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Mixed-anion compounds provide a unique playground for local coordination engineering due to their
heteroleptic coordination around cations. Here, we successfully synthesized novel thiocyanate-containing
organic—inorganic hybrid halides (CH3NH3),Co(NCS),; and (CH3zNH3)3Col4(NCS) with isolated Co(NCS)4
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tetrahedra, they provide different types of anion-coordination around Co®* ions. We compare the mag-
netic properties of these compounds and discuss the effects of anion exchange between |~ and NCS™
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Introduction

Mixed-anion systems, where multiple anions are contained in
a single compound, have received increasing attention due to
their fundamental and industrial importance."” Having
crystal structures with the heteroleptic coordination around
cations, such compounds hold the potential to exhibit unique
properties that cannot be realized in single-anion compounds.
For example, using noncentrosymmetric units with a mixed
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using density functional theory calculations.

anion coordination, a methodology for novel design of the
polar  structures was demonstrated in  oxyfluoride
CuVOF,(H,0),.* Oxyselenide BaFe,Se,O with trans-coordinated
FeSe,O, octahedra was reported to have a noncollinear mag-
netic order with double-k vectors that originates from spin-
orbit coupling induced by the heteroleptic coordination
around the iron.”> SrVO,H with trans-coordinated VO,H, octa-
hedra exhibits a quasi-2D electronic structure due to the
n-blocking nature of H™.%”

Recently, organic-inorganic hybrid compounds with mole-
cular cations have also attracted a great deal of interest in the
field of advanced functional materials. For example, hybrid
lead halide perovskites, such as CH;NH;PbI; (CH;NH;" =
methylammonium ion), are emerging as solar cell materials.®
Hybrid halides can also accommodate molecular anions, so-
called pseudo-halide ions, such as thiocyanate (NCS™) and
formate ion (HCOO™).>™"” The substitution of anionic ligands
in hybrid compounds provides diverse coordination environ-
ments for exploring physical properties.

Thiocyanate ions are widely studied as ligands for hybrid com-
pounds such as molecular organic flameworks because of their
versatility in bonding with metals."®>* Being an anisotropic mole-
cule, a thiocyanate ion can provide various coordination motifs,
as reported in (CH3;NH;),PbI(SCN), with M-SCN motif,”" %"
[BzPy],Co(NCS), (BzPy = benzyl pyridinium) and (C,H;,N),Co
(NCS), with M-NCS motif,'*** and M(NCS),(NCMe), (M = Cr, Mn)
with M-NCS-M motif.'"® Furthermore, there have been reported
thiocyanate-based hybrid compounds with mixed-ligands, such
as Hg;CdCL(SCN)s and Hg,CdBr,(SCN)g. 172912527 Apother
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example HgCo(NCS), with isolated Co(NCS), tetrahedra has long
been studied as a magnetic susceptibility standard.**** Some
researchers also reported the magnetic properties of the com-
plexes containing Co(NCS), tetrahedra and organic cations.'**®
However, the effect of the mixed-ligand coordination in the Co**-
centered tetrahedra on magnetism has not yet been revealed.

Herein, we synthesized two new cobalt-based hybrid com-
pounds with structural motifs comprised of the tetrahedrally
coordinated Co** ions: (CH3;NH;);Col,(NCS) with the mixed-
anion Col;(NCS) tetrahedra and (CH;3;NH;),Co(NCS), with iso-
tropic Co(NCS), tetrahedra. Including (CH3NHj;),Col, with
Col, tetrahedra,>® we consider a series of three compounds
and demonstrate how the anionic coordination of Co>" ions
affects their magnetic properties using magnetization
measurements and first-principles calculations.

Experimental and computational

A powder sample of (CH3;NH;),Co(NCS), was prepared using
the solvent evaporation method. A stoichiometric amount of
solid CH3;NH;3SCN (>97.0%, Tokyo Chemical Industry Co., Ltd)
and Co(NCS), (96%, Sigma-Aldrich) were dissolved with
2-methoxyethanol solvent (>99.0%, Kanto Chemical Co., Inc.).
The solvent was evaporated in air at RT, and dark blue
(CH;3NH;),Co(NCS), crystals were precipitated. The product
was filtered and dried under reduced pressure overnight. The
crystals were finely ground with agate mortar. Powder samples
of (CH3NH;);Col,(NCS), and (CH;3;NH;),Col, were synthesized
by using solid-state reactions. A stoichiometric amount of
CH;3;NH;I (>97.0% Tokyo Chemical Industry Co., Ltd), Col,
(99.5%, Alfa Aesar), and Co(NCS), were mixed and pelletized
in an N,-filled glovebox. Then, the pellets were sealed in an
evacuated Pyrex tube and heated at 120 °C for 36 hours. Since
powder samples of (CH;NH;);Col,(NCS) and (CH3;NH;),Col,
showed gradual decomposition into their precursors in the air
over several days at RT, the samples were kept in an N,-filled
glove box.

(CH3NH;3),Co(NCS), single crystals were obtained in the
same way as (CH3;NH;),Co(NCS), powder. 0.254 g of
CH;NH;(SCN) and 0.246 g of Co(NCS), were combined with
10 ml of 2-methoxyethanol. After evaporating the solution for a
few days, the blue-colored crystals could be found in the
residual solvent. Single crystals of (CH3;NH;);Col,(NCS) were
synthesized by a solid-state reaction. The pellet in the sealed
tube was heated at 140 °C and slowly cooled to room tempera-
ture for 24 hours.

Powder X-ray diffraction (XRD) data were collected with the
Malvern Panalytical Aeris Benchtop XRD System using Cu Ka
radiation. The measurement was performed in air at RT. All
measurement processes were completed within 10 minutes to
minimize degradation. Rietveld refinements of the obtained
patterns were performed with the TOPAS v6 software. The
crystal structures are visualized using the VESTA 3.*°

Single crystal XRD data of (CH3NH;),Co(NCS), was col-
lected at the beamline BL02B1 of SPring-8, the Japan
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Synchrotron Radiation Research Institute (JASRI). The wave-
length of an incident X-ray beam was 0.4132 A. The selected
crystals were covered with Fluorolube oil (Sigma-Aldrich), and
mounted onto a goniometer under the cold N, gas stream. The
diffraction was collected at 100 K. The structures were solved
by the intrinsic phase methods (SHELXT 2014/5),*"** and
refined by full-matrix least-squares methods with SHELXL
(2018/3)** on Olex2 software (ver. 1.5).** To compensate for the
residual electron density observed around the Co** ion in
(CH;3NH;),Co(NCS),, anharmonic displacement parameters
were employed during the refinement.*> Due to the highly dis-
ordered Methylammonium ions, the data were treated by the
SQUEEZE program in PLATON.*® Structural details of the
refinement, crystallographic parameters, and atomic positions
can be found in Tables S1-S3 in ESL.t Single crystal XRD data
of (CH;3NHj;);Col4(NCS) was collected at RT using a Bruker D8
Quest ECO diffractometer equipped with a microfocus Mo Ka
radiation source and Photon 50 CMOS half-plate detector.
Single Bruker SAINT was used for the integration and scaling
of collected data and the SADABS was used for the absorption
correction.”” Structural details of the refinement, crystallo-
graphic parameters, bond lengths, bond angles, and experi-
mental conditions are listed in Tables S4-S6 in ESL{

Diffuse Reflectance spectra were measured using a JASCO
V-670 UV-visible spectrophotometer. Each sample was filled
into a round holder with a quartz glass and BaSO,. The spectra
were collected from 4 = 200 to 1200 nm. These measurements
were carried out using an integration sphere at RT in air.

Magnetic susceptibility was measured on a Quantum
Design MPMS SQUID magnetometer equipped with RSO
option, in an applied magnetic field of 1000 Oe from 4 K to
300 K. Powder samples of ~20 mg sealed in plastic wrap were
used for the measurement. Note that (CH;NH;3);Col,(NCS) and
(CH3NH;),Col, can decompose into precursors after a few
hours in air (Fig. S1t). Thus, the samples were immediately
sealed in plastic wrap after taking them out from the glove
box. Subsequently, it was immediately transferred to the
MPMS chamber.

First-principles calculations were performed within the
projector-augmented plane-wave formalism*® using the gener-
alized gradient approximation (GGA, Perdew-Burke-
Ernzerhof)*® for the exchange-correlation potential as
implemented in the Vienna Ab initio Simulation Package
(VASP).>® Non-magnetic calculations were performed without
spin-orbit coupling using the experimental crystal structures.
Calculations are carried out with an energy cut-off set to
500 eV and the energy convergence criterion of 10~% V. The
Brillouin zone was sampled by a 6 x 6 x 6, 4 x 4 x 3,
and 4 x 4 x 2 kpoint mesh® for (CH;NH,),Co(NCS),,
(CH;3NH;);Col,4(NCS), and (CH3;NH;),Col,, respectively. Since
the methylammonium cations in (CH3;NH;),Co(NCS), are
allowed to rotate at given positions (schematically, the 6b
Wyckoff positions), we considered two structures of
(CH3NHj3),Co(NCS),: the one with fixed disorder where posi-
tions and orientations of methylammonium cations are
chosen arbitrarily (4 out of 6b positions are occupied to pre-

This journal is © The Royal Society of Chemistry 2025
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serve the charge neutrality), and the one without methyl-
ammonium cations by imposing the total charge of 4e™ in the
unit cell (that corresponds to removing four methylammonium
cations from the unit cell). Crystal-field splitting of the Co 3d
states is calculated in the basis of Wannier functions, as
implemented in the Wannier 90 package.>

Parameters of the electronic model were calculated for a
single [CoX,]*~ complex with X = I and NCS, assuming to have
a perfect tetrahedral coordination. The corresponding bond
lengths are adopted from the experimental structures (for X =
I, we take the average Co-I bond length of 2.604 A). Each tetra-
hedron is placed in a cubic box with a side length of 40 A,
where the total charge of 2e™ is imposed. Electronic structure
calculations are performed in VASP as outlined above and
Quantum-ESPRESSO using norm-conserving pseudopotentials
with the energy cut-off of 100 Ry.”® The one-electron part of
the model including crystal field and spin-orbit coupling is
obtained from electronic structure calculations with spin-orbit
coupling using the Wannier functions, which are constructed
by projecting the states near the Fermi level onto atomic d
orbitals. The on-site Coulomb interactions are calculated from
electronic structure calculations without spin-orbit coupling
using constrained random phase approximation in the basis
of Wannier functions,® as implemented in the RESPACK

(a) (CH,NH,),Co(NCS),

Disordering of four CH,NH,*
in these interstitial voids

(b) (CH,NH,),Col,(NCS)

View Article Online
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package.®>>® Calculations of the polarization function, which
accounts for the screening effects, are carried out with a large
number of unoccupied states (~100).

Results and discussion

Obtained (CH;3;NH;3),Co(NCS), single crystals are block-shaped
with 10-200 pm?® size and have a translucent blue color. The
structure analysis of single crystal synchrotron XRD data at
100 K revealed that the compound has a cubic structure (space
group: I43m) with a = 9.63590(10) A. The finalized structural
refinement converged to R; = 5.17%, and the crystal structure
was determined except for the methylammonium ions. The
obtained crystal structure is shown in Fig. 1a. Details of crystal-
lographic information are shown in the ESI (Table S1-S37).
The methylammonium ions are disordered in the voids of the
crystal lattice even though measured at 100 K. Thus, we exe-
cuted the SQUEEZE procedure to converge the refinement.*®
Note that there are six interstitial cation sites (three for face-
centered positions and three for edge-centered positions;
Fig. 1a) in a single unit lattice: the four sites are occupied by
methylammonium ions, causing a significant site disorder.
The electron density squeezed from the procedure was 72 elec-

(¢) (CH,NH,),Col,

(d) (e) )
1.94 A ~26A
I . I 1.96 A o
L
O,

Fig. 1 Crystal structures of (a) (CHsNHz)>,Co(NCS)4, (b) (CHsNHz)sCol4(NCS), and (c) (CHzNHsz),Col,.®® The solid black line shows the unit cell.
Disordered methylammonium ions are not shown in (a), instead, interstitial voids that can be potentially occupied by methylammonium ions are indi-

cated by gray circles. Local structures around Co?* ions (d—f).

This journal is © The Royal Society of Chemistry 2025
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trons, which agrees with the number of electrons in the four
methylammonium ions. This suggests that no solvent mole-
cules are intercalated in the lattice.

We also synthesized (CH3NH;);Col,(NCS) single crystals by a
solid-state reaction of a stoichiometric mixture of the precursors
with slow cooling. The obtained crystals are translucent light
green rectangular prisms. The single crystal X-ray analysis of the
data at 300 K revealed that the compound has an orthorhombic
structure (space group: P2,2:2;) with a = 10.4690(9) A, b =
11.5048(9) A, and ¢ = 15.7129(12) A (see the details in Tables 4-6
of ESI}). Fig. 1b shows the structure of (CH3;NH;);Col,(NCS),
where the interstitial space between the isolated Col;(NCS) tetra-
hedra is occupied by CH;NH;" and I” ions.

Together with (CH3NH,),Col,,> crystal structures of the
newly synthesized (CH3NH;);Col4(NCS) and (CH3NH;3),Co
(NCS), compounds are shown in Fig. 1a-c. Compared with
these three compounds, anion species coordinated to Co**-
centered tetrahedra exchanges from I" to NCS™ (Fig. 1d-f).
Among them, (CH;3;NH;);Col,(NCS) has a mixed-anion coordi-
nation with one NCS™ and three I" ligands. Although there
have been some reports of mixed-anion transition metal com-
pounds incorporating both NCS™ and halide ligands,>">*>°
(CH;3NH;);Col,(NCS) represents the first example of a tetra-
hedral unit composed of three I and one NCS™ ligands to the
best of our knowledge. This distinct coordination environment
serves as a useful platform for systematic studies of mixed-
anion tetrahedral coordination.

The body color of the powder samples changes from blue to
green with the anion substitution from I to SCN (Fig. S27).
Diffuse reflectance spectra of the powder samples show an
energy shift in the absorption bands corresponding to the d-d
transition of Co®*, due to the change in the crystal-field split-
ting caused by anion substitution (Fig. S37).

To investigate the effect of the local coordination, we ana-
lyzed the magnetic properties using powder samples. The

View Article Online
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powder sample of (CH3;NHj;),Co(NCS), was prepared by fine
grounding the crystals prepared with the solution method
(Fig. S2at). Powder samples of (CH3;NHj;);Col,(NCS) and
(CH;3NH;),Col, were synthesized by a solid-state reaction
(Fig. S2b and ct). The XRD patterns of the powder samples are
shown in Fig. 2. The simulation patterns match with the calcu-
lated patterns well. The lattice parameter obtained by Le Bail
analysis is a = 9.7723(3) A for (CH3;NH,3),Co(NCS), (Fig. S41).
(CH3NH;3),Co(NCS); did not show any structural phase tran-
sition in the range of 100 K-300 K (Fig. S5t). (CH3NH;),Co
(NCS), are phase pure, while (CH3;NH;);Col,(NCS) and
(CH;3NH;),Col, contain a tiny amount of CH;NH,I impurity.
To estimate the phase fractions of the powder samples, we per-
formed Rietveld analysis of the XRD patterns (Fig. S6t), and
found that the phase fraction of the CH;NH;I impurity was
0.57 mol% for (CH3;NH;);CoI,(NCS) and 0.95 mol% for
(CH;3NH;),Col,. Thus, the contribution of impurities to the
magnetic properties can be regarded as almost negligible.

Fig. 3a shows the temperature dependence of magnetic sus-
ceptibilities in all three samples. With decreasing tempera-
tures down to 4 K, the susceptibility gradually increases,
suggesting that all three compounds are paramagnetic above
4 K. The temperature dependence of the inverse susceptibility
can be fitted using the Curie-Weiss equation y ' = (T — Ow)/(C
+ x0 (T — Ow)), where C, yo, and Oy stand for the Curie con-
stant, temperature independent susceptibility, and the Weiss
temperature, respectively.

The resulting parameters are summarized in Table 1. Here,
the effective magnetic moment is given by p¢ = g+/S(S + 1),
where the orbital contribution is pushed into the g-factor. One
can see that the Curie constant increases in a series from
(CH;3;NH;),Co(NCS), to (CH;3NH;);Col,(NCS) and
(CH3NH;3),Col,. Similarly, the effective magnetic moment e
and the g-factor become larger with the introduction of iodide
ions. In fact, g = 2.54 of (CH3;NHj;),Col, is consistent with 2.59

(a) (CH,NH,),Co(NCS), (b) (CH,NH,),Col (NCS) (c) (CH,NH,),Col,
* CH,NH,| * CH,NH,|
Experiment Experiment Experiment
El
.‘é
(0]
= Simulation Simulation Simulation
N U 1 U 0 IO T
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

10 15 20 25 30 35 40 10 15 20
26 (degrees)

26 (degrees)

25 30 35 40 10 15 20 25 30 35 40
20 (degrees)

Fig. 2 XRD patterns of (a) (CH3zNHz3),Co(NCS),, (b) (CH3NH3)3CoI4(NCS), and (c) (CH3zNH3),Col,. The upper and lower patterns show the experi-
mental and calculated ones, respectively. * indicates the diffraction from the impurity of CH3sNH3;l. Simulated patterns of (CH3zNH3)3:Col4(NCS) and
(CH3NH3),Col, are from the structure obtained from single XRD analysis and ref. 39, respectively. Note that the simulated pattern of (CH3;NH3),Co
(NCS), is calculated from a hypothetical structure (Fig. S71), modified from the structure obtained by single crystal XRD analysis.
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(CH,NH,),Co(NCS),
without CH,NH_*

(CH,NH,),Col,(NCS)
(CH,NH,),Co(NCS), (CH,NH,),Col,
fixed disorder

0.2

t

2

L —r————— DORERICINR 110001 E

4
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(a) Temperature dependence of magnetic susceptibilities for (CHzNH3),Co(NCS),, (CH3NH3)3Col4(NCS), and (CH3NH3),Cols. Inset shows

temperature dependence of the inverse susceptibilities and Curie—Weiss fitting curves. (b) The crystal-field splitting of the Co 3d states calculated
from a non-magnetic state in (CH3NH3),Cols, (CH3NH3)3Col4(NCS), and (CH3zNH3),Co(NCS),. The energy states are shown with respect to the Fermi

level.

Table 1 Curie constant, Weiss temperature, yo, effective magnetic moment, and g-factor for (CHzNHz),Co(NCS),, (CH3NH3)3Col4(NCS), and
(CH3NH3),Coly4. The effective magnetic moment is given by uq = g/S(S+ 1)

(CH;NH;),Co(NCS), (CH;NH,);Col,(NCS) (CH;NH,),Col,
C (emu K mol™) 2.26(4) 2.64(2) 3.03(6)
6w (K) —1.20(8) —1.15(4) -9.21(9)
Zo (emu mol ™) —0.00032(1) —0.000693(9) —0.00027(2)
exp. pest () 4.26 4.59 4.92
g 2.20 2.37 2.54

reported in (CoH;N),Col, with Col, tetrahedra.’”*® Likewise, g
=2.20 estimated for (CH;NHj3),Co(NCS), is also in good agree-
ment with previous results for similar compounds containing
Co(NCS),; complexes.'®*?833 Notably, both p.s and g are
found to exceed their spin-only values, 3.87uy and 2, respect-
ively, which can be nominally assigned to a high-spin state (S =
3/2) of the tetrahedrally coordinated Co®" ion, thus implying
the existence of the orbital contribution that becomes more
pronounced as NCS™ is substituted by I".

Indeed, previous studies showed that the effective magnetic
moments of the tetrahedrally coordinated [CoX,]*~ complexes
(X = Cl, Br, and I) can have an orbital contribution due to
spin-orbit coupling.”® For the g-factor, this contribution can
be estimated using perturbation theory:*”*®

g =2.00—81/A (1)

where A’ is an effective spin-orbit coupling constant, and A(>0)
is the strength of the crystal-field splitting. Considering that A’
is negative for a more than half-filled 3d shell of the Co®" ion,
the second term in eqn (1) results in the g-factor larger than 2.
A smaller crystal-field splitting (4) facilitates the mixing of
excited states into the ground state through spin-orbit coup-
ling. This enhances the orbital contribution to the magnetic
moment and leads to an increase in the g-factor. Following
this analysis, the change in the magnetic properties in all
three systems can be attributed to the changes in the crystal

This journal is © The Royal Society of Chemistry 2025

field and spin-orbit coupling caused by substituting the
ligand ions.

The effects of the local environment on the magnetic pro-
perties of [CoX,]*~ complexes are further analyzed using elec-
tronic structure calculations. To this end, we start by consider-
ing a single Co®" ion in perfect tetrahedral coordination whose
electronic properties can be described by the following
effective model:

H = Hcr + Hsoc + Hu, (2)

where the first term accounts for the crystal-field splitting
between the low-lying e and high-lying t, states, the second
term is spin-orbit coupling, and the last term is the on-site
Coulomb interaction. For the sake of simplicity, the spin-orbit
coupling and Coulomb parameters are taken in a spherically
symmetric form, where the latter can be expressed using the
Slater parameters.”® Further details can be found in ESL{ The
ground state of the tetrahedrally coordinated Co®* (3d”) ion is
given by the fourfold degenerate A, state with the et,® (S = 3/
2) electronic configuration. Upon introducing a magnetic field
and projecting the S = 3/2 states onto the corresponding spin
model, one can show that the g-factor acquires a substantial
orbital contribution in a broad range of the crystal-field split-
ting and spin-orbit coupling (see Fig. S8 in ESIt). Importantly,
the model parameters obtained for single [Col,]>~ and [Co
(NCS),]*” tetrahedra reveal that the crystal-field splitting of the

Dalton Trans., 2025, 54,10773-10780 | 10777
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Co 3d states is smaller in [Col,]*~ due to longer Co-I bond
lengths (4 = 0.293 and 0.370 eV for X = I and NCS, respect-
ively). In contrast, the effective spin-orbit coupling is signifi-
cantly enhanced in [Col,]*~ owing to the presence of heavy I~
ions, compared to [Co(NCS),]>~ with light elements in the
(NCS)™ units (the calculated matrix elements of Hgoc are in
the range of ~0.03-0.06 and ~0.02-0.04 eV for X = I and NCS,
respectively). Calculations for Co(NCS), and Col, tetrahedra
yield the g-factors of 2.26 and 2.58, respectively, in good agree-
ment with experimental estimates.

Similar trends can be seen in the real structures, where
CoX, tetrahedra appear to be distorted. The crystal-field split-
ting of the Co 3d states in all three compounds obtained is
presented in Fig. 3b. While the Co 3d levels in the tetrahedral
environment can be schematically grouped into the e and t,
levels, the exact splitting is obtained only for (CH3NH;),Co
(NCS), without the methylammonium cations, where the Co
(NCS), tetrahedra possess the Ty point group symmetry. By
fixing the positions of the methylammonium cations, the sym-
metry of (CH3;NH;),Co(NCS), (see Fig. S97) is lowered, result-
ing in a further splitting of the Co 3d states. The e and t, levels
are also split in (CH3NH;);Col4(NCS) and (CH3NHj;),Coly,
where the corresponding tetrahedra are distorted, and the
symmetry is lowered to the D, and D, point groups, respect-
ively. This symmetry-lowering results in further splitting
within the Co 3d levels (Fig. 3b). However, these distortions
remain moderate, and thus the tetrahedral character (splitting
to t, and e) still dominates the crystal-field splitting. Overall,
our calculations reveal that the crystal-field splitting of the Co
3d states steadily decreases from (CH3;NH;),Co(NCS), to
(CH;3NH;);Col4(NCS) and (CH3NH;),Col,, which is qualitat-
ively consistent with the observed changes in magnetic
properties.

Conclusions

We reported new thiocyanate-containing organic-inorganic
hybrid halides (CH3;NH;),Co(NCS), and (CH3;NH;);Col,(NCS)
with isolated Co(NCS), and ColI;(NCS) tetrahedra, respectively.
Together with (CH3;NH;),Col,, they have different types of
anion-coordination around Co>". We revealed that the effective
magnetic moment deviates from the spin-only value and the
g-factor increases when I is introduced. The results of first-
principles calculations showed that these changes can be
ascribed to the enhanced orbital contribution due to the pres-
ence of I ions.
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