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ABSTRACT: Bis(toluene)chromium(0), Cr’(7°-C;Hy), (3), /<574, « A S A, TP
readily reduced [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (1) 4 o e H&‘ f—‘?%%
and [1,2,5]thiadiazolo[3,4-b]pyrazine (2) in a tetrahydrofuran ‘é{ it wf'e \\:R %"
solvent with the formation of heterospin, S; = S, = '/,, radical- 2, <0 IS e esevas Suhpe

ion salts [3]*[1]~ (4) and [3]*[2]~ (5) isolated in high yields. ' 4 s

The salts 4 and S were characterized by single-crystal X-ray

diffraction (XRD), solution and solid-state electron paramagnetic resonance, and magnetic susceptibility measurements in the
temperature range 2—300 K. Despite the formal similarity of the salts, their crystal structures were very different and, in contrast
to 4, in S anions were disordered. For the XRD structures of the salts, parameters of the Heisenberg spin Hamiltonian were
calculated using the CASSCF/NEVPT?2 and broken-symmetry density functional theory approaches, and the complex magnetic
motifs featuring the dominance of antiferromagnetic (AF) interactions were revealed. The experimental yT temperature
dependences of the salts were simulated using the Van Vleck formula and a diagonalization of the matrix of the Heisenberg spin
Hamiltonian for the clusters of 12 paramagnetic species with periodic boundary conditions. According to the calculations and yT
temperature dependence simulation, a simplified magnetic model can be suggested for the salt 4 with AF interactions between
the anions ([1]7+[1]7, J; = =5.77 cm™") and anions and cations ([1]7+:[3]*, J, = —0.84 cm™"). The magnetic structure of the
salt § is much more complex and can be characterized by AF interactions between the anions, [2]7+-:[2]", and by both AF and
ferromagnetic (FM) interactions between the anions and cations, [2]7---[3]*. The contribution from FM interactions to the
magnetic properties of the salt § is in qualitative agreement with the positive value of the Weiss constant ® (0.4 K), whereas for
salt 4, the constant is negative (—7.1 K).

H INTRODUCTION Chart 1. Archetypal 1,2,5-Chalcogenadiazoles and Their

Despite rapid progress in the design, synthesis, and structural » 1 and 2

and func.tional ch:-iracterization of.molecule—-based @agnetic e-md H N H N\ /N N\ N N\
conductive materials for electronics and spintronics, there is a O/E ®/ . S\QIO/ g O O/ g
permanent demand for new building blocks in the field." A H N H N N N N, N
large number of candidate building blocks came from 6m, S =0 T, S =1/2
chalcogen—nitrogen chemistry,” especially in the form of 78,5, Te
neutral and charged z-heterocyclic radicals.>~®

Derivatives of the 1,2,5-chalcogenadiazole ring system (Chart

With the McConnell I model” dealing with spin polarization,

1)* can be easily reduced into radical anions (RAs)," and the this result is expected for the homospin salts. In these salts, the
latter can be isolated in the form of thermally stable crystalline spin density on the van der Waals (VdW) surfaces of their RAs
salts.” The salts, both homospin (where only anions were is mostly positive, with only small islands of negative spin
paramagnetic) and heterospin (where both ions were para-

magnetic), revealed antiferromagnetic (AF) interactions in their Received: March 20, 2013

spin systems.7 Published: May 21, 2013
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density."® For neighboring RAs in the crystal lattice, contacts of
like spin density are most probable to give rise to AF exchange
interactions between them, whereas for ferromagnetic (FM)
interactions, contacts of unlike spin density are required’
[except contacts of unlike density on orthogonal molecular
orbitals (MOs) leading to AF interactions].”® In principle, such
a situation can be achieved with heterospin salts of the
discussed RAs, with paramagnetic cations [MCp,]* and
[MCp*,]* [M = Cr, Mn, Fe; Cp = °-C{Hs; Cp* = -
Cs(CH,;);] possessing peripheral negative spin density on the
ligands11 However, heterospin, S, = 3/, and S, = !/,, salt
[CrCp*,]*[1] (for 1, see Chart 1) experimentally revealed
only AF effects.” A theoretical study based on the CASSCF
and spin-unrestricted broken-symmetry (BS) density functional
theory (DFT) calculations led to the conclusion that the
magnetic properties of the salt are controlled by its crystal
packing, which is favorable for anion—anion and cation—cation
AF interactions and unfavorable for anion—cation FM
interactions.”

For the design and synthesis of magnetic materials, it is
important that heterospin systems can also be obtained with
neutral radicals when they crystallize in the asymmetric unit
containing more than one radical. For such heterospin systems,
based on S—N z- heterocychc radicals, AF and spin-canted AF
effects were observed.*

It should be noted that currently systems with AF
interactions are receiving increased attention because of the
experimental observation of the spin-liquid state, as well as their
prospects in creating nanoscale memory cells."

According to our calculations (see below), another group of
paramagnetic (S = '/,) cations with peripheral negative spin
density on ligands consists of [MAr,]* (M = Cr, Mo, W). In the
chemical context, it is important that (1) the ionization energy
(IE) of their precursors MAr, (reducing agents in the target
salts’ preparations)'® can be varied in a rather broad range
depending on the ring substituents (for example, the bigger the
number of methyl substituents, the lower the IE) and '* (2)
with the same Ar ligands, the IE is practically equal for M = Cr
(3d), Mo (4d), and W (5d) (with Ar = C¢Hg, in 5.40—5.52 eV
range), * allowing one to cover the whole d block in a single
approach. In the physical context, the cations with Mo and W
are especially promising because of the strong spin—orbit
coupling inherent in these heavy atoms. The strength of the
spin—orbit coupling increases sharply with the atomic number
as Z* to be sufficient for atoms with Z > 30. In the heterospin
salts containing Mo (Z = 42) or W (Z = 74) atoms in the
cation and heavier chalcogen Se (Z = 34) or Te (Z = 52) atoms
in the anion, the strong spin—orbit coupling can lead to spin
canting to originate a FM ground state even under conditions
of AF exchange interactions between Earamagnetlc centers (the
Dzyaloshinsky—Moriya mechanism;”>'° the spin—orbit con-
tribution to spin-canted AF and FM orderlng of Se=N 7-
heterocyclic radicals was already discussed®). An important
spectroscopic advantage is that in contrast to the [CrCp*,]*
cation, which is undetectable by electron paramagnetic
resonance (EPR) spectroscopy because of the fast relaxation
and substantial zero-field splitting,16 [MAr,]* (M = Cr, Mo)
cations can be detected by conventional EPR techniques.'®'”

Previously, various CrAr, were used in the synthesis of
radical-ion salts with tetracyanoethylene (TCNE) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ). The salts obtained were
homospin because only the [CrAr,]* cations were paramagnetic
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(S ='/,), whereas the anions formed diamagnetic (S = 0)
dimers.'®

This work begins the application of MAr, (M = Cr, Mo, W)
compounds to the synthesis of heterospin, S, = '/, and S, ='/,,
radical-ion salts based on 1,2,5-chalcogenadiazoles and related
chalcogen—N 7 heterocycles. Herein we report on the synthesis
and structural and magnetic characterization of two salts
obtained by the reduction of [1,2,5]thiadiazolo[3,4-c][1,2,5]-
thiadiazole and [1,2,5]thiadiazolo[3,4-b]pyrazine (1 and 2,
respectively; Chart 1) with bis(toluene)chromium(0) (3) as
salts bis(toluene)chromium(I) [1,2,5]thiadiazolo[3,4-c][1,2,5]-
thiadiazolidyl (4) and [1,2,5]thiadiazolo[3,4-b]pyrazinidyl (5),
respectively (Scheme 1).

Scheme 1. Synthesis of 4 and §
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B EXPERIMENTAL AND COMPUTATIONAL DETAILS

General Procedure. All operations were carried out under argon
using glovebox and Schlenk techniques. Compounds 1 and 2 were
prepared by literature methods."”*° Compound 3 was synthesized by a
known procedure®® with toluene instead of benzene. Solvents were
dried by common methods and distilled under argon.

Cyclic Voltammetry (CV). The CV measurements on degassed 2
X 107 M solutions of compound 2 in MeCN were performed at 295
K in an argon atmosphere with a PG 310 USB potentiostat (HEKA
Elektronik). The measurements were carried out in a mode of a
triangular pulse potential sweep in a three-electrode electrochemical
cell (V=5 cm®) at a stationary platinum electrode (S = 8 mm?), with
0.1 M Et,NCIO, as the supporting electrolyte. The sweep rates were
0.01-100 V s7', and the peak potentials were quoted with reference to
a saturated calomel electrode (SCE) used in the measurements as a
standard.

EPR Measurements. The solid-state and solution EPR spectra of
salts 4 and S were recorded on a ELEXSYS-II ES00/540 spectrometer
(X-band, MW frequency 9.87 GHz, MW power 1 mW, modulation
frequency 100 kHz, and modulation amplitude 0.005 mT) equipped
with a high-Q cylindrical resonator ER4119HS. Numerical simulations
of the experimental EPR spectra were performed with the Winsim
2002 program® using the Simplex algorithm for optimization of
hyperfine coupling (hfc) constants and line widths.

Crystallographic Analysis. The single-crystal X-ray diffraction
(XRD) data for compound 2 and salts 4 and 5 (Table 1) were
collected with a Bruker DUO APEX diffractometer equipped with a
4K CCD area detector at 150 K with graphite-monochromatized Mo
Ka irradiation (4 = 0.71073 A). The @-scan technique was employed
to measure 1ntens1t1es Absorption corrections were applied using the
SADABS program.”® The crystal structures were solved by direct
methods and refined by full-matrix least-squares techniques with use of
the SHELXTL package.”* Atomic thermal parameters for non-H atoms
were refined anisotropically. The positions of the H atoms were
localized from the difference maps and refined using the riding model.
The obtained crystal structures were analyzed for distances between
ions by means of the PLATON and MERCURY programs.>® The XRD
geometries were used in quantum-chemical modeling magnetic
properties of the salts.

CCDC 921742 (2), CCDC 921740 (4), and CCDC 921741 (5)
contain the supplementary crystallographic data for this paper. These
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Table 1. Crystallographic Data for Compounds 2, 4, and §

2 4 S
chemical formula C,H,N,S C¢H4CrN,S, C,sHsCrN,S
fw 138.16 380.45 374.42
T (°C) —123 —-123 —-123
A (A) 0.71073 0.71073 0.71073
space group P2,/n (No. 14) C2/c (No. 15) C2/c (No. 15)
a (A) 11.8139(12) 12.3474(S) 20.2956(7)
b (A) 3.8646(3) 9.9269(4) 7.2961(2)
c (A) 23.228(2) 13.0243(5) 14.5246(9)
B (deg) 95.985(2) 105.934(1) 131.325(1)
vV (A3) 1054.70(17) 1535.07(11) 1615.19(12)
Z, dy (gem™) 8, 1.740 4, 1.646 4, 1.540
u (em™) 0.499 1.021 0.844
final R indices [I Rl = 0.0595, R1 = 0.0228, R1 = 0.0276,
> 20(1) I wR2 = 0.1632 wR2 = 0.0656 wR2 = 0.0752
YIIF,| IEl/YIFl; wR2 = {Y[w(F,> — F2)*]/

Z[W(F SHIE

data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/
cif.

Magnetic Measurements and Simulations. The magnetic
susceptibility measurements on the salts 4 and S were performed
with an MPMS-XL Quantum Design SQUID magnetometer in the
temperature range 2—300 K in magnetic fields of 500, 1000, 3000, and
5000 Oe. Invariance to the field evidenced the absence of FM
impurities in the samples. To calculate the molar magnetic
susceptibility (y) of the salts 4 and S, the diamagnetic corrections
were estimated using Pascal’s constants.”®

The temperature dependences of y were simulated using the Van
Vleck formula and a diagonalization of the matrix of the Helsenberg
spin Hamiltonian for the clusters of 12—16 paramagnetic species.””
All ] values reported herein are based on the phenomenological spin
Hamiltonian of the form in eq 1.

= —221,
(1)

Quantum-ChemicaI Calculations. Parameters of the Heisenberg
spin Hamiltonian (eq 1), viz,, the pair exchange coupling constants Jj,
were calculated quantum chemically via the energy splitting between
the singlet and triplet states of the pairs of paramagnetic species with S
=!/,. Earlier, we demonstrated that the exchange parameters ] for the
pairs of 1,2,5-chalcogenadiazolidyl-type RAs calculated using the spin-
unrestricted BS approach®® at the UB3LYP level of theory™ are in
good agreement with the experiment.” In this paper, parameters ] were

also calculated using the BS approach®® at the UB3LYP level vmth the
def2-TZVP basis set®® using the ORCA program package Some
estimations were done with the smaller def2-SVP basis set.** The |
values were calculated according to the formula ()2

(E™ — Egs)
(S = ()5 ©)

where E™ is the energy of the high-spin state of the alr and EL} is the
energy of the low-spin state within the BS approach.”® The accuracy of
the energy calculations (self-consistent procedure) was chosen to be
1078 H, which provided values for J with an accuracy of 0.004 cm™.

Previously for salt [CrCp*,]*[1]7, for the pairs formed by RAs and
cations, the ] values calculated using the BS approach were
nonrealistically large and the multiconfiguration CASSCF method
was employed instead.” In this paper, we also were unable to obtain
the correct solutions for the BS states of the anion—cation pairs. Thus,
the CASSCF and CASSCEF/NEVPT2** procedures realized in the
ORCA suit of programs’ were also employed for calculations of the
singlet—triplet splitting (AEgr = 2J). In these calculations, the def2-
TZVP and smaller def2-SVP bases sets were used.

The ground-state g tensor and energies of a series of electronically
excited states (doublets and quartets) of the bis(toluene)chromium(I)
[3]* were calculated at the CASSF/RASSI/ SINGLE-ANISO level®
with the AN O-RCC basis set’® using the MOLCAS7.6 suit of
programs.®” Relativistic effects were taken into account based on the
Douglas—Kroll Hess Hamiltonian.*® The active space of the CASSCF
calculations (Supporting Information, Figure S1) included nine
electrons in nine orbitals: five d atomic orbitals (AOs) of Cr and
two 7-bonding and two z*-antibonding MOs of the toluene ligands,
which are mixed with d AOs of Cr (3d® configuration). A total of 1
sextet, 24 quartet, and 75 doublet spin states obtained in the CASSCF
calculations were mixed by spin—orbit couplmg, giving rise to 252
spin—orbit states using the RASSI module.* ® Finally, the g tensor of
the lowest Kramers doublet was computed using the SINGLE ANISO
module®** of the MOLCAS7.6 program package.”” The g tensors for
all paramagnetic species under study were also computed by the
B3LYP/DKH method using the EPR/NMR module® of the ORCA
program package.®!

Syntheses. Compound 4. At —30 °C, a solution of 0.177 g (0.7S
mmol) of 3 in S mL of tetrahydrofuran (THF) was added dropwise for
10 min to a stirred solution of 0.108 g (0.7S mmol) of 1 in S mL of
THEF. The precipitate was filtered off, washed with cold THF, and
dried under vacuum. Compound 4 was obtained in the form of dark-
red crystals, 0.246 g (86%). Found (calcd for C,sH,(CrN,S,): C, 49.9
(50.5); H, 43 (4.2); N, 14.3 (14.7); S, 16.5 (16.9). Single crystals
suitable for XRD were picked from the bulk of the crystals.

Compound 5. At 0 °C, a solution of 0.095 g (0.40 mmol) of 3in §
mL of THF was gradually added for 10 min to a stirred solution of
0.055 g (0.40 mmol) of 2 in 5 mL of THF. The olive-green solution
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Figure 1. CV of compound 2 at a potential sweep rate of 0.1 V s™* (left) and experimental (1) and simulated (2) EPR spectra of its RA in
acetonitrile (right). Experimental (calculated at the UB3LYP/def2-TZVP level) hfc constants (mT): a,;(H*,H®) = 0.338 (0.302), ay;(N%N’) = 0.332
(0271), ay,(N3N°) = 0.325 (0.229); g = 2 002863 (2.0055). Previously reported hfc constants (mT) from reduction with elemental K: aj;(2H) =

0.325, ay,(2N) = 0.340, ay,(2N) = 0.325.%
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was filtered and slowly evaporated. Compound § was obtained in the
form of dark needlelike crystals suitable for XRD, 0.140 g (95%).
Found (caled for C;gH,4CrN,S): C, 57.1 (57.7); H, 4.7 (4.9); N, 14.6
(15.0); S, 8.3 (8.6).

B RESULTS AND DISCUSSION

Compounds 17 and 2 (Supporting Information, Figure S2) are
107-electron heteroaromatics possessing fplanar molecular
structures. They easily form persistent RAs* under conditions
of chemical or electrochemical reduction. In MeCN, the
electrochemical —1/0 potentials of 1 and 2 vs SCE are —0.59”
and —0.87 V (Figure 1), respectively. The electrochemically
generated RAs of 17 and 2 (Figure 1) are persistent and are
characterized by EPR in combination with DFT calculations.
Reduction of heterocycles 1 and 2 with compound 3
(Scheme 1) gave the salts 4 and 5, respectively, whose
structures were confirmed by XRD (Figures 2 and 3).
Bis(benzene)chromium(0) reacted similarly; however, single
crystals suitable for XRD were not obtained in both cases.
The structure of salt 4 is composed of pillars of alternating
cations and RAs, spread along the (1, 0, —1) direction (Figure

Figure 2. Crystal structure of the salt 4 (H atoms are not shown).
Pillars of cations and RAs alternating along the (1, 0, —1) axis (a) and
view across the pillar axis (b; only one layer of ions is shown).

Figure 3. Crystal structure of the salt S (H atoms are not shown;
disordered RAs are shown in arbitrary directions). Layers of cations
and RAs alternating across the c axis (a; rear molecules are faded) and
view across the layers (b; only one layer of RAs is shown, and
foreground cations are faded).

2). The anions as well as toluene ligands of the cations are
nearly perpendicular to the pillar axis, with their mean planes
deflecting by less than 5.2° from the perpendicular plane.
Similar moieties in a pillar are symmetrically equivalent, and the
distance between the cation (centroid of the toluene C6 ring)
and RA (middle of the C—C bond) is 3.53 A. The centers of
the RAs lie on the mean pillar axis, while the cations are shifted
to the side of it in an alternating manner (0.67 A to the Cr
atoms). The pillars are stacked in a hexagonal motif across their
spreading direction, whereupon the RAs adjoin the cations of
four of six adjacent pillars, and vice versa.

Despite the fact that molecule 2 has nearly the same size and
volume as molecule 1, the stacked motif is absent in the crystal
lattice of S; instead, the cations and RAs alternate in a layered
motif across the ¢ axis (Figure 3). The RAs lie close to the
mean plane of the layer: individual molecules are inclined by
~10° off the plane. In contrast, the toluene ligands form an
angle of ~63° with this plane, thus forming a relatively loose
cationic layer. The anionic layer is packed in a square-tiled
motif, which reminds us that of anion packing in 4, but unlike
the structure of 4, the cations are out of the plane,
approximately over the centers of the squares, formed by four
adjacent RAs. The RAs of two adjacent layers are not placed
over one another (as in 4) but taking two alternating positions;

dx.doi.org/10.1021/ic400659q | Inorg. Chem. 2013, 52, 6654—6663
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the interlayer distance is ~7.26 A. Hence, the energy of the
crystal packing may be less in § compared with that in 4, which
is indirectly supported by noticeably better solubility of § in
organic solvents such as THF and MeCN. The RAs are
statistically disordered by the inversion centers located in the
center of the middle C—C bond.

Salts 4 and S are EPR-active in both the solid state and
solution. Solutions in N,N-dimethylformamide (DMF) and
MeCN are stable for several days at ambient temperature, both
paramagnetic ions are seen in a 1:1 molar ratio, and the g-factor
and hfc constants obtained for cation [3]* are close to the
values measured previously** (Figures 4 and 5). In contrast, in
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Figure 4. Left: Experimental EPR spectrum of the salt 4 in a DMF
solution (1) and its simulation (2). Hfc constants (mT): 0.314 (4N),
0.349 (10H), 0.074 (2CH,). Line widths are 0.137 and 0.150 mT for
[1]™ and [3]", respectively, with a [1]7/[3]* molar ratio of 51:49; g =
2.0093 and 1.9884, respectively. Right: Experimental EPR spectrum in
the solid state.
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Figure S. Left: Experimental EPR spectrum of the salt § in a DMF
solution (1) and its simulation (2). Hfc constants (mT): 0.328 (2N),
0325 (2N), 0.328 (2H), 0.348 (10H), 0.078 (2CH,). Line widths are
0.067 and 0.094 mT for [2]™ and [3]", respectively, with a [2]7/[3]*
molar ratio of 48:52. Right: Experimental EPR spectrum in the solid
state.

better-resolved spectra of the salts’ solutions in THF, the
intensity of the RA signals decreases relatively fast (Supporting
Information, Figure S3), and the salts cannot be recovered from
the solutions by precipitation with hexane. The reasons for this
are unclear. The solvent-dependent disproportionation, for
example, 2[1]” < 1 + [1]*7, is hardly possible because the
equilibrium constant estimated under CV conditions in MeCN
is extremely low.”®

The EPR spectra of polycrystalline samples of the salts 4 and
5 are broad singlets (Figures 4 and S).

6658

In the crystal state (Figures 2 and 3), the structures of cation
[3]* are slightly different, possessing C, symmetry in the salt 4
and C; symmetry in the salt 5§ (Figure 6). DFT calculations
reproduce fairly well the g factors of the RAs and cations: g, is
equal to 2.0073 and 2.005S for [1]~ and [2]7, respectively, and
1.9879 and 1.9883 for the C, and C; structures of [3]". g,
1.9818 calculated for the C, structure of [3]" at the CASSCF/
RASSI/SINGLE-ANISO level™® is also in good agreement with
the experiment. To calculate this g factor, the energies of the
ground-state and 99 excited-state multiplets were computed at
the CASSCF level. The ground state of [3]* is the doublet
state, with the main contribution from the configuration with
an unpaired electron located at the 3d; AO (Supporting
Information, Figure S1; MO labeled as 3). The two lowest
excited doublet states are higher in energy by 10622 and 10999
cm™, Excitations to these states consist mainly of electron
promotion from doubly occupied d,, or d,_,> AOs mixed with

m-bonding MOs (Supporting Information, Figure S4; MOs
labeled as 2 and 5) to singly occupied d, AOs. These low-

energy doublets are followed by four quartet states with
energies in the range 15870—16520 cm™".

The spin-density distribution at the VAW surfaces of
paramagnetic ions [1]7, [2]7, and [3]" (with two slightly
different geometries) was calculated at the UB3LYP/def2-
TZVP level of theory (Figure 6). It is seen that the spin density
at the VAW surfaces of RAs is mostly positive with an island of
negative spin density in the vicinity of the C—C bond common
for both cycles. The spin density at the VAW surface of cations
[3]" is close to zero; however, with the cyclic islands of negative
values in the vicinity of the rings’ C atoms. The magnetic
properties of the salts are therefore controlled by the way in
which these ions are packed in the crystal.

Figure 7 displays the temperature dependences of the molar
magnetic susceptibility (y) for the salts 4 and S represented in
the form of product yT. The decrease of yT with decreasing
temperature indicates the dominance of weak AF interactions
between the paramagnetic centers of both salts.

The effective magnetic moments of the salts (u.g) were
calculated using eq 3:

1/2
3k
Hg = (N—ﬁz)(T) ~ (8T)" .

For both salts at 300 K, pt ¢ = 2.38 g, which is close to the 2.45
Uy expected for systems of two noncorrelated spins S, = S, =
'/, and g = 2. In this case, yT approaches the value of
[g:285:(S1+ 1) + %5,(S, + 1)]/8 = 0.75 cm® K mol ™.

Treatment of the experimental magnetic data in terms of the
Curie—Weiss law demonstrated that for both salts the
dependence 1/y(T) obeys the law in the temperature range
~300—50 K and then deviates from linearity (Figure 7). The
Curie—Weiss parameters C and © are 0.71 cm® K mol™ and
—7.1 K for 4 and 0.70 cm® K mol™ and 04 K for 5,
respectively. The values of C are in good agreement with the
theoretical spin-only value 0.75 cm® K mol™" for both salts 4
and 5. The positive value of © in the case of salt § is an
indication of the contribution of FM interactions in the spin
system of this salt.

To enable an understanding at the molecular level and
simulation of the magnetic properties of the salts 4 and 5, the
pair exchange interactions between ions were calculated for the
XRD structures (Figures 2 and 3).

dx.doi.org/10.1021/ic400659q | Inorg. Chem. 2013, 52, 6654—6663
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Color code for spin density: -0.0003JlF = 0.0003

Figure 6. Structures (top; color code: yellow, S; blue, N; gray, C; light blue, Cr; light gray, H) and spin-density distributions at the VAW surfaces
(bottom) of the ions of salts 4 (left) and S (right) from UB3LYP/def2-TZVP calculations.
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Figure 7. Experimental temperature dependences of yT (O) and 1/y (O) for the salts 4 (A) and S (B) and theoretical approximations of yT
(smooth lines) using the Van Vleck equation for a cluster of 12 paramagnetic centers for the salts 4 (Figure 8) and § (Figure 9). The best fittings
lead to the following parameters: 4, J; = —5.77 and ], = —0.84 cm™'; 5 (oversimplified model consisting of two types of [2]7+[3]" pairs; see the

text), J; = 9.72 and J,
discussed in the text.

—7.96 cm™. Approximation of the dependences 1/x(T) (O) of both salts with the Curie—Weiss law (straight lines) is

In the crystals of 4, all RAs [1] are structurally equivalent,
and every RA has 10 nearest-neighboring RAs. These 10
nearest neighbors give only five unique pairs [1]7-+-[1]7, with
shortest S-S distances in the range 3.98—8.21 A (Supporting
Information, Figure S4). The calculated values of the exchange
parameters (J;) for these pairs are presented in Table 2.
According to these data, coupling with nearest neighbors at
distances of more than S A can be neglected.

Every cation [3]* has six nearest-neighboring RAs, which
give only three unique pairs [1]7--[3]%, with shortest Cr---S
distances in the range 4.76—5.94 A (Supporting Information,
Figure SS). As mentioned above, we did not obtain correct

Table 2. Parameters J;; of the [1]7++[1]™ Pair Exchange
Interactions Calculated at the UB3LYP, CASSCF, and
NEVPT?2 Levels of Theory with the def2-TZVP Basis Set

J, em™!

d(s-S),* A UB3LYP CASSCF NEVPT2
3.98 —825 -3.70 —7.45
522 —-1.06 0.25 —0.45
693 —-0.01 0.00 0.00
7.92 —0.02 0.00 —0.05
821 —-0.03 0.00 0.00

“The shortest S-S distance in the pair (Supporting Information,
Figure S4).

6659

solutions for BS states of the pairs [1]7-+-[3]*, and only the
results of multiconfiguration calculations are presented in Table
3. The ] values for the pairs [3]*[3]%, with the Cr—Cr

Table 3. Parameters J;; of the [1]7++[3]* Pair Exchange
Interactions Calculated at the CASSCF and NEVPT2 Levels
of Theory with the def2-TZVP Basis Set

IA cm™!
d(S--Cr),* A CASSCF(2,2) NEVPT2(2,2)
5.52 1.00 —L55
4776 025 0.0
5.94 0.0 —0.05

“The shortest S:--Cr distance in the pair (Supporting Information,
Figure SS).

distances in the range 7.46—7.92 A, were calculated at the
B3LYP/def2-SVP level and found to be small enough (-0.25
and 0.07 cm™).

The calculated J values for the pairs [1]7--[1]” (Table 2)
demonstrate that all methods employed here gave qualitatively
similar results because they revealed only AF exchange
interactions, with one pair being significantly stronger than
the others. As previously,” the CASSCF calculations predict
significantly smaller J values for [1]7--[1]” pairs than B3LYP
calculations. Note that the results of more accurate CASSCE/

dx.doi.org/10.1021/ic400659q | Inorg. Chem. 2013, 52, 6654—6663
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NEVPT?2 calculations are in good agreement with the DFT
data (Table 2).

The CASSCF and NEVPT?2 calculations for pairs [1]7-+[3]*
gave qualitatively different results: CASSCF calculations
predicted weak FM interactions for all pairs, while more
accurate CASSCF/NEVPT?2 calculations suggested mainly AF
interactions. However, both methods agreed in that the
calculated ] value for one pair is significantly larger than that
for two others. In this pair, the plane of [1] is almost parallel
to the toluene plane in [3]" (Supporting Information, Figure
S4) and the negative spin density of the toluene ligand is in
contact with both the negative spin density in the vicinity of
C—C bond and the positive spin density on the N—S—N
fragment of [1]~ (Figure 6).

Taking into account the results of the calculations, we
proposed the simplified magnetic model for the salt 4 with two
nonnegligible J values: J; for [1]7---[1] pairs formed by species
from neighboring pillars, and J, for [1]7--[3]" pair formed
within the pillars (Figure 8). Simulation of the yT dependence

Figure 8. Simplified magnetic model of the salt 4.

was performed using the Van Vleck formula and a
diagonalization of the matrix of Heisenberg spin Hamiltonian
(eq 1) for a cluster of 12 paramagnetic species with periodic
boundary conditions. The best agreement between theory and
experiment was achieved at values J; = —5.77 and ], = —0.84
cm™" (Figure 7A). A comparison of these values with the data
of Tables 2 and 3 demonstrates that calculations by both the
B3LYP and NEVPT2 methods overestimate while the CASSCF
method underestimates the exchange interaction between RAs.
At the same time, all methods give a reasonable estimate (up to
a factor ~1.5) of the exchange interaction for the [1]7--[1]~
pair. The agreement between the experimental and NEVPT2-
calculated J values for [1]7--[3]" pair is also reasonable (—0.84
and —1.55 cm™', respectively). In turn, the CASSCF
calculations predict even the wrong sign of J.

Analysis of the magnetic motif of the salt § is much more
complicated. One of the complications is the structural disorder
of the RAs (Figure 3). For example, every unique [2]7--[2]”
pair is characterized by three different | parameters, which
depend on the mutual orientation of the RAs (Supporting
Information, Figure S6). In turn, every cation [3]* has four
neighboring anions [2]”, with the Cr—S distance in the range
5.0—6.6 A (Supporting Information, Figure S7). Taking into
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account disorder of the RAs, four different parameters ] have to
be calculated, and their values are dependent on the spatial
orientation of concrete RA in the crystal lattice. The calculated
values of the exchange parameters (J;) for pairs [2]7-[2]™ and
[2]7[3]" are presented in Tables 4 and 5, respectively.

Table 4. Parameters J;; of the [2]7++[2]” Pair Exchange
Interactions Calculated at the UB3LYP/def2-TZVP,
CASSCF/def2-SVP, and NEVPT2/def2-SVP Levels of
Theory for Two Unique Pairs in Three Mutual Orientations

1

J, cm™
d(N--N),” A mutual orientation =~ UB3LYP  CASSCF  NEVPT2
3.86 Cc-C —0.06 030 —0.60
C-$ ~1.76 —0.50 ~1.70
S-S -3.10 —0.80 —2.20
4.11 C--C -0.73 0.10 —0.50
C--S —-0.22 0.00 —0.10
S-S —-0.37 0.00 —0.20

“The shortest N---N distance in the pair (Supporting Information,
Figure S6). In this case, the S-S distances cannot be used because the
S atoms are distributed over two positions due to disorder.

Table S. Parameters J;; of the [2]7++[3]* Pair Exchange
Interactions Calculated at the CASSCF(2,2)/def2-SVP and
CASSCF(2,2)/NEVPT2/def2-SVP Levels of Theory

it

J, cm™
d(s--Cr),* A CASSCF(2,2) NEVPT2(2,2)
5.65 2.40 2.50
5.80 —0.60 —2.40
6.11 -2.50 —8.30
6.61 0.90 0.70

“The shortest S:--Cr distance in the pair (Supporting Information,
Figure S7).

Table 4 demonstrates that the B3LYP and CASSCE/
NEVPT2 calculations gave qualitatively similar results for
pairs [2]7-[2]” because they revealed only AF interactions,
and for all mutual orientations, the calculated | values for the
pair with d(N--N) of 3.86 A were found to be much larger than
that for another one.

In contrast to the ] values for the [2]7---[2]" pairs, both FM
and AF interactions were predicted for the [2]7--[3]" pairs
(Table S), with the sign of J dependent on the orientation of
[2]” (Supporting Information, Figure S7). Note that in this
case both methods gave qualitatively similar results. The ]
values for the [3]*-+[3]" pairs (Supporting Information, Figure
S8) were found to be negligible (about —0.1 cm™).

Overall, one can conclude that the salt § has a rather complex
3D magnetic motif. To simulate correctly the yT dependence of
the polycrystalline sample of this salt, a diagonalization of the
matrix of Heisenberg spin Hamiltonian (eq 1) for a large
cluster with at least 36 paramagnetic species should be
performed. In addition, the statistical nature of the RA disorder
should be taken into account. Unfortunately, this task is
intractable, and a cluster with only 12 paramagnetic species was
used in our simulations. It was, however, found that with a
simplified magnetic model containing seven ] parameters
(Figure 9) one can obtain very good agreement of the
experimental and simulated ¥T dependences (Figure 7B). The J
values featuring both signs were as follows: ], = 7.82, ], =
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Figure 9. Simplified magnetic model of the salt 5.

~8.33,Js =226, ], = 052, Js = 2.65, J¢ = ~0.89, and J; = ~0.89
cm™.

The magnetic model shown in Figure 9 is rather complex
despite its simplified nature. In any way, it is necessary to
account for both FM and AF interactions to reproduce
correctly the yT temperature dependence of salt S.

To further support the importance of both FM and AF
interactions, the ¥T temperature dependence of salt 5 (Figure
7B) was simulated using the oversimplified model composed of
two types of exchange-coupled pairs. In this case, the best
fitting led to J; = 9.72 and ], = —7.96 cm™’, i.e., with account
for both FM and AF interactions. This is in qualitative
agreement with the results of calculations (Table 3) predicting
both types of exchange interactions in the [2]7--[3]* pairs. The
contribution from the FM interactions is also in qualitative
agreement with the positive value of the Weiss constant ® in
the case of salt §.

B CONCLUSIONS

Under mild conditions, bis(toluene)chromium(0) (3) readily
reduced 1 and 2 into thermally stable radical-ion salts 4 and S.
These salts represent a new family of heterospin, $; = S, = '/,
chalcogen—N 7-heterocyclic RA salts. The salts are magneti-
cally active, with dominance of the AF exchange interactions in
their spin systems.

The synthetic approach successfully applied in this work to
the preparation of new heterospin chalcogen—N 7-heterocyclic
RA salts may be generalized for a whole d-block because IE is
practically equal for MAr, compounds (M = Cr, Mo, W) with
the same Ar ligands. Target salts with heavy atoms possessing
strong spin—orbit coupling, Mo or W atoms in the cations and
Se and/or Te atoms in the anions, may satisfy the
Dzyaloshinsky—Moriya mechanism for spin canting to originate
a FM ground state even under conditions of AF exchange
interactions between paramagnetic centers (cf. refs 3f and 3g).
Experiments with MoAr, reducing agents are already in
progress.

B ASSOCIATED CONTENT

© Supporting Information

Orbitals of bis(toluene)chromium(I) involved in the active
space for CASSCF calculations, XRD molecular and crystal
structure of compound 2, experimental EPR spectrum of salt 4
along with integral intensities of the anionic and cationic parts,
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and unique pairs. This material is available free of charge via the
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