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Here we report the completely reversible spin state switch of the
naturally diamagnetic tris(bipyridine)iron(i) complex and the spin
crossover complex bis(2,6-bis(1H-pyrazol-3-yl)pyridine)iron(n) by the
variation of the pH followed by *H-NMR, UV-Vis spectroscopy, and
magnetic and relaxivity measurements in solution and as composite
materials encapsulated in a zeolite matrix.

Spin crossover complexes are known for their ability to be
switched between two different electronic states by a variety
of physical or chemical stimuli; typical examples are tempera-
ture, pressure, light irradiation or host-guest interactions for
porous materials.! In the case of iron(n), this switching process
occurs between a paramagnetic high spin (HS, S = 2) and a
diamagnetic low spin (LS, S = 0) state. Based on this bistability,
applications in the field of data storage,> sensors® or as respon-
sive contrast agents” were proposed. For applications as sensors,
it would be interesting to switch the spin state reversibly as a
function of pH. First iron(u) complexes were designed that can
be switched upon pH change, however, so far only irreversibly.’
Here we show that it is possible to reversibly switch the magnetic
properties of the naturally LS complex [Fe(bipy);]*" (1)° and
the SCO complex [Fe(bpp).]** (2)” (bipy = 2,2"-bipyridine; bpp =
2,6-bis(1H-pyrazol-3-yl)pyridine) upon protonation; both in solution
and encapsulated in the zeolite NayY.

Investigations in solution of the spin crossover complex
[Fe(bpp),]*" showed a SCO at around room temperature with
Ty, (where 50% of the iron centers are in the HS state) depending
on the used solvent.” The complex [Fe(bipy);]** is a diamagnetic
LS complex due to the strong ligand field of 2,2'-bipyridine.
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However, the protonation of a ligand, e.g. amino groups® or
the pyridine nitrogen, can influence the overall ligand field
strength and by this the magnetic properties. Therefore, we
started to investigate the influence of protonation on the spin
state of this complex in solution. The "H-NMR spectra of aqueous
solutions (D,0) of [Fe(bipy);]Cl, (¢ = 0.007 mol L) at different
PH values are given in Fig. 1A, which show at pH 6 the typical four
signals for the protons of the [Fe(bipy);]*" ion (3(d), 4(t), 5(t), and
6(d)).° The used labelling scheme is given in Fig. 1C.

When lowering the pH, new signals emerge in the aromatic
region that are associated with the appearance of a diamagnetic
protonated species [Fe(bipy);H]** (3*(m), 4*(m), 5%(m), and 6*(d)).
The relative integrals of these signals increase with proton concen-
tration leading to a pK, value of 1.3 for this complex compared to a
pK, value of 4.4 for free 2,2'-bipyridine.*”* As shown in the ESIt
Fig. S7, the signals are shifted compared to the signals of the
protonated free bipy ligand, thus complex dissociation can be
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Fig. 1 Characterization of [Fe(bipy)3]2+ in solution. (A) pH- and T-dependent

*H-NMR spectra of [Fe(bipy)sICl, in D,O. (B) Plot of y4s versus T for the
different solutions showing an increasing yus due to a spin state change
between LS and HS of the protonated complex. (C) Proposed mechanism
for the interaction of [Fe(bipy)s]®* with the protons with the labeling
scheme used for the *H-NMR spectra.
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ruled out. Upon heating of the solution at pH 1, a significant
line broadening is observed, indicative of the formation of a
paramagnetic species. This is confirmed by the T-dependent
SQUID measurements of the solutions (H,O; ¢ = 0.168 mol L™ )
at different pH values. The results are given in Fig. 1B as a plot
of the high spin fraction yys vs. T. At pH 7 yys is 0.03, which is
almost negligible. When lowering the pH, yyg increases first
slowly, and below pH 2.5 more abruptly with yyg values between
0.14 and 0.27 for pH 2 and 1. The solutions are now clearly
paramagnetic. The absence of resonances of the paramagnetic
species in the room temperature "H NMR spectra in Fig. 1A can
be explained with a significant line broadening. The observa-
tions point towards a pH-dependent spin state switch between
a diamagnetic iron(u) LS species and a paramagnetic iron(u) HS
species, starting at around pH 2.5. As already indicated by NMR
spectroscopy, this spin state switch is temperature dependent.
At pH 1 yys varies between 0.21 and 0.46 while going from
260 K to 350 K. It is noteworthy that this pH- and 7-dependent
change is completely reversible and can be also followed via
UV-Vis spectroscopy, as shown in the ESL{ Fig. S1. A loss of the
charge transfer band at 520 nm is observed, which can be explained
with a spin state change. This decrease is also observed when the
temperature is increased at constant pH, in line with the SQUID and
'"H-NMR data (ESLi Fig. S1). Additionally, the m-n* transition
at 300 nm is bathochromically shifted with the lowering of the
PH, indicative of an interaction between the nitrogen donor of the
pyridine rings and the protons. The "H-NMR spectra and the results
from the solution magnetic measurements suggest the formation of
a protonated diamagnetic and a paramagnetic species.

In Fig. 1C, a mechanism is proposed to explain the experi-
mental results. We suggest that at lower pH one of the pyridine
nitrogens is protonated leading to a protonated diamagnetic
species [Fe(bipy);H]*" that is observed in the "H-NMR spectra.
This protonation weakens the nitrogen-iron bond leading to a
reversible bond break between the iron center and the proto-
nated nitrogen of the bipy ligands, in line with a change of the
coordination sphere and the spin state at the iron center. Then a
proton-driven coordination-induced spin state switch (PD-CISSS)
takes place. A change of the coordination sphere upon protona-
tion was recently proposed for paramagnetic europium(m)
complexes.'® This mechanism predicts the formation of a free
coordination spot at the paramagnetic iron center that should
increase dramatically the relaxivity of water. Consequently, aqu-
eous solutions of 1 (¢ = 0.168 mol L™ ') were characterized using
field-cycling (FC) "H-NMR relaxometry'" at different pH values.
For comparison, aqueous solutions of the spin crossover
complex 27 (c = 0.036 mol L") were investigated as well. The
aqueous solution of the spin crossover complex is paramagnetic
at room temperature (yys = 0.5). When the pH is lowered, the
same mechanism as for 1 could be observed. Significant differ-
ences in the relaxivity values of 2 when the pH is lowered would
support the proposed mechanism. In Fig. 2A the molar relaxivity
Ary is plotted vs. the pH. The experiments yield 'H-relaxation
of the water molecules that are influenced by the exchange at
free coordination spots of the paramagnetic centers."'> For
both complexes a strong pH-dependence of Ar; is observed.
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Fig. 2 (A) Molar relaxivity Ary(v = 0.01 MHz) at room temperature plotted

versus pH for 1 and 2. A steep increase of Ar; is observed when the pH
of the solution is lowered. The inset shows the observed relaxivity Ry
plotted against the Larmor frequency v. The R{™ values at pH 2 and pH 7
are identical so the last one is omitted for clarity. (B) pH-Dependence of
the room temperature y4s values calculated from SQUID data and yH*
values calculated from the 'H NMR spectra of 1. The arrows indicate
the scale bar used.

At pH values below 4, a significant increase is observed in line with
the proposed formation of a free site for the coordination of water
in the inner coordination sphere of the iron as [Fe(bipy);H(H,O)[".
For 1 Ar, is between 0.00(1) s~* mmol ' L (pH 7, LS, no
coordination spot) and 0.18 s™* mmol™' L (pH 1, yus = 0.27,
free coordination spot) - corresponding to an increase of the
molar relaxivity by a factor of 18.

This increase is significantly higher than the one observed
for switchable nickel(i) complexes with a factor of 3-7 (switch-
ing by light irradiation, the light-driven coordination-induced
spin state switch LD-CISSS)'® or gadolinium-based systems
with a factor of 3-5." For 2 the molar relaxivity varies between
0.06 s~* mmol ' L and 0.57 s~* mmol " L corresponding to a
factor of 9.5. The increase of the relaxivity of 2 starts at a slightly
higher pH, indicating an influence of the used ligand.

In order to explore if the PD-CISSS can be also observed in
composite materials, the iron(u) complexes were encapsulated in
the supercages of zeolite faujasite NaY. The encapsulation was
done using the impregnation method™® to avoid paramagnetic
iron(n) high spin contamination of the sodalite cages. For the
synthesis, NaY was used as a starting material, which has approx.
0.5 Bregnsted acid sites per unit cell;'® their presence can
be qualitatively verified by solid-state NMR spectroscopy (ESL,T
Fig. S2). The samples 1@NaY and 2@Nay were fully characterized
in the solid state by elemental analysis (C, H, N), AAS (Fe), TGA,
solid-state NMR, UV-Visible and evanescent-wave IR spectroscopy.
A detailed description of the characterization is given in the ESL}
Mossbauer spectroscopy was used to distinguish between the
different possible iron sites in the zeolite cavity. The results
confirm the formation of the complexes solely in the supercages,
the absence of complexes on the surface (IR, UV-Vis, and Moss-
bauer), and were used to determine the sample composition
(CHN, AAS, and Mossbauer). For the unit cell, the formula
[Fe(bipy)s]o.4sNas;Hg 5[(AlO,)55(Si05)134] Was obtained for 1@NaY
(0.13 wt% iron) and [Fe(bpp),Jo.sNaseHo 5[(AlO,)s5(Si05)134] for
2@NayY (0.36 wt% iron). This corresponds to 1 complex per 18
supercages (1@NaY) and 1 complex per 8 supercages (2@NaY).
Please note that according to the room temperature Mossbauer
spectra (ESL Fig. S5), the encapsulated spin crossover complex 2
is at room temperature, predominantly in the LS state. One unit

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Change of the optical and magnetic properties of the samples
1@NayY (top) and 2@NaY (bottom) upon heating (solvent loss). On the left
the reversible color change from red (1@NaY, top) and yellow (2@NaY,
bottom) to colorless is illustrated showing the samples and the corres-
ponding UV-Vis spectra where a loss/gain of the MLCT band is observed
upon heating/standing on humid air. On the top right, the increase of the
mass magnetic susceptibility (Aymass) Of 1@NaY is given. This increase
depends on the iron contents of the sample and is higher for sample
2@NaY with the higher iron contents. The change of ymass IS irreversible as
the instrument operates under vacuum.

cell (8 supercages) can absorb up to 260 water molecules.”” In
combination with the Brgnsted acid sites the zeolite cavities
can be considered to be acidic with the pH depending strongly
on the water contents (ESI,T Fig. S2). Removal of water, e.g.
upon heating, will lower the pH and can be used to investigate
the influence on the spin state of the metal center. Upon
heating of the neat composite materials, for both samples, a
completely reversible colour change from red to colourless
(1@NaY), and yellow to colourless (2@NaY), is observed
(Fig. 3 and ESL, Fig. S3, Movie M1), which can be also followed
by UV-Visible spectroscopy (loss of the MLCT-band from red/
yellow to colourless). This colour change is linked to the loss of
water in the cavities of the zeolite as derived from TG analysis,
and the red and yellow colours are restored when 1@NaY and
2@Nay are treated with a drop of water or equilibrated in air
for some time. Remarkably, the properties of 1 and 2 in the
supercage of the zeolite are very similar although 2 is well
known for its SCO properties while 1 is a stable LS complex.
No indication for a colour change upon cooling is observed in
both cases. This indicates that the magnetic properties of 2 are
significantly influenced by the zeolite environment, in agree-
ment with some preliminary results on encapsulated cobalt(i)"®
and iron(n)"® complexes. The expected spin state change was
analyzed using magnetic measurements in the 150-400 K
temperature range. The results are given on the right side of
Fig. 3 for 1@NaY (top) and 2@NaY (bottom). The room tem-
perature magnetic susceptibility ymass Of both samples is highly
negative (—6 x 10 ° em® g~ at 300 K each), characteristic for
diamagnetic zeolite samples. Upon cooling and heating
between RT and 150 K, no significant changes are observed.
Subsequent heating of both samples to 400 K reveals a sig-
nificant increase in the mass susceptibility in both cases, with a

This journal is © The Royal Society of Chemistry 2017

View Article Online

Communication

Ymass Value at 300 K of —3 x 1072 ecm?® g™' for 1@NaY and
3 x 107% ecm® g for 2@NaY. This corresponds to a change
of the mass susceptibility (Aymass) at room temperature of 3 x
103 em?® g for 1@NaY and 9 x 103 cm?® g~ * for 2@Nay. In the
latter case the increase of .55 i more pronounced in line with
the higher iron contents (three-fold). From this we conclude the
generation of a paramagnetic complex inside the composite
materials following the same mechanism as proposed for the
solution samples in Fig. 1C. Upon heating, water in the zeolite is
removed thus the pH inside the cavities is lowered leading to a
protonation of one of the nitrogen donor atoms. In the ESIL,} at
the top of Fig. S9, the proposed mechanism inside the zeolite
supercages is given. Please note that this spin state change and
the associated colour change can be also observed for suspen-
sions of the composite material 1@NaY in water, when the pH is
lowered in small steps by the use of hydrochloric acid. A picture
of this series where the pH was varied between 6.0 and 2.0 is
given at the bottom of Fig. S9 (ESIt) together with the proposed
mechanism. In line with the proposed coordination change at
the iron center, a significant Ty shortage of the interzeolitic water
is found for the solid composite material 2 between the wet
(water vapour saturation) (27.79 ms) and dry (heated at 100 °C)
(11.06 ms) states using solid-state NMR (see ESI,{ Fig. S8). The
composite material 1 was saturated with 0.1 M HCI and then
heated in a solid-state NMR experiment; T} is reduced gradually
from 26.66 ms at 300 K, 19.38 ms at 320 K and 15.73 ms at 340 K
to 11.93 ms at 375 K (see the ESI,} Fig. S8). We can conclude that
inside the zeolite a proton-driven coordination-induced spin
state switch (PD-CISSS) takes place.

In this manuscript we presented the pH-dependent
magnetic properties of the complexes [Fe(bipy);]** (1) and
[Fe(bpp).]*" (2), both in solution and as composite materials
encapsulated in the supercages of zeolite faujasite NaY. Based
on the investigations in solution using "H-NMR spectroscopy,
magnetic measurements, UV-Vis spectroscopy and molar relax-
ivity measurements, a proton-driven coordination-induced spin
state switch (PD-CISSS) was identified as the underlying mecha-
nism. Due to the formation of a free coordination site upon
protonation, the presented systems are promising candidates
for pH-responsive contrast agents in MRI, provided that similar
results can be obtained for nano-sized zeolite particle suspen-
sions with high complex loading. The composite materials
prepared so far show excellent long-term stability. One can
see easily that the PD-CISSS and the resulting pH-dependent
relaxation are linked to the used ligand type and are crucially
influenced by the molecular structure and the mechanic-
geometrical properties of the ligand. For the composite materials
the zeolite environment can be further used to optimize the
relaxivity with regard to the absolute values and the difference
between the LS and the HS state. The presented hybrid materials
are highly interesting for use as smart contrast agents in precise
tumor detection as tumor tissues are known to exhibit a higher
temperature and a lower pH (Warburg Effect,”® up to two
decades®") compared to the surrounding tissue.
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