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Abstract: An organic–inorganic cation–anion manganese(II) tetrabromide compound with diproto-
nated 1-hydroxy-2-(pyridin-2-yl)-4,5,6,7-tetrahydrobenzimidazole, [H3L][MnBr4][H2O], has been
synthesized and investigated. The compound has a few possible pathways for proton transfers,
which play an important role in the observed luminescence, optical, and magnetic properties. The
proton transfers result in the appearance of two-band luminescence. One band is caused by the
Mn(II) d-d transitions. The other band is caused by the transition from the triplet state of organic
cation and the d-d transition of manganese(II) coupled through {[H3L]}-{[MnBr4]}-{[H2O]} vibrations.
The optical absorption spectra of [H3L][MnBr4][H2O] indicate the presence of two direct and one
indirect band transitions. The reason for the two-band luminescence and complex optical absorption
in [H3L][MnBr4][H2O] were additionally considered using the DFT calculations.

Keywords: manganese(II); luminescence; optics; EPR; proton transfer; DFT

1. Introduction

Luminescent manganese(II) complexes have been extensively studied over the past
few decades on account of their intriguing optical, thermal, and magnetic properties [1–15].
Their potential use as multifunctional materials attracts special attention. The luminescence
of the manganese(II) complexes commonly originates from the Mn(II) spin-forbidden
d-d4T1(G)→6A1(S) transition [16,17]. The emission energy of the Mn(II) center is known
to be strongly dependent on the crystal field parameters [18,19] and varies from green
to near-infrared for the tetrahedral and octahedral crystal fields, respectively [20–23].
The metal-perturbed intraligand transition can also result in the luminescence of Mn(II)
complexes, but such luminescence is still only rarely observed [24]. The combination
of these two mechanisms in one compound can result in the observation of multiband
luminescence, which has been one of the special goals in material science [25].

The organic–inorganic tetrahalomanganate(II) compounds are of great interest because
they can exhibit bright green luminescence with high quantum yields. It is worth noting
that the interaction between organic cations and tetrahalomanganate(II) anions occurs
through noncovalent interactions and hydrogen bonds [26,27]. These interactions play an
important role in the possibilities of the energy and charge transfer between cations and
anions in both directions and the proton transfer processes. This can provide multiband
luminescence on account of the different kinds of transfers and allows the obtaining of
dynamic systems by tautomerism type. It should be noted that the systems with proton
transfers, being able to tautomerize in the ground (GSIPT) or excited states (ESIPT), are
actively investigated nowadays because of their ability to simultaneously manifest optical,
magnetic, and other properties corresponding to few tautomeric states [28]. Such systems
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can be used for the creation of photonic switches, molecular logic gates, photochromic
memory devices, and white-light emission diodes [29,30]. The study of the compounds
based on the proton transfer organic moiety and manganese(II) ions can result in the
emergence of new unique systems with combined interesting optical, luminescence, and
magnetic properties.

Herein, the synthesis and investigation of the optical, luminescence, and magnetic prop-
erties of the organic–inorganic tetrabromomanganate(II) compound, [H3L][MnBr4][H2O]
with 1-hydroxy-2-(pyridin-2-yl)-4,5,6,7-tetrahydrobenzimidazole (HL) [31], are reported.
The compound exhibits complex absorption behavior, which is probably related to the
possibility of intra- and intermolecular proton transfers. The compound demonstrates a
two-band photoluminescence with maxima in “green” and “red” ranges that is relevant for
the creation of a white-light emission diode based on a blue light source. The electron para-
magnetic resonance, low-temperature absorption and photoluminescence measurements
supported by DFT calculations were carried out to investigate the mechanisms of absorption
and photoluminescence of the obtained compound. The performed investigation expands a
class of organic–inorganic manganese(II) compounds having two-band luminescence both
in “green” and “red” ranges and can help to understand the nature of this phenomenon.

2. Experimental Work
2.1. Synthesis and Characterization

[H3L][MnBr4][H2O] (1)
The MnCO3·xH2O (44–46% mass Mn) (0.025 g, 0.2 mmol) and 1-hydroxy-2-(pyridin-

2-yl)-4,5,6,7-tetrahydrobenzimidazole (HL) (0.043 g, 0.2 mmol) were dissolved together
in 3 mL of concentrated hydrobromic acid (48%) (Scheme 1). The solution was stirred at
50 ◦C (323 K) for 1 h, and the solution was then left to evaporate at room temperature. The
formed brownish-yellow crystals were washed by twice decantation with 0.5 mL of cold
0 ◦C (273 K) hydrobromic acid and dried in the air. Yield: 0.102 g (81%). Anal. Calcd for
C12H17Br4N3O2Mn(%): C, 23.6; H, 2.8; N, 6.9. Found: C, 23.7; H, 2.7; N, 6.8. X-ray powder
diffraction, calorimetric measurements, and IR spectrum are available in ESI.
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Scheme 1. Synthesis of 1.

2.2. Methods

Single-crystal X-ray data were collected on a Bruker X8 single-crystal diffractometer
equipped with Mo-anode Incoatec IµS 3.0 microfocus X-ray source (λ = 0.71073 Å) and
PHOTON III C14 CPAD detector. A standard data collection strategy with ϕ andω scans
and 0.5◦ frame width was used. A suitable crystal of 1 was mounted onto the nylon
loop with liquid epoxy resin. The sample temperature was kept at 150 K by Oxford
Cryosystems Cryostream 800 Plus open-flow nitrogen cooler. Apex3 v.2018-7.2 software
package (SAINT, SADABS, RLATT) [32] was used for unit cell determination, calculation
of data acquisition strategy, integration, and absorption correction. The hkl datasets were
obtained in Olex2 v.1.5 [33] software, using SHELXT v.2018/2 [34] for structure solution and
SHELXL v.2018/3 [35] for subsequent refinement. All non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions were calculated geometrically and refined using
the riding model. CCDC 2214547 contains the supplementary crystallographic data for this
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paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Center at www.ccdc.cam.ac.uk/structures.

The PXRD pattern of the bulk sample powder was recorded at room temperature
using Bruker D8 Advance powder diffractometer (Cu-anode sealed tube λ = 1.54187Å
40 mA @ 40 kV, Bragg-Brentano scheme with vertical θ-θ goniometer, 0.01023◦ scan step,
LYNXEYE XE-T compound silicon strip detector, motorized divergence slit in fixed sample
illumination area mode).

Corrected luminescence spectra were recorded on a Fluorolog 3 spectrometer (Horiba
Jobin Yvon) with a cooled PC177CE-010 photon detection module equipped with an
R2658 photomultiplier; with continuous 450 W and pulsed (pulse time FWHM 3 µs)
50 W Xe-lamps; and with two Czerny–Turner double monochromators. Absolute values
of quantum yields were recorded using the Quanta-ϕ device of Fluorolog 3. Temperature
dependencies of luminescence were studied using Optistat DN optical cryostat (Oxford In-
struments). The luminescence quantum yield at 77 K was obtained relative to the quantum
yield of the same sample at 300 K [26].

EPR spectra were recorded on the Varian E-109 spectrometer in Q-band at 300 K. A
2,2-diphenyl-1-picrylhydrazyl (DPPH) standard sample was used to calibrate the magnetic
field of the spectrometer. The spectrum was simulated in MATLAB (The MathWorks Inc.,
Natick, MA, USA) using the EasySpin program package for EPR [36].

The structure of the compound was optimized by a spin-unrestricted DFT method
using the Amsterdam density functional (BAND) [37,38] program with a gradient ex-
change functional GGA (BP86 [39,40]). Triple zeta polarized (TZP) basis sets and the no
frozen core and Scalar ZORA [41–43] approximations were used in all calculations. The
initial positions of atoms were taken from the X-ray structure analysis. The frequency
analysis (phonons calculation) was carried out to check the nature of the stationary points
(BP86, TZP). The calculation of the g-tensor [44] was performed with a hybrid functional
PBE0 [45,46]. The electronic excitations were calculated using the TD-DFT method [47,48]
(BP86 and CAM-B3LYP [49], TZP) and additionally with the spin-flip approximation [50,51]
(BP86 and CAM-B3LYP, TZP). The zero-field splitting (ZFS) tensor was calculated for
[MnBr4]2− and [MnBr4H]1− fragments cut from the structure of (1) in global and local
minima on the potential energy surface (PES), respectively. The spin–spin and spin–orbit
parts of the D were calculated using the approaches implemented by [52,53] in the ORCA
5.0 [54–56] package. The unrestricted calculations were performed with scalar relativistic
ZORA Hamiltonian; the spin–orbit coupling was treated using the spin–orbit mean-field
(SOMF) method [57]. The hybrid PBE0 functional [58] and full-electron relativistic basis
sets def2-TZVP [59] for all atoms were employed.

FT-IR spectra were recorded on a Bruker Vertex 80 spectrometer at ambient temperature.
Elemental analysis (C, H, and N) was performed on a Carlo–Erba analyzer using

standard technique.
Differential scanning calorimetric measurements were performed using a heat flow

measurement method using a Netzsch TG 209 F1 calorimeter with a heating rate of
10 K min−1, in a He flow of 30 mL min−1.

3. Results and Discussion
3.1. Synthesis and Characterization

The single-crystal X-ray diffraction analysis reveals that compound 1 crystallizes in
the P21/c space group with Z = 4 and Z′ = 1 (Table S1). The symmetrically independent
fragment contains twice protonated [H3L]2+ cations, [MnBr4]2− anions, and crystallized
[H2O] molecules. The Mn(II) ion coordination geometry is a distorted tetrahedron (Figure 1)
by four bromides with the Mn-Br distances (and Br-Mn-Br angles) varying in the range
of R(Mn-Br) = 2.481–2.539Å (ϕ(Br-Mn-Br) = 101.8–116.8◦) (Tables S2–S7). Each isolated
[MnBr4]2− anion is surrounded by two [H2O] molecules and six [H3L]2+ cations. Each
[H2O] molecule is connected with two [MnBr4]2− anions through the OHwater . . . Br(Mn)
(R(OHwater-Br1) = 3.256Å and R(OHwater-Br2) = 3.367Å) interactions, with two [H3L]2+

www.ccdc.cam.ac.uk/structures
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cations through the OHhydroxy . . . OwaterH (R(OHhydroxy . . . Owater) = 2.498Å), and with
CH . . . Owater (R(CHbenzim . . . Owater) = 2.498Å) interactions. Each [H3L]2+ cation is con-
nected with [MnBr4]2− anions through the NHimid . . . Br(Mn) (R(NHimid

1 . . . Br) = 3.309 Å
and R(NHimid

2-Br) = 3.345 Å). The non-covalent interactions and hydrogen bonds in (1)
form a 3D framework of intermolecular contacts. The [H3L]2+ cation also contains in-
tramolecular NHpyr . . . Ohydroxy interaction with R(NHpyr . . . Ohydroxy) = 2.743Å, which
binds together imidazone and pyridine rings, resulting in a relatively small torsion angle
of 2.69◦ between two aromatic rings. The short NHpyr . . . Ohydroxy distance together with
the abovementioned OHwater . . . Br(Mn) and OHhydroxy . . . OwaterH interactions make it
possible for an intra- and intermolecular proton transfer (Figures S1 and S18–S28) resulting
in the hypothetically seven tautomers.
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Figure 1. Structure of [H3L][MnBr4][H2O] moiety of 1: (a) against and (b) along [112] directions; and
(c) along [100] with omitted hydrogen atoms. The hydrogen bonds presented by red, green, and
cyan lines.

The calorimetric measurements show that the obtained compound is thermally sta-
ble up to 80 ◦C (353 K) (Figure S3). The mass loss in the temperature range of 80 ◦C
(353 K)–150 ◦C (423 K) is approximately equal to 3.5% which is close to 3% of the mass
abundance of [H2O] fragment in the [H3L][MnBr4][H2O] compound (Table S8). The loss of
the [H2O] fragment is also confirmed by the calorimetric method combined with the mass
spectrometry technique (Figure S3). In the temperature range of 200 ◦C (473 K)–370 ◦C
(643 K), an additional mass loss of approximately 27% is observed. It can be assumed that
the remaining [H3L][MnBr4] fragment loses the Br2 or two HBr fragments (27% of the mass
abundance). The presence of the two temperature peaks in the DSC curve can indicate that
the two HBr fragments are lost.

The IR spectrum of 1 consists of narrow lines set from 500 cm−1 to 1700 cm−1 cor-
responding to the organic cation vibrations. The positions and relative intensities of the
lines are slightly different from the lines of the organic HL compound (Figure S4). The
IR spectrum of 1 in the range of 2200–3500 cm−1 consists of a set of broad bands which
can be attributed to the X-H and X-H . . . Y vibrations. The IR spectrum of HL in the
same range consists of three narrow lines corresponding to the X-H vibrations and one
broadband at 2400 cm−1 corresponding to the N-H . . . O vibration. The significantly
greater number of vibration bands in 1 than in free HL can be explained by the addition
of the OHhydroxy . . . OwaterH, NHimid . . . Br(Mn), and two OHwater . . . Br(Mn) vibrations
(Figures S4 and S11–S15). The quantum chemical calculated IR spectrum of 1 is in good
agreement with the experimental data. According to the calculated data, the broadening of
the high energy band is caused by the possible intra- and intermolecular proton transfer
(Figures S11–S15). At the same time, only the NHpyr . . . Ohydroxy proton transfer can be
realized in HL, corresponding to the 2400 cm−1 energy.
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3.2. Luminescence

Solid 1 exhibits multi-band photoluminescence in the visible region (Figure 2). The
photophysical data are collected in Table 1. The luminescence spectrum of 1 consists of two
bands with maxima at λ1 = 670 nm (1.85 eV) and λ2 = 538 nm (2.30 eV). Cooling from 300 K
to 77 K results in a narrowing of the spectral lines and an up to a ≈90-fold increase in the
total photoluminescence integral intensity. The temperature dependence of the λ1 band
photoluminescence integral intensity (Figure 3) not being monotonous with a maximum
at a temperature of approximately 100 K can be ascribed to two competing mechanisms.
The first mechanism is a thermal population with ∆Eλ1 pop ≈ −35 meV and the second
mechanism is a thermal depopulation with ∆Eλ1depop ≈ 126 meV. At the same time, the
monotonic temperature dependence of the photoluminescence integral intensity (Figure 3)
of the λ2 band can also be ascribed to two mechanisms. In this case, both mechanisms are
thermal depopulations with ∆Eλ2depop1 ≈ 35 meV and ∆Eλ2depop2 ≈ 160 meV. The equality
of the ∆Eλ1 pop and ∆Eλ2depop1 values indicates the probable interdependence of the λ1 and
λ2 bands. The temperature dependence of luminescence linewidth of both bands can be
fitted to a model with an exciton–optical phonon coupling [60]:

wλi = 2 ∗ Epi ∗
2

√
Si ∗ coth

(
Epi

2 ∗ kB ∗ T

)
+ w0

λi
,

where kB is the Boltzmann constant, w0
λi

is a temperature-independent term, Ep1 ≈ 33 meV
and Ep2 ≈ 29 meV are the phonon energies, and S1 ≈ 20 and S2 ≈ 7 are Huang–Rhys
factors. It should be noted that the abovementioned approach for the determination of

the phonon energy of 1 gives an error of 5 meV that is greater than |Ep1−Ep2 |
2 . According

to the obtained data, the Stokes shifts are ∆ES1 ≈ 1.29 eV and ∆ES2 ≈ 0.38 eV and the
corresponding absorption energies are λabs

1 ≈ 3.14 eV (394 nm) and λabs
2 ≈ 2.68 eV (463 nm).

The photoluminescence excitation spectrum for the λ2 band of 1 consists of partially re-
solved lines which allow us to determine the crystal field 10Dq and Racah parameters
B. The analysis of the excitation spectrum using the Tanabe–Sugano approach [61] gives
values of 10Dqtet = 1810 cm−1 and B = 634 cm−1 (10Dqtet/B = 2.85). The value of the
three lowest excitation energies are λEx1

2 = 478 nm (2.59 eV), λEx2
2 = 455 nm (2.73 eV), and

λEx3
2 = 437 nm (2.83 eV). The photoluminescence excitation spectrum for the λ1 band

consists of broadened lines of the λ2 band and well-resolved lines with energies
λEx1

1 = 510 nm (2.43 eV) and λEx2
1 = 398 nm (3.12 eV). The luminescence kinetic curves are

fitted by the single exponential decay at each temperature. The temperature dependence of
τwas fitted to the following equation (Figure 3):

τ(T) = τ0/(1 + C ∗ exp
(
−∆E

T

)
),

where τ0 is a radiative lifetime at 0 K, C is a dimensionless parameter, and ∆E is thermal
quenching activation energy with ∆E ≈ 35 meV for the λ2 band. It should be noted that
the luminescence lifetimes for both bands are equal at 77 K. Based on obtained data, the
λ2 band can be attributed to the d-d spin-forbidden manganese(II) transition. At the same
time, two different possible mechanisms can be postulated for the λ1 band. The λ1 band
can originate from the transition from the triplet state of organic cation and from the d-d
spin-forbidden manganese(II) transition which changed state due to the {[H2L]-[H2O]-
H-[MnBr4]} vibrations. Moreover, the excitation transfer between the anion and triplet
state of organic cation directly or through the {[H2O]} fragment is possible. The proposed
mechanisms of luminescence based on luminescence data and optical data supported by
quantum chemical calculations (see below) are presented in Figure 4.



Inorganics 2022, 10, 245 6 of 12

Inorganics 2022, 10, x FOR PEER REVIEW 6 of 12 
 

 

{[H2L]-[H2O]}-H-[MnBr4]} vibrations. Moreover, the excitation transfer between the anion 
and triplet state of organic cation directly or through the {[H2O]} fragment is possible. 
The proposed mechanisms of luminescence based on luminescence data and optical data 
supported by quantum chemical calculations (see below) are presented in Figure 4. 

 
(a) (b) (c) 

Figure 2. Temperature dependences—of the photoluminescence excitation spectra of (1): (a) λEm = 
538 nm, (b) λEm = 670 nm ; and of its photoluminescence spectra (c) λEx = 455 nm. 

 
(a) (b) (c) 

Figure 3. Temperature dependences of the (a) photoluminescence linewidth, (b) intensity, and (c) 
lifetime (λEx = 455 nm and λEm = 538 nm) of (1). 

Table 1. Photophysical data for the polycrystalline compound 1. 

 1 
λmax (300 K) [nm] a 535 
Τ (300 K) [μs] a, b 40 
ΦPL (300 K) [%] a 1 
kr (300 K) [s–1] c 2.5 × 102 
knr (300 K) [s–1] d 2.5 × 104 

Chromaticity (300 K) [x, y] a, e 0.429,0.492 
λmax(77 K) [nm] a 518 
τ(77 K) [μs] a, b 304 
ΦPL(77 K) [%] a 14 
kr(77 K) [s–1] c 4.6 × 102 
knr(77 K) [s–1] d 2.8 × 103 

Chromaticity (77 K) [x, y] a, e 0.268,0.704 
∆E [cm−1]/[meV] 280/35 

10Dqtet [cm−1] 1810 
B [cm−1] 634 𝐸ଵௗ௜௥(0)[cm−1]/[eV] 16,777/2.08 𝐸ଶௗ௜௥(0)[cm−1]/[eV] 24,279/3.01 𝐸ଶ௜௡ௗ௜௥(0)[cm−1]/[eV] 20,488/2.54 

Figure 2. Temperature dependences—of the photoluminescence excitation spectra of (1): (a) λEm = 538 nm,
(b) λEm = 670 nm ; and of its photoluminescence spectra (c) λEx = 455 nm.

Table 1. Photophysical data for the polycrystalline compound 1.

1

λmax (300 K) [nm] a 535
T (300 K) [µs] a, b 40
ΦPL (300 K) [%] a 1
kr (300 K) [s–1] c 2.5 × 102

knr (300 K) [s–1] d 2.5 × 104

Chromaticity (300 K) [x, y] a, e 0.429, 0.492

λmax (77 K) [nm] a 518
τ (77 K) [µs] a, b 304
ΦPL (77 K) [%] a 14
kr (77 K) [s–1] c 4.6 × 102

knr (77 K) [s–1] d 2.8 × 103

Chromaticity (77 K) [x, y] a, e 0.268, 0.704

∆E [cm−1]/[meV] 280/35
10Dqtet [cm−1] 1810

B [cm−1] 634

Edir
1 (0) [cm−1]/[eV] 16,777/2.08

Edir
2 (0) [cm−1]/[eV] 24,279/3.01

Eindir
2 (0) [cm−1]/[eV] 20,488/2.54

a Excitation wavelength is λEx = 455 nm; b emission wavelength is λEm = 538 nm; c radiative decay rate: kr = ΦPL/τ;
d non-radiative decay rate: knr = τ−1 − kr ; e CIE 1931 color space.
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Quantum-chemical calculations were carried out for a deeper investigation of the 
nature of the absorption and two-band luminescence. Compound 1 has several intra- and 
intermolecular hydrogen bonds which can provide the proton transfer. The {MnBr…HO} 
and {HO…HO} interactions were investigated in detail. The 3D potential energy surface 
of the ground state was calculated along the {MnBr…HO} and {HO…HO} vibrations. The 
calculation shows the presence of the two minima (Figure 5). The transition energies 
corresponding to the charge transfer from bromide to manganese ion for global and local 
minima are ∆𝐸௚௟௢௕௔௟ ≈ 3.02 eV and ∆𝐸௟௢௖௔௟ ≈ 2.82 eV, respectively. These values are in 
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Figure 4. Representation of energy transfer and emission processes in 1 (▬: absorption, ▬: internal 
conversion and intersystem crossing transition, ▬: emission of an uncoupled {[MnBr4]} moiety, ▬: 
proton transfer processes, ▬: emission of a coupled {[H2L]-[H2O]}-H-[MnBr4]} moiety, and ▬: 
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: non-radiative relaxation).

3.3. Optics

The analysis of the temperature dependence of the absorption spectra α(hϑ) (obtained
by the Kubelka–Munk method (Figures S5 and S6)) using Tauc plots indicates different
types of band–band transitions. The direct band–band transition was estimated from the
(α·hϑ)2 Tauc plot by the following equation [62]:

Edir
i (T) = Edir

i (0)− 2 ∗ Sdir
i ∗ Edir

p ∗
(

coth

(
Edir

p

kB ∗ T

)
− 1

)
,

where Edir
2 (0) is band gap energy at T = 0, with Edir

2 (0)≈ 3.01 eV, Sdir
2 ≈ 3, and Edir

p2 ≈ 30 meV

(Figure 5). In addition, analysis of the (α·hϑ)1/2 Tauc plot (Figure S6) gives the in-
direct band–band transition energy value of Eindir

2 ≈ 2.54 eV with Eindir
p ≈ 310 meV

(Eindir
2 + Eindir

p ≈ 2.85 eV). It should be noted that there is a slight slope of the (α·hϑ)2

Tauc plot in the low-energy range (Figure S6). This slope may be associated with either
the additional low-energy direct band–band transition with parameters Edir

1 (0) ≈ 2.08 eV,
Sdir

1 ≈ 5, and Edir
p1 ≈ 30 meV (Figure 5) or with the Urbach edge. Taking into account quan-

tum chemical calculations (see below), the presence of a low-intensity direct band–band
transition can be assumed.

Quantum-chemical calculations were carried out for a deeper investigation of the
nature of the absorption and two-band luminescence. Compound 1 has several intra- and
intermolecular hydrogen bonds which can provide the proton transfer. The {MnBr . . . HO}
and {HO . . . HO} interactions were investigated in detail. The 3D potential energy surface
of the ground state was calculated along the {MnBr . . . HO} and {HO . . . HO} vibrations.
The calculation shows the presence of the two minima (Figure 5). The transition energies
corresponding to the charge transfer from bromide to manganese ion for global and local
minima are ∆Eglobal ≈ 3.02 eV and ∆Elocal ≈ 2.82 eV, respectively. These values are in

good agreement with Edir
2 (0) and ∆Eindir

2 + Eindir
p , respectively. It should be noted that the

global and local minima are separated by a barrier with energies ∆E f orward
ground ≈ 420 meV and

∆Ebackward
ground ≈ 110 meV, on the one hand, and ∆E f orward

excited ≈ 340 meV and ∆Ebackward
excited ≈ 110 meV,

on the other, for ground and excited states, respectively. The transition energies correspond-
ing to the charge transfer from bromide to the organic cation for global and local minima
were additionally calculated to be ∆Elow−energy

global ≈ 2.08 eV and ∆Elow−energy
local ≈ 1.81 eV, respec-
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tively. The oscillator strength of the transfer transition to the organic cation is approximately
10 times lower than for the charge transfer to the manganese ion.
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Calculated spin-flip transitions between different d-orbitals of manganese(II) ion from
the global minimum point have energies about λEx1

SF = 481 nm (2.58 eV), λEx2
SF = 462 nm

(2.69 eV), and λEx3
SF = 431 nm (2.88 eV) that are close to luminescence excitation values. The

first spin-flip transition from the local minimum point has an energy of about λEx1
SF = 602 nm

(2.06 eV) and involves not only d-orbitals of manganese(II), but also p-orbitals of carbon and
nitrogen atoms and s-orbitals of hydrogen atoms. This indicates the coupling between all
fragments of 1 through noncovalent interactions and hydrogen bonds.

The calculated phonon structure (Figure S11) shows that the phonons with energies
300–450 meV (DFT calculated ∆E f orward and absorption data Eindir

p ) correspond to the
proton vibrations of NH . . . O and OH . . . O groups (Figures S12–S15). Therefore, the ob-
served indirect band–band transition can be attributed to the phonon-assistance excitation
accompanied by the proton transfer. The phonons with energies ~25–40 meV (absorption
data Edir

p1 and Edir
p2 , luminescence linewidth data Ep1 and Ep2 , and luminescence intensity

data ∆Eλ1 pop and ∆Eλ2depop1) correspond to the vibrations of the {[MnBr4]2−} fragment
(Figure S13). It was found that the bromide and manganese(II) ions are involved in both
luminescence bands as well as in both direct absorption processes.

3.4. EPR

The EPR spectrum measured for compound 1 (Figure 6) represents distorted single
lines with a peak-to-peak linewidth of ∆Hpp = 32.7 mT. To fit such a spectrum, the model
typical of [MnBr4]2+ [26,27] was proposed in the form of a paramagnetic center with
electron spin S = 5/2 accompanied by zero-field splitting. In this case, the following spin
Hamiltonian formula can be used:

Ĥ = βŜgH + ŜDŜ

where β is a Bohr magneton, g is a g-tensor, D is a zero-field splitting tensor, and H is a
magnetic field. Conventionally, the tensor D is expressed through the parameters D = 3

2 Dzz

and E =
Dxx−Dyy

2 and these will be used below. To reduce the number of varying param-
eters in the fitting procedure, the typical approximation for manganese(II) compounds
of the isotropic g-tensor with ignored Mn(II) hyperfine interaction has been chosen. The
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experimental g-factor value was estimated to be g = 2.013. Exploiting the least-squares
fitting technique implemented in the EasySpin program package, a spectrum was ob-
tained which corresponds to the experimental one rather well (Figure 6). The resulting
experimental EPR parameters are given in Table 2. The concentration of the Mn(II) ions
evaluated by the EPR technique—with CuSO4 5H2O standard being 9.6·1020 paramag-
netic centers with S = 5/2 per gram—is in good agreement with the theoretical value
9.9·1020 (97%).
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Figure 6. (a) EPR spectra of 1, experimental (I) and as best fit of the experimental data (II) and
(b) calculated g–tensor values along the ground state potential energy surface of 1.

Table 2. Experimental and DFT calculated EPR parameters.

g-Tensor |D| and |E|/| D|

Experimental g = 2.013 D = 2430 MHz
E/D = 0.03

Calculated
Global minimum point

gxx = 2.007
gyy = 2.010
gzz = 2.012
giso = 2.010

D = 2285 MHz
E/D = 0.09

Calculated
Local minimum point

gxx = 2.010
gyy = 2.015
gzz = 2.032
giso = 2.019

D = 4056 MHz
E/D = 0.32

Quantum chemical calculations have been performed to check the correctness of the
spectrum analysis. The calculated g- and D-tensor eigenvalues are close to that experimen-
tally determined, which indicates that the model for the paramagnetic center has been
chosen correctly. In view of the two minima in the potential energy surface for 1 (Figure 6),
it should be mentioned that the straightforward description of the experimental spectrum
as a sum of two single lines with different isotropic g-tensors was tested and did not result
in any increase in the similarity between calculated and measured spectra. In such a case, it
can be assumed that the g- and D-tensors of 1 are predominantly determined by the global
state of the compound, whereas the possibility of proton transfers leads to the broadening
of the EPR spectrum.



Inorganics 2022, 10, 245 10 of 12

4. Conclusions

The luminescent organic–inorganic cation–anion tetrabromomanganate(II) compound
with diprotonated 1-hydroxy-2-(pyridin-2-yl)-4,5,6,7-tetrahydrobenzimidazole has been
synthesized and investigated. The crystal structure of the compound contains a few path-
ways for O . . . HN, Br . . . HO, and O . . . HO proton transfers. The interligand proton
transfers play an important role in the observed luminescence, optical, and magnetic prop-
erties. The ground state of the Mn(II) ion is an orbital singlet 6S5/2 (6A1) according to
the EPR data. The processes of the proton transfer result in the broadening of the EPR
spectrum. The compound manifests two-band luminescence. The high energy lumines-
cence band is caused by the 4T1(G)→6A1(S) transition of the manganese(II) ion. The low
energy luminescence band is thought to be caused by the transitions from the triplet state
of organic cation and the d-orbitals of manganese(II). These states are coupled through
{[H2L]}-{[MnBr4]}-{[H2O]} vibrations. The luminescence, optical, and magnetic properties
of organic-inorganic manganese(II) compounds are closely associated with these proton
transfers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10120245/s1: Crystallographic data, X-ray powder
diffraction data, IR spectra, calorimetric data, Absorption data, Luminescence chromaticity data, and
DFT calculation data.
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