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ABSTRACT Selective aggregation and precipitation of like-charged nanoparticles (NPs) covered with

carboxylate ligands can be induced by different monovalent cations. The ordering of critical concentrations
required for NP precipitation is s* >> K* > Li* > Na* > Rb™ and does not correlate with the size of hydrated
cations M*, nor can it be predicted by the Hofmeister series. On the other hand, different anions have no effect

on the precipitation trends. These observations are rationalized by a theoretical model combining the elements of

the DLVO theory with molecular-level calculations. The key component of the model is the cation-specific binding

of various metal cations to the carboxylate ligands.
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precipitation -

anoparticle (NP) aggregation in-

duced by metal cations, M*, has

been used as a route to nanostruc-
tured materials,” and as a basis for detec-
tion schemes?? in which NP—M*—NP
“bridging” changes the electrodynamic
coupling between particles’ cores* and
translates into the solution’s color change.
In most of these applications, multivalent
ions were used® to bridge charged ligands
(typically, carboxylate-terminated
molecules®®) strongly, though with little se-
lectivity (e.g., NPs covered with carboxylate
groups can be aggregated/precipitated by
a range of divalent cations, including Ba®*,”
Pd2* 27 Cd?* 27 Hg?* 27 Cu?* B Fe?* 2 or
Zn2*7819 |n contrast, monovalent ions are
thought to bind to functionalized ligands
relatively weakly, and are therefore treated
as electrolytes. If these electrolytes cause NP
aggregation, this phenomenon is usually
explained as resulting from the screening
of electrostatic repulsions between the par-
ticles. Any dependence of critical salt con-
centration (CSC) necessary for NP aggrega-
tion on the nature of the salt is then
attributed to the size of hydrated ions'" or
to the abilities of ions to change the struc-
ture of water (the so-called specific-ion ef-
fects, including the Hofmeister series
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ranking).'>'? Here, we combine experi-
ments with theory to show that these exist-
ing descriptions are incomplete and that
different monovalent cations have differ-
ent propensities for bridging interactions
and for concomitant NP aggregation. Spe-
cially, we study systematically the aggrega-
tion of AuNPs coated with 11-
mercaptoundecanoic acid (HS(CH,);oCOOH,
MUA) in the presence of different alkali ha-
lides (MCI, M = Li*, Na*, K", Rb* and Cs™),
as well as other salts of monovalent cations.
We show that the order of salt concentra-
tions required for AUNPs’ aggregation is
CsCl > KCl > LiCl > NaCl > RbCl. It does
not correlate with the size of hydrated cat-
ions M*, nor can it be predicted by the
Hofmeister series. At the same time, we
show that the aggregation trends do not
noticeably depend on the nature of anions.
To rationalize these results, we implement
molecular-level calculations that account
for the hydration/dehydration of metal ions
and for specific binding interactions be-
tween metal ions and charged groups on
NP surfaces. When these ion-specific effects
are combined with van der Waals (vdW)
and electrostatic interactions (as in the
DLVO theory'®) between the NPs, they can
explain the experimental precipitation
trends. Our observations suggest that
monovalent cations can be used as selec-
tive agents for NP aggregation and assem-
bly and can therefore have ramifications for
NP separations or synthesis of “hierarchi-
cal” nanostructured materials.'>'®

RESULTS

Our experiments were based on AuNPs
with the diameters of metal cores of either
6.5 = 0.8 or 4.5 = 0.6 nm (Figure 1a) and
prepared according to a procedure'” de-
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scribed in detail in the Methods section. These AuNPs
were coated with self-assembled monolayers,
SAMs, '8 of 11-mercaptoundecanoic acid, MUA (pK,
= 6—8 for a MUA SAM on a curved surface?®?"). To fully
deprotonate the carboxylic groups of the MUA ligands,
the pH of the AuNP solution was adjusted to ~11.5 by
the addition of tetramethylammonium hydroxide,
N(CHs)40H). Aqueous solutions of alkali halides (MCI,
0.5—2 M, with pH =~ 11.5 adjusted with N(CH3),0H), as
well as other salts (NaNO;, Na,SO,), were used to titrate
the AuNPs.

In a typical experiment, a stirred solution of AuNPs
(2 mM, in terms of gold atoms) was titrated with small
aliquots (20 L) of a given salt solution. After each ad-
dition, the mixture was allowed to equilibrate until the
UV —vis spectra of the solutions stabilized (typically,
within a few hours, but some salts required up to 1—2
days, see ref 22), and the AuNP solution was then char-
acterized by dynamic light scattering (DLS) for the size
distribution and by the UV—vis for the concentration of
the NPs in solution, cyp (estimated from the intensity
of the surface plasmon resonance, SPR, band centered
at ~520 nm?3). In terms of the graphical presentation of
the results, we note that (i) if precipitation did not oc-
cur, the cyp Vs Csie Were straight lines reflecting dilution
of the sample; (ii) if, however, precipitation took place,
the curves featured a drop around some critical amount
of added salt (Figure 1b). Finally, unless otherwise
stated, all experiments were performed at ~25 °C.

We begin by noting that for a given cation, the na-
ture of the anions has no noticeable effect on the NP
aggregation behavior. This is illustrated in Figure 2a,
where the AUMUA NPs were titrated with NaCl, NaNOs,
or Na,S0,. Although the anions in these salts have dif-
ferent valence and/or size, the titration curves are simi-
lar to one another and the NPs precipitate at CSC ~ 30
mM.

In contrast, the nature of the M™ cations does mat-
ter for the bridging and precipitation behavior. This is il-
lustrated in Figure 2b which shows titration curves for
five alkali chlorides. As seen, the cations have markedly
different effects on the NPs’ stability in solution. For
Na*, K*, Li*, Rb™, the aggregation CSC thresholds fol-
low the Rb* < Na* < Li* < K* order. No precipitation,
however, is observed for Cs* even at salt concentra-
tion as high as 0.15 M, Also, as evidenced by DLS, for
Na*, K*, Li*, Rb*, the addition of salt causes gradual ag-
gregation of the NPs with precipitation occurring when
the aggregates reach micrometer dimensions. Before
precipitation takes place, the sizes, d, of the aggregates
follow the trend “inverse” to that of the CSC —that is,
for a given salt concentration, below CSC, dcs+ < dy+ <
di+ < dna+ < dro+ (Figure 2c).

We make three further comments regarding these
results. First, the general CSC trend Rb™ < Na*< Li* <
K* << Cs™ is preserved for NPs of different sizes, al-
though the specific CSC values change. In particular,
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Figure 1. (a) Scheme of an AuMUA NP. (b) Graphical illustration
of the stability of AuNPs during titration with a salt solution. The
precipitation point is thermodynamically defined as the inflection
point of the titration curve (the red curve), at which the chemical
potentials of the free-NP and the aggregated-NP phases are equal.
The salt concentration at the precipitation point is defined as the
critical salt concentration (CSC).

T= HSAVWWV/COO™

when NPs become smaller, CSC increases (Figure 2d),
which can be attributed to the fact that with these
smaller NPs the area of contact and the number of
—COO0™—M*— ~00C— “bridges” decrease so that
achieving precipitation requires higher salt concentra-
tions. Second, we note that the precipitation trends
cannot be explained by (correlated with) the size of the
hydrated cations (the expected ordering of CSC would
be Li* > Na™ > K" =~ Rb*™ =~ Cs™, based on the theory
proposed in ref 11 and hydrated radii of Li* = 0.38 nm,
Na* = 0.36 nm, K* = 0.33 nm, Rb* = 0.33 nm, and
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Figure 2. (a) Concentration of free AuNPs in solution as a function of the
concentration of salts having different anions. (b) Solution concentration
of free, 6.5 nm AuNPs as a function of the concentration of various salts
MCI added. Markers correspond to experimental data, solid lines are the
modeled precipitation trends. (c) The average hydrodynamic diameters
(determined by DLS) of aggregates of 6.5 nm AuNPs plotted as a function
of the concentration of added salts, MCl. Dashed lines are used to guide
the eye (i.e., they are not calculated). (d) Solution concentration of free, 4.5
nm AuNPs as a function of the concentration of various salts MCl added.
Markers correspond to experimental data, solid lines are the modeled pre-
cipitation trends. In all graphs, the markers represent averages of a mini-
mum of eight independent measurements for each condition, error bars
are not included since they are on the order of the marker size.
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Cs* = 0.33 nm, taken from ref 24), or by the typical
Hofmeister series'® Li*< Na* < K* < Rb™ < Cs™. Third,
the aggregated NPs can be redissolved by the addi-
tion of water. This “reversibility” indicates that, at all salt
concentrations, the system is equilibrated and the
free-NP and aggregated-NP phases have the same
chemical potentials.

THEORETICAL ANALYSIS

To rationalize the precipitation trends, we have de-
veloped a model that accounts for the vdW and electro-
static interactions between AuNPs and also for the
“cation-specific” bridging of the carboxylate groups. At
equilibrium, the relationship between concentration of
free NPs in solution, ¢;, and that of aggregated NPs, ¢,, is
determined by the equality of chemical potentials be-
tween these two phases.?* It thus follows that ¢ =
c.exp(Au/(kgT)), where Au® is the change in free en-
ergy associated with NP aggregation. Typically, the
dominant contributions to Au® come from the van der
Waals and electrostatic energies of interaction between
the NPs. In our system, however, the dependence of ti-
tration curves on the nature of metal cations suggests
that the specific ion effects, that is, the bridging interac-
tion between M* and deprotonated MUA, should also
be taken into account. Using a previously described
model?® of pairwise interactions between NPs, Au° can
be approximated as Au® = nuia/2, Where n =~ 6 is the
average number of nearest neighbors in orderless NP
aggregates, Usoral = Uyaw + Ugs t Ug is the total energy
for two NPs at contact, and uyqw, Ues, and ug are, respec-
tively, the vdW, the electrostatic, and the bridging inter-
action energies. While uyqw can be calculated on the ba-
sis of classical/continuum theories alone, the calculation
of ugs and ug involves terms that describe cation-specific
M*—NP interactions and needs to be treated by
quantum-mechanical methods. We emphasize that
even though the model we are about to present yields
realistic results, it requires simplifying (yet, we believe,
physically reasonable) assumptions.

vdW Interactions. The vdW interactions, u,qw, between
two NPs can be approximated as

2 2 2
_ A Rc Rc 1 4'Rc
quW__gf_—%+?+§ln(1_?

where A = 4 X 107" J is the Hamaker constant for
gold across water,®* R. is the radius of the NPs’ metal
cores (R. = 3.25 or 2.25 nm in our experiments), and d
= 2(R. + 8) + L is the distance between NPs' centers,
where 8 ~ 1.63 nm'” is the thickness of the MUA SAM
on AuNPs, and L is the “length” of the salt bridge and
approximated as twice the length of the —COO~ — M*
bonds, rcoom (this parameter is calculated by quantum
mechanical methods as described below).

Electrostatic Interactions. Electrostatic interactions, ugs,
between charged NPs in ionic solution are derived from
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the appropriate electrostatic potentials, ¢, via thermo-
dynamic integration®®?” and account for “charge regu-
lation” at the NPs’ surface.?® Briefly, the electrostatic po-
tential around the NPs, ¢, is well approximated by the
linearized Poisson—Boltzmann equation, V¢ = k¢,
where k' = (egoksT/(2Nacy+€?)"/? is the Debye screen-
ing length, € is the relative permittivity of the solvent (e
~ 80 for water), g, is the vacuum permittivity, kg is the
Boltzmann’s constant, T stands for temperature, N, is
the Avogadro constant, cy+ is the concentration of
metal cations M™" (here, Li™, Na*, K", Rb* or Cs" "), and
e denotes elementary charge. The equilibrium between
metal cations adsorbed onto the negatively charged
NP surface and those free in solution is determined by

Ny Xye ( AG — e(ps)

Nam kgT

where Nj- and Nay are the numbers of, respectively,
counterion-free, deprotonated MUA ligands and
counterion-bound, deprotonated MUA ligands, xy+ is
the molar fraction of cation M* in solution, ¢s is the
electrostatic potential at the NP surface, and AGq (calcu-
lated in the next section) is the free energy of desorp-
tion/dissociation of M* from the negatively charged NP
surface.?® Thus, the surface charge density, can be ex-
pressed as

el’

AG, — e
1+ Xy exp(—dk T (Ps)
B

0o=-—

where I' is the surface density of all ligands (both pro-
tonated and deprotonated; I' ~ 4.7 nm~2 for SAM on
AuNP?°), Since the relative permittivity of a SAM (gsam
~ 2, ref 25) is small compared to that of water (the sol-
vent in our experiments), the surface charge density
may also be written as o = —&g,Ves- i, where i is the
outward surface normal. The boundary conditions at
the surfaces of interacting NPs are linearized about the
potential of an isolated particle, ¢, such that
—egoVos-n = S — Co.,, Where S = 0(@x) —(00/0¢) s
and C = —(d0/9¢)... After some algebra, the electro-
static interaction energy between two like-charged NPs
can be derived as

2 2
S

Ues = TiEELR % In(1 — Az)-i-% arctan(|A|)
where the coefficient A = (C — egk)/(C + egok) de-
pends on C = —d0/d¢|,—,..>> Which is the derivative of
the surface charge with respect to the potential of an
isolated NP, ...

The Dissociation Energy AGy. One of the key parameters
in the calculation of electrostatic interactions (cf.
above), is the free energy of dissociation of M* cations
from the deprotonated COO~ groups on the particle.
Since entropic gain due to dissociation is approximately
constant for different cations,3° we focus on the enthal-
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TABLE 1. Data Obtained from DFT Calculations

Li* Na* K+ Rb* Gt
reoom (A) 1.98 2.51 2.83 3.02 3.18
AG (1072 ))° 0.33 0.58 0.16 1.09 0.00

“The values shown here are relative to that of (s, ~2.72 X 1072 ).

pic component. Our quantum mechanical calculations
are based on a model describing the dissociation of al-
kali metals from acetates (mimicking the head groups
of MUA), CH;COO™ - M*(aq) — CH;COO~(aq) + M*(aq);
while simplified, this model takes into account the sol-
vent (water) explicitly.

We used the density functional theory (DFT)
method,?'? with the hybrid functional B3LYP.33~3¢
The standard 6-31G(d,p) basis set (ref 37 for H, ref 38
for Li, ref 39 for C, N, O, and Na, ref 40 for K) augmented
with a set of d-polarization functions on C, N, O, Li, Na,
and Kwas used (ref 41 for C, N, O and Li, ref 42 for Na, ref
43 for K). To improve the description of the electron
density of the lone-pairs on the water molecules and
the anionic nature of the carboxylate groups, a set of
diffuse functions was added to the oxygen atoms.**
Electron density of the heavier alkaline metals, Rb and
Cs, was described using effective core potentials with
the corresponding basis functions.*> The basis func-
tions were obtained from the Basis Set Exchange Soft-
ware and the Environmental Molecular Science Labora-
tory basis set library at the Pacific Northwest National
Laboratory,***” through its online portal. The solvation
effects were taken into account by explicitly including
the molecules of water. The hydrates were simulated by
gradual and systematic addition of water molecules to
the metal—acetate complex and optimizing the result-
ing structures. Up to 24 water molecules were consid-
ered per metal cation; of these, the structure with the
lowest energy was chosen. All the calculations were car-
ried out using the GAMESS*® program with a graphical
user interface, QC-Lab.*° The stationary structures were
characterized as minima on their respective potential
energy surfaces by computing the Hessian of energy
(second derivatives of energy with respect to the
nuclear coordinates) and analyzing the vibration nor-
mal modes of the system. The Hessians were calculated
numerically using double nuclear displacements. The
zero-point energy corrections were calculated using the
harmonic approximation.

Once the structure of carboxylate/metal/water com-
plexes were determined, the dissociation energies AGy
were calculated as the difference between the energies
of the hydrated complexes and of the energies of the
hydrated but separated components.

Bridging Interactions. Compared with the ES repul-
sions, the vdW attractions between small NPs are weak
and insufficient to cause their aggregation/
precipitation.?>>%>" On the other hand, the aggrega-
tion/precipitation of like-charged NPs can be induced
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by the bridging ions.>? Here, the bridging energy, ug, is
taken as linearly proportional to the negative desorp-
tion energy AGy, that is, us = —fAGy, where fis a pro-
portionality constant. This approximation accounts—in
the simplest possible way—for the fact that the bridg-
ing between SAMs is not necessarily a simple “sum” of
the individual metal-acetate bindings, and the geom-
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Figure 3. (a) Schematic representation (not drawn to scale)
of the bridging interactions between metal cations (blue
circles) and the carboxylate groups on two interacting NPs.
(b) Minimum energy structures of the hydrated metal cat-
ions M*/nH,0. The hydration index of the metal cations was
determined by topological analysis of the electrons den-
sity.>® The hydration indices increase with the atomic num-
ber so that four molecules of water coordinate to Li*, five to
Na*t and K*, and seven to Rb* and Cs*. (c) Minimum en-
ergy structures of the CH;COO-M*/nH,0 clusters obtained
from DFT simulations. The position of the Li* cation is char-
acterized by the monodentate acetate—metal binding. In
the heavier metals, however, the acetate group forms biden-
tate complexes in which both oxygen atoms of the carboxy-
lic group coordinate to the metal. The number of water mol-
ecules coordinated to the metallic ion is related to the ion’s
size: three for the acetates of Lit, Na* and K* and four mol-
ecules for Rb* and Cs*.
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Figure 4. Energies of (a) vdW interactions (uyqw), (b) bridging interac-
tions (ug), (c) ES interactions (ugs), and (d) total interaction (Uiotal = Uvaw
+ ug + ugs) calculated for 6.5 nm AuNPs using the model described in
the text. The horizontal, dashed line indicates Uy = 0.

etry of the bridge is likely not a simple superposition
of the geometries of independent metal —acetate com-
plexes; in this spirit, the parameter f is heuristic and
should be construed as a free parameter of the model.

DISCUSSION

The calculated lengths of the —COO™—M* bonds,
rcoom, and the desorption energies, AGy, are listed in
Table 1 and the minimum-energy structures of the hy-
drated cations M*(H,0),, and of the carboxylate/metal/
water complexes obtained from DFT calculations are
shown in Figure 3 panels b and ¢, respectively. To repro-
duce the experimental precipitation trends, the vdW,
electrostatic, bridging, and the total interaction ener-
gies were calculated (see Figure 4a—d) with f being the
only fitting parameter. The best-fit value of f (f = 1.2
for 6.5 nm NPs and f = 0.2 for 4.5 nm NPs) was deter-
mined against experimental titration curves with the
condition for precipitation point Au® = U, = 0 (cf. Fig-
ure 1b and 4d). The theoretical titration curves are in-
cluded in Figure 2b,d as solid lines. Overall, the results
of the simulations agree well with experimental obser-
vations and lead to the following conclusions:

(1) The role of vdW attractions. Compared with elec-
trostatic and/or bridging interactions, the vdW interac-
tions between NPs (coated with relatively long ligands
used here) are weak (~1072' J) and unable to induce
the NP aggregation/precipitation alone. In addition,
since the magnitude of these interactions increases
with decreasing rcoom (so that the NPs can get closer to-

METHODS

Nanoparticle Synthesis and Functionalization. Stock Solution of Seed
AuDDA NPs with the Diameters of Metal Cores ~ 2—4 nm. A 370.2 mg por-
tion of dodecylamine (DDA) and 461.8 mg of didodecyldimethy-
lammonium bromide (DDAB) were dissolved in 11 mL of tolu-
ene, followed by the addition of 39.4 mg of HAuCl, - 3H,0 under

gether), one would expect that these interactions cause
precipitation in the order Li* < Na™ < K* <Rb* <
Cs* (related with bond length of COOM), that is, an or-
der not observed in experiments (see Figure 4a).

(2) The role of bridging attractions. It should be
noted that a model accounting only for the electro-
static and the vdW interactions predict the precipita-
tion to be much less abrupt than seen in experiments
and also not complete (specifically, less than 50% of the
NPs are expected to be precipitated). The bridging at-
tractions (on the order of 1072° J) between the cations
and carboxylate groups are stronger than the vdW at-
tractions and comparable with the electrostatic interac-
tions at high salt concentration—they are therefore es-
sential for the NP precipitation.

(3) The experimental ordering of CSCs and the
“sharpness” of precipitation curves are due to the non-
monotonic ordering of AG4 and, consequently, of the
bridging interactions (Figure 4b). These energies follow
neither the order of the hydrated cations’ size, nor the
Hofmeister series (as described above). The ion-specific
desorption energies determine the ordering of electro-
static energies and of bridging energies, and subse-
quently account for the specific precipitation sequence
(Figure 4d).

(4) Since the effective area of contact scales with par-
ticle size as A = 2mRA>®° (where R is NP radius and
\ is characteristic length scale of molecular dimensions
over which the MUA ligands can stretch or compress
when forming salt bridges), the bridging energies are
stronger for larger (here, 6.5 nm) than for smaller (4.5
nm) NPs. This dependence might explain why for all cat-
ions, the CSCs are smaller for larger NPs (i.e., it takes
less cations to cause precipitation of larger particles).

CONCLUSIONS

We described and explained the precipitation of
like-charged NPs induced by monovalent metal cat-
ions. This phenomenon illustrates the importance of
the ion-specific hydration and salt bridging effects. The
selective aggregation/precipitation of NPs could be
used for the controlled self-assembly of NPs into spe-
cific ordered materials. This system could also be ex-
tended to other NPs with different types of metal cores
or coated with different ligands, to prepare multifunc-
tional materials. Our work may also provide molecular-
level insights into the specific ion effects in colloidal
chemistry, polymer science, and biological
systems.>3>°

sonication (~10 min). A fresh solution of tetrabutylammonium
borohydride (TBAB) and DDAB was prepared by dissolving 97.6
mg of TBAB and 184.8 mg of DDAB in 4.8 mL of toluene under
sonication and was injected to the vigorously stirred

HAuCl, - 3H,0 solution. The thus prepared solution of seed Au-
DDA nanoparticles was stirred for ~24 h at room temperature.

>
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Growth Solution. A 6.298 g portion of DDA and 2.514 g of DDAB
were dissolved in 136.1 mL of toluene, followed by the addition
of 535.3 mg of HAuCl, - 3H,0 under sonication (~10 min).

Synthesis of AuDDA NPs with the Diameters of Metal Cores of 4.5 and 6.5 nm.
To prepare 4.5 nm AuDDA NPs, 5.5 mL of seed solution was
added to 35.3 mL of the growth solution. A fresh solution of an-
hydrous hydrazine (N,H,) and DDAB was prepared by dissolving
89.9 mg of N,H, and 0.649 g of DDAB in 13.6 mL of toluene,
and then added dropwise over ~30 min to the vigorously stirred
NP solution. Thus prepared solution was stirred for ~24 h at
room temperature.

The size of AuDDA NPs was controlled by adjusting the ra-
tio of seed solution to the growth solution (in terms of Au con-
tent, specifically: ~1:7 for 4.5 nm AuDDA NPs, and ~1:20 for 6.5
nm AuDDA NPs).

Synthesis of AuMUA NPs. A toluene solution of AuDDA NPs (30—50
mL, ~250 pmol) was quenched with 50 mL of methanol. The
precipitate formed was allowed to settle down, and the superna-
tant was discarded. The precipitate was redissolved in 30 mL of
toluene; 218.4 mg of 11-mercaptoundecanoic acid (MUA) was
dissolved in 20 mL of CH,Cl,, and then added to the NP solu-
tion. The AUMUA NPs formed and precipitated from toluene and
were allowed to settle down over ~2 h. The supernatant was dis-
carded. The NP precipitate was washed with 3 X 50 mL of CH,Cl,
and then redissolved in 10 mL of methanol; 100 p.L of tetrameth-
ylammonium hydroxide (TMAOH, 25 wt % solution in metha-
nol) was added to the NP solution causing precipitation of the
deprotonated AUMUA NPs. The supernatant was then again dis-
carded. The deprotonated AUMUA NPs were washed with 3 X
50 mL of actone and methanol. Finally, the NPs were dried un-
der air flow and then dissolved in ~10 mL of DI water. Thus pre-
pared AuUMUA NPs were filtered through a microfilter (pore size,
~0.2 wm). The yield was ~80%. The deprotonated AUMUA NPs
were stable in solution for weeks.
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