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In this paper we rePort the synthesis and the structural and magnetic properties of the series of ionic compounds with

general formula: M

[Co(bpy)s][Mo(CN)g]- nH,O (M'=Li, n=8 (1), M'=K, n=8(2), M'=Rb, n=8(3),M'=Cs, n=7.5

(4)). Solids 1—4 are characterized by the optical outer-sphere metal to- metal charge transfer (MMCT) transition from
Mo(1V) center to Co(lll) center in the visible region and the Co"'Mo'¥ = Co"Mo" spin equilibrium strongly dominated
by the Co""Mo" form. We show a gentle thermal treatment of diamagnetic compounds 1—4 leading to the dehydrated
forms 1a—4a, which reveal a significant increase of paramagnetic contribution (from 0.5 to 2% to 30—40%). The
rehydration allows to recover the diamagnetic phases 1b—4b of compositions and properties similar to those of 1—4.
The irradiation of the dehydrated form 2a within the MMCT band |n the Superconducting Quantum Interference Device
(SQUID) cavity at T= 10K causes further increase of the Co"Mo" contribution giving the metastable phase annealed
back to the 2a phase after heating above T =290 K. The IR, electron paramagnetic resonance (EPR), and X-ray

photoelectron spectroscopY (XPS) spectroscop|c data along with the magnetic data are interpreted in terms of strong

modification of the Co""Mo

= Co"Mo" equilibrium occurring in these systems.

Introduction

Coordination compounds gained much attention in the
search of new switchable or tunable materials. A particular
interest is paid to cyano-bridged bimetallic systems, where
both metallic centers participate in structural and electro-
chemical modifications upon the external stimuli.' > As the
result of dynamic research activity in this field, several pairs
of cyano-bridged compounds of 3d ions revealed a potential
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equilibria in the solid state. Recently similar phenomena in
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mixed 3d-4d or 4d-5d systems were also observed. For exa-
mple, the photocontrol of the magnetization in magnetically
ordered Cu'"Mo" 3D phases'* ' or high-spin clusters' "'
can be interpreted by a light-induced metal-to-metal charge
transfer (MMCT) between paramagnetic {Cu"'(S = '/,)-
[MOW(CNPS](S =0)-Cu'(S=1/2)} and magnetically coupled
{Cu'(S="/,)Mo0"(CN)g](S ="/5)-Cu'(S = 0)} states. Ana-
logously to CoFe Prussian-Blue analogues, the thermal
charge-transfer-induced-spin-transition (CTIST) with the
hysteretic character was observed between high-temperature
{Co"™SILWY(CN)g]} phase and low-temperature {Co™>1!-
[W'V(CN)s]} phases. The light-induced-excited-spin-state-
trapping (LIESST) at low temperatures allowed to obtain
the metastable magnetically ordered {Co™S"-[WY(CN)g]}
phase with a Curie temperature around 35 K, relaxing
thermally to the original {Co™>"-[W"Y(CN)s]} state around
120 K.

Focusing on the design of novel materials we decided to
explore further the potential of Co™™ complexes in the
construction of bimetallic systems with tunable properties.
Actually, relatively low number of cobalt-octacyanometalate
systems were presented to date. The reported systems
include: 0-D clusters {Co''s[WY(CN)gls- (CH;OH),s) -
19H,0, {Co"s[Mo"(CN)gls- (CH;OH),,} -4CH;OH - 16H,0,”!
[{Co(phen),} (W (CN)s}>CL]CL,** 1-D chains {[Co";-
(DMF) ,][WY(CN)sl}e.™ 2-D layers Cs[{Co"(3-cyano-
pyridine)o}-{WY(CN)g}]-H,0," {Co''3(H,0)e(pyz)s[W"-
(CN)gh}-3.5H,0, {Co''3(H,0)4(4.4"-bpy)s[W ¥ (CN)glo} -
1.5(4,4'-bpy)-6H,0** and 3-D networks [W'Y{(u-CN),-
Co"(Hy0)2}+4H,0],.. [{WY(CN)}{(u-CN)4Co'' (H,0),} 5
4H,0],.” [COII(HzO)z]z[MOI‘/§CN)zs]'4H20,26 Co';[W-
(CN)glo(pyrimidine),- 6H,0.%%2

Some of these CN-bridged systems exhibit MMCT
bands®®**?7 which were successfully exploited for the
studies of the photomagnetic effect.***” Analogous MMCT
bands, recognized as Outer-Sphere (lon-Pair) Charge
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Transfer (OSCT, IPCT) were observed in several ionic
compounds.*® 3¢

In this work we examine for the first time the properties of
the bimetallic ionic pairs of {Co™-[Mo" (CN)s]}, exhibiting
an IPCT band in the visible part of electronic spectra. The
synthesis and the X-ray structures, as well as the thermal,
optical, and magnetic properties, of the ionic compounds of
general formula: M'[Co(bpy);][Mo(CN)g]-nH,O (M' = Li
(1), K (2), Rb (3), Cs (4); n = 7—38) are presented.

Experimental Section

Materials and Methods. All chemicals and solvents of reagent
grade were purchased from Aldrich Chemicals Co. and used as
received. K4[Mo(CN)g]-2H,0 and [Co(bpy)3]Cl, were prepared
according to the literature procedures.’’*® [Co(bpy)s]Cl; was
prepared by oxidation of [Co(bpy)3]Cl, with hydrogen peroxide
in HCI, evaporation, and recrystallization from water. The
solutions of My[Mo(CN)g] (M = Li, Rb, Cs) were prepared
by precipitation of Cd,[Mo(CN)g]-nH>O followed by double
exchange reaction with hydroxide of appropriate alkali metal
and filtration of the precipitated Cd(OH),. If not stated other-
wise, all measurements were carried out for ground samples of
monocrystalline compounds. Elemental analyses were per-
formed on a EuroEA EuroVector elemental analyzer. Reflec-
tance electronic spectra of the solid phases were recorded on a
Perkin-Elmer Lambda 35 UV—vis spectrometer equipped with
a 50 mm integrating sphere in the 190—1100 nm wavelength
range. Infrared spectra were measured between 4000 and
400 cm™! on a Bruker EQUINOX 55 spectrometer in KBr
pellets. X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a 220i-XL ESCALAB from VG. Powder samples
were pressed onto indium foils and put under UHV (10~% Pa).
The non-monochromatized Mg X-ray source was used at
200 W, as well as a flood gun to compensate for the noncon-
ductive samples. The spectra were calibrated in relation to the
Cls binding energy (284.6 V), which was applied as an internal
standard. Fitting of the high-resolution spectra was provided
through the AVANTAGE program from VG. The X-band
electron paramagnetic resonance (EPR) measurements at
room temperature and at 77 K were recorded with a Bruker
ELEXSYS-ES00 spectrometer. For quantitative determination
of spin concentration in the samples, the standards based
on VOSOy, diluted with K,SO4 were used.>® The EPR spectra
of the investigated sample and the standard were measured
with the same spectrometer settings. Then, the spectra were
integrated twice, and areas under the adsorption curves were
determined. The number of the spin was calculated using
following formula: Ny = (I,/I)Ns, where I, is the sample signal
intensity, [ is the standard signal intensity, Ny is the number
of the spin in the standard. The X-band EPR measurements at
4 K were performed using a Bruker EXELIS spectrometer
equipped with helium cryostat. Thermogravimetric data in the
temperature range 25—400 °C were collected on a Mettler
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Toledo TGA/SDTA 85le microthermogravimeter equipped
with QMS (Quadrupole Mass Spectrometer) Thermostar
GSD 300 T Balzers at heating rate of 5 °C-min~' in Ar atmo-
sphere. Magnetic susceptibility measurements were performed
for powder samples using a Superconducting Quantum Inter-
ference Device (SQUID) Quantum Design magnetometer.
Diamagnetic corrections were calculated on the basis of Pascal
tables. The sample in the EPR experiment was irradiated with
laser light A = 620 nm of power about 20 mW/cm?>. The
photomagnetic experiments were performed with an Ar—Kr
laser (Spectra Physics Beamlok) coupled through an optical
fiber directed into the magnetometer cavity. A 1.3 mg portion
for 2 of a finely ground powdered sample was deposited in a
formed SQUID straw as a thin layer and maintained at about 4
cm from the optical fiber. Data in the dark have been system-
atically subtracted at each temperature from the data after
irradiation without any type of correction. The obtained differ-
ence was simply added to the direct current (dc) measurements
obtained with the standard SQUID setup to plot the final data
after irradiation. The effective power of the light received by the
sample was measured at 20 mW/cm?>.

General Synthesis. The aqueous solution of [Co(bpy);]Cl;-
4H,0 (0.14 g, 0.2 mmol, 3 mL) was added to the aqueous
solution of M',[Mo(CN)g] containing M'CI. To the resulting
brown solution CH3;CN was added, and the color turned green.
After 1 day, the solid product was washed with small amount of
ice-cold water and air-dried.

Synthesis of Li[Co(bpy);][Mo(CN)g]- 8H,O (1). Lis[Mo(CN)g]:
2.38 mL, ¢ = 0.084 mol-L™%, 0.2 mmol; LiCl: 0.1 g; CH;CN:
2 mL; Product: brown needles. Yield: 62 mg, 32%. Found: C,
46.58%: H, 3.83%; N, 19.99%. Calcd for C33H40CoLiMoN4Og:
C, 46.45%; H, 4.1%; N, 19.96%. Selected FT-IR data [vcn/
cm']: 2118 (vs), 2105 (vs), 2095 (vs).

Synthesis of K[Co(bpy)s;][Mo(CN)g]-8H,0 (2). K4[Mo(CN)g]:
4mL, ¢ = 0.05mol-L™", 0.2 mmol; KCI: 0.07 g; CH;CN: 4 mL;
Product: brown plates. Yield: 75 mg, 37%. Found: C,45.14%; H
4.01%; N, 19.38%. Calcd for C3gH40CoKMoN 4Oq: C, 44.98%;
H, 3.97%; N, 19.32%. Selected FT-IR data [‘VCN/CI’[]_I]Z 2118
(vs), 2095 (vs).

Synthesis of Rb[Co(bpy)z][Mo(CN)g]-8H,O (3). RbyMo-
(CN)g]: 4.26 mL, ¢ = 0.047 mol-L ™", 0.2 mmol; RbCl: 0.11 g;
CH;CN: 3 mL; Product: brown needles. Yield: 100 mg, 47%.
Found: C, 43.21%; H, 3.74%; N, 18.5%. Calcd for C3gH4Co-
MoN,OgRb: C, 43.01%: H, 3.8%; N, 18.48%. Selected FT-IR
data [ven/em ™ '] 2119 (vs), 2096 (vs).

Synthesis of Cs[Co(bpy)s;][Mo(CN)g]-7.5H,0 (4). CsyMo-
(CN)g]: 2.66 mL, ¢ = 0.075 mol-L™!, 0.2 mmol; CsCl: 0.15 g;
CH;CN: 2 mL; Product: brown plates. Yield: 89 mg, 40%.
Found: C, 41.85%; H, 3.7%; N, 17.91%. Calcd for CsgHzo-
CoCsMoN 407 5: C, 41.51%; H, 3.57%; N, 17.83%. Selected
FT-IR data [ven/em™ ' 2118 (vs), 2097 (vs).

Dehydrated compounds M'[Co(bpy)s][Mo(CN)g]-nH,O
(M"=Li (1a), K (2a), Rb (3a), Cs (4a); n < 2) were obtained
by heating powder samples of 1—4 in an oven at 355 K for 24 h
and stored in anhydrous conditions.

X-ray Crystallography Studies. Single-crystal X-ray data for
compounds 2—4 were collected at liquid nitrogen temperature
on a Nonius KappaCCD diffractometer with graphite mono-
chromated Mo—K,, radiation (A = 0.71070 A) X-ray crystal-
lographic data for 1 were not measured because of the poor
quality of the crystals. For cell refinement and data reduction
the DENZO-SCALEPACK* program package was used. The
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Table 1. Crystallographic Data for 2—4

2 3 4

formula CigHygCoKMo-  CsgHygCoMo- CigHz9CoCsMo-

N405 N;403Rb Ni14075
FwW 1014.8 1061.2 1100.62
crystal system  monoclinic monoclinic monoclinic
space group P2y/c P2y/c P2,
alA] 16.7580(2) 16.6390(3) 16.7070(3)
b[A] 13.8940(2) 13.8060(2) 13.7610(2)
c[A] 19.3940(4) 19.4510(3) 19.5690(4)
o = y [deg] 90 90 90

[deg] 106.818(10) 107.2180(10) 107.3790(10)

VA7) 4322.47(12) 4268.00(12) 4293.63(13)
Z 4 4 4
u 0.838 1.884 1.581
parameters 615 649
R1 0.0480 0.0543
wR2 0.0850 0.0843
gof 1.044 1.048

structure of 2—4 was solved by direct methods (SIR97*" and
refined by full-matrix least-squares on F* using the program
SHELXL-97.*> However, it was impossible to completely refine
the structure of 4 because of considerable disorder in this system.
Crystallographic data and collection parameters for 2—4 are
listed in Table 1.

X-ray powder diffraction measurements were performed on
Philips X’Pert Pro diffractometer with a Bragg—Brentano geo-
metry using Cu K, radiation (1 = 1.54178 A) at 298 K in the
3.5—40° 26 angle range.

Results

Crystal Structures. Crystallographic studies on com-
pounds 2, 3, and 4 have shown that they are all isomor-
phous. The comparison of structural parameters for
compounds 2—4 is presented in Table 1. Selected intera-
tomic distances and angles for compound 2 and 3 are
listed in Tables 2 and 3, respectively. The molecular
structure of 2 consists of [Co(bpy);]* " and [Mo(CN)g]*~
complexes, K" ions, and water molecules. The asym-
metric unit and the view on ab crystallographic plane of
compound 2 are shown in Figures 1 and 2, respectively.
Coordination sphere analyses for Mo and Co centers
using the SHAPE*™*® program were performed. The
Continuous Shape Measures (CShM) and other shape
parameters are collected in Table 4. [Mo(CN)g]*~ ions
have an intermediate geometry between a dodecahedron
and a square antiprism. Average bond lengths Mo—C
(2.16 A) and C—N (1.15 A) and angles Mo—C—N (177°)
are in the range typical for octacyanometalates(IV).*”**
Potassium ions are located between the two neighboring
[Mo(CN)g]*™ ions forming one end-on K- --N—C— Mo
11nkage with one Mo center (K---N distance 2.8 A,
K- --Mo distance 5.9 A, K---N—C angle 150.6°) and
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Table 2. Selected Bond Lengths (in angstroms) and Angles (in degrees) for 2 & =
Mo—C01 2.171(3) C01—NO1 1.149(4) B = S, D & N
Mo—C02 2.164(3) C02—N02 1.153(4) \ \ ,‘f\ E .
Mo—C03 2.162(4) C03—NO03 1.154(5) N , S N o lad
Mo—C04 2.164(3) C04—N04 1.153(4) oK \ I o, &
Mo—C05 2.160(4) C05—NO05 1.150(5) \ -...._‘/\_/,:.__... N
Mo—C06 2.179(4) C06—N06 1.143(4) Oegf \-:l L / MY
Mo—C07 2.150(3) C07—N07 1.152(4) Yoo = migh F Yo 17
Mo—C08 2.158(3) C08—NO08 1.152(4) S | \ i r

Ld i \\ ~~02b {
C06—Mo—C08 69.38(12) C03—Mo—C05 72.15(14) b - Ay
C06—Mo—C07 76.99(13) C03—Mo—C01 76.02(12) ‘___023
C07—Mo—C08 86.22(13) C03—Mo—C02 76.48(13) K o7
C01—Mo—C02 73.43(11) C03—Mo—C08 145.92(12)

Figure 1. Asymmetric unit of 2. Hydrogen atoms are omitted for clarity.
Co—NI101 1.937(2) N101-C106 1.357(4) Ellipsoids at 50%.
Co—NI112 1.933(2) C106—C107 1.460(5)
Co—N201 1.937(2) C107—NI112 1.359(4)
Co—N212 1.933(2) N101-C102 1.339(4)
Co—N301 1.937(2) C102—C103 1.369(5)
Co—N312 1.942(2) C103—C104 1.366(6)
N101—-Co—N112 83.55(11) N101—-Co—N301 87.87(10) - -
N201-Co—N212  83.06(10)  NI101—Co—N201  95.27(10) & &
N301—Co—N312 83.07(10) N101—Co—N212 177.32(10) 4 o
L J -

K—Co06 3.234(3) .
K—No06 3.016(3) K—NO03 2.800(4)
K—-Co07 3.388(4) K-0I1 2.739(5)
K—NO07 3.277(5) K—02A 2.698(8)
K—-C08 3.309(3) K—-02B 2.843(10)
K—NO8 3.119(3)

Table 3. Selected Bond Lengths (in angstroms) and Angles (in degrees) for 3

Mo—Cl 2.166(4) C1-N1 1.156(5) Figure 2. Crystal structure of 2. View on bc plane. Hydrogen atoms are
Mo—C2 2.172(4) C2—N2 1.150(5) omitted for clarity. Ellipsoids at 50%.
Mo—C3 2.159(4) C3—N3 1.156(5) . , . .
Mo—C4 2.161(4) C4—N4 1.159(5) small disorder in the crystal lattice. In the 3D architecture
Mo—C5 2.158(4) C5—N5 1.153(5) the chains of [Mo(CN)g]*~ and K" ions are separated by
Mo=C6 2.174(4) C6—NG6 1.161(5) columns of [Co(bpy)s]° " ions which have D; geometry
Mo—C7 2.153(4) C7-N7 1.154(5) . : L : )
Mo—C8 2.159(4) C8—N8 1.163(5) (trigonally distorted octahedron) with its trigonal axis
along the ¢ direction. Average Co—N bond lengths
C6—Mo—C8 69.88(14) C3—Mo-C5 72.61(16) (1.9 A) and N—Co—N angles (83° for biting angle, 92°
C6:M°:C7 77.12(14) C3:M°:C1 75.92(13) for N atoms of two different bpy ligands) are typical
C7—Mo—C8 85.77(13) C3—Mo—C2 75.75(13) fl Co-b | and indicz h £
Cl=Mo—C2 73.79(13)  C3—Mo—C8 145.24(14) or Co-bpy complexes and in icate the presence o
Cors species.” " The shortest Co- - -Mo distance equals
Co—NI101 1.932(3) N101-C106 1.361(5) 7.25 A. All cyano ligands are pointed toward spaces
Co—N112 1.931(3) C106—C107 1.462(5) between [Co(bpy)3]3+ moieties.
Co—N201 1.933(3) C107—NI112 1.362(5) Th 1 t f 3 exhibits sienifi t disorder:
Co—N212 1.924(3) NI101—C102 1.352(5) . ;Cry§ta structure of 3 exhibits signi 1c2}r1 1scl)r. er;
Co—N301 1.939(3) C102—C103 1.383(5) rubidium ions can occupy one of two alternative positions
Co—N312 1.932(3) C103—C104 1.374(6) (RbA and RbB in occupancy ratio 78:22) as well as two
water molecules (O1A and O1B in occupancy ratio 77:23
NI0I—-Co—NI12  83.51(13)  NI0OI—Co—N301  88.37(12) and O2A and OZ(B in occupancy ratio 6p5'35)y
N201—Co—N212 83.00(12) N101—Co—N201 95.10(12) . . . U
N301—Co—N312 83.17(12) N101—Co—N212 177.07(13) ) Thermogravnmetrlc Studies. Thermqgrawmetnc angly-
sis (TGA) results for 2 presented in the Supporting
EEQ—SZ g?i;g ggﬁ—ng g-gggg)l) Information, Figure S1 show the almost complete loss
RbA—C7 3378(d) RbA—OLB 2'84(3) ol£ wla_llte(; molleculles d}li‘l;l(%hef‘.tlr?g up to 380 K (’f?rllzl;)ss
RbA—N7 3.232(4) RbA—0O2A 2.957(5) (6] 8 2 mO ccules, A o Ol mass, eXperlmentd . 0).
RbA—C8 3.388(4) RbA—O02B 2.844(9) This loss is accompanied by a color change from brown to
RbA—NS 3.214(4) dark green (for single crystals) or dark gray (for powder).

three side-on contacts with cyano ligands of another Mo
center (av. K---N distance 3.1 A, av. K---C distance
33 A, K---Mo distance 4.4 A, K:--N—C angles 85
to 91°). Such chain-like arrangement expands along the
¢ direction. There are also two water molecules complet-
ing the coordination sphere of the K™ ion. One of these
molecules can occupy one of two alternative positions
(O2A and O2B in occupancy ratio 46:54) what indicates

Similar results were obtained for compounds 1, 3, and 4.
Powder X-ray diffraction proved that the resulting sub-
stances (named hereafter 1a—4a) are amorphous. After
return to ambient conditions, the resulting materials

(49) Bhat, Gh. R.; Dubey, K. P.; Segal, B.; Pierpont, C. G. Acta Crystal-
logr., Sect. C 1988, 44, 999-1001.

(50) Reimann, C. W.; Zocchi, M.; Mighell, A. D.; Santoro, A. Acta
Crystallogr., Sect. B1971, 27, 2211-2218.
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Table 4. Continuous Shape Measures (CShM), Minimal Distortion Path Deviation Functions (A;) and the Angular Path Fractions (¢) for Co and Mo Centers in 2+~

center coordination number reference polyhedron CShM 7 A ¢
Co 6 Octahedron 0.382 14.7%
Trigonal prism 15.590 24.149 0.110 96.3%
Mo 8 Dodecahedron 0.692 49.1%
Square antiprism 1.067 9.716 0.101 61.0%

undergo a fast rehydration process producing amorphous
materials 1b—4b of original composition M'[Co(bpy)s]-
[Mo(CN)g]-nH,OM' = Li,n = 8(1),M' = K,n = 8(2),
M' = Rb,n = 8 3), M! = Cs, n = 7.5 (4)).

UV —vis Spectroscopy. UV —vis spectra of compounds
1—4 are very similar to each other; therefore we exemplify
the electronic spectra in the solution and in the solid state
for K[Co(bpy)s][Mo(CN)g]-8H,0 (2) (Supporting Infor-
mation, Figure S2). Compared to the UV—vis spectra of
the precursor complexes, [Co(bpy);]Cl; and K4[Mo(CN)g],
the compound 2 exhibits a net increased absorption in the
range 10000—20000 cm ™' (500—1000 nm) with the maxi-
mum at about 15385 cm™' (650 nm) which can be attrib-
uted to a MMCT band from Mo"" to Co™. The electron
delocalization parameter (o) and coupling parameter (H;f)
in terms of the Hush theory®"> were calculated based on
spectral parameters of the MMCT band measured in solu-
tion. Obtained values (0 = 8.6 x 10~, Hyy = 463 cm™ )
indicate weak-to-moderate couphng between Co(III)
and Mo(IV). This assignment is consistent with the redox
potentials of the [MO(CN)g]% A and [Co(bpy)s]> >
CompleXeS (EMOI/ »’ = 0.78 V vs NHE ECOIIIII =061V
vs NHE>*) which classifies compounds 1—4 in the class 11
of the Robin—Day classification.”>® UV—vis spectra of
la—4a show high absorption in the whole measured range
with no clear evidence of maxima, and it was impossible to
analyze further by deconvolution methods.

IR Spectroscopy. FT-IR spectra of 1—4 in the v(CN)
region exhibit sharp bands around 2118 cm™' (vs) and
2095 cm™ ' (vs), confirming the _ presence of terminal
CN' ligands in the | MOIVgCN)g moieties (Supporting
Information, Figure S3).*”*® In dehydrated 1a—4a and
rehydrated 1b 4b compounds the two peaks disappear to
give a single broader component shifted to higher energy
at 2103 cm™'. Moreover, a new band at 2152 cm ™' (m)
appears (Supporting Information, Figure S4). The
broadening of the bands is attributed to the collapse of
the crystal structure. The shift to higher energy and the
appearance of the new band may be attributed to the
removal of H,O molecules and the structural change
involving K- - -N—C—Mo linkages in both, dehydrated
and rehydrated phases In the dehydrated phases the
presence of the [Mo" (CN)g _P/ g§1ve additional con-
tribution to the 2152 cm ™' band.*

XPS Studies. To confirm the oxidation states of metal
centers in compounds la—4a, XPS measurements were
performed. The XPS spectra confirm qualitative compo-
sition of the samples, including the presence of respective

(51) Hush, N. S. J. Electroanal. Chem. 1999, 470, 170.

(52) Hush, N. S. Trans. Faraday Soc. 1961, 57, 557.

(53) Samotus, A.; Szklarzewicz, J. Coord. Chem. Rev. 1993, 125, 63-74.

(54) Farina, R.; Wilkins, R. G. Inorg. Chem. 1968, 7, 514-518.

(55) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10, 247—
422,

(56) Macpherson, B. P.; Bernhardt, P. V.; Hauser, A.; Pages, S.; Vauthey,
E. Inorg. Chem. 2005, 44, 5530-5536.
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Figure 3. XPS spectrum of 2a in the Mo 3d region. The signal (red) and
best fit (blue) after background subtraction (green) is presented.

alkali cations. In the 3d Mo region, the compound 2a
shows 4 peaks (Figure 3). The split of the Mo 3d peaks
observed with the binding energies 229.4, 231.0, 232.6,
and 234.2 €V can be attributed resQIectlvel to Mo'Y 3d;s /25
MoV 3dsp, MoV 3ds;, and Mo 3d;/2 in agreement
with the fitting curves. The signal ratio calculated as the
ratio of the area of the peaks attributed to Mo'Y and MoV,
respectively, gives the amount of Mo" equal about 18%
for compound 2a. Co 2p signals, broader than usual,
suggest two oxidation states for cobalt ion, but the fitting
of the peaks does not give a reasonable analysis. Finally,
results for 1a, 3a, and 4a are similar (amount of Mo"
equal ca. 16%, 15%, 17%, respectively; Supporting
Information, Figures S5—S7).

EPR Studies. The EPR measurements at 77 K give very
similar results for all compounds 1—4 (Figure 4). As an
example, the spectra of 2 exhibit a weak but distinct signal
with a low g tensor symmetry (g; = 2.002, g, = 2.001,
g3=1.989, Fl% re 5). We attribute this signal to the para-
magnetic Mo centers. It is characterized by hyperfine
structure (HFS; Al = 53.2 mT, A2 = 18.8 mT, A3 =
24.5 mT for 2) resulted from the natural abundance
of magnetically active molybdenum isotopes: **Mo (I =
5/2,15.72%) and 97Mo (I = 5/2,9.46%). Estimation of
the amount of Mo" centers was performed using quanti-
tative EPR measurements, and the results are presented in
Table 5. For samples 1a—4a the molybdenum signal is
much stronger, with visible hyperfine structure
(Supporting Information, Figure S8). The symmetry of
the g-tensor is higher, probably because of the amorphous
character of the samples. The crude estimation (because
of rapid rehydration) of the amount of Mo" centers for 2a
indicates the presence of at least 20% of Mo" per all Mo
centers (Table 5).

To observe the X-band EPR signal of high spin cobalt
complexes, liquid helium temperature is often required
because of the very fast spin—lattice relaxation at room
temperature.® For 2a the signal for [Co"(bpy)s]*" is

(57) Mathoniere, C.; Podgajny, R.; Guionneau, P.; Labrugere, C.;
Sieklucka, B. Chem. Mater. 2005, 17, 442-449.

(58) Mabbs, F. E.; Collison, D. Electron Paramagnetic Resonance of d
Transition Metal Ions; Elsevier: Amsterdam, 1992
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Figure 4. X-band EPR measurements registered at 77 K for 1—4.
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Figure 5. X-band EPR measurements at 77 K for 2. Experimental data
(gray dots) and best fit (red line) for Mo" signal are presented (parameters
in text).

neither observed at room temperature nor at 77 K. In the
EPR measurements of 2a at 4 K a very broad cobalt(II)
signal without HFS (average effective g-factor about 3.6)
is observed (Supporting Information, Figure S9). The
presence of only one line in the EPR spectrum can be
rationalized by the assumption of a very large zero field
splitting. The spectrum is described by the effective spin
S = 1/2, which is caused by the occupation of the ground
Kramers doublet only.”® The observed EPR parameters
indicate that Co”" is in high spin state in [Co"(bpy)s]*"
complex. The EPR spectra recorded at 4 K confirm the
presence of Mo for both, original (Supporting Informa-
tion, Figure S10) and dehydrated samples (Supporting
Information, Figure S9).

Magnetic Behavior. Below the temperature of 300 K,
the compounds 1—4 are diamagnetic with very small
paramagnetic contribution (at 250 K y 7 values are equal
t0 0.003 cm> mol ™' K for 2, 0.016 cm® mol ™! K for 3, and
0.023 cm® mol ™' K for 4). While heating the samples up to
340—350 K during magnetic measurements (2a—4a com-
pounds are formed), a significant increase of magnetiza-
tion is observed, and the samples become paramagnetic.
Continuous heating at 355 K for at least 4 h leads to the
saturation of y T at the value of 1.45 cm® mol™' K for 2a,
1.41 cm® mol™! K for 3a and 1.29 cm® mol ™! K for 4a

(59) Kusigerski, V. B.; Spasojevi¢, V. V.; Lazarov, N. Dj.; Markovi¢,
D.S.; Mati¢, V. M.; Sovilj, S. P.; Guillot, M. Solid State Commun. 2003, 126,
319-322.
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Figure 6. Magnetization vs magnetic field plot (squares) and best fit of
Brillouin function (red line, parameters in text) for 2a.
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Figure 7. Time evolution of the magnetic signal in the form of 7'
product during irradiation of 2a” with laser light 4 = 647 nm at 10 K.
The signal is corrected to reduce the temperature effect.

(Supporting Information, Figure S11). As an example,
the dependence of 7T versus T for 2a is presented in
the Supporting Information, Figure S12. The dramatic
increase of paramagnetic signal is attributed to the ther-
mal formation of Co' and Mo" centers. As the expected
w Tvalues at high temperature are equal to 3.54 cm® mol ™'
K (assuming full conversion to Co' — Mo" system,
Sco=3/2, g8co=2.6," Sno = 1/2, gnmo = 1.99), it is appa-
rent that the conversion yield is of approximately 41%,
40%, and 36% for 2a, 3a, and 4a, respectively. The
numerical fitting with the Brillouin function of the field
dependence of magnetization at 2 K, taking into account
the partial conversion and assuming the effective spin of
cobalt(Il) in low temperature Sc, = 1/2, was performed
to estimate the effective g-factor and the conversion yield.
Such a fitting for compound 2a (Figure 6) produces
the following parameters: gc, = 4.1 £ 0.4 and conversion
degree 43% =+ 4% (constrained parameters Sy, = 1/2,
gmo = 1.99) which is in very good agreement with the
value of magnetization observed at high temperature. The
magnetic measurements on rehydrated compounds
1b—4b showed that these materials are again diamag-
netic. These magnetic results are in good agreement with
the EPR data.

Photomaﬁnetic Studies. Because the two valence forms
Mo"V—Co" and MoV —Co" of the compounds described
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2 3 4 1a 2a 3a 4a

total amount of molybdenum in the sample (mass percentage, calc.)
amount of molybdenum(V) in the sample (mass percentage, exp.)
amount of molybdenum(V) in the sample (% per all Mo centers, exp.)

Compound 2a'
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Figure 8. Photomagnetic properties of 2a’ (compound 2 heated in
SQUID cavity for 1 h at 355 K).

in this paper are close in energy, we tested the possibility
to trap the metastable state MoY—Co'! by irradiation
in the MMCT band range. During irradiation at 10 K of
2 with light from the MMCT band (A = 647 nm, ca.
30 mW/cm?), no effect is observed. The situation is
different for a partially anhydrous compound of 2, noted
hereafter 2a’, obtained after 60 min in the SQUID cavity
at 350 K ThlS compound shows a decrease of xT from
0.42 cm® mol 'K at 350 K to 0.2 cm® mol 'K at 5 K.
This decrease may be attributed to the spin orbit coupling
in the [Co“(blpy);]2+ as already reported for this com-
plex 60764 The red light irradiation at 10 K causes an
increase of the magnetization (ca. 20% of the signal value
after 40 min of irradiation, Figure 7). This shows the
existence of a photomagnetic effect for amorphous and
dehydrated phase while no effect is observed for original
sample. Then, after irradiation, we performed a magnetic
characterization of the photoinduced state. Figure 8
shows that the photoinduced state is stable up to about
220 K, and in higher temperature it relaxes slowly reach-
ing stability at 290 K at the level of the paramagnetic
signal before irradiation.

Changes of the EPR signal during irradiation of the
partially dehydrated sample 2a (irradiation with red light
620 nm, ca. 20 mW/cm at 4 K for 10 min.) were investi-
gated. A small increase of the signal intensity was ob-
served in both molybdenum and cobalt region (Figure 9).
However, there is no visible change in the shape of the
spectrum.

(60) Lloret, F.; Julve, M.; Cano, J.; Ruiz-Garcia, R.; Pardo, E. Inorg.
Chim. Acta 2008, 361, 3432-3445.

(61) Sieber, R.; Decurtins, S.; Stoeckli-Evans, H.; Wilson, C.; Yufit, D.;
Howard, J. A. K.; Capelli, S. C.; Hauser, A. Chem.—Eur. J. 2000, 6, 361-368.

(62) Palmer, R. A.; Piper, T. S. Inorg. Chem. 1966, 5, 864-878.

(63) Figgis, B. N.; Lewis, J. The Magnetic Properties of Transition Metal
Complexes. In Progress in Inorganic Chemistry; Cotton, E. A., Ed.; Inter-
science Publishers: New York, 1964; Vol. 6, p 37.

(64) Kahn, O. Molecular Magnetism; VCH: New York, 1993
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Figure 9. X-band EPR spectrum for 2a registered at 4 K before (black)
and after (red) irradiation with laser light 1 = 647 nm for 10 min.
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Discussion

In the solid state the equilibrium between the two electro-
nic isomers M[Co'(bpy)s][Mo'Y(CN)g]-nH>0 and M[Co"-
(bpy)s]IMoY(CN)s]- nH,0 has been observed, and it could be
easily followed by the magnetic, XPS, and EPR measure-
ments (Scheme 1). The original compounds 1—4 are practi-
call%l dlamagnetlc because of the domination of the

"™Mo" isomer over the Co"Mo" one (0 5—2.7%). Dur-
ing heating at 340—350 K the increase in the amount of
paramagnetic phase up to 30—40% is observed. This phe-
nomenon has been interpreted in terms of the loss of water
molecules leading to the lowering of the charge transfer
energy barrier and the shifting of the equilibrium toward
the Co' and Mo" centers. This process is reversible, as upon
the rehydration a return to diamagnetic form was observed.
After cooling the dehydrated paramagnetic phase 2a’ down
to 10 K in the SQUID cavity, a photomagnetic effect (20%),
not seen in the case of the original 2 phase, was observed. One
of possible explanations is that a photoinduced charge
transfer enhances the Co™ sMo'Y — Co"'ysMo" equilibri-
um shift. This photoreaction leads to exceeding equilibrium
state forming “supersaturated” paramagnetic phase. A stable
profile of the EPR signal confirms that there is apparently
no other stable form in the system than the two already
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mentioned. Below 220 K the charge transfer between the two
isomers seems to be quenched. Above this temperature slow
relaxation to equilibrium state occurs.

The reasons why the photomagnetic effect is not observed
in the case of the original crystalline compound 2 may have
different origins: the rigidity of the crystalline network and
also the presence of water molecules. Actually, the surround-
ings of the Co and Mo ions could not adjust to the new
oxidation states of the cations and the anions in a rigid and
compact structure. It is known that the coordination
sphere of Co""™Ng is smaller than the one of Co'™Ng. 474863
Moreover, the presence or absence of water molecules
may influence the redox potentials of each complex, and
renders the Co”"—Mo" couple unstable. The loss of a period-
ical structure makes the system more flexible and favors
the second electronic isomer which is formed in high tem-
perature and may be formed in low temperature by photo-
excitation.

Conclusions

The presented series of ionic compounds of general formula
M'[Co(bpy);]IMo(CN)g]-nH,0 (M" = Li,n = 8(1), M' =K,
n=28(2),M" = Rb,n =8(3),M' = Cs,n = 7.5(4)) shows the

(65) Goodwin, H. A. Spin Crossover in Cobalt(Il) Systems. In Topics in
Current Chemistry; Giitlich, P., Goodwin, H. A., Eds.; Springer: Berlin, 2004;
Vol. 234, pp 23—47
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first example of a Co™ ™ [Mo"/V(CN)g] system with a tunable
equilibrium between the Co™—Mo'" and the Co"" =Mo" elec-
tronic isomers. The solvent removal not only decreases the
energy barrier of this equilibrium allowing the change of the
overall magnetic state but also enables the observation of
photomagnetic effects. Furthermore, a metastable paramag-
netic phase obtained in that manner is relatively stable in
SQUID conditions up to 7" of 220 K (Figure 8). The samples
exposed to ambient conditions or moisture return to diamag-
netic states. These purely ionic systems might be relevant for the
studies of functionality of cyano-bridged Co™™-[Mo"/™v
(CN)g] systems.
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