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ABSTRACT: Dissociation of ionizable ligands immobilized
on nanopaticles (NPs) depends on and can be regulated by
the curvature of these particles as well as the size and the
concentration of counterions. The apparent acid dissociation
constant (pKa) of the NP-immobilized ligands lies between
that of free ligands and ligands self-assembled on a flat surface.
This phenomenon is explicitly rationalized by a theoretical
model that accounts fully for the molecular details (size,
shape, conformation, and charge distribution) of both the
NPs and the counterions.

’ INTRODUCTION

Immobilization of organic molecules onto nanometer-sized
particles (NPs) can modify the physicochemical properties of
these molecules, including the redox potentials,1 ability to under-
go conformational changes,2,3 or the assembly of hierarchical
structures.3 Despite numerous experimental studies involving
NP-immobilized molecules, however, many aspects of how NP
curvature affects the immobilized ligands are poorly understood.
In particular, it is unclear how this curvature modifies the
acid-base equilibria and the pKa of the acidic ligands.

4-6 Acid-
decorated NPs have been used widely in electrostatic self-
assembly of the NP crystals,7 in the formation of NP coatings,8

and in Stellacci's striped NPs.3 In all of these systems, the
knowledge of the protonation state of the ligands is crucial for
their proper functioning and/or assembly into larger structures.
Here, we combine experiments with fundamental theory of the
dissociation effects in NPs covered with self-assembled mono-
layers (SAMs9,10) of model acidic ligands, 11-mercaptoundeca-
noic acid (MUA). The key finding of our work is that the pKa of
the on-particle MUA SAMs depends perceptibly on the NP's
radius and differs from the value characterizing the SAM on a flat
surface11,12 by as much as two pH units. In addition, the value of
the pKa can be controlled by the concentration of salt in solution
and by the size of the salt's ions. The experimental pKa trends
(determined by acid-base titration13) are reproduced by a
theoretical model that accounts fully for the molecular details
(size, shape, conformation, and charge distribution) of both the
NPs and the counterions. The method we describe in this Article
can be extended to other types of molecules/NPs14,15 and can

help tailor the properties of nanostructured materials and
systems based on ionizable molecules.16,17

’EXPERIMENTAL SECTION

Gold nanoparticles, AuNPs (Figure 1a), were synthesized as de-
scribed preciously4,16 and had diameters of metal cores in different
batches 4.1 ( 0.5, 5.0 ( 0.5, and 7.2 ( 0.8 nm (size distributions and
standard deviations were determined from transmission electron micros-
copy, TEM, images; see Figure 1b and Figure S1 in the Supporting
Information). The NPs were functionalized with a SAM of 11-mercap-
toundecanoic acid (MUA, ProChimia Surfaces, ultrapure grade; pKa in
solution ∼4.818) as described in ref 7. Upon attachment to the gold
surface, one MUA ligand occupied, on average, the area of 21.3 Å2

(as estimated in ref 4).
The dissociation behavior of NP-tethered MUAs was studied as

a function of pH and/or salt concentration using an acid-base
(or potentiometric) titration method.13 In a typical procedure, the
pH of 8 mL of AuNP solution of 0.2 mM on-particle MUA ligands
was adjusted to∼9.3 by the addition of tetramethylammonium hydroxide
(TMAOH). One 200 mM aliquot of tetramethylammonium chloride
(TMACl), tetraethylammonium chloride (TEACl), or tetrabutylammo-
nium chloride (TBACl) was added to the stirred AuNP solution, and
80 μL aliquots of 2 mM HCl were then used to titrate the AuMUA
solution. Five minutes after each addition of HCl, the pH was measured
by InLab 413, Metler Toledo pH electrode (note: the pH did not change
significantly after ∼40 s).
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’EXPERIMENTAL ANALYSIS

For the dissociation of the MUA ligands, AH a Hþ þ A-,
the acid equilibrium/dissociation constant is given by Ka =
{Hþ}{A-}/{AH}, where {i} denotes the activity of species i
(in equilibrium at the NPs' surface) and can be approximated by
the corresponding concentration of species iwhen the solution is
sufficiently dilute.

For the analysis of the experimental titration data, it is
convenient to introduce the fraction of charged MUA ligands
on AuNPs (i.e., the degree of dissociation of MUA ligands),
f = [A-]/([A-]þ [AH]), where [AH] and [A-] represent, respec-
tively, the concentrations of the protonated and the depro-
tonated MUAs on the particles, and [A-] can be calculated from
the charge balance condition, [Hþ] þ [TMAþ] = [OH-] þ
[Cl-]þ [MUA-], with [Hþ] estimated from the experimentally
determined pH of the bulk solution. The fraction of charged
MUA on the NPs then becomes

f ¼ 1
1þ ½Hþ�=Ka

ð1Þ

and the pKa of the MUA on the particles can be expressed by
the so-called Henderson-Hasselbalch equation, pKa = pH -
log[f/(1 - f)]. Solid markers in Figure 2a show a typical experi-
mental dependence of f on pH for 4.1 nm AuNPs in the solution
of 80 mM TMACl. Although this dependence agrees qualita-
tively with the predictions of the Henderson-Hasselbalch
equation (i.e., degree of dissociation increases with pH), the
calculated pKa, shown in the inset, systematically deviates from
its expected constant value. Clearly, the assumption of an ideal-
solution behavior of the NP-immobilized MUA ligands and the
application of Henderson-Hasselbach are not justified. There-
fore, to characterize the dissociation of MUA on NPs, we
introduce an apparent pKa defined as the pH for which the
degree of dissociation is f = 0.5. This definition will be helpful for
summarizing the experimental results and for the comparison
with the theoretical model.19

Figure 2b summarizes the key experimental results of this
study and plots the apparent pKa as a function of salt (TMACl)
concentration for AuNPs with three different average diameters:
4.1, 5.0, and 7.3 nm.We note that in all cases, the apparent pKa of
NP-immobilized ligands is significantly higher than the pKa≈ 4.8
of MUA in solution. The apparent pKa also increases with
increasing NP size and decreases with increasing salt concentra-
tion (especially for salt concentration cs < 0.05 M).

’THEORETICAL ANALYSIS

The fact that the fraction of charged MUA on NPs does not
follow the ideal-solution behavior prescribed by eq 1 indicates
that the degree of dissociation is affected by the restriction/
immobilization of the -COOH groups in the dense SAM and,
possibly, by other factors such as NP curvature. In reality, as
mentioned above, the equilibrium constant should be defined in
terms of the activities rather than the concentrations. In many
cases, and particularly in dilute solutions, the activity becomes the
concentration. However, even for very low concentrations of NP,
the local environment of the acid groups determines, through a
balance of chemical free energy, electrostatic, van der Waals,
steric, and packing interactions, its protonation state. To account
for these effects, it is necessary to calculate and minimize the
free energy of the system, which explicitly includes the coup-
ling between the chemical equilibrium and all the relevant
interactions.

Figure 2. (a) Fractions of charged/dissociated MUA ligands as a
function of pH. The theoretical charge fraction (black curve), f, was
calculated via eqs 1-9. The red curve is calculated for free MUA in
solution using the Henderson-Hasselbalch equation; note that this
curve is steeper than both the experimental dependence and the
theoretical curve calculated using our theory. The inset shows the
experimental pKa (open markers) of NP's ligands calculated using the
Henderson-Hasselbalch equation. Diameter of the NP's metal core,
D(AuNP) = 4.1 nm, c(TMACl) = 0.08 M. (b) The apparent pKa's of
AuMUANPs of different sizes plotted as a function of salt concentration.
Open markers correspond to experimental data; curves were calculated
by the model described in the main text.

Figure 1. (a) Scheme illustrating dissociation of MUA ligands immo-
bilized on the surface of AuNPs. (b) An example of TEM-derived size
distribution of AuMUANPs. Here, the average diameter of AuNPmetal
cores is∼4.1 nm; distributions for particles of other sizes are included in
Figure S1 in the Supporting Information.
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The free energy formalism we use in the following is the
first application of our theory20,21 to nanoparticulate systems.
The molecular approach explicitly incorporates the molecular
details of each species present in the system including the
size, shape, conformation, and charge of every molecule. This
theoretical approach has been previously shown to be quite
versatile and accurate as compared to experimental observa-
tions in various applications,20,22-27 ranging from the switch-
ing properties of poly vinyl pyridine grafted to nanopores28 to
the variation of the properties of grafted poly acrylic acid as a
function of pH and solution ionic strength.25,29

Here, we apply this theory to model a gold nanoparticle of
radius R and covered with σMUA ligands per unit area (σ≈ 4.7
nm-2 for MUA on AuNPs30). The MUA molecules are com-
posed of n = 13 segments (including the mercaptoundecyl chain
and the ionizable end group-COOH), and each segment has a
volume vp = 27 Å

3.31 TheNP is immersed in an aqueous solution,
containing monovalent TMACl salt, which is assumed to be
completely dissociated. Water is also able to dissociate into
protons (Hþ) and hydroxyl ions (OH-). The bulk solution is
characterized by a salt concentration (c) and by bulk pH. The
bulk pH is controlled by the addition of extra TMAOH or HCl.

The appropriate free energy to treat a single NP embedded in
a solution of a given salt concentration and pH is a semi grand-
potential where the number of MUAs on the NP is fixed, and the
chemical potential of the mobile species is given by that of the
bath, that is, the bulk solution. It is convenient to write the free
energy per unit area at the surface of the NP, A(R). Furthermore,
due to the spherical symmetry of the NP, we consider inhomo-
geneities only in the radial direction, r. Thus,

βF
AðRÞ ¼ σf

X
R¼RA-

PðRÞ ln PðRÞþ σð1- f Þ
X

R¼RAH

PðRÞ ln PðRÞ

þ βf
X

R¼RA-

PðRA- ÞεðRA- Þþ βð1- f Þ
X

R¼RAH

PðRAHÞεðRAHÞ

þ σf ðln f þ βμoA- Þþ σð1- f Þ½lnð1- f Þþ βμoAH�

þ β

Z
dr GðrÞ ÆFqðrÞæψðrÞ-

1
2
εðrÞε0ðrrψðrÞÞ2

� �

þ
Z
dr GðrÞFwðrÞ½ln FwðrÞvw - 1- βμw�

þ
Z
dr GðrÞFþ ðrÞ½ln Fþ ðrÞvw - 1- βμþ �

þ
Z
dr GðrÞF- ðrÞ½ln F- ðrÞvw - 1- βμ- �

þ
Z
dr GðrÞFHþðrÞ½ln FHþðrÞvw - 1þ βμoHþ - βμHþ �

þ
Z
dr GðrÞFOH- ðrÞ½ln FOH- ðrÞvw - 1þ βμoOH- - βμOH- �

ð2Þ

where β = 1/kBT is the inverse absolute temperature. The
first two terms in eq 2 represent the conformational entropies
of the charged and uncharged MUA ligands, with P(R) being the

probability distribution function (PDF) of finding a ligand in
conformation R. The third and the fourth terms represent the
average internal energies of the ligands when the carboxylic group is
in the deprotonated andprotonated state, respectively. The next two
terms correspond to the entropies of mixing between the charged
and uncharged state of-COOH group of the ligand,21,32 and also
include the standard free energies of formation for the charged and
uncharged state (denoted by μA-� and μAH� , respectively). The
seventh term in the free energy expression represents the electro-
static contribution,33-35 where ψ(r) is the electrostatic potential
and ÆFq(r)æ is the total charge density given by:

ÆFqðrÞæ ¼ - σf
X
RA-

PðRA- ÞneðRA- ; rÞeþ Fþ ðrÞe-F- ðrÞe

þ FHþðrÞe-FOH- ðrÞe ð3Þ

with the first term corresponding to the average charge of a ligand at
position r, where ne(RA-;r) dr is the number of carboxylate groups in
conformation RA- within a concentric “shell” (r, r þ dr). The
remaining terms account for the charges of the cations (TMAþ),
anions (Cl-), protons (Hþ), and hydroxyls (OH-), and e is the
unit of charge. In eq 2, ε(r) stands for a position-dependent relative
dielectric constant, which is assumed to be a weighted average of
all its components, ε(r) =

P
iεiφi(z), where φi(z) is the volume

fraction of species i, ε0 is the permittivity of vacuum, εp = 3 for
the organic, MUA SAM,21 and the dielectric constant of the
remaining components in solution (i.e., ions and water) is assumed
equal to that of water, εw = 78.5.

The next five terms in eq 2 represent themixing (translational)
entropy and the bath chemical potentials, μi, of all the ions and
solvent molecules, where Fi(r) is the density of molecules of type
i and vw is the volume of a water molecule.

The intermolecular repulsive interactions are accounted for by
local packing constraints; that is, they represent excluded volume
interactions. Specifically,

σf
X
RA-

PðRA- ÞnðRA- ; rÞvp þ σð1- f Þ
X
RAH

PðRAHÞnðRAH; rÞvp

þ FwðrÞvw þ Fþ ðrÞvþ þ F- ðrÞv- þ FHþðrÞvHþ

þ FOH- ðrÞvOH- ¼ 1 ð4Þ

where vi is the volume of molecule of type i and n(R, r) dr
corresponds to the number of segments of the MUA ligand in
conformation R within the radial volume contained within r and
r þ dr.

In all the integrals in eq 3, G(r) = A(r)/A(R) = (r/R)2 is a
geometrical factor describing the change in volume depending
on the distance from the surface.36

The functional variation of the free energy with respect to the
P(R), f, Fi(r), and ψ(r) subject to the packing constraints, eq 4,
leads to a set of equations for the probability distribution function
(PDF), the degree of dissociation of the MUAs, the densities of
the ions (TMAþ, Hþ, Cl-, and OH-) and water molecules, and
the electrostatic potential. The PDF is

PðRAHÞ ¼ 1
qAH

exp½- β

Z
πðrÞnðr;RAHÞvp dr- βεðRAHÞ�

� exp
β

2

Z
nðr;RAHÞ dε ðrÞε0

dÆφAHðrÞæ
ðrrψðrÞÞ2 dr

� �
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PðRA- Þ ¼ 1
qA-

exp½- β

Z
nðr;RA- ÞπðrÞvp dr-βεðRA- Þ�

�exp
β

2

Z
nðr;RA- Þ dε ðrÞε0

dÆφA- ðrÞæ ðrrψðrÞÞ2 dr
� �

�exp½- β

Z
neðr;RA- Þð- eÞψðrÞ dr� ð5Þ

where π(r) is the lateral pressure, which enforces the packing
constraints in the PDF P(Ri), eq 5, and qi is the partition function
of species i that ensures the normalization of the PDF, that is,P

R=RiP(R) = 1. The expression for the degree of dissociation is
then

f
1- f

¼ qA-

qAH
exp½- βðμoA- - μoAHÞ� ð6Þ

Variation of the free energy expression with respect to the
electrostatic potential leads to the Poisson equation:

rrðεðrÞrrψðrÞÞ ¼ - ÆFqðrÞæ ð7Þ
The explicit expressions for the densities are

FiðrÞvw ¼ exp½βðμi - μoi Þ- βπðrÞvi - βψðrÞqi� ð8Þ
The unknowns in eqs 5-8 are the lateral pressures and the

electrostatic potential. Application of the theory requires evaluating all
these variables. This is accomplished by substituting the volume
fractions into the incompressibility constraint and the Poisson
equation providing a set of integral-differential equations, whose
solution determines the lateral pressures and electrostatic potential.
In practice, we discretize the space and thereby convert the differential
equations into a set of coupled nonlinear equations that are solved
numerically.37The inputs necessary to solve the equations include the
size, shape, and charge of the molecular species, the conformations
and distribution of the ionizable units on the ligands (here, the
-COOH), and the conditions of the bulk solution, that is, TMACl
concentration and the bulk pH. Details concerning the chain model
used for theMUA, the discretization, andnumericalmethodology can
be found in section 2 of the Supporting Information and in refs
20-22.

The expression derived for the degree of dissociation, f,
involves the difference between the individually unknown standard
chemical potentials μA-� and μAH� . These chemical potentials, how-
ever, are related to the free energy of the acid-base reaction (here, the
dissociationofMUA,AHaHþþA-),ΔG� =μA-�þμHþ�-μAH� ,
which is in turn related to the acid-base equilibrium constant of
a single MUA molecule in dilute solution Ka = C exp(-βΔG�), for
whichwe take the value of pKa = 4.8,

18 andC is a constant introduced
for consistency of units. The above definition allows us to express the
chemical equilibriumequation, eq 6, in terms of the bulk experimental
acid-base equilibrium constant as defined in eq 1, yielding the
fraction of charged MUA ligands immobilized on AuNPs:

f ¼ 1

1þ qAH
qA- qHþ

½Hþ�
Ka

ð9Þ

In deriving the above equation, we also made use of
the following relation for the bulk density of the protons,

FHþ
bulk = exp(-βμHþ�)qHþ, where qHþ is the “partition function”

of the protons given by qHþ = exp(-βπbulkνHþ - βψbulke).
Equation 9 can be viewed as expressing the nonideality of the NP
system because it contains the activities of the molecular species
rather than concentrations (cf., eq 1). The partition functions
qAH, qH-, and qHþ describe the nonideal interactions of the
species with its environment.21,38

Finally, we observe that in our experiments the AuNPs are not
monodisperse but have a distribution of sizes. To account for the
size polydispersity, a quenched average over the particles sizes
was performed. The average degree of dissociation was then
determined by computing the degrees of dissociation for differ-
ent NP radii and weighting them with the appropriate probabil-
ities, Æfæ =

R
dD P(D)f(D), whereD is the diameter of the AuNPs'

metal cores, and P(D) is the size distribution function obtained
from experiments (cf., Figure 1b and Figure S1 in the Supporting
Information). Note that the average can only be performed if the
NP solution is sufficiently dilute; that is, the AuNPs do not
interact with each other, which is a central assumption of our
theory because themolecular theory, in the form used here, treats
one NP that interacts with the solution.

’RESULTS AND DISCUSSION

On the basis of the above discussion, the fraction of charged
MUA ligands on AuNPs can be calculated without any adjustable
fitting parameters (cf., Figure 3a for the fraction of the charged
MUA on 4.1 nm AuNPs), from which the apparent pKa can be

Figure 3. (a) Calculated fractions of dissociated MUAs, f, on 4.1 nm
AuNP as a function of bulk pH in solutions with different bulk salt
concentrations of TMACl. Dashed line indicates f = 0.5. (b) The
dependencies of the apparent pKa of AuMUA NPs on the salt concen-
tration and on the size of the salt cations (here, the anions are always
Cl-). R = 0.30, 0.35, and 0.50 nm correspond to the radii of TMAþ,
TEAþ, and TBAþ, respectively. D(AuNPs) = 4.1 nm. Open markers
correspond to experimental data; curves are calculated on the basis of the
model described in the text.
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determined. The theoretical results agree well with the experi-
mental ones, as was convincingly demonstrated in Figures 2b
and 3b. Both theoretical modeling and experimental observa-
tions show that the fraction of the charged ligands on AuNPs
(1) increases with the increasing pH of the bulk solution,
(2) decreases with decreasing salt concentration (for given NP
size and pH), (3) decreases with increasing NP size, and there-
fore (4) the apparent pKa determined from f1/2 increases with
increasing NP size. These trends are rationalized below.

Upon decreasing salt concentration, the electrostatic repul-
sions between the charged carboxylate groups (-COO-) become
stronger, as the charges are less shielded. Therefore, it is an
energetically unfavorable process. The system has two options to
alleviate these large energetic repulsions. The first possibility is to
bring extra counterions (e.g., TMAþ) from the bulk solution at
the penalty of reducing their entropy. The second option involves
shifting the acid-base equilibrium toward the uncharged state, that
is, decreasing the amount of chargedMUA ligands. The free energy
cost of reducing the amount of charge equals the free energy of the
deprotonation of the acid group,ΔG�, which for weak acids such as
carboxylic is less costly than the counterion confinement.21 Hence,
the decrease in the salt concentration in bulk solution can signifi-
cantly shift the dissociation equilibrium of MUA toward the
energetically more favorable state of protonated MUA ligands,
and therefore decreases the fraction of chargedMUA ligands, which
ultimately results in an increasing apparent pKa. Also, we predict
that the fraction of the charged MUA ligands on AuNPs can be
significantly affected by the concentration of TMACl if the pH
ranges from∼4 to∼9 (cf., Figure 3a). At pH < 4, theNPs aremore
than 95% protonated, and thus AuNPs aggregate and precipitate
due to van der Waals attractions. For pH > 9, most of the ligands
are charged regardless of the salt concentration. In this limit, the
interparticle interactions will be modified by the salt concentration,
but this is beyond the present study.

Regarding the dependence of the apparent pKa on the size/
curvature of AuNPs, we explain it as follows. As the size of the NP
increases, its curvature decreases, and the average distance
between the head-groups of deprotonated MUAs decreases.
Therefore, the ligands experience stronger electrostatic repul-
sions. Similar to the salt dependence, the system will respond to
this energetically unfavorable situation by “regulating” the ligands'
charges by shifting the acid-base equilibrium toward the protonated
state. Consequently, the fraction of charged MUA ligands decreases
and the apparent pKa increases with increasing NP size. An inter-
esting corollary here is that the apparent pKa of theMUAs onAuNPs
should lie between the pKa of free MUAmolecules in solution (pKa

≈ 4.8) and the apparent pKa of MUAs within a monolayer on a flat
gold surface (apparent pKa≈ 1011,12).Wenote that while our theory
shows quantitative agreement with the experimental data for small
NPs (D < 8 nm, Figure 2b), discrepancies for larger NPs (ÆDæ =
8.6 nm) are quite substantial (see the Supporting Information,
Figure S2), likely due to the aggregation of such NPs at low pH
induced by the strong van derWaals attractions.30 Also, for the larger
size of NP, the disagreement between the experimental observations
and the predictions suggests that the charge regulation on the NPs
depends on interparticle distance; that is, the apparent pKa is expec-
ted to depend on NP density.

Finally, using our model, we considered the effects of ion size.
Figure 3b summarizes the predictions (solid curves) and experi-
mental results (open markers) for titrations involving three salts,
TMACl, TEACl, and TBACl, having the same anion, Cl-, but
different cations. The radii of these cations are R = 0.30, 0.35, and

0.50 nm39,40 for, respectively, TMAþ, TEAþ, and TBAþ. As seen,
the theory predicts and the experiments confirm that the
apparent pKa increases with increasing size of cations. With
increasing ion size, the excluded volume interactions21 between
the ion and the NP ligands increase, and there is a larger free
energy cost associated with the localization of the counterions to
the SAM layer. As a result, the density of counterions in the
vicinity of the charges from the SAM decreases, resulting in
stronger electrostatic repulsions between charged MUA head-
groups. Increasing the electrostatic repulsions leads to a decrease
in the ionization fraction of the MUA, which translates into an
increase in the apparent pKa.

Finally, we note that, although the focus of the present work
has been on describing the dissociation behavior of the MUA
ligands, our theoretical approach can quantify other structural or
thermodynamic quantities pertinent to the system, for example,
the spatial distributions of Hþ, OH-, co-, or counterions.
Interestingly, the model predicts the variation of pH with the
distance from the NP surface, with the value being one to two
units lower closer to the NP surface than in the solution's bulk.
This difference is expected to increase with increasing particle
size, bulk pH, and decreasing salt concentration. Such pH
variations should be considered when designing NP-biomole-
cule conjugates, where the activity of the biocomponent (e.g., an
enzyme) can depend on local pH, or in systems of nanocapsules
for controlled drug delivery and/or release.

’CONCLUSIONS

In summary, we described and explained, to our best knowl-
edge, for the first time, the effects of NP curvature/size, ion
concentration, and ion size on the apparent pKa of nanoparticle-
immobilized ligands. Our theoretical model incorporates explic-
itly the molecular details of each species present in the NP/
SAM/salt system and reproduces accurately the experimental
data without any adjustable/fitting parameters. The results of this
work appear crucially important for understanding the details of
charge regulation30,41,42 in nanoparticulate systems. In a wider
context, the union of theory and experiments provides a sensitive
and accurate tool for the “rational” design of nanoparticles whose
charge and solution stability depend on particle size and on the
properties of the surrounding medium.
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