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ABSTRACT

The Henderson equation is usually used to calculate liquid junction potentials between miscible
electrolyte solutions. However, the potentials of reference electrodes that comprise an electrolyte-
filled nanoporous glass frit may also be affected by charge screening. As reported previously, when
the Debye length approaches or surpasses that of the glass pore diameter, reference potentials
depend on the composition of the bridge electrolyte, the pore size of the frit, and the concentration
of electrolyte in the sample. We report here that stirring of samples may alter the reference
potential as it affects the electrolyte concentration in the section of the nanoporous glass frits that
is facing the sample solution. When the flow rate of bridge electrolyte into the sample is small,
convective mass transport of sample into the nanoporous frit occurs. The depth of penetration into
the frits is only a few nanometers but, despite the use of concentrated salt bridges, this is enough
to affect the extent of electrostatic screening when samples of low ionic strength are measured.
Mixing of sample and salt bridge solutions—and in particular penetration of sample components
into the frit—was optically monitored by observation of a deeply colored Fe[(SCN)(H20)s]**
complex that formed in situ exclusively in the region where the sample and salt bridge mixed.
Importantly, because flow through nanoporous frits is very slow, mass transport through these frits
is dominated by diffusion. Consequently, over as little as one hour, reference electrode frits with
low flow rates become contaminated with sample components and undergo depletion of electrolyte
within the frit to a depth of several millimeters, which can negatively affect subsequent

experiments.
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INTRODUCTION

A range of advances in the design of reference electrodes have been made over the past
decades and provide important improvements toward calibration-free electrochemical sensing!
and long-term measurements.> They include the use of nanoporous glasses with various pore

6

sizes,® ionic liquid salt bridges,*® and solid state designs.”!?> Most designs have a particular

application in mind, such as the flexible reference electrodes that enable wearable sensors!3-1#

or
paper-based devices, !> and as a result they have each their own unique advantages. However, even
though innovation in this field has allowed overcoming problems encountered in specialized
applications, the use of reference electrodes that comprise a free-flowing liquid junction or a liquid
junction in which flow is restrained by porous glass, ceramic materials, or capillaries is still
widespread and appears unlikely to disappear any time soon. Unfortunately, the limitations of these
junctions are cause of many errors and much loss of time in routine analysis.!® Surprisingly, only

little attention has been given in the past to the effect on reference potentials of seemingly obvious

experimental parameters such as stirring and bridge electrolyte flow.

Reference electrodes with free-flowing liquid junctions!'” were shown to provide stable
reference potentials, where, with some assumptions, the liquid-junction potential can be calculated
theoretically.'®2? Here we apply the Henderson equation to do so.?? The use of free-flowing liquid
junctions, however, requires that the bridge electrolyte be refilled regularly. To reduce
maintenance, the loss of bridge electrolyte can be slowed by placing a capillary or porous frit
between the bridge electrolyte and sample (using frits with pore diameters of 5 — 1000 nm)? or by

1.23 This reduces maintenance but can

stopping the flow of bridge electrolyte altogether with a ge
lead to new problems, such as contamination or depletion of the bridge electrode within the frit if
flow rates are low. This results, e.g., in slow responses of combination pH electrodes after exposure

to samples with a low electrolyte content for long periods of time, a problem frequently

encountered in routine analysis and often misinterpreted as a slow response of the pH sensitive
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half cell. To avoid problems associated with low flow rates, pressurized inner filling solutions have

been applied to ensure a continuous flow of electrolyte through the restrained liquid junction.?*-3°

Of the restrained liquid junctions, the most commonly used reference electrode design
contains a micro- or nanoporous frit that separates the sample from an inner filling solution
(typically composed of concentrated KCI) that contacts a AgCl-coated Ag wire. The phase
boundary potential across the interface of the inner filling solution and AgCl/Ag depends on the
activity of CI-, as defined by the Nernst equation.’! As the inner filling solution is separated from
the sample by the porous frit/salt bridge, this KCl|AgCl|Ag phase boundary potential is not affected
by the sample. It is usually assumed that the interface between the electrolyte-filled porous frit and
the sample solution contributes with a liquid junction potential, the size of which can be predicted
quantitatively.?> However, it has been shown that charge screening caused by the negative charges
on the pore walls at the interface of nanoporous glass frits and sample solutions may result in phase
boundary potentials that differs from the liquid-junction potential predicted for a free-flowing
junction.® 32 The extent of charge screening depends on the pore size and composition of the frit
material as well as the electrolyte strength and pH of the sample solution.® As the ionic strength of
sample solutions is decreased, the Debye length in these solution approaches and eventually

surpasses that of the frit pore size, resulting in charge screening (see Figure 1).3
Bridge Electrolyte

Before Convective Mixing After Convective Mixing
=T T
JREETN TR .- .~ . .
’ A . ‘ ‘ Al ‘ A
f A 0 A\l i Al ) Al
v r v L] 1 ]
. r . ’ 1] r
-~ ’, . ’ . ’ . ’
.= ~_= . .
~ - P Y e, e
-~ enl = ,Kjr -, -, ~
. < ' T Y ’ . r
Y 'C_I, = ‘. cae ! (] g
1 U ' \ 1 '
] “ ] £y Il . ] )
\'---" ‘-__” ‘-. 4' ‘s o' ‘\ Pl
- /‘\‘- .e Seaa*
Diffusion of R Rt
. s
bridge electrolyte —) N+ N
R v,
- ~=”
Charge screening
of sample anions

Sample Solution
Figure 1. Charge screening at the interface of a porous frit filled with bridge electrolyte and

a sample solution. Dotted lines represent the thickness of the Debye layer, which prevents anions
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from entering the porous matrix. Pore walls represented as circles, a simplification used for the

calculations described in the section Stirred Regions within Nanoporous Frits.

In this contribution we show that stirring of sample solutions may affect reference
potentials, an effect that has been ignored in the prior literature on porous liquid junctions. We
constructed electrochemical cells to determine the potential of cells comprising nanoporous glass
frits in stirred/laminar flow solutions and unstirred solutions. Moreover, the extent to which stirred
regions penetrate into nanoporous glass was assessed using a simple hydrodynamic scaling
model.>*3¢ Convection within a thin frit section that is nearest to the sample leads to mixing of the
sample solution with the salt bridge electrolyte. This can alter the Debye length of the solution
within the frit and affects charge screening by the negatively charged pore walls. To describe this
process, the flow rate of reference electrodes was compared in this work with the distance K* and
Cl— ions diffuse through the frit over a comparable timespan. This work shows that diffusion is
the dominant process in reference electrodes with 2.0-5.5 nm pores, allowing for electrolyte to
diffuse both out of and into the reference electrodes. Diffusion was also qualitatively studied by

visually monitoring mixing of FeCl; and KSCN solutions.!”

The dark red complex
Fe[(SCN)(H20)s]** forms where the Fe’* and SCN~ containing solutions mix,” visualizing the
location of the diffusional fronts within frits. Images that show time-dependent mixing within

nanoporous frits highlight the significant contamination of nanoporous frits in the course of

electrochemical measurements.

EXPERIMENTAL SECTION
Materials

AgCl (98%), KCl, FeCls, sodium acetate-'3C,, LiOH, Dowex HCR-W2, and 1.0 M HCI were
purchased from Sigma-Aldrich, Ag wires (0.5 mm diameter, > 99.9%) from Alfa Aesar, porous
Vycor glass frits (28% pore volume, 2.0-5.5 nm pore diameter, 3 mm diameter, 3 mm length, 1.5

g/cm? density, and 250 m?/g surface area)**=° from Bioanalytical Systems, a pH glass electrode
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from Hanna Instruments, and KSCN from J.T. Baker Chemical Corporation. All chemicals were

used as received.
Preparation of AgCl-coated Ag wires

Ag wires were cleaned in 3 M nitric acid for 30 s and rinsed using deionized purified water.
Wires were then placed in 0.1.0 M HCI with a Pt mesh counter electrode and a Ag/AgCl (3M KCI)
reference electrode equipped with a Vycor frit. A current of 0.4 mA/cm? was applied for 45 min.
The AgCl-coated wires were cleaned with deionized water and allowed to age for at least 24 h in

AgCl-saturated H>O.
Preparation of Porous Frit Reference Electrodes for Electrochemical Measurements

Vycor frits were cleaned in stirred deionized water at 60 °C for 6 h. This process was repeated
three times before drying of the frits under vacuum. Vycor frits were attached to glass tubes (5 cm
long, 3 mm diameter) with Teflon heat shrink tube. The glass tubes were then filled with 3 M KCI
saturated with AgCl and stored in 3 M KCl for at least two days prior to measurements. The height
of the inner filling solution was 5 ¢cm, which generated a constant pressure of 5 X 1073 bar and
flow rate of 4 + 2 nL/h.> AgCl/Ag wires were inserted through rubber septa into the glass tubes

before measurements.
Potentiometric Measurements

A Lawson Labs EMF 16 channel potentiometer (Malvern, PA) controlled by EMF Suite 1.02
software was used for all measurements of potentials (£). Each measurement was performed at
room temperature (23 + 2 °C). KCI solutions were prepared by serial dilution with purified water
(18.2 MQ cm specific resistance, EMD Millipore, Philadelphia, PA) from 1.0 M KCI stock
solutions. Potentials were measured relative to a Mettler Toledo DX200 free-flowing double
junction reference electrode (with a 3.0 M KCI bridge electrolyte and AgCl-saturated 3.0 M KCI
inner reference electrolyte).!” A schematic of the experimental setup is included in the
Supplemental Information (Figure 2). The tubular electrode bodies were not sealed at the top to
allow for gravity driven solution flow towards the samples. Activity coefficients were calculated

6
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using a two-parameter Debye-Hiickel approximation,??

and all potential measurements were
corrected for liquid junction potentials at the free-flowing double junction reference electrode
using the Henderson equation.!® Alternative methods for the calculation of liquid-junction

potentials are available, but for most cases predictions from different models differ only slightly

(see ref. 22 for more information).

A Corning PC-420D hot plate was used for stirring. Stirred solutions corresponded to a
magnetic stir bar rotation rate of 400 rotations per minute. A 150 mL glass beaker (55 X 85 cm)
with a 1 X 6.4 mm Teflon-coated cylindrical stir bar was used for all potentiometric
measurements. The reference electrode comprising the Vycor frit was immersed into the sample

solutions to a depth of 1 cm.

Ag/AgCl
>
Coated Wire > Ag/ACI ;
Coated Wire
o
Porous Frit
=
\
3 MKCI
_ Sleeve
- POrous Frit Junction

Sample Solution

Figure 2. Schematic of the experimental setup used to measure potentials at the interface of

sample solutions and porous frits.
Resistance Measurements

Resistances were measured with the known shunt method.*® The potentials (£1) of three
porous frit reference electrodes (filled with 3 M KCI) were first measured in stirred and unstirred

100 uM LiCl solutions versus a free-flowing double junction reference electrode. The potentials
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(E») were measured a second time after the porous frit reference electrode was shorted to the free-
flowing double junction reference electrode through a 48 kQ resistor in stirred and unstirred 100

uM LiCl solutions. Resistances were calculated as 48 kQ X (E1— E») / Eb.
Preparation of Lithium Acetate-'3C,

Dowex HCR-W?2 cation-exchange resin was loaded onto a column (resin: 1.5 cm X 20 cm)
and rinsed with five column volumes of 1.0 M HCI to ensure that the resin was loaded with H*.
The resin was then rinsed with purified water until the eluent reached pH = 7, as monitored with
pH test strips, to ensure removal of excess HCI. Then, 1.0 M sodium acetate-'C, was loaded onto
the column. The acetic acid-'3C; resulting from the Na* versus H' ion exchange was eluted with
purified water (~ 200 mL) until pH 6 was reached. A flame test was used to ensure that no Na*
was contained in the thus obtained eluent. To do so, a small amount of eluent was placed in a
natural gas flame. The bright orange color characteristic for sodium was absent. The eluent
containing the acetic acid-'3C, was neutralized to pH 7 by addition of LiOH, as monitored with a
Hanna Instruments pH glass electrode. The resulting solutions were lyophilized, and the dried

lithium acetate-'*C, was dissolved in D,O to give a 1.0 M solution.
Solid-State NMR of Lithium Acetate-*C,

’Li and '3C solid-state NMR spectra were acquired in the absence and presence of Vycor
glass on an Agilent 700 MHz spectrometer. Vycor frits were ground using a mortar and pestle to
a fine powder. The powder was suspended in 1.0 M lithium acetate-'3C; and tightly packed into a
3.2mm solid-state NMR rotor. An additional sample was prepared without Vycor glass powder.
’Li and *C NMR spectra were acquired using static and magic angle spinning conditions using 10
kHz spinning rate. The 1D ’Li and 3C spectra were processed using a 100 Hz exponential

multiplication function.
Preparation of Porous Frit Reference Electrodes for Visualization of Diffusion and Flow

Vycor frits were cleaned and attached to glass tubes as described above. The glass tubes were
then filled with one of four solutions, i.e., 2.5 M KSCN/1.0 M KCl, 50 mM FeCls, 5 mM FeCls,
8
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or 0.5 mM FeCls. Finally, the tubes were stored for at least two days in solutions identical to those
within the glass tubes. Freshly prepared FeCls solutions were used at the start of each experiment
as changes in solution color were noted after one week. Reference electrodes filled with 2.5 M
KSCN/1.0 M KCI were rinsed and placed into stirred or unstirred solutions of 50, 5, or 0.5 mM
FeCls. Reference electrodes filled with 50, 5, or 0.5 mM FeCls were rinsed and then placed into

stirred or unstirred solutions of 2.5 M KSCN/1.0 M KCI.

RESULTS AND DISCUSSION
Electrode Potentials in KCI Electrolyte Solutions

Reference electrodes equipped with nanoporous glass junctions were immersed into
aqueous KCl solutions under stirred/laminar-flow and unstirred conditions, and their half cell
potentials were measured relative to a reference electrode that comprised a free-flowing double
junction (for a schematic of the experimental setup, see Figure 2). The reference electrodes with
the frits with 2.0-5.5 nm pores were found to have the same reference potentials in stirred (400
rotations per minute) and unstirred solution when they were immersed in solutions of high ionic
strength (Figure 3). When solutions of lower KCIl concentration were stirred with a magnetic
stirring bar, resulting in laminar flow conditions (<), the potential of the reference electrodes with
the nanoporous glass junction depended on the KCl concentration in the sample solution, which is

3,32

consistent with previous reports, indicating that charge screening occurs at low electrolyte

solutions, causing potentials to develop at the nanoporous glass frit due to the negatively charged
frit surfaces (i.e., formation of a phase boundary potential due to partial permselectivity).-44
Moreover, even in unstirred solutions, reference potential variations were approximately five times
greater than those predicted for a liquid-junction potential. As shown in Figure 4, when stirring

was stopped, reference potentials stabilized after ~ 2 min to values closer but not consistent with

those predicted for a liquid-junction potential.
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Figure 3. Left axis: Potentials of nanoporous frit reference electrodes as a function of the K*/CI~
activity of a KCI solution under stirred/laminar flow (<>) and unstirred (X) conditions and of
calculated liquid junction potentials'® (/\) at the corresponding concentrations K*/CI activities.
Right axis: Difference in £ of a AgCl/Ag wire in stirred and unstirred conditions as a function of
the K*/CI" activity (@®). E was measured relative to a free-flowing double-junction reference
electrode. E values of the nanoporous frit reference electrodes are corrected for liquid junction
potentials at the free-flowing double junction.!® Error bars are 95% confidence intervals for the

average of six electrodes.
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Figure 4. Time dependent potential of a reference electrode with a nanoporous frit as a function
of K*/CI" activity of a KCI solution under stirred/laminar-flow (<>) and unstirred (X) conditions.
All E values are corrected for liquid junction potentials at the free-flowing double junction
electrode.!® The KCI concentration was diluted stepwise by half after each stirred/unstirred

cycle; the numbers in the graph stand for the logarithm of the K*/Cl™ activity.

In control experiments, the potential of a AgCl-coated Ag wire was measured relative to a
reference electrode with a free-flowing double junction to test the expectation that the reference
potential of the electrode with the free-flowing double junction does not differ significantly in
stirred and unstirred solutions. Theory predicts that the potential of a AgCl-coated Ag wire in KCI
solution depends on the activity of Cl~ in a Nernstian manner*> and does not depend on the stirring
conditions (provided the solution is already well mixed). Indeed, the reference potential of the
electrode with the free-flowing double junction at each KCI concentration studied (0.8 to 9.2 X
10> M KCl) differed by less than 1.0 mV between unstirred to stirred conditions, confirming that
the changes in potential upon stirring as shown in Figures 3 and 4 originate from the use of
nanoporous glass frits. In addition, the rotation rate of the magnetic stir bar also affected the
reference potential, with increased stir rates increasing the potential deviations (Figure S1).
Similarly, a dependence of the reference potential on the position of the electrode can be expected
if the reference electrode is moved between locations characterized by different rates and
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directions of the sample flow. These results show that lateral flow at the nanoporous glass surfaces
significantly affects reference potentials and must be carefully controlled when working with

solutions of low electrolyte strength.
Stirred Regions within Nanoporous Frits

Multiple studies have been reported that describe the qualitative and quantitative identity
of stirred areas that form within porous media in contact with stirred solutions undergoing viscous
flow.*6->! In order to approximate the depth to which these stirred regions penetrate into the porous
glass network, we used a straightforward relationship between viscous flow and the depth that
flow can penetrate into a porous surface section represented by spherical objects (see Figure 5).
The argument is based on the classical Kirkwood-Riseman theory of hydrodynamic interactions
in a “non-draining” polymer solution,>*% but adapted to the current problem.*® Assuming a field
of uniform spheres of radius R and total volume fraction &, the number density (n/V) of spheres

can be calculated as:

n__ 30
V 4mR3

(M
The shear force that is required for the flow to penetrate a distance L into the porous space (1) is

calculated to be:
F1=AL§6nnsRvs )

where 7, is the viscosity, v is the velocity of the laminar flow above the porous space, and 4 is
the surface area of the porous material exposed to the laminar flow. Insertion of the right hand side

of eqn 1 for n/V in eqn 2 gives:

F,=45AL®ns R ?v, (3)
The shear force drop across distance L (£2) can be calculated as:

Fy = Ans vs/L 4)
Setting F1 equal to F> gives:

45AL@Bns R %v, = Ang v/L (5)

12
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Eqn 5 can be solved for L as a function of the volume fraction and pore size:

Bridge Electrolyte

N N NN T
w
> velocﬂy =V

Sample Solution

Figure 5. Schematic of a field of uniform spheres (green circles) in contact with a laminar flow
(black arrows) of velocity vs. The velocity of flow is assumed to be 0 at depth L into the porous

field.

Eqn 6 predicts that the viscous flow of solution outside of a nanoporous frit with @ = 0.72
and R = 1.00 — 2.25 nm will penetrate into the porous frit to a depth of order 0.56 — 1.25 nm.*® It
follows that solution flow within the few nanometers of the frit closest to the sample solution
contributes to mass transport. When samples have a different ionic composition than the bridge
electrolyte, this reduces the concentration of bridge electrolyte in the frit but near the interface of
the sample and the porous frit. Moreover, the formation of swirls, i.e., circular flow above the
curved flow lines shown in Figure 5, has been shown,* which may contribute to further local
dilution of the bridge electrolyte. In the case of a frit filled with KCI of a high concentration and a
sample solution of low ionic strength, local depletion of KCl within the frit results in an increase
in the Debye length within the few nanometers of frit closest to the sample solution, increasing the
extent of ionic screening by the charged pore walls.* 3233 This description is further supported by
resistance measurements of porous frit reference electrodes in stirred and unstirred 100 uM LiCl
sample solutions. For unstirred solutions, a resistance of 40 + 1 kQ (95% confidence interval) was
measured. For stirred solutions (400 rotations per minute), the resistance increased to 86 + 2 kQ
(95% confidence interval), which is consistent with a significant increase in charge screening at
the interface of the porous frit facing the sample due to penetration of lower ionic strength 100 pM

LiCl solution into the frit.

13
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The previously reported flow rate of nanoporous glass reference electrodes (2.0-5.5 nm
pores),> 4 nL/h, can be converted to a linear flow rate at which solution passes through the
nanoporous frit by dividing the volumetric flow rate by the fraction of the frit cross section not
occupied by glass (2.8 X 10° m?), resulting in 1.4 X 10-¢ m/h. This flow rate is very small compared
to the diffusion lengths over one hour of 3.5X 1073 and 3.6 X 10~ m (calculated as the square root
of 2 X diffusion coefficient X time)*? for K* and CI, respectively, which shows that only 0.04% of
the net ion transport results from solution flow and but 99.96% of the net ion transport is the result
of diffusion. This indicates that the decrease the measured potential, E, after stirring is stopped
results from the elimination of convective mass transport in the surface region of the frit, allowing
for diffusion to reestablish a high concentration of the bridge electrolyte in the surface-near region
of the frit, and leading to greatly decreased charge screening and a liquid junction potential that

can be predicted with the Henderson equation.
Ion Adsorption to Nanoporous Frits as Observed by NMR Spectroscopy

We used magic angle spinning (MAS) solid-state NMR spectroscopy to investigate
whether adsorption of electrolyte ions to the surface of the nanoporous glass is significant and,
thereby, affects the overall rate of electrolyte ion transport through the frit. Since both potassium
and chloride do not have isotopes readily amenable to NMR spectroscopy, we used lithium acetate

instead, which is another commonly used equitransferrent electrolyte often used in salt bridges.?*

53

’Li and 13C solid-state NMR spectra acquired under static conditions with 1.0 M lithium
acetate-'3C, ("Li*, 3.25 ppm, s; *CH3, 36.26 ppm, s; *COO~, 194.53 ppm, s) exhibited signals
identical to those containing 1.0 M lithium acetate-'>C> in contact with ground nanoporous glass
recorded with a MAS rate of 10 kHz (Li*, 3.25 ppm, s; *CH3, 36.58 ppm, s; *COO~, 194.90, s).
If more than a very small fraction of the "Li* ions in the system had adsorbed to the glass surface,
MAS spectra would be expected to either give rise to new peaks at chemical shifts characteristic

for the unique chemical environment on the glass surface or, if chemical exchange between freely

14
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dissolved and adsorbed ions were rapid, the chemical shifts observed with and without spinning
would have been a weighted average between the two species. Therefore, these results show that
neither lithium nor acetate ions adsorb to any significant level to the surface of the nanoporous
glass. As prior work has shown only minimal differences in the effect of different electrolyte salts
on charge screening,>? we assume that potassium and chloride also do not adsorb to the nanoporous

glass, an assumption that can unfortunately not be corroborated by NMR spectroscopy.
Visualization of Diffusion through Nanoporous Frits

In situ formation of the complex Fe[(SCN)(H20)s]** where solutions of KSCN and FeCl;
meet and mix has been used previously to visualize the flow of bridge electrolyte out of reference
electrodes with a free-flow design.!” However, unlike in the original work that took advantage of
this process, flow rates through the (nanoporous) frits used in this work were so low that solution
flow does not explain the color formation observed in our work. As discussed above, as a mode of
mass transport through nanoporous frits, diffusion dominates over hydrodynamic flow. Therefore,
the color changes described below provide a qualitative visualization of the diffusion of ions into

and out of nanoporous frits and are only minimally affected by solution flow.

The two top panels of Figure 6 show three separate reference electrodes, each filled with
2.5 M KSCN and 1.0 M KClI, exposed to unstirred 50, 5.0 and 0.5 mM solutions of FeCls. If the
same solutions are mixed in a beaker, i.e., without the nanoporous frit as diffusion barrier, a dark
red color is formed instantaneously. The reference electrode exposed to the 50 mM FeCls solution
showed within a few minutes a narrow stream of red color that originated at the frit surface and
flowed approximately vertically downwards. The stream could be easily misinterpreted as solution
flow out of the reference electrode. However, this explanation is inconsistent with the small flow
of solution through the frit, as described above. Instead, diffusion of KSCN and KClI out of the frit
into the less dense FeCls solution creates locally at the interface of the frit and the solution a dense
solution (colored by Fe[(SCN)(H20)s]**) that subsequently flows downwards, driven by gravity.

This stream persisted for the duration of the experiment. Diffusion of Fe** from the 50 mM FeCl;
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solution in the beaker into the frit also resulted in the formation of the dark red colored
Fe[(SCN)(H20)s]** complex in the frit, a process that within one hour nearly penetrated the height
of the porous frit. Note that the diffusion length of Fe** in bulk water over 1 h is 2.1X 1073 m,>*
and Fe*" diffusion through nanoporous frit is expected to be slowed down by no more than one
order of magnitude due to confinement.’> Adsorption of Fe* to glass surfaces has been reported,>®
but complete surface coverage (1 X 107° mol/m?)!8 of the frits used for this study (surface area
approximately 7.9 m?) with Fe** would result in only 7.9 X 10~° mol of Fe** adsorbed, which is

less than 1% of the Fe** contained in the samples. Therefore, Fe** adsorption to glass does not

affect the optical assessment of solution flow through the frits.

A downward stream of color and the Fe*" penetration into the frit still occurred as the
concentration of FeCls in the sample solutions was reduced to 5.0 mM. However, for the 0.5 mM
FeCls solution neither a downward stream nor coloring of the frit was observed, and only a faint
coloring of the FeCls solution was detected, despite the fact that direct mixing of 0.5 mM FeCl3
with 2.5 M KSCN and 1.0 M KCI in a beaker (i.e., in the absence of a nanoporous frit) still
produces a deeply red colored solution. This is consistent with partial ion screening at the
sample/frit interface, as also indicated by the potentiometric measurements. Notably, no
differences in the Fe** penetration depth were observed for the 50 and 5.0 mM FeCls solutions as
a result of stirring (see Figures S1-S12), which is fully consistent with the explanation that (i)
solution flow through the frit is extremely slow, (ii) convective transport as the result of stirring
only penetrates a few nanometers into the frit, and (iii) mass transport in the frit is dominated by

diffusion, whether the solution is stirred or not.

Similarly, the bottom panels of Figure 6 show three separate reference electrodes, each
filled with FeCl; ranging from 50 to 0.5 mM, exposed to solutions containing 2.5 M KSCN and
1.0 M KCI1. With these electrodes, no downward stream of color was seen underneath the frit due
to the lower density of the FeCls solutions that are contained in the frits. Diffusion of SCN™ into

some of the frits still occurred as the color penetrated into the frits containing 50 mM FeCl; and,
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to a lesser extent, frits containing 5.0 mM FeCls. However, frits containing 0.5 mM FeCls did not
show any color change, indicating that partial ion screening occurred, as also indicated by the top
panels of Figure 6. In addition, planar diffusion of Fe** from frits containing 50 and 5.0 mM FeCls
into the sample below formed a color that was much less intense than that within the frits. This is
consistent with the expectation, based on ion concentrations and mobilities, that the flux of SCN~
from the sample into the frit is approximately two orders of magnitude larger than the Fe*" flux

out of the frit into the sample.

Figure 6 illustrates in a clear manner that porous junctions with low flow rates become
significantly contaminated to a depth of several millimeters within the timescale of only one hour.
This observation should be noted when performing long-term measurements with low flow-rate
electrolyte bridges, and it demonstrates the drawbacks of storing salt bridges in solutions other
than the electrolyte that they contain. Videos and images of this process are also included in the

Supplementary Information, both for stirred and unstirred solutions.
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Figure 6. Top panel: Images of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in

contact with unstirred solutions of FeCls. Bottom panel: Images of reference electrodes filled

with FeCls in contact with unstirred solutions of 2.5 M KSCN/1.0 M KCI. The FeCls

concentrations and times of immersion of the reference electrodes into the sample solutions are

indicated in the individual panels.
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CONCLUSIONS

The potentials of reference electrodes with salt bridges contained in nanoporous glass frits
have been shown in this work to depend on the rate with which the sample solutions are stirred.
The convection that results from stirring causes mixing of sample solutions with bridge electrolyte
within a layer of a few nanometers of the porous medium. When the sample is of considerably
lower electrolyte strength than the bridge electrolyte, this convective mixing leads to deviations
from the ideal behavior of salt bridges as it is predicted for a liquid-junction potential. This can be
explained by an increase in the Debye length in the section of the frit that neighbors the sample
solution, resulting in charge screening from the negatively charged frit surface. Reference potential
measurements in solutions with low electrolyte strength (such as, e.g., rain water or water purified
for industrial processing) will be particularly affected by charge screening, making accurate and
reproducible measurements difficult. For example, a 60 mV change in reference potential would

result in an order of magnitude error in the potentiometric measurement of a monovalent ion.

In addition, nanoporous frits through which bridge electrolyte flows with a rate that is
smaller than the diffusion rate of species contained in the sample solution may over a period of
only a few hours become contaminated with sample components and will lose bridge electrolyte
near the interface of the sample and the porous frit. Users of reference electrodes with low flow
rates should be aware that contaminants that have entered the bridge electrolyte can clog the salt
bridge or will be released into samples during subsequent measurements. Moreover, temporary
loss of bridge electrolyte caused by intermittent stirring can result in temporary charge screening
at the frit surface and, therefore, drifts of the reference potential, which is easily misinterpreted as

a slow response of the indicator electrode.

While all experiments presented in this work were performed with nanoporous glass frits,
we anticipate similar effects for other nanoporous frits because materials to which no ions adsorb

are elusive. Hydrophilic ions adsorb to polar materials, hydrophobic ions adsorb onto polymeric
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materials without polar functional groups, and divalent cations such as Ca?", Mg?" and many
multivalent heavy metal ions bind to polyethers. To minimize sample-dependent phase boundary
potentials at the salt bridge interface, frit material and pore size may be chosen with a view to the
type of ions that are expected in the sample. Alternatively, as shown in this work, the flow rate of
the bridge electrolyte into the sample must be high enough to avoid convective mass transport of

sample into the frit, e.g., as a result of sample stirring.
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Schematic of the experimental setup used to measure potentials at the interface of sample
solutions and porous frits. Average potential of nanoporous frit reference electrodes in
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KSCN/1.0 M KCl in contact with stirred and unstirred solutions of 50, 5.0, and 0.5 mM
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