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Introduction molecules at the corners of each octahedron; the other

Double salts dihydrates with a krohnkite-type
framework have attracted attention in several fields
of science and technology due to their excellent
structural stability and a large diversity of their
properties, offering a wide range of possible appli-
cations. For instance, polyanions (XOg" -based
materials have been explored as compounds for
alkali-metal ion batteries [1-5].

This type of system has empirical formula A,.
M(XOy)>(H>0),, where A is an alkaline metal ion,
hydrogen cation, or ammonium ion (Na*, K, Rb*,
Cs*, H", NH,", or Ca**), nis equal to 1 or 2, M is a
metallic ion, such as Mg®", Mn*", Fe**, Co*", Ni*™,
Cu?t, Zn?*, Cd**, APY, Fe*T, In®t, and TI**. X is a
site type that can be occupied by P°*, As®*, S°*, Se®™,
Cr®*, Mo®*, and W®* ions [6-10].

Although the literature has offered a range of
experimental results of krohnkite-type double salts
[1-16], studies involving sulfate-based krohnkite
containing manganese and potassium are scarce. The
KoMn(S0,),(H20), structure was firstly described by
Fleck et al. [7]. According to the authors, the crystal
structure is constituted by SOy-tetrahedral and
MnOg-octahedral units. The structure has two H,O
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four atoms are bridging oxygens shared with [SO,]*~
ionic units. Furthermore, potassium atoms are con-
nected to oxygens that link the tetrahedral-octahedral
chains forming a three-dimensional kréhnkite-type
structure.

To the best of our knowledge, there is no data
available on the physical and chemical properties of
KoMn(S04)2(H20),. So here, a comprehensive study of
the structural, morphological, thermal, vibrational,
and optical properties of KoMn(SO4),(H,O); crystal is
proposed. However, this work is not only limited to the
experimental reports. First-principle calculations
based on the density-functional perturbation theory
(DFPT) were performed to support the assignments of
vibration modes observed through Fourier-transform
infrared (FT-IR) and Raman spectroscopy. In addition,
the crystal-field strength and the Racah interelectronic-
repulsion parameters were evaluated from the optical
spectrum and Tanabe-Sugano diagram.

By virtue of the inexpensive synthetic procedure
and the possibility of color tunability by changes in
the Mn coordination number and crystal-field
strength, KoMn(50,4),(H,0), arises as a promising
material for optical applications. Divalent manganese
cation (d° configuration) has been used as an efficient
luminescent center in many host matrices [17-21].
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Experimental details

Synthesis of K,Mn(S0,),(H,0), single
crystals

KoMn(SO,)»(H20), single crystals, labeled as K.
MnS,H,0,9, were grown by slow solvent evaporation
from a saturated solution at a constant temperature
(27 °C). For that, K,S0O, and MnSO4(H,0) (both from
Sigma-Aldrich, purity > 99%) were used as starting
materials in a 1:1 stoichiometric ratio (8.713 g:8.451 g,
respectively). The precursor compounds were
homogenized in 50 mL of deionized water using a
magnetic stirrer (360 RPM) for 5 h, under a constant
temperature of 323 K. The solution obtained was fil-
tered to remove possible impurities and thereafter
kept at 308 K for nucleation and crystal growth.
Single crystals of light pink color with dimensions
around 1.10 x 0.20 x 0.11 cm® (L x W x H) were
harvested in 21 days. The crystals were removed
from the solution by filtration, washed with acetone,
and dried for 24 h at 308 K in atmospheric air.

Material characterizations

Powder X-ray diffraction pattern (PXRD) of pow-
dered sample was acquired using a Panalytical
Empyrean diffractometer operating at 40 kV/40 mA
with Cu-Ko (1.54056 A) radiation. The measurement
was performed at room temperature in the angular
range of 20 = 12-40° with steps of 0.02° and an
acquisition time of 2 s. Rietveld refinement [22] using
the GSAS/EXPGUI software [23, 24] was applied to
the experimental pattern.

The surface morphology, microstructure, and ele-
mentary analysis were obtained by means of scan-
ning electron microscopy (SEM) observations (JEOL
JSM-7100F) coupled to an energy-dispersive X-ray
spectroscopy analyzer (EDX). In addition, high-reso-
lution transmission electron microscopy (HRTEM)
images and electron diffraction of a selected area
were acquired using a JEOL microscope (JEM 220FS-
Cs model). SEM samples were prepared by directly
spreading the powder over a carbon tape and coated
with Au by sputtering. TEM samples were prepared
in an ultrasonic ethanol dispersion, where a drop was
used to deposit the material in a holey-carbon
200-mesh grid.

Thermogravimetry (TG) and differential thermal
analysis (DTA) measurements were carried out in a
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simultaneous thermal analyzer Netzsch—STA 449 F3
Jupiter. In this synchronous thermoanalytical com-
plex, the DTA data are converted into a heat flow
(mW/mg) by an indirect measure since the sample
and the reference share the same heat source. A fine
powder sample weighing 19.78 mg was uniformly
distributed on the platinum crucibles bottom (refer-
ence sample) and heated from 300 to 1253 K with a
heating rate of 10 K/min under nitrogen atmosphere
(50 mL/min).

FT-IR spectrum (average of 32 scans) of powdered
sample mixed with KBr (KBr pellet method) was
measured using a Bruker spectrophotometer (model
Vertex 70 V). The data were recorded in the
wavenumber range between 4000 and 400 cm ™!, with
a spectral resolution of 4 cm™".

Raman spectroscopy was performed at ambient
conditions using a Jobin—Yvon T64000 Raman spec-
trometer (three coupled 640 mm monochromators
with 1800 grooves/mm holographic gratings)
equipped with a charge-coupled device detection
system. The sample was excited by the 514.5 nm line
of a solid-state green laser. The average laser power
on the sample surface was 2 mW using a 20 x lens,
0.25 aperture, and 26.5 focus. The Raman spectrum
was recorded with an average of seven accumula-
tions with 60 s time each, with a spectral resolution of
2cm™

Absorbance and transmittance spectra in the
200-700 nm wavelength region were assessed by an
Evolution 220 UV-Vis-NIR spectrophotometer of
dual-beam with a deuterium lamp from Thermo
Scientific.

Fluorescence spectroscopy measurements in the
emission and excitation regimes were performed by
means of a Shimadzu spectrofluorometer (model RF-
6000) using a Xe flash lamp as an excitation source.
The emission spectrum was deconvolved using the
color matching functions established by the Com-
mission Internationale de 1’Eclairage (CIE) 1931 for
color spaces [25].

Computational calculations

The vibrational frequencies of the krohnkite-type
KoMn(SO,),(H,O), structure were estimated via a
dynamical matrix calculated by the DFPT [26, 27],
implemented in the QUANTUM-ESPRESSO plane-
wave code [28, 29]. For the exchange—correlation
potential, the local spin density approximation
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(LSDA) [29] was adopted, considering the Perdew-
Zunger functional [30] with 4 x 4 x 4 Monkhorst-
Pack k-points [31] and a plane wave cut-off of 150 Ry.
For the dispersion correction, the Grimme-D2
method was used [32]. The structure was fully
relaxed (including the cell parameters) until the for-
ces became smaller than 1 x 107* Ry/Bohr, stress
less to 0.01 kbar, and an energy thresh-
old =1 x 107 '* Ry.

Results and discussion
PXRD and Rietveld refinement

The PXRD pattern of K;MnS,H4O; crystal and cor-
responding refined pattern are shown in Fig. 1a. The
cell parameters obtained are: a = 6.575(4) A,
b=73350G) A,  c=1069806)A,  «=7293(1)°,
B =7395B3)°, y=69.72(4)°, and V =453.44(9) A®,
confirming that the double salt crystallizes in the
triclinic symmetry, P1 (C}) space group with two
formulas per unit cell (Z = 2). The final weighted
(Ryp), R-factor profiles (R,), and the goodness of fit
indicator (S) were 12.4%, 8.8%, and 1.6, respectively.
These values indicate that there is a good agreement
between the literature data (ICSD-95862) [7] and the
experimental pattern obtained herein.

A projection of the unit cell in polyhedral and ball-
and-stick model are shown in Fig. 1b. The structure is
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formed by infinite [Mn(SO,),(H,0),]*~ tetrahedral-
octahedral chains, in which MnOg octahedral units
are corner-linked to SO, tetrahedral ones by inter-
molecular interaction [8], as pictured in Fig. 1c.
Moreover, hydrogen bonds are formed between the
two independent H,O molecules and SO, tetrahe-
drons, while the adjacent kréhnkite chains are con-
nected to two distinct potassium atoms [7].

SEM and EDX characterizations

Figure 2a depicts an SEM image of a K;MnS,H,049
crystal as grown, in which its morphological charac-
teristic in a polygonal-like shape can be noticed.
Imperfections such as pores and cracks are also
observable. Likely, the uncontrolled solvent evapo-
ration rate directly influenced the structural order
producing defects on the crystal surface during solid-
phase growth.

Qualitative analysis by EDX spectroscopy on the
crystal is shown in Fig. 2b. The elemental evaluation
reveals the K, Mn, S, O, and C as sample constituents.
The signal at 0.277 keV is attributed to the carbon
from the carbon tape assembled in the sample holder.

HRTEM observations

Bright-field HRTEM observations of K,MnS,;H401,
the same used in the XRD analysis, were conducted
in seeking a more meaningful understanding of when

Figure 1 a PXRD pattern at °

room temperature of . K,MnS,H,0

K,MnS,H404 crystal, along
with the corresponding ! °
Rietveld refinement analysis.
b Salt unit cell in the triclinic 7
phase along the b-axis
showing the hydrogen bonds
formed with H,O molecules.
¢ 2 x 2 x 2 supercell parallel
to the krohnkite-type

[Mn(SO4)»(H,0),]*~ chains.
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Figure 2 a SEM micrography, and b EDX elemental analysis
spectrum of a KoMnS,H401 crystal.

the crystal is pulverized. As observed in Fig. 3a, the
material in powdered form is characterized, as
expected, by particles of irregular-shaped morphol-
ogy. Herein, a particle (average diameter ranging of
0.3-1.8 pm) represents a grain agglomerate. It is
important to know that the K,MnS,H,04¢ crystal is
extremely sensitive to electron beam radiation
(Fig. 3b). After several attempts, a grain edge detail
was obtained, as depicted in Fig. 3c. Electron
diffraction of a selected area (Fig. 3d) corroborates
the triclinic ordered atomic pattern, very similar to
that reported for a triclinic phase of tricalcium silicate
crystal [33].

Thermal (TG and DTA) analyses

TG-DTA coupled thermograms in the temperature
range between 300 and 1253 K are shown in Fig. 4. In
the TG curve, it is noticed that the K,MnS,H,O,
crystal is thermally stable from 300 K up to near
360 K. However, in the interval between 380 and
470 K, there are mass changes associated with the
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dehydration of the double salt. The total mass loss
corresponds to 8.39% (35.74 g/mol), equivalent to
removing two metal-coordinated H,O molecules. In
the DTA curve between 300 and 470 K, it is possible
to identify two endothermic peaks (Table 1). The
peak (I) suggests a conformational phase change into
the crystal lattice, since a mass variation does not
accompany that event on the TG curve. The peak (II)
confirms the complete dehydration of the crystal,
implying a phase transformation from the dihydrate
structure to the anhydrous phase. The dehydration
process is always endothermal, and the contribution
of the hydrogen bonding to the thermal effect is
much less than that of M—Oyater type bonds. More-
over, the DTA curve shows a sharp decay above
470 K, suggesting a change in the specific heat with
increasing temperature.

At higher temperatures (> 800 K), three more
endothermic events are observed. The peak (III)
seems to arise from a solid—solid transformation from
K550y in the KoMn(SOg4); anhydrous phase, i.e., from
the orthorhombic f-K,SO, structure to the o-K,SO,
trigonal one. This thermal feature has been previ-
ously reported for salts involving K;S5O4 as a con-
stituent [34].

The remarkable endothermic peak IV is typical of a
first-order phase transformation, and it can be
attributed to the MnSO, melting, once its melting
point occurs near 973 K [35]. On the other hand, the
diffuse peak V comprises the start of mass loss and
characterizes a decomposition of the K,5O,. A glassy
residue was identified as a final product at about
1253 K and the percentages found are as high as
88.4%. Table 1 summarizes the thermal events
observed in the DTA thermogram.

FT-IR spectroscopy

According to the site group analysis for P1 space
group (Schoenflies notation: C!), the zone-center
phonon modes have the following irreducible repre-
sentation: I = 57A; + 57A,, (3n modes predicted by
group theory, n =38 = number of atoms in the
primitive cell), where 3A, are acoustic modes, and
thus, remaining 111 optical modes represented by
I' = 57A; + 54A,. The modes belonging to the A,
irreducible representations are IR-active, whereas
Raman activity is exhibited by those belonging to the
A, irreducible representations. To determine the
calculated vibration modes of the K,MnS,H,Oq

@ Springer
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Figure 3 a TEM image in low
magnification showing the
morphology of KoMnS,H,04¢
in the powdered form.

b HRTEM of a crystalline
grain showing electron beam
sensitive damage as indicated
by white arrows. ¢ HRTEM
near the edge of a grain.

d Selected-area electron
diffraction pattern indicating a
triclinic phase.
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Figure 4 TG-DTA coupled thermograms of the K,;MnS,H4O1,
double salt dihydrate.

crystal, the crystal structure was duly optimized
using the DFPT method from which the relaxed cell
parameters were obtained. The optimized parameter
values are compared with the experimental values
reported in the literature [7], showing a good
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sensitive to electron beam

agreement, as verified in Table S1 of supplementary
material. The Raman and IR-active experimental
modes and their corresponding assignments are
given in Table 2. All the calculated vibration modes
are provided in Table S2 (supplementary material).

Figure 5 shows the FT-IR experimental spectrum of
powdered KoMnS,H,O4¢ crystal ranging from 400 to
4000 cm ™!, where the main bands are marked (insert,
right). Two characteristic broadband of H,O stretch-
ing vibrations is noticed between 3000 and
3600 cm ™. In addition, some modes with vibrational
contributions from the H,O molecules, such as scis-
soring, twisting, wagging, and rocking are observed
within the 400-1800 cm ™' range.

As suggested by crystal structure determination [7],
several chemical bonds involve the H,O molecules and
[SO,I*~ groups in the kréhnkite framework, resulting
in an extensive hydrogen bond system throughout the
crystal lattice. The IR absorption bands centered at
1175, 1133, 1115, 1072, 617, and 469 cm™! are duly
described as contributions of vibrational features from
[SO,]*~ tetrahedra linked to H,O distorted structure.
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Table 1 Endothermal events

observed in the DTA Peak Event type Assignment Temperature (K)
thermogram for the Endo Conformational change 365
K,MnS,H,404 crystal when .. .
heated with a rate of 10 K/min I Endo Composition change = dehydration 425
W III Endo Transformation reaction 850
v Endo Composition change = melting 983
\% Endo Start of decomposition 1055

Weak IR absorption bands corresponding to the
7(MnOSO) torsion modes have also been observed at
around 439-449 cm™'. Indeed, inorganic systems
containing transition metals as coordination sphere
centers have weak bands below 450 cm ™, as reported
by the literature [36].

Raman spectroscopy

Raman experimental spectra (non-polarized) in the
50-3650 cm ™' range are shown in Fig. 6. There are
eight Raman bands in the wavenumber region below
200 cm ™' (Fig. 6a). These bands are associated with
lattice vibration modes (intermolecular modes).
According to our calculations (Table 2), the bands
between 67 and 161 cm™' have contribution from
translational motions of K atoms combined with tor-
sions/translations of MnOg and [SO4]*~ units. Addi-
tionally, vibration modes owing to a combination of
bending, anti-symmetrical and symmetrical stretching
involving the octahedral metal center appeared at
around 179 and 197 cm™!. Above 200 cm ™!, Raman-
active modes identified nearly 216, 252, and 317 cm ™!
are assigned as v,(MnOg) + 6(02--HO9H.--O5),
sc(O9MnO7) + 8(02--HO9H--05), and v(MnQ9) +
0(02--HO9H:-O5) motions, respectively.

Figure 6b illustrates the spectral region between
350 and 1250 cm ™!, in which there is a coupling of
vibration modes belonging to [SO4]*~ tetrahedron
units and H,O motions. However, MnOg octahedron
torsion vibrations appear as combined motions from
tetrahedron units and H;O molecules, mainly
observed at about 441 and 468 cm™'. The Raman
modes near 618, 821, 880, 991, 1027, 1046, 1100, 1125,
and 1167 cm ™" are ascribed as motions from molec-
ular deformations in- and out-of-plane (rocking,
wagging, scissoring, twisting, symmetric and anti-
symmetric stretching) of [SO,]*~ and H,O.

The highest wavenumber range between 2550 and
3650 cm ™" is shown in Fig. 6c. In this spectral region,
a very broadband at around 3400 cm™" has appeared:

a fingerprint of anti-symmetric and symmetric
stretching modes from the H>O molecules.

Optical measurements

UV-Vis optical absorbance spectrum at room tem-
perature of a K,MnS,H,0; single crystal is shown in
Fig. 7a. In the [MnOg] metal complex co-coordinated
with four oxygen and two H,O molecules, man-
ganese has an oxidation state of 2 4 , and the H,O is
a weak ligand. Six typical ligand-field bands of Mn*"
ions are then detected, supposedly arising from
intraconfigurational transitions in octahedral coordi-
nation [37]. In the case of d°-configuration, all tran-
sitions are doubly forbidden because they are spin-
forbidden as AS # 0 (there is only one electronic
state with sextet spin multiplicity: the °A;4(S) ground
state), and orbitally (Laporte) forbidden as AL # +
1. Due to spin-orbit interactions, such transitions are
not totally absent in the spectrum; however, they
emerge with very weak intensity. The band positions
and the respective assignments following the Tanabe-
Sugano (T-S) energy-level diagram for the d°-config-
uration [38-40], resulting in Ay/B = 12.5 (see Fig. S1
in supplementary material), are given in Table 3.

It is likely that the cationic Mn ions into the
krohnkite framework mainly occupy sites of slightly
lower symmetry (since it is clear for any site of P1
space group), such as a Cy,, when compared to that
highly regular O, symmetry (perfect octahedral
environment), for instance. There must be some dis-
tortion component in the octahedral crystal field
surrounding the Mn**. Such a structural distortion
can be associated with displacements of the oxygen
atoms from the regular sites altering the Mn-O bond
lengths [41]. Dangling bonds or even O*" vacancies
on the sixfold coordination also introduce strong
structural disorders. If there is any symmetry dis-
tortion, the crystal field splitting will be affected.

The fundamental absorption property, which cor-
responds to electron excitation from the valance band

@ Springer
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Table 2 Vibration mode analyses for the K,MnS,H,;0, crystal: calculated wavenumbers (wcal), experimental Raman modes (wR),
experimental IR modes (wIR), irreducible representation (Irrep.), and their assignments

wcal wR wlR Irrep  Assignments”

(em~ Y em™ "  (em™h

66.1 67 - Ag  trans,p(S104 + S204) + trans,,(K1 + K2)

86.4 80 - Ag  trans(MnOg) + t(MnO7S205) + t(MnO3S102) + trans(K2)

94.9 95 - Ag  p(S20605) + p(S10102) + §(MnOg) + trans(K1)

122.0 121 - Ag  t(MnO7S205) + t(MnO3S102) + trans,,(K1 + K2)

133.4 136 - Ag  ©(MnO7S205) + t(MnO3S102) + trans(K2)

159.0 161 - Ag  1(MnO7S205) + t(MnO3S102) + trans,,(K1 + K2)

182.3 179 - Ag  va(MnOg) + 6(MnO9010) + vs(MnO704) + trans;, (K1 4 K2)

198.9 197 - Ag  va(MnOg) + t(MnO7S8205) + t(MnO3S102) + trans;, (K1 + K2)

211.9 216 - Ag  va(MnOg) + 6(02--HO9H:-O5)

238.4 252 - Ag  s¢(O9MnO7) + 6(02--HO9H:-0O5)

324.7 317 - Ag  v(MnO9) + 6(02--HO9H--05)

377.0 - - Ag  v(MnO10) + 6(06--HO10H--O1) + ¢(MnO30407)

434.2 - 439 Au  s5¢(S10102) + sc(S20506) + 1(Mn0O3S204) + t1(MnO7S5208)

448.0 441 - Ag  tw(810102) + tw(S20506) + ©(Mn0O3S204) + t(MnO7S208) + p(O9H,)
453.2 - 449 Au  tw(S10102) 4 tw(S20506) + 1(Mn0O3S204) + t(MnO7S208) + p(O9H,)
454.9 468 - Ag  tw(S10102) 4 tw(S20506) + t(Mn03S204) + t(MnO7S208) + wag(O10H,)
467.2 - 469 Au  sc(S10103) + s¢(S20706) + wag(O10H,)

555.3 - 545 Au  p(O10H,) + wag(O9H,)

599.5 - 603 Au  sc(S10103) + s¢(S20508)

604.6 - 617 Au  p(O9H,) + p(O10H,) + wag(S10103) + sc(S20608)

609.9 618 - Ag  p(O10H,) + wag(S10103) + sc(S20708)

632.6 - 632 Au  p(O10H,)

829.3 821 - Ag  wag(O9H,) + sc(O10H,)

831.0 - 830 Au  wag(O9H,) + sc(O10H,)

897.8 880 - Ag  wag(O9H,) + sc(O10H,)

901.9 - 883 Au  wag(O9H,) + wag(O10H,)

964.9 - 987 Au  wag(O9H,) + tw(O10H,)

972.0 991 - Ag  wag(O9H,) + tw(O10H,)

1015.3 1027 - Ag  va(S10103) + va(S20508) + p(O10H,)

1043.9 1046 - Ag  vs(S10103) + vs(S10204) + vs(S20607) + p(O10H,)

1071.0 - 1072 Au  vs(S10103) 4 vs(S10204) + vs(S20508) + vs(S20607) + p(O10H,)
1099.8 1100 - Ag  vs(S10103) + vs(S10204) + vs(S20508) + vs(S20607)

1103.0 - 1115 Au  va(S10103) + va(S10204) + va(S20508) + va(S20607) + tw(O9H,) + wag(O10H,)
1112.0 1125 - Ag  va(S10103) + va(S10204) + tw(O9H,) + tw(O10H,)

1138.4 - 1133 Au  va(S10103) + va(S10204) + va(S20508) + va(S20607) + vs(O9H,) + tw(O10H,)
1142.1 - 1175 Ag  va(S10204) + va(O9H,)

1147.5 1167 - Au  va(S10103) + va(S10204) 4 va(S20508) + va(S20607) + tw(O9H,)
1545.0 - 1517 Au  sc(O9H;) + sc(O10H,)

1589.1 - 1639 Au  sc(O9H,) + sc(O10H,)

3230.0 - 3216 Au  vs(O9H,) + vs(O10H,)

3434.8 3408 - Ag  va(O9H,) + vs(O10H,)

3496.9 - 3440 Au  va(O10H,)

“Nomenclature: trans = translational; trans;, = translational in-phase; trans,, = translational out-of-phase; t = torsion; sc = scissoring;
tw = twisting; ¢ = out-of-plane; wag = wagging; v = stretching; p = rocking; J = bending; va = anti-symmetric stretching;
vs = symmetric stretching
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Figure 6 Raman experimental spectra of powdered
Ko;MnS,H4019  crystal in  the wavenumber ranges:

a 50-350 cm ~ !, b 350-1250 cm ™!, and ¢ 2550-3650 cm ™.
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Table 3 Experimental data obtained from the optical absorbance spectrum of Mn?" ions into K,MnS,H40 crystal and into MnSH,Os

solubilized in deionized water.

Photoabsorption Wavelength (nm) Wavenumber (cm ™)

6

Arg(S) = K,oMnS,H4010 MnSH,0s + dw” K>MnS,H4010 MnSH,0s + dw”
4T 4(P) 246.5 - 40,567.9 -
*Eq(D) 266.4 - 37,537.5 -
*E4(D) - - - -
2Azg(I), T, o()—degenerate - - - -
*T,4(D) 357.9 354.7 27,940.7 28,192.8
*A14(G), *E4(G)—degenerate 400.4 400.4 24,975.0 24,975.0
*Toe(D) - - - -
*T,(G) 4345 4375 23,014.9 22,857.1
*T14(G) 533.2 5243 18,754.7 19,073.0

For the electronic transition assignments, the T-S diagram for d° configuration was used (Fig. S1)

*dw = deionized water

to conduction band, and the absorption coefficient
(o), which describes the intensity attenuation of the
light passing through crystal, were both evaluated by
optical transmittance (T) as a function of wavelength
(4). The absorption coefficient was deduced using the
following approximate relation:

(1-R(2))?
a(4) In Tl

(1)

_!
~d

where d is thickness, and R is the reflectance of the
sample. As in the experiments, the reflectance signal
was extremely low, thus R =0 was assumed. The
result is depicted in Fig. 7b inset. This rough esti-
mation has been shown acceptable. It was also
applied o(d) =2.303 A(A)/d, where A(1) is the
absorptance, which has converged to the same out-
come. By extrapolating the straight portion of the
data on abscissa at a(4) = 0, the optical bandgap was
found near 5.78 eV. Such a high bandgap value is
typical of insulating materials and associated with
the bulk nature of the crystal.

In Fig. 8a, fluorescence spectra in the emission and
excitation regimes are plotted. The photoemission
spectrum was excited at 400 nm, i.e., resonantly with
the °A14(S) - *A14(G), “E4(G) degenerate state. The
energy of this transition hardly changes between
0 < Ao/B < 28 (see Fig. S1). With such optical excita-
tion, surprisingly green-yellow (x 562 nm) and orange
(~ 598 nm—more intense) emissions are observed,
both corresponding to *T14(G) — °A;4(S) transition of
the Mn?* emissive center.

@ Springer

Generally, Mn?* ion exhibits a broad emission
peak, whose energy position depends on the coordi-
nation number and on the crystal-field strength from
the local lattice. This way, the emission color (wave-
length), attributed to ‘T, :(G) — 6Alg(S) transition can
be tuned from green to deep red. However, there was
a dual-emission of the crystal with a sizable differ-
ence in intensity, indicating the contribution of dif-
ferent fluorescent centers in the radiative process. It is
believed that individual Mn ions dominate the opti-
cal spectrum because there is a large distance
between adjacent Mn into host units.

The emission band usually arises in the green-yel-
low spectral region for Mn*" ions located in a tetra-
hedral arrangement (fourfold in T4 field, or slightly
distorted). On the other hand, an octahedral envi-
ronment (sixfold in Oy field, or slightly distorted)
supports emissions in the orange-red region [42-45].
It is known that the crystal-field strength on octahe-
dral geometry is much stronger than that of the
tetrahedral one. As a result, larger splitting energy of
the excited state in orbitals, and a lower energy of
Mn?* emission in the octahedral field can be noticed,
corroborating the findings. Therefore, here, different
fractions of Mn tetrahedrally coordinated, [MnOg],
and octahedrally coordinated, [MnOgl, supposedly
contribute to the spectrum [46, 47]. Although such
fractions in the MnSO4(H,O) precursor compound
are unknown and are not supplied by the manufac-
turer, the coexistence of two distinct luminescent
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Figure 8 a Fluorescence spectra in the emission and excitation
regimes. b Schematic illustration of possible excitation and de-
excitation mechanisms and charge transfer processes for Mn?* d-
electron states ¢ CIE chromaticity coordinates and CCT for green—
ssyellow and orange emissions. The Planckian locus representing
an incandescent blackbody radiator at various temperatures is also

shown on the diagram for comparison.

species in the crystal structure explains why the
complex possesses dual-emissive behavior.

The excitation spectrum, shown in Fig. 8a, was
evaluated by monitoring the most intense emission at
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598 nm. As can be noticed, different absorbing centers
configure the spectrum. A characteristic relatively
sharp peak centered at 399 nm corresponding to the
6Alg(S) — 4A1g(G), 4Eg(G) electronic state, and a
broadband structure (450-500 nm) with multiple
peaks involve ligand-to-metal or defect-to-metal
charge transfer, since such broadband does not com-
prise the energy bands of the °A4(S) — *T,,(G) and
6Alg(S) - 4T1g(G) states observed in Fig. 7a.

Possible mechanisms for the excitation of the Mn** d-
electron states are suggested in Fig. 8b. First, one must
understand the chemical environment of Mn in the
monohydrate sulfate lattice. Any light emission is pro-
moted through efficient energy transfer from the host
environment to Mn®" ions, mediated by mixed elec-
tronic states. When Mn>" ion is incorporated in the
S504(H,O) matrix, the cationic unoccupied centers are
filled. Mixing between s-p electrons of the matrix and the
d electrons of the Mn*" ion occurs, and the transitions
are partially allowed by the Laporte rule. This way, the
[MnO,(H,0),1° octahedral or [MnO,]® tetrahedral units
act as absorbent luminescence centers, i.e., they partici-
pate as exciton acceptors and further as emission centers
that afford the 4T1g(G) - 6A1g(S) fluorescence.

In one mechanism, the exciton recombination at the
Mn*" sites can take it into excited states. The whole
crystal lattice works as a UV light absorber and an
exciton donor. However, the energy barrier for exci-
ton transfer from K* and/or [SO.* to [MnO,(H,.
0),1°—[MnO,]> units should be investigated.
Hybridization calculations involving K, S, O, and Mn
orbitals to confirm possible coupling can address this
issue. Another way encompasses photoexcited elec-
trons in the crystal conduction band that may hop to
O vacancies and then jump to some Mn electronic
state. In this case, the energy states related to oxygen
defects must be greater than the Mn level. Ultimately,
effective energy transfer processes by nonradiative
intersystem crossing must also increase the exciton
density in *T;4(G), enhancing the fluorescence.

Using the corresponding CIE chromaticity (x, v)
coordinates, it was possible to estimate the correlated
color temperature (CCT) of the crystal employing
McCamy’s approximation algorithm [48]:

CCT = —4491 + 352512 — 6823.3n + 5520.33 (2)

where, n = (x-0.3320)/(y-0.1858). Substituting (x,
y) = (0.3904, 0.6069) for green-yellow and (0.6243,
0.3754) for orange resultant emission, the CCT values
were 4640.6 and 1733.9 K, respectively. The CIE color
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coordinate diagram is illustrated in Fig. 8c. The
Planckian locus was used as a reference illuminant
for a comparison proposal. The curve in black rep-
resenting an incandescent blackbody radiator at
various temperatures is shown on the chromaticity
diagram. The color coordinates are defined for any
light source that lies in the proximity of this curve or
on the curve itself that can emit comfortable light for
human eyesight.

An additional experiment was conducted to shed
light on any symmetry distortion when Mn** is coor-
dinated in the K,MnS,HO; crystal. For that, a
MnSO4(H,0) + deionized water solution, named
MnSH;0s + dw, was prepared, and its absorbance
spectrum was measured. Figure 9 depicts a spectral
comparison between the material in solution and the
crystallized sample. Optical transitions to higher
energy electronic states are only seen for crystal grown.
Moreover, small shifts in position for the two lowest
energy states are noticed (Fig. 9 inset). Therefore, these
findings suggest that the Dq crystal field was slightly
altered.

Usually, the crystal field splittings are represented
on a Tanabe-Sugano (T-S) diagram. It describes
multi-electron energy levels as a function of crystal
field strength (Ay/B, Ag = 10 Dq) for a constant C/B,
where B and C are the Racah parameters which
indicate the magnitude of interelectronic repulsion
between terms of same multiplicity [40].

According to UV-Vis optical absorbance spectrum
of the crystal (Fig. 7a), the two lowest energy states

Wavenumber [ x10° cm™ |
44 40 36 32 28 24 20 16
PR PR L L L

Absorbance [ a. u. ]

400 450 500 550 600
Wavelength [ nm ]

Absorbance [ a. u. ]

dw* = deionized water

4 KZMnS2H4O1O

—— MnSH,0, +aw* -/

' 250 300 350 400 450 500 550 600
Wavelength [ nm ]
Figure 9 UV-Vis optical absorbance spectra of K,MnS,H401¢

single crystal and MnSH,05 + deionized water solution.
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are vy = °Ay(S) — *T14(G) = 18,7547 cm™, and v,
=%A1(S) — "To(G) = 23,0149 cm™.  The ratio
between these energy bands is given by:

v,  E/B 230149 cm™!

== = ~ 1227
v;  Ei/B 187547 cm™! (3)

By using the T-S diagram (Fig. S2), the ratio (E»/B)/
(E1/B) becomes =~ 1.227 when Ay/B = 12.51. From
Fig. S2, E;/B=23.14 and E,/B =2840. In this
approach, the Racah B parameter can be found cal-
culating B from both v; and v, respectively:
B = (18,754.7 cm™'/23.14) = 810.5 cm ™, and
B = (23,0149 cm™'/28.40) = 810.4 cm™'.  Therefore,
the average value of B is 810.4 cm™'. The magnitude
of ligand-field splitting was duly extracted by using
the average value of the Racah B parameter: A,/
8104 cm™' = 12.51, Ao = 10,138.1 em™}, and
Dq = 1013.8 cm™.

The C parameter value was assessed from the
experimental data using the expression for the energy
(wavenumber) of the *E,(G) electronic state [49]:

Energy[°A4(S) —* E¢(G)] = 10B + 5C (4)

Assuming the absorbance peak ~ 400 nm to be the
transition to the °A; 5(S) — 4Eg(G) state, the following
average value for the Racah C parameter was found:
C = 33742 cm™". As a comparison, the values of the
Racah parameters for the free Mn*" ions are
B =960 cm™ and C = 33255 cm™, with C/B = 3.46
[50]. For the Mn in K,MnS,H O crystal, the ratio C/
B is 4.16, and Dq/B is 1.25. A ligand-field splitting
interpretation suggests that the transition metal in the
double salt crystal behaves as a relatively low-field
ion since the H,O molecule on the octahedron is a
weak ligand.

The Racah parameters and the ligand-field splitting
for the MnSH,0s5 solubilized in deionized water are
summarized in Table 4 (for calculations, see supple-
mentary materials). The spectral line shape in the
lowest energy region is remarkably similar to that
reported by Jorgensen [51] for MnSO, in H,O. For the
Mn(I) sulfate monohydrate salt used here, a Dq/
B =1.11 was found.

Therefore, the spectroscopic data in Tables 3, 4
evidence that the host site of Mn, when in a double
salt dihydrate, is indeed slightly distorted from reg-
ular octahedral or tetrahedral symmetry.
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Table 4 Data obtained from optical absorbance spectra and T-S
diagram of Mn** ions into KyMnS,H,010 single crystal and into
MnSH,Os5 solubilized in deionized water

Experimental parameters  Sample

KzMHSzH40lO MHSH205 + dw

0,5/, 1.227 1.198
Ao/B 12.51 11.07
E./B 23.14 24.48
E,/B 28.40 29.33

< B > average 810.4 cm™ 779.2 cm™!
< Dq > average 1013.8 cm™ 862.6 cm™'
C 3374.2 cm™' 33742 cm™!

Conclusions

Studies involving the structural, morphological,
thermal, vibrational, and optical properties of
krohnkite-type K,MnS,H4Oq single crystals were
presented and discussed. XRD pattern showed that
the double salt crystallized in triclinic symmetry with
P1 (C}) space group. Imperfections such as pores and
cracks were observed on the crystal surface by SEM
micrography. Electron diffraction of a selected area in
an HRTEM image validated the triclinic atomic
ordering. Thermal analyses indicated stability up to
~ 360 K. Above this temperature, the crystal
undergoes two phase transformations due to the
liberation of two H,O molecules of the crystal struc-
ture. Excellent agreement between theoretical (DFPT
calculation) and experimental (FT-IR and Raman)
vibration modes was noticed. An optical bandgap of
5.78 eV, typical of insulating materials, was estimated
from the transmittance spectrum. UV-Vis absorbance
spectrum revealed six characteristic ligand-field
bands, consistent with sixfold coordinated Mn(II)
complex. From the optical spectrum and Tanabe-
Sugano diagram aid, the crystal-field strength and
the Racah interelectronic-repulsion parameters were
evaluated. Under 3.1 eV (x~ 400 nm) excitation, a
dual-emission due to the two different luminescent
species was observed in the fluorescence spectrum;
green—yellow (& 562 nm) and orange (&~ 598 nm—
more emission intense). In this case, the emission
spectrum comprises Mn”" radiative centers in
slightly distorted [MnO4(H0),] octahedral and
[MnO,] tetrahedral sites. A fraction of Mn is sup-
posedly tetrahedrally coordinated, corresponding to
green—yellow emission. The results suggested that
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the KoMn(SO4)2(HO); crystal is a promising material
for several optical applications due to the cheap
synthesis and the possibility of light emission tun-
ability (from green to deep red) via changes in the Mn
coordination number (four- and six-fold) and in the
crystal-field strength by suitable doping or by the
mixed crystal growing.
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