1duosnuely Joyiny 1duosnuey Joyiny 1duosnuel Joyiny

1duosnuepy Joyiny

Author manuscript
J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 December 01.

-, HHS Public Access
£

Published in final edited form as:
J Electroanal Chem (Lausanne). 2016 December 1; 782: 174-181. doi:10.1016/j.jelechem.2016.10.013.

Electrochemical impedance spectroscopy study of
carbohydrate-terminated alkanethiol monolayers on nanoporous
gold: Implications for pore wetting

Abeera Sharma, Jay K. Bhattarai, Swati S. Nigudkar, Salvatore G. Pistorio, Alexei V.
Demchenko, and Keith J. Stine

Department of Chemistry and Biochemistry, University of Missouri—Saint Louis, Saint Louis, MO
63121

Abstract

Electrochemical impedance spectroscopy (EIS) is used to compare the apparent electron transfer
rate constant (kapp) for a series of alkanethiol and of carbohydrate-terminated alkanethiol self-
assembled monolayers (SAMSs) on both flat gold and on nanoporous gold (np-Au). Using the
surface area for np-Au determined by oxide stripping, the values of Ay, for the alkanethiol
modified np-Au are initially over two orders of magnitude smaller than the values found on flat
Au. This result provides evidence that the diffusing redox probe Fe(CN)g374~ only accesses a
fraction of the np-Au surface after alkanethiol modification suggesting very limited wetting of the
internal pores due to the hydrophobic nature of these surfaces. In contrast, for np-Au modified by
carbohydrate-terminated (mannose or galactose) alkanethiols the values of A, are about 10-40
fold smaller than on flat gold, suggesting more extensive access of the diffusing redox probe
within the pores and better but still incomplete wetting, a result also found for modification of np-
Au with mercaptododecanoic acid. A short chain PEG thiol derivative is found to result in a
comparison of kyp, Values that suggests nearly complete wetting of the internal pores for this
highly hydrophilic derivative. These results are of significance for the potential applications of
SAM modified np-Au in electrochemical sensors, especially for those based on carbohydrate—
protein recognition, or those of np-Au modified by SAMs with polar terminal groups.
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1.Introduction

Nanoporous gold (np-Au) has potential use in various technological applications because of
its properties that include a high surface-to-volume ratio, a wide range of formats from thin
films to large monoliths, and a tunable pore size which is easily controlled by thermal
annealing treatment, acid treatment or by electrochemical methods [1-3]. Np-Au is prepared
by dealloying in which any of a variety of less noble elements, such as Ag, Cu, Zn and
others are removed from a precursor alloy of typically at least 20 to not more than 50 atomic
percent gold [4, 5]. Np-Au has been widely investigated for used in chemical sensors,
biosensors, actuators, catalysis, controlled release, supported synthesis, and as a
supercapacitor [6-12].

Np-Au shows a bicontinuous structure of interconnected ligaments and gaps [2]. The
ligaments present regions of positive curvature along their length with regions of negative
curvature near their intersections [6]. The mean ligament width and mean ligament gap can
be equivalent for prepared np-Au, but post-treatments can result in these parameters being
significantly different [13]. Np-Au has been reported to retain the initial crystallographic
orientation of the alloy and has been reported to be mostly Au(111) in crystal structure, but
with contributions from other crystal faces [14]. Many applications of np-Au require its
modification by thiol or sulfide species to form self-assembled monolayers (SAMs) inside
the structure [12, 15]. The regions of positive and negative curvature could potentially affect
the organization and stability of SAMs relative to what it would be on a relatively flat
polycrystalline gold surface. The surface curvature may affect the orientation of alkanethiols
and especially the spacing between the terminal functional groups, such as noted in a study
showing that the p K of carboxylic acid-terminated SAMs increases with nanoparticle
diameter [16, 17]. The use of SAMs with specific terminal functional groups is important,
such as when these groups are activated and coupled to biomolecules for use in development
of biosensors [18-20]. In a previous study using thermogravimetric analysis (TGA), we
found that the coverage of an alkanethiol SAM within an np-Au monolith was close to that
expected on the basis of packing geometry on flat Au [21, 22]. One recent study concerning
electrochemical impedance spectroscopy (EIS) studies of alkanethiol SAMs on np-Au from
octanethiol to tetradecanethiol (C8, C10, C12, and C14 chain lengths) reported that the
charge transfer resistance varied gradually with chain length on np-Au but showed a steadier
increase with chain length on flat gold [23]. Reductive desorption of alkanethiol SAMs on
nanostructured gold surfaces of high roughness was reported to occur at more negative
potentials than on close to flat polycrystalline gold, suggesting an increase in SAM stability
[24].

Np-Au is a complex structure and the accessibility of solutions and of molecules in
electrolyte solution to the interior surfaces is of significant interest [25]. The accessibility of
unmodified np-Au to some diffusion controlled reactions such as Cu* reduction and the
redox probes Fe(CN)g3~4~ and Ru(NH3)63+/2* has been evaluated using cyclic voltammetry,
and it was found that the electroactive area was much less than that determined by the
surface confined reaction of gold oxide monolayer formation and reduction [26]. This
accessibility should also depend on the pore size and on the overall hydrophilicity or
hydrophobicity of the modifying SAM. The wetting behavior and fluid penetration in np-Au
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has recently been studied. It has been observed that droplets on the surface of np-Au exhibit
a wetting “‘halo’ of fixed width around the circumference of a liquid drop [27]. Imbibition of
electrolyte solutions into np-Au is spontaneous but can be subjected to potential control [28].
Some gold nanostructures are found to be superhydrophobic [29], and a hierarchical np-Au
film has been found to be so upon modification by dodecanethiol [30].

The accessibility of electrolyte solutions to the interior surfaces of np-Au is especially
important for those applications in which the high surface area of np-Au is being exploited
for use as an either a high surface area electrode for use as a chemical or biological sensor,
for applications involving use of np-Au for controlled release, or for applications using np-
Au as a support for enzyme immobilization. These applications typically involve prior
modification of the np-Au with SAMs with various terminal functional groups, and are often
followed by covalent immobilization of biomolecules to the np-Au surfaces; however,
accessibility is also important for cases of modification by simple physical adsorption.
Accessibility of electrolyte solutions to the interior of np-Au can be viewed as significant for
the efficiency of immobilization of biomolecules such as antibodies [31-33] or
oligonucleotides [25, 34], sensor response [1], loading for controlled release [10, 35], and
substrate access and overall activity for immobilized enzymes [36]. Carbohydrate modified
np-Au has been recently explored for applications in capture and elution of lectins [21],
glycoprotein modified np-Au for competitive electrochemical immunoassay, and lectin-
modified np-Au for capture and subsequent elution of glycoproteins [22].

In this study, we use parameters determined from EIS data to evaluate the penetration of a
solution of the diffusing redox probe Fe(CN)g3~4~ into the np-Au structure upon
modification with hydrophobic alkanethiols and hydrophilic mercaptododecanoic acid,
carbohydrate-terminated alkanethiols, and a short chain thiolated oligooxyethylene (OEG)
molecule. The OEG group is of interest not only because it is hydrophilic, but also because
its derivatives are known to resist non-specific protein adsorption [37]. They are frequently
used in mixed SAMs with other species presenting active functional groups [38]. EIS is a
technique in which a small oscillating potential variation is applied [39], and thus differs
significantly from studies using cyclic voltammetry and its large potential sweeps. The
parameters extracted from EIS, such as effective electron transfer rate constant allow for
comparisons that suggest that the interior surfaces of hydrophobically modified np-Au are
only partially accessible to the solution of redox probe, while for the hydrophilic-terminated
SAMs a much greater portion of the interior np-Au surfaces are accessible. This result is
significant for efforts to develop carbohydrate-modified np-Au for applications involving
carbohydrate recognition.

2. Experimental section

2.1. Materials and chemicals

Gold wire (0.2 mm diameter, 99.99%) was obtained from Electron Microscopy Sciences
(Fort Washington, PA). Sodium carbonate (enzyme grade, >99%), sulfuric acid (certified
ACS plus), nitric acid (trace metal grade), and hydrogen peroxide (30%), were purchased
from Fisher Scientific (Pittsburg, PA). Potassium dicyanoargentate (K[Ag(CN),]) (99.96%)
and potassium dicyanoaurate (K[Au(CN)2]) (99.98%), ethanol (HPLC/spectrophotometric
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grade), octanethiol (98.5%), decanethiol (96%), dodecanethiol (98%), tetradecanethiol
(98%), 12-mercaptododecanoic acid (99%), sodium hydroxide (99.99%), sodium nitrate
(99.99%), and potassium chloride (99.99%) were purchased from Sigma—Aldrich (St. Louis,
MO). Milli-Q water (resistivity = 18.2 MQ cm) was from a Simplicity® system (Millipore
Corporation).

2.2. Synthesis of mannose and galactose-terminated alkanethiols

Thiolated glycosides 8-mercaptooctyl a-D-mannopyranoside (aMan-Cg-SH)), 12-
mercaptooctyl a-D-mannopyranoside (a¢Man-C1,-SH)), 8-mercaptooctyl a-D-
galactopyranoside (aGal-Cg-SH)), 12-mercaptooctyl a-D-galactopyranoside (aGal-C1o-
SH)) and 8-mercapto-3,6-dioxaoctanol (HO-PEG,-SH) were synthesized in our laboratories.
The synthesis of these compounds is reported in the supplementary information file.

2.3. Preparation of nanoporous gold electrodes

Gold wires (0.2 mm diameter, 5 mm length) were thoroughly cleaned in piranha solution
(4:1 HySO4: HoO5 (30%); note: as piranha reacts vigorously with organic solution suitable
caution should be exercised), for 10 min followed by rinsing them in Milli-Q water
(resistivity = 18.2 MQ cm). The gold wire was wrapped around the end of a copper wire (6
cm length), which was subsequently knotted and fitted through a disposable pipette tip so
that the gold wire emerged from the small tip opening. The disposable pipette tip was chosen
(Fisher Scientific, 1000 pL) in size to fit into the electrochemical cell assembled inside a
glass vial covered by a Teflon cap with access holes for the working, reference, and counter
electrode. Teflon tape was used to shield the copper wire from the solution and 5 mm of the
gold wire was allowed to be exposed to the solution. An alloy of gold and silver was
electrodeposited on the gold wire at =1.0 V (vs. Ag/AgCI/KCI saturated) for 10 min (due to
the shell like morphology of np-Au achieved at this deposition voltage, and the time was
chosen to generate a larger surface area after dealloying) in the electrochemical cell. The
electrodeposition solution consisted of 6.3 mL of 0.05 M K[Ag(CN),] and 2.7 mL of 0.05 M
K[AU(CN),] (dissolved in 0.25 M sodium carbonate) to give a total composition of 70% Ag
and 30% Au in the 9.0 mL solution volume. Electrodeposition was carried out with gold
wire as a working electrode, platinum wire as a counter electrode, and Ag/AgCl, KCI
(saturated) as a reference electrode using a PARSTAT 2273 potentiostat and the PowerSuite
software. The alloy deposited on the gold wire was then dealloyed in concentrated nitric acid
for 24 h. After dealloying, the nanoporous gold covered gold electrode (referred to as np-Au
electrode) was rinsed copiously with Milli-Q water for a minimum of 20 min and then kept
in ethanol for 30 min to remove any trace nitric acid trapped in the pores as well to reduce
any gold oxide which might have been formed on the surface [40, 41].

2.4. Determination of the surface area of the nanoporous gold electrodes

The np-Au electrodes were subject to a cyclic potential sweep between 0.5V and 1.6 V at
0.100 Vs~1in 0.5 M H,S0,. The charge passed under the oxide reduction peak was used to
estimate the gold surface area using the conversion factor of 450 uC cm=2 [42].
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2.5. Self-assembled monolayer preparation

The thoroughly rinsed electrodes were immersed in 1 mM ethanolic solutions of the
alkanethiols or other thiolated species overnight and then upon removal were rinsed with
ethanol and with Milli-Q water.

2.6. Contact angle measurement

The hydrophilic or hydrophobic nature of the SAMSs prepared on the flat gold surface was
characterized by measuring water contact angle. The flat gold surface was prepared by
template stripping of sputtered gold from a silicon wafer. The details of this method were
previously reported by our group [20]. The water contact angle was determined using a
simple home-made setup (Fig. S1 in the supplementary information file) and ImageJ
software with contact angle plugins, similar to the work discussed by Lamour and coworkers
[43]. The mean and the standard deviation of contact angle were obtained from an average
of three freshly prepared droplets.

2.7. Electrochemical impedance spectroscopy

EIS was performed in a three-electrode cell of 3 mL solution of 10 mM phosphate buffered
saline of pH 7.4 containing 5 mM K3[Fe(CN)g] and 5 mM Ky4[Fe(CN)g] at the formal
potential of the redox probe (0.23 V vs. Ag/AgCI/KCI saturated), which was determined by
cyclic voltammetry. The EIS was performed at frequencies from 10° Hz to 100 mHz and at
12 points per decade. The instrument used for EIS measurement was the PARSTAT 2273
potentiostat/galvanostat/FRA using the PowerSine software to view the Nyquist plots. Data
analysis was carried out using ZSimpwin 3.21 software (Princeton Applied Research, Oak
Ridge, TN), and an equivalent circuit model wherein the double-layer capacitor was
replaced by a constant phase element (Q) in order to account for the roughness of np-Au.

2.8. Scanning electron microscopy

Surface morphology and composition of np-Au were characterized using scanning electron
microscopy (JEOL JSM-6320F field emission SEM) and energy-dispersive X-ray
spectroscopy (EDX), respectively. The accelerating voltage used for our system was 5 kV
and the working distance was 8 mm.

3. Results and discussion

SEM images of np-Au covered Au wires used here are shown in Fig. 1, which clearly show
the interconnected structure of ligaments and gaps constituting pores that is characteristic of
np-Au. The thickness of the np-Au coating on the Au wires is ~ 8 pm and is shell-like but
with some microscopic crack-like features likely due to volume shrinkage during dealloying
[44]. From the oxide stripping experiment (see Fig. 2), the surface area of the np-Au
electrodes was estimated to be 12.8 + 0.5 cm? (n = 3) as compared to the bare gold wire for
which the geometric area is 0.032 cm? and the electrochemical surface area using the oxide
stripping method is 0.036 + 0.003 cm? (n = 5) indicating some surface roughness for the
bare gold wire.
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Nyquist plots of bare gold wire (GW) and np-Au are shown in Fig. 3a. The Nyquist plot of
GW consists of a distinct semicircle, representing charge transfer resistance and a linear
Warburg impedance, representing diffusion based impedance. The Nyquist plot of np-Au,
however, does not show a distinct semicircle, thus representing the low impedance of the
high surface area np-Au electrode. This ease of transfer of charges or electrons to and from
the electrode surface minimizes the charge transfer resistance in the high frequency region.
In the present study, the circuit model shown (Fig. 3b) is used for fitting both flat Au and np-
Au electrodes in order to provide a basis for comparison of trends in fit parameters and the
effect of SAM modification. Other more elaborate circuit models have been proposed for
porous electrodes, such as the transmission line model of de Levie [45]. The de Levie model
has been applied to np-Au wires in different electrolyte solutions and modification with 6-
mercapto-1-hexanol was found to decrease the capacitance by about 10-fold [46].
Electrochemical techniques are well-suited for the characterization of the microscopic
properties of the interface and for the characterization of the extent of defects in SAMs [47,
48]. The integrity and packing of the SAM on the substrate surface affects the
electrochemical properties at the interface which are reflected in the double layer
capacitance and the charge transfer resistance [49]. The extent of defects in the SAM is
related to the ability of the SAM to hinder electron transfer across the interface. It has
commonly been reported for alkanethiol SAMSs on polycrystalline gold that an increase in
chain length increases the charge transfer resistance (/) [50]. It is of interest to determine
how R varies with chain length on np-Au versus on a flat gold surface. Nyquist plots of the
SAMs of a series of alkanethiols on Au wire and also on np-Au are shown in Fig. 3¢ and 3d,
respectively.We found that on both the np-Au and the gold wire surfaces an increase in Ry
with increasing chain length was observed. A recent EIS study of alkanethiol SAMs on np-
Au from octanethiol to tetradecanethiol (C8, C10, C12, and C14 chain lengths) reported that
Rt varied gradually with chain length on np-Au but showed a steadier increase with chain
length on flat gold [23]. In this reported study, the EIS measurements were conducted in 0.1
M H,S0, using Fe(CN)g3~ as the redox probe, compared to measurements here conducted
in 10 mM PBS at pH 7.4 containing 5 mM Ks[Fe(CN)g] and 5 mM Ky4[Fe(CN)g] redox
probe.

Charge transfer resistance is related to the electron transfer rate across the interface. The
standard procedure involves fitting impedance data to an equivalent circuit model that
represents the physical interface, in order to obtain R from which the apparent electron
transfer rate constant kyp, can be calculated [51]. The apparent electron transfer rate constant
for SAM modified electrodes has been calculated and used for the estimation of the extent of
defects in the SAM [52-54]. The apparent electron transfer rate constant across the interface
can be obtained from A through the relation App = RTI(N2FARC) [55] where Ris the
gas constant, 7 is temperature in Kelvin (293 K in these experiments), n is the number of
moles of electrons transferred in the redox reaction (n = 1 for Fe(CN)g3~/47), Fis the
Faraday constant, /is the charge transfer resistance in Q, A is the area of the electrode, and
Cis the concentration of the redox couple (in mol cm=3). In this expression, the fitted value
of Ry in Q is multiplied by the electrode area to obtain an interfacial resistivity and thus
knowledge of the accurate active electrode area is necessary. Electron transfer across the
interface takes place through three major processes including non-adiabatic electron

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sharma et al.

Page 7

tunneling through the SAM, electron transfer across pinhole defects where the electron
transfer process is similar to that on the bare metallic surface and electron transfer across the
collapsed SAM sites [56]. The apparent electron transfer rate constant is a measure of the
electron transfer kinetics across the interface and increases with an increase in the number of
defects in the SAM caused by several factors including defects in the underlying substrate,
kinks edges, grain boundaries, or trapped solvent [57, 58].

The values of the electron transfer resistance and the apparent electron transfer rate for the
alkanethiol SAMs are shown in table I (error bars are for three independently prepared
modified electrodes). The values of R are multiplied either by the geometric surface area
for the SAMs on Au wire, or by the area determined by oxide stripping for the np-Au
electrodes. The values of kyp for the alkanethiol SAMs on np-Au as calculated are lower
than those found on flat Au by factors of 150 for octanethiol and by factors of 367, 382, and
408 for decanethiol, dodecanethiol and tetradecanethiol, respectively. It is noteworthy that
the smaller difference is for the shorter octanethiol which may present the less ordered and
somewhat less hydrophobic surface. Fig. 4a shows the variation of R (units of kQ) as
determined by the fits to the Nyquist plots versus chain length on np-Au (circles) and on Au
wire electrodes (squares) and the variation of log(4gpp) as calculated using A in units of Q
cm? with chain length on np-Au and on flat gold is shown in Fig. 4b. SAMs on the surface
of np-Au are not expected to yield the same electron transfer rates as seen on flat gold;
however, it is not reasonable to attribute these much smaller values of App to greater order in
the SAMs on np-Au. The electron transfer rates are shown to nearly approach a limiting
value with tetradecanethiol having the lowest 4y, value, as expected for the SAMs of
longest chain length. If the electrolyte solution does not wet the hydrophobic interior surface
of the alkanethiol-modified np-Au, then electron transfer rate constants calculated using the
estimated area of the np-Au surface of 12.8 cm? will be artificially low by a significant
factor. The calculated values on np-Au using the full np-Au surface area are lower than those
on gold wire by factors close to 400 for the three longer alkanethiols, which is fairly
consistent with the ratio 12.8 cm?2/0.032 cm? = 400 for the amplification of total surface area
between gold wire and np-Au covered Au wire. This observation suggests that the internal
surfaces of np-Au when it has been made sufficiently hydrophobic by surface modification
with a longer alkanethiol are not penetrated by the electrolyte solution.

Nyquist plots for the carbohydrate-terminated SAMs on np-Au are shown in Fig. 5, and for
the short-chain OEG derivative HO-PEG,-SH (TEG), and for mercaptododecanoic acid
(MDDA) in Fig. 6. The semicircles in the Nyquist plots for these hydrophilic SAMs do not
close at low frequencies as fully as do those for the alkanethiol SAMs and hence the Rt
values from the fits are determined by the existing curvature. The values for the R and the
kapp Of these SAMs are also shown in Table I1. For the case of the HO-PEG,-SH derivative,
the value of kypp calculated using the estimated surface area of np-Au differs from the value
found on Au wire only by a factor of 1.34. This result suggests that the electrolyte solution
wets the internal surfaces of np-Au when it is modified by this small highly hydrophilic
species. For the case of mercaptododecanoic acid, the difference in kpp calculated on Au
wire versus on np-Au is a factor of 41, which is significant but less of a difference than seen
for the alkanethiol SAMs summarized in table | or for dodecanethiol. This result suggests
partial wetting/penetration of the np-Au interior after modification by mercaptododecanoic
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acid, aided by the polar terminal carboxyl group. For the mannose-terminated SAMs, we see
differences in kypp by factors of 15 (aMan-Cg-SH) and 9 (aMan-Cy,-SH), and for the
galactose-terminated SAMs, we see differences in A;pp by factors of 11 (aGal-Cg-SH) and
40 (aGal-Cq-SH). These results also suggest better wetting/penetration of the np-Au
interior when modified by the hydrophilic carbohydrate-presenting SAMs; however, the
wetting/penetration is expected to be still partial.

The contact angles of water droplets on the different SAMs prepared on flat gold surfaces
were determined using a simple home-built setup and ImageJ software, as shown in Fig. S1
and in Fig. S2 in the supplementary information file. Estimation of the water contact angle
helps to determine the wettability of the surface. If the contact angle is larger than 90°, the
surface is hydrophobic, and if below 90°, it is hydrophilic [59]. The bare flat gold surface is
slightly hydrophilic in nature, and the water contact angle was found to be 71 + 4° very
closely matching the literature value ~66—70° [60, 61], even though the flat gold was
prepared using different techniques. Immobilization of hydrophobic C1,-SH on the gold
surface increases the contact angle from 71 + 4° to 104 + 2°, decreasing the wettability and
this value is in accordance with the previously reported values 103 + 3° [62] and 110° [63].
These very closely matching contact angles of bare flat gold and SAMs of C1»-SH with the
literature values helps us verify the sensitivity of our simple home-made setup. Similarly, the
contact angle for water droplets on mannose and galactose-terminated alkanethiol SAMs
were determined. We have found that both carbohydrate SAMs are hydrophilic due to the
presence of a large number of hydroxyl groups. Interestingly, the galactose-terminated
surface (contact angle = 17 + 2°) was found to be more hydrophilic compared to the
mannose-terminated surface (contact angle = 31 + 5°). Dietrich and coworkers determined
the contact angle of dimannoside SAM on gold surface getting a value close to 36 + 2° [64].
Dimannoside, containing even more hydroxyl groups, should be very hydrophilic and nearly
total wetting was expected. The authors explained that the slightly larger contact angle seen
might be due to the hydrophobic aliphatic linker chain. For galactose SAMs with a slightly
different linker than ours, total wetting has been observed [65]. The carboxyl-terminated
alkanethiol shows a contact angle of 39 + 3° which is slightly lower than the reported value
50 + 2° [62]. Finally, the contact angle of HO-PEG,-SH SAMs has been determined to be
64+ 3°. The contact angle of a SAM closely related in structure to HO-PEG,-SH for
comparison is not available; however, when larger alkane chains are attached to the HO-
PEG5-SH, the contact angle was found to be small, close to 32—-36° [66]. These angles are
lower than the contact angle of our HO-PEG,-SH SAMs. The larger contact angle of HO-
PEG,-SH may be due to its short length and greater exposure of Au surface to water.
Despite the higher contact angle, EIS indicates that HO-PEG,-SH surfaces are likely fully
wetted. Contact angle is only one method and further work with other techniques may be
needed to understand these trends that could be related to the SAM structure on the np-Au
surfaces. For the other SAMs, the measured values of the contact angles are found to be in
general agreement with the results obtained by the EIS.

The effect of the immersion time of electrode in a probe solution for wetting was studied by
choosing different time periods of 1, 10, 30, 60, and 120 min prior to EIS measurement. It
was found that np-Au electrodes modified by hydrophilic SAMs did not show any
significant change in R value with increasing immersion time. However, np-Au electrodes
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modified by hydrophobic SAMs exhibited a significant decrease in the R value with the
increase in immersion time. From this experiment, it can be concluded that hydrophilic
SAMs wet the porous electrode to the extent that they will within a minute and then exhibit
little subsequent change. However, for the hydrophobic alkanethiol SAMs on np-Au, the
electrolyte solution can penetrate slowing inside the porous structures decreasing the charge
transfer resistance over time. The results of the experiment are shown in the supplementary
information, Fig. S3, where it is seen that for the dodecanethiol SAMs, the value of R¢¢
decreases by about 95% over a 2 h period and appears to be leveling off. This decrease of
about an order of magnitude still represents only partial wetting and may be driven by bare
spots in the SAM as its structure may be compromised by the complexity of the curved np-
Au surfaces. In any case, it indicates that caution must be applied to electrochemical
measurements conducted on SAM modified np-Au electrodes and their wetting behavior.

4. Conclusions

The electrochemical behavior of SAMs in np-Au is complex and varies with the polarity of
the SAM. For more hydrophilic and polar SAM modified np-Au, there is greater penetration
of the electrolyte solution and hence of the redox probe into the interior channels of the
material. Thus, electrochemical sensors that are based on more hydrophilic SAM/solution
interfaces are likely to generate greater currents, both in terms of Faradaic and non-Faradaic
contributions. The results presented here suggest that SAM/solution interfaces of high
hydrophilicity are likely to yield increased access for analytes and enzyme substrates, and
increased loadings in bioconjugation reactions conducted under static solution conditions.
The conclusion is reached based on comparing determined values of Ay using the
geometric surface area with those determined using the surface area from gold oxide
stripping. The discrepancy in magnitude of Az, becomes less when the SAMs are more
polar such as 12-mercaptododecanoic acid, HO-PEG,-SH or for carbohydrate-terminated
SAMs that are of significance in the study of protein (lectins, in particular)—-carbohydrate
interaction using electrochemical methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Impedance spectroscopy applied to self-assembled monolayers (SAMs) on
gold and on nanoporous gold (np-Au)

. Comparison of a series of alkanethiols as SAMs on both surfaces

. Comparison of carbohydrate terminated alkanethiols as SAMs on both
surfaces

. Results for electron transfer rate constants suggest limited wetting of

alkanethiol modified np-Au

. Results suggest partial wetting with carbohydrate derivatives and full wetting
with an oxyethylene derivative
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3 \“ 5 o _ -
Ligament width = 26 + 5 nm
Interligament gap = 27 + 7 nm

Fig. 1.
SEM images of np-Au obtained by 24 h selective dissolution of Ag in concentrated HNO3

from Au-Ag alloy. The alloy was prepared by providing —1.0 V (vs. Ag/AgCl, KCI
saturated) for 10 min on gold wire. A and B are top views with increasing magnification
showing cracks formation and pore morphology, respectively. Inset in A represents the EDX
spectra showing Au and Ag composition and inset in B gives the ligament width and
interligament gap. Panels C and D are cross-sectional views with increasing magnification
showing thickness of np-Au of around 8 UM and inter-connected ligaments and gaps
throughout the structure.
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(a) Comparison of cyclic voltammograms (CV) of flat gold wire and np-Au covered gold
wire, and (b) CV of flat gold wire on an expanded scale. CVs were used for the
determination of the surface area of flat gold and np-Au electrodes and were obtained in 0.5
M H,S0O, at a scan rate of 100 mV s™1 (vs Ag/AgCI/KClI saturated).
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Fig. 3.

Nyquist plots of (a) a bare gold wire and np-Au electrode and (c-d) after SAMs formation
from a series of alkanethiols (octanethiol, decanethiol, dodecanethiol, and tetradecanethiol)
on Au wire and np-Au electrode, respectively. For each case, plots are obtained for three
independently prepared electrodes. (b) Circuit model used for analysis of the EIS data.
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Fig. 4.
(a) Plot of R versus alkanethiol chain length on np-Au (squares) and Au wire electrodes

(circles), (b) plot of log(kapp) Vs chain length for alkanethiols as calculated on np-Au using
the surface area of 12.8 cm? (squares) from oxide stripping and on flat gold wire electrodes
(circles) using the geometric area of 0.032 cm2.
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Nyquist plots for the carbohydrate-terminated (mannose or galactose) SAMs: aMan-Cg-SH
(up triangles), aMan-C12-SH (down triangles), aGal-Cg-SH (squares), and aGal-C12-SH
(circles) on (a) Au wire and (b) np-Au, in each case for one of the set of three independently

prepared electrodes.
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Z/Qx1074

Nyquist plots for mercaptododecanoic acid (MDDA) and HO-PEG»-SH SAMs on (a) Au
wire and (b) np-Au, in each case for one of the set of three independently prepared

electrodes.

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 December 01.



Page 21

Sharma et al.

Author Manuscript

98'8— 6-0T X 8E'T 8¢ESE | 06¢ + 09.¢ ny-du

29— 1-0T X €9°G 998 | LZS+.10LC Ny | |olylsuedspensal

19'8- 6-0T x CT°C YT0EC | 8TT +86.LT ny-du

60'9— 1-0T x0T'8 2’09 | 08L+7188T ny |01yisued8poa

€9'8— 6-0T x T6°C CvL9T | €2€ + 80ET ny-du

16'G— 9-0T x 20T GGy | OTT F vl ny |oly1suedsg

8L g-0T x 6¥'T ¥9¢€ €0T + §59¢ ny-du

G9'G— 9-0TxE€CC 8'T¢ 89T + ¢89 ny |101y18ueIO
(ddey) Bop | (-5 wi2) 9%y | (o o)y (ON)Py | soepns | snosion VS

'S9P0J128]9 PaIpoW S paJedaid Ajuspuadapul 881y} UO SJUBLIBINSEAW 10} 318 UMOYS
e1ep 8yl ‘SIS [01U18URN [ YIIM PBLLIPOW S3P0J193]3 1M NY/ PaISA0D Ny/-du pue SapoJ19a|a a41m pjoB 10) SIURISUOD 81kl Jajsuel) uoJ1da|s Juaredde ay L

I 9l1qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 December 01.



Page 22

Sharma et al.

oG- | s0Tx2LC 6.T | 200F¥T0 | nv-du

vry- | 0T x¥9€ ve'T STFey ny | HS-%93d-OH

9g°/- | 0T x6EY 2ITT | 9,¥698 | ny-du

vLG- | o-0Tx087T 1.2 6¢ ¥ 88 ny | SH-¢'0-HO0D

v19- | ,-0Tx18T 0 | TEFTTe | ny-du

vT'G- | 0T xCEL 999 Ly ¥802 ny HS-¢'0-eo™

r9- | O0TxTIve T | 0TFCTI | nv-du

er'G- | o-0Tx69¢€ zeT LLFETY ny HS-80-eoD

999- | ,0Tx61¢ € | TYFvLT ny-du

69'G- | o-0Tx¥0¢ 6'€C | SLTFLVL ny | Hs-¢'o-ueN©

099- | ,0Tx6ve 96T | TEFEST ny-du

€G- | 90T x69¢€ zet v8 ¥ TTY ny HS-80-UeN©
(ddey) Bop | (;_s wo) 9=y | (o o)y (©N)PY | 99epns | snosjon VS

"SaP04103]3 PaLIpOL
INVS pasedaid Ajjuspusdapul 831y} UO SIUSLUBINSESLU J0) 848 UMOUS BIep 8Yl "HS-¢93d-OH YlIM pue ‘pioe dlouedspopoidealsl YIM ‘SIS pareulwial
-95019.|BB 10 8SouURL Y)IM PaILIPOW S8P0J108|8 alIM N PaIaA02 Ny/-du pue Sap0.10a|a alim pjob 1) SIULISUOD 81l Jajsuel) Uoada|a Jualedde ay |

I a1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2017 December 01.



	Abstract
	Graphical abstract
	1.Introduction
	2. Experimental section
	2.1. Materials and chemicals
	2.2. Synthesis of mannose and galactose-terminated alkanethiols
	2.3. Preparation of nanoporous gold electrodes
	2.4. Determination of the surface area of the nanoporous gold electrodes
	2.5. Self-assembled monolayer preparation
	2.6. Contact angle measurement
	2.7. Electrochemical impedance spectroscopy
	2.8. Scanning electron microscopy

	3. Results and discussion
	4. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table I
	Table II

