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“Precipitation on Nanoparticles”: Attractive Intermolecular

Interactions Stabilize Specific Ligand Ratios on the Surfaces of

Nanoparticles

Zonglin Chu, Yanxiao Han, Petr Kral, and Rafal Klajn*

Abstract: Confining organic molecules to the surfaces of inorganic
nanoparticles can induce intermolecular interactions between them,
which can affect the composition of the mixed self-assembled
monolayers obtained by co-adsorption from solution of two different
molecules. Here, we study co-adsorption of two thiolated ligands—a
dialkylviologen and a zwitterionic sulfobetaine—that can interact with
each other electrostatically, onto gold nanoparticles. Consequently,
the nanoparticles favor a narrow range of ratios of these two
molecules that is largely independent of the molar ratio in solution.
We show that changing the solution molar ratio of two ligands by a
factor of ~5,000 affects the on-nanoparticle ratio of these ligands by
only 3 times. This behavior is reminiscent of the formation of
insoluble inorganic salts (e.g., AgCl), which similarly compensate
positive and negative charges upon crystallizing. Our results pave
the way towards developing well-defined hybrid organic-inorganic
nanostructures.

The properties of inorganic nanoparticles (NPs) can be fine-
tuned by decorating their surfaces with binary rather than single-
component monolayers of organic ligands. Engineering the
composition of these mixed self-assembled monolayers
(mSAMs) has proven important for applications in sensing*-2
(including by surface-enhanced Raman scatteringl®4l),
catalysis,’>® and nanomedicine.l’®! The nanoscale architecture
of mSAMs affects the way NPs self-assemblel!®*? and it is
critical for efficient reversible isomerization of immobilized
molecular  switches.’**4  Unfortunately,  predicting  the
composition of MSAMs is not an easy task and the assumption
that the molar ratio of ligands in solution will be preserved on
NPs is often wrong.'>71 The discrepancy between the solution
ratio and the surface ratio can stem from intermolecular
interactions between the ligands,!*%*° solvation effects,?% the
steric bulkiness of the ligands,?-?2 and so on. Here, we studied
the competitive adsorption of two novel thiol ligands onto gold
NPs. In solution, these thiols are solvated and do not interact
with each other. Adsorption onto NPs, however, “activates”
electrostatic interactions between them, which are maximized at
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a particular ratio of the two ligands. Consequently, the NPs onto
which the ligands co-adsorb favor a narrow range of ratios of
these two molecules that is largely independent of the molar
ratio in solution. We show that the molar fraction of a ligand can
be enriched by as much as 150 times upon the transfer from the
solution onto NPs. This behavior is reminiscent of the
precipitation of inorganic salts (e.g., AgCl), which similarly
compensate positive and negative charges upon crystallizing.
Our experiments were motivated by developing new redox-
responsive NPs. Whereas light-responsive nanomaterials are
increasingly abundant,?3-281 examples of NPs whose properties
can be controlled using redox stimuli are relatively scarce and
are limited to organic solvents.l?*3% We hypothesized that redox-
responsive NPs compatible with aqueous environments could be
obtained by functionalizing gold NPs with viologen-terminated
thiol 1, whereby the number of ligands of 1 per NP could be
controlled by co-adsorption with varying amounts of a redox-
inactive, sulfobetaine®-2-based ligand 2. To this end, we
functionalized 5.9 nm gold NPs with different mixtures of 1 and 2,
where the molar fraction of 1 in the initial solution, i.e., ni/(n1+n2),
is denoted as 6 (see Fig. 1). In a typical experiment,
dodecylamine-capped NPs in chloroform were treated with a
solution of 1+2 in methanol/DMSO (a tenfold excess of thiols
with respect to the number of binding sites on the NPs was
used), resulting in slow precipitation of thiolated NPs (see
Supporting Information, Section 3.1 for details). The precipitates
were washed copiously to remove the excess of small molecules
and dried. NPs functionalized with pure 1 or 2 (6 = 0 or 1) were
readily soluble in pure water, whereas those co-functionalized
with mSAMs comprising 1 and 2 were soluble only for 6 > 0.25.
All the particles were soluble in water containing NaCl (0.5 m),
which can screen the electrostatic interactions (see also the
discussion in Supporting Information, Section 4). We verified by
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Figure 1. Schematic representation of a ligand exchange reaction on
nanoparticles (NPs) involving a mixture of two incoming thiol ligands. The
molar fraction of thiol 1 in the initial solution is denoted as 6 and on the
resulting NPs as .
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Figure 2. (a) A representative TEM image of 5.9 nm gold NPs. (b) {-potentials of 5.9 nm gold NPs functionalized with mixtures of 1 and 2 as a function of 8. (c) x
as a function of 6 for 5.9 nm (red) and 2.4 nm (blue) gold NPs estimated using NMR (solid markers) and UV/Vis absorption spectroscopy (empty markers). The
gray line corresponds to 6 = x. (d) A representative TEM image of 2.4 nm gold NPs. (e) {-potentials of 2.4 nm gold NPs functionalized with mixtures of 1 and 2 as
a function of 6. (f) Proposed modes of inter- and intramolecular electrostatic interactions on 5.9 nm (left) and 2.4 nm (right) NPs.

transmission electron microscopy (TEM) that the place-
exchange reaction did not affect the size and size distribution of
the NPs.

To characterize 1/2-functionalized NPs, we first performed
zeta (()-potential measurements. We found that NPs
functionalized with pure 2 (i.e., 6 = 0) exhibited a highly negative
C-potential of —27.9 + 2.0 mV, in agreement with those particles
having their outer surfaces decorated with the negatively
charged sulfonate groups. Similarly, 1-functionalized NPs (6 = 1)
exhibited a highly positive {-potential of +54.4 +* 2.2 mV.
Surprisingly, however, the -potentials of 0.25 < 6 < 1 NPs
showed little dependence on 6 and ranged between +28.6 + 1.0
mV (for 6 = 0.25) and +37.1 + 2.4 mV (6 = 0.80), suggesting that
the molar fraction of 1 on nanoparticles (which we denote as )
remains rather constant and is largely independent of the molar
fraction in the solution used for NP functionalization (i.e., x # 6).

To better understand these results, we developed a
procedure for estimating x based on *H NMR spectroscopy. We
took advantage of the fact that the NMR peaks of 1's aromatic
protons (6 = 9.5-8.7 ppm) and 2’s methyl protons (~3.15 ppm)
do not overlap with any of the other ligand’s peaks (Fig. S8 and
S18, respectively), and that integrating them could be used to
determine the molar fraction of each ligand on the NPs.
Unfortunately, upon attachment to the NPs, significant line
broadening in the NMR spectra was observed, which could be
attributed to the restricted molecular motion of immobilized
molecules as reported previously.*33%1 To overcome this
difficulty, we liberated thiols 1 and 2 to solution (in the form of
the corresponding disulfides) by etching the NPs with molecular
iodinel*”*% in deuterated solvents (see Supporting Information,
Section 3.4.1). Analysis of the resulting NMR spectra confirmed
that the molar fraction of 1 on the NPs (x) shows little
dependence on 1's fraction in solution (6). For example,
increasing 6 from 0.05 to 0.80 (i.e., by a factor of 16) led to an
only a 2.2-fold increase in x. Overall, the dependence of x on 6

followed a roughly linear curve with a slope of ~0.15 (see the red
traces in Fig. 2c¢), which indicates that NPs have a propensity to
stabilize a narrow range of 1:2 ratios, suggesting the presence
of attractive electrostatic interactions between immobilized 1 and
2.

To corroborate this reasoning, we studied the competitive
adsorption of 1 and 2 on gold NPs by means of atomistic
molecular dynamics (MD) simulations. In these studies, we
placed a 5.5 nm gold NP protected with a mSAM of 1+2 (x =
0.205; overall 400 ligands) in a solution containing an excess of
both thiols, and calculated the distributions of 1 vs. 2 at
increasing distances from the NP surface (for details, see
Supporting Information, Section 5). We found that the 2:1 ratio
was enriched near the NP surfaces for all 2:1 molar ratios in the
solution. For example, Fig. 3a shows the distribution of 1 and 2
around a x = 0.205 gold NP immersed in chloroform containing
equal amounts of both thiols, where we found that the 2:1 ratio
within 2.75 nm of the NP surface increased from 50 to 65% (see
Fig. 3b). To further confirm the presence of attractive
interactions between 1 and 2, we investigated intermixing of the
two ligands adsorbed on a 5.5 nm, x = 0.205 “Janus” NP (i.e.,
having two “faces”, each functionalized with a single-component
monolayer of either 1 or 2). These simulations revealed that the
ligands could readily migrate of the NP surface so as to increase
the favorable interactions between the two compounds (see
Supporting Information, Section 5.3). Importantly, these
interactions could be visualized directly using two-dimensional
NMR spectroscopy. Figure S32 in the Supporting Information
shows distinct nuclear Overhauser (nOe) correlations between
1’s upfield-shifted (alkyl) protons and 2’s N*~C—H protons in the
1H-'H NOESY spectra of 1/2-functionalized 2.4 nm NPs,
confirming that the two compounds are intermixed on the NP
surfaces.

MD simulations were also employed to rationalize the
solubility properties of 1/2-functionalized NPs. The red trace in
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Figure 3. (a) Snapshot from molecular dynamics (MD) simulations of a 5.5 nm
gold NP functionalized with a sub-monolayer of 1 (blue) and 2 (red) at x =
0.205 (total 400 thiol ligands) in a solution containing 23 molecules of 1 and 23
molecules of 2 in explicit chloroform (chloroform molecules omitted for clarity).
Free 1 and 2 located within the initial 2.75 nm of the NP surface are shown in
green and yellow, respectively. (b) Calculated distributions of 1 (green) and 2
(yellow) at increasing distances from the NP surface around 5.5 nm gold NPs
treated with 23 molecules of 1 and 23 molecules of 2. (c) Distance between
the centers of two 1/2-functionalized 5.5 nm NPs (at two different 1:2 molar
ratios) placed in water (left) and a salt solution (right) as a function of time. (d)
Snapshot from MD simulations of two 1/2-functionalized 5.5 nm gold NPs (x =
0.094) in water. The image on the right focuses on the intermolecular
interactions between ligands adsorbed on the neighboring NPs.

Fig. 3c, left, shows the time dependence of the distance
between the centers of two x = 0.094 gold NPs placed in pure
water; one can see that the particles aggregate within 8 ns. The
snapshots shown in Fig. 3d reveal that the aggregation is
facilitated by electrostatic interactions between 1 and 2
adsorbed on the neighboring NPs. In contrast, the same two
NPs placed in a 0.5 M NaCl solution remain stable indefinitely in
the non-aggregated state. Increasing the fraction of 1 (to x =
0.157) renders the NPs colloidally stable in both pure water and
salt solution (black lines in Fig. 3c), in agreement with the
experimental observations.

To further prove that co-adsorption of 1 and 2 favors
specific ligand ratios on the NPs, we worked with 1+2 mixtures
containing a large excess of either ligand (see Supporting
Information, Section 3.4.1.1). First, we subjected 5.9 nm NPs to
a 6 = 0.98 mixture containing 68.6 eq of 1 and 1.4 eq of 2
(equivalents with respect to the binding sites on the NPs) and
found that the molar fraction of 1 on the functionalized NPs, x =
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0.25 (i.e., 0.25 eq of 1 and 0.75 eq of 2). In other words, the
efficiency of adsorption corresponded to ~0.36% and ~54% for 1
and 2, respectively, i.e., the adsorption of 2 was favored by a
factor of ~150 times. However, when we started with a 6 = 0.01
mixture containing 0.5 eq of 1 and 49.5 eq of 2, the selectivity
was reversed: the resulting NPs (x = 0.083) hosted ~0.083 eq of
1 and ~0.917 eq of 2, corresponding to adsorption efficiencies of
~16.6% and ~1.9% for 1 and 2, respectively.

To ensure that the discrepancy between x and 6 does not
originate from the particles’ tendency to precipitate from the
organic solution during NP functionalization, we prepared x =
0.204 NPs (obtained from a 6 = 0.80 mixture of 1 and 2) and
solubulized them in water. Incubating these NPs with the same 6
= 0.80 mixture of 1 and 2 in water did not increase the fraction of
1 on the NPs (x’ = 0.213 after 24 h in the presence of tenfold
excess of free thiols in solution, see Supporting Information,
Section 3.4.1.2).

Next, we investigated the effect of NP size on the mutual
stabilization of both ligands. To this end, we functionalized 2.4
nm gold NPs (Fig. 2d; see also Supporting Information, Section
3.2.1) with different mixtures of 1 and 2. Similar to 5.9 nm NPs,
the smaller particles exhibited a narrow range of {-potentials
(+32 to +49 mV; Fig. 2e), and NMR analysis revealed that
increasing 6 by 16 times led to an only a 2.4-fold increase in x
(Fig. 2c, solid blue markers). The molar fraction of 1 on 2.4 nm
NPs could also be determined directly by UV/Vis spectroscopy
(taking advantage of the high molar absorption coefficient of the
viologen group in the UV region; see Supporting Information,
Section 3.4.2) and the results closely matched those from NMR
measurements (Fig. 2c). Interestingly, however, we also found
some notable differences between the large and the small NPs.
First, the 6-x dependence for 2.4 nm NPs deviated from the 6 =
x line (gray in Fig. 2c) more markedly than for 5.9 nm NPs,
indicating that the incorporation of 1 onto the smaller NPs is
more disfavored. This result may appear surprising given that
the larger curvature associated with the smaller NPs entails
larger distances and therefore a smaller electrostatic repulsion
between the like-charged viologen groups. Second, -potential
values of 2.4 nm NPs at a given x value are significantly higher
than those of 5.9 nm NPs, suggesting that the positive charges
of the viologen groups on the larger particles are partially
screened, possibly by engaging in intermolecular interactions
with 2. Third, the smaller NPs exhibited excellent solubility in
water irrespective of the 1/2 ratio, whereas the larger NPs
coated with mSAMs were only soluble above a critical fraction of
1 (x > ~0.13). Fourth, -potential measurements on 2.4 nm NPs
functionalized with pure 2 showed they have virtually no surface
charge (¢ = —1.6 + 0.4 mV; compared with —27.9 = 2.0 mV for
59 nm NPs), which we confirmed by performing gel
electropheresis experiments (see Supporting Information,
Section 6). Together, these observations led us to conclude that
decreasing the NP size results in a larger number of 2 forming
an intramolecular salt bridge rather than exposing the terminal
sulfonate group to the solution (Fig. 2f, right and left,
respectively).

Finally, we attempted to establish that the observed
phenomenon is not limited to ligands 1 and 2. To this end, we
synthesized additional five thiols 3-7, each containing a
positively or a negatively charged group, and investigated their
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co-adsorption onto gold nanoparticles (Supporting Information,
Section 7). The results of these studies showed that whereas
the dependence of x on 6 was particularly weak for the 1/2
combination (most likely because of two positive charges and
consequently strong electrostatic interactions involving 1), the
phenomenon was general and applicable to different charged
groups (e.g., pyridinium and tetraalkylammonium) and ligand
lengths.

In sum, we found that co-adsorption of a positively charged
viologen-based ligand and a zwitterionic sulfobetaine ligand onto
metallic nanoparticles can favor a narrow range of molar ratios
of these two ligands on the functionalized particles. Molecular
dynamics simulations revealed that this result could be attributed
to attractive electrostatic interactions between the two ligands
upon adsorption onto the NPs. Additional studies involving other
charged thiols showed that the phenomenon is general and not
limited to viologen- / sulfobetaine-based ligands. Interestingly,
our results are complementary to those of Bishop of co-workers,
who found that co-adsorption of ligands exhibiting repulsive
interactions (polar and nonpolar) favors the formation of “Janus”
NPs decorated with single-component patches of each ligand.
Our results are important in the context of attaining a
fundamental understanding of self-assembly on nanostructured
and planar surfaces as well as self-assembly in solution®! and
they pave the way towards developing novel redox-responsive
nanomaterials.
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