
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

27
/1

0/
20

15
 1

4:
08

:2
3.

 

View Article Online
View Journal  | View Issue
Ordering and dy
aPhysics of Interfaces and Nanomaterials

University of Twente, P.O. Box 217, 7500 AE

w.zandvliet@utwente.nl
bMaterials Science and Technology of Polym

University of Twente, P.O. Box 217, 7500 AE

Cite this: RSC Adv., 2015, 5, 42069

Received 27th February 2015
Accepted 27th April 2015

DOI: 10.1039/c5ra03577e

www.rsc.org/advances

This journal is © The Royal Society of C
namics of oligo(phenylene
ethynylene) self-assembled monolayers on Au(111)

Hairong Wu,ab Kai Sotthewes,a Peter M. Schön,b G. Julius Vancsob

and Harold J. W. Zandvliet*a

Self-assembled monolayers of 4-[40-(phenylethynyl)-phenylethynyl]-benzenethiolate (PPB-S) molecules

on flame annealed Au(111) have been investigated by ultra-high vacuum scanning tunneling microscopy.

We have found a hitherto unknown self-assembled monolayer phase. This phase consists of a fine-

striped pattern that is aligned along the close packed h1�10i directions of the Au(111) surface. The fine-

striped pattern has O3 periodicity and is separated by narrow vacancy lines which are oriented

perpendicular to the fine-striped pattern. Surprisingly, the herringbone reconstruction of the underlying

Au(111) substrate is not fully lifted by the self-assembled monolayer. Spatially resolved current–time

scanning tunneling microscopy experiments revealed that the PPB-S molecules at the edges of the

vacancy lines exhibit dynamic behavior and frequently jump back and forth between neighboring stripes.
Introduction

Self-assembled monolayers (SAMs) have been extensively
studied due to their potential applications in molecular elec-
tronics.1–11 SAMs of alkanethiols containing saturated C–C
bonds have been used as model systems in many experimental
and theoretical studies.8–14 However, alkanethiols have a rather
large HOMO–LUMO (highest occupiedmolecular orbital–lowest
unoccupied molecular orbital) gap resulting in a rather modest
molecular conductance, which makes them less suited for
molecular electronics applications. Conjugated molecules with
delocalized p electrons are much more suitable candidates for
electronic devices. Fully conjugated oligo(phenylene-
ethynylene) (OPE) molecules with tunable functionalities have
attracted great attention because of their potential applications
in molecular electronics.15–17 Owing to the better rigidity and
stronger intermolecular interactions of OPE molecules as
compared to their aliphatic counterparts, OPEmolecules enable
the possibility of a much better control over their ordering in
SAMs. Compared to alkanethiols, OPE molecules have rather
small HOMO–LUMO gaps (�3 eV),18 possess synthesis exibil-
ities,19–21 and some OPE molecules exhibit even negative
differential resistance (NDR) characteristics.22–24

Characterizing the ordering and packing of conjugated OPE
SAMs is essential for understanding the corresponding elec-
tronic and optical properties of materials and devices based on
these systems. A simple and well-studied OPE monothiol is
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4-[40-(phenylethynyl)-phenylethynyl]-benzenethiol (hereaer
referred as PPB-S). The structural and electronic properties of
PPB-S have been extensively investigated by scanning tunneling
microscopy (STM).22,25–33 In two previous studies structural
models for the PPB-S SAM have been proposed.30,31 Both articles
reported the formation of densely packed SAMs, where the
molecules are ordered in several rotational invariant
domains.30,31 Dhirani et al. used STM to resolve the structure of
the PPB-S SAM on Au(111).30 These authors found a unit cell
with lattice vectors of a ¼ 5.2 � 0.4 Å and b ¼ 9.7 � 0.9 Å,
respectively. The angle between both lattice vectors was g ¼ 55�

� 5�. Dhirani et al. pointed out that this unit cell is very close to
a (2O3 � O3)R30� periodicity. In a later study Yang et al. showed
that there are six different domains and these authors proposed

a
�

9 4
�2 2

�
unit cell (in terms of the lattice vectors of the

underlying Au(111) substrate).31 The measured domain orien-
tations deviate from the hexagonal symmetry of the Au(111)
substrate, suggesting that there is no simple commensurate
relationship between the lattices of the SAM and Au(111)
substrate.

In this paper, we present a high resolution STM study of PPB-
S SAMs on Au(111) substrates. We found that the PPB-S mole-
cules arrange themselves in a hitherto unknown striped phase.
Due to an additional substrate treatment step the packing
density of this novel phase is slightly lower than the packing
density of the already known SAM phases.31 The striped pattern
is composed of ne stripes and vacancy lines that are oriented
perpendicular to these ne stripes. The ne stripes consist on
the average of 5 standing up PPB-S molecules, with the actual
number uctuating between 4–6 as the PPB-S molecules or PPB-
S molecule complexes at both ends of the ne stripe jump
RSC Adv., 2015, 5, 42069–42074 | 42069
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frequently back and forth between ne stripes in neighboring
stripes. The surface unit cell involves two ne stripes and
exhibits O3a periodicity, where a is the nearest-neighbor
distance between the Au atoms.
Fig. 2 (a) STM image of bare Au(111) with herringbone reconstruction
pattern, setpoints are 200 mV and 300 pA. (b) Schematic of the
herringbone reconstruction. Blue parallelogram indicates the (22 �
O3) unit cell.
Experimental

Au substrates (11 � 11 mm2, 250 nm Au on 2 nm Cr on borosil-
icate glass) were purchased from Arrandee (Werther, Germany).
Au(111) samples were obtained by annealing these substrates in a
high purity H2 ame for 5–10 minutes.34 Aer ame annealing
the Au substrates were cleaned in a piranha solution (7 : 3
H2SO4 : H2O2 (30%) by volume), followed by rinsing with Milli-Q
water and ethanol and dried in a nitrogen stream.

S-[4-[2-[4-(2-Phenylethynyl)phenyl]ethynyl]phenyl] thioacetate
(PPB-SAc, see Fig. 1) was purchased from Sigma-Aldrich and
further puried by preparative thin-layer chromatography in
dichloromethane–hexane (1 : 1). Solutions of 50 mMof a PPB-SAc
were prepared in freshly distilled, deoxygenated tetrahydrofuran
(THF) to which 5–10 mL of a 25% aqueous solution of ammo-
nium hydroxide was added. The acetyl groups of PPB-SAc are
removed during self-assembly by adding small amount of
ammonia. This de-protection activates the thiolate end groups,
which then react in situ with the Au(111) surface and form a self-
assembled monolayer.25 The thioacetate precursor was used
instead of the free thiol to prevent side reactions with functional
groups in the SAM precursor backbone.

Subsequently Au(111) substrates were placed in the PPB-SAc/
THF solution for �1 min allowing the conjugated molecules to
assemble on the Au surface. Aer the modication, the
substrate was annealed at 40 �C for 5 hours in ethanol solvent to
remove any physisorbed and weakly bound molecules from the
surface of the substrate. Finally the substrate was rinsed with
pure ethanol and dried with N2 gas. The sample preparation
was performed under oxygen-poor conditions to prevent disul-
de formation of the PPB-S molecules. The SAMs were imme-
diately inserted into ultra-high vacuum (UHV) for STM
measurements.

All STM measurements were performed with an UHV STM
(RHK Technology, Inc.) with a base pressure of 1 � 10�10 mbar
at room temperature. STM tips were prepared from tungsten
wire using electrochemical etching.35 For current–time spec-
troscopy measurements, the tunneling current was recorded as
a function of time (I–t traces), while the feedback loop was
switched off. Sampling frequencies in the range of 1–100 kHz
were used.

Before the formation of the self-assembled monolayer on the
Au(111) substrate we recorded STM images of the bare ame
annealed substrate. In Fig. 2a a typical STM image of the bare
Au(111) substrate is shown. The Au(111) surface exhibits the
Fig. 1 Chemical structure of PPB-SAc.

42070 | RSC Adv., 2015, 5, 42069–42074
characteristic herringbone reconstruction. This herringbone
reconstruction has a (22� O3) unit cell where 23 atoms of the top
layer are placed on 22 atoms of the second layer (see Fig. 2b).36

Along the direction of the compression, the stacking sequence
changes from fcc to bridge to hcp and again followed by a bridge,
with a periodicity of 63 Å.36 The height difference between the fcc
domains and the hcp domains is only 15 pm. We have used the
Au(111) herringbone reconstruction and the height of the step
edges to check the calibration of our Piezo scanner.
Results and discussions

In contrast to the earlier reported densely packed PPB-S SAM
phases on Au(111),30,31 we have found a striped phase. We want
to emphasize here that we have obtained this result for three
Fig. 3 STM image of PPB-S SAM on Au(111). Image size 50� 43.4 nm2.
The tunneling parameters are 191 pA and 1.0 V.

This journal is © The Royal Society of Chemistry 2015
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different samples. As is shown in Fig. 3, the herringbone
reconstruction pattern underneath the striped phase of the
SAMs is still faintly visible, indicating that the formation of this
SAM does not completely li the Au(111) herringbone recon-
struction. It should be pointed out here that the densely packed
PPB-S SAM phases reported in ref. 30 and 31 li the herring-
bone reconstruction of the underlying Au(111) substrate. Fig. 4a
shows a large scale STM image of the PPB-S SAM. There are
three aspects that we want to highlight here. Firstly, high quality
layers can be observed; i.e., the molecules pack densely and
exhibit perfect crystalline packing over large areas, albeit the
packing density is not as high as reported in ref. 30 and 31.
Secondly, the individual ne stripes of the striped phase are
well-resolved. It is clear that the PPB-S SAM exhibits a long
range ordering. In addition, the vacancy lines between the
adjacent striped domains are not perfectly straight, but wander
a little bit. Thirdly, the STM images shown in Fig. 3 and 4a
reveal an angle of 30� for orientation of the ne stripes (indi-
cated by red arrow in Fig. 4a) with respect to high ridges of the
Au herringbone reconstruction (indicated by blue arrow in
Fig. 4a); while the angle between the herringbone reconstruc-
tion and the broad stripes (indicated by the purple arrow in
Fig. 4a) is 60�. In addition, the ne stripes are always out-of-
phase with respect to their neighboring ne stripes at the
other side of the vacancy line. Interestingly, Noh et al. recently
found that the densely packed c(4 � 2) phase of octanethiol
SAM eventually converts to a striped (6 � O3) phase that is very
comparable to the striped phase that we found for the PPB-S
SAM.37 Fig. 4c and d display the line scans shown in Fig. 4b
Fig. 4 (a) and (b) STM images of PPB-S SAM on Au(111). Image size is 36.0
191 pA and 1.0 V. (c) and (d) line scans shown in (b) along lines of A and

This journal is © The Royal Society of Chemistry 2015
along lines of A and B, respectively. The spacing between the
vacancy lines is 3.46� 0.05 nm, which is approximately 12 times
the Au(111) lattice constant. It should be pointed out here that
slightly different vacancy line separations are found as well. The
line scan in Fig. 4c reveals that the apparent depth of the trough
between the broad stripes is only �20 pm. We should empha-
size here that the actual depth of the troughs is much deeper.
The vacancy lines are so narrow that the tip of the scanning
tunneling microscope is unable to probe the bottom of the
troughs. The stripes are composed of ne stripes which aligned
in a direction perpendicular to the vacancy lines (see Fig. 4b).
The separation between these ne stripes (see Fig. 4d) is 0.50 �
0.02 nm. As is shown in Fig. 3, the domain boundary (indicated
by the area outlined by the dashed green line in Fig. 3) is
disordered domain of PPB-S molecules. The vacancy lines (see
Fig. 4a and b) exhibit a frizzy appearance, indicating the pres-
ence of dynamics.

I–V measurements were performed by the standard method
of switching off the STM feedback loop during the time of the
bias voltage sweep. A representative current–voltage spectrum
of PPB-S SAM on Au(111) is shown in Fig. 5, for a voltage range
of 1.5 V to �1.5 V. As we can see from Fig. 5, a metallic char-
acteristic I–V curve is observed, implying transport through a
conductive medium, which in our case is the conjugated PPB-S
molecule.

Next we propose a unit cell of the SAMs based on our high
resolution STM images. We refer to these unit cells in units of a
¼ 0.288 nm, which is the nearest-neighbor distance of bulk Au
atoms. Fig. 6a shows the proposed sulfur lattice and the phenyl
� 35.5 nm2 (a) and 30.0 � 10.3 nm2 (b). The tunneling parameters are
B, respectively.

RSC Adv., 2015, 5, 42069–42074 | 42071
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Fig. 5 Current–voltage spectroscopy of PPB-S SAM on Au(111).
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ring lattice for SAMs of PPB-S on Au(111). The blue oval repre-
sents the top view of the phenyl ring lattices of PPB-S, while the
orange circles represent sulfur lattices. The size of the phenyl
ring, which has van der Waals dimensions of 6.4 Å � 3.3 Å, is
substantially larger than that of a sulfur atom.38 Considering
this size difference between the S atom and the phenyl ring, it is
very likely that the phenyl ring lattice will experience some
lateral compressive strain. We believe this strain causes the
sulfur atoms to skip a row in order to release the strain at well-
dened separations of about 3.0–3.5 nm, resulting in row
defects, i.e. vacancy lines, between the striped domains (Fig. 6).
Fig. 6 (a) The proposed model for SAMs of PPB-S: an example in
which each fine stripes contains 4 or 5 molecules. The blue oval
represents the top view of the phenyl ring lattices of PPB-S, whilst the
orange circles represent sulfur atoms. Regarding themolecular sketch,
the grey circles refer to the carbon atoms and the white circles to the
hydrogen atoms. (b) Side view (red line in figure a) of the phenyl ring
plane and the S plane. The blue rod shape stands for the PPB-S
molecule lying parallel to the surface.

42072 | RSC Adv., 2015, 5, 42069–42074
We would like to emphasize here that the actual bonding of the
S atoms to the Au(111) is more complex than shown in our
schematic diagram. By performing low temperature STM
experiments and density functional theory calculations, Mak-
symovych, Sorescu and Yates Jr.39 demonstrated in a convincing
way that alkanethiolate species bind to Au adatoms rather than
to the regular Au atoms of the Au(111) substrate. The Au ada-
toms are most probably provided by the pre-existing step edges.
Bearing this in mind it is very plausible that also PPB-S mole-
cules bind to Au adatoms. The occurrence of these PPB-S-Au
adatom complexes might also explain why the herringbone
reconstruction of the underlying Au(111) surface is not fully
lied. For the sake of simplicity, however, we assume that the S
atoms are positioned at threefold hollow sites, see Fig. 6a
(density functional theory calculations have shown that the Au
adatom is not exactly located at a hollow site, but slightly shied
towards a bridge site40–42). Considering the diameter of the
phenyl ring, the PPB-S molecules align themselves in such a
fashion that they are standing upright. We would like to
emphasize here that we are not able to extract from our STM
data the exact orientation or angle of the long axis of the
molecule with respect to the normal of the Au(111) substrate.

We propose that the phenyl rings of the PPB-S molecules
within in a ne stripe are aligned in a plane as depicted in
Fig. 6b. The phenyl rings of the PPB-S molecules in a stripe are
therefore parallel to the phenyl rings of the PPB-S molecules in
the adjacent stripes. In this way intermolecular interactions,
such as the p–p interactions, can stabilize the ne-stripes of the
PPB-S SAM on the Au(111) surface.43,44 The effective molecular
area per PPB-S molecule in the stripe phase is �35 Å2.

Our model ts the STM images very well. Firstly, the angle
between the herringbone pattern and the ne stripes agrees
with the observations. As shown in the STM images, the
herringbone reconstruction is aligned along the high symmetry
direction of the Au(111) surface. The angle between the ne
stripes (orientation indicated by the red arrow in Fig. 4a) and
the herringbone reconstruction pattern (orientation indicated
by the blue arrow in Fig. 4a) is 30�. Secondly, both the width of
the broad stripes and the spacing between the adjacent ne
stripes agree with the measured values. In addition, as dis-
played in Fig. 6a, the ne stripes are out-of-phase with respect to
their neighbors locating at the other side of the vacancy line.

As shown in the STM images, some regions exhibit a frizzy
appearance. These frizzy features hint to the occurrence of
dynamic events during imaging and mainly occur at the edges
of the vacancy lines. In order to study the dynamics, current–
time (denoted I–t hereaer) spectroscopy is performed on
various locations on the surface. The I–t traces are recorded
with the feedback loop of the STM electronics disabled
resulting in a temporal resolution of about 5–10 ms.45 This
spectroscopic mode allows us to investigate relatively fast
dynamic processes at any predened position of the surface.
Fig. 7 shows a typical example of a I–t trace recorded at a
vacancy line. The current ips back and forth between two well-
dened levels. The relative current change is substantial, sug-
gesting that a major change takes place at the edges of the
vacancy lines. Since the dynamics is only found at the edges of
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 An exemplary example of I–t trace recorded on the dim line of
an PPB-S SAM on Au(111). The set points are 200 pA and 1 V.
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the vacancy lines, we propose that PPB-S molecules locating at
the edges of the ne stripes jump back and forth between
adjacent stripes. Since the sulfur atom of the PPB-S molecule is
most probably bound to an Au adatom, the energy barrier for
these rearrangement events is rather low. The latter point
combined with the observation that the herringbone structure
of the underlying Au(111) surface remains intact provides
strong indication in favor of the model that the sulfur atom
binds to an Au adatom rather than to an regular Au surface
atom as originally proposed by Maksymovych, Sorescu and
Yates Jr.39 Interestingly, we recently found a two-level switching
behavior for a decanethiol self-assembled monolayer that has a
packing density which is somewhat lower than that of the most
densely packed standing up phase.46
Conclusions

SAMs of PPB-S on Au(111) surfaces are investigated in ultrahigh
vacuum by STM. The SAM is prepared by immersion in a
solution followed by annealing at 40 �C for 5 hours in a pure
solvent. By applying this annealing step, a very stable striped
phase composed of standing up PPB-S molecules is formed.
The width of the stripes is 3.0–3.5 nm, while the distance
between the adjacent ne stripes is 0.50 � 0.02 nm. A tentative
model for the striped phase is proposed in which each ne
stripe consists of 4–6 upright standing PPB-S molecules. I–t
traces recorded at the edges of the vacancy lines reveal a two-
level switching process, indicative for dynamics of the PPB-S
molecules located at the edges of the vacancy lines. It is very
likely that sulfur atoms of the PPB-S molecule form a complex
with an Au adatom.
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