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Redox Properties of Self-Assembled Gold Nanoclusters
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The redox properties of a monolayer of alkanethiolate-protected gold nanoclusters (MPCs) constructed on a
gold slide electrode was studied in 1,2-dichloroethane (DCE) electrolyte solutions. The influence of the
electrostatic interaction between attached MPCs and the substrate electrode on the absolute standard redox
potential of MPCs was theoretically considered and studied experimentally.

1. Introduction On the other hand, the successive redox reactions of the MPCs,

which are anchored onto a gold electrode surface through the

dithiol linkers, occur with a smaller potential separation as

compared to those of freely diffusing MPCs in solutidhsn

the present paper, this observation is theoretically considered
y taking the electrostatic interaction between anchored MPCs

The electrochemistry of alkanethiolate-protected gold nano-
clusters (MPCs) (prepared by the Brust's react®mas been
extensively studied in the past few year8.At room temper-
atures, successive single electron-transfer events are observe
for MPCs in the for_m .Of a series of _evenly spaced current peaks and the substrate electrode into account, which can be formu-
on the potential axis in voltammetries. The thermodynamics of

these successive electron-transfer reactions was first outlinedlatecl In terms of the classical electrostatic model of image
by Chen et al5who ascribed the occurrence of the successive charges. The formulation is verified experimentally by studying

. : the electrochemical responses of the MPC monolayer assemblies
electron transfer to quantized charging of the extremely small

(sub-atto-Farad, aF) molecular capacitar@gr() of the MPC in 1,2-dichloroethane (DCE) electrolyte solutions.
associated with a combination of a small metallic core and a

dielectric protecting layer. Then the formal potentials of the 2. Experimental Section

charging reactions were formulated with respect to the potential
of zero charge of the MPCEEz0). In terms of this model, the
determination of the charge state of the MPC largely depends
on the measurement d&pzc, which is, however, difficult to
measure experimentally. Additionally, it should be pointed out
that the effect of the solvent dielectric was also neglected in
this model.

Indeed, the electrochemical properties of MPCs in electrolyte
solutions were found to be dependent upon a variety of factors,
including the monolayer thickness and dielectric prop&tthe
temperaturé! as well as the solvent and the supporting
electrolyte in it/1%12More recently, by considering an MPC
as a “giant molecule” and electron transfers as classical
electrochemical reactions, the absolute standard redox potential
of freely diffusing MPCs in electrolyte solutions has been
theoretically formulated by taking the solvent effect into account
and verified experimentall{# According to this formulism, the

2.1. Preparation of Gold Slide ElectrodesThe gold slide
electrodes were prepared as follows: microscopic glass slides
(1-mm-thick) were cut into the desired size as the substrates
for deposition of gold thin film. The glass substrates were first
sonicated separately in acetone, ethanol, and ultrapure water
for 20 min each and then immersed in the Piranha solution, a
4:1 mixture of concentrated sulfuric acid{500,) and hydrogen
peroxide (30% HO, in water) for 1 h. After that, the glass
substrates were rinsed with water and dried under a stream of
argon gas. The clean glass slides were then fixed on an
aluminum mask to evaporate a thin gold film of the required
area of 0.9 crh The evaporation was carried out in an Edwards
Auto 306 evaporator operating at a pressure of less than 5
107% mbar. The evaporation procedure is as follows: a 1-nm-
thick chromium (99.99%, Balzer) buffer layer was initially
deposited on the glass slide at a deposition rate of 0.1 m s

valence state of MPCs at a given potential can be estimated byt© improve adhesion of the gold film. Then, 100 nm of gold
employing an internal redox molecular reference, such as (99-99%, Balzer) film was evaporated on the glass slide, the
ferrocenium/ferrocene. first 5 nm of which was deposited at a rate of 0.1 nm and

MPCs demonstrate redox properties, not only in the electro- the rest at .().S.nm‘é. ) )

lyte solutions, but also on the solid electrodes as monolayers 2-2. Fabrication of MPC AssembliesThe gold nanoparticles

or multilayerst4-17 Freely diffusing MPCs undergo quite fast protected by 1-hexanethiol (calleds&l MPCs in this work)

electron-transfer reactions among MPC cores, and the equilib-With @ mean diameter of 16 0.4 nm in the metallic core were

rium of the MPCs solution can be described in terms of the Prepared as previously describ€dhe protocol of assembling

Nernst equatioh® Comparatively, the electron-transfer reactions Au MPCs onto a gold slide electrode surface was the same as

between electrodes and surface-attached MPCs have beeRreviously described, involving two steps: surface ligand

reported to occur very slowly in a range of-1200 s1,14-16.19 exchange and self-assemblitigBriefly, the prepared gAu
MPCs were first submitted to a ligand exchange reaction with

* Corresponding author. E-mail: hubert.girault@epfl.ch. Telephone: 1,9-nonanedithiol. In a_typical reaction,. 60 mg QWD MPCs
+41-21 693 3151. Fax#+41-21 693 3667. and 4 uL 1,9-nonanedithiol were co-dissolved in 10 mL of
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Figure 1. Schematic illustration of the self-assembling o§{Cs)Au MPCs on the gold slide electrode surface.

hexane in a round-bottom flask, and the mixture was stirred 01k a
for about 36 h. During this period, some ligands on the particle '
surface were displaced by 1,9-nonanedithiol. Some precipitates \/\/\/\/‘/
were also found to stick on the flask wall due to the intercalation
and cross-linking by the 1,9-nonanedithiol. The hexane solution 0.0~
was treated by repeated extraction with absolute ethanol to
remove excessive and displaced thiol ligands. Then the resulting
solution contained Au MPCs protected by a mixed monolayer 0.1+
of 1-hexanethiol and 1,9-nonanedithiol, calleds{Cg)Au
MPCs, where the free thiol groups of 1,9-nonanedithiol on the l | |
surface of the MPC sphere serve as anchor sites for MPC self- -1.0 -0.5 0.0
assembling on the gold electrode. The self-assemblinggf (C E/V vsFc'/Fe
Cy)Au MPCs on the Au slide electrode was simply performed
by immersing the Au slide electrode into the above-mentioned
hexane solution for, typically, 36 h. The electrode was then
rinsed with copious amounts of hexane to remove loosely bound
MPCs and dried in an argon stream. Figure 1 shows the
architecture of an MPC assembly, in which a monolayer gfC
Cg)Au MPCs is believed to constructed on the gold electrode
surface'®

2.3. Electrochemical MeasurementsCyclic voltammetry
(CV) and differential pulse voltammetry (DPV) were carried
out on a CHI-900 electrochemical workstation (CH-Instruments,
TX). CV and DPV measurements of freely diffusingATi
MPCs in 1,2-dichloroethane (DCE) electrolyte solutions were z/z-1
carried out in a two-electrode arrangement, in which ag6- Figure 2. (a) DPV responses of freely diffusing:& MPCs in DCE
diameter disk-shaped Pt microelectrode (CH-Instruments, TX) with 0.05 M TBACIO, as supporting electrolyte; (b) linear relation
was used as the working electrode, and a silver wire was used®€™een the peak potentials in (a) and the charge state of MPCs.
both as a quasi-reference electrode (QRE) and counter electrode.
The potential was corrected to the ferrocenium/ferroceng/(FC  same distance apart on the potential axis. They are related to
Fc) by adding Fc to the cell at the end of the measurement. the serial changes of the MPC core charge by successive single-
Electrochemical measurements ot{g)Au MPC assemblies  electron transfers. In this sense, MPCs can be treated as
were performed in a three-electrode cell, in which a gold slide multivalent redox species. The absolute standard redox potential
electrode functions as the working electrode (WE) and a of a redox electrochemical reaction associated with MPCs can
platinum wire and a silver wire as the counter electrode (CE) be derived from a thermodynamic cyéfeFor the freely
and quasi-reference electrode (QRE), respectively. The param+iffusing MPCs in solutions, it is:
eters for DPV measurements in all cases were selected as
follows: scan rate 10 mV3, pulse height 50 mV, pulse width 1
60 ms, and period 200 ms. , (Z 2)e

. 3 v 2" (d 1
[Ezz-1labs bun™ 5 +4n60(r0+d)(edr0 ES) @)

I /nA

Ep /V vs F¢ /Fe

3. Results and Discussions

The successive single-electron-transfer property of freely where®y, is the work function of the bulk metadp, €4, andes
diffusing MPCs was first studied in the organic electrolyte are the dielectric constants of the vacuum, the protecting
solutions for comparison. Figure 2a shows the DPV responsesalkanethiolate monolayer of the MPC and the medium, respec-
of CéAu MPCs in DCE with 0.05 M tetra-butylammonium tively. ro and d are the radius of the metallic core and the
perchlorate (TBACIQ) as the supporting electrolyte. A series thickness of the protecting monolayer of the MPC, respectively.
of well-resolved current peaks are spaced approximately the Figure 2b displays the potential at DPV peaks as a function of
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potential side is limited by the oxygen dissolved in the solution.
On the other hand, a large potential separation between the first
oxidation and the first reduction potential peaks was observed
with a current minimum at arounet0.30 V. The reason for
this phenomenon has been considered to be due to the diffuse
double layer outside the protecting monolayégwever, this
effect could be worthy of dedicated studies to fully elucidate
the phenomenon.

There is a linear correspondence between the oxidation peak
220 1 ! 1 potential and the MPC charge state, as demonstrated in Figure
-0.5 0.0 0.5 3c. The linear fitting yields a slope of 0.20 V. Apparently,

E/V vs AgQRE there is a~25% decrease (from 0.25 to 0.20 V) AV
when MPCs are anchored onto the electrode compared to that
b when they are freely diffusive in the same DCE electrolyte
5+ solution. This observation is rather similar to that illustrated in
o a previous work, where a 25% decrease of the potential spacing

g took place when the particles are anchored onto the electrode
i 0 surface as compared to those that are dissolved in soldfions.
~

The authors have considered it to be likely the preferential

assembling of the larger-sized particles onto the electrode surface
-5 during the self-assembling process. However, there is neither
| | | theoretical nor experimental evidence that supports this specula-

05 00 05 tion.
E/V vs AgQRE First of all, the partial ligand exchange of 1-hexanethiol by

1,9-nonanedithiol results in the increase of the effective thickness
of the protecting monolayer, that is, the parametereq 1. In
this case, however, a larga\V is anticipated according to eq
1. Indeed, previous experimental work has also demonstrated
thatAV regularly increases with increasing the thickness of the
protecting monolyet® For example, the voltammetric response
of MPCs protected by 1-decanethiolate has a larger peak
separation AV = 0.38) relative to that protected by 1-hex-
anethiolate AV = 0.27) in 2:1 toluene/acetonitrile mixing
solution. On the other hand, because the decreasA\of
when transferring freely diffusing MPCs onto the electrode
z/2z-1 surface was observed in the same electrolyte solutionan
Figure 3. (a) CVs of a (G—Cs)Au MPC assembly in DCE at various € taken to be the same and will not chamgeé. Therefore,
scan rates: 0.1, 0.2, 0.3, 0.4, and 0.5 Bom inner to outer; (b) there must be some other factors responsible for the decrease
typical DPV responses of a §€Cg)Au MPC assembly in DCE; (c) of AV.
Ici)?e';;éeslation between the peak potentials in (b) and the charge state T present system is analogous to a well-known model
' system in which a redox species, for example ferrocene, is

the MPC charge state change. The linear relation is Consistenttethered to a metal electrode at a controlled distance via a self-

with the prediction of eq 1. In terms of eq 1, the slope of the assembled monolayer. In this cpnfiguration, the electronic
linear fitting represents the average voltage separation of theCOUpllng between the redox species and the electrode surface

successive redox reactionV), which is 0.25 V from the linear 1S Critically important in determining the kinetics and the
fitting as shown in Figure 2b. By taking = 10 andro = d =

pathway of the electron-transfer reaction. The electronic cou-
0.8 nm, the contribution of solvent dielectric tV can be  Pling factor can be expressed by a matrix element within the
evaluated to be around 0.09 V, indicating that it is a key ramework of Marcus theory. However, it is difficult to be
parameter to describe the redox properties of MPCs. On the&Stimated because one must consider the nuclear coordinates
other handgq can also be evaluated to be 5.6. It is much larger N the redox species and the electronic structure of the electrode.

than the intrinsic dielectric of the alkanethiolate, 3.0, while close FOr the present system, the electronic coupling between MPCs
to the value of 6.2 estimated previoudhwhich indicates the ~ and the gold electrode would contribute to charging work and,
penetration of solvent or electrolyte into the protecting mono- therefore, the solvation of the MPC. In the following, we shall
layer of the MPCs. estimate the electronic coupling between anchored MPCs and
As demonstrated previously, the successive electron-transferthe gold electrode by considering the classical electrostatic
reactions not only occur for freely diffusing MPCs in electrolyte model of image charges. As shown in Figure 4, an MPC with
solutions but also for MPCs in the surface assemblies. Figure chargeq is placed at a poin®, which is in the solution side at
3a and b show the CVs and DPVs of gA0 MPC monolayer a distancé from the electrode/solution interface considered as
on a gold slide electrode surface linked by 1,9-nonanedithiol a plane. An image charge locates at a p&ntwhich is in the
in DCE electrolyte solution. The responses were very consistentmetal electrode at the same distance from the interface with
with those observed with thes&u MPCs in organic electrolyte  chargeq'. Thus, by taking this electrostatic interaction effect
solutions, in particular in the positive potential regime. Because into account, the absolute standard redox potential of MPCs
the solution was not degassed, the potential scan in the negativeattached to an electrode surface can be derived on the basis

< o o
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p

E_/Vvs AgQRE
=)
)
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cycle and the previous oheis that, in solvent phase, the
electrostatic interaction will be taken into account. At a first
approximation, the work to transfer a charged sphere from the
gas phase to a solvent phase can be considered equal to the
Gibbs solvation energy of the charged sphere. Therefore, the
absolute standard redox potentidyf,_,]abs is given by:

Solution
&

AGq v,MPGE AG, wmpa-1 T E|0271
[E2iz-tlaps=— - — @

Interface
Figure 4. Application of the classical electrostatic method of image WhereE?Z,l is the ionization energy of MPE1 in a vacuum.
charges to an MPC self-assembled on the gold electrode surface. AGgoIv,MPCZ and AGgolv,MPa—l represent the standard Gibbs

a — P solvation energies of MPCand MPC ™1, respectively.
(@) < oaization in vacwun |, ( ® Evaluation ofAGY, e Can be done on the basis of Born's
i model of ionic solvation, as illustrated in Figure 5b. The work
Transfer of MPC”| &0 4 transfer of MPC*! of transferring MP€ from the gas phase to the solvent phase
v B | _ (AGQWMP@) corresponds to the sum of the work of discharg-
/am>  Oxidation in a dielectric  / gm\ ing MPCZ in a vacuum to form a neutral sphere of the same
' 0 ° " \®' @ ' size (\0), the work of transferring this neutral sphere from the
R vacuum to the phasev), and the work of charging this sphere
in the solvent phasenf):

b /@m"  Discharge in vacuum ) 0
'\\g/ 2 l\lx //l AGsolv,MPCZ = Wtoi + Wi +w, )
Transfor of MPC* | & | Transfer of MPC® According to the description in Figure 5b, the electrostatic
¢ &s VL interaction between MPCs and the gold electrode only changes
y /g _ Chargeinadielectric 7\ WS, but not wj and w,. W] has the same expression as
{ ° ° = \_:/ previously derived for a freely diffusing MPE:
W= 2e 1\( 1 1
Figure 5. (a) Equivalence of an oxidation process of a surface-attached d— Sire 1- e_ r+d + e_r (6)
MPC to a thermodynamic cycle; (b) Born’s model of the solvation of 0 a/\'o a0

a surface-attached MPC. . )
However, w; is the sum of the work of charging a freely

of the previous works diffusing MPC (%) and the work with respect to the electro-
static interaction between anchored MPCs and the gold electrode
0 — [0
[Ezlzfl]abs,assembly_ [Ezlzfl]abs,bulk_ 87T6063h (2 Wi = \sz + W(S:’e 7
In comparison with eq 1, one more term appears in eq 2. As a Where
first approximation, this term represents the contribution from 2
the electrostatic interaction between attached MPCs and the P = € (l_l)( 1 ) 1 (8)
substrate electrode. By taking = 10 for DCE andh = 1.3 T Bmegf\es  €gf\rotdf  eglg

nm (the approximate chain length of 1,9-nonanedithiol), a

decrease of 0.06 V inV is expected due to the MP@lectrode And Wée will be considered in terms of the classical electro-
interaction. If we deduct the possible increasedt for the static model of image charges. For simplicity, an MPC is
partial ligand exchange, this value could be close to the considered as a large ion with an effective radius@ft- d.
experimentally observed 0.05 V. This conformity indicates that According to Gauss’s law, the potential generated by the image
the electrostatic interaction between MPCs and the substratecharge aP is:

electrode is an important factor in dictating the absolute standard

redox potential of MPCs self-assembled on the electrode surface. vig=-—39 =5 _‘m__d )
To derive eq 2, we consider the surface-attached MPCs as dreges2h e+ €, dmeges2h
multivalent redox species and depict the sequential one-electron- ) )
transfer process as an electrochemical reaction: The dielectric constant of the metal eleCtrOde],, can be
considered to be very large, and in this case, eq 9 reduces to:
MPC* ' — e =MPC €©) q
V) = -z o (10)
As we did previously to derive eq'®,the absolute standard Areges2h

redox potential can be expressed by a thermodynamic cycle.

As shown in Figure 5a, the one-electron oxidation reaction can Then the electrostatic interaction energy induced by the image

be decomposed to three steps: the transfer of fP@om chargew; . can be expressed as:
the solvent phase to the gas phase, the ionization of MP© 2
form MPCZ in the gas phase, and the transfer of MA@m W = Lzev'(q) dgq= (11)

the gas phase to the solvent phase. The difference between this 8reges2h
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By introducing egs 8 and 11 to eq &; is obtained:

_Z€[(r 1\ 1 1 1
K e R
By substituting eqs 6 and 12 into equGSO,V’,\,lp(z is rewritten
as:
2
0 _Ze(1_ 1)__1
AGsoIv, MPG 87'[60[(65 1)(I’0 + d) 263h + Wh (13)

The ionization energy of MPE® in a vacuum E7,_,) is
equal to the sum of the work function of the bulk metal and the
work of charging an MPC from charged state- 1 tozin a
vacuumé®21 Neither of these two works is affected by the
electrostatic interaction. It means tHﬁ?ﬁz,l is the same for a
freely diffusing and a surface-attached MP&13

2
+(22—1)e|'11_ 1), (2
8rey |ea\ro Totdf (rot+d

E, = (14)

Finally, from egs 4, 13, and 14, the absolute standard redox
potential of MPCs attached to electrode surface can be derived

as:

1
£ ] _ 2, [2-3 d ,1_Totd
Z/Z—1labs,assembly e 47T€o(ro+ d) GdrO € ZESh
(15)

By combining eqs 1 and 15, we can arrive at eq 2.
Definitely, the theoretical consideration based solely on the
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by the penetration electrolyte ions into the protecting monolayer
of the MPC, which has been found to control the electron-
transfer reaction between MPCs and the substrate electrode
termed as “ion rectification®

4. Conclusions

The redox properties of alkanethiolate monolayer-protected
gold nanoclusters (MPCs) self-assembled on the gold slide
electrodes were studied in DCE electrolyte solutions. The effect
of the electrostatic interaction between attached MPCs and the
substrate electrode on the redox behavior of MPCs was
theoretically considered in terms of the method of images in
classical electrostatics and justified experimentally.
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