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ABSTRACT: The bottom-up fabrication of ordered and oriented colloidal nanoparticle assemblies is
critical for engineering functional nanomaterials beyond conventional polymer−particle composites.
Here, we probe the influence of polymer surface ligands on the self-orientation of shaped metal
nanoparticles for the formation of nanojunctions. We examine how polymer graft−surface interactions
dictate Ag nanocube orientation into either edge−edge or face−face nanojunctions. Specifically, we
investigate the effect of end-functionalized polymer grafts on nanocube assembly outcomes, such as
interparticle angle and interparticle distance. Our assembly results can be directly mapped onto our
theoretical phase diagrams for nanocube orientation, enabling correlation of experimental variables
(such as graft length and metal binding strength) with computational parameters. These results
represent an important step toward unifying modeling and experimental approaches to understanding
nanoparticle−polymer self-assembly.
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Anisotropic nanoparticles often display unique size- and
shape-dependent properties that are advantageous in

technologies ranging from biosensing,1−3 to spectroscopy4,5

and optics,6 to solar cells.7 These shaped nanoparticles can also
display unique collective properties when assembled into
oligomeric architectures. In plasmonics, shaped metal nano-
particles can be assembled to form nanojunctions that exhibit
intense electromagnetic hotspots8 or organized into large-area
(or volume) assemblies for the formation of optical
metamaterials.9 A major challenge is the assembly of
anisotropic nanoparticles into targeted, functional orientations.
Several experimental and theoretical advances have been made
in the areas of DNA-programmable assembly10 and the
crystallization of shaped, hard particles.11 However, these
strategies can be difficult to implement for practical nanoma-
terials integration because of stringent assembly conditions on
parameters such as solvent ionic strength, nanoparticle density,
and total assembly volumes.
Nanoparticles incorporated into polymers are an especially

attractive strategy for self-assembly as they allow for facile
device integration using techniques that take advantage of
batch, low-cost processing and enable the fabrication of state-
of-the-art nanocomposite materials. The ability to direct the
organization of nanoparticle assemblies by tuning the
molecular-level interactions of the nanoparticle and polymer
is a powerful tool for fabrication of plasmonic structures and
other functional nanomaterials. Encapsulating shaped nano-
particles into polymers has the potential to harness the rich
phase behavior exhibited by a multicomponent system of
nanoparticles, nanoparticle grafts, and matrix polymer. Non-
specific interactions arising from van der Waals and steric forces
can be engineered to give hierarchical, tunable, and dynamic

nanoparticle structures.12 For example, cooperative self-
assembly of nanoparticles with diblock copolymers has been
demonstrated to provide control of dipole−dipole and
depletion forces of these mixed polymer−nanoparticles
systems.13,14 Nanorods assembled with block copolymer
grafts15,16 have been able to achieve spherical, cylindrical, and
lamellar microdomains and end-to-end nanorod alignment in
polymer thin-films. The resulting morphologies of these
polymer−nanoparticle composites are typically controlled by
modulating the supramolecular framework of the block
copolymer component.
In addition, a large body of theoretical and simulation work

has greatly improved our understanding of nanoparticle
assembly in various media like polymers. Studies employing
integral equation theory, density functional theory, Monte
Carlo, and molecular dynamics simulations have examined the
interactions between nanoparticles within polymer melts17−20

and their modulation via polymer grafting.21−23 Simulations
have begun to reveal the phase behavior of nanoparticles
grafted with polymers, demonstrating how these building
blocks self-assemble into phases reminiscent of block
copolymer microphases.24−27 However, few studies have been
successful in relating computational parameters with exper-
imental variables toward predicting nanoparticle assembly
outcomes.
Recently, we and others have demonstrated through both

experiments and modeling that the properties of the grafted
polymer chains at the nanoparticle surface plays a crucial role in
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determining the orientation of colloidal nanocubes in polymer
matrix.9,28 In our previous work, we investigated the assembly
of Ag nanocubes into two distinct orientations: face−face (FF)
and edge−edge (EE).9 Using coarse-grained models and Monte
Carlo simulations to calculate interparticle interactions, we
examined the effect of grafting the nanocubes with polymer
chains of varying length (L) and varying polymer−surface
interactions (εPS) in determining nanocube orientation. These
results showed that a transition from FF to EE orientation
occurred when L is increased and when εPS is decreased. These
computation results were also used to generate a nanocube
orientation “phase” diagram. In our assembly experiments, we
showed that nanocubes grafted with sufficiently long polymer
grafts adopt EE orientations, which minimizes steric repulsion
between polymer grafts as nanocubes approach each other.
However, our experimental results provided only qualitative
demonstration of the EE−FF phase transition and did not
explicitly examine the effect of εPS on nanocube assembly
outcomes.
In this work, we propose to directly correlate our previously

reported nanocube orientation phase diagram with practical
experimental parameters. First, we carry out assembly experi-
ments to investigate the effect of polymer−surface interactions
(εPS) on the orientation of self-assembled Ag nanocubes by
comparing the assembly outcomes for end-functionalized
polymer grafts that possess different interaction potentials
with metal surfaces. In order to determine the critical L for the
EE-to-FF transition, we then carry out assembly experiments by
varying the length of these polymer grafts within a smaller
window of L values than we previously tested. The ability to
directly map these modeled parameters (L and εPS) to
experimental parameters (polymer molecular weight and
chemical functionality) would bridge the divide between
modeling and experimental approaches to understanding self-
assembly, providing new insight into how molecular
interactions govern global materials properties.
Experimental Methods. Materials. Silver nitrate

(AgNO3), copper chloride (CuCl2), and polyvinylpyrrolidone
(PVP MW = 55000) were purchased from Sigma-Aldrich and
used as received. 1,5-Pentane-diol was purchased from Fluka.
Polystyrene (MW = 11900) was purchased from Polymer
Source and mPEG thiol, PEG dithiol, and thiol PEG amine of
molecular weight 1k, 2k, and 5k were purchased from Nanocs
Chemicals. Analytical grade solvents were used throughout the
reaction.
Ag Nanocube Synthesis. Ag nanocubes were synthesized by

previously reported protocol.9 The metal precursor solution
was prepared by dissolving 0.20g AgNO3 with 40 μL 0.043 M
CuCl2 in 5 mL of 1,5-pentanediol. Alternatively 0.10 g of
polyvinylpyrrolidone (PVP) was dissolved in 5 mL of
pentanediol. Twenty milliliters of pentanediol solution was
added to a 100 mL round bottomed flask, and the solution
temperature was maintained at 193 °C with continuous stirring.
Next the precursor solutions with AgNO3 and PVP were
injected into the hot pentanediol at a rate of 500 μL/min and
320 μL/30 s, respectively. The injections were continued until
the solution turned to an opaque yellow color. As synthesized
nanocrystals were then characterized by UV−vis spectroscopy
(Agilent Chemstation 8453). Purification of nanocrystals was
carried out by diluting the original solution to 50 mL using
absolute ethanol and centrifugation at 2500 rpm for 10 min.
The supernatant was isolated and further diluted to a 1:2
mixture of deionized water and ethanol to obtain an

approximate total volume of 150 mL. This solution was
subjected for the filtration with decreasing membrane pore sizes
(0.65, 0.40, and 0.22 μm). The final solution was centrifuged at
3400 rpm for 60 min and redispersed with ethanol for the
desired concentration. The extinction and scanning electron
microscopy (SEM) revealed that the as-made nanocubes were
highly monodispersed and 73 ± 1.6 nm in size.

Nanocomposite Fabrication. Piranha cleaned silicon
substrates were treated with hexamethyldisilazane vapor
under vacuum at room temperature for 3 h to obtain
hydrophobic surface. Polystyrene (3.5 wt % of 11k) was
dissolved in toluene solution and filtered through 0.02 μm pore
size filter membrane. A 270 nm thick polystyrene thin film on
the substrate was obtained by two-step spinning at 800 rpm for
3 s and 1700 rpm for 30 s (WS-400A-6NPP/LITE Laurell
Technology Corp).
To prepare Ag nanocube films, 2 mL of nanocrystal solution

was washed three times in ethanol at 3400 rpm for 15 min, and
then residue was resuspended in 200 μL chloroform (CHCl3).
A clean glass Petri dish washed thoroughly and filled with water
at convex meniscus. Nanocrystal solution was then carefully
spread over air−water interface, and then monolayer was left
for 15 min to allow for the evaporation of organic solvent and
equilibration. Polystyrene coated silicon wafers were then dip
coated to make nanocube composite film. The surface coverage
of individual and assembled nanocube was determined by
Automated Quantitative Image Analysis software29 and ImageJ
software by using SEM images.

Nanocube Assembly. The surface modification of PVP
stabilized nanocubes was carried out by incubating the
composite film in 1.5 mM ethanol solution of bifunctional
ligands at room temperature for 15 h. For the long chain ligand
(5k), a mixture of ethanol−methanol solution (2:1) was used.
These substrates were then washed thoroughly with ethanol
and water in order to remove excess ligand that was loosely
bound to the PS film and dried with N2. Ligand exchange was
confirmed by Raman spectroscopy with respective peaks
corresponding to the ligands. Solvent annealing was carried
out by exposing the substrates with CHCl3 vapor in a closed
container, and samples were taken out and monitored through
SEM at different time intervals to follow the assembly process.

Sample Characterization. Raman measurement of the
samples was performed on Renishaw micro-Raman spectrom-
eter (Renishaw Invia) coupled with Leica microscope with 50×
objective (Leica N-plan) in the range of 200−1800 cm−1. A
wavelength of 514 nm was used as an excitation source
generated by 50 mW Ar-Ion LASER. The backscattered signal
was collected on a Peltier-cooled (−70 °C) CCD detector with
30 s acquisition time. Scanning electron microscopy (SEM)
characterization was carried out using FEI UHR field emission
SEM equipped with field emission cathode with a lateral
resolution approximately 2 nm. The accelerating voltage was
operated between 5 and 15 kV.

Analysis of Nanocube Orientation and Interparticle
Distance. Statistical analysis of nanocube orientation angle
and interparticle distance (center−center) were determined
with the help of ImageJ software. Annealing experiments were
carried out until the films were stable, and with increasing
annealing, time dewetting of the film occurred. Composite
nanocube films with approximately the same density on
different substrates were prepared and annealed after the
ligand exchange at different time intervals. An area of 25 μm2

was analyzed on SEM images to obtain angular statistics.
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Only nanocubes with interparticle distance below 25 nm
were considered while analyzing the angle between two face−
face and edge−edge oriented nanocubes. The inter cube angle
θ = 15° was considered as a cutoff angle for EE structure, and
below θ = 15° was considered as FF orientation of the cubes.
For instances where cube−cube orientations angles were below
5°, exact angles were difficult to measure, and these orientations
were considered as FF. Average orientation angle θ was
obtained by Gaussian fitting of the statistical data, and in the
case of PEG-DT (1k), PEG-Am (1k) induced assembly
weighted average orientation angle was taken as the statistical
data following exponential fit.
Potential of Mean Force Calculations. To investigate the

role of the length L and interactions εPS of polymer grafts in
governing the relative orientation of the nanocubes in the self-
assembled structures, we computed the potential of mean force
(PMF) W(d,θ) between two polymer-grafted nanocubes (with
an 80 nm edge length) as a function of their center-to-center
separation distance d and relative orientation θ. Since the PMF
essentially represents the free energy of interactions between
nanocubes, its magnitude provides direct estimates of the
probability p(d,θ) ∝ exp(−W(d,θ)/kBT) of observing two
nanocubes in a specific configuration d and θ, where kB is the
Boltzmann factor and T is the temperature. The PMF profiles
were computed for nine different combinations of (L, εPS)
values by using an approach involving Monte Carlo simulations
of coarse-grained models of the polymer-grafted nanocubes, as
described earlier.9

Results and Discussion. In order to investigate the effects
of εPS nanocube assembly, we grafted Ag nanocubes with
bifunctional polyethylene glycol (PEG) grafts, where one end is
terminated with a thiol group to anchor to the Ag surface and
the other end is terminated with a chemical group that
determines εPS (Figure 1B). We chose PEG-thiols that are end-

terminated with one of the following: −CH3 (mPEG), −NH2
(PEG-Am), or −SH (PEG-DT). These bifunctional ligands
were chosen because they are expected to possess different
binding affinities toward metal surfaces and thus vastly different
εPS values (Figure 1C). For example, PEG-DT is expected to
possess the highest εPS since thiols are known to bind strongly
and covalently to Ag nanoparticles.30 PEG-Am is expected to
possess only a moderate affinity to Ag nanoparticles (due to the
formation of a dative bond),31,32 and mPEG is expected to
display no affinity. Advantageously, these ligands are also
commonly used as nanoparticle capping agents and are
available in a range of molecular weights (MW = 1k, 2k, and
5k), which is useful for determining a critical L for the EE-to-FF
phase transition.
PEGylation of the Ag nanocube surface is achieved by

incubating the nanocubes in a solution of the desired
bifunctional PEG graft. First, the as-made cubes are deposited
onto a thin-film of polystyrene (PS) using the method
previously described.1 The PS-supported nanocubes are then
incubated in a 1.5 mM (solvent) solution of the PEG grafts for
15 h. Polymer graft concentrations and incubation times were
optimized to ensure that polyvinylpyrrolidone (PVP, the
capping agent used in nanocube synthesis) is displaced and
that the PEG grafts cover the majority of the nanocube surface.
Raman spectra of the incubated nanocubes (Supporting
Information, S1) confirm that PVP is removed and that the
nanocube surface is effectively PEGylated. Raman peaks for
polystyrene at 1001, 1035, 1360, and 1583 cm−1 are present in
every nanocube sample.33,34 For as-made nanocubes (black
line), the adsorption of PVP is clearly identified by the intense
peak that appears at 1670 cm−1, corresponding to the CO
and C−N (amide) stretching vibrations of PVP.35 This peak is
not present in the nanocube films that have undergone
PEGylation. Instead, the PEGylated nanocubes show distinct
Raman bands at 1072 cm−1 corresponding to the C−O stretch
of the grafted PEG chains.36,37 For nanocubes modified with
PEG-DT, the peak at 868 cm−1 is attributed to the βCSH bend
from the terminal −SH group.38 For nanocubes modified with
PEG-Am, we also observe the weak vibrational band
corresponding to the NH2 wag at 819 cm−1, whereas the
Raman band corresponding to NH2 deformation overlaps with
the Raman bands for PS in the range of 1580−1590 cm−1.39

Analysis of Raman spectra also suggests that changing the
length of the polymer graft does not affect the displacement of
PVP and subsequent PEGylation of the Ag nanocube surface
(Supporting Information S2, S3, and S4).
The PEGylated nanocube films were then exposed to

chloroform (CHCl3) vapor to induce assembly and self-
orientation within the PS thin-film.9 Figure 2 shows
representative scanning electron microscope (SEM) images of
the nanocube assemblies after 180−240 min of solvent
annealing. Because these SEM images reveal a heterogeneous
mixture of EE and FF orientations, we analyzed nanocube
orientation by determining the angle for each nanojunction
generated by assembly. The angle between two adjacent cubes
(θ) can vary from 0° (corresponding to a perfect FF
nanojunction) to 90° (corresponding to a perfect EE
nanojunction). Figure 3 shows histograms of θ for nanocubes
modified with each of the three bifunctional PEG grafts
(mPEG, PEG-Am, and PEG-DT) and three different PEG
chain lengths (MW = 1k, 2k, and 5k). For nanocubes modified
with mPEG, we observe that the nanocubes form nano-
junctions with an average of θ = 10.6 ± 9.8° for a MW = 1k. A

Figure 1. Schematic diagram showing (A) self-assembled Ag
nanocubes in the face−face and edge−edge orientations and (B)
self-assembled monolayer of bifunctional ligand on silver nanocube
with different terminal group and PEG backbone. (C) The decreasing
order of effective strength of attraction of polymer to the surface of
nanocube is shown.
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more heterogeneous distribution of angles is observed for
longer PEG chains, with θ = 50.1 ± 48.2° and 43.2 ± 19.7° for
MW = 2k and 5k, respectively. For nanocubes modified with
PEG-Am, we observe distribution of angles for all nanocube
assemblies, with an average θ = 13.5 ± 0.4°, 41.1 ± 16°, and
41.3 ± 18.3° for MW = 1k, 2k, and 5k, respectively. For

nanocubes modified with PEG-DT, we observe that the
nanocubes form nanojunctions with an average nanojunction
angle <15°, where θ = 7.2 ± 9.1°, 8.48 ± 16.6°, and 6.09 ± 17°
for MW = 1k, 2k, and 5k, respectively.
To map our assembly experiments onto our modeled phase

diagram, we determined overall nanocube orientations as FF
when the average nanojunctions angle is θ < 15° and EE when
the average nanojunctions angle is θ > 15°. Figure 4A shows
our experimental phase diagram using these designations. For
comparison, Figure 4B shows our predicted phase diagram
based on the computed potential of mean force (PMF) profiles
for purely EE- and FF-oriented nanocubes at nine different
combinations of L and εPS values, as derived in our previous
work.9 The PMFs provide the distance-dependent free energy
of interactions between two nanocubes, and the most favorable
orientation of the nanocubes for each L−εPS combination is
determined by selecting the energy curve that possesses the
lowest energy minimum. Figure 4c shows the PMFs for three
L−εPS combinations: for L = 4, 8, and 12 and εPS = 0.4.
Overall, our experimental and theoretical phase diagrams are

consistent with each other in the prediction of a transition from
FF to EE nanocube orientation for longer graft chains and
lower graft-to-metal affinity. Based on our experimental data,
we can determine that the critical L for this transition is
approximately 7 nm, which corresponds to the calculated rod−
coil length for a PEG chain with a MW = 2k. We also observe
that nanocube assemblies, which possess a larger distribution of
nanojunction angles, occur nearer to the FF to EE transition.
This can be understood by examining the PMF curves for these
particular L−εPS combinations that lie close to the transition
line. For example, for the combination of L = 8 and εPS = 0.4,
the global energy minima for the FF and EE orientations are
fairly close in energy. It is likely that the PMF curves look
similar for the range of nanojunction angle between these two
orientations, resulting in a broad distribution of orientations.

Figure 2. (A) Schematic of bifunctional ligand modified Ag nanocube
undergoing phase segregation upon annealing. (B) Scanning electron
microscope images of PEG dithiol (i, ii, iii), thiol PEG amine (iv, v, vi),
and mPEG thiol (vii, viii, ix) of different chain length induced self-
assembly of nanocube (scale bar 500 nm).

Figure 3. Statistical analysis showing the distribution of nanocube orientation angles in each graft-specific assembly.
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We also observe that nanocubes modified with PEG-DT
display no critical L within the range of molecular weights that
we tested. Even for MW = 5k, we observe that the nanocubes
mainly adopt FF orientations with narrow nanojunction angle
distributions. To better understand this result, we measured the
interparticle center-to-center distance for each nanocube
assembly in Figure 5. Based on literature values for polymer
chains grafted to a solid surface, the total distance contributed
from the grafted PEG chains are expected to be 2.2, 5.6, and
11.2 nm for PEG chains with MW = 1k, 2k and 5k,
respectively.40−42 For nanocubes grafted with mPEG, the
interparticle distances are approximately 1.5 times the polymer
graft length: 3.2 ± 1.2 nm, 9.4 ± 1.3 nm, and 18.8 ± 2.5 nm for
Ag nanocubes modified with MW = 1k, 2k, and 5k mPEG,
respectively. Nanocubes grafted with short PEG-Am chains
with MW = 1k also possess an average interparticle distance of
3.7 ± 1.9 nm, suggesting significant interdigitation for these FF-
oriented cubes. However, nanocubes grafted with longer PEG-
Am chains exhibit distances that correspond to approximately
double the graft length (14.6 ± 2 nm for MW = 2k and 24.4 ±
2.8 nm for MW = 5k), suggesting almost no interdigitation
occurs between the amine-terminated grafts for neighboring
nanocubes. This could be due to hydrogen bonding
interactions between the terminal amine groups on neighboring
nanocubes, which prevents graft interdigitation. Finally, nano-
cubes grafted with PEG-DT exhibit the shortest interparticle
distances, with 3.2 ± 1.3, 7.4 ± 1.6, and 13.2 ± 1.6 nm for Ag
nanocubes modified with MW = 1k, 2k, and 5k PEG-DT,
respectively. These interparticle distances correspond to a little
over one graft chain length and suggest that terminal thiol
groups of the PEG-DT graft may actually bind to the Ag surface
of the adjacent nanocube (Figure 5B). This is consistent with
the expected large εPS value for the PEG-DT.

Conclusion. Our experiments allow us to directly map our
assembly results onto our predicted phase diagram for
nanocube orientation. Overall, we observe results consistent
with our previous theoretical prediction regarding the effect of
εPS on nanocube orientation.9 The presence of a chemical
functionality that is strongly metal-binding produces nanocubes
that are FF oriented, regardless of polymer graft length. This is
observed for thiol-terminated grafts, which result in a strong
Ag−S bond, with a dissociation energy of 216.7 ± 14.6 kJ/
mol.43 However, the Ag−CH3 bond dissociation energy is
expected to be 134.1 ± 6.8 kJ/mol and Ag−NH2 is
approximately 191.04 kJ/mol44 where only short polymer
grafts terminated with −CH3 and −NH2 result in FF
orientations. One significant difference between our experi-
ments and our theoretical models is that our experiments were
carried out with polymer grafts that possess terminal functional
groups, whereas our theoretical results were carried out for
nanocubes passivated with homogeneous polymer grafts. In
these models, εPS is modified by modulating the interaction
potential of every monomer along the graft chain. This
discrepancy makes it difficult to gauge the role of the PEG
chain in our assembly experiments, including how the PEG
itself contributes to εPS. However, our results strongly suggest
that the identity of the polymer chain itself is likely to not
contribute significantly to εPS as long as the Ag−monomer
binding strength is relatively low.

Figure 4. (A) Experimental nanocube orientation phase diagram
showing observed orientations of nanocube for varying graft molecular
weight and Ag affinity of the end functional group. (B) Theoretical
nanocube orientation phase diagram showing observed orientation of
nanocubes for varying L and εPS. (C) Potential mean force curves
corresponding to the data points in panel (B) for L = 4, 8, and 12 and
εPS = 0.4. The x-axis corresponds to the center-to-center distance, d,
between nanocubes.

Figure 5. (A) SEM images showing varying interparticle distance in
PEG dithiol (i, ii, iii), thiol PEG amine (iv, v, vi), and mPEG thiol (vii,
viii, ix) induced assemblies (scale bar 100 nm). (B,C) Functional
ligand mediated interdigitation by PEG dithiol drives Ag nanocube in
FF orientation and weak mPEG thiol in EE orientation.
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