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Scanning tunnelling microscopy (STM) studies have found 
stripe-like domains on gold nanoparticles (NPs) coated with 
certain binary mixtures of ligand molecules. The majority 
of these NPs’ properties have been investigated for particles 
in solvents. Yet, most STM studies are for NPs in a dry 
state. Images of the same particles in air and liquid had not 
been obtained yet. In this work, a judicious choice of ligands 
molecules led to NPs with close-to-ideal STM imaging 
condition in air and in 1-phenyloctane (PO). Large datasets 
in both conditions were acquired and rapidly evaluated 
though power spectral density (PSD) analysis. The result is 
a quantitative comparison of stripe-like domains in air and 
PO on the same NPs. PSD analysis determines a 
characteristic length-scale for these domains of ~1.0 nm in 
air and in PO showing persistence of striped domains in 
these two media. A length scale of ~0.7 nm for homoligand 
NPs was found. 

It has been shown that when binary mixtures of thiolated ligands co-
assemble onto gold flat surfaces, phase-separation occurs and 
domains of each molecule form within the self-assembled monolayer 
(SAM).1 This is expected when surface mobility of the ligands is 
present. SAMs of thiolated molecules have been used as ligand shell 
for gold NPs.2 The ligand shell imparts several properties, from 
solubility to bio-functionality.3 Thiolated ligands on gold NPs have 
mobility either larger or comparable to that on flat SAMs.4 Certain 
binary mixtures of ligand molecules on gold NPs separate into 
domains as they do on flat surfaces. Binary mixtures of thiols 
spontaneously form stripe-like domains with a width of ~1 nm. 
These domains have been characterized by STM and atomic force 
microscopy (AFM).5 The existence of stripe-like domains has been 
confirmed by three independent laboratories.6 All of the images 
obtained were analysed by a power spectral density (PSD) analysis 
that readily extracts both NP and molecular domain sizes from a 
whole image rapidly.6a Phase separation in the ligand shell into small 
domains has been confirmed by a series of other spectroscopic 

techniques.7 Simulations developed in Glotzer’s group have shown 
the existence of these domains on NPs.8 Many structure-dependent 
properties have been shown for striped NPs, e.g. non-monotonic 
dependence of interfacial energy5b and of solubility limit9 on the 
ligand shell composition, specific interaction with cell-membranes;10 
or selective complexion of ions.11 
These properties have been established in liquids; but most of the 
scanning probe images are in air or in vacuum. Images of striped 
NPs in liquids have been obtained in atomic force microscopy and 
STM but only for particles that could not be readily imaged in air.  
To date, there has not been a direct comparison of images of the 
same sample in air and in liquid. Herein, we show the first of such 
studies in which large data sets of images of NPs in air and PO are 
analysed. The chosen mixed ligand monolayers of NPs are 
composed of a mixture of 1-nonanethiol (NT) and 4-
methylbenzenethiol (MBT). To approach the challenge of imaging 
simultaneously in air and PO, we chose a couple of ligands (NT and 
MBT) that had consistently given good STM contrast and that are 
hydrophobic to optimize the wetting in the apolar solvent we use for 
STM imaging (PO). We synthesized a series of NT:MBT NPs with 
various ligand shell compositions, but only one composition (1:2 
NT:MBT) could be imaged consistently in both air and liquid with 
similar contrast. The NPs were synthesized according to a modified 
Stucky method12 and characterized as detailed in ESI. For the two 
NPs studied here NP1 were coated with 1-octanethiol, and NP2 with 
a 1:2 (reaction stoichiometry) mixture of NT and MBT. The ligand 
shell density (4.9 and 5.8 ligands/nm2 for NP1 and NP2 
respectively) was found higher than that for flat surfaces (4.6 
ligands/nm2) coated either with aliphatic or aromatic thiolated 
molecules.13 This increase is consistent with what has been 
previously reported.13 STM samples were prepared via Langmuir 
films that were transferred onto functionalized Au(111)-coated mica 
substrates using Langmuir-Schaefer deposition. STM images were 
obtained from a Bruker Multimode Nanoscope IIIA equipped with 
an E-scanner. Current setpoints were typically set in the range from 
40 to 500 pA, bias voltage from 100 mV-1200 mV, integral gain 
from 0.4-0.5, and proportional gain from 0.7-1.0.  
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The first sets of images that were acquired on these samples were 
recorded in air. When NP2 was first imaged, it was immediately 
clear that the ligand molecules were chosen correctly, as images of 
clear stripe-like domains with good contrast were readily achievable. 
It was possible to obtain good images of the NPs with visible stripe-
like domains from a scan size of 10 nm to a scan size of ~50 nm. 
The horizontal PSD plots for this images were substantially identical 
to what was described recently by Biscarini et al.6a Fig. 1 shows a 
series of images taken at different scan angles, scan sizes, and tip 

velocities. The persistence of the image cross sections performed on 
the same particle (Fig. 1h) points out to a remarkable stability for the 
feature on the particle studied across many images. We should point 
out that these features are not fixed or immobile, as the ligands have 
a certain degree of mobility. However, the cross sections shown, 
calculated over a ~2 nm width, indicate an average feature size that 
is conserved within the time of the experiment. 
In order to compare the images of NP2 to those of control NPs, we 
imaged homoligand NPs (NP1). As done in the past,5a these NPs 
were used to establish the molecular nature of the feature observed 
on the particles as well as the validity of our method to establish the 
characteristic length scales associated with these features. NP1 were 
imaged only in air (Fig. 2a) because in PO most samples showed 
relatively rapid desorption from the substrate due to their solubility. 
NP2 was also imaged in PO. PO is a relatively poor solvent for these 
NPs (UV-Vis in Fig. S3, ESI). The choice of PO was dictated by the 
fact that it is a common STM solvent providing clean imaging 
conditions by avoiding accumulation of moisture on the surface 
while not disturbing image acquisition due to its low volatility.14 
Images obtained in PO showed stripe-like domains (Fig. 2b) as the 
ones observed in air. Image cross-sectional analysis confirms this 
observation. Images of NPs in PO were taken at different scan sizes 
and tip speeds (Fig. S7c, f). In all cases the features on the NPs are 
invariant to imaging parameters. We show that the features remain 
when higher magnification images are acquired (Fig. S7). We also 
show (both via line profiles and PSD plots) that images acquired 
with all other imaging parameters kept constant but varying solely 
tip speed or integral gains show invariance of the imaged features 
(Fig. S8 and S9, ESI). Herein, we can comment on the role of gains 
in our images. We set integral gains in a limited range upon a series 
of considerations among which the ability to track NP surfaces by an 
STM tip. The integral-gain range was chosen to be sufficiently small 
to avoid feedback loop artifacts while allowing the tip to follow the 
curvature of the NPs and more importantly to reveal molecular 
features. The gain settings dictate contrast and sharpness of STM 
images. The importance of gain setting is illustrated in Fig. S10, ESI, 
where the integral gain was varied while imaging an HOPG sample. 
At lower gain setting, carbon atoms of the surface layer are imaged 
giving discrete circular features on the image, but when the gain is 
raised sufficiently high the features smear into rows of high contrast. 
Despite the high gain, the characteristic spacing of graphite is still 
maintained.  Hence, all of the controls performed indicate that the 
features we observe are due to true tip-sample interaction. 

	  

Figure 1. STM topography images of NP2 recorded in air at different 
scanning angles and scan sizes. All images are original trace scans of 
512x512 pixels. (a) scanning angle = 0°, (b) 310°, (c) 0°, (d) 290°, (e,f,g) 0°. 
(h) Cross section lines going across the same particles on each image to 
show the remarkable consistency of the features on the NPs. The lines on 
each image (a-g) are the exact cross sections used and their ends indicate 
average width. Full image data sets for all of the images shown in this figure 
can be found in ESI. 
	  

	  

Figure 2. STM topography images of NP1 in air (a) and NP2 in PO (b). Full 
image data sets can be found in ESI.	  
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All the images shown in Figures 1 and 2 show domains on the NPs. 
Cross sections of the images indicate a certain variation in 
characteristic spacing; analysis of a large data set can better establish 
quantitative similarities and differences between images. We could 
for example discuss the case of NP1. Images such as Fig. 2a show 
domains that could -in some places- be described as stripe-like 
domains. These domains are derived from the imaging of groups of 
ligands whose image blurs into stripes, exactly as illustrated in the 
image of graphite at higher gains (Fig. S10, ESI). The same 
phenomenon happens for mixed ligand NP2 where ligands of the 
same chemical nature can be individually imaged but as the 
resolution lowers their features merge into stripe-like domains as 
shown in Fig. 2b of ref. [6b]. The characteristic difference between 
homoligand and mixed ligand NPs is that the former show a spacing 
of ~0.5 nm and the latter a spacing of ~1 nm. Recently, stripe-like 
domains with a ~0.6 nm spacing on homoligand NPs have been 
imaged.15 We have described this type of images in the past.5a At 
higher resolution single molecule images (dots) with a ~0.5 nm 
spacing have been imaged by us and by others.16 In this paper, to 
extract the characteristic spacing of the domains present on the NPs 
we resorted to two methods. We analysed image cross-sections and 
fitted the average PSD plots. The first method allows for an operator 
to find the direction of minimum distance between neighbouring 
domains as illustrated in Fig. 1. The operator then records the 
distance read directly on the cross section. The drawback of this 
approach is that it is -in principle- subjective. To mitigate it, two 
operators carried out the measurements presented here, 
independently. The second approach starts by analysing the PSD 
plot, where the shoulder/peak between k=~3x109 m-1 and 
k=~10x109 m-1 region (in blue in Fig. 3a) indicates the presence of 
features on NPs with a characteristic correlation length in the nm 
scale. The more the ‘peak’/inflection (red dot) in the blue region 
moves to the right the smaller the characteristic dimension of the 
features. The extraction of this characteristic length is done by fitting 
the plots with a functional that was developed and tested in ref.[6a]. 
We fit the average curves and extracted the parameter associated 
with the characteristic length-scale of the domains present on the 
particles. The fits and parameters are displayed in Fig. S15 and 
Table S2.16, ESI. We decided to adopt both methods as their validity 
is mutually strengthened by the fact that the results are virtually 
identical. 
In Fig. 3b and 3c we show PSD plots for all of the good images 
achieved for our samples. Images were chosen based on the presence 
of molecular features on the NPs without any other evaluation. The 
variation in quality of the images in terms of crispness of the features 
is caused by the tip and its changes in the optimal scanning 
parameters during the measurements. It is immediately evident that 
the PSDs of these large datasets show a remarkable consistency with 
all the PSD plots having the same shape. All the PSD plots achieved 
from images of NP1 and NP2 (in air) are shown in Fig. 3b. A clear 
shift of the shoulder associated with feature on nanoparticles towards 
lower spacing (to the right) of the NP1 PSD plots (blue) relative to 
the same shoulder for NP2 PSD plots (red) is observed. In Fig. 3c 
we show all the PSD plots for NP2 in air and in PO. There is an 
obvious overlap between these two groups of PSD plots, indicating a 
lack of significant differences for the images obtained in these two 
environments.  To further compare all of the sets of curves shown 
we decided to produce average PSD plots from the images having a 
30 nm scan size (the most common in our data sets). Fig. S12-14, 
ESI, show that these average plots all fall in the middle of all of the 
PSD plots. The comparison of the average plots confirms the 
conclusions achieved by inspecting the sets of PSDs visually. NP2 in 
air shows domains spaced 0.89 nm ± 0.17 nm when measured via 
cross-section analysis and 1.04 nm from the fit. The same NPs in PO 

show spacings of 0.86 nm ± 0.15 nm (cross section) and 1.06 nm 
from the fit. As a reference, the measurements for homoligand NPs 
are of 0.66 nm ± 0.15 nm (cross section) and 0.76 nm (from PSD 
fitting). We believe that the values extracted from PSD fitting are 
somewhat larger than the manual measurements because they only 
report distances in the horizontal direction and they take in account 
the whole images, hence weighing in also defects. Importantly no 
matter what the measuring approach is we can affirm that 
homoligand particles have a domain distance of ~0.7 nm and NP2 
particles have a domain width of ~1.0 nm independent of the 
imaging media. We should point out all of the images presented here 
were recorded with the STM operator not knowing which sample he 
was imaging. 

Conclusions 

We have shown comparative studies of mixed ligand NPs 
imaged with STM in air and in a solvent (PO). Image analysis 
determines that these NPs present stripe-like domains in both 
cases. These domains are qualitatively very similar and have a 
characteristic spacing of ~1.0 nm independent of the imaging 
media. 
This work was supported by the Swiss National Science 
Foundation. 
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Figure 3. PSD plots for all of the images analysed in this paper.  a) a typical 
PSD plot of an STM image; the blue segment is the characteristic ligand 
spacing. The deflection point marked by the red dot is a good indicator of 
the characteristic spacing. Its shift to a smaller or larger value is indicated by 
the direction of red arrows. Comparison for the plots: (b) of NP1 (blue) and 
NP2 (red) in air and (c) of NP2 in PO (blue) and air (red). (d) Characteristic 
length scales of all the samples obtained from direct measurements on trace 
images and PSD fits. The manual measurements were performed via NP 
cross-section profiles by two independent operators. Error bars are ± one 
standard deviation.	  
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