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IIpearosop

Teopujcka ncrpazkuBarma COJTUTOHA Y (DUBUIIK KOHJIEH30BAHOT CTafha MaTepuje
Cy BeoMa akKTyesJTHa O YeMy CBejove W OPOjHH OPUTHHAJIHU HAYUYHH PAJIOBH KOjH
cy objaB/beHU J0 cajia. Takohe, Ha OBy TeMy Cy OpraHm3oBaHe OpojHe HaydHe
KoH(epeHmuje.

Y 0BOj aucepraiuju Cy, HyMEPUUKUM METO/[aMa, UCITMTaHa CBOjCTBA COJIUTO-
HCKWX CTama y jeJTHOJAMMEH3MOHAJIHUM MEePUOANTHUM CTpyKTypama. OBa mody-
hema ommcana cy cucTeMoM KYILIOBAHUX HeIHHeApHUX AudepeHInjaano-maude-
PEHIHUX jeaHadwHa. Y BehWHM TeopHjcKMX Mpuasa OBaj CUCTEM Ce TpeTupa y
T3B. KOHTHHYAJHO] ampoKcuMamumju momena pyckor dusumdapa A.C. JlaBwi1oB-a,
Koju je oH yBeo 1973. rojuHe u NpUMEHUO Ha HEKe peaJiHe OMOJIOIIKE CUCTeMe
(a-crimpastae GeslaHYeBHHE, HYKJIEMHCKe KHCETHHE, TOIUMepe, ...) j1a 61 00jacHuo
TPAHCIOPT €HEPruje U HaeJeKTPHUCalba Yy OMOJIONIKUM CTPYKTYpaMa.

HcrpazkuBarma y OBOj JIMCePTAIMjU CY KapaKTEePUCTHIHA MO TOME IITO Ce y
paay, HYMepHUIKHUM IIyTeM, aHAJIU3UPa CTAOMTHOCT COJTUTOHA Y je THOIMMEeH3N0HA-
JIHUM TTIOJIMMEPHUM JIaHIIUMa, KaKO XOMOI'€HUM, TaKO U HEXOMOI'€HUM. HOCG6H&
nakma je mocBeheHa aHaan3um eKCUTOH-(POHOH HMHTEPAKIHje U HeHOM YTHIA]Y
Ha popmuparme, 0JHOCHO CTAOUIHOCT M JIMHAMUKY COJIMTOHA Y OBUM CHCTEMHUMA.
SHavajHo je nctahum Ja ce y oBOM Npmiasy A00ujajy KBAJATATHBHO U KBAHTUTA-
THBHO HOBU M MHTEPECAHTHH Pe3yaTaThu ca Beoma GoraroMm dpm3ukom. Taxobhe je
yKa3aHO Ha TO Jia OM 0Ba HCTPazKUBaba MOTJIA JIa MOC/Iy ’Ke Kao J00pa OCHOBA IPU-
JINKOM H3y4YaBaiba MeXaHu3Ma MPeHOca eHepruje y OMOIOIMKIM CHCTEMUMa Kao 1
onmnca HeKnx OMOJIONIKKUX 110jaBa U IMPOIleca Ha MUKPOCKOIICKOM HUBOY. Pesysirarn
HUCTPazKMBarba IPe3eHTOBaHU Y OBOj JiHcepTanuju o0jaB/beHu cy y MehyHapoaum
u jomahum vyaconucuma u3 usuke.

AyTop KopucTH NPUINKY Ja Ce 3aXBaJu KoJjerama ca Kareape 3a TeOpHjCKy
dusuky lenmaprmana 3a ¢usuky [IM®-a y Hoom Cany, Ha momohu mpuinkom
u3paje oBe JucepTalmje.

Kparyjesan, Hosu Can paran P. Togoposuh
27. mapt 2010.
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YBoa M OCHOBHA HJieja paaa

OBaj pajx je mocBehieH TeOpPHjCKOM HM3ydaBamy yJOTe COJUTOHA Y TPAHCIOPTY
eHepruje y KBa3WjeTHOJUMEH3MOHATHUM JTAHIMMA Ca MPUMeCOM. J3HAadaj OBe
npobsieMaTuke 6a3upa ce Ha YNHEHUIN Ja e MHOTe (DU3UIKE TI0jaBe MOT'Y OIMUCATH
1 00jacCHUTH Y OKBHUPY TeOpHje HeJnHeapHuX mobyhema, 0OTHOCHO COJTUTOHCKE Teo-
puje. [1obpo je no3HATO j1a Ce COJIMTOHCKU MEXaHU3aM IOC/Ie/IIbUX JICIeH]a BeOMa
MHTEH3UBHO KOPHUCTHU 3a O0jalllibelbe TPAHCIOPTA eHepruje W HaeJeKTPUCAThA Y
BUCOKOIIPOBO/IHUM OPTraHCKHM COJIMMa U nojuMepuma. Takohe ce cmarpa ja ce
OBHUM MEXaHHU3MOM MOT'Y OIMUCATU TPAHCIIOPTHE KapaKTEPpUCTUKe 6I/IOI[OIHKI/IX cu-
cTeMa 4YHju Cy KOHCTUTYEHTH T3B. «-crnupaJiHe OenadeBune. Ha Taj maumn ce y
TEOPUjCKOM OIMCY OBUX CHUCTEMa MOI'Y MCKOPHCTUTH BeoMa edukacue m mohwe,
Beh mocTojehe u pasBujene, Metojie Teopujcke (bU3NKe KOHAEH30BAHOI CTalba Ma-
Tepuje. Y puU3MIM KOHJEH30BAHOI' CTarhba Ce IMPOKO KOPUCTE IHpeJICTaBe O eJjie-
MeHTapHHM obyhemuMa U KBasudecTuiiaMa pasHe Bpcre. Ha mpumep, gononu
- KBAHTH HOPMAJHUX OCIUIANNjA aTOMa (MOJEKYJIa) y KPUCTATHUMA, eKCUMOHU
- KBaHTH KOJIEKTHBHUX OCIIWJIAINNja HACTIEKTPHCaha (BAJIEHTHUX eJEKTPOHA) Y
IBPCTUM TeIuMa (ONTHYKE eKCIUTATIU]e).

[ope nmomenyTa ejiemenTapHa 1modyhema ce ONnucyjy MOHOXPOMATCKHM TaJia-
cuma. CTporo riaegano, MOHOXPOMATCKH Tajgac MMa OECKOHAYHO IPOTe3arhe W
He MOKe 1peHocutu eneprujy u undopmaiujy. To mory camo nobdyhema Koja
Cy JIOKAJM30BaHa y HEKOj 00JaCTH MPOCTOPA W MPOCTHUPY C€ HEKOM KOHATHOM
op3umHoM. TakBa moOyhema HA3WBajy ce TaJACHU MAKeTH U OHU CY 00Pa30BaHU O]
BEJINKOT OPOja MOHOXPOMATCKUX TaIacCa.

Mebhytum, y MHOrUM cpenmraMa Op3WHA TPOCTHPAkHa MOHOXPOMATCKHX Ta-
Jlaca 3aBUCH O] TaJIACHE JyKWHE U TaKBe CPeJMHe HA3UBajy Ce JIMCIEeP3UOHUM.
llpu mpememramy TaJacHOT HMaKeTa Yy TAKBUM CpeJUHAMA PA3IMINTE MOHOXPO-
MaTCcKe KOMIIOHEHTe Koje Ta YnHe ce Kpehy pazauuutum Op3mHaMa. Kao pesynar
TOra J0J1a37 JI0 PaCIInibaBarmka TaJacHOT makera TOKOM Bpemena. OBaj edekar
IpeJICTaB/ha CYIMITUHCKU HEJIOCTAaTaK MPHU MPEHOCY eHepruje MoOyhemuMa OBOT
tuna. /Jpyru Hejgocrarak je TO HITO NMPH CBOM KpeTamby TaJacHU MakeT ryou
eHeprujy TaKo IITO je Tpejaje aTOMUMa W MOJIEKYJIUMa KOJU OCIUIY]Yy W THMe
3arpeBa CpeJiuHy.

[Tocstegmux HEKOJIMKO JlelleHnja JIAHCUPaHa je Weja [a UIeaTHO TPEHONTeHe
BHOpanuoHnx mobyhema, eJleKTpoHA W CJAUYHO, Y KOHJIEH30BAHUM CpeJInHaMa ce



MOZKe PeaiIt30BaTH Y 00JIUKY VjeINIbeHIX Talaca, KOju ce KpaTKO HA3UBAjy COAU-
monuma (osapornma). Yupaso he oBaj KOHIENT U OMTH JIeTa/bHO aHAIM3UPAH
7y OBOj AMCEepTAINjH.

Nneja ma Teopujcka dhuzuka Tpeda jJa MOCTYKH 33 pa3yMeBame OMOJIOMIKIX
cucTeMa M HhUXOBUX (DeHOMEHa Pe3y/TaT je cBe Beher MpoKuMarba Pa3IunduTuxX
HAyIHUX JUCIHUILUINHA. 10 MPOKHMambe HAyIHUX JAUCIUILINHA je jeJaH O/l OCHO-
BHHUX CMEpPOBa M pasJior OypHOT pa3Boja caBpemene Hayke. OBaj TpeH je yOp3aH
u 300T HAjHOBUjUX JOCTUTHYyha W Ipojopa y OHOJOTHjU, XEeMHUjH U TEOPHjCKO]
dusunu. Bepyje ce jia Merojie Teopujcke pusMKe MOI'Y HOCJYZKHUTU KaO0 OCHOBA
3a pasymeBarbe (beHOMEHAa W Y BeoMa CJIOKEHUM CHCTeMHMa Kao IITO CY OHH
OUOIOIKY.

Iucepraiuja ce cacToju 0/ KpaTKOT YBOJA, 3aTUM CJIe/Ie TPH IJIaBe, 3aK/by YKa,
IPUJIOTA U JTUTEPATYPe.

Y yBOJHOM JieJly UCTAKHYTE je OCHOBHA HMJ€ja OBUX UCTPAKUBaha U YKPATKO
je ommcaH cajprkaj auceptanyje. llpBa rmaBa mMa yBOJHH KapaKTep W Y HOj Cy
JlaTe OTIITe KapAKTEePUCTUKe OeTaHueBIHA KOje Cy MHTEePECAHTHE Ca CTAHOBUIITA
dusrke. YKa3aHo je Ha 3HAYA] TPAHCIOPTHUX IPOIEca, Ca acnekTa (pu3mnke, Tj.
TPaHCIOPTA eHepruje Kpo3 a-CrupajHe OeJaHdeBUHe, HYKJIEHHCKe KICEeJTUHe UT/I.

Y JIpyroj riiaBu OUMCaH je TEOPUjCKU COJIMTOHCKU MOJE/ PycKor dusmyapa
A.C /laBb1j10B-a, KOjU JIe2KH Y OCHOBH TPAHCIIOPTA €HEpruje y jeTHOIuMeH3HOHA-
JIHOM JIaHIly, XOMOreHoM u HexomoreHom. Takobe cy jare m ojarosapajyhe ky-
IJIOBaHe HeJnHeapHe andepeHIinjaj no-andepenIine jeHaqnae Koje cy aeTabHo
HYMEpPUYIKN aHAJIU3UpAHe U HAPEHOj TJIABH.

Y Tpehoj ryaBu, HyMEpUYKUM MeTO/laMa, aHAJW3UPaHe Cy HaBeJeHe HeJInHe-
apHe jeHAYNHE 33 PA3JIHYNTE MapaMeTpe cucreMa. Pe3yiTaTu HyMepUInX aHa-
Jim3a npukaszanu cy rpacduuku. Ha ocHoBy nobujenux pesysirara ykKasaHo je Ha
MOTyhy yJ0ry COMUTOHA y TPAHCIOPTHUM IPOIECHMA Y PeaTHUM (DU3NIKAM CH-
cremuMma. Takobe je mcTakHYTO Ja OM OBa MCTparKMBarba MOLJIA OUTH O moMohn
NPUJIMKOM pa3yMeBarba MeXaHu3Ma TPAHCIOPTa €Hepruje y HEeKUM OUOJIONTKUM
CHCTEMHUMAa KOJU Cy CacTaB/beH! O] KBa3njeIHOINMEeH3NOHATHIX JIaHala y KojuMa
Mory nocrojatu u jiedpektu. Pe3yjirarn oBUX uCTpazKuBarba 00jaB/bEHU CY Y
MehyHApOIHUM YACOTHCHMA.

Ha xpajy je jar 3ak/pydak ca KpaTKuM IIPUJIO3UMA U HaBe/ieHa je BeoMa edu-
KacHa JIUTepaTypa.



Imasa 1

1. BesranyeBuHe Kao MOJIEJTHU CHCTEM 3a ITPEHOC
eHepruje y OMOJIOINKUM CHuCTeMuMa

JeJIHO 0J1 eHTPAJIHUX HUTamba OMOeHepreTuKe IJIacu: OJaKJie MOTHYe BUCOKA
ebUKACHOCT TPEHOCcA eHepruje eJeKTPOHA M HPOTOHA Y 061acTh jeHOr (MaKpo)
Mosekysta n u3Mehy monekyma. Hapemhemo camo Heke mpumepe Benuke edu-
KaCHOCTH TIPEHOCa HaeJIeKTpucara, eHepruje u wadopmamuja y duocucreMuma
HA 3HaYajHe pa3Ja/bUHe: TPAHCHOPT eJEeKTPOHA Yy JIAHILY, MPEHOC eJeKTPOHA Y
cucTeMuMa 3a (poTOCUHTE3Y; TPAHCIOPT €JIEKTPOHA Y cucremy (pepMeHTa peciu-
PATOPHOT JIAHIIA MUTOXOH/IPHje UT/I.

Teopujcka ucrpazKuBama MIPEHOCA €HEPIruje U HACJIEKTPUCAHHA, Y OMOJIONIKIM
CUCTEMUMAa, KOJU Cy OKPYZKeHH BOJOM, HY’KHO BOJV 3HAYAJHUM yHIPONINEHUMA 1
MO/Ie/TUPATHUMA.

Mexanuzam e(puKacHOT MIPEHOCA eHePruje y AYTadyKuM HOJTUMEPHUM JIAHIIUMA,
JOII YBeK HUje 10 Kpaja pa3jammmed. [[ocToje pasam mpucTynu Ha MOJIEKYIapHOM
auBoy. Pycku dpusuuap Astekcangap Cepreesud /aBbIIoB NpeII0KNIO je Mexa-
HU3aM y KOMe JIOJIa3’ 70 JIOKAJIU3alldje U TPAHCIOPTa BHOpAIMOHE eHepruje y
GenanuesnHama [1].

Taj mexanuzam ce cactoju y Tome Jia KOJEKTHBHE €KCHTAIMje CUCTeMa —eKCH-
TOHU, WHTEpAryjy ca OCIUJIaIjaMa MOHOMEDHUX jeIMHUIA MOJUMEPHOT JIAHIA
(dbouonuma). IMox onpehenum ycaoBuMa 10a31 10 ayTOIOKATU3AIMjE OBE eH-
epruje Koja Kao ycambenu tanac (Solitary Wave) myTyje Kpo3 IOJUMEPHH JIAHALL.
Taj ycamsbenu Tajac uma ocobuHe COJIMTOHA.

[lojam comuToH y Hay4uny aureparypy yBeaun cy N.J. Zabusky i M.D. Kruskal
[3]. ¥V cBOM pajy oHE cy HCTaKIU oceGHe OCOOUHE jejIHe KIace Pelletha TaTacHuX
jennaunua. Tu tamacu (comuronu) mocenyjy cieaehie ocobune: a) mpocTupy ce
KpO3 cHCTeM, y KOMe Cy HacTajd, Oe3 JHCIep3Hje H JUCHIAIHje He Memajyhm
OOJIHK jaKo jiyro; ©) IpHIMKOM CyJ1apa J{Ba COJTHTOHA He JOJIa3u JI0 HHTEPAKIHje
m3mely commrona. OHE mpoJiase jegaH Kpo3 JpyTd He Memajyhm cBoje ¢popme.
Jeanno, eBeHtyaJsiHo, Mozke johu j10 pasHor nomaka.

UNnejy ayromokannsamnuje npeu myT je yseo JI. /1. Jlanmay [4] npuinkom npoyua-
Balba KpeTama eJIeKTPOHA Y KpUCTaIHOj pemeTku. Meja ce cacroju y ciemehem:
€JIEKTPOH ToJIapU3yje KPUCTAJIHY PeIleTKy IIPHU Y€MYy Ce IeroBa eHeprija CHUZKABA.
Ty unejy je nasme, nerapauje, pazpajguo C.1. Tlekap [5, 6]. ¥V cBojum pagoBuMa



YBOJIU II0jaM IOJIAPOHA KOjHM O3HavdaBa ayTOJIOKAJIM30BaH eJIeKTPOH 3axBahen
nedopmanmjom Kpucrasane pemrerke. laspe, H. Frohlich maje jexnocraBan xamu-
aTouujaH [7, 8] Koju mocraje OCHOBA 3a TEOPUJCKY aHAIM3Y MOJApOHA. Y HheMy
je OuTaH WIaH T3B. €JeKTPOH-(POHOH MHTEpaKIldje, KOju JOBOIU JIO Kpealluje
KOMILJIEKCHE KBaswdecTuile - mojapona. (cobwHe mojapoHa MpoydaBaau Cy H
JPYTU ayTOpH, 3a HeKe jerasbe noraeaatu pedepente [9, 10].

dMMUHOKNCENNHA

Ciuka 1.1. CTpyktypa gena a-cnupante benanyesure. VicnpekngaHom nunmjom
O3Ha4eH je jefaH naHau.

MaremaTndke Mojie/ie U3 TeOpHje MoJapoHa IpuMeHuo je /[aBbI10B y TOKyIIajy
J1a 00jacHU TPAHCIIOPT €HEpPruje Kpo3 a-ciupaJsine OesandeBuHe. 3001 Tora moc-
Toju ojapehenu crernen kKoudysuje, ma ce /[aBblI0B-/HEBU COJUTOHN U3jeIHAYABA]Y
ca mosiapouckuM edexktom. CIMIHOCT je caMO y MaTeMAaTHIKOM amapaTry aad He
U npupou pusnydkor heHoMeHa.



Y wmomeny JlaBbiios-a BuGpanuona nobyna C=0O Bese (BUGpPOH), Koja ce
HAJIA3H Y MENTU/HO] IPYITH AMUHOKHUCETMHCKOT OCTAaTKA, MHTEPAryje ca OCIIIau-
jama perterke. To moBoaM /10 ayToOJIOKAIN3allAje OBe eHeprije Koja ce, Kao COJIN-
TOHCKH TaJac, MPeHOCH Kpo3 cucTeM. Ha mecTy ayToiokanausaluje T0/1a31 10
nedopmalimje pernreTke.

[IpBu omuc conuToHa a0 je mkorckn unxkumep John Skot Rusell [11]. Ou je
OCMAaTPao KpeTame IijIerna Kojer je, Iy yCKOT KaHa/ia, ByKao map Koma. YO4uuo
je, KaKo KazKe, 8eAUKU YCaMbeHU Maaac KOJH e OJIBOJUO OJ1 IpaMIla ILIela Kajla
ce oBaj HaIJI0 3aycraBuo. Maca Bojie HOKpeHyTa 11LJIelloM Huje ce 3aycraBujia Beh
je HacTaBuJja Jia ce Kpehe MOMPUMUBIITT O00JINK 3BOHA Ay KuHe oKO 10m a BucHHe
wermro Behe o mosa merpa [12].

OBu Tayiacu MOry ce, MaTeMaTHIKH, OMUCATH TTOMONY HeJTMHEAPHUX MapIin]ja-
JHEX JudepeHnujagnux jeqHaunta. 1IpBy TakBy jegnaumny mao je J. Boussineq
1872. romumue [13], a apyry D. J. Korteweg u G. de Vries 1895. romuue [14].
1 jenna m apyra jeqanvdmHa ce KOPUCTE 3a ONMUCHBA€ MPOCTUpaba Tajgaca Ha
ITUTKO] Boau. KapakTepucTHdHa pelrerhba OBUX jeIHAYWHA CY T3B. YCAMJ/HEHU
tanacu (solitary wave) [15]. Onu nmajy 3BoHacT 06smK, kpehy ce KOHCTAHTHOM
Op3WHOM, a HUXOBA AMILIATY/IA 3aBUCH OJ Op3UHE TaJaca.

Hajuosunaruje napiujaJine jgudepeHnujaine jeJHaYnHe KOje Jajy COJUTOHCKA,
pelema cy:

Sine Gordon-oBa:

O — Qrz +sinp = 0,

3atuMm jeqnaunna Korteweg de Vries-a:

u mo3Hara Hesuaeapua Shrodinger-osa jeqnaunna:

10 + 209”4 Pa0 = 0.

Ha Counu 1.2. mpukasaH je jeJaH ycaM/beHH TajJac (COJUTOH) y jeTHO/IN-
MEH3MOHAJIHOM IIOJIMMEPHOM JiaHIly (cacroju ce ox 220 MOHOMEDHHX jeIMHUIIA)
KOju je J00ujeH HyMepHIKOM aHaJIu30M cucTeMa JudepeHIuja no-1udepeHHnx
jeTHaYMHA.
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Cimnka 1.2. Ycamsbenn Tanac (CONUTOH)

Ca mpusiokeHe cauKe ce BUIH Ja ce hopMa HACTAJIOTr Tajgaca, y MOCMATPAHO]
Je/IHOJIMMEH3UOHAJIHO] TI0JIMMEPHO] CTPYKTYPH, IpocTupe 6e3 1pomMene o0JIMKa U
ca KOHCTAHTHOM aMILIUTYJIOM TOKOM BpPEMeHa.

1.1 AwmMuHOKUCe/IMHE U Oe/laHYEBUHE

Y namem paay hemo yriaaBHOM mocMaTpaTH TOJUMEPHHU JaHall, aad he ce
JleTas/bu OMUCA OJTHOCUTHU Ha OeTaHvYeBUHE W 3aTO OBJE /1ajeMO IHbUXOB JieTa/baH
OIIHC, BUIIIE HETO MITO je yoOu4ajeno 3a pa/ji u3 pusuke.

BenamueBune cy HajKpyIHUJU U HAjCJIOKEHHUJU O/ CBUX MOJIEKY/Ia KOJU yJIa3e
y cacras hejuja xkKuBux opranusama. MoJiekyjiapue Mace OejlaHueBUHA Bapu-
pajy oJi HEKOJIMKO JieceTHHa XubaJa J0 Hekoauko Mmumona Daltona (Dalton je
MOJIEKYJIAPHA Maca aTOMa BOJOHUKA).

Ca ¢dusnuke Tauke ryeuinTa, OeJJaHIeBUHE TPeICTaB/bA]y CJI0KEH MAKPOCKOTI-
CKHU CUCTeM KOjU ce HaJla3W y HeKOM OKpyzKemy. [Ipema Tome, na GemandeBume
MOKEMO IIPUMEHUTH T10jaM TeMIepaType, eHTporuje utj. Takohe MOXKeMO yBecTH
U MIOjMOBE eJIleMeHTapHUX KOJIEKTHBHUX NoOyhema y KBa3uje THOIUMEeH3NOHATHOM
CHCTEMY.

bBenanueBune cy, mpe cBera, jeJaH OJ cacTOjaKa XpaHe KOjUu Cy HEOIXOJIHH 3a
pa3Boj opranm3sma. Omne Takohe ynaze y cacTaB CTPYKTYPHHX U BE3UBHHUX TKHBA
(kpeaTwH, KOJIareH) Koja IpeJICTaB/bajy HHePTHEe KOMIIOHEHTE KUBUX OPraHu3aMa,
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HO, BeoMa ObuTHe KommoHeHTe. Hmp. ymase y cactaB Koxke, Koce, KOCTHU]Y, UT/.

BenanueBune, Takohe, karaJim3yjy ¥ peryJuiiny MHOIOOpOjHE Hpolece Koju
ce JeraBajy y OpraHm3My, MOMONy eH3WMa W XOPMOHA. EH3WMH Cy OCHOBHU
VUECHUIIH Y TIPOIECY Jie/beiba OesJaHYeBUHA, KOje J0Ja3e Yy OpraHu3aM y BUIY
XpaHe, Ha Mame CTPYKTypHE jeauuuiie - amuHokuceanne. O Tako g00MjeHUX
AMHHOKHUCEJIHA § OPTAaHU3MY Ce, Y3 MOMON eH3uMa, CHHTETHUILY HOBe OeJTaHjYeBH-
He KOje Cy HeOIlIXOHEe OPTaHUu3MYy.

BenandeBune cy Ttakohe oiropopue 3a henjcko m yHyTaphenjcKo KpeTambe.
Omne ocTBapyjy nperBapame XeMIjCKe eHEPIje Y MEXaHUIKY €HEePIUjy KOJI ZKUBUX
oprauzama. BenandeBnHe 3ajeHo ca aunuanma (Macruma) 06e36ehyjy akTuBHU
npenoc marepuje y herujy u u3 mwe. Hekn Mosekymn OeaHIeBUHA UMAjy BarKHY
UMYHOJIOMIKY (YHKIHU]y y opranu3my. Takobe, cBu penentopu oprama, dy/ia
(Buma, cayxa, Joaupa, YKyca) cy, Mo CTPYKTypH, GelaHIeBIHHA.

OcnoBHu 3ajarak jegne objactu ¢usuke Koju ce HasmpBa Onodusuka OaBu
ce, u3melhy ocrasior, nu GejlaHdeBHHAMAa Tj. YCIOCTaBJbarmbeM Be3e u3Mely rpabe
OesTaHYeBUHA U ILUXOBUX OMOJIOMIKUX (DYHKITH]A.

Y Hape HOM IMOIJIaB/by omnucaheMo aMUHOKHCEJINHe Kao T'paJIiBHE jeJInHUIle
OestaHYeBHHA, a 3aTUM heMO YKpaTKO OIHMCATH U CTPYKTYpy OenandeBuna. Hexkn
peJIeBaHTHU JieTa/bu Y Be3u OejianveBuna Ouhe jatu y mpujory.

1.1.1 AmMuHOKUCeJINHE

Amunokucenmune ce n3Bojie U3 KapOOKCHIHUX KUCEJUHA 3aMEHOM jeTHOT BO-
JIOHHKOBOI' aTOMa Y YIJbOBOJOHMYHOM OCTATKy-rpynoM (ammuuo rpymnom). Ilpema
[0JIOYKA]y aMUHO TPYIle Y OJHOCY Ha KapOOKCUJIHY TDYILy, aMHUHOKHCEJTNHE Ce
nmene Ha «, (3, v u apyre amuHnokucenune. Ilopes oBe aBe (DyHKIHOHATHE TPyIe
AMHHOKHCEIMHE MOTY CaJIpKaTH XUIPOKCHIHY (aJIKOXOJHY U (DEHOJHY ), THOJIHY,
cyndbunny u apyre. OTyma MOCTOju BeTUKU OpPOj OBUX jeTWIberha aau ce y Oe-
JIAHYeBUHAMA, HAJIA3W CBEra, OKO JBAJIECETAK U TO (-aMUHOKUCETMHA.

Jlaksie, a-aMUHOKHUCEIUHE Ce cacToje oJ aMHHO U KapOokcuine rpyne, NHy u
COOH. Omne cy cuojeHe ca aroMOM yIJbEHHUKA U HA JOH0j CJAMLM Cy O3HAYEHE Ca
Cq. Xemujcka popmyna q-aMHHOKHCENHA Ce THIe Y 00JUKY CTPYKTYpPHE
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C:I
H COOH
(1.1a)
WK panuoHasse (opmysie
R CH— COOQOH
|
NH,
(1.1b)

Ha ocuoBy cacrasa rpyne R, aMuHOKUCe/IMHE ce jiesie y TPU I'PyIie: HeyTpaJIHe
(MOHOAMHHO-MOHOKAPOOKCHIIHE ), Kuceste (MOHOAMHHO-AUKAapOOKcuine) u Gasme
(muamunO-MoHOKapOoKcmiHe). Moryha je mojena aMHHOKHCEMHA U 1O JPYTUM
OCHOBaMa.

3a aMHHOKHCeJNHe ce KOPHUCTe HAa3WBW KOJH YKa3yjy WJId HA MOPEKJO WIu
Ha XeMHjCKy mpupoay. Tako je acmaparun Jo0MO HMe MO TOMeE INTO je TPBH
IyT W30JIOBAH M3 aclaparyca, THPO3WH W3 cupa (I'PUKU TUPOO, CUD), BAJIUH Ce
U3BO/IM U3 BaJIepUjaHCKe KUCETUHe, UT/I. 3a CBe AMUHOKWCEJNHE Ce MOTY H3BECTH
CHCTEeMCKa MMeHa aJjii Cy OHA PETKO y yHoTpeOH.

Panu nakmier mpukasmBama CTPYKType MeNTuIa W OeslaHYeBUHA, 34 AMIU-
HOKHCE/IUHE CYy YBEJIEHU TPOCJOBHU WJIM JeTHOCJIOBHU CUMOOJIM KOjU Cy JIATH Y
Tabenu 1.1 y [Ipuiory A.

YoBek 1 MHOTH JPYTH OPTAHU3MHU HUCY Y CTAIY & CAHTETHIITY CBe AMHHOKHUCE-
JimHe Koje usrpalyjy GesanueBune. Te aMUHOKHCe/MHE ce MOPAjy YHOCUTH Xpa-
HOM U OHE ce Ha3WBajy eceHnujajne amuaokuceanne. Oue cy y Tabemn 1.1 o3na-
gene 38e3u10M (*). Fbuxos HemocTarak y OpranusMy MOzKe JIOBECTH JI0 PA3HUX
00oJbema.

[IpumapHu U3BOPU aMUHOKHCEMHA ¢y Omibke u Oakrepuje. OHe cy crocobHe
Jla WX CHHTETHIY W3 HEOPraHCKUX jeiierha a30Ta (HUTpaTa W HUTPHTA). Xy-
MycHe OaKTepHje Koje ce Hajlaze y KOpeHy OW/baKa y CTamy Cy Jia 3a CHHTe3Y
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aMIHOKHCE/JTMHA KOPUCTe aTMOC(EPCKH a30T.

BenanueBune, Koje ce y opranusam yHeCy Kao XpaHa, IIOMONY JUreCTUBHUX
eH3MMa Ce XUAPOJIN3yjy [0 CA000JHUX AMUHOKWCEINHA KOje OpPTaHm3aM Iajbe
KOPHCTH 3a CHUHTe3y, ceOM HEeONMXOJIHUX, OelaHYeBUHA WM HeGeTaHuIeBHHACTUX
je/luberba Kao MITO Cy aJIpeHaJIuH, TUPOKCUH W JIpyra, WK uX Merabosuine —
006e36ehyjyhu Ha Taj HAYMH OpraHU3My €0 eHepruje.

OcuM -aMUHOKHCEINHA, KOje YIeCTBY]y y CUHTe3: Oe/laHYeBHHA, MOCTOje U
JIpyre BazkKHe aMHUHOKHCE/IHUHE KOje CJyKe Kao IPEKyCOpH y CHHTE3W XOPMOHA,
aJIKaJIonjia, IMUrMeHaTa u Jipyrux oumomosiekysa. Heke o mux cy uHTEpMEIM-
japHU MPOU3BOJM Y MeTabOIUUKUM MPOIECUMa, Kao HIP. IATPYJIUH ¥ OPHUTHH
Yy CHHTe3UW aprUHWHA, HEKe Ce KOPUCTe KAo JIEKOBH (HIp. N—A0Ma) 3a Jederne
[TapkuncoBe GoJsiecTn UT/I.

1.1.2 CrepeoxemMuja aMUHOKUCEJINTHA

Ha Caunu 1.3. nmpukasana je IpocTopHa CTPYKTYpa JBa IPOCTOpHA H30Mepa.

ocroje opramcka jeaumerma Koja ce MOPajy MPeJCTaBUTH PA3IHIHTHM CTPYKTYPHUM
dopmyTaMa MaKO UM je MOJEKYICKa (POPMyIa MCTa, a TO je 300r Tora ITO MOCTOjU pa-
3JIMYUT PACHOPE]] aTOMa, Yy BUXOBOM MOJIeKyny. llocmemuna te pasiaumke Cy pa3anydnTa
dbu3nuKa u XeMHjCKa CBOjCTBA jenmbeba. IlojaBa ma jenmena Koja IMajy UCTy MOJIEKYJI-
CKY Macy, UCTy BPCTY ¥ OpOj aroMa UMajy pasjntdnuTe ocOONHE, HABUBA Ce U30OMEPUJQ.

Wzomepuja MoxKe OUTH TOCTEIUIA PA3TUIATOr HAYMHA Mel)yCODHOT Be3UBaba aTOMa, IpH
U3rPaJmbU MOJIEKY/1a (M30MepU MMajy Pa3jMyuuTe CTPYKTYpHE (DOPMYy/ie) UK HOC/IEIUIA
Pa3JIMYUTOr IIPOCTOPHOL PACIOPEIa aTOMA Y MOJIEKyILy (M30MepHu UMajy UCTY CTPYKTYDHY
a pazimuure nepcrekTuBHe GopMysie). Y OPBOM CIy4ajy je ped O CTPYKTYDHO] MM KOH-
CTUTYIIMOHO] U30MEPUjH, & ¥ APYTOM O TPOCTOPHO] MJIN CTEPEON3OMEDPH)N.

[TocToju 06/1MK TPOCTOPHE W30MEPHj€ TIIe Ce CTPYKTYPE MOJIEKYJIa OHOCE KAO MPEIMET U
JIMK ¥ OTJIeJaJy, IOKa3yjy ucTe ocOOMHe P UHTEPAKIU]H €4 CUMETPUIHUM 00jeKTHMa, a
paznuauTe 0COOUHE TTPU WHTEPAKIINjU ca HecuMerpudnuM objekruma. OBa BpcTa n3oMepu-
j€ Ha3MBa Ce EHAHTHOMEPH]a, a H30MEPH Ce HA3MBAjy €HAHTUOMEDPH WU ONTHYKH AHTUIIO/IHA.
Enanruomepu umajy ucre rycruse, Tauke TOIJbEHA U KJbYy4abha, HHIAEKCE [IPEIaMakbha CBe-
TJIOCTH, UCTOM OpP3UHOM pearyjy ca CUMeTPUIHUM MOJIEKYJIMMa, UTJ, & Pa3JuKyjy ce Io
TOME IIITO PABaH IOJAPU30BAHE CBETJIOCTH OOphy Ha CynpoTHE cTpaHe (3a UCTU yrao) u
pearyjy pa3auduToM OP3WHOM Ca APYTUM HECUMETPUYHUM MOJIEKYyIuMa. EHAHTHOMED KOoju
paBaH Tonmapu3oBaHe cBeTocTH 06phe y cmepy kasasbke Ha cary obemexkagpa ce Kao (+)
wiu ca I (necuoporupajyhu anrunon), a oHaj koju pasan nosiapusanuje obphe y cmepy
CYIPOTHOM 0] Ka3a/bKe Ha caTy obenexkana ce ca (—) umm JI (mesoporupajyhu antunon).

Cee a-amMuHOKHUCeNMHE KOje u3rpaljyjy OemandeBune, OCUM HajjeTHOCTABHU]E - TJIUIIHHA,
ONTHYKY CYy aKTUBHE Te 0Ophy paBaH paBaHCKH I10JIaPU30BAHE CBETJIOCTH Y CMEPY CYNPOT-
HOM Oj CM€Pa Ka3aJbKe HA YACOBHUKY, Tj. OHE Cy JI-Tumrra.

Q-AMUHOKWCEJINHE N30JIEYIIUH, TPEOHUH, XUAPOKCUIIPOJIVH W [HUCTUH UMAjy 10 /1B XH-
paJHa IEeHTpa , Ta TMPeMa TOME TIOCTOje 10 B Mapa eHAHTUOMEPA OBUX JeINema. 300T
crieruraHe CTPYKTYPe IIUCTHH Ce jaB/ba y OOMUKY jeJHOr MMapa eHAHTHOMEDPA W jeTHOT
Me30 ODJINKA, .
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[Toneka 1, Ko je/Iuibeba Koja caJipKe . XUPAJTHHUX IEeHTapa, Opoj cTepeon3o-
Mepa He ojrosapa 6pojy 2". To ce jemana 3001 cuenuduaHe CTPYKType MOJIEKYJIa
KaJla ce TojaBJbyje HEeKH O] eJleMeHaTa CUMETPHje T1a je MOJIEKYJI ONTHYKN HeaKTH-
BaH. Hajuemrhe je To paBan cumeTpuje, a OHa HpeCTaB/ha 3aMUIIL/HEHY PaBaH
KOja JIeJIu MOJIEKYJI Ha, JIBa JieJ1a KOju ce MehycoOHO OJHOCe KAo MPEeJIMeT U JIUK Y
orJieIany.

N-amuHOEWCENnHE O-aMHHOEMCENHHA

o NH,
o~
i)

COOH

HOOC

Crmuka 1.3. Ornegancka nsomepuja (enantuomepuja) J1 n [1 amuHokucenmna

['yeTun 6u, 360r 1Ba XUpasHa IeHTpa, Tpebaao 1a uMa deTupu (22) onTHuku
aKTUBHUX crepeou3omepa. Mebhyrum, aBa o Ta derupu objimka mmajy, 300r
HUCTOBETHE KOHCTHUTYIMje Ha YI/beHHKOBUM aTOMHUMAa, PaBaH CUMeTpHje Koja JIeJIH
MOJIEKYJI Ha JIBE TI0JIOBUHE KOj€ Ce OJIHOCE KA0 MPEJIMET U JIUK Y OTJIe/IaJ1y, 1a Cy TO
UJICHTUYHA, ONTHIKN HEaKTUBHU MOJeKy/a1u. Ko OBaKBHX cTepeon3oMepa HMHTe-
pakiuja jejiHe OJIOBUHE MOJIEKYJIA Ca [0JIAPU30BAHOM CBETJIONINY HOHUIITABA Ce
WHTEPAKINjOM JIpyTre MOJOBUHE MOJIEKYJIa Ca TOM CBETJIONINY, TaKO Jia MOJIEKY.I
Kao IeJMHA He MOoKa3yje ONTHUKY aKTHBHOCT. IIpema Tome, 6poj crepeonsomepa
KO/ mucTrHa Huje derupu, Beh Tpu. OBaj Tpehu (onTmukm HeakTHBaH) O0JUK
Ha3WBa ce Me30 00JIMK U Tpeba ra pa3/IMKOBaTH O PaleMCKe CMellle Koja Mpe/icTa-
BJba EKBUMOJIAPHY CMEIIly eHaHTHOMEePA Koja je, Takohe, ONTHIKN HEAKTUBHA, AJIH
ce MOZKe Pa3JIOKUTU Ha ONTHYKE aHTHUIIOE.

Henrpanuau arom yribeanka C, HA3WBa Ce aCHMETPUYHUM ATOMOM YIJHEHUKA.

Kama Monekyn caap:ku caMo jeJlaH XWUpaJHU YTJHEHUKOB aTOM OHJA MMa CaMoO jeJaH
map €HAHTHUOMEPA Tj. JBa ONTHYKA aHTUMOMA. Kajga MOJIEKysS CAIp:KU BHUIE TAKBUX
YIJbEHUKOBUX aTOMa OHza noctoju 2" crepeousomepa (n — 6POj XMPATHUX LEHTAPA), Tj.
2"~1 gnruukux anTunoa.
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Ou je oppuHapHEM Be3aMa (yCMepeHHM Ka BPXOBHMA TETpaejipa) MOBe3aH Ca de-
TUPHN aTOMa WJIM IpyllamMa aToMa.

(-aMUHOKHCeJTNHE KOje Cy CTePeOXeMUjCKN Pa3InduTe UMajy PA3INIUT YKYC.
Hmp. /Jl-rnyramumncka xucenumna je 6e3 ykyca a JI-rnmyTaMuHCKA KHCETMHA TMA
yKyc Meca. beslandesnne koje m3rpalyjy henmjcke 3mmoBe Heknx OakTepuja
caJipzke u Jl-aMUHOKWCe/InHe, Te CY eH3UMH YO0BeKa U KUBOTUHA KOJU XUIPOTU3Y]Y
OestandeBuHe HEMONHU Jla uX pasJioxke. V3BecHn anTuOMOTUIM TaKohe XuIpoJiu-
30M n1ajy Heke [[-amuuHokucesnuue (Hup. rpaMunuaud-C).

[IpoGJieM MOHOXMPAJJHOCTH CTatba OJpeheHuX MOJIEKJIa je OTBOPEH BHIIE O/1
160 rogmna. OBum mpobemom ce 6aBHO W ayTOp OBe JOKTOPCKE JHCEPTAIHje.
Tope npejcraB/benn pesyaraTu myGaukoBanu cy y [16]-[19].

1.1.3 /ImnmoJsiapHa mpupoJa aMWHOKUCEJIMHA

AmuHOKMCE/IMHE Y CBOM MOJIEKYJTy cajapzke, uamehy ocrasor, u kucesy (COOH)
u 6a3ny (NHy) rpymy Koje mojiexky WHTPAMOJIEKYJIAPHO] PEAKIUjH. Y UBPCTOM
CTarby Ce OHe HaJla3e NMPeTeyKHO y OOJIMKY JUIOJIPAHOr joHa. 10 je joH y KOowme je
KapOOKCITHA IPyTa [ucocoBana 10 Kapbokcuanor anjona (COO™) a amuHo rpyna
je IIPOTOHOBaHA U IIpelilia je y ojroapajyhu aMoHujyM joH (NH;{) Yobuuajenu
HA3WB 3a JUIOJHU jOH jecre “zwiter® jon (zwiter Hem. - xepmadpoaur).

R-CH-COOH == R—{E:H—CODE
NH, ®NH;

(1.2)

JlumonapHu jOHH aMHHOKHCEJIHHA Cy BPCTa YHYTPAIIIbe COTU U CTOTa aMu-
HOKHCeJIMHE MMajy MHOre (pu3umvuke ocoOMHE Koje WX I0BOJE V Be3y Ca COJMMA:
KpPHUCTAJIHE Cy CYICTAHIE, UMajy BHCOKE TadYKe TOI/heHha U BEJUKHU JUIOJTHUA MO-
MEHT, PacTBOPJbUBE Cy y BOJ/IM & HEPACTBOPJbUBE y HEIOJIADHUM OPTaHCKUM pPa-
crBapadnmMa, uTa. Jlape, amuHokucennne cy aMmdoTepHa jeumberha, Tj. MOrY
pearoBaTH U ca KucejumHama u ca 0azama. Y BOJIEHOM PACTBOPY IOCTOJU PaBHO-
TezKa u3Mehy JUIIOIAPHOr jOHA, KATjOHCKOT U albOHCKOr O0JIMKA aMUHOKHUCETUHA

(1.3)
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R-CH-COOH == R-CH-C00° ==—== R-CH-C00°
;ﬁ: +H® @? +H® |
NH; NH; NH,
KatjoH e obnueg OHnonHMA joH AHjOHCKR 0DNKE

(1.3)

Y kom he ce oa oBuX 00/IMKa HAJTA3UTH HEKa aMHHOKHCE/TWHA Y BOJIEHOM
pactBopy 3aBucu oj pH cpeaune m oy npupoje came amMUHOKHUCETUHE. Y JaKO
KuceuM pacTBopuma (Masa Bpegnoct pH) ¢Be aMuHOKHCEMHE Ce HATa3e Y KaTjo-
HCKOM, a y jako 6a3uum pacrBopuma (Bucoka speanoct pH) y anjoHckom 06/IHKY.
[TocToju onpehena Bpemnoct pH Ha K0joj je KOHIEHTpaluja JIHUIIOJIapHOT jOHA
MaKCUMaJIHa JIOK CYy KOHIIEHTPallije KaTjOHCKOI' ¥ aHjOHCKOI' ODJIMKA je/IHAKe U
BeoMa HuckKe. Ta BpeJHOCT Ha3WBa Ce M30EJEKTPUYHA TAYKa U 00ejierKaBa, ce
ca pl. M3oenexkrpuuna tauka pl moxke ce medunucaru kao speanoct pH Ha Ko-
joj je Opoj HeraTMBHUX HaEJEKTPHCAha Y MOJIEKYJIY aM(OTepHOT eJeKTPOInuTa
je/lHaK Opojy MO3UTUBHUX Hae/eKTpucama. l3oenrekTpudna Tauka je KapaKTepu-
CTUYHA 33 CBAKy aMHHOKHCEJIMHY M 3a CBAaKU IPOTEMH ¥ 3aBUCHU OJ1 Opoja rpyua
(COOH u NH;) koje ce Mory JmcocoBaTd M OHHX KOje Ce MOr'Y HpPOTOHOBATH,
Tj. O IBUXOBHUX BpEIHOCTH, Koja je medpuuucana Henderson-Hasselbach-oBom

jeHAIMHOM

C
pK, = pH + log —k , (1.4)
Ch

rae je ca Cp o3HaueHa KOHIEHTpaluja Kuceanne, a ca C, KOHIEHTpAIja HeHe
Komyropane 6aze. 2

Ha ocnoBy pasiinke y BpejHOCTH M30€/I€KTPUYHE Ta4dKe, CMellla aMUHOKUCE-
JIMHA WA CMeIIa MPOTeHHa Ce MOXKe PACTABUTH Ha YHCTE KOMIIOHEHTE ITOMOhy
enekrpodopese. Y Tabenu 1.1 (Bumeru Ilpusor A) gare cy W M30eJT€KTpUUHE

Ta4YKe CBUX (-aMHUHOKHCEJIMHA.

1.2 DBesandyeBuHe U BHUX0OBa CTPYKTYypa

2KuBu opranu3Mu cacTaB/beHU CY OJ OI'POMHOr Opoja pas/nyuTux OesiaHde-
BuHa. Kao 1mrTo cMo paHuje moMeHyJ/, cBe OeJJaHYeBUHE Cy CacTaBJheHe O JBa/Ie-
cerT aMUHOKHUCE/IMHA. Y »KHBOM OpraHu3My OejlaHYeBUHE ce cTBapajy y hesumjama
y mporiecy nojiumepusaiuje u npu Tome ce Tpomu (0.14eV 1o 0.21eV enepruje.

2Tlo Brosted-Lory-mjesoj Teopujn Kucennta n 6a3a, KNCeINHE Cy CYTICTAHIE Koje OTy-
mTajy TPOTOHe, a Gaze cy cylcTaHIe Koje nmpuxsarajy nporone (HT).

16



HajBaxkauja ocobmHa aMHHOKHCE/JHHA je Jia OHe Mory MehycoOHO pearoBaTu
TAaKO JIa Ce IPEKO KapOOKCHUJIHE TPYIIe jeHe aMIUHOKHCEJMHE M AMHHO IPYIIe ApyTe
amuHOKHCeMHe (hopmupa amuana uian nentujgna sesa (N-COO-C,) r1j. jenan
MoJIeKysT Boje u gaumentun. Ilpormec je mpukazan wa Crounum 1.4. Ca ciauke ce
BUM /I3 a30T U3 JeTHOT W YTJbEHUK U3 APYTOr aMUHOKHCEJNHCKOD OCTaTKa I'Pajie
HMENTUIHY Be3y.

H H
0 0
| y | Y
R— Tm—c\ R— Tm—c
OH OH
NH
I;“HE — | + H,0
H E 0 H o
|z | S
R— C,—C R— C,
.
NH, NH,

Cimka 1.4. MNonumepnsaymnja fBejy aMUHOKNCENNHA

[Mentuan (Cnnka 1.5) ce meme Ha aunentuge (KOju ce cacroje O JBe MO-
HOMEpHE jeJIMHUIE Tj. JBA AMHHOKHCEJTMHCKA OCTATKA), OJuromentuje (Koju
cajJip¥ke OJ TPW JO JeceT MOHOMEPHWX jeJIMHHIA Tj. aMUHOKHCEJIMHCKUX OCTa-
TaKa) W MOJUIENTHIe (KOjU CaIpiKe OJ JeceT 0 CTO MOHOMEPHHUX je/IMHUIA Tj.
AMUHOKUCE/IMHCKUX OCTaTaKa). HOJII/IMepI/I -aMUHOKUCEJ/INHA KOjI/I Ca/ipzKe Bulie
OJ1 CTO MOHOMEDHHUX jeJuHUIA (Tj. AMHHOKHCEJTMHCKIX OCTATaKa) HA3UBAjy ce Oe-
JaHvueBHHe nin nporennu. OBa Mojesa HUje CTpora, TaKo Ja ce 4ecTO HeKu Behn
nosiunentuu yopajajy y oesiandaeBune u OOpPHYTO.

HazuBu amMnHOKHCETMHCKHIX OCTaTaKa, KOju yJia3e y cacTaB OeaHdeBrHA, 00pa-
3yjy Cce u3 HaswBa ojroBapajyhnx aMHUHOKHCEJWHA JlojaBameM cydukca ~mi”.
Huop. ocrarak aMuHOKHCEeIHHe acmaparnHa Ha3UBa Ce aclaparmHUIOM, OCTaTaK
lyraMruHa I'VIyTaMUHUJIOM, UT/L.
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Cruka 1.5. [lloannenTugHn naHay y KOMe Cy MpuKasaHe ABe NenTuMAHe rpyne
(cTpennuama cy npukasaHe moryfie poTaumnje OKO ycaM/beHUX Be3a)

1.2.1 IlpmmapsHa cTpykTypa OGesraHYeBUHA

CrenunduaHOCT MOJATIENTH/Ia 1 OelaHdYeBUHA Onpehena je cacTaBoM W pacro-
pPeIoM aMHHOKHCETHHCKIX OCTaTaka. 1aj pacmope/ ce Ha3WBa CEKBEHIIMja ILTH

npuMapHa CTPYKTypa OejlaHueBUHA.

Couka 1.6. TlentngHa rpyna y nonunentugHom naHuy benandeBmHa. Y cactas
nentugHe rpyne ynase atomu H, N, C, O koju cy yHyTap ucnpekmgaHe 3aTBOpeHe
nnHuje. ATomu jegHe nenTuaHe rpyne nexe y nctoj pasHu. Pactojarba nsmeby atoma

cy y 107%m.

18



ITomTo ce ¢BM aMHHOKHCEJUHCKH OCTAIM PA3/IHKY]y CaMO IO CTPYKTYpH 60Y-
Hor Hu3a R (1j. pajaukana) GejlaHueBUHE IPEJICTAB/HA]Y KBA3UIEDHOIUIHE CTPY-
krype. Herupu aroma H, N, C, O, koju ynaze y mosiexysn 6enanueuna (Ciavka 1.6.)
06pasyjy CTPYKTYpY KOja Ce MOHAB/hA M HABUBA C€ MENTUIHOM (I AMUIHOM)
PYIIOM.

bBenamueBuna Koja caJapKu N aMIHOKHCETNHCKUX OCTaTaKa caapKu n — 1 me-
HTUAHY TPYILY.

Je/lnHe KOBaJIeHTHe Be3e KOje ce OCTBApYjy U3Mely aMHHOKHCETHHCKHX OCTa-
Taka y TMENTHIHAM JIAHIUMA cy nentuaHa (amuana) u gucyiadumana Besa. Kox
menTuaHe Be3e gosa3n 10 uHTepaknuje m eaekrporna C = O Bese m ycaM/beHOT
mapa aToma a3ora, Tako ga C-N Be3a mMma AeTMMIYHO KapakKTep IBOTyOe Bese,
K20 1170 je npukazaso y (1.7)

[ s 00
/O 3
{ N, NH
— — (1.7)

Pentreno-cTpykTypHoMm ananm3oMm je yrepheno nga je nyzxkumaa C = O Bese y
nentuH0j Be3u 0.124nm (npema 0.121nm y o6uunum C = O Be3ama), a jyzKuHa
C-N Bese je 0.132nm (mpema 0.147nm y o6uunnm C-N Besama).

Beh ¢cmo nomenysin jga C —N Be3a y neuTuiHOj Be3u UMa JIeJIMMUIHO KapaKTep
nBorybe Bese, ma poTalmja oko me Huje caodboana. C apyre cTpane, TO 3HAYH 1A CY
cu aromu nenrujne Bese (H, N, C,; O) u cycequu a-C atomu y ucToj paBuu; npu
tome cy a-C aromu mel)ycobHO y TpaHC-110/10Kajy, a OOYHN HU30BU MAKCHMAJIHO
yaa/beHn jemad of gpyror. Kako je porammja oko Be3a koje rpajge «-C aTomu
moryha (y nuramy cy rerpaegapcku C aromn) mMajia je orexkana 360r mocrojehnx
O0YHIX HU30Ba, /IBe CyCelHe IMENTHJIHe Be3e Hajla3e ce y JBeMa PaBHUMA IO
U3BECHUM YIJIOM, a EbUXOBa 3ajemHndka Tadka je a-C aroM Koju WX MOBe3yje
(Couka 1.7.).
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Ca

Comka 1.7. LllemaTckn npnkas npocTopHor pacnopega ABe nenTuaHe Be3e

Kopucrehn xBaHTHOMeXaHUUYKe IIpopadyHe jobuja ce ciaeaehu pacropes ry-
cruHe HaesekrTpucama oko nernrujgne rpyne (Comka 1.8.). Bugaumo na nenruana
rpyIa uMa JUIOJHE MOMEHT.

-0,397

O
| +0,141

Cimka 1.8. Pacnopep ryctnHe HaenekTpucakba Kog nentTugHe rpyne

Ha ocHoBy rope mssioxkenor, Tpeba ucrtahu 1a y pacTBOpy MEeNTHIHU JIAHAIL
dopmupa 0b6MK KOju ojroBapa MunuMymy ['mbcose cioboane enepruje. Kondu-
rypaiuja 6e/laHueBHHA KOja ce HA OBaj HAYUH YCIIOCTaB/ha HA3UBA Ce HHEHOM JIPY-
rOCTEIIEHOM CTYKTYPOM.

1.2.2 JIpyrocremeHa CTPYKTypa OelaHYeBUHA

Cunresa Mosieky/1a OeTaHYeBHHA BPINK ce y pudbo3oMuMa heanja myTemM mocre-
MIeHOT cjenibaBarba AMIHOKHCETNHCKIX OCTAaTaKa UHWju peocyae]l U paciopes je
osnpehen nomohy mosekysia JJTHK, M-PHK u xp.

Panuje cMo JileTa/bHO MOBOPHJIM O MPHPOJM MenTujHe (aMujHe) Be3e Tje je
OIIMCAHO JIa Ce CyCejHe NEeNTH/He Be3e Hajla3e y JiBeMa paBHuMa Koje mehycobno
3aKJIanajy n3BecTaH yrao, a 3a 3ajeIHuUKy Tadky nMajy arom (Bugern Canky 1.7).
[TomTo je paBan cBake HapejHe IENTH/IHE Be3e HATHYTA Y OJHOCY Ha MPETXOTHY
3a MOMEHYTH yrao, jacHO je ja HajcrtabuiHuja KoHpOpMmaluja MOJUIENTHIHOT
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JIAHNA MOopa OWTH y OOJIUKY JIeCHO OpHujeHTHCcaHe crnupase. To cy padyHCKAM
nyrem nokasajau Pauling u Corey. Onu cy oBoMm 00/iuKy koupOpManuje Jajiu
na3us a-xeqnke (Conka 1.9.).

Comka 1.9. Tpu naHua BOAOHUYHMX BE3a Y -CMUPASIHOM MOJieKyny benaHyeBuMHa.
® — BOJOHIK, O — a30T, O — KCeoHuK. [lenTugHe rpyne nmajy 6poj kojum je o3HayeH
C atom y Toj rpynu.

[ope naBejienu ayTopu Ccy 1OKa3aJ/iu Jia je a-ClpaJiHa CTPYKTYPa YCJIOB/beHA
TpUMa JIAHIIIMa BOJOHUYHUX Be3a u3Mel)y menrtunux rpymna. Kao pesyarar Tora
cTBapa ce crimpaJja ca Kopakom o 0.56nm u npearaukom o 0.456nm. [Tepuos crim-
paje u3nocu 2.7nm. Ha ner okpera cnupasie j1o/1a3u 0ocaMHAECT aMUHOKHUCETNH-
ckux ocrtataka. CBu pajaukain ce pacrnopehyjy ca crospalliibe cTpaHe CIUpaJe.

Kapakrepucruka 6ejianueBrHa ca CTPYKTYPOM -XeJIMKCA JeCTe pacTer/buBOCT.
Tako ce HIIp. Koca WX ByHa KOje UMa]y (-XeJUKC CTPYKTYPY V BJIayKHOM CTamby
MOI'y UCTEIHYTH Ha JIBOCTPYKY Jly»KUHY. PacTBOp/bUBOCT y BOJU OBUX OejiaHue-
BUHA 3aBUCHU O] BPCTE aMUHOKHUCE/IMHCKUX OCTaTaKa KOju ux usrpahyjy.

Jpyru ob/MMK ceKyHIapHe CTPYKType MOJIHIENTHIa U OelaHdeBHHA jecTe [-
CTPYKTypa uian B-HabpaHa cTpykrypa. OBaj o0JUK CTPYKTYPe, KOjH je MpUKa3aH
Ha Caunm 1.10, ce ycmocTaB/ba Kajia ce JiBa WX BUIIE TOJUICNTHIHUX JaHAIA
ualy jesHu nopen apyrux (OpujeHTHCAN HAPAJIEJO HIH AHTIIAPAJIETHO), IIPU YeMy
ce yCIIOCTaB/hba MHOIITBO BOJOHHYHUX Be3a H3Mely BOJIOHHKA BE3aHOI 3a II€ll-
THIHU a30T jeIHOT JIAHIA U KapOOHUTHOT KHUCEOHHWKA JPYTOr JIAHIIA.
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N—tepMrtHaIHN Kpaj C—TeprrtHATHE Epaj N-—TeproTHATHE Epaj N—TepMHHITHE ¥pa]

e
R—CH CH—R CH—R CH—R
C=0-----H—N 0=C 0=C
/ \ e N
H—N C=— N—H '
\ / o /
CH—R R—CH R—CH R—CH
/ \ \ b
0=C_ N—H =0, ,C=0
N—H-—-0=C_ H—N_ “H—N\
R—CH CH—R CH—R CH—R
C=0---- H—N O==C 0=
H—N o N—u" N
\ /T / VA
CH—R R—CH R—CH R—CH
s ~ . ~
AnTHmapazensa HaGpaHa cTPYETYPA IMapazensa gadpana cIpyETVpa

Cimmka 1.10. TlapanenHa n aHTunapanenHa (-cTpykTypa b6enaH4eBuHa

[B-CTPYKTypa je KapaKTepUCTUUIHA 3a MOJIUIENTH IHE JIaHTe u3drpahene o/ aMuHO-
KHCeNHA YUji ¢y OOUYHN HU30BU PEJIATHBHO MAaJid, jep BeJHKe TpyIe cBojuM Ban
nep BajcoBum onbojuum cunama omerajy mweno dopmuparme. Hup. ¢ubpoun
cBuie, Koju uMma [-mabpaHy cTpyKTypy, mocexyje oko 48% rmmmunmna u 38%
cepuHWIA 1 agaHuInIa. KapakrepucTuka nNpoTermHa OBaKBe CTPYKTYDe je MaJja
PACTer/bUBOCT jep CYy MOJHUIENTHINHY JIAHIN Behl MOTIYHO U3y KeHH.

Tpeba naryiacutu jja y popmupaiby JApyrocreiete crpykrype OejlaHueBUHA
CYNITUHCKY YJIOTY UT'Pa U eJeKTPOCTATUYKA WHTEPaKInja n3mMehy pajankajia Koju
HOCe eJIeKTPUIHU HA0O].
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[nasa 11

2. Moryhu Mmexanm3mm mpeHOca eHepruje y Mo-
JeKyJapHUM JIaHI[uMa

[TocToje pasuu npuCTyIH penaBamy HEKUX OMOJIONIKUAX TPOOIeMa HA MOJIEKY-
JIADHOM HUBOY. JeJaH OJ] MPHCTYIA je MOKYIIaj Kopulmhema MeToja (usuke
YBPCTOT CTarba. W MOKYINAju ce 3aCHWBAjy HA €KCIePUMEHTATHUM MOJAIuMa
na Mojiekysin Oesandesuna n JIHK nwmajy nepumopudny kBas3ujeHOIMMEH3UOHA-
JIHY cTpyKTypy. HapounmTo decTo ce KOpHCTe MeTOIW TeOpHje UBPCTOT CTamba
[PU UCTPAKUBAILY JeJTHOT OJI EHTPAJHUX IUTaba OnoeHepreTuke — 00jallbemne
y3pOKa BHCOKe e(DUKACHOCTH MPEHOCA eHepruje eJeKTPOHA U MPOTOHA Y 00IaCTH
jesHor moJiekysa u udmehy mosiekyia. Hapenrhemo neke npumepe Besuke edu-
KaCHOCTH MPeHOCA HaeJeKTPHUcama, eHernje n nadopmaluja y duocucreMnma Ha
3HavYajHe pa3a/bUHe: TPAHCIOPT eJIeKTPOHA V JIAHILY, TIPEHOC eJIeKTPOHA y TPO-
necuma (pOTOCHTE3€e, TPAHCIIOPT eJIeKTPOHA Yy CUCTEeMY (bepMeHaTa pecupaToOpHOT
JIAHTIa MUTOXOH/IPHje U MHOTO TOTa JAPYTOT.

Teopujcka ucrpazkuBama MMPEHOCA €HEePIruje U HAeJeKTPUCAHa, Y OMOJIONIKIM
CUCTEMUMA KOjU Cy OKDYKeHH BOJOM HYZKHO BOJM 3HAYajHUM YHpOIINemnMa H
MOJIEJTUPATHEM, a Ja TPU TOMe OJIpazKaBajy IJIaBHe 0COOMHE TUX I0jaBa.

Y oBoMm moriaB/by npukasaliemMo jelaH TEOPUjCKH MPUCTYI MPEHOCY eHepriuje
U HaeJeKTPUCAThA Y OMOIOMKAM CUCTEMUMA.

[Ipu ucrpakuBamy npeHoca enepruje y OejlandeBuHaMa Hajuenihe ce KOpucTu
TeopHja eKCUTOHA Yy MOJIEKYJIAPHIM KPHCTAINMA.

[Tojam excurona npsu je yseo J.I Frenkel, 1931. roxuue [20] npusinkom Teopu-
JCKHX MCTPazKuBarba ONMTUYKHX 0cOOMHA MOJIeKy1apHux Kpucraaa. OH je opmy-
JIUCA0 HAjjeJIHOCTABHU MOJIEJT MOJIEKYJIapHOT KpHcTaia (06pa3oBaHOT OJl aToMa
WHEPTHHUX TacoBa) W y HeMy pa3MaTpao KoJIeKTHBHa nobyhema (BaaeHTHHX) eje-
KTPOHA M3a3BaHa Pe30HAHCHUM HHTepakiidjama m3aMmehy modyheHux m HermoOyhe-
Hux aroma. Teopuja eKCHTOHA je, HA CJIOYKEHE MOJIEKy/IapHe KPUCTAJIe, TIPBU IIy'T
6una npumMersera 1948. roguue [21]. Onmira Teopuja eKCUTOHA Y MOJEKYIaPHUM
KpUCTAJIMMAa U3JI0KeHa je y MoHorpadujama [22, 23].
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2.1 EKcuToHu y mepuoJuYHUM jeTHOJINMEH3MOHUM MOJIie-
KyJIapHUM CTPYKTypama

[IpermocraBumo jia Cy MOJIEKYJIH Y j€IHOJAUMEH3NOHOM MOJIEKY/IAPHOM JIAHILY
pactiopehenn Iy z-oce Ha jeJHAKUM pPacTojarbWMa @ jeJaH OJ JAPYror u Io-
cMmaTpajmo jgaHai ca N mosekyna. Heka je ymyTparime mobyheme mocMaTpaHor
MoOJIeKyJ1a (eJIEKTPOHCKO WM BHOPAIMOHO) OKAPAKTEPHCAHO €HEPIHjoM € Kao W
JIATIOTHAM €JIEKTPUIHIM MOMEHTOM d Koju obpasyje yrao 6 y oaHocy Ha ocCy
z. IlpermocraBumo, Takohe, ga cy Bese mamely Mojieky/ia y JIaHIy TakBe Ja ce
paBHOTEXKHA CTara nM3Mely MoJIeKy/a He Memajy TpUInkoMm rmodyhusama esre-
KTPOHA HA HEKOM 4YBOpYy. Y3ehemo ja je eHepruja OCHOBHOI cTama JaHma (Kajaa
y BeMy HeMa nobyleHux mosiekysa) jeHaka Hyad. Y OBOM jeJHOAMMEH3HOHOM
MOJIeJ Ty KOPUCTHNEMO allpOKCHMAIIHN]y HajOIMKUX cycea, Tj. y3uMaheMo y 003up
caMo mHTepaknujy mamehy cycemuaux mosiekysa. Ocum Tora, mpermnocraBuhemMo
J1a je Opoj MoJieKyJa y JIAHILY JTOBOJHPHO BEJHKH Jla ce MOTY 3aHeMapuTh edeKTH
Kpajesa.

Y HajonmrTujem ciydajy, XaMuJITOHWjaH MOJIEKYJIAPHOT JIAHIA MOYKe Ce Hallu-
caTu y o0JIUKY

H= Y Hole) + 5 Y Vir(6n ) (2.1)
n n#Em

npu deMy je ca [, o3HauYeH XaMHJITOHHjaH W30JIOBAHOT N-TOT MOJEKYJIa a Cca
Viem olepaTop Pe30HAHTHEe MHTEPAKIje MOJeKyaa Ha N-TOM H 1M-TOM UYBODPY.
MebhyTum, oBakas 3anuc XaMUJITOHUjaHA HUje TOTOJAH 33 MOCMATPAhe CUCTEMA
ca BeJUKUM OpOjeM YecTHUIa, Ma ce 3aTO Mpeaas3d Ha T3B. Pelpe3eHTAIlHjy JIpyre
kBaHTu3anuje. [Ipernocras/bamo jia je 1O3HATO Pelienhe CBOjCTBEHOI 1Hpod/ieMa

(3a M30JI0BAHH MOJIEKYI):

an)nf = 5f¢)nf (22)

rae je ca ®,f o3HAYEHO f-TO CBOJCTBEHO CTambe N-TOI' MOJIEKYJAa KOMe OJroBapa
CBOJCTBEHa BPEJIHOCT eHepruje €y.

VY pernpe3seHTanuju apyre KBaHTH3anuje xaMuiaronnjan (2.1) gobuja caenehin
00JTUK

n n#m ff'gg’
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Ca bt U by Cy O3HAYEHHU ONepaTOpH Kpealyuje i aHuXHUIaluje eIeKTPOHa Y f-ToM
no0yheHoM CcTamy U OHU 33/10BOJHABAjJYy AHTHUKOMYTAIMOHE Peslaliuje

Bugs gl = OumOsg,  [bngs bimgls =0 (2.4)

y3 JOTYHCKH YCJIOB

S bfbs =1 (2.5)

IITO 3HAYH JIa C€ MMOCMapa CaMo 1O jeJaH eJeKTPOH 3a CBAKHW YBOP.
Uspas (f'¢'|Vumlgf) upencraBba MaTpudHH €JIEMEHT ONEPATOPA IBOYECTHIHE
uHTepakmnuje Vi, KOju je y MOJIeKyJapHHUM KPUCTAJIUMa JAT IPEKO JIHIIOJI-

JIMIIOJIHE uHTepakiyje Mehy MoJieky/iuMa, 1 uma 00JIMK

I

T n—mpP

J (1 — 3 cos? 0) (2.5a)

e je d-omepaTop JUIIOJTHOI MOMEHTa Mpea3a y MOJIEKYIIY.
Y 0BOj TEOPUju YBOJIE Ce alPOKCUMAIlUje:

1. mosasu ce o TOra Ja MOCTOjU caMO jeJaHo 1mobyheHo crame MoJeKyJia
TaKo ja ce 3amemapyje pasmuka u3melhy [(00|Vim|g )2 1 [(00[Viun|g'f/)12,
npu demy ¢f omnocno ¢’ f’ o3nauaBajy pasjnvuTa €KCUTOBAHA CTAHA
(ca |0) je 03HAYEHO OCHOBHO CTaFhe MPOU3BOJHHOI MOJIEKYJIA).

2. OYeKHMBaHa BPEJHOCT omepaTopa Vi, Y JABOCTPYKO €KCUTOBAHOM CTAaby
je 3aHeMaJ/buBO MaJjia, Tj. 3aHeMapyjeMoO MarpuyHe ejeMeHTe 00JIMKa
(f[IVam|f f), mro 3nauu na npeocrajy ciaenehin Marpudanu ejeMenTu

(00 V7 00), (01 Vaum|SO), {0V Of),
y jennaaunn (2.4).

[locie oBuX anmpokcuMaliyja, XaMUJITOHUjaH CUCTeMa Jo0uja 00JIuK

]:I = E() + 2(5 + an)l;:fl;nf + Z M'r{m Z;rtogiwf[;mol;nﬁ (26)

n#m
rie Fy npejcraBiba eHEPrHjy OCHOBHOT CTalba CUCTEMa U JiaTa je ciejaehum uspa-

30M:
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1
Ey = Neo + 3 > (00| Vi |00), (2.7)
n#Em
Osge je N-Opoj MoJIeKy/Ia Y JIAHILY, & Eg-€eHePruja OCHOBHOI CTaba MOjeAnHATHOT
mostekyia. Takolje ce qomarnu ycios (2.5a) cBoju Ha

b obno + b by = 1 (2.7a)

Y uspazy (2.6) Bequunna € = €5 — ) UPEJCTAB/bA DPA3IUKY EHEPruja H3Me-
hy mobyhenor m ocHOBHOI cTama W30J0BAHOT MOJEKYyJa Tj. €HEpPrujy mooye
mostekyaa. Takobje, y jennauunu (2.6) yBesgene cy cienehe o3nake:

Dug = 3 (0f Vi f0) = (00[Voa|00), M, = (0 Vo |0f)
m#n
3a masbu paj yBemrheMo omepaTrope KOju MPUOIMKHO 33/10BOJhABA]y KOMYTa-
nuoHe pesanuje bose Tuma

B, =}, Bf = b:fbng, (B, Bin) = 0pm (2.8)
Oswu omeparopy Kpenpajy (aHUXWJIAPAjy) eKCHTAIMjy HA N-TOM YBODPY, W Te
eKcuTaIyje Ha3upaMo ekcuronuMa. Kopucrehu (2.8), eKCHTOHCKE XaMUJITOHUjaH

cucrema Jo06uja 00JIMK

H., =Y (e+D,)B'B,+ Y M,, BB, (2.9)
n n#m

Osae hemo yBecTu anpokcumarjy Hajosmzkux cycema. Ilomro cy mostekymn
y JIQHILY Be3aHH IIPUBJIAYHUM HHTEepaKIjaMa Koje Op30 OIlla/iajy ca pacTojarbeM
(ruia Ban jep BasicoBux), oBa anpokcumanuja umMa onpasjiame. Y Boljemem oBe
anpoKCUMaIlje, y IpyroM wiaHy jeanadnne (2.9), ocrajy camMo WJIaHOBH 3a KOje
je m = n £ 1. Benuunna D, u marpuunn eixement tpauncdepa M, v (2.9) cy
HEraTUBHE ¢ 003MPOM J1a TIOTUYY O/ IIPUBJIAaYHe nHTepakimje. Ha ocHOBY ropmer
pa3maTpama yBeirhemo cieaehe o3nake:

Dy=-D, Mypp1=—J (2.10)
rae je D > 0u J > 0. Nmajyhu y Buny penanujy (2.5a) Buaumo ga je J =
E:

[n —mf?
Tako, eKCHTOHCKHM XaMUJITOHUjaHa cucTeMa 100uja 00K

(3 cos? 6 — 1) - JIUIIOJI-JIUIIO/IHA MHTePAKIja u3MDy cyce IHMX MOJIEKYJIA.
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A

He =Y [(e = D)BY B, — J(Bf\ B, + B, B,)] (2.11)

Jla 6u ce onpeuia eHepruja KOJEKTUBHUX 1MOOyhema crama JaHIa MoJIe HhI
XaMUJITOHUjaH Tpeba TpaHcdopmucaru y JjujaroHajsnu objimk. To ce ocrBapyje
YHATAPHOM TpaHchOopMaImjoM, Tj. TpeJackoM Ha HOBe oreparope, oJHOCHO Dy-
puje TpaHchopMaIIjoM

B,=—— Y Agetne (2.12a)
/N &
A 1 A
Ay = — Y B,eitne, (2.12b)
VN &
rjie je k tajacHu BeKTOP Koju npedpojaBa [N JIMCKPETHUX, PABHOMEPHO PacIope-
2
hennx Bpeanocru, k = Nil/ (v=0,£1,+2,... £ 5) y HHTEepPBaIy
a
o<t (2.13)
a a
Bamenom (2.12) y (2.11) mobujamo
H =Y E(k)Af Ay, (2.14)
k
e
E(k)=¢— D —2Jcoska, (2.15)

Ipe/ICTaB/ha eHePrujy KOJEeKTHBHUX MoOyhema cTama JaHIa KOojoj oJroBapa Ta-
JlacHa (pYHKIIHja

Wy(z,1) = \/1N S e o na), (k) = E(k) (2.16)

n
Y jennaunnu (2.16) dbyuknuja ¢(z — na) npejacrabiba TagacHy GyHKIHjy mo0y-
henor Mosekysia Ha MeCTy n.

Taksa kosiekTuBHa 100yhema Ha3uBajy ce ekcuToHuMa. /3 obsinka ynkim-
je (2.16) cieaum ma cBU MOJIEKY/IM JIaHIA UTPAjy jeJHaKy yJaory y dbopMmupamy
eKCUTOHCKOT cTama. /Ipyrum peunmma, mobyheme Kpucrasa, Koje 0iroBapa eKCu-
TOHCKOM cTamy ca oapehernom speuonthy rajsacuor Bekropa k u enepruje E(k),
pacriopeheno je mo menom yaHiy (He 3aBUCH OJ] HHIEKCA 1), & HE CAMO Ha jeTHOM
MOJIEKYJTY.
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Tanacuy dyuknujy mary jeanadunom (2.16) moryhe je tpamcdopmucaru y
00JIUK

Uz, 1) = Ag(z)elF==w® (2.17)

rie je

Ak(Z ik[na—z] QO(Z . na)

1
)= Y
VR %
®ynknuja Vi(z,t) v jeqnaaunan (2.17) onucyje paBHU Tajac, TajacHe Jy:KUHE

m . . . .
A= E HajuaTepecanTHHja Ccy €KCHTOHCKA CTama KOja OJroBapajy TaJaCHUM

JNyKUHaAMa Koje 3HavajHO INpeBasmIa3e pacTojarba m3Mehy CyceIHHX MOJIeKYJa
uy ToM caydajy npousBox ka < 1. Jlakie, y AyrorajgacHoj almpoOKCHMAIUjH
€HEPIrujy eKCUTOHA MOYKEeMO HAIMCATH y T3B. allPOKCUMAIju epeKTUBHE Mace:

h2k2
E(k) = E(0) + —— 2.18
(k) = E(0) + 5. (2.18)
rje npBu 4wiaH F (O) peICTaB/ha YHYTPAIILY eHEePTHjy eKCUTOHA,
E(0)=¢c—D -2/, (2.19)

a JIPYI'd 4J1aH OJ[roBapa KMHETUYKO] EHePIUju YecTulle Koja uma epeKTUBHY Macy

h?
m' = o (2.20)

13 ropme peJanuje jacHO BHIUMO Jia OHA 3aBUCHU OJ1 apaMerpa J KOju IIpeJicTa-

B/ba eHePrujy Tpancdepa eeMeHTapHUX eKCIUTAIAja Ca jeTHOT YBOpa Ha JIPYTH.

2.2 VYjora eKCUTOHA Yy TPAHCHOPTY €Hepruje ayxK JaHIa

Excuroncka crama, ca oapelienom Bpemnomhy k u enepruje E(k) onmcana
paBauM TasacuMa (2.17), KapaKTepuIlry cTaniioHapHA CTaiba MPH KOjUMA je eHe-
pruja mnodyhema pacropehena 1o mesjom JaHILy.

Jla 6u ce objacuuo TpaHcdep eHepruje modyhema JyzK JIaHIA, HEOIXOIHO je
Pa3MOTPUTH HeCTAIlMOHApHA cTarma cucTeMa. [locmaTpajMo cTame mpu Kome je y
MOMeHTY BpemeHa t mooyheme pacrnopeheno y obactu qumensuje ly. TakBo crame
OTHUCYje ce TaTacCHUM TMaKeTOM

ko+Ak
U(z,1) = / A(k)elh=+e®i . g, (2.21)
ko—Ak
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T
rje je Ak = TR 13 (2.18) cuieau ja ce nodyherwe npocrupe rpyinom 6p3uHOM
0

 hky

m*

(2.22)

k=ko

rie je hky cpenmu uMiysic ekcutona y cramy (2.21).

[Ipema Tome, mobyheHo crame, ycpeacpeheHO y BpeMEHCKOM TPEeHYTKYy ¢ Ha
o/icedKky lg, TpoCTHpPE ce 1O MOJIEKY/JapHOM JIaHIy Op3uHOM Koja je oapehena
jemnaunaoM (2.22). OBUM MPOIECOM ce, Jy2K JIAHIA, IPEHOCH eHepruja Juja je
speanoct F(ky). Illto je seha pesonanrna unrepakuumja |J| yroauko je mama
edexkTurHa Maca (m*), a oxarie ciaean jga je 6p3uHa npenoca nobyhenor crama
Tj. eKCUTOHA JIy:K JaHna Beha (3a mary Bpeanoct k).

[Ipu mpenocy eHepruje mayzK MOJEKYJIAPHOT JIAHIA TMOMONY ekcuToHa Tpeda
y3eTHu y 003Hp JiBe BarKHEe OKOJHOCTH:

1° Axo ce y TpeHyTKy BpeMeHa t obmacT obyxsaheHa mobyhemen mednn-
uie BeJIMIuHOM [g, OHJia he y TpeHyTKy Bpemena t + 7 oHa Outu

hr \° T
= 4|12 lg = —— 2.2
rEy <m*l0> Y.V (2.23)

Kazxke ce ja ce Tasiacau naker ”paciinmbasa’y ToKy Bpemena. [Ipu 7 >
m*[3 /I mupuHa naketa pacre IPONOPIUOHATHO BpeMeHy, ca Gp3uHOM
h/m*ly. PacunumaBame ce MaHudecTyje yTOJNKO 3HAYAJHU]E YKOTUKO
je Mama epeKTUBHA Maca eKCHUTOHA.

PaciinmaBarme TajlacCHUX LIaKeTa y TOKY BpeMeHa, je jeHo o/1 obesiexja
HECTAIMOHAPHOCTH EKCUTOHCKUX CTalha KOja Cy ONMUCAHA TAJaCHUM MaKe-
tuMa (2.21). YV TakBEM CTalbMMa HH €HEepruja HU HMITYJIC €KCHTOHA
HeMajy crporo jgedwunucany sBpegnoct. CranuoHapHa CTarba, OMUCAHA
jemmaanroMm (2.17), ca onpelienom Bpeauonthy rasacuor 6poja k u oiro-
sapajyhe enepruje E(k), cy paBuomepno pacnopeljena mo cucremy u 'y
TaKBOM CTaiby HEMa IIPEHOCA eHeprHje KPOo3 CHUCTEM.

20 EKcHTOHE ce, IPH CBOM KpeTaiby, pacejaBajy Ha (bOHOHMMA Tj. Ha OCIIH-
JlanujaMa, MOJIEKYJla OKO HbUXOBUX PABHOTEXKHUX 10JI0ZKaja Yy JIAHILY.
Onn emuryjy (amcopbyjy) eHeprujy npu pacejamy Ha donornma. Ha
HUCKHM TeMIlepaTypaMa JUCHIaIuja je Moryha caMo eMuToBameM ho-

HOHa.
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[Ipomnecun pacejama ekcuToHa Ha (POHOHHMA OJpeheHH Cy XaMHJITOHUjaHOM
eKCUTOH-(POHOH MHTEpaKIuje, Koju he Ouru Kacuuje JeruHUCAH.

Ha muckum Temmeparypama y pacejary eKCHTOHA TJIABHY YJIOTY UTPAjy CaMo
MPOIECH TIPU KOJUMa eKCUTOH I'yOU eHepTHjy cTBapameM (boHoHa. TakBu mporecu
cy moryhum camo y ciaydajy Kaja Op3wHA €KCHTOHA NPeBa3WIa3u OP3UHY JIOHTH-
TYIMHATHAX 3BYUHHX Tajgaca. AKO je K mapamMeTrap eJJaCTHIHOCTH MOJIEKYIapHOT
Jganma, a M wmaca mnojemHAYHOI MOJIEKYJia y JIaHIy, OHjia he Op3uHa JIOHTH-
TYJAUHAJTHUX 3BYYHUX TajJaca y jeJHOAMMEH3UOHOM MOJIEKY/JIapHOM JIAHILY OUTH

ojipehena u3paszom
K

Vo =ay[7r (2.24)
[Ipema Tome, yciaoB mpu Kome he mohm g0 ycmopaBama €KCUTOHA, TPH €MU-
ToBamy (bOHOHA (T3B. MPONECH Deslakcallfje eKCHTOHA YCJIeJ WHTePaKIuje ca
pereTkoM ), gat je caenehom Hejegnakouthy
hk K

> U= a ) 2.25
2 la= a7 (2.25)

Y monorpaduju [22] nokaszano je ja je Bpeme KUBOTA €KCHTOHA Y jeTHOIUMe-
H3HOHAJTHOM IIOJIUMEPHOM JIAHIY JUKTHPAHO MHTEPAKIUjoM ca (poHOHHMA. Kao
mTo heMo Haja/be MOKA3AaTH, BpeMe YKHBOTA €KCUTOHA y OJHOCY Ha eMHCH]Y (do-
ToHa (paJujaJHO BpeMe KHBOTa) je MHOro kpahe oi rope momeHyTor, Te OHO
JTUKTHUPA YOIy eKCUTOHA Y MPEHOCY eHepruje AyzK JIaHIa.

Excuronn y MojieKyJapHUM CHUCTEMUMa CTBapajy Ce eJeKTPOMarHeTHHUM Ta-
nacuma — dporonnma. Axo je emepruja ¢poTOHA w M HEroB TaJaCHH OpOj ]C}| =
w/e, rye je c-6p3una cBerIocTH, Npesnaxeme GoToHa y eKCUTOH (1 06pHYTO) OCT-
Bapyje ce 6e3 ydernrha (poHOHA W WCTOBPEMEHO TTPU MCIY by 3aKOHA O OJIPKaFhy
eHepruje

hw = E(k) (2.26)

" 3aKOHa OJp2Kakba UMIIYJICa

hQ = hik . (2.27)

Y onTnvkoj 06JaCTU CIEeKTpa TaJacHa IYyzKHHA 3paderhba 3HAYAjHO MPEeBa3UIA3H
BPEIHOCT pacrojama a uamely monexyna (Qa < 1). Y oBom ciay4ajy, ca 3pade-
heM WHTeparyjy cMo eKcuToHu 3a koje je k ~ 0. 36or rora je jennaunny (2.26)
moryhe 3amenntu npubmuzkuo jeanadunom hw = F(0). Ha Taj Hauus, TagacHa
JIy2KUHA, 3paderha Koje mHTeparyje ca eKcuToHoMm ojpehyje ce jeanadnaom
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2me B 2mhe
w  E(0)°

Bpeme KuBOoTa €KCUTOHA Ty, Y OJHOCY HA €MHTOBambe (DOTOHA JATO je Y MOHO-

(2.28)

rpacduju B.M. Arpanosnya [22] u usHocu

 2E(0)a  4a
er = Tgo m To = E3Y 70 (2‘29)
re je
3t
o= O (2.30)
AE3(0)d2

BpeMe kuBoTa mobyhema ca eneprujom F(0) y m3oaoBanom moJiekysy. Ilormro
je a/X\ ~ 1073, Bpeme »KHBOTa €KCUTOHA y jeJHOAMMEH3HMOHOM MOJICKYJIAPHOM
JIAHILY, Y OHOCY Ha 3padvere (pOTOHA, je XM/ba Iy MyTa Mame O/l BpeMeHa *KUBOTa
nobyhema y cT060THOM MOJIEKYTY.

Bennunna 1/7., oapebyje Beposarmohy moGyhema excurona doronom. Y
ckaamy ca (2.29), BepoBarnoha moGyhema GHOTOHOM jeHOAMMEH3UOHOT MOJIEKY-
JIApHOT JlaHIa Xubady 1ryTa je seha ox Beposarnohe nobyhema 1/7y caobomnor
MOJIEKY.TA.

Excutonn, koju oarosapajy mooyhusamy HajHH:KHUX €JTeKTPOHCKUX CTarbha MO-
JIeKyJa, mobdyhyjy ce Bua/buBoM 1 yaTpasbyondacrom ceersionthy. Excuronu, koju
OJIrOBapajy YHYTapMOJIEKYJapHUM OCHHIaIujama, Hiup. ocmmianmjama Amid I
Bese (bpexsennuja 0.4977 - 10MHz, omnocno A = 6.027um) y monexymuma Ge-
JlagvYeBUHA, 00YDy]jy ce mHdpampBeHnM 3padembuMa. AICOPIIUOHN CIIEKTap €K-
CUTOHA KOPHUCTHU Ce 3a oJpehuBame CeKyHapHe CTPYKTYpe Oe/laHIeBUHA.

[TomTo je Bpeme KnuBOTa MOOYherma N30J0BaHOT MoJIeKyaa 7o ~ 1078 — 107195
(Buzetu [22]), mobujamMo jia je Bpeme KUBOTA €KCUTOHA YCJE PAJUJAlUje Te, ~
10~ s, mTo 3HAYN 12 je Tey < Tph. 300T TOTA €KCUTOHH UIPAjy 3HAYAJHY YJIOTY Y
cuenuuIHIM OHOJIOIKUM II0jaBaMa Kao IITO je HIp. mporec poTtocuaTese. [lpu
arcopboBaby CBETJIOCTH Y MOJIEKY/IuMa XJaopodusia obpaldyjy ce eKCUTOHU KOju
Op30, IIpe Hero ITO U3ryoe eHeprujy mpu HHTEePAKIuju ¢ (POHOHUMA, Y IPEHeCY
Ka meHTpuMa pOTOCHHTESE.

13 rope m310KeHOT MOYKEMO 3aK/bY9IUTH & Cy €KCUTOHU MOTOJHU 33 TPa-
nedep enepruje y KpaTkuM speMenckum untepsamuma (1071 — 1071%s) u na pa-
CTOjarbNMa pejia BeJUInHe MeNTHIHUX IPyla. 3a MPEHOC eHePruje /1yK MOJIeKY-
JapHor Jianma (GeJlaHueBHHA, TPOTENHA UTJL.) OYUIJIEHO MOPAjy MOCTOjaTH JAPYIH
MeXxaHu3Mu. JejaH oj] HajBHIIIe HCTPAXKEHUX MO/IeJ1a e 102Kuo je JlaBuoB, mro
hemo ananu3upaT y ga/bmeM Pay.
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2.3 J1aBUIOBJHEB COJIMTOHCKHU MOJI€JI TPAHCIIOPTA €Hepruje
Y MOJIEKYJIapHUM JIAHIIUMA

Y oBom norjiasby JahemMo ocHOBHE Wjieje U jeJlHAYUHE KOje JieXKe y OCHOBU
COJINTOHCKOT MOJIEJIA.

AKxo ce mobyheme mpemerITa Mo MOJEKYJTapHOM JIAHIY Op3HHOM KOja, je Marba
oJ1 Op3uHe 3ByKa, OHJIa je OBO KpeTame IpaheHo JoKaJIHOM JjedopmalimjoMm pe-
neTke y obnactu modyheHor mosekysna. 300r Tora je, IpW U3pAadyHABAIbY €He-
pruje KoJekTuBHOI nobyhema 1morpebHo y3eTn y 003up U €HEeprujy MHTepaKIiuje
ca ociuaanujama perrerke [25]-[27]. Torasnu XaMUITOHMjaH TAKBUX CJIOKEHUX
mobyheHnx crama JaHIa Mopa Ja CaapzKH OINepaTop e€HeprHje eKCUTOHCKOT CH-
crema (2.11), onepaTop eHepruje Majnx OCIUIAIIja MOJEKYJIa OKO DABHOTEKHUX
MOJI0Kaja ! ollepaTop MHTepaKImje oBa JBa MojcucTeMa. [Ipema Tome, ykyman

XaMUJITOHUjaH CUCTEeMa UMa 0OJIMK

H = Hep+ Hyp + Hip (2.31)

rae je H., - XaMUITOHUjaH eKCHTOHCKHX MoOyhema, Hp, - xamunaTonujan ¢o-
HOHCKOI' 1ojicucrema u H;,; - XaMuJITOHUJaH UHTEpaKiyje udMehy ekcurToHa u

donoHa.
XaMunaronujan mMaaux ociuaaimja (y T3B. XapMOHHUJCKOj ATPOKCAMATIN]H) HMA
00JIUK
iy — Ly [P iy, — 1) 2.32
=5 3| B2 (i — ) (2.32)

n
Y uzpasy (2.32) M je maca moje JMHAYHOD MOJIEKY/Ia, K KOeUIHjEHT eTacTHIHO-
CTHU JIMHEAPHOT JIAHIIA, U, OIlepaTOp HOMepaja MOJIEKYJ/a U3 PABHOTEXKHOI I10JI0-
JKaja, JI0K je P, oaroBapajyhu KaHOHCKH KOIbYTOBAaH ONEpaTOP UMITYJICA.
XaMHU/ITOHHUjaH eKCUTOH-(DOHOH MHTEpaKIuje J001ujaMo pa3Bujajyhu Beudnne
D, v Jyn, Y EKCUTOHCKOM XaMHUJITOHUJAHY, y PeJi 110 MaJIuM (POHOHCKHM ITOMepa-
JAMa y JIMHeApHOj allpOKCUMAIIH]jH.

Dn =-D + Xl(ﬁn—i-l - an—l)a Jnm,:l:l =—J + XZ(,&n - ’&n—l) (233)

rae cy
oD 0Jum

_ __9um 2.34
X A(n —m) lup=um=0 X2 A(n —m) lup=um=0 (2:34)

KOHCTAHTe eKCUTOH-(POHOH MHTEpPAKIIH]e.
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Ha Taj nauun Hmt J06mja 00JIuK

F[mt = X1 Z B:{Bn(arﬂrl — Up—1) + X2 Z B:(BnJrl + én71)<an — Up—1) (2.35)

Buanmo na ce XaMUITOHMjaH HHTEePAKIAje CAaCTOJU OJ1 JIBa Jiesia ca JIBe KOHCTAHTe
nHTEpaKIuje X1 u Xo. [IpBu 4ian ojpelyje npomeny enepruje nobyhema mMosiekyJia
y JIAHIy y3pOKOBaHe BHOpalujaMa pelleTKe, JOK JPYIH YjIaH MOKa3yje yTHIA]
BHOpaIija perreTke Ha MpOIaraiyjy eKCUTOHA YK JIaHIIA.

[Tomrro nac waTEpecyjy camo nobyhena crama cucrema, /[aBbIIoB je MoCTy/In-
pao GpYHKIHjy CTama CHCTEMa 3a jeJHOTUMEH3UOHN MOJUMEPHHU JAHAIL Y OOJTHKY

[W(t) = > Aut) ¢ BF]0) (2:36)
rie |0) o3HavaBa GYHKIUJY OCHOBHOT CTamba CHCTEMA, TIPEMa TOME,

‘O> = ’Oe>’0ph> (2'37)

Y jennaunnn (2.36) ca A,(t) je 03HAUEHA KOMILIEKCHA AMILIMTY/IA €KCUTOHCKOD
noGyhera, npu ueMy u3 yci0oBa HOpMUDAEbA CJIEJH jeTHAKOCT:

oA =1 (2.38)

®ynkmuja |A,(t)]* kapakrepuime BepoaTHOLy mobGyhema IenTujaHe Tpyle Ha

YBOPY M. YHUTAPHU ONEPATOP S(t) y jennaannn (2.36) uma 06/IHK:

$(0) = =3 3 [an(t)pn = mal0)i] (2.39)

rae a,(t) o3HaYaBa Cpejby BPeJHOCT OJCTYNama N-Te MOHOMEepHe jeIHHUIe Of
PABHOTEKHOT MOJIOKAja, a Ty, (t) O3HAYABA CPEEY BPEIHOCT UMITYJICA N-T€ MOHO-
MepHe jeJIMHUIE jeHOAMMEH3UOHOT TTOJIMMEPHOT JIaHIa Y TpeHyTKy t. Bejuuune
Pn | Uy Cy ONEPATOPU UMIIYJICA U IOMepaja.

Kommiekcue dyuknuje A, (1) u peanne dbynkuumje o, (t) u m,(t) namraze ce
BapUjallMOHUM METOJIOM U3 YCJIOBa, MUHUMYMa (DYHKIIMOHAJIA,

(W) H|W(t)) (2.40)

e je H naro jexmaunnonm (2.31), a W(t) uzpasom (2.36).
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N3 ycioBa MuaEMyMa OBOT' (DYHKITMOHAJIA JOOMjaMO CHCTEM je/THAUNHA,

d’a,
dtQ =K [an—‘rl + Ap—1 — 2an] + X1 [|An+1|2 - |An—1|2] (241)
X0 [A5(Anpr = Apa) + (Afay — A5 ) A]
OJITHOCHO
. 0A,
ih ot = {A + Xl(an—i—l - an—l)} An
_ _ (2.42)
J<An+1 + An—l 2An)
+X2 [(an+1 - an)An+1 + (Oén - Oénfl)Anfl]
r7e je
A=e—D—-2]+W, (2.43)
JIOK je
T Y LY (t)? (2.41)
= 5 Wi (07 (07| .

n
enepruja gedopmanuje nanma. Jeaunaunue (2.41) u (2.42) npejacraBibajy TpaxkeHe
jelHaUNHe KpeTama 3a HenmosHarTe aMmiumTyae. iaan gar jexHaumnom (2.43) je
aJUTHBHA KOHCTAHTA M MOYKE Ce jeTHOCTABHOM YHHTAPHOM TpaHCchOPMAIH]OM
equMuHECATH U3 jeguadunne (2.42). Hamme, ako yBegeMo HOBe aMILIUTY/Ie

AL(t) = Ay (t)e 7,

jennaunna 3a A/ (t) wehe cagapzkaBaru koucTanty A. Y CBUM HADeTHUM jeTHAYU-
nama Hehiemo kopucruru ”"upumosane” amimmryse, el hemo crasuru Al (t) —
A (t).

Y JlaBUI0B/HEBOM MOJIEJIY TOPE-U CUCTEM AU(epPeHIN]aTHO-TH(MEPEeHITHIX je-
JIHAYMHA pelraBa ce y KOHTHHYyaJHOj anpokcumanuju. (OHa ce cacrtoju y Tome
mro ce y dyukuujama A, (t) u a,(t) AUCKpeTHH UHIEKC N 3aMEeHH KOHTHHYATHOM
BapujabJIoM T, Tj.

A, (t) = Az, t), (na— x) (2.45)

a 3aTHM ce HaImpaBu cJjejehn pa3Boj:

B OA(z,t) 1 ,0%A(x,t)
An:tl(t) = A(Z’ + a, t) = A(I’, t) + (IT + —a W + ... (246)

N}
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Ja(z,t)
Ox

,0%a(z, 1)

n t + ,t: ,t:|:
apt1(t) = alr £ a,t) = a(x,t) £ a 92

1
+ 50 +... (247

Y 10j anpokcuManuju gobujenun cucreM jeaHaqdnna (qudepeniujanno-ude-
PEHIIHUX) TpaHCHOPMHUIIE Ce Yy CUCTeM MapIUjaJlHuX jeTHATHHA

L 0 , 0? da(z,t)
— — =2 A = 2.4
{zhat + Ja o7 X0 (z,t) =0 (2.48)
Pa(x,t)  ka®Pa(x,t)  2xad|A(x,t)|?
UV LURTAN ’ =0 2.49
ot? M 0x? M Ox (249)
rae je X = X1+ Xz
Jla 6ucmo J1I0O6UIM COJTMTOHCKA pelieha YBOIUMO (DYHKIU]Y
Oa(z,t
ol 1) = 2420, (2.50

KOja KapaKTepHIlle peJaTUBHY MPOMEHY pacTojama m3Mmehy mosekyna. Ha oBaj
Haun jexnadnue (2.48) u (2.49) npesase y obsiuk

2
{zh; + JCLQ;;2 - 2xag(:1:,t)} A(z,t) =0 (2.51)
0*  ka* 9? 2xa 0* 9

[TomrTo Tpaxkumo perirerse 3a mpenoc nobyhema yK J1aHIa ca KOHCTAaHTHOM OP3u-
HOM v, HPeTIOCTABUMO Jia BeqnuuHa o(r,1) 3aBUCH OJ KOOpJMHATE U BpeMeHa
npemMa cjejehem 3aKOoHy

oz, 1) = ol — vt) (2.53)
Bamenowm (2.53) y (2.52), mobujamo

0? , Ka’ 2xa
_ 2T A 2| = 2.54
022 K“ ar ) o)+ AR =0 (2:54)
Onasjie cieau penieme 110 o(z,t) Kao
2xa |A(z,t)[?
t) = 2. .
ol 1) ka? — Muv? (2.55)
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Bamenom (2.55) y (2.52) mobujamo

.0 , 0 4y2a? ) B
[zhat + Ja 92 + YRy |A(z, t)]?| A(z,t) =0,
OJTHOCHO
ot o0x? ) ) = .

Osre cy yBegenn napamerpu L u G jeduHucanu peganumjama

2,2 2,2
L=Jd G= xa = 4)§a )
ka2 — Mv?  M(v§ — v?)

e je vy = \/Ea - Op3uHa 3ByKa y JaHIily, 10K (G mpejcTaB/ba T3B. Mapamerap
HEJIMHEAPHOCTU CUCTEMA.

Jenmnaunna (2.56) npencrabba HesmHeapry Shrodinger-oBy jeanaunny Koja
uMa, 3a JiaTe IPAHUYHE YCJIOBE, pellleme COJMTOHCKOr Tuna. /Jla oucmo pobusiu
IapIHjaIHo peliebe jeanadune (2.56) Koje mpejcTaB/ba COTUTOHCKU TAIAC, HPe-
rrnocrapuhemo uajupe na je dbyuxmuja A(x,t) obnuka

Az, t) = ®(z — vt) eke=wt),

Ipu YeMy ce TpermnocTaBba ja je $(z — vt) peanna dyHKuMja u mpeacrabba
aMILIuTy Iy Tajgaca. Hakon cmene = x—ot u 3amene y (2.56), nobujamo cieaehy
jeTHAINHY

d*® dd

L—— + (2ikL — ihw)— — (Lk* — hw)® + G®* =0 (2.57)

dn? dn

U3jennavaBamem ca HYJIOM UMAarHHADHOL Jena y jennaunau (2.57), mobujamo:
2Ja’k

h
Jenmaunua (2.58) nmoBesyje Op3UHY COJMTOHA CA OCTAIUM HapaMeTpuMma y jeHa-

2Lk —hv=0 = v=

(2.58)

anan. Ha ocnoBy ycsrosa (2.58) jenmaunna (2.57) mocraje

*® R G

—— = =P+ P =0 2.59

dn*> L * L (2:59)
rae je R = Lk* — hw. Unrerpanujom jemnaunne (2.59) mo6ujaMo pelreme 3a

aMILIATYIy Tajgaca
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G ei(kx—wt)
Al t) = | —
(,2) 8L cosh & (z — vt)

win, kopucrehn (2.58), nobujamo
iy e—5et)
[ e 2Ja
A |2 "
(z,%) 2 cosh p(z — vt) (2.60)

rie je u = G/4L. Ksaapar mojy/a ose pyHKIuje je

A, p =4

- 2.61
2 cosh? pu(x — vt)’ (261)

u oH JiebuHHUIIE paciojiery BepoBaTHohe modyhema Mosekyaa Ay Janna. /le-
dbopmanuja u nobyheme ce npocTupy ay:K mnanma 6psunoM v = 2Ja?k/h. Tlapa-
MeTrap

G e v

S = —,

M:E:/{J(l—SQ)’ Vo

y mspasuma (2.60) u (2.61), medunume obsracr manna Az koja je 3axsahena
nobyhemem, Tj.

Az=— 2.62
. (2.62)

[To6yhema onucana dyuknujom (2.60) nazusajy ce comuronn. COJUTOH KOjU Ce
kpehe 6psunom v = 2Ja’k/h nupenocu eneprujy

1
E,=Ey+ §msv2, (2.63)

rie je Fy yHyTpalimha eHepruja CoJMTOHA,

2 2

X
Eea(0) = 3k2J

X f—
3k2J

E0:€—D—2J—

U3 oe pesianuje BHIUMO Jia je yHyTpallliba €eHepruja COJUTOHA HUZKA OJI OJII0-
Bapajyhe eKCHUTOHCKe, Tj. COJUTOH je CTAOWTHUjA eKCIUTAIyja. Y jeTHATNHH
(2.63) my npeacraBba eeKTHBHY MACy COJIMTOHA U JATa je U3Pa30M

_ K2 N 4 (1 + %,92 — %34)
2Ja? 3k2Jug (1 — s2)3

ms
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3a cBaKy BpeJIHOCT €Hepruje coJiuToHa [y, Op3uHa COJIMTOHA je YBEK Mamba O]
Op3uHe JIOHIUTYAMHAJHUX 3BYYHHUX TaJaca y MOJIEKYJIapHOM JIaHIly (Tj. HCILyH-
jeno je s < 1). ¥V MeknM MOJIEKyTapHUM JIaHIIMMa (cuTyalija Kajaa je Koeduin-
JEHT eJIACTUIHOCTHU JIAHIA £ MAJIH) U IPU JaKOj eKCUTOH-(DOHOH UHTEPAKIUjH X )
edekTHBHA Maca COJUTOHA je BeJWKa. 300T TOra, 9ak W MPH MAJIUM Op3WHAMA
KpeTama, KHHETUIKA eHepruja COTUTOHA MOZXKe OUTH BeJIUKA.

CTabWIHOCT COJIMTOHA Y OJIHOCY HA, eMUCH]Y W allCOPIIIN]y €JIeKTPOMArHeTHUX
Tajiaca, Ipu HUCKUM TeMIeparypama, ucrpaxkusao je Jdasuios [2]. TTokasaio ce
Jla ce uHrepakiuja poroHa ca coJMTOHUMA OUTHO PA3JIMKYje O/l HUXOBE HUHTED-
aKIyje ca eKCuTonnma. Kako ce eKcuToHu U (POTOHU ONHUCY]y PABHUM TaJaCUMa,
IbUXOBa MHTEPAKIMja Ce OCTBapyje MpH UCHYIHeIhy 3aKOHA OJIpyKarbha eHepruje
n umiysica. [lodeTHo m Kpajibe cTame cucTtema oAronapajy HemaedOpMUCAHOM
ganny. CoOJUTOHM Cy TaK JIOKAJIN30BaHA MOOyhema ma 360T Tora, IpU EHUXOBO]
UHTEPAKIMjU Ca CBeTJIOnNY, 3aKOH OJ[PKatha UMILYJICA MOZKe OUTH HApPYyIIEeH.

[Ipu mocTojamy comuTOHCKOT TOOYhema y MOJIEKYIapHOM JIAHILY OH Ce JIOKATHO
nedopmuie. OBa JoKaTHa jJedopMmalimja Mopa JIa HITYe3He HAKOH eMHTOBAaIba
eHepruje COJMMTOHA, & eHepruja JoKaJjaHe aedopMaliije JaHIa IpeTBapa ce y To-
IJIOTHY €HepPrujy OCIUIOBaa MOJIEKylaa. YKOJIUKO ce eHepruja JoKaaHe aedo-
pMaliije He eMUTYyje, OHJa MaKCUMyM 3padera oJrobapa (ppekBeHInju

Eq
w=—-—A
h
rje je A 138B. CTOKCOBO mOMepambe i OHO je 1aTo ciaegehum m3pazom
27y
A= —"— 2.64
3hk2J ( )

Besimunna % je dbpekBennuja amcopiiuje 3padera. ¥ JIAHIUMa KO/ KOjH je MaJIo
K W BEJHKa BPEJIHOCTH €KCUTOH-(POHOH MHTepakiuja X, CTOKCOBO mOMEpame je
Besiuko. Benuko CTOKCOBO moMepame, Y OTHOCY Ha (DPEeKBEHIIHjy AIlCOPIIIH]je
Eg/h, omoryhuio 6u ga ce pasiukyje eMuToBame GOTOHA COTUTOHOM OJf €MHUTO-
Bama ekcuToHoM. BepoarHoha emuToBama HOTOHA KOjU MOTHIY OJI COJUTOHA
BeOMa je Maja. ¥ CKJIAy ca pe3yJraTuMa u3 paja [28], paaujanuono Bpeme

JKMBOTA, COJIMTOHCKOT 1100yhema jedunuiie ce nzpazom

1 27 1
L__ra 1 (2.65)

= 2 mhv
Ts  3Aucosh w7a Tex

rie ¢y 1/7. u 1/75 BepoBaTHOlie eMUTOBaMbA €KCUTOHA U COJMUTOHA. BepoBarHoha
eMUTOBama COJIMTOHA MaKcuMaJsiHa je Kajga oH mupyje (v = 0). Ako ce y3me y
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o63up na je, y ckaaay ca (2.63), obsact y MosekyJapHoM JaHiy obyxsahena
nodyhemem
rakJ
Az=— 3a v=0, (2.66)
X
oHza je BepoBaTHONA na comToH emuTyje cBeraocT (3a v = 0)
1 27Az 1

Te 3\ T

(2.67)

36or Tora je y HekuM JaHIuMa, kKaja je CTOKCOBO moMepame Beqnko (Az < \),
UCIIYHeHa HejeTHAKOCT
el (2.68)
TS Te:r

Opnasnae ciean 1a je BepoBaTHONA eMuTOBama (POTOHA, KOJU MOTHIY O COJIH-
TOHA, BeOMa MaJia.

Beposarnoha dopmupama coanToHa 10 JA€jCTBOM CBETJIOCTH je jOII Mamba.
Pazsior je mTo je ancopboBambe hoTOHA, KOjEMa Ce CTBapajy COJUTOHHU, IpaheHo
JIOKAJIHOM JiechOpMaInjoM MOJIEKY/IAPHOI JIAHIIA, Tj. CMAmbemheM pacTojara n3Me-
hy mosekyna. OBaKBO moMepame TEIKUX MOJIEKYJIa He MOYKe Ce JECUTH 32 BpeMme
KBAHTHOT IpeJia3a yCJI0B/beHOT CBeTIoIhy ¢dhpekBeHnuje Koja je oaucka dppexse-
HIUJU yHYTapMmoJieKyaapuux modoyhema. Ksantuu npesnas he ce gecutu y cramy
y KoMe lie MoJieKy/i ocTaT Ha CBOjUM TpeTXo UM Mectuma (npuniun OpaHka-
Kongona). Ha Taj mauun, qupektHo cBeromhy je moryhe mobyhusaru camo
€KCHTOHE.

Conuronn mory ma ce modyhyjy camo mpu JIOKATHUM WHTEpaKIujaMa. ¥
JIOKaJIHE MHTEPaKIUje CHajajy HIp. XeMujcke peaknuje. Kpant enepruje koju
ce M3/IBaja MpH jeTHOj XeMUJCKOj peakIji, Koja ce JelaBa Ha MOYeTKY MOJEKY-
JIAPHOT JIAHIA, JA0BOAHU J10 (popMupama COJUTOHA KOju he ce mpocTtuparu IyxK
JIaHTIa. JemaHa o7 BaXKHUX XEeMHJCKUX peaKIHja, KOja M3a3uBa COJUTOHCKO IO-
oybeme, je xumposmsa ajgenosunrpudocdara (ATD) rae ce, y dusnosnomkum
ycaosuma, n3asaja oko 0.54eV enepruje.

2.3.1 VYmnopenHe ocoOMHE COJIMTOHA M €KCUTOHA

Kao mrTo je Beh pedeno y oBoj r/1aBH, y je THOIUMEH3HOHATHAM MOJIEKYIapHIM
JIAaHIIMMAa MOTY Jia HaCcTaHy JBa Tuma modoyhema: ekcuToHn u conuTonn. OCHOBHU
napameTpu oBux nooyhema jgaru cy y Tabern 2.1.
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Tabena 2.1 OcHOBHE IMapaMeTpH eKCUTOHA W COJTUTOHA

napamerap Excuronu CoJmuronu
7
VHyTpanima enepruja EY =e—D-2J EY=FEY — 3X2J
K,
R’ 4x*M
EdexTuna maca Mey = 5 702 My = My + 7332!]&
2
ht akJ
Obaacr 3axs. nobyhemewm | [, = 4|13 + [ ——— L, = mars
mezlo X2
B da 32
eMe KUBOTa, Tex = =T Ts = ————Tey
P 320 2rakh.]
C 0 2yt
TOKCOBO [IOMEPAhe ~ i
P 3kh.] "

Excuronu ce npemernrajy Ay Jiania Op3uwHOM Koja je Beha o Op3uHe JIOHTH-
TYJAWHATHOT 3BYKa y JIAHIYy. 300T TOTa He YCHeBajy Ja M3a30BYy JOKAJHY J1edo-
pMaryjy Jianna. ExcuTonu npenoce caMo eHeprujy yHyTapMoJieKygapHor nodyhe-
wa. buxosa edpekTuBHA Maca je 0OpHYTO IPOIOPIIMOHAIHA €HEPTHjU PE30HAHTHE
JIATION-TATION HHTepaKuje. EKCUTOHM ce TOKOM KpeTama yCIopaBajy, eMuTyjyhn
npu ToM (hPOHOHE.

ConurTonn cy KoJIeKTUBHA mobyhema Koja ce MpeMelTajy IyzK JaHma Op3u-
HOM KOja je Mama 0J] Op3uHe JIOHTUTYAWHATHUX 3BydHHUX Tasaca. CJUKOBHTO,
MOzKeMO pehu 7a cy coJIMTOHM Be3aHa CTamba YHyTapMOJIeKyIapHUX 1moOyhema u
ocrmJIaIyja MoJIeKyJia Jania. 300r TOra je yHyTpalllibha, €HEPIrja TAKBOI BE3AHOT
cTama Mama O] YHyTpalrke eHepruje ekcutora. OBO je jeJaH 01 OCHOBHUX pa-
3710Ta BeJIUKe CTAOUTHOCTH COJTUTOHA.

Kao moceauna tora mro je Kperame COIUTOHA TponpaheHo JIOKAJHOM Je-
dopmanujom JaHIa, mHeropa epeKTHBHA Maca je 3HATHO Beha o1 eeKTUBHE Mace
ekcutoHa. HapouuTo je oBa paz/ivKa BeJIMKa y MEKHM JIQHIIMMa U HPH JaKO]
eKCUTOH-(POHOH MHTEpaKIuju. 300r Besuke eheKTHUBHE Mace COJTUTOHU ce Kpehy
Op3uHaMa Koje cy Mame o Op3mHe 3ByKa. 300T TOra OHH He rybe eHeprHjy Ha
eMUTOBame (POHOHA.

Conuronn ce onucyjy HeamHeapHoMm Shrodinger-oBoM jemHadmHOM, ma 300r
Tora mHUX0B 3B0HacTH 00K (2.60), (2.61) He 3aBucu ox naunna nodyhema. Tpebda
unak ucrahm Ja je OBO IOCAEIUIA IIPETIOCTABKE Ja je aMILIUTYIa (PYHKIHja
npomensbrBe £ = & — vt (Kao u GOHOHCKU 1OMepPaj). Y TOM CJydajy MU MOKEMO
AMaTH CaMO TO TMAapPTUKYJIapHO perlerme, Koje MMILIUIATHO He 3aBUCH O/l MoYe-
THUX ycaoBa. [lpu Kperamy conuToHa (§ < 1) BeroB o0JUK OCTaje HempoMe-

heH [IPU MAJIOM TYOUTKY eHepruje (aKO COJMTOH BPIMH PAJL MPOTHB CHOJbAITHAX
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cuna). Hanporus, o0JIMK eKCHTOHCKOD TAJTACHOI TakKeTa jieUHUIIe Ce CIOJba-
mmbuM yeaosuMa - pacnogenom A(k) y murepsany ko — Ak < k < ko + Ak y
u3pasy (2.33). YV ToKy BpemeHa IMUpPUHA TTakeTa, y CKJIaLy ca n3pasom (2.35), ce
yBehaga.

[Ipu noBehamy KpyrocTu pemnrerke (kK — 00), nopehiamy eHepruje pe3oHaTHe
JIATIOJI-JTATION HHTEePAKIje U IPH CJIab/heby Be3e eKCUTOH-(DOHOH HHTEPaKIje Y,
paziuke u3mely ekcurona u poHOHA ce cBe Bulle moTupy. EdekTuBHa Maca co/in-
ToHa ce npub/nzKapa epeKTUBHO] Macu ekcuToHa. Takohe ce cmamyje pa3nka
uzmehy HysTHX eHepruja ekcutona u cosmrona. Obsact, odyxsahena nodyhemem
y CTamy COJMTOHA ce rmoBehana.

C apyre cTpaHe, y MeKHM JIAHIIEMA KOju ce Jlako jedopmuiily oba mobyhema
ce OUTHO pasuKyjy jeana ox apyrux. OCHOBAHO je cMaTpaTh Ja ce 'y OeaHvIeB-
nHAMa MOpajy o0pa3oBaTH COJUTOHH npuaukoMm xujaposanze AT®, jep onm mory
Jla IPEHOCe eHEePrujy Ha PeJATHBHO BeJIMKA PacTojama 0e3 rydumraka.

2.3.2 CouuToHU y MOJUMEPHOM JIAHIy Ca mpuMecaMa

JlaBuIOB/HEB MOJIENT je TpeMeT WHTEH3WBHOT TEOPHUjCKOT M3ydaBarmbha, TOKOM
3a/itbe Tpu Jiekaje. Hberosa BaxkKHOCT je y HOKyIIajy ja o0jacHU ITPOIEC Tpa-
HCIIOPTA €Hepruje y -CIupaJHUM OejlaHdeBUHAMa. Y CYIITUHUA TO je jeJHOCTa-
BaH MOJIeN jep je aHaJu3a TPAHCIOPTa eHeprHje Y -CHupaTHuM OeaHdIeBUHAMA
cBesiena Ha aHaym3y DpeHKe/JIOBUX €KCUTOHA Y MEKOM jeJIHOAMMEH3UOHAJTHOM
noiuMepHoM JiaHiy. PpeHKeTOBH eKCUTOHH CY, ¥ OBOM MOy, BUOPOHHU, Tj.
BUODAIOHE eKCHTAIMje aMUJHUX I'PyIa y HOJUMEDPHOM JiaHIiy (y Jureparypu
obuano HazuBanu camo Amid I quanta). Mexanuszam hopMupama COTUTOHCKUX
Tanaca, y JlaBuaoB/beBoM MOIENTY, 00jAIllFHeH je v MPEeTXOAHUM TIOrIaB/hIMa TaKO
Jla ce OBJIe HA TOMe HeheMO MHOTO 3aJipyKaBaTH.

MebhyTtum, JlaBu0B/HEB MOJIET HE MOYKEMO IPUXBATUTH KA0 peaJucTudan, 6e3
003Mpa Ha FHEroBY METOJOJIONIKY BAayKHOCT. J3HAMO Ja Cy Oe/ladeBUHE MaKpPO-
MOJIEKYJIH HACTAJH IMOJUMEPH3AINjOM JIBaJIeCeT PA3IUIUTUX AMUHO-KHCEJTUHA.
OcunoBun [laBuioB/beB MOJI€/I pa3Marpa Q-CHUPAJIHE OeJJaHYEeBUHE KAO CHUCTEM
CaCTaBJ/HEH O] NJIEHTHIHNX MOHOMEDHUX jeTUHUTIA, TIITO ¥ PEAJTHOCTH HUje TAIHO,
Te MOpaMo y3eTH y 003Up Ja Cy peasiHe q-CIIHpaJTHe Oe/laHuYeBUHE CACTaB/beHe O]
Pa3IUINTIHX MOHOMEDHUX JeJIMHUIIA.

[us oBOr morsaBsba je Ja ce, Y H3BECHOM CMUCJY, HCIIUTA HEHJIEAJHH II0-
JIMMEPHU JIaHall Ha Taj HAYUH IITO je y JiaHal ~ybadeHO HEKOJIMKO Pa3J/indu-
THX MOHOMEPHHUX jeJMHHUIA Koje heMo, Jajbe y TeKCTy, HAa3WBaTU IIPUMeCcaMa.
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[Ipumece mapymiaBajy TpaHCIATOPHY WHBAPUJAHTHOCT OCHOBHOT /laBWIOB/HEBOT
Mojiesia. Hapyniemwe cTpyKType JlaHa Y3pOKOBAaHO HpUMecaMa je, y OBOM pajly,
MPUKA3aHO Kao MepTypdalrja XaMUITOHRjaHa uaea Hor jJanna. OBakaB IPUCTYII
jé TEOPUjCKH M HYMEPHIKN 00jalllibeH Y OBOM IOTJIaBJbY.

2.4 XaMuUJITOHMjaH CUCTEMAa CA IPUMECOM

Jla 6ucmo mobman XaMIITOHAjaH TPAHCIATOPHO HAPYIIEHOT MOJTUMEPHOT Ja-
HIIA TOJIA3UMO O/ cTaHjAap/Hor /laBuoB/beBor XaMuJITOHUjaHa UI€AJTHOT MOJIU-
MepHOT JIaHIa Koju, hemMo o3HAYUTH ca H,. Hoemy hemo npuapyzkutu 4iax H,
KOjU OIKCYje MPUCYTHOCT MPUMeca y JIAHIy W OH he OuTu objalimeH KacHHje.
XaMUJITOHU]jaH H, ce CaCTOju W3 TPH JIesa:

1. XammnTonujan H., KOjU OMHUCYyje KBAaHTHE eKCUTAINje MOHOMEPHUX je-
auanma. OHe cy nocmarpane, y cariacHOCTH ca JlaBuioB/beBUM mpuc-
TynoM, kKao PpeHKeJOBH €KCUTOHU Y T3B. JIBO-HHBOBCKOj AMPOKCHU-
Marmuju. To 3HauUm jga cy y padyHUMa y 003UpP y3€TH CaMO OCHOBHO
1 TpBO MOOyheHo cTame jep ce cMarTpa Ja Cy BUIIN HABOW JOBOJHHO
JasteKo oJ1 npsor nobyhHor nusoa [23].

2. XaMmuJ/IToHujaH ﬁph onucyje BudOpaiije MOHOMEPHUX jeIMHUIIA.

3. Xamunrouujan H;,, onucyje eKcuToH-(HOHOH HUHTEPAKIIH]Y.

[Ipema Tome, XaMuUJITOHUjaH HEWJICAJIHOT TOJUMEPHOT JIAHIA je JIaT Kao

H,=Hy+ H, = Hop + Hyp, + Hipy + H, (2.69)

XaMUJITOHUjaHH f[ex, flph u H, y yoOm4ajeHoj alpOKCUMAIUji HajOTUZKIX
cycena, garu cy uspasuma (2.11), (2.32) u (2.35).

Y 1musby yK/byderma HmpuMece y caM XaMUJITOHUjaH, cjaeguhemo yobudajeny
Teopujy jeJaHe mpuMece y KPHUCTAJIHO] PelleTKU. Y TOj T€OPHjU, MPUCYCTBO MPU-
Mece Ha HEKOM MECTY peleTKe eKBHBAJEHTHO je MPUCYCTBY JIOKAJHOT MOTEHITH-
jama Ha TOM MecTy. /IpyruMm pedmma, TO 3HA4YH Ja MpUMece Memhajy KOHCTAHTe
UHTEPaKIje U Jpyre BaxkKHe rapamerpe y OJIM3MHU MeCTa IJie ce HaJjlase. Xa-
MHUJITOHUjaH Ce W3BOJM W3 OCHOBHOT XaMMJITOHWjaHA WJEAJHOTr JIAHIA, TJe CY
koHcTanTe A, J, Kk, X peHopMaaun3oBaHe Ha omroBapajyhm maumn. MebhyTnwm,
KOPEKIIMja CBUX OBUX KOHCTAHTH HUje TOTpebHa, jep je YTUIAj NIPOMeHa HEKUX OJf
IbUX 3aHeMap/buB. Y OBOM pajly je pa3MaTpaHa IpOMeHa eHepruje eKCUTAIHje 1
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MaTpHUIHOT ejleMeHTa J TpaHcdepa eKcuTaluje JyzK JaHIa Y OKOJUHU MIPHMece.
OBe BesinunHE Ce 3aMembyjy HOBUM U TO:

A+AY(na), J+JY(na)

riae je Y(na) = Y, dysknuja BekTopa mosoxaja na (Mecra pelreTke) W MMa
caenehn obuk:

Y, =Y e felnmn®, (2.70)

OBa dyHuknuja nMa MaKCUMyM Ha MECTY perneTke n; rjie ce Hajale npumece. Kao
IITO ce BUAU Y, je u3abpaHa Tako ja Op30 omaja (eKCIOHEHIMjATHO) Ca PACTO-
jameMm o npumece. KoncranTa [ 3aBUCH O/ MOTEHIMjajIa KOjU CTBapa IpuMeca
u MOZKe ce J0OUTH u3 (PU3UYIKOr yeaoBa Ja MpUMeca YTHde CaMO Ha HEeKOJIHKO
CyCeJHUX MOHOMEPHUX jeJTMHUIIA.

Yaumajyhu y o63up Hampes pedeHO, jJacHO je J1a ce caMO Mema eKCHTOHCKH
XaMUJITOHUjaH. Jlako je mMOKa3aTW jJa ce eKCUTOHCKH JTe0 XaMUJITOHWjaHA Heu-
JIeaJTHOT JIAHIIA MOYKe MPUKA3aTH Kao CyMa €KCHUTOHCKOI Jiejla XaMUJITOHHjaHa
uneannor aanna H,., u nena H, KOju uMa 00JIUK

YnaHOBU PAa3IUYUTH O HYJIEe Y TOPIHOj CYMH Ce OJTHOCE Ha MecTa Y KOjuMa ce
HaJIa3e mpuMece.

2.5 JIuHamMu4dKe jeJHAUYMHE COJMTOHCKUX TaJjiaca y JIAHILY
ca npuMmecama

Kao mTo je mo3naTo u3 Teopuje /laBuaoB/meBOT MojeIa, V Caydajy jake eKCH-
TOH-eKCUTOH MHTePaKIyje u Majaor Koebuimjenra eaacruanoctu (7 MeKan” nosim-
MepHHU JIAHAIL) jaBhajy ce CONUTOHCKA mobyhema y cucremy. Hapemnu padys,
KOjU pa3MarTpa HemJIeasaH JaHaIl ca TpuMecaMa, KOMILIETHO ce OCJIamba Ha Mpe-
TioctaBke /laBuoB/beBe Teopuje O COJIUTOHMMA U 300T Tora Ouhe JaT yKpaTKo.
JenmHa pasznnKa y HalleM Cay4ajy, Koja He HapylllaBa PavdyHCKY HpOIEIypy, je
IIPACYCTBO 4YJIaHa ]:]a y XaMHUJITOHHUjaHy CUCTeMA.

Hanamwe he butu 1ato m3Boherme OCHOBHUX JUHAMUIKUX jeTHAUUHA Y TEOPUJU
JaBuioB/beBOI MOJIesa ca mpuMecoM. [Iporeypa je anajiorsa oHoj Ko/ u3Bohema
CTAHJAP/IHOT JTABUJIOBCKOT MOJIEIA.
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3a doHoHCKEe aMILIUTYIe (, mobuja ciegeha audepenmujanno-audepennna
jeaHadunHa;

d’a,

dt?

=K [O‘n+1 + a1 — 20571] + X1 [|An+1|2 - ‘An—lm
X2 [AL(Ant = Ancr) + (Ao — A5 DA

Awnasiorso nperxoaHom, 3a ammmuryae A, (t) pobujamo

(2.72)

HA
ot

= {éYn + X1 (an—i—l - Oén—1>} Ay

—(J+ JY) Ay + Ay — 24A,) (2.73)

+X2 [(nt1 — an) Anyr + (@ — 1) Ay
F):Lejeézﬁ—lj.

Kazaje A=0u J =0, jenmaunne (2.72) u (2.73) onucyjy AHHAMIKY Hie-
aJIHOT MOJIMMEpPHOr Jianna. Harr rjiaBau 1u/b J1a U3BPIIMMO HYMEPUUYKY aHAJIH-
3y oBux jaudepennujasno-audepeHHux jenauanta. Mehyrum, paan nmopehema
pesyJiaTa, KOPUCHO je HAIlMCaTu OBe jeJIHAYMHE U Y KOHTUHYAJHO] allpPOKCUMAIIU]H.
[loctynajyhu kao u paHuje, KOHAYHO J00HjaMoO cjejehn cucreM HeJMHEApHHUX
naprujaanux andepeHInjaTiux jeTHadInHa:

0? , 0 226 0| Az, t)]*
(c‘)t? - ax) el ) 47— =0 &)
L0 h: o 02 ~

I7e je a KOHCTaHTa jeTHOANMeH3NOHATHEe pPelteTKe, T0K CY
oo , ka*

0= —F7, Yg =

- + 5 ex — = 5
XTI Mer = 1 Y (2)]

Bennuuna vy je 6p3uHa 3ByKa y HenepTypOOBAaHO] PEIIETKH, a Mg, je Maca
ekcuToHa. Kao mTo BHAMMO, U3pa3 32 €KCHUTOHCKY MAacy y HEUJIEAJHOM JIAHILY
nMa JTOJATHH YIaH 2a2jY(:v), KOjU 3HA4YH JIa je eKCUTOH, y OJpeheHOM CMHCITY
7 00yueH”y M0JaTOM JIOKATHOM TOTEHIHjaIy, KOjH je MOCTeUIa IOCTOjamba TPH-
Mece Ha TOM MeCTYy.

[ope nobujene jenavunte, KAKO y JUCKPETHOM CJIyYajy, TAKO B Y KOHTHHYYMY,
nocJiyzkKuhe HaM Jia aHAJIM3UPAMO MPHUCYCTBO MPHUMeca Y jeHOINMEH3NOHATHOM
MOJIIMEPHOM JIAHIY KOHAYHE JyZKIHE.
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[masa 111

3. Hymepunuka ananu3a cucreMma gaudepeHITHO-T1-
depeHIjaIHIX jeJHAUYNMHA 1 MOT'YhHOCT Kpe-
nparma COJIMTOHA

Kao 1iro je panuje ucrakuyro, jieta/bHO he ce u3BpHINTU HyMepUYKa aHAJIM3a
cucrema jegnaqnna (2.41) u (2.42) y nnipy ucnuruBama MOTYHHOCTH COTUTOHCKOT
MEeXaHU3Ma MPeHoca eHepruje YK JaHIa.

[Tosnaro je ja je oBaj mpobJieM TpeTUPaAH Yy BEJIUKOM OPOjy paJioBa y OKBHPY
JlaBuioBCcKOr Mojiesa, rje ce cucreM jeanadmna (2.41) m (2.42) pemasa y Ko-
HTUHYAJIHO] allPOKCUMAIIMjH, TITO JIOBOJM JI0 TTO3HATOT COJIUTOHCKOT pellema He-
auneapue Shrodinger-ose jegmnadune. Y TOj alpOKCHMAIMjH, KAO MITO je Beh mc-
TaKHyTO, HUje Moryhe aHaju3uparTu 1O4YeTHE yCJIOBE HACTaHKA COJIMTOHA, Beh ce
y3MMa CaMo T3B. CTAIMOHAPHO CTarbe (jeJIHO TAPTUKYJIAPHO Dellierhe HeJMHeapHe
[Ipeaunrepose jeaaaunne) Koje " mocroju’y maniy. To je HAPABHO A TH3AIM]A,
jep je npobJieM HacTaHKa COJMMTOHA (Tj. MOYETHHX YCJIOBA 3a CHCTEM jeJHAYMHA
(2.41) u (2.42) jako Guran 3a mMoryhHOCT TpeHOCa eHepruje MyzK MOJUMEePHHUX
JIaHaIA.

C 063upoM Ha YUHEHWILY J1a je OBaj MOJeJ HACTAO0 MOYETKOM CEIaMIeCeThX
rOJIMHA MPONLIOr Beka, jeganaqune (2.41) u (2.42) uuje 6mwmo moryhe pemraBatu
HYMEPUYKUM MeTo/laMa jep je padyHapcKa TeXHHKa Taja Ousa cjaaba 3a perra-
Bame jeHaYMHa OBOT THHa. [IpBe HyMepwdke aHa m3e OBHUX jeIHAYMHA, KAKO
y MJICAJIHOM, TAKO U y HEUIEAJTHOM jeHOJUMEH3NOHATHOM IIOJIUMEPHOM JIaHAILY
nare cy y pagosuma Popuepa u Crota, (Bumern y [40]) ura., kao u y [30].

Y nuspy nopehema ca HyMEPHYKHM pPe3y/ITaruMa, OBjie MO HOHOBO HABECTH
nesimaeapny IllpeaunrepoBy jennaunny

) )
L— +i(2kL — hw)— — (Lk* — hw)® 4+ G®* =0
4uje je COJTUTOHCKO perierhe JaTo ciejgehum uspaszuma
Est

i(ﬂx,i )
noe 2Ja2 h i 2 M 1
Az, t) =/ = Az )| ==
(z,¢) 2 cosh pu(x — vt) me A 0] 2 cosh? pu(x — vt)

[IuTame: ”Kako je COMMTOH KperpaH”’, Kao IITO CMO Beh HCTaK/IH, He TOCTaB/ba
ce Y OBOj allpOKCUMAaIMju jep je OHO CTAIlMOHAPHO pereme Koje 3a710B0JhaBa
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onpehene rpanuune yciose. /Jlpyru npobsieM KOHTHHYaJIHE AIIPOKCHMAIldje ce
CacToju y TOMeE IITO je TO peliermhe (PpUKCUPAHO Y BPEMEHY, Tj. COJHUTOHCKO pe-
nmeme uMa yBek ucTu o6k gar wipasom (2.60), kao mro ce Buau ca Cinke
3.1.

Y=
ch (x-vt}

D,?’—-
D,E—-
D,5—-
D,tl—-
0,3—-
D,2—-
0,1 —

0o

'0,1 —r T T [ T 1 1 T [ T T T T [ T T T T [ T T T T [ T T T T

Cruka 3.1. Ycamsbenn Tanac (conuton) 3a x — vt = 26.

Ako mocmaTpaMo HenIeaTHu jeTHOIMMEHUOHH TTOJTMMEePHH JIAHAIL Tj. JIaHAIl ca
[PUMECOM y KOHTHHYAJHO] allpOKCHMaIiju, 1o6ujamo jeqaadune (2.72) u (2.73).
Amnamuzom oBux jeqnaunna (mro je ypabeno y pedepennu [31]), nobuja ce na
COJINTOH 3a/IpzKaBa UCTU OOJIMK M LPUJIMKOM HHTepakiiuje ca mnpumecom. Ha
Coumu 3.2 mar je cayuaj pediekcuje comntona Ha mnpumvecn (€ > (), candno
Ka0 pacejama YecTUlle Ha MOTeHIujaaHoj bapujepu. Anamorno, na Craumu 3.3 je
JaT cJaydaj JoKaau3anuje coauToHa Ha npumMecn (¢ < 0), Koja y CyImITHHE mpe-
JICTaB/ba MOTEHITHjATHY jamy.

Hudepennnjanno-mudepennne jeanadnne (2.41) n (2.42) u mwuxoBa onmruja
dbopma (2.72) u (2.73), Koja yKIbyUyje HEXOMOTEHOCT jeTHOINHEHIHOHOT TTOJIME-
pHOT J1aHna, buhe merasbHHUje HYMEpHUUKN aHAJIU3UpaHe y caegehum ceximjama.

Nszyuapajyhu oBe jegHavunHe HyMePUYKH je MOKA3aHO A COJIUMTOH TPUIUKOM
Ipomaraiyje Kpo3 JIaHall IyJICHpa OKO aMILTUTY/e (HA Pa3JIuIuTUM ITPOCTOPHUM
a CaMUM THM U BDEMEHCKHM CKaJjama) Tj. Hema dpukcupan obank. Ha Comru 3.4.
IPUKA3aHU CYy YIOPETHO COTUTOHCKH TAJach y (PUKCHUPAHUM BPEMEHCKHM TpPeHY-
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Cinka 3.2. Pednekcuja conntoHckor Tanaca. KopuwheHn napametpu: £ =
1.6-1072J, J=16-10"%2J, y = 6.2-107''N. MNpumeca ce Hana3m Ha 50-Tom
4YBOpY.

Cinxa 3.3. Jlokanusauuja excutaumje (¢ = —1.6-107237, J = 1.6-10"2J, y =
6.2 - 107 N). Mpumeca je Ha 50-Tom 4Bopy.
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Cimka 3.4. ConnToHWM y NAEANHOM jefJHOAUMEH3NOHOM MOJMMEPHOM NaHLY Y
rkcMpaHum BpeMeHCKUM TpeHyuuma. BpeaHocTn BanugHux KOHCTaHTW 3a naHay
cy: koeduuymjeHT enactudHocTu-x = 19.N/m, eHepruja pesoHaHTHE AWUMNO-AUNON
uuTepakumje-J = 1.55 - 10722.J, napameTpmn ekcuToH-chOHOH UHTepakuuje Y, = 4.4 -
107" N n o = 1.8- 1071 N.

Ca mnoceame canke ce mpumelyje j1a COJTUTOH TOKOM BPEMEHA MeHha aMILIH-
TYJy W OBaj HpOIEeC je roToBO mepuoaudan. OBO je MOBe3aHO, IIpe cBera, ca Ipu-
cycTBOM 0DOa mapamMerpa Koju KapaKTepHUIlly eKCUTOH-(DOHOH UHTEPAKIU]Y Y CUC-
Temy. HamMme, wian y; Teku 1a JoKaIu3yje KpeupaHy eKCIHTAIU]y Y CUCTeMY,
JIOK JIDYTU YJIAH Yo TEXKU Ja OBY KBA3UUECTHUILY PACILINHE, Tj. JeJOKATU3Yje.
YKOMKO ce ”"norojie” mapaMeTpu y CUCTeMYy MOZKe JIONU JI0 3HATHO U3ParKeHUjer
edekTa, Tj. 10 MEPUOAMYHOI HACTAHKA, OJHOCHO HECTAHKA COJUTOHA Yy JIAHILY.
OBaj ciydaj 3axTeBa JeTa/bHUjy W UCHPIHK]Y aHaau3y. Kaza je eKcuToH-(pOHOH
HHTEepaKIyja jeJHaka HyJIH, OHJA JOOMjaMO YHCT €KCHTOHCKH TaJjac KOju ce,
TOKOM BPEMEHa, IIPOCTUPE JIY2K JIAHIIA.

3.1 IlocTraBke HyMepPUYKOT eKCIlepuMeHTa

Caja hemo mymepuukn amasusuparu (cumysarano) audepenimjanno-aude-
pennie jeqaadnne (2.41) u (2.42). Y anvury A = 0u J = 0 gobujamo mudepernn-
jamHo-mudepeHnHe jeTHAYNHE 32 UIeaTaH jeTHOIUMEH3UOHH IMOTUMEePHH JTaHall.
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[Iporpam je peanmmsoBan y Fortran-u F90 y double precision. IIpu Tome je
kopuiihena meroga Runnge-Kutta IV pena [32].

1Y Kopax metome Runge-Kutta IV pena je ysuman y uarepsany on H =
1-107% 10 1-107°.

20 Maca MOHOMepHe jeMHUIIE, Y jeHOANMEH3HOHOM TTOTAMEPHOM JTAHILY

je M = 1.9 -107%°kg. Maca a-amunokucesnna Kpehe ce y mHTepBaIy
(1.17 — 1.91) - 10~ 2kg).

3% Koedumujent enactudanoctu k Kpehe ce y marepsaty 13.5 — 19.N/m
(33, 34].

4%  Enepruja pe3soHaHTHe TUIOJ-IAION HHTepaKiuje u3Mely HajOommKux

cycena je J = 1.55-107%2J [35]-[37].

5 x=x1+x2=62-10""N = const je cuna ekcuton-GpoHOH HHTEPA-
kiuje [38, 39]. Ilapamerap x; Mema ce ox 3.5 107N 50 6.2 - 10711 N
a mapaMeTap Yo BapHpa Ha KOMILTeMeTapaH HATMH.

6° ITapamerap 3 = 5.
7% Tlouernn yciosn

7.1° Ekcnuranuja ce Kpempa Ha MOHOMEDHO] jeJMHUIA 7o, A, =
(1,0).

7.2° 'V nouernom TpemyTKy mocmaTpama cucteMa t = 0 y3eam ¢Mo J1a
je A,y (0) = (1,0) m A;(0) = (0,0) (1 =2...N) 3ai # no. N
o3HavYaBa OPOj MOHOMEPHUX jeJMHHIA [TOCMATPAHOI HOJIUMEPHOI
JIAHTIA.

73° «;(0) =0um0) =0 (i=1,...,N) Tj. cBe MOHOMepHEe je-
JIMHUIE, TTOCMAaPAHOr TOJIMMEPHOT JIAHIA CY Y PABHOTEZKHOM TI0-
JIOZKAJy.

[Tpuiukom mymepuuke ananause jenqnadnsua (2.41) u (2.42) namehe ce nurarme
na g ce wian A = (e — D)+ W, ognocuo wian nedunucan jegnadunom (2.44) u
KOJH IIPEJICTAaB/ha eHePrujy JOHTUTYANHATHAX 3BY IHUX Taaaca, CMe eTMMUHACATH
u3 jeanaqnne (2.73) win He. A.C. Scott y pany [40] kaxe, nuTupam:

”A modification of Davydov’s fundamental wave function that allows this
more general case is described in Appendix B. An effect of this modification is to
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remove the "W term”from the first line of (2.1a). In the numerical studies, how-
ever, no difference was observed in the dynamics of 3, and |a,.|* upon removal of
W. This is to be expected since W approximately constant and contributes only
to a phase advance of a,,. The whole question is more aesthetic than practical”.

Y ToM 1mby BpIlieHe Ccy ojroapajyhe HymMepHuuke aHaju3e rope HaBeJIeHUX
jeJHaUYNHA M [OKA3aHO je Ja IPUCYCTBO OBOI YaHA HE yTHYE HA JIUHAMHYKO
IIOHAIIlakhe CUCTEMa U MOZKE C€ €JIMMUHUCATU U3 jeﬂHa“II/IHa IIOIr'0IHOM YHUTAPHOM
tpanchopmarmjom (jeanadunne (2.41) u (2.42)).

3.2 ExcuroHcku TaJsiacu

Jla 6ucMo ycropenin eKCUTOHCKA B COJTMTOHCKA MoOyhema y MOJIeKyIapHOM
JIAHILY, IPBO hemMo ucnuraryu cjiydaj Kajia HemMa €eKCUTOH-(POHOH MHTEpaKIuje, Tj.
kaga je x1 = 0 u x2 = 0. Tana ce jeqnaunne (2.72) u (2.73) cBoze Ha jegHAYNHE

o,
M Ta =k (g1 + a1 — 20, (3.1)
L 0A, -
ih ot = €Yn : An - (J + JYn)(An_H + An—l — 2An) . (32)

Kao miro ce Buam, 100ujeHH cHCTeM je/IHAYMHA 32 (DOHOHCKE M €KCUTOHCKE
AMILTATY/E je JeKYILTOBaH, U Jajhe heMOo HyMepHuuKH aHAJTU3UPATH CAMO IIPOoIa-
raiyjy eKCUTOHA.

[TocmaTpajmo Hajmpe waea aH jeTHOTUMEH3UOHU TMOJUMEPHU JTaHaIl (A =0
uJ = 0) koju ce cacroju og N = 500 moHOoMepHux jeqununa. I[lobyheme je
KpeupaHo Ha HpBOj MoHOMepHO] jeaununu 1j. Ai;(t = 0) = (1,0). Enepruja
pe30HAHTHE JIUI0JI-1u110J nnrepakuuje je J = 1.55-10722.J. Kopak meroje Runge
Kutta IV pena je H = 4 -107°.

Ha Caunm 3.5a u Chumu 3.50 mpukasaHa je mpomaraiija eKCHTOHCKOT Ta-
Jlaca Kpo3 HEeaJHH jeTHOANMEH3MOHH MOJUMEpPHH JIaHAIl, MO IOpe HaBeIeHUM
yeaopuMa. Comka 3.50 mpejicTaBsba JIPYTH yrao Iiearba eKCUTOHCKOT Tajaca, y
oxnocy Ha Cimmky 3.5a.

Ha Counu 3.6. npukasanu cy ekcutoncku tajacu (|A,[?) y dukcupanum Bpe-
MEHCKHM TpeHyIuMa. 3a, ornpuinke 160ps eKCHTOHCKH Tajgac CTUXKe 0 Kpaja
jganna. Takobhe ce ca jgare caWKe BUIM Ja aMILIUTYAa €KCHTOHCKHAX mobOyhema
omajia TOKOM BpeMeHa M Tajac 3axBaTta Behy obsacT jaHna, Tj. J07a31M J0 -
criep3suje.
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Cinka 3.5a EKCUTOHCKM Tanac y ugeanHoM JMHEapHOM MOJMMEPHOM MNaHLy.

1AL

(sd)an3uA

Cinuka 3.56 EkcMTOHCKM Tanac y mpaeasHOM JIMHEApPHOM MOJVMEPHOM JNaHuy
(Morneg ogosro).
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] t=20ps

] t=50ps

Amplituda eksitona A *
H

Cinka 3.6 EKCUTOHCKM Tanacu y ufgeasHom JiMHeapHOM noJsinMepHoM Yy oapehe-
HUM BPEeMEHCKUM TPeHyLunMma.

Ha Cimmnu 3.7a npukasaHO je mpolarupame eKCHTOHCKOI Tajiaca MoJ, HCTHM
yeaumBuMa Kao Ha Caunu 3.5a anu je Ha 200-TOM YBOpPY HMOCTaB/beHA IIPUMECcA Ca
BehoMm eneprujom nobyhema: A = 05-10"2J. Kao wro ce BU/IA, €KCUTOH je
npornrao dapujepy MpakTudHo 6€3 NKaKBe WHTEePAKIIU]e.

2
TA

Cinka 3.7a Nponaraymnja eKCUTOHCKOr Tajsaca y je4HOAUMEH3NOHOM NOSIMMEPHOM
nauuy ca npumecom. lMosehare ekcuToHcke enepruje je A = 0.5 - 10722,
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Ciuka 3.76 [ponarauumja eKCUTOHCKOT Tanaca y jeAHOLNMEH3NOHOM NOJMMEPHOM

naHuy ca npumecom. [loseharwe ekcutoncke enepruje je A = 0.5 - 10722J (Morneg

Of03r0).
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0,00 =
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Ciinka 3.8 EKcUTOHCKM Tanacm y niMHeapHOM MOJIMMEpHOM ca npumecom (A =

0.5-107%2J) y oppeljeHnm BpeMeHCKUM TpeHyLMMa.
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YuopehuBamem ciauka 3.6 u 3.8, BUIUMO CJAUYHO MOHAIIAIE AMILTHTY/ Ie eKCH-
TOHCKOTI' TaJiaca y JIaHily 0e3 IpuMece u ca HPUMeCcOM, KaJia J0JIa3u JI0 JUCIiep3uje.

Takobe je ananmsupana cyma aMILINTY/Ia Y JIAHILY ca MPUMecoM 1 6e3 nmpumece
[42]. Hymepuuku je MOKa3aHO Ja Pa3jiKe y aMILIATYIAaMa HeMa OHOCHO

N N
Z |At|2 = Z |AP|27
=1 p=1

rje cy ca A; o3HaveHe aMILIMTY/Ie Y MJEaTHOM jeJHOAMMEH3MOHOM IIOJIUMEPHOM
JaHIy, a ca A, aMIIUTy/e ¥ JIAHILYy Ca IPUMECOM.

Kao mrro BuauMo, ycka Gapujepa He IpejcTaB/ba IPEIpeKy 3a MpOoIaraiujy
eKCHTOHCKOT TaJjiaca. YKOJIMUKO je bapujepa jgoBosbHO mmupoka (Comka 3.9) ekcn-
TOHCKH TaJac ce MOTIYHO pedJeKTyje O mbe.

20 40 60 80 100 120 140 160 180 200
VREME(pSs)

Cinka 3.9 [NoTnyHa pedbnekcuja eKCMTOHCKOr Tanaca of wupoke bapujepe. ba-
pujepa je noctassbera (A = 0.5 - 107%2J) og 200-Tor go 207-or 4eopa.
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Nurepecantno je ucrahm ga ce ca Cnuke 3.9 jacHo Bujau mHTepdepeHIuja
eKCUTOHCKHX TaJjaca oabujeHnx oj upumece u oj Kpaja (n = 0) jaunna.

3.3 Kpeupamwe n JuHaAMUKA COJIUTOHA

Kao mro cMo 710 cajia HATJTACUIN BHIE MyTa, KOHTHHYAJIHA AIIPOKCUMAIIHAja Y
cosmrorckoM mozeny A.C. laBugosa (1101 yeJoBIMa Kajia ce COJMTOH M0jaBJbyje
y JIMHEAPHOM MOJHMEPHOM JIAHILY) YBeK Jaje (hDUKCHI OOJUK COTUTOHA MO3HATE
Op3une Kperama (AaHAJIMTHYKO pelierse jnudepennujannux jeganaqduna (2.51) u
(2.52)).

Juuamuuke jennaunue kperama (2.41) u (2.42) pajy moryhinocr mymepuuke
cuMyJalurje Kpealyje cOJIUTOHA, BpeMEeHCKe eBOJIYIHje U mporaraiuje Iy JuHe-
APHOT MOJTMMEPHOT JIAHTIA.

Y oBoM Jiesly pajia, Iu/b HAM je Jjia HOKayKeMo, Kopucrehu ce HyMepuikoM
aHam30M jenHaunna (2.41) u (2.42), na ocobuHe U MOHAIIAKE COJUTOHA Y JIHHE-
APHOM TIOJTUMEDPHOM JIAHITY 3aBUCE OJT MECTA TJIe je KPeUpPaH COMUTOH — HA TIOYETKY
JIAHIIA WK Y YHYTPAIIhOCTH JIaHIa. Pe3yjtaru ncrpaxkKuBama 00jaB/beHU Cy Y
[42].

Ha Cummmu 3.10 npukasana je mporaraiija COJTUTOHA Y UALAJTHOM JTHHEAPHOM
MMOJIMMEPHOM JIAHITY, V CAy4Yajy Kaja je KpenpaH Ha MOYeTKY JaHala Tj. Ha MPBO)j
MonomepHoj jeaununu. (N = 200), £ = 198 v = x = 6.2- 1071'N, x» = 0)).
Caydaj Kaja ce COJTUTOH Kpeupa yHyTap JaHna (OKO CpejuHe), IPUKA3aH je Ha
Coaumu 3.11.

Kao mro mMoxkeMo BuIeTH, HyMepHdYKa aHaau3a cucrema jeqnadnna (2.41)
u (2.42), MoxKe JIOBECTH JI0 TpOIATAIHje COJUTOHA LYK JIAHIA Y jeJHOM CMepy
(kajia je KpempaH Ha jeJIHOM Kpajy JIaHIa) ajd U JI0 mponaranuje y oba cmepa
JIy’K JIaHIA, aKO ce Kpernpa yHyTap Janma. OBaj Apyru pesyaTtar je bU3mIKu
IPUXBAT/BUB jep MOCTOjU MOTIYHA CAMETPHja JIaHa y 0ba cmepa. OBaj pe3yarar
ce He MOXKe JIOOUTHU y KOHTHHYAJIHO] anpokcuManuju J[aBuioBa, jep y ToOM MOJETY
MMaMO COJIUTOH Koju ce Kpelie wiu y nosutuBHoM (p(r — vt) WM Yy HETATUBHOM
cmepy p(x + vt) ayx janna. [lomro cy 1o naprukyjapHa peliema HeJluHeapHe
[[IpenunarepoBe jeaHavdnHe, OYUTJIETHO je A He MOCTOJH pelllerhbe Kao JuHeapHa
CYIIEPIIO3UIja 0B JIBA COJUTOHCKA perrema. OB Pe3y/ITaTu CBAKAKO IOKA3Y]jy
Jla je HyMepHu4KO pellaBaibe cucTeMa JudepeHIjaano-1udepeHnuuX jeTHaunHa
(Koje ¢y, y JIaTOj aNpPOKCUMAIMjH - HAJOJUKUX Cyce/ia, TAUYHUje O] KOHTUHYAIHe
anpokcuMarje laBuaosa) MHOTO MOTIYHHje W TPYKa HAM KOMILJIETHU]Y CJIHKY
IpOMAraIije OBUX eKCIUTANMjA YV (JTUCKPETHOM) jeJIHOJANMEH3UOHATHOM TIOJIAME-
PHOM JIaHILy.
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Ciuka 3.10 Tponaraumja CONMTOHA y NAEANHOM JINHEAPHOM NOJIMMEPHOM NaHLy.
Ekcutaunja je kpenpana Ha npeoj moHomephoj jeannum (N = 200), x = 192,
X1=x=062-10""N, xy = 0)).

60 80 100 120 140 160 180
LANAC

Ciuka 3.11 [lponaraumja COAMTOHA Yy WAEANHOM JINHEAPHOM MOJINMEPHOM
naHuy. EkcnTaymja je kpempana Ha cpegntm nonumepxor nanua (N = 200, k = 19%,
X1=x=062-10""N, xo =0).
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Crmka 3.12 YnopegHu obnnumn conutoHna (3a t = 50ps) y ngeanHom nnHeapHoM
nosmMmepHom saHuy. Solitonl - conmToH kpempaH Ha noveTky naHua; Soliton2 -
COJINTOH KOJU je KpenpaH Ha CpeauHn naHua.

Ha Ciunwm 3.12 npukasanu cy ynopegau rpadunu COMUTOHA Y TPEHYTKY ¢ =
50ps o1 MOMeHTA Kpealyje, Ha MOYeTKy U Ha cpeanuu Jarna (Solitonl u Soliton2).
Kao mro ce moxke npornenntu ca Cianke 3.12, COJIMTOH KOjU CTApTyje U3 CPEIHHE
JaHma uMma oko 1.33 myrta Behy Op3uHy y OIHOCY Ha COJTMTOH KOju ce hbopMupa
Ha [OYETKY MJIeAJTHOT JIMHEAPHOI' IIOJIMMEPHOT JIAHTIA.

[opmu pesysarar je yKazao Jla IOCTOjU HeKa Kopejanuja uamelhy Op3uHe n
AMILTUTY/Ie COMUTOHA. Y TOM TUJ/BY je JeTa/pbHUje M3BPIIeHa HyMepHUYKa aHaJ-
u3a ojHoca Op3uMHEe W aMILIUTYJie coiuToHa y Janily. [locmarpan je Jranar o
100 MoHOMepHHX jemHHIA W Kopak MeToge Runge Kutta H = 1-107%, ca
napaverpuma Janua J = 1.55- 1072 J, k = 192 y; = 6.2- 107"'N. Excurauuje
cy Kpeupane Ha noderky Janna. Ha Counm 3.13 npukasano je J0KJIe cy y JIAHILY
CTUIJIM COJIMTOHM HAKOH 3DPs 0J1 TPeHyTKa Kpealuje, y 3aBUCHOCTH OJ1, KBa/ipara
aMILINTYAa. JacHo ce BUIM Ja 1mocToju oapehena kopenamuja namel)y ammimryae
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u Op3WHe COJUTOHA JIYZK JIAHIIA.

2
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Comka 3.13 KBagpaT amnanTtyae, y MHEAPHOM MOJMMEPHOM JNlaHUy Y TPEHYTKY
t = 35ps.

Pajn mperyieIHOCTH, OBH pe3y/iTaTu ¢y npukasanu u tabenapuo (Tabemra 3.1),
rjie cy jare OpojHE BPEIHOCTH MOYETHUX aMILIATYja-A, KBajpara aMILIATY1a-
A? u mecta pemterke-N,,,, TJe Tajlac UMa MAKCAMYM y TPeHyTKy ¢ = 35ps, o
MOMEHTa Kpealuje.

Tabena 3.1

| A 1A ] Now|

(0.5,0.0) ] 025 86
(0.6,0.0) | 0.36 | 79
(0.7,0.0) | 0.49 | 70
(0.8,0.0) | 0.64 | 61
(0.9,0.0) | 0.81 | 51
(1.0,0.0) | 1.0 | 31
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Ha 6a3u mogaraka ca Tabena 3.1 manpramu cmo rpaduk 3aBucuoctu |A| o
Op3uHe COJIMTOHA, MTO je npukaszano Ha Coaunm 3.14.

90 ~

80 o

70 ¥

®
60 2

50 ~

40 N

BROJ PREDJENIH CVOROVA ZA 35ps (BRZINA)
/

2,12
|A]
Cinka 3.14 Besa namelhy anconytHe BpegHOCTM amMninTyae 1 Op3nHe CONMTOHA
3a t = 35ps.

Mcnpekugana Tunuja npunaga (hpuTOBAHO] MPABO] JUHUjHU (Y OJHOCY HA TAUKe
u3 Tabene 3.1). Koedunmjenr kopenamuje je R = 0.99998, mro mnpencrabba
CKOPO H/IeaTHO MOKJIaNamhe ca MpaBoM JUHIjoM. OBO je CYIITHHCKA HOB PE3YJITAT
KOJU ce He MOKe PelpoyKoBaT y OKBUpY /[laBuI0B/bEBOT MOJI€/Ia, jep TaMO, Kao
mTo ¢MO Beh mcTak/ImM, MapTUKYJIapHO pelllelhe HUje YOIIITe MOBe3aHO ca OUJIo
KOJUM HOYEeTHUM yc/ioBuMa, Beh je cranumonapHo, ca yHalpe/l JIaTOM OP3UHOM.

3.3.1 Hengeanan JuHEapHU IMOJUMEPHU JIAHAIL

OBJie je MCIUTAHO IOHAIIAME COJUTOHA Y JIUHEAPHOM IIOJIMEPHOM JIAHILY Ca
IPUMECcOM KOja Ha COJIUTOH Jenyje Kao bapujepa. Hymepnuky anan3y moHamama
COJINTOHA y CHCTeMy M3BpITuheMo 3a ciy4aj Janma jayxkuHe 200 MoHOMepHUX je-
awHuma, ca npuMecoM Ha 160-Ttoj monomepy. IIpomena emepruje ekcruTalmje
upumece je A = 0.3- 10722,
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AKo ce coMMTOH Kpenpa Ha IMOYETKY JIAHIA IIPH HAWIACKY Ha Oapujepy OH ce
noTIyHO pedJiekTyje o1 me Kao mro ce suad Ha Commu 3.15.

B 1

‘2-°°A=°°

Ciymmka 3.15 lNponaraymja CoNMTOHA Y AMHEAPHOM NOJIMMEPHOM NaHLYy ca NpuMe-
COM nocTaBsbeHoj Ha 160-Toj MoHOMepHOj jeguuunum. [lpumeca genyje Ha CONUTOH
kao eHepreTcka bapujepa (A = 0.3-10722J ). Exkcutaumja je kpempaHa Ha no4eTky
naHua.

AKO ce cotMTOH Kpeupa y YHYTPAIIHBOCTH JIAHIA, 11O/, UCTUM YCJIOBUMA Ko
commToH Ha Cowin 3.15, HAacTajy ABa COMMTOHCKA Taaaca KOjUu Ce MPOCTHPY KPO3
JaHaIl UCTUM Op3uHaMa aju y cynporanm cmeposnva (Couka 3.16).

Kao mrro Buanmo ca ciauke 3.16, yKyliHa eHepruja ce JeJii Ha JiBa COJNTOHA U
aMIIJTUTY/Ia CBaKe TPaHe je HUZKA. Y OBOM CJIy4ajy, 3a JaTe mapaMeTpe Y CUTEeMY,
HacTtaJjo 1nmodyheme ycueBa ja mnpohe Kpo3 Oapujepy Koja ce Hajasu Ha 160-Tom
MectTy y Jianny. MehyTum, HakKOH MHTEpaKIfje ca MPUMECcOM COJTUTOH BUIIIE HUje
crabunan u "mysncupa’, Tj. TOjaBU ce Ha HCUYe3He, IMITO Ce jACHO BUIU Ca TOC/Ie-
Jame cauke. Jlakie, oBa eKIUTalyja pa3Merbyje eHeprujy ca JpyruM CTeneHuMa
c000/ie cucTeMa, y MPBOM pejy ca OcCIuIanujaMa moauMepHor Jjanmna. Ocum
TOra, yodaBa Ce IIPUCYCTBO I'PAHUIIA OJ] KOJUX ce COJMUTOH pedieKTyje, ajii 0Baj
npobJieM 3axXTeBa IOJIPOOHU]Y aHATU3Y.
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Ciymka 3.16 Nponaraymja CoNMTOHA Y IMHEAPHOM NOJIMMEPHOM NAHLYy ca NpuMe-

COM nocTaBsbeHoj Ha 160-Toj MoHOoMepHO] jeguHuyn. EHepreTcka bapujepa nma Bpeg-
HocT A = 0.3 -10722J . Ekcutauuja je KpenpaHa Ha CpeauHN NaHua.

3.4 VTumaj eKCUTOH-(POHOH HMHTEPAKIHje HA MMOHAIAKhe
COJINTOHA Y MOJIMMEPHOM JIAHILY

Y oBoj nojcekiuju ucnuraheMo yTuI@Rj rmapamerapa eKCUTOH-(DOHOH WHTe-
pakmmje, X1 U X2, HA MOHAIIAE COJUTOHA Yy JIMHEADHOM MOJUMEPHOM JIAHILY
(M1eaJIHOM U HEUIeaIHOM).

[Mocmarpajyhin mudepennnjaano-andepennne jeanaanne (2.41) u (2.42) Bu-
JINMO JIa KOHCTaHTe X1 U X2 MHOXKe Jpyraumje m3paze. Mehyrtuwm, mpemackom
Ha KOHTHHYa/JHy anpokcuvanujy (jemnagmne (3.51) u (3.52)) mobujamo ma je
X = X1 + xo. llomTo je y mammm amammzama Y = const, TIpOU3UIA3H Ja CY,
y KOHTHUHYAJIHO] allpOKCHUMAIlju, HeOUTHE 1oje/[MHaYHe BPEJHOCTH X1 U X2, Beh
Jla je buTaH caMo ILUXOB 30up. 3a OejlaHvYeBUHE, HA IIPUMeEp, X Ce HAJIa3U Y HHTe-
psaiy o1 3.5 - 107N 10 6.2 - 1071 N. Hymepuuxa anaimsa judepeHimjaino-
mudepennnux jeanaunna (2.41) u (2.42) mokaszahe na komcranTe X M X2 Ha
PA3JIMYUT HAYUH JEeTYyjy Ha TPOMaramyjy COJUTOHA y JIMHEAPHOM MOJTUMEDPHOM
JIAHILY, IITO C€ CBAKAKO PA3JIMKYje O] KOHTUHYA/THE alPOKCUMAIIH]e.
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Ce cymTuHCKe 0COOWHE COJUTOHA 3aBHUCE Ol eKCHTOH-(POHOH MHTepaKIHje:
yHyTpaliltba eHepruja, epekTuBHa Maca 00J1acT JaHa 00yxBaheH COJMTOHCKUM
Tasacom, Bpeme xkupora, CTokcoBo momepare (Buan Tabery 2.1). 36or mperxo-
JTHO HABEJEHOT, MPOTEHA BPETHOCTU TTapaMeTapa eKCUTOH-(DOHOH WHTEepaKInje je
BeoMma BakHa [26, 41].

[Tapamerap ekcuTOH-(POHOH MHTEpAKIIUje Y1 OIHUCYje IMPOMEHY e€Hepruje Mo-
HOMEPHE jeJIMHUIE HA JATOM MECTY N, YCJIeJ MAJIuX OCIUIAINja N-Te MOHOMEPHE
jemunune tj. x1 ~ dE,/dR, tae je E, enepruja n-te MOHOMepHe jejunuie a R,
10J102Ka] N-Te MOHOMepHE jeauuune. Jpyru winan Yo ~ 3J/R,, takohe Baxam,
OJIHOCH Ce Ha MPOMEHY eHepruje JUMOJI-JIUIoJ WHTepakiuje J u3Mmely cyceaHnx
MOHOMEDHUX jeJTUHUIA, YCIe] MAJUX OCIUIANN]a MOHOMEPA.

[Tomenyhemo, Ha oBom mecry, na je W. Forner [43] Bprimo ciimaHe HyMeprake
aHaJIM3e aau caMo ca mapaMeTpoM xi. Pabene cy crymauje, Hymepnuke [44] u
aHasuTHdKe (Bujgetu y [39]), AMCKPETHUX U KOHTHHYAJHHUX jeJHAYNHA Yy HAMEDU
Jla ce ofIpejie TpaHUYHEe BPEJHOCTH TapaMeTapa eKCUTOH-(DOHOH HHTePaKInje YHY-
Tap Kojux je moryhe popmupame comuTona. ¥ HAITIM HYMEPUUYKUM KaJKYyIAIA-
jama ysehemo ma je ¥ = x1 + X2 = 6.2 - 107" N, mro oxrosapa ropmoj rpanuim
KOja ce MOzKe HahuW y JIUTepaTypu 3a OBe CHCTeMe.

Y upBom jeiy anajusupahemMo wjaeaHu JIMHEAPHU MOJUMEDHH JIAHAIL U I10-
kazaheMo ma Op3WHA COMUTOHA 3ABUCH O] OjeITMHAYHUX BPETHOCTH X1 M X2-

Takobe hemo anajnusuparu Henjeaj Hu JIMHEAPHU HOJIMMEDHH JaHAll (JaHaILl
ca mpuMecoM) ¥ TokazaheMo Ja TIOHAIakhe COJUTOHA HA IPUMECH Takohe 3aBUCH
0J1 BPEJTHOCTHU X1 U X2 IIOHAOCOD.

3.4.1 WagenHu moJuMepPHH JIaHAIL

[Tocmarpamo sanar o N = 500 MOHOMEpHUX jeAMHUIIA. Y 3MHUMO Ja je KO-
ebunujent enacruanoctu Jganna £k = 19N/m. Ocum Tora, kopak Merone Runge
Kutta IV pena je H =4 -107°.

Ha Cmkama 3.17(a) mo 3.17(e) mpukasaHu cy pe3yaTaTH HYyMEPUYKHX HC-
TpakKuBamba Hpolaralyuje COJUTOHA 33 PA3JIMYUTE BPEJIHOCTU IIapamerapa X1 H
X2, ¥3 yeIoB X = X1 + x2 = 6.2 - 107''N, Bugeru [46]. Jacwo ce Bumu, ca
IPIIOKEHUX CJIMKA, Ja je Op3WHA COMUTOHA PA3JUYNTA 33 PA3TUUNTE II0je -
HaYHe BPEJHOCTU X1 U X2. [Ipema Tome, 3aKk/bydyjeMo ja Op3uHa COJMTOHA HUje
aauTHBHA (DYHKIHja mapamMeTapa eKCHTOH-(hOHOH HHTepakKImje Y1 U X2, IITO Ce
HE MOYKe BUJIETH y OKBUDY KOHTHHYaJIHEe anpokcuMaruje /laBujona.
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Comka 3.17 [Nponaraymja connToHa y naeasHoM JMHEapHOM NOJMMEPHOM J1aHLyYy.
Kopuwhenn napametpu: (a) x; = 3.5 - 107"N un xp = 2.7- 10711N; (6) x; =
4.0-107UN un xo =22-107UN; () x1 =4.5- 107U N n xo = 1.7- 1071 N; ()
X1=50-107"Nunyx,=12-107"N; (g) x1 =5.6- 107" "N n x5 = 0.6 - 107 N;
(5) x1=6.0-107"N un x5 =0.2- 1071 N; (e) x1 =6.2- 107N un x, = 0.0.
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Herapauja anannsa Cauke 3.17 mokasyje ga ce ca cmamemeM Y (moseharme
X2) nosehasa 6p3una conmrona. /IBa cy dakropa Koju yTudy Ha TAKBO MOHAIIAHE.
Yaumajyhu y 0063up jgedunuimjy xi, jacHO je jia nmopehame OBOT MmapamMeTpa CTHU-
MYJIHIIE JIOKATu3anujy mobyhema Ha TaTOM MECTY W CAMUM THM CMaibyje Op3uHY
cosmmrona. C apyre crpane u3 jgeduHAINNje TTapaMeTrpa X2, jJACHO je 1a Heros I1o-
pacT J0BO/M /10 ToBehama Op3UHEe COJUTOHA, Tj. MOTIOMazxKe Op:keM TpaHcdepy
eKCIUTAIIje Ca MOHOMEPA Ha MOHOMED.
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Ciuka 3.18 lNponaraymja CONMTOHa y MAEaNIHOM JIMHEAPHOM NOJIMMEPHOM J1aHLyYy.
Kopuwhenn napametpu: (a) x1 =5.2- 107" N u x, =0; (6) xg =5.2- 107N n
X2 =1.0-10""N.

OBa curyanmja 3axTeBa JeTa/bHUjy aHAJIU3Y TAKO Ja heMo y CHCTeMy je-
maunua dukcuparu x; u nosehaBatu yo. Ciuke 3.18(a) u 3.186) omrosapajy
ciayuajesuma: (a) x1 = 5.2 107N u xo = 0; (6) x1 = 5.2- 107N u xo =
1.0 - 107" N. Pasnnka y 6p3nHamMa je jeasa mpmMMeTHa W, ¢ 0O3MPOM HA TO A
je ped 0 HyMepHIKUM CUMYJallijaMa, TeMIKO je YOUUTH Ja TOCTOjU pas3auKa y
Op3uHaMa Iponaraiuje CoJUTOHA ca npomMeHom Xo. lloryegajMo Heke KBaHTH-
TaTUBHE MapaMeTpe KOju cjejle W3 oBe aHaau3e. TokoM mpBux H0ps COJMTOH ce
kpehe cpeamom Gp3uHOM KOja, anpokcuMarusio, usnocu 1.60 site/ps. Ca nopac-
TOM BpEMEHa Cpejiiba Op3WHa COJUTOHA Ce CMambyje, Ipeaa3u y PEeruoH ca Ko-
HCTAaHTHOM Op3mHOM, Tako Aa u3Mmehy 200 u 250-Te MOHOMEpPHE jeUHUIE CPeIiha
Op3una nva BpeJHoCT oKo 1.26 site/ps. YV cayuajy npukazanom wa Connn 3.18(6)
cpemba Op3uHa coTUTOHA 3a npeheHnx npux 50 MOHOMEpPHHX jeMHUIA U3HOCH
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oko 1.70 site/ps, nok usmeliy 200 u 250ps usnocu 1.24site/ps. Y oBom ciyudajy,
nakon 100ps cpejitba Op3uHa, IPAKTUYHO, 1I0CTaje KOHCTaHTHA. Ha ocHOBY oBOTa
MOYKEMO 3aKJ/by9HUTH J1a ca moBehameM Yo Cpema Op3WHa Ha MEJI0M WHTEPBAY
MOHOTOHO pacTe, Tj. cpearba Op3mHa, KOja ce OIHOCH Ha caydaj Yo = 0, u3Hocu
1.392 site/ps 1ok 3a x2 = 1.0 - 10711 N ona usnocu 1.42 site/ps.

350 350
£l 300

ZSD; 250
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T T T T T T
50 100 180 200 280 =00 280 a 50 100 150 200 250 200 350

TIME(ps) TIME (ps)
a) 6)
Cinka 3.19 lNponaraymja CONMTOHA y AEaNHOM JIMHEAPHOM NOJIMMEPHOM J1aHLy.
Kopuwhenn napametpu: (a) x1 =5.6- 107N u xo =0; (6) xg =5.6- 107N u
X2 =0.6-107"N.

Ako nosehamo x; Ha BpegHocT X1 = 5.6- 10711 N Mozke ce BujeTn s1a je 6p3una
COJTUTOHA Mamba M IPAKTUIHO HE3aBUCHA O] Xo. Pe3ysTaru HyMepHUKe aHAIH3e
npukasanu cy Ha Coumum 3.19(a) u 3.19(6). 3a x2 = 0 cpeama Op3uHA COTUTOHA,
tokom 1ipBux 50ps je 1.30 site/ps u onaja ca BPEMEHOM, TaKO Jia Y UHTEPBALY
u3mehy 350-400ps, mocruzke Bpeanoct ox oko 0.84 site/ps. Ca mosehamem X,
cpeama Opsuna ce , y npsux 50ps, marano noseha na 1.32 site/ps, 10k y maTep-
Basy of 350-400ps uma Bpeanoct ox 0.82 site/ps.

Ha ocnoBy oBoOr MOKe ce HeJIBOCMUC/IEHO 3aKJbYyYUTH J1a je TJIABHU I1apaMerap,
Koju ojapebhyje cpeimby Op3WHY COMUTOHA Y WACAJTHOM JIMHEAPDHOM IOJTUMEPHOM
JIAHILY, TapaMeTap eKCHTOH-(hOHOH MHTEpaKIhje X1.

Tpeba nmatn Ha ymy Jia He TOCTOje MPETXOJAHE CTY/IMje OBaKBOI KapakTepa,
OJIHOCHO OJIBOjEHOT yTHIaja OBa JBa IapaMeTapa eKCUTOH-(DOHOH HMHTepakIluje,
Te ra crora Huje Jako Hu objacHuTH. aBbinoB je y paiy [45] nokaszao jga Makcu-
MaJiHa Op3uHa COJTUTOHA, Y 3aBUCHOCTHU O/ PE30HAHTHE JIUIIOJI- U0 HHTePaKIIH]je
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U3HOCH VUpyar = 2aJ/h. Meljyrum, BuguMo 1a, y KOHTHHYAIHO] APOKCAMAI]H,
Umaz COJIMTOHA je HE3aBHCHA OJI Y1 U X2. MM CMO noKa3aJiu Jia OHA IIPUMAPHO
3aBHCH Of X1 MTO je mybsmkoBano y [46], rae je Takohe mokaszano Ja je yi-
paBoO TMapameTap eJeKTpOH-(hOHOH WHTEepaKIje X1 OJIFOBOPAH 3a JOKAJIU3AIH]Y
eKCuTaImje.

3.4.2 HeungesHu moanMepHH JIaHAIL

Y oBoM ey ucnutuBaheMo MOHAIIAame COMUTOHA Y HEHJIEAJTHOM JIMTHEAPHOM
MOJIMMEPHOM JIaHIly (WjeajiaH JIAHAIL Ca jeJ[HOM MPHMECOM) Yy 3aBHCHOCTH O]
BPEJTHOCTH TapaMeTapa eKCUTOH-(POHOH MHTepakKIiuje X1 U X2. V3abpaau cmo j1a
npuMeca Jiejlyje Kao eHeprercka Oapujepa. 3a eHeprujy nodyhema mpumece cmo
ysemu A = 0.5-10722]. [locmarpan je nanar ca N = 400 MOHOMEPHHX j€/IHHUIIA.
[Ipumeca je mocrasbena uHa 200-Toj MOHOMEpPHO] jeawHUIU. 3060T jacHOhe, HA
Coumn 3.20, npukasano je camo 220 MOHOMEPHUX jeMHWIA JIAHIA, JIOK je Ha
Cnukama 3.21 u 3.22 npukaszano ceux 400 MOHOMEPHHUX jeJMHUIIA JAHIIA.

VREME(ps)

Crmka 3.20 Tponaraunja cCOnMTOHA Y IMHEAPHOM MOJIMEPHOM J1aHLY ca npume-

com. lMpumeca je Ha 200-Toj moHomepHOj jeannuun. (x1 = 6.2 - 107N n yo = 0;

A=05-10"22)).
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Ha Caumuz 3.20, 3a mapamerpe 1 = 6.2 - 107N u yo, = 0, gobmjena je
pediekcuja coiuToHA 0J1 bapujepe.

MebhyTtum, cvamemem X1 (x1 = 5.6 - 1071 N) u yxspyunsamem xo (Y2 =
0.6 - 1071 N) curyanuja ce 3Hauajno Mema. IlojaBoM 4iaHa Yo, KOjH HOMAazKe
TpaHcdepy ekcnuTaiuja, J100Hja ce Ja COJANTOH ycleBa Ja ~capiajaa’ Oapujepy
(Cimka 3.21) m OpakTHYHO HECMETAHO HACTABU Kperame JyK Janma. To je jorr
ounrseuuje ako nosehamo xo (Y2 = 2.7 - 1071 N), mro ce sumu ca Criuxe 3.22.

10 160
VREME(ps)

Cuinka 3.21 Nponaraymja CONMTOHA Y IMHEAPHOM MOJIMMEPHOM NIAHLYy Ca NpuMe-
com. lMpumeca je Ha 200-Toj moHOMepHO] jeguHuumn. (x1 = 5.6 - 1071 N n x, =
0.6-1071N; A =0.5-10"22J).

OBe mymepuuke aHa/ju3e MOKa3yjy Jla W y CJIydajy JIAaHIA Ca HPUMECaMa,
napaMeTpu eKCUTOH-(POHOH MHTEpAKIUje Y1 U X2 CBOJUM IIOjeITMHATHUM BPEIHO-
CTHUMa YTUYY Ha JIWHAMHKY COJHTOHA, CJAUYHO KAO M y HIAEAJHOM JaHIy. To
je buTHa pa3/MKa y OJIHOCY Ha KOHTHHYAJHY alpPOKCUMAIUjy, TJe YBEK UMaMO
30MPHO JI€jCTBO OBUX MapaMeTapa IpeKo KOHCTAHTe X = X1 + X2-
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80 80 1080

VREME(ps)

Ciynka 3.22 Nponaraymja CONNTOHA Y IMHEAPHOM MOJIMMEPHOM NAHLY Ca NpuMe-
com. lMpumeca je Ha 200-Toj moHomepHoj jegunuum. (x1 = 3.5- 107N un x, =
2.7-1071MN; A =0.5-1072J).

OBI/I pPe3yJaTaTH HYMEPUIKHUX HCTPazKuBalba JUHAMUKE COJIMTOHQ Yy IOJIMME-
PHEM JAHIAMa Ca IpHMecaMa, MOLIA OM ONTH MHTEPECAHTHH U 3a OHOJIONIKEe
cucreMe, KOjU Ce MOIY MOJEJMPATH Ha CAMYaH HAYUH (Q-CHUPAJHE MOJIEKYJIH
GeslaHYeBHHA WT/L. ), TJe O TpHMeca TpecTaB/baia Heke jedekTe y CTPYKTYPH,
KOjU MOrYy OMTH y3pOK W HEKHuX ob6osbema (Hup. miehepre Gosectn). Hapasuo
Jla Cy y TOM mpaBily norpebHa may0/ba, MHOTO JeTa/bHUja U KOMILIEKCHUja OJr0-
Bapajyha MyITHIUCIUILIMHADHA HCTpakKuBama. Ha Kpajy Tpeba mcrahm ma cy
OBa UCTPa3uBaiba BEOMa aKTyeJIHa Ha IITa YKa3yjy myOJuKoBaHU OPOjHU PaJiOBH

[47)-[50].
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3akJpyvak

Y oBOj gmcepranyju je pazMaTpaHa Moryha ysiora COJUTOHA Y TPAHCIOPTY
eHepruje y jeJHOAMMEeH3MOHAJHUM moTuMepHuM Jjraniuma. OBo je o1 mocebHOT
3HaYaja ¢ 003UPOM Ha MOryhy IMpHMeHY Ha HeKe KOMILTEKCHe OHOJIOIIKE CUCTeMe
Kao IITO Cy —ClupaJiHe OjeslaHYeBUHE, HYKJIEMHCKE KUCEJIMHEe UT/I.

Y [npBOj IJIaBU JaTe Cy HeKe OIIITe KapaKTepucTuke OeandeBuHa. [locedbHo
jé MHTepecanTHO Jla ce UCTaKHe T3B. MpOOJIeM MOCTOjarba MOHOXUDATHUX CTAFha
o/ipeheHnx MoJIeKy/Ia 1 -aMUHOKHUCENHA O] KOjUX CY cacTaB/beHe Oe/laHueBHHE.
[Ipobiem je oTBOpeH BHIIIE OJ CTO U I€JIeCeT TOAUHA a Y OBOj JUCEPTAIMjU CIIO-
MeHyTH cy opurnHajguu pedyararu ayropa (IIpuior B) koju cy nybaukosann y
pajosnMa [16]-[19].

Y Jpyroj rjiaBu aHaJIM3UPaHU Cy MOryhu MexaHu3MH IIPeHOCA eHepruje y
MOJIEKYJTapHUM JIAHIIIMA KOjU Ce OCJarhajy Ha COJUTOHCKU MOJIeS PYCKOT hu-
suaapa A»C. JlaBeioB-a. /laTe cy ymopemgHe KapaKTepUCTHKE eKCUTOHA W COJIU-
TOHA, TJIe je MMOKa3aHO Jia Cy COJIMTOHM MHOTO HMOTO/IHWje eKCIUTaIKje, C 003UPOM
Ha IbUXOBY CTAOMIHOCT, 3a HPEHOC €Hepruje ay:K JaHia. Takobhe je popMyancan
XaMUJITOHU]AH j€/IHOIMMEH3MOHAIHOT JIAHIA Cca IPUMecaMa U aHaJIu3upaHe cy Ju-
HAMUYKe jeJHaduHe y TOM ciaydajy. Pesynraru oBHX mcCTpakKuBama 00jaB/beHH
cy y pajgosuma [29]-[31].

HajourHuja anannsa cucrema gudepennnjaano-indepeHIHnx jeiHaInHa, Kao
u MoryhHOCT Kpenmpama COJIUTOHA, AaTa je y Tpehoj rmasu. Hymepuukom myTem
jée MmoKa3aHo Jia ceé eKCUTOHCKHU TaJIach BPJIO OP30 pacIlIUibyjy, T€ CBAKAKO HUCY
IOTO/THU 3a MPeHOC eHepruje y MOJUMepHHM JaHnuMa. /leta/pbHuja HyMeprudKa
aHaJ/in3a, Koja ooyxBara npobJjieM Kperuparmba COJIUTOHA, KAKO HA II0YETKY TaKO U
VHyTap JaHIa, MOKa3aja je Ja ce HyMepumikKe aHAIu3e JUCKPEeTHUX jeTHAInHA
MHOTO OIIITHje W PeaJuCcTUYHHuje O/ KOHTHHYaJ He ampokcuManuje /laBmmosa.
Taxkobhe je nmokazan, HyMEpUYKUM IIyTEeM, YTHUIIQ] KOHCTAHTU €KCUTOH-(POHOH MHTE-
paKIyje Ha TUHAMUKY COJIUTOHA, KAKO Y UIEATHOM, TAKO U Y MOJUMEPHOM JIAHITY
ca mpumecama. OBo cy opuruHasnu pesyiararu [42, 46|, rue je HeIBOCMHCIECHO
MOKA3aHO JIa MMOCTOjU Kopesalnuja m3Mel)y Op3uHe u aMILTUTY/Ie COTUTOHA, KAKO Yy
njiacaJJiHuM, TakKO Uy HEeUJeaJIJHUM IIOJIMMEPDHUM JlaHOUMa, U Jdd 6I/ITHO 3aBUCH O]
OJIHOCA TIOjeIMHAYHUX BPEJIHOCTH TapaMeTapa eKCUTOH-(DOHOH KYILJIOBamba, ITO
je pe3yaTaT Koju ce He MOxKe JTOOHUTH y OKBHPY KOHTHHYAJHE AlPOKCHMAIIH]e
MOMITO TaMO JIMHAMUKA COJTUTOHA 3aBHUCH O] KOHCTAHTE X1 + X2, U HE TOCTOjU
KopeJialgja u3Mely aMILTUTy e 1 Op3uHe coiuToHa. 10 je 300r Tora ITo ce paJiu
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0 MapTHKY/JIAPHOM COJUTOHCKOM peIlerby Koje je CTalmoOHapHOr THIIA.

[leo crekrap pesyJirtara y OBOj Jucepraiuju, J00UjeHUX HYMEPUUYKUM aHaJIM-
3aMa COJUTOHA y JaHuuMa [42, 46], Morin 6u GuTH MpUMermeHn Ha TTPOBIeMIMAa
TPAHCIIOPTA €HepPruje Yy KOMILIEKCHUM OHOJIONIKAM CHCTeMHMa (q-criupaiHe Oe-
JaHdYeBHHe, Ha npumep). Meljyrum, u3BecHo je na TakBa HMCTpasKMBamba 3a-
XT€Bajy MHOTO JIeTa/bHU]y CTY/HU]y WHTEPJAUCIUILIHHADHOr Kapakrepa (dbusuka,
6uodusnka, MmaremaTnka, GHOJIOrHja U MOJIEKYJIapHa OHOJIOTHja).
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A . Ilpumaor

Y oBom npujiory jata je Tabesa u3 [tase 1, naparpada 1.1, rje cy npukasane
dopmyste aMIHOKWCEIMHA W BPEIHOCT M30-eJIeKTpudHe Tadyke pl.
Tabena 1.1 a-amuHOKUCETMHE

pKa PEa,

P.Op. | AMWHOKMCEnuHa | Xemwjcka opMyna | . oox & NE? vl

HeyTpanHe aMMHOKWCENWHe

T s

1 Gly (G) HayN-CHz-COOH 2.3 98 6.0
2 i’fﬁj‘; H’C'E:;Cm” 23 9.7 6.0
3 Ez*lm&f; ”’C'E:;E::mo“ 2.3 9.6 6.0
4 HELW(LH;{’ H;C—EICH;—E::CGOH 54 9.7 6.0
5 HSC}T:EHHS H;(:-{tH?—E:;i:;ctUUH 24 96 6.1

benumamanun” @CHE_CH_CQO H A A <
6 Phe (B : 26 | 92 5.9

NH;
Acnaparun HyN-CO-CH-CH-COOH ) -
! Asn (IN) NH;, 2.0 8.8 4
Tnavranmn H;N=CO=(CH;);-CH-COOH . -
: Gin (Q) N 22 | a1 | 5T
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CH;—{IJ H-COOH

Tpuntodan” W NH; . , <
9 Trp (W) y 2.4 9.4 5.9
H
10 III,P""E* CNVCDOH 2.0 10,6 6.3
o - H
Cepun HO-CHy=CH-COOH
11 Ser (S) herg 2.2 92 5.7
" Tpeornn" HO-CH-CH-COOH )1 o1 s6
'I‘hr I:I) CH}NHI : : :
Tupozun @
13 HO H;-CH-COOH 2.2 9.1 5.7
Tyr () i | | -
f Ilucrens HS—-CH,-CH-COOH
14 Cys (C) TLH; 1.8 102 5.0
15 Metuonun" HyC-S~(CHy)z-CH-COOH 13 99 57
Met (M) NH; : : :
Kncene aMMHOKMCENWHE
Acnaparuscka HOOC-CH;~CH-COOH
16 KHCETHHA T~|-H 21 98 3.0
Asp (D) 2
T'mvranmncka .
- HOOC-(CH;),—CH-COOH
17 xcenHa R 21 05 | 32
Glu (E) :
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BasHe aMWHOKWCENWHe

JMuzun’ H;N—(CH;}4-CH-COOH
| 79
¢ Lys ®) i 22 | 89 | 97
Apruamnn’ H;N-C-NH~-{CH;);-CH-COOH
e Arg (R) N Nk, 2.0 9.0 10,8
X }E-B—CH CH-COOH
4 HCTHIHH | CH-C
20 His (H) N 18 9.1 7.6
H
AMMWHOKWUCENUHE KOje Ce CUHTeTHILY HaKOH YCNOoCTaBrbaka
nonuamMuaHor naHua
COOH
21 XuapoKCHIpoTIH 19 9.7 6.3
Hyp Noy
HO
T
) ucTun §~CHy-CH-COOH 1.6 7.9 i1
Cys-Cys S-CHy-CH-COOH 2.3 9.9 .
NH;

] .
SCEeHITH] AJHE A MHHOFHCeTHHE

Y Tabenn 1.1 naBenene cy 22 amuHokucesune. llpBux apajecer henmje Ko-
pHUCTe 3a CHHTe3y OelaHYeBUHA. 3a/ibe JBe, Y HABEJIEHO] Tabe/d, CHHTETHUIIY Ce
HAKHATHO, HAKOH YCIOCTaB/hatha MOJUAMUIHOT JAHIA. 10 Cy XUPOKCUIIPOJIHH
(Koju ce HATTA3U cAMO y KOJIAreHy) a KOji HacTaje W3 MPOJIUHA U IUCTHH (HAIa3u
ce y Behunn GeslaHueBHHA) KOjU HacTaje OKCHUAANUjOM mucrenHa. [Iposmu mma
HETIITO APYTAYHjy CTPYKTYPY O/ APYTUX aMUHOKHCETNHA jep ce KOJ Ihera ca a3o-
TOM jeJIMHU CaMO jeJlaH aTOM BOJOHUKA.

A.1 Tepuujapua (Tpehecrenena) crpykrypa GesaHdeBuHA

Y dopmupamwy crabusiHunx obJjimka MoJieKyJia OejlaHdeBUHA, C 1opemeheHuM
JIeJIOBUMA (-CIIMPAJIHE CTPYKTYpe, CYIITHHCKY YJIOTY Urpajy xujapodobna m xu-
npoduIHA HHTepaKIija ¢ BoJoM. Te HHTepakimje JT0BOIe J0 TOTa Ja ce MOJIEKYJT
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caBuja y T3B. 1100y/1y (KJIyNKO) KOja MMa Marbe win Buine cdepal oOTUK pa-
JUKasmMa ([JIy TAMUHWIL, TUPO3WHUJL M JP.) & YHyTap riobyse ce HOCTaB/bajy
JIeJIOBH Ca MPETEKHO XUAPOMDOOHNM paauKaanMa (JTeyInHIII, aJaHnHII, (DeHm-
AJTAHUHUHWT U Jp.). Heku ayropu y JApyrocreneHy CTPYKTYPY MOJeKyaa Ge-
JIAHYEBUHA CBPCTABAjy UCKJBYUYHMBO CTPYKTYPY KOja je yCJIOB/bEHA CAMO MHTEDAK-
mujaMa u3Meljy rpyma aroma yHyTap HenTHIHOT JAHIA (BOJIOHUYHE Be3e, XeMUjCKe
Bese, joHcke Bese, jucyaduan MocTuhu, U, ).

Koundopmanujy (mpocTopHE paciopes) CBIUX aroMa OeJlaHueBUHA, Y3POKOBAHA
IEHOM MHTEPAKIIUjOM Ca BOJIEHUM OKDYZKeHheM, HEKU Ha3uBajy TpehecTenmeHOM
CTPYKTYpPOM OejlanueBuHa. lIpemMa MUNI/bEIY MHOTHX ayToOpa OBa IMojesa je
YCJIOBHA.

Y ommrreM ciydajy Japyrocrenena u Tpehiecrenena crpykTypa Mosekysia oe-
JIAHYeBUHA Y3DOKOBaHE Cy MPUMAapHOM CTPYKTYPOM OeTaHYeBHHA, Tj. CACTABOM
n paclopeaoM aMHHOKUCEJIMHCKUX OCTaTaKa /JAYy2K HBEHOI' IIOJIUIEIITUAHOI JIaHIA.
TakBa cTpyKTypa ce yCHOCTaB/ba HAKOH 3aBPIIeTKa CHHTe3e IeJI0T MOJIeKyaa Oe-
JlaHdeBUHE y puOo3oMy. JIpyrum peumma, y jeTHAKUM CIHOJHAITIGAM YCJIOBUMA
OeJlaHYeBUHE C PA3JIUYUTHM ITPBOCTEIIEHUM CTPYKTYpaMa UMajy pas3uduTry JIpy-
rocteneny u Tpehecremeny cTpyKTypy — KOHMUTYpaNujy WIn KOHGOPMAIH]Y.
Taksa kondopmanuja ojarosapa munumymy ['ubcose cji0b0/HEe eHepruje cucreMa
KOJH Ce CacTOju U3 MOJIeKyJa OeJlaHIeBUHE W HHerOBOT OKPYZKEha.

Y pajosuma [ltununa, Jluma u jpyrux ayropa lpejjiozKeH je MeTojl Hpeji-
CKa3WBarmba JAPYyrocrernere CTPYKType OeTaHvYeBrHA Ha OCHOBY IheHe MPBOCTENeHe

CTPYKTYDe.

A.2 YerBopocTelieHa CTPYKTypa OejlaHYEBUHA

OBa cTpykTypa GemandeBUHA OMHUCYje HAYUH HA KOJjU C€ HEKOJTUKO MOJTHUIIET-
THJHUX JIAHAIA, Ha PAYyH JUCYJIPUIHAX MOCTHNA, BOJOHUYHUX M JOHCKUX Be3a
u Ban qep BajsicoBe uHTepaxiimje, moBe3yjy y jeIMHCTBEH MOJEKYJI (arperar).

BenanueBune koje cajpzke BHIIE O] jeJHOI IOJHIENTHHOD JAHIA HA3UBAjy
ce onuroMepu (IUMepd, TPUMEDH, UT[A.) a IOjeJUHAYHU JIAHIU MPeCTAB/bajy
cyojenunure. CyOjeuHuIe 3aap:kaBajy CBOjy MPUMAapPHY, CEKYHIAPHY W TePIU-
japuay cTpykTypy. Takap onmromep mnokasyje oxapeheny OMOJIONMKY aKTHUBHOCT
KOJy cybjeuHuIle KOje ra rpaje Hemajy.

Jenna oj Hajbosbe mnpoydeHux OeslaHYeBHHA Ca J1e(DUHUCAHOM YETBOPOCTE-
MEeHOM CTPYKTYypoM je xemorsoomn. OH ce cacToju O/ YeTUPHU IMOJTUIENTHTHA
JIQHIIA, (,ZLBa Q- U JIBA -1OJIMIeNTH/IHA, ﬂaHua). Nma pedunucany u cekyHapHy
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CTPYKTYPY KOja je Y BEJIMKOj Mepu Yy OOJIUKY (-XeJHuKCa KOjH Ce CaBhja TaKo
Ja obpasyje ruobysy (repuujapuy crpykrypy). Lleo mosekysn xemorsiobuna nma
cdepHn 00/IUK.

Muoru eH3uMH, KOjU KaTaJu3yjy OHOJIOIKe peaknuje y henmjama mmajy de-
TBOpOCTeneHy crpyktypy. Hmp. en3um docdopuiaza, koju je oaroBopan 3a
qyBaibe U Jerpajialiujy IJIMKOoreHa y hemmjaMa, cacToju ce U3 JIBa MOJUIENTHIHA
JaHna uja je maca 96000 naarona.

[locToje u TakBe OeslaHYeBHHE KOje caJipzKe JiBajeceT cybjeuHuIa, Kao IITO
je anodepurun. Csaka o cyOjeaunuIia je y o0auKy riodysie, a maKyjy ce Tako
na ce maMely muUX cTBapajy MIyIJbWHE Y KOje Ce MOTY CMEeCTHUTH COJu TBoxKha,
obpa3yjyhn Tako MpoTemHCKO CKJIAJIUINTEe TBOXKNA, CIOKEHU MPOTenH (hbepuTuH.

[Tonena OGenanvyeBuHa MOYXKE Ce M3BECTH 110 pa3/MduTUM OcHOBama. lIpema
IPOCTOPHOM H3IJIeIy W HEKHM (U3UIKUM ocoOmHAMa OejlaHYeBHHE ce Jiejie Ha
dbubpunapue n ruobynapre. @Pubpustapuu nporenHu (KepaTwH, KOJATeH, WT/IL.)
cacToje ce 0J1 BUIIE HOJTUIEHTH/THUX JaHana 30ujeHuX jeJaH y3 APpYru y AyradKuM
BakHuMa. Mory 6uTh a- u S-CTPYKTyYpe a 4eCTO ¢e HEKOJIHKO CIHPATHIX JTAHAIA
HaJIa37 napaJsiesiio ca J-crpykrypom. Oubpuiapre GestaHuIeBUHE Cy HEPACTBOPUBE
y BOJIM &I Cy PACTBOPJbUBE y jaKUM KuceanHama u 6azama. Oe BpcTe Oenamue-
BUHA Cy CTPYKTypHE KOMIIOHEHTe Muiiinha, TeTuBa, XpCKaBHIE, KOXKe U POrosa
KO/I YKUBOTHUIbA, OKJIONA KOJI KOPHhadya UT/I.

[i00ysiapuu nporennu cy Hajuelnihe yBUjeHU y KOMIIAKTHY CTPYKTYpYy Lpu-
6o cdepror obamka (rmobyna). Hemomaphe rpyma G0YHMX HH30Ba aMu-
HOKUCEJIMHCKUX OCTATAKA TPYNUIILY Ce YHYTap Tao0yJe (IITo JOMPUHOCH CTabu-
JIHOCTH TepIHjapHe CTPYKType) a HOJIapHe Ce OPUjeHTHIIY Ka CIOJhAlho] Cpe-
quHE (MpeMa BOJM), Ma Cy 3aTO TJIOOYJIapHH MPOTEMHU PACTBODPJHUBU Y BOIU U
pa30/iayKeHUM pacTBOpUMa, COJIU. Y T1JioOysiapHe OeJlaHYeBUH CIAJIajy €H3UMU
(amp. puboHyKJea3a), TpaHCHOPTHe GeaHueBHHE (XeMOIJIOOWH, MHOLJIOOWH) H
XOPMOHH.

Ha ocuoBy cacrasa OesnandeBune ce jejie Ha npocte u ciaoxkene. CJioxene
OestaHueBUHE Ce oIl Ha3WBajy W mpoTeuau. lIpocte OGenaHdeBUHE XHUIPOJTH30M
Jlajy caMO aMUHOKHCEUHE, JIOK CJI0KeHe Oe/JaHvYeBHHE MOPel aMUHOKHCE/INHA
Jlajy ¥ HeKa Oe/laHUYeBHHACTA je/IMIberhba KOja ce Ha3WBajy IIPOCTETHYHE IpyIe
(ka1 cy y CKJIOIY CJIOZKeHe DelaHdeBUHE).

Pexju cMmo 1@ ¢y Apyrocrernena u BUIECTEIIEHe CTPYKTYPE YCJIOB/bEHE CIa0UM
BOJOHUYHUM Be3aMma, xuapodobuum, xugopduraum u Ban gep BajicoBum maTe-
pakiujama. 300T TOra ce TaKBe CTPYKType HapyliaBajy Hnpu 3arpeamy 10 60 —
70°C'. Jla 61 ce HAPYIIN/Ia IPBOCTEIICHA CTPYKTYpa, 6e3 IPHCYCTBa eH3NMa, TI0TpebHe
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CYy MHOI'O BHUIIIE TeMIIepaType.

[Ipomec pazapama ApyrocreneHe u BUINECTENEHUX CTPYKTypa OejlaHueBHHA,
pU KOMeE Ce 09yBaBa MPBOCTENeHa CTPYKTYPa, HA3WBA Ce JeHaTypaluja Oelantde-
BuHa. KyBaHa m mp:KeHa XpaHa cajapzKe JeHaTypucaHe OGenandepume. Jlo mena-
Typaluje MoJieKy/1a OeJaHdYeBruHe MOYKe JIONW U TPH JAeJI0Baby yATpa/byOndacTor
3paderha, MpH HHTePAKIUjH Ca COTUMA TEIIKHX MeTaa U IPU HEKHM OPTAHCKHUM
peaknujama. IIpuinkom jieHarypaiuje MojeKyJ OejiaHdeBuHe I'yOu cBe OMOJIONIKE
dyHKIH]E.

Yorrreno ropopehu, mpomena o0JiMKa MOJIeKyJ/1a OejlaHuYeBUHA BPIIU Ce U Ha
FPAHUIM BOJIe W HEKe JIpyre T'PyIHEe MoJjieKyjapHe cTpyktype. Hmp. en3uma
y OHOJIOIKHM MeMOpaHaMa Ha TPAHUIM BOJIEHE CPeINHEe M JIBOJHOM JIHIHIHOM
(MacHOM) CJI0jy HTI.
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b. IIpuaor

Y 0BOM HPUJIOTY JIATH CYy IVIABHU PaJIOBU ayTOpa OBe JOKTOPCKE AucepTallyje
Be3aHU 3a MpobhJIeM MOCTOjarba MOHOXHPATHUX CTarba MOJIEKYIa YV TPUPOJIH.
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Modelling Spontaneous Chiral Stereoselection: The Frank

Mechanism with Racemization

Ivan Gutman,* Dragan Todorovi¢ and Miroslav Vuékovic
Faculty of Science, University of Kragujevac, P.O. Box 60, YU-34000 Kragujevac, Yugoslavia

Pavel Jungwirth

The Heyrovsky Institute of Physical Chemistry and Electrochemistry, CS-18223 Prague 8,

Czechoslovakia

The classical Frank kinetic scheme for spontaneous chiral stereoselection is extended by allowing for a
racemization process between the enantiomers. The model is solved analytically and its fundamental properties
are determined. Two basic features of the Frank model with racemization are the following: (g) The system
(which at the initial moment has to be in an almost racemic state) will either become fully racemic or almost
monochiral. This depends on the relative speeds of racemization and of autocatalytic formation of the enantio-
mers. (b) The transition from an almost racemic into an ailmost monochiral state occurs suddenly, much after the

start of the time-evolution of the system.

Spontaneous chiral stercoselection is one of the problems
which have to be resolved in order to understand fully the
origin of life. Chiral biomolecules (amino acids, sugars, their
polymers, etc.) are known to be spontaneously formed from
simple molecules (CO,, CH,, H,0, NH;, HCN, etc.) under
conditions which existed on the prebiotic Earth. These pro-
cesses necessarily lead to racemic mixtures of biomolecules,
i.e. both enantiomeric forms are created in equal amounts.
On the other hand, terrestrial living organisms contain
almost exclusively only one enantiomeric form of the bio-
molecules (in particular, L-amino acids and p-sugars). If the
{monochiral) living organisms originated from spontaneously
formed (racemic) biomolecules, then there must be some
mechanism by which a system containing a racemic (or
almost racemic) mixture of enantiomers is spontaneously
transformed into a monochiral (or almost monochiral) ter-
minal state.

Although the problem of spontaneous chiral stereoselec-
tion has attracted the attention of scientists since the times of
Pasteur.' the first plausible kinetic model for such a pheno-
menon was put forward by Frederick Frank only in 1953.*
The Frank model consists of a pair of autocatalytic reactions
in which the enantiomeric species L and D are formed from
an achiral substrate A:

L+A-2L (la)
D+A-2D (1b)

and a reaction in which the enantiomers inhibit each other by
forming a racemic precipitate:

L + D — products (2)

The Frank model has the following remarkable property: if
at the initial moment the system is not strictly racemic (i.e. if
one enantiomer is present in an excess, no matter how
minute), then the system will spontaneously evolve into a
(strictly) monochiral terminal state. Whence, an open-reactor
system in which only the chemical reactions (1) and (2) take
place provides a simple example for spontaneous chiral
stereoselection. There is no doubt that if the monochirality of
terrestrial life forms has such a law-of-mass-action-based
origin, then the actual chemical process by which this mono-
chirality was achieved was much more complex than the
Frank mechanism. In other words, the Frank model is cer-
tainly a drastic oversimplification of any stereoselection
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process which in reality could have occurred on the prebiotic
Earth. The real value of the Frank model is that it demon-
strates the feasibility of such a kinetic approach to the
problem of the origin of biomolecular chirality and that it
clearly points out the importance of the autocatalytic reac-
tion steps.

In the Frank model the only process by which the species
L and D are eliminated from the system is reaction (2). As a
consequence of this, the model has the strange (and evidently
unrealistic) feature that the concentration of one species will
unlimitedly grow in time. In order to avoid this behaviour
the back reactions 2L — L + A, 2D — D + A should also be
taken into account. We intend to do such an amendment in
the near future.

At the present moment no chemical process similar to that
anticipated by Frank is known in reality. On the other hand,
self-replicating molecules were recently synthesized in the
laboratory,® and experiments leading to asymmetric autocat-
alytic reactions have been proposed.®

The Frank model and its various modifications have been
examined in quite a few papers.”~?® In particular, the minute
excess of one enantiomer over the other at the initial moment
[which is necessary for the operation of the Frank-type
stereoselection process, cf. eqn. (7), later] was explained on
the basis of electroweak parity-violating interactions,'-2?
although the role of random fluctuations also needs to be
taken into account.’*** Anyway, the reasons why the param-
eter i, as defined by eqn. (8) (see later), should have a non-
zero value are nowadays well understood.® Both the
magnitude and the sign of 4 depend in a complicated, but
deterministic way on electroweak interactions in the respec-
tive molecules L and D. Consequently, the direction of the
stereoselection process (i.e. the preference of L over D or vice
versa) is by no means the result of pure chance.'*~2?

Frank Model with Racemization and its Solution

Spontaneous chiral stereoselection processes based on Frank-
type mechanisms seem to be very slow and would probably
require thousands of years.!”'? Therefore, we find it reason-
able to extend the model by considering the opposite process
as well, namely the spontaneous racemization of the enantio-
mers:

L-+D (3a)

D-L (3b)
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In this paper we report the study of the Frank model with
racemization, namely of the open-reactor system in which the
chemical reactions (1), (2) and (3) occur simultaneously in a
homogeneous and isothermic regime. If n, and ny, denote the
concentrations of the enantiomeric species L and D, respec-
tively, then the time-evolution of the system examined is
described by the differential equations

dn,/dt = kyny — kangnp — kyny + kang (4a)
dnp/dt = kynp — kynpn, — kyng + kyng (4b)

where k,, k, and k; stand for the rate constants of the reac-
tions (1), (2) and (3), respectively, and where the concentration
of the achiral substrate A is assumed to be time independent.
Recall that the original Frank model corresponds to the
special case of eqn. (4) when ky = 0.

By subtracting egn. (4b) from (4a) we obtain

d(n, — np)/dt = kin, — ng) (5

where

k =k, — 2k, (6)
Eqn. (5) is readily integrated:

. — np = (1o — mpolexplki) (M

Here and later ny, and np, denote the initial concentrations
of the enantiomers L and D, respectively. From eqn. (7) we
immediately see the following: (a) If at the initial moment the
system is strictly racemic (nyo = npo), then it will remain
racemic all the time. (b) If, however, at the initial moment
there is an excess of one enantiomer (n,, # npo), then the
time-evolution of the system is governed by the sign of the
parameter k, eqn. (6). (b') If k > 0, i.e. il the racemization is
slow relative to the autocatalytic production of the enantio-
mers, then the enantiomer which initially was in excess will
become the dominant species in the system and an almost
monochiral terminal state will be reached. (b") If k < 0, ie. if
the racemization is fast relative to the autocatalytic reac-
tions, then the systém evolves towards a racemic terminal
state. The above occurs no matter how small the initial excess
of one enantiomer.

Case (a) is, of course, trival and of no interest for us. There-
fore we focus our attention only to the cases (b). Without loss
of generality we shall assume that n o > np,.

In order to simplify the formulae which follow, in addition
to egn. (6), we introduce a few more abbreviations:

A=n, —npy (8)
a = [(ky/ky)* + 277" 9)
B=kyfks+Ai+a (10)
y=kyk;+1—2a (11)
8 = (ky — 4k3)3k, — 4k;)(164k3) (12)

Note that according to the above convention, 4 is assumed to
be positive.

The differential equations of the original Frank model
[eqn. (4) with ky = 0] are readily solved* by integrating the
quotient of eqn. (4a) and (4b). When k; > 0, such a simple
approach is no longer possible. A method for solving eqn. (4)
was recently put forward,?® applicable to the (less easy) case
of k # 0. The solutions of eqn. (4) for k = 0, namely eqn. (22),
are reported here for the first time.
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If the parameter k, as defined by egn. (6), is positive then
the solutions of eqn. (4) read :**

n, = bk fk; + % (F + Dexp(ke) (13a)

g = 3k, fks + % (F — lexp(ke) (13b)
If k < O then the respective solutions are:**

ny = k,fk, —%(F + Dexp(kr) (14a)

np = bk, /ky — ‘—21 (F — Dexpikt) (14b)

In the above formulae F = F(f) is an auxiliary function
defined as

F = {yolTUx) - fxo) = 1%l (x)] — Xo[L(x)" (%)
= Rxoll ()1} /{ yo LX) - (xg) — L(xo} ,(x)]

= %olI X (xo) — I(xo)] - (x)]} (15)
where
x=x(t)=§k2|k["exp(k£) (16)
A _
xo=x(0)="2'k2|k! ! (17)
Vo = [ka(nyo + npo) — k,1/2k) (18)
v =k,/(2k) (19)

and where [ (z) denotes the modified Bessel function, whereas
I(z) = (d/dz)L (z) (20)

Recall that the modified Bessel function is defined by means
of the power series?®27

L) = ¥ 2 Yo +j+ 1] (1)
j=0
where I stands for the gamma function. In what follows it is
tacitly assumed that the index v of the function I (z) has non-
integer values. This should be obvious from eqn. (19).
If the parameter k is equal to zero then the analytical form
of the solutions of eqn. (4) is somewhat different:

ny = [ngo p — 2k, /ky — (npoy — 24k, /k,)
x exp(—2ky at)]/[nyo — ¥ — (o — B)

x exp( — 2k, ar)] (22a)

(22b)

np=mn — A4

where a, f and y are given by egn. (9)-(11).

Asymptotic Behaviour

Although eqn. (13), (14) and (22) provide a complete analyti-
cal solution of the Frank model with racemization, because
of their rather complex forms it is not easy to establish their
basic mathematical properties. The mathematical study of the
behaviour of the functions ny(z) and np(t) becomes relatively
simple only in the limiting case, namely for ¢ — oo, One
should first observe that for large values of ¢ the auxiliary
quantity x, eqn. (16), is large when k > 0 and near-zero when
k<0
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Now, for large values of the argument, z, the modified
Bessel function, [ (z), satisfies the following asymptotic for-
mulae (see p. 47 of ref. 26 or § 9.7 of ref. 27):

1,(2) & explaN2nz) 21 — (u — 1)/(82)

+ (g — Dp—9)(1282%) — -] (23)
I'fz) = exp(z)2nz)~ '2[1 — (u + 3)/(82)
+ (= 1)+ 15)/(1282%) — -] (24)

where u = 4v*. For near-zero values of z, as a proper conse-
quence of eqn. (21) we have

I(2) = (z/2)"/T(1 + v)
+ @I+ V) + - (25)
Iiz) ~ % (22~ YT(1 +v)

v+2
2

+ (Z/2* TR+ V) + - (26)

Bearing in mind eqn. (23)-(26) it is straightforward (yet
somewhat laborious) to deduce the behaviour of our model
for large values of t. If k > 0 then for large values of ¢,

ny = A explkr) + ky/k, — & exp(—kt) (27a)
np = ky/k, — & exp(—kt) (27h)

where the parameter § is defined via eqn. (12). We see that the
concentration of the enantiomer L rapidly and unlimitedly
increases whereas the concentration of the enantiomer D
rapidly approaches a stationary value k,/k,. Whence, after
sufficient time, the system will become essentially L-
monochiral, contaminated with a small and insignificant
amount of the opposite enantiomer.

If k < 0 then for large values of t,

. kyfks + % exp(kt) (28a)

np = ky/k, — % exp(kt) (28b)
Irrespective of the initial composition of the system its final
state will be racemic, both enantiomers having the same sta-
tionary concentrations k,/k,. The asymptotic behaviour of
the system in the special case when k = 0 is similar: the con-
centrations n, and n, exponentially approach the limiting
values

(o) =k /k, + 1+« (29a)
np(oc) = kyfky + a (29b)

Observe, however, that even if 4 is very small, the terminal
states of systems with k < 0 and with k = 0 will differ signifi-
cantly. In the former case n, = np, = k,/k,, whereas in the
latter, ny, = np = 2k, /k,.
Discussion

From the above analysis it is evident that the Frank model
with racemization has two qualitatively different evolution
patterns. If k > 0 then the chiral stereoselection due to the
reactions (1) and (2) will dominate over the racemization
process (3), transforming the initially (almost) racemic system
into an (almost) monochiral state. If k<0 then the
racemization will predominate and no chiral stereoselection
will take place. When the value of the parameter k is contin-
uously changed from positive to negative, a sudden switch in
the time-evolution of the Frank model happens at k = 0. No
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intermediate scenarios exist for near-zero values of k. Hence
the Frank model with racemization possesses a bifurcation
point, which is (as compared with the original Frank model)
a completely new feature.

In order to understand better the time-evolution of the
model examined and its dependence on the input parameters
ki, ks, ks, ny o and np, we have performed extensive numeri-
cal studies. Two typical shapes of the n (f) and ngff) curves
are presented in Fig. 1.

Note that until a certain time, t_, the two curves n; and ny
practically coincide. Consequently, the system remains in an
almost racemic state for all t < r_ and near the moment ¢ = t_
it suddenly becomes chiral. Such behaviour is, of course, in
full harmony with egn. (7).

The time 7, can be mathematically defined®® as the value of
t at which the chiral polarization 5 = (n, — np)/(n, + np) has
its (unique) inflection point; ¢_ is close to (but does not coin-
cide with) the values of ¢ for which either n, has a maximum
and n, has an inflection point [¢f. Fig. 1(a)] or ny has an
inflection point and n_ has a minimum [¢f. Fig. 1(5)].*® We
call 1, the critical time of the Frank process.

Fig. 2 shows that the critical time is independent of the
initial composition, provided the initial excess of the L-
species is constant. Fig. 3 shows that, on the other hand, r_ is
a decreasing function of the initial excess of the L-species.

From Fig. 2 and 3 it is also seen that the time-evolution of
the Frank system is almost independent of the initial com-
position, but is quite sensitive to the magnitude of the initial
excess of one enantiomer (4).

6 7
f L (a)
& /
e /
b /
[=}
E
v}
o
& B
3|
3
! R D
0 . H T i
0 50 100 150 200 250
1/10%s
8 7
L (b)
|
- f
E 6 /
- /
g /
© 4k /
4 \_LD _
E [
5 )
g | N
L 2r N
[ b
| \\1, S—
0 e i i i
0 50 100 150 200 250
t/10%s

Fig. 1 Typical time-evolutions of the Frank model with
racemization in the case when k > 0, k, = 0.1, k, = 0.03, k, = 0.02;
(@) n =02, ny, = 0.199; (b) n o =42, ny, = 4.199. Although the
time and concentration units employed are to a high degree arbi-
trary, it seems'® that concentrations should be expressed in units of
107° mol dm~* whereas the timescale should be in 10° s. Then an
almost monochiral state is reached within a few years
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Fig. 2 Dependence of the time-evolution on the initial composition
with fixed initial excess of the L-emantiomer; ny, — np, = 0.001,

ky = 0.1, k; = 003, ky = 002; (1) mg =02, (2) ng =22, (3) gy =
42, () no =52
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Fig. 3 Dependence of the time-evolution on the initial excess of the
L-enantiomer; n, o =02, k, = 0.1, k, =003, ky=0.02; (1) npo =
0.19, (2) npy = 0.199, (3) ny, = 0.1999, (4) ny, = 0.19999

Typical variations of the n, and np, curves with the change
of the rate constants k,, k, and k, are illustrated in Fig. 4-6.
It is remarkable that the critical times are almost indepen-
dent of k, and k,. The critical time is, of course, a decreasing
function of k.

Fig. 1-6 exemplify the most interesting case in the Frank
model with racemization, namely the case when k, > 2k;,
when the chiral stereoselection process actually takes place.
Our numerical studies reveal that it is possible to conceive of
a critical time, 7., which is the moment of the transition from
an almost racemic to an almost chiral state. More precisely,

10

n. . np/10-mol dm-2
P @

L~

0 50 100 150 200 250
t/10%s

Fig. 4 Dependence of the time-evolution on k,; no =02, ny, =

0.199, k, = 0.02, ky = 0.03; (1) k, = 0.1, (2) k, = 0.11, (3) k, = 0.12,

4k, =0.13
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T T — =

150 200 250
t/10% s
Fig. 5§ Dependence of the time-evolution on k;; m, = 0.2, np, =

0.199, k, = 0.1, ky = 0.02; (1) k, = 002, (2) k; = 0.03, (3) k, = 0.07,
(@) ky = 0.10

0 s e . 2 10

0 50 100 150 200 250
tf10% s

Fig. 6 Dependence of the time-evolution on ky: ny, = 0.2, n
0199, k, = 0.1, ky = 0.03; (1) ky = 002, (2) ky = 0025, (3) k, Zhos,
@) k,y = 0,035

t. should be understood as a time interval with somewhat
arbitrarily chosen left and right end-points. Qur examples
show, however, that this interval is usually quite narrow and
that the transition from the racemic to the chiral state could
be a relatively rapid process, at least within the framework of
Frank-type models,

References

1 L. Pasteur, Legons sur la Dissymetrie Moleculaire, Hachette,
Paris, 1861.

2 8. F. Mason, Molecular Optical Activity and the Chiral Discrimi-
nation, Cambridge Univeristy Press, Cambridge, 1982.

3 M. Quack, Angew. Chem. Int. Ed. Engl., 1989, 28, 571.

4 F. Frank, Biochim. Biophys. Acta, 1953, 11, 459.

5 T. Tjivikua, P. Ballester and J. Rebek, J. Am. Chem. Soc., 1990,
112, 1249; V. Rotello, J. I. Hong and J. Rebek, J. Am. Chem.
Soc., 1991, 113, 9422,

6 H. Wynberg, J. Macromol. Sci. Chem., 1989, A26, 1033,

7 F.F. Seelig, J. Theor. Biol,, 1971, 31, 355.

8 F.F.Seelig, J. Theor. Biol,, 1971, 32, 93.

9 F.F.Seclig, J. Theor. Biol., 1972, 34, 197.

10 P. Decker, J. Mol. Evol., 1974, 4, 49.

11 K. Iwamoto and M. Seno, J. Chem. Phys., 1979, 70, 5858.

12 C. Fajszi and J. Czege, Origins Life, 1981, 11, 43.

13 W. Liu, Sci. Sinica, 1982, 25B, 822.

14 L. L. Morozov, V. V. Kuzmin and V. I. Goldanski, Origin Life,
1983, 13, 69.

15 K. Tennakone, Chem. Phys. Lett., 1984, 105, 444.

16 D. K. Kondepudi and G. W. Nelson, Physica, 1984, 1254, 465.

17 D. K. Kondepudi and G. W, Nelson, Phys. Lett., 1984, 106A,
203.

18 S. Mason, Nature, 1985, 314, 400.



J. CHEM. SOC. FARADAY TRANS, 1992, VOL. 88

19 D. K. Kondepudi and G. W. Nelson, Nature, 1985, 314, 438,

20 D. K. Kondepudi, Biosystems, 1987, 20, 75.

21 V. Babovi¢, I. Gutman and S. Jokié, Z. Naturforsch., A, 1987, 42,
181.

22 1. Gutman, V. Babovi¢ and S. Jokié, Chem. Phys. Lett., 1988,
114, 187.

23 1. Gutman, J. Math. Chem., 1989, 3, 343,

82

24
25
26

27

1127

I. Gutman, J. Serb. Chem. Soc., 1989, 54, 573.

P. Jungwirth and I. Gutman, J. Serb. Chem. Soc., 1991, 56, 253.
G. Goudet, Les Fonctions de Bessel et leurs Applications en
Physique, Masson, Paris, 1954,

M. Abramowitz and 1. A. Stegun, Handbook of Mathematical
Functions, Nat. Bureau of Standards, Washington, 1964, ch. 9.

I. Gutman and D. Todorovi¢, to be published.

Paper 1/04306D; Received 19th August, 1991



Volume 195, number |

CHEMICAL PHYSICS LETTERS

10 July 1992

The critical time in Frank’s chiral amplification model

Ivan Gutman and Dragan Todorovié¢

Faculty of Science, University of Kragujevae, P.O. Box 60, 34000 Kragujevac, Yugoslavia

Received 30 March 1992; in final form 27 April 1992

The concept of critical time in a law-of-mass-action-based model of chiral amplification is defined as the moment at which the
chiral polarization has its inflection point. The slope of the chiral polarization at the critical point reflects the speed by which the
transition from an almost racemic into an almost monochiral state occurs. Analytical expressions for the critical time and critical
slope in the Frank model are deduced, showing that the transition is always rapid.

1. Introduction

The origin of biomolecular homochirality and the
finding of the possible mechanisms by which the
transformation “‘racemic—monochiral” could spon-
taneously occur on the prebiotic earth, are topics of
interest to both biologists, chemists and physicists.
Details of the history of the research in this area
(which goes back to the middle of the 19th century)
as well as of the considerable progress achieved in
the recent years can be found in the newly published
reviews [ 1-4] and in the book mentioned in ref. [5].

A particular puzzle in the study of the origin of
biomolecular homochirality is the explanation of the
so-called chiral amplification, namely the sponta-
neous process by which the “primordial soup™ was
converted from an almost racemic initial state into
an almost monochiral terminal state. Several ap-
proaches 1o this problem have been offered so far,
based on plausibly chosen kinetic schemes [6-12];
for additional references, see ref. [2]. The oldest and
far best studied among them is the Frank model [6].

In spite of the fact that the Frank model can easily
be solved analytically and that in the last 30 years it
and its various modifications have extensively been
investigated [1-5,7,9,13-27], some of its character-
istic features seem to have remained unnoticed. One

Caorrespondence to: 1. Gutman, Faculty of Science, University
of Kragujevac, P.O. Box 60, 34000 Kragujevac, Yugoslavia.
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of them is the critical time which we examine in the
present paper.

The Frank model describes the time-evolution of
the concentrations of two enantiomeric species L and
D in an open-reactor system in which L and D are
formed in autocatalytic processes from an achiral
substrate A,

L+A-2L, (la)
D+A-2D (Ib)

and in which the enantiomers inhibit each other by
forming a racemic precipitate:

L+ D— precipitate . (2)

If the rate constants of the reactions (1) and (2) are
k, and k,, respectively, and if A is present in large
excess, then the time-dependence of the concentra-
tions n; and ny, of L and D is given by ref. [6]

n.=mo(Mo—npo) explk )

X (Mp—~peF)~', (3)
Mo ="Npo( Mo — o) explk, )

XF(mo—npeF)~", (4)
where
F=exp{—(ka/k;) (no—npo) [exp(ki1) —1]} .

In eqgs. (3) and (4) n, and npy denote the concen-
trations of L and D at the initial moment /=0.
In the Frank model the initial concentrations n;,

All rights reserved.
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and np, must have very close values, but it is essen-
tial that their difference is non-zero. In other words,
the initial state of the system considered is chosen to
be almost racemic 1.e. the ratio ny/npe 1s chosen to
be close to unity,

One should note that a reasoning based on taking
into account the effects of electroweak interactions
[1-5,8,9,22,28] yields the estimate n,o/npe~ 1 £ 10,
Frank’s original suggestion [6] was that the devia-
tion of 4/ npp from unity could arise statistically as
a consequence of the finiteness of the number of
molecules involved. Anyway, in what follows, the
mathematically possible case of large In(nyo/npo)
will be excluded from consideration. Throughout this
paper we will assume that 54> Hpy.

Then from eqgs. (3) and (4) it immediately fol-
lows that the concentration of the enantiomer which
initially was in excess (in our case: L) unboundedly
increases in time, whereas the other enantiomer
completely vanishes from the solution. Thus after
some time the system will become almost completely
L monochiral. The Frank model has such a behavior
no matter how minute is the initial excess of the en-
antiomer L, i.e. no matter how small is the initial de-
viation from racemity.

2. The concept of critical time

A typical pair of curves ny =n; (1) and np=np(1)
is depicted in fig. 1. From fig. | we see that the time-
evolution of the system considered has two quali-
tatively different stages. In the first stage the curves
ny and np, follow closely each other, their difference
is small (relative to the actual values of n; and np)
and the system does not deviate much from racem-
ity. In the second stage the curves n, and np, turn to
different directions, their difference becomes signif-
icant and the system can be described as almost
monochiral. This change in the time-evolution of the
Frank model occurs in a relative narrow interval, in-
dicated in fig. 1 by a circle. In the words of Mason
[1] this is a “sudden catastrophic change from ra-
cemic to homochiral chemical kinetics”.

Such a rapid transition from racemic into homo-
chiral states is characteristic not only for the Frank
model, but also for other law-of-mass-action-based
models for chiral amplification [1,2,24,27].
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Fig. 1. A typical time dependence of the concentrations of the
enantiomers L and D in the Frank model; n,,=0.2 mol/dm?,
Ny g—Npe=0.001 mol/dm? k;=0.03 s~', k;=0.04 s~' (mol/
dm?) ~'; the circle indicates the region where the transition from
the almost racemic into the almost monochiral state occurs.

tis)

Fig. 2. A typical ime dependence of the chiral polarization in the
Frank model; parameters same as in fig. 1.

In order to define in a more precise manner the
moment when such a “sudden catastrophic change™
takes place we consider the chiral polarization [8,28]

n=(n.—np)/(n.+np), 5)

which in the law-of-mass-action-based models of
chiral amplification is a time-dependent quantity. A
typical curve n=n(t) is depicted in fig. 2.

It is now evident that the critical time (1) should
be defined as the time at which 5(¢) has an inflection
point. In the Frank model (as well as in other similar
kinetic models of chiral amplification) this inflec-
tion point is unique and is determined by the
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(unique) real solution of the equation d*y/dr*=0.
The slope 7. of the function 5() at t=t. will be called
the critical slope. Evidently, the critical slope gives us
information about the speed of the change from (al-
most) racemity to (almost) monochirality,

3. Formulas for r. and #;
Substituting (3) and (4) back into (5) we arrive

at the explicit form of the chiral polarization func-
tion in the Frank model

- v—exp{mu[cxp(f)—l}}, (6)
v+exp{—ulexp(r)—1]}

where

v=n/Npo .
pu=(k2/ki)(no—npo) ,
=k .

Observe that the auxiliary quantities v, u and 7 are
dimensionless.

From the original formulation of the Frank model
we may expect that #, considered as a function of the
variable f, depends on additional four parameters:
ki, ki, nyp and npo. From eq. (6) we see, however,
that it is possible to consider n as a function of the
variable 7; then we have the advantageous simplifi-
cation that n depends on only two more parameters,
namely on u and ». Furthermore, this viewpoint re-
moves the ambiguity which in the Frank model
comes from the arbitrariness of the numerical values
chosen for the rate constants k; and ;.

If n=n(7) then the condition for the critical value
7. of the variable 7 is

d(1)/d1?| = =0, (7)

whereas the critical slope is given by

ne=dn(r)/dt| .. (8)
Using the identity

exp(a)—exp(f)

e =tanh[{(a-f)],

where tanh stands for hyperbolic tangent, we readily
transform eq. (6) into
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n=n(t)=tanh{}[uexp(7)—pu+Inv]}. (9)

By means of an elementary, yet somewhat tedious
calculation and by taking into account the condition
(7) we arrive at the equation

tanh{4[pxexp(7)—pu+Inv]}
=[uexp(1)] ", (10)

whose solution is .. Evidently, f.=1./k,. Because
{10) 1s a transcendental equation it can be solved
either numerically (see below) or by using some
approximations.

Suppose that

[uexp(t)]~'=<1. (11)

If so, then we may utilize the approximation
tanh x=x and simplify eq. (10) as

j[uexp(t)—u+Inv]=[uexp(r)]",

from which it straightforwardly follows
T.=In{(2p) "' [p—Inr+./8+ (u—In»)?]}.
(12)

In order to check how justified the above used ap-
proximation is we have to examine to which extent
the condition (11) is obeyed. Indeed, from (12) we
get

[uexp()]~'=fu"),

where

flx)=2(x+./8+x?)"" and
W=pu—Inw.

Now, in the interval [0, co) the function f(x) mono-
tonically decreases and its maximal value is equal to
£(0)=1/,/2. Because in the Frank model the pa-
rameter u is necessarily positive whereas » must be
very close to unity (In v~ 10-'7), the quantity x° is
either positive (and thus f(x") is smaller than 1/

2) or negative, but very close to zero (and thus
S(u°) is equal to 1/ ﬁ). Consequently, the right-
hand side of (10) is certainly not greater than
1//2=0.7. Even in this worst case the approxi-
mation tanh x= x is in error by only 14%.

In fig. 3 are depicted the function 7.=1.(u), cal-
culated by point-by-point numerical solution of eq.
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Fig. 3. Exact (upper curve) and approximate (lower curve)
functions r.=r1.(u); for details see text.
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Fig. 4. Exact (upper curve) and approximate (lower curve)
functions n; =n;(u); for details see text.

(10), and the approximate expression (12); in both
cases the term In v was neglected.

From (9) it is easily deduced that
dn(t)/dr=}puexp(r)

X (1—tanh®{{ [uexp(t)—u+Inwv]}).

Bearing in mind eq. (8) as well as the condition (10),
which is satisfied for =1, the above relation vields

ne=sinh(z.+In ), (13)

where sinh stands for hyperbolic sine. Formula (13)
is an exact result.

Substituting (12) into (13) we arrive at an ap-
proximate expression for the critical slope,

ne=sinhIn{}[u—Inv+./8+ (u—lnwv)*]}. (14)

The quality of this approximation is seen from fig.
4 in which the exact function n, =n.( &) is presented
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together with eq. (14); in both cases the term In v
was neglected.

4. Discussion

For large values of 1 the expressions (12) and (14)
behave asymptotically as

T.~2u~% and nc~hu.

These formulas show that when the interaction be-
tween the enantiomers (measured by means of the
rate constant k,) is strong and/or when the initial
excess of one enantiomer is large, then the jump into
the monochiral state occurs at a very early stage of
the Frank process and it occurs very rapidly.

In the more realistic case, namely when y is small,
we find the following asymptotic behaviours:

To~—Inyg and n.~8 '*=const.

Hence, if 4 is small then the formation of the almost
monochiral state is much delayed (which is self-un-
derstandable ), but even then the process occurs rel-
atively rapidly (which is a somewhat unexpected
conclusion). No matter how weak the interaction
between the enantiomers is (reaction (2)), i.e. no
matter how late the almost monochiral state will arise,
the speed of the process (as measured by means of
the critical slope) cannot fall below a certain limit
value,

Thus our analysis showed that the critical time in
the Frank model basically depends only on the value
of the combined parameter u=k,(n 4—npg) /k,. The
smaller is u the later will the system be converted into
the almost monochiral state. Also the speed of this
conversion depends on g the greater is u the faster
monochirality is reached. However, this latter de-
pendence is not very strong (cf. fig. 4) and therefore
even under the least favorable conditions the time
needed for the transition from an almost racemic into
an almost monochiral state is found 1o be reasonably
short.

If instead of 7. we consider the *‘real” critical time
l., then from the above deduced properties of the
function 7.=7.(#) and from the fact 1.=1./k, we
easily reach the following conclusions. Provided k,
and nyq— o are fixed, the functional dependence of
t. on k; is essentially the same as the dependence of
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Fig. 5. Critical time as a function of the rate constants &, and k;
(1) ky=0.2, (2) k2=0.5, (3) k;=0.8, (4) ka=1.0; in all curves
Hyg—Hpo=0.001; units same as in fig. 1.

7. on i (cf. fig. 3). On the other hand, for fixed k,
and n,,—np, the dependence of . on the rate con-
stant k, has the peculiar form presented in fig. 5.

In particular, for small values of k, the function
t.=t.(k,) increases linearly with k,; for large values
of k, the function ¢, decreases as (Ink;)/k,. For a
certain intermediate value of k, the critical time is
maximal, i.e. the transition from racemity towards
chirality is delayed to the greatest possible extent,
From fig. 5 we also see that this delay is very sen-
sitive to the value of k,: the smaller &, is, the later
the respective transition will occur,
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The Frank model for chiral amplification consists of two elementary chemical reactions: the autocatalytic formation of the
enantiomers L and D, and an interaction between L and D by which they eliminate one another. Originally, both steps were
assumed to be irreversible. We consider a modification of Frank’s model in which the open-flow-reactor character of the process
is pointed out and its first step is allowed to be reversible. The basic features of this modified Frank model (MFM ) are established,
in spite of the fact that the solution of the respective system of differential equations is not known. Three distinct time-evolutions
of the MFM can occur, one in which both L and D completely disappear from the system, another leading to complete monochir-
ality, and a third resulting in a racemic final state. The conditions for each of the three possible directions of evolution are
established: they depend on the relative magnitudes of rate constants and are independent of the initial composition.

1. Introduction

In a seminal paper [1] published in 1953 Frank
proposed a simple kinetic scheme by which an al-
most racemic mixture (containing only a minute ex-
cess of a chiral substance L over its enantiomer D)
could spontaneously transform into a monochiral
state (in which only the L form is present, the D spe-
cies having completely vanished). Frank thus of-
fered a plausible solution of the long-existing puzzle
of how monochirality of the biomolecules in modern
terrestrial life forms could have evolved from the ra-
cemic “primordial soup™ [2,3]. Although Frank’s
model is only one of several bifurcation mechanisms
put forward to rationalize the origin of biomolecular
homochirality (see refs. [2-12] and the works
quoted therein), it attracted and still attracts the at-
tention of researchers (see ref. [13] and the refer-
ences quoted therein ). Of the alternative approaches
to the origin of biomolecular monochirality one
should especially mention the bifurcation analysis
elaborated by Kondepudi and Nelson [4,5,7]. The
Kondepudi-Nelson model is based on determining
the steady states of the respective kinetic equations
and on analyzing their stability. It is found that un-
der certain conditions the racemic steady state be-

comes unstable, resulting in a bifurcation into (sta-
ble) monochiral states.

The significance of the Frank mechanism became
clear after the discovery of the nonequivalence of the
two enantiomeric forms of a molecule, caused by
parity-violating effects in weak interactions. The
slight thermodynamic bias in favour of one enan-
tiomer, the so-called “parity-violating energy differ-
ence” (PVED) [14,15], could account for the small
initial deviation from racemity, required for the suc-
cess of Frank’s chiral amplification mechanism
[16,17]. The recently found examples of chiral
biomolecules with exceptionally large PVEDs [18]
might be of particular importance.

The Frank model consists of the following two
chemical reactions:

L(D)+A—2L (2D), (o)
L+D-P, (B)

where A is an achiral substrate and P an inactive
product that is somehow eliminated from the sys-
tem. Their rate constants will be denoted by k, and
ky, respectively. In Frank’s original formulation [1]
both chemical reactions () and (B) are viewed as
irreversible.

In what follows we denote the concentrations of

0009-2614/93/$ 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved. 447
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the species L, D and A by ny, np and 7,4, and con-
sider n;, and s as functions depending on time (),
1.e. np=ny (f) and np=np(t). At the initial moment
(¢=0), no=ny4 and ap=npe Without loss of gen-
erality, throughout this Letter it will be assumed that
Hyo> Rpo.

Applying to (a) and () the law of mass action,
supposing that the reacting system is homogeneous
and isothermal, and supposing that the concentra-
tion n, of the achiral species A is time-independent,
Frank arrived at a system of differential equations
that describe the time-dependence of n. and np.
These equations are readily solved [1]. The funda-
mental property of the solution is that if #q —#pg
>0, then n.(¢) exponentially increases whereas
np(t) exponentially decreases with increasing .
Consequently, no matter how small the initial excess
of L over D, the system will eventually become
monochiral.

2. A modification of the Frank model

In this Letter we are concerned with a kinetic
model for chiral amplification that slightly differs
from what originally was put forward by Frank [1].
First, the achiral substrate molecule A reacts revers-
ibly with each enantiomer, L or D, to duplicate the
respective enantiomer. In other words, instead of (a)
we now have:

L (D)+A=2L (2D) . (@)

The corresponding rate constants are k, and k_,. The
reaction () is still considered as irreversible. This
modification of the Frank model was considered as
early as in 1971 [19]; see also ref. [20].

 Second, the process is envisaged to occur in an
open-flow reactor: the system is fed by an input of the
achiral substrate A, whereas the output consists of
the inactive product, P, of the reaction (), together
with the excess of the enantiomers L and D.

In what follows we refer to the above variant of
Frank’s kinetic scheme as the modified Frank model
(MFM). A particularly precise description of MFM
can be found in the book [3] (especially on pp. 268—
269); see also ref. [21].

The differential equations pertaining to the MFM
read:
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dnpfdt=kinam —k_ni —kynonp —kewne, (la)

an/df=k| Hallp —kulnzD _kannD _‘koutnD »
(1b)

where k.71 stands for the rate of the loss of L
(D) through the output flow.

The original Frank model corresponds to the spe-
cial case of (1), when k_, =k.,,=0. In both the orig-
inal Frank model and in its MFM version, it is plau-
sible to assume that #, is time independent.

The finding of the functions ny (1) and np(¢) that
satisfy the differential equations (1) seems to be a
hard task. In what follows, however, we show that all
the important properties of these functions can be
deduced without knowing their analytical forms.

3. Some properties of the modified Frank model

We first introduce the abbreviations
Ky =kina —kou. g=k_,/k, (2)

and then simplify the differential equations (1) by
means of the auxiliary dimensionless functions
x=x(7) and y=y(7) defined as

=k, x=(k/|K\ne, y=(k/|k}|)np .

Then eqgs. (1) are transformed into

dx/dr=x—xy—gx? ifk;>0, (3a)
dy/dt=y—xy—gy?, ifk;>0, (3b)
and

dx/dr=—x—xy—gx? ifk| <0, (4a)
dy/dt=—y—xy—gy? ifk|<0. (4b)

It is worth noting that the conditions &} >0 and
k' <0 pertain to situations in which the removal rate
of the products L and D is respectively smaller and
larger than their rate of production. In the latter case
the system evolves to a state in which there are no
L and D molecules. Here, the fact that the produc-
tion of L and D is autocatalytic is important.

The analysis of the case k| <0 is elementary. From
the fact that the right-hand sides of (4a) and (4b)
are negative-valued we immediately obtain:



Volume 216, number 3,4,5,6

Property 1. If k7 <0, then for all values of T,
0<t<oo, the functions x(7) and y(r) monotoni-
cally decrease. Furthermore, when 7 is large enough
(and thus x and y are small enough) then both x(7)
and y(t) vanish exponentially as e~".

Fig. 1 provides examples for the time-evolution of
the MFM in the case k] <0; note that in fig. 1 the
initial values for the difference x —y are chosen to be
unrealistically large because otherwise the curves
x(7) and y(7) would practically coincide.

The study of the case £} >0 is somewhat more
complicated and the properties of the solutions of
eqs. (3) will be determined step-by-step.

Observe first that the solutions of (3) cannot un-
boundedly increase. For sufficiently large x, the right-
hand side of (3a) will become negative-valued.
Hence, if x is large, it must be a decreasing function
of 7; analogously, from (3b), if y is large, it also must
be a decreasing function of 7. Thus we have:

Property 2. If k1>0, then for all values of 7,
0< t<oo, the functions x(7) and y(t) are bounded
from above.

From eqs. (3) we see the following. If for a given
fixed value 7, of the variable 7 we know the values
of the functions x and y, then we can compute the
values of dx/dt and dy/dr for =1,. Then from the
known values of x, y, dx/dt and dy/dt we can com-

0.40 |
030

020 )

0.00

o 1 2 3 4

Fig. 1. Mode (A) time-evolution of the modified Frank model
(k1 <0); the curves x1, y1 and x2, y2 correspond to g=0.1 and
10.0, respectively; in both cases the initial values of x and y are
0.4 and 0.3, respectively.
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pute d’x/dz* and dy/dz? for 1=1,. By continuing
this argument we see that all derivatives of the func-
tions x and y exist at 7=1, and are uniquely deter-
mined by x(7,) and y(zo).

As a consequence of the above, if for a given value
79 of 7, x(%)=y(1,), then at t=1, dx/dc*=
d*y/dt* for all k=1, 2, ... . On the other hand, if for
a particular value of 1 all the respective derivatives
of the (analytical) functions x(7) and y(t) are equal,
then these functions coincide for all values of 7, i.e.
x(t)=y(z).

Conversely, if for a given value of 7, x> y, then for
all values of 7, x> y. In other words: the functions x
and y can never cross. Because the basic assumption
of the Frank model is that at the initial moment there
is a slight excess of one enantiomer over the other
(conventionally, of L over D), we arrive at:

Property 3. For all values of 1,
x()>y(7).

0<1<00,

Note that property 3 holds for both k| >0 and
Kk, <0.

Suppose now that for a given fixed value of 7 both
x(7) and y(7) have small (but positive) values. Then
the right-hand sides of egs. (3a) and (3b) are nec-
essarily positive-valued, i.e. x and y are increasing
functions of 7. This implies:

Property 4. If ki >0, then the functions x(7) and
¥(7) cannot simultaneously vanish. In particular, it
is not possible to have both x—0 and y—0 when
T—Co.

The reacting system considered in the MFM will
eventually reach a dynamic steady state. As already
pointed out in ref. [3], the MFM has several pos-
sible steady states. In order to determine their num-
ber and establish the conditions under which they
will occur, we have to examine the behaviour of the
solutions of the differential equations (3) and (4)
in the limit 7—co.

Property 1 implies that if k} <0, then both x(7)
and y(t) vanish for 7—co. From property 2 it fol-
lows that if k| >0, then the limit values of both x(7)
and y(7) are finite. These limits are obtained from
the conditions dx/dr=0 and dy/dt=0. For this one
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has to use egs. (3) and take into account property
4. The following result is gained:

Property 5. Let k} <0. Then for t—o0, (A) x—0
and y—0. Let k; >0 and g# 1. Then for T>o0 it is
either (B) x—1/gand y—0, or (C) x—»1/(1+g) and
y-1/(1+g).

In the subsequent section it is shown that the case
k| >0, g=1 is exceptional, since then the MFM sud-
denly jumps from the evolution mode (B) to evo-
lution mode (C). Therefore this case is studied
separately.

4. The three evolution modes of the modified Frank
model and their dependence on the kinetic
parameters

From property 5 we see that the MFM has pre-
cisely three modes of evolution, resulting in steady
states in which the output from the flow reactor is:
(A) completely devoid of the enantiomers L and D,
(B) completely monochiral (i.e. contains non-zero
amounts of only one¢ enantiomer, namely L), and
(C) fully racemic (i.e. contains equal non-zero con-
centrations of both the L and D species). The con-
dition for (A) has already been determined; k7 <0,
where the parameter k| is given by eq. (2). We now
establish the conditions needed for (B) and (C).
Therefore, from now on it will be supposed that
ki >0.

Eqgs. (3) are rewritten as

dx/x=(1-y—gx)dr and
dy/y=(l—x—gy)dr.

Integration of these expressions yields

In(x/xp)= j‘ (l—y—gx)dr and
0

In(y/yo) = | (1—x-gy) ds
0

from which
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Because of property 3, x—y is positive for all val-
ues of 7. Consequently, the integral [§(x—y)dt is
necessarily positive-valued. When t—oco, this inte-
gral either tends to a finite constant C or becomes
infinite.

If [3 (x—y)dr is finite, then for 7—co the func-
tions x(t) and y(r) must become asymptotically
equal.

Consider first the case when the parameter g is less
than unity.

Suppose that for t >0, [§(x—y) d1—C<cc. Then
the limit value of the right-hand side of (5) is equal
to (Xo/¥o) exp[(1—g)C]. Because both xp/y, and
exp[ (1 —g)C] are greater than unity, it follows that
lim,_., (x/y)>1. On the other hand, the finite-
ness of the integral [§(x—y)dr implies that
lim, . (x—»)=0, ie. lim,., (x/y)=1, a contra-
diction. Hence, [F (x—y) dr=0c0.

If g<1 and [§ (x—y) dt=00, then for T—co, the
right-hand side of (5) tends to infinity. Conse-
quently, lim,_,., (x/y)=oc0. Bearing in mind prop-
erty 5, we see that this latter limit value occurs only
in case (B).

Hence we conclude that the evolution mode (B)
occurs if, and only if, k>0 and g<0.

Examples of the mode (B) evolution of the MFM
are given in fig. 2.

200 r

1850 F | X3

| | X3
[ .“I x4
100 ‘

v\ w2 N\ vs ¥4
| ¥

(s} 40 (=18} 120 160 200

Fig. 2. Mode (B) time-evolution of the modified Frank model
(I} >0 and g<1); the curves x1, y1, x2, y2, x3, ¥3 and x4, y4
correspond to g=0.5, 0.7, 0.8 and 0.9, respectively; in all cases
the initial values of x and y are 0.5 and 0.499, respectively.
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Consider now the case when the parameter g is
greater than unity.

Suppose that for t— o0, [§ (x—y) dt—oo. Then the
right-hand side of eq. (5) tends to zero. Conse-
quently, x/y—0. This, however, is impossible, be-
cause by property 3, x/y cannot be less than one.

Therefore, if g>1, [§F(x—y)dr=C<oco. Then,
however, x(7) and y(t) become asymptotically equal
for t—oc. Bearing in mind property 5, we see that
this can occur only in case (C).

Hence we conclude that the evolution mode (C)
occurs if, and only if, k' >0 and g> 1.

Examples of the mode (C) evolution of the MFM
are given in fig. 3.

We arrive at our main result:

Property 6. The modified Frank mechanism leads
to chiral amplification if, and only if, the parameters
k) and g (given by eq. (2)) are greater than zero
and less than unity, respectively. If k7 >0 and g<1,
then the output from the flow reactor becomes (fully)
monochiral. If £} >0 but g> 1, then this output be-
comes (fully) racemic. If £ <0 both enantiomers
disappear from the output.

The initial composition of the system (i.e. the val-
ues of 71y and #10) have no influence on the type of
the dynamic steady state that the MFM system will
reach. The input of the achiral substrate A must be
sufficiently large, namely such as to maintain the

50 (— &
= 1
0.40 P —
| {
.30
W -
0.20 3
oot G
o
Q.00 | | L
Q & 10 15 20

Fig. 3. Mode (C) time-evolution of the modified Frank model
(ki>0and g<1); the pairs of curves (1), (2), (3) and (4) (x
above, y below) correspond to g=1.5, 3, 5 and 10, respectively;
in all cases the initial values of x and y are 0.4 and 0.3, respectively.
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condition #, > K,/ k. Otherwise both L and D will
vanish from the system.

If k7 >0 and g< 1, then the direction of the chiral
amplification is fully determined by the difference
between 7y and s, (L-monochirality is achieved if
Ay > Mpp and vice versa).

We see that the basic features of the original Frank
model are preserved in its modified version, but only
if the reverse of the autocatalytic reaction (a) pro-
ceeds slower than the reaction (B) of the mutual de-
struction of the enantiomers. Otherwise, no chiral
amplification will occur.

5. The critical point in the modified Frank model

=1

The discussion in section 4 reveals that when the
parameter g is equal to unity, the MFM has a specific
behaviour. In view of property 6, g=1 can be con-
sidered as a critical point of the modified Frank
mechanism. If the value of g is monotonically varied
from less than unity to greater than unity, then at
g=1 a sudden change in the type of the time-evo-
lution of the system is observed. This is easily seen
by comparing figs. 2, 3 and 4. On these figures (es-
pecially on figs. 3 and 4) the initial values for the
difference x—y are deliberately exaggerated, since
otherwise the curves x(7) and y(r) would lie too
close to each other.

When &} >0 and g=1, the solution of the MFM

1 JO{ e ol

Q80

060 X ‘

0,40

R

0.20

0.00 L j : ‘ i
o

4 &8 12 16 20

Fig. 4. The time-evolution of the modified Frank model at the
critical point (£} >0 and g=1 ); the initial values of x and y are
0.4 and 0.3, respectively.
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is not difficult. First of all, from eq. (5) we imme-
diately obtain

x/y=>Xo/Vo, 1. AL/Np=Hro/NDo -

Hence, when k>0 and g=1, the ratio of the con-
centrations of the two enantiomers is time indepen-
dent. Because the initial composition of the system
is assumed to deviate only slightly from racemity, we
see that the system will always remain almost ra-
cemic. This feature of the MFM is illustrated in fig.
4.
For g=1 the equations (3) can be rewritten as

d(x+y)/de=(x+y)— (x+¥)?, (6a)
d(x—y)/dr=(x—p)— (x=p)(x+¥) . (6b)

This makes it possible to find x+y from (6a) and
using this solution to find x—y from (6b). A tedi-
ous, elementary calculation yields:

_ X0 exp(1)

X0 = e em(m—[1-1/ (o tya) 1’
_ ¥ exp(7)

W= el — [1-1/ Gty

Note that for t—o0, X—Xo/ (Xo+¥o) and y—Yol
(xo+Yo). Only in the special case of g=1do the limit
values of x(t) and y(z) depend on the initial com-
position of the system.
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Abstract

A stochastic version of Mason’s modification of the Frank chiral amplification model is examined. The initial state
of the system is chosen to be strictly racemic. Nevertheless, the system always evolves to a monochiral terminal state.
Two characteristic times are considered: the separation time # — the moment after which the sign of the enantiomeric
excess remains unchanged, and the parting time f, — the moment when the enantiomeric excess reaches 1% of its final
value. Whereas ¢, depends (in average) linearly on the logarithm of the magnitude £ of the fluctuations of the respective
rate constants, the separation times are (in average) independent of &.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction '

The question how and why chiral molecules
that are involved in (terrestrial) life processes occur
only in one and always the same enantiomeric
form, whereas the same molecules, when produced
under abiotic conditions, occur as racemic mix-
tures, is tantalizing scientists over 150 years. A
plethora of possible theoretical explanations for
this phenomenon were put forward, none of which
being fully satisfactory. However, in the last 10-15
years a variety of experimental evidences were re-
ported, showing that (a) an achiral or racemic
system can spontaneously evolve into an (almost)
monochiral state, in particular during crystalliza-
tion [1-4], (b) a small enantiomeric excess can
spontaneously be amplified in autocatalytic

.(Torrcsponding author. Fax: +381-34-335-040.
E-mail address: gutman@knez uis.kg.ac.yu (1. Gutman).
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chemical reactions [5-7], (c) influx of extraterres-
trial material [8] as well as (d) the action of static
magnetic field [9,10] may be a cause of stereo-
chemical bias; for more detail and additional ref-
erences see the reviews [11-13].

In light of these experimental findings, the chi-
ral amplification model, put forward by Frank
long time ago [14], needs to be revisited. Instead of
the original Frank model [14] we are considering
its improved, open-flow-reactor, version, proposed
by Mason [15,16].

Both the original Frank model [14] and its
amended modification [15,16] describe the time-
evolution of the concentration np = n (1) and
np = np(t) of a pair of enantiomers L and D, in a
reacting system in which they are produced in an
autocatalytic reaction (%)

L+A=2L; D+A=2D (o)
and are mutually destroyed in a second-order re-
action (B)

rights reserved.
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L+D—P (B)

Supposing that the above processes occur in an
open-flow-reactor, that the reacting system is ho-
mogeneous and isothermal, and making a few
additional assumptions that are immaterial for the
present discussion, one arrives at the system of
differential equations [17]

dny /dt = ki — kanynp — ks(m)?, (la)

dnp/dt = kynp — kanpnp — ks("b)z- (1b)

Note that the notation used in Egs. (1) differs
somewhat from the notation in [17]: here by &, and
ky 1s denoted what in [17] was kjns — ko and k_,
respectively. The original Frank model [14] is the
special case of (1) for k3 = 0.

The form of the solutions of Egs. (1), namely
the behavior of the functions ny (¢) and np(t), and
the way in which these depend on the rate con-
stants kj,k»,k» and on the initial condition
n.(0) = npg, np(0) = npy was fully determined in
[17]. In particular, it was shown [17] that according
to the model (1), if there is a (no matter how small)
initial excess of one enantiomer, say L, then the
system will evolve into an L-monochiral terminal
state provided k; < k> and into a racemic terminal
state provided k; > ky. If k3 < ks, then ny (¢) — ki /
ki and np(f) — 0 as t — oo,

If, however, the initial state of the system is
strictly racemic, nip = npy, then, according to
Egs. (1), it will remain racemic all the time, n, (¢) =
np(t) for all values of t.

2. Stochastization of the model

The differential equations (1) represent a fully
deterministic kinetic model. In our opinion this is a
drawback rather than an advantage,

Namely, the purpose of the Frank model and
its various modifications (see [13,17-19] and the
references quoted therein) is to describe the spon-
taneous transition of a racemic mixture into a
monochiral state, as a step preceding formation of
life on our planet. If such a process ever happened,
it certainly had to take place in an open ‘pool’, a
system far from being homogeneous and isother-
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mal. The chemical reactions in such a system could
be influenced by the presence of various solids on
the bottom of the pool, of which some might be
chiral crystals ' (e.g.. the ubiquitous quartz, whose
two enantiomeric forms are randomly distributed
on the surface of the Earth) 2. Another difficult-
to-control chiral influence could come from
sunshine (that has a slight circular polarization,
with opposite directions in the morning and
afternoon).

Bearing the above in mind, the rate constants
ki, k2, ks in Egs. (1) should be permitted to undergo
random variations. What is much more important
for modeling chiral amplification, is that &, and k;
in Eq. (la) may assume slightly different values
than &, and &; in Eq. (1b), again subject to random
fluctuations. The rate constant k; may also vary,
but must be same in both (la) and (1b) because it
pertains to the same chemical reaction ().

In order to meet the above indicated require-
ments, instead of (1) we consider the model (2):

dny/dt = kiny — Ksnonp — &3 (ny)’, (2a)
dnp /dt = kinp — kinpnp — ki (np)°, (2b)
where

K=k(l+p): p=24L(X-05),
K=hk(l+p); p=2(X-05),

B=k(l+p); p=25X—05),

ki =k(l+p); p=24(X~-05),

K =k(l+p); p=2&(X—-0.35),

and where X is a random variable, uniformly dis-
tributed in the interval (0, 1). Recall that a random
variable assumes a different numerical value each
time it is computed. Thus X in the above equations

' As well known in crystallography, certain achiral substances
are able to form chiral crystals. Among these are trigonal
quartz having a helical arrangement of SiO;-units, cinabar (the
red form of mercyic sulfide), cubic sodium chlorate, etc. [20,21].

* According to Wald [22], although right and left erystals of
quartz occur equally in nature, one configuration may exceed
the other in local deposits by a factor as great as 2:1,
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symbolizes not a fixed number, but a quantity
whose value cannot be predicted in advance, ex-
cept that it satisfies the condition 0 < X < 1.

The parameters &,, &, &, are responsible for the
magnitude of the fluctuations. In this work, for the
sake of simplicity, we assumed &, =, =&, = £,

Thus when the differential equations (2) were
integrated (using the fourth-order Runge-Kutta
procedure [23], with step size 0.0001), in each step
the parameters ki, k|, k3, k5, k] were newly com-
puted, using (five different) new values for X.

The initial state of the system could now be
chosen to be racemic (ny, = npy), because already
after the first integration step it becomes non-
racemic.

3. Results

Our computer experiments were performed by
choosing k; = 0.18 57!, k; = 0.14 5! (mol/l)~', and
ky = 0.09 s7' (mol1)~!, In the case of model (1)
these k-values result in a monochiral terminal
state, in which the concentration of the surviving
enantiomer is 2 mol/l. In addition, the initial
conditions were set as n y = npy = 0.5 mol/l.

Without a single exception and for all examined
values of the parameter ¢ the model (2) transforms
the initially racemic system into a monochiral
terminal state. A typical result is shown in Fig. 1.

t(s)

Fig. 1. A typical form of the solutions of the differential
equations (2); k = 0.18 s7', k; = 0.14 s (mol/l)™', k5 = 0.09
s~! (molll)~!, & = 0.001, nyy = npg = 0.5 mol/l, In this example
the terminal state is D-monochiral: ny — 2 mol/l and ny — 0
for t — oc. The system becomes (almost) monochiral after some
300 s.
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In view of the randomness of the variation of
the k-values we expect that in half of the cases the
terminal state will be D-monochiral (as in Fig. 1),
and in the other half L-monochiral. This, indeed,
has been observed. For instance, for 360 repeti-
tions with £ = 0.001 the outcome was 193 times
D- and 167 time L-monochirality. Analogous
results were obtained for other values of &, con-
firming that this feature of the model is indepen-
dent of &.

At the first glance the n - and np-lines shown in
Fig. 1 appear to be continuous. This, however, is by
no means the case. In Figs. 2 and 3 are given two
examples of the time-dependence of the enantio-
meric excess ee = ee(tf) = (np —n)/ (ap +n) in
the first 3 s of the process described by Egs. (2).

Bearing in mind the features shown in Figs. 2
and 3, we define the separarion time 1, as the
shortest time after which the sign of the enantio-
meric excess remains the same. In other words, 1, is
the last moment where ee(r) changes sign.

The actual value of the separation time varies
within relatively wide limits. For instance, 10
consecutive numerical experiments for &= 0.01
gave t, = 0.6, 1.8, 45.6, 4.0, 2.0, 34.6, 38.3, 3.7, 2.6,
and 10.4 s,

As a kind of surprise, we observed the follow-

ing:

Regularity 1. The separation times are (in average)
independent of the magnitude ¢ of the fluctuations
of the rate constants k. ks, ks.

For instance, for the average value of # in 30
consecutive numerical experiments, with a fixed £,
we obtained: 13.0 s for ¢ =0.00001; 21.0 s for
E=0,0001; 17.5 s for &=0.001; 203 s for
E=001;21.6sfor £ =0.1; 243 s for £ = 1.0.

Although one may argue that the above average
values of #, depend somewhat on ¢, by a detailed
analysis (taking into account the dispersions of
these averages) it can be shown that their variation
is statistically insignificant.

When calculations are done with one and
the same sequence of (pseudo)random numbers
X, then exactly equal values for the separation
times are obtained, independently of the value
of £&.
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Fig. 2. A typical time-dependence of the enantiomeric excess ee = (np — m.)/(np + n.) at the beginning of the process described by the
differential equations (2); the choice of the parameters and initial condition are same as in Fig. 1, except that £ = 0.1. In this particular
numerical experiment the system ultimately becomes D-monochiral: the arrow indicates the separation time (2.5 s).
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Fig. 3. The result of another numerical experiment of the type specified in Fig. 2, with £ = 0.001. Here the system evolved to a

L-monochiral terminal state; separation time =3.0 s.

The seemingly counterintuitive Regularity 1 can
be rationalized by noting that at 7 = ¢; the system
considered is still practically racemic, i.e., the ee-
values are still very close to zero (cf. Figs. 2 and 3).
The example shown in Fig. 1 reveals that a sig-
nificant increase in enantiomeric excess happens at
a much later moment (at ¢ = (10-100)¢), when the
np- and n-lines begin to significantly deviate from
each other.

It is difficult to precisely determine what 'sig-
nificant increase’ and ‘significant deviation’ actu-
ally are. Therefore we simply defined the parting
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time t, as the moment at which the enantiomeric
excess ee attains (for the first time) 1% of its limit
value, i.e., ee(t,) = £0.01.

As expected, the parting time is strongly de-
pendent on the magnitude of the fluctuations.
(Recall that for { — 0 the parting time must be-
come infinitely large.) For instance, for the average
value of #, in 30 consecutive numerical experi-
ments, with a fixed &, we obtained: 341.6 s for
& =0.00001; 2929 s for &= 0.0001; 230.1 s for
E=0.001;175.1 s for ¢ = 0.01; 113.6 s for &£ = 0.1;
61.9 s for £ =1.0.
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2 b1 . L] L]

-tog{
Fig. 4. The parting time (1;) vs. the logarithm of the magnitude
£ of the fluctuations of ky, ks, ky; the choice of parameters and
initial condition are same as in Fig. 1. Each point pertains to the
averages of 30 consecutive numerical experiments.

Our calculations point towards the following:

Regularity 2. The parting time is (in average) a
linear, decreasing, function of the logarithm of the
magnitude ¢ of the fluctuations of the rate con-
stants &y, ks, ks.

An example illustrating Regularity 2 is shown in
Fig. 4.

4. Conclusions

We showed that the stochastic version of
Mason's modification of the Frank chiral ampli-
fication mechanism [14-17] is suitable for model-
ing the emergence of monochirality. The stochastic
model is certainly more realistic than the original
(deterministic) one, and its additional advantage is
that the initial state of the system can now be
chosen as strictly racemic. We established two
regularities of the stochastic models, namely that
the separation time is (in average) independent of
the magnitude of the fluctuations of the rate con-
stants, whereas the parting time is (in average) a
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linear decreasing function of the logarithm of this
magnitude.
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Kparka 6uorpaduja

Mp /Iparan P. Togoposuh pobhen je y Oromry, ommruna Kocoscka Kamenwutia,
nokpajuna KocoBo n Metoxuja, penydnuka Cpbuja, ox ona PamociaBa n Majke
Bacumke. Illect paspema ocHOBHe MIKOJe 3aBpmuo je y llpumTwan a ceamm u
ocmu paspej ocHoBHe mikoje y Kparyjesmy. VY Kparyjesiy je 3aspmmo IIpBy
KparyjeBauky ruMHa3njy (IPUPOJHO-MAaTeMATHIKH cMep). [IpupoHo-mMarema-
Tudyku paky/aTer, cryjaujcka rpyna dpusuka, ynucao je 1975, romune u ca ycre-
xom 3aBpmno cryauje 1980. rommue ca mpocermHoM oreHo 8.76 m omenom 10 Ha
JUTLTOMCKOM pajly m3 obJIacTu ekcnepTHUX cucteMa. logmuae 1979. paano je Kao
npodecop dbusnke y cpeamoj mKoau y PekoBily, a mpe Tora m 1ocJjie Tora Kao
CcTyIAeHT capaauuk Ha uctutyTry 3a dusuky Ilpupogno-maremaruykor dbaxy.i-
tera y Kparyjesmy. [ommne 1982. wuszabpan je 3a acucreHTa-IpuIiipaBHUKA Ha
UncturyTy 3a dusuky [Ipupogno-maremarnykor dbakynarera y Kparyjesmy. V
TOM 3Bamby je 0uo 10 1992. romuune. /[Ipkao je Bexxkbe u3 ciepehux ipejmera:
Teopujcke mexannke, KBanTae Mmexanuke, MerpoJiornje, Enekrpomaraerusma,
Ontuke, Omnmmre KypceBe (bU3UKe 3a CTyAeHTe XeMmuje, OHOJIOTHje, MeIUNIHE H
Mammunckor daxyarera. Omx 1992. romwsae mpebaden je y 3Bame CTPYYHOI Ca-
pagnuka, a rogune 2002. y 3Bame cucreM-aHaauTu4dapa. ¥ gernemopy 2004.ro.
n3abpaH je y 3Baibe acCHUCTeHTa 3a YKy HaydHy 00/1acT aTOMCKa, MOJIEKYJICKA W
onrtuuka dpusuka. llocmegummomcke cryauje Ha rpynu dbusnka, cMep ATOMCKA,
MoJIeKyJICKa u ontuuka ¢pusuka [[pupojno-maremarunyukor daxkyiarera y Kpary-
jeBiy ymmcao je mkoscke 2002/2003 roaune u cBe npeaMere npesuljeHe miaHoMm
I TTPOTPAMOM IOJIOXKHO ca mpocedHoM orenoMm 9.5. /[lama 19.05.2004. romumme
00paHUO je MarucTtapcky Te3y oz HacjaoBom: ~ COIUTOHH Y HENePUOIHTHOM
nosiuMepHoM J1aHiy”. Y mepuoay o 1988-1990. roaune 6mo je unan Capesne
KOMUCHj€e 33 TaKMu4ee u3 (pusuke 3a cpejibe IKOJe TJe je Kao IPeJCTaBHUK
pymrBa dusnyapa Cpbduje nMao M3y3e€THO 3amazkeHe pesyjarare. Y IMEpPHOLY
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ox 1990-1992. roaune 6uo je wnan npejgcennuinTsa Ipymrsa dusuaapa Cp-
ouje. Hayuno unrepecoBame Mp JIparana Tojsoposuha je Beoma pasHOBPCHO
n 00yxBaTa MUPOK IMjana30H (PU3WKe UBPCTOT CTama, MOJIEKYJICKe (hu3nke, u
rpafa (usnkKe Koje uMajy MyJTHIMCIHUILTAHAPHUA KapakTep, O YeMy TOBOpe Ihe-
rose Hay4dHe pedepente. [lo caja je 6uo ayTop minm koayTop 15 HaydIHHX pajoBa
1 3 caomiTema Ha HayIHUM KoHpepennujama. [locebHo Tpeba ncrahm xa je Mp
paran Tojoposuh ayrop niu koayrop y 11 pajioBa objaB/benux y Mmehynapoaum
qacomucuMa oJf Tora 6 y Bojelinm mehynaponnum gaconucuma (mo MeljyHapos-
HUM KPUTEPUjyMHUMa) OJHOCHO 7 110 Kpurepujymuma Penybinuke 3ajennuie 3a
HaykKy. Marucrapcky Te3y ycreniao je ogopanno 19.06.2004. roaune na [IMO y
Kparyjesmy. Hayuno-ucrpakusatuka odsact Mp /parana Tomoposuha obyxsara
Bulte rpaHa (pusnke: pas3He 1mopod/acTu (PU3NKe IBPCTOT CTaha, MOJIEKYJIapHe
dusuke u obacTu puU3nKe Koje mMajy MYJITHIUCIUIINHAPHA KapaKTep MITO FOB-
opu O CBeCTpaHOM (1)I/I3I/I‘IKOM U MaT€MaTU4YKOM 3Halby KaH/JAu/aTa. y IoMeHnyTe
00J1aCTH CIIa/1ajy TeopHja eKCUTOHA, COJTUTOHCKH IPEHOC eHepruje y MOJTHMEPHUM
JaHmuMa, (pU3NKa MOBPIINHA, ITPo0IeM
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