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Materials and Methods

The chemicals were of reagent grade and used as purchased without further purification.
Ammonium metatungstate (NH.)s[H2W12040]-3H,0 (WO3 content found (calculated): 92.5 % (92.4
%)) was provided by Global Tungsten & Powders Corp.

Physical methods

Infrared spectrum (4000-400 cm™) of the sample was recorded on a Bruker Vertex 70 IR
Spectrometer equipped with a single-reflection diamond-ATR unit. Elemental analyses were
performed in aqueous solutions containing 2% HNO3 using inductively coupled plasma mass
spectrometry (PerkinElmer Elan 6000 ICP MS) for Cr and W, and atomic absorption spectroscopy
(PerkinElmer 1100 Flame AAS) for Na. Standards were prepared from single-element standard
solutions of concentration 1000 mg-1"' (Merck, Ultra Scientific and Analytika Prague). Water
content was determined by thermal gravimetric analysis (TGA) with a Mettler SDTA851e
Thermogravimetric Analyzer under air flow with a heating rate of 5 K min™ in the region
298-1023 K. Mass spectrometry was performed with an ESI-Qq—0aRTOF supplied by Bruker
Daltonics Ltd. Bruker Daltonics Data Analysis software was used to analyze the results. The
measurement was carried out in a 1:1 mixture of H,O/CH3CN/MeOH, collected in negative ion
mode and with the spectrometer calibrated with the standard tune—mix to give an accuracy of ca. 5
ppm in the region of m/z 300—-3000. Cyclic voltammetry measurements were carried out using a
HEKA PG 390 potentiostat at room temperature. A conventional three electrode glass cell of 3 ml
capacity was used. A 2 mm diameter glassy carbon disk electrode was used as working electrode
(GCE). A platinum wire served as the counter electrode and a normal hydrogen electrode (NHE) as
the reference electrode. All solutions were deoxygenated using argon gas for 10-15 min prior to
electrochemical experiments. X-ray powder diffraction was performed on a Bruker D8 advance
diffractometer, Cu Ka radiation, A = 1.54056 A, Lynxeye silicon strip detector and SolX energy
dispersive detector, variable slit aperture with 12 mm, 8°< 20 < 50°. The diffuse reflectance spectrum
of a powder sample of CrW;, was recorded in the range from 190 to 2550 nm and a step of 1 nm
using a double-beam V-670 UV-Visible/NIR spectrophotometer equipped with a unique single
monochromator, a horizontal sampling integrating sphere PIN-757, PMT and Peltier-cooled PbS
detectors for the UV to visible and the NIR regions, respectively.

Svnthesis of Na&(Q4HQN)g[CrWQO@]@[HZWQO@]M37H20 (CFWQ)

A sample of Na,WOQO,-2H,0 (0.33 g, 1 mmol) was dissolved in water (50 mL) and HCI [1.0 M]
(1.2 mL) was added. Cr(NO3),-9H,0 (0.0417 g, 0.1 mmol) was dissolved in water (2 mL) and added
dropwise to the acidified solution of Na,WOQ,. The reaction mixture was heated to reflux followed
by addition of tris(hydroxymethyl)aminomethane (0.1 g, 0.8 mmol). The final ratio of reagents was
1 Cr:10 W : 12 H" : 5 Tris-NH,. The excess of chromium salt was used to increase the occupancy
of Cr'""in the Keggin anion. The final pH was 7.5. After refluxing for 24 hours, TMA—CI was added
(0.55 g, 5 mmol) and the solution was cooled to room temperature. The formation of double salt
could be connected to the too high solubility of pure TMA-CrWy, salt and necessity of several Na*
ions for crystallization. Yellow crystals were isolated after 2 weeks. Yield: 83 mg (31 % based on
W). Elemental analysis found (calculated) for Na,4C12H1108N3Crps077W12: Na 1.37 (1.43), Cr 1.17
(0.82), W 56.2 (57.7). Elements ratio found (calculated): Na : Cr: W =2.34 (2.4) : 0.88 (0.6) : 12
(12). IR: 3365 (b), 3024 (m), 1645 (m), 1488 (s), 1419 (m), 1342 (m), 1056 (m), 948 (s), 877 (m),
794 (m), 715 (m), 646 (s), 528 (s), 455 () cm . Please note: The Cr'"' content might slightly vary in
different preparations. Four crystals from different batches were measured and X-ray structure
analysis revealed no higher Cr occupancy than 60 % and the same disorder of the central ion. The
comparison of theoretical and experiential ymT values points also to partial (36 %) occupancy of the
Cr'" sites. The possible reaction routes in the Cr'"'-W0,* system between pH 7.5 and 8 applying
different Cr and W molar ratios are shown in Scheme S1. The use of NaOH or phosphate buffer to
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reach pH 7.5 in the system with the ratio 1.2 Cr : 12 W does not lead to any product isolation and
CrW3; could crystallize only from the Tris buffered solution. From the system with the ratio 1 Cr: 6
W (pH = 7.7), the tris-functionalized Anderson-type POT was isolated under hydrothermal
conditions." At pH 8 crystallization of the unfunctionalized Anderson-type anion is formed.*
Scheme S1 highlights the complex nature of processes in the Cr-W system and the important
influence of pH and Cr to W ratio for end product formation.

3+ 2-
Cr + WO,
pH = 7.5 Tris-buffer

‘ ! PH =8 not buffered )
HHH
CrW, ratio 1:6 ratio 1.2 : 12 Crw,,
= | pH = 7.7 Tris-buffer
m‘ 48h, T=140°C pH = 7.5 phosphate buffer X
U
NH, pH = 7.5 not buffered > X
CrW,-Tris
Scheme S1. Possible synthetic routes for Cr'"' and WO,* between pH 7.5 and 8 applying two
different molar ratios (1:6 and 1.2:12) in the presence and absence of buffering power. The scheme

is based on results obtained in this paper and in [1]. Color code: {WOg}, blue or pink; Cr, green; O,
red.

Computational Details

DFT calculations were carried out through the Gaussian 09 package in order to estimate the
relative stability of TD and SQ molecular geometries of the Cr'"" ion in CrWay,.2 These calculations
were performed with the PBE pure functional,® the quadratic convergence approach, a guess
function generated with the fragment tool of the same program, and a stability test of the
wavefunction. Triple-C (TZV) and double-C (SV) all-electron basis set proposed by Ahlrichs et al.
were used for chromium and oxygen atoms, respectively. LanL2DZ pseudopotentials were
considered to describe the tungsten atoms.> A polarizable continuum model (PCM) was introduced
in the calculations with the parameters corresponding to acetonitrile.®

In order to estimate the parameters that determine the axial (D) and rhombic (E) zfs,
calculations in an unusual tetrahedral d® complex based on complete active space (CASSCF or
CAS) methods were performed on CrWy, molecule with tetrahedral Cr'"' ion (occup. 1). Yet this
mononuclear species conserves the experimental angular dispositions of the ligands around the
metal, and the bond lengths were optimized to correctly calibrate the ligand-field strength of the
chloride anions. The optimization geometry was carried out with the Gaussian package using the
PBE pure functional and the TZV basis set for all atoms.** The CASSCF calculations were carried
out with the version 4.0 of the ORCA program’ using the TZV/P basis set proposed by Ahlrichs® and
the auxiliary TZV/C Coulomb fitting basis sets.® The contributions to zfs from 10 quartet and 20
doublet excited states generated from an active space with seven electrons in five d orbitals were
included using an effective Hamiltonian. The g-tensors were calculated for the ground Kramers pair
using Multireference Configuration Interaction (MRCI) wavefunctions with a first-order
perturbation theory on the SOC matrix.” RIJCOSX method was used combining resolution of the
identity (RI) and “chain of spheres” COSX approximations for the Coulomb and exchange terms,
respectively.'%**

S3



Magnetic Measurements

Static direct current (dc) and ac measurements were carried out on CrWs, by powdering and
restraining the samples to prevent any displacement due to the magnetic anisotropy. Variable-
temperature (2.0-300 K) dc magnetic susceptibility under an applied field of 0.25 (T < 20 K) and
5.0 kG (T > 20 K), and variable-field (0-5.0 T) magnetization in the temperature range from 2 to 10
K were recorded with a Quantum Design SQUID magnetometer. Variable-temperature (2.0-10 K)
alternating current (ac) magnetic susceptibility measurements under +5.0 G oscillating field at
frequencies in the range of 0.1-10 kHz were carried out on crystalline samples under different
applied static dc fields in the range 0.0-2.5 kG with a Quantum Design Physical Property
Measurement System (PPMS). The magnetic susceptibility data were corrected for the
diamagnetism of the constituent atoms and the sample holder. HFEPR experiments on powdered
samples of CrWy, were performed using the previously described spectrometer,® which was
modified with a Virginia Diodes (Charlottesville, VA) source operating at 15.5 + 3 GHz and
generating higher frequencies by a cascade of multipliers. X- and Q-band EPR spectra were
recorded in the temperature range 4.0-15 K on a Bruker ER 200 spectrometer equipped with a
helium cryostat.

X-ray absorption spectroscopy (XAS) experimental setup and X-ray absorption near edge structure
(XANES) analysis

XAS experiments were performed at beamline B18 at Diamond Light Source, UK. The ring
energy was 3.0 GeV and the ring current 300 mA. The beamline was equipped with a Si(111)
monochromator in continuous scan acquisition mode. Higher-energy harmonics were rejected using
two Pt-coated Si mirrors at 9 mrad incident angle. The absolute energy calibration was performed
using chromium foil. The edge position was determined over the first maximum in the first
derivative and used for the energy calibration. A Canberra 36-elements monolithic germanium
detector and Xspress2 readout electronics was used for the measurements in fluorescence mode.
Spectra were collected from 5800 to 6800 eV in continuous scan mode with a step size of 0.2 eV.
The spectra of the compounds are the average of 20 scans.

Initially careful radiation damage studies were performed by studying spectra collected at
different time intervals. The pre-edge background was removed by a linear approximation in the
range of =30 eV to —150 eV before the Cr K-edge. Spectra were normalized by fitting a linear spline
function to the post-edge region in ATHENA. The edge position was determined as the maximum in
the first derivative of the spectrum (inflection point of the steeply rising edge).

X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra including a survey scan (0-1350 eV) and high-resolution
spectra of Cr2p binding energies were recorded on a Thermo Fisher Scientific K-Alpha
spectrophotometer (University of Valencia). The spectra were calibrated with the line C1s
corresponding to a single C—-C bond at 284.84 eV. The analysis of the spectrum (Fig. S13) was
achieved by a deconvolution using a mixture of Gaussian and Lorentzian curves in the ratio 0.7:0.3.

X-ray Diffraction on Single Crystals

The X-ray data were measured on a Bruker D8 Venture equipped with a multilayer
monochromator, MoKa INCOATEC micro focus sealed tube and Kryoflex cooling device. The
structure was solved by direct methods and refined by full-matrix least-squares. Non-hydrogen
atoms were refined with anisotropic displacement parameters. All calculations were performed by
the Bruker SHELXTL (v. 5.1) package and in OLEX2.

Crystal structure description

The main bond lengths and angles in CrW,, are consistent with those reported for other

[XW312040]" anions. The W—Ogermina, W—O and W—O (Ot — atoms belonging to CrOg) bond
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lengths are in the range of 1.672(11)-1.740(20), 1.837(16)-1.941(16) and 2.283(16)-2.416(18) A,
respectively. The Cr—Ox; bond lengths are 1.58(2), 1.62(2) and 1.711(17) A.

Table S1. Details of data collection and refinement.

Naz.4(TMA)3[CrW12040)0.6[H2W12040]0.4:37H20

Empirical formula Cro.60040Wy2 [+ solvent]

CCDC-number 1913668

M, 2877.40

Crystal system monoclinic

Space group C2/m

T, K 100

a, b, c(A) 15.0892(6)
21.1101(6)
13.0805(4)

B(°) 98.788(2)°

V (A% 4117.7(2)

z 2

Deaie, g/cm® 2.321

(L, mm " 31.112

Abs. correction type multiscan

Abs. correction Tmin 0.055

Abs. correction Tmax 0.424

F(000) 2445.0

Crystal size, mm 0.20 x 0.09 x 0.05

Theta range for data collection 3.19°-32.54

Index ranges -17<h<17
—24<k<24
-15<1<15

Reflections collected 29032

Independent reflections 3148

Rint 0.0365

Data / restraints / parameters 3593/18/141

Goodness-of-fit 1.086

Final R indices Rr =0.0724, wR, = 0.1857
(all data)
Rr =0.0666, WR, = 0.18022
(I>2a0(1))

Largest diff. peak and hole, e. A 2.11/-2.94

IR spectrum

The IR spectrum of CrW3, shows all bands expected for a classical Keggin structure (Fig. S1):
the terminal W=0 stretching vibration appears as a strong band at 948 cm ™, the bands associated
with asymmetric W—O-W vibrations within the {W30;3} triplets at 794 cm*, and those from W—O—
W vibrations involving oxygen bridges between adjacent {W3O,3} triplets at 877 cm ™. The
deformation vibrations of W—O—Cr bridging fragments are observed at 455 cm™, and its stretching
vibrations are covered by much stronger W—O-W bands.

S5



Transmittance

v,6 W-O-W,
v,06 Cr-O-W

1000 800 600 400
Wavenumber (cm™)

Fig. S1. IR spectrum of CrWy,.

Electrospray ionization mass spectrometry

The ESI-MS spectrum of CrWs; in negative ion mode in mixed H,O/CH3CN/MeOH solution
reveals, besides small decomposition species, only the doubly- and triply-charged monolacunary
Keggin fragments nyyNaXTMAy[CrWnOgg] (x=1; y=1-4) and triple-charged Hs.-
yNaXTMAy[CrWnO?,g] (x=1,2;y=1, see Fig. S2, Table S2).

2
908.8
- 916.1
” 932.7
; H T +
-g ‘ ‘
-oq—)- 1 mlu ln”,. \J, i “ ‘ ‘” ' " I |H”“
= Al ‘\Aw”" sk
7
1 o i l !i
200 400 600 800 m/z 1000 1200 1400

Fig. S2. Negative ion-mode ESI-MS spectrum of CrW;; in H,O/CH3;CN/MeOH mixture. ESI-MS
peak envelopes of He-x-yNaXTMAy[CrW11039]3‘ (TMA - tetramethylammonium, x=1, 2; y=1
experimental pattern, black; simulated pattern, blue). See Table S2 for the peaks assignment.

S6



Table S2. Species assigned to the peaks in the ESI-MS spectrum of CrW, (see Fig. S2).
m/z m/z (calc.) | peak assignment

1]239.9 |239.9 [W,0/]*

22489 | 2489 H[WO,]

3|355.8 | 3558 [W3010]”

41480.9 |480.9 H[W,0,]

5[553.9 |553.9 TMA[W,0;]
908.8 | 908.8 HsNa[CrW1;,0s0]°

6|916.1 |916.1 H4Nay[CrW 11 Os0]
932.7 | 932.7 H4Na(TMA)[CrW1030]>

1400.7 | 1400.7 HsNa(TMA)[CrW;;030]%
1437.2 | 1437.3 HaNa(TMA),[CrWi1030]
7 [1462.9 [ 1462.9 Ha(TMA)3[CrW11039]°
1473.7 | 1473.3 H3Na(TMA)3[CrWi:03q]°
1499.3 | 1498.9 Ha(TMA),[CrW11039]°

Electrochemistry

The electrochemical behavior of CrW, and ammonium metatungstate (NH)sH2W1, at pH =
7.5 (1 M NaySQ,) is shown in Figure S3. The reversible reduction processes observed for both
compounds are attributed to the reduction of WY' to W". The cyclic voltammogram of CrWi,
exhibits three successive quasi-reversible reduction waves with the half redox potential values Ei
of -0.213, -0.364 and -0.647 V, where E1;, = (Epa + Epc)/2 (Epa and Epc being the anodic and the
cathodic peak potentials, respectively). In the cyclic voltammogram of H,W, two reversible waves
are present with E;, = -0.006 V and -0.206 V. The obtained electrochemical data confirmed a
known postulate that an increase in the negative charge of the heteropolyanions leads to an increase
of the first reduction potential.™® Thus, more negative potential for Cr\Wa, (-0.213 V) compared to
H,W1, (-0.006 V) indicates predomination of Cr-centered anions with charge 5- over (H;)-centered
anion with charge 6- in CrWy,.

0.01f
<
£ 0.00
e
o
S -0.01F
—HW
0.02} 272

-10 -08 -06 -04 -02 00 0.2
Potential (V vs. NHE)

Fig. S3. Cyclic voltammograms of CrWi, (red line) and (NH4)sH2W12 (blue line) in 1 M Na,SO, at
pH 7.5. Working electrode, glassy carbon (d = 3 mm); reference electrode, normal hydrogen
electrode (NHE); scan rate, 50 mV s™; concentration of CrWi, and HoWs,, 2 mM. The scanning is
done in the direction of negative potentials.
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Thermogravimetric analysis

100 I
0
| 25-92°C 7.5H,0
. 138% m\ 92.75°C
S : 10 H,0
90 - \ n
P 275-375°C
e} 7.8% 16.5H,0
s
v
g \ 375-600 °C

100 200 300 400 500 600
o
T(C)
Fig. S4. Thermogravimetric curve of CrWy; in the temperature region 25 — 610 °C with a heating
rate of 5 °C min™.

Powder X-ray diffraction

MMW

Relative intensity

10 20 30 40 50
20 (°)
Fig. S5. Experimental (blue) and simulated (black) X-ray diffraction patterns of CrWis.

Theoretical studies

Based on the density functional theory (DFT), calculations were performed on the possible
arrangements of Cr'"' in CrWi.. The calculations revealed that the tetrahedral coordination is more
stable by 138.6 kcal/mol than the square-planar.

Usually, complete active space (CAS) calculations allow for estimation of the axial (D) and
rhombic (E/D) components of the zfs tensor, as well as the contributions of each excited state to
these parameters. Besides the problems in the convergence inherent to this methodology, the study
of a large system with a non-evident electronic structure as in CrWy, complicates the choice of the
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adequate and size-limited active space to build the ground and excited states. Despite the inherent
difficulties that go with the ab initio methods based on CAS approach (the choice of the adequate
active space, the limited size of the active space and the slow or deficient convergence), our
calculations on CrWi, with tetrahedral Cr'"' ion (chemical occupancy 1) worked out reliably. The
values found for D (+1.90 cm™) and E/D ratio (0.180) agreed with the experimental estimations. In a
similar way as in tetrahedral d’ complexes, for an ideal tetrahedral d* complexes, with “T; ground
term, a counterbalance of contributions from a 2" order spin-orbit coupling leads to a null D value.
However, distortions should change this situation. In CrWy,, the slight loss of symmetry in the
[CrO4]° unit causes the weak splitting of this term in three quartet states, with one of them being the
ground state. Hence, two low-lying excited quartet states interacting significantly with the ground
state do not completely cancel their contributions to the zfs tensor. On the other hand, a d°
configuration in a T4 symmetry displays two excited largely stabilized doublet states coming from a
2E term, that is the energy gap between them and the ground state should be small or moderate at
most. However, this is not the case for CrWi,. A partial charge transfer from the oxo groups to the
Cr'"" ion defines the ground state. This fact is not surprising because two groups largely different in
the electronic nature, one with a significant electron excess (oxo ligands) and another one with only
partially filled orbitals, particularly in an unstable tetrahedral geometry (metal cation), are
connected. This large splitting of the “T; ground term weakens the individual contributions to D,
being the no cancellation of contributions less perceptible (see Table S4). The good agreement of
sign and magnitude of D and E/D ratio with the experimental results is also supported by the values
of the components of the g tensor for the Ms = £1/2 ground Kramers doublet close to those found by
EPR, confirming the positive sign of D (g1 = 1.80, g2 = 2.83 and g3 = 4.86).

AC measurements

The Cole-Cole plots for CrWy, in the temperature range 2.0-3.0 K under applied dc fields of 1000
(Fig. S9a) and 2500 G (Fig. S9b) exhibit semicircle shapes that can be fitted by using the
generalized Debye model. In this model, the a parameter is related to the width of the distribution of
the relaxation times and takes values between 1 (denoting an infinitely wide distribution of
relaxation times) and 0 (describing a single relaxation process). The resulting values for « cover the
ranges 0.092-0.128 for the explored temperatures (Table S3). These values are compatible with
relaxation processes with well-defined energy barriers.

EPR measurements

Figure S6 shows a typical X-band spectrum and its simulation. The simulation allowed us to
disentangle the D and E zfs parameters, which is seldom possible through magnetometry, and was
not possible from HFEPR in our case.

Figure S7 shows a combined set of conventional (X- and Q-band) EPR and HFEPR data points as a
2-dimensional field vs. frequency (or energy) map. This map is simulated using the spin
Hamiltonian parameters given in the main text. Only a few turning points were identifiable in
HFEPR spectra but those were attributed with confidence to one of the (nominally) forbidden
transition in the S = 3/2 spin manifold.
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0 100 200 300 400 500
Magnetic Field (mT)

Fig S6. An X-band EPR spectrum of CrW, at 9.4 GHz and 10 K (black trace) accompanied by a

simulation (red trace) using zfs parameters as in the main text, and g = [2.12, 2.12, 1.97]. Certain

features, notably the edge at ca. 118 mT and the line near 200 mT, are not represented in the

simulation, which points at a presence of additional spin species, also observed by HFEPR (Fig. 3 in
the main text). The sharp resonances near g ~2.0 are radicals and/or defects that are of no concern.

Energy (cm™)
0 1 2 3 4 5
2'0 1 1 1 1
E 1.5 -
S 1
)
[T
© 1.0 -
et
(]
c
A
= 0.5 //\ 4 i
4
0.0 — .
0 50 100 150

Frequency (GHz)

Fig. S7. A field vs. frequency (or energy) dependence of the turning points in the powder spectra of
CrW, at low temperatures (4.5 — 10 K). The squares are experimental points; the curves are
simulations of all possible turning points that can occur in an S = 3/2 spin system using spin
Hamiltonian parameters as in the main text. Only the low-field edge of absorption was observable in
HFEPR due to poor S/N ratio; however, the simulations confirm the accuracy of the parameters and
show that the resonances observed above the zero-field point (65 GHz) are the parallel (Bo || z-axis
of the zfs tensor) turning points of the nominally forbidden A = +2 transition such as |-1/2) - |+3/2)
or [+1/2) > |-3/2).
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Fig. S8. Temperature dependence of y'm (left) and y"m (right) of CrW; in dc applied field of (A) 1.0
and (B) 2.5 kG and under £ 5.0 G oscillating field at frequencies in the range of 0.6 (black line) to
10.0 (green line) kHz.
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Fig. S9. Dependence of y"v of CrW1, on the frequency (0.3-10.0 kHz) of the oscillating (£5.0 G) dc
applied field of (A) 1.0 and (B) 2.5 kG.
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Fig. S10. Arrhenius plots for CrWy, under an applied static field Hq. = 1000 G (A), Hgc = 2500 G

(B) and with a £5.0 G oscillating field at frequencies in the range 1.0-10 kHz and the best fit (black
line) to a relaxation process governed by an Orbach mechanism (see text).
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= 1000 G (A) and Hg. = 2500 G (B). The solid lines correspond to the best fit according to the
Debye model (see Table S3).
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XANES analysis

The XANES region at the Cr K-edge, was investigated for CrW, and the Anderson type
Nag[Cr"'(OH)sWgO2]" as an example of a POT with Cr'" in octahedral coordination (Fig. S12). The
edge shift for both compounds is calculated at the maximum of the first derivative of the edge and
shows the same value of 6001 eV in agreement with literature data for Cr'"'.** The pre-edge peak for
3d-metals, which occurs due to the 1s transition to the p component in d-p hybridized orbital in Ty
symmetry or 1s-3d electric quadrupole transition in O, symmetry, is usually more intense for
tetrahedral species than those for octahedral ones.”® However, the pre-edge peak intensity for a
compound with a tetrahedral center changes as a function of the number of 3d electrons. It is
maximized at d° and gradually decreases to zero at d'°. A simple comParison of the pre-edge peak
intensities is not appropriate to evaluate the coordination number of Cr"" in this case. The distortion
of symmetry from Oy in Nag[Cr'"(OH);WeO2] can dramatically enhance the pre-edge peak
intensity,” and the state of 3d> for Cr"' weakens the pre-edge peak intensity compared to Ty
symmetry for Cr"".

S15



A g
[$]
c
[<}]
(2]
go,s-
[=]
=
-
20,41
N
g {111
0.0 — Nag[Cr (OH);Wg0,,]
e — CrW,,
5980 6000 6020 6040 6060
E (eV)
B .'?
@
Q
c
[«}]
? 0.8
20,
(o]
3
ey
T0.4-
N
£ Na[Cr"(OH),W,0,.]
B 0’0 6 3621
c — CW,,
5000 5995 6000 6005 6010 6015
E (eV)
014
[«}]
>
200
@
e
h_0'1 | i
= Nag[Cr (OH);W;0,,]
—_— CrW
0,2 : : 12 :
5990 5995 6000 6005 6010 6015
E (eV)

Fig. S12. A) and B) Normalized XANES spectra taken at the Cr K-edge of Nag[Cr(OH)3WgO,4] and
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X-ray photoelectron spectroscopy (XPS)

To establish the oxidation state of the chromium ion in CrWy,, XPS spectra were recorded and
analyzed. The Cr2p XPS spectrum displays the characteristic peaks Cr2ps, and Cr2p,/, at 577.3 and
586.9 eV, respectively (Fig. S13) According to a preliminary XPS study on a surface of chromium
oxides Cr,0s, which evolves during several chemical processes, the binding energy corresponding
to the Cr2ps, line for different oxidation states of chromium sites should be in the ranges 580.7-
581.9 (CrV"), 577.0-577.6 (Cr'"), 576.0-576.7 and 574.3 eV (Cr°)."® Therefore, it is possible to
conclude that the chromium ions in CrWy, are in plus 3 state.

40
! = Fit Sum
Cr 2p,,
30 — =Cr2p,,

-10

1 ! | ! 1 1 1 L 1
570 575 580 585 590
Energy (eV)
Fig. S13. Cr2p XPS spectrum of CrW, taken at the binding energies range (569-593 eV).

UV-vis-NIR electronic spectroscopy

The level diagram for the electronic terms for d® or d’ ions show “F and “P terms as ground and first
excited states. The electronic effect of an electric field induced by ligands coordinated to the metal
ion produces a splitting of each of these terms. The resulting Tanabe-Sugano diagrams for d* and d’
ions in tetrahedral and octahedral ligand fields, respectively, are equivalent, being the latter,
observed in high-spin cobalt(I1) complexes, the most common case in coordination chemistry. The
main difference between both cases is the weaker splitting of the d orbitals into e4 and tyq orbitals,
provided by the parameter 10Dq, in the former case, about 4/9 of the last case. In such ones, the
splitting of the *F and *P terms leads to *T1(F), “Ta(F), *Ax(F), and *T4(P) lower states, which are the
ground states for weak or moderate ligand field. The spin-allowed electronic transitions between
these states could provide information about the magnitude of the crystal field splitting (10Dq) and
inter-electronic repulsion parameter (B) defined by the crystal field theory. The UV-vis-NIR solid
reflectance spectrum of CrW, in the range from 350 to 1250 nm (Fig. S14) shows three electronic
transitions that were assigned as follows: “Ty(F)— *T,(F) at 8591 cm ™ (vi, 1164 nm), *T.(F)—
*A,(F) at 15528 cm ™ (v,, 644 nm), and “T1(F)— “T1(P) at 23095 cm™* (vs, 433 nm). For Cr\Wa, the
values of Dq and B were obtained from the equations Dg = (v, —v,)/10 and
B = (v; + v, — 3v;)/15 are Dq = 693.7 cm ' and B = 856.6 cm *.*" The low value of Dq, about
half of those found in high-spin octahedral d’ complexes, agrees with a tetrahedral ligand field.'®%
Moreover, the B value is substantially lower than that expected for Cr'"' ion (B, = 1030 cm ™), which
denotes a significant covalence. This conclusion together with the higher B value than the one
proposed for a free Cr'" ion (830 cm™) supports a moderate charge-transfer from the oxo groups to
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the Cr"" ion. The good agreement of these results with the crystal field theory allows us to establish
once again the presence of a high-spin d* Cr'"" ion in a tetrahedral coordination environment.
0.3

T, (F)—'T, (P)

0.25

o
N
T

e
-
[24]

01
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4T1 (F)_’4T2

200 60 80 7000 1200
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Fig. S14. UV-vis-NIR solid reflectance spectrum of CrWy,. Thick and thin lines correspond to the

experimental and the deconvoluted curves, respectively.

Given that, in an ideal tetrahedral geometry “T; is the ground state, the magnetic behavior of CrWi,
could be usually induced by a first order spin-orbit coupling (SOC) by coupling between the orbit (L
= 1) and spin (S = 3/2) momenta leading to a splitting into six Kramers doublets in a distorted
geometry. The rho parameter is 0.362. In such a case, an approach based on the T-P isomorphism
allows to analyze their magnetic properties through the Hamiltonian
H = —alLcoSco + A|L2co —L(L+ D] + BH(=abco + geSco) ()7
where A4 and « are the spin-orbit coupling constant and the orbital reduction factor defined as o =
Ax. Parameters x and A account for the reduction of the orbital momentum caused by the
delocalization of the unpaired electrons, and the admixture between the “T1(P) excited and “Ty(F)
ground states (A takes values of 1.5 and 1 in the weak and strong crystal-field limits, respectively).
Finally, distortion in the tetrahedral coordination sphere leads to a splitting of the *T(F) ground
state into orbital singlet (*A) and doublet (*E) levels, being quantified by the A parameter. Best-fit
parameters of the thermal dependence on ymT of CrWi, below 30 K are: o= 1.09, A = +66.5 cm
A = +3175 em}, TIP = —2326 x 10° cm® mol™ with F = 5.4 x 10 (TIP is the temperature-
independent paramagnetism and F is the agreement factor defined as Z[Pexp—Pcz,ﬂcd]Z/Z[Pexp]2 where
P is the physical property under study). The low values of 1 and « are remarkable, being the former
largely lower than the value for the free ion (1o = —91 cm™) From the values of Dq and B
determined for Cr\W, taken from the analysis of their UV-vis-NIR spectra (see above), a value of A
equal to 1.44 for 1 and 2 can be calculated through equation®:

¢ = 0.75 + 1.875(B/Dq) — 1.25y/1 + 1.8(B/Dq) + 2.25(B/Dq)?

A=(15-c?)/(1+c?

From the values of « and A previously obtained, x is found to be equal to 0.76. The values of x
(0.76) and A /4o (0.74) and B/B, (0.83) ratios agree with the strong covalence previously postulated
for CrWi,.
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Table S3. Selected ac magnetic data for CrW1, at different dc applied fields.

c 3 c 3
Compound H*(G) =#’x10%(s) EdL(cm™") & %Sol(‘cl;n #Tolgcl;n
0.122(7) 0.108(2) 0.2064(2)
[3.00 K] [3.00 K] [3.00 K]
0.094(9) 0.119(2) 0.2225(2)
[2.75 K] [2.75 K] [2.75 K]
Crw, 1000 56221)  3.03(7) ([)2035(}3 ?2'_15207 % ‘[)2'.2243%]2)
0.128(2) 0.133(2) 0.2674(5)
[2.25 K] [2.25 K] [2.25 K]
0.101(5) 0.146(2) 0.2937(3)
[2.00 K] [2.00 K] [2.00 K]
0.104(8) 0.098(2) 0.1988(3)
[3.00 K] [3.00 K] [3.00 K]
0.126(6) 0.102(2) 0.2141(3)
[2.75 K] [2.75 K] [2.75 K]
CrW, 2500  6.17(8) 3.19(24) ?21&?5% ([)215101% ?2'.25’8?((]3)
0.112(2) 0.118(2) 0.2504(6)
[2.25 K] [2.25 K] [2.25 K]
0.124(9) 0.126(2) 0.2743(6)
[2.00 K] [2.00 K] [2.00 K]

® Applied dc magnetic field. ° The values of the pre-exponential factor (zp) and activation energy (E.)
are calculated through the Arrhenius law [7* = 7 exp(—Ea/ksT)].° The values of the « parameter,
adiabatic (ys) and isothermal (y7) susceptibilities are calculated from the experimental data at
different temperatures through the generalized Debye law (see text).
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Table S4. Energy of the calculated quartet (Q;) and triplet (D;) excited states and their contributions
to the D and E values for CrWs, obtained from CASSCF/NEVPT2 calculations. Dss is the spin-spin
contribution to axial zfs parameter, and Dg and Dp are the sum of spin-orbit contributions coming
from quartet and doublet excited states.

State Energy® S  D° E* State  Energy” D* E*
Dss 4 0.000 0.000 Ds 16669.0 0.014 -0.000
Dq 4 0.677 -0.059 D¢ 18656.5 -0.144 -0.012
Dp 2 1.176 0.387 D; 20370.4 -0.014 0.015
Q 4877.8 4 1.030 -0.127 Dg 21212.1 0.137 0.001
Q: 9491.2 4 -0.646 0.000 Do 23879.9 0.024 -0.024
Q3 173072 4 0.446 0.232 Do 24273.3 0.010 -0.032
Q4 19729.5 4 -0.254 -0.008 D1 25763.1 0.057 0.000
Qs 205014 4 0.131 -0.148 Do, 28851.7 -0.136 -0.058
Qs 278949 4 -0.013 0.000 Dz 293304 -0.116 -0.121
Q7 292704 4 -0.027 0.000 D4 30256.2 0.383 -0.003
Qs 31883.4 4 0.011 -0.008 Dis 30679.9 -0.154 0.150
Qo 377969 4 -0.001 0.000 Dis  32806.5 0.104 -0.001
D, 5955.2 2 1.732 -0.000 Dy 34110.3 0.040 0.001
D, 6626.9 2 -0.679 0.422 Dis  34485.6 -0.060 0.055
Ds 14516.7 2 0.002 -0.000 Dy 35816.2 0.000 -0.000
Dy 16268.8 2 -0.064 -0.003 Dy  37004.2 0.040 -0.003

%/alues in cm .
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Table S5. Selected magnetic characteristics for POM-based and 3d transition metals based

SIMs/SMMs.

Compound SIM,  SIM, Ueff/K  1o/s Ref.
H=0 H#0

Cr'"Wi, No 1000G 3 56x10° this

work

Cr'-based SIMs

[Cr(N(TMS)2)2(py)2] No 1500G 9 14%x10° 24

[Cr''(N(TMS)2)o(THF)] No 2500G 118 2.7x10° 24

d-block SIMs based on POMs

TBA;Ho[Fe" (A-a-SiWg0ss)s] No 1000G 9.2 33x10° 25

TBA/H1:1[C0"(A-0-SiWg034),] No 1000G 193 82x10° 25

f-block SIMs based on POMs

Nag[ErW1oOz6] No 1000G 552 16x10° 26

[TBA]5[Dy(M0gO2):] No 1000G 385 6.6x10° 27

[TBA]5[Yb(M0gO2):] No 1000G 233 67x10° 27

SMMs based on POMs

NasK (C4H1oNO){[GeW;Oss]o[Mn™sMn",04(H,0)s]} No 1000G 148 31x10" 28

Nag(C4H12N)4[Fe'"14(H20),(Fe'""W5034),] No 1000G 167 2x10° 29

Naz;Rbs[{C0"4(OH)3PO4}4(A-0-PWg034)4] No 10006 261 35x10°% 30

"SIM, H = 0 — SIM behavior in the absence of a dc field:
SIM, H # 0 — SIM behavior under an applied dc field;
Ueff — effective thermal energy barrier;

To — pre-exponential factor;

TMS = SiMe;s, py = pyridine, THF = tetrahydrofuran, TBA = tetrabutylammonium.
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