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ABSTRACT: The unique enantiopure {[A-Co"™((R)-
mpm),]5[WY(CN)s],}-9H,0 [(R)-1] and {[A-Co™((S)-
mpm),];[WY(CN)g],}-9H,0 [(S)-1], where mpm = a-
methylpyridinemethanol, magnetic spongelike materials, crys-
tallizing in the chiral P2, space group, are constructed of
cyanido-bridged {Co;W,} trigonal bipyramids with three cis-
[Co"(mpm),(u-NC),] moieties in equatorial sites and two
[WY(CN)g]*™ units in apical positions. The arrangement of
{CosW,} clusters in the crystal lattice is controlled by
interactions with crystallization H,O molecules, resulting in
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two independent hydrogen-bonding systems: the first weaving along open channels in the a direction (weakly bonded H,0) and

the second closed in the cages formed by the surrounding [W(CN),]

3~ and mpm fragments (strongly bonded H,0). The strong

optical activity of (R)- and (S)-1 together with continuous chirality measure (CCM) analysis confirms the chirality transfer from
enantiopure (R)- and (S)-mpm to [Co(mpm),(4-NC),] units, a cyanido-bridged skeleton, and to the whole crystal lattice.
Magnetic properties confronted with ab initio calculations prove the ferromagnetic couplings within Co"—NC—W" linkages
inside {Co;W,} molecules, accompanied by weak antiferromagnetic intermolecular interactions. The reversible removal of
weakly bonded H,O above S0 °C induces the structural phase transition 1 2 1ldeh and strongly affects the magnetic
characteristics. The observed changes can be interpreted in terms of the combined effects of the decreasing strength of
ferromagnetic Co"~W" coupling and the increasing role of antiferromagnetic intermolecular correlation, both connected with
dehydration-induced structural modifications in the clusters’ core and supramolecular network of 1.

B INTRODUCTION

The solid-state responsive molecular magnetic materials
combining magnetism with other chemical and physical
properties, such as chirality, light absorption, electron transfer,
or charge transfer assisted by guest inclusion and structural
transformation, create a platform for tuning, switching, and
overall control of the magnetic and magnetooptical states.' ™
This area has been recently explored, with noteworthy attention
paid to the extended polycyanidometallate-based networks.>*
The implementation of chirality into cyanido-based magnets
results in the observation of natural optical activity,> '’
combined with the magnetic optical activity enhanced in the
magnetically ordered phase, as reported for enantiopure
Mn""[Cr™(CN)¢]*~ and Mn"[NbY(CN)g]*" ferrimagnets.'"'*
The combination of magnetic ordering and noncentrosymme-
tricity gave the extraordinary cooperative effects of magnetic
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second harmonic generation®'' and multiferroicity.'> Other
functionalities, such as luminescence and proton conductivity,
were also found in cyanido-bridged assemblies.””"* The
magnetic properties of polycyanidometallate systems can be
efficiently controlled by external stimuli, such as pressure,"*
guest molecules,">'® or light*'’™' The guest responsive
systems represent a remarkable class of functional magnetic
materials because the reversible introduction of small molecules
into the microporous network can modify the strength of
magnetic interactions, leading to a dramatic shift in T, of
magnetic ordering,'%*>?

As a part of our research program, we consider the
exploration of low-dimensional systems based on a M—CN—
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M’ linkage with nontrivial properties as a potential platform for
functionality.”> The CN-bridged molecules adopt various
discrete topologies controlled by a range of blocking ligands.**
This includes trinuclear M,M’,*>* tetranuclear M,M’,,*"*®
octanuclear M,M’,,*** pentanuclear M;M’,,>" and pentadeca-
nuclear MyM'4 clusters.>>>> Among them, special attention is
paid to trigonal-bipyramidal (TBP) M;M’, clusters, realized by
two axial polycyanidometallates forming bridges to three
equatorial metal centers of octahedral geometry with four
coordination sites blocked by chelating ligands.”® The TBP
clusters are usually obtained by the combination of
[M"(CN)4]*~ (M = Cr, Fe, Co, Mo, Os) ions and complexes
of divalent 3d metal ions with diimine blocking ligands (e.g,
tmphen = 3,4,7,8—tetramethyl-1,10—phenanthr011r1e).31’36 The
few TBP molecules are built of tricyanidometallates,*”** and
those of the octacyanidometallate family are represented only
by {[Ni"(tmphen),];[MY(CN);],} (M = Mo, W).*’ The
cyanido-bridged TBP-based crystalline solids exhibit a number
of magnetic and optical functionalities, including both high-spin
molecules,*>*! single-molecule magnet (SMM) behavior,>”**
thermal-induced and photoinduced SCO and CTIST phenom-
ena,®™* and linkage isomerism.**® Because of the relatively
stable molecular geometry and well-defined positions of the
metal centers, a TBP core was found to be an attractive
platform for the theoretical investigation of spin transitions and
cyanido-mediated magnetic coupling.>"***”

In this context, of particular interest is the incorporation of
chirality into magnetic TBP clusters. The enantiopure character
originating from the A or A chiral configuration of equatorial
[M"(L),(NC),] units in MM/, clusters is preferred because of
the specific geometry of a cluster core and the steric effect on
organic ligands L, which creates a good starting point toward
the chiral structures and lattices. In fact, some of the reported
crystal structures contain chiral AAA or AAA clusters, but the
unit cell includes an equal number of each enantiomer,
resulting in a centrosymmetric space group.31 Only very rare
examples of the enantiomorphic space group due to the
spontaneous resolution connected with the steric hindrance on
blocking organic ligands were shown in the cyanido-bridged
TBP family,***** whereas no report on the optical activity was
presented. Moreover, TBP clusters create the dynamic
supramolecular networks of tunable properties upon the
reversible addition/removal of solvent. Dunbar et al. showed
a great sensitivity of the electronic spin state of
{[Co"™™(tmphen),];[Fe"™(CN)4]} clusters to the degree of
solvation.* Depending on the presence of water or acetonitrile
in the intercluster space, Co;Fe, molecules existed as different
electronic isomers, and only some of them reveal thermally
induced spin transition. Thus, the implementation of chirality
into the dynamic M;M’, assemblies designates them to be
potentially used as rudimentary platforms for the overall
control of the magnetooptical states of magnetic sponges.

Accordingly, we have focused on the design and synthesis of
a dynamic chiral magnetic supramolecular network based on
TBP clusters. Exploiting our experience in the area of
octacyanidometallates,* we used cobalt(II) complexes with
[WY(CN);]*~ ions as the building blocks, ensuring the 3:2 ratio
between metal centers and TBP topology, along with an
appropriate blocking ligand," to induce chirality. We applied the
enantiopure bidentate (R)- or (S)-a-methyl-2-pyridinemetha-
nol (mpm), which was shown to be an efficient ligand to build a
chiral Mn"[NbY(CN)¢]* coordination network.'® Here, we
present the synthesis, crystal structure, and optical and
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magnetic property studies of a pair of enantiomorphic {[A-
Co '((R)-mpm),]5[W'(CN);],}-9H,0 [(R)-1] and {[A-
Co"((S)-mpm),];[WY(CN);],}-9H,0 [(R)-1] materials built
of cyanido-bridged trigonal bipyramids, exhibiting natural
optical activity because of their chiral structure and
dehydration-driven tuning of the magnetic properties, inves-
tigated with support of ab initio calculations.

B EXPERIMENTAL SECTION

Starting Materials. Co"Cl,-6H,0 and methanol used during the
synthesis were purchased from commercial sources (Sigma-Aldrich,
Idalia, CO) and used without further purification. Nas[WY(CN)g]-
4H,0 was prepared following a literature procedure.”® (R)-a-Methyl-
2-pyridinemethanol [(R)-mpm] and (S)-a-methyl-2-pyridinemethanol
[(S)-mpm] were synthesized by modification of the published
procedure (see below).>' The organic reagents 2-acetylopyridine,
formic acid, and triethylamine and the catalysts [RuCl(p-cymene)]-
[(R,R)-Ts-DPEN] [(RR)-Ru-L] and [RuCl(p-cymene)][(S,S)-Ts-
DPEN] [(S,S)-Ru-L] (Scheme 1) were purchased from Sigma-Aldrich
and used without purification.

Scheme 1. Applied Synthetic Procedure toward Chiral
Organic Ligands, (R)- and (S)-mpm, Used in the
Construction of (R)- and (S)-1

e
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Synthesis. 1. Synthesis of (R)-a-Methyl-2-pyridinemethanol [(R)-
mpm] and (S)-a-Methyl-2-pyridinemethanol [(S)-mpm]. All reac-
tions were carried out under an argon atmosphere using standard
Schlenk techniques. All glassware was oven-dried for at least 1 h before
use. Commercially available catalyst (R,R)-Ru-L (0.062 mmol, 39.4
mg) was dissolved in 40 mL of a degassed formic acid/triethylamine
mixture (molar ratio F/T = 0.2) and vigorously stirred for S min at 40
°C under argon. A total of 3 g of 2-acetylpyridine (24.7 mmol, 2.72
mL) was added in one portion. The reaction was monitored by thin-
layer chromatography. After substrate consumption, the reaction
mixture was cooled to room temperature and diluted with water (10
mL). The water phase was extracted with CH,Cl, (3 X 40 mL), dried
over Na,SO,, filtered, and concentrated. Dark-brown oil was purified
by bulb-to-bulb distillation to give pure R-mpm (1.68 g 55%).
Enantiomeric excess (ee) of R-mpm was determined by high-
performance liquid chromatography (Daicel Chiralcel OD column,
4.6 mm id. X 250 mm; eluent = 6:94 isopropyl alcohol/hexane; T =
21 °C; flow rate = 1.0 mL; 4 = 254 nm; t, = 12.74 (R isomer) and
13.35 (S isomer); 98% ee R. [a]*p = +26.1 (0.950, CHCl;). '"H NMR
(300 MHz, CDCL,): & 847 (ddd, J = 4.9, 1.8, and 1.0 Hz, 1H), 7.66
(td, J = 7.7 and 1.8 Hz, 1H), 7.34 (dd, J = 7.7 and 1.0 Hz, 1H), 7.15
(ddd, J = 7.7, 4.9, and 1.0 Hz, 1H), 491 (s, 1H, OH), 4.89 (q, ] = 6.5
Hz, 1H), 149 (d, ] = 6.5 Hz, 3H). *C NMR (75 MHz, CDCL,): §
163.6, 148.0, 136.8, 122.1, 119.7, 69.2, 24.1. EI MS: 122.25 (18%),
108.24 (100%), 106.25 (43%), 79.12 (40%). For the enantiomeric
catalyst (S,S)-Ru-L, an analogous procedure was used. (S)-mpm was
isolated with 61% yield and 99% ee. [a]*p, = —26.6° (¢ = 0.975,
CHCL,). Scheme 1 presents the applied procedure for the syntheses of
(R)- and (S)-mpm.

2. Synthesis of (R)- and (S)-1. Aqueous solutions of 38.4 mg of
Na;[W(CN),]-4H,0 (6 mL), 25.6 mg of CoCl,-6H,O (3 mL), and 75
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Table 1. Crystal Data and Structure Refinement for (S)- and (R)-1

(®)-1
method single-crystal XRD
formula Co3W,CssHuN,,045
formula weight [g-mol™'] 1843.72
T [K] 293(2)

2 [A] 0.71073 (Mo Ka)

cryst syst monoclinic

space group P2,

a [A] 13.650(S)

b [A] 19.840(S)

¢ [A] 14.794(5)

p [deg] 104.169(5)

vV [A%] 3885(2)

V4 2

caled density [grem™] 1.576

abs coeff [em™] 3.648

F(000) 1810

crysta size [mm?®] 0.35 X 0.30 X 0.15

0 range [deg] 3.02—25.00

limiting indices —14<h<16
-23<k<23
-14<1<17

collected reflns 23172

unique reflns 13483

Ry 0.0283

completeness [%] 99.8

refinement method full-matrix least squares on F*

data/restraints/param 13483/37/931

Flack parameter —0.004(S)

GOF on F* 0.952

final R indices

largest diff peak and hole [e-A™*] +1.733 and —0.656

RI = 0.0312 [I > 26(I)], wR2 = 0.0693 (all data)

(8)-1
single-crystal XRD
Co3W,CssHsuN», O
1843.72
293(2)

0.71073 (Mo Ka)
monoclinic

P2,

13.645(3)
19.826(4)
14.811(3)
104.18(3)
3884.4(14)

2

1.576

3.648

1810

0.30 X 0.25 X 0.20
3.39-30.00
-19<h<19
—27 <k <26

-18 <1<20
54684

20858

0.0392

99.8

full-matrix least squares on F*
20858/37/931
—0.023(4)

1.043

RI = 0.0343 [I > 26(I)], wR2 = 0.0789 (all data)
+0.965 and —0.582

mg of (S)- or (R)-mpm enantiomer (9 mL) were mixed together. A
total of 0.7 g of glycerin was added and dissolved. The reaction
mixture was left in a water bath at 28 °C for crystallization. Several
dark-crimson crystals grew within 2 weeks. The yield was enhanced up
to 60% (26 mg of product) in the presence of a small amount of
crystals of the previously synthesized product in the reaction mixture
because of commencement of the crystallization process. Elemental
analyses gave identical results, and the representative data are
presented below. Caled for CggH;,Co3N,,OW, (M, = 1826 g
mol™): C, 37.4; H, 3.9; N, 16.6. Found: C, 37.2; H, 3.9; N, 16.4. IR
(dry crystals in air, RT, KBr): 2192m, 2181m, 2166w, 2153 (sh),
2147m v(C=N); 1571m, 1488m, 1439s, 1380m, 1337m v(C=N);
1099s, 1055s, 1015s v(C—0); 1271m, 1160m 5(C—H); 900w, 770m
y(C—H) and aromatic ring deformation. A water §(O—H) signal
appeared at 1609 cm™".

Crystal Structure Solution and Refinement. Single-crystal
diffraction data of (S)-1 were collected on an Oxford Diffraction
Gemini A Ultra diffractometer with graphite-monochromated Mo Ka
radiation and a CCD Atlas detector, while X-ray measurements for
(R)-1 was performed on an Oxford Diffraction SuperNova
diffractometer with graphite-monochromated Mo Ko radiation and a
CCD Atlas detector. The crystal structures for both (S)- and (R)-1
were solved by a direct method using SHELXS-97 and refined by a full-
matrix least-squares technique using SHELXL-97.°**" Calculations
were performed using a WinGX (version 1.80.05) integrated system.>>*
The non-H atoms were refined anisotropically and the H atoms
isotropically. The positions of the H atoms for OH groups of (R)- and
(S)-mpm were found using the Fourier difference density map, while
all other H atoms were calculated and refined using the riding model.
Restraints on the O—H distances for the hydroxyl groups of mpm
ligands were applied in order to maintain the proper geometry. ISOR
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restraints on the thermal ellipsoids of O atoms of some H,O solvent
molecules and some C atoms of mpm ligands were also used to ensure
convergence of the refinement process. The refinement process was
completely analogous for (S)- and (R)-1, and the same restraints were
applied (Table 1). Structural diagrams were prepared using Mercury
2.3 software.”?

Physical Techniques. Elemental analyses of C, H, and N were
performed using an EuroEA EuroVector elemental analyzer.
Thermogravimetric data in the temperature range of 25—400 °C
were collected on a Mettler Toledo TGA/SDTA 851° micro-
thermogravimeter at a heating rate of 1 °C'min™' in an argon
atmosphere. IR spectra were recorded on dried crystals in the range of
4000—550 cm™ using a Thermo Scientific Nicolet iS5 spectrometer
equipped with iD5 ATR-Diamond. Variable-temperature IR spectra
were recorded using an Excalibur FTS-3000 spectrometer. During the
experiments, the spectrometer was purged with dry nitrogen. The
samples were sandwiched between two KRS-S window disks. Powder
X-ray diffraction (XRD) patterns over the 26 range of 5—60° were
collected using a PANalytical X’pert PRO MPD diffractometer
equipped with a copper X-ray source (Ag, = 1.5418 A). Temper-
ature-dependent measurements were performed using an Anton Paar
TTK-450 chamber in heating mode (Bragg—Brentano geometry). The
diffractograms measured at 360 K were indexed using Expo2014
software.” The UV/vis absorption spectra were measured on a
PerkinElmer Lambda 35 spectrophotometer, using BaSO, pellets as
the reference background for the solid-state materials. Variable-
temperature reflectance spectra were measured on a Avantes AvaSpec-
2048 spectrometer. Natural circular dichroism (NCD) spectra for the
solid state (dispersed in Nujol, S—10 mg per several drops, and
introduced between two CaF, plates) and mother solutions were
collected using a Jasco J-810 spectropolarimeter. The recorded signals
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were corrected using the blank Nujol signal. Magnetic measurements
were performed using Quantum Design MPMS-XL. Because of easy
dehydration of the examined compounds around room temperature,
the sample was inserted into the magnetometer at 250 K and the
sample cavity was evacuated after sample freezing. All presented
temperature dependencies were registered during sample warming.
The powder sample had the form of a pressed pellet wrapped in
poly(tetrafluoroethylene) tape to avoid grain rotation at an elevated
magnetic field. All of these precautions were necessary to obtain a
consistent set of data. The magnetic data were corrected for the
diamagnetic contribution using Pascal constants.>*

Ab Initio Calculations. All fragment ab initio calculations have
been carried out with the MOLCAS 7.8 program and are of the
CASSCF/SO-RASSI/SINGLE_ANISO type.*> Two different basis
sets have been used to check the stability of the obtained results (see
Table S6 in the Supporting Information, SI). The Cholesky
decomposition threshold was set to 0.5 X 1077. Because of the
computer power limitations, the calculated fragments were reduced for
each Co ion, as shown in Figure S5 in the SI. The neighboring W
atoms were replaced with Ta', which are diamagnetic. To test the
importance of dynamical correlation effects, CASPT2 calculations®®
were done for one Co fragment using the structure shown in Figure S6
in the SL In this case, the W atoms were substituted for La** AIMP. W
ions were not calculated and were considered isotropic. The exchange
coupling interactions were considered within the Lines model®” using
POLY_ANISO®® based on the previously obtained ab initio results
from SINGLE ANISO.

B RESULTS AND DISCUSSION

Crystal Structures. Both enantiomorphic materials (R)-
and (S)-1 crystallize as dark-red air-stable crystals in the space
group P 2,. The unit cell consists of two cyanido-bridged
{Co3W,} cage molecules and 18 crystallization H,O molecules
(Figures 1 and S1 and S2 in the SI). The most important bond
lengths and angles are presented in Table S2 in the SI All
atoms in the {Co;W,} clusters are symmetrically non-
equivalent. A single cluster has the shape of a trigonal
bipyramid, with all Co ions in the equatorial plane and
bridging W(CN)y; ions in the axial positions. A slight distortion
from the ideal TBP geometry is represented by the isosceles
character of the equatorial triangle Co1C02Co3, where the Co3
site is the distinguished one. This is illustrated by the Col--
Co3 and Co2--Co3 distances (6.66 and 6.69 A) being
significantly longer than the Col:-Co2 (6.34 A) distance and
by the differences between the relevant W---Co distances and
Co--Co-+-Co, Co--W---Co, and W--Co--W angles (Table S1
in the SI) as well as by the differences in some of the Co—N—
Ceny Nen—Co—Ney, and N, —Co—N,,, angles (Table S2
in the SI). Both [W(CN);] units have a geometry close to that
of SAPR-8 but with different degrees of distortion from the
ideal polyhedron, a minimum for W2, as illustrated by the
shape measure Sgapr.g = 0.2, and higher for W1, as illustrated by
Scaprs = 0.45 (Table S3 in the SI).*® Each Co® center has
distorted octahedral surroundings with two chelating mpm
ligands and two CN~ bridges of [W(CN)g]*~ arranged in cis
fashion. Co centers have Co—Ncy bond lengths in the range of
2.064—2.113 A and the respective C—N—Co angles in the
range of 168.6—178.4° (Table S2 in the SI).

The intrinsic chirality of (S)- and (R)-mpm based on
asymmetric carbon with four different groups attached (phenyl,
hydroxyl, methyl, and hydrogen) is efficiently transferred® to
the whole crystal structure (Figure 2). (S)-mpm embedded in
(S)-1 induces exclusively the right-handed helicity and the A
absolute configuration for Co" units, while (R)-mpm in (R)-1
gives only the left-handed A-enantiomers (Figure 2c). In this
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Figure 1. Crystal structures of (R)-1: the asymmetric unit with the
numbering of the W, Co, and O, atoms (a) and the contents of one
crystallographic cell (b). Atom color code: navy blue, Co; cyan, W;
pale blue, N; gray, C; red, O; white, H.

manner, a tendency of trigonal bipyramids toward AAA or
AAA homochirality was accommodated to form a pair of chiral
molecular networks. Moreover, three different Co—NC—W
linkages toward two different [W(CN)g] moieties were
afforded. A good illustration of the chirality in (S)- and (R)-1
is provided by continuous chirality measure (CCM) analysis for
distinguishable molecular fragments cis-[Co(u-NC),(mpm),],
[W(CN);][Co(4-NC),(mpm),], and [W(CN);] (Table S4 in
the SI).°* The overall organic and coordination homochirality
of {CosW,} molecules spreads to the whole crystal through
supramolecular interactions and contacts. These are dominated
by hydrogen bonding with H,O (Figures 3 and 4), coexisting
and cooperating with intra- and intermolecular contacts
between terminal CN~ ligands and hydrogen, methyl, and
pyridine groups of mpm (Figure S3a in the SI). Notably, the
hydrogen groups at C* chirality centers stand outside the
molecule perpendicular to the W1—W?2 axis, while the methyl
groups are oriented almost parallel to the nearest W—CN—Co
linkages of the same molecule (Figure S3b in the SI).

The crystal structure is definitely stabilized by a hydrogen-
bonding network, involving crystallization of H,O molecules,
R—OH groups of the mpm ligands, and N atoms of the
[W(CN)g]>~ moiety. A striking feature of the hydrogen-
bonding network is the nonequivalency of the supramolecular
interactions in the vicinity of Col or Co2 with respect to Co3
centers (Figure 3 and Table SS in the SI), which is in line with
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Figure 2. Chirality of molecular structures of Co;W, in (S)- and (R)-
1: perpendicular (a) and parallel (b) views with respect to the [101]
axis. (c) Homochirality of cis-[Co(u-NC),(mpm),] units. H,O
molecules were omitted for clarity.

the observed distortion from the ideal TBP shape of Co;W,. A
detailed description of these supramolecular interactions is
included in the SI.

Within the molecular architecture of (R)- and (S)-1, two
groups of H,0O molecules can be distinguished (Figures 4 and
S4 in the SI with a detailed description). The five H,O
molecules located at O7, 08, O11, O14, and O1S sites are
arranged along the open channel running parallel to the a
crystallographic direction and can be regarded as weakly
bonded. The four remaining molecules represented by O9,
010, 012, and O13 atoms are arranged into squares and reside
in the separate cages formed by surrounding [W(CN)3]*~ and
mpm fragments. In contrast to the previous ones, they are
regarded as strongly bonded. Interestingly, both types of H,O
molecules form separate and independent hydrogen-bonding
systems.

The hydrogen-bonding scheme is in good agreement with
the TGA/QMS data (Figure 4b). Two regions of weight loss
assigned to H,O removal were distinguished. The first weight
loss of 4.6% occurs in the range of 25—60 °C (maximum in the
QMS signal at 42 °C) and can be assigned to five H,O
molecules (theoretical 4.8%). The second weight loss of 4.0%
occurs in the range of 60—125 °C (maximum in the QMS
signal at 87 °C) and is assigned to four H,O molecules
(theoretical 3.9%). Neither the cyanide-related fragments nor
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Figure 3. Hydrogen-bonding (green dashed lines) and weak
intermolecular interactions or contacts (orange dashed lines) in the
vicinity of the Col (a), Co2 (b) Co3 (c), and W (d) centers. Atom
color code: navy blue, Co; cyan, W; pale blue, N; red, O; yellow,

Hopmpm; gray, C and Hy oo

the mpm-related fragments were detected in this temperature
region.

Optical Properties. The representative UV/vis diffuse-
reflectance and NCD spectra of (R)- and (S)-1 are presented in
Figure S. The UV/vis spectrum was deconvoluted into seven
components centered at 223 (A), 274 (B), 330 (C), 370 (D)
479 (E), 554 (F), and 614 (G) nm. Components A and B can
be assigned to the intraligand transitions of the mpm ligand'® as
well as to the charge-transfer transitions within [W(CN)g]*":
metal-to-ligand charge-transfer (MLCT) from W to CN~
[E"(*B,) — E”"(*B,); by(#*) and E”"(*E); e(#*)] (component
A) and ligand-to-metal charge-transfer (LMCT) from CN™ to
W [E'(°By); [bi(x®=)]" = B"(By); bi[bi(x*—y*)]’]
(component B).> The components C and D can be assigned
only to [WY(CN);]*", revealing LMCT character: E"(*B,) —
E"(’E); e’[by(x*~y*)]* (peak C), E"(*B,) — E'(’E); &’[b,(x*~
) 1% and E'(*A,); a,[b,(x*y*)]* (peak D).> The UV part of
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(a)

channel H,0

1 TGA 1K/min.

97.01
94.31

Weight / %

QMS, 18

Signal / mW

75 100 125
T/°C

25 50
Figure 4. (a)Two types of crystallization H,0 molecules in (R)- and
(S)-1 and (b) TGA/QMS data in the range of 25—125 °C (dT/dt =1
K'min™"). Color code: channel H,O, red; cage H,O, blue; other
atoms, gray; green dotted lines, hydrogen bonds; orange dotted lines,
intermolecular contacts.

the spectrum contains also the contributions from ligand-field
(LF) transitions of W¥ and from charge-transfer transitions of
[Co(u-NC),(mpm),] moieties. The components E—G are of
the different origins. Peak E is attributed to metal-to-metal
charge transfer (MMCT) from Co"jyg to WY, % while peaks F
and G are assigned to d—d transitions in high-spin Co !
4T1g(4F) 4T1g(4P), and 4T1g(4F) 4A2g( F), respectlvely
The NCD spectra of (R)- and (S)-1 are complementary to each
other in the whole examined 200—700 nm wavelength region,
which confirms the enantiopurity of both materials and
indicates nonzero optical activity within all absorption bands.
The spectra are dominated by a relatively strong Cotton effect
in the range 400—600 nm, positive for (R)-1 and negative for
(S)-1, indicating strong optical activity on [Co(mpm),(NC),]
units within the LF and MMCT absorption bands. The overall
NCD spectra indicate that the chirality was successfully
transferred toward the whole molecule and crystal lattice, in
accordance with CCM analysis (Table S4 in the SI).
Magnetic Properties. Both enantiomers (R)- and (S)-1
reveal identical magnetic properties; therefore, only the results
for (R)-1 are presented (depicted later as 1 in Figure 6).
Because of the sensitivity to dehydration at room temperature,
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Figure S. (a) Electronic and (b) NCD spectra of (R)- and (S)-1. Inset:
NCD spectra of (R)- and (S)-mpm.
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Figure 6. (a) Magnetic properties of 1 and 1deh [here illustrated for
the (R)-1 analogue]: (i) yuT(T) dependence for 1 (red circles)
together with the curve fitted using the J, J,, and J; magnetic
interactions model (inset) with a zJ' contribution (brown line); (ii)
mT(T) dependence for 1deh (blue circles) together with the curve
calculated without the exchange interaction included, i.e., showing only
the contribution coming from individual ions (navy dashed line). It
was necessary to include the prefactor of 0.93 to get an agreement
between the experimental and fitted data. (b) M(H) dependencies.

DOI: 10.1021/acs.inorgchem.5b00470
Inorg. Chem. 2015, 54, 5784—5794


http://dx.doi.org/10.1021/acs.inorgchem.5b00470

Inorganic Chemistry

the magnetic properties of 1 were investigated within the
limited 2—290 K range. The yy T product at 290 K is 9.9 cm*
mol ™K for the {Co";W",} unit, which falls within the range of
8.8—10.9 cm*mol K expected for uncoupled magnetic
moments of three octahedral high-spin cobalt(II) complexes
(Sco = /% gco = 24—2.7)% and two [WY(CN)g]>~ ions,
assuming Sy = '/, and gy = 19753366768 yyith decreasing
temperature, the y\T signal grows gradually to a maximum
value of 124 cm®>mol™ K at 10 K and later decreases fast,
reaching 8.1 cm®mol K at 2 K (Figure 6a). The continuous
increase of T is definitely attributed to intracluster cyanido-
mediated Co"~W" magnetic coupling, while the low-temper-
ature decrease of yuT can be related to the single-ion
properties of Co™ centers or the influence of antiferromagnetic
intercluster interactions. The continuous increase of yyT
observed even at relatively high temperature suggests that the
magnetic exchange interaction in 1 is of a predominant
ferromagnetic character, typically detected for bimetallic
Co'"[WY(CN)]>~ magnetic systems.>*>*""% 1In fact, the
maximum on the yT—T plot of 12.4 cm*mol ™K at 10 K
is close to the value of 12.6 cm®mol K expected for the
ferromagnetic {Co"sW",} cluster with an effective ground-state
spin of S = 3/, and an average g value of 3.4, derived from Sy, =
'/, and gy = 1.97 and the effective parameters of S = '/, and g

= 4.3 predicted for octahedral Co" in the low-temperature
regime.és’66 The magnetization of 1 measured as a function of
the external magnetic field at 2 K does not saturate to 50 kOe,
reaching a value of 8.0 g, but tends roughly in an asymptotic
manner limit of 8.5 pg, which is expected for ferromagnetic
alignment of Co" and WY magnetic moments within the
{Co"™;W",} units (Figure 6b).>>>*" There is no detectable
signal in the out-of-phase magnetic susceptibility above 1.8 K
precluding the SMM behavior of 1.

Ab Initio Calculations. To get insight into the nature of
intracluster Co'—=W" magnetic coupling in 1, consideration of
the single-ion properties of three different cobalt(II) complexes
embedded in the molecular structure of 1 is of great importance
because their significant magnetic anisotropy can strongly
influence the magnetic interaction with other metal centers.”®
Thus, we performed ab initio calculations for Co" fragments
based on the available structural data, and the results are shown
in Table 2 and Tables S6—S9 and Figures SS and S6 in the SL
The first excited states are close to the ground state for all three
Co" centers, which shows that spin—orbit coupling strongly
mixes these states. As a result, a large zero-field splitting (ZFS)
is obtained. CASPT?2 calculation does not decrease the ZFS on
Co sites, which shows that its large value is related to the
structure but not to the lack of dynamical correlation effects.
The local magnetic easy axes of the Co centers are shown in
Figure 7, while the full set of spin-free states, spin—orbit
energies, and g tensors of the ground Kramers doublet for all
three symmetrically independent Col, Co2, and Co3 centers
are presented in Table 2.

Using the results of ab initio calculations and the
experimental y\,T(T) data, we then attempted to calculate
the strength of magnetic interactions within the Co—NC-W
linkages. Because the whole {CosW,} cluster is symmetrically
independent, six exchange coupling parameters should be taken
into account. However, for the sake of simplicity and to avoid
overparametrization, the Heisenberg Hamiltonian using only
the three magnetic coupling constants ], J,, and J; was
employed, according to the following simplified model:
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Table 2. Spin-Free States, Spin—Orbit Energies, and g
Tensors of the Ground Kramers Doublet in (R)-1

magnetic center Col CISS%ITZ Co2 Co3
spin-free states originatiilig from the 0 0 0 0
quartet spin state, cm
134 423 333 240
739 917 1194 1056
7626 9006 7307 7723
8037 9604 7758 8031
8673 10942 8134 8627
spin—orbit energies, cm ™' 0 0 0 0
23S 187 189 224
468 593 577 S10
820 853 860 828
1214 1296 1543 1452
1315 1362 1631 1837
I8 2.44 2.04 1.88 1.94
& 291 2.67 241 2.63
g 7.18 7.33 7.71 7.58

Figure 7. Orientation of the local magnetic axes of the Co centers in
(R)-1. Color code: red, O; blue, N; green, Co; cyan, W; gray, C.

Hya = _LSCOI'SWI - ]lscol'swz - ]zscoz'sw1

- JZSCOZISWZ - ]3SCO3'SW1 - ];;SC03'SW2

The additional zJ' contribution from the intermolecular
interactions, mediated by the hydrogen-bonding network, was
also added. The exchange interaction was considered within the
Lines model on the basis of the resulting spin—orbital
multiplets of individual calculated Co centers. The best fitting
of the magnetic susceptibility is provided by the exchange
coupling constants: J; = 10.0 em™; [, = 1.0 em™} J; = 15.0
em™; zJ' = —0.1 cm™' (Figure 6a). This confirms the
ferromagnetic nature of intracluster Co''-w" coupling in 1,
consistent with other reports on cyanido-bridged Co"-W"
magnetic systems,*****® which is accompanied by typical weak
antiferromagnetic intermolecular magnetic interactions. Such
different nature of magnetic interactions was previously
suggested for other cyanido-mediated Co"—W" magnetic
systems, consisting also of three slightly different octahedral
Co sites.” However, the fitted parameters J; and J; are larger
than those found for similar cyanide-bridged W—Co com-
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pounds.®®® We suggest that the relatively large values of J; and
J5 could appear because of the large ZFS on Co sites.

Dehydration-Driven Structural Phase Transition. The
occurrence of the dehydration-driven structural change 1 —
1deh, according to the relatively easy partial removal of
crystallization H,O molecules from the intercluster space
(TGA/QMS data; Figure 4) leads to a significant change in the
magnetic characteristics. The heating of 1 in SQUID above 290
K (17 °C) led to a small decrease of y,,T from 9.9 to 9.6 cm>-K-
mol ™" at 310 K (37 °C), which is still within the range of 8.8—
10.9 cm*mol ™K predicted for an uncoupled {Co"sW",} unit,
assuming Sc, = */5 gco = 24-27,% Sy = '/, and gw =
197331958 Ag a result of this transition, it can be expected
that the Co' centers are slightly deformed, which gives a
decrease of their g values (from average 2.55 to 2.51) and a
consequent decrease of the magnetic signal.é5 The sample of
1deh, obtained by annealing 1 to T = 340 K (67 °C) during
magnetic measurements, was subsequently cooled, and the
susceptibility measurement was performed (Figure 6, blue
points). With decreasing temperature, the yyT product
gradually decreases, first slowly and below 10 K very fast,
reaching a value of 4.5 cm®mol™"-K at 2 K. This is in contrast
with the properties of hydrated form 1 showing a maximum on
the ¥, T—T plot (Figure 6). The magnetization M(H) for 1deh
measured at 2 K is also significantly lower in comparison to that
of 1. In the low-field range below 10 kOe, it increases slower
with increasing field, and the curve reaches at 50 kOe the value
of 7.2 up, much lower than 8.0 yg for 1. All of these features
suggest that the transition 1 — 1deh changes the Co" single-
ion properties and strongly influences the Co"—W" magnetic
coupling.

The dehydration process is reversible, which is illustrated by
convergence of the y,T(T) and M(H) curves measured in the
first cycle with the related curves measured in the second cycle,
after exposure of 1deh to a drop of water and drying at room
temperature (Figure S7 in the SI). To better understand the
correlation between the magnetic characteristics and dehy-
dration-driven phase transition from 1 to 1deh, we performed
variable-temperature powder XRD measurements and IR and
UV/vis diffuse-reflectance spectroscopic studies, which are
confronted with the crystal structure of 1.

The heating of 1 above ca. 50 °C under normal pressure
conditions leads to the dark-orange microcrystalline phase 1deh
(Figure S8 in the SI). The monocrystallinity is lost at this stage
because of microcracks occurring in the crystal. The dark-
crimson color is recovered after exposure to moisture. Heating
above 125 °C gives a brown hydrophobic residue, 1anh, which
was not further characterized. The variable-temperature powder
diffractograms measured under thermally stabilized conditions
are presented in Figure 8. The powder diffractograms at 25 and
36 °C are consistent with those calculated from the
monocrystalline data for the original (R)- and (S)-1. The
mixed-phase pattern combining the peaks of 1 and 1deh was
observed at 47 °C, while at 57 °C, the pure diffractogram of
partially dehydrated phase 1deh evolved. The observed
transition is reversible because the powder diffractogram of 1
was recovered during cooling to room temperature. Further
heating up to 107 °C did not lead to a change of the powder
pattern, while above this temperature, a second, irreversible
transition to the amorphous phase was detected.

The powder XRD pattern of 1deh was indexed in the P2,
space group, with the following novel cell parameter set: a =
13.6609 A, b = 20.6149 A, ¢ = 13.5796 A, = 106.2197°, and V
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Figure 8. Variable-temperature powder XRD (thermal stabilization
mode) and the proposed scheme for the compositional changes during
the dehydration/rehydration processes in 1.

= 3672 A’. A notable decrease of the crystallographic cell
volume AV of 212 A’ was observed during the transition from
1 (3884 A®) to 1deh (3672 A®). This is consistent with the loss
of four to seven H,O molecules per {Co;W,} unit of 17° and in
a good agreement with the presence of five weakly bonded
channel H,0 molecules indicated in the crystal structure of 1
(Figure 4). Moreover, a comparison with the cell parameters of
1[a=13.645(3) A, b=19.826(4) A, c = 14.811(3) A, and B =
104.18(3); P2, space group] indicates that the structural
changes include cell deformation with a moderate elongation in
the b direction (~0.8 A, ~3.9%) and more serious shrinkage
along the ¢ direction (~1.2 A, 8.8%). This is in line with the
plausible movements of whole {Co;W,} clusters, aiming to
reoccupy the empty spaces generated by the removal of channel
H,O molecules located at the O7, 08, O11, O14, and O1S sites
(Figure 9). Going further, such movements can be responsible
for the opening of cages, which allows the removal of cage H,O
molecules located at the 09, 010, 012, and O13 sites. The
thermal evolution and conditions of reversibility of powder
XRD patterns indicate the relative stability of the molecular
architecture of the 1 and 1deh phases in spite of the rather
continuous character of the removal/sorption of H,O.
Unfortunately, because of the low symmetry and large
asymmetric unit of 1deh, the complete crystal structure analysis
of 1deh as well as exact magnetostructural correlations were
precluded. However, on the basis of the above consideration,
we infer that the drastic change in the magnetic characteristics
during the transition 1 — 1deh is related to substantial
modifications of the clusters’ core and their supramolecular
arrangement. Such modifications significantly change the
single-ion properties of Co' ions including the change of the
ZFS properties as well as the SOC and resulting directions of
the g anisotropy axes. It was suggested before that local
hydrogen bonding involving the R—OH groups of the mpm
ligands around the Col and Co2 ions is significantly different
from that around Co3 (Figure 3). The removal of weakly
bonded O7, 08, 011, O14, and O15 H,0O molecules and the 1
— 1deh transition strongly affect the binding of mpm “wings”
at the Col and Co2 centers. The plausible altering of chelate
twisting at the cis-[Co(mpm),(¢-NC),] moiety influences its
geometry and, hence, the single-ion properties. The dehy-
dration presumably also influences the geometry and lengths of
the cyanide bridges and solvent-controlled intercluster
distances. All of these changes obviously significantly affect
both the intra- and intercluster magnetic interactions. The
xmT(T) plot for the dehydrated phase is much below the curve
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Figure 9. Schematic representation of structural changes during the
dehydration/rehydration processes in 1. The blue arrows show the
directions of molecular movements.

for the hydrated phase, but the signal is still higher than the
combined contributions from the individual Co" and WV
centers without any exchange interactions (in T below 200
K), which suggests that ferromagnetic coupling also operates in
1deh (Figure 6a). However, dehydration-induced structural
modifications cause a decrease in the strength of ferromagnetic
Co"-WV coupling, which can also be accompanied by the
increasing contribution from the antiferromagnetic intermo-
lecular correlation related to the decreasing intercluster
distances.

The above considerations assume retention of the
composition and topology of the {Co;W,} cluster during the
transition 1 — 1deh. This is confirmed by only a minor change
in the variable-temperature IR spectra in the v(CN) range,
indicating stability of the WY valence state,”' and is in
agreement with a minor modification of the interaction of
CN ligands with crystallization of H,0 and mpm (Figure S8a
in the SI; see also Figure 3d). A significant change in the
variable-temperature reflectance spectra suggests a more
pronounced modification in the electronic structure of (u-
NC)ZCoH(mgm)z moieties (CT and LF bands of Co'; MMCT
WY = Co")**** due to the major modification of interactions
mpmO***Oyater (Figure S8b in the SI; see also Figure 3). The
occurrence of a charige—transfer effect, giving the Co'll—-wt
pair, can be excluded.”’

5792

B CONCLUSIONS

Realizing the concept of implementation of chirality into a
magnetic skeleton, we have prepared a novel pair of
enantiomorphic (R)- and (S)-1 cyanido-bridged cluster-based
materials. The material displayed for the first time the
combination of structural chirality and resulting natural optical
activity with a magnetic spongelike behavior in the unique
{Co3W,}-based supramolecular network exploiting the arche-
typal cyanido-bridged TBP molecular structure. The underlying
reversible dehydration-driven structural phase transition
between 1 and 1deh occurs directionally as a consequence of
the partial removal/uptake of specifically located crystallization
H,O molecules. The structural changes involve mainly minor
alterations in the geometry of a cluster core and a major
modifications in the supramolecular network, including the
hydrogen-bonding scheme in the vicinity of [Co"(mpm),(u-
NC),] moieties. These features result in changes of the Co"
single-ion properties and a subsequent decrease in the strength
of the ferromagnetic interactions, together with increasing
antiferromagnetic intercluster coupling. The “magnetic sponge”
mechanism based on the strong correlation between the
hydrogen-bonding scheme and magnetic parameters is in line
with the ab initio results of theoretical investigations. Presented
materials demonstrate a new interesting pathway in the
research of functional magnetic-cluster-based solids, and a few
promising possibilities, including the uptake of guest molecules
and a study of their prospective influence on the magnetic and
magnetooptical properties of 1, will be the subject of a future
work.
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