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ABSTRACT: Linear chain thiocyanate complexes of M(NCS),(OCMe,), (M = Fe, Mn,
Cr) composition have been prepared and structurally, chemically, and magnetically
characterized. Fe(NCS),(OCMe, ), exhibits metamagnetic-like behavior, and orders as an
antiferromagnet at 6 K. The Mn and Cr compounds are antiferromagnets with T, of 30
and 50 K, respectively, with J/ky = —3.5 (=24 cm™') and —9.9 K (—=6.9 cm™),
respectively, when fit to one-dimensional (1-D) Fisher chain model (H =
Co(NCS), was prepared by a new synthetic route, and powder diffraction was used to
determine its structure to be a two-dimensional (2-D) layer with iy s -NCS motif, and it
is an antiferromagnet (T, = 22 K; 8 = —33 K for T > 25 K). M(NCS),(OCMe,), (M =
Fe, Mn) and Co(NCS), react with (NBu,)(TCNE) in dichloromethane to form
M(TCNE)[C,(CN)s];/,, and in acetone to form M[C,(CN);](OCMe,), (M = Fe, Mn,

Co). These materials possess p-[C,(CN)g]*~

B INTRODUCTION

Thiocyanate is 2 common ligand because of its versatile
bonding modes."” Thiocyanate typically bonds terminally via
the nitrogen with the first row transition metals to form diverse
geometries, such as V(NCS),py, (py = 4pyrldlne), (NMe,),
[Fe(NCS),]* and (NEt,);[Fe(NCS)s]* complexes. Thio-
cyanate can also bridge with the M-NCS-M motif to form
extended one-dimensional (1-D) and two-dimensional (2-D)
structures, for example, M(NCS),Sol, (Sol = solvent) Other
bonding motifs include 5-bridging (>SCN-), Table 1.°

Table 1. Summary of the Known Metal Coordination
Modes® of Thiocyanate Ligand®

-NCs* -NCS-° -NCS<
-SCN >NCS- >NCS<
>NCS NCS< -NCS=

“Bold, underlined atom bonded to a metal ion; - terminal bonded;

< or > pi-bonded; = triply bonded.

The bonding depends on the metal ion,” steric hindrance,®
ancillary hgands, and solvent,'® with the electronic structure
and the steric hindrance being most important. z-backbonding
ancillary ligands withdraw electron density from the metal dis-
favoring S-bound thiocyanate, for example, S-bound thio-
cyanate occurs for Pt(NH,),(SCN), while N-bound thiocyanate
is present for Pt(PEt;),(NCS),."" Also, lower oxidation state
metals tend to form stronger S-bound thiocyanate motifs, again

-4 ACS Publications  © 2012 American Chemical Society

that form 2-D layered structural motifs,
which exhibit weak antiferromagnetic coupling. Co(TCNE)[C,(CN);],,, behaves as a
paramagnet with strong antiferromagnetic coupling (6 = —50 K).
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because of enhanced backbonding.'> N-bound thiocyanate
forms a linear bond with a metal center, while S-bound thiocyanate
forms bent M-SCN bonds.

The main diagnostic method for determining the type of
bonding motif is infrared spectroscopy (IR). Free NCS~
exhibits a stretching vy at 2054 cm™, and two Sycs bending
modes at 486 and 471 cm™'. Upon binding to a metal ion,
the Oycs doublet typically becomes a singlet for either M-N
(~480 cm™) or M-S bonding (~420 cm™').! The v¢g fre-
quency occurs at ~800 cm™' and shifts either higher or lower
depending on N- or S-bound thiocyanate, respectively. This
frequency will not be discussed as other components, such as
solvents and other ligands, mask this region. Also, the intensity
of the vy absorption is weak and occasmnally is not observed.

The l/CN stretch shifts above 2100 cm™" for py ¢-M-NCS-M
bonding."* Tetrahedral or octahedral complexes with terminal
thiocyanate ligands have vy <2100 cm™ and are dependent
on the rest of the surrounding environment.'> Also, only one
Oncs bending mode is observed for tetrahedral or octahedral
complexes. Compounds with the y5s-NCS bridging motif have
ey values in the 2140—2200 cm™ range,'* while those with
Hnn-NCS bridging have vy < 2000 cm™." These shifts of the
Ucy are attributed to the electron delocalization from the CN
triple bond.
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A motivation for studying thiocyanate complexes is the expec-
tation that dissociation can form free NCS™ that can reduce
tetracyanoethylene'®'” (TCNE), and subsequently form
materials with reduced TCNE, which are anticipated to exhibit
magnetic ordering.'®'® For example, the reaction of
FeCl,(NCMe), and TCNE forms layered (2-D) [Fe(TCNE)-
(NCMe),][FeCl,] that magnetically orders at 90 K*° Anti-
cipating the ability of the SCN7, like CI, to form [FeL,]"”
(n =2,3; L =Cl, SCN7), we sought to study thiocyanate
complexes of the first row transition metals and their subsequent
reactions with TCNE.

B EXPERIMENTAL SECTION

Anhydrous metal(II) chlorides (Strem Chemicals) and KSCN (Sigma-
Aldrich) were used as purchased. [M"(NCMe)4](BE,), (M = Fe, Co)
and M(NCMe),(BF,), (M = Cr, Mn) were prepared as described in
the literature from metal(II) chlorides and AgBF, (Oakwood
Products).”' Tetracyanoethylene (TCNE) (TCI America) was sub-
limated to further purify the product. (NBu,)(TCNE) was prepared as
described in the literature.”> All syntheses were performed under dry
N, atmosphere in Vacuum Atmosphere Drilab (<1 ppm O,).
Acetonitrile was purified through an activated alumina dual-column
purification system under a positive pressure of dry N,. Diethyl ether
(Et,0) and acetone (Me,CO) were distilled from appropriate drying
agents under dry N,.

Fe(NCS),(OCMe,),, 1. [Fe(NCMe)4](BF,), (400 mg, 0.84 mmol),
and KSCN (164 mg, 1.68 mmol) were each dissolved in § mL
of acetone, and the latter was quickly added to the former solution.
White KBF, immediately precipitated, and after stirring overnight it
was removed via filtration through Celite. The light yellow solution
was taken to dryness (Yield 133 mg, 83%). Compound 1 was redis-
solved in small amount of acetone, and diffusion of Et,O led to forma-
tion of light yellow crystals. IR (KBr): vy 2914 (w), vy 2107 (s),
Veo 1681 (s), tammco 1356 (m, b), 1238 (m), 1093 (m), 540 (m),
Sncs 474 (m) and 426 (w) cm™. The diamagnetic correction is
143 X 107 emu/mol.

Mn(NCS),(OCMe,),, 2. Mn(NCMe),(BF,), (500 mg, 1.3 mmol)
and KSCN (246 mg, 2.54 mmol) were each dissolved in 5 mL of
acetone, and the latter was quickly added to the former immediately
precipitating KBF,. After stirring overnight, the mixture was filtered
through Celite to remove the precipitate, and the filtrate was taken
to dryness (Yield 187.5 mg, 78%). Compound 2 was redissolved
in small amount of acetone, and diffusion of Et,O led to forma-
tion of light yellow crystals. IR data (KBr): vcy 2910 (w), ven
2124 (sh), 2101 (s), vco 1685 (s), Unmerco 1415 (m), 1237 (m),
Oncsd78 (w) and 412 (w) cm™'. The diamagnetic correction is
144 X 107° emu/mol.

Cr(NCS),(0OCMe,),, 3. [Cr(NCMe),](BF,), (200 mg, 0.51 mmol)
and KSCN (99.7 mg, 1.02 mmol) were each dissolved in S mL of
acetone, and the latter was quickly added to former. White KBF,
immediately precipitated, and after stirring overnight it was removed
via filtration through Celite. The light blue solution was taken to
dryness forming a lime green solid (Yield 95.2 mg, 82%). Compound
3 was redissolved in a small amount of acetone, and diffusion of
Et,0 led to formation of light green crystals. IR (KBr): vy 2913
(W), Ven 2093 (s), veo 1676 (5), Uneaco 1415 (m), 1357 (m)
1244 (s), Sncsd77 (w), 426 (w) cm™. The diamagnetic correction is
144 X 107 emu/mol.

Co(NCS),, 4. [Co(NCMe)4](BF,), (1.00 g, 2.1 mmol) and KSCN
(99.7 mg, 1.02 mmol) were each dissolved in 10 mL of acetone,
and the latter was quickly added to the former. White KBF, im-
mediately precipitated, and after stirring overnight it was removed
via filtration through Celite. The blue solution was taken close to
dryness, and Et,O was added to precipitate the brown product
(Yield 343 mg, 81%). Suitable single crystals were not obtained,
but powder X-ray diffraction (XRD) analysis and Rietveld refine-
ment were performed to determine its structure. IR (KBr): vcy
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Table 2. Key IR Absorptions and Color for Compounds 1 to 11

Vco 5Ncsi 5NC51
(cm_l) (em™) (em™)
compound M" yoy (em™) [Me,CO] M-N M-S color
1 Fe 2107 (s) 1681 (s) 474 (m) 426 (m) yellow
2 Mn 2124 (sh), 1685 (s) 478 (m) 412 (m) yellow
2101 (s)
3 Cr  2093(s) 1676 (s) 477 (m) 426 (m) green
Co 2154 (s) 454 (m) brown
S Fe 2222 (s), brown
2174 (s)
6 Mn 2224 (s), green
2183 (s),
2173 (s)
7 Co 2229 (s), black
2189 (s),
2173 (s)
8 Fe 2217 (s), 1697 (s) tan
2162 (s)
9 Mn 2222 (s), 1697 (s) white
2170 (s)
10 Co 2228 (s), 1701 (s) tan
2176 (s)
11 Co 2309 (w), brown
2283 (w),
2224 (s),
2162 (s)

2154 (s), Sycs 454 (w) cm™". The diamagnetic correction is 74 X
107¢ emu/mol.

Fe(TCNE)[C4(CN)gl;/,:zCH,Cly, 5. 1 (150 mg, 0.52 mmol) was
suspended in 10 mL of CH,Cl,, and (NBu,)(TCNE) (386 mg, 1.041
mmol) was dissolved in 10 mL of CH,Cl,. The latter solution was
added to the suspension of 1, and stirred for S days. The orange
mixture turned to dark brown, and it was filtered through a fritted
funnel. The dark brown precipitate was washed twice with small
amounts of CH,Cl, and allowed to dry under vacuum (Yield 81 mg,
82%). Powder XRD analysis confirmed that the compound was
identical to that previously reported.”® IR (KBr): vcy 2222 (s), 2174
(s) cm™. The diamagnetic correction is 133 X 107 emu/mol. A TGA
analysis has z = 0.59.

Mn(TCNE)[C,(CN)gly5-zCH,Cl,, 6. 2 (75 mg, 0.26 mmol) was
suspended in 10 mL of CH,Cl,, and (NBu,)(TCNE) (195 mg,
0.52 mmol) was dissolved in 10 mL of CH,Cl,. The latter solution was
to the suspension of 2, and stirred for 5 days. The orange mixture
turned to dark green, and it was filtered through a fritted funnel. The
dark green precipitate was washed twice with small amounts of
CH,Cl, and allowed to dry under vacaum (Yield 83 mg, 85%).
Powder XRD analysis confirmed that the compound was identical
to that previously reported.”* IR (KBr): vy 2224 (s), 2183s), 2173
(s) cm™. The diamagnetic correction is 134 X 107 emu/mol. A TGA
analysis has z = 1.01.

Co(TCNE)[C,4(CN)gl;/2-zCH,Cly, 7. 4 (50 mg, 0.29 mmol) was
suspended in 10 mL of CH,Cl,, and (NBu,)(TCNE) (212 mg, 0.57
mmol) was dissolved in 10 mL of CH,Cl,. The latter solution was
added to a suspension of 4, and stirred for 5 days. The orange mixture
turned to black, and it was filtered through a fritted funnel. The black
precipitate was washed twice with small amounts of CH,Cl, and
allowed to dry under vacuum (Yield 62 mg, 60%). Powder XRD
analysis and Rietveld refinement were performed to determine its
structure. IR (KBr): vey 2229 (s), 2189 (s), 2173 (s) ecm™. The
diamagnetic correction is 132 X 107% emu/mol. A TGA analysis has
z = 0.82.

Fe[C4(CN)gl(OCMe,),, 8. 1 (150 mg, 0.52 mmol) and (NBu,)-
(TCNE) (386 mg, 1.04 mmol) were each dissolved in 10 mL of
acetone. The latter solution was added to the solution of 1, and an
immediate orange-brown mixture formed. After being stirred overnight
the mixture turned to green, and it was filtered through a fritted funnel.
A light tan precipitate was obtained (Yield 86 mg, 38%). Suitable
single crystals were not obtained, but powder XRD analysis and
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Rietveld refinement were performed to determine its structure. IR
(KBr): vy 2217 (s), 2162 (s), veo 1697 (s) cm™". The diamagnetic
correction is 199 X 10~ emu/mol.

Mn[C4(CN)gl(OCMe,),, 9. 2 (150 mg, 0.52 mmol) and (NBu,)-
(TCNE) (386 mg, 1.04 mmol) were each dissolved in 10 mL of
acetone. The latter solution was added to the solution of 2, stirred
overnight, and an orange mixture formed. After a few minutes it was
filtered through a fritted funnel. A white precipitate was obtained
(Yield 43 mg, 19%). Powder XRD analysis and Rietveld refine-
ment were performed to determine its structure. IR (KBr): vcy
2222 (s), 2170 (s), vco 1697 (s) ecm™". The diamagnetic correction
is 200 X 107 emu/mol.

Co[C,4(CN)gl(OCMe,),, 10. 4 (30 mg, 0.17 mmol) and (NBu,)-
(TCNE) (127 mg, 0.34 mmol) were each dissolved in 10 mL of
acetone. The latter solution was added to the solution of 4, stirred
overnight, and an immediate green mixture formed. Upon filtration
through a fritted funnel a light tan precipitate was obtained (Yield
20 mg, 27%). Powder XRD analysis and Rietveld refinement
were performed to determine its structure. IR (KBr): vy 2228 (s),
2176 (s), vco 1701 (s) cm™. The diamagnetic correction is 199 X
10~¢ emu/mol.

Co[C,4(CN)gl(NCMe),, 11. Col,(NCMe), (50 mg, 0.13 mmol) and
was dissolved in 5 mL of acetonitrile, and it was added to a S mL
acetonitrile solution of TCNE (50 mg, 0.39 mmol). Upon mixing an
immediate color change to dark brown occurred. The reaction was
stirred for 3 days and filtered through a fritted funnel to collect a light
brown precipitate (Yield 34 mg, 66%). Powder XRD analysis and
Rietveld refinement were performed to determine its structure. IR
(KBr): vey 2309 (w), 2283 (w), 2224 (s), 2162 (s). The diamagnetic
correction is 187 X 107 emu/mol.

Physical Measurements. Infrared spectra were recorded from
400 to 4000 cm™" on a Bruker Tensor 37 infrared spectrophotometer
(£1 em™) with a KBr pellet. Thermogravimetric analyses (TGA) with
mass spectroscopic (MS) analysis of the gaseous products were
performed with a TA Model QS00 TGA equipped with a Pfeiffer
Thermostar GSD301T3 quadrupole mass spectrometer to identify
gaseous products with masses less than 300 amu. Experiments were
performed in a Vacuum Atmospheres DrilLab under nitrogen to
protect air- and moisture-sensitive samples. Samples were placed in
an aluminum pan and heated at 5 °C/min under a continuous
10-mL/min-nitrogen flow.

Magnetic susceptibility measurements were made between 5 and
300 K using a Quantum Design MPMS-5 ST SQUID magnetometer
with a sensitivity of 107® emu or 1072 emu/Oe at 1T and equipped
with the ultralow field (~0.005 Oe), reciprocating sample measure-
ment system, and continuous low temperature control with enhanced
thermometry features, as previously reported.”® Diamagnetic correc-
tions were made using Pascal’s constants. Small amounts of
ferromagnetic impurities are ubiquitous®® and were sometimes evident
from yT(T) increasing at higher temperature, and the amount of iron
at the ppm level was determined from that needed to reach constant
yT(T) values.

The single crystal structures of 1, 2, and 3 were determined on a
Nonius KappaCCD diffractometer equipped with Mo Ka radiation. All
the reflections were merged, and only those for which I, > 26(I) were
included in the refinement, where o(F,)* is the standard deviation
based on counting statistics. The data for compounds 1, 2, and 3 were
integrated using the Bruker SAINT software program.>’” The structures
were solved by a combination of direct methods and heavy atom
methods. Patterson methods and the refinement by full-matrix least-
squares methods using SHELXL-97 were used for the structures of 1,
2, and 3. All the non-hydrogen atoms were refined with anisotropic
displacement coefficients. Hydrogen atoms were assigned isotropic
displacements U(H) = 1.2U(C), and their coordinates were allowed to
ride on their respective carbons using SHELX1.97.”%

High resolution powder diffraction measurements for Rietveld
structure analysis for compounds 4 and 7 to 11 were performed at
Beamline X16C of the National Synchrotron Light Source at
Brookhaven National Laboratory. The powdered samples were held
in a 1.0 mm diameter thin-wall quartz capillaries. X-rays of a single
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Figure 1. Structure of Fe(NCS),(OCMe,), (1); hydrogen atoms are
omitted for clarity.

Table 4. ZMNC, £«NCS, and 2CSM within Compounds 1
to 4

compound ZMNC, deg ZNCS, deg £CSM, deg
1 165.45 180 101.76
2 165.92 180 100.88
3 169.47 178.63 97.60
4 163.40 176.49 101.41
Fe(NCS),(py),” 164.79 180 99.49
Ni(NCS),*® 161.67 17825 100.88

wavelength were selected by a Si(111) channel cut crystal. Diffracted
X-rays were selected by a Ge(111) analyzer and detected by a Nal
scintillation counter. The capillary was spun at several Hz during data
collection to improve particle statistics. The incident intensity was
monitored by an ion chamber and used to normalize the measured
signal. The TOPAS-Academic J)rogram was used to index, solve, and
refine the crystal structures.”’ > Rietveld plots are given in the
Supporting Information.

B RESULTS AND DISCUSSION

The reaction of [M(NCMe),|(BF,), [M = Fe, Mn, Cr; x = 6
(Fe, Co), 4 (Mn, Cr)] and 2 equiv of KSCN in acetone formed
M(NCS),(OCMe,), [x = 2 for Fe (1), Mn (2), Cr (3),x =0
for Co (4)]. Each has vy absorptions above 2100 cm™ (2107,
2101, and 2154 cm™! for 1, 2, and 4, respectively), indicative of
bridging thiocyanates, while 3 has a vy at 2093 cm™. Albeit
slightly below 2100 cm™ 3 has i s-NCS that is ascribed to
weaker interaction between the Cr(II) ion and the thiocyanate
sulfur.?

Two additional IR absorptions support the bridging
thiocyanate motif; Sycs (474, 478, and 477 cm™, respectively)
for the M-N bond and &ycs (426, 412, and 426 cm™,
respectively) for the M-S bond for 1, 2, and 3. Compound 4
has only one Sycg at 454 cm™! indicative of a M-N bond, but
no M-S Oy is observed. Coordinated acetone is evident from
the observed v g absorptions at 1681, 1685, and 1676 cm™ for
1, 2, and 3, respectively, which occur at lower frequency with
respect to uncoordinated acetone at 1720 cm™". Dissolution of
4 in MeCN forms [Co"(NCMe);Co"(NCS),]-MeCN.>?

Redox reactions of the aforementioned thiocyanate com-
plexes with TCNE were unsuccessful. Akin to iodide,
thiocyanate should be reduced by TCNE to form [TCNE]*~;

dx.doi.org/10.1021/ic300804y | Inorg. Chem. 2012, 51, 9655—9665
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Figure 2. 2-D Structure of Co(NCS), (4) with iy s-NCS bound to Co centers.

however, this did not occur. This is attributed to the lack of
dissociation of metal-bound thiocyanate, and thus none was
available for this reaction. The aforementioned
[Co"(NCMe);Co™(NCS),], however, did react via substitution
with [TCNE]*".

M(TCNE)[C,(CN);];,-zCH,Cl, (z = 0.3—1.5), Fe (5), Mn
(6), 6 Co (7), were prepared by reacting 1, 2, and 4 with 2
equiv of (NBu,)(TCNE) in CH,Cl, for 5 days. The reaction of
3 with (NBu,)(TCNE), however, yields an unknown product.
Compounds 5 and 6 have been previously prepared via redox
chemistry of metal carbonyl and TCNE (M = Fe),*® or
MIL,-z2NCMe (M = Mn, Fe) and TCNE,** and were structurally
characterized.”>** The new synthetic route identified herein
employs a ligand exchange between thiocyanate and [TCNE]*~
and has not been previously reported. These three compounds
have similar vcy frequencies at 2222 and 2174 cm™ for
5, 2224, 2183, and 2173 cm™' for 6, and 2229, 2189, and
2173 cm™" for 7. These frequencies are characteristic of metal
bound [TCNE]*~."”

M[C,(CN);](OCMe,), [M = Fe (8), Mn (9), Co (10)] was
prepared by reacting compounds 1, 2, and 4 with 2 equiv of
(NBu,)(TCNE) in acetone overnight. They have vy fre-
quencies at 2217 and 2162 cm™" for 8, 2222 and 2170 cm ™" for
9, 2228 and 2176 cm™" for 10. The vo frequencies at 1697,
1697, and 1701 cm™ for 8, 9, and 10 suggest coordinated
acetone. Co[C,(CN)g](NCMe),, 11, was prepared from
Col,(NCMe), and TCNE in acetonitrile, and has four peaks
in the CN region. The first two at 2309 and 2283 cm™'
correspond to coordinated acetonitrile and the other two at
2224 and 2162 cm™! correspond to coordinated [C,(CN)g]*".
A summary of all the diagnostic peaks for compounds 1 to 11 is
shown in Table 2.

Structures. The structures of 1, 2, and 3 were determined
by single crystal X-ray analyses, and a summary of key crystal-
lographic parameters are provided in Table 3. 1, 2, and 3 were
determined to be M(NCS),(OCMe,), (M = Fe, Mn, Cr), and
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Figure 3. Structure of Co(TCNE)[C,(CN)g];/, (7). The orientational
disorder present for u,-[C,(CN)g]*” is not shown.

are isostructural. These structures possess octahedral M" centers
coordinated with two trans-N-bound and two S-bound thio-
cyanate ligands in the equatorial position, forming linear chains
with trans-acetone ligands bound to the M"s above and below
the plane (Figure 1 for M = Fe). Acetone coordinating com-
plexes are uncommon,™ as acetone is a very weak ligand. Recent
studies have shown similar 1-D thiocyanate bridged chains

dx.doi.org/10.1021/ic300804y | Inorg. Chem. 2012, 51, 9655—9665
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Table 5. Selected Atomic Distances for Compounds p,-[C,(CN),]*~

compound M—-N., M-N,, M-0O

5> 2.184(3) 2.161(6)
6> 2.242(8) 2.209(10)

2.123(5) 2.073(7)
8 2.077(6) 2.115(7)
9 2.128(5) 2.183(5)
10 2.042(5) 2.073(4)
11 2.072(3) 2.103(4)
Fe[C,(CN),](NCMe),* 2.221(6) 2.273(6)
Fe[C,(CN);](NCMe), *! 2.115(3) 2.186(4)
Mn[C,(CN),](NCMe),* 2.218(4) 2.235(5)
Mn(TPyA)[C,(CN),],,ClO,* 2.130(3) 2.244(3)

MMy M- Miyer C,-C,* C,-C,” C-N
7.1586(1) 8.7008(1) 1.586(18) 1.523(17) 1.11(1)
7.2158(3) 8.7808(5) 1.634(30) 1.463(27) 1.126(15)
7.1171(3) 8.6263(5) 1.648(18) 1.452(8) 1.189(5)
8.1370(2) 7.8809(3) 1.624(7) 1.584(5) 1.128(6)
8.2505(1) 7.8212(2) 1.536(5) 1.584(4) 1.157(6)
8.0861(1) 7.9191(2) 1.606(6) 1.584(S) 1.157(7)
7.9887(1) 7.5754(2) 1.563(9) 1.467(7) 1.120(6)
7.562(1) 9.356(1) 1.626(9) 1.509(9) 1.139(12)
8.127(1) 8.060(1) 1.655(8) 1.508(9) 1.132(4)
7.581(1) 7.626(1) 1.646(17) 1.596(11) 1.140(6)
8.327 8.066 1.604(8) 1.611(8) 1.142(4)

“Central C—C bond for [C,(CN)s]*". “Distance between a central carbon and CN.

prepared from the removal of pyridine (py),* and 2,2'-bipyridine
(bipy)37 by thermolysis, that is, M(NCS),(py),; (M = Fe, Mn,
Co, Ni) or Fe(NCS),(bipy), were converted to 1-D chains of
M(NCS),(py), and Fe(NCS),bipy composition.

The M-N bond lengths vary between 2.093(3) A (Fe),
2.037(10) A (Cr), and 2.135(28) A (Mn). The M-O bond
lengths are 2.154(2), 2.249(4), and 2.073(2) A, and the M-S
bond lengths are 2.5785(6), 2.678(3), and 2.874(24) A for 1, 2,
and 3, respectively. It is interesting to note that the M-S bond
length increases from iron to chromium by ~0.3 A. This
difference can be attributed to the decrease of the d-electrons
between the metal centers, where more d-electrons present in
the metal center facilitate stronger M-S bond in thiocyanate
complexes.'> The intrachain M:-M separations are essentially
identical for M = Fe (5.721 A), Mn (5.798 A), and Cr
(5.734 A), as are the shortest interchain M:--M distances of Fe
(7.694 A), Mn (7.868 A), and Cr (7.769 A).

The £LMNC, £NCS, and £ZCSM for 1—3 are comparable to
each other and range from 165.5° to 169.5°, 178.6°—180°, and
97.6°—101.8°, respectively, Table 4. These values are in accord
with that reported of 164.8°, 180°, and 99.5°, respectively, for
Fe(NCS),(py),.>* There is no correlation between the IR
values and bond angles for these compounds.

Compound 4 was determined to be Co(NCS),. This
compound was prepared similar to the 1—3, but acetone was
not present to form the chains. Albeit known, to the best of our
knowledge the structure and/or magnetic properties have yet to
reported for Co(NCS),.

Each octahedral Co(II) has four bridging sulfur atoms and
two bridging nitrogen atoms, and has iyss-NCS (-NCS<)
ligand (Figure 2). The structure consists of stacked 2-D planes,
and it is isostructural to Ni(NCS),.** The Co—N bond length
is 2.032(5) A, while the Co—S bond length is 2.577(2) A.
There are two intralayer Co--Co distances of 3.725 and
5.616 A, and the shortest interlayer Co--Co distance is 6.166 A.
Similarly, 4 has ZMNC, «NCS, and ZCSM of 163.4°, 176.5°,
and 101.4° that are expected for a pygs-thiocyanate complex,
and are similar to Ni(NCS), (Table 4).>® Again, there is no
correlation between the IR absorption frequencies and bond
angles for these compounds.

Compounds 5—7 were determined to be M(TCNE)-
[C4(CN)S]1/2‘ZCH2C12 (M = Fe (), Mn (6), Co (7); z =
0.3—1.5). These isostructural compounds consist of octahedral
M(II) centers coordinated to p,-[TCNE]*” forming a
corrugated layer, which are connected by u,-[C,(CN)g]*"
dimers to form a 3-D structure (Figure 3). The central struc-
ture within the p,-[C,(CN)s]*” is orientationally disordered,
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® ¢

Figure 4. Structure of Fe[C,(CN);](OCMe,), (8). The orientational
disorder present for u,-[C,(CN)g]*~ is not shown.

and the associated atoms have a 50% occupancy, as pre-
viously reported for related compounds possessing p,-
[C,(CN)g]>~2*%#0*! The CH,CI, solvent in 7 is disordered
similar to what has been observed in S and 6;*>** in the
structural refinements it was modeled by several effective atoms
with large thermal parameters located inside the solvent-
accessible cavities of the structure. Compounds $ and 6 have
been previously reported”>** while 7 has been elusive. The
Co—N bond length is 2.123(S) A for the y,-[TCNE]*™ in the
equatorial direction and 2.073(7) A for the u,-[C,(CN)g]*~
dimer in the axial positions. These bond lengths are slightly
shorter when compared with 5 and 6. The intralayer Co---Co
distance is 7.1171(3) A and interlayer distance of 8.6263(5) A.
A summary of selected average atomic distances for compounds
5 to 11 and relevant comparison compounds are shown in
Table S.

M[C,(CN);](OCMe,), [M = Fe (8), Mn (9), Co (10)] are
isostructural and have an octahedral M" bound to p,-
[C4(CN);g]*", forming 2-D layers. Acetones are coordinated
in the axial positions, capping the octahedral centers (Figure 4).
Similar to 5-7, the u,-[C,(CN)g]*” is an orientationally
disordered in 8—11. Each has two sets of M-N bond

dx.doi.org/10.1021/ic300804y | Inorg. Chem. 2012, 51, 9655—9665
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Table 6. Summary of Key Magnetic Parameters for Compounds 1 to 11

S g 300 K yT(T)euo,” 2T(T) e emu Oe/mol 0, K* D/kgy K J/kyy K T 2(T), K Toe 2(T), K T, Ty d(¢T)/dT, K
1 2 2.00 3.00, 3.43 11 1.7 8 8 6
2 2.5 208 437, 4.13 —43 -35 30 30 20
3 2 207 3.00, 2.44 -118 —99 50 50 43
4 1.5 236 1.87, 2.69 —40, —33°¢ 22 22 18
5 25 2.00 3.37, 2.76 90 20 78
6 3 2.00 475, 4.80 73 73 67
7 2 2.07 2.25, 2.05 —50°
8 2 2.08, 2.06% 3.00, 3.20 —3.9¢, —14 227
9 2.5 2.00 437, 4.19 —4.0°
10 15 231,230° 1.87, 2.46 —3.0° —0.1°  45°
11 1.5 270,2.52° 1.87, 3.26 —20, —0.1° 90°

“(T ~' - 0). “Spin-only. “From a fit to eq 1. “From a fit to eq 4. “From a fit to eq S.

lengths: 1.993(5) and 2.161(4) A for 8, 2.050(3) and
2.205(4) A for 9, and 1.963(5) and 2.120(5) A for 10. The
M-O bond lengths are 2.115(7), 2.183(5), and 2.073(4) A for 8
to 10, respectively.

Compound 11 was determined to be Co[C,(CN)]-
(NCMe),, and it is isostructural to the previously reported
iron and manganese analogues.*®*! Its structure consists of an
octahedral Co" bound to ,-[C4,(CN)g]*~ forming 2-D layers
with acetonitrile ligands coordinated above and below the
plane.

Magnetic Properties. The temperature dependent mag-
netic susceptibility, y, data were taken from S to 300 K, and are
analyzed as y(T), yT(T), and y '(T), and so forth, and key
parameters are summarized in Table S.

M'(NCS),(OCMe), [M = Fe (1), Mn (2), Cr (3), Co (4)]. The
room temperature yT(T) values for 1, 2, 3, and 4 are 3.43, 4.13,
244, and 2.69 emuK/mol, respectively, indicating high spin
M". The ¥T(T) for 1 is constant on cooling until ~50 K when
it increases and reaches a maximum of 15.5 emuK/mol at 8 K,
before decreasing sharply until S K. The yT(T) data of 2, 3, and
4 decrease constantly with decreasing temperature. A linear
extrapolation of the y '(T) above 200 K intercepts the
temperature axis for the Weiss constant, 8, of 11, —43, —118,
and —40 K for 1, 2, 3, and 4, respectively. The positive 6
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for 1 indicates ferromagnetic coupling above 200 K, while 8 < 0
indicating antiferromagnetic coupling is observed for 2, 3,
and 4.
The y(T) for 1, 2, 3, and 4 can be be fit to the Curie—Weiss
expression, eq 1,
x o (T—0)" (1)

but 1, 2, and 3 are better fit by the Fisher expression for 1-D
chains,* which takes into account intrachain coupling (J/kg)
eq 2,

_ Ng'pS(S 4+ 1) 1+ u

hain = where
chain 3k, T 1—u
{]s(s + 1)} { kT }
u = COth —_— - S EEEE—
kyT JS(S + 1) )

as seen for 2 in Figure 5. Compound 4 has 6 = —33 K. The J/kg
(g) for 1, 2, and 3, are 1.7 (2.00), —3.5 (2.08), and —9.9 K
(2.09), respectively, Table 6. In accord with the positive 6 for 1,
1 has a positive J/kg, while 2 and 3 have negative J/kg values
suggesting antiferromagnetic coupling above the T..
Antiferromagnetic ordering is suggested by the peaks in y(T)
and y'(T), at 8, 30, 50, and 22 K for 1—4, respectively, and

dx.doi.org/10.1021/ic300804y | Inorg. Chem. 2012, 51, 9655—9665
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Figure 7. M(H) at 2,4, 5, 6 and 7 K for 1.

the lack of y”(T) absorptions (Figure 6). The y'(T) for 1—-4
are frequency independent. The temperature at which the
maximum in y(T) occurs lies above T,**** and T. can be
determined from the temperature at which the maximum in
d(yT)/dT occurs.***” The d(yT)/dT maxima, T,, occur at 6,
20, 43, and 18 K for 1, 2, 3, and 4, respectively. Similar ordering
have been observed for Fe(NCS),(py), (T. = 62 K) and
Mn(NCS),(py), (T. = 23.5 K),** which have similar 1-D
chain moiety as compounds 1—3. The magnetic ordering occurs
along the chain structure with small interaction between the
chains.
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Albeit antiferromagnetically ordered, 1 exhibits a field depen-
dent magnetization below 8 K suggest metamagnetic-like*®
sigmoidal shape (Figure 7). The critical field, H, is 900 Oe,
determined by peak position of the dM/dH curve at 6 K. The
sigmoid shape disappears above 6 K in accord with a 6 K T

MU TCNE)[C,(CN)gl;, [M = Fe (5), Mn (6), Co (7). The
ma§netic behavior of M(TCNE)[C,(CN)g]l,/, [M
Fe®?3%% (5), Mn*****° (6)] has been previously reported;
however, the materials made via the reaction of M(NCS)-
(OCMe,), and [TCNE]*~ form materials with less impurities/
defects, as evidenced by the low temperature magnetic data.
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Hence, the magnetic properties are of § and 6 made by this
route are intrinsic, and are independently reported.51

The room temperature yT value for 7 is 2.05 emuK/mol,
which are reduced from the spin-only value of 2.25 emuK/mol
for one S = 3/2 Co(Il) and one S = 1/2 [TCNE]*" spin. This
is attributed to antiferromagnetic coupling. Upon cooling
xT(T) decreases continuously from 300 to S K suggesting a
paramagnetic system with antiferromagnetic coupling (Figure 8).
The yT(T) can be fit to the Curie—Weiss expression with g =
207, and @ = —50 K suggesting strong antiferromagnetic
coupling. The g value exceeds the spin-only value of 2.00, as Co"
is anisotropic, and is in the range of typical g values for Co™.>*
The small deviation below 50 and 140 K indicated more complex
behavior, which is under further investigation. 7 can also be made
from the reaction of Co™(NCMe);Co"(NCS), and [TCNE]*,
and exhibits a similar magnetic behavior.>* The lack of magnetic
ordering is unexpected as isostructural 5 and 6 magnetically order.
Nonetheless, it is in accord with that observed from the reaction of
Co,(CO)g and TCNE,*® but is at variance from that observed
from the reaction of Col, and TCNE>* Further magnetic and
theoretical studies are needed to understand the lack of ordering
for Co(TCNE)[C,(CN)g]y /2.

M'[C,(CN)g](O,CMe,), [M = Fe (8), Mn (9), Co (10)].
M"[C,(CN);](0,CMe,), [M = Fe (8), Mn (9), Co (10)] was
synthesized using acetone as the solvent, and the magnetic
susceptibility indicated 8, 45, and 60 ppm ferromagnetic
impurities, respectively, that are assumed to be iron (and
cobalt). The corrected room temperature T for 8, 9, and 10
are 3.20, 4.19, and 2.46 emuK/mol, respectively. The yT’s for 8
and 9 are close to the spin-only values, but 10 significantly
exceeds the spin only value of 1.87 emuK/mol, because of the
anisotropic nature of Co'l>? Upon cooling, yT(T) for 8, 9, and
10 decrease continuously suggesting antiferromagnetic coupl-
ing (Figure 9). The yT(T) can be fit to the Curie—Weiss
expression, eq 1, with g-values of 2.08, 2.00, and 2.31, and
O-values of —3.9, —4.0, and —3.0 K, for 8, 9, and 10,
respectively (Figure 9). Fits of yT(T) to a single ion model that
includes zero field splitting (D) gave a poorer fit for 9 using
eq 3.>* However, the fits for 8 (eq 4),°* and 10 (eq 5)>* have
large D/kg values of —22 and 45 K, with 8 of —1.0 and —0.1 K,
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11 (X), and fit to Curie-eq 1 for 8, eq 4 for 9, and eq S for 10 and 11
for the yT(T) data.

and g of 2.06 and 2.30 for 8 and 10, respectively. These
D-values are in agreement to the reported literature values
of =57 K for K[tpa(mesityl)Fe""] [tpa = tris(S-arylpyrrol-2-
ylmethyl)amine],>* and several octahedral Co" complexes have
D-values a high as 144 K%

= 1 14977 42577
12(T—0) 14 e 2P/T 4 ¢7P/T
8T 11T —-2D/T ST —6D/T
1 9 + 3 - Ee - 56
6(T — 6) 1+ e 2D/T 4 76D/

®)

- 1 Ze—D/T + 8e—4D/T
3(T _ 9) 1+ 2e_D/T + 2e_4D/T

+ l 2 %(1 — Py 4 %((D/T - e4D/T)}
3(T - 0) @

-D/T —4D/T

1+ 2e + 2e
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Co"[C4(CN)8](NC/\/Ie)2 (11). The room temperature T for 11
is 326 emuK/mol that is comparable to 10 with both
significantly exceeding the spin only value of 1.87 emuK/mol
because of the anisotropic nature of Co™.>* Upon cooling the
xT(T) for 11 decreases continuously to S0 K when it decreases
more sharply suggesting antiferromagnetic coupling (Figure 9).
The yT(T) data can be fit to the Curie—Weiss expression, eq 1,
with a g-value of 2.70, and 6 —20 K suggesting
antiferromagnetic coupling. A fit of ¥T(T) to a single ion
model that includes D, eq 5% has 0 = —0.1 K, g =2.52, and
D/ky = 90 K for 11 in accord with 131 K for Co"(5-ATZ),Cl,
(AZT = S-amino-1-H-tetrazole),** and several octahedral Co'!
complexes have D-values a high as 144 K.>

Compound 11 has a stronger magnetic coupling when
compared to Fe[C,(CN)](NCMe), (8 = —13.3 K).*® The
coupling constants for the acetonitrile containing compounds
are 3 to S times larger than the acetone containing compounds
(8 to 10). This difference could be attributed to the intralayer
M:---M distances, which are shorter for the acetonitrile
containing compounds with respect to those possessing
acetone.

B CONCLUSION

Three new thiocyanate 1-D chain structured compounds of
M(NCS),(OCMe,), (M = Fe, Mn, Cr) composition were
prepared and fully characterized. Fe(NCS),(OCMe,), magneti-
cally orders at 6 K and exhibits metamagnetic-like behavior. A
new synthetic route to make Co(NCS), was identified and its
structure was determined to be a 2-D layers with pyss-NCS
motif. These thiocyanate complexes react with [TCNE]*~ in
dichloromethane to form M(TCNE)[C4(CN);s];/,, and in
acetone to form M[C,(CN);](OCMe,), (M = Fe, Mn, Co).
These compounds possess ,-[C4(CN)g]*”". The magnetic
behavior of M(TCNE)[C,(CN);];/, [M = Fe (5), Mn (6)] has
been previously reported; however, this reaction leads to
materials with less impurities/defects, as evidenced by the low
temperature magnetic data.”’ Co(TCNE)[C,(CN)s];, exhibits
paramagnetic properties with strong short-range antiferromag-
netic coupling. M[C,(CN);](OCMe,), are paramagnetic.
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