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Abstract: The voltage-induced assembly of mercaptosuccinic acid-stabilized Au nanoparticles of 1.5 +
0.4 nm diameter is investigated at the polarizable water|1,2-dichloroethane interface. Admittance measure-
ments and quasi-elastic laser scattering (QELS) studies reveal that the surface concentration of the
nanoparticle at the liquid|liquid boundary is reversibly controlled by the applied bias potential. The
electrochemical and optical measurements provide no evidence of irreversible aggregation or deposition
of the particles at the interface. Analysis of the electrocapillary curves constructed from the dependence of
the frequency of the capillary waves on the applied potential and bulk particle concentration indicates that
the maximum particle surface density is 3.8 x 10%%cm~2, which corresponds to 67% of a square closed-
pack arrangement. This system provides a unique example of reversible assembly of nanostructures at
interfaces, in which the density can be effectively tuned by the applied potential bias.

Introduction

Current trends in nanosciences and nanotechnology are

pointing toward the fabrication of 2D and 3D assemblies of
monodispersed nanostructures at surfdcésA variety of

protocols has been developed in the past few years for the

assembly of functionalized metal and semiconductor nanopar-
ticles at electrode surfacés!* The optical and electronic
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properties of the ensemble are determined not only by the
properties of individual nanostructures but also by the particle
particle and particle substrate interactions:315A rather chal-
lenging issue is to address the effect of these interactions on
the reactivity of individual particles. To assess this information,
assembling protocols should be developed in which the inter-
particle and particle-substrate orbital couplings can be effectively
deconvoluted. Recent publications by Dinsmore and co-workers
show that interparticle interactions can be uniquely studied at
liquid|liquid interfacests:17

Interfaces between two immiscible electrolyte solutions
(ITIES) provide a defect-free junction for studying adsorption
phenomena, charge-transfer reactions, and phase-formation
processe&20 In the presence of hydrophilic and hydrophobic
electrolytes, the Galvani potential difference between the two
liquid phases can be biased potentiostatically. The Debye length
at the interfacial region extends over a distance of ca. 10 nm,
depending on the concentration of the electrolytes, although
controversies still remain concerning the effect of -téon
interactions in the potential distributidh.Our recent works
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Figure 1. Schematic representation of the electrochemical cell. m'\\ 0.0

o
based on polarizable wat&r2-dichloroethane interfaces indi- 03

cated that Ti@ nanoparticles can be assembled at the interface B 0[-

upon applying a potential bi#$23In the present communica-
tion, we shall study the reversible potential-induced assembly
of Au particles at ITIES. Differential capacitance and quasi-
elastic laser scattering (QELS) measurements provide clear
evidence that the particle density at the ligliguid boundary

can be tuned by the Galvani potential difference applied between
both electrolyte phases. Electrocapillary curves constructed from
QELS measurements allow evaluating the particle excess con-
centration as well as the effective charge of the particles at the
interface. No evidence of substantial aggregation of the mer-
captosuccinic acid derivatized nanopatrticles at the ligjgieid
junction are observed under the experimental conditions em-
ployed. The implications of these findings in future strategies
for studying interparticle interactions in 2D assemblies are also
briefly exposed.

W
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Figure 2. Cyclic voltammograms at 100 mV-§ (a) and differential
capacitance curves (b) for various concentrations of Au nanoparticles. Both
electrochemical responses indicate the presence of an excess negative charge
at the aqueous side of the ligiliquid boundary upon negative polarization.
Synthesis of the Gold NanoparticlesAqueous suspensions of gold  The minimum of the capacitance in the absence of the nanoparticles was
nanoparticles protected by a monolayer of mercaptosuccinic acids taken as thezc
(MSA) were synthesized by NaBHeduction of AuCl~ in a mixture
of water and methanol. The Synthesis follows the protoc0| reported by differential Capacitance curves obtained in the absence of the nano-
Chen and Kimura? including 10 consecutive washing and centrifuga- Particle suspension. This potential bias was close to the maximum in
tion steps with 20% water/methanol (v/v) solution and pure methanol. the electrocapillary curve, confirming that it corresponds to the potential
This sequence ensures the removal of inorganic ions and free MSA. Of zero chargef(zg at the watelDCE interface.

Experimental Section

The solvent excess was evaporated at temperatures bel6®@ 40d
pressure under & 1072 Torr for 12 h. The core size of the resulting
particles exhibited an average diameter of t.8.4) nm as determined
by HRTEM.

Electrochemical Cell.All reagents used were analytical grade. The

Interfacial Tension Measurements.Quasi-elastic laser scattering
measurements under potentiostatic control were performed in a 15.9
cn? all-glass cylindrical cell using the optical heterodyne mixing
technique’® An optical glass window was placed in contact with the
aqueous phase to minimize the diffraction from the watemterface.

aqueous and organic solutions were prepared with the ultrapure waterA 4 MW red He-Ne laser (632.8 nm) was perpendicularly directed to

from a Milli-Q system (Millipore Milli-Q.185) and 1,2-dichloroeth-
ane (DCE) (Fluka 98% for HPLC), respectively. The compositions of

the liquidliquid interface as well as a diffraction grating (local
oscillator®). Further details of the experimental setup have been

the electrolyte solutions are indicated in Figure 1. The organic sup- described elsewhefé.The grating constantdf of the set up was
porting electrolyte was bis(triphenylphosphoranylidene) ammonium determined as 0.358 mm by the following equation:

tetrakis(pentafluorophenyl)borate (BTPPATPEB)t was prepared

by metathesis of bis(triphenylphosphoranylidene)ammonium chloride

(BTPPACI) (Fluka,>98% for HPLC) and lithium tetrakis(pentafluo-
rophenyl)borate diethyl etherate (LITPFB) (Boulder Scientific Com-
pany, gross wt: 64.3 gm/tare, wt: 54.3 gm/net) in a molar ratio of 1:1
in 2:1 methanol/water mixture, followed by recrystallization in acetone.
The geometric interfacial area was 1.53%crithe electrochemical

dsina=nk Q)
wheren is the order of the diffraction spat,is the wavelength of the
incident light, andx is the angle of the diffracted beam with respect to
the fundamental beam at the detector plane. The third-order diffraction
spot was monitored by a photomultiplier tube and was analyzed by a
fast-Fourier transform (FFT) analyzer (Stanford Research System

experiments were performed using a homemade four-electrode systernSR770 Th - - )
. - . The aqueous and organic solutions were saturated with each
connected to a Stanford Research System DS335 synthesized function ) q 9

; . . . other. All of the experiments were carried out at room temperature
generator. The interfacial capacitance was calculated from admittance
; (295 £ 2 K).
measurements using a Stanford Research System SR830 lock-in

amplifier at a frequency of 6 Hz and amplitude of 4 mV rms. The
applied potential was referred to the potential of the minimum of the
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Results and Discussion

Cyclic voltammograms at 100 mV 5and various concentra-
tions of the Au nanoparticles are illustrated in Figure 2a. The
voltammograms feature a peak at negative potentials for which
position and broadening are slightly dependent on the concen-
tration of the nanoparticles. This response is not observed in

(26) Hard, S.; Hamnerius, Y.; Nilsson, @.Appl. Phys1976 47, 2433-2442.
(27) Nagatani, H.; Samec, Z.; Brevet, P. F.; FernD. J.; Girault, H. H.J.
Phys. Chem. R003 107, 786—790.
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aqueous solutions containing free MSA or AyClindicating F )

that the peak is associated with the MSA-derivatized Au -88 fx i_ﬁ/"\ 0.10 gdm”
nanoparticles. The peak current exhibits a linear dependence | ! BN A0 s
on the potential scan rate, suggesting that the process is - .

associated with the specific adsorption of the nanoparticles. In §'9O . MOS
addition to the uncompensated resistance effects, the width of 2 S T e ol
adsorption peaks in cyclic voltammograms at the polarizable 9 .

liquidjliquid interfaces is determined by the charge of the L ’M'OO
adsorbing species and the effective potential drop in the aqueous o4 :‘*’*" | | ) | Nlﬂr*,sl

side of the junctior® The relatively broad adsorption features
. . . T . . 2 4 6 8 10 12
in Figure 2a provide indications that (i) the effective charge £/ kHz

per particle is S|gn|f|c_a_ntly S.ma”er than the cha_rge_ eXpeCted..lf Figure 3. Evolution of the power spectrum corresponding to the third-
all the mercaptosuccinic acid groups were fu”)_’ ionized and (_") order spot of QELS with increasing concentrations of the Au nanoparticles
only a small portion of the applied potential is developed in at Aj¥¢ = —0.160 V. The decrease db with increasing particle

the aqueous side of the interface. Additional aspects concerningeoncentrations indicates a decrease in the frequency of the capillary waves.
the effective charge per particle will be discussed further below.

Evidence for the adsorption nature of the voltammetric re- oF I ' ' "]
sponses can be obtained from the differential capacitabgp ( 28 7]
curves shown in Figure 2b. These curves were estimated from - 26 —
admittance measurements assuming that the impedance of the Z 2% |
cell can be expressed in terms of the double-layer capacitance g
and the uncompensated resistance between the reference elec- = 22 A
trodes. The value d€q can be rationalized as the derivative of 20 + w
the excess charge in the electric double layer with respect to 1814 o 0.00 ]
the applied potential. 1 I 1 1 1

It can be observed that the excess charge at the interfacial 02 -01 00 01 02
boundary increases at negative Galvani potential difference. In AT @V

this potential region, the inner potential of the agqueous phase Figure 4. Electrocapillary curves at various particle concentrations,
is biased negatively with respect to the organic phase, inducingdemonstrating that the density of particles at the ligligdid interface can
the accumulation of anions in the diffuse layer of the aqueous P€ reversibly controlled by the applied bias potential.
side of the interface. We have observed a similar behavior in . .
the presence of TiDparticles at basic pH where the oxide The dependence Qfop the _concentratlon of the nanoparticles
surface is negatively chargé8iThe excess charge associated as well as thle potentl_ﬁl bias across tze mtc_arf;a:c_:e alliw:ad
with the assembly of Au nanoparticle increases with increasing constructing e ectrocapl ary Curves as snown in Figure <. in
particle concentration up to values close to 0.1 g 8nThis the absence of the patrticles, the maximum of the electrocapillary
behavior further indicates that the excess charge at negativegyfFveS IS Ilocateq at poteﬁjrlals cllose tf(,) the kr]nlnlrr]numf of the
potentials is originating from the polarization-induced assembly ' erential capacitance. This result confirms that the reference
of the nanoparticles at the liquldjuid boundary potential employed in this report corresponds to the potential
Changes in the interfacial tension due to the formation of of zero charge. As the concentration of the particles increases,
the nanoparticle assembly at the WiBEE boundary were the interfacial tension decreases at negative Galvani potential
estimated from the variations in the QELS power spectrum. The d|ﬁ§rencgs due to tr?e asselmbg{ oflthe dAu nar?opartlclebs. C(()jm-
evolution of the power spectrum corresponding to the third- parison between the results disp ayed in Figures 2 and 4
order diffracted spot with increasing concentration of the demonstrates that the onset potential for the formation of the
nanoparticles ah,"¢ = —0.16 V is illustrated in Figure 3. The hanoparticle array is close to thecat the watdDCE bo_unda_ry.
displacement of the maximum toward lower frequencies indi- Furthermore, the dependence;0ndCy on the applied bias
cates a decrease in the frequency of the capillary waves. The'emains unaffected after several potential cycles over the whole
relationship between the maximum frequency in the power polarizable window. These results indicate that the formation

spectrumf) and the interfacial tension) is given by Lamb's of the na}nopartlcle assembly can be _rever3|bly controlled by
equatior?® the applied voltage and no irreversible processes such as

aggregation or gold nucleation appear to take place at the
1 % liquid|liquid interface.

fO:Z_n TV—DCE (2) To rationalize the changes in the surface tension, it is

p tp considered that the charged species distributed in the electrical
double layer comprise the ions of the aqueous supporting
electrolyte Nd and CI, the nanoparticles &u with the charge
numberz— (z > 0), and the ions of the organic supporting
electrolyte BTTPA and TPFB. As the charge of the MSA-
derivatized particles is counter-balanced by sodium ions, changes

where p¥ and pP°E are the density of water and DCE,
respectively. The capillary wavenumbkrwas estimated as-
suming that the interfacial tension of the neat wi&Et
junction is 28.5 mN m.2”

(28) Nagatani, H.; Fermy D. J.; Girault H. H.J. Phys. Chem. R001, 105, in the concentration of the particles do not affect the pH
9463-9473. i ifi ; ; :

(29) Lamb, H.Hydrodynamics6th ed.; Cambridge University Press: London, SImelcamly' Consequemly’ the Gibbs adsorptlon equation at
1932, p 457. constant temperaturd) and pressureR) can be expressed as,
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_dVT,P = Lpye ditpye + UygeGiing: + T-diig- +
Lgrrpa:Uitgrepar T Drprg Qirprs- (3)

where y is the interfacial tension an@ and I" are the
electrochemical potentials and the surface excess concentrations,
respectively. Upon expressing the changes in the chemical
potentials of the electrolytes NaCl, Mai, and BTPPATPFB

as,

dunapy = ZCHing: T dila, - 4)
dutnac = ditng: + dig- (5)
dugrppatpre= itgrppar T dirpes- (6)

the electrocapillary equations is obtained,

—dyp= Q"dAge + rAuZ-d:uNazAu +
(Tnar = Zlau, )ditnac T Trpes- diarppaters (7)

107 T/ cm”

0 1 1 1 1 1

0.02 0.04 0.06 0.08 0.10

whereQY is the excess charge density on the agueous side of 3
Cpy/ gdm

the interface,

Figure 5. Charge density (a) and surface excess of the particles (b) as a
QW/F =Ty, — Lo —2 'y, - =— QO/F = function of the bulk concentration of the nanoparticles for various Galvani
Na Cl Au . .
z potential differences.

Frors- — Tarpear (8)
charge per particle, capillary electrophoresis was performed on

From eq 7, it follows thaQ" and['a,,- are given by, nanoparticle suspensions at pH!7Our preliminary results

gy yielded a mobility of (4.44 0.1) x 108 m?2 V-1 s71, which
Q"= —( w ) 9) corresponds to a value af= 3.9 + 0.1, assuming spherical

o TPy nanoparticles with an average diameter of 1.5 nm. Templeton
et al. have also obtained similar average charges for Au particles

and of the same dimensions stabilized by TiopoffiThis z value
dy is consistent with the previous estimations based on the
FAU; = _(Ew ) (10) electrocapillary curves, confirming that the changes in the
NaAUJT P A tnacitaTreaTers surface tension are related to the interfacial assembly of the Au

particles.

Finally, assuming that the most important contributionQi
arises from the Au nanoparticles, analysis of the electrocapillary
curves on the basis of eqs 9 and 10 can provide information on
the particle charge number

The dependencies @ and I'a,~ on the concentration of
the particles in the aqueous suspension as derived from eqs
and 10 are illustrated in Figure 5,a andrbspectively. The

The previous thermodynamic analysis does not establish a
model a priori for the structure of the nanoparticle assembly.
The maximum value df s,z estimated from the electrocapillary
curves is 3.8« 102 cm~2, corresponding to approximately 67%
é)f a square closed-pack arrangement of spherical particles of
1.5-nm diameter in a pseudo-2D assembly. In principle, the

L . . . particle assembly can be visualized as a concentration polariza-
derivatives were calculated by interpolating the surface tension . . . o .
tion phenomenon, i.e., the particles are distributed in the space-

values employing a polynomial expression. It can be observed : ; . .
ploying a poly P charge region at the aqueous side of the interface. However, it

that both interfacial parameters increase as the concentration . .
. . ; e should be also taken into account that the diameter of the
of the particles increases and as the interface is biased to

negative potentials. Considering particles is_comparablt_a to the chgracteristic Debye length at the
' aqueous side of the interface, i.e., 5 nm for the electrolyte

Q" ~ QAuZ* T (11) composition described in Figure 1. Consequently, although the
Auz experimental results do not provide unambiguous evidences of

the effective average value pbbtained from the data illustrated ~ the formation of a 2D assembly upon polarization, the intrinsic
in Figure 5 corresponds to 5: 0.7. This value appears rather  Structure of the mterfacg det_err_nlnes that the particles are
low, considering that particles of this diameter can accommodate €Onfinéd to a narrow region within few nanometers from the
at least 50 thiolate ligand®.The carboxyl groups in MSA  liquidlliquid boundary.

exhibit two K, values at 4.90 and 5.64;consequently, these In summary, we have provided evidences that assembly of
groups should be fully ionized at the pH of the aqueous AU nanoparticles can be onset at the ligliggiid boundary upon
electrolyte (pH= 7). To verify the estimation of the average applying a potential bias. This approach has the unique

(30) Hostetler, M. J.; Wingate, J. E.; Zhong, C. J.; Harris, J. E.; Vachet, R. W.; (31) Experiments were performed in a 60-cm long capillary, with an applied

Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; voltage of 30 kV and a UVvisible detector set at 200 nm.
Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. Wangmuir1998 (32) Templeton, A. C.; Cliffel, D. E.; Murray, R. WI. Am. Chem. S0d.999
14, 17-30. 121, 7081-7089.
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