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ABSTRAKT

Cilem této prace bylo prozkoumat vyuziti ¢asového pribéhu signalu v potenciometrii
jako mozné nové elektrochemické analytické metody. Ve spojeni s mezifazim dvou
nemisitelnych roztokt elektrolytti (ITIES) kapalin miize mit tato technika, kterd podle
dostupnych informaci nebyla dosud publikovana, vyuziti v analytické chemii. Potencidlova
odezva analytu na mezifazi kapalina/kapalina zahrnuje distribu¢ni procesy, jejich Casovy
vyvoj a redoxni procesy, jejichz specificnost muze byt modifikovana zménou slozeni
jednotlivych fazi. Na rozdil od ,.klasickych® potenciometrickych technik, které se omezuji
pouze na stanoveni zmény potencialu, metoda, kterou jsem pracovné nazvala casové
rozlisend potenciometrie na kapalném mezifazi, vyuziva ¢asového pribéhu potencialové
odezvy, kterd ma specificky priibéh pro dany analyt. Casové rozlisend potenciometrie
prezentovand v této praci zahrnuje pribéh casové odezvy potencialu a jeji obalovou kiivku
do analytickych parametri specifickych pro dany analyt. Poskytuje tak sérii dat
charakterizujicich analyt v daném prostedi podobnym zptisobem jako je tomu u spekter
a poskytuje tak moznost vytvoieni vysoce specifického souboru - tzv. ,fingerprintu®.
Kombinace s kapalnym mezifazim umoziiuje, na rozdil od potenciometriec na pevné
elektrodé, snadnou modifikaci kapalné faze pouhym rozpusténim mediatoru, kterym muize
byt sloucenina s redox vlastnostmi, katalyticky aktivni latka nebo iontovy ptenase¢ (ion
transfer compound). Mimo to kapalna faze umoziuje, ve srovnani s pevnymi elektrodami,
snadng&j$i regeneraci pouhou vyménou ze zasobniho roztoku. Toto uspofadani piedstavuje
rovnéz biomimeticky model ilustrujici potencidlovou reakci kapalné membrany, jez je
Vv literatufe zminovana velmi fidce.

Pro stacionarni nevodnou fazi bylo pouzito roztokti modelovych redox mediatort
na bazi ftalocyaninu, nerozpustnych v pracovni — vodné fazi, ¢imz se zamezilo ztratdm
mediatoru (,,bleeding®). Dale obsahuje fizovy pienase¢ TBA"X zprostiedkujici transfer
mezi vodnou a nevodnou fazi. Ostatnimi experimentalné¢ proménnymi slozkami bylo
slozeni elektrolytu a analytu. Jako analyt bylo modelové pouzito sulfidovych sloucenin,
jez poskytuji Siroké spektrum reak¢nich cest.

Prvni ¢ast disertace je zaméfena na charakterizaci nové syntetizovanych ftalocyaninti
metodami UV/Vis spektroskopii a cyklickou voltametrii na kapalinou modifikované
elektrodé. Druhd ¢ast této disertace ukazuje na reakci modelového analytu, které parametry
ovlivituji odezvu ¢asové rozliSené potenciometrie. Na zavér jsou demonstrovany moZznosti

vyuziti metody a navrzena cela pro praktické aplikace.
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1. UVOD

Mezifazi mezi dvéma nemisitelnymi roztoky elektrolytt (ITIES) je tvofeno vodnou a
nevodnou fazi obsahujici elektrolyt. Zakladni koncept ITIES byl vyvijen béhem minulych
desetileti [1, 2, 3]. Mezifazi ITIES je vyuzivano jako biomimeticky systém, ktery
napodobuje chovani biologické membrany [4]. Vztah mezi potencidlovymi oscilacemi a
farmakologickou aktivitou byl zkouman jak k objasnéni vztahu mezi strukturou slouceniny
a jeji aktivitou (QSAR) pii zkoumani latek s farmaceutickou aktivitou [5], tak pro
biochemické procesy na membrané [6] a kontrolu kvality potravin [7]. Kromé toho ITIES
vyuzivano v Siroké Skale aplikaci zahrnujicich piipravu kovovych ¢astic [8, 9, 10], ve
fotokatalyze [11, 12] nebo pfi odliSeni chiralnich slou¢enin [13].
Pro nevodnou fazi jsou pouzivana organicka rozpoustédla s nizkou misitelnosti s vodou,
napf. nitrobenzen, 1,2-dichloretan, hexadekan a dal§i. Vybrané rozpoustédlo ovliviuje
nejen Sitku mezifazi [14], ale také povrchovy potencial [15] a rozd€leni latek na mezifazi
[16]. V této praci byl studovan potencial na mezifazi dvou nemisitelnych elektrolytu.
Potencial na dudlnim mezifazi Vpmor/0-DCB/VstaT, kde Vmor @ Vstat zna¢i mobilni a
staciondrni vodnou fazi, byl méfen pomoci dvou referen¢nich SCE elektrod ponofenych
Vv obou fézich.

V ptipad¢ identického slozeni vodnych fazi a s pouZitim stejnych referen¢nich elektrod,

se vysledny Galvanicky potencidlovy rozdil mezi obéma fazemi rovna
Agp-Ajp =0, (1.1)

kde Ab¢p , A9¢ jsou distribucni potencialy pro konkrétni ion a mezifazi.

Pak plati pro kationty C”
236 = a3ggs + i (5E) a2
C

a podobné¢ pro anionty A

Alp = AVp9- — i—Tln (“A) (1.3)

as—



Potencial cely je pak vyjadien vztahem

AE e1a = Eymop — Eysrar (1-4)

Pro zvolené potenciometrické experimenty slouzila vodna mobilni faze jako transportni
médium analytu od davkovaciho kohoutu k ITIES, zatimco sloZeni stacionarni vodné faze
je udrzovano konstantni béhem celého experimentu jako referencni faze. V pratokovém
uspotradani je Cas pro ustdleni rovnovahy analytu na mezifazi uren casem nutnym pro
prechod analytu ptfes mezifazi. Koncentrace Ci aktivita detekované latky v obou fazich je
tak ur¢ena rozdélovacim koeficientem (P), ktery zpisobi galvanicky potencialovy rozdil na
mezifazi. Rozdéleni ionizovaného analytu do obou fazi zavisi také na rozdélovacim
poméru kompenzujiciho iontu. V této préci je rozd€leni analytu mezi jednotlivé faze

zprostiedkovano TBAPFs nebo TBACIO, které disociuji podle nasledujicich reakci

TBAPFs <> TBA' + PFg (1.5)
TBACIO, <> TBA* + CIO, (1.6)

Mezifazovy potencialovy rozdil je ovlivnén fyzikalnimi a chemickymi vlivy:

(i) Mezi fyzikalni vlivy lze zaradit:

1. Solvatace samotné molekuly a velikost jejiho solvataéniho obalu
2. Vliv struktury u komplikovanéjsich molekul

3. Elektrostatické interakce [17]
4

Rozdé€lovani/distribuce analytu mezi jednotlivé kapalné faze

(i) Mezi chemické vlivy lze zaradit

1. Chemickou reakci analytu s jednotlivymi slozkami soustavy, napf. reakce s
medidtorem

2. Koncentrace analytu a jednotlivych slozek systému [18]

3. Disocia¢ni rovnovaha analytu (vliv pH) [19]
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2. CILE PRACE

Cilem prace bylo prozkoumat Casovy prubéh odezvy potenciometrického senzoru na
bazi kapalného mezifdzi a moznosti jeho vyuziti v analytické chemii. Cilem prvni ¢asti
prace bylo navrzeni méfici cely umoziujici staciondrni nebo pratokové usporadani,
opakovana meéfeni a snadnou Upravu experimentalnich parametri - sloZeni ¢i objem
nevodné a vodné faze. V druhé Casti prace jsou probirany parametry, které ovliviuji
potencidlovou odezvu ITIES senzoru. Zavérecna cast této prace ukazuje moznosti

praktickych aplikaci casové rozlisené potenciometrie a konstrukei cely pro rutinni méfeni.
3. MATERIAL A METODIKA

Dualni ITIES bylo tvofeno mezifazimi voda/o-DCB/voda nebo voda/nitrobenzen/voda s
jednou vodnou fazi pouzivanou jako mobilni a druhou vodnou fazi pouzivanou jako
stacionarni. Nevodna faze (0-DCB nebo NB) obsahovala rozpustény ftalocyaninovy redox
mediator (CoTNPc nebo NiTNPc) s tetrabutylamonnymi kationty (TBACIO4 nebo
TBAPFg) slouzicimi jako fazové pienaSeCe. Ob&é vodné faze, mobilni i stacionarni,
piesaturovany TBA"X elektrolytem. Saturace umoznila udrzeni rovnovazné a konstantni
koncentrace TBA" iontii v obou vodnych fazich a zabratovala tak jejich odplavovani z
nevodné faze do mobilni vodné faze. Nevodna faze v n€kterych experimentech obsahovala
5x10* mol L™ CoTNPc nebo NiTNPc slouzici jako redoxni mediitor. Pro méfeni
mezifazového potencidlového rozdilu byl pouzity dvé identické referencni elektrody (SCE)
umisténé ve stacionarni a mobilni vodné fazi. Ftalocyaniny byly vybrany kviili variabilité
fyzikélnich a chemickych vlastnosti jejich derivat. K objasnéni potenciometrické odezvy
a procest na kapalném mezifazi byly pouzity silné elektrolyty (KCI, NaCl, HCI, KOH)
s jednoduchym disocianim a adsorbéni chovani. Sulfidy (Na,S, H,S) a cystein
s komplikovangj$i acido-bazickou rovnovahou byly pouzity jako modelové slouceniny pro
studium redoxnich a fazovych procesi, v kterych ftalocyaniny a kyslik funguji jako

redoxni mediatory.
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4. VYSLEDKY A DISKUSE

4.1. Charakterizace ftalocyanint

Pomoci UV/Vis spektroskopie byla studovéana dlouhodoba fotochemickd stabilita
zvolenych redox medidtort (CoTNPc a NiTNPc) v pfitomnosti nevodného elektrolytu
TBACIO4. Zatimco NiTNPc je fotochemicky stabilni (obr. 4.1B), nevodna faze s CoTNPc

jako redoxnim mediatorem by méla byt chranéna pted svétlem (obr. 4.1A).

120 N I . I L I ! 120 ! L N I N I " I T
A - B -
100—‘i’. 8 a0e0 100-‘5g£ +%08°° |
L OO 4 L AA 4
gl A - _ 80} :
= . o | =, I
] [0]
S gol o ! S g0l .
3 A O 3
o I O ] o I ]
3 40f O 2 40} |
< <
I x I ]
20 L = 20 b .
0 . 1 . 1 s 1 . 0 . I . 1 . 1 s 1 .
0 20 40 60 80 0 20 40 60 80 100
dny dny

Obr. 4.1: Srovnani stability roztoku ftalocyanini CoOTNPc (A) a NiTNPc (B) v 0-DCB.
Pouzité roztoky:
o — 5x10° M Pc v 0-DCB ponechéno na svétle
e —5x10°® M Pc v 0-DCB uchovévan bez piistupu svétla
A —5x10°M s 0.05 M TBACIO, v 0-DCB ponechano na svétle
A—5x10° M s 0.05 M TBACIO,4 v 0-DCB uchovévan bez piistupu svétla
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4.2. Cela pro potenciometrii na dualnim ITIES

Dualni system ITIES byl studovan v objemovém uspotadani (obr. 4.2) [20] a ITIES
ukotveném v nanoporézni membrané (obr. 4.3). Ackoliv uspoiadani s mebranou umoznilo
sniZit pouzity objem nevodné faze, potencalovd odezva byla niz$i ve srovnani s
velkoobjemovym uspotadanim v U cele. Lze ptedpokladat, Zze dudlni mezifazi je propojeno
vodivym vodnym filmem na sténdch cely nebo v porech membrany a tim dochdzi ke
sniZzeni potencidlové odezvy. Tento jev se vyraznéji projevuje na tenkovrstvém uspotadani
u cely s membranou nez u velkoobjemové U cely, kde jsou vétsi mezifazové vzdalenosti.
Dalsi studie se budou vénovat dosazeni vyssi potencidlové odezvy a uplatnéni v
multisenzorové analyze

Referentni
elektrody

A

Davkovaci kohout

Wios: Wsmar:
SCE predsaturovana TBAPF, predsaturovanaTBAPF; SCE
Ref1 + vzorek Ref 2
Mobilni vodna faze Nevodna Stacionarni vodna faze

Nevodna faze faze

Vodna faze

Obr. 4.2: Schéma U nadobky modifikované pro prutokovou casové rozliSenou
potenciometrii vyuzivajici dudlni ITIES modifikovanou redox mediatorem (A) a jeho
realizovana verze (B).

teflonové télo cely /
\_A e ref.el. 1 ; / /
Vstlp e s ) vystup ’
. — = PVDF membrana 2
tesneniviton saturovana nevodnou fazi '
ref.el. 2
A B C

Obr. 4.3: Schéma funk¢niho modelu senzoru pro pratokovou c¢asové rozliSenou
potenciometrii vyuzivajici dudlni ITIES s PVDF membranou se zakotvenou nevodnou
fazi modifikovanou redox medidtorem (A) a jeho realizovanid verze (B) a jeho
jednotlivé casti (C).
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4.2.1 Parametry nevodné faze

Byly porovnany dva typy organickych rozpostédel pro nevodnou fazi, NB a 0-DCB. Z
téchto dvou rozpoustédel se 0-DCB ukazoval jako vhodné;jsi pro deketci sulfidu sodného a
NB pro detekci hydrochloridu cysteinu. Nevodna faze obsahovala ftalocyaniny jako
mediatory ke zvyseni potenciometrické odezvy senzoru na sulfid sodny (reakce 4.1. obr.
4.4) a usnadnéni jeho regenerace pomoci kysliku (reakce 4.2). Detekéni mechanismus
pouzivd okolni kyslik pro regeneraci redoxniho mediatoru, proto sensor pracuje
Vv pritomnosti vzdu$ného kysliku, kde kyslik zdroveh mé castecné vliv na rovnovazny

potencial mezifazi.

2 Me'Pc +S% - 2 Me'Pc+ S (4.1)
0, + 2 Me'Pc & 0% + 2 Me''Pc (4.2)

400

350
300 -
250 |
200 |

E[mV]

150 +

t [min]

Obr. 4.4: Srovnani potencialové odezvy analytu na cele typu XY. Systém byl slozen z 0.5
mM CoTNPc a 0.5 M TBAPFs v 0-DCB (1) nebo jen z 0.5 M TBAPFs v 0-DCB (2).
Mobilni faze byla destilovana voda saturovana TBAPFs. Pritok mobilni vodné faze byl
3 mL min™. Byly pouzity referenéni elektrody SCE umisténé v mobilni a statické &asti

cely. Pro srovnani jsou ukdzany odezvy na nastiik 0.1 M Na,S.
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Obr. 4.5: Srovnani potencialové odezvy analytu na dualni ITIES v zavislosti na volbé
nevodného elektrolytu. Systém byl slozen z 0.5 mM CoTNPc nebo 0.5 mM NiTNPc s 0.5
M TBAPFg nebo 0.5 M TBACIO, v 0-DCB. Mobilni faze byla destilovana voda
saturovana TBACIO,; nebo TBAPFg. Pritok byl 3 mL min™. Byly pouzity referenéni
elektrody SCE umisténé ve vodné mobilni a statické fazi cely. Pro srovnani jsou ukazany

odezvy na nastiik 0.1 M Na,S (A) a 0.1 M cystein HCI (B).

Nejvyssi potencialovou odezvu pro detekci sulfidu sodného vykazovala kombinace
CoTNPc a TBAPFg (obr. 4.5A). Nejvyssi potencidlovou odezvu pro detekei hydrochlorid
cysteinu byla zjiSténa pro kombinaci NiTNPc a TBAPFg (obr. 4.5B). Optimalni

koncentrace redoxniho mediatoru byla 5x10™ M.

4.2.2 Parametry vodné faze

Riizné iontové slozeni analytu zpisobuje zmény v obalové potencialovové odezvé. lTontové
sloZzeni vzorku ur€uje jeho acidobazickou rovnovahu pii ur¢itém pH. V souladu s timto
tvrzenim byla pozorovana odlisna potencialova odezva Na,S a H,S (obr. 4.6A).
NejvyznamnéjSim rozdilem na potencidlové odezvé je pokles potencidlu do negativnich
hodnot pfi detekci H,S (obr. 4.6A, kiivka 2). Tento prub¢h je charakteristicky pro kyselé
slouCeniny (obr 4.6.A, B, kiivka 2).

NaS a H,S podléhaji hydrolyze za vzniku rozdilnych produkti:

Na,S + H,0 <> NaSH + NaOH (4.3)
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Reakce Na,S s vodou vede k silné alkalickému roztoku, reakce H,S svodou vede

ke kyselému roztoku podle nasledujicich reakei:

H,S + H,0 < H30" + HS™ (4.4)
HS + H,0 < Hs0" + §* (4.5)

Pro potvrzeni pouze samotného vlivu pH jsme pouzili analyty KOH a HCI (viz obr.
4.6B), kdy K potla¢eni vlivu iontli K a CI na potenciometrickou odezvu byl do stacionarni
i mobilni vodné faze ptidan KCI. Slozeni obou mezifazi se tedy liSi pouze ptitomnosti
H*(H30") respektive OH™ iontii. Potencialova odezva na analyty KOH a HCI je podobna
potencialové odezveé Na,S a H,S.

Ukézalo se, Ze negativni zména potencidlu je charakteristicka pro kyselé slouceniny
HCI a H,S. Negativni zménu potencialu nevykazuji alkalické (KOH, Na,S) a neutralni

slouceniny.

120

100 -

80 -

60 -

EmV]
EmV]

40}

20

20,
t [min] ¢ [min]
Obr. 4.6: (A) Srovnani potenciometrické odezvy 102 M Na,S (kfivka 1) a HS
(saturovany roztok pii 20 °C,~ 0.1 mol/L) (kfivka 2). Nevodna faze byla slozena z 0.5 mM
CoTNPc s 0.5 M TBAPFs v 0-DCB. Vodna faze byla saturovana TBAPFs. (B) Srovnani
potenciometrické odezvy na 1 M KOH (kiivka 1) a 1 M HCI (kiivka 2). Nevodna faze
obsahovala 0.5 mM CoTNPc s 0.5 M TBAPFs v 0-DCB. Vodna faze byla destilovana
voda piedsaturovana TBAPFs s pridavkem 0.01 M KCl pro potlageni vlivu K a CI iontf.
Pritok byl 3 mL min™. Byly pouzity referencni elektrody SCE umisténé v mobilni a

statické casti vodné faze.
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4.3. Aplikace casové rozlisené potenciometrie

4.3.1 Studium déji na mezifazi

Ovlivnéni potencialové odezvy riznym iontovym slozenim analyti (Na,S and H,S) a
jejich acidobazickym chovanim ¢i chemickou reakci byla jiZz rozebrana v kapitole 4.2.2..
Vyse zminéné chovani analytu vyvolava otazku, jak razné slozky analytu a jejich pomér
ovlivni obalovou potenciometrickou kiivku.

Obrazek 4.7 ilustruje, matematickou dekonvoluci obalové potenciometrické kiivky na
jednotlivé slozky, které jsou dusledkem interakci analytu na rozhrani voda/o—DCB.
Z obrazku 4.7 je patrné, ze obalova kiivka odezvy na nastfik Na,S je slozena ze 4
samostanych pikti. Pik oznac¢eny p1 (obr. 4.7A) odpovida experimentalné ovétenému piku
cpl (obr. 4.7B) korespondujicimu s rozdélovaci rovnovahou na mezifazi V/o—-DCB. Pik p2
odpovida experimentalné ziskanému piku cp2 (obr. 4.7C) pii eliminaci vlivu pH a Na*
pomoci fosfatového pufru. Takze mizeme predpokladat, ze tieti ziskany pik p3 odpovida
acidobazické rovnovaze analytu na mezifazi (viz. reakce 4.3). Pik p4 nebo spise vina se
objevuje az pii vysokych koncentracich sulfidii (obr. 4.7A, ¢erna kiivka) a odpovida

pravdépodobné tvorb€ produkti oxidace sulfidu napt. polysulfidim.
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Obr. 4.7: Dekonvoluce potencialové odezvy vodného roztoku analytu 10" M Na,S nastfiknutého
do mobilni vodné faze dualniho ITIES. (A, kfivka c1) Celkova potencialova odezva pro 10" M Na,S
za podminek, kdy nevodna faze 0—-DCB obsahovala 0.5 mM CoTNPc s 0.5 M TBAPF;. Obé vodné faze byly
predsaturovany TBAPFs. (B, kiivka cpl) Celkova potencidlovd odezva 10" M Na,S za podminek,
kdy nevodna faze obsahovala jen 0.5 M TBAPF; v 0-DCB. Ob¢ vodné faze byly piedsaturované TBAPFs.
(C, kiivka cp2) Celkova potencialova odezva pro 10* M Na,S za podminek, kdy nevodna faze (0-DCB)
obsahovala 0.5 mM CoTNPc s 0.5 M TBAPF,. Ob¢ vodné faze byly predsaturované TBAPFg s fosfatovym
pufrem 1/15 M Na,HPO,xH,0 and 1/15 M KH,PO4 upravenym na pH 7. Piky pl, p2, p3 a p4 byly ziskané
dekonvoluci programem Origin. Pritok byl 3 mL min™. Referen¢ni elektrody SCE byly umisténé v mobilni

a statické vodné fazi.
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4.3.2 Kvalitativni analyza

Casové rozlidend potenciometrie na dualnim mezifizi dvou nemisitelnych roztoki
elektrolyti (dualni ITIES) kombinuje redoxni a fazovou potencialovou odezvu analytu do
jedné, ktera se je specificka podobné jako otisk prstu. Potencialova obalova k¥ivka odrazi
specifické vlastnosti stanovované latky zhlediska jejtho chovdni a interakci
na mezifazi vodna/nevodna faze. Potencidlova odezva koreluje specificky s individualnim
slozenim vzorku a dovoluje odlisit redoxni chovani, pH a rGzné ionty bez potieby
specifickych iontové selektivnich elektrod. Toho bylo vyuzito pro odliSeni rtiznych

kationtli v analytech liicich se jen jednim iontem (obr. 4.8).

= s
£ £
w w
-12 L 1 L 1 L 1 L 1 n 1
0 1 2 3 4 5 6
t [min]
> )
E E
w w
-12 L 1 " 1 N 1 1 Il -12 1 1 1 i Il
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t [min] ¢ [min]

Obr. 4.8: Srovnani odlisnosti potencialové odezvy na davkovani 100 uL analytu 0.01 M NaClO,, KCIO,,
Mg(CIO,),;, Ca(ClO,), do mobilni vodné fize dualniho ITIES. Nevodna fiaze 0-DCB obsahovala
0.5 mM CoTNPc s 0.5 M TBACIO, v. Ob¢ vodné faze byly piedsaturované TBACIO,4. Pritok mobilni faze

byl 3 mL min™. Byly pouzity Referencni elektrody SCE byly umisténé ve vodné mobilni a stacionrni fazi.
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5. ZAVER

Metoda ¢asové rozliSené potenciometrie vyuzivajici dudlni ITIES byla zkoumana jako
potencidlni nastroj pro potenciometrickou analyzu. Dudlni ITIS byl formovan pomoci
mezifazi voda/o-DCB/voda v objemovém a na membran¢ ukotveném uspotradani. Jedna
vodna faze slouzila jako mobilni a nosi¢ analytu a druha vodna faze slouzila jako
stacionarni a referencni.

Byly rozebrany parametry nevodné (rozpoustédlo, elektrolyt a mediator) a vodné faze
(pratok, pH a elektrolyt) senzoru, které ovlivituji odezvu ¢asové rozlisené potenciometrie.

Potencialovy rozdil mezi vodnou stacionarni (referencni ) a vodnou mobilni (indika¢ni)
fazi, které jsou odd€leny nevodnou fazi o-DCB, je fizen rovnovéhou na obou mezifazich
0-DCB/voda zalozené na fazovém pienosu, distribuci a rozdéleni ionti a mediatorové
chemické reakci. Kompenzacni efekt zrcadlového usporadani stacionarni a mobilni vodné
faze umoziuje vybér konkrétniho iontu a vyhodnoceni specifickych charakteristik
potencialové kiivky zvysuje specificnost a selektivitu této metody ve srovnani s klasickymi
potenciometrickymi  udaji. Z casového pribéhu a charakteristickych znaki
potenciometrické odezvy Ize zjistit jednotlivé d&je probihajici na mezifazi. Tento
potenciometricky systém vykazuje biomimetické znaky a miize byt pouzivan jako model
pro biologick¢é membrany, jehoZz selektivitu lze snadno upravovat riznym sloZenim
kapalné faze.

Casové rozlisena potenciometrie na mezifazi dvou nemisitelnych roztoki elektrolyti
(dudlni ITIES) kombinuje redoxni a fdzovou potencidlovou odezvu analytu do jedné
odezvy, kterd se tak stava specifickd podobné jako otisk prstu. Potencidlova obalova
ktivka se ukazuje jako vysoce specifickd k molekuldm ¢i iontim reagujicich na mezifazi a
1ze ji tak vyuzit pro kvalitativni analyze vicesloZzkového analytu.

Vysledky ziskané v této praci ndm do budoucna umozni rozsifit pouziti metody pro

vvvvvv
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ABSTRACT

The aim of this work is to explore the method of temporal resolution in potentiometry
as a new prospective electrochemical analytical technique. In connection with interface
of two immiscible electrolyte solutions (ITIES) it may find utilization in analytical
chemistry. This technique up to my knowledge has not been published yet. Potential
response of analyte on liquid/liquid interface includes both distribution processes, their
temporal resolution and redox processes, which specificity can modified by changing
the composition of individual phases. Unlike ,,classic® potentiometric techniques, limited
just to potential determination, this method, which | have given the working name ,.time
resolved potentiometry at liquid-liquid interface* utilizes time development of potential
response, which was found to be an analyte-specific function. The time resolved
potentiometry presented in this work includes time course of potential response
to analytical parameters specific for particular analyte. It brings series of data
characterizing the analyte in given environment in a similar manner as spectra and may
allow creating analyte-specific data package — fingerprint. Combination with ITIES allows,
unlike potentiometry on solid electrode, easy modification of liquid phase
by simple dissolving mediator, which can either redox compound, catalytically active
species or ion transfer compound. Besides, the liquid phase allows, compared to solid
electrodes, easy regeneration by the solution replacement. This arrangement represents
biomimetic model addressing the issue of potential response on liquid membrane, which is
scarce in the literature.

For stationary nonaqueous phase redox mediators based on phthalocyanines, insoluble
in water phase, were utilized, to avoid their bleeding to mobile aqueous phase. Further it
contains the phase transfer agent TBA"X", which mediate the transfer between aqueous
and nonaqueous phase. Other experimentally variable components are composition
of electrolyte and analyte. Sulphide compounds served as model analytes with numerous
reaction pathways.

The first part of thesis is focused on characterization of newly synthesized phthalocyanines
by UV/Vis spectroscopy, cyclic voltammetry at liquid phase modified solid electrode.
The second part illustrates on model analyte which parameters affect the response of time
resolved potentiometry. Conclusively, applicability of the technique is demonstrated

and the construction functional model of sensor is presented.



LIST OF ABBREVIATIONS

aic A activity of ion, cation, anion

A" anion

c’ cation

CoTNPc cobalt tetraneopentoxy phthalocyanine
o-DCB ortho—dichlorbenzene; 1,2—dichlorbenzene
1,2-DCE 1,2-dichlorethane

Erefcelavmos, vstat ~ potencial of reference electrode, measured in mobile aqueous and

stationary aqueous phase

F Faraday constant, 96 485 C-mol™

HOPG Highly Orientated Pyrolytic Graphite

ISE ion selective electrode

ITIES Interface between two immiscible electrolyte solutions
MePc metal phthalocyanine

NB nitrobenzene

NiTNPc nickel tetraneopentoxy phthalocyanine
0,0 organic phase, nonaqueous phase

P partition koeficient

Pc phthalocyanine

PVDF polyvinylidene difluorid

R molar gas constant, 8,314 J-K™*-mol™

RE reference elektrode

SCE satrated calomel electrode

t time

T thermodynamic temperature

TBA" tetrabutylamonnium cation

TBACIO, tetrabutylamonnium perchlorate

TBAPFs tetrabutylamonnium hexafluorophosphate
W, w water, aqueous phase

WsraT, MOB mobile agueous and stationary aqueous phase

i/ potential



1.INTRODUCTION

The interface of two immiscible electrolyte solutions (ITIES) is formed between
aqueous and nonaqueous phase, each containing an electrolyte. The fundamental concepts
of the ITIES have been developed during the past decades [1, 2, 3]. The interface of ITIES
IS used as biomimetic system simulating behavior of biological membrane [4]. A
relationship between potential oscillation and pharmacological activity was explored in an
attempt to provide clarification of quantitative structure-activity relationship (QSAR) in
screening compounds for pharmaceutical activity [5], biochemical processes on the
membrane [6] and even food quality control [7]. Furthermore, ITIES finds a broad range of
applications including preparation of metal clusters [8, 9, 10], photocatalysis [11, 12] or
separation of chiral compounds [13].

For nonaqueous phase are used organic solvents with low miscibility with water , e. g.
nitrobenzene, 1,2-dichloroethane, hexadecane and other. The selected solvent affects not
only the width of the interface [14] but also junction potential [15] and distribution of
compounds at the interface [16]. In this work the potential at dual junction of two
immiscible electrolyte solutions was studied. The potential of dual interface Wyog/0-
DCB/Wstat, Where Wyog and Wsrar stand for mobile and stationary water phase,
respectively, is monitored by the pair of the reference electrodes (SCE) immersed in both
aqueous phases.

In case of identical composition of aqueous phases and with identical reference

electrodes, the resulting Galvani potential difference between both interfaces is
A%p - Ajep =0,, (1.1)

Where A%¢, Ao¢ are distribution potentials for particular ion and interface,

respectively
AV = AV + RF—Tln (Z%) for cation C* (1.2)

ct

AY$ = AYpS- — —In (?7:) for anion A (1.3)

A



In general case the cell potential becomes

AE ey = Ewmos — Ewsrar (1.4)

For potentiometric experiments the aqueous mobile phase serves as transport medium
carrying analyte sample from dosing valve to ITIES, while the composition of stationary
aqueous phase is kept constant during experiment serving as a reference phase. In flow, the
time for establishing the analyte equilibrium on the interface is determined by the time
needed for analyte sample to pass by interface. The concentration (activity) of common ion
present in both phases, i. e. its partitioning (P) determines the Galvani interfacial potential
difference across the interface. The partitioning of ionized analyte depends also on
partitioning of the counter ion. In this work the analyte partition is assisted by phase
transfer agent TBAPFs or TBACIO,, which dissociate

TBAPFs <> TBA" + PFg~ (1.5)
TBACIO; <> TBA® + CIO, (1.6)

Interfacial potential difference is affected both physically and chemically.

(i) Physical influences:
1 Solvation of molecule and size of solvation shell
2 Influence of structure of complicated molecules
3. Electrostatic interactions [17]
4 Partition/distribution between two immiscible solutions
(i) Chemical influences:
1. Chemical reaction of analyte with individual components of system,
e. g. reaction with mediator
2. Concentration of analyte and individual components of system [18]

3. Dissociation equilibrium of analyte (influence of pH) [19]
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2. AIMS OF THE WORK

The aim of this thesis is exploration of time development of potential response of sensor
based on the liquid-liquid interface and its possible application in analytical chemistry. The
first part of this thesis is to design a cell enabling stationary or flow arrangement, repetitive
measurement and easy modification of experiment parameters such as composition and
volume nonaqueous and aqueous phase. The second part discusses parameters which
influence the transient potential response of ITIES based sensor. The final part of this
thesis presents practical applications of time-resolved potentiometry and the construction

of a sensor cell for routine measurement.
3. METHODS

The dual ITIES was formed by water/1,2—dichlorbenzene or nitrobenzene/water
interfaces with one aqueous phase utilized as a mobile and second aqueous phase as a
stationary. The nonaqueous (0-DCB or NB) phase contained dissolved phthalocyanine
redox mediator (CoTNPc or NiTNPc) with tetrabutylammonium cation (TBACIO4 or
TBAPF) acting as phase transfer agent. Prior to interfacing with o-DCB phase, both
stationary and mobile aqueous phases were pre-saturated by TBA'X electrolyte. The
saturation allows keeping TBA" concentration in both aqueous phases equal and constant
preventing its bleeding out from o-DCB to aqueous (mobile) phase. Solution in
nonaqueous phase was alternatively completed with 5x10™* mol L™ CoTNPc or NiTNPc as
a redox mediator. Two identical reference electrodes (SCE) were immersed in stationary
and mobile aqueous phase, respectively, for measuring interphase potential difference. The
phthalocyanine was chosen due to variability of its derivatives with different physico-
chemical and redox properties. Inorganic compounds with relatively straightforward
dissociation and adsorption behavior (KCI, NaCl, HCI, KOH) are employed to elucidate
the potentiometric transient response of liquid-liquid interface to phase transfer processes.
Sulphides (Na2S, H2S) and cystein with more complicated acid-base equilibria are utilized
as models for combined charge- (redox) and phase-transfer processes where
phthalocyanine and oxygen act as redox mediators.
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4. RESULTS AND DISCUSSION

4.1.Characterization of phthalocyanines

The photochemical long-term stability of redox mediator (CoTNPc and NiTNPc) in
presence of nonaqueous electrolyte TBACIO, was tested by UV/Vis spectroscopy. While
NiTNPc is photochemically stable (Fig. 4.1B), the detection phase with redox mediator
CoTNPc should be protected against exposure to light (Fig. 4.1A).

120 N I . I L I ! 120 ! L N I N I H I N
100"igl 2g0g0 10-reant 80229 1
L O O L AA .
ooe0L A 2 _ 80Ff -
= | - = |
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o | ] Q L i
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3 40f O 2 40} |
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I X I i
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dny dny
Fig. 4.1: Comparison of stabilities COTNPc (A) and NiTNPc (B) solutions in 0o—DCB.
Solutions:

o— 5x10° M Pcin 0o-DCB on light

e —5x10° M Pc in 0-DCB in dark

A —5%10° M with 0.05 M TBACIO, in 0-DCB on light
A—5x10° M with 0.05 M TBACIO, in 0-DCB in dark
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4.2. Cell for dual ITIES potentiometry

The dual ITIES was tested in free-standing (Fig. 4.2) [20] nanoporous membrane (Fig.
4.3). Although, the membrane-supported ITIES arrangement needs lower volume of
nonaqueous phase, lower potential response of membrane compared to bulk arrangement
was observed. The dual interface may be bypassed by aqueous conductive paths on
sidewalls of the cell or through the membrane pores, further decreasing its response by
interface discharging. The interface bypass appears to be more significant in case of thin-
layer membrane-supported ITIES than in case of bulk arrangement, with substantially
larger interfacial distances. Further studies will be dedicated to increase higher potential
response and to address the multisensor array concept.

Reference
electrodes

Dosing valve
Wiios: Wsmar:

SCE pre-saturated by TBAPF; pre-saturated by TBAPF; SCE
Ref 1 + sample Ref 2

Mobile Aqueous Phase Nonaqueous Stationary Aqueous Phase

Nonaqueous Phase
phase

Effluent

Mobile
aqueous
phase

Fig. 4.2: Scheme of the laboratory version of the bulk cell for flow analysis utilizing
dual ITIES potentiometry (A) and its real version (B).

teflonové télo cely
\ p— ref.el. 1
vstup =>-,5 :=.l|=‘> vystup
o — e PVDF membrana
tesneniviton saturovand nevodnou fazi
ref.el. 2
A B (3

Fig. 4.3: Scheme of the cell for flow potentiometric analysis on dual ITIES
potentiometry supported by polyvinylidene fluoride membrane with mediator (A).
Sensor real version (B) and its individual parts (C).
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4.2.1. Parameters of nonaqueous phase

We compare two types of organic solvent for nonaqueous phase, NB and 0-DCB. o-
DCB seems to be more suitable for detection of sodium sulphide and NB for cysteine
hydrochloride. The nonaqueous phase contains phthalocyanines as mediator increasing
potential response of sensor for injection of Na,S (eq. 4.1, Fig. 4.4) and facilitating
regeneration of sensor by oxygen (eq. 4.2.). The sensing mechanism utilized ambient
oxygen for regeneration of the redox mediator; the sensor thus operates under air

conditions where oxygen serves to partially establish the equilibrium interface

potential.
2 Me'Pc +S% — 2 Me'Pc + S (4.1)
0, + 2 Me'Pc & 0% + 2 Me''Pc (4.2)

The highest potentiometric response for injection of sodium sulphide was found for
combination CoTNPc and TBAPFs in nonaqueous phase (Fig. 4.5A). The highest
potentiometric response for injection of cysteine hydrochloride was found for
combination NiTNPc and TBAPFs in nonaqueous phase (Fig. 4.5B). The optimal

concentration of redox mediator was 5x10™ M.
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Fig. 4.4: Potential transient response to injection of aqueous solution of Na,S into mobile
phase of dual ITIES in presence (curve 1) and in absence (curve 2) of 5 x 10* M CoTNPc
in 0-DCB phase. Both aqueous phases were saturated by TBAPFs. 0-DCB phase
contained 0.5 M TBAPF;. Mobile phase flow rate 3 mL min™, potential was measured on

SCE reference electrodes placed in both aqueous phases.
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Fig. 4.5: Comparison of potential response at dual ITIES to injection of 0.1 M Na,S (A)

and 0.1 M cysteine hydrochloride (B). Composition of sensor was 5x10™* M CoTNPc or
NiTNPc with 0.5 M TBAPFg or TBACIO, in 0-DCB. Both aqueous phases were saturated
by TBAPFs or TBACIO,. Mobile phase flow rate 3 mL min™, potential was measured on

SCE reference electrodes placed in both aqueous phases.

4.2.2. Parameters of aqueous phase

Different ionic composition of analyte cause changes in potential transient envelope. lon

composition of the sample is determined by its acid-base equilibrium at particular pH.

Accordingly, comparison of potential transient responses to injection of agueous Na,S and

H.S solution respectively, brings distinct differences (Fig. 4.6A).
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Figure 4.6: Comparison of potential transients on dual ITIES as a response to injection of
aqueous 10 M Na,S (curve 1) and H,S (saturated at 20 °C,~ 0.1 mol/L) (curve 2) (A);
injection aqueous 1M KOH (curve 1) and 1M HCI (curve 2) (B). Nonaqueous 0-DCB
phase composition: 5x10* M CoTNPc + 0.5 M TBAPFs. Aqueous phase composition: In
case of (A) both agueous stationary and mobile phases are saturated by TBAPFs. In case of
(B) both the stationary and mobile phase is saturated by TBAPFg and contains additional
0.01 M KClI to suppress CI" and K" influence, respectively. Mobile phase flow rate is 3 mL
min’. Potential difference was measured between SCE reference electrodes placed in both

aqueous phases.

The most remarkable pattern on potential curve is the drop on peak shoulder (Fig. 4.6A,
curve 2) upon injection of aqueous H,S solution; it appears to be characteristic for
protonated compounds/acid (Fig. 4.6 A, B curve 2).

Both Na,S and H,S solutions have different hydrolysis pathways: While hydrolysis

Na,S + H,O <> NaSH + NaOH 4.3)
leads to strongly alkaline solution, equilibria of agueous H,S solution are acidic

H,S + Hy0 <> HsO" + HS” (4.9)
HS™ + H,0 — H30" + §% (4.5)

The above scenario is confirmed by potential transient response to injection of aqueous

HCI and KOH solution respectively, while both stationary and mobile phase contained
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equal concentration of KCI to suppress response of K™ and CI™ ions (Fig. 4.6B). Thus,
composition of both interfaces differed in single ion H*(H30") and OH" respectively, which
determined the overall cell potential difference. Accordingly, injections of aqueous KOH
and HCI yielded potential response similar to injection of Na,S and H,S solution,
respectively. Negative potential shift is characteristic for acid compounds as HCI and HS.

This shift was not visible for alkalic (KOH, Na,S) and neutral compound.

4.3. Application of time-resolved potentiometry

4.3.1. Study of processes at the liquid/liquid interface

Potential transient response to different ionic composition of analytes (Na,S and H,S)
was already discussed in the paragraph 4.2.2 in relation to acid-base behavior and chemical
reaction.

The above behavior raises question on distinguishing between different analyte
components and their proportions influencing the envelope of transient potential. Figure
4.7 illustrates deconvolution of individual components of potential response for Na,S,
where peak 1 can be assigned in agreement with curve 2 in Figure 4.4 to
partition/distribution equilibria at the interface W/ 0-DCB (Fig.4.7B). Deconvoluted peak
2 fits well to potential response obtained if aqueous phases are buffered with sodium
phosphate (Fig. 4.7C), which eliminates influence of pH and Na’. Therefore we can
assume that peak 3 reflects acid-base equilibria (see reaction (4.3)), while peak 4 appearing
at the high sulphide concentration (black curve in fig. 4.7 A) can be considered as response

to sulphide oxidation products.
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Figure 4.7: Deconvolution of envelope of potential transient response to aqueous 10 M
Na,S injection. Complete transient potential response (A, curve cl), in absence of CoTNPc
in 0-DCB phase (B, curve cpl), in phosphate buffer (pH 7) (C, curve cp2) and
deconvoluted peaks (pl, p2, p3, p4). Nonaqueous phase composition: 5x10* M CoTNPc
and 0.5 M TBAPFg in 0-DCB. Aqueous stationary and mobile phase are saturated by
TBAPFs (A). Nonaqueous phase composition: 0.5 M TBAPFg in 0o-DCB. Aqueous
stationary and mobile phase are saturated by TBAPF¢ (B). Nonaqueous phase composition:
5x10* M CoTNPc and 0.5 M TBAPFs in 0—-DCB. Aqueous stationary and mobile phase
contain Sorensen’s phosphate buffer prepared from 0.06 M Na,HPO,xH,0 and 0.06 M
KH,PO, and saturated by TBAPF; (C) .Mobile phase flow rate was 3 mL min™. Potential
was measured on SCE-SCE reference electrodes placed in both aqueous phases.

4.3.2. Qualitative analysis

The time-resolved potentiometry on dual interface of two immiscible electrolyte solutions
(dual ITIES) combines redox- and phase transfer-driven potential response into a single
protocol, which gains a compound-specific finger-print’ character: The potential transient
envelope was found to show pattern specific to molecules/ions appearing at the interface.
The transient potential response was found to correlate specifically with particular

composition of sample brought by mobile phase flow and allowing recognition of redox
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compounds, pH and different ions without a need of specific ion selective electrode.
Comparison of potential response to a nalytes differing in single ion was used to

distinguish individual cations (Fig. 4.8).
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Fig. 4.8: Comparison of potential transients on dual ITIES as a response to injection of 100
uL aqueous 0.01 M NaClO4, KCIO4, Mg(CIO4),, Ca(ClO,4),. Nonaqueous 0—DCB phase
composition: 5x10* M CoTNPc + 0.5 M TBACIO,. Aqueous phase composition: In case
of both the stationary and mobile phase are saturated by TBACIO, to suppress CIO4

influence. Mobile phase flow rate is 3 mL min™. Potential difference was measured

between SCE reference electrodes placed in both aqueous phases.
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5. CONCLUSION

The method of time resolved potentiometry utilizing dual ITIES arrangement was
examined as a prospective tool for potentiometric analysis. The dual ITIES was formed by
a water/ortho—dichlorobenzene/water interface supported by free-standing nanoporous
membrane. One aqueous phase served as the mobile and second aqueous phase as the
stationary phase.

The parameters of nonaqueous (solution, electrolyte and mediator) and aqueous phase
(flow rate, pH and electrolyte) affecting the response of time resolved potentiometry were
disscused.

The cell potential difference acquired between aqueous stationary (reference) and
mobile (indicator) phase separated by nonaqueous 0-DCB phase is driven by equilibria
developed on both o-DCB/aqueous phase interfaces, based on phase transfer, ion
distribution/partition and mediator chemical reaction. Compensation effect of mirror
arrangement of both stationary and mobile aqueous phase allows selection of particular ion
and evaluating specific pattern of its potential transient, which increases specificity and
selectivity compared to “classic” retrieval of potentiometric data. Duration and distribution
of transient pattern can be assigned to interfacial processes differing by kinetics and
control mechanism. This potentiometric system shows biomimetic features and can be used
as a model of biological membrane which selectivity can be simply modified just by
varying composition of liquid phase.

The time-resolved potentiometry on interface of two immiscible electrolyte solutions
(ITIES) combines redox- and interphase transfer-driven potential response into a single
protocol, which gains compound-specific character. The potential transient envelope was
found to show pattern with high specificity to molecules/ions appearing at the interface and
thus can be used for qualitative analysis of multicomponent analyte.

The results obtained in this work allow us to extend our future study towards more

complicated molecules with pharmaceutical and environmental significance.
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