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[a] 
Thin films of a molecular spin crossover iron(II) complex featuring a photochromic diarylethene-based ligand have been 

grown by sublimation in ultra-high vacuum on an Au(111) single crystal, and investigated by X-ray and UV photoelectron 

spectroscopies. Temperature-dependent studies demonstrate that the thermally-induced spin crossover behaviour is 

preserved in thin films. The photochromic ligand deliberately integrated into the complex allows photoswitching of the 

spin states of this iron(II) complex at room temperature, and this photomagnetic effect is still observed in 5 nm thick 

sublimated films. Thus, this work opens new horizons and pushes bistable spin crossover systems closer to prospective 

applications in molecular electronics and molecular spintronics devices functioning at room temperature 

1. Introduction 

Spin crossover (SCO) materials feature reversible spin state 

switching of a metal ion through external stimuli as 

temperature, light irradiation, pressure, electric and magnetic 

field.
1,2

 In iron(II) complexes, the most investigated class of 

SCO systems to date, switching occurs between a diamagnetic 

low-spin state (LS, S=0)  and a paramagnetic high-spin state 

(HS, S=2), with consequent changes in molecular and 

electronic structures, and corresponding magnetic, optical, 

and electric properties.
1,2

 Recent studies revealed that SCO 

systems can retain switchability even in nanostructured 

assemblies, including (sub)monolayers and  thin films.
3–22

For 

these reasons SCO species are thought to be highly promising 

candidates as active components in prospective spintronics 

and molecule-based data storage devices
23–25

 as well as in 

innovative devices profiting of additional features obtained by 

combining SCO with other functionalities.
26,27

 this research 

framework, molecular systems whose magnetic and electronic 

properties can be reversibly switched at room temperature 

(RT) are particularly attractive.
28

 One approach to achieve such 

switching is to change the coordination number of a metal 

complex by optical or chemical means, which was 

demonstrated for cobalt(II/III)
29,30

 and nickel(II)
31–33

complexes. 

Another approach is the optical modulation of the ligand field 

at the metal ion via a photoreaction at the coordinated ligand, 

the so called Ligand-Driven Light-Induced Spin Change (LD-

LISC) effect.
34–40

 Although the latter was proposed 24 years 

ago,
41

 only recently
42,43

 photo-induced SCO at RT via LD-LISC 

was demonstrated for the first time to be efficient and 

reversible compared to previous systems.
44,45

 Thus, the 

molecular complex [Fe
II
(H2B(pz)2)2phen*] (1, pz = 1H-pyrazol-1-

yl, phen* = a diarylethene-functionalized phenanthroline 

ligand, Figure 1), was reversibly switched between HS and LS 

states at RT in solution
32

 and in the solid state.
43

 The 

photoswitching at molecular level is driven by the reversible 

photocyclization of the diarylethene-based ligand leading to a 

Figure 1. Molecular structure of the [FeII(H2B(pz)2)2phen*] complex and schematic 

representation of the UHV sublimation process (bottom). Control of the spin state by 

room-temperature photocyclization of phen* ligand and by temperature (top). 
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HSLS photoconversion at RT of 40 % in solution and 32 % in 

the solid state.  

The incomplete photoswitching is believed to be due to the 

presence of two conformers of the diarylethene ligand, i.e. 

photoactive antiparallel and photoinactive parallel,
46

 present 

simultaneously in the studied samples. For nanostructuration 

purposes and prospective applications, it is highly tempting to 

transfer this unique iron(II) molecular photoswitch to surfaces. 

Indeed, some closely related SCO complexes have been 

reported to sublimate intact on surfaces 
47

 and references 

therein. 

We report herein the preparation of ultrathin films (5 nm) of 

molecular switch 1 obtained via ultra-high vacuum (UHV) 

sublimation on Au(111) substrates. A well-established protocol 

already used by some of us for nanosized films of other 

switchable magnetic molecules
48,49

 has been carried out for 

the characterization of this system at the nanoscale: this multi-

technique characterization includes photoelectron 

spectroscopy, magnetic measurements, and mass 

spectrometry, in synergy with density functional theory (DFT) 

calculations. The results obtained have confirmed the 

preservation of the thermally induced SCO but have also 

evidenced an unprecedented light-induced SCO in thin films at 

RT. 

2. Results and Discussion  

A thin film of 5 nm corresponding to about 6-8 monolayers of 

1 was grown under UHV condition by a thermal evaporation 

process on Au(111) single crystal prepared by standard 

sputtering and annealing cycles. The integrity of the molecular 

switch on the surface was preliminarily verified by time-of-

flight secondary ion mass spectrometry, ToF-SIMS, by 

comparing with a bulk reference (Figure 2). Neglecting matrix 

effects, similar fragmentation distributions for the bulk sample 

and for the thin film were observed, including, in particular, 

three main contributions attributable to the loss of fragments 

of the two H2B(pz)2 ligands (a more detailed ToF-SIMS analysis 

is reported in section S1). An AFM characterization has been 

carried out in order to confirm a nice defect-free SCO deposit 

excluding the presence of defective areas or Vollmer-Weber 

growth. The AFM estimated roughness in an area of 1.6m
2
 

resulted about 1.3 nm (Figure S1). Magnetic characterization 

of the thermally driven SCO in a thicker film (200 nm) on a 

Teflon substrate has been carried out with a SQUID 

magnetometer (Figure S2 in ESI). At RT, the MT product is 

2.4 cm
3
·K·mol

–1
, an intermediate value between the expected 

ones for a pure HS-Fe
II
 (3.2 – 4.0 cm

3
·K·mol

–1
) and LS-Fe

II
 (0 

cm
3
·K·mol

–1
), indicating the coexistence of HS (about 70-80 %) 

and LS species (30-20 %) in the film at this temperature. On 

cooling, MT monotonically decreases reaching 0.8 

cm
3
·K·mol

–1
 at 50 K and then drops further to 0.3 cm

3
·K·mol

–1
 

at 2 K due to the zero-field splitting effect on residual HS 

fraction. Such behavior can be attributed to a very gradual SCO 

in the film with a residual HS fraction of about 25 – 30 % 

remaining at low temperatures. A comparison between the 

thermal switching of the pristine powder sample and the 

sublimated film (see ESI, section S3) reveals that the 

nanostructuration has a strong effect on the compound, in 

particular inducing a much more gradual SCO transition and 

increasing the residual HS fraction at low temperatures 

(incomplete SCO). These findings can be tentatively accounted 

for as resulting from structural inhomogeneities and low 

degree of elastic interactions among interconverting molecules 

in the film, similarly to what previously found for doped SCO 

systems.
50,51

 

Measurements on the thick film irradiated with UV light ( = 

282 nm) evidenced the reversibility of the SCO interconversion 

but did not reveal significant differences in the thermal 

transition profile upon photocyclization of the diarylethene 

ligand (see Figure S3[a] in ESI). We ascribe this to very strong 

absorption of 1 at 282 nm leading to a severe penetration 

depth problem for a 200 nm film. Similar problems were 

identified for solid samples studied previously. 
43

 

Importantly, SCO in the thick film of 1 can be triggered at low 

temperature (10 K) also with optical stimulus: irradiation with 

532 nm laser light increased the MT product from 0.73 to 1.03 

cm
3
·K·mol

–1 
(LIESST effect), leading to the population of a 

metastable HS Fe
II
 state for about 24 % in the film.

52
 This 

photoswitching can be repeated by the cyclic application of 

optical and thermal stimuli (see Figure S3[b] in ESI). 

To further confirm the successful sublimation of 1 in UHV, we 

used XPS semiquantitative analysis on a 5 nm thin film (Table 

S2 in ESI). Considering the limit of the XPS technique (5 % 

relative error), the experimental data are in excellent 

agreement with the expected stoichiometry for the pristine 

complex. Note that sublimation in UHV was successfully used 

to prepare thin film and monolayer of structurally related but 

lighter Fe(II) complexes.
5,7–11,13,14,53

  XPS has also been used 

previously to follow, down to the nanoscale, the spin state 

evolution due to external stimuli. According to earlier 

literature reports, SCO in bulk
54,55

 and thick films
56 

can be 

monitored by using XPS at the Fe2p region. 

In the present work, thermally-driven SCO has been directly 

observed in the thin films of 1 by studying the variation of the 

Fe2p peaks line shape at 300 and 150 K (Figure 3a). Differences 

in the line-shape of Fe 2p recorded spectra, position of 

extracted components and their relative intensity (see table in 

Figure 2. Comparison of the ToF-SIMS mass spectra of 1 (isotopic weight, M= 750.21) 

in a thin film on Au(111) (top) and in the pristine bulk scratched on Cu (bottom). See 

Table S1 in  ESI for the detailed peak description. pz stands for  1H-pyrazol-1-yl, phen* 

for the diarylethene-functionalized phenanthroline ligand. 
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Figure 3) point to thermally induced SCO in the film. In 

particular, the reversibility of the SCO transition by the 

temperature, becomes evident by considering the shape of the 

Fe2p3/2 peak centered at 710.5 eV at RT when the HS state is 

dominating. Upon cooling, this peak becomes narrower, as 

expected for the contribution of a LS configuration, in which 

the coupling of the photoelectron with the partially-filled 

metal shell during the time of flight following ionization is 

occurring.
57

 Upon warming back to RT, the initial line-shape is 

re-established and the reversibility of the transition is also 

confirmed by monitoring the resulting variation in the spin-

orbit splitting (ΔESO): 13.4 eV and 12.4 eV at 300 and 150 K 

respectively (Figure 3 and table), well in agreement with 

previous reports for HS and LS components.
10,54,56

 Indeed, the 

ΔESO changes upon SCO due to different orbital populations in 

the two spin states: in the HS  configuration the measured 

transition involves eg-like type d-orbitals that are unoccupied 

in the LS state.   

A deconvolution analysis has been employed to follow the 

reversible thermally-driven SCO more carefully (Figure 3, 

bottom and section S4 in ESI). By monitoring the components 

(highlighted in green, Figure 3a) at 709.4 eV and 721.9 eV (A 

and A’, respectively) univocally attributable to the LS state, 
58

 

we confirm an incomplete but reversible thermal switching. A 

rough estimation of the conversion efficiency can be obtained 

by combining this fitting analysis with the MT curve (Figure 

S2a): one can safely estimate that a thermal conversion of ca. 

255% of molecules forming the film is occurring by moving 

from room temperature to the lowest achievable temperature 

accessible by the used XPS setup (about 150K). We stress that 

this thermally driven SCO is an entropy-driven process
42

 and 

does not involve the photo-cyclization of the phen* ligand. 

This can be confirmed by monitoring the S2p region, which is 

identical at 300 and 150 K (Figure 3b). Thus the phen* ligand 

retains its ground open-ring configuration (phen*-o) during the 

thermal cycles. The S2p signal appears centered at 164.9 eV in 

agreement with literature data.
59,60

 

We investigated further the switching of the same 5 nm film 

this time via UV light irradiation at RT in an in situ XPS 

experiment (Figures 3a and 3b, bottom). The film irradiated 

with UV light (= 282 nm) for 8 h and measured at 300 K 

reveals an evolution of the Fe2p region resembling closely the 

changes seen during the thermally induced HS-to-LS transition. 

Indeed, the LS contribution, estimated using the same fitting 

procedure as described above, is almost doubled (8.9 %) after 

UV irradiation as compared to the pristine film measured at RT 

(5.1 %). Thus, the XPS analysis provides evidence for the 

photoswitching of a sublimated SCO thin film at RT. 

Figure 3. Top: temperature dependence of the Fe2p a) and S2p b) peaks for a 5 nm film of 1 evidencing reversible thermally-induced SCO and the effect of UV irradiation at RT. 

Bottom: spectral components employed for least squares fitting of the Fe2p XPS Binding Energies (B.E.). Integrated areas are reported in percentages for each component. Spin-

orbit splitting values (ESO) are reported in brackets. 
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Importantly, this unprecedented light-induced SCO is triggered 

remotely by the photoreaction at the phen* ligand.
42,43

 The 

UV-induced cyclization of the open-ring isomer phen*-o yields 

a closed-ring isomer (phen*-c). The increased LS fraction 

suggests that the latter produces a stronger ligand field at the 

coordinated iron(II) ion and triggers a HS-to-LS transition (LD-

LISC effect). In this case, being not available the magnetization 

data, only a rougher estimation based on the percentage of 

converted molecules by temperature can be obtained 

evidencing that about 51% of molecules are converting at 

with UV light irradiation at 300 K. 

The ligand-based photocyclization is confirmed by monitoring 

the S2p region (Figure 3b). Thus, in addition to the parent 

component due to phen*-o at 164.9 eV (spin-orbit coupled 

component at 166 eV), the UV-irradiated thin film reveals an 

additional component (255 %) at lower binding energy (164 

eV, spin-orbit coupled component at 165.2 eV). The 

component at 164 eV is in excellent agreement with the 

binding energy reported for a closed-ring phen*-c.
43 

It is worth 

mentioning that the UV-induced converted Fe(II) molar 

fraction in the thin film is lower than the ones found for 

photoswitching in solution
42

 and in the solid state
43

 for the 

same complex. While penetration depth issues were thought 

to be improved with an ultrathin film, the lower efficiency 

found in the thin film may point towards either a smaller 

fraction of the photoactive antiparallel conformer of phen* or 

adverse packing effects in the film at the nanoscale. 

A further confirmation of layer by layer growth with good 

roughness is given by the ultraviolet photoelectron 

spectroscopy (UPS) analysis carried out as a function of the 

thickness of the deposited molecules from 0.7 nm to 5.3 nm 

(ESI, Figure S5): while approaching the final thickness the 

almost complete attenuation of the gold valence band (VB) is 

clearly evident, thus excluding the presence of bare gold areas. 

More importantly, UPS provides additional evidences of the 

thermal conversion as well as of the partial photoswitching of 

thin films of 1 at RT. This characterization, performed on the 

pristine film at 300 and 150 K and after UV-irradiation at 300 K 

was compared with a DFT-based modelling that helped to 

clarify the observed effects. The UPS spectrum acquired on a 5 

nm film at 300 K (Figure 4 top) evidences contributions at -2.3 

eV (band-I), -4.5 eV (band-II), -6.5 eV (band-III), and two very 

broad features centered at about -9.4 and -14.5 eV, in 

agreement with similar systems.
10,14,61

 The temperature effect 

on the UPS spectra is visible mainly in the valence-Fermi region 

(here called A region) for band-I and band-II. Indeed, upon 

cooling from 300 to 150 K, we observe an increased intensity 

for band-I, a shift toward higher energies (-2.3 to -2.2 eV) and 

a less intense band-II (Figure 4 middle). However, the absence 

of significant changes also in the semi-core (B) and core (C) 

regions of the spectra suggests that at 150 K the HS 

component is still present, which is in agreement with the XPS 

data. Upon UV light irradiation, a significant shift to lower 

energies (-2.4 eV) is observed for band-I compared to the one 

recorded for a pristine film at 300 K. Due to the shift to low-

energy, band-I in the irradiated sample becomes a shoulder, 

rather than the well separated band observed for the pristine 

film. We attribute this change predominantly to the 

photocyclization of the phen* ligand, which leads to the 

electronic rearrangement in the valence and Fermi regions. 

Indeed, similar changes were reported for the photocyclization 

of organic diarylethenes.
62,63

 

The band-II is slightly affected by the cyclization giving an even 

slighter reduction in energy compared to 150 K  Moreover, 

minor changes in the relative intensities of bands in the 

regions B and C were also observed in the UV-irradiated film. 

In order to clarify and to quantify the UPS results, DFT 

calculations on the thermo- and photoswitchable system 1 

were performed. The density of states (DOS) for three species 

have been computed: open-ring HS complex (1
HS

-o), open-ring 

LS complex (1
LS

-o), and the closed-ring LS complex (1
LS

-c). For 

the open-ring species 1
HS

-o and 1
LS

-o both parallel and 

antiparallel conformers
37

 were calculated but no significant 

differences in the DOS features have been found (Figure S4 in 

ESI). The computed DOS of the three species shows very 

similar features in regions B and C, but differ significantly in 

the region A. Indeed, band-I becomes more intense and 

redshifted by passing from 1
HS

-o to 1
LS

-c. Opposite trends are 

computed for band-II. Therefore, Fermi and valence regions 

can be used as fingerprints for different species, allowing a 

qualitative analysis of the UPS spectra through the computed 

DOS features in the energy region A. Thus, the DOS calculated 

Figure 4. UPS spectra and DOS simulations. Left panel: comparison of the experimental 

and theoretical data in the region from -14 eV to 0 eV (E-EF) at RT (red, top, TDOS for 

1
HS

-o), 150 K (blue, middle, TDOS for 1
LS

-o) and after UV irradiation (green, bottom, 

TDOS for 1
LS

-c). Right panel: zoom of region A of each spectrum with the calculated 

projected-DOS in the same conditions 
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for 1
HS

-o shows a very good agreement with the spectrum 

obtained on a pristine film at 300 K, supporting the major 

presence of the HS species at RT. The comparison of the UPS 

spectrum recorded at 150 K with the DOS computed for 1
HS

-o 

and 1
LS

-o supports the previous conclusion that a large fraction 

of HS species is still present at this temperature. In the case of 

100 % HS-to-LS conversion, band-II would decrease in intensity 

and band-I would become redshifted more significantly as 

observed experimentally. 

DFT-based analysis of the UPS data obtained at 300 K after UV 

irradiation evidences that, although the presence of open-ring 

HS species is expected to be still relevant, the redshift 

observed for band-I and the intensity decrease of band-II are in 

agreement with the presence of 1
LS

-c. To shed some light on 

the origin of band-I and band-II, projected Density of States 

(pDOS) have been calculated. The resulting contributions are 

given in the right panel of Figure 4.  With regards to band-I, the 

dominant contribution of d-orbitals of the Fe
II
 ion (Fe(3d)) is 

evident in all three considered cases. The rearrangement of d-

electrons of Fe
II
 due to the HSLS transition induces an 

energy redshift on band-I and an increase of its intensity. On 

the contrary, band-II results from the convolution of several 

carbon atoms contributions, with the major contributions due 

to pyrazolyl (C-pz) and thiophenyl (C-thio) carbons. When 

photocyclization occurs (1
LS

-c), minor contributions of all kind 

of carbon atoms including the one of the phen*-c ligand (C-

phen) appear in the Fermi region. Thermally-induced transition 

can be noticed by the blueshift of the carbon atoms 

contributions to band-II, while the light-induced SCO, is 

expected to led to a splitting of the thiophenyl carbon and 

sulphur (S) contributions. Overall, band-I seems to be more 

sensitive to the spin state of iron(II) than band-II. Therefore, 

band-I can be used as a “marker” to monitor both 

temperature-driven and light-induced SCO in iron(II) species. 

These effects are qualitatively observed in the reported UPS 

data thus confirming both the temperature induced SCO and 

the light-induced conversion at RT. 

 

Conclusions 
Spin-crossover molecular switch 1 featuring a photoactive 

diarylethene-based ligand was successfully evaporated in 

ultra-high vacuum to form thin films on Au(111). The integrity 

of the physisorbed complex was confirmed by mass 

spectrometry, XPS and DFT-supported UPS experiments. 

Besides thermally induced reversible switching, an 

unprecedented light-induced spin crossover at room 

temperature was achieved in thin films. This unique 

photoswitching is due to the photocyclization of the 

diarylethene-based ligand, which triggers spin crossover of the 

coordinated iron(II) ion remotely. Thus, this work opens new 

horizons for controlling magnetic properties of materials at the 

nanoscale down to the molecular level at room temperature. 

Experimental Section 

Experimental Details. 1 has been synthetized following the 

procedure described elsewhere.
42

 The molecular deposit was 

prepared under UHV conditions by sublimation on an Au(111) 

substrate, freshly prepared using a standard procedure 

involving a sputtering and annealing procedure, and then 

maintaining a pressure of 1x10
-10

 mbar during the thermal 

sublimation of the complex. The sublimation of 1 was carried 

out at 425 K using a home-built quartz Knudsen cell and the 

nominal thickness was estimated using a quartz crystal 

microbalance (QCM). In parallel, as reference, bulk samples 

characterizations have been obtained by scratching the 

pristine powder on a Cu foil. 

Direct current magnetic investigations were performed using a 

Quantum Design MPMS instrument equipped with a 5 T 

magnet. The temperature dependence of the magnetization 

(MM) was followed from 1.8 to 300 K by applying a 5 T field 

from 300 to 45 K and a 0.5 T field below 45 K to reduce 

magnetic saturation effects. Magnetic susceptibility per mole 

(χM) was then evaluated as χM = MM/B. Magnetic data were 

corrected for the sample holder contribution and for the 

sample diamagnetism using Pascal’s constants. 
64

 

ToF-SIMS analysis was carried out with a TRIFT III time-of-flight 

secondary ion mass spectrometer (Physical Electronics, 

Chanhassen, MN, USA) equipped with a gold liquid-metal 

primary ion source. Positive ion spectra were acquired with a 

pulsed, bunched 22 keV Au
+
 primary ion beam, by rastering 

the ion beam over a 100 μm x 100 μm sample area. The 

primary ion dose was kept below 1011 ions/cm
2
 to maintain 

static SIMS conditions. All the mass spectra were calibrated to 

CH3
+
 (m/z 15.023), C2H3

+
 (m/z 27.023), C3H5

+
 (m/z 41.039). 

Core-level XPS spectra were acquired with monochromatic Al 

K radiation (h = 1486.7 eV) and a SPECS Phoibos 150 

electron analyzer. 40 eV pass energy was used to ensure 

proper resolution and reliable semi-quantitative analysis. 

Spectra were taken in normal emission with the X-ray source 

mounted at an angle of 54.74° with respect to the analyzer. 

The binding energy scale was calibrated by locating the 

substrate Au 4f7/2 peak at 84.0 eV. UPS spectra were measured 

using the He II line (40.8 eV) from a non-monochromatized gas 

discharge lamp and the same analyzer used for XPS, yielding 

an energy resolution of 0.18 eV. A fixed bias of -30 V was 

applied to the sample to ensure that all the photoelectrons 

were detected. The spectra were taken in normal emission, 

and they were energy calibrated using the Au Fermi level. 

The variable temperature experiment was performed by using 

a liquid nitrogen-based cryostat connected to the XPS sample 

holder. Every spectrum represented herein results from 

averaging 4 spectra collected after one hour of thermalisation 

at a specific temperature. The stoichiometry was calculated by 

peak integration, using theoretically estimated cross-section 

for each transition.
65

 The semiquantitative analysis has been 

estimated by areas of the deconvoluted peaks. The 

components were estimated using a fit procedure involving 

Gaussian-Lorentzian line-shapes, the background in the 

spectra was subtracted by means of a linear function. UV 

irradiation of the film was performed in situ using a deuterium 

lamp (20 W) equipped with a bandpass filter (282±5 nm). 

Calculation details. All calculations were performed with the 

CP2K program package
66

 within the DFT framework.
67–69
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Nonlocal functional was added in order to account for the 

long-range dispersion van der Waals interactions. DZVP-

MOLOPT (double-ζ polarized molecularly optimized) basis sets 

were chosen for all the atomic species along with norm-

conserving Goedecker-Teter-Hutter (GTH) pseudopotentials. 
70

 

Since no crystallographic data are available for adsorbed 1, 

isolated geometry of 1
HS

-o, 1
LS

-o, and 1
LS

-c were used inside a 

fully periodic simulation cubic cell of 20 Å per side.  A large 

energy cut-off of 550 Ry was applied to the plane-wave basis 

set.  The geometry of 1
LS

-c was obtained by imposing the 

cyclization of the structure forcing the initial geometry. 

The geometry optimizations were performed using the GGA 

revPBE
71

 energy functional with the BFGS algorithm and a 

convergence accuracy on nuclear forces of 4.5 × 10
−4

 Hartree 

Bohr
−1

. A convergence threshold criterion on the maximum 

gradient of the wavefunction in the SCF procedure of 3×10
−6

 

Hartree was used applying a Fermi-Dirac distribution with a 

broadening (electronic temperature) of 3000 K. The density of 

states (DOS) for the three states of 1 were computed on the 

revPBE optimized structures by performing single point 

calculations using a “revised” B3LYP functional,
67,68

 which 

includes an amount of 15 % of the Hartree-Fock exchange, 

instead of the ordinary 20 %. The choice of reducing the 

Hartree-Fock exchange amount was made accordingly to 

previous works.
72

 The computed DOS were convoluted with 

Gaussian functions with a full width half-maximum (FWHM, σ) 

of 0.6 eV, while all the projected density of states (PDOS) were 

convoluted with a σ of 0.35 eV for a better distinction of 

different atomic contributions.  
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