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ABSTRACT We investigate the self-assembly of amphiphilic nanoparticles
(NPs) functionalized with mixed monolayers of hydrophobic and hydrophilic
ligands in water. Unlike typical amphiphilic partices with “fixed” surface
chemistries, the ligands used here are not bound irreversibly but can rearrange
dynamically on the particles' surface during their assembly from solution.

Depending on the assembly conditions, these adaptive amphiphiles form compact
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micellar clusters or extended chain-like assemblies in aqueous solution. By
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controlling the amount of hydrophobic ligands on the particles' surface, the average number of nearest neighbors—that is, the preferred coordination

number—can be varied systematically from ~1 (dimers) to ~2 (linear chains) to ~3 (extended clusters). To explain these experimental findings, we

present an assembly mechanism in which hydrophobic ligands organize dynamically to form discrete patches between proximal NPs to minimize contact

with their aqueous surroundings. Monte Carlo simulations incorporating these adaptive hydrophobic interactions reproduce the three-dimensional

assemblies observed in experiment. These results suggest a general strategy based on reconfigurable “sticky” patches that may allow for tunable control

over particle coordination number within self-assembled structures.
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mphiphilic particles self-assemble

to form a variety of structures—

clusters,' helices,” vesicles,*® and
open lattices’—depending on their shape®®
and on the distribution of hydrophilic and
hydrophobic regions decorating their sur-
face. Typically, the hydrophobic “patches”
on the particles' surface are fixed in place,
and the resulting structures can be reason-
ably anticipated as a consequence of
the hydrophobic attraction between the
patches along with steric constraints due
to particle shape or other repulsive forces.
The preferred number of nearest neighbors,
that is, the coordination number, of an
amphiphilic particle is determined by the
size and the location of the hydrophobic
regions on the particle's surface. Despite
several elegant strategies for the forma-
tion of patchy colloids'®~'? (e.g., by polymer
encapsulation of microsphere clusters,?
masked functionalization using gold vapor
deposition,’ DNA-based interactions,'>~'°
or capillary bridges®®?"), controlling the co-
ordination number of nanoscale particles
remains a significant challenge to achieving
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the programmable self-assembly of nano-
structured materials,”>~%> which promise
unique mechanical, electronic, and mag-
netic properties®® required by emerging
applications in energy capture and storage,
photonics, and electronics.

Here, we investigate the self-assembly of
gold nanoparticles (AuNPs) functionalized
with mixed monolayers of hydrophobic and
hydrophilic ligands, which are known to
rearrange dynamically?’ 2 on the particles'
surface in response to changes in the local
environment (e.g., at liquid interfaces,?’%3°
within surfactant®® and lipid®' =33 bilayers).
As a consequence, the distribution of hydro-
phobic ligands on the particles' surface both
directs and responds to the organization
of the NPs in solution. Under appropriate
conditions, these adaptive amphiphiles
self-assemble to form linear particle chains
with neighboring particles linked together
through discrete hydrophobic “bonds”
(Figure 1). More generally, by controlling
the amount of hydrophobic ligands on the
particles' surface, the preferred coordina-
tion number of the assembling particles
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Figure 1. (a) AuNPs functionalized with mixed monolayers
of DDT and deprotonated MUA assemble to form chain-like
structures in aqueous solutions at high salt concentrations
(€sai = 0.2 M) when the surface fraction of DDT ligands is
f ~ 0.25. (b) Cryo-TEM images of NP chains (ca, = 5 mM,
Coart = 0.2 M, f ~ 0.25).

can be varied systematically from ~1 (dimers) to ~2
(linear chains) to ~3 (extended clusters). To explain the
experimental observations, we present a simplified
model of the particle interactions in which hydro-
phobic ligands redistribute on the particles' surface
to minimize the number of hydrophobe—water con-
tacts. Using these interactions, three-dimensional
lattice-based Monte Carlo simulations reproduce the
NP structures observed in experiment by cryo-electron
microscopy. Together, these results support an assem-
bly mechanism in which the dynamic formation of
hydrophobic “sticky” patches guide the formation of
NP clusters characterized by a preferred coordination
number. The generality of this mechanism is illustrated
through additional experiments on amphiphilic cobalt
ferrite nanoparticles, which self-assemble in solution to
form linear particle clusters under analogous conditions.

RESULTS AND DISCUSSION

Amphiphilic gold nanoparticles (AuNPs; 6.2 4+ 0.8 nm
diameter) functionalized with mixed monolayers of
11-mercaptoundecanoic acid (MUA) and 1-dodecanethiol
(DDT) were prepared by ligand exchange as described
previously?® (see Experimental Section). During surface
functionalization, the total number of ligands added
(DDT + MUA) was maintained constant, and the molar
ratio y of DDT/MUA varied from 0 to 20. For ligand
ratios y less than ~20, the functionalized particles
formed stable dispersions in water (5 mM on a gold
atom basis) with the pH adjusted to ~11 by addition of
tetramethylammonium hydroxide to fully deprotonate
the carboxyl groups.®* Further increase in the amount
of DDT added (y > 20) caused the particles to aggregate
and precipitate from solution.
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Figure 2. Effect of salt concentration ¢, (a) Cryo-TEM
images of 5 mM solutions (on a gold atom basis) of
AuMUA/DDT NPs with and without added salt (TMACI) for
the DDT coverage, f = 0.25. (b) Cluster size distributions
obtained by DLS for the solutions in (a). Precipitation and
redispersal of the particles does not influence the final size
distribution (compare blue triangles vs green squares).

The ratio of DDT and MUA on the NPs' surface
Xsurf Was determined by titrating the negatively
charged AuMUA/DDT NPs with a cationic surfactant
(cetyltrimethylammonium tosylate, CTAT), which
caused the particles to precipitate sharply at the point
of overall charge neutrality.>> By assuming that (i) the
amount of CTAT added is proportional to number of
MUA ligands on the NPs' surface and (ii) the ligand
ratios x and ysus are linearly related as ysus = Ky,
the constant of proportionality K can be determined
by linear regression of the titration data (Supporting
Information section A1). Here, K = 0.041 £ 0.005,
indicating that MUA adsorbs preferentially to the NP
surface. Using this value, we estimated the fraction of
DDT on the surface of the NPs as f = Ky/(1 + Ky), which
ranged from f = 0—0.4 in the experiments. In addition
to its simplicity, the electrostatic titration method has
been shown to be as accurate as 'H NMR in determin-
ing the ratio of ligands on the surface of gold NPs?83°
(see Supporting Information section A2 for additional
NMR characterization).

For the fractional DDT coverage, f=0.25, amphiphilic
NPs formed extended one-dimensional chains as
evidenced by cryo-TEM images of NPs in solution
(Figure 1b). In many cases, the particle chains were
only one NP wide, which suggests the formation of
discrete “bonds” between neighboring particles (cf.
below). Importantly, particle chains formed only at
high salt concentrations (0.2 M tetramethylammonium
chloride, TMACI). With no added salt, amphiphilic NPs
instead assembled into small clusters (2—4 NPs) with
some particles remaining unaggregated as observed
by cryo-TEM (Figure 2a).
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In addition to cryo-TEM, we confirmed the existence
of stable particle aggregates in solution by dynamic
light scattering (DLS; Figure 2b), which revealed a
unimodal distribution of cluster sizes. The average size
of the NP clusters increased with increasing salt con-
centration from ~10 nm with no added salt to ~17 nm
for 0.2 M TMACI (Figure 2b). Importantly, the cluster
size distribution remained stable in solution for several
months, which suggests that NP clusters are not kinetic
precursors to complete precipitation but rather equi-
librium structures. This hypothesis is further supported
by experiments in which NPs were first precipitated by
addition of acid to protonate the MUA ligands and then
redispersed in a basic salt solution (pH ~ 11, Cear =
0.2 M TMACI). The cluster size distribution of the
redispersed NPs was equal (within experimental error)
to that of the same particles prior to precipitation
under identical conditions (Figure 2b). This observation
that cluster size is independent of the initial conditions
(dispersed vs precipitated) provides additional evi-
dence that NP chains assemble under thermodynamic
control.

There are several known mechanisms for achieving
chain-like NP aggregates; however, we argue that none
are capable of explaining the NP clusters observed
here. (1) The present assemblies are equilibrium struc-
tures and cannot be explained by diffusion-limited
growth mechanisms,>**” which lead to structurally
similar aggregates*® under kinetic control. (2) The gold
particles used here have no significant magnetic®9*°
or electric**? dipole moments, which can lead to
the formation of NP chains through dipolar interac-
tions.>** (3) NP—NP “bonds” are not mediated by
chemical cross-linking agents* but rather by the
hydrophobic ligands on the particles' surface as we
demonstrate below. (4) The Debye screening length
characterizing the range of electrostatic repulsion
between like-charged NPs is only « ' 2 0.7 nm—much
smaller than the size of the particles (ka ~ 7, where a is
the particle radius). Consequently, chain-like structures
cannot be explained by a competition of short-ranged
hydrophobic attraction and long-ranged electrostatic
repulsion, which can lead to the formation of linear
particle aggregates* 7 for larger screening lengths
(«a ~ 0.5). Here, chain-like assemblies are guided by
electrostatic and hydrophobic interactions acting only
between neighboring particles in close contact with
one another.

To elucidate the mechanism by which NP chains
form at high salt concentrations (0.2 M TMACI), we
varied the amount of hydrophobic (DDT) ligands on
the particles' surface and characterized the resulting
structures by cryo-TEM (Figure 3a) and DLS (Figure 3b).
In the absence of DDT ligands (f = 0), the NPs remained
unaggregated in solution with an average hydro-
dynamic diameter of dy ~ 9 nm (that of an individual
NP). Increasing the DDT fraction to f=0.15, NPs formed
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Figure 3. Effect of DDT fraction f. (a) Cryo-TEM images of
5 mM solutions of AuMUA/DDT NPs as a function of DDT
surface coverage f for a common salt concentration ¢, =
0.2 M (see Supporting Information section A3 for additional
images). The estimated coordination numbers are 0.4 + 0.7,
1.1+1.1,1.7 £ 1.1,and 2.9 &+ 1.8 for f= 0, 0.15, 0.25, and
0.33, respectively (here, = denotes one standard deviation;
see Supporting Information section A4 for details). For f =
0.33, the NP clusters often adsorbed to the holey carbon
grid, thereby reducing the number of NPs within the field
of view. (b) Cluster size distributions for the particles in (a)
obtained by DLS; the inset shows the average diameter as a
function of DDT fraction f.

small linear aggregates of ~2—6 particles with many
particles remaining unaggregated in solution. The
average hydrodynamic diameter increased to d ~
12 nm, from which the number of NPs per cluster can
be estimated as (d/do)®> ~ 2 NPs. We note that the
hydrodynamic diameter should be interpreted as a
qualitative metric of cluster size as it assumes spherical
clusters characterized by an isotropic diffusion coeffi-
cient. At f = 0.25, longer chains of up to ~10 NPs were
observed as well as large branching aggregates; the
hydrodynamic diameter was 17 nm (corresponding to
~7 NPs per cluster). Finally, at f= 0.33, NPs formed larger,
denser aggregates—often with open looplike structures;
the hydrodynamic diameter was 20 nm (~11 NPs per
cluster). At this relatively high DDT fraction, cryo-TEM
imaging became challenging as the NPs adsorbed
strongly to the holey carbon TEM grid, thereby reducing
the number of NPs visible in the images (see Supporting
Information section A3). At higher DDT fractions, the NP
clusters were no longer stable in solution.
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Taken together, these experiments reveal that both
the size of the NP clusters and the extent of chain
branching increase with increasing DDT fraction. These
observations can be attributed to an increase in the
number and/or strength of hydrophobic interactions
mediated by DDT ligands on the particles' surface. In
particular, analysis of the cyro-TEM images reveals that
the average NP coordination number increased mono-
tonically from 0.4, 1.1, 1.7, to 2.9 as the DDT fraction
increased from f=0, 0.15, 0.25, to 0.33 (see Supporting
Information section A4).

To rationalize these observations, we note that the
formation of linear clusters at equilibrium cannot be
explained by isotropic, short-ranged interactions
(electrostatic and/or hydrophobic), which invariably
lead to bulk aggregates (see Supporting Information
section B5). Therefore, we propose that the attractive
hydrophobic forces induced by DDT ligands are instead
directed between hydrophobic patches that organize
dynamically on the surface of the particles during their
assembly. The number of these “sticky” patches de-
pends on the fractional DDT coverage f and directly
determines the preferred coordination number of the
assembling particles. A similar mechanism has been
beautifully demonstrated for micron scale particles*®
and droplets*® functionalized with surface-mobile DNA
linkers, which were shown to concentrate at contacts
between particles or droplets presenting DNA with
complementary sticky ends.

For the proposed mechanism to be viable, the time
scale for ligand reorganization must be considerably
faster than the equilibration time of 24 h used in all
experiments. The surface diffusion coefficient for thiols
on gold surfaces has been estimated previously®° to
be D, ~ 10 "8 to 1077 cm?%/s, which corresponds to
a characteristic reorganization time of a*/D; ~ 3—30 h,
where a is the NP radius. Additional reports of ligand
reorganization on the surface of gold NPs provide
an even broader range of time scales. Chechik et al.
used EPR spectroscopy to probe the lateral diffusion
of thiols on AuNPs and found that ligand diffusion
at room temperature requires several days.”' On the
other hand, the experiments of Bjernholm et al. on
amphiphilic NPs—similar to those used here—suggest
that ligand rearrangement can proceed within minutes
in the presence of strong driving forces (e.g., that which
motivates the migration of a polar molecule from
an organic phase to water).?° In our experiments, NP
structures were equilibrated for at least 24 h, and
we find no differences in the structures that form
when we equilibrate for longer times (up to months).
This suggests that ligand reorganization (assuming it
does indeed occur) proceeds on time scales shorter
than 24 h.

To demonstrate the importance of ligand reorgani-
zation on the formation of NP aggregates, we prepared
amphiphilic NPs using short assembly times—shorter
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than that of ligand reorganization—and characterized
the resulting structures by cryo-TEM. Initially, amphi-
philic NPs (DDT fraction, f = 0.25) were dispersed in
water with no added salt (see Figure 2a, left). Addition
of 0.2 M TMACI effectively screened the electrostatic
repulsions between the negatively charged particles
and allowed for their aggregation into chain-like as-
semblies (see Figure 2a, right). When, however, this
aggregation process was arrested after only ~1 min,
we found no such structures under cryo-TEM (see
Supporting Information section A5). Instead, the
NPs remained largely unaggregated despite frequent
collisions at rate of ~10® s™' as estimated from the
Smoluchowski equation. Briefly, the rate of diffusion-
limited encounters between spheres of radius a and
concentration C is on the order of 16zaDC, where
D =~ kgT/37nd is the Stokes—Einstein diffusivity of the
particles in a liquid with viscosity 7 and temperature
T. Thus, while NPs encounter one another frequently
in solution, they rarely stick effectively. This result is
consistent with the proposed assembly mechanism
in which the rate of aggregation is limited by that of
ligand reorganization on the NPs' surface.

The proposed assembly mechanism is further sup-
ported by 3D lattice Monte Carlo simulations incorpo-
rating a simplified model of the NP interactions that
combines (i) short-ranged hydrophobic attraction,
(ii) dynamic rearrangement of the DDT ligands on
the NPs' surface, and (iii) short-ranged electrostatic
repulsion. As we show below, this model reproduces
and explains the formation of linear NP aggregates
as well as the observed dependencies on the DDT
fraction.

In the model, each particle is covered by N, total
ligands of which H are hydrophobic (such that f = H/N,).
Each contact between a hydrophobic ligand and the
aqueous solvent is assumed to contribute a constant
amount &y, to the total energy of the system (here, e, ~
1 kgT assuming a characteristic oil—water surface energy
of 20 mJ/m? and a ligand area® of 0.2 nm?). When two
NPs make contact, a patch is formed to which a
hydrophobic ligand can move to reduce the energy
of the system by an amount &y,,,. To keep track of these
interactions, let H;; denote the number of hydrophobic
ligands on particle i located within the “patch” formed
with particle j. The numbers of “bonding” ligands
(Hy with i # j) and “nonbonding” ligands (H;) obey
the relations

N

HijO and ZPH,‘/‘:H (1)

j=1

where N is the total number of particles. These
relations imply that (i) the number of ligands contri-
buting to each bond is nonnegative and (i) the total
number of ligands on each particle is H. Furthermore,
we assume that only neighboring particles can form
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Figure 4. (a) Idealized geometry of a NP—NP contact. The
ligand length of ~2 nm sets the range of hydrophobic
interactions; the particle separation was chosen to accom-
modate the volume of the ligands within the contact region.
(b) Minimum energy ligand distribution for a linear cluster
with coordination parameter v = 1.6; all hydrophobic
ligands are accommodated within contact regions. (c—e)
Results of MC simulations with particle density p=2 x 107%,
hydrophobic bond strength g = 100, and electrostatic
repulsion o. =90 for four different values of the coordination
parameter v corresponding to the conditions of experi-
ments shown in Figure 3. (c) Equilibrium particle configura-
tions. Chain-like assemblies similar to those from Figure 1b
were observed for v = 1.8. (d) Average cluster size (black
markers) as a function of the parameter v; blue curves
denote one standard deviation above and below the mean.
(e) Average number of nearest neighbors NN (black
markers) as a function of v; blue curves denote one standard
deviation above and below the mean.

hydrophobic bonds such that H;; = 0 when particles i
and j are not nearest neighbors. Finally, to account for
the geometric constraints on the maximum number of
hydrophobic ligands located between two spherical
particles, we specify an upper bound on the number of
ligands that can contribute to a single bond.

H,‘j —O—HJ, < 2Hpmax for i #] )]

Physically, Hy.x depends on the length of the hydro-
phobic ligands relative to the size of the particles; for
the idealized NP—NP contact illustrated in Figure 4a,
we estimate that Hn,, &~ 0.136H. Additionally, when
three or four NPs come into mutual contact, their
contact regions overlap and it is necessary to reduce
the effective size of the contact to HE), ~ 0.122H and
H®. ~ 0.110H, respectively (see Supporting Informa-
tion section B1 for details).
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With these preliminaries, the total energy £y, due
to contacts between hydrophobic ligands and water is
expressed as

Np
Ehp = &np z Hii (3)
i=1
To account for the dynamics of hydrophobic DDT
ligands on the particles' surface, we make an important
simplifying assumption—namely, that the distribution
of hydrophobic ligands equilibrates to the minimum
energy configuration. Mathematically, we identify the
ligand distribution Hj; that minimizes the hydrophobic
energy (3) subject to the constraints (1) and (2). The
solution to this constrained optimization problem
can be obtained rapidly and uniquely using standard
methods of linear programming. Figure 4b shows the
minimum energy ligand distribution for a simple linear
cluster of five NPs.

Interestingly, we note that the resulting hydropho-
bic energy En, cannot be obtained by summing over
local, pairwise interactions. The distribution of hydro-
phobic ligands on the particles' surface is determined
by the complete topology of the particle aggregates.
As a consequence, the addition of one NP to one part
of a cluster results in a cascading rearrangement of the
hydrophobic ligands to achieve the new minimum en-
ergy configuration. Such “global” interactions are neces-
sary to explain the formation of the one-dimensional
chains observed in experiment.

At high salt conditions, the Debye screening length
is small relative to the particle size, and repulsive
electrostatic interactions are limited to those between
nearest neighbors. In particular, we assume that each
of the M nearest neighbor interactions contributes a
fixed amount ., to the total electrostatic energy, Eos =
£osM. The magnitude of the electrostatic interaction &eg
between two charged NPs at contact was estimated
using the nonlinear Poisson—Boltzmann equation to
be e.5 ~ 120 kgT for the experimental conditions (see
Supporting Information section B2).

Using the interactions above, we performed Monte
Carlo (MC) simulations (NVT ensemble) on a collection
of N, = 549 particles interacting on a cubic close-
packed (ccp) lattice. For a given particle configuration,
the total energy of the system E was approximated as
the sum of hydrophobic and electrostatic contribu-
tions, E = E,p + Ees. The equilibrium distribution of
particle configurations was sampled using the stan-
dard Metropolis—Hastings algorithm>3 with single par-
ticle “exchange” moves and periodic boundaries (see
Experimental Section for details). These MC moves
allowed for the direct exchange of particles between
different clusters and were necessary to accelerate the
equilibration of the system at the dilute NP concentra-
tions used in experiment (see Supporting Information
section B3).
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The model is characterized by four dimensionless
parameters that uniquely specify the behavior of the
system: (1) the particle density, p = N,/N;, where N is
the number of lattice sites; (2) the number of hydro-
phobic ligands per particle, v = H/Hpyayx, Where Hpay is
the maximum number of ligands per bond; (3) the
characteristic strength of a hydrophobic bond, g =
2€npHmax/ksT, where kgT is the thermal energy; and (4)
the strength of the electrostatic repulsion, o = €../kgT.
In the simulations, the particle density p was chosen to
correspond to the experimental value of p=2 x 107
The hydrophobic bond strength is estimated to be on
the order of 3 ~ 100, which is similar in magnitude to
the electrostatic repulsion a ~ 100. While both attrac-
tive and repulsive forces are strong (relative to thermal
motion), the former must be considerably stronger
than the latter to induce NP aggregation; that is,
B — o> 1. In the simulations, we chose 3 = 100 and
a = 90 to capture the essential features of the experi-
mental system.

Figure 4c shows simulation snapshots of the equi-
librium NP configuration for different values of the
coordination parameter v = 0, 1.2, 1.8, and 2.4 corre-
sponding to DDT fractions f similar to those used in
experiment (cf. Figure 3). The model captures the
experimentally observed progression from free NPs
(v=0) to short linear chains (v=1.2) to longer branched
chains (v = 1.8) to denser aggregates (v = 2.4). The
average size of these equilibrium clusters increased
exponentially with increasing number of hydrophobic
ligands on the particles' surface (Figure 4d); in partic-
ular, the cluster size increased from 1to 2to 7 to 15 NPs
for the conditions in Figure 4c, in good agreement with
estimates from DLS measurements. In addition to
reproducing the experimental observations, the model
can offer additional insights into the structure of the NP
clusters. In particular, we find that the average number
of nearest neighbors NN increases linearly with the
number of hydrophobic ligands on the particles' sur-
face; thatis, NN ~ v (Figure 4e). This result suggests that
the assembling particles have a preferred coordination
number, as determined by the competition between
hydrophobic attraction and electrostatic repulsion.

To understand the formation of chain-like aggre-
gates in the model, consider that all the hydrophobic
groups can be shielded from the solvent provided
each particle has ca. v or more nearest neighbors.
The formation of additional neighbors—beyond that
needed to shield the hydrophobic ligands—is strongly
penalized by the repulsive electrostatic interactions.
Thus, for v = 1.8, NPs form aggregates with 1.6 + 0.7
nearest neighbors (where + refers to one standard
deviation). Under dilute conditions, one might expect
such particles to form trimers rather than extended
chains as (i) both structures have ca. two “bonds” per
NP and (ii) small clusters are favored for entropic rea-
sons. The formation of chain-like structures is a direct
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Figure 5. (a) CoFe,0,4 NPs functionalized with mixed mono-
layers of HDD and deprotonated DHUA assemble to form
chain-like structures in aqueous solutions at high salt con-
centrations (cs,;; = 0.2 M) when the surface fraction of HDD
ligands is f ~ 0.2. (b) Cryo-TEM images and (c) DLS size
distributions of NP chains (ccore,0, = 6.66 mg/mL, ¢y = 0.2 M,
and f~ 0 and 0.2).

consequence of ligand redistribution, which can enable a
linear cluster of N particles to shield all of its hydrophobic
ligands within N — 1 bonds (provided N > 2/(2 — v);
see Figure 4b). By contrast, a trimer of N = 3 particles
requires N = 3 bonds to shield its hydrophobic ligands,
resulting in an energy difference of (/N — 1)/N per
particle (~90 kgT for v=1.8). As a result, extended chain-
like clusters are favored over smaller trimers. At higher
DDT fractions (v > 2), the formation of more open,
extended structures is also driven by geometric factors:
the formation of large hydrophobic patches between
neighboring particles favors NP configurations with few
three-particle (triangular) and four-particle (tetrahedral)
contacts. This effect leads to the formation of open
looplike structures observed in experiment (f = 0.33)
and in simulations (v = 2.4).

Finally, to demonstrate the generality of this mech-
anism, we applied a similar procedure to assemble
particle chains using cobalt ferrite nanoparticles (CoFe,O,
NPs; 82 + 14 nm in diameter) functionalized with
chemically similar hydrophobic (1,2-hexadecanediol,
HDD) and hydrophilic (10,11-dihydroxyundecanoic acid,
DHUA; fully deprotonated at pH ~ 11) ligands (Figure 5a).
As with the AUNP system, we investigated the structures
formed by amphiphilic CoFe,04 NPs using cryo-TEM
and DLS (Figure 5b,c). At high salt conditions (0.2 M
TMACI) and HDD coverage f= 0.2, amphiphilic CoFe,0,4
NPs assemble into short linear chains similar to those of
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the gold NPs with an average hydrodynamic diameter
of 17 nm (~3 particles). By contrast, little or no particle
clustering was observed in the absence of hydrophobic
ligands (f = 0) as evidenced by cryo-TEM; the average
hydrodynamic diameter was 12 nm (that of single NPs).
These observations suggest that chain formation was
mediated by hydrophobic interactions between HDD
ligands rather by dipolar interactions between the
NP cores.

The strength of magnetic dipole—dipole interac-
tions between proximal NPs is not sufficient to induce
chain-like ordering. The attractive dipole—dipole en-
ergy of two NPs in contact is Ugq = m*/2uod® ~ 0.5 kgT,
where m = uoVMs is the particle's magnetic moment,
Uo is the vacuum permeability, Vis the particle volume,
Ms = 2.7 x 10° A/m is the saturation magnetization,>*
and d = 8.2 nm is the particle diameter. The formation
of chain-like assemblies via magnetic dipole—dipole
interactions requires significantly larger particles,
for which the strength of the magnetic interactions
is several times the thermal energy.**** Instead, we
attribute the formation of chain-like structures to hydro-
phobic interactions between the HDD ligands in direct
analogy to the DDT ligands in the AuNP system.

CONCLUSIONS

Nanoparticle amphiphiles functionalized with both
hydrophobic (DDT) and hydrophilic (MUA) ligands self-
assemble to form equilibrium clusters characterized
by a preferred coordination number, which depends
on the number of hydrophobic ligands on the particles'
surface. In particular, NPs at high salt conditions

EXPERIMENTAL SECTION

Materials. Tetra-n-butylammonium borohydride (TBAB, 98%),
1-dodecanethiol (DDT, 98%), and tetramethylammonium
choloride (TMACI, 97%) were obtained from Alfa Aesar.
11-Mercaptoundecanoic acid (MUA, 95%), dodecylamine (DDA,
98%), hydrazine (anhydrous, 98%), tetramethylammonium hy-
droxide (TMAOH, 25 wt % solution in water), cetyltrimethylam-
monium tosylate (CTAT), iodine, deuterated dichloromethane,
gold chloride trihydrate crystal (HAuCl, - 3H,0), cobalt(ll) acetyl-
acetonate (Co(acac),, 97%), 1,2-tetradecanediol (TDD, 90%),
benzyl ether (98%), oleic acid (OA, 90%), oleylamine (OAm,
>70%), 10-undecanoic acid (98%), formic acid (98%), and diethyl
ether (>99.9%) were obtained from Sigma-Aldrich. Iron(lll)
acetylacetonate (Fe(acac);, 97%) was obtained from Strem
Chemicals. Hydrogen peroxide (30% w/w) and sodium hydrox-
ide were obtained from BDH chemicals. Didodecyldimethylam-
monium bromide (DDAB) and 1,2-hexadecanediol (HDD, >98%)
were obtained from TCl. Dichloromethane, toluene, methanol,
ethanol, chloroform, hydrochloric acid, and acetone were ob-
tained from EMD chemicals. All chemicals were used without
further purification.

Nanoparticle Synthesis and Surface Funtionalization. Gold nanopar-
ticles (AuNPs; 6.2 & 0.8 nm diameter) were synthesized accord-
ing to a modified literature procedure®”® using HAuCl, - 3H,0
instead of AuCls. Initially, the particles were stabilized by weakly
bound DDA ligands and dispersed in toluene. The surface of the
AuDDA particles was then functionalized with mixed monolayers
of MUA and DDT via ligand exchange. Briefly, 0—40 umol of DDT
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(0.2 M TMACI) and DDT coverage (f = 0.25) assemble
to form extended chain-like structures through attrac-
tive hydrophobic interactions between DDT ligands
bound to proximal NPs. To explain the formation of
these linear clusters, we propose an assembly mechan-
ism whereby hydrophobic patches organize between
neighboring particles to minimize the number of en-
ergetically unfavorable DDT—water contacts. This me-
chanism is supported by Monte Carlo simulations
incorporating adaptive hydrophobic interactions that
reproduce the structures and trends observed in the
experiment. The extension of these results to different
NP materials and ligand chemistries (namely, CoFe,0,/
DHUA/HDD NPs) suggests that this mechanism is
general to other materials, provided that the ligands
are sufficiently mobile on the time scales of interest. By
contrast to amphiphilic particles with “fixed” surface
chemistries, adaptive amphiphiles with mobile ligands
may provide an easy route for controlling particle
coordination number within NP assemblies. Beyond
linear chains, such particles may be capable of form-
ing well-defined “equilibrium gels” in which particles
interact with a prescribed number of nearest neigh-
bors to yield space-filing networks. At present,
this strategy can specify only the preferred number
of nearest neighbor “bonds” but not their orienta-
tions. It may, however, be possible to extend the
present approach to create directional bonds through
a combination of adaptive hydrophobic attraction
and long-range electrostatic repulsion, for example,
to guide the formation of non-close-packed nanopar-
ticle assemblies.'>°%>7

dissolved in toluene (0—2 mL of 20 mM solution) was added to
10 umol AuDDA (0.5 mL of 20 mM solution on a gold atom basis)
and stirred gently for 2 min. Subsequent addition of 0—40 umol
of MUA dissolved in dichloromethane (0—2 mL of 20 mM
solution), followed by 12 h of stirring at room temperature,
caused the particles to precipitate from solution. After the super-
natant was decanted, the functionalized AUMUA/DDT particles
were washed with toluene, dichloromethane, and acetone
to remove excess ligands, dried with nitrogen, and dissolved in
2 mL of deionized water with pH adjusted to >11 by addition
of TMAOH. Finally, the samples were sonicated for 10 min and
allowed to equilibrate for at least 24 h unless otherwise stated.
Cobalt ferrite nanoparticles (8.2 + 1.4 nm diameter) were
synthesized according to a modified literature procedure
using TDD instead of HDD.*® As with the AuNPs, the particles
were initially stabilized by oleic acid and oleylamine ligands
in toluene and then functionalized with mixed monolayers of
HDD and DHUA via ligand exchange [DHUA was synthesized
according to a literature procedure;®® 'H NMR (DMSO-de):
d (ppm) = 1.17—1.30 (m, 10H, (CH,)sCH,CH,COOH), 1.38—1.39
(m, 2H, CH,CHOH), 1.4—1.5 (m, 2H, CH,CH,COOH), 2.16—2.2
(t, 2H, CH,COOH), 3.21-3.24 (m, 2H, CH,OH), 3.35 (m, 1H,
CHOH), 4.2—4.4 (br s, 2H, OH), 11.99 (br s, TH, COOH)]. Briefly,
0—109 umol of HDD dissolved in chloroform (0—1.6 mL
of 70 mM solution) was added to 6 mg of CoFe,0, stabilized
by OA and OAm in toluene and agitated gently for 2 min.
Then, 0—110 umol of DHUA dissolved in ethanol (0—11 mL of
10 mM solution) was added to the solution, followed by stirring
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for 12 h at room temperature. Addition of excess of ethanol
caused the particles to precipitate from the solution, and after
the supernatant was decanted, DHUA/HDD-functionalized Co-
Fe,04 NPs were washed with ethanol and acetone to remove
excess ligands, dried with nitrogen, and dissolved in deionized
water with pH adjusted to >11 by addition of TMAOH. Finally,
after the samples were centrifuged to remove aggregated NPs,
the samples were sonicated for 10 min and allowed to equili-
brate for at least 24 h.

Nanoparticle Characterization. Cryo-TEM measurements were
taken on FEI Tecnai G2 Spirit Bio Twin operating at 120 kV
accelerating voltage and attached to bottom-mount Eagle
4 k HS camera for image collection. To help preserve the NP
aggregates during sample preparation, vitrified specimens
were prepared in the semiautomated Vitrobot, a closed cham-
ber at 20 °C and 100% relative humidity. Dynamic light scatter-
ing measurements were performed on a Malvern Zetasizer
Nano ZS90 equipped with a 4 mW HeNe gas laser operating
at a wavelength of 632.8 nm and a scattering angle of 90°.
All samples were measured at room temperature.

Monte Carlo Simulations. All simulations were performed on
a ccp lattice (140 x 140 x 140) containing N, = 529 particles,
which were initially distributed at random. Before the equilibri-
um configuration was sampled, the system was first equilibrated
over the course of 10° N, attempted MC moves. To accelerate
the equilibration of NP clusters under dilute conditions, we
developed an efficient MC move that allows for the direct
exchange of particles between clusters while maintaining the
detailed balance condition®® required for sampling the equilib-
rium distribution (see Supporting Information section B3).
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