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S1 Numerical calculations

There are well established theoretical models whiebcribe ISM under equilibrium conditions and ¢éhare also
analytical as well as numerical models for chrorteptiometric operation modés® Within these models, the
potential at the interface is calculated by insgrthe boundary concentrations of the relevant iorike respective
phase into the Nernst equations and the mass tretrthpough the interfaces is described by condtatgrogeneous
rate constants. The ratio of the heterogeneous aatstants of a specific ion are assumed to beledquthe
partitioning coefficient. Hence, these models assutimat the thermodynamically facilitated IT is feashd
instantaneously, reaching local thermodynamic daitim across the interface even under dynamic rrassport
conditions. Though, the equilibrium assumption $sially completely justified, they neglect the ifhce of the
electric potential on the transfer rates. For tleason, numerical calculations which take into aotahe standard
ion transfer potential (standard Gibbs free enafgyransfer) of all ions involved, at the back dnaht side of the
ISM, were carried out.

Here, we aim to model the membrane using the fneegées of transfers and electric field dependemtsfer rates
at the ISM-liquid interface. Similar to the methdescribed in ref’ and ref.2 the system was separated into three
separate layers (analyte, ISM, inner filling saadi (see figure S1). The bulk of these layers wealeulated by
solving the Nernst Planck and Poisson differemiplations (NPP) as described in fah the following form:
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Where E is the electric field,,, is the dielectric constant in the organic/watergaheg; is the concentration of the
i" ion, J; is the flux,z; the chargeDf/W is the diffusion constant in the water, and afiestletters have their usual
meaning.
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The mass transport of a specific ion i in betwéenlayers and thus through interfaces was mode#iad) the Butler-
Volmer-type relations:
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Whereg is the potential drop over the interface (trangfetential);p° is the standard transfer potertialk, = kp;

a is the transfer coefficienk,, is the standard heterogeneous rate constafi;, forward/backward heterogeneous
rate constant and the other letters have theirl useaning.

a Note that standard transfer potentials are usstgdda of formal transfer potentials. Consequeiitlig, implicitly
assumed that the activity coefficients within tligamic phase and the aquous phase are unity.



In case of a facilitated transfer of a specific lmpnan ionophore and of stable ion-ionophore comgdethe ion
transfer be considered as a heterogeneous onretegsg™
i?(w)+nL (org) S iL%(org)

Where L is the ionophore and n the complex stoitigiy.
The energy required to transfer the ion into thenir@ne is decreased by the complex formation coh§g of the
ionophore. According to the thermodynamic cycleragjmation the formal potentia® can be described By
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Wherep,, is the complex formation constant within the ISMia) is the simple ion transfer potential akitlis the
concentration of the free ionophore within the meanle

The NPP equations approximate the ions by pointgasawith an infinite small size not accounting fory
concentration dependent activity changes or adsorgffects at the ISM-water interface. Thus thePNdRjuation
model the diffuse Gouy-Chapman layer. However stieen layer, which greatly depends on the sizéefidns, on
adsorption process, interaction of present ionsathedr complex processes, cannot be modelled.habréason, to
calculate the potential drop over the interfapg the stern layer is approximated by a capacigy;the potential is
obtained by multiplying the electric field at thégse boundary by the distance in between the adest The
dielectric constant of the capacity was assumduktthe arithmetic average of the dielectric cortstérthe water
and the NPOE.

Similar to ref.2 the method of lines was used to discretizice ifferéntial equations. This method is illustrated i
figure S1. The program was written in Octave, whiglan open source pendant of matlab. The equati@ns
integrated using the Octave Isode solver. Altewedyi it is also possible to use the odesx solfethe odepkg
(wrapper of the fortran seulex solver). The caltates were carried out on a 64 bit - windows 8 egstaking full
advantage of the new 64 bit Octave build.
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Figure S1: a) lllustration of the numerical calculations and the discretisation used. The spacing of the grid where the concentration was calculated
was chosen to be smaller closer to the interfaces. The flux and the electric field are calculated at intermediate points lying half way between the
concentration points. The transfer rates/transfer potentials were calculated by assuming a stern layer at the interface with a discrete distance d (b).
The LK* complex is illustrated by a red pentagon; A- corresponds to anions present in the analyte, R to background anions in the membrane and K*
to potassium ions in the analyte,

Parameter s used for the numerical calculations

The parameters were taken from literature (seestaldnd table 2), if they were available. Due toyvamplex
experimental setup and assumptions which have mame (e.g. diffusion constants), there is a laligerepancy of
the experimental values in literature. To quahlty model the sensor response, this is obvioustyarhindrance as
the simulated response curves are in good agreesinthe experimental results.



Most of the simple ion transfer potentials measumdderature are measured at a NPOE/W micro fater. As the
PVC does not seem to influence the transfer patisngignificantly (just ~20 mV, the values obtained at NPOE/W
interfaces seem to be justified.

In case of highly hydrophilic ions (€a SO?) no experimentally obtained values of the formahsfer potential are
available yet. Typically the ion transfer potergiare measured by CV measurements which requieeleggtound
electrolyte in the organic phase. This backgrouledtmlyte within the membrane typically gets ektesl before
these lipophilic ions are extracted into the memerdror that reason the transfer potentials wesemasd to be larger
than the transfer potentials of the backgroundtedgte within the membrane used.

Table 1: Parameters used to numerical compute Bfe éjuations.

lon Do [M?/s] Dw [M%/s]" | @? [mV] Log B
K* 1.31012 1.96 10° 4408 11.63'
IL* 3.0110%* | n.a. n.a. 11.63'
Cl 1.310%2 2.0310° -521" 0

Na* 8.8 10122 1.3310° 518¢ 7.63™
TCIPB- 1.11012¢ 1.66 101° -335 0
Ca* 51012 7.54 101 350/ 0
TDAY 0.6 1024 09104 -500! 0
lonophore | | 1.9 10'%® n.a. n.a. n.a.
S04> 7 10112 10.7 10°° -300¢ 0
TFPB" 1.1 102¢, 1.66 1010 n.a. 0

a) The diffusion coefficients were calculated using the estimated ratio of D,/ D,, = 6.6 x 103 as proposed in ref. 12; b) taken from ref 13; c) assumed to
be equal to the diffusion coefficient of TFPB-, which has a very similar size and structure; d) The diffusion coefficient of TDA was assumed to be twice
as big as TFPB- which is ~2 times smaller; e) taken from ref. 14; f) taken from ref. 15 and ref. 16; g) taken from 7; h) taken from 18; i) taken from ref 16;
j) taken from ref 8. The value of TDA was estimated from the graphs available in 18; k) The value was estimated from the data available in ref. °in a
nitrobenzene/water interface as proposed in ref 18 and 6; |) taken from 29; m) assumed.

Table 2: Parameters used to numerical compute Bfe éjuations.

Parameter Value

Ewater 80

Emembrane 40°
membrane thickness 150 um
water layer thickness 400 pum
interface distance (d) 2 nm¢

ko 9103 cm/s¢
a 0.48°

a) taken from 2%; ¢) the standard rate constants and the transfer coefficients were assumed to be equal for all transferring ions. The value was taken
from ref. 8; d) assumed.

S2 Dynamic response at small pulse times

The actual response at small pulse time beforeetiepl effects occur is not intuitive: The reacti@ighe interface
are fast and instantaneous establishing a neastismphase boundary potential, even under dynamags transport
conditions (as long as no concentration polariratiocurs)?? This near-nernstian phase boundary potentiabis n
equal to the one measured under zero current donslibecause the phase boundary activities chargecurrent
induced activity change greatly depends on thausiifin constant within the respective phase. As Esthere are
sufficient target ions or free ionophores availatibe phase boundary potential, remains near Nan#st'*?If the
concentration of the target ion is smaller tharritical concentration, the ion is depleted in theinity of the
membrane at a certain transition time and a patejutinp exceeding the Nernstian response is obderve

Figure S3 a and b show the corrected experimenthhamerically calculated response curves at spuddle times
of ISEn and ISkut respectively. The curves were corrected for thigalrequilibrium potential (which cancels out
in the final response curve) ,measured beforeuhreot pulse was applied. The corrected potentilsrded at fixed
times t (1s) and 4 (2s) are shown in c / d. Generally, the correp®gntials measured at timeare smaller than the
ones measured at t



In case of ISl and at large target ion concentrations (> 1 mMg, potential does not depend noticeably on the
concentration of the target ions within the ana(gee figure S2 a,c). However, it increases wittetiThis increase
can be attributed to a magnitudes smaller ion sgliffin constant in the membrane than in the aquebasep The
phase boundary concentrations within the membraeegeadually increased on the front and decreasethe
backside. Whereas, the phase boundary concentnatibim the analyte remain almost unchanged. Consedy,
the constant current induces a concentration inuigr® response. At a concentration of 1 mM theetaron is
depleted and the response depends on the ion doatbem within the analyte.

Similar to ISEn, the response of ISlar does not depend on the sample composition atthiglet ion concentrations
(> 1 mM), as long as no backside depletion occse® figure S2 b,d). At a concentration of 0.1 mM ghase
boundary concentration of the analyte is slighthamged giving rise to a response drift of ~20 mMickhs a
negligible contribution to the total sensor resgordote that this shift does not degrade the sgnsignal as it
depends selectively on the concentration of thgetaon. However, if the signal would be measurtadthe response
would strongly depend on the background anion pritegethe analyte (see figure S2 d).
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Figure S2: Experimentally and numerically calculated corrected response curves at small pulse times of ISE\y (a) and ISEqyt (b) recorded in a CaCl,
(solid lines) and Na,SO, (dashed lines) background at concentrations of 0.1 mM, 1 mM and 10 mM. The response curves were obtained by subtracting
the equilibrium potential measured under zero current conditions at the end of the regeneration pulse. The corrected response recorded at t; (1s)

and t; (2s) are shown in c) (ISE\) and d) (ISEour)-

S3 Numerically calculated concentration profiles

The response curves and the corresponding contientgofiles of the ions at ISEIN and ISEOUT at®wn in
figure S3 and S4 respectively. The response curhésh are corrected for the initial equilibrium patial are shown
in the insets.
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Figure S3: Measured (solid) and numerically calculated reponse (dotted) of ISE;, during a measurement cycle at concentrations of 0.1 mM, 1 mM
and 0.01 mM KCl in a 10 mM CacCl, background (a) and a 10 mM NaCl background (b). The insets show the corrected potentials (Vin(t) - Vin (t =-5s)).
The characteristic transition times are marked with numbers (for details see text). The applied current density was 0.4 pA/mm?2. c) Calculated
concentration profiles at the interfaces of the relevant ions during a measurement cycle at a concentration of 0.1 mM K* in a NaCl background. The
time and location where characteristic transitions occur are marked with numbers (for details see text). For better visibility, the x-axis are scaled
differently for each ion in the membrane as well as in the aqueous solutions.
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Figure 1: Measured (solid) and numerically calculated (dotted) response of ISEqyr during a measurement cycle at concentrations of 0.1 mM, 1 mM
and 10 mM KCl in a 10 mM CaCl, background (a) and a 10 mM Na,SO, background. The insets show the corrected potentials (Vcorr,our = Vourl(t) - Vour
(t = -5 s)). The characteristic transition times are marked with numbers (for details see text). The applied current density was 0.4 pA/mm?2. The
maximum applicable pulse time (tma ~ 2 s) is marked by a vertical line. c) Calculated concentration profiles at the interfaces of the relevant ions
during a measurement cycle at a concentration of 0.1 mM in a CaCl, background. The times and locations where characteristic transition times occur
are marked with numbers (for details see text). For better visibility, the x-axis are scaled differently for each ion in the membrane as well as in the
aqueous solutions.




S4 Stability and conditioning investigations

Figure S3 shows the response curves of SGul&Bd SC-ISkut recorded in a 0.1 mM KCL solution. The first and

second response curves exhibit significant driffser 15 measurement cycles the response curveh r@ateady
state and there are only small shifts in the tHezedollowing measurements. If the ISE is leftddior a day a
significant change from measurement to measurensenbserved in the beginning. Same as before, afer
measurements the response curves reach a stetelsustizare almost identical to the ones measureleofirst day.

Consequently 15 conditioning measurements have tcakried
generally more reproducible at the beginning ofghise and

out prior to measurement. The responsesiare
even after three months and 120 measuatsnthe

response curve remains almost unchanged. Figusds3lemonstrates the advantage of 2 ISEs opdrasaties.
In equilibrium, before the measurement pulse igextiathe potentials of the ISEs exhibited a drifi30 mV after 3
months with respect to an Ag/AgCl reference eletdrdf just one ISE would have been used this wbaleke resulted
in a potential shift of ~130 mV (see figure S3b} Both ISEs are identical they both exhibit apprately the same
potential drift. For that reason the net potenbi@lween the ISEs is not changed. Thus the senspomee is not
influenced by this drift.
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Figure S3: Sensor response (a) and response of ISE\y only (b) during a current pulse (

0 1 2 3 4 5 6 7 8 g
time [s]
~0.6 uMA/mm? ISE;y and 0.4 pA/mm? ISEgyr) in a 104 M K* solution

after 15 and 30 measurements on the first day (solid lines) and the thereafter following measurement at the second day (dash-dot lines) and after
3 months (doted lines). The illustration on the top shows the measurement setup and the time span which is shown in the graph (red area
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