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Monolayer-protected clusters (MPC) having metallic core diameters of the order of 1 nm behave as multivalent
redox molecules with small capacitanc&gc ~ 1 aF. Theoretical estimations of this capacitance are usually
based on the concentric sphere capacitor model. We have analyzed critically the predictions of this model
over a broad range of experimental parameters: the metallic core rgdihe monolayer thicknes$ the

charge number of the metallic core, the dielectric constant of the monolaygy, the base electrolyte
concentratiorcs, and the dielectric constant of the solvent To this end, we have solved the nonlinear
Poissor-Boltzmann equation taking into account ion penetration. It is shown that the concentric sphere
capacitanceC, gives the correct order of magnitude as well as some qualitative features of the total MPC
capacitance&Cypc, although significant deviations are obtained for realistic values of the above parameters,
especially when ion and solvent penetration are important. The results obtained are compared with recent
theoretical and experimental work by Murray et &nél. Chem2005 77, 2662), Girault et al.J. Phys.

Chem. B2006 110 21460), and Quinn et alJ{Am. Chem. So2003 125 6644) and provide some extensions

of these previous studies.

1. Introduction which defines then the distance of closest approach of the

Monolayer-protected nanoclusters (MPC) with metallic core electrolyte ions to the MPC core. A few useful extensions to

radiusrg of the order of 1 nm behave as multivalent redox th?t ‘?‘b""et. m?dlel .have tbef? consutj'eri:j re;:fé’ﬁttB?]; th vent
species with charge states separated by approximately constant IS particularly important to quan ify the effec orthe solven
electric potential difference€'s® The single electron transfer to and electrc_)lyte solution properties on the experimental values
and from the core leads to measurable electric potential changeé’f Cupc using the well established approaches of the electro-

because of the small MPC capacitance (approximately 1 aF)_tcrtlem;;:altthefor?:ZH_s Gir;lault z;md cot-r\]/vork((ej?§129y3°constidere? i
One of the most widely used theoretical approaches to estimate € €eliect of organic solvents on the redox propertes of the
MPC both theoretically and experimentally, showing clearly that

this capacitanc€, is the concentric sphere capacitor médét2+ X . ) .
the potential separation between neighboring redox states

Co = 4rte, €4l oflo + d)/d 1) increases with decreasing the relative_permitti\_/ity (dielectr_ic

’ constant) of the solvent. In these studies, particular attention
was paid to the correct dielectric description of the problem
from an electrostatic viewpoint. The effect of the diffuse EDL
in the solution was first ignoré@3°and subsequently includ&d
psing the linear PoisserBoltzmann (P-B) equation. Although
this approximation may give some qualitatively correct results,
it should be noted that typical nanoparticle surface potentials
are approximately 1 order of magnitude higher than the thermal
potentialRT/F ~ 26 mV, whereR, F, andT are the gas constant,
the Faraday constant, and the thermodynamic temperature.
Moreover, the linear PB equation predicts capacitances and
potential separations that do not depend on the charge number
z, contrary to the predictions of the nonlinear equation that will
|Be discussed here. Murray and co-workerstudied the
nonlinear P-B equation approach proposed by Kontturi and
co-workers’ paying special attention to the radial distribution
of the diffuse EDL around small charged objects and comparing
it with the planar electrode case (Geu@€hapman theory}-26

whered is the monolayer thicknessgg is the vacuum permit-
tivity, and €m is the dielectric constant of the monolayer.
Becauserp and d are of the same order of magnitudg,
increases with the core radius and decreases with the monolaye
thickness. The physical limits of, correspond to a naked
nanoparticle in a thick bulk dielectric medium foy < d and
to a thin monolayer on a flat surface foy> d.”825

Despite its simplicity, eq 1 predicts correctly the order of
magnitude of the experimental capacitances. However, the
model is purely electrostatic and other effects should also be
significant for a nanoparticle immersed in an electrolyte solution.
Some assumptions underlying eq 1%&7&27 (i) the MPC core
is assumed to be spherical whereas the actual core shape cou
show other geometries (monodispersity is also implicitly as-
sumed); (ii) the monolayer is characterized by a nonpenetrable
region of dielectric constart ,, and thicknessl defined by the
fully extended chains; and (iii) the monolayer/solution interface ; R
is assumed to be sharp, and the diffuse electrical double IayerThe effects_ of solvent and ion penetration in the monolayer were
(EDL) in the solution is ignored. If the latter is not the case, also experimentally analyzed.

the ions and solvent are assumed not to penetrate the monolayer, Quinn and co- workers have recently conslldered both 'gheoretl-
cally and experimentally how the extent of ion penetration can

* Author to whom correspondence should be addressed. E-mail: D€ tuned by the core charge, the monolayer chain and solvent
smafe@uv.es. properties, and the electrolyte natdfeCounterions were
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assumed to permeate the monolayer up to some distance from
the core (a free parameter of the theory), and an analytical
solution of the nonlinear PB equation by Ohshima was used
to obtain the electric potential in the resulting three region
model?” However, this solution was originally derived for the
case of a nonpenetrable spherical particle in free solution under
the limiting casea/Lp > 0.1, wherea is the sphere radius (the
sum of the core radius and the monolayer thickness)Land
the solution Debye length. The use of Ohshima’s analytical
solution for the radial heterostructure formed by the metallic
core, the chain monolayer, and the adjacent electrolyte solution
layer may be questionable, especially at low electrolyte con-
centrations (high Debye lengths). In an attempt to adapt this E(S) Cn
analytical solution to the different regions characteristic of the
MPC and the_ _SOlu_t'on' boun_dary Conq't'ons relevant to the Figure 1. Schematic view of the MPC in the bathing solution. The
problem and finite size corrections were includé&easonable  p_p equation is solved in regions | (monolayer) and I (solution) for
explanations to the observed phenomena were given despite thehe cases of absence and presence of counterion penetration in the
fact that the distance of closest approach of the diffuse layer monolayer.
ions is difficult to assigr#® This fitting parameter was allowed
to be either constant or to change with the charge number and, .
in some cases, surprisingly large ion penetrations were obtained €duation
Overall, the theoretical approach by Laaksonen &t alas 5
useful to interpret a comprehensive set of experimental data b Z%Z 0 r<r<r-+d )
concerning different solvents and base electrolytes. or2 r oor ' 0 0

On the basis of the above recent studfes’ we provide new o )
insights by solving the nonlinear-B equatiof2628 without must _be solved for the potential, in region I, and the PB
resorting to approximate analytical solutions, both in presence eduation
and absence of ion penetration. This allows us to analyze
critically the predictions of the concentric sphere capacitor model 3_¢s+ 231’52 2Fc, sinh F¢JRT) F+d<r <o
over a broad range of experimental parameters: the geometrical 52 r ar € & ' 0
(lengthsro andd) and electrostatic (the charge numbef the ’ 3)
metallic core and the monolayer dielectric constant,)
characteristics of the MPC and the electrolyte solution properties
(the base electrolyte concentratioyand the solvent dielectric

penetration in the monolayer. In the first case, the Laplace

for the potentialgs in region Il. The appropriate boundary
conditions are

constant and ). Although alternative quanturmechanical ¢ e

treatments are availabtéit has been shown experimentally that —€ meo—m = > (4a)
the P-B model provides a useful qualitative picture of the ion ' ar Ir=ro 4ar

distribution in the case of a spherical charged sparse Ffush.

Also, this model is usually employed in studies on the formation the continuity of the potential

and stability of charged nanoparticles in solutfdriThe nu-

merical solution of the PB equation allows us to obtain: (i) Pm(To+ d) = @ro + d) (4b)

the electric potential radial distributiop(r) around the MPC
for different electrolyte concentrations and solvent dielectric
constants; (ii) the dependence of the total MPC capacit@nee

on the parametens, d, z, ¢, m, Cs, ande, s for a broad range of ) 3
experimental values; (iii) the influence of the solution capaci- € o °
tanc&® Cs on the total capacitanc€ypc; (iv) the role of
capacitance€,, (monolayer) andCs (solution) in the determi-
nation of the potential separatidV = e/Cypc (Wheree is the
absolute value of the electron charge) between quantized double or —) =0 (4d)
layer charging events; and finally (v) the effects of ion ©

penetration orCyec and AV (a qualitative discussion of the  From the electric potential drops across the radial coordinate,

results in ref 27 is also given). The theoretical results provide e tota] MPC differential capacitance can be obtained (see
a comprehensive account of the limitations of the concentric Figure 1) from

sphere capacitor model. Since this model is widely used as a

the continuity of the displacement vector at the monolayer/
solution interface

(4c)

_m = 2
Mo lr=r,+d "Sor lr=ry+d

and the choice of the origin of potential

first approximation to the nanoparticle electrical propertiesin e _ 9A¢ _ 0 _ . _ 9 .
the chemicaf;5917.21.23physjcall41518 and engineerird lit- Cupc 0z 3_z[¢m(r0) ¢r— )] = a_z{ [Pm(ro)
erature, the results could be of interest to a broad audience. e

Dullo T A + [Bdio+ )~ 9r — @)} = =+ = (6)

2. Model Equations ) ) )
Equation 5 defines the capacitances of the monolayer and the

Figure 1 shows a schematic view of the MPC in the bathing solution, respectively. Murray and co-work&t&have experi-
solution. The P-B equation has to be solved in the two-region mentally analyzed the validity of the usual assumptiGgs>
modef for the cases of absence and presence of counterionCp, ~ Cy that lead toCypc ~ Cp in eq 5.
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As shown recently?® eqs 2-4 can be readily solved if the
P—B equation (eq 3) is linearized:

¢ (I’) — ze |. er,m/er,s -1 ze
" A, eoro T |1+ (g + d)/Lg 4me, et
ro<r<rqy+d (6)
and
—[r =(ro+d)J/Lp
ze e
o) = :
4me, €ol1 + (ro + d)/Lp] r

rotd<r <o (7)

Using eq 5, the potential distributions in eqs 6 and 7 lead to
the capacitancés

C = 4me, 1€o(rg + d)(ry/d) = C, (8)
Cs = 4me, £(rp+ d + Lp)[(ro + d)/Lp] 9)
From egs 8 and 9, the total MPC capacitance is
Cyvpc = EnCs = &
C,tC, €rm (ry/d)

€51+ (rg+d)Lg]

(10)

Note thatCypc does not depend on the metallic core charge
numberz in the linear approximation. Equation 9 shows that
the diffuse EDL adds simply a second layer of concentration
dependent thickneds, = [e; «oRT/(2F2cs)] Y2 to the concentric
sphere capacitd® Differences betweerCypc and Co are
significant in the casesdd) ~ 1 and (o + d)/Lp < 1 even for
ermlers < 1. Therefore, the assumptid®@ypc ~ Co should be
approximately valid for small metallic cores, high electrolyte
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Figure 2. Electric potential radial distributiog(r) around the MPC

for the electrolyte concentrationss = 1 (continuous curves) and
100 mM (dotted curves). The arrow corresponds to increasing values
of the solvent dielectric constarts = 5, 10, and 20. Other model
parameters arg = 3,ro = 1 nm,d = 1 nm, anderm = 4. The inset
shows alsap(r) in the cases of the linear (dotted curve) and nonlinear
(continuous curve) PB equation forcs = 10 mM ande,s = 10.

although the hydrophobic nature also mat#&rg’ The explicit
estimation of the above contributions kg for each particular
case constitutes a formidable probf®7-35and, therefore, we
will consider the partition coefficient to be a constant charac-
teristic of the monolayersolvent-electrolyte system. This
permits a direct numerical solution of the-B equation that
shows the essential qualitative trends of the model for effective
values of parameté(;. For the sake of simplicity, a symmetrical
base electrolyte is assumed first: the same partition coefficient
K is introduced for the counterion and coion (note that the

concentrations, and no solvent penetration, especially in the limit monolayer still selects the counterion over the coion because

ermlers < < 1.
Equation 2 should be modified to account for ion penetration.

It has been shown experimentally that the metallic core charge,

of the different sign of their charge numbers). Some results for
the asymmetrical electrolyte case as well as a new theoretical
approach to describe the effects of the compactness of region |

together with the chain characteristics and the electrolyte andon the counterion distribution will finally be included.

solvent nature, dictate the monolayer permeability to fFSriS.

In particular, counterions do not enter the monolayer without
an electrostatic driving force between the core and bulk
solution?” Therefore, we will concentrate on the electrical

interaction between these ions and the core charge, allowing
effective values for the monolayer dielectric constant to account

indirectly for solvent penetration. The Laplace equation (eq 2)
should then be replaced by the-B equation

2
Fon 2800 Fo et oy
3[’2 roor € m€o " N ,

ro<r<ry+d (11)

whereK; (i = +,—) is the ionic partition coefficient between
the solution and the monolayer (excluding the term for the
electrical interaction of the ions with the metallic core charge
that is explicitly accounted for in the exponentials of eq 11).
Note that monolayer partition coefficienks < 1 should be

3. Results and Discussion

The above differential equations for the electric potential,
subject to the respective boundary conditions, were solved
numerically using th&emlab 3.0(Comsol AB, 2004) software
package. Figures-211 (see also Figures SBE3 in Supporting
Information) give a survey of the results obtained under a broad
range of experimental conditions. Figure 2 shows the electric
potential radial distributiong(r) around the MPC for the
electrolyte concentrationss = 1 (continuous curves) and
100 mM (dotted curves). The arrow corresponds to increasing
values of the solvent dielectric constant = 5, 10, and 20
leading to lower potential drops in the solution layer, especially
for the highest electrolyte concentration. Other model parameters
arez=3,ro =1 nm,d =1 nm, ande;, = 4. The inset shows
also¢(r) in the cases of the linear (dotted curve) and nonlinear
(continuous curve) PB equation forcs = 10 mM ande s =
10. As expected, the potential obtained with the linear ap-

expected because of the excluded volume effect due to the finiteproximation is higher than that calculated in the nonlinear case.

size of the monolayer chaiffsand the Born energy exclusion
due toerm < €52’ These two terms counteract the electrostatic

Although both curves are qualitatively similar, they lead to
significantly different capacitances, as it is discussed later.

energy term in eq 11 that promotes counterion penetration. The Figure 3 show<Lypc versus the metallic charge number

partition coefficient; depends on the nature of the monolayer

for the electrolyte concentratiorts = 1, 10, and 100 mM in

chains, the solvent and the base electrolyte: big counterionsthe curves. Other model parameters igre= 1 nm,d = 1 nm,

are expected to show lower valueskgfthan small counterions,

eem = 4, and s = 10. The concentric sphere capacitor
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Figure 3. Cupc Vs zfor the electrolyte concentrations= 1, 10, and Figure 5. CupcCwupdCo versus the monolayer chain lengitfor the
100 mM in the curves. Other model parametersrare 1 nm,d = core radiirp = 0.5, 1, and 2 nm shown in the curves. Other model

1 nm,em =4 ande s = 10. The concentric sphere capacitor capacitance parameters are = 3, e;m = 4, ;s = 10, andcs = 10 mM.
Co (dashed line, eq 1) and the total MPC capacitances obtained with

the linear P-B equation (dotted curves, eq 10) are also included for 1.0 T T T T
comparison.
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) ) lengths in nm). Other model parameters are 3, ;m = 4, ande;s =

Figure 4. (z— 1/2)e/Cyvpc versusz for the electrolyte concentratian 10.

= 1 mM (continuous line). Other model parameters@re 1 nm,d

= 1nm,em = 4, ande;s = 10. The dotted straight line is included to  ascribed in part to changes in the diffuse EDL, as emphasized

better show the deviation from the linear behavior (constamt) that previously28

occurs at high charge numbezsThe inset shows als@ (— 1/2)¢/ - ' - _—

Cwic for the electrolyte concentrations; = 1 (continuous line) and Figure 4.Shows_the ratiz  1/2)e/Cupc, Which is related to

100 (dashed line) mM. the pptentlaIAV = e/Cypc at which quantized double layer
charging events occdr; versusz for the electrolyte concentra-

capacitanc€, (dashed line, eq 1) and the total MPC capacitance tiorlcs =1 ml\/l_(continuous_line). Other_model parameters are
obtained with the linear PB equation (dotted lines, eq 10) are "0 = 1 nm,d=1nm,em= 4, ande,s = 10. A plot of the

also included for comparison. As expected for a classical model,formal t;;]oterr]]tlal charagf_n?m of the_ dMEé: ch_argmgtevtents
the effect of the solution capacitan€eon Cypc is manifested ~ crouS € Charge NUMLESS finéar provided.iec IS constant,

by a symmetrical, significant dip in the capacitanGaec giving an average capacitance from the slope. This is indeed

. X the case in the vicinity of the point of zero charge, although
— (26,28 . . . o
centered az = 0. The exact capacitance agrees with that the potential separation becomes slightly nonuniform at more

obtained with the Iinear.PB equatioq (eq 10) oqu at low COr€  hositive and negative potentid#€1217The experimental results
charge numbers, showing that the linear solution has a limited 5 i ualitative agreement with the predictions of Figure 4 at
validity. The increase of the capacitance fram 0 is consistent high positive and negative charge numbe(a dotted straight
with the dominance of the monolayer layer capacitance at very jine js included to better show the deviation af 1/2)e/Cypc
negative or positive potentiald Remarkably, the capacitances  from the linear behavior, constafiyec, eq 10). However, it
Curc and Co differ by as much as 25% at low electrolyte  should be mentioned that other effects (e.g., changes in the
concentrations. Also, the capacitance dip is still noticeable at monolayer capacitance withdue to ion penetration and the
high electrolyte concentrations, in qualitative agreement with particular density of the electronic states in the metallic core)
ref 26, although the experimental dip is asymmetrical. The can also be responsible for the observed deviation from
results of Figure 3 imply also th&tV = e/Cypc becomes larger  linearity31217The inset in Figure 4 showg  1/2)e/Cypc for

at low electrolyte concentrations, an effect that should be the two electrolyte concentrations, = 1 (continuous curves)
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Figure 7. CupdCo versus the solvent dielectric constaing for the
electrolyte concentratiorgg= 10 and 100 mM with the charge numbers

z = 3 (continuous curves) and 5 (dashed curves). Other model
parameters arey = 1 nm,d = 1 nm, ande;m = 4.
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Figure 8. Cwpec (calculated with increasing values @fn to simulate
solvent penetration) an@, (obtained with no solvent penetration for
erm = 4 in eq 1) versus the monolayer chain lengthOther model
parameters are = 3,ro = 1 nm, ¢,s = 10, andcs = 10 mM.

and 100 mM (dashed curves). This potential is not very sensitive
to the electrolyte concentration in the immediate vicinity of
z=0.

Figure 5 showCvpd/Co versus the monolayer thickneds
for the core radirp = 0.5, 1, and 2 nm. Other model parameters
areerm = 4, ¢, = 10, andcs = 10 mM. The lower limit ofrg
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Figure 9. AV = e/Cupc versusz for the partition coefficient valuel
= 1075 1078 10719 and 0 (dashed line, no ion penetration). Other
model parameters arg =1 nm,d = 1 nm,e;m = 4, €,s = 10, andcs
=10 mM.
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Figure 10. The inverse of the capacitanGgpc versus the inverse of
the solution layer capacitané® for z= 2 andK = 1077, 1075, and
1075 (continuous curvesy = 3 andK = 10720, 107°, and 108 (dashed
curves); and finallyz = 4 andK = 10713, 107*2, and 10! (dotted
curves). In all cases, the arrow corresponds to increasing valués of
The values of XZ in the horizontal axis correspond to electrolyte
concentrationss in the range $+100 mM. Other model parameters
arero =1 nm,d =1 nm,em = 4, ande; s = 10.

relative deviations up to 35% for large metallic cores and small
monolayer thicknesses. These deviations show clearly the
importance of the solution layer capacitai@zet low electrolyte

is included here only to show the trends of the model, becauseconcentrations, except for the case of small metallic cores where

at sufficiently small size the cluster develop molecule-like redox
behavior? The exact results are in qualitative agreement with
the predictions of eq 10: the deviations 6fpc from Coy
increase with decreasirdj being more significant at high core
radii. Remarkably, the experimental capacitand@gpf) ob-
tained from the formal potential characteristic of the nanoparticle

the monolayer capacitan€, still dictates the value of the total
capacitance&ypc irrespective of the value afs.

Figure 7 shows the ratiGupo/Co versus the solvent dielectric
constante((s) for the electrolyte concentratioms = 10 and
100 mM in the curves. Two charge numbers; 3 (continuous
curves) and 5 (dashed curves), are considered. Other model

charging steps appear to be consistently lower than thoseparameters arey = 1 nm,d = 1 nm, ande;m = 4. The MPC

estimated from the spherical concentric capacitor mo@g) (
for the data in Table 2 of ref 8. Figure 6 shows the r&igd/
Cop versus the electrolyte concentraticyfor the core radii and
monolayer chain lengths¢ d) given in the curves (both lengths
in nm). Other model parameters ae 3, e¢m = 4, anders =
10. The exact capacitan€pc tends asymptotically t&€y as

capacitances increase with the solvent dielectric constant, as
reported in Table 2 of ref 9. At each concentrat@nCuypc ~

Co for e;s> e,m = 4, in agreement with the results by Girault
and co-workerg®2%30 BecauseAV = €/Cypc, the potential
separation should increase with decreasing the dielectric constant
of the organic solvent, as observed and explained previously

the electrolyte concentration increases (and, therefore, the Debyéby these authors using the linearized ®equatior?®2°2-3(This
length in eq 10 decreases), although the two capacitances shovequation gives, however, capacitances and potential separations
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Figure 11. Cwpc versusz for the electrolyte concentratiorg = 1
and 10 mM withK_ = 1078, in the case& = 3K_ (continuous curves)
and K, = 30K_ (dotted curves). To better show the effect of the
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TABLE 1: The Ratio Between the Average Counterion
Concentration in the Monolayer and the Electrolyte
Concentration in the Solution (See Eq 12) for Different
Charge Numbersz and Partition Coefficients K2

Ci/Cs
106 107 108 10° 10710 101

A

2 0.10 0.011 0.0011 1.1410* 1.14x 105 1.14x 10
3 316 169 059 0.104 0.0115 0.0012
4 835 6.55 4.80 3.14 1.67 0.57

a Other model parameters arg= 1 nm,d =1 nm,e;m = 4, €5 =
10, andcs = 10 mM.

z
Z
z

1nm,d=1nm,em=4,¢es= 10, andcs = 10 mM. Previous

studies on ionic selectivity in confined geometries (e.g., an
aqueous electrolyte solution within a charged pore, see ref 37
and references therein) appear to indicate that finite size
corrections are very significant for concentrations close to
1 M. In our case, the size effects arise because of both the thiol
chains and the relatively bulky counterions present in the

counterion inclusion on the asymmetry, the inset shows also the casesnonolayer. Therefore, the results in Table 1 suggests that an

K- = 1078 (continuous curves) and_- = 107° (dotted curves) for

K+ = 3K-. Other model parameters arg= 1 nm,d = 1 nm,e;m =

4, ander s = 10. The concentric sphere capacitor capacitance (dashed
line, eq 1) is also included for comparison.

that do not depend on the charge numbecontrary to the
nonlinear P-B predictions of Figure 3.) The experimental choice
of the solvent is determined usually by the joint solubility
requirement of the MPC and the base electrofytEhe results

of Figure 7 may be relevant not only for a set of organic solvents
with significantly different dielectric constants (or mixed

upper bound for the partition coefficient could Ke< 1076 for

z = 3, 4. This gives monolayer concentrations up to 0.1 M for
the calculations in Table 1, which provides a conservative
estimation for ion size corrections to be ignored. In this way,
the finite size of the ions is taken into account indirectly, and
the qualitative trends of the model can be discussed for different
values ofK without a detailed picture of the ion, solvent, and
monolayer at the subnanometer scale. (The results obtained with
a more elaborated model for the counterion distribution in region

| will be given later.)

solvents) but also for those cases where solvent penetration Figure 9 shows the electric potential differenté = e/Cyipc

increases the effective value efn, in the monolaye??26
Figure 8 gives the capacitand8gpec (calculated with increasing
values ofe, i, to simulate solvent penetration) a@d (obtained
with no solvent penetration far,(m) = 4 in eq 1) versus the
monolayer chain lengtd. Other model parameters are= 3,

ro =1 nm, e s = 10, andcs = 10 mM. Clearly, the effect of
solvent penetration oRypc can be very significant (see also
Figure S1 in Supporting Information) over a broad range of
monolayer thicknesseas Note also thaCupc deviates frontCy

due to a single electron transfer versus the charge nunfoer
the partition coefficient& = 1076, 1078, 10719, and 0 (dashed
line, no ion penetration). Other model parameters rgre=

1 nm,d=1nm,em=4,¢es= 10, andcs = 10 mM. The tail

of the curve fork = 107% in Figure 9 corresponds tovalues
giving exceedingly high counterion accumulations in the model
(see Table 1), and is included only to show the limiting behavior.
Significant decreases o&/Cypc with z are predicted for
reasonable values &fandz The experimental data show indeed

if dis small enough even when both capacitances are calculatedhat AV decreases with the absolute value offor the

with the same dielectric constaaty, = 4.

We consider next the case of ion penetration to the monolayer.
As mentioned previously, the partition coefficieldtmust be
very small because of the exclusion caused by the finite size of
the iong%37 and monolayer chaif%as well as the high Born-
like energy barrier due te;m < 52’ These two exclusion
effects prevent the counterion concentration in the monolayer
to reach the unrealistically high values that would otherwise
result because of the electrostatic energy in the Boltzmann

counterions that can penetrate the monolayer whereas it remains
almost constant for those counterions that cannot penetrate this
layer (the cas& = 0 in Figure 9; see also Figure 2 of ref 27).

In the latter case, the high excluded volume and hydrophobic
barriers accounted for here by the partition coeffici€mrevent
counterion permeation. Figure 9 shows also that the potential
AV = e/Cypc can decrease with the absolute value &r the
nonlinear P-B equation even in the absence of ion penetration
becauseCypc increases wittz (see Figure 3). However, this is

exponential of eq 11. The above competing effects have to bea rather small effect, as shown by the dashed curve correspond-

taken into account in the estimation of reasonable valuek.for

ing to K = 0 in Figure 9, and it is counterion penetration that

The ratio between the average counterion concentration in theleads to significant decreasesAY with z, in agreement with

monolayer and the solution

L= 1 3 j;rﬁd KenRT goer2dr
Cs  (4al3)[(ry + d)® —r 3 " 12

the conclusions of Quinn et &l.

Figure 10 shows the inverse @ypc versus the inverse of
Csforz=2andK = 1077, 1075, and 10° (continuous curves);
z=3andK = 10719 1079, and 108 (dashed curves); and finally
z=4 andK = 10713 10'2 and 10! (dotted curves). The
arrow corresponds to increasig The values of Xs in the

should not reach high values, therefore, because massivehorizontal axis correspond to electrolyte concentrations

counterion penetration is not usually observed. Table 1 gives
this ratio, calculated by numerical integration of the radial
counterion profiles for different values of the partition coefficient
K and the charge number Other model parameters arg=

the range £100 mM. Other model parameters ape= 1 nm,

d =1 nm,e m = 4 ande; s = 10. Clearly, deviations from the
linear behavior (see Figure S1 in Supporting Information) are
now obtained because of the counterion penetration, especially
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Figure 12. AV = €/Cypc versusz for the partition coefficienK = Figure 13. Experimental values (symbols) afV = e/Cypc versusz

102 with g= 0.9, 0.8, and 0.7 (continuous curves) in eq 13. The curve for TPASTPBRy, in DCE (circles), TBAPE in DCE (squares), and
with K = 0 (dashed line, no ion penetration) is also shown. Other model TBAPFs; in CB (triangles) (see ref 27 for details). The curves are
parameters arep = 1 nm,d = 1 nm, e;m = 4, €, = 10, andcs = obtained with eq 13 for the following partition coefficients and effective
10 mM. monolayer dielectric constantK = 0 ande;m = 3.6 (continuous
curve);K = 1073 ande;m = 3.0 (dashed line), and = 7 x 1073, and
at high electrolyte concentrations(these correspond to small ¢, = 2.3 (dotted line). Parametgr= 0.79 for the theoretical curves.
values of 1Cs in Figure 10). The solution dielectric constantss = 10.24 (DCE) and 5.6 (CB),
Figure 11 shows the effect of the partition coefficient together with the characteristic valugs= 0.81 nm,d = 0.77 nm, and

asymmetry on th€ypc versusz curve (see also Figure S3in & = 10 MM, are taken from ref 27.

Supporting Information) forthg electrolyte concentrgtiogls with reduced dimensionalit{f. In this approach, we consider

1 and 10 mM, withK- = 1075, for K+ = 3K- (continuous the monolayer as a disordered medium where the thermal motion
curves) andk; = 30K‘ (_dotteql curves). To better show Fhe of the counterions is decreased because of electrostatic correla-
effect of the counterion |nclu85|on on the asymmetry, the inset jnq ang monolayer structural effects. The counterions can be
ShO;NS also the casés = 10" (continuous curves) arki- = in a range of states from frozen configurations where they are
107 (dotted curves) foK.. = 3K-. Other model parameters . aple to move to diffuse configurations where the abov8P
arero=1nm,d=1nm,e;m = 4, ande,s = 10. The concentric pproach applies. The effect of the electrostatic correlations and
sphere capacnor capacitance (dashedllmg,. eql)is glsp include he monolayer structure on the counterion distribution is
for comparison. The results show that significant deviations from accounted for by means of the Tsalisexponential distribu-

the symmetric curves (see Fig!”e S3 in Supporting Informatio_n) tion.*L In terms of this distribution, the generalizee B equation
can occur because of the different nature of the respective, . iha monolayer 40

counterion (the electrolyte cation far< 0 and the electrolyte

anion fo_rz >_0). Th_e asymmetry effects increase with increasing 2 b 208, FKC, Fo.] 1
counterion inclusion (see inset). Remarkably, the difference £ 0 1+ (1 - Q) ==|—,
between the cation and the anion of the base electrolyte need R S S RT[17a

not be extreme to produce a noticeable asymmetry in the MPC ro<r <ry+d (13)
capacitance.

In summary, the results of Figures-21 show that the effects ~ whereq is the so-called Tsallis entropic parametet! In the
of ion penetration are important at high charge numizgis limit g — O, the counterions (the electrolyte anions in eq 13)

qualitative agreement with experiments, although it should be are frozen within the monolayer, although in the opposite limit
mentioned that the observed capacitances could also reflectq— 1 the diffuse P-B approach is regained (tlieexponential
changes in the density of electronic states in the metallic core function becomes the exponential distribution for the counterions
metallic not accounted for here. Moreover, assuming that the in the P-B equation of eq 13). Note that becaugecorporates
monolayer solution can be described by theBPequation over now part of the details of the monolayer, the partition coefficient
all the range of values might underemphasize the effects that K < 1 should attain now significantly higher values than those
the rigidity and compactness of this region exert on the assumed in the above figures where the above details were
counterion distribution. The incorporation of finite size effects implicitly lumped into this free parameter.
in the diffuse electrical double layer of a free electrolyte solution  Figure 12 shows the electric potential chagé = e/Cypc
is difficult®® and this problem becomes even harder in the case vs z for the partition coefficienk = 10-2 and the values of
of confined geometries (e.g., an aqueous electrolyte solutionin the figure. Other model parameters age= 1 nm,d =
within a charged pofé). In our case, the size effects arise 1 nm,em = 4, s = 10, andcs = 10 mM. In the limitq — 1
because of both the thiol chains and the counterions in the (dashed curve), we recover the case of the diffuse layer model
monolayer. An approximated procedure recently proposed to considered in Figure 9. However, @ gradually reduced down
account for the ionic size is based an effective distance of closestto zero, the case of a compact monolayer with no counterion
approach of the counterion to the metallic céfe. motion is obtained. For intermediate valuesgpf significant

In a final effort to extend the above model, we have decrease oAV with zis predicted. The valueg < 1 reflect
considered a generalized-B equation recently proposed for the reduction in the phase space availdfbler the counterion
the study of charge correlations in the counterion distribution within the monolayer and give more gradual change®\uf
near to a macroiof-3®and for the case of fractal phase spaces than those of Figure 9.
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For low values of the electrostatic potential (Iayythe right deviations are quantitatively important when attempting to

hand side of eq 13 can be linearized to give determine the potential separation between quantized double
layer charging eventsAV = e/Cypc. A generalized PB
FKc, Fo|¥1a  FKc, For, equation that considers the monolayer as a disordered medium
. [1"' Q-dgzT %ﬁ[l"‘ﬁ (14) where the thermal motion of the counterions is decreased
r,m-0 r,m-0

because of electrostatic correlations and monolayer structural
effects is proposed on the basis of the Tsalfiexponential
distribution, and model calculations are compared with recent
experimental data. Admittedly, most of the results obtained are
extensions of recent theoretical and experimental WorK,but

the addition of some new physical insights concerning the ion
penetration problem may be useful for the understanding and
future applications of the nanoparticle electrical properties.

Note that in this limit there is no dependence @(the effect

of g is most significant for high surface potentials corresponding
to high values ot in Figure 12). Thereforel can be estimated
by fitting separately the experimental results at low charge to
the model results obtained from eq 13 with the rhs of eq 13
replaced by the approximation in eq 14. Ori€éas obtained
using this procedure, the full eq 13 can be solved (Kifixed)

to extractg from the experimental data at higherParameter Acknowledgment. Financial support from the CICYT
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in the splvent 1,2-dichloroethane (DCE) (circles), tetrabutyl- acyits for the MPC capacitance as a function of the electrolyte
ammonium hexafluorophosphate (TBAf DCE (squares),  sojution concentration and MPC charge number are given. This

and TBAPFs in chlorobenzene (CB) (triangles) are included in - aterial is available free of charge via the Internet at http://
Figure 13 (see ref 27 for details). The theoretical curves are pubs.acs.org.
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