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The capacitance of monolayer-protected gold nanoclusters (MBsg, in solution has been theoretically
reconsidered from an electrostatic viewpoint, in which an MPC is considered as an isolated charged sphere
within two dielectric layers, the intrinsic coating monolayer, and the bulk solvent. The model predicts that
the bulk solvent provides an important contributionGgec and influences the redox properties of MPCs.
This theoretical prediction is then examined experimentally by comparing the redox properties of MPCs in
four organic solvents: 1,2-dichloroethane (DCE), dichloromethane (DCM), chlorobenzene (CB), and toluene
(TOL), in all of which MPCs have excellent solubility. Furthermore, this set of organic solvents features a
dielectric constant in a range from 10.37 (DCE) to 2.38 (TOL), which is wide enough to probe the solvent
effect. In these organic solvents, tetrahexylammonium bis(trifluoromethylsulfonyl)imide (TAATS used

as the supporting electrolyte. Cyclic and differential pulse voltammetric results provide concrete evidence
that, despite the monolayer protection, the solvent plays a significant effect on the properties of MPCs in
solution.

1. Introduction to the Coulomb blockade charging. The electrochemistry of
_ _ MPCs has been extensively studied by several grétpsA
Nanometer-sized nanoparticles (NPs) are a new class Ofggrjeg of factors, including the solvénthe temperature as
materials bridging from molecules to bulk materials. The e a5 the solvation and/or penetration of solvent and supporting
research interest on NPs comes from the fact that they haveelectrolyte*?'lov“ have been investigated. So far, the model of
properties significantly different from those of molecules and quantized capacitance charging developed by Murray‘ead.
bulk materials with the same chemical composition and that peen extensively employed to explain the multivalent redox
these properties are dependent on their size, shape, and surfagg.pavior of MPCs. In addition, we have recently proposed
modification. A spectacular level of research activity has been 4 qiher model and calculated the absolute standard redox
witnessed in the past decade because of the availability of new,iantials for MPC42
synthetic strategies and new techniques for characterization. For o present work aims at understanding the effect of organic
example, following the pioneering work by Brust et'elrather o\ ent on the redox properties of MPCs. The capacitance of
stable metallic N.Ps can be obtained by protecting them With. @ an MPC in solutionCyec, is theoretically reconsidered from
monolayer of thiol compounds. The NPs prepared with this 5y, glectrostatic viewpoint, which predicts that the solvent outside
approach can be isolated and allow further chemical function- .o Mpc sphere generates an important contributioBygc
alization in order to fulfill various applicationsBy carefully and influences the redox properties of MPCs. This prediction
controlling the reaction conditions, gold NPs with a metallic 5 then evaluated experimentally by comparing the electro-
core containing different numbers of gold atoms can be prepared..homical behavior of MPCs in four organic solvents: 1,2-
This group of NPs is sometimes called monolayer-protected gicoroethane (DCE), dichloromethane (DCM), chlorobenzene
clusters (MPCsﬁ,wnh which the transition from single mol- (CB), and toluene (TOL). This set of organic solvents features
ecules to bulk materials can be observéd. a relative permittivity in a range from 10.37 (DCE) to 2.38
MPCs with metallic core diameters ef1.6 nm exhibit at (TOL).13 Tetrahexylammonium bis(trifluoromethylsulfonyl)-
room temperatures the electrochemical behavior of multivalent jmide (THATf,N) is used as the supporting electrolyte in these
redox molecules, characterized by a series of redox statessplyents. The voltammetric results demonstrate that the average
regularly spaced along the potential axi$his behavior has  potential separation between neighboring redox waves,
been first considered as a quantized property originating from jncreases with decreasing the relative permittivity of the solvent.
charging the tiny molecular capacitor of MPE%Because the  The agreement between the experimental data and the theoretical
capacitance of an MPC is less than an attofarad (aF), singleprediction of the model of absolute standard redox potentials
electron addition to or removal from the tiny MPC capacitor of MPCs is observed, indicating the solvent plays a significant
requires a substantial voltage change, which is a property akineffect on the redox properties of MPCs.
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HsC d are the radius of the metallic core and the thickness of the
protecting monolayer, respectively. However, it should be
0\\ /N- //0 clarified that the concentric sphere capacitor model cannot be
HaC >N F S ¢ F applied to an MPC. In terms of the basic electrostatic theory,
N-CHg F}/ \\o o// \]<F the concentric sphere capacitor consists of two concentric
F F conducting spheres, such as two metallic sph&r&herefore,
although an MPC has a concentric structure, a spherical metallic
core coated with a uniform dielectric layer, it does not
Figure 1. Molecular structure of THATAN. necessarily mean that it can be considered as two concentric

. conducting spheres. Indeed, the concentric sphere model implies
98%), and 1-hexanethiol (& SH, 95%) were purchased from gsp b P

. . e that the electric field is nil outside the protecting monolayer,
A.Idr'(f‘h' Sodium tetrahydr(_)b(_)rate (NaBHQS%) and lithium which is definitely not the case (vide infra). As demonstrated
bis(trifluoromethyisulfonyl)imide (LiTfN) were bought from further below, the dielectric medium provides an important
Acros. Ethanol £96%), acetonitrile (CECN, 99.5%), 1,2- contribution tc’> the capacitance of MPCs
g‘ggIg&f?ﬁggbgzﬁ’:(gcggsgg)écy(;ﬁg:ﬁgﬂg]ggﬁzg(;%“ﬂ’ An MPC is by nature an isolated sphere with an intrinsic
= . 0 . 0 . 0 . . . . . .

' . AN ’ dielectric layer. In solutions, the situation is that of a charged
and tetrahexylammonium chloride (THACE96.0%) were \ Ic 2y . nuation | 9

. i metallic core surrounded by two dielectric layers, the intrinsic
optalned from F!uka. DCE, DC.M’ CB, and TOL were d”.ed protecting layer and the medium outside. The capacitance of
with molecular sieves before using and all the other chemicals

were used as received without further purification an MPC can be readily obtained from Gauss's theorem by
) . ) evaluating its electrostatic potential. By applying Gauss’ la
2.2. Synthesis of MPCs.Hexanethiolate-protected MPCs veuating | ° P ! y applying >au "

. to the metallic core, the electric field outside inside and outside
were prepared by the Brust reacti@rfollowed by extraction the protecting layer is:
and annealing treatmentsFinally, a fraction of MPCs that are '

CHj,

ethanol soluble with a mean diameter of #:60.4 nm in the q
metallic core were obtained as demonstrated previddsly. Er) = > (fp=r=ry+d) (2)
2.3. Synthesis of THATEN. THATf,N was prepared by Ameqedl
metathesis of THACI and LiEN in a molar ratio of 1:1 in water q
under vigorous stirring. The reaction was allowed to proceed E(r) = e g (ro+d=r <o) 3)
0o+s

overnight and resulted in a milky mixture, to which DCM was
added. The mixing liquids were further stirred overnight. Then
the DCM layer was separated with a separating funnel and the
water layer was washed with DCM as described above three
times. The DCM solution containing THAIX was rotary
evaporated to remove DCM. The viscous liquid remaining in
the round-bottom flask included THAZN and possibly unre-

whereq is the charge that the metallic core carries and the
relative permittivity of the medium outside the MPC sphere.
Thus, the potential of the charged core corresponds to the
integration the electric field from infinity to the core:

acted residues. The obtained ionic liquids were washed with a V= fro E(r) dr
large amount of ultrapure water and then dried in a vacuum at
100°C. The molecular structure of THAIN is schematically —_9q | f‘” dr + f’”di
illustrated in Figure 1. Aep|\Vrotder? o g r?

2.4. Electrochemical MeasurementsCyclic voltammetry )
(CV) and differential pulse voltammetry (DPV) of MPCs in -9 d 1 (4)
various organic media (ca. 0.08 mM MPC, 0.05 M THANTY 47t60_edr0(r0 +d) efr,+d)

were performed on a CHI 900 electrochemical workstation (CH

Instruments, TX). A two-electrode arrangement was used, in Then, from the definition of the capacitance, the capacitance
which a silver wire was used both as a quasireference electrodeof an MPC,Cypc, is:

(QRE) and a counter electrode. The working electrode was a

25um diameter disk-shaped Pt microelectrode (CH Instruments, c. = q_ Aovecex rot+d
TX), which was polished with 0.0am Al,Os slurry and then MPC v a0\ e d + €4y
rinsed with water and acetone and dried prior to each measure-

ment. CV was conducted at a scan rate of 0.1 Vand DPV This equation clearly differs from that previously reported by
was done with a scan rate of 0.02 V'spulse height of 0.1V,  Murray et al., given by eq 1. To verify the validity of eq 5, we

(5)

pulse width of 0.05 s, and period of 0.5 s. can consider the limiting conditions. Takig— c andd — 0
) ) givesCupc = 4megedro andCupc = 4mepesl o, Which correspond
3. Results and Discussion to the capacitance of MPCs in bulk media of relative permittivity

3.1 Reconsideration of the Capacitance of MPCs in  €d @ndes, respectively. Equation 1 in fact is a limiting case of
Solutions: Electrostatic Model. Considering an MPC as two €0 5 by assumings— co. Therefore, eq 5 represents the precise
conducting concentric spheres (CS), its capacitance has beer¢lectrostatic equation describing the capacitance of an MPC

derived by Murray et af,which is here designate@cs and embedded in a dielectric medium from an electrostatic view-
expressed as: pont. .
Alternatively, Cypc can also be defined as the sum of two
ro capacitance in series corresponding to the protecting monolayer
Ces = 4megeg| ) (Fo + d) (1) capacitanceCpy, and the bulk solvent capacitand®ss:
wheree is the permittivity of the vacuum ang is the relative 1 _ 1 1 (6)

permittivity of the alkanethiolate protecting monolayeyand Cwpc  Cew  Cas
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contribution will be 36-40%, which means that the solvent has

a _." a strong effect on the capacitance value of the MPCs and cannot

4 . be neglected. Furthermore, in terms of eq 6, the successive single
| ..-° electron charging the metal core of an MPC occurs with a

% 3F ...' o o voltage separation:
S oo ® Cos e e e
0. — CMPC AV = = — —_—
1 30983:000000000000000000 CMPC CPM CBS
S = AVpy + AVge

5 10 15 20 25 30

& = ;(i + lg) (10)
1.0 N drey(ro+ d)\eqry €
" 0.8~ wheree is the elementary chargéVpy and AVgs represent
G TIA the potential drops in the protecting monolayer and the bulk
= solvent, respectively. Takin@ew = 0.78 aF as estimated above,
§ 04 AVpyis equal to 0.20 V and is determined only by the geometry
) of the MPC. On the other hand, eq 10 predicts thdtincreases
02 with decreasing the relative permittivity of the medium. As
. shown in Figure 2c, the contribution &fVgs to the total value
0.0 10 20 30 increases with decreasing the relative permittivity of the
g, medium. Whenes is less than 10, that is, in usual organic
08F solvents,AVgs is comparable toAVpy. Therefore, in usual
c O AV, organic solvents used previously, the effect of solvent on the
o AV, properties of MPCs cannot be ignored.
o — AV Furthermore, as demonstrated previously, on the basis of a
< thermodynamic cycle and the Born’s model of ionic solvation,
N the absolute standard redox potentials of freely diffusing MPCs
< . in solutions can be formulated and are given in a féfm:
A (o0 80000000000000000000000000
() .o.o...... — 1— e
001 1 g opeeeeteeesy (B Jupe= % + ( 2) (d 1 (11)
5 10 12: 20 25 30 Ziz=1labs™ "o dreq(ry + d)\edo €

S

Figure 2. (a) Magnitudes oCwpc, Cem, andCes calculated fromeqs  where @y, is the work function of the metal. The voltage

6,7, and 8; (b) estimation of the contribution@s to Cwec iNtrMS  geparation between successive single electron-transfer events
of eq 9; (c) calculatedVpn, AVis, andAV as a function o&s according produced by eq 11 is therefore:

to egs 7, 8, and 10. The parameters are used as folleys: 4.436,

ro = 0.8 nm,d = 0.8 nm.
AV= ;(i 1) =_¢8 (12)
with Cpy and Cgs being expressed, respectively, by: Ameg(ro + d)\eglo € Cupc
o By comparing egs 10 and 12, it can be seen that these two
Com= 4neoed(a)(ro +d) @) approaches are self-consistent, yielding the same expression for
the voltage separation. This is due to the fact that both
Cgs = 4dmeye(r, + d) (8 approaches treat the solvent as a dielectric continuum.

3.2. The Capacitance of MPCs in Electrolyte Solutions:
The magnitudes oEypc, Cpu, andCas calculated from eqs Electrical Double-Layer Model. In the presence of ions in
6, 7, and 8 are displayed in Figure 2a. It can be seenGhat solutions, an MPC can be considered as a nanoelectrode with
is an intrinsic property of the MPC and represents the an electric double layer consisting of a compact layer and a
capacitance resulting from the protecting monolayer, which is diffuse layer?"** The total potential drop across the MPC/

calculated to be 0.78 aF by takimg= d = 0.8 nm andeq = electrolyte interface corresponds to the sum of the potential
4.436%6 Cgs is proportional toes. drops in two layers:
We can see that, i€py is significantly smaller thaiCgs, it " s " ) 5
becomes the predominant factor. This can be evaluated by the M — ¢°= (¢ — ¢)) + (¢° — ¢°) (13)
contribution ofCgs to Cypc: or
Cuwpc _ €dlo ©) AV = AVoy + AVp, (14)

Cos ed+ey,
whereg¢? expresses the potential at the distandeom the MPC

As illustrated in Figure 2b, the contribution €&s to Cypc center. ¢? in fact represents the potential at the boundary
continuously increases with decreasing the dielectric constantbetween the compact layer and the diffuse layer. Differentiating
of the medium, fron~10% ates = 30 to ~70% ates = 2. egs 14 or 15 with respect to the charge gives the double-layer

Considering the electrochemical measurements reported arecapacitance at the MPC/electrolyte interface, which is also
performed usually in organic media with around 10, this designatedCypc and can be represented as a compact layer
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capacitance Qcowm) and a diffuse layer capacitanc€q) in

series: 020"
a
1 1 1 0.15F O AV,
= +— (15) > AV"M
CMPC CCOM CDL =~ - “prp
~ 010 .. AV
< DLS

The diffuse layer can be considered in terms of the classical

Gouy—Chapman theory. However, two points are worth dis- 0.05
cussing to use this theory. First, the parameterwhich in
principle represents the inner-layer thickness determined by the 0.00
closest approach of the diffuse-layer ions, is difficult to assign.
Second, treating the diffuse layer around a spherical nanopatrticle 07F
is not a simple matter, and one often needs elaborate numerical .
method¥® or to take certain approximations. For example, o6 b ;AAJ/
Murray et al. has used the planar Get@hapman theory, Planar
considering the diffuse layer around a nanoparticle as that of a E Sl R AV spherical
planar electrod&!! This simplified approach can yield, using N4kt
the Debye-Huckel approximation, a potential distribution in < -
the diffuse layer: 03
e L T T TT T,
#(r) = g N e) (16) 02, v vy
At e e 0 10 e 20 30
with « being the reciprocal Debye length: Figure 3. (a) Calculated\Vpy andAVpp andAVps as a function of
€s according to eqs 7, ¥922; (b) total potential separation&Veanar
0 and AVspherica @S @ function ofes in terms of eqs 21 and 22AV
— 2¢’n (17) calculated from eq 10 is also compared. The parameters are used as
EOeSkT follows: eq=4.436,ro =0.8 nm,d=0.8 nm,n°=3.011x 10®¥*m=3

(c® = 0.05 M), T = 298.15 K.
in the case of 1:1 electrolyte ions? is the volumic density of
ions in the bulk. If considering the spherical coordinates, the
electrical potential distribution around a charged patrticle is given

potential separation is largely determined Aypy, and AV
values calculated from egs 21 and 22 remain much smaller than

by:7 those experimentally observed, as shown in Figure 3b and
further below in Figure 7a.
q a2 \[e 3.3. Solvent Effect on Redox Properties of MPCsAs a
o(r) = y (l T )( ) (18) matter of fact, both experimental and theoretical investigations
€ofs KT\ T of the solvent effect on redox properties of MPCs have been

carried out previously*'?In a very early work, it has been
concluded that the redox properties of MPCs were not sensitive
to the solvent relative permittivity. This conclusion was
supported by the experimental measurements in various organic

If assumingr, = ro + d, we haveCcom = Cpv andAVeom =
AVpy, and the planar and spherical diffuse layer capacitances
derived from eqs 16 and 18 are:

Corp = Cadk(rg + d)] (19) solvents or mixed organic solvents with a relative permittivity
bLP — =BSLTVO over a range of nearly 3-fold from 14.1 to 5.53, in which the
CpoLs = Cgd1 + «(ry + d)] (20) AV value was reported to be relatively constant. In contrast,

recently, by changing the relative permittivity of the mixed
In eqs 19 and 20, the term in brackets represents the ionicsolvents by varying the ratio of two component solvents, it has
contribution to the capacitance ar@s represents the bulk  been reported that the solvent has a strong effect on redox
solvent contribution. In most experimental conditionsy{ + behavior of MPCg! The effect was ascribed to the complicated
d)] is larger than 1, and therefore, the two equations become specific solvation and/or penetration of the alkanethiolate
equivalent. Furthermore, in the planar and spherical approxima-monolayer by the less polar solvent and supporting electrolyte
tions, the single electron charging the MPC capacitor occurs ions in the mixed solvents. However, it is important to note

with a voltage separation, respectively: that these measurements were carried out in mixed solvents.
To a certain extent, the comparative analysis of previous results
AV = AVpy + AVDLP:i e (21) would be difficult to perform precisely on account of the
Com  Cgdlr(ro+d) indeterminate physicochemical properties of mixed solvents.
o o The choice of solvent for electrochemical measurements is
AV, - =AV.., + AV, o = — + determined by the consideration of the joint solubility of the
Spheriea Py PLS T Coy Cadll + «(rp + d)] MPCs and thg supporting electrolyte. Tejtble 1 lists foyur types
(22) of organic solvents, 1,2-dichloroethane (DCE), dichloromethane

(DCM), chlorobenzene (CB), and toluene (TOL), in all of which
From egs 21 and 22, we can examine how the voltage of singleMPCs have rather good solubility. On the other hand, this set
electron charging changes with the dielectric property of the of organic solvents features a relative permittivity ranging from
medium. Figure 3a shows the evolution &¥p p and AVp, s 10.37 (DCE) to 2.38 (TOL}? which is wide enough to probe
with €5, both increasing slowly with decreasiag The difference the solvent effect on the redox properties of MPCs according
betweenAVp s and AVpp is not large. HoweverAVp p and to eq 10. The viscosities of the organic solvents are also
AVpi s are much smaller tham\Vpy. Therefore, the total compared in Table 1. THARN, which is a type of room
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Figure 4. Potential windows obtained on a 2Bn microelectrode in
four organic solvents with 0.05 M THATN as supporting electrolytes.
The scan rate is 0.1 V'§in all cases.

TABLE 1: Electrochemical Measurements in Various
Solvents

abbreviated relative viscosity

solvent symbol permittivity (es)  (mPa's)
1, 2-dichloroethane DCE 10.37 0.779
1, 2-dichloromethane DCM 8.93 0.413
chlorobenzene CB 5.69 0.753

toluene TOL 2.38 0.560

temperature ionic liquid and exhibits excellent solubility in the
four organic solvents, was used as the common supporting
electrolyte. It should be mentioned that the electrochemical

measurements at room temperatures in a single TOL phase has

been previously hindered by the lack of supporting electrolyte.
Recently, it has been demonstrated that THATfcan be
employed as a supporting electrolyte in TOL, providing suf-
ficient conductivity for electrochemical measuremeéitsSigure

4 displays the potential windows in four organic media obtained
on a 25um microelectrode with 0.05 M THATN as supporting
electrolyte. Apparently, a potential window ranging frer.8

to 1.2 V could be easily attained in each solvent. The cathodic

and anodic current onsets observed at the end of the potential

window can be related to the reduction of oxygen and the
oxidation of HO, respectively. KO may come from either the
organic solvent or THATIN. Please note that removal of water
from ionic liquids is very difficult. By degassing the solution
with nitrogen or argon gas, a potential window with a much
more negative limiting potential can be obtained in each organic
solution. Beyond all doubt, Figure 4 clearly shows the ap-
plicability of THATf,N as the common supporting electrolyte
in four solvents.

Figure 5 shows the CVs of 0.08 mM MPCs in four solvents
with 0.05 M THATf,N as the supporting electrolyte. It is
obvious that each CV is characteristic of a certain number of
well-defined steady-state currerpiotential waves typically

observed on a microelectrode. These waves result from suc-

cessive redox reactions involving MPCs, which provide clear

0.4F
< 02
~ 0.0
-0.2
-0.5 0.0 0.5 -0.5 0.0 0.5 1.0
E/V (vs AgQRE) E/V (vs AgQRE)
0.3F,
~[CB TOL
02
02r 3 0.1
Zoar 2 g 00 1 2
= 00F 1 ~ 0'1
0.1 1 1 1 1 A 1 1 1 1
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
E/V (vs AgQRE) E/V (vs AgQRE)

Figure 5. CVs obtained on a 2bm microelectrode for 0.08 mM MPCs
in various solvents with 0.05 M THATN as supporting electrolytes.
The scan rate is 0.1 V-$in all cases. The labeled waves were further
analyzed.

TABLE 2: Diffusion Coefficients of MPCs in Various
Solvents Calculated from Steady-State Waves Labeled in
Figure 5

solvent wave number

DCE

D (x10%cn?s™?)

1.97
1.86
1.91
2.19

DCM

TOL

NFE WNEFE RDWONE DWODNPR

the concentrationd of the redox species:

I, =4nFDac (23)
Therefore, from the microelectrode voltammograms, one can
derive the diffusion coefficient of redox species in terms of eq
23. Table 2 displays the diffusion coefficients of MPCs derived
from those labeled waves observed in various organic solvents.
In one solvent, the values Bfdo not vary much with the charge
states of MPCs, which means that the MPC charge does not
materially affect its diffusion rate. In general, the value<of

are within a range of 2:04.0 x 1078 cn? s™1, which is in good
agreement with those reported previousiyConsidering the
average values of diffusion coefficients in DCE, DCM, CB, and
TOL, a ratio OfDDCEZDDCMZDCBZDTOL =1.0:1.7:1.0:1.1 can be
attained. On the other hand, in terms of the classical Stokes
Einstein equation, the diffusion coefficient of a spherical object
is proportional to the reciprocal of the solvent viscosity:

evidence that MPCs can be considered as multivalent redox

species. Most importantly, the solvent effect on the redox
properties of MPCs can be observed from Figure 5. From DCE
to TOL, the number of currentpotential waves in the same
potential window continuously decreases wihil¥ increases,

(24)

wherey, is the solution viscosity and is a parameter consisting

which will be discussed below in more detail. Moreover, these of the Boltzmann constant, the temperature, and the hydrody-
waves are well separated from each other along the potentialnamic radius of MPCs. On the basis of eq 24, the ratio of
axis and can be analyzed individually. For a disk microelectrode, diffusion coefficient of MPCs in various solvents is also in good
the diffusion-controlled limiting current is proportional to the agreement with the reciprocal ratio of the solvent viscosity,
radius of microelectrodeg], the diffusion coefficient), and which is 1hpce:lmpem:lmes:lprolr = 1.0:1.9:1.0:1.4.
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0.6F

02k DCE “la
P YA VaVa Ve 05k
E 0.0 '
-0.2f N
1 1 1 <
-0.5 0.0 0.5 0.3
E/V (vs AgQRE)
02 DCM 02F | ! |
E 00 npeak separation
= [b[ ® DCE
02+ 0.6 O DCM
0.5 0.0 0.5 > m_TOL
E /'V (vs AgQRE) ;
<
02k CB
= B . . .
0.0 0.2 04
024 .
| I . Ve,
-0.5 0.0 0.5 Figure 7. (a) lllustration of potential separations of current peaks
E/V (vs AgQRE) observed in Figure 6; (b) dependence/df on the reciprocal of the
TOL solvent relative permittivity. The solid, dotted, and dashed traces
021 correspond to the theoretical curves of egs 10, 21, and 22, respectively,
< w using parameters as in Figure 3.
£ 00
~ S T increases when decreasing the relative permittivity of the organic
-0.21- solvent. In DCE and DCM, the difference iV is not so big,

' L L as theoretically, it is only about 10 mV according to eq 10. But
0.5 0.0 0.5 the increase iV is much more clearly observed when MPCs
E/V (vs AgQRE) . ; : . .
] ) ) ) are dissolved in CB. These experimental observations provide
Figure 6. DPVs (solid: anodic scan; dotted: cathodic scan) of 0.08 ¢oncrete evidence that the organic solvent has significant effect
mM MPCs in various solvents with 0.05 M THA as supporting on the redox properties of MPCs in it.
electrolytes: scan rate 0.02 Vispulse height 0.1 V, pulse width 0.05 . . .
s, and period 0.5 s. The relation o_f the pea_k separations versus the rec_lprocal of
the solvent relative permittivity is further plotted, as displayed
As shown above in Figure 5, the number of steady-state wavesin Figure 7b. The solid, dotted, and dashed lines correspond to
in the same potential window decreases with decreasing thethe theoretical curves of egs 10, 21, and 22, respectively, with
relative permittivity of organic solvent, which indicates the ro=d = 0.8 nm,eq=4.4361°z=1,n=3.011x 10*?°m3
strong effect of solvent on the redox properties of MPCs. This (assuming the absence of ion pair formation), dre 298.15
can be seen much more clearly by DPV measurements. TheK. It can be seen that most data points are close to the theoretical
DPV responses of MPCs change with the organic solvent in curve of eq 10 except the fir&tV value in TOL. However, it
two aspects. First, as shown in Figure 6, in a potential window should be mentioned that all the current peaks observed in TOL
ranging from—0.6 to 0.6 V, the number of observed current are irregularly spaced. Admittedly, the redox behavior of MPCs
peaks decreases from 5 in DCE to 4 in DCM and CB and to 3 in TOL is more complicated and difficult to analyze than that
in TOL. In DCE, DCM, and CB, the observed current peaks in other solvents. Generally speaking, from Figure 7a, the
are very similar and uniformly spaced along the potential axis, agreement between the experimental phenomenon and the
with the average peak separatiovy, increasing with decreasing  theoretical prediction of eq 10 can be observed, which verifies
the relative permittivity of organic solvents. Second, the irregular that despite the monolayer protection the solvent still has a
distribution of current peaks is observed in the whole potential significant effect on the redox properties of MPCs in solutions.
range in TOL, whereAV value declines continuously by  The experimental data corroborate a solvent continuum model
increasing of the applied voltage with a large separation of 0.53 of the absolute standard redox potential of MPEs.
V between the second and the third peaked currents. In fact, On the other hand, the distribution &% in the high potential
the irregular distribution of current peaks was also observed in regime in CB and in the whole potential range in TOL becomes
the high potential regime in CB (not shown here). irregular, which can be rationalized by different approaches.
The increase oAV with decreasing the relative permittivity ~ First, this irregular spacing can be attributed to the activity
is in agreement with the prediction of eq 10. This tendency can coefficient of the MPC, which affects the formal redox potential
be clearly seen from Figure 7a, in whickV values of the
neighboring current peaks in each organic solvent are displayed. 0 o[g0 =g 4 Erln VMPCZ
The horizontal axis in Figure 7@peak separationh@s nothing to dz-1 \ =2zt Jz-1 ° F
do with the real charge state of MPCs. This number is used
just for simplicity andnpeak separatior 1 represents the potential  Indeed, the activity coefficient of the MPC should vary with
separation of the first and second current peaks on the left sideits charge as predicted by the Debydickel theory and
in Figure 6. It is clearly demonstrated in Figure 7a that therefore results in a variation of the formal redox poterfial.

YMPcz-1,
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Second, it may be ascribed to the effects of solvent penetration  (2) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.
in the protecting monolayer and electrolyte ion binding. The J- Cge"# Soﬁ-’tChez-g?n\jvm'lﬁ% 8\(/)vl_|§(-)2|\)| " Vce. o
solvent penetration in the MPC-protecting monolayer can changeRes(_ZZ)OQe?:’f’ Sy e UG, A . Aurray, . TRce. hem.
the values ofq andd significantly. For example, it has been (4 Chen. SJ. Electroanal. Chem2004 574 153-165.
reported that toluene can penetrate strongly into the alkanethi-  (5) chen, S.; Ingrma, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R.
olate-protecting monolayer of gold nanopatrticles, inducing the \{\é-éaségzaf;bgﬁé;lggoury, J. T.; Alvarez, M. M.; Whetten, R.$cience
alkyl chains to spread out from the gold nanopartiéfeghe LU )
binding of electrolyte ions to MPC sphere can also shift the 102(8)53;:&%%087:’ Murray, R. W.; Feldberg, S. W.Phys. Chem. B998
redox potential of MPCs if the binding process is considered (7) Ingram, R. S.; Hostetler, M. J.; Murray, R. W.; Schaaff, T. G.;
as a chemical reaction coupled to the MPC redox reaction. Khoury, J.; Whetten, R. L.; Bigioni, T. P.; Guthrie, D. K.; First, P. N.
Further investigations on the boundary between the protectingAm-(;hzmksojligﬂllg ?%792220- Chen. 5. 1 M Jasii R
; H H ICKS, J. F.; Templeton, A. C.] en, S, eran, K. ivl.; Jastl, R.;
monola_yer and the solvent wlll be he_lpful in under_standlng the Murray, R. W.. Debord, J.: Schaaff, T. G.. Whetten, R.Anal. Chem.
properties of MPCs. A third possible explanation for the 1999 71, 3703-3711.
irregular distribution ofAV may reflect the real distribution of (9) Miles, D. T.; Murray, R. WAnal. Chem2003 75, 1251-1257.
populated electronic states within the Au core, which are not  (10) Quinn, B. M.; Lilieroth, P.; Ruiz, V.; Laaksonen, T.; Kontturi, K.

regularly distributed as assumed but do appear regularly in aJ- AM- Chem. So@003 125 6644-6645.
(11) Guo, R.; Georganopoulou, D.; Feldberg, S. W.; Donkers, R.;

certain dielectric medium or in a certain potential range. Murray, R. W.Anal. Chem2005 77, 2662-2669.
. ) (12) Su, B.; Girault, H. HJ. Phys. Chem. BR005 109, 1142711431.
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