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Abstract: A longstanding challenge in nanoparticle characterization is to understand anisotropic
distributions of organic ligands at the surface of inorganic nanoparticles. Here, we show that using
electron energy loss spectroscopy in an aberration-corrected scanning transmission electron
microscope, we can directly visualize and quantify ligand distributions on gold nanorods (AuNRs).
These experiments analyze dozens of particles on graphene substrates, providing insight into how
ligand binding densities vary within and between individual nanoparticles. We demonstrate that
the distribution of cetyltrimethylammonium bromide (CTAB) on AuNRs is anisotropic, with a
30% decrease in ligand density at the poles of the nanoparticles. In contrast, the distribution of (16
mercaptohexadecyl)trimethylammonium bromide (MTAB) is more uniform. These results are
consistent with literature reported higher reactivity at the ends of CTAB-coated AuNRs. Our
results demonstrate the impact of electron spectroscopy to probe molecular distributions at soft-

hard interfaces and how they produce spatially heterogeneous properties in colloidal nanoparticles.
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Anisotropic nanomaterials offer the potential for profound control over chemical and

physical properties on the nanoscale. Nanoparticles with controlled shape anisotropies such as
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rods, polyhedra, and branched structures exhibit tailored plasmonic response and catalytic
reactivity.! Nanoparticles with chemical anisotropy can undergo site-specific chemical reactions
and self-assemble into complex 3D supramolecular structures.>* Across these systems, organic
molecules play a key role in producing anisotropy by modifying the nanoscale kinetic growth
pathways, chemical reactivity, and interparticle interaction potentials of inorganic nanoparticles.*
> For example, local variations in ligand density are thought to play an essential role in the synthesis
of complex and anisotropic nanoparticles.!>>-8 Patchiness in the organic ligand density on
inorganic nanocrystals has been invoked in numerous functional properties of these materials,
ranging from plasmonic coupling to cellular uptake.*° In self-assembled nanoparticle superlattices,
anisotropic ligand distributions allow independent control of nanoparticle “atoms” and the
orientation of their ligand “bonds.”*!? In these areas, an ultimate goal is to be able to understand,
manipulate, and design this molecular coating to guide the synthesis and assembly of

nanostructures with tailored properties.

To understand these processes, a nanoscale understanding of the local binding density of
organic molecules at soft-hard interfaces is paramount. While quantifying the distributions of
organics on soft-hard interfaces is of critical importance, it remains a substantial challenge to
characterize such interfaces at the nanoscale. For example, in transmission electron microscopy
(TEM), the elastic scattering signal from surface-bound organic ligands is two orders of magnitude
smaller than that from a gold nanocrystal. Organic molecules are also readily damaged by the
electron beam, making them difficult to probe at high-resolution. Moreover, while high-resolution
methods such as TEM and scanning tunneling microscopy typically contain measurements of just

a few particles, nanoparticles can be highly heterogeneous in their structure and chemistry. In



comparison, bulk characterization methods such as small angle x-ray scattering, UV-vis
spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy lack the spatial resolution to
measure how molecular distributions vary within and between particles. Very few studies have
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probed the distributions of organic surface ligands at the nanoscale, and none have been able

to quantify nanoscale variations in ligand densities.

Here we demonstrate methods that directly image and quantify organic molecules at the
soft-hard interface of gold nanorods (AuNRs). Well-established synthetic protocols provide

control over the size, shape, and aspect ratio of AuNRs,5!5-16

making them ideal for applications
in plasmonics, biomedical diagnostics, and therapeutics.!!” AuNRs also serve as a model system
for understanding structural and functional anisotropy in colloidal nanostructures.>!® We examine
three systems of AuNRs: cetyltrimethylammonium bromide (CTAB)-coated AuNRs, (16
mercaptohexadecyl)trimethylammonium bromide (MTAB)-coated mini AuNRs, and mesoporous
silica-coated AuNRs. A defining characteristic of CTAB-coated AuNRs is that their growth
kinetics and chemical reactivity are highly anisotropic. Indeed, CTAB-coated nanorods are one of
the most studied anisotropic systems, where the spatial density of organic ligands are thought to
induce structural and chemical anisotropy on the nanoscale. Acid etching,!” thiol

functionalization,?® and deposition of mesoporous silica coatings!??

each appear to react initially
at the ends of CTAB-coated AuNRs. These effects, as well as the growth and the post-synthetic
end-to-end assembly of AuNRs, have been attributed to nanoscale anisotropy in the ligand
distributions on the nanorod surface.*>’-® These properties point toward a reduced CTAB binding

density on the ends of AuNRs, although recent work has disputed this assumption.?® Theoretical

predictions suggest that anisotropic ligand distributions arise from several factors including



curvature,?* localized variations in inorganic surface composition,®!® and facet-dependent binding
densities.”® These theories have been difficult to verify because of the lack of direct experimental

methods to measure the local distribution of organic ligands on the nanoparticle surface.

In this work, we use electron energy loss spectroscopy in an aberration-corrected scanning
transmission electron microscope (STEM-EELS) to visualize and quantify organic ligands on the
surfaces of AuNRs. Figure 1 illustrates our approach, which focuses on a scalable method to
deposit and study AuNRs on atomically-thin graphene substrates. Figure 1a shows an annular
dark-field (ADF) STEM image of a graphene support before deposition of AuNRs. In this image,
individual carbon atoms are visible forming the honeycomb lattice of graphene. The benefits of
the graphene substrate are twofold. First, the 1-atom thick (~0.3 nm) graphene substrate provides
an ultra-low background,® maximizing the contrast from the organic layers in EELS spectral
images. In contrast, conventional TEM substrates of 2-20 nm thick amorphous carbon produce
large background signals that obscure scattering signals from organic molecules. Second, graphene
substrates have also been shown to increase dose resistance of the supported materials by providing
high electrical and thermal conductivity and by acting as a physical barrier to knock-on damage.?®
While exfoliated graphene flakes have demonstrated exceptional promise as TEM imaging
substrates for studying soft-hard interfaces,? they offer extremely limited areas of single-layer
graphene substrates, typically totaling 100 nm to a few microns per TEM grid. These limitations
have confined previous studies of soft-hard nanoparticle interfaces on graphene to report data from
just one or a few particles.”® Instead, we prepare large-area, mm-scale single layer graphene
substrates. Chemical vapor deposition (CVD) grown graphene was transferred to a TEM grid using

a polymer-based transfer followed by a series of cleaning steps (see Supplementary Information



(SI)). The resulting grids have monolayer graphene suspended over 2 micron holes, with

approximately 70% of the holes covered across the entire 3 mm grid.?’

Figure 1b shows a low-magnification ADF-STEM image of silica-coated AuNRs deposited
on the graphene substrate. A challenge in using CVD graphene substrates for colloidal
nanoparticles is how to deposit nanoparticles from solution without damaging the fragile 1-atom
thick substrate. We used a recently published ultrasonication nebulization technique where
ultrasound is used to produce a mist of micron-scale droplets that are deposited at low velocity
onto the TEM grid.?’-?° This method deposits nanoparticles uniformly across the entire TEM grid
while minimizing nanoparticle aggregation and avoiding rupturing the suspended graphene. As a
final step, we bake the samples overnight in vacuum at 130 °C to remove the carrier liquid and

minimize carbon contamination. This temperature is well below the ~200 °C temperature at which

MTAB and CTAB desorb from the gold surface.?-3!

By conducting STEM-EELS on nanorods supported by graphene, we are able to achieve
high detection sensitivity for organic ligands at the nanoscale. Figure 1c-f show ADF-STEM
images and EELS maps of AuNRs selectively coated on either the sides or ends with mesoporous
silica. In these samples, CTAB is incorporated into the mesoporous silica during growth,
templating the formation of pores.?!">?> As shown in Figure 1¢, e, ADF-STEM offers limited utility
for imaging the light elements because the image contrast scales as the atomic number ZY, where
1.3<y<2. Instead, we use EELS spectral imaging (Figure 1d, f), to produce 2D maps of the carbon
(blue) and silicon and oxygen (yellow) distributions around AuNRs. While EELS is commonly

used to map the composition of inorganic elements in nanoparticles,®? it has only rarely been



applied to map their organic molecular shells.'? Figure 1d, f show that EELS offers excellent
contrast for organic molecules on graphene and can detect their nanoscale distribution, though we
note that these experiments must be done with care to control for the potential impact of electron
beam damage (see SI). Our measurements also show that the graphene grids provide an
approximately 4x increase in signal-to-background ratio of the CTAB carbon signal on graphene
over conventional ultra-thin amorphous carbon substrates (see Fig. S1). Together, the above

methods substantially improve our sensitivity to organic molecules, allowing us to characterize

organic ligand distribution at the soft-hard interface of AuNRs.

.

Figure 1. STEM-EELS imaging and composition mapping of mesoporous silica-coated AuNRs
on graphene. (a) Aberration-corrected summed ADF-STEM image of clean, suspended graphene
prior to deposition of particles. The image is a cross-correlated sum of 6 images. Scale bar is 0.5
nm. (b) Low-magnification ADF-STEM image showing several AuNRs after deposition onto
suspended graphene via ultrasonic nebulization. Scale bar is 500 nm. (c, €) ADF-STEM images
and (d, f) corresponding EELS compositional maps of AuNRs. Each nanorod is either (c-d) side-
coated, scale bars are 15 nm, or (e-f) end-coated with mesoporous silica, scale bars are 30 nm. In
the EELS maps (d, f), carbon is shown in blue and the mesoporous silica in yellow (using signal
from Si and O). The EELS maps show the organic molecules are confined to the pores of the silica;
In side-coated nanorods, we observe a pore distribution roughly parallel to the transverse axis with
a4 =+ 1 (st. dev.) nm pore width. In contrast, the pore distribution in end-coated nanorods is radial
with a 2.5 + 0.5 (st. dev.) nm average width.



We apply these methods to study the distributions of CTAB and MTAB on AuNRs. CTAB-
coated single-crystal AuNRs were synthesized using a single-step, silver-assisted, seeded growth
method. CTAB-coated Au seeds were prepared and then added to a nanorod growth solution
containing HAuCl4 precursor, previously reduced by either hydroquinone or ascorbic acid, in the
presence of excess of CTAB and trace silver nitrate.>!>3 MTAB-coated mini AuNRs were
prepared using the same CTAB-coated seeds and added to the growth solution with the addition
of HCI, followed by ligand exchange of CTAB with MTAB.!63* The average dimensions (length
x width) of the CTAB-coated rods are 45 + 5 (st. dev.) nm x 15 £ 2 (st. dev.) nm with an aspect
ratio of 3.2. The MTAB-coated rods are 31 + 5 (st. dev.) nm x 11 £+ 1 (st. dev.) nm with an aspect

ratio of 3.0.

Figure 2a-c shows an ADF-STEM image of two CTAB-coated AuNRs on graphene and
corresponding carbon and nitrogen elemental maps acquired using EELS spectral imaging. In
Figure 2b-c C and N are present in an organic shell of 2.4 + 0.3 nm, comparable to the 3.2-3.4 nm
width of the CTAB shell previously observed in colloidal® and dried nanoparticles.*¢ Importantly,
the simultaneous presence of C and N indicates that the shell is composed of CTAB (C19H42BrN)
rather than other organic residues. These data also demonstrate the ability of EELS detect the

functional groups of organic molecules, here the amine group of CTAB, in the STEM.

A major advantage of our sample preparation and EELS methods that they achieve
nanoscale spatial resolution, detect subtle changes in molecular distribution, and can be readily
scaled to measure dozens of nanoparticles. Figures 2d-i are EELS maps showing the CTAB

distribution (2d-f) and the MTAB distribution (2g-i) around 6 different AuNRs. These data are a



subset of the 32 particles we measured and analyzed in this work (see Fig. S4). In these images,
we observe large variations in the ligand distributions between particles and within individual
particles; the MTAB coatings appear more uniform than the CTAB coatings. As shown in Figure
3, we use these carbon maps to quantify variations in the binding densities of organic ligands on
the surface of individual nanorods. We use carbon as the indicator of the ligand density, rather
than other elements such as N or S, because of its higher abundance and stability under the electron
beam. Additionally, the graphene substrate provides a built-in standard to quantify the carbon
signal on an absolute scale (see SI for further discussion). As described in the SI, we used each
EELS map to calculate the binding density as a function of position by using a simple geometric
model of the nanorod shape to map the observed molecular distribution onto the nanorod surface.
To obtain an estimate of the absolute value of the binding densities we sum the total carbon
intensity on each particle and divide by the surface area. Because damage from the electron beam
can reduce the absolute carbon signals measured, these values represent a rough lower bound for
the ligand density (see SI). Across all nanorods, we measure a mean binding density of 0.9 + 0.2
(st. dev.) molecules/nm? for CTAB and 3.6 + 1 (st. dev.) molecules/nm? for MTAB. These values
are comparable to literature values, which range from 0.8-1.7 molecules/nm? for 0.1-10 mM CTAB

on gold nanoparticles’” and 3-5 molecules/nm? for MTAB coated mini rods.>*
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Figure 2. ADF-STEM and EELS spectral maps of ligand-coated AuNRs. (a) ADF-STEM image
of two CTAB-coated AuNRs deposited on a graphene support. (b-c) EELS spectral map of carbon
(b) and nitrogen (c) from the same region as (a), obtained through background subtraction and
integration of the C-K and N-K edges. These data show that a shell of 2.4 £ 0.3 nm width
containing C and N surrounds the AuNRs. Multiple inelastic scattering from the gold makes it
difficult to detect carbon that is overlapping the AuNR in projection; as a result, while the carbon
density on the nanorod appears lower than on the graphene substrate in EELS maps such as Figure
2b, this does not reflect a real decrease in carbon concentration. These effects do not impact our
ligand measurements at the edges of the nanorods. CTAB contains 1 nitrogen per molecule, a C:N
ratio of 19:1, resulting in the lowered signal-to-noise in the nitrogen map. (d-f) Three EELS carbon
compositional maps of CTAB-coated AuNRs with the graphene background subtracted. The
nanorod in Figure 2f is isolated, while the nanorods in Figures 2d-e are adjacent to nanorods
touching one (e) or both (d) poles of the rod. The intensity scale bar indicates the local areal density
(2D projected) of carbon atoms after subtraction of the graphene background. (g-i) Three EELS
carbon compositional maps of MTAB-coated mini AuNRs again with the graphene background
subtracted. All three rods are isolated. We rotated the MTAB maps (g, j) so that the particle is
vertical; experimental data is within the white boundaries. In Figures 2a-c scale bars are 15 nm. In
Figures 2d-i scale bars are 10 nm.



Figure 3 illustrates these analyses applied to quantify the anisotropy of the CTAB coating for a
single AuNR. First, we test whether binding density changes at the nanorod ends by sectioning
the nanorod into areas of “ends” and “sides” as illustrated by the red/green coloring in Figure 3a.
Figure 3b plots a histogram of binding densities for a single CTAB-coated nanorod, extracted
from the EELS map in Figure 3c. Several attributes of the CTAB distribution are visible in these
plots. First, CTAB binding density varies widely on a single nanorod, from a maximum of more
than double the mean value to a minimum below our measurement sensitivity. These variations
are higher than theoretical predictions of the facet-dependent variations in CTAB packing
density, which vary by up to 12%.7-% Second, the distribution of binding densities at the ends of
the nanorod has a lower mean and is narrower compared with the sides of the nanorod. The
precise value of this decrease changes depending on where we place the boundary between
“ends” and “sides”, and reflects the average decrease across the entire “end” of the particle.
Figure 3d shows line profiles of CTAB binding densities on the same particle; the origin is
placed at the nanorod poles as indicated in Figure 3a. An interesting feature of Figure 3d is that it
shows an anisotropic CTAB binding density that decreases near the ends of the nanorod. As
shown in Figures S6-7, the overall distribution of CTAB does not change after EELS mapping
for the acquisition conditions we used; a full discussion of the potential impact of electron beam
damage on our results is available in the SI. To separate systematic trends in ligand coverage
from random fluctuations, we repeated these analyses across multiple AuNRs with two different

ligand types.
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Figure 3. Quantification of the CTAB anisotropic distribution within a single AuNR. (a) Cartoon
of CTAB on a AuNR (not to scale) showing designation of ends (green) and sides (red). (b)
Histogram of the relative CTAB binding density (normalized to the mean) for the ends and sides
of the nanorod along with gaussian fits of the data to guide the eye. The fraction of counts for each
curve is independently normalized. The mean binding density for the ends is 40% lower than for
the sides. (c) EELS carbon compositional map of the CTAB-coated AuNR. Scale bar is 10 nm. (d)
Line profile of the relative binding density as a function of distance along the AuNR surface of the
particle from the poles (indicated by the white circles in Figure 3a). Data is shown as points,
displayed with a line smoothed using a Savitsky-Golay filter as a guide to the eye. We plot the
path along the surface of the particle from left to right for both halves of the particle. We observe
anisotropy in the ligand coating, with decreased relative binding density at the poles of the rod.

Figure 4 compares population-averaged ligand density measurements across 10 CTAB-
coated AuNRs and 22 MTAB-coated mini AuNRs. MTAB-coated mini AuNRs offer a useful
comparison with CTAB-coated nanorods. The two molecules are similar in length and structure
(Figure 4a), but CTAB reportedly arranges in a bilayer’*>> and MTAB thiol bonds in a self-
19-22

assembled monolayer.?! Indirect evidence from spatial reactivity of CTAB-coated nanorods

and 1H NMR measurements of the MTAB headgroup mobility** indicate that CTAB coatings
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decrease on the ends of the rods while MTAB coatings are isotropic. By comparing the population-
averaged CTAB data in Figures 4b and 4d to the individual nanorod data in Figure 3, we see that
anisotropy in the ligand coverage is present in both data sets. The histograms in Figure 4b-c
compare binding densities on the ends and sides of CTAB or MTAB ligands. The population-
averaged data in Figure 4b echoes the behavior seen in Figure 3a for a single nanorod: again, we
see that the normalized CTAB binding density decreases near the nanorod ends (0.88 £+ 0.4 (st.
dev.) at the ends and 1.03 + 0.4 (st. dev.) at the sides). In contrast, the histogram of MTAB binding
densities (Figure 4c) shows a more uniform distribution of binding densities across the particle

(1.04 £0.2 (st. dev.) at the ends and 0.97 £ 0.2 (st. dev.) at the sides).

Figure 4d-e plot binding density profiles for all of the CTAB-coated AuNRs and MTAB-
coated mini AuNRs. These plots condense the data from multiple nanorods into a single plot for
each ligand type. Because the nanorods are nominally symmetric across their vertical and
horizontal axes, we divide the data from each particle into four quarters. We plot all the unique
data on the right half of the graph (positive position values) and mirror the data across x=0 as a
guide to the eye. Black lines indicate the median binding densities after smoothing. The CTAB
coatings of AuNRs (Figure 4d) exhibit clear anisotropy: the ligand binding density decreases
locally at the ends of the nanorod, reaching a minimum of around 70% of its mean value (0.68 +
0.4 st. dev.) at the poles. In contrast, the MTAB-coated mini AuNRs (Figure 4e) indicate a more
uniform ligand binding density along the nanorod, with a ~10% increase across the ends of the
particle. We also obtain excellent agreement between literature-reported chemical reactivities of
the nanorods and the ligand distributions measured with EELS: CTAB-coated AuNRs exhibit

19-22

higher reactivity at the ends of the nanorods, where the lowest ligand densities are present.
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Overall, the population-averaged data show that we are able to clearly distinguish between the

anisotropy of the distributions of CTAB>’-® and MTAB?!-*# on AuNRs.
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Figure 4. Quantification of the variation in CTAB and MTAB distributions between multiple
AuNRs. (a) Structures of CTAB and MTAB. (b-c) Histograms of the relative binding densities
(ends in yellow, sides in blue). To compare positional trends in binding density, binding densities
are normalized to the mean of each nanorod. Because excess ligand may be trapped between
adjacent particles where they are touching we exclude these sections of particles from our analyses
(see SI). (b) CTAB-coated data for 10 AuNRs. The mean value for the ends is 10% lower than for
the sides. (c) Data for 22 MTAB-coated mini AuNRs where the mean value for the ends and the
sides is the same within error. (d-e) Plots of the relative binding density as a function of position
along the boundary, for (d) CTAB-coated AuNRs and (¢) MTAB-coated mini AuNRs. The profiles
in both (c¢) and (d) include data for individual rod quarters (scatter plot) and a Savitsky-Golay
filtered median (black line plot). All unique data is plotted for positive x values, and the plot is
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mirrored across x=0 as a guide to the eye. The x-axes in ¢ and d differ because the CTAB-coated
AuNRs are larger than the MTAB-coated mini AuNRs. The profiles show anisotropy in the CTAB-
coating with a decrease in the CTAB density approaching the poles, while the MTAB-coating
shows a broad increase in MTAB density along the ends.

Our results demonstrate the application of EELS spectral imaging to directly image and
quantify nanoscale anisotropies in the distribution of organic molecules on the surface of colloidal
nanoparticles. While we focused on CTAB and MTAB-coated AuNRs, these methods may be
readily adapted to a broad range of nanomaterials and to study more complex phenomena such as
variations in ligand distributions on different crystal facets. Our techniques open new avenues to
visualize, measure, and understand heterogeneous and anisotropic molecular coatings and how
they can be designed and harnessed to pattern functional properties on the nanoscale. These results
bring us one step closer to controlling the formation of anisotropic structures and realizing a

fundamental goal materials science: rational synthesis of materials with tailored structure and

shape.
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