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1. Introduction

In the field of nanotechnology, the design, construction and
study of simple nano-sized molecular devices are topics of cur-
rent interest [1]. The technological potential of such devices can
only be fully exploited if the device, or at least one of its compo-
nents is attached to a surface, which opens up the possibility for
active manipulation or switching at nanoscale spatial resolution.
Our particular approach toward anchored nanodevices includes
rigid TBTQ molecular building blocks, serving as stator of nanome-
chanical devices, the rotor part being represented by Cgq fullerene
derivatives [2]. The tribenzotriquinacene motif is particularly suit-
able for this approach, because it is a rigid receptor molecule [3],
which can be substituted at its peripheral positions (Scheme 1) to
create a half-bowl shaped cavity, while at the same time a large
variety of chemical groups can be introduced in its bridgehead pos-
itions (Scheme 1), serving as a means to attach TBTQ to different
surfaces.

Initial studies were focused on TBTQ derivatives that form stable
host-guest complexes with fullerene Cgg in solution [4,5]. Subse-
quent investigations were targeted on the structural optimization
of the peripheral positions of TBTQ receptors with the intention
to increase [Cgp C TBTQ] complex stability [6], and thus to enable
formation of a self-assembled mechanical nanodevice, including
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the potential to perform unidirectional rotation [7], a fundamental
operation mode of almost any functional device.

Continuing this research line, we here address the critical ques-
tion as to how [Cgg c TBTQ] complexes might be positioned on a
(flat) surface. One possible solution for this challenge lies in the
functionalization of the bridgehead positions of the TBTQ receptor,
which was optimized with the purpose to embed them into struc-
turally well-defined simple monolayers, deposited on Au-(111)
surfaces [8]. Self-assembled organosulfur monolayers, which con-
tain an alkyl chain with a surface-active sulfur group, such as thiols
[9], di-n-alkyl disulfides [10] or di-n-alkyl sulfides [11] seem to
be particularly suitable for embedding and integrating concave
host molecules, which has been previously demonstrated for cal-
ixarenes [12], resorcarenes [13] and cyclotriveratrylenes [ 14].

The aim of the present study is to work out an appropriate
surface-anchor-system for TBTQs. In present and future studies
more detailed investigations are in progress or planned. These
include, for example, the synthesis of a TBTQ which contains a
cavity for the embedding of Cgg and an anchor group, which is
challenging because the known preparative routes for the modi-
fication peripheral and bridgehead position are not compatible to
each other. Furthermore, it is unclear in which way the SAM will
influence the kinetic and thermodynamic of the [Cgg ¢ TBTQ] com-
plex. Subsequently, the loading density of the TBTQ in the SAM and
of Cgp in the TBTQ has to be optimized.

In the studies, we are presenting here, di-n-alkyl sulfide func-
tionalities are employed as surface-anchoring groups (Scheme 1),
the interaction of which with the Au-(11 1)-surface is expected to
be more reversible than that of thiols, thus facilitating a structurally
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Scheme 1. Preparative route to TBTQ 3. (a) 9-BBN, THF, 0°C, 2 h; (b) 70°C, 12 h.

well-defined integration of 3 in the supporting alkanethiol mono-
layers. In this way, every TBTQ 3 is attached to the Au-(11 1) surface
via three di-n-alkyl sulfide anchor groups connected to the bridge-
head positions of TBTQ, which accordingly exposes its central, fully
accessible cavity to the mixed monolayer surface.

In the following, the synthesis of 4b,8b,12b-tris(10-
(decylsulfanyl)decyloxy)-12d-methyl-4b,8b,12b,12d-tetrahydro-
dibenzo[2,3:4,5]pentaleno[1,6-ab]inden (TBTQ 3), which contains
three di-n-decylsulfide chains as anchor groups for Au-(111), is
described for the first time. Thereafter, a method, for embedding
isolated molecules of the minor component 3 into a closely packed
matrix of alkanethiols on Au-(111) is described and the result-
ing mixed SAMs [15], are characterized by STM under ambient
conditions, allowing us the construction of atomistic monolayer
models.

2. Experimental
2.1. General

Melting points (uncorrected): OptiMelt, MPA 100 apparatus.
Infrared (IR) spectra: Bruker FTIR IFS 113v spectrometer; KBr pel-
lets. NMR spectroscopy: Bruker Avance 400; data given as ppm;
J values are given in Hz; spectra referenced to the residual sol-
vent peak; the degree of substitution of C atoms was determined
by the APT method. MALDI-ToF mass spectra: Bruker, Daltonics
REFLEX III. N;-laser (337 nm), pulsed ion extraction (PIE), HIMAS-
detector, acceleration voltage 20 kV, matrix: DHB. CI mass spectra:
Finnigan MAT, SSQ 7000 with a single-stage quadrupole system;
intensities are given relative to the base peak; Cl-gas: methane.
Thin layer chromatography: silica gel (Kieselgel F»54) on Al foils
(Merck). Gravity column chromatography: silica gel (Kieselgel 60,
0.063-0.200 mm, Merck).

2.2. Synthesis procedures

10-(Decylsulfanyl)decan-1-ol (1). To a solution of dec-9-en-
1-ol (300mg, 1.7 mmol) and decane-1-thiol (335 mg, 2.1 mmol)
in THF (10 mL) at 0°C, 9-BBN (0.04 mL, 2.0 mmol; 0.5M in THF)
was added and the mixture was stirred with continuous cooling.
After 2h, the reaction mixture was allowed to warm to RT and
poured in saturated NH4Cl solution (20 mL). The organic layer was
separated and the aqueous phase was extracted three times with

ethyl acetate. The combined organic layers were washed three
times with water and dried with sodium sulfate. The solvent was
removed and the crude product was purified by Kugelrohr distilla-
tion under reduced pressure to yield 1 (476 mg, 14 mmol, 85%) as a
colorless glassy oil, which changed to a colorless powder by scratch-
ing it from the glass wall of the receiving flask. M.p.: 53-54°C;
IR (KBr): ¥=3361.7, 2923.2, 2851.0, 1632.9, 1462.1, 1421.6,
1129.2, 1059.9, 1042.1, 762.2cm~'. TH NMR (400 MHz, CDCl3):
8=3.66 (t, 2H, CH,OH, 3J(H,H)=6.6Hz), 2.51 (t, 4H, CH,SCH,,
3J(H,H)=7.5Hz), 1.63-1.55 (m, 6H), 1.40-1.28 (m, 26H), 0.90 (t, 3H,
CHs, 3J(H,H)=7.0Hz) ppm. 13C NMR (100 MHz, CDCl3): §=63.0 (p),
32.8(s),32.2(s),32.2(s),31.9(s), 29.7 (s), 29.7 (s), 29.5 (s), 29.5 (5),
29.4 (s), 29.3 (s), 29.3 (s), 29.2 (s), 29.2 (s), 28.9 (s), 28.9 (s), 25.7
(s), 22.7 (s), 14.1 (p) ppm. Signal of one secondary carbon atom
is superimposed by others. MS (CI): m/z (%)=359 [M+CH,CH3]*
(16), 331 [M+H]* (100), 313 [(M+H)-H,0]* (7). Elemental anal-
ysis calc (%) for CyoH420S: C 72.66, H 12.80; found: C 72.53,
H 12.75.
4b,8b,12b-Tris(10-(decylsulfanyl)decyloxy))-12d-methyl-

4b,8b,12b, 12d-tetra-hydrodibenzo[2,3:4,5]pentaleno[1,6-
ablinden (3). 4b,8b,12b-Tribromo-12d-methyl-4b,8b,12b,12d-
tetrahydrodibenzo[2,3:4,5]pentaleno[1,6-ab]inden [16] 2 (50 mg,
941 wmol) was added at 70 °C to a melt of 10-(decylsulfanyl)decan-
1-ol 1 (450 mg, 13.6 mmol) and subsequently the reaction mixture
was vigorously stirred under argon for 12h. Then the reaction
mixture was allowed to cool to RT and the resulting residue
was purified by column chromatography (chloroform) to yield 3
(96 mg, 753 wmol, 80%) as a colorless and highly viscous liquid. IR
(KBr): ¥ = 3436.4, 3068.2, 3029.6, 2923.9, 2851.5, 1464.5, 1375.9,
1236.2, 1096.8, 1073.9, 767.6, 722.9cm~!. 'TH NMR (400 MHz,
CDCl3): §=7.53 (AA’BB’ y;tno, 6H), 7.29 (AA'BB' ppera, 6H), 3.37 (t, 6H,
CH,OH, 3J(H,H)=7.1Hz), 2.51 (t, 12H, CH,SCH>, 3J(H,H)=7.6Hz),
1.69-1.55 (m, 21H, —OCH;CH,, CH,CH;SCH;CH, and CH3ppegnyi),
1.40-1.29 (m, 78H, the remaining 39 CH, groups), 0.90 (t, 9H,
w-CH3, 3J(HH)=6.8Hz). 13C NMR (100MHz, CDCl3): §=143.3
(q), 129.1 (t), 124.5 (t), 95.9 (q), 77.9 (q), 66.6 (s), 32.2 (s),
31.8 (s), 30.6 (s), 29.7 (s), 29.6 (s), 29.5 (s), 29.5 (s), 29.5 (s),
294 (s), 29.3 (s), 29.2 (s), 28.9 (s), 26.1 (s), 22.6 (s), 14.1 (p),
11.5 (p). Signals of four secondary carbon atoms are superim-
posed by others. MS (MALDI-ToF): m/z calc. for (CgzsH13803S3):
1279; found: 1302 [M+Na]*, 950 [M—CyoH>1S(C19H20)0°]*, 621
[M*C]OHzlS(C10H20)O'7C10H21S(Clono)O'r. Elemental analysis
calc (%) for CgzHq3303S3: C 77.87, H 10.87; found: C=77.81,
H=10.78.
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Fig. 1. STM images of mixed SAMs composed of C6-SH and 3 (stock solution: thiol: 1 mM, 3: 0.01 mM). (a) 20 x 20, (b) 16 x 16 and (c, top) 12 x 12nm? (Vy=—-1.4V, I, =8 pA).
The close packing of C6-SH is consistent with a (2,/3 x 3)R30° lattice. On all images, individual molecules of 3 appear as big bright features (black arrow), while defects of
the same size appear dark (white arrow). (c, bottom) Section along the white line; inset: FT pattern of the image.

2.3. Sample preparation

Mixed SAM preparation. Commercially available gold surfaces
(Arrandee™; Au films on a borosilicate glass substrate with a
2.5nm Cr binding layer (11 x 11 mm, 250+50nm)) [17] were
treated by a standard procedure before usage. Stock solutions of
the thiols (1 mM in ethanol/chloroform (1:1)) and TBTQ 3 (0.01 mM
in ethanol/chloroform (1:1)) were prepared in volumetric flasks
that were cleaned by soaking 0.5h in “cleaning” solution (2:1:1
H,0/NH3/H,0;). The vessels were thoroughly rinsed with deion-
ized water, absolute ethanol and dried before use. The freshly
tempered gold surfaces were immersed in a 1:1 mixture of the
stock solutions of the adsorbates for 2h at 50°C. The resultant
mixed SAMs were allowed to cool slowly to room temperature
exhaustively rinsed with ethanol/chloroform (1:1) and dried under
a flow of argon gas. STM measurements were performed with an
Agilent 5500 AFM/SPM microscope with mechanically cut Pt-Ir
(80:20) tips. All images were obtained under ambient conditions
in constant-current mode.

3. Results and discussion

10-(Decylsulfanyl)decan-1-ol 1 was synthesized by the base-
catalysed addition of decane-1-thiol and dec-9-en-1-ol (Scheme 1,
a). 4b,8b,12b-Tribromotribenzotriquinacene 2 was synthesized in
6 steps according to literature procedures starting from dimethyl
phthalate with an overall yield of 19% [3a,b,16]. TBTQ 3 was syn-
thesized through subsequent substitution of the bromine atoms

of 4b,8b,12b-tribromotribenzotriquinacene 2 with thioether 1
(Scheme 1, b). To ensure the three-fold Sy 1-type substitution reac-
tion in high yield (80%) thioether 1 was used in large excess, i.e. as
solvent.

Similar toreactant2, TBTQ 3 is C3, symmetrical and therefore the
TH NMR spectrum shows only relatively few signals (Fig. S4). The
12 aromatic protons correspond to an AA’BB’-system at § =7.53 and
8=7.29 ppm respectively. The 126 aliphatic protons correspond to
three triplets at §=3.37, 2.51 and 0.90 ppm and two multiplets at
1.69-1.55 as well as 1.40-1.29 ppm. The 13C NMR spectrum of TBTQ
3 also reflects the C3, symmetry of the compound. Of the combined
number of 60 carbon atoms belonging to the three thioether groups
only 16 resonance peaks from §=66.7-14.1 ppm can be assigned,
but for the C3, symmetry 20 signals are expected. Probably the sig-
nals of the carbon atoms which have the longest distance to the
heteroatoms and the w-CH3 group overlap each other. The three
signals at §=95.9, 77.8 and 11.5 ppm correspond to the three ben-
zylic bridgehead carbons (4), the central carbon (5) and the carbon
of the central methyl group (6). The remaining aromatic carbons
relate to the three signals at §=143.3 (1), 129.1 (2) and 124.6
(3) ppm (Fig. S5).

In the corresponding mass spectrum (MALDI-ToF; Fig.
S6) the expected molecular radical ion ([M+H]**, calcd
m/z=1279) was not detectable and only traces of [M+Na]*
(caled m(z=1302) could be found. Instead, the largest m/z
value arises for the fragments at 950 [M—C;9H31S(C1oH20)0°]*
and 621 [M—Cy0H21S(C1oH20)0° —C1oH21S(C1oH20)0° |
formed by a-cleavage due to the enhanced reactivity of the
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Fig. 2. STM images of mixed SAMs composed of C10-SH and 3 (stock solution: thiol: 1mM, 3: 0.01 mM). (a) 18 x 18, (b) 12 x 12 and (c, top) 10 x 10nm? (V; =—-700mV,
I; =6 pA). The close packing of C10-SH is consistent with a (/3 x /3)R30° hexagonal lattice (for (b) (2,/3 x 3)R30°). On all images, individual molecules of 3 appear as big
bright features (black arrow). (c, bottom) Section along the white line; inset: FT pattern of the image.

bridgehead ether functions. This observation is in agree-
ment with similar findings by Kuck et al. [3b] concerning
bridgehead ether-functionalized 12d-methyl-4b,8b,12b,12d-
tetrahydrodibenzo[2,3:4,5]pentaleno[1,6-ab]indenes.

Initial endeavors to form mixed monolayers between alkanethi-
ols and TBTQ 3 were based on hexanethiol (C6-SH) assuming that
TBTQ 3 would to penetrate a short-chain alkanethiol quickly and
efficiently. For the anchor groups of TBTQ 3, instead of the more
common thiol groups, dialkylsulfides are employed, because the
sulfur atom of the latter interacts with the surface atoms of a gold
layer through a relatively weak dative bond [18], which in turn
should lead to faster and reversible assembly dynamics.

A study by Lavrich et al. [19] has shown that dialkylsulfides
merely bind via physisorption to an Au surface and the excess
physisorption enthalpy contributed by the sulfur-Au atom inter-
actions alone is by the order of 24 kJ/mol when compared to the
physisorption enthalpy shown by a structurally related n-alkane.
In contrast to dialkyldisulfides, alkanethiols show a chemisorption
enthalpy of 126 kj/mol, which is independent of chain length. How-
ever, since it is the difference in Free Gibbs energy values which
determines the ratio between the surface-bound species in a mixed
SAM, the influences of solvent effects, time, temperature etc. are not
well covered by comparing binding enthalpies alone.

Experimentally we have observed, in agreement with other
studies [12-14] that during the dynamic process of SAM formation
intermolecular van der Waals interactions are important driving
forces for the formation of the mixed monolayer. Moreover, the
number of three dative bonds between the dialkylsulfide chains of
TBTQ 3 and the Au surface in conjunction with the much higher

dispersive interactions of the dialkylsulfide tails seems to over-
compensate the much stronger Au-S bonding interaction of the
alkanethiols.

Intending to improve the structural order of the mixed adsor-
bates on gold, the formation of the mixed SAM was performed at
relatively high temperature, i.e. 50°C [20,21].

In Fig. 1, STM images of a mixed SAM consisting of C6-SH and
TBTQ 3 are shown.

C6-SH forms a rectangular primitive unit mesh of the char-
acteristic (2,/3 x 3)R30° lattice structure, where 2,/3 and 3 are
the multiplicative factors of the Au-(111) lattice constant a
(a=0.288nm) [22], and indicates the Au-Au inter atomic distance
on the Au-(111) surface [23]. The measured cell dimensions of
0.99 x 0.84nm?2 are very close to the theoretically expected val-
ues of 1.00 x 0.86 nm2. We assume from the literature (Ref. [24])
that the alkyl chains are tilted in a uniform direction, adapting a
30° angle with respect to the surface normal of the Au-surface. The
variation in height of the monolayer is based upon different con-
formations. The threefold hollow site of the Au-(11 1) lattice was
assigned as the preferred adsorption site [24c| and we used the
observation of this reference to create the model in Fig. 3.

All images show several bright features of the same shape and
size with a diameter of 0.85 & 0.05 nm. This leads us to the assump-
tion that individual molecules of 3 are embedded in the monolayer
of (C6-SH). However, even more frequently we observe analogous
black features representing defects in the C6-SH surface lattice.
These vacancies, formerly occupied by individual molecules of 3,
are supposed to originate from excessive cleaning of the resulting
surface prior to STM measurement.



Fig. 3. Schematic representation in top view (a) of the highly ordered mixed SAM
consisting of C10-SH and TBTQ 3, substituting a hexagonal pin hole on Au-(111);
associated structural model (UFF force field, (b); TBTQ unit in top view (c) and its
radius, calculated from the single crystal data collected from two TBTQ derivatives
(see Refs. [5,7]).

Because of that and the fact that the assembly dynamics of long-
chain alkanethiols are known to be faster than those of short-chain
alkanethiols [25] we repeated investigations on formation of mixed
SAM, employing this time decanethiol (C10-SH) as the main mono-
layer component in order to enhance the intermolecular interaction
between alkanethiol and 3.

In Fig. 2, STM images of a mixed SAM consisting of C10-SH
and 3 are shown. There is a clear distinction between the compo-
nents attributed to different shapes and lateral sizes. Apart from
the already described (2./3 x 3)R30° lattice structure for C6-SH
(Fig. 1), the typical hexagonal lattice structure for alkanethiols can
be observed. This surface is described as a (/3 x /3)R30° structure,
where /3 is the multiplicative factor of the Au-(11 1) lattice con-
stant a [26]. The measured cell dimensions of 0.48 x 0.48 nm? are
very close to the theoretically expected values of 0.50 x 0.50 nm?2.
Like for the C6-SH-layer, the alkyl chains are tilted by a 30° angle
away from the normal of the Au-surface.

As in the previous case, no formation of separate domains of
TBTQ 3 and C10-SH can be observed on the Au-(11 1) surface. Indi-
vidual molecules of 3 are incorporated into the C10-SH SAM and
appear as protrusions with uniform shape in each case. In contrast
to the C6-SH-3 mixed layer no vacancies can be observed. A closer
look at Fig. 2c provides several interesting properties of the mixed
monolayer. The constant current height difference between 3 and
C10-SH is only between 20-25 pm, in contrast to 40-60 pm in the
case of the C6-SH-layer, and likely leads to the extraordinary res-
olution of the measurement. This similarity in the apparent height
is related to the current transport properties, reflecting — beside
the physical height - the similar transconductance of the layer-
forming molecules [27]. The lateral extension of 3 is 0.85 & 0.05 nm
(real size=ca. 0.84 nm, Fig. 3c).

The absence of defects in the environment as well as the uni-
form shape and dimension of the minor component suggest that
individual molecules of 3 are embedded in the highly ordered C10-
SH-SAM, tilted in a 30° angle from the surface normal. Because
di-n-decyl sulfide chains require almost twice the space of C10-
SH, TBTQ 3 aligns within a hexagonal pin hole, whereas the sulfide
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atoms bind to the threefold hollow sites of a 0.86 nm equilateral tri-
angle (Fig. 3a). The arrangement induces four adsorption defects,
three on the corner and one in the center of the hexagon. This leads
to a densely packed alkyl chain layer underneath the TBTQ head
group, which accordingly is exposed to the top of the surface layer
(Fig. 3b).

4. Conclusions

In this work, we have presented the synthesis of TBTQ 3, a novel
tribenzotriquinacene derivative with backbone-attached thioether
groups. Single molecules of 3 were successfully embedded in a
mixed SAM comprising single chain alkanethiols (C6-SH, C10-SH)
as major component. The preparation procedure and the charac-
terization of the SAMs were performed under ambient conditions.

While the usage of C6-SH as matrix was leading to monolayer
stability issues - most TBTQ molecules were removed from the
mixed SAM during the cleaning procedure - a mixed monolayer
with highly ordered domains of C10-SH containing individually
dispersed molecules of TBTQ 3 was prepared. The STM investiga-
tions prove that 3 becomes fully embedded into the alkanethiol
matrix, leading to a densely packed alkyl chain layer underneath
the surface-exposed TBTQ headgroup. The alternative option, the
formation of loose adsorbates of 3 residing on top of (structurally
perfect) alkanethiol monolayer can thus be safely ruled out.

In summary, we present a versatile method for the deposition of
TBTQ-based components on flat Au-(11 1) surfaces. Owing to their
structural properties and functional features, TBTQ components
are considered attractive candidates for future surface-anchored
nanodevices that self-assemble from suitably designed molecular
building blocks.
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