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Highly ordered, Self-Assembled Monolayers of a Spin-Crossover 
Complex with In-Plane Interactions 
Sipeng Zheng,[a] Silvia Spa,[a] Erik P. van Geest,[a,b] Jan M. van Ruitenbeek,[b] and Sylvestre Bonnet*[a] 
Abstract: For the technological integration of molecular switches in 
electronic devices, self-assembling nanomaterials of such switches 
are highly sought after. The syntheses of a new tetrapyridyl ligand 
bearing a C12 alkyl chain and two N−H bridges (compound 1) and of 
its iron(II) complex [Fe(1)(NCS)2] (compound 2), are described. 
Magnetic susceptibility data for bulk samples of 2 confirmed their 
gradual spin-crossover properties. The self-assembly of 1 and 2 on 
highly ordered pyrolytic graphite surfaces (HOPG) was investigated 
by Scanning Tunneling Microscopy (STM). Both compounds 1 and 2 
formed ordered monolayers after deposition by drop casting. The 
patterns of the two compounds are very different, which is attributed 
to the fundamentally different hydrogen bonding networks before and 
after coordination of Fe(NCS)2 to the tetradentate chelate. Two 
possible models for the self-assembly of 1 and 2 are provided. This 
work suggests that it is possible to design molecular switches that 
self-assemble on surfaces in highly ordered monolayer films. This is 
a significant step in the development of spin-switching materials, 
which may streamline the integration of molecular switches in for 
example memory and sensing devices.  

Introduction 

The design of molecular switches that can be utilized for 
information processing and data storage is an attractive goal in 
material science. Spin-crossover (SCO) compounds hold 
interesting potential in this field. SCO can occur for 3d4-3d7 
transition metal ions in a pseudo-octahedral environment, i.e., 
when the d-electrons can occupy either a high-spin (HS) or a low-
spin (LS) state configuration. SCO can be triggered by 
temperature variations, light irradiation, or by the application of 
pressure, of a magnetic field, of an electric field.[1] The ability to 
switch these material with high control makes them highly 
promising technological materials, i.e. as molecular switches, 
display materials and sensing entities.[2-4] Indeed, extensive 
research efforts have already yielded various devices based on 
SCO materials, notably actuators and microelectromechanical 
devices (MEMS),[5-7], sensors,[8-10] and memory devices.[11-14] At 
the same time electrical SCO-readout platforms (based on for 
example the 2D semiconductor material graphene) were 

developed for the integration of the typically insulating SCO 
materials in electronic systems.[15-18] 
Current spin-crossover research is driven by the pursuit of such 
electronic devices at the nanoscale; hence a plethora of 
nanoparticles, thin films, liquid crystals and surface patterns of 
spin-crossover materials have been described.[19] Of particular 
interest are highly-ordered, self-assembled nanostructures.[2, 20-22] 
For example, metal complexes with long alkyl chains were shown 
to self-assemble into structured multifunctional nanomaterials,[23-

28] i.e., materials in which several properties are combined, such 
as SCO and liquid crystal behavior[23, 29-31] or magnetic exchange 
interactions,[32] as well as single-molecule magnet (SMM) 
properties.[33] In all cases, examples have shown that the self-
assembly of such molecules to surfaces using the bottom-up 
approach was a new and powerful tool to prepare devices,[34-35] 
which might be complementary to more traditional top-down 
microfabrication techniques.[34] However, the bottom-up self-
assembly of one- or two-dimensional arrays of molecules with 
controlled magnetic properties requires the detailed 
understanding and control of inter-molecular forces. 
Previously, we reported the mononuclear SCO compound 
[Fe(bapbpy)(NCS)2] (bapbpy = N,N’-di(pyrid-2-yl)-2,2’-bipyridine-
6,6’-diamine) to be highly cooperative,[36] and more recently 
electrically probed the spin switches in single crystals of this 
compound.[15] Intermolecular interactions are well characterized 
for this compound in the bulk, where hydrogen bonding 
interactions play a critical role for the high cooperativity between 
the SCO molecules in the crystalline material, which is a 
consequence of intermolecular interactions in the crystal lattice.[37] 
High cooperativity is important for fast, hysteretic transitions, 
which is usually considered as important for information storage 
applications.[38] Intermolecular N–H∙∙∙S hydrogen bonds between 
neighboring molecules are indeed correlated with the occurrence 
of hysteretic SCO. Based on these studies, a new N4-donor ligand 
1 was designed (Figure 1). This tetradentate ligand consists of a 
bapphen (N,N’-bis(pyrid-2-yl)-1,10-phenanthroline-2,9-diamine) 
ligand to which a long alkyl chain (C12) is attached via aromatic 
rings in positions 5 and 6 of the phenanthroline ring. The synthesis 
of 1 and its complexation to iron(II) bisthiocyanate is described, 
as well as the SCO properties of [Fe(1)(NCS)2] (complex 2) in the 
bulk. The compounds were then deposited on highly oriented 
pyrolytic graphite (HOPG) surface by drop casting, and the self-
assembly of ligand 1 and of its iron complex 2 on HOPG was 
studied by scanning tunneling microscopy (STM) techniques, 
revealing the formation of highly ordered monolayers. 
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Figure 1. Chemical structures of ligand 1 and its iron(II) complex 2. 

Results and Discussion 

Synthesis  

An overview of the synthesis of ligand 1 is given in Figure 2. First, 
2,9-dibromophenanthroline (5) was synthesized according to 
literature procedures.[39-40] The positions a to the nitrogens were 
activated towards nucleophilic attack by quaternizing the nitrogen 
atoms with a propane bridge (compound 3). Subsequent 
oxidation with K3[Fe(CN)6] afforded compound 4 in 21% yield. 
Bromination of the 2 and 9 positions was realized with a 
PBr3/POBr3 mixture yielding compound 5 in 88% yield. The 5,6-
dione functional groups were then introduced according to a 
method described by Ishi-i et al[40] using a mixture of H2SO4, HNO3 
and KBr. Compound 6 was obtained in a reasonable yield of 65% 
(Figure 2). 

 

Figure 2. Synthetic route towards compounds 1 and 2. (i) 1,3-dibromopropane, 
PhNO2, 120 °C, 4 h. (ii) K3[Fe(CN)6], NaOH, H2O, RT, 4 h. (iii) POBr3, PBr3, 
192 °C, 18 h. (iv) KBr, conc. H2SO4, conc. HNO3, 80 °C, 4 h. (v) Pd/C 10%, H2, 
MeOH, RT, 5 h. (vi) MeOH, 85 °C, 18 h. (vii) 2-Aminopyridine, 2.7 mol% 
Pd(dba)2, 2.7 mol% (S)-BINAP, 2 eq.Cs2CO3, dry toluene, 110 °C, 4 d. (viii) 1.1 
eq. 0.1 M Fe(NCS)2, MeOH, 80 °C, 18 h, under argon atmosphere. 

The next step of the synthesis involved the attachment of an alkyl 
chain to the 5,6-dione groups of 6. The diamine compound 8 
which contained a 12-carbon alkyl chain, was synthesized by 
modifying a two-step procedure described by Ikeda et al (Figure 
2).[41] The formation of pyrazine ring of 9 was then achieved by 
refluxing 6 and 8 in methanol for 18 h.[42] 9 was then collected by 
filtration and obtained with a yield of 73%. Finally, the Buchwald-
Hartwig cross-coupling reaction between compound 9 and 2-
aminopyridine afforded compound 1 in 37 % yield (Figure 2).  
The coordination of compound 1 to iron(II) thiocyanate to form 
complex 2 was achieved by adding a slight excess of a methanolic 
solution of Fe(NCS)2 to a methanol suspension of 1 (Figure 2). 
Initial attempts of complexation were performed at room 
temperature for 18 h under argon. In these conditions a yellow 
solid was obtained that later proved to be lower in purity and 
contained some uncoordinated NCS− ligands as shown by their 
stretching vibrations at 2051 cm−1 in the IR spectrum of the 
product (see Figure S1, ESI).[43] It appeared that heating to 80 °C 
was necessary for the coordination reaction to go to completion. 
After refluxing the mixture at 80 °C for 18 h under argon, a brown 
solid was obtained 40% yield. The new iron(II) complex 2 was 
analysed with mass spectrometry, elemental analysis, and IR 
spectroscopy. Elemental analysis could not be strictly fitted with 
the formula of the compound, which highlights the difficult 
purification of these compounds, as they cannot be purified by 
chromatography of HPLC and only rely for purification on 
recrystallization. However, fitting with methanol lattice molecules 
came close to the expected elemental composition (C 57.08, H 
6.29, N 15.25 found, C 57.96, H 6.08, N 13.73 calc). In addition, 
electron-spray mass spectroscopy clearly showed the expected 
[Fe(1)]2+ dicationic peak (calculated at m/z 366.6465 for [Fe(1)]2+), 
which confirmed coordination of the ligand to the Fe(II) ion. 
Consistently, the IR spectrum showed the characteristic 
stretching vibrations of the coordinated thiocyanate ligands at 
2077 cm−1 for 2. Overall, combined analysis pointed to a purity of 
around >90% for 2, and all further experiments were performed 
with this material. 

Magnetic susceptibility measurement of 2 in the 
bulk  

In order to investigate the magnetic properties of compound 2 the 
temperature dependence of χMT was measured in both the 
heating and the cooling modes (Figure 3, where χM = the molar 
magnetic susceptibility and T = temperature). Compound 2 
showed a gradual and incomplete SCO behaviour in the 
measured temperature range (5 to 350 K), with no hysteresis 
cycle. The χMT value of 2.5 cm3 K mol−1 at 300 K gradually 
decreases to 1.5 cm3 K mol−1 at 100 K, where it reaches a plateau. 
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Further decreasing of χMT below 50 K is due to the zero-field 
splitting. The transition temperature of 2, measured as the 
maximum of dχMT/dT vs. T (see Figure S2, ESI), was 182(25) K 
in both the heating and the cooling modes. The χMT value of 2.5 
cm3 K mol−1 at 300 K was low compared to the expected value of 
3.0 cm3 K mol−1 for an HS iron(II) centre in an octahedral FeN6 
environment, which was consistent with the presence of bulk 
impurities observed by elemental analysis.  

 

Figure 3. Plot of χMT versus T for compound 2 in both heating (empty circle) 
and cooling mode (filled circle). The measurement was performed with steps of 
5 K in the low temperature range and with steps of 2 K in the 250 and 350 K 
temperature range, with a scan rate of 0.3-1.1 K min−1. 

STM spectroscopy of compounds 1 and 2 on 
HOPG surfaces 

Highly oriented pyrolytic graphite (HOPG) was chosen as a 
surface for the study of the self-assembly of 1 and 2. The 
deposition of 1 or 2 on a HOPG surface was realized by adding a 
drop of a DMF solution of compound 1 or 2 (80 nM) and 
evaporating the solvent under a flow of argon. The self-assembly 
of compound 1 or 2 on HOPG was then studied using STM. For 
both compounds highly ordered structures were observed (Figure 
4), characterized by alternating bright and slightly darker stripes, 
whereas these stripes were absent from a control sample that was 
prepared in absence of both compounds. For 1 on HOPG, the 
periodicity of the stripes was estimated at 4.0 nm with the bright 
stripes exhibiting a width of 1.6 nm, and the darker stripes a width 
of 2.3 nm (Figure 4). In STM images a brighter colour represents 
a larger apparent height of the structure. The apparent height is a 
combination of the actual height and increased current due to a 
higher local density of states. For compounds having aromatic 
groups the latter effect often dominates and bright spots are 
associated with the aromatic units. Thus we tentatively assign the 
bright stripes to the aromatic unit of 1 (the bapphen part) because 
of the presence of π-electrons in aromatic rings.[44-45] The darker 

stripes are assigned to the alkyl chains in 1, which have low-lying 
sigma orbitals that poorly contribute to the observed current. 
These observations are consistent with other reports showing 
similar patterns for aromatic compounds with long alkyl tails[34, 46-

47]  
Compound 2 also self-assembles on HOPG forming small islands 
of highly ordered structures (Figure S4, ESI). Images of smaller 
size (Figure 4d) showed alternating bright and slightly darker 
stripes just like for 1. However, the periodicity of 2 seems smaller 
than that of 1 (Figure 4b vs. 4d), which was confirmed by 
analysing the width of the stripes (Figure 5). Although the signal-
to-noise ratio appears to be higher than for 1, the periodicity of the 
stripes was estimated to be 2.0 nm, with one bright stripe of 1.0 
nm and one dark stripe of 1.0 nm. Like for 1, the bright stripes are 
assigned to the aromatic unit of 2 (the bapphen part), and the 
darker stripes are assigned to the alkyl chains in 2. The shortening 
of the width of both bright and dark stripes in 2 on HOPG remains 
intriguing, and suggest that the surface self-assembly of 
compound 1 is influenced by coordination of the ligand to iron. 
This effect could possibly occur as an effect of intermolecular 
interactions between the NCS and bapphen ligands, or of two 
NCS ligands of neighboring complexes in the crystal packing of 
the monolayer. 

 

Figure 4. STM images of thin layers adsorbed on HOPG surface for: (a) 
compound 1, 185.9 nm × 185.9 nm; (b) compound 1, 63 nm × 63 nm, a separate 
STM image taken after a zoom-in of (a); (c) compound 2, 127.4 nm × 127.4 nm; 
(d) compound 2, 63.3 nm × 63.3 nm, a separate STM image taken after a zoom-
in of (c) The brightness is proportional to the height at constant current mode. 
Both 1 and 2 on HOPG show ordered 2D domains, the white lines indicated in 
(b) and (d) are for stripe-width analysis in Figure 5. All images were taken under 
the same conditions: Vbias = +500 mV, Iset = 1 nA. 
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Figure 5. Stripe-width analyses for ligand 1 (top, from Figure 4b) and complex 
2 (bottom, from Figure 4d) on HOPG along the white lines in Figures 4b and 4d. 
Sections of 30 nm are shown instead of the entire length of the lines to ease 
comparison. 

Discussion 

The χMT vs. T plot for compound 2 in the bulk shows gradual and 
incomplete spin transition behaviour, with a relatively high 
residual HS fraction at low temperature. As examples previously 
reported,[48-49] high residual HS fractions are expected for non-
cooperative SCO with low T1/2. The gradual spin transition 
suggests rather weak intermolecular interactions between the iron 
complexes.[50] On the one hand, compound 2 possesses two N−H 
bridges susceptible to engage in N−H∙∙∙S hydrogen bonding 
networks, and we expected to observed more cooperativity in the 
bulk. On the other hand, the very incomplete nature of the thermal 
SCO may be attributed on the one hand to its gradual character, 
coupled to the low SCO temperature. While it is not uncommon 
for precipitated SCO materials to have less cooperative SCO than 
their crystallized version, for other SCO systems a loss of 
cooperativity and/or more incomplete transition can be observed 
upon ageing, solvent loss, or amorphization. Here the bulk 3D 
material 2 could not be crystallized and was isolated as a 
precipitated powder; we hypothesize that its gradual and 
incomplete SCO may at least in part be associated to a lack of 
crystallinity.  
From the IR spectra of cooperative SCO compounds such as 
[Fe(bapbpy)(NCS)2], which shows short N∙∙∙S distances and 
strong N−H∙∙∙S hydrogen bonds, multiple absorption bands for the 
stretching vibrations of the N−H bond are observed between 3000 
and 3300 cm−1. In contrast, for gradual SCO compounds such as 

[Fe(Me2bapbpy)(NCS)2] the N∙∙∙S distances are longer and the 
N−H∙∙∙S hydrogen bonds are weaker,[51] which translates in the IR 
spectrum of the solid into a single, stronger absorption band 
around 3400 cm−1. Therefore, the multiple absorption bands in 2 
may indicate that N−H∙∙∙S interactions be present in the bulk. The 
lower cooperativity of the SCO in 2 might be a consequence of 
other inter-molecular interactions, such as π−π stacking between 
the large aromatic rings and/or Van der Waals interactions 
between the hydrophobic tails. Overall, the iron-to-iron 
intermolecular distances might be longer in 2 than in 
[Fe(bapbpy)(NCS)2], which would explain the lack of cooperativity 
for this compound. This effect is similar to the metal dilution effect 
shown in [FexZn1–x(bapbpy)(NCS)2],[52] where increasing 
concentrations of the magnetic inert Zn ions in the crystal lattice 
causes the iron centres to become further away from each other, 
resulting in a lowered cooperativity for SCO. 
Following deposition on HOPG it is immediately clear from STM 
images that the molecules of 1 and 2 form complex and highly 
ordered structures with long-range order. Comparing with the 
STM image obtained from a freshly cleaved HOPG surface 
(Figure S3) these ordered structures are not associated to, and 
do not follow, the underlying step edges of the HOPG surface. 
These features are somewhat reminiscent of the ordered 
structures reported recently for other alkyl-functionalized 
compounds.[34]  
In a possible model for the arrangement of 1 on HOPG, the bright 
stripes are formed by the aromatic part of 1, which may lay flat on 
the surface and interact via hydrogen bonding between 
neighbouring molecules. Indeed, the terminal pyridine rings in 1 
can rotate in such a way that its nitrogen atom acts as an H-bond 
acceptor, while the N–H bridge of the neighbouring molecule acts 
as a H-bond donor (Figure 6). In our model, the alkyl chains also 
lie flat on the surface and form interdigitated domains that 
correspond to the dark stripes observed by STM. To evaluate the 
relevance of this model, the molecular structure of 1 was 
calculated by DFT in vacuum using the B3LYP functional and the 
LANL2DZ basis set as implemented in the GAMESS-UK package 
(Figure 7).[53] From the 3D structure of ligand 1 the calculated 
width of the aromatic part of the 2D network on HOPG should be 
about 1.6 nm, a distance measured from projections of the 
nitrogen atom on the central pyrazine ring to the nitrogen atom on 
the pyrazine ring of a neighbouring molecule (Figure 6). This 
value fits well with the experimental width analysis of the bright 
stripe (ca. 1.6 nm, Figure 5). The length of the alkyl chain in 1, in 
which the distance measured from the tip of the tail to the nitrogen 
atom on the central pyrazine ring, is also close to the observed 
width of the dark stripes (2.3 nm, Figure 6). Overall, ligand-to-
ligand hydrogen bonding and strong interactions with the surface 
may create an interdigitated 2D-assembly of flat ligands 1 on 
HOPG, which is also consistent with previously reported 
adsorption of pyridines on the carbon layer of HOPG.[54-55] 
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Figure 6. Proposed model for the self-assembly of 1 on HOPG (R = 
CONH(CH2)11CH3). Distances are calculated using Mercury,[56] and the 
molecular structure of 1 is based on DFT. The 1D supramolecular chains are 
stabilized by H-bonding between the N−H bridge and the N atom on the terminal 
pyridine of the neighbouring molecule (insert); These chains form a 2D motif 
stabilized by van der Waals interactions between the alkyl tails. 

Clearly a shorter periodicity was found for the self-assembly of 2 
on HOPG. To understand this observation, a model of the 
arrangements of 2 on the HOPG surface was built based on the 
molecular structure of 2 in the LS state obtained by DFT (Figure 
S5b). The structure of 2 was built from the X-ray structure of 
[Fe(bapbpy)(NCS)2] complex in the LS state.[36, 51] The 
tetradentate ligand 1 coordinates to iron(II) in the equatorial plane, 
leaving the two thiocyanate ligands in the axial positions of the 
octahedron (Figure S5b). Thus, on HOPG the tetradentate ligand 
cannot lie flat because of the axial thiocyanate ligands that create 
a vacant space underneath 2. As observed in many reported 
crystal structures of bapbpy-related iron(II) complexes, each 
complex may interact with two neighbouring complexes inter-
molecular N−H∙∙∙S hydrogen bonds to form one-dimensional 
chains (Figure 7a) of arbitrary length. In addition, because of 
these N−H∙∙∙S intermolecular interactions the molecules are 
forced to tilt with respect to the surface in order to optimize the 
contact between the monolayer and the basal plane of graphite. 
As a result, the alkyl chains might enter the vacant space created 
by the axial thiocyanate ligands and the tilt, to ensure a close 
contact between the surface and the molecular network (Figure 
7a). In such a model, the periodicity of the 2D network would be 
shorter than the length of one molecule of 2. From geometrical 
estimations the calculated widths of both the aromatic part and of 
the alkyl chains would fit well with the shorter observed width of 
the stripes of the network (Figure 7a-b). Overall, IR spectroscopy 
of the bulk as well as the STM images of  2 on HOPG suggest 
that N−H∙∙∙S hydrogen interactions do occur in the monolayers of 
2, giving rise to highly ordered 2D supramolecular structures. 
Importantly, these results suggest that SCO in these films could 
be cooperative; however we could not measure this at this point. 
We interpret the fact that bonding of 2 on HOPG forms 2D 
domains as a demonstration that N−H∙∙∙S hydrogen interactions 
might govern intermolecular contacts in a monolayer domain, 
whereas recent examples of other iron-based compounds 

showing intercalation of C12 ligand chains and π−π interactions 
but lack of N−H∙∙∙S hydrogen interactions were shown to form 
isolated 1D nanostructures on surface.[57-58] 

 

Figure 7. a) Proposed model for the arrangement of 2 on HOPG: (top) 
schematic representation of intermolecular N−H∙∙∙S interactions between 
neighbouring iron(II) complexes; (bottom) side view of the arrangement of 2 
parallel to the graphite surface. The two thiocyanate ions are modelled roughly 
perpendicular to the basal graphite plane. The distances are calculated using 
the program Mercury[56] and the molecular structure of 2 calculated by DFT 
(colour code: grey, carbon; red, oxygen; yellow, sulfur; blue, nitrogen). b) A 
zoom-in STM image from Figure 7.2d, with an overlay of the proposed model 
highlighting the positions of the 1D supramolecular chains (colour code: grey, 
carbon; red, oxygen; yellow, sulfur; blue, nitrogen). 

Conclusions 

The new bapphen-based ligand 1, bearing a 12-carbon chain at 
the back of the phenanthroline backbone, was designed to self-
assemble a SCO iron complex on surfaces. Its iron(II) complex 2 
shows in the bulk a gradual spin transition with no hysteresis cycle. 
STM images of both ligand 1 and complex 2 on HOPG revealed 
stable and highly ordered arrangements on the surface. The 
different periodicities observed in STM images are attributed to 
the two different types of intermolecular interactions in 1 and 2: 
N−H∙∙∙N hydrogen bonding for 1 vs. N−H∙∙∙S hydrogen bonding 
for 2. Although the STM images at room temperature and ambient 
pressure show a clear ordering of 2 on HOPG, the resolution of 
the images does not give enough information to exactly determine 
the structure of the monolayer, which remains a challenge for the 
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future. Importantly, the existence of the in-plane N−H∙∙∙S 
interactions in the monolayer films of 2 suggests that SCO of the 
molecules in the film may show some form of cooperativity, in 
spite of lack of signs of hysteresis in the magnetic susceptibility 
data of the bulk material. Overall, the present results show that 
the introduction of long alkyl chains into the ligand bapphen 
without blocking the N−H bridges is a valid strategy to deposit and 
organise SCO molecules onto surfaces. Albeit information about 
the exact spin crossover properties of these molecules in a 
monolayer ordering remain unknown for now, highly ordered self-
assembled molecular switches like compound 2 may provide a 
good basis for building molecular data storage devices where 
each molecule bear a bit (or q-bit) of information.  

Experimental Section 

All reactions were performed under argon atmosphere using standard 
Schlenk line techniques. The applied vacuum was about 10−3 mbar. Dry 
solvents were collected from a Pure Solvent’s MD5 dry solvent dispenser 
from Demaco. Degassed solvents were obtained by bubbling argon 
through 50 mL solvent in a Schlenk flask for one hour. For all complex 
syntheses, degassed solvents were used. The compounds 3, 4, 2,9-
dibromo-1,10-phenanthroline (5) and 2,9-dibromo-1,10-phenanthroline-
5,6-dione (6) were synthesized using literature procedures[39-40, 59] All other 
chemicals were obtained from commercial sources and used without any 
further purification. Thin-layer chromatography was carried out on silica 
TLC Al foils N/UV254 from Sigma Aldrich or on pre-coated TLC-sheets 
Alugram® Alox N/UV254. Flash chromatography was performed using silica 
gel (Sigma Aldrich, silica gel 60 Å 230-400 mesh) or aluminium oxide 
(Sigma Aldrich, activated, neutral, Brockmann I, 58 Å). Filtrations of 
ligands and complexes were carried out using Whatman RC60 membrane 
filters. NMR Spectra were measured on a Bruker DPX-300 Spectrometer 
at room temperature unless otherwise specified. Chemical shifts are 
indicated in ppm relative to TMS. Mass spectra were obtained using soft 
electron–spray from a Thermoquest Finnagen TSQ-quantum instrument. 
HR Mass spectra were measured using direct injection (2 µL of a 2 µM 
solution in DMF and 0.1% formic acid on a mass spectrometer (Thermo 
Finnigan LTQ Orbitrap) equipped with an electron-spray ion source in 
positive mode (source voltage 3.5 kV, sheath gas flow 10, capillary 
temperature 275 °C) with resolution R=60.000 at m/z=400 (mass range = 
150-2000) and dioctylphtalate (m/z=391.28428) as "lock mass". IR spectra 
were acquired with a Perkin-Elmer Spectrum Two FT-IR spectrometer. 
Elemental analyses (C,H,N,S) for compounds 7 and 8 were obtained from 
a Perkin-Elmer 2400 Series II analyser (Leiden University), and for 
compounds 1, 2 and 9 were performed by Kolbe Mikroanalytisches 
Laboratorium, Mülheim an der Ruhr, Germany. 

Compound 7: To an ice-cold suspension of 3,4-dinitrobenzoic acid (1.0 g, 
4.7 mmol) and oxalylchloride (0.45 mL, 5.2 mmol) in dry DCM (40 mL), 
DMF (0.1 mL, 20 mol%) was added drop wise, which gas evolution was 
observed. After stirring for 1 h at room temperature the solvent was 
evaporated to remove the excess of oxalylchloride. The remaining solid 
was redissolved in dry DCM (25 mL) and added slowly at 0 °C to a solution 
of dodecylamine (961 mg, 5.18 mmol) and triethylamine (0.98 mL, 7.1 
mmol) in dry DCM (25 mL). The reaction mixture was stirred overnight at 
room temperature, and a clear yellow solution was obtained. Then the 
yellow solution was washed with brine (2 × 25 mL), the organic layer was 
dried over MgSO4, after filtration to remove MgSO4, and subsequently 
evaporated the solvent under reduced pressure, an orange solid was 
obtained. The solid was subjected to column chromatography (silica gel, 
0.5% MeOH/DCM, 200 mL) eluting with 2% MeOH/DCM. The third fraction 

was collected (Rf = 0.2, 2% MeOH/DCM) and compound 7 was obtained 
as a yellow solid (41%, 731 mg). ESI-MS m/z (calc): 380.21 (380.4 [M+H]+). 
1H NMR (300 MHz, MeOD) δ 8.48 (d, J = 1.8 Hz, 1H; H-5), 8.28 (dd, J = 
8.4, 1.8 Hz, 1H; H-3), 8.15 (d, J = 8.4 Hz, 1H; H-2), 3.40 (m, 2H; γ), 1.62 
(d, J = 7.1 Hz, 2H; δ), 1.32 (d, J = 24.1 Hz, 18H; H-ε), 0.88 (m, 3H; H-ζ). 
13C NMR (75 MHz, MeOD) δ 165.56 (Cq), 140.95 (Cq), 133.70 (C-2), 
126.84 (C-5), 125.40 (C-3), 106.00 (Cq), 41.46 (C-γ), 33.07 (C-ε), 30.76 
(C-ε), 30.71 (C-ε), 30.67 (C-ε), 30.47(C-ε), 30.42 (C-ε), 30.24 (C-δ), 28.07 
(C-ε), 14.44 (C-ζ). Not all quaternary carbons could be detected. Elemental 
analysis calcd (%) for C19H29N3O5: C 60.14, H 7.70, N 11.10; found: C 
60.40, H 6.60, N 10.90. 

Compound 8: Under an argon atmosphere, compound 7 (0.20 g, 0.53 
mmol) and Pd/C 10% (30 mg, 0.28 mmol) were suspended in degassed 
methanol (25 mL). The solution was put under an H2 atmosphere using a 
balloon filled with H2, and stirred at room temperature for 5 h. After filtration 
over Celite and evaporation of the solvent, 171 mg of crude product was 
obtained. The solid was subjected to column chromatography (silica gel, 
10% MeOH/DCM, 100 mL). By using 10% MeOH/DCM as eluent for the 
column as well for the TLC, the last spot (Rf = 0.1) was collected which 
contained the pure product as a grey solid (62%, 105 mg). ESI-MS m/z 
(calc): 320.1 (320.5 [M+H]+), 342.1 (342.5 [M+Na]+), 374.2 (374.5 
[M+MeOH+Na]+). 1H NMR (300 MHz, MeOD) δ 7.14 (d, J = 2.0 Hz, 1H; H-
5), 7.08 (dd, J = 8.1, 2.1 Hz, 1H; H-3), 6.65 (d, J = 8.1 Hz, 1H; H-2), 1.57 
(t, J = 7.0 Hz, 2H; H-γ), 1.30 (d, J = 16.6 Hz, 20H; H-δ, ε), 0.87 (m, 3H; H-
ζ). 13C NMR (75 MHz, MeOD) δ 170.83 (C-α), 140.60 (C-4), 134.82 (C-6), 
125.38 (C-1), 120.30 (C-3), 116.41 (C-5), 115.66 (C-2), 40.90 (C-γ), 33.09 
(C-ε), 30.79 (C- δ), 30.78 (C-ε), 30.74 (C-ε), 30.70 (C-ε), 30.52 (C-ε), 30.49 
(C-ε), 28.13 (C-ε), 23.75 (C-ε), 14.45 (C- ζ). Elemental analysis calcd (%) 
for C19H33N3O: C 71.43, H 10.41, N 13.15; found: C 71.62, H 9.20, N 13.09. 

Compound 9: Under an argon atmosphere, compound 6 (245 mg, 0.67 
mmol) was suspended in degassed methanol (15 mL), compound 8 (214 
mg, 0.67 mmol) was first dissolved in degassed methanol (15 mL), and 
then added to the yellow suspension of 6 slowly, a color change from 
yellow to red was observed. The red solution was stirred at 85 °C for 18 h, 
a milky brown suspension was obtained. After filtration and washed with 
MeOH (4 × 4 mL), compound 9 was dried for 3 h in vacuo and obtained as 
a light brown solid (73%, 316 mg). Compound 9 was used as it is without 
further purification. ESI-MS m/z (calc): 652.2 (652.1 [M+H]+). 1H NMR (300 
MHz, CD2Cl2) δ 9.35-9.22 (m, 2H; H-4), 8.39 (s, 1H; H-10), 8.27-8.19 (m, 
2H; H-7, 8), 7.99-7.91 (m, 2H; H-3), 7.13 (s, 1H; NH), 3.62 (t, J = 7.3 Hz, 
2H; H-β), 1.93-1.68 (m, 2H; H-γ), ), 1.64-1.09 (m, 20H; H-δ), ), 0.87 (dd, J 
= 7.8, 5.2 Hz, 3H; H-ε). 13C NMR (75 MHz, CD2Cl2) δ 166.92 (C=O), 146.16, 
146.04, 143.48, 141.89, 137.94, 136.49 (C-4), 136.36 (C-3), 130.16 (H-8), 
130.05 (C-7), 130.01 (C-4), 128.06 (C-10), 127.22, 127.16, 41.13 (C-β), 
32.34 (C-δ), 30.10 (C-δ), 30.05 (C-γ), 29.82 (C-δ), 29.77 (C-δ), 27.55 (C-
δ), 23.10 (C-δ), 14.29 (C-ε). Not all quaternary carbons could be detected. 
Elemental analysis calcd (%) for C31H33Br2N5O·KBr: C 48.33, H 4.32, N 
9.09; found: C 48.52, H 4.98, N 8.87. 

Compound 1: A mixture of compound 9 (238 mg, 0.37 mmol), Pd(dba)2 
(6.7 mg, 0.012 mmol), (S)-BINAP (9.1 mg, 0.015 mmol) and Cs2CO3 (336 
mg, 1.03 mmol) was put under argon and partially dissolved in degassed 
toluene (30 mL) in a dry round-bottom flask. The mixture was stirred at 
room temperature for 20 min and 6-amino-2,2’-bipyridine (72 mg, 0.76 
mmol) was added, followed by heating the reaction mixture to 110 °C. After 
3 days, the deep red mixture was cooled down to room temperature. 
Deionized water (20 mL) was added and the mixture was stirred for 1 hour. 
The resultant orange suspension was filtered and washed with H2O (3 × 4 
mL). After drying under high vacuum, 343 mg of crude product was 
obtained. The crude solid was subjected to column chromatography (silica 
gel, 5% MeOH/DCM). Using a 10% MeOH/DCM mixture as eluent for the 
column as well as for the TLC, the third fraction was collected (Rf = 0.3) to 
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obtain the pure product as an dark orange solid (37%, 92 mg). ESI−MS 
m/z (calc): 678.4 (678.3 [M+H]+). 1H NMR (300 MHz, DMSO-d6) δ 10.48 
(d, J = 1.4 Hz, 2H; NH), 9.36 (dd, J = 8.9, 4.6 Hz, 2H; H-4), 9.07-8.98 (m, 
2H; H-3), 8.95 (s, 1H; O=C−NH), 8.82 (s, 1H; H-15), 8.36 (dd, J = 8.1, 4.8 
Hz, 4H; H-10, 12, 13), 7.84 (dd, J = 8.9, 4.7 Hz, 2H; H-7), 7.58-7.43 (m, 
2H; H-8), 7.09-6.97 (m, 2H; H-9), 1.61 (t, J = 20.6 Hz, 2H; H-γ), 1.43-1.05 
(m, 18H; H-δ), 0.97-0.69 (m, 3H; H-ε). Elemental analysis calcd (%) for 
C41H43N9O·H2O: C 70.77, H 6.52, N 18.12; found: C 71.11, H 6.52, N 18.12. 

Preparation of an 0.1 M iron(II) stock solution: KSCN (195 mg, 2.00 
mmol) and ascorbic acid (6.1 mg, 0.035 mmol) were placed under argon 
in a round-bottom flask. FeSO4·7H2O (152 mg, 1.00 mmol) was added and 
the mixture was suspended in degassed methanol (6.0 mL). The 
suspension was stirred for 40 min, filtered, and the filtrate was transferred 
into a volumetric flask. The volume was adjusted to 10.0 mL with degassed 
methanol and the volumetric flask was well shaken, which resulted in an 
0.1 M [Fe(NCS)2] solution in methanol. Since the filtration and the solution 
were not kept under argon, the solution had to be prepared fresh for every 
synthesis. Aerial oxidation of the iron-containing solution was visible due 
to a change of color (from colorless to dark violet). 

[Fe(1)(NCS)2] (2): Compound 1 (8.0 mg, 12 μmol) was put under argon 
and degassed MeOH (2.0 mL) and Fe(NCS)2 (0.13 mL of 0.1 M stock 
solution, 13 μmol) were added successively. After refluxing under argon 
for 12 h at 80 °C the brown precipitate was collected and was washed 
extensively with MeOH. Compound 2 was obtained as a brown solid (40%, 
5.7 mg). HR-MS m/z (calc): 678.36630 (678.36633, 1+), 366.6464 
(366.6465 [M−2NCS]2+), 846.2788 (846.2786 [M−2NCS+CF3COO]+). IR v 
(cm−1): 3249, 3074, 2922, 2852, 2077 (NCS−), 1628, 1594, 1545, 1521, 
1469, 1417, 1386, 1356, 1242, 1141, 1008, 837,768, 753, 648, 604, 509. 
Elemental analysis calcd (%) for C43H43FeN11OS2•5CH3OH: C 57.08, H 
6.29, N 15.25; found: C 57.96, H 6.08, N 13.73. 

Magnetic susceptibility measurement: Magnetic susceptibility 
measurements were recorded on a Quantum Design MPMS-XL SQUID 
magnetometer. Prior to the measurements 3.12 mg of compound 2 was 
centered in a field of 0.1 T at 300 K, then DC magnetization measurements 
were performed in a field of 0.1 T, from 5 to 350 K (heating mode) and 
from 350 to 5 K (cooling mode) with a rate of 0.3−1.1 K.min−1. The 
measuring time was 20 h, and corrections for the diamagnetism were 
calculated using Pascal’s constants.[60] The measurement was performed 
within a temperature range of 5 to 350 K with steps of 5 K in the low 
temperature range and with steps of 2 K in the 250 and 350 K temperature 
range. At each temperature, the magnetic susceptibility was measured 4 
times, to compensate for any measuring errors. 

HOPG sample preparation: a drop (9 μL) of a solution of compound 1 or 
2 in distilled and degassed DMF (concentration 8×10−8 M) was carefully 
placed on a freshly cleaved HOPG surface under argon. The HOPG 
surface had been imaged with atomic resolution for reference. The 
functionalized substrate was then dried under a gentle stream of argon in 
a Schlenk flask, for over 16 h in the dark. Then the sample was directly 
probed by STM under ambient conditions.  

STM spectroscopy: a PicoSPM I (Agilent Technologies) equipped with 
an E-scanner (8048 EV) and a Digital Instruments Multimode Microscope 
(Veeco) with Nanoscope IIIa controller were used to carried out all 
measurements under ambient conditions. Mechanical vibration was 
minimized using active vibration isolation table in a home-made sound box. 
The highly oriented pyrolytic graphite (HOPG, SPI-3, from SPI Supplies) 
was freshly cleaved using Scotch tape. The graphite surface was then 
imaged by STM to confirm the high resolution of the tip, and the flatness 
of the substrate. Mechanically cut Pt-Ir tips (90/10, from Goodfellow 
Cambridge Limited) of diameter 0.25 mm were used. Typically, the 
tunneling current set point was 1 nA. The bias voltage was +500 mV. The 
scan frequency was varied between 0.5 and 3 Hz depending on the scan 
size. Obtained STM images were flattened to eliminate unwanted features 
from scan lines (e.g., noise, bow and tilt), and this image analysis 
command was carried out by using the program NanoScope Analysis 
(Version 1.40, Bruker Corporation, 2012). 

DFT calculations: molecular structures of 1 and 2 were built with 
MOLDEN and minimized in vacuum using the B3LYP functional and the 
LANL2DZ basis set for all atoms as implemented in the GAMESS-UK 
package. 
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