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ABSTRACT: We report electrochemical catalytic amplification of individ-
ual collisions between ~57 nm diameter Pt nanoparticles (Pt NPs) and 12.5
pum diameter Au ultramicroelectrodes modified with passivating, electro-
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statically assembled polyelectrolyte multilayer (PEM) films prepared by the w4t tF
layer-by-layer deposition method. Two key findings are reported. First, S = =i
despite the thicknesses of the insulating PEM films, which range up to S nm, sit t t ittt
electrons are able to tunnel from the Pt NPs to the electrode resulting in b kb oo
electrocatalytic N,H, oxidation at the PEM film—solution interface. These  ° " ¥ 7 Ty

single-particle measurements are in accord with prior reports showing that
the electrochemical activity of passive PEM films can be reactivated by
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adsorption of metallic NPs. Second, it is possible to control the frequency of
the collisions by manipulating the net electrostatic charge present on the outer surface of the PEM thin film. These results, which
demonstrate that chemistry can be used to control electrocatalytic amplification, set the stage for future sensing applications.

B INTRODUCTION

We report electrochemical detection of collisions between
individual Pt nanoparticles (Pt NPs) and Au ultramicroelectr-
odes (Au UMEs) modified with passivating polyelectrolyte
multilayer (PEM) films prepared using the layer-by-layer
deposition method."” Our results build on recent findings
that individual collisions between NPs and naked electrode
surfaces can be detected by electrocatalytic amplification
(ECA).>* The important new result reported here is that, in
addition to naked electrode surfaces, these collisions can be
detected through PEM films having thicknesses of up to ~5.3
nm, which is well beyond normal electron tunneling distance.
Interestingly, electrocatalytic reactions between negatively
charged Pt NPs and PEMs can be activated and deactivated
by controlling the charge on the final layer of the film.
Specifically, when the outermost layer is composed of cationic
poly-L-lysine (pLL), current transients corresponding to
collisions are observed, but when the charge is reversed by
addition of a layer of poly-L-glutamic acid (pGA), current
transients are effectively turned off. This observation of
chemical control over collisions may provide a means for
developing chemical sensors based on ECA.

ECA, first reported by Bard and co-workers,>™*® is based on
measuring redox reactions that occur selectively on electro-
catalytically active NPs when they come into contact with a
noncatalytic electrode surface. Here, we have chosen N,H,
oxidation (eq 1) as the redox reaction and an appropriately
modified Au UME as the noncatalytic electrode. To ensure that
the Au UME itself does not participate in electrooxidation of
N,H,, its potential is set sufficiently negative so that the
background current is low.
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N,H, = N, + 4H" + 4e” (1)
Bard and co-workers found that when these experimental
conditions are correctly configured, injection of Pt NPs into an
electrolyte solution containing N,H, results in current
transients; each of these corresponds to a Pt NP striking the
electrode surface. Moreover, it was found that the Pt NPs stick
to the electrode surface, leading to step-shaped transients that
slowly decay (the mechanism for this decay has not been
definitively identified). In addition to the Au UME—Pt NP—
N,H, system, a number of other combinations of redox species
(N,H,, BH,~, H,0 (oxidation), H,0,, and H*), and electrode
materials (C, Au, Pt, Pt—O) have been identified that yield
signatures of collisions.” Moreover, the Compton group'*~>!
has made important contributions to this field by reporting
current transients arising from electrodissolution'®"> and
electrodeposition'®'® of colliding NPs. The Stevenson group
showed that Hg and Bi electrodes can be used for ECA
experiments and that in the case of Hg, deactivation of the
colliding NPs is very fast.>> They observed the appearance of
sharp spike-shaped current transients that presumably arise
because of the rapid deactivation of Pt NPs by Hg. Additionally,
the Alpuche—Aviles,23 Andreescu,”* Koper,25'26 Macpherson,27
Unwin,” and Zhang'>**7° groups have all made important
contributions that have provided insights into this interesting
phenomenon. Finally, we>' and the Bard group9 have begun to
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apply the principles of ECA to chemical sensing, with an
ultimate goal of detecting single DNA molecules and proteins.

To date, most ECA experiments have involved naked
electrode surfaces, but chemically modified electrodes have
also been examined. For example, Bard and co-workers®
demonstrated that the amplitude of current transients arising
from collisions is attenuated when a Au electrode is modified
with a carboxyl-terminated n-alkylthiol self-assembled mono-
layer (SAM).** Specifically, they observed a negative
logarithmic correlation between catalytic current and the
number of carbons in the alkyl chain. For example, a 12-
mercaptodecanoic acid-modified UME yielded current steps of
just ~S pA, which can be compared to a naked Au surface
where current transients were on the order of ~60 pA. More
recently, the Bard group also reported on collisions between Pt
NPs and Pt UMEs modified with a thin, insulating film of
TiO,.*

The studies reported here were motivated by the work of the
Allongue®* and Fermin groups.> Specifically, the Fermin group
used the LbL deposition method to prepare pinhole-free films
containing pLL and pGA on Au electrodes.*® These polymer
layers were sufficiently thick that little or no electron transfer
was observed between the electrode and a molecular redox
probe in solution. However, when the surface of the film was
modified with Au NPs, facile electron transfer was turned on
even through films as thick as 6.5 nm. They interpreted this
result in terms of the increased tunneling probability between
the electrode and the high density of states of the adsorbed NPs
(compared to that of molecules), as previously predicted by
Allongue and co-workers.>* These results have since been
confirmed by other groups using a variety of intervening
organic materials and conductive NPs.*’~*!

In the present work, we modified 12.5 ym diameter Au
UMEs with an 11-mercaptoundecanoic acid (MUA) SAM,
followed by immobilization of alternating layers of pLL
(positively charged) and pGA (negatively charged) (Scheme
1). Because the citrate capping agent on the Pt NPs is
deprotonated at pH 7, the NPs can be electrostatically adsorbed
to films having a pLL terminating layer.>> Accordingly,
collisions between the Pt NPs and the polymer layer result in
transients in current—time (i—t) traces for the SAM—pLL- and
SAM—pLL—pGA—pLL-modified UMEs. In contrast, no
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collisions resulting in significant current transients are observed
on the SAM—pLL—pGA-modified UMEs, likely due to
electrostatic repulsion between negatively charged groups in
the films and the citrate capping agent on the Pt NPs. The
important point is that collisions can be switched on and off
using chemical interactions, and we believe this will form the
basis for chemical sensing using the ECA approach.

B EXPERIMENTAL SECTION

Chemicals and Materials. 11-Mercaptoundecanoic acid (95%),
pGA (MW 100 000—150 000), L-ascorbic acid, citric acid, NaBH,, and
N,H,-H,0 were purchased from Sigma-Aldrich (St. Louis, MO). pLL
(MW 30000—70000) was purchased from MP Biomedicals (Santa
Ana, CA). Sodium citrate and sodium phosphate monohydrate were
purchased from EM Science (Billerica, MA). H,PtCls-6H,0 (99.9%)
was purchased from Strem Chemicals (Newburyport, MA). Au-coated
glass slides were purchased from Evaporated Metal Films (Ithaca, NY).
Deionized water having a resistivity of 18.2 MQ cm was used for all
experiments (Milli-Q gradient water purification system, Millipore,
Bedford, MA). All reagents were used as received. Experiments were
conducted at room temperature (23 + 2°C). Unless otherwise stated,
the phosphate buffer was adjusted to pH 7.

Synthesis of Pt NPs. Pt NPs were synthesized using a previously
reported seed-mediated procedure.*” Briefly, 7.76 mL of a 0.2% (w/v)
solution of H,PtCls was added to 100 mL of boiling H,O. The
solution was boiled for 1 min before addition of 2.37 mL of a solution
containing 1% (w/v) sodium citrate and 0.05% (w/v) citric acid. After
30s, 1.18 mL of a solution containing 0.08% (w/v) NaBH,, 1% (w/v)
sodium citrate, and 0.05% (w/v) citric acid was quickly injected. The
solution was boiled for 10 min and subsequently cooled to ~25°C to
yield 3.6 nm diameter Pt seed NPs. To synthesize larger NPs, 1.0 mL
of the Pt seed solution was added to 29.0 mL of H,O at ~25°C. While
the solution was being stirred, 0.023 mL of a 0.40 M H,PtCl, solution
and 0.50 mL of a solution containing 1% sodium citrate and 1.25% L-
ascorbic acid were added. The temperature of the solution was
increased to the boiling point (100 °C) at a rate of 10 °C min~". The
total reaction time was 30 min. Next, the solution was transferred to a
35 mm dialysis sack (12000 Da MWCO, Sigma-Aldrich) and
submerged in 4 L of H,O for 24 h to remove excess salts. Lastly,
the resulting NPs were characterized by transmission electron
microscopy (TEM, FEI Tecnai Spirit BioTwin, 80 kV). The average
particle diameter was 57 + 10 nm. A representative TEM image, a
histogram showing the NP size distribution, and a {-potential analysis
are included in the Supporting Information (Figures S1 and S2).

Electrode Modification with MUA. Au UMEs (12.5 ym) were
polished via wet sanding for 1 min. The UMEs were then immersed in
piranha solution (1:3 30% H,0,/H,SO,) for 30 s and thoroughly
rinsed with water. Caution! Piranha solution can react violently with
organic compounds and should be handled with care. Next, electro-
chemical cleaning of the polished Au UME was performed by cycling
the potential between —0.35 and 1.35 V versus Ag/AgCl (3.4 M KCI)
for 25 cycles at 0.3 V s™' (CH potentiostat model CH 700D, CH
Instruments, Austin, TX). The electrodes were then rinsed with water
and dried with a gentle stream of N,. Lastly, the UMEs were immersed
in a 10 mM ethanolic solution of MUA for 48 h and then rinsed with
ethanol and water.

LbL Deposition of PEM Films. The first layer of pLL was
deposited on a MUA-modified UME by incubating the electrode in a
0.5 M NaCl solution containing 2 mgmL™" of pLL for 20 min,
followed by rinsing with water. To deposit a second layer of pGA, the
UME was incubated in a 0.5 M NaCl solution containing 2 mg mL™"
of pGA for 20 min. The deposition of the two oppositely charged
polymers was repeated until the desired number of layers was
obtained. The terminating polymer determined the net charge on the
surface of the LbL-modified UMEs."** The thicknesses of the polymer
layers were determined using spectroscopic ellipsometry (J.A.
Woollam M2000 model, Lincoln, NE). Because of the small size of
the electrodes, ellipsometric measurements were made on Au-coated
glass slides.
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Electrochemistry. Au UMEs having a diameter of 12.5 ym were
purchased from CH Instruments (Austin, TX). Cyclic voltammograms
(CVs) and i—t curves were obtained in a two-electrode cell, contained
within a Faraday cage, and using a Chem-Clamp voltammeter—
amperometer (Dagan Corp., Minneapolis, MN) as the potentiostat.
The applied voltage was generated by a PAR 175 Universal Function
Generator (Princeton Applied Research, Oak Ridge, TN). The
potentiostat and function generator were interfaced to a Dell Optiplex
380 computer through a PCI-6251 data acquisition board (National
Instruments, Austin, TX) using a BNC-2090A analog breakout
accessory (National Instruments, Austin, TX). The voltammetric and
i—t measurements were performed using a custom LabView program
(National Instruments), and the sampling time was 0.01S s. The
Faraday cage was constructed from copper plate and mesh. Square
wave voltammetry (SWV) was performed using a CH Instruments
Model 650c potentiostat in a 3-electrode cell with a Pt wire serving as
the counter electrode. SWV parameters: frequency, 390 Hz;
incremental voltage, S mV; amplitude, S0 mV; and quiet time, 2 s.
All potentials reported in this paper are referenced to a Ag/AgCl
“leakless” reference electrode (3.4 M KCl, model 66-EE009, Dionex,
Bannockburn, IL).

B RESULTS AND DISCUSSION

UME Modification. The objective of this study is to better
understand the nature of collisions between negatively charged
Pt NPs and electrode surfaces modified with coatings having
permanent positive and negative charges. The electrode
modification process used to achieve the necessary exper-
imental construct is outlined in Scheme 1 and described in
detail in the Experimental Section. The insulating layer is
formed by immersing a 12.5 ym diameter Au UME (Scheme
1a) in 10 mM MUA to yield a SAM (Scheme 1b). The terminal
carboxylic acid group of the MUA monolayer is deprotonated
and negatively charged at neutral pH (MUA surface pK,, 5.7),**
providing a foundation on which to deposit the first layer of
positively charged pLL (Scheme 1c). Addition of a layer of
negatively charged pGA reverses the net charge on the
electrode surface (Scheme 1d), and the charge on the
outermost layer can be reversed again by addition of a second
pLL layer atop the pLL—pGA-modified UME (Scheme 1le).

SAM-Modified Au UMEs. Figure 1a presents CVs recorded
at a naked Au UME (black trace) and the same UME after
modification with MUA (red trace) in a solution containing 10
mM N,H, and 50 mM PB (pH 7.0). In the presence of N,H,,
the characteristic behavior of the N,H, oxidation reaction on
Au is apparent (onset potential, ~—0.15 V).* After modification
with MUA, however, the decrease in the limiting current from
~80 to ~0.6 nA (inset, Figure 1a) indicates that the electrode
surface is passivated. This decrease corresponds to a faradaic
current suppression of ~99%. The onset potential for the
oxidation reaction also shifts in the positive direction by ~200
mV, indicating increased resistance due to the presence of the
SAM. Although a high level of passivation is achieved after
deposition of MUA, the shape of the red CV remains sigmoidal
(inset), indicating the presence of pinholes in the film.**¢ The
thickness of the SAM was determined to be ~1.7 nm using
ellipsometry on Au-coated glass slides (used as surrogates for
the UMEs, which are too small for ellipsometric measure-
ments), which corresponds well to literature values.*’~

Square wave voltammetry (SWV) was used to estimate the
surface coverage of the SAM (Figure 1b). The thiol desorption
wave is centered at —1.2 V, which is consistent with previous
findings.>® The surface coverage can be calculated from the
peak current in Figure 1b using eq 2.5
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Figure 1. (a) CVs showing N,H, oxidation at naked (black) and
MUA-modified (red) 12.5 ym Au UMEs (no Pt NPs present). The
inset shows an expanded view of the limiting current at the MUA-
modified UME. CVs recorded at 50 mV s™'; 10.0 mM N,H, in 50 mM
PB (pH 7). (b) Square wave voltammetry (SWV) characteristic of
electrochemical removal of MUA from the electrode surface. SWV
parameters: 0.5 M KOH, 390 Hz frequency, 5.0 mV step increments,
and 50 mV amplitude. (c) i—t curves obtained at +400 mV for a MUA-
modified UME recorded in a solution containing 10.0 mM N,H, and
50 mM PB (pH 7) in the absence (black) and presence (red) of 2.5
pM Pt NPs.

i, = S00Aan’Faf AET @)
Here, i, is the current amplitude, A the area of the electrode, &
the transfer coefficient (a = ~0.5, values for thiol desorption on
Au range from 0.4 to 0.84),°>%% 5 the number of electrons (n =
1), F Faraday’s constant (96485 C mol™), a the square wave
amplitude (0.05 V), f the applied frequency (390 Hz), AE the
potential scan increment (5.0 mV), and I the surface coverage.
On the basis of this analysis, I’ = 6.1 + 2.0 X 107 mol cm™,
which is consistent with previous reports.>*>°

After modification with MUA, collision experiments were
performed in solutions containing 10 mM N,H,, S0 mM PB
(pH 7), and Pt NP concentrations of 2.5, 5.0, 7.5, 10.0, and
12.5 pM. These experiments were carried out with the working
electrode potential set to E = 400 mV because this value was
determined to yield the largest current steps for the pLL and
pLL—pGA—pLL systems discussed later. Figure lc shows a
representative i—t curve in the absence (black) and presence
(red) of 2.5 pM Pt NPs. The current response in the absence of

DOI: 10.1021/1a5043124
Langmuir 2015, 31, 876—885


http://dx.doi.org/10.1021/la5043124

Langmuir

Current (nA)

04 02 00 02 -04
Potential (V, vs. Ag/AgCl)

60F T T T T
50

(:: ]

40
30
20

Counts

10

0

100 200 300 400
Collision current (pA)

500

<

£

o)

c

o

B -0.54: MMN ;

O osgl b f 1

-0.57- 1
424 432
09l s ‘ s -
100 200 300 400 500 600
Time (s)

‘_A 48_ T T T T T T

)

S 40|

o

- 32|

x

>

> 24|

=

@ 16

g 16|

D 08

£ "

m 1 1 1 1 1

4 6 8 10 12
NP concentration (pM)

14

Figure 2. Electrochemical results obtained using a pLL-modified Au UME. For all experiments, the solution contained 10.0 mM N,H, and 50 mM
PB (pH 7). (a) CVs for a pLL-modified UME before (black) and after (red) a 600 s collision experiment using 5.0 pM Pt NPs. (b) i—t curves
recorded at +400 mV in the absence (black) and presence (red) of 5.0 pM Pt NPs. The inset shows an expanded view of a current transient
exhibiting a step-like profile. (c) Histogram showing the distribution of current amplitudes for individual collisions. The average collision size is 140
+ 200 pA. (d) Plot of current—transient frequency (steps and peaks) as a function of the concentration of Pt NPs. The error bars represent the
standard deviation of current signals obtained from three separate experiments at each concentration.

Pt NPs remains essentially constant at around —0.1 nA.
Addition of Pt NPs to the system yields the appearance of small
(<10 pA), spike-shaped current transients, indicating that the
NPs may not be residing near the electrode long enough to
stick to the exposed surface. This is in contrast to the result
obtained for a naked Au UME, where NPs colliding and
adsorbing to the surface yield step-like current transients.” The
small amplitude of the transients is consistent with previous
results obtained using an acid-terminated SAM.® Because the
current transients for this system are very small, further analysis
of their size and frequency were not conducted. Results similar
to Figure 1c were also observed for Pt NP concentrations of
5.0, 7.5, 10.0, and 12.5 pM (Supporting Information, Figure
S3).

Characterization of PEM Films. The thicknesses and
permeability of PEM film layers depends on a number of
parameters, including the molecular weight of the polymers,
pH, deposition time, and the type and concentration of
electrolyte used in the LbL deposition solutions.*® Although the
generally accepted model for films formed via LbL is that the
charge of the deposited polyelectrolyte overcompensates the
charge of the previous layer," the Schlenoff group has recently
reported that this charge reversal is likely asymmetrical.>” High
salt concentrations have been shown to stabilize alternately
charged layers, resulting in thicker films;>® therefore, 0.50 M
NaCl was chosen for deposition of the LbL films used here.
The growth of the LbL films on Au was monitored by
ellipsometry up to n = 10, where n is an individual layer of
either pLL or pGA (at n = 10, the terminating layer is pGA).
The resulting total thicknesses are given in Figure S4 in the
Supporting Information. The thicknesses of the pLL, pLL—
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pGA, and pLL—pGA—pLL films used for collision studies were
0.5, 1.7, and 3.3 nm, respectively. These values do not include
the MUA underlayer, which was previously found to be 1.7 nm
in height. Notably, the thickness of each successive layer
increases with n. This behavior is characteristic of the LbL
process.”” The total thickness at n = 10 (23.3 nm) is consistent
with that of a similar pLL—pGA system studied by Corn and
co-workers.*

Pt NP Collisions at pLL-Modified Au UMEs. Collision
experiments were performed for each of the following three
types of polymer thin films: pLL, pLL—pGA, and pLL—pGA—
pLL. After modification via LbL deposition, each electrode was
rinsed with H,O and used immediately.

CVs were obtained before each experiment, and the average
limiting current for N,H, oxidation, determined using 15
independently prepared pLL-modified UMEs, was —0.4 + 0.2
nA. UMEs yielding a limiting current higher than —0.7 nA were
deemed too defective and not used for collision experiments.
Figure 2a presents a typical CV (black trace) of a pLL-modified
UME before introduction of Pt NPs. After obtaining the CV, a
background i—t curve was collected (Figure 2b, black trace).
No current transients are observed, and the steady-state current
is ~—0.4 nA. After injection of 5.0 pM Pt NPs, however (Figure
2b, red trace), several large current steps characteristic of Pt NP
collisions at naked Au electrodes are apparent.* These step-
shaped transients (Figure 2b, inset) are likely due to
electrostatic adsorption of the negatively charged Pt NPs
(zeta potential (), —S9 mV, Figure S2 in the Supporting
Information) to the positively charged pLL film. Recall that
such large and easily discernible collision events were not
observed for the MUA-only UMEs (Figure 1c), suggesting that
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Figure 3. (a) Plot of average collision current for each pLL-modified Au UME versus the limiting current for N,H, oxidation. The experiments were
carried out in solutions containing 10.0 mM N,H, and S0 mM PB (pH 7). The limiting current was determined from CVs obtained immediately
after UME modification but prior to recording i—t curves in the presence of Pt NPs. (b) Scatterplot of collision frequency versus the limiting current
for N,H, oxidation for each pLL-modified Au UME. The limiting current was determined from CVs obtained immediately after UME modification
but prior to recording i—t curves in the presence of Pt NPs. Three individual experiments are shown for each of five Pt NP concentrations: 2.5

(black), 5.0 (green), 7.5 (orange), 10.0 (blue), and 12.5 (red) pM.

collisions are not occurring at defect sites in the pLL film (more
about defects later). In addition to the step-shaped current
transients, spike-shaped collision signatures are also observed
for the pLL films, especially at concentrations of Pt NPs greater
than 7.5 pM (Figure SS in the Supporting Information). These
spike-shaped transients likely arise from rapid deactivation of
the Pt NP surface, as has been };reviously shown by the
Stevenson group for Hg electrodes.”

A histogram showing the collision current amplitudes for all
of the pLL-modified UMEs (at all Pt NP concentrations) is
shown in Figure 2c. Collision sizes larger than 500 pA, which
accounted for <5% of all events, were excluded from this
distribution as these large sizes are likely due to aggregated Pt
NPs rather than individual particles. The average collision size
across all of the pLL experiments performed is 140 + 200 pA.
Although the standard deviation for this average is large, it is
comparable to the average collision size experimentally
obtained at naked Au UMEs (185 + 177 pA) for the same
batch of Pt NPs. Note, however, that both of these values are
smaller than the collision current of 613 pA calculated using eq
3,* which has previously been shown to provide reasonable
agreement with experimental results for collisions using ~4 nm
NPs.*

I = 4z(In 2)nFDCr (3)
Here, D is the diffusion coefficient of the redox molecule (D for
N,H, is 6.4 X 107¢ cm? s_1)26 and C is its concentration; r is
the radius of the colliding NPs. We do not know why the
currents calculated using this equation do not agree with the
experimental results. One possibility is that the majority of
observed collisions originate from a small subset of Pt NPs at
the low end of the size distribution, and another possibility is
that this empirical equation is simply not appropriate for the
relatively large NPs (57 + 10 nm) used in this study. Figure 2d
presents collision frequencies over the full range of Pt NP
concentrations examined. As has been found previously using
naked Au UMEs, the frequency is linearly related to NP
concentration.'?

After each collision experiment, the UME was removed from
solution, rinsed with H,O, and then reimmersed in a fresh
solution containing 10 mM N,H, and 50 mM PB. Figure 2a
(red trace) compares a CV of a pLL-modified UME after a
collision experiment using 5.0 pM Pt NPs with the CV
obtained prior to the collision experiments. The limiting
current arising from N,H, oxidation is much larger than it was
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before the collision experiment (black trace). This observation
is consistent with previous reports that adsorption of NPs onto
LbL films leads to an enhanced current response compared to
that of the passivating LbL film alone.*****® Accordingly, we
conclude that the data in Figure 2a confirm that at least some of
the colliding Pt NPs remain on the pLL surface and are active
for electrocatalytic oxidation of N,H,. Further evidence of
adsorbed Pt NPs on the pLL film comes from the negative shift
of the onset potential for N,H, oxidation, from ~0 V to
~—0.25 V. This is a consequence of the electrocatalytic
properties of Pt relative to Au. Similar behavior is observed for
CVs obtained after pLL-modified Au UMEs are immersed in a
128 pM Pt NP solution for 20 min (Figure S6 in the
Supporting Information), which is known to result in
electrostatic adsorption of Pt NPs.>>*7 Indeed, Figure S9 in
the Supporting Information is an SEM image showing Pt NPs
adsorbed onto the surface of a pLL-modified Au UME.

To reduce the likelihood of collisions occurring at defect sites
within the LbL films, we used relatively large Pt NPs (57 + 10
nm). Nevertheless, the question of whether these collisions are
occurring on top of the polyelectrolyte film or within defects is
both crucial and difficult to answer directly. We can, however,
indirectly address this question in two ways. First, if collisions
are occurring at defect sites, then a correlation should exist
between the limiting current for N,H, oxidation measured at
pLL-modified UMEs (no Pt NPs) and the collision current
amplitude.*® That is, larger defects will permit direct collisions
by larger Pt NPs (recall that because of aggregation, there is a
broad distribution of Pt NPs in these experiments, Figure 2c),
and this will in turn result in larger collision currents. Figure 3a
is a histogram showing the average current due to Pt NP
collisions versus the limiting current measured in the same
solution (10 mM N,H, plus S0 mM PB) and the same pLL-
coated electrode prior to introduction of the Pt NPs. There is
clearly no correlation between these parameters. For example,
the UME with the highest limiting current (—0.7 nA), which
should have the most defective pLL film, yields an average
current amplitude value of ~146 pA. However, this value is
about half that observed at a more passivated UME (limiting
current of —0.1 nA).

The second indirect evidence for collisions not occurring at
defect sites within the pLL film is the following. A higher
density of defect sites would provide more opportunities for
direct collisions between Pt NPs and the naked Au surface. In
other words, a positive correlation should exist between the
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Figure 4. Electrochemical results obtained using a Au UME coated with a pLL—pGA PEM film. (a—e) i—t plots obtained at +400 mV in the absence
(black) and presence (red) of Pt NPs at the indicated concentrations. (f) CVs obtained before (black) and after (red) a 600 s collision experiment
using a 5.0 pM Pt NP solution. Scan rate: S0 mV s™". Solutions for all experiments contained 10.0 mM N,H, and 50 mM PB (pH 7).

frequency of Pt NP collisions and the limiting current because
of direct oxidation of N,H, at the Au surface. As shown in
Figure 3b, no such correlation is observed. For example,
consider the results obtained using 5.0 pM Pt NPs (green data
points). In this case, the UME with the highest limiting current
(—0.6 nA) yields the lowest collision frequency (0.0083 s™").

The absence of correlations between the limiting current
resulting from N,H, oxidation at the Au UME and the current
amplitude and collision frequency suggests that NP collisions
are occurring at the solution—pLL interface rather than at
naked regions of the Au surface.

Pt NP Collisions at MUA—pLL—pGA-modified Au
UMESs. On the basis of the results observed using the negatively
charged MUA SAM surface and the positively charged pLL
surface, we surmised that addition of a negatively charged pGA
polymer layer would suppress the collision amplitude and
frequency of negatively charged Pt NPs. Results confirming this
hypothesis are shown in Figure 4. For example, Figure 4a shows
i—t traces in the absence (black) and presence (red) of 2.5 pM
Pt NPs. In contrast to i—t traces for the pLL system (Figure SSa
in the Supporting Information), no current transients are
observed after addition of pGA, effectively shutting down
electrocatalytic activity. This is likely due to electrostatic
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repulsion between the outermost pGA film and the negatively
charged Pt NPs.

Similar results are obtained for 5.0 and 7.5 pM Pt NP
concentrations at pLL—pGA electrodes, as shown in Figure
4b,c. After addition of Pt NPs to the solution, no current
transients arising from Pt NP collisions are observed. When the
Pt NP concentration is 10 pM, one current transient is
observed at ~50 s. This may be due to a nonuniform
distribution of the pGA film on top of the pLL layer. Although
polyelectrolyte films formed by LbL deposition are generally
thought to reverse the surface charge with each subsequent
layer, polyelectrolytes are deposited as islands of varying
thickness rather than as uniform layers.>® Small exposed areas
of the previous pLL layer may provide enough electrostatic
attraction to allow a small number of current transients at this
higher concentration. At the highest concentration of Pt NPs
(12.5 pM), ~4—S5 collision events are observed per 600 s, but
this number is much lower than that observed at pLL-modified
UMEs (~24 transients for the same Pt NP concentration and
the same duration experiment).

Figure 4f shows CVs obtained before (black) and after (red)
addition of 5.0 pM Pt NPs. The onset potential for N,H,
oxidation does not shift significantly, as was demonstrated for
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Figure 5. Electrochemical results obtained using a pLL—pGA—pLL-modified Au UME. For all experiments, the solution contained 10.0 mM N,H,
and 50 mM PB (pH 7). (a) i—t curves obtained at +400 mV recorded in the absence (black) and presence (red) of 5.0 pM Pt NPs. (b) Histogram
showing the distribution of current amplitudes for individual collisions. The average collision amplitude is 157 & 114 pA. (c) Plot of the frequency of
current transients (steps and peaks) as a function of the concentration of Pt NPs. The error bars represent the standard deviation of current signals
obtained from three separate experiments at each concentration. (d) CVs for a pLL—pGA—pLL-modified UME before (black) and after (red) a 600

s collision experiment using 5.0 pM Pt NPs.

the pLL system (Figure 2a), and there is no increase in current
after addition of Pt NPs. This is evidence that an insignificant
number of Pt NPs collide and adsorb onto the film during the
i—t experiment. It is likely that the overall negative charge of
pGA electrostatically repels the Pt NPs and hinders ECA on the
Pt surface. To summarize, the addition of the pGA layer shuts
off collisions between Pt NPs and the UME.

Pt NP Collisions at pLL—pGA—pLL-Modified Au UMEs.
To confirm the importance of electrostatics in these types of
collision experiments, and also to show that collisions can be
detected through relatively thick LbL polymer films, we
obtained i—t plots for Au UMEs modified with a second
layer of positively charged pLL. Figure Sa shows representative
i—t curves in the absence (black trace) and presence (red trace)
of 5.0 pM Pt NPs for a MUA—pLL—pGA—pLL film. No
current transients are observed in the absence of Pt NPs. In the
presence of Pt NPs, however, collisions are observed, indicating
reactivation of the UME. This reactivation of the electrode by
addition of a second positively charged layer atop negatively
charged pGA clearly points to the importance of electrostatics
in these experiments. It also provides additional confidence that
collisions are not occurring at pinholes in the LbL films because
surely this thicker 3-layer film would contain fewer defects than
the 2-layer, pGA-capped surface. Results similar to those shown
in Figure Sa are provided in the Supporting Information for Pt
NP concentrations ranging from 2.5—12.5 pM (Figure S7).

A histogram showing the distribution of collision amplitudes
obtained using 15 independently prepared UMEs is shown in
Figure 5b. The average collision size for this system is 157 =+
114 pA, which is similar to that obtained for Au UMEs
modified with a single pLL layer (140 + 200 pA). This means
that within the context of the relatively large standard
deviations, the collision currents are independent of film

882

thickness. This observation is consistent with reactivation
trends observed by Gooding and co-workers.’!

Figure Sc shows that the frequency of collisions is a linear
function of NP concentration for the three-layer polymer film.
An indication that electrons are tunneling from the Pt NP to
the underlying electrode can be found in the CVs measured
before and after collision experiments (Figure Sd). As for the
MUA—pLL film (Figure 2a), an increase in the limiting current
and a negative shift in the onset potential for N,H, oxidation
are observed. An analysis of limiting current, average collision
size, and frequency of collisions similar to that carried out for
the pLL-modified UMEs (Figure 3) can be found in the
Supporting Information (Figure S8). As alluded to earlier, the
absence of a correlation between these three variables suggests
that collisions occur on top of the PEM films rather than at
defects penetrating through the film to the underlying UME
surface.

B SUMMARY AND CONCLUSIONS

We have shown that collisions between Pt NPs and PEM films
result in easily measurable currents. There are two interesting
conclusions that can be drawn from this study. First, despite the
thickness of the insulating PEM films (the 3-layer film,
including the SAM layer, has an ellipsometric thickness of ~5
nm) electrons are able to tunnel from the Pt NPs to the
electrode resulting in electrocatalytic N,H, oxidation at the
PEM film—solution interface. These single-particle measure-
ments are in accord with prior reports showing that the
electrochemical activity of passive LbL films can be reactivated
by adsorption of metallic NPs.>*>**7° Second, it is possible to
control the collisions by manipulating the net electrostatic
charge present on the outer surface of the PEM thin film. These
results, which demonstrate that chemistry can be used to
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control ECA, set the stage for future sensing applications.
Results from those experiments will be reported in due course.
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TEM images; NP size distributions; Nanosight particle analysis;
i—t curves for MUA-, pLL-, and pLL—pGA—pLL-modified
UMEs; ellipsometry data; CVs for pLL-modified UMEs
incubated in a Pt NP solution for 20 min; and plots of average
collision current and collision frequency as a function of the
N,H, limiting current for the pLL—pGA—pLL film. This
material is available free of charge via the Internet at http://
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