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ABSTRACT: Atomic force microscopy (AFM), in particular force
spectroscopy, is a powerful tool for understanding the supra-
molecular structures associated with polymers grafted to surfaces,
especially in regimes of low polymer density where different
morphological structures are expected. In this study, we utilize
force volume mapping to characterize the nanoscale surfaces of Ag
nanocubes (AgNCs) grafted with a monolayer of polyethylene
glycol (PEG) chains. Spatially resolved force—distance curves
taken for a single AgNC were used to map surface properties, such
as adhesion energy and deformation. We confirm the presence of

surface octopus micelles that are localized on the corners of the AgNC, using force curves to resolve structural differences between
the micelle “bodies” and “legs”. Furthermore, we observe unique features of this system including a polymer corona stemming from
AgNC—substrate interactions and polymer bridging stemming from particle—particle interactions.

B INTRODUCTION

Patchy nanoparticles (NPs), i.e, NPs that possess at least one
region of distinctly different surface chemistry from the rest of
the NP, are a promising class of materials that have the
potential to impact a variety of applications where multi-
component or multipurpose nanostructures are required. This
includes drug delivery, where patchiness allows for storage of
drug cargo, tailored solubility, and cellular uptake,' > as well as
heterogeneous catalysis, where patchiness simultaneously
enables reactions to catalytically active surfaces and colloidal
stabilization.”> Patchy NPs can also serve as a foundational
building block for self-assembly®™® and as templates for the
synthesis of complex multicomponent NPs, where patches of
low ligand density or specific chemical functionality allow for
the nucleation of a secondary material."

Grafting a NP surface with polymers is a common strategy
for generating patchiness, since both polymer composition and
surface distribution can impart chemical anisotropy to the NP
surface. While a large body of work has been developed on the
fabrication of patchy NPs whose surfaces are ligated with
multiple types of polymers'' ™" or with grafts that preferen-
tially self-segregate,' "> recent work has demonstrated that
patchiness can also arise in NPs ligated with a single type of
polymer graft without any intentional anisotropy in macro-
molecular structure or graft chemistry. For example, polymer-
grafted NPs that are dispersed in poor solvents'®'” (i.e., where
chains are more stron§1y attracted to themselves than the
solvent) or dried in air'® have been observed to exhibit patchy
graft layers where the graft chains condense into nanoscale
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regions of uneven chain density. These patches are typically
described as octopus micelles'”™*" or surface-pinned mi-
celles.'™'7?*7** They consist of a core of dense, collapsed
polymer that connect to the grafting surface via stretched
chains, resembling an octopus with outstretched legs. These
micelles form in regions of intermediate grafting density where
grafted chains favor interactions with other chains (i.e., instead
of solvent) while balancing the entropic penalty of chain
stretching.”” The number and size of these micelle regions is
highly dependent on the ratio of NP diameter to the radius of
gyration (R,) of the grafts."® In addition, shaped NPs, such as
nanorods, triangular nanoprisms, and nanocubes, dried out of a
poor solvent possess octopus micelles that are localized near
the edges and corners of the NP (i.e, high curvature regions
with higher graft density).'®'” While computer simulations
and theoretical methods have provided insights into the
structure and formation mechanism of octopus micelles,
experimental studies have been limited to direct imaging by
transmission electron microscopy, which is only able to resolve
the densest patches of polymer and is unable to provide
characterization of graft conformations'®'” or regions with
lower graft densities, such as the micelle legs where polymer
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Figure 1. Sample preparation for AFM experiments. (A) AgNCs are PEGylated, suspended on an air—water interface, dip-coated onto a Si
substrate, then washed and dried for AFM measurements. (B) Ultraviolet—visible (UV—vis) absorbance spectra of PVP-grafted and PEG10K-
grafted AgNCs. (C) Dynamic light scattering number distribution plots showing changes of hydrodynamic diameter with increasing PEG chain
length. (D) Scanning electron microscopy (SEM) image showing AgNC grafted with PEG20K. Scale bar is 200 nm.

chains are stretched inward toward the more dense octopus
“body”."*

Atomic force microscopy (AFM) is a widely used tool for
the characterization of polymer grafts,”>™>* with the potential
to provide such insights for polymer-grafted patchy NPs with
nanometer-level spatial resolution. For example, standard AFM
topography images can reveal conformational transitions in
grafted polymers between pancake, mushroom, micelle, or
brush states in air or a variety of solvents,'”***”* along with
the heights of the brushes.”””**%*" AFM-based force—distance
curves, where the AFM tip travels a given distance into the
sample surface and the tip—sample forces are measured, allow
for nanoindentation measurements where modulus or grafting
density is determined””***>** or for pulling of single polymer
molecules,”* ™" both of which can provide insights into
polymer structure. While individual force spectroscopy curves
can provide many details about a surface, spatially resolved
force measurements are necessary for elucidating the macro-
molecular properties of polymer-grafted NPs and to character-
ize the formation of polymer patches on the NP surface.
Recently, Lemoine et al.’® utilized force spectroscopy to
characterize the polymer packing for polyethylene glycol
(PEG)-grafted spherical Au NPs utilized in drug delivery
applications. However, they found that their measurements
were inconclusive for NP surfaces with low grafting densities
when analyzing single force—distance curves collected from
different locations on the NPs, likely due to inhomogeneities
associated with the polymer-grafted surface. In contrast, force
volume mapping takes a point-by-point array of force
spectroscopy measurements to provide quantitative, spatially
resolved information regarding surface properties, such as
adhesion or stiffness.””~*' The lateral resolution of the
resulting force map is limited by the size of the AFM tip
(often in the S—25 nm range) allowing surface property
variations to be visible on the nanoscale. This high spatial

resolution is sufficiently high for revealing surface properties of
single NPs that might be otherwise unmeasurable by standard
AFM topography, such as nanoscale differences in compres-
sibility.*>*’

Here, we demonstrate force volume mapping and AFM
imaging of polymer-grafted AgNCs with different grafting
chemistries, graft sizes, and graft densities to characterize the
nature of the polymer graft layer, including the formation of
dense polymer patches and octopus micelles. AgNCs were
used as the NP core because they have flat facets and low
surface roughness, which provides a model NP system for
analyzing surface structures. In particular, we characterize
AgNCs grafted with a thiolated PEG chain, which was
previously reported to possess PEG grafts that are evenly
distributed over the entire AgNC surface.** We demonstrate
that force volume maps can be obtained for the surface of a
single PEGylated AgNC, revealing contrast in polymer
conformation and behavior across low- and high-density
regions. This polymer density contrast is only observed for
grafts with sufficient chain length and mobility that can enable
large regions of stretched polymer.

B RESULTS AND DISCUSSION

Figure 1A shows a schematic of the sample preparation for
force volume mapping measurements. AgNCs were synthe-
sized via a previously reported polyol method™ resulting in as
made nanocubes grafted with the native capping ligand,
polyvinylpyrrolidone (PVP). The nanocubes were either
PEGylated with a thiolated PEG chain using various molecular
weights, ranging from 800 Da to 30 kDa, or grafted with a
thiolated polystyrene (PS) chain with molecular weights of
either 11 or 50 kDa. To carry out force volume mapping, the
AgNCs were dispersed in chloroform and suspended on an
air—water interface before being dip-coated on a Si substrate as
previously described.”*” AFM maps were obtained after
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Figure 2. Force volume mapping results. Each pixel represents a force curve, with a set point of 6 nN and a pixel size of 3—4 nm?. Scale bar equals
100 nm for all images. (A) Amplitude modulation topography image output of the height for the as prepared PVP AgNC. (B) Calculated adhesion
energy from force mapping at a force set point of 6 nN for the same PVP AgNC. A smaller cuboctahedron particle was pushed into the bottom
right corner. Areas of high adhesion energy surrounding the particle are artifacts of the AFM tip dragging along the nanocube sidewalls. (C)
Schematic showing the expected polymer conformation of the nanocube, with PVP evenly coating the surface. (D) Height image of PEG10K
grafted AgNC. (E) Adhesion energy image. Noticeable variations across the surface are visible. A ring of higher values forms a corona around the
nanocube extending beyond the regions caused by AFM tip dragging. (F) Schematic of the expected polymer conformation. Dense clusters of
polymer are raised in the topography image and have low adhesion, the stretched chains extending from the clusters have higher adhesion. (G)
Topography image of PSSOK grafted AgNC. (H) Adhesion energy image showing micelles with low adhesion energy across most of the nanocube
surface. (I) Schematic showing large micelles covering most of the top face.

drying the deposited AgNCs in a vacuum desiccator until
completely dry, rinsing the sample under deionized water for 1
min to remove any remaining physisorbed polymer, and drying
in a vacuum desiccator for an additional 2 h. We then acquired
standard amplitude modulation mode topography and phase
images to find regions of interest and assess the uniformity of
the sample. We then obtained force maps where each pixel
corresponds to a single force—distance curve between the
AFM tip and sample. Analysis of these force curves provides a
wealth of information regarding the surface properties of the
polymer-grafted AgNCs and allows the identification of unique
surface patches or regions based on these properties.

Three different surface chemistries were initially examined,
starting with the as-synthesized PVP-grafted AgNCs, followed
by AgNCs grafted with PEG-thiol with a M, = 10 kDa
(PEG10K) and AgNCs grafted with PS-thiol with M,, = 50
kDa (PSSOK). Figure 2A shows the topography from
amplitude modulation and Figure 2B shows the adhesion
energy from a force volume map with a force set point of 6 nN
obtained for a single PVP-grafted AgNC. The adhesion energy
values were defined as the integral of the retraction curve
below zero. The topography image shows some small clusters
on the AgNC surface that are likely chains of PVP that have
coiled together (based on their lower adhesion energy values),
though a thinner, more extended layer still covers the
nanocube facet."® (section S.1 of the Supporting Information
for the corresponding phase image). In the adhesion energy
image, a smaller defect NP was pushed into the bottom right
corner of the image and a large cluster of polymer is visible on

20466

the substrate in the top right corner (section S.2 of the
Supporting Information). The AgNC shows higher values of
adhesion along the sides, which is an artifact from the AFM tip
dragging along the sidewalls resulting in an increased contact
area. Figure 2C shows the expected conformation of PVP,
corresponding to polymer chains that are anchored at multiple
chain sites."”

Panels D and E of Figure 2 show the topography and
adhesion images for an AgNC grafted with PEG10K. A second
AgNC is visible in the top left corner in both images. We
observe raised circular bumps located in each facet corner,
indicative of large polymer clusters consistent with the surface
patterning observed by Gallati due to the formation of octopus
micelles.'” The bumps are raised approximately 8—12 nm from
the AgNC surface, though the smallest bump (top corner) is
raised only ~1 nm. In Figure 2E, the PEGylated AgNC shows
a lower adhesion energy on the facet corners directly on top of
the raised bumps (region B, 20.2 + 6.5 aJ, averaged) and in the
facet center (region C, 38.9 + 1.5 aJ). A higher adhesion
energy is observed for the remaining area of the AgNC facet
(region D, 524 + 4.4 aJ), excluding the center and micelle
regions, as well as for a corona-like region surrounding the
outer perimeter of the AgNC (region E, 124.8 + 61.4 aJ).
Figure 2F shows a schematic of these various regions and the
expected conformation of PEG10K with respect to the AgNC.
Our measurements are consistent with predictions that the
polymer chains on the AgNC face will stretch toward higher
polymer density regions on the AgNC edges and corners,'’
creating the octopus micelle “body” (i.e., the center of the
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observed bumps) and the stretched “leg” regions. Our AFM
measurements show the clear variation in adhesion energy
between these two regions: dense polymer clusters have a low
adhesion energy, extended polymer chains have a high
adhesion energy. This is also consistent with the high adhesion
energies in the corona region, where we observe polymer grafts
to possess a strong affinity for the substrate.'®

Panels G—I of Figure 2 show the results for PSS0K-grafted
AgNCs. The topography image in Figure 2G shows the
presence of four large micelles on the top face of both AgNCs
in the image, where the micelles are centered on the corners
and slightly overlapping. PS micelles are also observed on the
AgNC sidewalls, consistent with previously reported TEM
images of PS-grafted Au nanocubes.'®'” The adhesion energy
map in Figure 2H shows low adhesion energy values (69.0 +
13.5 aJ) and limited contrast, indicating the formation of a
dense layer graft layer on the AgNC surface. Adhesion energy
maps of AgNCs grafted with shorter PS chains (e.g,, PS11K)
show similar micelle formation with greater contrast, attributed
to the shorter chains and smaller micelles (section S.3 of the
Supporting Information).

Figure 3 shows high-resolution amplitude modulation
images for PEGylated AgNCs grafted with various PEG
molecular weights. As the chain length increases, large octopus
micelles form at the AgNC corners. For PEG20K-grafted
AgNCs, the phase image in Figure 3A shows large, lumpy
micelles forming primarily on the AgNC corners, as well as on
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Figure 3. Amplitude modulation images showing the variation in
nanocube surface morphology with length of the grafted polymer
PEG thiol. Scale bar equals 100 nm for all images. Panels A—C show
the results for PEG20K. The phase image shows large micelles of
polymer on the nanocube corners with smaller micelles on the faces
and edges. A large nanotriangle is visible in the bottom left corner also
showing micelle formation. The topography image shows the micelles
are raised above the surface of the nanocube along with the line
profile, taken from corner to corner indicated in the topography
images. Panels D—F show the results for PEG6K. The phase image
shows many smaller clusters on the surface, which is also shown in the
topography image. The line profile from corner to corner gives the
heights of the clusters, which are small and in the 0.5 to 1 nm range.
Panels G—I show the results for the shortest length PEG800. The
phase image resolves an even surface with some slight undulations.
The topography and line profile show a surface with slight roughness
and curvature. No clear clustering, pattern or micelle formation is
observed.

the AgNC edges. The centers of the AgNC faces are generally
flat and smooth, with the appearance of some much smaller
micelles. The topography image in Figure 3B and the line
profile in Figure 3C show that the large corner micelles are
raised by 5—10 nm while the smaller micelles located in the
face center are only 2—4 nm high. Panels D—F of Figure 3
show the corresponding AFM data for PEG6K-grafted AgNCs,
where the octopus micelles appear as prominent clusters (i.e.,
high contrast) on the AgNC surface with heights from 0.5 to
1.5 nm. Given that the expected random walk radius in air for
PEGG6K is 4 nm™ is notably larger than the cluster heights, it
suggests the grafts are in the brush regime as expected.”””" It is
possible that the PEG6K chains are not sufficiently long to
stretch and form larger, more energetically favorable micelles,*’
or that the shorter chains do not form a sufficient grafting
density gradient on edges and corners.'” Along these lines,
panels G—I of Figure 3 show the AFM data for AgNCs grafted
with PEG800 that confirms that these shorter graft lengths
result in a decrease in the size and appearance of polymer
clustering. Both the phase image and line profile do not show
any clear micelle formation or surface pattern. A slight
curvature is visible on all the nanocube faces.

To provide more detailed characterization of octopus
micelle formation for PEGylated AgNCs, we examined
representative force curves for several regions obtained from
the force volume map in Figure 2E. Each curve was taken from
the labeled regions in Figure 2E, and a representative PEG 10K
AgNC was selected (section S.4 of the Supporting
Information). Figure 4A shows a schematic of the force
measurement, with key distances (d) labeled during approach
and pull-off events. All distances given are relative to the max
force value, at d = 0. As the AFM tip approaches the sample,
the surface capillary layer will neck outward and the tip begins
to undergo a dynamic snap-in process. We assume the surface
capillary layer does not neck outward from the surface to the
AFM tip to a substantial degree given the sharp nature of our
AFM tips (nominal: 7 < 7 nm, deconvoluted: r < $ nm).”” The
onset of the snap-in process begins at dg,,. The region between
do, and dg,, is the continuation of the snap-in process and this
total length can be used as an approximation of the liquid film
thickness on surfaces.””>* Additional forces curves taken as
single spectra at a slower rate are shown in section S.5 of the
Supporting Information.

The contact point is assumed to be at the minimum force
value and given as dg,..> > Deformation occurs during loading
between dg,, and the max force of 6 nN. As the AFM tip pulls
away, the surface layer of water and polymer chains can form
bridges between the tip and the sample before completely
breaking off at dog’”*”** This polymer bridging is apparent
when comparing the pulloff behavior for different PEG chain
lengths, which scales with graft chain length (section S.6 of the
Supporting Information). Panels B—E of Figure 4 show
representative force curves from each labeled region in Figure
2E and are randomly selected from areas without a high
likelihood of tip artifacts (section S.7 of the Supporting
Information): the micelle body (Figure 4B), the AgNC face
center (Figure 4C), the micelle legs (Figure 4D), and the
corona region (Figure 4E). All curves show bridging on the
retraction, but the micelle legs and corona region have notably
longer bridging (25.0 and 73.2 nm respectively), which
indicates lower chain density and more mobile chains that
can be pulled further by the AFM tip.”">” Furthermore, these
regions likely have a thicker liquid surface layer due to the
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Figure 4. Analysis of the force curves showing representative force separation curves randomly selected from the force volume map for each region.
Locations are given in adhesion energy image by arrows in Figure 2E. (A) Schematic showing the expected behavior between the AFM tip and the
polymer-coated AgNC surface in ambient air. Some swelling of the brush is expected due to water vapor. The surface capillary layer pulls the tip in
at point dg, then reaches the denser polymer surface at dg,. A load is applied and some deformation of the polymer occurs until a max load is
reached, then the tip is pulled away, pulling some polymer molecules and forming a capillary bridge. (B) Octopus micelle body. (C) Nanocube
center. (D) Octopus micelle legs. (E) Corona. Some nonlinearity exists in the curves due to overshoot.

longer snap-in length, suggesting more vapor swelling due to
their lower densities’” ' along with some changes in polymer
structure during the snap-in process specific to the leg
regions.”’ In comparison, the micelle body and nanocube
center show smaller snap-in lengths and while there is some
bridging on retraction, it is shorter (13.5 and 19.7 nm,
respectively). The micelle body shows some deformation (1.5
nm using dy., as the contact point and 3.8 nm using dg,,),
consistent with a dense cluster of soft polymer. The force curve
for the AgNC face center suggests that this region is
characterized by the presence of very little polymer, and the
grafts that are present are likely highly stretched toward regions
of higher polymer density (i.e., clusters at the edges, corners).

For comparison, a representative force separation curve from a
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clean silicon surface is shown in section S.8 of the Supporting
Information.

Panels A—C of Figure 5 show the corresponding property
maps of the calculated pull-off length (the distance of the
attractive bridging on the retraction curve), deformation (using
dyeo as the contact point for simplicity®”), and the snap-in
distance (distance of the attractive plateau after d,) for the
curves obtained from the force volume map shownin Figure
2E. Additionally, snap-in force and adhesive force are included
in section S.9 of the Supporting Information. Each map is 100
X 100 pixels and comprised of 10 000 force curves. Figure SD
shows a color-coded schematic of the various regions defined
in Figure 2E along with the number of force curves included in
the analysis of each region (section S.10 of the Supporting
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Figure S. Maps of different calculated parameters made from force
volume maps, with each pixel corresponding to a force curve, with a
total of 10 000 pixels. Scale bar corresponds to a length of 100 nm.
(A) Pull-off of each retraction curve showing variation of bridging
length of the AFM tip and sample surface. Lower values are found on
the corners and in the center. A corona of higher values is also visible.
Color map is with adaptive color scaling and each tick corresponds to
9 nm. (B) Deformation image showing deformation at each point.
The micelles on the corners show some increased deformation
suggesting soft polymer clusters. Areas of high deformation
surrounding the nanocube are artifacts from the AFM tip dragging
along the sidewalls. Some clusters of polymer are shown to be on the
substrate in the bottom left and top right corners. (C) Snap-in map
showing variation of the length of capillary snap-in across the surface.
Areas expected to be micelle legs and thicker regions of the corona
show larger snap-in values which could be attributed to thicker surface
layers of stretched, swollen polymer. (D) Schematic showing regions
of different curve behavior and number of curves in each region. The
blue region corresponds to the corona and covers areas with a high
confidence of being artifact free. Green regions are micelle bodies and
are cut to reduce potential artifacts from the profile of the micelle.
The yellow region is the “leg” region of the octopus micelles. The red
circle is the center of the nanocube. Average and standard deviation
values were calculated from these regions on the maps.

Information). Border regions were excluded due to potential
artifacts, particularly for AFM tip dragging artifacts along the
AgNC sidewall, as discussed earlier (section S.7 of the
Supporting Information). In Figure SA, the pull-off lengths
of micelle bodies (13.7 + 2.0 nm, averages and standard
deviations taken from the map in Figure SA over the green
region shown in Figure SD) and the center of the AgNC face
(18.9 + 0.3 nm, red region) are significantly shorter than the
pull-off lengths in the region surrounding the micelles (22.0 =
1.5 nm, yellow region). This is consistent with the micelle
body being a dense polymer cluster, and with increased
bridging on the micelle legs consistent with a more low-
density, extended polymer configuration.’’”** Also worth
noting is the extremely large pull-off lengths in the corona
region of the AgNC, which is expected to be low density,
radially outstretched polymer due to polymer—substrate
interactions.'® The pull-off map also shows that the pull-off
lengths gradually decrease (i) in the leg regions, with distance
from the micelle body, and (ii) in the corona, with distance
away from the AgNC (roughly going from 80 to 20 nm). In
Figure SB, the edges and corners of the AgNC exhibit larger
deformation than the center of the AgNC (average values of
0.8 + 0.5 and 0.1 = 0.1 nm, respectively), which is consistent
with higher deformation for a thicker cluster of polymer

compared to a thin stretched layer of polymer (additional
deformation images in section S.11 of the Supporting
Information). We also observe a distinct difference in
deformation values between the exact center of the micelle
(0.8 + 0.2 nm) and the edges of the micelle (1.3 + 0.4 nm),
which is likely due to either denser polymer packing in the
micelle body center or lateral motion of the AFM tip or
micelle. In Figure SC, the snap-in exhibits higher values on the
octopus micelle legs (6.5 = 1.3 nm) and lower values on the
body (3.5 = 0.3 nm), consistent with legs being regions of
lower polymer density and greater polymer swelling due to
water vapor. Figure SC also indicates that the snap-in length
decreases gradually with distance away from the micelle center
and away from the AgNC in the corona (roughly 40 to 3 nm).

Figure 6A shows a topographical visualization of the
unperturbed, soft surface of the PEGylated AgNC calculated
using the measured heights at dp,, with the dashed lines
corresponding to the line profiles shown in panels B—D of
Figure 6. The do, map can be thought of as the AgNC surface
unperturbed by any AFM tip—sample interactions, assuming
capillary necking is minimal.>>** In Figure 6B, a slight
assymmetry in do, height is noticeable due to the different
sizes of the two cross-sectioned micelles. However, for both
micelles, the dg, height is noticeably larger (e.g., in the center
of the nanocube) than the profile given by the 6 nN height in
the regions that are expected to be micelle legs. Furthermore,
this structural feature is not observed for the d, height profiles
of PVP-grafted, shorter chain PEG-grafted AgNCs or PS-
grafted AgNCs (Supporting Information, S2G) and suggests
that it is not a capillary effect from topography.®* In Figure 6C,
this behavior is also observed in the corona, which is visible in
the do, height map as a large, raised ring of polymer that
decays in height with distance away from the AgNC sidewalls.
This decay for the do, height is not observed in the 6 nN set
point height profile, which simply shows the underlying flat
substrate, with a flat cluster of likely physisorbed polymer stuck
to the substrate near the outer rim of the corona. Furthermore,
the space between the two AgNCs in Figure 6D shows a slight
“U” shape to the do, height profile that is consistent with
polymer graft bridging between the AgNCs, in contrast with
the flat substrate in the 6 nN height profile. Here we see that
the polymer structure in this bridging region completely
collapses (>40 nm) during AFM tip snap-in. These data
demonstrate that the dg, height maps are capable of revealing
the topographic profile of extreme low-density polymer areas
that might not be fully captured using standard AFM tapping
mode imaging.

B CONCLUSION

To summarize, AFM topography and force volume mapping
were used to characterize the nanoscale variation in polymer
density and morphology at the surface of a single polymer-
grafted AgNC. At sufficiently long chain lengths, the polymer
grafts stretch toward high polymer density regions, forming
octopus micelles on the AgNC edges and corners. Similar
micelle formation was observed for both PEG and PS brushes,
whereas native PVP grafts do not adopt a single grafting point
brush conformation and do not segregate into the same
micellar structure. For PEG, regions of high (micelle bodies)
and low (micelle legs) polymer density could be quantitatively
observed and delineated using force volume mapping.
Furthermore, force mapping revealed the formation of a low
density, swollen polymer corona extending away from the
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Figure 6. Visualization of the soft polymer structures. (A) 3D reconstructed topography image showing the height at dg,,, which should include any
surface capillary layer or soft polymer structures that are disturbed after tip snap-in. (B) Cross section along line B in panel A. The d, height shows
wider structures on the insides of the raised micelle bodies. These structures are collapsed at the set point height of 6 nN. The height of this
collapsed structure is mostly from the differences in snap-in distance across the surface and not from deformation during loading. (C) Cross section
showing the corona profile starting from after the side wall artifacts. The d, height gradually declines along with snap-in and pulloft length, while
the 6 nN height shows a mostly flat substrate. (D) Cross section from line D shows the bridging between two nanocubes. The d, height has a
slight “U” curvature, while the 6 nN height shows a clear gap between the nanocubes with the flat substrate below. The bridging structure between

the nanocube is disrupted by capillary snap-in.

AgNC and forming polymer bridges with other nearby AgNCs.
To our knowledge, this is the first time that force volume
mapping with this detail has been used to (i) image polymer
grafts on a NP surface and (ii) to observe the differences in
graft morphology within an octopus micelle. While this NP
surface characterization provides a detailed map of polymer
density contrast, the presence of a complex capillary layer that
is in equilibrium with the solvent vapor/polymer environment
limits the applicability of known analytical models for polymer
brushes. Future directions for this work include carrying out
force volume mapping studies for AgNCs and other NPs under
different solvent/vapor conditions to be able to both validate
and apply such analytical models.

B METHODS

AgNC Preparation. AgNCs were synthesized using a polyol
procedure published elsewhere.** AgNO; was reduced in a
pentanediol, polyvinylpyrrolidone (PVP, M,, = 55000) and CuCl,
solution heated to a temperature of 195 °C. The reaction continued
until the solution turned an orange-green color. After synthesis, 6 mL
of ethanol and 2 mL of water was added to a concentrated solution of
AgNCs in pentanediol before vacuum filtration. During vacuum
filtration, Millipore Durapore membranes, with 0.6S, 0.45, then 0.22
um pore sizes were used to separate any large particles from the
AgNC dispersion. The solution was then concentrated by
centrifugation at 2700 rpm for 60 min and redispersed in ethanol.
For PEGylation, the AgNC solution was washed using centrifugation
3 times in deionized (DI) water (3400 rpm for 1 h). A PEG-thiol (M,,
=10000) solution of 60 yM was added to an AgNC solution in water
with an optical density of 30 at A = 573 nm. The PEGylated AgNC
solution was continuously stirred for 48 h before being centrifuged an
additional 3 times in water at 3500 rpm for 10 min. To transfer to
chloroform, the PEGylated AgNC solution was centrifuged 3 times in
methanol at 3000 rpm for 10 min. Chloroform was added and the
sample was dispersed on an air—water interface. For the PS-grafted
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AgNCs, ligand exchange and washing steps were performed in DMF.
Washing was performed 8 times before dropcasting on a Si substrate.

AFM Characterization. A Park Systems NX20 atomic force
microscope was used in PinPoint mode with a set point of 6 nN and
an approach and retract rate of 10 m per second. Pixel numbers and
scan dimensions were chosen to yield a pixel size roughly 3 X 3 nm?
A 240AC-NA cantilever made by Mikromasch was used for force
volume mapping measurements. AgNC samples were deposited on an
air—water interface using established methods.***” A silicon substrate
was cleaned in freshly prepared piranha solution (S:3 ratio of sulfuric
acid/hydrogen peroxide), washed in copious amounts of water and
used to dipcoat the AgNC monolayer from the air water interface.
Dipcoating was performed by quickly dipping the substrate into the
monolayer with tweezers by hand. The resulting AgNCs on the
substrate were dried in a vacuum desiccator for 2 h, rinsed for 1 min
in DI water from a Milli-Q system (Thermo Fisher) then dried in a
vacuum desiccator for an additional 2 h. The samples were allowed to
equilibrium in the ambient environment of the testing facility with a
humidity between 35 and 45% relative humidity (RH) for greater
than 1 h before measurements began. Optical level sensitivity was
calculated using another dry silicon substrate cleaned in piranha
solution. The spring constant of the cantilever was calibrated with the
Sader method before beginning the measurements.”>*® All images
were processed in Gwyddion (2.62) and leveled using 3-point
leveling. Force volume maps were created using custom-made Python
(3.10) and MATLAB (R2023a) scripts. Deformation and adhesion
energy maps were calculated using the Park Systems SmartScan
software (version RTM1). Average values and standard deviations
given for each region were calculated from masks on the
corresponding maps in Gwyddion. The individual curves shown in
Figure 4 are randomly selected curves from each region that have
representative morphology of the other curves from the region
(Figure S8 of the Supporting Information). Tip deconvolution was
conducted with a TipCheck sample made by Budget Sensors using
blind reconstruction in Gwyddion (2.62).
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