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Abstract: 1,1’-Difunctionalised ferro-
cene derivatives have been studied,
which contain groups suitable for
chemisorption on gold substrates,
namely —NC, —PR, as well as a range
of sulfur-containing units like —NCS,
—SR, and thienyl. Thin films on gold
have been fabricated from solution
with most of these adsorbate species.
Film thickness, composition and struc-
ture were investigated primarily by X-
ray photoelectron and near-edge X-ray
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absorption fine-structure spectroscopy. the surface coordination behaviour of 1
The quality of self-assembled monolay-  towards gold substrates, relevant as-
ers fabricated from 1,1'-diisocyanofer- pects of the molecular coordination
rocene (1) and 1,1’-diisothiocyanatofer-  chemistry of 1 have also been ad-
rocene (2) turned out to be superior to  dressed, including the synthesis and
that of films based on the other adsor-  characterisation of [(u-1){Cr(CO)s},],
bate species investigated. In addition to  [Agy(u-1),]J(NO5),»H,O and  [(p-1)-

(AuCl),]. The crystal structure of the
gold complex is governed by aurophilic
interactions and can be taken as a
model for the arrangement of 1 in self-
assembled monolayers on gold.

Introduction

Self-assembled monolayers (SAMs) on solid surfaces are of
great current interest in science and technology.! SAMs
formed by the aggregation of organosulfur compounds on
gold have received most attention, ever since it was first re-
ported that SAMs on gold can be prepared conveniently by
chemisorption of di-n-alkyl disulfides or related cyclic deriv-
atives from dilute solutions.”) Adsorbate molecules carrying
terminal functional units can lead to functional SAMs.[>
Depending on the nature of the functional units, such SAMs
can be utilised for diverse applications. For example, redox-
active adsorbate species based on tetrathiafulvalene,” ferro-
cene and porphyrin® have been widely used for electrode
modification and related purposes.”) We have focused our
attention on 1,1’-disubstituted ferrocene derivatives which
contain two identical anchor groups suitable for chemisorp-
tion on gold and have already described results concerning
SAM formation with 1,1’-diisocyanoferrocene (1), 1,1’-diiso-
thiocyanatoferrocene (2) and 1,1’-bis(diphenylphosphanyl)-
ferrocene (dppf, 3) investigated in situ and in real time by
second harmonic generation (SHG).!! Owing to a surface
chelate effect, oligodentate adsorbate molecules can bind
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particularly strongly to a substrate. Even with relatively
weak binding anchor units such as thioethers,[”! stable and
densely packed SAMs on gold have been achieved this way.
We here describe the preparation of several new sulfur-con-
taining 1,1'-disubstituted ferrocene derivatives, together with
the results of a detailed investigation concerning the behav-
iour of these and related dipodal adsorbate molecules on
gold. The ferrocene derivatives investigated in this study are
shown here. Synthetic work and crystal structures will be
dealt with first, followed by a surface science section focus-
ing on film fabrication and characterisation.
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Results and Discussion

Synthesis and characterisation of compounds: The prepara-
tion of compounds 2, 7 and 9-11 has not been described
before. 1,1’-Diisothiocyanatoferrocene (2), which is a sulfur-
extended analogue of 1,1’-diisocyanoferrocene (1), was ob-
tained in good yield from the aza-Wittig reaction of [Fe-
(CsH,(N=PPh,)},]® with the heterocumulene CS,.! 1,1'-
Di(3-thienyl)ferrocene (7) was prepared by Negishi coupling
of [Fe{CsH,(ZnCl)},] with 3-bromothiophene in analogy to
the 2-thienyl analogue.'”! The di(thioether) derivatives [Fe-
{CsH4(SR)},] (9: R=thien-2-yl, 10: R =thiazol-2-yl, 11: R=
benzothiazol-2-yl) were obtained from the reaction of 1,1'-
dilithioferrocene with the respective disulfide RSSR in anal-
ogy to the synthesis of [Fe{CsH,(SPh)},].['!
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The crystal structures of the thien-2-yl-substituted com-
pound 9, the thiazolyl-substituted derivative 10 (Figure 1)
and the benzothiazolyl-substituted derivative 11 (Figure 2)

Figure 1. Molecular structure of 10 in the crystal. Selected bond lengths
[A] and angles [°]: C1-S1 1.772(5), C6-S1 1.755(6), C6-S2 1.736(5), C6—
N 1.323(6), C7-N 1.378(8), C7—C8 1.382(8), C8—S2 1.731(6); C1-S1-C6
101.7(3), C6-S2-C8 89.4(3), C6-N-C7 110.2(4).

Figure 2. Molecular structure of 11 in the crystal. Selected bond lengths
[A] and angles [°]: C1-S1 1.759(2), C6-S3 1.759(2), C11-S1 1.759(2),
C11-N1 1.289(2), C11-S2 1.758(2), C12—-S2 1.744(2), C12—C17 1.406(2),
C17-N1 1.398(2), C18-S3 1.757(2), C18—N2 1.289(2), C18—S4 1.7552(17),
C19-C24 1.399(2), C19-S4 1.744(2), C24-N2 1.398(2); Cl1-S1-Cl1
102.61(8), C11-S2-C12 88.29(8), C11-N1-C17 110.1(1), C6-S3-C18
101.88(8), C18-S4-C19 88.18(8), C18-N2-C24 109.8(2).

were determined by X-ray diffraction. In the case of 9, the
quality of the crystal structure determination was severely
affected by disorder (see the Supporting Information). De-
rivative 10 exhibits perfectly staggered cyclopentadienyl
rings, which is owed to its crystallographically imposed cen-
trosymmetric molecular structure. Bond parameters are un-
exceptional and compare well with those of related species
such as, for example, (RSCH,CH,),,' (RSCH,),-p-C;H,™
as well as RSSR (R =thiazol-2-yl), the crystal structure of
which was also determined as a sideline of our investigations
(see the Supporting Information). The cyclopentadienyl
rings of 11 are arranged in an essentially eclipsed orienta-
tion, as is usually the case for 1,1’-disubstituted ferrocene
derivatives. Again, bond parameters are unexceptional and
compare well with those of related species such as, for ex-
ample, RSMe, (RS),CH, and (RSCH,CH,0CH,), (R=
benzothiazol-2-y1).!! Intermolecular S--S distances close to
the sum of the estimated van der Waals radii of 3.7 Al are
present in the crystal structures of RSSR (R =thiazol-2-yl),
10 and 11, as are typical for such sulfur-rich compounds. The
origin of these S-S contacts is commonly attributed to
weakly attractive interactions between the “soft” sulfur
atoms.

We note that thiazolyl-substituted ferrocenes were recent-
ly utilised for selective ion sensing,'” whereas di(benzothia-
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zolyl)-substituted compounds in general are currently at-
tracting increased attention as chelate ligands.'®!

The coordination chemistry of the new ligands described
here has not been in the centre of our activities so far, but
will be fully investigated in due course. As a prelude, we
have already begun to study aspects of the coordination
chemistry of 1,1’-diisocyanoferrocene (1).') At the start of
our work, the chemistry of 1, much to our surprise, was com-
pletely unexplored, whereas its monodentate analogue iso-
cyanoferrocene (12) had already been investigated in
detail.® Analogue 12 was shown to behave like an aryl iso-
cyanide in  complexes like  [Cr(12)s]*®  and
[Cr(12)(CO)s].”*! IR spectroscopic data indicate that 1 be-
haves in an analogous fashion. It readily forms
[(u-D{Cr(CO)s),] with two equivalents of [Cr(CO)s(THF)],
whereupon the #(NC) band shifts from 2118 to 2142 cm ™.
This effect is similar to that observed in the case of
[Cr(12)(CO)5].2!

[(p-1){Cr(CO)s},] was structurally characterised by X-ray
diffraction (Figure 3). It exhibits an eclipsed orientation of
the cyclopentadienyl rings with a synclinal arrangement of

Figure 3. Molecular structure of [(u-1){Cr(CO)s},] in the crystal. Selected
bond lengths [A] and angles [°] not discussed in the text: C1-N1
1.388(2), C6—N2 1.386(2); C1-N1-C11 170.2(2), C6-N2-C17 174.9(2).

the two substituents. The isocyanide C—Cr bond lengths are
1.977(2) and 1.992(2) A, while the carbonyl C—Cr bond
lengths are noticeably shorter, ranging from 1.889(2) to
1.918(2) A. The isocyanide N—C bond lengths are 1.160(2)
and 1.154(2) A. The nitrogen bond angles of 170.2(2) and
174.9(2)° are compatible with essentially sp-hybridised nitro-
gen atoms and rather weak m-backbonding from each
Cr(CO)s fragment, which is in line with the considerably
lower m-acidity of isocyanides in comparison to CO. It is in-
structive to compare these bond parameters to those report-
ed by Shapiro etal. for the ansa-chromocene complex
[(u-1){Cr[CMe,(CsH,)],},].?*! In this case the nitrogen bond
angles are 126.4(3) and 126.8(3)°, which indicates a compa-
ratively high degree of m-backbonding to 1 with essentially
sp>-hybridised nitrogen atoms. This is further supported by
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the rather short C—Cr bond lengths of 1.852(4) and
1.862(4) A and the rather long isocyanide N—C bond lengths
of 1.224(4) and 1.230(4) A. Not surprisingly, the homoleptic
isocyanoferrocene complex [Cr(12)s] adopts an intermediate
position in terms of ;-backbonding.”™ This is reflected by
average values for the N—C and C—Cr bond lengths of 1.178
and 1.937 A, respectively, and an average CrNC angle of
161.5°, which in each case is intermediate between the cor-
responding values found for [(u-1){Cr(CO);s},] and [(u-1){Cr-
[CMey(CsHy) o]

The electrochemical behaviour of 1 and [(u-1){Cr(CO)s},]
was studied by cyclic voltammetry. The investigation was
partially complicated by adsorption processes, which oc-
curred at the electrode surface. For this reason, the oxida-
tion of 1 proved to be irreversible (E,,=0.63 V vs. ferroceni-
um/ferrocene at 0.10 Vs™'). The chromium complex
[(p-1){Cr(CO)s},] exhibited a reversible ferrocene-based
one-electron process at E”=0.55V vs. ferrocenium/ferro-
cene, while the second oxidation was irreversible (E,,=
0.86 V vs. ferrocenium/ferrocene at 0.10 Vs™). Spectroelec-
trochemical investigations have revealed that oxidation of
the ferrocene unit of [(pu-1){Cr(CO)s},] leads to a shift of the
isocyanide band from 2142 to 2017 cm™' (Figure 4), a fact
that can be explained by a decreased net electron donor
ability of 1*. The pronounced #(NC) band shift upon oxida-
tion of [(u-1){Cr(CO)s},] is fully in accord with results ob-
tained with the related [Cr(Fc-CH,-NC)(CO);] 2%
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Figure 4. IR spectra recorded during electrochemical one-electron oxida-
tion of [(u-1){Cr(CO)s},] in dichloromethane solution. Principal IR bands
of [(u-1){Cr(CO)s},]: #(NC) 2142 (w); #(CO) 2055(m), 1957 cm™" (vs).
Principal IR bands of [(u-1){Cr(CO)sh]*: #(NC) 2017 (m); #(CO) 2121
(W), 1967 cm™ (vs).

The distance between the two Cp decks of ferrocene is
3.32 A, and the molecule shows ball-bearing like features, as
the barrier for ring rotation is very small.’!! In view of these
properties, an investigation of the coordination behaviour of
1 towards gold(I) seemed interesting, as in the solid state
aurophilic interactions between neighbouring molecules in
isocyanide gold(I) complexes can lead to intermolecular
Au—Au contacts below the sum of the estimated van der
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Waals radii (3.6 A).”>? We envisaged that here intramolec-
ular Au—Au interactions lead to an unprecedented diaura-
[6]ferrocenophane. In general, two-coordinate gold(I) com-
pounds experience attractive aurophilic interactions if the
Au—Au separations are below 3.6 A; their strength can be
up to 10 kcalmol™' for a dimeric unit, similar to standard
hydrogen bonds.” The energetic contribution of longer
Au—Au contacts is negligible.”” Aurophilic association can
also lead to oligomers and one- and two-dimensional poly-
mers.

In comparison to ligands like R;P, R,S, etc., isocyanides
appear to weaken aurophilic bonding in gold(I)
compounds,®® as witnessed by Au—Au separations close to
the threshold value of 3.6 A.?**! Particularly short distances
between [AuX(RNC)] molecules have been observed for
species which form dimeric aggregates in the solid state. The
shortest Au—Au distance has been reported for the alkyl iso-
cyanide complex [AuCl(TosCH,NC)] [3.0634(4) A],2%
whereas the shortest such distance for an aryl isocyanide
complex has been observed for [AuCl(MesNC)]
[3.336(1) A].* Gold(I) complexes of oligodentate isocya-
nides are rare. The only compound of this type which shows
some evidence for intramolecular Au—Au interactions is [(u-
dmb)(AuCN),] (dmb=1,8-diisocyano-p-menthane).””! The
isocyanide groups are located on the same side of the dmb
ligand, binding two AuCN units with an Au—Au separation
of 3.54(1) A. The molecules are aggregated into antiparallel
dimers with intermolecular Au—Au distances of ~3.49 A.

The reaction of 1,1’-diisocyanoferrocene (1) with [AuCl-
(SMe,)] in dichloromethane afforded [(u-1)(AuCl),],, irre-
spective of the applied ratio of the reactants (1:1 or 1:2).
The compound precipitated immediately upon addition of
the first drop of reagent solution, irrespective of whether 1
was added to [AuCl(SMe,)] or vice versa. [(u-1)(AuCl),],
proved to be insoluble in all common solvents, including hot
acetonitrile, pyridine, 1,2-dichloroethane, dimethyl sulfide as
well as DMSO and DMF. The interaction of 1 with the
AuCl units leads to a pronounced shift of the isocyanide
band from 2142 to 2226 cm *. The polymer undergoes ligand
substitution with fBuNC and Ph;P in dichloromethane, liber-
ating uncoordinated 1. Small single crystals of [(p-1)-
(AuCl),], were obtained by layering a dichloromethane solu-
tion of [AuCl(SMe,)] in a 5mm NMR tube with neat di-
chloromethane and then with a dichloromethane solution of
1. Numerous attempts were necessary to obtain crystals suit-
able for a single-crystal X-ray diffraction study, the result of
which is shown in Figure 5. Owing to the small size of the
crystal, the quality of the crystal structure determination is
sufficient for a meaningful discussion of the bond
parameters of the heavy atoms only.

The molecules adopt the anticipated 3,4-diaura-[6]ferro-
cenophane structure. The intramolecular Au—Au distance is
3.336(1) A, which is essentially identical to the distance be-
tween the Cp rings in ferrocene and with the Au—Au separa-
tion observed for [AuCl(MesNC)] (see above). The Au—Cl
distances of 2.274(5) and 2.280(5) A are indistinguishable
within experimental error from the value of 2.262(3) A re-
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Figure 5. View of the association of [(u-1)(AuCl),] in the crystal. Selected
bond lengths [A]: Aul—Au2 3.336(1), Aul—Au2’ 3.484(1), Aul—Au2"
3.354(1) (Au2: 2—x, 1—y, 1—z; Au2”: 1-x, 1-y, 1-z).

ported for [AuCl(MesNC)]. [AuCl(MesNC)] aggregates into
dimers, whereas the [(u-1)(AuCl),] units form one-dimen-
sional chains. The zipper-like arrangement of the molecules
leads to a corrugated ribbon of gold atoms composed of two
parallel chains, each exhibiting alternating Au—Au distances
of 3.354(1) and 3.484(1) A.

The structural and functional similarities of aurophilic and
hydrogen bonding have been emphasized in recent stud-
ies.” In particular, a striking structural similarity between
isocyanide complexes Me(CH,),_;NCAuCl and primary
alcohols Me(CH,),OH has been pointed out.”*! In this con-
text, we note that the conformation and aggregation of the
[(u-1)(AuCl),] units closely resemble that of [Fe{CsH,-
(CHMeOH)},], in which intramolecular hydrogen bonding
occurs between the two alcoholic substituents; the molecules
are aggregated into one-dimensional chains through inter-
molecular hydrogen bonds, with an antiparallel zipper-like
arrangement of neighbouring molecules.?!

The insoluble nature of [(p-1)(AuCl),], is unique for com-
pounds of this kind and, in conjunction with the structural
data, indicative of an effective balance between intra- and
intermolecular aurophilicity. In view of the great current in-
terest in metal-containing polymers,”” we note that [(u-1)-
(AuCl),], is a new type of polymer with precious metal
atoms in the backbone."

The intriguing results obtained in the chemistry of gold(I)
prompted us to turn our attention to silver(I), whose
isocyanide coordination chemistry has been somewhat over-
shadowed by that of its heavier congener. The first report
concerning this class of compounds comes from the year
1952 and describes the preparation of [Ag(p-Tol-NC),]-
(NO;)-H,0O from AgNO; and p-tolyl isocyanide, together
with the formation of [Ag(p-Tol-NC),](NO;) from this prod-
uct during its recrystallisation from CHCIy/Et,0.5? This ear-
liest example already nicely reflects a fundamental feature
of silver(I) isocyanide complexes in comparison to related
gold(I) compounds. The structures of the silver(I) species
are more flexible, with the Ag atoms often being tri- or
tetra-coordinate. Quasilinear two-coordination of the metal
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by isocyanide ligands, which is the rule for gold(I), is the ex-
ception for silver(I), where usually strong interactions with
the anion are observed.” The reaction of 1 with AgNO; in
a 1:1 ratio in acetonitile afforded the 3,3'-diargenta-
[5.5]ferrocenophane derivative [Ag,(u-1),](NOs),, which was
isolated as shiny golden platelets. Owing to silver(I) coordi-
nation, the '"H NMR signals of 1 are shifted considerably
from 0=4.26 and 4.63 (uncoordinated 1) to 0=4.47 and
530 ppm in CDCl;. The IR spectrum of [Ag,(u-1),](NO3),
exhibits a single #(NC) band, which is located at 2193 cm™".
The coordination-induced #(NC) band shift is 34 cm™' less
than that observed in the case of the gold complex [(u-1)-
(AuCl),], (see above), which is fully in accord with results of
a recent study which compares such band shifts for a variety
of gold and silver complexes."

Crystals suitable for a single-crystal X-ray diffraction
study were obtained by recrystallisation from dichlorome-
thane and turned out to contain one additional water mole-
cule per formula unit. Two independent [Ag,(u-1),]** spe-
cies (A and B) are present in the crystal, whose bond pa-
rameters are very similar. The water molecule is disordered
over two sites. It acts as a bridging ligand and connects
neighbouring A and B species which alternate in the result-
ing polymeric chain [A(u-H,O)B(p-H,0)],. This p, coordi-
nation mode of water is unusual, but not unprecedented, in
the chemistry of silver(I).’”! The silver-coordinated water
forms hydrogen bridges with one of the two nitrate anions.
This anion is disordered over two sites with split positions
for the O atoms in each case. Figure 6 shows the molecular
structure of an A(p-H,O)B unit, indicating a section of the
polymeric chain.

Each silver atom strongly interacts with two isocyanide
carbon atoms and one water oxygen atom. The Ag—O dis-

Y C13' N3’ g15

@ oe
Figure 6. View of the association of [Ag,(p-1),](NO3),-H,O in the crystal.
The nitrate anions are not shown. Selected bond lengths [A] not dis-
cussed in the text: C3—N1 1.407(7), C8N2 1.387(7), C15—N3 1.390(7),
C20—N4 1.378(7).

4350

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tances are ~2.50 A, which compares well to the value of
2.468(3) A reported for the isocyanide complex [Ag-
(OTf)(p-4-NC-3,5-iPr,-CcH,-NC)],B as well as to the Ag—
OH, distances of 2.482(5), 2.50(1) and 2.51(1) A found for
the three-coordinate Ag atoms in the p-aqua complex [Agg-
(u3-hmt),(pu-hmt),(p-btc),(u-H,0);]- 18 H,O  (hmt =hexame-
thylenetetramine, btc= 1,2,4,5—benzenetetracarboxylate).[35]
It is also in the same range as the short Ag—O contacts typi-
cally found in salts with oxyanions.””) The closest Ag-O
contact which involves a nitrate anion is ~2.8 A and there-
fore represents a rather weak, but non-negligible, interaction
by commonly accepted criteria.®® The Ag atom is therefore
embedded in a 341 coordination environment. The Ag—C
and N—C bond lengths are ~2.09 A and 1.15 A, respectively,
which is similar to the corresponding values reported for
closely related complexes such as, for example, [Ag(i*
NO;)(TosCH,NC),] [2.106(4) A; 1.133(4) A],P [Ag, (k-
NO;),(u-dmb),] [2.084(7) A; 1.132(11) and 1.089(17) A],B”)
[Ag(4-NC-3,5-iPr,-C4H,-NC),][BF,] [2.092(5) and
2.098(5) A; 1.125(6) and 1.128(6) A],”*) and [Ag(2.4,6-Bus-
CeH,-NC),][PF,] [2.075(14) A; 1.148(17) A].*Y) The C-N-C-
Ag units deviate slightly from linearity, the nitrogen bond
angles and N—C—Ag angles ranging from 172.3° to 173.6°
and from 171.6° to 173.5°, respectively. In contrast, the
C—Ag—C angles of 158° and 160° are considerably smaller
than 180°, which is owed to the additional interaction of the
Ag atom with the water oxygen atom. The Ag—O—Ag bond
angle is 120° and 124°, respectively, for the two disordered
sites.

Film preparation and characterisation: Most of the adsor-
bate species (namely 1-8, see above) have been used for the
fabrication of molecular films on gold, which were prepared
at room temperature by immersion of the substrate in a
dilute (typically ~10 um) solution of the respective adsor-
bate species for several hours. Acetonitrile and especially
ethanol proved to be the preferred solvents. For example,
according to near-edge X-ray absorption fine structure
(NEXAFS) data 1 did not form well oriented SAMs from
DMF, whereas from ethanol no such problems occurred.
These observations are in line with results of a recent sys-
tematic investigation concerning the solvent influence on
SAM quality by Witte and coworkers.*!

SAM fabrication with isocyanides*”! and thioethers™! on
gold is well known."™ SAM formation of thiophene and its
oligomers on gold, which was first reported in 1996 for pris-
tine thiophene in contradiction to theoretical predictions,*!
is of great current interest, as the corresponding films are
potentially useful for electronic devices owing to high elec-
tronic conductivity.*”] However, SAM formation of thio-
phene derivatives continues to be a matter of debate, as
conflicting reports concerning the mechanism of chemisorp-
tion, growth morphology as well as the structure, integrity
and stability of the resulting SAMs exist in the recent litera-
ture.* Isothiocyanates have not yet been investigated in
detail in this context, and we are aware of only one report
addressing this issue, utilising, however, gold nanoparticles
and not solid gold substrates.””? On the basis of surface-en-
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hanced Raman scattering (SERS) data, the author comes to
the conclusion that aromatic isothiocyanides have vertical
stances on gold, binding through the sulfur atom. A similar
lack of knowledge can be noted for SAMs on gold based on
phosphanes, although phosphane-protected gold nanoparti-
cles are ubiquitous. Again, we are aware of only a single rel-
evant report. Persson and coworkers have investigated the
chemisorption of tertiary phosphanes on several coinage
and platinum metals and found multilayer formation from
solution. After removal of physisorbed PR; by ultrasonic
treatment, the analysis of the remaining thin film by infrared
reflection absorption spectroscopy (IRRAS) suggested bind-
ing of the adsorbate molecules to the metal surface by the
phosphorus atom, similar to metal coordination in molecular
chemistry.*

The identity, composition, integrity, and structure of all
target films were investigated by two complementary experi-
mental techniques, namely X-ray photoelectron spectrosco-
py (XPS) and NEXAFS spectroscopy. In view of the hetero-
geneity of the target systems we abstain from the presenta-
tion of the entire set of the experimental data, but present
only selected spectra and respective numerical parameters
in tabular form. As the first step, we describe the available
experimental data and make general statements on their in-
terpretation and respective implications. Most of these im-
plications refer to all the systems of this study. Further, we
consider the specific results for every particular system.

XPS gives quantitative information about the composi-
tion, chemical identity, and effective thickness of the target
films. For the sake of brevity, a film fabricated from adsor-
bate species n will be termed “film n” (n=1-8) in the fol-
lowing. The relevant adsorbate molecules 1-8 consist mostly
of carbon and hydrogen and also contain iron as well as
sulfur, phosphorus and nitrogen, depending on the individu-
al molecular composition. The observation of the character-
istic photoemission peaks assigned to the latter atoms is a
fingerprint for the presence of the respective adsorbate spe-
cies in the derived films, whereas the respective binding en-
ergies provide information on the chemical integrity and
bonding configuration of the film constituents. The total in-
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Figure 7. Normalised total intensities of the S 2p, N 1s, and Fe 2p XP
spectroscopic signals in the films 1-8.
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tensities of the S 2p, N 1s, and Fe 2p signals in the various
films investigated are summarized in Figure 7 and the bind-
ing energy (BE) positions of the respective emissions (and
of the P 2p;, peak in the case of film 3) are shown in
Table 1

Table 1. Binding energy positions [eV] and fwhm [eV] (in parentheses)
of the S 2p;,, N 1s, P 2p;;, and Fe 2p,, photoemission peaks for the films
1-8 along with the respective film thickness values [nm].

Film S 2ps, N 1s/P 2p;;, Fe 2p;;, Thickness

1 399.9(2.8) 708.1(1.9) 143

2 161.7(2.1) 399.8(3.3) 707.9(2.0) 9.6

3 131.1(1.0) 708.3(1.7) 9.6

4 162.3(2.1) 707.9(1.7) 6.8
163.5(2.1)

5 163.2(1.9) 707.7(1.7) 8.5

712.0(1.7)

6 162.1(2.1) 707.8(1.7) 6.7
163.6(2.1) T11.5(1.7)

7 161.9(1.6) 707.8(1.7) 8.2
163.6(1.6)

8 163.4(2.1) 707.8(1.7) 104

All films exhibit an iron signal (even though with differ-
ent intensities) with a characteristic BE of about 708 eV, this
implies the chemisorption of the respective ferrocene-based
adsorbate molecules on the gold substrate. For films 5 and
6, this signal is accompanied by additional Fe 2p emission at
a higher BE (/712 eV), which can be related to the partial
oxidation and decomposition of the organometallic moieties
in the above molecules. Note that the intensity of the Fe 2p
signal can be considered as a direct measure of the ferro-
cene-type content in the films, since the organometallic moi-
eties comprise the film-ambient interface and are almost un-
affected by attenuation effects typical for photoemission.
Further, all the films, except 3, exhibit either sulfur or nitro-
gen signals (film 2 show both signals), in accordance with
the molecular composition. The analysis of the BE positions
of the S 2p, P 2p;,, and N 1s emissions gives valuable infor-
mation about the bonding configuration of the molecular
adsorbates in the respective films. This analysis will be per-
formed below as soon as the individual films will be consid-
ered. The S 2p XP spectra of the sulfur-containing films (2,
4-8) are presented in Figure 8. The N 1s and P 2p;, XP
spectra of films 1, 2 and 3, respectively, exhibit only one
emission (with parameters given in Table 1) and are there-
fore not presented.

Along with the Fe signal, the amount of the adsorbate
molecules in the derived films is represented by the effective
film thickness. The respective values were obtained from the
C 1s/Au 4f intensity ratios,*! using previously reported at-
tenuation lengths.”” Pertinent data are collected in Table 1.
Whereas the thicknesses are quite small in each case, indica-
tive of the formation of monolayer films, they do not fully
correlate with the respective Fe 2ps, intensities (Figure 7),
even if one corrects for the different iron/carbon ratio in the
adsorbate molecules. This suggests that part of the carbon
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Intensity / arb. units

168 166 164 162 160
Binding energy / eV

Figure 8. Normalised S 2p XP spectra of films 2 and 4-8. The decomposi-
tion of the spectra into the individual components is shown. A back-
ground is drawn.

signal may originate from hydrocarbon contamination,
which was initially present on the gold surface, and, presum-
ably, not completely removed upon the chemisorption of the
adsorbate molecules.

Complementary information on the composition and
chemical identity of the films investigated is provided by the
NEXAFS data. Generally, NEXAFS spectra give an insight
into the electronic structure of target films, sampling the
electronic structure of the unoccupied molecular orbitals of
the film constituents.®"! The iron L-edge spectra of films 1-8
recorded at the magic angle of X-ray incidence (55°, at this
orientation the spectrum is independent of the molecular
orientation) are presented in Figure 9. These spectra were
normalised to the pre-edge intensity and are therefore rep-
resentative for the amount of iron in the target films. The
spectra of all films exhibit the characteristic 7* resonances

55° . NEXAFS: Fe L-edge

Intensity / arb. units

705 710 715 720 725
Photon energy / eV

Figure 9. Normalised iron L-edge NEXAFS spectra of films 1-8 acquired
at X-ray incidence angles of 55°.
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related to the 4e,, and 3e,, orbitals of ferrocene at both L,-
and Ls-edges,™? suggesting the chemisorption of the adsor-
bate molecules on the gold substrate and therefore support-
ing the XPS results. The intensity of these resonances varies
significantly from film to film, correlating roughly with the
intensity of the XPS Fe 2p signal.

The carbon K-edge spectra of films 1-8 recorded at the
magic angle of X-ray incidence are shown in Figure 10.
These spectra exhibit a C 1s absorption edge ascribed to the

55

° e, NEXAFS: C K-edge
n(3e,)
nr

Intensity / arb. units

1
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7
8

285 290 295 300
Photon energy / eV
Figure 10. Carbon K-edge NEXAFS spectra of films 1-8 acquired at X-

ray incidence angles of 55°. Prominent absorption resonances are indicat-
ed. The dotted lines are a guide for the eyes.

C Is—continuum excitations and a series of absorption res-
onances characteristic of the adsorbate molecules on the sur-
face.

Most of the spectra exhibit the characteristic n* resonan-
ces related to the 4e;, and 3e,, orbitals of ferrocene at 285.6
and 287.2 eV, respectively, and a broad o* resonance of this
organometallic moiety at =292 eV.”® For films 3 and 5,
which contain phenyl rings, the corresponding characteristic
7, * resonance at 285.1 eV is unequivocally observed. The
characteristic m* resonance of an intact thiophene-type
moiety (films 6 and 7) is expected at 285.6 eV, overlapping,
however, with the m*(4e,,) resonance of the ferrocene nu-
cleus. Furthermore, the o*(C—S), 0*(C—N), or o*(C—P) res-
onances can in principle be observed at =287 eV,"! but
they are presumably weak and therefore not distinguishable
from the m*(3e,,) resonance of the ferrocene nucleus in
most of the spectra. Finally, a ww*-like resonance at 288.6 eV
observed in some spectra in Figure 10 can be alternatively
assigned to conjugation phenomena (see below) or contami-
nation (CO).

In addition to the insight into the electronic structure of
the target systems, NEXAFS data provide valuable informa-
tion on the orientation of the film constituents, as the cross-
section of the resonant photoexcitation process depends on
the orientation of the electric field vector of the linearly po-
larized synchrotron light with respect to the transition
dipole moment (TDM) of the probed molecular orbital.
This effect is called linear dichroism in X-ray absorption.
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For ordered molecular films, the intensity of the absorption
resonances changes at a variation of the incidence angle of
the synchrotron light. A convenient way to monitor these
changes is the difference between the spectra acquired at
normal (90°) and grazing (20°) incidence. Such carbon K-
edge difference spectra for films 1-8 are displayed in
Figure 11. We note that the transition dipole moment of the

rtde,) NEXAFS: CKedge
ey N

Intensity / arb. units

280 285 200 295 300 305
Photon energy / eV

Figure 11. Carbon K-edge NEXAFS difference spectra of films 1-8. The
curves represent the difference between the spectra acquired at X-ray in-
cidence angles of 90° and 20°. The position of the prominent absorption
resonances are indicated by dotted lines.

mt* orbitals is oriented perpendicular to the plane of the C;
rings and to the NC axis in 1 and 2. The respective resonan-
ces are usually quite sharp, which makes monitoring of the

Table 2. X-ray crystallographic data.
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linear dichroism easier as in the case of o* resonances,
which are commonly observed as broad features.

In the following we will discuss the experimental data for
the individual films in more detail. These films differ, inter
alia, in the headgroups that provide the anchoring to the
gold substrate, giving rise to the following categories: isocya-
nide-based film 1, isothiocyanate-based film 2, phosphane-
based film 3, thioether-based films 4, 5 and 8, and thio-
phene-based films 6 and 7.

Film 1: This film shows the highest Fe signal both in XP
(Figure 7) and NEXAFS spectra (Figure 9) and thus exhibits
the highest packing density of organometallic moieties
among the systems investigated in this study. This agrees
well with the highest effective thickness as shown in Table 2.
Both carbon K-edge and iron L-edge spectra of film 1 ex-
hibit intense resonance structure, characteristic of intact fer-
rocene-type units, suggesting non-dissociative chemisorption
of the adsorbate molecules.

In XPS, only a single N 1s emission related to the isocya-
nide nitrogen appears at 399.9 eV, indicating an exclusive
isocyanide-mediated bidentate bonding of 1 to the Au sub-
strate with no contributions from monodentate binding or
physisorption. This interpretation is strongly supported by
IRRAS data, which also suggest an essentially vertical ori-
entation of the adsorbate molecules on the gold surface.
Comparison of the spectra obtained with the modified gold
substrate and those obtained from neat 1 reveals character-
istic differences. The intensities of the out of plane 6(CH)
bands at 1040, 1028 and 817 cm™' are decreased almost
below noise level. This confirms essentially parallel orienta-
tion of the cyclopentadienyl ring plane with respect to the

Compound RSSR 9 10 11 [Ag,(p-1),](NO3),-H,O
(R=thiazol-2-yl)

empirical formula C¢H,N,S, CgH  FeS, CsH,FeN,S, C,H(FeN,S, CyHisAgFe,N,Oy

F, 232.35 414.38 416.37 516.48 1659.77

T [K] 133(2) 153(3) 133(2) 153(2) 153(2)

crystal system monoclinic orthorhombic triclinic monoclinic monoclinic

space group P2/c Fdd2 P1 P2/c C2/c

a[A] 5.5034(9) 21.883(11) 6.8474(12) 6.9969(4) 30.442(3)

b [A] 19.354(3) 19.335(18) 8.0194(16) 10.3383(8) 15.0416(7)

c[A] 8.5337(14) 8.303(4) 8.3936(16) 30.2641(18) 11.6227(10)

a, B, v [°] 90, 96.07(1), 90 90, 90, 90 110.72(1), 94.77(2), 97.97(2) 90, 103.394(5), 90 90, 103.262(7), 90

vV [AY 903.9(3) 3513(4) 422.58(14) 2129.6(2) 5180.1(7)

V4 4 8 1 4 4

Pecatea [gem™] 1.707 1.567 1.636 1.611 2.128

p [mm™] 0.991 1.328 1.384 1.116 2.646

F(000) 472 1696 212 1056 3248

crystal size [mm] 0.6x0.09x0.07 0.60x0.31x0.13 0.48x0.20x0.02 0.55%0.26 x0.13 0.60x0.17 x0.04

6 range [°] 2.10-25.00 2.81-25.00 2.62-25.00 2.09-25.0 1.37-24.63

reflns collected 5753 5554 2760 13454 15748

independent reflns 1595 1492 1402 3751 4354

R 0.1399 0.1060 0.0901 0.0301 0.0723

reflns with [1>20()] 1174 1424 1017 3249 3264

data/restraints/parameters 1595/0/109 1492/1/100 1402/0/106 3751/0/281 4354/0/389

GOF on F* 0.927 1.079 0.934 1.061 1.014

R, [I>20(])]/WR, 0.0515/0.1272 0.0589/0.1583 0.0590/0.1484 0.0215/0.0529 0.0427/0.1073

largest diff. peak/hole [e-A~%] 0.405/—0.494 1.476/-0.761 0.573/—-0.860 0.210/-0.217 1.038/-1.178
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surface normal,”™ as expected for the binding of both iso-
cyano groups. On the other hand, in-plane modes such as
#(NC), #(CC), 6(CH) and ring distortion modes found in
the IR spectrum of neat 1 at 2118, 1543, 1095 and 855 cm ™!,
respectively, are clearly identified in the spectrum of 1 on
gold. Interaction with the substrate leads to a strong polari-
sation of lone pair electron density into the metal and
causes a shift of the ¥(NC) band from 2118 to 2181 cm .
This compares well with results obtained with other isocya-
nidesP® and also with the value of 2226 cm™' found for
[(u-1)(AuCl),],. There is no indication for any surface-un-
bound isocyano groups in the film. These conclusions are
further corroborated by the nitrogen K-edge NEXAFS spec-
tra of film 1 shown in Figure 12, which exhibit a single dis-

NEXAFS: N K-edge 1

o

i

55°

20°

Intensity / arb. units

difference spectrum:

390 400 410 420 430
Photon energy / eV

Figure 12. Nitrogen K-edge NEXAFS spectra of film 1 acquired at X-ray
incidence angles of 90°, 55°, and 20°, along with the difference between
the spectra acquired at X-ray incidence angles of 90° and 20° (bottom
curve).

tinct w*(N*C) resonance at 400.4 eV.*+¥1 Features related
to the corresponding NC orbital are also visible at the
carbon K-edge, as a shoulder at 286.6 e V.5 Furthermore,
the relatively strong m*-like resonance around 288.6 eV can
originate from the conjugation of the st* orbitals of the fer-
rocene nucleus with the m* orbitals of the isocyano unit.!l

The NEXAFS difference spectrum of film 1 in Figure 11
shows the pronounced m*(4e;,) and m*(4e,,) peaks charac-
teristic of high orientational order. These peaks have the
positive sign (we will name it “positive dichroism” in the fol-
lowing text) indicative of a vertical orientation of the cyclo-
pentadienyl decks. Furthermore, a strong positive dichroism
is observed for the m*(NC*) resonance at 286.6 eV, which
indicates a predominantly vertical orientation of the isocya-
no headgroups. Since film 1 exhibits the highest degree of
orientational order and comprises vertically oriented mole-
cules, we decided to perform the quantitative evaluation of
the NEXAFS data and determine the average tilt angle o of
the isocyanide headgroup. For the analysis we used the
7*(NC) resonances in the carbon and nitrogen K-edge spec-
tra. The *(NC) orbitals were considered as plane-type orbi-
tals. Accordingly, v is the angle between the sample normal

4354

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and the normal to the 7*(NC) plane and thus parallel to the
isocyanide tilt angle a. The intensities / of these resonances
as a function of the X-ray incidence angle were evaluated
according to the theoretical expression for a plane-type orbi-
tal [Eq. (1)].PY

1(7.8) = A{P x ()[1=(';) - (3cos’ (6-1) - (3cos’y—1)]

1

+(1=P) x [(*/2) - (1 + cos’y)]} W
In Equation (1), A is a constant, P is the polarisation factor
of the synchrotron light, and 6 is the X-ray incidence angle.
To avoid normalisation problems, not the absolute intensi-
ties, but the intensity ratios I()/I(90°) were analysed,”"
where 1(6) and 1(90°) are the intensities of the n*(NC) reso-
nances at X-ray incidence angles of 6 and 90°, respectively.
The resulting values of the average tilt angle o derived on
the basis of the w*(NC*) and 7*(N*C) resonances are 35.1°
and 36.6°, respectively. The accuracy of these values is 43—
5°, which is just the general accuracy of the NEXAFS ex-
periment and data analysis procedure. Within this accuracy,
the values obtained from the different absorption edges are
essentially identical, which emphasizes their reliability. The
average of these two tilt angle values for the NC axis with
respect to the surface normal is 35.9°. Note that the analo-
gous evaluation of the tilt angle of the ferrocene-type units
using the dichroism of the m* orbitals related to the cyclo-
pentadienyl decks is much more difficult and not completely
reliable, since both w*(4e,) and m*(4e,,) are vector orbitals
and not only tilt, but also twist of the cyclopentadienyl
decks must be considered. In view of the above complica-
tions, we decided to consider the linear dichroism of these
orbitals as only a qualitative fingerprint for the degree of
order in the film.

Film 2: This film differs from film 1 in the attachment of a
sulfur atom to each isocyanide moiety, resulting in the for-
mation of isothiocyanato headgroups. According to the XPS
(Figure 7 and Table 2) and NEXAFS (Figure 9) data, this
modification resulted in a noticeable reduction of the pack-
ing density, which is, however, still relatively high as com-
pared to the other films of this study. Both carbon K-edge
and iron L-edge spectra of film 2 exhibit intense resonance
structure, characteristic of intact ferrocene-type moieties,
suggesting non-dissociative adsorption of the target mole-
cules.

Similar to film 1, a single N 1s XPS emission at 399.8 eV
related to the headgroup nitrogen appears in the respective
XP spectrum of film 2.5 Furthermore, only a single doublet
at a BE of 161.7eV (S 2ps,) is observed in the S 2p XP
spectrum (Figure 8), which is close to the characteristic
value for thiolate-type bonding. Since neither additional N
1s emission peaks nor features characteristic of unbound S
were found, it can be assumed that 2 adopts a bidentate
bonding configuration on the gold substrate similar to 1.

The NEXAFS difference spectrum of film 2 in Figure 11
shows the pronounced m*(4e;,) and m*(3e,,) peaks charac-
teristic of high orientational order. These peaks have the
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positive sign indicative of a vertical orientation of the cyclo-
pentadienyl decks.

Film 3: The carbon K-edge NEXAFS spectrum of this film
(Figure 10) displays a strong feature at 285.0 eV related to
the m,* orbital of the phenyl moieties™ of the diphenyl-
phosphanyl headgroups. The comparably high intensity of
this resonance is nicely compatible with the molecular com-
position, since 3 contains four phenyl moieties. A horizontal
(“flat”) adsorption geometry of the phenyl rings can be de-
duced from the strongly negative dichroism of the m;* reso-
nance as seen in the difference spectrum. The orientation of
the cyclopentadienyl decks, however, cannot be clearly
made out from the difference spectra, since the m*(4,,,) fea-
ture of ferrocene at 285.6 eV overlaps with the strong m*
difference peak of phenyl.

The P 2p;, XP spectrum of film 3 exhibits a single emis-
sion at a BE of 131.1 eV. This particular BE is commonly re-
lated to aromatic diphenylphosphane derivatives which are
either unbound™! or coordinatively bound to zero-valent
transition metals in metal complexes.”!! In view of the rela-
tively high film density and orientational order, it is very
likely in our case that most of the diphenylphosphanyl head-
groups are characterised by coordination-type attachment to
the gold surface. The low Fe intensity observed in the XP
Fe 2p spectra together with the comparably high film thick-
ness of 9.6 A is understandable in view of the sterically de-
manding headgroups. The surface area occupied by 3 in a bi-
dentate binding configuration via its bulky diphenylphos-
phanyl headgroups is approximately four to five times larger
than that of 1, in agreement with the ~5:1 Fe 2p intensity
ratio of 1/Au and 3/Au. This is in accord with IR spectro-
scopic measurements by Westermark et al., who found flat
adsorption geometries and intact binding of aromatic phos-
phanes on a variety of coinage metals.™*

Films 4, 5 and 8: The carbon K-edge NEXAFS spectra of
these thioether-based films (Figure 10) show characteristic
spectral features related to the organometallic moiety. In ad-
dition, the spectrum of film § shows the characteristic m*
resonance at ~285 eV related to the terminal phenyl units
of the adsorbate molecule. The difference NEXAFS spectra
of films 5 and 8 (Figure 11) exhibit a negative dichroism of
the ferrocene m*(4e,,) feature at 285.6 eV, accompanied by
the negative dichroism of the m;* resonance (phenyl rings)
for film 5. Accordingly, the cyclopentadienyl decks (and the
phenyl rings in 5) are strongly inclined. The same is presum-
ably true for film 4 as well, but it seems to be more disor-
dered than films 5 and 8 according to its NEXAFS differ-
ence spectrum in Figure 11.

The S 2p XP spectrum of film 4 exhibits two S 2p;,,
doublets at BEs of 162.0 eV and 163.8 eV (S 2p,;) related to
two different sulfur moieties. The former doublet is com-
monly assigned to a thiolate-type attachment to gold, which
suggests the cleavage of covalent C—S bonds for a part of
the adsorbate molecules upon their adsorption. Such binding
chemistry has been reported before for thioether head-
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groups in various molecules."™) The second doublet ob-
served at 163.8 eV is characteristic of unbound or coordina-
tion-type bound sulfur in thioethers.”? The coexistence of
thiolate, coordination-type and/or unbound sulfur species
might be a reason for the low molecular order in film 4.

In contrast to film 4, S 2p XP spectra of films 5 and 8 are
dominated by the doublet at 163.8 eV, which suggests the
dominance of weakly bound or unbound adsorbate mole-
cules in the respective films. The intensity of the thiolate-re-
lated doublet is very low, which indicates that only a small
part of the pristine thioether groups were cleaved upon ad-
sorption. In view of the horizontal orientation of the cyclo-
pentadienyl decks in these films, as derived from the corre-
sponding NEXAFS data (Figure 11), it is very likely that
part of the thioether units form coordinative bonds to the
surface, whereas the remaining ones are essentially un-
bound, with the most likely scenario being that the domi-
nant binding configuration on gold is mono- and bidentate
for 5 and 8, respectively.

The overall film quality and packing density differ among
films 4, 5, and 8. While films 4 and 8 show only traces of
oxygen in the O 1s XP spectra and no oxidised iron, film §
exhibits considerable amounts of oxygen contaminations
and oxidised iron (at =712 eV for Fe 2p;,), which indicates
that a considerable fraction of the organometallic units got
oxidised and presumably decomposed in this film. Films 4
and 8 exhibit relatively low Fe 2p XPS signals (Figure 7)
suggesting low packing densities in contrast to film 5, which
has an Fe intensity comparable to the more ordered films 1
and 2. The S 2p signal for film 4 is very high compared to
the respective iron intensity (Figure 8). This might be ex-
plained by unbound anchor groups, which are oriented to-
wards the film surface so that the respective photoemission
signal gets less attenuated. The relatively high S 2p signal
observed for film 8 is not unexpected since 8 contains four
sulfur atoms as opposed to only two present in 4 and 5.

Films 6 and 7: The thiophene-based compounds 6 and 7 ex-
hibit partial molecular decomposition upon adsorption on
the gold surface. The S 2p XPS spectra of these films
(Figure 8) show two distinct doublets at ~162 eV (S 2p;p»)
and at 163.6 eV. The former peak can be assigned to thio-
late-type sulfur resulting from the cleavage of the C—S bond
in the thiophene ring, while the latter species can be ascri-
bed to a weakly coordinated or unbound thiophene.[*®]
This conclusion is supported by the carbon K-edge
NEXAFS spectra of both films 6 and 7 (Figure 10), exhibit-
ing an absorption intensity at ~285.0 eV, which has also
been found for oligothiophenes and is commonly associated
with dissociative adsorption of thiophene,® i.e. cleavage of
the C—S bond in the thiophene ring to form a thiolate-type
attachment to gold. The respective feature is more intense
in the spectrum of film 7, whereas in the spectrum of film 6
this feature represents only a shoulder of a stronger reso-
nance at 285.6 eV, which, in this particular case, is presuma-
bly a superposition of the m*(4e,,) resonance of ferrocene
and the m* resonance of intact thiophene.’*! Therefore,
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the position of the sulfur atom in the thiophene ring with re-
spect to the attached ferrocene nucleus is of importance for
the chemical stability of the adsorbate molecules upon their
adsorption on the gold surface. This difference in the attach-
ment chemistry is surprising in view of the minor structural
difference of molecules 6 and 7. We note, however, that sev-
eral authors have pointed out that the binding conformation
of thiophene derivatives is strongly influenced by their func-
tional groups.#*%!

A decomposition of the thiophene headgroup for part of
the adsorbate molecules results in a pronounced chemical
heterogeneity of the derived film, which is strongly disor-
dered and presumably contains the adsorbate species in
both bidentate and monodentate bonding configuration. In
fact, the NEXAFS difference spectra of films 6 and 7
(Figure 11) exhibit a negative dichroism of the n*(4e;,) and
nt*(3e,,) resonances (at 285.6 eV and 287.0 eV, respectively)
assigned to the cyclopentadienyl decks. Consequently, we
can assume that these decks show predominantly horizontal
orientation.

According to the Fe 2p XPS data (Figure 7), film 7 exhib-
its a much lower iron content than film 6. On the other
hand, a higher packing density in film 7 as compared to film
6 can be inferred from the film thickness values for these
films, being 8.2 and 6.7 A, respectively. It is possible that the
molecular decomposition of 7 upon adsorption affects not
only the thiophene moiety but also the ferrocene nucleus. In
this hypothesis, iron is lost (by desorption) during the film
formation process, allowing a denser packing of the residual,
sterically less demanding carbon backbone. Furthermore,
the Fe 2p XP spectrum of film 6 shows a significant amount
of oxidised iron (38 % of total Fe intensity), which is a signa-
ture of oxidised ferrocene-type iron in this film. In contrast,
no noticeable amount of oxidised iron was found in film 7.

In summary, the XPS and NEXAFS data suggest the for-
mation of ferrocene-based, monomolecular films on Au(111)
from the adsorbate molecules 1-8. The attachment of these
molecules to the Au substrate occurs in a SAM-like manner,
through the specific headgroups, which are isocyano (1), iso-
thiocyanato (2), phosphanyl (3), thioether (4, 5 and 8), and
thienyl (6 and 7). The quality of the resulting films turned
out to be rather different. A high packing density and orien-
tational order was only observed for films 1 and 2, which ex-
hibit chemisorbed molecules with a predominantly vertical
orientation and bidentate binding configuration. These films
also show a high degree of chemical homogeneity and can,
in view of all above factors, be considered as true SAMs. A
relatively high orientational order, chemical homogeneity,
and primarily bidentate bonding configuration was also ob-
served in film 3, but this film is characterised by a lower
packing density owed to the “flat” adsorption geometry of
the bulky PPh, headgroups. All other films of this study (4-
8) exhibit chemical inhomogeneity, low orientational order
and considerable inclination of the film constituents. There
are, presumably, both bidentate and monodentate binding
configurations in these films. In the case of the thioether-
based films (4, 5, and 8), C—S bond cleavage was observed
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upon adsorption for a part of the adsorbate molecules, re-
sulting in the formation of thiolate-anchored moieties, which
coexist with more weakly bound molecules anchored to the
substrate by coordination-type bonds typical for thioethers.
Also for the thiophene-based films (6 and 7), a decomposi-
tion of the thiophene headgroups took place upon adsorp-
tion for a part of the precursor molecules, resulting in the
coexistence of strongly bonded thiophene-derived species
and more weakly coordinated pristine molecules in the
films. The relative portions of these two fractions were
found to depend on the exact position of the thiophene
sulfur atom with respect to the ferrocene moiety. Partial oxi-
dation and decomposition of the organometallic moiety in
some of the films (especially, in films 5 and 6) cannot be
completely excluded.

Conclusions

We have investigated 1,1'-disubstituted ferrocene derivatives
[Fe(CsH,X),] (1-7, 9-11), which contain substituents suita-
ble for binding to a gold surface [X=NC, NCS, PPh,, 2-
thienyl, 3-thienyl, and SR (R=Me, Ph, thiazol-2-yl, benzo-
thiazol-2-yl)]. Compounds 1-7 contain two ligating atoms
for surface coordination. These atoms are carbon in the case
of the isocyanide 1, phosphorus in case of dppf (3), and
sulfur in all other cases. Compounds 9-11 contain four po-
tentially ligating sulfur atoms each, similar to the tetrasubsti-
tuted ferrocene derivative 8, which contains four SMe
groups. The four sulfur atoms of 8 are chemically equivalent,
which is not the case for the structurally more complicated
compounds 9-11. We have investigated film formation on
gold (111) substrates by using the comparatively simple bi-
dentate adsorbate species 1-7 and have also studied the sim-
plest of the tetradentate compounds (8) in this respect.

The diisocyano derivative 1 afforded well-defined SAMs
of good quality. In contrast, with the notable exception of
the isothiocyanato derivative 2, all sulfur-containing adsor-
bate species investigated in this study failed to give rise to
well-defined SAMs. However, the problems we have en-
countered with thioether- and thienyl-based anchor groups
(especially C—S bond cleavage) are not unprecedented (see
above), and our findings clearly support the notion that the
behaviour of such anchor groups is unreliable in the context
of SAM fabrication. In view of these difficulties, we have
abstained so far from an analogous in-depth investigation of
the tetradentate sulfur ligands 9-11.

The quality of SAMs fabricated from 2 were found to be
similar to that of SAMs prepared from 1. Our observations
concerning the isothiocyanato derivative 2 indicate that
more detailed investigations concerning SAMs based on or-
ganic isothiocyanates are mandatory and also augur well for
the usefulness of such systems.

SAM formation can be viewed to rely to a large extent on
surface coordination chemistry, which is naturally related to
molecular coordination chemistry. As a starting point, we
have investigated basic aspects of the molecular coordina-
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tion chemistry of 1,1’-diisocyanoferrocene (1), the most in-
triguing result being the crystal structure of the gold com-
plex [(p-1)(AuCl),],, which can, with caution, be taken as a
model for the arrangement of 1 in SAMs on gold. We have
been able to bridge a gap here between surface science and
molecular chemistry and envisage extending this further in
the future utilising other ligands of this study.

Experimental Section

General: Synthetic work involving air-sensititve compounds was per-
formed under an atmosphere of dry nitrogen by using standard Schlenk
techniques or a conventional glove box. Solvents and reagents were ap-
propriately dried and purified. 1,1-Diisocyanoferrocene (1),*! 1,1'-di
(methylthio)ferrocene (4)," 1,1'-di(phenylthio)ferrocene (5),"!! 1,1"-di(2-
thienyl)ferrocene (6),'” 1,1',2,2'-tetra(methylthio)ferrocene (8),*! 2,2
di(thien-2-yl)disulfide,” 2,2'-di(thiazol-2-yl)disulfide® and 1,1"-bis(tri-
phenylphosphoranylidenamino)ferrocene!® were prepared according to,
or by slight variation of, published procedures. NMR: Varian Unity
INOVA 500 (500.13 MHz for 'H); IR: BIO-RAD FTS-40A; elemental
analyses: microanalytical laboratories of the University of Kassel and of
Imperial College London.

1,1’-Diisothiocyanatoferrocene (2): CS, (40 mL) was added to 1,1'- bis(tri-
phenylphosphoranylidenamino)ferrocene (1.50 g, 2.00 mmol) in a thick-
walled “RotaflO” ampoule. The suspension was stirred for 3 h at 90°C.
The resulting clear solution was allowed to cool to room temperature.
Volatile components were removed in vacuo. The crude product was dis-
solved in a minimal amount of dichloromethane and purified by column
chromatography (silica gel, n-hexane), which afforded an orange, micro-
crystalline powder. Yield 490 mg (82%). '"H NMR (CDCL): §=4.20 (s,
4H), 451 ppm (s, 4H); “C{'H}NMR (CDCL): 0=67.1, 68.0, 87.0,
133.8 ppm; IR: #(NCS)=2088 cm ' (b, vs); elemental analysis (%) calcd
for C,HgFeN,S, (300.19): C 48.01, H 2.69, N 9.33; found: C 48.13, H
2.69, N 9.39.

1,1-Di(3-thienyl)ferrocene (7): A 1.60M solution of nBuLi in hexane
(15.0 mL, 24.0 mmol) was added in one portion to finely ground ferro-
cene (2.00 g, 10.8 mmol). The mixture was stirred and TMEDA (1.37 g,
11.8 mmol) was added dropwise. Stirring was continued for 14 h. The pre-
cipitate (TMEDA adduct of 1,1'-dilithioferrocene, ~3.3 g) was filtered
off, washed with n-hexane (2x15mL) and was subsequently suspended
n-hexane (15mL). A solution of ZnCl, (2.73 g, 20.0 mmol) in THF
(15mL) was added dropwise and the mixture was stirred for 3 h.
3-Bromothiophene (3.26 g, 20.0 mmol) and [Pd(PPh;),] (0.23 g, 0.2 mmol)
were added sequentially. After 4 d the mixture was hydrolysed with 1N
hydrochloric acid (15 mL) and subsequently extracted with diethyl ether
(3x20mL) and dichloromethane (1x30mL). The combined organic
layers were dried with Na,SO,, which was subsequently removed by fil-
tration. Volatile components were removed in vacuo. The crude product
was purified by column chromatography (silica gel, n-hexane/dichlorome-
thane 20:1). The first two bands contained ferrocene and (3-thienyl)ferro-
cene (460 mg). The third band afforded the product as an orange, micro-
crystalline solid. Yield 2.39 g (68%). '"HNMR (CDCl;): 6=4.21 (s, 4H;
CsH,), 4.39 (s, 4H; CsH,), 6.90 (s, 2H; thienyl), 6.95 (“d”, apparent J=
5.0 Hz, 2H; thienyl), 7.18 ppm (m, 2H; thienyl); *C{'H} NMR (CDCl,):
0=68.1, 69.9, 118.0, 125.2, 126.3, 138.6 ppm; elemental analysis (%) calcd
for CgH,,FeS, (350.29): C 61.72, H 4.03; found: C 62.64, H 4.53.

1,1’-Di(thien-2-ylthio)ferrocene (9): A solution of di(2-thienyl)disulfide
(2.60 g, 11.3 mmol) in toluene (40 mL) was added dropwise with stirring
to a suspension of the TMEDA adduct of 1,1-dilithioferrocene (&1.7 g)
in n-hexane (15 mL), which had been prepared as described above from
ferrocene (1.00 g, 5.4 mmol), nBuLi (7.5 mL of a 1.60M solution in
hexane, 12.0 mmol) and TMEDA (0.70 g, 6.0 mmol). After 14 h water
(15mL) was added and stirring was continued for 10 min. The organic
layer was separated, washed with water (2x10mL) and dried with
MgSO,, which was subsequently removed by filtration. Volatile compo-
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nents were removed in vacuo. The yellow sticky crude product was dis-
solved in a minimal amount of CH,Cl, and purified by column chroma-
tography (silica gel, n-hexane/dichloromethane 10:1), affording the prod-
uct as a yellow, microcrystalline solid. Yield 1.40g (68%). '"H NMR
(CDCly): 6=4.27 (s, 4H; CsH,), 4.42 (s, 4H; CsH,), 6.89 (m, 2H; thienyl),
7.04 (d, J=2.4 Hz, 2H; thienyl), 7.23 ppm (d, /J=5.4 Hz, 2H; thienyl);
BC{'H} NMR (CDCl;): 6 =66.9, 74.2, 127.2 128.4 ppm; elemental analysis
(%) caled for CgH, FeS, (414.42): C 52.17, H 3.41; found: C 5223, H
3.35.

1,1'-Di(thiazol-2-ylthio)ferrocene (10): A solution of di(2-thiazolyl)disul-
fide (0.93 g, 4.0 mmol) in toluene (20 mL) was added dropwise with stir-
ring to a suspension of the TMEDA adduct of 1,1'-dilithioferrocene
(~0.6 g) in n-hexane (10 mL), which had been prepared as described
above from ferrocene (0.37 g, 2.0 mmol), nBuLi (2.5 mL of a 1.60m solu-
tion in hexane, 4.0 mmol) and TMEDA (0.34 g, 2.1 mmol). After 14 h
water (10 mL) was added and stirring was continued for 10 min. The or-
ganic layer was separated, washed with water (2x10 mL) and dried with
MgSO,, which was subsequently removed by filtration. Volatile compo-
nents were removed in vacuo. The brownish-yellow sticky crude product
was dissolved in a minimal amount of dichloromethane and purified by
chromatography (neutral alumina, activity grade II, n-hexane/dichloro-
methane 3:1), affording the product as a dark yellow, microcrystalline
solid. Yield 0.32 g (38%). 'HNMR (CDCly): 6=4.45 (s, 4H; CsH,), 4.61
(s, 4H; CsH,), 7.10 (d, J=2.9 Hz, 2H; thiazolyl), 7.58 ppm (d, /=2.8 Hz,
2H; thiazolyl); “C{'H} NMR(CDCl;): 6=69.8, 72.6, 76.3, 119.0, 143.1,
169.2 ppm; elemental analysis (%) calcd for C,;H;,FeN,S, (416.39): C
46.15, H 2.90, N 6.73; found: C 45.37, H 2.87, N 7.40.

1,1'-Di(benzothiazol-2-ylthio)ferrocene (11): A solution of di(2-benzo-
thiazolyl)disulfide (6.80 g, 20.5 mmol) in toluene (70 mL) was added
dropwise with stirring to a suspension of the TMEDA adduct of 1,1'-dili-
thioferrocene (~3.3 g) in n-hexane (50 mL), which had been prepared as
described above from ferrocene (2.00 g, 10.8 mmol), nBuLi (15.0 mL of a
1.60™ solution in hexane, 24.0 mmol) and TMEDA (1.37 g, 11.8 mmol).
After 14h water (50 mL) was added and stirring was continued for
10 min. The dark yellow precipitate was isolated by filtration and dried
in vacuo. Its purity turned out to be already > 95% by NMR spectro-
scopic analysis. Yield 4.74 g (92%). An analytical sample was obtained
by column chromatography (silica gel, n-hexane/dichloromethane 3:1).
'"HNMR (CDCly): 6=4.59 (s, 4H; CsH,), 4.70 (s, 4H; CsH,), 7.23 (“t”,
2H; benzothiazolyl), 7.37 (“t”, 2H; benzothiazolyl), 7.63 (d, /=8.0 Hz,
2H; benzothiazolyl), 7.82ppm (d, J=7.7Hz, 2H; benzothiazolyl);
BC{'H} NMR(CDCly): 6=73.0, 78.0, 82.8, 120.8, 121.8, 124.1, 126.1 ppm;
elemental analysis (%) calcd for C,;H;sFeN,S, (516.51): C 55.81, H 3.12,
N 5.42; found: C 55.71, H 3.22, N 5.49.

[Ag,(1-1),]1(NO;),: A solution of silver nitrate (170 mg, 1.00 mmol) in
acetonitrile (15 mL) was added to a stirred solution of 1,1’-diisocyanofer-
rocene (1) (236 mg, 1.00 mmol) in acetonitrile (50 mL). The mixture was
stirred in the dark for 14 h. The product precipitated as shiny golden pla-
telets, which were filtered off, washed with acetonitrile (5 mL) and dieth-
yl ether (2x5 mL) and dried in vacuo. Yield 465 mg (57%). An analyti-
cal sample of the monohydrate was obtained by recrystallisation from di-
chlormethane. '"H NMR (CDCl,): 6 =4.47 (“t”, 4H; CsH,), 5.30 ppm (“t”,
4H; CsH,); IR: #(NC)=2193 cm™' (vs); elemental analysis (%) calcd for
the hydrate C,,;H,,Ag,Fe,NO, (833.91): C 33.57, H 2.66, N 10.08; found:
C 33.06, H 2.43, N 9.55.

X-ray crystallography: X-ray crystallographic data for [(u-1){Cr(CO)s},]
and [(u-1)(AuCl),], have been published previously."”! X-ray crystallo-
graphic data for RSSR (R=thiazol-2-yl), 9-11 and [Ag,(u-1),]-
(NO3),-H,O are collected in Table 2. Data collection was performed by
using a Stoe IPDS-II diffractometer with an area detector. Graphite-
monochromatised Moy, radiation (1=0.71073 A) was used in each case.
The data sets are corrected for Lorentz and polarisation effects. A nu-
merical ~ absorption  correction  was  applied, except for
[Ag,(u-1),](NO3),sH,O. The structures were solved by direct methods.
The program SHELXS-97 was used for structure solution and refinement
was carried out using SHELXL-97 by full-matrix least-squares refine-
ment on F°. All non H atoms were refined anisotropically except atom
C7 in 9 which is affected by disorder of the thiophene ring around the
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C1-S1 axis, and was refined isotropically. Hydrogen atoms were included
at calculated positions using a riding model. In [Ag,(u-1),](NO;)-H,O
the hydrogen atoms of the solvent molecule could not be located and are
not included in the model. CCDC 669238, 669239, 669240, 669241,
669242 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemistry and spectroelectrochemistry: Electrochemistry was per-
formed in a lab-built cylindrical vacuum tight one compartment cell. A
spiral shaped Pt wire and an Ag wire as the counter and pseudo-refer-
ence electrodes are sealed directly into opposite sides of the glass wall,
while the respective working electrode (Pt or glassy carbon 1.1 mm pol-
ished with 0.25 um diamond paste (Buehler-Wirtz) before each experi-
ment) are introduced via a Teflon screw cap with a suitable fitting. The
cell can be attached to a conventional Schlenk line via two side-arms
equipped with teflon screw valves and allows experiments to be per-
formed under an atmosphere of argon with approximately 2.5 mL of ana-
lyte solution. CH,Cl, was obtained from Fluka (Burdick & Jackson) and
freshly distilled from CaH, before use. [NnBu,][PF¢] (0.25 mm) was used
as the supporting electrolyte. All potentials are referenced versus the in-
ternal ferrocene/ferrocenium couple, to which an appropriate amount of
ferrocene was added after all other scans had been recorded. Electro-
chemical data were acquired by using a computer controlled EG&G
model 273 potentiostat utilising the EG&G 250 software package. The
design of the OTTLE cell follows that of Krejcik et al.® It comprises a
Pt-mesh working and counter electrode and a thin silver wire as a
pseudo-reference electrode sandwiched between the CaF, windows of a
conventional liquid IR cell.

Fourier transform infrared spectroscopy of 1: FT-IR spectra of crystalline
1 were recorded by means of a BIO-RAD FTS-40a spectrometer in atte-
nuated total reflection (ATR) geometry. The spectral resolution was
2cm™'. All bands were assigned according to publications on IR investi-
gations of ferrocene and its derivatives."*”! Fourier transform infrared
reflection absorption spectroscopic investigations of the monolayer films
on gold were performed by using an evacuated Bruker IFS 66v/S spec-
trometer equipped with a liquid nitrogen cooled mercury cadmium tellur-
ide detector. P-polarized light was incident on the sample at an angle of
80°. A total of 2000 scans were measured at a spectral resolution of
2cm™

Film preparation: The gold substrates for film fabrication were prepared
by thermal evaporation of 100 nm gold (99.99% purity) onto polished
single-crystal silicon (111) wafers (Silicon Sense) primed with a 5 nm Ti
layer for adhesion promotion. The resulting films were polycrystalline
with a grain size of 20-50 nm and predominantly possessed (111) orienta-
tion."!! Films were formed by immersion of freshly prepared gold sub-
strates in 10 pum solutions of 1-8 in DMF, ethanol and acetonitrile (1, 2,
4--8) or toluene (3) at room temperature for 18 h. After immersion the
samples were carefully rinsed with the respective solvent, blown dry with
argon and kept in plastic containers backfilled with argon until character-
isation.

Near-edge X-ray absorption fine structure spectroscopy: NEXAFS spec-
troscopic measurements were performed at the HE-SGM beamline of
the synchrotron storage ring BESSY II in Berlin, Germany. The spectra
were collected at the carbon K-edge, nitrogen K-edge, and iron L-edge
with a retardation voltage of —150 V for the carbon K-edge and —300 V
for the nitrogen K-edge and the iron L-edge. Linearly polarised light was
used. The energy resolution was approximately 0.4 eV and the incidence
angle of the light was varied from 90° to 20°. Raw NEXAFS spectra
were normalised to the incident photon flux by division through a spec-
trum of a clean, freshly sputtered gold sample. The photon energy scale
was referenced to the prominent 7t;* resonance of highly oriented pyro-
lytic graphite at 285.38 eV. Further, the spectra were reduced to the stan-
dard form by subtracting linear pre-edge background and normalizing to
the unity edge jump determined by a horizontal plateau 40-50 eV above
the absorption edge.

X-ray photoelectron spectroscopy: The XPS measurements were carried
out under ultra-high vacuum (UHV) conditions at a base pressure better
than 1.5x 107" mbar. The experiments were performed using an Al Ka
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X-ray source and an LHSI1 analyser. The energy resolution was
~0.9 eV. The X-ray source was operated at a power of 260 W and posi-
tioned about 1.5 cm away from the samples. The energy scale was refer-
enced to the Au 4f;, peak of alkanethiol-coated gold at a binding energy
of 84.0-eV.
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