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Abstract  

Preparing thin-films of molecular polymetallic materials remains one of the current 

limitations in the implementation of polymetallic complexes into devices. The hurdle was 

tackled here using an electrochemical route for depositing the cyanido-bridged polymetallic 

complex {Tl[Fe
II
(2-TPhTp)(CN)3]4[Co

III
(Tp)]3[Co

II
(Tp)]}(1) (where 2-TPhTp = [4-(2-

thienyl)Phenyl]tris(pyrazol-1-yl)borate ; and Tp = hydrotris(pyrazol-1-yl)borate), 

functionalized with thiophene groups, on conductive surface (Pt/mica). Cyclic 

voltammograms show that the electrochemical pattern of the cubic units is maintained in the 

electropolymerized film, notably with four quasi reversible successive Fe
III

/Fe
II 

redox events. 

Assessing the morphology and the chemical composition of the resulting thin-film by Atomic 

Force Microscopy (AFM) and X-ray Photoelectron Spectroscopy (XPS) experiments 

respectively, reveal a homogenous deposition (thickness of ca. 20 nm) showing the expected 

metallic ratio. More importantly, X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic 

Circular Dichroism (XMCD) measurements demonstrate that the photo-induced metal-metal 

electron transfer is preserved in the film. XMCD signals of Fe and Co atoms at their L2,3 

absorption edges both indicate an equivalent conversion of Fe
II
-CN-Co

III
 diamagnetic pairs 

into Fe
III

-CN-Co
II
 paramagnetic ones under laser light irradiation below 62    K. As for the 

photomagnetic complex, the phenomenon is reversible: the metastable Fe
III

-CN-Co
II
 

paramagnetic pairs thermally relax to the diamagnetic ground state upon heating to room 

temperature.  
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Introduction.  

Molecular magnetic switches (MMS) are complexes, the electronic configurations of which 

can be reversibly modified under the application of an external stimulus, e.g. light, 

temperature or pressure change, magnetic or electrical fields.
[1–3]

 The resulting spin-state 

change can lead to a modification of the magnetic properties but also of the optical, dielectric 

or mechanical ones. Accordingly, the molecular magnetic switches have been the subject of 

active research, whether it is for an in-depth understanding of the switchable phenomena or to 

harness their utility as molecular sensors, actuators or memories in technological 

applications.
[4–12]

 To date, the most investigated molecular magnetic switches are spin-

crossover complexes (SCO), particularly those based on Fe(II) octahedral entity, which can 

show drastic physical changes upon converting from the Low-Spin (t2g)
6
 configuration (S = 0) 

to the High-Spin (t2g)
4
(eg

*
)
2
 paramagnetic one (S =2). Important research efforts were devoted 

to deposition methods of SCO molecular switches on surfaces to create original 

electronically-active interfaces
[13–16]

, with promises in the fields of molecular electronics and 

spintronics.
[4–6][20]

 Another interesting class of magnetic switches gathers polymetallic 

materials displaying metal-to-metal electron transfer coupled to a spin transition. The first 

report on photoswitchable charge-transfer (CT) complexes dates back to 1996,
[21]

 on FeCo 

Prussian Blue Analogues (PBAs), a class of insoluble cyanido-based inorganic polymers of 

which diamagnetic Fe
II

LS-CN-Co
III

LS and paramagnetic Fe
III

LS-CN-Co
II

HS pairs can be 

reversibly converted from one to another. A large number of discrete polymetallic systems 

mimicking the switchable properties of the PBA polymers were developed over the last 

decades.
[22,23]

 However, in contrast to SCO monometallic complexes, the integration of 

switchable polymetallic charge transfer molecules (as thin films, nano-objects and composite 

materials) into devices remains almost unexplored, although interesting coupling between the 

electronic-state switching and applied electric field can be expected.
[24–26]
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An interesting seminal work was published by Clérac and coworkers
[27]

 on a rare example of 

Micro-Electro-Mechanical (MEM) sensor including a photo and thermo-switchable charge 

transfer octametallic complex. The device was obtained by drop casting a micrometric layer 

of the molecular switch on a piezoelectric resonator, resonance frequency variations of which 

correlated with the volume change accompanying the high-spin─low-spin conversion of the 

molecules.  

One of the current challenges of designing molecule-based devices often remains the first step, 

consisting in the deposition of the functional molecules on surfaces (by chemi- or 

physisorption) as sub-monolayer (or isolated molecules)
[8]

 or as low-dimensional thin-films. 

[28,29]
 Aside from restricted examples, the switchable properties of surface-bound magnetic 

switches layer (or thin-films) are often altered, if it is not the structural integrity of interfacial 

MMS that is lost.
[9,30,31]

 Currently, thermal (vacuum) sublimation remains the prevailing 

technique for preparing high-quality and contamination-free films of molecular switches since 

its first demonstration on the Fe(II) mononuclear spin crossover (SCO), 

[Fe(phen)2(NCS)2].
[32]

 However, owing to the experimental requirements that the molecular 

candidates should meet to prepare films by evaporation (i.e. thermally stable at sublimation 

temperature, neutral, a crystalline lattice free of solvent), thermal sublimation precludes a 

significant number of magnetic switches, notably discrete polynuclear entities. For this reason, 

the deposition of polymetallic molecular switches was explored in solution with techniques 

such as Langmuir-Blodgett method
[33]

 or static-spray deposition,
[34]

 yet the number of reports 

is very limited. Beyond general hurdles associated with surface deposition (i.e. molecule 

degradation, hybridization and properties loss), the polymetallic molecules properties must 

naturally meet the deposition technique requirements. In solution, it implies for instance 

favorable physico-chemical features such as a good solubility in selected organic solvents and 

a high thermodynamic stability. 
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In that context, our group dedicated efforts over the past decade to investigating the properties 

of a family of cyanide-bridged octametallic complexes, A {Fe4Co4} (where A is a 

monovalent cation = Cs
+
, Rb

+
, Tl

+
, K

+
, and where the metal ions are coordinated with 

tris(pyrazol-1yl)borate), which proved be remarkably stable in solution in various organic 

solvents.
[35,36]

 Beyond its role as a negative charge balance and as a template in the 

polymetallic edifice, the inserted cation confers a stability, which increases with increasing 

the cation size through interactions with the cyanide bridges. Interestingly, the A{Fe4Co4} 

molecular core properties retain a dependency on the inserted cation, just as the 3D Fe/Co 

PBA network.
[37]

 In addition to their photo-switchable magnetic properties, these cages 

possess impressive redox features, i.e. a great stability over a large electrochemical window 

and up to nine accessible redox states.
[36]

 Finally, the synthetic versatility of the tris(pyrazol-

1-yl)borate ligands family offers a various choice of functionalization
[38–40]

 opening different 

possible routes for the integration of these molecular A{Fe4Co4} switches into materials. A 

recent demonstration was thus provided by our group with the adsorption of A{Fe4Co4} 

cages, substituted with aryl-thiophene on Co sites, on Au(111) substrates by harnessing the 

electrospray ionization process.
[41]

 This soft deposition strategy enabled a submonolayer 

coverage while maintaining the molecular structure of the physisorbed material.  

In the present work, we explored the electropolymerization technique, as a soft-chemistry 

approach, for depositing an analogous A{Fe4Co4} cage on conductive substrates as ultra-

thin films. For this purpose, the A{Fe4Co4} core was functionalized with peripheral 

thiophene groups allowing the electrodeposition of the functionalized polymetallic cubic 

complex.  

To the best of our knowledge only one analogous attempt on discrete charge transfer (CT) 

polymetallic switches was described by Oshio and co-workers in 2011.
[42]

 The authors 

successfully isolated a cyanide-bridged {Fe2Ni2} square bearing terthiophene substituents, but 
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subsequent electropolymerization experiments of the coordination complex led to its 

decomposition. This could be explained by the association/dissociation equilibria in solution 

occurring for polymetallic complexes with labile Ni(II) ions. 

Herein we report a thorough investigation on the design and characterization of homogeneous 

ultra-thin films through the electropolymerization of an unprecedented thiophene-

functionalized cyanide-bridged Tl{Fe4Co4} cages (Figure 1), while maintaining both the 

switchable redox and photo-magnetic properties of the starting molecular compounds. For this 

purpose, we prepared the polymetallic building-block {Tl [Fe
II
(2-

TPhTp)(CN)3]4[Co
III

(Tp)]3[Co
II
(Tp)]} (1) (where 2-TPhTp = [4-(2-

thienyl)Phenyl]tris(pyrazol-1-yl)borate ; and Tp = tris(pyrazol-1-yl)borate). The latter cage 

properties, of simplified formula {Tl  [Fe(2-TPhTp)4Co(Tp)4]}or Tl {Fe4Co4}, represent 

the best compromise between solution stability and the photo-magnetic response. The optimal 

position of the thiophene, on the Fe vertices rather than on the Co ones, was guided from a 

former study on the influence of the functionalization on the cage switchable properties.
[43]

 It 

was observed that the substituent’s impact on the photomagnetic properties of the 

A{Fe4Co4} core  was optimized when positioned on Fe sites. The present work first 

describes the multi-step synthesis of this starting molecular material along with the full 

characterizations of its electronic properties. Their deposition as ultra-thin films on Pt 

substrates was conducted by cyclic voltammetry experiments and the composition, 

homogeneity and thickness of the resulting film were assessed by X-ray photoelectron 

spectroscopy (XPS) and atomic force microscopy (AFM) measurements. Moreover, the 

switchable photomagnetic properties of the electropolymerized film are examined in-depth 

through X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism 

(XMCD) characterizations.   

 

RESULTS AND DISCUSSION 
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Synthesis and characterizations of the functionalized molecular polymetallic unit, Tl  

{Fe(2-TPhTp)4Co(Tp)4} (1). 

Functionalizing the {Fe4Co4} molecular core, with thiophene on iron sites, requires a 

multistep synthesis (Scheme S1), including the preparation of a thiophene-functionalized 

tricyanido heteroleptic Fe(III) complex (C). For this purpose, the [4-(2-

thienyl)phenyl)trimethylsilane] was converted into its tris(pyrazolyl)borate equivalent, 2-

TPhTp (A, Scheme S1), adjusting reported synthetic routes for the preparation of third-

generation scorpionates derivatives (see detailed procedures and characterizations in 

SI).
[41,44,45]

 Stoichiometric reaction of 2-TPhTp (A) with the ferrous salt Fe(BF4)2.6H2O 

afforded the corresponding homoleptic Fe(II) complex (B) which subsequent cyanidation led 

to the anionic Fe
II
(2-TPhTp)(CN)3

2-
 building block that was finally oxidized into Fe

III
(2-

TPhTp)(CN)3
- 
(C). The self-assembly reaction of the latter Fe

III
(2-TPhTp)(CN)3

-
 precursor 

with the Co
II
 salts was conducted, in acetonitrile at room temperature, with an excess of 

Thallium(I) hexafluoroacetylacetonate, Tl(hfac). The elementary hydrotris(pyrazol-1-

yl)borate scorpionate ligand was then added to complete the Co ions coordination sphere, 

affording thus the target thiophene-functionalized molecular switch {Tl  [Fe(2-

TPhTp)4Co(Tp)4]} (1, Figure 1B) in moderate yield (Y: 25%). As observed for similar Fe/Co 

cubic compounds,
[28-29] 

some electron transfers occur during the synthesis leading to a neutral 

mixed-valence complex, {Tl [Fe
II
(2-TPhTp)4][Co

III
(Tp)]3[Co

II
(Tp)]}, consisting of three 

{Fe
II
-CN-Co

III
} pairs and a {Fe

II
-CN-Co

II
} one, which resulting negative core charge is 

compensated by the inserted Tl
+ 

cation.  

The molecular structure and composition of (1) were first confirmed by High-Resolution 

Mass Spectrometry (HRMS), FT-IR and NMR spectroscopy. Characteristic mass 

spectrometry peak of the complex (1) was identified at m/z = 3313.4160 for the {Tl [Fe
II
(2-

TPhTp)4Co
III

(Tp)4]}
+  

form resulting from an in-situ oxidation (Figures S13-S14). The IR 
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spectrum (Figure 1A, S3) shows typical cyanide stretching vibrations (   ) in the 2000-2300 

cm
-1 

range. As inferred in related studies,
[46]

 the intense cyanide stretching located at 2106 cm
-

1
 and the shoulder at 2121 cm

-1
 are associated to the {Fe

II
-C≡N-Co

III
} linkers while a 

shoulder corresponding to {Fe
II
-C≡N-Co

II
} segments appears at 2091 cm

-1
. Moreover the 

two B-H stretching vibrations at 2523 and ca. 2490 cm
-1

 point to the occurence of two distinct 

redox states for the Co ions linked to the Tp ligand, the higher one being assigned tot the Co
III

 

state and the lower one to the Co
II
 one. The EPR spectra recorded in frozen DCM and in solid 

state spectra at 5 K (Figure 1C, S15) are consistent with the presence of a unique 

paramagnetic     
   ion, the other     

   and     
    ions being all diamagnetic. The EPR signal is 

typical for an isolated octahedral      
   ion with a S = ½ effective spin and an axial anisotropy. 

The measured g values of geff = 1.87 and geff = 7.7, compared well with those obtained on 

related cubic complexes.
[36]

 The electronic state of the cube is also supported by the magnetic 

susceptibility temperature product (χMT) value measured per cubic unit at 300 K, 2.7 cm
3
.mol

-

1
.K, which corresponds to the expected value for one     

   ion. The 1D 
1
H NMR spectrum 

displays a spectral pattern spread over a large paramagnetic window owing notably to protons 

in the vicinity of the     
   ion (Figure S10). A set of 29 signals over the 30 expected was 

observed for the Tl{Fe
II

4Co
III

3Co
II
} cube (1), which can be roughly described by an average 

C3-symmetry similarly to this family of derivatives (see details SI, NMR section). The 

remaining signal being attributed to a {H-B} proton resonance that is not always detected at 

this temperature.   

The conversion of the electronic states of the functionalized cube following potential 

variations or photo-irradiation was checked by cyclic voltammetry (CV) and photomagnetic 

studies. The photomagnetic properties of (1) were measured at 20 K in solid state (Figure 1E, 

S16). Irradiation of the sample with a 808 nm laser source (P = 0.217 W. cm
-2

) induces a 

conversion rate of diamagnetic {Fe
II
-Co

III
} heterometallic pairs to paramagnetic {Fe

III
-Co

II
} 
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ones with a maximum value of χMT (8.75 cm
3
.mol

-1
.K) after 10 min (Figure 1E). 

Subsequently, heating the sample at 0.3 K min
-1

 reveals the relaxation temperature of the 

metastable state Trelax = 60    K (Figure S16).  

As well illustrated in literature with cyanide-bridged complexes,
[47]

 the pairing of transitions 

metals via a short bridge as cyanide can lead to multiple electrochemical response spread over 

a large electrochemical range. As observed in previous works,
[48,49]

 four Fe
II
/Fe

III
 chemically 

reversible redox processes appear successively between 0.9 and 1.5V (vs SCE), as distinct 

events (Figure 1F, Table S1). Low separation between the peak potentials is observed, as a 

consequence of a low reorganization energy within the coordination sphere. In contrast, the 

Co
II
/Co

III
 redox processes appear at lower potentials [-1; 0.5V] (vs SCE) and are 

electrochemically irreversible (Figure S17). The large peak-to-peak separation (meaning the 

difference between the oxidative and reduction potentials) results from an important 

reorganization of the coordination sphere of the Co ion induced by the high-spin─low-spin 

conversion accompanying the electron transfer process. Finally, the thiophene-aryl derivate 

anodic potential (     
  ) occurs at 1.57 V (vs SCE). 
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Figure 1. (B) Simulated structure of the Tl {Fe(2-TPhTp)4Co(Tp)4} cubic switch (1), 

depicted together with its molecular characterizations (A, C, E, F). Fe
II
 ions are shown in 

orange, Co
III

 in dark blue, Co
II 

in light blue, Tl
+
 in green, S in yellow, N in violet, B in pink 

and C in grey. Hydrogen atoms are omitted for clarity. (A) FT-IR spectrum of (1) centered on 

the cyanide stretching bands, recorded on its crystalline powder. (C) EPR spectrum of (1) in 

DCM at 4K (D) Scheme of the metal-to-metal electron transfer coupled to spin-transition 

(ETCST) process responsible for the switchable magnetic properties. (E) Plot of χmT versus 

irradiation time of (1) in solid state (20K), under a 808nm light irradiation. (F) Cyclic 

voltammogram of (1), centered on the range of Fe
II
/Fe

III
 and thiophene redox processes, in 

ACN (10
-4

M) with 0.1M TBAPF6 using a glassy carbon as working electrode and a saturated 

calomel electrode as reference at 0.1V.s
-1

. 

 

Deposition of the molecular switch (1) on surface as electropolymerized thin-films.  

The study of the electrochemical polymerization of (1) was conducted using two types of 

working electrodes, a glassy carbon disk electrode (Figure S17-S19) or a Pt/mica substrate 

(Figure 2). Standard electrochemical characterizations and demonstration of the adsorption of 

the electrogenerated material to the electrode surface were carried out with the glassy carbon 

electrode. By using an easy-to-handle electrode such as a Pt/mica substrate, the scope of 

investigations was enlarged to microscopic and spectroscopic surface measurements (AFM, 

XPS, XAS and XMCD).  
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In both cases, the electrodeposition was performed in a 10
-4

M acetonitrile solution of (1) with 

0.1M of Bu4NPF6. applying five sweeps over the potential range -1 to 1.85 V (vs SCE). Over 

the first cycle, the cyclic voltammograms (obtained Figure 2 with the Pt/mica electrode, 

Figure S17 with the glassy carbon one) display the typical electrochemical pattern of these 

Fe/Co polymetallic complexes as discussed above (Figure 1F) added to the irreversible 

oxidative wave of the thiophene-aryl moiety (at 1.57V vs SCE). Successive potential sweep 

result in the attenuation of thiophene-aryl moiety peak       
  ) (Figure 2B, Figure S17) and the 

appearance, as anticipated, of an oxidation wave at lower anodic potential (0.79V vs SCE) 

corresponding to the bithiophene derivatives newly formed (depicted Figure 2B). According 

to the broadly accepted mechanism, the electropolymerization of thiophene species is initiated 

by the formation of a thiophene radical cation at the monomer oxidation potential (being here 

     
   ,[50]

 as depicted scheme S2. The following step implies the reaction of two oxidized 

monomer unit affording then a dicationic dimer and the reaction completes with the loss of 

two protons. Finally, the propagation process produces polymeric species that precipitate at 

the surface electrode when their solubility limit is reached. With four polymerizable sites per 

cube, the final polymeric material can reasonably be envisaged as a highly branched 3D-

architecture, with cubic units separated by a maximum sequence of two paired{aryl-

thiophene} segments. The electropolymerization of these multiple reactive-sites {Fe4Co4} 

monomers proceeds without structural control leading to a varying number of polymerized 

sites per cube, and thus an unpredictable number of ‘chain-ends’. Structural inhomogeneities 

may also be reinforced by additional factors such as a decrease of the accessibility of 

thiophene sites during the polymer growth.  

It is also worth noting that upon cycling the Fe
II
/Fe

III 
redox processes remain well resolved 

while the ones involving Co
II
/Co

III
 ions are less defined. To explain this latter point, 

hypotheses suggested consider the influence of (i) the slow kinetic of these processes, (ii) the 

importance of the background charging current of the electrolyte and possibly (iii) the various 
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chemical environments of the Co ions which could lead to shifts in the standard potentials and 

electron transfer rate constants.
[51]

  

To ascertain the adsorption of the electrodeposited material on the electrode surface, the 

coating was washed several times with pure acetonitrile, after which its electroactivity was 

measured at different scan rates in acetonitrile containing 0.1M of TBAPF6. Consistent with 

the polymerization process and the related literature
[52]

, the thiophene oxidation wave 

disappeared as shown Figure S18 in the cyclic voltammograms of the electropolymerized 

thin-film (on the glassy carbon electrode). The redox signature of the octametallic framework 

was preserved, as evidenced by the distinctive characteristic Fe
II
/Fe

III
 redox processes in the 

range of 0.9 to 1.5 V (vs SCE). For instance in figure S18 a), their bell-shaped curves are 

observed clearly with a very small peak-to-peak separation (ΔE= E
ox

-E
red

) as expected for 

diffusionless electron transfer of immobilized species. Lastly, analyses of the oxidative peak 

currents of the iron ions as function of scan rate reveal a linear correlation typical of adsorbed 

species (Figure S19). 

As mentioned above, microscopic and spectroscopic investigations were conducted on 

samples electropolymerized on Pt/mica substrates (Figure 2). The chemical composition of 

the consequent electropolymerized film was examined by XPS analysis, which is suitable to 

probe the surface at a depth of a few nanometers, and to provide information regarding the 

chemical environment of atoms. Figure 3A presents typical Co 2p, Fe 2p and Tl 4f peaks 

recorded on the electropolymerized film. The Co 2p doublet shows contributions at about 

782.6 and 797.7 eV due to Co 2p3/2 and Co 2p1/2 respectively, with a consistent distance 

between their positions (15.1 eV). A satellite contribution can  also be observed through the 

shoulder around 788.5 eV (Figure 3A). The peak positions and line shape of the observed Co 

2p XPS spectrum are similar to the earlier report
[41]

  indicating mixed valence Co(II/III) ions 

with a dominating presence of Co(III), as expected for the paramagnetic Fe/Co entity. The Fe 

2p peak also shows a well-defined Fe 2p3/2  and Fe 2p1/2 doublet contributions at about  708.4 
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and 721.2 eV respectively, which are clearly attributed to Fe(II) species. The Tl 4f peak 

shows a doublet at about 120.4 and 124.8 eV due to 4f7/2 and 4f5/2, respectively, in agreement 

with values reported for thallium(I) salts.
[53]

 The experimental values of Co/Fe and Tl/Co 

molar concentration ratio deduced from XPS measurements (of 0.90 and 0.27 respectively) 

are in agreement with the stoichiometric theoretical values of {Tl  [Fe(2-TPhTp)4Co(Tp)4]} 

structure (i.e. 1 and 0.25 respectively). The S 2p peak was decomposed into one main doublet 

with S 2p3/2 component at 164.3 eV, a distance between S 2p3/2 and S 2p1/2 components equal 

to 1.1 eV, the same FWHM and a ratio of 2 imposed between their respective intensities 

(Figure S22). The latter signal corresponds to the S atoms in the thiophene ring structure of 

the 2-TPhTp ligand. The presence of oxidized sulfur species were also detected showing a 

doublet with S 2p3/2 component at about 168.6 eV, but the molar concentration of oxidized 

sulfur does not exceed about 15% of the total sulfur probed by XPS. XPS analysis also 

revealed the presence of P and F elements at a low amounts, originating from the PF6
-
 anions 

present in the supporting electrolyte, and probably inserted in the film during the 

electropolymerization process.  
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Figure 2. Sequential scheme of the electropolymerization of {Tl  [Fe(2-TPhTp)4Co(Tp)4]} 

(1) on a Pt surface using consecutive cyclic voltammetry. Cyclic voltammograms in a 10
-4

M 

acetonitrile solution of (1) with 0.1M TBAPF6, using a Pt/mica substrate as working electrode 

(picture): A) after the first potential sweep. B) after the second cycle revealing the oxidative 

wave of the bithiophene groups newly formed. C) after five consecutive potential sweeps. All 

measurements were carried out at v= 100 mV.s
-1

 Note: In scheme, the cube framework is 

pictured in grey with the color identification of the following elements: Fe
II
 ions are shown in 

orange, Co
III

 in dark blue, Co
II
 in light blue, Tl

+
 in green, S in yellow. Hydrogen atoms are 

omitted for clarity 
 

The morphology of the electropolymerized film on Pt substrate was probed by atomic force 

microscopy (AFM) in the dried state. A typical height image is given in Figure 3B, revealing 

a uniform and a relatively smooth surface (Rrms = 2.56 nm, computed from 2 µm  2 µm 

image). The main topography consists of fairly regular packing of nanoparticles with a mean 

height which does not exceed about 5 nm, except for a few isolated aggregates (see the scan 

line in Figure 3B). However, the real particle height could not be evaluated reliably because 

5 cycles

E thio

E bithio

E thio

FeII/FeIIICoII/CoIII

bithiophene

2nd cycle

1st cycle

A) B)
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the tip was too large to penetrate into the interstices between particles. The thickness of the 

electropolymerized film was estimated by AFM in the dried state by scratching the film 

locally and measuring the step height between the film and the scratched area (Figure S20). 

For this purpose, a surface of 2 μm × 2 μm was scratched by the AFM tip at a high applied 

force, yielding a rectangular footprint,  as shown in Figure 3C. By exploring several scratched 

areas, the film thickness, determined using line scan crossing the frontier of the scratched area, 

was shown to have an average thickness of 22.3  1.1 nm. Approximating the cage volume as 

a hard sphere, a rough estimation of its radii, extracted from the simulation Figure 1B, gives 

~1.5nm. In that respect, the coating can be considered as approximatively a seven-layer film.  

 

Figure 3. A) Representative Co 2p, Fe 2p and Tl 4f peaks recorded on {Tl  [Fe(2-

A)

200 nm

- 20 nm

20 nm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-10

-5

0

5

10

H
e

ig
h

t 
(n

m
)

Distance (µm)

B

0 2 4 6 8 10
-30

-20

-10

0

10

20

H
e
ig

h
t 
(n

m
)

Distance (µm)

1 µm

- 20 nm

20 nmC



    

16 

 

TPhTp)4Co(Tp)4]}electropolymerized thin-films on Pt/mica substrate (illustrated figure 2). 

Representative AFM height images B) (2 µm x 2µm; Peak Force Tapping, in air) recorded 

on the {Tl  [Fe(2-TPhTp)4Co(Tp)4]} electropolymerized thin-film on Pt/mica; C) (10 µm 

x 10µm ; Contact mode; in air) recorded after scratching part of the film (5V, 3Hz). The 

dark central square corresponds to the scratched area (from which the film was removed). 

Line scans were taken at the location indicated by dashed lines. Arrows indicate the vertical 

distance between the top of the film and the presumable underline substrate.  

 

In order to probe the photo-sensitivity of the electropolymerized thin-film deposited on Pt, 

XAS and XMCD experiments were carried out using synchrotron radiations (Figure 4, S23-

26). XAS spectra were acquired successively at the Fe and Co L2,3 edges by collecting the 

drain current on the samples across incident photon energies ranging from 700 to 740 eV and 

770 to 810 eV respectively. Figure 4 shows the experimental spectra measured on the 

electropolymerized thin-film in the initial state at 300 K (before irradiation) and the photo-

excited state at 2 K after irradiation with a LED source (λ=780 nm, Power =18mW). 

Interestingly, comparison analyses with our previous study on the {Cs 

[Fe
II
(Tp)(CN)3]4[Co

III
(pzTp)]3[Co

II
(pzTp)]} cage, abbreviated {Cs [Fe(Tp)4Co(pzTp)4]} 

(with pzTp = tetra(pyrazol-1-yl)borate), deposited on surface by drop-casting,
[54]

 revealed 

identical spectroscopic fingerprints for the electropolymerized thin-film. Additionally, the 

electronic XAS signatures of the     
   ,     

  ,     
   and     

    metal ions of the archetypal 

{Cs [Fe(Tp)4Co(pzTp)4]} cage were ascertained by Fe and Co L2,3 edges measurements and 

multiplet calculations.  

In that sense, at 300K meaning in the initial state, the Fe L3 edge recorded on the 

electropolymerized thin-film is characterized by a double peak feature corresponding to the 

electronic signature of     
   ions. On their side, the Co L2,3-edges XAS signal present a mix of 

the electronic signature of     
    (dominant feature at 779.26 eV) and     

   (lower energy 

peaks at 775.1, 776.7 and 777.9 eV). The spectra obtained on the initial and photo-excited 

states of the electropolymerized thin-film can be reproduced by a linear combination of     
   , 

    
  ,     

   and     
    single XAS spectra (Figure S23) measured on the following compounds 
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used as references: (i) a diamagnetic cage Cs {[Fe
II
(Tp)(CN)3]4[Co

III
(2-TPhTp)]4}ClO4 for 

low-spin Co(III) ions, (ii) the homoleptic complex [Co
II
(2-TPhTp)2] for high-spin Co(II) ion, 

and the cyanide building-blocks (iii) K2[    (Tp)(CN)3] and (iv) NBu4[Fe
III

(Tp)(CN)3] for the 

low-spin Fe(II) and Fe(III) ions respectively.  

Quantitative treatments give for the electropolymerized thin-film at 300K, i.e. in the ground 

state, 100 % of     
   and a mix of 90±2 % of     

    (10±2% of     
  ). These values indicate a 

higher Co
III

 content compared to that found in the pristine compound (1) for which best fits of 

the initial state (i.e. at 300 K) are obtained using 100%     
   at the Fe L-edges, 75% of     

    

(25% of     
  ) at the Co L-edges (Figure S24). XMCD spectra of the electropolymerized thin-

film (Figure S25) were also recorded before light irradiation at 200 K, well above the 

relaxation temperature of (1) deduced from photo-irradiation studies mentioned above. 

Furthermore, at 200 K, no XMCD signal was detected both at the Fe and Co L2,3 edges which 

is consistent with a ground state solely consisting of     
   diamagnetic metals ions. Regarding 

the cobalt ions, the absence of an associated dichroic signal confirms a negligible contribution 

of     
  , probably below the detection limit at our experimental conditions. The different ratio 

of cobalt ions valence states observed between the pristine compound (1) and the 

electropolymerized film, is tentatively explained by a sensitivity of the thin-films toward 

oxidation overtime.  
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Figure 4. Fe (left panel) and Co (right panel) L2,3 edges XAS spectra measured on the 

electropolymerized film of (1) before LED irradiation at T= 300 K (violet), after light-

irradiation at 2 K (yellow) and after light conversion at 300 K (green). Best fits of the initial 

and excited states are obtained by linear combination of XAS measured on reference sample 

for     
   ,     

  ,     
   and     

   . 

 

After irradiation of the electropolymerized thin film at 2 K, the modifications of the XAS 

spectral features at both Fe and Co L-edges evidence the occurrence of a light-induced 

process converting the     
   ions into     

    with the reduction of the peak at 710.6 eV and the 

appearance of a peak at 705.4 eV, the latter matching the electronic signature of Fe
III

-CN 

linkers. Simultaneously, an increase of the     
   ions is also observed with more intense 

features with respect to the electronic signature of     
    ions. This result is in line with the 

XMCD signals reported in Figure S25. Indeed, both Fe and Co XMCD signal were detected 

after irradiation of the thin film at 2 K, demonstrating the presence of the paramagnetic metal 

ions in the light-induced excited state of the electropolymerized molecular cages. 

The composition of the excited-states in the thin-film was extracted from linear combination 

of the single metal ions references (mentioned above) leading to 72±1 %     
   + 28±1 %     

    

on the one hand and 40±1 % of     
  + 60±1 % of     

    on the other hand. Contrasting the 

composition of the ground and excited-states, we deduce that 30±1 % of     
    are converted 
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into     
   while 28±1 % of the initial     

   ions in the ground state are oxidized toward     
    

during laser irradiation. In other terms, and assuming an homogeneity in the sample, about 

one pair per {Tl  [Fe(2-TPhTp)4Co(Tp)4]} cage in the electropolymerized thin-film undergo 

a photo-induced conversion from     
   -CN-    

    pairs to     
  -CN-    

   ones. It is worth 

mentioning that the total irradiation time was 2h45, although further changes were observed 

on the spectra after 30 minutes of irradiation. The photo conversion appeared thus twice more 

effective in the starting material -for which two pairs are involved in the photo-conversion 

process- than in the electropolymerized thin-film. These outcomes are tentatively explained 

by (i) a sensitivity of the electropolymerized material toward oxidation, and/or (ii) a 

diversification of the environment of Fe and Co ions following the electropolymerization 

process, as assumed above, with some of the pairs inactive for the photoconversion.  

Finally, the temperature-induced relaxation of the low temperature metastable excited state 

was tracked by warming up the electropolymerized films to 300 K. Figure 4 shows the x-ray 

absorption spectra obtained for Fe and Co at 300 K after irradiation at low temperature which 

demonstrate that the light-induced charge transfer in the film is fully reversible with 

temperature as the initial state was completely recovered after warming up the sample. While 

ramping up the temperature of the film, XAS at Fe and Co L3 edges were collected at different 

temperatures between 2 and 180 K. At each temperature step, the L3 edges of both ions were 

fitted with a linear combination of the above mentionned reference compounds of the metal 

ions (Figure S26). We observe a gradual decrease of the     
    and     

   until the complete 

relaxation to the initial stable paramagnetic state. Hereby, the relaxation temperature was 

estimated at 62   K which is in very good agreement with the relaxation temperature of (1) 

obtained by measuring the variation of χMT as a function of temperature (Figure S16). 

Altogether, the XAS and XMCD investigations demonstrate an encouraging improvement in 

the deposition of the molecular building-block (1) on surface as thin-film without the loss of 



    

20 

 

its coveted photo-induced magnetic properties. These studies also open an interesting scope of 

investigations on further development of these new kind of multifunctional material which 

remains to date scarcely reported. 

CONCLUSION 

The deposition of a polymetallic molecular switch, a PBA{Fe4Co4} molecular unit, on a 

metallic surface as thin-film was successfully unlocked using an electrochemical approach as 

alternative to the ultra-high vacuum deposition process. Following a multistep synthetic route, 

the polymetallic {Fe4Co4} core was functionalized with thiophene substituents for harnessing 

their electrooxidative properties and processability, resulting thus in the {Tl  [Fe
II
(2-

TPhTp)(CN)3]4[Co
III

(Tp)]3[Co
II
(Tp)]} (1) versatile molecular complex. The electrochemical 

response of the electrogenerated material from (1) was typical of that of adsorbed species as 

inferred from the Randles-Sevcik equation. Surface characterization techniques revealed that 

the structural integrity of the molecular materials was maintained after electropolymerization 

on surfaces, without evidences of degradation. This latter aspect was unambigously 

demonstrated by XPS analyses which revealed a clear set of signals attributed to the expected 

redox state of the metal elements of the cage. Elemental composition of the thin-film probed 

by XPS was in good agreement with the stoichiometry of the cage’s constitutive elements, 

corroborating the metals redox states and that its structure was preserved after 

electropolymerization. Under the experimental conditions defined in cyclic voltammetry, an 

homogenous growth of the electropolymerized film is achieved with a thickness of ca. 22 nm 

as unraveled by AFM measurements. Finally, XAS and XMCD results jointly indicate a 

preservation of the photoswitching property in the surface-electrodeposited material. Overall, 

the proof of concept detailed herein is to the best of our knowledge the first example of 

electropolymerized thin-film based on a polymetallic molecular switch. The solution 

processing route applied here led to a multifunctional thin-films combining the redox and 
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photomagnetic switchable properties of the molecular unit. It enlarges the scope of switchable 

molecular materials considered for molecule-based devices, the interest of which spans 

diverse research fields as optoelectronics devices, sensors or even spintronics -provided in the 

latter example an optimization of the relaxation temperature. To go further in this approach, 

we dedicated efforts in parallel to optimize the deposition of the octametallic cages as thin-

films with a controlled thickness, which will be subject of an ensuing report.  
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