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2,20:60,200-Terpyridine (tpy) ligands with pendant octadecyloxy, 4-octyloxyphenyl or

4-octadecyloxyphenyl substituents at the 40-position have been prepared and structurally

characterised. Monolayers of the compounds have been prepared on highly oriented pyrolytic

graphite (HOPG) and investigated by STM. The monolayer structure corresponds to the bulk

crystal structure if the latter contains planar sheets. The tpy ligands are prochiral and form

homochiral domains within the monolayer, providing a spectacular visual representation of the

symmetry-breaking concomitant with the formation of a monolayer.

Introduction

The self-organization of small-to-medium sized molecules into

monolayers is a means by which complex and functional

nanostructures can be formed by a bottom-up strategy. Most

multicomponent biological arrays form from the individual

components by stepwise self-assembly processes and it is

logical to use programmed self-organization processes for

nanotechnology applications. Since the invention of scanning

tunnelling microscopy (STM) and related scanning probe

microscopic techniques, molecular-level studies of self-orga-

nized molecules on surfaces have increased dramatically. As a

real-space and often real-time method, STM can give insights

into the detailed molecular and supramolecular structures of

such monolayers at a level that was previously inaccessible.1–6

High-resolution images can be used to investigate single

molecules or single molecule defects, dynamic processes and

even the conformations of flexible adsorbed molecules. We are

currently interested in the application of STM methods as a

routine tool for solving structural problems of chemical

relevance.7–10

Detailed predictions concerning the packing of molecules in

a three-dimensional crystal lattice are generally not possible—

indeed it is still one of the major challenges facing chemistry

and physics in the 21st Century.11 Prediction of packing will be

influenced by the stoichiometry of the crystal (presence of

solvent or other guest molecules) and by the possibility of

polymorphism. It is marginally easier to make predictions

about molecular assemblies in two dimensions, where the

number of plane groups is only 17 compared to the 230 three-

dimensional space groups.12 Combining three-dimensional,

single-crystal structural studies with investigations of two-

dimensional monolayers of the same compounds might pro-

vide further clues to aid in the understanding of self-assembly

and self-organization processes and may allow the prediction

of monolayer structure and the designed construction of

nanodevices from a knowledge of the bulk three-dimensional

crystal structure or molecular structure.13–16 The observation

of two-dimensional layers in three-dimensional crystals is

common17 and studies of epitaxial thin films on graphite have

established a correlation between two- and three-dimensional

structure.18–21

In the growth of monolayers on atomically flat substrates,

molecule–surface interactions are often strong enough to

enforce a near-planar conformation on the adsorbate, even if

the mean solution or gas-phase conformation of the molecule

is non-planar. Aromatic ligands such as the oligopyridines

might be expected to interact in a coplanar face-to-face manner

with atomically flat substrates but only a few STM studies of

flat-lying bpy,7,8,22–26 phen24,27 or tpy7,8,28–31 derivatives on

highly oriented pyrolytic graphite (HOPG) are known. In the

case of the parent ligands bpy,24,32–39 phen40–45 and tpy46 on d-

block metal surfaces, the preferred conformation appears to be

tilted or orthogonal to the substrate plane although the con-

formation is reported to be dependent upon the potental

between the tip and the substrate, co-adsorbants or protona-

tion. The latter observations are usually interpreted in terms of

quasi-coordination interactions with the surface metal sites.
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In this paper, we present the synthesis, structural character-

isation and STM studies of two tpy derivatives containing

pendant octadecyl tails (1 and 2) that self-assemble on an

HOPG surface. Each molecule in the monolayer possesses a

free tpy coordination domain which has potential for further

metal-mediated molecular assembly.22 We also report preli-

minary results on the assembly of ligand 3 containing an octyl

chain.

Results and discussion

Synthesis and structural characterisation of ligands 1, 2 and 3

Two methods are commonly utilised for the synthesis of

2,20:60,200-terpyridinyl ethers; in the first, electrophilic 40-

chloro-2,20:60,200-terpyridine is reacted with an alkoxide28,47–53

and in the second, 40-hydroxy-2,20:60,200-terpyridine 4 is re-

acted with a haloalkane or related electrophile.47–54 Only the

latter strategy is applicable in the case of 2 and 3 which are

derived from 40-(4-hydroxyphenyl)-2,20:60,200-terpyridine55–57

5. Either 4 or 5 were treated with K2CO3 in the presence of

18-crown-6 to generate the corresponding phenoxide followed

by addition of 1-bromooctadecane or 1-bromooctane and

eventual chromatographic workup to give 1, 2 and 3 in 85,

75 and 67% yields, respectively (Scheme 1). Compound 1 has

previously been prepared from the reaction of 40-chloro-

2,20:60,200-terpyridine with 1-octadecanol.28 1H NMR spectra

in CDCl3 of compounds 1 and 2 were indicative of partially

protonated species arising from the chromatographic work up.

This was suppressed by the addition of a small amount of solid

K2CO3. Well-resolved spectra were obtained by using a 1 : 1

mixture of CDCl3 and CD3OD. The pattern of 1H NMR

signals for protons HA6, HA5, HA4 and HA3 (see Scheme 1 for

atom labelling) is similar for each of compounds 1, 2 and 3,

while the signal for HB3 shifts to higher frequency on going

from 1 (d 7.87 ppm) to 2 (d 8.53 ppm) or 3 (d 8.74 ppm) when

the aryl spacer is introduced. This is typical of other 40-aryl tpy

ligands and fully in accord with the expected deshielding effect

of the phenyl ring.

X-Ray quality crystals of each of 1, 2 and 3 were grown

from hexane solutions. The molecular structure of 1 is shown

in Fig. 1 and selected bond distances and angles are given in

the figure caption. The three pyridine rings adopt the expected

trans, trans conformation. The angles between the least

squares planes of pyridine rings containing N1 and N2 and

N2 and N3 are 7.78(8) and 9.13(8)1, respectively. The

C(8)–O(1)–C(16) angle of 118.4(1)1, O(1)–C(8) bond distance

of 1.360(2) Å (compare O(1)–C(16) 1.446(2) Å) and the torsion

angle C(16–O(1)–C(8)–C(7) of 2.7(2)1 are consistent with the

expected sp2 hybridization of the O atom and a degree of

p-conjugation between the O atom and the central pyridine

ring. The C18-chain is in an extended conformation. Bond

lengths and angles within the molecule closely resemble those

in other structurally characterised alkoxy 2,20:60,200-terpyri-

dines.28,58–64 The packing of the molecules in the solid state

is interesting and contrasts with those of 2 and 3 described

later. The structure contains domains of stacked molecules,

Scheme 1 Synthesis of ligands 1, 2 and 3.

Fig. 1 Molecular structure of 1. Selected bond distances (Å) and

angles (1): O(1)–C(8) 1.360(2), O(1)–C(16) 1.446(2), N(1)–C(1) 1.339(2),

N(1)–C(5) 1.348(2), N(2)–C(6) 1.342(2), N(2)–C(10) 1.348(2),

N(3)–C(11) 1.345(2), N(3)–C(15) 1.344(2), C(5)–C(6) 1.495(2),

C(10)–C(11) 1.491(2); C(8)–O(1)–C(16) 118.4(1), C(1)–N(1)–C(5)

116.9(2), C(6)–N(2)–C(10) 117.6(1), C(11)–N(3)–C(15) 116.6(1);

torsion angle C(16)-O(1)-C(8)-C(7) 2.7(2)1.
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aligned with the tpy units co-parallel, but offset with respect to

one another, the closest atom (C� � �N) separation between

adjacent molecules being 4.0 Å. Intermolecular interactions

within the stacks are dominated by van der Waals interactions

between adjacent alkyl chains (C� � �C 4.1 Å). The domains of

stacked molecules are interdigitated, forming head-to-tail

pairs. These paired domains are then arranged so that adjacent

paired stacks are close to orthogonal (angle between least

squares planes = 84.51), resulting in the network illustrated in

Fig. 2(a). When viewed along the a-axis, the domains of

stacked molecules form a zigzag array (Fig. 2(b)).

The molecular structure of compound 2 is shown in Fig. 3

and selected bond parameters are listed in the caption. The

three pyridine rings are deviate slightly from coplanarity

(angles between the least squares planes of pyridine rings

containing N1 and N2 and N2 and N3 are 10.72(7) and

9.25(7)1, respectively) and the central pyridine ring is coplanar

with the aryl ring (angle between the least squares planes =

3.46(7)1). Structural parameters (see caption to Fig. 3) are

consistent with the O atom being sp2 hybridized and p-con-
jugation between the O atom and aryl spacer ring. The C18-

chain is again in an extended conformation. In the crystal

lattice, molecules of 2 pack head-to-tail forming layers as

shown in Fig. 4(a). This packing is presumably controlled by

van der Waals interactions between the octadecyl chains.

Molecules are further assembled in stacks in which the

C6H4–tpy units are p-stacked. The least squares planes con-

taining the aryl and central pyridine ring of adjacent molecules

deviate from coplanarity by 3.11 and the closest contacts

between the plane containing the aryl ring and atoms in the

central pyridine ring lie in the range 3.36–3.49 Å.

The molecular structure of compound 3 is shown in Fig. 5

and selected bond parameters are given in the figure caption.

As in 2, the three pyridine rings are close to coplanar (angles

between the least squares planes of pyridine rings containing

N1 and N2 and N2 and N3 are 8.06(8) and 10.87(8)1,

respectively)) and the central pyridine ring is coplanar with

the aryl ring (angle between the least squares planes =

3.27(7)1). The octyl chain is in an extended conformation.

Molecules of 3 pack in layers (Fig. 6(a)) in which there is

interdigitation of octyl chains and well-defined domains of

head-to-head tpy units. This mode of assembly mimics that in

2, as does the stacking of molecules (Fig. 6(b)). The least

squares planes containing the aryl and central pyridine ring of

adjacent molecules in the stacks deviate from coplanarity by

2.91; the closest contacts between the plane containing the aryl

ring and atoms in the central pyridine ring are in the range

3.35–3.51 Å.

Self-assembly on a graphite surface

Monolayers of compounds 1, 2 and 3 were prepared on

HOPG and investigated using STM. Monolayers of com-

pound 1 have previously been studied by STM methods,28

providing an independent confirmation for our results and

interpretation. These observations usefully confirm the repro-

ducibility of self-organisation processes in different labora-

tories using different techniques for the preparation of the

monolayers. Since molecules containing long alkyl chains
Fig. 2 Packing of molecules of 1 (a) viewed down the c-axis of two

unit cells and (b) viewed down the a-axis.

Fig. 3 Molecular structure of 2. Selected bond distances (Å) and

angles (1): O(1)–C(19) 1.372(2), O(1)–C(22) 1.439(2), N(1)–C(1)

1.337(2), N(1)–C(5) 1.349(2), N(2)–C(6) 1.346(2), N(2)–C(10) 1.345(2),

N(3)–C(11) 1.345(2), N(3)–C(15) 1.337(2), C(5)–C(6) 1.484(2),

C(10)–C(11) 1.491(2), C(8)–C(16) 1.490(2); C(19)–O(1)–C(22)

119.6(1), C(1)–N(1)–C(5) 117.3(1), C(6)–N(2)–C(10) 116.9(1), C(11)–

N(3)–C(15) 117.4(1); torsion angle C(22)–O(1)–C(19)–C20 0.7(2)1.
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often require a relatively long time for organized self-assem-

bly, the commonly utilised solution casting method does not

reproducibly yield organized layers, although annealing of

samples at temperatures around 80 1C can produce organized

regions on the surface. The use of slow-evaporating solvents,

or measurements at the solid–liquid interface, allows mole-

cules to pack in an optimal manner and attain a minimum

energy two-dimensional structure. Most of the measurements

reported in this study were made at the solid–liquid interface; a

droplet of a near-saturated 1-phenyloctane solution of the

ligand was placed on a freshly cleaved HOPG surface. STM

measurements reveal that the molecules immediately form

Fig. 4 (a) Part of a layer of molecules in the three-dimensional

structure of 2. (b) Packing of molecules of 2 viewed down the b-axis.

Fig. 5 Molecular structure of 3. Selected bond distances (Å) and

angles (1): O(1)–C(19) 1.367(2), O(1)–C(22) 1.433(2), N(1)–C(1)

1.338(2), N(1)–C(5) 1.343(2), N(2)–C(6) 1.341(2), N(2)–C(10) 1.345(2),

N(3)–C(11) 1.345(2), N(3)–C(15) 1.336(2), C(8)–C(16) 1.481(2),

C(5)–C(6) 1.489(2), C(10)–C(11) 1.484(2); C(19)–O(1)–C(22) 119.5(1),

C(1)–N(1)–C(5) 117.4(1), C(6)–N(2)–C(10) 116.9(1), C(11)–N(3)–C(15)

117.6(1); torsion angle C(22)–O(1)–C(19)–C20 0.8(2)1.

Fig. 6 Part of the packing diagram for compound 3 showing (a)

interdigitation of the alkyl chains and assembly of molecules into

layers and (b) p-stacking between aryl and central pyridine rings.

Fig. 7 (a) STM image of a monolayer of 1 at the 1-phenyloctane–

graphite interface showing six domain orientations. Parameters: size

160 nm � 160 nm, Ubias = �700 mV, It = 15 pA. The A and B

domains each possess the expected internal 1201 and 2401 relation-

ships, but the angular relationship of individual A and B domains is

�4.41, 120 � 4.41 or 240 � 4.41.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1470–1479 | 1473
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lamellae composed of bright (aromatic) and dark (aliphatic)

stripes, as expected for aromatic molecules functionalised with

alkyl chains.

The STM images of monolayers of 1, 2 and 3 consisted of

striped patterns organized into domains with different orienta-

tions. Whereas a single graphite sheet has a six-fold symmetry,

a-graphite possesses an effective threefold symmetry as a

consequence of the ABAB layer structure in which every

second atom in the A layer has an atom from the B layer

directly underneath it and molecular assemblies on graphite

are expected to have three equivalent orientations related to

one another by angles of 1201.65 However, for each of the three

compounds, two subsets of domains each comprising three

component orientations related by 1201 with angular relation-

ships 0, 120, 240, �a, 120 � a, 240 � a were observed. Fig. 7

shows an STM measurement of 1, with six different orienta-

tions of domains. In Fig. 7, the two sets of three domains are

shown by the are indicated by the A and B labeled bars. The

angle a between the sets of domains is 4.41 for 1, 24.11 for 2

and 18.31 for 3. The detailed origin of the domains is discussed

later.

Detailed structural analysis

Reproducible high-resolution images allowed a detailed ana-

lysis of the molecular and supramolecular structure of the

Fig. 8 Averaged STM images obtained at the solid–liquid interface of monolayers of (a) 1, (b) 2 and (c) 3 under 1-phenyloctane with

superimposed molecular structures and showing the unit cell in the cases of compounds 1 and 2. The high-resolution images reveal that the alkanes

have the carbon backbone parallel to the surface: (a) the layer of 1 is constructed by docking single molecules from the crystal structure constrained

to two dimensions; in (b) and (c) the molecular structures are layers of molecules taken directly from the three-dimensional crystal structure.

Parameters for (a), (b) and (c): 10 nm � 10 nm (all) (a) Ubias = �700 mV, It = 20 pA, averaged over 21 positions; (b) Ubias = �440 mV, It =

20 pA, averaged over 17 positions; (c) Ubias = �550 mV, It = 14 pA, averaged over 57 positions. Cartoon (d) shows the interlamellar spacing d

and the angle f between the alkyl chains and the direction of propagation of the aromatic stripes.

1474 | New J. Chem., 2006, 30, 1470–1479 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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monolayers of 1, 2 and 3 and a comparison with the three-

dimensional structures obtained from single-crystal X-ray

diffraction studies.66 Averaging techniques allow high resolu-

tion STM images to be obtained.67 For molecule 1, our STM

results are fully consistent with those reported by Schubert and

co-workers.28,30 In the monolayers of each compound, the

alkyl chains are interdigitated and the terpyridine groups face

each other, but are mutually offset. Fig. 8 shows averaged

images of individual domains within monolayers of 1, 2 and 3

with molecular structures overlaid. In the case of 2 and 3,

which both have sheets in the three-dimensional crystal struc-

ture, the overlaid structures are taken directly from the X-ray

data and show that the two- and three-dimensional packing is

the same for these compounds. In the case of 1, where there is

no sheet in the three-dimensional structure, a minimised array

constrained to two dimensions with the observed periodicity is

shown. In all cases, the match between the STM images and

the molecular structures is excellent.

The interaction between an alkyl chain and the graphite

surface increases regularly with the number of methylene

groups68–70 with a binding energy of 12–14.5 kJ mol�1 per

CH2 group and the strong interaction with the octadecyl

chains results in highly-ordered monolayers giving particularly

high-resolution STM images for compounds 1 and 2. Alkanes

lie flat on graphite surfaces with the C–C back-bone aligned

with the C–C framework of the substrate.71,72 The zigzag

pattern of the alternating CH2 groups of the alkyl chain lying

flat on the graphite surface can easily be recognized in Fig. 8(a)

and (b). Fig. 9 demonstrates unambiguously the orientation of

the alkyl chains in an image in which the tunnelling current

was switched from 10 pA in the top half of the scan, where the

monolayer is imaged, to 100 pA in the bottom half, under

which conditions the graphite is observed. The STM images

for compound 3 (Fig. 8(c)) are less well-resolved, presumably

as a consequence of the shorter C8 chains not being adsorbed

so strongly and retaining a degree of conformational freedom.

A comparison of Fig. 8(a) and (b) is instructive. The periodi-

city is conveniently defined in terms of the spacing, d, between

the conducting (light) lamellae, as measured by the orthogonal

distance between the vectors of propagation (Fig. 8(d)).

Intuitively, one expects the spacings in 2 which has an addi-

tional phenylene ring to be greater than in 1. In practice the

converse is true with orthogonal distances of 3.91 and 3.32 nm,

respectively (in both domains). The high-resolution images

reveal the origin of this phenomenon as the alkyl chains are

directly imaged. These do not lie orthogonal to the direction of

propagation of the stripes, but rather at an angle. The

introduction of a single aryl spacer changes the pattern

significantly. The alkyl chains for 2 are tilted more with respect

to the striped pattern of the STM image than they are for 1

and this results in a much smaller periodicity of the stripes.

The values are collected in Table 1.

Symmetry breaking—from prochiral molecule to chiral adlayer

We have previously interpreted highly resolved STM images of

multiple domains in monolayers of polyethers on HOPG in

terms of differing conformations of the component mole-

cules.7–10 In the case of compounds 1–3 the origin is related

but more general and will be discussed in detail for 2. Consider

molecule 2 constrained to a plane as in Fig. 10(a); two

conformations are possible related by the orientation of the

alkyl chain to the left or to the right. The two conformations

Fig. 9 STM image of 2: Ubias = �60 mV and It = 10 pA in the top

half of the scan and It = 100 pA in the bottom half showing the

alignment of the alkyl chains with the graphite.

Table 1 Unit cell parameters and STM stripe-pattern periodicity for
monolayers of 1, 2 and 3

Compound
Stripe
periodicity /nm a/nm b/nm a/1

Unit cell
area/nm2

1 3.91 4.5 1.1 60.3 4.2
2 3.32 4.3 1.4 50.4 4.6
3 2.54

Fig. 10 (a) Compound 2 is prochiral with a left- or right-handed

sense to the octadecyloxy substituent. (b) Adsorption of 2 on HOPG

results in the formation of different patterns from the left- and right-

handed molecules—the symmetry is broken and is conveniently

represented by the vectors defining N and shapes, respectively.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1470–1479 | 1475
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are related as mirror images and compound 2 is correctly

described as prochiral.

Under normal solution conditions, rotation about the C–O

bond interconverts these two conformations, but adsorption

onto a planar surface has two consequences; firstly, the

interconversion of the two conformers becomes a high energy

process and secondly, the definition of a face of the molecule

converts 2 from being prochiral to chiral and the two con-

formers become enantiomers. We note that this phenomenon

is intrinsically different from those observed in studies of

monolayers of chiral molecules.73 Although the symmetry-

breaking consequences of adsorption have been commented

on by a number of workers,74–98 this phenomenon is still not

widely appreciated in the chemical community. In this case,

the interaction with the substrate results in a spectacular visual

manifestation of the chirality. Fig. 9(b) shows the schematic

arrangement of the two different enantiomers on a graphite

surface, with the alkyl chain oriented along the C–C vectors of

the substrate.71,72 By adding lines corresponding to the alkyl

chains and the principal direction of the aromatic domains, the

two enantiomers are seen to describe N and patterns. Fig. 11

shows the same lines added to high-resolution STM images of

different domains of 2 on HOPG and provides a visualisation

of the symmetry-breaking and the formation of homochiral

domains. We note that the results are analogous to, but strictly

different from, studies on racemic chiral adsorbates.98

The origin of the angular dependence of the domains is now

clear. Individual domains are homochiral and domains with

interdomain angles of 01, 1201 or 2401 possess the same

chirality. Domains with the �a1, 120 � a1 or 240 � a1
relationships are of opposite chirality. This is represented in

Fig. 12. To summarise, the domains with the small angle

relationships are homochiral and differ in their chirality as a

result of the orientation of the left- and right-handed mole-

cules on the substrate. Within domains of different chirality,

all inter- and intramolecular interactions are the same—only

the supramolecular interactions with the graphite substrate

differ.

Conclusions

We have shown that three- and two-dimensional structural

data may be correlated. For these tpy derivatives, if the three-

dimensional crystal structure contains sheets, then these cor-

respond to the structure of the two-dimensional monolayer on

HOPG. If the three-dimensional crystal structure does not

contain sheets, metrical data for individual molecules may be

used to construct a two-dimensional array. It is interesting to

speculate if three-dimensional polymorphs with the layer

structures are possible in such cases.

Symmetry breaking results in the formation of homochiral

domains when prochiral molecules are adsorbed onto a planar

substrate.

Experimental

Infrared spectra were recorded on Mattson Genesis or Shi-

madzu FTIR 8300 Fourier-transform spectrophotometers

with samples in compressed KBr discs or as solids using a

Golden Gate ATR accessory. 1H and 13C NMR spectra were

recorded on Bruker AM 250, AV 400 or DRX 500 spectro-

meters at room temperature; the numbering scheme adopted

for the ligands is shown in Scheme 1 and chemical shifts are

referenced with respect to internal TMS d 0 ppm (for mixed

solvents) or residual solvent peaks. EI mass spectra were

recorded on a Kratos MS 50 instrument. Elemental analyses

were carried out in the Department of Chemistry, University

of Basel. Solvents were dried before use and reactions were

carried out under N2.

40-(n-Octadecyloxy)-2,20;60,200-terpyridine, 1

2,20:60,200-Terpyridin-4 0(1H)-one (500 mg, 2.00 mmol), K2CO3

(1.0 g, 7.2 mmol) and 18-crown-6 (0.21 g, 0.80 mmol) were

added to acetone (20 ml) and the reaction mixture was heated

at reflux for 30 min. 1-Bromooctadecane (669 mg, 2.00 mmol)

was added to the mixture and was heated at reflux with stirring

for 24 h. The crude product was obtained by filtering, washing

with acetone and removing solvent in vacuo. After chromato-

graphy (Al2O3, eluted with CH2Cl2, 10% MeOH), 1 was

Fig. 11 Two averaged measurements of domains of compound 2 of

different chirality at the air–solid interface. (a) A layer adsorbed on

one face to form an N shape and (b) a layer adsorbed onto the other

face, forming a shape. Parameters: size 10 nm � 10 nm (both). (a)

Ubias = �440 mV, It = 20 pA, averaged over 20 positions in a single

image. (b) Ubias = �450 mV, It = 15 pA, averaged over 21 positions

in a single image.

Fig. 12 (a) Representation of angular relationship between domains

a domain boundary between two domains of differing chirality. The

alkyl chains are oriented along a common graphite axis and with the

stripes making the angle o (24.11 in the case of 2), which is related to

the tilt angle between the alkyl chains and the aromatic stripes. (b) A

relatively low resolution image at a domain boundary showing the

common orientation of the alkyl chains in domains of different

chirality.
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obtained as a white powder obtained (yield 0.85 g, 85%).

White crystals suitable for X-ray diffraction were obtained by

recrystallization with hexane. Melting point 95–97 1C (lit:

98–99 1C11). EI-MS m/z 501.5 [M]+. 1H NMR

(CDCl3–CD3OH, 1 : 1, 250 MHz) d/ppm 8.65 (m, HA6, 2H),

8.48 (dt, J = 8.0, 1.2 Hz, HA3, 2H), 7.96 (td, J = 7.7, 1.5 Hz,

HA4, 2H), 7.87 (s, HB3, 2H), 7.45 (m, HA5, 2H), 4.23 (t, CH2,

2H, J = 6.3 Hz, OCH2), 1.82 (m, CH2, 2H, OCH2CH2), 1.45

(m, CH2CH3, 2H), 1.17 (m, CH2, 28H), 0.79 (t, J = 6.8 Hz,

CH3, 3H); 13C NMR (CDCl3, 125 MHz) d/ppm 168.0 (CB4),

154.9, 154.4, 147.5, 138.9, 124.5, 122.5, 108.9, 69.2, 31.9, 29.7

(overlapping signals), 29.6 (overlapping signals), 29.4, 29.0,

26.0, 22.7, 14.1; IR (solid, cm�1) �v = 2916s, 2848s, 2360w,

2325w, 1281s, 1560s, 1469s, 1442s, 1402s, 1357m, 1278w,

1199s, 1143m, 1118m, 1095m, 1031s, 1024s, 989m, 916m,

881m, 867m, 794s, 746m, 732m, 717s, 700s, 659s, 646s. Calc.

for C33H47N3O: C, 79.00; H, 9.44; N, 8.37. Found: C, 78.78;

H, 9.48; N, 8.19%.

40-(4-n-Octadecyloxyphenyl)-2,20:60,200-terpyridine, 2

4-(2,20;60,200-Terpyridin-4 0-yl)-phenol (500 mg, 1.54 mmol),

K2CO3(1.0 g, 7.2 mmol) and 18-crown-6 (0.16 g, 0.61 mmol)

were added to acetone (20 ml) and heated at reflux for 30 min.

1-Bromooctadecane (513 mg, 1.54 mmol) was added to the

mixture and the reaction was heated at reflux with stirring for

24 h. Work-up was as for compound 1. Compound 2 was

obtained as a white powder (yield 670 mg, 75.4%). X-Ray

quality crystals were obtained by recrystallization with hexane.

Melting point 94 oC; EI-MS m/z 577.5 [M]+; 1H NMR

(CDCl3–CD3OD 1 : 1, 250 MHz) d/ppm 8.63 (m, HA6, 2H),

8.57 (d, J = 8.0 Hz, HA3, 2H), 8.53 (s, HB3, 2H), 7.93 (td, 7.8,

1.8 Hz, HA4, 2H), 7.81 (d(AB), J= 8.8 Hz, HC2, 2H), 7.40 (m,

HA5, 2H), 6.99 (d(AB), J = 8.8 Hz, HC3, 2H), 3.98 (t, J = 6.5

Hz, OCH2, 2H), 1.75 (quintet, J = 7.0 Hz, OCH2CH2, CH2,

2H), 1.42 (quintet, J = 7.0 Hz, CH2CH3, 2H), 1.18 (m, CH2,

28H), 0.79 (t, J = 6.8 Hz, CH3, 3H); 13C NMR (CDCl3–

CD3OD 1 : 1, 100 MHz) d/ppm 159.9 (CC4), 155.5, 155.0,

150.0, 148.2, 137.2, 129.5, 127.8, 123.7, 121.5, 117.8, 114.6

(CC3), 67.7 (OCH2), 31.4 (CH2CH2CH3), 29.1 (overlapping

signals), 29.0, 28.8, 28.7, 25.5, 22.1, 13.3 (CH3); IR (solid, cm�1)

�v = 2956m, 2931m, 2858m, 1598m, 1581s, 1564s, 1467m,

1442m, 1406m, 1350m, 1251w, 1201s, 1116w, 1091w, 999m,

979w, 871w, 794m, 734m, 659m, 622m. Calc. for C39H51N3O:

C, 81.06; H, 8.90; N, 7.27. Found: C, 80.94; H, 8.93; N, 7.23%.

40-(4-n-Octyloxyphenyl)-2,2 0:60,200-terpyridine, 3

40-(4-Hydroxyphenyl)-2,20:60,200-terpyridine (500 mg, 1.54

mmol), K2CO3 (1.0 g, 7.2 mmol) and 18-crown-6 (0.16 g,

0.61 mmol) were mixed in acetone (20 ml) and heated at reflux

for 30 min. 1-Bromooctane (297 mg, 1.54 mmol) was added to

the mixture and the reaction was heated at reflux with stirring

for 24 h. Work-up was as for compound 1. Compound 3 was

obtained as a white powder (yield 450 mg, 67.2%). X-Ray

quality crystals were obtained by recrystallization from hex-

ane. Melting point 103 1C; EI-MS m/z 437.2 [M]+; 1H NMR

(CDCl3, 400 MHz) d/ppm 8.744 (m, HA6, 2H), 8.740 (s, HB3,

2H), 8.69 (dt, J = 8.1, 1.2 Hz, HA3, 2H), 7.90 (td, J = 7.7, 1.8

Hz, HA4, 2H), 7.89 (d(AB), J= 9.0 Hz, HC2, 2H), 7.37 (ddd, J

= 7.5, 4.9, 1.2 Hz, HA5, 2H), 7.02 (d(AB), J = 9.0 Hz, HC3,

2H), 4.02 (t, J= 6.6 Hz, OCH2 2H), 1.82 (quintet, J= 7.0 Hz,

OCH2CH2, 2H), 1.48 (quintet, J = 7.0 Hz, CH2CH3, 2H),

1.30 (m, CH2, 10H), 0.90 (t, J = 7.0 Hz, CH3, 3H); 13C NMR

(CDCl3, 100 MHz) 160.6 (CC4), 156.4 (CA2/B2), 155.7 (CB2/A2),

150.4 (CB4), 149.1 (CA6), 137.8 (CA4), 130.6 (CC1), 128.9 (CC2),

124.3 (CA3), 122.0 (CA5), 118.9 (CB3), 115.3 (CC3), 68.6

(OCH2), 32.2(CH2CH2CH3), 29.8 (CH2), 29.7 (CH2), 29.6

(CH2), 26.5 (OCH2CH2CH2), 23.1 (CH2CH3), 14.5 (CH3);

IR (solid, cm�1) 2914s, 2850s, 1600s, 1581s, 1566s, 1546s,

1515s 1467s, 1442s, 1421s, 1388s, 1361s, 1342m, 1317m,

1290m, 1257s, 1228s, 1186s, 1157s, 1128m, 1112s, 1074m,

1054s, 1037s, 1020m, 989s, 964m, 946m, 929m, 883s, 846s,

823s, 786s, 759s, 744s, 727s, 686m, 659s, 642m, 621m, 605m.

Calc. for C29H31N3O: C, 79.60; H, 7.14; N, 9.60. Found: C,

79.57; H, 7.18; N, 9.48%.

X-Ray crystallography

Determination of the cell parameters and collection of the

reflection intensities were performed on an Enraf-Nonius

Kappa CCD diffractometer (graphite-monochromated Mo-

Ka radiation, l = 0.710 73 Å. Structure determinations

were by direct methods (Denzo/Scalepack,99 SIR92100) and

CRYSTALS101 was used for structure refinement.

Compound 1. C33H47N3O, M = 501.76, monoclinic, space

group C2/c, a = 51.0346(8), b = 5.47280(10), c = 20.8564(3)

Å, b = 95.9507(7)1, T = 173 K, V = 5793.85(16) Å3, Z = 8,

Dc = 1.150 g cm�3, m= 0.069 mm�1, F(000) = 2192. Number

of reflections measured 13 763 (unique 6889); 3362 observed

reflections (I 4 3s(I)); 335 parameters. The refinement con-

verged at R = 0.0365, wR = 0.0459, max. and min. residual

electron density 0.18 and �0.18 e Å�3.

Compound 2. C39H51N3O, M = 577.85, triclinic, space

group P�1, a = 6.45410(10), b = 10.0694(2), c = 26.7131(6)

Å, a= 98.7916(11), b= 93.2600(14), g = 107.2415(13)1, T =

123 K, V = 1628.93(6) Å3, Z = 2, Dc = 1.178 g cm�3, m =

0.070 mm�1, F(000) = 628. Number of reflections measured

15 143 (unique 7732); 3956 observed reflections (I 4 2s(I));
389 parameters. The refinement converged at R = 0.0399,

wR= 0.0360, max. and min. residual electron density 0.20 and

–0.20 e Å�3.

Compound 3. C29H31N3O, M = 437.58, triclinic, space

group P�1, a = 6.4461(3), b = 10.3457(5), c = 18.8455(8) Å,

a = 83.808(3), b = 86.289(3), g = 72.097(2)1, T = 173 K,

V = 1188.30(10) Å3, Z = 2, Dc = 1.223 g cm�3, m = 0.075

mm�1, F(000) = 468. Number of reflections measured 10656

(unique 5475); 3247 observed reflections (I 4 3s(I)); 298 para-

meters. The refinement converged at R = 0.0725, wR =

0.0965, max. and min. residual electron density 0.29 and

–0.33 e Å�3.

CCDC reference numbers 274895–274897.

For crystallographic data in CIF or other electronic format

see DOI: 10.1039/b608136c
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STM: general

A Nanoscope III, equipped with a low-current converter was

used in all measurements. The tips were mechanically cut from

Pt–Ir (90 : 10) wire. The piezo-scanner was carefully calibrated

with Si-grids and HOPG atoms (for the X- and Y-axes) and

with atomic gold steps (for the Z-axis). The apparent height in

STM images is not a height of the molecule but a relative value

which describes the relative conductivity/tunnelling of the

molecules vs. the surrounding medium. All images presented

in this paper were flattened, but no other image-manipulation

or filtering was applied, with the exception of the averaging

procedure (see figure captions). The measurements were re-

peated with different solutions on different substrate pieces

with different STM tips. All measurements presented here

were measured at the solution–graphite interface, with the

exception of Fig. 11 for which the measurement was at a

graphite-air interface.

STM: averaging procedure

The low tunnelling currents used in this study have the draw-

back of an increased noise level. This can be reduced by

application of an averaging procedure. We used one pro-

grammed for the SXM-shell (rUniversity of Basel);8,9,67,102

a ‘‘sub-image’’ is cut from the original image and similar sub-

images are then selected with help of a cross-correlation. After

manual de-selection of faulted areas, the routine cuts sub-

images at the selected places and an averaged image of all these

is calculated. Great care was taken to compare the original

with the averaged images, in order to exclude averaging

artefacts.
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