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Abstract:

The integration of layer-by-layer (LbL) and self-assembly methods has the potential to
achieve precision assembly of nanocomposite materials. Knowledge of how
nanoparticles move across and within stacked materials is critical for directing
nanoparticle assembly. Here, we investigate nanoparticle self-assembly within two
different LbL architectures: (1) a bilayer composed of two immiscible polymer thin-films,
and (2) a bilayer composed of polymer and graphene that possesses a “hard-soft”
interface. Polymer-grafted silver nanocubes (AgNCs) are employed as a model

nanoparticle system for systematic experiments — characterizing both assembly rate and



resulting morphologies - that examine how assembly is affected by the presence of an

interface. We observe that polymer grafts can serve to anchor AgNCs at the bilayer
interface and to decrease particle mobility, or can promote particle transfer between
layers. We also find that polymer viscosity and polymer mixing parameters can be used
as predictors of assembly rate and behavior. These results provide a pathway for

designing more complex multilayered nanocomposites.



Introduction

Layer-by-layer (LbL) methods offer a facile, modular approach for creating stacked thin-
film architectures.! For example, spin-coating, electrospray deposition, and immersive
coating have been used to deposit multilayers composed of a wide range of materials
including polymers,2* colloidal particles,®>” and biomolecules.? LbL deposition is a general
and versatile approach for constructing complex, functional materials where multilayer
coatings are built up to form bilayers or stacks that can be several millimeters thick. LbL
methods have been well-developed for the controlled deposition of polymer and

polyelectrolyte multilayers, with layers as thin as 2 nm and low surface roughness.’

While LbL methods have also been widely demonstrated for the fabrication of
nanoparticle (NP) layers from colloidal dispersions, the degree of control over layer
morphologies is varied. For example, spin-casting yields precise control over NP layer
thicknesses,® but typically results in dense and disordered NP assembly within each layer.
NP thin-film coatings have also been demonstrated using immersion coating, where a
host substrate is immersed in alternating solutions of oppositely-charged NPs or
polyelectrolytes.® ° 1° While the stability of the multilayer structure is extremely high due
the strong electrostatic adhesion between oppositely charged NPs, immersion deposition
often leads to porous or low-density NP layers. The presence of a large number of
interstitial voids within the layer can lead to poor layer stratification and the formation of
interpenetrating NP layers. Few LbL methods can achieve the high degree of control over

NP placement, arrangement, and orientation required for advanced nanomanufacturing.



Self-assembly provides a powerful approach for organizing nanocomponents on a
massively parallel scale and with the potential for nanoscale precision. Several strategies
have been developed for achieving controlled assembly of nanoparticle (NP) building
blocks, including the use of DNA linkers, grafted polymers, fluidic assembly, patterned
surfaces, and external forces.'-'® NPs incorporated into polymers are especially
attractive 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
nanocomposites. Typically, nanocomposites are formed by introducing filler NPs, usually
surface-modified with polymers grafts to prevent nonspecific aggregation into a host
polymer at specific loading densities. NP assembly proceeds by phase segregation into
NP-rich domains upon temperature and/or solvent annealing.'-2° This dynamic
segregation can be frozen at a specific stage of assembly to trap a desired NP structure
and to prevent further domain coarsening.?'- 22 Thus, the ability to encapsulate NPs into
polymers has the potential to harness the rich phase behavior exhibited by this multi-

component system of NPs, NP grafts, and matrix polymer.

A fabrication approach that harnesses the capabilities of both layer-by-layer
deposition and polymer-directed self-assembly has the potential to achieve precise
control over nanocomposite organization. To provide a first demonstration of this, we
investigate the self-assembly mechanism and architectures for polymer-grafted metal
NPs deposited in a LbL fashion at two different kinds of bilayers: (i) a polymer-polymer
interface and (ii) a polymer-graphene interface. Figure 1 shows a schematic of these two
different systems. The first is comprised of two immiscible polymer thin-films, polystyrene

(PS) and poly (methyl methacrylate) (PMMA), fabricated by spin-coating. The second



system consists of a unique “hard-soft” interface where monolayer graphene is deposited
by a wet transfer method onto a PS thin-film.2® The interactions (both intermolecular?* 25
and interparticle) within the resulting bilayer nanocomposites can be tuned to adjust the

location of NP within the bilayer, interparticle orientation, and rate of NP assembly.

Figure 1. Schematic of shaped NPs embedded into two bilayer systems, PS-PMMA and PS-

graphene. The multiple interactions between NPs, polymer grafts, and matrix polymers can be
used to tune: (a) NP location within the bilayer stack, (b) interparticle orientation, (c) and rate of

self-assembly to form NP clusters or larger NP-rich domains.



Results & Discussion

Figure 2 shows a schematic of the four LbL steps for fabricating the bilayer
nanocomposites. First, a 200 nm thin-film of PS (M,= 11500) is spin-coated onto a solid
Si support from a toluene solution. Second, polymer-grafted Ag nanocubes (AgNCs) are
transferred onto the PS thin-film by Langmuir-Blodgett (LB) deposition. AQNC were
chosen as the NP component because they have been demonstrated to undergo
polymer-directed phase segregation and because they possess a well-defined shape that
enables analysis of NP assembly by quantitative image analysis.?®?® The AgNCs are
approximately 75 nm in edge length and form a well-dispersed, near hexagonal
arrangement when transferred onto the PS surface. The third step is a thermal treatment
that embeds the AgNCs into the underlying PS layer. This is achieved by heating the film
to 110°C, well above the T4 of PS. Our experiments indicate that after thermal treatment
for 30 min, the AgNCs are fully embedded into the PS layer but remain relatively close
(within 10 nm) to the PS-air interface. (See supporting information) In the fourth step, the
second layer -- either PMMA or graphene -- is deposited onto the PS surface. For PMMA,
a 150-200 nm thin-film is deposited by spin-coating from acetonitrile solution. For
graphene, transfer is achieved by starting with a monolayer of graphene grown by
chemical vapor deposition on top of a Cu support (Grolltex, Inc) and coated with a
sacrificial PMMA layer. The monolayer graphene transfer includes (1) etching the Cu
support in a 0.25 M FeCls solution, (2) rinsing in DI water, (3) transferring onto the PS
substrate, and then (4) dissolving the PMMA film by acetone. Finally, the AgNCs are

assembled by heating the entire bilayer nanocomposite above the T4 of PS for an



extended period of time to allow AgNC diffusion and, ultimately, phase segregation of

AgNC-rich domains.

g A

Figure 2 Schematic of the LbL fabrication process for the bilayer nanocomposites, including:
transfer of AgQNCs to the PS substrate, embedding the AgNCs into the PS layer, deposition of

either PMMA or graphene, and thermal treatment to instigate phase segregation.

First, we investigated the effect of the bilayer interface on AgNC assembly in
comparison to the air-PS interface. AgQNCs grafted with polyvinyl pyrrolidone (PVP) were
embedded into three different architectures: a single layer of PS (Mw=11500K), a PS-
PMMA (Mw=17000) bilayer, and a PS-graphene bilayer. AgNC assembly was carried out
at T= 130°C, which is above the Ty of both the PS (T4=105°C) and PMMA (T4= 110°C).
Upon thermal treatment, the AgNCs assemble into chain-like structures with varying
lengths. Assembly was monitored observing samples by scanning electron microscopy
(SEM) with increasing thermal treatment times (See supporting information, S2). Figure
3 shows SEM images of the embedded and assembled AgNCs in PS, PS-PMMA, and
PS-graphene after 8h of thermal treatment. Assembly rate was measured by analyzing
these SEM images with the “Particle Image Characterization Tool (PICT)” developed in

our previous work?® to calculate the average number (N) of AQNCs per chain. Figure 3



shows N plotted with respect to time. The nonlinear growth rate observed for all three
architectures is consistent with step-wise growth described in previous reports.?®
Assembly within the single PS layer occurs the fastest, followed by the PS-graphene
bilayer; the PS-PMMA bilayer exhibits the slowest rate of AQNC assembly. Each dataset
shows a best fit to the exponential expression, N = N, + Ae™ where No is related to initial
dispersity of the AgNCs (N =1 at t=0 for a perfect dispersion), A is a pre-exponential factor
related to NP mobility, and the r is a growth constant. The fit parameters for each of the
curves shown in Figure 3 are given in Table 1. All three architectures exhibit similar r
values, suggesting that the overall growth constant is not affected by the bilayer

architecture. This suggests that assembly rate is primarily dictated by lateral mobility of

the AgNCs within the polymer layers.




Figure 3. Assembly rate is measured by plotting the average N with thermal treatment time for

PS and bilayer systems. Solid lines show fitted curves for each dataset. SEM images show the

nanocubes assembled in PS, PS-graphene, and PS-PMMA system after 8h thermal treatment.

Table 1 : Exponential fit for datasets in Figure 3, measuring N with respect to time, t.

PS PS-PMMA PS-graphene
Shell of AgNC
No A r No A r No A r
PVP 0.181 0.800 | 0.0027 | 0.938 | 0.082 | 0.0024 | 0.782 | 0.247 | 0.0023
PEG-SH 0.930 0.132 | 0.0022 | 0.975 | 0.044 | 0.0029 | 0.972 | 0.048 | 0.0024
Dodecanethiol | 0.083 0.913 | 0.0097 | 1.043 | 0.243 | 0.0079 | 0.797 | 0.265 | 0.0072

Rate of AGQNCs assembled presents as N = N, + Ae"*

A: Related to lateral diffusion rate of AQNCs or AgNC collision frequency.

r: Growth constant for AQNC domains.

For the PS-PMMA bilayer, cross-sectional SEM images show that AQNCs remain

close to the bilayer interface but remain almost fully embedded in the PS layer during the

assembly process. This suggests that reduced AgNC mobility within the PS-PMMA

bilayer may result from two effects: (i) an increase in the T4 of the interfacial PS layer

where the AgNCs reside, or (ii) strong AgNC ligand interactions with the PMMA layer that

effectively pin the AgNCs and discourage lateral diffusion. This first effect would decrease

AgNC mobility by slowing the lateral diffusion of the PS matrix polymer. While this has

been observed for immiscible polymer bilayers,®° it is unlikely that this interfacial effect

would extend >70 nm into the PS film to significantly affect lateral AGNC diffusion.




To further investigate these effects, we observed AgNC assembly for PS-PMMA
bilayers where we systematically vary the viscosity, n of the PMMA layer in the range of
102-10% Pa-S (See supporting information, S3). Figure 4 plots N versus assembly time for
these different bilayers and shows the corresponding SEM images after 8h of thermal
treatment. Compared to assembly rate in single-layer PS (dashed line), the rate of AQNC
assembly decreases dramatically with increased n. Exponential fitting shows that this is
primarily due to a change in the pre-exponential A-value, which is reduced by as much
as 50 times for n=25800 Pa-s. This significant decrease suggests that the PVP ligands
grafted at the AgNC surface extend across the bilayer interface into the PMMA layer,

effectively anchoring the AQNCs and slowing the assembly process.
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Figure 4. Rate of assembly for PVP-grafted AQNCs assembled in PS-PMMA bilayers with respect
to PMMA viscosity. (A) The cross-sectional SEM shows the nanocube located near the PS (green
color)-PMMA (orange color) interface but still embedded within the PS layer. Assembly ate was
quantified by measuring N as a function of time for three different viscosities of PMMA: n,=163

Pa-S (square), n,= 3x10% Pa-S (rhombus), and n;=2.58x10* Pa-S (circle). Shown for comparison



is the growth curve for single-layer PS, with no PMMA layer (dashed line). The SEM images show

the AgNCs assembled after 8h of thermal treatment in (B-E), respectively.

For AgNCs assembled in PS-graphene, cross-sectional images show that the
AgNCs remain close to the bilayer interface, but undergo rotation away from the interface
during the assembly process. (Fig. 5A) SEM images (Fig 5B-E) before and after thermal
treatment indicate that as assembly progresses, the population of rotated AgNC (e.g. with
facets that are not parallel to the bilayer) increases (red circles). This provides a
qualitative explanation of the assembly rate observed for the PS-graphene bilayer: the
unfavorable interaction between PVP ligands and graphene cause the AQNCs move away
from the interface through this rotation. This frees the AgNCs to diffuse and assemble

since the PVP ligands are no longer anchored at the interface.

graphz e
PS

graphene =»
PS

Q@ v 9

®

& II

Figure 5 AgNCs assembled in the PS-graphene bilayer. (A) Side-view: the cross-sectional SEM

shows the AgNCs are located buried in the PS layer, leading to NP rotation as top-view SEM

images show the square facet of AgNC is not parallel to the bilayer interface. The SEM images



show the assembled AgNCs for thermal treatment times of t= 0, 3h, 6h, 8h in panels (B-E),
respectively. Red circles indicate AgNCs that have undergone rotation away from the bilayer

interface.

In further support of chemical anchoring across the bilayer interface, we carried
out assembly experiments for AQNCs grafted with 1-dodecanethiol and thiol-termianted
poly(ethylene glycol) (PEG) (Mw=20000). Figure 6 plots N with respect to thermal
treatment time. We expected assembly rate to be the highest for AQNC grafts that are
miscible with PS and do not interact with the second layer, whereas the slowest assembly
rate is expected for AQNC grafts that are miscible with the second layer that results in an
anchoring effect. To approximate the miscibility of the AgNC ligands within the bilayer,
we can refer to the Flory-Huggins interaction parameter, y. On the PS side of the bilayer,
we expect the miscibility of PEG grafts to be poorer than that of PVP, since yprs-pvp=0.033
and yps-pec=0.064.3" 32 For 1-dodecanethiol, we can estimate (based on knowledge of
alkane mixing) the value of y to be ~0.016.23 On the PMMA side of the bilayer, ypmwva-

pec= -0.005,** indicating miscibility, whereas y pve-pmmva= 0.007 and ypmma-akane=1.24,32

3% indicating high immiscibility between PMMA and the alkane grafts.

We observe similar kinetics in both bilayer cases: assembly rate for AgQNCs
modified with PEG grafts is slower than for PVP grafts, and assembly rate is fastest for
the alkane grafts. Interestingly, we observe that the PEG-grafted AQNCs move across the
bilayer into the top PMMA layer. For the PS-graphene bilayer, there is little driving force
for the AgNCs to move across or even near the bilayer interface, as evidenced by the
cross-sectional SEM image in Figure 6. On the other hand, alkane-grafted AgQNCs stay

buried in the PS layer and undergo fast assembly. SEM images confirm that the alkane



grafts enable maximum interparticle attraction, evidenced by the dominance of face-face
interparticle orientations. This is consistent with previous studies showing that shorter

grafts lengths promote face-face assembly configurations.?®

EEETET— LB TETE—

‘,'

Figure 6 Growth curves for AQNCs assembled in (A) PS, (B) PS-PMMA, and (C) PS-graphene

layers and grafted with PVP (dashed), PEG (circles), and 1-dodecanethiol (triangles). The cross-



sectional and top-down SEM images show the location and orientation of the AgNCs in each

combination of surface chemistries and bilayer architectures.

Conclusions

Within LbL deposited bilayers, our results indicate that NP assembly can be greatly
affected by neighboring polymer domains due to strong graft-polymer interactions, even
when a distinct bilayer interface exists. Selection of polymer grafts based on mixing
behavior can be used to program the location of NPs and assembly rate within the bilayer.
The ability to selectively anchor (with polymer grafts) and pin (with graphene) NPs in the
polymer layer of choice also has promise in the generation of multi-stacked architectures,
where sequential layer deposition and polymer processing may cause disorder by
allowing NP diffusion within and across layers. The use of graphene as a boundary layer
also holds promise in designing LbL stacks without the need for developing orthogonal
polymer chemistries and processing steps. Our results provide a pathway to designing
more complex nanostructured multilayers and NP-polymer blends, opening new avenues
in the structural design of multicomponent and multifunctional nanocomposites that have
potential applications in advanced surface coatings for broadband optical absorption or

reflection, enhanced polymer adhesion, and device packaging.
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