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ABSTRACT: This paper describes the role of tetraalkylammo-
nium counterions [NR4

+, R = −CH3, −CH2CH3,
−(CH2)2CH3, or −(CH2)3CH3] in gating the electrostatic
potential at the interface between the 6-mercaptohexanoate
(MHA) ligand shell of a PbS quantum dot (QD) and water.
The permeability of this ligand shell to a negatively charged
anthraquinone derivative (AQ), measured from the yield of
electron transfer (eT) from the QD core to AQ, increases as the
steric bulk of NR4

+ increases (for a given concentration of
NR4

+). This result indicates that bulkier counterions screen
repulsive interactions at the ligand/solvent interface more
effectively than smaller counterions. Free energy scaling analysis and molecular dynamics simulations suggest that ion pairing
between the ligand shell of the QD and NR4

+ results from a combination of electrostatic and van der Waals components, and that
the van der Waals interaction promotes ion pairing with longer-chain counterions and more effective screening. This work
provides molecular-level details that dictate a nanoparticle’s electrostatic potential and demonstrates the sensitivity of the yield of
photoinduced charge transfer between a QD and a molecular probe to even low-affinity binding events at the QD/solvent
interface.

■ INTRODUCTION
This paper describes the control of the electrostatic potential at
the interface between a colloidal semiconductor quantum dot
(QD) and the solvent, water, by tuning noncovalent
interactions between the ligand shell of the QD and screening
counterions. The electrostatic potential of a nanoparticle,
governed by charges of the ionizable tail groups of the particle’s
passivating organic ligands1 and electrostatic screening from
surrounding electrolyte,2 controls (i) the particle’s solubility
within polar media such as water, (ii) the particle’s tendency to
self-assemble into superlattices and functional materials,3,4 (iii)
the wettability,5 permeability,6,7 and binding affinity8−10 of the
particle’s surface with respect to charged small molecules or
macromolecular species (and therefore the ability of its
passivation layer to act as a selective molecular recognition
platform for charged analytes and potential adsorbates),11−13

and (iv) the particle’s interaction with biomembranes.14−16 The
concentration and distribution of noncovalently bound
counterions around a particle’s surface additionally influence
the apparent dissociation constant of ionizable ligands
immobilized on the surface by screening interligand inter-
actions.17

The electrical double layer model, widely applied through
both analytical and simulation approaches, has provided
quantitative predictions of how the size, valence, and

concentration of surrounding ions contribute to the inversion
and/or amplification of surface charges surrounding a macroion
like a nanoparticle.2,18−21 This model does not, however,
adequately describe the electrostatic screening of such ions
when that screening has contributions from molecular-level
interactions, such as van der Waals interactions, which depend
on the specific chemical structure and the hydrophilicity/
hydrophobicity of both the surface-bound ligands and the
electrolytes.
Quantum dots, in addition to their practical applications as

biological probes,22−24 are excellent model systems to
investigate the role of such complex screening effects because
of the sensitive response of their exciton dynamics, which we
can readily map with steady-state and time-resolved optical
spectroscopy, to the surrounding dielectric environment25,26 or
to proximate small molecules.27,28 Here, we demonstrate
control over the local electrostatic environment of near-
infrared-absorbing and -emitting PbS QDs through non-
covalent interactions of their 6-mercaptohexanoate (MHA)
ligand shell with proximate tetraalkylammonium (NR4

+)
cations (Scheme 1A,B). These interactions consist of electro-
static and van der Waals components and regulate the
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Figure: (left) PbS QDs coated by negatively charged ligands are neutralized by positively charged counterions NR4.
(right) Computer simulations show that the electrostatic potential at the slipping plane decreases as the chain length of
the R groups increases, which is in excellent agreement with experimental measurements and theoretical predictions.
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For nanoparticle solutions, electrostatics plays a vital role in determining (1) the particles’ 
solubility, (2) their tendency to self-assemble into superlattices and functional materials, (3) 
their permeability and binding affinity to charged small molecules or macromolecules, and (4) 
the particles’ interaction with biomembranes.
We report an approach for controlling the electrostatic interaction between the quantum dots 
(QD) by exploiting the van der Waals and excluded volume interactions between the screening 
counterions and the ligand shell of the QD. This is important because non-covalent chemistry 
imparts great tunability to the properties of QDs in aqueous dispersions without the need for 
additional covalent functionalization of their surfaces.


