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Abstract:

We report, for the first time, the quantitative measurement of the local electric

potential of brittle polyelectrolyte hydrogels using the microelectrode technique

(MET). Given the solid-like nature of the hydrogels, the difficulty of applying MET is

how to make a good contact of the microelectrode to the hydrogel. Poor local contact

substantial underestimates the potential. We observed that, the potential measured

decays exponentially with the increase of capillary diameter of the microelectrode.

This behavior is related to the capillary wall thickness that determines the contact

distance of the electrode probe to the hydrogel. The characteristic decay length in

respective to the wall thickness was very close to the local Debye length around the

capillary. The latter is much larger than that of the bath solution due to the reverse

osmosis effect. By using microelectrodes with a tip wall thickness less than the local

Debye length, the Donnan potential of polyelectrolyte gel could be accurately

measured. Using a micromanipulator, the inserting process of the microelectrode is

precisely controlled, and the depth profile of electric potential in the hydrogels can be

measured with a spatial resolution down to ~5 nm. From the spatial distribution of

potential, the micro-structure of hydrogels both in bulk and near the surface, the

thickness of ultra-thin hydrogels, and the heterogeneous layered structure of

composite gels, can be determined accurately. The MET established in this work

provides a powerful tool for direct characterization of the spatial distribution of

electric potential of hydrogels.

Introduction
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Polyelectrolytes are polymers carrying ionic and/or ionizable groups. Compared with

neutral hydrogels, polyelectrolyte hydrogels have many unique properties, such as

high water-absorbing capacity1, ion exchange ability2, ionic conductivity3,

ion-strength sensitivity4, mechano-electrical effect5, and very low surface friction6.

Some of these properties are responsible for the functionalities of articular cartilage7,

double network hydrogels8, electrochemical fuel cells9, drug release control10, etc.

Scheme 1. Electric potential of a polyelectrolyte hydrogel carrying negative macro-ions. The

polyelectrolyte network carries macro ions that are immobilized on the 3-D network, and small

counter ions and co-ions that are movable. Inside the gel, there is potential variation over the mesh

size  of the network. For a homogeneously crosslinked gel, the potential of the gel is constant

at the micrometer scale. On the surface of the gel, an electric double layer is formed, and there

exists a large potential difference between the polyelectrolyte hydrogel and surrounding bath

solution. At thermodynamically equilibrium state, the latter is the Donnan potential sgD   ,

where g and s are potential of the gel and the bath solution, respectively. s
Dr is the Debye
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length of the bath solution.

The spatial distribution of electric potential reveals important structural information of

polyelectrolyte hydrogels. A polyelectrolyte hydrogel is loaded with macro ions that

are fixed on the 3-D polymer network as well as small ions that are mobile in the

aqueous solution. The mobile ions carrying the same type of charge as the fixed ions

are often referred to as the co-ions, while those carrying opposite charge are called

counter-ions. Both two types of mobile ions are present in a polyelectrolyte gel. Deep

inside the gel, there is potential variation in nano-scale over the mesh size  of the

network. When observed at a scale much larger than the mesh size, the potential is

constant for a homogeneous hydrogel. Heterogeneous distribution of fixed macro ions

will lead to spatial modulation of potential.

There is a large potential difference, known as the Donnan potential, between the gel

and the bath solution. When a concentration difference is present between the gel and

the solution, the mobile ions tend to migrate across gel-solution interface under the

entropic driving force. The electrostatic interaction from the fixed ions, on the other

hand, attracts the counter ions and repels the co-ions. While it is still electrically

neutral deep inside the gel and in the solution, the competition between electrostatic

interaction and ionic diffusion would result in an electric double layer at the interface.

The Donnan potential is a direct consequence of the interfacial double layer at

thermodynamically equilibrium state, i.e. the Donnan equilibrium11. The Donnan

equilibrium often generates a large ionic osmotic pressure which substantially swells
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polyelectrolyte gels in water and low ionic strength solutions.

From the electrochemical equilibrium condition, the Donnan potential is related to the

activity of mobile ions in the gel, g
iona and that in the bath solution s

iona .11

g
ion

s
ion

sgD a
a

zF
RT. log32

  (1)

Here, where g and s are potential of the gel and the bath solution, respectively, z

is the valence of the mobile ion in consideration, R is the gas constant, T is the

absolute temperature, and F is the Faraday constant. The activity of ions aion is related

to the activity coefficient γion and the concentration Cion as aion=γionCion for each kind

of ions.

Some experimental efforts have been made to investigate the Donnan potential of

polyelectrolyte hydrogels. An indirect method is measuring the osmotic pressure of

polyelectrolyte hydrogels, from which the difference of solute ion concentration

across the gel-solution boundary is estimated and the electrical potential is

calculated.12 Another method is to measure the electric conductance of polyelectrolyte

hydrogels, and then estimate the fraction of counter-ions according to the equivalent

conductance of the counter-ion in pure solvent solution.3 Fluorescent indicators were

also used to detect proton concentration and therefore the electrical potential of acidic

polyelectrolyte hydrogels.13 However, these methods are indirect and only give the

average charge density of hydrogels. On the other hand, the zeta potential

measurements give only averaged information of charged surfaces, but not any direct

information of the bulk hydrogels.14

To map the spatial distribution of electric potential, electrode probes are a promising
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technique. Electrode probes have been widely used to study the physical chemistry

properties of polymer solution, such as pH15, impedance16, potentiometric titration17

etc. With microelectrode, the electrodes have also been adopted to study the electric

signals in and out of neuron and muscle cells.18-23 Naturally, Some studies have been

performed to use the microelectrode technique (MET) to measure the 3D electric

potential of polyelectrolyte hydrogels 5,24-30.

Different from the case of solution or semi-liquid cells31, when applying the MET to

measure the potential of hydrogels, the major difficulty is to make a good contact of

the microelectrode to the hydrogels. Giving the solid-like nature of the hydrogels that

has a network mesh size in nano-scale, inserting of the microelectrode causes fracture

of the materials, which might give a poor local contact of the electrode to the hydrogel,

and therefore, lead to underestimation of the potential. Especially, in the case of a

brittle polyelectrolyte hydrogel, sharp crack might be formed at the tip of the capillary

electrode. Because of this reason, previous studies on hydrogel using microelectrode

technique failure to obtain the potential quantitatively, especially in the case of brittle

polyelectrolyte gels.5, 26-29

To apply MET for the accurate measurement of the electric potential distribution, a

systematic study on the correlations between the potentials measured and the

microelectrode geometry, the inserting speed, are needed, which is hardly done yet

due to technical difficulties.32

The objective of this study is to establish a microelectrode technique to quantitatively

study the electrical potential of polyelectrolyte hydrogels. This paper is organized as
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follows. First, we discuss the potential drop in the crack upon inserting of

microelectrode and its effect on the potential measured; Then, we experimentally

investigate the effects of the inserting speed of the microelectrode and the geometry of

the capillary, including the diameter and wall thickness, on the measured electric

potential of polyelectrolyte hydrogels. As a model system of polyelectrolyte hydrogels,

chemically crosslinked poly (2-acrylamido-2-methylpropanesulfonic acid) (PAMPS)

hydrogel is used. After that, we compare the experiment observation with the

theoretical Donnan potential values taking consideration of the counter-ion

condensation effect33. Finally, we demonstrate the ability of the microelectrode

method for the measurement of spatial distribution of electric potential by measuring

the potential modulation of a multi-layer gel consisting of alternative stacking of

oppositely charged polyelectrolyte gel layers. This MET method will provide a

powerful tool to characterize the internal structure of polyelectrolyte gels in the

swollen state directly without any structure labeling.

General consideration

Here we consider a negatively charged, brittle hydrogel immersed in salt solution as

shown in Scheme 2. When a microelectrode of an out- diameter d is penetrated into

the gel, the fracture of the gel induces a crack at the tip of the capillary with a crack

length h. Comparing with the true Donnan potential D , the potential measured (  )

is small by a potential drop  ,

  D (2)
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The potential drop  is determined by the minimum distance r of the conductive

solution phase (KCl solution) of the electrode to the fractured gel surface. This

contact distance depends on the geometry of the capillary and the crack. When the

wall thickness of the capillary t is shorter than the crack length h, r =t, as shown in

Scheme 2. When h is shorter than t, r= h.

Since the distribution of counter-ions on the fractured surface of the hydrogel is

confined within a distance of the Debye length, Dr , the potential drop also depends

on the local Debye length around the capillary. Any improvements to decrease r or

increase Dr will reduce the potential drop and increase the accuracy of the potential

measurements.

Scheme 2. Schematic illustrations of the geometry and the potential distribution around the
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tip of a microelectrode inserting in a brittle polyelectrolyte hydrogel carrying negative

macro-ions. Inserting of the microelectrode generates a micro-crack and a potential perturbation.

The potential measured by the microelectrode  is reduced by a drop δϕ in comparison with

the Donnan potential D . δϕ is determined by the minimum distance r of the conductive solution

phase (KCl solution) of the electrode to the fractured gel surface, i. e., min),( htr  . In this

illustration, the case t << h is shown.

Thus, it is intuitive to consider that the condition for accurate potential measurement

is that

Drhtr  min) ,( (3)

Here Dr is the Debye length in the crack.

Assuming linear elastic fracture mechanics, the crack length of a brittle gel h is

related with the modulus E , the Poisson’s ratio  , and the fracture energy  of the

gel as (supporting information Scheme S1)




)1(8

2


Edh (4)

Therefore, h scales with the diameter d of the microelectrodes as 2~ dh , and

reducing of the capillary diameter d leads to a small crack length. Furthermore, the

impact of volume exclusion by the inserting of the microelectrode, which perturbs the

potential distribution, will also decrease with the decrease of the capillary diameter.

On the other hand, as will be shown later experimentally, the capillary wall thickness t

decreases linearly with the decrease of the capillary diameter d. Therefore, decreasing

of the capillary diameter will increase the accurate of potential measurement.
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Next, discuss the Debye length Dr in the cracked region. We will show that Dr is

much larger than that of the bath solution s
Dr (Table 1). Considering a negatively

charged polyelectrolyte gel with macro-ion concentration pC , at the Donnan

equilibrium, the electric chemical potentials of mobile ions in the gel and in the bath

solution are the same. From this condition, the relationship between the concentration

of salt in bath solution Cs, and that of the counter-ions C+ and the co-ions C- in gel is

given by 11:

 CCCs
2 (5)

The electrically neutral condition of the gel gives

  CCC p (6)

When s
p CC  , Eqs. (5) and (6) give s

p CCC   and s
p

s CCCC   /2 .

This means that for a highly charged gel equilibrated in a bath solution of low ionic

strength ( s
p CC  ), the concentration of the counter-ion is much higher than that of

the surrounding salt solution ( sCC  ), while the concentration of the co-ions is

much lower than the salt concentration of the bath solution ( sCC  ). When a crack

is generated by inserting of the microelectrode, within a relatively short time, a new

equilibrium should be reached locally in the cracked region. Just like the working

mechanism of reverse osmosis34, the very low co-ion concentration in the gel prevents

the co-ions from effectively diffusing to the cracked region, and thus the cracked

region has a very low ionic concentration due to electroneutrality. Consequently, the

Debye length in the cracked region is much larger than that in the bath solution. This

feature should favor the accurate measurement of the gel potential. For example, for a



11

gel with a macro-ion concentration pC =10-1 M, if the concentration of KCl in bath

solution is sC =10-5 M, then the concentration of co-ions Cl- in the gel is C =10-9 M,

which is 4 orders lower in magnitude than the salt concentration in the bath solution.

As the co-ion concentration is negligible, the Debye length of the cracked gel surface

is determined by ion concentration of water. For common water, it has a pH=6.5,

which gives Dr =538.8 nm, much larger than that of the bath solution ( Dr =96 nm, for

KCl concentration sC =10-5 M). Similarly, if KCl in bath solution is sC =10-3 M, then

Cl- in the gel is C =10-5 M, the Debye length of the cracked gel surface is Dr =96

nm, one order larger than that of the bath solution ( Dr =9.6 nm, for KCl concentration

sC =10-3 M).

Table 1. Ion concentrations and Debye lengths in bath solution and in the

micro-crack taking consideration of the reverse osmosis effect. The data are for a

polyelectrolyte gel carrying negative macro-ions of concentration pC =0.1 M. sC ,

C , C are concentrations of small ions in bath solution, counter-ions, co-ions of

gel, respectively. s
Dr and Dr are the corresponding Debye length of bath solution

and crack, respectively. When sC is very low, the Dr in the crack is estimated from

the pH of water.

sC / M s
Dr / nm C / M C / M Dr / nm

10-5 96 10-1 10-9 538.8
(water, pH=6.5)

10-3 9.6 10-1 10-5 96

Experiment
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Materials

2-Acrylamido-2-methylpropanesulfonic acid (AMPS) was a courtesy from Toa Gosei

Co., Ltd. Acryloyloxethyltrimethylammonium chloride (DMAEA-Q), 78.8 wt%, was

a courtesy from MT AquaPolymer, Inc., N,N'-methylenebisacrylamide (MBAA),

2-oxoglutaric acid (OA), and potassium chloride (KCl) were purchased from Wako

Pure Chemical Industries, Ltd. All these materials were used as received.

Synthesis of PAMPS hydrogels

PAMPS hydrogels with different cross-linking densities were prepared by radical

polymerization initiated by UV irradiation. A precursor aqueous solution containing

monomer (AMPS: 1 M), cross-linker (MBAA: 0.5, 1, 2, 3, 4 and 5 mol% in relative to

AMPS concentration), and initiator (OA: 0.1 mol% in relative to AMPS

concentration), was poured into a reaction cell consisting of two glasses spaced with 2

mm silicone rubber. PAMPS hydrogels were obtained after photo-polymerization for

8 h under argon atmosphere. The conversion ratio of AMPS was studied by measuring

the conductivity of washing solution, and comparing it to the standard AMPS

conductivity curve by conductivity meter (FE30 KIT, Mettler-Toledo). The

as-prepared PAMPS hydrogels were immersed in deionized water and the immersion

water was changed every day for more than one week to for the complete removal of

the residual monomers or initiators. After that, the swollen PAMPS hydrogels of 3 ~ 5

mm thickness were immersed in KCl solutions of prescribed concentration for at least

2 days to reach equilibrium. The PAMPS gels were coded as PAMPS-CMBAA, where
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CMBAA was the crosslinking density in mol% in relative to the AMPS monomer

concentration in preparation.

The swelling ratio was calculated by the volume change as 0/VVQ  , where V and

V0 are the volumes of the swollen gel and the as-prepared gel, respectively. The

dimensions of each sample were measured for three times. The equilibrium swelling

ratios of the PAMPS hydrogels synthesized with different cross-linking densities were

shown in supporting information Fig. S1. Since the conversion ratio of

polymerization was higher than 98%, the concentration of the AMPS in the swollen

gel AMPSC was calculated from the AMPS concentration of the precursor solution

0,AMPSC (=1 M) by the relationship QCC AMPSAMPS /0, . The swelling ratio Q of

PAMPS gels in pure water and the concentration of AMPS in the swollen gel AMPSC

are shown in Table 2.

Table 2. Swelling volume ratio, Q , AMPS concentration, AMPSC , for fully

water-swollen PAMPS gels prepared at various cross-linker density, CMBAA.

CMBAA (mol%) 0.50 1.00 2.00 3.00 4.00 5.00

Q (V/V) 522.6 147.6 43.7 22.9 14.5 10.8

CAMPS (M) 0.0019 0.0068 0.023 0.044 0.069 0.093

The multi-layer gel consisting of alternative stacking of negatively and positively

charged gel layers was prepared from ultra-thin negative PAMPS gel and positive

PDMAEA-Q gel. These thin film gels were synthesized with 0.1 mm silicone spacer
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in glass cell. Typically, UV initiated polymerization was carried out with a precursor

solution containing monomer (2 M), cross-linker (MBAA: 4 mol% in relative to

monomer), and initiator (OA: 0.1 mol% in relative to monomer) for 8 h under argon

atmosphere.

Potential measurement setup

Scheme 3. Experimental setup for potential measurement. The setup is composed of three

parts: (1) electrodes: a working microelectrode (WE) and a reference electrode (RE) are used for

potential measurement; (2) micromanipulator: the WE is controlled to insert into gel with a

constant velocity; (3) recording system: the electrical signals are amplified by preamplifier and

recorded by an oscilloscope.

The experimental setup for electrical potential measurement of gels is shown in

Scheme 3. The system has two electrodes, a reference electrode (RE) and a working

electrode (WE). Both RE and WE are home-made glass microelectrodes. The RE was

inserted in the KCl bath solution and electrostatically grounded. The WE was inserted

into the hydrogel immersed in the KCl bath solution at a constant speed controlled by

a micromanipulator (DMA-1511, Narishige). The WE was connected to an

oscilloscope (Iwatsu, DS-4264) via a high-impedance intracellular preamplifier
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(Model 8700 Cell Explorer, Dagan) to measure the electric potential. The gels of 3 ~ 5

mm thickness were equilibrated in the KCl bath solution for 2 days before

measurement. The inserting speed of the electrode can be precisely controlled in the

range of 395-7900 nm/s by the micromanipulator. The spatial resolution in depth

profile of inserting direction was 5 nm, which was determined by the accuracy of the

micromanipulator. The system was placed on an anti-vibration table in a room with

anti-electric noise protection. The following special cautions were paid in the

measurement. (1) the Ag/AgCl wires were immobilized to glass capillary for both WE

and RE; (2) the setup was covered with a shield (dimension of 40×45×50 cm3) to

reduce the influence of electromagnetic interference during potential measurement; (3)

the gel was fixed to the container of the bath solution by micro-metal needles; (4) the

residual monomers in the gel was thoroughly removed by prolonged dialysis. It took

more than 1 week for the complete removal of residual chemicals, which was

confirmed by detecting the conductivity change of bath solution using a conductivity

meter (FE30 KIT, Mettle-Toledo).

Preparation of working electrode

The working electrodes were prepared by inserting a reversible silver/silver chloride

electrode (Ag/AgCl) into a glass micropipette with a tip diameter < 1 µm. Then, the

glass micropipettes were filled with 3 M KCl solution. The thin glass micropipettes

were prepared by pulling a borosilicate capillary tube (outer diameter 1.0 mm, inner

diameter 0.78 mm, Sutter Instrument Co.) using a horizontal automatic micropipette
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puller (P-2000, Sutter Instrument Co.). The diameter of micropipettes was controlled

by adjusting various parameters of puller. The diameter of the micropipettes can be

controlled with an accuracy of ~ 20 nm in standard deviation.

In order to characterize the diameter and wall thickness of microelectrode precisely,

transmission electron microscope (TEM) (H-7650, Hitachi) was used to observe the

morphology of the microelectrodes mounted on a home-made holder (see supporting

information Fig. S2). The TEM images were taken with an accelerating voltage of

100 kV.

A 7-barrel electrode was also prepared by pulling 7-barrel capillary (outer diameter

3.0 mm, inner diameter 0.58 mm for each channel, World Precision Instruments, Inc.)

with vertical puller (PE-21, Narishige). Each barrel capillary was filled with 3 M KCl

solution before inserting of Ag/AgCl wires. The dimension of 7-barrel electrode was

observed by scanning electron microscope (SEM, JEOL Ltd., JSM-6010LA), and the

outer diameter of 7-barrel electrode was found to be about 550 nm (supporting

information Fig. S3).

Potential measurement of PAMPS hydrogels

Unless specifically mentioned, the electric potential was measured by using the single

electrode as WE. All the measurements were performed at 25 °C. For 3 M KCl filled

microelectrodes in 10-5 M KCl solution, the junction potential was usually within 5

mV.22

For the 7-barrel electrode, each single microelectrode serves as a WE, and potential of
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hydrogels was detected separately by 7-barrel electrode in each channel.

Scheme 4 shows the illustration to obtain the depth profile of the electric potential of

the gel. With inserting of the microelectrode (WE) to the negatively charged PAMPS

gel at a steady speed (Scheme 4 (a)), the potential difference between the WE and RE

abruptly drops from zero to a stable negative value with the time (Scheme 4 (b)).

Conversely, when the microelectrode is withdrawn from the hydrogel at a much quick

speed, the negative potential vanishes to zero value instantly (Scheme 4 (b)).

Scheme 4. Procedures to obtain the potential - displacement curve. (a) The microelectrode is

inserted into hydrogels at a constant velocity and a tip displacement-time relation is obtained; (b)

the electrical signals are recorded over time. When the microelectrode is inserted into the gel, a

potential change is observed, and when the microelectrode is pulled out from the hydrogel, the

potential recovers to its reference value; (c) The potential - displacement curve is obtained by

combining data of (a) and (b).

For a constant inserting velocity of WE, the depth profile of the potential of hydrogel
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from surface to bulk is obtained from the time profiles by converting the time to

displacement of WE (Scheme 4 (c)). The electric potential difference between the gel

at the measuring position ' and the bath solution  , is denoted as   ' . In

this work, we adopted the average potential  from the depth profile of the sample

within 200 μm to the sample surface, and the error bar was the standard deviation of

the average. It was confirmed that when the same microelectrode (diameter ~ 190 nm)

was used, the potential variation of the same hydrogel at different positions

(PAMPS-4 hydrogel in 10-5 M KCl solution) had a standard deviation of 6 mV.

Results and discussion

1. Potential profile

Fig. 1 shows a typical potential depth profile of PAMPS-4 hydrogel measured by a

microelectrode with a diameter of 180-200 nm at an insertion speed of 395 nm/s. In

the solution, the potential was nearly constant. At the gel-solution interface, when the

microelectrode tip was crossing the interface from the solution side, the measured

potential showed a gradual decrease followed by an abrupt one. Deep inside the bulk

of gel, the potential exhibited a nearly constant value again. Slight fluctuation of the

potential was observed in the bulk gel, which may be related to both the heterogeneity

in the structure of PAMPS networks or the possible fracture instability of PAMPS

networks. The average potential value of the bulk PAMPS hydrogel was found to be

Δϕ= -184 ±3 mV.
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Figure 1. A typical potential - displacement curve. Sample: PAMPS-4 gel, bath solution: 10-5 M

KCl, microelectrode diameter d=190 nm, wall thickness t=21 nm.

In order to verify if the leakage of KCl solution from the microelectrode occurred and

reduced the measured potential value, we also observed the time profile of the

potential at a fixed penetration depth of 100 μm. We found that within 80 s, there is no

change or decay in the potential, indicating that leakage effect could be neglected

during measurement (supporting information Fig. S4).

2. Effect of microelectrode insertion velocity

Figure 2. Potential measured at various inserting velocities. Sample: PAMPS-4 gel, bath
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solution: 10-5 M KCl, microelectrode diameter d=190 nm, wall thickness t=21 nm. Potential was

found to be velocity-independent.

Fig. 2 shows the potential of the PAMSP-4 gel measured at various insertion velocity

using electrodes of diameter about 190 nm. The average potential was found to be

approximately -180 mV, independent of the insertion velocity. This result did not

contradict with the viscoelasticity or poroelasticity of the gel35. With permanent

chemical crosslinks, the PAMPS hydrogels are mostly elastic within the time scale of

interest, so that their fracture behavior is rate independent. On the other hand, the

poroelastic relaxation time is related to both mesh size and the collective diffusion

coefficient of the polymer networks. For example, taking the representative value of

the collective diffusion constant D of the gel is D=10-9 m2/s,36 the characteristic

swelling time37 of a 100 μm thin gel is ~ 10 s . The insertion process is slow enough

that a local equilibrium is attained (it will take ~253 s to reach a 100 μm depth for

microelectrode). Therefore, the observed potential is independent of the inserting

speed. In the following experiment, the inserting velocity was fixed at 395 nm/s

unless otherwise specified.

3. Effect of microelectrode diameter

Previous discussion has shown that the accuracy of the electric potential measured is

related to the shortest distance of the electric probe to the fractured gel surface r,

which is determined by min) ,( htr  . The crack length h scales with the
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microelectrode diameter d as 2~ dh . The microelectrode wall thickness t should also

strongly dependent on the diameter of the microelectrode d. We prepared single-barrel

microelectrodes of diameters in the range 190 nm ~ 4750 nm (supporting information

Fig. S5 (a)). The microelectrode wall thickness t was found to be linearly proportional

to the diameter d (supporting information Fig. S5 (b)),

dt 11.0 (7).

This correlation is due to the equal pulling deformation of the electrode during

preparation. Although we could not directly measure the value of h, the d dependence

of measured potential will tell us which parameter, h or t, determines the shortest

distance between the electrode probe and the gel surface r.

Figure 3. Potential of PAMPS-4 hydrogel measured using microelectrodes of different

diameters. (a) The potential showed dependence on the outer diameter d of the microelectrode.

When d < 400 nm, the potential  becomes almost constant, independent of d; (b) Semi-log

plot of  and d. A linear correlation between )log(  and d is observed, which suggests

that the potential is related to the wall thickness t that is linearly related to d as t=0.11d ; (c)

Semi-log plot of  and the wall thickness t. The data points marked by “▲” and “▼” were

measured by the side and central electrodes of the 7-barrel electrode, respectively. In both 10-3 M
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and 10-5 M KCl solution, the potential shows linearity to t in the semi-log plot; The potential

decreases more rapidly with increase of t in high KCl solution. Characteristic decay lengths Dl

obtained from the slope of the straight lines are 633 nm and 175 nm, for 10-5 M and 10-3 M KCl

bath solution, respectively. These decay lengths are close to the Debye lengths Dr around the

microelectrode taking consideration of the reverse osmosis effect (Table 1).

Fig. 3 (a) shows the potential of a PAMPS-4 gel equilibrated in a 10-5 M KCl solution,

measured with electrodes of various diameters at an inserting speed of 395 nm/s. The

absolute potential value  increases when the diameter d decreases, and

approaches to a constant value at d < 400 nm. As shown in Fig. 3 (b), the plot of

d~)log(  shows a linear correlation. This result suggests that the shortest

distance of the electric probe to the fractured gel surface r is related to the

microelectrode wall thickness t, not the crack length h, since t is related to d linearly

while h scales with d as 2~ dh . That is, thtr  min) ,( . So we replot the potential

data against t, which also shows a straight line, as shown in Fig. 3 (c). That is, the

measured potential and wall thickness is experimentally related by

)exp(0
Dl
t

  (8)

Here, 0 is the extrapolated potential on the surface of the gel, Dl is a decay length.

From the slope and the intercept of the line, we obtained 0 = -200 mV and Dl =633

nm from Fig. 3 (c). The characteristic decay length thus obtained is much larger than

the Debye length of the bath solution ( s
Dr =96 nm, for KCl concentration sC =10-5 M),

and comparable to that in the crack tip Dr =539 nm considering the reverse osmosis
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effect in the crack (Table 1).

4. Potential of PAMPS hydrogel measured by 7-barrel electrode

(a) (b)

Figure 4. Potentials measured by 7-barrel electrode. (a) Illustration of cross-section of 7-barrel

electrode, the wall thickness t of each barrel electrode is ~ 40 nm, the diameter of each electrode d

is ~ 180 nm; (b) Potential of a PAMPS-4 hydrogel measured by 7-barrel electrode in 10-3 M KCl

solution, the average values of 6 side electrodes and center electrode are shown. The effective wall

thickness of the central electrode is 40 nm × 3=120 nm.

To further confirm that the wall thickness t determines the measured potential, we

adopt a 7-barrel electrode to measure the potential of a PAMPS-4 gel equilibrated in

10-3 M KCl solution. As shown in Fig. 4 (a), the 7-barrel electrode contains one

central electrode with six hexagonally arranged side electrodes. The outer diameter

and wall thickness of each electrode is d ~ 180 nm and t ~ 40 nm, respectively.

Although the shortest distance of the central electrode wall to the fractured surface is

220 nm, the effective wall thickness or distance is 40 nm × 3 =120 nm, considering

the electric conductive property of the KCl solution in the side electrodes. The
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potential measurement was carried out at each channel separately, and the averaged

potential value over 6 side electrodes and the potential of the central electrode were

shown in Fig. 4 (b). The absolute potential of the central electrode is found to be

lower than that of the side electrodes.

We also plot the potential data of the PAMPS-4 gel measured by 7-barrel electrode

equilibrated in 10-3 M KCl against the effective wall to the fractured gel surface, in

Fig. 3 (c). An exponential correlation between the potential and the effective wall

thickness is also observed, confirming that the wall thickness t determines the

potential result. Fig. 3 (c) also shows that in a high salt concentration, the absolute

potential becomes low and the wall thickness dependence of the potential becomes

strong, corresponding to a short decay length Dl . From the slope and the intercept at

zero wall thickness, we obtained Dl ~ 175 nm and potential 0 = -120 mV. This Dl

is also much longer than the Debye length of the bath solution ( s
Dr =9.6 nm for

Cs=10-3 M) and about two times of the Debye length Dr =96 nm in the crack (Table

1).

As a summary, the potential measured is related to the wall thickness of the capillary.

This is considered as a feature of the brittle gel that forms a large crack length. For

ductile gels, however, the fracture geometry at the crack tip is very different and

should be studied separately in future.

5. Quantitative comparison of the observation with the theory

What is the physical meaning of the potential 0 thus measured? The most
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reasonable answer is that 0 is the Donnan potential. To justify this answer, we

measured the potential of gels with different charge concentration AMPS
p CC  (M) in

10-5 M KCl solution, and made a quantitative comparison of the observed potential

with the Donnan potential obtained theoretically. The charge concentration was tuned

by varying the chemical cross-linker density of the gel (Table 2). For simplicity, we

adopt microelectrode of small diameter (d ~ 190 nm) for the measurement and the

potential thus measured is adopted as ϕ0. This is because Fig. 3 (a) tells that the

potential measured by the microelectrode of diameter less than d=400 nm is

approximately equal to ϕ0. As shown in Fig. 5, the potential of the PAMPS hydrogels

linearly decreases with increase of charge concentration, AMPSC , in a semi-log plot.

Figure 5. Electric potential of PAMPS hydrogels with various charge concentrations. The

theoretical curve is calculated according to Donnan equation taking consideration of the

counter-ion condensation effect. Activity coefficient γion of 0.35 and 1.0 were used for the

counter-ions of the gel and of the bath solution, respectively. Bath solution: Cs=10-5 M KCl,

microelectrode diameter d=190 nm, wall thickness t=21 nm.
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The theoretical potential value of the PAMPS hydrogels at the Donnan equilibrium

can be estimated from the concentration ratio of small ions inside and outside of the

gel taking consideration of their activity coefficients, using Eq. (1). As the

concentration of the co-ion Cl- inside the PAMPS hydrogels equilibrated in 10-5 M

KCl solution is negligible, the counter-ion K+ concentration is equal to the fixed

macro-ion concentration AMPSC that is shown in Table 2. The main factor to

influence the activity coefficient of counter-ions in the highly charged polyelectrolyte

gels is the counter-ion condensation effect38. For the PAMPS system, the two adjacent

charges of AMPS monomer extend over roughly 0.25 nm (l0) and Bjerrum length (lB)

in pure water is 0.712 nm,33 therefore the effective counter-ions is about 35.0/0 Bll

of all counter-ions. If we assume that the activity coefficient only comes from the

counter-ion condensation effect, the activity coefficient of counter-ions can be roughly

considered as g
K  =0.35. On the other hand, the activity coefficient of K+ in bath

solution is 1
s
K , considering the diluted concentration ( M10 5KC ). The

Donnan potential theoretically calculated using these activity coefficients is also

shown in Fig. 5. We found that the observed potential values are very close to the

theoretical prediction, indicating that the potential 0 measured corresponds to the

Donnan potential. Thus, using a microelectrode of less than 200 nm in diameter,

Donnan potential of polyelectrolyte gels are able to be measured accurately.

6. Potential profile of multi-layers of negative/positive hydrogels

Since this microelectrode technique gives depth profile of electric potential, it is able
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to accurately study the spatial distribution of potential. To demonstrate this, we

constructed a multi-layer gel consisting of alternative stacking of two oppositely

charged hydrogels, negatively charged PAMPS and positively charged PDMAEA-Q

(Fig. 6 (a)). These unit layers are adhered spontaneously together by electrostatic

interaction. The depth profile of potential of this sample equilibrated in 10-5 M KCl

solution is shown in Fig. 6 (b). The PAMPS gel layers and the PDMAEA-Q gel layers

show potential of -189 ~ -191 mV and 150 ~ 166 mV, respectively. From the potential

profile, the thickness of each layer can be accurately determined by this measurement,

about 163~165 μm and 163~173 μm for PAMPS and PDMAEA-Q gels, respectively.

Figure 6. Measurement of the electric potential distribution in a multi-layer gel. (a)

Schematics of assembly of oppositely charged hydrogels by electrostatic interaction; (b) Depth

profile of electric potential of the multi-layer gel, 1 and 3 represent PAMPS layers; 2 and 4

represent PDMAEA-Q layers; (c) Magnified potential profile at the transition region from

negative to positive layers (layer 3 to layer 4). Bath solution: 10-5 M KCl, microelectrode diameter

d=190 nm, wall thickness t=21 nm.
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At the boundary, the two oppositely charged layers form polyion complex to give a

neutral layer of mesh size thickness. This is equivalent to the case that a neutral

nano-gel layer is sandwiched by two oppositely charged gel layers. The transition

length at the boundary between oppositely charged layers can be determined precisely

from the depth profile of potential. As a typical example, Fig. 6 (c) shows an enlarged

depth profile between layer 3 and layer 4. The transition length δ was found much

larger than the mesh size of the gel network, and almost the same for inserting from

negative to positive layers (δ1/2=1.08 μm, δ3/4=1.35 μm) and from the positive to

negative layers (δ2/3=1.58 μm). This result suggests that transition length observed is

truly a structural property of the gel, not related to measurement. As both the

PAMPS layer and the PDMAEA-Q layer have a Debye length of about Dr =633 nm

(Table 1), it is reasonable to consider that the transition length is the summation of the

Debye length of the two layers, that is δ =2 Dr . The result demonstrates the excellent

ability of the microelectrode technique to measure the spatial distribution of electric

potential.

Conclusions

The potential of a brittle polyelectrolyte hydrogel is measured by the microelectrode

technique (MET). The potential thus measured is independent of the inserting velocity

of the microelectrode but it exponentially decays with the capillary wall thickness of

the microelectrode. The characteristic decay length is comparable to the Debye length



29

of the crack region, much larger than the Debye length of the bath solution. Using a

thin capillary of diameter ~200 nm and wall thickness ~20 nm, the measured potential

is well in agreement with the Donnan potential theoretically predicted for the

polyelectrolyte gel in dilute salt solution. This result demonstrates that the

microelectrode technique can quantitatively measure the spatial distribution of

Donnan potential of polyelectrolyte hydrogels. The results also show that the true

Donnan potential can be obtained by extrapolating the data measured by several

relatively thick microelectrodes using an exponential function. Unlike traditional

osmotic pressure method that can only give average potential values of hydrogel,

MET can accurately detect the depth profile of potential of hydrogels from surface to

bulk. It provides a powerful tool to characterize the heterogeneous hydrogel systems,

such as interface of polyelectrolyte multi-layers, gradient membranes, and internal

fracture-induced structure changes of double network (DN) hydrogels, which will be

reported by separate works.
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