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We demonstrated that mono- and dithiolated furan-containing oligoaryls (II -IV , see Chart 2) can be
successfully synthesized via a one-pot strategy starting from propargylic dithioacetals. IRAS (infrared
reflection-absorption spectroscopy) and STM (scanning tunneling microscopy) experiments revealed that
single-component monolayers ofII , III , andIV are essentially disordered, an important property that prevents
excited photoluminescent molecules from self-quenching in the organic layers of an OLED device. Surprisingly,
localized lattice packing of crystalline dithiolated furan oligoaryls on Au(111) can be assembled by immersing
preadsorbedn-dodecanethiol SAMs in the corresponding deposition solutions. The discrepancy in the formation
of disordered or localized crystalline structures is discussed. For single-component monolayers, the facile
formation of S-Au bonds generates chaotically distributed monolayers in which the arched molecules hinge
each other and block the desorptive pathways. The absence of crystalline packing is mainly attributed to the
difficulty for the dithiols to simultaneously break two S-Au bonds, to desorb, and then to readsorb, the key
step to improve the intermolecular attractions for crystalline SAMs. By preassemblingn-dodecanethiol SAMs,
the space for dithiolated compoundsIII andIV to adsorb is limited to domain boundaries or packing defects
where crystalline packing ofIII and IV can grow.

Introduction

Conjugated oligomers with tailored constituents and precisely
controllable length have been a current research interest because
of their potential applications in molecular wires and optoelec-
tronics.1,2 The electric and optoelectronic properties of conju-
gated oligoaryls can occasionally be fine-tuned by integrating
with heteroaromatic rings (e.g., oligothiophenes,2-8 tetrathiafulva-
lene,9-12 or pyrroles1-4,13,14). Furan-containing oligoaryls,7,8,15-18

representing a new class of materials, are relatively unexplored.
We recently developed a new annulation procedure for the
synthesis of 2,3,5-trisubstituted furans from the corresponding
propargylic dithioacetals.19-22 This protocol can conveniently
introduce at C3 position in the furan ring an alkyl substituent,
which increases the solubility in organic solvents and thus
improve the processibility of these materials.19-22 It has recently
been shown thatI (Chart 1) exhibited excellent hole-transport
properties with low turn-on voltage, high efficiency, high
brightness, and high hole mobility, comparable with those of
conventional arylamine-based hole-transport materials.23,24The
Bassler formalism,25-30 referred as a disorder model, was
utilized to fit the measured mobility, and the results of data
analysis indicated that the layer containingI prepared in the
OLED device was essentially disordered, presumably resulting
from the steric influence and nonplanar structure.19,23Such steric
hindrance and thus disorderness are favorable in conserving
excited fluorophores from self-quenching because of film
crystallization.

Over the past decade, the concept of engineering thioaromatic
self-assembled monolayers (SAMs)31-46 as the building blocks
for molecular electronics45,47-55 has stimulated enormous re-
search activities. There are two general findings for structural
characterization of X-(C6H4)m-SH SAMs on gold. First, the
sulfur headgroup preferentially adopts the sp3 binding scheme
on gold substrate.35,56-58 For thiolphenol (Ph-SH) and biphe-
nylthiol, the tilt angle of the phenyl introduces steric hindrance
between neighboring molecules and, therefore, their SAMs are
ill-defined.34-37,58-64 By inserting a methylene unit between the
phenyl ring and the thiol group (i.e., Ph-CH2-SH), the steric
constraint is released and the SAMs become well-ordered.35,56-58,65

Second, for those not containing a benzyl moiety, increasing
intermolecularπ-π interactions by increasing the number of
phenyl rings improves the film crystallinity.34-38,66In this IRAS
(infrared reflection-absorption spectroscopy) and STM (scan-
ning tunneling microscopy) study, we examined the SAM
structures of planar furan-containing oligoaryls (II -IV shown
in Chart 2), analogues ofI that appear disordered as a hole-
transport layer in an OLED device (vide supra). Given that the
conjugated and planar aryls favorable to the strong neighboring
π-π stacking, the benzyl group adaptable with the sp3
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hybridization of S-Au bond, andn-butyl side chains that
introduce steric effects, it is interesting to find out which factor
dominates and whether such furan-containing oligoaryl mono-
layers are crystalline or disordered, a crucial factor for the
organic layer of OLED devices. Also explored is improvement
in the packing structure of such branched mercaptoaryls, an
important subject in monolayer assembly.

Results

IRAS measurements.Typical IR spectra ofII , III , andIV
prepared in KBr pellets are shown in panels A, B, and C of
Figure 1, respectively. The molecules in KBr pellets are grinded
thoroughly and thus are presumably oriented isotropically. The
characteristic vibrational peaks for furan (A1 andB1)67,68 and
the disubstitutedpara-benzene moiety (a1, a2, andb2)69-71 are
denoted. The bands at 2965-2850 cm-1 are the stretch modes
for n-butyl (νCH2 and νCH3).72-76 Summarized in Table 1 are
the peak positions and the vibrational modes assigned according
to literature reports of similar moieties.67-76 The band at∼1504
cm-1 is the result of overlap of anA1 mode of furan moiety67

with ana1 of phenyl.69 Because the two vibrational modes are
somewhat perpendicular to each other, these bands are not used
to discuss the molecular orientation.

Panels D, E, and F in Figure 1 are, respectively, IRAS spectra
of the single-component monolayers on gold forII , III , and

IV . Theν(SH) mode is indiscernible, suggesting the formation
of a S-Au bond. For the convenience of the following
discussion, the transition dipoles69,77of thepara-benzene moiety
relative to the surface normal are sketched in Figure 2 in which
a1 (ca. 3052 and 1604 cm-1) andb2 (∼1106 cm-1) are in-plane
vibrational modes and are, respectively, parallel and perpen-
dicular to theC2V axis of this group;a2 (∼833 cm-1) is an out-
of-plane mode. For the furan moiety, the in-plane bending modes
A1 and B1 are parallel and perpendicular to theC2V axis,
respectively. The relative peak intensities of Figure 1D-F are
quite different than those of the corresponding spectra measured
in KBr pellets (Figure 1A-C). The intensity ratios ofIb2/
Ia1 at 3052 cm-1, Ib2/Ia2, and Ib2/Ia1+B1 at 1180 cm-1 increase signifi-
cantly. Because the peak intensities obtained from KBr pellets
represent transition dipoles oriented isotropically and because
IRAS for metallic substrates is insensitive to transition dipole
perpendicular to the surface normal,78,79 the increase in these
intensity ratios suggests a plausible structure proposed in Figure
2A in which the long axes of the benzene rings (i.e.,a1) are
somewhat perpendicular to the surface normal. For the other
a1 at 1603 cm-1, however, the magnitude ofIb2/Ia1 ratios of the
single component film compared to the corresponding compound
in KBr is slightly larger forII , about the same forIII , and only
one-half of those in KBr forIV (Table 2). These ratios suggest
ill-defined SAMs with probable multiple orientations. The peak

Figure 1. Transmission and IRAS spectra of compoundsII -IV . Samples prepared in KBr pellets: (A)II , (B) III , and (C)IV . Transmittance is
converted into absorbance for better comparison with IRAS spectra. Spectra of single-component films: (D)II , (E) III , and (F)IV . Mixed monolayer
spectra of (G)II , (H) III , and (I) IV -containing films prepared inn-dodecanethiol preassembled gold substrate. The assignments of vibrational
modes are tabulated in Table 1.

CHART 2: Structures of Thiolated Furan-containing Oligoaryls

7916 J. Phys. Chem. B, Vol. 109, No. 16, 2005 Lin et al.
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intensity of a2 mode (out-of-plane) at 820 cm-1 is distinct,
indicative of a large tilting angle of the phenyl rings away from
the surface normal. Most likely, although the furan-containing
oligoaryls on gold adopt a preferential orientation resembling
Figure 2A, the packing is disordered in nature, consistent with
the mobility measurements forI (vide supra).24

Panels G, H, and I of Figure 1 are typical IRAS spectra of
mixed monolayers prepared by immersing substrates of preas-
sembledn-dodecanethiol SAMs into the oligoaryl deposition
solutions. For mixed monolayers ofII /dodecanethiol SAMs, the
out-of-plane banda2 becomes indistinct and the intensity ratios
of Ib2/Ia1 at 1603 cm-1(Table 2) andIA1/IB1 are smaller than those
in KBr, suggesting an orientation similar to that of Figure 2B
for II (monothiol). However, no lattice structure was found by
STM (vide infra). ForIII and IV , the ratios ofIb2/Ia1, IA1/IB1,
andIb2/Ia1+B1 at 1180 cm-1 for the mixed monolayer are evidently
larger than those in KBr pellets and in single-component
monolayers. The attenuation in peak ratios supports the forma-
tion of the structure shown in Figure 2A and rules out the
possibility of Figure 2B, which would require that the ratios of
Ib2/Ia1 andIb2/Ia2 be smaller than those in KBr pellets. The out-
of-plane mode (a2 at 820 cm-1) becomes very small in Figure
1H and still significant in Figure 1I, suggesting that the
molecular tilt angle of the phenyl rings forIII is smaller that
that of IV . Taken together, the spectra indicate a better
uniformity of the molecular orientation in mixed monolayers
than that in single-component films.

STM Measurements.Numerous attempts in adjusting depo-
sition time, concentrations ofII -IV , and solvent selection have
been carefully carried out. However, STM provides no indication
that the single-component SAMs are well-ordered nor exhibit
well-defined stacking of oligoaryls even within small domains,
suggesting ill crystallinity for the branched furan oligoaryls on
gold substrate. Mixed monolayers of monothiolII /dodecanethiol
do not show lattice packing ofII by STM. Surprisingly, images
of well-ordered structures for stripedIII and IV domains can
be found in mixed monolayers (Figure 3). Although missing
row and low-density SAMs ofn-alkanethiol exhibit pinstriped
phases, this is unlikely the case on the basis of the assessment
stated in the following. First, the unit-cell symmetry for these
missing row and low-densityn-alkanethiol SAMs is close to
rectangular,80-84 different than those ofIII andIV whose angles
between the unit cell vectors are 60° and 76°, respectively.
Literature of low-densityn-dodecanethiol SAMs is rare. Godin
et al. recently reported a stacked lying-down structure for low-
densityn-dodecanethiol SAMs.85 The length of the observed
stripe is 1.5 nm,85 significantly smaller than our findings for
crystalline domains ofIII andIV (vide infra). Second, spectra
of STS (scanning tunneling spectroscopy) for the stripedIII
andIV domains are distinct from those for then-dodecanethiol
matrix. The STS spectra are provided in the supporting material
because the results are not pertinent to this present study and
the detailed investigations of STS for the branched furan
oligoaryls are still ongoing. Third, we did parallel experiments
that, under the same conditions as those for preparing striped
III and IV domains, the preassembledn-dodecanethiol SAMs
were re-immersed in either monothiolII or THF blank solution.
Striped features such as those of crystallineIII andIV domains
were not found.

Panels A, B, and C of Figure 3 are STM images of
III /dodecanethiol mixed monolayers; panel D is obtained from
SAMs containingIV . The upper part of Figure 3A and the lower
part of Figure 3B show large domains of c(4× 2), characteristic
of n-alkanethiol SAMs on Au(111).86,87Around domain bound-
aries at the lower left corner of panel A and the upper part of
panel B, the images reveal packing ofIII . The stacking pattern
is different from that of the c(4× 2) and exhibits a 3-fold
symmetry (inset of panel A). The inset of panel B is an enlarged
view of the c(4× 2) structure of dodecanethiol. Because of the

TABLE 1: Peak Assignments for Furan-containing Oligoaryls in KBr Pellets and in Monolayers Mixed with Dodecanethiol

peak position (cm-1)

in KBr
in mixed

monolayers vibrational modeb
transition dipole

directionc

3052 - - -a ν2a(CH), in-plane stretching phenyl ring:d a1

2965 2963 νa(CH3, ip), asym stretching
2933 2937 νs(CH3, FR), sym stretching
- - -a 2920 νa(CH2), asym stretching
2868 2871 νs(CH3), sym stretching
2859 2860 νs(CH2), sym stretching
2567 - - -a ν(SH)
1607 1603 ν8a(CdC), in-plane stretching phenyl ring:d a1

1508 1504-1491 ν19a(CdC), in-plane stretching phenyl ring:d a1

ν(CdC), in-plane ring stretching furan:e A1, | C2V axis
1465 1465 δ(CH2)), deformation
1250 1265 δ(CH), in-plane bending furan:e B1, ⊥ C2V axis

1180 1180 ν19a(CdC), in-plane stretching phenyl ring:d a1

δ(CH), in-plane bending furan:e B1, ⊥ C2V axis
1107 1106 ν18b(CH), in-plane bending phenyl ring:d b2

1060 1041 δ(CH), in-plane bending furan:e A1, | C2V axis
833 820 ν10a(CH), out-of-plane bending phenyl ring:d a2

a The peak intensity is negligible.b Subscripts: a, asymmetric; s, symmetric; numbers, modes defined in ref 69.c The directions of the transition
dipoles with respect to the molecule plane are depicted in Figure 2.d Ref 69.e Ref 67.

Figure 2. Proposed binding schemes forIII self-assembly and
corresponding vibrational modes forpara-benzene and furan moieties.

SAMs of Furan Oligoaryls on Gold J. Phys. Chem. B, Vol. 109, No. 16, 20057917
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well-established correlation of the c(4× 2) unit cell with respect
to that of the underlayer Au(111), the angles of unit cell vectors
of c(4 × 2) relative to those ofIII and IV lead us to deduce
their lattice structures on Au(111). Higher magnified images
for III and IV stacking are presented in panels C and D of
Figure 3. Position of the butyl cannot be identified because of
its fluxional nature at room temperature. The nominal width of
the stripes in panels C and D (i.e.,|q1| and|q2| in Figure 3) are
2.50 and 2.02 nm, which correlate well with the length of the
corresponding molecules and are, respectively, equivalent to
5x3 and 4x3 times gold diameter. Along the direction ofp,
the molecules do not exhibit modulation in height, and the
respective spacings forIII and IV are 0.51 ( 0.03 nm,
consistent withx3 times the Au spacing. In consequence, vector

p is commensurate with the〈121〉 direction of Au(111). The
models shown in panels C and D are a (x3 × 5x3) structure
for III and a (x3 × 4x3) for IV where the angles between the
unit cell vectors (p andq) are ca. 60° and 76°, respectively. At
the bottom parts of the images are the proposed models of
molecular stacking and unit cells that illustrate the reason the
images appear curvy and alternating with bright and dark rolls.
This feature is ascribed to the arch-shaped conformation of the
furan-containing oligoaryls where the central part is higher than
the arms (Chart 2 and Figure 2A).

Discussion

In the study of single-component monolayers of furan-
containing oligoaryls, results of FTIR and STM imaging unveil

TABLE 2: Relative Intensities of Representative Vibrational Modes of II-IV in KBr Pallets and in Monolayers

peak intensity (× 104 arbitrary unit) andintensity ratio

compoundII compoundIII compoundIV

monolayers monolayers monolayers

vibrational mode in KBr II onlya mixedb in KBr III onlya mixedb in KBr IV onlya mixedb

b2 (1106 cm-1) 1489.2 3.3 3.1 208.4 6.1 6.8 743.3 6.8 7.9
a1 (1603 cm-1) 1945.1 3.1 6.2 188.0 6.7 2.4 662.5 13.1 1.5

Ib2/Ia1 0.77 1.1 0.50 1.1 0.91 2.8 1.1 0.52 5.3

a Single-component monolayers.b Assembled on dodecanethiol-preadsorbed monolayers.

Figure 3. STM images of mixed monolayers of (A-C) III andn-dodecanethiol, (D)IV andn-dodecanethiol on Au(111). Imaging size: (A) 30
nm × 30nm, (B) 20 nm× 20nm, (C) 8.5 nm× 6.5 nm, and (D) 8.5 nm× 6.5 nm; typical imaging conditions:Vbias, 1.4 V; i t, 12 pA. The inset
in (A) shows the image of three domains ofIII , imaging size: 17 nm× 17 nm. The inset in (B) magnifies the characteristic c(4× 2) unit cell of
n-dodecanethiol SAMs. The bottom parts of (C) and (D) illustrate proposed packing structures of dodecanethiol,III , andIV . Then-butyl group is
omitted for clarity. Note that, forIII (C), one thiol is designated to lodge at a 3-fold hollow site while the other at a bridging site. Other arrangements
with the sulfur atoms in the 3-fold hollow, bridging, or ontop sites are also possible.

7918 J. Phys. Chem. B, Vol. 109, No. 16, 2005 Lin et al.
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disordered molecular monolayers, demonstrating that the steric
effect arising from the butyl group and the arched molecular
shape are the dominant factors on monolayer structures even
though the intermolecular attractions are contributed from as
many as 5 aromatic rings. The finding reconfirms our previous
analysis that the thin films of these oligoaryls are not crystalline
and are suitable for OLED devices.23,24

We manage to obtain crystalline domains ofIII and IV by
exposing preassembledn-dodecanethiol SAMs in the corre-
sponding deposition solutions. Several novel and intriguing
findings are discovered: (1) the stacking features ofII -IV
cannot be found without the presence of dodecanethiol SAMs,
(2) the long axes of the molecules and their aryl planes are,
respectively, perpendicular to and slightly tilted away from the
surface normal, an unprecedented packing structure in exclu-
sively upright ω-dithiol aromatic SAMs,31,32,55 and (3) the
domains are small and appeared to reside against the well-
defined c(4× 2) of n-dodecanethiol SAMs.

The assembly of the stacking features should take place during
the exchange of dodecanethiol byIII and IV because of the
absence of in-film crystallinity for single-component SAMs.
This assembling process is in essence the same as mixed-
monolayer preparation, where surface-bound thiols are displaced
by excess free thiols in solution. In literature reports, such
exchange reactions are generally associated with a fast and a
slow step although the experimental conditions are very different
in molar ratios of free to surface-bound molecules and in
properties of solvents and molecules.88-90 The fast step takes
place at defects, such as domain boundaries of the alkanethiol
SAMs, where free thiols can reach the gold surface relatively
easily. At terraces or domains where the molecules are tightly
packed, the kinetics is so slow that the exchange remains
incomplete for reactions taking longer than 10 days.88-90

Accordingly, the packing stripes ofIII and IV are situated
against the c(4× 2) domain of dodecanethiol SAMs.

Why and how do the preassembled dodecanethiol SAMs
assist the stacking ofIII andIV ? The arched shape ofIII and
IV allows them to bind on gold substrate with two thiol legs.
In the case of single-component SAMs, the oligoaryls chemisorb
readily on bare gold because of the ease in developing the S-Au
bond. The promptness of chemisorption generates chaotically
distributed monolayers in which the arched molecules hinge each
other and block the desorptive pathways. It is difficult for the
dithiols to simultaneously break two S-Au bonds, to desorb,
and then to readsorb, the key step of refining the intermolecular
attractions for crystalline monolayers.36,41 Consequently, the
steric effect of the branched furan oligoaryls governs the
developed structures. In the case of mixed monolayers, the
adsorption rate ofIII andIV is regulated by the slow desorption

of dodecanethiols at domain boundaries. The adsorption sites
are confined in a limited area where the furan-containing
oligoaryls are unlikely to be jam-packed and, nonetheless,
provides a sufficient space to maneuver the thiol legs to a
thermodynamically favorable location. In the process of repeti-
tively exchanging dodecanethiol and the dithiols (III and IV )
within a confined space, theπ-π attractions of the aromatics
become dominant and generate the stripe stacking whose butyl
groups no longer impose steric hindrance.

In summary, we have shown that the one-pot strategy starting
from propargylic dithioacetals can successfully synthesize
thiolated furan-containing oligoaryls (II -IV ). General proce-
dures of preparing SAMs by soaking substrates in the deposition
solutions result in ill-defined SAMs. The lack of lattice structure
is attributed to the steric side chain, the rigid and arched
molecular geometry, and the dithiol legs, which require simul-
taneous desorption of the thiolates and make it difficult to
improve the intermolecular attractions. By preassemblingn-
dodecanethiol SAMs, the space for the furan-containing oli-
goaryls to reside is limited to domain boundaries where
crystalline packing ofIII and IV can grow.

Experimental Section

Chemical Materials. All chemicals were used as received
unless otherwise noted. The synthetic procedures for compounds
II -IV are described in the following where the starting materials
were prepared on the basis of those reported previously.19-24

Synthesis of Teraryl-mono-thiol (II). Teraryl-mono-ol (Vb).
Under argon atmosphere, a THF solution (60 mL) ofVa (1.25
g, 3.7 mmol) was treated with DIBALH (16.0 mL of 1.0 M
solution, 16.0 mmol) at 0°C. The mixture was stirred for 30
min at 0 °C and was gradually warmed to room temperature
and stirred for 5 h. After quenching with 10% NH4Cl (10 mL)
and extracted with ether, the organic layer was dried with
MgSO4, and then the solvent was removed in vacuo. The residue
material was recrystallized from CH2Cl2-hexane to give theVb
(903 mg, 79%) mp 65-66 °C: 1H NMR (300 MHz, CDCl3) δ
0.95 (t,J ) 7.4 Hz, 3 H), 1.43 (sextet,J ) 7.4 Hz, 2 H), 1.66
(tt, J ) 7.7, 7.4 Hz, 2 H), 2.69 (t,J ) 7.7 Hz, 2 H), 4.70 (d,J
) 5.7 Hz, 2 H), 6.65 (s, 1 H), 7.29 (t,J ) 7.7 Hz, 1 H), 7.38
(t, J ) 7.7 Hz, 2 H), 7.44 (d,J ) 7.7 Hz, 2 H), 7.67 (d,J ) 7.5
Hz, 2 H), 7.70 (d,J ) 7.5 Hz, 2 H).13C NMR (125 MHz,
CDCl3) δ 14.0, 22.6, 25.7, 32.1, 65.2, 109.3, 123.8, 124.1, 125.5,
126.8, 127.4, 128.6, 130.3, 131.7, 139.7, 148.0, 151.6. IR (KBr)
ν 3327, 3079, 2949, 2928, 2849, 1594, 1500, 1484, 1464, 1421,
1282, 1186, 1044, 934, 809, 763, 694, 667, 508, 483 cm-1.
HRFAB calcd for C21H22O2 306.1620, found 306.1615. Anal.
Calcd for C21H22O2 C, 82.32; H, 7.24. Found C, 81.79; H,
7.15.Teraryl-mono-bromide (Vc).Under argon atmosphere, a

SCHEME 1
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benzene solution (10 mL) ofVb (0.61 g, 2.0 mmol) and PBr3

(d ) 2.88, 0.2 mL, 2.1 mmol) was stirred for 12 h at room
temperature. The mixture was treated with 10% NaHCO3 (5
mL) and extracted with CH2Cl2. The organic layer was dried
(MgSO4), and then the solvent was removed in vacuo. The
residue was recrystallized from hexane-CH2Cl2 to give theVc
(570 mg, 79%) mp 79-80 °C: 1H NMR (400 MHz, CDCl3)
δ 0.94 (t,J ) 7.4 Hz, 3 H), 1.49 (sextet,J ) 7.4 Hz, 2 H), 1.72
(tt, J ) 7.8, 7.4 Hz, 2 H), 2.75 (t,J ) 7.8 Hz, 2 H), 4.59 (s, 2
H), 6.78 (s, 1 H), 7.34 (tt,J ) 7.4, 1.4 Hz, 1 H), 7.42-7.55
(m, 4 H), 7.70-7.80 (m, 4 H).13C NMR (125 MHz, CDCl3) δ
14.0, 22.6, 25.7, 32.1, 33.6, 109.9, 123.9, 124.2, 125.6, 126.9,
128.6, 129.5, 130.9, 131.6, 136.4, 148.3, 151.3. IR (KBr)ν 3055,
2951, 2927, 2858, 1611, 1499, 1484, 1464, 1443, 1420, 1224,
1197, 1091, 1057, 934, 838, 813, 761, 688, 667, 596 cm-1.
HRFAB calcd for C21H21

79BrO 368.0776, found 368.0772. Anal.
Calcd for C21H21BrO C, 68.30; H, 5.73. Found C, 67.86; H,
6.01.

Teraryl-mono-thiol (II).To a solution of K2CO3 (207 mg,
1.5 mmol) in DMF (4 mL) was slowly added a solution of
freshly distilled thioacetic acid (0.1 mL, 1.5 mmol) in DMF (2
mL). After 10 min, this solution was added to a solution ofVc
(360 mg, 1.0 mmol) in DMF (4 mL), and then the mixture was
stirred overnight under the exclusion of light. After removal of
solvent, the residue was dissolved in CH2Cl2 (20 mL) and
washed with water and brine. The organic layer was dried
(MgSO4), and then the solvent was removed in vacuo. The
residue (232 mg, 0.64 mmol) in THF (6 mL) was allowed to
react with LAH (38 mg, 1.0 mmol) in THF (6 mL) solution at
0 °C for 10 min, then warmed to room temperature and stirred
for an additional 30 min. The mixture was cooled to 0°C and
then treated with 3 N aqueous HCl under an argon atmosphere
until all the solid had dissolved. The biphasic mixture was
diluted with ether (20 mL) and water (20 mL). The organic
layer was dried (MgSO4), removed in vacuo, and the residue
was chromatographed (silica gel, CH2Cl2/hexane) to giveII (267
mg, 83% for two steps):1H NMR (300 MHz, CDCl3) δ 0.94
(t, J ) 7.4 Hz, 3 H), 1.43 (sextet,J ) 7.4 Hz, 2 H), 1.66 (tt,J
) 7.7 Hz, 7.4 Hz, 2 H), 1.76 (t,J ) 7.4 Hz, 1 H), 2.68 (t,J )
7.7 Hz, 2 H), 7.74 (d,J ) 7.4 Hz, 2 H), 6.63 (s, 1 H), 7.26 (t,
J ) 7.8 Hz, 1 H), 7.32 (d,J ) 7.8 Hz, 2 H), 7.42 (t,J ) 7.8
Hz, 2 H), 7.65 (d,J ) 7.7 Hz, 2 H), 7.67 (d,J ) 7.7 Hz, 2 H).
13C NMR (75 MHz, CDCl3) δ 13.9, 22.6, 25.7, 28.8, 32.1, 109.2,
124.0, 124.1, 125.5, 126.8, 128.4, 128.5, 129.7, 131.8, 140.0,
148.0, 151.6. IR (KBr)ν 3026, 2955, 2928, 2869, 2859, 2567,
1605, 1597, 1500, 1486, 1465, 1251, 1182, 1109, 1073, 1051,
933, 839, 811, 692 cm-1. HRFAB calcd for C21H22OS 322.1391,
found 322.1388. Anal. Calcd for C21H22OS C, 78.22; H, 6.88.
Found C, 77.99; H, 7.10.

Synthesis of Ter- or Penta-aryl-bis-dithiol (III or IV). Ter-
or Penta-aryl-bis-diol (VIb or VIIb).Under argon atmosphere,
a THF solution (60 mL) ofVIa or VIIa (1.0 mmol) was treated
with DIBALH (8.0 mL of 1.0 M solution, 8.0 mmol) at 0°C
and stirred for 30 min. The mixture was stirred for 30 min at 0
°C and was gradually warmed to room temperature and then
stirred for 5 h. After quenching with 10% NH4Cl (10 mL) and
extracted with ether, the organic layer was dried (MgSO4), and
the solvent was removed in vacuo. The residue material was
recrystallized from CH2Cl2-hexane to give the alcoholVIb (312
mg, 93%) orVIIb (486 mg, 91%).VIb mp 113-114 °C: 1H
NMR (400 MHz, CDCl3) δ 0.94 (t, J ) 7.4 Hz, 3 H), 1.42
(sextet,J ) 7.4 Hz, 2 H), 1.65 (tt,J ) 7.4, 7.8 Hz, 2 H), 2.04
(br, 2 H), 2.66 (t,J ) 7.8 Hz, 2 H), 4.65 (s, 2 H), 4.68 (s, 2 H),
6.63 (s, 1 H), 7.34 (d,J ) 8.2 Hz, 2 H), 7.39 (d,J ) 8.2 Hz,

2 H), 7.65 (d,J ) 8.2 Hz, 2 H), 7.67 (d,J ) 8.2 Hz, 2 H).13C
NMR (100 MHz, CDCl3) δ 13.9, 22.6, 25.7, 32.0, 65.0, 109.2,
123.8, 124.2, 125.6, 127.2, 127.3, 130.1, 131.1, 139.3, 139.7,
147.7, 151.6.

VIIb mp 170-171°C: 1H NMR (300 MHz, CDCl3) δ 0.97
(t, J ) 7.3 Hz, 6 H), 1.46 (sextet,J ) 7.3 Hz, 4 H), 1.68 (s, 2
H), 1.69 (quint,J ) 7.6 Hz, 4 H), 2.73 (t,J ) 7.6 Hz, 4 H),
4.70 (s, 4 H), 6.67 (s, 2 H), 7.38 (d,J ) 8.2 Hz, 4 H), 7.71 (d,
J ) 8.2 Hz, 4 H), 7.75 (s, 4 H).13C NMR (100 MHz, CDCl3)
δ 14.0, 22.7, 25.9, 32.1, 65.2, 109.5, 123.9, 124.5, 125.5, 127.4,
130.0, 130.2, 139.8, 147.8, 151.7.

Ter- or Penta-aryl-bis-dibromide (VIc or VIIc).Under argon
atmosphere, a benzene solution (10 mL) ofVIb or VIIb (1.0
mmol) and PBr3 (d ) 2.88, 0.2 mL, 2.1 mmol) was stirred for
12 h. The mixture was treated with 10% NaHCO3 (5 mL) and
extracted with CH2Cl2. The organic layer was dried (MgSO4),
and the solvent was removed in vacuo. The residue was
recrystallized from hexane-CH2Cl2 to giveVIc (432 mg, 94%)
or VIIc (612 mg, 93%).

VIc mp 116-117 °C: 1H NMR (300 MHz, CDCl3) δ 0.97
(t, J ) 7.3 Hz, 3 H), 1.23 (sextet,J ) 7.3 Hz, 2 H), 1.64 (tt,J
) 7.7, 7.3 Hz, 2 H), 2.70 (t,J ) 7.7 Hz, 2 H), 4.52 (s, 2 H),
4.54 (s, 2 H), 6.68 (s, 1H), 7.42 (d,J ) 8.3 Hz, 2 H), 7.45 (d,
J ) 8.3 Hz, 2 H), 7.66 (d,J ) 8.2 Hz, 2 H), 7.68 (d,J ) 8.2
Hz, 2 H).13C NMR (75 MHz, CDCl3) δ 14.0, 22.6, 25.8, 32.0,
33.5, 70.8, 110.0, 124.0, 125.0, 125.7, 129.4, 129.5, 130.7,
131.7, 136.1, 136.6, 147.7, 151.6. IR (KBr)ν 2959, 2932, 2862,
1614, 1511, 1228, 1203, 1096, 935, 841, 817, 601 cm-1.
HRFAB calcd for C22H22Br2O 460.0037, found 460.0044.

VIIc mp 185-187°C: 1H NMR (300 MHz, CDCl3) δ 0.99
(t, J ) 7.2 Hz, 6 H), 1.47 (sextet,J ) 7.2 Hz, 4 H), 1.70 (tt,J
) 7.6, 7.2 Hz, 4 H), 2.75 (t,J ) 7.6 Hz, 4 H), 4.54 (s, 4 H),
6.71 (s, 2H), 7.42 (d,J ) 8.1 Hz, 4 H), 7.70 (d,J ) 8.1 Hz, 4
H), 7.77 (s, 4 H).13C NMR (75 MHz, CDCl3) δ 14.0, 22.6,
25.9, 32.0, 33.6, 110.1, 123.9, 124.6, 125.5, 129.5, 129.9, 130.8,
136.5, 148.0, 151.3. IR (KBr)ν 2960, 2932, 2873, 1611, 1510,
1460, 1226, 1200, 1090, 934, 840, 814, 672, 596 cm-1. HRFAB
calcd for C36H36Br2O2 658.1082, found 658.1072.

Ter- or Penta-aryl-bis-dithioacetate (VId or VIId).To a
solution of K2CO3 (3.0 mmol) in DMF (10 mL) was slowly
added a solution of freshly distilled thioacetic acid (0.2 mL,
3.0 mmol) in DMF (5 mL). After 10 min, this solution was
added to a solution ofVIc or VIIc (1.0 mmol) in DMF (10
mL), and the mixture was stirred overnight under the exclusion
of light. After removal of solvent, the residue was dissolved in
CH2Cl2 (40 mL) and washed with water and brine. The organic
layer was dried (MgSO4), the solvent was removed in vacuo,
and the residue was chromatographed (silica gel, EtOAc/hexane)
to give VId (407 mg, 90%) orVIId (598 mg, 92%).

CHART 3
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VId : 1H NMR (300 MHz, CDCl3) δ 0.93 (t,J ) 7.2 Hz, 3
H), 1.40 (sextet,J ) 7.2 Hz, 2 H), 1.63 (tt,J ) 7.7, 7.2 Hz, 2
H), 2.34 (s, 3 H), 2.35 (s, 3 H), 2.64 (t,J ) 7.7 Hz, 2 H), 4.11
(s, 2 H), 4.13 (s, 2 H), 6.60 (s, 1 H), 7.25 (d,J ) 8.2 Hz, 2 H),
7.30 (d,J ) 8.2 Hz, 2 H), 7.58 (d,J ) 8.0 Hz, 2 H), 7.60 (d,
J ) 8.0 Hz, 2 H).13C NMR (75 MHz, CDCl3) δ 13.9, 22.6,
22.7, 25.7, 30.2, 30.3, 32.0, 33.2, 33.3, 41.2, 109.3, 123.8, 124.2,
125.6, 129.0, 129.8, 130.7, 136.0, 136.4, 147.6, 151.5, 195.0.
IR (KBr) ν 2959, 2931, 2866, 1692, 1655, 1509, 1134, 1104,
958, 626 cm-1; HRFAB calcd for C26H18O3S2 452.1480, found
452.1483.

VIId mp 142-143°C: 1H NMR (300 MHz, CDCl3) δ 0.98
(t, J ) 7.3 Hz, 6 H), 1.48 (sextet,J ) 7.3 Hz, 4 H), 1.68 (tt,J
) 7.7, 7.3 Hz, 4 H), 2.37 (s, 6 H), 2.74 (t,J ) 7.7 Hz, 4 H),
4.14 (s, 4 H), 6.66 (s, 2 H), 7.31 (d,J ) 8.2 Hz, 4 H), 7.66 (d,
J ) 8.2 Hz, 4 H), 7.75 (s, 4 H).13C NMR (75 MHz, CDCl3) δ
14.0, 22.6, 25.9, 30.4, 32.1, 33.3, 109.5, 123.9, 124.5, 125.4,
129.2, 129.8, 129.9, 136.5, 147.7, 151.6, 195.1. IR (KBr)ν 2952,
2924, 2860, 2568, 1685, 1510, 1488, 1137, 936, 834, 755, 670,
635 cm-1. HRFAB calcd for C40H42O4S2 650.2525, found
650.2520.

Ter- or Penta-aryl-bis-dithiol (III or IV). Under argon
atmosphere, a THF solution (10 mL) of LAH (3 equiv) was
treated with THF solution (10 mL) ofVId or VIId (1.0 mmol)
at 0°C, and stirred for 10 min, then warmed to room temperature
and stirred an additional 30 min. The mixture was cooled to 0
°C and treated with 3 N aqueous HCl under an argon atmosphere
until all the solid had dissolved. The biphasic mixture was
diluted with ether (20 mL) and water (20 mL). The organic
layer was dried (MgSO4), removed in vacuo, and the residue
was chromatographed (silica gel, CH2Cl2/hexane) to giveIII
(305 mg, 83%) orIV (453 mg, 80%).

III : 1H NMR (200 MHz, CDCl3) δ 0.96 (t,J ) 7.2 Hz, 3
H), 1.45 (sextet,J ) 7.2 Hz, 2 H), 1.65 (tt,J ) 7.6, 7.2 Hz, 2
H), 1.78 (t,J ) 7.5 Hz, 1 H), 1.80 (t,J ) 7.5 Hz, 1 H), 2.69
(t, J ) 7.6 Hz, 2 H), 3.76 (d,J ) 7.5 Hz, 2 H), 3.78 (d,J ) 7.5
Hz, 2 H), 6.65 (s, 1 H), 7.34 (d,J ) 8.2 Hz, 2 H), 7.38 (d,J )
8.2 Hz, 2 H), 7.65 (d,J ) 8.1 Hz, 2 H), 7.67 (d,J ) 8.1 Hz,
2 H). 13C NMR (100 MHz, CDCl3) δ 14.0, 22.6, 25.8, 28.80,
28.82, 32.1, 109.2, 123.9, 124.2, 125.7, 128.3, 129.6, 130.6,
139.6, 140.0, 147.7, 151.6. IR (KBr)ν 3030, 2959, 2931, 2872,
2862, 2568, 1607, 1510, 1494, 1252, 1104, 1052, 935, 841, 813
cm-1. HRFAB calcd for C22H24OS2 368.1269, found 368.1277.
Anal. Calcd for C22H24OS2 C, 71.69; H, 6.56. Found C, 71.47;
H, 6.22.

IV mp 125-129°C: 1H NMR (400 MHz, CDCl3) δ 0.96 (t,
J ) 7.3 Hz, 6 H), 1.45 (sextet,J ) 7.3 Hz, 4 H), 1.68 (tt,J )
7.7, 7.3 Hz, 4 H), 1.76 (t,J ) 7.5 Hz, 2 H), 2.72 (t,J ) 7.7
Hz, 4 H), 3.75 (d,J ) 7.5 Hz, 4 H), 6.65 (s, 2 H), 7.33 (d,J )
8.3 Hz, 4 H), 7.66 (d,J ) 8.3 Hz, 4 H), 7.74 (s, 4 H).13C
NMR (75 MHz, CDCl3) δ 14.0, 22.6, 25.9, 28.8, 32.1, 109.4,
123.9, 124.5, 125.4, 128.4, 129.6, 129.9, 140.0, 147.7, 151.6.
IR (KBr) ν 3023, 2956, 2927, 2868, 2857, 2562, 1607, 1598,
1509, 1486, 1250, 1190, 1104, 1060, 1019, 933, 833, 814, 794,
669 cm-1. HRFAB calcd for C40H42O4S2 566.2313, found
566.2311.

Preparation of Monolayers. The deposition solutions con-
tained 0.24 mM thiolated furan oligoaryls (II -IV ) in THF. To
prepare monolayers containing a single component, the soaking
time of the gold substrate was ranging from 3 h todays. The
sample was rinsed thoroughly in sequence with THF and
ethanol. To remove trace amount of solvent, the sample was
subjected to vacuum drying (∼30 min, 120 mTorr) prior to STM
or IR measurements. To prepare mixed monolayers, the

substrates were preassembled withn-dodecanethiol (1 mM in
EtOH, 80 min∼12 h). After rinsed thoroughly with ethanol,
the substrates were treated with the same way as those for single-
component SAMs.

STM Measurements. The Au(111) substrates (Gold Ar-
randee, purchased from Metallhandel Schroer GmbH, Germany)
were∼200-300 nm thick gold films with a∼1-4 nm thick
Cr adhesive layer and were flame annealed a few times before
each experiment. STM measurements were carried out with a
NanoScope IIIa (Veeco Metrology Group, Santa Barbara, CA)
using a low-current modulus. Commercial Pt/Ir tips (Nanotips,
Digital Instruments, Santa Barbara, CA) were employed. Typical
imaging conditions of tunneling current and bias voltage were
ranging from 10 to 15 pA and from 1.2 to 2 V, respectively.
The microscope was housed in a chamber where dry N2 was
purging throughout the experiments and the humidity was lower
than 2%.

IR Characterization. Transmission IR spectra of Compounds
II -IV were obtained by KBr-pelleted samples. For IRAS
(infrared reflection-absorption spectroscopy) spectra of mono-
layer films, the substrates were 200-nm-thick gold films
thermally evaporated onto glass slides precleaned with piranha
solution, a 1:3 (v/v) mixture of 30% H2O2 and concentrated
H2SO4. This solution reactsViolently with organic materials
and should be handled with great care. The pressure in the bell-
jar evaporator (Auto 306, Edwards High Vacuum International,
West Sussex, UK) was nominally 2× 10-6 Torr. A 5-nm Cr
underlayer was used to enhance the adhesion of the gold film.
IRAS spectroscopy was carried out with a Perkin-Elmer System
2000 infrared spectrometer equipped with an MCT detector
cooled with liquid nitrogen. The measurement scheme78 was a
single reflection mode and thep-polarized light was incident at
85° from the surface normal with a grazing angle accessory
(FT-85, Spectra-Tech, Shelton, CT). The light path, detector,
and sample chambers were purged with dry nitrogen. Both the
sample and the reference (bare Au) 1024 scans were collected
at 4 cm-1 resolution for signal averaging.
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