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ABSTRACT: A photoisomerizable diarylethene-derived li-
gand, phen*, has been successfully introduced into a spin-
crossover iron(II) complex, [Fe(H2B(pz)2)2phen*] (1; pz =1-
pyrazolyl). A ligand-based photocyclization (photocyclorever-
sion) in 1 modifies the ligand field, which, in turn, results in a
highly efficient paramagnetic high-spin → diamagnetic low-
spin (low-spin → high-spin) transition at the coordinated FeII

ion. The reversible photoswitching of the spin states, and thus
the associated magnetic properties, has been performed in
solution at room temperature and has been directly monitored
by measuring the magnetic susceptibility via the Evans method. The observed spin-state photoconversion in 1 exceeds 40%,
which is the highest value for spin-crossover molecular switches in solution at room temperature reported to date. The
photoexcited state is extraordinarily thermally stable, showing a half-time of about 18 days in solution at room temperature.
Because of the outstanding photophysical properties of diarylethenes, including single-crystalline photochromism, molecular
switch 1 may offer a promising platform for controlling the magnetic properties in the solid state and ultimately at the single-
molecule level with light at room temperature.

■ INTRODUCTION

Spin-crossover (SCO) metal complexes are among the best
known classes of molecular bistable systems, in which optical,
magnetic, and other physicochemical properties can be
reversibly switched by changing the temperature, applied
pressure, electric and magnetic field, or irradiation with
light.1−13 Although SCO is known for d4−d8 first-row
transition-metal ions, the most common species are pseudooc-
tahedral d6 complexes of iron(II), which offer a brilliant
opportunity to switch between a diamagnetic low-spin (LS; S =
0) state and a paramagnetic high-spin (HS; S = 2) state via
external stimuli. Controlling a molecule’s state via light
irradiation is very attractive because of the extraordinarily
high speed of switching, easy and precise addressing, and high
selectivity, which suggests application of SCO species as
photoswitchable building blocks for molecular electronics and
spintronics, communication networks, ultrahigh-density mem-
ories, displays, and photosensors.14−17 Although photoswitch-
ing in SCO systems is well documented in a light-induced
excited spin-state trapping (LIESST) effect,18,19 this phenom-
enon is usually operative at low temperatures, T < 50 K,
whereas at higher temperatures, a photoexcited metastable HS
state relaxes rapidly back to a LS state, which imposes serious
limitations for application of the LIESST effect in genuine
photodevices.20,21

An interesting approach to switching spin states in SCO
complexes with light at room temperature (RT) via a
photoinduced phase transition has recently been demonstrated

by Bousseksou et al.22,23 However, this effect exists only in a
macroscopic phase, i.e., photoswitching of a single molecule is
not possible; moreover, the use of pulsed lasers of high
intensity is strictly required. On the other hand, a less known
ligand-driven light-induced spin-change (LD-LISC) effect24,25

represents a tempting alternative to the LIESST. Here
photoisomerization of a photoactive ligand modifies the ligand
field, which, in turn, induces a change of the spin state of a
coordinated metal ion, and thus photoswitching can be
accomplished at room temperature.26,27 Importantly, unlike the
photoinduced phase transition,22,23 the LD-LISC does not
require the presence of a macroscopic phase because it is a
natural molecular effect that may allow control of the spin state
ultimately at the single-molecule level.
Until now, several iron complexes featuring ligands with cis−

trans isomerizable −HCCH− and −NN− groups were
synthesized and photoswitching of the metal spin state via the
LD-LISC approach was detected at RT.27−30 However, the
reported cis−trans systems show severe drawbacks: far
incomplete ligand photoisomerization, low thermal stability of
cis isomers for azo compounds, side photoreactions for −HC
CH− photochromes, irreversibility of photoswitching in the
solid state, and generally low spin-state conversion (below 5%
in solution). Thus, the known systems are highly inefficient and
unreliable, which hinders any possible applications. Con-
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sequently, fundamentally different types of photochromic
ligands are needed in order to achieve efficient photoswitching
in SCO complexes via the highly promising LD-LISC effect.
In this context, organic photoswitches diarylethenes seem to

be very tempting candidates (Scheme 1):31 Diarylethenes can

be efficiently and reversibly switched between open- and
closed-ring isomers using the light of two significantly different
wavelengths, which often leads to nearly complete photo-
isomerization. Extraordinary resistance to fatigue, outstanding
response time for photoisomerization (<10 ps), and the high
thermal stability of both isomers32 render these photochromes
highly promising molecular photoswitches for numerous
applications.33−38 Importantly, many diarylethenes undergo
reversible photoswitching even in a single crystalline phase,31,32,39

which allows one to control the properties of materials in the
solid state. On top of this, photoswitching of diarylethenes at
the single-molecule level has been demonstrated.36,40

Consequently, very recently the first attempts to integrate
photoactive diarylethene-based ligands into SCO complexes
were independently made by Boillot and Garcia.41,42 However,
photoisomerization of a diarylethene-derived ligand, 1L, in a
molecular complex, [Fe1L4(NCS)2] (Scheme 1), did not induce
a desired spin-state change,41 whereas photoreaction at 2L in a
polymer, {Fe2L2(NCS)2(MeOH)2}n, was claimed to result in a
metal-to-ligand electron transfer instead of a desired SCO.42

Thus, so far no evidence for a spin-state change induced by
photoisomerization of a diarylethene-based ligand has been
provided.
Here we present an iron(II) complex, [Fe(H2B-

(pz)2)2phen*] (1; pz =1-pyrazolyl), featuring a diarylethene-
derived ligand, phen*43,44 (Scheme 1). In contrast to 1L and 2L,
where a metal-coordinating pyridyl unit is attached to a
photochrome as a pendant arm, a photoisomerizable site and a
metal coordination site are “fused” in phen*.43,44 The chelating
effect and the unique “fused” nature of phen* were both
expected to provide a stronger electronic coupling between a
coordinated metal ion and the photochrome, which could result
in efficient photoswitching of the spin states via ligand-based
photoisomerization. Indeed, here we demonstrate that
reversible photocyclization/cycloreversion of a diarylethene
ligand in 1 does induce reversible photoswitching of the spin
states of the coordinated FeII ion. Photoswitching has been
accomplished in solution at RT, and changes of the magnetic
properties have been directly detected by measuring the

magnetic susceptibility using the Evans method. Integration
of the photoisomerizable phen* into 1 allowed us to obtain a
very high photoconversion of spin states and an extraordinarily
thermally stable photoinduced state. Furthermore, because of
the outstanding photophysical properties of diarylethenes,32

molecular switch 1 may offer a promising platform to control
the magnetic properties of solids and ultimately single
molecules with light at RT.45

■ EXPERIMENTAL SECTION
Materials. All starting materials and solvents were utilized as

received without further purification unless otherwise noted. Pure
anhydrous solvents, required for work under an inert gas atmosphere,
were gathered from a solid-state solvent purification system by Glass
Contour. Dry methanol was obtained by distillation from iodine-
activated magnesium under a nitrogen atmosphere. 2,5-Dimethylthien-
3-ylboronic acid46−49 and K[H2B(pz)2]

50 were prepared according to
literature methods; the ligand phen* was prepared by adapting a
method from Yam et al.49

Instrumentation. Elemental analyses were carried out using an
EURO EA analyzer from Eurovector. Electronic absorption spectra
were recorded with Shimadzu UV 3600 UV−vis−near-IR and
Shimadzu UV-2450 spectrophotometers. The samples were prepared
under anaerobic conditions and sealed in QS Quartz Suprasil cells (10
mm light path) with high-vacuum poly(tetrafluoroethylene) spindle
valves. NMR spectra were recorded with a JEOL JNM-LA 400 FT
NMR spectrometer and processed with Delta V4.0 software provided
by JEOL Ltd. Magnetic susceptibility data in solution were measured
using the Evans method51 in C7H8/C7D8/tetramethylsilane (TMS)
(10:1:1) for variable-temperature measurements and in CH3CN/
CD3CN (10:1) for photoexperiments. The obtained data were
corrected by the temperature dependence of the solvent density.
The diamagnetic corrections were determined from Pascal’s constants
to give χdia = −3.84 × 10−4 emu mol−1 for 1.52

The temperature-dependent magnetic susceptibility data for 1-o
were simulated using the van’t Hoff equation (1), with the equilibrium
constant K (2) and ΔH and ΔS as the enthalpy and entropy for SCO,
respectively.30,53

= −Δ + ΔK H RT S Rln / / (1)

γ γ=K /HS LS (2)

Magnetic susceptibility data of solid samples were collected using a
Quantum Design MPMS-XL SQUID magnetometer. Measurements
were obtained for a powder restrained within a polycarbonate gel
capsule. Direct-current susceptibility data were collected in the
temperature range 2−300 K under a magnetic field of 1 T. The
program JulX was used for simulation and analysis of magnetic
susceptibility data.54 57Fe Mössbauer spectra were recorded on a
WissEl Mössbauer spectrometer (MRG-500) at 77 K and RT in
constant-acceleration mode. 57Co/Rh was used as the radiation source.
MFIT software was used for the quantitative evaluation of the spectral
parameters.55 The temperature of the samples was controlled by an
MBBC-HE0106 Mössbauer He/N2 cryostat within an accuracy of
±0.3 K. Isomer shifts were determined relative to α-iron at 298 K.
Monochromatic light sources with λ = 254 nm and power of 8 and 15
W (common lamps for thin-layer chromatography) were used for
photocyclization. Halogen lamps of 25 and 50 W were used for
photocycloreversion reactions. An LOT-Oriel Xe-OFR arc lamp (1
kW) equipped with an Omni-λ 300 monochromator was used as a
wavelength-variable light source.

Synthesis. [Fe(H2B(pz)2)2phen*] (1; pz =1-pyrazolyl). Synthesis
was performed under anaerobic conditions using Schlenk techniques.
A solution of K[H2B(pz)2] (185 mg, 1.0 mmol) in 5 mL of dry
methanol was added to a solution of FeSO4·7H2O (138 mg, 0.5
mmol) in 5 mL of dry methanol and stirred at RT for 10 min. After
filtration, a solution of phen* (200 mg, 0.5 mmol) in 15 mL of dry
methanol was added dropwise to the filtrate to give a purple solution
with a violet powder. The mixture was stored at −35 °C for 2 days

Scheme 1. Diarylethene-Based Ligands and Typical
Photocyclization and Photocycloreversion Reactions
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before the precipitate was filtered off and washed with water twice to
give 1 as an analytically pure powder (171 mg, 0.23 mmol, 46%).
Single crystals suitable for X-ray structure determination were obtained
by the slow diffusion of n-hexane into a toluene solution of 1. Elem
anal. Calcd for C36H36B2FeN10S2: C, 57.63; H, 4.84; N, 18.67; S, 8.55.
found: C, 58.10; H, 4.87; N, 18.73; S, 8.57.
X-ray Crystallographic Data Collection and Refinement of

the Structures. Suitable single crystals were embedded in protective
perfluoropolyalkyl ether oil and transferred to the cold nitrogen gas
stream of the diffractometer. Intensity data were collected at 100 and
250 K on a Bruker Smart APEX2 diffractometer (Mo Kα radiation, λ =
0.71073 Å, graphite monochromator). Data were corrected for
Lorentz and polarization effects; semiempirical absorption corrections
were applied on the basis of multiple scans using SADABS.56 The
structures were solved by direct methods and refined by full-matrix
least-squares procedures on F2 using SHELXTL NT 6.12.57 All non-H
atoms were refined with anisotropic displacement parameters. The H
atoms of all compounds were placed in positions of optimized
geometry, and their isotropic displacement parameters were tied to
those of their corresponding carrier atoms by a factor of 1.2 or 1.5.
One of the dimethylthiophene groups was disordered. Two

alternative orientations were refined, resulting in site occupancy
factors of 68.3(4) and 31.7(4)% at 100 K and of 70.1(6) and 29.9(6)%
at 250 K for the affected atoms S2, C21, C23, C24 and S2A, C21A,
C23A, C24A, respectively. The compound crystallized with two
molecules of toluene, one of which was disordered. Two alternative
orientations were refined that were occupied by 79(1) and 21(1)% at
100 K and by 70(1) and 30(1)% at 250 K for atoms C201−C207 and
C211−C217, respectively. FLAT, SIMU, ISOR, and SAME restraints
were applied in the refinement of the disordered toluene molecule.
The crystallographic data of the compounds and selected

geometrical parameters are listed in Tables 1 and 2, respectively.

CCDC 938944 for 1 at 100 K and CCDC 938945 for 1 at 250 K
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif and also appear as Supporting Information (SI).

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structure. The reaction of

phen*43,44 with [Fe(H2B(pz)2)2], which is generated in situ
from FeSO4·7H2O and K[H2B(pz)2],

50 in absolute methanol
under anaerobic conditions gives a violet solid of analytically
pure 1. Complex 1 is paramagnetic in solution at RT, as can be
judged from broad paramagnetically shifted signals in its 1H
NMR spectrum. Recrystallization of 1 from a toluene/n-hexane
mixture provides X-ray-quality crystals used for crystal structure
determination at 100 and 250 K. Species 1 crystallizes in the P1 ̅
space group (Figure 1). Two bis(pyrazolyl)borate(1−) anions

and one neutral phen* ligand form a distorted octahedral N6
coordination environment around an FeII center. All Fe−N
bond distances are long [2.179(4) and 2.184(3) Å with phen*
and 2.142(3)−2.173(4) Å with H2B(pz)2 anions], confirming a
HS FeII ion (S = 2) present in the solid state at 250 K (Table
2).58,59 The coordinated phen* presents simultaneously in two
conformations:31 parallel (29.9%) and antiparallel (70.1%),
reflected by the disorder of one dimethylthiophene group in the
crystal (see the SI for a parallel conformer).60 Two five-
membered thiophene rings in the antiparallel conformer form
dihedral angles of 65.2 and 74.5° with a nearly planar
phenanthroline unit at 250 K (66.9 and 74.5° in the parallel
conformer). Thus, the π systems of the two thiophene groups
and the phenanthroline backbone are essentially electronically
uncoupled.
The same crystal measured at 100 K provides similar but not

identical geometric parameters for 1 (Table 2). The two

Table 1. Crystallographic Data, Data Collection, and
Refinement Details for 1·2C7H8

T = 100 K T = 250 K

chemical formula C50H52B2FeN10S2 C50H52B2FeN10S2
fw 934.61 934.61
cryst size, mm 0.44 × 0.20 × 0.04 0.44 × 0.20 × 0.04
cryst syst triclinic triclinic
space group P1̅ P1̅
a, Å 13.0663(15) 13.3090(13)
b, Å 15.0234(16) 15.1515(15)
c, Å 15.1226(16) 15.4112(14)
α, deg 63.820(5) 63.665(5)
β, deg 67.216(5) 67.376(5)
γ, deg 66.304(5) 67.038(5)
V, Å3 2358.5(4) 2478.7(4)
Z 2 2
T, K 100(2) 250(2)
ρcalcd, g cm−3 1.314 1.252
reflns collected/2θmax, deg 24658/52.74 28321/51.36
unique reflns/I > 2σ(I) 9076/5574 28321/4350
no. of param/restraints 696/103 696/149
λ, Å/μ(Kα), mm−1 0.71073/0.455 0.71073/0.433
R1 [I > 2σ (I)] 0.0617 0.0636
wR2/goodness of fit 0.1780/1.017 0.1946/0.962
residual density, e Å−3 +0.569/−0.783 +0.437/−0.609

Table 2. Selected Bond Distances (Å) and Angles (deg) for
1·2C7H8

T = 100 K T = 250 K

Fe1−N1 1.967(3) 2.184(3)
Fe1−N2 1.969(3) 2.179(4)
Fe1−N6 1.999(3) 2.144(4)
Fe1−N3 2.002(3) 2.164(4)
Fe1−N7 2.005(3) 2.142(3)
Fe1−N10 2.008(3) 2.173(4)

N2−Fe1−N6 176.14(12) 169.26(13)
N1−Fe1−N7 177.29(12) 171.59(14)
N3−Fe1−N10 178.74(12) 177.91(14)

Figure 1.Molecular structure of 1 at T = 100 K. Thermal ellipsoids are
drawn at the 50% probability level, the H atoms are omitted for clarity,
and the antiparallel conformation of a diarylethene-based ligand is
shown.
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thiophene rings form dihedral angles of 61.8 and 72.6° with the
phenanthroline plane in the antiparallel conformer and 64.4
and 72.6° in the parallel conformer. Although all above-
mentioned dihedral angles are slightly reduced at 100 K
compared with a 250 K structure, the π systems of the two
thiophene units and the phenanthroline are still substantially
uncoupled at 100 K. Importantly, all Fe−N bond distances
shrink considerably to 1.969(3) and 1.967(3) Å with phen*
and 1.999(3)−2.008(3) Å with H2B(pz)2 anions at 100 K. Such
dramatic changes of the Fe−N bond distances are typical for a
thermally induced LS FeII(S = 0) ↔ HS FeII(S = 2)
transition.58,59

Spectroscopic and Magnetochemical Studies. Indeed,
temperature-dependent magnetic susceptibility measurements
performed on a microcrystalline sample of 1 confirm a
thermally induced spin transition: The effective magnetic
moment μeff of 5.23 μB is nearly constant in the temperature
range 210−300 K, which corroborates a pure HS FeII state
(Figure 2). At temperatures below 210 K, μeff decreases

gradually, disclosing a HS → LS transition with T1/2 = 135 K,
and reaches a second plateau of 1.62 μB at 20−70 K with a
residual HS fraction of 10%. The residual HS fraction varies
between 10 and 15% for independently synthesized and dried
samples and is likely due to a small amount of solvent
molecules remaining in the dried samples. Finally, at temper-
atures below 20 K, μeff decreases further, reaching 0.88 μB at 2
K, which is ascribed to a zero-field-splitting effect on a residual
HS fraction.
Temperature-dependent zero-field 57Fe Mössbauer spectros-

copy performed on microcrystalline 1 confirms SCO in the
solid state: A single quadrupole doublet with a high isomer shift
δ = 1.01 mm s−1 and a quadrupole splitting |ΔEQ| = 1.77 mm
s−1 points unambiguously to a HS FeII complex as the only
iron-containing species present in the sample of 1 at RT
(Figure 3).61,62 Upon cooling to T = 77 K, the former signal
becomes slightly shifted to δ = 1.14 mm s−1 because of a
second-order Doppler shift62 and the quadrupole splitting
becomes as large as 2.51 mm s−1. More importantly, a new
quadrupole doublet appears with a relative intensity of 89%,
which is characterized by a lower isomer shift δ = 0.50 mm s−1

and a much smaller quadrupole splitting |ΔEQ| = 0.48 mm s−1.
The latest signal is very characteristic for a LS FeII ion in a
pseudooctahedral environment.61−63 Thus, a thermally induced

HS ↔ LS transition in 1 has been disclosed by temperature-
dependent X-ray crystallography, magnetic susceptibility
measurements, and Mössbauer spectroscopy in the solid
state. Because we study the photomagnetic properties of 1 in
solution (vide infra), it is important to investigate the electronic
structure of the complex in solution, which might, in principle,
differ from that in the solid state.
The electronic absorption spectrum of 1 recorded in MeCN

at RT shows two very intense bands in the 200−300 nm region
and a broad shoulder at about 340 nm, which are bath-
ochromically shifted relative to the corresponding bands of the
metal-free phen* (see the SI). Additionally, a weaker broad
band centered at about 550 nm is detected for 1, which can be
assigned to a metal-to-ligand charge-transfer transition.64 In
agreement with the data obtained for similar complexes,64 no
additional bands between 700 and 1500 nm could be observed
for 1. Note that, using UV−vis spectroscopy, no evidence for
dissociation of the chelating phen* in solution was found when
toluene or MeCN was employed as the solvent: 1 was found to
be stable in a deoxygenated dry MeCN solution in the dark for
weeks. In contrast, the use of methanol as the solvent resulted
in poor reproducible UV−vis spectra and partial dissociation of
the complex in as-prepared and irradiated solutions.
The magnetic properties of 1 in solution were investigated by

temperature-dependent 1H NMR spectroscopy using the Evans
method.65,66 The effective magnetic moment of 1 in a toluene
solution at RT is 5.31 μB, remaining nearly constant upon
cooling to 250 K (Figure 4), which is in agreement with a HS
FeII state in solution within a given temperature range. At
temperatures below 250 K, μeff decreases gradually to 4.30 μB
determined at T = 188 K. The temperature-dependent μeff was

Figure 2. Temperature-dependent effective magnetic moment of 1
measured on a microcrystalline sample at an external magnetic field of
1 T. Fit parameters: enthalpy ΔH = 10.2(4) kJ mol−1, entropy ΔS =
76(3) J K−1 mol−1, and transition temperature T1/2 = 135(5) K. See
the SI for other parameters.

Figure 3. Zero-field 57Fe Mössbauer spectra of a powder sample of 1
recorded at 298 K (top) and 77 K (bottom). Fit parameters: (top) HS
FeII, δ = 1.01 mm s−1, |ΔEQ| = 1.77 mm s−1, relative intensity 100%;
(bottom) (a) HS FeII, δ = 1.14 mm s−1, |ΔEQ| = 2.51 mm s−1, relative
intensity 11%, in red; (b) LS FeII, δ = 0.50 mm s−1, |ΔEQ| = 0.48 mm
s−1, relative intensity 89%, in blue.
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fitted using the van’t Hoff equation,30 providing good
estimations for the thermodynamic parameters of SCO in
solution: enthalpy ΔH = 15.3(1) kJ mol−1, entropy ΔS =
93.4(6) J K−1 mol−1, and transition temperature T1/2 = 164(1)
K. The obtained thermodynamic parameters are typical for
iron(II) SCO systems.30,53 Intermolecular interactions present
in the solid state but absent in solution yield slightly differing
thermodynamic parameters for SCO and shifted transition
temperatures in solution and in the solid state. Overall, a
thermally driven HS ↔ LS transition in 1 occurs in both the
solid state and solution, justifying that the HS and LS states are
energetically close. Hence, small changes of the ligand field
induced via ligand-based photoisomerization could indeed
result in a spin-state change in 1.
Photophysical Studies. Prior to investigating the photo-

physical properties of 1, we examined the photochemistry of
the metal-free phen* under conditions similar to those used for
1. Thus, irradiation of phen* at λ = 254 nm for 45 s in MeCN
results in the decreasing intensity of the bands at 232 and 267
nm accompanied by the appearance of a new intense band at
362 nm with a shoulder and a moderately intense band at about
520 nm (Figure 5). These changes are characteristic for ligand
photocyclization: phen*-o → phen*-c (Scheme 1). Similar
observations were made by Yam et al. under slightly different
conditions in benzene.43,44 The photostationary state is
characterized by the presence of 60% of phen*-c and 40% of
phen*-o, as determined by NMR spectroscopy. The photo-
cyclization is reversible: by irradiation of a MeCN solution of

phen*-c with visible light for 55 s, the closed-ring isomer
undergoes photocycloreversion phen*-c → phen*-o and the
initial UV−vis spectrum of phen*-o is restored (see the SI). In
the dark, the closed-ring isomer slowly thermally relaxes to the
open-ring ground state: the half-life of phen*-c in a MeCN
solution at RT is estimated at 137 h (∼5.7 days; see the SI).
In the next step, we irradiated a diluted solution of 1 in

MeCN with UV light at RT and monitored the changes by
UV−vis spectroscopy. Two absorption bands at 233 and 275
nm decrease in intensity, and a new strong band at 376 nm and
a weaker broad band at about 545 nm emerge upon irradiation
at λ = 254 nm for 4 min (Figure 6). No absorption bands above

700 and below 1500 nm were observed. These changes
resemble those observed for photocyclization of the metal-free
ligand: phen*-o→ phen*-c. However, the new bands in 1 (376
and 545 nm) are significantly bathochromically shifted
compared to the bands of the metal-free phen*-c (361 and
514 nm; see the SI). Thus, the metal-coordinated phen*
undergoes photocyclization in 1 and remains coordinated: 1-o
→ 1-c. The photostationary state is approximately composed of
70% of 1-c and 30% of 1-o, as could be estimated by comparing
the intensity of the prominent absorption band at 376 nm with
that of the corresponding band of phen*-c. The photo-
cyclization in 1 can be induced by excitations at λ = 242 ± 8 or
276 ± 8 nm as well; however, in later cases, photocyclization
proceeds slower with the light sources at hand (see the SI). The
rate of photocyclization in 1 is reduced compared to the metal-
free phen*, as is often observed for metal-coordinated
photoisomerizable ligands.67 It is important to note that no

Figure 4. Temperature-dependent effective magnetic moment of 1 in a
toluene solution determined by 1H NMR spectroscopy using the
Evans method (toluene/toluene-d8/TMS = 10/1/1). Fit parameters:
ΔH = 15.3(1) kJ mol−1, ΔS = 93.4(6) J K−1 mol−1, and T1/2 = 164(1)
K.

Figure 5. Photoresponse of phen*-o to λ = 254 nm irradiation (8 W,
MeCN solution, and c = 6 × 10−5 M) detected by UV−vis
spectroscopy showing photocyclization phen*-o → phen*-c.

Figure 6. Photocyclization of 1 induced by UV light (λ = 254 nm, 23
W, MeCN solution, and c = 1.33 × 10−5 M; top) and the
corresponding photocycloreversion induced by visible light (λ > 400
nm, halogen lamp, 25 W, MeCN solution, and c = 1.33 × 10−5 M;
bottom) detected by UV−vis spectroscopy at RT.
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evidence for photodissociation of phen* was found in MeCN.
However, exposure of a MeOH solution of 1 to UV light
resulted in the partial photodissociation and formation of the
metal-free phen*, as detected by UV−vis spectroscopy.
The photocyclization in 1 is reversible: the corresponding

photocycloreversion 1-c → 1-o can be induced by selective
irradiation into new bands at 376 or 545 nm or by exposure to
visible light (Figure 6). Irradiation of 1-c at λ = 376 ± 8 nm
leads to a nearly complete photocycloreversion and recovery of
the initial UV−vis spectrum of 1-o, whereas the use of visible
light results in a slightly less complete cycloreversion. In the
dark, the closed-ring isomer 1-c slowly thermally relaxes to the
open-ring form 1-o: the half-life of 1-c in a MeCN solution at
RT is estimated at 421 h (∼18 days). Reversible photo-
switching 1-o ↔ 1-c can be accomplished several times, as can
be best monitored by following the prominent absorption band
at 376 nm (Figure 7): Alternate irradiation with λ = 254 nm

and visible light results in alternating increases and decreases of
absorption, which corresponds to photocyclization and photo-
cycloreversion processes, respectively.
The crucial question of this work to be answered is whether

the ligand-based photocyclization 1-o → 1-c produces changes
to the ligand field large enough to induce a spin transition at
the coordinated metal ion. To answer this question, we
performed bulk photolysis of a concentrated solution of 1 in
MeCN/MeCN-d3. During irradiation at λ = 254 nm, small
amounts of solution were withdrawn to monitor the magnetic
properties by 1H NMR spectroscopy using the Evans
method,65,66 whereas the photocyclization process and the
stability of the complex were followed by UV−vis spectroscopy
in solution after appropriate dilution. The magnetic moment of
1 in an acetonitrile solution prior to irradiation is 5.25 μB, which
corresponds to a pure HS FeII state. Upon irradiation with UV
light, μeff decreases slowly, reaching a value of 3.16 μB after 42 h
(Figure 8). The latest value corresponds to approximately 60%
of HS FeII and 40% of LS FeII species present in the irradiated
solution.
UV−vis monitoring of the photoreaction in the bulk

photolysis experiment reveals a much slower photocyclization
compared to the previous experiments on highly diluted
solutions (Figures 6 and 7): 1-o → 1-c photoconversion of
about 40% was determined by UV−vis spectroscopy after 42 h
of irradiation in the bulk photolysis experiment (see the SI).
The increased time required for photocyclization in the bulk
photolysis experiment is due to a much higher amount/

concentration of 1 and the penetration depth limit for UV light
in the concentrated solution in bulk photolysis. Prolonged UV
irradiation (t > 42 h) leads to the gradual decomposition of 1,
as was observed by monitoring via UV−vis spectroscopy.
Thus, a photoinduced ligand-based cyclization is accom-

panied by a metal-based SCO in solution at RT. The metal-
based HS → LS conversion of about 40% determined by the
Evans method is in excellent agreement with a ligand-based
photocyclization 1-o → 1-c conversion of about 40%, as
confirmed by UV−vis spectroscopy. Hence, every ligand-based
photocyclization event is roughly accompanied by a spin
transition at one FeII ion. The spin-state conversion for 1 is
40%, which is the highest reported value for photoswitchable
SCO systems detected in solution at RT. For comparison, the
maximum spin-state conversion reported by Nishihara et al. in
solution is 3%.28

Note that open-ring diarylethenes are generally present in
solution as two conformers: antiparallel and parallel (typical
ratio 1:1) being in equilibrium.31 Usually fast interconversion of
the conformers in solution is significantly slowed in the case of
phen* because of hindered rotation of the thiophene groups.43

Only the antiparallel conformer is photoactive, whereas the
parallel conformer is photoinactive because of Woodward−
Hoffmann rules.31,68,69 Thus, only a fraction of 1-o bearing the
antiparallel conformer of phen*-o is photoactive. In the
crystalline phase, the ratio of antiparallel/parallel is 7:3 (vide
supra). In solution, this ratio is not known; however, both
antiparallel and parallel conformers are likely to be present.
Therefore, photoconversion corrected to the amount of
photoactive species is likely to exceed 40% (up to 100% for
antiparallel/parallel = 4/6).
Photoswitching of the spin states in 1 is reversible: To test

the reversibility, a solution of 1-o was irradiated at λ = 254 nm
for 20 h, which led to partial photocyclization and a
concomitant decrease of μeff from 5.45 to 4.68 μB (Figure 9).
Upon further irradiation of the sample with visible light for 7 h,
photocycloreversion 1-c → 1-o led to the partial restoration of
μeff to the value of 4.93 μB. The complete restoration of the
magnetic moment could not be achieved because of incomplete
photocycloreversion with visible light. The photocyclization
and concomitant HS → LS photoswitching can be repeated, as
demonstrated by a second irradiation with UV light (Figure 9).
The open-ring isomer phen*-o cannot be planar for steric

reasons (Scheme 1). Thus, the π system of the phenanthroline
backbone and the π systems of the two thiophenes are
essentially electronically uncoupled in phen*-o. Photocycliza-

Figure 7. Multiple photoswitching of 1 at RT detected by monitoring
the absorption at 376 nm in the UV−vis spectrum (MeCN solution
and c = 1.33 × 10−5 M). Photocyclization: λ = 254 nm, 23 W, blue
line. Photocycloreversion: visible light (λ > 400 nm), halogen lamp, 25
W, red line.

Figure 8. Evolution of the effective magnetic moment of 1 exposed to
UV irradiation in the bulk photolysis experiment at RT, as determined
using the Evans method (λ = 254 nm, 23 W, solution in MeCN/
MeCN-d3 = 10/1, and c = 4.9 × 10−4 M).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401960x | Inorg. Chem. 2013, 52, 11585−1159211590



tion of the ligand results in the formation of a new C−C bond
in phen*-c. At the same time, phen*-c becomes nearly planar
and a common π system comprising the phenanthroline and
two thiophene units is built. This extended π system is expected
to render phen*-c a better π acceptor than phen*-o. Hence, a
stronger π-acceptor phen*-c produces a stronger ligand field,
which stabilizes a LS FeII in 1-c, whereas a weaker π-acceptor
phen*-o produces a weaker ligand field, which stabilizes a HS
FeII in 1-o. Consequently, reversible ligand photoisomerization
phen*-o ↔ phen*-c allows us to switch reversibly between the
paramagnetic HS and diamagnetic LS states of the FeII ion in 1
by light in solution at RT.
Comments on a Recent Publication by Oshio et al.70

During the final stage of the preparation of the original
manuscript, a closely related work by Oshio et al. appeared.70

The authors reported the synthesis of the same complex 1 and
investigated its photophysical properties. In their work, Oshio
et al. obtained crystals of 1 featuring only a photoinactive
parallel conformer,70 which prevents photocyclization and thus
possible photoswitching of the magnetic properties in the solid
state at RT. Using another solvent for crystallization, we
obtained another polymorph of 1 that contains a photoactive
antiparallel conformer (vide supra), which makes photo-
switching in the solid state feasible. More importantly, using
butyronitrile as the solvent and UV−vis spectroscopy as an
indirect probe for the spin state, Oshio and co-workers
reported photoswitching of the spin states only at low
temperatures (estimated spin-state photoconversion of 20% at
173 K). Photoswitching of the magnetic properties at RT was
not achieved by Oshio’s group (see Figure 5 in their paper70)!
However, in our work, using acetonitrile as the solvent and
NMR spectroscopy (Evans method) as a direct probe for the
spin state, we revealed a reversible and highly efficient (>40%)
photoswitching of the spin states at RT!

■ CONCLUSIONS
A photoactive diarylethene-based ligand, phen*, was success-
fully introduced into a SCO iron(II) complex, 1, to allow
photocontrol of the metal spin state via ligand photo-
isomerization. Both the chelating effect and the unique
“fused” nature of phen* likely contribute to the highest spin-
state conversion (>40%) detected for SCO systems in solution
at RT reported to date. Unlike the LIESST effect, which yields
photoexcited states with common half-times on the order of

nanoseconds at RT,71,72 the half-time of the photoexcited state
in the molecular switch 1 in solution is estimated at 18 days at
RT. Overall, successful integration of the diarylethene ligand
into the SCO complex 1 may open a great opportunity to
efficiently and reversibly switch the magnetic properties of
solids, thin films, and at single-molecule level11−13,36,64,73−78

with light at RT, which could find diverse applications in
molecular electronics and spintronics. Photoswitching of the
magnetic properties of 1 in the solid state and the single-
crystalline phase is currently under investigation in our group.
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