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To shed light on the effects of NH,OH deprotection reagent on the formation of self-assembled mono-
layers (SAMs) from alkanethioacetates on Au(l111), we examined the surface structure and adsorption
conditions of SAMs on Au(111) prepared in a 1 mM octanethioacetate (C8SAc) methanol solution and in
a 1 mM methanol solution formed after in situ deprotection of C8SAc by NH,OH. Scanning tunneling
microscopy (STM) imaging revealed that direct adsorption of C8SAc on Au(111) created only disordered
SAMs regardless of the polarity of solvent (methanol, DMF, and hexane). In contrast, highly ordered
SAMs with a well-ordered c(4 x 2) phase were formed via in situ deprotection of C8SAc by NH,OH
(deprotection condition: 30.7 mM NH,OH, 323 K, and 3 h). X-ray photoelectron spectroscopy measure-
ments also showed that the SAMs formed via in sifu deprotection show uniform adsorption, whereas those
prepared by direct adsorption show very complicated adsorption, which agrees well with STM results.

Keywords: Self-assembled monolayers, Alkanethioacetate, Adsorption, Scanning tunneling microscopy,
X-ray photoelectron spectroscopy

Introduction

The surface and interface properties of metal or semicon-
ductor substrates are readily tunable by the formation of
self-assembled monolayers (SAMs) via adsorption of vari-
ous adsorbates with different docking groups and molecular
backbones.'2° Therefore, SAMs have been widely utilized
in many technological applications such as sensors, bio-
interfaces, electronic devices, and surface
nanopatterning.'® Alkanethiols are the compound most
commonly used on gold for SAM preparation because at
saturation coverage they can form a nicely ordered mono-
layer with the (\/3 X \/3)R30O or c(4 X 2) packing struc-
ture. 12192425 However, one drawback to using thiols is
that in solution they can readily transform by oxidation to
disulfides or sulfonate during SAM formation.**"* To
minimize this undesirable side reaction, other precursors
such as chemically stable thiocyanates’®™> or acetyl-
protected thiols (thioacetate)26’27’29’36750 have been devel-
oped for SAM preparation. Various acetyl-protected thiols
in particular have often been used for the preparation of
SAM-based electronic devices via in situ deprotection
of acetyl groups.’®™*° The charge transport properties of
SAM-based devices are significantly influenced by the
degree of structural order and adsorption geometry of
SAMs.*81 Therefore, structural control over SAMs is
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critical for their practical use and so that SAM surface
structures should also be understood.

Direct adsorption of thioacetate on gold surfaces in solu-
tion results in the formation of loosely packed and poorly
ordered SAMs compared to their thiol analogs.>>*!4%46:48
Scanning tunneling microscopy (STM) observations
showed that SAMs derived from alkanethioacetates*>*® or
aromatic thioacetate*>** on Au(111) deployed in predomi-
nantly disordered phase. Spectroscopic measurements also
showed that surface coverage of alkanethioacetate SAMs is
lower than that of thiol SAMs with identical alkyl chains.*
Moreover, ellipsometric measurements demonstrated that
the adsorption Kkinetics of aromatic thioacetate or
alkanethioacetate on gold surfaces is slower than that of
their thiol analogs.** Due to the inferior structural quality
of organic thioacetate SAMs on gold, in situ deprotection
of acetyl-protecting groups is required for enhancing the
structural quality of SAMs. This deprotection step in solu-
tion is involved in structural conversion of a thioacetate to
a free thiol. For this purpose, acid- or base-catalyzed
deprotection reagents such as HCL*® H,SO,*
NH,OH,26:27:36:41.48-50 N(CH,CHj),, 384750 n-
CH3CH2CH2NH2,48 NaOH,>? and KOH*® have been used
and the formation and structural characteristics of the
resulting organic thioacetate SAMs on metals have been
extensively characterized. Tetrabutylammonium cyanide
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has also been used as a deprotection reagent.®**®® It has
been reported that acetyl-protected aromatic dithiol, after
deprotection by NH,OH on Au(111), would form multi-
layer films, whereas closely packed monolayers with a
higher structural order would form after deprotection by
triethylamine.”® Near-edge X-ray absorption fine structure
spectroscopy measurements revealed that SAM derived
from acetyl-protected terphenylthiol on GaAs had more
upright orientation using a low concentration of NH,OH
solution (1 mM) compared to a high concentration solution
(160 mM), implying that concentration of NH,OH affects
significantly the final structure of thioacetate SAMs.”® On
the other hand, STM observations revealed that SAMs on
Au(111) formed after in situ deprotection of dec-
anethioacetates by NH,OH had predominantly disordered
phase, but some ordered domains also existed.*® Although
NH,4OH is the most frequently used deprotecting reagent
for the preparation of thioacetate SAMs, few molecular-
scale STM reports exist describing how much NH,OH
deprotection reagent affects the surface structure and order-
ing of thioacetate SAMs on Au(111).

To shed light on this issue, we used STM and X-ray pho-
toelectron spectroscopy (XPS) to examine and compare the
surface structure and adsorption state of SAMs on Au(111)
prepared by direct adsorption of octanethioacetate
[CH3(CH,);SCOCH3, C8SAc] and via in situ deprotection
of C8SAc by NH,OH. Herein we report the first STM
results showing that C8SAc molecules could form well-
ordered SAMs on Au(111) with a c(4 X 2) packing struc-
ture via sufficient deprotection by NH,OH.

Experimental Section

C8SAc was synthesized by refluxing a mixture of
1-bromooctane and potassium thioacetate in ethanol at
room temperature (RT) for 3 h, according to the reported
method.*¢ Single crystal Au(111) substrates for SAM prep-
aration were obtained by the vacuum deposition of gold
onto mica, as addressed in the literature.’

To examine the effects of NH4OH deprotection reagent
on the formation of C8SAc SAMs on gold surfaces, we
prepared two kinds of SAM samples on Au(111) prepared
by direct adsorption of C8SAc in a pure solvent and by
adsorption of C8SAc in solution containing a deprotection
reagent of NH,OH at room temperature (RT) for 24 h
(Figure 1). Solvent effects on SAM formation of C8SAc in
a pure solvent were also examined using three kinds of sol-
vents: methanol (polar protic solvent, dipole moment: 1.78
D), N,N'-dimethylformamide (DMF, polar aprotic solvent,
dipole moment: 3.86 D), and n-hexane (nonpolar solvent).
In situ deprotection of acetyl group in C8SAc was made by
adding 10 pL of NH4OH (aqueous 30%) solution in a
2.5-mL vial containing a 1 mM C8SAc methanol solution
and then this mixed solution was incubated at 323 K for
3 h. Concentration of NH4OH in this mixed solution is
30.7 mM. For SAM formation, the Au(111) substrates were
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immersed in the mixed solution after cooling to RT for
24 h. The prepared SAM samples were rinsed with metha-
nol and dried in a stream of N, gas before surface
characterization.

STM measurements were conducted with a NanoScope
E (Veeco, Santa Barbara, CA) in an ambient condition.
STM images were obtained using bias voltages between
400 and 600 mV and tunneling currents between 300 and
650 pA. A Theta Probe (Thermo Fisher Scientific Inc.,
U.K.) with an Al Ka X-ray source (1486.6 eV) was used
for XPS measurements. The binding energy was calibrated
with the Au 4f;, peak at 84.0 eV. XPS spectra were
obtained using a curve-fitting analysis.

Results and Discussion

It has been reported that solvent properties are an important
factor for determining the structural order and packing den-
sity of organic thiolate SAMs on Au(111)."*+%7¢ STM
observations elucidated that alkanethiol SAMs on Au(111)
prepared in ethanol and DMF have a high structural quality
with densely packed and largely ordered domains, whereas
those prepared in hexane (heptane) and toluene have less
ordered SAMs.® This result means that the structural
quality of alkanethiol SAMs could be improved by using a
solvent with higher polarity compared to a nonpolar sol-
vent. It is reasonable to consider that relatively strong
hydrophobic interactions between nonpolar alkyl chains in
alkanethiol SAMs and nonpolar solvents such as alkanes
effectively prevent the formation of an ordered crystalline
phase.”® On the other hand, the surface morphology of
amine-terminated thiolate SAMs was significantly modified
by polar protic solvents compared to polar aprotic or non-
polar solvents, which results from strong hydrogen bond
interactions between terminal amine groups of SAMs and
polar protic solvent molecules.”’

To understand solvent effects on SAM formation of
C8SAc on Au(111), we used three different solvents: meth-
anol, DMF, and hexane. Figure 2 exhibits STM images
showing the surface morphology of SAMs of C8SAc on
Au(111) prepared in methanol, DMF, hexane at 298 K for
24 h. Direct adsorption of C8SAc on Au(l11) caused
mainly disordered SAMs composed of many bright aggre-
gates regardless of the polarity of solvent used, as shown in
Figure 2. Vacancy islands (dark regions) that are a good
proof for the formation of chemisorbed monolayers'? were
clearly observed when methanol and DMF solvents were
used for SAM formation (Figure 2(a) and (b)), though not
with hexane solvent (Figure 2(c)), implying that polar sol-
vents could facilitate the formation of SAMs from organic
thioacetates compared to nonpolar solvents. For this reason,
it is suggested that the oxygen atoms in methanol and DMF
can attack the acetyl carbon of thioacetate as a nucleophile
in the process of surface-mediated deacetylation, often
referred to as the general base catalysis mechanism.’® The
resulting acetate leaving group can subsequently be
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Figure 1. A schematic illustration describing the formation of SAMs on Au(111) by adsorption of C8SAc in pure solvent or NH,OH

solution.

Figure 2. STM images showing the surface morphology of SAMs on Au(l11) by direct adsorption of C8SAc in pure solvents:
(a) methanol (b) DMF, and (c) hexane at RT for 24 h. Scan sizes of all STM images are 60 x 60 nm>.

efficiently removed from the surface in the polar solvent.
However, we found that solvent is not a very critical factor
for improving the structural order of SAMs of alkanethioacetes
on Au(111). Our results obtained herein are in good agreement
with previous reports showing that SAMs prepared by direct
adsorption of organic thioacetate on gold surfaces had an infe-
rior structural quality with lower surface coverage and less
ordered phase compared to their thiol analogs.*!#*4648

Bull. Korean Chem. Soc. 2021, Vol. 42, 252-257

© 2020 Korean Chemical Society, Seoul & Wiley-VCH GmbH

These intrinsic structural characteristics for thioacetate SAMs
can be attributed to both the lower adsorption ability of sulfur
because of the binding of electron withdrawing acetyl group
and the steric hindrance of acetyl group during adsorption of
sulfur in thioacetates, demonstrated by previous kinetic
study.*> Organic thiocyanates (RS-CN) have shown similar
adsorption tendency showing that adsorption of thiocyanates
on Au(111) is much slower than that of thiols.**

www.bkes.wiley-vch.de 254

85UB017 SUOWIWIOD 8AFe81D) 8|qedtjdde ay) Aq peusenob afe sappiie O ‘88N JO SaINnJ 10} AR1q1T 8Ul|UO /8|1 UO (SUORIPUOD-PUR-SLLBY/WI0D A8 | M Aeiq Ul |uo//Stny) SUORIPUOD pue swie L 8U) 835 *[£202/c0/2e] uo ArigiTauluo Ajim ‘Ariq Aisieaun BueAueH Aq 68TZT S9%0/200T OT/10p/LI00"A8|im"Afe.q 1 eul|uo//Sdny WO papeo|umoq ‘g ‘TZ0Z ‘6765622T



Article

Self-Assembled Monolayers of Alkanethioacetates on Au(111)

BULLETIN oF THE
KOREAN CHEMICAL SOCIETY

Due to the low structural quality of SAMs on gold
formed by various thioacetates, in situ deprotection pro-
cesses of acetyl group in thioacetates have been developed.
As addressed in the introduction, the various deprotection
reagents are used to improve SAM structural quality.
Among them, NH,OH is the most popular for preparation
of thioacetate SAMs.26-27:36:4148-50 Hwever, STM mea-
surements by Singh er al. reported that monolayers on
Au(111) formed via in situ  deprotection  of
decanethioacetate (2.5 mM) by NH,OH (2.5 mM) in etha-
nol at RT for 1 h were composed of several structural
phases showing a predominantly disordered phase and
small domains of a striped phase and a standing-up
(V3 x V3)R30° phase.* 'H NMR study showed that
deprotection rate of decanethioacetate (58 mM) by NH,OH
(115 mM) in CD3;0D at RT is very slow (deprotection ratio
of 58% even after 48 h).48 Therefore, it is reasonable to
assume that previously used deprotection conditions
(NH4OH 2.5 mM, RT, and 1 h) were not sufficient for con-
version of decanethioacetate to decanethiol. As a result, less
ordered SAMs were formed. Moreover, more than 70% of
aromatic thioacetate (0.25 mM) in ethanol containing
30 mM NH,4OH at 328 K for 1 h can be converted to the
aromatic thiol.?® Based on these previous results, we care-
fully selected in situ deprotection conditions (30.7 mM
NH,4OH, 323 K, and long deprotection process of 3 h) that
can complete the conversion of the C8SAc (1 mM) to
C8SH. After this deprotection step, the solution was cooled
down to RT. Then the SAM samples were prepared by dip-
ping clean Au(111) substrates in this solution for 24 h.
STM images in Figure 3 clearly exhibit that the resulting
SAMs on Au(111) have densely packed and highly ordered
molecular arrangements. Ordered SAMs were fully covered
with Au(111) surface (Figure 3(a)) and the ordered domains
are described as a well-known c(4 X 2) superlattice
(Figure 3(b)) as observed for densely packed SAMs formed
by various n-alkanethiols.'**>%%39762 The observed

surface characteristics such as ordered domains and
vacancy islands are identical with those of SAMs prepared
by octanethiol (C8SH), as demonstrated by previous
works. 23333359762 [y this STM study, we revealed that
well-ordered SAMs could be formed on Au(111) by acetyl-
protected alkanethiols using a suitable in sifu deprotection
process.

To shed light on the effects of NH4OH deprotection
reagent on the formation of thioacetate monolayers, we also
examined and compared via XPS the adsorption state of
octanethiolate SAMs on Au(l11) prepared in a 1 mM
C8SAc methanol solution and in a 1 mM methanol solution
formed after in situ deprotection of C8SAc by NH,OH.
XPS measurements showed a considerable difference in the
S 2p spectra of two thiolate SAMs on Au(111) (Figure 4).
This result means that the adsorption conditions of sulfurs
in octanethiolate SAMs on Au(111) were markedly
influenced by SAM preparation methods. It is well-known
that the sulfur 2p spectra can appear as a doublet (2ps/, and
2py,> peaks) by spin-orbital splitting and with relative inten-
sity of 2:1.831733:55.56.63-66 Lioyre 4(a) displays three dif-
ferent S 2p peaks (labeled A, B, and C) for SAMs on
Au(111) prepared by adsorption of C8SAc in pure metha-
nol at RT for 24 h. Their 2p3, peaks were observed at
162.2 (peak A), 161.3 (peak B), and 163.8 eV (peak C).
Many XPS studies for alkanethiolate SAMs on gold rev-
ealed that the A and B peaks are originated from the
chemisorption of sulfurs and the C peak is due to the phy-
sisorption of sulfur,®3!73333:63-66 [y general, the A peak
was dominant for closely packed thiolate SAMs, whereas
the B peak was observed for loosely packed SAMs and/or
when atomic sulfurs existed on the surface.®>>¢3%¢ The C
peak often appeared in the SAMs formed by complicated
thiol derivatives or in the unrinsed SAMs.%>%* Therefore,
the presence of three S 2p peaks in the SAMs strongly
implies that the SAMs have inhomogeneous sulfur adsorp-
tion states. As a result, disordered phases could form, as

Figure 3. STM images showing the formation of well-ordered SAMs on Au(111) formed via in situ deprotection process of C8SAc by

NH,OH. Scan sizes are (a) 60 x 60 nm? and (b) 8 X 8 nm>.

Bull. Korean Chem. Soc. 2021, Vol. 42, 252-257

© 2020 Korean Chemical Society, Seoul & Wiley-VCH GmbH

www.bkes.wiley-vch.de 255

85U8017 SUOWIWIOD 3A a1 3|qeo!dde ay) Aq pauenob ae ssjpiie YO 88N JO SN 10} A%euq)8ulUO AB|IA UO (SUOIPUOD-pUR-SLUBH 0D A8 | 1M Ale.q 1 BuljUo//SdhL) SUORIPUOD pue swie | 8y 885 *[£202/c0/2z] Uo Ariqiauliuo A8|1m ‘Ariq1 Aiseaiun BueAueH Aq 68TZT 'S9%0/Z00T OT/I0P/W0 A8 | 1M Ale.d 1 jpul|uo//sdny Wo.y pepeolumod ‘2 ‘T20Z ‘6v65622T



Article

Self-Assembled Monolayers of Alkanethioacetates on Au(111)

BULLETIN oF THE
KOREAN CHEMICAL SOCIETY

Intensity (arb. units)

i 1 i 1 i 1 i 1 i 1 i 1 i i
172 170 168 166 164 162 160 158 156

Binding Energy (eV)

(b) A

Intensity (arb.units)

172 170 168 166 164 162 160 158 156
Binding Energy (eV)
Figure 4. XPS spectra in the region of S 2p of SAMs on Au(111)

formed by (a) direct adsorption of C8SAc in methanol and (b) via
in situ deprotection of C8SAc by NH,OH.

shown in the STM image of Figure 2(a). The relative
intensity ratio of each S 2p peak (peak A, B, and C) ver-
sus Au 4f was measured to be 0.0053, 0.0041, and
0.0012, respectively. The intensity ratio of chemisorbed
sulfurs (peak A + peak B) versus physisorbed sulfurs
(peak C) was calculated to be 7.83, suggesting that the
direct adsorption of C8SAc in methanol also generates
mostly chemisorbed monolayers. In contrast, only one
chemisorbed S 2p peak (peak A) was observed for the
SAMs prepared via in situ deprotection of C8SAc by
NH4,OH (Figure 4(b)), implying the formation of a uni-
form monolayer. High-resolution STM observations rev-
ealed that the resulting SAMs have well-ordered domains
with a closely packed c(4 X 2) superlattice (Figure 3),
which is consistent with XPS results. Actually, similar
XPS spectra were also observed for well-ordered alka-
nethiol SAMs.®*® The relative intensity ratio of S 2p
peak (peak A) versus Au 4f was measured to be 0.0071,
which is 1.34 times larger than that found for SAMs pre-
pared by direct adsorption in methanol (0.0053). From our
XPS measurements, we revealed that SAMs of C8SAc
with uniform interface structure were formed using a suit-
able in situ deprotection process by NH,OH, whereas
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those formed by adsorption of C8SAc in methanol have a
very complicated interface structure.

Conclusion

The structure and adsorption states of SAMs on Au(111)
prepared by direct adsorption of acetyl-protected C8SAc
and via in situ deprotection of C8SAc by NH,OH were
examined by STM and XPS to elucidate the effect of
NH,4OH deprotection reagent on the formation and struc-
tural order of the SAMs. STM observations revealed that
adsorption of C8SAc on Au(l11) in pure solvents created
mainly disordered SAMs with many bright aggregates
regardless of the polarity of solvent used. In contrast,
highly ordered SAMs with a closely packed c(4 X 2) phase
were formed via in situ deprotection step at 323 K for 3 h.
XPS measurements also elucidated that the SAMs formed
via the suitable in sifu deprotection process have uniform
interface structure, while those prepared by direct adsorp-
tion in methanol have very complicated interface structure.
In this study, we clearly showed that highly ordered thiolate
SAMs on Au(l11) can be prepared by acetyl-protected
alkanethiols using a suitable in sifu deprotection process.
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