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Abstract: Single crystals of 2-methylbenzimidazolium perchlorate were prepared for the first time
with a slow evaporation method from an aqueous solution of a mixture of 2-methylbenzimidazole
(MBI) crystals and perchloric acid HClOy. The crystal structure was determined by single crystal X-ray
diffraction (XRD) and confirmed by XRD of powder. Angle-resolved polarized Raman and Fourier-
transform infrared (FTIR) absorption spectra of crystals consist of lines caused by molecular vibrations
in MBI molecule and ClO4 ™~ tetrahedron in the region v = 200-3500 cm ! and lattice vibrations in
the region of 0-200 cm~!. Both XRD and Raman spectroscopy show a protonation of MBI molecule
in the crystal. An analysis of ultraviolet-visible (UV-Vis) absorption spectra gives an estimation of
an optical gap E¢~3.9 eV in the crystals studied. Photoluminescence spectra of MBl-perchlorate
crystals consist of a number of overlapping bands with the main maximum at Epgs,, = 2.0 eV.
Thermogravimetry-differential scanning calorimetry (TG-DSC) revealed the presence of two first-
order phase transitions with different temperature hysteresis at temperatures above room temperature.
The higher temperature transition corresponds to the melting temperature. Both phase transitions
are accompanied by a strong increase in the permittivity and conductivity, especially during melting,
which is similar to the effect of an ionic liquid.

Keywords: semi-organic crystals; single crystal and powder XRD; Raman scattering; UV-Vis
absorption; photoluminescence; phase transitions; dielectric properties

1. Introduction

At present, the search and study of new organic and semi-organic crystals is of great
interest, which is associated with the need to get new multifunctional materials for energy
harvesting [1], the creation of flexible materials for electronics [2,3], sensors of various fields,
piezoelectric elements, nonlinear optical devices [4-6], fuel cell membranes for hydrogen
energy [7], biomedical and biotechnological devices [8], etc. Particular attention is paid to
ferroelectrics and related materials since, due to the absence of an inversion center in the
crystal structure, they exhibit a combination of various physical properties (ferroelectricity,
piezoelectric effect, pyroelectric effect, second-order nonlinear optical effects, etc.). Also
of interest are new centrosymmetric organic crystals, since they, as a rule, have a wide
transparency window and, at the same time, can exhibit significant third-order optical and
dielectric nonlinear susceptibilities.
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For the synthesis of new organic or semi-organic crystals, methods based on slow
cooling or evaporation from various solutions are widely used since most organic and
some inorganic materials dissolve in water, ethanol, acetone, etc. The number of new
crystals synthesized by these methods increases greatly every year. Among them, we can
mention the discovery of ferroelectricity in one-component organic crystals of croconic acid
(C505H3, Ps~30 uC/cm? at room temperature (RT)) [9,10], 2-methylbenzimidazole (MBI,
CgHgNjy, Ps~5-7 uC/cm?) [11] and two-component crystals of diisopropylammonium
iodide (Ps~33 uC/cm?) [12]. We also note that semi-organic crystals synthesized from solu-
tions based on a combination of amino acids, such as glycine, betaine and inorganic acids,
such as sulfuric, phosphorous and phosphoric acids, can exhibit ferroelectric properties
(glycine phosphite [13], triglycine sulfate [14], betaine phosphite [15,16]) or antiferroelectric
properties [17]. In deuterated crystals of amino acid ferroelectrics, the Curie temperature
can be higher than room temperature [15,18].

It was known that the binding of molecules containing an imidazole ring (for ex-
ample, histidine) with inorganic acids can lead to the formation of crystals with a non-
centrosymmetric structure [19,20]. This aroused interest in the search for new crystals
based on such combinations. In Ref. [21], crystals based on organic 2-methylbenzimidazole
consisting of linked benzene and imidazole rings and inorganic phosphorous H3POj3 or
phosphoric H3POy acids were synthesized and studied. X-ray diffraction (XRD) and Raman
spectroscopy measurements have shown that the crystal structures of new substances were
formed by the cations (MBI+H)*, anions HyPO3;~ or HyPO4~ and water molecules. The
crystal structure of MBI-phosphite is characterized by a centrosymmetric space group
P21 /c (14) of monoclinic syngony, whereas the structures of MBI-phosphate-1 and the
MBI-phosphate-2 modifications are described in the frame of the space group P1 (2) of
triclinic syngony. Dielectric measurements have shown that, in MBI-phosphite, an increase
in temperature leads to a very strong increase in conductivity and the appearance of a
specific behavior characteristic of proton superionics while in MBI phosphates, a decrease in
temperature is accompanied by an increase in the dielectric constant, similarly to quantum
paraelectric at low temperatures [21].

Perchlorate salts are of great interest for chemistry because of their unique proper-
ties such as high degree of ionic character (electronegativity), high solubility in different
solvents, small possibility of oxidation or reduction, etc. [22]. They have been used for
more than 50 years as a medicine for the treatment of thyroid gland disorders and are
widely used in the pyrotechnics industry, and ammonium perchlorate is also a component
of solid rocket fuel [23]. At present, perchlorate salts are also of interest for astrobiol-
ogy. It has recently been found that perchlorate salts, which are ubiquitous on Mars,
increase the activity of a-chymotrypsin at low temperatures, and the effect of perchlorate
salts on the thermodynamics of x-chymotrypsin activity closely resembles psychrophilic
adaptations [24,25].

Particular attention last time is paid to semi-organic crystals synthesized from aqueous
solutions of perchloric acid HClIO4 with various organic components. Many of these com-
pounds exhibit ferroelectric [26-28] and nonlinear optical properties [29,30]. Among them
are imidazole perchlorate crystals and films, characterized at RT by the polar space group
R3m (160) of trigonal syngony and having a spontaneous polarization Ps~6-8 uC/cm? and a
coercive field E.~1 kV/cm [22,24]. Note that the imidazole (Im) single crystals C3N,Hj, are
centrosymmetric (the space group P2;/c (14)) [31]. Nevertheless, an interaction between Im
and perchloric acid molecules in solutions leads to the formation of a non-centrosymmetric
imidazole perchlorate crystal. Unlike imidazole, MBI crystals are non-centrosymmetric and
exhibit biaxial ferroelectricity above room temperature [11]. Because the crystals formed
by perchloric acid with organic components show different phase transformation, it was
interesting to know what structure the crystals formed by the combination of MBI and
perchloric acid would have.

The main objectives of this work are the synthesis of a new salt of perchloric acid,
2-methylbenzimidazolium perchlorate, the study of its crystal structure, optical and di-
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electric properties and phase transitions. Studies of the crystal structure by means of
single crystal and powder X-ray diffraction (XRD) are confirmed by the analysis of Raman
and Fourier-transform infrared (FTIR) spectroscopy. The optical properties were studied
using absorption spectroscopy in the ultraviolet-visible (UV-Vis) region and photolumi-
nescence. Thermogravimetry-differential scanning calorimetry (TG-DSC) and dielectric
measurements of new crystals and their analysis are presented.

2. Materials and Methods
2.1. Crystal Synthesis

Single crystals of 2-methylbenzimidazolium perchlorate (MBI-perchlorate or MBI-HCIO4
or (CsHgNjy) (HClO4)) were grown from aqueous solutions of MBI single crystals and
perchloric acid by evaporation. MBI crystals used for synthesis were grown from chemically
prepared MBI powder. To remove impurities, the powder was recrystallized several times
in ethanol [32]. As a result, almost colorless MBI crystals were obtained. For the synthesis
of MBI-HCIOy, the purified MBI crystals were dissolved in ~70% aqueous solution of
perchloric acid until almost all saturated solutions were obtained, and MBI-HClOy crystals
were grown from them at RT. Optical images of some synthesized crystals are shown in
Figure 1.
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Figure 1. Optical images of grown MBI-perchlorate crystals. Samples 1 (a,b), 2 (c), and 3 (d). The
sizes of the grid steps in (a—d) are equal to 1 mm.

MBI-perchlorate thin plates (Figure 1a,b (Sample 1)) are transparent and colorless.
More thick single crystal shown in Figure 1c (Sample 2) has a faint pink color. The thick
bulk crystal shown in Figure 1d (Sample 3) has a distinct brown tint indicating the presence
of impurities caused most probably by the partial decomposition of perchloric acid over
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time in the solution, from which colorless crystals first grew. Therefore, the last crystals
obtained from the solution were brown. The presence of impurities in the brown bulk
crystal (Sample 3) is also confirmed by experiments with photoluminescence (see below).
All crystals have a pronounced cut. The crystals are well dissolved in water or ethanol.

2.2. Crystal Structure Measurements

Crystal structure of MBI-perchlorate samples was investigated using single crystal
and powder XRD analysis.

2.2.1. Experimental Details of Single Crystal XRD

For single crystal XRD experiment, the suitable crystals of MBI-perchlorate (3 sam-
ples) were fixed on a micro mount and placed on at Rigaku XtaLAB Synergy and Super-
Nova diffractometers and were measured at a temperature of 100 K using monochroma-
tized Cu-K, radiation (generated at a high voltage of 50 kV and a current of 1 mA of an
X-ray tube with a copper anode) in the Resource Center “X-ray Diffraction Methods” of
St. Petersburg State University. The structures have been solved by the direct methods
by means of the SHELX program [33] incorporated in the OLEX2 program package [34].
The non-hydrogen atoms were refined in an anisotropic approximation of atomic temper-
ature factors. Equivalent isotropic factors Ueq were also calculated for these atoms (see
Section S.II of the Supplementary Materials). The carbon and nitrogen-bound H atoms
were placed in calculated positions and were included in the refinement in the ‘riding’
model approximation with the isotropic temperature factors Ujs,(H) set to 1.5Ueq(C) and
C-H interatomic distances 0.96 A (for sample 1) or 0.98 A (for samples 2-3) for CHj groups,
with Ujs,(H) set to 1.2Ueq(C) and C-H 0.93 A (for sample 1) or 0.95 A (for samples 2 and 3)
for CH groups and with Ujs,(H) set to 1.2Ueq(N) and N-H 0.86 A (for sample 1) or 0.88 A
(for samples 2 and 3) for NH-groups. Empirical absorption correction was applied in
CrysAlisPro program complex [CrysAlisPro, Agilent Technologies, Versions 1.171.40.50a
(for sample 1) and 1.171.41.104a (for samples 2 and 3)] using spherical harmonics, imple-
mented in SCALE3 ABSPACK scaling algorithm. The drawings of the MBI-perchlorate
crystal structure were made using the Vesta program [35].

2.2.2. Experimental Details of Powder XRD

In order to obtain evidence that the synthesized crystals consist at RT of the same
phase of MBI-perchlorate, which was determined in the XRD experiment with single
crystals at 100 K, as well as to obtain accurate values of their unit cell parameters and
characterization of their microstructure on a nanometer scale, the powder MBI-perchlorate
was also examined by XRD.

The powder of MBI-perchlorate was obtained by thoroughly grounding the synthe-
sized crystals in a corundum mortar. The prepared powder was placed into the low-
background single crystal Si(119) sample holder.

Powder X-ray diffractometer D2 PHASER (Bruker AXS, Karlsruhe, Germany) in
vertical Bragg-Brentano geometry equipped with an X-ray tube with a copper anode, Ni

filter (Cu-K « radiation, wave length A = 1.54184 1&) and a position-sensitive semiconductor
linear X-ray detector LYNXEYE was used for measurements of XRD powder pattern (26-0
scan mode, scan range 26 = 5.6-120°, step A26 = 0.02°). During the XRD measurements,
the temperature Tieas in the sample chamber of the diffractometer was equal to 313 £ 1 K.
Other details of measurements and obtaining the diffraction angle corrections (zero shift
A260 and displacement A20;sp1) of the XRD pattern are the same as described in [21,32,36,
37] and are briefly given in Supplementary Materials (Section S.I).

First, the analysis of the measured XRD pattern was carried out utilizing program
EVA [38], which determines the XRD reflection parameters (Miller indices hkl, Bragg an-
gles ZBBObS, full width at half maximum (FWHM) FWHM, maximum (Imax) and integral
(Iint) intensities) used for preliminary calculation of the unit cell parameters using the
crystallographic-oriented least squares program Celsiz [39] and XRD line profile analysis
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(LPA). To evaluate the microstructure parameters (mean crystallite sizes D, i.e., the sizes
of the areas of the coherent scattering of X-rays in the crystals, and absolute values of
mean microstrains ¢ in the crystallites), LPA was performed using Williamson-Hall plot
(WHP) [40] and size-strain plot (SSP) [41] graphical methods implemented in the SizeCr [42]
program for the pseudo-Voigt (pV) reflections [43] observed in the XRD pattern. The SizeCr
program and WHP and SSP techniques are described in detail in original works [32,36,37]
and in our previous paper [21]. Some details are given in Supplementary Materials (Sec-
tion S.I). It should be emphasized that, often, the average size of crystallites is calculated
either with the Scherrer equation using only one XRD reflection or with the original WHP
method for Lorentz-type XRD reflections (see, for example, [44]). On the contrary, in the
current investigation, the average size D of the crystallites and the absolute average value
of the microstrain &; were estimated using the WHP and SSP methods implemented in
the SizeCr program, modified for the observed pV type of XRD reflection profiles, taking
into account all individual XRD reflections that could be extracted from the observed
superimposed reflections.

The unit cell parameters and crystallite sizes (LPA showed the absence of microstrains,
& = 0), determined using the Celsiz and SizeCr programs at the first stage of research, were
used as initial values for Le Bail (LB) [45] whole powder fitting the simulated XRD pattern
to experimental one. The LB method allows for fitting without a structure and preferred
orientation models when specifying only the space group of the compound, resulting in
precision values of the unit cell parameters (4, b, ¢ and £ for monoclinic cell), crystallite
sizes D and, with good quality of fitting, giving proof of the single-phase powder.

In turn, the values of the parameters 4, b, c and f§ and D obtained in the LB fitting were
used as the initial ones to refine the MBI-HClOjy structure and fit the model XRD pattern to
the experimental one with the Rietveld method [46]. The starting atomic coordinates of
Sample 1 (Table S1 of Supplementary Materials) were used in the Rietveld refinement.

Both LB and Rietveld refinement and fitting were carried out using the TOPAS pro-
gram [42]. To evaluate the crystallite size D parameter, the pV reflection profiles were
described from the first principles (FP, fundamental parameters approach) [47,48]. The
same coefficient of the Scherrer equation as in the SizeCr program (Kgcherrer = 0.94 [42]) was
used to calculate the crystal size in the TOPAS program from the simulated FWHM of the
reflections using double Voigt’s approach [49].

The preferred orientation effects were corrected using March-Dollase (MD) approach [50]
for two crystallographic directions ([101] and [111]) in accordance with the tool in TOPAS.
Model of spherical harmonics of 8th order [51] was utilized for correction of the contribu-
tion of other directions of preferred orientation. Other details (weight scheme, emission
spectrum of the Cu-K« radiation, restrictions on bond length during the refinement of the
atomic coordinates, use of the overall isotropic temperature factors Usso®verl! for every sort
of atoms, calculation of factor correcting the estimated standard deviations (e.s.d.s) obtained
in LB and Rietveld refinement and checking and calculation of agreement factors) [52-55]
and the course of the Rietveld refinement are generally the same as described in [21,36,37].
Some specific details are briefly described in Supplementary Materials (Section S.I).

2.3. Mass Density

The theoretical mass density (XRD mass density) of the compound in XRD experiments
with single crystal and powder was taken from the calculations of the corresponding
structure-refinement programs (SCHELX and TOPAS, respectively). This value is easily
calculated according to relation (see [44] as an example).

Meen
puae(8/m7) = 3 Mg ®

where M) = Z-Mpyo is the mass of the unit cell (in g/mol), Z is the number of formula units
in the unit cell (Z = 4 for MBI-HCIOy,), and M, is the molar mass of the formula unit, Ve
is the unit cell volume (in A3), and N = 6.02214076-10% mol~! is the Avogadro constant.
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The experimental value of the mass density of a single crystal was determined with the
method of helium pycnometry at RT. In this method, based on the Archimedes principle,
helium penetrates into the sample open pores with sizes of ~1 A and larger, the volume of
the displaced helium is measured, which is equal to the volume of the sample V; (i.e., it
is the sample geometrical volume minus the volume of these pores, which are filled with
helium). The pycnometric density is calculated as ppycn = 15/ Vs, where ms is the sample
mass (obtained by weighing). For the measurements of single crystal pycnometric density,
an AccuPyc 1330 pycnometer (Micromeritics Instrument Corporation, Norcross, GA, USA)
was used.

From the values of theoretical mass density pc,1c and pycnometric density ppyen ob-
tained by measurements of powder XRD and pycnometry at close temperatures (Tmeas = 313 K
and RT, respectively), the compactness C and porosity P of the MBI-HClO4 crystal were
determined in accordance with the expressions [44].

C(%) = PY™ 100% @)
Pealc
and
P(%) = (1 - ppym) 100%. 3)
Pcale

2.4. Raman Scattering, FTIR, UV-Vis Absorption, and Photoluminescence

Raman spectra of the MBI-perchlorate single crystals were measured using a LabRAM
HREvo UV-VIS-NIR open spectrometer (Horiba, Lille, France) equipped with a confocal
microscope and a silicon CCD matrix cooled to the liquid nitrogen temperature. The line
at A =532 nm (2.33 eV) of stabilized single longitudinal mode diode-pumped solid-state
(DPSS) laser (Oxxius, Lannion, France) was used as the excitation source. The laser beam
was focused using an Olympus 100x (NA = 0.90) objective lens onto a spot of diameter
~1 um on the sample surface. To avoid laser-induced sample damage, the laser power
on the samples was as low as ~25-80 uW. We used 1800 grooves/mm diffraction grating
and 100x (NA = 0.90) objective lens to measure Raman spectra. In the low frequency
spectral region, the Rayleigh line was suppressed using three BragGrate notch filters
(OptiGrate Corp., Oviedo, FL, USA) with an OD = 4 and a spectral bandwidth < 10 cm~ 1.
Polarized micro-Raman measurements were performed at RT (293 K), in the spectral range
5-4000 cm ™~ ! at different scattering geometries. The backscattering geometries are given
in Porto’s notation, for example, Z(XY)Z. Here, Z-axis is oriented normally to the crystal
surface (100), and X and Y are along c*- and b-crystal axes, respectively.

Angle-resolved polarized Raman spectroscopy is a powerful tool to diagnose anisotropic
materials. Angle-resolved polarized Raman measurements were performed by incor-
porating an automatically rotating A/2 wave plate directly in front of the objective to
simultaneously vary the polarization directions of the incident laser beam and scattered Ra-
man light. With this configuration, when passing through the wave plate, the polarization
of the incident beam rotates in a controlled manner relative to the crystallographic axes
of the immobile test sample. By selecting the appropriate polarization of scattered light
transmitted through the same A/2 wave plate with an analyzer placed in front of the slit
of the spectrometer, it is possible to measure polarized Raman spectra depending on the
angle between the polarization of the incident radiation and the crystallographic axes of
the sample.

The micro-photoluminescence (p1-PL) measurements were carried out in microscope
stage Linkam THMS600 (Linkam Sci. Inst. Ltd., Salfords, Surrey, UK). The line at
A =266 nm (4.66 eV) of MPL-F-266-10 laser (CNI Laser, Changchun, China) was used
for continuous wave (CW) excitation. We used 600 lines/mm grating and a large working
distance lens (Mitutoyo 50x UV (NA = 0.40)) with a spot size of ~2 pm and power density
of 6 kWem ™2 on a sample was used to measure p-PL.
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Measurements of the infrared (IR) absorption spectra (in FTIR) were carried out using
an IR-Fourier spectrophotometer IRPrestige-21 with an IR microscope AIM-8000 (Shimadzu
Corp., Kyoto, Japan), both in the specular reflection mode and in the transmission mode,
followed by the Kramers-Kronig transformation. The results were then converted to
absorbance. The measured spectral range was from 650 to 5000 cm ™.

Optical absorption spectra of MBI-perchlorate in the UV-Vis spectral range were
obtained using a UV-3600i Plus UV-Vis-NIR spectrophotometer (Shimadzu Corp., Kyoto,
Japan) operating at RT in the wavelength range of 200-2000 nm. The test was conducted
in reflection mode using an integrating sphere. BaSO4 was used as a reference sample.
Absorption spectra in aqueous solutions of MBI and HCIO4 were measured on an SP-2000
spectrophotometer (OKB Spektr LLC, St. Petersburg, Russia) in the wavelength range of
200-1000 nm.

2.5. TG-DSC

TG-DSC studies were carried out in air using Thermal Analysis System: Mettler
Toledo TGA/DSC 3+ (Mettler-Toledo, LLC, Columbus, OH, USA). Experiments were
performed in the temperature interval 35-400 °C with different rates of heating and cooling
(20 °C/min, 10 °C/min and 5 °C/min for crystals shown in Figure 1b (Sample 1)). Maximal
temperature of heating—cooling cycles were 200 °C and 400 °C. During measurements, the
samples were photographed.

2.6. Dielectric Measurements

Measurements of capacity and dielectric losses (tgd) in single crystals of MBI-perchlorate
were performed in the frequency range f = 120-10° Hz and temperature interval 100460 K
with LCR-meter MIT 9216A (Protek Instrument Co., Ltd., Gyeoriggi-do, Republic of Korea),
using the LabView software package (Version 2011, NIST, Gaithersburg, MD, USA). Silver
glue was used for preparing the electrodes on the natural faces of the crystals. During
thermal cycling, capacitance C and dielectric loss tangent tgd were measured with a slow
temperature change at a rate of 1-2 K/min. Cycles of computer-controlled measurements of
C and tgd at frequencies of f = 120 Hz, 1 kHz, 10 kHz and 100 kHz were repeated every 5 s.

3. Results
3.1. Single Crystal XRD Analysis

Single crystal XRD analysis shows that the MBI-perchlorate samples 1, 2 and 3 crys-
tallize in monoclinic centrosymmetric lattice with space group P2;/n (14). Crystal data
and structure refinement details of Sample 1 are summarized in Table 1. For Samples 2
and 3, crystal data and selected details of structure refinement are shown in Table S5 of
the Supplementary Materials. Crystallographic information files (CIFs) for Samples 1, 2
and 3 were deposited at Cambridge Crystallographic Data Centre (2236941-2236943) and
can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (accessed on
23 November 2022). In addition, CIFs for all samples are linked to Supplementary Mate-
rials. Coordinates of atoms and their equivalent isotropic/isotropic temperature factors
Ueq/ Uiso, atomic displacement parameters U, bond lengths and bond angles according to
the results of the single crystal refinement of Sample 1 are presented in Tables S1-54 of the
Supplementary Materials (Section S.II).

The unit cell contains four (CgHgN3) (HCIO4) formula units (Z = 4 in Table 1). Crys-
tal structure of MBI-perchlorate and images of HCIO4 and MBI molecules with atoms
represented by thermal ellipsoids are shown in Figure 2.

In the MBI-perchlorate structure, the flat MBI molecules (Cs(m) symmetry) are ar-
ranged in antiparallel pairs. The ClOy tetrahedra are located near the nitrogen atom in
each MBI molecule. The planes of flat MBI molecules are oriented perpendicularly to
(101) crystal plane and the planes of the MBI molecules are rotated in pairs at an angle
of +24.3360(9)° or —24.336(9)° from the plane (101) of the crystal structure (Figure 2b).
Since benzimidazoles are amphoteric, the interaction of MBI molecules with acids can
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be accompanied by protonation when a proton from HClOy is transferred to one of the
nitrogen ions of the MBI molecule. As a result, the (MBI + H)* cation and the (ClO4)~
anion appear, and one double bond in the imidazole ring disappears. In particular, such a
situation was observed in MBI-phosphite and MBI-phosphates [21].

Table 2 presents a comparison of the bond lengths and angles in the MBI molecule in
crystals with (ImH;)SO4-2H, 0O, MBI-phosphate-2, (ImH;)H,PO4)) and without protonation
(MBI and Im), as well as in MBI-perchlorate (Sample 1). The main differences between
protonated and non-protonated crystals are observed in N007-C00D-N006, CO0D-N007-
C008 and CO0D-N006-C009 bond angles. In protonated MBI molecules, the bond angle
N007-C00D-N006 is much smaller than in non-protonated ones. On the contrary, the angles
C00D-N007-C008 and C00D-N006-C009 in protonated MBI molecules are larger. This
situation is also observed for MBI-perchlorate (Table 2). Thus, we can conclude that the
crystal structure of MBI-perchlorate is formed by (MBI + H)* cations and (ClO4)~ anions
packed into a lattice with four formula units.

Detailed comparison of interatomic distances and angles for samples 1, 2 and 3 is
presented in Supplementary Materials (Tables S6 and S7, Section S.III). In all samples the
bond lengths and bond angles of MBI molecular are very close.

Table 1. Details of crystal data and structure refinement of MBI-perchlorate single crystal (Sample 1).

MBI-Perchlorate

Chemical formula CgHyCIN,Oy4
Formula weight, Da 232.62
Space group P21/n (14)
a, A 7.6940(2)
b, A 9.9774(2)
c, A 12.4450(4)
B, ° 94.674(3)
Ve, A 952.17(4)
Z 4
Pcale, g/cm’ 1.6236(1)
F(000) 480.0
#, mm~! 3.582
Radiation (A, A) Cu-K, (1.54184)
© max, ° 70.391
h, k, | max 9,10,15
Reflections collected 5321
Independent reflections 1812
Data/restraints/parameters 1812/0/137
GoF 1.105

Final R indexes [Reflections I >= 20(I)]

Ry = 0.0499, wR, = 0.1399

Final R indexes [Reflections all]

Ry = 0.0553, wR, = 0.1477

Largest diff. peak/hole,
eA—3

0.64/—0.60

Temperature of measurements, Timeas, K

100 £ 2
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Figure 2. Images of MBI-perchlorate crystal structure (a,b). Perchlorate acid tetrahedra are marked
by blue, red circles—O, brown circles—C, blue circles—N, open circles—H. (c) Perchloric acid and
MBI molecule in MBI-perchlorate structure with atoms represented by thermal ellipsoids by means
of program ORTEP [56] using the data presented in Tables S1-54, correspondingly.

Table 2. Bond lengths and angles of MBI molecule in crystals with and without protonation.

Crystal Bond, A Bond, A Angle, ° Angle, ° Angle, °
C00D-N007 C00D-N006 N007-C00D-N006 C00D-N007-C008 C00D-N006-C009
MBI [57] 1.339 1.335 112.7 106.1 106.3
Imidazole (Im) [31] 1.337(3) 1.316(2) 112.0(1) 107.3 105.3
(ImHz)SO,-2H,0 [58] 1.323(4) 1.333(4) 108.4(2) 108.7(2) 108.2(2)
MBI-phosphate-2 [21] 1.3299(13) 1.3347(13) 109.38(9) 109.19(8) 108.96(8)
(ImH,)H, POy [59] 1.320(4) 1.320(4) 108.7(3) 108.6(6) 108.6(6)
MBI-HCIO, (Sample 1) 1.330(3) 1.330(3) 108.6(2) 109.6(2) 109.8(2)

Considerable differences are observed for structural parameters of perchlorate ClO4
tetrahedra. The ClO; tetrahedra are most strongly distorted in sample 1. In large samples 2
and 3, they are closer to the shape of a regular tetrahedron. The unit cell volume in samples
2 and 3 is slightly bigger than in sample 1, which is mainly due to the larger values of
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parameters 2 and b and decrease in monoclinic angle f§. These differences may be caused
by different concentration of impurities in samples, which can be introduced in voids of
crystal structure during growth [32,37]. Apparently, these impurities are formed as a result
of the decomposition of perchloric acid over time.

3.2. Powder XRD Analysis

The results of LPA by WHP and SSP methods showed the absence of microstrains
in the crystallites and a rather large crystallite size of ~100 nm (Section S.I, Figure S1).
LB-fitting of the MBI-perchlorate powder showed a fairly good quality (the agreement
weight profile factor Rwp = 10.83%, Section S.I, Figure S2), which indicates that the powder
is single-phase.

The final results of the Rietveld refinement are shown in Figure 3 and in Table 3.
Refined structure parameters (atomic coordinates and atomic temperature factors), as
well as selected interatomic distances and angles are given in Tables S1, S3 and S4 of the
Section S.I of the Supplementary Materials.
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Figure 3. Final graphical results of Rietveld fitting of the MBI-perchlorate (space group P2;/n
(14)) powder XRD pattern. The Bragg angle positions of all allowed reflections are shown by bar
diagram. Miller indices hkl are indicated for some selected reflections (a list of ikl and squares of
observed (Fpy obs>) and calculated (Fyy calc?) structure amplitudes as calculated by TOPAS is given
in Supplementary Materials in a separate text-file with extention ‘fcf’).

Table 3. MBI-perchlorate (Tmeas = 313 £ 1 K). Monoclinic unit cell parameters (4, b, ¢, and B), unit
cell volume V), mean crystallite size D, and reached agreement factors [55] obtained in Rietveld
refinement and the factor m, ¢ 4. for correction of e.s.d.s of refined parameters.

a, A ¢ A Veells A3 Pcaler Rwp, % cRup, % 2 Rg, %
b, A B, ° D, nm g/cm’ Ry, % cRp, % 2 Megq 2
7.9123(1) 12.6787(3) 994.89(6) 12.67 18.57 0.98
9.9617(5) 95.404(1) 93(1) 1.5539(1) 9.29 16.59 4127

@ Parameters calculated by program RiefESD (see Ref. [45] and Supplementary Materials).

Thus, the Rietveld fitting of the XRD pattern and the refinement of the structure show
a fairly good quality (the weight profile agreement factor Ryp is 12.67%, and the Bragg
coefficient is 0.98%, Table 3). The volume V. of the unit cell of the MBI-HCIO4 powder
is 4.5% larger than that of a single crystal (compare Tables 1 and 3) due to a noticeable
increase in the unit cell parameters 4, c and the angle B of monoclinicity while the parameter
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b varies slightly. Most likely, the volume of the unit cell of the powder is larger since its
measurements took place at a temperature slightly higher than RT (313 K) while the single
crystal at 100 K. If we turn to Figure 2a,b, which shows the structure, it can be seen that
along the axes a and c are the largest voids in the structure while along the axis b, they are
much smaller. This is probably the reason for a noticeable increase in parameters a, ¢ and
the angle § between them and a slight change in parameter b resulting in an increase of
Vel With an increase in the temperature Teas 0f the XRD measurement of the powder
pattern compared to single crystals.

As a result of the increase in the volume V¢ of the unit cell due to the higher mea-
surement temperature Timeas in the XRD powder experiment compared to a single crystal
one, the theoretical density pg,. of the MBI-HClIO, (Sample 1) is less in the case of XRD
powder calculations than in the experiment with a single crystal (cf. 1.5539(1) g/cm3
and 1.6236(1) g/cm? in Tables 1 and 3, respectively). At the same time, the pycnometric
density ppyckn Of a single crystal, measured at RT close to the XRD measurement temper-
ature Timeas = 313 K of the powder, shows a value close to the theoretical value p,. for
the powder, but slightly less (cf. ppyckn = 1.519(5) g/ cm? for single crystal Sample 2 and
Pealc = 1.5539(1) g/ cm3 according to powder XRD calculations for Sample 1). Thus, the
compactness C;; and porosity P of the MBI-HClOjy crystal are estimated to be 97.8(3)% and
2.246(3)%, respectively, which is comparable to the values of C;;; = 98.2% and P=1.8% in the
inorganic perovskite-like Lag.oBig.2Nig.5Tig.503 [44].

Apparently, due to the higher temperatures Tmeas, the isotropic temperature factors
Uiso°ve™ of the atoms in the powder are higher than the equivalent isotropic temperature
factors Ueq in the single crystal, which indicates a higher thermal oscillation of the atoms
at a higher temperature (Table S1 of Supplementary Materials). As for the interatomic
distances and angles (Tables S3 and 54 of Supplementary Materials), their average values in
ClO4 and CHj polyhedra and C3(NH), groups obtained for the powder are in fairly good
agreement with the values determined on a single crystal. At the same time, for the powder,
the individual values of the interatomic distances and angles show a noticeably greater
spread around the average values than in the case of a single crystal. Apparently, this
greater spread of individual values of interatomic distances and angles can be explained
both as a result of the larger Trmeas and by the fact that the single-crystal XRD method is
much more precise for determining atomic coordinates, and hence the distances and angles
between atoms, than the powder analogue.

3.3. Raman Scattering and FTIR Absorption Spectroscopy

Raman scattering and FTIR absorption spectra observed in MBI-perchlorate (Sample 1)
are similar to that in crystals whose structure involves MBI or perchloric acid molecules.
Figure 4 presents polarized Raman spectra of MBI-perchlorate at RT for different experi-
mental geometries after removing a background caused by relatively small luminescence
at excitation at the wavelength A = 532 nm. In spectral range v = 100-3500 cm ! the
spectra consist of a large number of narrow lines caused in the region v = 0-200 cm ™! by
crystal lattice vibrations (Figure 4a) and at v = 100-3500 cm ™~ ! intermolecular vibrations
(Figure 4b).

Measurements of FTIR absorption spectra were carried out using thick and thin sam-
ples (Sample 1). The thin sample (thickness #~0.1 mm) was measured in transmission mode,
and the thick sample (h~0.5 mm) was measured in both transmission and specular reflection
modes with subsequent Kramers-Kronig transformation. Transmission measurements on
a thick sample made it possible to better determine the absorption peaks in the ranges of
1700-2850 and 3850-4800 cm 1. The absorption peaks in the ranges of 650-1700 cm ! and
2850-3100 cm ! are better seen on measurements of a thin sample. Figure 5 shows FTIR
adsorption spectra of MBI-perchlorate crystals measured in transmission mode.
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Figure 4. Raman spectra of MBI-perchlorate crystal for different experimental geometries. (a) Low
energy region (—200-200 cm~!) with Stokes and anti-Stokes components, (b) Spectral region
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Figure 5. FTIR adsorption spectra of MBI-perchlorate crystals measured in transmission in thick (a)
and thin (b) samples.

Raman shifts v and wave numbers for FTIR absorption lines observed in MBI-perchlorate
and their interpretation based on comparison with known spectra of MBI crystal [32,60]
molecule and ClO,~ tetrahedron [56]) are presented in Table 4. Most of these lines
(Figures 4 and 5 and Table 4) correspond well to different types of MBI molecule vibrations.

It is important to note that according to XRD analysis, the MBI molecules in MBI-
perchlorate are protonated, and both nitrogen atoms in the cation (MBI + H)* form a
valence bond with hydrogen atoms. This leads to disappearance of the double carbon—
nitrogen valence bonds. There is no protonation in MBI single crystals, and a strong line at
1545 cm ™! is observed in the Raman spectrum caused by the stretching vibration of the
carbon-nitrogen double valence bond mode in the imidazole ring [32]. In contrast, this line
is practically absent in the spectrum of MBI-HIOy (Table 4), which confirms the results of
XRD analysis.
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Table 4. Raman shifts and FTIR absorption lines (cm~!) observed in MBI-perchlorate. Last column
shows interpretation of the FTIR lines according to MBI assignment [60]. Abbreviations: vs—very
strong, s—strong, m—medium, w—weak, b—broad, '—out-of-plane bending, —in-plane bending,
v—stretching, M—methyl group.

Raman Raman Raman Symmetry FTIR Assignment
Z(YY)Z Z(XX) Z Z(XY) Z Raman Modes
3358-3206b Ag (?318) 3136-3373b MBI VN, Ver, Mven
3083s 3083s 3083m A, (A ]
3074s 3047w 3074m Ai (AT) 3080m MBL: ve
3049vw 3049w 3022w MBL: Mvcy
2971w 2972vw 2992w MBL: Mvcy
29375 2938w 2935w Ag 2938m MBL Mvcy
2880m
2826w
2729-2792b
2656m
2590m
2479m
2436m
2371m
2235m
2153w
2118w
2087m
2056s
2008s
19465
1908w
1890w
1863 m
1853m
1815m
1748sh MBL: dnp
1724m MBL: Snp
1662m MBL: 5np
1625vw 1626m 1626w Ag (AD) 1624vs MBL vee + Ven
1573vs 1573m 15765 Ag (AT) 1570vs MBL: vee
1549vw 1531m MBL: dpcc + Ve
1505vw 1503vw 1501vw MBI Mdcmp
1495vw 1497vw 1497vw 1485sh MBI: MSCHZ + FCCCN + 6CCH
A, (AD 1462s
1463s 1462w 1463m 8 1458vs MBI Sccrs + vee
ﬁgj}‘x 11‘:;‘;“’]‘3’\, 1439m MBI §cnm + VoN + Vee + sccH
1420vw Ag (AD) 1420vs MBL Méc + dccn
1401m 1400w 1401w Ag (AL) 1396m MBL: Méc + dccn
1369m
1356w 1357m 1356m Ag (A) 1358m MBI vee + ven + Mocra
1327vw 1326vw 1327vw 1327m MBI éccy + ven
1290vs 1290m 1290s Ag (AT) 1292s MBL: ven + Vee + Scel
1255vw 1255w 1254m 12565 MBL 5ccp + VeN + Ve
1222m 1220w 1223w Ag (AI) 112221:;Ss MBI: 5CNH +VeN T Vee
1155w 1157w 1153vw Ag (AD) 1184s MBI Sccp
1128w By (1) Vas(ClOy4) v3(E2)
1120w 1120m 1118w Ag (AD) 1153-1020b MBL: 5ccp + Ve
1030s 1030s 1030m Ag (AT) MBL: vee + Ven
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Table 4. Cont.

Raman Raman Raman Symmetry FTIR Assignment
Z(YY)Z Z(XX) Z Z(XY) Z Raman Modes
1002m 1002m 1002w Ag (A 1001s MBL: vee+ dccl
997m 999m 997w Ag (A 997s
958w 968vw 953s MBI I“HCCH + FCCCH
933s 933s 933m Ag (I) 932s vs(ClOy4) v1(A1)
924s 924s 925w Ag (D) 921m V,5(ClO4) v3(F2)
907w 907m 906vw Ag (D) vas(ClOy4) v3(F2)
893w 891vw 891vw 891s MBI: 5CCC + 5CCH
866w 870vw 865vw 868m MBI: FCCCH + rHCCN"' rHCCH + FCCCH
833m 833s 834m Ag (AD) 831s MBL: vce
773s MBI: rCCCH + FCCCC
754s 754m MBI: FHCCH +FCCCH
667s 667m 667m Ag(Al) 665s MBL: vee + dcce + dcen
658vwsh 658vw Ag (AI) MBI: TCNCN + FHCCN + TCCCN + FHNCN
647w 647vw 647w Ag (A]) 8as(ClO4) VA(F1)
630m 627s Ag(AI) MBI: 6CCN + 5CCC + vce
626m 624m 6225 By (1) 8as(ClOy) VA(F1)
618m 615m 618sh Ag(Al) 8as(ClOy) V4(F1)
495vs 494m 496s Ag MBI: 5CCC + Vce + VeN
464w 463m 464m B, 55(ClO4) V2(E)
454m 454m 455m Ag 55(Cl0y4) V2(E)
434m 434w Ag MBI: TCCCC + FCCCH + FCCNH + FCCNC
327m 325vw 324w MBI: FCCCN + FCCNH
279vw MBL: 5cen
161w 157vw MBI I'ccen + rHCCN?
112s 113s 110sh Ag Lattice mode
103s 101s 102s Bg Lattice mode
83w Bg Lattice mode
73w 74w 74w
69 69 Ag Lattice mode
61 Lattice mode
47.7 47.8 41.6 Ag Lattice mode
32.3s 30.5w Lattice mode

The free ClO, ~-ion, having T; symmetry, has four main vibrations: a non-degenerate
symmetric valence mode n1(A1), a doubly degenerate bending (deformation) mode n2(E),
a three-fold degenerate asymmetric stretching mode n3(F2) and a three-fold degenerate
asymmetric bending mode n4(F2). In the crystal, the ClO, tetrahedron occupies a site
of lower positional symmetry C1 and is strongly distorted (see Supplementary Materials
Tables S6 and S7, Section S.III). As a result of low positional symmetry, the degeneracy of
the n2, n3 and n4 modes can be lifted [61]. The nondegenerate valence mode nl appears
as a single band at 933 cm~!; the n2 mode appears at 464 cm~! and 454 cm~!; the n3
mode appears as weak at 1128 cm ™!, 925 cm~! and 907 cm~! and the n4 mode appears at
618 cm™!, 622 cm ™! and 647 cm ™!

To obtain the symmetry of the observed Raman lines, a study of angle-resolved Raman
spectra was performed. To do this, the Raman spectra were recorded for Z(XX) Z and
Z(XY) Z backscattering geometries, where Z is normal to the crystal plane (001) for both
parallel (PP) and crossed (CP) orientation of polarizations with rotation of polarization
around the normal to the surface with a step of 10° or 20°.

The MBI-perchlorate is characterized by monoclinic syngony (space group P21 /n (14)),
and its Raman spectra show pronounced polarization dependence. For P2;/n (14) crystal
symmetry, there are two irreducible representations, Ag and Bg for Raman active modes.
In a widely adopted model [62-65] for arbitrary azimuth 6 of sample the intensity of a

<
polarized Raman signal is proportional to | e;- R -es |2, where e; and es are the polarizations
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g
of the incident and scattered photons, respectively, and R is the complex Raman tensor for
a given mode. For the PP case e; = es = (cost, 0, sinf) and for the CP one es = (-sin8, 0, cosf).
The complex Raman tensors of the Raman active modes in the backscattering geometry
are [63-66].

o |alei®e  |d|e!?d 0

Ra, = ||dlei?t |plei?r 0 4)
0 0 |c|e!?e |
0 0 le|ei?e |

g .

Rp,=| 0 0 [fle ()
e |flér 0

where lal, 101, Icl, Idl, |f] are modulus of components of Raman tensors and ¢;—
corresponding phases. Expressions for angle variation of Raman intensity of lines of Ag
and Bg symmetry are presented in Table 5.

Table 5. Expressions for angle dependence of Raman lines of Ag and By symmetry for parallel and
crossed polarizers.

Ag Bg
Parallel I~{lalcos?d + lcl sin?0 - cos(pe — ga)}? + lc12 sin6 - sin?(pe — @a) lelsin220
polarizations (PP) alcos cl sin Ccos(@Pc — @a ¢l sin sSIN“(Pc — @Pa elsin
Crossed polarizations (CP) I~1/4-[{lal- Icl cos(pc — @a)}* + Ic1? sin?(pc — @a)] sin26 lelcos?20

In frames of this model for the PP case, the angle dependences of Raman intensity
for Ag modes in polar coordinates reveal 180°-symmetry and is a sum of a circle and
two pairs of petals oriented along 0 and 90°. The sizes of a circle and each pair of petals
depend on lal, Icl and (9. — ¢a) parameters. For the CP case, angle variations reveal
90°-symmetry and are a sum of two pairs of petals of the same size oriented along 45° and
135°. Analogous shapes of angle dependence have Bg modes for the PP case. For the CP
case, the petals are rotated on 45°.

Most of experimental angular dependences of polarized Raman lines correspond
well to predictions of the model [63-66], which makes it possible to get undoubtedly the
symmetries of modes (Table 4). Examples of experimental angular dependence for Ag and
Bg modes are shown in Figures 6 and 7.

It should be noted that in the case of bulk transparent birefringent crystals, the simple
model considered above, can only be applied to the orientation of the incident light e;
parallel to one of the main directions of the section of the indicatrix by the reflecting plane
of crystal. Only in this case, the polarization of the exciting and emitted light will not
change over the thickness of the crystal. For other directions of polarization, the formulas
of a simple model may inaccurately describe the angular dependences. Nevertheless, for a
number of lines of Raman spectrum shown in Figure 4, this approach makes it possible to
describe angular variations of the intensity of Raman lines. Using the expressions given
in Table 5, we performed the fitting of the experimental angular dependences, and the
results for some Raman lines are presented in Figure 6. From the fitting, we can conclude
that for the Ag modes associated with vibrations of the MBI molecule, the values of the
parameters lal and |cl differ significantly. On the contrary, for Ag and By modes caused
by vibrations in ClO; tetrahedra, the values of these parameters are almost equal. This can
be explained by the anisotropic nature of the vibrations (Al) of flat MBI molecules in the
crystal structure of MBI-perchlorate as compared to the practically isotropic vibrations (I)
of ClOy tetrahedra.

It should be noted that the description of the angular dependences cannot be per-
formed with good accuracy for all observed lines since some lines exhibit not 90°- but
180°-symmetry in the CP configuration. The reason may be related to the limitations of the
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simple model used and a more detailed approach should be applied [61]. However, the
orientations of the principal axes (0°, 90° or 45°, 135°) on the angular dependences in both
PP and CP configurations are in good agreement with the predictions of the simple model.
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Figure 6. Angle variations of Raman intensity measured in PP (a,c,e,g) and CP (b,d,f,h) geometry for
lines of Ag symmetry. Blue lines correspond to calculations using expressions (Table 5). (a,b) line
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Figure 7. Angle variations of Raman intensity measured in PP (a) and CP (b) geometry for line
v=622cm~! of Bg symmetry.

3.4. UV-Vis Absorption

The absorbance (UV-Vis) spectra of MBI-perchlorate single crystal (Sample 1) and its
aqueous solution are in general similar, although there are certain differences (Figure 8).

The absorbance (UV-Vis) spectra of MBl-perchlorate single crystal (Sample 1) and its
aqueous solution are in general similar, although there are certain differences (Figure 8).
Even in transparent colorless single crystals, an absorption edge is blurred as compared
to that in the solution. An estimate of the optical band gap Eg based on the analysis of
the Tauc plot for allowed direct electronic transitions in MBI-HClOy (Figure 8c) yields
the value Eg = 3.9 eV, which is remarkably less than that in imidazole perchlorate films
(Eg = 5.4 V), in which methyl groups are absent [26]. The value of Eg = 3.9 eV in the single
crystal is markedly less than the width of the optical band gap of the solution (Eg = 4.2 €V,
see Figure 8b), which can be related to a stronger interaction of molecules in the crystal.
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Figure 8. Absorbance spectra of MBI-HCIO; single crystal (Sample 1) and aqueous solution of
MBI-HCIOy crystals (a,b). Tauc plot for direct allowed electronic transitions in MBI-HClOy crystal
(Sample 1) (c).

The brown color of the large bulk crystal shown in Figure 1d (Sample 3) compared
to the almost colorless crystal shown in Figure 1c (Sample 1) indicates the difference in
impurity concentrations in the samples. The presence of impurities in the brown bulk
crystal shown in Figure 1d is also confirmed by the photoluminescence spectra of the
crystal (see below).

3.5. Photoluminescence

Figure 9 presents the photoluminescence (PL) spectra of MBI-perchlorate crystals
upon excitation with light of different wavelengths. Obviously, the emission spectra
explicitly depend on the excitation wavelength. The brightest emission was observed
in our experiments with laser excitation with Aex = 266 nm (hvex = Ephoton = 4.66 €V),
corresponding to the region of fundamental absorption of the crystals. The PL spectra of
samples 2 and 3 obtained under the UV excitation are almost identical and represent a
broad weakly structured band with two maxima at 1.82 and 2.03 eV (Figure 9). The shape of
the spectra suggests that the broad band is a superposition of several narrower overlapping
bands (including the bands at 1.82 and 2.03 eV).
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Figure 9. Photoluminescence spectra of MBI-perchlorate crystals (Sample 3) under photoexcitation
with Aex =266 nm, 405 nm, and 532 nm. The dotted line represents the emission spectrum of aqueous
solution of brown MBI-perchlorate crystal under 405 nm excitation. The spectra are shifted along the
vertical axis for the convenience of readers.

As can be seen from Figure 9, an increase in the excitation wavelength leads to a
dramatic decrease in the intensity of the bands at 1.82 and 2.03 eV while two new relatively
narrow emission bands with maxima at 1.745 and 1.905 eV flare up in the spectrum. Upon
405 nm excitation, an emission band at 2.18 eV also appears, which, in turn, disappears
upon 532 nm excitation. Note that the relatively narrow bands (“lines”) observed in the
emission spectra of colored crystals (Ephoton = 1.90 €V and 1.75 eV) are not observed in the
spectra of their aqueous solutions (Figure 9). Thus, such a “line” structure of the emission
spectrum is a distinctive property of MBI-perchlorate crystals.

The pronounced effect of the excitation wavelength on the emission spectrum of the
crystals under study can be associated with two factors. (i) Light absorption coefficients
in the fundamental absorption region of crystals (Ephoton > Eg) and in their transparency
region (Eppoton < Eg) are significantly different (Figure 8). As a result, under the conditions
of UV excitation (A.x = 266 nm), the near-surface region of the crystals is predominantly
excited, whereas when the crystals are excited by light with A.x =405 nm and A.x = 532 nm,
their volume is excited. However, the concentration and types of impurities and lattice
defects can be quite different on the surface and in the bulk of the crystal, which can
manifest itself in the difference of the emission spectra of its near-surface region and its
bulk. (ii) When crystals are excited by light with Eppoton > Eg, the widest spectrum of
excited electronic states (exciton and defect states) is involved (to a greater or lesser extent)
in the process of radiative recombination. On the other hand, when crystals are excited by
laser photons with E,poton < Eg (in the crystal transparency region), only defects with their
optical absorption bands at E ~ Epoton are selectively excited by the laser radiation, which
generally narrows the emission spectrum.

The important role of impurity centers and lattice defects in the formation of the PL
of the crystals under study is also confirmed by the following. When excited by light
with Aex = 532 nm (Ephoton = 2.33 €V), the intensity of the PL spectra of colorless crystals
(sample 1) is very low (even lower than the intensity of the Raman lines), which clearly
distinguishes them from the spectra of colored crystals (Figure 9). The high efficiency of
photoexcitation of colored crystals by light with A.x = 532 nm indicates the presence of
impurity /defect levels in the band gap of the crystals, providing effective absorption and
emission of light with A > 532 nm. The presence of this impurity absorption in the visible
region of the spectrum determines the noticeable brown color of the crystals and indicates
an increased concentration of impurities in the colored crystals. On the other hand, the
change in the structure of the PL spectrum upon excitation with light with wavelengths of



Materials 2023, 16, 1994

20 of 28

Aexo Rate: 5 °C/min

405 or 532 nm compared to UV excitation demonstrates that the population of the emissive
states of impurity centers depends significantly on the excitation wavelength.

3.6. Thermogravimetry-Differential Scanning Calorimetry (TG-DSC)

The TG and DSC curves of MBI-perchlorate crystals were measured in air. Figure 10
shows DSC curves for heating and cooling at a temperature change rate of 5°/min. Pho-
tographs of the sample before and after heating to 200 °C are shown in the top and bottom
insets in Figure 10a.

1.5 Aexo
] 30
o = Heating N o
157.8°C —— Cooling Heating 3229°C
100 L
10L 425
= Mass
= Heat Flux 420
o =
S 05 o K
; 127.7°C ? i 15 ;
X £ 3
5 2 p 10 &
TR L < 4 110
= 0.0 S s0f l( =
P
$ A
_0 5 | Heating
’ 1o
170.2°C
-1.0 ' : : : : : : : 200 2.%0 3(|)o 3;;0 4065
40 60 80 100 120 140 160 180 200

Sample Temperature (°C)

Sample Temperature (°C)
(a) (b)

Figure 10. TG-DSC curves for heating and cooling at a rate of 5°/min of MBI-perchlorate crystals
Sample 1 (a) DSC curves for heating up to 200 °C. Upper and Lower insets show images of sample
before and after heating, respectively. (b) TG-DSC curves for heating from 200 °C up to 400 °C. The
inset shows the image of sample after heating.

The DSC curves clearly show two first-order phase transitions with different tem-
perature hysteresis. The low-temperature phase transition occurs at T = 161.3 °C
and T, =127.7 °C (AT, = 33.6 °C) for heating and cooling, respectively. The high-
temperature phase transition during heating occurs at To;" = 168.4 °C and at T € = 157.8 °C
during cooling (AT" = 10.6 °C). Since the samples lost their crystalline shape after heating
up to 200 °C (see top and bottom insets in Figure 10a), we conclude that the melting point
is the high-temperature transition. Above melting point, a liquid phase (LqPh) is realized.

A further increase in temperature up to 400 °C is accompanied by a sharp decrease
in the mass of the sample at 322.9 °C (Figure 10b). This temperature can be considered
as the decomposition temperature T4 of the sample. As a result of heating the sample
up to 400 °C, a black residue remains, apparently carbon (see inset in Figure 10b). Thus,
the TG-DSC experiments show that during melting, the samples retain their molecular
composition. In the temperature range between 161.3 °C and 168.4 °C during heating and
between 157.8 °C and 127.7 °C during cooling, the sample is in an intermediate solid phase
(IPh), different from the phase at lower temperatures (LPh).

An analysis of the anomalies in the DSC curves at TqMand ToM gives the change in en-
thalpy AH =57 Jg ! and 28.6 Jg ! and entropy AS =30.7J-mol~'-K~! and 16.6 J-mol ~1.K~!
(AS = AH(M/T), where M is the molecular weight and T is the phase transition tempera-
ture), respectively. Large values of AS for both LPh — IPh and IPh — LqPh (liquid phase)
phase transition indicate their order-disorder type. The value of AS = 30.7 J-mol~!.K~! at
the IPh — LqPh transition is comparable to that in benzene C¢Hg AS = 38.0 J-mol~1.K~!
(T =279.15K).
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The melting point of MBI Ty, ~ 175-177 °C is somewhat higher than T, = 168.4 °C
in MBI-perchlorate. Comparing the melting temperature of MBI-perchlorate with other
semi-organic perchlorates, some of which obey ferroelectric properties, it is seen that its
T'm is much lower than that of imidazolium perchlorate [26], guanidinium perchlorate,
[C(NH)3]"ClO4 ™ [27], [2,4,6-trimethylpyridinium][ClOy], [(CH3)3;CsH,NH][ClO4] [29],
N,N’-diphenylguanidinium perchlorate [30] and so on, in which the melting temperature
T is ~500 K (227 °C).

The irreversible transition at Tq = 322.9 °C is accompanied by a strong decrease in the
mass of the sample up to 25%. Since the molar mass of C (carbon) in MBI-HClOy is about
40%, this decrease corresponds to the volatilization of H, Cl, N, O ions and part of C ions.
Only the carbon shown in the inset of Figure 10b remains. Obviously, this transition is not
a simple evaporation, but it is accompanied by the decomposition of MBI molecules. For
this reason, the enthalpy of transition is high, AH ~ 1500 J-g 1.

The large difference between the decomposition temperature T4 and the melting point
of MBI-perchlorate indicates that the properties of this material can be close to those of
ionic liquids (ILs) [67,68] despite the fact that, by definition, the maximum temperature of
ILs should be up to 100 °C.

3.7. Dielectric Properties

Figure 11a,b shows the temperature dependence of dielectric constant ¢’ and dielectric
losses tgd in MBI-perchlorate crystal during the heating-cooling cycle. It can be seen that
when heated, the permittivity (¢'~8 and tgé~0.1 at 380 K) slowly increase to temperature
T =2 440 K (167 °C), after which there is a strong jump-wise increase by three orders of
magnitude up to €'~3 x 10* and tgd~100. In according with TG-DSC curves (Figure 10),
this increase can be attributed to the melting of MBI-perchlorate. High values of dielectric
constant ¢ at this phase transition may arise due to the effect of the ionic liquid (IL) [62],
which appears during melting of MBI-perchlorate crystals at To;".

Since, as the DSC data show, the temperatures To and Tq" of LPh — IPh and
IPh — LqPh phase transitions are quite close against the background of a strong increase in
¢’ and tgd, it is not possible to identify the phase transition point T,". The phase transition
temperature Tclh obtained from dielectric measurements, shown in Figure 11a,b, is in good
agreement with the DSC data, shown in Figure 10. The phase transition temperature Tc,"
shown by arrows in Figure 11a,b was taken from DSC experiments.

Upon cooling, the high values of ¢’ and tgd in LqPh do not change up to T, where a
first-order phase transition LqPh — IPh occurs. At the temperature T, there is a strong
abrupt decrease in ¢’ and tgé by about an order of magnitude. Below T =420 K and up to
the phase transition temperature T, a slow decrease and some stabilization of ¢ and tgé
is observed.

Figure 11c shows temperature dependence of dielectric constant ¢’ at cooling at fre-
quencies 120 Hz, 1 kHz and 10 kHz.

A strong frequency dispersion of ¢ in LqPh (T > T¢1) and in IPh (To® < T < T1€) is
observed. The dispersion decreases below T;. In this temperature region, the temperature
decrease is accompanied by a faster decrease in ¢ and tgé than in the region T > T°
(Figure 11c,d). Most clearly, the anomaly manifests itself in the temperature dependence of
tgo (Figure 11d). The anomaly does not shift with frequency, indicating a phase transition
rather than some relaxation process. The absence of jump-like behavior in dielectric
constant and losses may be caused by the appearance of the polycrystal state, which can be
realized in a cooling cycle after the melting point.

Figure 12a shows the temperature dependence of the specific conductivity ¢ during
the heating-cooling cycle at different frequencies on a semi-logarithmic scale. The conduc-
tivity was calculated from dielectric data as ¢ = w-gp-€'' = w-tgd-gp-¢’, where w = 27f is the
frequency at which the dielectric data was measured. In contrast to dielectric constant,
the conductivity in LqPh does not depend on both the temperature and frequency. Such
behavior of conductivity was observed in ionic liquids based on imidazole at high tem-
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peratures in frequency interval of direct current (DC) conductivity [69]. The magnitude
of conductivity in LqPh (¢ =2 S/m) is comparable with that in imidazolium ionic liquids

(c=0125/m-9S/m).
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Figure 11. Temperature dependence of dielectric constant ¢’ (a) and dielectric losses tgé (b) in semi-
logarithmic scales in MBI-HCIOy crystal during the heating-cooling cycle at frequency of 10 kHz.
Temperature dependence of dielectric constant (c) and tgé (d) for cooling at frequencies f of 120 Hz,

1 kHz, and 10 kHz.
In IPh, on cooling, the conductivity reveal strong temperature dependence, but the

frequency dispersion is absent.
The frequency and temperature dependences of conductivity o are described by the

(6)

well-known expression [70,71].
oc=0pc+A-w,
with temperature-dependent parameters A and s. The first term in Equation (6) is the DC
conductivity, and the second term, describing the alternating current (AC) conductivity, is
responsible for o frequency dispersion. The absence of frequency dispersion in IPh and
LgPh indicates the dominant contribution of DC conductivity. The conductivity frequency
dispersion appears in LPh at T < T¢; " at heating and at T < T at cooling. Nevertheless, at
cooling, the temperature dependences of ¢ at 120 Hz and 1 kHz almost coincide (Figure 12a),
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and we can use the temperature dependence of conductivity at 120 Hz to elucidate the
activation energy both in IPh and LPh, using an Arrhenius law [70].

opc(T) = age EA/FT @)

o e e @

10 kHz heating
1 kHz heating
120 Hz heating
10 kHz cooling
1 kHz cooling
120 Hz cooling

10° 5
107 4
/ £
° (/)] 10-4 i
o
E.=1.22 eV
T a2
T, 10° 4 { {
T T T T T T T T T T
400 420 440 460 0.0022 0.0024 0.0026 0.0028
T,K ™ K
(a) (b)

Figure 12. Temperature dependence of conductivity ¢ during heating—cooling cycle in semilogarith-
mic scale for different frequencies (a). Dependence of ¢ at f = 120 Hz on reversed temperature T~ ! in
semi-logarithmic scale (b).

Figure 12b shows the dependence of ¢ on the reversed temperature T~ at 120 Hz in
semi-logarithmic scale. Estimations show that the activation energy E, in IPhis E, = 2.21 eV
and two times lower E »= 1.22 eV in LPh. Note that the Arrhenius law is sometimes used
for the product opc-T [72]. However, in our case, taking into account the correction of the
InT-type for calculating Ea in the used temperature range turns out to be negligible.

Thus, the dielectric properties and conductivity of MBI-HClOy crystals corresponds
to results of TG-DSC measurements. Different phases observed in TG-DSC experiments
(LPh, IPh and LqPh) reveal different the temperature and frequency behavior of dielectric
constant, losses and conductivity. LqPh is characterized by frequency independent high
values of dielectric constant and DC conductivity similar to ILs. Two solid phases exhibit
temperature dependence of conductivity with different values of activation energy. In
LPh, the activation energy E;»= 1.22 eV is very close to that for a protonic conductivity
in ferroelectrics with hydrogen bonds [18,73,74]. The large values of the permittivity and
activation energy in IPh may suggest the presence in this phase of atomic complexes, such
as ClO, tetrahedra or MBI molecules.

4. Conclusions

This study demonstrates that MBI-perchlorate crystals can be grown from an aqueous
solution of crystalline 2-methylbebzimidazole (MBI or CsHgN;) and perchloric acid (HCIO,)
at RT. The obtained MBI-perchlorate crystals have a monoclinic centrosymmetric lattice,
described by a space group P2;/n (14), with 4 (CsHgN,)(HCIO4) formula units per the
unit cell.

The presence of MBI and perchloric acid molecules in the composition of the crystals
was confirmed by Raman spectroscopy and FTIR spectroscopy. A comparison of the spectra
with those known from the literature makes it possible to attribute the observed lines to
certain vibrations of the MBI molecule or the perchlorate tetrahedron. Angle-resolved
polarized Raman spectroscopy enabled us to determine the symmetry (Ag or Bg) of the
observed Raman lines. An analysis of the XRD data and Raman spectra shows that the MBI
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molecules in the crystal structure of MBI-perchlorate are protonated and form anions while
perchlorate acids stay as cations ClO4 ™.

With increasing temperature, MBI-perchlorate undergoes two first-order phase tran-
sitions at ToM = 161.3 °C and To" = 168.4 °C with different temperature hysteresis
(AT1M =10.6 °C and AT " = 33.6 °C). Higher temperature phase transition corresponds
to the melting point. Thermal decomposition of the material on air occurs at T = 322.9 °C.

Absorption measurements in the UV-Vis region show that the optical band gap of
MBI-perchlorate crystals is Eg = 3.9 eV, which is slightly less than the optical band gap of
an aqueous solution of MBI and HCIO, (Eg = 4.3 eV) and significantly less than that of
imidazolium perchlorate (Eg = 5.4 eV), in which there is no methyl group.

PL spectra of MBl-perchlorate crystals depend on the wavelength of exciting light.
Going from UV excitation with Epo10n > Eg to excitation by photons of lower energy with
Ephoton < Eg leads to a significant change in the shape of PL spectra, which is associated both
with a difference in the concentration and types of luminescence centers on the surface and
within crystals and with the selective excitation of certain luminescence centers under laser
radiation with Epos0n < Eg. It was also noted that, under excitation with Epjt0, < Eg, the
PL of colored crystals is noticeably more intense than the PL of colorless samples, which
seems to be associated with an increased concentration of luminescence centers in colored
crystals. It can be assumed that the centers include chlorine oxides, which are the product
of the partial decomposition of perchloric acid.

MBI-HCIOy crystals reveal remarkable dielectric anomalies at phase transitions. A
particularly strong dielectric anomaly is observed at solid state-liquid transition, which
is accompanied by strong jump-like increase by several orders of magnitude in dielectric
constant and dielectric losses caused most probably by appearance of ionic liquid. The
appearance of such a large capacitance may be of interest for the development of controlled
capacitances since the sample can be heated by various methods, including heating by light
radiation. The melting point of MBI-perchlorate is significantly lower than in other salts of
perchloric acid, while the decomposition temperature is approximately the same. Therefore,
the temperature range AT ~ 150 K in which an ionic liquid can exist in MBI-perchlorate is
larger than in other perchlorates. It is worth noting that thin films of MBI-perchlorate pre-
pared on a different substrate with the evaporation method reveal some unusual dielectric
properties, but the results from their investigation need separate thorough investigation
and will be published elsewhere.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mal6051994/s1, S.I Details of powder XRD experiment, XRD
line profile analysis, and crystal structure refinement, Figure S1. (a) WHP and (b) SSP graphs for
MBI-perchlorate, Figure S2. Final graphical results of LB fitting of the MBI-perchlorate (space group
P2, /n (14)) powder XRD pattern, S.II Crystal structure parameters of MBI-perchlorate according
to single crystal and powder X-ray diffraction data, Table S1. Results of refinement of the MBI-
perchlorate (MBI-HCIOy) structure, Table S2. Anisotropic atomic displacement parameters Uj; for the
MBI-HClOy single crystal Sample 1, Table S3. Bond angles (°) in MBI-Perchlorate structure according
to results of structure refinement using single crystal and powder XRD data (Table S1) for Sample 1.
Temperature Timeas Of data collection is indicated, Table S4. Bond lengths (A) in MBI-HCIOy structure
according to results of structure refinement using single crystal and powder XRD data (Table S1.1)
for Sample 1, S.III. Comparison of crystal structure parameters in different samples of MBI-HCIO4
single crystals, Figure S3. Optical images of (a) small transparent colorless plate Sample 1, (b) large
Sample 2 with faint pink color, (c) thick bulk crystal (Sample 3) shown with distinct brown tint,
Table S5. Unit cell parameters and volume and selected experimental and structure refinement
details of different samples of MBI-HClOy single crystals, Table S6. Selected bond lengths and
angles of MBI molecule in different samples of MBI-HCIOy, single crystals, Table S7. Selected bond
lengths and angles of perchlorate tetrahedron ClO; in different samples. S.IV. TG—DSC curves in
MBI-HCIOy,. Figure S4. TG-DSC curves for heating and cooling of MBI-perchlorate crystals Sample 1
measured at a rate of 20° /min (a), 10°/min (b), and 5° /min (c). References [32,39-43,47-55] are cited
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