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The photoreactivity of two iron(II)-styrylpyridine frameworks Fe(stpy)4(NCSe)2 (stpy ) 4-styrylpyridine)
has been investigated for the very first time in a crystalline solid. A quantitative cis-to-trans isomerization of
stilbenoids is shown to occur in the confined environment of the inorganic solid. The photochromic reaction
was driven by a visible excitation into the metal-to-ligand charge transfer absorption of the high-spin all-cis
complex. The solid-state transformation is accompanied by a unit-cell volume increase and an amorphization.
Interestingly, the photoproduct formed by irradiating the high-spin all-cis reactant undergoes a spin conversion
when the temperature is decreased. This observation is related to the “ligand-driven light-induced spin change”
effect in a constrained environment.

I. Introduction

Performing switching operations via optical stimuli is an
approach of growing importance in the field of molecular
magnetism and solid-state science. For this challenging task,
spin-crossover solids1 constitute well-known and extensively
studied model materials. The reversible switching of a transition
metal ion between high-spin (HS) and low-spin (LS) electronic
states, which occurs under an external perturbation, is one
spectacular feature of the spin-crossover phenomenon.1 Most
of the physical properties of a spin-crossover material (such as
magnetic, optical, structural, or dielectric properties) change
along with the spin state switching process, which may be
triggered by several stimuli.2 This fundamental property first
encountered in molecular magnetic materials arouses a lot of
interest as the bistability of a number of strongly cooperative
spin-transition solids offers great potentialities in molecular
electronics (display, memory devices, ...).3

At temperatures well below the thermal spin-crossover range,
excitation of these solids within MLCT (metal-to-ligand charge
transfer) or metal-centered (ligand-field) absorption bands leads
to a quantitative LS to HS conversion via a lengthening of the
metal-ligand bond distances. This effect called light-induced
excited spin state trapping (LIESST), discovered by Hauser and
co-workers, is well documented for FeII spin-crossover materi-
als.4

In the ligand-driven light-induced spin change effect
(LD-LISC),5,6 the synergetic combination of two moieties-
selected iron(II) coordination cores of spin-crossover type and
stilbenoid ligands-was proposed by Zarembowitch to elaborate
a high-temperature photoswitchable system in which the HS
T LS conversion of the metal ion would be reversibly triggered

by the ligand photoisomerization. Accordingly the spin-state
stability is controlled by the energy barrier between the ligand
configurational isomers.7 Potential applications of LD-LISC
molecular systems may be expected in the field of photomag-
netic (or optical) memories and optical signal processing. Since
these pioneering works, the field of photomagnetic materials
has grown with a variety of systems (molecules, coordination
networks, hybrid materials) and processes (charge transfer,
valence tautomerism, photochromism, ...).8

Stilbenoid compounds are found in several areas of applica-
tions including technological materials.9,10 When incorporated
as ligands in functional coordination compounds, the metal
center can play an active role in the photochemistry of the
stilbenoid chromophore, or conversely its characteristics can be
modulated by the stilbenoid properties.11 Stilbenoids are strong
UV absorbers and consequently the elaboration of highly diluted
materials is required to study their light-induced reactivity. The
LD-LISC compounds may be processed in matrices, like thick
polymeric films5b and Langmuir-Blodgett films,12 since the
effect is of molecular nature. Thus for the two complexes
FeII(stpy)4(NCSe)2 (stpy ) cis- or trans-4-styrylpyridine) dis-
persed into PMMA thin films, the cis T trans (or Z/E) ligand-
centered photoisomerization was induced under UV and the
concomitant switching of their magnetic behaviors was
demonstrated.13,14

Z/E isomerization of stilbenoids requires large spatial voids,
which constitutes a strong disadvantage for a reaction in
crystals.15 Nevertheless, the literature provides some examples
of selective isomerization processes in volume-confined media
and such processes are especially important in biology.16 The
one bond flip process (double bond twist) is the mechanism
favored in solution, while the volume-conserving hula-twist
process (concerted twist of adjacent double and single bonds)
has been recognized in constrained media17 and even in the gas
phase.18 Cis-to-trans isomerization of retinal within the rhodopsin
proteins is an example of a unidirectional, efficient, and selective
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hula-twist process.16 Alternatively, single-crystal-to-single-
crystal E/Z isomerization processes have been recognized in
different molecular materials, where they appear as being
controlled by the location of void volumes with respect to the
trajectories of the photoactive function.19-21 Kaupp et al. have
reported the E/Z isomerization of crystalline (Z)-2-benzylidene
butyrolactone, which proceeds via a supramolecular and col-
lective phase rebuilding mechanism.20 In the analysis of the
single-crystal-to-single-crystal E/Z isomerization of Zn-coordi-
nated tiglic acid, Coppens et al. have related the kinetics of the
isomerization to the effect of the crystalline environment.21

In relation with these works, X-ray single-crystal diffraction
measurements previously carried out on crystalline samples of
FeII(stpy)4(NCSe)2 brought out interesting characteristics (free-
cavities, packing, absence of π-π stacking interactions, ...)
which might suggest some degrees of freedom and reactivity
in the two lattices. We report here the existence of a photo-
switching pathway of these colored crystalline solids using
visible light. Different optical, structural, and vibrational
investigations were undertaken in order to probe the photo-
isomerization process in such a confined environment and its
consequence on the spin state of the metal center.

II. Experimental Section

Syntheses and Crystallizations. The two isomers of
Fe(stpy)4(NCSe)2 were synthesized and characterized as pre-
viously reported.14 Single crystals were isolated by slow
evaporation of a MeOH:H2O solution of all-trans (red, trans-
isomer of stpy) and all-cis complexes (orange, cis-isomer of
stpy).

ATR-IR Spectrometry. Attenuated total reflection infrared
spectra measurements were performed with a IFS-66 spectro-
meter. Pellets of Fe(stpy)4(NCSe)2 (diameter 5 mm, thickness
∼1 mm) were obtained by pressing the powder under 2 kbar
for 3 min, using an optical polished piston. Irradiations were
carried out at 532 nm with a Nd:YAG laser (∼25 mW/cm2) or
with a black lamp (λmax ) 365 nm).

Ellipsometry. Spectroscopic ellipsometry (SE) measurements
were carried out at room temperature on pellets of Fe(stpy)4-
(NCSe)2 prepared as described above. The measurements were
performed in the 260-800 nm optical range at an incident
angle of 70° (near the Brewster’s angle), using the UVISEL
spectroscopic phase modulated ellipsometer22 in which the
light source was a 150 W Xe short arc lamp. The diameter
light spot on the sample was of ∼3-4 mm and the recording
time was 3 min for each spectrum. Figure S1 (Supporting
Informations) shows the ellipsometric refractive index n(λ)
(all-cis compound after photoexcitation) determined at room
temperature from the wavelength dependences of the ellip-
sometric parameters Ψ and ∆. The consistency of the
ellipsometric spectra was checked through the analysis of
the Kramers-Kronig (KK) relations23 between the refractive
index, n(λ), and the extinction coefficient, k(λ), as in ref 24
(see the Supporting Informations).

Reflectivity. Diffuse reflectance measurements have been
performed at variable temperature with an already described
setup.25 The light source was a 100 W QTH (Quartz Tungsten
Halogen) lamp with an interferential filter located ahead of the
optical fibers, which carry light to the sample. It was checked
that the λ ) 650 ( 50 nm wavelength optimizes the sample
analysis as the sample reactivity is much lower than in the 550
nm range. The sample photoexcitation was performed with an
ex situ λ ) 532 nm Nd:YAG laser. Typical intensity was 15
mW/cm2.

X-ray Diffraction. Kinetic X-ray diffraction measurements
under laser excitation have been conducted at room temperature.
First, a very thin layer, not exceeding 20-50 µm in thickness,
of microcrystalline powder of the all-cis complex has been
deposited on a low background substrate. The procedure and
experimental setup for kinetic powder photocrystallographic
experiments have already been reported.26 The sample was then
illuminated with a frequency doubled Nd:YAG laser (λ ) 532
nm) coupled to an optical fiber. A second data set was measured
after 30 min laser exposure and a third one after 120 min
exposure. In a separate experiment, single-crystal photocrys-
tallographic analysis has been performed with an Oxford
Diffraction Supernova diffractometer with Mo KR radiation. A
complete data set was measured at room temperature as a
reference on a 200 µm single crystal. Continuous photoexcitation
was then applied during the diffraction measurements, using a
Spectra Physics Stabilité 2018 Ar-Kr gas laser (λ ) 534 nm)
coupled to an optical fiber. The unit-cell parameters (Table S1,
Supporting Information) were derived along the photoexcitation.
We observed that the intensity of the diffraction Bragg spots
gradually decreases as the laser exposure time increases, so that
after nearly 60 min of laser illumination, the diffraction spots
were barely visible. The experiment was reproduced on a second
sample, and the laser illumination was stopped after 50 min. A
complete diffraction data set, albeit of limited quality was then
measured for structure determination purposes (further experi-
mental details are given in the Supporting Informations).

Magnetic Measurements. Magnetization measurements were
carried out with a Quantum Design SQUID magnetometer
(MPMS5S Model) calibrated against a standard palladium
sample. The magnetization vs temperature data were collected
in the 5-300 K temperature range within H ) 5000 Oe. For
photoexcitation of solids, the magnetometer was equipped with
an optical fiber (UV grade fused silica) connected to a Nd:YAG
pulsed laser Surelite-Continuum Performance (ranging from 450
to 800 mJ at 1064 nm and harmonic options for 532, 355 nm
outputs). In situ excitations were performed with λ ) 532 nm
(∼25 mW/cm2).

Computational Details. The geometries and frequencies of
the cis- and trans-isomers of 4-styrylpyridine have been
determined in the S0 and T1 states. The calculations have been
performed within DFT27 with the NWChem program28 package,
using the B3LYP functional29 and the DFT DZVP basis set of
double-� polarized quality.30 The frequency calculations per-
formed within the harmonic approximation show that the
optimized geometries are true minima because no imaginary
frequency was found. For the trans-isomer, the molecular
symmetry was constrained to Cs during the calculations.

III. Results

We will first briefly recall the structural and magnetic
properties of the parent crystalline solids before presenting their
optical properties. Then, we will focus on the impact of light
irradiation on the stpy photoactive moiety, its subsequent
influence on the properties of the FeII coordination center itself,
and the computational results obtained for the preliminary
characterization of 4- styrylpyridine in its ground and excited
T1 states.

1. Properties of the Parent Crystalline Solids. a. Molecu-
lar Structures, Magnetic BehaWior.13,14 For both molecular
species (i.e., all-cis and all-trans isomers), the Fe(II) ions lie in
pseudo-octahedral environments with two nitrogen atoms of the
NCSe ligand in the axial position and four nitrogen atoms of
the pyridine rings in the equatorial plane. The evolution of these
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bond lengths by lowering the temperature from 293 to 104 K
closely reflects the spin crossover of the all-trans complex and
the HS ground state of the all-cis complex, in agreement with
the magnetic behavior. The cohesion of both solid structures is
achieved by numerous and weak intermolecular contacts
(involving Se(NCSe) and aromatic groups); no intermolecular
π-stacking with a parallel configuration is found. Interestingly,
the change in molecular volumes (unit cell volume per metal
ion) corresponding to the formal substitution of a cis-stpy isomer
by the trans one is rather small (3.4% at 293 K, 0.95% at 104
K), suggesting that the Z/E change would possibly lead to unit-
cell reorganizations comparable to the spin-crossover ones. The
analysis of free-cavities volumes shows the presence of large
fractions of void spaces (ca. 11% at r ) 0.8 Å) in the crystal
packing for both all-cis and all-trans complexes.

The magnetic properties of microcrystalline solids are deter-
mined closely by the stpy configurations. The �MT vs T curves
(�M being the molar magnetic susceptibility, T the temperature)
show a spin-crossover behavior for the all-trans species (T1/2 )
163 K) and a HS ground state for the all-cis complex.

b. Optical Properties of Crystalline Solids. In Figure 1a, the
room temperature (RT) spectra of both solids present similar
features: a very intense UV absorption, which closely depends
on the ligand Z/E configuration and a weaker absorption in the
visible range. These data are comparable to those collected with
the doped PMMA thin films.13,14 For the all-trans compound,
the very intense UV band (at 315 nm) is directly identified
as the intraligand (IL) π-π* transitions of the coordinated trans-
stpy (k ) 0.72) (at ca. 313 nm in the PMMA thin film). The
UV absorption of the all-cis complex is also assigned to the
π-π* transitions of cis-stpy (k ) 0.47) despite an unusual red-
shift with respect to the absorption energies of the complexes
(or free-base ligands) in PMMA films and in solutions.

One characteristic of the cis-stpy isomer is its large confor-
mational flexibility31 that contributes, in addition to vibrational
and solvent effects, to broaden the π-π* absorption of weaker
intensity, occurring at high energy for solutions and PMMA
thin films (ca. 279 nm). In contrast, the crystal structure of the
studied all-cis molecule shows the trapping of four well-defined
cis-stpy geometries around the FeII ions that results from specific

packing effects related for example to close contacts between
pyridyl, phenyl, and ethylenic groups.14 These features cor-
roborate the present observation of a more intense and narrower
absorption shifted with respect to the solution data.

In the inset of Figure 1a, the vis absorption bands observed
at ca. 455 (k ) 0.089) and 435 nm (k ) 0.123) for all-trans and
all-cis complexes, respectively, are typical for Fe(3d)f π*(stpy)
metal-to-ligand charge transfer (MLCT) transitions of HS
iron(II) ions.32 The change of the crystals coloration from orange
(all-cis compound) to red-bordeaux (all-trans compound) is
directly related to the characteristics of the MLCT absorptions.

2. Solid-State Photochromism. a. Nature of the Photo-
product Obtained by Vis Excitation: Spectroscopic Signature
of the Cis-Trans Isomerization. When irradiated by UV light
(λ ) 365 nm, IL transition, RT), the solid interface of all-cis
(all-trans) species suffers minor (no) alteration (see Figure S2,
Supporting Informations). These observations are consistent with
the very low penetration depth δ of UV light shown by our
ellipsometric data (for example δ ≈ 50 nm in the ππ* absorption
band of the all-cis compound).33 A 6-fold longer penetration
depth is expected in the vis range wherein the MLCT transitions
occur (see Figure 1a).

As depicted in Figure 1c, irradiating the orange all-cis sample
at 550 nm produces a thermally stable red sample in the
unmasked area. A 650 nm light leads to similar changes but
the evolution is considerably slowed down. Finally, irradiation
of the red all-trans sample does not show any effect.

The evolution under vis irradiation of the all-cis compound
was quantitatively monitored by room temperature ellipsometric
measurements (in Figure 1b). The comparison of spectra
indicates the presence of an isosbestic point (ca. 288 nm) in
the UV range as well as large intensity changes in the bands
previously assigned to ππ* ligand-localized transitions; these
features suggest a cis-to-trans isomerization of the stpy chro-
mophores. The intensity of these ππ* transitions reaches a
saturation regime after 30 min of irradiation time. The associated
Fe(3d) f π*(stpy) charge transfer band becomes weaker,
broadened, and slightly red-shifted (see the inset in Figure 1b)
with respect to the starting material. These features may be
accounted for by (i) the preservation of the metal ion in the HS

Figure 1. (a) Room temperature ellipsometric spectra of the extinction coefficient, k, for all-trans and all-cis compounds in the form of pellets. (b)
Evolution of the spectrum of all-cis complex upon irradiation (λexc ) 532 nm). Insets: Expansions of the curves in the 350-600 nm range. (c)
Photos of powder of all-cis compound before and after irradiation.
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state at room temperature (more intense MLCT absorptions are
typical for LS FeII species), (ii) the formation of complexes with
different isomers of cis- and trans-stpy, and (iii) the progressive
disorganization of the molecule environment (formation of an
amorphous solid as will be shown below by X-ray). The low-
energy excitation of the all-cis compound raises the questions
of (i) a possible overlap between ππ* and MLCT transitions
and (ii) the wavelength dependence of the process. As mentioned
above, the photochromic reaction is still detected by IR
measurements when the sample was exposed to a 650 nm
irradiation, a wavelength at which no ππ* transition should
occur.

To obtain a better insight into the transformation, we have
performed an ATR-IR characterization of the all-cis and the
photogenerated samples. The RT spectra in Figure 2 show
several vibrational modes in the 1650-600 cm-1 range that are
changed in both intensity and energy. Along with the transfor-
mation, the intensity of those bands characteristic of the all-cis
compound, located at 883, 832, 789, and 700 cm-1 (CH
deformations), strongly decreases whereas the band at 1628
cm-1 (ethylenic CdC stretching) is shifted. In parallel, strong
vibrational bands, which are also identified in the spectrum of
the pure all-trans compound, appear at 1633 (ethylenic CdC
stretching), 957 (CH out-of-plane deformation of trans CHdCH),
and 809 and 755 cm-1 (CH deformations). The observation of
distinctive frequencies of the trans isomer, in addition to the
solid color change and the gain in intensity of ππ* transitions,
demonstrates the formation of trans-stpy isomers and thus the
occurrence of a cis-to-trans isomerization (a conversion of
∼66%, from the relative area variation under the IR absorption
bands). In fact, this photoreaction influences the whole inorganic
system: weaker variations are observed in the NC stretching
frequencies of the NCSe groups (Figure S3, Supporting
Informations), as well as of the pyridine rings. This feature can
be understood as the consequence of the attendant structural
and electronic reorganization, including the change of the
complex symmetry. Given that the NCNCSe stretching vibration
of the photoproduct is observed at 2051 cm-1 (2057 cm-1 for
the all-cis species), we can draw the conclusion that the iron
center of the photogenerated compound is still in the HS state;
a frequency of ca. 2099 cm-1 is indeed expected for a LS state.34

Finally, we note that no side reaction (like photocyclization,
photodimerization, and ligand decoordination) is detected.

This set of data proves that a visible excitation of the all-cis
species is suitable for isomerizing the cis-styryl group in the
crystalline solid; this transformation affects the organic and
inorganic moieties but at RT, the metal ions in both species
(all-cis complex and photoproduct) are found in the HS state.
The fact that the excitation wavelength at 550 nm corresponds

to the low-energy side of the MLCT transitions suggests the
existence of an isomerization pathway through the initial
excitation of a 5MLCT excited state.

b. Transformation in the Confined EnWironment of the
Crystal: X-ray Diffraction InWestigation. This solid-state
transformation raises the question of how does the crystal
accommodate the structural changes brought about by the cis-
to-trans photoisomerization. We have thus performed photo-
crystallographic measurements on microcrystalline powder as
well as on single crystals.

The reference powder diffraction pattern (Figure 3) for the
all-cis reactant exhibits sharp peaks whose 2θ positions are
consistent with the positions predicted from the all-cis crystal
structure at RT.14 Upon laser exposure, the peak intensities
progressively decrease but a very broad feature grows, centered
around 2θ ) 20°. After 120 min of laser exposure, the sharp
peaks have become very weak and the phototransformation is
almost complete. Along with their loss of intensity, the peaks
shift toward lower 2θ angles (Figure 3b), indicating a unit-cell
volume increase. These data clearly show that the disappearing
all-cis phase is structurally perturbed by the environment
modification.

In view of these results, we can propose a simple scenario of
the phototransformation mechanism, which is illustrated on
Figure 4b. The material progressively transforms from a
crystalline all-cis phase to an amorphous photoproduct phase
through crystal disintegration. While the transformation pro-
ceeds, the disappearing all-cis material undergoes a gradual unit-
cell volume expansion as more and more molecules are
converted to the photoproduct species. This is indicative of a
nontopotactic solid-state reaction, possibly with large molecular
reorganizations.20b A topotactic reaction is controlled by the
crystal lattice and structural topology of the reactants, it would
thus preserve the structural organization and crystal lattice,
without large molecular movements; crystal disintegration is
usually considered as a signature of nontopotaxy. Hereafter, the
disappearing all-cis reactant crystalline phase, which we
characterize by X-ray diffraction, will be denoted the “photo-
perturbed crystalline phase”. However, no structural information
can be derived from this diffraction analysis on the amorphous
photoproduct, especially with regards to the configuration of
the stpy ligands.

To further quantitatively characterize these transformations,
single-crystal diffraction measurements under continuous laser
excitation have been performed.

According to the progressive crystal disintegration found in
the powder diffraction measurements, it is observed that, while
the laser excites the sample, the diffraction Bragg peaks
continuously decrease in intensity and disappear after 60 min
of laser illumination. In parallel, the evolution of the unit-cell
volume was derived as a function of laser exposure (Figure 4)
and shows a continuous increase from 4780 Å3 (all-cis reactant
solid) to ca. 4829 Å3, which can be estimated as 49 Å3 (unit
cell expansion ∼1%); this is in line with the peak position shift
deduced from the powder diffraction data. The amorphization
was further confirmed by recording pictures of the crystal under
a polarized microscope (crossed-polarizers in transmission
mode). Neat extinction conditions were observed before pho-
toirradiation, while the sample after photoirradiation did not
show extinction conditions any more. The photocrystallographic
experiment was repeated on a second sample, but this time, the
illumination was stopped before the complete amorphization
of the material. This offers the possibility to analyze the crystal
structure of the material close to the complete photoconversion

Figure 2. ATR-IR characterizations of the all-cis species (orange
spectrum) and its evolution during the vis excitation of the solid pellet
at room temperature.
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(Tables S1-S3 and Figure S4 in the Supporting Informations).
The analysis of this crystal structure reveals the buildup of static
disorder in parallel to the phototransformation, leading finally
to an amorphous state.

A close inspection at the distribution of the free cavity space
within the crystal lattice of the all-cis reactant material may
help in understanding the possible cis-to-trans photoisomeriza-
tion. As is evident in Figure 5, the cavity spaces, defined as the
region of the unit-cell that could accommodate probe spheres
of a 0.8 Å radius not entering the van der Waals surfaces of
neighboring atoms, are distributed in a nonsystematic manner
with respect to the phenyl rings of the stpy ligands.

To facilitate a cis-to-trans isomerization, we could expect the
free cavities to be mostly located around the phenyl rings of
the stpy ligands, at least at the putative position of the phenyl
ring after cis-to-trans isomerization. This is clearly not the case

in the present material as shown in Figure 5. In conclusion, a
single-crystal-to-single-crystal photoisomerization is not likely
to occur. This may be the reason why the phototransformation
leads to an amorphous solid.

The unit-cell expansion and the solid amorphization observed
here by X-ray diffraction are two features that might stabilize
a HS phase.35 We have performed optical and photomagnetic
measurements for probing the thermal behavior of the photo-
generated species to confirm this hypothesis.

3. Impact of Stpy Z f E Isomerization on the FeII

Electronic Properties. a. Variable-Temperature Diffuse Re-
flectiWity Measurements. As shown in Figure S5 (Supporting
Informations), the reflectivity of the all-cis solid only slightly
varies between 80 and 300 K (0.76-0.78) as expected for a
HS species. On the contrary, for the all-trans solid, the much
larger variation of ∼0.13 observed between 220 and 130 K is
consistent with a thermal spin crossover. Indeed, the HS fraction
curve (Figure 6), extracted from the reflectivity data by using
the Kubelka-Munck formula,25 compares well with the mag-
netic measurements (Figure S6, Supporting Informations).

The red product formed at RT by irradiating the orange HS
all-cis compound (532 nm, 600 min) is characterized by a
distinctive reflectivity variation similar to the one of the all-
trans solid, suggesting a thermal spin-crossover for this material
as well.

For comparison, we have in a first approximation extrapolated
the low-temperature limit of the reflectivity values and, as
detailed above for the all-trans isomer, we have determined the
HS fraction curve of the photoproduct (Figure 6 left). The
resulting gradual curve of the photoproduct is centered at a
temperature of ∼116 K, lower than the half transition of the
all-trans isomer (at 166 K). The spin-crossover characteristics
seem to be consistent with the strengthening of the ligand-field

Figure 3. (a) Superposition of the reference all-cis reactant (bottom), 30 min exposure (middle), and 120 min exposure (top) powder diffraction
patterns. The scans are vertically displaced for clarity. (b) Superposition of the diffraction patterns in the [8.7-10.1°] 2θ range.

Figure 4. (a) Evolution of the unit cell volume as a function of laser exposure for the all-cis species. The measurements have been made on two
separate samples 1 and 2 (see the Experimental Section for more explanations). (b) Schematic view of the structural phototransformation mechanism.

Figure 5. Position of the free cavity space (purple spheres) within the
all-cis reactant matrix. (left) Structure projected along the b crystal-
lographic axis. (right) Free cavities in the neighborhood of a central
all-cis molecule.
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on going from the all-cis reactant to the photoproduct and then
to the all-trans reference.

b. Low-Temperature Photomagnetic Measurements Based
on the LIESST Effect. If, as suggested by the variable-
temperature reflectivity measurements, HS and LS species
coexist within the photoproduct in a thermal equilibrium (i.e.,
spin crossover occurs), then the photoexcitation based on the
LIESST effect might possibly be achieved, for example at 10
K, and detected by magnetic measurements. A small amount
of all-cis solid was first illuminated at RT with a 532 nm light
to generate the photoisomerized product. After saturation of the
IR signal showing the stpy isomerization, the sample was cooled
to 10 K within the magnetometer. The magnetization was then
recorded as a function of time before and after the in situ
excitation at 532 nm (inactive at low temperature with respect
to isomerization). The evolution (Figure S7, Supporting Infor-
mations) was typical of a photoexcitation (positive magnetization
variation indicating the LS to HS conversion) followed by a 10
K relaxation process (slow decay of magnetization in the dark
toward the initial value corresponding to the LS ground state).
This LIESST study confirms the presence of LS species at 10
K and correlatively confirms a spin-crossover process for the
photoproduct (Figure 6, right).

In summary, the ligand-centered reaction carried out at RT
in a densely packed solid is shown to drive a detectable change
in the spin-state energies of the metal ion, which is the
prerequisite for the LD-LISC effect.

4. Excited States of the Styrylpyridine: Computation of
the Triplet-Singlet Energy Difference. As will be discussed
later, we have focused on the photoreactivity of the free-base
ligands for analyzing our experimental results. It is easily
checked that the stpy isomers do not react in solution under a
550 nm excitation. This observation agrees with the experimental
and theoretical investigations of stpy isomerization showing a
high-energy singlet pathway at RT. A triplet pathway via 3ππ*
excited states at lower energies also exists; it is barrierless and
actually requires sensitization, low-temperature, or heavy-atom
effects.36 The corresponding triplet-singlet energy differences
have been calculated and the results are summarized in Table
1.

For the cis- and trans-isomers in their ground-state geometries,
the vertical T1/S0 electronic excitation energies are 24279 and
21141 cm-1, respectively. Upon geometry relaxation in the T1

state, we have found T1/S0 zero-point energy differences of
13661 and 16565 cm-1, for the cis- and trans-isomers, respec-
tively. This zero-point energy difference found for the trans-
isomer is in very good agreement with the value of about 17500
cm-1 determined experimentally by Görner for this isomer in

various glassy media.37 This makes us quite confident about
the quality of the results obtained for the characterization of
the T1/S0 energy differences in the 4-stpy free-base.

IV. Discussion

On the Solid-State Reactivity. We have shown the occur-
rence of a styrylpyridine isomerization in the crystalline all-cis
solid that does not proceed through a single-crystal-to-single-
crystal transformation. For taking into account the significant
misfit of the free cavity locations in the crystal packing, it seems
appropriate to propose the volume-conserving hula-twist as an
alternative mechanism.17 Despite comparable absorption proper-
ties of all-cis and all-trans solids in the 500-550 nm range, we
have characterized a unidirectional cis-to-trans conversion under
visible excitation. Unidirectional reactivity was reported for
several bis(biphenyl)ethylenes and ethenes in the solid state.38

The general observation that unidirectional photoisomerization
reactions occur from the more dense to the less dense crystal
packing is verified here: a gradual unit-cell volume expansion
has been derived from the crystallographic analysis upon laser
exposure. The inactive all-trans complex contains four distinct
stpy ligands and thus the very low symmetry of complex
produces different excited states, pathways, and clearly energy
barriers with respect to the cis isomer. This reactivity can be
attributed to the molecular photophysical characteristics (dis-
cussed hereafter) and/or environment effects in the solid state.

On the MLCT Pathway. The optical measurements establish
that the low-energy excitation (500-650 nm) used for triggering
the cis-to-trans isomerization of stpy corresponds to the Fe(3d)-
to-π* (stpy) charge transfer transition of the HS metal ion
instead of a ππ* transition. In coordination compounds, large

Figure 6. (left) HS fraction vs temperature extracted from diffuse reflectivity measurements. For comparison, a horizontal line is drawn at γHS )
1 for the all-cis sample. (right) Scheme of the reactions investigated for the all-cis sample.

TABLE 1: T1/S0 Energy Differences for the Cis- and
Trans-Isomers of 4-Styrylpyridine: Vertical Electronic
Energy Differences ∆ET/S at the Cis and Trans Ground-State
Minima and Zero-Point Energy Differences ∆ET/S

0 (in cm-1;
B3LYP/DZVP results)a

cis-isomer trans-isomer

∆ET/S 24279 21141
∆ET/S

0 13661b 16565
∆E(5MLCT*) ∼23000 ∼22000

a Experimental values corresponding to the 5MLCT excited state
of the related complexes are reported for comparison. b The relaxed
geometry found for the cis isomer in the T1 state proves to be the
T1-state perpendicular geometry (i.e., with the phenyl and pyridinyl
groups perpendicular). No other extremum could be found for this
isomer in this state. This agrees with the fact that no barrier to the
torsion about the central ethylenic bond in the T1 state was reported.
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spin-orbit coupling between electronic states of different spin
multiplicities strongly accelerates intersystem crossing (isc) and
favors the triplet pathway, as evidenced for example in Re(I)
or Ru(II) complexes.11,39 Accordingly, one working hypothesis
to consider here is an intersystem crossing from the 5MLCT*
state to the ligand-localized excited states. Note that, at this
stage, a mechanism involving an intermolecular energy transfer
(or an electron transfer) cannot be discarded.

For the triplet pathway to be plausible in the present case,
the 5MLCT states of the HS complex must be above or close in
energy to the intraligand excited state, which can be identified
as the T1 state of the stpy free-base, and which we will denote
3IL(stpy). In Table 1 are reported the calculated values for the
T1/S0 energy differences in 4-styrylpyridine as well as the
experimental energy values corresponding to the 5MLCT excited
states of the related complexes. From this, the 5MLCT absorp-
tion band of the Fe(II) all-cis complex being centered at ca.
23000 cm-1, the results obtained for the T1/S0 energetics indicate
that the conditions on the relative positions of the 5MLCT and
3IL(stpy) states are fulfilled for the photoisomerization to take
place in the 3IL(stpy) state. That is, upon photoexcitation into
the 5MLCT manifold, the 3IL(stpy) may be populated by ISC
and the isomerization of the ligand can then take place from
this state.

One further condition for the triplet pathway to occur is that
this reaction is fast enough to compete with the decay of a
5MLCT excited state characterizing a FeII compound. To the
best of our knowledge, the relaxation mechanism of 5MLCT
excited states of iron(II) complexes has not been reported so
far. The recent photophysical studies of iron(II) compounds have
focused on the excitation of FeII(bpy)3

2+, a LS model of spin-
crossover systems in solution.40 These studies combined with
the solid-state LIESST experiments performed by Hauser4 have
identified relaxation processes toward the ground state (GS)
depending on the initially excited state: 1,3MLCT f 5T f 1GS
(MLCT) and 1T f 3T f 5T f 1GS (ligand-field).

Additional investigations are presently required for rational-
izing the reaction pathway between the MLCT and the ligand-
localized excited states.

On the LD-LISC Effect. The photoswitching of the all-cis
solid suggests some comments. The photoproduct exhibits a
thermal spin-crossover process while the all-cis reactant remains
in the HS state at all temperatures. This drastic evolution
contrasts with the expectation of a relative stabilization of the
HS state favored in spin-crossover materials by a unit-cell
expansion, solid disorder, or amorphization.35 However, this
evolution is in qualitative agreement with the magnetic proper-
ties of the references (bulk samples, compounds dispersed in
PMMA) and also the photomagnetic LD-LISC effect observed
in PMMA thin films (specific conditions, T ) 130 K and λ )
355 nm). The cis-styryl isomerization produces a strengthening
of the ligand field, which in turn switches the metal ion’s spin
state energies to give a thermal spin-crossover.

Another point is the observation of a transition curve centered
at a lower temperature than the curve of the pure all-trans
species. In fact, the shape of the thermal dependence of the HS
fraction curve of the photoproduct constitutes an envelope of
several curves resulting from complexes with cis- and trans-
ligand isomers. This result agrees with the amorphous character
of the product and also the formation of complexes with
disordered positions of stpy as concluded from the crystal-
lographic analysis of the photoperturbed crystalline phase (see
above and the Supporting Informations).

Finally, the synergy between the spin state of the metal ion
and the ligand-centered reaction, i.e. the so-called LD-LISC
effect, may be investigated at a working temperature below ca.
160 K. These developments will be reported elsewhere in a
forthcoming work.

V. Conclusions

The cis f trans photoisomerization of stilbenoids is here
demonstrated for the very first time in a crystalline inorganic
compound. The reaction occurs in a unidirectional manner under
the effect of an excitation in a MLCT band located in the visible
range. From the crystallographic observations, it is obvious that
the isomerization induced by visible light in the crystalline solid
state proceeds in a nontopotactic manner, with progressive
crystal disintegration, probably related to the characterized unit-
cell volume expansion and the parallel buildup of internal strain.
The key points are the presence of a bulky coordination group
and the occurrence of twisted conformations preventing direct
π-stacking associations, both factors providing a large fraction
of free-cavities volumes. For explaining this reactivity, the
volume-conserving hula-twist mechanism appears as the more
reasonable hypothesis. The distinctive behaviors of all-cis and
all-trans isomers are hardly assignable to the unique structural
properties and thus, we believe that competitive photophysical
processes and/or energy barrier might occur with the trans-styryl
isomer, providing the unidirectional character of the reaction.
Remarkably, this solid-state transformation is triggered by a low-
energy 5MLCT excitation. From our DFT calculations on the
free-base ligands, we suggest that the photoexcitation into the
5MLCT manifold may lead to the population of the 3IL (stpy)
state and then to the photoisomerization from this state.

The studied inorganic compounds present interesting photo-
chemical behaviors that highlight the key role of media and
working parameters. The spin change of the metal ion driven
by the ligand photoswitching was previously reported in PMMA
thin films. The bidirectional transformation has required highly
diluted thin films for a mechanism activated by UV irradiation.
In the present work, we have evidenced an effect related to LD-
LISC in a dense crystalline media that requires an indirect and
low-energy MLCT pathway. We have mainly focused on the
crystallographic and optical properties of the iron(II) compounds
for identifying the processes involving the organic and inorganic
moieties in the solid phase. To complement these results, we
plan to investigate (i) the interplay between the photoisomer-
ization and the change of metal ion spin states (the LD-LISC
effect) by variable-temperature reflectivity and magnetic mea-
surements, (ii) the reaction kinetics of these coupled processes,
and (iii) the photophysical aspects.

Application of this approach to systems incorporating pho-
tochromic functions like diarylethene or diazobenzene appears
especially interesting as for these latter,41-43 the structural
reorganizations associated with the photoisomerization are
limited and the large photochromism allows the different
chromophores to be specifically addressed.
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