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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 ¢asovy
vyvoj a redoxni procesy, jejichz specificnost mize 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 casove
rozlisend potenciometrie na kapalném mezifazi, vyuziva ¢asového prubéhu potencidlové
odezvy, ktera ma specificky prabéh pro dany analyt. Casové rozliSena 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 prostiedi 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 potenciometrie 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 umoznuje, ve srovnani s pevnymi elektrodami,
snadng&jsi regeneraci pouhou vymeénou ze zasobniho roztoku. Toto usporadani predstavuje
rovnéz biomimeticky model ilustrujici potencidlovou reakci kapalné membrany, jez je
Vv literatufe zmifiovana velmi fidce.

Pro stacionarni nevodnou fazi bylo pouzito roztokti modelovych redox mediatord
na bazi ftalocyaninu, nerozpustnych v pracovni — vodné fazi, ¢imz se zamezilo ztratam
medidtoru (,,bleeding). Dale obsahuje fizovy pienase¢ TBA*X zprostiedkujici transfer
mezi vodnou a nevodnou fézi. 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
elektrod€. Druha ¢ast této disertace ukazuje na reakci modelového analytu, které parametry
ovlivituji odezvu ¢asove rozliSené potenciometrie. Na zavér jsou demonstrovany moznosti

vyuziti metody a navrZena cela pro praktické aplikace.



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 I 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 nonagueous 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.
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Seznam zkratek a symbolu

ac A
At

c

ct
CoTNPc
D
o-DCB
1,2-DCE
DMFC

(5]

Eip

Ecely, R, L j
Epa

Evref, vmoB, vsTAT

FIA

G

GC

AG (1 - 2)
HOPG

Ipa, pc
ISE
ITIES
K

MePc
MSE

Ny

NB
NiTNPc
0,0

aktivita iontu, kationtu, aniontu

aniont

molarni koncentrace [mol dm ]

kationt

tetraneopentoxy ftalocyanin kobaltnaty

distribuc¢ni koeficient

ortho—dichlorbenzen; 1,2—dichlorbenzen
1,2-dichlorethan

dekamethylferrocen

elektronovy naboj

pulvlnovy potencial

potencial cely, pravé strany, levé strany, mezifazi
potencial piku, anodicky potencial

potencial referen¢ni elektrody, potencial méfeny v mobilni vodné fazi,
potencial méteny ve stacionarni vodné fazi
Faradayova konstanta, 96 485 C-mol™

flow injection analysis

Galvanicky potencial

z anglického nazvu ,,Glassy Carbon* - skelny uhlik
volna energie transferu iontd z rozpoustédla 1 do rozpoustédla 2
z anglického nazvu ,,Highly Orientated Pyrolytic Graphite* - vysoce
orientovany pyrolyticky grafit

anodicky proud piku, katodicky proud piku

iontovée selektivni elektroda

Interface between two immiscible electrolyte solutions
disociacni konstanta reakce

ftalocyanin s volitelnym centralnim atomem kovu
merkurosulfatova elektroda

Avogadrova knstanta

nitrobenzen

tetraneopentoxy ftalocyanin nikelnaty

organicka faze, nevodna faze
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01,2 oxidovana forma

OPG z anglického nazvu ,,Ordinary Pyrolytic Graphic* — bézny pyrolyticky
grafit

P rozd¢lovaci koeficient

Pc Ftalocyanin, z anglického nazvu ,,phthalocyanine*

PVDF polyvinyliden difluorid

r pomeér objemil jednotlivych fazi

ri polomér iontu

R molarni plynova konstanta, 8,314 J-K*-mol™

R1,2 redukovana forma

RE referencni elektroda

SCE saturovana kalomelova elektroda

SEM rastrovaci elektronovy mikroskop

t cas

T termodynamicka teplota

TBA' tetrabutylamonny kationt

TBABF, tetrafluoroborat tetrabutylamonny

TBACI chlorid tetrabutylamonny

TBACIO, chloristan tetrabutylamonny

TBAPFg hexafluorofosfat tetrabutylamonny

THA" tetrahexylamonny kationt

THpA® tetraheptylamonny kationt

TOA" tetraoktylamonny kationt

Ve objem vodné faze, objem organické faze

V,v voda nebo vodné prostiedi

VsTAT MOB vodna faze stacionarni, mobilni

Zi naboj iontu

vlnova délka [nm]
¢ elektricky potencial
€o permitivita volného prostoru

€12 relativni permitivita rozpoustédla 1 a 2
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1 TEORETICKA CAST

1.1 Cile prace

Cilem prace bylo prozkoumat ¢asovy pribéh odezvy potenciometrického senzoru na
bazi kapalného mezifazi a moznosti jeho vyuziti v analytické chemii. K zjisténi parametri
ovlivitujici chovani latek na rozhrani dvou kapalin bylo nutné navrhnout celu, ktera by
umoziovala opakované méfeni a snadnou modifikaci parametrti experimentu tj. slozeni a
objemy nevodné a vodné ¢asti senzoru, volbu stacionarniho nebo pritokového usporadani.
Ve findlni ¢asti prace bylo cilem ukazat moznosti praktickych aplikaci ¢asové rozliSené

potenciometrie a prezentovat konstrukci cely umoznujici rutinni méfeni.

1.2 Mezifazi mezi dvéma nemisitelnymi elektrolyty-Interface between

two immiscible electrolyte solutions - ITIES

Realné rozhrani je nejCastéji tvofeno vodnou a nevodnou fazi - organickym
rozpoustédlem s nizkou rozpustnosti ve vode. Nejjednodussi systém, ktery byl vyuZzivan jiz
ve staroveéku k extrakci uc¢innych 1é¢ivych latek ¢i jedl a barviv z rostlinnych materiald, je
mezifazi voda/olej. Idealni kapalné mezifazi vznika na rozhrani mezi dvéma zcela
nemisitelnymi kapalinami a tento ptechod je zcela ostry. Pfechod mezi jednotlivymi typy
fazi u realného mezifazi neni ostry [1] a jeho Sifka se lisi v zavislosti na pouzitém
rozpoustédle a lze ji stanovit rentgenovou a neutronovou difrakci [2]. Naptiklad pro
mezifazi nitrobenzen/voda bylo naméfeno 450 pm, pro hexadekan/voda je sila mezifazi
600 pm a pro usporadani 2-heptanon/voda dosahovala tloustka mezifazi az 700 pm.
Ptidani elektrolytu zpisobi, Ze ob¢ faze jsou vodivé a prenos iontl a ndboje generuje na
mezifazi potencidlovy rozdil. Z rozhrani dvou nemisitelnych kapalin se tak stava rozhrani
dvou nemisitelnych elektrolytii - ITIES. Samotna struktura tohoto mezifazi je popsana jako
dvojvrstva, kdy jedna vrstva je vodnad faze nasycend nevodnou fazi, na kterou navazuje
nevodna faze nasycena vodnou fazi [3, 4]. Ke studiu kapalného mezifazi jsou neustale

vyvijeny nové metody [5]. Optické metody umoznuji studovat strukturu mezifazi.
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Struktura mezifazi muize byt rovnéz ovlivnéna elektrickou polarizaci [6],
kdy vlivem vloZzeného potencidlu dochazi ke zméné plochy kapalného mezifazi
vyboulenim ¢i zanofenim nevodné do vodné faze [7]. V ptipad¢ vkladani potencidlu
na polymerni mezifazi kapalina/kapalina dochézi ke vzniku pravidelnych poréznich
struktur [8].

Nejcastéji pouzivanymi nevodnymi rozpoustédly v ITIES jsou 1,2-dichloretan [9]
(1,2-DCE), nitrobenzen [10, 11] (NB), 1,2 — dichlorbenzen (0o-DCB) a dalsi [12, 13].
Jejich vlastnosti jsou shrnuty v tabulce 1.1. Oproti 1,2-DCE je dvojnasobna viskozita
0-DCB a vyznamné je nizsi rozpustnost 0-DCB ve vod¢ i vody v 0-DCB. Coz je vyhodné
zejména k dlouhodobému uzivani 0-DCB, jehoz vlastnosti zarucuji minimalni Unik

do vodného prostredi.

Tabulka 1.1: Vlastnosti organickych rozpoustédel pouzivanych v ITIES.

Parametr Zkratka Rozpoustédlo
1,2 —dichloretan  nitrobenzen 1,2 - dichlorbenzen

Zkratka 1,2-DCE NB o-DCB
Hmotnost M/g mol™ 98.96% 123.112 147.002°
Hustota pl/g cm’ 1.24582 1.1984° 1.3059¢
Relativni dielektrickd permitivita &, 10.36° 34.82° 9.93°
Rozpustnost org. rozpoustédla c’/mol dm? 8.5x1022 1.5x1022 9.94x10 4P
ve vodé
Rozpustnost vody  c%g/mol dm?® 0.11° 0.2° 2.09x10 2°
V org. rozpoustédle
Viskozita (cP) 0.73°¢ 1.62°¢ 1.324°

& Samec Z.: Electrochemistry at the interface between two immiscible electrolyte solutions, Pure Appl.
Chem. 76, 2147-2180 (2004).

® Z TUPAC pii 25°C http://srdata.nist.gov/solubility/sol_detail.aspx?goBack=Y &sysID=20_68

¢ Izutsu K.: (2003) Properties of Solvents and Solvent Classification, in Electrochemistry in Nonagueous
Solutions, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, FRG. doi: 10.1002/3527600655.ch1, str. 6.

¢ Donald Mackay, Wan-Ying Shiu, Kuo-Ching Ma, Sum Chi Lee, Handbook of Physical-Chemical
Properties and Environmental Fate for Organic Chemicals, Second Edition, CRC Press, 14. 3. 2006, str. 1268
¢ Lide D.R.: CRC Handbook of Chemistry and Physics 86TH Edition 2005-2006. CRC Press, Taylor &
Francis, Boca Raton, FL 2005, str. 6-177.

Zménou rozpoustédla 1ze ovlivnit povrchovy potencial [14] a pifenos latek [15] pres
mezifazi voda/nevodna faze. V posledni dob¢ jsou organicka rozpoustédla casto nahrazena
modernimi iontovymi kapalinami, které maji niz8i rozpustnost ve vodé a naopak vyssi
vodivost. Jejich dalsi nespornou vyhodou je moznost jejich ptipravy na miru pozadavkiim

konkrétniho experimentalniho uspotadani [16, 17].


http://srdata.nist.gov/solubility/sol_detail.aspx?goBack=Y&sysID=20_68
http://www.google.cz/search?hl=cs&tbo=p&tbm=bks&q=inauthor:%22Donald+Mackay%22
http://www.google.cz/search?hl=cs&tbo=p&tbm=bks&q=inauthor:%22Wan-Ying+Shiu%22
http://www.google.cz/search?hl=cs&tbo=p&tbm=bks&q=inauthor:%22Kuo-Ching+Ma%22
http://www.google.cz/search?hl=cs&tbo=p&tbm=bks&q=inauthor:%22Sum+Chi+Lee%22

14

Nejcastéji pouzivanymi elektrolyty pro vodnou fazi jsou anorganické soli ve formé
chloridu jako LiCl ¢i MgCly, ale i organické soli — nejcastéji chlorid tetrabutylamonny
(TBACI), zatimco pro organickou fazi se pouzivaji pifevazné pravé kvartérni amoniové
(napt. tetrabutylamonné, tetraetylamonné, bis(trifenylfosforanyliden)amonné)
nebo kvartérni boratové (napt. tetrakis(4-chlorofenyl)boratové ¢i tetrakis[3,5-
bis(trifluorometyl)fenyl] boratové) a tetrafenylarsenidové kationty.

Volba elektrolytu rovnéz méni vlastnosti mezifazi. Povrchové napéti, které ovliviiuje
adsorpci elektrolytu na mezifazi kapalina-kapalina mize byt ovlivnéno jak velikosti celého
iontového paru, tak i samotnym kationtem. V literatufe [18] existuji rozdily v pojeti, jestli
se povrchové napéti mezifazi snizuje ¢i zvySuje s délkou alkylového fetézce
TBA'<THA'<THpA'<TOA". Povrchovy potencial nepolarizovatelného mezifazi nezavisi
na koncentraci elektrolytu, jak tomu je v ptipad¢ difazniho potencialu.

Na rozhrani dvou nemisitelnych roztokt elektrolytli mohou probihat dva zakladni typy
procesu [19] (obr. 1.1):

a) Pienos iontt X7* snabojem zi mezi vodnou (v) a organickou fazi (0), ktery miize

probihat pfimo nebo asistované ptes iontového pienasece

Xf'(w) & X' (o) (1.1)

b) Pfenos elektroni mezi redoxnim parem O41/R; ve vodné fazi a redoxnim parem O,/R;

Vv organické fazi
0f'(v) + R5*(0) © Rf'(v) + 05'(0) (1.2)
Kromé té€chto heterogennich (mezifdzovych) reakci mohou probihat rovnéz homogenni

chemické reakce a komplexotvorné reakce uvnitt vodné nebo organické faze. Dale mliZze

na mezifazi probihat pfenos molekul vodného a organického rozpoustédla.
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vodna faze

Obr. 1.1: Typy reakci na mezifazi dvou nemisitelnych kapalin.

KaZzda slozka elektricky nabité faze, ktera podléha ptrenosu iontl pies mezifazi, vytvaii
elektricky potencial mezifazi, ktery odpovida rozdilu potencialii uvnitt jedné a druhé faze,

tedy v naSem ptipadé vodné a nevodné faze:

a

85 = 9% — ¢° = A5 + “Lin (%) (13)

kde qu.’)ie , je standardni Galvaniho potencial pfenosu iontu, ktery je definovan pomoci

rovnice
6,v—-0
v 9 _ AGh:,i
Ao¢t - ziF (14)

a AG2V™°, je standardni molarni Gibbsova energie pfenosu iontu z vodné do nevodné

faze.

Hodnoty AG b,v=0 pro hydrofilni ionty jsou pozitivni, pro hydrofobni ionty dosahuji

tr,i
negativnich hodnot.

Pomér aktivitnich koeficient iontu v jednotlivych fazich odpovidd rozdélovacimu

koeficientu
_a;j(0) _ z;F(DGp—AY¢?)
ET aqim) T exp[ RT (1.5)
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Podobné ptenos elektronu pies mezifazi zpisobi vytvoreni potencidlového rozdilu

Ag(p — Ag(pgl + R;:_Tln ao2 (0)ary (v) (1.6)

arz (0)ag; (v)

kde galvanicky potencialovy rozdil elektronového pienosu (nebo standardni potencial
elektronového ptenosu), Ah¢J;, je vztazen ke standardni Gibsové energii elektronového

pfenosu z organické faze (0) do vodné faze (v), AYGY,

.Y ex

Ny, =22 (1.7)

Ke studiu prenosu ionti pies mezifazi dvou nemisitelnych kapalin je ¢asto pouzivana
elektrochemicka mikroskopie [20].

ITIES Ize délit na polarizovatelné a nepolarizovatelné. Pokud je rozdé€lovaci rovnovaha
dana jednim elektrolytem v obou fazich, pak se jedna o nepolarizovatelné
ITIES.V ptipadé, ze je rozdélovaci rovnovaha déna vice nez dvéma ionty, jde

v

o polarizovatelné ITIES [19]. Dalsi podrobngjsi informace o ITIES lze nalézt v literatuie

[1, 19, 21, 22].

1.3 ITIES v potenciometrii

M¢éteni rovnovazného potencialu na kapalném mezifazi patfilo mezi prvni experimenty,
které se v oblasti elektrochemie na nemisitelném mezifazi provadély [23].

Vyjdeme-li ze schématu pro méfeni rozdilu rovnovaznych potenciali na mezifazi
organickd faze/voda [19], pak nejvétsim problémem je volba referencni elektrody
v nevodné fazi. Pouziti klasické vodné referencni elektrody (nasycené kalomelove,
argentchloridové...) s sebou pfinaSi vznik druhého ITIES. Jednoduché schematické

znazornéni pak muze vypadat podobné, jako v nasledujicim schématu,
RE||v|o|lolv]||RE (1.8)

kde jednoduché lomitko piedstavuje fazovy ptrechod a dvojité lomitko ptfedstavuje kapalny
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pfechod. RE je oznaceni pro bézné referencni elektrody pouzivané ve vodném prostredi.
Oznaceni v nebo v’ je pro vodnou fazi a oznaceni o nebo o” je pro nevodnou fazi, kterou
byva obvykle organické rozpoustédlo s nizkou rozpustnosti ve vodé. Jak vodna,
tak nevodna faze obsahuji jeden nebo vice typt elektrolytu.

Rovnovazny potencial mezi referen¢nimi elektrodami RE ve schématu (1) Ize pak

definovat jako
E=Er—EL=AYp- Abp +Ej = Alp - Epef (1.9)

kde Er a E_ znazoriiuji potencidl pravé a levé referen¢ni elektrody a E; pfedstavuje
potencial na kapalném mezifizi mezi nevodnou fazi o/o’. Potencialovy rozdil AY.¢p miize
byt udrzovan konstantni pomoci rovnovazné koncentrace soli nebo iontt.

Vyuzitim symetrického uspofaddni na obou stranach nevodné faze, dojdeme

ke zjednodusenému schématu
REL||v]olv]||RE2

kdeE:ER—EL:qub— Alo,(]ﬁ )
pak pfi totoznosti slozeni levé a pravé strany véetné totoznosti referencnich elektrod

RE1 =RE?2 je potencialovy rozdil E = 0.

1.4 Potenciometrie na dualnim ITIES

V této praci byl sledovan potencidlovy rozdil na rozhrani dvou kapalnych mezifazi
systému voda/organické rozpoustédlo/voda. Jedna vodna faze byla pouzita
jako stacionarni-referencni, druha jako mobilni, ktera zéarovenn slouzila jako faze
dopravujici analyt od davkovaci smy¢ky k mezifazi voda/ nevodné fazi. Rozdéleni analytu

mezi jednotlivé faze je zprostiedkovano TBAX ktery disociuje podle nésledujici reakce

TBAX«< TBA" + X (1.10)
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a poskytuje tak pomocné ionty pro zachovani elektroneutrality. TBA® X napomaha
pfenosu analytu do nevodné faze, jeho rozd€leni do jednotlivych fazi a ustaleni
mezifazového (Galvanického) potencialu [24]. VSechny faze byly pfedem saturovany ionty
TBA'X, coz udrzuje konstantni koncentraci a zabraiiuje vyplavovani téchto iontd
znevodné do vodné faze. Potencidlovy rozdil byl méfen pomoci dvou referenénich
elektrod, kdy jedna byla ponoiena ve statické vodné fazi a druha v mobilni vodné fazi.
Toto uspotradani tedy umoznuje pouziti klasickych SCE elektrod. V nasledujicim schématu

je zobrazeno celé uspotradani

Vodawos: VodastaT:
SCE piedsaturovana TBA" X + TBA" X | predsaturovana TBA" X’ SCE
Ref 1 C'A +C'A Ref 2
 E—— <=

A

&> > <
Mobilni vodna faze Nevodna Stacionarni vodna faze
faze
Schéma 1. Usporadani méfici cely vyuzivajici dudlni systéme ITIES pro detekci iontti. Vodna faze byla

predsaturovana TBA'X', aby byl minimalni tinik TBA"X" z nevodné faze 0-DCB.

V ptipadég, Ze je slozeni obou vodnych fazi identické a za pouZiti stejnych referen¢nich

elektrod, se potencidlovy rozdil rovna nule

Agp - Avp =0, (1.11)

kde AY¢ , AJ¢ jsou distribuéni potencialy pro konkrétni ion a mezifazi.

Pak plati pro kationty C*

Ap = A5¢% + Lin (“C*) (1.12)

v
al+

a podobné pro anionty A

AL = ATgg-— Zin (a_) (1.13)

v
aA—

v
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ag+, az-, ag-, ag+ vyjadiuji iontové aktivity konkrétnich ionti v nevodné (0) a vodné (V)
fazi a A¥¢{ je standardni potencidl mezifazi [22].

Potencialovy rozdil mezi vodnou (V) a nevodnou fazi (o) [25] je pak vyjadien jako

Agp = ¢¥ —¢° (1.14)

Potencial cely odpovidajici schématu 1 je pak vyjadien

AEceia = Evmop — Evsrar + AEref (1.15)

kde E,yop je potencial méfeny v mobilni vodné fazi a E,grar je potencial méfeny
ve stacionarni vodné fazi. AE,.r se rovna nule v piipad€ pouZiti stejnych referencnich
elektrod (napt. SCE/SCE). V ptipadé riznych typt (napi. SCE/MSE) se stava nenulovym.
V nejjednodussim piipadé se slozeni obou vodnych fazi li§i pouze jedinym iontem,
pak je potencialovy rozdil fizen distribuci tohoto konkrétniho iontu. V piipadé, Ze obé
vodné faze obsahuji elektrolyt C,;"A;" a do mobilni vodné faze je davkovan vzorek Cy' AL
(nebo C1"Ay) je potencialovy rozdil (AE) mezi obéma vodnymi fazemi (Vstat @ Vimog)
uréovan pfitomnosti kationtu C," nebo aniontu A, na mezifizi Vyoslorganicka faze.

Potencialovy rozdil je pak definovan pomoci rovnice

AE = AEVS™T5— AE®ymos (1.16)

V pfipadé, ze se slozeni obou vodnych fazi li§i ve dvou a vice iontech, pak zavislost
potencidlu mezifdzi je komplikovanéj§i a je Umérna rozdélovacim koeficientim
jednotlivym iontt [1].

V naSem uspofadani neni nevodna faze vystavena analytu nepietrzité. V prutokovém
uspofadani ITIES pfichazi nevodna fadze do kontaktu s analytem aZz po nadavkovani
pomoci davkovaciho kohoutu a v zavislosti na nastaveném pritoku dochazi ke kontaktu
snevodnou fazi jen na velice kratkou dobu. Koncentrace ¢i aktivita detekované latky
v obou fazich je tak urCena rozdélovacim koeficientem (P), ktery zpusobi galvanicky
potencidlovy rozdil na mezifazi. Rozdéleni ionizované¢ho analytu do obou fazi zavisi také

na rozdélovacim poméru kompenzujiciho iontu.
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ala’/a%a’ =P, /P. (1.17)

pak plati pro potencialovy rozdil AY¢; ~(RT/F) In(P, /P.).

Mezifazovy potencialovy rozdil je slozen ze dvou ¢asti [26]: (i) lokalni statické Casti
urcené pomérem rozdélovacich koeficientii jednotlivych ionti a (i1) a dynamické - difuzni
slozky urcené rozd€lovacimi a difuznimi koeficienty ionti analytu. Protoze rychlost difuze
zavisi na konkrétnim iontu, dochézi k oddéleni naboje a vytvofeni elektrického pole.
Nasledné toto pole interaguje sionty a ovliviiuje jejich pohyb opa¢nym zplsobem
nez difuze [27, 28].

V pritokovém rezimu je €as pro ustdleni rovnovahy analytu na mezifazi ovlivnén
¢asem, po ktery se analyt naléz4 na mezifazi, tedy rychlosti pritoku a objemt jednotlivych

fazi (r) r = VVIV°. Pro po&ate¢ni koncentraci analytu cZ4* pak plati, ze

cfit = [CFATTY + (6317 + (G AT]° +[CS1°)/r (1.18)

jehoz hodnota roste s pomérem objemi jednotlivych fazi r.

Pro distribu¢ni koeficient D plati
D = ([CF AT]° + [CF1°) /([T ATTY + [€5°17) (1.19)

Pro identické slozeni analytu v obou fazich je distribu¢ni koeficient totozny s rozdélovacim
(D = P). Distribuéni koeficient analytu mize byt ovlivnén pH tedy protonovymi
rovnovahami.
Okamzitd odezva mezifazového potencidlu miize byt ovlivnéna adsorpci slozek analytu
na nékteré stran€ mezifazi, coz vede ke zméné¢ struktury elektrické dvojvrstvy [29, 30].
Na charakter a intenzitu potenciometrické odezvy ma vliv mnoho faktorl. Lze je
rozdélit na dvé hlavni skupiny a to vlivy fyzikalni (1) a chemické (2).
Do skupiny vlivl fyzikalnich lze zatadit:
1. Solvatace samotné molekuly a velikost jejiho solvata¢niho obalu
2. Vliv struktury u komplikovanéjsich molekul
3. Elektrostatické interakce [31]
4

. Rozdélovani/distribuce analytu mezi jednotlivé kapalné faze
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Mezi chemicky zaloZené vlivy mizeme zatadit
1. Chemickou reakci analytu s jednotlivymi slozkami soustavy. Do této skupiny patii
1 ptipadné zesileni samotné odezvy volbou vhodného medidtoru, napt. ftalocyaninu.
2. Koncentrace analytu a jednotlivych slozek systému [32]

3. Disocia¢ni rovnovahu stanovované latky (vliv pH) [33]

Pii nevhodné nastaveném slozeni celého systému muze dojit dokonce i K inhibici
iontového prenosu pres mezifazi [34]. Tuto nevyhodu pro detekci latek lze vyuzit pfi
fizené piipravé tenkych membran na mezifazi [35] nebo syntéze lipofilnich latek
na mezifazi [36].

Jednotlivé vlivy ovliviujici mezifazi jsou jiz v literatute popsany [37], ale pfi vyuziti
potenciometrie na ITIES v analytické chemii se pozornost soustiedi pouze na hodnoceni
velikosti potencidlové odezvy bez ohledu na jeji casovy priubéh. Tvar zaznamenané kiivky

je hodnocen jen z pohledu hydrodynamiky kapalin [38] v prutokovych technikach.

1.5 Praktické aplikace ITIES

ITIES naléza uplatnéni v Siroké Skale obort, napt. v katalyze pii ptipravé kovovych
(nano)castic [39, 40, 41], elektropolymerizaci [42, 43] a ve fotokatalyze [44, 45].

V nésledujicim textu jsou n€které dalsi aplikace popsany detailnéji.

1.5.1 Separacni metody

Mezifazi dvou nemisitelnych kapalin je vyuzivano jiz vice jak staleti pro extrakce latek
[46, 47], ale ITIES dnes naléza uplatnéni predevSim pii Fizené extrakci latek
na mezifazi [48] ¢i extrakce kovu v kapalné elektrodové dvojvrstvé [49] a Vv kapilarni

elektroforéze [50].
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1.5.2 Elektroanalytické metody

Jedno z prvnich elektroanalytickych vyuziti ITIES bylo pii acidobazickych
potenciometrickych titracich [51]. K velkému rozvoji elektrochemického vyuziti mezifazi
kapalina-kapalina ptispély prace prof. Koryty a spol. [52, 53, 54], ktery ukazal srovnatelné
chovani tohoto systému se systémem kov-kapalina [55]. Tato diserta¢ni prace je zaméfena
zejména na vyuziti ITIES v potenciometrii, elektroanalytické aplikace ITIES vsak zahrnuji
i polarografii voltametrii [56] a amperometrii. Pomoci diferen¢ni pulsni voltametrie
na elektrodé tvofené visici kapkou elektrolytu byly stanovovany kovy alkalickych zemin
[57]. ITIES je Casto vyuzivano v ampérometrickych sensorech. Pii této technice se vklada
na kapalné mezifazi potencial specificky pro studovany analyt a zaznamena se proudova
odezva pii tomto vklddaném potencialu. Tohoto principu je vyuzivdno pii detekci
biochemicky vyznamnych latek napt. stanoveni mocoviny Vv biologickych kapalinach [58]
nebo stanoveni albuminu [59] vV pratokovém uspofadani. Kombinace mikropérové
membrany a ITIES umoznuje vytvorit pole pITIES ampérometrickych sensorti vhodnych
pro detekci latek v prutokovych analytickych metodach napt. FIA [60].

ITIES nachazi uplatnéni rovnéz v oblasti iontové selektivnich elektrod (ISE). Citlivost
a selektivita pevnych ISE elektrod je pii dlouhodobém pouZivani ovlivnéna adsorpci
povrchové aktivnich latek [61, 62] naproti tomu kapalné membranové elektrody [63]
pfinaseji nékolik vyhod - jednodussi pfipravu nevyzadujici ¢asové naro¢né operace jako
suseni, deponovani atd. a snadnou automatickou regeneraci detekéniho kapalného systému
ze zasobniho rezervoaru. Pouziti elektrod s kapalnou membranou mtze usnadnit a urychlit
analyzu velkého mnozstvi vzorkid, které se vyskytuji zejména v biochemickych
laboratofich. Limit potenciometrickych detekci je ovlivnén lipofilitou analytu a schopnosti
proniknout do organické (nevodné) faze [64] (permselektivita).

Pfi studiu elektrochemického chovani vodou nerozpustnych latek je vyuzivana
tenkovrstva ITIES, kterd umoznuje snizit mnoZzstvi zkoumaného analytu. Nepolarni analyt
je rozpustén v nevodném rozpoustédle. Pevna elektroda modifikovana mikrolitrovym
mnozstvim tohoto roztoku je pak zkouména ve vodném elektrolytu. Tohoto postupu bylo

vyuzito napft. pii studiu vlivu iontl elektrolytu na redoxni chovani fulerenu Cgo [65].
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1.5.3 Farmakologické pouZziti

Mezifazi kapalina-kapalina se ukdzalo byt vhodnym modelovym systémem kapalnych
membran pro studium membranovych procesi [54, 66, 67], a tim i vhodnym
biomimetickym modelem pro farmakologické studium potencialnich 1é¢iv [68] a detekci
farmak a jejich derivatd, napf. heparinu [69], dopaminu [70], tetracyklinu [71]
¢i takrinu, 1éku na alzheimerovu chorobu [72] nebo barbitalu [73]. ITIES je vhodny
modelovy systém pro studium chovani latek amfifilniho charakteru napt. aminokyselin
na mezifazi, coz umoziuje porozumét déjim probihajicim v bunéénych membranach [74].

Mezifazi kapalina-kapalina je rovnéz vyuzivano pro detekci a separaci chiralnich forem
1é¢iv [75, 76]. V biologickych systémech je rozpoznani latek zaloZeno na jejich interakci
S membranami.  Iniciace a  podrazdéni membrdn  hraje  dulezitou  roli
pfi rozpoznani latek v biologickych systémech. Kontakt téchto latek s bunécnou
membranou vyvolava elektrické pulsy, umoznujici identifikovat jednotlivé latky.
Podobného principu — sledovani potencialovych oscilaci na mezifazi dvou kapalin — bylo

vyuzito pii stanovenich aminokyselin [13] a pii kontrolach potravin[77].

1.6 Modelové analyty - Na:S, hydrochlorid cysteinu

Vzhledem k tomu, ze Casové rozlisena potenciometrie na ITIES je nova technika,
je spiSe nez rutinnimu analytickému postupu stanoveni analytu vénovana pozornost
prozkoumani mechanismu vzniku odezvy v zavislosti na podminkach experimentu. Proto
byly zvoleny analyty, jejichZz reakéni schémata jsou pies svou variabilitu dostatecné
Znama.

Tuto podminku splituje napt. sirovodik, ktery patii mezi pfirozené se vyskytujici latky
a je podstatnou slozkou bio a geochemickych procest. Vysoké koncentrace sirovodiku
v geologickych materidlech umoziuji ziskdvani siry ze surovin pouZzivanych
Vv petrochemickém primyslu. Navzdory tomu, Ze je jeho pach vyrazny a lidsky cich
je schopen rozeznat jiz davky od 5 ppm, pii vysSich davkach dochazi Kk znecitlivéni
¢ichového aparatu a tim se zvysuje riziko otravy a umrti. Letalni ddvka se mize pohybovat

jiz od 300 ppm. Vzhledem k této nebezpecnosti jsou u detekce H,S zvySené naroky
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na rychlost a citlivost. Proto je vyvinuto jiz velké mnoZstvi zejména spektrometrickych
a elektrochemickych technik ke stanoveni sirovodiku [78, 79]. Elektrochemické metody
umoziuji odliSeni sirovodiku a thiold vedle sebe v jednom vzorku [80]. Problémem
zustava rychld kontaminace, znecitlivéni a regenerace pouzitych detekénich zatizeni
pfi vysokych davkéch siry. Pfi stanoveni hraje také velkou roli vliv prostfedi, kdy muize
z kyselych roztokti sulfidi samovolné unikat sirovodik a ovlivnit jak detekéni schopnost
zvolené techniky, tak extrahované mnozstvi siry [79].

Vzhledem Kk obtizné manipulaci byl sirovodik v této praci nahrazen roztokem Na,S,
ktery reprezentuje modelovy analyt s jednoduchou strukturou molekuly, jejiz disocia¢ni
schéma je ovlivnéné acidobazickou rovnovéhou. Druhou modelovou latkou byl zvolen
molekuly. Molekula cysteinu obsahuje thiolovou skupinu —SH, ktera je soucasti
asi 200 rtznych enzymi v lidském téle [81]. V problematice detekce je sulfidu sodnému
i cysteinu dlouhodobé¢ vénovana pozornost a byly jiz dfive podrobeny testovani na rtiznych
typech pevnych elektrod napt. tiSténych uhlikatych elektrodach pro ampérometrické
vyuziti [82] nebo uhlikatych pastovych elektrodach pro potenciometrické analyzy [83].
Cystein byl detekovan i na borem dopovanych elektrodach v prutokovych systémech,

kde bylo dosazeno limitu detekce 0.021 pM [84].

1.7 Redox mediatory - Ftalocyaniny - COTNPc, NiTNPc,

Aby bylo mozné zkoumat jak ptenos iontl a molekul pies mezifazi, tak pfipadné redox
reakce modelového analytu, bylo nutno zvolit vhodné redox mediatory, kterymi jsou v této
disertacni praci ftalocyaniny.

Piestoze jsou strukturné podobné piirodné se vyskytujicim latkdm jako je chlorofyl
nebo hemoglobin, jednd se o uméle piipravené latky prvné syntetizované jiz na pocatku
20. Stoleti [85]. V prvopocatcich byly ftalocyaniny pouzivany jako levna barviva
pro odévni pramysl, jejich cilend syntéza zacala az ve 30. letech 20. stoleti po popisu jejich
struktury skupinou prof. Linsteada [86, 87]. Prvni ftalocyaniny dosahovaly modrych
az zelenych odstint, syntézou molekul s odlisSnymi centralnimi atomy kovi se barevna
Skala ftalocyanini rozsifila az do Zzlutych a cervenych odstind. Elektrochemické

a fotochemické chovani ftalocyanini ovliviiuje nejen typ centralniho kovu,
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ale i substituenty na postrannim fetézci, coz umoznuje piipravit derivaty ftalocyaninu
s vlastnostmi vyhovujicimi konkrétni aplikaci. Pulvlnovy elektrochemicky potencial
ftalocyanint lze ovlivnit také volbou rozpoustédla ¢i elektrolytu, které mohou podporovat
iontové parovani ¢i vznik komplexi mezi ftalocyaninem, elektrolytem a rozpoustédlem
[88]. Interakce oxidované formy porfyrinu s rozpoustédlem posouva E;/, K vice negativnim
hodnotam potencialu a interakce redukované formy posouva Eip K vice pozitivnimu
potencialu. Neutralni forma kovového porfyrinu s rozpoustédlem neinteraguje. Velké
kationty

napf. TBA® minimalizuji iontové parovani porfyrinti [89]. Proto je pii studiu
elektrochemického chovani ftalocyanini Casto pouzivan elektrolyt TBACIOy,
jehoz rozpustnost je vyssi nez TBABF4 nebo TBAPFs [90].

V analytické chemii ftalocyaniny nalézaji uplatnéni zejména v oblasti senzort. Staly
se konstruk¢ni jednotkou pro stavbu a vyvoj ,,chemickych nosi* [91]. Vzhledem ke znamé
citlivosti  ftalocyanini na svétlo nachéazeji vyuziti ve fotoelektrochemii [92]
¢i ve fotodynamické terapii pii 16€bé rakoviny [93]. Ftalocyaniny jsou rovnéZz vyuzivany
pro modifikaci nejriznéjsich elektrodovych materiali [94]. Vlastnosti ftalocyaninem
modifikovanych elektrod lze ovlivnit nejen zménou centrdlniho kovu ftalocyaninu
a modifikaci postrannich fetézcti, které ovliviluji usporddani ftalocyanint
v monovrstvé [95, 96, 97], ale rovnéZz podminkami piipravy senzoru,
napft. teplotou [98] ¢i volbou substratu [99].

V této disertacni praci predkladajici novou metodu Casové rozliSené potenciometrie
na ITIES byl vybran jako modelovy medidtor nevodné detek¢ni faze ftalocyanin
s centralnim atomem kobaltu, ktery je znamy svymi katalytickymi vlastnostmi pii oxidaci
sirovodiku [100, 101, 102], cysteinu [103, 104, 105] a dalsich latek [106]. Iontové
selektivni elektrody obsahujici ftalocyanin kobaltu vykazuji Nernstovskou odezvu

pii stanoveni sulfidickych latek v prostiedi s Sirokou skalou pH od 2 do 12 [101].
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2 EXPERIMENTALNI CAST

2.1 Chemikalie

V priaci byl pouzit ftalocyanin CoTNPc, ktery byl pfipraven skupinou
prof. Kobayashiho [107] a NiTNPc, syntetizovany Dr. J. Kaletou (UOCHB, AVCR)

dle prace A. B. P. Levera [108]. Strukturni vzorce jsou uvedeny na obr. 3.1

OCH,C(CH3)s OCH,C(CH )3

(H3C)3CH,CO (H3C)3CH,CO
OCH,C(CH3)s OCH,C(CH )5
(H3C)3CH,CO (H3C)3CH,CO
tetraneopentoxy ftalocyanin kobaltnaty tetranecopentoxy ftalocyanin nikelnaty

PC1-CoTNPc PC Il - NiTNPc

Obr. 3.1: Struktury studovanych ftalocyanind.

Pro nevodnou fazi byl pouzit 1,2-dichlorbenzen (0-DCB, 99%, Aldrich) a nitrobenzen
(NB, cisty, Lachema, CZ).

Jako zakladni elektrolyty vnevodném 1 vodném prostitedi byly pouzity
tetrabutylamonné soli; chloristan tetrabutylamonny (TBACIO,4, electrochem. grade, Fluka)
a hexafluorofosfat tetrabutylamonny (TBAPFg, electrochem. grade, Fluka), jejichz

strukturni vzorce jsou uvedeny V tabulce 2.1.

Tab. 2.1: Strukturni vzorce pouzitych elektrolyti

Nazev Struktura

HSC/\/\ /\/\CHg
N: ClOy
Hac\/\/ \/\,CHB )

chloristan tetrabutylamonny

HBC/\/\ /\/\CHS
N +
HC—""" " \_-CHs

hexafluorofosfat tetrabutylamonny PFg’
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Ve vodné fazi byly kromé TBA® soli pouzivany nésledujici anorganické latky:
Dusi¢nan draselny (p.a., Lachema, CZ), dusi¢nan sodny (p.a., Lachema, CZ), hydroxid
draselny (for analysis (max. 0.05% Na), Merck, CZ), chlorid draselny (p.a., Lachema, CZ),
chlorid sodny ( p.a., Penta, CZ) a kys. chlorovodikova (35 %, p.a., Lachema, CZ).

Dihydrogenfosfore¢nan draselny (purum, Lachema) a hydrogen fosfore¢nan sodny
monohydrat (p.a., Merck) byly pouzivany pro pifipravu Sorensenova fosfatového pufru
pomérovym smichanim vodnych roztoki 0.06 M Na,HPO4.H,O a 0.06 M KH,PO,.
Kys. fosfore¢na (85 %, p.a., Lachner, CZ ), kys. octova (98 %, p.a., Lachner, CZ),
kys.borita (99.5 %, p. a., Lachner, CZ) a hydroxid sodny (p. a., Lachner, CZ) byly
pouzivany pro pripravu Brittton-Robinsonova pufru pomérovym smichanim k dosazeni
konkrétniho pH. Pro pfipravu roztokd byla pouzita v destilovand voda ptedsaturovana
stejnou TBA" soli, jaka byla pouzita jako elektrolyt v nevodné fazi.

Jako modelové analyty byly pouzity dekametylferrocen (DMFc, 98%, Sigma-Aldrich),
sulfid sodny (solid, Sigma Aldrich), hydrochlorid L-cysteinu (p.a., Lachema, CZ),
L-cystein (>98%, Roth, DE). Sulfid zeleznaty (Penta, CZ) slouZil pro p¥ipravu plynného
H.S

FeS + 2 HCl — H,S + FeCl, 2.1)

ktery byl zachycovan do destilované vody.

Vsechny latky byly pouzity bez dalSich tprav.

Nevodné roztoky ftalocyanint a elektrolytit TBA™ soli byly skladovany v chladniéce
a v den méteni byly stdnim temperovany na laboratorni teplotu. Saturované vodné roztoky
TBA" soli byly pfipravovany den piedem a v den méfeni byly filtrovany a pouzity ptimo
k meétfeni nebo k pfipravé vodnych roztokli obohacenych o dal§i anorganické soli
a nasledné k méteni.

Pro vSechny vodné faze byla pouzita destilovana voda (Milli-Q system Gradient,
Millipore, vodivost 18.2 MQcm).

VSechna méteni probihala za laboratornich podminek. Testovani kazdého vzorku bylo

provedeno minimalné pétkrat.
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2.2 Pristrojové vybaveni

UV/Vis spektrofotometrickd méfeni byla provadéna na spektrofotometru Hewlett
Packard HP 8453. Opticka délka kyvety byla 10 mm.

K méfeni VIS reflexnich spekter pii spektroelektrochemii, byl pouzit spektrofotometr
Ocean Optic SD 1000 (Ocean Optics, Novy Zéland) s optickym vlaknem (Ocean Optics,
No.: FCR-74V400-2-ME910103, USA). Jako zdroj svétla byla pouzita halogenova lampa
Fiber-Lite PL-800 (Dolan-Jenner, USA).

Elektrochemické vlastnosti ftalocyaninu byly studovany pomoci cyklické voltametrie
v tfielektrodovém zapojeni s pouzitim potenciostatu/galvanostatu Wenking POS 2 (Bank
Elektronik, Némecko), ktery byl ovladany pomoci programu CPC-DA (Bank Elektronik,
Némecko). Pro spektroelektrochemickou celu byla pouzito HOPG (12 x 12 X 2 mm,
HOPG ZYB Grade, Structure Probe Inc., USA) jako pracovni elektrody a odrazové plochy
pro reflexni spektroskopii. Plocha pracovni elektrody 28 mm? byla vymezena otvorem
v plochém tésnéni Viton (DuPont Performance Elastomers, USA).

K méteni mezifdzového potencidlového rozdilu bylo pouzito dvou identickych
referenénich saturovanych kalomelovych elektrod (SCE) a voltmetru PPM98 (Bank
Elektronik, Némecko) S vysoce odporovym vstupem (1012 Q). Signal byl zpracovavan
pomoci programu Picoscope ADC-212 (Pico Technology, UK).

Pii pritokovych experimentech bylo k =zajiSténi pritoku mobilni faze pouZito
peristaltické pumpy (PCD 21M, Koutil, Kyjov, Czech Republic). Rychlost pritoku byla
3mL min™, pokud neni uvedeno jinak. Analyt byl ddvkovan pomoci davkovaciho kohoutu
V-451 (IDEX, USA). Objem davkovaci smycky byl 100 pL.

K méfeni pH byl pouzit pH-metr Jenway 3510 (Jenway, UK).

Fotografie SEM byly potizeny na mikroskopu Hitachi FE SEM S-4800.

Vsechna méfeni byla provadéna pii laboratorni teploté. Naméfena data byla

zpracovavana programem Origin 8 (OriginLab, USA).
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3 VYSLEDKY A DISKUSE

3.1 Charakterizace ftalocyanini

3.1.1 Spektrofotometrické stanoveni stability

Vzhledem k zamyslenému dlouhodobému pouzivani ftalocyaninového mediatoru
v detekéni fazi byla zjiStovana stabilita jeho roztoku v pouzitém nevodném rozpoustédle
(0-DCB) za tmy a v priabéhu expozice dennim svétlem. Stabilita roztokl ftalocyanint byla
sledovana spektrofotometricky. Spektra roztoki CoOTNPc a NiTNPc s 0.05 M TBACIO,
v 0-DCB snimanad v Casovych intervalech v pribéhu vystaveni dennimu svétlu jsou
uvedena na obr. 3.2. Pro spektrofotometrickd méfeni se ukazala byt optimalni koncentrace
roztokd ftalocyanint 5x10° M, pii vysSich koncentracich dochazelo k saturaci
spektrofotometrického signalu. Spektra CoTNPc obsahuji piky s maximem vlnové délky
301, 331, 613, 680 a 706 nm ve shodé-s literaturou [109, 110]. Casovy pribéh spekter
ukazuje pokles absorbance pikli a vznik nového Sirokého pasu mezi 475-525 nm, ktery
odpovida Co(I)TNPc¢(-2). U ftalocyaninu NiTNPc se vyskytuji piky u vinovych délek 301,
345, 389, 610, 651, 673 a 708 nm. Spektra NiTNPc vykazuji maly pokles absorbance.
NiTNPc se tak ukazuje jako dlouhodobé stabilnéjsi oproti CoTNPc.

Mimo fotochemické stability byl zkouman 1 vliv zakladniho elektrolytu na dlouhodobou
stabilitu ftalocyaninii v prosttedi 0-DCB. Byla porovnavdna fotochemicka stabilita
1x10° M roztoki ftalocyanini v 0-DCB Vv nepiitomnosti zakladniho elektrolytu
av 0.05 M TBACIO;,. Pro tento tcel byly pfipraveny dvojice roztoku, kdy jeden z nich byl
vystaven svétlu a druhy pro srovnani ponechidn ve tmé. Bylo zaznamenano absorpcéni
maximum a vyhodnocen jeho procentudlni pokles mezi jednotlivymi méfenimi.
Absorbance byla odecitana pro CoTNPc u vlnové délky 680 nm a pro NiTNPc u 673 nm,
coz v obou ptipadech odpovidalo absorpénim maximim (obr. 3.2). Z obr. 3.3 vyplyva, ze
NiTNPc je dlouhodobé stabilni za tmy 1 pii vystaveni dennimu svétlu a vyznamnou roli
zde nehraje ani ptitomnost zékladniho elektrolytu TBACIO,, zatimco CoTNPc je za tmy

stabilni, ale denni svétlo v kombinaci s pfitomnosti zakladniho elektrolytu TBACIO4
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zpusobuje priblizn€ po 20 dnech jeho degradaci. Pro dlouhodobou stabilitu senzoru je tedy
nutné detekéni cast Sroztokem CoTNPc chranit pied svétlem, coz je zohlednéno

V realizované verzi senzoru V teflonovém provedeni (obr. 3.30).
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Obr. 3.2: Srovnani stability roztoku ftalocyanini CoTNPc (a) a NiTNPc¢ (b) v priabéhu 50 dnt v 0-DCB.
Pouzité roztoky ftalocyaninii o konc. 5x10° M s 0.05 M TBACIO,. (-) &erstvy roztok, (-) po 14 dnech, (-)
po 21 dnech, (=) po 28 dnech, (-) po 35 dnech, (-) po 42 dnech. Opticka délka kyvety = 10 mm.
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Obr. 3.3: Srovnani stability roztoki ftalocyanintt CoOTNPc (A) a NiTNPc (B) v o-DCB.
Pouzité roztoky:

o — 5x10™° M Pc v 0-DCB ponechano 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, v 0-DCB uchovavén bez pistupu svétla
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3.1.2 Vyvoj spektroelektrochemické cely

Elektrochemické chovani ve vod€ nerozpustnych ftalocyaninii bylo studovano pomoci
cyklické voltametrie. Vzhledem ktomu, Ze se jednalo o nekomeréné dostupné
ftalocyaniny, jejichZ mnozstvi bylo omezené, byla vyvinuta nova spektroelektrochemicka
meéfici cela [111]. V jejim zakladnim uspotfadani bylo pouzito HOPG jako pracovni
elektrody, platinové pomocné elektrody a saturované kalomelové elektrody (SCE) jako
referencni elektrody. PrestoZe je HOPG cenové nakladnéjsi elektrodovy material a pro
ptipravu ftalocyaninovych senzort Ize pouzit i dal$i uhlikaté materialy (napi. OPG, GC),
vyhodou HOPG je, na rozdil od jinych materialt [112, 113], snadna a reprodukovatelna
piiprava cCistého definovaného monokrystalického atomarné plochého povrchu tvoieného
grafénovymi listy, ktery umoziiuje pfipravu monovrstvy. Schéma cely je uvedeno na obr.

3.4, jednotlivé dily jsou na fotografii obr. 3.5

PTFE kryt optické vlakno pro reflexni spektroskopii
II I I referentni l pomocna
elektroda elektroda

-=xw

C

vodny roztok

Sx®o—< X0 —~T 0
FEELEE)

1 1 | se zakladnim
Vo a < elektrolytem
VITON !1! racovni T vrstva .
P ektrads ——> nevodného

rozpoustédla
A B

Obr. 3.4: Konstrukce [A] a detail pouziti [B] spektroelektrochemické cely.

mosazny svérak sklenény vélecek | teflonovy kryt

Obr 3.5: Detailni pohled na jednotlivé ¢asti spektroelektrochemické cely.

Ackoliv tato cela byla vyvinuta pro studium ve vod¢ nerozpustnych latek, Ize ji stejné
vyhodné pouzit i pro klasickou elektrochemii ve vodném prosttedi pro latky, které jsou

dostupné jen ve velmi omezeném mnozstvi jako je tomu napiiklad u nové syntetizovanych
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lécivych latek. Vyhodou nové navrzené cely je jeji univerzalnost, 1ze ménit plochu
elektrody (zménou velikosti otvoru v tésnéni), objem méfici cely (zménou Sitky ¢i vysky
sklenéného tubusu). Snadné rozebiratelnost cely a zvoleny material pracovni elektrody
(HOPG) umoziuje charakterizovat povrch pracovni elektrody dalsimi metodami napf.
elektronovou mikroskopii, Ramanovskou spektroskopii ¢i mikroskopii skenujici sondou.
Ackoliv tato cela sama o sobé umoznila pouzit minimalni mnozstvi studované latky
pro zjisténi zékladnich elektrochemickych vlastnosti, k dalSimu snizeni spotieby studované
latky doslo kombinaci cely a elektrochemie vyuZzivajici rozhrani kapalina-kapalina
(ITIES). Toto usporadani popsané rovnéz Ansonem [114, 115] je uvedeno na obr. 3.4B.
Bazéalni rovina pracovni HOPG elektrody je piekryta tenkou vrstvou nevodného
rozpoustédla s rozpusténou studovanou latkou a elektrolytem, ktera je pievrstvena vodnym
roztokem elektrolytu. Toto uspotddani umoziuje pies lokalizaci elektrochemické reakce
v tenké vrstvé pouziti klasického (objemového) uspofddani nadobky s referencni

elektrodou umisténou ve vodné fazi.

Tabulka 3.2: Srovnani parametri spektroelektrochemické cely a bézné pouzivanych (klasickych) metod.

Parametry Tenkovrstvé usporradani ITIES Klasické
Pracovni Kapalinou Modifikovana Elektroda HOPG
elektroda: HOPG (LFE HOPG z angliétiny)
Referenéni .
elektroda: SCE Ag drét
Pomocna . .
elektroda: Pt drat Pt drat
Vodny roztok . .
elektrolytu: 0.1 M chloristan lithny (LiClO,) | ====-m-mmmmmmmmmme-
Nevodny o-dichlorbenzen (0-DCB) / o—dichlorbenzen (0-DCB) /
roztok: y 0.1 M chloristan tetrabutylamonny 0.1 M chloristan tetrabutylamonny
' (TBACIO,) /mediator (TBACIO,) /mediator
elektroda
Uspof‘édéni: nevodny roztok
nevodny roztok
elektroda
Spektroskopie: 400-800 nm reflexni 200-1100 nm transmisni, reflexni
P PIE- | od povrchu elektrody HP 8453 (Hewlett Packard)
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Srovnani klasického nevodného a tenkovrstvého usporadani ITIES je uvedeno v tab. 3.2
a demonstrovano na cyklickém voltamogramu reversibilniho redox standardu DMFc

v 0-DCB/0.1M TBACIO, (obr. 3.6A), ktery odpovida reakci

DMFc* + ¢ <> DMFc (3.1)

Kiivka 1 ukazuje voltamogram v klasickém uspotradani, kiivka 2 v tenkovrstvém ITIES.
Rozdil potencialu piku AE, (obr. 3.6B) je mensi v piipadé tenkovrstvé ITIES v celém
rozsahu pouzivanych rychlosti, coz ukazuje na niz$i potencialovy (iR) ubytek. Linearni
zavislost proudu na rychlosti vkladani potencialu (obr. 3.6C) dokazuje povrchovy dé;.
Rovnéz ukazuje 1 vys$si proudovou reverzibilitu pro systém s ITIES, kde hodnota lpa/l. je
1.06, zatimco hodnota pro objemové uspofadani je zvySena na 1.39. Uvedené vysledky

ukazuji na vhodnost pouziti tenkovrstvé ITIES pro studium vodou nerozpustnych latek.
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Obr 3.6: Cyklické voltamogramy 1 mM DMFc¢ s 0.1 M TBACIO; v 0-DCB méfené v objemovém
usporadani (A, kiivka 1) a v systému s tenkou vrstvou ITIES z 1 mM DMFc s 0.1 M TBACIO, v 0-DCB
prevrstvené vodnym roztokem 0.1 M LiClO, (A, kiivka 2) (rychlost polarizace 10 mVs™"). Separace piki
AE, = Epa— Eyc vs. v (B) a jeji sniZeni pro tenkovrstvé uspofadani (V) v porovnéni s objemovym systémem

Y2.(C) pro tenkovrstvé usporadani (W) v porovnani s objemovym usporadanim (). (E vs. SCE

(®). lpvs. v
umisténé ve vodné fazi v pripadé ITIES, E vs. pseudoreferencni Ag elektroda v ptipadé bulk systému. Plocha

elektrody 28 mm? HOPG byla vymezena plochym t&snénim).
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3.1.3 Elektrochemické chovani ftalocyaninu

Pro charakterizaci ftalocyaninu pouzivaného jako mediidtoru v nevodné fazi v asove
rozliSené potenciometrii byl pfipraven 1mM roztok studovaného ftalocyaninu v 0o-DCB
obsahujici 0.1 M chloristanu tetrabutylamonného (TBACIO,), ktery slouzil jako elektrolyt
v nevodném prostiedi. Pro vodnou fazi byl pouzivan 0.1 M chloristan lithny.

Vobr. 3.7 jsou prezentovany pfislusné cyklické voltamogramy studovanych
ftalocyaninti. Cyklicky voltamogram HOPG elektrody modifikované tenkou vrstvou
roztoku CoTNPc v 0-DCB pievrstvenou vodnym elektrolytem obsahujici chloristanové
ionty je uveden na obr. 3.7A. Porovnanim s literaturou [116] byly jednotlivym pikim
ptifazeny nasledujici reakce:

« Eqpy) = 1152 mV, piechod Co"(TNPc ™) — Co"(TNPc ™),
* Eagpz) = 490 mV, prechod Co"(TNPc™) — Co"(TNPc™),
* Eagps) = -481 mV, prechod Co" (TNPc?) — Co'(TNPc?),
* Eagpa) = -1590 mV, piechod Co'(TNPc %) — Co'(TNPc®)

V piipadé NiTNPc (obr. 3.7B) byly zjistény nasledujici piky

a=1392 mV
E.=1024 mV
Ea=212 mV
Ea=-326 mV
Ea=-910 mV
E.=-1183 mV
Ea=-1380 mV

V literature nebyly dosud jednotlivé piky identifikovany, I1ze pfedpokladat, Ze obdobné,
jako v ptipadé CoTNPc, odpovidaji prechodu Ni'"' a TNPc(-1)/ /TNPc(-2)/ TNPc(-3).
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Obr. 3.7: Cyklické voltamogramy CoTNPc (A) a NiTNPc (B) ve dvoufazovém systému 0-DCB/voda
obsahujici v organické fazi: 5x10* M CoTNPc nebo NiTNPc a 0,05 M TBACIO, a ve vodné fazi:
0,1 mol dm™® LiClO,; HOPG vs. SCE; A =28 mm’, v =100 mVs™.
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3.1.4 Spektroelektrochemické chovani ftalocyaninu

Konstrukce navrzené cely umoznuje rovnéz spektroelektrochemickou charakterizaci
pouzité¢ho ftalocyaninu. Spektoelektrochemie byla provadéna v potenciostatickém rezimu
v tenkovrstvé ITIES pouzivajici mezifazi voda/o-DCB. Schéma uspoiadani je na obr. 3.4.
CoTNPc byl rozpustén v 0-DCB s 0.1 M TBAPFg slouzicim jako elektrolyt nevodné faze
zprostiedkovavajici prechod pies mezifazi a 0.1 M LiClOy4, ktery byl pouzit jako elektrolyt
ve vodné fazi. Pouziti atomarné hladkého elektrodového materialu — bazalni roviny HOPG

—umoziovalo méteni VIS spekter v reflexnim modu.

Jak bylo popsano vyse (kap. 3.1.3), pfi potencialu -0,6 V probiha reakce (obr. 3.8A)

Co"TNPc®) + ™ Co'TNPc?? (3.2)

Zmény ve spektru (obr. 3.8B) charakterizuji redukci kovového centra ftalocyaninu.
Dochazi k poklesu piku s maximem 613 nm a 680 nm, ktery odpovida Co(II)TNPc(-2) a
ve spektru se objevuje Siroky pik v rozsahu vinovych délek 475-525 nm, ktery odpovida
form¢ Co(I)TNPc(-2). Ve spektru se objevuji tfi isosbestické body pfi vlnové délce 500,
698 a 740 nm. Nalezené vysledky jsou ve shod¢ s literaturou [110].

3 T T T 0.3 : T 3 T : T
LA
2L |
I 0.2
1k 4
Q
L Q
&
< O . o
< 5 0.1
- [ w
e
1k d <
2L 4 0.0
-3 —_t 400 560 : 660 : 760 " 800
0.8 -0.6 0.4 0.2 0.0

EV] A [nm]
Obr. 3.8: Spektroelektrochemie CoTNPc na kapalinou modifikované HOPG elektrodé. (A) Cyklicky
voltamogram 5x10* M CoTNPc v 0-DCB s 0.1 M TBAP, vodnéa faze obsahuje 0.1 M LiClO,. Rychlost
vkladani potencialu byla 10 mVs . (B) Casovy vyvoj reflexnich spekter COTNPc pfi potencialu —586 mV
(vs. SCE). Optické vldkno bylo umisténé v nevodné fazi. Jako referenéni elektrody Bylo pouzito SCE

referencni elektrody a Pt dratu jako pomocné elektrody ve vodné fazi.
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3.2 Potenciometrie na dualni ITIES

Potenciometrickd odezva senzoru zaloZeného na dudlnim mezifazi voda/o-DCB,
kde 0-DCB obsahuje rozpustény redox mediator — ftalocyanin, byla testovana pomoci

reakce modelového redox systému S* (Schéma 1).

sat.
SCE SCE
V1: ptedsaturovand TBAPFg TBAPF;

.. e V2: piedsatu A TBAPF Ref

+ injektovany vzorek: S*/SH + predsaturovana 0 ©

2

MePc
< n > < >
Voda o-DCB Voda

Schéma 1. Schematické usporadani méfici cely vyuzivajici dualni systému ITIES pro detekci sulfidovych
iontd. Vodna faze byla ptedsaturovana TBAPFg, aby byl minimalizovan unik TBAPFs Z nevodné faze o—
DCB. Redox mediator MeTNPc = 5x10™ M CoTNPC je rozpustén rovnéz v nevodné fazi o-DCB.

Nejjednodussi nadobka, kterd umoznuje méfeni potenciometrie s pouzitim dudlniho

ITIES v oboustrann¢ statickém rezimu je uvedena na obr. 3.9.

ref.el. 1 — — ref. el. 2

vodny roztok == —— vodm} roztok

_— nevodny roztok

Obr. 3.9: Schéma potenciometrické U nadobky vyuZivajici dualni ITIES

Ptechod sulfidovych ionti mezi 0-DCB a vodnou fazi je zprostiedkovan pomoci

fizovych prenasect (z angl. phase transfer) iontd TBA®. Distribuéni reakce Ize vyjadit

rovnicemi

S%y + 2TBA'y <=> (TBA)* 8%y (3.3)
SHy +TBA"y <=> TBA'SHy (3.4
TBA'SHy <=> TBA'SH pbcs (3.5

(TBA)*,S%y <=> (TBA)"2S% bes (3.6)
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Sulfid na mezifazi podléha redukci ftalocyaninem (rov. 2.8), jehoz oxidovana forma

je regenerovana kyslikem (rov. 2.9)

2 Me'"Pc +S* — 2 Me'Pc + S (3.7)
0, + 2 Me'Pc & 0, + 2 Me''Pc (3.8)

Obr. 3.10 zachycuje ¢asovy pribéh potenciometrické odezvy na piidavek Na,S do jedné
vodné faze. Na pocatku dochazi k velké potencialové zméné¢, postupné potencialovy rozdil,
klesa, nebot dochazi k difuzi S* iontd nevodnou fazi do druhé vodné fize, pomér
koncentraci na obou mezifazich se neustale méni. Jakmile dojde k vyrovnani koncentrace
S v obou vodnych fazich, je potencidlovy rozdil opét nulovy. Doba k dosazeni
rovnovazného stavu je zavisla na rychlosti diftize a tloustce nevodné faze. Systém v tomto

usporadani tedy vykazuje diferen¢ni odezvu.

100

E[mV]

——bez Na S

-500 s 0.1 M Na,S v jednom rameni

600 L L L
0 20 40 60 80
t [min]

Obr. 3.10: Potenciometrie na dualnim ITIES, staticka, v U trubici. V nevodné fazi je 0.5 mL 1 mM CoTNPc
a0.5mL 0.2 mL TBACIO, V 0-DCB. Vodna faze je sat. TBACIO,4. Byly pouzity SCE ref elektrody. P¥idano
0.1 M Na,S do jednoho ramene U nadobky.

Pro praktické vyziti potenciometrie S dudlnim ITIES je vhodnéjsi pritokové uspofadani,
kdy jedna vodné faze se stane mobilni - pratokova. Toto uspofadani umoziiuje opakované
méfeni na jednom systému, proudici mobilni vodni fidze neustale regeneruje detekcni
systtm a eliminuje akumulaci vedlejSich produktti reakce napt. polysulfidl, které
by inhibovaly odezvu senzoru.

Schéma cely pro pritokovou potenciometrii je uvedeno na obr. 3.11. Nevodna faze
tvofena 500 pL of o-DCB s 0.5M TBAPFs je naplnéna v ”U” trubici a funguje jako
vodivé spojeni mezi staciondrni a mobilni vodnou fazi, kterd umoziluje pohyb analytu
od davkovaci smycky pres detekéni segment az do odpadu. Obé vodné faze jsou pied

naplnénim do cely saturovany elektrolytem (TBAPFs), coZ udrzuje konstantni koncentraci
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iontlh v obou vodnych fazich a zabrafiuje vyplavovani elektrolytu znevodné faze,

ktera rovnéz obsahuje redoxni mediator — ftalocyanin (MePc).

Referentni
elektrody

Davkovaci kohout
Wyos: Wsmar:

SCE predsaturovana TBAPF, predsaturovanaTBAPF, SCE

Ref1 + vzorek Ref 2

Mobilni vodna faze Nevodna Stacionarni vodna faze

Nevodna faze faze

Vodna faze

Obr. 3.11: Schéma U nadobky modifikované pro pritokovou ¢asové rozli§enou potenciometrii vyuzivajici

dualni ITIES modifikovanou redox mediatorem (A) a jeho realizovana verze (B).

Na odezvé senzoru v prutokovém uspofadani je zieteln€é vidét funkce kysliku
pro regeneraci ftalocyaninu. Na obr. 3.12 je srovnani potenciometrické odezvy v piipadé,
ze vodna faze byla pfedem zbavena kysliku vybublanim argonem nebo byla nasycena
kyslikem. V ptipad¢ argonem vybublaného roztoku ustdleni stabilniho potencidlu trvalo
vice neZ 3 hod. Diivodem je ménici se koncentrace kysliku, pronikajici do cely
netésnostmi, péry v hadickach a difusi. Rozdil v koncentraci kysliku na obou mezifazich
zpusobuje potencialovy rozdil mezi obéma vodnymi fazemi. Systém, ve kterém byly obé
vodné faze predem saturované kyslikem, poskytoval stabilni potencidlovou odezvu. Kyslik
pusobi v systému jako velmi rychlé a vysoce ucinné regenera¢ni ¢inidlo (viz. reakce 3.8)
[117, 118].

Odezvu navrzené¢ho systému pro Casoveé rozliSenou potenciometrii ovliviluje fada
faktor- nevodné rozpoustédlo, pfenosovy ion umoziujici prenos pies mezifazi, redox
mediator, slozeni vodné mobilni faze — jeji pH, iontové sila, rychlost pratoku a dalsi.

Jednotlivé vlivy jsou detailnéji popsany v nésledujicich kapitolach.
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Obr. 3.12: Potenciometricka stabilita dualniho ITIES (v objemovém uspotfadani) s mobilni fazi saturovanou
kyslikem (Cervend kfivka) a vybublanou argonem (Cernd kfivka). Obsah nevodné faze: 0.5 mM CoTNPc
a 0.5 M TBACIO, v 0-DCB. Vodna faze: 0.1 M LiCO,. Prutok: 0.3 mL/min. Ve staciondrni i mobilni fazi
byly pouzity referenéni SCE elektrody.
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7

3.2.1 Parametry nevodné casti senzoru ovliviiujici odezvu

3.2.1.1 Volba nevodného rozpoustédla

Volbou typu nevodného rozpoustédla lze ovlivnit zejména fyzikalni vlastnosti
mezifazi. Jak bylo psano v uvodu (kap. 1.2) lze tak ovlivnit nejen Sitku mezifazi,
ale zejména mechanismus pienosu latek pies mezifazi. Rovnéz charakter potencialové
odezvy riiznych analytli je ovlivnén interakci analytu s nevodnou fazi.

Hlavnimi poZadavky nanevodnou fazi ITIES jsou dostatecna vodivosti
— tj. co nejvyssi dielektrickd konstanta rozpoustédla k zajiSténi dostate¢né rozpustnosti
a disociaci elektrolytu pfi minimalni misitelnosti s vodnou fazi, vysokém bodu varu a nizké
toxicité. Tyto podminky je velmi obtizné splnit vS§echny soucasné v plné mite. Uvedené
parametry ovliviuji predev§im rozpustnost a disociaci elektrolytu v pouzitém nevodném
rozpoustédle, ostrost mezifazi, solvataci elektrolytu molekulami rozpoustédel [119]
nebo tvorbu komplexid v systému rozpoustédlo-elektrolyt-mediator. V této praci byly
testovany dva typy rozpoustédel pouzivanych v ITIES, o-dichlorbenzen (0-DCB)
a nitrobenzen (NB), z nichz 0-DCB ptedstavuje dobry kompromis (na rozdil od NB: jehoz
rozpustnost ve vod¢ je vyrazné vyssi, viz. tab. 1.1.

Pro sulfid sodny se ukdzalo vyhodngjsi pouziti 0-DCB, ktery vykazoval vice
nez dvojnasobné vysokou potencialovou odezvu (obr. 3.13) oproti systému s NB.
Pro detekci hydrochloridu cysteinu se rozdil ve velikosti potencialové odezvy v zavislosti
na pouzité nevodné fazi neukdzal byt tak vyznamny, ale u senzoru obsahujiciho NB se
prodlouzila doba zadrzovani hydrochloridu cysteinu na mezifazi a doba nutna k regeneraci
detek¢niho systému. S prodlouZzenou dobou regenerace se vyznamné zvySi 1 doba
do naddvkovéni dal§iho vzorku. Navic vlastnosti 0-DCB jako je nizka rozpustnost ve vodé
a relativné vysoka viskozita [120] zpusobuji, ze pii pouziti v prutokovych metodach
Vv disledku niz8i misitelnosti nedochézi v takové mitfe k odplavovani organické faze a tedy
i zmény v povrchovém napéti [121] v prubéhu experimentu jsou jen minimalni. Tim je
zvySena stabilita, umoznéno dlouhodobé pouzivani senzoru a snizena ekologickad zatéz
kontaminaci vody. ProtoZe navic pouzité modelové redoxni mediatory na bazi ftalocyaninti
jsou velmi dobie rozpustné v 0-DCB, bylo toto rozpoustédlo zvoleno jako vhodné

nevodné rozpoustédlo stacionarni (detekéni) faze.
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Efekt odliSné sorpce riznych latek na mezifazi a rozdilné tlouStky mezifazi pii pouziti
riznych nevodnych rozpoustédel mlize byt vyuzit v multisenzorové analyze. Pratokovy

multisenzor miize byt tvofen fadou detekénich segmentl, kazdy s jinou nevodnou fazi.

24
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Obr. 3.13: Srovnani potencialové odezvy analytu v zavislostu na volbé nevodného rozpousrédla. Nevodna
faze obsahovala 1 mM CoTNPc s 1 M TBAPFg v 0-DCB (-) nebo v NB (—). Mobilni faze byla destilovana
voda saturovanid TBAPFs. Pritok byl 3 mL min™. Referen¢ni elektrody SCE byly umisténé v mobilni
a statické vodné fazi cely. Pro srovnani jsou ukazany odezvy na nastiik 0.1 M Na,S (A) a 0.1 M cystein HCI

(B).

3.2.1.2 Volba nevodného elektrolytu

Byly odzkouseny tfi varianty nevodného elektrolytu; TBACIO,, TBAPF; a TBABF..
Rozpustnost téchto elektrolytti v o-DCB klesa ve sméru TBACIO4 > TBAPFs > TBABF,.
odezvu na sulfidy a proto bylo od jeho dal§iho pouziti upusténo. V detekénim systému
obsahujici jako mediadtor CoTNPc, s elektrolytem TBAPFg senzor vykazoval vyssi odezvu
na stejnou koncentraci obou modelovych analytt oproti systému obsahujici TBACIO4
(obr. 3.14AB), ale doba potiebna k regeneraci senzoru se vyrazn¢ prodlouzila. Stejny efekt
byl pozorovan u senzoru s mediatorem NiTNPc v piipadé detekce hydrochloridu cysteinu
(obr. 3.14D), zatimco pii detekci Na,S vliv zmény nevodného elektrolytu na charakter

odezvy nebyl vyznamny (obr. 3.14C).
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Obr. 3.14: Srovnani potencialové odezvy analytu v zavislostu 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 saturovand TBACIO, nebo TBAPFg. Priitok byl 3 mL min™. Byly pouZity
referen¢ni elektrody SCE umisténé ve vodné mobilni a statické fazi cely. Nastiik analytu byl proveden vzdy

v ¢ase t = 10 s. Pro srovnani jsou ukazany odezvy na nastiik 0.1 M Na,S (A, C) a 0.1 M cystein HCI (B, D).

3.2.1.3 Volba mediatoru

Metoda Casové rozliSené potenciometrie zalozena na ITIES poskytuje
potenciometrickou odezvu i bez pouziti redox mediatoru rozpusténého v nevodné fazi,
vnasem piipad¢ ftalocyaninu. V takovém piipad¢ budou odezvy zalozeny hlavné
na fyzikalnich zménach na mezifdzi zplsobenych interakci resp. pfenosem analytu.
Obr. 3.15 ukazuje odezvu senzoru na analyt, ktery chemicky nereaguje s redox
mediatorem. V tomto ptipad¢ je potencidlova odezva prakticky nezavisla na pifitomnosti

redox mediatoru a odraZi ménici se pomér koncentrace ionti Na' na mezifazi voda/
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0-DCB. Pienos ionti do nevodné faze je zprostiedkovan pomoci parovani s ionty
ptenaSec¢e — TBAPFs. Doba do opétovného ustaveni rovnovahy a tim dosazeni nulového
potencialového rozdilu je piiblizné 20 min a ukazuje, ze odezva je ovlivnéna difuzi
(solvatovaného) Na® a iontu nevodnou fazi. Maly rozdil mezi potencidlovou odezvou
s a bez mediatoru je zpsoben adsorpci ftalocyaninu na mezifazi voda/o-DCB, ktera muize

ovlivnit rozdélovaci koeficient Na* iontu .

20 T T T

E[mV]

10 1 1 1
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Obr. 3.15: Srovnani potencialové odpovédi na dudlnim systému ITIES na vodny vzorek 1 M NaCl v
ptitomnosti chemického mediatoru 5x10* M CoTNPc v 0-DCB (kiivka 1) a pii absenci chemického redox
mediatoru (kiivka 2). Nevodna faze obsahuje: 5x10* M CoTNPc a 0.5 M TBAPFg v 0-DCB. Obg& vodné
faze jsou saturované TBAPFg a obsahuji 0.01 M KCI. Pritok mobilni vodné fize byl 3 mL min™. Byly

pouzity referencni elektrody SCE umisténé v mobilni a statické ¢asti nadobky.

V ptipadé analytu chemicky reagujiciho s mediatorem, pfitomnost mediatoru zpiisobuje
vyznamné zvySeni potencidlové odezvy (obr. 3.16). Tento ptipad je demonstrovan
stanovenim modelového analytu Na,S senzorem obsahujicim redox mediator ftalocyanin,
ktery reaguje podle reakce 3.8 uvedené v kapitole 3.2. Odezva cCasové rozlisené
potenciometrie je v tomto piipadé konvoluci redoxni rovnovahy a rozdélovaciho poméru
latky mezi vodnou a nevodnou fazi. Pfitomnost ftalocyaninu v nevodné fazi navic
zabranuje jeji kontaminaci Na,S a polysulfidy. Regenerace mediatoru je zajiSténa oxidaci

kyslikem, jak je podrobnéji rozebrano v kapitole 3.2.
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Obr. 3.16: Srovnani potencidlové 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
saturovanda TBAPFg. 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 nasttik 0.1 M Na,S.

Volba vhodného redox mediatoru ovliviiuje nejen velikost odezvy senzoru,
ale 1 selektivitu. Pro nd§ modelovy senzor jsme porovnavali dva medidtory reagujici
s S% ionty. Jedna se o derivaty ftalocyaninu liici se pouze centralnim kovem- CoTNPC
a NiTNPc.

Pti detekci sulfidu sodného, systém s NiTNPc vykazoval zvySeni potencidlové odezvy
oproti systému s COTNPc (obr. 3.17A), zaroven vSak doslo k dvojnasobnému prodlouzeni
doby regenerace. Charakter odezvy senzoru na hydrochlorid cysteinu byl prakticky

nezavisly na pouzitém mediatoru (obr. 3.17B).
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Obr. 3.17: Srovnani potencialové odezvy analytu v zavislosti na pouzitém redox mediatoru 0.5 mM CoTNPc
nebo 0.5 mM NiTNPcs 0.5 M TBACIO, v 0o-DCB. Mobilni faze byla destilovana voda saturovana TBAPF.
Pritok byl 3 mL min™. Byly pouzity referenéni elektrody SCE umisténé v mobilni a statické &asti nadobky.

Pro srovnani jsou ukazany odezvy na nasttik 0.1 M Na,S (A) a 0.1 M cystein HCI (B).
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Kiizové pouziti vybranych ftalocyanini, CoTNPc a NiTNPc, a nevodnych elektrolytd,
TBACIO, a TBAPFg, ukazalo nejvyssi odezvy pro 0.1 M Na,S u kombinace CoTNPc
s TBAPFg a pro 0.1 M hydrochlorid cysteinu u kombinace NiTNPc s TBAPFg.

3.2.1.4 Vliv koncentrace mediatoru

Charakter odezvy senzoru rovnéz ovliviiuje koncentrace mediatoru. Na obrazku 3.18A
1ze vidét, Ze zavislost odezvy senzoru na koncentraci ftalocyaninu neni linearni. Pi detekci
analytu Na,S byly nejvyssi odezvy pro koncentraci 5x10* M CoTNPc (obr. 3.19) pfitom
jejich prub&h je nezavisly na koncentraci analytu - stejnd optimalni koncentrace
ftalocyaninu byla nalezena pro 0.1 M i 0.01 M Na,S (obr. 3.19A). Pro analyt
hydrochloridu cysteinu byla koncentracni zavislost ftalocyaninu mnohem méné jasna
vzhledem K vice pikim ¢i vinam. V ptipad¢é negativniho piku (~vIny) se jevi optimalni
koncentrace 1x10° M ftalocyaninu-CoTNPC v nevodné fazi (obr. 3.19B) a v piipadé
pozitivniho piku je velikost odezvy nejvyssi bez mediatoru (obr. 3.18B). Jak bude
podrobnéji vysvétleno v dalSich kapitolach, charakter potenciometrické odezvy je odrazem
fady d&ju odehravajici se na mezifazi. V ptipadé hydrochloridu cysteinu zména potencialu
do negativnich hodnot souvisi se zménou pH na mezifazi po nastfiku analytu. Tento
negativni pik (~vlna) pak zaroven ovliviiuje 1 velikost pozitivniho piku odpovidajici reakci

cysteinu s ftalocyaninem.
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Obr. 3.18: Srovnani potencialové odezvy 0.1 M Na,S (A) a 0.1 M hydrochloridu cysteinu (B). Nevodna faze
obsahovala 0 M CoTNPc (-), 5x10° M CoTNPc (), 510" M CoTNPc (-) a 1x10° M CoTNPc (-)
$0.5 M TBAPF, v 0-DCB. Mobilni fazi byla destilovana voda saturovana TBAPFg s prittokem 3 mL min™.

Byly pouzity referenéni elektrody SCE umisténé v mobilni a statické ¢asti cely.
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Obr. 3.19: Zavislost maximalni potencidlové odezvy senzoru na koncentraci CoTNPc v 0-DCB. Systém byl
slozen z0 M CoTNPc, 5x10° M CoTNPc, 5x10* M CoTNPc nebo 1x10° M CoTNPc s 0.5 M TBAPF;
v 0-DCB. Mobilni faze byla destilovana voda saturovana jen TBAPFg. Prittok byl 3 mL min™. Byly pouZity
referen¢ni elektrody SCE umisténé v mobilni a statické ¢asti cely. Pro porovnani jsou ukazany odezvy
na nastiik koncentrace 0.1 M (¢) a 0.01 M Na,S (¢) (A) a 0.1 M hydrochloridu cysteinu pro max. pozitivniho

piku () a pro max. negativni viny (e) (B).



48

3.2.2 Parametry vodné casti senzoru ovlivilujici odezvu

3.2.2.1 Vliv rychlosti priatoku mobilni faze

Obr. 3.20 zachycuje potencidlovou odezvu ¢asové rozlisené potenciometrie
zaznamenanou pii riznych rychlostech pritoku mobilni faze.

Charakter odezvy byl vrozsahu métenych rychlosti podobny (obr. 3.20, 3.21).
Se snizujici se rychlosti dochazelo ke zvySovani potencidlové odezvy (pfi trojndsobném
zpomaleni pritoku doslo ke zvySeni odezvy o 50 mV), ale zaroven se vSak prodluzovala
doba regenerace senzoru. Rychlost pritoku 3 mL/min byla proto zvolena jako optimalni

kompromis mezi rychlosti priitoku, citlivosti a dobou regenerace senzoru.
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Obr. 3.20: Potenciometrické odezvy 0,1 M Na,S (A) a hydrochloridu cysteinu (B) v zavislosti na rychlosti
pratoku vodné faze. Detail potenciometrické odezvy (C) viz zakrouzkovana oblast v obrazku (B). Detekéni
nevodna fize byla slozena z 5x10* M CoTNPc s 0.5 M TBAPFg v 0-DCB. Mobilni fizi byla destilovana
voda saturovana TBAPF. Pritok byl (—) 1 mL min?, (=) 2 mL min™ a (=) 3 mL min™. Byly pouzity

referencni elektrody SCE umisténé v mobilni a statické vodné fazi.
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3.2.2.2 VlivpH

Jak jiz bylo ukdzano diive, Casové rozliSend potenciometrie vykazuje selektivitu
projevujici se rozdilnou odezvou i v piipadé latek obsahujici podobnou funkéni skupinu
jako je tomu v pfipadé Na,S a cysteinu. Potenciometricka odezva totiz odrazi rozdilné
iontové produkty stanovované latky, jak je dale ilustrovano na modelovém iontu S%,
davkovaném ve formé roztoku Na,S a HjS. (obr. 3.22). Odlisné iontové slozeni analytu
Vv prosttedi o daném pH ovlivnéné acidobazickou rovnovahou se zde projevuje vyrazné

odliSnou obalkou potencialového pribehu.
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Obr. 3.22: Srovnani potenciometrické odezvy 10 M Na,S (kfivka 1) a H,S (saturovany roztok pii 20 °C,~
0.1 mol/L) (kiivka 2). Nevodna faze byla slozena z 0.5 mM CoTNPc s 0.5 M TBAPF; v 0-DCB. Vodna faze
byla saturovans TBAPFs Pritok byl 3 mL min™. Byly pouzity referenéni elektrody SCE umisténé

v mobilni a statické ¢asti cely.
NaS a H,S podléhaji hydrolyze za vzniku rozdilnych produkti:
Na,S + H,0O <> NaSH + NaOH (3.9

Reakce Na,S s vodou vede k silné alkalickému roztoku, reakce H,S svodou vede

ke kyselému roztoku podle nasledujicich reakei:

H,S + Hy0 <> HzO" + HS” (3.10)
HS + H,0 < HzO" + §* (3.11)

s disocia¢nimi konstantami reakce (3.10) a reakce (3.11) K; = 9.1x10% a K, = 1.3x10™,
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Charakter potencidlové odezvy sensoru na piitomnost Na,S a H,S se vyrazné lisi
(obr. 3.22). Zatimco potencialova odezva na Na,S je tvofena dvéma pozitivnimi maximy
(ktivka 1), vptipad¢ HpS (kiivka 2) je pozitivni maximum nasledovdno poklesem
potencialu do negativnich hodnot. Vzhledem k tomu, Ze potenciometrickd odezva
na mezifazi je v ptipadé NapS a H,S ovlivnéna fadou faktorti, z nichz majoritni jsou
redoxni reakce s mediatorem a tvorba meziprodukti (polysulfidy a kyslikaté slouceniny
siry a jejich adsorpce na mezifazi [117, 122, 123]), pH a s nim souvisejici disocia¢ni
a distribu¢ni rovnovahy, bylo upravou experimentalnich podminek dosazeno zuzeni této
skupiny faktorti: Pouzitim identického iontového slozeni roztokti na obou strandch
nevodné faze byl potlacen vliv distribu¢nich a disociacnich rovnovah a volbou analytu
eliminovana redox reakce s medidtorem, coZ umoznilo nastavit podminky experimentu tak,
aby bylo mozné studovat selektivné potencidlovou odezvu mezifazi na pH mobilni faze.
Pro zjisténi pouze samotného vlivu pH jsme pouzili jednodussi analyty KOH a HCI (viz
obr. 3.23). Kpotlageni vlivu ionth K* a CI" na potenciometrickou odezvu byl do
stacionarni i mobilni vodné faze ptidan KCI (viz. schéma 2) SloZeni obou mezifazi se tedy
po nastiiku analytu KOH resp. HCI lisi pouze piitomnosti H'(H;0") respektive OH™ iontd.
V takto nastaveném systému nedochdzi kredoxni reakci mediatoru CoTNPc

a potenciometricka odezva je zptisobena prevazné acidobazickou reakci na mezifazi.

SCE | Vmos: predsaturovana TBAPFg | TBAPFg Virar: predsaturovand SCE
Ref +0.01M KCI TBAP.F +0.01M KCl Ref
1 analyt: 1M KOH, HCI CoTNPc o 2
< - > < >
Vodna faze 0-DCB Vodna faze

Schéma 2. Schéma uspotadani pro identifikaci vlivu pH. Nevodna faze 0-DCB obsahuje 0.5 mM CoTNPc
jako redox mediator aelektrolyt 0.5 M TBAPF; . Ob& vodné faze byly predsaturovany TBAPFs,

pro minimalizaci Gniku TBAPFg z nevodné faze.

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

Zména sméru potencidlové odezvy na ITIES, tzv. pfepoélovani, byla jiz diive
pozorovana pii stanoveni roztokli aminokyselin o rizném pH. Tento efekt byl vysvétlen

zménou orientace molekul na mezifazi vlivem zmény lipofility funkénich skupin
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aminokyselin pfi riznych pH [13].
Obdobn¢ se da predpokladat, ze alkalické kationty mohou ovliviiovat vlastnosti
mezifazi [124] a tim i kinetiku chemické reakce H,S a Na,S [101, 125], coz vede

k odlisnostem v pribéhu potenciometrické odezvy.

T T T T

E[mV]
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Obr. 3.23: 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
TBAPF; s piidavkem 0.01 M KCI pro potladeni vlivu K* a CI iontd. Pritok byl 3 mL min™. Byly pouzity

referencni elektrody SCE umisténé v mobilni a statické ¢asti vodné faze.

Zména pH zpisobuje relativné rychlou zménu membranového potencidlu,
ale kompenzace tohoto stavu pomocnym transferovym iontem je vyrazné pomalejsi proces
[126]. To se ukazalo i v ptipadé hydrochloridu cysteinu a cysteinu v prostiedi (obr. 3.24A),
ve kterém neni kompenzovéano pH vodné faze. V ptipadé stabilizace pH pomoci pufru jsou
potencidlové prubéhy obou latek shodné a jen minimalné ovlivnéné pritomnosti HCI

(obr. 3.24B).
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Obr. 3.24: Srovnani potencialové odezvy 0.1 M hydrochloridu cysteinu a 0.1 M cysteinu. Nevodna faze
obsahovala roztok 5x10* M CoTNPc s 0.5 M TBAPF; v 0-DCB. Mobilni vodna faze byla saturovana
TBAPFs nepufrovana (A) nebo pufrovana B.-R. pufrem pH 10 (B). Pritok mobilni vodné faze byl

3 mL min™, referenéni elektrody SCE umisténé v obou vodnych fazich.
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3.2.2.3 Vliv iontového sloZeni analytu

Vliv iontového slozeni analytu chemicky nereagujiciho sredox medidtorem je
ilustrovan na modelovych analytech NaCl a KCI.

Schéma uspotadani a slozeni jednotlivych fazi je uvedeno ve schématu 3.

SCE | Vmos: predsaturovana TBAPFg | TBAPFg Vsrar: predsaturovand SCE
Ref + 0.01M KCI + TBAP.F +0.01M KClI Ref
1 analyt: 1M NaCl, KClI CoTNPc 6T 2
< » > >
Vodna faze o-DCB Vodna faze

Schéma 3. Uspotadani pro identifikaci iontd indiferentniho elektrolytu (ktery nereaguje s redox mediatorem).
Vodné faze byly predsaturovany TBAPFg pro minimalizaci uniku TBAPFg zZ nevodné faze (0-DCB),
kterd obsahovala 0.5 mM CoTNPc s 0.5 M TBAPF, referen¢ni elektrody SCE v obou vodnych fazich.

Mobilni i staciondrni vodna faze obsahuji KCIl. Obr. 3.25 kiivka 2 ukazuje,
ze potencialova odezva na nastiik 1M KCI1 do mobilni vodné faze je minimalni, je-li tento
analyt pfitomen v obou vodnych fazich, byt' v fddové nizsi koncentraci. Ackoliv docasné
zvySeni koncentrace KCl na jednom mezifdzi muize ovlivnit potencidl na mezifazi
(junction potential), vzajemné zrcadlové uspotfadani dualniho ITIES, potlacuje relativné
maly potencial interakci rozpoustédlo-rozpoustédlo [127] na hodnotu blizkou
rozliSovacimu limitu.

Této selektivity na dualnim ITIES by bylo moZzné vyuzit k potenciometrickému
stanoveni jedné sloZky multikomponentniho analytu v pfitomnosti ostatnich, aniz by bylo
nutné predem pouzit separacnich metod. Pokud sloZeni stacionarni vodné faze bude
obsahovat vsechny slozky mobilni faze az na jedinou, pak potenciometricka odezva bude

vyvolana pouze touto slozkou.
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Obr. 3.25: Srovnani potenciometrické odezvy na 1 M NaCl (kiivka 1) a 1 M KCI (ktivka 2) nastiiknuté
do mobilni vodné faze. Nevodna faze obsahovala z 0.5 mM CoTNPc s 0.5 M TBAPFg v 0-DCB. Obé vodné
faze byly piedsaturovany TBAPFg, stacionarni fize obsahovala navic 0.01 M KClI k potla¢eni vlivu Cl" a K*
na rozhrani detekéni mobilni faze. Priitok mobilni faze byl 3 mL min™, referen¢ni elektrody SCE byly

umisténé v mobilni a statické ¢asti vodné faze.

Obrazek 3.25 (kfivka 1) ukazuje pozitivni potencidlovou odezvu na analyt NaCl
nastiiknuty do mobilni faze. Z pribéhu potencidlové kiivky, kde navrat na ptvodni
hodnotu potencialu trva déle nez 20 minut, lze usuzovat na ovlivnéni mezifazovou difazi
iontu do stacionarni faze oproti kiivce 2, ktera odpovida pouze vyrovnani koncentra¢niho
gradientu na rozhrani mobilni faze. Metodu casové rozliSené potenciometrie lze tedy
pouzit k odliSeni téchto iontl. V ptipad¢ stanoveni anorganickych soli NaCl a KCI nehraje
pritomnost redoxniho mediatoru CoTNPc zadnou roli - potencidlovd odezva je v tomto
ptipadé¢ prakticky totozna s odezvou bez mediatoru, jak bylo uvedeno vyse - viz. kapitola
3.2.1.3.
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3.2.3 Aplikace casové rozliSené potenciometrie

Jak bylo ukdzano vyse, prutokova casové rozliSena potenciometrie poskytuje pro kazdy
zkoumany analyt charakteristickou odezvu v podobé¢ obalové kiivky casového prabéhu
potencialu a odrazi vlastnosti stanovované latky z hlediska jejiho chovani a interakci
na mezifazi vodnd/nevodnd faze. Z toho vychazi dvé zdkladni moznosti uplatnéni této

metody

- studium fyzikalné-chemického chovéni latek na dudlnim rozhrani voda/nevodné
rozpoustédlo/voda, kter¢ muze byt pfinosem biomimetického modelu prichodu
ruznych latek pres biologické membrany

- kvalitativni stanoveni slozek 1 multikomponentniho analytu bez nutnosti zatazeni

separac¢niho kroku.

3.2.3.1 Studium déji na mezifazi

Odezva pritokové casové rozliSené potenciometrie je konvoluci tady dé&u
odehravajicich se na obou mezifazi dudlniho systému. Na obalové E - t kiivce se objevuji
vlny a maxima, ktera nesouvisi s davkovanim, jak je patrné z detailu na obr. 3.20 C,
kde se piky od davkovaciho kohoutu ptekryvaji. Obrazek 3.26 ilustruje, matematickou
dekonvoluci obalové potenciometrické kiivky na jednotlivé slozky, které jsou disledkem
interakci analytu na rozhrani voda/o-DCB. Z obrazku 3.26 je patrné, Ze obalova kiivka
odezvy na nastiik Na,S je slozena ze 4 samostanych pikd. Pik oznaceny pl (obr. 3.26A)
odpovida experimentalné ovéfenému piku cpl (obr. 3.26B) korespondujicimu
s rozdé€lovaci rovnovahou na mezifazi V/0-DCB. Pik p2 odpovidd experimentalné
ziskanému piku cp2 (obr. 3.26C) pii eliminaci vlivu pH a Na® pomoci fosfitového pufru.
Dale mizeme ptedpokladat, Ze tfeti ziskany pik p3 odpovid4 acidobazické rovnovaze
analytu na mezifazi (viz. reakce 3.10). Pik p4 nebo spiSe vina se objevuje az pii vysokych
koncentracich sulfida (obr. 3.27) a odpovida pravdépodobné tvorbé produktid oxidace
sulfidu napft. polysulfidiim, jak naznacuje 1 pozdni nastup potencidlové odezvy a dlouha

doba nutné k regeneraci diky adsorpci na mezifazi.
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Obr. 3.26: Dekonvoluce potencidlové odezvy vodného roztoku analytu 10 M Na,S nastiiknutého
do mobilni vodné faze dudlniho ITIES. (A, kiivka c1) Celkova potencidlova 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 potencidlova odezva 10" M Na,S za podminek,
kdy nevodna faze obsahovala jen 0.5 M TBAPFs v 0-DCB. Ob¢ vodné faze byly piedsaturované TBAPF.

(C, kiivka cp2) Celkovéa potencidlova 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. Prittok byl 3 mL min™. Referen¢ni elektrody SCE byly umisténé v mobilni

a statické vodné fazi.
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Obr. 3.27: Potencialova odezva na davkovani vodného roztoku analytu 10* M, 10° M, 102Ma 10t m Na,S
do mobilni vodné faze dudlniho systému ITIES. Nevodna faze 0o-DCB obsahovala 0.5 mM CoTNPc

$0.5 M TBAPF; .

Referencni elektrody SCE byly umisténé ve vodné mobilni a statické fazi.

Ob& vodné faze byly predsaturovany TBAPFg. Pritok mobilni faze byl 3 mL min™.
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3.2.3.2 Kvalitativni analyza

Druhou vyse zminovanou oblasti vyuziti casové rozliSené potenciometrie je
kvalitativni analyza komponent analytu. Tato metoda vyuziva separacn¢ distribu¢nich
vlastnosti dudlniho mezifazi. Metoda je tedy zalozena na podobném principu
jako chromatografické stanoveni, kdy pro stanoveni latky je nutné nejprve vytvofit
databazi odezev a neznamou slozku pak identifikovat srovnanim s databazi. Casovy pribsh
potencialové odezvy je na daném meéficim systému charakteristicky pro urcitou latku.
Obrazek 3.28A ukazuje odezvy kationtt alkalickych kovi a alkalickych zemin. Schéma
slozeni dualniho ITIES je zachyceno ve schématu 4. Obrazek 3.28B ukazuje dobrou

reprodukovatelnost odezvy pii opakovaném davkovani stejného analytu.

E[mV]
E[mV]

Obr. 3.28: (A) Potenciometrické odezva na davkovani 100 uL analytu 0.01 M NaClO,, KCIO4, Mg(CIO,),,
Ca(ClO,), do mobilni vodné faze dualniho ITIES. (B) Opakovatelnost potenciometrické odezvy pro pét
po sobé jdoucich davek 0.01 M NaClO4; Nevodna 0-DCB faze obsahovala z0.5 mM CoTNPc
$0.5 M TBACIO,. Ob& vodné faze byly piedsaturovany TBACIO,. Priitok mobilni faze byl 3 mL min™,

referencni elektrody SCE byly umisténé v mobilni a statické vodné fazi .

Wwios: pfedsaturovana

SCE SCE
TBACIO, Wosrat: pfedsaturovana
Ref N TBACIO, TBACIO, Ref
1 2
analyt
< * >« >
Mobilni vodna faze o0-DCB Staticka vodna faze

Schéma 4.: Uspofadani vyuzivajici dudlniho ITIES pro detekei iontll bez redoxniho mediatoru. Analyt: 0.01
M NaClO,, KCIO,, Mg(ClO,),, Ca(ClO,),. Prittok mobilni faze byl 3 mL min™. Referen¢ni elektrody SCE

byly umistény v mobilni a statické vodné fazi.
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Stanovované kationty byly davkovany ve formé chloristani. Ob& vodné i nevodnd faze
byly pfedem nasyceny ionty ClO4 (viz. schéma 4), takze nastiik analytu nezptisobil zménu
poméru koncentrace ClO4 na mezifazi. Potenciometricka odezva pak odrazela pouze
zmény zpusobené kationty analytu. Stejného postupu lze opét vyuzit i pii stanoveni
smésného analytu. Pokud slozeni stacionarni vodné fdze bude az na jediny ion identické
s analytem, pak odezva Casové rozliSené potenciometrie odrdzi pouze zmény vyvolané
timto iontem. Neni tedy nutné pouziti separacnich metod pro stanoveni jedné slozky
smésného analytu.

Transfer iontti z vodné do nevodné faze se fidi Bornovym modelem pro volnou energii
transferu iontd mezi dvé rozpoustédla [128] a je ovlivnén polomérem iontt a velikosti

naboje.

AG,(1—2) = % (-3 (3.12)
AG¢-(1 — 2): volna energie transferu iontd z rozpoustédla 1 do rozpoustédla 2

N, : Avogadrova konstanta

Z; : naboj iontu

7; : polomér iontu

e : elektronovy ndboj (electronic charge)

€p: permitivita volného prostoru

€,: relativni permitivita rozpoustédla 1

€,: relativni permitivita rozpoustédla 2
Rozdélovaci konstantu 1ze upravit podle tohoto modelu:
logK = —AG,, /RT In 10 (3.13)

Z uvedenych vztahll pfi zanedbani dalSich vlivli lze predpoveédét, ze pro ionty se
stejnym nabojem jako je tomu v piipads Na* a K* respektive Mg?* a Ca?* bude pro stejnou
koncentraci iontu vétsi potencialova odezva pro ionty s vétsim polomérem (obr. 3.29A, C).
Casovy pribéh a doba do ustaveni rovnovahy tj. do vyrovnani koncentraci
na obou mezifazich bude rovnéZ zavisla na rychlosti pronikani iontu pfes nevodnou fazi,
kterou ovliviluje predevsim hydrofobicita iontu, hydratacni vrstva mezifazi a velikost

hydrata¢niho obalu iontu [129] (obr. 3.29BD).
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Obr. 3.29: Srovnani odli$nosti potencidlové odezvy na davkovani 100 pL analytu 0.01 M NaClO,4, KCIQOy,
Mg(CIOy),, Ca(ClO,), do mobilni vodné faze dualniho ITIES. Nevodna faze 0-DCB obsahovala
0.5 mM CoTNPc s 0.5 M TBACIO,4 v. Obé vodné faze byly pfedsaturované TBACIO,4. Pritok mobilni faze

byl 3 mL min™. Byly pouzity Referenéni elektrody SCE byly umisténé ve vodné mobilni a stacionarni fazi.
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3.2.3.3 Navrh konstrukce cely pro praktické aplikace

Pro budouci praktické vyuziti metody Casové rozliSené potenciometrie byl navrzen
a zkonstruovan funkéni model senzoru. Sklenéné télo laboratorni nadobky bylo nahrazeno
teflonem. Funkéni model je rozebiratelny, tvofen ze dvou €asti, mezi kterymi je uzaviena
polyvinyliden difluoridovd (PVDF) membrana s nevodnou fazi obsahujici medidtor
a elektrolyt. Membranu tvoii disk s velikosti port 0.22 pm, ktery je utésnén plochym

tésnénim Viton. Schéma a fotografie funkéniho modelu senzoru je na obr. 3.30.

teflonové télo cely

\_.\ ref.el. 1
vetlp === ——F+——J —r— vystup

H PVDF membrana

- v I_I__I_I . .
tesneniviton saturovana nevodnou fazi

ref.el. 2

A B C
Obr. 3.30: Schéma funkéniho modelu senzoru pro pritokovou ¢asové rozliSenou potenciometrii vyuzivajici

duélni ITIES s PVDF membranou se zakotvenou nevodnou fazi modifikovanou redox medidtorem (A)
a jeho realizovana verze (B), pohled na rozlozeny senzor s membranou a plochym tésnénim Viton (C).
Ob¢ poloviny senzoru jsou zaménitelné, proto obsahuji mimo vstupti pro referenéni elektrody i vstupy
a vystupy mobilni faze, které v pfipadé¢ segmentu stacionarni faze slouzi pouze k jeho jednorazovému

naplnéni.

Toto uspofadani umoziuje cca 10-ti nasobné snizeni objemu nevodné faze oproti
sklenéné nadobce uvedené na obr. 3.11. Jednoducha rozebiratelnost a snadna manipulace
s membranou umoziuje snadnou vyménu a optimalizaci sloZzeni nevodné faze pro dany
analyt. Cela byla vyzkouSena na modelovém analytu Na,S. Slozeni jednotlivych fazi je

uvedeno na schématu 5.

Vwmos: predsaturovana )
SCE NiTNPc SCE
TBACIO, VstaT: predsaturovana
Ref + Ref
+ TBACIO,
1 TBACIO, 2
analyt
< * > < >
Vodna faze 0-DCB Vodna faze

Schéma 5. Uspotadani méfici cely pro detekci sulfidovych iontti. Vodna faze byla predsaturovana TBAPFg,
pro minimalizaci uniku TBAPF; z nevodné faze (0-DCB). Redox mediator 5x10™ M NiTNPc je rozpuitén

rovnéz v nevodné fazi o-DCB.
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Jak je vidét z obrazku 3.31, systém vykazuje reprodukovatelnou odezvu, kterd je nizsi
ve srovnani se sklenénou laboratorni celou. Jednim z divodi je pravdépodobné tvorba
plynovych domén na hydrofobnim povrchu membrany (obr. 3.32). Pfitomnost mikrobublin
na pevném hydrofobnim povrchu byla jiz dfive popsana [130] a stejné tak jejich vliv
na pratok kapaliny a zménu tlaku [131]. Opticka fotografie (viz obr. 3.33) ukazuje
mikropory PVDF membréany vyplnéné nevodnou fazi (svétla mista) a obsazena plynovymi
doménami (tmava mista). Postupné zaplnéni mikrop6érat PVDF membrany nevodnou fazi

1ze vidét na videu, které je na ptilozeném CD.

450

4000 M\WN

350 -

——cela s PVDF membranou
3001 —— velkoobjemova cela

250 -

E[mV]

200 -

150 1

100 -

50 -

0 -

. . . . .
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t [min]

Obr. 3.31: Potencialovd odezva na davkovani vodného roztoku 107 M Na,S do mobilni vodné faze
funkéniho modelu s PVDF membranou (¢erna horni kiivka) a sklenéné nadobky (Cervend spodni kiivka)
vyuzivajicich dualni systém ITIES. Nevodna faze obsahovala 0.5 mM NiTNPc s 0.5 M TBACIO, v 0o-DCB.
Obg vodné faze obsahovaly destilovanou vodu piedsaturovanou jen TBACIO,. Priitok byl 3 mL min™. Byly

pouzity referenéni elektrody SCE umisténé v mobilni a statické ¢asti cely.

1. faze 2.faze
g I ey I
QO o O O O

SMER PRUTOKU

—————

Obr. 3.32: Schéma vysvétlyjici vznik Sumu p#i méfeni na kapalném rozhrani s pouzitim PVDF membrany.
Na strané, kde dochazi k pritoku vodné faze, jsou postupem casu na povrchu hydrofobni nevodné faze
zachycovany vzduchové bubliny (leva ¢ast schématu), které zptisobuji odizolovani mezifazi tenkou vrstvou

vzduchu (prava cast schématu).
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100 pm

ST

A B

Obr. 3.33: (A) Fotografie polyvinyliden difluoridové (PVDF) membrany saturované nevodnou fazi
obsahujici 0.5 MM NiTNPc a 0.5 M TBACIO, v 0-DCB. Tmava mista na fotografii jsou vzduchové bubliny,

svétla mista jsou ¢asti membrany zaplnéné nevodnou fazi. (B) SEM fotografie ¢isté PVDF membrany.

Dalsim divodem snizeni potenciometrické odezvy mulze byt pfitomnost tenkého
vodného filmu na sténach cely, resp. Vv nékterych pdérech membrany, ktery zplsobi
»zkratovani detekéni plochy senzoru tvofené nevodnou fazi zakotvenou v hydrofobni
membrané. U robustnéj$iho uspotradani sklenéné cely, kterd pracuje bez PVDF membrany
a Sveétsim objemem nevodné fize neni tento jev znatelny. ReSeni hydrodynamiky
a nezadoucich efektdi na membrané ve spojitosti s optimalizaci senzoru, zvySeni jeho
citlivosti, zejména pro pouZiti v multikomponentni analyze, bude v€novana pozornost

Vv dal$im pokracovani této prace.
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4 ZAVER

V predkladané disertacni praci je pfedstavena nova analyticka metoda - Casové rozliSena
potenciometrie. Tato metoda je zaloZena na sledovani ¢asového pribéhu potencidlovych
zmén na mezifazi dvou nemisitelnych kapalin po nadavkovani analytu. Navrzeny systém je
tvofen dualnim mezifazim se stacionarni vodnou fazi, organickou (nevodnou) detek¢ni fazi
a mobilni vodnou fazi, kterd slouzi rovnéz k transportu analytu od davkovaci smycky
na detekéni mezifazi. Ukazuje se, ze Casovy prubéh potencidlové odezvy E(t) je pii
zachovani ostatnich parametrti (zpiisob nastfiku, hydrodynamika priatoku) pro dany analyt
Charakteristicky a odrazi jeho fyzikalné chemické vlastnosti zahrnujici rozdélovaci
a disocia¢ni rovnovahy na mezifazi a redox reakci s medidtorem v nevodné fazi.

Casové rozlisenou potenciometrii na ITIES Ize tedy vyuzit ke studiu chovani analytu
na mezifazi voda/organicka faze, které muze slouzit jako modelovy biomimeticky systém.
Dekonvoluci E(t) signalu lze identifikovat jednotlivé vlivy na rychlost ptechodu latky
z vodného do lipofilniho prostiedi, tedy informace dulezité pii studiu biochemicky
vyznamnych latek.

Druhou oblasti pouzitelnosti nové metody je kvalitativni stanoveni slozek
multikomponentniho analytu. Toto stanoveni je zaloZzeno na podobném principu jako
chromatografické stanoveni. Nejprve je nutné na daném meéficim systému ziskat databazi
odezev a neznamy vzorek pak identifikovat srovnanim jeho potenciometrické odezvy
s databdzi. Vyhodou této metody je moZnost nastaveni systému tak, Ze sloZeni obou
vodnych fazi je az na jedinou slozku identické, potencidlova odezva je pak zplsobena
pouze touto slozkou. Neni tedy nutné v piipadé¢ multikomponentniho analytu pro stanoveni
jedné slozky predem pouzivat separacni metody pro odstranéni ostatnich slozek nebot’
mj. K tomuto déleni dochdzi na mezifazi a projevi se zménou obalové kiivky E(t).
Pritokové usporadani sensoru umoziuje snadné spojeni ¢asové rozliSené potenciometrie
s dalSimi prOtokovymi analytickymi metodami napt. FIA ¢&i  chromatografii,
takZe tato metoda miiZze doplnit ziskané informace o daném vzorku. Vyhodou tohoto
uspotadani je skuteCnost, ze selektivitu a citlivost Casove rozliSené potenciometrie 1ze také
snadno ovlivnit zménou slozeni kapalné nevodné (detekéni) a stacionarni vodné
(referencni) faze. V této disertacni praci je na reakci modelovych analytl, sulfidu sodné¢ho
a cysteinu, ukazano, jak slozeni fazi ovliviiuje ¢asovy prubeh potencidlové odezvu na dany
analyt. V posledni ¢asti disertacni prace je navrzena cela vhodna pro praktické vyuziti
Casové rozliSené potenciometrie, predstaven funkéni model senzoru a diskutovany

moznosti vyuziti a rozvoje této nové metody.
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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 model system is represented by water/ o-
dichlorobenzene/water dual interface with aqueous stationary (reference) and mobile (sample-carrying)
phase with ternary amine salt as a phase transfer agent and alternatively, phthalocyanine-based redox
mediator is added to o-dichlorobenzene phase. This potentiometric system shows biomimetic features
liquid junction potential with the selectivity simply modiﬁablej:ust by va_rying cqmposition ofli_q_uid phase. The transient potent?al
jon resolution potentiometry response was found to correlate specifically with particular composition of sample brought by mobile
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1. Introduction

Potentiometry represents the electrochemical technique where
the currentless electrode potential driven mostly by thermody-
namic properties of the system is acquired for analytical purposes.
It brings the information on analyte concentration and its redox
forms respectively. In its fundamental form the potentiometry was
utilized in potentiometric titrations to detect appearance of
different analyte forms in redox and acid-base processes. The
main advantage of potentiometry was always found in simplicity
of both measurement and instrumentation counterbalanced by
low selectivity. Further expansion of potentiometric methods was
triggered by appearance of ion selective electrodes (ISE) which
upgraded potentiometry as selective analytical technique. Thanks
to high selectivity ISEs are capable to recognize particular ionic
species, having relatively fast and reproducible response; hence
they can be used both in environmental data acquisition and high-
end sensor of liquid separating techniques. Solid-membrane ISEs
are however susceptible to alteration of potential response by

* Corresponding author at: J. Heyrovsky Institute of Physical Chemistry of the
ASCR, v. v. i., Dolejskova 3, 182 23 Prague 8, Czech Republic. Tel.: +420 26605 3845;
fax: +420 28658 2307.
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0013-4686/© 2015 Elsevier Ltd. All rights reserved.

surface active species and aging changes leading to both potential,
sensitivity and selectivity shifts, which devaluate the analytical
information [1]. Compared to solid electrodes [2], liquid mem-
brane electrodes [3] have an advantage of versatility by simple
renewing sensing liquid by refilling (even automatized) from
storage reservoir. The liquid junction potential at liquid/liquid
interface was studied also by the streaming technique[4,5,6], while
biomimetic systems simulating behavior of biological membrane
were investigated using interface of two immiscible electrolyte
solutions (ITIES), where mostly dual water/nitrobenzene/water 7]
or water/octanol/water [8] was utilized. 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 pharma-
ceutical activity [9], biochemical processes on the membrane [10]
and even food quality control [11].

While peak envelope variations can be observed in former
potentiometric measurements performed on ITIES (e.g. De Backer
et al. [12]), no mention on this phenomenon has been presented
and attention has been paid just to maxima of peak potentials. In
this work we report on ion specificity of potential transient
envelope acquired on dual ITIES arrangement in response to
different ions including pH and redox reaction of analyte examined
in model experiments, pointing to its significance for novel
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qualitative potentiometric analysis. Inorganic compounds with
relatively straightforward dissociation and adsorption behavior
(KCl, NaCl, HCl, KOH) are employed to elucidate the potentiometric
transient response of liquid-liquid interface to phase transfer
processes. Sulphides (Na,S, H,S) 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.

2. Experimental Section
2.1. Reagents

The cobalt (II) 2,9,16,23-tetraneopentoxy phthalocyanine
(CoTNPc) was synthesized [13] by Nagao Kobayashi (Tohoku
University, Japan). Nonaqueous solvent 1,2-dichlorobenzene (o-
DCB, 99%, Aldrich), tetrabutylammonium hexafluorophosphate
(TBAPFg, Fluka, electrochem. grade), potassium hydroxide (KOH,
for analysis (max. 0.05% Na), Merck, CZ), hydrochloric acid (HCI, p.
a., Lachema, CZ), potassium chloride (KCl, p.a., Lachema, CZ),
sodium chloride (NaCl, p.a., Penta, CZ), sodium sulphide (Na,S,
Sigma Aldrich), potassium phosphate monobasic (KH,PO,4, purum,
Lachema) and sodium phosphate dibasic monohydrate (Na,H-
PO4xH50, p.a., Merck) were used as received. Sérensen's phos-
phate buffer was prepared from 0.06 M Na,HPO4xH,0 and 0.06 M
KH,PO4 by water saturated by TBAPFg. Gaseous H,S was absorbed
in the distilled water (c = 0.1 M). Purified water (Milli-Q system
Gradient, Millipore, resistivity 18.2 M{)cm) was used for prepara-
tion of aqueous electrolytes.

2.2. Potential measurements

The flow cell for potentiometry on dual interface of two
immiscible electrolyte solutions (dual ITIES) was constructed as
described elsewhere [14]. Amount of 500 wL of 0-DCB with 0.5M
TBAPFs serving both as an electrolyte and phase transfer agent,
was utilized as a nonaqueous phase filled into “U” shaped tube
connecting mobile (sample carrying) and stationary (reference)
aqueous phase compartment. Prior to interfacing with o-DCB
phase, both stationary and mobile aqueous phases were pre-
saturated by TBAPFs. The saturation allows keeping TBAPFg
concentration in both aqueous phases equal and constant
preventing its bleeding-out from 0-DCB to aqueous (mobile)
phase. Solution in nonaqueous phase was alternatively completed
with 5x10~* mol/L CoTNPc as a redox mediator. Two identical
reference electrodes (SCE) were immersed in stationary and
mobile aqueous phase respectively for measuring interphase
potential difference by high impedance (10'2()) potentiometer
PPM98 (Bank Elektronik, Germany) and recorded using a
Picoscope ADC-212 (Pico Technology, UK). Mobile aqueous phase
was pushed through the cell by peristaltic pump (PCD 21 M, Koufril,

Kyjov, Czech Republic) with flow rate adjusted to 3mLmin".

Analyte dosing was accomplished by injection valve V-451 (IDEX,
USA). For data statistics, measurement of each sample was
repeated five times. All measurements were performed at room
temperature (20°C).

The pH meter (Jenway 3510 pH meter) was used to adjust of
phosphate buffer. The Origin 8 (OriginLab, USA) was used for data
processing.

3. Results and Discussion
3.1. Dual ITIES arrangement

Potential at dual junction of two immiscible electrolyte
solutions was studied in relation to both aqueous and nonaqueous
phase composition by time-resolved potentiometry. The 1,2-
dichlorobenezene was chosen as a model nonaqueous electrolyte
fulfilling requirements of both low miscibility with water and
relatively high dielectric constant (&,=9.93) to enable dissolution
of the supporting electrolyte - tetrabutylammonium hexafluor-
ophosphate salt (TBAPFg), which shows low, but nonzero
partitioning between two phases and can acts also as a phase
transfer agent. The ‘layered’ water/o-DCB/water arrangement
where 0-DCB phase is sandwiched between two aqueous phases
combines attributes of (dual) ITIES with a liquid (dichlorobenzene)
membrane, serving also as reliable biomembrane model.

The potential of dual interface Wy0p/0-DCB/Wsrat, Where
Wwos 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. Scheme 1 shows the dual
ITIES arrangement according to above description.

In case of identical composition of aqueous phases Wy,op =W-
STAT =W and with identical reference electrodes (SCE), the resulting Galvani potential

difference between both interfaces is
A% — A% =0, (1)

Here A%.¢, A°,¢ are distribution potentials for particular ion and
interface, respectively

w w 40 RT ag+ . +
Ayp=A e +Tln v for cation C (2)
C\
and
RT as- . _
Ajp = ATy — F In (ﬁ) for anion A 3)

where a%¥¢', a%a-, a®a-, a°c* represent ion activities in nonaqueous
(o) and water (w) phases and A*;¢°; is the standard phase-to-
phase transfer potential (e.g. ref [15]) and

AYdp =" — ¢° represents in fact inner potential difference
between phase w and o (phase-boundary potential) [16].

Whios: Wsrar:
SCE pre-saturated by TB APFs TBAPFs pre-saturated by TBAPFs SCE
Ref 1 +C*A~ 0-DCB +CA” Ref 2
Mobile Aqueous Phase Nonaqueous Stationary Aqueous Phase

Scheme 1. General scheme of dual ITIES. The cell potential is measured at Ref 1, Ref 2 points represented by saturated calomel reference electrodes (SCE). Nonaqueous phase
(0-DCB) contains dissolved TBAPFg as an electrolyte and phase transfer agent respectively. Both stationary and mobile aqueous phase is pre-saturated by TBAPFs to minimize
its bleeding from 0-DCB phase. Arrows on 0o-DCB/water interface indicate inverse orientation of potentials, which cancel each other in case of identical compositions of

adjacent phases due to mirror arrangement of interfaces.
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In general case the cell potential becomes

AEcon = Ewmos — Ewsrar + AEef 4)

where Ewnop and Eysrar are potentials measured within bulk of
mobile and stationary aqueous phase respectively, located on
opposite sides of non-aqueous phase (i.e. with opposite directions
of potential difference readings) and AE,,; becomes nonzero if
different reference electrodes are used.

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 a
simplified approach, we can assume that once both aqueous
phases differ just in one particular ion, the overall cell potential
difference is driven by appearance and distribution of that
particular ion. Thus, if both aqueous phases contain electrolyte
C;"A;~ (where C stands for cation and A for anion) and C>*A; ™ is
injected into mobile phase, the potential difference (AE) between
both aqueous phases (Wsrar and Wyog) is formed upon appear-
ance of C,* on Wy0p/ 0-DCB interface. The overall cell potential
difference is then

AE = AEWSTATDCB - (5)

where each interface potential difference obeys equations (2) and
(3). Note that interfacial potential differences cancel each other in
case of identical compositions of adjacent phases due to mirror-
like phase arrangement (arrows drawn on o-DCB/water interface
indicate orientation of interfacial potential difference). When
compositions of both interfaces differ just in single ion (e.g. in
cation C,"), the overall cell potential difference is determiz:gl just

DCB
AEPywnmos

by equilibria of this particular ion, i.e. by component &In a&?&bs ,
where Warar/ 0-DCB and 0-DCB/W\yop correspond to inteffacés
adjacent to opposite sides of nonaqueous phase. For more than two
species however, the system does not have such explicit solution
and requires iteration for known partition coefficients [17].

In presented cell arrangement the nonaqueous phase does not
contain the analyte regularly; it is brought to 0o-DCB interface by
mobile aqueous phase just after injection by dosing valve. 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,
however, depends also on partitioning of the counter ion, i.e.

a+°afw/a+wa,° = P+/P,

thus the value AVo¢; ~ (RT/F) In(P./P_).
In this work the analyte partition is assisted by phase transfer
agent TBAPFgs, which dissociation

(A) TBAPFs < TBA* + PFg~

(6)

provides counter-ions for analyte ions assuring the electroneu-
trality condition. TBA*PFs ™~ facilitates analyte transfer to nonaque-
ous phase, its partitioning and establishing the interfacial (Galvani)
potential respectively [18]. Interfacial potential difference is
composed from two separable parts [19]: a localized static

1055

component driven by the ratio of single ion partition coefficients
and a dynamic (spatially expanding) diffuse component driven by
the apparent partition coefficients and diffusion coefficients of
composing ions. For an ITIES in equilibrium, diffusion rate differs
for particular ion, causing charge separation, which creates an
electric field. In turn, the field interaction with ion is manifested by
migration acting in opposite manner to ion diffuse movement
[20,21].

In flow, the time for establishing the analyte equilibrium on the
interface is determined by the time needed for analyte sample to
pass by o-DCB interface. This process is related to the phase
volume ratio (r) expressed by relation r=V*¥/V°, where cca ™t is the
initial concentration of analyte

ccA™ =[CGTAT Y H[GY H([CF AT+ [CTTO)r (7)
affecting the distribution coefficient D
D=([C"A I°+[C )G A Y +[CTT™) (8)

which value rises with r.

The distribution coefficient of analyte can be affected by pH via
its protonation equilibria, if applicable, while proton partition is
expected to be negligible.

The immediate response of interfacial potential can be related
to change of electric double layer (EDL) structure on either side of
an interface, due to ions partitioning between phases and
preferentially adsorbed at the interface, respectively [22,23].

3.2. Potential transient: Chemical reaction and acid-base equilibrium

Potentiometric detection of compounds with redox properties
was examined on NayS and H,S as model redox analytes. The
Scheme 2 shows arrangement of dual ITIES for detection of sulfides
injected into aqueous mobile phase. Both aqueous phases are pre-
saturated by TBAPFs. The 0-DCB phase contained besides TBAPFg
as electrolyte and phase transfer agent also 5x10~4 M CoTNPc as
redox mediator, which solubility in water and thus losses into
aqueous mobile phase can be regarded as negligible.

The partition of sulphide ions between o-DCB and aqueous
phase is assisted by TBA*PFs~ as phase transfer agent and counter
ion provider, respectively. It can be expressed by simplified
sequence of partition and distribution equilibria

(B) S*“wwmos *+ 2TBA " wwmos « (TBA)"2S* “wwmos

(C) SH wwmog + TBA"wmos <> TBA"SH whnios

(D) TBA+SH7WMOB — TBA+SH7DCB

(E) (TBA)"2S* wmos < (TBA)*2S* pcs

The nonaqueous phase contains CoTNPc mediator facilitating
sulphide oxidation (F)

sat.

SCE SCE
Ref Whwos: pre-saturated by TBAPFs | TBAPFs Wsrat: pre-saturated by Ref
: +injected analyte: S>/SH- + TBAPF )
CoTNPc
Water 0-DCB Water

Scheme 2. Cell configuration for sulphide ion detection. The aqueous phases are pre-saturated by TBAPFs to minimize its bleeding from 0-DCB. Redox mediator 5x10~4 M

CoTNPc is dissolved in 0-DCB phase.
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Fig. 1. 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 TBAPFg. Mobile phase flow rate 3 mLmin~', potential was
measured on SCE reference electrodes placed in both aqueous phases.

(F) Co(Il) Pc+S?~ — S+2Co(I) Pc

(G) Co(I) Pc+ 0, — Co(Il) Pc+052~

in reactions which mechanism was described by Hartle et al. [24]
and Janda et al. [25] respectively, where oxygen is present in the
reaction mixture. Advantageously, oxygen from ambient atmo-
sphere (air) is utilized to regenerate original (oxidized) Co(II) Pc
form (G) similarly as in the work of Tse et al. [26]. Appearance of
polysulphides as intermediates of Na,S oxidation on ITIES and their
further subsequent (oxidative) reaction with phthalocyanine may
further affect the interfacial potential, especially the time spread of
the transient envelope. In all cases however, phthalocyanine
prevents from sulfide accumulation in 0-DCB phase by its
perpetual oxidation and fading potential transients makes inter-
face ready for next sulfide sample detection. Alternatively, sulfate
can be formed by reaction with 0,2~ byproduct of (G) and washed

120 T % T T ® T T ¥ T T
100
80

60

E [mV]

40

20

time [min]

out by mobile phase due to its preferable partition and distribution
in water.

Potential transient corresponds to phthalocyanine redox couple
Co(II)TNPc/Co(I)TNPc, which equilibrium is driven by coupled
reaction with S~ /SH™ and 0., respectively (see reaction (F), (G)).
Interfacial potential represents thus convolution of both redox
equilibria and partition. Phthalocyanine engagement in sulphide
oxidation and its influence on cell potential is clearly seen in Fig. 1
showing transient potential response to sulphide injection in
presence (curve 1) and absence (curve 2) of CoTNPc in o-DCB
phase. Different ionic products of the same compound cause
changes in potential transient envelope as shown in Fig. 2A, where
sulphide ions are injected in a form of aqueous Na,S (curve 1) and
H,S (curve 2) solution, respectively.

Ion composition of the sample is determined by its acid-base
equilibrium at particular pH. Accordingly, comparison of potential
transient responses to injection of aqueous Na,S and H;S solution
respectively, brings distinct differences. The most remarkable
pattern on potential curve is the drop on peak shoulder (Fig. 2A,
curve 2) upon injection of aqueous HsS solution; it appears to be
characteristic for protonated compounds/acid (Fig. 2 A, B curve 2).
This pattern is missing for alkaline and neutral compounds in
absence of proton release, as illustrated by Fig. 2A, B curve 1,
obtained after injected aqueous Na,S and KOH solution, respec-
tively.

Both Na,S and H,S solutions have different hydrolysis path-
ways: While hydrolysis

(H) NayS +H,0 < NaSH + NaOH

leads to strongly alkaline solution, equilibria of aqueous H,S
solution are acidic

([) H25+H20 — H30+ + HS™

(_]) HS™ + H20 — H30++ 527

with dissociation constants of the 1°¢ (reaction I) and 2™ (reaction
]) step K1=9.1x10"% and K,= x10~" mol L7, respectively.
Assuming that alkaline cations may reside within the interfacial
region where they affect the water hydrogen bonding [27], further
differentiation between H,S and Na,S response reflects also

E [mV]

_60 s 1 " 1 " 1 L L
0 2 4 6 8 10

time [min]

Fig. 2. Comparison of potential transients on dual ITIES as a response to injection of aqueous 102 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 1 M HCI (curve 2) (B). Nonaqueous 0-DCB phase composition: 5x10~4 M CoTNPc + 0.5 M TBAPFs. Aqueous phase composition: In
case of (A) both aqueous stationary and mobile phase are saturated by TBAPFs. In case of (B) both the stationary and mobile phase are saturated by TBAPFs and contains
additional 0.01 M KCI to suppress Cl~ and K* influence, respectively. Mobile phase flow rate is 3mLmin . Potential difference was measured between SCE reference

electrodes placed in both aqueous phases.
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Fig. 3. Comparison of potential transient response at dual ITIES to injection of
aqueous solutions of different neutral ion. 1 M NaCl (curve 1) and 1 M KCI (curve 2),
into mobile phase. Nonaqueous 0-DCB phase composition: 5x10™* M CoTNPc+
0.5M TBAPFs, Both the stationary and mobile aqueous phase are saturated by
TBAPFs and contain 0.01 M KCI to suppress CI- and K" influence, respectively.
Mobile phase flow rate was 3 mL min~". SCE/SCE reference electrodes were utilized.

interfacial chemical reaction kinetics [28,29]. Free “dangling” OH
groups protruding from aqueous phase are capable to mediate the
interfacial reaction via hydrogen bond formation. Accordingly,
maximum of peak potential response to injection of H,S solution is
suppressed compared to Na,S (Fig. 2A), due to counter-action of
simultaneous redox and acid-base equilibria. The above scenario is
confirmed by potential transient response to injection of aqueous
HCl and KOH solution respectively, while both stationary and
mobile phase contained equal concentration of KCl to suppress
response of K" and Cl~ ions (Fig. 2B). Thus, composition of both
interfaces differed in single ion H'(H30") and OH™ respectively,
which determined the overall cell potential difference. According-
ly, injections of aqueous KOH and HCl yielded potential response
similar to injection of Na,S and H,S solution, respectively, except
for (non-existing) CoTNPc redox reaction, of course (Fig. 2B). It
should be noted that even two orders of magnitude lower KCI
concentration was sufficient to evoke the compensation effect on
potential response to injected K* and Cl~ ions due to already
established partition and distribution equilibria (Fig. 3).

3.3. Potential transient: lonic composition

Potential transient response to different ionic composition of
analyte was already discussed in the paragraph 3.1 in relation to
acid-base behavior and chemical reaction. The influence of neutral
ion composition of sample in absence of chemical reaction is
illustrated on NaCl and KCI model analytes (Fig. 3). The
corresponding dual ITIES arrangement is shown in Scheme 3.
The 5x10~* M CoTNPc solution is again a part of 0-DCB phase
together with 0.5 M TBAPFg, both aqueous phases are saturated by
TBAPFg and contain 0.01 M KCI.
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Fig. 4. Comparison of potential transient response at dual ITIES to injection of
aqueous 1M Nacl solution in absence of chemical reaction into mobile phase in
presence (curve 1) and in absence (curve 2) of 5x10~# M CoTNPc in 0-DCB phase.
Nonaqueous phase composition: 5x10~% M CoTNPc and 0.5M TBAPF; in 0-DCB.
Both aqueous phases are saturated by TBAPFg and contain 0.01 M KCI. Mobile phase
flow rate was 3 mLmin~. SCE/SCE reference electrodes were utilized.

As both stationary and mobile aqueous phase already contain
K*Cl~, further adding KCl solution does not affect the ion partition
and distribution on the o-DCB/water interface leaving the cell
potential difference virtually unchanged (Fig. 3, curve 2). Though
temporary increase of KCl concentration may influence the
junction potential, mutual compensation by mirror arrangement
of dual ITIES suppresses relatively small junction potential of
solvent-solvent interaction [30] to value close to resolution limit.

Injection of Na*Cl~ solution establishes Na* partition, assisted
by pairing with PFg~, at Wy0g/0-DCB interface, shifting its
interfacial potential and rising the cell potential difference as
shown in both Fig. 3 and Fig. 4. The peak with shoulder decay
extending over twenty minutes indicates interphase diffusion as a
rate determining step. Though CoTNPc is not involved in chemical
reaction with NaCl and KCl respectively and its presence or absence
in 0-DCB phase creates equal conditions on both interfaces
(Scheme 3), phthalocyanine adsorption at the interface may
influence distribution and partition of particular ion with certain
effect on cell potential difference (Fig. 4).

The above behavior raises question on distinguishing between
different analyte components and their proportions influencing
the envelope of transient potential. Fig. 5 illustrates deconvolution
of individual components, where peak 1 can be assigned in
agreement with curve 2 in Fig. 1 to partition/distribution equilibria
at the interface W/o-DCB (Fig. 5B). Deconvoluted peak 2 fits well to
potential response obtained in if aqueous phases buffered with
sodium phosphate (Fig. 5C), which eliminates influence of pH and
Na*. Therefore we can assume that peak 3 reflects acid-base
equilibria (see reaction (H)), while peak 4 appearing at the highest
sulphide concentration can be considered as response to sulphide
oxidation products (Fig. 6).

SCE | Wwog: pre-saturated by TBAPFs | TBAPFs SCE
Wsrar: pre-saturated by
Ref +0.01M KC1 + TBAPF: + 0.01M KCI Ref
1 analyte: 1M NaCl, KCI CoTNPc o 2
Water 0-DCB Water

Scheme 3. Dual ITIES arrangement for non-redox ion detection. Aqueous solutions of 1M NaCl and KCl are alternative analytes injected into mobile aqueous phase.

Nonaqueous 0-DCB phase contains 5x10~4 M CoTNPc with 0.5 M TBAPFg.
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Fig. 5. Deconvolution of envelope of potential transient response to aqueous 10~! M Na,$ injection. Complete transient potential response (A, curve c1), in absence of CoTNPc
in 0-DCB phase (B, curve cp1), in phosphate buffer (pH 7) (C, curve cp2) and deconvoluted peaks (p1, p2, p3, p4). Nonaqueous phase composition: 5x10~ M CoTNPc and 0.5 M
TBAPF;s in 0-DCB. Aqueous stationary and mobile phase are saturated by TBAPFs (A). Nonaqueous phase composition: 0.5 M TBAPFg in 0-DCB. Aqueous stationary and mobile
phase are saturated by TBAPFs (B). Nonaqueous phase composition: 5x10~% M CoTNPc and 0.5 M TBAPFg in 0-DCB. Aqueous stationary and mobile phase contain Sorensen’s
phosphate buffer prepared from 0.06 M Na,HPO4xH,0 and 0.06 M KH,PO,4 and saturated by TBAPFg (C) .Mobile phase flow rate was 3 mLmin~". Potential was measured on

SCE-SCE reference electrodes placed in both aqueous phases.
4. Conclusion

The method of time resolved potentiometry utilizing dual ITIES
arrangement was examined as a prospective tool for potentiomet-
ric analysis. The cell potential difference acquired between
aqueous stationary (reference) and mobile (indicator) phase
separated by nonaqueous o-DCB phase is driven by equilibria
developed on both o-DCBJ/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

450 ————————————
400 —10'M ]
350 - —10"M A
300 —10°m ]
L _10-4M 4
5 S0F i}
E 200} ]
L L ]
150 - -
100 F .
50 | ]
OF ]

" 1 N 1 L 1 N 1 " 1 n

0 1 2 3 4 5 6

time [min]

Fig. 6. Potential transient response to rising concentration of Na,S: 1074 M, 10> M,
10~2M and 10~! M. Nonaqueous phase composition: 5x10~4 M CoTNPc and 0.5 M
TBAPFs in 0-DCB. Aqueous stationary and mobile phase are saturated by TBAPFs.
Mobile phase flow rate was 3mLmin~'. Potential was measured on SCE-SCE
reference electrodes placed in both aqueous phases.

of potentiometric data. Duration and distribution of transient
pattern can be assigned to interfacial processes differing by
kinetics and control mechanism, which include ion couple
partition/distribution combined with solvation and charge transfer
reaction. Processes driven by adsorption and direct interaction on
the interface respectively, proceed in substantially narrower time
scale and manifest themselves by sharp potential transients
compared to phase transfer and diffusion-driven processes, which
exhibit often postponed and shallow transient pattern with
broader spread in time scale. Comparison of potential response
to analytes differing in single ion and pH respectively was used to
elucidate their involvement in phase and charge transfer process-
es. The results obtained in this work allow us to extend our future
study of transient potentials towards more complicated molecules
with pharmaceutical and environmental significance and their
behavior on liquid membrane.
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ABSTRACT ARTICLE HISTORY

An interface of two immiscible electrolyte solutions (dual ITIES) was Received 25 November 2014
investigated for application as a biomimetic sensor for potentiometric Accepted 18 January 2015
flpw analysis. The du.al ITIES was formed. by a water/ortho- KEYWORDS
dichlorobenzene/water interface in free-standing and nanoporous Flow analysis;
membrane-supported arrangements. One aqueous phase served as phthalocyanine;

the mobile and second aqueous phase as the stationary phase. The potentiometry
nonaqueous (ortho-dichlorbenzene) phase contained dissolved phtha-

locyanine as a redox mediator, whereas tetrabutylammonium

perchlorate acted as a phase transfer agent. 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. The free-

standing and nanoporous membrane-supported arrangements pro-

vided fast and reproducible response for flow analysis with sulfide

serving as a model analyte. Good stability, fast recovery, and high

resistance to saturation were found. The signal-to-noise ratio was

discussed with respect to electrolyte concentration and gaseous

bubbles trapped on the membrane.

Introduction

The interface of two immiscible electrolyte solutions (ITIES) has been studied by Koryta,
Samec, and Marecek (Samec, Marecek, and Homolka 1984; Koryta 1986; 1988) and Girault
and Schiffrin (Girault and Schiffrin 1984; Taylor and Girault 1986; Girault and Schiffrin
1988). ITIES has more recently been employed for a wide range of applications including
amperometry (Osborne and Girault 1995), potentiometry (Silvester, Grygolowicz-Pawlak,
and Bakker 2010), and solar cells (Reymond et al. 2000). Moreover, ITIES can be used
for study of charge transfer processes on cell membrane (Reymond et al. 2007) and mimic
ion transfer and electron transport in live cell (Lu, Hu, and Wang 2005; Solomon 1997).
Membrane electrochemistry plays an important role in taste and odor sensing in food
quality control (Arai, Kusu, and Takamura 1998). The application of electrochemistry at
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ITIES was employed for the determination of heparin (Ma, Yang, and Meyerhoff 1992;
Amemiya et al. 2011), dopamine (Berduque, Zazpe, and Arrigan 2008), tetracyclines
(Kozlov and Koryta 1983; Ferndndez and Dassie 2005), amino acids (Spataru et al.
2004), and biomacromolecules (Arrigan 2008).

Potentiometry employing liquid electrodes with dual ITIES simplifies the manufacture
of redox and ion-specific potentiometric sensors. Unlike solid-state sensors, a broad variety
of liquid sensing electrodes can be produced by changing the composition of the non-
aqueous phase with dissolving specific redox and ion-transfer mediators, overcoming the
requirement of anchoring them to the solid surface. Potentiometry based on dual ITIES
therefore offers variability, easy miniaturization, and portability, allowing broad applica-
tions. Here is reported a sensor for flow analysis based on dual ITIES potentiometry.

Experimental
Reagents

Nickel (II) 2,9,16,23-tetraneopentoxy phthalocyanine was synthesized according to
published method (Leznoff et al. 1985). Nonaqueous solvent ortho-dichlorbenzene
(Aldrich, 99%), tetrabutylammonium perchlorate (Fluka, electrochem. grade), lithium
perchlorate (Fluka, p.a.), and sodium sulfide (Sigma-Aldrich, anhydrous) were used
as received. Purified water (Milli-Q system Gradient, Millipore, resistivity 18.2 megaohms
centimeter) was used for the preparation of aqueous electrolytes.

Electrochemical cells

Two types of electrochemical cells were utilized. The first cell was made from glass and SCE
reference electrodes were sealed securely in body of the cell as shown in Figure 1A. This
type of cell requires 500 microliters of nonaqueous phase. The second cell was composed
of two Teflon parts comprising membrane saturated by nonaqueous phase sealed by the
sheet of Viton (DuPont Performance Elastomers, USA) with circular opening. A schematic
view of the cell is shown in Figure 1B. This type of cell needs a maximum of 50 microliters
of nonaqueous phase.

reference reference electrode 1
electrodes
sample M
injection | N in
‘ H ¥k
dosing valve J \
,'—7' 1 N membrane
pump ‘ TN =
a nonaqueous phase _.
mobile
aqueous
phase L — - reference electrode 2
effluent
(A) ®)

Figure 1. Schematics of dual ITIES potentiometry: (A) bulk nonaqueous phase sensor and (B)
polyvinylidene fluoride membrane-supported sensor.
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Instrumentation

Measurements were performed using a Wenking potentiometer (model PPM 98, Bank
Elektronik, Germany), Picoscope ADC-212 (Pico Technology, UK), and PicoLOG software.
A two-electrode system was used for all measurements. In the bulk cell, two saturated calomel
electrodes (SCE) were applied. For membrane-supported ITIES, saturated calomel (SCE) and
mercury sulfate electrodes (MSE) were employed to simplify detection. In this case, the rest
potential was always nonzero: 2 E = Escg — Epsg #0. A polyvinylidene fluoride (PVDF) sup-
porting membrane with 0.22 micrometer pores (Millipore, USA) was used. Aqueous mobile
phase was saturated with tetrabutylammonium perchlorate or 0.1 molar LiClO,4. The mobile
phase and analyte were transported by a peristaltic pump (PCD 21 molar, Koutil, Kyjov,
Czech Republic) using silicon tubes into the electrochemical cell (Figure 1A and B). The flow
rate was 0.3 or 3 milliliter per minute. All experiments were performed at room temperature.

Results and discussion

A glass cell with bulk ITIES was designed as a laboratory model (Figure 1A). Subsequently,
for practical application, the Teflon cell with ITIES supported by polyvinylidene fluoride
membrane was designed (Figure 1B). Here, the nonaqueous phase was soaked in the
membrane, which supported the dual interface between aqueous phases on both sides of
the membrane. A solution of sodium sulfide was injected into mobile phase as a model
analyte. The reaction of sulfide with the central metal of phthalocyanine is described by
(Komorsky-Lowri¢, Lowri¢, and Scholz 1997):

2Ni'Pct + $*7 — 2Ni'Pc + S (1)
Oxygen then regenerates the original oxidized state of Ni'
0, + 2Ni'Pc «» 03~ + 2Ni''Pc* (2)

The role of oxygen for stability of the potential difference measured on the nickel (IT)
2,9,16,23—tetraneopentoxy phthalocyanine-modified dual ITIES under blank conditions
(i.e., in absence of sulfide) is illustrated in Figure 2. While sensor with the mobile phase
saturated by oxygen showed long-term stable potential (red line in Figure 2), the potential
of sensor with mobile phase deoxygenated by argon was barely stabilized after three hours
(black line in Figure 2).

The response to injection of equal concentrations of sodium sulfide into the mobile
phase was examined for the bulk and membrane-supported dual ITIES cells (Figure 3).
While the bulk cell yielded 182 + 6.27 millivolts (s, = 3.86%) as shown by red line, the cell
utilizing membrane-supported dual ITIES yielded 33 4 2.31 millivolts (s, =7.85%), shown
by the black line in Figure 3A.

Dual ITIES may be bypassed by aqueous conductive film paths on the sidewalls of the
cell or through the membrane pores, which may further decrease the response by interface
discharging reflected in particular by lower potential response of membrane compared to
bulk arrangement (Figure 3A). The magnitude of the potential difference was also affected
by analyte appearance on the reference (stationary) interface due to diffusion via the non-
aqueous phase. It may be alleviated by changing the stationary reference phase to flowing,
which is continuously refreshed.
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Figure 2. Stability of dual ITIES (bulk arrangement) with mobile phase saturated with oxygen (red
curve) and argon (black curve). Nonaqueous phase: 0.5 millimolar nickel (Il) 2, 9, 16, 23-tetraneopentoxy
phthalocyanine, and 0.5 molar tetrabutylammonium perchlorate in o-dichlorbenzene. Mobile phase:
aqueous 0.1 molar LiClO,. Flow rate: 0.3 milliliter per minute. SCE was the reference in the stationary
and mobile phases.

Initially it was proposed that the relatively noisy response (Figure 3B, C) was caused by
the low conductivity of mobile phase due to the low concentrations of ions in the aqueous
phase. However, the addition of 0.1 molar LiClO, into the aqueous phase eliminated noise
only in the bulk arrangement (Figure 4), while a noise increase was observed for thin-layer
membrane-supported dual ITIES approximately one minute from the mobile phase flow
start. This phenomenon was observed even when measurements were made in a shielded
Faraday cage. This noise is believed to be produced by ambient microbubbles from the
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Figure 3. (A) Response of dual ITIES to analyte injection on the membrane-supported (top) and bulk
(bottom) arrangement. Noise of resting potential was measured on the (B) membrane-supported and (C)
bulk arrangements from the initiation of mobile phase flow. Nonaqueous phase composition: 0.5
millimolar nickel (Il) 2, 9, 16, 23-tetraneopentoxy phthalocyanine and 0.5 molar tetrabutylammonium
perchlorate in o-dichlorbenzene. Mobile phase: saturated aqueous tetrabutylammonium perchlorate.
Flow rate: 3 milliliters per minute. SCE/MSE and SCE/SCE were used as the references in membrane-
supported and bulk arrangement, respectively. Analyte: 0.1 molar aqueous Na,S.
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Figure 4. Potential difference measured by dual ITIES in (A) bulk and (B) membrane-supported
arrangements. Nonaqueous phase: 0.5 millimolar nickel(ll) 2, 9, 16, 23-tetraneopentoxy phthalocyanine,
and 0.5 molar tetrabutylammonium perchlorate in ortho—dichlorbenzene. Mobile phase: aqueous 0.1
molar LiClO,. SCE/MSE and SCE/SCE for reference in membrane-supported and bulk arrangements,
respectively.

Figure 5. Optical micrograph of polyvinylidene fluoride membrane saturated by nonaqueous phase: 0.5
millimolar nickel (Il) 2, 9, 16, 23—tetraneopentoxy phthalocyanine, and 0.5 molar tetrabutylammonium
perchlorate in ortho-dichlorbenzene. Dark regions are bubbles; light areas are covered by nonaqueous
phase.
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. alle ____ju
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FLOW DIRECTION

Figure 6. Explanation of the noise in measurements. Bubbles in the aqueous mobile phase are trapped
on the surface of the hydrophobic nonaqueous phase leading to interface insulation by the gaseous
layer (right diagram).
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mobile phase that accumulated on the interface in micropockets in the hydrophobic
membrane structure. The presence of bubbles has been previously reported (e.g., Attard,
Moody, and Tyrrell 2002) as well as their response to liquid flow and pressure change

/ pressure shock
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Figure 7. Decreased noise of membrane-supported dual ITIES cell by (A) application of pressure shock
on output, (B) discharging dual ITIES by electrode short connection or (C) gas injection causes noise
reduction continued by an increase due to enhanced bubble production. Membrane was 0.5 millimolar
nickel(ll) 2, 9, 16, 23—tetraneopentoxy phthalocyanine, and 0.5 molar tetrabutylammonium perchlorate
solution in ortho-dichlorbenzene as the nonaqueous phase. Aqueous mobile phase: 0.1 molar LiClO,.
Flow rate: 0.3 milliliter per minute. SCE reference was placed in the aqueous stationary phase and
MSE reference in the mobile phase.
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(Wang, Bhushan, and Zhao 2009). Microbubbles increased the noise of potential response
(Figure 4B), while no effect was found on the bulk arrangement (Figure 4A).

An optical micrograph (Figure 5) shows the polyvinylidene fluoride membrane with
micropores filled by nonaqueous phase (light areas) and occupied by gaseous microbubbles
(dark areas).

Due to the hydrophobic character of bubbles and the ortho-dichlorbenzene phase, there
is a low probability that bubbles are removed by the mobile aqueous phase. Instead,
the bubbles are trapped on the membrane and fuse with bubbles carried by the aqueous
phase (Figure 6). Accordingly, a continuous flow of aqueous phase increased the noise
(Figure 4B). This explanation was further supported by treating the mobile phase
with ultrasound for ten minutes. The noise increased more slowly, apparently because
the ultrasound disintegrated gaseous layers (Takahashi, Chiba, and Li 2007) on the
interface, but their coalescence slowly restored the original state.

Two techniques were applied to reduce noise and eliminate microbubbles from the
interface. First, pressure shock based on short-time blockage of the mobile phase
increased the signal (Figure 7A) and consequently eliminated bubbles from membrane
surface for more than one hour. The pressure step increased the gas solubility in either
phase, thus diminishing bubble population on the interface, which in turn decreased
the noise.

Second, discharging dual ITIES by short connection between both aqueous phases
imposed a short-term change of surface tension on the interface. The short connection
between both reference electrodes caused change of potential of approximately 400
millivolts (see Figure 7B), which is the potential difference between the SCE and MSE.
The effect of this method is short-term compared to pressure shock method.

To verify the influence of bubbles present in the mobile phase stream on the noise, 100
microliters of gas was injected (Figure 7C). The short-term noise decrease was caused by
the short pressure rise during injection. Subsequently, the number of bubbles on the
interface increased as well as the noise, which is in accordance with this presumption.

Conclusions

The potentiometric cell for flow analysis was developed using a dual ITIES arrangement.
The main advantage is the simplicity to modify the selectivity by changing the detection
phase composition. Unlike with solid sensors, it allows simple modification and construc-
tion of a variety of detection electrodes. The same principle can be utilized for sensor
renewal by simple refilling to compensate the aging and sensor “bleeding.” The perfor-
mance may be improved by removing bubble from mobile phase flow, and consequently,
preventing the membrane blockage by adhering gaseous layers. Alternatively, however, this
system may indicate the appearance of microbubbles in the mobile phase. The problem can
be removed by using a bubble trap.

The dual interface of the nonaqueous phase may be bypassed by aqueous conductive
film 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
on the thin layer membrane-supported ITIES than on the column (bulk) arrangement, with
substantially larger interfacial distances. Further studies will be dedicated to achieving a
higher potential response and to addressing the multisensor array concept.
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Abstract A novel cell for complex spectroelectrochemi-
cal and nanomorphological  characterization  of
phthalocyanine has been developed. The applicability and
universality of the cell allows performing both in-situ and
ex-situ characterization of the same sample, in solid and
solution state, respectively, which was demonstrated on
tetramethyltetra-3,4-pyridine-porphyrazino cobalt as water
soluble and tetraneopentoxyphthalocyanine cobalt as water
insoluble phthalocyanine based compound. The cell is
composed of a planar freely replaceable bottom formed by
a basal plane of highly ordered pyrolytic graphite. It allows
complete characterization of modified electrode on same
electrode, from spectral observation of modification pro-
cess via atomic force microscopy to spectroelectrochemical
characterization of redox and catalytic behavior. The rel-
atively inert HOPG electrode serves as a substrate for
phthalocyanine compounds and also as a backscattering
mirror for in-situ reflection spectroscopy. This makes the
cell suitable for spectroelectrochemical studies of
phthalocyanine both as HOPG-supported thin film and in
the solution. Moreover, the cell can take the advantage of
optional utilization of supported thin layer interface of two
immiscible electrolyte solutions allowing spectroelectro-
chemical analysis of sub-microgram quantities of water
insoluble compounds.
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Introduction

Phthalocyanines are intensively studied because of their
diverse properties allowing variety of applications including
non-linear optics [1, 2], photodynamic therapy of cancer [3],
chemical sensors [4, 5], catalysis [6], liquid crystals [7],
optical data storage [8], solar energy conversion [9, 10], and as
dyes or pigments [11]. Altering substituents of macrocycles
and ability to form complexes with more than seventy dif-
ferent metal ions [12] create a wide range of phtalocyanine
based compounds with modified redox and photochemical
behavior, which are soluble in different solvents. Spectro-
electrochemical studies of phtalocyanine facilitate
understanding of the redox processes that may take place at
either the central metal atom or the phthalocyanine ring. Such
processes cannot usually be distinguished by electrochemistry
only. The application in electrochemical sensors and elec-
trocatalysis [13, 14] is connected to requirement of
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homogenous, uniform, adhesive film on conductive substrate;
thus, the study of morphology of deposited films attracts
attention. Although a large number of spectroelectrochemical
studies [15-21] have been published so far, only a few studies
[22-24] also involved characterization of the nanomorphol-
ogy of phtalocyanine films. Spectroelectrochemical
measurements were usually made with an optically transpar-
ent thin layer cell, utilizing a gold or platinum minigrid [25,
26] as a working electrode, which is inconvenient for atomic
force microscopy (AFM) measurement. Besides, metal elec-
trode, transparent semiconductive electrode (mostly indium
tin oxide) [27] was utilized. Its application is limited by
electrolyte composition and potential window restricted
towards negative potentials, to avoid interference with elec-
trochemistry of studied compound. The electrode requires
special care to assure ohmic contact with metallic collector
and to avoid Schottky barrier deforming volt-ampere char-
acteristic. Moreover, thin layer cell geometry delimited by a
narrow gap between solid walls imposes significant shielding
effect on the working electrode and short optical path length
must be compensated by high sample concentration. The low
optical gain of single—pass transmission spectroscopy can be
increased using of double and multi-pass reflection
(backscattering) spectroscopy.

In common reflection spectroscopy of phthalocyanines
[28, 29] the limitations usually represent: large sample vol-
umes, adhesive and resin materials in cell construction or
electrode sealing, incompatibility with organic solvents, and
impossibility to disassemble the cell for ex-situ analyses.

Here, we report a universal spectroelectrochemical cell,
which allows performing fully-fledged spectroelectro-
chemistry  without sacrificing either quality of
electrochemical data or spectroscopic efficiency even at
low phtalocyanine quantities. The cell can be effortlessly
dismantled and reassembled for the replacement of the
working electrode, allowing successive application of
combined in-situ and ex-situ examination techniques.

Results and discussion

The presented cell advantages are demonstrated by com-
bination of in-situ spectroelectrochemical and ex-situ
nanomorphological AFM study of model water soluble and
insoluble compounds. Two types of arrangements, bulk and
thin layer interface of two immiscible electrolyte solutions
(ITIES), are compared.

Application of the cell for study of water soluble
compounds

Figure 1 shows preparation and characterization of the
highly ordered pyrolytic graphite (HOPG) electrode

@ Springer
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modified by CoTmtppa (HOPG/CoTmtppa) electrode-
posited at constant potential —0.3 V/SCE for 60 min. The
reduction of the central metal Co(II)/Co(I) occurs [30] at
potential negatively from 0.25 V and the formation of
Co(I)Tmtppa film on HOPG working electrode is indicated
by the appearance of new absorption band at 480 nm as
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«Fig. 1 The spectroelectrochemical and nanomorphological charac-
terization of HOPG/CoTmtppa modified electrode prepared by
electrochemical deposition at —0.3 V vs. SCE from CoTmtppa
(¢ =1 x 107> mol/dm®) in aqueous 0.1 mol/dm® phosphate buffer
(pH = 4.3) for 60 min utilizing versatile of spectroelectrochemical
cell. (a) Ex-situ tapping mode AFM image of basal plane of HOPG.
Scan area 1 x 1 pm, height scale 100 nm. (b) Time-resolved in-situ
backscattering VIS spectra of HOPG/CoTmtppa modified electrode.
(c) Ex-situ tapping AFM image of HOPG/CoTmtppa modified
electrode. Scan area 1 x 1 um, height scale 100 nm. (d) The cyclic
voltammetry of HOPG/CoTmtppa modified electrode in aqueous
0.1 mol/dm>® NaH,PO, (pH = 4.3), scan rate 0.1 Vis!, potential E is
referred to SCE. (e) In-situ backscattering VIS spectra of the HOPG/
CoTmtppa modified electrode recorded at potential 0 V (curve 1),
0.3 V (curve 2), 0.5 V (curve 3) vs. SCE

shown by time resolved in-situ VIS spectra (Fig. 1b). The
decrease of Q-band at 656 nm corresponding to
Co(II)Tmtppa monomer form related to its depletion near
the HOPG electrode was not detectable due to sufficient
concentration of Co(Il)Tmtppa in deposition solution. The
shoulder at 598 nm originates from porphyrazine dimeric
form [31].

Electrodeposited film was subsequently characterized by
ex-situ AFM (Fig. 1c). The root mean square (RMS)
roughness of the CoTmtppa film deposited on HOPG was
6.1 £ 0.9 nm, while for HOPG substrate before deposition
was 1.6 & 0.2 nm due to steps and imperfections (Fig. 1a)
[32]. The AFM image (Fig. 1c) shows practically homo-
geneous coverage of HOPG by nanograin CoTmtppa layer.

Figure 1d shows the cyclic voltammetry of HOPG/
CoTmtppa modified electrode in 0.1 mol dm™> phosphate
buffer (pH = 4.3). Two redox processes were observed.
While peak at 0.25 V is assigned [33-35] to reduction of
cobalt center described by Eq. (1).

[Co(I)Tmtppa(2—)]*" + ¢~ — [Co(I)Tmtppa(2—)]**
(1)

the more negative peak at —0.47 V involved two redox
processes on the porphyrazine ring corresponding to
Egs. (2) and (3).

[Co(I)Tmtppa(2—)]* "+ ¢~ « [Co(I)Tmtppa(3—)]*" (2)
[Co(I)Tmtppa(3—)]* +e~ < [Co(I)Tmtppa(4—)]"  (3)

The electrochemical behavior of HOPG/Co(I)Tmtppa
modified electrode was described in more detail in previous
publications [34, 35]. Generally, voltammetric peak
corresponding to redox reaction of metallic center is
relatively narrow and difficult to observe. The combination
of voltammetry with VIS spectrometry is a powerful
method for identification of redox and other processes such
as aggregation not detectable by voltammetry.

Figure le shows VIS absorption spectra of the
Co(I)Tmtppa deposited on HOPG, measured in backscat-
tering mode in 0.1 mol dm > phosphate buffer (pH = 4.3).
Changing ratio of Co(II)/Co(I) due redox reaction described
in Eq. (1) is manifested by alternation of peak height at
656 nm and at 480 nm, respectively. The isosbestic point at
577 nm was observed.

Figure 2 shows in more detail spectral changes associ-
ated with redox processes of modified HOPG/Co(I)Tmtppa
electrode. At potentials positive from 0.25 V oxidation of
Co(I)Tmtppa takes place, as indicated by increase of peak
at 656 nm corresponding to Co(II)Tmtppa coupled with
simultaneous decrease of peak at 480 nm, which belongs to
Co(I)Tmtppa form. Opposite trend was found for potential
negative from 0.25 V, where reverse reaction proceeds.

Application of cell for study of water insoluble
compounds

Bulk versus thin layer ITIES arrangement

The cell utilization for water insoluble compounds (shown in
Fig. 3a) was demonstrated both by conventional bulk and
supported thin layer ITIES arrangement using reversible
redox standard decamethylferrocene (DMFc) 1 mM solution
in o—dichlorobenzene (0-DCB) with 0.1 mol dm™* tetra-
butylammonium perchlorate (TBAP) as a nonaqueous
electrolyte and phase transfer agent, respectively.

The difference between thin layer ITIES utilized in this
work and bulk ITIES arrangement [36, 37], is illustrated in
Fig. 3. Unlike common spectroelectrochemical cells, the
arrangement shown in Fig. 3a allows dual pass reflection
spectroscopy, auxiliary/reference electrode geometry opti-
mization and utilization of genuine (SCE) single reference
electrode keeping advantage of low volume of sample
solution and thus, requirement of low (nanogram) reactant
quantities.

Figure 4a shows voltammetric curves corresponding to
reversible redox reaction of DMFc described in Eq. (4)
obtained in “classical” single phase (bulk) (curve 1) and
thin layer ITIES arrangement (curve 2).

DMFc" + e~ <+ DMFc (4)

Peak separation AE, decrease for thin layer ITIES
compared to single phase bulk arrangement, while the
dependence on potential sweep rate (v) weakened
(Fig. 4b) indicating lower potential (iR) drop [38, 39].
Further decrease of AE, can be expected with decreasing
thickness of nonaqueous phase. Prevailingly asymmetric
(anodic) peak potential shift towards negative potential
may indicate faster reaction kinetics and lower
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Fig. 2 Spectroelectrochemical measurement performed on HOPG/
CoTmtppa electrode prepared by electrochemical deposition at
—0.3V vs. SCE from solution of CoTmtppa (c = 4.8 x 107>
mol dm~) in 0.1 mol dm~> aqueous phosphate buffer (pH = 4.3)
lasting 60 min. Figure in the middle illustrates voltammetric curve of

overpotential, respectively, presumably due to higher
charge transfer efficiency in thin layer arrangement,
which is confirmed also by higher current reversibility
indicated by I,./I,c ~ 1.06 while for bulk this value I,/
I increases to 1.39. The I, vs. v!'’? plot for DMFc/
DMFc*t reaction yielded linear course pointing to

diffusion driven reactions in both cases (Fig. 4c).
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HOPG/CoTmtppa electrode with marked potentials —0.3 V (a);
02V (b); 04V (¢); 02V (d); —0.1V (e); —0.7V (f) where
backscattering in-situ VIS spectra were recorded. Supporting elec-
trolyte was aqueous solution 0.1 mol dm™ NaH,PO, (pH = 4.3),
scan rate v = 0.1 Vs, potential E is referred to SCE

Improvement of electrochemical parameters in thin
layer ITIES arrangement (Fig. 4a, curve 2) compared to
bulk electrochemistry (Fig. 4a, curve 1), namely the
decreasing of AE,, and improvement of voltammetric
peaks symmetry in thin layer ITIES compared to single
phase (bulk) as well as an agreement of DMFc redox
potentials justify the correctness of simplified three
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CE Ref.E. Fiber Optic

C  D——CEaq
— — P Ref.E.aq

h Ref.E.nonaq

(> i~ CEnonaq

A B

Fig. 3 Thin layer ITIES with 3—electrode system for spectroelectro-
chemistry of water insoluble compounds utilized in this work (a) and
conventional (bulk) ITIES with 4—electrode system (b). Ref, CE and
WE represent reference, counter and working electrode, while ag and
nonaq are abbreviations for aqueous and nonaqueous phase, respec-
tively. Note voluminous aqueous phase layered over a thin layer
ITIES (a) allowing low-volume spectroelectrochemistry and conve-
nient nonrestrictive arrangement of all electrodes fulfilling
requirements of correct cell geometry with counter electrode sepa-
rated from reaction phase

electrode arrangement with single reference electrode
placed in aqueous phase [40, 41].

Spectroelectrochemistry in thin layer ITIES arrangement

The thin layer ITIES arrangement for spectroelectro-
chemical measurement of water insoluble compounds is
demonstrated on tetraneopentoxyphthalocyanine cobalt
(CoTNPc) in 0-DCB phase served as active redox system.
The spectroelectrochemistry was performed in HOPG-
supported thin layer ITIES utilizing water/o-DCB interface
with 0.1 mol dm™> TBAP as electrolyte/phase transfer
agent in nonaqueous phase and 0.1 mol dm— LiClO, in
aqueous phase. Reflection spectra were measured by a
fiber-optic probe after reflection from working electrode
(here basal plane of HOPG).

Figure 5a shows voltammetric curve corresponding to
metal center Co(II)/Co(I) [42] redox reaction described by
Eq. (9).

Co(I)TNPc(2—) + e~ «» Co(I)TNPc(2—) (5)

Fig. 4 Cyclic voltammetry of 1 mmol dm~> DMFc in 0o-DCB withp

0.1 mol dm~> TBAP performed in single bulk phase (a, curve 1) and
thin layer ITIES interfaced with aqueous 0.1 mol dm™ LiClO, (A,
curve 2) (scan rate 10 mV s ). Peak separation AE, = Ej, — E,c Vs.
v (b) decrease for thin—layer arrangement (inverted triangle)
compared to bulk (circle). The peak currents are linear functions of
square root of scan rate as indicated by plot (c) for bulk (circle) and
thin-layer arrangement (inverted triangle) (E vs. SCE in aqueous
phase in case of ITIES, E vs. pseudoreference Ag electrode in case of
bulk)
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Fig. 5 Spectroelectrochemistry of CoTNPc solution in nonaqueous
phase of HOPG—supported thin layer ITIES. Cyclic voltammogram of
5 x 107* mol dm™— CoTNPc in 0-DCB/0.1 mol dm~> TBAP, aque-
ous phase with 0.1 mol dm~> LiClO,. Scan rate 10 mV s~'. a Time

Figure 5b shows the reflection spectra of CoTNPc in
HOPG-supported thin layer ITIES before (black curve) and
after (red curve) the potential —585 mV corresponding to
Eq. (5) reaction was applied. The Co(II)TNPc(—2) exhibits
characteristic peaks at 613 and 680 nm, while the band
between 475 and 525 nm [42, 43] corresponds to
Co()TNPc(—2) formed by -electrochemical reduction.
The spectrum confirming that reduction of the metal
center Co(I)/Co(I) took place [42] has three isosbestic
points at 500, 698, and 740 nm.

Conclusion

A novel low volume cell was developed for complex
spectroelectrochemical and nanomorphological characteri-
zation of wide range of analytes. The cell design allows
examination of both (aqueous and nonaqueous) solution
and solid-state (in a form of deposited film) compounds.
The planar working electrode is serving as a free replace-
able cell bottom, which allows simple assembly/
disassembly for performing various consecutive in-situ and
ex-situ experiments, correlation of nanomorphology with
its electrochemical and catalytic properties etc. Simulta-
neously, the basal plane of HOPG working electrode is
serving as a mirror for fiber optic reflection spectroscopy,
enabling in-situ spectroelectrochemical measurements.

As the thin layer ITIES arrangement utilizes mm’—vol-
umes of nonaqueous electrolyte solution, it is particularly
suitable for spectroelectrochemical examination of scarce
water insoluble compounds, where just sub-microgram
quantities are required. In combination with of interfaced
voluminous (ca. 1.5 cm®) auxiliary aqueous phase allows
to utilize convenient three electrode arrangement with
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development of reflection spectra of CoTNPc while potential
—586 mV (vs. SCE) was applied. b Fiber—optic probe was positioned
at ITIES, working electrode potential £ vs. SCE, reference electrode
in aqueous phase

optimal geometry and common reference electrode (SCE).
The approach thus combines advantages of both thin layer
and bulk arrangement.

Experimental

The water soluble N,N',N’,N”-tetramethyltetra-3,4-
pyridinoporphyrazino cobalt (Co(II)Tmtppa) and the water
insoluble 2,9,16,23-tetraneopentoxyphthalocyanine cobalt
(Co(INTNPc) were synthesized and purified by the group
of Prof. A. B. P. Lever from York University (Toronto,
Canada) [34, 44]. Stock solutions of the Co(II)Tmtppa with
a concentration of 1 x 107> mol dm™> were prepared in
0.1 mol dm™ phosphate buffer (pH = 4.3) and stored in
cold and dark conditions. The NaH,PO3H,O (p.a., Merck),
H;PO,4, NaOH (all p.a., Lachema, Czech Republic) and
LiClO, (p.a., Fluka) as electrolyte in aqueous phase were
used as received. Purified water (Milli-Q system Gradient,
Millipore, resistivity 18.2 MQ cm) was used for prepara-
tion of aqueous electrolytes. Nonaqueous solvent o-—
dichlorobenzene (0o—DCB, 99 %, Aldrich) with tetrabutyl-
ammonium perchlorate (TBAP, electrochem. grade, Fluka)
as an electrolyte and phase transfer agent [45] was used.
Decamethylferrocene (DMFc, 98 %, Sigma—Aldrich) as a
redox standard in nonaqueous phase were used as received.

Cell setup

The basal plane of HOPG (12 x 12 x 2 mm, HOPG ZYB
Grade, Structure Probe Inc., USA) forming cell bottom was
utilized as a dual-function working electrode and support
for phthalocyanine film (CoTmtppa), thin layer ITIES and



Versatile cell for in-situ spectroelectrochemical and ex-situ nanomorphological...

Fig. 6 The schematic diagram
of the versatile
spectroelectrochemical cell

(a) and its image (b) openings
for electrodes™ —
or gas tube ¢

brass 3
vice

o — ¢——— sealing (Viton)

I < vorking

A

as a mirror for fiber optic reflection spectroelectrochem-
istry, respectively. The contact to working electrode is
accomplished by the metallic clamp, which also holds the
whole cell assembly. The working electrode is sealed by
the elastic fluoropolymeric sheet (Viton, DuPont Perfor-
mance Elastomers, USA) with the opening, which delimits
the electrode active surface area. The large area flat (Viton)
sealing of working electrode prevents the cell from leaking
ambient atmosphere and electrolyte in a more efficient way
than classical o-ring, which may damage the electrode
surface of working electrode by imposing local excessive
pressure. The thick-walled glass cylinder forming the cell
body is capped on the top by Teflon cover with openings
for gas tubing, counter and reference electrode and optical
fiber for backscattering reflection spectroscopy. The sche-
matic diagram and the cell image are shown in Fig. 6. The
cell volume (ca. 1.5 cm®) can be changed by changing
dimensions of glass cylinder. This arrangement allows both
the shape and material versatility of working electrode.
As no epoxy or any other adhesive resin is used, variety
of organic solvents can be used for electrolyte solutions.
The cell can be effortlessly dismantled and reassembled for
the replacement of the working electrode, allowing suc-
cessive application of combined in-situ and ex-situ
examination techniques including AFM, SEM, XPS, IR
etc. This arrangement, where the working electrode area is
delimited by elastic sealing, excludes formation of three-
phase junction [46] known to complicate processing of
electrochemical parameters [39]. The cell can be used for
solution electrochemistry of investigated compound in bulk
and thin layer ITIES [47, 48] respectively, as well as in a
form of solid-state thin layer film deposited on HOPG
surface. The ITIES arrangement utilizes thin layer of
nonaqueous phase spread on basal plane of HOPG

> O
ql IF('—Toﬂon cover
(—‘-— optical fibre
&———— glass cylinder

electrode

electrode with aqueous bulk phase floating on the top. This
arrangement utilizes regular (SCE) reference electrode
placed in bulk aqueous phase, while in mm® volume of
nonaqueous phase ng quantities of compound can be
investigated.

Instrumentation

Voltammetric measurements were performed using three-
electrode potentiostat/galvanostat Wenking POS 2 (Bank
Elektronik, Germany) controlled by the CPC-DA software
(Bank Elektronik, Germany).

Saturated calomel electrode (SCE) was used as a ref-
erence electrode in aqueous phase and silver wire was used
as a quasi-reference electrode in nonaqueous phase system.
Platinum wire and basal plane of HOPG served as an
auxiliary and the working electrode, respectively. The
HOPG electrode was cleaned using adhesive tape Scotch
by removing layers of the surface. The supporting elec-
trolyte was 0.1 mol dm ™ phosphate buffer (pH = 4.3) for
aqueous, 0.1 mol dm™> TBAP in nonaqueous phase, and
0.1 mol dm ™~ LiClO, in aqueous phase for water insoluble
phthalocyanine. The reflection spectra were measured by
fiber optic spectrometer SD 1000 (Ocean Optics, New
Zealand) equipped with optical fiber (Ocean Optics, No.:
FCR-74V400-2-ME910103, USA). The halogen lamp
Fiber-Lite PL-800 (Dolan-Jenner, USA) was used as the
light source. All experiments were performed at room
temperature in the solution 10 min deoxygenated by argon
6.0 (99.9999 % purity, Messer, Germany).

The nanomorphology of working electrode was exam-
ined by atomic force microscopy (AFM) Multimode
Nanoscope Illa (Bruker, USA) in tapping mode (silicon tip
OTESPA, 42N m~', 300 kHz, Bruker, USA). The

@ Springer
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thickness of the deposited film on HOPG was determined
by AFM nanoshaving [49] and subsequent profile mea-
surement on the shaved edge. The AFM topography was
analyzed by commercial Nanoscope III Software version
5.12r5 (Bruker, USA) and surface roughness parameters
were determined by Gwyddion software version 2.41
(Czech Metrology Institute, Brno, Czech Republic).
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