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Abstract Phase segregation of coadsorbed thiol molecules on
a gold surface was investigated with nanoscale chemical im-
aging using tip-enhanced Raman spectroscopy (TERS). Sam-
ples were prepared using mixed solutions containing
thiophenol (PhS) and an oligomeric phenylene-ethynylene
(OPE) thiol, with 10:1, 2:1, and 1:1 molar ratios. Phase seg-
regation into domains with sizes from =30 to 240 nm is ob-
served with these molar ratios. A comparison of TERS images
with different pixel sizes indicates that a pixel size bigger than
15 nm is not reliable in defining nanodomains, because of
undersampling. In this study, the formation of nanodomains
was clearly evident based on the molecular fingerprints pro-
vided by TERS, while ambient scanning tunneling microsco-
py (STM) was not capable of discerning individual domains
via their apparent height difference. TERS therefore allows to
image nanodomains in binary self-assembled monolayers,
which are invisible to methods solely relying on topographic
or electron density characteristics of self-assembled mono-
layers. Moreover, TERS mapping provides statistical data to
describe the distribution of molecules on the sample surface in
a well-defined manner. Peak ratio histograms of selected
TERS signals from samples prepared with different mixing
ratios give a better understanding of the adsorption preference
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Introduction

Self-assembled monolayers (SAMs) on gold or silver surfaces
are widely employed to generate tailored surfaces, for exam-
ple, to influence surface wetting properties [1, 2] and change
rates of charge transport [3] and for chemical functionalization
[4]. By utilizing a variety of thiols with different end groups
and variable chain length, many properties on the surface can
be custom-designed. Binary SAMs formed on a surface per-
mit tuning of electronic properties such as the work function
[5, 6]. If binary SAMs form domains, an alternating order of
different thiol monolayers with distinct chemical properties on
a surface allows interesting applications, for example, for
dual-affinity biosensors [7, 8]. Phase segregation of two-
component thiol monolayers has been observed for function-
alized and unfunctionalized thiols [9—11], and was found to
occur only when certain mixing ratios were used [12]. For
example, in the case of mixing 4-aminothiophenol (4-ATP)
and n-octadecanthiol (ODT), a clear phase segregation oc-
curred for a 60 % 4-ATP molar ratio, with 10 to 100 nm 4-
ATP islands. If the molar fraction of 4-ATP increased above
60 %, homogeneous mixing occurred. However, domain for-
mation in other mixed thiol SAMs is still relatively poorly
understood. This, in part, is because there are many different
thiols that are being used for such experiments, all exhibiting
different adsorption behavior and intermolecular forces.
Moreover, methods for their investigation on the nanometer
length scale are scarce and typically lack chemical specificity.
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Mixed thiol SAMs are known to be more disordered com-
pared to pure alkanethiolate monolayers, where a crystalline
structure is often observed [13, 14]. To investigate multifunc-
tional surface structures, for example at molecular recognition
sites of sensors or for artificial receptors, it is required to vi-
sualize them on a nanometer length scale [12]. Some research
groups have attempted to use conventional scanning probe
microscopy (scanning tunneling microscopy, STM, or atomic
force microscopy, AFM) to distinguish domains but failed to
discern different chemisorbed molecules based on their height
[12, 15], although friction force AFM did reveal contrast [12].
Characterizing the molecular structure of SAMs is possible
with high-resolution STM imaging at ambient conditions
[16]; however, even in a pure SAM, many packing patterns
could be observed [17], which means that the height measured
by SPM can hardly identify the compounds in a mixed SAM.
Additionally, the tunneling current in STM reflects not only
the tip-sample distance but also the local electronic structure
of the surface, which will require further complex data pro-
cessing to reveal the domains [18]. The fact that there is hardly
any literature available on characterizing mixed SAMs by
SPM methods thus implies severe technical difficulties.
Methods other than SPM including spectroscopic techniques
[19, 20], contact angle measurements [21], and mass spec-
trometry [22] have also been applied to characterize SAMs.
Global spectroscopic methods provide precise structural/
molecular information; however, they are limited in spatial
resolution. Therefore, a method to analyze complex SAMs
with chemical specificity and nanoscale spatial resolution is
needed.

Tip-enhanced Raman spectroscopy (TERS) is a com-
bined SPM and Raman technique, which allows to simul-
taneously acquire spectroscopic fingerprint information
and topographical features with ~9—15 nm spatial resolu-
tion [23-25] at ambient conditions. Invented in 2000
[26-28], this near-field optical technique breaks the opti-
cal diffraction limit by employing a nanoantenna as a
Raman signal amplifier. TERS allows one to obtain sig-
nals from a small number of probed molecules, rendering
monolayers [15, 29, 30] and sometimes even single mol-
ecules on surfaces spectroscopically visible [31-33]. Ear-
ly work using TERS to study SAMs was reported by
Picardi [34]. An important finding was that the tunneling
parameters in STM-TERS can strongly influence the en-
hanced Raman signal intensities. Chemical imaging by
means of TERS was also used to identify the distribution
of two patterned isomeric thiols on a gold surface, where
STM cannot distinguish them but spectral imaging does
[15]. TERS has also recently been used to study binary
SAMs on a gold substrate [35, 36]. Picardi et al. [35]
showed that the subsequent exchange of molecules within
a SAM by a second thiol occurred preferentially at grain
boundaries of the gold substrate, and Horimoto et al. [36]
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showed a gradual change of the molecular composition of
the original SAM with increasing immersion time in the
second thiol solution.

There are two methods to prepare binary SAMs: (i)
coadsorption and (ii) partial exchange of molecules in a
pure SAM. In the present study, binary SAMs produced
by coadsorption are studied by TERS for the first time.
Whether the molecules chosen for this study form do-
mains is still unexplored. If binary SAMs indeed form
domains, TERS should potentially be able to visualize
this domain formation. Domains have been reported with
sizes ranging from 10 nm to conjugated patches (i.e.,
stripelike domains) [37, 38]. With an appropriately cho-
sen pixel size, it should be possible to see nanoscale
domains with TERS. In addition, based on TERS map-
ping on a binary SAM and acquisition of spectra at dif-
ferent locations on the sample, statistical data evaluation
is in principle possible to describe the nanoscale compo-
sition of the monolayers. Performing point measurements
rather than mapping, for example, does not answer the
question whether the molar ratio of thiols in solution is
reflected in the molar ratio in the SAM.

Here, we demonstrate full spectroscopic mapping of
binary SAMs, with a pixel size down to 2 nm. An
oligomeric phenylene-ethynylene (OPE) was chosen for
this study since conjugated phenylene-ethynylene oligo-
mers are of interest for molecular electronics and have
tunable functionality. We chose S-[4-[2-[4-(2-phenylethynyl)-
phenyl]ethynyl]phenyl] thioacetate to represent an OPE
system and produced mixed monolayers with thiophenol
(PhS). The mixture of these two thiols is appropriate for TERS
studies because they are both good Raman scatterers and have
similar polarities but distinctly different physical heights; if
they form domains, the only prominent intermolecular forces,
i.e., van der Waals forces, govern the molecular packing at
ambient conditions.

Experimental

Setup TERS measurements were carried out on a commer-
cial combined STM/Raman microscope (NTEGRA spectra
Upright, NT-MDT, Zelenograd, Russia) as described pre-
viously [39]. A HeNe laser (632.8 nm) was utilized for
illumination, with a typical laser power of 95 uW on the
sample stage. The acquisition time was chosen between 1
and 3 s. STM images were recorded with the same tip
before or after TERS mapping. STM measurements were
performed in constant current mode with a set point of
0.1 nA and a bias voltage of 0.1 V. High-resolution STM
images with a smaller scan range (less than 500x500 nm?)
were recorded with a tabletop STM (Easyscan, Nanosurf,
Liestal, Switzerland).
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TERS tips Silver wires (diameter 0.25 mm, 99.99 % pu-
rity, Alfa Aesar, Germany) were electrochemically etched
at a voltage of 10 V in a 1:4 (v/v) mixture of perchloric
acid (70 %, Sigma-Aldrich, Buchs, Switzerland) and eth-
anol (p.a., Sigma-Aldrich, Buchs, Switzerland), similar to
the procedure previously described by Blum et al. [40].
The etched tips were rinsed with ethanol and water and
checked for their sharpness with a Nikon 360% stereomi-
croscope. The tip was afterwards mounted on the tip hold-
er of the NT-MDT system, and stable tunneling feedback
was established. The focused laser beam was scanned
over the tip while Raman spectra were collected at
every position. Details of this procedure (“hot spot
localization”) were given previously [25, 41].

Samples Thioacetic acid S-[4-[4-(phenylethynyl)-
phenyl]ethynyl]benzene-thiol ester (as an OPE) (Sigma-
Aldrich) and thiophenol (Acros, USA) were purchased.
Deprotection of OPE was accomplished by hydrolysis of
thioacetate in ethanol (0.5 mM) by adding NaOH to the solu-
tion (10 uL, 1 N) as a hydrolyzing agent. Thiophenol (PhS)
was prepared as 10 mM solution in ethanol. Au(111) on mica
(4x4 mm, #20020020, from Phasis, Geneva, Switzerland) was
immersed in the ethanolic thiol solution for 24 h at room
temperature. We used three different mixing ratios of PhS
and OPE (corresponding to the molar ratio of the mole-
cules in solution), i.e., PhS:OPE=10:1, 2:1, and 1:1, with
the intention of obtaining binary SAMs with different
domain sizes [42]. The concentration of PhS was chosen
to be higher than that of OPE because the latter is the
stronger Raman scatterer [43].

Data processing Spectra were processed in MATLAB (ver-
sion R2014b, MathWorks, Natick, MA, USA). The procedure
included background subtraction followed by smoothing
(moving average and a robust version of locally weighted
scatterplot smoothing, LOESS). In order to investigate the
spatial distribution of the two thiol molecules, the intensity
ratio of the peaks at 1129 cm ' (“peak 1”) and 1077 cm ™'
(“peak 2”) was calculated at every position of the map. Only
pixels with a signal-to-noise ratio higher than 3 for either of
the evaluated peaks were taken into account. Pixels containing
just noise in the map are marked as such. We could also have
chosen the peak of the triple bond band as an OPE marker,
which appears only in the OPE spectrum, but peaks 1 and 2
are much closer to each other in the spectrum, less affected by
variations in background and any possible wavelength depen-
dence of the enhancement, which should be a more reliable
measure of the local composition. Besides the ratio map of
peak 1/peak 2, the absolute intensity of the peak at 2214 cm ',
the signal due to the triple bond, is also shown for comparison.

STM images were processed with Gwyddion (a modular
program for SPM data analysis [http://gwyddion.net/]), and

2D-plane subtraction (slope correction) and line mean correc-
tions were carried out.

Results and discussion

An atomically flat gold surface was used for this study. An
STM image of a bare gold substrate is shown in the Electronic
Supplementary Material (ESM) in Fig. S1. The measured step
height is 0.2 nm between adjacent gold terraces, close to the
expected height of an atomic step on Au [44]. An OPE SAM
on gold was then investigated with STM and TERS; the STM
topography shows that imaging the structure of single thiol
SAMs at ambient conditions reveals little information (ESM
Fig. S2).

A high-resolution STM scan of a mixed SAM sample pre-
pared with a 10:1/PhS:OPE molar ratio in solution is shown in
Fig. la. The corresponding height profile (Fig. 1b) exhibits a
low noise level (rms 0.0064 nm). The maximum expected
height difference of the two thiols is 1.6 nm, but no areas with
a height difference of that order are visible in the profile. One
reason for this may be that PhS and OPE exhibit different
adsorption angles on Au(111) such that even if domains form,
no height difference is evident. In other words, it can be tricky
to characterize mixed adsorbates by STM alone. Consequent-
ly, TERS maps were acquired to study the phase segregation
of binary SAMs on an Au surface.

The thiols chosen, OPE and PhS, have quite different Ra-
man spectra. TERS spectra of pure OPE and PhS are shown in
Fig. 2. The peaks at 1002, 1023, 1077, and 1580 cm™ ' are
signals due to aromatic ring vibrations. Whereas the peaks at
1002, 1077, and 1580 cm™ ! are visible both in OPE and PhS,
the peak at 1129 cm™', assigned to a v(C—H) in-plane mode
[45], is only observed and particularly strong in the OPE spec-
trum; this mode is pronounced only in molecules with three
phenyl rings [46, 47]; hence, it can be used as a marker band
for OPE when studying the distribution of OPE and PhS on
the surface. While the peak at 1023 cm ' is exclusively ob-
served in PhS spectra, its intensity was too close to the noise
level in many of the spectra. This ruled out its use as a marker
band for PhS. In order to investigate the spatial distribution of
these two thiol molecules, the intensity ratio of the peaks at
1129 and 1077 cm ' was therefore calculated at every position
of the TERS maps.

A TERS map of a pure OPE sample with 4092 points was
measured and the peak ratio was plotted (Fig. 3a). The histo-
gram in Fig. 3b shows that the ratio of the two marker bands
(1129/1077 cm™ ') exhibits a Gaussian distribution, with a
mean value of 2.51 and a standard deviation of 0.47. The
variation of this ratio may result from the angle of the mole-
cules relative to the surface, which directly affects the orien-
tation of the Raman scattering tensor. OPE is the larger mol-
ecule and can thus sample a larger range of distances to the
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Fig. 1 a STM image (area 340 x 110 nm?) of a PhS/OPE binary SAM on

Au(111). b As can be seen in the cross-sectional profile, the measurement

fails to discern molecular domains via their expected maximum height

difference of 1.6 nm

[] 50

surface if it assumes different orientations [47]. Additionally,
since the peaks at 1129 and 1077 cm ' are both CH in-plane
bending modes [45], they will only be excited at the same
time, which eliminates another possible systematic error if
the intensity ratio of these two peaks is used [48]. From this
data, it can be concluded that a pure OPE TERS spectrum
exhibits a peak ratio between 2.04 and 2.98 with 68 % prob-
ability and between a ratio of 1.57 to 3.44 with 95 % proba-
bility. The peak at 1129 cm™ ' is only observable in the OPE
spectrum; hence, if a spectrum of a binary SAM has a peak
ratio significantly above 2, such a pixel contains mostly OPE
molecules. In contrast, if the 1077 cm™ ' peak becomes stron-
ger, which means that there is a large contribution from PhS
molecules, the peak ratio will drop to less than 2. Taking
somewhat arbitrary thresholds for the peak ratios, we consider
pixels with a ratio between 1 and 2 to contain a considerable
amount of PhS, and predominantly PhS molecules if the ratio
is between 0.5 and 1, while pixels with a peak ratio of less than

= Peak 1: 1129 cm™
Peak 2: 1077 cm™!
Peak 3: 1023 cm”
Peak 4: 2214 cm*

Intensity (a.u.)

0 500 1000 1500 2000
Raman shift (cm)
Fig.2 TERS spectra of pure thiols forming SAMs on a gold surface. The

black spectrum is from a SAM of thiophenol (PhS) and the red spectrum
from a SAM of OPE on gold
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Fig. 3 a A TERS peak ratio map of a pure OPE SAM (showing the
intensity ratio of peak 1129 cm '/peak 1077 cm ') measured over a
304 nm*304 nm area with 64x64 points; the color coding of the peak
ratio map in all figures is the same. b A histogram of peak ratios in 4096
points fitted with normal distribution, showing that 68 % of the data is in
the range of 2-3 ratio value

0.5 imply essentially a pure PhS island. Employing the peak
ratios to compare the amount of components in a mixture has
been reported before [30, 36, 49, 50]. Accordingly, all TERS
maps below are shown with the false color scale as depicted in
Fig. 3a, with red representing pure OPE. Nevertheless, we
have to caution that it is difficult to determine accurate surface
coverages of the two thiols from peak ratios by TERS.
Figure 4a shows a TERS map (512512 nm? and 32x
32 pixels) of a binary SAM prepared with a 1:1 ratio. Large
domains of OPE and PhS can be easily seen from the map, i.c.,
phase segregation clearly takes place. PhS is, for example,
dominant in the blue area in the bottom right of the map.
The size of the largest PhS domain is bigger than 64 x
240 nm?, and additionally smaller islands with a length of
48 nm (3 pixels) are visible. OPE also shows two pronounced
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Fig. 4 a TERS peak ratio map of a

a binary SAM (with a 1:1 ratio),
512x512 nm? and 32x32 pixels
(16 nm/pixel) was measured. b
An intensity map of the

2214 cm ! peak (triple bond). ¢
The STM image acquired in the
same area after the TERS
measurement. Several domains
are included but not visible as the
height differences in the STM
data. d Cross-sectional line profile
showing the variation in height
across a PhS island. Note: the
100-nm scale bar applies to all
maps in a—¢

domains colored in red on the map with few isolated pixels
dispersed in the yellow area, where PhS is interfacially present
but OPE is dominant. This shows that the determination of
domains is not an artifact from the feedback (the STM was
operated with a fast X scan and a slow Y scan). Also, varia-
tions in the distance between the tip and the surface can have a
significant influence on the signal intensity [35] but should
have no effect on peak ratios.

A corresponding map of the absolute intensity of the triple
bond is also shown in Fig. 4b. The area where OPE is abun-
dant (bright yellow in Fig. 4b) shows a high triple bond inten-
sity, whereas in the area where PhS domains are located (peak
ratio less than 1), the triple bond signal intensity is low (dark
blue), which coincides very well with the ratio map of the two
marker bands. The absolute intensity distribution map of the
peak at 2214 cm™' shows features that are consistent with the
peak ratio map. We hypothesize that this is because the modes
corresponding to the peaks at 1129 and 2214 cm ™" are of the
same symmetry [48]. This supports the method of using peak
ratios of the same symmetry to compare the amount of two
thiol molecules.

An STM image is shown in Fig. 4c with 512x512 points
(512%512 nm?) recorded right after the TERS imaging exper-
iment. The STM image does not show any clear height differ-
ences. Atomic steps of the underlying gold substrate seem to
be observable, but domains in the binary SAM were not dis-
cernable based on height differences. A cross-sectional line
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profile is shown in Fig. 4d (spikes were removed), which in
this case shows an rms height variation of 2.85 nm. This again
illustrates the difficulty and inconvenience to define domains
by STM height alone.

Figure 5a shows a 3x3 um” STM topographic image of a
binary PhS/OPE SAM on Au(111) prepared with a 10:1 molar
ratio in solution. Several large gold grains (500—1000 nm)
with rather smooth surfaces can be seen. The TERS map in
Fig. 5b was measured over the whole area using 32 %32 points
with a 96 nm pixel size. Phase segregation can again be ob-
served in the map. Two domains with a peak ratio >2 can be
discerned, with a size around 0.5x 1 and 1x 1 um?® Compared
to the STM image, these two OPE-rich domains seem to cover
the surface of the gold grain underneath. In the upper part of
the image, there is a large area with a peak ratio below 0.5
(dark blue; the peak at 1129 cm™' has very low intensity),
indicating a domain of pure PhS with a dimension of =2.5x
0.5 um>. When zooming into an area of this map (red rectan-
gle), an STM image was first recorded (Fig. 5¢), followed by a
TERS map (Fig. 5d). However, the segregation distribution
does not reproduce the image in Fig. 5a. The domain size of
OPE now appears to be =290 x 580 nm>.

Domains of PhS and OPE are easy to distinguish in these
three TERS maps, which reveal two-component SAMs to be
segregated instead of intermixed. An STM image acquired
during the TERS map (Fig. 5d) is also available (see ESM
Fig. S3a) to prove that sample drift is insignificant. At first
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Fig. 5 a STM topography image 4.0
(3%3 pum?). b ATERS peak ratio 35
map of a binary SAM (with a 10:1
ratio), 32x32 pixels on the same 3.0
area as 96 nm/pixel. ¢ Zooming .
into the red rectangle, an STM )
image was first acquired with 2.0
1.5 pmx*1.0 pm before TERS. d
The TERS peak ratio map 1.5
corresponds to the area in ¢,
48 nm/pixel. e An STM image by 1
zooming into the red square in c. 05
f The TERS peak ratio map
corresponds to the area in e, 0
16 nm/pixel. Pixels in brown and .
dark blue have signals at the noise noise
level 4.0
3.5
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glance, it seems strange that the size of the molecular domains ~ enhancement radius, which is usually estimated to be 6—
is reduced in TERS maps recorded with a smaller pixel size. 15 nm (if the tip radius is 2050 nm and the tip-sample dis-
This phenomenon can be rationalized by the TERS  tance is 1-2 nm [36]), being significantly smaller than the
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Fig. 6 TERS peak ratio maps of binary SAMs measured with 8 nm/pixel; samples were prepared in a ratio of a 10:1, b 2:1, and ¢ 1:1, respectively
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pixel size in Fig. 5b. When the pixel size used is larger than
15 nm, the area between two pixels is not being scanned
completely by the TERS tip. In other words, the signal only
comes from a <15 nm radius below the TERS tip. Therefore, a
pixel size larger than 15 nm can introduce errors in defining
domain sizes. This is reflected in our TERS maps, where the
features recorded with a coarser pixel size (Fig. 5b) are not
reproduced in Fig. 5d. Additionally, along the gaps between
gold grains, TERS shows a higher relative peak ratio for OPE.
We interpret this to be due to a preferential adsorption of one
of the two species, OPE in this case, and also its preferred
molecular orientation in these gaps. These edges of gold
grains thus show unique features. This is further confirmed
by zooming into the same area with a 512 nm map (32x32
points, Fig. 5f), where the Raman spectra of the gap show
evidently higher absolute intensity in the TERS map (see
ESM Fig. 3c¢).

The segregation effect of mixing OPE and PhS was also
explored and compared with samples prepared with different
molar ratios, 10:1, 2:1, and 1:1, respectively, in solution.
TERS peak ratio maps were measured with 8§ nm/pixel.
Figure 6a shows islands containing predominantly PhS with
a size around 50x50 nm? (dark blue). The light blue pixels
imply that in these areas some OPE is also present. A larger
area map (512x512 nm?) of the same sample is shown in
ESM Fig. S4a, which confirms this. Figure 6b was acquired
in an area of 250%250 nm?, the essentially pure island con-
tinuously spans over a size of 80x 160 nm?, while there is
some OPE distributed around the PhS domain. The segrega-
tion is very strong and agrees well with a TERS map (mea-
sured with 2 nm/pixel) that was acquired with the same ratio
(ESM Fig. S4b), where the TERS tip landed inside a PhS
domain, which was wider than 128 nm. The binary SAM
prepared with a ratio of 1:1 measured with 8 nm/pixel also
exhibits an essentially pure PhS island larger than 24 x 80 nm?
on the bottom of the map, while an OPE domain is located on
the left side of the map (depicted in red).

Because TERS mapping yields many data points, it is con-
ceivable to use it to answer whether the molar mixing ratio of
thiols in solution reflects the fraction of adsorbed thiols on the
surface. Figure S5 in the ESM shows the histograms of the
TERS peak ratio for samples prepared with different thiol
molar ratios. The total number of data points in each map
was 4096, 1024, and 4096, respectively. Histograms (see
ESM) show that samples prepared with a ratio of 10:1 and
2:1 exhibit a large fraction of pure PhS pixels (the peak at
1129 cm ' has very low intensity, so the ratio is close to 0),
while samples prepared with a ratio of 1:1 yield significantly
more points with a peak ratio larger than 1.5, which implies
that OPE was predominantly adsorbed on the sample surface.
These three maps give a consistent trend between the amount
of the adsorbed molecules and the molar fraction in a solution,
although a complete quantitative agreement was not reached.

Conclusions

TERS, a nanospectroscopic method, provides a powerful way
for spatially resolved (=10 nm) chemical analysis of surface
adsorbates, in cases where STM 1is “blind.” We showed that
full spectroscopic mapping of mixed thiol SAMs is possible
via TERS and that ratios of marker peaks can be used to
discern segregation within the monolayer. If the molecular
domains are larger than 15 nm, TERS can give a reliable
domain size by using a pixel size in the range of a few nano-
meters. Histograms generated from many data points were
also compared, giving complementary insight about the com-
position of the SAMs. This is the first time that maps with full
chemical information have demonstrated phase segregation in
coadsorbed thiols.
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