CHAPTER 6

SURFACE DENSITY OF CHARGED
SULFONIC ACID GROUPS
STRONGLY AFFECTS
HYDROPHOBIC FORCES IN
CONFINEMENT

The surface density of charged sulfonic acid groups in ionic channels
of Nafion® membrane is critical for the structuring of water and ions
(protons) residing in the channels and plays an important role in the
molecular transport. The mechanism through which this density
affects the structuring of the water and ions is unknown largely due to
experimental challenges in establishing an appropriate model system
for ionic channels.

In this chapter, we present a model system for Nafion® ionic
channels using self-assembled monolayers with a tunable surface
density of sulfonic acid groups. Atomic force microscopy (AFM)
force-distance (approach) measurements were used quantify the tip-
substrate interaction between identically functionalized cantilevers and
substrates, and an extended DLVO model was used to analyse the
curves. We found the surface-induced hydration force exhibits
biphasic behaviour with the surface density of dissociated hydrophilic
sulfonic acid (charged) groups. At de-protonated sulfonic acid group
densities smaller and larger than ~ 6.0 x 10" m™ (which is ~ 10-fold
less than predicted in EW 1100 g/mol Nafion® when fully hydrated in
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neutral water), we observe hydration forces extending up to 1 A and
10 A, respectively. Our results suggest that water molecules and ions
residing in the ionic channels of Nafion® experience different
hydration forces depending on the degree of de-protonation of the
sulfonic acid groups.

The results in this chapter are being prepared for submission to
Physical Chemistry Chemical Physics.
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Author contributions

The work in this Chapter is a collaborating work with Prof. Dr.
Markus Valtiner and Laila Moreno Ostertag (Ph.D. student) at
Interface Chemistry and Surface Engineering, Max-Planck-Institut fur
Eisenforschung GmbH, D-40237 Ddusseldorf, Germany. The
contributions to the work are demonstrated bellow:

X.L, K.E.D, S.H.P (from MPIP), L.M.O and M.V. (from MPIE)
designed the experiments. X.L established the method for preparing
the model system, conducted the contact angel measurements and did
surface-enhanced Raman scattering measurements. Laila did all the
AFM force-distance (approach) measurements and did the XPS
measurements. L.M.O, M.V, X.L and S.H.P analysed the data of the
AFM force-distance (approach) measurements.
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6.1 Experimental

6.1.1 Preparation of the surfaces

We functionalized the Au-substrates with self-assembled monolayers
in different thiol-ethanol solutions (Table 6.1). Two types of thiol — R-
SO3Na (90%, SIGMA-ALDRICH Chemie GmbH) and R-CH3 (R =
HS(CH,)3-) (99%, SIGMA-ALDRICH Chemie GmbH) were
dissolved in ethanol (Analytical standard, SIGMA-ALDRICH Chemie
GmbH) to prepare the thiol-ethanol solutions. The mole concentration
of each solution was 1 mM.

Table 6.1 Mole ratio (X) of R-SO3Na in thiol — ethanol solutions

1 2 3 4 5 6 7

X 0 0.2 0.4 0.5 0.6 0.8 1

where R = HS(CH)3-

Different Au-substrates were prepared for different measurements in
terms of characterizing the properties of the surfaces. Methods for
preparing the Au-substrates and the measurements characterizing the
surfaces on respective functionalized Au-substrates are shown in
Table 6.2.

Table 6.2 Preparation of the Au-substrates

Au-substrate Methods Purposes
Annealed Au (40) / The Au layer (40 nm) was Static contact
Mica sputter coated on Mica and angle

was subsequently cleaned
with piranha (volumetric ratio
of H,O, and H,SO, = 1:3),
MilliQ water and was dried
with N, gas. The Au (40) /
Mica substrates were flame
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annealed to make an
atomically flat surface.

Roughened 200 nm Au was deposited Surface

Au/glass onto a cleaned glass slide via enhanced
physical vapor deposition Raman
(PVD). The Au(200)/glass scattering
was roughened under spectroscopy
electrochemical  condition,
where 0.1 M KCI solution
was used and a linear
potential sweep oxidation-
reduction cycle (ORC) was
applied to the substrates. 25
ORC cycles were applied for
roughening the Au surface.

[125]

Au/glue/glass 200 nm Au was deposited XPS;
onto a clean cleavage Mica Atomic force
sheet via physical vapor measurement
deposition (PVD). A glass
slide (1 cm x 1 cm)
subsequently cleaned with
concentrate  sulfuric  acid,
rinsed with MilliQ H0O, dried
by N, gas, and then rinsed
with pure ethanol (Analytical
standard, SIGMA-ALDRICH
Chemie GmbH) following by
drying with N gas. A cleaned
glass slide (1 cm x 1 cm) was
glued to the Au (200)/Mica
using UV-active glue
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(CONTGB-qg, Budget
Sensors,  Bulgaria). The
glass/glue/A(200)/Mica was
left under UV-light for 12 h
for curing the glue. Then we
pealed the Mica off the
glass/glue/Au(200)/Mica and
made an atomically smooth
Au surface. [126]

6.1.2 Static contact angle

The macroscale hydrophobicity of the surface was characterized using
static contact angle measurement, where 4 L sessile (MilliQ H,0)
drop the SAM and the drop shape was analysist using the analysis
system DSA 10. The contact angles were obtained by fitting the drop
contour with Young-Laplace equation. The contact angle decreases
with increasing X indicating that increasing the mole ratio of R-SO3Na
in the thiol-ethanol solutions results in increasing numbers of
hydrophilic sulfonic acid groups on the surface.

6.1.3 Surface-enhanced Raman scattering (SERS)
spectroscopy

The SERS active Au-substrates were prepared by electrochemically
roughening an Au coated glass slide (Table 6.2). The thickness of the
pristine Au layer on the glass slide is 200 nm. Surfaces with particular
surface densities of sulfonic acid groups were prepared by immersing
the roughened Au-substrates in the thiol-ethanol solution. The
microscale distribution of sulfonic acid groups in the surfaces were
characterized using surface enhanced Raman scattering (SERS)
spectroscopy. We prepared the surface with different number of
sulfonic acid groups on a SERS-active substrate. SERS maps were
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taken on a Bruker Senterra Raman microscope with an excitation
wavelength of 785 nm. The laser power used in all experiment was 1
mW. A 50 x air objective (NA 0.75, OLUMPUS) was used to focus
the laser onto the sample and collect the scattering signal. The x x y
(11 x 11) pixels spatial images were captured from three different
spots of each sample. The step size between two neighboring pixels
was 0.2 pm in both x- and y- axis. All spectra were obtained with 10 s
acquisition time. Backgrounds of all spectra were subtracted using an
iteration-polynomial algorithm with a polynomial order of 2. [127]

6.1.4 X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the thickness of self-assembled monolayer
(SAM) on the Au-substrate. We used a PHI Quantera Il instrument at
a passing energy of 16 eV with a 24 W power. With a typical

attenuation length A of ~2 nm, the thickness Tsam according to:

_Tsam
I = ]0 e Asin6

where I is the sample intensity and I, is the reference intensity
measured from bared Au substrate; 6 is the incident angle of X-ray.
The thickness of was ~ 6.2 A,

6.1.5 Atomic force microscopy force-distance
(approach) measurements

Atomically flat Au/glue/glass substrates and Au-coated AFM tips
(CONTGB - G, Budget sensors, Bulgaria) were immersed in 1 mM
thiol-ethanol solutions with various mole ratio of R-SO3;Na (Table 6.1)
to prepare surface with different surface density of sulfonic acid
groups on both the substrates and the tips. Prior to the preparation, the
tips were cleaned in subsequently in H,SO,4, H,O, H,O and ethanol for
1 min per step. After the preparation, the surfaces on the substrate
were rinsed thoroughly with ethanol to remove additional thiol
molecules physically absorbing to the surfaces; the functionalized tips
were carefully and subsequently rinsed with ethanol, hexane, ethanol,
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hexane and ethanol to remove the physically adsorbing thiol
molecules.

Au substrate and Au coated tip were functionalized in the identical
thiol-ethanol solution, and the interactions between the surfaces in
water at pH = 1 were probed by using atomic force microscopy. AFM
force curve was recorded on a JPK Nanowizard (JPK Instruments,
Germany) at a sample rate of 4500 Hz. The spring constant of the used
cantilevers was determined using the thermal noise method of which
the value is in the range between 250 and 500 pN/nm. In a typical
experiment, two sets, each containing 100 deflection-displacement
curves measured from different spots, were recorded. The curves were
converted into force-relative distance profiles consisting two sections:
1) extended section and 2) retract section. The extension (approach)
curves are analysed and were fit to the extended DLVO model.

6.2 Characterization of the surfaces

Thiol-ethanol solutions were prepared according to Table 6.1, and
surfaces with a particular surface densities of sulfonic acid groups
were prepared by immersing an atomically flat Au-substrate in the
appropriate thiol solution (see section 6.1.1). The surface density of
sulfonic acid groups was qualitatively determined by static contact
angle measurements (Figure 6.1a). The contact angle decreases with
the increasing Xg,,, indicating an increasing hydrophilicity of the
surface, resulting from elevated numbers of hydrophilic sulfonic acid
groups. To quantify the distribution of sulfonic acid groups on the
surface, we used the same coating protocol on roughened gold
surfaces, which were then used for surface enhanced Raman scattering
(SERS) spectroscopy. SERS maps were acquired for different Xgo, in
11 x 11 pixels with 0.2 x 0.2 pm? pixel dimensions (see section 6.1.3).
Exemplary background-subtracted spectra are shown in Figure 6.1b
for Xs0, =0 and Xgo, =1, which highlight spectral differences
between the -CHj3 and -SO3;Na terminated thiols. The peak at 1060 cm’
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! is assigned to the symmetric stretching vibration of sulfonic acid

groups v(SOs) [30] and that at 1095 cm™ is the aliphatic carbon chain
(ethyl group) vibration v(C-C) only existing in aliphatic carbon chains.
[128] The intensity of the two peaks (I(C-C) and I(SO3)) were
obtained by integrating the wavenumber ranges denoted grey boxes in
Figure 1b. The relative amount of CH3/SO3 was quantified as the ratio
Q =1(C-C) / I(SO3).

Images of Q for the surface prepared from the thiol-ethanol solution
with Xgo, = 0, 0.5, and 1 are shown in Figure 6.1b. Three different
locations on these samples clearly show that Q decreases with Xg,_, as
expected, and none of surfaces show any microscale heterogeneity or
phase separation (within our optical resolution ~ 400 nm). Figure 6.1b
(black) shows the average Q value for each surface coating —
computed by averaging R from all pixels in three images per surface
(N =121 per image) — decreases almost linearly with increasing X, .
Characterization of the surfaces using SERS quantitatively showed
that the surface density of sulfonic acid groups can be controlled by
tuning the mole ratio X, in the thiol solution, and the distribution of
the sulfonic acid groups are homogeneous to within our optical
resolution.
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Figure 6.1 a) contact angle (red) decrease with increasing mole
ratio (Xsos); relative intensity Q (black) = I(C-C) / I(SO3) as
function of Xso.. b) SERS spectra on difference surfaces: pure R’-
CHs; (dark) and pure R’-SO3Na (blue); inset, distribution of Q =
I(C-C) / I(SOs) in pure R’-CH3z (Xs0, = 0), R’-SO3Na (Xgo, =
0.5) and pure R’-SO3Na (Xso, = 1). The brighter the color, the
higher the relative intensity Q with more contribution of R’~CHs.
The three images (denoted as image 1, image 2, image 3) were
taken from three different spots in each sample. Error bars for 1(C—
C) / 1(SO3Na) in a) denote the standard deviation from averaging
the relative intensities of three different images. Error bars for
contact angles denote the standard deviation from average 3
experiments for each sample. R’ = (Au)-S(CH3)s—.

98



| CHAPTER 6 Force-distance curves and the extended DLVVO model

6.3 Force-distance curves and the
extended DLVO model

To quantify the effect of dissociated sulfonic acid density on hydration
forces and water structure, we used solution AFM force-distance
measurements. In an attempt to mimic the cylindrically (or planar
[14]) symmetry of the ionic channels, we immersed the Au-coated
AFM cantilever together with the atomically smooth Au-substrate in
the same thiol coating solution. As the tip was brought into contact
with the substrate, this scenario approximates the channel structure in
Nafion ionic channels as the tip is brought into contact with the
substrate (Figure 6.2a and see experimental details in section 6.1.5).
Force-distance approach curves were recorded during AFM cantilever
approach in pH = 1 water. The force evolution with decreasing
cantilever tip-substrate distance reflects the interactions between the
surfaces and molecules in the solution, including water molecules and
ions. As shown in Figure 6.2b, distinct force-distance curves profiles
were observed for the surfaces with a different X, .

The force profile from the system with X5, = 0 (Figure 6.2b,
black) is attractive in over nearly the whole relative distance range
prior to contact while that with Xs,, = 0.4 (Figure 6.2b, grey) is
attractive from approximately 1.5 nm to 4 nm. The surfaces coated
with X0, = 1 (Figure 6.2b, light grey) exhibits repulsive forces over
the entire approach. The distinct force evolution of different surfaces
indicates differing contributions to the total force (F;,.), which can be
modelled as a sum of the van der Waals force, the electrostatic double-
layer force, and a hydration force. These contributions to the F;,; are
described by an extended DLVO as: [129]

R 4md,0%R _Dr  _2Dr Eqg 6.1
Frot = — AD) + 27— (¢I5 4 o) |
0

D,
—4myRH,e Aty
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Figure 6.2 a) Schematic of the experimental setup. The force
resulting from the interaction of the two surfaces — the Au AFM
tip and the Au-substrate in HCI solution at pH = 1 was as the tip
was approaching the substrate. The surface on the tip was kept the
same as that on the substrate. b) The force versus relative distance
of the tip and the substrate measured in HCI solution at pH = 1
during the approach of the tip to the substrate. Different surfaces
have been prepared by varying the mole ratio (Xs,,) of R-SOs” in

the thiol-ethanol solutions: black to grey denotes increasing X, .

The curve for each surface was obtained by averaging 15 curves
measured from different spots of the respective sample.

Dy
4 2R , ——
T[)LDO' (e D

Dy

where 5A(Dr) quantifies the Van der Waals force, o~
0

2Dy

e *p) quantifies the electric double layer force and —4myRH, e Ay
quantifies the hydration force believed to originate from the removal
of water molecules near the surface. [130] An excellent review of
DLVO theory is given by Israelachvili [129] and other [131]. In Eq
6.1, R is the radius of the tip; y = 45 mJ/m? is the hydrophobic
tension; [129] o is the charge density of the surface; D, is the distance
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between the tip and surface (Figure 6.1a), Hydra H,, and Hydra decay
length Ay, are parameters to characterize the hydration force; A, =

9.6133 x 10 m is the Debye length of pH=1 water; [129] ¢ = 8.85 x
10*? F/m is the permittivity of vacuum and &, = 78.3 F/m is the
dielectric constant of water. The Hamaker constant A(D,.) in Eq 6.1 is
described as:

Ao m A, Eq 6.2

D,? e (Dr + Tsam) " (Dr + 2Tsam)

where 4,= 4.5 x 10 J quantifies interaction between hydrocarbons
and A, = 400 x 10! J quantifies the interaction between Au-tip/Au-
substrate across the hydrocarbon layers; [129] T4y, is the thickness of
SAM and the value in this work has been determined by the XPS (see
section 6.1.4).

The average force-distance curve for each different Xg,, was fit

A(Dr) =

with the extended DVLO model with three free parameters: the charge
density (o) in the diffuse double layer, the hydration parameter (H,)
and the hydration decay length (4,,). The variation region for the
three free parameters were constrained as: 1) o is negative (is fixed to
0 for Xso; = 1); 2) H,, was allowed to vary in the region between -1 to
1; 3) An, is constrained to be non-negative. All other parameter,
except for the radius of the tip R being allowed to vary between 8 nm
to 40nm, were fixed.

Fit curves (red) for each system with different Xs,, are shown in
Figure 6.3. It is clear that the fitting is accurate for all but the lowest
Xso, values. The fit curve for Xgo, =1 (Figure 6.3a) can only
reconstruct the force at the long-range distance region (longer than 2
nm). The significantly large deviation for Xg,, = 0 at the short-range

distance may arise from additional short-ranged repulsive force in
addition to the forces described in the extended DLVO model in this
work.
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Figure 6.3 The experimental average force-distance curve (black) and
fitting curve (red) to the extended DLVO model for a) Xgo, = 0; b)
Xs0, = 0.4; C) X50, =0.6; d) X50, =0.8; €) X0, =1. For a)
Xso0, = 0, the DLVO model only reconstructed the long-range forces
(only fitting the relative distance range from infinite to 2 nm).

The o, H, and 4y, from the fit were plotted as a function of Xy, .
As expected, the charge density in the diffuse double layer was
negative and the magnitude appeared to increase nearly linearly with
Xs0, =0 as o [mC/m?] = —62.7 x Xgo, (Figure 6.4a). Given
Assuming the charge density in the diffuse double layer to be about a
factor of 2 smaller than the surface charge density [132], we inferred
the -SOj3” (dissociated sulfonic acid) molar surface density by assuming
each SOgj carries one elementary charge, which yields an -SOj’

102



| CHAPTER 6 Force-distance curves and the extended DLVVO model

surface density Cs [m?] = (7.8 x 1017) X Xs0,. When the surface
charge density was largest (Xso, = 1), the surface density of -SO3°
groups was ~ 7.2 x 10" m? (and 7.8 x 10" m? from the linear
relation), which is nearly 10-fold lower than that the previously
reported molar density of SO3X self-assembled monolayers The likely
reason for this discrepancy is because the pKa of sulfonic acid groups
on the surface is distinctly higher than that in a aqueous solution
(pKagor ~ -2), [133, 134] and the acidic water (pH = 1) used in the
measurements apparently suppressed the dissociation of the sulfonic
acid groups. Similar to the charge density, parameters quantifying the
hydration forces, H,, and Ay, are plotted in Figure 6.4b and Figure
Figure 6.4c. We found that with increasing Xso,, H,, is negative and
gets smaller in magnitude while Ay, appears to have a step like

response. When Xgo, is less than 0.5, 4, ~ 1 Aand increases to 10 A

with X0, greater than 0.5, demonstrating that the hydration structure
is strongly affected by the amount of SO3™ on the surface.
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Figure 6.4 a) The charge density of the surface linearly increases with
Xsos; the relationship between the charge density and Xg,, was

obtained by fit the data to a linear function with ¢ = 0 for X5, =0 and

was described as ¢ = -62.7 X X0, (mC/m?). b) and c) Hydration

parameters H,, (b) and hydration decay length An, (c) as function of

XSO3 .
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6.4 Estimating the surface charge
density of the ionic channels in Nafion®
membranes

We estimated the charge surface density of the ionic water channels in
commercial Nafion® membranes as explained below. [13, 86] The
surface density Cy of commercial Nafion® membranes - Nafion® 212
(N212) and Nafion® 117 (N117), each with an equivalent weight of
1100 g/mol (1 g of each dry Nafion® membrane exhibits 1/1100 mol —
SO3H groups) [80, 81]. The —SO3 groups are assumed to distribute
within cylindrical ionic water channels in the Nafion membranes [13],
and the surface density Cy [#/m?] of —SO3H groups is written as Cy =
#(SOsH)/A, where A is the surface area of the cylindrical channel. A
is given as 2 x V x (1/L + 1/r), where V is the volume of the channel,
L is the total length of all the water channels and r is the radius of the
water channels. Assuming L >> r, we obtained A = 2 x Vx (1/r).
Then, the surface density of ~SOsH in the ionic channel of a Nafion®
membrane is given as:

#(SO;H)
Cxm——1
2XV X =

r

It has been reported that a dry Nafion membrane with EW 1100 g/mol
absorbs approximately 26 wt% when fully hydrated in liquid water.
[41, 110] In other words, 1 g of the dry Nafion® membrane takes up
0.26 g of water when the membrane is fully hydrated. Therefore, the
volume of water in the fully hydrated membrane is calculated as
0.26/pHzo where Py is the density of water in the membrane. For

simplicity, we assume the P equals that of bulk water density (10°

kg/m®). Assuming the volume of water channel equal to the volume of
the water in the membrane, V can be written as V = 0.26/sz0. The
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#(SO3H) is given as 1/1100 [mol] x Na [mol™] for 1 g of dry Nafion®

membrane. In our previous work [86] we have found that the water
volume in the fully hydrated N212 is identical to that in the N117.
However, the average radius (r) of the ionic channels in N212 and
in N117 is ~ 2.3 nm and 2.0 nm, respectively. [24, 121] Therefore,
we obtained Cyn(N212) = 2.4 x 10 m™ and the Cn(N117) = 2.1 x
10" m™@. As the -SO3H groups have been reported to be all
deprotonated in the fully hydrate2.3/2.0

d Nafion® membranes [30], we obtained the surface charge density Cs
for N212 and N117 as 2.4 x 10"® m? and 2.1 x 10" m? mol/m?
respectively..

6.5 Surface charge density affects
hydration force

We developed a model system based on self-assembly of thiol-
functionalized surfaces with varying ratio of CH3z and SO3Na groups
and created surfaces capable of supporting different charge densities
in a repeatable and predictable way. Measuring AFM tip-surface
force-distance curves on thiol-functionalized Au surfaces with varying
degrees of SO; coverage (Xs,,) allowed us to extract parameters of the
hydration force and charge density. Our motivation for this study was
to understand how the surface density of SO3™ affects hydration forces
and water structuring in Nafion membranes as means to understand
the downstream effects on transport properties. Therein, Figure 6.5
shows a plot of the hydration force parameters, H,, and Ay, as function

of surface density of (SOjz). In Figure 6.4, we showed that the
hydration decay length A5, showed two plateaus for different (Xso,),

and Figure 6.5 shows that the inflection point corresponds to an SO3’
surface density of 7.2 x 10" m™. At charge densities greater than this
value, AHy =10 A, almost an order of magnitude larger than that with

C lower than 7.2 x 10*" m™. The results indicate that a surface with
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larger surface charge manifests a long-range and strong effect on the
structuring of water molecules and ions near the surface.

Based on the equivalent weight of typical Nafion® membranes
(1100 g / mol SO3) and the measured size for ionic channels, [80, 81]
we estimated the SO3™ surface density in the ionic channels for a fully
(pH 7) hydrated membrane (details in section 6.4). Our calculation
shows that for Nafion®, the SO3 surface density is ~ 2.4 x 10'® m?,
which is about 10-fold larger than the C of all the surfaces in this
work (Figure 6.5). As the hydration parameter and hydration decay
length saturate when the surface charge density reaches 6.0 x 10" m?,
we surmise that the surface of ionic channels in Nafion® membranes
exhibits similar values for the hydration parameter and hydration
decay length as those in the saturated region of Cs from our
experiment.
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Figure 6.5 Hydration parameter H,, (blue, squares) and An, (gray,
circles) with respect to the surface charge density Cs. The orange

area denotes the surface charge density of the ionic channels in fully
hydrated Nafion® membranes.
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Certainly, as PEFMCs often operate with differing degrees of
hydration, the SOj3;  surface density may decrease. Therefore, we
hypothesize that the step change in hydration force parameters at
lower SO3" surface density may correlate with very different transport
rates and in the membranes.

6.6 Conclusions

We established a model surface to mimic the surface of ionic channels
in Nafion® membranes. By varying the surface density of sulfonic acid
(and methyl) groups and measuring the force arising from the
interactions between identically-coated surfaces in acidic solution, we
found that surfaces with an SO5™ surface density higher than 6.0 x 10"’
m exhibit long-range hydration forces with decay length of ~ 10 A.
The hydration force is hydrophilic, and its amplitude saturates when
the SO5 surface density is higher than 6.0 x 10*" m™?. An estimated
calculation for fully hydrated Nafion® (EW = 1100 g/mol) ionic
channels shows that the SO surface density is 10-fold larger than that
accessed in our experiments, suggesting that water feels a long-range
and hydrophilic interaction from the channel surfaces under hydrated.
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