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Asymmetric macrocyclic complexes of the type [M,LCl,]-xH,O have been obtained and intercalated using the
potassium precursor phase Kg4MnggPSz-H,O (M: Zn" or Cu'; LH,: macrocyclic ligand derived from 2-
hydroxy-5-methyl-1,3-benzenedicarbaldehyde and two different amines, namely, ethylenediamine and o-
phenylenediamine). The intercalation of the layered phase Kg4MnggPSs-H,O by the macrocyclic species
was carried out by a microwave-assisted reaction and enabled the partial exchange of the hydrated
potassium ions located in the interlayer space to obtain the composites Kg32[Zn,Llp04MnggPSs (1) and
Ko24[CusLllp0eMNnogPSs (2). These magnetic materials were studied by DC and AC magnetization
measurements and electron paramagnetic resonance (EPR) spectroscopy. In comparison with the
potassium precursor, both composites gave rise to broader and less intense spontaneous magnetization
curves at low temperatures. The composite Kg 32[ZNn;L10.04MnNg gPS3 (1) exhibited spontaneous magnetization
in the form of one broad asymmetric maximum at 27 K. However, Kg24[Cusl]lgosMnogPSs (2) had two
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Accepted 15th June 2017 defined maxima at 24 and 12 K. The observation of a maximum in the imaginary part of the AC
susceptibility data implies the existence of a spin canting phenomenon that would be responsible for the
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spontaneous magnetization. The EPR results are qualitatively consistent with the magnetization data and

rsc.li/rsc-advances reveal that exchange narrowing effects were responsible for the narrowing and broadening of the line shapes.
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1. Introduction

The synthesis and applications of layered compounds are the
aims of many research groups involved in inorganic chemistry,
materials science, and coordination chemistry. This is due to
their many interesting properties, which can be modified by
intercalation reactions. Thus, the magnetic properties of inter-
calated layered compounds have received the attention of
researchers for a long time.'* Many layered compounds can be
intercalated,>””® but among these one of the most interesting
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phases for studying magnetic properties is the antiferromag-
netic MnPS; phase, owing to the unusual magnetic behaviour
observed after intercalation.*>'* In 1980 Clement et al. reported
a dramatic modification of the magnetic behaviour of an
intercalated thiophosphate phase, which exhibited weak ferro-
magnetism at lower temperatures in the final composites.*
This fact motivated many researchers to start working in this
field and to intercalate different organic and inorganic
compounds with the aim of studying the magnetic and other
physical properties of the final composites.>"*™** Many synthetic
pathways have been developed for intercalating different
species.””'*?° One of the most widely used is ionic exchange, in
which the guest is a cation such as potassium, lithium, tetra-
methylammonium, or the 4-[2-(4-dimethylaminophenyl)
ethenyl]-1-methylpyridinium cation (DAMS'), among others.
In this process, the charge of the guest is balanced by the partial
removal of manganese(n) ions from the lamellar host,' which
gives rise to different composites of the formula Méan(l_x)-
PS;. This procedure enables the preparation of useful precur-
sors such as K, 4Mng gPS;-H,0, which is a well-known phase
used for further intercalation reactions of bulky guests such as
macrocyclic complexes.>”**>?' In addition, the K, ,Mn,gPS;-
‘H,0 phase exhibits spontaneous magnetization, which has
been explained by ordered vacancies present along the
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lamellae.>* It is due to this interesting magnetic phenomenon
and the lability of the interlamellar potassium ions that the
Ko.4Mn, gPS;-H,O phase has been widely studied and is still
being utilized to obtain new composites.

In this paper, the magnetic properties of composites ob-
tained by the intercalation of a Zn" or Cu™ macrocyclic complex
using the potassium precursor will be discussed. The partial
exchange of the interlamellar hydrated potassium ions present
in Ko.4Mn, gPS;-H,O for the cationic Zn" and Cu" macrocyclic
complexes was achieved by a microwave-assisted reaction.

2. Experimental
Characterization

Analyses of copper and zinc in the macrocyclic complexes were
carried out with a PerkinElmer AAnalyst 700 spectrometer using
an acetylene/air flame. Analyses of C, N, and H were performed
using a Thermo Fisher Flash 2000 elemental analyzer. FT-IR
spectra were recorded using KBr pellets with a Bruker Vector
22 spectrometer. Magnetic properties were studied by DC and
AC measurements obtained with a Quantum Design SQUID
magnetometer with a SQUID detector (MPMS XL7). AC
measurements were carried out at frequencies of 10 Hz and
1000 Hz. CW-EPR experiments were carried out with a Bruker
Elexsys E-580 spectrometer operating in the X-band at around
9.5 GHz. The temperature was controlled by an ESR-900
continuous-flow liquid helium cryostat and an Oxford Instru-
ments ITC 503 PID controller.

Powder X-ray diffraction was performed at room temperature
using a Bruker D8 Advance diffractometer with Cu Kal radia-
tion in the range of 5° < 26 < 60°. Extraction of the peak posi-
tions was carried out with WinPLOTR* software in the FullProf
suite package. Pattern indexing and refinement of the unit cell
parameters were performed with the DICVOL06 program.*
Integrated intensities were extracted with the Le Bail iterative
pattern decomposition algorithm available in FullProf; two
lines of very low intensity (at 26 = ca. 28.7° and 30.1°) were not
indexed. The origin of these lines is not evident, as they were
observed even for the pristine phase.

Scanning electron microscopy (SEM) was performed using
a Jeol scanning microscope (JSM-5410) with an Oxford Link Isis
energy-dispersive X-ray detector (EDXS). This technique did not
show any chloride ions in the intercalated samples (the data
that were obtained are shown in Table S1, Fig. S1 and S27).

Syntheses

All the solvents were distilled before use; amines and inorganic
salts were used as received from Sigma-Aldrich. Pure elements
were used to synthesize the host MnPS; phase using the ceramic
method reported in the literature.”® The potassium precursor
was synthesized as reported by Clement et al.'® The macrocyclic
complexes were intercalated by a microwave-assisted reaction
(12 min, 800 W), as described by Spodine et al* Milestone
microwave synthesis equipment (LAVIS 1000 Multi-Quant) with
a frequency of 2.459 GHz was used for the exchange reactions.
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2-Hydroxy-5-methyl-1,3-benzenedicarbaldehyde

The dicarbaldehyde, which was used to prepare all the macro-
cyclic complexes, was synthesized by the oxidation of 2,6-
bis(hydroxymethyl)-p-cresol using the procedure described by
Papadopoulos et al.”” The product was characterized by FTIR
spectroscopy and on comparison with the commercial product
displayed the same pattern (KBr pellets): 3028-2924 cm ™" (ve_y,
aromatic ring), 2872 cm™ ' (vc_y, aldehyde), 1681, 1666 cm ™
(vc—o0, aldehyde). Anal. calc.% (CoHgOs3): C, 65.85; H, 4.91.
Found: C, 64.5; H, 5.1.

Homodinuclear asymmetric complexes

Synthesis of [2 + 1] hemicyclic ligand with ethylenediamine.
In 10 mL 2-propanol, 150 mg (0.914 mmol) 2-hydroxy-5-methyl-
1,3-benzenedicarbaldehyde was dissolved with continuous
stirring. Ethylenediamine (27 pL, 0.411 mmol) was added
dropwise and the mixture left to react for one hour at room
temperature. The quantity used corresponded to 90% of the
molar equivalent in order to avoid the formation of macrocyclic
species. The solution was cooled to 5 °C, and the yellow-orange
precipitate (Scheme 1) was washed with 2-propanol and dried
under vacuum.

Hemicyclic ligand (I). Yield: 100 mg, 62%. The FTIR spec-
trum (KBr pellets) that was obtained displays characteristic
vibration bands associated with the hemicyclic ligand: 3030-
2850 cm ™" (vc_y, aliphatic chain from the amine), 1666 cm ™"
(vc—o, aldehyde), 1640 cm™* (vc—y, Schiff base), and 1565 cm™*
(vc—=c, aromatic ring). Anal. calc.% (C,oH,oN,0,): C, 68.17; H,
5.72; N, 7.95. Found for (I): C, 67.8; H, 6.2; N, 7.9.

Syntheses of [2 + 1 + 1] macrocyclic complexes

Two homometallic asymmetric macrocyclic species containing
Zn" and Cu" were obtained via a stepwise reaction by a proce-
dure similar to that reported by Sreedaran et al>*** The
synthesis procedure can be summarized as follows: in order to
deprotonate the ligand, triethylamine (80 pL) was added to

CH, CH,
N OH (o] N [o] N
\\ II \\ /’
\ / \, /
) N
M M
/ /4 ‘\
4 N\, 4 \
N OH © NN W
CH.
3 CH,

Scheme 1 Hemicyclic ligand (I) and asymmetric macrocyclic
complexes [M,LCL,]-xH,O (where M = Zn""and x = 0, or M = Cu'" and x
= 2) (charges, chloride ions and water molecules have been omitted
for clarity).

This journal is © The Royal Society of Chemistry 2017
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0.273 mmol I (96 mg) suspended in 2-propanol. A solution of
a metallic salt (0.545 mmol, i.e., 75 mg ZnCl, or 93 mg CuCl,-
-2H,0) in 10 mL 2-propanol was added dropwise, and the
mixture was reacted for one hour. Finally, o-phenylenediamine
(0.273 mmol, 30 mg) was added, and the reaction mixture was
stirred at room temperature for 24 hours. The solid was filtered
off, washed with 2-propanol and methanol, and dried under
vacuum (Scheme 1).

[Zn,LClL,] (II), C26H,ClLN,0,Zn,. Yield: 145 mg, 85%. Anal.
calc.%: C, 50.03; H, 3.55; N, 8.98; Zn, 20.95. Found: C, 50.2; H,
3.6; N, 8.8; Zn, 20.5.

[Cu,LCL]-2H,0 (1), C,¢H,6ClL,N,0,Cu,. Yield: 156 mg,
87%. Anal. calc.%: C, 47.57; H, 3.99; N, 8.53; Cu, 19.36. Found:
C, 47.9; H, 4.1; N, 8.4; Cu, 18.9.

The FTIR spectra (KBr pellets) of the Zn" and Cu" macro-
cyclic complexes that were obtained display three main vibra-
tion bands: at 3030-2850 cm ' (vcy, aromatic ring and
aliphatic chain from the amine), 1640 cm™ " (vc—y, Schiff base),
and 1565 cm™" (vc—c, aromatic ring). A band typical of ortho

substitution of the aromatic ring is also observed at 760 cm™ ™.

Synthesis of the pristine MnPS; phase and the potassium
precursor Ko ;Mn, gPS;-H,0

The pure MnPS; phase was synthesized using the ceramic
method, as described in the literature.*® High-purity elements
(Mn, P, and S) were mixed in a molar ratio of 1:1:3 and
reacted in a quartz tube in an argon atmosphere at 750 °C for
seven days. Then, the reactor was slowly cooled down, and
a green polycrystalline phase of Mn" was obtained. The purity of
the phase that was obtained was confirmed by SEM-EDX and
powder X-ray diffraction.

The potassium precursor was synthesized by stirring
a suspension of the solid MnPS; phase with a 2 M aqueous
solution of KCl for 24 h at room temperature.” The light green
potassium precursor that was obtained was characterized by SEM-
EDX, which confirmed a stoichiometry of K, ;Mn, gPS;-H,0.

Microwave-assisted exchange reaction of the interlamellar
potassium ions with the macrocyclic complexes

The potassium precursor K, 4Mn, gPS;-H,O (150 mg) was sus-
pended in 15 mL methanol, which contained 0.16 mmol of the
corresponding macrocyclic complex, and irradiated with
microwave radiation (800 W) for 12 minutes. The solid was
filtered and washed with ethanol followed by DMF until the
solvent appeared colorless.

The exchange reaction was partial and enabled the prepa-
ration of the following composites: Ky 35[Zn,L]o.04Mng gPS3 (1)
and Ky 4[Cu,L]o.0sMng gPS; (2), of which the stoichiometry was
determined by SEM-EDX analyses and atomic absorption.

3. Results and discussion
Synthesis and structure

To calculate the stoichiometry of the complexes, the first coor-
dination sphere of the copper(u) and zinc(u) centers was
assumed to be pentacoordinate, as reported in the literature for

This journal is © The Royal Society of Chemistry 2017
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similar complexes, of which the geometry was determined by
single-crystal X-ray diffraction.***® The known structures show
that the chloride ions occupy axial positions with each one
bound to one metal center in a trans conformation. In addition,
the copper(i) complex was shown by TGA to be a dihydrate,
whereas the zinc(u) complex is anhydrous. Hence, both metal
centers have a similar first coordination sphere, which is
formed by a square base defined by the N,0, donor atoms of the
ligand, and the axial positions are occupied by the chloride
anions.

In this work, intercalation was carried out by a microwave-
assisted reaction in order to reduce the reaction time to a few
minutes, as previously described.* Thus, the macrocyclic
complexes were intercalated in the form of cationic species, and
the axial positions of the metal centers became free and avail-
able for possible interactions with protruding sulfur atoms in
the layers of the host. The intercalation of these complex species
in the interlamellar space produces composites with different
properties in comparison with those of the precursor
Ko.sMn, gPS; - H,0.371%

The precursors and composites were characterized by FTIR
spectroscopy. The pristine MnPS; phase displays only one
vibration band at 570 cm ™, which is attributed to PS; groups,
and a weak band at 450 cm™' due to P-P bonds.' In the
spectrum of the Ky 4Mn, gPS;-H,0 phase the vibration due to
PS; groups is split into two bands at 580 and 560 cm ™" owing
to vacancies that were created, which modified the environ-
ment of some of the PS; groups. A band at 450 cm ™" is present
in all the recorded spectra, which provides evidence of P-P
bonds and therefore the existence of the lamellar structure. In
the spectra of the final composites (1) and (2) a common
pattern is observed: bands from 1800 to 1000 cm ' due to the
guest and bands from 600 to 400 cm ' due to the host
(Fig. S31). The continued splitting of the vibration corre-
sponding to the PS; groups implies the existence of vacancies
in the layers, which were generated when the potassium
precursor was prepared.

The powder diffractograms of the phases that were studied
are shown in Fig. 1, and the unit cell parameters used to index
them are listed in Table 1. As reported in the literature, the
pristine phase has a monoclinic C2/m unit cell,*” in which the
value of the 6 angle of 107° is far from the expected value of 90°.
This deviation can be assumed to be due to the repulsion of the
protruding sulphur atoms in adjacent layers. After the interca-
lation of the potassium ions, an increase was observed in the ¢
parameter.®® The c-axis is related to the stacking of the layers,
and this increase has been explained by the presence of
hydrated potassium ions in the interlamellar space.”® To index
the patterns of Ky 3,[Zn,L]y04Mng gPS; (1) and Kg 24[Cu,L]p 08
Mn, ¢PS; (2) (Fig. S4 and S51), a monoclinic unit cell with the
same symmetry as that of the pristine phase (C2/m) was used.

A new increase in the ¢ parameter from 9.64 to ca. 10.44 and
10.45 A for (1) and (2), respectively, was observed in the final
composites, which was now due to the insertion of the guest
molecules.

The interlamellar spacing in the composites was determined
to be ca. 10 A. Because the macrocyclic species have a length of

RSC Adv., 2017, 7, 3330533313 | 33307
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Fig.1 Powder X-ray diffractograms of (a) the pristine MnPSz phase, (b)
the potassium precursor Ko 4Mng gPS3-H>,O and the composites ob-
tained by the intercalation of (c) the Zn" complex (1) and (d) the Cu"
complex (2). Beyond 16° the diffractograms are magnified owing to the
low intensity of the lines.

Table 1 Unit cell parameters of the investigated phases

(A,°)  MnPS; (ref. 37)  Ko4MnggPS;-H,0%* (1) (2)

a 6.07 6.11 6.10 6.10
b 10.52 10.59 10.54 10.53
c 6.79 9.64 10.44 10.45
I 107.35 102.20 102.56 102.67

ca. 14 A and a width of 10-13 A, depending on the lateral
amines, it is possible to assume that the macrocyclic species in
the final composites are parallel to the layers.” In conclusion,
there will be an interaction between the free axial positions of
the metal centers in the complex and the protruding sulphur
atoms in the layers, as shown in Scheme 2. Because the distance
between the metal centers in the macrocyclic complexes is ca. 3
A and the distance between the sulfur atoms in the host is 3.4-
3.5 A, it is possible to assume that one metal center should
interact with a sulphur atom in one lamella and the second
center with a sulphur atom in an adjacent lamella to recover
their initial pentacoordination.

o an an ol # =Mn
{ [ | ) b 0 =P
® =S
(:)—O—Q O M=2Zn"orcCu"
o o an AN
2 ¢ v \ dy.m =3A )
dss=3.4-3.5A

Scheme 2 Proposed interaction between the metal centers of the
macrocyclic guest and the sulfur atoms of the lamellar host.
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Magnetic properties of the lamellar phases

Pristine phase (MnPS;). The structure and magnetic prop-
erties of the pristine MnPS; phase have been widely studied,
and it is known to be a layered system in which both the
magnetic and the crystallographic lattice are two-dimensional.**
The metal ions within a layer form a honeycomb structure,
which corresponds to a hexagonal arrangement in which each
Mn" center has three nearest neighbors that are coupled anti-
ferromagnetically. This leads to the formation of an antiferro-
magnetic phase with a Néel temperature of 78 K,** and it is
reported in the literature that the magnetic dipoles are
perpendicular to the layers and slightly tilted with respect to the
direction of the external field.**** In addition, despite the fact
that the MnPS; layers are separated by a van der Waals gap,
coupling occurs between the layers, which is evidenced at
temperatures of around 12.5 K.** The nature of this inter-
lamellar interaction is still not completely clarified, as some
authors have defined it as antiferromagnetic coupling and some
as ferromagnetic coupling.*»** Details that relate to the
magnetic properties of MnPS; are given in the ESI (Fig. S6 and
S77).

The EPR spectra of MnPS; were recorded in the range of 4-
300 K, and some selected spectra are shown in Fig. 2. From
these data, two prominent features can be observed. Firstly, at
all temperatures the EPR spectra can be well fitted to a single
Lorentzian line with an isotropic g-factor, as shown in Fig. 2.
Secondly, as the temperature decreases the spectrum of the
pristine phase decreases in intensity, accompanied by increased
broadening. At all temperatures a single line is observed, in
accordance with the fact that in the case of the pristine MnPS;
phase all Mn" ions are structurally and magnetically equivalent.

Fig. 3 shows plots of the line shape parameters as a function
of temperature. The parameters (line width, g-factor and area)
were determined directly from the Lorentzian fit of the

-200

-400 =

Absorption derivative (a. u.)

-600 -

T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Magpnetic field (G)

Fig. 2 EPR spectra of the pristine MnPSs phase at selected tempera-
tures. The experimental spectra are shown as thick gray traces and the
numerical fits, assuming a Lorentzian line shape, are shown as thin
black traces. Temperatures are indicated on the left and plot magni-
fications on the right. Microwave frequency: 9.4825 GHz.

This journal is © The Royal Society of Chemistry 2017
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experimental spectra. This implies that the paramagnetic center
can be described as having a spin of S = 1/2 with an isotropic
Zeeman interaction. By analyzing the behaviour of the data, the
entire temperature range can be divided into three regions.
Below 15 K (region I) complex behaviour is observed, which is
characterized by the largest line widths and g-factors and the
lowest line intensities. All three parameters reach a maximum
around 12 K in the same region where a transition was observed
in the susceptibility data (Fig. S67). At temperatures below this
level, the line width remains roughly constant but the line
intensity decreases to values close to zero, whereas the g-factor
exhibits a slight increase. We regard this behaviour to be
a consequence of the increase in magnetic order accompanied
by the slowing down of spin fluctuations that takes place at low
temperatures below 12 K. However, owing to the complexity of
the behaviour that was observed, we have not reached a better
understanding of this matter.

Above 15 K (in region II) all three parameters remain almost
insensitive to temperature until a second, broad transition,
which is centered at 78 K, is approached. The line width data
(top plot in Fig. 3) display the typical behaviour that is expected
for an exchange narrowing process. As the temperature
increases in region II, the line width stays almost constant until
an increase in spin fluctuations causes an abrupt narrowing of
the spectra at around 55 K. Then, upon an increase in temper-
ature in region III, the line width gradually approaches its
smallest observed value of 110 G at 300 K.

However, the apparent small decrease in line intensity with
an increase in temperature in region III does not exhibit Curie-
Weiss behaviour, as is observed for the static susceptibility data
in Fig. S6.f The intensity of the EPR signal should depend
strongly on the temperature because of the Boltzmann pop-
ulation of spin states; the higher is the temperature, the lower is

| I : I
1000 | .-'--i_ ! L
() bl WY " |
= - ] H g i
g 5004 T ; . L
S 0 i T.-.llllll_-
: : ——— n o=
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5 [ ] -.... Il:... . i n 3 |
© 2,02+ i LI L
& “ : !
> 2,00 i .*.-.lll mEm Em |
T T T T T T
1 ! ! P |
_ 75 | v :
3 50 ! ! "
s l...:... n -i
s 2,54 i -y i L
g - LI -
< 0,0 ','.'.'.'..,. | . —
10 100

Temperature (K)

Fig. 3 Parameters of the EPR spectra of the pristine MnPS3 phase as
a function of temperature. From top to bottom: plots of the separation
in Gauss between the maximum and minimum of the first-derivative
line shape (width), the g-factor calculated at the central position of the
line, and the area under the line calculated by double integration of the
spectra. The dashed lines represent the boundaries of the delimited
regions |, Il and Il at 14 K and 55 K, respectively.
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the intensity for a normal doublet state of a paramagnetic
center. We believe that the dynamic behaviour of the spin,
which is not detected by static measurements, may cause such
an anomalous dependence of the line intensity on the temper-
ature in the paramagnetic region. Because the spins are
exchange-coupled, different spin manifolds in the fine structure
may display different temperature dependences. Owing to the
narrowing process, it is most probable that the Lorentzian
signal that was observed arises predominantly from compo-
nents with values of My = +1/2, which give rise to a partial
contribution that does not reflect the entire spin population.

The transition from region II to region III has a strong effect
on the value of the g-factor. The gyromagnetic factor undergoes
an abrupt decrease from 2.022 at 40 K to 2.0056 at 50 K and then
decreases gradually to 2.0028 at 300 K, which is close to the
value for a free electron. Furthermore, another puzzling effect is
related to the line intensity. The line intensity does not remain
constant at the transition from region II to region III; instead,
the line intensity exhibits an abrupt and significant increase at
55 K with the increase in temperature. The simplest explanation
of this fact is based on the motional narrowing process. At
temperatures below 55 K a significant portion of the resonance
band may be too broad to be observed, as it is probably hidden
by the spectrum baseline. With an increase in temperature,
broadening interactions may be partially averaged by spin
fluctuation processes and narrowing becomes more effective,
which brings part of those hidden features toward the center of
the spectrum and leads to a consequent increase in line
intensity.

On the basis of this scenario, it is possible to infer that the
single isotropic line observed in the EPR spectra of pristine
MnPS; is due to Mn" ions coupled by exchange interactions in
the exchange narrowing regime. In this case, exchange inter-
actions are responsible for the absence of fine structure and
hyperfine splitting in the recorded spectra at all temperatures.

Ko.4Mn, gPS; - H,0 phase. When the MnPS; phase reacts with
monovalent cations such as K', a dramatic modification of its
magnetic behaviour is observed in the low-temperature range.*
Fig. S81 shows the DC susceptibility data for the K, 4Mn, gPS;-
-H,0 phase plotted as a function of temperature. The insets of
Fig. S8t show, besides the ordering temperature in the range of
50-60 K, another phase transition at a lower temperature, which
is evidenced by a sharp peak in the susceptibility at 16 K. While
in the pristine phase, the phenomenon at 12 K is assigned to
interlamellar interactions, whereas for the potassium precursor
the coupling at 16 K is intralamellar. This phase transition is
ascribed to the formation of ordered vacancies in the structure
of Ko 4Mn, gPS;-H,0, which generate a superstructure along the
layers, as has been confirmed by neutron diffraction.>*****

Two models have been proposed to explain this magnetic
behaviour at low temperatures. The first is based on uncom-
pensated antiferromagnetism due to the presence of the created
vacancies, whereby near one vacancy three Mn" ions have the
same orientation, and the second assumes spin canting due to
Dzyaloshinsky-Moriya interactions.*>**

Fig. S91 shows the AC susceptibility results for the K, 4-
Mn, gPS;-H,0 phase. These data should be compared with
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those obtained for the pristine phase (Fig. S71). Whereas no
peaks were observed for MnPS;, in contrast the AC data for the
potassium precursor indicate the onset of a magnetic phase
transition at low temperatures, because a peak at ca. 16 K is
observed for both the in-phase and out-of-phase components of
the susceptibility. The fact that the in-phase and out-of-phase
susceptibility data exhibit maxima at similar temperatures is
evidence of spin canting effects.

Fig. 4 shows the EPR spectra of the K, 4;Mn, gPS;-H,0 phase
recorded at temperatures of 6 K, 10 K, 20 K, 30 K and 60 K in the
range of 1 kG to 6 kG. The data display completely different
behaviour at low and high temperatures, as can be observed in
the plots. The temperature spectra above 20 K are characterized
by sharp Lorentzian lines with a value of g = 2, in a similar way
to those observed for the pristine phase (Fig. 2). Below 30 K the
spectra acquire a broad and structured shape and exhibit
intensities at completely different effective values of g. Besides,
an increase in temperature leads to a gradual and monotonic
narrowing of the spectral features towards the high-
temperature Lorentzian shape limit. It is also important to
note that there is no evidence of nuclear hyperfine splitting of
manganese in the spectra shown in Fig. 4. The observed nar-
rowing of the spectra indicates that exchange effects are active
over the entire temperature range and are able to collapse the
spectra into a single line above 20 K. Therefore, the overall
behaviour of the EPR spectra of K, 4Mn, gPS;-H,0 is consistent
with its magnetization data (Fig. S8%), because the narrowing of
the spectra coincides with the observed transition temperatures
of 16 K and 50 K. When thermal energy overcomes the ferro-
magnetic interactions that produce the transition at 16 K, the
spins can fluctuate more easily, which causes the narrowing of
the spectra. Besides, the proximity of the second phase transi-
tion observed in the range of 50-60 K can also contribute to the
promotion of the narrowing process. The fact that such struc-
tured spectra were not observed for the pristine phase (Fig. 2)
can be ascribed to the above mentioned formation of vacancies

K, ,Mn, .,PS
—~ 750 0.4V Mg gFS3
5 60 K x1
S 1
X
2 500 30K
S {20K x3
3
e 2507140k x3 [
9
s 6K x3
S 041 |
Q
<
1000 2000 3000 4000 5000 6000
Magnetic field (G)

Fig. 4 EPR spectra of the Kp4MnggPSs-H,O phase at selected
temperatures. Temperatures are indicated on the left and plot
magnifications on the right. Microwave frequencies: 9.489 GHz (6-30
K) and 9.471 GHz (60 K).
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in the structure of K, 4Mn, gPS;-H,0. The average number of
magnetic nearest neighbors of some Mn" ions decreases as
vacancies are created, which favors the formation of Mn" sites
with differences in magnetic coordination and environment.
Moreover, magnetically isolated Mn" sites and small Mn"
clusters are not expected to exist in this composite.*

Owing to the presence of structurally organized vacancies,
each manganese ion in K, 4;Mn, gPS;-H,0 must be coordinated
to two or three nearest-neighbor manganese ions. Therefore, it
is expected that all spins can be strongly coupled by dipolar and
exchange interactions to form an extended two-dimensional
lattice. Under such conditions, a quantitative estimation of
resonances is difficult to accomplish, in particular when
exchange narrowing processes are considered. It is important to
remark that, as far as we know, there is no available software or
practical mathematical tool capable of computing EPR spectra
in the exchange narrowing (or slow-motion) regime in a case
when S > 1/2. Looking toward future work, we are deeply
involved in the development of new software tools to improve
our knowledge of the present EPR problem.

Composites based on the macrocyclic complexes

In relation to the magnetic properties of composites based on
the intercalation of the MnPS; phase with different molecules,
in the literature are reported composites with organic guests***
and mononuclear M" (Ni")® or M™ (Mn™, Fe', Co™)
complexes.”>* In 2011, the magnetic properties of composites
with an intercalated dinuclear symmetric macrocyclic Zn"
species were reported.® In some of the reported composites,
spontaneous magnetization was observed below 40 K. However,
owing to the different preparation methods, the final compos-
ites had different Mn™ concentrations, which corresponded to
the lamellar host. This determined that the composites dis-
played different magnetic behaviour and even exhibited para-
magnetism in the case of [Co(salen)]y.o;Mng 65PS; - H,O owing to
the substantial dilution of the Mn" ions present in the layers.*
Fig. 5 shows the DC susceptibility data for the composites
based on the macrocyclic Zn" and Cu™ complexes. Above 48 K the
susceptibility curve displays Curie-Weiss behaviour in both cases
(plots (c) and (d)). The Curie constant C can be derived from
a high-temperature plot of 1/xy vs. T, which results in values of C
= 4.93 and 5.31 emu K mol ', which give effective magnetic
moments of 6.30 up and 6.52 ug, respectively. The pristine MnPS;
phase exhibits bulk antiferromagnetic behaviour, which is evi-
denced by a @ value of —250 K, whereas the potassium precursor
Ko.4Mny sPS;-H,O exhibits weakened bulk antiferromagnetism,
with a @ value of —100 K. The composites Ko 3,[Zn,L].04Mng gPS3
(1) and K24 Cu,L]p0sMng gPS; (2) retain the weakened bulk
antiferromagnetism, with ® values of —90 and —85 K, respec-
tively (Fig. 5). The last two values are within the range of that of
the potassium precursor. Moreover, these reduced values,
together with that of the potassium precursor, are indicative of
the existence of vacancies in the layers of the composites, which
weaken the antiferromagnetism observed in the pristine phase.
The spontaneous magnetization observed in the Zn" and
Cu" composites exhibits different behaviour depending on the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Susceptibility plots for the composites obtained by the inter-
calation of the macrocyclic Zn" complex Ko 32[Zn;Llo.04MNg PS5 (a, ©)
and the macrocyclic Cu'" complex Kq 24[CusLlg 0sMng gPS3 (b, d).

nature of the metal centers in the intercalated macrocyclic
complexes (Fig. 5). For Ky 3,[Zn,L]o.04Mng gPS; the spontaneous
magnetization is less intense in comparison with that of the
potassium precursor, and the maximum xy7T value is shifted
from 16 K to a higher temperature of 27 K; besides, the observed
peak has an asymmetric form. On the other hand, the T curve
for Kg.24[Cu,L]o.0sMn, gPS;3 displays two well-defined peaks at 24
and 12 K.

The fact that the Zn" composite exhibits one asymmetric
maximum in the yT plot, whereas the Cu" composite displays
two well-defined maxima, implies that there are two ordering
temperatures in the composites. These observed phenomena
may be related to the presence of two diamagnetic species in the
Zn" composite, namely, potassium ions and the macrocyclic
Zn" complex, whereas both diamagnetic potassium ions and
ions of the antiferromagnetically coupled macrocyclic Cu"
complex coexist in the Cu" composite. Thus, the Cu" ions can
be considered to be paramagnetic species that interact via the
axial positions with the protruding sulphur atoms in the layers,
which shifts the second maximum to slightly lower tempera-
tures in comparison with the asymmetric maximum for the Zn"
composite and thus generates two ordering phenomena at 12
and 24 K.

For the diamagnetic Zn"-based composite, the real part of
the AC susceptibility x' displays a maximum at 28 K (Fig. 6(a)).
This phenomenon can also be observed for the DC suscepti-
bility data, as shown in Fig. 5. The existence of the peak in the
in-phase component of the AC susceptibility can be considered
to represent a magnetic phase transition to an ordered state.
Because no frequency dependence is observed in the AC data,
the occurrence of spin glass behaviour can be excluded.>***

The observation of a maximum at 28 K in the imaginary part
of the AC susceptibility (Fig. 6(b)) is important, because it
implies the existence of a partially canted antiferromagnetic
structure that generates a weak ferromagnetic response in the
solid.**

This journal is © The Royal Society of Chemistry 2017
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The temperature dependence of the real part of the AC data
for Ky ,4[Cu,L]o.06Mng gPS; (2) exhibits no dependence on the
frequency, as was the case for the previously studied Zn"
composite. The maxima present in the x'(7) plot are also
observed in the x”(T) plot at similar temperatures (Fig. 6(c) and
(d), respectively). For the Cu™ composite, the maximum at 12 K
is more intense than that observed at 24 K. Thus, the existence
of two magnetic lattices with different ordering temperatures
can be inferred.

As the AC magnetic behaviour of the two composites is also
dependent on the guest, these phenomena can be associated
with the influence of the interlayer interactions between the
metal ions present in the macrocyclic complexes and the
protruding sulphur atoms in two adjacent layers on the
magnetic properties of the Mn" ions.

1 1 1 1
(@) Ko 32[2n,L] g4Mng gPS3

1 1 1 1
600+ (b) Kg 24[GuL1g 0gMno gPS3 [

400

Absorption derivative (a. u.)
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Fig. 7 EPR spectra of the composites at selected temperatures.
Microwave frequencies: (a) 9.489 GHz, (b) 9.488 GHz.
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Fig. 7 summarizes the EPR spectra recorded for these
composites at selected temperatures. As can be observed, the
spectra are similar for both composites, and their overall
behaviour as a function of temperature resembles that of the
potassium precursor. Therefore, most of the above discussion
can also be reproduced here. However, an interesting feature of
the Zn"™ and Cu" composites that was not observed in the
spectrum of the precursor phase is the apparent expansion of
the spectra over a wider range of field strengths as the
temperature increases from 6 K to 20 K. The strong peak
observed below 2500 G shifts significantly towards lower field
strengths as the temperature increases to 30 K, whereas the
peak above 3500 G shifts to higher field strengths. The collapse
of the spectra into a single line is only observed above 30 K. The
fact that the observation of a single line in the spectra of the
composites occurs at a higher temperature than for the
precursor phase can be related to the broader spontaneous
magnetization curve of the composites.

4. Conclusions

The composites Ky 3,[Zn,L]o.0sMng gPS; (1) and Ko 24[CuyL]o s
Mn, gPS; (2) contain two kinds of guest in the interlayer space of
the host MnPS;, as evidenced by their SEM-EDX data. As
inferred from the FTIR spectra, the vacancies created in the
MnPS; layers are not strongly modified by the partial interca-
lation of the complex species in the interlamellar space of
Ko.4Mn, gPS;-H,0. Whereas for K 3,[Zn,L]y.04Mng gPS;3 (1) the
existence of two magnetic lattices with similar ordering
temperatures can be inferred, the existence of two magnetic
lattices with different ordering temperatures was detected for
Ko.24[Cu,L]o.0sMn, gPS; (2). Finally, as the magnetic phenomena
of the two composites are dependent on the guest, these
observations can be associated with the interlayer interactions
of the metal centers of the guest macrocyclic complexes and the
potassium ions with the protruding sulphur atoms in the layers,
which affect the magnetic properties of the Mn" ions. The EPR
spectra of pristine MnPS; in the temperature range of 4-300 K
can be described by a single Lorentzian line, which is charac-
teristic of an exchange narrowing process. The temperature
dependences of the line shape parameters are in qualitative
agreement with the magnetization data. The EPR spectra of the
Ko.4Mn, sPS;-H,O phase and the Zn" and Cu™ composites are
similar but differ from that of the pristine phase below 30 K by
exhibiting a structure composed of broad lines at different g-
values. In no case was a hyperfine structure observed. The
structured spectra can be qualitatively described in terms of the
S = 5/2 manifold of Mn" spins subjected to dynamic processes
governed by electron-electron interactions controlled by the
temperature, which is the fundamental factor that dictates the
narrowing (and broadening) of the spectra with an increase in
temperature.
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