Quantitative Analysis of Scanning Tunneling Microscopy Images
ofMixed-Ligand-Functionalized Nanoparticles
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ABSTRACT: Ligand-protected gold nanoparticles exhibit large local curvatures, features rapidly varying over
small scales, and chemical heterogeneity. Their imaging by scanning tunneling microscopy (STM) can, in
principle, provide direct information on the architecture of their ligand shell, yet STM images require laborious
analysis and are challenging to interpret. Here, we report a straightforward, robust, and rigorous method for the
quantitative analysis of the multiscale features contained in STM images of samples consisting of functionalized
Au nanoparticles deposited onto Au/mica. The method relies on the analysis of the topographical power spectral
density (PSD) and allows us to extract the characteristic length scales of the features exhibited by nanoparticles
in STM images. For the mixed-ligand-protected Au nanoparticles analyzed here, the characteristic length scale is
1.2 £ 0.1 nm, whereas for the homoligand Au NPs this scale is 0.75 £ 0.05 nm. These length scales represent
spatial correlations independent of scanning parameters, and hence the features in the PSD can be ascribed to
a fingerprint of the STM contrast of ligand-protected nanoparticles. PSD spectra from images recorded at
different laboratories using different microscopes and operators can be overlapped across most of the frequency
range, proving that the features in the STM images of nanoparticles can be compared and reproduced.

Noble metal nanomaterials, and specifically gold nano- and scanning probe microscopy.”**° However, a full character-

particles (NPs), have attracted considerable attention
because of their potential applications in technological fields
ranging from electronics to optics to catalysis to medicine.'””
Among the most investigated forms of gold nanoparticles, those
with monolayer coatings are particularly attractive. The self-
assembled monolayer (SAM) that protects the particles
(hereafter called ligand shell) is used to impart some of the key
NP properties needed. For instance, in nanomedicine, the ligand
shell contains the key components needed for drug delivery or
target recognition.® Various techniques can be applied to
characterize the ligand shell including electron spin resonance,
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nuclear magnetic resonance, infrared

21,22 3. . . . 23,24
spectroscopy,” "~ differential scanning calorimetry,””" thermal
gravimetric analysis,” transmission electron microscopy,”™"

ization of the ligand shell in terms of composition, composi-
tional variation, density, structure, and morphology remains a
major challenge because there is no single technique that is able
to provide information on all of these properties at the same
time.

In these NPs, the gold core is protected by a SAM of
thiolated molecules whose properties can be related to those of
SAMs on flat surfaces. Weiss and co-workers showed by
scanning tunneling microscopy (STM) imaging that on flat
Au(111) surfaces SAMs composed of binary mixtures of



different molecules (i.e, molecules with a driving force for
demixing as discussed in ref 31) undergo spontaneous phase
segregation into domains of varying size and shape.*’”**
Stellacci and co-workers reported that similar SAMs of different
molecules assembled on ~5-nm-diameter Au NPs cores, exhibit
a spatial modulation of the STM topography.*”*° The existence
of such spatially modulated architecture, termed stripe-like
domains, was recently supported by high-resolution STM
images that show the molecules that compose these single
domains®® as well as high-resolution atomic force microscopy
images.® The presence of these stripe-like domains has been
supported by neutron diffraction,” infrared spectroscopy,””
nuclear magnetic resonance," and predicted by various types of
simulations.>"****  Glotzer and co-workers explained the
phenomenon as being due to the balance between the enthalpy
of phase segregation and the interfacial conformational entropy
that is established when long molecules form a domain
boundary with shorter ones.*!

STM images remain as key evidence for the existence of
stripe-like domains on Au NPs coated with binary mixtures of
ligand molecules. Through the years, many images have been
acquired and analyzed in a series of papers.””*>** Striations
whose width varies in a relatively narrow range centered around
1 nm were observed on mixed-ligand NPs. In a separate
publication,®® it has been shown that high-resolution images
can be acquired, where the single molecules that compose the
stripe-like domains are imaged. The possibility to acquire
images with features similar to the striations present on the
nanoparticle due, instead, to feedback loop artifacts was pointed
out in 2004°° and then extensively discussed in follow-up
papers.>>*® It was established that whereas the width of the
artifact features scales linearly with tip speed and is independent
of the chemical composition of the imaged sample, features on
NPs are conserved across imaging parameters, varying only
when the chemical nature of the imaged particles changes.
However, these conclusions were reached through manual
measurements of peak distances across line scans.”® Because of
the method and the complexity of these specific samples (that
present features on various length scales, all with a sizable
distribution in length), confidence in the reliability of the
manual measurements requires the construction of a large
statistical set by independent operators to guarantee the
absence of a bias.*>*® A robust operator-independent analysis
of the STM images of these NPs has not been reported to date.

Here, we propose power spectral density (PSD) analysis as
an effective operator-independent method of extracting
information from STM images of nanoparticles. PSD is the
norm squared of the Fourier transform of the STM topography
and represents the contributions of the different spatial length
scales to the topography fluctuations. Its definition is given in
the Experimental and Methods Section. Given a topographical
image with N points along each line scan whose length is L, the
spatial frequencies f (with f being the inverse of a length scale)
sampled in the STM image range from the inverse scan length
!/, up to the Nyquist frequency /,;.*' ™" PSD exploits the
whole information content present in the image, as opposed to
the analysis of manually drawn line profiles in real space. It has
been shown that the PSD from scanning probe microscopy
images provides valuable information on samples whose
complex morphology is not straightforward to analyze in real
space because of superposition, entanglement, or coalescence of
features. Successful applications of PSD analyses include the
identification of morphological transitions in organic and

polymeric thin films,** the extraction of morphological

parameters from images of porous networks of entangled
biomolecules,* correlations of morphological parameters with
device properties,*® and a comparison of forensic samples.*’
PSD analysis is also useful for comparing information from
different techniques probing different ranges of spatial lengths
scales. #8750

In this article, we show that PSD readily displays the
multiscale features present in the STM images: NP size,
interparticle distance, and the characteristic length scale on the
particles. PSD analysis allowed us to show that STM images
recorded in four different laboratories with different micro-
scopes and different imaging parameters are essentially
equivalent over a broad range of spatial frequencies. We also
show that the information contained in high- and low-
resolution images arises from the same features on the
nanoparticles. Our interpretation of the PSD features is
validated by the comparison with those obtained from
artificially generated images.

B RESULTS

Figure 1a is an STM image acquired in 2004 at MIT of 2:1 1-
octanethiol (OT)/mercaptopropionic acid (MPA) nanopar-
ticles. In Figure 1b—f, we report representative STM images
that were recorded in different laboratories on the same sample

Figure 1. STM topographical images of mixed-ligand-protected NPs
acquired at different locations and times: (a) OT/MPA 2:1 sample,
MIT, scan length L = 49.0 nm, image size IS = 30.1 nm, bias voltage V,
= 1100 mV, set-point tunneling current I, = 0.63 nA, scan rate v = S.1
Hz, year 2003. Images of Cllol/C4ol 1:1 NPs in the same sample
acquired at (b) EPFL L = 30.0 nm, IS = 30.0 nm, V;, = 700 mV, I, =
0.1 nA, v = 20.3 Hz, year 2012. (c) UG L = 50.0 nm, IS = 30.1 nm, V};,
= —200 mV,], = 2 nA, v = 1.9 Hz, year 2013. (d) UdS L = 80.0 nm, IS
=30.1 nm, V}, = 200 mV, I; = 0.02 nA, v = 7.6 Hz, year 2013. (e) KUL
using a Bruker, L = 71.4 nm, IS = 30.0 nm, V}, = 700 mV, I, = 0.05 nA,
v = 6.1 Hz, year 2013. (f) KUL using an Agilent, L = 50.0 nm, IS =
30.0 nm, Vi, = =500 mV, I, = 0.03 nA, v = 4.8 Hz, year 2013. All
images were acquired at 512 pixels X 512 pixels with the exception of
the EPFL that was acquired at 256 pixels X 256 pixels. The color scale
is oversaturated to highlight the features on the NPs.



of 1:1 1l-mercapto-l-undecanol (Cllol)/4-mercapto-1-buta-
nol (C4ol) NPs. The images show NPs forming a noncompact
film, with their apparent NP diameter amounting to 9.4 + 2.6
nm, as determined from valley-to-valley measurements on line
profiles in the STM images. The Au NP core has a diameter of
39 + 1.1 nm, as estimated from transmission electron
microscopy, and the fully stretched length of the C11ol ligand
is ~1.5 nm, leading to a total expected diameter of 6.9 nm. The
difference between the expected number and the measured one
is due to the effect of the tip envelope, maximized by the fact
that, for consistency reasons, in STM the particle size was
measured as the valley-to-valley distance in line profiles.”’ The
STM contrast on top of NPs exhibits superimposed features
that contribute additional fluctuations to the topography. On
NPs, a few seemingly periodic fluctuations can be detected;
however, it is difficult to assess unambiguously the occurrence
of a truly periodic structure. These fluctuations are present on a
number of NPs on most of the images acquired at different
laboratories. Although all of the images contain NPs with
similar features on them, they also present differences. Hence it
is difficult to assess objectively by visual inspection whether the
images have been reproduced across laboratories.

In Figure 2, we compare the PSDs vs k, displayed as a
double-log plot, obtained from each image in Figure 1b—f.
From Figure 2a, it is evident that the PSDs exhibit similar
features, with some differences. For the discussion, we have
marked in the plot the features with the corresponding Roman
numerals and delimited their range with vertical black lines: (i)
a plateau (white spectrum) at low frequency, whose lower limit
is due to the scan length encompassing the characteristic size of
several NPs, followed by a smoothly varying elbow; (ii) a steep
decay, resembling a power law k™7 with exponent y > 1, starting
from about k = 0.6 X 10° m™' (corresponding to a 10 nm
length scale 1) down to about 3 X 10° m™" (corresponding to !
~ 2 nm); (iii) either a shoulder or a broad peak in the range
from 3.3(+0.4) X 10° m™ (I = 1.9 + 0.2 nm) to 5.9(%0.3) X
10° m™' (I = 1.07 + 0.05 nm); (iv) for the PSDs of images
acquired at RT, a steep decay from 6.2 X 10° m™" to above 1.0
x 10" m™ (I < 0.6 nm). In a few instances, as for the image
acquired in UHV at low temperature, there is a broad peak
followed by a steep decay in the same range. (The values
provided for the boundaries of the features were estimated as
intersections between one feature and the next. They are given
with errors because they are averaged over several PSD curves.
The boundaries are drawn as continuous black vertical lines in
Figure 2.) A similar trend is also observed in the PSD of KUL
acquired with an Agilent microscope, although we have fewer
images to assess the statistical occurrence of this observation.
Significantly, these features (i—iv) are conserved in all PSDs of
mixed-ligand NPs. All of the RT measurements show a clear
feature (iii): it appears as a broad peak in the EPFL image and
as a shoulder in the UdS and KUL images. At 77 K (UG),
features (iii) and (iv) merge into a broader peak. This implies
that the UG image also exhibits features whose correlation
length is ~0.5 nm. This may be due to better imaging
conditions or to lower imaging temperature. Figure 2a shows
how images of mixed-ligand NPs recorded in different
laboratories under different conditions with different operators,
instruments, and time all exhibit feature (iii).

To extract the characteristic length scales of the PSDs, we
have devised a phenomenological functional to fit each PSD
across the whole frequency domain. The fitting functional is a
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Figure 2. (a) PSDs vs wave vector k for the STM images in Figure
1b—f. PSDs were evaluated at M = "/, frequencies: EPFL, M = 128;
UG, M = 256; UdS, M = 167; KUL Agilent, M = 256; and KUL
Bruker, M = 108. The zero-frequency contribution has been removed.
The color code and the symbols correspond to the laboratories where
the image was acquired. The features described in the text are tagged
with Roman numerals and delimited by vertical solid, black lines at the
mean values quoted in the text. The vertical segments represent the
values of (k. ) and (k_,) (solid) and their values +1 SEM (dashes). (b)
PSDs of homoligand C11ol NPs (red) with scan length L = 20 nm,
image size IS = 20 nm, bias voltage V}, = 800 mV, set-point tunneling
current I; = 0.1 nA, scan rate v = 15.2 Hz, year 2013; (green) L = 8.7
nm, IS = 8.7 nm, V|, = 600 mV, I, = 0.2 nA, v = 30.5 Hz, year 2013;
and (blue) L = 12 nm, IS = 12 nm, V;, = 300 mV, I, = 0.1 nA, v = 30.5
Hz, year 2013. The vertical segments represent the values of (k) and
(ko) (solid) and their values +1 SEM (dashes). (c) PSD of control
samples: (red; Au film on glass) L = 70 nm, IS = 70 nm, V;, = S0 mV, I,
=03 nA, v = 1 Hz, year 2013; (green) Au film on mica L = 70 nm, IS
=70 nm, Vy, = S0 mV, I, = 0.5 nA, v = 1 Hz, year 2013; (blue; C110l/
C4ol NP image with no features on the NPs) L = 48.6 nm, IS = 48.6
nm, Vi = 500 mV, I, = 0.5 nA, v = 2 Hz, year 2013. Dotted-dashed
curves in b and c represent the EPFL PSD from a, used as comparison.

linear combination of two stretched exponentials together with
a '/, noise contribution. It reads as

4 %
A
PSD(k) = A exp —(ki) + A, exp —(ki] + f
cl c2

(1)



The functional eq 1 has seven parameters. We saturate A; and
A, with the mean values of the plateau in region I and feature
(iii), and we fix A; at a value that best reproduces the highest-
frequency part (typically 1072—107>* m?). We then best fit
each PSD in Figure 2a using just four parameters, namely, wave
vectors k., and k., and exponents y; and y, of the stretched
exponentials. Wave vectors k., and k., are related to the
characteristic length scales (correlation lengths) &, and &, by k.,
= 2n/&,, with n = 1, 2. These are the length scales associated
with feature (i) and feature (iii), respectively.

In Figure Sla, we show the results of the fitting of the PSDs
in Figure 2a. The fitting curves closely overlap the experimental
PSDs. The fitting parameters are shown in Figure S2; they are
extracted from PSDs of images acquired at different laboratories
and are effectively invariant. The mean values (viz. averaged
across the values of the laboratories) of k. and k, together
with their errors estimated as standard error of the mean
(SEM), and the corresponding values of &; and &, together
with their errors A evaluated by propagation, are reported in
Table 1. The characteristic length scale &, associated with

Table 1. Results of the Fitting According to Equation 1

ﬁgure (kcl> (m_l) SEM(kcl) (m_l) (ka) (m_l) SEM(kcz) (m_l)

2a 343 x 10° 8.4 x 107 5.14 x 10° 32 x 10
2b 47 x 10° 23 % 108 8.3 x 10° 6.0 x 10°
3a N/A N/A 591 x 10° 7.5 x 10
ﬁgure & (nm) A&, (nm) & (“m) A&, (nm)
2a 18.3 4.5 1.22 0.08
2b 13.5 6.7 0.76 0.05
3a N/A N/A 1.06 0.13

feature (iii) takes a value of 1.22 + 0.08 nm. Mean values (k)
and (k) are also graphically shown in Figure 2a as red and
black vertical segments, respectively.

In Figure 2b, we compare the PSDs (continuous lines) from
images of homoligand C1lol NPs with a PSD of mixed-ligand
1:1 Cllol/C4ol NPs (EPFL from Figure 2a, dashed line). We
notice that all PSDs of homoligand NPs show the peak
broadened in the range of features (iii) and (iv). The fitting
with eq 1 yields the parameters reported in Table 1. Mean
values (k) and (k) are graphically overlaid in Figure 2b.
Importantly, &, shifts from 1.22 + 0.08 nm for mixed-ligand
NPs to 0.76 + 0.05 nm for homoligand NPs.

Figure 2c shows that images of (a) gold on mica, (b) gold
hemispheres on silicon, and (c) featureless gold nanoparticles
all lack feature (iii). Figure S3 in the Supporting Information
shows that the PSD of images taken with a fixed tip (scan
length 0 nm) in the four locations all lack feature (ii).

We used PSD not only to analyze images of C110l/C40l NP
but also to analyze images of the 2:1 OT/MPA originally
reported and the object of extensive studies.>>* Figure la
shows an STM image of these NPs taken in 2004. A
comparison of PSDs that were obtained from images recorded
under various conditions at MIT is shown in Figure 3a. It is
evident how the best-fit values of k., (colored vertical segments
in Figure 3a within the wave vector range of feature (iii) from
3.2(+0.6) X 10° m™" (I = 1.9 + 0.3 nm) to 6.7(+£1.4) X 10°
m™" (I = 0.9 + 0.2 nm). We notice that feature (iii) varies in
shape as a reflection of the image quality by analogy to the
features exhibited in Figure 2a. The characteristic length scale is
found to be 1.06 + 0.13 nm (Table 1).
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Figure 3. (a) PSDs vs wave vector k for a series of STM images of
OT/MPA 2:1 NPs acquired at MIT in 2004. Scan rate v, scan length
L, and number of sampled frequencies M = V/, are indicated: (blue) v
=2.35 Hz, L = 157 nm, M = 234; (red) v = 4.36 Hz, L = 100 nm, M =
190; (green) v = 6.1 Hz, L = 40 nm, M = 256; and (black) v = 12.21
Hz, L = 11.5 nm, M = 256. The vertical segment of the same color
indicates the value of k., from the best fit of the PSD. (b) Rescaled
PSD vs time frequency of the same plots shown in b. The dashed
arrow is a guide to the eye connecting the PSD values at rescaled k.,
with the exception of the red PSD (that is off-trend). All images
analyzed here were analyzed in refs 29 and 40.

To discriminate between spatial versus time-dependent
features, in Figure 3b we rescale the PSD plots shown in
Figure 3a upon changing the horizontal scale from spatial wave
vector k to a time frequency @ according to the equation

w=vk=mnLvk ()

Again, L is the scan length of the image (in meters), v is the
STM scan rate in Hz, and n is an instrumental factor that
depends on the way the microscope relates the tip linear speed
v to the scan rate v. n is 1 for Omicron and Agilent microscopes
and 2 for Bruker microscopes. It is evident from Figure 3b that
k., is “offset” in the time-frequency domain in the case of the
NP images that were deemed genuine. The red PSD appears
off-trend, thus its image might be contaminated by instrumental
noise. Figure S4 in the Supporting Information shows that a
similar offset is observed when rescaling the PSD spectra shown
in Figure 2a,b.

Figure 4a shows a representative STM image of a 2:1 OT/
MPA-coated granular Au film on Si. Also, this image is a part of
the images recorded in 2004.%° Here, grains are larger than the
NPs (curvature radius of about 20 nm, to be compared to ~$
nm of the NPs in Figure 1a). The STM image shows periodic
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Figure 4. (a) STM topography image of Au grains on Si coated with a
2:1 mixture of OT/MPA acquired in 2004. Feedback loop oscillations
are superimposed on the topographical corrugation. (b) PSDs vs wave
vector of a series of STM images of the sample shown in image a. Scan
rate v, lengths L, and number of sampled frequencies M = N/, are
indicated: (black) v = 2.543 Hz, L = 300 nm; (red) v = 3.391 Hz, L =
151 nm; (green) v = 3.391 Hz, L = 78 nm; (light blue) v = 3.391 Hz,
L =78 nm; (blue) v = 4.36 Hz, L = 25 nm; (purple) v =8.719 Hz, L =
10 nm; and (pink) v = 8.719 Hz, L = 3.9 nm. (c) Rescaled PSD vs
time frequency of the same plots shown in image b. All images
analyzed here were reported in refs 29 and 40. The zero-frequency
point has been removed from each line in images b and c.

noise that was generated by an excessive gain in the feedback
loop. The corresponding PSDs exhibit different features with
respect to what was discussed in Figure 3b. First, for the images
with the smallest scan lengths that are comparable to or smaller
than the grain size, plateau feature (i) is absent. Second, feature
(iil) occurs at different spatial frequencies (Figure 4b). Upon
applying the rescaling (eq 2) from spatial to time frequencies,
we find that the features in the PSD of noisy images (Figure 4c)
align perfectly, consistent with their origin due to feedback
ringing. The same rescaling (eq 2) applied to both the PSDs
from the most recent data set with 1:1 C4ol/Cllol NPs
(Figure S4a) and to the homoligand C11ol NPs (Figure S4b)
leads to the offset of feature (iii) similar to what is shown in
Figure 3c. We infer that feature (jii) in Figures 2a,b and 3b and
feature iv in the image of homoligand nanoparticles in Figure
2b have a genuine spatial origin and are not generated by
periodic instrumental noise.

In Figure Sa, we show a high-resolution STM image of a 1:1
C40l/Cl11ol NP at a scan length comparable to the size of a

(b)

(d)

Figure S. (a) STM topography image of a single C110l/C4o0l NP. The
dots visible on the particle are the headgroups of one of the two
molecules in the ligand shell of the particle. The arrows indicate three
rows of aligned dots. The headgroups have a characteristic spacing,
and the rows show roughly twice such spacing. The image is taken
from ref 36, where it has been analyzed and described in depth
together with similar images. (b) PSD of the image in part a. (c) High-
resolution STM image of 2:1 OT/MPA NPs recorded in 2008 (and
analyzed in ref 40) at V;, = 200 mV and I, = 0.05 nA. (d) PSDs of the
image shown in part ¢ and of two other images of the same particles
recorded at different speeds. PSDs have been evaluated at 256
frequencies.

single NP. A modulation of the signal on the NPs is observed,
as contributed by circular dots closer to one another along
stripe-like domains and further apart on adjacent stripes. This
image, along with other images of comparable resolution, is
discussed in a recent paper.*® The PSD in Figure 5b exhibits a
first (smaller) peak that goes from 1.4 to 0.8 nm, followed by a
broad peak within an ~0.5 nm region. The similarity between
this PSD and that from UG shown in Figure 2a is evident and
further confirm the interpretation we give of the latter. A high-
resolution image of OT/MPA 2:1 nanoparticles is shown in
Figure Sc. In Figure Sd, three PSDs (one from Figure 3¢, the
other two from images of the same particles acquired at
different tip velocity) exhibit distinct peak-like feature (iii). We
notice that the PSD decay following features (iii) and (iv)
depends on the scanning conditions, whereas feature (iii) does
not. This is illustrated in Figure SS, where the rescaled plots
according to eq 2 show the collapsing of the decaying high-
frequency tail and the simultaneous offset of peak-like feature
(ii).

PSD analysis allows one to compare images acquired at
different length scales in different regions of the sample. Figure
6 shows the superposition (“stitching”) of the spectra from
images acquired at different scan lengths varying across more
than 1 order of magnitude of length scale. High-resolution
images contain a wealth of details on the structure of the ligand
shell on a single particle but lack a statistical information being
composed of only a few NPs. Lower resolution images show
fewer details on the NPs but are composed of a larger sample of
NPs. The possibility to stitch the PSDs of these images allows
us to propagate the molecular-scale information in the high-
resolution images onto a larger sample set. PSDs can therefore
be used to treat high- and low-resolution images on the same
footing. The deviations from the overlapping trends in the high-
frequency tails of each PSD are not relevant because we have
assessed empirically that this is affected by the choice of the



Figure 6. Stitching of PSDs of STM images of C11ol/C4ol acquired
on the same sample at different length scales, indicated by different
colors: L = 8.25 nm (black markers), 25.2 nm (blue), 55.2 nm (green),
and 110 nm (red). PSDs have been evaluated at 256 frequencies.

windowing function in the PSD estimated by FFT. In the PSDs
shown throughout the article, the default Hanning windowing
in Gwyddion has been used.

To assess our interpretation of the PSD of the particles, we
generated two sets of “artificial” images and analyzed them in
the same way that we analyzed the experimental STM images.
The first set of artificial images was generated in order to
resemble closely an ideal image produced by an STM tip
perfectly tracking a set of striped particles on a surface. We
started with a series of hemispheres on a surface; the image was
512 pixels X 512 pixels and was assumed to represent an area of
50 X 50 nm?, being a typical scan size for the images that we
acquired. The areal density of the particles and their size
distribution (log-normal, median diameter d = 6 nm, shape
parameter ¢ = 0.2) were chosen to yield an image resembling
those that we typically acquire. On these particles, we
overlapped idealized stripes chosen so that the stripe spacing
at the particle center was 1 nm and the spacing of the stripes
would diminish gradually from the center to the edges. The
matching of the line profiles from the artificial image with a
scan line extracted from an experimental STM image is
evidenced in Figure 7b. Figure 7c shows a comparison between
the PSD of an experimental image to that of an artificial image.
The striking resemblance validates our interpretation of the
PSD. In particular, the PSD (not shown) of images of particles
with no stripes lack feature (iii), even when white or pink (1/f)
noise is superimposed on it. Feature (iii) appears when stripes
are added to the particles: it is sharp when the stripes are
aligned and becomes broader only when significant misalign-
ment is added (as shown in Figure 7a). When aligned stripes of
varying width are introduced, several distinct peaks appear in
the PSD, and only when misalignment is introduced do the
peaks coalesce into a single broad feature (iii). We infer that
broad feature (iii) in the experimental PSD arises from stripe-
like domains that vary in size, spacing, and alignment across our
sample. We notice that the highest spatial frequency that
delimits feature (iii) in the PSDs of these artificial images
closely matches the periodicity drawn on the nanoparticles. If
the periodicity lies at an angle with respect to the horizontal
axis, then it will be detected on a longer length scale. We infer
that the periodicity present on the nanoparticles should be
associated with the lower value of the characteristic length scale
that can be extracted in the 1D PSD along the horizontal scan
direction. We conclude that the highest frequency present in
feature (jii) corresponds to the characteristic length scale truly
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Figure 7. (a) Artificial image of a polydisperse sample of nanoparticles
with randomly oriented stripes superimposed. The stripe width
decreases on going from the center of the particle to the edges. (b)
Cross section of a particle in the image compared to an experimental
line scan. The particle size has been rescaled to be closer to the
experimental profile. (c) Comparison of the PSD of the simulated
image and of the experimental PSD (tagged EPFL in Figure 2a).

present on the NPs. In the framework of our fitting function
(eq 1), &, should be identified as the best estimate of this
characteristic length scale. We noticed that the precise value of
the characteristic length scale is affected by the choice of the
windowing function, thus suggesting leakage from the higher
frequencies closer to the Nyquist frequency and consequently
correlated with scan length L.

Another key observation is that images generated by
feedback loop oscillations are similar to genuine images of
striped particles but have features that scale with the tip speed,
proportional to the scan rate. To validate this observation we
used one of our artificial images of NP. We selected the image
that had only hemispheres with no features on them. We then
simulated the STM images produced according to known
simplified models for STM feedback.>> We used parameters to
simulate high gain and hence generated images containing
feedback loop oscillations. A representative artificial image is
shown in Figure 8a and can be compared to an experimental
image with excess gain (Figure 8c). Both in the simulation and
in the experiments we kept all of the parameters the same and
generated images at different tip speeds. In Figure 8b, d, we
show the dependence of the PSD on the acquisition speed in
simulated and experimental images, respectively. The PSDs
exhibit a marked peak that shifts toward higher frequencies as
the tip speed is decreased. As shown in Figures 3 and 4, feature
(iii) is offset when the PSD of genuine images containing
feature (jii) in the same spatial frequency range are rescaled in
the temporal frequency range. The opposite happens to PSD
features of images that are dominated by noise. In the latter
case, all of the features align and overlap substantially when
plotted in the time domain. In Figure 8c, f, this behavior is
highlighted, showing a remarkable alignment of the features
when plotted in the time domain. The similarity between
simulation and experimental data validates our interpretation.

Finally, to address the interplay between scanning probe
imaging and the perceived alignment of the features on the
nanoparticles with the slow scan axis we produced an image
(shown in Figure 9a) of 1/f noise typical in STM images
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Figure 8. (a) Simulated image of a nanoparticle sample with feedback
loop oscillations due to high gain and speed in imaging. (b) PSDs of
the simulated images at different tip speeds: (black) 5.3 um/s, (red)
4.2 ym/s, (blue) 3 ym/s, and (green) 1.6 ym/s. (c) PSDs for image b
vs rescaled temporal frequency. (d) STM image of Au NPs exhibiting
feedback loop oscillations. (&) PSD of four images acquired at different
tip speeds: (black) 1.32 ym/s, (red) 1.05 um/s, (blue) 0.75 um/s, and
(green) 0.40 um/s. (f) PSDs for image e vs the rescaled temporal
frequency.

according to the procedure described in ref 53. The horizontal
and vertical PSDs of the image are shown in Figure 9b. In
scanning probe images, the noise level is higher along the slow-
scan axis."*** This is evident when comparing the two PSD
plots. Figure 9c depicts the same image shown in Figure 7a with
its vertical and horizontal PSDs plotted in Figure 9d. The
overlap between the two PSDs confirms the isotropy of this
image. Figure 9e is the sum of the '/ s noise image (Figure 9a)
with the particle image (Figure 9c). It is noticeable how the
effect of the l/f noise is to blur the horizontal features that
almost disappear visually. Conversely, there is almost no
noticeable effect on the vertical features. Indeed, the horizontal
and vertical PSD plots are different, with the horizontal one
showing a much clearer feature (iii). Figure 9g is a
representative experimental STM image with its horizontal
and vertical PSD plots shown in Figure 9h. The resemblance to
the plots shown in Figure 9f is striking.

® piscussion

This work addressed a difficult experimental problem that has
raised interest and controversy>>*° in the field of metal NPs:
the identification of a self-organized pattern on the ligand shell
of mixed-ligand-coated Au NPs from STM images. We have
conceived the experiments with the aim of acquiring multiple
images of the same sample at different locations with different
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Figure 9. (a) Simulated image of the '/ ¢ noise typically occurring in an
STM image. (b) Vertical and horizontal PSD plots of the simulated
image shown in a. (c) Image of particles with striped features on top;
this is the same image shown in Figure 7a. (d) PSD plots of the image
in c. (e) Image obtained as the sum of the images shown in a and c. (f)
PSD plots of the image shown in e. (g) Representative experimental
STM image of mixed-ligand nanoparticles with its PSD plots shown in
h. The 2D FFT of this image is shown in Figure S7. The image was
recorded at UdS with the following acquisition parameters: L = 22.2
nm, IS = 22.2 nm, V}, =200 mV, I, = 0.1 nA, v = 10 Hz, and year 2013.

instruments and operators. We have applied a rigorous analysis
method to compare the data acquired following criteria of
robustness and operator independence. We have used the
method to compare data across different laboratories and
validate the data acquired earlier.””>> Our goal was to identify
the features in STM images that can be considered to be
reproducible across samples (1:1 C4ol/Cllol and 2:1 OT/
MPA), time (images compared here have been recorded from
2004 to 2013), instruments (Bruker Multimode Nanoscope
Illa, Agilent 5100 PicoLE, and LT-STM Omicron), piezo-
electric scanners (for Bruker Multimodes E and A), and
laboratories (MIT, EPFL, UG, UdS, and KUL).

Figure 1 provides qualitative evidence that similarities exist in
the images acquired at the different laboratories. However,



visual inspection alone is not sufficient to assess unambiguously
how similar the images are and whether the features observed
can be quantitatively compared. The previously reported
work’”®® has been based on an analysis carried out by
operators extracting spatial information from a limited number
of line profiles. On the one hand, real-space approaches use a
small fraction of the information contained in the whole image.
On the other hand, they may suffer from the subjectivity of the
operator’s choice.

To overcome these limitations, we have decided to rely on
PSD analysis where the information contained in the image is
analyzed without rejecting or choosing data ad hoc. The PSDs
are built using data for the whole image, and they can be
compared and averaged at all spatial frequencies. The PSD is
the distribution of the different length scales (proportional to
the inverse wave vector) in the image: the smaller the PSD
intensity, the smaller the contribution of that spatial frequency
to the squared fluctuation of the topography of the image. A
maximum in the PSD (resonance) indicates the presence of a
periodic modulation of the topography. A flat (white) spectrum
shows that the spatial frequencies are all equally present in the
signal. A power law decay indicates spatial correlations of the
topographical features if the exponent is larger than 1.***
Within this framework, it is possible to trivialize the PSD as the
probability that a certain spatial frequency occurs in the
topography.

Typical PSD spectra of STM images of ligand-coated NPs
are shown in Figure 2. Referring to the text in Results section,
we find that plateau feature (i) is not as important per se, being
limited by the scan length at lower frequencies. However, the
presence of the plateau spanning several spatial frequencies is
important in assessing that the process of background
subtraction in the image has been done correctly. In the
absence of large length scale motives, (ie., features induced by
the underlying substrate corrugation), the crossover frequency
between the plateau and feature (ii) corresponds to the inverse
average interparticle distance. In the case of Figure 2a, the
crossover is not sharp but spans length scales ranging from
below 10 nm (comparable to the average NP size) to 16.7 nm
as a result of size polydispersity and the noncompact
arrangement of particles in the images, generating the
dispersion at the larger correlation length. Feature (ii) can be
fit to power law decay, indicating that the smaller the length
scale, the smaller the probability of finding it in the image. Such
a trend is interrupted by the onset of feature (iii), indicating
that the frequencies enveloped by feature (iii) occur in the
image. The larger the departure of feature (iii) from the trend
of the decaying tail of feature (ii), the more likely it is to
identify such frequencies visually in the image. Feature (iii)
occurs in the range of length scales that we ascribe to the
presence of the spatial modulations on top of the NPs. We
rationalize these observations by invoking the following
arguments: (a) the shift of feature (iii) is correlated with the
chemical composition of the NPs, as shown in Figure 2b; (b) as
images change from showing crisp to blurry features, feature
(ili) changes from a pronounced peak to a shoulder.
Specifically, feature (iii) occurs in the range from 1.0 to 1.9
nm, and feature iv occurs in the range from 0.5 to 0.8 nm. As
explained in the Results section, the lower limit of feature (iii)
is what we can envision as the characteristic length scale present
on the particles, with small effects of the windowing choice and
consequently of the scan length. The upper limit of the length
scale is set by the interplay between the orientational

distribution of the periodicity and the NP size distribution.
The physical lower limit of feature iv is related to the molecular
packing (e.g., Figure S).

To quantify the characteristic length scales, we propose a
phenomenological functional presented in eq 1 and applied to
our data sets. The analytical form of the functional is inspired
by the functional proposed in ref 57 to describe the height—
height correlation function of a self-affine surface (i.e., a surface
with spatially correlated topography fluctuations). The func-
tional in ref 57 cannot be analytically transformed into a
functional for fitting the PSD. It is clear that the functional in
eq 1 has the proper form to reproduce well the features
observed in the spectra and extract reliable values for the
morphological parameters associated with the PSD features.
Our attempts to fit the PSDs with a simpler functional (such as
combination of Gaussian or Lorentzian functions) did not give
satisfactory results.

We discuss now the choice of working with 1D PSD. We
tested other possible schemes. Feature (iii) in radial PSD as
well as in 2D PSD tends to be smeared out or practically absent
in comparison to 1D PSD. This can be rationalized by looking
at the spectral profiles along different directions (Figure 9).
They look much alike, with the exception of the spectra in
directions within ~20° of k,, where the dominant 1y ¢ noise
contribution typical of scanning probe images blurs the
features, as illustrated in Figure 9b, d. " As a consequence,
the choice of 1D PSD of the x axis (fast scan direction) is
motivated by the minimization of the 1/f noise contribution
from the y-axis scan. In 1D PSD, the images analyzed must
exhibit a sufficient number of NPs to guarantee the ensemble
averages. Such a choice might turn out not to be appropriate for
those images at a small scan length where only one or a few
NPs are present. Indeed, in this case, radial PSD might be
preferred.

The PSD versus wave vector plots clearly show that feature
(iii) is largely conserved across many images for the same
mixed-ligand Au NP. Feature (iii) is not conserved when the
PSDs are plotted against the time frequency obtained by
rescaling according to eq 1. We conclude that feature (iii)
represents a genuine spatial feature of the NPs on length scales
smaller than the characteristic NP size. It is not due to feedback
ringing (that would lead to a conserved feature in the time—
frequency domain as shown clearly in Figure 3c for images
acquired with very similar imaging parameters) or systematic
artifacts (that would unlikely be conserved across laboratories,
instruments, and operators). The shift in k, obtained from
images of homoligand NPs indicates that feature (iii) is
correlated to the ligand composition. We infer that feature (i)
is the fingerprint of the domain organization on ligand-coated
NPs, representing a characteristic length scale distributed in the
range of 1—1.9 nm for mixed-ligand NPs. It is important to
stress that this characteristic length scale should be viewed as a
correlation length rather than the periodicity of a highly
ordered crystalline structure because NPs exhibit only short-
range order.

It is now clear that the system under investigation has
reproducible features spanning more than 1 order of magnitude
of the spatial length scales. However, the amount of
information acquired at the different spatial frequencies
depends on the scan length. To acquire more information on
the sub-NP length scale, we have acquired images whose size is
comparable to that of single NPs. The results are shown in
Figure Sa, where the headgroups of single molecules on the NP



are approximately aligned along stripes. The corresponding
PSD, shown in Figure Sb, still exhibits a weak feature (iii) as the
result of the occurrence of a few repeated stripes and a broad
peak at ~0.5 nm consistent with feature iv. This PSD closely
resembles the one by UG in Figure 2a acquired in UHV at low
T. In both cases, a molecular packing whose length scale is close
to 0.5 nm and domains with a length scale of 1 nm are imaged,
resulting in the coalescence of features (iii) and (iv). We
associate the 0.5 nm length scale with the distance between
adjacent headgroups along the stripe. This value of the
intermolecular spacing corresponds to the value observed in
feature iv for homoligand NPs, which is consistent with the
formation of a compact monolayer. The PSD of Figure 5b can
be stitched together with the PSDs of images acquired on larger
length scales, as shown in Figure 6. Our analysis across length
scales teaches us that the system under investigation has
morphological characteristics of a self-affine architecture across
more than 1 order of magnitude of spatial length scales. In fact,
molecular building blocks align along stripe-like domains whose
correlation length is 0.5 nm along the stripe; the stripes form a
self-organized structure on the NP with a 1 nm correlation
length, and the NPs arrange into domains with a 10—16 nm
correlation length. PSD stitching shows us a coherent picture at
all investigated length scales of the distribution of spatial
frequencies in the assemblies of mixed-ligand NPs.

The understanding that we gain from the PSD analysis is that
the highest-frequency limit (corresponding to the smaller
characteristic length scale) of feature (iii) for mixed-ligand NPs
and feature iv for homoligand NPs establishes the correlation
length. The broadening of the peak toward smaller frequencies
(ie, larger length scales) has to be ascribed to the NP
orientation and possibly to curvature effects and their interplay
with NP size.

To support our assignment of PSD features, we generated
artificial images and extracted the PSD from them. In Figure 7a,
an artificial image of an NP sample is shown. In Figure 7b, we
show the cross section of the model used that is largely
superimposed on the modulation observed in a real
experimental line scan. In Figure 7c, we show that the PSD
of the image in Figure 7a can be largely overlaid with the PSD
of our experimental images, and in particular, feature (iii) is
closely reproduced. Because no internal structure of the stripes
has been generated, broad peak feature iv does not appear in
the PSD. From this comparison, we conclude that our
interpretation of the PSD is valid. We also use this comparison
to confirm that the characteristic length scale on the NP
corresponds quantitatively with the highest spatial frequency
present in feature (iii). The PSDs of artificial images on
different length scales have been used to assess the influence of
aliasing.

We have also simulated nanoparticles imaged under unstable
feedback loop conditions (Figure 8a). The latter were
generated using the parameters and characteristics of the
feedback loop when the gains and speed are high.>* In Figure
8¢, we show a representative image of an NP sample taken with
gains set sufficiently high to lead to feedback loop oscillations.
There is a striking resemblance between the PSDs in Figure 8b
of simulated images parametrized at different scan speeds and
the experimental PSDs in Figure 8d of images acquired at
different scan speeds. We notice that the experimental spectra
in Figure 3b,c are more complex that those in Figure 8d, even
though they are all from images that mostly contain feedback
loop oscillations. The reason for the difference could be found

in the fact that whereas images analyzed in Figure 8 were
generated with the sole scope of achieving and later analyzing
feedback loop oscillations® images analyzed in Figure 4 were
taken within the scope of investigating features on surfaces and
only later were interpreted as containing feedback loop
oscillations.” In both cases, there is a clear dependence of
the PSD features on the scan speed. We conclude that the
simulated PSDs account properly for the essential features and
support our interpretation.

A final consideration, as well as an open question, concerns
the origin of the feature (iii) for mixed-ligand NPs and feature
iv for homoligand NPs. The NP in the STM junction is off-
resonance with respect to the Fermi level of the tip and surface.
In this regime, the STM current arises from the interplay of the
hopping mechanism, where the electron spends a finite time on
the NP, and tunneling. The ligand shell acts as an in-series
capacitance that varies in space because of the modulation
across the NP surface and in time because of the chain
dynamics that can be also perturbed by the scanning tip. It
turns out that the STM contrast within the NP cannot be
explained by the local density of states on the Fermi level
because the charge-transport mechanism in the STM junction
is likely inelastic. Our hypothesis is that the broadening of
feature (jii) might also be contributed by the presence of such
effects, which prevent a sharp contrast of features as expected in
SAMs on planar features. From an electrical analogue, this can
be viewed as if the STM junction with the NP in the gap acts as
an RC element. Its characteristic time scale will be modulated
as the tip scans across different ligand positions. The
mechanism of STM contrast through NPs needs to be
investigated in depth. Here it suffices to remark that the
feature broadening arises from positional disorder and size
inhomogeneity in the case of features (i) and (ii), orientational
disorder and spatial correlations in the case of features (iii) and
(iv), and possibly the superposition of electronic effects in the
charge transport across ligand-coated NPs.

B CONCLUSIONS

We have shown a PSD-based analysis of STM images of ligand-
protected Au NPs. We have assigned the PSD features that
correlate with the characteristic length scales present on the
NPs. The analysis of STM images has shown that mixed-ligand
NPs exhibit a spatially correlated architecture with a periodicity
of ~1 nm that is independent of the imaging conditions and
can be reproduced in four different laboratories using three
different STM microscopes. This PSD analysis also shows the
same features on images that were previously analyzed with
less-sophisticated methods. Importantly, the method allowed us
to discriminate images that were strongly affected by noise in a
data set containing genuine spatially correlated features. This
would not be possible by direct inspection or analysis in real
space. High-resolution images also show a smaller length scale
of about 0.5 nm, which might be regarded as an intermolecular
distance in the ligand shell and can also be found in
homoligand NPs.

This work has further shown the complexity of the molecular
organization on NPs. Because of its rapid and unambiguous
interpretation of STM data, the PSD analysis has the potential
to punveil unknown aspects of the static and dynamic
organization of molecules on nanoparticles and curved surfaces.
This analysis can be readily extended to scanning probe
microscopy images of a variety of nanostructures such as
nanoparticles, nanorods, and nanowires.>®



¥ EXPERIMENTAL AND METHODS SECTION

Synthesis of Nanoparticles. The synthesis method described in
ref 59 was modified to prepare Au nanoparticles coated with 11-
mercapto-1-undecanol (C11ol) and 4-mercapto-1-butanol (C4ol). In a
typical experiment, 0.25 mmol of chloro(triphenylphosphine) gold was
dissolved in 20 mL of toluene/methanol 1:1 followed by the addition
of a 0.25 mmol mixture of ligands Cl1ol/C4ol 1:1. The solution was
constantly stirred for 10 min before the addition of 2.5 mmol of a
borane morpholine complex dissolved in 20 mL of toluene/methanol
1:1. The solution was immediately refluxed at 105 °C and left to react
for 1 h with constant stirring. The resulting colloidal solution was
precipitated with methanol, and the solid product was cleaned with
methanol and acetone in several cycles of redissolution and
centrifugation. '"H NMR spectra were recorded to ensure that the
particles were clean (ie., contained a minimum quantity of free
ligands). Other NPs analyzed in this article are 1-octanethiol (OT)/
mercaptopropionic acid (MPA) 2:1 and OT/MPA 30:1 first presented
in 2004*” and studied further in 2008.*

Sample Preparation for STM. Au(111)-coated mica function-
alized with a mixture of butanethiol and hexadecanedithiol was used as
a substrate for STM experiments. To prepare a monolayer of Au
nanoparticles, a KSV 2000 Langmuir—Blodgett trough (150 mm wide,
78 000 mm*) was used. A volume of 0.3 mL of Au nanoparticles (1
mg/mL) in toluene was placed dropwise on the water subphase. The
barriers were closed at 10 mm/min. Once the solid phase was reached,
the system was left to equilibrate, and the monolayer was transferred
to the substrate in a parallel fashion (Langmuir—Schaefer deposition).
The substrate was glued to a metal disk with double-sided carbon tape,
on which another piece of carbon tape was placed to provide a current
path from the substrate to the STM sample holder. The same sample
was imaged at Ecole Polytechnique Fédérale de Lausanne (EPFL),
Université de Genéve (UG), Université de Strasbourg (UdS), and KU
Leuven-University of Leuven (KUL) in this chronological order. At
UG, the sample was subjected to a mild annealing (80 °C for 1 h) by
means of a resistive heater in a vacaum chamber attached to the STM
system (base pressure below 5 X 107'° mbar). For the preparation of
the OT/MPA 2:1 and OT/MPA 30:1 NPs, please refer to the original
papers.”®

STM Imaging. Under ambient conditions, different STM micro-
scopes at four different laboratories (MIT, EPFL, KUL, and UdS)
were used to inspect the samples. At EPFL (and previously MIT), a
Bruker Multimode equipped with an E-scanner and a Nanoscope IIIA
controller was used. At KUL and UdS, the same type of microscope
equipped with an A scanner at KUL and an A scanner connected to a
low-current extended box at UdS was also used. In addition to a
Bruker Multimode, an Agilent 5100 (PicoLE) microscope was also
used at KUL. To make an STM tip, a Pt/Ir (80/20) wire was cleaned
with a piece of dust-free Kimwipes paper soaked with ethanol, and the
STM tip was freshly cut before use. Before we recorded images, a
microscope was left scanning continuously for at least 12 h to improve
the thermal stabilization and minimize the scanner hysteresis. Set-
point currents are in the range from 50 pA to 2 nA, and bias voltages
are in the range from 50 mV to 1 V. Integral gains are set between 0.3
and 1.5, and proportional gains are set between 0.5 and 1.5. Tip speeds
are from 0.02 to 2 pm/s, and high-resolution images are recorded at
the high end of the range. STM imaging under ultrahigh vacuum
(UHV) and low temperature (LT) was carried out at UG using an LT-
STM Omicron microscope operating at 77 K and a base pressure
lower than 10™"! mbar. In all recent images, the z dynamic range of the
scanner used has been decreased to enhance the vertical resolution.
This has been done adaptively, depending on the roughness of the
scanned area. In particular, when a scan of a single nanoparticle was
performed, the dynamic range was held to the minimum.

Image Analysis. Analysis was performed by the team of the
corresponding author on STM images using Gwyddlon open source
software version 2.31 (http://gwyddion.net).”® The power spectral
density (PSD) has been used to investigate the topographic features
observed in STM images of functionalized Au nanoparticles. The PSD
is the norm-squared Fourier transform of topography z(x, y) at

position (x, y). PSD corresponds to the Fourier transform of
autocorrelation function (z(x, y)-z(x’, y')).**** First we give the
continuous definition, and then we translate it into a discrete form.
The 2D PSD of a continuous function z(x, y) is defined as

PSD,(k,, k y ‘/ dx 7 f dye™ k2 (x, y)‘

where the double integral is the 2D Fourier transform of topography
z(x, y) and wave vectors k, = 27f, and k, = 2f, are the coordinates of
the reciprocal space, proportional to the spatial frequencies (inverse
distances) f, and f,

The 1D PSD used in this work is obtained as
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Equation S is the mean on y of the norm-squared Fourier transform of
the topography along x. Thus, PSD,, has a dimension of length cubed.

In STM images, topography z is defined at the nodes of the
acquisition grid, viz. z(x, y) = z(mA, nA), withn,m =0, 1,..N — 1, and
A ="/ is the distance between two adjacent pixel (sampling interval).
The discrete analogue of eq S becomes

2
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PSD(k) = — 2 — Z z(mA, nA)exp(—ikmA)
N n=0 2n m=0 (6)

Being equivalent to eq 4, eq 6 represents the integral over all k, values
of the 2D PSD. The analysis starts from raw data images acquired by
the different microscopes. Squared images with N X N pixels (ie.,
consisting of N lines of N pixels each) were used. Typically N = 512,
but images with smaller number of lines were acquired or they were
cropped from larger images without adding data points. We specify in
the figure captions the number of pixels in each image or the number
of frequencies in the PSD. Each image was treated as follows: the
overall curvature was removed by subtraction of the best-fit paraboloid
(second-order polynomial in 2D); then accidental scars due to loss of
tip interaction or material drift were removed. The effect of these two
operations on the PSD curve is illustrated in Figure S6. The
(symmetrized) PSD in eq 6 is evaluated at '/, evenly spaced values of
wave vector k ranging from 2/ 1 to Nz - In this work, we discard the
zero-frequency value of the PSD because it is not relevant to the
analysis. Radial PSDs (obtained by azimuthal averaging of the 2D
PSD) and profiles drawn from 2D PSDs were consistently found to
exhibit the same features as the 1D PSD. This should be noted because
the radial PSD output by Gwyddion corresponds to the true radial
PSD multiplied by the wave vector. Characteristic length scales of NPs
reported in the text were evaluated by inverting the average
frequencies extracted from the PSD features. The error cited for the
characteristic length scales was estimated by the propagation of errors,
starting from the standard deviation of the characteristic frequencies
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identified. The analysis of all PSDs was carried out with IgorPro 6.22A
(Wavemetrics, Lake Oswego, OR).

Simulated Images. Artificial images representing NPs were
generated from a Matlab code that is able to create hemispheres
with quasi-periodic features superimposed on them. To render the
conceptual image as realistic as possible, we generated (a) a set of
hemispheres with a size polydispersity similar to that of the Cllol/
C4ol NP sample; (b) stripe features with slowly varying widths
resembling the natural chemical fluctuations as well as edge effects
present in our samples and images; and (c) stripe features with a
randomly varying orientation. Finally, we account for tip convolution
effects by applying a ball-rolling filter (10 nm) to the image. From
these artificial images, the PSDs were estimated using the Gwyddion
software as applied to experimental STM images.

Similar images were produced with the aim of simulating images
generated by an excessive value of feedback gain and hence exhibiting
feedback loop oscillations. These images were generated starting from
the same artificial NP image used to represent striped nanoparticles as
described above. The only difference was that all of the sub-NP
features were removed, leaving bare hemispheres. Then, this image was
used as an input in a Matlab code written to simulate the feedback
loop of a simplified STM, according to eq 9 on page 36 of ref 52

1) = GO HE
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where G(s) is the function of the feedback control and H(s) is the
function of the mechanical response of the microscope, and eq 10 on

page 37 of ref 52

H(s) = . as + 1 .

s+ Q + o,

where a is the time constant determining the phase of the response, @,
is the undamped resonance frequency, and Q is a quality factor. We set
the parameters @, = 2.6 X 10° rad/s and Q = 20; & = 2.6 X 1075 s.
Because the purpose of our simulation was to model how noise scales
with speed in a generic STM, we used the same parameters from ref 52
with no modification. To achieve feedback loop oscillations in the
simulated image, we used large values for the parameters that represent
integral and differential gains (4 X 10"%*and 9 x 10°, respectively, and a
proportional gain of 0). To simulate the dependence of the images on
the speed of image acquisition, we kept all of the parameters constant
and changed only the time step.

B ASSOCIATED CONTENT
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Plots showing the fit to the PSD data presented. PSD of zero
scan images in various laboratories. PSD plots from Figure 2
rescaled for the time frequency, for images of the same particles
shown in Figure 5b, and for the same image before and after
plane fit and scar removal. Representative power spectra (2D
FFT). This material is available free of charge via the Internet at
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