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Abstract

We describe the formation of stable dithiol-bifunctionalized Ru(II)-terpyridine monolayer onto gold electrode. The coverage-depen-
dent behavior onto gold electrode has been studied by electrochemical technique. The stability, surface charge coverage, and electron-
transfer kinetics were assessed by cyclic voltammetry. Functionalized monolayer-protected Au clusters (MPCs) were also prepared. The
spectroscopic characterization data of MPCs using UV-Vis and TEM techniques are discussed. TEM images showed that functionalized
spherical nanoclusters of 4.7 + 0.3 and 4.3 + 0.2 nm were produced. The particle sizes are uniform with a narrow size distribution. The
morphology of Au(11 1) metal surface modified with MPCs was imaged using atomic force microscopy (AFM). The nanoparticle layer
exhibits a distinct surface morphology, irregularly shaped domains with dimensions from 20 to 60 nm and root mean square heights of

2.401 nm.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Self-assembled monolayers (SAMs) on metal surfaces
have been the subject of extensive research [1]. Much of
the recent work is driven by the applications in sensors
[2], catalysis [3], molecular and electronic devices [4], and
other areas [5]. The fundamental study concerning the
structure of the alkanethiols onto gold metal surface has
been leading to some interesting developments [6—11]. Tun-
neling microscopy and diffraction methods have found that
SAMs display complex phase behavior that depends upon
coverage, temperature, chain length, and method of prepa-
ration [6-9]. Long chain alkanethiols are easier to self-
assemble on gold surface to form densely packed monolay-
ers that the alkyl chains pack in an all-frans conformation
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[10]. White and co-workers have studied the coverage-
dependent phase behavior of the decanethiolates on
Au(111) surface by variable-temperature scanning tunnel-
ing microscopy [12]. At the lowest coverage, the surface is
composed of a weakly interacting, mobile lattice gas. As
coverage and interadsorbate interactions increase, thiolate
first condenses into a series of low density striped phases,
each with an increasing degree of out-of-phase interdigita-
tion. Finally, the thiol stands up, 30° off normal, in a close-
packed saturation phase.

Parallel to this area, the chemistry of nanocomposite
materials constitutes a vast field of research, in particular
systems including metallic nanoparticles such as gold [13],
silver [14], and platinum [15] nanoparticles. These nano-
particles can be regarded as a new class of materials
whose properties can be tuned by manipulating the termi-
nal functionalized group, such as alkanethiolate bearing
redox-active or photo-active terminal functional group.
Many of functionalized monolayer-protected clusters
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(MPCs) described to date contain organic and bioorganic
ligands such as dendrimers [16] and DNA [17]. Compara-
tively, the functionalization of MPCs by inorganic system
remains much less developed and usually involves alka-
nethiol chain containing redox-active center. Murray
and co-workers have described the preparation of func-
tionalized nanoparticles which are of interest for catalytic
applications [18]. Functionalized gold and silver MPCs
coated by polypyridyl ruthenium(II) complexes have been
reported [13k,19]. Recently, it has been demonstrated that
chromophores functionalized nanoparticles are useful in
nanophotonic devices and studies have revealed that the
optical properties can be tuned by incorporating various
photo-active terminal groups [20]. In our group, we
investigated the formation of gold nanoparticles
comprising both redox-active and photo-active inorganic
systems such as 4’-ferrocenyl-2,2":6’,2"-terpyridine and
4’-biferrocenyl-2,2":6', 2”-terpyridine ruthenium(II)-terpy-
ridyloctanethiolate complexes [21]. The use of such
ruthenium(Il)-ferrocenyl inorganic complexes in nano-
composite is very promising and should allow combina-
tion of physical properties of both molecular complexes
and nanoparticles.

Recently, there has been extensive studies to develop
new methodologies for the construction of particle-ordered
assemblies [13h,22]. Among them, a bifunctional ligand
acts as a linker unit with one end adsorbed onto a substrate
surface and the other end used to anchor the particles. This
procedure can be repeated many times to build up an arbi-
trary number of well-defined multilayer structures. Chen
and his coworkers reported a study to construct 4-(1-oxo-
7-mercaptohexyl)pyridine functionalized gold nanoparti-
cles [23]. The assembling of nanoparticles surface layers
was effected by exploiting the complexation interactions
between divalent metal ions and pyridine moiety. The num-
ber of the nanoparticle layers was controlled by the repeti-
tion of the dipping cycles.

Here, we present a system (Scheme 1) based on the
preparation of dithiol-bifunctionalized Ru(II)-terpyridine
complex (1) self-assembled on gold nanoparticles. The cov-
erage-dependent phase behavior of this Ru(II) complex
onto gold electrode has been studied by electrochemical
measurement. More complex nanostructures based on the
covalent attachment of nanoparticles onto gold surface
are also described.

2. Experimental
2.1. General information

The preparations involving air sensitive materials were
carried out by using standard Schlenk techniques under
an inert atmosphere of N,. Chromatography was per-
formed on neutral Al,O3 (act. IV). Dried THF and ether
were distilled from Na/benzophenone. All chemicals were
reagent grade and used as received. Complex 1 was
prepared as illustrated in Scheme 1. Samples of Ru(DM-
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Scheme 1.

SO)4Cl, [24] and octanethiolated Au MPCs (AuCg) were
prepared as described by Murray et al. [13b-f].

2.2. Synthesis of 8-(2,2':6',2"-terpyridin-4'-yloxy ) octane-
1-thiol

Functionalized terpy-thiol was prepared through a sim-
ilar synthetic route described in our previous paper with
some slight modifications [21]. Briefly, the 1,8-diiodooctane
was converted to 8-(2,2":6’,2"-terpyridin-4'yloxy)-1-iodooc-
tane by treatment with 4’-hydroxy-tepyridine and K,CO;
in acetone, and the resulting solution was then refluxed
for 24 h. The halide group was then replaced by treatment
with NaSH in THF and refluxed for 8 h under N, to create
the desired terpy thiol.

2.3. Synthesis of ruthenium(II) complex (1)

Complex of 1 (illustrated in Scheme 1) was prepared by
reacting 8-(2,2":6',2"-terpyridin-4’-yloxy)octane-1-thiol
(0.7800 g, 1.98 mmol) and Ru(DMSO0),Cl, (0.4500 g,
1.00 mmol) in ethanol (40 mL) and refluxing the resulting
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solution for 24 h under N,. After cooling to room temper-
ature, the volume of the solution was reduced by one half
using a rotary evaporator. A saturated aqueous solution
of NH4PF4 (2 mL) was then added to this dark colored
solution to produce a violet precipitate. The violet precipi-
tate was washed several times with ethanol and purified by
chromatography. Elution with CH,Cl,/CH;CN (1:1) gave
the desired compound with a yield of 35 %. Anal. Calc.
for CysHs4F1oNgO-PoRUS;: C, 46.90; H, 4.59; N, 7.14; S,
5.44. Found: C, 47.39; H, 4.73; N, 6.73; S, 4.76%. 'H
NMR (acetone-dg): 6 0.85-1.41 (m, 6H, CH,), 1.46 (dt,
2H, CH,), 1.57 (dt, 2H, CH,), 1.91 (t, 2H, CH;), 1.99 (t,
2H, CH,), 4.90 (dd, 2H, CH,), 7.37 (t, 2H, tpy-Ha44),
7.71 (d, 2H, tpy-Hs3), 8.08 (t, 2H, tpy-Hss), 8.78 (s,
2H, tpy-Hs s), 8.86 (d, 2H, tpy-He¢r). Mass spectrum
(ESI): M™" at m/z 1031 ([M-PF¢]"); 443 (IM-2PF¢*").

2.4. AuCg MPCs

Octanethiol-modified Au MPCs were prepared by the
method outlined in the literature published by Murray
et al. [13b—f]. Briefly, a toluene solution (30 mL) containing
octanethiol (1.53 mL, 8.83 mmol) and tetraoctylammoni-
um bromide (TOAB, 0.75 g, 1.37 mmol) was added to an
aqueous solution (25 mL) of HAuCly (0.15 g, 4.42 mmol).
After phase transfer of the HAuCly into the toluene had
been accomplished, the mixture was reduced with NaBH,4
(2.02 g, 53.04 mmol). The organic layer was extracted with
toluene. Following the steps of concentrating of the
organic layer, pouring into ethanol, standing overnight at
—4°C, centrifuging and rinsing with ethanol gave the
desired Au MPCs. The Au MPCs had average core diam-
eters of approximately ~2 nm. These particles were used
to induce size and shape evolution with heating treatment
in toluene or in TOAB.

2.5. Heating treatment of AuCg in toluene (AuCg-U,)

Shape evolution with heating treatment in toluene was
carried out by the method outlined in the literature pub-
lished by Zhong et al. [25]. Briefly, particles of AuCg were
redissolved in a small amount of toluene (2 mL) together
with N(CgH;7)4Br (0.2 g). The resulting solution was
heated in a silicon oil bath at 145 °C. When the color of this
solution changed from brown to dark red, the solution was
heated further at 110 °C for an additional 5 h. The change
in color also included a size evolution. The solvent was
removed in a rotary evaporator (under 50 °C) followed
by washing several times with ethanol and acetone. The
Au MPCs created by using the heating treatment had aver-
age core diameters of approximately 4.2 + 0.3 nm (mea-
sured by transmission electron microscopy).

2.6. Heating treatment of AuCg in TOAB (AuCs-U,)

Shape evolution with heating treatment in molten
TOAB was carried out by the method outlined in the liter-

ature published by Miyake et al. [26]. Briefly, a toluene
solution containing a 2:1 mole ratio of octanethiol to
HAuCl, was reduced using NaBH, at room temperature
following the Murray’s procedure. The organic layer was
extracted with toluene. Following the evaporation of the
organic layer, particles of AuCg were heated to 150 °C with
heating rate of 2 °C/min in a silicon oil bath. After heating
at 150 °C for 30 min, the color of this solution changed
from brown to wine-red, the solution was then cooled
down to room temperature. The change in color indicates
a size evolution. Free thiol and TOAB were removed by
rinsing several times with methanol and acetone. The
size-evolution Au MPCs (AuCg-U,) by heat treatment in
TOAB had 3.9 4+ 0.2 nm core diameters measured by trans-
mission electron microscopy.

2.7. Synthesis of AuCg-U1 and AuCg-U,-1

A mixture of uniformed Au MPC (AuCg-U; or AuCg-U,,
65 mg) and 1 (20.0 mg) in 10 mL THF was stirred at room
temperature for 48 h. The solvent was removed under vac-
uum. The resulting product was suspended in a solution of
acetone and isolated with centrifuge. This procedure was
repeated several times to obtain purified functionalized
MPCs (AuCg-U-1 and AuCg-U,-1).

2.8. Functionalized gold electrode with 1, AuCg-U,1 and
Alng-Ua-I

The functionalized gold electrode was prepared using an
Au electrode (0.07 cm? geometric area) that was polished
with 0.05 pm alumina followed by cleaning with 5%
H,SO, and water in a supersonic waver, and then rinsing
with water, CH,Cl, and ethanol. Functionalized gold elec-
trode was prepared by soaking Au electrode in a CH;CN
solution of 1 or in a CH,Cl, solution of functionalized gold
nanoparticles (AuCg-U-1 or AuCg-U,-1) for 24 h. The con-
centration of 1 was varied from 1072, 1073, 1074, 107>,
107, to 1077 M. The CH,Cl, solution of functionalized
gold nanoparticles was prepared by dissolving 30 mg of
nanoparticles in 5 mL of CH,Cl,. The electrode was then
removed from the adsorption solution after 24h and
washed with CH,Cl, several times.

2.9. Physical methods

The 'H and '*C NMR spectra were run on a Varian
UNITY INOVA-500 spectroscopy. The UV spectra were
obtained with a Hitachi U-4000 spectroscopy. Transmis-
sion electron microscopy (TEM) was performed in JEOL
JEM-3010 Analytical Scanning Transmission Electron
Microscope. Size and morphology of the nanoparticles
were determined by transmission electron microscopy.
The nanoparticles dissolved in toluene solution were then
dropped into a 200 mesh carbon-coated copper grid sample
holder, and then followed by natural evaporation at room
temperature.
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Cyclic voltammetry was performed using a CHI-600B
system. The reference electrode was Ag/AgCl in a saturated
KCI solution. The CV measurement for 1 was carried out
in a standard three compartments cell under N, at 25 °C
equipped with a Pt counter electrode, gold working elec-
trode (0.07 cm? geometric area) and Ag/AgCl reference
electrode in a CH,Cl,/CH;CN (1:1) solution containing a
0.1 M (n-C4Ho)4NPF; electrolyte. Under these conditions,
ferrocene showed a reversible redox process at Ej,=
0.44 V. Electrochemical measurements for functionalized
gold clectrode were also carried out in a standard cell,
using DME as solvent instead of CH,Cl,/CH;CN.

3. Results and discussion
3.1. Synthesis and characterization of 1

Complex of 1 was prepared by reacting 8-(2,2":6',2"-ter-
pyridin-4’-yloxy)octane-1-thiol (2 equiv.) with 1 equiv. of
Ru(DMSO0)4Cl,. Complex was isolated as the PFg~ salt,
purified by column chromatography, and characterized
by elemental analysis, 1D and 2D NMR techniques, ESI-
MS and UV (given as Supporting information). The
NMR characterization of 1 in acetone-dg was achieved by
utilization of '"H-'H and 'H-">C COSY and HMBC 2D
NMR techniques. The "H NMR spectrum of 1 exhibits five
signals corresponding to the tpy ligands. The spectrum is
characterized by the low-field doublet (appearing at
8.78 ppm) corresponding to the tpy-Hj s- protons and the
downer-field doublet (appearing at 8.86 ppm) correspond-
ing to the tpy-Hg ¢ protons.

The UV-Vis spectral data of 1 and relevant compounds
in CH3CN are given as Supporting information. Transi-
tions occurring in the UV region (Ay.c at 270 and
310 nm) are ascribed to the ligand-localized nature, mainly
of tpy fragments. The visible spectrum for 1 is also domi-
nated by '[(d(m)r,)®] — "[d(n)’(r;,y)'] MLCT absorption
band at 480 nm (478 nm; ¢ = 19800 M~ cm™!) which is
assigned by analogy to the well-documented MLCT transi-
tion found for [Ru(tpy),]*" (472 nm; ¢ = 14000 M ' cm ™!
[27]. This absorption band is broad because it includes a
series of '[(d(m)rw)®]— 3[d(Tt)S(ﬂ:fpy)l] MLCT transitions
which become partially allowed due to the spin—orbital
coupling, which has the effect of mixing the singlet and trip-
let excited-state manifolds [28].

3.2. Electrochemical measurements for 1

The electrochemical parameters for 1 and related com-
pounds obtained from the CV are summarized in Table
1. As expected, the cyclic voltammograms of 1 and
[Ru(tpy),]*" are similar [27]. As shown in Fig. 1, the redox
behavior in 1 is dominated by the Ru?t/Ru®" redox couple
(Ey» at 1.22V). Furthermore, two consecutive reduction
waves attributed to the reduction of the Ru(tpy),”" core
were also observed (tpy/tpy /tpy*~ redox couples; E;, at
—1.25 to —1.50 V). Interestingly, we noted that complex

Table 1
CV data of 1 and related compounds with scan rate of 100 mV s~}
Compound Ru-center tpy-center
Ey (V) AED Eijy (V) AE}
[Ru(tpy),F ¢ 1.27 —1.27
—1.51
1 1.22 87 —1.25 76
—1.50 99

% All half-wave potentials are referred to the Ag/AgCl electrode. Fer-
rocene shows a reversible one-electron oxidation wave at £y, = 0.44 V in
CH,Cl,/CH;CN (1:1) solution.

® Peak-to-peak separation between the resolved reduction and oxidation
waves maxima.

¢ From Ref. [27].
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Fig. 1. Cyclic voltammograms of (A) 1, and (B) soaking Au electrode in a
CH,Cl,/CH3;CN (1:1) solution of 1 for 3 h. Scan rate = 100 mV s—h

1 could be adsorbed onto the gold electrode surface. As
shown in Fig. 1B, peak-to-peak separation between the
resolved reduction and oxidation waves maxima for the
Ru?"/Ru*t redox couple was reduced from 87 mV to
38 mV by soaking the Au electrode in the CH,Cl,/CH;CN
solution of 1 for 3 h. This smaller splitting is consistent
with most of current arising from reaction of an adsorbed
layer onto the electrode [1]. This interesting observation
suggests that complex 1 can be covalently self-assembled
onto the gold surface to form monolayer.

3.3. Electrochemical measurement of functionalized
electrode

As shown in Fig. 2, the redox behavior of SAM is
dominated by the Ru?"/Ru*" couple. The stability, surface
charge coverage, and electron-transfer mechanism were
assessed by cyclic voltammetry. Fig. 2 shows representative
cyclic voltammograms of Au electrodes modified by 1 in
DME solution. Complete cyclic voltammograms for elec-
trodes soaking in various concentrations of 1 are given as
Supporting information. The electrochemical parameters



T.-Y. Dong et al. | Journal of Organometallic Chemistry 692 (2007) 5147-5155 5151

| 0.50A A

400
30

1.50 1.45 140 135 1.30  1.25 1.20 1.15 1.10 1.05
Potential (V vs. AgClI)

Fig. 2. Cyclic voltammograms in DME for monolayers prepared by
soaking Au electrode in 1072 M (A) or 1077 (B) M solutions of 1. Scan
rate = 100-500 mV s .

obtained from the CV (AE,, redox peak separation; I,
surface coverage; k,, electron-transfer rate constant) are
summarized in Tables 2 and 3. Repeat scanning does not
change the voltammograms, demonstrating that these
monolayers are stable to electrochemical cycling in DME
solution.

The pioneered studies of electroactive self-assembled
monolayers (SAMs) of ferrocene-terminated alkanethiols
coadsorption with unsubstituted n-alkanethiols on evapo-

Table 2
Electrochemical data® extracted from the CV for various modified
electrodes with scan rate from 100 to 500 mV s~

Scan rate 100 200 300 400 500
102 M AE, 39 42 46 50 53
e 0.313 0.560 0.796 1.038 1.271
107° M AE, 36 44 45 52 56
ipe 0.329 0.571 0.734 0.945 1.165
107 M AE, 38 42 46 49 54
e 0.295 0.487 0.704 0.903 1.076
107° M AE, 39 42 47 52 55
fpe 0.208 0.371 0.538 0.660 0.825
10°°M AE, 18 24 28 31 35
e 0.190 0.349 0.510 0.644 0.824
1077 M AE, 11 21 25 31 34
ipe 0.166 0.281 0.445 0.556 0.679

* Scan rate, AE, (redox peak-to-peak separation), and i, (current of
cathodic peak) are in units of mV s~!, mV and pA, respectively.

Table 3
Surface coverage (I') and standard electron-transfer rate constant (k)
calculated from CV with scan rate of 100 mV s~' for modified electrode

Concentration (M) 102 10 10* 10° 10° 107

Oru (C, x10%)? 149 147 143 7.1 6.8 3.4
I (mol/em?, x10'3® 219 216 210 103 9.9 6.5
AE, (mV)°® 39 36 38 39 18 11

ks (s7h 3.4 3.7 3.5 3.4 7.8 11.5

# Surface charge.

> I' = Qru/nFA (4 =0.07 cm™3).

¢ Peak-to-peak separation between the resolved reduction and oxidation
waves maxima.

rated gold films were reported by Chidsey et al. [lg].
Monolayers containing low concentrations (mole fraction
(xEe) < 0.25) of alkanethiols linked to ferrocene by a polar
ester group (FcCO,(CH,),SH) coadsorption with
CH;3(CH,),SH, (n=7, 9, 11) show thermodynamically
ideal surface electrochemistry. At low mole fraction, the
oxidation and reduction peaks are symmetric and with no
splitting between the oxidation and reduction peaks. The
lack of peak splitting indicates that the rate of electron
transfer is rapid on the time scale of the electrochemical
experiment. Chidsey suggested that the ferrocene groups
to be homogeneous and noninteracting. At higher mole
fractions of the electroactive thiol in the adsorption solu-
tion, the resulting cyclic voltammograms broaden, develop
an asymmetry, and finally develop an additional set of
peaks as the amount of ferrocene is increased. Chidsey sug-
gested that the breakdown of the thermodynamically ideal
behavior of this system is probably due to a combination of
interaction between ferrocene sites and inhomogeneity of
those sites at higher surface contractions. Use of ferro-
cene-terminated thiols (Fc(CH,);;SH) in which the ferro-
cene is attached directly to the polymethylene chain
without a polar ester group leads to broadened electro-
chemical features, even at the lowest fraction (yp. = 0.05)
examined. This highly nonideal behavior at low surface
coverage suggests a strong interaction between the ferro-
cene groups, perhaps due to aggregation.

In our case, at higher molar concentrations of the elect-
roactive dithiol (1) in the adsorption solution, the resulting
cyclic voltammograms are symmetric and with small split-
ting between the oxidation and reduction peaks. As shown
in Fig. 3, the peak current of i, is proportional to the scan
rate (v), in contrast to the y!/2 dependence observed for
Nernstian waves of diffusing species [29]. Decreasing the
concentrations of 1 in the adsorption solution, such as
1071077 M, results in very similar cyclic voltammograms
with smaller splitting between the oxidation and reduction
peaks.

As given in Table 3, the splitting between the oxidation
and reduction peaks corresponds to a standard electron-
transfer rate constant (k) [30,31]. Value of kg is conve-
niently determined by monitoring the peak separation of
the CV wave. Results are given in Table 3, assuming
o =0.5 [30]. Data calculated using Laviron’s formalism
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Fig. 3. Peak current of i, vs. scan rate.

[31] for higher molar concentrations (107-107> M) is well
constant, corresponding to a standard electron-transfer
rate constant of ~3.5s ', At concentrations of 10~¢ and
10~7 M, standard electron-transfer rate constant is signifi-
cantly increased. For 1077 M adsorption solution, the vol-
tammogram shows a peak splitting of 11 mV with scan rate
of 100 mV s~'. This splitting corresponds to a standard
electron-transfer rate constant of 11.5s™'. In our study,
we do not suggest the presence of ohmic errors, since a sys-
tematic decrease of kg at higher sweep rates is not found.
Ohmic error is not obvious in our study. The maximum
peak current in the voltammogram at the highest sweep
rate (500 mV s™") is ~1.3 pA in the case of 107> M. Ohmic
losses are small enough that they may be ignored. The min-
imum ohmic error occurs at the lowest sweep rate, for
which the current is minimum. Therefore, standard elec-
tron-transfer rate constant was calculated based on the vol-
tammogram with the scan rate of 100 mV s .

The amount of electroactive centers in the monolayers
can be calculated from the cyclic voltammograms. The area
under the peaks was integrated and divided by the scan rate
to obtain the amount of charge passed to the Ru*t/Ru*"
sites. The surface charge densities (uC/cm?) obtained by
this procedure are converted to Ru(II) complex surface
coverages by dividing by the electron charge. Fig. 4 shows
Ru(IT) complex surface coverages plotted vs the molar con-
centrations of 1. The surface coverages of electroactive
Ru(Il) centers are smaller than the maximum theoretical
value (1.5 x 107" mole cm™?) calculated for a close-packed
monolayer of Ru(II) complexes with 0.98 nm? projection
area [32]. As shown in Fig. 4, the surface coverages of
the electrodes modified by immersion in more concentrated
solutions are well constant (~21.5 % 10712 mol/cmz). The
constancy of surface coverage on the gold surface holds
with the concentrations of adsorption solutions from
1072 to 107*M at 25°C. However, at concentration of
1077 M, the surface coverage is decreased drastically to

24
22 . -
3 l/
20+
NE 18
o L
S 16
g 16
o
< 14k
X 12+
— L
10
8+
6F
1 n 1 1 | 1 1 ' 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Concentration x 10% (M)

Fig. 4. Ru(Il) complex surface coverages vs. the molar concentrations
of 1.

6.5 x 1072 mol/cm? at 25 °C. The influence of temperature
was not systematically investigated in this work; hence, the
modified electrodes reported here were formed at room
temperature. Constancy of surface coverage in more con-
centrated solutions (107°-107* M) can, at least in part,
be explained by the formation of saturated SAM. For con-
centrations from 107> to 1077 M, surface coverages are
decreased drastically and the decreasing of surface cover-
ages can be explained by the formation horizontal edge-
on orientation SAM.

As mentioned in the section of introduction, SAMs dis-
play complex phase behavior that depends upon coverage,
temperature, chain length, and method of preparation
[6-9]. The difference of redox peak-to-peak separation
(AE,), surface coverage, and electron-transfer rate constant
for various SAMs prepared by soaking Au electrode in dif-
ferent concentration of 1 can be attributed to the structural
difference between overlapped edge-on and horizontal
edge-on orientations, as shown in Scheme 1. In present
study, the surface coverage is lower for the horizontal
edge-on orientation resulting in faster electron-transfer
kinetics, compared with the overlapped edge-on
orientation.

3.4. Characterizations of AuCg-U-1 and AuCg-U,-1 MPCs

The functionalized MPCs were characterized by TEM
for particle size and shape, and UV-Vis spectroscopy
(given as Supporting information). As shown in Fig. 5,
our TEM data of MPCs showed average core sizes of
4.7+0.3 and 4.3 0.2 nm for AuCg-Ui-1 and AuCg-U,-1
MPCs, respectively. The particle sizes appear uniform with
a narrow distribution. Optically, both intensity and energy
of the surface plasmon (SP) resonance bands of nanoparti-
cles are known to be strongly dependent on size [13b].
Spectra of AuCg-U-1 and AuCg-U,-1 showed identifiable
SP bands at 515 nm.
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Fig. 5. TEM images of AuCg-U-1 (top) and AuCg-U,-1 (bottom) with
histograms showing the respective size distribution.

3.5. Electrochemical measurements of electrode modified
with MPCs

Cyclic voltammograms for electrode modified with
AuCg-Ui-1 and AuCg-U,-1 MPCs are shown in Fig. 6.
The electrochemical parameters are summarized in Table
4. As expected, one reversible redox wave was observed,
the peak current is proportional to the potential scan rate,
and the wave shape is symmetrical. The peak-to-peak sep-
aration is smaller than 59 mV expected for diffusing elec-
tron-transfer kinetics [29]. Electrochemical factors suggest
that gold electrode can be functionalized by AuCg-U-1
and AuCg-U,-1 MPCs.

The morphology of Au(l111) metal surface modified
with AuCg-U,-1 MPC was imaged using atomic force
microscopy (AFM). The nanoparticle layer exhibits a dis-

1pA
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l
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1.50 145 1.40 1.35 1.30 125 120 1.15 1.10  1.05

Potential (V vs. AgCl)

Fig. 6. Cyclic voltammograms in DME for modified electrode prepared
by soaking Au electrode in a solution of AuCg-U,-1. Scan rate = 100—
500 mVs.

Table 4
Electrochemical data extracted from the CV for AuCg-U,-1 modified
electrode with scan rate from 100 to 500 mV s~}

Scan rate (mVs™!) Eip AEE Ipe X 107 (A)F
100 1.28 37 6.98
200 1.28 46 12.63
300 1.28 57 17.39
400 1.28 59 22.01
500 1.28 69 26.26

# Half-wave potential.
® Redox peak-to-peak separation.
¢ Current of cathodic peak.

Fig. 7. Topographic AFM image (1.0 x 1.0 pm?) of covalent attachment
of AuCg-U,-1 nanoparticles onto Au(111) surface.
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tinct surface morphology, as shown in Fig. 7, irregularly
shaped domains with dimensions from 20 to 60 nm and
root mean square heights of 2.401 nm. The measured
height possibly suggests a layer of AuCg-U,-1 MPC. The
morphology of layer is not homogeneous, partly due to
the presence of three dimensional clusters and the coexis-
tence of various orientations.

4. Conclusion

We have prepared bifunctionalized Ru(II)-dithol com-
plex. Spectroscopic results show that this complex is versa-
tile in building molecular self-assembled monolayers on
gold surface and gold clusters. The stability, surface charge
coverage, and electron-transfer kinetics were assessed by
cyclic voltammetry. Well constant standard electron-trans-
fer rate constants for higher molar concentrations (10~ -
107> M), calculated from the redox peak separation of
the CV wave, suggest the formation of saturated over-
lapped edge-on orientation SAM. At lower concentrations
(107°-10"7 M), the surface coverage is lower and the for-
mation of horizontal edge-on orientation SAM results in
faster electron-transfer kinetics. Uniform functionalized
monolayer-protected Au clusters were also prepared. Com-
plex of 1 can act as a bifunctionalized linker with one end
adsorbed onto the gold surface and the other end used to
anchor the gold nanoparticle. Atomic force microscopy
shows that the nanoparticle layer exhibits a distinct surface
morphology, irregularly shaped domains with dimensions
from 20 to 60 nm.
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Appendix A. Supplementary material

The UV-Vis and ESI-mass spectra of 1, complete cyclic
voltammograms in DME for monolayers prepared by
soaking Au electrode in solution of 1 with different concen-
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