oyayt 2 (2 = 5 - 3) peakuuu:
2 NO + 0O; =N,0, 0.5 O, + H, = H,0, 1))
2 NO + 0O, =N,0, H,; + 0.5 N,O4 =NO + H,0 th)

unu nobbie nunelinblie koMbuHauuu peakuui (1), (11).
Omeem . YNCNO KOMIIOHEHTOB PaBHO 3, YWCJIO HE3aBHCHMbIX peak-
umui - 2.

Ilpumep 7-2. [Tokaxure, Kak pacculTaTh B 0OLIEM Cliyyae TeMrepaTyp-
HYIO 3aBHCHMOCTb 3HTaNbNUU (a3oBoro nepexoga BAOJNb KPHBOIH (pazoBoro
paBHoBecus (npu u3aMeHeHHH U p u T).

Pewenue: B obleM cnydae

dH( ,?)—— e dp+ ey dl
p

PaHee 6b110 nokasaHo, YTo

(-éz{—] =—T(§K] +V.
p )y or j,

Jns kaxao#i n3 cocylecTBYONX (a3 MOXKHO 3alHcaTh:
¥ aV’ ¥ 13
dH'(p,T)= ——T(-—] +V'dp+C,dr
or »

ov”
oTr

dH"(p,T):(—T( )+V"]dp+c;dr
P

Beiyuras n3 BTOPOI'0 paBEeHCTBA NEPBOL, NMONYyHAEM

dAH(p,T) = {mr (9(%”-’) v AV}dp +AC,dT .
P

PaznenuB nonyyeHHoe ypaBHeHHe Ha dI Nnpu YCJIOBHM ABHKEHUS BAOIb
(ha30BOI KPUBOMH, NPUXOAHUM K BbIPDKEHHIO

(a,w(p,r)] =AcpdT+[AV_T[6AVJ J(@) |
or a3 pasn. or r or tas.pasH.
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C yuerom ypasHeHus KiarnedpoHa 31o BelpaxkeHue npeodpasyercs

(OAH([U-T)] =AdeT+[AV-T(aAV] J AH_
or dbas.pasn. or r TAV

Hpumep 7-3. PaccuuraiiTe U3MEHeHUe AaBJIEHUA, HeoOXoauMoOe Ans
H3MEHeHUs TeMriepaTypbl nnasneHus neaa Ha | °C. Tlpu 0 °C sHTanbnus
MIaBneHus Jinjga pasHa 333.5 Jokr ', yJenbHble 00beMbl XHUAKOH BOABI
npja paBHbl Vi = 1.0002 em’ i u Ve = 1.0908 v’

Pewenue. ameHenue obbema npu nnaBneHuy JibJa paBHO

V, — V.p = 1.0002 — 1.0908 = —0.0906 cMm’ 1’ =-9.06-10"° m*-r .

dp _ AyH 333.5
dT TAV, 273.15-(-9.06-107%)

=-1.34810" (Ma-K "y =-133 atm-K™".

Takum obpaszoM, npyu noBbILIEHHU JAaBieHus Ha 133 atM Temnepartypa
MiaBneHus NbJa NOHWXaeTcs Ha | rpagyc. 3HaK «MHUHYC» MOKa3bIBAET, YTO
NpH NOBLILIEHUN AABJICHUS TEMNIEPATYpA [1JIABJICHHSA MTOHUXKAETCH.

Omeem.Ap =133 at™.

Ilpumep 7-4. PaccuuTaiite napneHue napa sxuaxoro 6poma npu 25 °C,
ecnu A¢G° razoobpasHoro 6poma pasHa 3.110 kJDx-MOnb .
Pewenue. Ay G° 6poma paBHO

AG° (Bry (n) = 3110 ).'I)K-M()nb".

AyenG° = —RT In-£-,

o]

p

otkyna p = 0.2852 at™.
Omegem.p=0.2852 at™m.

IIpumep 7-5. PaccuuTaiiTe naBnenue, npu koropom rpadur 1 anmas Ha-
xopaTcs B paBHoBecuu npu 25 °C. AgG° anmasa pasHo 2.900 kJhK-Mosb ™.
[pumuTe noTHOCTH rpaduta U anmasa paBHbiMH 2.25 1 3.51 r-cM ™, COOT-
BETCTBEHHO, U HE3aBUCALLUMH OT JaBJICHU.

Pewenue. U3meHenue obbpeMa npu nepexoae OT rpadura K anmasy
paBHO

AV =12 [-I— - --—1——) 10°%=-1.91-10"¢ MS'MOJ’IBME.
3.51 225

[lpy Ha4anbHOM JIaBNEHWW p; PA3HOCTb MONbHBIX dHepruii 'nbb6ca
AG; = 2900 Jlx-Mons ', a NpH KOHEYHOM JIaBJIEHUM p; pasHOCTb AG, = 0.
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[Mockonbky
OAG ’ "
(__) =AV ., TO IdAG-: jAVdp =AG; - AG, = AV(p, — py).
% Jr I A
Orcrona
AG, - A -
2= 2—G‘er, =-——0ﬂ06+101325 =1.52-10°Ma = 1.5-10* arm.
AV -1.91-107

Omsem.p=1510"arm.

IIpumep 7-6. Temneparypa kunenus 6eH3051a npy JaBneHun 1 at™ pas-
Ha 80.1 °C. Ouenure AaBneHue napa 6eHzona npu 25 °C.

Pewenue. Jlanenue napa 6ensona npu 7y = 353.3 K paBHo p; = 1 at™.
[To npasuny TpyTtoHa

AuenH = 88:353.3 = 31.1 xbk-monn .

INoactaBum T faHHbie B ypasHeHue (7.11.6). [Tonyuum:

n&_moo[ P
I 831413533 2982

}, otkyaa p; = 0.141 at™m.

Omeem.p=0.141 atm.

JANAYH |

7-1. Cuctema cosiepXUT XUMHUeCcKue aneMeHThi A, B, C, o6pasytouiue B ra-
30Boii (haze monekynst AB, A;B,, B,C u A;3B,. Ykaxute KOMIOHEHTHbIH CO-
CTaB CHCTEMBI.

7-2. Onpefenurte YUCNO KOMIOHEHTOB MW YHMCIIO HE3aBUCHUMBIX Deakuuil B
CUCTEME, COCTOALNEH H3:

a) NH3, HC], NH4C1(F);

6) Oy, Hy, HyO, HyO9y;

B) Hz, Clg, Brg, HCf(r), HB]‘(,-).

7-3. Onpeaenute YUCHO CTeneHel CBOGOAbI NEPEUHCIEHHbBIX CUCTEM:
a) CO, CO}, 02, Hz, HzO(r);
6) CO, CO,, Oy, Hy, HyO¢y, HyOfx.
Kak uzMeHuTCs BapuaHTHOCTL cHcTeM (a, 6), ecnu:
1) cucTeMbl HAXOAATCS BO BHELIHEM NOfE;
2) B CHCTEME 3aTOPMOMKEHbI BCE XHMHUYECKUE NpeBpalieHns?



naea 2. pUNoXeHUs XUMUYECKOR TepMOaANHAMUKNA

7-4. Ha pucyHke uzoOpaxkeHbl TeMnepaTypHbie 3aBUCUMOCTU dHepruii [ ub-
6ca a3 repmanus. Onpeaenure, kakas asza Oyner TepMOAHHAMUUYECKH CTa-
OubHA NpH TEMNEpaType:

a) 700 K,

6) 1500 K?

G- H,

Py T Ty rrorhrrrmtrey
§ W S SO W SO N UV WU SRS DU DU S SN §

L L 1 1 i i i 1 I i 2 i H 1 i 3

500 700 900 1100 1300 1500 1700 1900
1K)

g

7-5. Ha pucynke nzobpaxeHbl TeMnepaTypHbie 3aBUCHMOCTH 3Hepruit ['nb-
6ca da3 pocdopa. Onpenenure, kakas ¢aza 6yneT TEepMOAUHAMUYECKH CTa-
OunbHa npu TeMneparype:

a) S00 K,

6) 1300 K.

Kaxkas ¢asa moxeT cyuiecTBOBaTb TONBKO Kak MeTacTabunpHan?

L] ¥ L] 1 1 L] L] L

KpacHbii
YepHBLIH

G-H,

rT1Tfrfrrrrrrrrry
f VS S NS N5 U N T TN I N |

-

300 500 700 900 1100 1300 1500
T(K)

7-6. Paccuuraiite nasnexnue, npu koropom ase ¢popmel CaCOj3 — KanbLHUT U
aparoHMT — HaxoAATca B paBHOBecHH npH 25 °C. A¢G° KanbuMTa U aparoHu-
ta npu 25 °C pasubl —1128.79 n -1127.75 KIDK-MOJb ' COOTBETCTBEHHO.
[TpuMHTe, YTO MIOTHOCTH KabUWUTA M aparoHuTa paBHbl 2.71 u 2.93 r-cm”
COOTBETCTBEHHO, U HE 3aBHCAT OT AABJICHUA.

119
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7-7. PaccuuTaiiTe Temneparypy, npu kotopoii ase ¢opmbi CaCO; — KaibUUT
M aparoHUT — HaxonsaTcs B paBHOBecHu mipu nasnenuu 1 atm. Ilpu 25 °C
AG® xaneumta u aparouuta pasHsl —1128.79 u —1127.75 xJlxc-mons ™' coor-
BETCTBEHHO, a A¢H° paBHbl —1206.92 u —1207.13 Kll}K-Monb'l COOTBETCTBEH-
Ho. Cyuraiite, yto AC, = 0.

7-8. AG° xunkoi u razoobGpazuoii Boabl npu 25 °C paBubl -237.129 u
—228.572 kJIk-Monb | cooTBeTcTBEHHO. PaccuuTaiite naBneHue napa BOZbl
npu 25 °C.

7-9. TINIOTHOCTH KUAKOTO ¥ TBEPAOrO OJIOBA MPHU TEMNEPATYpE IUIABJIEHHUS
(231.9 °C) pasHbl 6.980 r-cM™ u 7.184 r-cM™ COOTBETCTBEHHO. DHTAbINA
rnaBneHus onosa pasHa 1.690 KKa1-MOJIb ™. Onpegenure Temmneparypy
nnasneHus onosa noa Aasnenuem 500 atM. Mongpnas Macca onoBa pasHa
118.7 r-momnb ™.

7-10. Tlpu 3amep3anuu 6GeHszona (5.5°C) ero rmiOTHOCTb H3MEHAETCA OT
0.879 r-cM™ 10 0.891 r-cM ™. DHTAILNUA TUIABIEHHUS pasHa 10.59 Kﬂ)«-monb".
Onpenenure TeMneparypy nnasihexus Oew3ona npu aasjiaesun 1000 atM.

7-11. [11O0THOCTH >XKUAKOH W TBEpAOH PTYTH IpU TEMMEpaType NJiaBleHUs
(-38.87 °C) paBHbl 13.690 u 14.193 I-CM™ COOTBETCTBEHHO. DHTANBIHA
nJIaBJIeHUs pPTyTH paBHa 2.33 kan-r . OnpenenuTe TeMNepaTypy riapieHus
prytu npu aasneHnu 3000 aTm™.

7-12. Temneparypa KUNEHHUs XHIKOro MetaHosa pasHa 34.7 °C npu nasne-
uuu 200 Topp u 49.9 °C npu nanenun 400 Topp. Hailaute Temnepatypy
KUTIEHHA METaHOJIa pH HOPMATTLHOM JaBJIEHH U,

7-13. JlaBneHue napa auatunosoro s¢upa npu 10 °C pasdo 286.8 Topp, a
npu 20 °C — 432.8 Topp. Onpenennre MONBHYIO SHTATLIUIO UCMAPEHHUS H
HOPMaJILHYIO TeMNepaTypy KumneHus 3¢upa.

7-14. JlaBneuue napa nuxnopMetana npu 24.1 °C pasuo 400 Topp, a ero au-
Tanbfus HCnapeHus paBHa 28.7 kJbk-Mons™'. PaccumTaiite TEMIEPATypy,
pU KOTOpoit naBnenue napa 6yaet pasHo 500 Topp.

7-15. aBneunue napa tBepaoro CO; paBHo 133 I'la npu —134.3 °C 1 2660 I1a
npu —114.4 °C. PaccuyuTtaiiTe 3HTa/IbNHIO BO3MOHKH.

7-16. {aBnenue napa (Topp) xkuaxoctu B uHTepBasie TeMneparyp 200 — 260 K
OMUCHIBAETCS YPaBHEHHEM:

Inp=16.255-2501.8/T.

PaccunraiiTe SHTaNLNUIO MCMAPEHHS M HOPMAIbHYIO TOYKY KWITEHHS
XKHAKOCTH.
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’

7-17. lasnenue napa (Topp) muakoro G6ensona CgHg mexny 10 °C u 80 °C
ONUCHIBAETCSA YPABHEHUEM:

lgp=7.960~1780/T.

Paccuurakite 3HTaNBNHUIO MCNApeHHUs W HOPMANbHYIO TOYKY KHIIEHMS
6exsona.

7-18. Jlasnenue napa xugkoro HadranuHa CioHg pasHo 10 Topp npu
85.8 °C u 40 Topp npu 119.3 °C. Onpeaenure 3HTaNLIUIO UCTIAPEHHA, HOP-
MaJIbHYIO TOUKY KHMEHUs M DHTPONHIO UCTIapeHUs B HOPMATLHOM TOYKE KH-
TeHHS.

7-19. HopmanbHas Touka KuneHus rekcatda pasHa 69.0 °C. Ouenure:
a) MOJTLHYIO 3HTANILITNIO UCNIAPEHHS;
0) naBnenue napa rekcana npu 25 °C u 60 °C.

7-20. Tlpu 0 °C oHTanbNMM UcnapeHUs U NIIABJICHUA BOJbl paBHbI 595 u
79.7 kan-r” COOTBETCTBEHHO. JlaBieHue napa Boabl npu 0 °C paBHO
4.58 Topp. PaccuuraiiTe naBnenue napa neaa npu —15 °C, cuuras, 4to u3-
MEHEHHE SHTANBIIMY HE 3aBHCUT OT TEMIEpPaTYphl.

7-21. PaccuurtaiiTe TemnepaTypy KMMNEHMs BOAbI Ha BepllMHe OBepecra
(sbicota 8850 M). DOHranbnuio ucnapeHWs BOAbl NPUMHTE PaBHOW
40.67 Kﬂm'monb“. Jns pacyera atmocdepHOro AaBineHHus Ha BEpLIMHE BOC-
nonb3yHrech OapoMeTpuueckoil GopMynoi.

7-22. YkcycHas KHCIOTa UMEET CEAYIOIME JaBAEHH HACBILIEHHOrO Napa:

T,K 363 383 403

p, Topp 293 583 1040

[To 3TUM JaHHBIM pacCUMTAITE SHTANBLIHUIO UCMIAPEHHS YKCYCHOM KHCIIO-
-1
Tbl. OOBSCHUTE OTNIHUKE OT TaONUUHOTrO 3Hauenus 24.35 k/xk-Monb .

7-23. llaBnenue napa (B Topp) TBepaoro v sxxugkoro SO, BblpaXkaercs ypas-
HEHUAMU:

g Py = 10.5916 — 1871.2/T,
g Powy = 8.3186 — 1425.7/T.

PaccuuTtaiite TeMnepartypy, aasnenue u Ay, H(SO,) B TpoiiHofi TouKe.

7-24. laBnenue napa (8 Topp) Haa TBepabiM M xuakum UFg Boipaxaercs
YPaBHEHUAMH

g Prrsy = 10.648 — 2559.5/T,
g P = 7.540 ~ 1511.3/T.

PaccuuTaiiTe TeMnepatypy, nasneHue u AqH(UFg) B TpoliHoii Touke.
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7-25. aBneHune napa Han tBepasiM Cly pasHo 352 [Ma npu —112 °C u 35 Ta
npu —126.5 °C, a paBneHue napa Hay >kuakum Cl, paBno 1590 [la npwu
—100 °C 1 7830 I'la npu —80 °C. Onpeaeanrte KOOPAHHATHLI TPOHHOH TOUKH U
AnnH(CIZ)-

7-26. Jlasnenue mapa uan teepabiM CgHg paBHo 299 [la npu —30°C wu
3270 I1a npu 0 °C, a naBnenue napa san xuakuM Ce¢Hg pasao 6170 Tla npu

. 10 °C u 15800 Ta npu 30 °C. Onpeaenute KOOpAHHATHI TPOHHOMN TOUKH U

AnnH(CﬁHﬁ)-

7-27. JlaBiaeHue napa Haja teepasiM SnBry pasHo 0.116 Topp npu 9.8 °C u
0.321 Topp npu 21.0°C, a naeneHde napa Haa *XuakuM SnBry paeHo
0.764 Topp npu 30.7 °C u 1.493 Topp npu 41.4 °C. Onpegenvre KOOpauHa-
Tbi TPOHHON TOUKH U Ay, H (SnBry).

7-28. laBneune napa 2,2-aumerunbyranona-1 (Topp) BoipaxaeTcd ypaBHe-
HUEM!

lg p = -4849.3/T - 14.701 1gT + 53.1187.

PaccuuTaiire:

a) HOPMAJIBHYHO TOYKY KHIICHUS;

0) SHTAIBIHUIO HCNAPEHUS! B HOPMANIbHOH TOUKE KMIICHNA,;
B) SHTAIBLNMIO HenapeHus npu 25 °C,

7-29. 3aBucumocTb JaBiaeHHus napa ptyTd (Topp) oT Temnepatypb! Bblpaka-
€TCS YpaBHEHUEM:

lg p=-3308/T-0.8 1g7+ 10.373.

PaccuunTaiite:
a) HOPMaJILHYIO TOUKY KUIIEHUS PTYTH;
6) 3HTAILNUIO UCTIAPEHUS PTYTH B HOPMAJILHON TOUYKE KUTICHHS.

7-30. PaccuuTtaiiTe nasnenue napa Boani nipu 200 °C, npunumas, 4to:
a) Ayenfd = 40.67 K]_bK-Monb" M HC 3aBUCHUT OT TEMNEPaTyphl;
6) AC, =—42 Iii-mons ™K.

7-31. Onpeaennte TemnepaTypy NeperoHKH rIMKOS NIPH JABICHUH B BaKy-
yMHoi#t cucteme 20 Topp, eciH HopMalibHas TeMMepaTypa KHIIEHUS COCTaB-
nseT 470 K, a sHTanbnus ucnapeHus pasHa 49.63 kJLx-Monb .

7-32. Kakad 4acTb 3HTaJIblUM HCNAPCHUA BOJbl TPATHTCA Ha pacllvpeHue
BOAsIHOTO napa?

7-33. XKuakocTb HAXOAKWTCS B PABHOBECHHM CO CBOMM TapoM B cocysie obbe-
MoM V. Konan4ecTBO XUKOCTH PaBHO H,, napa — n,. HalauTte TenioemMKkocTs -
3TOH cuctembl. [IpuMuTe, Y10 OOBEMOM KHAKOCTH 110 CPABHEHHIO C 00be-
MOM COCY/ZIa MOXHO npeHebpeub.
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7-34. M3BeCTHO, YTO TEIMIOEMKOCTb HACBILIEHHOTO Napa MOXKeT ObITb U [10-
JOXKHTENBLHON M oTpuuaresibHoi BenuuuHoOH. [peanoxure gpusnueckyro uH-
TEpPrpETALNIO TAKOrO (paKTa.

7-35. MokaxuTe, KAK UIMEHIETCK ¢ TeMnepaTypoit oObeM napa, Haxonsue-
rocs 8 PaBHOBECHHM C XKUAKOCTBLIO. YKaXHTE NPUHATBIE JOMYLLIEHHS.

7-36. Tlokaxure, Kak 3aBUCHT OT TeMNepaTypbl SHTanbnus ¢Ga3zoBoro nepe-
X0/la BAO/b KpHBOii (pa30BOro paBHOBECHS:

a) NpH paBHOBECHU KOHAEHCHMpOBaHHOH (a3bl ¢ napoMm (MIeasbHbIM
rasom};

©) npu paBHOBECHU ABYX KOHIEHCHPOBaHHBbIX a3 (AV = const).

7-37. [NokaxuTe. UTO B TPOHOI TOUKE

dp,
P | w, —-V,)—df; + (¥, - Vz)dilf

dT

=0.

V5 -V3)

7-38. IocTtpoiite ¢azoByto AvarpamMy 6eH30:1a BONM3M TPOHHOM TOUKM NIPH
36 Topp u 5.50 °C, ucnosb3ys cneayoiue AaHHbie:

AuaHrm = 10.6 xIic-monb ',
Prs = 0.891 rem™,

ApenHn = 30.8 K}I}K-Monb",
px = 0.879 rem.

§ 8. ®a3zoBbie paBHOBeECHHA
B IBYXKOMIIOHEHTHBIX CHCTeMaXx

O6uiue ¥ yacTHbIE YCIOBHA paBHOBECHS, CHOPMYNHPOBAHHbIE B MPEAbI-
Ayliei rnaee, cnpaBeauBbl A1 CUCTEM Jit0O0# KOMNOHEHTHOCTH. TToaToMy
Te NOAXOAbLI, KOTOpble ObLIM HCNONL30BaHbI NPU pacyeTax (a3zoBbiX PABHO-
BECHH B OJHOKOMIIOHEHTHBIX CHCTEMAX, CNPaBeIUBbI U U1 MHOTOKOMIO-
HEHTHBIX CHCTEM.

1. Pacuyem ghazosbix pasHosecuil 8 OUHAPHBIX CUCEMAX, UCX00S U3 obuye-
20 yenosus pagnosecus (min ()

Ilouck munumyma 3Heprun 'u66ca cucTeMbl NONOXKEH B OCHOBY alro-
puTMa pacueTa (pa30BbIX PaBHOBECHil BO BCEX COBPEMEHHLIX 3ICKTPOHHbIX
0azax TepMOAMHAMHMUYECKUX JaHHbIX. M310XkeHHe MaTeMaTHYEeCKOro annapa-
Ta TaKWX pacHeToB BbIXOAUT 3a paMKW Hacrtosiero usaanusa. Ho cam anro-
pUTM pacyeTa MOXHO HarfisAHo NpPeACTaBHTb C MOMOLWbIO Juazpamm [ ub-
6ca—Pozeboma (puc. 8.1).
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Mnaea 2. NpunoXxeHNs XUMNYECKON TEPMOAUHAMWKNA

PaccmoTpum 6MHApHYIO CHCTEMY, KOMIIOHEHTH! KOTOPOH OrpaHUYeHHO
pacTBOpMMBbI B TBEPAOM COCTOSIHMM U He 00pasyroT coeauHeHuii. ITyctb
JUISl IEPBOTO KOMIOHEHTa 6osiee YCTOHUNBOIM ABNAETCS CTPYKTYpA Sy, @ AJis
BTOpPOro — s;. O603HaunM obpasyemble UMK TBEP/ible PACTBOPLI KakK S| U S
COOTBETCTBEHHO, JKHAKOCTh — |, a kommuectBa a3 kak n%, #'2 n'. B
npeabiaylueM naparpadge oTMe4anoch, YTo Uil pacuera paBHOBECHH Heol-
XOJAMMO 3HaTb CBOWCTBa kaxxao# ¢assl BO Beel 001acTH M3MEHEHHUs nepe-
MEHHBIX, O3TOMY Ha puc. 8.1. cxeMaTH4HO U300paKEHbI KOHLEHTPaUHOH-
Hbte 3aBUCMMOCTH 3Hepruii 'mb6ca Bcex Tpex a3 paccmaTpuBaemoii
CHCTEMBI TIpPH pa3nuuHbIX Temrneparypax. [To ocH opauHaT OTNOKEHBI ab-
COMIOTHbIE 3HAYEHUS MOJIbHBIX QYHKUHH G B 3aBUCHMOCTH OT cocTasa'.
JlaBneHue B cUCTEME MOCTOSHHO.

[lpeanonoxum, yto npu temneparype 7 (puc. 8.1.a) kpuBas 3Hepruu
'm66ca xnakoit dasbl pacrnonoxeHa Hixe OCTATbHBIX KPHUBbIX. ITO 3HAUYHT,
4TO npy N0OOM cOCTaBe (x) MUHUMaNbHOE 3HaYeHue obieit 3Heprun 'H6-
6ca cucTeMbl

G(x) = 1'Gy + 122G + niGy)

AOCTHraeTCsi IPU HYJIEBbIX KOJMYECTBAX TBEPABIX PACTBOPOB §) H S, T.€. TIPH
teminepatype 1) BO Bcell 06/1acTH COCTaBOB YCTOHYMBA uaKad ¢a3a.
[lpu nonwxeHun TemnepaTypel TOYKH GP° (T), COOTBETCTBYIOLLHE

MOJIbHbIM CBOMCTBaM YMUCTbIX KOMMOHEHTOB, NEpeMellaloTcs BBEPX (IHep-
rug ['n66ca ctaHoBUTCA GoNee MONOXKHUTENBHON NPH YMEHbLIEHHH TEMIIEpa-
TYpb!, cM. puc. 5.2). CKOpoCTb J1BUKEHHS i-0i PUIrypaTUBHOM TOMKH paBHA:

oG o

=-8° .
oT L
P

Tak kak 3JHTPONMUHU YUCTBIX KOMNOHEHTOB C Pa3HOH CTPYKTYpO#H pasnuy-
Hbl, OYAyT OTAMYATBECA M CKOPOCTH IBIDKEHUS TOYEK MO ocu opanHaT. [Ipu
Temneparypax naasneHus Ty, 1 U Toy2 MonbHbIE 3HEpTHY ['n66ca TBEpabIX M
MUOKMX KOMIMOHEHTOB CTAHYT OMHAKOBBIMM, TOUYKH COBMECTATCS.

Ha puc. 8.1.6 npeacraBiedbl KOHUEHTPAaLMOHHBIE 3aBUCHMOCTH G{(x)
npu 15, rae Tppa <T <Tg, . Kak BUAHO M3 pHCYHKA, Npy cocTaBax 0 <x < x°!
MHHUMYMY 3Hepruu 'u66ca cOOTBETCTBYIOT HYJIEBLIE KOJIMYECTBA TBEPAOTO
pacTBopa s; M |, a npu cocraBax xX<x<1- OTCYTCTBHE B PaBHOBECHO# cMe-
CH TBEpIbIX pPacTBOpOB. B MHTEpBane cocTaBoB x°1< x <x' Bo3MOXHO npu-

CYTCTBHE XHAKOCTH W PacTBopa S, MPUYEM COCTaBbl ITHX PAacTBOPOB Ofpe-
o . I
Aenstorcs obuied kacarenbHOM K KpuBbIM G l(x)  G'(x), a KOIMYECTBA UX B

pPaBHOBECHOH cMecH — npaswiom periaza (puc. 8.2):

' Tak kak CBOWCTBA PacTBOPA OTCHMTHLIBAIOT OTHOCHTENLHO EAMHOTO YPOBHS ANs
BCEX KOMIIOHEHTOB, Nepexo/] oT aGCoMIOTHBIX 3HaYeHH sHepruu F66ca k PyHkLHaM
CMELIEHHS HE OTPA3HTCA HA NOJIOKEHHU MUHUMYMA G OTHOCHTENBHO OCH abCIHCC.

(8.1)

(8.2)
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Puc. 8.2

Fnaea 2. MNpunoxXxeHust XMMUYECKON TePMOOUHAMMKY

(8.3.a)
(8.3.6)

O Koauuecmea cocywecmeyowux paz ‘u ” & zemepozennoii cmecu
o0pamno NPONOPYUOHAIbHb OTUHAM ompe3Koe aa’u aa”.

Hanwoempayus npaswia peivaca

DTO NpaBuNIO ABASETCS MPAMbIM CJEACTBUEM YPaBHEHHS MAaTEPUHAILHOIO

H6anaHca B 6uHapHOi cucteme:

m =nmlx 4 n2x, S + )

ny = ns,.xzsi + nsz.xzs2 + nl.le’
rae 1, — KOMHYECTBO /-0 KOMITOHEHTA, X;/ — MONbHAA 11018 i-r0 KOMIIOHEHTA
B j-OM (TBEPIOM HMJIN XHKOM) pacTBOpe.

ITpu Temnepatype T3, MeHblueii 1y, 5 M T,y 1 (puc. 8.1.8), nepecexarorcs
JIMHUHU GS‘(x), G!(x) %4 Gsz(x), G'(x). [Toctpous obuiKe KacaTenbHbIE K 3THM
KPUBbIM, MOXHO ONpeleuTh COCTaBbl PABHOBECHO COCYLUCCTBYIOLMX (a3
s)/l u sy/l. Teepabie pactBopbl §; U S; 6yayT ycroliuuset B obnactax 0+s;
sy+1, COOTBETCTBEHHO, @ KUAKOCTh — NPH COCTaBax ©ax'2, JlansHeiiee
NOHWXEHHEe TeMnepatypbl 10 T4 MOXeT NMpUBECTH K CHUTyauuu, usobpa-
xeHHo# Ha puc. 8.1.r. Ilpu 3TOH Temneparype Bce TPH KpHBbIE HMEIOT 00-
LYI0 KacaTeibHYI, MHHUMYM 3Hepruu ['mb6ca nabniopaercs npu Hamu-

UMM BCeX Tpex (a3 coctaBa xf' , xfz , X[, T.e. peausyeTcs SBTEKTHYECKas

TOYKa (YHUCHO cTenenei cBoboanl cuctembl pasno 0). [Tpu temneparype Ts
(puc. 8.1.1) HUAKOCTL CTAHOBUTCA HEYCTONYUBONH OTHOCHTENIBHO TBEPABIX

pacTBOpOB BO Bcel 06,1aCTH COCTABOB, a FpaHHLIbI reTeporeHHoi obnactu
(s1+52) onpeAensloTCs NONOXKEHHeM 001ueli kacaTenbHoil k kpuebiM G*!(x)

u G*%(x). Ha puc. 8.l.e npeactaBieHa nojydyeHHas ¢asoBas auarpamma
GuHapHOR CHCTEMBI.

Il Pacuem ghazoguix pagnogecutt U3 4acmubiX yCnoauil pagHosecus,

®da3oBble PAaBHOBECUA MOXKHO TaK)Ke pacCUMThIBaTh, UCIIONb3Yys YCIOBHE
paBeHCTBA XHMHYECKHX MOTEHLHATOB KOMMNOHEHTOB B COCYLUECTBYHOLIHMX
¢dazax. [ns aToro HeobXoAMMO 3aJaTh TEMITEpPaTypHO-KOHLEHTPALHOHHbIE
3aBUCUMOCTH XHUMHUYECKHX TOTEHLMANOB KOMIIOHEHTOB Kaxaoil daswl (T.e.
mepmoounamuveckue modeau ¢gasz, cM. § 6). Hanpumep, ana paccMoTpeH-
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HOf Bblille OUHAPHOH CUCTEMbI YCNIOBHE PaBHOBECHA KUAKOCTH | ¢ TBEpABLIM
pacTBOPOM S; MOXHO NMPEACTABUTH B BUJIE CUCTEMbl YPaBHEHMI:

Bas, 03, T)=py (x',T),

. (8.4.a)
“B,S| (x ' !T) = HB,I(X : ’T)o
pi,s‘ +RTIn(l —x" )+ p‘jisl =pa; + RTIn(l-x') + Hays
0 ex o ex (8.4.6)
Hgs, *+ RTInx" + Mps, =Hp + RTInx' +pg).
AH&IOTHYHBIE CUCTEMbI YPABHEHHH 3aMUCHIBAIOT U UIS OCTAJbHbIX Nap
¢a3. B pesynbrare pelieHus nosnyvaoT Habop nruHHUi (a3oBbiX paBHOBECHH,
lOCJIE YEro OTAENAIOT CTaOHIILHBIC PABHOBECHS OT METACTaOWIbHBIX. AHa-
JHTHYECKOE pelleHHe 3aa4H BO3MOXHO TOJILKO AJI CHCTEM C UAEalbHbIMH
pactBopamu (G™ = 0) (cM. npumep 8-1). B ocTanbHBIX Ciy4asx NPUXOIUTCA
pewaTh CUCTEMY HeNMHEHHbIX ypaBHEHHI YUHCICHHBIMH METOAMM.
Ecnu BoCnone3oBaTsCs yCNOBUAMHM paBHOBecHs B AH(depeHUManbHON
¢dopme (MHAEKCh! ' U " OTHOCATCA K COCYLIECTBYIOLIUM ¢a3zam)
dui =dpi, duy =du;,
TO MOKHO NONYYHTb 0b60bugennoe ypaseuenue Ban-oep-Baanvca, koTopoe
onucbiBaeT nodsie Gazosbie pAaBHOBECHS B OMHAPHLIX CHCTEMAX:
oV’ ( as’
V-V —(x"—x' [—) dp + S"—-S'-(x"—-x’)(——*J dT =
ox' ox'
T \ »T
aZGf (8-5-3)
= (x' o x') dxf
o'
/ p,T
HJIH
. ov" oS”
Vn_Vf_( _xc( . dp+ S”"'S' (u xl) - dT—”-—
X" ), r "),y
a22G” (8.5.6)
={(x"-x") dx"”
axQZ
p.r
Jns BbIBOJA HEKOTOPLIX NMPAKTHYECKH BAKHBIX COOTHOWEHUH Oonee
yAoOHOM aBnsercs caeayroillas Gpopma 3anuc 3THX YpaBHEHHU:
= T i Oy . [ On ,
ox" ') -
Y P (8.6.a)

2 i ”
:x’(a g} dx’—»x”(a g_ dx”
ox of X oT

28187 ]
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(77 ~73)do - (55 - 5%)r -

(8.6.6) - [a“f ) o [ﬂ‘_‘a) ' =
&) ),
2 2 0
=_(1wx')[5 Gz] dx'+(}—x"){a "ZJ dx”
x?) ')
p.I pl

Yro6bt Hcnonb3oBaTh BhipakeHus (8.5-8.6) Ansg pacueToB paBHOBECHH,
HeoOX0AMMO KOHKPETH3MPOBATh BMJ YACTHBIX NMPOU3BOAHBIX XMMHHYECKHX
MOTEHLUAJIOB [0 MONLHOMR Aosie BTOpOro KoMIoHenta. B o6uiem ciyuae

2 ex
(8.7.a) (i&.) .;dx(a f):- RT +{au1 J |
Ox o7 o 1-x Ox o
u, 82G) RT (ou§
(8.7.6) (—-—-J =(1- x)[ } = ( .
ax p.T ax2 X Ox p.T
B cnyuae naeanbHbIX pacTBOPOB:
2
(8.8.a) [%) =—x(a (;J:_ RT ,
ox T ox 1-x
oW,y 082G\ RT
8. —= =(1-x)| — =22
(8.8) ( Ox )p,f ( x)(axz ) X

Jlanee npuBefeHbl HEKOTOPBIE 110JIE3HbIE COOTHOLUEHHS, ONMUCHIBAIOLIME
(hasoBble paBHOBECHS B OMHApPHBIX CHCTEMax. DTH COOTHOLUEHHS NPH Ofpe-
JIeNeHHbIX AONYIUEHHUAX MoryT ObiTh MoNy4yeHb! U3 ypaBHenuil Bau-nep-
Baanbca 1u60 npu paccMOTPEHHH YacTHBIX paBHOBECHIA .

PaBHOBecHe JKHAKOCTb — Map.
3axonsl /I.I1. KonoBanoBa

PaccMmoTpum ABYXGa3Hyio CHCTEMY, COCTOALLYIO M3 ABYX JIETYUUX XKHA-
kocted U ux napos. O603HaYUM XKMAKOCTH HHAEKCOM ', a MapoByto dasy —
uHnekcoMm ". TlpumeM, uto Temneparypa cucTeMsl nocTosiHua, T = const. B
3TOM cliy4yae ypaBHeHue (8.5.a) npeobpasyercs K BUAY:

' TpanuuuoHHO BO MHOTHX yueGHbIX MOCOGHAX MCIIONB3YIOT HMEHHO YacTHbiE
paBHOBecHA. B HacTofLIeM H3JaHUHU MOKA3aHO, KaK TE XK€ CaMble BbIPWKEHHA NOJY-
qarTcs U3 06061EHHOTO YPaBHEHHUA.
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, ., a?.Gc
(x * ) ox'? "
P

[%J _
ax T VH_VE_(xn__xr)[aV )
7.

axf

re 1eBas 4acTb OMMCBLIBAET 3aBUCMMOCTD 00LLIero AaBjieHus B ra3oBoii dase

oT coctasa xxuakoctd. Ecnu yuects, uto
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YTO BbIp@XKAET NepBblit 3axon Konosanosa (cM. puc. 8.3):

O Hacsuyennotii nap cooeprcum 6Gonvuie (N0 CPAGHEHUIO ¢ pPACMEO-
POM) MO20 KOMNOHeHmMA, y8eiuueHue KOHYEHMpPAuU Komopozo @
pacmeope noesiuaem obuiee 0ageHue napa, m.e. NOHUMICAem mem-
nepamypy KuneHus CMecu npu OaHHOM 0Q6IEHUMN.
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(8.10.a)

(8.10.6)
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130 Fnaea 2. MNpunoxeHusa XMMUYECKON TEPMOAUHAMMKM

5)
Ecau x" = X', TO (8—"{)& = (), TakuM 00pa3oM, NMPUXOAUM K GOpMYIH-
x' ),

POBKE 8mopoco 3AKOHA Konosanosa:

O Touku maxcumyma u Munumyma na Kpueoii oGujeco oasnerus napa
omeeqam pacmeopy, COCIMag Komopozo 0OUHAKOE ¢ COCMABOM pae-
HOBECHO020 ¢ HUM napa.

PacTBoppbl, Y KOTOPbIX COCTaBbl Napa H XHAKOCTH COBMAIAIOT, Ha3blBa-
1oTCcs azeomponamu (cM. puc. 8.4).

N3 ob6o6uieHHoro ypasueHus Bau-mep-Baanbca cnenyer m mpemuii 3a-
xon Konosanrosa:

O B usomepmuyeckux (unu u3odapuyeckux) ycaosuax cocmassl pac-

14

X
meopa u napa UIMCHAIMCA CﬂMﬁﬂMﬂ(}, nm.e, —- >0.

dx
P T
g
]
I )
!
X —
p r
T
|
|
] g
)
i
I
.
X —> x—>
P“C. 8'4 f ‘XU p—x ()uaepmmm 6UIIaprix cucmem ¢ G‘EPXHH.M U HUNWCHUM 0390!}1])01?0,14,

g — naposas ¢gasa, | - xmuokocms



Mnaea 2. MpUNoOXeHU XMMUYECKON TEPMOAUHAMUKN

Jakonpl KoHOBas10Ba MOJiyyeHbl IMIUPHYECKH, HO OHHM TaKxkKe MOTyT
ObiTb BuIBEIEHb! Kak CJAEACTBUA 00001eHHOro ypaBHeHHs (Pa3oBblX paBHO-
Becu# Ban-znep-Baanbca.

PaBHoBecHE KOHAEHCHPOBAHHBIX a3,
Ypaaennsn Ilnanka — Ban Jlaapa u llpeaepa

IMpennonoxum, uro YnucThiit komnoHent B (dasa ") Haxoautes B pas-
HOBECHH C HACBLIEHHBIM pacTBopoMm (). PaccMOTpUM ciy4ad nOCTOAHCTBA
(a) naBnenus, (6) remnepartyphbl.

a) p = const

B aToM cnyuae
e dp=0,

o X=1,d'=0, S5=S8,
®  pacTBOPUMOCTb KoMIloHeHTa B paBHa monbHOIl none B B pacrsope (x”),
* B uacanbLHOM pactBope Hy — H ;;,,K npu x —» 1. !

C yderoM NpHHATLIX JonylleHui ypaBHeHue Bau-zep-Baanwsca ynpo-

maercs .
—_— — Ol RT
0-(SB-Sgyﬂ2{Sg~S§m)dr=[ uf}_tﬂ”i—jﬂﬂanTmnf
B pr x
o [¢] ” 5 O
(c'ﬂn;q _ SB _SB,TB _ HB - IIB,TB _ AmHB
or ), RT RT? RT?
YpasHenue
Olnx A, H
( ) = LmM (8.11.a)
or P Hacuiut RT
nony4yuno HaszBaHue ypagHerue [llpeoepa. OHO ONUCHIBAET H3MEHEHHE pac-
TBOPHMOCTH TBEPJOr0 BELIECTBA C H3MEHEHHEM TEMIIEPATYPhbL.

Huterpupys ypasHeHue lilpenepa B npeanonoxeHnd HE3aBHCHMOCTH
SHTANBIIUK OT TEMIEPATYPBI, M0JIV4AEM ypaBHEHHE, ONHCHIBAIOLIEE KPHBYIO
KpHCTAIM3aUHK KOMITIOHEeHTa B:

A Hu(T-T
inx =—2 1 { “). (8.11.6)

RT, T

L T o " 0 o 0 _ gpex _
HB“HB.TB :HB -HB,)K +HB,)K _HB,TB —HB +AIUIHB’ rae A!mHB

o €X
TENA0TA NAABJACHHNA HEPCOXTIAKIACHHOH KUIKOCTH, a HB ~»Q [IpH Xy > 1.
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132 Fnaea 2. lpnnoxexHus XMMUYECKOW TEPMOAUHAMMKN
T AHanoruyHoe YpaBHEHHE MOXKHO
3anucath M IS APYroro KOMMOHEHTa
pacTteopa. llBe kpuBble KpHCTalIn3a-
| LUK TIepeceKaoTcss B IBTEKTHYECKOH
Touke {(cM. puc. 8.5)
Boisoabl 3 ypaBHenus llipeaepa:
A+l I+B e Taxk kak A.,H >0, T0 pacrBopu-
P MOCTb TBEPAbIX BELUECTB B XHAKOCTH
\ BEJIMYHBAETCH C POCTOM TEMINIEPaTyphbl
Js \ A+B z BELIECTBa C }()S(i))(;ee BbICOKI;ﬁT)'/I‘iM’-
7 ]
! nepatypoli NJaBJEHHA MEHEe pacTBO-
A x— B PHMBI,
Puc. 8.5 Y’_x-c)uagpma 6uuapuoﬁ ¢ paCTBOPHUMOCTDL BEILECTBA BO BCEX
cucmemsi ¢ BPOCMOU 36MeKMUKOU pacTBOPHUTENAX, C KOTOPBIMH OHO 006-
pa3yeT WaealbHblf pacTBOp, He 3aBH-
CHUT OT NMPUPOABLI PACTBOPUTEJIS.
6) T'= const
[peobpasys obobeHHoe ypaBHeHue BaH-nep-Baanbea ¢ y4eToM Toro, 4To
o dT=0, .
o xX'=1,d¢=0, Vg =V§;m’
e x" — pacTBOPUMOCTb BTOPOrO KOMIIOHEHTA,
noJjiyuaem ypasHenue [lnanka-Ban Jlaapa
(8.12) Oln x _ lwls
ap T Hacbuu RT

rane A Vg — u3MeHenue obbeMa komnoHeHTa B npu HepasHoBecHOM nnas-

neHuu (Hmke 7,).

Ypasuenue [Inanka-Ban Jlaapa onucwiBaeT BIMsHHE JaBlieHUs Ha pac-
TBOPUMOCTE TBepaoro sewectsa. CornacHo ypasHenuio (8.12), ¢ nosbiule-
HUEM JaBJICHUA AOJHKHA YMEHbLIATHLCA PaCTBOPHMOCTb BELIECTB, Y KOTOPLIX
MOJIbHBIH 00bem XkuakocTu 60bLIe MONILHOrO 06bema TBepoi dasbl.

C nomouibio ypaBHetuii (8.5—8.6) MOXHO TaKxe NOJYyUHUTH BCE Bbipaxe-
HUSA, ONUCHIBAIOLIME KOJUTUraTUBHbIE CBOHCTBa pacTBOpoB (cM.§ 6). OcHos-
Has npobyieMa, CBA3aHHAA ¢ MCMONb30BaHUeM AU epeHLHaNbHBIX YpaBHe-
HU# (a30BbIX paBHOBecHil (B ToOM uKcae, 0000WEeHHOro ypaBHEeHHs Bau-
nep-Baanbca) — nonyueHue ux MHrerpanbHoi Gopmbl.

L!I_PHMEPE

IIpumep 8-1. [lonyuuTe aHaIMTHYECKOE BBLIPDKEHHE, OMNUCHIBAIOLIEE
KPHBYIO NUKBHAYC B OMHApHOH CUCTEME C HEOrpaHW4yeHHOH pacTBOPHUMO-
CTBIO KOMIOHEHTOB B TBEPJOM H XHAKOM COCTOSHUH. PacTBopbl MOXHO
CYHTATH HICATILHBIMH.



Mnaea 2. MpUNoxXeHns XMMNYECKOWU TEPMOAUHAMMUKMN

Pewenue. YcnoBus paBHOBECHUS XXHAKOW M TBepRoit (a3 OnucbIBaOTCA
ypasHeHHsMu (8.4.a):

BQ s + RTIn(l—x*)=pQ , + R7In(1 - x),
Wh, +RTInx® =p%, + RT Inx'.
Y4uThIBas, YTO Pa3HOCTH
“?\.] - u?i..s = Arm GA (T)’ H%J - pgs = Ann(;B (T)

npeAcTaBslOT coboil MonbHble 3Heprun ['M66ca miaBneHus KOMMOHEHTOB
(napameTpbl cTabUIILHOCTH), 3aMUCAHHYIO BbIlIE CUCTEMY YPaBHEHHH MOX-
HO fepenucaTh B BUE

1-x'

In =-A imGA(T)/RT}

1 -x°
I

In~—=-A,,Gg(T)/ RT.
X

.

BelpaxkaeM W3 BTOpOro ypaBheHus x° M MoAcTaBiseM B nepsoe. [locne
NeperpynnupoBKH ClaraeéMbiX NMOJyvaeM ypaBHEHHE KPUBOi THKBHYC!

A T
- cxp[—m—""GA( )}
. RT

exp| AmGs M ] TAnGAD))
RT RT

IIpumep 8-2. PaccunTaiite xpuByio nukBuayc coeaunenus AB. Ilpumu-
Te, YTO KHUAKOCTh MOMCHO CUMTATh UAEAILHBLIM pacTBOpoM. DHeprus ' nb6ca
obpazoBanus pa3ul AB M3 KMAKHX KOMIIOHEHTOB ONUCHIBACTCS YPaBHEHUEM

AfGO(D = Af‘HO - TAflS'O.

Peuwtenue. Eciv B cucreMe oOpasyercs COeAUHEHHE, He uMmerolee 00-
NacT TOMOTEHHOCTH, TO UCTIONB30BATbL YCIOBHE PaBHOBECHS B BU/E PABEH-
¢TBa XHMHUUYECKHX MOTEHLUAIOB HeJIb3s, TaK Kak A5 (a3bl MOCTOSHHOTO CO-
CTaBa MOHATHE XMMMUYECKOro MOTEeHUMala He onpeaeneHo. B stom cnyuvac
cuctema ypasieHn# (8.4.a) MoxeT ObITh CBEIEHA K YPABHEHUIO

(1 “XS)HA,I +x’pg; =G°,

rje x° — cocTas CoeAMHEHHUS, B paccMaTpuBaeMom ciydae x° = 0.5.

[ToncraBnss B 370 ypaBHeHHe BbipaxkeHus (8.4.6) s XUMHYECKUX MO-
TEHUMANOB KOMIMOHEHTOB pacijiaBa W y4UTbIBad, 4TO U3ObITOYHbIE (PYHKINH
pasHbl 0, nonyyaeM

(1=x*)(wsy + RTIn( = x")) + x* (g, + RTInx') =G,
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134 Mnaea 2. NpuNoxeHUs XUMNUYECKON TEPMOAUHAMMUKN

PasHocthb
Gs ‘(l “XS)H?\J “,’CSH%J :AfGO

npexcTtaBaseT coboil cTaHaapTHYIO sHepruto ['nbbca obpasosanns dasbt AB
M3 KUAKMX KOMMOHEHTOB. C y4eToM 3TOro nocjeiHee paBeHCTBO MOXHO
riepenucaTb B BUAE:

(1-x")RTIn(1 = ")+ x*RTInx" = A;G® = A H® = TAS°.
Boipaxkaem B ABHOM BH/E TEMIIEPATYPY:

ArH®

T = .
AS°® + R[(l = x)In(l-x") +x" Inx' |

Jlnsg paccmaTtpuBacMoii CHCTEMBI

AH®

7= .
8¢S° +0.5R-In(x"-(1-x"))

IIpumep 8-3. PaccuuTaiite pacTBOpMMOCTL BUCMYTa B kKaamuu npu 150
u 200 °C. DHranbnus 1JaBJCHUS BUCMYTa [IPH TEMNEpAType ILiasieHus
(273 °C) pasna 10.5 K JDK-MOMB . IpumuTe, 4yTo OOpasyercs WjieaibHbIA
PAacTBOP W SHTAILITUA NNABACHUS HE 3aBUCHT OT TEMIMEPATYpHh.

Pewenue. Bocnonsiyemcs gopmynoi

Inxzé-’lﬁ L1 .
R \T T

nn

[pu 150 °C

x_losoo( I 1)
8314 (546 423)

orkyaa x = 0.510.
fpn 200 °C

x_losoo( 1 J
8314\ 546 473)°
otkysa x = (.700.

PacTBOPHMOCTL YBEJIMYMBAETCA C TCMIIEPATYPOH, YTO XapakTepHO s
IHAOTEPMHUHECKOTO 11poLecca.
Omeem.x=0.510 npu 150 °C u x = 0.700 npu 200 °C.



Fnaea 2. NpUnoXeHnst XMMN4eCKON TepMOONHAMUKN

{_3A;[Am_ﬂ

8-1. dusnyeckue MeToAbl rnybOKO OUMCTKH NyTEM MHOTOKPATHOIrO MNo-
BTOpPEHHS MPOIECCOB IUTABJIEHUA-KPUCTAIIN3ALMH OCHOBaHbI Ha HePaBHO-
MEpHOM pacnpeleneHu BeliecTBa npu ¢azoBbix nepexojax. [lokaxure,

YTO npu J00o# Temnepartype, OTAKYHON OT Iy, 3, KO3 dULUHEeHT pacnpe-
i

X
aencHus k = -lj-—omuqeﬂ ot 1. IlpuMHUTE, 4YTO PacTBOpPbl MOXHO CUHTATH
XB

HIIEAjIbHBIMHA.

8-2. lMoctpoiiTe 7T—x anarpamMy M ONpeJciuTe KOOPAWHATHI IBTEKTHUYCCKOIH

TOUKM B cucTeMe OeH30M—-xaopObeH30m, ecnd B TBEPAOM COCTOSHUM 3TH Be-

LeCTBa HEPACTBOPHMBI, a B )XKMJKOM 00pasytoT HaeaibHbii pacTBop.
Tuncgn, = 278.7K, AnaHc g1, = 9.83 Knm-mom;‘,

Tm CetlsC1 = =228.2 K, AnnH(/éﬂs(j] 9.56 K}I)K MOﬂb

8-3. llocTpoitte T—x anarpaMmy U paccuuTaiTe KOOPAMHATHLI IBTEKTHYECKOH
TOYKH B CHCTEME napd-HUTPOOEH30N — napa-HUTPOAHUIIMH, €CITH B TBEP/AOM
COCTOAHKM DTH BEILECTBA B3aHMHO HEPACTBOPHUMBI, a B XXHIAKOM 00pa3yloT
uaeanbHblit pacTBOp. TeMneparypsbl NIaBleHus napa-HUTpobeH3ona u napa-
HuTpoanuirHa pasHbl 446.0 u 420.7 K cOOTBCTCTBEHHO. DHTAILIUKU T1aB-
nenns 26.2 u 21.5 kJx-monb |

8-4. OnpenennTe KOOpAUHATHI IBTEKTHUECKOH TOYKH B cucteme Al-Si, ecau
U3BECTHO, YTO KOMNOHEHTHI B3aUMHO HEPACTBOPHMbI B TBEPIOM COCTOSHHHU
M 00pa3yIOT KijealbHbIi pacnnas.

Thaar = 660 °C, ApHA = 6.4 x]Tx- mone !

Tunsi = 1420 °C, ApnHsi = 31.2 K,H,)K-M()ﬂb

8-5. Paccuuraiite T—x amarpammy cuctembt K-Rb, xomrnoneHTsl koTOpOIi
HEOrpaHH4YEHHO PACTBOPHMbI B TBEPAOM H KHAKOM COCTOSIHMH.

Tonk =336 K, Ay Hy = 558 kan-monb

Toars =312 K, AmnHry = 524 xan-mons™

8-6. Paccumnraiite 7—x anarpammy cuctemsl Na>SO,—Ag,SO,, ecnu u3BecT-
HO, YTO KOMIMOHEHTbl HEOTPAHUYEHHO PACTBOPHMbI B TBEPAOM H XXUIKOM
COCTOSIHUH,

TunNasog = 924 K, Apal Inayso, = 56.5 kJlk-mons ™,

Tunagysog = 1157 K, Aun Hagyso, = 49.6 k[Ik-Monb™

8-7. PaccuuTaiite ¥ cpaBHUTE C NUTEPAaTYPHLIMU NaHHbIMU T—x JAuarpammy
cucteMbl Se-Te, KOMMOHEHTbl KOTOpPOH HEOrPaHHHEHHO PacTBOPHMbI B
TBcp;mM M )KMAKOM COCTOAHUSX.
inse = 494 K, AnsHse= 1600 kan-mons
T.,_ﬂc =722 K, ApHve = 4180 Kai-MoJb |
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Mnaea 2. MNpunoxeHUst XUMUYECKON TEPMOAUHAMMUKH

8-8. PaccuuTaiiTe naealbHyl0 pacTBOPUMOCTbL aHTpaueHa B OeHzosie npu
25°C B eAMHHLAX MONSNBHOCTH. DHTANLIMA [UIABNEHUS aHTpaleHa MpH
Temnepatype nnapnenus (217 °C) pasha 28.8 k/hx-Monb ™.

8-9. Paccuuraiite pactBopumocTs n-anbpombensona B Genzone npu 20 u
40 °C, cuuTas, yto 0bpasyerca uaealibHbIi pacTBOp. DHTANbINUA TIABICHUSA
n-qubpombensona npu Temneparype ero mnasienus (86.9 °C) pasHa
13.22 kJbx-Monb .

8-10. Paccuuraiite pacTBopumocTs HadranvHa B 6eH3one npu 25 °C, cuu-
Tas, 4To obpasyeTcsd MAcaNbHbIH pacTBOp. DHTaNbLNUA NiaBieHus HadTanu-
Ha nipu Temneparype ero niasnesus (80.0 °C) pasua 19.29 kJDx-Monb .

8-11. Paccuntaiite pacTBOpHMOCTb aHTpaueHa B Tonyone npu 25 °C, cuuras,
uTO 0OpaszyeTcs uaeallbHblii PacTBOp. DHTABLIIUA NJIABNCHUS aHTPaLEHA 1Py
TeMmneparype nnasnenus (217 °C) pasna 28.8 k[x-monb !

8-12. PaccyuraiiTe TeMnepatypy, [py KOTOPOH 4YMCTbIA KaaMMit HaxoauTCs
B paBHOBecHH ¢ pacTBopoM Cd — Bi, monbHas aons Cd B koTopoM paBHa
0.846. DOwuranbnus nNasjeHHs KaAMHUA IIpU  TEMICpaTtype [UIaBieHUs
(321.1 °C) paBna 6.23 kJk-MoJib .

8-13. Ouenurte pacTBOPMMOCTb cepbl B 6ensone npu 50 °C, ecnu U3BECTHO,
YTO:

AnaHyon = 1.26 xJk-moms™ npu 119 °C,

AHpou6smon = 0.36 Kk Jk-MOb npu 95.5 °C;
Pa3sHOCTb MOJIbHBIX TEMJIOEMKOCTEI:

ACppmonpons = —0.98 +3.01-10 °7,

AC s won = —0.67 — 6.11-10T.

B pactBope cepa nHaxoaurcs B Bae Sg.

8-14. INokaxure, 4yro B GHHApHOI cHCTeMe, KOMIIOHEHTBI KOTOPOit 00pa3sytoT
HACAIbHBIA )KUAKHUIA PACTBOP, HEBO3MOXKHO CYLIECTBOBAHHE a3e0Tpofia.

8-15. IloxaxuTe, NpH KAKUX OTKIOHEHMAX OT HWACANBHOCTH (MOJIOKHUTEIb-
HbIX M/ OTPULATENbHbIX) BO3MOXHO pacciauBaHue peryaspHoro pacTeopa.
Ob6bacHuUTe, noveMy Kynos pacciauBaHusi (KpHBas B3aMMHOH pacTBOPHUMO-
CTH) B 3TOM CiIyHae CUMMETPHUYEH OTHOCUTENBHO X = 0.5.

8-16. PaccunTaiite, Np1 KakoM 3HAUEHUU SHTAJILIIUK CMELLICHHUA PeryJispHo-
ro pacTBOpa KPUTHYECKas TeMIEpPATypa pacciiauBaHysg paBHa:

a) 300 K;

6) 400 K.

8-17. Onpenenute cocTaB M TeMnepatTypy KHNEHHUsS a3e0Tpolla, eCH KOMIOo-
HeHTbl A u B ob6pasytor perynsipHblif pacTBop, napamerp B3auMOICHCTBUS
paBeH gp. JlaBjieHUs NapoB YMCTbIX KOMNOHEHTOB B MHTEpBaJle TeMNeparyp
7y + T» onUCLIBAIOTCS YPABHEHUIAMMU:

lnpA‘—“aA-bA/T, Inpg=a3——bg/f



Fnaea 2. NpUNoXeHUA XMMUYECKON TEPMOAUHAMUKN

8-18. benson v uukiorekcad o6pa3ytoT peryaspHblii pacTBOp ¢ NapameTpoM
B3aumosiciictsus 2000 Jik-Monb . Onpenenure COCTaB U TEMIEPATYPY KH-
neHus o0pasyroulerocs aseoTpora, eciid AaBfeHus napos 0eH3ona U UUKIO-
reKkcaHa ONmuChiBAlOTCH ypaBHEHUAMH AHTyaHa:

In pe,11,(Topp) = 15.90 — 2789/(T ~ 52.4),
In pegii,(Topp) = 15.75 ~ 2766/(T - 50.5).

8-19. PaccunTaiite cocra aseotpona, obpasyloulerocs B cucteMe A-B, ecnu

o -1
napaMeTp B3aUMOAEHCTBHA perynspHoro pacreopa pased 3600 Dx-monb , a
AABNEHHA HACHILLIEHHbIX MTAPOB KOMNOHEHTOB

In pa(Topp) = 21.64 - 5232/T,
In pp(Topp) = 17.12 - 3705/T.

8-20. Ha pucyHke n306paxeHbl KOHIEHTPALMOHHbIE 3aBUCUMOCTH DHEPIHii
'nb6ca AByx pacTBOpPOB NPH paszIMYHBLIX Temnepatypax. YTo MOXHO cKa-
3aTh 00 YCTOWYHMBOCTH 3THX pacTBOPOB B YKa3aHHOM WHTEpBasie TeMriepa-
Typ?

A T B A 75 B

G G
: S
8-21. Ha pucynxe n3o0paxeHa KOHUEHTpPaUUOHHAA 3aBUCHMOCTb 3IHEPruu

I'nb6ca Hekoroporo pacreopa npu Temneparype 7. Oxapakrepusyiite ¢aso-
BOE COCTOSHME CUCTEMBI NPH COCTABAX X1, X3, X3.

A x X x; B

137



138

Mnaea 2. MpunoXeHNA XMMMUECKON TePMOOUHAMMKY

8-22. Ha pucyHke npeacraBnenst sHeprud ['m66ca Tpex coeaunenuii AB,
A,B;, AB; npu asyx temneparypax 7'y u 7>. Onpenenure, npu kakoil Temne-
parype aza A,B; Gyner HeycToiluMBa MO OTHOLICHHIO K COCEHUM azam.
O6ocHyiiTe Baul Buibop.

A T, AB AB, B A 7, AB AB, B

i T

8-23. KoHueHTpaimoHHas 3aBucumocTth AG°(x, T = const), x = 0 + |, Heko-
TOpoii dasbl ONMUCHIBAETCA NOJHHOMOM

A,G°=a+blnx+cx2,a,b>0.

Kakue orpaHuyeHns HakIaJbiBalOTCA HA BEIMYHMHY ¢, €C/IH laHHas das3a
ycToiuuBa Bo Bceit o61acTu coctaBos?

8-24. KoHueHTpaunoHHas 3aBHcuMocTb AG°(x, T = const), x = 0.2 + 0.7,
HEKOTOpOii (a3bl ONUCHIBAETCA [IOTHHOMOM

AG® (kIbk-Mons ) = =10.0 + 8.2x7 + 7.2x°.
Byner nu nannas dasza yctoiunBa B ykasaHHOii 061acTd cocTaBoB?

8-25. MHorna npu OUEHKax TEPMOJHHAMHYECKHX CBOHCTB COEAMHEHH HX
CTAHJAPTHRIC IHTAILIMK M JHTPONHUH 00pa3OBaHUA pACCUHUTBLIBAIOT Kak
CpeaHHue 3Ha4YeHUsl MEXAY COOTBETCTBYIOLUHMH CBOHCTBAMH JIBYX COCEJHUX
coeauHennit. ITokaxuTe, 4To npu TakoM cnocobe pacyera coeauHeHue AB,
OyneT HaxOAUTLCA B COCTOSHUM 0e3pa3iMuHOr0 paBHOBECHS OTHOCUTEILHO
ABwu AB3

8-26. Moxert nu ¢a3a BelecTBa CyLeCTBOBATL 3a npejaenamu obaacTu ee
TepMOAMHAMHUYECKOH ycToWuyuBocTH? LEcin — «Het», TO nouemy, ecau
«J1a» — TO NIPH KaKHX yCIOBUAX?

8-27. C noMoiuplo npuBeleHHON Ha pucyHke ($a3oBoH AuarpaMMbl CHCTeE-
mbl Li—Si onpeaenure, 4yto Gyner npeactasiaste coboit cnas I r Li u
1.714 r Si:

a) MeaneHHo oxnaxaeHHbii ot 700 K 10 koMHaTHOR TeMnepaTypsi;

6) 3akanenusiii ot 700 K.
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8-28. /lns cucremnl Li-Si n3o0pa3ure cxeMaTHyHO TeMIEPATYPHble 3aBUCU-

MocTH 3Hepruii ['nb6ca TBepabix a3 B unrepsane 500-+-800 K.

8-29. C nomolubto npuseieHHOH Ha pucyHke ¢a30Boil AuarpaMMbl CUCTEMBI
Zr-B onpenenute, uto OyAET npeAcTaBisThL cOOOH cniaB ¢ coaepXaHueMm

8§ mon. % Zr:

a) mejteHHo oxnaxaeHHblit ot 1800 K no komHaTHOit TemMnepartypst;

6) 3axanennstii ot 1800 K.
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8-30. [{ns cucrembl Zr-B u3zobpazure cXeMaTUUHO TEMNEPATYPHbIEC 3aBUCH-
mocTy 3Heprui 'n66ca TBepabix a3 B uHTepsane 6001800 K.
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Mostbtias poas {X) xomnonenra Bacucreme A-B
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§ 9. XumMnueckoe paBHoBecHe

XHMMHYECKOE paBHOBECHE — TAKOE COCTOSIHHE CHCTEMbl NMpH (ukcupo-
BaHHBIX €CTECTBEHHbIX [ICPEMEHHBIX, TIPH KOTOPOM €€ XapaKTepHcTHYecKas
¢yHKuMA MHHUManbHa. Ecnu B cucteme npotekaet obparumas XxumMudeckas
peakuus, TO MpU PaBHOBECHH CKOPOCTH NpsiMOH M obpartHoH peakuui pas-
Hbl, U C TECUEHHEM BPEMEHM HE MPOUCXOAUT U3MECHEHUS KOJIUYECTB pearu-
PYIOLUMX BELIECTB B peaKLHOHHON CMecH.

Kak 6b110 nokazaHo B § 4, 5, caMonpon3BOJIbHOE NMPOTEKaHHE XHMUUe-
CKOH peakLHU XapakTepH3yeTcs MOMOKUTENbHbIM 3HAUEHHEM XHMHUUYECKOro
CpPOACTBA M CONPOBOXAAETCA YMeHbiLeHHeM 3Heprun ['nb6ca cuctemsl. Ye-
JIOBHE XMMUYECKOrO PABHOBECHS 3aNHUCHIBAETCA B BUJIE

A=-—Zv,p, =0

Ha puc. 9.1 npeacraBnena saBucumocTb 3Hepruu I'ub6ca cucremobl ot
XUMHUUECKOH nepeMeHHol & npu p, T = const. Swepaus ['ubbeca peaxyuu,
AG, onpeaenseTcs Kak HAaKIOH KacaTeNnbHOH K KpHBOH 3aBUCUMOCTH 3HEp-
ruu ['nb6ca cucTeMbl OT CTENEHH NPOTEKAHUA XUMHUUeCKoH peakuu (T.¢. &).

* &>

PearenTtnl
Tpoaykrel

1
[}
¥
1
]
)
¥
[}
[}
]
1
1
]
|
1
{
]
1
[
1
!
1

. N >

Y AG=0 ;

Puc. 9.1 3asucumocme s3nepeuu 'ubbca cucmenbl
oM XUMUHECKOU NePeMEHHO

Kak BuaHO U3 pHuCyHKa, MUHUMYMY dHepruu ['u60ca cooTBeTcTBYET CO-
CTOsIHUE, OTMEYEHHOe 3Be3104KkOM (¥). B 3Toil TOUKe

oG
(9.1) (_6%”}{” = ZV.;'”_/ =A,G=0.
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CneBa oT MUHHMYMA

oG
(__ =A,G <0, (9.2)
&),
W peakliysa CaMONpON3BOILHO MMPOTCKACT B MIPAMOM HaNpapjieHHY, cripasa oT
MHHHUMYMa
oG
[——ﬂ =A,G>0, (9:3)
g o
H CaMONpPOU3BOJILHO NPOTECKAET 06pamasa pEaKkum.
Y1o0Obl pacCyMTLIBATL XHMHUCCKHE PABHOBCCHA, T.€. ONPCAENATE COCTAB
paanoaeeaoﬁ CMECH, HAN0 KOHKPETUIHUPOBATL BHJA 3aBUCHUMOCTH XHMHYE-

CKHX NOTEHLUHANOB peareHTOB U NMPOAYKTOB OT NEpPeMEHHbIX, BbIPAXKAIOLHX
coctas, p u T. PaccMoTpuM peakuuio

aA + bB =cC +dD, M

npoTekatoLyto B razoBol ¢asze npu nocroanHoi temneparype 7. [Tycts Bce
BELECTBA NPEACTABNAIOT COO0I nacabHble ra3bl. XUMHUHUECKHUH NoTeHuuMan
KaXQ0ro u3 YYaCTHUKOB peaxuuu‘ onuchbiBaeTcs BbipakeHueMm (6.18.a).
Oueprus ['nboca peakuun (1) pasna:

Ar(}'=cuC +duD —ap, —bpg =

PAPB
=A,G° +RTIn pcp‘z
PAPs
Beipaxeuue
AG= AG"+RT[anP‘; (9.5)
PaPg

HA3LIBAIOT YPABHEHUEM u30mepMbl Xumuyeckou peaxyuu. [lepsoe cnaraemoe
>0 V] 4] 4] o]
8,G° = (eng +dup —apg —bu}) (9.6)

ecTb cmandapmnuas snepeus Iubbca peakyuu, 1.e. 38eprusa 'n66ca peakumn,
napuuabHble 1aBJIeHUs YH4aCTHUKOB KOTOpo# pasubl | 6ap. Bo BTopoM cna-

! HanoMHuuM, 4TO oA 3HAKOM norapu(bMa CTOAT OTHOCHUTCIIbHEIE [AaBICHHUA, T.€C.

2L rne p° = 1 Gap.
Pi
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Cnaea 2. lNpunoxeHuss XMMUYECKON TePMOOUHAMMUKA

(9.7)

(9.8)

(9.9)

(9.10)

raeMoM 1101 3HAKOM Jiorapu¢ma CTOST BEeIHUMHbI p;, MPEACTABASIOUINE CO-
60# OTHOCHTENbHbBIE NapUUaNbHbIC NABREHHUS PearupyrIlnX BelecTs B MO-
MEHT UX cMeleHus. Ilpu noctuxenun pasHosecna A G =0,

¢ ,.d
AG®=-RTIn| 2C2D |
a _h
PAPs paeH.

B Beipaxenuu (9.7), B omimuue ot (9.5), noa 3nakom norapudma B
KBAAPATHBIX CKOGKaxX CTOMT NPOM3BEeHUE PABHOBECHKIX 3HAYEHH nmapuu-
aNbHbIX NaBJCHHH NPOJYKTOB U pEarcHTOB B CTENEHAX, PaBHbIX CTEXHOMET-
puueckuM kod(ppuuUeHTaM. 3TO NpPOU3BEAEHHE MPUHATO HA3bIBATb KOJi-
CManmou pasHosecusi XAMUIECKoN peakuum

k. -|Pepb | [ (ene +dup —an ~buR)
I a b RT
PaPy paBH.

Koncranta K, BoipaxaeTcsa yepe3 napuHaibHble AaBACHH HACATbHBIX
ras’oB Y4 3aBMCMT TOABKO OT TeMneparypbl. C y4€TOM KOHCTAHTbl paBHOBECHA
ypaBHeHHs (9.7) 4 (9.5) MOXHO nepenucartt B BUAE

AG°=-RTInK,,

¢ d

A,G=-RTInK, + RTInZSF2.

PaPB

OTH BbIpAKEHHS WUrPAIOT YPC3BbIMAIHO BAXHYIO pOJib B NpHKIAAHON
TepMOJMHAMHKE:
®  UCMONbL3Yd CApaBoOYHbIE JaHHble As pacueta A,G°, MOXHO, HE MPORO/IA

IKCNIEPHUMEHTA, ONPECACAHUTL PABHOBECHBIH COCTAR CMECH;
®  €C/IM U3BECTHBI CTaHaapTHas >Heprus ['n66ca peakuuu (Mnn KOHCTaHTa

paBHOBECHs) U napuuanbHble AaBJEHUS pearupyroLlUX BEU{ECTB B MO-

MEHT UX CMEUICHUs, MOXKHO NO 3HaKy A,G CyJuTb O HanpaBleHUY 11po-

uecca,

e gropoe caaraemoe B (9.5) npeactapnser coboi PyHKUMIO TEKYLLHUX 3Ha-
YeHUH MNapuuanbHbIX AaBNeHUR (AaKTUBHOCTEH, KOHLUEHTpauMi) yvacr-
HUKOB peakunu. C nOMOLUbLIO ypaBHEHUS U30TepMbl XMMHYECKOl peax-
LMK MOXHO OLEHHTb 3HAYEHUA aKTHUBHOCTEH COCTaBIAIOUIMX BELUECTB,
NpH KOTOPbIX MpoLece OyaeT OCYLIEeCTBIATLCA B KENAaeMOM Harpasie-
Huy npu T = const.

[TOMMMO KOHCTaHTbI pPABHOBECHS, BBLIPAKEHHOM uvepe3 MNaplHaNbHbIE
napnedus (9.8), B TepMOAMHAMUYECKHUX pacdeTax MCNOJb3yHT KOHCTaHTbI
paBHOBECHS, BBIPAKEHHbIE Uepes Apyrue nepemMeHHble, HanpuMep, MOAbHYIO
LOAIO, X, UM MOJIAPHOCTL. ¢. B 3TOM cnyuae ans peakunwu (1)
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S
XcXp
Kx - a b 3 (901 1 -a)
YAXB | pann.
- _|¢cep
K, = PR . (9.11.6)
-CACB - pani
B3aumocssas, mexay Kp, K, n K. ycTaHaB/IKBaeTCA C NOMOUILIO 3aKOHa
JlanbTOHa U YpaBHEHHUS COCTOSHUA UACANBHOrO ra3a:
¢ d ¢ .d
XoX i td—a-
K = pgp[; - (i lz p(,+d u~b szpc-Fd a h‘ (9.12.3)
PaPB pan. *aXp pash,
pu pc.f Cccd d b 4 b
Hd—d- AU
K,= ._.S_L:_ - ﬁ: l; (RTY ™" =K (RT)™7, (9.12.6)
PAPg paBH. Cacn paBiL.
rae p — obuee naBieHWe rasa.
Jns HenpeanbHbIX ra30B KOHCTAHTA PaBHOBECHUSA 3alIUCHIBAETCS aHANO-
rudHo (9.8), HO BMECTO napuvanbHuIX JaBjieHU NapoB UCNONAL3YIOT NeTy-
YyecTH:
c pd
fc /o
Kp==27%| - (9.13)
T LA
AJB pasH.
XuMHYeCKUe NOTeHUMANbl KOMITOHEHTOB KOHAEHCHPOBAaHHbIX pPAcCTBOPOB
ONUCHLIBAKOTCA BhipaxkeHusaMu (6.18) u (6.27). Ecnu peakuus (I) nporekaer B
KOHJIEHCHpOBaHHOi1 dase, TO B cllyvae HACalIbHbIX PaCTBOPOB
0 o o o o od
K. =exp _epe(p Ty +dud(p. Ty —app (p.T) = bug(p,T) | | xcXp
x - a h |
RT XAXE | o
K.=K(p.T); (9.14.a)
B Cyy4ae peajibHbIX pacTBOPOB
o o " o cod
K, =exp C“C(ps T)+ d],l?)(p,:r) - QHA([), f) "' buB(p’ T) . aé‘al’)
a = B - a b ’
RT AA9B | pamn.
K. =KAp,T). (9.14.6)

3anucaHHble BbILE COOTHOLIEHUS, CBI3bIBAOLUUE napuyanbHbie Aasjic-
HUA, KOHUCHTPAUUY, MOMbHBIC NONH, JIETYUECTH UK aKTHBHOCTH yUacTHU-
. 1
KOB peakuy, HOCAT HA3BAHHUE 3AKOHA aeucmeyromwc MACC,

' B rnaee 5 6yner naHa GopmyJiMpOBKa 3aKOHa AEHCTBYIOWMX MAcC A CKOPO-
CTH peakuuy, npeanoxennas I'yasnbeprom u Baare.
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(9.15)

(9.16.a)

(9.16.6)

Bce kOHCTaHTbI paBHOBECHs — BeNUHWHBLI Oe3pasmepHble. Baeaenue
pa3MepHOCTH K. B HEKOTOPBIX yueOHbIX MOCOOUAX CBA3AHO C HEOOXOANMO-
CTbIO YKa3aHHU KOHUEHTPAUHOHHOM LIKanbl, BLIOpaHHOM 3a ypoBeHb OTCUETa
CBOHCTB pacTBopa (Hanpumep, MOJIb-1 | HITH MOJTb-M ).

BoiGop cTaHaapTHOrO COCTOSHUS KOMIIOHEHTOB PacTBOpa MMEET CBOK
crieuudrKy M MpHU pacyeTax XMMHYECKMX PaBHOBeCHIl B GHOXHMHUUECKMX
cuctemax. B dusnueckoit xuMuu 3a cTaHAapTHOE COCTOAHHE KOMMOHEHTOB
OObIYHO MPUHKHMAIOT COCTOAHUE C €AMHUUHON aKTHBHOCTHIO. B OGuosornu
BBIOMPAIOT UHbBIE, HUOXUMUYECKUE CMAHOAPMIHbIE COCMOAHUA, KOTOPbIM CO-
OTBETCTBYIOT:

e pH =7 (akTHBHOCTL HOHOB BOJOpOAA 1077, HeiiTpanbHbiii pacTBop), ak-
THBHOCTH OCTalbHbIX YYaCTHUKOB PEaKUHH B CTAHAAPTHOM COCTOSHHWH
paBHbl 1;

e pH=7; akTHBHOCTH BCcex YYaCTHMKOB peakuuu, kpome H,O, pasHbl
0.01, y BoabI

Po,

a= 1; a()z ﬁ“"o— = 0.2, GCQ2 =

P P

Pco, _ g.05

Q

Huoraa CTAaHAAPTU3YIOT U AKTUBHOCTH HOHOB Kalbli¥sg M MarHui, HO
[LHPOKOTO pacnpoCTpaHeHUA Takasa CUCTEMA CTAHAAPTOB HE NOJIyyuaa.

3aBHCHMOCTb KOHCTAHTHI PABHOBECHSA
OT TeMNepaTypbl

3aBUCMMOCTb KOHCTaHTbl PABHOBECHA OT NEPEMEHHBIX p W T onpeaens-
€TCA 3aBUCUMOCTBIO OT ITHX MEPEMEHHbIX CTAHAAPTHBLIX XUMUYECKHUX NO-
TEHLIMAJIOB peareHTOB U NpoAYKTOB (cM.(9.8)).

3aBMCUMOCTb KOHCTAHTbI PABHOBECHS OT TEMMEpaTypbl MOXHO MNONYy-
4yuTh, Auddeperuupya no 7 npasylo U NEBYIO YacTH ypaBHeHus (9.9):

a(a,G°)
oT

olnK ;0 olnkK
=-RInK, - RT| —= AG e I3
or ) T or

p
P

OTKyJa nosyyaem

dlnkK, [
oT p"R 72 T| T

BoipaxeHue, cTosilee B KBaAPAaTHbIX CKOOKaX, MOXKHO YNPOCTHTDb € yde-
TOM ypaBHenus I'ub6ca-I enbmronsua (cM. § 5):

ainKp A,H“
oT CORT?
14
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AHAJIOTHYHO MOJYYaeTC BbIpAXEHHE U ANA 3aBUCHMOCTH K, OT TeMmne-
paTypsbt:

olnK.\ AU°
er ), RT?®

Ypasuenus (9.16.6) n (9.16.8) HasbiBaKOT ypasnenusmu uzobapsl U u3o-
XOpbl XHMUUYECKOH peakliii, cOOTBETCTBeHHO. M3 3TUX ypaBHEHMi crienyer,
YTO BAUSIHHE TEMMEPATYPhl HA KOHCTAHTY PaBHOBECHS ONMpeAeNseTcs 3HAKOM
tennosoro 3¢dekra. Ecnu peakumns sHa0TEpMHYECKaA, T.€.

8anp

AH®>0,T0 >0

U C NOBBILUEHUCM TeMMepaTypbl KOHCTAHTAa paBHOBECUS OYNeT pacTH, pas-
HoBecHe Oyner cMellaThcs B CTOPOHY NMpoAyKTOB peakuvu. Ecnu peakuus
3K30TepMUUecKas, T.e.

dlnk,
ArH0<0,T0 '——a-?‘—" <0,

TO C NOBBILIEHHEM TEMMEPATYPbl KOHCTAHTA paBHOBECHA OyACT yMeHbLIATh-
cs1, paBHOBecHe OyaeT cMelaTbCs B CTOPOHY peareHTOB. JTH KaYeCTBEHHbIE
BBIBOABI O BAMSHUHN TEMIMEPATYpbl HA XHMHYECKOE paBHOBECHE COrNacyroTCs
¢ o0lKM NMPHHLIMNIOM cMelleHUs paBHoBecHs (npunyunom Jle Illamenve —
bpayna):

0O Eciu na cucmemy, HAX00AWYIOCA 8 pagHosecul, 0KA3aMs GHEUUHEE
8030eiicmeue, mo pasHogecue CMeCMUmMea max, 4mobsl ymMeHbuwUumsb
Ihpexm snewmnezo 8o3oeiicmeusn.

[loBblieHWe (MUY MOHUXKEHHUE) TEMIEPATYPLI CABMIaeT paBHOBECHE B
CTOPOHY peakuuH, rpoTtekatouied ¢ norsjoilesyeM (BblieNeHUEM) TEMIOThI.
TloBbitieHHE JABNEHUA CIBUIAET pABHOBECHE B CTOPOHY YMCHBLUEHHUS KOJH-~
yecTBa MOJiekyn rasa. Jlobasnenwe B paBHOBECHYIO CMeCh Kakoro—iaubo
KOMIOHEHTA peakUnH CABUraeT paBHOBECHE B CTOPOHY YMEHbLLUEHUS KOJH-
YECTBA 3TOFO KOMITOHEHTA.

[1pu unTerpupoBanum ypaBHeHuil (9.16) Hajgo 3HaTL TeMnepaTypHbie

3aBucumoct A, H®(T) u A U°(T) . Ecnu pacueTsl paBHOBECHH NPOBOAAT-
¢ B HeGONBIIOM TEMNEPATYPHOM MHTEPBAJIE, MOXKHO TIPUHSATH, YTO 3TH Be-
NTUYHHBI TOCTOAHHBI. Torna:

HO
InK, =——‘—-—+const=£+B,
RT T

Kp(Tz):ArHQ'I 1

n
K,T) R \I, T

3

(9.16.8)

(9.17.a)

(9.17.6)

(9.18.a)

(9.18.6)
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el

AU A
9.19.a InK, =-——+const="L 4B, ,

70
(9.19.6) @) _AUT (113
K.T) R \L, T,

rae A, B, — HexoTopble napaMeTpel, olpelensemMbie NMpH CTaTHCTHYECKO#
06paboTKe IKCMEPUMEHTANBHBIX JaHHBIX.

U3 nonyuenHsix ypaBHeHUH BHAHO,
YTO €CJIM TennoBoit IPPeKT peakuuu He
3aBHCHT OT TemIepatypbl, To rpaduk

InkK, A

tg o = —-AH/IR nK=f (-;7) npeacrasnset coboi nps-

MYIO NUHHIO (puc. 9.2), TaHreuc yriaa
HakJioHa koTopo# paBeH A (Mnu Ap), a
---------- OTPEe30K, OTCeKaeMbiii NpAMOH Ha ocH
opauHar, —B (un —B,). CnenosatenbHO

A H°(Ty=-RA,
A U°(T)=-RA,

>
\/T

Puc. 9.2 3asucumocmp nozapugpma =
— KOHCIMAHMbL PABHOBECUS! AS°(T)=RB,

om memnepamypol A, S° (T) = RB,,

rme 7 — TeMIepaTypa, COOTBETCTBYIOLLAA Cepe/IuHE UCCIEI0BAHHOMO TEM-
MepaTypHOro UHTepBaa.

JTOT METOA BLIYMCIEHUS TEPMOAMHAMUUECKUX (PYHKUUI HA3BIBAIOT Me-
TOAOM pacyema AH n AS no smopomy 3axkony mepmoouHamuxu.

Ecan B paccmaTtpuBacMOM TeMIIEpaTypHOM HMHTEPBAIE HEJb3s NpeHed-

peub 3aBUCUMOCTbLIO CTAHAAPTHON 3HTaNbNuK (Wi A U°) peakuuu ot TeM-

rnepaTyphbl, TO A1 yCTaHOBNEHUS BUAA 3aBUCHUMOCTH K,(T) MOXHO BOCTIONb-
30BaThCA ypaBHeHueM Kupxroda. Tak, ecnu annpokcuMHUpoBaTh U3IMEHEHUE
TETLI0EMKOCTH B XO/A€ peakLMK JTUHeHHOH 3aBUCUMOCTBIO

A,Cp=a+bT,

TO MOXKHO NOKasaTs, UTO

(9.20) InkK =~i+§lnT + CT + const .

P RT

B atom cnyuae nis Haxo/eHUS 3HAYCHHSA KOHCTaHTbi paBHOBECHS NpH
Kakoh-1160 Temnepartype 7 Hafo 3HaTh BUA 3aBUCHMOCTH AC(T).
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3aBHCHMOCTh KOHCTAHTDI PABHOBECHSH
OT JaBJICHHUA

CtaHaapTHBIA XMMHYECKHIl NOoTeHMan UAeanbHOro (M peanbHOro) ra-
3a ABiseTcs PYyHKLUMEN TOJILKO TeMNepaTypsl, OH OnpenensieTcs npupoaoH
JJaHHOrO BelIeCTBA H HE 3aBUCUT OT aasneHus. [losTtoMy u KoHcTaHTa
paBHOBECUSA PEaKUMH, B KOTOPOH y4acTBYIOT 3TH rasbl, OT AaBJiEHMS He 3a-
BUCHT.

CranfapTHbIH XMMHUYECKWit NOTEHUMA TBEPIOTO UM KUAKOTO BeliecT-
Ba aBnsieTcs QyHKUMEH ¥ TeMnepaTyphi, U AABJIEHUS, NMO3ITOMY COOTBETCT-
BYIOLLME KOHCTAHTbl PAaBHOBECHUS 3aBHUCAT OT obeux nepeMeHHbIX. 3aBUCH-
MOCThb K, OT aaBJjleHUs MOXET ObIThb OnpesieneHa cneyolum obpazom:

(] N
5(1\:6 ) =A,V=-RT(61‘1Kx) ’ (alrleJ __ AT
op op )4 op ), RT
,

B cnyuae peakuuu, conpoBoxaatouieiics ysenuuernueM o0bema peakum-
OHHOH cMecH BO3pacTarne aaBlcHUs NPpUBOAHT K YMCHBIICHHUID HUCJICHHOTO
3HavyeHWs KOHCTAHThlI paBHOBECHA. Haoﬁopm, YMCHBUICHHUE AABNACHWUA NPU-
BEAET K €€ BO3pPaACTaAHUIO, Ecnu y4eCTh, YTO U3MCHEHHUC oO0bnema KOHAEHCHU-
POBAHHBLIX (1)&3 B XOA€ peakunp Mano, rnpu HeboNbWUX JAABACHUAX KOHCTAH-
Ta PABHOBECHA cnabo 3aBUCUT OT RAaBJICHUA:

AV
InkK =InK _(p°)——"——(p-p°),
<P 27) 2T (p-p")

InK,(p)=InK (p°).

3aBHCHMOCTH KOHCTAHTH! PABHOBECHH
OT NPHCYTCTBHUSI KaTaJH3aTOpa
M OT NPHPOABI PACTBOPHTEJIS

Karanusatopsl — BewiecTsa, KOTOpbie YBEIHYMBAIOT CKOPOCTh PEaKLUH,
HO B pe3y/ibTaTe Npouecca OCTAIOTCA XUMHYECKkd HewsMmeHHbIMH. Tak kak
BBEJIEHME KATAJIN3aTOPa He NPUBOAUT K H3MEHEHUIO UCXOJHBIX PEareHTOB U
NPOAYKTOB, @ BJUAET TOJILKO Ha CKOPOCTDb IMpOTeKakua Npouecca, TO pa3Hu-
ua B 3Hcprusx ['n66ca HayasibHOrO W KOHEYHOTO COCTOSHUN CUCTEMb! OCTa-
eTCA NoCcToAHHONH. CnejgoBaTenbHO, KOHCTAHTA PaBHOBECHSA HE 3aBUCHT OT
NPUCYTCTBUS KaTanU3aTopa.

Jns onucaHUA XWMUYECKHX MOTEHUUWATOB KOMIIOHEHTOB KOH/IEHCHPO-
BAHHOM (ha3bl WUCMONBL3YIOT CHMMETPHUHYID W aCUMMETPHUHYIO CHUCTEMBI

(9.21)

(9.22.a)

(9.22.6)

147



148

Mnaea 2.MNpuNoxXeHUs XMMUYECKOW TEPMOANHAMUKHN

cpaBHeHHs. Bo BTopoM ciiyuae 3a ypoBeHb OTCHETA CBOHCTB pacCTBOPEHHOIO
BElleCTBa BbIOpaH TUMOTETHYECKWit pacTBOp, obnanawouuii cBoWcTBaMy
npenenbHo paz6aBneHHOro. O4YesuIHO, YTO CTAHAAPTHBLIH XMMUYECKHH MO-
TEHUUAT 3TOr0 KOMIOHEHTA 3aBUCHT OT MPUPOJBI PACTBOPHTENS, MOITOMY
KOHCTaHTa PAaBHOBECHS OAHOM U TOI e XMMHUYECKOH peakLud MOXKeT U3Me-
HATBCA TIPH MIEPEX0/Ee OT OJHOIO PACTBOPUTENS K APYFOMY.

PacueTnl PABHOBECHOI'0 CoCcTaBa

XHnMHYecKkHe peakuun NpoTekaoT npu T = const, O3TOMY A% pacuera
BbIXOJa MPOAYKTOB HeoOXoauMo 3HaTh JHepruu ['ub6ca (mam sHepruu
I'enbMmronbua npu ¥V = const) yYaCTHHKOB peakUHWM NpPH 3aJaHHON Temie-
parype. Eciu 3TH BenW4MHBI MU3BECTHBI, 3aJa4a pacuera paBHOBECHUH CBO-
JUTCSH K PELLEHUIO YPABHEHHUH MM CHCTEMbI YPAaBHCHHUH pa3IM4HON CIIOK-
HOCTH. COBpEMEHHbIE BbIUMCIHUTENAbHBIE IPOrPaMMBbI MO3BOJIAIOT HAXOAUTh
MUHHUMYM 3Hepruu ['H66ca cucTeMbl Npy OONBLUIOM KOSHYECTBE MEPEMEH-
HbIX. DTO JaeT BO3MOXHOCTb (OpMYyNHMpPOBATh 3ajayy pacuera XUMu4e-
CKHX paBHOBecHil B camom o0luem BuAe, BIJIOTh A0 TOro, YTo Heobs3a-
TEJbHO YKa3biBaTb, KAKME KOHKPETHO XMMHUYECKHE peakuuu npoTexaloT B
CHCTEME, JOCTATOYHO YKa3aThb JJIEMEHTHbIH COCTaB CUCTEMbI W IEpEYHC-
JINTh BCEBO3MOXHbIE COCTaBJAIOLLHE BellecTBa, 0Opa3yloLlIMecs M3 3THX
31eMeHTOB. Tak Kak Takas BO3MOXHOCTh NOSBUJIACH HE OYEHb AaBHO, NO-
JOOHbIE METOABI pacdeTa NMOKa pealn3oBaHbl TOAbKO B CNELUHAIU3HPOBaAH-
HBIX MaKeTax nporpaMm. B ocTanbHbIX ciyvasx [pH pellieHuH 3a1aqu pas-
HOBECHOFO COCTaBa MCMOAB3YIOT pa3inyHble CNOCOObI yMEHbILEHHs
pasMepHOCTH 3aaauu (KOMW4eCTBa NepeMeHHbIX). OJHUM U3 TAKHX CNOCOo-
60B SABIISETCA pacyeT PABHOBECHOIO COCTABA C MOMOLIBIO KOHCTaHThI paB-
HoBecus (cMm. [Ipumepsr).

i_HPHMEPm

IIpumep 9-1. PaccuuTaiite KOHCTAHTY PABHOBECHA IS peaKLUH
CO(F) + 2H2(,—) = CH3OH(I~)

npu 500 K. AG° ana CO(r) u CH;OH(r) npu 500K pasubi
—155.41 Kﬂm-monb"l u-134.20 K}l}K-MOﬂb-‘ COOTBETCTBEHHO.
Pewenue. AG° peakuuu:

AG® = AG°(CH;0H) — AG°(CO) = —134.20 — (-155.41) = 1.21 kJIxc-Mons .

( 21210

K =exp| ——————
8.3145-500

_ -3
p ]-6.(}9-10 .



naea 2. MpUNoXeHUst XMMUYECKOK TEPMOAUHAMUKU

Hpumep 9-2. KoHcTaHTa paBHOBECHA peakL UK
Nz(r) + 3H2(,~) = 2NH3(¢,

pasHa K, = 1.64-107* npu 400 °C. Kakoe obuiee naBnexue Heo6X0AMMO Npu-
NOXUTb K 3kBUMONApHO# cMecH Ny u H,, utobbr 10% N, npespatunoch B
NH;? Ia3bl cuuTaTh HOCATLHBIMY,

Pewenue. IlycTb npopearuposaiio o Monb Ny. Torna

N2(r) + 3H2(r) = 2NH3(1-)

HcxoaHoe konuuecTBoO: 1 1 0
PaBHOBECHOE KOIMYECTBO: l—-a 1-3a 2o (Bcero: 2-2a)
- 1 -3a 2a

PaBHoBecHas MOJIbHAA JONS:
2-2a 2-2a 2-2a

CnenosarenbHO,
K. = x’iHB _ 4‘12(2—2&)2
xNz-xf.[z (1~a)'(1—3(1,)3
u
4a’ (2-2a)°
K,,:Kx}”z: - ( a)

(1-a)-(1-30)’ p?
Moacraenas o = 0.1 B nocnenHiow popmyny, nonyvaem

L6410~ = 4-(0)° (1.8)° , |
(0.9)-(0.7) p?

otkyna p = 50.6 Oap.
Ipumep 9-3. KoHctaHTa paBHOBECHS peakLUu
CO(r) + 2H2(r) = CH}OH(;»)

npu 500 K pasua K, = 6.09-10°>. PeakumonHas cMech, cocTosias 13 1 Monb

CO, 2 monb H; u 1| Monb uneptHoro rasza (N,) narpera 1o 500 K u obuiero

nasnenus 100 6ap. PaccuuTaiite cocTaB paBHOBECHOH CMeECH. |
Pewenue. Iycts npopearnposano o moine CO. Toraa

CO{,—)‘*‘ 2H2(r) = CH30H(,—)

HcxonHoe konuecTBo: 1 2 0
PasHOBeCHOE KOJIHYECTBO: l-a 2-2a a
" 3 — 200 MOJtb KOMIIOHEHTOB + 1 Mosib Ny =
Bcero B paBHOBECHO#H cMeCH:
=4 — 20 MOJIb
-« 2-20 o

PaBHOBecHas MOJibHasA JOAS:
A 4-200 4-2a 4-2a
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CnenoBarensHo,
_ XougoH a(4- 20()2
 xeo 'xfi?_ (1 -*0()*(2-20:)2 ’
2
ald -2a
K,=K:p ‘= ( )

(1-a) (2-20)% - p?
TakuM obpaszom,

(4 -2a)°
(1-a)-(2-2a) - (100)*

Pewias 3to ypaBHeHue, nonyyaem o = 0.732. Mosiblible 10N BCLUECTB B
paBHOBECHOW CMECH paBHb!:

Xciyon = 0-288, xco=0.106, x; =0212 u xy =039%.

6.09-10 ° =

Hpumep 9-4. /{4 peakuun
Ny + 3Hyy = 2NHs

npu 298 K K, = 6.0-10°, a AH° (NH;) = —46.1 kJ[x-Mons . OLeHHTe 3Hade-
HHE KOHCTaHTbI paBHOBecus npu 500 K.
Pewenue. CranapTHad MOJIbHas JHTANLIIUA PEAKLIMH paBHA

AH® = 2A;HP(NH;3) = —92.2 xJIx-Monb .

CornacHo ypaBHeHuto (9.18.6),

O
n K, =In K, + 22 {l-LJ=

R \T, T,
- . -1
— 1n (6.0-10°) + 9220011>K]M0nb 1'( 11 }=~!.73,
8314 Ix-K™" -Monb~ 298 K 500K

oTkyzda K; = 0.18.
OTMeTHM, YTO KOHCTaHTA PaBHOBECHA 3K30TEPMHUUECKOH peakuMd YMeHb-
IAETCA C POCTOM TEMITEPATYpPhl, UTO coracyeTcs ¢ npuHuunom Jle Llarense.

t_?._A}];A‘if/I—]

Vxazanue: Bo Becex 3a/jauax ra3bl CUMTaTh UACATBHBIMH.
9-1. I'pu 1273 K u obiuem nasnenny 30 atM B paBHOBECHOH CMeECH
COy(ry + Cimy = 2CO(p

conepxutca 17% (no obwvemy) CO,. Ckonbko npouentoB CO, 6yner co-
aepxarbes B rase npu obuiem aasneHun 20 arM? [Ipu kakoMm aaBjieHUH B ra-
3e Oyaert conepxarbes 25% CO,?
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9-2. Ilpu 2000 °C u obwem parnednu | atm 2% Boabl JUCCOLUMUPOBAHO HA
BOJOPOA W KHCJI0POA. PaccuuTaiite KOHCTAHTY PaBHOBECHA pPeakuuu

Hgo(r) = Hg(r) + 1/202@
npy ITHX YCIIOBHAX,

9-3. KoHcranTta paBHOBECHS peakiiiu
COqr + HaOry = COxpy + Hyqr)

npu 500 °C paBHa K, = 5.5. Cmech, cocToawyto u3 1 monb CO u 5 Monb
H,O, narpenu o aToif Temneparypbl. Paccuuraiite monsHyto pomo H,O B
pPaBHOBECHOH CMeCH.

9-4. KoHcTranTa paBHOBeCHS peakiiu
N2Oyry = 2NOyp

npu 25 °C pasua K, = 0.143. PaccunTaiiTe 1aBjeHHe, KOTOPOE YCTAHOBHTCS
B cocyae obbemMoM | 1, B koTopbiil noMectuau 1 r N,O4 nipu 310i Temnepa-

TYpe.

9-5. Cocyn obbemoM 3 51, coaepxalluii 1.79:-107 mosb I, Harpead Ao
973 K. laBnenne B cocyae npu paBHOBecUM oOkazanock paBHo 0.49 atm.
CuuTas rasbl UACAIbHBIMH, paCCUUTAHTE KOHCTAHTY paBHOBecUs npu 973 K
JJIS peakunu

lg(,—) = 21(,).

9-6. [Ina peakunu
PCI5(r) = PC]S(r) + Clz(r)

npu 250 °C A G° =-2508 ll)x-monb“. ITpu kakom 00illeM AaBleHWH CTENEHb
npespatitenus PCls B PCl; u Cl; npu 250 °C coctaBut 30%7?

9-7. lns peakuun
2}*‘"@) = HZ(r) + l2(r)

KOHCTaHTa paBHoBecus K, = 1.83-107 npu 698.6 K. Cxoneko rpammos Hl
ofpasyercs npu HarpeBaHuu a0 3Tod Temneparypsl 10r I, m 0.2r H; B
TpexAuTpoBoM cocyne? YUeMy paBHbi napuuanbHele aaBaeHus Hy, I, u HI?

9-8. Cocyn o6bemom 1 15, copepxawnit 0.341 mons PCls 1 0.233 Monb Ny,
Harpenu go 250 °C. Obiuee naBneHHe B COCYIE NPU PaBHOBECUH OKa3aloch
pasHo 29.33 arm. Cuurasi Bce ra3bl MACaNbHBIMU, PAcCUNTAHTE KOHCTAHTY
paBHoBecus fipy 250 °C ans nportekaloLied B Cocyie peakluu

PC!S(,-) = PC13(I-) + C[z(r).
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9-9. KoHctaHTa paBHOBECHA PeaKLHH
CO(,‘) + 2H2(,~) = CHg.OH(r)

npu 500 K pasHa K, = 6.09-107, Paccuuraiite obuiee qaBnetue, HeoGXoaH-
MO€ Ins nojiyueHus MetaHona ¢ 90% BeixonoM, ecin CO u H, B3saThl B co-
OTHOWIEHUH 1: 2.

9-10. I'lpu 25 °C A(G°(NH;) =-16.5 Kﬂm-monb"l. Paccuuraiite A,G peakumu
obpaszoBanus NH; npu napuuanwbHbix aasnenusx N,, H, u NHj;, paBHbIx
3 arM, | at™M 1 4 aT™ COOTBETCTBEHHO. B kakyo cTopoHy peakuus dyner ua-
TH CAMOTIPOU3BOJILHO NPH 3THX YCIOBUAX?

9-11. Cuctema, B KOTOpO# NPOTEKAET IKIOTEPMHYECKAs PEAKUHSA
CO(,—) + 2Hg(r) = CH3OH(;),

HaxoauTcd B paBHoBecuH npu 500 K u 10 6ap. Ecau rasel uaeanbHble, kak
NOBJIMAIOT Ha BBIXOA METAHONA CAeAyIoLIHe (PaKkTOpbL:

a) nosblilieHue 7;

0) noesbillieHue p;

B) A0OaBjieHHe HHEPTHOIO rasa rpu V= const;

r) no6asneHHe WHEPTHOI'O rasa npu p = const;

n) nobasnenue Hy npu p = const?

9-12, KoHcTanTa paBHOBecHs raszodasHoii peakuuu uzomepusauuu 6opHeona
(C1oH170H) B n3o6o0pHeon pasHa 0.106 npu 503 K. Cmece 7.5 r 6opHeona 1
14.0 r uzobopHeona nomecTuau B cocysr 06bEMOM 5 1T M BBIAEPXKUBAIH TTPH
503 K mo nocrtuxeHus paBHoBecus. Paccuurtaiite MOAbHbIE A0AM U Macchl
6opHeosa ¥ n3060pHEONa B paBHOBECHOMH cMecH.

9-13. PaBHOBecHE B peakuuu
ZNOC]“—) = ZNO(,-) + Clg(r)

ycraHasnuBaetcs npu 227 °C u obuiem aasnenuu 1.0 6ap, xorna napuuans-
Hoe paeneHue NOCI paBuo 0.64 G6ap (U3HaYaTLHO NPUCYTCTBOBAN TONBKO
NOCI). Paccunraiite AG° atoi peakuuu. Ilpu kakom oOuieM AaBIEHUH
napunansHoe gasnenue Cly 6yner pasHo 0.10 6ap?

9-14. Paccuuraiite ofuice naBineHHe, KOTOpPOE HEOOXOAMMO NMPHIOKHUTL K
cMmeck 3 yacted Hy 1 | yactu N, 4ToObl 1ONy4nTH pABHOBECHYIO CMECh, CO-
nepxautyio 10% NH; no o6vemy npu 400 °C. KoHcTtanTta paBHoBecust Ans
peakuuu

NZ(r) + 3H2(.~) = 2NH3{,~)
rpu 400 °C paBua K = 1.60-10™,

9-15. I'pu 250 °C v obuwemM aasnenuu 1 atm PCls auccounnposan Ha 80%
110 peakuuu

PC]S(,-) = pc13(,-) + Clz(r).
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Yemy Oyner paBHa cteneHb auccounaumu PCls, ecnu B cuctemy noba-
BHTb Nj, uTOObI NapumanpHoe aaeineHue aszora Obuio pasHo 0.9 atm? ObGuuee
JaBNIEHHE NOANEPKHUBAETCA PaBHbIM 1 aT™.

9-16. I'lpu 2000 °C nns peakuuu
Nagy + Ozy = 2ZNOg

K,= 25107, B paBHoBecHoi1 cMecH N,, Oy, NO u uHepTHOro rasa npu o6-
wem naenenuu 1 6ap copepxutcs 80% (no o6vemy) Ny u 16% O,. Ckonbko
npoueHToB no obbemy cocrasnser NO? YeMy paBHO napuuanbHOe nabie-
HHE UHEepTHOrO rasa?

9-17. Tpu narpesanuun 1 mons CIF; (raz) B obbeme 2.00 5 go 300 °C pazno-
)KEHUIO Ha npocThie Bewtecrsa noaseprnock 0.1% npenapara. CripaBouHble
RaHHbIE AN COCTABASAIOUIMX BELLECTB NMPUBEACHB! B Tabnuie:

CIF, Cl, F,
S;‘)s , II)K’MOJUD“"K_‘ 282.0 223.0 202.7
Cp, Joc-mons K ! 60.1 33.9 31.3

Tennoemkocts €, Ans BeeX BELIECTB HE 3aBUCHT OT TEMIEPATYPhi B MH-
Tepeane 298 — 800 K.
3anonuunTe creaylouyto Tabiuuy A58 peakLuu

2C1F3(,~) = Clz(r> + 3F2(,—):

Temnepatypa K, AH° AS° AG°
25°C
300 °C

Kakoii o6beM cocyaa Hano BeiOparh, uToObl npu Temneparype 300 °C
pasnoxunock 0.5% xnopuaa ¢gropa?
Kakas uacts CIF; paznoxurcs npu 500 °C?

9-18. Hcnonb3ys cnpaBoyHble NaHHbIE, PacCUUTaiNTe TEPMOAMHAMMUUYECKHE
CBOICTBA (M3MEHEHUE DHTAILINM, DHTPONUM K 3Hepruv 'nbbca) peakumu
cuHTe3a aMMuaka npu 298.15, 800, 1300 K u cranpaprHoM naenenuu. On-
peaenuTe MOJNBHYIO AOMIO aMmHaka npu temneparypax 298.15, 800 u
1300 K v paBnenuu 1 Gap, 10 Gap, eciu peareHTbl CMeUIaHbl B CTEXMOMET-
paueckux KonuvecTBax. OxapakrepHsyiiTe BAUsSHUE TeMOepaTypbl U naBre-
HUS Ha BbIXOJ NMPOAYKTA.

BewecTBo AH°, kx-monn™ S°, Iic-moas K™
Nooy 0 191.6
NH;p —45.9 192.8
Hay 0 130.7
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KoadduumenTer noiMHoMuanbHbix 3aBucumocted C(1) = a + bT + + ¢ T,
S(hy=d+ eT+]‘T2 NpUBEJCHbI B TAONULE
: e & = k& % E
5 _'a _'a 'a Ta s 4
g ¥ & < & 9 § ~¥ g ¥ § < &
2 £ z = = = z
= s 2 = X &
Nag 27.3 52107 | -1.71107 170.5 8.1-10° | -23.107°
NHy, 242 40107 | -82.10° 163.8 L1107 | 24107
Ha 28.9 -5.8:10" 1.9-10° 109.8 8.1-10° | -2.4.107

9-19. I1pu uccnenosanuu rasodasHoii peakuuu 2A + B — 3C + 2D obHa-
pYXuIH, 4To eciau cMewars 1.00 Mosis A, 2.00 moab B 1 1.00 monb D, To B
paBHOBeCHOM cMecH fipu 25 °C u obuiem paeneHnu | 6ap Oyzner HaXOAMTHLCH
0.90 Moste C. Paccuntalite MONIbHYIO J0MIO KaXAOr0 COCTABJIAKOLIErO MMPH
pPaBHOBECHH, KOHCTAHTY paBHOBecHs H AG°.

9-20. ITpu uccnenoBauuu rasogasHoii peakuuwu A + B — C + 2D obnapy-
MY, 4TO ecnd cMewlath 2.00 monb A, 1.00 mosis B u 3.00 monb D, 10 B
paBHOBecHO#H cmecy nipu 25 °C 1 obLlueM pasinenuu 1 6ap OyaeT HaXOANTLCS
0.79 mons C. Paccuuraiite MONBHYIO A0 KKJIOTO COCTABAAIOLIErO MpH
PaBHOBECHH, KOHCTAHTY paBHOBeCHA U AG°.

9-21. TlonyudTe BblpaKeHUe As ctaHAapTHOH sueprud ['nbOGca peaxuuu
npu Temnepartype 7' uepe3 ee 3Hauelue npu apyro# temneparype 7 v Ko-
3¢ PUUHEHTB! a, b U ¢ NONMHOMHANIBHOH 3aBUCUMOCTH MOJILHOR TENJIOEMKO-
ctm AC,=a+bT+cT 2

9-22. PaccyuTaiiTe cTaHAApPTHYKO JHTANbLIIMIO peakuuM, AJIA KOTOPOH KOH-
CTaHTa PaBHOBECHUS:

a) yBeJInyuBaeTcs B 2 pasa;

6) ymenbluaeTcs B 2 pasa npH usmMeHeHuy temnepatypst o1 298 K 1o 308 K.

9-23. Okcun pTyTd AMCCOLMUPYET MO peaKiuu
2Hg0(m) = 2Hg(r) + Op_(,).

[Tpu 420 °C nassnenue ra3oB pasHo 5.16-10° Ia, a npu 450 °C 10.8-10" MMa.
PaccuuraiiTe KOHCTaHTbI PABHOBECHSA NPHU 3THX TEMAEPATYpax M DHTAILIHIO
Juccouuanuu Ha moabs HgO.

9-24, JIns peakuuu
Ag2C03(m) = Ag2O(TB} + COZ(r}

NONYYeHbI CIeAYIOIHE JaHHbIE MO 3aBUCUMOCTH KOHCTAHTbl PABHOBECHS OT
TEMIIepaTypbi:

T, K 350 400 450 500

K, 3.98-107 1.41-107 1.86:-10 1.48
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Onpeaennte cTaHAAPTHYIO SHTANLIIUIO PEAKUUH B 3TOM TEMIEPATYPHOM
HHTEepBae.

9-25. 3aBUCHMOCTb KOHCTAHTbl PAaBHOBECHS PeakLHU
2C3Hg(y = Cotygy + C4Hygyy
ot remneparypsl mexay 300 K n 600 K onucsiBaeTcs ypaBHeHHEM
In K =-1.04 1088 /T +1.51-10° /T,
Paccuuraiite A,G°, A,H° v AS° npu 400 K.

9-26. Ilpu auccoumaunu NH,Cl npu 427 °C paBneHue napa cocrapiser
608 «lla, Ho npu yBenuueHnu temnepartypsl fo 459 °C oHo Bo3pactaer 1o
1115 klIla. Paccuyuraiire:

a) KOHCTAHTY paBHOBECHS;

6) craHaapTHyto aHepruto I'n66ca peakuuu;

B) CTAHAAPTHYIO JHTANBIUIO;

T) CTAaHAAPTHYIO SHTPOIMHUIO PEAKLUUH JUCCOUUauny (Bce hyHKLMU — MPH
427 °C).

[TpuimuTe, uTo NMap BeaeT cebs kak uacanbHbii ras, a A H° u AS° He 3a-
BUCAT OT TEMINEPATYPhI B YKa3aHHOM UHTEpBaeE.

9-27. PaccuuTaiite KOHCTaHTY paBHOBECHS PeaKLMH
CO(r) + Hz(r) —> HzCO(r),

€C/If W3BECTHO, 4TO NPH NOAYHYEHUU Xuakoro dopmansiaernga A G =
= +28.95 kJlx-monb ™ npu 298 K, a nasnedue napa dbopmanbaeruia npu
3TOH Temiieparype pasHo 1500 Topp.

9-28. KoHctanTa paBHoBecus cuitesa AT® no ypaBHEHHIO:
AJI®" + HPO/ + H = AT®* + H,0

npu 25 °C paBua 41. Paccuuraiite AG peakunu rugponunsza AT® npu cTaH-
JapTHBIX YCJIOBUAX M MPH KOHLEHTPALUAX HOHOB, OJIM3KMX K HOpMaNibHbIM
$UIMONOTHYECKUM  3HAUEHUAM: [AI{(I)3 ] = [HPOf"] = [ATCDA'] =
=10 * monb”', pH = 7. B neliTpanbHoii cpeae uimMeHeHue sHepruu ['nb-
6ca NpH MOJOYHOKHCIOM GposkeHnH paBHo —218 kJDK-MONb ', a NpH nos-
HOM OKMCAeHMM rloko3bl —2880 kIx-monb '. Ckoibko mosiekyn ATO®
MOXeT ObITb CHHTE3HPOBAHO 38 CUYET DHEPTUM, 3anaceHHOH B OJHOH Morne-
KyJjie TAH0KO3bl, B a3pOOHBIX ¥ aHa’pOOHbIX KiaeTKax?

9-29. Ucnonb3ys BeauUKMHbI CTAHAAPTHBIX 3Hepruil ['udbca (A,G°) paznnu-
HblX MeTaboNM4ecKMX peakuuii, pacCuMTaiiTe COOTBETCTBYIOLLHE 3HAYEHHA
AG®' n A/G°" pu CTaHAAPTHBIX COCTOAHUAX KOMITOHEHTOB, MPUHATHIX B
du3nyeckoi XuMHYU ¥ OHOXMMUHU.
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Ne Peakuus AG, O
KKAJT-MOJIb
TJIMKOJIN3 U CIMPTOBOE OpokeHHe

1 |Faukoren + HPO; —> ratokoso—1-@°" + H,0 +0.55
2 |Tmokosa + AT®* — rmokozo—6-0* + AP + H' +3.9

3 |I'nukoren (0aHa en¥Huua raokossi) + H,O — 2 nakrar +2 H' -32.2

4 |Auveranbmerun + HAJI-H + H' — aranon + HAJT' ~14.90

UMK IMIMOHHOH KUCTTOTHI

5 |Oxcanoauerar’” + anetun-KoA + H,O — unrpar’ + KoA + H' +1.8

6 |Hsoumtpar’” + 1/2 O+ H' — a—ketormyrapar™ + H,O + CO, -3.9

7 | ®ymapar” + H,0 — manar® —0.88

ApYTHE peakumu
8 |1/2 Bytupatr + 1/2 O,+ KoA + 172 H" — auetun—KoA + H,0 —42.5
9 [Mupysat + O, +H' - 3 CO, +2H,0 -282.84

9-30. Paccuutaiite A,G peakund OKCUreHUPOBaHUS reMornobuna

Hbyaq) + O2(aq) = HbOaq),

B pacTBOpPE, HAChILEHHOM KHcnopoaoM. KoHcTaHnTa paBHoBecHs K, peakuuu
BoaHoro pacrsopa Hb ¢ razoobpasunim kucnopoaom (po, = 1arm) npu

19 °C paBHa 85.5.
9-31. [lns peakunu OKCUreHUpOBaHHA

Hr(ag) + Oz(ras) = HrOxag),

rae Hr — remeputpun (kucnopoanepeHocaumii nurmedt Golfingia gouldii),
KOHCTAaHTbl PABHOBCCHA UMEIOT CIeAYIOLIUE 3HAUYEHHS:

1, °C K,
0 9120
25 380

Haiiaute cTaHaapTHylo TENNOTY OKCUreHupoBaHus A JH° v u3MeHeHue

sHTponuu AS® ans atoif peakuun npu 25 °C.

9-32. PaccuuTaiiTe CTENEHb HACHILLIEHUA MUOTTIOOUHA KUCIOPOIOM

5= n(MbOZ)
"~ n(MbO,) + n(Mb)’

npu p(0;) = 30 Topp, ecnu cranpaprHas sHeprus ['nb6ca peakuuy okcure-
HupoBaHus Mb + O, = MbO, npu 310 K pasna —-12.95 KJDK-MOJIb -

9-33. PaccuuTaiiTe M cpaBHUTE pe3ysbTaThl ONpPeAE/ICHUA TEMIOTH! peaKkLuH
u3omepusaunu D-rmokossl B D-¢pykrosy npu I’ = 321.15 K, nonydenHole
MeToJamMu XpoMarorpadmy H MUKpOKaJIOpUMETPHUH.
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PesyabraTsi PesyabTathbl
XxpoMarorpagpHuecKHx MHKPOKAJOPUMETPHYECKHX
HCCIeR0BAHHNA HCCAe0BaHNMA
7,K K, 7, K AH°,
kJDK-Monb '
298.15 0.866 298.15 2.755
306.15 0.892 313.25 4.007
331.85 1.004 331.85 5.213
344.15 1.094 344.15 6.343

9-34. Ilpu 50 °C xkonunuectsBo HaTuBHOH ¢opmbl pubodrasuna B 390 pa3
NpeBLIILAET KONUYECTBO AeHATYPHpOoBaHHOM, a npu 80 °C — B 8 pa3. Paccuu-
TaiTe:

a) SHTAIBLIHIO peakLUuH AeHarypauun pudbodnasuna;

6) paBHOBecHbI# cocTaB cmecu npu 70 °C?

9-35. B KkpacHbIX KpPOBAHBIX Tembliax kouuewrpaunn ATOY, AP wu
HPO42' paBHbl 2.25 MMOJIb-J1 '1, 0.25 MMonb-" ¥ 1.65 MMonb-1~' cootBeTcT-
BeHHO. PaccumnTaiite 3Hauenue A,G peakuuu

ATO + H,0 = AI®* + HPO, 2 + H',

npoTekaroled B KpacHbIX KpOBAHBbIX Tesbuax rnpu 25°C u pH = 7, ecnn
AG®'=-30.5 Klbwmonb"'.

9-36. PaccuuTaiiTe 3HayeHHe KOHCTAHThI pABHOBECUA peaklMu
- —
rmoko3a + HPO, ™ = rmoxo3o-6-¢ocd3a'r2 + H,0,

ecin AG'= +13.8 kIlx-Monp . Hcnone3ys naHHble npeabiaynieit 3anauw,
OLEHNUTE, YeMy PaBHO OTHOLUEHWE KOHLEHTpauuii rnoko3o-6-gocdara u
rAIOKO3bl B KPACHBIX KPOBAHBIX Te/bLIAX B YCIOBUAX XMMHUYECKONO paBHOBE-
cuanpu 25°CupH="7.

9-37. B knerke npu 25 °C u pH = 7 nporekaet peakuus
nupysat + NADH + H" = nakrar + NAD'

Paccuuraiite 3HaueHue AG Ans MPUBEICHHOH BbIlLE PEAKLUHH, €CIH
KOHLIEHTPALIMH BELLECTB B XKMBOH KETKE PaBHbI:

nupyear — 380 MKMonb-T ', NADH — 50 Mxmonb-n',

nakrat ~ 3700 MKMOﬂb-ﬂ'I, NAD" ~ 540 MkMob-1 .

CranaaptHas sHeprust ['n66¢ca peakuuu npu pH =7:
AG'=-25.1 Klbx-Monb".

B kakyto ctopoHy 6yneT cMellleHO paBHOBeCHE NPH YKa3aHHbBIX yCJio-
BHAX?
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§ 10. Axcopouus

Adcopbyuss — n3MeHEeHNWe KOHUEHTPauuM BellecTsa Ha rpaHuue pasiena
ta3 no cpaBHeHu10 ¢ 00beMOM. B HacToslee BpeMs 3TUM TepMHHOM 0003Ha-
YaOT TAKOKE M MPOLECC NOMIOEKHUS, U KOJIMUECTBO MOTMOLEHHOIO BEUIECTBa,
OTHECEHHOTO K eAMHHULE MIOIAAN MOBEPXHOCTH (PA3MEPHOCTH — MMOMb-M 2)
uin macceel aacopbeHra (pa3MepHOCTh — Mmonb-r‘]). Aocopbenm — BEWECTBO,
Ha MOBEPXHOCTH KOTOPOTO MPOMUCXOAUT Mpouecc aacopdbuun, adcopbam —
copbupytoLeecs BelecTBO.

Pazauvator aBa Tuna aacopbuuu, MEXLY KOTOPbLIMU TPYAHO MPOBECTH
YeTKYIO0 rpaHuuy. Xemocopbyus — TOTNOLIEHHE ra30B WM PacTBOPEHHbIX
BELECTB TBEPALIMU WIIH XKUJAKMUMH MOIJOTUTEISAMU, COMPOBOXKAAIOILEECH
obpasoBaHHeM XUMHHECKHX CoeUHEeHUH. Dusuyeckas adcopoyus 00yCnoB-
NeHa CHIIaMK MEXMOJIEKYIRPHOrO B3aHUMOACHCTBHUSA; OHA, KaK MpaBWIIo, AB-
naercs obpatumoil. KocBeHHbIM KpUTepueM onpeieneHus Tuna aacopbuuu
ABJIACTCA 3HAYEHUE menromul adcopbyuu J, TO €CTb TEIUIOThI, BbIAEIAO-
tileiica B npouecce aacopbuny U OTHECEHHOH K OAHOMY MON0 aacopOara.
Ecnm Q < 30 + 40 kJDK-MOMIb roBopaT O ¢usuyeckod aacopbuuu, npu
O > 40 kJbk-Monb™ — 0 xeMmocopOuuy. KoHueHTpupoBaHue BelecTsa B No-
BEPXHOCTHOM CJIO€ MAET CaMOMPOM3BONLHO, MPOLECC COpOUMM XapakTepH-
3yeTCsl OTPULATENbHbIM 3HAUEHUEM A, G, IPH 3TOM H3MEHEHHEe IHTPOMUH
npu usuveckol aacopOUMK BCErAa OTPULIATCABHO, & NPU XeMOoCopOLUH, B
NnpUHLKNe, MOXKeT ObITh U nofaokuTenbHbIM. [loaTOMY DHmansnus Gusnue-
CKOM aacopbuuu Bceraa OTpHLIATENBHA, @ NPU XeMocopOuny, B HEKOTOPBIX
ciyvasx, ObiBaeT U MONOXKUTENIbHOK BenHuMHOM. s Gonee yerkoro pas-
FPaHUYEHUS TUIIOB aacopOuMK HeoOXOAUMO CpaBHUBATHL Psilt APYTHX (usu-
KO-XMMHYECKHX XapaKTEPUCTHK 3TUX NMPOLECCOB, HANpPUMED, IHEPTUU AKTH-
BaUMKU M CKOPOCTH copOuyu U aecopbuum.

B HacTrosiuiee Bpems 1pu OnucaHuu aacopOuun KClo/b3yIOT 1Ba OCHOB-
HBIX MOJAXO0AA — MemoO abcomomubix Konyenmpayuli (WK NOAHOCO cooep-
orcanusn) u memoo uszbwimros [ ubbca. Beibop TOro uau vHOro noaxonaa rnpu
KOJIMYECTBEHHOM ONMUCAaHHU aacopbuuu obycnoBleH NpHPOAOH H3yHaeMOH
cuctembl. [pu paccmoTpeHun agcopbuun Ha TBepAbix aacopdeHTax oOLIMHO
MCII0Ab3YIOT METOA NMONHOTO COAEP)KaHus, TaK KaK KOJHUECTBO aacopoupo-
BaHHOIO BELUECTBA MOXKHO ONPENEIHTh IKCIEPUMEHTAIBLHO. Jins XHAKOH
NOBEPXHOCTH pazjesia HEMOCPEACTBEHHO M3MEpIOT MeX(a3zHoe NOBEPXHO-
CTHOE HaTsAXeHWE, ¥ s pacuera ancopOlMM NCMONb3YIOT METO/] M30bITKOB
['nb6ca.

Memoo uzbeimrog ['ubbca

Pewenue, npeanoxeHHoe I'nb6coM, cBOANTCA K 3aMEHe peasibHOM nepe-
XONHO# obnacTh runoreTudeckoi MemObpaHoii 6eckOHeYHO Manoii TORLLIMHLI
(T.e. umerowei naowank €, HO He uMetoulei obbema), cM. puc. 10.1.
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Cy ‘

Ciie) ! :
i i
! !
! !
! !

a ! i p
! !
Cip) ! !
""""" T !
1 1

-
0 {

3asucumocme konyeumpayuu eeujecmea 1 om paccmosnun | 6 obracmu epanuyu
daz o u B. Cnnowrniaa nunusa - oeticmeumenbHoe U3MEHEHUE KOHYEeHMPAYuu,
y Q
RYRKMUp — MoOens cmpoenus mexcgasnot epanuysi ¢ n,' > =0

Jta membpauna () coaepxut B cebe Bce «NMOBEPXHOCTHbIE U3OLITKU»
CBOWCTB peanbHOro rpaHu4Horo cios. [Ins Takoil memOpaHbl (yHIameH-
TanbHoe ypaBHeHue [ MG6ca 3anuchbiBaeTcs B BUE:

AU = TdSY + odr + 3 pdnY,  ar@=o.

Bce He3zaBMCHMBbIE NMEPEMEHHBIE B 3TOM YPABHEHHU ABAAIOTCA IKCTEH-
CHBHbIMH, MMOITOMY U sBasetcs oaHOpoHOH dyHKUMel nepBoil cTeneHu
3TUX MEPEMEHHBIX U AN MeMOpaHbl MOXHO 3anucaTh COOTBETCTBYHOLIEE
ypaBHenue ['u66ca—/{orema:

ST+ Qdo +Y nPdp, =0,

rae 6 — K03(pHULUHEHT NOBEPXHOCTHOIO HATAXKEHHUA, WK MPOCTO NOBEPXHO-
CTHOE HaTsHKERUe, pa3MEPHOCTL © [}1>K~M“2 , H-M'l].
Ecnu onpenenuth aacopbumio xak NAOTHOCTb MOBEPXHOCTHOTO H30bITKA
i-ro BewecTsa
. 552)

r =2,
0

TO NIpH T = const nocnenHee YPaBHCHHUC DKBUBAJICHTHO

d0=—ZFidu, .

Cneayer o6paTuTh BHMMaHHE HA TO, YTO B 3aBUCHMOCTH OT BbiGopa
nonoxeHus meMmbpann mMexay (azamu ee cpoiicTsa, Boobule rosops, Oy-
AYT pa3’nuuHbi. DTO 3HAUYMT, YTO BEJMUYMHbI MOBEPXHOCTHBIX HM30LITKOB

Puc. 10.1

(10.1)

(10.2)

(10.3)

(10.4)



160

Fnaea 2. puUnoxeHnn XMMUYECKON TEPMOQUHAMUKNA

(10.5.a)

(10.5.a)

(10.6)

(10.7.a)

(10.7.6)

Q) A (@

U, 89 1 ocratores neonpenenenusiMi. UTo6bl YCTPaHUTb 3TY HEON-

pelEeNeHHOCTb, HAXOAAT OTHOCUTENbHbie 3HAaueHUS MOBEPXHOCTHBIX W3-
. 1 .

ObITKOB CBOWCTB . Eciu, Hanpumep, ancopOuuio i-ro BeulecTBa OTCUUTHI-

BaTh OTHOCHTEJILHO NMEPBOIo BELLECTBA, T.€.

a p
y
et —cb

I

1

=1 =1

TO YYMUTbIBas OMpeje/ieHUE MONKPHON KOHLUEHTpaUMH W YCJIOBUA MaTepu-
anbHoro 6anauca:

Qr,=n, —c*V® -cPyP,
Qry=n; ~cv® —cfrP,
MOXHO BbIpa3uTh E; 4YE€PE3 BECIIMYHHL], U3BMEPHMBLIC B ONLITE!

a p
ry =é n, =Vel —(n, =Vey') f—‘-;-——%- ,
¢ —¢
rAe #; — KOJIMYECTBO i-ro KoMroHeHTa B cucteme, V™% — o6pemsl daz (o) u
B, (P _ MOJIipHas KOHLIEHTpaLMs i-ro KoMnoHeHTa B ¢azax (o) u (B).

OueBHaHO, YTO NpH TakoM BbIOOpe CHCTEMBI OTCHETAa OTHOCUTEbHAA
agcopOuus He 3aBUCHT OT NOJOXKeHUS MeMOpaHbl. YI06HO pacnoyioKUTh ee
TakK, 4TOObI rzl(Q) =0, toraal} =0 u I';) = I';. TakoMy BbIOOPY COOTBETCTBYET
paBenctBo nnowagei [ u Il va puc. 10.1.

Ajacopbums I; MOXET NPUHUMATL KaK MONOXKUTENbHbIE, TaK U OTpHLA-
TenbHble 3HaYeHus. KOHKpeTu3upys BUA 3aBUCHMOCTH XHMHYECKOrO TOTEH-
LMana OT COCTaBa, MOXKHO MOJYYUTD BbIPOKEHHS, CBA3BIBAIOLIHE alcOpOUHIO
[ ¢ NOBEPXHOCTHBIM HATAXEHUEM M KOHUEHTPaUMAMHU (MITH napuralbHbIMK
JIaBNEeHUSMH NMapoB) KOMITOHEHTOB pacTBOpa. B cayuae NBYXKOMIMOHEHTHO#H
cuctemsl nipu I = 0 ypaBHexue (10.4) npeobpasyercs k BULy

do=-T)dy,,

rae unaekc (1) y Iy ykasbiBaeT, 4to BBeAeHO ycnosue I = 0. Yunrbisas
BbIp@XEHHE AN XUMHYECKOro NOTEHLIHANa KOMITIOHEHTa pacTBopa

U, =u; +RTIna,, du, =RTdIna,,

w,=u; +RTInp,,  du, =RTdInp,

NoJydacM BbIDAXKECHHA, CBA3bIBAIOLLHE ancopﬁuum C NOBCPXHOCTHBIM HaT#-
KEHHUEM

' IMepexoa or aBCoMOTHBIX 3HAYECHHMH TEPMOAHHAMHUUYECKUX (QYHKLMHA K OTHOCH-
TeNbHLIM ABNAETCA PacnNpoOCTPAHEHHBIM NMPHEMOM (CM., Hanpumep, § 5).
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*

o1 % | L[ %
*" RT\dIna, ), RT\dInc, )’ (10.8.a)
1 o
ry=-— —/——1,
2" R\ 3np, ), (10.8.6)

rae as, ¢3, Py — aKTHBHOCTb, KOHIIEHTpaUKs U JaBJleHHe napa BTOPOrO KOM-
MOHEeHTa. '

H3mMepsis 3aBUCHMMOCTb NMOBEPXHOCTHOIO HATAXKEHUA OT KOHUEHTpaLuH
WK NapLUaILHOTO AABJEHUS BTOPOrO KOMIOHEHTA, G = f{cy) Mau o = fpy),

MOXHO OfpeIeNINTh 3Ha4EeHUe 1”'5 (cm. npumep 10-4).

Memod nonnozo codepocanus

B mMeTone abcoMOTHBIX KOHLUEHTpaLWi NOBEPXHOCTHBIN €10#l M 0O6beM-
Has ¢aza paccMaTpUBAIOTCS Kak JBe paBHoBeCcHble (asbl. OCHOBHOH xapak-
TePHCTHKOI Mpouecca aacopbuuu ABAfETCS KOIMUECTBO agcopbara, npuxo-
jsuleecs Ha eauHUily noeepxHocTH (o) uaum Ha 11 ancopbenta (a@). Ero
MOXXHO BbIpa3uTh uepe3 OObEMHYH0 KOHUEHTPALMIO NMOBEPXHOCTHOIO ClOs
(c,), 06bem (V,), yAeNbHYIO MOBEPXHOCTD (£2), TONWMUHY cnod (T) ¥ cTeneHb
3anofiHeHus (6):

a=a //Q = T'C’a - e'aa'm, (10:9)
a=V,c,=Q1c,=0-ay,, ' (10.10)

Te MHJEKC M YKa3blBaeT, YTO COOTBETCTBYIOLINE BENHYUHBI XapaKTePH3YIOT
NAOTHOE 3alONHEHUE [OBEPXHOCTH MOHOMOJIEKYAPHbLIM clloeM aacopbara.
[To onpenenenuto, ancopbumns a BCEraa nojaox1TesbHa,
3aBHUCHMOCTb KOAU4ECTBA afcopOHpOBAHHOIO MOBEPXHOCTHHO BELLECTBA
OT AABJIEHUS WJIM KOHLEHTPALMK 3TOTO BelllecTBa B Apyroi ¢gase BbipaxaioT
C MOMOLUBIO w3omepmel WIH uzobapel adcopbyuu. B nepBoM ciiyyae peus
uaeT o QyHKUMOHAIbHON 3aBUCHMOCTU BUAA d = AP)r - consts @ =S C)7 = const »
B0 BTOpoM — 0 dyHkummn a =f(T), - cons. KpOME 3TOr0, UCHONBL3YIOT TaKKE
noHsATHe uzocmepnvt aocopoyuu p = K1), _ const-
Haubonee npocto onucbiBaeTCA MOHOCNONHHAS TOKanM30BaHHas aacopb-
(Ms HA OHOPOAHON NOBEPXHOCTH. Mcronb3ys cienyiouie 10Ny LeHus:
® [IOBEPXHOCTb aACOpOEHTa OAHOPOJHA, BCE LIEHTPbI JHEPreTHYECKH IKBH-
BAJICHTHbI.
¢ B pe3ynbTare aacopbuny o6pa3yeTcs MOHOMONEKYNAPHBIN CHOH,
¢ OTCYTCTBYET B3aUMOIEHCTBHE MEXy COCEAHHWMM anCcOpOMPOBAHHLIMH
YacTHLIAMH,
Jlenzmiop BbIBEN ypaBHEHUE u30mepmsvl a0CopoOYuU:

K.p
L ~0a,, A1,
m 1+KLP dpy (10 11 a)
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(10.11.6)

(10.11.8)

(10.11.r)

(10.12.a)

(10.12.6)

(10.13)

(10.14.a)

(10.14.6)

(10.15)

KEc
a=a, Pt
1+K,c
npu c <<1
. K-
a=a K c=Kc=——p,
mi L I RTP
npuc>> 1
a=a,, 8 =1,

rae a, — npenesibHas MOHOCHOMRas aacopbuus, K| — koHcTanTa aacopouu-
OHHOTO PaBHOBECHS B NEPBOM ciioe, K| — koHcTaHTa ['eHpH.

Ipu onHOBpeMeHHOW aacopOuMM HECKOILKMX ra3oB CTENEHH 3anosiHe-
HUS PacCUMTHIBAIOT No (opMmynam:

9. = K APA
AT »
1+ Ky aPa + Ky ppp +-o
K
0, L.BPB

1+ K apa + KL gPp + -

Eciv noBepxHOCTh HEOAHOPOIHA, MUCMONB3YIOT IMIIMPUYECKHE ypaBHe-
HUS, HanpuMep, ypasrenue Ppeundnuxa.

a=xim=k" 0= k,p”kz,

rjie x — KOJIM4eCTBO aZicopOMpOBAHHOIrO BELLECTBA, M — Macca aiacopOenTa,
k, ky, k3, n — HexoTOpbIE BapbUpYeEMbie NapamMeTpbl.

[Tpu muorocnofiHol ancopbuuu M30TEPMA ONUCHIBACTCH ypaeHenuem
Bpynayepa—Ommema—Tennepa (53T) (10.14) wnn ypasnenuem Apanosuua
(10.15):

Ky p

2en]

cl
Ps

(- renz)

cE
Ps

1/2 ?
DPs Ps

rae p, — laBjieHWe HacbIIEHHOTO napa afacopbara (puc. 10.2).

a=da

m
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ITocTrosxnas C npencrasnser cobOH OTHOLIEHHE KOHCTaHTHI aacopOuu-
OHHOTO paBHOBECUS A1 NEPBOIO CJIOA K KOHCTAaHTE KOHAeHcauuu, odbpaTHo
MpPONOPUHOHANBLHON p,. UMCIEHHOE 3HAuYCHWE NOCTOSAHHON onpenenseTcs
Pa3sHOCTBLID MEXIY COOTBETCTBYIOLWMUMH Teruioramu (ancopbuuu B TEpBOM
Cnoe M KOHACHCAUMU) U MOXKET CAYXHUTb XapakTepHUCTUKOH MPUMEHMMOCTH
ypaBuenwus BOT k nanunol uzorepme. Hem 6onbiue C, TeM ayulie H3oTepMa
bOT onucbiBaeT skcnepuMeHTanbHble AaHHble. [IpM MajbIX 3HAYeHHAX
plps 1 C>> 1 ypasuenne b3OT nepexonut B ypasHeHue Jlenrmiopa. Ecau
C <20, ucnonb3oBaTth ypaBHeHue (10.14) ans BbIUHCIEHUH eMKOCTH MOHO-
CIIOf M yAenbHOH noBepxHOCTH anacopbara Heuenecoobpa3Ho. YpaBHeHHe
(10.14) BuinosHsieTcs, Kak npasuio, 1o p/p, = 0.3.

0 &  Hsomepma Jlenamopa a # Hzomepma BOT
1

o e o " - —— . - -

05 [~

e e o o

- >
VK, p PP

Hzomepmut aocopbyuu Jlenemopa u 63T

Ina onpepeneHus 3HauyeHUH npenenbHOH MOHOCHOHHOW azcopbuuu M
KOHCTAHThbl aACOPOLMOHHOIO paBHOBECHS MPOBOJAT NUHEAPU3ALIHIO YpaBHe-
Huid (10.11 - 10.15). I'paduueckn 3ta npouenypa npeacrasneHa Ha puc. 10.3.

P 1 1 c 1 !
=] —}-——p, — " —{——-C,
a Kja, a, a Kia, Aan

1
lga=lgk+tnlge, lg6=lgk,+—k—’lgp,
2

p___ 1 Kp-lp
a{ _ﬁ] amKL amKl, Ps
Ds
pa
Ps _ 1 +C-——1£’
a( _i] amC amC Ps
Ps
i
Py _ 1 N I p

Puc. 10.2

(10.16.a)

(10.16.6)

(10.16.8)

(10.16.r)

(10.16.4)
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uzomepma Jlenemiopa

uzomepma bOT
plp;

a(l-p/p,)
A

g \

Puc. 10.3

(10.17.a)

(10.17.6)

(10.18.a)

(10.18.6)

_C-t
1Y~ q,C
> K,a, ? _..1_
a,C
—- —>-
p P/ps
Juneapuzayua ypaenenuit Jlewemiopa u 53T

Ancopbuus — oOpaTumbiii npolecc, ero MOXHO XapakTepuW30BaTb KOH-
CTaHTON afACcOpOLMOHHOIO paBHOBeCUs K, (A1 MOHOCIIOAHOA ancopbuun
Ha OAHOPOJHOI nosepxHOcTH K, coBnanaer ¢ K ). B cnyyae aacopbuuu
rasa Ha MOBEpXHOCTH aacopOeHTa MOXKHO 3anucaTh:

A, .G Ay HOY  [AyS°
K =e = ajic =g _ aC ex anc .
aac Xp( RT ] VTR )P TR

A §°

aac Ho + Aaﬂc
RT R

In Kanc =7

Juddepenunpys (10.17.6) no remneparype npud NOCTOAHHOW CTeneHu
3anonHeHus O u yuntbiBas (10.11.a), nosyyaeM ypaBHeHWe usocmepbl ao-

copbyuu:
[ Jln pJ o
oT J,

HHuTterpupys nocnenHee BbIpaXKEHHE DU MTOCTOAHHOH CTENEHH 3arnon-
HEHUA, NPUXOAHUM K YPABHEHHIO, C NOMOLLBIO KOTOPOI0 MOXHO PacCyMuTaTh
U3OCMEPUYECKYIO SHMANbNWIO adcopbyuu 1o pe3yabTaTam u3mepeHud pu T
npu 6 = const:

Aa{xc HO
RT?
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U3 rpaduka 3aBUCUMOCTH M30CTEpHUECKOH TennoTbl ancopOumu Ousocr

OT @ (Qusoer = —Auncfl) MOKHO CHENATL HCKOTOPhIE 3AKJIIOHEHUS O TUME NO-

BEpPXHOCTH W XapakTepe B3aumo/leiicTBus agcopbar-ancopbar. [1pu orcyrer-

BUM TAKOro B3aUMOACHCTBUA B cnydae uaeaibHOH OAHOPOOHOW MOBEPXHO-

CTH Quaoer HE 3@BUCHUT OT @, a HA He-

OHOPOAHOI MOBEPXHOCTH [1POUCXO- Ousore

AUT NAAeHNE Oyaoer C pOCTOM a. [lpH 4 -

3TOM  B3aumojeiicTBue  aacopbar-

azacopdaT NpUBOAKNT K POCTY TEMIIOTHI 3

¢ ysenuyeHuem aacopbuun. Ha puc.

10.4 u3obpaxeHa 3aBUCUMOCTh H30- 5

CTepHYecKOd TemnoTsl  ajcopOumnu

MeTaHa Ha rpadMTMPOBAHHON Caxe OT

azcopbumu. I — Orona
[To paccunMTaHHOMY 3HAYCHHUIO G,

(¢ps Vi) MOXKHO HaAWTH 1utolians no- 0 0.05 0.1 0.15 a. MKMObT""

BEPXHOCTH a/ICOPOEHTA, €CIM U3BECTHA Tennoma aocopbyuu memana va' Puc. 10.4

ruiowaib, 3ausaTas OAHOH MOJIeKYAOH epaghumupoeanHoli cadce. ——

Orony — MENTOMA KOHOEHCAYUU

aacopObMpoBaHHOrO BeUIeCTBA Ha [M0-
BEPXHOCTH copOeHTa:

Q=sN=5NpVlV,.

rae Q — muoilanb MOBEPXHOCTH aacopbenTa, s — MAOLI@Ab MONEKYJbl,
N — uncno monekyn, V,, — obbem, 3aunuMaemMbid MoHoci0eM, V, — obbeM, 3a-
HUMaeMblH OHUM MONEM ra3a Mpu 3aJaHHbIX YCIOBUSX.

'_HPI/IMEPm

Mpumep 10-1. I1pu 195 K 1 napunansHoM aasneHuy aproda 24 Topp na
1 r KOKCOBOrO yras ajcopOupycTcs HEKOTOpoe KoauuecTBo aproxa. [lpu
YBEIHYCHHH JaBieHus B 9 pa3 konuuecTBo copOupyrollerocs rasa sospac-
TaeT B 5 pa3. OnpeaenuTe cTCNeHb 3aMNONHEHUA NOBCPXHOCTH npu 195 K u
nasnenun aprona 100 Topp. ‘

Pewenue. [Ins onpenencHus cTeneHd 3anofiHeHUs HeoOXOAMMO 3HaTb
KOHCTaHTy ancopOuuonHoro paBHoBecus K. Jlas Haxoxaenus ee BOCNONb-
3yeMcs OTHOLIEHHEM

ay =a,

a _p+K p,)
a, p,(1+K; p)’

orcroa

K, = 1Py — 4D _ax'g'Ptz“S'al'Pt _ b1 — 0.0046
pipa(a; —ay) Spi -4a oy 9

(10.19)
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[Tpu p = 100 Topp cTeneHb 3anonHeHus

K.p _ 0.0046-100

= = =0.315.
1+ K, p 1+0.0046-100

Hpumep 10-2. Tlpu uccnenosauuu aacopbuuu azora Ha | r akTuBHpoO-
BaHHOro yrns npu 273 K nonyueHsl crneayrolude pesyibtaTthl (00beM mo-
IOWEHHOTO ra3a NepecyuTaH K H. y.):

p. Topp 4.5 9.2 18.6 40.2
V,emor! 1.12 2.22 4.22 8.02

BoisicHuTe, ONMUCBLIBAIOTCS M 3TH JaHHbIC H30TepMoit JlenrMiopa u on-
pellenuTte ruIollaak MOBCPXHOCTH aacopOeHTa, ecnyd B TMJIOTHOM MOHOCHOE
MOJIeKyJIa a30Ta 3aHuMaeT riowans 0.162 HM®.

Pewenue. Bocnonbiyemcs nuHeiiHo# ¢opmoii ypaBHeHus Jlenrmiopa B

BUIC!

P
== +—p.
% P

CocrtaBnsieM BCIOMOTATENLHYIO TabauLy:

p, Topp 4.5 9.2 18.6 40.2

p/V, Topp-cM -1 4.0179 4.1441 4.4076 5.0125

JlaHHble TabAULBI MOXHO NPEACTABUTL B BUAE rpaduka; yrinoBoi Koag-
¢uumenT paseu 1/V,, a no orpe3ky, 0OTceKaeMOMY Ha OCH OPAMHAT, paccuu-
ThiBaeTcs Benanuuna 1/V,K,. bonee Tounbie 3HaueHHs napameTpoB V, u K
NoAYy4alTCs MPpH CTaTHCTUUECKOH 00paboTke JaHHbIX, HAaNPUMEp, METOA0M
HaMMEHbIIKX KBaAPaTOB:

'5": 3.89 +2.787.10 % p. Te. I%: 2.787-107, ¥, =359cm> r',

m

[Tpu u. y. obbeM, 3aHumaembtit | Monem rasa, V¥, = 22.4 n; nnoia/ib, 3a-
HuMaemas | MoJekynon — 16.2-10° M. Torna

2= s NoV,/V, = 16.2-1072° M%6.02-10%° monb"-35.9-107 n-r '/22.4 n-mons ™' = 156.3 M*r '

Mpumep 10-3. Ipu 312 K u pnaBnenun 1.21 Topp Ha nOBEPXHOCTH MHK-
POTIOPUCTOr0 FNUHUCTOrO aacopdenTta copbupyetcst 1.37 MOAb-Kr ! napos
METHJIOBOTO cnupTa, Takas xe ajcopOuus AOCTHIAETCA TIPH TOBbILUEHHH
teMnepaTtypst 10 320 K 1 ysenuuenun aasnedus 1o 3.16 Topp. Buiuucaure
DHTANbMHIO aACOPOUMM METHIOBOrO CRUPTA MpH JaHHOH cTeneHy 3anoJHe-
HHS MTOBEPXHOCTH.

Pewenue. DHTanLNNA ancopbuyvn pasHa

RT\T, in P2 - 8.314-312-320 in 3'16=—99603 Toic-Moztb ™!
_IF, -7, p -8 1.21

Aanc H=
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Hpumep 10-4. Jlns Boaueix pacTBopos (eHona npu 20 °C u3MepeHbl
3HAUCHUS TOBCPXHOCTHOrO HaTskeHMA (cM. Tabnuuy). Paccuuraiite aj-

copbumio genona [ npu KonuenTpauuu 0.2 Mosb-J1 g

0.127 0.268
60.10 54.58

0.496
44.97

0.05
67.88

¢, MOJbJT !
c-10°, H-m™!

Pewenue. Jns onpenesneHus agcopbuuu HaM noHanobsTcs BCIOMOra-

TenbHbie JaHHble In ¢:

Inc ~2.9957 -2.0636 ~1.3168 —0.7012
c-10°, Hm™' 67.88 60.10 54.58 44.97
Crtpoum rpaduk 3asucumocti ¢ = f{In ¢).
7.00E-02
\ 6.00E-02
G
\ 5.00E-02
O = - 0.0009(Inc)? — 0.0136(Inc) + 0.0357
T — T 4.00E~02
-4 -3 -2 -1 0
—inec

["pacpuuecknum UK aHanUTHUCCKUM AU depeHIIIPOBAHHEM HAXOIUM

( oo

- =-0.0107 H-m™".
ciney )y oa

CoOTBETCTBEHHO,

-0.0107

1"; =—-1— il = =439-10"° monb-M™2 =4.39-107"" monb-cm 2.
RT\Clnp, j, 8.314-293

L_:;_AzIAqﬂ

10-1. Ckonbko nutpoB ammuaka npd 273 K u 1 atm moxet agcopbuposats-
Csl Ha MOBEPXHOCTH 25 I aKTHBHPOBAHHOIO YIUisl, ecli 00pa3yeTcsi MOHOMO-
nekynspHbi cnoit? IosepxHocTs 1 r yras npumute paBHod 950 Mm% Jlua-

METp MoJiekyibl 3 A.
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10-2. Brluucanre nnoilanb MOBEPXHOCTH KaTtanuzartopa, | r koTtoporo npu

obpazoBaHUU MoOHOCH0 aacopbupyeT npu H.y. 83 r asora. Iipumure, uyrto
. -2

3¢ dekTHBHA TUIOAAB, 38HATas MONeKy1oit asora, paBta 16.2:10 e

10-3. Y genswHas MoBepxHOCTh aKTUBMpOBaHHOro yris 400 m*r"". TnotHocTs
meTanona npu 288 K 0.7958 r-cm™. Oripenenute MakCUMalibHOE KOMYECTBO
MeTaHoa, KOTOpoe MoXeT aicopbuposate 1 r yras npu 288 K npu obpaso-
BaHWH MOHOMOJIEKYJIADHOIO CJIOA.

10-4. O6vem 6ytanuena, ancopbuposatHoro Ha | r kartanusaropa npu 15 °C,
3aBUCUT OT JABJIEHHS CAeyowuM oGpasom

p, Topp 50 150 250 350 450

V,, o 9.6 25.6 40.3 54.4 68.1

Kakoe ypaBnenue — Jlenrmiopa wnu @peiinannuxa — no3sonseT Noay4uThb
aZieKBaTHOE ONUCaHHe 3IKCIepUMeHTabHbIX AaHHbIX? Onpegenute napa-
METPbl yPaBHEHUS,

10-5. Tlpu ancopOUMN QOKCHUMKIHHA HA BbICOKOAMCTIEPCHOM KpeMHe3eme
npu pH = 6 (docdarusiii Oydep, HaBecka kpeMHedema 0.2 r, 06bem 20 mn)
IOJIyHEHB! CieAYOLHE 3HAYEHNA aACoOpOLMN:

¢ 10" moab-a~! 0.5 1 2 4 8

a-10° monbr ! 0.68 1.08 1.53 1.9 2.26

C 1OMOLIBIO KAKOrO YPaBHEHHs NyUllle OMHCHIBATH IKCTEPUMCHTAbHbIE
JaHHble? OnpeaenuTe napameTpol 3Toro ypaBHEeHNA.

10-6. B pesynbTaTte ncciienoBaHus copOuni HatpueBoil conu OcHauamneHu-
LHINIMHA U3 BOHBIX PACTBOPOB Ha MOBEPXHOCTH BBICOKOAUCIIEPCHOIO NUPO-
reHHoro aMmuHokpemuesema ([NH,] = 03 MMOMb T ) NOJIyUYEHbI CE/yIOWHe
3HAUEHUs aacopOLru:

iy

0.25 0.5 2 6
1.88 2.80 4.98 6.20

¢ 10° monb-1 !

3
a-10° moabr !

Paccuuraiite xoHCTaHTY afcopOUMOHHOIO PaBHOBECHA W IIpEelbHYI0
BEAMUUNHY aacopOumu, ecnu npoiecc copOUMH OMUCHIBACTCA YPaBHEHUEM
Jlenrmiopa.

10-7. Haitanre creneHb 3anoJiHCHUS TOBEPXHOCTN a3pocuna npu agcopbuun
HATpUEBOH conu OeH3UNNEeHWUWINNHA U3 pacTBOPOB KoHuenTpauru 0.004,
0.0075 u 0.011 M, ecnu aacopbuus onuceiBaeTcs ypashcHuem Jienrmiopa ¢
KOHCTaHTONH aacopbumonnoro pasHosecus 790 M

10-8. Ouenure M3MeHeHUEe CTeNeHw 3arnoiHeHUs TOBEePXHOCTH KanbLHUTA
npu azcopbunu komrutekcona-A u3 0.00002 M pactsopa npu pasHbiX 3Ha-
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yeHusx pH. Konuentpauus ¢onosoro snektponura 0.02 M NaCl. KoHcran-
Tbl 3ACOPOUMOHHOTO paBHOBECHS NMPUBEACHDI B TAONHLE:

pH 8.7 95 10.5

K107, a-monb | 3.5 3.4 3.3

10-9. T1pu 15 °C u3 BoaHo-cnupToBoro pacteopa (0.6 : 0.4) koHUEHTpauuH
5 MkMonb-1T Ha mosepxHocTH copbenta Separon BD agcopbupyetcs
44.1 MkMOJibT ! aHTpaueHa u 22.0 MKMOJIb-T " nupexa. [lpu yBendueHuu ux
cojepxkanus B pactsope a0 10 MKMO:Tb-T | KOJIMYECTBO afacopOUpOBaHHBIX
BELIECTB yBeNHunBaeTcs 10 54.7 u 46.8 Mkmonb-r~' cOOTBETCTBEHHO. Pac-
cunTalTe cTeNeHs 3aMOJHEHUS TOBEPXHOCTY B KAXKAOM Cllyyae.

10-10. ITpu ancopbunn napoB METUIOBOTO CIIMPTA HA MUKPONOPUCTOM M-
HHUCTOM aficOpOeHTE MONyUYeHbl CIIEAYIOLIME BETHUUHbI aacopOLuu:

p/ps 0.01 0.07 0.25 044 | 0.64 0.90
a, MOAb-Kr' 0.70 1.00 128 | 155 | 185 | 255

MocTpoiite nzoTepMy ancopbuuu, NpenyokKITe €€ aHANTUTUIECKOE OIMU-
CaHHe W paccuuTaiTe 3HAYEHUE Ap.

10-11. [laBnenue npu ancopdbuumn HekoTtoporo konuyectsa CHy 1 r apesec-
Horo yrns pasHo 42 Topp npu 313 K u 261 Topp npu 363 K. Buiuncnure
TENAOTY aAcOpOUMM NIPU AAHHON CTENEHH 3arONHCHUI.

10-12. Tlpn ancopbumu 3TaHa HA NOBEPXHOCTH rpat)MTUPOBAHHON CaXu CTe-
neHs 3anoiHeHusa 0 = 0.5 pocturaercs Npu CAEAyIOUIMX 3HAYEHUAX TeMMe-
patypbl ¥ nasnenust: 173 K, 2.15 Topp u 188 K, 7.49 Topp. Hailante uso-
CTEPHUECKYIO TENNOTY aacopOLmH.

10-13. Onpeaenvite 3HTaNbNKIO aAcOpOLUMU OKMCH a30Ta Ha (ropuae Gapus,
ecnu ans aacopbuuu 4 cM’ rasa npu 233 K HeoOxoaumo co3path AaBieHUe
40.7 Topp, a npu 273 K —-206.5 Topp.

10-14. Hccnenys ancopbunio CO Ha apeBECHOM yriie O0Hapy»HH, YTO Als
Toro, uToObl NPU pa3HbIX TemnepaTypax aacopOuposanocs 10 oM’ rasa
(oObeMbl NpuBeAeHbI K H.Y.), HCOOXOAMMO 3a1aTh CAEAYIOLIME PaBHOBEC-
Hble JaBJleHUA

T,K 200 220 230 250

P, Topp 30.0 452 54.0 73.9

OrnpenennTe U30CTEPUIECKYIO TEIUIOTY, COOTBETCTBYIOLIYIO JaHHOM Be-
NYUYHHE afcopOLMn.

10-15. JIns ancop6buun Ny Ha | r KpEMHE3EMHBIX MAaTEPHAIOB ¢ PA3JIUUHbBIM
pasmepoM nop npu 77 K nonydeHs! npuBeIeHHbIe B TabNMLE 3aBUCUMOCTH
obbemoB ancopbupoBanHoro raza (V, M3MEpeHbl B cM’) OT AaBneHus.
O0bembl NMpUBEAEHbI K cTaHAApTHOMY aasneHuo. OaHa monekyna Nj 3aHu-

169
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2

maer miowanr s(N2) = 0.16 uM". PaccuuTalite yaenbHble NMOBEPXHOCTH

Q (Mz-l‘—‘) MaTepUanoB.

~ o ] o ] 3
= = = = = =
- s 5 2 = 5
> S S S = S
- 2 3 7 2 S
Ne o6pa3zua - o N 0 A ®
1 4.6 8.2 11.9 14.5 16.7 19.0
2 6.0 11.5 16.0 19.0 23.1 25.5
3 7.8 14.0 19.0 24.0 28.0 313
4 8.1 14.7 20.8 25.5 29.0 34.0

10-16. Onpenennte BenuynHy nosepxHoctH TiO; no JaHHBIM, NOJTYYEHHBIM
Mpv U3IMEpeHUW aacopOUMM Mapa KpUIITOHA HA PYTUJIE MpH TeMMepaTtype
kuakoro asora. [lpumure, uTo nMaowlanb, 3aHUMaeMas OJHOH MOsEKynoH
KpuntoHa Ha noBepxHocTH TiO,, pasHa 19.5 A.

a, mkMonsT | 14.1 20.9 32.3 35.5 36.6 393 | 456

P/ps 0.00214 1 0.00846 | 0.0922 | 0.1586 | 0.1850 { 0.2342 ]0.3932

10-17. B tabnuue npuBeneHbl 3Ha4YeHUs MOBEPXHOCTHOIO HATHKEHUS pas-
OaBneHHbIX pacTBOpOB (peHona B Boje npu 30 °C

Bec.% ¢enona 0.024 0.047 0.118 0.471

o, IUH CM ™ 72.6 72.2 71.3 66.5

PaccuuTalite ancop6umio derona npu xonueHtpauusx 0.1 n 0.3 Bec.%.

10-18. Tonyuens cnenyowmue AaHHbIe A8 pacTBOPOB n-0yTaHoNa B BOJE
npu 20 °C

AKTUBHOCTL 0.0258 0.0518 (.0989 0.1928

o, IHH cM! 68.0 63.14 56.31 48.08

Paccuwraiite ancopbumio #-6yranona npu akrupHoctax 0.05 u 0.1.



FnaBa

ANEeKTPOXUMus

§ 11. Tepmoaunamuka
PACTBOPOB 3JICKTPOJIMTOB

DNEKTPONIMTAMK HA3bIBAIOT BEIECTBA UNTM CUCTEMBI, COJICpKALUME B 3a-
METHBIX KOJIMYECTBAaxX MOHbI U obnajarouime MOHHOH npoBOAMMOCTLIO. Co-
OTBETCTBEHHO, PA3NUYAIOT mEepoble 3NeKmpOIUmsl, pacniaébl i pacmeopel
anexmpoaumos. B 6onee y3KoM CMBIC/E 3NEKTPOIMTAMH Ha3bIBAIOT BELLECT-
Ba, MOJIEKYJIbI KOTOPbIX B pacTBOpe CNOCOOHbI pacnaaarbcsi Ha HOHbI B pe-
3ynbTate Mpolecca 21exmpoiumuyeckou ouccoyuayuu. PacTBOpbl dNEKTpo-
JIUTOB TAKXKE 4aCTO HA3bIBAIOT JEKTPOIUTAMH.

[To cnocoGHOCTH K PNMEKTPONUTHUECKOH AUCCOUMALMU IEKTPOIUTHI yC-
AIOBHO pa3fieNsioT Ha cuibHble U crabble. CUNbHBIE 3NIEKTPONUTHI B pa3bas-
NEHHbIX PacTBOpPaxX MPAKTUYECKU MOJHOCTBIO AMCCOUMMPOBAHbBI H3 MOHBI.
Cnabble 21eKTPONUTHI B PACTBOPAX JAMCCOLMMPOBAHBI UL HacTHuHO. Jons
AUCCOUMUPOBAHHBIX MOJIEKYJ 3JIEKTPOJIUTA HA3BIBAETCA CMENnensvlo oucco-
yuayuu. CTENeHb AUCCOLHALUN O INEKTPOINUTA CBA3aHA ¢ KOHCTAHTOH Auc-
coutnaumn K saxonom pazeedenuss Ocmeanvoa, KoTopbiii Ans OuHapHoro
3NEKTPOJIUTA 3aMUCHIBAETCA CleAyIOLIUM 00pa3om:

et s e i & oo

rae ¢ — MOJNAPHOCTL 3fieKTponuTa, V' = 1/c — passeaenue (Mny paszbasneHue)
pacTBOpa, T.e. 00BbEM, B KOTOPOM COAEPKUTCH | MOJIb 2NEKTPONHUTA.

[Tockonabky npH AWCCOLMALMH YMCIIO HACTHLl B PAacTBOpE BO3pACTaeT,
pacTBOPbI INEKTPONUTOB 0ONANAIOT AaHOMANBHBIMU KOJUTMFATHUBHBIMHM CBOW-
CTBaMH. YpaBHEHUs, ONMUCHIBAIOLHE KOJUIMIaTUBHbIE CBOWCTBA pacTBOPOB
HEINEKTPONHTOB, MOXKHO NMPUMEHUTb U AN OMNUCAHHA CBOWICTB pacTBOPOB
37EKTPOJIMTOB, €CAM BBECTH MOINPABOUHbIA u3omonuveckuil xodpguyuenm
Bant-I'odda i, nanpumep:

n=icRT wvnmu AT, =iKm.

(11.1)

(11.2)



172

Fnaea 3. 3neKTpoxuMmusi

(11.3)

(11.4)

(11.5)

(11.6)

(11.7.a)

(11.7.6)

M3oronuueckuii k03U UMEHT CBA3aH CO CTEMEHLIO AUCCOUMALIUM O
3N1EKTPOJIUTa:

=

i=1+a(v-1),

e V — KOJNHYeCTBO HOHOB, 00pa3yloLLUXCs Mpyd AXCCOLMAlMN OAHOMN MoJie-
KyJTbL.

[Tpn TepMOAMHAMHUYECKOM OMUCAHUW PACTBOPOB NEKTPOIHTOB TakK xe,
Kak U pacTBOPOB HEJJIEKTPOAMTOB, HCTIOJL3YIOT MeTOA akTuBHOCTEH. CBOH-
CTBa peaibHbIX PACTBOPOB OMUCHIBAIOTCS YPABHEHUAMU, B KOTOPBIX BMECTO
KOHLIEHTpauui BBOAUTCSA aKTHBHOCTD 4

p=u +RTIna.

Axmuenocms a; BbIpOXaeTCs B BUAE MPOU3BEACHHUS KOHLIEHTPALUU m, Ha
K02 PHLUHEHT aKTUBHOCTH ;:

a, =Y, M.

DKCNEPUMEHTANBHO aKTUBHOCTH IEKTPOIIMTOB MOXKHO OMNpeeuTh Tak
e, KaK M aKTUBHOCTb HEJJIEKTPOJMTOB, W3 M3MEPEHHH KOMNMIaTUBHBIX
CBOICTB pacTBOPOB — AABJIEHHUS Napa, OCMOTHHECKOrO JaBlEHUS, TeMIiepa-
TYpbl! KHTIEHUS U 3amep3aHis, a Takke U3 u3mepenus 3J]C ranbBaHMuecKoro
yaeMenTa (cm. § 13).

B pactBopax 3neKTpOJIMTOB, KaK npasuio, HabmwoaaloTes 6onee 3Hauu-
TeNbHbIE OTKJIOHEHUS OT MAEANBLHOCTH, YEM B PacTBOpaX HEINEKTPOIUTOB.
IT0 OOBACHAETCA HATUYMEM TEKTPOCTATHYECKUX MEKHMOHHBIX B3aUMOAEH-

CTBUH.
B pactBOpe CHILHOrO 3NeKTPOAUTA, 00pa3ytoLWEro Npy AUMCCOUHaLNU V,
KaTUHOHOB U V_ AaHHOHOB,

B, = v,A* +v_B*,

XUMHUECKHN noTeHuHan 3JIEKTPONNTA CKNIAABIBACTCA U3 XHMMUUYCCKUX [0~
TEHLHATOB HOHOB!

H=V ], +V_U_
Xumudeckue NnotTeHHanbl HOHOB ONHUCHIBAIOTCS BblPAXKEHHUAMHU

‘., =p, +RTIna, =p, +RTIn(y,m,),
p_=p’ +RTIna_=p’ +RTIn(y_m_),

[+3 o
rae pl, M pl_ — CTaHAapTHbiE XMMHYECKHE MOTEHUHANDL, ¥+ H Y. — KO3 dH-

HHEHTBI aKTUBHOCTH KATHOHA H aHHUOHA.
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Ioacraenas (11.7) B (11.6), nonyyaem:
p=(v,uo +v_p )+ RTIn(a; a’ y=p" + RTIn(a a’-) (11.8.a)
HITH
p=p" +RTIn(y, y-mi-m?). (11.8.6)

3KcnepumeHTaano OnpelenTG aKTHBHOCTH KATHOHA d. U dHHUOHA 4
HECBO3IMOXKHO, ITO3ITOMY BBOJAT MOHATHE Cpednez? UOHHOU AKMUBHOCMU .

a, =(a¥a’ )V Y (11.9)

rrev=v,t+v_
AHANOTHYHO ONpeNeNsioT CPeOHutl UOHKBII KO3 duyuenm axmugno-
cmu Y.,

v )1/v

ve =(v07" (11.10)

H cpedmo;o UOHMYIO MO ISUIbHOCIS My

+ -

m, =(m"'*m"" )I/v =m(vﬁ'v‘,’-)vv, (11.11)

rpe m = —— =— — MOJIAJIbHOCTb PACTBOPA 3JICKTPOJINTA.

Torna a, =y,m,, u ypaBHenue (11.8) nna XUMH4YECKOro foTeHUMANA
3]EKTPOJIMTA 3aMHChIBAETCA B CIIEAYIOLUEM BUJIE!

p=p° +RTIn(y,m,)" =p° +RTIn(a,)", (11.12)
W dKMUBROCmMy aﬂexmp()ﬂuma paBHa
a=(ay)" =(vymy) =vim" (VI‘V? )

CoriacHo 3MNUPHYECKOMY Hpaguay uOoHHOU cunbl, KO3QdULHMEHTH! ak-
TUBHOCTH WOHOB HE 3aBUCAT OT KOHKPETHOTO BHAA MOHOB, HaXOAALIMXCS B
pacTBope, a 3aBUCAT OT UOHHOU culbl | pacTBopa:

1=05Y mz}, (11.14)

e z, — 3apaa HoHa (B €AMHHLAX 3apAAa NIPOTOHA), M, — ero MOJIANbHAs KOH-
LEeHTpaUKs.
-1
D10 nNpasuno crnpaseiineo npu koHueHtpauusx ao 0.01 moaepkr  u

-1
npubnwxenHo BbinosiHgerca no 0.1 monb-kr .
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174 Fnaea 3.3nekTpoxumuns
20- 3aBUCUMOCTH CPEIHHX HOHHBIX
] KO3 PUILIMEHTOB aKTUBHOCTH Y+ OT
1‘8: NI HEKOTOPbIX CHJIbHBIX
1.6 - 3NEKTPOJIMTOB [IPEACTaBIEHbl Ha
: puc. 11.1. llpy BBICOKHX HMOHHBIX
1.4 1 CUAAX 3HAYEHUS CPENHETO HOHHOTO
1.2_* ko3 duumenTa akTHBHOCTH Y, MoO-
] ryT ObITb 3HayWTENBHO OOMblUE
1.0 4 €AUHHLBL.

H 1 3HAUYEHUA CPEOHUX  HOHHBLIX
0.8 KO3(PULHEHTOB aKTUBHOCTH JUIA
0. 6: HEKOTOPBIX CHNbHBIX 31EKTPONH-

] Cach, TOB B 3aBUCUMOCTH OT KOHLEHTpa-
0.4 4 uuu npuseacHbl B [lpHioxenuu
0‘2_‘ H.SO0s (tabn. I1-11).

_ w0 Paccuutare ko3dpduumenTsl ak-
00l e —— THUBHOCTH B Pa30aBiCHHbLIX PacTBO-

00 05 10 LS 20 25 30 35 pax CHJIBHbLIX JJIEKTPOJUTOB MOXHO

V1, (monp-xr™)"* ¢ nomownto Teopuu Jlebas—Xiok-
Sasucumocmo cpedwux uonnbix kend. Mcxoausle mosioxeHus: 3TOM

Puc. 11.1

TEOPNH TAKOBBI.

om [T ons HeKOMOopPbIX CUALHBIX ® OJEKTPOIHT B pacTBOPE TOMHO-
IAEKMPOIUNIO8 CTbiO AHCCOLIMHPOBAH.
e PacreopuTtens npencraBaseT co
6ol nenpepbiBHYIO cpelly C Au-

INEKTPHUYECKOH NPOHHLAEMOCTbIO €, M3MEHeHHe € BOJIM3M HOHOB He
YUYHTbIBAETCH.

YUYUTBIBAETCS TONLKO JNIEKTPOCTATHUECKOE B3aUMOAEHCTBHE MEXAY HO-
HaMH M HE NMPHUHUMAIOTCS BO BHUMAHHUE WOH-IHMOJIbHOE B3aUMOJEHCT-
BUe, oOpa3zoBaH1e acCOLMATOB U T.10.

Pacnpenenenue HOHOB B pacTBOpE OMUCBLIBAETCS MOJEIBIO UOHHOU am-
mocghepsl. onHas atmocdepa npeactasiser coboil HekoTopoe ycpea-
HEHHOE pacnpeaeseHHE HOHOB, BO3HHKAIOLLEE BOKPYI KaXAOro HOHA
(Ha3bIBAEMOro LUEHTPaNbHbIM) MOA BIHAHHEM JBYX (PaKTOPOB — /IEKTPO-
CTaTHYECKHX B3aUMOJEHCTBUI, KOTOPBIE CTPEMATCS YNOPS/I0OMUTH HOHBI,
H TETIOBOTO ABHXEHHS, CTPEMSALLErOCS PacnosioUTh UX Xa0THYeCKH. B
OTCYTCTBHE BHEILHErO 3JIEKTPUYECKOrO MOJis HOHHAS aTMocdepa uMeeT
LIApPOBYIO CHMMETPHIO, a ee 3aps/ PaBeH 10 BeJMUYMHE W MPOTHBONOJNIO-
KeH 10 3HaKy 3apsAAy LEHTPaNbHOro HoHa.

Pacnpenenenue 3apsia BOKPYI ILEHTPAJLHOIO MOHA OMHCHIBAETCS YPas-
Henuem [lyaccoHa, cBA3bIBaIOUIHM OObEMHYIO MJOTHOCTb 3apsaa C no-
TEHLMAIOM Ha PACCTOSHUH ¥ OT LUEHTPAJILHOIO MOHA.

PacnpeneneHre HOHOB B pacTBOpe, BO3HHUKAlOLLEE N0 AEHCTBUEM DIIEK-
TPOCTATHYECKHX CHJI, ONMHCHIBAETCS pacnpejieneHueM bonabumana.

KOhhuyuenmos axmuenocmu y.



naea 3. dnekTpoxumust

e PaccmarpuBaioTcs pa3baBieHHbIC pacTBOpBI, A KOTOPLIX COOCTBEH-
HbIMH pa3MepaMH MOHOB MOXHO npeHebpeub No CPaBHEHUID C pPaccTosn-
HHEM MEXAY HUMH, MOITOMY HOHbI CHUTAIOT 3apPSHKEHHBIMH MaTepUalb-
HBIMH TOYKaMMU.

¢ [lpeanonaraercs, 4TO BCE OTKJIOHEHHMS PacTBOpPa OT MAEAILHOCTH O0Y-
CJIOBNIEHBI B3aUMO1IeHCTBHEM MOHOB C HOHHOM aTMocdepoil.

C yueToMm BbllueNpuUBEIEHHLIX JAONYLIEHHH NONYHAETCH YPABHEHHWE nep-
goco npubnudicenusi Teopun Jlebas—Xrokkens, HazbiBaeMoe Takke npedes-
nuim 3axonom ebas—Xwrkkens ans cpeaHero koddpduunueHTa akTHBHOCTH:

]th = _Alzdrz-]\/-? ’

TUE Z+ W Z_ 3apAZibl KATHOHA W aHMOHA, [ — uoHHas cuna pactTBopa, A — KOH-
CTaHTa, 3aBUCALLAS OT [UIOTHOCTH P U AUBNEKTPUUECKON NMPOHUUAEMOCTH €
pacTBOPHTENS U TEMIMEPATYPb:

A_(ZKPNA)IQ 82
In10 dneekT

Hns Boagworo pacteopa npu 25 °C 3nauenue 4 pasHo 0.510 monb”
|
2kr'?. 118 BbIMMCACHUS K03(pPUUNEHTOB aKTUBHOCTH OTAELHBIX HOHOB
ucnonb3ytor (11.15) 8 Buae

1/

igy, = “AZ?\/?-

Cornacto ypasxenuto (11.15), norapudm cpensero xosdduuueHTa ak-

THBHOCTH JMHelHO 3aBucuT 0T v/ . D10 COOTBETCTBYET HauajlbHbIM y4acT-
Kam KpHuBbIX Ha puc. 11.1 nipy HU3KUX HOHHBIX CUNAX pacTBOpa. YpaBHEHHE
(11.15) cnipaBeAnKBO 10 HOHHOM cuibi okono 0.01 MOJIbKT .
YueT KOHEHHOro cOOCTBEHHOro pa3sMepa MOHOB MO3BOJAET MOJYYUTL
ypaBHeHUe 8mopozo npubauxcerus Teopun Jlebas—Xrokkens:
]: LI | AT

gy, =——"—F—

1+BJI
rae napameTp B, cBa3aHHblil ¢ 3(DEeKTHBHBLIM AHAMETPOM HOHOB B PacTBO-
pe. HaxoaaT, 100UBaACh HaWJIy4ilEero COBNAaACHHUs YPaBHEHHS C ONbITHBIMU
naunsiMu. CootHotuende (11.18) cnpaBeayiuBo 10 HOHHOW CHIIb! OKOJIO
0.1 Monb-kr .
[Npubnuxennoit dopmo#i coornowenns (11.18) apnserca ypaBHeHWe
INoutensbepra:

|z+z_| AT

lgy, =— 221277
eYe 1+1

B KOTOPOM napamMmeTp B cuurtaercs pdaBHbLIM CAHUHHULEC J1d BCEX DJICKTPOJIH-
TOB. IJTO YpaBHEHUE y,LlO6H0 TEM, H4TO HE COACPXHUT IMIIMPHUYECKUX Mnapa-

(11.15)

(11.16)

(11.17)

(11.18)

(11.19)
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176 Fnaea 3. OnekTpoxumus

METPOB M YAOBAETBOPHUTEIbHO ONMHUCHIBAET NOBEAEHHE MHOTHX 3EKTPOJIHTOB
210 KOHUeHTpauuii nopsaaka 0.1 MOJIb-KI .

Hns onucanus panbheliwero pocra ko3¢ GUUHEHTOB aKTUBHOCTH C YBe-
JMYEHHUEM KOHUEeHTpaluu pacteopa B ypaBHenue (11.19) sBoasaT cnaraemoe
C7 (C — amnupuueckuil napaMeTp) ¥ NONYHAIOT YPABHEHHE Mpembeco npu-
oaudcenus teopuu Jebas—-Xiokkens:

]zg_fA\/;

(11.20) gy, =-—————=—+CI.
- 1+ BJT
[1pu cootBercTBYyOIEM noadope napametpoB B u C 3T0 ypaBHeHHWe Mo-
3BOJISET OMMUCaTh IKCNEPUMEHTANIbHbIE IaHHbIe 10 Ko3(duureHTaM aKTus-
HOCTH [0 HOHHOM CHJTbI TIopsiaka | MOb-Kr™.
YpaBHenue XapHena u OysHa COAEPHHT IONONHUTENBHOE Claraemoe
DI* (D - IMIUPUYUECKH NapaMeTp) U UMeeT BUJ
z,Z_ A\/?
(11.21) gy, =-—|—i—L—-—-+CI+1>12
1+ BT

OHO yAOBAETBOPUTENBHO OMUCHIBACT IKCIEPHMEHTANIbHbIE AAHHbIC 10
k03¢ dHLHEHTaM aKTUBHOCTH A0 HOHHOM CHAbl NMOpAJKa HECKOIbKHX
MOJTb-KI .

LEPHMEP;)—I_]

Ipumep 11-1. PaccuuTaiite aKTHBHOCTL DJIEKTPONNTA d U CPENHIOI0
HOHHYI0 akTUBHOCTH a; B 0.1 m pactope CaCl, npu 25 °C, ecnn cpenHuid
MOHHbIH K03 dHUMeHT akTUBHOCTH T = 0.518.

Pewenue.

a, =0.518-0.1-(1'.2%)"* = 8.223.10™
a(CaCl,y) = (a,)" = 5.56-107"
Omeem.a;=8223-107% a(CaCl,) = 5.56-107",

IIpumep 11-2. Paccunraiite MonsiabHOCTb pacTBopa Na,SOy, umerouiero
-1
HoHHY cuiy 0.24 mons-kr .
Pewenue.

1"=O.5(m]z,:Z +m222),

rae m; M my — MOJAJIBHOCTH KaTHOHAa M aHWOHa CONW, PABHbLIE COOTBETCT-
BCHHO n1y = 2m, my = m, TAe M — MOJAJILHOCTb pacTBopa Na,SO,.
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Orcrona
0.24=0.5 2m-1* + m-2%)
m = 0.08 MOIb-Kr .
Omeem.m=0.08 monbkr .

Ilpumep 11-3. Pacteopumocte AgCl B Bosme npu 25°C paBHa
1.33-10 ® monb-kr™. Paccuuraiire:
a) cTaHaapTHYHo 3Hepruto I'nbbca ans peakuuu

AgCliw) = A (ag) + Cl(ag;

6) pactBopumocts AgCl B 0.01 Monb-kr' BogHoM pactBope KNO;.
Pewenue. a) KoncTanTa paBHOBeCHs 11718 peakuuu

AClirs) = Ag (aq) + Clag)
paBHa
K=a(Ag )a(Cl")= 'yiz-mz.
Honnas cuna pactsopa
I=m=133-10" monbkr .
Toraa
Ig v: = —0.510-(1.33-107)"%,

oTkyaa v: = 0.996.
CrnenosarejibHO

K=0.996%(1.33-107°Y = 1.75-107"°,
Otcrona
AG® = —RTInK = +55.7 Jli-Mons ™.
6) Monuas cuna 0.01 Monb-kr' pactBopa KNO;
I=m=0.01 monb-kr .
Torna
Ig s =-0.510-(0.01)°°,
otkyaa y: = 0.889.
m=K"/y.=(1.75107""°%/0.889 = 1.49-107°.

L_3A;{Aqm

11-1. Bonuwifi pactBop, cosepxauuit 0.225 monb-kr | NaOH, 3amep3aeT
npu —0.667 °C. Onpeaenute kaxyulylocs crenedb auccouyrauud NaOH B
3TOM pacTBOpe, ECIH KPHOCKONUYecKas KOHCTaHTa BoAb! paBHa 1.86.
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11-2. OcmoTuueckoe nasneHue kpoBu cocrasiser 0.811 MIla. Kaxoga
fomxkHa ObITh KoHUeHTpauus pactBopa NaCl, uTo6bl oH Gbl1 U30TOHUYEH C
kpoBbto? [Tpumure crenens auccounauuu NaCl pastoit 0.950.

11-3. Boauble pacTBopbl caxapo3bl K KNO; M30TOHMYHbBI NpY KOBUEHTpaUu-
ax 1.00 u 0.60 mons-n1' coorserctBenno. Haiinure KOKYLLYHCS CTeNneHb
auvccourauuu KNO; B pactBope.

11-4. BuiBeaure Buipakenus ais akrusuocreit NaCl, CaCl,, CuSO4 u LaCls
yepe3 WX MOJSUILHOCTH M U CPEAHHE HOHHbIE KO3 PHUUHEHTHI aKTHBHOCTH Y.

11-5. Cpennuii nonnslii ko3¢pdrumnent aktusHoctd 0.1 M BoaHoro pac- .
tBopa HCI npu 25 °C pasen 0.796. PaccuuTtaiite aktusHocte HCI B 3TOM
pacTBope.

11-6. Cpeauuii nonnsiii koadpduumnent aktnBHoctu 0.1 M BoaHOro pacteopa
H,S04 npu 25 °C pasen 0.265. Paccuutaiite aktusHocts H.SO, B pacTsope.

11-7. PaccuuTaiite akTUBHOCTb JMIEKTPONUTA @ U CPCAHIO MOHHYIO aKTHB-
HocTb as B 0.2 m pactBope AlCl; npu 25 °C, ecnu . = 0.305.

11-8. PaccuutaiiTe MOHHYIO cuily pactsopa, coaepxkatuero 0.10 Mosb-Kr '
KCl 1 0.20 Monb-kr™' CuSOs.

11-9. PaccuuTaiite HoHHYIO cuny pacTBopa, coxepxaulero 0.040 MOIb-KT |
K3[Fe(CN)g], 0.030 monb-kr™ KCl 1 0.050 Monb-kr~' NaBr.

11-10. Paccuyuraiite MonsnbHOCTh pactBopa Al(NQO;);, HMeEOUICTO HOHHYIO
cuny 0.30 Monb-kr '

11-11. PactBop NaNO; umeer nonunyio cuny 0.30 MOAb™KI . Yemy pasHa
MOJIANBHOCTb pacTBopa Aly(SO4);, MMEIOUIErO TAKYIO e HOHHYIO CHiTy?

11-12. Yemy paBHa MonsnbHOCTh pacTBopa Na;POy, UMEIOUIEro Takyw xe
HOHHYIO cuiy, kak 0.36 MOJTb-KT pactsop KCI?

11-13. Paccuuraiite maccy Ca(NO;),, KOTOpylo HyxHO 100aBUTH K
0.150 Monb-kr ' pactBopy K NO;, conepxatuemy 500 r Boasl, 4To0bl yBeH-

4UTb €r0 HOHHYIO cHnty 10 0.250 Momb-kr ™.

11-14. Hcnons3ys nepsoe npubnuxerune Teopun JlebGas—Xrokkesns, paccuu-
TalTe KO3 dULHEeHTb! akTHBHOCTH HOHOB K, AP 1 SO, B 1.0-107 Monba!
pactBope KAI(SOy); npu 25 °C.

11-15. Ucnonwsys nepsoe npubikenne teopun Jlebas—Xwokkens, paccun-
P 2+ . o

Taiite kKoddduimenThl akTuBHOCTH HonoB Ca” , Cl u cpenHUH MOHHBIN KO-

sdppunment aktusroctH B 0.002 Monb-n™' pactBope CaCl, upu 25 °C.

11-16. Ucnonb3ys nepeoe npubmnmxernue reopun Jlebas—Xiokkens, paccuu-
.~ + 2- e w“
talite k03pPUuUEHTHl aKTHBHOCTH HOHOB Ca’’, SO, u cpenHuil HOHHBIH
"'1 "~
ko3¢ duuuenT akruaoctu B 0.001 monb-n~ pacrsope CaSO4 npu 25 °C.
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11-17. KoHcTtanTta Juccounanuu YKCYCHOH kuciioTel nipH 25 °C paBHa
5 -1
1.75-10 " Mons-i"'. Hcnoas3dys nepBoe npubnwxenue teopun [ebas—
Xiokkens, paccuuTaiiTe CTeneHbh AUCCOLMALMH KUCIOThl, €CIH ee MONANb-
-1
HocThb paBHa 0.100 monb-Kr .

11-18. Cpennuii woHHbIH KodpduurenT akTuBHOCTH B 0.500 MOMb-kr' BOA-
Hom pactBope LaCl; npu 25 °C paeen 0.303. KakoBa owunbka B onpeneneHnu

3TOH BEJHUYHHbBI N0 nepeoMy npubnwkenuto Teopuu Hebas—Xiokkensn?

11-19. PactBopumocts AgyCrOy4 B Boae npu 25 °C pasHa 8.00- 107 monb™!,

a B 0.04 Mmonp-a™" pactBope NaNO; 8.84-10° monb-n"'. Paccuuraiite cpen-
HHIl HOHHBIH Kod(pduLMEHT akTiBHOCTH Ag,CrOy4 B 0.04 Monb-™' pacrBope
NaNO;.

11-20. Pacteopumocts AgCl B Boste npu 25 °C pasna 1.33-10 > Monb-n .
Paccuuraiite pactsopumocts AgCl 8 0.1 Montb-KI BojHOM pacteope KCl, B
xotopoM v+ = 0.770.

§ 12. D1eKTPONIPOBOAHOCTH PACTBOPOB
3JIEeKTPOJIUTOB

CnocoOHOCTL pacTBOPOB NIEKTPONIMTOB MPOBOAHTE 1eKTPHUECKUH TOK
o0ycrnoBieHa WOHaMH, 0Opa3yIOIIHMHUCA NMPH JUCCOLMALMUA 3IEKTPOJUTOB.
DKCNEPUMEHTANBHOC H3YUYEHHE IJIEKTPOTNPOBOAHOCTU PACTBOPOB (KOHOVK-
momempusl) SBISETCS OAHWM M3 BaXHBIX HarnpaBleHUR (H3UKO-XUMUYe-
CKOTO aHajiu3a W T03BOJIAET MOJy4yaTb WH(pOPMALUIO O Pa3avyHBIX CBOHCT-
BaX pacTBOPOB — ONMPEAENAThL CTENEHH U KOHCTAHTbI JUCCOLMALMH IJIEKTPO-
JWTOB, PacTBOPUMOCTb TPYJIHOPACTBOPUMBIX coneii U T.n. [IpuMeHstoT
TaKKe KOHOYKMOMEMPULNECKoe mumposaiiue, B KOTOPOM TOYKH 3KBHBAJICHT-
HOCTH OFAIPEAENAIOT MO U3MEHEHHUIO INEKTPONPOBOJAHOCTH PacTBOpa.

OnektponposoaHocTs K pacrsopa — BenuuuHa, obpaTHas ero corpo-
THBJEHHIO R:

e p — yAeNbHOE COMpOTHBIIEHHE; S — MIOWAAb MEKTPOAOB; [ — paccTosiHUE
MEXIY BIEKTPOJaMHU; K — YAENbHas 3J1eKTPONpPOBOXHOCTh (BeJIMUMHA, 0D-
paTHas yIesibHOMY CONPOTHBIIEHUIO).

B cucreme CH 3neKkTponpoBOAHOCTL HMEET pasMEPHOCTb CHUMEHC
(Cm=0m").

Yoerwnoi anexmponposoonocmeio K («kanna») pacTBopa Ha3bIBAETCS
MEKTPOIPOBOAHOCTL 0ObEMA PAcTBOpPA, HAXOAALIErocs MEXAy MapauiefibHbl-
MH SJIEKTPOZaMK MIOLANbI0 | M? KaKabiH, PACTIONOKEHHBIMU HA PACCTOSHHM
1 M apyr ot apyra. B cucreme CH yaenbHas 3neKTpOnpoBOIHOCT U3MEPAETCH
BOM "M wm Cmem Hcnonb3ytor Takke eAHHUHBI Om ' -eM™ wu Cmeem ™.

.

(12.1)
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180 Fnaea 3. 3nekrpoxnmus

U3 dopmynst (12.1) cneayert, urto
(12.2) k=K - —=—.—,

Takum obpazoM, ang onpeleneHns K U3 U3MEPEHHOH BEJIMYHHB] CONpPO-
TUBJIEHHS R pacTBOpa HeoOXOAMMO 3HATh MOLMAb 3JEKTPOLAOB H PaccTos-
HUe Mex Ay HUMH. Ha npakTuke 3T BENWYUHbI HE U3MEPSIOT, a ONpPEAesaoT
TaK Ha3bIBAEMYIO Kowcmanmy sueuxku k=1/S (pasmepHocTb CM_I). Kon-
CTaHTY AYelKH ONpeAensAoT U3 U3MEPEHHS BNIEKTPONPOBOAHOCTH PacTBOPOB
C TOYHO M3BECTHBIM 3Ha4YeHueM K (00bluHO HcnonbdyroT pactBopel KCI on-
peleneHHON KOHUEHTpaunHu). 3Hast KOHCTaHTy A4eHKH, YAENBHYIO 3JIEKTPO-
NPOBOJHOCTb PaCCHUTHLIBAIOT 1o GopMyie

(12.3) =K k=%,
R

Ha kpuBBIX 3aBHCHMOCTH YAENLHOMH
80r HCI ANEKTPONPOBOJHOCTY OT KOHUCHTPALUU
oObiuHO  Habmopaerca Makcumym. C
YBENHYEHUEM KOHLEHTPAUMH YAENbHEA
9MEKTPONPOBOJHOCTL CHauyaja pacTeT,
MIOCKOJIBKY YBEJNHYUBAETCS  KOJNHYECTBO
MOHOB B pacteope. [lpn aganbHelimem
YBENTMUEHUM  KOHUEHTPALMH  CHJIbHbBIX
DNEKTPOJIUTOB MEXMOHHOE B3aWMOAEHCT-
BHE BO3pPacTaeT HACTOJIbKO CHLHO, YTO
MPUBOAUT K CHHIKEHUIO CKOPOCTH ABHXKE-
HUS MOHOB M YMEHBLUEHHIO YAEJbHOH
2JIEKTPONPOBOAHOCTH pacTBopa. B pac-

[
<
T

1

20

i /.wos)z TBOpax cjaabbiX 3JIEKTPONHTOB CKOPOCTb
MgSO4
JBHXEHHS MOHOB M0 3aBHCHT OT KOH-
T
ol CH?*CLOOH . 3
0 s 0 s LEHTPAUNH, OIHAKO C YBETHYECHHEM KOH-
C, MOfb- 11" LICHTPALWK PaAcTBOPa YMEHbLIAETCS CTe-
NEHb JUCCOLHALIMH, YTO TAKXKe NPUBOUT
Puc. 12.1 3asucumocmb yoenvHou K YMEHLIUEHHIO YAEIbHOH JIeKTPOnpo-
— AEKMPONPOBOOHOCMU

BoAHOCTH (puc. 12.1).

Monspunas  onexmponposoonocms A
(«namGaa») cBsA3aHa ¢ yAeNbHOH 3Jlek-
TPONPOBOHOCTHIO COOTHOLLEHHEM

Om KOHYeHmpayuu
ONAA HEKOMOPBIX INEKMPOIUMOB

(12.4) A=—=x-V,

e ¢ — MOJISpHas KOHUEHTpaLus (MONsIpHOCTS) pacTBopa, V' = 1/c — passene-
Hue (unu pazbapieHue) pacTBopa.
B cucreme CH MoJIspHYIO 31€KTPONPOBOAHOCTD H3MEPSAIOT B Cm-M*-mons ™.
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Hcnonb3yloT Takke MOHATUE IKBUBAREHMHOU 3]1eKMPONPOBOOHOCU A,
KoTopas noJiyyaercs, eciu B opmysie (12.4) BMeCTo MOAPHOH HCMOL30-
BaTb O3KBUBAICHTHYI0 KOHUEHTPAUHUIO (HOPMANBHOCTb). OKBUBAIEHTHYIO
3EKTPONPOBOAHOCT OOBLIYHO M3MEPAIOT B Om ™ -cM™-T-3KB™'; MCTONB3YIOT
TaKke eauHuubl CM-m>r-okB” H Cm-cm>r-3ke™'. MonsipHas 3JIEKTPONpo-
BOAHOCTb paBHa MPOU3BEAEHUIO 3KBHBAICHTHOM 3JIEKTPONPOBOAHOCTH Ha
YKCJIO IKBUBAEHTOB B OIHOM MOJIE BELIECTBA.

DKBUBAJIEHTHOIT 3JIEKTPONPOBOAHOCTBIO HA3bIBAETCA BJIEKTPONPOBOJI-
HOCTb OObEMa pacTBOpa, coaepatluero 1 r-dkB paCTBOPEHHOIO 3JIEKTPOINTA
M HaXOJSMILErocs Mex(ay NapauieibHbIMH 3JJEKTPOAAMH, PacnoOKEHHbBIMH
Ha paccrosHud | M apyr ot apyra. Takum oOpasoM, Mexay 31eKTpoJaMu
npu A1060if KOHUEHTpALMY pacTBOpa HaxXOAMTCH | r-3KB pacTBOPEHHOro
SJIEKTPONIUTA, NOITOMY H3MEHEHHE OSKBHBAJICHTHOH BJIEKTPONPOBOJHOCTH
npH U3MEHEHUH KOHUEHTpaLHu pacTBopa 00YCNOBIEHO W3MEHEHHEM CTere-
HW auccouMauuu  (ans  cnabwblx
EKTPOIIUTOB) UIH MEXUOHHBIMH
B3aUMOJEHCTBUAMH (/1 CHIILHBIX 400 - HCI
EKTPOIUTOB). —

ODKBUBAJICHTHA  3NEKTPOMNpO-

BOJHOCTb A, paCTBOPOB DJIEKTPOJH-

TOB BO3pacTaeT C pocTOM pa3bas-

neHus pactBopa M npy OeckoHeu-

HOM pasbaBneHWd (TO eCcTb npH g

OeCKOHEYHO Manoil  KOHUEHTpa- v

LUMM) acHMITTOTHYECKH NpHOMMwKa- 3 (COOH),

eTest K NpeaenbHoMy 3HaveHmio A, S

KOTOPOE HAa3biBACTCA HPEOeNbHOuU < CaCl,

SKEUBAIEHMHOU  2NEKMPONPOBOO-

HOCMbIO pacTBopa npu OeckoHeu- 100 ket

HOM pa3BeleHUH, COOTBETCTBYIO- Cus0,

IIEM OTCYTCTBHIO MEXHOHHOTO CH,COOH

B3aumoneicteus. Jlna  ciabeix

3NEKTPONUTOB MPEAENLHOTO 3Ha- 0 200 800 1000

yenns A’ SKCHEPUMEHTANBLHO 10C- »

THYb HE yaaeTca (puc. 12.2). V, a-r-aka
B pasbaBneHHbIX pacTBOpax 3asucumocms 3K8UBARCHMHOU

AEKMPONPOEOOHOCMU Om pazbasnenus

CHJIBHBIX 3JIEKTPOJIHTOB BbINIOJIHA~
ONA HEKOMOPbIX ZAEKMPOIUMOE

ercs IMAHpHYeckuit 3axon Kone-
payuia (3aKOH KBaJIpaTHOTO KOPHS):

A=A° - 4avc,

rae A 1 A’ — SKBUBANEHTHAA JNEKTPONPOBOJHOCTh PACTBOPA NMPH KOHLEH-
Tpauku ¢ ¥ npu OeckOHEUHOM pa3BeaeHHM, A — KOHCTaHTa (ripd AaHHOH
TeMIeparype) A AAHHOIO MEKTPOIHTA U PAaCTBOPUTENS.

Puc. 12.2
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(12.6)

(12.7.a)

(12.7.6)

(12.7.8)

(12.8)

(12.9)

CTpos rpauK 3aBUCMMOCTH A OT /¢ U SKCTPanoiupys ce Ha HyJeBYyHo
KOHUEHTPAaLUMIO, H3 OTCCKaeMOro Ha OCH OpJMHAT OTPe3Ka MOXHO YCTaHO-
BT 3Hauenue A . [[ns cnaGbiX 3MEKTPONHTOB TaKas IKCTPANOAUHS HEBO3-
MOXKHa H3-3a HETMHEHHOCTH 10J1y4aeMoil 3aBUCUMOCTH.

B pacTBopax ciiaGbix 31eKTPOTMTOB A 1 A CBA3aHbI CO CTENEHBIO JHC-
coLMaLMK oL SNEKTPOAUTA ypasHenuem Appenuyca:

A‘ .
-}\7)_ =0.
Kpome Toro, Bbinosusercs 3axkon pasgedenuss Ocmearvda, KOTOpbIH ans

OMHApPHOTO DNEKTPOAUTA 3aNUCHIBACTCS CJIEAYIOLUIMM 00pazom:

rjie K — KOHCTaHTa /IMCCOoLHaIliK €1ad0ro 3J1eKTPoIUTa.
[Toncraenss (12.6) 8 (12.7.a), nosiyyaeMm eille oAHy (opMy 3aKkoHa pas-
BeaeHud OcTBajibaa:

K=ot
AP =)

[Tocne npeobpaszoBanus nosgyyaem

AC

T, A
A Al k(A ‘

Takum obpazom, ctpost rpaduk 3asucumocTu 1/A oT Ac, U3 HakiOHa
rpacduka U OTpe3Ka, OTCeKaeMOro Ha OCH OpJHHAT, MOXKHO YCTaHOBHTH 3Ha-
yenus K u A%,

DAEKTPONIPOBOJHOCTh JJIEKTPOJIMTOB CBA3aHA CO CKOPOCTSMH ABHXKe-
HUS HOHOB B pacTBope. CKOPOCTb ABHXeHHs V; [M-c''] HoHa B pacTBope
NPONOPLHOHANbHA HANPSXEHHOCTH NMPHUJIOKEHHOr0 NEKTPUYECKOro nos
E[BM']:

V, - u;E-
2 -l -l
KoaddpuumeHt nponopunoHanbHOCTH i, [pasmephocTs M™-c -B™'] Hasbl-
BaeTCA abCOMOMNOU NOOBUICHOCNBIO NOHA.
[Mpoussenenue u,F (F — nocrosHHas (bapanes) Ha3bIBACTCA HOOBUNCHO-
12 -
cmoio woHa A, [pasmepHocts OM ™ -M>Kkr-2kB™ |:

k,‘ = u,F.

IMoaBuxkHOCTL MOHA Npu GecKOHEYHOM pa3baBieHUU Ha3bIBAaCTCA npe-
0enbHOt noosUMXCHOCMbBIO HOHA U oOo3HauaeTcH ?&,0. [Ipenenabubie NOABHXK-
HoctH A,° HEKOTOPbIX HOHOB B BOJHOM pacTBope npu 25 °C npuseieHb! B
npunoxenu (tabn. f1-10).

B s R
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CornacHo 3axony Koavpaywa o He3aBUCUMON MUTrpauuu HOHOB, 3KBH-
BANEHTHAs BJIEKTPOIPOBOAHOCTL PacTBOpa Npu OECKOHEYHOM pa3BelCHHH
paBHa CyMMe MpeaesibHbIX NOABHXKHOCTEH KATUOHOB U AHUOHOB!

A0 =A% +A°.

Ousnueckuil CMbICT 3aKOHA 3aKJIIOUAETCs B TOM, YTO B pacTBOpE dJEK-
TPOJIMTa HOHbI NEPEHOCAT INEKTPHUECKUH TOK HE3aBUCUMO APYT OT Apyra.

Jns HaxoxAeHUs npeaenbHON NOJABMXXHOCTH OTJE/LHOMO HOH@ HeoBXo-
JAMMO 3HaTb BKJIAA KaXIOTO0 BMAA HOHOB B 00UlyIO 31eKTPONpPOBOAHOCTbL
pacteopa. Jlons Toka, nepeHoCcHMas JaHHbIM WOHOM, HAa3biBACTCA HUCAOM
nepenoca t, woua. Jlna 6uHapHoro snekTposnuTa

1 u A

- + +

{ = = =
oL+l u, +u. A+

I u A

:]++1_ _u* +u :L +A

Ecnu B pacTBOpe CONEPKMTCS HECKOJIBKO BJICKTPOJIMTOB, TO YHMCO Te-
peHoca i-ro HoHa paBHO

{ = ‘[: - Cl?\'l
i - bl
210 ek
NPpUYEM 110 OHPCACNCHHUIO Zt' =1. 3nag yucna NEpeHOCa KaTHOHA H aHUO~

Ha, no ypaBHeHuto (12.10) MOXHO paccuuTath npenenbHyI0 NOABHXHOCTD
OTAEILHOTO MOHA.

[Mockonbky B o6lieM caydae noJBUMHOCTH KAaTHOHA U aHUOHA U3MEHS-
IOTCSA OT KOHLUEHTPAUMHU HEOJAMHAKOBO, TO YWCIIA NEPEHOCA 3aBUCAT OT KOH-
ueHTpauuu pactsopa. Kpome Toro, ukcna nepeHoca s OAHOH U TOM XKe CO-
MW B pa3HbiX pacTBOPUTENAX pa3iHyaloTCsad, 4TO OOBACHAETCA pazHOMH
conbBaraliieil KAaTHOHOB K AHHOHOB B PAa3HbIX PACTBOPUTENAX.

CyliecTByeT psi/l IKCNEPUMEHTAIbHBIX METOJIOB OTPEAEIEHUS YUCEN Me-
penoca. B memoode 'ummopgha unciia niepesoca onpeaensior 1o H3MeHeHHIo
KOHUEHTpaUUii KATHOHOB U AHMOHOB B aHOJHOM H KaTOAHOM NPOCTPaHCTBaX
3NEKTPOXMMHUECKON A4EHKH, BBI3BAHHOMY MPONYCKAHHWEM 4epe3 pacTBOp
onpeaeneHHoro KoJau4ecTBa 3MeKTPUYECTBA C TOMOLUBKO TOCTOSSHHOTO TOKA.
B memode osuscywetica cpanuysl yucna fiepeHoca ONpeaeastorT no nepe-
MELLEHHIO TPAHULbI MEXY ABYMA pacTBOPaMH MpPH NPOMYCKAHUKW NOCTOSAH-
HOT'O JIEKTPUUECKOTO TOKa.

[TpenensHsie MOABMXHOCTH MOHOB BOJAOPOAA M MAPOKCHNA B BOAHBIX
pacTBOpax B HECKOJIbKO pa3 MPEeBbILLAIOT NpeenbHble MOJBUXHOCTH APYrHX
uoHoB (cM. T1abu. T1-10 B npunoxeHuun). 310 ABAEHHE OOBACHAIOT OCOOBIM
IcmagpemHbIM MEeXaHU3IMOM TIPOBOJUMOCTH 3THUX HOHOB. COracHO 3TOMY

(12.10)

(12.11.a)

(12.11.6)

(12.11.8)
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(12.12)

(12.13)

(12.14)

(12.15)

(12.16)

MEXaHH3MY, B KUCIIOH Cpeae OCYLUECTBASAETCHS MEPEHOC NMPOTOHA OT HMOHA
THJPOKCOHHS K COCEJHEH COOTBETCTBYIOLUMM 0Opa3zoM OpHEHTHPOBAHHOM
MOJIEKYJIE BOABI:

+ +
H—(l)“m(i)——l{ —_— H—([) + H-—-(i)——H
H H H H

AH&HOFM‘{HHFI nepenoc npo'mﬂa oT MOﬂeKyﬂb! BOJbl K MOHy FHﬂpOKCH-
nia ﬂpOHCXO}lHT B UlCJIO‘iHOf;I cpe;:[e:
O + H—HO —> O—H + 0O

[ i i !
H H H

[Tockonbky NMpOTOH TPpYAHEE OTILENIAETCH OT MONEKYJibl BOAbI, YEM OT
MOHA FUAPOKCOHHS, TIOABMXXHOCTL HOHA THAPOKCHIA MEHblIE, YeM NMOABHXK-
HOCTb HOHa BOAOPO/A.

IMpocreiiiiel MOaENbIO ABUKEHHS HOHA B PACTBOPE ABNACTCA JIBHXKEHUE
3apsHKEHHOro LapuKka B 0JHOpoAHOH cpene. CornacHo saxony Cmokca, cy-
na TpeHwus, AeicTByiolas Ha WwapooOpasHyl HaCTHLY C PAJUYCOM F, ABH-
XKYLLYIOCS CO CKOPOCTHIO V B HENPEPBIBHOMN Cpe/ie C BA3KOCTDLIO 1), paBHA

Frp=6mmrv.

DneKTpU4ecKas CUia, BbI3bIBAIOILAA JBW)KEHUE HOHA, PaBHa MPOU3BE/C-
HUIO 3apsAla HOHA |z|e U HANPSHKEHHOCTH DJIEKTPHUECKoro nons E:

Fin = |zleE.

B CTalHOHAPDHOM COCTOAHHH, KOrja MOH paBHOMCPHO ABHXXETCA B pac-
TBOPE, 3TU ABEC CHJ/IbI PABHLIL

|zleE = 6mnmrv.
Orcro1a cKOpOCTb ABHXEHHS HOHA paBHa
lzl ek
y= ,
6mnr

0
H, B cootBeTcTBUH ¢ (12.8) u (12.9), npeagenbHas NOABHXXHOCTE A HOHA
onucsiBaeTcsa Gopmynoii:

?\.0 — lzl eF
6mnr .

Mo ypaBxenuio (12.16) MOXHO U3 npeaensHON MOABHXKHOCTH MOHA pac-
CYMUTATh €ro paguyc, KOTOpbIA Ha3blBalOT cmokcosckum paduycom (rs). B
tabnuue 12-1 comocraBieHbl kpuctannorpaguyeckue M CTOKCOBCKHME pa-
JUYChl ]I HEKOTOPBIX HOHOB B BOAHOM pPacTBOPE.
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ConocTaBleHHe KPHCTALI0TPadHUeCKHX H CTOKCOBCKHX paaMycos  1aonuua 12-1

Hou ra A s,y A Hon R, A Fsis A
Li' 0.60 2.51 Zn*" 0.75 3.25
Na* 1.02 1.84 Al 0.53 438
K* 1.38 1.25 CI 1.81 1.21
Rb” 1.49 1.18 Br 1.96 1.18
Mg 0.72 3.47 I 220 1.17

Kak BunHo u3 tabnunubi, Ais HeOONLLINX W CUIIBHO 3apAKEHHBIX HOHOB
CTOKCOBCKHME PaJHyChl CYLECTBEHHO MPEBOCXOAAT KpHUcTamnorpapuyeckue.
IT0 MOXHO OOBACHUTL TE€M, 4YTO 3TH HOHBI B BOXHOM pacTBope obnagaroT
Honbiuofi ruapatHoi obonoukod. COOTBETCTBEHHO, PA3HOCTL 0OBEMOB U~
paTHPOBAHHOTO W HErMAPAaTUPOBAHHOIO MOHOB paBHa 00bEMY IMAPATHOM
000/104KH, U U3 HEE MOXKHO PACCUHUTATH YUCIIO CBA3AHHBLIX HOHOM MONEKY
BO/Ibl, TO €CTb YUCTO 2UOpAMayuL HOHa.

B T10 xe Bpems, u3z tabnuubsl 12-1 BHAHO, YTO AJ% OCTAIbHbIX HOHOB
CTOKCOBCKHE PaAMYyChl OKa3blBalOTCH MeHblle KpHcTannorpaduuyeckux, Ta-
KOE pacxoXAeHHEe OObACHAETCA
TeM, 4To 3akoH CToKkca nyia omnuca-
HUA ABUXXEHUS HOHAa B PacTBOpeE
CTPOr0 HE TNPUMEHHM, TOCKONIBKY 250+
pasMepbl HOHA COMOCTaBMMbI C
pazMepaMu MOJIEKYJ pacTBOpUTENS, ‘ 5 CI
W €ro MOXHO CUHTATH OAHOPOJHON 200 K’
cpeaoh smwb npubamxkenyHo. Tem p Ca”
He MeHee, X0Td ypaBHeHue (12.16)
He ABJISeTCS CTPOIUM, OHO NOJIE3HO
218 NpUOIMIKEHHBIX PacueToB.

DI1eKTPONpPOBOAHOCTL  PAacTBO-
pOB 3NEKTPOAWTOB YBENMUMBAETCSH
¢ noBbilleHHeM TeMnepatypsl. [Ipe- 1 :
AejbHAs TMOABHKHOCTL OOJbLUIHH- 50
CTBa HOHOB B BOJHOM pacTBOpe NMpH , A
100 °C B8 5-6 pa3 Bbiule, 4eM NpH
0 °C. (puc. 12.3). :

Takast 3aBHCUMOCTbL B OCHOBHOM 0 20 40 60 80 100
obycnosneHa yMeHbIIEHUEM BS3KO- t, °C

CTH BOAbLI TIpUH MOBBIUIEHUH TeMIe- .
ABL TP 3asucumocms npedenvHoil Puc. 12.3
patypbl. Eciu cuuTath, 4to panuyc ROOGUICHOCMIU HEKOMOPbIX UOHOB

TUIPAaTUPOBAHHOIO MOHA HE 3aBUCHUT om memnepamypol

OT TEMMepaTypbl, TO U3 ypaBHEHHS

(12.16) cneayer npasuro Banvoena—ITucapoicesckozo, cOrnacHo KOTOPOMY
npu moboi Temneparype:

5 SO~

1

0 -
A%, Cm-cM”-r-3KB ™'
>
<o
1
ya
n?'(-

=
S
{

()

-0
.

A°n _der _ (12.17)

6rnr
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(12.18)

CootHouuenue (12.17) BbiMoOnHAETCS B LIMPOKOM UHTEpBaje TeMNepaTyp
TOJILKO AJi HeOONBILOrO YHCAA UOHOB, YTO OOYCIOBACHO KaK HECTPOTrOCThLIO
3akoHa CTOKkca, TaK U U3MEHEHHEM pajiiyca THAPATUPOBAHHbIX HOHOB TpH
W3MEHEHUH TemnepaTypbl. B LenoM npy noBbILIEHHH TEMMEPaTypbl NPOU3-
BEJEHHE ?Lon YMEHbILIAETCA, HO 3TO yMeHbuieHue B uHTepBasie ot 0 °C no
100 °C ne npesbiwaet 25%.

Ipu nmocTosHHOI TeMnepaType, coraacHo cootHowenuio (12.17), npo-
u3seseHde A’ NS OJHOTO W TOTO K€ MOHA B PasHbIX PacTBOPUTENNX
JOJKHO OCTaBAThCS MOCTOSHHBIM. DTO COOTHOLIEHME NMPHOMMKEHHO Bbi-
OJIHAETCA TOJIbKO AAs OoNblIUX M cnabo CoNbBAaTHPOBAHHBIX MOHOB, MO~
CKONbKYy B oOLIEM cllyyae CONbBaTauHs MOHOB B Pa3HbIX pacTBOPHTENAX
pasiuyHa.

TeopeTHyecku onKcaTh 3EKTPOIPOBOAHOCTb pa3baBleHHBIX pacTBOPOB
CHJIBHBIX 21€KTPOJINTOB M03BOJHNA meopus [ebasi—Xwkreas—Oncazepa.

Otnuune A oT A° B pacTBOpax CHIbHBIX IEKTPOIHTOB OOBACHIETCS Me-
WUOHHLIMU B3anmopeiictBusamu. Cornacho Teopun Jebas—Xiokkens (cM.
§ 11), kaxablit HOH B pacTBope okpyxeH HOHHOH aTMocdepoii. CyuiecTBo-
BaHHeM HOHHOH atMocdepbl obycnoBieHbl fBa 3¢dexTa, KOTOpbie BbI3bIBA-
IOT 3aMeleHHe BUXKEHHS MOHOB B pacTBOpE — Daexmpoghopemuyeckui n
peraxcayuonnbiii. dnektpodoperruueckuii 3¢ QeKT Bbi3bIBACTCA TEM, YTO MOA
JefiCTBHEM DJIEKTPHYECKOrO MOJis LEHTPaIbHBIH HOH M OKpYXarollas ero
HOHHas aTtMocdepa JBHXYTCS B MPOTHBONOJIOXHbBIE CTOPOHBI. Takum obpa-
30M, MOH NEpEMELIAETCA He B HEMOABHXKHOI cpee, a B MOTOKE HOHOB, JIBH-
KyLuXxcsa eMy HascTpeudy. Ilpn ABMKEHUM HOH CMELLASTCS M3 LEeHTpa CBOek
MOHHOI arMocdepsl, B pe3ysibTaTe Yero HapyLIaeTcs ee CHMMETPHA, U NI0T-
HOCTb 3apsja Mo3ajM MOoHa okasbiBaeTcd Oonblue, yeM Bnepeau Hero. B pe-
3yJbTaTe Ha UEHTpalbHbli HOH JeliCTByeT BO3Bpallialoulas CHna, 3aMe-
asow@s ero Asikenune. IToT 3hpdext HasbiBaeTCa penakCaulHoOHHbIM, HIIH
3¢ peKToM aCUMMETPHUH HOHHOH aTMochepbi.

Yyer oboux >¢dekToB NpUBOAUT K ypasnenuro Hebas—Xiokkein—
Oncazepa:.

A=A° = (4+BA)We,

rae A v B — ko3 uuneHTl, OMHCHIBAIOLIME COOTBETCTBCHHO 3ekTpodope-
THYECKUI U penakcauroHHbId 3Q¢eKThl U 3aBUCALLIUE OT TEMICPATYPbl, BA3-
KOCTH Y JIU3NIEKTPUYECKOH NPOHHLIAEMOCTH PACTBOPUTENSA, & TAKXKE OT 3aps-
JIOB MOHOB 31E€KTPOJTHTA.

Ypasueuue (12.18) no dopme aHANOMMHHO SMIUPHYECKOMY YPABHEHHIO
Konspaywa (12.5) u, Takum oOpa3om, JaeT ero TeoperHueckoe oGocHOBa-
Hue. Ypasnenue (12.18) cornacyercs ¢ onbITHBIMH JaHHbIMH B pa3baBJicH-
HBIX pacTBopax npu koHueHrpauusax no 0.001 Monb-II" .

Eciu k pacTBOpy 371€KTpONHTa NPUIOKHTE MOCTOSHHOE JNEKTPHUESCKOE
11071€ BLICOKOH Hanps»eHHOCTH (Nopsaaka 10’ B-M"'), TO WOHbI B pacTBOpe
JIBIDKYTCSl HAacTONbKO OLICTPO, 4TO MOHHas aTMocdepa He ycneBaeT cop-
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MUpOBATLCS, B pe3yjbTare uero ucuesarot oba addekTa TOpMOXKEHUS — pe-
NaKcauMOHHbIA H 37ekTpodopeTnuecknit, 1 3eKTPOIPOBOIHOCTL pacTBOpa
CTPEMUTCA K MpeaesibHOMY 3HaueHHio A°. DTo sBicHHe Ha3bBacTCs Ypgex-
mom Buna. B pactBopax cnabbix 3nepr6ﬂnTOB ahdekt Buna BbipaxeH
3HAYUTEILHO CHjIbHEE, UTO OOBACHAETCSA YBEJIMYEHUEM CTENeHU AMccolua-
uuu cnaboro 3EeKTPOIUTA NOA AeliCTBHEM INEKTPUUYECKOIO MOJIs.

[Ton meiicTBHEM NEPEMEHHOTO NEKTPHYECKOro Nojs AOCTATOYHO BBICO-
KO YacTOThI HOH HE YCMEBAET CMECTUTbCSA Ha 3aMeTIioe PACCTOSHHE OT LEH-
Tpa cBoeH WOHHOH armocdepsl, MOITOMY €e CUMMETPHS COXPaHSeTCH, B pe-
3ynbTaTeé UEro MCuHe3aeT pesiakcaluoHHbId 3ddekT, uTO nNpUBOAUT K
BO3PAcTaHMIO INEKTPONPOBOIHOCTH pacTBOpa. DTO ABJEHUE Ha3biBaeTCH
apexmon [lebas—Darvkenxazena. B To ke BpeMs W3-3a HUTMYHA MOHHOMN
atMocdepsl anekTpodopeTuieckuid 3¢ hexT COXpaHseTes.

[_IIPI/IMEP-I;I_-I

Ipumep 12-1. VY nenbhas anexrpotiposoaHocTs 0.135 MOJIB-T | pacTBopa
~ - -1 .
nponuoHoBo#i kucnorel CoHsCOOH pasna 4.79-10 2Cm-m™'. Paccuwmraiire
3KBMBANIEHTHYIO DJIEKTPOINIPOBOJHOCTL PAcTBOPA, KOHCTAHTY AMCCOLMALHNU
kucioTs! 1 pH pacTsopa, ecnu npenensHeie nogsmkHocty H' n C;HsCOO
2 y 2 1
paBhbl 349.8 Cm-cM™-MOsb ¢ 37.2 CM-CM™-MOJIb ~ COOTBETCTBEHHO.
Pewenue. '

2Y=349.8+37.2=387.0 Cm-cm>-Monb .

) |
r=X_ 4.79-10" Cwm Ml =3.55 Cm-cm™Mons .
¢ 0.135mon - 11

a =M\ =3.55/387.0 = 0.009.

a’c 0.009°-0.135 _

= 1.15-107° (MONbJ1 l).
-« 1-0.009

K

[H] = ac = 1.24-10 *(mosb-n ).
pH =—lg[H"]=2.91.

Omegem. A= 3.55 CM~CM2~MOJU)‘]; o= 0.009; K= 1.15-107° Monb'f!‘];
pH=2.091.

IIpumep 12-2, YaenbHas 33€KTPONPOBOAHOCTL HACBILIEHHOTO pacTBOpa
BaCO; B Boze npu 18 °C paBHa 2.540-107 Cm-m™'. YaenbHas anekTponpo-
BOAHOCTb Boabl 4.5-107° Cm-m™'. TloaBmxkHocTH uonos Ba®  u COs™ npu
18 °C paBHbI COOTBETCTBEHHO 55 1 66 Cm-cm>r-okB™". Paccunraiite pactso-
pumocTs BaCO; 8 Boae npu 18 °C B MOJtb-JT |, CYHTast COJTb MOTHOCTBIO AC-
COLHHPOBAHHOMN, a MOABHKHOCTH HOHOB PaBHBIMHU [10[BHKHOCTAM NpH Oec-
KOHEYHOM pa3BEACHHUU.

187
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Pewenue.
k(BaCO3) = k(p-pa) — k(H;0) = 2.540-107 — 4.5-10° = 2.495-10 > Cmm ™.

A%BaCO,) =A% (Ba*) + A% (CO:*) =
=55+66 =121 CM-cM>r-3k8" = 1.21-107* Cm-m*-r-3xB~".
Kk 2495-10°Cm-m"

C=—s= - ~-=0.206 r-okg-M~ = 1.03-10™ mons-ur™.
Ao 1.21CM-M™ -1-DKB~

Omeem.c=1.0310" monp-n".

Ilpumep 12-3. YnienbHas 3aexTponpoBogHocTs pactBopa Mg(NOs), ¢
MaccoBoit aoneit 5% npu 18 °C pasHa 4.38 Cm-M™, a ero mnoTHOCTh —
1.038 r-cm™. Paccuntaiite SKBUBANEHTHYIO EKTPONPOBOAHOCTb PACTBOPA H
KaXYULYOCS CTeneHb AUCCOLMauuu conu B pactsope. loasnnocTd HOHOB
Mg2+ u NO;™ npu 18 °C paBHbI cooTBeTCTBEHHO 44.6 1 62.6 Cm-cm™r-kB .

Pewienue.
-3
c=—2P _ 0.05-1.038 r C?A =0.35 Mone-n”' = 0.70 r-3kB-1 "
MME(NO‘}: 148 r - Monb
K _ 438Cm-m’ !

= =62.5 Cm-cM>-r-3kB ™.

A= —
¢ 0.70 r-3kB - 1

A’=44.6+62.6=107.2 CM-cM*-T-3kB .
a =M =62.5/107.2 = 0.583.
Omeem.L=62.5Cmcm>r-ok8 |, o = 0.583.

IIpumep 12-4. B tabnuue npuseeHsbl pe3yibTaTbl H3MEPEHUA CKOPOCTH
JIBUXXEHHUS MOMIEKYN cbiBOpoTouHoro ansOymuHa 6sika (CAB) B anekrpuve-
CKOM Mone npu pazTudHbiX 3HaueHusx pH pacrBopa (oTpuuaTenbHble
3HA4YE€HHUst CKOPOCTH COOTBETCTBYIOT M3MEHEHWIO HANpaBfieHHs JABHXKEHUSA
yacTuu noj AeicTBHeM nojis). Mcnonb3ys 2TH JaHHble, ONpeNenuTe H3o-
anektpuueckyro Touky CAB.

pH 4.20 4.56 5.20 5.65 6.30
Vv, MKM-C™' 0.50 0.18 025 -0.60 —0.95

Pewenue. JnexTpuueckoe none He BAUSET HA JBHXEHWE HEHTpanbHblX
yactul. U3meHenue ckopoctu aBuxenus monekyn CAb npu n3MeHeHnu Ku-
CIIOTHOCTH PacTBOpa CBHAETENLCTBYET O TOM, YTO B pacTBope 0bpazyrotcs
nouHsie dopmbel CADB. H3osnexmpuueckoi mouke OTBEUYAET HYNEBOW CyM-
MapHbIi 3apan 6enka, NOITOMY ANg ONpEleneHus dToH TOYKM HaNo HaWTH
3HaueHHe pH, nNpu KOTOpOM CKOpOCTh Vv paBHa HYKO. CTpouM rpaduk 3aBu-
cumoctH v = f{pH) n naxoaum pH(v =0) =4.8.
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AN :

pH

|_3_A11Aqn_\

12-1. PaccuuTaiiTe yAeabHYIO 3JIEKTPONIPOBOAHOCTb aOCONKOTHO YHUCTOH BO-
ab1 ipu 25 °C. MoHHoe npousBeaenue Boas! npu 25 °C pasHo 1.00-107,

12-2. DOKBUBAJICHTHAA JNEKTPONPOBOAHOCTb OeCKOHEYHO pa3baBleHHbIX
pactBopoB KCI, KNO3 u AgNO; npu 25 °C paBHa cooTtBeTcTBeHHO 149.9,
145.0 u 133.4 Cm-cm*>Monb |, Kakosa skBHBaneHTHas 3NEKTPONPOBOAHOCTb
6eckoneuHo paszbasnerHoro pactsopa AgCl npu 25 °C?

12-3. DkBHUBANEHTHAs JNEKTPONPOBOAHOCTL OECKOHEUHO pa30aBiieHHBIX
PacTBOPOB COJISHOH KHUCJIOTbI, XJIOpUAA HAaTpKs U aueraTta Hatpus npu 25 °C
paBHa cooTBeTcTBeHHO 425.0, 128.1 u 91.0 Cm-cm”-monb ™. KakoBa sKkBuBa-
NeHTHas eKTPONPOBOAHOCTL HecKOHEeUHO pa3daBAEHHOro pacTBOpa yKCyc-
HOW KUCNOThI npu 25 °C?

12-4. YnenbHas snektponpoBoaHocTs 4% Boanoro pactsopa H,SO4 npu
18 °C paBna 0.168 Cm-cM ', nnotHocTs pacteopa — 1.026 r-cM . Paccuuraii-
TE JKBHBANEHTHYIO 2JIEKTPONPOBOAHOCTb PaCTBOpA.

12-5. YpenbHas 3neKTpONpPOBOHOCTL HachilteHHOro pacteopa AgCl B Bole
npu 25 °C paBHa 2.28-10* Cm-m, a yAeNbHas JEKTPONPOBOAHOCTL BOIbI
1.16-10* Cm-m ', Paccuuraiite pacrBopumocts AgCl 8 Bome mpu 25 °C B
MOTTb T .
12-6. Kakyio n0m10 061ero Toka nepeHocHT WoH Li* B BogHOM pacTBope
LiBr npu 25 °C?

12-7. Paccuutaiite uucno nepenoca H' B pactsope HCI ¢ koHueHTpauueit
1-107 monb-n™'. Kakoso Gyaet uncno nepesoca H', ecnn k 3Tomy pacTBopy
pobasute NaCl, 4robbl ero kKoRueHTpaums 6si1a pasHa 1.0 MOIb-T 7

12-8. PaccuuTaiiTe cKOpOCTh ABIDKeHHs HoHa Rb' B BoaHOM pacTBOpe mpH
25 °C, ecnu pa3HOCTb NOTEHLUUANOB 35 B nMpHioKeHa K 3JIEKTpoaaM, Haxo-
Jasumumes Ha pacctosiiuu 0.8 M apyr ot apyra.

12-9. PaccunTaiite cKOpOCTh ABIKEHMA MoHa Na' B BOAHOM pacTBope npH
25 °C, ecnu pa3HOCTL noTeHuManos 10 B npunoxeHa k 3fneKTpoaaM, Haxo-
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JAIUMCS Ha paccTosHuu 1 cMm apyr ot apyra. CKolbko BpeMeln MOHaa0-
6uTCA HOHY, UTOOBI MPOITH pPacCTOAHHE OT OHOTO MEKTPOAA A0 ApYroro?

12-10. VYnpenvHas 37eKTPONpPOBOAHOCTE BOAHOro pacrsopa KI pasHa
89.00 Cm-m ™', a pactBopa KCI Toii e kouuentpauun — 186.53 Cm-m™.
YaenbHas 3JIeKTPONPOBOAHOCTL PacTBOpa, cojepxatlero obe conu, pasHa
98.45 Cm-M™'. Paccunraiite nomo KCl B pacTBOpe.

12-11. DxBuBaNIeHTHAs 3AEKTPONPOBOJHOCTH BOAHOTO PacTBOpPA CHJBHOIO
anektponuta npu 25°C pasHa 109.9 Cm-cM*-monb | NpU  KOHUEHTPALUH
6.2:10 * monbn™' u 106.1 Cm-cm*moms™ 1IpH KOHLIEHTpaUHH 1.5-107 momb-n ™.
KakoBa 3kBHBaIEeHTHAsA 3JIEKTPONPOBOAHOCTb PACTBOPA NMpH OECKOHEUHOM pas-

OaBneHun?

12-12. DxBuBaneHTHas BNEKTPONPOBOAHOCTHL BOAHOTO pacTBopa ciaboi
OJHOOCHOBHOH KHCIOTbI mpu 25 °C pasHa 16.0 Cm-cM’-Monb ™' pH KoH-
UEHTpaUUH 1.0-107 monb-n ' u 48.4 Cm-cm®-monn ™! npy KOHUCHTpaUUU
1.0-10 * monb-n™'.  Paccuuraiire 3KBUBAJIEHTHYIO 3JIEKTPONPOBOJHOCTD
pacTBopa nNpH HecKOHEeYHOM pa3zbaBieHHH W KOHCTAHTY AMCCOLMALMH KH-
CJOThI.

12-13. Paccuuraiite paguyc nona N(CHs);" no 3akony Crokca u3 ero npe-
JENLHOW MOABHXKHOCTH B BOAHOM pactsope npu 25 °C. Bs3kocTb BOAbI NpH
25 °C paBHa 8.91-10™ Ma-c. Ouenure npelenbHYo OABUKHOCTL 3TOMO HO-
Ha B NIMLIEPHHE, BA3KOCTb KOTOpOro pasHa 1.49 I1a-c.

12-14. OueHuTe NpefieNbHY NOABHXHOCTL Wona K B (opmammuae u me-
THJAUeTaTe, ecau Ba3kocTh popMamuaa B 3.7 pas Gonbuie, a BA3KOCTb Me-
TH1aLeTaTa B 2.6 pa3 MeHbLUE, YeM BA3KOCTb BOJbI.

12-15. Paccuuraiite yIenbHyt0 3JeKTPONPOBOAHOCTD 1.0-107 M BogHoro
pactBopa NaCl npu 25 °C, cuntas, 4To NOABHXKHOCTH HOHOB MPH 3TOW KOH-
UEHTpaUMH paBHblI MX MMpPEAC/IbHbIM MOABHXHOCTAM. Yepes cnoit pactBopa
JUIMHOI | CM, 3aK/IIOUYeHHBIH MEXIY dNeKTPOJaMH MIoWanbio 1 em’, npo-
nyckaroT Tok cuioli 1 MA. Kakoe paccrosuue npoiinyt nonst Na' u Cl' 3a
10 MuHYyT?

12-16. Paccuuraiite a¢dexTuBHBIN paauyc wona Li' npu 25 °C u3 ero npe-
JeNbHOH MOABMXKHOCTH, Ucrionb3ya 3akoH Ctokca. Paccuutaiite npubnusu-
TENLHOE YMCIIO MONIEKYJT BOJIbl, BXO/ILINX B FHAPATHYIO 060nouky WoHa Li".
Kpucrannorpaduueckuii paguyc wona Li' pasen 60 nm. BsaskocTs BOfibI nipH
25 °C pasHa 8.91-10™ ITa-c. CoGcTBEHHbIH 0GbEM MOMEKYJTbI BOAbI OLEHHTE
U3 napameTpoB ypaBHeHHUs Ban-nep-Baanbca.

12-17. KoHctaHTa auccouualMy  THAPOKCHRAa  aMMOHHA  paBHa
1.79-10° Monb-1~'. Paccuuraiite koHuenrpauuro NH4OH, npu kotopoi
crenedb avccouuauuu pasHa 0.01, M 3KBMBANEHTHYIO 3JIEKTPONPOBOA-
HOCTb PacTBOpa MpPH 3TOI KOHLEHTPALIUH.
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12-18. DkBHBaNeHTHaA 3JIEKTPONPOBOJHOCTD 1.59-10™ monp-n™ pacTBopa
YKCYCHON kucnotel npu 25 °C pasuHa 12.77 Cwm-cm™monb ™', Paccuuraiite
KOHCTAaHTY AMccouMraln KUcoTsl U pH pacteopa.

12-19. Koucranta auccoumauuy macasHoi kucnotel C;H,COOH paBHa
174107, DkBuBanenTHas DNEKTPOTNIPOBOAHOCTL PacTBopa Npu pasBeaCHUH
1024 n-mons™' pasua 41.3 Cm-cmM>-Monb ™. PaccunTaiite CTeNeHb AMCCOUMA-
LUK KWUCIOTHI H KOHUEHTPALHIO HOHOB BOAOPOAA B 3TOM PacTBOpE, @ TAKXKe
3KBMBAIEHTHYIO 3JI€KTPOIIPOBOAHOCTL PacTBOpPa MpPH GECKOHEUHOM pa3Be-
JEHHUH.

12-20. DxBuBaneHTHas 3JEKTPONPOBOJHOCTh PACTBOpAa CUAPOKCHAA
stunammonns  C,HsNH3;OH npu  OeckoHeuHoM pa3BeaeHMM paBHa
232.6 Cm-cm’monb ™', Paccunraiire KOHCTAHTY AUCCOLMALMM THAPOKCHAA
3TUNAMMOHHS, IKBHUBAJIEHTHYIO 3JIEKTPONPOBOJHOCTbL PacTBOpa, CTENEHb
AWCCOLMALMH W KOHUEHTPaUKIO HOHOB I'M/IPOKCHIIA B pacTBOpE 11pH pasBe-
nexnn 16 n-moms™', ecnu yAelbHas 3NeKTPONpPOBOAHOCTL pacTBopa MNpH
JaHHom pa3BeaeHuu pasHa 1.312-10 *Cmeem™.

§ 13. DaekTpoxumuyeckue HenH

Onekmpoxumuyeckue yenu — CACTEMbl, COCTOSILUME U3 ABYX 3NEKTPO/OB,
MOMEWEHHBIX B PACTBOP 2JIEKTPOJIUTA WK B 1Ba Pa3HbIX pacTBOPa, HAXoms-
IMXCS B KOHTAKTE APYr C APYroM. DNEKTPOXUMHUYECKHE LIEMH, CAOCOOHbBIe
BbIpadaTbIBATL INEKTPUUECKYIO IHEPIUIO, HA3bIBAIOT 2ATbEAHUYECKUMU JJle-
MeHmamu.

Knaccupukaunsa uenei

B xumuueckux yensix MCTOUMHMKOM JJIEKTPUYECKOH JHEPrWH SBISETCH
aHeprus ['nb6ca npoTekaioie B CHCTEME OKMCIIMTEIbHO-BOCCTAHOBUTENb-
HON («TOKOODpasyrolei») XxMMHUUECKO peakuud. Peakiuu okucheHus u
BOCCTAHOBJICHUS («NOAYpeakuuu») B ranbBaHUYECKOM BJIEMEHTE NMPOTEKAIOT
Ha pPa3HbIX NEKTPOJaX, T.€. IPOCTPAHCTBEHHO pa3AeneHbl. DNEeKTPOA, Ha KO-
TOPOM MPOUCXOJHT OKUCTEHUE, HA3bIBAETCHA alOOOM; BNEKTPO, Ha KOTOPOM
MIPOMCXOAUT BOCCTAHOBJEHHE, — Kamooom. DNEKTPOHb!, oOpazoBaBiumecs B
NpoLecce OKUCAEHHS Ha aHoe, MepeMellialoTCs MO BHEUIHEHR LienH K KaToay,
Ha KOTOPOM OHMW Y4YacTBYIOT B Mpolecce BoccTaHoBieHus. KoMOMHupys
pasnuyHble OKUCIUTENbHO-BOCCTAHOBUTENIbHbIE MONYpeakUud, MOXHO Mo-
Ny4uTh GONbLIOE YHCIO FATbBAHMUECKHX DNIEMEHTOB.

Konyenmpayuonnvie yenu cOCTOAT U3 OJMHAKOBBIX 3JIEKTPOAOB, HO OT-
JUYAIOTCA KOHUEHTpauued BellecTB, YUYacTBYIOIUX B OKHCIHMTENbHO-
BOCCTAHOBUTENLHBIX Mpoueccax. KoOHUeHTpaLUMOHHbIE 11lenu MOKHO cocTa-
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(13.1)

(13.2)

BHTb M3 3JIEKTPONOB MEPBOTO W BTOPOro pona (cMm. Hike Kaaccudukauuio
3JIEKTPOJOB) € pa3HOW KOHUEHTpalLueli pacCTBOPOB HITH U3 ra3oBbIX dNEKTPO-
JIOB C pa3sHbIMY AaBIEHUSMH Ia3oB.

OnekTpoXUMHUEcKas LeNb HA3blBACTCH MPAGUILHO PA3OMKHYMOU, eCly
Ha €€ KOHLAaX HaxoAsTCcs OJMHAaKOBbie MeTabl. Ha npakTuke 310 00bIYHO
JlocTHraeTcst MOAKNIYEHHEM K OOOMM KOHLIAM 2J1eKTPOXHMHUECKON LenH
MPOBOAHHUKOB M3 OJHONO U TOMO XK€ MeTanna (HanpuMep, MeaHbiX). PasHocTh
MOTEHUHAIOB Ha KOHLUAX NPaBHJIbHO PA30MKHYTOW LieMY Ha3blBAeTCH JJ1eK-
mpoosuxcyweti cunot (3C). :

Ecnu ransBaHuuyeckuil snement paGotaer 0OpaTHMO NPU MOCTOSHHBIX
TeMrepatype v aaeiaeHud, 1o ero DJIC oaHo3HauyHo cBsizaHa ¢ AG npore-
Karoulei B HeM XMMHYecKO# peakuuH. B 3TUX yCNOBUAX yMEHbUIEHUE DHEp-
ruv ['n66ca pasHO nonesHoil pabore, KOTOPYIO MOXKET COBEPUINTL CUCTEMA
(cm. § 5), Te. anexTpHueckoii paboTe, KOTOPYIO MOXET COBEPLUUTL rajibBa-
HHUYECKHH NIEMEHT:

AG = - nFE,

rAe # — YUCNO DNEKTPOHOB, YUaCTBYIOLUMX B peakuuH, F — nocrosHHas Pa-
panes, E — J]IC anemeHTa.

OneKTpOXMMHUYECKUE LeTIH ABJIAIOTCA PABHOBECHBIMU TOJILKO B TOM CITy-
Hae, €C/IM OHHM He COAEPXAT I'paHHLbI pa3jiena MeX Ay pa3HbIMU pacTBOpaMHu
(T.e. ABAsIOTCA uensaMu Ge3 nepenoca) W, kpome Toro, echu JJIC uenu
CKOMIIEHCHPOBAHa Pa3sHOCTBIO MOTEHLUHANOB OT BHEIUHEr0 HCTOYHHKA 3JIeK-
TpUYecKoro toka. Llenu ¢ nepenocom He ABASAIOTCA MONHOCTHIO PaBHOBEC-
HBIMH, TIOCKOJILKY Ha IpaHulie pasaena AByX PacTBOPOB MPOHCXOAUT Aud-
(y3us KaTHOHOB M aHWOHOB. B pesynsTaTe Ha rpanuue pa3fiena BO3HHKaeET
Ouhpysuonnuviii nomenyuan — NOTIONHUTENBLHAS PA3HOCTL NOTEHLMANOB,
00ycnoB/eHHas pa3sHOH CKOPOCTBIO IEPeHOCa KATHOHOB W AHWOHOB uepes
rpanuuy. Ins npuGamkeHAol oueHkH BelnuuHbl AHGQY3HOHHOTO MoTeH-
[Hana, BO3HMKAIOLIEr0 Ha rpaHyLe pasfena ABYX PACTBOPOB OAHOrO U TOro
xKe 1,1-3apAaHOro 3NEKTPONUTA € PasHbIMU KOHLEHTPALUAMH, clipapeanuBa
yacTHas ¢opma ypaBHeHus [Tnanxa-IeHaepcona:

_RT A, —A_ I a,
* T F A, + A na, Q
FA€ a; M a; — CPeIHHEe aKTUBHOCTH MOHOB B IPAHMYALIMX PacTBOpax, A, H
A_ — NOABMXKHOCTH KaTHOHA M aHUOHA (cM. § 12).

B 00iueM cnyuae BeipaxkeHus 4iis pacyeta aAuddy3HOHHOTO NOTeHUHANa
umMetoT Gonee cnoxkubii BUA. TOUHO paccuuTaTh AUQQY3MOHHBIH NOTEHLMaN
HEBO3MOXXHO, MNOCKOJbKY HEH3BECTHbI AKTHBHOCTH OTHE/NbHbIX HOHOB.
Anddysuonnsiit noTeHuman BHocHT HeonpeaeseHHbli Bkaaa B DJIC uenm.
HAns ymenblienus Anddy3uoHHOro noTeHuMana Mexay pacTBOPaMH NoMe-
LWAIOT COMeB0U MOCHUK — KOHUEHTPUPOBAHHBIH pacTBOp HEHTPaIbHOH coMH,
NOABHXXHOCTH KAaTHOHA M aHMOHA KOTOpoi NPUOAM3UTENBHO OJMHAKOBbI
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(KCI, KNOj3, NH4NO3). B pesynstate oaHa rpaHiia Mexay AByMs pacTBo-
pamM 3aMeHsieTCsl AByMS rpaHuLiaMu: pacTBop 1 — coieBoii MOCTHK U coJie-
BOM MOCTMK — pacteop 2. OnHako Au@y3HOHHbIE MOTEHIHANLI HA 3THX
rpaHuLax oObIYHO OJIU3KH MO BEJMUYMHE H TIPOTHBONOJOXKHBI 1O 3HAKY, NO-
3TOMY MX cymmapHbid Bknaa B DJC pe3ko ymeHbIIaeTcs, 1 KM MOXHO Tpe-
Hebpeub 10 CPaBHEHHUIO ¢ OWHOKOH IKCNEepHMEHTa.

Jng ranbBaHMYECKOro 3neMeHTa NpUHATA ciaeayiowas dopMma 3anucu
(na npuMepe anemeHTa Januana—dkobu):

-

Zn | ZnSOy4 : CuSOy | Cu

i
Zn | ZnSOy || CuSOy | Cu,

TA€ CIUIOLIHAA BEPTMKaIbHAA JMHHSA | 0003HaYaeT rpaHully pasaena Mexay
pasHeIMH (a3aMH, NYHKTHpHAs BEPTHKaNbHAs JMHHUA . — IPAHUILY MEXIY
Pa3HbIMHM pacTBOpaMH, a ABOIHAS CIUIOIHASA BEpTHKalbHasA JIMHUA || — colie-
BOi1 MOCTHK. ["anbBaHMYECKHMii 3MEMEHT NPHHATO 3aMMCHIBATbL TaK, YTOOLI
aHOJ HaxoAuJICH CJieBa.

DnekTpoaHble peakuuH (KaK OKHCIUTENbHbIE, TaK U BOCCTAHOBUTEIb-
Hble) OOBIYHO 3AMUCHLIBAIOT Kak peakUuu BoccraHoBieHusa ([Ipunoxexue,
tabn. [1-12), nosromy o61uas peakLs B rajibBAHHYECKOM 3JIEMEHTE 3aMUChl-
BAETCA KaK PA3HOCTb MEXJY peakuMAMH, MPOTEKAIOMUMH Ha MPaBOM H Jie-

BOM 3/IEKTpOAax:
Ipasslii 31eKTpoA: Cu” +2e=Cu
Jlesoblii anexrpon: Zn*" +2e=127n

OG61as peakuus: Cu** +Zn=Cu+Zn*.
3/1C snemeHTa paBHa pa3HOCTH TNOTEHLHAIOB NPaBOrO M JIEBOTO IEK-
TPOJOB:
E=FE,—-FE,.
Ecnn 3/IC anemenTa nonoxurenbHa, TO peakiuus (Tak, Kak OHa 3anuca-
Ha B DJIEMEHTE) MPOTEKAET CAMOMPOHU3BOJILHO, NOCKOIbKY, COTJIACHO ypaB-

"HeHuto (13.1), ans atoii peakuun AG < 0. Ecnu 3/1C anemeHTa oTpULIaTENb-
Ha, TO CaMONPOU3BONILHO NIPOTEKaeT oOpaTHas peakuusl.

BJIGKTPOJIHBIB NMOTCHIHAJIBI

Hotenuuan E 3nektpona pacCHUTHIBAIOT N0 gpopmyne Heprema:

E—‘ZEO +£..?:.1n..a_oi,

nF  agg

TA€ dox U Ared — AKTUBHOCTH OKUCIICHHON M BOCCTaHOBJIeHHOM GopM Belie-
CTBA, YYacCTBYIOLLErO B 3NEKTPOJHON peakuuu, E° — cmanoapmuwiit nomen-

(13.3)

(13.4.a)
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Mnaea 3. 3nexTpoxumma
yuan 3neKTpoAa (NpH dox = Gred = 1), R — ra3oBag nocTOsHHas,
T — abconmoTHas Temneparypa. [1pu 25 °C
(13.4.6) PN 0.0257 In dor _ E° 4 0.0591 g Aoy, .
n ARed n Aged

(13.5)

(13.6)

CoorsercTBeHHO, cmandapmuasn 3C raibBaHU4YeCKOro 1eMeHTa paB-
Ha pa3HOCTH CTaHJAAPTHLIX MOTEHUHAIOB

o _ o s}
E® = En - E;:
U CBfi3aHa €O CTaHAapTHOI AG® npoTexatouleii B HeM XMMHYECKO# peakuyu:
AG® =—-nFE°.

AOCONIOTHOE 3HA4Y€HHE SJEKTPOAHOrO MOTEHLHANa ONPEAENUTh HEBO3-
MOXHO. Ha npakTike u3MepsioT pa3HOCTb NOTEHLMANIOB HCCIIEAYEMOro deK-
TPOAA M HEKOTOPOro CTaHJapTHOro 2JiekTpoja cpaBHeHus. CTaHaapTHbie
3JIEKTPOJHBIE TIOTEHUMATBI U3MEPSIOT B YCJIOBHAX, KOTa aKTHBHOCTH BCEX
YYACTHMKOB pPeakUMH, MPOTEKAloIeH Ha HCCneayeMOM JJIEKTPOAE, pPaBHbI
eMHULE, a AaBneHue rasa (411 razoBbiX 3JE€KTpoAOB) paBHo | Gap (10° Ia).
JIng BOAHBIX PacTBOPOB B KaYECTBE IEKTPOAA CPABHEHHS UCMONL3YIOT CMakH-
oapmmubiti 8000POOHbBIN 31ekmpo0 (CM. HWKE KAacCH(UKaUHUIO 3JEeKTPOIOB),
MOTEHLIMAJI KOTOPOTO MPU BCEX TeMneparypax NpUHAT paBHbIM Hymo. CTaH-
NapTHBIA 2/1eKTPOAHbIN noTeHuuan £° anektpoAa paseH craHgaprHoit JJC
MEKTPOXMMHYECKOH LeMU, COCTaBAEHHOIl U3 HCCIeJyeMoro 3NeKTpoAa H
CTaHjapTHoro BogopoaHoro anekrpoaa. Ilpn cxemaruyeckoMm H300paxeHUH
TaKOH L1 BOAOPOJHbBIH 3NEKTPO/ 3aflMChIBAIOT CIEBa, a UCCNERYEMBIH Jlek-
TpoA cnipasa. Hanpumep, cTaniapTHble 2EKTPOAHbBIE NOTEHLUHABI LIMHKOBOTO
M MEAHOro JieKTpoAoB onpenenstotes kak 3JC uenei

Pt|H,|H" || Zn®" | Zn,
Pt|H, |H"||Cu* |Cu

u paBHbl E°(Zn** / Zn) =~0.760 B u E°(Cu®' / Cu) = +0.340 B npu 25 °C.

[ToMUMO HENOCPEACTBEHHOINO 3KCMEPUMEHTANIBHOIO W3MEpPEHHUs, CTaH-
JApTHBLIE 3JIEKTPOAHbIE MOTCHUHANbI MOXHO PacCUUTaTb NO YPaBHEHHIO
(13.6), 3Has cTaHaapTHble 3HauYeHH AG® COOTBETCTBYIOLLMX XMMHYECKMX
peakuuil. PacuetHslii MeTo OCOOEHHO MOJIE3EH U1 pacyeTa NnoTeHUHAloB
3MEKTPOAOB, KOTOPbie HE MOIyT ObITb peanH30BaHbl B 3/IEKTPOXHMMHYECKUX
Luensax Ha NpaxKTHKE.

3HaueHUA HEKOTOPbIX CTAHIAPTHBIX 3JIEKTPOJHBIX NMOTEHLHAJIOB NpHBe-
JieHbl B ipuioxenuu (taba. I1-12).

3Has 3HaueHUs CTAHAAPTHLIX MOTEHUHATOB, MOXHO pacCYUTaTh CTaH-
naptayto DJIC ranbBanuyeckoro sneMenta. Hanpumep, ans snemenra [a-
Huaa—Akobu crannaprraas I/[C paBHa

E° = E°(Cu**/Cu) — E°(Zn*"/Zn) = +0.337 - (-0.763) = +1.100 B.
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OJC aneMeHTa U aneKTpoﬁuble NOTEHLHAJbI ABJISIOTCA HHTEHCUBHBIMH
coiticrBamu. [1py yMHOXeHHH ypaBHEHMS 3JIEKTPOJHOR peakLMH Ha no-
CTOSHHBIA K03 PUUUEHT AG peakLMy W YUCIO YHACTBYIOUIMX B Hell aJiek-
TPOHOB M3MEHAIOTCA B OJMHAKOBOE YUCNO pa3, MO3TOMY, COIMJIaCHO ypaB-
HeHusm (13.1) u (13.6), anektpoaHbie notenunanst U IJIC 3nemeHTa He
M3MEHSIOTCA.

CraHJapTHbIE MOTEHLKANBI 3JIEKTPOJIOB, COAEPKALIMX WOHbLI MeTaia ¢
pa3sHbIMH CTETIEHAMU OKHCJIEHMS, CBS3aHbl Mexay cobo#t npasurom Jliome-
pa. Hanpumep, AN MOHOB Fe’™ u Fe’' MoxHo 3anucars CleiytOUIHe ek~
TPOAHBIC PEAKLHUHU U COOTBETCTBYIOLIUE UM 3HAYEHHs CTAHINAPTHBLIX AG U
NOTEHIHANIOB:

Fe*’ +e=Fez‘, AG° = -FE,°;
Fe’" + 2e¢ = Fe, AG,° = -2FE,°;
Fe'" + 3¢ = Fe, AG5° = ~3FE5°.

Tpetbs peaKkuus ABAACTCA CYMMOH NepBbIX IBYX, NO3TOMY
AG3° = AG]O + AG2°
H, COOTBETCTBEHHO,
3E3° = E\° + 2E,°.

Ecnn nBa craHaapTHbIX NOTeHLMana M3BECTHbI, TO MO npasuay JlioTepa
MOXHO paccyuTaTh TPETHH noteHuuan (cM. npumep 13-1).

Knaccudpurkauus 3j1eKTpoaoB

DneKTpoAs! KJIaccuPUUMPYIOT N0 XUMHUYECKOH NpUpoJie BELIECTB, yya-
CTBYIOU{MX B JIEKTPOJHOM HpoLecce.

B snexmpooax nepsozo pooa BoCCTaHOBJEHHOU (popmoii ABnseTca Me-
TANI 3JEKTPOJa, a8 OKHCIEHHOH (OpPMOH — HOHBI 3TOrO MeTala (MpocTble
UM KoMiuiekcHbie). Kak npaBuno, snekTpoabl NEPBOTO poaa obpamumet no
kamuony (T.e. MX moTeHuuan sAsBagercd (QyHKLUMEH AaKTUBHOCTH KaTHOHA).
[IpumepaMu 21eKTPOAOB NEPBOrO poja ABJIAIOTCH JMEKTPOABI ieMeHTa Jla-
HUNA-Akobu:

a...
E=E0+ﬁln&m:E°+Hlna s
2F  ag, 2F @
a_,.
E=E°+—R—T—!n—-‘1“—-—=E°+ﬁzlna 2
2F  a,, 2F &

Ecan B JNMEKTPOAHBIX IpoLeCCax YHACTBYHOT YUCTLIE TBEDALIC UIIH KU~
KHE BCUIECTBA, TO UX aKTHBHOCTH paBHbI CAHHHLIE.

(13.7)

(13.8)
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Fnaea 3. 3nextpoxumus
K snexTpoaaM nepBOro poja OTHOCATCH aMaibeAMHble 31eKmpoobi, B
KOTOPbIX BOCCTAHOBJIEHHOIT (popMoii sBNIseTCs aManbrama — Cruiap MeTaia ¢
pryThio. [IpumMepoM amManbramMHoro 3j1eKTpoaa ABNAETCA KaJAMHUEBBIHA 3JEK-
TPOA, UCTIONB3YEMBIi B JeMeHTe BecToHa:
Cd* + 2¢ = Cd(Hg).
MoTeHuuan amansraMHOro 3MeKTpoja spiseTcs (yHKuUHMEH Kak aKTHB-
HOCTH KATHOHA B PACTBOPE, TaK H aKTUBHOCTH METa/ljia B aManbraMe:
RT 4.4
13.9 E=E° + —In——,
) F
ntt Qeymy
Inexmpodvt 6mopo20 poda COCTOAT U3 METAILIA, MOKPLITOTO CIOEM €ro
TPYAHOPACTBOPUMOii CONH, MOTPYXEHHOrO B pacTBOP, COAEPXKALLKil aHHOHbI
31Ol conu. OkucnenHo# Qopmoil sBiaseTcs TPYAHOpPACTBOpHMas Cofb, a
BOCCTAHOBJIEHHO! — METAUT N aHHOH COJH. DJEKTpoAbl BTOPOro poaa obpa-
mumbl no anuoxy (T.€. UX NOTEHUHAT ABAAETCA (QYHKUHEH aKTHBHOCTH
aHuoHa). [Ipumepamyl 31€XTPOJOB BTOPOro poja SABIAIOTCA CIEAYIOLIME LIH-
POKO pacnpoCTPaHEHHBIE JNIEKTPOJBLI CPABHEHHS:
* xnopcepebpsnuii anexmpoo (06o3nadaerca Ag | AgCl| CI);
anekTpoaHas peakuus AgCl+e=Ag+Cl,
RT, a RT
13.10 E=E°+—In—2—=E°-~—Ina__,
a,a F a
Agcim
o xanomenvuvili snexmpoo (o6o3navaerca Hg | Hg,Cly | CIN);
anekTpoaHas peakuus Hg,Cl, + 2e = 2Hg + 2Cl,
RT . ay,q RT
(13.11) E=E°+2F1n 28222 =E°——F~lnau_.
Ayed,-
Oxucnaumenvro-eoccmanogumenvHole, Wi pPeOOKC-21€KmpoObl COCTOAT
U3 MHEPTHOro MeTayia (HanpuMep, NIaTiHbl), KOTOPLIA HE y4acTBYET B pe-
aKUHH, a ABNAETCS NEPEHOCUUKOM 3JIEKTPOHOB MEXAY OKHCIEHHOH W BOC-
cTaHoB/lIeHHOH dopMaMu BewnecTBa. Hanpumep:
RT 4 .
(13.12) Ce*"+e=Ce”, E=E° + —In—&—;
a k23
Ce
RT , G
(13.13) Fe** +e=Fe¥, E=E° + =——In—-F
a

Fe2*

K oxucIuTeNsHO-BOCCTAHOBHTENBHBIM 3NIEKTPOAAM OTHOCATCA 2a3o6bie
anexkmpoOdst. ['a30BbIi 3NEKTPOA COCTOMT U3 HHEPTHOIO METal/a, K KOTOpO-
My MOJIaeTcs ra3s, y4acTBYIOUIMH B 3NeKTPOAHOM mpouecce. BoccTanosneH-
HoM (opMoOii ABJsETCA ra3, a OKMCeHHOH — HOHbI B pacTBope. Hanbonee us-
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BECTHBIM MPUMEPOM ra30BOrO 3NEKTPOAA ABAAETCH 80OOPOOHbII 3NEKMPOO.
Ero sanucsiBator B Buze: Pt | H; | H'; anextpoaHas peakuus:

2H" + 2e =H,,
2
RT a + RT a +
E=E°+—Iht—=F +—In—t—| (13.14.a)
2F  fy, F o fy
rae fH2 — (YrHTUBHOCTb (JIETY4ECTb) BOAOPOAA, KOTOPYIO MpH HeOONbUINX
AABJICHHUAX MOXHO CHUTATDL paBHOﬁ JABJICHUIO.
2
RT . a,. RT a,_.
E=E°+—In—-=E°+—In—2—, (13.14.6)
2F  py, F o py,
Takum obpa3zom, moTeHUMal BOJOPOJHOrO 3NMEKTPOAA 3aBHCHUT KaK OT
aKTHBHOCTH UOHOB H*, TaK U OT AaBJICHHA ra3006pa3ﬂor0 Hg.
[Tpumepom rasoBoro 3nekTpoaa, oOpaTMMOro nNo aHMOHY, MOXET CIy-
XKUTb XNOPHBIH 2/IEKTPOA. DNEKTPOAHAS peaKiusa:
Cl, +2e =2CI,
172
RT . Pq, RT . Po.
E=E° +=—In—~2>=E° + —In—=, (13.15)
2F a. F ag,-

XHMHYECKHE HCTOYHHKH TOKA

XHUMHYECKHE HMCTOYHHKH TOK2 NOAPA3ACHAIOTCS HA FanbBaHUYECKUE
3JIEMEHTbI, aKKyYMYJIATOPbl ¥ TOIUIMBHBIE NEMEHTHL [anv8anuveckue sie-
Menmbl (NepBUYHBIC 3IEMEHTbI) SBASIOTCS WCTOUHUKAMYU TOKA OJHOPa3OBO-
ro aeficTBMs, NOCKObLKY MOCE U3PACXON0BAHUA PEAreHTOB B NpoLiecce pas-
pAla OHH CTaHOBATCA HEPAOOTOCHOCOOHBIMU. AxKymynamoper (BTOPUYHBIE
37IEMEHTbI) MOXKHO HCMOJIb30BATh MHOTOKPATHO, TaK KaK MpPH MpONnycKaHHH
yepe3 HUX MOCTOSHHOTO TOKA OT BHELIHEro HCTOYHHMKA NPOUCXOAUT pereHe-
pauus U3pacxoJOBaHHbIX peareHToB (3apsjka akkymynsrtopa). Takoe nene-
HHE HECTPOro, MOCKOJAbKY HEKOTOpbIE MEPBUUHbIE BNIEMEHTHI TAKXKe MOrYT
ObITh 4AaCTHYHO 3apsbkenbl. Haubonee pacnpocTpaHeHHbIM THIIOM aKKyMy-
JIATOPOB ABJIAETCA CBUHLOBBIH aKKyMYJATOP:

Pb | H,SO; | PbO, | Pb.

OAMH 31eKTPoA aKKyMyJNSTopa COCTOMT U3 CBUHUA, a APYroH M3 CBHHLA,
nokpbiToro cioem PbO,. Bnextponurom cnyxut 30%-Holif BOoAHBIH pacTBOp
H,S0;4. Ha anextpogax akkyMyJiaTopa POTEKAtOT ClIEAYIOHE MPOLECChHI:

Pb + SO4* — 2¢ = PbSOy;
PbO, + 4H" + SO4° + 2¢ = PbSO4 + 2H,0.
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(13.16)

CymMmapHas peakuLus:

Pb + PbO, + 4H" + 2S0,* = 2PbSO, + 2H,0.

Ilpu paspsaae akkymyasTopa 3Ta peakuus NpOTEKaeT clieBa Harpagso, a
Npu 3apsje — CrpaBa Haleso.

Tonnuenvie anemenmsl cNOCOOHBI HEMPEPLIBHO paboTaTh B TEYECHHE IUTH-
TEJLHOrO BpeMEHHU O1arosaps ToMy, YTO K 31€KTPOAaM NOCTOSHHO MOABOIAT-
Cs peareHThl. B KayecTBe OKMCAMTENS B TOMJIMBHBIX 371E€MEHTaX OOBLIYHO HC-
NOJNb3YIOT KHCIOPOA WIIM BO3JYX, @ B Ka4eCTBE BOCCTAHOBHTENS (TOMNIMBA) —
BOJIOPOA, TMAPA3KH, METAHON, Yriesoxopoabl v T.11. Haubonee U3BeCTHbIM 8-
NAETCS BOAOPOJHO-KHCIOPOAHbIH TOMIMUBHLIA 31€MEHT, B KOTOPOM HCMOAb-
3YHOTCS TOPHCTHIE YIOJIbHBIE 3JIEKTPOLAbLI ¢ HAHECEHHBIM KaTalu3aTopoM (Mell-
KOLHCTIEpCHas MjiaTuHa), a B Kavectse anexrponura 30 — 40%-Hulit BOAHLIH
pacteop KOH. Ha anexTpoaax 3neMeHTa npoTeKatoT cleayiolie peakuuu:

H, + 20H™ - 2e = 2H,0;

-% O, +H,O + 2e =20H".

CymmapHas peakuus:

Hz + %Oz - Hgo

HlnpokoMy npakTHYECKOMY NPUMEHEHHUIO TOIUIMBHBIX 3JIEMEHTOBR fpe-
MATCTBYET OTCYTCTBHE JOCTYMHBIX KATA/IH3aTOPOB.

MoTreHunomeTpuna

Iomenyuomempus — METOR (PU3NKO-XMMHYECKOrO aHaIN3a, OCHOBAH-
Hbll Ha 3KCNIEPUMEHTANBLHOM ONPEACHEHHN JIEKTPOAHBIX NMOTEHUHANOB C
noMoLsio UiMepenns DJ1C coOTBETCTBYIOUIMX INIEKTPOXUMHUUYECKHX Lened.
C nomouiplo MOTEHUHOMETPHH MOXHO OMNpEeAessTh TEPMOAHHAMHYECKHe
XapaKkTepHCTHKH TOKOOOpazyrolux peakuui, ko3QPUUMEHTbI aKTUBHOCTH
anekTponauTos, pH pacteopos u T.1.

Onpedenienue mepmMoOuUHAMUYECKUX XAPaKmepucmux
3Has cranaaptiyo DJ1C ranbBaHMUYECKOrO IIEMEHTA, MOXHO paccuu-
TaTb AG° M KOHCTaHTY paBHOBECHS MPOTEKAIOUIEH B 3JICMEHTE pEeaKiluu:

~AG® J nFE°

K =exp RT = exp RT

Hanpumep, KOHCTaHTa paBHOBECHUS peakLMH, NPOTEKAOWEH B J/IEMEHTE
Hanvona—Skobu, paBHa
2-96485-1.10
=ex
8.314-298.15

]=1.54-1037.
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H3mepsas DJIC onemeHTa npu HECKONbKUX TeMIlepaTypaxX, MOXHO Ofpe-

OF
JenuTh (ﬁ} — memnepamypuoiii kosghguyuenm 3/C, 3Has KOTOPbLIN,
p

MOXKHO paccuuTate AS M AH peakuu, npotekawlied B ralbBaHHYECKOM

JIEMEHTE:
OAG oF
AS =— =nF|—1 ,
[ or )p n (37’},, (13.17)
cE
AH =AG +TAS = -nFE + nFT (—J . (13.18)
oT ’
Onpeoenenue pH

Booopoonwiii nokazamens (pH) onpenenstor kak oTpUUaTe/ibHbIA Jecs-
THUHbIH florapud™M aKkTHBHOCTH HOHOB BOAOPOAA:

pH=-lga,_. . (13.19)

Ecnu B anekTpoAHOM npouecce yyacTBYKOT HOHbI BOAOPOAA, TO TaKOH
3NEeKTPOI MOXHO MCTONBL30BaTh Ais onpeaenenus pH pactsopa. B uwacTHo-
CTH, AN 3TOTO MOXHO HWCMNONbL30BaTh BOJOPOAHbBIH 3nekTpona. C yuyerom
(13.18) u3 ypasHenus (13.14) nonyuaem cneayiwoluee BbipakeHUe ANs MO-
TEHUHANA BOJOPOAHOIO EKTPoa:

E=E° -0.0591 pH - 0.0296 Ig p,,. . (13.20)

TakuM 00pa3om, NMpU NOCTOSHHOM JaBJAEHUH TOTEHUHAT BOROPOAHOIO
3eKTpoaa aBnsercs avueiHol ¢pyuxkumneit pH.

Jlns onpenenenus pH pacTBopa MOXHO TakoKe MCIOJb30BATb XUHSUOPOH-
Hblll DAIEKTPOA — IIIATUHOBBINA 3MEKTPOJL, NOrPY>KEHHbIH B HACHILUICHHbIA pac-
TBOP XHHrMApoHa B BoJc. XuHruapoH, Q-QH,, npeacrasnser coboil 3xBUMO-
aApHbif koMruteke xuHoHa, Q = C¢HyO,, u ruapoxunona, QH; = C¢gH4O5H,.
DNeKTpOAHAA peakuus 3aMucbIBaeTCs Tak:

Q+2H +2e > QH,,

[Tpu pacTBOpEeHMH XHHTHAPOHA 00pa3yeTcs 3KBMMOJAPHAA CMECh XHHO-
Ha M TWAPOXMHOHA, MOITOMY dg ~dgy , M MOTEHUHAT XHUHIHUAPOHHOTO

3ﬂeKTp0,ua paBCH
2
a.a. ..
E=g° + XL pn 2% L po Rl yg  —E —0.0591 pH (13.21)
2 Agn, F

Haunbonee uacto s usmepeHus pH HCNONB3YWOT cmexnauubiii 31eK-
mpod. npeacTaBnsionit cobol cTeKNAHHYIO TPYOKY € TOHKOCTEHHBIM Lia-
PHKOM M3 CIIeLMaIbHOrO CTEeK1a Ha KoHue. BHyTpu TpyOkH HaxoauTtcs pac-
tBop HCI onpeaeneHHON KOHUEHTpauWH, B KOTOPbiH MOTPYXEH 3IJIEKTPOA
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(13.22)

CpaBHEHHS — 00bIYHO XJIopcepebpsaHblif. [ToTeHLMan cTeKIAHHOIO ANeKTPoAa
NMHENHO 3aBHCHUT OT pH:

E=E° +-§I—lna . =E°~0.0591 pH
F H

CraHaapTHbIA NOTEHLUHAN CTEKISHHOIO 3MEKTpOAA ABJISAETCS €ro MHIH-
BHAYATbHOH XapakTepMCTHKOH, Mo3ToMy Ans onpeaeneHus pH anexrpoa
npeABapUTENIbHO KanubpyloT ¢ noMotbio OydepHbIX pacTBOPOB.

KpoMe CTEKISHHOrO, TNPHUMEHAIOT UOHOCENeKMuBHbie 3AeKmpoObl —
aneKTpOoAbl, U3bKparenbHO YyBCTBUTENIbHBIE K ONpeeneHHOMY HoRY. Takue
3MeKTPOAbl MOXKHO MCMNONb30BaTh 71 ONpeAe/ieHUs KOHUEHTpauuu (aKTHB-
HOCTH) Pa3MYHbIX MOHOB MOCje KATMOPOBKH C MOMOLLLIO PAaCTBOPOB C U3-
BECTHOM KOHUEHTpauue (aKTHBHOCTBIO).

[1IMpOKO HCNONB3YIOT TAKKE NOMEHYUOMEMPUYECKOE MUmMposanue, B
KOTOPOM TOYKH DKBHBAJIEHTHOCTH OMPEAENAIOT N0 U3MEHEHHIO NOTEHLHa-
Na COOTBETCTBYIOLLUX M3MEPHUTENbHbLIX 3nekTponos. Haunbonee yacto npu-
MEHSAIOT KUCJIOTHO-OCHOBHOE THTPOBAHUE, B KOTOPOM C MNMOMOUILIO CTeK-
JISHHOTO 37eKTpoAa u3mepsioT pH pactBopa npu J00aBiieHUHM KHCIOTSI
WIH ILeNouu.

[_H_PI/IMEPm

Hpumep 13-1. Paccuuraiite cTaHAAPTHLIA 3MEKTPOAHBIK NOTEHUMAN
snextpoaa Cu’'/Cu* no samuem TaGn. [1-12 ans snextpomos Cu’'/Cu u

Cu'/Cu.
Pewenue.

Cu®* +2e¢=Cu, AG,° = -2FE,°.
Cu'+e=Cuy, AG,° =—FE,°.

BbiunTas U3 nepBoro ypaBHeHUs BTOPOE, NOAyYaeM:
Cu™ +e=Cu', AGs® = ~FE;°.
Tak kax
AG+® = AG° - AG°,
TO
Ey° =2F\° - E)®=2.0337-0.521 =+0.153 B.
ITpumep 13-2. CocraBbTe CxeMy rajibBAaHHYECKOI0 3JEMEHTA, B KOTO-
POM NpOTEKAET peakuus
Ag’ +Br =AgBr.

Paccuuraiite cranaaptHyto 3/IC anemenTa npu 25 °C, AG® 1 KOHCTaHTy
paBHOBECHUSA peakluu ¥ pacTBopuMocTh AgBr B Boze.
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Pewenue.

Ag|AgBr| Br || Ag"| Ag
IMpaBoiit anextpon: Ag' +e=Ag, E°=0.799 B.
Jlesniit anexTpon: AgBr+e=Ag+Br, E°=0.073 B.
O6Luas peakuus: Ag' +Br = AgBr, E°=0.726 B.

AG® = -nFE® = —(96485 Kn-mons')(0.726 B) = ~70.05 kIx-Mons ™",

K =exp —AG xexp( 70050 ]=1.87-10}2,
RT 8.314-298.15

1 + +
— =a(Ag) a(Br) = m(Ag") mBr)(ra)’ = m™(1)"
Orciona, nonaras y; = 1, nonyyaem m = 7.3 1-1077 monp-xr™.
Hpumep 13-3. AH peakuuu

Pb + Hg2Clz = PbClz + 2Hg,

npoTekaluled B ralbBaHUYECKOM 3JIEMEHTE, paBHO —94.2 Kll,xc-monb" npu

298.2 K. 3AC aroro aneMeHTa BO3pacTaeT Ha 1.45-107 B NpH NOBBILLIEHHH

TeMneparypsi Ha | K. Paccuuraiite DJIC anementa u AS npu 298.2 K.
Pewernue.

AS =nF [gﬂ =2.96485-1.45-107 = 28.0 ([bxc-moms K ™).
P
AG = AH - TAS = —nFE,
OTKyAa

_TAS-AH _ 298.2-28-(-94200)
~nF 296485

E =0.531 (B).

Omeem.AS=28.0 Ix-mons -K™'; E=0.531B.

Ilpumep 13-4. CranzaprHbie INEKTPOAHBIE TNOTEHLHANLI Map
RibO/Rib (okucneHHas u BoccTaHOBieHHas ¢opMbl pubodnaBuHa) |
CH;COOH/CH;CHO (ykcycHas kucnoTa — auetansaerua) npu 25 °C pas-
Hbl —0.21 B 1 -0.60 B coorBercTBeHHO. PaccuuTaliTe KOHCTaHTY paBHOBE-
CHA peakLUHM BOCCTaHOBJEHUA puOodiaBMHA aLEeTANbLACTHIOM NIpH TeMie-
parype 25 °C B HeliTpanbsHOM pacreope. Kak oTpasutcs Ha BennyuHe DJIC
COOTBETCTBYIOLUENO FajibBAHWYECKOTO 3IEMEHTa M3MEHEHHE KMCJIOTHOCTH
pacrBopa?

Pewenue. Peakiuio BOCCTAHOBNIEHUS

RibO(aq) + CH3CHO(8€I) = Rib(aq) + CH3COOH(;,Q)

201
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MO>KHO NPEACTABHTh B BU/JI€ CYMMBI ABYX NONYpeakuHi:
1) RibOgq) + 2H" + 2¢ = Ribgg + H,0, E°=-021B
2) CH3COOH,q) + 2H™ + 2¢ = CH3CHOy,q) + H,0. E;*=-0.60 B
Beoruuras us NMEPBOro ypaBHEHHU BTOPOE, NOMAYHACM!

RibOyaq) + CH3CHOuq—Ribjag) + CH;COOH gy, E° = +0.39B

3Han cranpaptHyto 2JIC, MOXXHO paccuMTaTh KOHCTAHTY PABHOBECHS!

K =exp| 2G| exp| PEE =exp(2'%485°0‘39):1.55~10‘3.
RT RT 8.314 - 298

H3MeHeHHe KHCNOTHOCTH Cpelibl He BJMAET Ha BEJIMUMHY DNEKTPOJABH-
KyLIe# CHNbI raJIbBAHUYECKOrO 3JIEMEHTA, TaK Kak B CYMMAapHOIi noreHuua-
nobpasyiolieit peakliid HOHBI BOAOPOAA HE YYacTBYIOT.

LEAI[A‘I;I_]

13-1. PaccuurtaiiTe CTaHJApPTHbIN 3NIEKTPOAHBLIH NOTEeHUMaAn JJIeKTpoaa
2 s
Fe**/Fe no naunbim ta6n, I1-12 ans anextponos Fe*'/Fe u Fe**/Fe’’.

13-2. PaccuuTaiiTe npon3BeicHne pacTBOPUMOCTH W pacTeopumocts AgCl B
Boae npu 25°C no JaHHBIM O CTAHAAPTHbLIX 3MEKTPOAHBIX MOTEHLUHAnax
(tabn. T1-12).

13-3. PaccuuTaiiTe npousBseaeHue pacTBOPUMOCTH U pactBopumMocTs Hg,Cl,
B Boie npH 25 °C 10 JaHHbIM O CTAHAAPTHBIX IEKTPOAHBIX NOTEHUHANAX
(tabn. I1-12).

13-4. TlpousBenenne pacrBopumoct Cuz(POy4), B Boze npu 25 °C paBHO
1.1-1077. Paccuuraiite BIC snementa Pt | Hy | HCI (pH = 0) | Cuz(POy),
(nacsiu. p-p) | Cu npu 25 °C.

13-5. PaccunTaiiTe KOHCTAHTY paBHOBECHs PEaKUWM AMCMPONOPUHOHUPOBA-
Hus 2Cu’ — Cu** + Cu npu 25 °C 1o AaHHLIM O CTAHAAPTHBIX JJEKTPOAHbBIX
noreHuuanax (tabn. I1-12).

13-6. PaccumuTaiite KOHCTAHTY paBHOBECHUS pECaKUH
ZHSO4 +Cd= Cd504 +Zn

npu 25 °C Mo gaHHBIM O CTAHJAPTHLIX 3JIEKTPOAHBIX NoTeHuHanax (Tabsn.
1-12).

13-7. Tpu ranbBaHHYECKUX 3NEMeHTa uMeloT cTanaaptHyto I/1C cooTBeTcT-
BeHHO 0.01, 0.1 u 1.0 B npu 25 °C. PaccuunTaiiTe KOHCTaHTbl PpABHOBECHS pe-
aKLHii, NPOTEKAIOLUX B ITHX 2NIEMEHTAX, €C/IH KOJUYECTBO I1EKTPOHOB A
KaXA0H peakuuun n = |.

13-8. OJIC snementa Pt | Hy | HCI | AgCl | Ag npu 25 °C pasna 0.322 B.
Yemy pasen pH pactBopa HCI?
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13-9. 3J1C snementa Hg | Hg,Cl; | HCl | Q-QH; | Pt paBna +0.190 B. Yemy
pased pH pactBopa HCI? CranpaptHblii moTeHUHan XMHIHAPOHHOrO JJEK-
Tpoaa paBeH E° = +0.6994 B.

13-10. [1pu u3mepennu pH pacTBOopa ¢ NOMOUIBIO CTaHAAPTHOIO BOUOPOA-
HOTO 3eKTpoJa HeoOXOAMMO MOANEPXKUBATH JaBICHHUE BOAOPOAA NMOCTOSAH~
BbIM. Ha ckonbko MOXXHO W3MEHHUTH AaslieHHe Bogopoaa npu 25 °C, utobsl
omubka onpenenenns He npesbicuna 0.01 eaHuun pH?

13-11. PaccuuTaiite DJC s3nemenTa
Pt, H; | ykcycHas k-ta (Cy = | M) || mypaBbuHag k-ta (Co =1 M) | H,, Pt

npu 25 °C, ecny KOHCTAHTBl AUCCOUMALIMM YKCYCHOI ¥ MypaBbHHON KHCNOT
pasHbl K| = 1.75-107 u K> = 1.77-10™ cootBerctBenno. Cunraiite koaddu-
HHEHTb! AKTUBHOCTH PaBHBIMH €IHHHULEC.

13-12. PaccunTaiiTe moTteHUMan BOAOPOAHOTO 3INEKTPOAA B YHUCTOH BojJe
npu 25 °C.

13-13. C nomouupto nepBoro npubnmxenns teopuu Jlebas—X1okkens oueHUTe
TMOTEHIIHANl BOAOPOJAHOrO JJIEKTPOJA Npy AaBleHHH BOJAOPOAA 2 aTM MU KOH-
uentpaunu HCI 1.0-10™ Monb-11"". JleTyuecTb cunTarh paBHON JABICHHIO.

13-14. C nomouibto nepsoro npubnmxenus teopuu Jebas—Xiokkens pac-
CuHTaiiTe, KaKk H3MEHHUTCA MOTEHUMA BOAOPOAHOIO 3NEKTPOJA, HAXOMALUC-
rocs npu 25 °C B pacrBope HBr, ecnu konuentpauuio HBr yBenuunte ot
110”2 monb-kr Jao 2- 107 MOI]b'KI‘“‘, a AiaBieHue Bogopoaa ot 1 no 2 at™.

13-15. C nomotusio nepsoro npubnuxerus teopuun Jlebas—Xokkens paccyu-
Taiire DJIC anemenTa

Zn | Zn(NOs), (0.01 MONIB-KT ) || KCI(0.04 MOJB-KI ) | AgCl(TB.) | Ag
npu 25 °C.

13-16. Ipu 25 °C, konuentpaunn HCI 0.50 monb-kr™' u nanenun H, 1 at™
DJAC anementa Pt | Hy | HC1 | Hg,Cl, | Hg paBna 0.318 B. Uemy paBen cpen-
Huit HOHHBIA KodddueHT akTuBHocTH HCI?

13-17. Paccuwnraiite cranaapthyto 3/IC TOMIMBHOINO 3J1€MEHTA, B KOTOPOM
NpOTeKaeT peakLus

CzH(,(r) +3.5 O2(r) -2 COz(r) +3 HzO(m).
HCOGXOAHMM& TEPMOJHHAMHYECKHE NaHHBIC BO3BMUTE B IIPHIIOXKCHHH.

13-18. BoaopoaHo-kucnopoaHbiii TOMUBHbIA aneMeHT paboraer npu 25 °C
¥ AaBJIEHUAX KUCIOPOAA U BoJopo/a, paBHbIX 3 6ap. Uemy pasHa 3]JIC ane-
MEHTa, ECJIM CYUTATh ra3bl UACaNbHbIMU?
13-19. 3AC snemenTa, B KOTOPOM 0OpaTUMO NPOTEKAET peaKLUs

0.5 Hg2C12 +Ag= AgCl + Hg,
pasna 0.456 B npu 298 K u 0.439 B npu 293 K. Paccuuraiite AG, AH n AS
peaKiuH.

203
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13-20. Beruvcnure TerioBoil 3QgekT peakiuuu
Zn+2AgCl=ZnCl + 2Ag,

nporekaroiled B ranbBaHuueckoM aneMente npu 273 K, ecan 3J1C anemenra
E =1.015 B u TemnepatypHblii koddduunent DJC =—4.02-107 B-K™".

13-21. B rannBanuyeckoM 3jeMeHTe npu Temneparype 298 K obpatumo
NpOTEKaeT peakuus

Cd + 2AgCl =CdCl; + 2Ag.

Paccuuraiite H3mMeHeHne 3HTpONUY peakiuu, eciu craiaaprHas DJC ane-
meHTa E° = 0.6753 B, a cranpaptHbie 3HTanbiuu obpazoBanus CdACl; u
AgCl paBubi —389.7 1 —126.9 kJDK-MOIb ™' COOTBETCTBEHHO.

13-22. S]1C snemenTa Pt | Hy | HBr | AgBr | Ag B LinpokoM HHTepBale TeM-
fnepaTyp ONUCLIBAETCH YPaBHEHHEM:

E°(B)=0.07131 - 4.99-10 %(T - 298) — 3.45-10°°(T - 298)’.
Paccunraiite AG®, AH® u AS® peakuuu, npotekaronieit B anemenTte npu 25 °C.

13-23. B ranpBanuueckoM 3rieMeHTe 00paTHMO NMpPOTEKAET peakuus
CuSOy4 + Zn = ZnSO4 + Cu.

Paccynraiite AH n AS peakuuu, ecnn 3JIC snemenTa pasHa 1.0960 B
npu 273 K u 1.0961 B npu 276 K.

13-24. B snemenre BecToHa npoTekaeT peakuus
Cd + Hg,S0, = Cd*" + 2Hg + SO,

Paccuunraiite 3JIC storo snementa npu 303 K, ecnu AH u AS npote-
Kalowel B HEM peakuuu paBHbi COOTBETCTBeHHO —198.8 kJlx-Monb ' M
-7.8 }],)K-Monb“l-l('].

13-25. AH peaxuuu Pb + 2AgCl = PbCl; + 2Ag, npoTekaiolleit B rajiLBaHu-
YECKOM 2/ieMeHTe, paBHO —105.1 kJhx-Monb ™. DIIC 3TOro IMeMeHTa paBHa
0.4901 B npu 298.2 K. Paccuuraiite 31C 3nemenra npu 293.2 K.

13-26. 3/IC ranbBaHH4ECKOro 2J1eMeHTa
Pt| Q-QH, | OydepHbliit pacTBOp ngQClz | Hg

paBna 4.2 MB npu 25 °C. Koraa ucxoaHsiit 6ydep 3ameHunu Ha Apyroi, us-
MEHUNACH NMOSAPHOCTb 3NieMeHTa U 3Hauenue JJIC: E =-21.75 mB. Paccuu-
taiite pH o6oux 6ydepHbix pacTBOpOB.

13-27. llpeanoxure BO3MOXKHbIE BAPHAHTBI JJEKTPOXUMUUECKUX AYEEK A
onpeaenexus sneprui [[166ca peakumii B pacTopax:

(a) CH;CH,0H + NAD" = CH;CHO + NADH + H”

(6) L-manar’ + NAD" = Okcanoauerar’ + NADH + H’

(B) rnnuepanbnem}l-}(imCQ)aTz' + HPO,” + NAD' = 1,3-audocdornu-
uepuHoBas kuciora’ + NADH + H'
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13-28. PaccuuTaiite cTanaapTHY10 3Hepruto ['n66ca peakuun A,G*
upysar + 2 NADH + 2 H' = Jlakrat” + 2 NAD',

€CJIW H3BCCTHBI CTAHAAPTHLIC 3JIEKTPOAHBIC NOTCHUHUAIL] NONYIJIICMEHTOB!
E°(CH;COCO,", CH;CH(OH)CO,) =-0.17 B,
E°(NADH, NAD", H")=-0.32 B.

13-29. PaccuuTaiiTe KOHCTAHTY PaBHOBECUS peakLM{
2 NADHyq) + Osry + 2H  (aq) = 2 NAD ) + 2 H,0,

ecnu npu 25 °C u pH = 7 craHpapTHble 3NeKTPOAHBIE NOTEHUUANb! NOY-

IEMEHTOR paBHBbIL
E°(NADH,NAD", H)=-0.32B, E°(0,,H,H,0)=+0.82B

13-30. depmeHTaTHBHAS LeNb AbIXaHHUA 3aKAHYHUBAETCA LMTOXPOMOKCHAA-
30i, MepeHocALleH 3NIEKTPOHBI HA aKTUBHPOBaHHBIA kvcnopoa. CyMMapHas
peakiis MOXET ObITh NNpeACTaBNieHa B BUE

2cyt c(red) + -;—Oz + 2H" = 2¢yt c(ox) + H,0, E°(25 °C, pH = 7) = +0.562 B

PaccuuTaiite craHaapTHyio 3Hepruio I'm66ca 3To#t peakuuu. B kakom
HaMpaBJ€HUH NMOHAET peakiMi NPH H3MEHEHHH KHCIIOTHOCTH pacTBOpa Jo:

(a) pH =4,

6)pH=9?
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CraTucrtunuyeckas
TepMoaAuHaMMKa

§ 14. OcHOBHBbIE MOHATHA CTATHCTHYECKOH
TePMOAHHAMUKH. AHCAMOJIN

Ilpu onucaHun cuctem, COCTOAMX W3 HONBIIOrO YKUCIAa YACTHL, MOXKHO
HCMOJIL30BaTh JiBa MOAXO0/A: MUKPOCKONMYECKHH M Makpockonuveckui. B
nepBoOM MOJAX0A€E, OCHOBAHHOM Ha KIMAaCCHYECKOH WIIH KBaHTOBOH MEXaHHKe,
noApo6HO XapaKTepu3yeTcd MHKPOCOCTOSSHHE CHCTEMbl, Hanpumep, Koop-
JMHAThl 1 HMNYALCHI KOXA0H YacTULbl B 1000 MOMeHT BpemeHu. Mukpo-
CKONMYECKOE OMUCaHHe TpeOyeT pelleHHMs KIACCUYECKUX WM KBaHTOBbIX
YpaBHEHHH JBHXKEHUS ISl OFPOMHOIO YUCTa NEPEMEHHbIX.

Makpockonuueckuii noaAxoa, KOTOPBIl peanu3oBaH B KIACCHUUECKOM
TepMOAMHAMHUKE, XapaKTepHU3yeT TOJIbKO MaKpOCOCTOSHWUA CUCTCMbl M HC-
Noab3yeT AN 3TOro HeGOoNbLIOE YUCIIO NepeMeHHBIX, HalpUMEp, TPH: TeM-
nepartypy, o6bem u uucno yactvu. Ecinu cuctema HaXoAHTCS B paBHOBECHOM
COCTOSIHUH, TO €€ MaKpOCKONUUYECKHe MapameTpbl MOCTOSHHBI, TOTAa Kak
MUKpPOCKONHUYECKHE NapaMeTpbl U3MEHSAIOTCA CO BpEMEHEeM. DJTO 03Havaer,
4TO KOKIAOMY MAKPOCOCTOSAHHIO COOTBETCTBYET HECKOJILKO (HAa cCaMOM Aene,
OECKOHEYHO MHOI0) MUKPOCOCTOSHMIA.

Cratuctvueckas TEpMOAMHAMMKA YCTAHABJUBAET CBA3b MEXY ITHMH
AByMs noaxonaamu. OCHOBHasA MJes 3aK/I0YaeTcs B CREAYIOLUEM: eclii Of-
HOMY MaKpOCOCTOSHHIO COOTBETCTBYET MHOIO MHUKPOCOCTOSHUH, TO Kaxao0e
M3 HUX BHOCHT B MakpocCoOCTOsHHe cBOH Bknaj. Torzma cBoiicTBa Makpoco-
CTOSHHUS MOXXHO PacCUMTaTh Kak cpelHee 10 BCEM MHKPOCOCTOSHUSM, T.€.
CYMMHPYS X BKJIaJbl C Y4ETOM CTaTHCTHUECKOTO Beca.

Knaccuyeckasi CTATHCTHUYECKANA
TePpMOIHHAMHKA

B knaccuueckoit MexaHuke MHKPOCKONMHYECKOE COCTOAHHE CUCTEMbI U3
N uactuu ofHo3Ha4HO onpeaensercsd 3N o000EHHBIMH KOOPAMHATAMH g,
Q2se..y G3n H 3N 0006LIEHHBIMY UMITYIILCAMH P, P2, .... P3n. ITOT Habop ne-

*
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peMeHHbIX 0603HauatloT (p, ¢). JIuHaMuKa CHCTEMbI NOJHOCTLID OMpeAenseT-
cf ypagHenusamu ogudcenus I amunomona

:SH(PaQ), ﬁ,‘ z_w,iz 1,2, ey 3N,

ap ¥ aqf

i

rae H(p, q) — ecamunemonuan cvicTeMbl, KOTOpPbIA A cucteMbl u3 N Toveu-
HbIX YaCTHULL MAcchl M UMEET BUL

IN 2

D
H(p,q)=Z—~2 + V(91,955 95x)
j=t «M

(V - noteHuman B3auMoieicTBua YacTull).

MukpococTosHie cucTeMbl YA00HO U300pakaTh Toukoil B ON-MepHOM
gazoeom npocmpancmese (I'-npoctpaHcTse) (p, q). ' MnepnoBepxHOCTL pas-
mepHoctd (6N — 1), onuceiBaemyio ypaBuenveMm H(p, g) = E, HazbiBalOT
anepeemuyeckoli nogepxnocmvio. O6bEM, OrpaHUYEHHBbIH JHEpreTHYecKoi
NOBEPXHOCTHIO, HA3LIBAIOT Pazosbim obvemom I'(E):

T(E) = H dr,

Hip,q)st

IN
rae dl — snemenT obbema (hazoBoro npoctpadcTBa: dl =dp dg = n dp,dq, .

(=1

C TeyeHHeM BpEMEHU MUKPOCOCTOSIHUE CUCTEMbl U3MeHseTcs: u3obpa-
»alwuas Touka B COOTBETCTBHH € ypaBHeHUAMY (14.1) aBxercs B $azoBom
NPOCTPaHCTBE NO KpUBOH (Pazoeoit mpaexmopuu), KOTOpas TEXKUT Ha IHEp-
reTuyeckoil noBepxHOCTH. [lpu 3TOM MakpocoCTOsHHE, KOTOpOe ABIAETCS
COCTOSIHHEM PaBHOBECHSN, OCTAeTC HEU3IMEHHbIM BO BpeMeHH. CocTosHue
PABHOBECHA CUCTEMbl OMUCLIBAETCA HEOONBLIMM YMCIOM TEepMOAMHAMMUYe-
CKMX [1apaMeTpoB, a MUKPOCOCTOSHUE — ropasfo 60JbLLIMM YMCIOM nepe-
MEHHbIX (6/V), NO3ITOMY OrPOMHOE YUCJIO MHKPOCOCTOSHUIT MOXKET COOTBET-
CTBOBaTbh OAHOMY MaKpOCOCTOsHHIO. CneloBaTeNbHO, A Nepexoa MEexXLy
JBYMS YPOBHSMH ONHCaHUA CHCTEMbl HEOOXoaMMa npouesypa CTaTUCTHYE-
CKOTO YCPEHEHUS.

Makpo- Muxkpo-
COCTOsAHUC COCTOSHUC
{
T, V, N di Pis i= 1, ey 3N
M \ v J
3 napameTpa 6N napameTpor

B memode siueex Bonvymana Bce QOCTYMHOe cucteme ¢a3oBoe npo-
CTPaHCTBO (p, ¢g) pa3buBalOT Ha Aueiiku, pasMep KOTOPbIX JOCTATOYHO Be-
MK, YTOObLl B HUX HAXOAMNIOCH 3HAYMTENLHOE YMCIIO MOJIEKYJ, HO MaJl 1o

(14.1)

(14.2)

(14.3)
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(14.4)

(14.5)

(14.6)

cpaBHeHHIO ¢ o0uM ¢da3zoBbiM 00beMoM. Kaxxaoe pazdueHue Ha sueHku co-
OTBETCTBYET ONpPEeIEHHOMY MaKpOCOCTOSHHIO, & KOHKPETHOE pacnpenene-
HHE MOJIEKYJl [0 3THM sAyeiikaM — MUKpococTosiHuto. [TycTb ¢a3oBoe npo-
CTPaHCTBO pa3OUTO Ha i AYeeK, a CHCTEMA COCTOUT U3 N YacTHL, TOraa YHUCio
pacnpenesieHHii 4yacTui no sueikaM paBHoO:

N!
" N,IN,L.N,V

rae NV, — uMcno 4acTuy B j-# aueike.

YacTtuupsl cYUTAIOTCE pasivuMMbiMH. Takum obpasoM, W — 310 obuiee
YUCJI0 MUKPOCOCTOSIHUM, KOTOPO€ COOTBETCTBYET AAHHOMY MaKpoCOCTOS-
HUI0. DTO YHCHO Ha3bIBAIOT MEPMOOUHAMUYECKOU GEPOIMHOCTbIO.

B COOTBETCTBHU ¢ OJHUM U3 MPHHUMIOB CTATUCTHYECKOH (pH3MKH, BCe
MHKpPOCOCTOSIHMS PABHOBEPOATHLI, MO3TOMY BEPOATHOCTb HAXOXAEHHS CHUC-
TEMbl B KOHKPETHOM MUKPOCOCTOAHUH PABHA:

1

P*-;;:-

OcHoBHas uaes CTaTHCTHYECKOH TEPMOSHHAMHKH COCTOUT B TOM, 4YTO

O PABHOBECHOE COCIMORRUE CUCMEMbl UMeem MAKCUMAIbHYIO MEPpMO-
OuHaAmMu YEeCKYIO GEPOAMHOCID

(cM. mpumep 14-1).

Hpyro#i cnocob ydera pacnpeneneHHs N0 MHKPOCOCTOSHUAM TpHHAd-
nexut JDk. T'ubbey u cBf3aH ¢ NOHATHEM CTaTHCTHYECKOro aHcambid. AH-
cambie — 3T0 6eckOHeuHblf Habop HAEHTHYHBIX CUCTEM, HAXOIALUUXCS BO
BCEX BO3MOYKHBIX MHKPOCOCTOSIHHSX, COOTBETCTBYIOLIMX OAHOMY MAaKpOCO-
crosnuto. Kaxnas cuctema ancaMbias — 310 OIHO MHKPOCOCTOsHHE (OAHA
To4ka B $azoBoM npocTpaHcTBe). Bech aHcaMOJib ONMUCHIBACTCS HEKOTOPBIM
pacnpeneneHueM B (a3oBOM NPOCTPAHCTBE, MJIOTHOCTb KOTOPOro Ha3biBacT-
cA yuxyueit pacnpedenenun ancambns p(p, q, f) ¥ onpeaensercs cieaylo-
uum obpaszom: p(p, g, 1) dp dq — 3TO BEpOATHOCTb TOTO, YTO CHUCTEMA aH-
caM06is HaXOAHTCA B 3NieMeHTe oObeMa dp dg BOM3H TOYKH (P, ¢) B MOMEHT
BPEMCHH 1.

O Cwmeica dynkuuu pacnpedenenun cocmoum ¢ mom, umo ona onpeode-
JAAEM CMAMUCMUYECKUU 8EC KAMNCOO20 MUKPOCOCMOARUR 8 MAKPOCO-
CMOAHUU.

QyHKUMA pacripefesieHus NpeacTapser coboii MIOTHOCTb BEPOATHOCTH,
NO3TOMY OHA JIOJIKHA YOBAETBOPATE CIEAYIOLUMM YCIOBHAM:
a) Hopmuposka:

[[p(p.q.0) dpdq =1.
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6) [lonoxutensHas onpeneneHHOCTh:

P, q. = 0.

MHorue MakpoCkon“4eckue CBOMCTBA CHCTEMb! MOXKHO ONpPeeUTh Kak
cpeonee 3navernue QyHKUWI KOOPAHHAT U UMITYNLCOR f(p, ) no ancambiuo:

(£)=[[7p.9) o(pq.t) dpdg

Hanpumep, BHyTpeHHsA DHEprus — 3To cpefuce 3HadeHue pyHkumu a-
MunbTOHa H(p,q):

U= [[H(p.9) p(p,g.1) dpdg .

CyuiectBoBaHHE (DYHKUMWH paclpeeNeHUs COCTaBIACT CYTh OCHOBHOIO
MoOCTyNaTa KJIACCHUYECKO CTATUCTHYECKOH MEXaHUKH:

00 Makpockonuueckoe cocmosaHue cucmemsl ROJIHOCMbIO 3A0AeMCs
Qynkyueln pacnpedenenus, Komopaa yooeaemeopAem yci08uUAM

(14.6) u (14.7).
3aBUCHMOCTb OT BpEMEHM MPOM3BONLHOH (PyHKUMH pacnpeaencHus
OTNUCHIBAETCS ypasHeiuem JTuysuiis

O
_—= ‘l{’ 3
5~ e

rae

L OH dp OH op
H,p) = -
.0} Z[aq,« op, op, 54,)

i=1

— ckobxu Ilyaccona. YpaBHeHue JIMyBUINS ABJIsSETCS CIEACTBUEM ypaBHC-
Huii Famunsrona (14.1) n nocTosHCTBa uKcia cucTeM B ancambne. M3 ypae-
Henus (14.10) cnepyet meopema JIuysunns:

dp_y,

dt
COrNIacHO KOTOPOi MIOTHOCTHL a30BbIX TOYEK NMPH HX IABHXKEHHH no daso-
BbIM TPACKTOPUSM OCTAaeTCA MOCTOSHHOM.

Jlanee Mbl 6ynem paccMaTpuBath TONLKO PABHOBECHBIE CHCTEMbI U paB-

HOBECHbIE aHcaMONH, N8 KOTOPHIX GYHKUMS pacnpeieieHUs He 3aBUCHUT
SBHO OT BPEMEHMU:

o _
ot

k4

(14.7)

(14.8)

(14.9)

(14.10)

(14.11)

(14.12)

(14.13)
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(14.14)

(14.15)

(14.16)

(14.17)

(14.18)

TO €CTh p = p(p, q). Ecin raMMnbTOHNAH CHCTEMBI HE 3aBHCHT SIBHO OT Bpe-
MEHH, TO mobas GyHKUMSA OT raMUILTOHHAHAa OyIeT yNOBNETBOPATh ypas-
HeHuio JInyBumns:

p(p.q)=p(H(p.q)).

Asubiii B ¢yukuuu p(H) onpenensiercs TunoM ancambas. Pasnuuaior
TpH OCHOBHBIX THNA.

1. Muxpokxanonuueckuit ancamMOnb OMUCHIBAET U30JIHPOBAHHBIE CHCTEMBI
M XapakTepH3yeTcs nepeMeHHbiMu: £ (oneprus), V (obvem), N (uncno vac-
THL). B M301MpOBaHHON cUCTEME BCE MUKPOCOCTOSHUS PABHOBEPOATHBI (no-
cmyaam pasHou ANnPUOPHOU 8EPOAMHOCMUL):

const, eciu p U g yAOBIETBOPAIOT ycnosuto: H(p,q)=E

p(p,q) = {

0 nng ocTtajibHBIX p U g

C yuerom npaBuna HopMupoBkH (14.6) 3Ty xe PYHKUMIO MOXKHO 3amnu-
caTb B BHAE:

1
s =——39»0|E-H » 3
o(p,q) o) [ (».9)]

dI'(E
rne g(E)= —d%l — MJIOTHOCTb ZHEPreTHUECKUX COCTOSHUH, 8(x) — deanb-
ma-gynxyun Jlupaxa'.
2. Kanonuyeckuti ancambab OMUCHIBAET CUCTEMbI, HAXOAALIHECH B Ter-
JIOBOM paBHOBECHM C OKpy»atouieii cpenoil. TennoBoe paBHOBecHe XapakTe-
pusyetcs temnepatypoii 7. [ToaroMy ¢yHKUMS pacripeliesieHHs Takxe 3aBu-

CHT OT TeMNEPATYPbI:

H(p, q)}
kT

p(p,q) = const - exp[-

k= 1.38.10°% I[on" - rocTosiHHas bonbluMaHa). 3HaYeHHE KOHCTAHTb! B
(14.17) onpenensercs ycnoBHEM HOPMHPOBKH.

YacTHbIM ciaydaeMm kaHoOHWuYeckoro pacnpeneneHus (14.17) sBnsercs
pacnpedenenue Makceenna no CKOPOCTAM, KOTOPOE CIIpaBeJIMBO 118 ra3oB:

3/2 2
m N mv
v)=4n- -v©exp| -
pLY) (2nkT] p[ 2kTJ

(m — macca Monekynsl raza). BoipaxeHue p(v)dv ONMUCBIBAET BEPOATHOCTH
TOr0, YTO MOJEKYJa HMeeT abCoMmoTHOE 3HAYEHUE CKOPOCTH B MHTEpBaNe OT
v 1o v + dv. 'paduxu dyHxuuu p(v) npu pasnuyHbIX 3HAYCHUAX TeMIiepa-
Typbl U MacChl MOJNIEKYJ NPUBEEHB! Ha puc. 14.1.

1 . >
Onpenenenue u cBoiicTsa 3Toit GyHKLIMY — M. B [Tpunoxkennu 1V,
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(6)
m,
; m,>m
S > m
= g ‘
0
v v
Dynxyusi pacnpedenenus Maxceenna no ckopocmam: Puc. 141
(a) npu 0oOHOI u MOt JICe Macce ¥ pa3HLLX memnepamypax;
(6) npu pasubix maccax u 00HOU u Mot Jce memnepamype
CkopocTb, COOTBETCTBYIOLLYIO MakcUMyMy dyHkuuH (14.18), nasbiBaior
Haubonee BEPOATHONH CKOPOCTBIO MOMIEKYN:
2kT i/2
vmax :[ j b (14.19)
m
a BEJIMYMHY
x 1/2
8kT
(v)= j vp(v)dv = — | . (14.20)
; m

—~ CpeiHeH CKOPOCTBLIO MOJIEKYJT 1P AaHHOH Temnepatype 7.

3. Bonvwou xanonuveckuu ancambas WCNONbL3YIOT Ui OMUCAHHSA OTKPbI-
ThIX CHUCTEM, HAXOAALUMXCH B TEIJIOBOM PABHOBECHH U CMOCOOHbLIX OOMEHH-
BaTbCs BEUIECTBOM C OKpY»xatolueil cpefoii. TennoBoe paBHOBeCHE XxapakTe-
pusyercs temnepatrypoil 7, a paBHOBECHE MO YMCHAY YACTHLL — XMMHYECKHM
MOTEHUUANOM P PyHKUUA pacTipeiesieHUs 3aBUCHT OT TEMIIEPaTypPhl H XUMHU-
4ecKoro noTeHuMana. SBHoe BbipaxeHWe Uit (YHKUMM pacnpenenieHus
BOMBLIOTO KAHOHHYECKOTO aHCAMBIA Mbl HCMIO/Ib30BATh HE OyneMm.

B cratucTHyeckod TEOpHH AOKa3bIBACTCA, 4TO LIS CHCTeM ¢ OOnbLIMM
umciom uactuu (~ 10%) sce TPU THNa aHcaMbnieil SKBUBANEHTHH! APYr ApYTY.
Hanpumep, oTHocHTeIbHbIE DNYKTYaUUH 3HEPTHH B KAHOHHYECKOM aHcambne

NPONOPUHOHaNLHBI |/ JN, fI03TOMYy OTPOMHOE€ OONBIUMHCTBO CUCTEM B Ka-
HOHUYECKOM aHcaMOIe UMEeT OJHY U Ty XKe SHEPrHio (PaBHYIO CpeAHEH dHep-
THH), KaK ¥ B MMKPOKaHOHWYeCKoM aHcambne. Mcnonws3zoBanue moboro aH-
camOns 1py BBIYUCTEHUH TEPMOJAMHAMHYECKUX CBOMCTB MPUBOAUT K OQHUM U
TEM K€ Pe3yJibTaTam, I03TOMY BbIOOD TOTO WM MHOTO MOAX0AA AN ONHUCaHUs
TEPMOAHHAMUUECKOH CUCTEMbl AUKTYETCA TOJBKO YAOOCTBOM MaTeMaTuuye-
ckoit obpaboTku byHkUMH pacnpenenenus. B 6onbuiHCTBe cyvaeB Haubo-
nee yJ100HbIM ABASETCS KAHOHUUYECKHi aHCaMOb.
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(14.21)

(14.22)

(14.23)

(14.24)

(14.25)

(14.26)

KBaHTOBasl cTaTHCTHYECKAS
TEPpMOAHHAMHKA

Ecan cucrema MMeeT AMCKpETHbIE YPOBHU JHEPrdM M ONHUCHIBAETCA
KBaAHTOBOMEXAHHYECKH, TO BMeCTO pyHkuuu amunbroHa H(p, q) vcnodb-
3ytoT oneparop 'ammibroHa H, a BMecTo ¢yHKLMM pacnpeieneHus — one-
paTop MaTpHubl MIOTHOCTH p. MaKpOCKOMHYECKOe COCTOAHME KBaHTOBO#
CUCTEMBI HOMHOCTBIO ONpelienseTcs 3TuM onepaTtopoM. [1pu 3ameHe knaccu-
vyeckol GyHKUMM pacnpeneniesHs p(p, q) MaTpuueill MIOTHOCTH P BMECTO
MHTErpUpoBaHusA No (a3oBOMYy MPOCTPAHCTBY MCMONb3YIOT CyMMHPOBAHUE
10 HEKOTOPOMY KBaHTOBOMEXaHHYeCKOMY Dasucy:

MHoxuTenb nepea MHTErpajoM YYHTbIBAET KBAaHTOBbIE 3PGEKTbI: He-
PasIMYUMOCTb HaCTHLl M NPHHUHKII HEOIIPEAENIEHHOCTH, COTIaCHO KOTOPOMY
TOYKH B (pa30BOM NPOCTPAHCTBE BHYTPH AYEHKH 06BEMOM s COOTBETCTBYIOT
OZHOMY U TOMY e KBAHTOBOMY COCTOSHHIO.

Marpuua nnotHocT mo6o# cucTeMbl 06nafaeT cleayOLUMH CBOHCT-
BaMH.

a) Hopmuposka:

Trp:Z(n[p |n>=1.

(Tr obo3Hauaer cnen, T.e. CYMMy JHAroHaJIbHbIX 3HAYEHHH MaTpUUbI).
6) [lonoxxurensHas ONpeAeeHHOCTD:

(nlp In)ZO.

MHOrHe MakpOCKONMYECKHE CBOMCTBA KBAHTOBOH CHCTEMBbI MOXHO Of-
penesiuTh KaKk CpejiHee OT MPOH3BEJEHHs COOTBETCTBYIOLUETO ONepaTopa Ha
MaTpHLY TUTOTHOCTH:

(f)="Tr(pf).

3aBUCUMOCTb OT BPEMEHH MPOHU3BONLHON MATPHULbI MIOTHOCTH OMHCHI-
BaeTcs ypasuenuem gon Heimana:

. O
in _Hp-pH .
ot
Jns paBHOBECHBIX CHCTEM MaTpHUA MIOTHOCTH HE 3ABHUCHT SBHO OT
BpeMeHHU U ABaseTcs QyHKUMeH raMUIbTOHHAaHa, ABHbIH BHI KOTOPOIi 3aBH-
CHUT OT THMa aHcambia. MaTpHua nioTHOCTH KaHOHUYECKOro ancambas:

=const - ex -—l-l-:I
P= p T
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JnaronasnbHble 3/1€MEHTHI MATPULLbI TUIOTHOCTH PaBHLI BEPOATHOCTH TO-
ro, 4TO CHCTEMA HAXOAUTCH B [-OM JHEPreTHHECKOM COCTOSHMUM WU HMeeT
3Hepruto E;:

E
= const - -,
p, =cons exr:{ kT) (14.27)

3HayeHUe KOHCTAHTbI ONPEAENAeTCs YCIOBUEM HOpMHUpoBKH (14.22):

1
const = z ) . (14.28)

Zexp(— T

3HameHaTenb 3TOr0 BbIpaXXEHHS Ha3bIBAKOT CYMMOU NO COCMOSARUAM (CM.
§ 15). On nmMeeT KnroueBOe 3HAUSHHUE IS CTATUCTHUECKOH OLEHKH TepMO-
IuHaMH4YecKkux cBoicTB cuctembl. M3 (14.27) u (14.28) moxHO HaiiTH Yncno
4acTull N,, MMEIOLUX 3HEPTHIo E;:

—= (14.29)
" Eel 2]

(N — obwee uncno yactuy). Pacnpenenenue (14.29) yactul B KAHOHHUECKOM
ancambnie no ypoBHSAM 3HEPruM Ha3bIBAIOT pacnpeoeneHuem bomvymana (cm.
npumep 14-1), a yucaurens 3TOr0 pacnpeiencHus — GoNbLUMAHOBCKUM (pakTo-
pom (MHOXMTeneMm). MHoraa 31o pacrnpe/ieneHne 3anuchbiBaiOT B APYroM BUIE:
€CJIM CYLLECTBYET HECKOJILKO YPOBHE# ¢ OMHAKOBO# 3Heprueii £, To ux obbe-
JMHSAIOT B OIHY TPYNIy MyTeM CYMMUPOBaHHU GOJIbLIMAHOBCKHX MHOXKUTENEH:

ex E,
Ny &SP T

i

~ = B (14.30)
28 exp[-ﬁ)

(g, — 8bipodICOEHHOCML SHEPrEeTHYECKOTO COCTOAHHS, TO €CTh YHUCIIO YPOBHEH
C OJIHOM ¥ TOH e JHepruei E)).

MHorue Makpockonyeckie napaMeTpbl CUCTeMbl, HaxoAsLleHcs B Ten-
NOBOM PABHOBECHM C OKPYXKAOWEH cpeaoi, MOXHO BBIYUCIUTD C IIOMOLLBIO
pacnpeneneHus bosbluMana. Hanpumep, cpeiisas 3Heprus onpeaenaeTcs Kax
CpeHee NO YPOBHAM JHEPrHUU C YyYETOM UX CTATUCTHYECKUX BECOB:

E,
N ZE,.g,exp[—-Ef;J
(E):ZE,-—;: ’ ( J : (14.31)
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LI_IPHMEPEH

IIpumep 14-1. PaccMOTPHM HU30JHPOBAHHYIO CHCTEMY, COCTOSILYIO H3 N
O/IMHAKOBBIX MOJieKy] B 0Obeme V. Kaxkpasd Mosiekyjla HAXOAHTCH Ha OLHOM
U3 3HepreTudeckux yposHeil E,. [Ipu kakom pacnpeneneHHH MoOJieKyn MO
YPOBHAM N; TepMOMHAMHYECKas BEPOATHOCTb OyJieT MakcuMaiibHa (¢ yue-

TOM NOCTOAHCTBA 001ei sHepruu E 1 uncna yactuu N)?
Pewenue. [1ycts Ha i-M ypoBHe Haxoautcs N; Mmonekyn. TepMoauHamu-

Yyeckas BEPOATHOCTh TAKONO pacrpelefieHHs MO YPOBHAM OMNMCHIBAETCH
ypaBHeHueM (14.4):

f
L
N,IN,1.N,!

Hcnonssys ¢opmyny Crupnuura Inx! ~ x Inx — x, Haiiaem norapupm
TEPMOAHHAMHYECKOI BEPOATHOCTH:

k
an=NlnN-ZN, InN,.

i=z]

MakcumyM 3Toii (hYHKLIMH NPH JONONHUTENbHBIX YCTOBUAX

HAXOJUTCA METONOM HeomNpeleNieHHbIX MHoxuTenell Jlarpanxka. ®OyHkuuA
In W nMeer MakcuMyM, a N i E — KOHCTaHTBI, NO3TOMY HX qvddepeHumans

paBHbi 0:

k
dinW ==Y (InN, +1) dN, =0,

i=1

k
dE=YE dN,=0.
i=]
Jlns Toro, 4ytoGbl yyecTh YCJIOBHS NMOCTOSHCTBA DHEPrHKM M 4MCHa vac-
THL,, YMHOXXHM BTOpPOE U TPEThE YPABHEHHA Ha HEONpPEIENCHHbIC MHOXHTE-
1 O ¥ B ¥ BbINTEM NEpBOE YpaBHEHHUE!

&
D (InN, +1+0a+BE,) dN, =0.

i=]
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Tenepb nuddepenunanst dN; — He3aBUCHMbIE BEJTHUWHBI, MO3ITOMY KO-
3 PUUHEHT NPU KOKAOM U3 HUX A0MKeH ObITh paBeH 0:

InN, +1+a+BE =0,

N, = : .
exp(l+a +BE,)

[ToacTaBnss 3TO BhIpaXECHHUE B YCIOBHE NOCTOAHCTBA YHCHIA YACTHLL, HC-
KouaeM KoappuLmMeHT o

exp(—BE;) .

gexp (-BE,)

Hannas ¢opmyna pewaeT nocraBleHHYHO 3anauy. OU3HuUecKuil CMbICH
napaMeTpa 3 MOXKHO OTPEAESIUTb, BOCIOB3OBABUIUCH COOTHOLIEHHAMH Me-
KLY TEPMOJAUHAMHYECKOH BEPOATHOCTHIO M dHTponuel (cM. § 15). Dror na-
paMeTp OMMCBLIBAET TEIMUIOBOE pPAaBHOBECHE M NPONOPUHOHATIEH obpaTHOM
Temneparype:

N, =N

H

Bl
g kT
C yueToM 3TOro COOTHOLUEHHUS MOJIyYEHHOE pacnipeiesieHHe Mo YPOBHAM
IHEPTrUM coBManaeT ¢ pacnpenenendeM bonbumana (14.29) ans kaHoHMYe-
ckoro aHcaMbns. Takum obpazom, pacnpenenenue boasumana — HauGonee
BEPOATHOE pacnpejiefieHHe YacTHIl MO SHEPrusaM.
O m e em. Pacnpeaenexue bonsumana.

IIpumep 14-2. Monekyna MOXXET HAXOAUTHCA HAa ABYX YPOBHSAX C BHep-
rusmu 0 u 300 cm™'. Kakosa BEPOSATHOCTH TOIO, YTO MOJIEKYJla OyeT Haxo-
JIUTBCA HA BepXHeM yposHe nipu 250 °C?

Pewenue. Hano npumennTs pacnpenenenue bonsumana, a s nepesoga
CNEeKTPOCKONMUYECKON €MHHUbI JHEPruu cM™' B JIK HCMOJB30BATh MHOXKH-
tenb he (h=6.63- 107 Jik-c, c = 3-10" cm-c"‘):

300 cm ' =300 6.63-107' - 3-10'° =5.97-107" JIx.

(__ 5.97-107 J
-23
N 13810 -523) _ 304,
5.97-107"
1 +expi — —
1.38-107 - 523

Omeem.0.304.

INpumep 14-3. Monekyna MOXeT HaxXoAuTbCA Ha ypoBHeE ¢ dHeprueit 0
WM Ha OHOM M3 TpeX ypoBHei ¢ sHeprueit E. lpu kakoit TeMneparype:
a) Bce MOJeKyibl OyAyT HAXOIUTHCS HA HUKHEM YPOBHE,

215
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6) 4MCcA0 MONEKYN Ha HWXHEM YpoBHe OYJET paBHO YMCIy MOJIEKYN Ha
BEPXHUX YPOBHSX,

B) YHCIAO MONEKYJl HA HWXKHEM YpPOBHe OyleT B TpU pa3a MeHblle, YeM
YUCI0 MOJIEKYJT HA BEPXHUX YPOBHAX?

Pewenue. Ing pacyera Yyucna MONEKysl Ha HUWKHEM YPOBHE BOCIIOb3Y-
eMcsa pacnpeaenenuem bonbimana (14.29):

N, 1

1+3exp(—~§]

a) Ng/ N=1; exp(~E/kT) = 0; T = 0. [1p1 NOHMKEHNH TEMIEPATYPLI MO-
JIEKyJbl HAKAMIMBAIOTCA HAa HIXKHEM YPOBHE.

6) No/ N=1/2; exp(~=E/kT) = 1/3; T=E/ [k In 3].

B) No/ N = 1/4; exp(—E/kT) = 1; T = . [1pu BbiCOKMX TeMInepaTypax Mo-
JIEKYJibl pAaBHOMEDHO pacrnpelieNeRbl N0 YPOBHAM 3HEprdu, T.K. Bce GOsbl-
MAHOBCKHE MHOXKHTENH NPaKTUUECKH OJIMHAKOBLI ¥ paBHb! 1.

Omeem.a)T=0;6)T=E/[kIn3];8) T=co.

IIpumep 14-4. B HekoTopo# Mosekyse €cTb TPH JEKTPOHHBIX YPOBHS
snepruu: 0, 1500 u 2800 eM™ . Huknuii YPOBEHb HEBBIPOXJEH, CPEAHNHA —
TPEXKPATHO BbLIPOXEH, BLICLUMH — NATUKPATHO BuIpoXaeH. Hailante cpexn-
HIOIO JJIEKTPOHHYIO DHEPTHIO MOJIEKYJIbI (B CM") U 3aCENEHHOCTb HHKHEro
ypoBHs npu Temnepatype 1900 K. 3nauenue noctosunoil hc/k = 1.44 cm-K.

Pewenue. Vicnonsdys pacnipeneniedde bombliMana, paccydTacM 3acelieHHOCTH
3NEKTPOHHBIX YPOBHEIA, T.€. OTHOCUTEJIbHbIE KOJTHYECTBA MOTIEKYJ1 Ha 3THX YPOBHSAX:

N, 1

- hckE hcE
1+3exp e +5exp| — s
kT kT

] 1

= = =0.390
1.44-1500 1.44-2800) 2.56
I +3exp| - —————— |+ Sexp| — ————rr
1900 1900
(MHOXMTENb Ac UCNONBL30BaH A NepeBoaa cm™' B JK);
hcE, 1.44-1500
N PP\ T r >P{ " 900
- heE heE, Y 2.56 =076,
I+3exp| — oL +5exp| - 2 '
kT kT
hcE, 1.44-2800
N PP 7 2Pl 900
2. = =0.234.

[+ 3exp ——hCE’J+Sexp _hck, 2.56
kT kT
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CpenHiow 3/IEKTPOHHYIO SHEPrui0 MOXHO HAWTH, CIIOXUB YHEPTrUU OT-
JeNbHBIX YPOBHEH, YMHOKEHHbIE HA 3aCEAEHHOCTH 3THX YPOBHENH:

2, N
(E)=2 E,—+=0-0.390+1500-0.376 +2800-0.234 = 1219 oM™,

i=0Q
Omeem.1219 em™: 39.0%.

IIpumep 14-5. I1pu HarpeBanuu no6oit TepMOAHMHAMHYECKOH CHUCTEMBI
3aCe/IEHHOCTh OJHMX YPOBHEH YyBeNMYMBaeTCd, a ApPYrdx — yMeEHbUIaeTcs.
Ucnonb3ys pacnpenenenue bonbuMaHa, onpeaenure, kakoBa Jo/KHa ObIThb
IHEPrus YPOBHA ANS TOTO, HTOOLI €ro 3ace/leHHOCTh YBENHYHMBANACh C PoOC-
TOM TeMIiepaTyphl.

Pewenue. 3aceneHHOCTb — JONS MOJIEKYJI, HAXO/ALMXCA HA ONIpeJesieH-
HOM 3HepreTudyeckom yposHe. 1o yciioBHIO, NpoU3BOAHAA OT ITOM BENUYH-
Hb! 110 TEMNEpaType NOJIKHA OBITh NONOXKHUTENBHA!

d(N,/N)
dr

B nanHoMm citywae okasbiBaetcs yaoOHee CHHTATh NPOU3BOAHYIO HE ca-
MOIf 3aCe/IEHHOCTH, a ee norapudma (ecid PyHKUMS — BO3pacTamilias, To e
norapudm toxe Boszpactaet). M3 pacnpenenenns (14.29) cnenyer:

N, E, E,
In| — [=——~~1In ) exp| ——|,
(NJ kY p( krj

Ef
din(N,/N) E, I ZE’CXP(-H"J*&—(@)O
ar kT’ kT? AN
Zexp '—ﬁ

Bo BTOpO# CTpOUYKE Mbl MCNOJIB3OBANHM ONpPEAETICHUE CPEAHEH 3HEpPruu
(14.31). Takum o6pa3om, 3aceIEeHHOCTh BO3pacTaeT ¢ POCTOM TEMNEPATyphbl
[t BCEX YPOBHEH, MPEBbILLAIOLUNX CPEAHIOKD FHEPTHIO CUCTEMBI.

Omeem. E, >(E)

[_3A)1Aqﬁ—]

14-1. Haitaure Haubonee BepoaTHoe pacnipeaeneHue 6 Monekyn no 3 syedkaMm
U paccuMTaiiTe TEPMOAHHAMHYECKYIO BEPOATHOCTb 3TOTO pacnpelesieHHs.

14-2. PaccuuTaiite ¢a3oBblii 06beM AN HACATBHOTO ra3a, COCTosLero u3 N

IN 2
s . pi
yacTHl ¢ Maccoif m. ["amunsToHnan cuctemnl: H(p,q) = E S
= &M
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14-3. Monekyna MOXET HaxOAUTHCA Ha IBYX YPOBHAX C JHepruamu 0 H
100 em™'. Kakosa BEpPOATHOCTb TOrO, YTO MojeKyna Oyaer HaxoaUTbCA Ha

Hu3LeM yposHe npu 25 °C?

14-4. Monekyna MOXET HaXxOAMUThCA Ha JBYX YPOBHAX ¢ JHeprusamu O H
600 cm™". Ilpn kako#i TemnepaType Ha BepxHem ypoBHe OyaeT B 1Ba pasa
MeHbLLE MOJEKYJl, YeM Ha HHUKHEM?

14-5. Mosnekyna MOXET HAXOAMTLCA Ha YPOBHE € 3Heprueii 0 unu Ha OgHOM
13 Tpex ypoBHeii ¢ aHeprueit . Haligure cpeiHIO0 3HEPTHIO MONIEKYIL:

a) MpHY OUYeHb HU3KHX TeMIlepaTypax,

©) npu oyeHb BLICOKUX TEMIepaTypax.

14-6. B HexoTOpOH MoOsieKyne eCTh ABA JJIEKTPOHHBIX YPOBHA 3HEPIHH, OT-
crosie Apyr ot japyra Ha 1000 cM ' Huxumit YPOBEHb HEBLIPOXKAEH,
BEPXHUH — TPEXKPATHO BbIpOACACH. HalauTe CpefHIO0 3NeKTPOHHYIO JHEp-
M0 MOJIEKYABI (B CM‘l) npu Temneparype 1200 K. 3navenue nocTosHHOK
helk = 1.44 cm-K.

14-7. B HekoTopoii MofeKkysle eCTb TPH JJEKTPOHHBIX YPOBHS dHepruu: 0,
800 u 1700 cm™'. Husknuii ypoBeHb HEBBIPOXKAEH, CPEAHHI — TPEXKPATHO
BLIPOXAEH, BBICIUMI — MATHKPATHO BBIpOXAECH. Halaure cpeaHiow 3nek-
TPOHHYIO DHEPrHiO MOJTEKY bl (B CM ') U 3aCENIeHHOCTL HUXKHETO YPOBHS IPH
temneparype 1300 K. 3nauenue nocroaHuoi hc/k = 1.44 cm-K.

14-8. Boi4ucnute BEpOATHOCTL HAX0XKAEHUA aTOMapHO# cepbl B OCHOBHOM H
nepBoM BO30YKAEHHOM 2JIEKTPOHHOM cocTosHuax npu 1000 K ¢ ucrons3o-

BaHUEM CIICAYIOUIHX AaHHbIX!

DNeKTPOHHBIH TepM Jueprus (cM™) CraTHcTHYeCKRIT Bec
°P, 0 5
P, 396.1 3
°Py 573.7 1
'D, 9238.6 5

14-9. Bpiuucaure cpe/iHee 3HaA4YEHHE INEKTPOHHOH 3HEpruy aToMapHoi ce-
pul nipu Temnepartype 1000 K ¢ ucnons3zoBaHueM AaHHBIX NMpeablaylIei 3a-
auu.

14-10. Monekyna MOXeT HAXOAMTbCA HA TPeX 3HEPreTHUUECKUX YPOBHAX:
HEBbIPOXKIAEHHOM, TPEXKPATHO BLIPOXKICHHOM H MATHUKPATHO BbIPOXKIEHHOM.
[Tpu HekoTopoit Temneparype T Ha BCeX TPEX YPOBHAX HAXO/AMUTCA OAUHAKO-
BOE 4MCNIO MoJiekyl. PaccuuraiiTe 3HEpruu 3THX ypoBHEH (3HEprust OCHOB-
HOI'O COCTOSIHMA TIPUHHMaeETCA paBHoii 0).

14-11. B paBHOBecHO#H cMecu o~ U B-rmoKo3bl coaepxanue J-aHomepa pas-
HO 64% npu Temneparype 25 °C. OueHnTe pasHOCTb FHEPruil MEex1y dTHMH
M30MepPaMHU.
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14-12. Tlpn oxnaxnpeHuu moboil TepMOAMHAMUYECKOH CHCTEMbI 3acesieH-
HOCTb OJHHMX YPOBHEH yBENHYHBAETCs, a APYrMX yMeHbilaercs. Mcnonb3ys
pacnpeaenesue bonblMaHa, onpelenanTe, KakoBa AOMKHA ObiThb 3HEprus
YPOBHSA ANA TOro, 4ToObl €0 3aCENeHHOCTh YBENTHYHBAIACH C YMEHbLUEHHEM
TEMIepaTypbl.

14-13. Paccuuraiite Haubosnee BEPOATHYIO CKOPOCTb MONEKYJ YIEKHCIIOro
raza npu temneparype 300 K.

14-14. PaccuuTaiite CpeiHIOIO CKOpPOCTL ATOMOB renus NpU HOPMalbHbIX
YCIOBHAX.

14-15. Tlpu kako#i TeMmneparype cpelHsis CKOPOCTb MOJIEKY]l KHcCropoaa
paBHa 500 Mc'?

14-16. Tlpu HekOTOpBIX YCJIOBHAX CPEAHAA CKOPOCTb MOJIEKYJ KHCIOpoAa
paBxHa 400 Mec . YeMy paBHa cpelHsA CKOPOCTb MOJIEKYJ BOAOPOAA MpH
ITUX Ke YCIOBUAX?

14-17. I'ipn Temneparype 25 °C cpeiHas CKOPOCTh MOJIEKY]T HEKOTOPOro ra-
3a paBHa 274 MC . YeMy paBHa CpeJHAA CKOPOCTb MOJIEKYJl 3TOTO ra3a npH
Temneparype 250 °C?

14-18. KaxoBa 1015 MOJIEKY1 Maccoii 7, IMEIOLLUX CKOPOCTb Bbillle CpEAHEH
npu Temneparype 7?7 3aBUCUT 11 3Ta [0 OT Maccel MOJIEKYJ1 U TeMnepary-
pbi1?

14-19. [onb3yace pacnpeneneHnemM MakcBenna, paccynTaliTe CpeaHION KH-
HETHYECKYIO 3HEPrulo ABHXKEHUA MONEKYN Maccoii m npu temneparype 1.
PaBHa nu 31a 3HEprus KHHETHYECKOH JHEPTHH NPH CpeiHEH CKOPOCTH?

§ 15. CymMa no cocTosTHUAM
H CTATHCTHYECKHI HHTerpaJ

CornacHo OCHOBHOMY TMOCTYNaTy CTaTHCTHYECKOH MeXaHWKH, JNODKHA
CYLIECTBOBATh CBA3b MeXAy (YHKUHWeH pacnipeieneHus paBHOBECHOI cHCTe-
MBI H €€ TEepMOJMHAMHYECKUMHM CBOMCTBaMH. JTa CBA3b HarjslHee BCETo
TIpoABAfETCA B Meroae sfveex bonbumada. PaBHOBeCHOE COCTOfHHE MMEET
MaKCHMANBbHYI0 TEPMOJAHHAMHYECKYIO BEPOSTHOCTD; B TO K€ BPEMS, COIJIACHO
Il 3aKOHy, OHO XapakTepH3yeTCss MAaKCUMANIBHOH IHTPONHKEN, ClleJ0BATENBHO
BHTPONUA — BO3pacTaouian GyHKLUA TEPMOAHHAMUYECKOH BEPOATHOCTH:

S=AW).

Jins onpeneneHus sBHOMO BUJA 3TOi (PyHKUUM paccMOTPHM paBHOBeC-
HYIO CHCTEMY, COCTOSIIYIO U3 ABYX He3aBUCHMbIX nopacuctem. Obiuas Tep-
MOJMHAMHYecKas BEPOATHOCTb paBHAa NMPOW3BENEHHIO BEPOATHOCTeH, a 06-
LLas IHTPOMHUSA — CYMME DHTPONUI OTAENBHBIX MOACHCTEM:

W= W]‘Wg, S=S1+Sz.

(15.1)

(15.2)
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(15.3)

(15.4)

(15.5)

(15.6)

(15.7)

(15.8)

OTCIOAA CJEAYeT, YTO DHTPONHA MpONOPUHMOHANbLHA HATYpalibHOMY Jiora-
pupMy TEPMOAMHAMHYECKOH BEPOATHOCTH!

S=k-InW.

DTO COOTHOLIEHHE HA3BIBAOT opmyaou boavymana. 3nadeHue Kodg-
duLMeHTa &k MOXXHO HaiTH, PaCCMOTPEB M30TEPMMYECKOE pacUIMpeHUe Hae-
anbHOro rasza. TepMoaHHaMUyecKas BEpPOATHOCTb CHCTEMbI, cocToALel us N
MOJIeKyJl rasa B oobeme V, nponopunonanbHa N-f creneny obdbema:

w~yN

IIpn paciuiupenuu rasa or odbema V| 1o o6bema ¥, u3MeHeHHe 3HTPo-
NIUU COCTABHUT:

v,
AS=S,-S, =km(V,")-kIn(¥,")=Nkin-%.
V]
C npyro#t cTOpoOHbI, W3 BTOPOro 3aKOHA TEPMOAHMHAMMKM CHENYET, YTO
NpH paCWIMPEHUHN OAHOrO MOJIA UACANILHOTO ra3a U3MeHeHHe SHTPONUK:

v,
AS=RIn—.
V

1

Cpasnubas (15.5) u (15.6), naxoaum:

Koaddunuent nponopunonanstoctd B popmyne (15.3) — nocmosnnan
borvymana.

®opmyna bonbLMaHa no3BosseT O0BACHUTL CYLLECTBOBAHUE OCMAamoy-
Hott sumponuu (cM. § 4) y HekoTOpbiX BelliecTB. B uaeanbHOM kpuctaiie
TEpMOJMHAMHUuecKasd BepOATHOCTL NPH Temmneparype, 6nuskoii k abcontoTHo-
MY HYJItO, paBHa W = 1, 103TOMY TaKOH KPUCTAN MMEET HYNEBYIO 3HTPOMMIO.
Hexotopsle Bewectsa, Hanpumep CO win H>O, npu moboii Temneparype
HMEIOT TEPMOAMHAMUYECKYIO BEPOATHOCTL W > 1 3a cyeT TOro, YTO MONEKyY.Ibl
B KpHUCTaljle MOTYT UMETh pa3Hble HArpaBNeHUs OpPMEHTALMH, MO3TOMY JH-
TPOMNHUS TAKUX BEUIECTB OTIHYaeTcA oT 0 Aaxe BOAN3M abCOMOTHOrO Hyns .

B kJlaccMYecKOM MHUKPOKAHOHMUYECKOM aHcamOne SHTponus onpeaens-
eTcsa uepe3 dasosblit 06beM I'(E) no dopmyne, aHanornusod gopmysie
Bbonbumana:

S(E)=k - In[(E),

rae k — noctosuHas bonblMana.
MoxHo aoka3arb, uto norapudm dazoBoro odrema o6najgaeT TaKUMH
)K€ CBOWCTBAMM, YTO W IHTPOIMMUA: OH ABAAETCA IKCTEHCUBHOW BETHYHUHOMN W

' Ocrarounas sutponua CO cocrasnser 5.0 Tc-mons K™,
H,0 - 3.4 lx-mom "K',
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MMEeT MaKkCHMMaJlbHOE 3HA4YCHHUE NMPU PaBHOBECHH. AHAIOTHYHbLIM 00pa3oM
3HTPOMNHUIO OTIPEAENAOT Yepe3 TIOTHOCThL IHEPreTUYECKHX cocToAHuM g(F),
KoTopas npeacrasnseT cob0i HOPMHPOBOYHBIH MHOXHTENb GYHKUMUH pac-
npeneneHus (14.16) MMKpOKaHOHHYECKOro ancamobns:

S(E) = k - In g(E).

B cratuctuyeckodt MexaHuke AOKasbiBaeTcs, 4to BblpakeHus (15.8) u
(15.9) ornuuaroTcs Apyr OT Apyra Ha Maiylo BelIM4HHY rnopsika k In N. On-
penenHB SHTPOIMUIO Kak (PYHKLHIO SHEPTUH, MOXKHO PacCYUTATh TEMIEpaTypy:

() L
O ),y T(E)
¥ BbIBECTH KaJIOpU4ECKOE ypaBHeHHe cocTosnus £ = E(T, V,-N).

B kBaHTOBOM MHKPOKAHOHHYECKOM aHcambie 3HTPOMUIO Takxe Olpe-
JAENAOT Yepe3 MNOTHOCTb COCTOSHUMN, KOTOPYIO PacCUMTLIBAIOT HEMOCPEACT-
BEHHO M0 SHEPreTHUECKOMY CIIEKTPY CHCTEMB.

TepMoauHamuyeckHe CBOHCTBA 3aKPbITbIX CHCTEM Ya00Hee Bcero Haxo-
J¥Tb C MOMOLIBIO KaHOHHYECKOTrO aHcaMOns. OyHKUHMH pacrpeleneHus —
knaccuueckas (14.17) v xBanToBas (14.27) — no3BossiOT paccuuTaTh Cpel-
Hue 3Ha4eHus mobbix Pr3ndeckux BennduH. KimouyeByio ponb B 3THX pacue-
Tax HUrpaloT HOPMUPOBOYHBIE MHOXUTENH (PYHKUMH pacripefefieHus — cym-
MQ N0 COCMOAHWAM W CIAMUCMUYECKUY unmezpan.

CyMMa 10 COCTOSHHSAM (CMHOHHUM - cmamucmuyeckas cymma) — 3T0
HOPMHPOBOUHBIH MHOXHTENb KBAHTOBOH (YHKUMH pacnpelefieHUs KaHOHH-
yeckoro aHcamOns. Eciu M3BECTHBI YPOBHHM 3HEPruM CHCTEMBI £; U UX CTaTH-
CTUYECKHE BeCa (BLIPOXKIACHHOCTD) g, TO CYMMA 110 COCTOSIHHSM UMEeT BUA!

E
ZT,V,Ny=Y g, exp| —— |,
( ) Zlg p( kTJ

rae T — temniepatypa, ¥ — 06beM cHCTeMbl, N — UHCIIO 4acTHLL.

Ha3BaHne «cyMMa Mo COCTOSHUSAM)» OTpaxaeT TOT (akT, uTo QyHKUHA
Z(T,V,N) npeacraBnser coboil cyMMy 607bLIMAHOBCKMX MHOXHUTENeH Ans
K&KIOr0 H3 YPOBHEH JHEPIrHH.

HopMHpOBOUHBIIT MHOXHTENL KIAaCCHYECKOH (PYHKUMH pacnpeaeneHus
(14.17) Ha3bIBalOT CTaTHCTHYECKMM HHTerpasiom. OH ripeacTaBnseT codoi
0bbveM (pazoBoro NpocTpaHCTBa, 3aHUMAEMbIH KAHOHUYECKUM aHcambiieM, U
paBeH

rae uHTerpan epercs No KOopAUHaTaM M MMMynbcaM Bcex N yactuu. Pazo-
BblH HHTErpas UMeeT KpPaTHOCTL 6N U pa3MEpHOCTh (KooanHaTa-umnynbc)3N .
C nomoubio $a3oBoro HHTErpajia MOXXHO ONPEAEaHTb KIACCHYECKYIO CyMMY
No COCTOSAHUAM, eClH BoCnosb3oBaThes ¢opMmynoit (14.21), ycraHasnvBaio-

(16.9)

(15.10)

(15.11)

(15.12)
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(15.13)

(15.14)

(15.15)

el CBA3L MEXAY KIAaCCHYECKOW M KBAHTOBOH CTaTMCTHYECKOW MEXaHHKOM.
Knaccudeckas cymMMa Mo COCTOSAHUSM, BBIpDOKEHHas Uepe3 CTaTUCTUYECKHUi
MHTErpail, UMeET BUA:

1 H(p,q)
Z(T,V,N)= PECpYr [ exp [—T dpdg .

3necb i — nocrosauHad [navka. MHOXUTENb nepes MHTErpaioM YYuTHIBaeT
HEPa3IMUHUMOCTh YaCTHLL M KBAHTOBbIH NMpuHUMN HeonpexaeneHHocTH. Cra-
TUcTH4eckass cymma (15.13) Gespasmepna. [ina GonblUMHCTBA MakpOCKOIH-
YECKHUX CHUCTEM KNAcCHUecKas ¥ KBAHTOBas CYMMbI [0 COCTOSHHMSM NpakTH-
YeCcKH COBIAJAAIOT.

["naBHOe CBOWCTBO CyMMbI 1O COCTOAHHAM 3aK/IIOUAETCS B TOM, YTO QHa
codepxcum ¢ cebe scio mepmodunamuveckyro undopmayuio o cucmeme. Ec-
1 KakuM-u60 o6pa3oM (aHANUTHYECKH WIIM HHCIEHHO) YJaloCh BblUMC-
JINTb CYMMY [0 COCTOSIHUAM CHCTEMBI, TO MOXKHO pacCYMTaTh BCE TEPMOIH-
Hamuueckre QYHKLUU ¥ HATH ypaBHEHWE COCTOAHUA TOMH cHCTeMbl. TakuM
obpazom,

O Ocnosnas 3adaua cmamucmuueckoii. MmepMOOUHAMUKU CEOOUMCA
K pacuemy CyMM RO COCMOAHUAM MEPMOOUNAMUYECKUX CUCMEM.

CpoiicTBa CyMMBI M0 COCTOSIHUAM

Bce HuxenepeuncneHHbie CBORCTBA BLITEKalOT U3 onpeaenenns (15.11).

1. Cymma no cocrosiHuam — GespasMepHas BenuuuHa. OHa 3aBUCHT OT
Temneparypbl, 00beMa 1 unucna vactuiy: Z = Z(7,V,N). Ot temneparypsl OHa
3aBUCUT SBHbIM 00pa3oM, a OoT ofbeMa W YKCHA 4YacTHL 3aBUCAT YPOBHH
a”eprun: £, = E(V.N).

2. CyMma 1o coCTOsSHUAM — He abcosioTHas BejMYMHA: OHA OnpeaeneHa
€ TOYHOCTHIO JI0 MOCTOSHHOTO MHOXMHTEINS, KOTOpbIH 3aBUCHT OT BbIOOpa
ypoOBHSI OoTcueTa 3Hepruu. Ecnu ero ciBUHYTb, T.€. M3MEHUTb BCE YPOBHU
3HEepruy Ha OJIHY W Ty Xe BenuuHuHy: E; - E; + €, To Bce H0nbUMAaHOBCKHE
MHOXHTENM YBeANYaTcs (MM YMEHbLIATCA) B OAHO U TO XKe YMCIIO pas, ¥ BO
CTOJILKO e pa3 U3IMEHHUTCS CYMMa M0 COCTOAHUAM:

Z—> Z-exp(~—8—~).
kT
OG6bIYHO 3a YPOBEHDb OTCYETa NPUHUMAIOT JHEPryI0 CHCTEMBI IpH abco-
TOTHOM Hyne, Ul.
3. Ilpu T — 0 Bce GonbLUMaHOBCKHE MHOXHTENH cTpemaTes K 0 3a uckio-
YEHHWEM TOro, KOTOPbIH COOTBETCTBYET HUXKHEMY YPOBHIO DHEPIHH, MOITOMY
CYMMa TI0 COCTOSTHUAM CTPEMUTCS K CTATHCTHYECKOMY BECY 3TOr0 YPOBHS:

limZ(T) = g, -
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[Tpy uu3kMX TeMnepatypax BKJajd B CYMMY MO COCTOAHHMAM BHOCSAT
TOJIbKO YpOBHH ¢ HeGonbLol sneprueit (E < k7).

4, Mpu T — oo Bce IKCMOHEHTHI, BXxoAdue B onpeaenenue (15.11),
cTpeMaTcs k 1, MO3TOMY CyMMa MO COCTOSHUAM CTPEMUTCA K CYMME CTaTH-
CTHYECKUX BECOB BCEX YPOBHEH:

lim2(1) =2 g,

KOTOpas MOXET ObITh KOHEUHOH MM OeckOHEeYHOH B 3aBUCHMOCTH OT YHCNa
ypoBHe#t 3HepruH. IIpuMep CHCTEMBI ¢ KOHEYHBIM NPEAEIOM CYMMBI IO CO-
CTOAHHAM — sJIEPHBIE CMIMHBI B KpycTaymax LiF, Haxoaswuxcs Bo BHeliHeM
MarHUTHOM MoOJeE.

5. CymMMa no COCTOSSHHSM — MOHOTOHHO BO3pacTarolas QyHKLHUA TeM-
nepatypbl. JTO ClIeAyeT U3 TOro, YTo npoussoauas (6Z/0T)y y, paccuutTaHHas
u3 onpezenenns (15.11), nonoxxurensHa npu MoOLIX TEMNEpaTypax.

6. Ecin cucreMy MOXHO pa3OuTh Ha ABE HE3ABHCHMbIC ApYyr OT Apyra
NOACHCTEMbI TaK, YTO KKAbIA YPOBEHb IHEPTUH MOXKHO NIPEACTAaBUTH B BU-
ne cymmbl: E; = E; + Ep, To CyMMa Mo COCTOSHUSIM pa30uBaeTcsd Ha COMHO-
xurenu (pakropusyerca): Z = Z)-Z,, rae QyHKUMH Z) ¥ Z, ONpeleneHbl Bbl-
paxenueM (15.11), HO cymMmMupoBaHHie B HEM paclipOCTPAHIETCA TONbKO Ha
YPOBHU 3HEPTUH JAaHHOM MOACUCTEMBI.

CBsi3b CyMMbI 110 COCTOSIHHAM
¢ TEPMOAHHAMHYECKHMH PyHKLHAMH

BHyTpeHHSs 3HEeprus TepMOAMHAMHMYecKOH CHCTEMbl paBHa cpeaHeit
3HEPruy NO BCEM YPOBHAM C YYETOM MX 3aCEeNIeHHOCTH!

Z Eigi exp(— %J

U—»U0=(E)=2Ei%~= ‘

Sy

rae Uy — aneprus npu abcosotHom Hyne 7= 0.
[TpaByto yacTb 3TOTO ONpeAesieHHs MOXHO NPEJCTaBHTL KaKk NPOH3BOM-
HYIO OT CyMMblI 10 cocTosiHHAM (15.11):

£ E, oz
Z &P\ T%r ) \o(-1/4T) ),
B z

SR

*

OTKyZa

U-—U0=kT2(

8an)
or ),

(15.16)

(15.17)

(15.18)

(15.19)
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(15.20)

(15.21)

(15.22)

(15.23)

(15.24)

(15.25)

(15.26)

TakuM o06pa3om, 3Hast CYMMY MO COCTOSHHMSAM, MOXHO ONpenenuTh
BHYTPEHHIOK 3HEPrur0 kak ¢GyHKUHIO Temreparypbl ¥ obbema. dudde-
peHuupys (15.19) no temneparype, HaxoJ MM BbIp@KEHUE AN W3OXOPHOH
TEMNIO0EMKOCTH

2
c, =(~5ﬂ) =2k7‘[51“z) vir?| 2
T ;- or ), or: ),
Oueprus ['enpMronsua cBs3aHa ¢ BHYTPEHHEH 3Heprueil ypaBHEHHEM
['nb6ca-I ensMrolisia:

[8(F/T)) U
or ), T

lMoacraenss B 310 ypaBHeHue BoipaxkeHue (15.19) u BuINONHsS MHTErpH-
poBaHue, nonyudaem ¢opmyny, CBA3BIBAIOUIYK) CYMMY 110 COCTOSHHAM U
3Hepruio ['ensmroneua:

F-U,=—kTInZz,

rae Up — NOCTOAHHA MHTErPUPOBAHUS, paBHAasA DHEPruu IpuU abCONOTHOM
Hyne.

Huddepenuupys yHkuuio F no teMneparype ¥ 00beMy, HaXOOHWM 3H-
TPOMNUIO U JaBJIEHHE:

S=—(§f—] :kan+kT(a]nZJ ckinz+ 22V
ar ), ar ), T

per(2) -w(22).
ov ), ov ),

IMocneaHee coOTHOLlIEHHE €CTL HE YTO MHOE, KAK TEPMHUYECKOE ypaBHe-
HUE COCTOSAHHSA, T.€. 3aBHCHMOCTD JaBJIeHUA OT 00beMa U TeMnepaTyphl.

HurepecHblii pe3ynbTaT nonyyaeTcs npH NOMbITKE NPEACTABUTL SHTPO-
MUIO B BUJAE CPEAHEr0 3HAYEHUA MO KAHOHWYECKOMY aHcamOuiio nogobHO
TOMY, KaK 3TO cJejlaHo 1ng BHyTpeHHe sHepruu 8 (15.17). Obo3Hauum Be-
POATHOCTL HAXOXACHHUA 4aCTHLb! HA i-M yPOBHE uyepes p;, Toraa u3 pacipe-

nenenuss bonsumana (14.29) u onpeneneHus CTaTUCTHYECKOH CYMMBbl
(15.11) cnenyer:

E
~Inp, =—+InZ.
P

YepeHHM 3TO TOXKAECTBO MO BCEM YPOBHAM, TO €CTh YMHOXHM €ro Ha p; U
NPOCYMMHPYEM C YYETOM Z p, =1:
i

U-U
- Inp = S +InZ.
Zp, P=—
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[lpaBas yacTh JaHHOrO TOMCAECTBA — 3TO IHTpOnuUs (15.23), BuipaxeHHas
B eauHuuax k. TakuM o6pazoM, JHTPONHA KaHOHHYECKOro aHcambns — 3T1o
B3ATOE ¢ 0OpATHBLIM 3HAKOM CpeJHee 3HauYeHUE OT Jorapugma 3aceleHHOCTH
YPOBHe#:

S=-k{lnp)=-k> p,Inp,.

Taxkum 06pazoM, SHTPOMUIO MOXKHO BbIPa3UTb HE TOJLKO Yepe3 TepMo-
JAMHAMHYECKYIO, HO M CTaTHCTHYECKYIO BEpOSTHOCTb. Boipaxeuue (15.27)
MMEET A0BOJIbHO OOLUMI XapakTep: OHO NPUMEHUMO HE TOJNIBKO K KaHOHUYE-
CKOMY, HO M K MHKPOKaHOHMYECKOMY aHcambaio. B camoM gene, ecid
Yy4eCTb [IPHHLMI paBHOH BEPOATHOCTH MHKPOCOCTOSSHMH M TNMOACTaBUTbL Be-
positHocTh (14.5) B (15.27), nonyuurcs dopmyna Boneumana (15.3).

Honb3ysce cooTHoweHusamH (15.19) — (15.24), moxHO HaiiTH U apyrue
TepMoaAnHaMH4eckne PyHKUUM: U306apHYI0 TennoeMKocTh Cp, SHTANBIHUIO
H u suepruto I'nb6¢a G. UHTEpECHO, YTO BCE TEpMOAHHAMHUECKHE QYHKIIHUH
ONPEACNsAIOTCA HE CaMOi CyMMOIt 110 COCTOSIHHAM, a ee JIorapugMom.

TepmoanHamuyeckue CBOMCTBA CHCTEM C NEpPEMEHHbLIM YHCIOM HacTHul,
HaXOAAT C NMOMOULLIO 60nbuiolt cmamucmuyeckot cymmol © ans 60abLIOTO
KaHOHUYECKOro aHcamb/s, KoTopas MpeACTaBiseT coOOH MpOM3BOIALLYIO
GYyHKUMIO AN KAHOHHUYECKMX CYMM [10 COCTOAHHAM Zy CHCTEM ¢ PUKCHPO-
BAHHbLIM YMCNOM YacTHU NV:

CAANESY exp(%) Z,@.n),

rae P — XMMHYECKUH MOTEeHLMal, 3 KAHOHMYECKasd CyMMa 1o COCTOSHUAM Zy
ans cucrems! U3 N yactun umeet Bua (15.11) unu (15.13).

bosbluas kaHOHMYECKas CyMMa CBAi3aHa ¢ TEPMOAMHAMHYECKUMH (YyHK-
HUUAMH O0NBILIOrO KAHOHHYECKOro aHCaMOs COOTHOLICHHEM

pV =kTn®T,V,p).

3TO COOTHOIUEHHE HCHONB3YIOT JUIA BbIBOJA ypaBHeHuﬁ COCTOSIHWH He-
AJILHBIX I'A30B, NMOJAYUHAKOLLMXCA KBAHTOBOW CTaTUCTHKE (I)BPMH unm bose.

,ZIanee MbI PaCCMOTPUM ABE CUCTEMLL, B KOTOPBIX CYMMa 1O COCTOAHHUAM
PACCUNTHIBACTCA TOYHO HIIH C XOPOLIHUM ﬂpHﬁHPl)KQHHCM, — HACANBHBIC U PC-
aJIbHEBIC Ta3bl.

MouaexkyJsipHan cymma
O COCTOSIHHAIM HAeaJbHBIX ra3oB

MHorue cBoicTBa CyMMBI 110 COCTOSHHAM MOXHO PacCMOTPEThL Ha MNpPH-
Mepe BRXHOI'0 YaCTHOrO Cy4yast TEpMOJAHHAMUYECKOH CUCTEMBI — UOealbHO-
20 2asa. JHEPrUi UACATBHOrO rasa CKJIaAbIBaeTCs U3 SHepruil OTAENbHBIX
MOJIEKY1, TO3TOMY 0611as CyMMa M0 COCTOSHHAM MJEalbHOrO rasa, cocTos-

(15.27)

(15.28)

(15.29)
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wero u3 N 0AMHaKOBBIX HaCTHL, BbIpaXacTCd Hepe3 NPOH3IBEACHNE CYMM 110

COCTOSIHUSIM OZHOH vacTuubl O:

QN

(15.30) w =T

rae MHoXuTeNnb 1/N! yuyuTbiBaeT KBAaHTOBbii MPUHUMI HEPa3IHYMMOCTH

HaCTHH.

DHEePrus MoJeKyJIbl WAEANLHOTO ra3a CKJIAAbIBaeTCH U3 NOCTYNATENbHON

¥ BHYTPEHHEH SHEpruu:

(1 5.31) E=Epe: + Esﬂyrp-

B cBoio ouepe/b, BHYTPEHHIOK 3HEPrHIO MOJIEKYJbl B XOPOLUEM NpH-
OJIHIKEHUHM MOXKHO MPEACTaBUTbL KaK CyMMY siJlepHO#, 3JIeKTpoHHOI, koneba-

TEJIbHOW ¥ BpawlaTe/ibHON 3HEpruu:

(15.32) Esuyp = Eant Esn + Eqon + Epauss

NOYTOMY MOJICKYAApHaAst CyMMa MO COCTOAHHAM Q)aKTOpHB}’eTCﬂ, TO €CTb
NpeacTasiIaeTCs B BHIAC MPOU3BCACHHUA CYMM MO COCTOAHUAM, COOTBETCT-

BYHOUIHX OTACIbHBIM BHAAM IBHXCHWA!

(15.33) O = Onoer' Qunyrp = Proer Oan O Qron Dopaus-

DHEPruy, COOTBETCTBYIOLME PA3/IMUHBIM BHYTPEHHHUM BH/aM JBHXKEHMS,
3aMETHO OTJMYAIOTCA JAPYr OT Apyra no MOpAAKY BeiH4uHbl. B Tabn. 15.1
NMPUBEAEHb! THUMWUYHBIE 3HAYEHHUA ODHEPrUH TMEepexXodOB MENAY COCEIHUMH
YPOBHAMH M yKa3zaH AHMana3oH 3JIeKTPOMarHMTHOTO H3JyY€HHs, COOTBETCT-
ByloLwii 3TiM nepexogam'. Bonee noapobHas KiacCHMKAUMA PasIHYHBIX
BHJIOB 3JIEKTPOMAarHUTHOIO M3JyyeHus cogepxurcs B Tabn. 1-14 B Ipunoxe-

Huu 1.

Tabnuuya 15.11

CaoiicTBa pasiH4HbIX BUAOB BHYTPEHHEH SHepruu

Bra sHepruu Anepuasn InexTponHas | Konebateannas | BpamareanHasn
JHeprus nepexosa, cm ' ~ 10" ~10*+10° ~10% = 10* ~10° =10
JIIHHa BOJHBI ~107 M | ~102<10°uM | ~10°+10°um | 10°+ 10" MM
JiManason usnydyeuus y-u3nyqenue | YO, Buaumoe UK MHKPOBOJIHOBOE

a)

PaccMoTpuM criocobbl pacyeTa OTAENbHBIX CYMM MO COCTOAHHUAM.
[MocTynaTtenbHyl0 CyMMy NO COCTOSHMAM pacCUMTHIBAIOT B KlaccHue-
ckoM npubmwkennu no ¢dopmyne (15.13) ¢ dyHkumeil ['amunbToHa
H(p,q) = p* | 2m (m — macca monexynsi). iHTerpupoBalye no Tpem koop-
JMHATaM U TPeM NPOEKLUAM HMIyJibCa MPOU3BOAUTCS pasAeNbHO 1 JaeT:

AE (cM™") cooTHowenneM: A =1 / AE.

' lnuna BoOnHBI nepexoga A (CM) CBA3aHAa ¢ pa3HOCTBIO JHEPrUH ypoBHEH
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2nmkT \*'?
Onocr = (—h_z—J v,

rie ¥V — obbeM, B KOTOPOM ABHXKETCA MOJIEKYa.

6) BHyTpeHHHME CyMMbl MO COCTOAHHAM PaCcCHHTHIBAIOT C HCIMOJIb30BAHUEM
kBaHToBOoro onpeaenenus (15.11). 3HauuTenbHbif BKAAJA B CyMMY
(15.11) BHOCAT TONBKO T€ YPOBHH 3HEPIUH, Ui KOTOphIX E; < kT. Ecan
SHEprusl U3MEpAETCA B CM ', 3T0 ycioBue npuobperaer sua: hck; < kT,
rae ¢ = 3-10 emc™* - CKOPOCTb cBeTa. [1oAcTaBNAs B 3TO HEPABEHCTBO
3HaueHHs NocTosHHbIX [1naHka v bonbuMana, HaxoauM:

Ei (e < T(K).

Tonbko Takue ypoBHM 3HEPTMH HEOOXOAUMO YUHTHLIBATh B CYMME I10 CO-
CTOSAHWAM, BKJAJOM OT OCTaibHbIX ypoBHeill 00bluHO npenebperator. Ecnu
Tenepb obpatuTees K Tabn. 15.1, TO MOXKHO YBUIETh, KAKHE UMEHHO TeMrie-
paTypbl HyXHbl 4718 BO30YXAEHHS OTAENbHbIX BUAOB ABHxeHHA. [lpu koMm-
HaTHOI Temneparype U3 BHYTPEHHUX BUAOB ABHXKEHHUS OONBIIMHCTBA MoJe-
KyJ1 HAO YYMTHIBATh TOJILKO BpalLaTeNbHOE.

B) BpawaresibHasg cymMma 1o COCTOAHHAM 3aBHCHT OT CHMMETPHH MoOJie-
Kynbl. B npocrefitieM cnydae, B MOJAENH JcecmKo20 pomamopd, KoTopas
ONMCHIBAET JIMHEHHBIC MOJIEKYIbI C MOCTOAHHBIMH MEXbAACPHBIMUA PacCTOA-
HUAMH, YPOBHH DHEPrud 3aBHUCAT TONBKO OT BpallaTeIbHOro0 KBaHTOBOIO
yucna J:

E;=heBJJ+ 1),

-1
rae B — epawjamenvnas nocmosannas (pa3mMepHOCTe — CM ), KOTOpasi ornpe-
AEJIAEeTC MOMEHTOM MHEPUHH [ MONEKYNbL:

h
8nllc

Kaxaplit BpaliaTensHbiii YpOBEHb HMEET CTaTHCTHHECKUI Bec gy = 2J + 1.
Ecnu BBecTH aghghexmusnyio spawyamenvryio memnepamypy
hcB
T

Bpail = k

=1.44B (cm7"),

TO Bpamare/ibHad CyMMa 1o COCTOAHHAM npuoﬁpeTaeT BHA:

o

T
Oupa = 2 (2J +Dexp| - ";f"‘ J(J+1)
J=0

[Ipn He oueHp HM3kux Temneparypax (I >> Typay) CYyMMHPOBaHHE B
(15.39) MOXHO 3aMEHUTb UHTETPHPOBAHHEM [0 J, YTO JaeT:

T kT

L b T, op——

Crpas T heB’

Bpaut

(15.34)

(15.35)

(15.36)

(15.37)

(15.38)

(15.39)

(15.40)
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(15.41)

(15.42)

(15.43)

(15.44)

(15.45)

s CHMMETPHUYHBIX MOJIEKYNl 3TO 3HaueHWe Haqo NONENHUTh Ha YHCHO
CUMMETPHM (s ABYXaTOMHbIX T'OMOSJEPHBIX MOJIEKYSl OHO PaBHO 2), TaK
KaK He BCe Bpaillare/bHble YPOBHU 3HEPrud AOCTYIHbI.

ITpu nuskux temneparypax (T < Typay) BpalLATENbHYIO CYMMYy 1O CO-
CTOSHUAM HAXOAAT CYMMUPOBAHUEM 10 HECKOJIBKHM HU3LIKM 3HAYEHHAM J.

r) [Npocreiias Mojesb, ONUCHIBalOLAsA KonebaHus AAEp, — 2apmonuye-
CKUil ocyuwansamop. Y POBHH JHEPTHU B 3TOH MOJENM NTHHEHHO 3aBHCST OT KO-
nedaTeNbHOro KBAHTOBOTO YHCNA:

E, = hcon,

-

re o — yacTora konedaHMii (B CM"); IHEPrusA coCTOAHMA ¢ n = O mpuHATa 32
TOouKy orcueta. KonebartensHbie YPOBHH 3HEPrHH HEBBIPOXKACHBI, CTATHCTH-
yeckuii Bec paBeH 1. Ecnu onpenenuts aggexmusnyro xonebamensmyio
memnepamypy 1l JaHHOTO KonebaHus:

T =%~03=1.44m (M),

Kon
TO CyMMa 110 COCTOAHUAM TaPMOHUYECKOTO OCUMIUIATOPA C YAaCTOTOM ® NpH-
ofpeTaer BHA:

-1
= T T
o= Y exp| —— % p| = | l—exp| -— || .
0= 2, ”( T ] p[ T}

3Tta cyMMa 3aMeTHO OT/iM4aeTcs oT | TonbKO Toraa, koraa Apobs B fo-
Ka3zarene 3KCTNIOHeHTHl MeHblie 1, T.e. ana temnepatyp I > Tyoq. [1pu BbICO-
KHX TeMnepaTypax, koraa 7,,,/T << 1, konebatenpHas cyMMa Mo COCTOSAHH-
AIM [PSAMO NponopuUuoHansHa 7+

T
T

KON

T>)TKGI!
Q,——=>

Ecnu xe temneparypa Huxe 3¢dextuBHoi konebaTenbHOH Temnepary-
pbl, TO CYMMa 11O COCTOSIHUSIM MOYTH paBHa 1, B TaKMX Clly4asX rOBOpAT, YTO
«KkonebaHne 3aMOpPOKEHON.

B monekyne, coctosieii U3 # aTOMOB, NPOUCXOAUT 31 — 6 (B MHHEHHOMH
monekyne 3n~5) pasHbix konebanuii, Kakaoe co CBOEH 4acToTOi ®;, 10-
3ToMy koJiebaTenbHas CyMMa 110 COCTOAHUSM MOJEKYJbl PaBHa MpOMU3BELE-
HHIO CYMM MO COCTOSHHAM I K&XKJIOro M3 3TUX KoNebaHuii:

-1
T
— KOJL/
QKO]] - I_I lkexp T ——
; T
1) DNEeKTPOHHBIE H AAEPHBIE YPOBHH JHEPrHH B MOJIEKy/1e 00bIYHO OTETO-
ST OUEeHb JIANIEKOo JPYT OT Apyra (cM. tabn. 15.1), ¥ Mpu HE CIMUIKOM BBICOKHX

TeMriepaTypax BKJIaJ B COOTBETCTBYIOLLYIO CyMMY MO COCTOSHHAM BHOCHT
TOJNILKO OCHOBHO# YPOBEHb, 3HEpPrHs KOTOPOro NpHHUMaeTcs paBHoi 0. Dnexk-
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TpOHHAA W sAepHas CyMMbI NO COCTOAHWUAM paBHbl CTATUCTHUYECCKUM BeECam
HHUXXHEI O JICKTPOHHOIO U AACPHOIC ypOBHA, COOTBETCTBEHHO!

Oon = &om Osn = &an- (15.46)

MonekynapHbie CyMMbl TI0 COCTOSHHAM AN OTAENbHLIX BUIOB JIBHXKE-
HUSL MOXKHO HCTIONBL30BATEL AAA pacyeTa abCoMIOTHBIX U OTHOCUTENbHBIX 3a-
CeNIeHHOCTEH SHEPreTHUECKHX YPOBHE 1o pacnpeaeieHuio bonsumana:

exp| - £
N, &\
~ 0 : (15.47)

Cymma o COCTOSHUAM pea’ibHbIX Ta3oB

®opmynsl (15.17) — (15.24), Bbipakatouiue CBA3b MEXIY TEPMOAMHAMHU-
KOH M CTATUCTHYECKOH MEXaHMKOH, CpaBeANMBbI JUTA MOOLIX TepMOAHHE-
muyecknx cuctem. dopmyna (15.13) ans craTucTuueckoit cymMbl cnpasea-
JIMBA TOJILKO ANS KAACCHMUYECKHUX CHUCTEM, B KOTOPBLIX KBAHTOBbie 3deKTh
HeCyuieCTBEHHbI. MHOIHe Takve CHCTeMbl (HanpuMep, rasbl U XHUAKOCTH)
onuchiBaloTca pyHkuueit 'amunsToHa BUaa

N 2
H(p,q)= Z—‘;f’;— V(Gndy),s (15.48)
i=1

rae m - macca uyacTuu, V — noTeHuua bHas SHEPrus MX B3aMMOICHCTBHS
ApYT € APYTOM.

B ramunbToHunaHe (15.48) xoOpAWHATBI H UMIYNILCHI pa3/ieNieHsbl, 100TO-
MYy HHTETPHPOBaHME MO HHMM MOXHO NpPOBECTH He3aBHcHMO. [loacrasnss
(15.48) B onpenenenue (15.13) u BbLIMUCASS UHTErpanbl Mo N UMMyJbCaM,
MOJIHYK0 CTaTUCTHYECKYKD CYMMY peanbHOro rasa WiM >XHMJAKOCTH MOXKHO
NpeICTaBHTL B BUAE:

VY
z=Cua!) jexp[-“"("'}( T’q’“)j|d’”q, (15.49)

rae Qnocr — NOCTYMATENBHAS CYMMA 110 COCTOSHUAM OAHOH dacTHlbl (15.34),
V — obbeM.

Huterpan no koopaunatam B (15.49) HasbiBalOT koHgpucypayuiontvim
UHMEZPAIOM:

V(q,,..sqy) N
Z s = Iexp[—-—*—ﬁ—”——] d*yq. (15.50)

MMeHHO OH ofnpejieNiseT 3aBUCUMOCTb CTATUCTHYECKOH CyMMBI OT 00be-
Ma M CoJIepXHT B cebe onucaHne BCeX OTKIIOHEHHH CHCTeMbl OT WAEaNbHOro
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(15.51)

(15.52)

Tabnuua 15.2

nosefeHus. JlaBneHne CHCTEMbI ONPENENSETCH MOAbKO KOHQHIYPALUOHHBIM
MHTErpaIoM:
onZ .4

= kT
P oy

,

TouyHbili TEOPETHUECKHI pacyeT CTATUCTHYECKOH CYyMMbI [a30B MIH
KUAKOCTEH C IpOM3BOJIbLHBIM ramuabToHHaHoM (15.48) — 3anaua, kotopas
JAeXUT JaNeKo 3a npejesiaMid BO3MOXHOCTEH COBpPEMEHHOH CTaTHCTHUYECKOH
TeoprHd. TeM He MeHee, MOXHO CAENAThL PAJ pa3yMHbIX U IOCTaTOYHO XOpOo-
wux npubaKeHUH, KOTOpbie MO3BOJNSIOT OLEHUTb CTAaTUCTHUYECKYIO CYMMY
(15.49) u xoHdpurypaunonHuslif unterpan (15.50) ans peanbHbIX rasos, CO-
CTOSAILUMUX M3 BAICHTHO HACHILIEHHBIX MOJIEKY.

['naBHOE M3 3THX NpUbMHKEHUH COCTOMT B TOM, YTO 0OLllas MOTEHLHU-
bHASA 3HEPrUs B3aUMOICHCTBUA YacTHLl MOXET ObITh npeacTas/ieHa B BUAE
CYMMbl HAPHBIX ROMEHYUANOE, KAXKIBIH U3 KOTOPbIX 3aBUCHUT TOJILKO OT pac-
CTOSHUS MEXJY ABYMS YaCTHLAMH r; = |g, — q)|.

V(QI""’qN):ZZ_u(rfj)'

>f g1

Hns Toro, 4To0bi KOHPUIYPaLMOHHBIH MHTErpall ¢ noteHuyanom (15.52)
cxoauncs, Heo0X0AMMoO, 4TOObI NapHbli NoTeHUMan npH O0ONbLIMX paccTos-
HUSAX CTPEMUIICA K HYJI0 ObicTpee, ueM 7. ®akTuueckn 31O 03HAUAET, YTO
CYLLECTBYET HEKOTOpas KoHeuHas obnacTb JeiCTBUS MEXMONEKYJIIPHOro
NOTeHUHANA, 3a NMpeeNaMH KOTOPOi MOTeHIHAN MOKHO CYMTaTh paBHbIM 0.
DTO — NOBOJLHO Msrkoe TpeboBaHuWe, KOTOpoE yaoBaeTBopaeTcs Jis 6ob-
IIMHCTBA peasibHBIX ra3oB. HekoTopble MOAeNbHbIE MapHbIE MOTEHUHANbI,
KOTOpble UCTIONBL3YIOTCA MPHU pacyeTe CBOHCTB pealibHbiX ra3os, Nepeducie-
HbI B Tabn. 15.2 u nsobpaxens! Ha puc. 15.1.

HanGoJiee pacnpocTpaHeHHbIe MEXMOJICKY IS PHbIE NOTEHIHAbI

Hazsanne ®opmyaa
[Morexnuman teepanix chep w, F<F,
u(r) =
0, r>n
[ToreHuman npsMOYTronbHONH AMbi o, r <ry
0, rzr
[Norenunan Jlennapa-Ixonca ,\12 o\
IMorenumnan Caszepnenna o, r<ry
u(r) = o
—cr T, r2r
exp — 6 noreHuual u(r) = bexp(~ar)—cr -6
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a) 6)
u(r) u(r)
r o r rG r] ¥
Ar) A
]
]
: Ty r : o r r
_1 I -1 | S |
B) r)
ur) u(r)
r
‘0 T r
1 r
]
5] AP !
]
: X
: :
r, r ; To r
-1 [ O F—
Mexcmonexyaaprvie nomenyuanst u coomsemcemasyiowue um ynkyuu Maiiepa: Puc. 15.1

a) nomexyuan meeposix chep; 6) npamoyeoneHas ama;
8) nomenyuan Jlennapo-iconca; 2y nomenyuan Cazepaenda (m = 6)

Ipu noacraHoBke apauTHBHOro norenuuana (15.52) B koHdurypauu-
oHHbifl uuTerpan (15.50) skcnoHenTa noj 3HaKOM HHTErpasa npespawaercs
B flpou3BeneHue, coaepxkaiee N-(N — 1)/2 comHoxureneii:

expl: __(?l’_:if\_’l} I1 exp[ ur, )}. (15.53)

N2i> 2l
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(15.54)

(15.55)

(15.56)

(15.57)

[Tpn GonblUMX r KAXKABIH COMHOXHTENb cTpeMHUTCS K |, nosTomy no-
BOJIbHO YOOHO BLIAEIINTb €QHHULLY M3 3KCIIOHEHTBI H ONPENENUTD (DYHKYUIO
oo
Martiepa’ cnepyrouium obpazom:

u(ra. ) ~
kT

fr)=f, =exp| - 1.

[lpu maneix r noreHuuan crpeMHTC K OGECKOHEUHOCTH, a (yHKUHS
Maiiepa k —1; npu Gonbuiux r U NoTeHUHaI, H PyHKUKS Maiiepa 10BOABLHO
ObicTpO cTpeMaTcs K Hymo. Ha puc. 15.1 uzobpaxenst ¢yHkunn Maiiepa
JUTsl HEKOTOPBIX MEXMOJIEKYJIAPHBIX NMOTEHLHAIOB.

[Noncrasnsas onpeaenenue (15.54) u paznoxenne (15.53) B onpenenenue
KOH(UIYpalHORHOrO UHTErpala, HaxoAnuM:

Zewo = | T1 (0 +1,) @ a=[1+ 2 f,+ 23 fifoy | 4.

Nzi>jzl Nai>j2l

Ckobka noa 3xakoM unterpana conepxkut 272 cnaraempix, kaxzoe

M3 KOTOpbIX npeacTaBiser coboif nubo ¢yHkuuo Maiiepa ans aAByx KOH-
KpeTHbIX YacTull, Au00 Npou3BeAeHHE HECKONbKMX (BIUIOTh 0 N) Takux
dbyHKUUH.

Bsenem ete oaHO, A0BOBHO rpyboe npubnukeHHe, KOTOpOe cripaBel-
JMBO TOJNBKO AJA CHUJIBHO Pa3peXEHHBbIX ra3oB, a MMEHHO: B WHTerpaie
(15.55) npenebpexxem BceMy npousBeneHusaMu ¢yHkiuui Maitepa:

Zxomtn = ‘[ l+ Z j;; dZNQ'

Nei=j2l

10 NpUOIHKEHHE O3HAYAET, YTO B KOHPUTYPALHOHHOM HHTErpane Mbl
YUHTBIBAEM TOJIbKO Te KOH(UIypauuu, NpX KOTOPLIX JBE YAaCTULbI HAXOAAT-
CA pAIOM, a OCTajIbHbIE YAANEHbl APYr OT Apyra Ha 3HAYHTeNbHbIE PacCTONA-
HHSL. DTO COOTBETCTBYET COCTOSHMIO CHIIBHO Pa3peeHHOTO rasa.

HMnurterpan B (15.56) pa3buaetcs Ha cymmy uHTerpanos. UHrterpan ot
1 no koopaWHaTam BceX YaCTHL paBeH V. Kaxnas ¢yHkunsa Maiiepa f; 3a-
BHCHT OT KOOPAHHAT TOJILKO ABYX 4acTHil: i-i u j-#. UHTerpan no koopau-
HaraMm octaBliHXcA (N — 2) yacTHll JaeT MHOXHTE/b Y~2 B ocrasiweMcs

3 43
unterpane no d°q,d”q, MOXHO nepeliTu K cepuyecKUM KOOPAUHATAM.

B pesyabTaTte nonyuum:

J‘fg qu__:VN-z jf(qp‘ —qj)d3q,d3q, =y I4‘m‘2f(?‘) derN""B

' 31y dynkumio seen I. Ypcenn, a Jx. Maitep u M. ennepr-Maiiep ucnosb3o-
BaNU e¢ IR NOCTpoeHHs obielt cTaTUCTHYECKOH TeopHH pealbHbIX ra3os. MHoraa
3Ty PyHKUMIO Ha3biBalOT pyHKUMeH Y pcenna-Maiiepa.
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(nocnenuuii MHTerpan obo3naueH 6ykBoit ). Takum 0OpazoM, UHTErpatbl OT
MHAMBHAYyanbHbIX GyHKURI Maiiepa He 3aBucAT OT HOMepoB Hactull (7 ¥ f).
Yucno rakux MHTErpanoB paBHO YMCAY Nap 4acTul, To ectb N (N—1)/2 =~
=N, N03TOMY KOH(HrypaunoHHslii HaTerpan (15.56) paBeH

=V"+ V””Eii:VN 1+Eﬁi.
2 2V

xomp

Bce tepMoauHaMuyeckue GyHKIMH 3aBUCAT OT jlorapiudma CyMM o co-
croauuaMm. [lpu norapudmuposanun (15.58) nenaerca npeanonoxerue o

BN?
vl

TOM, uTO BN 2Ry << H, CJieJIOBaTeNBHO, In [l + B;\;/' ] ~

InZ

KOHG

2
=Nan+BN ,
2V

rZe napameTp P onpeaensercs yepe3 MEXMONEKYISPHbIH NoTeHLUan u(r):

B= 41{31’2 ‘:1 - exp(-ﬂwn d

JIng NIOTHBIX ra3oB, B KOTOPHIX YUMTBHIBAIOTCA BCEBO3MOXKHbBIE KOH(M-
TYpauKH, CROXHBIH pacyeT KOH(PUTYPALHOHHOTO HHTErpasia B NpHbaHKeHUH
NapHbIX NOTEHUKAIOB NIPHBOJHT K BHIPAXKEHHIO:

N- k
Ianmi, =N( nV+-:-2-I-;- Z;k.{-][_) J

rie napameTpbl [, Ha3zbiBaeMble PYNMOBLIMH MHTErpajlaMH, OMUCHIBAIOT
KOH(HUTypaLH, B KOTOpbIX 0Opa3syioTcs rpynnsl U3 (k + 1) yactuu.

B 3Tux pacueTtax He paccMaTpuBalach BHYTPEHHSAS CTPYKTYPa MOJEKYI
peanbHbIX razoB. Y4eT BHYTpEHHUX cTeneHell cBoOOIbLI peanbHbIX ra3oB
OCYHIECTBNAETCA TOYHO TaK e, Kak M Jnd HIealbHbIX, NO GopMyam
(15.32), (15.36) — (15.47).

l_anEPm

Ipumep 15-1. Monekyna MoXeT HaXOQUTLCS Ha YPOBHE C 3Heprued 0
WM Ha OJHOM H3 TpeX ypoBHeH c sHeprueil E. Haliaure MoONEKyIspHYIO
CYMMY MO COCTOSHHMAIM M pacCHUTAWTE 3aBUCUMOCThH MOJIbHOH BHYTPEHHEN
IHEPTUU OT TEMIIEPATYPBI.

Pewenue. MonekynsapHas cyMMa Mo COCTOSHHSM HAXOAMTCs MO onpelie-
JeHHI0:

E
=14+3exp| ——|.
o p[ kT)

(15.58)

(15.59)

(15.60)

(15.61)
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Obwas cyMMa no COCTOSHUAM CBA3aHA C MONEKYNAPHOH COOTHOLLEHHEM
(15.30). ns pacyera MOAbHOH BHYTpeHHEH SHEPruH HYXHA HE caMa CyMMa,
a ee norapum:

o" E

InZ=In|=—|=NInQ-In(N)=Nln|1+3exp i In(N1).

N!

JuddepeHunpys 3To BbipakeHHE MO TEMNEPATYpe W UCMONL3YA GopMyty
(15.19), HaxoanMm:
N,E

I+1ex [-lz-)
37PUar

ITpumep 15-2. CyMMa 1o cOCTOAHHAM HEKOTOPO#H TepMOAHHAMHYECKOH
CHCTEMbI, cocTosLeH U3 N ONHHAKOBbIX YaCTHII PaBHa:

UT)=U, +

(N4 — nocrosuHas Asoraapo).

Z(T,V,N)y=const -T2 .V,

Haiinute BHYTPEHHIO JHEPTHIO, YHTPOMHIO U YpPaBHEHHE COCTOSHHS
3TOi CUCTEMBI.
Pewenue. Haiinem norapugm cyMMbI N0 COCTOAHUAM:

inZ=c0nst'+§g—lnT+Nan

¥ BocnoJiszyemcs popmynamu (15.19), (15.23) u (15.24):

2 BN(alnTJ _ 3NkT
14

UnUo =k =5 =57 2

k4

S:k(const'+-3—§v—lnT+Nan)+§g-]f-=So +§-g[-£lnT+Nkan,

rae Sp He 3aBucHT oT T H V.

ov 14

pszN(éan] - NkT‘
T

JlanHas cuctema — uaeabHblii ras.

IIpumep 15-3. Hmetotca e 'repmozmuémuqecxne CHUCTEMBI: OJIHA CO-
CTOMT W3 YacTHL, KOTOPLIE MOTYT HaXOAUTHCA Ha HETHIPEX YPOBHAX C 3HEp-
ruamu 0, E, E, 2F, npyras — u3 1ByXypOBHEBbIX YacTHLl ¢ IHepruamy O u E.
[Tpu Hexotopoii Temnepatype 1 BHYTPEHHSS JHEPIUsA U DHTPONHUS NepBoi
cucteMsbl! paBHbl U} U S}, COOTBETCTBEHHO.

a) Hanuwmre Bblp@KeHUA AN MONEKYMAPHBIX CYMM IO COCTOSHUAM B
nepBoii u Bropoil cucremax. Haliqure cpeniHioro aHEpruio nepeoil cucTeMsl
NpPH OYEHb BBICOKOH TeMNeEpartype.
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6) Haiigute BHYTPEHHIOIO 3HEPrHIO M 3HTPOMHIO BTOPOH CHCTEMBI MpU
Temneparype 7.

Pewenue. MonekynspHbie CyMMBbl MO COCTOSHHSM TiepBOi U BTOpOii
cHCTEM:

E 2E
=1+2 —— B -,
) exp[ kT} p( kT)
E
=l+exp| ——|.
0, P( kT)

Ilpy oueHb BbICOKOH TeMmepaType BCe YPOBHHM 3Heprum GyayT UMeThb
OAMHAKOBYIO 3aCENEHHOCTb M MOITOMY CPEAHAA dHEPrus NepBoil CHCTEMbI
Oynet paBHa cpeiHeMy apH(METHUECKOMY OT BCEX DHEPruii:

_O0+E+E+2E
4

=

E.

6) Jlna pacuera TepMoaMHaMHyecKuX (GyHKUME BTOpOH cUCTEMBI JOCTa-
TOYHO 3aMETHTb, YTO MEPBaAs MOJICKYJISPHasAs CyMMa MO COCTOAHMSAM paBHa
2
KBaapaty BTopoit: Q) = 0,", No3TOMY

InQ, =2IlnQ,

i BCE TepMoAMHaMuudeckue (yHkuUM BTOpOi cucrembl OyIyT B ABa pasza
MeHblLle, YeM JUIA NEPBOii CUCTEMbI:

U2=U1/2, SZ=S1/2.

Ilpumep 15-4. PaccuuTtaiite MOJEKYNAPHYIO NOCTYMATENLHYIO CYMMY
1o COCTOSHUAM U1 Ny NpU HOPMalbHBIX YCIOBHAX, €CJIH U3BECTHO, YTO MO-
AEKyNApHas TOCTynaTeNnbHas CyMMa Mo cocToaHuam ans H, npu temnepa-
Type 298 K u nasnennu 101.3 kIla pasua 6.70-10,

Pewenue. [ToctynatensHas cyMma no COCTOSHHSM paBHa:

372

2anT RT 32572

Onocr = 5 ~m> T "
h p

HaB.HeHHe B 060HX C}Iy‘laxx CJAHHAKOBOC, paBana}OTCQ TOABKO MACChl

MOJICKy.ﬂ H TeMﬂepaTypbl. OfHOmeHHe HOCTynaTeJleHX CyMM MOXHO Haki-

TH 10 OTHOLWICHUIK) MACC U TEMHECpATyp:

0. (N,) _ m(N,) 3/2 z:z- 512 =]4312(§2]512 e
O (Hy)  m(H,) T 298 A1,

I

OTKYyZAa

Ouoci(N2) = 42.1 - 6.70-10%° = 2.82.10%°.
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IIpumep 15-5. Haunnasa ¢ kakoro konebGaTesbHOro YpPOBHS 3acesieH-
HOCTb MoJIeKy Ikl xJ10pa (o = 560 cM ') Gyaer Metblue 1% npu 1000 K?

Pewenue. icnonszyem dopmyny bonbumana (15.47) ¢ ypoBHAME 3Hep-
ruu

E, = hcon
1 konebarenbHOH cyMMoii o coctoaunsam (15.43):
heaon |

exp| -

= kT <0.01.

=E)
kT |

Paccuntaem 3KCIIOHCHTY, BXOAALLYIO B OTO HEPABEHCTBO!

=z|=

~-34 10
exp[_ﬂ_ff_@_}exp _6.63-10 _::3 10" -560 |_ 1 446,
: kT 1.38-107 - 1000

Peuienne ypaBHeHus

0.446" <
(1-0.446)""

naetn=497~5.

IIpumep 15-6. B mozaenu peleTo4Horo rasa npeanonaraercs, 4to N He-
B3aUMOAEHCTBYIOLIMX HEPa3IMYMMBIX 4acTHL HaxolsaTcs B oObeme V, pas-
JEJICHHOM Ha a4eiiki 0bbemMoM b, NpH 3TOM uucio sueek n = V' / b HamHoro
Hosblue, yeM YuCcho HacTHR. B kaxnoit aueiike MoxeT HaxoauTbes He Oonee
OAHOH YacTuUpl. Paccuutaiite KoHGUIypalHOHHbII HHTErpal A4S peueToy-
HOrO raza.

Pewenue. Yactulbl, Haxoaswuecs B pa3Hbix syelikax, He B3aumozeicT-
BYIOT, T.€. NOTeHUHanbHasd 3Heprus pasHa 0. B 3ToM cMbiciie JaHHas MoJenb
MoxXoXka Ha Mozenb XecTkux chep. O6beM sueiiku MOXHO paccMaTpHBaTh
Kak coOcTBeHHbII 00bemM yacTuill. PaccMOTpUM kakoe-nubO KOHKpeTHoe
pacnpeneneHye N yactuu no # s4eilkam. HTerpupoBaHne no KoopauHaTam
kaxaol yactuubl B (15.50) nact o6beM sueiiku b, a Takux yactuu — N, no-
3TOMY BKJIaZ JRHHOro pa3OHeHHs YacTHll Mo sueikaM B KOH(UIrypaunoOHHbIH
unterpan pasen b". Yucno cnocobor pacnpesnenexus N HepasTHuHMbIX Hac-

n!

(——W, M03TOMY KOH(UIYPaUHOHHbIH HHTE-
n—N)IN!

THL 1O 1 g4eiikaM paBHO

rpaj peieTo4HOro rasa:

n! N

Zrow = BTN
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LiAz{Aqﬁ_\

15-1. PaccyuTaiite OCTATOYHYIO MOJbLHYIO SHTPOMHIO KPUCTA/INA, COCTOsALIE-
ro W3 JBYXaTOMHbBIX MOJIeKyJ Tuna AB, kaxaas u3 KOTOPbIX MOXET UMEThb
OJHO U3 ABYX HanpaB/eHUH OPHEHTALMH.

15-2, Paccuuraiite PHTpPONHMIO HMACANBHOTO rasa, HCMOJIb3ys COOTHOILIEHUE
(15.8) u pesynbTar pelueHust 3aaayd 14-2. BoiBegute kanopuueckoe ypas-
HEHHE COCTOSHMSA WACANBHOIO rasa.

15-3. PaccuutaiiTe 3HTPONHUIO WJEANLHOrO ra3a, UCMONB3Yys COOTHOLIEHHE
(15.9). CpaBHuTE MOSTYYEHHbIH pe3ysIbTaT C OTBETOM Ha MpeablAYyLLYIO 3akayy.

15-4, Vimeetca N cBoboaHBIX HacTull. DHeprus KaxAoH 4acTHLUB MOXeET
npuHUMaTh Tonbko ABa 3Hadenus: O u £ (£ > 0). [Tonnas sHeprus cUcTeMbl
pasHa U.

a) Haliaure uncna 3anonHeHus ng u 1y ans oboux ypoBHeid.

6) PaccuuTaiite 3HTpOnUIo cucTeMbi (No Gopmyie bonbumana).

B) Haliagute Temnepatypy cucremsi kak pyukuuto U. Tlpu xakux 3naue-
Husx U temneparypa Oyjer oTpyuarenbHoit?

15-5. TNocTynarenbHyt0 CyMMYy MO COCTOSIHUAM MOXHO paccyuTaTh ¢ MOMO-
(b0 KBAHTOBOM MoJenu yacTuubl B sinuke. Yactuua maccoll m, ABrxyiias-

Csl B OJHOMEPHOM sllHKe 1UWPUHOH /, uMeer HeBBipomeHHue YPOBHH 3HEp-
2,2
, tne h — nocrosnuas [Inanka, n = 1, 2, ..., o0 — HOMep

rum E, = >
8ml

ypoBHs. PaccunTaiite OXHOMEpPHYIO NOCTYNATENBHYIO CYMMY [0 COCTOAHH-
aM no dopmyne (15.11), 3amenss cymmupoBaHue UHTerpuposanueM. Kak
MOJYUYHTH TPEXMEPHYIO MOCTYNATENbHYIO CYMMY 10 cocTosHusM (15.34)?

15-6. OueHute 3¢deKTHBHYIO NOCTYNATeNbHYIO TEMNEpaTypy s razood-
PasHOTO a30Ta, HAXO/ALUErocs B 06beMe 3-3-3 M.

15-7. Tlyctb HekoTOpast MOJEKYNa CYLUECTBYET B TPEX COCTOSHHAX C 3HEP-
rusamu, paBibiMu O, £ v E. Halinurte BplpaxkeHHe Ui MONEKYJIAPHON CyMMbl
10 COCTOSHUAM () U MOJILHOH BHYTPEHHEH DHEpPrHHu.

15-8. CrarucTuyeckas CyMMa HEKOTOPOH TEePMOAMHAMMYECKOH CHCTEMBI,
cocTosleH u3 N 01MHAKOBbIX HacTHL, paBHa:

2
Z(T,V,N)=const-T*"'2 .7V .exp i“-’-vf-

HaiiaMTe BHYTPEHHIOW 3HEPruIO, BHepruio ['enbMroibla, SHTPONHIO H
ypaBHEHUE COCTOSIHUS DTOH CUCTEMBI.

15-9. Jlaubl aABe TepMOAMHAMHYECKUE CUCTEMBI. J(ns 0HON U3 HHUX M3BECTHA
3aBUCMMOCTL BHYTpeHHel 3Hepruu ot Ttemneparypel: U(T) = akT + U,
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Mnaea 4. Cratuctuyeckana repMoaMHaAMMKA

A8 ApYrofi — 3aBMCUMOCTh 3Heprud [enbMrosibla OT TeMNeparypbi:
K(T) = ~B&T InT + Uy (o, B — MOCTOAHHBIE MHOXHUTENH, K — NMOCTOAHHAS
bonsumana). Haiinure 3aBHCMMOCTL CTaTHCTHYECKOH CYMMb! OT TEMIIEPATy-
pbl s 06eHx CUCTeM.

15-10. Tlons3ysicb ypaBHEHHMEM COCTOSIHHSA, HAHAMTE 3aBUCHMOCTbL TOJHOH
CYMMBI 110 COCTOSHUAM HIEAILHOIO rasa u rasa BaH-nep-Baanbca ot obbema.

15-11. Ucnonb3ys cBA3b MeXy CYMMOIi 110 COCTOSSHHSAM H TepMOAUHaAMHYe-
CKUMH $YHKUHUAMH, BbipazuTe npoussoaHsie (OU/OV)r u (85/0V)r yepe3 nas-
JIEHHE U €ro NpOU3BOJHbIE.

15-12. Jins HexoTopo#H TepMOAHHAMUYECKOH cHcTeMBbl (HE HACATLHOrO ras3a)
M3BECTHA CyMMa no coctosHusMm, Z(7,V). Haiiaure paboTy, KOTOpYIO Bbl-
NOJIHAET JTa CHCTEMA NpH OOPaTHMOM H30TEPMHYECKOM pacliHpeHHH oT V)
no Vs.

15-13. PaccuuraiiTe nocrynarenbHyto cymmy no coctoaHusM O, npu Tem-

neparype 100 °C u HOpManbHOM JAaBNE€HHH, €C/IH U3BECTHO, YTO NOCTYna-

TeabHas cyMMa no coctosiHHsM He npu 0 °C 4 310M ke JaBneHHH paBHa
29

1.52-10°.

15-14. Yemy pasHa kosnebaresbHas CyMMa MO COCTOSHHAM MOJIEKYNIAPHOIO
nona (o =214 cM™") npu temneparype 1200 K?

15-15. PaccuuraiitTe MOJIeKyIAPHYIO konebaTeNbHyI0 CYMMY 110 COCTOSHUAM
okcuna yraeposa (IV) npu 1500 K. YactoTsl koneGauuit: o = 1388.2 em™,
w; =667.4 cm! (AByKpaTHOE BBIpOXAEHHE), 03 = 2349.2 em .

15-16. Paccuuraiite BpalaTenbHyio CyMMY MO COCTOSHHSAM Monekyist Fy
npu temneparype 0 °C, ecin W3BECTHO, YTO BpallaTe/ibHas CyMMa o Co-
cToAHUSM Monekynsi > Cl, npn Temneparype 298 K paBHa 424, Mexbanep-
Hoe paccTosiHue B Mosiekyne ¢Topa B 1.4 pa3a MeHblle, HEM B MOJEKYJe
XJopa.

15-17. Kak u3MeHHTCA BpallaTesibHas CyMMa 1o COCTOSHUSAM, €CIIM M3 KaX-
aeix (2J + 1) yposHe#t ¢ oanHakoBoil 3Heprueil J ypoBHel yBenHuaT cBOK
SHEPrHI0 HA HEKOTOpbIC BEJIMUKHbI, J YPOBHEH YMEHbLIAT JHEPTHIO HA TaKHe
K€ BENTMUHUHBI, @ OMH YPOBEHb SHEPIUH HE U3MEHHUTCA?

15-18. Paccumraiite BepOATHOCTbL HAXOXKAEHUS MOJEKY/bl BOAOpOAA
(o = 4400 cm™") B ocHOBHOM KonebaTenLHOM cocTosHHM npH 4000 K.

15-19. Onpenenure paBHOBECHbIE KOHLUEHTpAaLMHM OpPTO- W Mapa-BOAOpOAA
npy TeMneparypax:

a)40 K,

6) 120 K,

B) 300 K.
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Bpaiiatenshas nocrosHuas B = 60.9 cM™'. B MOJIEKYJIE OPTO-BOAOPOJA
BLIPOXKAEHHOCTE OCHOBHOI'O AJIEPHOTO COCTOSIHHUA gy = 3, M 3aHATHI TOJBKO
BpallaTe/ibHble YPOBHU C HEYETHBIM KBAHTOBbLIM YHCIIOM, a B MOJIeKyJe Na-
pa-BOAOPOAA OCHOBHOE SAEPHOE COCTOSIHHE HEBLIPOXIEHO, U 3aHATHI TOJLKO
YETHbIE BpalaTe/ibHbIE COCTOAHHUA,

15-20. Haiinute ypoBeHn BpaumiaTenbHOW 3Heprud Monekynbst N; (B =
=2.00 cM™"), KOTOpBIH MMeeT camylo BbICOKYO 3aCENECHHOCTD IMpU:

a) =298 K,

6) T= 1000 K.

15-21. Tlpu kakoii TeMnepaType BpaulatenbHbiif ypoBeHb ¢ ./ = 10 B OCHOBHOM
MEKTPOHHOM K KonefaTeNbHOM COCTOAHUH Monekyisl O, (B = 1.45¢cm™)
MMeeT HaubONbILYIO 3aCEIEHHOCTb CPEIH BCEX BPALLATENbHLIX YPOBHEH?

15-22. PaccMOTpUM 3aceNneHHOCTh J-ro BpalLaTelbHOrO YPOBHSA ABYXaTOM-
HOH Monekynbl kak ¢yHKUHIO TeMnepaTypsl. [Ipu kakoii Temneparype 3Ta
3aceNeHHOCTL MakcumansHa? (BpaiarensHas nocrostHas B).

15-23. Ucnone3ys pacnpenenenue bonbliMaHa No BpalllaTeALHbIM YPOBHAM,
paccuyuTaiiTe cpeHee 3HaUCHUE BpalaTeNbHOH IHEPruM NHHEHHOH Monexy-
nbl npy Temnepatype 7.

15-24. Ucnions3ys pacnpenenenue bonbiiMana no xonebarensHbIM YPOBHSIM,
paccuuTaiiTe cpeaHee 3HaueHHE KojebaTenbHOH 3HEPrHU rapMOHHYECKOTo
OCLMJUIATOpA © 4YacToTOH ® Npu Temneparype 1. Ynpocrurte nostyuyeHHoe
BbIpOXKEHHE NPH BHICOKUX W HU3KHX TeMIiepaTypax.

15-25. Umelotca aBe TepMOAMHAMHYECKHE CUCTEMbI: OAHA COCTOHT M3 Yac-
THL, KOTOPbIE MOTYT HaXOJUTbLCA Ha YeTbipeX YPOBHAX C 3Heprusamu 0, 2g,
2¢, 4¢, npyras — U3 ABYXYPOBHEBbIX YacTHL C 2HeprusMu O u 2e. [lpu Heko-
TOpol Temnepatype 7 BHYTPEHHAS 3HEPTrUs M IHTPOIMHUS BTOPOH CUCTEMBI
paBHbI £; ¥ G, COOTBETCTBEHHO.

a) Haliaute BHYTPEHHIOIO 3HEPrUI0 M 3HTPONHIO NMEPBOH CUCTEMbI NTPH
Temneparype 7.

6) Hanuuure BHIpDOKEHUA NN MOJEKYIAPHBLIX CYMM 110 COCTOSHUAM B
nepBoi W BTopoH cuctemax. Haliaute cpenHioo 3Hepriio nepBoi CHCTEMBI
MpH O4€Hb BBICOKOH Temneparype.

15-26. Paccunraiite KOHQHIYpaUHOHHbIA HHTETPaA VIS UAEANTBLHOrO rasa.

15-27. 3aBucuT N1 KOH(UTYypalHOHHBIH HHTErpal OT TeMnepatypoi? OTBer
oBocHyiiTe U npUBeUTE COOTBETCTBYHOLLUE PHUMEDDI.

15-28. B moaenu pelieToyHOro rasa ¢ MpUTSHKEHHEM MPEArnonaraeTcs, 4ro
KaXJas flapa 4acTHl B3aUMOAEHCTBYET ApYr € APYromM ¢ OJMHAKOBbLIM TO-
TEHUHANIOM, paBHbiM —2a/ V. OcTanbHble YCIOBHA — TAKKE Xe, KaK B npuMepe
15-6. PaccuuTaiite KOHPUrypalLMOHHbIH WHTETpal [ PELIETOYHOrO rasa ¢
MPUTAKECHUEM.
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(16.1)

15-29. CnpasennuBo v pacnpeaencHie MakcBenia o ckopocTaM A pe-
anbHOoro raza? OtBer OOBACHHUTE, MCNOJb3YyA CBOWCTBA KaHOHHUYECKOi
¢yHkuuu pacnpeaeneHus (14.17).

15-30. Jlokaxxure, 4TO B CHUCTEME C KOHEUHBLIM YHCJIOM 3HEPreTHYECKHX
YPOBHEH H30XOpHast TEIIOEMKOCTb Kak (PYyHKLUHS TeMneparypbl HMeeT Mak-
CUMYM, a BHYTPEHHsS SHEpPrus MpH BbLICOKOH TeMneparype cTpeMHUTCs K on-
peleneHHOMY npejeny.

15-31. OnHoMepHble rapmoHuuyeckve KosiebaHHs YacTHUBl EXHHUYHOH

2 2.2
P

Macchbl OMMCHIBAIOTCA raMuibToHHaHoMm: H(x, p)=—-2—-+
yactota konebaHHil. PaccuMTaiiTe KIACCHYECKYIO CYMMY MO COCTOSHUSM
OAHOMEPHOI0 MAPMOHUYECKOT0 OCLMJUISTOPA U CPABHHUTE €€ C BbICOKOTEM-

nepaTypHbIM MPeaEIoM KBAHTOBOM CyMMBI 1o coctosHuam (15.44).

, TAe 0 —

§ 16. CraTucTnyeckuii pacuer
TEPMOAUHAMHUYECKHUX CBOICTB
HeaJbHbIX H peajibHbIX CHCTEM

B naHHOM pasnesne Mbl MpUMeHUM OOULIME COOTHOUIEHHS CTaTHCTHYE-
CKOil TEPMOAMHAMHWKH M NOJY4eHHbIE B § 15 cTaTHCTHUECKME CYyMMBbI Ans
BbIBOAA YPAaBHEHHI COCTOSHHSA M pacueTa TepMOIMHAMHYECKHX CBOMHCTB He-
KOTOPbIX PacnpoCTPaHEHHbIX CHCTEM.

TepMoauHamMuveckHe PYHKIHH HAEAIBHOIO rasa

UpeanbHslit ra3z — ynobHas Moaenb, KOTopas NMo3BOJISET HArJIAHO NokKa-
3aTh, KaK CTaTHCTHYECKasA TEOPHS YCTAHABIMBAET CBA3b MEXAY BHYTPEHHUM
CTPOEHHEM BellecTBa (MOJNEKYJAPHBIMY MOCTOAHHBIMH) U MaKpOCKOMHYeE-
CKHMH napaMeTpamu (TEpMOJMHAMHYECKUMHU QYHKLUAMH).

Jns pacuera TepMoauMHaMuyeckux (yHKuuil MAeabHOro rasa Hazuo
HaliTH norapudm MosHOH CyMMbl Mo cocTosHuAM. Bocnons3oBaBUInCh CO-
oTHowenHnem (15.30) Mexny nonHoit ¥ MONEKyJISpHOH CyMMaMu 1O COCTOS-
HUAM U paznoxxeHueM (15.33) MonexynspHoil CyMMbI HA COMHOXHTENH, CO-
OTBETCTBYIOLIKE OTACALHbIM BUIAM JBHKEHHS, MOXKHO 3aNHCaTh:

INZ=NmQ-NInN+N =
=(NInQupe; —~-NInN+N)+NInQ,_,, +NInQ ., +NInQ,, +InQ,, =

=NIn(Quoer "¢/N)+NInQ, ., +NInQ, ., +NInQ, +NInQ,,

(In(N!') ~ N InN — N npu Gonbimx N). 3aech jorapudm comuoxutens 1/N,
KOTOpbIH YYUTHIBAET HEPA3IMUYMMOCTL 4acTdl, OObenHHeH C norapupmom
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MOCTYNaTeNbHOH CYMMbl MO COCTOSHHMAM, T.K. MMEHHO NOCTYIaTElbHOE
ABIXeHUe obecnevyuBaeT 3Ty HEpa3lHYMMOCTb; B KPUCTA/NAX, TAE HET Mo-
CTYNaTeNBHOTO ABHXKEHUS, BCE HacTHLb], (PHKCUPOBAHHbIE B y3JIax KpUCTan-
UHECKOH pelleTKH, pas3iiuuuMbl.

Pasznoxenne (16.1) nozsonser npeactaBUTL JHOOYI0 TEPMOAUHAMUYE-
CKY10 (PYHKUHIO HAEANBHOrO ra3a B BUIE CYMMbl BKIa40B, KX AblIH U3 KOTO-
PbIX COOTBETCTBYET OTJIENILHOMY BHIYy ABHXXEHMA: NOCTYNAaTE/NbLHOMY, Bpa-
warensHomy M T.4. Hanpumep, u3 (16.1) u (15.19) cnenyer npeacrasnenue
MOJIbHOW BHYTPEHHEN 3HEPruu:

U- UO =l nocT + Uapalu + UKO'I + Uan + U;ub
rae

ln QHOCT 3 dln Qa a
Unm :RTZ("—"——] =—RT, Uapmu = RT? (—anu}—
14 4

M T.A. Ml yuiu, 4yto kN, = R v ucnons3osany Beipaxenue (15.34) ans no-
CTYNaTe/bHOM CYMMbI MO COCTOSHHAM.

AHanoruyHsle BBLIPOKEHHUSA MOXHO 3anucaTe M AAs APYTHX MOJIBHBIX
TEPMOAMHAMHUYECKHX (YHKUHNH — 3Hepruu ['enbmMroibla u HTPOMHUH, €CIH
BOCNONB30BaThes 00wumMH dopmynamu (15.22) n (15.23):

F_UoanOCT+FBpam+FKOJl+F351+F8115

Froer = RTln(Q“"“eJ, Fypaa = —RTIN O,
NA
HTA.
S SHOCT Sspam + S Kon + S3Il + SM,
S —Rln(Qn()CT ) RT[aanu()C’r) —-Rln[Q“mT)“{'éR,
N, or ), N, ) 2
O0InQypay
Span = R0 Qypay + RT (-—5;-— V
HTA

Ofuias npouedypa pacyeTa BKIaja Kakoro-nubo JBHXKEHHs B MOIILHYIO
TEPMOJMHAMHYECKYIO (QYHKLUHIO WACANLHOrO Ta3a BBIMNAAWT CAEAYIOLHMM
o6pazoM: Ha0 B3AThH (OPMYJTY, CBA3BIBAIOLIYIO 3Ty (QYHKUMIO W 00uLyl0
CYMMy MO COCTOSHMAM Z, U 3aMEHHTb B 3Toi opmyne k Ha R, a Z — na ¢
(unv Ha Q-e/N, B Cllyuae nocTynaTeabHOro BKaja).

B kauecTBe mpuMepa HaffieM MOJbHYIO SHTPOMMIO HAEATBHOIO OJHO-
aTOMHOTO Ia3a, B KOTOPYIO BKJIaj BHOCAT TOJIbKO NOCTYNAaTelbHOE H 3JEK-

(16.2)

(16.3)

(16.4)

(16.5)

(16.6)

(16.7)
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TpoHHOEe ABWkenue. B popmyny (16.7) noacraBuM nocTynaTeibHYIO CyMMY
no cocrogHusM (15.34) 1 2NeKTPOHHYIO CYMMY MO COCTOSAHHAM (s, = g0

S=80er +5., = Q"""T += R+Rlng0
N 2

f10CT am
A

£ ~_[27tka]3"2 RT| 5
N K’ P 2

(16.8) =RIn

=Ring, +%RlnM+—§—RInT—Rlnp+const,

rae M — monspHas Macca rasa, const = —9.57 }Ixc'monb"l»K"', ecnyd M Boipa-
seHo B r-Mons ', T—B K, a p — B 6ap.

Jta dopmyna, KOTOpYIO Ha3biBaOT ghopmynoi 3axypa—Iempode, npH-
MEHHMa TOJNBKO B OTCYTCTBUE 3INIEKTPOHHOro BO30OYyxAeHHs, T.€. Npu He
CJIULIKOM BBICOKHX TEMIIEpaTypax.

CrarucTHueckas TEpMOAHHAMUKA MO3BOISET NONYUUTH NPABUIbHYIO 3a-
BHCHMOCTb SHTPONHUH HAEANBLHOrO rasa oT 00bpeMa H HHC/a YacTHLL

(16.9) S(V,N)= N(k ln-g- + const) .

Takas 3aBucHMocTh nonydyaerca Onarogaps TOMY, YTO BbIpakeHHe
(15.30) nas monHOH CyMMBbI MO COCTOAHUAM HIOCAILHOrO rasa COAEPXHT
MHOXHTENB |/N!, yuuTbiBalowmit HepaznuuuMocTe 4actuu. Hanuune N B
3HaMeHaresne NoJ 3HaKoM Jjorapu¢gma no3Bonser OOBACHHTH CleAyHOLHH
TEPMOAHHAMHKYECKHH cOPU3M. PaccMOTPUM UAeaNbHLI! ra3, HaxoAsuiics B
obveme V, n pasnenum 3ToT 00beM MNEpPEropoakcit Ha ABE PABHLIE YACTH.
OueBuaHO, PHTPONHUA ra3a He U3MEHUTCA M OyleT paBHa CyMME SHTponwii
KaXX10H U3 YacTei:

S(V,N)=N(kln%+const),

V N N Vi2
. 28| —,— |=2—( kI + ti,
(16.10) (2 2) 2( nN/2 cons)

V N
S(V,N)= ZS[—Z— -2—]

Ecnu 611 B (16.9) noa 3uakom norapudma He Obl10 BenUYUHbI N, noay-
uunoch Obl, 4TO IHTpONHUA ra3a Gonblie, YeM CyMMa SHTPOMUIH ABYX €ro 4ac-
Teit, TO ecTb NpPU pa3feNeHuH rasla Ha YaCTH ero IHTPONUS yMEHbIUaeTcH,
YTO HEBEPHO.
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Teopema o pacnpenesieHHH MO CTeNeHAM CBOOOADI

B § 15 Mbl nokasanu, YTO BO MHOIMX Cly4dasx cCyMMa Mo COCTOSHHUSM
Ans OTAENbHOro Habopa ypoBHel SHEPrHu npeiacTasnser coboli creneHnyo
¢yHkuMio Temnepatypsl. Bxiaa takodl CyMMbI IO COCTOSHHSM BO BHYTpEH-
HIOIO 3HEPIHIO0 U H30XOPHYIO TEMNOEMKOCTb PACCUMTLIBAETCA OUYEHb NMPOCTO.

Teopema. [TycTs MonekyaapHas CymMma 1o COCTOSHUAM IS HEKOTOPOTro
BH/Ja IBHXEHHUSA UMeeT BUI:

Q, =const- T,

TOrjga 3To ABUXKCHHE AacT cnezmoumii BKJ1aJ] B MOJIBHBIC BHYTPEHHIOWO JHCD-
IO 1 U3OXOPHYIO TCILTOEMKOCTS:

U, =aRT,
CV; =aR.

Hoxkazamenscmgo.

8InQ,
U, = rr?[ N :aRTZ(M) — GRT? .~ = aRT,
o ), or ), T

C, = oY, =R,
, or J,

JaHHblii pe3ynbTar Ha3blBAIOT TEOPEMOH O pacnpe/iesieHHH MO CTENEHAM
cBOOO/Ibl, TAK KaK OHa ONMUCHIBAET BKJIAJl Pa3iMyHbIX cTeneHei cBoboab! Mo-
JIeKyJibl B TEPMOJANHAMUYECKHE DYHKLIMH.

DTy TeopeMy MOXKHO UCMOIL30BATh JUIs TPEX BUAOB JBHUXXKEHUS:

1) nocrynarensHoe: Qpocy ~ T2 Unoee = 3/2 RT, Chinoeny = 3/2 R,
2) Bpaw@TENLHOE:!
a)  Qupam ~ T' nns nuueiubix monekyn, Uspaw = RT, Crispam) = R;
6) Quwauw ~ T >7 nns wennueiinnix Mmonexyn; Uy = 3/2 RT,
Cyapay = 3/2 R;
3) xoneGatenbHoe: aia kKaxaoro konebauus QOwon ~ T ' ecnu T >> Trons

Uxen = RT, CV(xon) =R.

Ecnu npu HekoTopoii TeMnepaType CyMMa Mo COCTOSHHAM I/ KaKoro-
b0 BUaa ABMXKEHUS Onu3ka k 1, TO BKJIaj 3TOro BUAa ABHIKEHHS B JIIOObIE
TepMOJUHaMHUecKue PYHKUMH MaJl U OHO Ha3bIBAETCA 3AMOPOICEHHbIM TIPH
JlaHHOH TeMneparype.

Pacyer KOHCTAHT PaBHOBECHSA AJH H1€AJBbHbBIX Ira3oB

YcnosueM XHMHU4eCKOrO PaBHOBECHS B CMECH MJIealibHbIX ra30B ABAET-
€ PaBEHCTBO CYMM XHUMHUECKUX MOTEHLHANIOB PEAareHTOB ¥ NpPOAYKTOB C
Y4ETOM CTEXHOMETPHYECKHX Ko3dduuueHToB. [Ins Toro, 4ToObl BLIPA3UTH

(16.11)

(16.12.a)
(16.12.6)
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KOHCTaHTY paBHOBCCHA PCAKUHU € yHaCTHEM HACANBHBIX Ia30B 4YCPC3 CYMMBI
Nno COCTOAHUAM, HeoOXoauMO NMOJIYYHTL BBIDARXCHUEC A1 XUMHUHECKOTO NO-
TCHUHana.

[lonnas CyMMa 110 COCTOAHUAM CMECH, co,uep)icameﬁ N; MOJIEKYJT K10~

ro copra, CBf3aHa C MOJIEKYJIAPHbIMH CYMMaMH MO COCTOSHHUAM (J; cnenyto-
MM obpa3om:

¥, N,
16.13 z=T1z -TT2—-T7(£<| .
1613 [z =11 =110y
3Hepruio ['ensMrosbua cMecH MOXKHO HaiTH No cOOTHOLEHHO (15.22):
NU,
(16.14) F=U, -kTInZ:Z Yo ~ kTN, In %e ,

A i

a XMMHUYECKHH MOTEHUHAN /-r0 KOMITOHEHTA paBeH MPOU3BOAHON JHEPruu
IeneMronsua no KOJIUYECTBY KOMITOHEHTA 1,

“i= g‘_ =NA a—F ZU'-G‘-RTIH‘Q’“=
anf 'V aN’ T,V,n) N'

(16.15) ’ 0
=U, —RTIn v —+ RTInc,,

A

rae Uy — HyneBas 3Heprus j-ro KoMnoHeHTa,c; = N; / (NAV) — ero monsipuas
KOHUEHTpaLUs.
Jlns xuMuyecKo# peakuuu B ra3oBoii daze

2VA VA,
i 7
YCNIOBUE PABHOBECHS 3AMTUCHIBAETCA ClETYIOHM 00pasom:

(16.16) DV =DV,
i i

IToacrasnsas crona BBIDAKCHHUE 1A XUMHYECKHX NOTCHLHANOB PEArcH-
TOB H NPOAYKTOB, HAXOJHM KOHUCHTPALUHOHHYHK) KOHCTAHTY PABHOBCCHA.

Vi Q‘f ’
e ) ~7 AU
c - -eXp »
HC;V‘ ’ v, RT

[l N,V

14

(16.17) K

rae AU, — pa3HOCTb HyJIEBbIX SHEPrHil IPOJYKTOB U PEAreHToB, T.€. TefIo-

BOH 3dhexT peakuud npH abcomoTHOM Hyne. YpasHenue (16.17) — 6asosoe
B CTATHCTHYECKOH TEOPUM XHMHYECKOro paBHoOBecHs. Jlpyrue KOHCTaHThI
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PaBHOBECHS MOXKHO BbIPA3HTb Yepe3 KOHCTaHTY K., MCMONb3ys YpaBHEHME
COCTOSIHMS MIEanbHOro rasa, Harpumep:

Av
Kp :KC[R{J ’
P

YpaBHeHHS COCTOAHMS
HAEAJbHBIX M peaIbHbIX ra30B

CraTtucTideckas TEPMOJMHAMUKA TO3BOJISET BBHIBOAUTH YPAaBHEHHUS CO-
CTOSIHUSA BELIECTB, HCMOJB3Ys CBA3b MEAGIy CYMMOH MO COCTOSSHUAM H Tep-
MoauHaMUueckumMu yHkuusMu. Tepmuyeckoe ypaBHEHHE COCTOAHMA, KO-
TOpOE OIMMCHIBAET 3aBMCHMOCTb JaBleHUs OT 00bemMa W TeMneparypsl,
BBIBOAMTCA Ha OCHOBE ypaBHeHHs (15.24); npy 3TOM CyLUEeCTBEHHOH OKa3bl-
BaeTcs TOJIbKO 3aBUCHMOCTb CYMMBI 110 COCTOSHHSM OT o0beMa.

VY upeanbHbIX ra3zoB OT 00beMa 3aBHCHT TONLKO MOCTYNATENbHAsA CyMMa
no cocrosHuaM. U3 dopmyit (15.30), (15.34) crenyer:

Z (V) = const: VN,

oInZ,,\ _ NkT
v ). v

Pun = kT (

D10 — ypaBHEHHE COCTOAHUSA WACATLHOrO rasa (CM. Taikoke npumep 15-2).

V peanbHbIX ra3oB 0T 00bema 3aBHCHT TOJILKO KOH(pUIypaUHOHHbBII{ UH-
Terpan, KOTOpbIH 1 pa3peXeHHbIX ra3oB BLIPAKAETCS Yepe3 NOoTEeHUHan
B3aumoJelicTeua Monekyn rasa (cM. (15.59), (15.60)). He npoeoas koHkpeT-
Hblif pacyeT CTaTHCTHYECKOH CyMMBbI, MOXKHO M0OKa3aTh, YTO €CJIH BCE pealb-
Hbie rasbl OMHCHIBAIOTCA NAapHbIM MNOTEHUHMATOM OJHOr0 M TOro € BHJa
¢ 08yMA napamempamu, TO OHU MOAYMHAIOTCA OJHOMY H TOMY K€ YpaBHeE-
HUIO COCTOSIHUA B IIPUBEIEHHbIX NEPEMEHHBIX.

[MpeanonoxuM, 4To NapHbIH NOTEHUWAJ UMEET BUA

u(r):uof(r/s),

rae f — yHHBepcanbHas Ul BCex rasoB QyHKUMS, a MapaMeTphbl uy H G OfH-
CLIBAIOT KOHKPETHBIH Ia3: #y — aMIIMTY1a NOTEHLHANA, G — Paauyc ero aei-
ctBus. Beenem npuseneHHble (Ge3pasMepHbie) NepeMeHHbIE:

q kT
q = T*:—
o u,
H BBIYHC/IMM B 3THX NMEPEMEHHbIX KOH(PUrypaLHOHHBIR HHTErpal C y4eTOM
napHoro npubnuxkenus (15.52)

Zu(r,.j) Zf(ri;*)
> 3N 3N i>j IN
Zmﬂd‘ :Iexp ‘--f—kT— d q=C jexp “_ﬁz—_,-*'—— d q*-

(16.18)

(16.19.a)

(16.19.6)

(16.20)

(16.21)

(16.22)
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(16.23)

(16.24)

(16.25)

(16.26)

(16.27)

IMocnenuuit uuterpan B 51oit Gopmyne (0b6o3Hauum ero Z*) — sto bes-
pasMepHblii MpuBeAeHHbIH KOHGUIYpaUHOHHBIA HHTErpan; OH OJMHAKOB JIs
BCEX ra3oB. Ecnu BBECTH npuBeaeHHbIE JaBlieHHE H 0ObheM

3
14 «_ RO

V¥ =—ro p ,
o U,

TO MPHBEAEHHOE NaBIECHHE BbIPKAECTCA Yepe3 JPYrue NpHBeIeHHble nepe-
MEHHBIE YHUBEpCATbHBIM 00pasom:

p*_T*(alnz*

— | =p*V%TH),
),

TO €CTb BCE ra3b! ONMUCBHIBAIOTCA OJHHM U TEM K€ YPaBHEHHEM COCTOSIHHSA B

NPUBEIEHHBIX NEPEMEHHBIX. DTOT Pe3yNbTaT HA3BLIBAIOT 3aKOHOM COOMEEm-

cmeennvix cocmosnuii (cM. § 1). OH cnpaseannB Npy BbLINMOMHEHHH ABYX YC-

JIOBHH:

a) napHbiii noteHuuan (16.20) nomkeH 66ITh YHUBEPCAIBLHBIM JUIS BCEX pe-
aNbHbIX ra3oB;

6) yHuBepcaibHbiii NOTEHLIMAN JOJXKEH COAEPXKaTh POBHO ABa Mapamerpa.
U3 Bcex M3BECTHBIX YpaBHEHHH COCTOSHUA pEallbHBIX ra3oB METOAAMH

CTATHCTHYECKOH TEPMOJUHAMHKH MOXHO BbIBECTH TOJILKO BHPHAIBHOE ypaB-

Henue. [Ina cnabo paspexeHHbIX razoB oHO caenyet u3 (15.59). duddepen-

LMpYs TOrapu(M KOHQHIypaUHOHHOIO HHTErpaia 1o obbeMy, HaxoauM:

kT olnZ, ., _NkT_kTBN’_NkT(I_BN
P v )V 212 Vv 2

CpaBHuBast 3TO ypaBHEHHE C BUPHaJIbHBIM YpaBHEHHEM COCTOSAHMS pe-
ansHoro rasa (1.8.a), HaxoUM CTaTHCTHYECKOE BBIPAKEHHE I BTOpOro
BUpHAIBHOTO K03ddHLMEeHTa pealbHOro rasa:

B, = BN 21tNT[r2 [l - exp[—u—(r—)-ﬂ dr.
2 ] kT

Ota ¢dopMyna cBA3BIBAET MaKpPOCKONMHYECKYHO (PM3HKO-XMMHYECKYIO Be-
NHYUHY — BTOPOH BUPHANBHBIA KO3QUUHMEHT — € MHKPOCKOMHUYECKHMH Na-
paMeTpaMH, TOYHee, C apaMeTpaMH MEeXMOJIEKYNIpHOro noreHuuana. Us-
Mepss 3aBUCHMOCTb B, OT TeMnepaTypsl H 3a1aB (GyHKLMOHANBHYIO (opMy
MEXMOJNEKYJISPHOro MOTEHLHaNa, MOKHO OMNPEAEHTb MapaMeTpbl MOTEH-
uuana.

Jlns BLIBOAA YPAaBHEHHA COCTOSIHMS CXKATOr0 pealbHOro rasa WCnoJb3y-
€M COOTBETCTBYIOUMI KoH(HrypaiHonHblit uHterpan (15.61). Hnddepen-
LIUPYA 3TO BhIpaXKEHHE MO 00bEMY, HaXOJUM BUPHAIBLHOE Pa3JIOKEHHE:

OInZywy | _NAT(, BN kB, (ﬁ]"
oV 14 2 Hk+1\V

T

p=kT
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H3 storo ypaBHeHus cnenyert obluee BblpakeHHe [ BCEX BUPHATbHbIX
KO3 PULUHEHTOB Uepe3 rpynnoBbIe HHTErPAIbI:

B, =- LIV
k+1

YactubiM cnyvaem stoil oOweili opmynsl ssnserca dopmyna (16.26)
JUI8 BTOPOTO BHUpHabHOro ko3(dduimeHTa, nosyveHHas B TPHONMKEHUU
CUJIBHO pPa3peKEHHOro rasa.

Takum obpasom, ctaTUcTHUYECKas TEPMOJHHAMUKA MO3BOJISET JATh TEO-
peTnyeckoe 060CHOBaHHE BHPHAILHOMY Pa3JiONKEHHIO U MPOSACHHUTHL (HU3nye-
ckuif CMbIC BUpHAIbHBIX K03 duLeHTOB: k-if BupHanbHblii koadduumueHT
OMHCBIBAET BKJIAJ B JiaBjieHHE, KOTOPbIH CO3AaI0T MEXMONEKYISpHbIE B3au-
MOJIEHCTBHS B IpYNNax U3 k MOJIEeKyn.

CraTucTHYECKAS TEPMOAHHAMHKA aAcopOuuH

CrarvcTiyeckas TepMOAMHAMMKA TIO3BOMIET HAXOIMTh YPAaBHEHHME CO-
CTOSIHHA BEIlIECTBA HE TOJILKO B 00BbeMe, HO M Ha MOBEpXHOCTH. PaccMoTpuM
ancopbuuto upeansHoro rasa. [lycTh Ha OJHOPOJHON MOBEPXHOCTH HAxo-
autes N ancopOUHOHHBIX LIEHTPOB, U3 KOTOPBIX N 3aHATHI MOJIEKY/1aMH ra-
3a. O603HAYHM BHYTPEHHIOK CYMMY TI0 COCTOSHMAM MONEKYNbl raza Q..
Uucno pacnpeaeneHuit Mosekyn raza no agcopOLHOHHBIM LIEHTPaM PaBHO

N1
NI (N=-N)!

OO6ulas cymma Mo COCTOSSHHSIM ra3a Ha MOBEPXHOCTH paBHA NMpPOH3BEE-
HHIO BCEX BHYTPEHHHMX CYMM IO COCTOSHUSM HA YUCJIO pacrpeieneHnii (kak
B MOJEJIM PELUETOYHOrO rasa, Ho C TOH pasHuueH, 4To YacTHlbi, HHKCHPO-
BAHHbLIE Ha MOBEPXHOCTH, Pa3NH4HUMBbl; CM. npumep 15-6):

N1
ZI'IOB = ‘ Q::i“
N,' (N=N)!

HaiineM XxuMHuecKHi NOTeHLMAN BELIECTBA HA NOBEPXHOCTH!
F,,=—kTInZ_, =
=—kT[NInN-N,InN, - (N-N)In(N-N)+N,InQ,. ]

.
Woow =N, ag‘;’“) =RT[lnN,+1—ln(N—N,)—l—anm]=
\ vt rer :
—RT—ln—N'—-—an —RT]:In —an}
- I N-Nt BH | T 1"® BH |°
N
0=—L
rae N

— CTENCHLb 3aNOAHCHUA NOBECPXHOCTH MOJICKYTIaMU ra3a.

(16.28)

(16.29)

(16.30)

(16.31.a)

(16.31.6)

(16.32)
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(16.33)

(16.34.a)

(16.34.6)

(16.35)

(16.36)

(16.37)

(16.38)

IMycts B ra3oBoii ¢aze vaxoaurca N, Monekyn. CtaTHCTHYECKas CyMMa
rasa:

Zm - [Qnochan]N2 )
N,

HaiizeM xyumuuyeckuii moTeHuman BeLlecTsa B rasosoi (ase:
F,=-kTInZ=-kT[N,InQ,p + N, InQ,, —(N,InN, - N,)].
n. =N, o9F =RT(-InQpoe: —INQ,, +InN,).
N, Jpr

[pu paBHOBECHH MOTEHUMASbI BELECTBA B ra30Boi (hase M Ha MOBepX-
HOCTH PaBHBI:

Bp = Hpogs
OTKyZJa
® N,
-0 Quor

INocTynarensHas CyMMa NpsMO NpONoOpUHOHaibHa 06beMy H, clielosa-
TENBHO, 0OPAaTHO MPONOPLIHOHALHA HaBNEHHIO, TOITOMY:

N
: =K, p,
Oreer

rae Mbl 0603HaYWIH K03 PHUHEHT NPONOPUHOHANBLHOCTH K.
M3 (16.36) u (16.37) cnenyer 3aBUCHMOCTh CTEMEHH 3anOJIHEHHA MMO-
BEPXHOCTH OT JIaBJeHUs BELIECTBA B ra3oBo#i daze:

_ K. p
1+K, p

Ot10 — u3orepma aacopbuuu Jlenrmropa (10.11). M3 BeiBOAa BHIHO, UTO
BHYTpEHHHE CTeNneHU CBOGOABI r'a3a He BIUSIOT Ha YPaBHEHHE a/cOPOLHH.

LII_PI/IMEPII]

Hpumep 16-1. INoctynarenbHblit BKIaA B SHTPOMHUIO YINIEKHCIOro rasa
NPH HEKOTOPbIX YCI0BuUAX paseH 148.5 Tx-mons™-K™!, Paccuuraiite nocry-
naTenbHbli BKIAA B SHTPOMKIO KUCIOPOAA NPH ITHX XKE YCIOBHSX.

Pewenue. TlocTynarensHbiit BKJIa B SHTPONKIO ONUChIBaeTcs GopMynoi
(16.7). locraTouHO HAlTH 3aBHCHMOCTB 3TOM0 BKJIAJI2 TOJNILKO OT MOJISPHOIH
Macchl rasa, T.K. TeMrneparypa ¥ obbem is 1ByX ra3os, O YCIOBUIO, OIH-
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HakoBbl. [TocTynarensHas cyMma MO COCTOSAHHAM Onoer ~ M ™7 (370 Cnepyer
u3 (15.34)), nosromy

S e :Rln(M”z)+f(T,V)=%RlnM+f(T,V),

rae A7,V) — byHKuus, KOTOpas He 3aBUCHT OT MOJISPHO#I MAacChl.
Orciona cnenyer:

SHOCT(O?,) = Snoc'r(coz) +%Rln[w)—) foed

M(CO,)
=148.5+1.5-8.31-1n(32/44) =144.5 Ik -monp~" - K™

Omeem. 144.5 Iix-mons K.

IIpumep 16-2. Paccunrailte MONbHbIE 3HTPONUIO, BHYTPEHHIOK 3JHep-
THIO, SHTaNbNHO, SHepruu 'enpMronsya u [ub66ca razoodpasHoro azora npu
T=298 K u naBnenuu 1 at™. Bpamatenbhas nocrosnnas B = 2.00 cM™, ko-
nebatenbHas uyactora ® = 2360 cM™'. DAEKTPOHHON U SAEPHON COCTABMSIO-
iHMH NpeHedpetb.

Pewenue. KonebartenbHbiM BKJIAAOM 34eCh MOXKHO TpeHebpeub, T.K.
temneparypa I = 298 K HaMHoro mensnliue 3bdektuBHoOit konebartenbHOH
TeMnepatypbl T = hcw / k= 3400 K.

PaccunrtaeM noctynarensHyro M BpallaTelbHYH) CyMMbI 10 COCTOSHUSIM!

, 3 32
2:3.14-[0.028/(6.02:10°)]-1.38-10™ 298|~ g31.208

Drocr (6.63-107*)° 101300

kT 1.38-107% -298

= = =51.7.
Lapau chcB  2-6.63-107.3.10"-2.00

BHyTpeHHIOIO dHEPrui0 MOXKHO HAHTH MO TEOpEME O pacnpeeNeHuH no
cTeneHsM cBoOO /bl

U—Up= Uoer + Uspaus = 3/2 RT+ RT=5/2 RT = 6191 Ixc-mons ™,
MOJIBHYIO SHTAILMNIO — N0 onpeaeneduto H= U+ pl:
H-Uy=U=Uy+pV=U-Uy+RT=17/2 RT=8667 ix-Mmons".

MoJsibHyO 3HTPONUIO HaxoauM no gopmynam (16.7):

S=S,m+Smm=[R (Q;’“ ]+2R} + [RInQ,,, +R]|=
A

~ . 30
=8.31 -[ln(“"sgolzo 1023'72J+1.5+ In(51.7) + l}=l9l.3 Jox -momp ™' <K',

- il =3.50-10%

249
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a sHepruu ['enbmronsia U I'nbbca — no onpenenenusm F = U — TS u
G=F+pl:

F-Uy=U=Uy—TS=6191~298-191.3 = -50820 [Ix-Mons ",
G~ Uy=F—Uy+ RT=-50820 + 8.31-298 = —48340 Dx-Moib .

Ipumep 16-3. Ouenure MosbHyo TennoeMkocTh Cy razoobpasHoro
MeTaHa MpH KOMHATHOH Temmnepartype. (OKCIIEPHMEHTAaNbHOE 3HAYEHHE!
27.2 }.'bmmonb'l-l{".)

Pewenue. KonebatenbHbIM BKJIAJOM B TENIOEMKOCTb MpeHedperaem,
T.K. IPH KOMHaTHoI1 Temnepatype 7 ~ 298 K Bce konebGanus 3aMOpPOXKEHBI.
Bknaa BpauiatensHOro U MocTynaTeNbHOro ABUXKEHUI HAXOUM [10 TeopeMe
0 pacnpejieNieHHH Mo cTeneHsIM cBobobI:

372 ¥
QI’IOCTNT ), CVFIO :—Rv

T

ot Al 3
Oepam ~ 77 (Henuueiinas mMonekyna), C, = ER ,
Bpail

Cy=3/2 R+3/2 R=3R=25 Ibi-monb K.
Omeem.?25 [b-mons K.

IIpumep 16-4. Paccuuraiite KOHCTaHTy paBHOBecHs K, And peakuuu
auccoudaunn uoaa: =21 npu 500 K. MonekynspHbie NOCTOAHHbIE
I: o =214.5 CM", B =0.037 CM”I, go = 1. OcHOBHOE 3JIEKTPOHHOE COCTOS-
HHE aToMa HOJa YeTbIPEXKPAaTHO BLIPOMAEHO. ODHEPrus IHCCOLHALMH
Do = 148.8 kJk-Moab ™. Bo36yxaeHHbIMH 3JIEKTPOHHBIMH COCTOSHUAMH
npeHebpeyb.

Pewenue. PaccuntaeM MOJEKYNAPHbIE CyMMbl 110 COCTOSHHAM YUYaCTHHU-
KOB peaKil{u;

3iz

n-%-ms'm‘”-soo
. 6.02-10
(anszJ (6.63-10)?
Onoer 