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ABSTRACT Nanoparticles functionalized with ionizable ligands can exist in
either dispersed or aggregated states at the same value of pH. This bistability and
the related hystreresis accompanying pH changes derive from a subtle interplay
between electrostatic and van der Waals forces. A theoretical model allows one to

control the range of pH over which bistability is observed.

SECTION Nanoparticles and Nanostructures

ggregation phenomena in collections of nanoscopic
A particles are relevant to the synthesis of nanostructured

materials,'* and are important for the development
of plasmonic nanosensors,” > or nanoparticle (NP)-based
drug delivery methods,®” to name just a few. In most of the
reported systems based on noncovalent interactions, only
one state/form of aggregated NPs exists at the given values of
system/thermodynamic parameters. This type of behavior is
seen in ensembles of NPs interacting by van der Waals (vdW)
forces,> '® and in most systems where aggregation is a
function of temperature'’ or pH.'*'> In few studies,'*'®
bistability deriving from the conformational changes of the
NP ligands has been observed, but these effects have either
been overlooked in the interpretation of results, or treated as
experimentally undesirable artifacts. Nevertheless, bistability
and the related phenomenon of hysteresis remain important
for the development of, for instance, magnetic'” and elastic'®
materials, and there has been recent interest in such systems
at the nanoscale, mainly in conjunction with nanoelectro-
nic'®*® and delivery systems.®” Here, we show that bistability
and hysteresis can be “engineered” rationally into collections
of charged NPs aggregating and dispersing in response to pH
changes. These phenomena derive from a delicate balance
between vdW and electrostatic interparticle interactions ac-
counting for charge regulation on NP surfaces. The sum of
these “component” potentials gives rise to an overall interac-
tion potential that features an energy barrier at finite separa-
tions. Hysteresis comes about because overcoming the
barrier from the aggregated into the dispersed and from the
dispersed into the aggregated states requires different magni-
tudes of electrostatic interactions. These effects and the pH
range over which hysteresis is observed can be controlled by
varying the properties of the charged/ionizable ligands stabili-
zing the NPs and/or by changing particle sizes. NPs having two
stable aggregation states at the same value of pH could be of
interest in the context of NP-based memory devices and in
delivery applications, where the particles (or their assemblies)
migrate through nonuniform pH landscapes.
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In a typical experiment, we used gold nanoparticles
(AuNPs) with diameters of the metal cores of 10.0 +
1.2 nm. These NPs were functionalized (Figure 1a) with a
self-assembled monolayer (SAM)'*? of 2-fluoro-4-mercap-
tophenol (FMP, pK, ~ 8.3, ref 23) synthesized as described
in the Supporting Information. The functionalized NPs were
suspended in water at pH = 12.5 adjusted by the addition of
tetramethylammonium hydroxide (TMAOH). Under these
conditions, the NPs were fully charged (surface potential
§ ~ —61.2 mV) and unaggregated as evidenced by the
dynamic light scattering (DLS) measurements illustrated in
Figure 1b and also by the surface plasmon resonance (SPR)
maxima at Amax ~ 524 nm, characteristic of free AuNPs
(Figure 1c). When the pH was lowered and the phenol
groups became protonated, the NPs gradually aggregated,
with the most prominent red shift of A,,,, occurring below
pH ~ 8 (Figure 1d). At pH ~ 7.0, the particles formed
aggregates ~100 nm in diameter (by DLS), with Aax ~ 539 nm,
and surface potential ~ — 46.9 mV (note: below pH ~ 7,
particles precipitated). Remarkably, when the pH was sub-
sequently increased, the NPs initially remained aggregated
and became fully dispersed only at pH's higher than ~11.
The same trends were observed on subsequent pH cycles
(Figure 1d). Overall, the NPs exhibited pronounced hyster-
esis and in the range of pH between ~7.5 and ~9.5 showed
distinct bistability; that is, either aggregated or unaggregated
NP “states” could exist at a given value of pH depending on
how this value was reached. The two states were stable for at
least 6 months during which the solutions showed no
spectral changes.

The observed phenomena are due to a subtle interplay
between electrostatic repulsions and vdW attractions be-
tween the NPs. Qualitatively, if these interactions are of

Received Date: March 28, 2010
Accepted Date: April 12, 2010
Published on Web Date: April 19, 2010

DOI: 10.1021/jz100406w | J. Phys. Chem. Lett. 2010, 1, 1459-1462



THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

a 30
‘ ’ " ‘ , pH=12.5 pH=7.0
e 2 20
'ﬁ‘ oH- 5
£
E 10+
4

HSQO' —& HS—Q—OH
F F o

10" 102

Diameter (nm)

Cos d550
Ao, =539nm
30.6 H=7.0
2 P £ 540
S <
£0.41 <
3 A__=524nm g
o max < 530_
<0.24 pH=125
0.0 T 520 T . T
350 600 850 6 8 10 12
Amax (nm) PH
€ 20 f 2
=104 —~ 104
< g
E 0+ 5 0
2 cepHT8ES | @ «+ pH=7.8,ES
W o4 & ++pH=7.8, vdW| 10 4 ] o« pH=7.8, vdW
— pH=11, total - \ — pH=9.6, total
o — pH=7.8, total 0 \'\ —pnf;.g, totaI
20 . IpH-7.5, total 20 i |p =7.0, total
0 2 4 0
h (nm) h (nm)

Figure 1. (a) Schematic representation of the FMP-coated AuNPs
used in the experiments. The NPs are unaggregated at high pH due
to electrostatic repulsions between deprotonated FMP SAMs. At
low pH, strong vdW forces dominate and the NPs aggregate. This
behavior is visualized by the color change of the NP solution from
red (free NPs) to blue-violet (aggregated NPs). (b) Hydrodynamic
radii measured by DLS and (c) UV—vis spectra of 10 nm NPs at high
and low pH's. (d) Experimental data showing two consecutive
hysteresis loops for 10 nm AuFMP NPs. Similar loops are observed
on consecutive cycles (up to seven were tested). The insert images
show NP solutions that, depending on how the sample was
prepared, can exist at the same pH (here, 8.3). Calculated interac-
tion potentials between (e) aggregating and (f) dispersed NPs as a
function of distance, h, between particle surfaces. The legends
specify the pH and type of interaction (ES = electrostatic, vdW =
van der Waals; total = ES + vdW).

similar magnitudes, the net potential exhibits a maximum/
barrier at some finite separation (Figure 1e). As long as this
maximum is present, it prevents the NPs from aggregating.
When, however, the pH is lowered and the electrostatic
repulsions weaken, the barrier becomes smaller and, at
some critical value, pHagg, is no longer present, making the
potential monotonically decrease with decreasing inter-
particle separation and allowing the NPs to aggregate
(Figure le, thick red curve for pH = 7.5). Once the NPs
are in the aggregated state, their disassembly requires that
they “get out” of a deep potential well. In order to do so,
however, the pH and the electrostatic repulsions have to
increase to the point where the net potential becomes
monotonically decreasing with particle separation; impor-
tantly, this condition requires pHg;s higher than pH,ge (€.8..
Figure 1f, thin blue curve for pH = 9.6), and the system
exhibits hysteresis.

These arguments can be quantified by a model assuming
pairwise interactions between the NPs (for justification of this
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assumption, see ref 8). The vdW energy is primarily due to the
interactions between NPs' metal cores,** and is given by

A R? R? N 1

Z S =

(2R+h)°—4R2  (2R+h)" 2
4R?

3
m<1 ——2>
(2R + h)

where A=4 x 10~'? ] is the Hamaker constant for gold across
water,”® R is the radius of the metal core, R is the NP radius
(core plus SAM thickness, ~ 0.5 nm), and h is the separation
between NP surfaces. Electrostatic interactions between
charged NPs in ionic solution are derived from the appropri-
ate electrostatic potentials, ¢, via thermodynamic integra-
7 and account for “charge regulation” at the NPs'
surfaces.***® Briefly, the electrostatic potential around an
NP, ¢, is well approximated by the linearized Poisson—
Boltzmann (PB) equation, V¢ = k*@, where k' = (egokgT/
2Nacse®)'’? is the Debye screening length, ¢ is the relative
permittivity of the solvent (e & 80 for water), & is the vacuum
permittivity, Rp is the Boltzmann constant, T is the tempera-
ture (T ~ 298 K in our experiments), N, is the Avogadro
constant, ¢ is the monovalent salt concentration (here, ¢g ~
0.1 mol/L), and e is the elementary charge. The density of
deprotonated FMPs on NP surface, I, is given by I' = T'o/(1 +
10P%"P™) " where T, is the surface density of all ligands
(both protonated and deprotonated; Ty ~ 4.7 nm™~ for
SAM on AuNPs®?). The equilibrium between counterions
(here, tetramethylammonium cations, TMA™) adsorbed onto
the charged NP surface and those free in solution is deter-
mined by Na-Xp+/Nap =eXp[—(AG4 — e@s)/RsT], where Na- and
Nap are the numbers of counterion-free deprotonated FMP
ligands and counterion-bound deprotonated FMP ligands,
respectively, xg: is the mole fraction of counterions (note:
the concentration of H at pHA 6—13is~10"°to 10~"> mollL,
which is negligible compared to the concentration of TMA™,
~ 0.1 mol/L), AGyq is the free energy of ion dissociation in the
absence of any external fields (AGq &~ 2.1 x 1072°]),2 and ¢,
is the electrostatic potential at the NP surface. Thus, the
surface charge density, o, may be expressed as 0 = —el'/
{1+xp+ exp[(AGy — eps)/RpT]}. Since the relative permittivity
of a SAM (esam & 2, ref 29) is small compared to that of water
(the solvent in our experiments), the surface_charge density
may also be written as 0= —eeo Vg1, where n is the outward
surface normal. The boundary conditions at NPs' surfaces are
linearized about the potential of an isolated NP, ¢.., such that
—eegVpg n =S — C.., where S=0(¢..) — (00/10¢)..p.. and C =
—(00/99)... After some algebra, the electrostatic interaction
energy between two like-charged NPs can be derived as
2 2
ugs(h) = mweeoR [%S x In(1— A%e™ %) +% X arctan

uvdW(h) - =

(1)

Al
(Ale_“)} (2)

where the coefficient A = (C — ego)/(C + egok) depends on
C=—090/9¢p |(/, _ (,,W,S which is the derivative of the surface charge
with respect to the potential of an isolated NP, ¢...
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Figure 2. Experimental (left) and calculated (right) hysteresis
loops for (a) 10 nm, and (b) 6 nm AuFMP NPs. (c) Illustration of
an experiment in which the final state of AuFMPs depends on the
pH “route” the NPs “travelled”. Here, the NPs are initially prepared
at pH = 7 (aggregated state, violet color) and are then transferred
to solutions of different pH's. The final, pH = 9 state depends on
whether the NPs “passed” through a high-pH region: if they did not
(left panel), the final state is that of aggregated NPs; if they did
(right panel), the final state comprises dispersed particles (red
color).

The total interaction potential is then u(h) = uyqw(h) +
ugs(h). The aggregation condition upon lowering pH is there-
fore du(h)/dh > 0O for all values of h (i.e., no potential maxi-
mum/barrier). Similarly, the condition for the disassembly of
aggregated NPs is du(h)/dh|,- o < O (i.e., potential monotoni-
cally decreasing/purely repulsive). Figure 2a illustrates that,
upon substitution of pertinent experimental parameters (R. &
5.0 nm, R~ 5.5 nm, ¢ & 80, pK, ~ 8.3), this model predicts
hysteretic behavior of the system with the threshold pH's for
aggregation and disassembly close to those observed in
experiments.

One of the major virtues of this simple theoretical model is
thatit can guide the design of NP systems exhibiting bistability
over different ranges of pH. For example, upon decreasing
particle diameter (other parameters kept constant), bistability
is expected to occur over a narrower pH range. This is
corroborated by the experiments illustrated in Figure 2b
where 6.0 nm AuFMP NPs show hysteretic behavior between
pH ~ 7.3 and 8.8, which agrees with the theoretically predic-
ted range of pH ~ 7.2—8.5.

Our last comment concerns the influence on the SAM
molecules on the system's behavior. Because, as argued
above, bistability derives from an interplay between vdW
and electrostatic forces, the magnitudes of these interactions
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need to be commensurate. The short ligands used here allow
for close approach of the metal cores and relatively large
vdW interactions. With the same NPs but longer ligands in
which FMP moieties are spaced from the Au surface by
alkane chains, the vdW forces are weaker, and hysteresis
effect is either very weak or absent (e.g., no hystreresis
observed in experiments with C;; FMP thiols). Also, the
presence of other types of interactions is important, as
evidenced by experiments with NPs covered with benzo-
ate (4-mercaptobenzoic acid) rather than phenolate (FMP)
ligands; for the former, NP aggregation is irreversible, likely
due to strong hydrogen bonding between the carboxylic
acids and/or bridging’® of these groups by ions present in
solution.

In summary, implementation of bistable NP systems re-
quires careful optimization of interparticle interactions. We
suggest that such systems might prove useful is NP-based
delivery, where NP aggregates prepared at appropriate pH
disperse only if moving along desired pH “landscapes”. One
example of such a situation is illustrated in Figure 2c, where
the final state of NPs at pH = 9 depends on whether or not they
passed through an intermediate, high-pH region.

SUPPORTING INFORMATION AVAILABLE Synthesis of
AuNPs and their functionalization with FMP thiols. This material is
available free of charge via the Internet at http://pubs.acs.org.
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