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Gold nanoparticle multilayers were self-assembled onto an electrode surface by using a dipping method. The
particle assemblies exhibited quantized capacitance charging characteristics in aqueous media that were rectiﬁed
by hydrophobic anions such as PF6, BF4 and ClO4, similar to the behavior with the monolayer counterparts.
More interestingly, even in the presence of less hydrophobic anions such as NO3, very well-deﬁned single
electron transfers were observed voltammetrically with these particle multilayers, a response unseen previously
with particle monolayers. This was ascribed, in part, to the enhanced interactions between the particle multilayers
and the electrolyte anions as well as the minimization of the structural defects within the particle thin ﬁlms as
compared to the monolayer counterparts. Further studies showed that with particles functionalized with
oligo(ethylene oxide) moieties, the particle charge transfer properties were also found to be aﬀected by electrolyte
cations, reﬂected by the variation of the particle molecular capacitance and formal potentials with the nature of
the alkaline (earth) metal ions.
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Introduction
Monolayer-protected nanoparticles (MPCs) exhibit interesting
single-electron transfer characteristics in solutions, the quantized charging to the particle molecular capacitance.1–3 The
fundamental basis lies in the particle nanosized dimensions
which give rise to an attofarad-scale molecular capacitance.
Consequently, the energetic barrier for a single electron transfer is signiﬁcantly greater than the thermal kinetic energy even
at ambient temperature.2 So far such unique behavior has been
observed mostly with gold nanoparticles.1 Some recent studies
have demonstrated that other metal MPCs such as palladium3
and copper4 also exhibit similar voltammetric responses, suggesting a universal molecular framework within which nanoparticle-based single electron transistors are attainable.2
In more recent studies,5 we discovered that when the particles were immobilized onto electrode surfaces forming organized monolayers, these quantized charging features could be
rectiﬁed by hydrophobic anions in aqueous media. This unique
rectiﬁcation was reﬂected in electrochemical measurements
where (i) the currents at positive potentials exhibited a series
of voltammetric peaks that were ascribed to the quantized
capacitance charging of the particle molecules whereas at the
negative potential regime, only featureless voltammetric responses were found; and (ii) the currents at positive potentials
were signiﬁcantly greater than those at negative potentials.
This behavior of unidirectional current ﬂow was very similar to
that of a molecular diode (current rectiﬁer).6 This phenomenon
was interpreted on the basis of a Randle’s equivalent circuit,
where the ion-pairing of the positively charged particles (at
positive potentials) with hydrophobic electrolyte anions led to
the manipulation of the electrode double-layer capacitance and
the resulting voltammetric currents. For nanoparticle monolayers, rectiﬁed quantized charging has been observed in the
presence of PF6, BF4, and ClO4; whereas in the presence of
less hydrophobic ions such as NO3, HSO4, H2PO4, etc,
only featureless responses were observed. It has also been
found that the binding of electrolyte anions to the particles

leads to an enhancement of the eﬀective particle molecular
capacitance and a cathodic shift of the particle potential of zero
charge (PZC).5
Using these previous studies5 as a point of departure, we
carried out further investigations with particle multilayers. It
has to be noted that previous electrochemical studies with gold
nanoparticle multilayers were mostly limited either to the
quantized charging properties in (low-dielectric) organic
media,7 or focused on the voltammetric characteristics of redox
probe molecules embedded within the particle matrices or in
the solutions where the particle layers mainly acted as an
electron-transfer mediator.8 So far no studies have been carried
out to investigate the rectiﬁed charging properties of gold
nanoparticle multilayers in aqueous solutions. By depositing
multilayers of nanoparticles onto the electrode surface, it is
anticipated that the structural defects within the surface
assemblies and the resulting background charging current will
be minimized. This will eﬀectively lead to a more hydrophobic
surface of the particle assemblies. Since the rectiﬁcation of
particle quantized charging is a consequence of ion pairing
between nanoparticles and hydrophobic anions, by increasing
the hydrophobicity of the particle assemblies, we may be able
to enhance the interactions between the particles and less
hydrophobic ions such that quantized charging becomes observable.
The interactions between nanoparticles and electrolyte ions
can be further manipulated by chemical functionalizations of
the particle molecules. For instance, surface place exchange
reactions have been employed to introduce new functional
moieties into the particle protecting monolayers and the exact
concentration of the new ligands can be readily evaluated by
varied spectroscopic techniques.9 For instance, it has been
found that oligo(ethylene oxide) moieties form helical structures and speciﬁcally bind to alkaline (earth) ions, analogous to
crown ethers.10 By incorporating multiple copies of the mercapto-derivatives of ethylene oxide into the particle protecting
monolayers via exchange reactions, one may then exploit this
unique structure for the investigation of the eﬀects of the
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interactions between nanoparticles and electrolyte cations on
the particle quantized charge transfer chemistry.
In this article, we ﬁrst report the interesting rectiﬁed quantized charging properties of gold nanoparticle multilayers in
the presence of relatively ‘‘hard’’ anions such as nitrate, a
phenomenon that has not been observed previously with
nanoparticle monolayers. Then we extend the studies to nanoparticles functionalized with oligo(ethylene oxide) moieties
with a focus on the eﬀects of cationic interactions on the
particle quantized charging behavior.

Experimental
Chemicals
Ammonium perchlorate (NH4ClO4, 99.8%, ACROS), lithium
nitrate (LiNO3, 99%, ACROS), lithium acetate (LiAc, 98%,
ACROS), sodium nitrate (NaNO3, Z 98%, ACROS), sodium
acetate (NaAC, Z 99%, ACROS), potassium nitrate (KNO3,
Fisher), potassium acetate (KAc, 99þ%, ACROS), rubidium
nitrate (RbNO3, 99.8%, ACROS), cesium nitrate (CsNO3,
99.9%, ACROS), cesium acetate (CsAC, 99%, ACROS),
magnesium nitrate (Mg(NO3)2, Z 99%, ACROS), magnesium
acetate (MgAc2, Z 99.5%, ACROS), strontium nitrate
(Sr(NO3)2, Z 99%, ACROS), barium nitrate (Ba(NO3)2,
Z 99%, ACROS), barium acetate (BaAc2, Z 99%, ACROS),
ammonium tetraﬂuoroborate (NH4BF4, 97%, Aldrich), and
potassium perchlorate (KClO4, Z 99%, ACROS) were all
used as received. Potassium hexaﬂuorophosphate (KPF6,
99%, Aldrich) was re-crystallized twice prior to use. 1-Hexanethiol (C6SH, 97%, ACROS) and 1-nonanethiol (C9SH,
96%, ACROS) were also used as received. All solvents were
obtained from typical commercial sources and used as received
as well. Water was supplied by a Barnstead Nanopure water
system ( Z 18.3 MO).
Two mercapto-derivatives with oligo(ethylene oxide) moieties, HS(CH2CH2O)2CH3 (EG2SH) and HS(CH2CH2O)4CH3
(EG4SH), were synthesized and puriﬁed by following a literature procedure.11
Nanoparticle synthesis
Gold nanoparticles protected with a monolayer of hexanethiolates or nonanethiolates were synthesized by using a modiﬁed
Brust protocol.9,12 The particles were then subject to fractionation and thermal annealing to reduce the particle core size
dispersity. The fractions with an average diameter around 1.6
nm (as determined by transmission electron microscopic measurements) were used in subsequent studies. These particles
were denoted as C6Au and C9Au, respectively.
Multiple copies of EG2SH and EG4SH were then introduced into the protecting layers of C6Au and C9Au particles,
respectively, by place exchange reactions.9 The ﬁnal concentrations of EG2SH or EG4SH on the particle surfaces were
varied by the initial feed ratios and quantitatively evaluated by
1
H NMR measurements. Up to 40% of the original alkanethiolate ligands were replaced by the new ethylene oxide
chains, as determined by the ratios of the integrated peak
intensities of the protons from the methyl groups versus those
from the methoxy groups. The resulting particles were denoted
as C6AuEG2 and C9AuEG4, respectively.
Nanoparticle multilayer assemblies
Multilayers of the particles synthesized above were then deposited onto a gold electrode surface for electrochemical
measurements. Prior to use, a polycrystalline gold disk electrode (sealed in a glass tubing) was ﬁrst polished with 0.05 mm
alumina slurries, followed by sonication in dilute nitric acid,
sulfuric acid, and Nanopure water successively. The electrode
was then subject to electrochemical etching by rapid potential
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sweeps (10 V s1) in 0.10 M H2SO4 within the potential range
of þ1.2 and 0.2 V for 5 min. The electrode was then rinsed
with Nanopure water and ethanol and dried in a gentle stream
of nitrogen before a multilayer of particles was deposited onto
the electrode surface.
We prepared the particle assemblies by a simple dipping
method. First we immersed the electrode into a dichloromethane solution of gold nanoparticles (1 mg mL1). The
electrode was then quickly removed from the solution. As the
electrode was wetted with a layer of particle solution, the
evaporation of the volatile solvent left a multilayer structure
on the electrode surface. A nitrogen stream was used to help
remove the moisture that formed during the evaporation
process. The number of gold particle layers was estimated by
voltammetric measurements, and found to vary typically within a rather narrow range from a few tens to somewhat more
than a hundred (vide infra).
Electrochemistry
Electrochemical measurements were carried out with a CHI440
electrochemical workstation. A gold electrode with the selfassembled particle multilayers was used as the working electrode (electrode area typically ca. 1.0 mm2), a Ag/AgCl wire
and a Pt coil were used as the quasi-reference and counter
electrodes, respectively. The potential reference was calibrated
by using the formal potential of the redox couple of
K3Fe(CN)6 and K4Fe(CN)6, which is þ0.361 V vs. NHE.13
All potentials reported herein are converted with reference to
NHE. The electrolyte solutions were deaerated for at least
20 min by ultrahigh-purity nitrogen and protected by such a
nitrogen atmosphere during the entire experimental procedure.

Results and discussion
Nitrate-induced rectiﬁcation of particle quantized charging
Fig. 1 shows the cyclic (A, CV) and diﬀerential pulse voltammograms (B, DPV) of a C6Au multilayer on a gold electrode
surface in varied aqueous electrolyte solutions. One can see
that the general features are very similar to those reported
previously with gold nanoparticle monolayers,5 i.e., at positive
potentials (about 0 B þ1.0 V vs. NHE), a series of well-deﬁned
voltammetric peaks emerge, which are attributed to the quantized charging to the double-layer of surface-bound gold
particle molecules; whereas at negative potentials, only featureless responses can be found. Such behavior has been
termed ‘‘ion-induced rectiﬁcation’’ of the particle single electron transfers.5 Previously, with gold particle monolayers, we
observed such rectiﬁed quantized charging characteristics only
in the presence of hydrophobic anions such as PF6, BF4, and
ClO4 ions; whereas in the presence of less hydrophobic ions
such as NO3, the voltammetric responses were featureless and
similar to that of a conventional molecular diode.5,6 The
discrepancy was interpreted on the basis of a Randle’s equivalent circuit where the electrode interfacial capacitance was
found to be manipulated by the (ion-pairing) interactions
between electrolyte anions and particle molecules. In sharp
contrast, with gold particle multilayers, the rectiﬁed quantized
charging behavior can be observed not only in the presence of
PF6, BF4, and ClO4 but also in solutions containing NO3,
as shown in Fig. 1. This seems to suggest that the multilayer
structure enhances the interactions between the ions and the
particles, since with particle multilayers, it is more likely that
the electrode surface will be fully covered and consequently the
contribution to background charging will be minimized. By
comparing the voltammetric responses, one can see that with
particle monolayers,5 the overall voltammetric currents increase very rapidly at positive electrode potentials in NO3containing solutions, suggesting that the electrode double-layer
capacitance is very sensitive to electrode polarization and the
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Fig. 1 Cyclic (A, CV) and diﬀerential pulse voltammograms (B, DPV)
of a C6Au multilayer self-assembled onto a gold electrode surface in
varied aqueous electrolytes (0.1 M): NH4NO3, NH4BF4, KClO4 and
KPF6. In (A), potential sweep rate 100 mV s1; and in (B), DC ramp
4 mV s1, pulse amplitude 50 mV.

background current becomes the dominating contributions as
the electrode potentials become increasingly positive; whereas
in the present case with particle multilayers (Fig. 1), the
voltammetric currents in the presence of NO3 ions show a
much shallower rise at positive potentials (though the rise is
still somewhat steeper than that with PF6, BF4, or ClO4).
It should be noted that in infrared spectroscopic studies of
ion hydration in partially deuterated water (HDO), the maximum of the O–D vibrational band energy was found to
decrease in the order of PF6 (2664 cm1), BF4 (2647
cm1), ClO4 (2630 cm1), and NO3 (2595 cm1).14 All these
frequencies are substantially greater than that of bulk water
(2509 cm1), indicating that the water–water interactions are
stronger than the water–anion interactions. Thus, one can see
that the degree of hydration increases in the order of PF6,
BF4, ClO4, and NO3, while the hydrophobicity increases in
the reverse order. This observation can also be correlated to the
polarization power of the anion (q/r with q being the charge
and r the radius of the ion) where a linear relationship has been
established.14 One may therefore suspect that the anion-induced rectiﬁcation of nanoparticle quantized charging can also
be attributed to their hydration and hydrophobicity properties
where the interactions between the anions and the hydrophobic
particles decrease in the order of PF6, BF4, ClO4, and
NO3, as attested in previous5 and present voltammetric
measurements (more details below).
Since these voltammetric peaks represent a sequence of
single electron transfers of the particles to the electrode, the
potential spacings (DV) between these peaks dictate the corresponding particle capacitance (CMPC ¼ e/DV with e being the
electronic charge).1–5 From Fig. 1b, one can see that the
average potential separations between neighboring charging
peaks are 0.134 V (PF6), 0.132 V (BF4), 0.133 V (ClO4) and
0.142 V (NO3), corresponding to a particle capacitance of
1.19 aF (PF6), 1.21 aF (BF4), 1.20 aF (ClO4), and 1.13 aF

(NO3). Since ion-pairing eﬀectively increases the particle
surface dielectric and consequently the particle molecular
capacitance, the slightly smaller capacitance in the presence
of NO3 implies a relatively weak interaction with the particles
as compared to the other three anions which are essentially
indistinguishable in this regard.
In addition, from Fig. 1 one can see that the voltammetric
proﬁles shift anodically with decreasing hydrophobicity of the
anions. This is manifested by the formal potentials of the ﬁrst
quantized charging peaks, þ0.386 V (PF6), þ0.522 V
(ClO4), þ0.589 V (BF4), and þ0.647 V (NO3). This trend
is consistent with the above argument that the ion polarization
power dictates the ion hydration and interactions of the anions
with the nanoparticles (it should be noted that the ionic radii5b
are PF6, 0.255 nm; ClO4, 0.226 nm; BF4, 0.218 nm; and
NO3, 0.165 nm). This is akin to the eﬀects of speciﬁc adsorption of electrolyte anions on electrode potential of zero charge
(PZC).13 Similar behaiors were also observed in previous
results with nanoparticle monolayers.5
To estimate the surface coverage (number of layers) of
nanoparticles, we varied the potential sweep rates and measured the corresponding voltammetric currents. Fig. 2 (panel
A) depicts the cyclic voltammograms of the C6Au multilayers
in 0.1 M LiNO3 at varied scan rates and panel B shows the
variation of the ﬁrst anodic peak currents with potential sweep
rate, which exhibits a very good linear relationship. This is in
consistence with a surface conﬁned system.13 In addition, from
the slope, one can estimate the surface coverage of this particle
assembly, 1.38  109 mol cm2, corresponding to about 42
layers of particles (the coverage for a monolayer of particles is
ca. 3.30  1011 mol cm2 by assuming a fully intercalated
nanoparticle assembly).
Further examinations were carried out with other electrolyte
anions, such as acetate, sulfate, phosphate, halides, etc. No
quantized charging features were observed in solutions containing any of these anions (not shown).

Fig. 2 Cyclic voltammograms (A) of a C6Au multilayer on a gold
electrode surface in 0.1 M LiNO3 solution. The potential sweep rates
are shown as ﬁgure legends. The variation of the anodic peak currents
for the ﬁrst charging peak (indicated by an asterisk) with potential scan
rate is shown in (B).
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To quantify the ion-pairing interactions between nitrate ions
and surface-immobilized nanoparticles, we varied the concentration of the nitrate ions and measured the corresponding
voltammetric responses, as the particle peak potentials were
anticipated to shift cathodically with increasing nitrate concentration5
0


RT
2
Ef ¼ E o þ nRT
ln K
K1  ðp  qÞna F ln½NO3 
aF

ð1Þ

where Ef and Eo0 are the formal potential in the presence and
absence of ion binding, na is the (eﬀective) number of electron
transfer, K1 and q (K2 and p) are the equilibrium constant and
the number of anions bound to the reduced (oxidized) forms of
the particle molecules, respectively. Fig. 3 shows the (A) CV
and (B) DPV of the C6Au multilayer in solutions containing
varied concentrations of KNO3 (with the addition of KAc at
an appropriate concentration to maintain the solution ionic
strength constant at 0.1 M). One can see that indeed with
increasing concentration of the nitrate ions, the overall voltammetric proﬁles shifted cathodically, as anticipated from eqn (1),
akin to previous observations5 with particle monolayers in the
presence of more hydrophobic anions such as PF6. Fig. 3C
depicts the variation of the formal potentials of the particle
quantized charging at three diﬀerent charge states with the
natural logarithm of KNO3 concentration, where symbols are

experimental data, and lines are linear regressions. Reasonably
good linearity can be seen for the three charging processes
within the concentration range of 0.04 to 0.1 M. The corresponding slopes are 34.6 mV (þ1/0), 58.6 mV (þ2/þ1), and
74 mV (þ3/þ2), respectively. These values deviate rather
signiﬁcantly from the 25 mV (na ¼ 1) expected for a 1 : 1 ratio
of the number of particle-bound anions and the particle charge
states [eqn (1)]. Thus if one assumes that at zero charge state,
no ion-pairing occurs, then the numbers of NO3 ions bound
to the particles at varied charge states are ca. 1 (z ¼ þ1), 3 (z ¼
þ2), and 6 (z ¼ þ3). In contrast, for more hydrophobic anions
(e.g., PF6, ClO4, and BF4), the ratio is essentially 1 : 1. The
observed disparity between NO3 and other anions may be, at
least in part, accounted for by the diﬀerent degrees of hydration and hence the eﬀective interactions with the particle
molecules, i.e., in these four anions, PF6 is least solvated
and thus the interactions between the ions and the particles will
be most eﬀective; whereas NO3 is the most solvated and the
interactions with the particles will be discounted by the water
solvation layers and hence more ions are needed to accommodate the same electrostatic interactions. This may also explain
the substantial deviations when the nitrate concentration is
very low (e.g., data points at [NO3] ¼ 0.02 mM in Fig. 3),
suggesting a concentration threshold for NO3-induced rectiﬁed particle quantized charging.
Eﬀects of alkaline (earth) ions

Fig. 3 Cyclic (A, CV) and diﬀerential pulse voltammograms (B, DPV)
of a C6Au multilayer on a gold electrode surface in aqueous solutions
with varied concentrations of KAc and KNO3. The total electrolyte
concentration is 0.1 M. (C) Variation of the formal potentials of the
ﬁrst three charging peaks with KNO3 concentration. Symbols are
experimental data, and lines are linear regressions. The slopes of the
respective linear regression are also shown in the ﬁgure.
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In the previous5 and present studies, the rectiﬁcation of
nanoparticle quantized charging appears to be independent
of the cations in aqueous solutions, ranging from ‘‘hard’’ ions
such as alkaline (earth) to hydrophobic tetraalkylammonium
ions; and the rectiﬁed quantized charging features are only
observed at positive potentials, suggesting that the interactions
between electrolyte anions and particles have dominating impact on the electrode interfacial capacitance and the resulting
voltammetric currents. This may again be attributed to the
variation of the hydration properties of these ions. As mentioned above, the maxima of the O–D vibration bands blueshift linearly with increasing polarization power (q/r) of the
electrolyte anions; whereas for cations, no continuous dependence on q/r is found.14 For instance, the O–D vibrational
band maxima are found to be around 2533 cm1 for both
‘‘hard’’ alkaline (earth) and ‘‘soft’’ tetraalkylammonium ions,
which are only slightly greater than that for bulk water (2509
cm1), in spite of their wide range of ionic radii. This strongly
suggests that, despite their vast disparity in terms of polarization power (hydrophobicity), the presence of these cations does
not appear to drastically aﬀect the H-bonding interactions of
the surrounding water molecules; and energetically, the hydration structures of these cations do not seem to deviate very
much among the series. Such fundamental diﬀerences from the
anionic properties may account for the lack of cationic rectiﬁcation of nanoparticle charge transfer in the negative potential regime, because binding with (even hydrophobic) cations
results in virtually no change in the interfacial water structure
and hence the interfacial double-layer capacitance. In the
previous studies,5 we proposed that the observed rectiﬁcation
of nanoparticle quantized charging could be interpreted by a
Randle’s equivalent circuit where the electrode interfacial
double-layer capacitance was varied by the ion-pairing between electrolyte anions and nanoparticle molecules because
the adsorption of hydrophobic anions led to the repellence of
water molecules from the electrode surface, as evidenced by
electrochemical quartz crystal microbalance (EQ CM) measurements.5e Consequently, the contributions from electrode
background charging were minimized and the overall voltammetric currents were dominated by the particle quantzied
charging. Such ion pairing became more eﬀective at positive
potentials with the particles positively charged whereas at
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Fig. 4 Cyclic (A, C) and diﬀerential pulse voltammograms (B, D) of a C6AuEG2 (13.8%) multilayer in 0.1 M aqueous solutions containing nitrate
and diﬀerent alkali and alkaline earth ions. In (A and B), potential sweep rate 100 mV s1; and in (C and D), DC ramp 4 mV s1, pulse amplitude
50 mV.

negative potentials, ion pairing was not favored. Therefore, a
rectiﬁed feature was observed.
However, depending on the strength of interactions between
the cations and the particles, the nanoparticle molecular
capacitance as well as the particle charging potentials might
diﬀer as a consequence of the variation of the particle eﬀective
dielectric and potential of zero charge (PZC) by ion binding.5
One can envision that the interactions between the particles
and the cations can be further manipulated by chemical
functionalizations of the particle surface. For instance, oligo(ethylene oxide) moieties have been well-known to speciﬁcally bind to alkaline (earth) metal ions, akin to crown ethers.10
Thus by incorporating varied copies of ethylene oxide ligands
into the particle protecting monolayers, it is anticipated that
the interactions between these particles and alkaline (earth)
metal ions can then be readily controlled. Fig. 4 shows some
representative CVs (A and B) and DPVs (C and D) of a
C6AuEG2 multilayer (exchange ratio 13.8%, 18.5 layers) in
a series of nitrate solutions containing diﬀerent alkaline (A and
C) and alkaline earth ions (B and D), where very well-deﬁned
rectiﬁed quantized charging features can be observed (similar
responses were also observed with C9AuEG4 particles at
varied exchange ratios, not shown). Rectiﬁed voltammetric
current proﬁles were also observed with monolayers of gold
nanoparticles protected with a full layer of mercapto-derivatives of ethylene oxide. However, no clear quantized charging
features were observed in CV measurements.15
Fig. 5 (upper panel) depicts the comparison of the particle
capacitances, calculated from the potential spacings between
neighboring charging peaks that are determined from the DPV
measurements, between C6Au and C6AuEG2 particles at
varied exchange ratios. One can see that for the C6Au particles,
the particle molecular capacitance is virtually invariant among
the alkaline and alkaline earth ions except for Sr21 which is ca.
8% greater than the rest of the series. Upon the incorporation
of the ethylene oxide moieties into the particle protecting
monolayers, overall the particle capacitance decreases slightly
as compared to that of the original particles. This seems
counterintuitive, as the ethylene oxide moieties are more
hydrophilic than the alkyl chains and the speciﬁc binding to
cations should lead to an eﬀective increase of the particle
surface dielectric and hence an enhancement of the particle
capacitance. The fact that increasing concentration of the EG2
ligands led to a (slight) diminishment of the particle capacitance suggests that the eﬀective dielectric of the particles
actually became smaller. This may be partly ascribed to the

more ordered and hence more hydrophobic structure of the
particle protecting monolayer as a consequence of speciﬁc
binding of alkaline (earth) ions to the ethylene oxide moieties.10 The exact manipulation is dependent upon the EG2
surface concentration. As shown in Fig. 5 (upper panel), at
very low (7%) or high (37.8%) exchange, the particle capacitances appear to be smaller than those at 13.8% exchange in all
alkaline (earth) ions.
Similar behavior is also observed with C9Au and C9AuEG4
particles (Fig. 5, lower panel). One can see that at 16.3%

Fig. 5 Molecular capacitance of the gold nanoparticles in nitrate
solutions containing diﬀerent alkaline (earth) ions. The upper panel
depicts the data for the C6Au and C6AuEG2 particles at varied
exchange ratios while the lower panel for the C9Au and C9AuEG4
counterparts. Data were calculated by using the peak potential positions determined in DPV measurements as exempliﬁed in Fig. 4C and
D. The numbers of layers of nanoparticles are C6Au, 42; C6AuEG2
(7%), 27.1; C6AuEG2 (13.8%), 18.5; C6AuEG2 (37.8%), 23.6; C9Au,
10.5; C9AuEG4 (16.3%), 6.2; and C9AuEG4 (22.8%), 18.8.
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Conclusion
Gold nanoparticle multilayers exhibited rather drastic diﬀerences in terms of ion-induced rectiﬁcation of the particle
quantized charging in aqueous solutions, as compared to the
monolayer counterparts. With self-assembled multilayers of
gold nanoparticles, very well-deﬁned quantized charging characteristics were observed for the ﬁrst time in NO3-containing
solutions. Such discrepancy from the monolayer counterparts
was attributable to the minimum structural defects within the
particle multilayer assemblies and hence diminishment of background charging currents. In addition, the more hydrophobic
multilayer structures might also lead to enhanced interactions
between the particles and the electrolyte ions. These observations were correlated to the diﬀerent degrees of hydration of
electrolyte ions as manifested in infrared studies. By incorporating ethylene oxide moieties into the particle protecting
monolayers, interactions with electrolyte cations were also
examined. The eﬀects were mainly reﬂected in the variation
of the particle molecular capacitance and the formal potentials
of the charging peaks as a consequence of the shift of the
particle PZC because of the speciﬁc interactions between the
ethylene oxide moieties and alkaline (earth) metal ions.
Further and more detailed studies are currently underway by
using the Langmuir–Blodgett (LB) technique to deliberately
control the particle multilayer structures.16 Results will be
reported in due course.

Acknowledgements
Fig. 6 Formal potentials of the ﬁrst charging peaks of the gold
nanoparticles in nitrate solutions containing diﬀerent alkaline (earth)
ions. The experimental conditions are the same as those identiﬁed
in Fig. 5.

exchange, the C9AuEG4 particle capacitances are actually somewhat greater than those of C9Au, while at higher exchange
(22.8%), the C9AuEG4 particle capacitances are smaller.
From these studies of the binding with electrolyte ions, one
can speculate that there are at least two immediate and yet
competing impacts of the incorporation of the ethylene oxide
moieties into the particle surface layer: On the one hand, an
increase of the particle dielectric because of the less hydrophobic nature of the ethylene oxide groups; and on the other,
conformational changes of the surface ligands that lead to the
exposure of a more hydrophobic surface to the media and
hence a decrease of the particle eﬀective dielectric. This is
further attested in the measurements of the voltammetric
potentials as a function of the EG concentrations, as shown
below.
Fig. 6 shows the variation of the formal potentials of the ﬁrst
o0
charging peaks (Eþ1=0
) of the C6Au, C6AuEG2, C9Au, and
C9AuEG4 nanoparticles in diﬀerent alkaline (earth) nitrate
solutions. The general trend is that with increasing concentration of the ethylene oxide moieties in particle protecting layers,
o0
Eþ1=0
shifts cathodically, indicative of an enhanced interaction
with the nitrate anions. This is consistent with the above
argument that the cation binding to the ethylene oxide moieties
leads to an increase of the hydrophobicity of the particle
surface layer. Consequently, the binding of the nitrate ions to
the particles is enhanced leading to a negative shift of the
voltammetric potentials, as observed previously.5
It should be noted that the EG2 and EG4 moieties are most
likely too short to form stable cyclic complexes with the
alkaline (earth) metal ions, and their binding constants with
these ions are similar to one another.10c This may explain the
lack of a clear trend among the alkaline (earth) ion series for
the same particle assemblies, despite some small ﬂuctuations,
as observed above in Figs. 5 and 6.
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