
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
29

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Assembly, struct
aDepartment of Chemistry, Imperial College

0BZ, UK. E-mail: n.long@imperial.ac.uk
bDepartment of Chemistry, University of Yor
cPhysics Department, Lancaster University, L
dDepartment of Chemistry, Birmingham Univ

UK
eThe Blackett Laboratory, Imperial Colleg

London, SW7 2AZ, UK

† Electronic supplementary information
characterisation, charge transport chara
theoretical calculations of molecular str
transmission coefficients and Seebeck
systems for all molecules. See https://doi.

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2022, 13, 8380

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th February 2022
Accepted 24th June 2022

DOI: 10.1039/d2sc00861k

rsc.li/chemical-science

8380 | Chem. Sci., 2022, 13, 8380–8
ure and thermoelectric properties
of 1,10-dialkynylferrocene ‘hinges’†

Luke A. Wilkinson, ‡ab Troy L. R. Bennett,‡a Iain M. Grace, ‡c Joseph Hamill, ‡d

Xintai Wang,‡ce Sophie Au-Yong,c Ali Ismael, c Samuel P. Jarvis, c Songjun Hou,c

Tim Albrecht, d Lesley F. Cohen,e Colin Lambert, *c Benjamin J. Robinson *c

and Nicholas J. Long *a

Dialkynylferrocenes exhibit attractive electronic and rotational features that make them ideal candidates for

use in molecular electronic applications. However previous works have primarily focussed on single-

molecule studies, with limited opportunities to translate these features into devices. In this report, we

utilise a variety of techniques to examine both the geometric and electronic structure of a range of 1,10-
dialkynylferrocene molecules, as either single-molecules, or as self-assembled monolayers. Previous

single molecule studies have shown that similar molecules can adopt an ‘open’ conformation. However,

in this work, DFT calculations, STM-BJ experiments and AFM imaging reveal that these molecules prefer

to occupy a ‘hairpin’ conformation, where both alkynes point towards the metal surface. Interestingly we

find that only one of the terminal anchor groups binds to the surface, though both the presence and

nature of the second alkyne affect the thermoelectric properties of these systems. First, the secondary

alkyne acts to affect the position of the frontier molecular orbitals, leading to increases in the Seebeck

coefficient. Secondly, theoretical calculations suggested that rotating the secondary alkyne away from

the surface acts to modulate thermoelectric properties. This work represents the first of its kind to

examine the assembly of dialkynylferrocenes, providing valuable information about both their structure

and electronic properties, as well as unveiling newways in which both of these properties can be controlled.
Introduction

Ferrocene exhibits a number of interesting properties that make
it an attractive candidate for applications in molecular elec-
tronics, including high-stability, well-dened redox chemistry,
and a wide variety of techniques for its functionalisation. For
these reasons, myriad works have used ferrocene as a building
block in the construction of both single-molecule and ensemble
electronic devices.1–3 These works have subsequently uncovered
interesting applications in switching,4–8 charge storage,9–14

rectication15–19 and sensing.20–25
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In the design of molecular wires, ferrocene insertion (and
more widely the insertion of metal centres) has been shown to
increase molecular conductance.26–29 In addition, recent studies
of the 1,10-dialkynylferrocene motif have shown that by
controlling the rotation around the iron-cyclopentadienyl axis,
through the use of a mechanical modulation, the conductance
of a ferrocene can be switched between multiple states, as
a function of the angle that separates the two alkynyl substitu-
ents.30,31 This indicates that the inclusion of ferrocene into
a highly-conjugated architecture offers an attractive route
towards optimising and increasing the functionality of organic
molecular wires.32

With a view to translating these properties to the macroscale,
here we study the electronic properties of self-assembled
monolayers (SAMs) of ferrocene-based molecules, which could
be translated to a device architecture in a relatively facile
manner.33,34 To date, the majority of studies of highly-
conjugated ferrocenyl SAMs have utilised ferrocene as
a terminal group, ignoring the potential benets of incorpo-
rating ferrocene into the backbone of a molecular wire.35–39 In
contrast, the present study focusses on 1,10-dialkynyl ferro-
cenes, which possess a relatively rigid ‘hinge-like’ structure,
where the two substituents can independently rotate around
a central ferrocenyl node. This offers the possibility of exploring
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 STM-BJ results. (a) Example conductance traces for 1 (green)
and 2 (blue) vs. electrode displacement, (b) 1D conductance histo-
grams with Gaussian fit for data sets of 1 (706 traces) and 2 (1959
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a variety of distinct conformations which could be used to
control the electronic properties of their assembled materials.

In the following study, we selected a range of 1,10-dia-
lkynylferrocene molecules (1–5, Fig. 1) containing different
anchor-group congurations. We examined the conformational
features of these systems through a combination of single
molecule (STM-BJ) and ensemble (AFM and XPS) measure-
ments, as well as through an examination of theoretically
derived geometries. Where previous single-molecule studies
have shown that an ‘open’ conformation (where the alkynes
point in different directions) is achievable, here we have shown
that the ‘hairpin’ conformation (where the alkynes point in the
same direction) is generally favoured.30,31 Further to this we
examined the thermoelectric features of this ‘hairpin’ structure,
and unearthed an interesting feature whereby only one, of
a possible two, anchor groups binds to a surface, while the
alignment of the second, unbound anchor group, also subtly
controls the electronic properties of the materials.
traces), (c) 2D conductance–displacement histograms, (d) break-off
distance histograms with Gaussian fits and (e) colour coded structures
of 1 and 2.
Results and discussion

Synthesis

The synthesis and solution based optoelectronic properties of
molecules 1–5 have previously been discussed, and we refer the
reader to a recent publication for more details.40
Single molecule conductance measurements

Initially, scanning tunnelling microscopy (STM) break junction
(BJ) measurements were employed to determine the most
probable single-molecule conductances of molecules 1–4.41,42

Aer collecting and screening the data, a total of 706 traces for
molecule 1 and 1959 traces for molecule 2 were taken forward
for further analysis. It was not possible to observe features that
could be attributed to the formation of genuine molecular
junctions in our experiments on 3 and 4. Representative
conductance traces are provided in Fig. 2(a) in which the
molecular plateaus indicate a reduction in single-molecule
conductance between 1 and 2, as illustrated by the 1D
conductance histograms in Fig. 2(b). The histograms exhibit
a peak at the conductance values, where the traces most
frequently displayed a plateau. For instance, in each histogram
there was a peak at 100G0, caused when the traces plateaued
during the quantized atomic Au–Au contact, as well as a peak at
approximately 10�6G0 caused by the instrument noise. For each
histogram, the peak caused by the molecular plateaus was tted
Fig. 1 Molecules studied in this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to a Gaussian distribution to yield the most probable single-
molecule conductances, which were found to be 10�4G0 for 1,
and 10�5G0 for 2. For molecule 1 in particular, this conductance
aligns well with literature values for similar ferrocenyl
systems.26,30,31

To obtain a more detailed understanding of the geometry
and junction progression of the molecular break junctions, the
displacement (Dz) of each trace was offset to 0.0 nm at 10�0.3G0,
a point just aer the rupture of the Au–Au junction, and all the
traces in each data set were accumulated into the 2D conduc-
tance–displacement histograms of Fig. 2(c). From this, it was
evident that molecule 1 produced regular traces with very
reproducible molecular conductances and plateau lengths,
whereas the traces for 2 were less regular with a broader
distribution of plateau lengths. The most probable break off
distance (BOD) was used to quantify this. To determine the
BOD, the lengths of each trace, from just aer the rupture of the
Au–Au junction until just before the conductance reached the
instrumental limit of 10�5.5G0, were accumulated into the BOD
histogram shown in Fig. 2(d).

Molecule 1 yielded a symmetric and Gaussian-like BOD
histogram, indicative of plateau lengths inuenced predomi-
nately by a single, regular cause. Typically, this should relate to
the molecular length.43 However the mean BOD for 1 was
approximately 0.9 nm, just over half the expected total molec-
ular length. For example, previously reported crystal structures
of 1, measuring the distance from nitrogen to nitrogen, show
this value to be approximately 1.7 nm.44–46 This suggests that
either the linear molecule occupied an acute bonding angle
between the two Au electrodes, or alternatively, that the mole-
cule preferred to adopt a ‘hairpin’ conformation on the
substrate, in which the two pyridine groups are oriented
towards the substrate, with either one or both of the pyridine
groups binding to the substrate, and the central metallocene
Chem. Sci., 2022, 13, 8380–8387 | 8381
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Fig. 3 Angle of internal rotation (q) vs. energy for molecule 1, illus-
trative geometries inset.
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unit is contacted by the tip, rather than amore open structure in
which the tip and substrate each contact a separate pyridine
group.

The 2D conductance–displacement histogram for molecule
2, in Fig. 2(c), showed molecular plateaus which were both
longer than those shown by molecule 1, and were also highly
sloped. For molecule 2 it is interesting to note that there
appears to be a ‘shoulder’ in the 2D-conductance histogram,
focused at �10�3G0. We performed a clustering analysis of
16 000 traces produced from the measurement of this molecule
to elucidate further information on the junction progression (as
described in the ESI†). This provided little evidence for the
formation of distinct sub-populations however. Interestingly,
this ‘shoulder’ was universally present in each of our derived
clusters, suggesting that this feature does not relate to a sepa-
rate event class, and rather appears to represent a metastable
geometry which occurs before the junction elongates to its nal
geometry.

Previously it has been suggested that highly sloped molec-
ular plateaus can result from mechanical manipulation, i.e.,
opening of the dihedral angle, in conformationally exible
analytes.47 Though it was noteworthy that molecule 2 exhibited
this behavior, while molecule 1 did not. It is also possible that
themeta-positing of the anchor in molecule 2, being misaligned
with the molecular backbone, causes coupling with the
substrate to become more sensitive during junction elonga-
tion.48 This argument would appear to explain the disparity
between molecules 1 and 2. Finally, as suggested in the
following sections, it is possible that when the molecules are
adsorbed onto the substrate, that they are assuming a tilted
geometry. Indeed, it appears that as the junction is elongated,
the conductance fell of as G f sin4 q, suggesting that a lateral
coupling of the molecular orbitals to the substrate has been
broken.49 Without drawing a rm conclusion, each of these
possibilities would, to different degrees, be poorly controlled
during junction elongation, and could result in less regularity
between traces, as was observed in the distribution of traces for
molecule 2.
Molecular structure and geometry

To better understand the features observed in the STM experi-
ments, DFT calculations were carried out to reveal the preferred
geometries of 1,10-dialkynylferrocenes. Generally, the rotational
barrier for a ferrocene unit is small,50 and so the angle between
the arms of molecules 1–4 could potentially adopt any value
ranging from a ‘hairpin’ geometry, where the two arms lie
directly on top of each other (q ¼ 144�, Fig. 3), to the fully
extendedmolecule where the arms are on opposite sides (q¼ 0�,
Fig. 3). Using density functional theory, the optimum geometry
of each of the molecules was calculated. The ground state
energy of the molecules was then calculated as a function of
angle q, for molecule 1, and it was found that the minimum
energy occurred at q ¼ 126�, with the molecule held in
a ‘hairpin’ conguration with the arms slightly displaced,
consistent with p–p type interactions between the two alkynyl
substituents. The local minimum for the open conguration
8382 | Chem. Sci., 2022, 13, 8380–8387
occurred at q ¼ 144� at an energy of 0.7 eV above the minimum.
This behaviour agrees with the reported crystal structures of 1
and 3, suggesting that ferrocene molecules prefer to inhabit
a closed conformation, at least in the solid-state.44–46

SAM formation

In an attempt to exploit and study this ‘hairpin’ conformation,
efforts were made to assemble these molecules onto a surface
and evaluate their structures. For this purpose, self-assembled
monolayers (SAMs) of molecules 1–5 were grown on freshly
prepared, template stripped Au surfaces, and characterised by
atomic force microscopy (AFM, see ESI† for detailed procedures
relating to SAM growth and characterisation).

Unlike the other analytes, compound 2 did not form good-
quality uniform SAMs, exhibiting pinholes in the lm that
affected the conductance measured with AFM. This is likely
attributable to competitive binding of the different anchor
groups contained within this molecule. The other systems all
formed high-quality SAMs however. The thickness of these
SAMs was determined by a nano-scratching technique,51,52 and
was found to be a consistent 0.65–1.00 nm for molecules 1, 4
and 5. This is in agreement with the break-off distance observed
for molecule 1 in the STM-BJ measurements and suggests that
(i) the molecular geometry is comparable for the single mole-
cule and SAM measurements and (ii) molecules 1 and 4 bind in
a hairpin-type conformation, as if the molecules were ‘open’
then they would have possessed a larger thickness than mole-
cule 5, which contained only one anchor group. Molecule 3
formed a thinner SAM, with a thickness between 0.45 and
0.70 nm. This once again suggested a hairpin geometry, with
the decrease in lm thickness of this SAM indicating a different
binding orientation for this molecule. This is likely, because
molecules 1, 4 and 5 can adopt a largely perpendicular orien-
tation, whereas 3 would present a tilted geometry, resulting
from the meta-positioning of the nitrogen atoms contained
within its terminal pyridyl rings.

AFM imaging was employed to determine the average
roughness of SAMs 1, 3, 4 and 5 (across several spots of the
sample). The roughness was in the range of 0.15–0.30 nm (Table
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural and thermoelectric properties of SAMs of 1, 3, 4 and 5, including standard deviations (Std), conductance ratios (G/G0),
Seebeck coefficients (S) and power factors (PF, which is equal to G � S2)

SAMs
Roughness
(nm)

Thickness
(nm) Log(G/G0) Std (%) S (mV K�1)

Std (mV
K�1) PF (a(W K�2))

1 0.09 0.81 �4.6 5.4 �16.4 4.1 0.52
3 0.07 0.52 �3.9 6.5 �7.4 3.5 0.53
4 0.10 0.79 �4.5 4.8 �9.6 2.2 0.22
5 0.14 0.82 �4.7 7.1 �9.0 3.1 0.12
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1), and this value was similar to the underlying TS gold
substrates (0.10–0.20 nm), which conrms the SAMs unifor-
mity. To better elucidate these results Fig. 4 shows the topog-
raphy of a SAM of molecule 1, aer nanoscratching, as well as
thickness distributions of SAMs of 1, 3, 4 and 5, garnered from
the nanoscratching analysis.
X-ray photoelectron spectroscopy

In order to investigate the chemical binding of these ferrocenyl
SAMs, monolayer lms consisting of the symmetric molecule 1,
asymmetric molecule 2, and single linker molecule 5 were
studied with X-ray photoelectron spectroscopy (XPS). Although
the poor uniformity of SAM 2 prevented thermoelectric
measurement with AFM, the sample could still be studied with
XPS by measuring over a large spot size (350 mm), enabling us to
average over the poor nanoscale ordering of 2. Fig. 5(a) and (b)
show spectra of the N 1s region for SAMs of 1 and 2, respectively.
In each case, clear features are observed that arise from the
nitrogen atoms present in the pyridine anchor groups. For the
SAM of molecule 1, a tting analysis revealed two distinct peaks
located at 400.2 eV and 399.3 eV respectively, with a ratio of
peak areas close to 1 : 1. The 399.3 eV peak can be attributed to
an unbound pyridine with a deprotonated nitrogen.53–56 The
peak at 400.2 eV has been previously attributed to the pyridine
Fig. 4 Topography of a SAM of 1 after nano-scratching (top), and
thickness distributions of SAMs of 1, 3, 4 and 5 obtained from nano-
scratching (bottom).

© 2022 The Author(s). Published by the Royal Society of Chemistry
group binding to the gold surface.57 To conrm this assignment
we carried out XPS on monolayer and multilayer SAMs of
molecule 5, in which the pyridine groups should be either fully
bound or unbound, respectively. The results, shown in Fig. 5(c)
and (d), conrm the assignments above, with the monolayer
SAM of 5 exhibiting a single bound peak at 400.2 eV, and the
multilayer SAM of 5 a dominant unbound peak at 399.3 eV. The
tting analysis for the SAM of 2, shown in Fig. 5(b), results in
the same near 1 : 1 ratio of bound and unbound nitrogen at
400.1 eV and 399.4 eV respectively. The near 1 : 1 ratio and
consistency between SAMs of 1 and 2 strongly suggested that
only one of a possible two anchor groups chemically binds to
the surface in each case. It was also observed that the bound
nitrogen peak was broader than the unbound peak, which we
attribute to multiple chemical states merging into one peak due
to the presence of multiple binding sites on the gold surface.

To gain greater insight into the location of the pyridine
groups within the molecular lm, we performed angle resolved
XPS (ARXPS) on SAMs of 1 (see ESI, Section 4.3†). In order to
reduce any possibility of water contamination, which would
introduce additional peaks in the N 1s region,58 the lm was
annealed under UHV conditions at 160 �C for 12 hours prior to
the ARXPS measurements, resulting in a slight shi of the
bound and unbound peaks to 400.4 eV and 399.0 eV
Fig. 5 XPS data collected in the N 1s region of SAMs of 1 (a), 2 (b),
monolayer SAM of 5 (c), and multilayer SAM of 5 (d).

Chem. Sci., 2022, 13, 8380–8387 | 8383
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respectively. The subsequent ARXPS data collected at angles of
emission of 0� and 70� are shown in Fig. S27(a) and (b),†
respectively. We found that the N 1s peak at both angles could
be tted with near identical peak components, with no evidence
to suggest any reduction in peak area upon rotating the sample.
The similarity in peak area therefore suggested that the two
nitrogen species were located at similar heights (within
a surface roughness of �0.3 nm), supporting the formation of
a ‘hairpin’ geometry. In contrast, if the upright conguration
were instead present, a Beer–Lambert approximation estimates
that the attenuation of the bound nitrogen signal would be >5,
resulting in substantial reduction in the bound N 1s peak. This
estimate assumes an inelastic mean free path of �1.5 nm and
a nitrogen depth of �2.0 nm.
Thermoelectric properties

To further examine the effects of our different anchor group
congurations the thermoelectric properties of the SAMs were
probed. First, their electron transport properties were deter-
mined by conductive AFM (cAFM), where the number of mole-
cules under the probe was estimated from the contact area
between the probe and sample surface using the RKJ model (see
ESI†). The statistics of the IV curves are shown in ESI Fig. S24†
with conductance distribution histograms shown in Fig. 6 (top),
and the results summarised in Table 1.

It is clear from the data that the conductance values for 3 are
larger than those of the other analogues, which is presumably
a result of the thinner SAM, and by extension, the shorter
distance between the probe and the underlying metal–
substrate. For the SAMs of 1, 4 and 5, the observed conductance
values were very similar. This suggests little inuence is
imposed on the conductive behaviour of these molecules by the
presence of a second alkyne.

The thermopower of these SAMs was also investigated using
a Peltier stage under the sample to create a temperature
Fig. 6 Conductance distribution (top) and plots of thermal voltage vs.
DT (bottom) for SAMs of 1, 3, 4 and 5.

8384 | Chem. Sci., 2022, 13, 8380–8387
difference, DT, between the sample and the probe. The thermo-
voltage caused by DT, Vtherm, between the sample and the probe
was measured at 4 different DT points, tted with a linear curve,

and the slope of the curve, �Vtherm

DT
; was used to calculate the

Seebeck coefficient of the junction through use of eqn (1);

Ssample ¼ SAu-probe � Vtherm

DT
(1)

The results are displayed in Fig. 6 (bottom) and summarised
in Table 1. All of the SAMs possessed negative Seebeck coeffi-
cients, which suggests LUMO dominated electron transport
through thesemolecules, as has oen been reported for systems
with pyridine anchors connecting to a metal surface.59–62 It
should be noted for molecule 4 that this point alone is not
a direct indicator of sole nitrogen binding, as thioethers have
previously been shown to give both positive and negative See-
beck coefficients.60,63–65 The Seebeck coefficient for 1 is�16.4 mV
K�1, and is much larger than the other compounds, which
themselves have values between �7 and �10 mV K�1. This
suggests that the unbound alkyne of this system is acting to
tune the energy of the LUMO, with respect to the Fermi-energy
of the electrode. Finally, the power-factors (PF, which is equal to
G � S2) were considered. The increase in Seebeck coefficient of
molecule 1, and the increase in conductance of molecule 3, both
granted SAMs with higher power factors than those observed in
the SAMs of molecules 4 and 5.
Quantum transport calculations

The theoretical behaviour of molecules 1, 3, 4 and 5 was
investigated in a SAM contacted to gold electrodes. Using the
density functional code SIESTA66 and the quantum transport
code GOLLUM we calculated the transmission coefficient T(E)
and Seebeck coefficient S and explored how the geometry of the
individual molecules controlled both S and their electrical
conductance G.67

The following approach was used for each calculation of
molecules on a gold (111) surface. The system was periodic in 2
directions and the spacing between molecules was chosen to be
1.4 nm and 1.0 nm in the x and y directions respectively. The
binding between the top contact and the Cp (cyclopentadienyl)
backbone of the ferrocene unit had an optimum value of
�0.34 eV, at a separation of 0.32 nm. The optimum binding
geometry through the pyridine unit, in the case of the para-
connection (1, 4 and 5) was found to give an Au–N distance ¼
2.55 �A, and the molecule was normal to the gold surface (4 ¼
0�). For molecule 3, with the meta-connected pyridine, the
pyridine was found to bind normally to the surface as for the
para case. However, as the alkynyl ‘arms’ are attached in the
meta-position, there is a reduction in the height of the molecule
(Fig. S16†). Therefore 3 forms a thinner SAM, in agreement with
the measured value in Table 1. This may also explain why
molecule 2 does not form a SAM, due to the competing behav-
iour of the two anchor groups.

Looking at molecule 1, and guided by the XPS data, which
shows that only one arm of the molecule is attached via
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Junction geometry for molecule 1, when 4 ¼ 60� (left), as well
as computed zero bias transmission coefficient (T(E)) and Seebeck
coefficient (S), as a function of electron energy E for molecules 1, 3, 4
and 5 (right).
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a pyridine anchor group, we investigated the role that the
second arm plays in controlling the transport properties of this
molecule, by rotating this arm through 72� away from the fully
closed conguration (q ¼ 144�). The second pyridine was con-
tacted to the gold surface at an identical distance, but the
nitrogen atom was not above a gold atom (and is therefore
unbound). Fig. 7 (right) shows that both the conductance and
Seebeck are increased when both anchor groups are in contact
and decreases as one arm is rotated away. This behaviour can be
attributed to a broadening and shiing of the LUMO resonance
(Fig. S15†).

These calculations indicated that the molecular length of the
‘closed’ conguration is approximately 1 nm for molecules 1
and 5, which is slightly larger than the measured SAM thickness
(Table 1). This suggests another possible conguration, in
which the molecules are tilted away from the normal, thereby
reducing the height and preventing the second anchor group
from making contact with the bottom electrode. Following this,
the transport behaviour of molecules 1, 3, 4 and 5 were inves-
tigated for tilt angles of 4 ¼ 0, 40 and 60�. Fig. 8 shows the
transmission data T(E) for 4 ¼ 60�. Here, the behaviour of the
transmission in the HOMO–LUMO gap shows that molecule 3
(red line) has the highest value at the Fermi energy (0 eV), due to
the geometry of this system, where the reduced separation
between the gold electrodes gives a larger coupling between the
molecule and gold surfaces. The Fermi energy is also shied
further away from the LUMO resonance in comparison to
molecule 1. Molecule 5 (blue) and molecule 1 (black) show very
similar transmission curves, giving similar values for the
conductance at the Fermi energy (2.3 � 10�4G0). The measured
conductance of molecule 1 is similar to that of molecule 5.
Therefore, this theoretical result suggests that the second arm is
not in contact with the gold and is in agreement with the XPS
data. The trend of these conductances are in reasonable
agreement with the measured values (Table 1), and similar
behaviour is found at the other tilt angles of 4 ¼ 0 and 40�

(shown in Fig. S20 and S21 of the ESI†).
Fig. 7 Junction geometry of molecule 1 for two different arm rota-
tions (q ¼ 144� and q ¼ 72�, left), and conductance and Seebeck
coefficients of molecule 1, as a function of arm rotation angle (q, right).

© 2022 The Author(s). Published by the Royal Society of Chemistry
In terms of the Seebeck coefficient, these calculations show
that across the HOMO–LUMO gap, molecule 1 gives a more
negative value of S due to the LUMO resonance being closer to
the Fermi energy. This agrees with the electronic properties of
the molecule in the gas phase (Table S5†), which show that the
molecule with 2 arms has a lower LUMO energy. Molecule 4
(green) has a similar behaviour to molecule 5, which again
follows from the electronic properties of the molecules, which
have similar LUMO levels. Overall, the DFT calculations show
that the transport properties of these systems are controlled by
the energy level alignment of the molecules, and that predicted
trends generally mirror our experimental results.
Conclusions

Within this work, we sought to explore the unique rotational
features of 1,10-dialkynyl ferrocenes. Where previous works have
shown that an ‘open’ conformation is achievable for similar
molecules, we show in this report that this is relatively dis-
favoured.30,31 An examination of break-off distances suggested
that instead these molecules prefer to occupy a ‘hairpin’
geometry, a result which is consistent with the thickness of their
assembled thin-lms and with theoretical calculations of
molecular geometries.

Additionally, this ‘hairpin’ conformation was found to
display interesting structural and electronic features. XPS
analysis revealed that although both anchor groups pointed
towards the metal surface, only one of these was bound, with
the second anchor group being held in close proximity. It is
clear that the nature of the anchor groups that bind to the gold
controls both the structure and electronic properties of these
systems (as seen in the comparison of 1 and 3). However, it
appears that the ‘unbound’ anchors also inuence their elec-
tronic properties. First, the inclusion of the peripheral alkyne
substituent acted to shi the energy of the LUMO resonance
with respect to the Fermi energy of the electrode, leading to
increased Seebeck coefficients. Secondly, our calculations sug-
gested that controlling the alignment of the unbound alkyne
substituent may offer a route towards controlling the
Chem. Sci., 2022, 13, 8380–8387 | 8385
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thermoelectric properties of these systems. This represents an
interesting augmentation to previous work in the eld which
has demonstrated that the inter-arm angle between the two
substituents of a 1,10-disubstituted ferrocene infers signicant
control over the molecules conductive properties.30,31

This report represents the rst investigation of the assembly,
structural and electronic properties of 1,1-dialkynylferrocene
SAMs, providing direct experimental evidence for the ‘rotation
problem’ that has previously been noted by others in the eld,
and unequivocally proving that these molecules prefer to
occupy a ‘hairpin’ structure when adsorbed onto a gold
surface.68,69 Work is currently ongoing to study whether the
bipodal-adjacent binding of these molecules leads to enhanced
stability. As a potential route towards optimising the thermo-
electric properties of these systems, we are also performing
studies to examine how the geometry of these systems can be
controlled by altering the anchor groups, as well as varying the
linker that connects them to the ferrocene unit.

Methods

For details relating to experimental and theoretical method-
ology see the ESI.†
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16 O. Azzaroni, M. Mir, M. Álvarez, L. Tiefenauer and W. Knoll,
Langmuir, 2008, 24, 2878–2883.

17 W. J. Shumate, D. L. Mattern, A. Jaiswal, D. A. Dixon,
T. R. White, J. Burgess, A. Honciuc and R. M. Metzger, J.
Phys. Chem. B, 2006, 110, 11146–11159.

18 K. Kitagawa, T. Morita and S. Kimura, J. Phys. Chem. B, 2005,
109, 13906–13911.

19 L. Yuan, N. Nerngchamnong, L. Cao, H. Hamoudi, E. Del
Barco, M. Roemer, R. K. Sriramula, D. Thompson and
C. A. Nijhuis, Nat. Commun., 2015, 6, 6324.

20 H. Aoki and H. Tao, Analyst, 2007, 132, 784–791.
21 J. Adjémian, A. Anne, G. Cauet and C. Demaille, Langmuir,

2010, 26, 10347–10356.
22 H. C. Yoon and H. S. Kim, Biotechnol. Bioprocess Eng., 2004,

9, 107–111.
23 P. D. Beer, J. J. Davis, D. A. Drillsma-Milgrom and F. Szemes,

Chem. Commun., 2002, 2, 1716–1717.
24 D. P. Cormode, A. J. Evans, J. J. Davis and P. D. Beer, Dalton

Trans., 2010, 39, 6532–6541.
25 A. J. Corry, A. Goel and P. T. M. Kenny, Inorg. Chim. Acta,

2012, 384, 293–301.
26 Q. Lu, C. Yao, X. Wang and F. Wang, J. Phys. Chem. C, 2012,

116, 17853–17861.
27 Y. Y. Sun, Z. L. Peng, R. Hou, J. H. Liang, J. F. Zheng,

X. Y. Zhou, X. S. Zhou, S. Jin, Z. J. Niu and B. W. Mao,
Phys. Chem. Chem. Phys., 2014, 16, 2260–2267.

28 S. A. Getty, C. Engtrakul, L. Wang, R. Liu, S. H. Ke,
H. U. Baranger, W. Yang, M. S. Fuhrer and L. R. Sita, Phys.
Rev. B: Condens. Matter Mater. Phys., 2005, 71, 241401.

29 S. J. Higgins and R. J. Nichols, Polyhedron, 2018, 140, 25–34.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00861k


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
29

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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