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ABSTRACT

Molecules are increasingly considered for information processing and sensing applications. Therefore, much
research has focused on the improvement of such property changes, especially the ability to observe the switching
at room temperature. The relationship between chemical structure and spin state in a transition metal complex has
an important bearing on the design of spin crossover materials. Thus, ligand design has been the focus of much
attention. It has allowed generation of highly cooperative spin-transition iron (1) complexes to promote hysteretic
effects. We present herein the thermal and light-induced magnetic properties of several photoswitchable precursors
based on a bidentate ligand (phenanthroline), and a monodentate ligand such as a pyridine or picoline derivative.
These results were discussed on the basis of the alkyl-substituted pyridine ligand effects on the magnetic and
phtomagnetic properties of mononuclear iron (1) complexes. Interestingly, single crystals were obtained for the 4-
cyano-pyridine derivate allowing the X-ray diffraction crystal-structure determination.

KEYWORDS: Ligand effect, Iron, Spin crossover, LIESST, Magnetic properties.

1 INTRODUCTION AND BACK GROUND

The recent developments in technology in which
molecules or assemblies of molecules are used for
information processing has enabled scientists to
investigate the potential of molecules in several areas,
namely for the development of display and memory
devices.™ % Among them, the materials that undergo a
spin crossover (SCO) phenomena, upon application of
external stimuli such as temperature, pressure, light and
electric field have received a high interest within the
construction of molecular devices with optical switch
or/and magneto-optical storage properties./”**!

In this context, SCO coordination compounds of 3d* to
3d’ electronic configuration displaying a central metallic
ion in an octahedral environment have been a focus of
research for nearly 90 years.* Several aspects of SCO
phenomenon have been reviewed in the past.l/ M- 13105
21 0f these, by far the majority are pseudo-octahedral 3d®
iron (1) complexes, thus, as a function of the ligand field
strength, the six electron of the iron (1) ion can occupy
the 3d orbitals in two different ways giving rise to two
different stable states: a diamagnetic low-spin (LS)
electronic configuration state ty,’e,’ (‘A S=0) in case
of a strong ligand field and a paramagnetic high-spin
(HS) electronic state tyg'e,” (*Tag, S=2) when the ligand
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field is weak. In the case of an intermediate ligand field,
the two spin states may become so close in energy that a
small external perturbation can switch between the
states.

LS+—HS conversions are accompanied by profound
changes in all properties that depend on the distribution
of the 3d valence electrons. Besides the most obvious
change of magnetic properties, including switchable
diamagnetism <> paramagnetism,® the reversible
change of color,® refractive index,” electrical
conductivity,?® luminescence,”” nonlinear optical,*
and mechanical properties’® may accompany SCO. The
spin state change can be induced by various external
stimuli such as temperature,™™ pressure,*” light
irradiation,®*? magnetic®® and electric field,** guest
molecules,® and so forth.

Recently, topics such as the role of ligand design in
affecting SCO have attracted great interest.2**% A
Rational ligand design has allowed the generation of a
highly cooperative spin-transition iron (11) complex.!*¢!

In this paper, we focus attention on the influence of the
alkyl-substituted pyridine ligand on magnetic and
photomagnetic properties by determining systematically
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the thermal spin transition temperature, Ty, and the
relaxation temperature of the photo-induced high-spin
state, T(LIESST). The main objective is to demonstrate
that by playing with the nature of the substituent and its
position, it is possible to create stronger cohesive forces
and receive a more cooperative response from the
compounds.

Importantly, recent studies have shown that the
electronic influence of a substituent on a coordinated
metal ion depends on its position on the ligand
framework " %

This article complements the literature and helps to
understand how the SCO behaviors of a complex is
influenced by the nature of its ligands.

2 EXPERIMENTAL SECTION

With this background in mind, an Fe(ll) family of
[Fe(NCS)2(L),phen] with L = pyridine or picoline
derivative has been synthesized and characterized.
Starting from compound [Fe(NCS),(py),phen] in Fig. 1,
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several chemical modifications can be made, either on
the phenanthroline or on the pyridine ligands. In this
work, we focused on substituted pyridine ligands (Fig.
2).

B
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Fig. 1: Schematic representation of the iron(ll)
molecular unit involved in the
[Fe(NCS),(py).phen] crystals.
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Fig. 2: Schematic representation of de ligands discussed in this work.

Synthesis
General: All syntheses were carried out under nitrogen
according to the synthesis scheme below.

MeOH
FeSO,7H,O0 + 2 KSCN Fe(NCS),
K,SO,
+ X
In excess
1 éq.
[Fe(X),(NCS),phen] — [Fe(NCS),(X).]
/’—_é%
!\:ﬂ ", i

Fig 3: Synthesis scheme.
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We succeeded in synthesizing 3 pure complexes by
this procedure, [Fe(NCS),(py).phen] (1), [Fe(NCS),(4-
pico),phen] (2) and [Fe(NCS),(4-ethylpy),phen] (3).
Indeed, for ligands having a substituent in position 2
or 3, a large steric hindrance causes the dissociation
of ligand X after the addition of phenanthroline,
leaving a vacant coordination site for another
phenanthroline molecule.

[Fe(NCS),(py).phen] (1): The preparation of the
complex has been described earlier by Erickson and
Sutin,”Y but slightly modified. The hydrated iron(l1)
perchlorate being replaced by Iron(Il) Sulfate FeSO,,
7H,0. The synthesis of the complex
[Fe(NCS),(py).phen] was done by reacting 0.278 g
(1.10"® mol) of FeSO,-7H,0 and 0.194 g (2.10® mol) of
KSCN in dry and freshly distilled methanol (5 ml). The
precipitated K,SO, was filtered off. The solution was
added to 5 mL of pyridine. The mixture became yellow
after incorporation of pyridine. The mixture was stirred
during 30 mn and gradually dropped to a solution
containing 0.180 g (1.10-3 mol) of 1,10-phenanthroline
in 6 mL of pyridine. Purple powder formed from the
solution was filtered off and dried under vacuum (See
Figure. 3). The elemental analysis of C, H, N, S was
performed, and the results agreed well with the
calculated data. For [Fe(py),(NCS),phen]: Calculated
(%) C, 57.25; H, 3.69; N, 16.53; S, 11.80; found : C,
57.61; H, 3.72; N, 16.54; S,11.83.

[Fe(NCS),(4-pico),phen] (2): Compound 2 was
synthesized according to the same procedure, replacing
the pyridine by 4-picoline. The intermediate solution was
green/black in colour, and the final precipitated was
purple. The elemental analysis of C, H, N, S fit the
calculated data. For 2: Calculated (%): C, 59.54; H, 4.39;
N, 15.56; S, 10.96; found: C, 59.18; H, 4.49; N, 15.2; S,
9.50.

[Fe(NCS),(4-ethylpy),phen] (3): Compound 3 was
synthesized according to the same procedure used for 1,
replacing the pyridine by 4-ethylpyridine. The
intermediate solution was orange in colour, and the final
precipitated was purple. Here also, the elemental analysis
of C, H, N, S fit the calculated data. For 3: Calculated
(%): C, 61.65; H, 5.07; N, 14.63; S, 10.00; found: C,
61.65; H, 5.11; N, 14.50; S, 10.08.

Magnetic and Photomagnetic Studies

Magnetic susceptibility data were collected using a
Quantum Design MPMS 5 SQUID magnetometer under
an applied field of 1 T. All measurements were
performed on homogenous polycrystalline samples and
in the temperature range 10 to 290 K. Diamagnetic
corrections for the sample holder and the material (using
Pascal constants) were applied. Photomagnetic
measurements were performed with a set of photo-diodes
coupled through an optical fiber to the cavity of a
MPMS-55 Quantum Design SQUID magnetometer
operating at 2 T. It was noted that there was no change in
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the data due to heating of the sample. The suspended
crystalline sample was prepared in a thin layer (~0.1 mg)
to promote full penetration of the irradiated light. The
sample mass was obtained by comparison with the
thermal spin transition curve measured on a larger
accurately  weighed polycrystalline sample. The
calculated mass is of course approximate, however the
adequacy between the bulk and thin layer magnetic
measurements is reasonable, taking into account the fact
that the data correction of such low amount of sample is
challenging. Our previously published standardized
method for obtaining LIESST data was followed.**!
The sample was first slow cooled to 10 K, ensuring that
potential trapping of HS species at low temperatures did
not occur. Irradiation was carried out at a set wavelength
and the power of the sample surface was adjusted to 5
mW cm? Once photo-saturation was reached,
irradiation was ceased and the temperature increased at a
rate of 0.3 K.min™ to ~100 K and the magnetization
measured every 1 K to determine the T(LIESST) value
given by the extreme of the 6 T /3T versus T curve for
the relaxation. The T(LIESST) value describes the
limiting temperature above which the light-induced
magnetic high-spin information is erased in a SQUID
cavity. In the absence of irradiation, the magnetism was
also measured over the temperature range 10 — 290 K to
follow the thermal spin transition and to obtain a low
temperature baseline. In addition to T(LIESST)
measurement. Kinetic studies were performed by
irradiating the sample at 10 K until photo-saturation,
then, under constant irradiation the sample was warmed
to a desired temperature around the T(LIESST) region.
At the desired temperature, irradiation ceased and the
decay of the magnetization signal was followed for
several hours, or until complete relaxation back to the
low-spin baseline.

Optical reflectivity measurements

Variable temperature reflectivity measurements were
performed using a home-built instrument coupled with a
CVI spectrometer. This equipment can collect the
reflectivity spectra in the 450-950 nm range at a given
temperature, and also follow the temperature dependence
of the signal at a selected wavelength (£2.5 nm) between
5 K and 290 K. The instrument is also equipped with an
optical detector, which collected the whole reflected
intensity and gave the total reflectivity signal as a
function of temperature. The source of white light
consisted of a halogen lamp emitting between 300 and
2400 nm. This analysis was performed directly on a thin
layer of the solid samples in the form of a polycrystalline
powder without any dispersion in a matrix. It was
checked that no change in the powder was recorded after
a thermal cycle. Spectra were collected at a range of
temperatures with the sample under constant irradiation.

X-ray diffraction

A single crystal of dimensions 0.30 x 0.25 x 0.20 mm
was mounted on a Bruker-Nonius Kappa CCD area
detector system and the diffraction data were collected at
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100 K temperature by using graphite-monochromated
Mo Ka radiation (A = 0.71073 A). The absorption
correction made by Empirical method (using intensity
measurements) SCALEPACK and the crystal structure
solved by the direct method using the program SHELXS-
97. The refinement and all further calculations were
carried out using SHELXL-97 and SHELXL-2013.14
Hydrogen atoms bound to the carbon atoms of the
aromatic rings were set in calculated positions and
refined as riding atoms with a common fixed
isotropically thermal parameter. Full-matrix least-squares
refinements on F2 carried out by minimizing the
function YW(|F,| - |Fc])?, reached convergence with
values of the discrepancy indices given in Table 1. The
graphical manipulations were performed using Mercury
software.

3  RESULTS AND DISCUSSION
3.1  Structural Characterization
Crystals of the intermediate complex, [Fe(3-
cyanopy)4(NCS),] suitable for X-ray analysis were
obtained was obtained by slow evaporation of the

European Journal of Biomedical and Pharmaceutical Sciences

methanol solution. Single-crystal X-ray diffraction
reveals that this compound crystallizes in the
orthorhombic space group Pc2;n with four formula units
per cell. The crystal data of the compound are
summarized in Table 1. Its molecular structure is shown
in Fig. 4. It is a discrete neutral monomer, where its
asymmetric unit corresponds to the formula unit and
contains one Fe(ll) cation, two isothiocyanate anions,
and four 3-cyanopyridine ligands. Each Fe(ll) cation has
a slightly distorted FeN6 octahedral coordination
environment formed by four (N2, N3, N5, and N6)
nitrogen atoms of four 3-cyanopyridine ligands and two
(N1 and N4) nitrogen atoms of two isothiocyanates. The
two thiocyanate ligands are coordinated through their
nitrogen atoms and are quasi-linear [S1-C1-N1 =
178.65(18)° and S2-C2-N4 = 179.60(17)°], while the Fe-
NCS bonds are bent [Fe1-N1-C1 = 163.18(15)° and Fel-
N4-C2 = 175.20(13)°].

Fig. 5 and Fig. 6 show the Packing of the molecules in
[Fe(3-cyanopy)s(NCS),], with different intermolecular
contacts.

Table 1: Crystal Data and Structure Refinement for title compound [Fe(3-CNpy)4(SCN),]

www.ejbps.com |

Chemical formula CysH1FEN1S,

M 588.46

Crystal system, space group Orthorhombic, Pc2;n
Temperature (K) 100

a, b, c(A) 10.198 (1), 13.033 (1), 20.374 (2)
VvV (A% 2707.9 (4)

z 4

Radiation type Mo Ka

g (mm) 0.75

Crystal size (mm)

0.30 x 0.25 x 0.20

Data collection

Diffractometer

Kappa CCD

Absorption correction

Empirical (using intensity measurements)
SCALEPACK

Tmin; Tmax

0.807, 0.865

No. of measured, independent and
observed [l > 26(1)] reflections

8890, 5036, 4931

Rint 0.031
(sin 0/ )max (A 0.649
Refinement

R[F” > 26(F%)], wR(F?), S

0.023, 0.062, 1.12

No. of reflections 5036

No. of parameters 352

No. of restraints 1

H-atom treatment H-atom parameters constrained
APrmaxs Apumin (€ A7) 0.26, —0.46

Absolute structure

Flack H D (1983), Acta Cryst. A39, 876-881

Absolute structure parameter

0.021 (8)

Vol 8, Issue 3, 2021.
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Fig. 4: The molecular structure of the Fe(3-cyanopy),(NCS),] compound, showing the atom labeling.
Displacement ellipsoids are drawn at the 50% probability level.

Fig. 5: View of the packing showing the shortest S---S contacts (green broken lines) between the [Fe(3-
CNpy)4(SCN)2] monometallic units.

Fig. 6: View of the significant hydrogen bonds (red broken lines) within the crystal structure.
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3.2 Magnetic Characterizations

The variable-temperature magnetic susceptibility data for
the complexes were obtained between 10 K to room
temperature using the using a Quantum Design MPMS 5
SQUID magnetometer under an applied field of 1 T. The
thermal dependence of the yyT product (in which yu
stands for the molar magnetic susceptibility and T the
temperature) for the three complexes is shown in Figure
7. For compound [Fe(NCS),(py).phen] (1), the ymT
product at room temperature is of about 3.5 cm*Kmol ™,
as expected for a fully occupied quintet paramagnetic
iron(I1) metal ion in the HS state (S = 2, t"e,’). Upon
cooling to about 125 K, the magnetic response drops
suddenly and reaches 0.2 cm®Kmol™ at 75 K, which
suggests that essentially all iron(Il) metal sites are LS.
This indicates that 1 exhibits an abrupt spin transition
taking place at Ty, = 105 K. Upon warming, the same
step process is followed without any hysteresis regime.
For [Fe(NCS),(4-pico),phen] (2), upon cooling, the yuT

European Journal of Biomedical and Pharmaceutical Sciences

values remain approximately constant down to 150 K
(3.05 cm®mol *K), at which point the magnetic signal
gradually decreases to reach 0.2 cm®Kmol™ in the
temperature range 150 — 75 K. In the warming mode, the
wmT product of 2 smoothly increases and the magnetic
data perfectly correspond to those obtained in the cooling
mode, showing that a complete gradual spin transition
occurs at Ty, = 112 K without thermal hysteresis. For
[Fe(NCS),(4-ethylpy),phen] (3), upon cooling from
room temperature to 30 K, the yyT value of 3.5 is
invariant to temperature, indicative of the HS Fe(ll)
forms. The rapid decrease of yuT product below 30 K is
due to the zero-field splitting of the HS iron(11) ion."* !
The magnetic behavior of the three compounds (Fig.7)
suggests that the ligand field strength is modulated by
substitution inside the ligand molecule. This indicates
that alkyl substitution on the pyridine ligand has good
potential to improve SCO properties within Fe(I1)-SCO
systems. This will be discussed later.

40
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Fig. 7: Magnetic properties as function of the temperature for 1-3.

3.3  Optical Diffused Reflectivity and
Photomagnetic investigations
Thermal spin-crossover can be monitored by following
the visible spectrum of the powder sample. Changes in
the diffuse absorption spectra measured as a function of
temperature and light irradiation were used to follow the
relative amounts of HS and LS iron(ll) species. Typical
spectra, recorded for 1 is presented in Fig. 8. The first
part of the figure shows the evolution of the spectra
between 250 and 70 K. It can be observed that, when
decreasing the temperature, a broad band present at 750—
850 nm tends to disappear, whereas a new band, sharper,
appears at 700 nm. The absorptions in the 600,700 nm
region can be assigned to both MLCT and d—d transitions

of the LS material, namely the *A;—'T;. On the other

www.ejbps.com | Vol 8, Issue 3, 2021.

hand, the broad peak at 800 nm is attributed to a d-d
band of the HS state of the compound, namely the
T,»°E.

At temperatures below 80 K, the reverse process occurs
with a new increase in the 800 nm band associated to a
decrease of the band at 650 nm. This experiment
suggests that at the surface of the sample some light-
induced effect occurs at low temperature along with the
LIESST process. In fact, when the temperature is
sufficiently low, the intensity of the light source used to
record the reflectivity signal is large enough to
photoswitch the LS state into a HS state as a result of the
very slow relaxation time. Compound 1 and 2 exhibit the
same general behavior.

1SO 9001:2015 Certified Journal | 408



Baldé et al.

European Journal of Biomedical and Pharmaceutical Sciences

1.05
1.00 J==
0.95 ] 80K
0.90
0.85 -

0.80

0.75 | —

0.70

absorption / u.a.

0.65 —

0.60 —

0.55 — S~

0.50 T T T

| Thermal spin Transition l | Light Induced HS conversion |

500 600 700 800

T T T
500 600 700 800 900

Wavelength / nm

Fig. 8: Thermal evolution of the diffuse absorption spectra of compound 1 and 2 along the thermal SCO
phenomenon from 250 — 80 K (left) and the light-induced photoconversion process from 80 — 10 K (right).

Besides the most commonly used thermally induced
SCO, it is also possible to control the HS and LS
populations of SCO metal complexes with selective light
into appropriate ligand-field (d-d) or charge-transfer
absorption bands with visible or near-infrared light. This
phenomenon is commonly known as light induced
excited spin state trapping (LIESST) for the LS — HS
conversion®” or reverse-LIESST for the HS — LS
conversion.] Experimentally, the photoinduced SCO
was investigated by using SQUID magnetometer coupled
to a CW optical source. The method used here, is to
detrappe the metastable HS by thermal excitation, after
photo irradiation at 10 K: on warming, the system jumps
over the energy barrier and relaxes to the stable LS state
al. This have led to the determination of a limiting
temperature value, coined T(LIESST) for all the
compounds under investigation.

The effect of light irradiation on compounds 1 and 2 was
studied. For all of them, irradiations at 405, 510, 650,
830 and 980 nm were tested and a 650 nm irradiation

]
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induced the most efficient photoconversion, leading to an
increase of the magnetic signal at 10 K (Figure 9). Using
the T(LIESST) procedure, after irradiation until the
photo-saturation at 10 K, the light was switched OFF and
the temperature was increased with a standard value of
the temperature scan rate, 0.3 K/min (0.005 K/s), to
allow the comparison of the photomagnetic properties of
compounds. The yuT product first increases upon
warming from 10-30 K due to zero-field splitting of the
high spin iron(l1) ion.** *! Then after a plateau, ymT
value decreases sharply. T(LIESST) is determined by the
minimum of the derivative d(yuT)/0T versus T (Inset,
Figure 9). Values of T(LIESST) for 1 and 2 are found to
be almost the same for the two compounds: T(LIESST)
has been recorded at 54 K . It should, however, be
noticed that the amount of iron in the photoexcited high-
spin state is not the same for 1 and 2, only compound 1
exhibits a quantitative photoexcitation.
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Figure. 9: Temperature dependence of the yuT product of 1 and 2: data recorded (O) without irradiation, (1)
under irradiation at 10 K and ((J) T(LIESST) measurement in the warming mode when the laser switched OFF.

The Inset displays the derivative o(ymT)/ 0T versus T.
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4 CONCLUSIONS

In this work we have reported the thermal and light-
induced magnetic properties of a family of alkyl-
substituted  pyridine  ligand iron(ll)  complexes,
[Fe(NCS),(L),phen] with L = pyridine (1), 4-picoline (2)
or 4-ethylpyridine (3). For all of them, we have
systematically investigated the thermal spin-crossover
(SCO) properties and the stability of the photo-induced
HS state through the determination of the T(LIESST)
value associated with the Light-Induced Excited Spin-
State Trapping (LIESST) effect. The compound 1
displays a complete and abrupt spin transition. For the
complex 2, the thermal SCO properties show a gradual
character. For compound 3, the HS (°T,) remains the
stable ground state at all the temperature range. No SCO
is observed because the ligand field strength is too weak
to meet the critical SCO condition. This series of data
confirms the role of ligand design affecting the thermal
and light-induced spin transition in mononuclear iron(Il)
complexes. We have demonstrated that the ligand field
strength is modulated by substitution inside the ligand
molecule. It is obvious that the alkyl substituent exerts a
strong steric effect in the complex. However, the alkyl
substituents have been introduced in position 4 of the
aromatic pyridine ring in order to minimize the distortion
of the metal ion environment and focus study only on the
effects of the inductive character of the substituent.
Exchange of H for CH3z and C,Hs in the 4-position of the
pyridine ligand weakens the ligand field strength due to
steric hindrance. Indeed, when we replace H by an ethyl
group in the 4-position of the pyridine ligand, the
strength of the average ligand field acting at the central
iron atom is weakened such that the condition for
thermal SCO to occur is now fulfilled. This is
corroborated by the studies conducted by Giitlich and
coworkers on [Fe(Y-phen)s]X, complexes.MHEE] ¢
has been illustrated with this group of complexes that
exchange of H for CHj; in either the 2- or 9-position of
the three phen ligands weakens the ligand field strength
due to steric hindrance (whereby the metal-donor-atom
distance is elongated) and the LS behavior of
[Fe(phen)s] X, turns to SCO behavior of the tris(2-CH3-
phen) complex. In addition, if both the 2- and 9-positions
of the three phen ligands are substituted by CH; the
steric hindrance is even stronger and weakens the ligand
field strength further, yielding HS behavior of the
tris[2,9-(CH3)2] complex down to very Ilow
temperatures. "84T Finally, let us mention that the
effects of the alkyl substituents in the pyridine ligand
sphere extend from a more or less distinct Ty, shift
towards higher or lower temperatures with a change in
the transition slope for 1 and 2 and complete suppression
of the spin transition for 3 exhibiting only the HS state at
all temperatures. The cooperative thermal SCO regime is
also strongly affected by the ligand substituent. It was
found that a combination of steric hindrance due to
bulkiness and an electronic influence of the substituent
on the basicity of the coordinating N-atom is responsible
for the influence on the SCO behavior, 1126401148, 491
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Our photomagnetic studies show that T(LIESST) is not
affected by the ligand substuent while Ty, is shift to
higher or lower temperatures depending of the
substituent. T(LIESST) value is almost the same for 1
and 2 (= 54 K) while Ty, varies from 106 K for 1 to 112
K for 2. This is in line with previous conclusions
suggesting that the photomagnetic properties are
governed at the molecular scale while the thermal spin
crossover regime is driven by both the ligand field and
crystal packing effects.

Substitution in the 2-position of the pyridine or
phenanthroline ligand induces high steric strain that
prevent any coordination to the metal site.

Similar studies on the effects of chemical influences on
the SCO behavior using a various substituent and their
respective positions within the pyridine ligand are
currently in progress, where we expect to learn more
about the role of ligand design in affecting SCO. In
addition, the study of sterically constrained complexes
would give insight into the influence of the coordination-
sphere distortion on the stability of the light-induced HS
state. These investigations are currently under way.
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