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Kef�laio 1

Eisagwg 

H hlektrodi�lush - pajhtikopoÐhsh tou sid rou se di�luma jeiikoÔ oxèoc

parousÐa   apousÐa alogìnwn parousi�zei talant¸seic tou reÔmatoc pou

rèei apì to sÔsthma upì sunj kec stajeroÔ epiballìmenou dunamikoÔ, oi

opoÐec mporeÐ na eÐnai periodikèc, aperiodikèc, qaotikèc k.l.p.. Sunep¸c

to sÔsthma autì eÐnai èna mh grammikì dunamikì hlektroqhmikì sÔsthma.

'Ena sugkekrimèno dunamikì sÔsthma qarakthrÐzetai apì èna sÔnolo al-

lhloexart¸menwn metablht¸n, oi opoÐec mporeÐ na metab�llontai me to

qrìno me trìpo o opoÐoc eÐnai, toul�qiston jewrhtik�, problèyimoc me

thn proôpìjesh ìti oi exwterikèc epidr�seic pou askoÔntai sto sÔsthma

eÐnai gnwstèc [1].

O ìroc <<dunamik  sumperifor�>> apoteleÐ gnwst  ènnoia gia di�fo-

rouc kl�douc thc fusik c, ìpwc h klassik  mhqanik  kai o hlektroma-

gnhtismìc, all� sunant�tai kai se èna eurÔ arijmì �llwn episthm¸n.

'Etsi mporeÐ gia par�deigma na melet sei kaneÐc th dunamik  sumperifo-

r� qhmik¸n, biologik¸n, koinwnik¸n   oikonomik¸n susthm�twn, me thn

proôpìjesh ìti mporoÔn na brejoÔn majhmatik� montèla ikan� na pe-

rigr�youn th sumperifor� touc upì thn epÐdrash twn dun�mewn pou ta
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6 Kef�laio 1. Eisagwg 

dièpoun. Autì ìmwc eÐnai k�ti arket� dÔskolo kai h sqetik  èlleiyh

ikanopoihtik c proìdou stouc tomeÐc autoÔc èqei strèyei to episthmoni-

kì endiafèron stic fusikèc epist mec kai stic epist mec twn mhqanik¸n.

Apì th skopi� t c mhqanik c loipìn, ènac kÔrioc lìgoc gia ton opoÐo

eÐnai epijumht  h katanìhsh thc sumperifor�c enìc sust matoc, eÐnai

to na gÐnei efiktìc o èlegqoc tou sust matoc autoÔ. Apo thn �llh me-

ri�, e�n epidi¸ketai o èlegqoc enìc sust matoc prèpei na up�rqei k�poia

gn¸sh gia ton trìpo me ton opoÐo to sÔsthma apokrÐnetai se mia exwte-

rik  epÐdrash pou ja askhjeÐ se autì. EÐnai loipìn fusikì epakìloujo

to ìti h melèth enìc sust matoc sumbadÐzei me ton èlegqì tou [1].

Qarakthristikì par�deigma susthm�twn ta opoÐa emfanÐzoun mia idiaÐ-

tera endiafèrousa dunamik  sumperifor�, eÐnai ta qhmik�. Se sust mata

autoÔ tou eÐdouc loipìn eÐnai dunatìn na sumbaÐnoun aplèc   perÐplokec

talant¸seic, hmiperiodikìthta kai q�oc. Astaj c sumperifor� mporeÐ

na sumbeÐ akìma kai ìtan ìlec oi exwterikèc sunj kec ìpwc h paroq , oi

sugkentr¸seic, h jermokrasÐa k.a. diathrhjoÔn stajerèc. Talant¸seic

èqoun parathrhjeÐ se anadeuìmenouc antidrast rec suneqoÔc èrgou, se

difasikoÔc antidrast rec ugroÔ - aerÐou kai se eterogeneÐc, epifaneia-

k¸c kataluìmenec, antidr�seic [2].

Talant¸seic kai epifaneiakèc morfèc (pattern formations) mporoÔn

epÐshc na emfanistoÔn se hlektroqhmikèc antidr�seic. Up�rqoun su-

st mata pou upì potensiostatikèc sunj kec (stajerì dunamikì) to reÔ-

ma talant¸netai kai se �lla sust mata upì galbanostatikèc sunj kec

(stajerì reÔma) to dunamikì parousi�zei talant¸seic. Astaj c sumpe-
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rifor� se hlektroqhmik� sust mata parathr jhke gia pr¸th for� apì

to 1828 kai apì tìte èqei apotelèsei antikeÐmeno ektetamènhc melèthc

[2].

Oi hlektroqhmikèc antidr�seic èqoun di�forec idiìthtec pou kaji-

stoÔn th qr sh touc se melètec dunamik¸n susthm�twn idiaÐtera endia-

fèrousa. H pr¸th, fusik�, idiìthta eÐnai ìti èqoun parathrhjeÐ pol-

loÐ tÔpoi dunamik c sumperifor�c. DeÔteron h mètrhsh tou reÔmatoc

  tou dunamikoÔ mporeÐ na gÐnei �mesa kai eÔkola. Epipleìn, ta epÐpe-

da jorÔbou diathroÔntai sun jwc se arket� qamhl� epÐpeda ¸ste ta

apotelèsmata mporoÔn na katagrafoÔn qwrÐc shmantikì sf�lma. Tèloc

h qronik  di�rkeia twn talant¸sewn, upì orismènec sunj kec, eÐnai mi-

kr  se sqèsh me thn qronik  di�rkeia twn metabol¸n thc epifaneiak c

kat�stashc, me apotèlesma ta dedomèna na lamb�nontai upì stajerèc

sunj kec kai o ìgkoc touc na eÐnai sqetik� meg�loc [2].

H pleionìthta twn hlektroqhmik¸n susthm�twn, ta opoÐa èqoun pa-

rousi�sei idiaÐtera shmantik  dunamik  sumperifor�, aforoÔn thn ano-

dik  hlektrodi�lush diafìrwn met�llwn. Efìson orismènec apì tic ta-

lant¸seic pou parathroÔntai sundèontai me th di�brwsh twn met�llwn

me belonismoÔc, eÐnai fusikì tètoia anodik� dunamik� fainìmena na èqoun

proselkÔsei idiaÐterh prosoq  kai endiafèron. Talant¸seic kai �llou

tÔpou dunamikèc sumperiforèc de sundèontai mìno me anodikèc dr�seic.

IdiaÐtera endiafèrousa dunamik  sumperifor� èqei parathrhjeÐ epÐshc kai

se di�fora kajodik� sust mata, kai eidik� se aut� pou perilamb�noun

thn hlektroapìjesh diafìrwn met�llwn, perioq  pou eÐnai idiaÐterhc te-
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qnologik c shmasÐac. Ta stoiqeÐa kausÐmwn èqoun proselkÔsei èna au-

xanìmeno endiafèron ta teleutaÐa qrìnia. Aut� ta sust mata aforoÔn

thn apeujeÐac hlektroqhmik  oxeÐdwsh diafìrwn hlektro-organik¸n ou-

si¸n. Arket� apì ta hlektroqhmik� aut� sust mata èqoun epÐshc epi-

deÐxei shmantik  dunamik  sumperifor�. Perissìtero endiafèronta pa-

radeÐgmata hlektroqhmik¸n susthm�twn, pou emfanÐzoun talant¸seic

kai �llou tÔpou dunamik  sumperifor�, perilamb�noun hmiag¸gima hle-

ktrìdia kai fwto-hlektroqhmikèc diergasÐec kaj¸c epÐshc kai sust mata

ìpou biologikèc / organikèc membr�nec eÐnai paroÔsec [2].

Pio sugkekrimèna stoiqeÐa gia tic peript¸seic sto pedÐo thc hlektro-

qhmeÐac pou èqei parathrhjeÐ axiìlogh dunamik  sumperifor� parousi�-

zontai sth sunèqeia [2]:

• Hlektrodi�lush twn met�llwn: Sthn kathgorÐa aut  mia

polÔ gnwst  antÐdrash, h opoÐa èqei melethjeÐ ekten¸c eÐnai h

hlektrodi�lush tou Fe se H2SO4. Kat� th dr�sh aut  èqei apo-

deiqteÐ h Ôparxh apl¸n kai uyhlìterhc t�xhc qaotik¸n dom¸n sto

plat¸ tou oriakoÔ reÔmatoc. H hlektrodi�lush tou Cu se H3PO4

èqei epÐshc melethjeÐ diexodik� kai èqoun parathrhjeÐ diaklad¸seic

Hopf me sunèpeia thn emf�nish periodik¸n kai qaotik¸n talant¸-

sewn. Epiplèon kat� thn hlektrodi�lush tou Ni se H2SO4 upì

galbanostatikèc sunj kec èqoun parathrhjeÐ diaklad¸seic Hopf,

diaklad¸seic s�gmatoc kìmbou, q�oc kai hmiperiodikìthta [2].

• Kajodikèc diergasÐec: Parìlo pou oi anodikèc talant¸-
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seic eÐnai oi pio koinèc, èqoun parathrhjeÐ kai arketèc peript¸-

seic talantoÔmenwn kajodik¸n antidr�sewn. Kajodikèc talant¸-

seic èqoun parathrhjeÐ epÐshc kat� thn emb�ptish hlektrodÐwn apì

kassÐtero se hlektrolÔtec pou perièqoun iìnta kassitèrou, apoÔ-

sac k�je organik c ousÐac. Sugkekrimèna parathr jhkan talan-

t¸seic tou dunamikoÔ kat� thn epibol  stajer c tim c puknìthtac

reÔmatoc, megalÔterhc apì thn puknìthta tou oriakoÔ reÔmatoc.

Kajodikèc talant¸seic tou dunamikoÔ upì galbanostatikèc sun-

j kec èqoun anaferjeÐ kai kat� thn epiyeudargÔrwsh, en¸ èna apì

ta perissìtero melethmèna sust mata se aut  thn kathgorÐa eÐnai

autì thc anagwg c tou In3+ se hlektrolÔtec pou perièqoun SCN−

p�nw se st�gdhn hlektrìdio udrargÔrou [2].

• Hlektrokatalutikèc antidr�seic: H hlektrokatalutik 

oxeÐdwsh mikr¸n organik¸n en¸sewn, ìpwc thc formaldeödhc, tou

murmhkikoÔ oxèoc kaj¸c kai twn murmhkik¸n iìntwn, èqei apo-

telèsei antikeÐmeno plhj¸rac melet¸n, lìgw thc talantoÔmenhc

sumperifor�c pou parousi�zoun upì galbanostatikèc kai hmipo-

tensiostatikèc sunj kec. To endiafèron èqei epÐshc sugkentr¸sei

kai h dunamik  sumperifor� thc hlektrokatalutik c oxeÐdwshc tou

udrogìnou, upì thn parousi� diafìrwn katiìntwn. To eÐdoc thc

parathroÔmenhc dunamik c sumperifor�c èqei apodeiqteÐ ìti exar-

t�tai apì th sugkèntrwsh twn xènwn katiìntwn. TalantoÔmenh

sumperifor� èqei epideÐxei kai h hlektroqhmik  anagwg  tou upe-

roxeidÐou tou udrogìnou se hlektrìdia pou perièqoun qalkì (ìpwc
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Cu5FeS4, CuFeS2, Cu2S, CuS, CuInS2, CuInSe2), upì potensiosta-

tikèc sunj kec. Upì parìmoiec sunj kec talant¸seic èqoun pa-

rathrhjeÐ kai kat� th di�rkeia thc sÔnjeshc CH3OH apì CO se

hlektrìdia leukoqrÔsou tropopoihmèna me K2Fe2(CN)6 [2].

• Hmiag¸gima hlektrìdia: 'Enac shmantikìc arijmìc melet¸n

èqoun anafèrei talant¸seic kai �llou eÐdouc endiafèrousa dunami-

k  sumperifor� kat� th di�rkeia hlektroqhmik¸n antidr�sewn se

epif�neiec hmiag¸gimwn hlektrodÐwn. Qarakthristikì par�deigma

aut c thc kathgorÐac eÐnai oi talant¸seic tou reÔmatoc upì sta-

jerì dunamikì pou parathroÔntai kat� th bÔjish enìc hlektrodÐou

apì n-hmiagwgì GaAs to opoÐo brÐsketai suneq¸c upì fwtismì se

dialÔmata bìraka (KCl + Na2B4O7, pH ' 10). Talant¸seic tou

reÔmatoc èqoun epÐshc parathrhjeÐ kat� thn anodÐwsh hlèktrodÐ-

wn CdxHg1−xTe se basik� dialÔmata pou perieÐqan iìnta Cs+ kai

S2−. Parathr jhke epÐshc ìti oi epifaneiakèc sugkentr¸seic twn

proðìntwn CO kai Cs parousi�zoun talantoÔmenh sumperifor� h

opoÐa m�lista  tan sugqronismènh me tic talant¸seic tou reÔma-

toc. Talant¸seic tou reÔmatoc èqoun anaferjeÐ kai sthn perÐptw-

sh thc di�lushc p- kai n-hlektrodÐwn puritÐou se hlektrolÔtec pou

perièqoun fjìrio [2].

• Membr�nec: Up�rqei ènac arket� meg�loc ìgkoc plhrofori¸n

sqetik� me talant¸seic pou lamb�noun q¸ra se membr�nec. Para-

tetamènec talant¸seic èqoun melethjeÐ kai se z¸nta kai mh z¸nta
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sust mata [2].

IdiaÐtera endiafèrousa dunamik  sumperifor� emfanÐzoun epÐshc su-

st mata pou an koun ston tomèa thc neurofusiologÐac. Ta neurik�

kÔttara me b�sh ta leitourgik� touc qarakthristik� mporoÔn na dia-

krijoÔn se dÔo epimèrouc kathgorÐec: sta siwphl� kai stouc talantw-

tèc. Sta siwphl� neurik� kÔttara h diafor� dunamikoÔ thc kuttarik c

touc membr�nhc, apousÐa sÔzeuxhc   sunaptikoÔ erejÐsmatoc, paramènei

se statik  kat�stash. Stouc talantwtèc to hlektrikì dunamikì thc

kuttarik c touc membr�nhc emfanÐzei talantoÔmenh sumperifor� (action

potentials) wc proc to qrìno. H dunamik  aut  sumperifor� mporeÐ na

ofeÐletai se k�poio exwterikì erèjisma, eÐte spaniìtera na apoteleÐ eg-

gen  idiìthta tou kutt�rou. Oi hlektrikoÐ autoÐ palmoÐ metafèrontai

mèsw twn sun�yewn (oi opoÐec mporeÐ na eÐnai qhmikèc   hlektrikèc) apì

to èna neurikì kÔttaro (prosunaptikì) sto �llo (metasunaptikì), apo-

tel¸ntac ètsi to mèso epikoinwnÐac metaxÔ touc. Me th seir� touc oi

talantwtèc mporoÔn na diakrijoÔn se treÐc diaforetikèc kathgorÐec: (a)

stouc bhmatodìtec (beaters, pacers), stouc opoÐouc oi hlektrikoÐ palmoÐ

lamb�noun q¸ra se kanonik� qronik� diast mata, (b) stouc ekrhktikoÔc

  jusanoeideÐc talantwtèc (bursters) ìpou siwphlèc katast�seic diakì-

ptontai apì diast mata pollapl¸n hlektrik¸n palm¸n kai (g) se autoÔc

pou to dunamikì thc kuttarik c touc mebr�nhc emfanÐzei akanìnistouc

palmoÔc, oi opoÐoi mporeÐ na eÐnai aploÐ   jusanoeideÐc [3, ?].

'Oson afor� eidik� to rìlo twn jusanoeid¸n talant¸sewn sthn epi-

koinwnÐa metaxÔ twn neurik¸n kutt�rwn èqoun gÐnei kat� kairoÔc di�fo-
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rec upojèseic, merikèc apì tic opoÐec èqoun wc ex c:

• Oi jusanoeideÐc talant¸seic jewroÔntai perissìtero axiìpistec

sto na prokalèsoun thn apìkrish tou metasunaptikoÔ kutt�rou

se sqèsh metic aplèc talant¸seic. 'Ontwc mia akoloujÐa hlektri-

k¸n palm¸n eÐnai dunatìn, an�loga me th fÔsh tou metasunapti-

koÔ neurìna, na epidr� ajroistik� sthn prìklhsh enìc hlektrikoÔ

palmoÔ thc metasunaptik c kuttarik c membr�nhc [4].

• Mèsw twn jusanoeid¸n talant¸sewn metafèretai se meg�lo poso-

stì epituq¸c h plhroforÐa mèsw thc sÔnayhc, se antÐjesh me tic

aplèc talant¸seic ìpou fainìmena apotuqÐac sumbaÐnoun arket�

suqnìtera [5].

• Oi jusanoeideÐc talant¸seic metafèroun megalÔterh posìthta plh-

roforÐac se sqèsh me tic aplèc talant¸seic. H plhroforÐa aut 

mporeÐ na brÐsketai kwdikopoihmènh sth suqnìthta twn talant¸-

sewn tou jus�nou   sth qronik  di�rkeia autoÔ [6].

• Oi jusanoeideÐc talant¸seic mporoÔn na qrhsimopoihjoÔn gia thn

kat' epilog  epikoinwnÐa metaxÔ twn neurik¸n kutt�rwn. 'Etsi an�-

loga me th suqnìthta twn talant¸sewn tou jus�nou tou prosu-

naptikoÔ kutt�roun eÐnai dunatìn h plhroforÐa na metafèretai se

diaforetikì metasunaptikì kÔttaro [7].

• Oi jusanoeideÐc talant¸seic emfanÐzoun megalÔtero lìgo s matoc

proc jìrubo [8].
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• Oi jusanoeideÐc talant¸seic mporoÔn na metafèroun diaforetikì

eÐdoc plhroforÐac se sqèsh me tic aplèc talant¸seic. 'Etsi loipìn

orismèna neurik� kÔttara èqoun th dunatìthta na antidroÔn se èna

eÐdoc exwterikoÔ erejÐsmatoc me jusanoeideÐc talant¸seic kai se

�llo eÐdoc me aplèc talant¸seic [9, 10].

Ta neurofusiologik� sust mata apoteloÔn mia sugkekrimènh kath-

gorÐa mh grammik¸n dunamik¸n susthm�twn, ta opoÐa parousi�zoun ar-

ketèc omoiìthtec me touc mh grammikoÔc hlektroqhmikoÔc talantwtèc.

Oi omoiìthtec autèc èqoun wc ex c:

• H proèleush kai twn dÔo susthm�twn eÐnai qhmik , en¸ mÐa meta-

blht  eÐnai hlektrik c fÔshc [11].

• O leitourgikìc diaqwrismìc se bhmatodìtec kai jusanoeideÐc ta-

lantwtèc isqÔei kai gia tic dÔo kathgorÐec susthm�twn.

• Kai ta dÔo sust mata qarakthrÐzontai apì thn Ôparxh miac diepi-

f�neiac   <<membr�nhc>>, h opoÐa eÐnai eklektik� perat  se sugke-

krimèna qhmik� eÐdh, iìnta   hlektrik� fortÐa genikìtera [12, 13].

• O kinhtikìc mhqanismìc twn talant¸sewn kai thc di�dos c touc

sto q¸ro eÐnai koinìc [14, 15].

H jewrhtik  all� kai polÔ perissìtero h peiramatik  melèth twn neu-

rofusiologik¸n diktÔwn, parousi�zei mia seir� teqnik¸n duskoli¸n. Ja

 tan loipìn idiaÐtera qr simo loipìn na  tan dunat  h prosomoÐwsh thc

leitourgÐac twn diktÔwn aut¸n me aploÔstera fusik� sust mata, pou
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ja diathroÔn ìmwc mia fainomenologik  all� kai leitourgik  omoiìthta.

ExaitÐac loipìn twn analogi¸n pou proanafèrjhkan an�mesa stouc hle-

ktroqhmikoÔc talantwtèc kai stouc fusiologikoÔc neurìnec, prokÔptei

to sumpèrasma ìti hlektroqhmik� dÐktua mporoÔn na qrhsimopopoihjoÔn

gia thn katanìhsh thc stoiqei¸douc sumperifor�c neurwnik¸n diktÔwn.

Stìqoi thc paroÔsac didaktorik c diatrib c eÐnai oi akìloujoi:

• H peiramatik  mèleth thc metabol c sthn apìkrish tou mh grammi-

koÔ hlektroqhmikoÔ talantwt  Fe / 0.75 M H2SO4, pou epifèroun

exwterik� epiballìmenec qhmikèc diataraqèc sthn hlektroqhmik 

diepif�neia tou par�p�nw sust matoc, en¸ autì brÐsketai upì po-

tensiostatikèc sunj kec.

• H peiramatik  diereÔnhsh tou mh grammikoÔ hlektroqhmikoÔ su-

st matoc pou prokÔptei kat� thn hlektrodi�lush - pajhtikopoÐh-

sh tou sid rou se jeiikì oxÔ parousÐa alogìnwn sto hlektroluti-

kì di�luma. Pio sugkekrimèna, me qr sh twn teqnik¸n thc kukli-

k c boltammetrÐac kai thc qronoamperometrÐac upì potensiostati-

kèc sunj kec, exet�zontai oi proôpojèseic k�tw apì tic opoÐec eÐ-

nai dunat  emf�nish jusanoeid¸n talant¸sewn sto sÔsthma autì,

oi opoÐec sth sunèqeia, me qr sh diafìrwn statistik¸n megej¸n,

kathgoriopoioÔntai me b�sh ta qarakthristik� kai thc idiìthtèc

touc.

• H peiramatik  melèth teqnht¸n hlektroqhmik¸n diktÔwn, ta opoÐa

èqoun wc domikèc mon�dec ton parap�nw jusanoeid  talantwt .
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Ta dÐktua aut� exet�zontai upì potensiostatikèc sunj kec gia

diaforetik  èntash kai eÐdoc (diegertik    anastaltik ) sÔzeuxhc.

• H kat�strwsh kai arijmhtik  epexergasÐa enìc kinhtikoÔ senarÐ-

ou, tìso gia thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou

se ìxina dialÔmata ìso kai gia thn epÐdrash twn alogìnwn sto

sÔsthma autì.

H didaktorik  aut  diatrib  èqei diarjrwjeÐ wc ex c: sto kef�laio 2

parousi�zontai, eklektik�, orismènoi mhqanismoÐ oi opoÐoi èqoun prota-

jeÐ, tìso gia thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou se jeiikì

oxÔ ìso kai gia thn epÐdrash twn alogìnwn sto parap�nw sÔsthma. Sto

kef�laio 3 pragmatopoieÐtai mia sÔntomh eisagwg  sth jewrÐa twn mh

grammik¸n dunamik¸n susthm�twn me th bo jeia twn opoÐwn gÐnetai du-

nat  h ermhneÐa twn peiramatik¸n apotelesm�twn pou ja parousiastoÔn

sth sunèqeia. Oi peiramatikèc kai arijmhtikèc mèjodoi kaj¸c epÐshc kai

ta ulik� pou qrhsimopoioÔntai sthn ergasÐa aut  parousi�zontai sto ke-

f�laio 4. Sto kef�laio 5 parousi�zontai ta peiramatik� apotelèsmata

pou proèkuyan apo thn epibol  qhmik¸n diataraq¸n sthn hlektroqhmi-

k  diepif�neia tou sust matoc Fe / 0.75 M H2SO4. Ta apotelèsmata

aut� susqetÐzontai me tic diaklad¸seic kaj¸c kai th fÔsh twn stati-

k¸n katast�sewn pou emfanÐzontai sto sÔsthma autì. Sto kef�laio 6

melet�tai o jusanoeid c talantwt c pou prokÔptei kat� thn hlektrodi�-

lush - pajhtikopoÐhsh tou sid rou se di�luma jeiikoÔ oxèoc parousÐa

mikr c posìthtac iìntwn alogìnwn sto hlektrolutikì di�luma. Me b�-
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sh ta peiramatik� apotelèsmata kaj¸c epÐshc kai me qr sh diafìrwn

statistik¸n megej¸n prokÔptei ìti sto sÔsthma autì lamb�noun q¸ra

dÔo eÐdh jusanoeid¸n talant¸sewn tou reÔmatoc, gia diaforetikèc timèc

tou epiballìmenou dunamikoÔ. Me b�sh tic qarakthristikèc idÐothtec

twn talant¸sewn aut¸n kai lamb�nontac upìyhn tic diaklad¸seic pou

lamb�noun q¸ra sto sÔsthma Fe / 0.75 M H2SO4 oi jusanoeideÐc au-

tèc talant¸seic kathgoriopoioÔntai. Sto kef�laio 7 parousi�zontai ta

apotelèsmata pou prokÔptoun apì thn peiramatik  melèth diktÔwn pou

apoteloÔntai apì suzeugmènouc jusanoeideÐc talantwtèc twn parap�-

nw tÔpwn. Ta dÐktua aut� melet¸ntai upì potensiostatikèc sunj kec

sunj kec metab�llontac to eÐdoc kai thn èntash thc sÔzeuxhc. Oi di�-

forec katast�seic sugqronismoÔ pou prokÔptoun ermhneÔontai me b�sh

ta idiaÐtera qarakthristik� twn dÔo tÔpwn jusanoeid¸n talant¸sewn.

Sto kef�laio 8 proteÐnetai èna kinhtikì sen�rio apì thn arijmhtik  epe-

xergasÐa tou opoÐou anapar�getai poiotik� h parathroÔmenh peiramatik�

sumperifor� tou jusanoeidoÔc talantwt . Tèloc ta sumper�smata pou

prokÔptoun apo ta peiramatik� kai arijmhtik� apotelèsmata parousi�-

zontai sto kef�laio 9.



Kef�laio 2

Kinhtik  thc hlektrodi�lushc / pajhtikopoÐh-

shsc tou sid rou se ìxina dialÔmata

2.1 SÔsthma Fe/H2SO4 apousÐa alogìnwn

H hlektrodi�lush / pajhtikopoÐhsh tou sid rou se di�luma jeiikoÔ

oxèoc upì potensiostatikèc sunj kec sunodeÔetai apì talant¸seic tou

reÔmatoc. Oi talant¸seic autèc eÐnai periodikèc kai lamb�noun q¸ra

sthn perioq  thc met�bashc tou sust matoc apì thn energ  sthn pajh-

tik  kat�stash. O mhqanismìc pou eÐnai upeÔjunoc gia thn Ôparxh twn

talant¸sewn aut¸n sunÐstatai sthn ek peritrop c pajhtikopoÐhsh thc

epif�neiac tou hlektrodÐou tou sid rou me èna str¸ma oxeidÐou kai sth

metèpeita energopoÐhs  thc [16, 17].

Sto Sq.2.1 parousi�zetai h kampÔlh pìlwshc tou sust matoc Fe /

0.75 M H2SO4, apì to dunamikì anoiqtoÔ kukl¸matoc èwc ta 1.2 V me

rujmì s�rwshc 20 mVs−1, gia hlektrìdio dÐskou diamètrou 1 mm. Kat�

thn anodik  s�rwsh tou dunamikoÔ apì ta -500 mV èwc ta -200 mV pa-

rathreÐtai h perioq  thc energ c hlektrodi�lushc tou sid rou, en¸ sth

sunèqeia wc ta 300 mV perÐpou to reÔma arqik� mei¸netai kai sth sunè-

17
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Sq ma 2.1: KampÔlh pìlwshc tou sust matoc Fe / 0.75 M H2SO4, apì to dunamikì

anoiqtoÔ kukl¸matoc wc ta 1200 mV me rujmì s�rwshc 20 mVs−1.

Sq ma 2.2: Periodikèc talant¸seic tou reÔmatoc sto sÔsthma Fe / 0.75 M H2SO4,

gia V = 210 mV.
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qeia paramènei stajerì (oriakì reÔma) pijan¸c lìgw tou sqhmatismoÔ

sthn hlektrodiak  epif�neia enìc por¸douc str¸matoc �latoc. Sth

sunèqeia kai wc ta 1200 mV h hlektrodiak  epif�neia brÐsketai sthn

pajhtik  kat�stash lìgw tou sqhmatismoÔ oxeidÐwn p�nw se aut n kai

to reÔma lamb�nei polÔ qamhlèc timèc, thc t�xhc twn 0.1 mA. Kat� thn

kajodik  s�rwsh tou dunamikoÔ apì ta 1200 mV, to hlektrìdio sid rou

paramènei sthn pajhtik  kat�stash ewc ta 250 mV perÐpou. Sto du-

namikì autì to sÔsthma arqÐzei na emfanÐzei talant¸seic tou reÔmatoc.

Upì potensiostatikèc sunj kec oi talant¸seic autèc eÐnai periodikèc,

en¸ h perÐodoc kai h èntas  touc exart�tai apì to efarmozìmeno duna-

mikì. Qarakthristikì par�deigma thc morf c twn talant¸sewn aut¸n

parousi�zetai sto Sq.2.2 gia V = 210 mV. H talantoÔmenh sumperi-

for� suneqÐzetai wc ta 190 mV perÐpou, ìpou to reÔma lamb�nei xan�

thn oriak  tou tim . Sta -300 mV perÐpou to reÔma arqÐzei stadiak�

na mei¸netai èwc ìtou to sÔsthma epistrèyei sthn kat�stash anoiqtoÔ

kukl¸matoc [18, 19, 20].

H pr¸th apìpeira majhmatik c perigraf c thc talantoÔmenhc sum-

perifor�c pou parathreÐtai kat� th met�bash tou sust matoc apì thn

energ  sthn pajhtik  kat�stash, ègine to 1961 apì touc U. F. Frank kai

R. FitzHugh. Apotèlesma thc ergasÐac aut c  tan to montèlo Frank -

FitzHugh (F - F), to opoÐo eÐnai disdi�stato kai perigr�fei tic talant¸-

seic tou reÔmatoc pou parathroÔntai kat� th met�bash tou hlektrodÐou

sid rou apì thn energ  sthn pajhtik  kat�stash se udatik� dialÔma-

ta jeiikoÔ oxèoc. SÔmfwna me to montèlo F - F, sto opoÐo gÐnetai h
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paradoq  ìti up�rqei miktìc èlegqoc apì metafor� fortÐou kai di�qu-

sh, oi hlektroqhmikèc diergasÐec pou lamb�noun q¸ra eÐnai oi akìloujec

[21, 22, 23, 24]:

FeGGGAFe2+ + 2e−

Fe + nH2OGGGBFGGGFeOn + 2nH+ + 2ne−

To kinhtikì autì sen�rio, lamb�nontac epÐshc upìyhn th ro  twn

iìntwn udrogìnou prìc kai apì thn hlektrodiak  epif�neia kaj¸c kai

thn ex�rthsh tou dunamikoÔ pajhtikopoÐhshc apì to pH, eÐnai ikanì na

anapar�gei poiotik� thn parathroÔmenh peiramatik� dunamik  sumperifo-

r�.

Parìla aut� h kinhtik  thc hlektrodi�lushc - pajhtikopoÐhshc tou

sid rou se ìxina dialÔmata eÐnai arket� pio peplegmènh kai wc s mera

den èqei aposafhnisteÐ pl rwc. Thn Ðdia qroni� pou parousi�sthke to

montèlo Frank - FitzHugh (F - F), oi Bockris et al. melèthsan thn

kinhtik  thc hlektrodi�lushc kai hlektroapìjeshc tou sid rou se mia

seir� dialum�twn pou perieÐqan iìnta Fe2+. Me b�sh ta peiramatik�

apotelèsmata pou proèkuyan prot�jhke o akìloujoc mhqanismìc [25]:

Fe + OH−GGGBFGGGFeOH + e−

FeOH
rds

GGGGGGGAFeOH+ + e−

FeOH+GGGBFGGGFe2+ + OH−
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SÔmfwna me to mhqanismì autì h sugkèntrwsh twn iìntwn OH−

mporeÐ na eÐnai arket� meg�lh, akìma kai se ìxina dialÔmata lìgw thc

udrìlushc twn iìntwn FeOH+. Ta iìnta OH− antidroÔn me th metallik 

epif�neia kai sqhmatÐzoun èna epifaneiakì str¸ma, to opoÐo me th seir�

tou metatrèpetai sto eudi�luto iìn FeOH+.

To 1980 oi Schweickert et al. odhg jhkan sthn prìtash enìc diafo-

retikoÔ mhqanismoÔ, basismènoi se metr seic hlektroqhmik c fasmato-

skopÐac sÔnjethc antÐstashc kat� thn hlektrodi�lush tou sid rou se

ìxina dialÔmata pou perieÐqan jeiikì oxÔ kai jeiikì n�trio. Apì ta apo-

telèsmata thc ergasÐac aut c proèkuyan oi akìloujoi mhqanismoÐ gia

tic di�forec perioqèc dunamik¸n [26].

Gia thn perioq  thc energ c hlektrodi�lushc, prot�jhke to ex c

kinhtikì sen�rio [26]:

Fe + H2OGGGBFGGG(FeOH)ads + H+ + e− (2.1)

Fe∗ + (FeOH)adsGGGBFGGG[Fe(FeOH)]ads (2.2)

[Fe∗(FeOH)]ads + OH− rds
GGGGGGGAFeOH+ + (FeOH)ads + 2e− (2.3)

Oi dr�seic pou lamb�noun q¸ra sÔmfwna me to parap�nw kinhtikì

sen�rio sthn energ  kat�stash eikonÐzontai kat� seir� sta Sq.2.3a - g.

H krÐsimh paradoq  sthn opoÐa basÐzetai to sen�rio autì eÐnai ìti h epi-

f�neia tou met�llou apoteleÐtai apì energ� kèntra, Fe∗, kai apì jèseic
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prosrìfhshc Fe. Stic jèseic prosrìfhshc mporoÔn na prosrofhjoÔn

iontik� eÐdh, kurÐwc OH−, en¸ o katalÔthc [Fe∗(FeOH)]ads sqhmatÐzetai

mìno sta energ� kèntra [26].

Arqik� loipìn, lamb�nei q¸ra prosrìfhsh iìntwn OH− sta kèntra

prosrìfhshc, Sq.2.3a, sqhmatÐzontac (FeOH)ads. Sto epìmeno st�-

dio sqhmatÐzetai o katalÔthc [Fe∗(FeOH)]ads me thn allhlepÐdrash enìc

energoÔ kèntrou kai tou prosrofhmènou eÐdouc (FeOH)ads (Sq.2.3b).

Tèloc h prosbol  tou katalÔth apì OH− odhgeÐ sthn dhmiourgÐa eudi�-

lutou FeOH+, ìpwc parathreÐtai sto Sq.2.3g.

Gia th metabatik  kai propajhtik  perioq , prot�jhke o akìloujoc

mhqanismìc [26]:

(FeOH)ads + H2OGGGBFGGG[Fe(OH)2]ads + H+ + e− (2.4)

Fe∗ + [Fe(OH)2]adsGGGBFGGG{Fe∗[Fe(OH)2]}ads (2.5)

{Fe∗[Fe(OH)2]}ads
rds

GGGGGGGAFeOH+ + (FeOH)ads + e− (2.6)

SÔmfwna me to mhqanismì autì, se uyhlìtera dunamik� dÔo iìnta

OH− mporoÔn na prosrofhjoÔn sthn Ðdia jèsh prosrìfhshc kai na

sqhmatÐsoun katalÔth thc morf c {Fe∗[Fe(OH)2]}ads, mèsw tou opoÐ-

ou apeleujer¸nontai eudi�luta iìnta FeOH+ sto di�luma (bl. Sq.2.4).

Basismènoi sta parap�nw kinhtik� sen�ria, oi T. Kado kai N. Kuni-

tomi dhmosÐeusan to 1991 ergasÐa sthn opoÐa qrhsimopoi jhke mia tro-

popoihmènh morf  tou mhqanismoÔ autoÔ, gia thn perioq  thc met�bashc
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Sq ma 2.3: Sqhmatik  apeikìnish tou kinhtikoÔ mhqanismoÔ sthn energ  perioq 

thc hlektrodi�lushc tou sid rou sÔmfwna me thn ergasÐa twn Schweickert et al. [26].

Sta sq mata a - g apeikonÐzontai oi dr�seic twn Ex.2.1 - 2.3 antÐstoiqa. Kìkkinec

sfaÐrec: udrogonokatiìnta, gkrÐzec sfaÐrec: udroxuliìnta, maÔrec sfaÐrec: kèntra

prosrìfhshc, portokalÐ sfaÐrec: energ� kèntra. Me gramm  sumbolÐzetai h Ôparxh

desmoÔ an�mesa sta iìnta.
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Sq ma 2.4: Sqhmatik  apeikìnish tou mhqanismoÔ sthn metabatik  kai propajhti-

k  perioq  sÔmfwna me thn ergasÐa twn Schweickert et al. [26]. Sta sq mata a - g

apeikonÐzontai oi dr�seic twn Ex.2.4 - 2.6 antÐstoiqa. Kìkkinec sfaÐrec: udrogono-

katiìnta, gkrÐzec sfaÐrec: udroxuliìnta, maÔrec sfaÐrec: kèntra prosrìfhshc. Me

gramm  sumbolÐzetai h Ôparxh desmoÔ an�mesa sta iìnta.
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tou sust matoc apì thn energ  sthn pajhtik  kat�stash. O mhqani-

smìc autìc anapar gage poiotik� tic eustajeÐc periodikèc talant¸seic

pou parathroÔntai sthn perioq  aut , upì thn paradoq  ìti lamb�noun

q¸ra allhlepidr�seic metaxÔ twn prosrofhmènwn qhmik¸n eid¸n. Oi

dr�seic pou sunjètoun to mhqanismì autì kai gia tic opoÐec gÐnetai h

upìjesh ìti lamb�noun q¸ra me parapl siec taqÔthtec, èqoun wc ex c

[27]:

(FeOH)ads + H2OGGGBFGGG[Fe(OH)2]ads + H+ + e−

Fe + [Fe(OH)2]adsGGGBFGGG[Fe[Fe(OH)2]]ads

[Fe[Fe(OH)2]]adsGGGBFGGGFeOH+ + (FeOH)ads + e−

Ta kinhtik� montèla pou parousi�sthkan parap�nw mporoÔn wc èna

bajmì na perigr�youn thn hlektrodi�lush - pajhtikopoÐhsh tou sid -

rou se ìxina dialÔmata kai na anapar�goun poiotik� thn talantoÔmenh

sumperifor�. Sthn perÐptwsh ìmwc pou all�xei h sÔnjesh tou hlektro-

loutikoÔ dialÔmatoc me thn prosj kh mikr c posìthtac alogìnwn h apì-

krish tou sust matoc metab�lletai drastik�. 'Etsi loipìn oi periodikèc

talant¸seic dÐnoun th jèsh touc se nèa dunamik� fainìmena, ìpwc ape-

riodikèc talant¸seic, jusanoeideÐc talant¸seic, h pajhtik  kat�stash

paÔei na ufÐstatai k.l.p [19, 20].
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Sq ma 2.5: KampÔlh pìlwshc tou sust matoc Fe / 0.75 M H2SO4, 15

mM Cl−, apì to dunamikì anoiqtoÔ kukl¸matoc wc ta 1200 mV me rujmì

s�rwshc 20 mVs−1.

2.2 SÔsthma Fe/H2SO4 parousÐa alogìnwn

Sto Sq.2.5 parousi�zetai h kampÔlh pìlwshc tou sust matoc Fe / 0.75

M H2SO4, 15 mM Cl−, gia hlektrìdio dÐskou diamètrou 1 mm. Ta ìria

thc s�rwshc eÐnai apì to dunamikì anoiqtoÔ kukl¸matoc (perÐpou -500

mV) èwc ta 1200 mV me rujmì s�rwshc 20 mVs−1. Xekin¸ntac apì thn

kat�stash anoiqtoÔ kukl¸matoc kai sar¸nontac anodik� to epiballì-

meno dunamikì èwc ta -200 mV, lamb�nei q¸ra h energ  hlektrodi�lush

tou sid rou sto di�luma. Katìpin to reÔma lamb�nei thn oriak  tim  tou

(perÐpou 4 mA) pijan¸c lìgw tou sqhmatismoÔ enìc por¸douc str¸ma-

toc �latoc sthn hlektrodiak  epif�neia. Sta 240 mV perÐpou k�noun

thn emf�nis  touc talant¸seic tou reÔmatoc. Oi talant¸seic autèc eÐnai
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aperiodikèc, jusanoeideÐc   qaotikèc. Qarakthristikì par�deigma thc

morf c twn talant¸sewn aut¸n parousi�zetai sto Sq.2.6 gia V = 315

mV. H talantoÔmenh sumperifor� tou sust matoc suneqÐzetai sthn kam-

pÔlh pìlwshc èwc ta 320 mV perÐpou. Kaj¸c aux�netai to V peraitèrw,

se antÐjesh me to sÔsthma Fe / 0.75 M H2SO4 pou perigr�fhke para-

p�nw, h hlektrodiak  epif�neia de metabaÐnei sthn pajhtik  kat�stash.

Pio sugkekrimèna, sqhmatÐzetai èna pajhtikì str¸ma sthn epif�neia tou

hlektrodÐou sid rou, to opoÐo ìmwc dialÔetai topik� lìgw thc dr�shc

twn qlwriìntwn me apotèlesma èna shmantikì posì reÔmatoc (sugkrÐsi-

mo me thn tim  tou oriakoÔ reÔmatoc) na rèei sto sÔsthma. 'Etsi loipìn

èwc ta 1200 mV to hlektrìdio sid rou brÐsketai se mia hmipajhtik  ka-

t�stash. Kat� thn antÐstrofh s�rwsh tou dunamikoÔ apì ta 1200 mV

to sÔsthma exakoloujeÐ na brÐsketai sthn hmipajhtik  aut  kat�stash,

en¸ h akrib c tim  tou dunamikoÔ sthn opoÐa to reÔma lamb�nei xan� thn

oriak  tim  tou eÐnai dÔskolo na diakrijeÐ sthn prokeimènh perÐptwsh.

H tim  aut  tou reÔmatoc (perÐpou 4 mA) diathreÐtai èwc ta -300 mV

perÐpou. Apì to shmeÐo autì to reÔma arqÐzei na mei¸netai èwc ìtou to

sÔsthma na ft�sei sthn kat�stash anoiqtoÔ kukl¸matoc, [18, 19, 20].

Gia thn epÐdrash twn alogìnwn sto pajhtikì str¸ma èqoun pro-

tajeÐ di�foroi mhqanismoÐ. O N. Sato to 1971 prìteine èna mhqanismì

mhqanik c di�lushc tou pajhtikoÔ str¸matoc, sÔmfwna me ton opoÐo ta

prosrofhmèna se autì aniìnta, mei¸noun thn epifaneiak  tou t�sh, me

apotèlesma na kajÐstatai eukolìterh h katastrof  tou [28]. To 1982

o Ðdioc ereunht c prìteine èna diaforetikì mhqanismì gia th dr�sh twn
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Sq ma 2.6: Aperiodikèc jusanoeideÐc talant¸seic tou reÔmatoc sto sÔ-

sthma Fe / 0.75 M H2SO4, 15 mM Cl−, gia V = 315 mV.

alogìnwn, sÔmfwna me ton opoÐo, h prosrìfhs  sto pajhtikì str¸ma

mei¸nei thn krÐsimh tim  tou dunamikoÔ, p�nw apì thn opoÐa dhmiour-

goÔntai pìroi se autì, oi opoÐoi eÐnai upeÔjunoi gia thn katastrof 

tou [29]. Par�llhla, èqoun protajeÐ kai orismènoi mhqanismoÐ pou ba-

sÐzontai sthn Ôparxh kai metakÐnhsh twn shmeiak¸n atelei¸n entìc tou

pajhtikoÔ str¸matoc gia na ermhneÔsoun thn katastrof  tou pajhtikoÔ

str¸matoc exaitÐac thc epÐdrashc twn alogìnwn [?, ?].

To 1972 oi R. J. Chin kai K. Nobe melèthsan thn kinhtik  thc

hlektrodi�lushc tou sid rou se ìxina dialÔmata qlwriìntwn. Me b�-

sh ta peiramatik� apotelèsmata pou proèkuyan apì metr seic Tafel sto

sÔsthma gia diaforetikèc sugkentr¸seic qlwriìntwn kai tim¸n pH, pro-
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t�jhke o akìloujoc mhqanismìc [30]:

Fe + Cl− + H2OGGGBFGGG[FeClOH]−ads + H+ + e− (2.7)

[FeClOH]−ads

rds
GGGGGGGAFeClOH + e− (2.8)

FeClOH + H+GGGAFe2+ + H2O + Cl− (2.9)

SÔmfwna me to montèlo autì, ta qlwriìnta summetèqoun sthn hle-

ktrodi�lush tou sid rou mèsw tou sqhmatismoÔ enìc prosrofhmènou

endi�mesou proðìntoc thc morf c [FeClOH]−ads. Qarakthristikì tou mh-

qanismoÔ autoÔ eÐnai ìti ta qlwriìnta summetèqoun �mesa sthn hlektro-

qhmik  antÐdrash oxeÐdwshc tou sid rou pou perigr�fetai apì thn Ex.2.7

[30].

AntÐjeta oi A. M. El-Kot et al. katèlhxan se èna mhqanismì ìpou

sthn hlektrodiak  epif�neia lamb�nei q¸ra o sqhmatismìc dÔo eid¸n

oxeidÐwn, ta opoÐa èqoun th dunatìthta na allhlepidroÔn, en¸ ta qlw-

riìnta antidroÔn qhmik� mìno me èna apì ta dÔo aut� oxeÐdia. Pio sug-

kekrimèna o mhqanismìc autìc eÐnai o akìloujoc [31]:

[Fe(OH)]ads + H2OGGGBFGGG[Fe(OH)2]ads + H+ + e−

[Fe(OH)2]ads + H+ rds
GGGGGGGA[Fe(OH)]+ + H2O

[Fe(OH)2]ads + Cl−
rds

GGGGGGGA[Fe(OH)]+ + Cl− + OH−
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SÔmfwna me to mhqanismì autì ta qlwriìnta antidroÔn me to epi-

faneiak� prosrofhmèno [Fe(OH)2]ads par�gontac eudi�luto [Fe(OH)]+,

qwrÐc ìmwc na summetèqoun �mesa se k�poia hlektroqhmik  antÐdrash

[31]. Epiplèon oi dÔo teleutaÐec dr�seic lamb�noun q¸ra me parapl -

siec taqÔthtec kai eÐnai autèc pou kajorÐzoun to rujmì tou sunolikoÔ

mhqanismoÔ.

Apì ta kinhtik� montèla pou parousi�sthkan epilektik� parap�nw

eÐnai fanerì ìti o mhqanismìc thc hlektrodi�lushc - pajhtikopoÐhshc

tou sid rou se ìxina dialÔmata parousÐa   mh alogìnwn eÐnai arket� pe-

plegmènoc kai den up�rqei èna koin� apodektì kinhtikì montèlo pou na

anapar�gei thn peiramatik� parathroÔmenh dunamik  sumperifor�. Pro-

keimènou na ermhneujeÐ h dunamik  sumperifor� tou sust matoc kai na

katastrwjeÐ èna majhmamatikì montèlo pou na anapar�gei poiotik� ta

fainìmena pou ja parousiastoÔn sta epìmena kef�laia qrhsimopoi jhke

gia thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou ènac sunduasmìc

twn mhqanism¸n twn Bockris et al. [25] kai Schweickert et al. [26], en¸

gia th dr�sh twn alogìnwn qrhsimopoi jhke o mhqanismìc twn R. J.

Chin kai K. Nobe [30].



Kef�laio 3

Dunamik� Sust mata

3.1 Eisagwg 

Kat� thn hlektrodi�lush tou sid rou se jeiikì oxÔ parousÐa alogìnwn,

lamb�noun q¸ra di�fora dunamik� fainìmena ìpwc talant¸seic, metabo-

lèc sthn eust�jeia (diaklad¸seic), dipl  eust�jeia k.a. Ta polÔplo-

ka aut� fainìmena mporoÔn na katanohjoÔn mèsw thc jewrÐac twn mh

grammik¸n dunamik¸n susthm�twn, orismèna stoiqeÐa thc opoÐac parou-

si�zontai parak�tw.

3.2 OrismoÐ

Gia na gÐnei katanoht  h sumperifor� enìc sust matoc eÐnai qr simh h

majhmatik  perigraf  tou. H basik  idiìthta pou prèpei na èqei mia tè-

toia perigraf  eÐnai to na mporeÐ na problèyei th mellontik  sumperifor�

tou sust matoc dedomènhc thc arqik c tou kat�stashc kai gnwrÐzontac

ton trìpo epÐdrashc twn exwterik¸n dun�mewn p�nw se autì [1].

'Estw èna sÔsthma to opoÐo perigr�fetai me exis¸seic thc morf c:

ẋ = f(x, µ) (3.1)

31
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ìpou x ∈ Rn, t ∈ R, µ ∈ Rp. 'Ena tètoio sÔsthma ja onom�zetai

dunamikì sÔsthma. Sthn Ex.3.1 me thn teleÐa dhl¸netai h parag¸gish

wc proc to qrìno, d/dt. Wc x orÐzontai oi dunamikèc metablhtèc, µ oi

par�metroi tou sust matoc kai t o qrìnoc. Sto fusikì kìsmo, x eÐnai

oi metablhtèc tou sust matoc pou metr¸ntai peiramatik�, eÐte apeujeÐac

eÐte mèsw k�poiac sunart sewc apìkrishc kai µ eÐnai oi par�metroi tou

sust matoc pou diathroÔntai stajerèc. Sta hlektroqhmik� sust mata

to di�nusma x apoteleÐtai sun jwc apì to dunamikì thc hlektroqhmik c

diplostoib�dac kai tic epifaneiakèc sugkentr¸seic twn diafìrwn eid¸n,

en¸ sto di�nusma twn paramètrwn µ perilamb�nontai to epiballìmeno

dunamikì, oi stajerèc twn hlektroqhmik¸n dr�sewn, h antÐstash tou

hlektrolutikoÔ dialÔmatoc k.l.p. Sthn perÐptwsh pou to dexÐ skèloc

thc Ex.3.1 eÐnai mh grammik  sun�rthsh to sÔsthma kaleÐtai mh grammikì

dunamikì sÔsthma. H Ex.3.1 mazÐ me tic arqikèc sunj kec onom�zetai

prìblhma arqik¸n tim¸n. EpÐshc ìtan to dexÐ skèloc thc Ex.3.1 den

exart�tai �mesa apì to qrìno, to sÔsthma onom�zetai autìnomo [32, 33].

Wc di�stash tou sust matoc orÐzetai o arijmìc twn met�blht¸n pou

apaitoÔntai gia thn perigraf  tou sust matoc kai isoÔtai me n. O q¸-

roc twn exarthmènwn   dunamik¸n metablht¸n x onom�zetai q¸roc twn

f�sewn thc Ex.(3.1) kai h di�stas  tou eÐnai n. H lÔsh thc Ex.(3.1)

upì thn arqik  sunj kh x0 ≡ x(t = t0) gr�fetai x(t, t0,x0) kai kaleÐtai

troqi�   kampÔlh f�shc pou dièrqetai apì to shmeÐo x0 th qronik  stig-

m  t0. To gr�fhma tou x(t, t0,x0) wc proc to qrìno kaleÐtai kampÔlh

olokl rwshc. Sta hlektroqhmik� mh grammik� dunamik� sust mata, an
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to di�nusma x apoteleÐtai, ìpwc anafèrjhke parap�nw, apì to dunamikì

thc hlektroqhmik c diplostoib�dac kai tic epifaneiakèc sugkentr¸seic

twn diafìrwn eid¸n, tìte h apìkrish tou dunamikoÔ thc hlektroqhmik c

diplostoib�dac wc prìc to qrìno, ϕ(t),   tou reÔmatoc, I(t), kaj¸c kai

twn epifaneiak¸n sugkentr¸sewn twn diafìrwn eid¸n, ci(t), sunistoÔn

thn kampÔlh olokl rwshc tou sust matoc [32, 33].

Dunamik� sust mata thc morf c thc Ex.(3.1) mporoÔn na perigr�-

youn fainìmena pou exelÐssontai sto qrìno kai ta opoÐa èqoun sugke-

krimènec idiìthtec, idiaÐtera shmantikèc gia ton kl�do thc fusikoqhmeÐac.

Oi idiìthtec autèc eÐnai [32, 33]:

• Aitiokratikìthta: Olìklhrh h mellontik  kai pareljoÔsa

poreÐa tou sust matoc kajorÐzontai apì thn paroÔsa kat�stas 

tou.

• Peperasmènh di�stash: O arijmìc twn metablht¸n pou

apaitoÔntai gia th perigraf  tou sust matoc eÐnai peperasmènoc.

• Diaforisimìthta: H metabol  thc kat�stashc tou sust ma-

toc me to qrìno perigr�fetai me diaforÐsimec sunart seic.

Ta hlektroqhmik� sust mata emfanÐzoun aitiokratikìthta, afoÔ peri-

gr�fontai apì aitiokratikoÔc nìmouc, kai h di�stas  touc eÐnai pepera-

smènh. Epiplèon h metabol  thc kat�stashc twn hlektroqhmik¸n su-

sthm�twn me to qrìno perigr�fetai apì diaforÐsimec sunart seic.



34 Kef�laio 3. Dunamik� Sust mata

Sq ma 3.1: (a) TroqÐec pou katal goun se statikì shmeÐo kai (b) h

kampÔlh olokl rwshc.

3.3 TÔpoi dunamik c sumperifor�c

Up�rqoun di�foroi tÔpoi dunamik c sumperifor�c. AkoloujoÔn merikoÐ

orismoÐ kai k�poiec grafikèc anaparast�seic:

• Statik� shmeÐa (Fixed points) : 'Ena statikì shmeÐo thc

Ex.(3.1) eÐnai èna shmeÐo x ∈ Rn tètoio ¸ste:

f(x) = 0 (3.2)

Apì thn Ex.(3.2) faÐnetai ìti èna statikì shmeÐo eÐnai mia lÔsh

h opoÐa de metab�lletai me to qrìno. Ta statik� shmeÐa epÐshc

lègontai shmeÐa isorropÐac (equilibrium points)   statikèc kata-

st�seic (steady states). Sto Sq.3.1 parousi�zetai èna par�deigma

enìc statikoÔ shmeÐou sto R2 kai h kampÔlh olokl rwshc [32, 33].
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Sq ma 3.2: 'Enac oriakìc kÔkloc kai troqÐec pou ton plhsi�zoun.

• Oriakìc kÔkloc (Limit cycle): An jewrhjeÐ ìti sthn Ex.(3.1)

to x ∈ R2, tìte mia periodik  lÔsh autoÔ tou dunamikoÔ sust -

matoc onom�zetai oriakìc kÔkloc, e�n k�je �llh lÔsh plhsi�zei

aut  thn periodik  lÔsh gia t −→ ±∞. Mia grafik  anapar�sta-

sh dÐnetai sto Sq.3.2 [32, 33].

• DaktÔlioc (Torus): H sumperifor� tou sust matoc p�nw se

èna daktÔlio mporeÐ na eÐnai mh periodik  kai pio sugkekrimèna hmi-

periodik . H hmiperiodik  sumperifor� orÐzetai wc mia lÔsh pou

apoteleÐtai apì toul�qiston dÔo asÔmmetrec suqnìthtec, dhlad :

θ

φ
= α 6= p

q
(3.3)

ìpou p ∈ N∗ kai q ∈ Z∗.

'Ena par�deigma hmiperiodik c sumperifor�c se èna daktÔlio dÐnetai

sto Sq.3.3 [32].
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Sq ma 3.3: Troqièc p�nw se daktÔlio.

• Q�oc (Chaos): Sth b�sh enìc genikoÔ orismoÔ h qaotik  sum-

perifor� eÐnai mia mh periodik  sumperifor�, euaÐsjhth stic arqi-

kèc sunj kec. Sto Sq.3.4 parousi�zetai o qaotikìc elkust c tou

Lorenz [32].

EÐdh statik¸n shmeÐwn

Ta statik� shmeÐa, mporeÐ na eÐnai diafìrwn tÔpwn ìpwc kìmboi, kèn-

tra, estÐec k.a. ta opoÐa mporeÐ na eÐnai eustaj    astaj . Se poi�

kathgorÐa ja an kei èna sugkekrimèno statikì shmeÐo x̄ ∈ Rn mporeÐ na

diapistwjeÐ grammikopoi¸ntac to mh grammikì sÔsthma pou perigr�fetai

apì thn Ex.(3.1) se mia perioq  δx̄ tou shmeÐou autoÔ. 'Etsi prokÔptei

èna sÔsthma thc morf c:

δẋ = Dxf(x̄)δx (3.4)
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Sq ma 3.4: O elkust c tou Lorenz.

to opoÐo eÐnai grammikì. O pÐnakac Dxf(x̄) èqei th morf :

Dxf(x̄) =



∂f1(x̄)
∂x1

∂f1(x̄)
∂x2

. . . ∂f1(x̄)
∂xn

∂f2(x̄)
∂x1

∂f2(x̄)
∂x2

. . . ∂f2(x̄)
∂xn

...
... . . .

∂fn(x̄)
∂x1

∂fn(x̄)
∂x2

. . . ∂fn(x̄)
∂xn


To eÐdoc tou statikoÔ shmeÐou ja exart�tai apì tic idiotimèc tou pÐnaka

Dxf(x̄). Sugkekrimèna [32, 33]:

• An oi idiotimèc eÐnai pragmatikèc kai arnhtikèc tìte to statikì

autì shmeÐo kaleÐtai eustaj c kìmboc (stable node). Sto Sq.3.5a

eikonÐzetai ènac eustaj c kìmboc.

• An oi idiotimèc eÐnai migadikèc me arnhtikì pragmatikì mèroc tìte

to statikì shmeÐo kaleÐtai eustaj c estÐa (stable focus). Sto

Sq.3.6a eikonÐzetai mia eustaj c estÐa.
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Sq ma 3.5: (a)'Enac eustaj c kai (b) ènac astaj c kìmboc.

Sq ma 3.6: (a) Mia eustaj c kai (b) mia astaj c estÐa.
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Sq ma 3.7: 'Ena sagmatikì shmeÐo.

• An oi idiotimèc eÐnai pragmatikèc kai jetikèc tìte to statikì shmeÐo

kaleÐtai astaj c kìmboc (unstable node). Sto Sq.3.5b eikonÐzetai

ènac astaj c kìmboc.

• An oi idiotimèc eÐnai migadikèc me jetikì pragmatikì mèroc tìte

to statikì shmeÐo kaleÐtai astaj c estÐa (unstable focus). Sto

Sq.3.6b eikonÐzetai mia astaj c estÐa.

• An oi idiotimèc eÐnai kajar� fantastikèc tìte to statikì shmeÐo

kaleÐtai kèntro (centre).

• An mèroc twn idiotim¸n eÐnai pragmatikèc kai jetikèc, en¸ oi upìloi-

pec eÐnai pragmatikèc kai arnhtikèc tìte to shmeÐo kaleÐtai s�gma

(saddle). Sto Sq.3.7 eikonÐzetai èna s�gma.

Epiplèon an oi idiotimèc tou pÐnaka Dxf(x̄) den eÐnai mhdèn   fanta-

stikèc tìte to statikì shmeÐo x̄ ∈ Rn lègetai uperbolikì kai h eust�-
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jei� tou exart�tai apì to grammikì susthma thc Ex.3.4. Sthn antÐjeth

perÐptwsh to statikì shmeÐo lègetai mh uperbolikì [32, 33].

'Amesec peiramatikèc teqnikèc mporoÔn na katagr�youn mìno eusta-

jeÐc statikèc katast�seic, twn opoÐwn h fÔsh mporeÐ na dieukrinisteÐ

me peir�mata epibol c diataraq¸n. Oi astajeÐc statikèc katast�seic

mporoÔn na brejoÔn mìno me èmmesec peiramatikèc taqnikèc.

3.4 Diaklad¸seic statik c kat�stashc

E�n sthn Ex.3.1 metablhjoÔn oi par�metroi µ tou sust matoc, endèqetai

na prokÔyoun metabolèc sthn poiotik  dom  twn lÔsewn thc exÐswshc,

dhlad  metabol  sthn eust�jei� touc. Oi allagèc autèc kaloÔntai dia-

klad¸seic (bifurcations), en¸ oi timèc pou lamb�noun oi par�metroi sto

shmeÐo pou parathreÐtai metabol  thc eust�jeiac, onom�zontai timèc dia-

kl�dwshc (bifurcation values) [32, 34].

An jewrhjeÐ h perÐptwsh µ ∈ R, tìte wc statik� shmeÐa thc Ex.3.1

orÐzontai ta shmeÐa pou ikanopoioÔn thn exÐswsh:

f(x̄, µ) = 0 (3.5)

kai exart¸ntai apì to µ. H grafik  par�stash tou x̄ wc proc to µ ka-

leÐtai di�gramma diaklad¸sewn (bifurcation diagram) (t¸ra to x̄ mporeÐ

na anaparist� ìqi mìno shmeÐa all� epÐshc kai periodikèc troqièc). An

up�rqoun perissìterec apì mÐa par�metroi diakl�dwshc, gia par�deigma

oi µ1, µ2, tìte èna gr�fhma sto epÐpedo µ1 - µ2, ìpou oi grammèc anti-

proswpeÔoun timèc twn paramètrwn ìpou parathreÐtai mia diakl�dwsh,
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onom�zetai sÔnolo diaklad¸sewn (bifurcation set) [32, 34].

An èna statikì shmeÐo einai uperbolikì, tìte h eust�jei� tou kajorÐ-

zetai apì thn grammikopoÐhsh pou gÐnetai se mia perioq  δx̄ tou statikoÔ

shmeÐou. Mia diakl�dwsh ja sumbeÐ se èna mh uperbolikì shmeÐo, dhla-

d  ìtan mÐa apì tic idiotimèc tou grammikoÔ sust matoc thc Ex.3.4 eÐnai

mhdèn   lamb�nei kajar� fantastikèc timèc kaj¸c metab�lletai to µ. H

Ôparxh enìc mh uperbolikoÔ stajeroÔ shmeÐou eÐnai mia anagkaÐa all�

ìqi kai ikan  sunj kh gia mia diakl�dwsh. Autì shmaÐnei ìti ìtan mÐa  

perissìterec idiotimèc tou sust matoc pou perigr�fetai apì thn Ex.3.4

eÐnai mhdèn   kajar� fantastikèc totè Ðswc parathrhjeÐ mia diakl�dwsh

[32, 34].

JewrÐa thc kentrik c poll�plìthtac (Center manifold

theory)

'Estw èna dunamikì sÔsthma di�stashc n = c + s ìpou c idiotimèc eÐnai

mhdèn   kajar� fantastikèc kai s idiotimèc eÐnai pragmatikèc kai arnhti-

kèc   migadikèc me arnhtikì pragmatikì mèroc (gÐnetai ed¸ h upìjesh ìti

ìlec oi idiotimèc eÐnai aplèc). Tìte exaitÐac thc Ôparxhc twn s idiotim¸n

ìlec oi troqièc ja katal goun se èna uposÔnolo ìpou h eust�jeia tou

sust matoc ja kajorÐzetai apì tic c idiotimèc me to mhdenikì pragmatikì

mèroc. To uposÔnolo autì onom�zetai kentrik  pollaplìthta (center

manifold) [32, 34].

SÔmfwna me th jewrÐa thc kentrik c pollaplìthtac h dunamik  sum-

perifor� enìc sust matoc di�stashc c+ s kajorÐzetai apì èna sÔsthma
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di�stashc c. 'Etsi to prìblhma thc perigraf c tou dunamikoÔ sust ma-

toc aplousteÔetai, afoÔ h di�stas  tou mei¸netai. EpÐshc h Ðdia jewrÐa

anafèrei ìti an ta statik� shmeÐa tou sust matoc di�stashc c, pou pe-

rigr�fei th dunamik  sumperifor� thc kentrik c pollaplìthtac, eÐnai

eustaj    astaj  tìte kai ta statik� shmeÐa tou arqikoÔ sust matoc,

di�stashc n, eÐnai antÐstoiqa eustaj , oriak� eustaj    astaj  [32, 34].

TÔpoi diaklad¸sewn statik c kat�stashc

Up�rqoun di�foroi tÔpoi diaklad¸sewn statik c kat�stashc ìpwc: h

diakl�dwsh s�gmatoc - kìmbou (saddle - node bifurcation), h uperkrÐ-

simh diakl�dwsh (transcritical bifurcation, h diqalwt  diakl�dwsh (pi-

tchfork bifurcation) kai h diakl�dwsh Hopf (Hopf bifurcation). Apì tic

proanaferìmenec morfèc diaklad¸sewn, autèc pou parathroÔntai peira-

matik� kai ja parousiastoÔn ektenèstera sth sunèqeia, eÐnai h diakl�-

dwsh - s�gmatoc kìmbou kai h diakl�dwsh Hopf [32, 34].

• Diakl�dwsh s�gmatoc kìmbou: 'Estw to dunamikì sÔ-

sthma thc Ex.3.1 kai ìti to shmeÐo (x̄, µ) = (0, 0) eÐnai èna mh

uperbolikì shmeÐo isorropÐac. An to sÔsthma èqei mia apl  idio-

tim  Ðsh me to mhdèn kai oi upìloipec eÐnai eÐte pragmatikèc, eÐte

migadikèc (all� ìqi mhdèn), tìte apì th jewrÐa thc kentrik c pol-

laplìthtac prokÔptei ìti h di�stash tou dunamikoÔ sust matoc

mporeÐ na meiwjeÐ. Sthn perÐptwsh aut  h di�stash tou elattw-

mènou sust matoc, pou ja dièpei th dunamik  sumperifor� sthn

kentrik  pollaplìthta eÐnai Ðsh me th mon�da (c = 1) kai eÐnai thc
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morf c [32, 34]:

ẋ = f(x, µ) (3.6)

H idiotim  tou monodi�statou autoÔ sust matoc pou perigr�fetai

apì thn Ex.3.6 eÐnai λ = ∂f(x)
∂x

∣∣∣
(0,0)

= 0. AnalÔontac thn f(x, µ)

me th qr sh thc seir�c Taylor[32, 34]:

f(x, µ)=f(0, 0) +
∂f(x, µ)

∂x

∣∣∣
(0,0)

x +
∂f(x, µ)

∂µ

∣∣∣
(0,0)

µ +
∂2f(x, µ)

∂x2

∣∣∣
(0,0)

x2

2

+
∂2f(x, µ)

∂µ2

∣∣∣
(0,0)

µ2

2
+

∂2f(x, µ)

∂x∂µ

∣∣∣
(0,0)

xµ + ...

kaj¸c kai twn sunjhk¸n f(0, 0) = 0 kai ∂f(x)
∂x

∣∣∣
(0,0)

= 0 prokÔptei

[32, 34]:

ẋ = α1µ + α2x
2 + α3µ

2 + α4µx + ... (3.7)

ìpou oi stajerèc αi eÐnai Ðsec me:

α1 =
∂f

∂µ

∣∣∣
(0,0)

6= 0

α2 =
1

2

∂2f

∂x2

∣∣∣
(0,0)

6= 0

α3 =
1

2

∂2f

∂µ2

∣∣∣
(0,0)

6= 0

α4 =
∂2f

∂µ∂x

∣∣∣
(0,0)

= 0

'Etsi h Ex.3.7 gr�fetai:

ẋ = α1µ + α2x
2 + ... (3.8)
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Antikajist¸ntac x →
√∣∣∣α1

α2

∣∣∣x kai t → α1

√∣∣∣α2

α1

∣∣∣t kai agno¸ntac

touc ìrouc uyhlìterhc t�xhc prokÔptei [32, 34]:

ẋ = µ + βx2 (3.9)

ìpou β = ±1. Melet¸ntac thn Ex.3.9 kaj¸c metab�lletai to µ,

eÐnai katarq n emfanèc ìti gia µ = 0 to shmeÐo (x, µ) = (0, 0) eÐnai

mh uperbolikì shmeÐo. Ta statik� shmeÐa thc Ex.3.9 eÐnai [32, 34]:

x̄ =

 ±
√
−µ an β = 1

±√µ an β = −1
(3.10)

AfoÔ ta statik� shmeÐa prèpei na eÐnai pragmatik� prèpei, µ ≥ 0

ìtan β = −1 kai µ ≤ 0 ìtan β = 1. Ta statik� shmeÐa brÐskontai

mìno sto misì epÐpedo tou q¸rou twn paramètrwn, an�loga me thn

tim  tou β.

H eust�jeia aut¸n twn statik¸n shmeÐwn exart�tai apì thn idioti-

m , λ = 2βx̄. Ereun¸ntac t¸ra thn Ex.3.10 se sqèsh me tic timèc

tou β prokÔptoun ta ex c sumper�smata [32, 34]:

– Gia β = 1, h idiotim  pou antistoiqeÐ sthn par�stash +
√
−µ

eÐnai jetik , opìte autìc o kl�doc twn statik¸n shmeÐwn

eÐnai astaj c. H idiotim  pou antistoiqeÐ sto −
√
−µ eÐnai

arnhtik , opìte autìc o kl�doc eÐnai eustaj c.

– Gia β = −1, h idiotim  pou antistoiqeÐ sthn par�stash +
√

µ

eÐnai arnhtik , opìte autìc o kl�doc twn statik¸n shmeÐwn
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Sq ma 3.8: Diakl�dwsh s�gmatoc kìmbou gia (a) β = −1 kai (b) β = 1.

eÐnai eustaj c. H idiotim  pou antistoiqeÐ sto −√µ eÐnai

jetik , opìte autìc o kl�doc eÐnai astaj c.

To sen�rio diakl�dwshc pou parousi�sthke parap�nw, onom�zetai

diakl�dwsh s�gmatoc - kìmbou. Oi peript¸seic β = −1 kai β = 1

parousi�zontai grafik� sto Sq.3.8 [32, 34].

Sthn perÐptwsh pou up�rqoun kai ìroi megalÔterhc t�xhc sthn

kanonik  morf , mporeÐ na deiqjeÐ ìti up�rqei mia diakl�dwsh s�g-

matoc - kìmbou sthn arq  twn axìnwn. 'Estw loipìn ìti sthn

kanonik  morf  oi ìroi trÐthc t�xhc thc morf c αx3 den agnooÔn-

tai. Tìte gia β = −1 h Ex.3.9 ja lamb�nei th morf  [32, 34]:

ẋ = µ− x2 + αx3 (3.11)

Oi statikèc katast�seic sthn perÐptwsh aut  ja dÐnontai apì thn

sqèsh:

µ = x̄2 − αx̄3 (3.12)
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en¸ oi idiotimèc dÐnontai apì thn exÐswsh:

λ = −2x̄ + 3αx̄2 (3.13)

'Etsi loipìn anamènetai na lamb�noun q¸ra dÔo diaklad¸seic s�g-

matoc kìmbou, h mÐa sthn arq  twn axìnwn kai h �llh sto shmeÐo

(x̄, µ) = (2/3α, 4/27α2) [32, 34]. Gia β = 1 prokÔptei an�loga

ìti oi statikèc katast�seic dÐnontai apì thn exÐswsh:

µ = −x̄2 − αx̄3 (3.14)

en¸ oi diaklad¸seic s�gmatoc kìmbou lamb�noun q¸ra sta shmeÐa

(x̄, µ) = (0, 0) kai (x̄, µ) = (−2/3α,−4/27α2).

'Epomènwc me b�sh thn parap�nw an�lush, an h sumperifor� tou

sust matoc exet�zetai topik� sthn arq  twn axìnwn tìte ìroi thc

morf c x3 mporoÔn na agnohjoÔn [32, 34].

H perÐptwsh aut  ìmwc parousi�zei idiaÐtero endiafèron an me-

lethjeÐ h sumperifor� tou sust matoc makri� apì thn arq  twn

axìnwn. Sto Sq.3.9 parousi�zetai to di�gramma thc diakl�d¸sewn

thc Ex.3.11. 'Opwc faÐnetai sto sq ma autì mazÐ me th diakl�dwsh

s�gmatoc - kìmbou sthn arq  twn axìnwn sunup�rqei mia deÔte-

rh diakl�dwsh idÐou tÔpou makri� apì thn arq  twn axìnwn. O

sunduasmìc aut¸n twn dÔo diaklad¸sewn èqei wc apotèlesma thn

emf�nish ustèrhshc, thc opoÐac to pl�toc isoÔtai me d = 4/27α2

. H ènnoia thc ustèrhshc èqei thn ex c ermhneÐa: xekin¸ntac apì

qamhlèc timèc kai stadiak� aux�nontac thn par�metro diakl�dw-

shc to sÔsthma paramènei ston k�tw eustaj  kl�do ewc ìtou h



3.4. Diaklad¸seic statik c kat�stashc 47

Sq ma 3.9: DhmiourgÐa ustèrhshc lìgw diakl�dwshc s�gmatoc - kìm-

bou. Suneq c gramm : eustaj c kìmboc, suneq c gramm  me stauroÔc:

sagmatikì shmeÐo. α = 0.1, β = −1.

par�metroc l�bei thn tim  µ1 = 4/27α2. Tìte to sÔsthma meta-

baÐnei apìtoma ston �nw eustaj  kl�do kai paramènei se autìn me

peraitèrw aÔxhsh tou µ. Xekin¸ntac t¸ra antÐstrofa, apì uyhlèc

timèc thc paramètrou diakl�dwshc kai stadiak� mei¸nont�c thn, h

met�bash tou sust matoc apì ton �nw eustaj  kl�do ston k�tw

de lamb�nei q¸ra sthn tim  µ1, all� se mia �llh tim , µ2 = 0

. Entìc thc perioq c ustèrhshc sunup�rqoun dÔo statikèc ka-

tast�seic gia thn Ðdia tim  thc paramètrou m, emfanÐzetai dhlad 

dipl  eust�jeia (bistability) [32, 34].

Oi ìroi megalÔterhc t�xhc mporeÐ na jewrhjeÐ ìti ekfr�zoun thn

epÐdrash sto sÔsthma k�poiac mikr c exwterik c diataraq c. 'Etsi
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loipìn, se èna fusikoqhmikì sÔsthma, to opoÐo dèqetai p�nta tè-

toiec exwterikèc epidr�seic (p.q. jìruboc) kai brÐsketai kont�

se mia diakl�dwsh s�gmatoc kìmbou, emfanÐzetai p�nta autoÔ tou

eÐdouc h ustèrhsh [32, 34].

Sthn perÐptwsh pou to α4 eÐnai di�foro tou mhdenìc, mporeÐ omoÐwc

na apodeiqjeÐ ìti topik� up�rqei mia diakl�dwsh s�gmatoc - kìmbou

sthn arq  twn axìnwn. 'Etsi, ìroi thc morf c µx den ephre�zoun

poiotik� th sumperifor� sth geitoni� autoÔ tou mh uperbolikoÔ

stajeroÔ shmeÐou [32, 34].

• Diakl�dwsh Hopf : H epìmenh perÐptwsh diakl�dwshc kat�

thn opoÐa èna statikì shmeÐo eÐnai mh uperbolikì, eÐnai o pÐnakac

tou grammikopoihmènou dunamikoÔ sust matoc thc Ex.3.4, na èqei

èna zeÔgoc kajar� fantastik¸n idiotim¸n, en¸ oi upìloipec idio-

timèc na èqoun mh mhdenik� pragmatik� mèrh [32, 34].

Pio sugkekrimèna oi idiotimèc sthn perÐptwsh aut  eÐnai thc morf c

λ = ±iω. 'Etsi k�tw apì th sunj kh aut  kai qrhsimopoi¸ntac

to je¸rhma thc kentrik c pollaplìthtac, to sÔsthma mei¸netai se

èna didi�stato sÔsthma sto sÔnolo thc kentrik c pollaplìthtac

kai perigr�fetai apì th sqèsh:ẋ

ẏ

 =

0 −ω

ω 0

 x

y

 +

f1(x, y)

f2(x, y)

 (3.15)

Metatrèpontac to parap�nw sÔsthma se migadikèc suntetagmènec,

jètontac z = x + iy kai z̄ = x − iy h Ex.3.15 metatrèpetai sthn



3.4. Diaklad¸seic statik c kat�stashc 49

sqèsh: ż

˙̄z

 =

iω 0

0 −iω

 z

z̄

 +

F1(z, z̄)

F2(z, z̄)

 (3.16)

Mèsw thc mejìdou twn kanonik¸n morf¸n (normal forms), pou

epitrèpei th susthmatik  ex�leiyh mh grammik¸n paragìntwn kon-

t� se èna shmeÐo diakl�dwshc kai ton prosdiorismì thc topik c

sumperifor�c tou sust matoc sto shmeÐo autì mèsw apl¸n exis¸-

sewn, prokÔptei ìti telik� h Ex.3.16 èqei th morf  [32, 34]:ż

˙̄z

 =

iω 0

0 −iω

 z

z̄

 +

cz2z̄

c̄z̄2z

 (3.17)

An lhfjeÐ upìyh h epÐdrash twn paramètrwn diakl�dwshc, tìte h

Ex.3.17 metasqhmatÐzetai sthn:ż

˙̄z

 =

iω 0

0 −iω

 +

0 µ

µ 0

z

z̄

 +

cz2z̄

c̄z̄2z

 , (3.18)

h opoÐa se polikèc suntetagmènec gr�fetai:

ṙ = µr + αr3

θ̇ = ω + br2
(3.19)

Gia mia aplopoihmènh an�lush thc diakl�dwshc Hopf lamb�netai to

sÔsthma twn Ex.3.19 ìpou ameleÐtai o ìroc br2, ìtan ω � br2. Ac

shmeiwjeÐ ìti gia thn pr¸th exÐswsh tou sust matoc twn Ex.3.19

statikèc katast�seic me r̄ > 0 antistoiqoÔn se periodikèc troqièc

me aktÐna r̄, en¸ statikèc katast�seic me r̄ = 0 antistoiqoÔn se
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shmeÐa. Oi statikèc katast�seic thc pr¸thc exÐswshc tou sust -

matoc twn Ex.3.19 eÐnai oi lÔseic thc exÐswshc [32, 34]:

r̄(µ + ar̄2) = 0. (3.20)

'Etsi h perÐptwsh r̄ = 0 eÐnai èna statikì shmeÐo gia k�je µ. Oi

upìloipec statikèc katast�seic dÐnontai apì thn exÐswsh:

r̄ = ±
√
−µ

α
(3.21)

AfoÔ sthn perÐptwsh aut  to r̄ antiproswpeÔei thn aktÐna twn

periodik¸n troqi¸n, h arnhtik  lÔsh mporeÐ na agnohjeÐ, me apo-

tèlesma telik� na prokÔptei ènac kl�doc statik¸n katast�sewn,

dhlad  [32, 34]:

r̄ =

√
−µ

α

O kl�doc autìc up�rqei gia −µ
α > 0.

'Opwc faÐnetai apì thn Ex.3.21 kont� sto shmeÐo diakl�dwshc h

aktÐna tou oriakoÔ kÔklou exart�tai grammik� apì thn tetragw-

nik  rÐza thc paramètrou diakl�dwshc. Sunep¸c prokeimènou na

epalhjeuteÐ peiramatik� h Ôparxh miac diakl�dwshc Hopf, kata-

skeu�zetai grafik  par�stash tou pl�touc twn talant¸sewn wc

proc thn tetragwnik  rÐza thc paramètrou diakl�dwshc. Sthn pe-

rÐptwsh pou h grafik  par�stash eÐnai mia eujeÐa gramm  tìte

up�rqei isqur  èndeixh ìti h diakl�dwsh eÐnai tÔpou Hopf [32, 34].

H idiotim  tou sust matoc pou antistoiqeÐ sth stajer  kat�stash

r̄ = ±
√

−µ
α eÐnai λ = −2µ. 'Etsi, an µ > 0 (autì shmaÐnei α < 0)
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Sq ma 3.10: Diakl�dwsh Hopf gia (a) α < 0 kai (b) α > 0.

aut  h stajer  kat�stash eÐnai eustaj c. Epiplèon, h periodik 

troqi� ja eÐnai epÐshc eustaj c. An µ < 0 (autì shmaÐnei α > 0)

h statik  kat�stash eÐnai astaj c ìpwc epÐshc kai h periodik 

troqi� [32, 34].

'Oson afor� th statik  kat�stash r̄ = 0, h idiotim  thc eÐnai

λ = µ. Epomènwc eÐnai eustaj c gia µ < 0 kai astaj c gia

µ > 0.

Kat� th di�rkeia miac diakl�dwshc Hopf èna statikì shmeÐo anti-

strèfei thn eust�jei� tou kai dhmiourgeÐtai mia periodik  troqi�,

dhlad  ènac oriakìc kÔkloc [32, 34].

Sto Sq.3.10 parousi�zetai h morf  miac diakl�dwshc Hopf. 'Otan

α < 0 h diakl�dwsh Hopf kaleÐtai uperkrÐsh (supercritical), en¸

ìtan α > 0 h diakl�dwsh lègetai upìkrÐsimh (subcritical) [32].



52 Kef�laio 3. Dunamik� Sust mata

IdiaÐtero endiafèron parousi�zei h diataragmènh kanonik  morf  thc

Ex.3.19 pou perigr�fetai apì tic akìloujec diaforikèc exis¸seic [34]:

ṙ = µr + αr3 + α1r
5

θ̇ = ω + br2 + b1r
4

(3.22)

Gia r � 1, isqÔei ìti ω � br2 + b1r
4 opìte h dunamik  sumperifor�

kajorÐzetai apokleistik� apì thn exÐswsh [34]:

ṙ = µr + αr3 + α1r
5 (3.23)

Oi statikèc katast�seic thc Ex.3.23 eÐnai oi ex c [34]:

r̄1 = 0 (3.24)

r̄2 =

√
−α±

√
α2 − 4α1µ

2α1
(3.25)

'Opwc èqei  dh proanaferjeÐ h statik  kat�stash r̄1 eÐnai eustaj c

gia µ < 0, en¸ brÐsketai se diakl�dwsh Hopf gia µ = 0 [34].

H idiotim  pou antistoiqeÐ sth statik  kat�stash r̄2 dÐnetai apì th

sqèsh [34]:

λ =
∂f

∂r

∣∣∣
r̄2

= µ + 3αr̄2
2 + 5α1r̄

4
2 (3.26)

  alli¸c, qrhsimopoi¸ntac thn Ex.3.25:

∂f

∂r

∣∣∣
r̄2

= µ + 3α
(−α±

√
α2 − 4α1µ

2α1

)
+ 5α1

(−α±
√

α2 − 4α1µ

2α1

)2

(3.27)

Aplìc upologismìc deÐqnei ìti ∂f/∂r = 0 ìtan:

α2 = 4α1µ (3.28)
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Sto shmeÐo diakl�dwshc pou lamb�nei q¸ra ìtan ikanopoieÐtai h para-

p�nw sunj kh thc Ex.3.28, h statik  kat�stash r̄2 lamb�nei thn tim 

[34]:

r̄2 =

√
− α

2α1
(3.29)

AfoÔ h statik  kat�stash r̄2 lamb�nei pragmatikèc timèc isqÔei h

sunj kh [34]:
α

α1
< 0 (3.30)

'Etsi loipìn gia α2 = 4α1µ, sunant¸ntai ènac eustaj c kai ènac

astaj c oriakìc kÔkloc me apotelesma na allhloanairoÔntai. H dia-

kl�dwsh aut  onom�zetai diakl�dwsh diploÔ oriakoÔ kÔklou kai ja ana-

lujeÐ ektenèstera sthn epìmenh par�grafo perÐ diaklad¸sewn oriakoÔ

kÔklou [35].

Sto Sq.3.11 parousi�zetai to di�gramma diaklad¸sewn thc kanoni-

k c morf c thc Ex.3.23 gia upokrÐsimh diakl�dwsh Hopf. 'Opwc faÐnetai

apì to sq ma autì, oi ìroi an¸terhc t�xhc sthn kanonik  morf  thc

diakl�dwshc Hopf, èqoun wc apotèlesma thn emf�nish miac ustèrhshc

sthn emf�nish kai exaf�nish thc talantoÔmenhc sumperifor�c, pl�touc

d = |α2/4α1|, kaj¸c epÐshc kai thn Ôparxh dipl c eust�jeiac metaxÔ eu-

staj¸n talant¸sewn kai eustajoÔc statik c kat�stashc. 'Etsi loipìn

xekin¸ntac apì qamhlèc timèc kai stadiak� aux�nontac thn par�metro

diakl�dwshc µ to sÔsthma paramènei sthn eustaj  statik  kat�stash,

r = 0 ewc ìtou h par�metroc diakl�dwshc l�bei thn tim  µ = 0. Tìte to

sÔsthma metabaÐnei ston eustaj  kl�do r > 0 pou ekfr�zei thn Ôparxh

eustaj¸n talant¸sewn kai paramènei ston kl�do autì gia megalÔterec
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timèc thc paramètrou diakl�dwshc. Xekin¸ntac t¸ra antÐstrofa, apì

uyhlèc timèc thc paramètrou diakl�dwshc kai stadiak� mei¸nont�c thn,

to sÔsthma suneqÐzei na emfanÐzei talantoÔmenh sumperifor� akìmh kai

afoÔ h par�metroc diakl�dwshc l�bei thn tim  µ = 0. To sÔsthma para-

mènei se aut  thn kat�stash ewc ìtou h par�metroc diakl�dwshc l�bei

thn tim  µ = α2/4α1 kai sth sunèqeia metabaÐnei sthn eustaj  statik 

kat�stash r = 0 [34].

Oi ìroi an¸terhc t�xhc mporeÐ na jewrhjeÐ ìti ekfr�zoun thn epÐ-

drash sto sÔsthma k�poiac exwterik c diataraq c. 'Etsi loipìn sta

fusikoqhmik� sust mata, ta opoÐa dèqontai p�nta tètoiou eÐdouc epidr�-

seic kai brÐskontai konta se mia upokrÐsimh diakl�dwsh Hopf, anamènetai

na emfanÐzetai dipl  eust�jeia an�mesa se eustajeÐc talant¸seic kai eu-

staj  statik  kat�stash [34].

'Otan isqÔoun oi exis¸seic µ = 0 kai α = 0, tìte lamb�noun tau-

tìqrona q¸ra mia diakl�dwsh Hopf kai mia diakl�dwsh diploÔ oriakoÔ

kÔklou. H Ex.3.23 sthn perÐptwsh aut  gr�fetai [34]:

ṙ = α1r
5 (3.31)

pou apoteleÐ thn kanonik  morf  thc genikeumènhc diakl�dwshc Hopf  

alli¸c diakl�dwshc Bautin.

H diakl�dwsh aut  èqei sundi�stash 2 (dhlad  o arijmìc twn para-

mètrwn diakl�dwshc pou apaitoÔntai gia na l�bei q¸ra eÐnai Ðsoc me dÔo).

To di�gramma diaklad¸sewn thc diakl�dwshc Bautin parousi�zetai sto

Sq.3.12 [34].
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Sq ma 3.11: Di�gramma diaklad¸sewn thc diataragmènhc me ìrouc uyh-

lìterhc t�xhc kanonik c morf c thc diakl�dwshc Hopf. α = 0.0007 kai

α1 = −0.0001.

Sq ma 3.12: Di�gramma diaklad¸sewn thc diakl�dwshc Bautin. α1 =

−0.0001.
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Sq ma 3.13: EpÐdrash tou jorÔbou sto di�gramma diaklad¸sewn thc

kanonik c morf c thc diakl�dwshc Hopf.

Mia epÐshc endiafèrousa perÐptwsh apoteleÐ h prosj kh sthn kano-

nik  morf  thc Ex.3.23 miac mikr c jetik c stajer�c c. H stajer� aut 

antiproswpeÔei thn epÐdrash tou exwterikoÔ jorÔbou sthn diaklad¸sh

Hopf. 'Etsi h kanonik  morf  èqei t¸ra wc ex c [36, 37]:

ṙ = c + µr + αr3 + α1r
5 (3.32)

H prosj kh thc stajer�c aut c èqei wc apotèlesma thn mikr  metatì-

pish thc eustajoÔc statik c kat�stashc r = 0 proc ta p�nw, ìpwc

faÐnetai kai sto di�gramma diakl�d¸sewn tou Sq.3.13 [36, 37].

Ta fusikoqhmik� sust mata, ta opoÐa dèqontai p�ntote thn epÐdrash

exwterikoÔ jorÔbou kai brÐskontai kont� se mia diakl�dwsh Hopf ja

emfanÐzoun p�nta th sumperifor� aut .

3.5 Diaklad¸seic oriakoÔ kÔklou

Oi diaklad¸seic oriakoÔ kÔklou anafèrontai sth met�bash tou sust ma-

toc apì thn talantoÔmenh sumperifor� sthn kat�stash hremÐac. Up�r-
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qoun tèsseric diaklad¸seic oriakoÔ kÔklou, h diakl�dwsh s�gmatoc

kìmbou se amet�blhto kÔklo (saddle node on invariant cyrcle bifurca-

tion), h uperkrÐsimh diakl�dwsh Hopf (supercritical Hopf bifurcation),

h diakl�dwsh diploÔ oriakoÔ kÔklou (double limit cycle bifurcation)

kai h omoklin c diakl�dwsh (homoclinic bifurcation). Oi diaklad¸seic

autèc parousi�zontai analutik� parak�tw.

• Diakl�dwsh s�gmatoc kìmbou se amet�blhto kÔ-

klo: 'Enac eustaj c oriakìc kÔkloc eÐnai dunatì na exafanisteÐ

mèsw miac diakl�dwshc s�gmatoc kìmbou se amet�blhto kÔklo,

ìpwc faÐnetai kai sto Sq.3.14. Sthn perÐptwsh aut  loipìn, ka-

j¸c metab�lletai h par�metroc diakl�dwshc, o eustaj c oriakìc

kÔkloc paÔei na ufÐstatai lìgw thc emf�nishc miac diakl��wshc

s�gmatoc kìmbou h opoÐa sp�ei ton kÔklo, en¸ par�llhla k�nei

thn emf�nish èna zeÔgoc statik¸n shmeÐwn, èna astajèc s�gma

kai ènac eustaj c kìmboc [35]. To je¸rhma twn Ermentrout -

Koppel dÐnei thn kanonik  morf  twn dunamik¸n sust matwn pou

emfanÐzoun mia diakl�dwsh s�gmatoc kìmbou se amet�blhto kÔklo

[4]:

Je¸rhma Ermentrout - Koppel: Mia oikogèneia dunamik¸n

susthm�twn thc morf c

ẋ = f(x, λ), x ∈ Rm, λ ∈ R (3.33)

ta opoÐa emfanÐzoun mia diakl�dwsh s�gmatoc kìmbou se amet�-

blhto kÔklo gia λ = 0 èqei mia mh topik  kanonik  morf  pou
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Sq ma 3.14: Diakl�dwsh s�gmatoc kìmbou se amet�blhto kÔklo.

perigr�fetai apì thn exÐswsh:

ϑ′ = (1− cos ϑ) + (1 + cos ϑ)r (3.34)

sun ìroi megalÔterhc t�xhc tou λ, ìpou ′ = d/dτ , τ =
√
|λ|t

eÐnai o <�rgìc>> qrìnoc, ϑ ∈ S1 eÐnai mia kanonik  metablht  kat�

m koc tou amet�blhtou kÔklou kai r ∈ R eÐnai mia par�metroc pou

exart�tai apì to f kai to λ [38].

• UperkrÐsimh diakl�dwsh Hopf: 'Enac eustaj c oriakìc

kÔkloc mporeÐ na surriknwjeÐ se èna shmeÐo (eustaj c estÐa) mèsw

miac uperkrÐsimhc diakl�dwshc Hopf. 'Ontwc, ìpwc parousi�zetai

kai sto Sq.3.15 kaj¸c metab�lletai h par�metroc diakl�dwshc h

aktÐna tou oriakoÔ kÔklou mei¸netai, mèqric ìtou o kÔkloc na exa-

fanisteÐ kai na d¸sei th jèsh tou se mia eustaj  isorropÐa. H

perÐptwsh aut  eÐnai omoia me aut  pou patrousi�sthke sthn par�-

grafo perÐ diakl�d¸sewn statik¸n shmeÐwn me th diafor� ìti ed¸

h par�metroc diakl�dwshc metab�lletai kat� thn antÐjeth for�
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Sq ma 3.15: UperkrÐsimh diakl�dwsh Hopf.

[35].

• Diakl�dwsh diploÔ oriakoÔ kÔklou: 'Enac eustaj c

oriakìc kÔkloc mporeÐ na exafanisteÐ mèsw miac diakl�dwshc di-

ploÔ oriakoÔ kÔklou. 'Opwc mporeÐ na parathrhjeÐ kai sto Sq.3.16,

kaj¸c metab�lletai h par�metroc diakl�dwshc o eustaj c oriakìc

kÔkloc èrqetai kont� se èna astaj  me sunèpeia sto shmeÐo dia-

kl�dwshc na sugqwneÔontai kai na allhloaneroÔntai. Sto shmeÐo

diakl�dwshc up�rqei mÐa periodik  troqi� h opoÐa den eÐnai oÔte

eustaj c all� kai oÔte astaj c. Pio sugkekrimèna eÐnai eusta-

j c apì thn pleur� pou antistoiqeÐ ston eustaj  oriakì kÔklo

kai astaj c apì thn pleur� pou antistoiqeÐ ston astaj  oriakì

kÔklo [35]. H kanonik  morf  thc diakl�dwshc aut c dÐnetai apì

thn Ex.3.23.

• Omoklin c diakl�dwsh: 'Enac oriakìc kÔkloc mporeÐ na em-
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Sq ma 3.16: Diakl�dwsh diploÔ oriakoÔ kÔklou.

fanisteÐ   na exafanisteÐ mèsw miac sagmatik c omoklinoÔc dia-

kl�dwshc ìpwc faÐnetai kai sto Sq.3.17. Kaj¸c metab�lletai h

par�metroc diakl�dwshc o oriakìc kÔkloc metab�lletai se sagma-

tik  omoklin  troqi� me apotèlesma h perÐodoc tou na apeirÐzetai.

Me peraitèrw metabol  thc paramètrou diaklad¸sewc diakl�dw-

shc, o oriakìc kÔkloc paÔei na ufÐstatai [35]. H diakl�dwsh aut 

èqei sundu�stash 2, en¸ h kanonik  thc morf  dÐnetai apì to pa-

rak�tw sÔsthma diaforik¸n exis¸sewn [32]:

ẋ = y (3.35)

ẏ = µ1 + µ2y + x2 + bxy (3.36)

ìpou ta µ1 kai µ2 eÐnai oi par�metroi diakl�dwshc en¸ b eÐnai sta-

jer�.

H omoklin c diakl�dwsh diapist¸netai peiramatik� apì thn polÔ

meg�lh aÔxhsh thc periìdou twn talant¸sewn pou emfanÐzei to

exetazìmeno sÔsthma kai h opoÐa jewrhtik� apeirÐzetai ìtan to
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Sq ma 3.17: Omoklin c troqi� se sagmatikì shmeÐo.

sÔsthma brejeÐ sth diakl�dwsh aut  [35].

3.6 JusanoeideÐc talant¸seic

'Opwc èqei  dh proanaferjeÐ kat� thn hlektrodi�lush tou sid rou se

di�luma jeiikoÔ oxèoc parousÐa alogìnwn lamb�noun q¸ra jusanoeideÐc

talant¸seic tou reÔmatoc pou rèei apì to sÔsthma upì potensiostatikèc

sunj kec. Wc jÔsanoc orÐzontai diast mata dÔo   perissotèrwn talan-

t¸sewn ta opoÐa diakìptontai apì diast mata pou to sÔsthma brÐsketai

se kat�stash hremÐac. 'Etsi loipìn kat� to fainìmeno autì, to sÔsthma

metabaÐnei periodik� apì thn kat�stash thc hremÐac sth talantoÔmenh

sumperifor� kai antÐstrofa ìpwc faÐnetai kai sto Sq.3.18 [4, 35].

Genik� oi jusanoeideÐc talant¸seic jewreÐtai ìti prokÔptoun apì th

sÔzeuxh dÔo eid¸n talant¸sewn oi opoÐec èqoun diaforetikèc qronikèc

klÐmakec: tic gr gorec talant¸seic pou lamb�noun q¸ra mèsa se èna

jÔsano kai tic argèc talant¸seic pou lamb�noun q¸ra apì jÔsano se
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Sq ma 3.18: Met�bash apì thn kat�stash hremÐac (leuk  perioq ) sthn

kat�stash talant¸sewn (diagrammismènh perioq ) kai antÐstrofa kat�

th di�rkeia twn jusanoeid¸n talant¸sewn.

jÔsano [4, 35].

'Enac talantwt c loipìn kaleÐtai gr goroc - argìc jusanoeid c ta-

lantwt c ìtan h sumperifor� tou mporeÐ na perigrafeÐ apì èna gr goro

- argì dunamikì sÔsthma thc morf c

ẋ = f(x, u) (gr goro uposÔsthma) (3.37)

u̇ = µg(x, u) (argì uposÔsthma) (3.38)

To gr goro uposÔsthma perigr�fei th gènesh twn talant¸sewn en-

tìc twn jus�nwn. To sÔsthma autì, ìpwc fainetai kai apì thn Ex.3.37,

exart�tai apì thn par�metro diakl�dwshc u. To argì uposÔsthma peri-

gr�fei thn exèlixh twn parametrwn diakl�dwshc oi opoÐec metab�llontai

arg� me to qrìno. H mikr  par�metroc µ antiproswpeÔei to lìgo metaxÔ

twn dÔo qronik¸n klim�kwn [4, 35].

Kat� th diarkeia enìc jus�nou, ìpwc faÐnetai kai sto Sq.3.19, lam-
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Sq ma 3.19: Diaklad¸seic kat� th di�rkeia enìc jus�nou.

b�noun q¸ra dÔo diaklad¸seic tou gr gorou uposust matoc oi opoÐec

eÐnai upeÔjunec gia thn ènarxh kai ton termatismì twn talant¸sewn. Oi

diaklad¸seic autèc analutikìtera eÐnai oi akìloujec [4, 35]:

• Met�bash apì thn hremÐa sthn talantoÔmenh sum-

perifor�: Sthn perÐptwsh aut  lamb�nei q¸ra mia diakl�dwsh

statikoÔ shmeÐou h opoÐa èqei wc apotèlesma th met�bash tou su-

st matoc sthn talantoÔmenh sumperifor�.

• Met�bash apì thn talantoÔmenh sumperifor� sthn

hremÐa: Sthn prokeimènh perÐptwsh lamb�nei q¸ra mia diakl�dw-

sh oriakoÔ kÔklou h opÐa èqei wc apotèlesma ton termatismì twn

talant¸sewn kai th met�bash tou sust matoc sthn kat�stash

thc hremÐac.

'Etsi loipìn me b�sh ta di�fora eÐdh diaklad¸sewn statik c kat�stashc
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kai oriakoÔ kÔklou pou parousi�sthkan prohgoumènwc eÐnai dunatìn na

prokÔyoun di�fora eÐdh jusanoeid¸n talant¸sewn. Sthn prokeimènh

perÐptwsh kat� thn hlektrodi�lush tou sid rou se jeiikì oxÔ parousÐa

alogìnwn emfanÐzontai, ìpwc ja deiqteÐ sth sunèqeia, dÔo tÔpoi jusa-

noeid¸n talant¸sewn: oi jusanoeideÐc talant¸seic elleiptikoÔ tÔpou

kai tetragwnikoÔ tÔpou. Pio analutik�, gia touc dÔo autoÔc tÔpouc

isqÔoun ta akìlouja:

• JusanoeideÐc talant¸seic elleiptikoÔ tÔpou: 'Otan

h arg  metablht  u lamb�nei mia tim  diakl�dwshc, h gr gorh me-

tablht  x metabaÐnei se oriakì kÔklo mèsw miac upokrÐsimhc dia-

kl�dwshc Hopf, ìpou oi talant¸seic èqoun mh mhdenik  suqnìthta

kai peperasmènh èntash. H periodik  troqi�, pou antistoiqeÐ sthn

talantoÔmenh sumperifor�, paÔei na ufÐstatai mèsw miac deÔterhc

diakl�dwshc Hopf   miac diakl�dwshc diploÔ oriakoÔ kÔklou, me

apotèlesma thn Ôparxh diafìrwn upokathgori¸n autoÔ tou tÔpou

jusanoeid¸n talant¸sewn. Oi diaklad¸seic pou lamb�noun q¸-

ra se autì to eÐdoc jusanoeidoÔc talantwt  parousi�zontai sto

Sq.3.20. Ef' ìson up�rqei sunÔparxh metaxÔ thc talantoÔmenhc

sumperifor�c kai thc kat�stashc hremÐac, h arg  metablht  u

mporeÐ na eÐnai kai monodi�stath [4, 39].

Oi jusanoeideÐc talant¸seic elleiptikoÔ tÔpou èqoun parathrhjeÐ

se di�fora sust mata, sumperilamabanomènou kai tou gn¸stou

sta neurofusiologik� sust mata montèlou Hodkin - Huxley [4,

39].
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Sq ma 3.20: Di�gramma diaklad¸sewn tou gr gorou uposust matoc

sthn perÐptwsh tou jusanoeidoÔc talantwt  elleiptikoÔ tÔpou.

Sq ma 3.21: JusanoeideÐc talant¸seic elleiptikoÔ tÔpou.
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Sq ma 3.22: Fainìmeno arg c met�bashc.

To sq ma autoÔ tou eÐdouc jusanoeid¸n talant¸sewn, pou apeiko-

nÐzetai sto Sq.3.21, moi�zei me èlleiyh gegonìc pou apotup¸netai

kai sthn onomasÐa touc. H emf�nish sqedìn armonik¸n talan-

t¸sewn mikr c èntashc kat� thn ènarxh   / kai ton termatismì

tou jus�nou den uponoeÐ aparaÐthta thn Ôparxh uperkrÐsimhc dia-

kl�dwshc Hopf. Tètoiec mikr c èntashc talant¸seic mporoÔn na

parathrhjoÔn kai kat� thn Ôparxh upokrÐsimhc diakl�dwshc Hopf.

To fainomeno autì sumbaÐnei ìtan mia par�metroc pern�ei arg� apì

mia tim  diakl�dwshc kai eÐnai gnwstì wc fainìmeno arg c met�ba-

shc (slow passage effect) kai apeikonÐzetai sto Sq.3.22 [4, 39, 40].

To fainìmeno arg c met�bashc parathreÐtai arket� suqn� stic ju-
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sanoeideÐc talant¸seic elleiptikoÔ tÔpou, all� de sumbaÐnei to Ðdio

me ta �lla eÐdh jusanoeid¸n talant¸sewn. 'Eqei wc apotèlesma

thn apìkruyh tou akriboÔc shmeÐou pou lamb�nei q¸ra h upokrÐ-

simh diakl�dwsh Hopf kai periplèkei arket� thn arijmhtik  kai

peiramatik  melèth twn jusanoeid¸n talantwt¸n elleiptikoÔ tÔ-

pou [4, 39, 40].

Gia tic jusanoeideÐc talant¸seic elleiptikoÔ tÔpou up�rqei kano-

nikì montèlo mìno ean to gr goro uposÔsthma brÐsketai kont� se

mia upokrÐsimh diakl�dwsh Bautin. Pio sugkekrimèna to sÔsthma

thc Ex.3.37 perigr�fei èna jusanoeid  talantwt  tÔpou Bautin an

ikanopoioÔntai oi akìloujec sunj kec [36, 37]:

– Sto gr goro uposÔsthma ẋ = f(x, u) lamb�nei q¸ra uper-

krÐsimh diakl�dwsh Bautin sto shmeÐo x = 0 gia u = 0, ìpou

to u eÐnai to di�nusma twn paramètrwn diakl�dwshc.

– To argì uposÔsthma u̇ = µg(0, y) èqei èna eustajèc statikì

shmeÐo ŷ sthn perioq  ìpou sunup�rqoun h eustaj c statik 

kat�stash kai o oriakìc kÔkloc tou gr gorou uposust ma-

toc [36, 37].

'Etsi loipìn, gia ìlouc touc topikoÔc jusanoeideic talantwtèc

Bautin up�rqei mia suneq c allag  metablht¸n h opoÐa touc me-

tatrèpei sto akìloujo kanonikì montèlo [36, 37]:

z′ = (y + iω)z + 2z|z|2 − z|z|2 (3.39)

y′ = n(α± |z|2) (3.40)
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ìpou ′ = d/dτ , τ eÐnai o <�rgìc>> qrìnoc, z ∈ C kai y ∈ R eÐnai

nèec gr gorec kai argèc metablhtèc antÐstoiqa, en¸ oi α, ω ∈ R

kai n eÐnai par�metroi.

Mh mhdenikèc timèc tou z(τ) antistoiqoÔn se periodikèc talant¸-

seic thc gr gorhc metablht c x(t) me pl�toc thc t�xewc tou 4
√

ε|z|

kai suqnìthtac Ω, ìpou ±Ω eÐnai oi fantastikèc idiotimèc tou gr -

gorou uposust matoc ẋ = f(x, u) sto shmeÐo diakl�dwshc Bau-

tin (x, u) = (0, 0). To kanonikì montèlo emfanÐzei jusanoeideÐc

talant¸seic gia 0 < α < 1 kai periodikèc talant¸seic gia α > 1

• JusanoeideÐc talant¸seic tetragwnikoÔ tÔpou: 'Opwc

kai sthn perÐptwsh twn jusanoeid¸n talant¸sewn elleiptikoÔ tÔ-

pou up�rqei mia sunÔparxh metaxÔ thc talantoÔmenhc sumperifor�c

kai thc hremÐac. O kÔrioc mhqanismìc twn jusanoeid¸n talant¸-

sewn tetragwnikoÔ tÔpou emfanÐzetai sto Sq.3.23 [39].

'Opwc faÐnetai apì to sq ma autì, h eustaj c statik  kat�stash

paÔei na ufÐstatai mèsw miac diaklad¸sewc s�gmatoc kìmbou kai

oi troqÐec èlkontai apì ton eustaj  oriakì kÔklo. AntÐjeta h

talantoÔmenh sumperifor� exafanÐzetai mes¸ miac omoklinoÔc dia-

kl�dwshc kai oi troqièc sthn perÐptwsh aut  èlkontai apì thn

eustaj  statik  kat�stash. Lìgw thc omoklinoÔc aut c diakl�-

dwshc h suqnìthta twn exafanizìmenwn talant¸sewn teÐnei sto

mhdèn gegonìc pou apoteleÐ qarakthristik  idiìthta twn jusanoei-

d¸n talant¸sewn autoÔ tou eÐdouc. Oi jusanoeideÐc talant¸seic
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Sq ma 3.23: Di�gramma diaklad¸sewn tou gr gorou uposust matoc

sthn perÐptwsh tou jusanoeidoÔc talantwt  tetragwnikoÔ tÔpou.

tetragwnikoÔ tÔpou èqoun th morf  pou apeikonÐzetai sto Sq.

3.24 [39].

H sunÔparxh thc talantoÔmenhc katast�sewc kai thc eustajoÔc

statik c kat�stashc epitrèpei sta sust mata pou emfanÐzoun ju-

sanoeideÐc talant¸seic tetragwnikoÔ tÔpou na èqoun monodi�sta-

Sq ma 3.24: JusanoeideÐc talant¸seic tetragwnikoÔ tÔpou.
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th arg  metablht  u. H epanalambanìmenh met�bash apì thn hre-

mÐa stic talant¸seic kai antÐstrofa sumbaÐnei mèsw ustèrhshc.

Kanonikì montèlo to opoÐo na perigr�fei th sumperifor� tou ju-

sanoeidoÔc talantwt  tetragwnikoÔ tÔpou den èqei brejeÐ mèqri

s mera [39].

3.7 SÔzeuxh mh grammik¸n talantwt¸n

Sthn paroÔsa didaktorik  diatrib  antikeÐmeno melèthc, an�mesa sta

�lla, apoteleÐ kai h sÔzeuxh jusanoeid¸n talantwt¸n pou prokÔptoun

kat� thn hlektrodi�lush tou sid rou se jeiikì oxÔ parousÐa mikr c

posìthtac alogìnwn sto hlektrolutikì di�luma. Gia na mporèsoun na

gÐnoun katanoht� ta peiramatik� apotelèsmata pou prokÔptoun, eÐnai

anagkaÐa h qr sh thc jewrÐac thc sÔzeuxhc mh grammik¸n talantwt¸n,

thc opoÐac orismèna stoiqeÐa parousi�zontai sth sunèqeia.

'Estw loipìn èna dÐktuo to opoÐo apoteleÐtai apì n mh grammikoÔc ta-

lantwtèc gia touc opoÐouc arqik� gÐnetai h upìjesh ìti eÐnai asÔzeuktoi

metaxÔ touc. Tìte o i talantwt c, o opoÐoc èqei ènan eustaj  oriakì

kÔklo γi ⊂ Rm me perÐodo Ti = 2π/Ωi, mporeÐ na perigrafeÐ topik� apì

to kanonikì montèlo [39]:

θ̇i = Ω, θ ∈ S1 (3.41)

ìpou θi eÐnai h f�sh tou asÔzeuktou talantwt , S1 eÐnai o monadiaÐoc kÔ-

kloc kai Ω h suqnìthta twn talant¸sewn. OrÐzontai epÐshc h stigmiaÐa
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suqnìthta, θ̇i, kai h asumptotik  suqnìthta:

lim
T→∞

1

T

∫ T

0
θ̇i(t)dt = Ωi (3.42)

Sthn perÐptwsh tou suzeugmènou sust matoc, h f�sh tou i talan-

twt  diaforopoieÐtai apì thn parap�nw Ex. 3.41 kai perigr�fetai t¸ra

apì th sqèsh [39]:

θ̇i = Ωi + εGi(θ, ε) (3.43)

ìpou ε eÐnai h èntash thc sÔzeuxhc, Gi eÐnai h sun�rthsh sÔzeuxhc kai

θ = (θ1, . . . , θn)
T.

H asumptotik  suqnìthta sthn perÐptwsh tou suzeugmènou sust -

matoc orÐzetai apì th sqèsh [39]:

lim
T→∞

1

T

∫ T

0
θ̇i(t)dt = Ωi + εωi (3.44)

ìpou ωi eÐnai mia mikr  metabol  thc suqnìthtac Ωi tou i talantwt  pou

prokÔptei lìgw thc sÔzeuxhc.

Sto shmeÐo autì qrhsimopoeÐtai h teqnik  thc eurèsewc thc mèshc

tim c. H teqnik  aut  èqei wc skopì thn antikat�stash thc sun�rthshc

f(l, t) apì th mèsh tim  thc f̃(l) kai thn eÔresh asumptotik¸n proseg-

gÐsewn kai periodik¸n lÔsewn tou arqikoÔ sust matoc. H teqnik  aut 

eÐnai an�logh me thn teqnik  twn kanonik¸n morf¸n. Kai stic dÔo pe-

ript¸seic qrhsimopoieÐtai mia allag  metablht c h opoÐa èqei wc skopì

thn aploÔsteush tou dunamikoÔ sust matoc. 'Etsi loipìn, omoÐwc me

thn teqnik  twn kanonik¸n morf¸n ìpou afairoÔntai monìnuma ta opoÐa

den ikanopoioÔn th sunj kh suntonismoÔ, me thn teqnik  thc mèshc ti-

m c exaleÐfontai ìroi pou exart¸ntai apì to qrìno t. H mèsh tim  miac
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sun�rthshc f(l, t) dÐnetai apì ton tÔpo [35, 39]:

f̃(l) = lim
T→∞

1

T

∫ T

0
f(l, t)dt (3.45)

Qrhsimopoi¸ntac loipìn thn teqnik  thc mèshc tim c gia ta dÔo mèlh

thc Ex.3.43 prokÔptei h sqèsh:

lim
T→∞

1

T

∫ T

0
θ̇idt = lim

T→∞

1

T

∫ T

0
Ωidt + ε lim

T→∞

1

T

∫ T

0
Gi(θ, ε)dt (3.46)

To aristerì mèloc thc Ex.3.46 eÐnai h stigmiaÐa suqnìthta ìpwc orÐ-

zetai apì thn Ex.3.44. Antikajist¸ntac sthn Ex.3.46 prokÔptei:

Ωi + εωi = Ωi + ε lim
T→∞

1

T

∫ T

0
Gi(θ, ε)dt (3.47)

  alli¸c

ωi = lim
T→∞

1

T

∫ T

0
Gi(θ, ε)dt (3.48)

H sun�rthsh sÔzeuxhc mporeÐ na grafteÐ wc ex c [39]:

Gi(θ, ε) = lim
T→∞

1

T

∫ T

0
Gi(θ, ε)dt + gi(θ, ε) (3.49)

  alli¸c qrhsimopoi¸ntac thn Ex.3.48:

Gi(θ, ε) = ωi + gi(θ, ε) (3.50)

UpologÐzontac p�li th mèsh tim  gia ta dÔo mèlh thc Ex.3.50 prokÔ-

ptei:

lim
T→∞

1

T

∫ T

0
Gi(θ, ε)dt = lim

T→∞

1

T

∫ T

0
ωidt+ lim

T→∞

1

T

∫ T

0
gi(θ, ε)dt (3.51)

Antikajist¸ntac apì thn Ex.3.48 h Ex.3.52 gr�fetai:

ωi = ωi + lim
T→∞

1

T

∫ T

0
gi(θ, ε)dt (3.52)
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  alli¸c

lim
T→∞

1

T

∫ T

0
gi(θ, ε)dt = 0 (3.53)

Epomènwc me b�sh ta parap�nw h Ex.3.43 mporeÐ na grafteÐ wc ex c:

θ̇i = Ωi + εωi + εgi(θ, ε) (3.54)

ìpou h sun�rthsh gi(θ, ε) èqei mhdenik  mèsh tim  kai eÐnai 2π - periodik 

sun�rthsh tou k�je ìrou θi [39].

Sth sunèqeia parousi�zontai k�poioi orismoÐ pou aforoÔn di�fora

fainìmena pou lamb�noun q¸ra se èna dÐktuo suzeugmènwn mh grammik¸n

talantwt¸n.

'Estw loipìn h perÐptwsh dÔo suzeugmènwn talantwt¸n oi opoÐoi

èqoun f�seic θ1(t), θ2(t) ∈ [0, 2π]. AutoÐ lègetai ìti brÐskontai se ka-

t�stash kleidwmènhc suqnìthtac (frequency locked) tÔpou p : q an h

f�sh θ1(t) ekteleÐ p peristrofèc, en¸ h f�sh θ2(t) ekteleÐ q peristrofèc

sto q¸ro [0, 2π]× [0, 2π], ìpou p/q eÐnai ènac sÔmmetroc arijmìc [39].

Epiplèon oi parap�nw suzeugmènoi talantwtèc lègetai ìti brÐskon-

tai se kat�stash kleidwmènhc f�shc (phase locked) p : q an brÐskontai

se kat�stash kleidwmènhc kat�stashc p : q kai isqÔei epiprìsjeta ìti

qθ1(t) − pθ2(t) = stajerì. H kat�stash kleidwmènhc f�shc 1 : 1 ka-

leÐtai sugqronismìc. H posìthta θ1− θ2 kaleÐtai diafor� f�shc. 'Otan

θ1 − θ2 = 0 oi talantwtèc lègetai ìti eÐnai sugqronismènoi entìc f�shc

(in - phase). EpÐshc ìtan θ1 − θ2 = π oi talantwtèc lègetai ìti eÐnai

suqronismènoi me antÐjeth f�sh (anti - phase), en¸ ìtan h diafor� f�-

shc θ1− θ2 eÐnai di�forh tou mhdenìc kai tou π tìte oi talantwtèc eÐnai
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sugqronismènoi ektìc f�shc (out - of - phase) [39].

Suqn� eÐnai bolikì antÐ gia th f�sh enìc talantwt  na qrhsimopoieÐ-

tai h metabol  f�shc, φi(t), h opoÐa perigr�fetai apì thn exÐswsh [39]:

φi(t) = Ωit− θi(t) (3.55)

kai perigr�fei apoklÐseic thc f�shc θi apì th f�sh tou asÔzeuktou

talantwt , Ωit, lìgw thc sÔzeuxhc [39]. Qrhsimopoi¸ntac loipìn th

metabol  f�shc h Ex. 3.54 gr�fetai:

φ̇i = εωi + εgi(Ωt + φ, ε) (3.56)

Apì thn Ex.3.56 mporeÐ kaneÐc na parathr sei ìti ta φi metab�llontai

sqetik� arg� se sqèsh me to ìro Ωit. Epiplèon lìgw tou ìti h sun�rthsh

g(θ, ε) eÐnai 2π - periodik  sun�rthsh tou k�je ìrou θi, h sun�rthsh

g(Ωit + φ, ε) eÐnai hmi - periodik  sun�rthsh tou qrìnou t [35, 39].

Sto shmeÐo autì pragmatopoieÐtai mia allag  metablht c h opoÐa

dÐnetai apì thn exÐswsh:

φ = ϕ + εh(ϕ, t) (3.57)

kai metasqhmatÐzei to arqikì sÔsthma pou dÐnetai apì thn Ex.3.56 sto

akìloujo:

ϕ̇i = εωi + εḡi(ϕ) (3.58)

ìpou:

ḡi(ϕ) = lim
T→∞

1

T

∫ T

0
gi(Ωt + ϕ, 0)dt (3.59)
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eÐnai h mèsh tim  thc sun�rthshc gi. Epeid  h sun�rthsh gi eÐnai hmi -

periodik  sun�rthsh to ìrio autì up�rqei kai h tim  tou exart�tai apì

to di�nusma twn suqnot twn Ω [35, 39].

H sun�rthsh gi mporeÐ na ekfrasteÐ kai wc �jroisma twn epidr�sewn

pou dèqetai o i talantwt c apì touc upìloipouc talantwtèc tou diktÔou.

'Etsi loipìn h sun�rthsh gi paÐrnei th morf :

gi(θ, ε) =
n∑

j=1

gij(θi, θj) (3.60)

gia i = 1, . . . , n [35, 39].

Me b�sh thn parap�nw èkfrash thc sun�rthshc gi to metasqhmati-

smèno dunamikì sÔsthma thc Ex.3.58 gr�fetai wc ex c:

ϕ̇i = εωi + ε

n∑
j=1

ḡij(ϕi, ϕj) (3.61)

ìpou ḡij h mèsh tim  thc sun�rthshc gij [35, 39].

H tim  thc sun�rthshc ḡij exart�tai apì to di�nusma twn suqnot twn

Ω. Pio sugkekrimèna sthn perÐptwsh pou isqÔei ìti h mèsh tim  twn

sunart sewn gij eÐnai mhdèn, apodukneÐetai ìti isqÔoun ta akìlouja [35,

39]:

• An oi suqnìthtec Ωi kai Ωj eÐnai sÔmmetroi arijmoÐ, dhlad  up�r-

qoun jetikoÐ akèraioi kij kai mij oi opoÐoi eÐnai pr¸toi proc all -

louc tètoioi ¸ste kijΩj −mijΩi = 0, tìte isqÔei ìti:

ḡij(ϕi, ϕj) = Hij(kijϕj −mijϕi) (3.62)

ìpou h sun�rthsh Hij onom�zetai sun�rthsh sÔndeshc kai upolo-

gÐzetai apì to je¸rhma tou Malkin to opoÐo parousi�zetai sth
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sunèqeia [35, 39].

Je¸rhma Malkin: 'Estw èna sÔsthma n suzeugmènwn talan-

twt¸n di�stashc m thc morf c,

ẋi = fi(xi) + εgi(x) (3.63)

ìpou xi ∈ Rm, x ∈ Rnm kai i = 1, 2, . . . , n. Ac upotejeÐ epÐshc

ìti k�je asÔzeuktoc talantwt c perigr�fetai apì th sqèsh,

˙̃xi = fi(x̃i) (3.64)

kai èqei mia eustaj  periodik  lÔsh γi ⊂ Rm, me perÐodo 2π, dhla-

d  x̃i(t) = x̃i(t + 2π). 'Estw epÐshc ìti τ = εt eÐnai o qrìnoc kai

èstw φi(τ) h (arg ) metabol  f�shc me to qrìno wc prìc th f�sh

tou asÔzeuktou talantwt . Upì autèc tic paradoqèc to di�nusma

twn metabol¸n f�shc φ = (φ1, . . . , φn)
T eÐnai lÔsh thc exÐswshc,

dφi

dτ
= Hi(φ− φi, ε) (3.65)

ìpou φ− φi = (φ1 − φi, . . . , φn − φi)
T kai h sun�rthsh sÔzeuxhc

Hi dÐnetai apì th sqèsh,

Hi(φ− φi) =
1

2π

∫ 2π

0
qi(t)

Tgi(x̃i(t + φ− φi))dt (3.66)

ìpou qi(t) ∈ Rm eÐnai periodik  lÔsh me perÐodo 2π tou grammikoÔ

sust matoc,

q̇i(t) = −Dxfi(x̃i(t))
Tqi (3.67)

kai ikanopoieÐ th sunj kh kanonikopoÐhshc

qi(0)Tfi(x̃i(0)) = I (3.68)
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• An oi suqnìthtec Ωi kai Ωj eÐnai mh sÔmmetroi arijmoÐ, tìte isqÔei

ìti

ḡij(ϕi, ϕj) = 0 (3.69)

Epomènwc me b�sh thn parap�nw an�lush gÐnetai emfanèc ìti dÔo

talantwtèc allhlepidroÔn mìno ìtan oi suqnìthtèc touc eÐnai sÔmmetroi

arijmoÐ. Se kaje �llh perÐptwsh oi dÔo talantwtèc den allhlepidroÔn

kai sumperifèrontai san na eÐnai asÔzeuktoi. Shmantikì rìlo sth sumpe-

rifor� tou suzeugmènou sust matoc paÐzei epÐshc kai to �jroisma k+m

pou onom�zetai t�xh thc sÔmmetrÐac. Pio sugkekrimèna ìso aux�netai to

�jroisma autì mei¸netai h èntash twn allhlepidr�sewn metaxÔ twn ta-

lantwt¸n [35, 39].

Me b�sh ta parap�nw prokÔptei ìti kat� thn peiramatik  sÔzeuxh dÔo

talantwt¸n, oi opoÐoi èqoun Ðsec suqnìthtec, autoÐ ja sugqronistoÔn

me k�poia diafor� f�shc. Sthn perÐptwsh thc sÔzeuxhc peiramatik� dÔo

talantwt¸n me meg�lh tim  t�xhc sÔmmetrÐac, autoÐ ja sumperifèrontai

praktik� wc asÔzeuktoi [35, 39].

Gia na diereunhjoÔn oi di�forec katast�seic sugqronismoÔ kaj¸c

kai h eust�jei� touc exet�zetai to pio aplì sÔsthma pou apoteleÐtai

apì dÔo asjen¸c sundedemènouc talantwtèc thc morf c [35, 38, 39]:

θ̇1 = Ω1 + εω1 + εg1(θ1, θ2, ε) (3.70)

θ̇2 = Ω2 + εω2 + εg2(θ1, θ2, ε) (3.71)

ìpou θi ∈ S1 eÐnai oi f�seic twn dÔo talantwt¸n, ωi oi apoklÐseic twn

suqnot twn touc, en¸ gÐnetai h upìjesh ìti h mèsh tim  twn gi eÐnai
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mhdèn. 'Estw k kai m jetikoÐ akèraioi pr¸toi proc all louc tètoioi

¸ste:

kΩ2 −mΩ1 = 0 (3.72)

Me b�sh ta ìsa anafèrjhkan prohgoumènwc to sÔsthma twn Ex.?? me-

tasqhmatÐzetai sto akìloujo:

ϕ̇1 = εω1 + εH1(kϕ2 −mϕ1) (3.73)

ϕ̇2 = εω2 + εH2(mϕ1 − kϕ2) (3.74)

Sto shmeÐo autì qrhsimopoieÐtai mia nèa metablht  h opoÐa dÐnetai apì

th sqèsh:

χ = kϕ2 −mϕ1 (3.75)

opìte to sÔsthma pou dÐnetai apì thn Ex.3.73 gr�fetai:

χ′ = ω + H(χ) (3.76)

ìpou ′ = d/dτ , τ = εt eÐnai o "argìc� qrìnoc, ω = kω2 − mω1 eÐnai o

aposuntonismìc kai

H(χ) = kH2(−χ)−mH1(χ) (3.77)

Ta statik� shmeÐa thc Ex.3.76 brÐskontai se èna proc èna antistoiqÐa

me di�forec k : m periodikèc lÔseic kleidwmènhc f�shc twn Ex.3.70 kai

3.71 kai dÐnontai apì thn exÐswsh:

H(χ) = −ω (3.78)

Gewmetrik�, oi statikèc autèc katast�seic eÐnai ta shmeÐa tom c thc

grafik c par�stashc thc sun�rthshc H me thn orizìntia eujeÐa −ω
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Sq ma 3.25: Statikèc katast�seic thc Ex.3.76 gia di�forec timèc tou ω

(bl. Sq.3.25) kai eÐnai eustajeÐc ean h klÐsh tou graf matoc thc H sto

shmeÐo tom c eÐnai arnhtik  [35, 38, 39].

'Estw χ∗ mia eustaj c statik  kat�stash thc Ex.3.76. Tìte oi

f�seic θ1 kai θ2 ikanopoioÔn th sqèsh:

kθ2 −mθ1 = χ∗ (3.79)

Apì thn �llh pleur�, an eÐnai peiramatik� dunatìc o èlegqoc tou apo-

suntonismoÔ ω = kω2−mω1 kai metrhjeÐ h diafor� χ∗ tìte eÐnai dunat 

h anakataskeu  tou mèrouc thc sun�rthshc H pou èqei arnhtik  klÐsh

apì peiramatik� dedomèna.

Gia thn eÔresh twn suqnot twn Ωi + εωi gia tic opoÐec prokÔptei

k : m kat�stash kleidwmènhc f�shc qrhsimopoieÐtai h sqèsh:

Ω1 + εω1

Ω2 + εω2
=

k

m
+ ε

ω

mk
(3.80)

O aposuntonismìc ω lamb�nei timèc sto di�sthma (−maxH,−minH).

'Otan h par�metroc ω pern�ei tic timèc −minH   −maxH, h kat�stash

k : m kleidwmènhc f�shc exafanÐzetai, ìpwc faÐnetai sto Sq.3.25. Sthn

perÐptwsh aut  lamb�nei q¸ra mia diakl�dwsh s�gmatoc kìmbou. H dia-
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Sq ma 3.26: Gl¸ssec Arnold

kl�dwsh aut  antistoiqeÐ sthn sun�nthsh kai allhloanaÐresh enìc eu-

stajoÔc kai enìc astajoÔc oriakoÔ kÔklou tou sust matoc twn Ex.3.70

kai 3.71. Gia timèc tou ω megalÔterec tou −minH   mikrìterec tou

−maxH, oi dÔo talant¸tec den sugqronÐzontai   emfanÐzoun kat�sta-

sh kleidwmènhc f�shc diaforetik c t�xhc. H grafik  anapar�stash

twn sunìlwn pou antiproswpeÔoun tic di�forec katast�seic kleidwmè-

nhc f�shc parousi�zontai sto Sq.3.26. Trigwnikèc perioqèc, oi opoÐec

onom�zontai gl¸ssec Arnold emfanÐzontai apì touc sÔmmetrouc arij-

moÔc k/m kai kajorÐzoun tic perioqèc ìpou up�rqei kat�stash k : m

kleidwmènhc f�shc. Oi gl¸ssec sto sq ma autì eÐnai trigwnikèc all�

mporoÔn na paramorfwjoÔn upì thn epÐdrash ìrwn t�xewc ε kai na apo-

kt soun perÐplokh gewmetrÐa (bl. diakekomènec grammèc sto Sq.3.26).

ProekteÐnontac tic gl¸ssec Arnold proc endi�mesec timèc tou ε prokÔ-

ptei ìti autèc mporeÐ na epikalÔptontai kai na diakladÐzontai [39].

SÔmfwna me ta parap�nw, kat� thn peiramatik  sÔzeuxh dÔo talan-
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twt¸n autoÐ eÐte ja sugqronistoÔn me k�poia diafor� f�shc, an oi su-

qnìthtec touc eÐnai sÔmmetroi arijmoÐ, eÐte ja sumperifèrontai wc asÔ-

zeuktoi. H diafor� f�shc ja exart�tai apì thn Ðdia th sÔzeuxh kai apì

ton aposuntonismì, o opoÐoc ekfr�zei thn anomoiìthta metaxÔ twn dÔo

talantwt¸n [39].

3.8 Upologismìc diafor¸n f�shc mèsw tou metasqh-

matismoÔ Hilbert

O metasqhmatismìc Hilbert eÐnai ènac grammikìc metasqhmatismìc o opoÐ-

oc metatrèpei mia sun�rthsh u(t) ston antÐstoiqo metasqhmatismìthc

kat� Hilbert ũ(t). H teqnik  aut  qrhsimopoieÐtai eurèwc sthn analush

shm�twn kai epitrèpei ton prosdiorismì thc diafor�c f�shc an�mesa se

tuqaÐa s mata. H prosèggish pou akoloujeÐtai sthn perÐptwsh aut 

basÐzetai ston upologismì thc stigmiaÐac èntashc A(t) kai thc stigmiaÐ-

ac f�shc φ(t) enìc monodi�statou s matoc s(t) mèsw tou prosdiorismoÔ

tou analutikoÔ s matoc, ζ(t) pou dÐnetai apì th sqèsh [41, 42]:

ζ(t) = s(t) + is̃(t) = A(t)eiφ(t) (3.81)

ìpou s̃(t) eÐnai o metasqhmatismìc Hilbert tou s matoc s(t) [41, 42]:

s̃(t) =
1

π

∫ +∞

−∞

s(t)

t− τ
dτ (3.82)

Lamb�nontac upìyhn ìti h sunèlixh dÔo sunart sewn f kai g dÐnetai apì

th sqèsh [41, 42]:

f(t) ∗ g(t) =
1√
2π

∫ +∞

−∞
g(t)f(t− τ)dτ (3.83)
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eÐnai profanèc ìti o metasqhmatismìc Hilbert, s̃(t), apoteleÐ th sunèlixh

twn sunart sewn 1/πt kai s(t) dhlad  [41, 42]:

1

πt
∗ s(t) =

1√
2π

s̃(t) (3.84)

'Omwc h sun�rthsh sunèlixhc eÐnai o antÐstrofoc metasqhmatismìc Fou-

rier tou ginomènou twn metasqhmatism¸n Fourier twn arqik¸n sunart -

sewn. Epomènwc [41, 42]:

s̃(t) =

∫ +∞

−∞
G(ω)S(ω)e−iωtdω (3.85)

ìpou:

S(ω) =
1√
2π

∫ +∞

−∞
s(t)eiωtdt (3.86)

kai:

G(ω) =
1√
2π

∫ +∞

−∞

1

πt
eiωtdt =

 −i an ω > 0

i an ω < 0
(3.87)

eÐnai oi metasqhmatismoÐ Fourier twn arqik¸n sunart sewn s(t) kai 1/πt

antÐstoiqa [41, 42].

H mejodologÐa pou akoloujeÐtai gia ton upologismì thc metasqhma-

tismènhc kat� Hilbert sun�rthshc s̃(t) èqei wc ex c [41, 42]: apì thn

Ex.3.85 eÐnai profanèc ìti isqÔei h akìloujh sqèsh gia to metasqhmati-

smì Fourier thc sun�rthshc s̃(t):

S̃(ω) = G(ω)S(ω) (3.88)

ìpou S̃(ω) eÐnai o metasqhmatismìc kat� Fourier thc sun�rthshc s̃(ω).

Qrhsimopoi¸ntac thn Ex.3.87 gia jetikèc suqnìthtec ω prokÔptei [41,
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42]:

S̃(ω) = −i[Re(S) + iIm(S)] (3.89)

  alli¸c

S̃(ω) = Im(S)− iRe(S) (3.90)

Apì thn Ex.3.90 eÐnai profanèc ìti to pragmatikì kai to fantastikì

mèroc thc sun�rthshc S̃(ω) dÐnontai apì tic exis¸seic [41, 42]:

Re(S̃) = Im(S) (3.91)

Im(S̃) = −Re(S̃) (3.92)

Epomènwc, prokeimènou na upologisteÐ o metasqhmatismìc Hilbert

tou s matoc s(t) akoloujoÔntai ta parak�tw b mata [41, 42]:

• UpologÐzetai o metasqhmatismìc Fourier tou s matoc, S(ω)

• UpologÐzetai to pragmatikì kai to fantastikì mèroc thc sun�r-

thshc S̃(ω), me qr sh twn Ex.3.91 kai 3.92

• UpologÐzetai o antÐstrofoc metasqhmatismìc Fourier thc sun�r-

thshc S̃(ω), pou apoteleÐ kai to zhtoÔmeno s̃(t)

Qrhsimopoi¸ntac ton tÔpo tou Euler:

eiφ(t) = cos φ(t) + i sin φ(t) (3.93)

h Ex.3.81 gr�fetai:

s(t) + is̃(t) = A(t)[cos φ(t) + i sin φ(t)] (3.94)
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Apì thn Ex.3.94 prokÔptei ìti h f�sh φ(t) kai h èntash A(t) tou

s matoc, dÐnontai apì tic sqèseic:

φ(t) = arctan
s̃(t)

s(t)
(3.95)

A(t) =
√

s̃(t)2 + s(t)2 (3.96)

Sthn perÐptwsh dÔo tuqaÐwn shm�twn s1(t) kai s2(t) h diafor� f�shc

touc th qronik  stigm  t ja dÐnetai apì th sqèsh [41, 42]:

φ1(t)− φ2(t) = arctan
s̃1(t)s2(t)− s1(t)s̃2(t)

s1(t)s2(t)− s̃1(t)s̃2(t)
(3.97)

H exÐswsh aut  ja qrhsimopoihjeÐ sth sunèqeia kat� th epexergasÐa

twn peiramatik¸n apotelesm�twn gia thn eÔresh katast�sewn sugqroni-

smoÔ pou prokÔptoun kat� th sÔzeuxh twn mh grammik¸n hlektroqhmik¸n

talantwt¸n.

3.9 SÔzeuxh jusanoeid¸n talantwt¸n

'Estw èna asjen¸c suzeugmèno sÔsthma thc morf c

ẋi = fi(xi, ui) + εpi(x, u, ε) (3.98)

u̇i = µ[gi(xi, ui) + εqi(x, u, ε)] (3.99)

ìpou ta x = (x1, . . . , xn) ∈ Rmn kai u = (u1, . . . , un) ∈ Rkn eÐnai ta

dianÔsmata twn gr gorwn kai twn arg¸n metablht¸n antÐstoiqa. EpÐshc

gÐnetai h upìjesh ìti to k�je uposÔsthma

ẋi = fi(xi, ui) (3.100)

u̇i = µgi(xi, ui) (3.101)
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Sq ma 3.27: Sugqronismìc (a) metaxÔ twn talant¸sewn kai (b) metaxÔ

twn jus�nwn se èna dÐktuo dÔo jusanoeid¸n talantwt¸n.

emfanÐzei talant¸seic jusanoeidoÔc tÔpou [38].

Gia ton k�je talantwt  up�rqoun dÔo qronikèc klÐmakec: mÐa gr -

gorh gia tic talant¸seic kai mia arg  gia touc jus�nouc. Epomènwc

mporoÔn na up�rxoun toul�qiston kai dÔo katast�seic sugqronismoÔ

[38]:

• Sugqronismìc metaxÔ twn talant¸sewn, ìpwc faÐnetai sto Sq.3.27a.

• Sugqronismìc metaxu twn jus�nwn, ìpwc faÐnetai sto Sq.3.27b.

To èna eÐdoc sugqronismoÔ den upodhl¸nei thn Ôparxh tou �llou.

BebaÐwc up�rqei mia trÐth kat�stash sugqronismoÔ kat� thn opoÐa kai

oi talant¸seic kai oi jÔsanoi eÐnai sugqronismènoi [38].

3.9.1 Sugqronismìc an�mesa stic talant¸seic

Xekin¸ntac apì thn perÐptwsh tou sugqronismoÔ an�mesa stic talant¸-

seic, h dunamik  sumperifor� tou argoÔ uposust matoc mporeÐ na agnoh-
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jeÐ kai na exetasteÐ mìno to gr goro uposÔsthma to opoÐo apoteleÐ èna

asjen¸c suzeugmèno dÐktuo apl¸n talantwt¸n. 'Opwc anafèrjhke kai

sthn prohgoÔmenh par�grafo mia aparaÐthth sunj kh gia thn Ôparxh

sugqronismoÔ sto suzeugmèno sÔsthma eÐnai oi talantwtèc na èqoun

Ðsec (  perÐpou Ðsec suqnìthtec). Epomènwc o sugqronismìc an�mesa

stic talant¸seic exart�tai apì tic stigmiaÐec suqnìthtec twn talant¸-

sewn. Oi suqnìthtec ìmwc autèc, mporeÐ na metab�llontai shmantik�

mèsa stouc jus�nouc kaj¸c exart¸ntai apì tic timèc pou lamb�noun oi

argèc par�metroi u1, . . . , un [35].

Sugqronismìc an�mesa stic talant¸seic mporeÐ na l�bei q¸ra kat�

th di�rkeia olìklhrou tou jus�nou, all� mporeÐ na emfanisteÐ mìno kat�

to arqikì   to telikì stadio autoÔ [4].

Sugqronismìc kat� to arqikì st�dio tou jus�nou

Sugqronismìc an�mesa stic talant¸seic kat� to arqikì stadio tou ju-

s�nou sun jwc de sumbaÐnei ìtan o jÔsanoc genniètai mèsw miac diakl�-

dwshc s�gmatoc - kìmbou se adiat�rakto kÔklo. Autì sumbaÐnei diìti

h suqnìthta twn talant¸sewn metab�lletai shmantik� kat� to arqikì

st�dio. Epomènwc mikrèc apoklÐseic metaxÔ twn tim¸n twn arg¸n meta-

blht¸n mporeÐ na odhg sei se meg�lec diaforèc an�mesa stic timèc twn

suqnot twn opìte o sugqronismìc kajÐstatai anèfiktoc [4].

Oi upìloipoi tÔpoi twn jusanoeid¸n talantwt¸n emfanÐzoun sqedìn

stajer  suqnìthta talant¸sewn kat� to arqikì st�dio tou jus�nou.

Epomènwc o sugqronismìc an�mesa stic talant¸seic eÐnai efiktìc stic



3.9. SÔzeuxh jusanoeid¸n talantwt¸n 87

peript¸seic autèc [4].

Sugqronismìc kat� to telikì st�dio tou jus�nou

Aposugqronismìc an�mesa stic talant¸seic kat� to telikì st�dio enìc

jus�nou kat� tic peript¸seic stic o jÔsanoc termatÐzetai mèsw miac

sagmatik c omoklinoÔc diakl�dwshc   mèsw miac miac diakl�dwshc s�g-

matoc - kìmbou se adiat�rakto kÔklo. Kai stic dÔo peript¸seic ìtan ta

gr gora uposust mata brÐskontai kont� sta shmeÐa diakl�dwshc h pe-

rÐodoc twn talant¸sewn na mei¸netai apìtoma me apotèlesma thn paÔsh

thc kat�stashc sugqronismoÔ [4].

3.9.2 Sugqronismìc an�mesa stouc jus�nouc

H dunamik  tou sugqronismoÔ twn jus�nwn se èna dÐktuo asjen¸c su-

zeugmènwc jusanoeid¸n talantwt¸n omoi�zei arket� me thn perÐptwsh

twn isqur� suzeugmènwn talantwt¸n apodiègershc [4].

'Estw loipìn dÔo asjen¸c suzeugmènoi jusanoeideÐc talantwtèc ek

twn opoÐwn o ènac brÐsketai sthn energ  kat�stash kai o deÔteroc sthn

kat�stash hremÐac. Ean o energìc talantwt c prokalèsei thn prìwrh

energopoÐhsh tou talantwt  pou brÐsketai se hremÐa tìte eÐnai dunat 

h Ôparxh eustajoÔc sugqronismoÔ metaxÔ twn jus�nwn. 'Ean o ener-

gìc talantwt c parateÐnei thn kat�stash hremÐac tou �llou tìte eu-

staj c entìc f�shc sugqronismìc metaxÔ twn jus�nwn den eÐnai dunatì

na up�rxei, all� k�poio �llo eÐdoc sugqronismoÔ, ìpwc sugqronismìc

ektìc f�shc eÐnai dunatìn na emfanisteÐ [4].



88 Kef�laio 3. Dunamik� Sust mata

Sth sunèqeia diakrÐnontai dÔo mhqanismoÐ pou odhgoÔn se eustaj 

sugqronismì twn jus�nwn. H Ôparxh tou enìc   tou �llou mhqanismoÔ

exart�tai apì th fÔsh thc statik c kat�stashc tou jusanoeidoÔc ta-

lantwt  (eustaj c kìmboc   estÐa) [4].

Mhqanismìc I

Sto mhqanismì autì h statik  kat�stash tou jusanoeidoÔc talantw-

t  eÐnai eustaj c kìmboc kai epomènwc sthn peript¸sh aut  h gènesh

tou jus�nou lamb�nei q¸ra an�mesa stic di�forec diaklad¸seic kai mè-

sw miac diakl�dwshc s�gmatoc kìmbou (p.q. jusanoeideÐc talant¸seic

tetragwnikoÔ tÔpou) [4].

Shmantikì rìlo diadramatÐzei sthn prokeimènh perÐptwsh o tÔpoc thc

sÔzeuxhc ìpwc f�inetai kai sto Sq.3.28. 'Etsi loipìn ìtan oi sÔzeuxh

eÐnai diegertik  kai h arg  metablht  brÐsketai kont� sto shmeÐo diakl�-

dwshc, h gr gorh metablht  eÐnai dunatìn na metabeÐ ston oriakì kÔklo

lìgw twn diegèrsewn pou dèqetai apì ton energì talantwt . H met�-

bash sthn talantoÔmenh sumperifor� exart�tai apì thn suqnìthta twn

diegèrsewn pou prokaloÔntai apì ton energì talantwt . IsqÔei sthn

perÐptwsh aut  ìti ìso megalÔterh eÐnai h suqnìthta twn diegèrsewn

tìso eukolìterh eÐnai h met�bash sto pedÐo èlxhc tou oriakoÔ kÔklou.

O trìpoc leitourgÐac tou mhqanismoÔ autoÔ apeikonÐzetai sto Sq.3.29.

'Estw loipìn ìti o anenergìc talantwt c dèqetai dÔo diadoqikèc diegèr-

seic apì ton energì kai ìti h sÔnayh eÐnai diegertik . H pr¸th dÐegersh

odhgeÐ tic troqièc tou anenergoÔ talantwt  proc th grammoskiasmènh
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Sq ma 3.28: EpÐdrash tou tÔpou thc sÔzeuxhc sthn apìkrish tou ane-

nergoÔ talantwt  sÔmfwna me to mhqanismì I.

perioq  pou antistoiqeÐ sto pedÐo èlxhc tou oriakoÔ kÔklou. Met� thn

paÔsh thc epÐdrashc thc diègershc oi troqièc, an de brejoÔn sth gram-

moskiasmènh perioq , episrèfoun ekjetik� proc thn statik  kat�stash.

An h deÔterh diègersh sumbeÐ arket� gr gor� ¸ste oi troqièc na mhn

èqoun plhsi�sei arket� thn isorropÐa tìte eÐnai dunat  h met�bash tou

sust matoc sto pedÐo èlxhc tou oriakoÔ kÔklou [4].

Sthn perÐptwsh pou h sÔzeuxh eÐnai parempodistik  tìte oi diegèrseic

tou energoÔ talantwt  wjoÔn tic troqÐec tou anenergoÔ proc thn antÐ-

jeth kateÔjunsh kai makri� apì to pedÐo èlxhc tou oriakoÔ kÔklou ìpwc

faÐnetai kai sta Sq.3.28 kai 3.29, me apotèlesma h kat�stash hremÐac

na parateÐnetai [4].
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Sq ma 3.29: Diegertik  kai parempodistik  diègersh se eustaj  kìm-

bo. MaÔroc kÔkloc: eustaj c kìmboc, leukìc kÔkloc: s�gma, dexÐ

diakekomèno bèloc: diegertik  diègersh, aristerì diakekomèno bèloc:

parempodistik  diègersh, skiagrafhmènh perioq : pedÐo èlxhc oriakoÔ

kÔklou.

Mhqanismìc II

Sto mhqanismì autì h statik  kat�stash tou jusanoeidoÔc talantwt 

eÐnai eustaj c estÐa kai epomènwc h statik  kat�stash apoteleÐtai apì

talant¸seic mikr c èntashc. H met�bash sthn talantoÔmenh sumperifo-

r� sthn perÐptwsh aut  eÐnai dunatì na sumbeÐ kai mèsw miac upokrÐsim c

diakl�dwshc Hopf (p.q. jusanoeideÐc talant¸seic elleiptikoÔ tÔpou)

[4].

'Opwc kai sthn perÐptwsh tou mhqanismoÔ I kajoristik c shmasÐ-

ac eÐnai h suqnìthta twn diegèrsewn tou anenergoÔ talantwt  apì ton

energì. Pio sugkekrimèna h suqnìthta twn diegèrsewn prèpei na eÐnai

sÔmmetrh me th suqnìthta twn talant¸sewn mikr c èntashc thc statik c
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kat�stashc tou anenergoÔ talantwt . 'Opwc faÐnetai kai sto Sq.3.30

anexart twc tou tÔpou thc sÔzeuxhc (diegertik c   parempodistik c) oi

diadoqikèc diegèrseic prèpei na l�boun q¸ra se sugkekrimèna qronik�

shmeÐa wste na wjhsoÔn tic troqièc tou ananergoÔ talantwt  pèran tou

sunìrou pou orÐzetai apì ton astaj  oriakì kÔklo kai entìc thc perio-

q c èlxhc tou eustajoÔc oriakoÔ kÔklou. Pio sugkekrimèna to qronikì

diasthma metaxÔ twn talant¸sewn prèpei na eÐnai akèraio pollapl�sio

thc periìdou twn talant¸sewn mikr c èntashc thc statik c kat�stashc,

alli¸c oi troqièc wjoÔntai proc thn eustaj  estÐa. 'Oso mikrìterh eÐ-

nai h t�xh thc summetrÐac tìso pio gr gora o anenergìc talantwt c

metabaÐnei sthn talantoÔmenh sumperifor� [4].

Sthn perÐptwsh twn jusanoeid¸n talantwt¸n elleiptikoÔ tÔpou o

sugqronismìc an�mesa stouc jus�nouc eÐnai dunatìn na l�bei q¸ra kai

mèsw thc katastrof c tou fainomènou arg c met�bashc. Sugkekrimè-

na ìtan o ènac apì touc dÔo talantwtèc eÐnai sthn energ  kat�stash,

tìte sthn kanonik  morf  tou gr gorou uposust matoc tou deÔterou

talantwt  prostÐjetai ènac stajerìc ìroc o opoÐoc metab�llei th mor-

f  tou diagr�mmatoc diakl�dwshc, katastrèfontac to fainìmeno autì.

H perÐptwsh aut  eÐnai entel¸c an�logh me thn epÐdrash tou exwterikoÔ

jorÔbou sthn diakl�dwsh Hopf kai h kanonik  morf  tou gr gorou upo-

sust matoc èqei thn Ðdia morf  me aut  pou perigr�fetai apì thn Ex.3.32.

To di�gramma diaklad¸sewn tou gr gorou uposust matoc, èqei omoÐwc

th morf  tou diagr�mmatoc pou parousi�zetai sto Sq.3.13, gia thn perÐ-

ptwsh Ôparxhc jorÔbou sto sÔsthma. 'Etsi loipìn sthn perÐptwsh pou
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Sq ma 3.30: Diegertik  kai parempodistik  diègersh se eustaj  estÐ-

a. MaÔroc kÔkloc: eustaj c estÐa, dexÐ diakekomèno bèloc: diegertik 

diègersh, aristerì diakekomèno bèloc: parempodistik  diègersh, diake-

komènoc kÔkloc: astaj c oriakìc kÔkloc, skiagrafhmènh perioq : pedÐo

èlxhc eustajoÔc oriakoÔ kÔklou

o pr¸toc talantwt c gÐnetai energìc kai o deÔteroc brÐsketai sthn pe-

rioq  pou lamb�nei q¸ra to fainìmeno arg c met�bashc (dhlad  akrib¸c

met� th diakl�dwsh Hopf) kai brÐsketai se hremÐa, tìte all�zei morf 

to di�gramma diaklad¸sewn tou dÔterou kai metabaÐnei sqedìn tautìqro-

na me ton pr¸to sthn energ  kat�stash. Apotèlesma tou mhqanismoÔ

autoÔ eÐnai h emf�nish sugqronismoÔ an�mesa stouc jus�nouc.



Kef�laio 4

Peiramatikèc, arijmhtikèc mèjodoi kai ulik�

H peiramatik  melèth twn jusanoeid¸n hlektroqhmik¸n talantwt¸n pou

prokÔptoun kat� thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou se

ìxina dialÔmata ègine me dÔo kurÐwc hlektroqhmikèc teqnikèc: th mèjodo

thc kuklik c boltammetrÐac kai th mèjodo thc qronoamperometrÐac.

Kat� th di�rkeia thc s�rwshc tou dunamikoÔ parathroÔntai perioqèc

ìpou to hlektrìdio brÐsketai sthn energ , hmipajhtik  kai pajhtik  ka-

t�stash kaj¸c kai perioqèc ìpou to reÔma talant¸netai. Sunep¸c, h

mèjodoc thc kuklik c boltametrÐac mporeÐ na qrhsimopoihjeÐ gia thn pro-

seggistik  eÔresh twn perioq¸n dunamik¸n pou lamb�noun q¸ra talan-

t¸seic tou reÔmatoc. EpÐshc h teqnik  aut  qrhsimopoieÐtai ètsi ¸ste

na epiteuqjeÐ epanal yimh hlektrodiak  epif�neia prin thn ènarxh k�je

peiramatik c diadikasÐac, suplhrwmatik� me to mhqanikì kajarismì tou

hlektrodÐou. Mia diaforopoihmènh efarmog  thc teqnik c aut c eÐnai h

qr sh thc wc mèjodoc epibol c elegqìmenhc exwterik c diataraq c sto

sÔsthma prokeimènou na aniqneujoÔn perioqèc ustèrhshc   na paraqjeÐ

sugkekrimènh dunamik  apìkrish.

H mèjodoc thc qronoamperometrÐac, dhlad  thc katagraf c tou reÔ-
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matoc wc proc to qrìno upì potensiostatikèc sunj kec, qrhsimopoi -

jhke gia ton qarakthrismì thc mh grammik c dunamik c apìkrishc, ton

entopismì twn shmeÐwn metabol c thc eust�jeiac tou sust matoc kai thn

eÔresh tou eÐdouc tou sugqronismoÔ metaxÔ suzeugmènwn hlektrodiak¸n

epifanei¸n.

Tèloc, prokeimènou na diereunhjeÐ peiramatik� h dunatìthta elèg-

qou thc mh grammik c dunamik c sumperifor�c upì thn epÐdrash qhmik¸n

diataraq¸n sthn hlektrodiak  epif�neia, sqedi�sthke mÐa nèa peirama-

tik  di�taxh, apoteloÔmenh apì kelÐ tri¸n hlektrodÐwn kai peristaltik 

antlÐa. H sÔndes  touc  tan tètoia ¸ste h peristaltik  antlÐa na dio-

qeteÔei me elegqìmeno trìpo hlektrolutikì di�luma, orismènhc qhmik c

sÔstashc, sthn hlektrodiak  epif�neia, to opoÐo allhlepidroÔse me au-

t n mèsw (hlektro)qhmik¸n antidr�sewn.

4.1 Ulik�

Oi hlektroqhmikèc peiramatikèc metr seic èginan se kelÐ tri¸n hlektro-

dÐwn, to opoÐo eikonÐzetai sto Sq.4.1. O ìgkoc tou kelioÔ  tan 300 ml

kai o ìgkoc tou hlektrolutikoÔ dialÔmatoc 200 ml perÐpou. Wc hlektrì-

dio ergasÐac qrhsimopoi jhke sÔrma sid rou egkibwtismèno se akrulik 

rhtÐnh. Wc hlektrìdio anafor�c qrhsimopoi jhke èna hlektrìdio kalo-

mèlana (SCE), Hg/Hg2Cl2/KCl(sat) me dunamikì E0 = 0.242 V wc proc

to kanononikì hlektrìdio udrogìnou. Sthn perÐptwsh pou to hlektrì-

dio ergasÐac apoteloÔntan apì perissìtera apì èna hlektrìdia sid -

rou, qrhsimopoi jhke èna hlektrìdio Ag/AgCl/KCl(sat), me dunamikì
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Sq ma 4.1: Hlektroqhmikì kelÐ tri¸n hlektrodÐwn.

E0 = 0.225 V, wc proc to kanonikì hlektrìdio udrogìnou, to opoÐo

sunduazìtan me èna triqoeidèc Luggin - Haber prokeimènou na mporeÐ

na topojethjeÐ ìso to dunatìn plhsièstera sto hlektrìdio ergasÐac.

Wc antÐjeto hlektrìdio qrhsimopoi jhke mia r�bdoc �njraka diamètrou

6.25 mm.

Ta hlektrolutik� dialÔmata jeiikoÔ oxèoc paraskeu�sthkan me araÐ-

wsh dialÔmatoc H2SO4 (Panreac P.A), sugkèntrwshc 98 %. Ta hle-

ktrolutik� dialÔmata jeiikoÔ oxèoc kai alogìnwn paraskeu�sthkan me

di�lush stereoÔ NaCl kai KBr (Panreac P.A) sto di�luma jeiikoÔ

oxèoc.

Ta hlektrìdia ergasÐac  tan tess�rwn tÔpwn: (a) monì hlektrìdio

dÐskou orizìntiac epif�neiac (k�jeth stic dunamikèc grammèc tou baruti-
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Sq ma 4.2: Monì orizìntio hlektrìdio ergasÐac dÐskou diamètrou 1 mm.

koÔ pedÐou), (b) monì hlektrìdio dÐskou k�jethc epif�neiac (par�llhlh

stic dunamikèc grammèc tou barutikoÔ pedÐou), (g) diplì hlektrìdio dÐ-

skou orizìntiac epif�neiac kai (d) triplì hlektrìdio dÐskou orizìntiac

epif�neiac. Ta hlektrìdia kataskeu�zontan apì sÔrma sid rou (Sigma

- Aldrich, 99.9%), diamètrou 1 mm, to opoÐo egkibwtizìtan se akrulik 

rhtÐnh (Struers, Akryfix kit).

O egkibwtismìc twn orizontÐwn hlektrodÐwn pragmatopoioÔntan se

plastik� kaloÔpia, diamètrou 1.5 cm, me akrulikèc b�seic me opèc, ètsi

¸ste na diasfalÐzetai h eujugr�mmish tou sÔrmatoc sid rou kai na ka-

jorÐzetai h apìstas  touc sthn perÐptwsh twn pollapl¸n orizontÐwn

hlektrodÐwn. Met� th stereopoÐhsh tou polumeroÔc to plastikì ka-

loÔpi afairoÔntan kai to hlektrìdio pou proèkupte leiainìtan sth mÐa
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Sq ma 4.3: Diplì orizìntio hlektrìdio ergasÐac dÐskou me ta �kra tou

sundedemèna me dÔo antist�seic 1 W. Di�metroc dÐskwn: 1 mm.

tou �krh. Apotèlesma thc diadikasÐac aut c  tan sth leÐa plèon �krh

tou hlektrodÐou na paramènoun ak�luptec mÐa   perissìterec epif�neiec

sid rou sq matoc dÐskou, diamètrou 1 mm, oi opoÐec  tan kai oi mì-

nec pou brÐskontan se epaf  k�je for� me to hlektrolutikì di�luma.

Sthn perÐptwsh tou monoÔ orizontÐou hlektrodÐou, h �llh �krh tou pa-

rèmene entel¸c ak�lupth prokeimènou na sundejeÐ me ton potensiost�th,

(Sq.4.2), en¸ sthn perÐptwsh twn pollapl¸n hlektrodÐwn h k�je ak�-

lupth �krh tou sÔrmatoc sid rou enwnìtan me th mÐa �krh hlektrik c

antÐstashc 1 W, twn opoÐwn ta �lla �kra braqukukl¸nontan (Sq.4.3).

To shmeÐo thc braqukÔklwshc  tan to shmeÐo hlektrik c epaf c tou

hlektrodÐou me ton potensiost�th.
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Sq ma 4.4: K�jeto hlektrìdio ergasÐac dÐskou diamètrou 1 mm.

O egkibwtismìc twn kajètwn hlektrodÐwn gÐnontan se kaloÔpi sq -

matoc orjogwnÐou parallhlepipèdou diast�sewn 1 x 1.4 cm (Sq.4.4).

To hlektrìdio autì qrhsimopoi jhke kat� thn epibol  qhmik¸n palm¸n

sthn metallik  epif�neia kai eÐqe kataskeuasteÐ kat� autìn ton trì-

po ¸ste na eÐnai dunat  h efarmog  se autì eidik� kataskeuasmènhc

upodoq c gia th sterèwsh triqoeidoÔc swl na, mèsw tou opoÐou prag-

matopoioÔntan h paroq  hlektrolutikoÔ dialÔmatoc sthn hlektrodiak 

epif�neia.

4.2 'Organa kai mèjodoi

Oi hlektroqhmikèc metr seic pragmatopoi jhkan me potensiost�th - gal-

banost�th 263A thc etairÐac EG&G Princeton Applied Research, Per-
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kin Elmer Instruments, en¸ to logismikì pou qrhsimopoi jhke (apo-

kleistik� gia thn teqnik  thc kuklik c boltammetrÐac kai mìno gia thn

prokatergasÐa thc epif�neiac tou hlektrodÐou ergasÐac)  tan to Power-

suit kai sugkekrimèna h efarmog  Powercorr thc Ðdiac etairÐac. H ka-

tagraf  tou reÔmatoc pou èrree apì ta hlektrìdia ergasÐac, ginìtan

mèsw enìc palmogr�fou DL708E thc etaireÐac Yokogawa, exoplismèno

me k�rtec 701853 HR. Pio sugkekrimèna, sthn perÐptwsh twn mon¸n

hlektrodÐwn, oi akrodèktec twn kanali¸n tou palmogr�fou sundèontan

apeujeÐac mèsw kalwdÐou me to kan�li exìdou reÔmatoc tou potensio-

st�th. Sthn perÐptwsh twn pollapl¸n hlektrodÐwn, oi akrodèktec twn

kanali¸n sundèontan me ta �kra twn antist�sewn 1 W, pou brÐskontan

sundedemènec sta sÔrmata sid rou, ìpwc perigr�fhke prohgoumènwc,

(Sq.4.3). Kat� autì ton trìpo pt¸sh t�shc 1 V stic antist�seic an-

tistoiqoÔse me reÔma èntashc 1 A, gia eÔroc potensiost�th Ðso me 100

mA. Met� thn kat�grafh twn metr sewn ston palmogr�fo, oi metr seic

metafèrontan se hlektronikì upologist  kai epexerg�zontan eÐte me to

prìgramma Origin eÐte me eidik� progr�mmata o k¸dikac twn opoÐwn eÐqe

grafeÐ se Fortran 77. O potensiost�sthc kai o palmogr�foc faÐnontai

sto Sq.4.5.

Sta peir�mata epibol c qhmik¸n diataraq¸n sthn hlektrodiak  epi-

f�neia, qrhsimopoi jhke peristaltik  antlÐa Gilson Minipuls 2, h opoÐa

faÐnetai sto Sq.4.6. H peristaltik  antlÐa antloÔse hlektrolutikì di�-

luma kajorismènhc qhmik c sÔstashc apì doqeÐo zèshc kai to dioqèteue,

mèsw triqoeidoÔc swl na, sthn hlektrodiak  epif�neia. H kampÔlh ka-
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Sq ma 4.5: Potensiost�thc EG&G 263A (k�tw) kai yhfiakìc palmo-

gr�foc Yokogawa DL708E (p�nw).

lumprarÐsmatoc thc antlÐac parousi�zetai sto Sq.4.7

Prin thn ènarxh thc k�je mètrhshc pragmatopoioÔntan leÐansh thc

epif�neiac tou hlektrodÐou ergasÐac me qrhsh gualìqartwn (R500, R800,

R1000), to opoÐo sth sunèqeia topojetoÔntan sto hlektrolutikì kelÐ.

Katìpin pragmatopoioÔntan 1 èwc 2 kÔkloi s�rwshc tou epiballìme-

nou sto sÔsthma dunamikoÔ, apì thn kat�stash anoiqtoÔ kukl¸matoc

(≈ −0.5 V) ewc ta 1.2 V, me telikì shmeÐo p�li to dunamikì anoiqtoÔ

kuklwmatoc, en¸ o rujmìc s�rwshc  tan 20 mVs−1. Apotèlesma thc

diadikasÐac aut c  tan h epÐteuxh epanal yimhc arqik c kat�stashc thc

epif�neiac tou sid rou.
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Sq ma 4.6: Peristaltik  antlÐa Gilson Minipuls 2 sundedemènh me kelÐ

tri¸n hlektrodÐwn.

Sq ma 4.7: KampÔlh kalimprarÐsmatoc thc peristaltik c antlÐac. 'Opou

v h èndeixh rÔjmishc thc antlÐac kai J h paroq .
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4.3 Upologistikèc teqnikèc

H an�lush kai epexergasÐa twn majhmatik¸n exis¸sewn èginan me to

prìgramma XPP [43]. H olokl rwsh twn mh grammik¸n sun jwn ègine

me th mèjodo Gear kai tic ex c timèc paramètrwn: anoq  0.001, el�qisto

b ma 1 · 10−12, mègisto b ma 1. H melèth thc eust�jeiac twn lÔsewn

ègine me thn efarmog  AUTO kai tic ex c timèc paramètrwn: Ntst =

150, Nmax = 200, Npr = 50, Ds = 0.02, Dsmin = 0.001, Ncol = 4,

EPSL = 0.0001, Dsmax = 0.5, Par Min = 17, Par Max = 50, Norm

min = 0, Norm max = 1000, EPSU = 0.0001, EPSS = 0.0001.



Kef�laio 5

EpÐdrash qhmik¸n diataraq¸n sthn hlektroqh-

mik  diepif�neia

5.1 Qhmikèc sun�yeic kai hlektroqhmik  diepif�neia

H hlektroqhmik  diepif�neia kai h kuttarik  neurofusiologik  membr�nh

parousi�zoun arketèc kinhtikèc kai fainomenologikèc omoiìthtec. Kai

oi dÔo diepif�neiec leitourgoÔn wc membr�nec oi opoÐec eÐnai eklektik�

peratèc apì sugkekrimèna qhmik� eÐdh. EpÐshc, h eklektikìtht� touc

ex�rt�tai apì to hlektrikì dunamikì thc diepif�neiac [44].

'Enac trìpoc metabol c twn idiot twn thc neurofusiologik c mem-

br�nhc eÐnai mèsw qhmik¸n sun�yewn. H qhmik  sÔnayh sta neurofu-

siologik� sust mata, epitrèpei thn epikoinwnÐa twn neurik¸n kutt�rwn

mèsw qhmik¸n allhlepidr�sewn. Oi allhlepidr�seic autèc metab�lloun

drastik� to dunamikì thc kuttarik c membr�nhc prokal¸ntac talant¸-

seic tou dunamikoÔ. Oi talant¸seic autèc jewroÔntai wc to mèso me-

tafor�c kai epexergasÐac plhroforÐac metaxÔ twn neuronik¸n kutt�rwn

[3, 44, 45].

Oi qhmikèc sun�yeic qwrÐzontai se dÔo kathgorÐec: tic argèc kai tic

103
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Sq ma 5.1: (A) Gr gorec kai (B) argèc qhmikèc sun�yeic metaxÔ neuro-

nik¸n kutt�rwn.

gr gorec. Oi gr gorec sun�yeic leitourgoÔn mèsw thc èkkrishc sugke-

krimènwn qhmik¸n ousi¸n apì ton prosunaptikì neurìna (neurodiabiba-

stèc) kai thn allhlepÐdras  touc me ta iontik� kan�lia thc metasuna-

ptik c membr�nhc (bl. Sq.5.1). Oi argèc qhmikèc sun�yeic leitourgoÔn

mèsw thc èkkrishc peptidÐwn apì thn prosunaptik  membr�nh, thn dè-

smeus  touc apì G - prwteònec thc metakuttarik c membr�nhc kai tèloc

th metabol  twn idiot twn twn iontik¸n kanali¸n [3, 44, 45].

O rìloc twn qhmik¸n sun�yewn eÐnai pollaplìc. O kuriìteroc rì-

loc eÐnai to �noigma kai kleÐsimo twn iontik¸n kanali¸n pou èqei wc

apotèlesma th metabol  tou dunamikoÔ thc membr�nhc. H qhmik  sÔnayh

epÐshc mporeÐ na metab�llei ton arijmì twn energ¸n iontik¸n kanali¸n,

tic kinhtikèc touc idiìthtec kai thn euaisjhsÐa touc se metabolèc tou

dunamikoÔ [3, 44, 45].

Oi dr�seic pou lamb�noun q¸ra kat� thn epikoinwnÐa dÔo neuroni-
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k¸n kuttarik¸n membran¸n èqoun wc ex c: to dunamikì dr�shc (action

potential) tou prosunaptikoÔ kutt�rou katafj�nei sto �kro thc prosu-

naptik c membr�nhc kai prokaleÐ thn èkkrish neurodiabibast¸n. Oi neu-

rodiabibastèc metafèrontai proc to metasunaptikì kÔttaro lìgw di�qu-

shc. Kaj¸c katafj�noun sth metasunaptik  membr�nh, allhlepidroÔn

me aut n kai prokaloÔn th ro  hlektrikoÔ reÔmatoc. H ro  hlektrikoÔ

reÔmatoc èqei wc apotèlesma th metabol  tou dunamikoÔ thc metasuna-

ptik c membr�nhc, sun jwc me th dhmiourgÐa mia èntonhc tal�ntwshc tou

dunamikoÔ. Profan¸c h allhlepÐdrash mèsw qhmik¸n sun�yewn eÐnai

monìdormh, dhlad  h metafor� gÐnetai mìno apì to prosunaptikì proc

to metasunaptikì kÔttaro [3, 44, 45].

H allhlepÐdrash thc hlektroqhmik c diepif�neiac me mìria   iìnta

(upì potensiostatikèc sunj kec) eÐnai dunatìn na èqei wc apotèlesma

th metabol  tou reÔmatoc pou dièrqetai apì aut n sun jwc kat� merik�

mA   mA kai sun jwc den èqei th morf  tal�ntwshc. EÐnai gnwstì

ìmwc apì th jewrÐa twn mh grammik¸n dunamik¸n susthm�twn ìti akìma

kai mikrèc diataraqèc se èna mh grammikì dunamikì sÔsthma mporoÔn na

prokalèsoun drastikèc metabolèc sthn apìkris  tou ìtan autì brÐske-

tai kont� se shmeÐa diakladwshc [39]. Sunep¸c hlektrodiakèc epif�neiec

oi opoÐec eÐnai pajhtikopoihmènec   hmipajhtikopoihmènec, ja prèpei na

eÐnai arket� euaÐsjhtec sthn parousÐa iìntwn (p.q. alogìnwn), idÐwc

kont� sta shmeÐa diakl�dwshc. Sthn perÐptwsh aut  akìmh kai el�qi-

stec posìthtec apì ta iìnta aut� ja eÐnai dunatì na prokalèsoun polÔ

meg�lec metabolèc, tìso sto reÔma pou dièrqetai apì thn hlektrodiak 
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epif�neia, ìso kai genikìtera sthn hlektroqhmik  apìkrish tou sust -

matoc. Oi metabolèc autèc ofeÐlontai stic fusikoqhmikèc idiothtec tou

sust matoc, all� mporoÔn na melethjoÔn kai na katanohjoÔn mèsw twn

mh grammik¸n dunamik¸n idiot twn tou. Epomènwc me b�sh ta parap�-

nw èna mh grammikì hlektroqhmikì sÔsthma eÐnai dunatì na "aniqneÔsei�

akìmh kai polÔ mikrèc posìthtec twn iìntwn aut¸n [44].

Prokeimènou na diapistwjeÐ peiramatik� h parap�nw upìjesh ja prè-

pei na kataskeuastoÔn hlektroqhmikèc sun�yeic pou na prosomoi�zoun

tic antÐstoiqec qhmikèc sun�yeic twn neuronik¸n kutt�rwn. EÐnai ìmwc

gnwstì ìti h allhlepÐdrash metaxÔ hlektroqhmik¸n susthm�twn eÐnai

kurÐwc hlektrik c fÔshc kai amfÐdromh. Gia na kataskeuastoÔn loipìn

qhmikèc sun�yeic metaxÔ hlektroqhmi¸n stoiqeÐwn oi opoÐec ja eÐnai mo-

nìdromec ja prèpei: (a) na katastalloÔn oi hlektrikèc allhlepidr�seic,

(b) to prosunaptikì stoiqeÐo na par�gei èna qhmikì eÐdoc pou ja dr�

wc neurodiabibast c, (g) to metasunaptikì stoiqeÐo ja prèpei na eÐnai

ikanì na antidr� qhmik� me to neurodiabibast  kai (d) to metasunaptikì

stoiqeÐo na èqei th dunatìthta na eÐnai diegèrsimo   talantoÔmeno. 'Ola

ta parap�nw ja prèpei na lamb�noun q¸ra se koinì hlektrolutikì mèso

[44].

Gia na ekplhrwjoÔn oi parap�nw proôpojèseic o metasunaptikìc neu-

rìnac prosomoi�zetai apì èna hlektrìdio sid rou to opoÐo brÐsketai bu-

jismèno se di�luma jeiikoÔ oxèoc sugkèntrwshc 0.75 M. EÐnai gnwstì

ìti sto sÔsthma autì mporoÔn na parathrhjoÔn fainìmena hlektrodi�-

lushc, pajhtikopoÐhshc kai talantoÔmenhc sumperifor�c an�loga me thn
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tim  tou epiballìmenou dunamikoÔ [16, 17]. O prosunaptikìc neurìnac

prosomoi�zetai apì mia elegqìmenh phg  iìntwn qlwrÐou. H phg  aut 

eÐnai èna di�luma jeiikoÔ oxèoc 0.75 M, sto opoÐo eÐnai dialumènh kai

mia mikr  posìthta qlwriìntwn thc t�xhc twn 15 mM. To di�luma autì

dioqeteÔetai sthn hlektrodiak  epif�neia mèsw miac peristaltik c ant-

lÐac. Ta iìnta qlwrÐou eÐnai gnwstì ìti summetèqoun sthn kinhtik  thc

hlektrodi�lushc kai thc pajhtikopoÐhshc twn epifanei¸n sid rou kai

epomènwc qrhsimopoioÔntai wc qhmikìc neurodiabibast c [30, 31]. K�-

tw loipìn apì autèc tic sunj kec h sÔzeuxh metaxÔ thc hlektroqhmik c

diepif�neiac kai thc phg c twn iìntwn qlwrÐou eÐnai monìdromh, afoÔ h

phg  iìntwn elègqetai exwterik�, kai eÐnai apokleistik� qhmik c fÔshc

[44].

H peiramatik  di�taxh pou qrhsimopoieÐtai sthn perÐptwsh aut  pa-

rousi�zetai sto Sq.5.2, ìpou di�luma qlwriìntwn (A) dioqeteÔetai mèsw

miac peristaltik c antlÐac (B) sthn epif�neia tou hlektrodÐou sid rou

(G) pou eÐnai bujismèno se di�luma jeiikoÔ oxèoc (D). Sto Sq.5.3 parou-

si�zetai sqhmatik� h teqnit  qhmik  sÔnayh, ìpou to �kro thc sÔnayhc

(triqoeid c swl nac) topojeteÐtai se apìstash perÐpou 2 mm apì thn

hlektrodiak  epif�neia k�jetou hlektrodÐou.

5.2 O talantwt c Fe / H2SO4 wc metasunaptikìc neu-

rìnac

Prokeimènou na entopistoÔn oi perioqèc ìpou to sÔsthma Fe / H2SO4

eÐnai diegèrsimo   talantoÔmeno kataskeu�sthke èna peiramatikì di�-
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Sq ma 5.2: Sqhmatik  anapar�stash thc peiramatik c di�taxhc. Di�-

luma qlwriìntwn (A) dioqeteÔetai mèsw miac peristaltik c antlÐac (B)

sthn epif�neia tou hlektrodÐou sid rou (G) pou eÐnai bujismèno se di�-

luma jeiikoÔ oxèoc (D).

Sq ma 5.3: Sqhmatik  anapar�stash thc teqnit c sÔnayhc.
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gramma diaklad¸sewn tou sust matoc, to opoÐo eikonÐzetai sto Sq.5.4,

ìpou to epiballìmeno dunamikì V jewreÐtai wc par�metroc diakl�dwshc.

Gia qamhlèc timèc tou epiballìmenou dunamikoÔ V to sÔsthma brÐsketai

se mia eustaj  statik  kat�stash (tetr�gwna), ìpou lamb�nei q¸ra

hlektrodi�lush tou sid rou mèsw enìc por¸douc fÐlm to opoÐo kalÔptei

thn hlektrodiak  epif�neia [46]. H statik  aut  kat�stash qarakthrÐ-

zetai wc energ , giatÐ mia shmantik  posìthta reÔmatoc thc t�xhc twn

2.5 mA rèei sto sÔsthma. Kaj¸c to V aux�nei, h energ  kat�stash q�-

nei thn eust�jei� thc sthn tim  Vc1
≈ 220 mV, dÐnontac th jèsh thc se

eustajeÐc periodikèc talant¸seic tou reÔmatoc tÔpou apodiègershc. H

el�qisth kai h mègisth tim  twn talant¸sewn aut¸n antiproswpeÔontai

apì touc maÔrouc kÔklouc sto Sq.5.4. Peraitèrw aÔxhsh tou epiba-

lìmenou dunamikoÔ V prokaleÐ ton termatismì twn talant¸sewn kai to

sÔsthma metabaÐnei sthn pajhtik  kat�stash gia Vc2
≈ 290mV, ìpou

to reÔma mhdenÐzetai [47]. MeÐwsh tou V prokaleÐ th met�bash tou su-

st matoc apì thn pajhtik  kat�stash sthn talantoÔmenh sumperifor�

(leukoÐ kÔkloi), sqedìn sthn Ðdia tim  dunamikoÔ Vc2
. Mei¸nontac akìma

perissìtero to epiballìmeno dunamikì, h met�bash apì th talantoÔmenh

sumperifor� sthn energ  kat�stash lamb�nei q¸ra gia V < Vc1
. Autì

èqei wc apotèlesma thn emf�nish miac perioq c dipl c eust�jeiac, ìpou

h energ  statik  kat�stash sunup�rqei me tic eustajeÐc talant¸seic

gia thn Ðdia tim  tou epibalìmenou dunamikoÔ. H qhmik  epÐdrash twn

qlwriìntwn sto sÔsthma ja melethjeÐ xeqwrist� sthn energ  kai sthn

pajhtik  perioq  kaj¸c epÐshc kai sthn perioq  twn talant¸sewn [44].
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Sq ma 5.4: Peiramatikì di�gramma diaklad¸sewn (potensiostatik  kam-

pÔlh) tou hlektroqhmikoÔ sust matoc Fe/0.75 M H2SO4. Me tetr�gw-

na sumbolizontai oi statikèc katast�seic. Me �sprouc kai maÔrouc kÔ-

klouc sumbolÐzontai oi el�qistec kai oi mègistec timèc twn talant¸sewn

tou reÔmatoc gia auxanìmeno kai elattoÔmeno epiballìmeno dunamikì V .

5.3 Qhmikèc diataraqèc sthn energ  statik  kat�sta-

sh

Sto Sq.5.5 parousi�zetai h apìkrish thc hlektroqhmik c diepif�neiac

sthn epibol  miac qhmik c diataraq c, kaj¸c to sÔsthma brÐsketai sthn

energ  statik  kat�stash gia V = 215 mV. Gia thn tim  aut  tou epi-

ballìmenou dunamikoÔ to sÔsthma brÐsketai kont� sto shmeÐo diakl�dw-

shc Vc1
. 'Opwc mporeÐ na parathrhjeÐ sto sq ma autì, ìtan ènac qhmi-

kìc palmìc di�rkeiac ∆t = 3 s kai èntashc J = 0.6948 g/min epiblhjeÐ

sthn epif�neia tou hlektrodÐou, tìte to sÔsthma q�nei thn eust�jei�

tou kai arqÐzei na talant¸netai periodik�. Profan¸c h hlektroqhmik 

diepif�neia lamb�nontac to qhmikì palmì, antidr� emfanÐzontac perio-
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Sq ma 5.5: Apìkrish tou reÔmatoc kat� thn epibol  enìc qhmikoÔ pal-

moÔ, ìtan to sÔsthma brÐsketai sthn energ  statik  kat�stash. Epi-

ballìmeno dunamikì V = 215 mV, di�rkeia palmoÔ ∆t = 3 s kai èntash

palmoÔ J = 0.6948 g/min

dikèc talant¸seic tou reÔmatoc. Oi talant¸seic autèc eÐnai autìnomec

kai suneqÐzoun na ufÐstantai kai met� thn paÔsh thc qhmik c diataraq c

[44].

H met�bash apì thn statik  kat�stash sthn talantoÔmenh sumpe-

rifor� eÐnai antistrèyimh ìtan V < 220 mV kai ìtan to V eÐnai kon-

t� sto shmeÐo diakl�dwshc Vc1
. Sto par�deigma pou apeikonÐzetai sto

Sq.5.6 gia V = 215 mV to sÔsthma brÐsketai ston oriakì kÔklo kai

talant¸netai periodik�. Kat� th qronik  stigm  t = 28.3 s h hlektro-

diak  epif�neia dèqetai èna qhmikì palmì di�rkeiac ∆t = 3 s kai èntashc

J = 0.6948 g/min. Autì èqei wc apotèlesma thn paÔsh twn talant¸-

sewn kai thn epistrof  tou sust matoc sthn energ  eustaj  statik 

kat�stash. Prèpei na shmeiwjeÐ ìti ta qlwriìnta dhmiourgoÔn opèc sthn
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Sq ma 5.6: Apìkrish tou reÔmatoc kat� thn epibol  enìc qhmikoÔ pal-

moÔ, ìtan to sÔsthma brÐsketai sthn talantoÔmenh kat�stash. Epibal-

lìmeno dunamikì V = 215 mV, di�rkeia palmoÔ ∆t = 3 s kai èntash

palmoÔ J = 0.6948 g/min

epif�neia tou sid rou, me apotèlesma h energ  epif�neia na aux�nei, pro-

kal¸ntac ètsi thn aÔxhsh thc tim c tou reÔmatoc thc energ c statik c

kat�stashc [48, 49]. To gegonìc ìti kont� sto shmeÐo diakl�dwshc Vc1

h met�bash apì thn energ  statik  kat�stash sthn talantoÔmenh sum-

perifor� eÐnai antistrèyimh upodhl¸nei gia mia akìmh for� thn Ôparxh

thc dipl c eust�jeiac sthn perioq  aut  twn dunamik¸n pou apeikonÐ-

zetai sto di�gramma diaklad¸sewn tou Sq.5.4. H dipl  aut  eust�jeia

upodeiknÔei thn Ôparxh miac upokrÐsimhc diakl�dwshc Hopf sto shmeÐo

Vc1
. H diakl�dwsh aut , pou apeikonÐzetai sto Sq.5.7, èqei analujeÐ

diexodik� sto kef�laio 3 kai emfanÐzei thn Ðdia akrib¸c qarakthristik 

dipl  eust�jeia, an�mesa se oriakì kÔklo kai eustaj  kat�stash, me

th diakl�dwsh sto shmeÐo Vc1
[44].
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Sq ma 5.7: EpÐdrash diataraq¸n sthn perioq  thc upokrÐsimhc diakl�-

dwshc Hopf. (a) Diataraq  sthn eustaj  statik  kat�stash kai me-

t�bash se eustajeÐc talant¸seic. (b) Diataraq  stic eustajeÐc talan-

t¸seic kai met�bash sthn eustaj  statik  kat�stash. (1) UpokrÐsimh

diakl�dwsh Hopf, (2) diakl�dwsh diplou oriakoÔ kÔklou
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5.4 Qhmikèc diataraqèc sthn pajhtik  statik  kat�-

stash

H epÐdrash enìc qhmikoÔ palmoÔ sto sÔsthma eÐnai teleÐwc diaforetik 

ìtan V > 290 mV kai to sÔsthma brÐsketai sthn pajhtik  kat�stash,

gia timèc tou V kont� sto shmeÐo diakl�dwshc Vc2
. 'Ena antiproswpeu-

tikì par�deigma gia V = 320 mV, ∆t = 10 s kai J = 0.6948 g/min

parousi�zetai sto Sq.5.8. 'Otan to sÔsthma brÐsketai sthn pajhtik 

kat�stash h hlektrodiak  epif�neia kalÔptetai apì èna sumpagèc oxeÐ-

dio kai to reÔma eÐnai sqedìn mhdenikì. Kat� to qronikì shmeÐo t = 55

s mia qhmik  diataraq  prokaleÐtai sthn hlektrodiak  epif�neia. Autì

èqei wc apotèlesma thn emf�nishc miac tal�ntwshc tou reÔmatoc èntashc

30 mA. To gegonìc autì odhgeÐ sto sumpèrasma ìti to sÔsthma sthn

pajhtik  kat�stash eÐnai diegèrsimo (excitable) [44].

H ikanìthta tou sust matoc na antidr� se k�je qhmikì palmì me

mia meg�lh tal�ntwsh tou reÔmatoc, ìtan autì brÐsketai sthn pajhtik 

kat�stash, apeikonÐzetai sto Sq.5.9 gia V = 295 mV. Sthn perÐptwsh

aut  h hlektroqhmik  diepif�neia diatarr�setai apì mia akoloujÐa qh-

mik¸n palm¸n di�rkeiac ∆t = 1 s kai èntashc J = 0.6948 g/min. H

apìkrish tou sust matoc loipìn sunÐstatai se mia tal�ntwsh èntashc

28 mA perÐpou, k�je for� pou autì diatarr�setai qhmik� [44].

To gegonìc thc emf�nishc diegersimìthtac apì thn pajhtik  kat�-

stash, odhgeÐ sto sumpèrasma ìti h eustaj c aut  statik  kat�stash

sunup�rqei me �llh mÐa astaj  kaj¸c kai èna sagmatikì shmeÐo. Mia tè-
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Sq ma 5.8: Apìkrish tou reÔmatoc kat� thn epibol  enìc qhmikoÔ pal-

moÔ, ìtan to sÔsthma brÐsketai sthn pajhtik  kat�stash. Epiballìmeno

dunamikì V = 320 mV, di�rkeia palmoÔ ∆t = 10 s kai èntash palmoÔ

J = 0.6948 g/min

Sq ma 5.9: Apìkrish tou reÔmatoc kat� thn epibol  miac akoloujÐac

qhmik¸n palm¸n, ìtan to sÔsthma brÐsketai sthn pajhtik  kat�stash.

Epiballìmeno dunamikì V = 295 mV, di�rkeia palmoÔ ∆t = 1 s kai

èntash palmoÔ J = 0.6948 g/min
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Sq ma 5.10: EpÐdrash ditaraq c se mia perioq  sunÔparxhc eustajoÔc

kìmbou, s�gmatoc kai miac epiplèon astajoÔc estÐac. H diataraq  èqei

wc apotèlesma thn epistrof  sthn arqik  kat�stash mèsw miac troqi�c

meg�lhc èntashc. (1) Diakl�dwsh s�gmatoc kìmbou.

toia di�taxh sto q¸ro twn f�sewn anamènetai na sumbeÐ sth geitoni� mia

omoklinoÔc diakl�dwshc, gegonìc pou brÐsketai se sumfwnÐa kai me �lla

ereunhtik� apotelèsmata [16, 17]. H diakl�dwsh aut  èqei epÐshc ana-

ferjeÐ sto kef�laio 3, en¸ to di�gramma diaklad¸sewn sthn perÐptwsh

aut  èqei th morf  tou Sq.5.10 [44].

5.5 Qhmikèc diataraqèc sthn talantoÔmenh kat�stash

Gia timèc epiballìmenou dunamikoÔ an�mesa sthn energ  kai sthn pajh-

tik  statik  kat�stash, to sÔsthma talant¸netai periodik�. Oi kuriì-

terec epidr�seic miac periodik c akoloujÐac qhmik¸n palm¸n stic perio-

dikèc talant¸seic tou reÔmatoc eÐnai h meÐwsh thc periìdou touc kai h

emf�nish jusanoeid¸n talant¸sewn tou reÔmatoc, an� qhmikì palmì. H

apìkrish thc talantoÔmenhc hlektroqhmik c diepif�neiac gia V = 265

mV, ìtan ∆t = 1 s kai J = 0.3559 g/min parousi�zetai sto Sq.5.11.
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Sq ma 5.11: Apìkrish tou reÔmatoc kat� thn epibol  miac akoloujÐac

qhmik¸n palm¸n, ìtan to sÔsthma brÐsketai sthn talantoÔmenh kat�-

stash. Epiballìmeno dunamikì V = 265 mV, di�rkeia palmoÔ ∆t = 1 s

kai èntash palmoÔ J = 0.3559 g/min

Prin thn epibol  thc qhmik c diataraq c (gia t < 100 s), h perÐodoc eÐnai

perÐpou Ðsh me 10 s. Th qronik  stigm  t = 100 s to sÔsthma diatar-

r�setai qhmik�. Autì èqei wc apotèlesma h perÐodoc twn talant¸sewn

na upodekaplasi�zetai kai gia k�je qhmikì palmì h diepif�neia antapo-

krÐnetai me èna jÔsano talant¸sewn tou reÔmatoc. Gia t > 170 s, h

diataraq  paÔei, h perÐodoc stadiak� aux�netai kai to sÔsthma epistrè-

fei stic autìnomec talant¸seic tou reÔmatoc [44].

'Otan h èntash thc qhmik c diataraq c aux�netai, h apìkrish thc

talantoÔmenhc diepif�neiac apokalÔptei èna nèo fainìmeno. 'Opwc faÐ-

netai sto Sq.5.12 gia V = 274 mV, ènac qhmikìc palmìc epib�lletai

sto sÔsthma me di�rkeia ∆t = 1 s kai èntash J = 0.6948 g/min, ìtan

t = 58 s. 'ExaitÐac thc qhmik c diataraq c, o oriakìc kÔkloc teÐnei
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proc mia astaj  statik  kat�stash kai paramènei se aut n mèqri to

qronikì shmeÐo t = 76 s. Gia t > 76 s to sÔsthma stadiak� epistrèfei

ston eustaj  oriakì kÔklo, mèsw talant¸sewn auxanìmenhc èntashc. H

epistrof  stic eustajeÐc talant¸seic mèsw talant¸sewn auxanìmenhc

èntashc upodhl¸nei ìti h astaj c statik  kat�stash eÐnai mia astaj c

estÐa [44].

5.6 H leitourgÐa thc teqnht c qhmik c sÔnayhc

H allhlepÐdrash thc hlektroqhmik c diepif�neiac me thn qhmik  dÐeger-

sh ofeÐletai sthn antÐdrash twn iìntwn qlwrÐou me ta qhmik� eÐdh pou

sqhmatÐzontai sthn epif�neia tou hlektrodÐou sid rou. 'Enac pijanìc

mhqanismìc gia th dr�sh twn iìntwn qlwrÐou eÐnai autìc pou prot�jhke

apì touc R. J. Chin kai K. Nobe o opoÐoc èqei wc ex c [30, 44]:

Fe + Cl− + H2OGGGBFGGG[FeClOH]−ads + H+ + e− (5.1)

[FeClOH]−adsGGGAFeClOH + e− (5.2)

FeClOH + H+GGGAFe2+ + H2O + Cl− (5.3)

SÔmfwna me to mhqanismì autì ta iìnta qlwrÐou summetèqoun sthn

hlektrodi�lush tou sid rou kai antidroÔn me ta sqhmatismèna sthn hle-

ktrodiak  epif�neia oxeÐdia sqhmatÐzontac eudi�luta qhmik� �lata.
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Sq ma 5.12: Apìkrish tou reÔmatoc kat� thn epibol  enìc qhmikoÔ pal-

moÔ, ìtan to sÔsthma brÐsketai sthn talantoÔmenh kat�stash. Epibal-

lìmeno dunamikì V = 274 mV, di�rkeia palmoÔ ∆t = 1 s kai èntash

palmoÔ J = 0.6948 g/min

Apì ta apotelèsmata pou parousi�sthkan parap�nw faÐnetai ìti h

apìkrish thc hlektroqhmik c diepif�neiac se qhmikèc diataraqèc kajo-

rÐzetai apì tic mh grammikèc dunamikèc idiìthtec tou hlektroqhmikoÔ su-

st matoc. Oi qhmikèc diataraqèc kont� se upokrÐsimh diakl�dwsh Hopf

odhgoÔn se antistrèyimec metab�seic apì eustajeÐc statikèc katast�-

seic se eustajeÐc talant¸seic kai metabolèc thc èntashc tou reÔmatoc

pou xepernoÔn to 30 %. AntÐstoiqa qhmikèc diataraqèc sthn perioq 

kont� se omoklin  diakl�dwsh èqoun apotèlesma th gènesh memonwmè-

nwn talant¸sewn kai metabol  thc èntashc tou reÔmatoc pou xepern�

to 300 % [44].

Ta peiramatik� apotelèsmata pou parousi�sthkan parap�nw sumfw-

noÔn me antÐstoiqa apotelèsmata se neurofusiologik� sust mata. Pio
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sugkekrimèna ìti kat� thn qhmik  sÔzeuxh dÔo neur¸nwn, h apìkrish

tou metasunaptikoÔ kutt�rou exart�tai apì tic dunamikèc tou idiìthtec.

'Etsi loipìn h apìkrish eÐnai diaforetik  an to dunamikì thc metasuna-

ptik c kuttarik c membr�nhc emfanÐzei diegersimìthta   dipl  eust�jeia.

Sthn pr¸th perÐptwsh to dunamikì thc membr�nhc brÐsketai kont� se mia

diakl�dwsh s�gmatoc - kìmbou, ìpou sunup�rqoun èna eustajèc statikì

shmeÐo, èna sagmatikì shmeÐo kai èna astajèc statikì shmeÐo [50]. 'Etsi

èna eiserqìmeno s ma apì ton prosunaptikì neur¸na, èqei wc apotèlesma

th dhmiourgÐa miac meg�lhc tal�ntwshc tou dunamikoÔ thc metasunapti-

k c membr�nhc. To apotèlesma eÐnai diaforetikì ìtan to dunamikì thc

metasunaptik c mebr�nhc emfanÐzei dipl  eust�jeia, ìpwc ìtan brÐsketai

kont� se mia upokrÐsimh diakl�dwsh Hopf. Sthn prokeimènh perÐptwsh

mia eustaj c statik  kat�stash sunup�rqei me mia eustaj  periodik 

troqi� kai èna eiserqìmeno erèjisma mporeÐ eÐte xekin sei [51] eÐte na

paÔsei [52] thn talantoÔmenh sumperifor� tou dunamikoÔ.



Kef�laio 6

JusanoeideÐc hlektroqhmikèc talant¸seic

Sto kef�laio autì parousi�zontai ta peiramatik� apotelèsmata pou

proèkuyan apì th melèth dÔo sÔsthm�twn: thn hlektrodi�lush - pa-

jhtikopoÐhsh tou sid rou se hlektrolutikì di�luma jeiikoÔ oxèoc kai

thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou se hlektrolutikì di�-

luma jeikoÔ oxeìc parousÐa alogìnwn. Sthn pr¸th perÐptwsh, apousÐa

iìntwn alogìnou, exet�sthke h dunatìthta dhmiourgÐac jusanoeid¸n ta-

lant¸sewn tou reÔmatoc mèsw exwterik c epÐdrashc sto sÔsthma. Sth

deÔterh perÐptwsh, parousÐa iìntwn alogìnou, apodeÐqjhke peiramatik�,

ìti to sÔsthma, gia orismènec sugkentr¸seic twn iìntwn aut¸n, emfanÐ-

zei autìnomec (apousÐa exwterik c epÐdrashc) jusanoeideÐc talant¸seic

tou reÔmatoc, upì potensiostatikèc sunj kec. Pio sugkekrimèna kata-

gr�fhkan dÔo eÐdh jusanoeid¸n talant¸sewn, oi opoÐec kathgoriopoi -

jhkan me b�sh ta qarakthristik� kai tic idiìthtèc touc [53].

121
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6.1 DhmiourgÐa Jusanoeid¸n talant¸sewn upì thn epÐ-

drash exwterik c diataraq c

'Opwc anafèrjhke sthn par�grafo 3.6 jusanoeideÐc talant¸seic mpo-

roÔn na prokÔyoun apì èna dunamikì sÔsthma pou talant¸netai periodi-

k� efìson h par�metroc diakl�dwshc met�b�lletai ètsi ¸ste to sÔsthma

na metabaÐnei periodik� entìc kai ektìc thc perioq c twn talant¸sewn.

Prokeimènou na sumbeÐ autì to autìnomo sÔsthma ja prèpei na brÐsketai

kont� sta shmeÐa diakl�dwshc kai h metabol  thc paramètrou diakl�dw-

shc na eÐnai polÔ pio arg  apì thn perÐodo twn talant¸sewn [35].

To sÔsthma Fe / 0.75 M H2SO4 emfanÐzei periodikèc talant¸seic tou

reÔmatoc se mia sugkekrimènh perioq  efarmozìmenou dunamikoÔ [16, 17].

Wc ek toÔtou to efarmozìmeno dunamikì eÐnai mia par�metroc diakl�dw-

shc tou sust matoc. Prokeimènou na diapistwjeÐ kat� pìso eÐnai dunat 

h emf�nish jusanoeid¸n talant¸sewn sto sÔsthma Fe / 0.75 M H2SO4,

melet jhke h apìkrish tou sust matoc kat� thn periodik  metabol  tou

efarmozìmenou dunamikoÔ. Gia to skopì autì qrhsimopoieÐtai h teqni-

k  thc trigwnik c boltammetrÐac kai apodeiknÔetai peiramatik� h Ôparxh

jusanoeid¸n talant¸sewn se dÔo diaforetikèc perioqèc dunamik¸n [53].

'Opwc anafèrjhke sthn par�grafo 3.6, kat� th di�rkeia enìc jus�-

nou lamb�noun q¸ra dÔo diakl�d¸seic tou gr gorou uposust matoc: mia

diakl�dwsh statik c kat�stashc, h opoÐa eÐnai upeÔjunh gia thn ènar-

xh twn jusanoeid¸n talant¸sewn kai mia diakl�dwsh oriakoÔ kÔklou,

h opoÐa eÐnai upeÔjunh gia ton termatismì touc. To argì uposÔsthma
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metab�lei thn par�metro diakl�dwshc tou gr gorou uposust matoc, h

opoÐa me ton trìpo autì dièrqetai periodik� apì tic dÔo diaklad¸seic,

me apotèlesma thn emf�nish twn jusanoeid¸n talant¸sewn [35]. To

hlektroqhmikì sÔsthma Fe / 0.75 M H2SO4 emfanÐzei dÔo diaklad¸-

seic statik c kat�stashc kai dÔo diaklad¸seic oriakoÔ kÔklou, ìpwc

faÐnetai kai sto Sq.6.1 [16, 17]. Pio analutik�:

• Se kajodikìterec timèc dunamik¸n emfanÐzetai mia upokrÐsimh dia-

kl�dwsh Hopf (diakl�dwsh statik c kat�stashc) kai mia diakl�-

dwsh diploÔ oriakoÔ kÔklou (diakl�dwsh oriakoÔ kÔklou).

• Se anodikìterec timèc dunamik¸n emfanÐzetai mia diakl�dwsh s�g-

matoc kìmbou (diakl�dwsh statik c kat�stashc) kai mia omoklin c

diakl�dwsh (diakl�dwsh oriakoÔ kÔklou).

'Estw loipìn ìti prostÐjetai sto sÔsthma autì mia epiplèon arg 

metablht , h opoÐa metab�lei to dunamikì tou sust matoc Fe/H2SO4,

oÔtwc ¸ste autì na dièrqetai periodik� apì ta parap�nw shmeÐa dia-

kl�dwshc. Autì ja eÐqe wc apotèlesma thn emf�nish dÔo diaforetik¸n

tÔpwn jusanoeid¸n talant¸sewn, stic dÔo parap�nw perioqèc dunami-

k¸n . Me b�sh tic diaklad¸seic autèc kai ta ìsa anafèrjhkan sthn

Par�grafo 3.6, oi tÔpoi twn jusanoeid¸n talant¸sewn ja  tan [35]:

• Sthn kajodikìterh perioq  dunamik¸n oi jusanoeideÐc talant¸seic

ja  tan elleiptikoÔ tÔpou.

• Sthn anodikìterh perioq  dunamik¸n oi jusanoeideÐc talant¸seic

ja  tan tetragwnikoÔ tÔpou.
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Sq ma 6.1: Sqhmatikì di�gramma diaklad¸sewn tou sust matoc Fe /

0.75 M H2SO4.(1) UpokrÐsimh diakl�dwsh Hopf, (2) diakl�dwsh diploÔ

oriakoÔ kÔklou, (3) diakl�dwsh s�gmatoc kìmbou (4) omoklin c diakl�-

dwsh.
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Sthn prokeimènh perÐptwsh, prokeimènou na deiqjeÐ o rìloc thc epi-

prìsjethc aut c arg c metablht c kai na prokÔyoun jusanoeideÐc ta-

lant¸seic sto sÔsthma Fe / 0.75 M H2SO4, to dunamikì tou sust matoc

metab�lletai periodik� me th qr sh thc mejìdou thc trigwnik c boltam-

metrÐac. Pio sugkekrimèna, stic dÔo perioqèc dunamik¸n pou lamb�noun

q¸ra oi parap�nw diaklad¸seic, epib�llontai diadoqikèc trigwnikèc sa-

r¸seic tou dunamikoÔ ètsi ¸ste k�je for� to sÔsthma na dièrqetai apì

ta shmeÐa diakl�dwshc.

Sto Sq.6.2 parousi�zetai h apìkrish tou sust matoc upì thn epÐ-

drash trigwnikoÔ palmoÔ tou dunamikoÔ sthn kajodikìterh perioq  twn

talant¸sewn. To eurìc thc s�rwshc eÐnai 160 - 260 mV kai o ruj-

mìc s�rwshc 5 mVs−1. 'Opwc faÐnetai sto sq ma autì oi periodikèc

talant¸seic, upì thn epÐdrash exwterik c diataraq c metab�llontai se

jusanoeideÐc talant¸seic. Entìc tou jus�nou h èntash twn talant¸-

sewn mei¸netai kaj¸c to sÔsthma metabaÐnei apì thn talantoÔmenh sth

statik  kat�stash.

Sto Sq.6.3 parousi�zetai h apìkrish tou sust matoc upì thn epÐ-

drash trigwnikoÔ palmoÔ tou dunamikoÔ sthn anodikìterh perioq  twn

talant¸sewn. To eÔroc s�rwshc eÐnai 230 - 270 mV kai o rujmìc s�-

rwshc 0.8 mVs−1. Kai sthn perÐptwsh aut , oi periodikèc talant¸seic

metab�llontai se jusanoeideÐc ìtan h par�metroc diakl�dwshc metab�l-

letai periodik�. 'Opwc faÐnetai sto sq ma autì h èntash twn talan-

t¸sewn entìc tou jus�nou de metab�lletai idiaÐtera kaj¸c to sÔsthma

metabaÐnei apì thn talantoÔmenh sth statik  sumperifor�.
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Sq ma 6.2: JusanoeideÐc talant¸seic tou reÔmatoc upì thn epÐdrash

trigwnik c s�rwshc tou dunamikoÔ me eÔroc 160 - 260 mV kai rujmì

s�rwshc 5 mVs−1.

Sq ma 6.3: JusanoeideÐc talant¸seic tou reÔmatoc upì thn epÐdrash

trigwnik c s�rwshc tou dunamikoÔ me eÔroc 230 - 270 mV kai rujmì

s�rwshc 0.8 mVs−1.
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Ta parap�nw apotelèsmata odhgoÔn sto sumpèrasma ìti h periodi-

k  metabol  thc paramètrou diakl�dwshc sto hlektroqhmikì sÔsthma

mporeÐ na odhg sei se jusanoeideÐc talant¸seic kai ìti oi jusanoeideÐc

talant¸seic pou prokÔptoun se kajodikìtera dunamik� diafèroun apì

autèc pou prokÔptoun se anodikìtera dunamik�. Gia touc lìgouc pou

proanafèrjhkan oi jusanoeideÐc talant¸seic sthn perioq  twn qamhl¸n

tim¸n dunamikoÔ eÐnai elleiptikoÔ tÔpou, en¸ sthn perioq  twn uyh-

l¸n tim¸n dunamikoÔ oi talant¸seic eÐnai tetragwnikoÔ tÔpou. Epiplèon

stoiqeÐa pou na odhgoÔn sta sumper�smata aut� parousi�zontai sthn

epìmenh par�grafo.

6.2 Autìnomec jusanoeideÐc talant¸seic

'Eqei deiqjeÐ sto pareljìn ìti h prosj kh alogìnwn sto hlektroqhmikì

sÔsthma Fe / 0.75 M H2SO4 èqei wc apotèlesma thn metabol  thc perio-

dik c sumperifor�c kai thn emf�nish nèwn dunamik¸n fainomènwn ìpwc

aperiodikèc jusanoeideÐc kai qaotikèc talant¸seic tou reÔmatoc upì po-

tensiostatikèc sunj kec [18, 19, 20]. Oi metabolèc autèc èqoun para-

thrhjeÐ gia mikrèc sugkentr¸seic alogìnwn thc t�xhc twn mM. Gia to

lìgo autì sthn paroÔsa ergasÐa diereun jhkan arqik� oi timèc twn sug-

kentr¸sewn twn iìntwn qlwrÐou kai brwmÐou gia tic opoÐec prokÔptoun

ta stajerìtera kai epanal yima, sugkritik�, peiramatik� apotelèsmata.

Pio sugkekrimèna, oi sugkentr¸seic pou exet�sthkan  tan 10, 15 kai 20

mM iìntwn qlwrÐou   brwmÐou. H mèjodoc pou qrhsimopoi jhke  tan

aut  thc qronoamperometrÐac upì potensiostatikèc sunj kec.
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Sq ma 6.4: Qronoseirèc tou reÔmatoc gia (a) V = 300, 310, 320 kai 330

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CCl− = 10 mM.

Antiproswpeutikèc talant¸seic gia sugkèntrwsh qlwriìntwn CCl− =

10 mM parousi�zontai sto Sq.6.4. 'Opwc faÐnetai sto sq ma autì, gia

qamhlèc timèc dunamikoÔ V h morf  twn talant¸sewn metab�lletai kai

to sÔsthma emfanÐzei aperiodikìthta. AÔxhsh tou V èqei wc apotèle-

sma th dhmiourgÐa jusanoeid¸n talant¸sewn se sqetik� uyhlèc timèc.

H ex�rthsh thc morf c twn talant¸sewn apì to V gia CCl− = 15 mM

parousi�zetai sto Sq.6.5. Sthn perÐptwsh aut  oi talant¸seic eÐnai

jusanoeidoÔc tÔpou gia uyhlèc kai qamhlèc timèc tou V , en¸ eÐnai ape-

riodikèc gia ìlec tic endi�mesec timèc. Tèloc sto Sq.6.6 parousi�zetai

h ex�rthsh twn talant¸sewn apì to V ìtan CCl− = 20 mM. Gia qamh-

lèc timèc dunamikoÔ emfanÐzontai aperiodikèc talant¸seic en¸ kaj¸c to

dunamikì aux�nei h èntash twn talant¸sewn upodiplasi�zetai kai meta-

b�lletai drastik� h morf  touc.
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Sq ma 6.5: Qronoseirèc tou reÔmatoc gia (a) V = 300, 310, 320 kai 330

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CCl− = 15 mM.

Sq ma 6.6: Qronoseirèc tou reÔmatoc gia (a) V = 300, 310, 320 kai 330

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CCl− = 20 mM.
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Sq ma 6.7: Qronoseirèc tou reÔmatoc gia (a) V = 285, 290, 300 kai 305

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CBr− = 10 mM.

Antiproswpeutikèc talant¸seic gia sugkèntrwsh brwmiìntwn CBr− =

10 mM parousi�zontai sto Sq.6.7. Sthn perÐptwsh aut  oi talant¸seic

eÐnai jusanoeidoÔc tÔpou gia uyhlèc kai qamhlèc timèc tou V , en¸ eÐnai

aperiodikèc gia ìlec tic endi�mesec timèc. H ex�rthsh thc morf c twn

talant¸sewn apì to V gia CBr− = 15 mM parousi�zetai sto Sq.6.8.

Gia qamhlèc timèc dunamikoÔ emfanÐzontai aperiodikèc talant¸seic en¸

kaj¸c to dunamikì aux�nei h èntash twn talant¸sewn upodiplasi�zetai

kai metab�lletai drastik� h morf  touc. AntÐstoiqa fainìmena parath-

roÔntai gia CBr− = 20 mM (bl. Sq.6.9).

Apì ta parap�nw apotelèsmata eÐnai fanerì ìti oi pio stajerèc mor-

fèc jusanoeid¸n talant¸sewn sthn perÐptwsh twn dialum�twn pou pe-

rièqoun qlwriìnta parathroÔntai gia CCl− = 15 mM, en¸ sthn perÐptw-

sh twn brwmiìntwn, stajerèc jusanoeideÐc talant¸seic parathroÔntai
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Sq ma 6.8: Qronoseirèc tou reÔmatoc gia (a) V = 290, 295, 300 kai 305

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CBr− = 15 mM.

Sq ma 6.9: Qronoseirèc tou reÔmatoc gia (a) V = 305, 310, 315 kai 320

mV kai (b) gia V = 380, 390, 400 kai 410 mV. CBr− = 20 mM.
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gia CBr− = 10 mM. 'Ola ta apotelèsmata pou ja parousiastoÔn sth

sunèqeia aforoÔn autèc tic dÔo sugkentr¸seic alogìnwn.

6.2.1 JusanoeideÐc talant¸seic elleiptikoÔ tÔpou

Sthn prokeimènh perÐptwsh, xekin¸ntac apì mia leÐa hlektrodiak  epi-

f�neia, apallagmènh apì oxeÐdia   apojèseic al�twn, epib�lletai sto

sÔsthma mia stajer  tim  dunamikoÔ kai katagr�fetai to reÔma wc proc

to qrìno. Mia antiproswpeutik  qronoseir� tou reÔmatoc kaj¸c kai to

prìgramma tou epiballìmenou dunamikoÔ parousi�zetai sto Sq.6.10 gia

sugkèntrwsh CCl− = 15 mM. Kat� thn ènarxh tou peir�matoc to sÔsth-

ma brÐsketai sthn kat�stash anoiqtoÔ kukl¸matoc kai kat� th qronik 

stigm  t = 0 epib�lletai èna b ma dunamikoÔ V = 275 mV. Autì èqei wc

apotèlesma thn emf�nish jusanoeid¸n talant¸sewn tou reÔmatoc, ìpwc

faÐnetai qarakthristik� sto Sq.6.11, twn opoÐwn h èntash kai h morf 

metab�llontai stadiak� me to qrìno wc ìtou en tèlei to reÔma na ft�sei

sth statik  kat�stash twn 2.8 mA perÐpou. H qronik  di�rkeia autoÔ

tou tÔpou jusanoeid¸n talant¸sewn poikÐlei kai kumaÐnetai apì 600 ewc

1500 s perÐpou, an�loga me thn tim  tou epiballìmenou dunamikoÔ. Pio

sugkekrimèna anodikìterec timèc epiballìmenou dunamikoÔ aux�noun th

qronik  di�rkeia tou fainomènou [53].

O tÔpoc autìc jusanoeid¸n talant¸sewn eÐnai sthn pragmatikìthta

mia mh periodik  met�bash tou sust matoc se mia statik  kat�stash.

Tìso to qronikì di�sthma metaxÔ twn talant¸sewn ìso kai metaxÔ twn

jus�nwn exart¸ntai apì thn tim  tou dunamikoÔ V kai metab�llontai
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Sq ma 6.10: Apìkrish tou reÔmatoc kat� thn epibol  sto sÔsthma enìc

b matoc dunamikoÔ V = 275 mV. CCl− = 15 mM.

Sq ma 6.11: JusanoeideÐc talant¸seic tou reÔmatoc gia t = 200− 260

s, V = 275 mV kai CCl− = 15 mM.
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kat� th di�rkeia thc met�bashc aut c. Epomènwc mia posotik  kath-

goriopoÐhsh tou fainomènou ja prèpei na basÐzetai kurÐwc ston upo-

logismì tou rujmoÔ talant¸sewn apì tic katagegramènec qronoseirèc

[53, 54, 55].

'Etsi loipìn, gÐnetai kat' arq n h upìjesh ìti mia qronoseir� mporeÐ

na jewrhjeÐ wc mia akoloujÐa apì sunart seic dèlta. Sthn perÐptwsh

aut , h sun�rthsh apìkrishc, dhlad  to hlektrikì reÔma I(t) mporeÐ na

ekfrasteÐ wc ex c

I(t) =
n∑

i=1

δ(t− ti) (6.1)

ìpou ti eÐnai h qronik  stigm  pou lamb�nei q¸ra mia tal�ntwsh kai n

eÐnai o sunolikìc arijmìc twn talant¸sewn kat� th qronik  di�rkeia T

thc qronoseir�c. H metabol  tou I(t) se sunarthsh me to qrìno mpo-

reÐ na upologisteÐ mèsw tou rujmoÔ talant¸sewn (firing rate), r(t), o

opoÐoc orÐzetai wc o mèsoc arijmìc twn talant¸sewn, upologismènoc se

diaforetikèc peiramatikèc dokimèc pou emfanÐzetai metaxÔ twn qronik¸n

stigm¸n t kai t + ∆t, diairemènoc me th di�rkeia ∆t tou qronikoÔ autoÔ

diast matoc [53, 54, 55]. Pio analutik� to r(t) dÐnetai apì th sqèsh:

r(t) =
1

∆t

∫ t+∆t

t

< I(τ) > dτ (6.2)

ìpou < I(τ) > eÐnai o mèsoc ìroc diafìrwn peiramatik¸n dokim¸n.

Sthn prokeimènh perÐptwsh oi rujmoÐ talant¸sewn ex�gontai apì mia

k�je for� peiramatik  dokim  qrhsimopoi¸ntac thn akìloujh diadikasÐa:

gia k�je peiramatik  dokim  jewreÐtai èna <<qronikì par�juro>> w(t −

ti) di�rkeiac ∆t. To qronikì autì par�juro seÐretai kat� m koc thc
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Sq ma 6.12: Rujmìc talant¸sewn gia V = 320mV, CCl− = 15mM kai

∆t = 40s.

qronoseir�c kai metr�tai o arijmìc arijmìc twn talant¸sewn mèsa se

autì se k�je qronik  stigm  t. 'Etsi, sthn perÐptwsh aut , o rujmìc

talant¸sewn mporeÐ na ekfrasteÐ wc exhc [53]:

r(t) =
n∑

i=1

w(t− ti) (6.3)

Gia par�deigma sto Sq.6.12 dÐnetai to di�gramma tou rujmoÔ talan-

t¸sewn wc proc to qrìno gia V = 320mV kai CCl− = 15mM. Gia ton

upologismì autì ìpwc kai gia ìlouc touc upoloÐpouc qrhsimopoi jhke

èna "qronikì par�juro� gkaousianoÔ tÔpou thc morf c [53]:

w(t− ti) =
1√

2π∆t
exp

(
− (t− ti)

2

2∆t2

)
(6.4)

Apì to gr�fhma tou Sq.6.12 mporeÐ na parathrhjeÐ ìti to qronikì

di�sthma akrib¸c prin to pr¸ta 200s qarakthrÐzetai apì uyhlì rujmì

talant¸sewn. OmoÐwc uyhlìc rujmìc parathreÐtai sth qronik  perio-
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Sq ma 6.13: RujmoÐ talant¸sewn gia diaforetikèc timèc tou epibalìme-

nou dunamikoÔ V . CCl− = 15mM kai ∆t = 40s.

q  an�mesa sta 300 kai ta 500s, en¸ sth sunèqeia o rujmìc mei¸netai

stadiak�. SugkrÐnontac to Sq.6.12 me to Sq.6.10, gÐnetai emfanèc ìti

to r(t) perigr�fei epituq¸c thn energìthta tou sust matoc kat� th mh

periodik  met�bas  tou sth statik  kat�stash [53].

Sto Sq.6.13 parousi�zontai oi rujmoÐ talant¸sewn gia CCl− = 15mM

kai diaforetikèc timèc tou epiballìmenou dunamikoÔ dunamikoÔ V . Apì to

sq ma autì parathreÐtai ìti h di�rkeia thc talantoÔmenhc sumperifor�c

mei¸netai gia elattoÔmenec timèc tou dunamikoÔ V . Epiplèon gia qamhlèc

timèc tou epibalìmenou dunamikoÔ parathreÐtai axioshmeÐwth energìth-

ta tou sust matoc kat� thn arq  thc peiramatik c dokim c. Kaj¸c to

V aux�netai, h arqik  energìthta sunodeÔetai apì mia epiplèon perio-

q  uyhl¸n rujm¸n tal�ntwshc. Gia uyhlèc timèc V to sÔsthma gÐnetai

idiaÐtera energì lÐgo prin ft�sei sth statik  kat�stash [53].
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Prokeimènou na qarakthristeÐ h apìkrish tou sust matoc wc proc

to epiballìmeno dunamikì eis�getai h ènnoia tou mèsou rujmoÔ talant¸-

sewn o opoÐoc dÐnetai apì th sqèsh [53, 54, 55]:

< r >=
1

T

∫ T

0
r(t)dt (6.5)

O mèsoc rujmìc talant¸sewn < r > eÐnai sun�rthsh twn paramè-

trwn kai thc exwterik c epÐdrashc. 'Etsi loipìn ìtan o mèsoc rujmìc

talant¸sewn ekfr�zetai wc sun�rthsh tou exwterikoÔ erejÐsmatoc, s,

apoteleÐ th legìmenh kampÔlh suntonismoÔ tou sust matoc, f(s). Sthn

prokeimènh perÐptwsh tou potensiostatikoÔ peir�matoc, exwterikì erè-

jisma eÐnai to epiballìmeno dunamikì V kai h kampÔlh suntonismoÔ eÐnai

h < r >= f(V ). Sto Sq.6.14, gÐnetai prosarmog  twn shmeÐwn pou

prokÔptoun peiramatik� apì th sun�rthsh [53, 54, 55]:

f(V ) =
rmax

1 + exp[α(V1/2 − V )]
(6.6)

ìpou rmax eÐnai o mègistoc rujmìc talant¸sewn, V1/2 eÐnai to dunamikì

pou antistoiqeÐ sto mèso thc met�bashc sth mègisth tim  rmax, en¸ h

par�metroc α kajorÐzei thn klÐsh tou endi�mesou tm matoc thc kampÔ-

lhc suntonismoÔ. Sto sq ma autì parathreÐtai ìti gia V < 280mV to

sÔsthma eÐnai anenergì. 'Otan to dunamikì xeper�sei aut  thn krÐsi-

mh tim  emfanÐzontai jusanoeideÐc talant¸seic tou reÔmatoc. O rujmìc

talant¸sewn aux�nei ewc ìtou ft�sei se mia oriak  tim  rmax ' 0.8Hz.

Oi idiìthtec pou qarakthrÐzoun touc jus�nouc pou parathroÔntai

peiramatik� apeikonÐzontai sto Sq. 6.15 gia V = 325 mV kai CCl− = 15

mM. H kÔria idiìthta pou emfanÐzoun eÐnai (a) h Ôparxh talant¸sewn
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Sq ma 6.14: KampÔlh suntonismoÔ tou sust matoc gia CCl− = 15mM

mikr c èntashc akrib¸c prin thn ènarxh tou jus�nou. Epiprìsjeta k�je

tal�ntwsh sunodeÔetai apì (b) mia meÐwsh thc tim c tou reÔmatoc k�tw

apì to epÐpedo thc statik c kat�stashc sta 1.8 mA, en¸ (g) h perÐodoc

twn talant¸sewn entìc tou jus�nou paramènei sqedìn stajer . 'Oson

afor� (d) thn èntash twn talant¸sewn, aut  arqik� aux�nei kai sth

sunèqeia elatt¸netai mèsa sto jÔsano. Ta qarakthristik� aut� upo-

duknÔoun ìti o tÔpoc twn jusanoeid¸n talant¸sewn eÐnai elleiptikìc

[4, 39, 53, 56]. 'Ontwc, lamb�nontac upìyin to di�gramma diaklad¸sewn

tou gr gorou uposust matoc sthn perÐptwsh twn jusanoeid¸n talan-

t¸sewn elleiptikoÔ tÔpou, to opoÐo eikonÐzetai sto Sq.6.16, mporoÔn na

parathrhjoÔn ta ex c: H statik  kat�stash, akrib¸c prin th diakl�-

dwsh Hopf eÐnai eustaj c estÐa, h opoÐa eÐnai euaÐsjhth ston exwterikì

jìrubo,gegonìc pou èqei wc apotèlesma thn emf�nish talant¸sewn mi-

kr c èntashc parousÐa autoÔ. Epiplèon h energ  kat�stash (oriakìc
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kÔkloc) perib�llei th statik  isorropÐa, gegonìc pou exhgeÐ thn meÐwsh

tou reÔmatoc k�tw apì to epÐpedo thc isorropÐac se k�je t�l�ntwsh. H

dunamik  sumperifor� enìc dunamikoÔ sust matoc kont� sth diakl�dwsh

Hopf, ìpwc eÐnai to gr goro uposÔsthma sthn perÐptwsh twn jusanoei-

d¸n talant¸sewn elleiptikoÔ tÔpou, perigr�fetai apì to sÔsthma twn

exis¸sewn:

ṙ = µr + αr3 + α1r
5

θ̇ = ω + br2 + b1r
4

(6.7)

To parap�nw sÔsthma eÐnai h diataragmènh me ìrouc an¸terhc t�xhc ka-

nonik  morf  thc diakl�dwshc Hopf, h opoÐa analÔjhke diexodik� sto

kef�laio 3. H posìthta θ̇, ekfr�zei th stigmiaÐa suqnìthta twn talan-

t¸sewn, h opoÐa exart�tai, ìpwc faÐnetai apì th deÔterh exÐswsh tou

sust matoc apì thn èntash twn talant¸sewn. 'Opwc mporeÐ ìmwc na

parathr sei kaneÐc sto Sq.6.16, h èntash twn talant¸sewn, r metab�l-

letai kat� ∆r to opoÐo eÐnai sqetik� mikrì, me apotèlesma h metabol 

thc suqnìthtac na eÐnai antÐstoiqa mikr . Tèloc ìson afor� thn ènta-

sh twn talant¸sewn aut  aux�nei kaj¸c to argì uposÔsthma aux�nei

th par�metro diakl�dwshc V met� th diakl�dwsh Hopf, en¸ se metèpei-

ta qrìnouc, kaj¸c h par�metroc diakl�dwshc mei¸netai, mei¸netai kai

h èntash twn talant¸sewn kat� ∆r, wc ìtou to sÔsthma ft�sei sthn

diakl�dwsh diplou oriakoÔ kÔklou kai termatisteÐ h talantoÔmenh sum-

perifor� [53].

JusanoeideÐc talant¸seic tou Ðdiou tÔpou parathroÔntai kai parou-

sÐa iìntwn brwmÐou sto hlektrolutikì di�luma. 'Opwc mporeÐ na parath-
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Sq ma 6.15: 'Enac jÔsanoc gia V = 325 mV kai CCl− = 15 mM.

Sq ma 6.16: Di�gramma diaklad¸sewn tou gr gorou uposust matoc

sthn perÐptwsh twn jusanoeid¸n talant¸sewn elleiptikoÔ tÔpou. 'Opou

r h aktÐna tou oriakoÔ kÔklou kai ∆r h metabol  thc èntashc. (1)

UpokrÐsimh diakl�dwsh Hopf, (2) diakl�dwsh diplou oriakoÔ kÔklou
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Sq ma 6.17: JusanoeideÐc talant¸seic gia V = 290 mV kai CBr− = 10

mM.

rhjeÐ sto Sq.6.17 ìpou katagr�fetai èna potensiostatikì peÐrama gia

V = 290 mV kai CBr− = 10 mM, to sÔsthma teÐnei arg� proc mia sta-

tik  kat�stash. H arqik  perioq  uyhl c energìthtac tou sust matoc

akoloujeÐtai apì jusanoeideÐc talant¸seic suneq¸c elattoÔmenhc ènta-

shc. 'Opwc kai sthn perÐptwsh twn qlwriìntwn, h di�rkeia tou faino-

mènou exart�tai apì to exwterik� epiballìmeno dunamikì. Genik�, ìmoia

fainìmena lamb�noun q¸ra parousÐa kai twn dÔo eid¸n iìntwn, parìlo

pou aut� eÐnai perissìtero emfan  sthn perÐptwsh twn qlwriìntwn [53].

Sto Sq.6.18 mporoÔn na parathrhjoÔn oi qarakthristikèc idiìthtec

enìc jus�nou sthn perÐptwsh twn iìntwn brwmÐou. 'OmoÐwc me thn perÐ-

ptwsh twn qlwriìntwn, kai sthn prokeimènh perÐptwsh, mikr c èntashc

talant¸seic lamb�noun q¸ra akrib¸c prin thn ènarxh tou jus�nou, ìpwc

epÐshc kai h qarakthristik  aÔxhsh kai metèpeita meÐwsh thc èntashc twn
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Sq ma 6.18: 'Enac jÔsanoc gia V = 290 mV kai CBr− = 10 mM.

talant¸sewn entìc tou jus�nou. Gia touc Ðdiouc lìgouc loipìn ìpwc kai

sthn perÐptwsh twn qlwriìntwn, ex�getai to sumpèrasma ìti oi emfani-

zìmenec jusanoeideÐc talant¸seic eÐnai elleiptikoÔ tÔpou [4, 39, 53, 56].

6.2.2 JusanoeideÐc talant¸seic tetragwnikoÔ tÔpou

Sthn prokeimènh perÐptwsh èna leÐo hlektrìdio sid rou embaptÐzetai sto

hlektrolutikì di�luma kai epib�lletai sto sÔsthma èna b ma dunamikoÔ

ìpwc autì pou parousi�sthke sthn prohgoÔmenh par�grafo. To reÔma

arqÐzei na talant¸netai upì morf n jusanoeid¸n talant¸sewn elleipti-

koÔ tÔpou kai en tèlei to sÔsthma katal gei se statik  kat�stash.

Sthn kat�stash aut  h epif�neia tou hlektrodÐou eÐnai kalummènh apì

èna anomoiogenèc fÐlm oxeidÐou tou sid rou, exaitÐac thc topik c di�brw-

shc h opoÐa ofeÐletai sth dr�sh twn alogìnwn [18, 19, 20]. Sth sunèqeia

to exwterik� epiballìmeno dunamikì aux�netai stadiak� me apotèlesma
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oi talant¸seic na anagenn¸ntai, en¸ met� apì mia krÐsimh tim  dunami-

koÔ, jusanoeideÐc talant¸seic tou reÔmatoc k�noun thn emf�nis  touc

[53].

Ta qarakthristik� autoÔ tou tÔpou jusanoeid¸n talant¸sewn eÐnai

ta akìlouja: (a) h di�rkeia tou fainomènou eÐnai meg�lh (p�nw apì 1800

s), (b) gia qamhlèc timèc tou V entìc tou parajÔrou twn talant¸sewn,

to reÔma talant¸netai periodik�,(g) gia uyhlèc timèc tou V to reÔma em-

fanÐzei periodikèc jusanoeideÐc talant¸seic, (d) h perÐodoc twn jus�nwn

aux�nei kaj¸c aux�netai to V , (e) h perÐodoc twn talant¸sewn aux�nei

kaj¸c aux�netai to V kai (e) o arijmìc twn talant¸sewn ana jÔsano

paramènei sqedìn stajerìc [53].

'Ena par�deigma tou progr�mmatoc dunamikoÔ pou efarmìzetai sthn

perÐptwsh aut  parousi�zetai sto Sq.6.19. Epib�lletai loipìn èna b -

ma dunamikoÔ apì thn kat�stash anoiqtoÔ kukl¸matoc sto dunamikì V1

kai to sÔsthma af netai sto dunamikì autì ewc ìtou ft�sei se stati-

k  kat�stash. Sth sunèqeia to dunamikì aux�netai stadiak� proc mia

anodikìterh tim  V2. Profan¸c kat� thn epibol  tou pr¸tou b matoc

dunamikoÔ sta 280 mV, emfanÐzontai jusanoeideÐc talant¸seic elleipti-

koÔ tÔpou oi opoÐec stadiak� meiwnontai se èntash kai to sÔsthma ft�nei

se statik  kat�stash 2.8 mA perÐpou. Sto shmeÐo autì sqhmatÐzetai

èna hmi - pajhtikì str¸ma sthn hlektrodiak  epif�neia. 'Ontac sthn ka-

t�stash aut  to sÔsthma, aux�netai stadiak� to epiballìmeno dunamikì

proc anodikìterec timèc ewc ìtou ft�sei sta 380 mV ìpou paramènei

stajerì. Sto dunamikì autì emfanÐzontai jusanoeideÐc talant¸seic oi



144 Kef�laio 6. JusanoeideÐc hlektroqhmikèc talant¸seic

Sq ma 6.19: Apìkrish tou reÔmatoc kat� thn epibol  sto sÔsthma enìc

diploÔ b matoc dunamikoÔ V1 = 280 mV kai V2 = 380 mV. CCl− = 15

mM

opoÐec qarakthrÐzontai apì uyhl  periodikìthta, sqedìn stajer  ènta-

sh kai makr� di�rkeia. Mia antiproswpeutik  qronoseir� apeikonÐzetai

sto Sq.6.20 gia V = 380 mV [53].

O rujmìc talant¸sewn gia autoÔ tou eÐdouc tic jusanoeideÐc talan-

t¸seic apeikonÐzetai sto Sq. 6.21, gia ∆t = 10 s. Sto sq ma sutì

mporeÐ na parathrhjeÐ mia xek�jarh jusanoeid c drasthriìthta tou su-

st matoc, afoÔ diast mata uyhl c energìthtac diakìptontai apì dia-

st mata hremÐac [53].

H diafor� autoÔ tou eÐdouc jusanoeid¸n talant¸sewn apì tic ju-

sanoeideÐc talant¸seic eleiptikoÔ tÔpou oi opoÐec exet�sthkan sthn
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Sq ma 6.20: JusanoeideÐc talant¸seic tou reÔmatoc gia t = 0− 300 s,

V = 380 mV kai CCl− = 15 mM.

Sq ma 6.21: Rujmìc talant¸sewn gia, V = 430 mV, CCl− = 15 mM

kai ∆t = 10 s.
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prohgìumenh par�grafo den periorÐzetai mìno sthn periodikìthta tou

shmatoc all� kai sta qarakthristik� twn jus�nwn. Sto Sq.6.22 apei-

konÐzetai ènac jÔsanoc gia V = 390 mV kai CCl− = 15 mM. Prin

thn ènarxh tou jus�nou (a) den parathroÔntai talant¸seic mikr c èn-

tashc ìpwc sthn perÐptwsh twn jusanoeid¸n talant¸sewn elleiptikoÔ

tÔpou. Epiplèon (b) h pr¸th tal�ntwsh entìc tou jus�nou eÐnai au-

t  me th megalÔterh èntash kai akoloujeÐtai apì mia seir� mikrìterwn

talant¸sewn. (g) H perÐodoc metaxÔ twn talant¸sewn mèsa sto jÔ-

sano aux�nei, en¸ (d) kai to sq ma twn teleutaÐwn talant¸sewn meta-

b�lletai elafr� sqhmatÐzontac èna mikrì <<gìnato>> op¸c deÐqnei kai to

bèloc sto Sq.6.22. 'Ola ta parap�nw qarakthristik� upodhl¸noun ìti

oi katagegramènec jusanoeideÐc talant¸seic eÐnai tetragwnikoÔ tÔpou

[4, 39, 53, 56]. 'Ontwc an lhfjeÐ up' ìyin to di�gramma diaklad¸sewn

tou gr gorou uposust matoc sthn perÐptwsh twn jusanoeid¸n talan-

t¸sewn elleiptikoÔ tÔpou, to opoÐo eikonÐzetai sto Sq.6.23, mporoÔn na

exaqjoÔn oi akìloujec parathr seic: H statik  kat�stash, sthn opoÐ-

a to sÔsthma brÐsketai afoÔ l�bei q¸ra h omoklin c diakl�dwsh, eÐnai

eustaj c kìmboc h opoÐa den eÐnai kajìlou euaÐsjhth sthn parousÐa

jorÔbou, se antÐjesh me thn eustaj  estÐa, me apotèlesma thn apousÐa

talant¸sewn mikr c èntashc prÐn thn ènarxh tou jus�nou. To meg�lo

mègejoc thc pr¸thc tal�ntwshc mporeÐ na exhghjeÐ apì to gegonìc ìti

oi troqÐec tou sust matoc, kaj¸c autì metabaÐnei apì thn kat�stash

thc hremÐac stic talant¸seic den èlkontai apeujeÐac p�nw sto oriakì

kÔklo, all� eÐnai dunatì na k�noun mia   dÔo peristrofèc se k�poia
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Sq ma 6.22: 'Enac jÔsanoc gia V = 390 mV kai CCl− = 15 mM. To bè-

loc upodeiknÔei to sqhmatismì tou "gon�tou� akrib¸c prin thn teleutaÐa

tal�ntwsh.

apìstash gÔrw tou prÐn plhsi�soun arket� kont� tou. 'Oson afor� thn

aÔxhsh thc periìdou kat� th di�rkeia tou jus�nou kai to idiìmorfo sq -

ma twn teleutaÐwn talant¸sewn, ta fainìmena aut� ofeÐlontai sto ìti

to sÔsthma plhsi�zei arket� kont� sthn omoklin  diakl�dwsh. 'Etsi

loipìn oi troqÐec epibradÔnontai kai m�lista sta shmeÐa pou ft�noun

sthn kontinìterh apìstash apì aut n, apoktoÔn thn el�qisth taqÔtht�

touc, me apotèlesma thn emf�nish tou <<gon�tou>> stic talant¸seic [53].

JusanoeideÐc talant¸seic tetragwnikoÔ tÔpou lamb�noun q¸ra kai

upì thn parousÐa iìntwn brwmÐou sto hlektrolutikì di�luma. 'Opwc

mporeÐ na parathrhjeÐ sto Sq.6.24, gia V = 410 mV kai CBr− = 1

mM, emfanÐzontai jÔsanoi oi opoÐoi ìmwc apoteloÔntai apì dÔo mìno

talant¸seic ek twn opoÐwn h pr¸th eÐnai megalÔterhc èntashc, en¸ prin
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Sq ma 6.23: Di�gramma diaklad¸sewn tou gr gorou uposust matoc

sthn perÐptwsh twn jusanoeid¸n talant¸sewn teragwnikoÔ tÔpou. (1)

Diakl�dwsh s�gmatoc kìmbou, (2) omoklin c diakl�dwsh

thn ènarxh twn jus�nwn den parathroÔntai talant¸seic mikr c èntashc,

ìpwc faÐnetai sto Sq.6.25. To fainìmeno autì mporeÐ na ermhneuteÐ, an

h diakl�dwsh s�gmatoc kìmbou (h arister  sto Sq.6.23) kai h omokli-

n c diakl�dwsh lamb�noun q¸ra gia arket� kontinèc timèc paramètrwn

diakl�dwshc. Mia deÔterh pijan  ex ghsh, h opoÐa ìmwc den apokleÐei

to na sumaÐnei tautìqrona kai h pr¸th, eÐnai ìti to argì uposÔsthma,

sthn perÐptwsh aut , na metab�lei thn par�metro diakl�dwshc arket�

gr gora, ¸ste na lamb�noun q¸ra dÔo mìno talant¸seic tou reÔmatoc

[53].
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Sq ma 6.24: JusanoeideÐc talant¸seic tou reÔmatoc gia t = 250− 450

s, V = 410 mV kai CBr− = 10 mM.

Sq ma 6.25: 'Enac jÔsanoc gia V = 410 mV kai CBr− = 10 mM.
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6.3 EpÐdrash twn alogìnwn kat� thn hlektrodi�lush

tou sid rou se jeiikì oxÔ

Me b�sh ta parap�nw apotelèsmata kai th suz thsh pou pragmatopoi -

jhke sto prohgoÔmeno kef�laio gia to sÔsthma Fe / 0.75 M H2SO4

prokÔptei ìti h parousÐa mikr c posìthtac alogìnwn sto hlektrolu-

tikì di�luma èqei apì dunamik c pleur�c wc apotèlesma thn prosj kh

sto sÔsthma miac epiplèon arg c metablht c. H metablht  aut  diadra-

matÐzei ousiastik� ton Ðdio rìlo pou eÐqan sto prohgoÔmeno kef�laio

oi argoÐ diadoqikoÐ trigwnikoÐ palmoÐ dunamikoÔ sthn apìkrish tou su-

st matoc Fe / 0.75 M H2SO4. 'Etsi loipìn mporeÐ na jewrhjeÐ ìti to

exetazìmeno dunamikì sÔsthma pou prokÔptei kat� thn hlektrodi�lu-

sh tou sid rou se jeiikì oxÔ parousÐa alogìnwn apoteleÐtai apì dÔo

uposust mata:

• 'Ena gr goro uposÔsthma pou prokÔptei kat� thn hlektrodi�lush

tou sid rou se jeiikì oxÔ. To uposÔsthma autì eÐnai upeÔjuno

gia thn Ôparxh twn talant¸sewn.

• 'Ena argì uposÔsthma pou prokÔptei exaitÐac thc prosj khc twn

iìntwn alogìnou sto hlektrolutikì di�luma. To uposÔsthma autì

eÐnai upeÔjuno gia thn Ôparxh twn jus�nwn sthn apìkrish tou

reÔmatoc upì sunj kec stajeroÔ dunamikoÔ.

Sth sunèqeia parousi�zetai ènac mhqanismìc pou proèkuye me b�sh

ta peiramatik� apotelèsmata kai o opoÐoc exhgeÐ poiotik� tìso th dr�sh
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twn alogìnwn ìso kai thn Ôparxh twn jusanoeid¸n talant¸sewn tou

reÔmatoc upì potensiostatikèc sunj kec sto exetazìmeno sÔsthma.

'Etsi lopìn xekin¸ntac apì mia eleÔjerh epif�neia tou hlektrodÐou

ergasÐac upì sunj kec stajeroÔ dunamikoÔ pragmatopoieÐtai hlektro-

di�lush tou sid rou sto di�luma. Par�llhla me th dr�sh aut  iìnta

udrogìnou metanasteÔoun makri� apì thn hlektrodiak  epif�neia, en¸

iìnta alogìnou metakinoÔntai lìgw di�qushc kai hlektrometafor�c proc

aut n me argìtero rujmì sugkritik� me thn kÐnhsh twn iìntwn udrogì-

nou, ìpwc faÐnetai kai apì to Sq.6.26a. Apotèlesma ìlwn aut¸n eÐnai

sthn diepif�neia met�llou dialÔmatoc to pH na aux�nei. Se mia krÐsimh

tim  tou pH pragmatopoieÐtai sqhmatismìc oxeidÐou tou met�llou p�nw

sth epif�neia tou hlektrodÐou me apotèlesma aut  na metabaÐnei sthn

pajhtik  kat�stash. Tautìqrona sto oxeÐdio prosrofìntai iìnta alo-

gìnou ta opoÐa topik� to dialÔoun, en¸ lìgw thc prosrìfhshc aut c

mei¸netai elafr� kai h sugkentrws  touc qwrÐc ìmwc na mhdenÐzetai diì-

ti exakoloujoÔn na diaqèontai iìnta apì to kÔrio mèroc tou dialÔmatoc,

opwc parathreÐtai sto Sq.6.26b. H topik  ìmwc aut  di�brwsh exaitÐac

thc prosrìfhshc twn alogìnwn den eÐnai ikan  na dhmiourg sei anoi-

qtoÔc pìrouc entìc tou oxeidÐou proc thn hlektrodiak  epif�neia (logw

tou ìti h sugkentrwsh twn alogìnwn topik� eÐnai akìma mikr ) kai ètsi

aut  paramènei entel¸c pajhtikopoihmènh [29]. 'Etsi ta iìnta udrogìnou

prolabaÐnoun na epistrèyoun lìgw di�qushc sto hlektrìdio, na mei¸-

soun topik� to pH kai na epanafèroun thn hlektrodiak  epif�neia sthn

energ  kat�stash. Me ton trìpo autì oloklhr¸tetai mia tal�ntwsh se
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èna jÔsano [53].

Kat� th di�rkeia enìc jus�nou h sugkèntrwsh twn alogìnwn sth

diepif�neia hlektrodÐou dialÔmatoc aux�nei ìlo kai perissìtero. Autì

sumbaÐnei diìti parìlo pou ta iìnta alogìnou prosrofìntai sto oxeÐ-

dio kai mei¸netai proc stigm  o arijmìc touc, h di�qus  touc apì to

kÔrio mèroc tou dialÔmatoc suneqÐzetai diark¸c, en¸ kai kat� di�lush

tou fÐlm oxeidÐou, ìsa eÐqan prosrofhjeÐ se autì, apeleujer¸nontai

pl rwc sth diepif�neia. 'Etsi k�poia stigm , met� apì èna orismèno

arijmì talant¸sewn, h sugkèntrwsh twn alogìnwn ft�nei se mia krÐ-

simh tim  me apotèlesma kat� thn prosrìfhs  touc na eÐnai ikan� na

dhmiourg soun pìrouc proc thn epif�neia tou met�llou ìtan autì pa-

jhtikopoihjeÐ. To fainìmeno autì apeikonÐzetai sto Sq.6.26g. Mèsw

twn pìrwn aut¸n pragmatopoieÐtai hlektrodi�lush tou sid rou kai ètsi

sto sÔsthma rèei èna mikrì posì reÔmatoc. To reÔma autì kajustereÐ

thn ep�nodo twn udrogonokatiìntwn sthn epif�neia tou hlektrodÐou me

apotèlesma to hlektrìdio na paramènei sthn kat�stash hremÐac, ìpwc

faÐnetai sto Sq.6.26d. Me ton trìpo autì oloklhr¸netai ènac jÔsanoc

[53].

6.4 JusanoeideÐc talant¸seic se neurofusiologik� su-

st mata

JusanoeideÐc talant¸seic elleiptikoÔ tÔpou lamb�noun q¸ra se di�fora

jewrhtik� montèla pou perigr�foun th leitourgÐa neurofusiologik¸n

susthm�twn ìpwc sta montèla tou tÔpou Hodkin - Huxley ta
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Sq ma 6.26: EpÐdrash twn alogìnwn sthn hlektrodi�lush tou sid rou

se jeiikì oxÔ. GkrÐ sfaÐrec: iìnta sid rou, kìkkinec sfaÐrec: udrogo-

nokatiìnta, gal�ziec sfaÐrec: iìnta alogìnou, gkri epif�neia: mètallo,

portokalÐ epif�neia: oxeÐdio
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Kef�laio 7

SÔzeuxh hlektroqhmik¸n jusanoeid¸n talan-

twt¸n

Mia shmantik  omoiìthta an�mesa sta neurofusiologik� sust mata kai

stouc mh grammikoÔc hlektroqhmikoÔc talantwtèc eÐnai h Ôparxh miac

diepif�neiac   <<membr�nhc>> h opoÐa eÐnai eklektik� perat  se sugkekri-

mèna qhmik� eÐdh, iìnta   hlektrik� fortÐa genikìtera. Sthn perÐptwsh

twn hlektroqhmik¸n susthm�twn, olìklhrh h hlektroqhmik  diepif�neia

(gia omogen  hlektrodiak  epif�neia) mporeÐ na jewrhjeÐ wc èna kan�li

to opoÐo eÐnai peratì se èna   perissìtera qhmik� eÐdh ta opoÐa sthn perÐ-

ptwsh aut  kaloÔntai hlektroenerg�. Sta neurik� kÔttara h dÐodoc twn

qhmik¸n eid¸n gÐnetai mèsw iontik¸n kanali¸n ta opoÐa brÐskontai p�nw

sthn kuttarik  membr�nh. Kajèna apì ta kan�lia aut� eÐnai eklektik�

peratì se èna mìno sugkekrimèno qhmikì eÐdoc, me apotèlesma p�nw se

mia kuttarik  membr�nh na up�rqoun diafìrwn eid¸n kan�lia ìpwc kan�-

lia natrÐou, kan�lia asbestÐou k.l.p. Ta iontik� aut� kan�lia paÐzoun

apofasistikì rìlo sthn epikoinwnÐa twn neurik¸n kutt�rwn me to pe-

rib�llon tou kai h kat�stash sthn opoÐa brÐskontai mia sugkekrimènh

155
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qronik  stigm  (dhlad  an ja eÐnai anoiqt�   kleist�, epitrèpontac ètsi

sto qhmikì eÐdoc sto opoÐo eÐnai perat� na dièljei apì aut�) exart�tai

apì to dunamikì thc kuttarik c mebr�nhc [45, 57].

Mia eidik  kathgorÐa twn kanali¸n aut¸n diadramatÐzoun apofasi-

stikì rìlo sthn epikoinwnÐa twn neur¸nwn mèsw twn hlektrik¸n sun�-

yewn. Mia hlektrik  sÔnayh eÐnai ènac mhqanikìc kai hlektrik� energìc

sÔndesmoc metaxÔ dÔo neurik¸n kutt�rwn o opoÐoc sqhmatÐzetai se èna

idiaÐtera stenì q¸ro, pou brÐsketai an�mesa sto prosunaptikì kai to

metasunaptikì neurìna. Parìlo pou pou oi hlektrikèc sun�yeic eÐnai

arket� ligìterec se arijmì se sqèsh me tic qhmikèc, brÐskontai se ìla

ta neurofusiologik� sust mata, sumperilambanomènou kai tou anjr¸pi-

nou egkef�lou. H dom  miac hlektrik c sÔnayhc apeikonÐzetai sqhmatik�

sto Sq.7.1. Oi membr�nec twn dÔo epikoinwnoÔntwn neurìnwn èrqontai

exairetik� kont� (se apìstash perÐpou 3.5 nM) kai eÐnai sundedemènec

metaxÔ touc me èna eidikì mhqanismì, o opoÐoc onom�zetai zeÔxh kenoÔ

(gap junction). Oi zeÔxeic kenoÔ perièqoun eujugrammismèna zeÔgh ka-

nali¸n, ta opoÐa brÐskontai stic membr�nec tou prosunaptikoÔ kai tou

metasunaptikoÔ kutt�rou, ètsi ¸ste k�je zeÔgoc na sqhmatÐzei ènan

pìro an�mesa sta dÔo kÔttara. O pìroc enìc kanalioÔ zeÔxhc kenoÔ

eÐnai arket� megalÔteroc se mègejoc se sqèsh me ta iontik� kan�lia pou

perigr�fhkan prohgoumènwc. Autì èqei wc apotèlesma di�fora qhmik�

eÐdh, ta opoÐa mporoÔn na èqoun polÔ meg�la moriak� b�rh, na èqoun

th dunatìthta na diaqujoÔn apì to kuttìplasma tou prosunaptikoÔ se

autì tou metasunaptikoÔ neurìna [45, 57].
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Sq ma 7.1: H dom  miac hlektrik c sÔnayhc

'Etsi loipìn oi hlektrikèc sun�yeic droÔn epitrèpontac se iontik�

reÔmata na rèoun mèsw thc zeÔxhc kenoÔ apì ton èna neurìna ston �l-

lo. To reÔma autì dhmiourgeÐtai sun jwc lìgw thc diafor�c dunamikoÔ

h opoÐa dhmiourgeÐtai topik� apì èna dunamikì dr�shc. Autìc o tÔpoc

sÔnayhc èqei orismènec shmantikèc idiìthtec. MÐa apì autèc eÐnai ìti

h metafor� iìntwn metaxÔ twn dÔo kutt�rwn èqei dÔo kateujÔnseic se

antÐjesh me th qhmik  sÔzeuxh, ìpou h metafor� gÐnetai mìno proc mia

kateÔjunsh, apì to prosunaptikì proc to metasunaptikì kÔttaro. 'Etsi

loipìn sthn perÐptwsh thc hlektrik c sÔnayhc mporeÐ na rèei kai prìc

tic dÔo kateujÔnseic thc zeÔxhc kenoÔ, an�loga me to poiì kÔttaro tou

suzeugmènou zeÔgouc dèqetai èna dunamikì dr�shc. To kÔttaro autì,

sthn prokeimènh perÐptwsh, dr� wc prosunaptikì. Mia �llh shmantik 
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idiìthta thc hlektrik c sÔnayhc eÐnai ìti h epikoinwnÐa eÐnai p�ra polÔ

gr gorh, lìgw tou ìti h metafor� tou reÔmatoc mèsw thc zeÔxhc kenoÔ

lamb�nei q¸ra akariaÐa. 'Etsi kat� epikoinwnÐa an�mesa se dÔo neurik�

kÔttara mèsw autoÔ tou eÐdouc th sÔnayh, apousi�zoun fainìmena ka-

justèrhshc, ta opoÐa apoteloÔn qarakthristikì gn¸risma twn qhmik¸n

sun�yewn [45, 57].

Sto kef�laio autì prosomoi�zetai h hlektrik  sÔnayh metaxÔ jusa-

noeid¸n talant¸t¸n se èna neurofusiologikì dÐktuo, mèsw enìc diktÔou

hlektrik� suzeugmènwn hlektroqhmik¸n jusanoeid¸n talantwt¸n. Oi

kuttarikèc membr�nec prosomoi�zontai apì tic hlektroqhmikèc diepif�-

neiec, en¸ h ro  tou reÔmatoc apì ton èna talantwt  ston �llo lamb�nei

q¸ra mèsw tou koinoÔ hlektrolutikoÔ dialÔmatoc sto opoÐo eÐnai buji-

smènec oi hlektrodiakèc epif�neiec twn dÔo talantwt¸n. 'Etsi loipìn

aÔxhsh tou dunamikoÔ thc hlektroqhmik c diepif�neiac enìc ek twn dÔo

talantwt¸n prokaleÐ thn emf�nish diafor�c dunamikoÔ metaxÔ twn dÔo

diepifanei¸n kai kat� sunèpeia th ro  reÔmatoc prìc to deÔtero talan-

twt , kat� ìmoio trìpo me ta neurik� kÔttara. Sthn prokeimènh perÐ-

ptwsh to hlektroqhmikì dÐktuo pou exet�zetai peiramatik�, apoteleÐtai

apì èna zeÔgoc jusanoeid¸n talantwt¸n Fe / 0.75 M H2SO4, X− kai

exet�zetai h epÐdrash thc èntashc kaj¸c kai tou tÔpou thc sÔzeuxhc

sthn apìkrish tou suzeugmènou sust matoc. H èntash thc sÔzeuxhc

exart�tai apì thn apìstash, D, twn dÔo hlektrodÐwn sid rou ta opoÐ-

a brÐskontai se par�llhlh di�taxh kai k�jeta topojethmèna entìc tou

hlktrolutikoÔ dialÔmatoc sÔmfwna me th peiramatik  di�taxh pou apei-
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Sq ma 7.2: H qrhsimopoioÔmenh peiramatik  di�taxh. 1. Hlektrìdia

ergasÐac, 2. hlektrìdio anafor�c entìc triqoeidoÔc Luggin - Habber

3. antÐjeto hlektrìdio. D h apìstash an�mesa sta dÔo hlektrìdia

sid rou, pou kajorÐzei thn èntash thc sÔzeuxhc kai L h apìstash thc

�krhc tou triqoeidoÔc Luggin - Habber apì to epÐpedo twn hlektrodÐwn

sid rou, pou kajorÐzei ton tÔpo thc sÔzeuxhc. Oi hlektrikèc antist�seic

tou 1 W qrhsimopoioÔntai gia thn katagraf  apì to palmogr�fo twn

reum�twn pou rèoun sta dÔo hlektrìdia sid rou.
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konÐzetai sto Sq.7.2. O tÔpoc thc sÔzeuxhc èqei brejeÐ ìti exart�tai

apì thn apìstash, L, tou hlektrodÐou anofor�c apì to epÐpedo twn

dÔo hlektrodÐwn ergasÐac [58]. Gia thn akrib  èlegqo thc apìstashc

aut c qrhsimopoieÐtai, mazÐ me to hlektrìdio anafor�c, èna triqoeidèc

Luggin - Habber, tou opoÐou h �krh topojeteÐtai p�nw sth mesok�jeto

thc eujeÐac pou orÐzetai apì ta kèntra twn dÔo hlektrodÐwn sid rou.

'Etsi loipìn gia mikrèc apost�seic tou �krou tou triqoeidoÔc Luggin

- Habber apì to epÐpedo twn hlektrodÐwn sid rou, h sÔzeuxh eÐnai pa-

rempodistik  kai o ènac talantwt c parempodÐzei to deÔtero apì to na

emfanÐsei tal�ntoÔmenh sumperifor�, en¸ kaj¸c aux�netai h apìstash

h sÔzeuxh, met� apì mia krÐsimh tim , metatrèpetai se diegertik  kai o

ènac talantwt c upobohj� ton �llo sthn emf�nish talant¸sewn. To

suzeugmèno sÔsthma melet�tai potensiostatik� kai stic dÔo perioqèc

dunamik¸n, ìpou sÔmfwna me ta apotelèsmata pou parousi�sthkan sto

kef�laio 6, lamb�noun q¸ra oi dÔo diaforetikoÐ tÔpoi jusanoeid¸n ta-

lant¸sewn tou reÔmatoc: sthn kajodikìterh perioq  dunamik¸n, ìpou

lamb�noun q¸ra jusanoeideÐc talant¸seic elleiptikoÔ tÔpou kai sthn

anodikìterh perioq  dunamik¸n, ìpou lamb�noun q¸ra jusanoeideÐc ta-

lant¸seic tetragwnikoÔ tÔpou. Ta apotelèsmata pou parousi�zontai

sth sunèqeia aforoÔn ta hlektrolutik� dialÔmata pou perièqoun mìno

iìnta qlwrÐou se sugkèntrwsh 15 mM, kaj¸c htan aut� pou emf�nizan

to megalÔtero mègejoc jus�nwn, gegonìc pou upobo jhse sthn exagw-

g  twn sumperasm�twn.
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7.1 SÔzeuxh hlektroqhmik¸n jusanoeid¸n talantwt¸n

elleiptikoÔ tÔpou

Sthn perÐptwsh aut  epib�lletai sto suzeugmèno sÔsthma mia tim  du-

namikoÔ entìc thc perioq c pou lamb�noun q¸ra autìnomec jusanoeideÐc

talant¸seic elleiptikoÔ tÔpou kai katagr�fetai to reÔma pou rèei se

k�je hlektrìdio sid rou.

Kat� th melèth thc sÔzeuxhc an�mesa se jusanoeideÐc talantwtèc

mporoÔn na lamb�noun q¸ra dÔo katast�seic sugqronismoÔ: sugqroni-

smìc an�mesa stic talant¸seic kai sugqronismìc an�mesa stouc jus�-

nouc. Gia thn eÔresh katast�sewn sugqronismoÔ an�mesa stic talant¸-

seic sugkrÐnontai oi duadikèc morfèc twn qronoseir¸n tou reÔmatoc tou

k�je talantwt . Sth duadik  morf  miac qronoseir�c k�je tal�ntwsh

sumbolÐzetai me mia maÔrh gramm , en¸ oi leukèc perioqèc sumbolÐzoun

ta diast mata hremÐac tou sust matoc. Apì th sÔgkrish twn diagram-

m�twn aut¸n prokÔptei ìti gia stajerì D kai gia meg�lec timèc tou L

oi talant¸seic entìc twn jus�nwn eÐnai sugqronismènec entìc f�shc. H

sÔzeuxh sthn perÐptwsh aut  eÐnai diegertik , kaj¸c ìtan o ènac ta-

lantwt c emfanÐsei mia tal�ntwsh tou reÔmatoc sumparasÔrei kai ton

deÔtero, me ton opoÐo eÐnai suzeugmènoc, ¸ste na talantwjeÐ kai autìc.

Qarakthristikì par�deigma autoÔ tou tÔpou thc sÔzeuxhc parathreÐtai

sta Sq.7.3a kai b. Sto sq ma b parousi�zetai h duadik  morf  thc qro-

noseir�c tou sq matoc a. Kaj¸c mei¸netai h apìstash L, met� apì mia

krÐsimh tim  thc apìstashc aut c, o sugqronismìc entìc f�shc an�me-
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Sq ma 7.3: (a) Diegertik  sÔzeuxh dÔo jusanoeid¸n hlektroqhmik¸n

talantwt¸n elleiptikoÔ tÔpou pou lamb�noun q¸ra sto sÔsthma Fe /

0.75 M H2SO4, 15 mM Cl− upì potensiostatikèc sunj kec. D = 3 mm,

L = 7 mm kai V = 340 mV. (b) H Ðdia qronoseir� se duadik  morf .

sa stic talant¸seic paÔei na ufÐstatai, en¸ den faÐnetai na prokÔptei

k�poia �llh kat�stash kleidwmènhc f�shc. H sÔzeuxh sthn perÐptwsh

aut  eÐnai parempodistik , kaj¸c ìtan o ènac talantwt c emfanÐsei mia

tal�ntwsh tou reÔmatoc parempodÐzei ton deÔtero, me ton opoÐo eÐnai su-

zeugmènoc, ¸ste na talantwjeÐ kai autìc. Qarakthristikì par�deigma

autoÔ tou tÔpou thc sÔzeuxhc parathreÐtai sta Sq.7.4a kai b, ìpou sto

sq ma b parousi�zetai h duadik  morf  thc qronoseir�c tou sq matoc

a. Sto Sq.7.5 parousi�zontai oi timèc thc apost�sewn L kai D gia tic

opoÐec h sÔzeuxh eÐnai eÐte diegertik  eÐte parempodistik .

Gia thn eÔresh katast�sewn sugqronismoÔ an�mesa stouc jus�nouc

qrhsimopoieÐtai, sthn prokeimènh perÐptwsh, h mèjodoc tou met�sqhma-

tismoÔ Hilbert, h opoÐa analÔjhke ekten¸c sthn par�grafo 3.8 [41, 42].

Pio sugkekrimèna akoloujeÐtai h ex c mejodologÐa:
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Sq ma 7.4: (a) Parempodistik  sÔzeuxh dÔo jusanoeid¸n hlektroqhmi-

k¸n talantwt¸n elleiptikoÔ tÔpou pou lamb�noun q¸ra sto sÔsthma

Fe / 0.75 M H2SO4, 15 mM Cl− upì potensiostatikèc sunj kec. D =

3 mm, L = 7 mm kai V = 280 mV. (b) H Ðdia qronoseir� se duadik 

morf .

Sq ma 7.5: Perioqèc tim¸n twn L kai D, ìpou h sÔzeuxh eÐnai eÐte die-

gertik  (maÔroi kÔkloi), eÐte parempodistik  (leukoÐ kÔkloi).
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• UpologÐzetai, apì th qronoseir� tou reÔmatoc tou k�je jusanoei-

doÔc talantwt , o rujmìc talant¸sewn, ri(t). Sthn perÐptwsh au-

t  qrhsimopoeÐtai èna sqetik� mikrì par�juro qrìnou (thc t�xhc

tou 1 s), me apotèlesma k�je jÔsanoc tou reÔmatoc na antistoiqeÐ

se mia tal�ntwsh tou ri(t).

• Me b�sh touc dÔo rujmoÔc talant¸sewn, ri(t), upologÐzetai o

metasqhmatismènoc rujmìc talant¸sewn kat� Hilbert, r̃i(t), me

b�sh th mejodologÐa pou anaptÔqjhke sthn par�grafo 3.8, kai

katìpin brÐsketai h diafor� f�shc sÔmfwna me ton tÔpo:

φ1(t)− φ2(t) = arctan
R̃1(t)R2(t)−R1(t)R̃2(t)

R1(t)R2(t)− R̃1(t)R̃2(t)
(7.1)

ìpou Ri(t) = ri(t)− < ri(t) >, < ri(t) > h mèsh tim  tou ri(t)

kai R̃i(t) o metasqhmatismìc kat� Hilbert tou Ri(t).

Qarakthristikì par�deigma thc mejodologÐac aut c apeikonÐzetai sta

Sq.7.6 kai 7.7 gia diegertik  kai parempodistik  sÔzeuxh antÐstoiqa.

Apì ta apotelèsmata pou prokÔptoun, sugqronismìc an�mesa stouc

jus�nouc, lamb�nei q¸ra tìso gia diegertik  ìso kai parempodistik 

sÔzeuxh.

Prokeimènou na ermhneujoÔn ta peiramatik� apotelèsmata qrhsimo-

poeÐtai h mèjodoc thc <�natom c>> twn jusanoeid¸n talant¸sewn (dissec-

tion of bursting). H mèjodoc aut  sunÐstatai sth melèth twn idot twn

tou gr gorou uposust matoc gia stajerèc timèc thc arg c metablht c

[35].
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Sq ma 7.6: Upologismìc twn diafor¸n f�shc an�mesa stouc jus�nouc

mèsw tou metasqhmatismoÔ Hilbert, gia diegertik  sÔzeuxh dÔo jusa-

noeid¸n hlektroqhmik¸n talantwt¸n elleiptikoÔ tÔpou. Ii kai ri h qro-

noseir� tou reÔmatoc kai tou rujmoÔ talant¸sewn tou k�je talantwt ,

en¸ ∆φ eÐnai h diafor� f�shc an�mesa stouc jus�nouc, D = 3 mm, L

= 7 mm, V = 340 mV kai CCl− = 15 mM. To qronikì par�juro gia

ton upologismì twn rujm¸n talant¸sewn eÐnai ∆t = 1 s.
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Sq ma 7.7: Upologismìc twn diafor¸n f�shc an�mesa stouc jus�nouc

mèsw tou metasqhmatismoÔ Hilbert, gia parempodistik  sÔzeuxh dÔo ju-

sanoeid¸n hlektroqhmik¸n talantwt¸n elleiptikoÔ tÔpou. Ii kai ri h

qronoseir� tou reÔmatoc kai tou rujmoÔ talant¸sewn tou k�je talan-

twt , en¸ ∆φ eÐnai h diafor� f�shc an�mesa stouc jus�nouc, D = 3

mm, L = 1 mm kai V = 275 mV CCl− = 15 mM. To qronikì par�juro

gia ton upologismì twn rujm¸n talant¸sewn eÐnai ∆t = 1 s.
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Xekin¸ntac loipìn apì to sugqronismì an�mesa stic talant¸seic,

èstw ìti oi argèc metablhtèc twn dÔo talantwt¸n paramènoun stajerèc

k�poia qronik  stigm  t. 'Etsi exet�zontac mìno tic idiìthtec twn gr -

gorwn uposusthm�twn, ta opoÐa sthn prokeimènh perÐptwsh jewreÐtai

ìti eÐnai dÔo talantwtèc Fe / 0.75 M H2SO4, prokÔptoun ta akìlou-

ja sumper�smata: To gegonìc thc Ôparxhc entìc f�shc sugqronismoÔ

an�mesa stic talant¸seic upodhl¸nei ìti th qronik  stigm  t oi suqnì-

thtec twn talant¸sewn eÐnai Ðsec, dhlad  isqÔei ìti Ω1(t) = Ω2(t). Gia

k�je tètoia isìthta an�mesa stic suqnìthtec, up�rqei mia sun�rthsh

sÔndeshc H(χ), ìpou χ h diafor� f�shc [39]. H akrib c diafor� f�shc

sthn opoÐa ja sugqronistoÔn th qronik  stigm  t, oi dÔo talantwtèc

exart�tai apì thn tom  twn eustaj¸n tmhm�twn (dhlad  twn tmhm�twn

me arnhtik  klÐsh) tou graf matoc tou H(χ) me thn orizìntia eujeÐa

−ω = −(ω1 − ω2), ìpou ω eÐnai o aposuntonismìc kai ωi eÐnai mikrèc

apoklÐseic apì th suqnìthta Ωi pou lamb�noun q¸ra lìgw thc sÔzeu-

xhc [39]. 'Eqei apodeiqjeÐ ìti to graf ma tou H(χ), sthn perÐptwsh thc

diegertik c sÔzeuxhc dÔo talantwt¸n Fe / 0.75 M H2SO4, èqei th morf 

pou apeikonÐzetai sto Sq.7.8a en¸ sthn perÐptwsh thc anastaltik c sÔ-

zeuxhc, to antÐstoiqo gr�fhma apeikonÐzetai sto Sq.7.8b [59, 60]. Sthn

perÐptwsh thc diegertik c sÔzeuxhc o entìc f�shc sugqronismìc an�me-

sa stic talant¸seic, χ = 0, eÐnai eustaj c gia èna meg�lo eÔroc tim¸n

tou aposuntonismoÔ ω. Epiplèon to gr�fhma tou H(χ) eÐnai asuneqèc

sto shmeÐo χ = 0 me meg�lh klÐsh, gegonìc pou upodhl¸nei ìti oi dÔo

talantwtèc sugqronÐzontai stigmiaÐa entìc f�shc k�je qronik  stigm 
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t. AntÐjeta sthn perÐptwsh thc anastaltik c sÔzeuxhc o entìc f�shc

sugqronismìc eÐnai astaj c. Sthn prokeimènh perÐptwsh, sto gr�fhma

tou H(χ), up�rqoun suneq  eustaj  tm mata AB kai GD, ta opoÐa an

upotejeÐ ìti eÐnai arket� megalÔtera se mègejoc apì ta asuneq  tm mata

BB' kai GG', tote h eustaj c isoropÐa tou χ ja brÐsketai p�nw se aut�

gia èna meg�lo eÔroc tim¸n tou aposuntonismoÔ. Epiplèon oi klÐseic twn

eustaj¸n aut¸n tmhm�twn, den eÐnai tìso apìtomec ìso sthn perÐptwsh

tou χ = 0. To gegonìc autì upodhl¸nei ìti o suqronismìc an�me-

sa stouc dÔo talantwtèc den pragmatopoieÐtai stigmiaÐa, all� apaiteÐ

èna mikrì qronikì di�sthma. Mèsa sto qronikì autì ìmwc di�sthma h

suqnìthta twn dÔo talantwt¸n metab�lletai (lìgw thc metabol c thc

arg c metabl thc kai kat� sunèpeia thc paramètrou diakl�dwshc) me

apotèlesma na all�zei suneq¸c kai h eustaj c isorropÐa thc diafor�c

f�shc χ. Me b�sh ta parap�nw oi dÔo talantwtèc sthn perÐptwsh thc

anastaltik c sÔzeuxhc, den èqoun epark  qrìno ¸ste na sugqronistoÔn

se k�poia stajer  statik  katastash, gegonìc pou epibebai¸netai apì

ta peiramatik� apotelèsmata.

'Oson afor� to sugqronismì an�mesa stouc jus�nouc, gÐnetai arqik�

h upìjesh ìti o ènac talantwt c brÐsketai sthn talantoÔmenh kat�sta-

sh kai o �lloc se kat�stash hremÐac. O entìc f�shc sugqronismìc

an�mesa stouc jus�nouc upodhl¸nei, sthn perÐptwsh twn jusanoeid¸n

talant¸sewn elleiptikoÔ tÔpou, ìti h suqnìthta twn talant¸sewn tou

energoÔ talantwt  kai h suqnìthta twn talant¸sewn mikr c èntashc gÔ-

rw apì th statik  kat�stash tou anenergoÔ talantwt  eÐnai sÔmmetroi
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Sq ma 7.8: Sqhmatik  anapar�stash twn sunart sewn sÔndeshc tou

hlektroqhmikoÔ talantwt  Fe / 0.75 M H2SO4 (a) gia diegertik  kai (b)

gia parempodistik  sÔzeuxh

arijmoÐ. Oi mikrèc autèc talant¸seic emfanÐzontai lìgw tou gegonìtoc

ìti sthn perÐptwsh twn jusanoeid¸n aut¸n talant¸sewn, h statik  ka-

t�stash eÐnai eustaj c estÐa kai h Ôparxh tou exwterikoÔ jorÔbou odh-

geÐ sthn emf�nish mikr¸n apoklÐsewn apì aut . H Ôparxh thc sqèshc

summetrÐac an�mesa stic dÔo suqnìthtec odhgeÐ sthn prìwrh energo-

poÐhsh tou anenergoÔ talantwt . O tÔpoc thc sÔzeuxhc den ephre�zei

sthn prokeimènh perÐptwsh to sugqronismì an�mesa stouc jus�nouc,

exaitÐac tou gegonìtoc ìti h talantoÔmenh kat�stash brÐsketai gÔrw

apì th statik , ìpwc faÐnetai kai sto Sq.7.9. Epomènwc diegertikèc

kai anastaltikèc diataraqèc apì to energì talantwt  wjoÔn p�nta ton

anenergì prìc to pedÐo èlxhc thc talantoÔmenhc kat�stashc, gegonìc

pou epibebai¸netai kai peiramatik� [4, 7, 35].

'Enac �lloc mhqanismìc pou exhgeÐ thn emf�nish sugqronismoÔ an�-

mesa stouc jus�nouc sthn perÐptwsh twn suzeugmènwn talantwt¸n el-
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Sq ma 7.9: EpÐdrash tou tÔpou thc sÔzeuxhc sthn apìkrish tou anener-

goÔ talantwt  sthn perÐptwsh twn suzeugmènwn jusanoeid¸n talantw-

t¸n elliptikoÔ tÔpou. Bèloc proc ta p�nw: diegertik  sÔzeuxh, bèloc

proc ta k�tw: parempodistik  sÔzeuxh, (1) upokrÐsimh diakl�dwsh Hopf,

(2) diakl�dwsh diploÔ oriakoÔ kÔklou.

liptikoÔ tÔpou, eÐnai o mhqanismìc katastrof c tou fainomènou arg c

met�bashc, o opoÐoc analÔjhke ekten¸c sto kef�laio 3. Pio sugke-

krimèna, ìtan o ènac apì touc dÔo talantwtèc metaphd sei sthn energ 

kat�stash kai o anenergìc brÐsketai sthn perioq  pou lamb�nei q¸ra

to fainìmeno autì tìte o deuteroc metabaÐnei kai autìc sqedìn stigmiaÐa

sthn energ  kat�stash me apotèlesma na prokÔptei sugqronismìc entìc

f�shc an�mesa stouc jus�nouc [36, 37].
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7.2 SÔzeuxh hlektroqhmik¸n jusanoeid¸n talantwt¸n

tetragwnikoÔ tÔpou

Sthn perÐptwsh aut  epib�lletai sto suzeugmèno sÔsthma mia tim  du-

namikoÔ entìc thc perioq c pou lamb�noun q¸ra autìnomec jusanoeideÐc

talant¸seic tetragwnikoÔ tÔpou kai katagr�fetai to reÔma pou rèei se

k�je hlektrìdio sid rou.

OmoÐwc me thn perÐptwsh twn suzeugmènwn talantwt¸n elleiptikoÔ

tÔpou, ètsi kai ed¸ exet�zetai h eÔresh katast�sewn sugqronismoÔ xe-

qwrist� an�mesa stic talant¸seic kai an�mesa stouc jus�nouc. H eÔ-

resh katast�sewn sugqronismoÔ an�mesa stic talant¸seic pragmato-

poieÐtai mèsw thc sÔgkrishc twn duadik¸n morf¸n twn qronoseir¸n tou

reÔmatoc. Sta Sq.7.10 kai 7.11 parousi�zontai antiproswpeutikèc qro-

noseirèc tou reÔmatoc kai oi duadikèc morfèc touc, gia diegertik  kai pa-

rempodistik  sÔzeuxh. Apo th melèth twn apotelesm�twn prokÔptei ìti

kat� th diegertik  sÔzeuxh twn jusanoeid¸n talantwt¸n tetragwnikoÔ

tÔpou, o entìc f�shc sugqronismìc an�mesa stic talant¸seic lamb�-

nei q¸ra mìno se orismèna qronik� diast mata entìc thc qrononoseir�c,

en¸ stic upìloipèc peript¸seic den emfanÐzetai k�poia kat�stash klei-

dwmènhc f�shc. Sthn perÐptwsh thc anast�ltik c sÔzeuxhc epÐshc den

parathreÐtai k�poia kat�stash kleidwmènhc f�shc an�mesa stic talan-

t¸seic.

O sugqronismìc an�mesa stouc jus�nouc melet�tai, sthn prokeimè-

nh perÐptwsh, me th qr sh enìc fÐltrou qamhl c dièleushc (low pass
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Sq ma 7.10: (a) Diegertik  sÔzeuxh dÔo jusanoeid¸n hlektroqhmik¸n

talantwt¸n tetragwnikoÔ tÔpou pou lamb�noun q¸ra sto sÔsthma Fe

/ 0.75 M H2SO4, 15 mM Cl− upì potensiostatikèc sunj kec. D = 3

mm, L = 7 mm kai V = 410 mV. (b) H Ðdia qronoseir� se duadik 

morf .

Sq ma 7.11: (a) Anastaltik  sÔzeuxh dÔo jusanoeid¸n hlektroqhmik¸n

talantwt¸n tetragwnikoÔ tÔpou pou lamb�noun q¸ra sto sÔsthma Fe

/ 0.75 M H2SO4, 15 mM Cl− upì potensiostatikèc sunj kec. D = 3

mm, L = 7 mm kai V = 410 mV. (b) H Ðdia qronoseir� se duadik 

morf .
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filter). To fÐltro autì, efarmozìmeno se mia qronoseir� tou reÔma-

toc, apomakrÔnei ìlec tic suqnìthtec pou emfanÐzontai sto s ma apì

èna ìrio kai p�nw, epitrèpontac thn emf�nish mìno aut¸n pou apomè-

noun [61]. To fÐltro autì efarmozìmeno se mia qronoseir� jusanoeid¸n

talant¸sewn tetragwnikoÔ tÔpou epitrèpei thn emf�nish mìno twn su-

qnot twn twn jus�nwn (oi opoÐec eÐnai mikrìterec apì tic suqnìthtec

twn talant¸sewn). Qarakthristikì par�deigma thc mejodologÐac aut c

parousi�zetai sta Sq.7.12a kai b gia diegertik  kai parempodistik  sÔ-

zeuxh antÐstoiqa. Apì thn epexergasÐa twn apotelesm�twn prokÔptei

ìti, ìpwc kai sthn perÐptwsh tou sugqronismoÔ an�mesa stic talant¸-

seic, ètsi kai stouc jus�nouc sugqrnismìc entìc f�shc sumbaÐnei mìno

sthn perÐptwsh thc diegertik c sÔzeuxhc kai mìno se orismèna qronik�

diast mata. Sthn perÐptwsh thc anastaltik c sÔzeuxhc den parathreÐ-

tai k�poia kat�stash sugqronismoÔ an�mesa stouc jus�nouc.

O sugqronismìc an�mesa stic talant¸seic sthn perÐptwsh twn su-

zeugmènwn jusanoeid¸n talantwt¸n tetragwnikoÔ tÔpou eÐnai dÔskolo

na pragmatopoihjeÐ gegonìc pou epibebai¸netai kai peiramatik�. Stic

jusanoeideÐc talant¸seic tou tÔpou autoÔ o termatismìc thc talantoÔ-

menhc kat�stashc pragmatopoieÐtai mèsw thc sÔgkroushc tou oriakoÔ

kÔklou me èna sagmatikì shmeÐo me apotèlesma th dhmiourgÐa miac omo-

klinoÔc troqi�c. Kaj¸c h arg  metablht  wjeÐ thn par�metro diakl�-

dwshc tou gr gorou uposust matoc proc thn omoklin  diakl�dwsh h

suqnìthta twn talant¸sewn mei¸netai apìtoma. Epìmènwc mèsa se èna

jÔsano tetragwnikoÔ tÔpou h suqnìthta metab�lletai se shmantikì baj-
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Sq ma 7.12: EÔresh katast�sewn sugqronismoÔ an�mesa stouc jus�-

nouc, mèsw tou qr shc tou fÐltrou qamhl c dièleushc, (a) gia diegertik 

(D = 3 mm, L = 7 mm, V = 400 mV) kai (b) gia parempodistik  sÔ-

zeuxh (D = 3 mm, L = 1 mm, V = 410 mV) dÔo jusanoeid¸n hlektro-

qhmik¸n talantwt¸n tetragwnikoÔ tÔpou. Ii h qronoseir� tou reÔmatoc

tou k�je talantwt , en¸ Islow eÐnai oi qronoseirèc twn reum�twn met�

thn epibol  tou fÐltrou. CCl− = 15 mM.
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mì (eidik� proc to tèloc tou) gegonìc pou kajist� exairetik� dÔskolo

to sugqronismì an�mesa stic talant¸seic. O tÔpoc thc sÔzeuxhc paÐ-

zei ton Ðdio rìlo ìpwc kai stouc suzeugmènouc jusanoeideÐc talantwtèc

elleiptikoÔ tÔpou. 'Etsi, ìpwc apodeiknÔetai kai peiramatik� mìno gia

diegertik  sÔzeuxh parathreÐtai peiramatik� sugqronismìc entìc f�shc

an�mesa stic talant¸seic. 'Enac epiplèon lìgoc pou mporeÐ na odhgeÐ

sth dÔskolÐa Ôparxhc sugqronismoÔ eÐnai to gegonìc ìti oi jusanoeideÐc

talant¸seic tou tÔpou autoÔ mporoÔn na parathrhjoÔn mìno met� apì

èna meg�lo qronikì di�sthma apì thn epibol  tou b matoc dunamikoÔ

sto sÔsthma. 'Etsi h kat�stash twn epif�nei¸n twn dÔo hlektrodÐ-

wn sid rou mporeÐ na eÐnai arket� diaforetik  gegonìc me apotèlesma

akìma kai gia t n Ðdia tim  epiballìmenou dunamikoÔ oi suqnìthtec twn

talant¸sewn na diafèroun shmantik�.

H duskolÐa epÐteuxhc sugqronismoÔ an�mesa stouc jusanoÔc tetra-

gwnkoÔ tÔpou mporeÐ na exhghjeÐ an lhfjeÐ upìyhn ìti h statik  ka-

t�stash twn jusanoeid¸n talantwt¸n tou tÔpou autoÔ eÐnai eustaj c

kìmboc kai den up�rqoun talant¸seic mikr c èntashc. H prìwrh energo-

poÐhsh tou anenergoÔ talantwt  apaiteÐ thn Ôparxh meg�lhc suqnìthtac

eiserqìmenwn diataraq¸n apì ton energì talantwt , gegonìc pou sh-

maÐnei ìti h suqnìthta twn talant¸sewn tou deÔterou prèpei na eÐnai

arket� meg�lh. 'Opwc ìmwc mporeÐ kaneÐc na parathr sei apì ta peira-

matik� apotelèsmata h periodìc twn talant¸sewn entìc twn jus�nwn

eÐnai sqetik� meg�lh (thc taxhc merik¸n deuterolèptwn). Epiplèon h ta-

lantoÔmenh kat�stash den brÐsketai gÔrw apì th statik  kat�stash, me
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Sq ma 7.13: EpÐdrash tou tÔpou thc sÔzeuxhc sthn apìkrish tou ane-

nergoÔ talantwt  sthn perÐptwsh twn suzeugmènwn jusanoeid¸n talan-

twt¸n tetragwnikoÔ tÔpou.

apotèlesma, ìpwc faÐnetai sto Sq.7.13, mìno diegertikèc diataraqèc na

wjoÔn ton anenergì talantwt  proc to pedÐo èlxhc tou oriakoÔ kÔklou

gegonìc pou epibebai¸netai kai peiramatik�.

7.3 SÔzeuxh neurofusiologik¸n jusanoeid¸n talan-

twt¸n elleiptikoÔ kai tetragwnikoÔ tÔpou

Ta peiramatik� apotelèsmata pou parousi�sthkan prohgoumènwc brÐ-

skontai se swmfwnÐa me antÐstoiqec melètec ston tomèa thc neurofusio-

logÐac oi stic opoÐec qrhsimopoioÔntai wc epÐ to pleÐston arijmhtik� mon-

tèla gia thn perigraf  twn diktÔwn twn jusanoeid¸n talantwt¸n. Sthn
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perÐptwsh thc sÔzeuxhc jusanoeid¸n talantwt¸n elleiptikoÔ tÔpou pou

brÐskontai kont� se mia diakl�dwsh Bautin, ìpwc epÐshc kai kat� th sÔ-

zeuxh dÔo jusanoeid¸n talantwt¸n Ðdiou tÔpou pou perigr�fontai apì

to montèlo FitzHugh - Rinzel èqei deiqjeÐ h Ôparxh sugqronismoÔ entìc

f�shc an�mesa stouc jusanouc, anex�rthta apì to eÐdoc thc sÔzeuxhc,

en¸ oi talant¸seic sugqronÐzontai entìc f�shc gia diegertik  sÔzeuxh

kai ektìc f�shc gia parempodistik  sÔzeuxh antÐstoiqa [4, 36, 37]. 'Oson

afor� th sÔzeuxh jusanoeid¸n talantwt¸n tetragwnikoÔ tÔpou èqei dei-

qjeÐ ìti kat� thn palmik  sÔzeuxh jusanoeid¸n talantwt¸n Hindmarsh

- Rose (HR), oi opoÐoi eÐnai gnwstoÐ ìti emfanÐzoun dÔskola fainìmena

sugqronismoÔ, met� apì èna krÐsimo arijmì talantwt¸n, to dÐktuo emfa-

nÐzei pl rh sugqronismì [62]. Kat� thn palmik  sÔzeuxh dÔo talantwt¸n

oi sundèseic metaxÔ touc eÐnai energèc mìno ìtan to eiserqìmeno s ma

apì ton èna prìc ton �llo xeper�sei èna prokajorimèno kat¸fli. Se an-

tÐjeth prÐptwsh oi talantwtèc sumperifèrontai wc asÔzeuktoi [38, 62].

'Otan dÔo talantwtèc HR epikoinwnoÔn mèsw sÔzeuxhc tÔpou di�qushc

èqei deiqjeÐ ìti emfanÐzoun arqik� sugqronismì an�mesa stouc jus�-

nouc kai sth sunèqeia sugqronismì an�mesa stic talant¸seic kaj¸c

aux�netai h èntash thc sÔzeuxhc [63], en¸ èqei apodeiqjeÐ kai h Ôparxh

poll�pl¸n eustaj¸n katast�sewn sugqronismoÔ an�mesa stouc jus�-

nouc [64, 65]. Sth sÔzeuxh tÔpou di�qushc h sun�rthsh sÔzeuxhc eÐnai

an�logh thc diafor�c dunamikoÔ an�mesa sthn metasunaptik  kai thn

prosunaptik  kuttarik  membr�nh [63, 66]. Epiplèon h jewrhtik  melè-

th twn jusanoeid¸n talant¸sewn tetragwnikoÔ tÔpou pou lamb�noun
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q¸ra sta b - kÔttara sta nhsidia Langerhans sto p�gkreac èdeixe ìti

gia endi�mesec ent�sh sÔzeuxhc an�mesa se dÔo talantwtèc tou eÐdouc

autoÔ lamb�nei q¸ra pl rhc sugqronismìc. Gia sÔzeuxh qamhl c ènta-

shc lamb�nei q¸ra mìno sugqronismìc an�mesa stouc jus�nouc, en¸ gia

isqur  sÔzeuxh lamb�nei q¸ra sugqronismìc an�mesa stic talant¸seic

[67]. Peiramatik� èqei apodeiqjeÐ ìti sthn perÐptwsh dÔo hlektrik� su-

zeugmènwn neur¸nwn PD (Piloric Dilator) apì to CPG (central pattern

generator) tou stomatogastrikoÔ gagglÐou tou astakoÔ ìti ìtan eÐnai

asÔzeuktoi emfanÐzoun akanìnisth jusanoeid  drasthriìthta, en¸ ìtan

energopoieÐtai h sÔzeuxh parathroÔntai di�forec katast�seic sugqro-

nismoÔ ìpwc sugqronismìc entìc f�shc an�mesa stou jus�nouc   stic

talant¸seic   kai sta dÔo kai sugqronismìc ektìc f�shc an�mesa stouc

jus�nouc an�loga me thn èntash kai to eÐdoc thc sÔzeuxhc [61, 68]. Ta

parap�nw peiramatik� apotelèsmata epibebai¸jhkan kai jewrhtik� me th

qr sh diafìrwn arijmhtik¸n montèlwn [68, 69].



Kef�laio 8

Jewrhtikì montèlo hlektroqhmik¸n jusanoei-

d¸n talant¸sewn

Prokeimènou na ermhneujoÔn jewrhtik� ta apotelèsmata pou èqoun exa-

qjeÐ kat� thn peiramatik  diereÔnhsh tou hlektroqhmikoÔ talantwt  Fe

/ H2SO4, X− sto parìn kef�laio proteÐnetai èna kinhtikì sen�rio kai

katastr¸netai èna majhmatikì montèlo pou diereun�tai arijmhtik�, to

opoÐo perigr�fei ta dunamik� fainìmena pou lamb�noun q¸ra kat� thn

hlektrodi�lush tou sid rou se jeiikì oxÔ parousÐa alogìnwn. To ma-

jhmatikì autì montèlo apoteleÐtai apì dÔo uposust mata ta opoÐa lam-

b�noun q¸ra tautìqrona:

• To uposÔsthma A, pou perigr�fei hlektrodi�lush tou sid rou se

jeiikì oxÔ kai

• To uposÔsthma B, pou perigr�fei thn epÐdrash twn alogìnwn sto

parap�nw sÔsthma.

179
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8.1 UposÔsthma A: Hlektrodi�lush tou sid rou se

jeiikì oxÔ

To uposÔsthma autì perigr�fei ta dunamik� fainìmena pou lamb�noun

q¸ra kat� thn hlektrodi�lush tou sid rou se jeiikì oxÔ kai eÐnai upeÔ-

juno gia thn emf�nish twn periodik¸n talant¸sewn tou reÔmatoc upì

potensiostatikèc sunj kec. Gia thn perigraf  twn dr�sewn pou lamb�-

noun q¸ra sto uposÔsthma autì, proteÐnetai to akìloujo kinhtikì se-

n�rio, to opoÐo prokÔptei apì ta montèla twn Bockris et al. kai Schweic-

kert et al. (bl. kef�laio 2). Paradoq  tou mhqanismoÔ autoÔ eÐnai o

sqhmatismìc dÔo tÔpwn prosrofhmènwn qhmik¸n eid¸n (oxeidÐwn) sthn

hlektrodiak  epif�neia, ta opoÐa èqoun th dunatìthta na allhlepidroÔn

metaxÔ touc:

Fe + H2O
k1

GGGGGGBFGGGGGG
k−1

Fe(OH)ads + H+ + e− (8.1)

Fe(OH)ads + H+
k2

GGGGGGAFe(H2O)2+
aq + e− (8.2)

Fe(OH)ads + H2O
k3

GGGGGGBFGGGGGG
k−3

[Fe(OH)2]ads + H+ + e− (8.3)

To parap�nw kinhtikì sen�rio prokÔptei jewr¸ntac ìti gia to sqh-

matismì tou Fe(OH)ads kai tou [Fe(OH)2]ads isqÔei o mh katalutikìc mh-

qanismìc twn Schweickert et al., en¸ h hlektrodi�lush tou Fe(OH)ads

gÐnetai sÔmfwna me touc mhqanismoÔc twn Bockris et al. kai Schweickert
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et al. me th diafor� ìti ta udrogonokatiìnta prosb�loun to prosrofh-

mèno eÐdoc Fe(OH)ads kai odhgoÔn sto sqhmatismì enudatwmènwn iìntwn

sid rou.

Oi taqÔthtec twn parap�nw antidr�sewn èqoun wc ex c:

j1 = k1[Fe]− k−1[Fe(OH)ads][H
+] (8.4)

j2 = k2[Fe(OH)ads][H
+] (8.5)

j3 = k3[Fe(OH)ads]− k−3[[Fe(OH)2]ads][H
+] (8.6)

ìpou [Fe] h epifaneiak  sugkèntrwsh twn eleÔjerwn jèsewn tou hle-

ktrodÐou. Upì thn paradoq  ìti ìlec oi eleÔjerec jèseic sthn epif�neia

tou hlektrodÐou eÐnai diajèsimec gia to sqhmatismì twn eid¸n Fe(OH)ads

kai [Fe(OH)2]ads h epifaneiak  sugkèntrwsh twn eleÔjerwn jèsewn se

k�je qronik  stigm  ja eÐnai Ðsh me:

[Fe] = [Fe]max − [Fe(OH)ads]− [[Fe(OH)2]ads] (8.7)

ìpou [Fe]max h mègisth epif�neiak  sugkèntrwsh eleÔjerwn jèsewn

sthn hlektrodiak  epif�neia.

Oi stajerèc ki dÐnontai apì tic sqèseic:

k1 = k
(0)
1 exp(α1Φ) (8.8)

k−1 = k
(0)
−1 exp[−(1− α1)Φ] (8.9)

k2 = k
(0)
2 exp(α2Φ) (8.10)

k3 = k
(0)
3 exp(α3Φ) (8.11)

k−3 = k
(0)
−3 exp[−(1− α3)Φ] (8.12)
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ìpou k
(0)
i eÐnai oi apìlutec stajerèc taqÔthtac twn hlektroqhmik¸n dr�-

sewn 9.1, 9.2 kai 9.3, en¸ αi eÐnai stajerèc.

H sugkèntrwsh twn udrogonokatiìntwn sthn epif�neia tou hlektro-

dÐou metab�lletai lìgw di�qushc, hlektrometafor�c kai lìgw twn hle-

ktroqhmik¸n dr�sewn 9.1, 9.2 kai 9.3 oi opoÐec sumperilamb�noun to eÐ-

doc autì. Prokeimènou na upologisteÐ h epifaneiak  sugkèntrwsh twn

udrogonokatiìntwn gÐnetai h paradoq  ìti h stoib�da di�qushc èqei sta-

jerì p�qoc δ, ìti h katanom  thc sugkèntrwshc twn udrogonokatiìntwn

eÐnai grammik  entìc thc stoib�dac di�qushc kai ìti h ro  twn iìntwn

gÐnetai se mÐa mìno di�stash, x. 'Estw ìti [H+](x, t) h katanom  thc

sugkèntrwshc twn udrogonokatiìntwn kat� m koc thc stoib�dac di�qu-

shc. AnalÔontac th sun�rthsh [H+](x, t) se mia seir� Taylor gÔrw apì

to shmeÐo x = 0 prokÔptei:

[H+](x, t) = [H+](0, t) +
∂[H+](x, t)

∂x

∣∣∣
x=0

x + . . . (8.13)

Lìgw thc grammikìthtac thc sugkèntrwshc h Ex.8.13 gr�fetai:

[H+](x, t) = [H+](0, t) +
[H+]bulk − [H+](0, t)

δ
x (8.14)

ìpou [H+]bulk = [H+](δ, t), dhlad  h sugkèntrwsh twn udrogonokatiìn-

twn sto kÔrio mèroc tou dialÔmatoc kai [H+](0, t) h sugkèntrwsh twn

udrogonokatiìntwn sthn epif�neia tou hlektrodÐou.

O rujmìc metabol c thc sugkèntrwshc twn iìntwn se k�je shmeÐo

thc stoib�dac di�qushc ja dÐnetai apì thn exÐswsh:

∂[H+]

∂t
= −∂jH+

∂x
(8.15)
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Oloklhr¸nontac kai ta dÔo skèlh thc exÐswshc aut c entìc twn

orÐwn thc stoib�dac di�qushc prokÔptei:∫ δ

0

∂[H+]

∂t
dx = −

∫ δ

0

(∂jH+

∂x

)
dx (8.16)

Met� apì antikat�stash thc Ex.8.14 to olokl rwma tou aristeroÔ

mèlouc thc Ex.8.16 gr�fetai wc ex c:∫ δ

0

∂[H+]

∂t
dx =

∂

∂t

∫ δ

0

(
[H+](0, t) +

[H+]bulk − [H+](0, t)

δ
x
)

dx

(8.17)

kai met� apì tic pr�xeic:∫ δ

0

∂[H+]

∂t
dx =

δ

2

∂[H+](x, t)

∂t

∣∣∣
x=0

(8.18)

lamb�nontac upìyh ìti h sugkèntrwsh twn udrogonokatiìntwn ston kÔ-

rio ìgko tou dialÔmatoc [H+]bulk eÐnai anex�rthth tou qrìnou.

To olokl rwma tou dexioÔ mèlouc thc Ex.8.16 gr�fetai wc ex c:∫ δ

0

∂jH+

∂x
dx =

∫ δ

0
djH+ = jH+(δ)− jH+(0) (8.19)

ìpou jH+(δ) h ro  twn udrogonokatiìntwn sta ìria thc stoib�dac di�-

qushc x = δ kai jH+(0) h ro  twn udrogonokatiìntwn sthn epif�neia

tou hlektrodÐou x = 0. H ro  twn udrogonokatiìntwn sto shmeÐo x = δ

gÐnetai lìgw di�qushc kai lìgw hlektrometafor�c. Epomènwc ja dÐnetai

apì th sqèsh:

jH+(δ) = −DH+

[H+]bulk − [H+](0, t)

δ
+ jH+,m (8.20)

ìpou me jH+,m sumbolÐzetai h ro  twn udrogonokatiìntwn lìgw hlektro-

metafor�c kai DH+ o suntelest c di�qushc twn udrogonokatiìntwn. H
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ro  twn udrogonokatiìntwn sthn epif�neia tou hlektrodÐou ofeÐletai

sth dhmiourgÐa touc   sthn an�lws  touc lìgw twn hlektroqhmik¸n

antidr�sewnpou lamb�noun q¸ra se sut , jH+,f , kaj¸c epÐshc kai se �l-

lec dr�seic (p.q. prosrìfhshc, fìrtishc thc diplostoib�dac k.l.p) oi

opoÐec mporeÐ na sumbaÐnoun tautìqrona, jH+,dl. Sunep¸c ja isqÔei:

jH+(0) = jH+,f + jH+,dl (8.21)

Prokeimènou na grafeÐ analutik� o ìroc pou parist� thn ro  lìgw

iontik c metafor�c gÐnetai h upìjesh ìti ìlo to posì tou reÔmatoc pou

rèei sto hlektrolutikì kelÐ ofeÐletai sthn kÐnhsh twn udrogonokatiìn-

twn lìgw thc meg�lhc touc eukinhsÐac. Epomènwc isqÔei ìti:

jH+,m ≈
itot

F
=

Itot

FAel
=

V − Φ

RsFAel
(8.22)

ìpou itot kai Itot h sunolik  puknìthta reÔmatoc kai to sunolikì reÔma,

antÐstoiqa, pou rèoun sto hlektrolutikì di�luma, Ael h epif�neia tou

hlektrodÐou, F h stajer� tou Faraday, Rs h wmik  antÐstash tou hle-

ktrolutikoÔ dialÔmatoc, V to epiballìmeno sto sÔsthma dunamikì kai

Φ h pt¸sh t�shc sthn hlektroqhmik  diplostoib�da.

Gia th ro  udrogonokatiìntwn lìgw twn hlektroqhmik¸n dr�sewn

9.1, 9.2 kai 9.3 ja isqÔei:

jH+,f = j1 − j2 + j3 (8.23)

Tèloc gia th ro  jH+,dl jewreÐtai ìti eÐnai praktik� Ðsh me to mhdèn.

Antikat�stash twn Ex.8.20 kai 8.21 sthn Ex.8.19 dÐnei:∫ δ

0

∂jH+

∂x
dx = −DH+

[H+]bulk − [H+](0, t)

δ
− jH+,m − jH+,f (8.24)
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Antikajist¸ntac tic Ex.8.18 kai Ex.8.24 sthn Ex.8.16 prokÔptei ìti

h metabol  thc epifaneiak c sugkèntrwshc twn udrogonokatiìntwn ja

dÐnetai apì th sqèsh:

d[H+]

dt
=

2DH+

δ2 {[H+]bulk − [H+]} − 2

δFAel

V − Φ

Rs
+

2

δ
(j1 − j2 + j3)(8.25)

ìpou lìgw suntomÐac [H+](0, t) = [H+]. Ja prèpei na shmeiwjeÐ ìti

to prìblhma twn oriak¸n sunjhk¸n èqei metasqhmatisteÐ t¸ra se èna

prìblhma arqik¸n sunjhk¸n me sun jeic diaforikèc exis¸seic.

Gia ta qhmik� eÐdh Fe(OH)ads kai [Fe(OH)2]ads oi diaforikèc exis¸seic

pou perigr�foun th metabol  twn sugkentr¸se¸n touc sthn hlektro-

diak  epif�neia eÐnai oi akìloujec:

d[Fe(OH)ads]

dt
= j1 − j2 − j3 (8.26)

kai
d[[Fe(OH)2]ads]

dt
= j3 (8.27)

To stigmiaÐo sunolikì reÔma, itot, pou rèei sto hlektrolutikì di�luma

katanal¸netai gia th fìrtish thc hlektroqhmik c diplostoib�dac, idl,

kai gia th diexagwg  twn hlektroqhmik¸n dr�sewn sthn epif�neia tou

hlektrodÐou ergasÐac, if ìpwc faÐnetai kai sto Sq.8.1.

Epomènwc gia tic puknìthtec reÔmatoc ja isqÔei h sqèsh:

idl = itot − if (8.28)

ìpou h sunolik  puknìthta reÔmatoc itot dÐnetai apì th sqèsh:

itot =
V − Φ

AelRs
(8.29)
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Sq ma 8.1: To isodÔnamo kÔklwma tou sust matoc

H puknìthta reÔmatoc lìgw twn hlektroqhmik¸n dr�sewn, if , ja

dÐnetai apì thn exÐswsh:

if = F (j1 + j2 + j3) (8.30)

en¸ h puknìthta reÔmatoc idl pou katanal¸netai gia th fìrtish thc

hlektroqhmik c diplostoib�dac, mporeÐ na ekfrasteÐ wc:

idl = Cdl
dΦ

dt
(8.31)

ìpou Cdl h qwrhtikìthta thc hlektroqhmik c diplostoib�dac an� mo-

n�da epif�neiac, gia thn opoÐa gÐnetai h upìjesh ìti eÐnai stajer  kai

anex�rthth tou dunamikoÔ.

Antikajist¸ntac tic Ex.8.29 - 8.31 sthn Ex.8.28 prokÔptei h akì-

loujh sqèsh:

Cdl
dΦ

dt
=

V − Φ

AelRs
− F (j1 + j2 + j3) (8.32)
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H Ex.8.32 dÐnei to rujmì metabol c thc pt¸shc t�shc thc diplostoi-

b�dac kai mazÐ me tic Ex.8.25, 8.26 kai 8.27 apoteloÔn tic diaforikèc

exis¸seic pou perigr�foun th dunamik  sumperifor� tou uposust matoc

A.

Oi Ex.8.32, 8.25, 8.26 kai 8.27 mporoÔn na grafoÔn se adi�stath

morf  (bl. par�rthma A) wc ex c:

dc

dτ
= 1− c− v − u

R̃
+ j̃1 − j̃2 + j̃3 (8.33)

µ
dθ1

dτ
= j̃1 − j̃2 − j̃3 (8.34)

µ
dθ2

dτ
= j̃3 (8.35)

ε
du

dτ
=

v − u

R̃
− j̃1 − j̃2 − j̃3 (8.36)

ìpou oi adi�statec roèc ja dÐnontai apì tic sqèseic:

j̃1 = k̃1(1− θ1 − θ2)− k̃−1θ1c (8.37)

j̃2 = k̃2θ1c (8.38)

j̃3 = k̃3θ1 − k̃−3θ2c (8.39)

To parap�nw sÔnolo adi�statopoihmènwn diaforik¸n exis¸sewn apo-

teleÐ to uposÔsthma A pou perigr�fei thn hlektrodi�lush tou sid rou

se jeiikì oxÔ. To jewrhtikì autì montèlo den eÐnai ikanì apì mìno

tou na emfanÐsei jusanoeideÐc talant¸seic. Parousi�zei mìno periodi-

kèc talant¸seic tou reÔmatoc se mia orismènh perioq  dunamik¸n. To
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di�gramma diaklad¸sewn tou reÔmatoc i = (v − u)/R̃ wc proc to epi-

ballìmeno dunamikì faÐnetai sto Sq.8.2. Sto Sq.8.3 parousi�zontai ta

diagr�mmata twn i, u, c, θ1 kai θ2 wc proc ton adiastatopoihmèno qrìno

gia v = 41. Oi timèc twn upìloipwn paramètrwn eÐnai oi akìloujec: R̃

= 12, k̃1 = 10−3, k̃−1 = 10, k̃2 = 10−4, k̃3 = 10−8, k̃−3 = 104, ε = 10−2,

µ = 4 · 10−3, αi = 5 · 10−1.

8.1.1 Epibol  exwterik c diataraq c sto uposÔsthma

A kai dhmiourgÐa jusanoeid¸n talant¸sewn tou

reÔmatoc

Sto kef�laio 6 deÐqjhke peiramatik� h dhmiourgÐa jusanoeid¸n talan-

t¸sewn tou reÔmatoc metab�llontac to epiballìmeno dunamikì V me th

qr sh thc teqnik c thc kuklik c boltammetrÐac, ètsi ¸ste autì na dÐ-

erqetai apì ta shmeÐa diakl�dwshc apì statikì shmeÐo se oriakì kÔklo

kai antÐstrofa. Prokeimènou na elegqjeÐ kat� pìso to proteinìmeno

montèlo mporeÐ na anapar�gei autoÔ tou eÐdouc thn apìkrish epib�lletai

sto uposÔsthma A ènac hmitonoeid c palmìc dunamikoÔ thc morf c:

V (t) = Vapp + V0 sin(ft) (8.40)

ìpou me V0 sumbolÐzetai to pl�toc tou palmoÔ, en¸ me f sumbolÐzetai h

suqnìtht� tou.

O rìloc tou palmoÔ autoÔ eÐnai o Ðdioc me autìn twn trigwnik¸n

palm¸n pou epibl jhkan peiramatik�, dhlad  na wj sei to uposÔsthma

A diamèsou twn diaklad¸sewn apì statikì shmeÐo se oriakì kÔklo kai
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Sq ma 8.2: (a) Di�gramma diaklad¸sewn tou uposust matoc A kai (b)

h perioq  twn talant¸sewn se megèjunsh
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Sq ma 8.3: Periodikèc talant¸seic twn i, u, c, θ1 kai θ2 wc proc ton

adiastatopoihmèno qrìno gia v = 41.
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antÐstrofa prokal¸ntac ètsi thn emf�nish jusanoeid¸n talant¸sewn.

K�nontac loipìn tic akìloujec antikatast�seic:

τ =
2DH+

δ2 t, ω̃ =
δ2

2DH+

f, v =
F

RT
Vapp, v0 =

F

RT
V0, v(τ) =

F

RT
Vt

(8.41)

h parap�nw Ex.8.40 adiastatopoieÐtai kai lamb�nei thn ex c morf :

v(τ) = v + v0 sin(ω̃τ) (8.42)

Sta Sq.8.4 kai 8.5 parousi�zontai oi jusanoeideÐc talant¸seic pou

prokÔptoun apì thn epÐdrash tou hmitonoeidoÔc palmoÔ sto uposÔsthma

A. Sthn perÐptwsh tou Sq.8.4 oi talant¸seic autèc elleiptikoÔ tÔpou

kaj¸c h exwterik  epÐdrash wjeÐ to uposÔsthma A diamèsou thc upo-

krÐsimhc diakl�dwshc Hopf kai thc diakl�dwshc diploÔ oriakoÔ kÔklou.

AntÐstoiqa sto Sq.8.5 oi jusanoeideÐc talant¸seic eÐnai tetragwnikoÔ

tÔpou kaj¸c o hmitonoeid c palmìc wjeÐ to uposÔsthma A diamèsou thc

diakl�dwshc s�gmatoc - kìmbou kai thc omoklinoÔc diakl�dwshc.

Oi jusanoeideÐc autèc talant¸seic anapar�goun poiotik� tic antÐ-

stoiqec jusanoeideÐc talant¸seic pou parousi�sthkan sthn par�grafo

6.1, ìpou h dunamik  aut  sumperifor� proèkupte lìgw epibol c diado-

qik¸n trigwnik¸n palm¸n ston hlektroqhmikì talantwt  Fe / 0.75 M

H2SO4.
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Sq ma 8.4: JusanoeideÐc talant¸seic tou reÔmatoc elleiptikoÔ tÔpou

upì thn epÐdrash hmitonoeidoÔc palmoÔ dunamikoÔ. v = 39.52, v0 = 1,

ω̃ = 0.1

Sq ma 8.5: JusanoeideÐc talant¸seic tou reÔmatoc tetragwnikoÔ tÔpou

upì thn epÐdrash hmitonoeidoÔc palmoÔ dunamikoÔ. v = 42.90, v0 = 1,

ω̃ = 0.1
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8.2 UposÔsthma B: EpÐdrash twn alogìnwn sthn hle-

ktrodi�lush - pajhtikopoÐhsh tou sid rou se jeii-

kì oxÔ

To uposÔsthma B perigr�fei thn dr�sh twn alogìnwn kat� thn hlektro-

di�lush - pajhtikopoÐhsh tou sid rou se jeiikì oxÔ. Gia thn perigraf 

twn dr�sewn pou lamb�noun q¸ra sto uposÔsthma autì qhsimopoieÐ-

tai o mhqanismìc pou prot�jhke apì touc R. J. Chin kai K. Nobe (bl.

kef�laio 2). Paradoq  tou mhqanismoÔ autoÔ eÐnai ìti ta alogìna sum-

metèqoun sthn hlektrodi�lush - pajhtikopoÐhsh tou sid rou hlektro-

qhmik�, sqhmatÐzontac èna nèo prosrofhmèno eÐdoc [FeXOH]−ads, ìpou me

X− sumbolÐzontai ta iìnta alogìnou:

Fe + X− + H2O
k4

GGGGGGBFGGGGGG
k−4

[FeXOH]−ads + H+ + e− (8.43)

[FeXOH]−ads

k5
GGGGGGAFeXOH + e− (8.44)

FeXOH + H+
k6

GGGGGGAFe2+ + H2O + X− (8.45)

Upojètontac ìti h teleutaÐa dr�sh pou perigr�fetai apì thn Ex.8.45

gÐnetai polÔ grhgorìtera apì tic upìloipec kai mporeÐ na paralhfjeÐ

stouc upologismoÔc, oi taqÔthtec twn dÔo pr¸twn dr�sewn tou uposu-

st matoc B èqoun wc ex c:

j4 = k4[Fe][X−]− k−4[[FeXOH]−ads][H
+] (8.46)

j5 = k5[[FeXOH]−ads] (8.47)
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Upì thn paradoq  ìti ìlec oi eleÔjerec jèseic sthn epif�neia tou hle-

ktrodÐou eÐnai diajèsimec gia to sqhmatismì tou eÐdouc [FeXOH]−ads, h

epifaneiak  sugkèntrwsh twn eleÔjerwn jèsewn, [Fe], se k�je qronik 

stigm  ja eÐnai Ðsh me:

[Fe] = [Fe]max − [[FeXOH]−ads] (8.48)

Oi stajerèc ki dÐnontai apì tic sqèseic:

k4 = k
(0)
4 exp(α4Φ) (8.49)

k−4 = k
(0)
−4 exp[−(1− α4)Φ] (8.50)

k5 = k
(0)
5 exp(α5Φ) (8.51)

ìpou k
(0)
i eÐnai oi apìlutec stajerèc taqÔthtac twn hlektroqhmik¸n dr�-

sewn 8.43 kai 8.44, en¸ αi eÐnai stajerèc.

K�nontac thn paradoq  ìti to reÔma pou rèei entìc tou hlektroluti-

koÔ dialÔmatoc fèretai mìno apì ta udrogonokatiìnta, epitrèpontac ètsi

sta iìnta alogìnou na kinhjoÔn proc thn hlektrodiak  epif�neia apo-

kleistik� lìgw bajmÐdac sugkèntrwshc, ta isozÔgia m�zac gia ta X−,

H− kai [FeXOH]−ads èqoun wc ex c:

d[X−]

dt
=

2DX−

δ2 ([X−]bulk − [X−])− 2

δ
j4 (8.52)

d[H+]

dt
=

2DH−

δ2 ([H−]bulk − [H−])− 2

δFAel

Vapp − Φ

Rs
+

2

δ
j4 (8.53)

d[[FeXOH]−ads]

dt
= j4 − j5 (8.54)
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Stic parap�nw diaforikèc exis¸seic me DX− sumbolÐzetai o suntelest c

di�qushc twn iìntwn alogìnou, en¸ [X−]bulk eÐnai h sugkèntrws  touc

sto kÔrio mèroc tou dialÔmatoc.

To isozÔgio fortÐou dÐnetai sthn prokeimènh peÐptwsh apì th sqèsh:

Cdl
dΦ

dt
=

Vapp − Φ

AelRs
− F (j4 + j5) (8.55)

Oi Ex.8.52, 8.53, 8.54 kai 8.55 mporoÔn na grafoÔn se adi�stath

morf  (bl par�rthma A) wc ex c:

dx

dτ
= b1(1− x)− b2j̃4 (8.56)

dc

dτ
= 1− c− v − u

R̃
+ j̃4 (8.57)

µ
dθ3

dτ
= j̃4 − j̃5 (8.58)

ε
du

dτ
=

v − u

R̃
− j̃4 − j̃5 (8.59)

ìpou oi adi�statec roèc ja dÐnontai apì tic sqèseic:

j̃4 = k̃4(1− θ3)x− k̃−4θ3c (8.60)

j̃5 = k̃5θ3 (8.61)

To parap�nw sÔnolo diaforik¸n exis¸sewn apoteleÐ to uposÔsthma

B, to opoÐo perigr�fei thn epÐdrash twn alogìnwn kat� thn hlektro-

di�lush - pajhtikopoÐhsh tou sid rou se jeiikì oxÔ. SÔzeuxh twn dÔo
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uposusthm�twn, A kai B, odhgeÐ ston exetazìmeno jusanoeid  talantw-

t .

8.3 Telikì sÔsthma

To telikì sÔsthma, pou perigr�fei th dunamik  sumperifor� tou jusa-

noeidoÔc talantwt  Fe / 0.75 M H2SO4, X−, prokÔptei apì th sÔzeuxh

twn uposusthm�twn A kai B. Sthn perÐptwsh aut  sthn hlektrodiak 

epif�neia lamb�noun q¸ra tautoqrona oi dr�seic pou perigr�fontai apì

tic Ex.9.1 - 9.3 kai tic Ex.8.43 - 8.45. Oi adiastatopoihmènc diaforikèc

exis¸seic pou perigr�foun th metabol  thc epifaneiak c sugkèntrwshc

twn H+, X−, Fe(OH)ads, [Fe(OH)2]ads, [FeXOH]−ads kaj¸c kai to isozÔ-

gio fortÐou lamb�noun thn akìloujh morf :

dc

dτ
= 1− c− v − u

R̃
+ j̃1 − j̃2 + j̃3 + j̃4 − j̃coup1 − j̃coup2 (8.62)

dx

dτ
= b1(1− x)− b2(j̃4 − j̃coup2) (8.63)

µ
dθ1

dτ
= j̃1 − j̃2 − j̃3 − j̃coup1 (8.64)

µ
dθ2

dτ
= j̃3 (8.65)

µ
dθ3

dτ
= j̃4 − j̃5 − j̃coup2 (8.66)
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ε
du

dτ
=

v − u

R̃
− j̃1 − j̃2 − j̃3 − j̃4 − j̃5 + j̃coup1 + j̃coup2 (8.67)

opou oi roèc j̃coupi prokÔptoun lìgw thc sunÔparxhc sthn hlektrodiak 

epif�neia tri¸n prosrofhmènwn eid¸n, exaitÐac thc sÔzeuxhc twn dÔo

uposusthmatwn kai èqoun thn akìloujh morf :

j̃coup1 = k̃1θ3 (8.68)

j̃coup1 = k̃4(θ1 + θ2)x (8.69)

To di�gramma diaklad¸sewn tou reÔmatoc i wc proc to epiballìmeno

dunamikì v gia to telikì sÔsthma kaj¸c kai megèjunsh thc perioq c twn

talant¸sewn parousi�zontai sto Sq.8.6. Sto Sq.8.7 parousi�zontai ta

diagr�mmata twn i, u, c, θ1 kai θ2 wc prìc to qrìno gia v = 42.27.

Oi timèc twn upìloipwn paramètrwn eÐnai oi akìloujec: R̃ = 12, k̃1 =

10−3, k̃−1 = 10, k̃2 = 10−4, k̃3 = 10−8, k̃−3 = 104, αi = 5 · 10−1, k̃4 =

9 ·10−4 k̃−4 = 105, k̃5= 10−1, b2 = 10, ε = 10−2, µ = 4 ·10−3, en¸ gia th

stajer� b1, pou ekfr�zei to lìgo twn suntelest¸n di�qushc alogìnwn

kai udrogonokatiìntwn (bl. par�rthma A), isqÔei gia ìxina dialÔmata

ìti b1 ≈ 10.

Me b�sh ta parap�nw arijmhtik� apotelèsma prokÔptei ìti o pro-

teinìmenoc mhqanismìc anapar�gei poiotik� tic autìnomec jusanoeideÐc

talant¸seic elleiptikoÔ tÔpou tou reÔmatoc pou lamb�noun q¸ra kat�

thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou se jeiikì oxÔ parousÐa

alogìnwn, ìpwc parousi�sthke sto kef�laio 6. To parap�nw montèlo

ìmwc adunateÐ na problèyei thn emf�nish twn jusanoeid¸n talant¸sewn

tetragwnikoÔ tÔpou pou parathroÔntai peiramatik�
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Sq ma 8.6: (a)Di�gramma diaklad¸sewn tou telikoÔ sust matoc kai (b)

h perioq  twn talant¸sewn se megèjunsh



8.3. Telikì sÔsthma 199

Sq ma 8.7: JusanoeideÐc talant¸seic twn i, u, c, θ1, θ2, θ3 kai X wc

prìc to qrìno gia v = 42.27.
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8.4 Par�rthma A

AdiastatopoÐhsh metablht¸n kai paramètrwn tou uposust matoc A:

τ =
2DH+

δ2 t, u =
F

RT
Φ, v =

F

RT
Vapp,

µ =
2[Fe]max

δ[H+]bulk
, ε =

2CdlRT

δF2[H+]bulk
, R̃ =

DH+[H+]bulkF
2AelRs

δRT
,

k̃1 =
δ[Fe]max

DH+[H+]bulk
k1, k̃−1 =

δ[Fe]max

DH+

k−1, k̃2 =
δ[Fe]max

DH+

k2,

k̃3 =
δ[Fe]max

DH+[H+]bulk
k3, k̃−3 =

δ[Fe]max

DH+

k−3, c =
[H+]

[H+]bulk
,

θ1 =
[Fe(OH)ads]

[Fe]max
, θ2 =

[[Fe(OH)2]ads]

[Fe]max

AdiastatopoÐhsh metablht¸n kai paramètrwn tou uposust matoc B:

k̃4 =
δ[X−]bulk[Fe]max

DH+[H+]bulk
k4, k̃−4 =

δ[Fe]max

DH+

k−4, k̃5 =
δ[Fe]max

DH+[H+]bulk
k5,

b1 =
DX−

DH+

, b2 =
[H+]bulk

[X−]bulk
, x =

[X−]

[X−]bulk

θ3 =
[[FeXOH]−ads]

[Fe]max



Kef�laio 9

Sumper�smata

Me b�sh ta peiramatik� kai jewrhtik� apotelèsmata pou proèkuyan sta

prohgoÔmena kef�laia prokÔptoun ta akìlouja sumper�smata:

• H apìkrish thc hlektroqhmik c diepif�neiac tou hlektroqhmikoÔ

talantwt  Fe / 0.75 M H2SO4 se qhmikèc diataraqèc kajorÐzetai

apì tic mh grammikèc dunamikèc idiìthtec tou hlektroqhmikoÔ su-

st matoc. H epibol  qhmik¸n diataraq¸n, gia kajodikìterec timèc

epiballìmenou dunamikoÔ, ìtan to sÔsthma brÐsketai kont� sthn

upokrÐsimh diakl�dwsh Hopf, odhgeÐ se antistrèyimec metab�seic

apì eustajeÐc statikèc katast�seic se eustajeÐc talant¸seic kai

metabolèc thc èntashc tou reÔmatoc pou xepernoÔn to 30 %. To

sÔsthma dhlad  sthn perioq  aut  emfanÐzei dipl  eust�jeia, an�-

mesa se statik  kat�stash kai se eustajeÐc talant¸seic. AntÐ-

stoiqa qhmikèc diataraqèc gia anodikìterec timèc epiballìmenou

dunamikoÔ, ìpou to sÔsthma brÐsketai sthn perioq  thc omokli-

noÔc diakl�dwshc, èqoun wc apotèlesma th gènesh memonwmènwn

talant¸sewn kai metabol  thc èntashc tou reÔmatoc pou xepern�

201
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to 300 %. To sÔsthma dhlad  sthn perioq  aut  eÐnai diegèrsimo.

• Prokeimènou na diapistwjeÐ h dunatìthta emf�nishc jusanoeid¸n

talant¸sewn, oi opoÐec ja èqoun wc gr goro uposÔsthma ton ta-

lantwt  Fe / 0.75 M H2SO4, qrhsimopoi jhke h teqnik  thc tri-

gwnik c boltammetrÐac. Me th qr sh thc teqnik c aut c proso-

moi�zetai o rìloc tou argoÔ uposust matoc sth dhmiourgÐa jusa-

noeid¸n talant¸sewn. 'Etsi loipìn h epibol  diadoqik¸n trigwni-

k¸n palm¸n dunamikoÔ ston hlektroqhmikì talantwt  Fe / 0.75

M H2SO4, sthn perioq  thc upokrÐsimhc diakl�dwshc Hopf kai

thc omoklinoÔc diakl�dwshc, oÔtwc ¸ste to sÔsthma na dièrqe-

tai apì ta shmeÐa diakl�dwshc apì statik  kat�stash se oriakì

kÔklo antÐstoiqa, odhgeÐ sthn emf�nish dÔo tÔpwn jusanoeid¸n

talant¸sewn tou reÔmatoc antÐstoiqa. Sthn perioq  thc upokrÐ-

simhc diakl�dwshc Hopf dhmiourgoÔntai jusanoeideÐc talant¸seic

elleiptikoÔ tÔpou, en¸ sthn perioq  thc omoklinoÔc diakl�dwshc

dhmiourgoÔntai jusanoeideÐc talant¸seic tetragwnikoÔ tÔpou.

• H prosj kh mikr c posìthtac alogìnwn sto hlektroqhmikì sÔ-

sthma Fe / 0.75 M H2SO4 odhgeÐ sthn emf�nish autìnomwn jusa-

noeid¸n talant¸sewn tou reÔmatoc gia orismènec timèc sugkentr¸-

sewn twn alogìnwn sto di�luma. Pio sugkekrimèna diapist¸jhke

h Ôparxh dÔo eid¸n jusanoeid¸n talant¸sewn se dÔo diaforetikèc

perioqèc epiballìmenou dunamikoÔ, oi opoÐec me b�sh ta qarakthri-

stik� kai tic idiìthtèc touc kathgoriopoi jhkan se dÔo diaforeti-
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kèc kathgorÐec: gia kajodikìterec timèc epiballìmenou dunamikoÔ

brèjhke ìti lamb�noun q¸ra jusanoeideÐc talant¸seic elleiptikoÔ

tÔpou, en¸ gia anodikìterec timèc dunamik¸n emfanÐzontai jusa-

noeideÐc talant¸seic tetragwnikoÔ tÔpou.

• Apì thn peiramatik  diereÔnhsh, diktÔwn pou apoteloÔntai apì

suzeugmènouc jusanoeidoÔc talantwtèc Fe / 0.75 M H2SO4, X−,

ìpou X− eÐnai ta iìnta alogìnou, proèkuyan ta ex c apotelèsmata:

– Sthn perÐptwsh twn suzeugmènwn jusanoeid¸n talantwt¸n

elleiptikoÔ tÔpou, gia anastaltik  sÔzeuxh proèkuye mìno

sugqronismìc entìc f�shc an�mesa stouc jus�nouc. AntÐ-

jeta gia diegertik  sÔzeuxh parathreÐtai sugqronismìc entìc

f�shc, tìso an�mesa stouc jus�nouc ìso kai an�mesa tic ta-

lant¸seic.

– Sthn perÐptwsh twn jusanoeid¸n talant¸sewn tetragwnikoÔ

tÔpou diapist¸netai peiramatik� ìti   emf�nish sugqronismoÔ

eÐnai arket� dÔskolh tìso an�mesa stouc jus�nouc ìso kai

an�mesa tic talant¸seic.

• Me b�sh ta peiramatik� apotelèsmata proèkuye to sumpèrasma ìti

kat� thn emf�nish twn autìnomwn jusanoeid¸n talant¸sewn sto

sÔsthma Fe / 0.75 M H2SO4, X−, o hlektroqhmikìc talantwt c Fe

/ 0.75 M H2SO4 dr� wc to gr goro uposÔsthma, en¸ h prosj kh

twn alogìnwn sto di�luma eis�gei mia epiplèon metablht , h opoÐa

dr� wc argì uposÔsthma. To teleutaÐo sumpèrasma, upodhl¸nei
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ìti h dr�sh twn alogìnwn sto sÔsthma eÐnai hlektroqhmik  kai ìqi

qhmik . Me b�sh ta sumper�smata aut� proteÐnetai èna kinhtikì

sen�rio to opoÐo èqei wc ex c:

– Gia thn perigraf  tou hlektroqhmikoÔ talantwt  Fe / 0.75

M H2SO4 qrhsimooi jhke ènac sunduasmìc twn mhqanism¸n

pou prot�jhkan apì touc Bockris et al. kai Schweickert et

al. (bl. kef�laio 2):

Fe + H2OGGGBFGGGFe(OH)ads + H+ + e− (9.1)

Fe(OH)ads + H+GGGAFe(H2O)2+
aq + e− (9.2)

Fe(OH)ads + H2OGGGBFGGG[Fe(OH)2]ads + H+ + e− (9.3)

H arijmhtik  epexergasÐa tou kinhtikoÔ autoÔ montèlou, ana-

par�gei poiotik� ta peiramatik� apotalèsmata pou proèkuyan

gia to sÔsthma autì (periodikèc talant¸seic, dipl  eust�-

jeia, k.l.p.).

– Gia thn perigraf  thc dr�shc twn alogìnwn qrhsimopoieÐtai o

mhqanismìc pou prot�jhke apì touc R. J. Chin kai K. Nobe,

sÔmfwna me to opoÐo ta alogìna summetèqoun hlektroqhmik�

kat� thn hlektrodi�lush - pajhtikopoÐhsh tou sid rou se

ìxina dialÔmata. O mhqanismìc autìc èqei wc ex c:
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Fe + X− + H2OGGGBFGGG[FeXOH]−ads + H+ + e− (9.4)

[FeXOH]−adsGGGAFeXOH + e− (9.5)

FeXOH + H+GGGAFe2+ + H2O + X− (9.6)

O telikìc mhqanismìc, pou prokÔptei apì th sÔzeuxh twn dÔo para-

p�nw uposusthm�twn, anapar�gei poiotik� thn emf�nish twn autì-

nomwn jusanoeid¸n talant¸sewn elleiptikoÔ tÔpou tou reÔmatoc,

upì potensiostatikèc sunj kec, sto peiramatikì sÔsthma.
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