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The surface structure, electrochemical behavior. and wetting property of self-assembled monolavers (SAMs)
formed by dioctyl diselenide (DODSe) on Au(111) were investigated by scamning tunneling microscopy
(STM), cvcelic voltammetry (CV), and contact angle measurements. In contrast to the formation of well-ordered
SAMs by octanethiol on Au(111). the SAMs formed by DODSe have a disordered phase and many unusual
vacancy islands (VIs). In addition. the formation of DODSe SAMs is largely influenced by the solution
concentration used. DODSe SAMs formed in 3 #M and 50 #M solutions have two mixed domains consisting
of missing-row ordered phases and disordered phases. while DODSe SAMs formed in 1 mM and 5 mM
solutions have only disordered phases with an abnormally high VI fraction of 22-24%. We also found that the
wetting property and electrochemical behavior of DODSe SAMs on Au(111) are markedly influenced by the

formation of ordered SAMSs and the density of VIs.
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Introduction

Self-assembled monolayvers (SAMs) provide a very simple
method for tailoring surface properties such as wetting.
adhesion. corrosion, and lubrication as well as for the fabri-
cation of building block lavers. Such lavers are applicable to
various nanoscale applications such as chemical sensors.
electronic devices. and nanolithography.”"'" To date, SAMs
composed of alkanethiols with a sulfur headgroup on gold
have been thoroughly studied by means of various surface
analvses.”*!“ Due to many efforts. the various fundamental
aspects of alkanethiol SAMs. such as the self-assembly
mechanism. packing structure. interface dvnamics. and thermal
and long-term stability, have been clearly revealed." " It is
generally understood that the packing structure and degree
of order of SAMs are determined by a complex interplay of
sulfur headgroup-gold substrate and intermolecular inter-
actions.

In contrast to many reports regarding thiol SAMs with a
sulfur headgroup on gold, there have been only a few reports
concerning the molecular features of selenolate SAMs with
a selenium headgroup on gold.!""'® The first report by X-ray
diffraction measurements suggested that docosaneselenols
on gold form ordered SAMs with a (ﬁ x ﬁ) R30° struc-
ture.!” Nakano ef «/'> reported that the adsorption of de-
caneselenols on gold surfaces leads to stable SAMs. A
scanning tunneling microscopy (STM) study by Dishner ef
al.)? revealed that benzeneselenols (BSe) can form well-
ordered SAMs with a low molecular densitv that can be
described as a (3 ,./Z‘_a x 2 ,ﬁ ) R30° structure. Surface-enhan-
ced Raman spectroscopy (SERS) by Huang er «/.'* demon-
strated that the Se-Se bond of dipheny] diselemde (DPDSe)
1s cleaved to form benzeneselonolates upon adsorption.
which 1s similar to the case of benzenethiolate SAM for-
mation vi¢ S-S bond cleavage of the diphenyl disulfide.

Similar SERS results were obtained from dialkyl diselemdes
on gold during self-assembly. ' Interestingly, a large differ-
ence i competitive adsorption of aromatic thiols and
selemiums was observed on gold and sliver surfaces:. the
adsorption of DPDSe is more favorable than that of diphenyl
disulfide on gold.'* whereas the opposite adsorption takes
place on silver for BSe and benzenethiol '

The main purpose of this study 1s to understand the surface
structure and properties of SAMs formed by dioctyl di-
selemide (DODSe, CH3(CH:):Se-Se(CH-);CH3) on gold. The
SAMs were characterized using STM, cyclic voltammetry
(CV). and contact angle measurements. We report the first
STM results showing phase changes of DODSe SAMs
depending on solution concentration. umplying that the
selection of a suitable solution concentration 1s one of the
most important factors for controlling the two-dimensional
SAM structure of dialkyl diselenides. In addition. we demon-
strated that the wetting property of DODSe SAMs 1s strong-
Iy related to the formation of ordered SAMs and vacancy
1slands. which is evidenced by the STM results.

Experimental Section

DODSe was convemently synthesized by refluxing Na-Se-
with CsHi7Br in methanol for 3 h.” The product was puri-
fied by chromatography on Si0: using hexane as an eluent
and confirmed by NMR analysis. Octanethiol (OT. CH3(CH:)»-
SH) was purchased from Aldrich. Au(ll1) substrates were
prepared by vacuum deposition onto freshly cleaved mica
sheets as described previously.” The SAMs were formed by
mmersing the Au(lll) substrates into freshly prepared 1
mM ethanol solutions of OT and DODSe for one day at
room temperature. To ivestigate the surface structures of
DODSe SAMs formed in different solution concentrations,
the SAMs were also prepared after immersion for 30 nun at
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room temperature n 3 #M. 50 #M. 1 mM. and 5 mM solu-
tions. The SAM samples were nnsed thoroughly with
ethanol m order to remove physisorbed matenals of the
surface and blown drv with nitrogen.

STM was carried out using a NanoScope E mstrument
(Veeco. Santa Barbara, CA) and a commercially available
Pt/Ir tip (80:20). All STM images were taken under ambient
conditions using the constant current mode. Bias voltages
between 250 and 650 mV and tunneling currents between
300 to 550 pA were applied to the tip and samples. CV was
performed in a 1-mM Fe{CN)¢ solution with 1 M KCl as the
supportmg electrolvte. The cvche voltammograms were
carried out in the potential range of 0.5 to +0.9 V at room
temperature and a scan rate 50 mV/s. The gold substrate
with the SAMs monolaver was brought mnto contact with the
electrolvte under the potential control. Contact angle (CA)
measurements were performed usmng an automatic contact
angle measuring system (model: Easydrop DSA20S. KRUSS.
Germany). Water contact angles were measured at RT on the
SAM samples using the sessile drop method and are an
average of CAs obtaned from five different sample surfaces.

Results and Discussion

The STM images m Figure | show noticeable structural
differences between OT and DODSe SAMs on Au(lll)
prepared after the nnmersion of gold substrates m 1 mM
ethanol solutions of OT and DODSe at room temperature for
one day. The STM image in Figure la shows typical surface
structures of OT SAMSs such as a ¢(4 x 2) domain structure
with a high structural degree of order. clear domamn boun-
danes, and vacancy slands (VIs) with a monatonuc step
height of 0.24 nm (dark hole). as observed from vanous
alkanethiol SAMs.>*!” V[s with a round or tnangle shape
were often observed from alkanethiol SAMs. The surface
structures of DODSe SAMSs on Au(l11). as shown in Figure
1b. are markedly different from those of OT SAMs, even
though both molecules have an 1dentical octyl alky] chamn. It
was found that DODSe molecules form liquid-like SAMs
with the disordered phase contaiung unclear domam boun-

Figure 1. (a) STM images showing swrface structures of (a) OT
and (b) DODSe SAMs on Au(111) tormed one day after immersion
of the gold substrates m a 1 mM ethanel selution at room
temperature for one day. All scan sizes were 80 mm x 80 nm.
Imaging conditions were (a) J; =046 V, [;= 0.36 nA and (b) I3 =
048 V, 1,=0.38 nA, respectively.
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daries. The obtamed STM result 18 not consistent with the
previous results showing the ordered structures of selemum
SAMSs."™™ However. it is hard to directly compare our results
with other results because target materials and expennmental
condition (concentration. ummersion tume and solvent) for
SAM preparation are quite cifferent each other. On the other
hand. compared with alkanetlnol SAMs. DODSe SAMs
have uregular-shaped Vis with a lugh V1 density. The ratio
of the VI area to the total surface area for DODSe SAMs
was measured to be approxunately 20-22%, which 1s mark-
edly larger than the 8-12% observed for OT SAMs. Com-
petiive adsorption experments momtored by SERS mea-
surements suggested that the selemum-gold bond was
stronger than the sulfur-gold bond." Our STM results
obtained here are strong nanometer-scale evidence for the
formation of a strong chenucal bond between the selemum
and gold surface. resultng n the effective removal of gold
atoms from the first gold laver during the adsorption of
DODSe molecules. We also clearly demonstrated that
although selenum has the same electron configuration as
sulfur. a small difference in mnteractions between the head-
group and gold markedly affects the formation of SAMs and
the two-dunensional SAM structure.

To understand the electrochemical behavior of DODSe
SAMs on Au(111), we examined that of OT SAMs. Figure 2
shows cychic voltammograms of (a) bare Au electrode. (b)
OT SAMs-. and (¢) DODSe SAMs-modified Au electrode in
I mM K4[Fe(CN)g] and | mM KNQj; The peak currents (1)
for the bare Au electrode and Au electrodes modified with
OT and DODSe SAMSs were measured to be 507.6, 58.7,
and 197.5 uA/em”, respectively. Compared with the bare Au
electrode, electrodes modified with OT and DODSe SAMs
demonstrated noticeably reduced currents. especially 1n the
case of OT SAMs. mdicating that SAMs on the Au electrode
efficiently blocked the electrode reaction of ferrocyamde.
The lugher peak current of DODSe SAMs compared with
OT SAMs 1s due to a poor structural order with a ligher
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Figure 2. Cvclic voltammograms of (a) bare Au(l11) electrode, (b)
OT SAMSs-, and (¢) DODSe SAMs-moditied Au(111) electrodes in
1 mM Ky[Fe(CN)) and 1 mM KNQa. The scan rate was 3) mV/s,
Note that OT and DODSe SAMs on Au(lll) electrode were
formed m a | mM ethanol solution for one day at room temper-
ature.
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Figure 3. STM images showing swrtace structures of DODSe
SAMs on Au(l11) tormed after a 30-min immersion of the gold
substrates m (a) 3 mM, (b) 1 mM, (¢) 30 &M, and (d) 5 «M
solutions at room temperature, All imaging conditions were Iy =
046 V and /, = 0.36 nA. The inset in Figure 3b shows a 5 nm x 3
nm high-resolution STM image demonstrating DODSe SAMSs with
a high degree of structural order in the well-ordered domams.

density of VIs, as revealed by STM. Tlus result i1s in good
agreement with the previous result that organic SAMSs
containing many defects show a higher peak curmrent than
SAMs with fewer surface defects in electrochemical mea-
surements.™

STM images of Figure 3 show surface structures of DODSe
SAMSs on Au(111) formed after a 30-mm mmersion of the
gold substrates as a function of solution concentration. The
surface structures of the SAMSs prepared in 3 mM solution,
as shown in Figure 3a. are quite similar to those of the SAMs
prepared in 1 mM solution (Figure 3b). It is generally consi-
dered that a 1 mM solution concentration for the fabrication
of alkanethiol SAMs on gold is a typical experimental
condition for obtaining fully covered SAMs. which can be
formed in a few minutes. "' Even though we used
concentration greater than the typical condition to expedite
the molecular self-assembly of DODSe molecules. we did
not observe any ordered structures or structural changes.
Contrary to the formation of well-ordered SAMs by thiols in
the mM solutions. dialkyl diselenides do not form ordered
monolayers under this condition. We then used more dilute
(mM) solutions. in which we found that DODSe molecules
can form partially ordered domains containing disordered
phases. as shown in Figures 3¢ and d. The STM image of
Figure 3¢ was obtained from DODSe SAMs on Au(l1l)
formed after a 30-min immersion in a 30 #M solution. STM
imaging clearly revealed that DODSe SAMs are composed
of ordered domains with three-directional domain orientations
(regions A. B. and C) and disordered phases (region D). The
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observation of three domam orientations ndicates that the
growth of DODSe SAMs is strongly influenced by the
structure of the Au(lll) substrate having three-fold gold
symmetry. The nset shows the molecularly resolved STM
mage of ordered domains having mussing row phases
contaming paired molecular rows. The distance (a) between
the paired rows 1s 1.57 nm and the distance (b) between
molecules m a row 1s 0.5 nm. The missing row phase can be
considered an incomplete SAM phase that often appears
before the formation of closely packed SAMs.*! On the other
hand. these ordered domains ranging i size from 10 to 25
nm are manly swrounded by disordered phases (D) and
Vls. Considering these STM results. the observed phases in
Figure 3¢ are regarded as an mtermediate phase of DODSe
SAMs. The STM 1mage of Figure 3d was observed from
DODSe SAMs on Au(l111) formed after a 3-min inunersion
m a5 #M solution. In this diluted solution, DODSe mole-
cules form SAMs that have ordered molecular rows without
any clear domain formation and disordered phases, as shown
m Figure 3d. In addition, the disordered phases are mamly
observed from the mternal ordered domains. From these
results, we suggest that the formation of defect-free ordered
domains is much more energetically favorable than that of
ordered domams contaming disordered phases. which 1s
driven by an optumization of mtermolecular mteractions
between alkyl chamns. It was reported that alkanethiols form
closely packed SAMs on gold within 10 min urespective of
the solution concentration from #M to mM scale.” Contrary
to this, however, we found that DODSe molecules do not
form closely packed SAMs in 5 #M or 50 #M solutions. as
shown mn Figures 3¢ and d. This result implies that the
DODSe molecules having the selenium headgroups require
more time to obtain closely packed SAMs.

Figure 4 shows the CAs measured from DODSe SAMs on
Au(l111) formed after a 30-min immersion of the gold sub-
strates at room temperature as a function of solution concen-
tration. The CAs from the DODSe SAMs formed in 5 uM
and 30 uM solutions were measured to be 101° and 98°,
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Figure 4. Water static contact angles measured trom DODSe
SAMs on Au(111) formed after a 30-min immersion of the gold
substrates at room temperature as a function ot solution concen-
tration.
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respectively. These relatively high CAs imply the formation
of a hyvdrophobic surface originating from the presence of a
methyv]l group at the outer SAM surface due to partally
ordered phases. as revealed by STM studv. On the other
hand, the CAs obtained from DODSe SAMs formed in 1
mM and 5 mM solutions were measured to be 73° and 72°
respectively. These CAs are nearly identical, and are
relatively smaller than those observed in the low solution
concentration. STM 1mnaging clearly revealed that DODSe
SAMs have nearly identical structures showing the dis-
ordered phase containing an abnormally high number of
VIs. which is the main reason for the lower CA values >

Conclusion

The surface properties of DODSe SAMs on Au(111) were
examined by means of STM. CV. and CA measurements and
compared with those of OT SAMs. Even though selenium
and sulfur belong to the VIA group of the penodic table. we
observed that both SAMs have markedly different surface
charactenstics in the formation of ordered domains and Vs,
Contrary to alkanethiol SAMs. the formation of DODSe
SAMs 15 largely influenced by the solution concentration
used. DODSe SAMs formed in 3 #M and 30 #M solutions
have two mixed domains consisting of missing-row ordered
phases and disordered phases. while DODSe SAMSs formed
i | mM and 5 mM solutions have only disordered phases
with an abnormally high VI fraction of 22-24%. From STM.
CV, and CA measurements, we also found that the wetting
property and electrochemical behavior of DODSe SAMs is
strongly influenced by the formation of ordered SAMs and
VI density. The molecular-scale STM results obtained here
will be very useful in understanding dialkvl diselemde
SAMs, as well as for obtaining high-quality SAMs with a
high structural order.
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