magnetochemistry ﬁw\b\py

Article
Spontaneous Magnetization and Optical Activity in
the Chiral Series {(L-proline),, VICr(CN)¢l,} (0 < n < 3)

Barbara Rodriguez-Garcia ! and Jose Ramon Galan-Mascaros 1-2*

1 Institute of Chemical Research of Catalonia (ICIQ), the Barcelona Institute of Science and Technology (BIST).
Av. Paisos Catalans 16, 43007 Tarragona, Spain; barbara.rodriguezg@gmail.com

ICREA, Passeig Lluis Companys 23, 08010 Barcelona, Spain

*  Correspondence: jrgalan@iciq.es; Tel.: +34-977-920-808

check for
Received: 13 January 2020; Accepted: 28 February 2020; Published: 3 March 2020 updates

Abstract: The incorporation of the natural amino acid L-proline in the synthesis to
vanadium-chromium Prussian blue derivatives results in materials exhibiting magnetic ordering
including chiral magnetic centers. Although the amorphous nature of these materials makes difficult
to assess the structural features of these proline-containing compounds, magnetic and spectroscopic
data confirms their multifunctionality. They exhibit high-temperature magnetic ordering (T, < 255 K)
and a circular dichroic signal, representing the molecule-based chiral magnets with the highest
ordering temperatures reported to date. In addition, the presence of chiral L-proline (or D-proline)
has additional benefits, including higher redox stability and the appearance of magnetic hysteresis.
The latter was not observed in the parent compounds, the series of room temperature molecule-based
magnets V[Cr(CN)g]y.

Keywords: molecule-based magnets; chirality; magnetic hysteresis; cyanide; vanadium; chromium;
amino acid

1. Introduction

Molecule-based magnets [1] are particularly suited for the development of multifunctionality [2].
By design of functional molecules as building blocks, one can bring to a solid the desired combination
properties. This is unparalleled by solid-state materials, where it is very difficult to tune or modify
their physical properties by chemical methods. This powerful molecular strategy to yield unique
multifunctional materials has been particularly successful in the development of magnetic materials
with a second added value: sensing [3-6], porosity [7], superconductivity [8-11], electrochromism [12],
or optical activity [13-16]. The latter is a very appealing possibility, since unique properties are
expected in such materials, such as non-linear optical switching [17] or magneto-chiral dichroism and
birefringence [18,19]. The unprecedented magneto-optical features proposed include the possibility
to tune light-matter interactions via external magnetic stimuli. However, molecule-based magnets
typically exhibit very low ordering temperatures, well below the boiling temperature of liquid nitrogen,
precluding immediate or wide applications. This is due to the weak nature of magnetic super-exchange
and dipolar interactions, both at the origin of their magnetic properties.

One significant exception is the family of Prussian blue analogs (PBAs). High temperature
molecule-based magnets are available [20-23], just selecting the right combination of constitutive
transition metal cations [24], with particular success in the Vanadium-Chromium series: V[Cr(CN)glos6
(T, = 315 K), K055 V[Cr(CN)glo79 (Te = 372 K) or KVI[Cr(CN)g] (T, = 376 K) [25-27]. Such
high-temperature ordering above room temperature comes with a price in these materials, though.
They all have in common an amorphous long-range structure containing non-stoichiometric amounts
of V in low oxidation states (II and III). For this reason, these compounds must be prepared under an
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inert atmosphere, as they present an inherent instability to oxygen. If the VI/T centers are oxidized
by air to the VIV vanadyl species (VO?*), the ordering temperature decreases down to 115 K in the
corresponding (VO) [CrT(CN)g ] analog [28].

Optically active materials based on Prussian blue coordination magnets have been obtained by
the incorporation of ancillary chiral ligands in the construction of PBAs [29-31]. The chiral ligand
typically coordinates the divalent metal cation, lowering connectivity and ordering temperatures, but
providing optical activity. However, this strategy has not successfully applied to the high-temperature
counterparts, due to the key participation of V in low oxidation states. These states are redox-unstable in
reaction conditions, upon the presence of the chosen chiral ligands, typically chelating diamines [32-34].
These non-innocent ligands coordinate and destabilize the vanadium or chromium centers in low
redox states, as needed for the formation of the extended network.

Here we describe the successful use of an enantiopure natural amino acid, L-proline (L-pro),
as a chiral inductor in the preparation of cyanide-based magnets. Our target magnetic materials,
prepared from the reaction of vanadium (II) and hexacyanochromate in the presence of this enantiopure
zwitterion, exhibit optical activity, and spontaneous magnetization at temperatures as high as 260 K.
Our strategy offers, for the first time, a successful rational strategy towards molecule-based high
temperature optically active magnets.

2. Results and Discussion

From the different synthetic protocols, we followed a variation of the improved synthesis reported
by Garde et al. [35] Vanadium(II) chloride and tetrabutylammonium hexacyanochromate were reacted
in water in the presence of L-proline (Scheme 1), at a L-pro/V ratio = 0, 1 and 2, under nitrogen
atmosphere. After 20 min, a solid was filtered and dried in a nitrogen stream. The stoichiometry for
these compounds was determined by elemental analysis, and they will be referred according to the
initial L-pro/V ratio during the reaction, for the sake of clarity, as VCr0, VCrl and VCr2, respectively.

e0 ©0

Scheme 1. Zwitterionic structure of both proline enantiomers: (L)-proline (left) and (D)-proline (right).

These solids are amorphous, as expected, showing no powder diffraction pattern [10].
The incorporation of proline was confirmed and quantified by elemental analysis (ICP-MS). These also
indicated the presence of sub-stoichiometric amounts of TBA* and CI~. According to the elemental
data and thermogravimetry, the stoichiometries are (TBA)g,V[Cr(CN)glosClp4-16H,O (VCr0),
(TBA)g.6(L-pro)1.§ VICr(CN)slo.77Clo.s-12H20 (VCrl), and (TBA)g 6(L-pro)2.8 V[Cr(CN)glo.66Clo.50-8H20
(VCr2). The proline ratio in the products is higher than in the reagents. This, in addition to the
uncertain redox state of the metals, the zwitterionic nature of the L-pro moieties, and the additional
ionic content in the formulas, makes it difficult to derive any plausible hypothesis regarding the
coordination environment of the V centers and of the L-pro molecules. Most certain, at least for
VCr2, some L-pro molecules must be trapped inside the cyanide bridged network via supramolecular
interactions, and not directly coordinated to metals (L-pro/V = 3).

We also characterized the materials by IR spectroscopy in the search for some data regarding the
latter. Although the materials were manipulated under an inert atmosphere, spectroscopic data were
obtained in the open air, and partial oxidation was observed, not necessarily present in the as-prepared
compounds. In the proline-free compound, VCr0, two bands were found corresponding to the cyanide
stretching. One centered at 2118 cm™1) assigned to the VILCyI couple, and another one centered
at 2175 cm™!, signature of the VIV-Cr!!l couple. The latter increases its intensity after air exposition,
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as expected (Figure S1). The presence of proline in VCrl and VCr2 is confirmed in the IR spectra by its
signature band at 2964 cm~! (Figures S1 and S2), corresponding to the H-N stretching frequency. In the
CN stretching region, we observed the same two bands, analogous to the parent compound, with only
two major differences: the bands are weaker and, more importantly, the changes after air exposition
are minimal. This suggests that redox stability increases when proline is present in the structure.

To characterize the magnetic behavior of these materials, we performed magnetic measurements
in the 2-300 K range (Figure 1). In all cases, the magnetization (M) shows a sharp jump and tends to
saturation as the temperature is decreased, the signature of the onset of spontaneous magnetization.
Critical temperatures (T;) were extracted from the slope of the initial increase in M projected to
M =0 cm® mol~! Oe. With this criteria, VCr0 shows a spontaneous magnetization below 275 K. This
initial T, indicates partial oxidation of the material, since it is lower than those typically reported for
the V-Cr series, albeit strong variations depending on preparation [36]. After 24 h of air exposition, T,
decreases down to 120 K, the typical T, for the all-vanadyl Prussian blue analogue [13].
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Figure 1. Field-cooled magnetization for VCr0, VCrl and VCr2: as prepared (full circles) and after
24 h of air exposition (empty circles).

VCrl shows a very high ordering temperature of 255 K. The onset of spontaneous magnetization
below this temperatures was confirmed by zero-field cooled/field cooled/remnant magnetization
(ZFC/FC/RM) measurements (Figure S3), showing consistent temperatures for the deviation between
ZFC and FC data, in agreement with the temperature where RM data becomes negligible. After 24 h
exposed to air, T, drops only by 30 K, down to 222 K, confirming the superior redox stability of this
material, as already hinted by IR data.

At a higher L-pro/V ratio, this positive effect is lost. VCr2 shows a T, of 122 K, and decreases down
to 30 K once it is exposed to air. Thus, there is an optimum L-pro/V ratio to maximize the magnetic
performance. This also suggests that the initial proline is mainly incorporated into the interstices of
the material, with relatively low participation in direct binding to the V centers. This would agree
with the high T, of VCr1. At higher proline loading, the proline units may block a higher number of
coordination sites, blocking magnetic connectivity. This reduces the overall magnetic dimensionality,
and T, decreases.

The field dependence of the magnetization and the corresponding hysteresis cycles were measured
at 2 K (Figure 2). VCr0 exhibited no memory effect, in good agreement with previous literature [35].
Cyanide-based V-Cr materials are typically soft magnets, with irreversibility appearing well below
50 Oe [36,37]. In contrast, magnetic hysteresis loops open at 2 K for both proline-containing derivatives.
Coercive field (H.) increases with proline content, reaching H. = 382 Oe for VCr2, and H, = 155 Oe
for VCrl1, whereas total magnetization decreases. Both materials do not reach perfect saturation at
high fields, indicating the presence of a paramagnetic contribution. At 3 T, M is 0.88 up for VCrl and
0.40 pp for VCr2. These low values are in good agreement with the presence of antiferromagnetic
exchange between the chromium and vanadium networks, resulting in ferrimagnetic ordering. Using
these values, we may estimate the approximate oxidation state of V centers. All chromium centers are
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in the S(Cr'h) = 3/2 ground state, but vanadium can be in any state between SV =372, S(VI) = 1 and
even S(VIV) = 1, due to undesired oxidation during synthesis or during transfer into the magnetic
measurements compartment. VCrl magnetization data is in good agreement with an all VI compound,
what would yield M = 0.7 up for an analogous magnetically isotropic system (g ~ 2). On the contrary,
VCr2 magnetization data suggests an equimolar VI/V! ratio, which would require the presence of
deprotonated L-proline, as already suggested by the formula. This is also in good agreement with the
lower T, found for this derivative. Remnant magnetizations (Mp) are 0.11 and 0.08 pg, respectively,
very similar for both materials, despite their very different ordering temperatures, different oxidation
states, and different magnetization behavior.
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Figure 2. (a) Magnetization data and (b) hysteresis cycle for VCr1 (empty circles) and VCr2 (full circles)

at2 K.

In order to confirm that the optical activity has been transferred to the magnetic skeleton, even
when most prolinate ligands are occupying interstitial species without direct bond to the metal centers,
we studied the appearance of circular dichroism (CD) in the absorption spectra of these materials in
the visible range. Due to technical issues, these experiments were performed in air. Thus, oxidation to
vanadyl is expected, but this should not affect the chirality of the materials. If the vanadyl derivative
remains chiral, it must be due to the parent material being chiral itself, and optical activity should
be preserved. It is also worthy to mention that proline only absorbs in the UV region. Therefore,
all bands appearing in the visible must have contributions from the metal centers, the spin carriers.
Indeed, we observed a negative Cotton effect in the CD spectra for both compounds (Figure 3). We also
prepared the same materials starting with D-proline. The CD spectra for D-VCr1 and D-VCr2 are the
corresponding specular images of the L-proline counterparts, showing the analogous positive Cotton
effect, and confirming the optical activity of the magnetic V-Cr networks.

The different absorption and CD spectra indicate the presence of different chromophores in both
materials. In the visible range, VCr1 shows a broad band centered around 680 nm, a minimum at
500 nm and then a second broad band with its maximum below 350 nm. Accordingly, the CD spectra
must be associated to the first band. In the case of VCr2, there is a broad band centered above 700 nm,
and below the minimum at 500 nm, two additional bands appear: a shoulder at 420 nm and another
intense band centered at 360 nm. This high energy absorption, absent or negligible in VCr1, should
be at the origin of the double Cotton effect observed in VCr2, with the corresponding dichroic signal
remaining active well below 400 nm, and just disappearing below 450 nm in the other case.
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Figure 3. CD signal for compounds VCr1 (a) and VCr2 (b): D enantiomer (red line), L enantiomer
(blue line).

3. Materials and Methods

Synthesis. All reagents and solvents were commercially available and used as received. All
procedures were carried out in a nitrogen flushed glove box, to avoid the presence of oxygen.
(TBA)3[Cr(CN)g] (TBA = tetrabutylammonium) was obtained by mixing ethanol solutions of
K;3[Cr(CN)g] and TBACI overnight.

VCr0: anhydrous VCl, (0.9 mmol) was dispersed in 5 mL of deaerated water and left stirring for
20 h. (TBA)3[Cr(CN)s] (0.3 mmol), dissolved in 5 mL of deaerated water, were added dropwise to this
green suspension. Immediately, a deep blue precipitate forms. The solid was centrifuged, and washed
thoroughly with water and methanol. (TBA)q,V[Cr(CN)g]lo.8Clp.4-16H,O (568.35): caled. V 8.96, Cr
7.32,C16.91, H 6.95, N 12.32, C12.50; found: V 8.96, Cr 7.32, C 17.38, H 6.45, N 12.15; C1 2.50.

VCrl: anhydrous VCl, (0.9 mmol) was dispersed in 5 mL of reaerated water containing proline
(0.9 mmol) and left stirring for 20 h. The initially green suspension turns into a brown solution.
(TBA)3[Cr(CN)g] (0.3 mmol) were added dropwise, dissolved in 5 mL of deaerated water. Immediately,
a deep blue precipitate forms. The solid was centrifuged, and washed thoroughly with water and
methanol. Proposed stoichiometry for VCrl: (TBA)g¢(L-pro); g VICr(CN)glo.77Clo6-12H,O (801.37):
caled. V 6.36, Cr 5.00, C 34,81, H7.77, N 12.27, C1 2.66; found V 6.36, Cr 5.00, C 35.05, H 7.50, N 12.30,
Cl 2.66.

VCr2: this compound was prepared following the same procedure as for VCrl,
but using 1.8 mmol of L-proline in the preparation. Proposed stoichiometry for VCr2:
(TBA)g.6(L-pro)2 s VICr(CN)glo.66Clo.50-8HoO (818.00): caled. V 6.23, Cr 4.20, C 40.47, H7.74, N 12.60,
C12.17; found V 6.23, Cr 4.20, C 40.79, H7.59, N 12.49, C1 2.17.

Methods. elemental analysis (C, H, N and Cl) were carried out by the CAI Microanalisis Elemental
(Universidad Complutense, Madrid). In all cases a non-magnetic impurity of TBACI was detected, up
to 30%, probably co-precipitated/occluded during the fast precipitation process [35]. The corresponding
elemental content was discarded for the correct estimation of the stoichiometry of the materials. Metal
content analysis (V and Cr) were carried out by ICP-MS in the Laboratorio de Técnicas Instrumentles
(UVa). Infrared spectra were recorded in the 4000—400 cm™! range with a Bruker Optics FI-IR
Alpha spectrometer using the ATR mode. Thermogravimetric analyses (TGA) were performed with
a TGA/SDTA851 Mettler Toledo instrument with a heating rate of 10 °C min~! in air. Magnetic
measurements were carried out on polycrystalline powder samples. Each sample was secured inside
a tight gel capsule in a nitrogen-purged glovebox, and transferred into the sample compartment
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of a Quantum Design MPMS-XL SQUID magnetometer (Quantum Design, Inc., San Diego, CA,
USA). ZFC/FC/RM measurements were carried out under an applied field of 50 Oe. After these
initial measurements, the compounds were exposed to air for 24 h, and the magnetic measurements
repeated to determine the effect of air instability. Circular dichroism data was collected on pressed
pellets obtained from powder samples with an Applied Photophysics Chirascan spectrometer at
room temperature.

4. Conclusions

We have demonstrated a simple strategy to incorporate enantiopure (L- or D-) proline in the
preparation of high temperature cyanide-based V-Cr magnets in order to confer them optical activity.
At low proline/V ratios, these materials maintain a very high ordering temperature, close to room
temperature (=255 K), and exhibit a remarkably high redox stability, when compared with the classic
cyanide-based V-Cr magnets. Unfortunately, the structurally amorphous nature of these materials
does not allow us to elucidate the structural environment of the proline molecules. At this point, it is
uncertain if they occupy any of the vanadium open coordination sites, or if they are just incorporated via
supramolecular interactions in the cavities of the cyanide-bridged extended network. Local structural
techniques, such as X-ray absorption, will be helpful to determine the coordination modes. Either
way, the optical activity of the ferrimagnetic network is confirmed by the UV-vis absorption spectra
observed for the metal-based transitions, confirming the true multifunctionality of these cyanide-based
materials, regardless of the structural participation of the amino acid.

Our simple strategy is powerful enough to develop room-temperature chiral magnets, while
conferring superior magnetic performance: our proline-modified magnets are the first of their kind
showing magnetic hysteresis. This should be related to a higher magnetic anisotropy in these systems,
as induced by the presence of chiral centers. Further experiments in the search for synergy between
spontaneous magnetization and optical activity are underway, including the search for the elusive
magneto-chiral dichroism [38-41].

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/6/1/12/s1,
Figure S1: FT-IR spectra of VCr0: as prepared (a), and after 24 h exposed to air (b); of VCrl, as prepared (c) and
after 24 h exposed to air (d); and of L-proline (e), Figure S2: FT-IR spectra of VCr0: as prepared (a), and after 24 h
exposed to air (b); of VCr2, as prepared (c) and after 24 h exposed to air (d); and of L-proline (e), Figure S3: UV-vis
data for compounds VCr1 (a) and VCr2 (b).
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