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We present here the first high-resolution scanning tunneling microscope images showing that 1,4-
phenylenedimethanethiol forms mono- and multilayers on gold(111) substrates under particular solution-
deposition conditions. The high-resolution images show that the deposition conditions strongly influence
the type of surface structure formed. The molecular structures were also probed using molecular-etching
techniques and through deposition and imaging of gold nanoparticles. The etwodtage (—V)
characteristics of the multilayer structures are significantly different from those of monolayers. For the
first time, scanning electron microscopy experiments were used to investigate the homogeneity of larger
surface areas of the surface structures.

Introduction C SH
The study of electrical conduction through molecules has HS

attracted significant attention’ A number of configurations Figure 1. 1,4-Phenylenedimethanethiol.

have been used to create molecular junctions between metal

contactst®1° Commonly, molecules under investigation have Recently, Pugmire et af. concluded that 1,4-phenylene-
been attached to gold surfaces using thiol groups. Structuresdimethanethiol can form multilayered structures on gold
made from 1,4-phenylenedimethanethidFigure 1) have surfaces under certain conditions, with implications for any
been used extensively in this aféat* The 1,4-phenylene-  subsequent molecular conductivity experiments. Rifai and
dimethanethiol molecules stand upright on gold surfaces Morin?2 showed that an oxidative mechanism can be utilized
anchored by one of the two thiol groufdeaving one thiol to form multilayers of 1,4-phenylenedimethanethiol on gold
group free to bind to a second metallic contact. Gold nano- by the formation of disulfide bonds between unbound thiol
particles, for example, have been used for this purpo$é.  groups of surface-bound molecules and thiol groups on
molecules from solution. We present here the first high-
*To whom correspondence should be addressed. E-mail: hadi.zareie@ resolution STM images showing that 1,4-phenylenedimethane-

uts.edu.au. . .
(1) Dadosh, T.; Gordin, Y.; Krahne, R.; Khivrich, I.; Mahalu, D.; Frydman, thiol can form both mono- and multilayers on gold substrates

V.; Sperling, J.; Yacoby, A.; Bar-Joseph,Nature 2005 436, 677. under particular solution-deposition conditions.
(2) Joachim, C.; Ratner, M. Aroc. Natl. Acad. Sci. U.S.2005 102
8801.
(3) Flood, A. H.; Stoddart, J. F.; Steuerman, D. W.; Heath, Béence Experimental Section
2005 306, 2055.
(4) James, D. K.; Tour, J. MChem. Mater2004 16, 4423. Materials. 1,4-phenylenedimethanethiol and gold nanopatrticles
(5) Nitzan, A.; Ratner, M. A.Science2003 300, 1384. (5 nm diameter, 0.01% as HAuglwere purchased from Aldrich
(6) Robertson, N.; McGowan, C. AChem. Soc. Re 2003 32, 96. . . . .
(7) Joachim, C.; Gimzewski, J. K.: Aviram, Aature 200Q 408, 541. and used as received. Gold(111) films (150 nm thick on mica) were
(8) Xu, B.; Tao, N. JScience2003 301, 1221. purchased from Molecular Imaging (Phoenix, Arizona) and flame-
(9) Chen, J.; Reed, M. A,; Rawlett, A. M.; Tour, J. Mciencel999 annealed before use.
(10) ése%dlg',\‘;’%_. Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. Stience Preparation of Molecular Structures on Gold. Gold films (~5
1997 278 252. mm x 5 mm) were immersed in 2 mLf@a 1 mM solution of 1,4-

(11) We use here the IUPAC nomenclature (see http://www.iupac.org/ phenylenedimethanethiol in deoxygenated absolute ethanol under
general/FAQs/ns.html) but draw the reader’s attention to the large

number of names used for this molecule, including the Chemical
Abstracts Index name, 1,4-benzenedimethanethiol, as well as other (16) Ishizuka, K.; Suzuki, M.; Fujii, S.; Akiba, U.; Takayama, Y.; Sato,

names: p-xyleneq, o'-dithiol, o,o'-dimercaptop-xylene, a,a'-p- F.; Fujihira, M.Jpn. J. Appl. Phys2005 44, 5382.

xylenedithiol, 1,4-benzenebis(methanethiol), 1,4-bis(mercaptomethyl)- (17) Joo, S. W.; Han, S. W.; Kim, Kl. Phys. Chem. B999 103 10831.

benzene, 1,4-xylylenedithiol, ar@xylylenedithiol. (18) Murty, K. V. G. K.; Venkataramanan, M.; Pradeepl-@ngmuir1998
(12) Andres, R. P.; Bein, T.; Dorogi, M.; Feng, S.; Henderson, J. I.; Kubiak, 14, 4, 5446.

C. P.; Mahoney, W.; Osifchin, R. G.; Reifenberger,3Riencel 996 (19) Sbrana, F.; Parodi, M. T.; Ricci, D.; Di Zitti, E.; Natale, C.; Thea, S.

272, 1323. Mater. Sci. Eng., B2002 96, 193.
(13) Dorogi, M.; Gomez, J.; Osifchin, R.; Andres, R. P.; Reifenberger, R. (20) Liu, J.; Lee, T.; Janes, D. B.; Walsh, B. L.; Melloch, M. R.; Woodall,

Phys. Re. B 1995 52, 9071. J. M.; Reifenberger, R.; Andres, R. Rppl. Phys. Lett200Q 77, 373.
(14) Xiao, X.; Xu, B.; Tao, N. JNano Lett.2004 4, 267. (21) vandamme, N.; Snauwaert, J.; Janssens, E.; Vandeweert, E.; Lievens,
(15) Pugmire, D. L.; Tarlov, M. J.; van Zee, R. D.; Naciri,LAngmuir P.; Van Haesendonck, Gurf. Sci.2004 558 57.

2003 19, 3720. (22) Rifai, S.; Morin, M.J. Electroanal. Chem2003 550, 277.

10.1021/cm052647u CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/07/2006



1,4-Phenylenedimethanethiol Nanostructure Assembly Chem. Mater., Vol. 18, No. 9,23706

a nitrogen atmosphere. The containers were sealed and placed inn a solution of 1,4-phenylenedimethanethiol at room tem-
the dark for periods ranging from 8 to 48 h at either room perature for periods of 8, 24, and 48 h under oxygen-free
temperature or 58C. The substrates were then removed from the conditions. Additionally, a sample was prepared at°65
solution, rinsed Iiperally with absolute ethanolz and dried with a for 48 h. Each sample was imaged using scanning tunneling
slow stream of nitrogen gas. To prepare multilayered structures, microscopy. X-ray photoelectron spectroscopy, time-of-flight
we used the procedure above to form SAMs of 1,4-phenylene- secondary-ion mass spectrometry, and scanning electron

dimethanethiol on gold (24 h immersion time at room temperature), ~ . . t f d |
and the sample was subsequently re-immersed in a 0.1 mM solutionM!CTOSCOPY EXPENMENLS were performed on samples pre-

of 1,4-phenylenedimethanethiol in absolute ethanol and incubatedP@red at room temperature with 24 h immersion time.

at 55°C for 12 h before being rinsed liberally with ethanol and The S 2p X-ray photoelectron spectrum of a SAM prepared
dried with nitrogen gas. Gold/SAM/gold nanoparticle structures under these conditions has features matching those reported
were prepared by first preparing a SAM of 1,4-phenylene- in detail by Pugmire et & In that report, the authors
dimethanethiol on gold (24 h immersion time at room temperature) concluded that the S 2p XPS spectrum consisted of signals
and then immersing the sample in a gold-particle solution for 24 h assigned to gold-bound thiol, gold-bound atomic S, and
at room temperature. The sample was then rinsed with ethanol and,,5nd molecular thiol or disulfide. This is consistent with
dried under a stream of nitrogen gas. the molecule being bound to the gold substrate by one of

X-ray Photoelectron SpectroscopyData were acquired using  he o available thiol groups and also with the reported
a Kratos Axis ULTRA X-ray photoelectron spectrometer incorpo- formation of multilayered structures

rating a 165 mm hemispherical electron energy analyzer. The ) .
incident radiation was monochromatic Al X-rays (1486.6 eV) at ~ Secondary-ion mass spectrometry (SIMS) experiments

150 W (15 kV, 10 mA). Survey (wide) scans were taken at an Were performed on a sample prepared by the same method
analyzer pass energy of 160 eV and multiplex (narrow) high- (see the Supporting Information for negative and positive
resolution scans at 20 eV. Survey scans were carried out over aion spectra). SIMS experiments on SAMs of 1,4-phenylene-
1200-0 eV binding-energy range with 1.0 eV steps and a dwell dimethanethiol have been previously reported by others,
time of 100 ms. Narrow high-resolution scans were run with 0.1 although only data up vz 190 were reported. In the current
eV steps and a 250 ms dwell time. Base pressure in the analysisyork, measurements up 'z 750 were performed. The
Chaml;er was 1.& 10°° Torr and during sample analysis was 1.0 egative ion spectrum contains a signal corresponding to the
x 107 Torr. molecular ion, indicating 1,4-phenylenedimethanethiol is
Secondary-lon Mass SpectrometrySecondary-ion mass spec- present on the gold surface. Signals assigned to-B]~
trometry data were acquired using a Kratos PRISM time-of-flight nd [Au(SH)]~ fragments are also observed, together with

. : . a
secondary-ion mass spectrometer. The primary ion source was Gghi her masses. which were not able to be unambiauous|
Ga, which produced a beam of 25 keV ions. The analysis area Wasasgsigned ’ 9 y

approximately 0.15 mnx 0.15 mm. i .
Scanning Electron Microscopy.Scanning electron microscope The structures of self-assembled films were studied at
(SEM) images were obtained using a LEO Supra 55VP SEM (Zeiss) &tomic resolution using scanning tunneling microscopy.
equipped with an in-lens secondary electron detector. Images wereFigure 2a shows a representative sample after 24 h immersion
manipulated using Scanning Probe Image Processor (SPIP) soft-at room temperature. The image shows many-2.@.2 A
ware, and color brightness has been added to the images usingleep vacancy islands. This depth correlates to the theoretical
Adobe Photoshop to enhance discrimination of the fine detail. height of a single gold layer. Details of the mechanism of
Scanning Tunneling Microscopy and SpectroscopySTM pit formation have been recently reportédhese monatomic
images were acquired using a Nanosurf EasyScan system undegiepressions are similar in number density, size, and shape
ambient conditions. STM piezoelectric scanners were calibrated tg those found in other thiol-bound SAMs on géfBetween
laterally, with graphite(0001) and Au(111), and vertically, using the vacancy islands, the monolayer is composed of generally
the height of the Au(111) steps (2.2 A). The STM tip was prepared unorganized molecules. Figure 2a (inset) shows a contrast-
from Pt/Ir wire cut under ambient conditions. All images were - . L
enhanced section of the image formed by the application of

acquired in a constant-current mode. Typical imaging conditions . . . .
are bias voltages 6£0.2 to+1 V and a tunneling current of 3 pA a correlation averaging procedure (see Experimental Section).

to 1 nA. Images shown are raw data unless stated otherwise. Imaged €atures of approximaiel6 A diameter are apparent and
were manipulated with the Scanning Probe Image Processor (SPIP@€ consistent with individual 1,4-phenylenedimethanethiol
software. Contrast-enhanced images were obtained by applying amolecules.

correlation averaging procedure to analyze repeat molecular units  Figure 2b shows an STM image of a sample after 48 h
and by a applying low-pass filteThe relative tunneling spectros-  jmmersion in a solution maintained at room temperature.
copy was determined from-V measurements. The relevant surface Again, the typical vacancy islands are evident, but some
area was imaged before and after scanning tunneling Spectroscopyy q|acylar ordering is also observed. The contrast-enhanced

TS)m remen nsure no tip or sample alteration rr : - :
(S .S) easurements to ensure no tip or sample alterations occurre mage, Figure 2b (inset), shows domains of molecular rows
during the experiment. Images of the same area showed no changes

after STS with the exception of a small lateral drift of the sample W'th an inter-row separation (peak to peak) 0f10.2 nm.
between the two scans. Figure 2c shows an STM image of a sample after 48 h
immersion in a solution maintained at 58C. Larger

Results and Discussion
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: . 24) Yang, G.; Liu, G.-Y.J. Phys. Chem. B003 107, 8746.
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h immersion time, room temperature) were re-immersed in
a solution of 1,4- phenylenedimethanethiol without any
precautions to exclude air. Figure 3 shows STM images of
samples prepared by this procedure. In both images, the steps
associated with gold domain boundaries are visible. Figure
3a contains a number of features not observed in the SAMs
shown in Figure 2. Although steps and vacancy islands are
observed in some regions, which correspond to a single-layer
structure (dark area), islands of molecules are visible that
we assign to a multilayered structure. Line profiles taken
across these images are consistent with a second layer of
1,4-phenylenedimethanethiol molecules. The formation of
this second layer is dependent on sample preparation; in our
hands, whenever the sample is prepared without rigorous
exclusion of oxygen, we observe regions that correspond to
multilayer structures.

Scanning tunneling spectroscopy experiments yielded an
|-V curve for a monolayer region (Figure 3c) that shows a
characteristic sigmoidal form, although the curve measured

on a double-layer region (Figure 3D) is significantly different.
Figure 2. STM images of assemblies of 1,4-phenylenedimethanethiol on Mol | hi iment f d to furth
gold(111): (a) after 24 h at room temperature (inset, higher magnification olecular-etching experimentsvere performed to further

image at 12x 11 nn?); (b) after 48 h at room temperature (inset, higher probe the single and multilayer structures. In this experiment,

magnification image at 2% 22 nn¥); (c) after 48 h at 58C (inset, higher  the molecular layers are first scanned under normal imaging
magnification image at 4.8 4.2 nn?); and (d) afte 8 h atroom temperature . - o .

(image is low-pass filtered; inset,» 3.5 nn?). Images are raw data except conditions ¥pias= 1 V andlumeing= 1 NA). Pits were then

for the inset and panel d, which are contrast-enhanced and slightly low- etched by bringing the STM tip close to the surface using

pass filtered to accentuate molecular features. parameter¥yias= 10 mV andl wnneling= 10 NA and scanning
. a 20 x 20 nnt area for 30 s at 0.75 s per line. Increasing
structured domains are apparent. The contrast-enhancegha scan area to 58 50 nn? and scanning under normal

image, Figure 2c (inset), is shown at higher magnification. jya4ing parameters allowed for inspection of the etched pits.
The separation between the rows i$=10.6 nm, consistent

with the data obtained for the samples assembled for 48 h Figure 4a shows a monolayer structure before etching.

at room temperature. We ascribe the brighter spots in this FLgureI 4b jhows theh§a|msi\slre2 a_fte; etchiré%z(z)f tzg L.4-
image to the phenyl rings in 1,4-phenylenedimethanethiol phenylenedimethanethio - Apitof area n

and the smaller gray spots to S atoms. The distance betweels clearly visible. Similarly, Figure 4c shows a multilayer

the centers of two adjacent pheny! rings within a row is 0.49 structure before etching; Figure 4d shows the sample after

+ 0,08 nm. The domains yield a nearly rectangular lattice €{Nind and again, a pit of area 2020 nn is visible. We
with @ = 9.8+ 0.5A, =51+ 0.1 A, andy = 82+ 0.2°. observed that continuous scanning with.s = 1 V and
’ ’ lwnneing= 1 NA caused removal of most of the loosely bound

material, as reported by othéisLine profiles taken across
the etched pits on the samples shown in panels b and d of
Figure 4 indicate apparent pit depths of 0.48 and 0.47 nm,
respectively. These apparent depths suggest that, in both
. ) cases, only a monolayer of 1,4-phenylenedimethanethiol has
rectangular surface net with lattice constan.ts;gotf: 3.9+ been removed, although no conclusions may be drawn about
0.3A,=37+01A andy = 88# 0.2 ltis |mportant the precise height of the layers. Previous STM investiga-
to note that because STM analysis covers relatively Sma"tion529 of thiol-bound SAMs on gold have found that the
areas, no generalizations about the enf[ire surfacg morphOl'height measured by STM is not necessarily the same as the
ogies are made. HOW‘*V‘*T' the first _hlgh-resolunon ST™ physical film thickness. Thus, although atomic resolution
images of 1,4-phenylenedimethanethiol structures on gold may be achieved in the lateral dimensions, the resolution in

Zhownd here |rr1]d|clate thgt molecular c;rderlnlg IS hlghly the vertical dimension is restricted because the height data
ependent on the time ‘f’m temperature o samp € preparationy,,ive a convolution of electronic and physical properties.
STM Images of Multilayer Structures. Pugmire et al? Furthermore, inspection of the etched pit in the multilayer

reported that the preparation of SAMs of 1,4- phenylene- sample shows features corresponding to the underlying
dimethanethiol SAMs could result in structures containing molecules of the surface-bound layer.
multilayers. These may be formed by disulfide linkages
betwe?n the free thiol groups of molecules atta.Ched t(? QOId (26) Kohli, P.; Taylor, K. K.; Harris, J. J.; Blanchard, G.JJ.Am. Chem.
and thiols from unbound molecules (from solution). Disul- S0c.1998 120, 11962.
fides are often the first oxidation products of thiol com- 88 ﬁ!m, \Ti glcgagesg LR. L, B_arlcé,g/;. 8JL;:\(?S%‘JE[)nuir1993 9, 1941.

. . . im, Y.-T.; Bard, A. J.Langmuir , .
pounds"’,G so we performed experiments in which SAMs (29) Bumm, L. A.;Arnold,J.J.;gDu%bar, T.D.; Allara, D. L.; Weiss, P. S.
formed by the procedure outlined in the previous section (24 J. Phys. Chem. B999 103 8122.

Surprisingly, immersion of gold substrates in solutions of
1,4-phenylenedimethanethiol for shorter time intervals such
as 8-10 h at room temperature resulted in the formation of
structures of the type shown in Figure 2d. Analysis of the
Fourier transform of the image in Figure 2d reveals a
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Figure 3. 1-V characteristics of single and double layers of 1,4-phenylenedimethanethiol on gold(111). (a and b) Two different images of raw data showing
double-layer regions, (c) scanning tunneling spectroscopy (STS) of a single-layer region, and (d) STS of a double-layer region.

60 nm

220 nm

Figure 5. In-lens secondary electron scanning electron microscopy

images: (a) bare gold(111); (b) image (a) processed using a low-pass filter;
(c) 1,4-phenylenedimethanethiol SAM on gold prepared at room temperature
for 24 h; and (d) image (c) processed using a low-pass filter.

32 nm 37 nm

Figure 4. (a and c) STM images of 1,4-phenylenedimethanethiol film
coated on Au/mica ((a) single layer and (c) double layer). (b) Same area

shown in (a) after etching. (d) Same area shown in (c) after etching. All
images are raw data.

Scanning Electron Microscopy.Because STM can image

gold film are visible. A virtually featureless flat surface is
observed within each gold(111) domain. An in-lens SE SEM
image of a SAM of 1,4-phenylenedimethanethiol self-
assembly on gold(111) (prepared by 24 h immersion at room

only a relatively small area, we performed SEM experiments temperature) is shown in Figure 5c. This SE image reveals
to investigate the homogeneity of larger surface areas. Aa highly textured surface, together with the gold domain

representative in-lens secondary electron (SE) SEM imageboundaries and pit defects. The spatial variation in the SE
of a bare gold(111) surface is shown in Figure 5a. Boundariessignal, due to the presence of the SAM, is accentuated by
between gold(111) domains and 20 nm pit defects in the applying equivalent image-processing procedures together
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the gold nanoparticle aggregate pathways tend to follow the
boundaries of the areas of low SE emission, which are in
some cases related to pits in the gold substrate. However,
the density of the dark features in the gold(111)/SAM/gold
particle structure is significantly greater than the density of
pit defects in the bare gold(111) substrate.

Figure 6¢c shows an STM image confirming that the
surface-bound gold nanoparticles have diameters in the range
~6—8 nm. In Figure 6d, both single gold nanoparticles and
the underlying 1,4-phenylenedimethanethiol molecules are
visible.

Conclusions

Detailed scanning tunneling microscopy images of self-
assembled structures of 1,4-phenylenedimethanethiol mol-
ecules on gold(111) have been presented for the first time.
The STM data indicate that this molecule can self-organize
Figure 6. SEM and STM images of 5 nm gold particles on 1,4- ©N gold under particulqr solution—_depositior_l c_:onQitions.
phenylenedimethanethiol SAMs: (a and b) in-lens SE micrographs; (c and SAMSs of 1,4-phenylenedimethanethiol can exist in different
d) STM images of the nanostructure (images (a) and (c) are raw data, imageSphases_ Analysis of STM images shows two different unit-
(b) and (d) are low-pass filtered to accentuate contrast). cell configurations, with each formed under particular
conditions. Multilayer SAMs were prepared by a controlled
process and imaged with STM. Single layers from the
multilayer could be etched using standard STM techniques.
Scanning tunneling spectroscopy revealed different electronic
behavior between the single and double layers. Gold nano-
particles could be deposited on 1,4-phenylenedimethanethiol
SAMs by solution techniques. Finally, the gold/SAM and

with a low-pass filter to both the bare gold surface (Figure
5b) and the SAM on gold surface (Figure 5b). Full

interpretation of the SE contrast is difficult, as it results from
a complex combination of effects arising from differences
in the SE vyield between the gold substrate and the SAM,
differences in the number of molecular layers, changes in

the gold work function due to the presence of the molecules, . . . .
and electron-beam-induced charging-related phenomenagold/SAM/nanopamcIe structures were investigated by in-
lens electron microscopy for the first time to show regional

However, SE images show that the 1,4-phenylenedimethane- differences across areas of SAMS
thiol SAM is not homogeneous over each of the gold(111) '
domains. Interestingly, these results suggest that SE imaging

can be used to rapidly establish the presence and dIStrIbUtIOI']for financial assistance and the Microstructural Analysis Unit

of the SAM over a large area of specimen. at the University of Technology Sydney for support with
To further probe the surface structure, we deposited gold scanning electron microscopy. We also thank Dr. Barry J. Wood
nanoparticles (5 nm) onto a 1,4-phenylenedimethanethiol from the Brisbane Surface Analysis Facility for XPS experi-
SAM. Panels a and b of Figure 6 show in-lens SE images ments and Dr. Bill Gong from the School of Chemistry at the
of the gold/SAM/gold particle structure. Aggregates of gold University of New South Wales for SIMS experiments.
nanoparticles form networks of bright pathways-200 nm
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