Thiocyanate Anchors for Salt-like Iron(II) Complexes on Au(111):

Promises and Caveats

Philipp Stock®?, Andreas Erbe?, Manfred Buck®, Dennis Wiedemann®, Hervé Ménardd,

Gerald Horner?, and Andreas Grohmann?

4 Institut fiir Chemie, Sekr. C2, Technische Universitit Berlin, StraBe des 17. Juni 135, 10623

Berlin, Germany

b Department of Interface Chemistry and Surface Engineering, Max-Planck-Institut fiir
Eisenforschung GmbH, Max-Planck-Strale 1, 40237 Diisseldorf, Germany
¢ EaStCHEM School of Chemistry, University of St Andrews, St Andrews KY16 9ST, United

Kingdom

4 Sasol Technology (UK) Ltd, Purdie Building, North Haugh, St Andrews, KY16 9ST, United

Kingdom

Reprint requests to Professor Andreas Grohmann. Fax: +49-30 31479656.

E-mail: andreas.grohmann@tu-berlin.de

Z. Naturforsch. 2014, 69b, 1164 —1180 / DOI: 10.5560/ZNB.2014-4159

Received July 15, 2014

Dedicated to Professor Hubert Schmidbaur on the occasion of his 80™ birthday

The formation of self-assembled monolayers (SAMs) on Au(111) from solution has been inves-

tigated for two ionic iron(II) complexes of the type [Fe(L)](BF4),, where L is tripodal hexadentate
and contains three thiocyanate anchor groups. The ligands (L1, L2; donor set: Ng) are obtained by
Schiff base condensation of a tripodal triamine (L1: tris-(2-aminoethyl)amine, ‘tren’; L2: 1,1/,1”-
trimethyl(thiophosphoryl)trihydrazide) with 5-(4-thiocyanatobutoxy) pyridine-2-carbaldehyde. Lay-
ers of the complexes adsorbed on Au(111) from methanol solution have been characterised using
scanning tunnelling microscopy (STM), infrared reflectance absorbance (IRRAS), X-ray photoelec-
tron (XPS) and UV /Vis reflectance spectroscopies, as well as ellipsometry. Complex [Fe(L1)](BF4),
deposits intact on a gold surface and retains its optical addressability. Elaboration of this result may
provide access to a new class of self-assembled layers, employing salt-like tripodal coordination
compounds with thiocyanate anchors. The second complex, [Fe(L2)](BF4),, which contains a sul-

phur atom in the ligand backbone, is not sufficiently stable under the same conditions.
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Introduction

Immobilisation of functional molecules on metal
substrates is a key issue of contemporary materials
science, in the context of creating responsive sur-
faces. A prototypical example is the formation of self-
assembled monolayers (SAMs) using specialised or-
ganic molecules [1-4]. SAMs allow the quick and
targeted functionalisation of surfaces and are inter-
esting for many research areas, including sensor fab-
rication, molecular electronics, or corrosion protec-
tion [2, 5]. Recent years have seen an improved under-
standing of surface structures, as well as more com-
plex functionalities [3, 6, 7]. SAM formation involves

organic molecules having a substrate-specific anchor
group, a spacer group (typically an alkyl chain) and
a ‘head group’, which is responsible for the charac-
teristic properties imparted to the SAM [1]. By far
the most popular substrate for SAM formation has
been gold, and the most widely used anchoring group
for such surfaces has been the thiol function. The
high affinity of thiols towards gold results in gen-
erally high chemical stability of the adsorbate [1].
For SAMs to be well-ordered, however, it is advan-
tageous to work with organic molecules that are rel-
atively ‘slender’. Bulging head groups are accommo-
dated best if they can enter into lateral interactions,
such as -7 stacking [8]. A complementary approach
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to accommodate bulging head groups employs volu-
minous anchor groups [9], sometimes with multiple
surface-binding functions [10]. The coating of (near-
)spherical gold nanoparticles, whose curved surface al-
leviates the ‘space problem’ caused by bulging head
groups, with suitably functionalised transition metal
complexes, has recently been reviewed [11]. It should
be noted, however, that high crystallinity in SAMs is
not, in itself, a prerequisite for surface functionality,
and less well-ordered adsorbates could still be use-
ful for modulating surface qualities. This having been
said, the integration of organometallic or coordination
compounds into SAMs is particularly worthwhile, as
such units carry desirable redox, magnetic, or spectro-
scopic addressability.

A potential high-impact application of metal
complex-containing SAMs is data storage at the
molecular level. This might be realised using surface-
anchored bistable compounds, which would be switch-
able by an external stimulus [12]. Spin crossover
(SCO) compounds are particularly promising here. In
these, octahedrally coordinated transition metal ions
with electron configurations 3d*~3d’ undergo a re-
versible change between their high- and low-spin states
in response to a change in temperature, pressure or
illumination [13]. The possibility of optical stimula-
tion using the LIESST effect (light-induced excited
spin state trapping) [14] is very attractive in surface-
anchored 2D assemblies as it would, in principle, en-
able lateral resolution. Complexes of iron(Il) are the
most widely researched in the SCO context, both in
the bulk and on surfaces [15-17]. Spin crossover
was shown in a vacuum-deposited, physisorbed sub-
monolayer of molecular (i.e., electrically neutral)
iron(II) complexes in contact with highly oriented
pyrolytic graphite [18] and on a gold surface [19],
respectively. Such behaviour differs from previously
found results, where the presence of a metal surface
had been shown to suppress spin crossover in a sub-
stance in direct contact, or where only molecules in
an ad-layer showed spin crossover [20-22]. Clearly,
a better understanding of the behaviour of such com-
pounds on a metallic surface is required, before iron(Il)
complexes can be used in molecular electronics in
a predictable way. Uncharged metal complexes can
sometimes be unsuitable for vacuum deposition [23].
Charged, salt-like complexes cannot generally be de-
posited by sublimation owing to low vapour pressures;
if sublimation is attempted, decomposition and con-

comitant fragment-induced surface contamination usu-
ally result. A less forcing strategy implies adsorption
from solution. Here, reliable protocols for the immo-
bilisation of metal complexes need to be developed;
specifically, conditions need to be identified that al-
low monolayer formation from salt-like iron(II) com-
plexes.

The present work explores a small island in what
still is largely uncharted territory, namely the require-
ments a salt-like iron(Il) complex must meet to be
adsorbed onto Au(111) from solution, while main-
taining its ‘function’. For the latter, we are using the
optical addressability of a complex, via its intense
metal-to-ligand charge transfer absorption in the vis-
ible regime; this has the added benefit of simultane-
ously reporting on the magnetic state of the complex
ion. In this context, we have synthesised and charac-
terised two new iron(I) complexes, using the well-
established C3-symmetrical tripodal Ng ligand topol-
ogy. Tripodal arrangements have been shown before
to support stable surface architectures, and SAMs of
complex molecules have been successfully prepared
using space-demanding tripodal anchors [24-—-27].
While thiol groups have been most widely used to
attach metal complexes to a gold surface [28, 29],
some workers have also used thioesters [30-32],
thioethers [27, 33, 34] or, prior to us, thiocyanates [35].
These ‘masked’ S-containing functional groups, while
retaining a high affinity for gold, are far less re-
active towards the central ion in the complex. In
the present work, we have adapted the thiocyanate
(RSCN) approach [36—39] and studied the deposi-
tion on Au(111) of two tripodal iron(I) complexes, by
what we intended to be ‘three-point interactions’ us-
ing flexible alkyl spacers (Scheme 1). Structure and na-
ture of the adsorbates were characterised by means of
scanning tunnelling microscopy (STM), ellipsometry,
X-ray photoelectron spectroscopy (XPS), IRRAS, and

Iron(ll) complex unit

Tripodal Spacer
Anchor Unit

Metal substrate

Scheme 1 (colour online). Sketch of a surface-anchored
tripodal complex.
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UV /Vis reflectance spectroscopy. We have found one
set of conditions which preserve the optical properties
of the pristine complex. XPS data of an adsorbed layer
are compatible with complex stoichiometry, indicating
that the coordination unit remains intact throughout the
assembly process.

Results and Discussion
Target substances and their characterisation

Ligand building blocks (‘head groups’) with three-
fold symmetry and functional groups amenable
to ready derivatisation are central to the present

| +
N H
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HN_/

4
Fe(BF4): - 6 H:0

NH;

2+
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study. Inspired by previous work on N3N3 po-
dands, we chose two such head groups. One is
1,1’,1”-trimethyl(thiophosphoryl)trihydrazide (5) [40,
41], and the other tris-(2-aminoethyl)amine (tren,
4) [42, 43], Scheme 2. Either head group has three pri-
mary amino functions allowing for straightforward and
high-yielding derivatisation by Schiff base condensa-
tion with a suitable pyridine-derived aldehyde, thereby
creating the targeted Ng donor set. It is noted that lig-
and S carries an additional sulphur atom in an ex-
posed position. As it turned out during the surface-
grafting studies (vide infra), the thiophosphoryl unit
is labile on Au(111). The synthesis of the target com-
plexes 65¢ and 7 is summarised in Scheme 2 (a sim-
ilar protocol was used for the synthesis of the anal-

NCSNBr
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NH,
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Scheme 2. Synthesis of the iron(II) complexes 6¥¢ and 7; reference compound 6Z" was obtained in an analogous fashion from

reaction of Zn(ClOy), - 6H,0 with 3 and 4.
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ogous zinc(Il) complex, 6Z). The aldehyde compo-
nent 3, which carries the thiocyanate anchor, is ob-
tained in tolerable yield by a Williamson ether syn-
thesis, coupling the hydroxy-substituted pyridine car-
baldehyde 1 and the bromobutane derivative 2 at 100°C
in DMF (29% yield). The {!H} '3C NMR spec-
trum of the product, 5-(4-thiocyanatobutoxy)pyridine-
2-carbaldehyde 3 (in CDCl;, r. t.; see Supporting In-
formation, available online, for NMR spectra; see note
at the end of the paper for availability), shows a char-
acteristic resonance at 111.8 ppm, indicative of the
SCN group (the '*C resonance for the thiocyanate
substituent in 2 is at 111.6 ppm). The presence of
the SCN group in 3 was also confirmed by IR spec-
troscopy, where it gives rise to a strong absorption

(a)

at 2154 cm~!. Resonances at 191.9 ppm ({'H} '3C
NMR) and 9.97 ppm ('"H NMR) are assigned to the
aldehyde function.

The condensation of carbaldehyde 3 with the cap-
ping groups 4 or 5 was followed by 'H NMR spec-
troscopy, tracking the disappearance of the aldehyde
and primary amine proton resonances. Both conden-
sation reactions were found to be complete within
60 min. The subsequent complexation reactions of the
tris-aldimines with Fe(BF,), - 6H,O were performed
at room temperature. Diagnostic resonances in the IR
(6¥¢: 2152cm™!; 7: 2150 cm™!) and {'H} '*C NMR
spectra (6%¢: 112.0 ppm; 7: 113.5 ppm) of the result-
ing complexes show that the surface-active thiocyanate
groups of the ligands are conserved in the complex

(b) -

Fig. 1 (colour online). Ellipsoid models of the complex cation “head groups” in 6F¢ (left) and 7 (right) as side views
(a and b) and projections along the pseudo-threefold axes (¢ and d); ellipsoids for 50 % probability, hydrogen atoms and
4-thiocyanatobutyl residues (some of which are severely disordered) omitted for clarity (colour code: brick red: Fe; blue: N;

red: O; grey: C; yellow: S; orange: P).
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products. NMR shifts differ slightly because different
solvents were used (see Supporting Information). In
the {'H} 3C NMR spectrum of 7, coupling of the C=N
and N-methyl carbon atoms with the phosphorus atom
gives rise to doublets at 151.0 ppm and 38.0 ppm, re-
spectively. Coupling constants in both cases are very
similar to those reported recently for the parent com-
pound [Fe{ phos(py)s’ }](BF4) [41].

Single crystals of 6¥¢- 1/4Et,0 and 7-CH3CN
suitable for X-ray diffraction experiments were grown
by precipitation of the salts from acetonitrile via di-
ethyl ether vapour diffusion. In the refrigerator at 4°C,
the process took ten months for 6¥¢ - 1/4 Et,O and four
days for 7 - CH3CN. Compounds containing long alkyl
chains with weakly interacting terminal groups may
crystallise poorly. In our case, this caused two prob-
lems: Firstly, the crystal quality itself was low. This led
to poor signal-to-noise ratios and, subsequently, to high
R values (especially in the case of 7-CH3CN) and
low numbers of observed reflections. Secondly, most
of the 4-thiocyanatobutyl residues were severely disor-
dered. In 6¥¢- 1 /4 Et;0, one of these residues could
in fact not be handled with a discrete model at all;
it had to be treated as a diffuse contribution to the
overall scattering. Inspection of the electron count (ca.
66 excess electrons per unit cell) and the topology of
the voids suggest the presence of an additional sol-
vent molecule. As acetonitrile molecules usually are
at least partially ordered, we propose the solvent is di-
ethyl ether — being notorious for strong (correlated)
disorder. In spite of these severe shortcomings, the co-
ordination entities of 6¥¢ - 1 /4 Et;0 and 7 - CH3CN are
ordered and well-defined. MERCURY plots of the co-
ordination entities of 6¥¢ - 1 /4Et,O and 7 - CH3CN are
shown in Fig. 1. Their structural parameters are sum-
marised in Table 1.

Table 1. Selected average bond or interatomic lengths (A),
angles (deg), and dihedral angles (deg) for 6F¢ and 7 with
standard deviations in parentheses.

6re 7
Distances
d(Fe—Nipin) 1.950(18) 1.915(2)
d(Fe-Npy;) 1.969(3) 1.974(3)
d(0---0) 6.62(5) 5.8(1)
Angles
(N—Fe—N) zans 175.7(8) 167.2(1)
Zeis? 61.6 60.7

2Summed deviation from 90° of twelve cis angles.

In both complex ions, average Fe—N bond lengths
around 1.95 A are indicative of a diamagnetic low-spin
electron configuration for the iron(IT) centre at 150 K.
The iron(II) centres are coordinated by six nitrogen
donors in an octahedral fashion, with a slight distortion
towards a trigonal prism in the case of 7 (see Fig. 1D).
The trigonal distortion observed in 7 affects the direc-
tionality of the alkoxy spacers to some extent, as can be
read from the non-bonded distances between the ether
oxygen atoms of these spacers. These distances are sig-
nificantly smaller for the trigonally distorted complex
7, and it is fair to assume that the same holds true for
the non-bonded distances between the three -SCN an-
chors. Owing to severe disorder in the alkyl chains,
however, a detailed discussion of geometric parame-
ters in the ligand periphery of the solid-state structures
is not warranted.

The magnetic behaviour of the complexes was stud-
ied as a function of temperature in the solid state and in
solution. In the solid state (powdered samples, SQUID
[superconducting quantum-interference device] mag-
netometer), complexes 6¥¢ and 7 were found to be
diamagnetic across the whole temperature range (6F¢:
5-320K; 7: 5-400K; see Supporting Information,
Figs. S8 and S9). The magnetic susceptibilities yy7T
are in good agreement with the behaviour of the un-
substituted compounds [Fe{ ‘tren(py)s’}1(BFs4)2 [42]
and [Fe‘phos(py)s’ }1(BF4)2 [44]. It cannot, however,
be taken for granted that the bulk magnetic properties
of the complexes will be conserved under conditions
of reduced dimensionality, that is, when attached to
a surface [45]. As was recently shown for an iron(I)
SCO complex containing a related polypodal ligand,
the thermodynamic SCO parameters undergo a marked
change from the bulk values once the complex is ad-
sorbed on pyrolytic carbon [18]. For complete charac-
terisation, the complexes were also studied in free so-
lution, and the results underscore the notion of largely
diamagnetic behaviour.

The UV/Vis spectra of compounds 6F¢ and 7 at
room temperature in methanol are typical of low-spin
iron(I) complexes. Intense absorption bands with €nyax
around 10*M~!-cm™! in the range 400—600 nm are
observed (see below). This is the typical range for
'A; ='MLCT transitions in low-spin iron(I) com-
plexes. The corresponding '"H NMR spectra of 6¥¢
and 7 at room temperature exhibit well-resolved reso-
nances, with chemical shifts 6 <10 ppm which, like-
wise, is the typical signature of diamagnetic com-
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pounds. Finally, diamagnetism of 6% at room tem-
perature is corroborated by comparison of its NMR
spectra with the spectra of its intrinsically diamag-
netic Zn'! analogue, 6”°. However, divergent NMR-
spectral properties are recorded for 6¥¢ and 67" at ele-
vated temperatures (see Supporting Information, Figs.
S10 and S11). Resonances of 6"¢ experience low-field
shifts with increasing temperature in [D7]dimethyl for-
mamide, pointing to the presence of paramagnetic
components. No such shifts are observed for 62" un-
der the same conditions. This divergence may indicate
a beginning thermal spin crossover for 6% at elevated
temperatures.

Molecules of the type RSCN have previously been
shown to produce well-ordered self-assembled thiolate
monolayers on gold under suitable conditions, with
a focus on simple alkyl chain or 7 ring systems [36].
Adsorption of organic thiocyanates to gold has been
proposed to proceed according to Eq. 1, which involves
cleavage of the RSCN unit, with concomitant thiolate
formation and partial dissolution of the substrate, ow-

(a)

Helght [nm])

Distance [nm])

ing to the generation of dicyanoaurate [37].
2R-SCN+3Au — [Au(CN);]” +2R-S-Au (1

As is shown in the following, complexes 6F¢ and
7 both adsorb to gold surfaces, but with greatly dif-
ferent results. The nature of the films has been anal-
ysed with respect to topology (using ellipsometry and
STM), stoichiometry (XPS), and differential spectro-
scopic response (IRRAS and UV /Vis reflectance).

Ellipsometry

When analysing ellipsometric data for SAMs on
gold, the question of the refractive index of the layer
needs to be considered [46]. While a method exists
to determine the thickness d of a layer on a metallic
substrate [47], light absorption from the substances un-
der investigation here (see Fig. 2a) renders this method
ambiguous. If any contribution from light absorption
is neglected and a refractive index ng of 1.5 is assumed

(b)

Helght [nm]

Distance [nm]

Fig. 2 (colour online). Scanning tunnelling microscopy images of 6¥¢ (a) and 7 (b) on Au(111) /mica, with corresponding
height profiles indicated by lines. The samples were prepared at 338 K (immersion time: 1 h; see text).
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(which is a typical value for organic compounds and
metal-organic complexes), the values obtained for d
are 2.3 and 2.4 nm, respectively, for 6¥¢ and 7 on gold.
The longest dimensions of the molecules, however, are
ca. 1.2 nm for 6¥¢ and 1.6 nm for 7. Evidently, the layer
thickness is larger than this longest dimension. Even
when assuming a layer refractive index of 2.0, which
should significantly overestimate the actual refractive
index, a layer thickness of 1.4 nm is found for both 6%
and 7, which for 6% is still larger than the longest di-
mension of the molecule. Therefore, the layer adsorbed
on gold cannot be a simple monolayer.

Adsorbate characterisation by STM

The STM image of 6¥¢ (Fig. 2a) is characterised
by depressions (marked by arrows), with steps around
0.25 nm in height, and by protrusions of rather uniform
diameter. The diameters of the protrusions (> 5 nm)
are significantly larger than the diameter of the cylin-
der to which the molecule may be approximated, which
is ca. 0.7 nm (assuming the molecular C3 axis to co-
incide with the C. axis of the cylinder). These results
correlate with the results obtained by ellipsometry. Ap-
parently, an interfacial transition layer with voids is
present, which leads to a layer thickness greater than
that expected for a monolayer containing the com-
plexes with their C3 axes vertical to the surface.

In principle, there may be several reasons for this
behaviour. One is that several molecules are grouped
together, thus forming small islands [17, 48]. However,
if this were the case, one would not expect such a rela-
tively narrow size distribution, unless specific geome-
tries are preferred due to intermolecular interactions
(for which we have no evidence). Another possible ex-
planation is an imaging artefact. If the molecules are
not rigidly anchored to the surface using all of their
three ‘legs’, their radius of gyration would make the
molecules appear bigger. This is consistent with our
observation that the molecules are quite difficult to im-
age, as the currents have to be close to the detection
limit of the instrument. An anchoring through only
one or two sulphur functions per molecule would be
consistent with the substantial height variations. Since
the height measured in STM results from a superposi-
tion of geometrical height and tunnelling probability,
a variation in the number of anchors used per molecule
would not only affect the geometrical arrangement but
also the tunnelling channels. As the binding mecha-

nism for thiocyanate-terminated compounds to gold in-
volves partial dissolution of the substrate, the resulting
complex interfacial morphology can be understood as
a product of dissolution and adsorption. Metal disso-
lution, on the other hand, does not occur statistically
over the full surface. Rather, dissolution starts at en-
ergetically favoured sites on the surface, e. g. at kinks
or adatoms [49]. Therefore, the adsorbing species (un-
dergoing thiocyanate-to-thiolate transformation, Eq. 1)
preferentially forms in the vicinity of defects in the
surface, which also explains the presence of residual
-SCN observed in the IR spectra: not all ligands may
be in the vicinity of a site suitable for [Au(CN),]~ for-
mation.

In contrast to compound 6%¢, we found no suitable
set of conditions to prepare monolayers of compound 7
which would yield images comparable to Fig. 2a. The
imaging conditions were even more critical and the
protrusions observed (Fig. 2b) were significantly lower
in density and of lower height. These results are con-
sistent with ellipsometry results, XPS and IRRAS (see
below). These surface characterisation results suggest
that compound 7 does not adsorb intact, a suggestion
that is strongly corroborated by the UV /Vis reflectance
spectra to be discussed in the following.

UV /Vis reflectance spectroscopy

The UV//Vis spectra of 6F¢ in methanol solution and
on a gold surface are displayed in Fig. 3 (for 7, see Sup-
porting Information, Fig. S12). The spectrum of the so-
lution of 6¥¢ shows absorptions with maxima at 265,
300, 370 and 540 nm, the latter with a shoulder around
500 nm. The peaks at 540, 500 and 370 nm are typi-
cal of [Fe{ ‘tren(py)s’ }1>T (X~ )2 complexes and are as-
sociated with the 'A; —!MLCT transition [50]. The
peaks at 300 and 265 nm are assigned to T — ¥ tran-
sitions of the aromatic moieties in the ligand. In the
solution spectrum of 7, these # — m* transitions are
present as well. The 'A; —!MLCT bands of 7 ap-
pear at higher energy. The lowest wavelength peak is
visible as a shoulder centred at 370 nm in the ligand
bands, while further peaks are present at 450 (shoul-
der) and 490 nm. The UV /Vis spectrum of 7 is also
in good agreement with the unsubstituted complex
[Fephos(py)s’ }1(BF4)».

The reflectance spectra of 6¥¢ (Fig.3b) and 7
(Fig. S12, see Supporting Information) on Au(111) are
dominated by a rising baseline from 300 to 500 nm.
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Fig. 3. UV/Vis spectra of 6%¢; (a) measured in transmission
in methanol solution; (b) measured in reflection on Au(111);
dotted line: simulation of a non-absorbing layer (2.4 nm
thick; refractive index 1.5) on Au; solid line: simulation of
a spectrum with five harmonic oscillators having resonance
frequencies as obtained from (a).

This change in baseline is due to the spectral charac-
teristics of the gold substrate, and can be reproduced in
simulations of the reflectance absorbance. These sim-
ulations employ a transfer matrix method to compute
the reflectivities of modified and unmodified gold sur-
face, and compute the expected reflectance absorbance
as in the measurement process [51, 52]. Bulk optical
constants of gold are used in the simulations [53]. For
the surface modification, an isotropic layer of thick-
ness 2.4 nm and a wavelength-independent refractive
index of 1.5 were assumed to be adsorbed to gold.
These parameters described the obtained ellipsomet-
ric data quite well. For such a system, the dotted line
in Fig. 3b shows the same slope in the baseline as
present in the experimental data, indicating that this
feature is not related to absorptions from a layer ad-
sorbed to the surface. In order to understand the ef-
fects that a surface layer of finite absorbance has on
the shape of the spectra, simulations were carried out
in which the dielectric function of the layer was rep-
resented by a sum of five harmonic oscillators. In-
put parameters for oscillator frequency and width were
obtained by fitting the UV/Vis spectrum in solution
(Fig. 3a and Supporting Information, Fig. S13a) with
a sum of Lorentzian peaks. Absorption features from
the molecules deposited on the surface show as addi-
tional peaks on top of the baseline.

For 6¥¢ on Au(111), the spectral simulations (solid
line in Fig. 3b) show that features present in the vis-
ible region of the solution spectra can also be found
after adsorption. The oscillator strength of the five
peaks was adjusted to reproduce the observed features
semi-quantitatively. The UV /Vis reflectance spectra
for 6% show the presence of all three 'A; —!MLCT
absorptions at 370, 500 and 540 nm, which are typ-
ical of [{Fe‘tren(py)s;’}1(X), complexes [50]. When
comparing the simulations and the reflection spec-
tra, the peaks with maxima in solution at 500 and
540 nm experience a slight red shift on Au(111), by
~15 nm. Whereas the solution spectra are dominated
by the strong intraligand modes at 265 and 300 nm,
the 'A; =!MLCT transitions at 500 and 540 nm
dominate the reflection spectra. The intensity ratio
('A; —'MLCT/intraligand) is ~50 times higher on
the surface than in solution. This strong change in rel-
ative intensities may be caused by one or several of
the following factors; (a) stronger intermolecular in-
teractions on Au(111) as compared to dilute solution;
(b) coupling of states in the adsorbates to states in the
metallic solid (“Fano resonance’) [54]; or (c) the orien-
tation of the molecules on the metal surface is such that
it does not enable an excitation of the respective tran-
sition. The latter is a direct consequence of the surface
selection rule, which states that, on a metallic surface,
only transition dipole moment components perpendic-
ular to the surface can be excited, and these can only
be excited using p-polarisation at high incidence an-
gles [55]. A comparison of the simulated and the mea-
sured spectra in Fig. 3b shows that there is consider-
able disagreement in the region around 450 nm. This
may originate from an interface state that is present
only after adsorption of the complexes to Au(111), but
not in the dissolved molecules. Nevertheless, the clear
observation of the ' A| —!MLCT absorptions indicates
that the units [Fe{ ‘tren(pyOC4S)3’ }1(BF4), are intact
and in the low-spin state after adsorption on gold.

For 7 on Au(l111) (see Supporting Information,
Fig. S12b) only one transition at 370 nm, reminiscent
of the 'A; —!MLCT mode, can be detected on gold.
A comparison with simulation on the basis of solution
spectra shows qualitative differences, and no peak ob-
served in solution is found after adsorption to Au(111).
This is a clear indication of complex degradation upon
contact with the gold surface. Further support for the
diverging behaviour of 6¥¢ and 7 stems from the IR re-
sponse of the thin surface films (Fig. 4). In summary,
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Fig.4. IR spectra of compound 6¥¢. Characteristic absorp-
tions are highlighted by dashed boxes. Grey: sample layer on
gold. Black: sample measured as KBr disc.

only for complex 6¥¢ is the spectral response of the

[MNg] chromophore conserved after immobilisation.
Infrared reflectance absorbance spectroscopy (IRRAS)

IRRAS was employed in order to probe the bind-
ing of compounds 6¥¢ and 7 to gold. As implied by
Eq. 1, exhaustive surface binding of the complexes via
all three arms would not give rise to any residual res-
onances due to RSCN. The IR spectrum of a sam-
ple of 6"¢ on gold shows a small dispersive peak at
2152 cm™! (Fig. 4). Weak signals in this range (i. e., at
2160 cm™!) have been commonly observed upon sur-
face grafting of thiocyanates on gold [56]. They have
been assigned to surface-bound cyanoaurate. A com-
plementary interpretation of the resonance in terms of
the CN stretching vibration of residual thiocyanate ap-
pears equally reasonable. The latter assignment im-
plies that thiolate formation on gold, with concomitant
evolution of dicyanoaurate ([Au(CN),]~, see Eq. 1),
may not be quantitative. However, the appearance of
the characteristic B—F~absorption at 1054 cm™!(due
to the BF, counterion), as well as the good agreement
of the finger print areas between the spectra measured
on gold and as a KBr disc, show the surface-deposited
complex to be intact. XPS measurements were carried
out on samples of 6¥¢ deposited on gold, in order to
confirm this result and elucidate the binding tendency
of the SCN groups.

In contrast, the IR spectra of 7 as deposited on gold
and as measured in a KBr disc are incommensurate

with a maintained chemical identity (Fig. S13, see Sup-
porting Information). This result again suggests that
compound 7 decomposes upon contact with the gold
surface, either because of an undesirable reaction with
the solvent DMF (ethanol was impractical, owing to
poor solubility of 7), or a reaction of the thiophospho-
ryl moiety with the Au substrate. To check for decom-
position of the capping unit of 7 in contact with Au, the
complex [Fe{ ‘phos(py)s’ }1(BF4), has been used. It is
structurally similar to 7 but has no thiocyanate groups
and no alkyl spacers [41]. Layered gold surfaces pre-
pared under the same conditions show strong IR ab-
sorptions at 1310 and 1265 cm~! and spectra substan-
tially different from the base compound (for the molec-
ular structure and IRRAS spectra, Figs. S14 and S15,
see Supporting Information). In particular, the strong
B-F stretching mode at 1054 cm™! is absent. XPS of
these surfaces is also quite different from the expected
spectra (see Fig. S16, in the Supporting Information,
for a survey scan). Hence, upon exposure of ligands
containing P=S groups to gold surfaces, an unknown
reaction leads to decomposition of the complex and ad-
sorption of a decomposition product. Accordingly, the
response of compound 7 adsorbed to gold towards X-
ray impact was below the detection level.

X-Ray photoelectron spectroscopy (XPS)

The chemical composition of the thin films of 6%
on Au(111) has been studied by X-ray photoelectron
spectroscopy, and a satisfactory agreement obtained
between the surface stoichiometry of the complex unit
of 6% and its chemical composition in the bulk (see
Table 2).

Sulphur speciation: The complexity of the S 2p spec-
trum of 6¥¢ adsorbed to gold clearly indicates that
more than one sulphur species is present in this sys-
tem. A quantitative description of the spectrum re-
quires a set of four sulphur doublets which is shown
in Fig. 5A. Beside thiolate represented by the doublet
at 161.8eV and 163 eV (component 1 in Fig. 5A) [38,
57-59], additional species reflected by the S 2ps/,
signals located at 161, 163.4 and 164.8 €V are present.
The peak at 161 eV has been repeatedly observed in
thiol SAMs to varying extents [57 —61] and its detailed
interpretation remains elusive [62]. While atomic sul-
phur has been suggested [63], this is rather unlikely un-
der the preparation conditions used here, and the alter-
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Table 2. Assignment of features in the XPS spectra of com-
pound 6F¢ on gold (atomic ratios are given relative to iron).

Core level Binding energy (eV) Atomic ratios:
[contribution in %] Exp. (theory)
Fe 2p3)» 708.9 1.0 (1.0
Ols 533.2[56.3] 5.03.0)
531.7 [43.7]
N s 399.7 6.6 (7.0)
B l1s 194.2 0.9 (2.0
Fls 685.7 3.8(8.0)
S2p3p 161.0 [18.8] 2.6 (3.0
161.8 [45.4]
163.4 [17.8]
164.8 [18.0]
Cls 284.7 [33.3] 36.3(39.0)
285.7 [50.0]
286.6 [16.7]

native interpretation of a different bonding configura-
tion of thiolate is favoured [57 — 60, 62]. Interestingly,
in some studies this signal appears only in the initial
stages of thiol adsorption [58, 60], when the mono-
layer is still incomplete. This is consistent with the
STM observation that the films are rather disordered
and not densely packed. In contrast to these thiolate-
related peaks whose positions are clearly defined in
the spectrum, the positions of the other peaks at higher
binding energies, which have also been observed for
alkanethiocyanates [37, 38], are less precisely defined
due to the width of the features. Therefore, a fit in this
range is a phenomenological description rather than an
accurate identification of species. Nevertheless these
features, which fall in a range also observed for disul-
phides [57], reveal that not only thiolate species are
present but also unbound sulphur groups. The exact
origin is difficult to pin down as free thiols, thioethers
and disulphides appear at rather similar energies. How-
ever, disulphides formed by intra- or intermolecular
coupling of the functional groups are the most likely
species. The occurrence of sulphur species not bound
to the Au substrate is again in agreement with the lit-
erature, as molecules with three potential anchoring
groups have previously been shown to bond to a gold
surface in other than tripodal fashion [23, 61].

Boron and fluorine speciation: The F 1s spectrum
(Fig. S17A, see Supporting Information) shows only
a single fluorine species at 685.7 eV. The same holds
for the B 1s spectrum with a peak at 194.2¢eV
(Fig. S17B, see Supporting Information). The peak po-
sitions are consistent with the values reported in the lit-

erature for BF, [64], and the measured F:B atomic ra-
tio close to the theoretical ratio of 4:1 further corrobo-
rates the co-adsorption of this anion with the iron com-
plex. However, the measured amounts of both fluorine
and boron are significantly smaller than expected and
come to only about 50 % of the stoichiometric value.

Iron and nitrogen speciation: The single narrow peak
observed for the Fe 2p;/, signal (Fig. 5B) is indica-
tive of a single species and suggests that the com-
plex adsorbs intact. The binding energy indicates an
iron(Il) species [65], as inferred from comparison with
other complexes where the iron(II) ion is coordinated

Arbitrary Units

165 164 163 162 161 160 159
Binding Energy (V)

T T L)
169 168 167 166

Arbitrary Units

726 724 722 720 TI8 T16 T4 T12 T10 708 706

Binding Energy (eV)

Fig.5. XPS spectra of a layer of 6F¢ adsorbed on Au(111):
(A) S 2p with doublets of the components labelled, (B) Fe 2p
(all spectra show the baselines used to calculate the intensity
of the signals; forb 1s, C 1s, F 15, O 1s and N 1s, see Fig. S17
in the Supporting Information).



1174

P. Stock et al. - Thiocyanate Anchors for Salt-like Iron(II) Complexes on Au(111)

to nitrogen ligands, such as phthalocyanines or por-
phyrins [66, 67]. That the complex adsorbs intact may
also be inferred from the nitrogen signal, whose inten-
sity is close to the stoichiometric ratio. The signal can
be described by a single peak centred at 399.7 eV with
a half width of 1.6 eV (Fig. S17C, see Supporting In-
formation).

Its position is higher in energy than the signal ex-
pected for pyridine nitrogen, but lower than for pro-
tonated nitrogen species [68, 69]. The peak width is
greater than for a single nitrogen species, as expected,
considering that the molecule contains three different
types of nitrogen atoms, i. e. imine, tertiary amine and
aromatic N. While it poses no problem to fit the spec-
trum to three peaks instead of one when taking the
proper stoichiometry into account, we have refrained
from doing so; no additional information would be
gained in view of the close proximity of the binding
energies.

Oxygen speciation: The O 1s signal (Fig. S17D, Sup-
porting Information) clearly consists of more than one
component and can be fitted to two peaks at 533.2 and
531.7 eV, respectively. The total amount of oxygen is
well above what is expected from the stoichiometry.
However, comparison of the intensity of the peak at
533.2 eV, which is assigned to the ether group in the
molecule [70, 71], with the iron signal yields a ra-
tio close to the expected value of 3:1. The energy of
531.7 eV of the second peak is in the range for the OH™
species [64]. Since there is a deficiency in the amount
of BF,, as mentioned above, our interpretation is that
the tetrafluoroborate anion has been partially replaced
by hydroxide ions. Formation of hydroxide ion during
the adsorption of thiocyanate on gold in previous stud-
ies has been suggested to be due to the reduction of
residual oxygen (Egs. 2, 3) [56].

2CN™ +Au — [Au(CN),|” +e” )
03 4+ 2H,0 + 4e~ — 40H™ 3)

Carbon speciation: The C 1s spectrum (Fig. S17E, see
Supporting Information) is characterised by a broad
peak centred at 285.6 eV which results from a super-
position of at least three carbon signals. There is the
contribution from aliphatic and aromatic carbon atoms
with binding energies below 285¢eV. Another signal
between 285.5 and 286.0 eV comes from the imine car-
bon and the carbon atoms in the ortho and para po-

sitions of the pyridine ring [27, 68, 69]. A third com-
ponent above 286 eV originates from carbon atoms in
the ether group [72]. Taking the stoichiometry into ac-
count, the carbon signal can be described by the com-
ponents shown in Fig. S17E (see Supporting Informa-
tion) and the peak positions given in Table 1. We note
that, due to the number of different carbon atoms, the
components shown in Fig. S17E should not be taken
as a rigorous analysis but rather an illustration of the
different regions.

Conclusion

The main goal of this work has been the covalent
deposition of salt-like iron(II) complexes on Au(111)
surfaces. The approach has relied on tripodal complex
topologies, which implies surface grafting via all three
anchor groups. Thiocyanate anchors have been estab-
lished as ‘masked’ thiol surrogates in order to pre-
vent interference of the surface-adsorbing functional
group with the central metal of the complex. To this
end, two new iron(IT) complexes (6¥¢ and 7) have been
synthesised and fully characterised. The modular syn-
thetic approach chosen provides access to these com-
plex topologies in reasonable time and high yields. The
magnetic behaviour of the compounds has been inves-
tigated in the bulk and in dilute solution; in the latter,
the complexes are present as isolated units. Both bulk
compounds are diamagnetic in the temperature range
from 5 to above 300 K, whereas 6F¢ shows signs of
a beginning thermal spin crossover when studied in so-
lution at elevated temperatures.

The STM images of thin films of the compounds
deposited on Au(111) show little order but a complex
surface morphology. This can be understood on the
basis of metal dissolution followed by complex ad-
sorption. Such a “dissolution-adsorption” mechanism
is consistent with the observation of residual thio-
cyanate resonances in the IR spectra and the specia-
tion in the sulphur XPS spectra and is a typical fea-
ture of thiocyanate/Au(111) conjugates. XPS and IR
data reveal the presence of residual SCN groups in
the layer, pointing to incomplete thiolate formation.
Both techniques reveal the presence of BF, counte-
rions. XPS detects all expected kinds of atoms of com-
plex 6¥¢ on the surface and satisfyingly mimics the
stoichiometry of the complex unit. While compound
7 decomposes upon exposure to gold in an as yet in-
completely understood manner, compound 6¥¢adsorbs
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intact. This conclusion integrates results from XPS, IR,
and, in particular, from UV/Vis spectroscopic mea-
surements.

The conservation of the intense metal-to-ligand
charge-transfer bands in the surface-bound state is the
single-most critical requirement for the utilisation of
iron(II) complexes as functional units on metal sur-
faces. The reason for this is threefold: (i) ‘Optical ad-
dressability’ of a functional unit on a surface requires
its chromophore(s) to be susceptible to light absorp-
tion by virtue of the surface-selection rules of optical
dipolar transitions. While this is true for the 'MLCT
transitions of 6¥¢, the respective intra-ligand transi-
tions are almost completely quenched. This finding is
at odds with the anticipated ‘lunar modules’ surface
geometry suggested by M. Mayor et al. [23]. Rather, it
favours a severely tilted geometry; (ii) conservation of
the complex chromophore indicates the coordination
environment of iron in compound 6%¢ to be intact af-
ter deposition on the surface; (iii) importantly, the con-
served spectral features also indicate the surface-bound
complexes to be in their low-spin configuration, in the
same way as in the bulk. Strategies to anchor molecules
to surfaces through “multipoint interactions” remain
very attractive, as surface layers thus produced are ex-
pected to be robust, and allow a high degree of spa-
tial control. Our present work illustrates a number of
important problems that must be overcome if this ap-
proach is to come to fruition. Future work aims to
identify design principles where the programmed mul-
tipoint adsorption of complexes on surfaces is inte-
grated with non-covalent lateral, inter-complex inter-
actions.

Experimental Section

Unless noted otherwise, all reactions were carried out in
dried solvents under dry dinitrogen, using standard Schlenk
techniques. Reagents were purchased from Aldrich or Acros
and used without further purification. Spectroscopic data
were obtained using the following instruments: IR (KBr
discs): Nicolet Magna System 750; surface measurements
(reflection on gold): Bruker Vertex 70V, liquid nitrogen-
cooled MCT detector; NMR: Bruker ARX 200, ARX 400;
MS (ESI): Orbitrap LTQ XL, Thermo Scientific. Elemental
analyses (C, H, N, S) were carried out by combustion analy-
sis using a Thermo Finnigan EAGER 300 (Flash 1112) appa-
ratus. UV /Vis spectra in solution were measured with a Var-
ian Cary 50 spectrometer, equipped with a UV /Vis quartz

immersion probe (light path 1 mm, Hellma), in a home-built
measuring cell.

Monolayer preparation: Ethanol (analytical reagent grade)
was degassed with nitrogen prior to monolayer prepara-
tion. Au substrates: 300 nm — thick epitaxial gold layers were
vapour-deposited onto mica and flame-annealed before im-
mersion into solution. Resulting surfaces from this prepara-
tion procedure are known to be predominantly Au(111) [75].
Layers of the iron complexes were prepared by immersing
substrates at 338 K for 1h, into a 0.4 mM solution of 6¥¢ in
ethanol, or a 0.4 mM solution of 7 in DMF. Substrates were
then removed, rinsed with pure ethanol, and dried in a stream
of dry dinitrogen.

STM: STM measurements were carried out in air using a Pi-
coPlus Microscope (Molecular Imaging). Tips were prepared
by mechanically cutting a 0.25 mm Pt/Ir wire. STM images
were recorded in constant current mode using a bias voltage
between 0.5 and 1.0 V and currents below 2 pA.

X-Ray photoelectron spectroscopy (XPS): All XPS measure-
ments were performed on the Kratos Axis Ultra DLD spec-
trometer at Sasol Technology (UK) Ltd., St. Andrews. The
instrument is equipped with a monochromated X-ray source
(AlIK &, hv =1486.6 eV) operating at 30 W. This low oper-
ating power was found necessary to minimise any potential
X-ray beam damage to the films. Au spectra were acquired in
order to provide the Au 47, peak energy at 83.9 eV as a ref-
erence. All the quantifications were done taking the relative
sensitivity factors into account. Peak fitting was performed
with the CasaXPS software using a Lorentzian to Gaussian
ratio of 0.30. The energy separation S 2p3,,—S 2py, was
held constant at 1.13 eV, and the relative intensities of each
doublet peak were taken to be equal to the ratio of their re-
spective degeneracies (2:1).

UV/Vis reflectance spectroscopy and ellipsometry: Spectro-
scopic ellipsometry and UV/Vis reflectance spectra were
measured using a Sentech SE-800 spectroscopic ellipsome-
ter. UV /Vis reflectance spectra at an angle of incidence of
80° in p-polarisation were obtained using the following pro-
cedure: The retarder was removed from the beam path of
the spectroscopic ellipsometer, and both polariser and anal-
yser were set to p-polarisation. The raw intensities I,oq of
the modified samples were recorded. Using the same set-
ting for the integration time, the detector dark current Iy,
was measured. In a reference measurement, the reflected in-
tensity lr from an unmodified, freshly prepared gold sur-
face was recorded. The reflectance absorbance was then com-

puted as —10g o ((/mod — ldark )/ (Iret — laark))- p-Polarisation
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at high incidence angles was used in order to probe tran-
sition dipole moment components that are perpendicular to
the surface. Only these can be excited on a metallic sur-
face [55]. Spectroscopic ellipsometry at angles of incidence
of 50° and 70° was used to determine the thickness d of
the adsorbed layers. Briefly, the experiment measures the ra-
tio rp/rs = tan(¥) e (with i = (— 1)) between amplitude
reflection coefficients r, for p- and rs for s-polarised light.
This ratio is expressed using the two ellipsometric angles
¥ and A [76, 77]. The difference between treated samples
and an unmodified gold surface was analysed. For a layer
which is thin compared to the wavelength of light, with re-
fractive index ns, the difference in 7, /rs between covered and
uncovered surface is directly related to the first order per-
turbation parameter, J; = d(1 —n2)(n? —n3,)/n? [51]. The
wavelength-dependent values of the refractive index na, of
gold were taken from the literature [52].

5-(Hydroxy)picolinaldehyde (1), 1-bromo-4-thiocyanato-
butane (2), and 1,1’,1”-trimethyl(thiophosphoryl)trihydrazi-
de (5) were prepared as described in the literature [43, 73,
74].

Synthesis of 5-(4-thiocyanatobutoxy)pyridine-
2-carbaldehyde (3)

A mixture of 5-(hydroxy)picolinaldehyde (1; 51 mg,
0.4 mmol), 1-bromo-4-thiocyanatobutane (2; 119 mg,
0.6 mmol) and anhydrous potassium carbonate (72 mg,
0.5 mmol) was stirred vigorously in N,N-dimethyl for-
mamide (6 mL) at 100°C for 4 h. After the mixture had
cooled to room temperature, water (18 mL) was added, the
suspension extracted with diethyl ether (3 x 10 mL), and
the combined extracts dried over Na;SOy4. The solvent was
evaporated on a rotary evaporator and the residue purified
by column chromatography on silica gel using hexane-ethyl
acetate (1:1) as eluent (Rf=0.42) to give thiocyanate 3
as a yellow oil (43mg, 29%). — 'H NMR (400 MHz,
[D]chloroform, 25°C): § =9.97 (s, 1 H; CHO), 8.41 (dd,
J=24, 0.5Hz, 1 H; Hary), 7.95 (dd, J=8.2, 0.6Hz, 1
H; Hapy), 7.28 (ddd, J=8.2, 2.4, 0.6Hz, 1 H; Ham),
4.15 (t, J=5.8Hz, 2 H; O-CH;-), 3.05 (t, J=6.8Hz, 2
H; -CH,-SCN), 2.08-2.01 (m, 4H; -CH,—CH,-) ppm. —
13C NMR (100.6 MHz, [D]chloroform, 25°C): §=191.9
(CHO), 158.0 (Cary1), 146.4 (Cary1), 138.6 (Cary1), 123.3
(Cary1)s 120.4 (Cary1), 111.9 (SCN), 67.7 (O-CH;-), 33.5
(-CH,-SCN), 27.2 (-CH;-CH;-), 26.6 (-CH,—CH>-) ppm.
— IR (MeOH): v = 2154 (s), 1708(s), 1573 (s) cm ™.

Synthesis of tris[2-({[5-(4-thiocyanatobutoxy)pyridin-2-yl-
KN Jmethylene Jamino-kN)-ethyl Jamine Jiron(Il)
tetrafluoroborate (67¢)

Tris-(2-aminoethyl)amine, ‘tren’, (4; 14 mg, 0.1 mmol)
was dissolved in methanol (1 mL) and the solution

added to a solution of 5-(4-thiocyanatobutoxy)pyridine-2-
carbaldehyde (3; 70 mg, 0.3 mmol) in methanol (2 mL).
The resulting solution was stirred at room temperature for
1 h, before adding dropwise a solution of Fe(BFy), - 6H,O
(33.7mg, 0.1 mmol) in methanol (1.5 mL). The resulting
dark-red suspension was stirred at room temperature for
12 h and filtered, the remaining red solid washed with dry
diethyl ether (5 mL) and dried in vacuo (58 mg, 58 %). —
'H NMR (400 MHz, [Dglacetone, 25°C): 6 =9.39 (bs, 3
H; -N=CH-), 8.42 (d, J=8.9Hz, 3 H; Hary), 7.85 (dd,
J =89, 2.4Hz, 3 H; Hpry), 6.99 (bs, 3 H; Hary), 4.19 (m,
6 H; -O-CH;-), 3.75 (bd, J =9.9 Hz, 3 H; -CH,—N=), 3.55
(bd, J=9.9Hz, 3 H; -CH,-N=), 3.25 (m, 12 H; N-CH,
and -CH,-SCN), 1.91 (m, 12H; -CH,—CH;-) ppm. — 13C
NMR (100.6 MHz, [DgJacetone, 25°C): 6 =170.4 (Cary)s
158.8 (Cary1)s 150.4 (-C=N-),144.1 (Cary1), 129.7 (Cary),
121.6 (Cary1), 111.9 (-SCN), 68.3 (O-CH;-), 58.4 (CH,—
SCN), 54.1 (-CH-N=), 33.1 (N-CH»), 26.7 (-CH,—CH;-),
26.3 (—CHz—CHz—) ppm. — C39H43F6N1003 S3B2F8~2 MeOH
(1094.59): caled. C 44.99, H 5.16, N 12.80, S 8.79; found
C 4528, H 4.71, N 12.62, S 8.54. — HRMS ((+)-ESI):
m/z=428.1208 (calcd. 428.1206 for C3gH4gFeN;(03S3,
[M]?1). IR (KBr): v = 3436 (m), 3263 (w), 3078 (w), 2923
(s), 2853 (s), 2152 (s), 1613 (m), 1593 (s), 1561 (s), 1593 (s),
1661 (m), 1495 (m), 1472 (m), 1379 (m), 1309 (m), 1280 (s),
1233 (s), 1054 (s), 893 (m), 837 (m), 762 (w), 742 (w), 660
(W), 642 (w), 621 (w), 565 (w), 519 (m), 471 (w), 409 (w)
em™ !

Synthesis of tris[2-({[5-(4-thiocyanatobutoxy)pyridin-2-yl-
KN ]methylene }Jamino-«xN)-ethylJamine}zinc(Il) perchlorate
(6%")

Tris-(2-aminoethyl)amine, ‘tren’, (4; 20 mg, 0.14 mmol)
was dissolved in ethanol (2mL) and the solution added
to a solution of 5-(4-thiocyanatobutoxy)pyridine-2-
carbaldehyde (3; 99 mg, 0.42 mmol) in ethanol (3 mL). The
resulting solution was stirred at room temperature for 1h,
before adding dropwise a solution of Zn(ClOy4); - 6H,O
(52 mg, 0.14 mmol) in ethanol (2 mL). The resulting colour-
less suspension was stirred at room temperature for 12 h
and filtered, the remaining colourless solid washed with dry
diethyl ether (5 mL) and dried in vacuo (100 mg, 65 %). — 'H
NMR (400 MHz, [D7]dimethyl formamide, 25°C): 6 = 8.90
(bs, 3 H; -N=CH-), 8.20 (d, J/=8.7Hz, 3 H; Hary), 7.97
(dd, J=8.7, 2.8 Hz, 3 H; Hary1), 7.20 (d, J=2.8 Hz, 3 H;
Hary1), 4.19 (m, 6 H; -O-CH3-), 3.86 (m, 3 H; -CH,-N=),
3.60 (m, 3 H; -CH,-N=), 3.20 (m, 9 H; N-CH; and
-CH,-SCN), 3.03 (m, 3 H, N-CH»), 1.89 (m, 12 H; -CH>-)
ppm. — C39H43ZnN;p0O1;S3-EtOH (1108.18): caled. C
4431, H 4.90, N 12.60, S 8.66; found C 44.46, H 4.58, N
12.46, S 8.44. — MS ((+)-ESI): m/z=432.12 (calcd. 432.12
for C39H4gZDN1003S3, [M]2+). -1IR (KBr): v =3499 (m),
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Table 3. Crystal structure data for 6¥¢ - 1/4Et,O and 7 - CH3CN.

6. 1/4E0 7-CH;CN

Empirical formula C40H50.50B2F3FCN1003.2553 C33H48B2F8F6N1303PS4

M; 1049.05 1123.57

Crystal size, mm> 0.071 x 0.139 x 0.220 0.20 x 0.14 x 0.01

Crystal system monoclinic triclinic

Space group P2y /c P!

a, A 17.7149(13) 12.2417(7)

b, A 19.3445(16) 12.4229(8)

c, A 14.2442(11) 17.3521(9)

o, deg 90 72.654(5)

B, deg 103.288(8) 75.440(5)

7, deg 90 84.078(5)

v, A3 4750.6(7) 2436.8(2)

z 4 2

Degled., g cm ™ 1.47 1.53

u,cm™! 45 0.6

F(000), e 2170 1156

hkl range —21<h<+19 —14<h<+15
—23<k<+422 —15<k<+15
—12<1<+17 —19<1<+21

$in 0] /A )max, A" 0.599 0.617

Refl. measured 19133 19474

Refl. unique / Ry 8557 / 0.0862 9570 / 0.0957

Refl. observed / R 4385 /0.1084 3700 / 0.2735

Param. refined/restr. 587 /112 782 /303

ub 0.1951 0.0350

Ry / wRS (obs. refl.)?
Ry / wRS (all refl.)
5/8

Apsin (max/min), e A3

0.1006 / 0.2753
0.1653 / 0.3450
1.026 / 1.027
~1.27/0.61

0.0657 / 0.0980
0.1884 /0.1119
0.817 / 0.834
~0.46 / 0.50

41 >206(1); ® Ry = 3| |Fo| — |Fe|| /2| Fol, wRy = [Ew(F2 — F2)? JEwF21'/2, w = [6%(F2) + (uP)?]~! with P = [max(F2,0) +2F2]/3.

3098 (w), 3000 (s), 2963 (s), 2552 (w),2142(s) 1652 (s),
1561 (s), 1490 (w), 1453 (m), 1350 (m), 1330 (m), 1290
(m), 1210 (m), 1120 (m), 1085 (s), 850 (m), 790 (m), 650
(W), 10 637 (w), 623 (m), 550 (w), 490 (w), 488(w) cm ™.

Synthesis of [tris(1-methyl-2-{[5-(4-thiocyanatobutoxy)-
pyridin-2-yl-x N]-methylene }hydrazinyl-kxN2 )phosphane
sulphide Jiron(Il) tetrafluoroborate (7)

1,1',1”-Trimethyl(thiophosphoryl)trihydrazide (5; 15.9
mg, 0.08mmol) was dissolved in ethanol (de-
gassed with nitrogen, 2mL), and a solution of 5-(4-
thiocyanatobutoxy)pyridine-2-carbaldehyde (3; 58.0 mg,
0.25 mmol) in ethanol (2 mL) added dropwise. The resulting
solution was stirred at room temperature for 1h, and then
a solution of Fe(BF4), -6H,O (27.0mg, 0.08 mmol) in
ethanol (degassed, 1 mL) was added dropwise. The resulting
dark-red suspension was stirred at room temperature for 12 h,
filtered, the remaining red solid washed with dry diethyl ether
(5 mL), and dried in vacuo (70 mg, 80%). Single crystals

suitable for X-ray diffraction were obtained from acetonitrile
solution at 3°C by isothermal diffusion of diethyl ether.
- 'H NMR (200 MHz, [Ds]acetonitrile, 25°C): & =8.54
(d, J=3.0 25Hz, 3 H; -N=CH-), 8.09 (d, /=9.1Hz, 3
H; Hary1), 7.66 (dd, J=9.1, 2.7Hz, 3 H; Hawy), 6.23 (d,
J=2.7THz, 3 H; Hary1), 4.03 (t, J=5.8 Hz, 6 H; O-CH>-),
3.42 (d, J=12.1Hz, 9 H; N-CH3), 3.01 (t, J=6.7Hz, 6
H; CH,-SCN), 1.85 (m, 12 H; -CH,-CH,-) ppm. — 3'P
NMR (162 MHz, [Dj3]acetonitrile, 25°C): § =66.9 (s, 1 P)
30 ppm. — 3C NMR (100.6 MHz, [Ds]acetonitrile, 25°C):
0 =157.9 (Camy1), 151.0 (d, J(C,P)=8.7 Hz; -C=N-), 150.7
(Cary)144.3 (Cary)s 129.7 (Cary1), 123.9 (Cppyp), 113.5
(SCN), 69.6 (O—-CH;-), 38.0 (d, J(C,P) =3.23 Hz; N-CH3),
34.1 (CH,-SCN), 27.5 (-CH,-CH;-), 27.1 (-CH,—CHj-)
ppm. — C3gHysFeN1,03PS4B,Fg - EtOH (1128.59): calcd.
C40.44,H4.55,N 14.89, S 11.36; found C 41.18, H3.99, N
14.92, S 11.59. — HRMS ((++)-ESI): m/z=454.0841 (calcd.
454.0848 for CzsHasFeN;,03PS4, [M]?1). — IR (KBr):
v =3421 (m), 2921 (m), 2150 (s), 1576 (s), 1459 (m), 1368
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(w), 1310 (m), 1272, (m), 1235 (s), 1081 (s), 1033 (s), 948
(m), 890 (m), 842 (w), 788 (m), 740 (w), 698 (W), 655 (W),
613 (W), 559 (w), 522 (w), 464 (w) cm !,

X-Ray structure determination

For 7-CH3CN, data were collected at 150.0(1) K using
an Oxford Diffraction Xcalibur S diffractometer equipped
with a goniometer in k¥ geometry, a Sapphire 3 CCD
detector, and a graphite-monochromated Enhance MoK«
source (A = 0.71073 A). For 6F¢ - 1/4Et;0, an Agilent Nova
diffractometer equipped with a goniometer in k¥ geometry, an
Atlas CCD detector, and a mirror-monochromated “Super-
Nova” CuKy source (A = 1.54184 A) was used. Diffraction
images were integrated with CRYSALISPRO [78]. An empir-
ical absorption correction using spherical harmonics imple-
mented in the SCALE3 ABSPACK scaling algorithm was per-
formed [78]. Structures were solved with SHELXS-2014 us-
ing Direct Methods and refined with SHELXL-2014 against
Fo2 data using the full-matrix least-squares algorithm [79].
Non-hydrogen atoms were refined anisotropically; hydrogen
atoms were refined isotropically with standard riding models.
Molecular graphics were produced using MERCURY [80].
Crystallographic details are summarised in Table 3.

In 6¥¢.1 /4EtO, two 4-thiocyanatobutyl residues ex-
hibit strong positional disorder. We were able to model
one of them (C41-N46) in two discrete positions using
same-distance and -angle as well as tight rigid-bond and
isotropy restraints. Occupancies refined to 0.61(2)/0.39(2).
The second one (with tentative atom names C61-N67), along
with one molecule of diethyl ether per unit cell, was not
amenable to any discrete model but had to be treated as a dif-
fuse contribution to the overall scattering without specific

atom positions, using the routine SQUEEZE as incorporated
in PLATON [80, 81]. In 7-CH3CN, one tetrafluoroborate
ion (B80-F84) and two 4-thiocyanatobutyl residues (C21—
N27, C43-N47) exhibit strong rotational/positional disor-
der. Each of them was modelled in two discrete positions us-
ing same-distance and -angle as well as tight rigid-bond and
isotropy restraints. Occupancies refined to 0.69(2)/0.31(2),
0.375(8)/0.625(8), and 0.52(2)/0.48(2), respectively.
CCDC 1012304-1012305 contain the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

Supporting information

NMR spectra of compounds 3, 6%¢, and 7 (lH, 13¢: also
31p for 7); T-dependent magnetic susceptibility of com-
pounds 6 and 7; T-dependent 'H NMR spectra of 6F¢ and
671, STM images of assembled films; UV/Vis spectra and
IRRAS spectrum of compound 7 on gold; molecular struc-
ture, IRRAS and additional XPS spectra of 67¢ and the refer-
ence compound as Supporting Information (12 pages) which
can be accessed under DOI: 10.5560/ZNB.2014-4159.
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