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The spin crossover (SCO) behaviour of molecules in (sub)monolayers is typically significantly
altered from that of the bulk: in particular, the SCO can be quenched by direct contact between
the SCO molecules and the substrate, known as pinning, which causes problems for potential
device applications. Here, an Fe (I1) complex is presented that exhibits fully reversible, non-
pinned SCO in self-assembled monolayers (SAMs) on template stripped gold substrates. The
complex, [Fe(Tp(4-NHCOC10H20SCOCH3))(Tp)] where Tp = tris(1H-pyrazol-1-yl
borohydride), has a broad SCO with a T+, of 366 K. The SAMs are uniform and homogeneous,
as indicated by Atomic Force Microscopy, and contain the target molecules in a well-oriented
layer with the expected thickness for a monolayer of the complex, as revealed by polarization
modulation infrared reflection-absorption spectroscopy, time-of-flight secondary ion mass
spectrometry and cyclic voltammetry. Variable temperature X-ray photoelectron spectroscopy,
as well as X-ray absorption spectroscopy at the Fe L3 edges, indicates a reversible SCO in the
monolayers that is identical to the bulk behaviour.
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1. Introduction

Spin crossover (SCO) compounds, a class of switchable molecular materials, are one candidate for the
downsizing of devices through molecular electronics.[*?l Upon application of an external stimulus, these
compounds can switch between two distinct states: low spin (LS) and high spin (HS). SCO compounds are
interesting for multi-addressable technologies because it is possible to obtain a huge change in properties
(structural, optical, magnetic, electronic) by applying one of numerous stimuli (pressure, heat, light,
magnetic and electric fields, chemical environment).l®! This diversity in ‘outputs’ and ‘inputs’ gives SCO
compounds wide-ranging applications, from chemical sensors to memory devices.*?4 Iron (11) compounds
with appropriate ligand field strengths (typically from multi-dentate, nitrogen-coordinating ligands) can
exhibit SCO around room temperature and are widely studied for this reason. These octahedral complexes
have LS and HS configurations of t2® and tag*4? respectively: The Fe (11) LS state is fully diamagnetic while
the HS is paramagnetic.

The fabrication of thin films and monolayers is one approach to decreasing the size of device components.
Thin films also help us study what happens at the molecule-substrate interface, and thereby allow for fine
control of the film properties® if the interface is well understood. In particular, films on metal surfaces are
interesting, as the metal can function as a conducting electrode for potential device fabrication. However,
incorporation of SCO compounds in devices is complicated by the fact that fabricating uniform films over
large (micrometre) areas, in particular through sublimation, is challenging’®-®! as the molecules may
dissociate on the surfacel®% or form islands or nano/micro-crystallites(***? rather than a homogeneous
layer. Self-assembled monolayers (SAMs) offer a way to prepare ultra-thin films with uniform and
homogeneous surface coverage in a chemically controlled way.**! SAMs can be prepared on metal
electrodes, which is a prerequisite for the development of molecular electronic devices.

However, monolayer deposits of SCOs can present an altered behaviour, and so an important consideration
when preparing (sub)monolayers of SCO complexes is the potential change in SCO properties at the
interface. While in thick films (a few to hundreds of nm) the SCO is unchanged when comparing the film
and the bulk,**1 in ultra-thin films, strong interactions with the substrate may cause the SCOs to fragment
on the surface, or alter the SCO behaviour.!*! In some cases, characterized by scanning tunnelling
microscopy (STM), LS and HS states coexist at temperatures far from the transition, and the spin state
composition of the film is temperature-independent.**17-11In other cases, where the SCO is characterized
by X-ray absorption spectroscopy (XAS), a similar suppression of SCO for molecules in the first layer is
observed.[®1020.21]

Reports of SAMs of SCO compounds are scarce, with very few examples in published literature. Devid et.
al. prepared arrays of gold nanoparticles with Fe (II) SCO molecules grafted through a SAM approach, and
observed a SCO that was incomplete compared to the bulk.??2l Karuppannan et. al. reported physisorbed

monolayers of an Fe (111) SCO complex that assembled through iodine-graphene interactions, that retained
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their bulk properties due to the SCO molecules being physically separated from the copper substrate by
counteranions and a graphene layer.®] Garcia-Lopez et. al. reported a Co (I1) complex that assembled
through covalent carboxylate-silver interactions, but that exhibited only a partial SCO while a fraction of
molecules appeared to be blocked.[®] Attempts to prepare SAMs of SCO molecules through on-surface
synthesis - by initially forming a SAM of one of the ligands and later adding the rest of the molecule - have
been met with limited success. Even when the ligands form high quality SAMs, it has proven challenging to
get the metal centre to bind to the ligand once it is on the surface.[?4%]

Concerning Fe (I11) SCO complexes on noble metal surfaces, there are several reports of monolayer or ultra-
thin film assemblies: as islands on a Au(111) surface,?®! as two-dimensional assemblies on Au(111),
Ag(111) and Cu(111),? as (sub)monolayers on Cu(111),?81 or as ultra-thin films on Cu(111).%*! In each of
these cases, the metal-molecule interface alters the SCO in the film, and it is different from that of the bulk.
In certain cases, the complex degrades during deposition or under X-rays, resulting in Fe (I11) and a
complete absence of SCO.[03

Here we show that it is possible to prepare homogeneous SAMs of Fe (I1) SCO complexes that exhibit a
temperature-induced switching that is 1) reversible and 2) identical to the behaviour of the bulk compound.
Characterization by time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM) indicate that the SAMSs contain the target complex,
and are uniform and homogeneous. Polarization modulation infrared reflection-absorption spectroscopy
(PM-IRRAS) in combination with simulations reveals a well-oriented layer with the expected thickness for a
monolayer of the complex. Cyclic voltammetry (CV) shows behaviour consistent with a monolayer with
good packing. DFT calculations corroborate these results. Variable temperature XPS, as well as X-ray
absorption spectroscopy (XAS) at the Fe L3 edges, indicates a reversible SCO in the monolayers that
corresponds closely to the bulk behaviour. The use of multiple techniques to characterise the SCO, in
addition to several others to confirm the quality of the SAMs, provides a strong argument for the validity of
our conclusions?? and the resultant applicability of our system in molecular electronics.

2. Synthesis and Bulk Characterization

We chose [FeTpz], where Tp = tris(LH-pyrazol-1-yl borohydride), as our parent SCO moiety because it is
charge neutral and solution stable (both important properties for preparing SAMs) and because we have
good references for its bulk properties. Furthermore, it has recently been shown that it is relatively easy to
prepare functionalizable ‘building blocks’ based on this moiety.[?

In order to avoid direct contact between the SCO moiety and the metal substrates, we functionalized the
molecule with an alkyl spacer, to obtain [Fe(Tp(4-NHCOC10H20SCOCH?3))(Tp)] (Figure 1), which from
here on is referred to as FeTp2-C11-SAc (for the bulk) and FeTp2-C11-S (in SAMSs). The spacer is
terminated by a sulphur-based anchoring group so that the molecules can chemically graft to the substrates
to form SAMs. The length of the spacer was chosen somewhat arbitrarily, considering that long alkyl chains
with a number of carbons Nc > 15 can fold and cause packing defects in SAMSs, whilst a Nc < 8 may
increase the frequency of short-able holes in the monolayer, at least in SAMs of alkanethiols terminated by a
bulky head group.[33-29
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Figure 1 The target molecule [Fe(Tp(4-NHCOC10H20SCOCHS3))(Tp)]. It consists of an [FeTp2] SCO moiety
with a 10-methylene spacer and thioacetate anchoring group.

Starting from the Tp and Tp-4-NO: ligands, we followed the synthesis described by Flétotto et. al.? to
obtain a mixture of the [Fe(Tp-4-NH2)(Tp)] and [Fe(Tp-4-NH>)2] complexes, along with [FeTp2]. To
prepare the alkylthioacetate linker, we followed a procedure described by Jaber et. al.l*®! to synthesize the
11-acetylthoiundecanoic acid, which we then coupled to the amine-functionalized complex via an amidation
reaction. The resulting mono-, bis- and non-functionalized complexes were separated by size exclusion
chromatography. A final purification by silica gel column chromatography yielded the target molecule at a
relatively low overall yield of 15%. In MTp2—type compounds, the symmetric, homoleptic forms are deemed
‘highly stable’7] and their formation is therefore expected to be “significantly favoured;’8 the homoleptic
forms are thermodynamic products, whereas the heteroleptic forms are kinetic products.*® A greater
reaction yield of the mono-substituted, heteroleptic complex can be attained by using non-stoichiometric
conditionst® or by adding the two ligands in different reaction steps.[*®l A detailed description of the
synthesis and chemical characterization is given in the Experimental section.

The bulk SCO behaviour was characterized by vibrating sample magnetometry (VSM), which revealed that
FeTp2-C11-SAc undergoes a gradual SCO with a Ty, of 366 K (full description accompanying Supporting
Information Figure S1), comparable to the behaviour reported by the Besson group for the [FeTp2-4-NO3]
building block and their series of bis-functionalized complexes.*? The magnetic behaviour of FeTp2-C11-
SAc also closely resembles that of the monoclinic crystalline form of the parent [FeTpz] complex.[*43 The
xvT product is very close to zero below 200 K at 5x107" m® K mol, indicating an essentially diamagnetic
(LS) state. At 450 K, the maximum measured temperature, we find a ywT value of 33.0x10° m® K mol~,
which is slightly lower than the 37.7x10® m* K mol spin-only value expected for a fully HS Fe (11)
complex, indicating that the SCO is incomplete at this temperature.

3. Monolayer Preparation and Characterization
3.1 Preparation of SAMs and Surface Chemical Characterization

Monolayers of FeTp2-C11-S were prepared on atomically smooth, template stripped*! gold substrates
(Au™). The preparation of the substrates and the SAMs is described in the experimental section. AFM
(Supporting Information Figure S2) revealed that the SAMs are homogeneous and marginally rougher
than the bare substrate imaged under the same conditions. The overall topology is smooth in both cases, but
it is clear from the phase response that the surfaces are distinct. The RMS roughness of the SAM is 7.1 A,
compared to 6.9 A for the Au™. There are some defects and small particles on the surface of the SAMs.
These can be mitigated by preparing the TS substrates and SAMs in a clean room instead of on a laboratory
worktop. Overall, the SAM coverage is smooth and homogeneous.
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The presence of FeTp2-C11-S in the SAMs was confirmed by ToF-SIMS. The molecular peak and various
fragments, unambiguously identified through the isotropic distributions, are homogeneously distributed over
the substrate (Supporting Information Figure S3).

XPS further confirmed the presence of FeTp2-C11-S in the SAMSs. The characteristic signals of the relevant
elements are present, and semi-quantitative analysis (full description accompanying Supporting
Information Figure S4) corresponds to the expected elemental ratios. The single peak at 400.1 eV in the
N1s region can be attributed to the nitrogen atoms on the pyrazole rings.[*! The S2p region contains a
double feature: one with the S2pz, and S2p12 components at 162.0 and 163.2 eV respectively, and the other
with these components at 163.8 and 165.0 eV. The lower binding energy feature is assigned to sulphur
bound to the gold,64"1 and the higher energy feature is assigned to unbound, chemisorbed sulphur.[*®! The
Fe2p region is split into five components for each of the 2p features, and will be further discussed in Section
4.1. Overall, the element-specific spectra are consistent with the presence of FeTp2-C11-S in the expected
elemental ratios: S/Fe = 1.3 (theoretical 1.0), S/N = 0.1 (theoretical 0.08), Fe/N = 0.1 (theoretical 0.08).

We further confirmed the integrity of the SAMs by PM-IRRAS (Figure 2). Comparison between the spectra
of the bulk (ATR-FTIR spectroscopy on a dropcast film, in blue) and monolayer (PM-IRRAS, in red)
indicates that the molecule remains intact in the monolayers. The spectra closely resemble one another: the
bands at 2920 cm™ and 2850 cm are assigned to the asymmetric [vas(CH2)] and symmetric [vs(CH2)]
stretching modes of the methylene groups. These are respectively 3 cm™and 1 cm™ higher than for a well-
oriented (all-trans orientation of alkyl chains) octadecanethiolate SAM,“® suggesting some disorder in the
form of gauche defects.[**! A smaller shift for vs versus vas has also been observed in other, comparable
systems.! %50 The band at 2475 cm™ is assigned to the B-H stretch. The bands related to the amide A
(stretching N-H at 3285 cm™) and the amide | (stretching C=0 at 1652 cm™) modes are not visible on the
PM-IRRAS spectrum, contrary to the amide Il band (bending C-N-H and stretching C-N at 1549 and 1590
cmt). Due to the surface selection rule of PM-IRRAS (transition moments oriented parallel to the surface
are not visible), we can deduce that the C=0 and N-H bonds are nearly parallel to the surface, as expected
for well-oriented SAMs. The band at 1689 cm™, assigned to the C=0 stretching mode of the thioacetate
group, is observable with a weak intensity on the PM-IRRAS spectrum of the SAM. It is unlikely that the
thioacetate group binds to the Au™ by physisorption, given the relatively long incubation time and presence
of reactive thiol bonds in solution. Furthermore, the binding mode would have to be significantly tilted,
since the C=0 would not appear in the spectrum were it parallel to the substrate. Given the good ordering of
the alkyl chains, based on the positions of the vas(CH2) and vs(CH2) modes, this scenario is unlikely. It
therefore seems possible that a small fraction of the molecules insert into the SAM upside down, with the
FeTp. moiety towards the substrate. At lower wavenumbers, in the 1500 — 900 cm™ spectral range, we find
the different bands of pyrazole groups, with non-preferential orientation due to the isotropic distribution of
the six entities in the complex. Overall, the PM-IRRAS spectrum is consistent with a thickness of about 20
A, as predicted by simulations of a compact, isotropic layer of FeTp2-C11-SAc (full details accompanying
Supporting Information Figure S5a). This is the expected thickness for a single layer of these molecules,
and is therefore a strong indication that we indeed form a monolayer.
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Figure 2 Bulk IR absorption spectrum of FeTp2-C11-SAc (blue) and IRRAS on a SAM of FeTp2-C11-S on
gold (red).

3.2 Electrochemistry

We determined the surface coverage of the SAMs of FeTp2-C11-S on gold by CV, referenced to ferrocene
(THF — 0.1 M NBu4PFg, scan rate 0.05 V st) (Figure 3). The system was composed of a Pt counter
electrode, a Ag/AgCI pseudo reference electrode and a Au working electrode. In SAMs, where molecules
are confined to the surface and charge transfer is not diffusion-limited, the oxidation and reduction peaks are
expected to appear at the same potential, assuming that the process is fully reversible. The observed CV
indeed supports a fully reversible redox process, where the oxidation and reduction peaks appear at -0.16
and -0.19 V, respectively. The shift between the peaks, as well as their slight asymmetry, can be an
indication of slow charge transfer kinetics.[®! The half-cell potential is -0.18 V with respect to the ferrocene
Fc/Fc* redox couple, the same as for bulk FeTp2-C11-SAc (Supporting Information Figure S6). Ideal
peaks have a full-width half maximum (FWHM) described by Equation (1), which in our case, for a
temperature of 28°C, predicts a FWHM of 91.5 mV. The experimental FWHM are 107 and 139 mV for the
oxidation and reduction peaks, respectively.

FWHM (V) = 3.53 RT/Fn 525 Equation (1)

Where R = 8.314 J K™t mol ! is the molar gas constant, T is the temperature in Kelvin, F = 9.649x10* C
mol ! is the Faraday constant and n is the number of electrons involved in the redox process, which in this
case is shown to be one by comparison with the ferrocene redox process.

Peak widening and asymmetry occur when molecules in the SAM have slightly different energies.
Inhomogeneity in molecular energies can happen when molecules occupy different microenvironments, for
example when there are SAM defects leading to there being higher and lower energy sites on the surface,®
or when electron exchange occurs between molecules, in particular in densely packed SAMs.54 The peak
broadening in the CV is consistent with the indication from PM-IRRAS that molecules may insert into the
SAM at different orientations.
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Figure 3 Cyclic voltammogram of a SAM of FeTp2-C11-S on Au'™ in a solution of THF — 0.1 M NBu4PFs
measured at a scan rate of 0.05 V s

By integrating the oxidation and reduction peaks, and disregarding the capacitive background contribution,
we can estimate the SAM density using Equation (2) to obtain a surface coverage of ~1.06x10'* molecules
per cm?, corresponding to an occupied area of 0.94 nm? per molecule.

' (mol cm?) = Q/nFA 5561 Equation (2)

Where I" is the surface coverage in mol cm2, Q is the integrated peak area in C, A is the surface area of the
electrode in cm?, and F and n are as in Equation (1).

Assuming a hexagonal packing of the head groups in the SAM, we obtain a spherical diameter of 1.04 nm
per head group. This value corresponds to a dense, organized SAM of FeTp2-C11-S. This conclusion is
consistent with the geometry of the molecules as estimated by gas phase DFT calculations, which predict a
cross section of ca. 0.91 nm? for the SCO head group of FeTp2-C11-S.

4.SCO in SAMs
4.1 X-ray Photoelectron Spectroscopy

The SCO in SAMs of FeTp2-C11-S was initially studied by variable temperature XPS in the Fe2p region.
Figure 4 (left) shows the evolution of the spectra with temperature. The spectral changes with temperature
indicate a SCO behaviour that is typical of Fe (I1) in similar (pseudo)octahedral geometriesf®:21:2431.57-60] gnq
that is qualitatively similar to that of bulk FeTp2-C11-SAc. The Fe2ps» and 2py/» features were fit with five
components. The components shaded in blue, labelled A for the Fe2ps/, feature (708.3 eV) and 4’ for the Fe
2p12 one (720.9 eV), are indicative of the proportion of LS Fe (Il) in the sample: the decrease in the total
area of this pair is consistent with a decrease in the LS fraction in the SAMs with increasing temperature.
The binding energy increases marginally with temperature, which is characteristic of an Fe (I1) sample going

https://doi.org/10.26434/chemrxiv-2024-d4mth-v2 ORCID: https://orcid.org/0000-0001-5670-2624 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-d4mth-v2
https://orcid.org/0000-0001-5670-2624
https://creativecommons.org/licenses/by-nc-nd/4.0/

from LS to HS.[% The shift in binding energy arises because the Fe-N bonds in the HS state are longer: a
lower electron density on the iron decreases the energy of the Fe electrons and increases their effective
binding energy.®” The spin-orbit splitting between the A and 4’ features increases with temperature, which
is again characteristic of a conversion from LS to HS,% and is due to the lower population of the eq-like
orbitals at lower temperatures, where the molecules exist mostly in the LS state.[*3l The satellites that appear
at higher temperatures are characteristic of the iron in its HS state, 621 and arise due to the presence of
unpaired electrons!® in the paramagnetic state, as well as the resultant metal-to-ligand charge transfer.[24]
Temperature cycling indicates that the SCO is reversible in the range of 160 to 390 K (Figure 4 right).
Quantitative XPS analysis on monolayer films can be unreliable due to the low intensity of the signals,’® so
we performed a quantitative analysis of the SCO in the SAMs using a more sensitive technique: X-ray
absorption spectroscopy.
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Figure 4 Variable temperature XPS in the Fe2p region on a SAM of FeTp2-C11-S on Au (left), and the
relative (%) area of the shaded pair of peaks, indicative of LS Fe (Il) and labelled A and 4, with cycling
between 158 and 388 K (right). The areas do not change with cycling, indicating that the SCO in the SAMs
is reversible and that there is no sample degradation.

4.2 X-ray Absorption Spectroscopy

The SCO in monolayers of FeTp2-C11-S was quantitatively characterized by XAS at the Fe L3 edges
(Figure 5), in total electron yield (TEY) mode. The spectral shapes observed at 4 and 100 K for the isotropic
spectra are characteristic of LS Fe (1) compounds with (pseudo)octahedral nitrogen ligand
coordination.[6:7:20:21.64-66:59.601 The eyolution of the spectra with temperature supports the occurrence of
thermal SCO. With increasing temperature, the L> and Lz white lines both decrease in intensity and shift
towards lower energies, with a peak at 711.3 eV characteristic of the HS state that begins to emerge at the L3
edge, and an L edge structure that becomes more complex with a shoulder appearing at 722.5 eV. The
excellent signal-to-noise ratio at the DEIMOS beamline allowed us to observe a broad absorption between
716.8 and 721.5 eV that gradually disappears with increasing temperature. This absorption, which we
previously observed in another, closely related compound,?!! can be linked to a transition from the Fe2p
orbital to a final state corresponding to some hybridization with the ligands, as previously reported for Ni
(1) complexes.®”] This absorption feature appears to be characteristic of LS Fe (I1), which shows stronger
hybridization with the ligands, and disappears for HS Fe (lI).
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Figure 5 Evolution of the Fe L2 3 edge XAS spectra with temperature on a SAM of FeTp2-C11-S on Au'™.
The dashed grey lines mark the positions of characteristic features for HS and LS Fe (l1) at the L3 edge.

In order to extract a HS fraction at each temperature, the spectra of the SAMs can be decomposed into a
linear combination of LS and HS spectral shapes. Typically, this decomposition requires a reference
spectrum on the sample in the fully LS state and another in the fully HS state. Due to the high Ty, of FeTp2-
C11-SAc, it was not possible to obtain a fully HS spectrum at this particular beamline. For the LS reference,
we used the spectra measured at 100 K. The HS reference then was obtained by subtracting the LS spectrum
from the spectrum at 350 K. The resulting LS and HS spectral shapes (full description accompanying
Supporting Information Figure S7a) are in good agreement with those obtained through ligand field
multiplet calculations for octahedral Fe (11) that we have reported previously.?°! The symmetry of the first
coordination sphere of the parent complex [FeTpz] and other similar Fe (I1) compounds is close to perfectly
octahedral in the LS state,’” and FeTp2-C11-SAc is expected to follow this trend. The spectra measured on
the SAMs follow the same evolution as those measured on a dropcast (bulk) sample(Supporting
Information Figure S7b). Given that the SAM and bulk samples exhibit the same SCO behaviour, and that
our SAM spectra are similar to those of comparable Fe (1) complexes in bulk[®:7:20.21.64-66:59.60] g g
calculations,? we consider it acceptable to use the measurements on the SAMSs to obtain the HS and LS
references.

The HS fraction nns was obtained by fitting each spectrum as a linear combination of the LS and HS
references (Supporting Information Figure S7c). The resulting calculated nns is plotted in Figure 6,
together with the nns extracted from the magnetometric measurements on bulk FeTp2-C11-SAc. The XAS
measurements reveal a SCO in the SAMs corresponding closely to that of the bulk. We therefore conclude
that our SAMs exhibit a SCO that is completely decoupled from the substrate. SCO in (sub)monolayer films
is typically significantly altered by the interaction between SCO molecules and metallic, non-magnetic
surfaces.[8-1117-2123.271-29] |t 5 significant that in our case, designing a complex with a decoupling linker
allowed us to observe a rare case of non-pinned SCO in monolayers on metal substrates.
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Figure 6 The high spin fraction nus vs. temperature in SAMs of FeTp2-C11-S on Au'™ as measured by XAS
(solid shapes), overlaid over the curve derived from magnetometric VSM results for the bulk FeTp2-C11-
SAc (black dotted curve). The light blue circle represents the initial measurement, while the red and blue
triangles indicate a measurement performed upon increasing or decreasing the temperature, respectively.
The SCO in SAMs is reversible and closely follows the bulk behaviour.

The SCO in the SAMs is reversible and there is no indication of beam damage to the sample. The branching
ratiol®6% js defined as ls/(Is+12), where | is the integrated area for the corresponding Lz or Ls edge. It is
expected to increase with increasing HS fraction,!?” and indeed we find a branching ratio of 0.58 at 100 K
versus 0.66 at 350 K in the SAM. All of the data points lie along the bulk VSM curve. We therefore
conclude that the SCO process in the SAMs is fully reversible, and that there is no beam-induced
degradation. The appearance at 4 K of the HS Ls peak at 711.3 eV may indicate some soft X-ray induced
excited spin state trapping (SOXIESST): the fitted spectrum corresponds to a nus of 0.04, and the branching
ratio is 0.61. Given the high Ty and the feeble SOXIESST, we did not further explore the light induced
excited spin state trapping (LIESST) effect in this complex. The edge jump, calculated by the difference in
intensity between the Lz peak and the pre-Ls edge baseline, is 0.11 at 100 K. Assuming a TEY probing depth
of 5 nm," and using the edge jump of 0.28 measured at 100 K in the dropcast as representative of the bulk,
we calculate a film thickness of 1.9 nm, corresponding to the expected thickness of a densely packed,
oriented SAM of FeTp2-C11-S and in excellent agreement with the PM-IRRAS calculations.
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Overall, decomposition of the spectra into the relative LS and HS components, made possible thanks to the
high signal-to-noise ratio at the DEIMOS beamling, reveals that the SCO in the SAMs is unaltered from that
of the bulk complex.

5. Conclusion

We have designed an Fe (1) complex that exhibits reversible, non-quenched SCO in SAMs on template
stripped gold substrates. The complex, [Fe(Tp(4-NHCOC10H20SCOCH?3))(Tp)], has a gradual SCO with a
Ty of 366 K, consistent with literature reports on other molecules in the same family. The molecules retain
their integrity and SCO properties in SAMs. ToF-SIMS, XPS semi-quantitative analyses, and PM-IRRAS
confirm the presence of the molecule in the monolayers. The SAMs are of high quality: characterization by
AFM indicates a homogeneous, uniform surface coverage; the PM-IRRAS indicates an ordered assembly
with the expected thickness for a monolayer. The ordered packing is corroborated by CV, supported by DFT
calculations, which indicates that each molecule occupies an area of 0.94 nm?, consistent with the expected
spherical diameter of the [FeTp2] head group. Finally, XPS and XAS on the SAMs indicate a reversible
SCO corresponding to the bulk behaviour, evidencing that we have successfully decoupled the SCO moiety
from the metal substrates. Given their stability, robust SCO, and ability to form high quality monolayers, we
expect that this family of molecules will bring promising results in the fields of molecular electronics and
spintronics.

6. Experimental

Potassium tris(1H-pyrazol-1-yl borohydride) (>97%) and 4-nitropyrazole (>97%) were purchased from
TCI. Tetrabutylammonium bromide (>99%) and potassium thioacetate (>98%) were purchased from Alfa
Aesar. Anhydrous iron (I1) chloride (=>98%), 10% palladium on carbon, thionyl chloride (=>99%), toluene
(=99.3%) and acetonitrile (>99.9%) were purchased from Sigma Aldrich. 11-bromoundecanoic acid (>
99%) was purchased from Acros Organics. Acetonitrile was distilled over calcium hydride prior to use.
Stabiliser-free, dry THF was obtained from an MBRAUN SPS 5 solvent purification system.

Synthesis of FeTp2-C11-SAc: To obtain the [Fe(Tp-4-NH2)(Tp)] and [Fe(Tp-4-NH2)2] building blocks,
along with the non-functionalized [FeTp:], we followed the synthesis described by Flétotto et. al..?d We
prepared 11-acetylthioundecanoyl chloride following the procedure described by Jaber et. al.,l*! and
without exposing it to air we added the mixture of complexes (750 mg, 0.75 eq.) in dry THF then stirred in
an ice bath for 2.5 h under argon. The resulting purple solid (888 mg) was purified first by size exclusion
chromatography and then by silica gel chromatography, in toluene, to separate the bis-, mono- and non-
functionalized complexes. The target molecule, the mono-substituted complex, is a pink sparkly powder.
Attempts to obtain high quality single crystals for X-ray diffraction by evaporation or diffusion were
unfortunately unsuccessful. The overall yield of these reaction steps, assuming a statistical 2:1:1 ratio of
mono: bis: non-functionalized complex, is 15%. *H NMR (25°C, 400 MHz, benzene-de): 6 12.63 (m, 12H, Ar
H), 9.80 (s, 1H, NH), 7.83 (3, 5H, Ar H), 2.82 (t, 2H, CH>), 2.19 (t, 2H, CH>), 2.11 (s, 3H, CHz), 1.5 (m, 6H,
CH>), 1.24 (m, 10H, CH), -2.30 (s, 2H, BH); m/z: 739.5 (M, 100.00%), 740.3 (27.14), 738.5 (25.26), 741.4
(9.84), 737.5 (4.24), 742.4 (2.88), 743.3 (1.82), 745.3 (1.17), 736.6 (1.00), 744.3 (0.94); elemental analysis
(% calcd, % found for Cs1Ha3B2FeN130,S, 739.29 gmol™): Fe (7.55, 6.66), B (2.92, 2.49), S (4.34, 4.20), C
(50.36, 50.16), H (5.86, 6.05), N (24.63, 23.58).

Mass spectrometry: MS analyses were performed on an LCQ Fleet lon Trap (Thermo Fisher) spectrometer
in direct injection mode in a 1:1 mixture of dichloromethane and methanol.

SAM preparation: the template stripped Au' substrates were prepared following standard procedurel*!
using a Korvus Technology HEX thermal evaporator to deposit the metals (200 nm) on a polished Si wafer,
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and Norland Optical Adhesive 61 to glue the glass substrates. The glass substrates and all glassware (vials
and syringes) was thoroughly cleaned with Hellmanex I11 special cleaning concentrate and milliQ water.
The SAMs were prepared by incubating the substrates in a solution of roughly 1 mg of FeTp2-C11-SAc in 3
mL of methanol, with a drop of triethylamine to deprotect the thioacetate, in a closed vial purged with
argon. Upon removing the substrates from solution, the SAMs were rinsed with methanol and dried under a
strong stream of nitrogen gas filtered through a 0.45 gm frit.

VSM: Magnetic measurements on bulk FeTp2-C11-SAc were performed in a Microsense EZ-7 vibrating
sample magnetometer at a field strength of 1.5 T. FeTp2-C11-SAc was weighed using a Mettler XPR2
ultramicrobalance and encapsulated in an light aluminium capsule for solids (Santis). The magnetic
contribution of the sample holder, measured independently on an empty capsule, fitted as a paramagnetic
(Pauli) contribution together with a small Curie-like tail, was subtracted from the data, which was then
corrected for sample diamagnetism using Pascal constants.

AFM: The surface morphology of the SAMs was characterized with a Bruker Dimension Fast Scan AFM in
tapping mode, using NCHV antimony (n)-doped Si tips. The scan rate was 2 Hz on the Au substrate and 1
Hz on the SAM.

ToF-SIMS: The ToF-SIMS spectra were measured with a TOF.SIMS 5 spectrometer (IONTOF GmbH)
equipped with a liquid metal ion gun (LMIG) oriented at 45° to the sample. The diameter of the LMIG 30 kV
Bis* ion beam was approximatively 5 um. The beam was operated at a 0.3 pA ion current in spectrometry
mode and was raster scanned over the surface to generate 500 x 500 um, 128 px x 128 px secondary ion
images. Samples were grounded, and no charge effect was noticed during analysis. The total dose per image
was kept below 108 ions cm™.

PM-IRRAS: The PM-IRRAS spectrum of the SAM of FeTp>-C11-S on gold was recorded on a
ThermoNicolet Nexus 670 FTIR spectrometer at a resolution of 4 cm™, by coadding eight blocks of 1500
scans (4 h total acquisition time). All spectra were collected in a dry-air atmosphere. Experiments were
performed at an incidence angle of 75° using an external homemade goniometer reflection attachment.[”]
The infrared parallel beam (modulated in intensity at frequency fi lower than 5 kHz) was directed out of the
spectrometer with an optional flipper mirror and made slightly convergent with a first BaF2 lens (191 mm
focal length). The IR beam passed through a BaF2 wire grid polarizer (Specac), to select the p-polarized
radiation, and a ZnSe photoelastic modulator (PEM, Hinds Instruments, type 11/2S50). The PEM modulated
the polarization of the beam at a high fixed frequency, 2fn=100 kHz, between the parallel and perpendicular
linear states. After reflection on the sample, the double modulated (in intensity and in polarization) infrared
beam was focused with a second ZnSe lens (38.1 mm focal length) onto a photovoltaic MCT detector
(Kolmar Technologies, Model KV104) cooled at 77 K. The polarization modulated signal Iac was separated
from the low frequency signal Ipc (fi between 500 and 5000 Hz) with a 40 kHz high pass filter and then
demodulated with a lock-in amplifier (Stanford Model SR 830). The output time constant was set to 1 ms.
The two interferograms were high-pass and low-pass filtered (Stanford Model SR 650) and simultaneously
sampled in the dual channel electronics of the spectrometer. In all experiments, the PEM was adjusted for a
maximum efficiency at 2500 cm™ to cover the mid-IR range in only one spectrum. For calibration
measurements, a second linear polarizer (oriented parallel or perpendicular to the first preceding the PEM)
was inserted between the sample and the second ZnSe lens. This procedure was used to calibrate and
convert the PM-IRRAS signal in terms of the IRRAS signal (i.e., 1 — Rp(d)/Rp(0) ) where Rp(d) and Rp(0)
stand for the p-polarized reflectance of the film/substrate and bare substrate systems, respectively).[’>73 The
polarized ATR spectra of FeTp2-C11-SAc were recorded on a ThermoScientific iS50 FTIR spectrometer at a
resolution of 4 cm™, by coadding 500 scans. ATR experiments were performed using a single-reflection ATR
accessory (Specac) equipped with a germanium (Ge) crystal and a DTGS detector. A BaF2 wire grid
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polarizer was added to record the spectra in the p- and s-polarizations. The film was obtained after
successive evaporation of 10 pL of an FeTp2-C11-SAc chloroform solution dropped onto the Ge crystal.

Electrochemistry: Cyclic voltammograms were recorded on a Methrom-AUTOLAB PGSTAT101 with a Pt
counter electrode, Ag/AgCl pseudo reference electrode and either a Pt disk (1 mm?) electrode (bulk
measurement) or a patterned Au working electrode surface of 0.5 cm? which was incubated in the same
working conditions as for the SAM measurement. The samples were measured in THF — 0.1 M NBusPFs and
referenced to the Fc/Fc* redox couple, using a known quantity of ferrocene to determine the number of
electrons transferred in the redox process. Measurements were done under inert atmosphere with constant
nitrogen inflow.

DFT calculations: The geometry of the molecules was optimized by gas phase DFT calculations. The
geometry was first pre-optimized using PM6 and was then further optimized by DFT with the B3LYP
functional using the 6-31G(d,p) basis set as implemented in the Gaussian 09 program.[’

XAS: Variable temperature XAS measurements were performed at the DEIMOS beamlinel”™>""1 at the
SOLEIL synchrotron light source on the CROMAG endstation. X-ray absorption was measured in TEY
mode under a 2 T magnetic field with circularly polarized incident X-rays using the HU-52 undulator. The
temperature range was 4-350 K, the latter being the maximum attainable temperature in the CROMAG
endstation. To prevent beam damage to the monolayer samples, a 50 um aluminium filter was used and the
monochromator was set up to ensure a photon density low enough to give less than 10 pA of signal from the
sample. Under these conditions, no temporal evolution was observed during initial scans at 300 K. Eight
spectra were measured at each temperature. These spectra were averaged and had a linear (given by a fit to
the pre-edge region) and step background subtracted. A background contribution from the
substrate,measured on bare Au™at each temperature, was also subtracted. The resulting spectra were
normalized by the total integrated area in order to perform a quantitative fitting and analysis of the SCO.

XPS: Variable temperature XPS measurements were performed using monochromatic Al Ka radiation (hv =
1486.6 eV, SPECS mod. XR-MS focus 600) at a power of 100 W (13 kV, 7.7 mA) with a SPECS Phoibos 150
1-DLD electron analyser at 54.41° to the source. The fixed pass energy was 40 eV. A liquid nitrogen-based
cryostat allowed for variable temperature measurements. The spectra were fit in CasaXPS after calibrating
to the Fermi value of the gold substrate and removing the step background. The peaks were fit with 70/30
Voigt functions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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